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1 Abstract 

Foldamers are an emerging class of molecules inspired by natural biopolymers, that also have the 

ability to fold into well-defined three-dimensional structures. As shape complementarity dictates 

many biological processes such as enzyme catalysis, signal transduction, and pathogen recognition, 

foldamers hold the potential to mimic and even extend the functions observed in proteins and nu-

cleic acids. Over the decades, backbone types have been continually extended from β-peptides, 

which are still closely related to α-amino acids, to more abiotic oligomers. Aromatic oligoamides 

and aromatic δ-amino acids, in particular, offer easy synthetic access, amenability to solid phase 

synthetic methods and high folding propensity leading to helical structures that are very stable in 

most solvent environments. Thus, side chain positioning and geometry are well predictable, which 

offers a basis for functional designs. But tertiary and quaternary folds will ultimately be needed to 

unlock the true scope of these foldamers. 

This work describes a new family of aromatic δ-amino acid monomers based on 2-(2-aminophe-

noxy)acetic acid (B). It was demonstrated that these more flexible units can be combined with the 

previously known aromatic δ-amino acid building blocks without significantly altering their canon-

ical helical fold. The subtle differences in curvature of these units allow a fine-tuning of side chain 

positioning and stability of a given oligomer by adjusting its monomer composition and sequence 

order. Furthermore, a chiral B-unit was developed, which—when incorporated in the middle of ar-

omatic helix sequences—proved to be able to bias handedness to over 99% towards one helicity. 

The monomer also induced handedness when positioned at the second or penultimate position of 

a sequence, albeit with weaker bias when close to the N-terminus. Thus, this unit enables designs 

that rely on both handedness control and free N- and C-termini for binding and/or further func-

tionalization. Finally, the work describes the discovery of a binding interface between C-terminal 

aromatic helix cross sections leading to homochiral dimers in aqueous solution. Although they are 

based on aromatic stacking, the dimers are discrete, and their binding strength can be controlled 

by the nature of the side chains that are positioned close to the interface and the pH environment. 

By utilizing a primary amide terminus on one binding partner, exclusive heterodimer formation 

was achieved in the right concentration window. This binding interface can be useful in the future 

design of larger self-assembled structures. 

Conclusively, these findings represent important tools for the development of more sophisticated 

foldamer designs in aqueous media. Additionally, preliminary results of the formation of a side-to-

side helix-aggregate (which has been a guiding goal throughout the research for this thesis) are 

presented. Strategies for bundle formation that have been utilized and challenges that still remain 

are discussed and should serve as a starting point for future designs. 
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2 Introduction 

Unlike modern organic synthesis, biochemistry does not rely on harsh reagents or transition metal 

catalysis—nature operates with shapes. Among many other functions, shape complementarity fa-

cilitates enzyme catalysis, signal transduction, and pathogen recognition. For instance, the poison-

ous effect of amanita muscaria also known as fly agaric can be ascribed to several psychoactive 

small molecules the mushroom produces, muscimol being the most relevant in this context. Mus-

cimol receives its toxicity by mimicking the shape of the natural neurotransmitter GABA, enabling 

it to bind to the same active site on the GABAA-receptor.[1] To accomplish such structural diversity, 

nature evolved biopolymers, particularly proteins, with enormous functional complexity, using 

only a surprisingly small set of building blocks: 20 canonical amino acids. The principle behind 

creating this diversity is folding, which organizes functional groups in specific spatial orientations. 

In an endeavor to better understand the underlying principles of folding in natural systems, as well 

as generating new architectures and functions, synthetic chemists started investigating non-natural 

(artificial) backbone structures that also had the ability to fold into well-defined structures. A class 

of molecules that became known as foldamers. 

Foldamer research is a rapidly expanding field covering wide areas in chemistry, biology, and ma-

terials science. In particular, foldamer chemistry and investigation in aqueous solution is of interest 

due to its relevance for applications in biological systems. To achieve similar complexity compared 

to biological architectures, more sophisticated, higher-order structures (tertiary and quaternary 

folding) are needed. This thesis presents steps in this direction while exclusively focusing on aque-

ous solutions. Folding behavior and aggregation in water is “special” because intra- and intermo-

lecular hydrogen bonding faces strong competition with the solvent and hydrophobic effects are 

maximized (often leading to unspecific aggregation). This work provides a general introduction into 

the field of foldamer science, while keeping a focus on aromatic amides as building blocks.  
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2.1 Introduction to foldamer research 

First endeavors to replicate the structures and biological functions of peptides and nucleic acids 

involved molecules that are still closely related to their natural models.[2] For example, peptoids are 

intended to mimic peptides, the only difference being that the side chains are located on the amide 

nitrogen instead of the α-carbon. Although lacking chirality, they bring additional structural com-

plexity through cis/trans tertiary amide bond isomerism that is influenced by the nature of the side 

chains. Similar to α-peptides, peptoids can also form helices, sheets, loops, ribbons, and other 

structures, while being more resistant so enzymatic degradation and more membrane permeable 

than α-peptides.[3] In an attempt to replicate DNA on the other hand, chemists substituted the sugar 

phosphate backbone of nucleic acids with N-(2-aminoethyl)glycine units, yielding peptide nucleic 

acids (PNAs). PNAs are chemically stable and more resistant to enzymatic degradation than their 

DNA counterpart, and can specifically bind target sequences of DNA or RNA through Watson-Crick 

base pairing.[4] 

β-Peptides were also predicted to adopt well-folded conformations stabilized through hydrogen 

bonding between backbone amide functions like their α-amino acid counterparts (Fig. 1a). In 1996, 

Seebach and coworkers reported the synthesis and structural investigation of the β-hexapeptide (β-

Val-β-Ala-β-Leu)2, which formed a left-handed helical structure in solution evidenced by NMR and 

CD spectroscopy.[5] Moreover, it was found to be resistant to Pepsin at pH 2 for at least 60 h at 

37 °C, conditions under which the corresponding α-peptide is digested instantaneously. Gellman 

and coworkers examined the effects of introducing small carbocycles within the backbone of β-

peptides using computational models.[6] They identified trans-2-aminocyclohexanecarboxylic acid 

(ACHC) as a rigid building block that should enhance the stability of a 14-helical conformation. 

Experimental analysis via X-ray crystallography and deuterium exchange in methanol confirmed 

their assumptions. Amide protons located in the middle of the sequence took more than two days 

to completely exchange. 
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Fig. 1 – Overview of different foldamer families. a) Crystal structure of a β-peptide 12-mer.[7] b) Crystal 

structure of a helical aryl oligomer.[8] c) Crystal structure of a sheet-forming aromatic oligoamide.[9] d) Crystal struc-

ture of an aryl disulfide macrocycle.[10] Disulfide bonds are highlighted in orange. Oxygen and nitrogen atoms are 

highlighted in purple and blue, respectively. In all structures hydrogen atoms and side chains are omitted for clarity. 

These unprecedented results proved that the known biopolymers are not the only oligomers with 

the ability to adopt well-folded conformations. The findings initiated the field of foldamer research, 

spurring chemists to look for other backbone types that are more remote from those of biopolymers. 

Research on the higher homologues (γ- and δ-peptides) and the possibility of exchanging the amide 

functions by ureas, hydrazides, hydroxyamides, and sulfonamides followed.[11] Because these struc-

tures are still very similar to their natural model (α-peptides), they are often considered biotic 

foldamers. To achieve more distinct properties and therefore functions, the field expanded into 

more diverse, abiotic backbone types. In particular, backbones containing aromatic units have re-

ceived increasing attention since they often bring unique properties and stability to the system, for 

example, oligo-phenylene-ethynylenes,[12] aromatic electron donor and acceptor systems,[13] aryl 

oligomers (Fig. 1b),[8] and aromatic oligoamides.[14] 

Different criteria may be used to categorize the many foldamer types available today. The type of 

linkage between units could be one such criteria (e.g., amide, hydrazide, urea, or alkyne groups). 

Additionally, the nature of the backbone units themselves can be differentiated into aromatic, a 

mixture of aromatic and aliphatic parts or purely aliphatic. Additionally, foldamers may be a com-

posite of two or more different building blocks, which can be arranged in an alternating[15] or a 

block-like fashion.[16] On the other extreme, the oligomers may consist of only a single building 

block. Recent studies by Otto and coworkers showed the selective synthesis of folded oligomers of 
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specific lengths from dynamic reaction mixtures containing aromatic disulfide monomers. Depend-

ing on the peptide side chains that were attached to these building blocks, macrocycles with differ-

ent chain lengths were preferred, each possessing a unique three-dimensional fold (Fig. 1d).[10] Yet 

another classification may be the way the monomers are connected: linear, cyclic,[17] branched,[18] 

or polymeric.[19] 

Extensive research has been conducted in the area of aromatic oligoamides, with a multitude of 

building blocks having been investigated and characterized. Many different heterocyclic as well as 

multicyclic systems bearing a variety of substituents and side chains have been used. Their struc-

tures are strongly influence by the positioning of the amide linkages on the aromatic rings of their 

monomers. For example, oligomers of ortho-substituted amino benzoic acid form a zigzag-shaped 

linear strand.[20] In contrast, meta-substitution tends to yield crescent or helical structures,[21] 

while para-substitution again favors linear strands.[22] However, Huc and coworkers found that 

oligomers of the quasi ortho-substituted 8-amino-2-quinolinecarboxylic acid (Q) fold into stable 

helical structures with an unusually high curvature for aromatic amide foldamers.[23] Other folds 

like sheets may be generated through the combination of different building blocks acting as strands 

and turns (Fig. 1c).[9] 

Synthetic approaches to access aromatic oligoamides can be divided into solution and solid phase 

assisted strategies. As solid phase assisted synthesis has been developed for peptides, reagents and 

coupling conditions have been optimized for the use of α-amino acids whose amine function is more 

reactive compared to most aromatic amines. Therefore, a transfer of this chemistry to aromatic 

amino acids is not trivial. Initially, aromatic oligoamides were exclusively synthesized via solution 

phase methods. Between the commonly used strategies, acid chloride activation is usually preferred 

(or necessary) over peptide coupling reagents or reactive ester activation due the low reactivity of 

aromatic amines. Additionally, helical folding often hampers reactivity drastically once a full helix 

turn has been synthesized. The synthesis of longer oligomers may then require harsher conditions 

such as increased temperatures, or the use of polar solvents that disrupt the intramolecular hydro-

gen bonding. A more sophisticated approach to circumvent this problem is the use of 2,4-dimethox-

ybenzene (DMB) protecting groups that keep amides in a cis-conformation until the end of the 

synthesis.[24] Once deprotected, the oligomer folds back into its intended (helical) conformation. 

Employing this strategy, even strained systems not accessible otherwise may be obtained (Fig. 

2b).[17] 

The synthesis of an oligomer usually consists of multiple deprotection, activation, and coupling 

steps. Purification might be necessary after each coupling step, severely limiting the scope of solu-

tion phase synthesis, which often necessitates the use of convergent schemes or segment doubling 

condensation strategies. While these approaches may yield long oligomers,[25] the synthesis of se-

quences bearing a variety of different side chains in arbitrary orders via solution phase chemistry 

is rarely feasible. Solid phase assisted synthesis, on the other hand, is an ideal tool for these targets 

and has been a subject of extensive optimization in the Huc group (Fig. 2a).[26] When coupling onto 
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aromatic amines, Fmoc-protected amino acids are converted to their respective acid chlorides in 

situ, whereas common peptide coupling reagents are used for aliphatic amines. Additionally, fold-

ing of the molecule during synthesis becomes an advantage when working on solid support. Aggre-

gation on the resin is a common problem in peptide synthesis, which hampers further couplings. 

Conversely, the helical shape of quinoline-based oligomers lets them protrude from the solid sup-

port eliminating this problem. 

 

Fig. 2 – Synthetic strategies for the synthesis of aromatic oligoamides. a) Typical scheme for the solid 

phase synthesis of Q-oligomers consisting of the two repeating steps (1) Fmoc-deprotection and (2) coupling of the 

next monomer onto the resin-bound amine and (3) a final cleavage from the resin. b) Representative example of a 

solution phase strategy including the conformational protecting group DMB (highlighted in purple).[17] Moieties 

taking part in the reactions are highlighted in blue. 

 

2.2 Folding principles and monomer design 

The final shape of a molecule is determined by the sum of multiple factors. Folding is driven by 

internal constraints, the shape and rigidity of the monomers, and the possible attractive and repul-

sive local and non-local intramolecular interactions between monomers—the latter one being the 

most difficult to predict. Possible attractive forces include hydrogen bonding, donor−acceptor in-

teractions,[13] and aromatic stacking. Among repulsive forces are steric and electrostatic (dipole−di-

pole) repulsion.[8] Additionally, external factors like solvent effects (hydrophobic effect), aggrega-

tion phenomena, host-guest complexation,[27] and surface interactions are influencing the folding 

behavior. In flexible backbones, e.g., β-peptides, differences in the structure of the monomers can 

change their conformational preferences. The use of ACHC units favors a 14-helix hydrogen bond-

ing pattern, whereas trans-2-aminocyclopentanecarboxylic acid (ACPC) leads to 12-helices.[28] In 

contrast to aliphatic peptides, hydrogen bonding in aromatic oligoamides typically occurs between 

neighboring units, leading to higher stability of their secondary structure motives. 
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One might expect that with the large number of building blocks reported so far, there would be a 

wide variety of different folding patterns, but this is not the case. The motives common in biopoly-

mers (helices, sheets, linear strands and turns) seem to prevail in non-natural oligomers as well; a 

universality in folding behavior which has been theoretically predicted for oligomeric molecules.[29] 

Furthermore, foldamer helices are far more abundant in the literature than sheets. This could stem 

from the inherent propensity of sheets to aggregate, drastically reducing their solubility and thus 

hampering their analysis in solution. Apart from this, some motives that are uncommon in biopol-

ymers have been observed in foldamers including cyclic topologies,[30] sheet-like stacks,[13] 

knots,[31] tail-biters,[32] and non-canonical helices.[33] Structural flexibility between different con-

formational states is often crucial for biological function. Switching of folded states via external 

stimuli of foldamers has been achieved through changes in the protonation state,[34] chemical reac-

tions,[35] and binding of small molecules[27] or ions.[36] Conversely, a certain structural stability and 

predictability is useful in the design of new functional foldamers. 

Amides offer simple synthetic accessibility and provide a basis for intramolecular hydrogen bond-

ing: strong and directed interactions that are thus easy to program. In combination with rigid aro-

matic units, this allows the orientation of monomers in predefined angles. Aromatic amide bonds 

may form different cis/trans and syn/anti configurations, which can be influenced by substituents 

on the aromatic rings and/or the amide nitrogen (Fig. 3). 

 

Fig. 3 – Possible conformations for aromatic amide bonds. a) Secondary amide stabilized in anti. b) Sec-

ondary amide stabilized in syn. c) Tertiary amide stabilized in anti. d) Tertiary amide stabilized in syn. Hydrogen 

bonding is indicated by dashed lines, steric repulsion is indicated in purple. 

Secondary aromatic amides are predominantly trans, while tertiary amides prefer a cis confor-

mation. Without substituents in ortho position, aromatic rings can rotate freely around the Ar–

NH(CO)Ar and the Ar–CO(NH)Ar bonds. However, these rotations can be locked by installing hy-

drogen bond donor or acceptor groups next to the amide. For example, introducing an endocyclic 

nitrogen ortho to the amide-carbonyl will shift the equilibrium towards the anti-conformation as it 

forms a hydrogen bond with the amide-NH (Fig. 3a). Additionally, there would be a dipole–dipole 

repulsion in anti.[37] This preference is inverted via protonation, converting the acceptor into a 
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donor that will hydrogen bond to the amide carbonyl in the syn-conformation (Fig. 3b). The curva-

ture dictated by the amide bond between two aromatic units usually propagates when elongating 

the sequence leading to either linear, or more or less curved crescent or helical structures. Further-

more, the intramolecular hydrogen bonding bends the molecules leading to higher curvatures at 

the inner, and lower curvatures when positioned at the outer rim of the strand or helix. 

The conformation of Q-monomers is stabilized via two hydrogen bonds between the amide-NH and 

the neighboring endocyclic quinoline nitrogens (Fig. 4). In Q-oligomers, the theoretical 60°-angle 

between the units should lead to a helix with 3 units per turn; however, the contraction induced by 

the hydrogen bonding at the inner rim of the helix results in 2.5 units per turn observed experi-

mentally.[23] Therefore, a quinoline trimer (Q3) already folds into a helical structure while the dimer 

is planar. Helices are chiral objects that can exist in a right-handed (P) or left-handed (M) confor-

mation. In solution, molecules are interconverting between P and M-helicities via partially un-

folded states. The rate of helix handedness inversion of Q-oligomers is influenced by the length of 

the sequence and the nature of the solvent.[38] An octamer has an inversion half-life of 6 min in 

chloroform. More polar solvents significantly slow the kinetics resulting in a half-life of 40 min and 

900 min for dimethylformamide and methanol, respectively. In water, oligomers consisting of five 

units or less still invert with a half-life of hours.[39] Longer sequences are kinetically locked and do 

not interconvert their handedness on a practical timescale. 

Q-monomers may be combined with other building blocks like α-amino acids,[26b] or oxazoles.[40] 

Most importantly, they may be replace by 5-methylaminopyridine-2-carboxylic acid (P) units, 

which differ from Q only by the removal of one aromatic ring (Fig. 4). Both being aromatic δ-amino 

acids, P monomers are able to participate in the same hydrogen bonding network and impose the 

same curvature on the helix, thus not altering the overall structure. The increased flexibility result-

ing from the aliphatic methylene group and reduced aromatic surface of P leads to a reduction in 

stability of the helix. Without Q units, P oligomers do not fold into well-defined structures in aque-

ous media.[26a] However, a couple of P monomers may be used to increase handedness inversion 

kinetics, which is necessary for example to monitor protein binding through changes in the CD 

signal of the interacting oligomer.[41] The flexibility may also facilitate distortions of the helix to 

achieve better binding to target molecules. Furthermore, the removal of one aromatic ring in P 

changes the surface shape of the helix, which might remove steric hindrance and thus also aid in 

binding events.[42] 
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Fig. 4 – Monomer structures of aromatic δ-amino acid oligomers. Hydrogen bonds are indicated by 

dashed lines and atoms involved in hydrogen bonding are highlighted in color (oxygen: orange, nitrogen: blue). 

Steric repulsion in the trimer leads to helical structures with left-handed (M) or right-handed (P) helicity. The inner 

rim of the helix is indicated with bold bonds. Q-monomers may be replaced by P- or B-monomers that are able to 

form a similar hydrogen bonding pattern. 

Another possibility is the removal of the heterocyclic ring of Q leading to 2-(2-aminophenoxy)-

acetic acid (B) units. Here the endocyclic nitrogen is replaced by an ether oxygen to preserve the 

hydrogen bonding pattern. Reports of this monomer are scarce in the literature,[43] and they have 

never been combined with Q or P units. This work presents progress into this direction, the results 

are reported in chapter 4. 

Helical oligomers consisting of chiral monomers usually have a strong preference for one helix 

sense. Common helices formed by α-peptides (α-helix, 310-helix, π-helix) are always right-handed. 

In β-peptides, β3-substituted units derived from natural L-amino acids were found to prefer a left-

handed fold.[5] Since aromatic units are mostly achiral, oligomers thereof are obtained as a racemic 

mixture of P- and M-helices. The equilibrium may be biased towards one handedness through ex-

ternal factors such as binding to chiral surfaces[39] or guests.[44] Alternatively, chiral moieties may 

be covalently attached to side chains, the ends of the helix or within the sequence. Little energy 

difference between the diastereomers is necessary to affect a small handedness bias, so most chiral 

functionalizations in proximity to the helix backbone will create a preference.[45] In Q-oligomers, 

the incorporation of α-amino acids into the oligomer leads to a handedness bias, however disturb-

ing the usual curvature.[26b] Groups installed at the terminus do not alter curvature, but they pre-

vent either C- or N-terminus to be functionalized otherwise, or to engage in binding/recognition 

events. Achieving nearly quantitative bias usually involves bulky groups that themselves engage in 

hydrogen bonding interactions with the quinoline-backbone.[46] A new way to fully control hand-

edness from within the sequence without strongly altering the canonical curvature of the helix is 

presented in chapter 5. 
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2.3 Unique properties and applications 

Foldamers are not only intended to mimic the structures of natural systems, but they may also be 

able to generate new structural features and functions. In contrast to biological constraints like 

evolutionary pressure, naturally available precursors, and metabolic pathways, the building blocks 

used in foldamer research are not restricted in terms of chemical diversity. This has led to natural 

folded oligomers now being a small part of the variety of folded backbones known to chemists. In 

addition to monomer diversity, more than one kind of building block may be combined in an oligo-

mer. A variety of hybrid sequences has been reported, often expressing unique structural proper-

ties: aliphatic hybrids,[47] heterochiral hybrids,[48] aliphatic/aromatic hybrids,[49] or heterogenous 

aromatic oligoamides, which can form unique structures, for example, capsules (Fig. 5a).[50] Here, 

monomers coding for different curvatures are combined in such a way that a cavity is generated in 

the middle of the helix. Both ends of the helix are capped by monomers with a higher curvature. A 

guest molecule can be bound inside of the capsule, completely isolating it from the solvent. Other 

general functions of foldamers that have been reported include catalysis,[51] sensors,[52] communi-

cation of structural information,[35] self-selection,[53] and molecular machines.[54] 

 

Fig. 5 – Applications of aromatic amide foldamers. a) Crystal structure of a foldamer helix encapsulating 

1,4-butanediol.[50] The guest is shown in purple CPK representation. b) DNA mimic foldamer with phosphate groups 

shown as turquoise balls.[55] c) Crystal structure of an aromatic-aliphatic hybrid foldamer macrocycle with a thi-

oether linkage.[16] The formulas of the utilized building blocks are given next to the respective structures. Nitrogen, 

amide oxygen, and sulfur atoms are highlighted in blue, orange, and turquoise, respectively. 

Foldamers are also promising candidates in the area of chemical biology. While α-peptides and 

nucleic acids are quickly digested in vivo, non-natural oligomers are usually stable. Even β-peptides, 

despite being structurally very similar to α-peptides, are not degraded.[5] Additionally, some folda-

mers have been demonstrated to be able to cross cell membranes efficiently, and may even be used 

as drug carriers.[56] Conversely, foldamers might themselves be pharmacologically active. Their 
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medium size with large surface areas, structural predictability, and tunability combined with their 

usually low toxicity and immunogenicity makes them promising candidates for the disruption of 

protein-protein interactions (PPIs)—a difficult problem to tackle via classical small molecule drugs. 

Potential strategies for drug discovery include: α-helix stabilization,[57] α-helix mimicry,[58] DNA 

mimicry (Fig. 5b),[55] and protein surface recognition.[59] Recently, small aromatic amide oligomers 

could be utilized in ribosomal peptide synthesis amenable for mRNA display screening,[16] leading 

to hybrid macrocyclic structures (Fig. 5c). In these molecules the aromatic helix forces the α-pep-

tide to adopt a stretched conformation, stabilizing it against proteolytic degradation.[49] 

Among aromatic foldamers, Q-oligomers show remarkable properties. Unlike peptides, whose iso-

lated secondary motives are rarely stable, they show unusually high stability in most solvents in-

cluding water (still folded at 120 °C in DMSO) and thus structural predictability.[23] The high cur-

vature imposed by the ~60° angle between amide linkages and the contraction caused by hydrogen 

bonding at the inner rim of the helix leads to 2.5 units per turn (or 5 units per 2 turns), resulting in 

5 distinct side chain arrays a–e on the side of the helix, in case the typical monosubstituted building 

blocks are used (Fig. 6c). It also leads to longer helices per unit compared to other aromatic folda-

mers, which usually have a helix pitch equaling the thickness of an aromatic ring.[20, 60] Another 

consequence is the very narrow helix cavity, which is occupied by the amido protons blocking sol-

vent molecules from diffusing through the helix. This hydrogen bonding network also provides the 

molecules with a high mechanical stability.[61] When compared to α-helices (as found in coiled 

coils), the most striking differences are: hydrogen bonding is occurring only between consecutive 

units, not neighboring helix turns, Q-oligomers possess a larger diameter, less distinct side chain 

positions and a smaller helix pitch of 3.4 Å in contrast to 5.4 Å for α-helices (Fig. 6a,b,c). 

Furthermore, the synthetic access to quinoline monomers is straightforward (3 steps to methyl 8-

nitroquinoline carboxylate with different ether linked side chains in position 4),[23] and the oligo-

mers can be produced via automated solid phase synthesis. The resulting foldamers are typically 

analyzed in solution by NMR and CD spectroscopy and in the solid state by X-ray crystallography. 

Because of their compact shape and resulting ability to pack well (Fig. 6e), Q-oligomers tend to be 

well suited for crystal growth giving insight into their exact structure and side chain positioning. 

These combined features facilitate the iterative development of more sophisticated designs and 

functions (for example optimizing protein foldamers interactions). Specialized applications involv-

ing quinoline foldamers include circularly polarized luminescence,[62] and charge transport,[63] 

which could lead to the development of molecular wires. 
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Fig. 6 – Structural properties of Q-oligomers. a) Crystal structure of a Q-octamer in side view.[64] b) Part of 

the crystal structure of a peptide α-helix (in a coiled coil) in side and top view with the same proportions.[65] Hydro-

gen atoms are omitted for clarity. c) Q-helix in top view illustrating the five distinct side chain arrays protruding 

from the side of the helix (numbered according to their positioning in the sequence; overlayed by a transparent CPK 

representation). Only the first atom of each side chain and amide hydrogen atoms are shown. Side chains and ni-

trogen atoms are highlighted in purple and blue, respectively. Terminal groups are omitted. d) Chemical formula 

corresponding to the structures shown in (a), (c) and (e). e) Packing of a Q-helix in the solid state with individual 

molecules shown in different colors. Part of the structure is overlayed by a transparent CPK representation. Side 

chains, terminal groups, and hydrogen atoms are omitted for clarity. 

 

2.4 Tertiary folding and self-assembly 

The structures of proteins follow a hierarchy from primary sequence information over secondary 

and tertiary folding to quaternary assemblies. Little can be accomplished with isolated secondary 

motives: most functions start to arise at the tertiary and quaternary level. A similar trend should be 

expected for foldamers. Tertiary folding motives may be strongly influenced by external stimuli 

allowing big structural changes upon binding of a signal molecule for example. Quaternary assem-

bly further adds functionality and also represents a way of drastically increasing the size of the final 

complex without elongating the primary sequence. For many foldamer types, secondary folding is 

well understood, but tertiary and quaternary structures are still rare in the literature. Consequently, 

despite the many applications of foldamers already reported that only rely on secondary motives, 

there should be many more functions arising at the tertiary and quaternary level. However, the 
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design of higher order structures is difficult. Attempts to generate tertiary or quaternary structures 

using foldamers have often been inspired by natural motives, especially α-helix bundles. 

Helix bundles of α-amino acids, also known as coiled coils, are a binding motive ubiquitous in nat-

ural proteins in which two or more α-helices wind around each other, usually forming a left-handed 

superhelical strand. Although less common, right-handed winding as well as straight orientations 

are also found. Furthermore, coiled coils do not only form simple strands: many other structures 

including barrels, sheets, funnels, and spirals have been characterized so far. As already predicted 

in 1953 independently by Francis Crick[66] and Linus Pauling,[67] coiled coils follow a set of simple 

and predictable rules, making them one of the most well understood structures in relation to their 

amino acid sequence—a problem that is still not entirely solved, despite recent advances in machine 

learning approaches.[68] At the basis of coiled coil structures lies the heptad repeat (Fig. 7a), a pat-

tern that is repeating every seven amino acid units (a–g). 

 

Fig. 7 – Coiled coil structures and design principles. a) Schematic illustration of the heptad repeat pattern. 

b) Crystal structure of the GCN4 leucine zipper forming a dimeric helix bundle.[65] c) Crystal structure of a mutated 

GCN4 leucine zipper forming a tetrameric helix bundle. Peptide sequences are shown next to the respective struc-

ture. The interface positions a and d are highlighted in turquoise and purple, respectively. d) Part of the crystal 

structure of the transmembrane protein ToIC.[69] Peptide helices are shown in ribbon representation with a trans-

parent overlay of the CPK structure. 

In the heptad repeat, amino acids a and d usually bear apolar side chains, forming a zigzag pattern 

of hydrophobic groups on one face of the helix. However, a canonical α-helix possesses a periodicity 

of 3.63 residues per turn on average. To keep the residues parallel, the α-helices must bend to adjust 

their periodicity to 3.5 (or seven per two turns), leading to a supercoiled structure. Each hydropho-

bic group protrudes into a vacant spot on the face of the other helix (knob-into-hole packing). The 
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orientation and multiplicity of the resulting aggregates strongly depends on the nature of the resi-

dues in positions a and d as well as the flanking amino acids e and g. For example: β-branched 

residues (Ile or Val) in position a, and γ-branched residues (Leu) in position d favors dimers (Fig. 

7b). Switching this order leads to tetramers, as was illustrated for a mutant of the well-studied leu-

cine zipper domain of the yeast transcriptional factor GCN4 (Fig. 7c).[65] Salt bridges in position e 

and g contribute to binding selectivity, while hydrophobic residues in these positions can lead to 

even bigger aggregates. Multiplicities of up to 12-mer helix bundles have been observed, e.g., the 

bacterial transmembrane protein ToIC, which is responsible for multidrug efflux and protein 

transport (part of the protein structure: Fig. 7d).[69] Conclusively, the high sequence to structure 

predictability and functional diversity of coiled coils provides a perfect starting point for protein 

engineering. A transfer to entirely non-natural oligomers is not trivial though. 

The design of tertiary structures using foldamers is difficult, because: long sequences must be syn-

thesized by chemical methods; the backbone must be able to fold into more than one stable second-

ary motive (e.g., helices and turns); and non-local intramolecular interactions are hard to predict. 

Foldamers are not limited to the use of only one monomer type in an oligomer. The second problem 

can thus be solved by the use of heterogenous backbones that contain segments coding for different 

secondary structures. For example, the combination of de novo designed aromatic helical parts that 

display a hydrogen bonding interface on one side of the helix with a rigid turn-unit led to very stable 

helix bundles, albeit only in apolar organic solvents.[42, 70] Another possibility is to exchange specific 

α-amino acid units in an existing tertiary folded protein by non-natural moieties that have a similar 

structure and should thus retain the overall fold. Using this approach, about 20% of the zinc finger 

domain SP1-3 was replaced by non-natural units, which could even increase the overall folding 

stability of the tertiary structure.[71] However, the majority of the molecule still consists of α-amino 

acids. A fully artificial protein constructed in this fashion has not been reported yet.  

A different strategy towards higher-order folding is the design of secondary structure motives ca-

pable of self-assembly. Once a tight binding is established, strands may be connected at a later stage 

to generate true tertiary or quaternary structures. Gellman and coworkers replaced some of the 

residues in GCN4 (which forms a dimeric parallel coiled coil in its native form) by β-amino acids. 

The resulting chimeric foldamers were still able to aggregate; however, the changes resulted in tri-

mers and tetramers being formed.[72] At the same time, the Schepartz group reported a de novo 

designed 12-mer entirely consisting of β-amino acids that assembles into stable octameric helix 

bundles.[7] Similar to coiled coils, aggregation is driven by an array of hydrophobic side chains po-

sitioned on one side of the 314-helix formed by the β-peptide. More recently the concept could be 

extended to aliphatic oligo-ureas, which usually form helical structures with 2.5 units per turn re-

sulting in five distinct side chain arrays at the side of the helix (note the similarity to oligo-quino-

lines). The β-urea 11-mer produced in the Guichard laboratory possesses two adjacent arrays of 

hydrophobic side chains flanked by charges residues promoting the self-assembly into a hexameric 

helix bundle (Fig. 8a).[73] 
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Fig. 8 – Foldamer self-assembly in aqueous media. a) Crystal structure of a hexameric β-urea helix bundle 

in top and side view with a transparent overlay of the CPK representation and a single urea chain in top and side 

view.[73] Hydrophobic side chains are highlighted in purple (for the bundle only in the side view in CPK representa-

tion). b) Crystal structure of an aromatic foldamer α-peptide hybrid macrocycle dimer.[74] Top: individual molecules 

are shown in different colors with a transparent overlay of the CPK representation. Bottom: amide hydrogens and 

oxygens involved in hydrogen bonding are shown as balls (oxygen: orange, nitrogen: blue), and hydrogen bonds are 

indicated by dashed lines. c) Model of an aromatic oligoamide double helix in top and side view (with a transparent 

overlay of the CPK structure; software: Maestro, forcefield: OPLS3, method: TNCG, solvent: water).[75] Individual 

molecules are shown in different colors. In all structures irrelevant side chains and hydrogen atoms are omitted for 

clarity. Chemical formulas of the building blocks are shown next to the respective structures. 

The shape, size, and side chain positioning of aromatic foldamers is more distant from that of α-

amino acids, so concepts found in natural peptides are not easily transferred. There are no reports 

of bundles composed of aromatic helices in aqueous solution so far, only in organic solvent[42] or in 

the solid state.[58] Other modes of aggregation have been achieved though, such as the dimerization 

of β-sheet peptides containing rigidifying aromatic segments (Fig. 8b),[74] and the sequence specific 

association of aromatic strands through complementary hydrogen bonding.[76] However, the most 

common interaction between aromatic foldamers is stacking, as seen in many crystal structures of 

these compounds.[64, 77] Different types of aggregation promoted by aromatic stacking have been 

accomplished, one being multiple helix formation.[75, 78] Fig. 8c shows a hybrid sequence with nar-

row caps and a wider helical part that is able to intercalate generating double helices. Another type 

is the end-to-end stacking of helices. Along these lines, Zeng and coworkers used “sticky” end-

groups to drive the aggregation of helical pyridine oligoamides. The weak hydrogen bonding inter-

action between an ester function and aromatic protons was enough to polymerize the helices in 

aqueous media generating channels capable of transporting water molecules.[79] Ultimately, the 

strategies to aggregate abiotic foldamer molecules in water are still limited though. This thesis de-

scribes a non-polymeric, discrete end-to-end dimerization of oligo-quinoline helices (chapter 6).



20 

3 Guiding objective: design of helix bundles 

The development of water soluble helical aromatic foldamers capable of forming strong, discrete 

side-to-side aggregates served as a guiding objective throughout the research for this thesis. Thus 

far, helix bundling of foldamer helices in aqueous media has been achieved using β-peptides and 

β-ureas, but not with aromatic oligomers (see section 2.4). Advances in this direction using quino-

line-based foldamers were made by Xiaobo Hu (a Huc group PhD alumnus). In an attempt to rep-

licate coiled coil architectures seen for α-peptide helices, he focused mainly on designs utilizing 

hydrophobic effects between aliphatic side chains in combination with flanking salt bridges (Fig. 

9a). Since there are only five distinct side chain positions in Q-helices when monosubstituted units 

are used, only a single array of hydrophobic groups on one side of the helix was introduced in most 

cases. However, no solid evidence for a discrete aggregation in solution was obtained during his 

investigations. 

 

Fig. 9 – Design strategies for side-to-side self-assembly of helical foldamers. a) One array of hydropho-

bic side chains flanked by salt bridges. b) Aggregation only driven by hydrophobic effects. c) Hydrophobic core is 

formed by flat surfaces (helix backbone). d) 4,6-Disubstituted monomers are used to increase hydrophobic effects. 

The nature and purpose of each side chain position is indicated by different colors (color code is given at the bottom). 

Considering these previous results, new strategies to obtain side-to-side aggregations were consid-

ered (Fig. 9b–d). Since salt bridges appeared to be difficult to design (empiric observations from 

previously obtained crystal structures), one approach to circumvent this is to only utilize 
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hydrophobic effects. Another possibility is the introduction of additional hydrophobic side chains 

at the interface by using disubstituted Q-units. Thereby, hydrophobicity can be increased without 

having to elongate the helix. A third approach is to create a “flat” surface on one side of the helix, 

which should act as a binding interface. The advantage in this case is the easier to design shape 

complementarity as opposed to using hard to predict aliphatic side chains at the interface. One way 

to create a flat surface is the use of P-monomers at every 5th position of the sequence, which was 

already utilized in the design of helix bundles in organic solvent.[42] However, we hoped to obtain a 

more favorable side chain arrangement for salt bridge formation when creating a flat interface with 

B-monomers (Fig. 10). Here the flanking side chains are closer together, which facilitates the design 

of dimeric helix bundles. 

 

Fig. 10 – Aromatic oligoamide helices with a “flat” surface. At every 5th position of the sequence the Q-

units are replaced by either B- (a) or P-monomers (b). Molecular models (Maestro, forcefield: OPLS3, method: 

TNCG, solvent: water) of the helices are shown in stick (without hydrogen atoms, first atoms of side chains are 

shown as purple balls) and CPK (without side chains) representation. Oxygen and nitrogen atoms are highlighted 

in orange and blue, respectively. 

The typical workflow of this project was to take a given design approach and plan the exact sequence 

and thus side chain composition and positioning of a potential oligomer. This process was aided by 

simple molecular modeling tools (Maestro) that can confirm the feasibility of salt bridges and pre-

dict the likelihood of the multiplicity of the aggregates that could be formed (dimers, trimers, te-

tramers etc.). Promising candidates were synthesized via solid phase synthesis methods and puri-

fied via semi-prep. HPLC. After isolation, the products were subjected to mass spectrometry and 

1H NMR dilution studies, which give initial hints on the aggregation behavior of the compound. To 

obtain detailed structural information though, X-ray crystallographic data is necessary. This infor-

mation is also critical to ultimately plan design improvements and close the iterative cycle of the 

project. 
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A multitude of oligomers have been synthesized in the course of this work. Unfortunately, in most 

cases, NMR dilution experiments revealed mediocre binding affinities and only one set of signals 

indicating fast exchange of aggregated species on the NMR timescale. This complicates the inter-

pretation of the aggregation phenomena and doesn’t provide information on how the binding is 

mediated without further structural data from X-ray crystallography. Therefore, most of these re-

sults are not described in detail in this thesis. However, other interesting findings emerged through 

these investigations that led to different separate projects: the development of a new monomer 

family (B-monomers) that was found to be easy to synthesize and compatible with Q-oligomers; 

the use of a chiral B-unit to control helix handedness of aromatic δ-amino acid foldamers; and the 

discovery of discrete head-to-head dimers of Q-helices whose binding is mediated by stacking of 

their C-terminal cross sections. The results from these three projects were published/submitted to 

peer reviewed journals and are presented in the next chapters. (Note that compound numbering is 

not continuous and starts again at the beginning of each chapter). 

The present challenges and improvement ideas for obtaining strong, discrete side-to-side aggrega-

tions are discussed in more detail in chapter 7. 
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4 A new monomer family for aromatic δ-amino 

acid foldamers 

Single Q-units may be replaced by other monomers (especially P) without disturbing the overall 

helical fold of Q-oligomers (as already described in the introduction chapter). Based on this 

knowledge, and with the ultimate goal to obtain side-to-side helix bundling, B-monomers were in-

troduced to create a flat surface on one side of the helix by incorporating B at every 5th position in 

the sequence. Since little was known about the folding behavior of B-units, except that Bn-se-

quences fold into zig-zag-helices in organic solvents (Fig. 11a),[43a] the folding shape and stability 

of oligomers consisting of different combinations of Q-, B- and P-units was investigated first. 

 

Fig. 11 – Structure and yields of B-monomers. a) Crystal structure of a B-pentamer (crystals grown from 

organic solvent).[43a] Nitrogen and oxygen atoms are highlighted in blue and purple, respectively. Hydrogen atoms 

are omitted for clarity. b) Formulas of B-units synthesized in the course of this thesis. Side chains are highlighted 

in blue, and the overall yields from commercial starting materials are shown. 

Fmoc-protected versions of B-units were not described in the literature, thus a new synthetic route 

had to be developed to be able to utilize them in solid phase synthesis. After initial problems where 

spontaneous intramolecular cyclization of the amino acid intermediate was observed, a number of 

B-monomers bearing different substituents either on the 4-position of the aromatic ring or the ali-

phatic carbon next to the phenyl oxygen could be prepared. When typically starting from cheap 

commercially available precursors, the synthetic steps were often simple and high yielding, leading 
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to excellent overall yields for most B-units synthesized in the course of this work (Fig. 11b; for more 

information on BSul see section 7.2 and 8.2). 

BAcd was preferred for folding investigations in water since its short and charged side chain was 

expected to provide excellent solubility and crystal growth ability. Our findings, which are summa-

rized in a manuscript that has been submitted to Chemistry—A European Journal, confirmed the 

interchangeability of Q- and B-monomers and demonstrated that two Q-units in a 12-mer are 

enough to template the canonical helical fold. In contrast, oligomers consisting only of B-mono-

mers do not fold into well-defined structures in aqueous media. Most surprisingly, we also found 

that (PB)n does form a canonical helix, despite the lack of Q-units and the long aliphatic part around 

the B-P-junction. The work expands the basis of backbone-designs for aromatic δ-amino acid folda-

mers allowing a fine-tuning of helix stability and side chain positioning. 

Contributions: The project was planned in collaboration with I. Huc. Synthetic routes and con-

ditions for B-monomers were developed by me. BAcd was developed with the help of L. Finger, an 

internship-student, and was later resynthesized with the help of D. Staudacher, who worked on her 

Bachelor thesis with me at that time. Oligomer synthesis and analysis was conducted with the help 

of D. Staudacher. X-ray structure refinement was performed by P. K. Mandal, who also did the X-

ray data collection at EMBL Hamburg with the help of Dr. David von Stetten and Dr. Gleb Bouren-

kov. L. Allmendinger was involved in the design and execution of NMR experiments. The manu-

script was written by me in collaboration with I. Huc and P. K. Mandal.  
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Publication (submitted) 

Generalizing the aromatic δ-amino acid foldamer helix 

Authors: Daniel Bindl, Pradeep K. Mandal and Ivan Huc 

Submitted: Chem. Eur. J. 2022 

 

Abstract: A series of aromatic oligoamide foldamer sequences containing different proportions of 

three δ-amino acids derived from quinoline, pyridine, and benzene and possessing varying flexibil-

ity, e.g. due to methylene bridges, were synthesized. Crystallographic structures of two key se-

quences and 1H NMR data in water concur to show that a canonical aromatic helix fold prevails in 

almost all cases and that helix stability critically depends on the ratio between rigid and flexible 

units. Notwithstanding subtle variations of curvature, i.e. the numbers of units per turn, the aro-

matic δ-peptide helix is therefore shown to be general and tolerant of a great number of sp3 centers. 

We also demonstrate canonical helical folding upon alternating two monomers that do not promote 

folding when taken separately: folding occurs with two methylenes between every other unit, not 

with one methylene between every unit. These findings highlight that a fine-tuning of helix hand-

edness inversion kinetics, curvature, and side chain positioning in aromatic δ-peptidic foldamers 

can be realized by systematically combining different yet compatible δ-amino acids. 

Folding is an essential mechanism used by nature to achieve a wide variety of sophisticated, struc-

turally precise architectures and functions, in particular in proteins.[80] Foldamers are artificial 

molecules based on non-natural backbones or sequences that also have the ability to fold in a well-

defined way, with helical and sheet-like structures being prevalent motifs.[81] Canonical aromatic 

helices have become a major class of foldamer secondary motifs. They comprise main chain aryl 

rings that stack upon helix folding, therefore defining a vertical rise per turn, or pitch, equal to the 

thickness of an aromatic unit (ca. 3.5 Å). A wide range of backbone types adopt aromatic helical 

conformations, including phenylene-ethynylenes,[12] aryl-aryl linked backbones,[8, 82] aryl hydra-

zones,[83] aryl ureas,[84] and aryl amides.[20, 60, 85] Depending on the backbone, different forces may 

contribute to aromatic helix stability, most notably hydrogen bonds and electrostatic repulsions 

between contiguous units, as well as interactions associated with aromatic stacking such as sol-

vophobic effects. Main chain aromatic units endow aromatic helices with distinct properties and 

functionalities compared to α-peptidic structures and their homologs,[5-6, 11a-c, 86] e.g. structural pre-

dictability,[87] generally high conformational stability, photophysical properties,[62, 88] charge 

transport ability[89] or the possibility to create a cavity within a single helical conformation for guest 

encapsulation.[90] 

Aromatic amide foldamers are of particular interest because of their easy synthetic access and ame-

nability to solid-phase synthesis. Oligoamides of δ-amino acid 8-aminoquinoline-2-carboxylic acid 

(Q) fold into stable aromatic helices in essentially all solvents (Fig. 12).[91] In this backbone, amide 
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and aryl groups exclusively consist of sp2 centers, enabling a high degree of π-stacking in the Qn 

helix. Intramolecular hydrogen bonding pinches the main chain leading to a high curvature of five 

units per two turns. Therefore, when looking down the helix axis, the helix wheel looks like a five-

pointed star (Fig. 12c). Positions 4, 5, and 6 of Q may be functionalized by side chains that will 

diverge from the Qn helix for the purpose of molecular recognition at the helix surface.[58, 64, 92] The 

question that we addressed in the present study is the generality of the folding pattern of Qn oligo-

mers. Other than Q, aromatic δ-amino acids 6-(aminomethyl)pyridine-2-carboxylic acid (P)[26a, 33a] 

and 2-(2-aminophenoxy)acetic acid (B)[43a, 93] have been introduced (Fig. 13a). P and B correspond 

to a Q in which the benzene or the pyridine ring has been deleted, respectively, while preserving a 

hydrogen bond acceptor as a main chain atom, namely the endocyclic nitrogen atom of P and the 

ether oxygen atom of B. P and B each possess a reduced surface for aromatic stacking, thus reduced 

hydrophobicity, as well as one sp3 center and additional rotatable bonds conducive of enhanced 

flexibility. In the following, we generalize the compatibility of B, P, and Q units to form canonical 

aromatic helices in water. 

 

Fig. 12 a) Structure of Q and its oligomer. Hydrogen bonds on the inner rim of the helix are indicated as red dashed 

lines. Crystal structure of a Q8 oligomer,[23] representative of the canonical aromatic helix fold, in side (b) and top 

(c) view. Only the first atom of R side chains is shown as a purple ball to indicate their positions, and hydrogen 

atoms are omitted for clarity. 

We show that a single Q may significantly enhance helix stability. We also report an intriguing se-

quence dependence, in that a (PB)n oligomer folds in the absence of any Q unit, whereas P-only or 

B-only sequences do not. 
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Fig. 13 a) Structures of the building blocks used in this study. The different types of monomer structures and letter 

codes are indicated by different colors. b) Sequences that were investigated in this study. c) Comparison of Tmax of 

diastereotopicity (highest temperature, at which diastereotopic signals were observed for methylene groups by 

1H NMR) for 1–7. Sequences without P are represented by red bars, while sequences with P are shown in blue. 

Room temperature (RT = 25 °C) is indicated with a dashed line. 

The additional flexibility of P and B was previously shown to be detrimental to canonical aromatic 

helix folding. Specifically, the main chain methylene groups were found to promote 90° kinks. 

These kinks may be disruptive of folding – Pn oligomers fold neither in chloroform[33a] nor in wa-

ter.[26a] They may also promote different, non-canonical, folding modes – a Bn oligomer formed a 

so-called herringbone helix in the solid state.[43a] The more rigid Q units have been shown to tem-

plate the formation of canonical aromatic helices containing otherwise flexible monomers.[25, 94] 

However, (PQ)n was also found to fold into a herringbone helix in chloroform,[33a] and to only adopt 

a canonical aromatic helix conformation in water.[26a] We thus began this investigation with the 

expectation that a large proportion of Q units may be necessary to stabilize aromatic helices, even 

in water. The following demonstrates that this is not the case. Instead, we show that B, P, and Q 

units can be generally mixed without losing the canonical aromatic helix fold in water. 

Short side chains were used to preserve the naturally high crystal growth ability of aromatic folda-

mers.[64] QAla was chosen due to its easy synthetic accessibility, however, being non-polar, a solu-

bilizing side chain was needed on the B units. New monomer BAcd was prepared to promote solu-

bility in neutral or basic aqueous medium. Starting from 4-hydroxy-3-nitrobenzaldehyde, a carbox-

ylic acid was obtained through oxidation of the aldehyde and subsequently protected as a tert-butyl 
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ester. The general route to Fmoc-protected B monomers described earlier could then be applied 

(Fig. 16),[93] and the final monomer was obtained in 26% overall yield over 5 steps. Oligomers 1–7 

comprised of PGly, QAla, BGly, and BAcd monomers were then synthesized using low loading Wang or 

Cl-MPA ProTideTM resins (the latter is advantageous for the synthesis of sequences prone to aggre-

gation) according to solid-phase foldamer synthesis (SPFS) protocols reported previously.[26] Final 

products were purified by semi-preparative reversed-phase HPLC and were obtained in good over-

all yields (6.3–31%; section 4.2.2). 

Indications of helical folding can easily be obtained by simply measuring 1H NMR spectra and se-

quences were analyzed in this regard. Typically, ring current effects associated with stacking within 

canonical aromatic helices cause upfield shifts that greatly vary with the central or peripheral posi-

tion of the protons considered. It follows that NMR signals of a helically folded oligomer spread 

over a wide range of chemical shift values even when the sequence has a repetitive nature.[91] 

Furthermore, downfield shifted amide signals indicate their involvement in intramolecular hydro-

gen bonding. Helix stability may also be assessed by 1H NMR through the observation of helix 

handedness inversion kinetics. Since helices are chiral objects (present as a racemic mixture when 

the backbone contains no stereogenic center), methylene protons on the molecule are diastereo-

topic. As the environments above and below a given monomer differ, methylene protons that are 

close to the helix backbone often become anisochronous, i.e. have different 1H NMR chemical val-

ues and appear as doublets notwithstanding other couplings. This holds only when P- and M-helical 

conformers exchange slowly on the NMR timescale. When the exchange is fast, averaged signals 

are observed as an indication of faster kinetics and weaker helix stability (yet not as an indication 

of helix unfolding). In Qn oligomers, helix handedness kinetics vary with solvent polarity and with 

the value of n. Exceptionally long half-lives and even kinetic inertness have been reported.[38] Heat-

ing enhances handedness inversion dynamics.[91] 

With our first design, oligomer 1, we aimed to test whether the templating effect observed for (PQ)n 

sequences in water[26a] is transferable to (BQ)n sequences, i.e. the ability of Q units to impose aro-

matic helix folding to more flexible B monomers. The 1H NMR spectrum of 1 in aqueous solution 

has all the characteristics of an aromatic helix structure mentioned above (Fig. 14). Diastereotopic 

signals (doublets) of the methylene groups of its B monomers in the area of 1.5–4.5 ppm indicate 

folding into a chiral conformation, of which the enantiomers exchange slowly on the NMR time-

scale. Upon heating to 80 °C (higher temperatures were not tested), anisochronicity remained in-

dicating that kinetics of handedness inversion remained slow (Fig. 17) and suggesting a very stable 

structure. An X-ray structure of 1 was obtained and confirmed the canonical aromatic helix fold 

(Fig. 15a,b). The structure is similar to that of Qn oligomers except for its curvature. In 1, 2.33 units 

are needed to span one helix turn (instead of 2.5 in Qn), and side chains are ordered in seven distinct 

arrays when looking down the helix axis instead of five (2.33 units per turn means 7 units for 3 

turns). Since the B units contain sp3 hybridized centers, some bond angles may differ from those of 

an all sp2 backbone and thus alter the overall curvature as well as side chain positions. However, 



4  A new monomer family for aromatic δ-amino acid foldamers 

29 

one may object that such an effect was not observed upon mixing Q and P even though the latter 

also contain methylene groups.[25] Nevertheless, it can be concluded that Q units template the fold-

ing of B monomers as they do for P monomers. 

 

Fig. 14 1H NMR spectra of compounds 1–7 (500 MHz, 12 mM NH4OAc buffer pH 8.5 with 10% D2O, water sup-

pression). Anisochronous signals of diastereotopic methylene protons are highlighted in green exemplary in the 

spectrum of 1. Singlets of methylene groups are highlighted in purple in the spectrum of 5. 

The high stability of (BQ)n encouraged the investigation of “BnQm” sequences, that is, oligomers 

containing n B and m Q units mixed throughout the sequence with a higher B/Q ratio, to see how 

many Q units are necessary to keep the oligomers well-folded. Sequences 2–4 were thus prepared 

(Fig. 13b). In these sequences, Q monomers were evenly distributed to ensure a homogenous fold-

ing behavior. To prevent oligomers from carrying too many negative charges, which might bias the 

investigation by introducing possibly destabilizing electrostatic repulsions, BAcd was replaced by 

BGly in some places. Remarkably, the 1H NMR spectra of all sequences show an extensive chemical 

shift distribution of signals and slow exchange between P- and M-conformers (Fig. 14). The simi-

larity of these NMR spectra with that of 1 suggests that all fold into canonical aromatic helices in 

aqueous solution at room temperature. At least, it can be concluded that the templating effect of Q 

induces a well-folded structure in “BnQm” oligomers, with an n/m ratio of up to 5/1. To estimate 

the stability of 2–4 in comparison to 1, variable temperature studies were conducted (Fig. 17–Fig. 

20). Oligomers 2–4 displayed coalescence of the diastereotopic signals in their 1H NMR spectra at 

80, 60, and 40 °C, respectively, which demonstrates a trend of decreasing stability when increasing 

the B/Q ratio (Fig. 13c). It is a significant observation that only two Q units in a 12-mer are suffi-

cient to generate a stable well-folded structure. 

The synthesis of an oligomer containing only one Q and multiple B units was attempted repeatedly. 

For unclear reasons, these attempts were not successful. One might invoke the conformational be-

havior of B-rich sequences in organic solvents during SPFS, i.e. possible aggregation. Yet, the all-B 

sequence 5 was successfully prepared. Its 1H NMR spectrum showed clustering of signals in a few 

groups, implying reduced aromatic stacking (Fig. 14). Some amide NH signals are broad and not 
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downfield shifted and others have completely disappeared. This disappearance may reflect higher 

exposure of these protons to the solvent and exchange with water, which would result in some sig-

nal suppression. Such a phenomenon would clearly indicate a loss of the aromatic helical structure 

in which amide protons are normally buried in the helix channel. Furthermore, sequence 5 does 

not display diastereotopic doublets for its methylene groups (singlets are observed) even at 0 °C 

(Fig. 13c, Fig. 21), meaning that its conformation is either achiral or that the exchange between 

different chiral folded states is fast on the NMR time scale. We couldn’t obtain crystals of 5 and the 

exact nature of Bn oligomer conformations in aqueous solution remains unclear. It can only be con-

cluded that at least some Q units are necessary to template B units into the canonical aromatic helix 

fold. 

 

Fig. 15 Crystal structure of 1 in side (a) and top (b) view. Crystal structure of 6 in side (c) and top (d) view. Q, B, 

and P monomers are shown in gray, red, and blue, respectively. Only the first atom of side chains is shown as a 

purple ball to indicate their positions, and hydrogen atoms are omitted for clarity. e, f) Parts of the crystal structure 

of 6 illustrating the rigid part between P and B (e) and the extended flexible part between B and P (f). Amide hydro-

gen atoms are shown, and hydrogen bonding is indicated with dashed lines. 
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As stated above, oligomers only comprised of P units also do not fold into well-defined structures 

in aqueous media.[26a] However, these findings cannot be extrapolated to molecules of the type 

“BnPm”, since they contain different flexible and rigid parts than either only B or P containing se-

quences. “BnPm” oligomers comprise an extended flat and rigid aromatic dimer when a B unit fol-

lows P and a long flexible -OCH2CONHCH2- linkage when P follows B (Fig. 15e,f). To investigate 

the effects of mixing B and P monomers on folding behavior, sequence 6 was designed, which con-

sists of an alternation of B and P units. Like compounds 1–4, oligomer 6 shows again widespread 

1H NMR signals and downfield shifted amide signals (Fig. 14). This indicates both more extensive 

aromatic stacking and stronger intramolecular hydrogen bonding in 6 compared to 5. In fact, the 

NMR spectrum of 6 resembles more those of Q-containing sequences 1–4 than that of 5. However, 

it does not show diastereotopic signals in the aliphatic region. The methylene signals are very broad 

to invisible, suggesting coalescence is reached at room temperature. Upon cooling to 0 °C the sig-

nals split into doublets, demonstrating that well-defined folded states with slow exchange on the 

NMR timescale can be obtained with a “BnPm” sequence at lower temperatures (Fig. 13c, Fig. 22). 

An X-ray structure of 6 could be obtained, which confirmed a canonical aromatic helix fold, despite 

the lack of any Q units and the long flexible linkages between B and P monomers (Fig. 15c–f). Again, 

a curvature change compared to Qn oligomers can be observed. In the case of 6, 2.4 units are nec-

essary to propagate the helix by one turn (amounting to 12 units for 5 turns). Side chain positioning 

is altered as well. 

Given that 6 is the least stable folded oligomer investigated in this study (lowest Tmax of observable 

anisochronous methylene signals), its canonical fold in the solid state suggests that the aromatic 

helix also prevails in 2–4 for which no crystal structure could be obtained. These results provide 

evidence that the rigid PB dimers counteract the flexibility of the BP linkage. In other words, the 

aromatic helix is more tolerant towards larger aromatic units (PB) and more flexible BP linkages 

than to smaller aromatic units (P or B) separated by less flexible but twice more numerous linkages 

containing sp3 centers. The stability of “BnPn” oligomers is thus dependent not only on n but also 

on the sequence. One can speculate that (PB)n should be the most stable and BnPn the least stable 

since it does not have any PB combination. 

Finally, we aimed to test whether the stabilizing effect of Q units seen for “BnQm” can be extended 

to “BnPm” oligomers. For this purpose, sequence 7 with an additional Q monomer compared to 6 

was synthesized. The Q unit was placed in such a manner that it enlarges the flat, rigid part between 

a P and a B. The 1H NMR signals of 7 expectedly indicate canonical folding. Methylene signals ap-

pear as doublets at room temperature (Fig. 14) and up to 60 °C (Fig. 13c, Fig. 23). This stability is 

comparable to that of “B9Q3” (i.e. 3), which again illustrates the increased stability of (PB)n as op-

posed to B-only sequences: 1 vs. 3 Q units are needed for the same Tmax of anisochronicity. It can 

be assumed that introducing additional Q units within “BnPm” sequences would further enhance 

stability as it did in 1–4. 
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In conclusion, it was shown that B, P, and Q units are essentially interchangeable in helical aromatic 

δ-amino acid foldamers. “BnQm” oligomers, with an n/m ratio of up to 5/1 still fold into canonical 

helices. Their stability decreases as n/m increases but appears to remain above that of most ali-

phatic peptidic helices for which slow exchange of helix handedness inversion on the NMR time-

scale has rarely been observed.[95] Sequences with alternating B and P units possess an increased 

folding propensity compared to only B- or P-containing oligomers, and fold into a canonical aro-

matic helix even without any Q unit within their sequence, albeit cooling was required for (PB)6 to 

display slow handedness exchange on the NMR timescale. Significant stabilization of (PB)6 was 

achieved through introducing a single Q monomer within the sequence, leading to an increase of 

Tmax of anisochronicity by 35 °C. Furthermore, the introduction of B monomers into Q-oligomers 

not only influences helix stability, but it also influences curvature and side chain positioning of the 

resulting foldamers, as shown by two different X-ray structures. Therefore, we demonstrated that 

adjusting the ratio and/or order of B, P, and Q allows for a fine-tuning of helix stability and side 

chain positioning without changing the overall fold. This ability will be useful in the context of mo-

lecular recognition at the helix surface, e.g. for foldamer-protein interactions. 

Acknowledgements: This work was supported by the DFG (Excellence Cluster 114, CIPSM). D. 

Gill is gratefully acknowledged for contributing synthetic precursors, and C. Glas for assistance with 

NMR measurements. We thank Daniela Staudacher for assistance with synthesis and crystalliza-

tion experiments. Synchrotron data were collected at beamlines P13 and P14 operated by EMBL 

Hamburg at the PETRA III storage ring (DESY, Hamburg, Germany). We thank Dr. David von 

Stetten and Dr. Gleb Bourenkov for their assistance in using the beamlines. 

Conflict of Interest: The authors declare no conflict of interest. 

Data Availability Statement: The crystallographic data that support the findings of this study 

are openly available from the Cambridge Crystallographic Data Centre at https://ccdc.cam.ac.uk, 

reference numbers 2125508 and 2125515. 

 

  

https://ccdc.cam.ac.uk/


4  A new monomer family for aromatic δ-amino acid foldamers 

33 

Supplementary Information 

for: 

Generalizing the aromatic δ-amino acid foldamer helix 

Daniel Bindl, Pradeep K. Mandal, Lars Allmendinger and Ivan Huc 

 

 

 

 

List of Abbreviations ...................................................................................................................... 34 

4.1  Supplementary figures............................................................................................................. 35 

4.2  Materials and Methods ............................................................................................................ 39 

4.2.1  General.............................................................................................................................. 39 

4.2.2  Solid phase synthesis procedures ..................................................................................... 40 

4.2.3  Monomer synthesis procedures ........................................................................................ 45 

4.3  X-ray Crystallography .............................................................................................................. 49 

4.4  Spectra and Chromatograms ................................................................................................... 53 

 

  



4  A new monomer family for aromatic δ-amino acid foldamers 

34 

List of Abbreviations 

 

AcOH  acetic acid 

CD  circular dichroism 

CyHex  Cyclohexane 

DCM  dichloromethane 

DIAD  diisopropyl azodicarboxylate 

DIPEA N,N-diisopropylethylamine 

DMAP  4-Dimethylaminopyridine 

DMF  N,N-dimethylformamide 

DMSO  dimethyl sulfoxide 

EDC  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EI  electron ionization 

ESI  electrospray ionization 

EtOAc  ethyl acetate 

Fmoc  fluorenylmethoxycarbonyl 

HMBC heteronuclear multiple bond correlation 

HMQC heteronuclear multiple quantum correlation 

HPLC  high performance liquid chromatography 

HRMS high resolution mass spectrometry 

MeOH  methanol 

MW  molecular weight 

NMR  nuclear magnetic resonance 

RP  reversed phase 

RT  room temperature 

SPFS  solid phase foldamer synthesis 

tBuOH tert-butanol 

TEA  triethylamine 

TFA  trifluoroacetic acid 

THF  tetrahydrofuran 

TIPS  triisopropyl silane 

TLC  thin layer chromatography 

TMSP  3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt 

UV/Vis ultraviolet-visible 
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4.1  Supplementary figures 

 

 

Fig. 16 Synthetic route to the Fmoc-BAcd-OH monomer (12): i) methyl bromoacetate, K2CO3, acetonitrile, 70 °C 

(48%); ii) 1) Jones reagent, acetone, 2) tBuOH, EDCꞏHCl, DMAP, DMF (70%); iv) LiOH, H2O, THF (quant.); v) H2, 

Pd/C, Na2CO3, MeOH (quant.); vi) Fmoc-Cl, NaHCO3, H2O, 1,4-dioxane (76%). For detailed synthetic procedures 

see section 4.2.3. 

 

 

Fig. 17 Variable temperature 1H NMR spectra of oligomer 1 (500 MHz, 0.6 mM in 12 mM NH4OAc buffer pH 8.5 

H2O/D2O 9:1, H2O suppression). 
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Fig. 18 Variable temperature 1H NMR spectra of oligomer 2 (500 MHz, 0.26 mM in 12 mM NH4OAc buffer pH 8.5 

H2O/D2O 9:1, H2O suppression). 

 

 

Fig. 19 Variable temperature 1H NMR spectra of oligomer 3 (500 MHz, 0.16 mM in 12 mM NH4OAc buffer pH 8.5 

H2O/D2O 9:1, H2O suppression). 
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Fig. 20 Variable temperature 1H NMR spectra of oligomer 4 (500 MHz, 0.18 mM in 12 mM NH4OAc buffer pH 8.5 

H2O/D2O 9:1, H2O suppression). 

 

 

Fig. 21 Variable temperature 1H NMR spectra of oligomer 5 (400 MHz, 0.6 mM in 60 mM ND4 + 15 mM AcOH-d4 

in D2O). 
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Fig. 22 Variable temperature 1H NMR spectra of oligomer 6 (25–80 °C: 500 MHz, 0.66 mM in 12 mM NH4OAc 

buffer pH 8.5 H2O/D2O 9:1, H2O suppression; 0–15 °C: 400 MHz, 0.66 mM in 60 mM ND4 + 15 mM AcOH-d4 in 

D2O). 

 

 

Fig. 23 Variable temperature 1H NMR spectra of oligomer 7 (500 MHz, 0.36 mM in 12 mM NH4OAc buffer pH 8.5 

H2O/D2O 9:1, H2O suppression). 
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4.2  Materials and Methods 

 

 

Fig. 24 Fmoc-acid building blocks used in this study. Fmoc-QAla-OH,[96] Fmoc-BGly-OH[93] and Fmoc-PGly-OH[41] 

have been described previously. For a detailed procedure to Fmoc-BAcd(tBu)-OH, see section 4.2.3. 

 

4.2.1  General 

Commercial reagents (Suppliers: Abcr, Fisher Scientific, Merck, Sigma-Aldrich, TCI or VWR) were 

used without further purification unless otherwise stated. Wang resin LL (100–200 mesh) was pur-

chased from Novabiochem, Cl-MPA ProTideTM resin LL was purchased from CEM. Peptide grade 

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

amine (TEA) and N,N-diisopropylethylamine (DIPEA) were obtained via distillation over CaH2 

prior to use. Anhydrous tetrahydrofuran (THF) and dichloromethane (DCM) were obtained via an 

MBRAUN SPS-800 solvent purification system. Ultrapure water was obtained via a Sartorius ar-

ium® pro VF ultrapure water system. Reactions were monitored by thin layer chromatography 

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

purifications were carried out on Merck GEDURAN Si60 (40–63 μm). Nuclear magnetic resonance 

(NMR) spectra were recorded on an Avance III HD 400MHz Bruker BioSpin spectrometer or an 

Avance III HD 500MHz Bruker BioSpin spectrometer equipped with a broad band observe 5-mm 

BB-H&FD CryProbeTM Prodigy. Measurements were performed at 25 °C unless stated otherwise. 

Water suppression was performed with excitation sculpting. Processing was done with Mes-

tReNova (v.12.0.0-20080) NMR processing software from Mestrelab Research. Chemical shifts are 

reported in ppm and calibrated via residual solvent signals or 3-(trimethylsilyl)propionic-2,2,3,3-

d4 acid sodium salt (TMSP) when water suppression was applied.[97] Signal multiplicities are ab-

breviated as s, singlet; d, doublet; t, triplet; q, quartet, and m, multiplet. Signals were assigned using 

1H-13C HMQC and 1H-13C HMBC spectra. Electrospray ionization (ESI) mass spectra were rec-

orded on Bruker microTOF II and Thermo Finnigan LTQ FT Ultra spectrometers. Electron ioniza-

tion (EI) mass spectra were recorded on a Thermo Q Exactive GC Orbitrap or a Finnigan MAT 95 

sector mass spectrometer. Analytical and semi-preparative reversed phase (RP) high performance 
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liquid chromatography (HPLC) was performed on a Thermo Fisher Scientific Ultimate 3000 HPLC 

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

10 × 250 mm, 5 μm) and Macherey-Nagel Nucleodur C8 Gravity columns (4 × 50 mm, 5 μm and 

10 × 100 mm, 5 μm). UV absorbance was monitored at 300 nm if not stated otherwise. Simple ul-

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

Nanodrop One instrument using a 1 cm quartz cuvette. Circular dichroism (CD) spectra were meas-

ured on a Jasco J-810 spectrometer. Measurements were performed at 20 °C if not stated otherwise. 

Manual microwave-assisted solid-phase foldamer synthesis (SPFS) was performed via a CEM® 

Discover Bio microwave peptide synthesizer. The temperature within the reactor vessel was moni-

tored with an optical fiber probe. Automated SPFS was done via a Gyros Protein Technologies 

PurePep Chorus synthesizer with induction heating. 

 

4.2.2  Solid phase synthesis procedures 

Oligomers were synthesized according to previously reported SPFS protocols,[26] hereafter referred 

to as standard method. Fmoc acid building blocks were activated in situ by generating the respective 

acid chlorides prior to coupling. 

Acetylation: In the microwave vessel: after the resin (1.0 equiv.) was washed with anhydrous THF 

(4 ×), DIPEA (10.0 equiv.) and acetyl chloride (5.0 equiv.) in anhydrous THF (1 mL per 100 mg 

resin; not less than 2 mL) were added and the suspension was heated to 50 °C for 15 min (25 W, 

ramp to 50 °C over 5 min, hold at 50 °C for 15 min). The resin was washed with anhydrous THF 

(3×) and the coupling step was repeated once. Then, the resin was washed again with anhydrous 

THF (1×) and DMF (5×), and kept suspended in DMF (if stored longer than 24 h, it was kept at 

4 °C). 

 

 

Compound 1: Oligomer 1 was synthesized on Wang resin (0.37 mmol g−1, 27.8 μmol scale) ac-

cording to the standard method (automated). Loading of the first monomer: 0.25 mmol g−1 (68%). 

The final acetyl group was installed via the general acetylation method. After purification by semi-

prep HPLC (C18, 0–30B, 50 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title com-

pound was obtained as a white solid (13.8 mg, 6.8 μmol, 24%; HPLC-purity: 97.5%). 1H NMR 

(500 MHz, 12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 10.19 (s, 1H), 10.13 (s, 1H), 9.75 



4  A new monomer family for aromatic δ-amino acid foldamers 

41 

(s, 1H), 9.64 (s, 1H), 9.52 (s, 1H), 9.44 (s, 1H), 9.41 (s, 1H), 9.38 (s, 1H), 9.31 (s, 1H), 8.98 (s, 1H), 

8.68 (d, J = 8.40 Hz, 1H), 8.42 (s, 1H), 8.33 (s, 1H), 8.12 (s, 1H), 8.02 (d, J = 2.01 Hz, 1H), 7.85 (s, 

1H), 7.83 (s, 1H), 7.82 – 7.79 (m, 2H), 7.78 (d, J = 4.48 Hz, 1H), 7.75 (s, 1H), 7.73 (s, 1H), 7.71 

(s, 1H), 7.69 (d, J = 4.22 Hz, 1H), 7.67 (s, 1H), 7.65 (s, 1H), 7.59 (s, 1H), 7.58 – 7.55 (m, 1H), 7.54 

(s, 1H), 7.53 – 7.48 (m, 1H), 7.48 – 7.42 (m, 1H), 7.38 (td, J = 8.61, 3.80 Hz, 1H), 7.28 (t, J = 

8.64 Hz, 1H), 7.19 (t, J = 8.91 Hz, 1H), 7.06 (s, 1H), 6.94 (d, J = 10.04 Hz, 1H), 6.75 (d, J = 9.33 Hz, 

1H), 6.60 (d, J = 9.56 Hz, 1H), 6.53 (s, 1H), 6.51 (s, 1H), 6.30 (d, J = 9.75 Hz, 1H), 6.20 (s, 1H), 

6.18 (s, 1H), 6.13 (s, 1H), 4.28 (d, J = 13.23 Hz, 1H), 4.22 (d, J = 13.88 Hz, 1H), 4.10 (s, 1H), 4.07 

(s, 2H), 3.97 (s, 6H), 3.90 (s, 3H), 3.72 (d, J = 16.33 Hz, 1H), 3.47 (d, J = 15.24 Hz, 1H), 2.55 (d, 

J = 12.82 Hz, 1H), 2.46 (d, J = 16.20 Hz, 1H), 2.40 (d, J = 18.53 Hz, 1H), 2.27 (d, J = 14.44 Hz, 

1H), 1.51 (s, 3H). HRMS (ESI−) m/z calcd. for C102H78N15O32: 2024.4943 (M-H)−; found: 

2024.5504. 

 

Compound 2: Oligomer 2 was synthesized on Wang resin (0.37 mmol g−1, 27.8 μmol scale) ac-

cording to the standard method (automated). Loading of the first monomer: 0.37 mmol g−1 

(quant.). The final acetyl group was installed via the general acetylation method. After purification 

by semi-prep HPLC (C18, 0–15B, 50 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the 

title compound was obtained as a white solid (14.1 mg, 5.88 μmol, 21%; HPLC-purity: 99.9%). 1H 

NMR (500 MHz, 12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 10.10 (s, 1H), 10.02 (s, 

1H), 9.63 (s, 1H), 9.43 (s, 3H), 9.39 (s, 1H), 9.25 (s, 1H), 9.07 (s, 1H), 8.81 (s, 1H), 8.47 (d, J = 

2.17 Hz, 1H), 8.46 (d, J = 2.10 Hz, 1H), 8.41 (s, 1H), 8.39 (s, 1H), 8.35 (s, 1H), 8.20 – 8.14 (m, 

2H), 8.10 (d, J = 8.62 Hz, 1H), 8.07 (d, J = 9.23 Hz, 1H), 8.01 (d, J = 9.28 Hz, 1H), 7.98 – 7.86 (m, 

6H), 7.81 (d, J = 7.91 Hz, 1H), 7.72 – 7.64 (m, 2H), 7.63 (s, 1H), 7.61 (s, 13H), 7.60 – 7.57 (m, 

2H), 7.56 (s, 2H), 7.51 (td, J = 8.46, 3.44 Hz, 2H), 7.30 – 7.23 (m, 1H), 7.19 (s, 1H), 6.84 (d, J = 

9.41 Hz, 1H), 6.80 (s, 1H), 6.59 (d, J = 9.39 Hz, 1H), 6.52 – 6.43 (m, 4H), 6.42 (s, 1H), 6.38 (s, 

1H), 6.32 (d, J = 9.40 Hz, 1H), 5.92 (d, J = 9.39 Hz, 1H), 4.27 (s, 1H), 4.17 (s, 2H), 4.00 (s, 5H), 

3.92 (s, 3H), 3.90 (s, 1H), 3.71 (d, J = 15.54 Hz, 1H), 3.51 (d, J = 16.12 Hz, 1H), 3.46 (d, J = 15.78 

Hz, 1H), 3.39 (d, J = 15.74 Hz, 1H), 2.95 (d, J = 15.86 Hz, 2H), 2.61 (d, J = 13.15 Hz, 1H), 2.06 (d, 

J = 13.51 Hz, 1H), 1.75 (d, J = 15.83 Hz, 1H), 1.65 (s, 3H), 1.57 (d, J = 15.54 Hz, 1H), 1.41 (d, J = 

15.05 Hz, 1H), 1.30 (d, J = 11.21 Hz, 2H). HRMS (ESI−) m/z calcd. for C118H91N16O42: 2403.5482 

(M-H)−; found: 2403.6165. 
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Compound 3: Oligomer 3 was synthesized on Wang resin (0.37 mmol g−1, 27.8 μmol scale) ac-

cording to the standard method (automated). Loading of the first monomer: 0.37 mmol g−1 

(quant.). The final acetyl group was installed via the general acetylation method. After purification 

by semi-prep HPLC (C18, 0–20B, 50 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the 

title compound was obtained as a white solid (3.99 mg, 1.76 μmol, 6.3%; HPLC-purity: 98.8%). 1H 

NMR (500 MHz, 12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 10.40 (s, 1H), 9.97 (s, 1H), 

9.83 (s, 1H), 9.76 (s, 1H), 9.62 (s, 2H), 8.86 (s, 1H), 8.49 (d, J = 10.09 Hz, 1H), 8.27 (d, J = 2.16 

Hz, 1H), 8.25 (d, J = 8.52 Hz, 1H), 8.18 (s, 1H), 8.12 (d, J = 8.39 Hz, 1H), 8.09 (d, J = 8.62 Hz, 

1H), 8.06 – 7.99 (m, 5H), 7.96 (dd, J = 9.19, 6.35 Hz, 2H), 7.92 (d, J = 9.61 Hz, 1H), 7.86 (d, J = 

9.93 Hz, 1H), 7.83 (d, J = 9.68 Hz, 1H), 7.80 (d, J = 9.05 Hz, 1H), 7.78 – 7.73 (m, 1H), 7.72 – 7.68 

(m, 2H), 7.68 – 7.64 (m, 1H), 7.63 (s, 1H), 7.61 (d, J = 6.30 Hz, 1H), 7.58 (s, 1H), 7.58 – 7.52 (m, 

4H), 7.52 – 7.49 (m, 1H), 7.49 – 7.45 (m, 1H), 7.44 (d, J = 2.15 Hz, 1H), 7.25 – 7.15 (m, 3H), 7.14 

(d, J = 1.62 Hz, 1H), 7.13 (s, 1H), 7.11 (s, 1H), 7.09 (s, 1H), 7.07 (s, 1H), 7.05 (d, J = 9.56 Hz, 1H), 

7.02 (s, 1H), 7.00 (d, J = 4.38 Hz, 1H), 6.97 (d, J = 8.06 Hz, 1H), 6.74 (d, J = 9.37 Hz, 1H), 6.60 

(d, J = 9.30 Hz, 1H), 6.45 (dt, J = 10.81, 5.44 Hz, 4H), 6.38 – 6.31 (m, 3H), 6.23 (d, J = 9.52 Hz, 

1H), 6.17 (d, J = 9.53 Hz, 1H), 4.31 (s, 1H), 4.26 (d, J = 14.51 Hz, 1H), 4.14 (s, 2H), 4.03 (d, J = 

15.33 Hz, 1H), 3.96 (s, 3H), 3.94 (s, 3H), 3.89 (d, J = 14.91 Hz, 1H), 3.70 (d, J = 15.91 Hz, 1H), 

3.56 (t, J = 15.60 Hz, 2H), 3.30 (d, J = 18.89 Hz, 2H), 2.70 (d, J = 15.56 Hz, 1H), 2.50 (d, J = 15.66 

Hz, 1H), 2.42 (d, J = 13.68 Hz, 1H), 2.18 (d, J = 14.77 Hz, 1H), 1.55 (s, 3H), 1.47 (d, J = 15.82 Hz, 

2H), 1.17 (d, J = 15.64 Hz, 1H). HRMS (ESI−) m/z calcd. for C113H90N15O38: 2264.5577 (M-H)−; 

found: 2264.6101. 

 

 

Compound 4: Oligomer 4 was synthesized on ProTideTM resin (0.15 mmol g−1, 25 μmol scale) 

according to the standard method (automated). Loading of the first monomer: 0.15 mmol g−1 
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(quant.). The final acetyl group was installed via the general acetylation method. After purification 

by semi-prep HPLC (C18, 0–5B, 50 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the 

title compound was obtained as a white solid (4.15 mg, 1.8 μmol, 7.2%; HPLC-purity: 90.31%). 1H 

NMR (500 MHz, 12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 10.00 (s, 1H), 9.97 (s, 1H), 

9.90 (s, 1H), 9.76 (s, 1H), 9.04 (s, 1H), 8.85 (s, 1H), 8.56 (s, 1H), 8.54 (s, 1H), 8.49 (s, 1H), 8.46 

(s, 1H), 8.31 (s, 1H), 8.30 – 8.24 (m, 2H), 8.18 (s, 1H), 8.08 – 8.00 (m, 2H), 7.92 (d, J = 10.34 Hz, 

3H), 7.88 (d, J = 10.43 Hz, 1H), 7.74 (s, 1H), 7.71 (d, J = 10.15 Hz, 1H), 7.68 – 7.60 (m, 4H), 7.58 

(d, J = 10.15 Hz, 1H), 7.54 (d, J = 10.68 Hz, 1H), 7.53 (s, 1H), 7.52 – 7.46 (m, 4H), 7.26 (t, J = 

8.48 Hz, 1H), 7.22 – 7.14 (m, 2H), 7.11 (t, J = 8.40 Hz, 1H), 7.01 (s, 1H), 6.92 (d, J = 9.41 Hz, 1H), 

6.75 (d, J = 9.51 Hz, 1H), 6.72 (d, J = 9.38 Hz, 1H), 6.68 (d, J = 9.60 Hz, 1H), 6.64 (d, J = 9.32 Hz, 

1H), 6.53 (d, J = 9.60 Hz, 1H), 6.51 – 6.47 (m, 2H), 6.45 (d, J = 9.37 Hz, 1H), 6.36 (d, J = 9.42 Hz, 

1H), 6.33 (d, J = 9.90 Hz, 2H), 6.31 (s, 1H), 4.35 (d, J = 15.53 Hz, 1H), 4.30 – 4.20 (m, 1H), 4.16 

– 4.06 (m, 1H), 4.03 (d, J = 9.62 Hz, 1H), 3.97 (s, 3H), 3.93 (s, 3H), 3.88 (d, J = 14.97 Hz, 1H), 

3.74 (d, J = 16.58 Hz, 1H), 3.61 (d, J = 16.36 Hz, 3H), 3.33 (d, J = 16.44 Hz, 1H), 3.13 (d, J = 15.02 

Hz, 1H), 2.76 (d, J = 16.02 Hz, 1H), 2.49 (d, J = 13.58 Hz, 1H), 2.34 (d, J = 15.12 Hz, 1H), 2.25 – 

2.22 (m, 1H), 2.20 (d, J = 15.54 Hz, 1H), 2.14 (d, J = 16.26 Hz, 1H), 1.63 (s, 3H), 1.32 (d, J = 16.40 

Hz, 1H). HRMS (ESI−) m/z calcd. for C112H89N14O42: 2301.5264 (M-H)−; found: 2301.3943. 

 

 

Compound 5: Oligomer 5 was synthesized on Wang resin (0.37 mmol g−1, 27.8 μmol scale) ac-

cording to the standard method (manual). Loading of the first monomer: 0.25 mmol g−1 (68%). The 

final acetyl group was installed via the general acetylation method. After purification by semi-prep 

HPLC (C18, 0–15B, 50 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound 

was obtained as a white solid (9.03 mg, 4.46 μmol, 16%; HPLC-purity: 95.4%). 1H NMR (500 MHz, 

12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 9.32 (s, 1H), 9.20 (s, 1H), 8.34 (s, 1H), 8.30 

(s, 1H), 8.13 (s, 3H), 8.11 (s, 1H), 8.08 – 8.00 (m, 4H), 7.92 (s, 1H), 7.83 (s, 1H), 7.71 – 7.59 (m, 

8H), 7.56 (d, J = 8.97 Hz, 1H), 6.97 (d, J = 9.71 Hz, 1H), 6.93 (d, J = 9.53 Hz, 1H), 6.89 – 6.76 (m, 

7H), 6.60 (d, J = 9.58 Hz, 1H), 4.37 (s, 2H), 4.27 (s, 4H), 4.20 (s, 2H), 4.19 (s, 2H), 4.04 (s, 4H), 

2.01 (s, 5H). HRMS (ESI−) m/z calcd. for C92H73N10O42: 1989.3889 (M-H)−; found: 1989.4469. 
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Compound 6: Oligomer 6 was synthesized on Wang resin (0.37 mmol g−1, 24 μmol scale) accord-

ing to the standard method (automated). Loading of the first monomer: 0.37 mmol g−1 (quant.). 

The final acetyl group was installed via the general acetylation method. After purification by semi-

prep HPLC (C18, 0–10B, 50 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title com-

pound was obtained as a white solid (14.8 mg, 7.33 μmol, 31%; HPLC-purity: 95.5%). 1H NMR 

(500 MHz, 12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 10.15 (s, 1H), 10.01 (s, 1H), 9.44 

(s, 1H), 9.36 (s, 1H), 9.15 (s, 1H), 9.09 (s, 1H), 8.38 (d, J = 2.19 Hz, 1H), 8.23 (dd, J = 10.50, 2.12 

Hz, 2H), 8.17 (d, J = 2.18 Hz, 1H), 8.11 (dd, J = 4.03, 2.17 Hz, 2H), 8.08 (t, J = 4.25 Hz, 1H), 8.04 

– 8.00 (m, 1H), 8.00 (d, J = 4.71 Hz, 1H), 7.98 (d, J = 4.86 Hz, 0H), 7.94 (d, J = 8.14 Hz, 1H), 7.90 

(d, J = 8.19 Hz, 1H), 7.83 (t, J = 8.20 Hz, 1H), 7.77 – 7.70 (m, 6H), 7.66 – 7.59 (m, 2H), 7.59 – 

7.54 (m, 1H), 7.51 (d, J = 8.40 Hz, 1H), 7.47 (dt, J = 7.58, 3.87 Hz, 3H), 7.37 (s, 1H), 7.35 (s, 1H), 

7.34 – 7.32 (m, 2H), 7.31 (s, 1H), 7.30 (s, 0H), 7.28 (d, J = 3.69 Hz, 1H), 7.26 (s, 1H), 7.20 (d, J = 

6.03 Hz, 2H), 7.19 (d, J = 6.91 Hz, 2H), 7.14 (d, J = 8.69 Hz, 1H), 7.07 (d, J = 9.18 Hz, 1H), 7.04 

(d, J = 8.57 Hz, 1H), 6.68 (d, J = 9.18 Hz, 1H), 6.59 (d, J = 10.98 Hz, 2H), 6.47 (d, J = 9.20 Hz, 

1H), 6.41 (d, J = 9.05 Hz, 1H), 4.54 (s, 0H), 4.39 (s, 0H), 1.77 (s, 4H). HRMS (ESI−) m/z calcd. 

for C98H81N18O32: 2021.5270 (M-H)−; found: 2021.6454. 

 

 

Compound 7: Oligomer 7 was synthesized on ProTideTM resin (0.15 mmol g−1, 25 μmol scale) 

according to the standard method (automated). Loading of the first monomer: 0.15 mmol g−1 

(quant.). The final acetyl group was installed via the general acetylation method. After purification 

by semi-prep HPLC (C18, 0–10B, 50 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the 

title compound was obtained as a white solid (12.0 mg, 5.4 μmol, 22%; HPLC-purity: 95.7%). 1H 

NMR (500 MHz, 12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 10.77 (s, 1H), 10.05 (s, 

1H), 10.01 (s, 1H), 9.92 (s, 1H), 9.20 (s, 2H), 8.74 (s, 1H), 8.56 (s, 1H), 8.23 – 8.15 (m, 4H), 8.05 

– 8.01 (m, 1H), 8.00 (d, J = 7.09 Hz, 1H), 7.96 (d, J = 8.26 Hz, 1H), 7.93 (d, J = 8.15 Hz, 1H), 7.90 
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(s, 1H), 7.87 (d, J = 8.41 Hz, 1H), 7.81 (d, J = 2.03 Hz, 1H), 7.78 (d, J = 7.64 Hz, 1H), 7.75 (s, 1H), 

7.74 – 7.70 (m, 4H), 7.69 (s, 1H), 7.66 – 7.60 (m, 3H), 7.54 (t, J = 8.23 Hz, 1H), 7.51 – 7.45 (m, 

3H), 7.42 (d, J = 8.50 Hz, 1H), 7.38 (d, J = 7.92 Hz, 2H), 7.32 – 7.26 (m, 3H), 7.25 (d, J = 8.25 Hz, 

1H), 7.17 – 7.11 (m, 2H), 7.08 (d, J = 9.50 Hz, 3H), 6.98 (d, J = 8.60 Hz, 1H), 6.93 (d, J = 8.69 Hz, 

1H), 6.57 (d, J = 9.05 Hz, 2H), 6.54 (d, J = 8.70 Hz, 2H), 6.38 (d, J = 9.11 Hz, 1H), 6.32 (d, J = 

9.38 Hz, 1H), 6.08 (s, 1H), 4.55 (s, 1H), 4.41 – 4.23 (m, 1H), 4.10 (d, J = 17.84 Hz, 1H), 4.02 (d, J 

= 15.87 Hz, 1H), 3.94 (d, J = 17.40 Hz, 1H), 3.88 (s, 3H), 3.84 (d, J = 14.03 Hz, 1H), 3.72 (d, J = 

15.35 Hz, 2H), 3.55 (d, J = 15.01 Hz, 1H), 3.40 (d, J = 20.37 Hz, 1H), 3.23 (d, J = 20.11 Hz, 1H), 

3.17 – 3.04 (m, 1H), 2.92 (d, J = 15.61 Hz, 1H), 2.63 – 2.47 (m, 3H), 2.31 (d, J = 21.86 Hz, 1H), 

2.26 – 2.10 (m, 2H), 1.75 (s, 3H). HRMS (ESI−) m/z calcd. for C109H89N20O34: 2221.5856 (M-H)−; 

found: 2221.4344. 

 

4.2.3  Monomer synthesis procedures 

 

Compound 8: 4-hydroxy-3-nitrobenzaldehyde (8.40 g, 50.3 mmol, 1.0 equiv.) and K2CO3 (7.64 g, 

55.3 mmol, 1.1 equiv.) was suspended in acetonitrile (300 ml). After the addition of methyl bromo-

acetate (5.23 ml, 55.3 mmol, 1.1 equiv.), the reaction mixture was stirred at 70 °C for 15 h under 

N2 atmosphere. The resulting suspension was filtered, washed with acetonitrile and the filtrate 

evaporated in vacuo. Then, the residue was dissolved in water and CHCl3. After the organic phase 

was removed, the aqueous phase was extracted with CHCl3 (2×), the combined organic phases were 

washed with brine, dried over MgSO4, evaporated in vacuo, and the residue was dried under high 

vacuum overnight. Finally, it was redissolved in a minimum amount of DCM. Et2O was added until 

precipitation occurred. The solution was kept at 4 °C for 2 h, filtered and washed with cold Et2O 

yielding the final compound (5.79 g, 24.2 mmol, 48%) as an off white crystalline solid. (C10H9NO6; 

MW = 239.18 g mol−1). Rf (CyHex/EtOAc 6:4) = 0.34. 1H NMR (500 MHz, CDCl3): δ = 9.95 (s, 

1H, C10-H), 8.39 (d, J = 2.05 Hz, 1H, C3-H), 8.06 (dd, J = 8.69, 2.10 Hz, 1H, C5-H), 7.09 (d, J = 

8.68 Hz, 1H, C6-H), 4.90 (s, 2H; C7-H), 3.83 (s, 3H, C9-H). 13C NMR (126 MHz, CDCl3): δ = 188.7 

(C10), 167.5 (C8), 155.4 (C1), 140.4 (C2), 134.5 (C5), 130.2 (C4), 127.8 (C3), 114.9 (C6), 66.2 (C7), 

52.9 (C9). HRMS (ESI−) m/z calcd. for C10H9NO6Cl: 274.0124 (M+Cl)−; Found: 274.0124. (Mod-

ified literature procedure[98]; analytical data is in line with the literature). 



4  A new monomer family for aromatic δ-amino acid foldamers 

46 

 

Compound 9: Compound 8 (19.6 g, 81.9 mmol, 1.0 equiv.) was dissolved in acetone (150 ml). 

Jones reagent (2 M CrO3 in 6 M H2SO4 (aq.)) was added dropwise at 23 °C until the starting material 

was consumed by TLC analysis (45 ml). Remaining Jones reagent was quenched by adding an ex-

cess of iPrOH and the suspension was filtered and washed with acetone. The solvent was evapo-

rated under reduced pressure, and the residue was redissolved in DCM (THF may be added to help 

solubilization). H2O was added, the organic phase removed, and the aqueous phase extracted with 

DCM (2×). The combined organic phases were dried over MgSO4 and evaporated in vacuo to give 

the crude carboxylic acid (20.3 g with 20% impurity by NMR). Then, the solid was redissolved in 

anhydrous DMF (105 ml) under N2 atmosphere. tBuOH (22.4 ml, 239 mmol, 3.0 equiv.), EDCꞏHCl 

(22.9 g, 119 mmol, 1.5 equiv.) and DMAP (9.74 g, 79.6 mmol, 1.0 equiv.) were added at 0 °C and 

the reaction mixture was stirred at 23 °C for 15 h. After evaporating the solvents in vacuo, the res-

idue was dissolved in EtOAc and H2O. The organic phase was removed, and the aqueous phase was 

extracted with EtOAc (2×). Combined organic phases were washed with sat. NH4Cl (aq.) and brine, 

dried over Na2SO4 and evaporated in vacuo. After purification by column chromatography (SiO2, 

CyHex/EtOAc 8:2), the title compound (17.8 g, 57.2 mmol, 70%) was obtained as a white solid 

(C14H17NO7; MW = 311.29 g mol−1). Rf (CyHex/EtOAc 8:2) = 0.20. 1H NMR (500 MHz, CDCl3): 

δ = 8.45 (d, J = 2.15 Hz, C3-H), 8.14 (dd, J = 8.75, 2.16 Hz, 1H, C5-H), 6.97 (d, J = 8.82 Hz, 1H, 

C6-H), 4.85 (s, 2H, C7-H), 3.81 (s, 3H, C9-H), 1.59 (s, 9H, C12-H, C13-H, C14-H). 13C NMR 

(126 MHz, CDCl3): δ = 167.8 (C8), 163.4 (C10), 154.0 (C1), 139.9 (C2), 135.0 (C5), 127.4 (C3), 

126.0 (C4), 114.1 (C6), 82.4 (C11), 66.3 (C7), 52.8 (C9), 28.3 (C12, C13, C14). HRMS (ESI−) m/z 

calcd. for C14H17NO7Cl: 346.0699 (M+Cl)−; Found: 346.0702. (Modified literature procedure[98]; 

analytical data is in line with the literature). 

 

Compound 10: Compound 9 (17.8 g, 57.2 mmol, 1.0 equiv.) was dissolved in THF (800 ml) and 

cooled to 0 °C. LiOH (1.37 g, 57.2 mmol, 1.0 equiv.) in H2O (200 ml) was added and the reaction 

mixture was stirred at 0 °C for 30 min. After the addition of citric acid (aq.) (1 M, 57.2 ml, 1 equiv.) 

the mixture was extracted with DCM (3×). The combined organic phases were washed with brine, 

dried over Na2SO4 and solvents were removed in vacuo. The final product (17.0 g, 57.2 mmol, 

quant.) was obtained as a white solid. (C13H15NO7; MW = 297.26 g mol−1). Rf (DCM/MeOH 95:5 

+ 1% AcOH) = 0.51. 1H NMR (400 MHz, DMSO-d6): δ = 13.34 (s, 1H, O9-H), 8.30 (d, J = 2.18 Hz, 
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1H, C3-H), 8.09 (dd, J = 8.88, 2.23 Hz, 1H, C5-H), 7.38 (d, J = 8.93 Hz, 1H, C6-H), 5.02 (s, 2H, 

C7-H), 1.55 (s, 9H, C12-H, C13-H, C14-H). 13C NMR (101 MHz, DMSO-d6): δ = 168.9 (C8), 163.0 

(C10), 153.7 (C1), 139.2 (C2), 134.4 (C5), 125.7 (C3), 123.9 (C4), 115.3 (C6), 81.6 (C11), 65.6 (C7), 

27.7 (C12, C13, C14). HRMS (ESI−) m/z calcd. for C13H14NO7: 296.0776 (M-H)−; Found: 

296.0776. (Modified literature procedure[98]; analytical data is in line with the literature). 

 

Compound 11: Compound 10 (17.0 g, 57.2 mmol, 1.0 equiv.) and Na2CO3 (6.28 g, 57.2 mmol, 

1.0 equiv.) were dissolved in MeOH (750 ml). The solution was quickly degassed by vacuum N2 

cycles (3×), then Pd/C (1.70 g, 10 wt. % loading) was added and the N2 atmosphere was replaced 

by H2. After stirring for 7 h the reaction mixture was filtered over celite©, washed with MeOH and 

solvents were removed in vacuo. The crude product (16.5 g, 57.2 mmol, quant.) was obtained as a 

slightly brown solid and was used in the next step without further purification. (C13H16NO5Na; MW 

= 289.26 g mol−1). Rf (EtOH) = 0.60. 1H-NMR (400 MHz, DMSO-d6): δ = 7.16 (d, J = 2.12 Hz, 

1H, C3-H), 7.05 (dd, J = 8.30, 2.17 Hz, 1H, C5-H), 6.62 (d, J = 8.38 Hz, 1H, C6-H), 4.96 (s, 2H, 

N15-H), 4.11 (s, 2H, C7-H), 1.50 (s, 9H, C12-H, C13-H, C14-H). 13C-NMR (101 MHz, DMSO-d6): 

δ = 170.5 (C8), 165.5 (C10), 150.3 (C1), 138.0 (C2), 123.3 (C4), 118.2 (C5), 113.9 (C3), 111.8 (C6), 

79.3 (C11), 69.2 (C7), 27.9 (C12, C13, C14). HRMS (ESI−) m/z calcd. for C13H16NO5: 266.1034 

(M-H)−; Found: 266.1033. 

 

Compound 12: Compound 11 (16.5 g, 57.2 mmol, 1.0 equiv.) was added to NaHCO3 (24.0 g, 

286 mmol, 5.0 equiv.) in H2O (400 ml). After the suspension was cooled to 0 °C, Fmoc-Cl (19.2 g, 

74.4 mmol, 1.3 equiv.) in 1,4-dioxane (400 ml) was added dropwise at 0 °C over 1 h. The reaction 

mixture was stirred at 0 °C for 1 h, then at 23 °C for 15 h. After acidifying to pH 2 using citric 

acid (aq.) (1 M) the mixture was extracted with DCM (3×). The combined organic phases were 

washed with brine, dried over MgSO4 and solvents were evaporated in vacuo. The crude product 

was purified by trituration: the residue was dissolved in a minimal amount of THF, a larger amount 

of Et2O was added and the suspension was cooled to 4 °C over night to help precipitation. The sus-

pension was filtered and washed with cold Et2O. This procedure was repeated once yielding the title 

compound (21.9 g, 44.8 mmol, 76%, HPLC purity: 99%) as a white solid (C28H27NO7; MW = 

489.52 g mol−1). Rf (EtOAc/MeOH 98:2 + 1% AcOH) = 0.36. 1H NMR (500 MHz, DMSO-d6): δ = 
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13.20 (s, 1H, O9-H), 8.88 (s, 1H, N15-H), 8.28 (s, 1H, C3-H), 7.91 (d, J = 7.62 Hz, 2H, C22-H, 

C23-H), 7.76 (d, J = 7.50 Hz, 2H, C19-H, C26-H), 7.62 (dd, J = 8.58, 2.16 Hz, 1H, C5-H), 7.43 (t, 

J = 7.50 Hz, 2H, C21-H, C24-H), 7.34 (t, J = 7.47 Hz, 2H, C20-H, C25-H), 7.06 (d, J = 8.70 Hz, 

1H, C6-H), 4.83 (s, 2H, C7-H), 4.41 (d, J = 7.26 Hz, 2H, C17-H), 4.31 (t, J = 7.18 Hz, 1H, C18-H), 

1.52 (s, 9H, C12-H, C13-H, C14-H). 13C NMR (126 MHz, DMSO-d6): δ = 169.8 (C8), 164.5 (C10), 

153.7 (C16), 152.1 (C1), 143.7 (C18a, C26a), 140.7 (C22a, C22b, 127.7 (C2), 127.4 (C20, C25), 

127.1 (C5), 125.7 (C19, C26), 125.4 (C4), 121.8 (C3), 120.2 (C22, C23), 112.5 (C6), 80.3 (C11), 

66.3 (C17), 65.7 (C7), 46.5 (C18), 27.8 (C12, C13, C14). HRMS (ESI+) m/z calcd. for C28H28NO7: 

490.1860 (M+H)+; Found: 490.1863. 
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4.3  X-ray Crystallography 

Aqueous solutions of compounds 1 and 6 were prepared from lyophilized samples to final concen-

trations of 2 mM (in 15 mM NH4OAc buffer pH 8.5) and 8 mM (in H2O) respectively. Crystalliza-

tion screening trials were carried out by vapor diffusion method using commercial sparse matrix 

screens at 293 K.[99] Diffraction-quality crystals of 1 (Fig. 25a) was obtained by sitting drop method 

by adding 1 µL of 1 and 2 µL of the reservoir solution containing 20% w/v polyethylene glycol 8000, 

10 mM TRIS buffer (pH 7.5), and 10 mM calcium chloride. Volume of reservoir solution was 

500 µL. Diffraction-quality crystals (Fig. 25b) of 6 was obtained by hanging drop method by adding 

1.2 µL of 6 and 1.8 µL of the reservoir solution containing 30% v/v polyethylene glycol 400, 

100 mM HEPES buffer (pH 7.5), and 200 mM calcium chloride. 400 µL of the reservoir solution 

was layered by 100 µL of Silicon oil to slow the rate of vapor diffusion.[100] Single crystals of 1 were 

fished using MiTeGen microloops, quickly soaked in a cryo-protectant solution of 20% w/v poly-

ethylene glycol 8000 and 40% v/v polyethylene glycol 400 and flash frozen in liquid nitrogen. Single 

crystals of 6 were fished and directly plunged into liquid nitrogen without cryo-protection. 

Synchrotron data for 1 and 6 were collected at P14 and P13[101] beam lines operated by EMBL 

Hamburg at the Petra III storage ring (DESY, Hamburg, Germany) using EIGER 16M detector. 

Diffraction data for 1 was processed using xia2[102] with DIALS[103] for integration and using Point-

less/Aimless[104] for scaling and merging respectively. Diffraction data for 6 was processed using 

CrysAlisPro.* Both structures were solved using dual space method with the program ShelxD[105] 

and refined by a full-matrix least squares method on F2 with ShelxL-2014[106] within Olex2 

suite.[107] The initial structures of both 1 and 6 revealed most of the main-chain atoms. After each 

refinement step, visual inspection of the model and the electron-density maps were carried out 

using Olex2 and Coot.[108] AFIX, DFIX, EADP, SADI and FLAT instructions were used to improve 

the geometry of molecules and temperature parameters. All non-H atoms were refined with aniso-

tropic displacement parameters. Hydrogen atoms were placed at idealized positions. Restraints on 

anisotropic displacement parameters were implemented with DELU, SIMU, RIGU and ISOR in-

structions. In the final stage of refinement SQUEEZE[109] procedure from Platon suite was intro-

duced to remove unmodeled electron density. 

Statistics of data collection and refinement are described in Table 1. The final cif file was checked 

using IUCr’s checkcif algorithm. Due to large volume fractions of disordered solvent molecules, 

weak diffraction intensity and poor resolution, a number of A- and B-level remain in the checkcif 

file. These alerts are inherent to the data and refinement procedures and illustrate the limited prac-

ticality of the checkcif tool for medium- size molecule crystallography. They are listed below and 

have been divided into two groups. The first group illustrates weak quality of the data and refine-

ment statistics if compared to that expected for small molecule structures from highly diffracting 

crystals. The second group is connected to decisions made during refinement and explained below. 

 

* Agilent, CrysAlisPRO. Agilent Technologies Ltd, Yarnton, Oxfordshire, England (2014). 
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Atomic coordinates and structure factors for 1 and 6 were deposited in the Cambridge Crystallo-

graphic Data Centre (CCDC) with accession codes 2125508 and 2125515 respectively. The data is 

available free of charge upon request (www.ccdc.cam.ac.uk/). 

 

CheckCIF validation of 1: 

Group 1 alerts:  

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

PLAT029_ALERT_3_A _ diffrn_measured_fraction_theta_full value Low. Why? 

PLAT084_ALERT_3_A  High wR2 Value (i.e. > 0.25) ................... 0.36 Report 

PLAT242_ALERT_2_B  Low ’MainMol’ Ueq as Compared to Neighbors 

PLAT250_ALERT_2_B Large U3/U1 Ratio for Average U(I,j) Tensor.. Note 

PLAT340_ALERT_3_B Low Bond Precision on C-C Bonds.. 0.03562 Ang. 

 

Group 2 alerts: 

PLAT306_ALERT_2_B  Isolated Oxygen Atom Check 

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

 

PLAT412_ALERT_2_A Short Intra XH3 .. XHn   Check 

These alerts concern H atoms placed geometrically. 

 

PLAT430_ALERT_2_A  Short Inter D...A Contact Check 

These alerts concern contacts with solvent molecules whose positions were poorly determined. 

 

CheckCIF validation of 6: 

Group 1 alerts:  

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

PLAT029_ALERT_3_A _ diffrn_measured_fraction_theta_full value Low. Why? 

PLAT082_ALERT_2_B  High R1 Value  ................... 0.17 Report 

PLAT084_ALERT_3_A  High wR2 Value (i.e. > 0.25) ................... 0.46 Report 

PLAT250_ALERT_2_B Large U3/U1 Ratio for Average U(I,j) Tensor.. Note 

PLAT340_ALERT_3_B Low Bond Precision on C-C Bonds.. 0.01523 Ang. 

 

Group 2 alerts: 

PLAT316_ALERT_2_A  Too many H on C in C=N Moiety in Main Residue Check 

Concerned C in C–N moiety in main residue and H atoms checked. 

http://www.ccdc.cam.ac.uk/
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PLAT306_ALERT_2_B  Isolated Oxygen Atom  Check 

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

 

PLAT430_ALERT_2_B  Short Inter D...A Contact Check 

These alerts concern contacts with solvent molecules which positions were poorly determined 

 

Table 1 Crystallographic data and refinement details for 1 and 6. 

Foldamers 1 6 

Chemical formula C102 H71.75 Ca1 N15 O37.25  C98 H75 Ca2.25 N18 O49.25  

Formula weight 2143.57  2382.94  

Temperature 100 K 100.15  

Wavelength 0.9762 Å 0.8000 Å 

Crystal system Triclinic Orthorhombic 

Space group P1 Pbcn 

Unit cell dimensions 

a = 21.833 (4) Å  
b = 26.901 (4) Å  
c = 27.093 (3) Å 
α = 93.876 (1)° 
β = 108.543 (1)° 
γ = 111.116 (13)° 

a = 48.968 (8) Å  
b = 43.383 (2) Å  
c = 27.123 (19) Å 
α = 90° 
β = 90° 
γ = 90° 

Volume 13772 (4) Å3 57620.1 (10) Å3 

Z 4 16 

Density (calculated) 1.034 g/cm3 1.099 g/cm3 

Absorption coefficient 0.215 µ/mm-1 0.230 µ/mm-1 

Color and shape Pale yellow, needles Colorless, plates 

Crystal size 0.15 x 0.02 x 0.02 mm 0.15 x 0.05 x 0.01 mm 

Index ranges 
-18 ≤ h ≤ 18 
-22 ≤ k ≤ 22 
-22 ≤ l ≤22  

-19 ≤ h ≤ 44 
-40 ≤ k ≤ 42 
-23 ≤ l ≤26 

Reflections collected 57803 96340 

Rint 0.1337 0.0838 

Data/restraints/parameters 29422/675/1376 22635/467/2493 

Goodness-of-fit on F2 1.006 1.786 

Final R indexes [I > 2σ (I)] 
R1 = 0.1210 
wR2 = 0.2838 

R1 = 0.1681 
wR2 = 0.4348 

Final R indexes [all data] 
R1 = 0.2104 
wR2 = 0.3613 

R1 = 0.1947 
wR2 = 0.4615 

Largest diff. peak and hole 0.69/-0.56 e Å-3 1.07/-0.70 e Å-3 

Total potential solvent accessi-
ble void volume from SQUEEZE 

3592.0 Å3 16882.8 Å3 

Electron count/cell 1126 4517 

CCDC # 2125508  2125515 
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Fig. 25 Crystals of (a) 1 and (b) 6 observed under cross polarizing microscope. 
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4.4  Spectra and Chromatograms 

 

Fig. 26 Analytical data of compound 1. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–30B, 50 °C; A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR and part of the COSY 

NMR spectrum (500 MHz, 0.6 mM in 12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression), some cross-

signals of diastereotopic methylene groups are exemplary highlighted in blue. 
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Fig. 27 Analytical data of compound 2. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–15B, 50 °C; A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR and part of the COSY 

NMR spectrum (500 MHz, 0.26 mM in 12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression), some cross-

signals of diastereotopic methylene groups are exemplary highlighted in blue. 
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Fig. 28 Analytical data of compound 3. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–30B, 50 °C; A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR and part of the COSY 

NMR spectrum (500 MHz, 0.16 mM in 12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression), some cross-

signals of diastereotopic methylene groups are exemplary highlighted in blue. 
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Fig. 29 Analytical data of compound 4. HPLC chromatograms after cleavage from the resin (a) (C18, 0–100B, 

50 °C; A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile) and after purification (b) (C18, 0–50B, 50 °C; A: 13mM 

NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR and part of the COSY NMR spectrum (500 MHz, 0.18 mM in 

12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression), some cross-signals of diastereotopic methylene 

groups are exemplary highlighted in blue. 
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Fig. 30 Analytical data of compound 5. HPLC chromatograms after cleavage from the resin (a) (C18, 0–15B, 50 °C; 

A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile)and after purification (b) (C18, 0–5B, 50 °C; A: 13mM NH4OAc 

buffer pH 8.5, B: acetonitrile). c) 1H NMR spectrum (500 MHz, 0.6 mM in 12 mM NH4OAc buffer pH 8.5 H2O/D2O 

9:1, H2O suppression. 
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Fig. 31 Analytical data of compound 6. HPLC chromatograms after cleavage from the resin (a) (C18, 0–30B, 50 °C; 

A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile) and after purification (b) (C18, 0–10B, 50 °C; A: 13mM NH4OAc 

buffer pH 8.5, B: acetonitrile). c) 1H NMR spectrum (500 MHz, 0.66 mM in 12 mM NH4OAc buffer pH 8.5 

H2O/D2O 9:1, H2O suppression). 
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Fig. 32 Analytical data of compound 7. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–30B, 50 °C; A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR and part of the COSY 

NMR spectrum (500 MHz, 0.36 mM in 12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression), some cross-

signals of diastereotopic methylene groups are exemplary highlighted in blue. 
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Fig. 33 NMR spectra of compound 8. a) 1H NMR (500 MHz, CDCl3). b) 13C NHR (126 MHz, CDCl3). 
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Fig. 34 NMR spectra of compound 9. a) 1H NMR (500 MHz, CDCl3). b) 13C NHR (126 MHz, CDCl3). 
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Fig. 35 NMR spectra of compound 10. a) 1H NMR (400 MHz, DMSO-d6). b) 13C NHR (101 MHz, DMSO-d6). 
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Fig. 36 NMR spectra of compound 11. a) 1H NMR (400 MHz, DMSO-d6). b) 13C NHR (101 MHz, DMSO-d6). 
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Fig. 37 NMR spectra of compound 12. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NHR (126 MHz, DMSO-d6). 
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5 Handedness control from within aromatic hel-

ices 

Several C- and N-terminal moieties that fully bias handedness of Q-based foldamers towards P- or 

M-helicity are known. All of these chiral groups have the ability to participate in the quinoline back-

bone hydrogen bonding network. For example, in the crystal structure of a camphanic acid (Camph) 

functionalized Q-trimer, the ester oxygen is hydrogen bonded to the N-terminal quinoline amide 

hydrogen (Fig. 38a).[46a] In the case of the oxazolylaniline unit (Oxaz), the endocyclic nitrogen of 

the oxazolyl ring is hydrogen bonded to the C-terminal quinoline amide hydrogen (Fig. 38b).[46b] 

The interactions lock the chiral groups in a specific conformation, providing a large energy gain. 

With the opposite handedness, these conformations are not possible due to steric hinderance cre-

ated by the bulky chiral residues, thus preventing the hydrogen bonding. This creates a sufficiently 

large energy difference between P- and M-helical diastereomers to shift the equilibrium beyond a 

99/1 ratio. 

 

Fig. 38 – Terminal groups for quantitative handedness bias of Q-oligomers. a) Part of the crystal struc-

ture of an oligomer functionalized with (S)-Camph in front and side view.[46a] b) Part of the crystal structure of an 

oligomer functionalized with (S)-Oxaz in front and side view.[46b] Side chains and hydrogen atoms are omitted for 

clarity. Oxygen and nitrogen atoms are shown in purple and blue, respectively. The respective formula is given above 

the structures. Camph and Oxaz moieties are highlighted in turquoise and orange, respectively. 

However, these groups also have the disadvantage of blocking either C- or N-terminus for further 

functionalization. This not only limits design options and influences the properties of the oligomers 

(such as solubility or binding affinities), but it may also hamper crystal packing, which often in-

volves continuous C-C- and N-N-terminal stacking of the oligomers (see section 2.3, Fig. 6e). With-

out high resolution structural data from X-ray crystallography, design optimizations are difficult or 

impossible. The alternative of obtaining structural information via NMR spectroscopy is tedious 

and not always feasible. New moieties with the ability to fully bias handedness from withing the 

helix, without significantly altering the fold of the oligomers, are therefore desired. The B-monomer 

described in chapter 4 provides an ideal starting point: Since it does not drastically alter curvature, 
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it allows the utilization of different chiral α-hydroxy ester precursors (some of them being commer-

cially available such as ethyl (−)-L-lactate) and even a combination with additional side chains on 

the aromatic ring. 

The following results, which were published in Chemical Communications, show that a chiral CH3-

substituent on the methylene group of the B-monomer is enough to create a quantitative handed-

ness bias in aqueous media, with (S)-chirality favoring M-helicity. The monomer not only shows a 

stronger bias than the previously used Camph-moiety, but it also lacks the disadvantages of block-

ing one of the termini and significantly altering the shape and solubility of the oligomers. Further-

more, the chiral B-monomer can be functionalized by installing side chains on the aromatic ring, 

or even by altering the chiral substituent; however, handedness induction would have to be reeval-

uated in the latter case. It also provides increased handedness inversion kinetics, which would be 

kinetically locked in oligomers consisting of more than five Q-units. Conclusively, this new method 

of handedness control is superior compared to previously described groups for foldamers intended 

to be used in aqueous systems. 

Contributions: The ideas for this work were developed by me in collaboration with I. Huc. Ex-

periments were conducted by me with the help of E. Heinemann, who did an internship with me at 

that time. Crystallization experiments were done in collaboration with P. K. Mandal, who also did 

the refinement of the obtained structure. X-ray data were collected by P. K. Mandal at EMBL Ham-

burg with assistance of Dr Saravanan Panneerselvam. The manuscript was written by me in collab-

oration with I. Huc and P. K. Mandal. 
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Publication 

Quantitative helix handedness bias through a single H vs. CH3 stereo-

chemical differentiation 

Authors: Daniel Bindl, Elisabeth Heinemann, Pradeep K. Mandal and Ivan Huc 

Published: Chem. Commun., 2021, 57, 5662–5665. DOI: 10.1039/d1cc01452h 

 

Abstract: A novel chiral aromatic δ-amino acid building block was shown to fully induce handed-

ness in quinoline oligoamide foldamers with the possibility of further increasing the bias by com-

bining multiples of these units in the same sequence. Through its incorporation within the helix, 

both N- and C-termini are still accessible for further functionalization. 

Handedness control in aromatic foldamer helices is of prime importance for their applications in 

circularly polarized luminescence,[62, 110] enantioselective catalysis,[111] and the diastereoselective 

recognition of chiral guests either within an internal cavity[112] or at their surfaces as, for example, 

proteins.[41, 59, 92, 96, 113] Promoting minimal handedness bias is straightforward: most stereogenic 

centers placed in the vicinity of the helix backbone will create an energy imbalance in favor of one 

or the other helix sense.[45, 114] Only 1 kJ mol−1 is required to elicit a 60/40 ratio. In contrast, quan-

titative handedness control, i.e. a diastereomeric excess of at least 99%, has rarely been achieved 

because it requires a large energy difference between P- and M-helical diastereomers. The few ex-

amples reported concern aromatic oligoamide foldamers derived from 8-amino-2-quinolinecar-

boxylic acid (Qn) (Fig. 39a) possessing N- or C-terminal chiral moieties such as camphanyl 

(Camph),[46a] oxazolylaniline (Oxaz)[46b, 111] or β-pinene-derived pyridyl (Pin)[46c] groups (Fig. 39b). 

All these moieties incorporate stereogenic centers embedded within a cyclic system and form hy-

drogen bonds with a main chain amide. Terminal functionalization by a chiral moiety is often con-

venient, but it can hamper other functionalizations, e.g. with a chromophore, a protein ligand, in 

particular in the context of protein surface recognition.[41, 59, 92, 96] Here we show that 2-(2-amino-

phenoxy)-propionic acid monomer BRme (Fig. 40a) promotes quantitative handedness induction in 

water when embedded within an aromatic oligoamide helix sequence. Handedness bias is thus 

achieved through the stereochemical differentiation of a single main chain hydrogen atom and a 

methyl group. This strong effect illustrates that the compactness of aromatic helices allows for 

stronger stereochemical differentiation than in peptidic helices in which a single alanine residue is 

unable to achieve complete handedness bias of an otherwise achiral sequence.[115] 

https://doi.org/10.1039/d1cc01452h
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Fig. 39 (a) Chemical structures of Q and its oligomer Qn. Backbone hydrogen bonds are indicated by red dashed 

lines. (b) N-terminal groups (X) and C-terminal groups (Y), which are known to fully induce one handedness in Qn 

oligomers.[46] 

We speculated that placing a stereogenic center within an aromatic helix may result in strong helix 

handedness bias due to stereochemical constraints both above and below the chiral group. Never-

theless, a few earlier attempts failed to reach quantitative handedness control, perhaps due to the 

fact that the chiral groups were not themselves sufficiently helicogenic; that is, their presence may 

cause a partial helicity disruption.[116] Chiral monomer BRme was designed as a δ-peptidic analogue 

of Q bearing a stereogenic center at a position expected to be at the inner rim of the helix. Its achiral 

equivalent, 2-(2-aminophenoxy)-acetic acid, has already been described,[43a] and homomeric se-

quences of this monomer have been shown to fold not into a canonical aromatic helix, but into a 

herringbone-helical structure.[33a, 43a] However, it is also known that Qn sequences can template the 

canonical helical folding of other monomers.[25, 94, 116d] We thus endeavored to prepare an Fmoc 

protected version of BRme and to incorporate it into Qn oligomers to investigate its ability to bias 

helix handedness. 

Two new monomers, Fmoc-BRme-OH and Fmoc-BGly-OH, were synthesized from ortho-nitrophenol 

in 91% and 36% overall yield in four steps, respectively (Fig. 42). The stereogenic center of BRme 

was installed by condensing ethyl (−)-L-lactate to 2-nitrophenol via a Mitsunobu reaction leading 

to an inversion of the stereochemistry. A derivatization of the final Fmoc-BRme-OH with a chiral 

amine confirmed that the enantiomeric purity of the starting alcohol as given by the supplier 

(≥97.5%) was preserved throughout the whole synthesis (section 5.2). An unanticipated difficulty 

had to be overcome during the preparation of Fmoc-BRme-OH and Fmoc-BGly-OH. The Mitsunobu 

product is a nitro ester that must undergo nitro group reduction and ester saponification prior to 

Fmoc installation. When performing reduction first, we found that the amino-ester readily cyclizes 

into a six-membered lactam. Even when saponification was carried out first, the amino-acid was 

quantitatively converted into the same lactam during nitro group hydrogenation (Fig. 42). This un-

usual reactivity might explain the scarce record of B oligomers in the literature. Two different ap-

proaches were applied to circumvent this side reaction. First, for BGly, the cyclisation was partially 

prevented by using a bulky tert-butyl ester in the reduction step. For BRme, saponification was car-

ried out first and a base (Na2CO3) was added during the hydrogenation to produce the sodium 



5  Handedness control from within aromatic helices 

69 

carboxylate salt. This entirely prevented lactam formation. These synthetic routes should be ex-

tendable to a variety of B analogs bearing different chiral functionalities and/or side chains on the 

aromatic ring. 

 

Fig. 40 (a) Foldamer building blocks used in this study. (b) Sequences that were synthesized to investigate the 

handedness induction properties of BRme. The chiral units (S)-Camph and BRme are shown in blue and red, respec-

tively. (c–e) Crystal structure of oligomer 7 in side (c and d) and top (e) views showing a canonical aromatic helix 

structure. Side chains and hydrogen atoms are omitted for clarity. The methyl group (red) and hydrogen atom (blue) 

on the chiral center of BRme are represented as balls. The N- and C-terminus orientations are shown next to the 

respective structure. 

Sequences 1–7 were designed and synthesized to study the effect of one or two BRme units placed 

at various positions in sequences of variable lengths (Fig. 40b). Acidic QAsp monomers were intro-

duced to provide solubility in aqueous media. To prevent too high solubility that could hamper 

crystal growth, some QAla units were also included in the sequences so as to be positioned on dif-

ferent faces of the helix. In some sequences, one QSem moiety containing a selenium atom was in-

cluded to eventually enable the use of anomalous X-ray scattering, though this proved to be un-

needed. Synthesis was performed on low loading Wang resin (100–200 mesh) using previously 

reported solid phase foldamer synthesis (SPFS) protocols.[26] Fmoc acid building blocks were acti-

vated in situ by generating the respective acid chlorides prior to coupling. Both Fmoc-BRme-OH and 

Fmoc-BGly-OH showed excellent coupling reactivity. No noteworthy deletions occurred during 

SPFS. In a final step, the oligomers were cleaved from the resin and deprotected under acidic con-

ditions. The crude oligomers were purified using semi-preparative reverse phase HPLC with a basic 

ammonium acetate buffer as the mobile phase. As a result, all compounds were obtained as their 

respective ammonium salts in good overall purified yields (8.4–51%; section 5.3.2). 

As outlined in the introduction, we expected that the strong helicogenic nature of quinoline units 

would force the BRme and BGly monomers into canonical helical folding despite their steric demand 
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and increased flexibility that results in a herringbone helix for (BGly)n.[43a] NMR and circular dichro-

ism (CD) spectroscopic data suggest that 1–7 all adopt a helical fold in water. They show the char-

acteristic pattern of distinct amide and aromatic signals in their 1H NMR spectra and an intense 

CD band in the 300–450 nm region that is typical for helically folded quinoline oligomers with 

some handedness bias[46a, 117] (Fig. 41 and Fig. 43). These findings are corroborated by the strongly 

downfield shifted 1H NMR signals (between −0.18 and −0.33 ppm) of the CH3 protons of BRme units 

in the spectra of 3–7 (Fig. 43), as a result of the ring current effects of neighbouring Q units. For 

comparison, the signal of the same methyl group in Fmoc-BRme-OH is found at 1.56 ppm. Similar 

upfield shifts are observed for protons close to aromatic side chains in proteins.[118] 

 

Fig. 41 (a) Amide region of the 1H NMR spectra of sequences 1–7 in NH4OAc buffer pH 8.5. For 2 and 5, major 

and minor sets of signals are marked with red and blue circles, respectively. (b) CD spectra of compounds 1–7 in 

NH4OAc buffer pH 8.5 between 300 and 500 nm. The molar extinction (Δε) is normalized for the number of Q units 

for better comparability. 

The helix conformation was also validated by the solid state structure of 7, an analogue of 6 bearing 

an acetyl group instead of (S)-Camph (Fig. 40c–e). The structure shows canonical helical folding, 

with only left-handed helices present in the crystal. This structure was solved despite the low reso-

lution of the data (2.86 Å) by molecular replacement using an energy minimized model (section 

5.4). Molecular replacement is a common phasing method in protein crystallography where models 

are produced from related structures, but it has scarcely been used for smaller molecules.[73] Suc-

cessful molecular replacement in the case of 7 is a highlight of the effectiveness of molecular 
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modelling at accurately predicting aromatic foldamer conformations, and represents an important 

methodological advance. 

Helix handedness bias in solution was first assessed when BRme was placed in the penultimate po-

sition to the N- or C-terminus of a sequence, as in 1 and 2. Since one helix turn contains 2.5 units, 

the penultimate residue is entirely exposed to the solvent on one of its faces. The 1H NMR spectrum 

of 1 shows one major set of signals (Fig. 41a), indicating a diastereomeric ratio of (R)-M to (R)-P 

of at least 98/2, assuming that the helix handedness inversion is slow on the NMR timescale, as 

expected for a pentamer or any longer sequence.[41] The negative band observed by CD in the 300–

450 nm region shows that the M helicity is dominant.[117] In the M helix, the asymmetric methyl 

group of 1 should ‘stick out’ of the helix towards the solvent. For 2, the 1H NMR spectrum shows 

two sets of signals with a ratio of about 87/13 (Fig. 41a). The CD spectrum indicates that the M 

helix is again dominant (Fig. 41b), which means that the asymmetric methyl this time points to-

wards the helix and not to the solvent, since BRme is near the C terminus. The handedness preference 

thus depends on the absolute stereochemistry of BRme regardless of its position in the sequence, and 

not on whether the methyl groups point towards the helix or the solvent. We also note that the CD 

intensity does not correlate well with the diastereomeric excess. The CD band at 380 nm normalized 

per Q unit is more intense for 2 than for 1 although the handedness bias is stronger for the latter 

(Fig. 41b). Indeed, the CD intensity also depends on the number of consecutive Q units and on the 

nature of substituents on each Q unit. 

Compounds 3 and 4 contain one BRme unit flanked with helix segments that span more than one 

turn. The asymmetric center should thus have close contacts with aryl groups both above and below. 

Sequence 4 was designed to be more flexible than 3, due to additional achiral BGly units, including 

one adjacent BRme. The higher flexibility arises from the reduced aromatic stacking surface and ad-

ditional rotatable bonds in B monomers as compared to Q. The 1H NMR spectra of 3 and 4 both 

show a single set of sharp signals (Fig. 41a). This indicates quantitative handedness bias as far as 

NMR can detect. CD shows that 3 and 4 are M helical (Fig. 41b), as for 1 and 2. Quantitative hand-

edness bias achieved by the stereochemical differentiation between a hydrogen atom and a simple 

methyl group is remarkable and unprecedented. It probably results from the very compact confor-

mation of Qn helices that create a large energy difference between the diastereomeric conformers. 

Furthermore, NMR and CD concur to show that the handedness bias for compound 3 is also quan-

titative in DMSO and MeOH (Fig. 45). 

Encouraged by these results, we challenged handedness bias due to BRme through the introduction 

of an N-terminal camphanyl group having an (S) configuration, that is, a configuration antagonistic 

to that of BRme. In the absence of BRme, the camphanyl group also biases handedness quantitatively 

and its (S) configuration favors P helicity.[46a] Sequence 5 is an analog of 3 where the terminal Ac 

has been replaced with (S)-Camph. Its 1H NMR spectrum shows two sets of signals with a ratio of 

75/25 corresponding to the presence of two different diastereomeric conformations, (S,R)-M and 

(S,R)-P (Fig. 41a). The CD spectrum shows a negative band in the range of 300–450 nm; this 
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indicated that the major conformation has M handedness, and thus that BRme imparts a stronger 

handedness induction than (S)-Camph (Fig. 41b). Because 3 and 5 contain the same sequence of 

chromophores, their CD spectra should be directly comparable. The relative CD intensities of 5 and 

3 at their maxima around 385 nm indicate an 80/20 ratio† of M- to P-diastereomers for 5 (Fig. 44), 

which matches the ratio observed by 1H NMR. Taking this ratio into consideration, an energy dif-

ference between the handedness bias induced by BRme and Camph of about −3.4 kJ mol−1 can be 

derived. 

When two BRme units cooperate to bias handedness in the same sequence, as in 6, we find that the 

effect of a terminal (S)-Camph is completely reversed. A main species is observed by 1H NMR, and 

CD confirms M handedness (Fig. 41). The CD intensity of 6 also matches that of 7, which lacks the 

camphanyl group. Minor signals in the 1H NMR spectra of 6 and 7 were observed that can be as-

signed to the incomplete enantiomeric purity of BRme arising from the enantiomeric purity of the 

lactate precursor. A small amount of one or the other chiral B unit may have (S) stereochemistry 

opposite to the (R) configuration of BRme. In these cases, the effect of BRme and that of BSme would 

cancel each other and the camphanyl group would favor P helicity, leading to small amounts of 

(S,R,S)-P and (S,S,R)-P diastereomeric conformers of 6 and (S,R)-P/M and (R,S)-P/M conformers 

of 7, where the bias of Camph is missing. 

In conclusion, quantitative handedness bias was achieved in water, methanol, and DMSO by plac-

ing the new BRme monomer within a quinoline helix. The energy difference was greater than that 

generated by the Camph group. The bias could be further enhanced by incorporating more than 

one BRme unit within the same helix. The handedness bias was not complete only when BRme was 

placed near the C-terminus. Full handedness control could thus be achieved without any modifica-

tions at either the N- or C-terminus, allowing for further functionalization at both ends of the helix. 

Being able to avoid bulky handedness inducing groups at the N- or C-terminus will also be benefi-

cial to water solubility, as Camph, Pin, and Oxaz are all lipophilic. These combined features will be 

useful for protein surface recognition using helical foldamers. B units also provide a new means to 

introduce side chains at the stereogenic center. This prospect and the effect of multiple B units on 

the helix geometry are being investigated and will be reported in due course. 
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† The total CD intensity results from the sum of the CD signals of P- and M-isomers, which have opposite signs. 
Therefore, the 40% lower CD intensity observed for 5 in comparison to 3 reflects an 80/20 ratio of M to P-isomers. 
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List of Abbreviations 

 

AcOH   acetic acid 

CD   circular dichroism 

CyHex   Cyclohexane 

DCM   dichloromethane 

DIAD   diisopropyl azodicarboxylate 

DIPEA  N,N-diisopropylethylamine 

DMF   N,N-dimethylformamide 

DMSO   dimethyl sulfoxide 

EI   electron ionization 

ESI   electrospray ionization 

EtOAc   ethylacetate 

Fmoc   fluorenylmethoxycarbonyl 

HMBC  heteronuclear multiple bond correlation 

HMQC  heteronuclear multiple quantum correlation 

HPLC   high performance liquid chromatography 

HRMS  high resolution mass spectrometry 

MeOH   methanol 

MW   molecular weight 

NMR   nuclear magnetic resonance 

RP   reversed phase 

SPFS   solid phase foldamer synthesis 

TEA   triethylamine 

TFA   trifluoroacetic acid 

THF   tetrahydrofuran 

TIPS   triisopropyl silane 

TLC   thin layer chromatography 

TMSP   3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt 

UV/Vis  ultraviolet–visible 
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5.1  Supplementary Figures 

 

 

Fig. 42 (a) Failed attempts to synthesize Fmoc-BGly-OH: i) methyl bromoacetate, K2CO3, acetone. ii) H2, Pd/C, 

EtOAc or THF iii) LiOH, H2O, THF. (b) Synthesis route to Fmoc-BGly-OH: i) tert-butyl bromoacetate, K2CO3, ace-

tone. ii) H2, Pd/C, ethanol. iii) Fmoc-Cl, DIPEA, DCM. iv) TIPS, TFA, DCM. (c) Synthesis route to Fmoc-BRme-OH: 

i) (-)-ethyl L-lactate, PPh3, DIAD, THF. ii) LiOH, H2O, THF. iii) H2, Pd/C, Na2CO3, MeOH. iv) Fmoc-Cl, NaHCO3, 

H2O, 1,4-dioxane. For detailed synthetic procedures see section 5.3.3. 
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Fig. 43 1H NMR spectra of oligomers 1–7 in 12 mM NH4OAc buffer with water suppression (1: 0.13 mM, 2: 

0.5 mM, 3: 0.39 mM, 4: 0.1 mM, 5: 0.37 mM, 6: 0.54 mM, 7: 0.32 mM). The chiral CH3 groups of BRme in oligomers 

3–7 are highlighted with a dashed rectangle. 

 

 

Fig. 44 CD spectra of oligomers 3 and 5. Maxima are marked with crosses and their respective x and y values are 

displayed. 
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Fig. 45 1H NMR spectra of oligomer 3: a) 0.4 mM (500 MHz, DMSO-d6) and b) 0.4 mM (500 MHz, MeOH-d3, OH-

suppression). A zoom of the amide region is shown above the spectra, respectively. c) CD spectra of oligomer 3: 

22.6 µM in H2O (blue), 6.85 µM in DMSO (black) and 19.3 µM in MeOH (red). 
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5.2  Chiral derivatization experiment 

The chiral monomer Fmoc-BRme-OH was coupled to the chiral amine 21 to test if racemization 

occurred during its synthesis (Fig. 46). Four different products can be expected for this reaction 

and their ratios are determined by the optical purity of the starting materials. Therefore, knowing 

the enantiomeric purity of 21 (≥99%), the enantiomeric purity of 20 can be estimated. 

 

Fig. 46 Reaction scheme for the coupling of monomer 20 to the chiral amine 21 (enantiomeric purity: ≥99%). i) 

Ghosez’s reagent, THF. The expected ratios of products 22a–d, based on the enantiomeric purities given by the 

supplier, are shown next to the respective structures. 

HPLC analysis of the chiral derivatisation crude shows that two diastereomeric products were 

formed with a ratio of 98/2, even exceeding the expected ratio of 96.5/3.5 (Fig. 47). This shows 

that the initial enantiomeric ratio of the chiral precursor of 20 (given by the supplier as ≥97.5/2.5) 

was preserved throughout its synthesis. 

 

Fig. 47 HPLC analysis (C18, 55–80B, 25 °C; A: H2O + 0.1% TFA, B: acetonitrile + 0.1% TFA) of the chiral deriva-

tivation of 20. Peaks were assigned by isolation via semi-prep HPLC (C18, 55–80B, 25 °C; A: H2O + 0.1% TFA, B: 

acetonitrile + 0.1% TFA) followed by mass analysis. Assignments, retention times and relative areas are given next 

to the respective peaks. 
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5.3  Materials and Methods 

 

 

Fig. 48 Summary of monomers and N-terminal groups used in SPFS. Fmoc-QAla-OH and Fmoc-QAsp(t-Bu)-OH 

have been described previously.[26a, 96] The synthesis of Fmoc-QSem-OH will be published elsewhere. Fmoc-BGly-OH 

(16) and Fmoc-BRme-OH (20) are described here (section 5.3.3). 

 

5.3.1  General 

Commercial reagents (Suppliers: Abcr, Fisher Scientific, Merck, Sigma-Aldrich, TCI or VWR) were 

used without further purification unless otherwise stated. Wang resin LL (100–200 mesh) was pur-

chased from Novabiochem. Peptide grade N,N-dimethylformamide (DMF) was purchased from 

Carlo Erba. Anhydrous chloroform, triethylamine (TEA) and N,N-diisopropylethylamine (DIPEA) 

were obtained via distillation over CaH2 prior to use. Anhydrous tetrahydrofuran (THF) and di-

chloromethane (DCM) were obtained via an MBRAUN SPS-800 solvent purification system. Ul-

trapure water was obtained via a Sartorius arium® pro VF ultrapure water system. Reactions were 

monitored by thin layer chromatography (TLC) on Merck silica gel 60-F254 plates and observed 

under UV light. Column chromatography purifications were carried out on Merck GEDURAN Si60 

(40–63 μm). Nuclear magnetic resonance (NMR) spectra were recorded on an Avance III HD 

400 MHz Bruker BioSpin spectrometer or an Avance III HD 500 MHz Bruker BioSpin spectrome-

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

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

sculpting. Processing was done with MestReNova (v.12.0.0-20080) NMR processing software from 

Mestrelab Research. Chemical shifts are reported in ppm and calibrated via residual solvent signals 

or 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP) when water suppression was ap-

plied.[97] Signal multiplicities are abbreviated as s, singlet; d, doublet; t, triplet; q, quartet, and m, 

multiplet. Signals were assigned using 1H-13C HMQC and 1H-13C HMBC spectra. Electrospray 
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ionization (ESI) mass spectra were recorded on Bruker microTOF II and Thermo Finnigan LTQ FT 

Ultra spectrometers. Electron ionization (EI) mass spectra were recorded on a Thermo Q Exactive 

GC Orbitrap or a Finnigan MAT 95 sector mass spectrometer. Analytical and semi-preparative re-

versed phase (RP) high performance liquid chromatography (HPLC) was performed on a Thermo 

Fisher Scientific Ultimate 3000 HPLC System using Macherey-NagelNucleodur C18 Gravity col-

umns (4 × 100 mm, 5 µm and 10 × 250 mm, 5 µm) and Macherey-Nagel Nucleodur C8 Gravity col-

umns (4 × 50 mm, 5 µm and 10 × 100 mm, 5 µm). UV absorbance was monitored at 300 nm if not 

stated otherwise. Simple ultraviolet–visible (UV/Vis) absorbance measurements were done with a 

Thermo Fisher Scientific Nanodrop One instrument using a 1 cm quartz cuvette. Circular dichro-

ism (CD) spectra were measured on a Jasco J-810 spectrometer. Measurements were performed at 

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

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

the reactor vessel was monitored with an optical fiber probe. 

 

5.3.2  Solid Phase synthesis procedures 

Oligomers were synthesized according to previously reported SPFS protocols,[26] hereafter referred 

to as standard method. Fmoc acid building blocks were activated in situ by generating the respec-

tive acid chlorides prior to coupling. 

Capping: The resin (1.0 equiv.) was washed with DCM (3×) and incubated in acetic anhydride in 

DCM (50% v/v) for 10 min. Then, the resin was washed with DCM (2×), DMF (3×) and kept sus-

pended in DMF (if stored longer than 24 h, it was kept at 4 °C). 

Acetylation: In the microwave vessel: after the resin (1.0 equiv.) was washed with anhydrous THF 

(4×), DIPEA (10.0 equiv.) and acetyl chloride (5.0 equiv.) in anhydrous THF (1 ml per 100 mg 

resin; not less than 2 ml) were added and the suspension was heated to 50 °C for 15 min (25 W, 

ramp to 50 °C over 5 min, hold at 50 °C for 15 min). The resin was washed with anhydrous THF 

(3×) and the coupling step was repeated once. Then, the resin was washed again with anhydrous 

THF (1×) and DMF (5×), and kept suspended in DMF (if stored longer than 24 h, it was kept at 

4 °C). 

Camphanylation: In the microwave vessel: after the resin (1.0 equiv.) was washed with anhy-

drous THF (4×), DIPEA (10.0 equiv.) and camphanic chloride (5.0 equiv.) in anhydrous THF (1 ml 

per 100 mg resin; not less than 2 ml) were added and the suspension was heated to 50 °C for 15 min 

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

THF (3×) and the coupling step was repeated once. Then, the resin was washed again with anhy-

drous THF (1×) and DMF (5×), and kept suspended in DMF (if stored longer than 24 h, it was kept 

at 4 °C). 
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Compound 1: Oligomer 1 was synthesized on Wang resin (0.37 mmol g−1, 9.25 µmol scale) ac-

cording to the standard method. Loading of the first monomer: 0.21 mmol g−1 (56%). Unreacted 

amines were capped using the general capping method after each coupling step. The final acetyl 

group was installed via the general acetylation method. After purification by semi-prep HPLC (C8, 

0–30B, 25 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound was obtained 

as a white solid (0.937 mg, 0.781 µmol, 8.4%; HPLC-purity: 98.6%). 1H NMR (500 MHz, 12 mmol 

NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 12.35 (s, 1H), 11.82 (s, 1H), 10.56 (s, 1H), 10.14 (s, 

1H), 9.15 (s, 1H), 8.83 (d, J = 8.79 Hz, 1H), 8.65 (d, J = 8.55 Hz, 1H), 8.18 (d, J = 9.16 Hz, 1H), 

8.10 (d, J = 9.47 Hz, 1H), 8.03 (d, J = 9.24 Hz, 1H), 7.97 (d, J = 9.32 Hz, 1H), 7.94–7.82 (m, 2H), 

7.78–7.66 (m, 2H), 7.51 (d, J = 8.97 Hz, 1H), 7.42–7.27 (m, 4H), 7.20 (d, J = 8.08 Hz, 1H), 7.18–

7.07 (m, 2H), 6.82 (t, J = 8.64 Hz, 1H), 6.72 (s, 1H), 6.49 (s, 1H), 3.19 (q, J = 8.26 Hz, 2H), 1.69 

(s, 4H), 1.48 (d, J = 6.62 Hz, 4H), 1.27 (t, J = 8.06 Hz, 4H). HRMS (ESI−) m/z calcd. for 

C59H44N9O20: 1198.2708 (M-H)−; found: 1198.3269. 

 

Compound 2: Oligomer 2 was synthesized on Wang resin (0.44 mmol g−1, 17.6 µmol scale) ac-

cording to the standard method. Loading of the first monomer: 0.44 mmol g−1 (100%). The final 

acetyl group was installed via the general acetylation method. After purification by semi-prep HPLC 

(C8, 0–20B, 25 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound was 

obtained as a white solid (17.2 mg, 9.03 µmol, 51%; HPLC-purity: 97.3%). 1H NMR (500 MHz, 

12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 11.44 (s, 1H), 11.35 (s, 1H), 11.32 (s, 1H), 

10.93–10.73 (m, 1H), 10.70 (s, 1H), 10.11 (s, 1H), 9.98 (s, 1H), 9.66 (s, 1H), 9.58 (s, 1H), 8.37–

8.25 (m, 2H), 8.25–8.12 (m, 3H), 8.12–7.98 (m, 2H), 7.95 (t, J = 8.56 Hz, 1H), 7.87 (t, J = 8.96 Hz, 

1H), 7.81 (d, J = 9.15 Hz, 1H), 7.79–7.69 (m, 2H), 7.65 (d, J = 8.37 Hz, 1H), 7.59 (t, J = 9.10 Hz, 

1H), 7.53 (d, J = 8.32 Hz, 1H), 7.48–7.39 (m, 1H), 7.37 (d, J = 8.52 Hz, 1H), 7.36–7.24 (m, 2H), 

7.19 (s, 1H), 7.17 (s, 1H), 7.15–7.02 (m, 3H), 7.01 (s, 1H), 6.97 (t, J = 8.54 Hz, 1H), 6.77 (s, 2H), 
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6.72 (s, 1H), 6.69 (s, 2H), 6.64 (d, J = 9.48 Hz, 1H), 6.55 (s, 1H), 6.47 (s, 1H), 6.37 (s, 1H), 6.28 

(s, 1H), 6.22 (s, 1H), 6.16–6.02 (m, 1H), 3.86 (s, 5H), 3.81 (s, 1H), 1.39 (d, J = 9.70 Hz, 5H), 1.13 

(d, J = 7.20 Hz, 1H), 0.06 (d, J = 6.60 Hz, 6H). HRMS (ESI−) m/z calcd. for C93H68N15O27Se: 

1906.3580 (M-H)−; found: 1906.4064. 

 

Compound 3: Oligomer 3 was synthesized on Wang resin (0.37 mmol g−1, 22.0 µmol scale) ac-

cording to the standard method. Loading of the first monomer: 0.34 mmol g−1 (92%). Unreacted 

amines were capped using the general capping method after each coupling step. The final acetyl 

group was installed via the general acetylation method. After purification by semi-prep HPLC (C18, 

0–50B, 25 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound was obtained 

as a white solid (18.1 mg, 8.58 µmol, 39%; HPLC-purity: 99.2%). 1H NMR (500 MHz, 12 mmol 

NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 11.75 (s, 1H), 11.49 (s, 1H), 10.51 (s, 1H), 9.93 (s, 

1H), 9.04 (s, 1H), 8.86 (s, 1H), 8.53 (d, J = 8.53 Hz, 1H), 8.41 (d, J = 8.35 Hz, 1H), 8.14 (d, J = 

9.79 Hz, 1H), 7.86 (s, 2H), 7.80 (d, J = 8.75 Hz, 1H), 7.78–7.68 (m, 1H), 7.66 (d, J = 9.21 Hz, 1H), 

7.50 (s, 1H), 7.40 (s, 1H), 7.34–7.18 (m, 2H), 7.14 (s, 1H), 7.09 (s, 2H), 6.98–6.79 (m, 3H), 6.58–

6.41 (m, 2H), 6.29 (s, 2H), 6.26 (s, 1H), 6.08 (s, 1H), 5.91 (s, 1H), 4.19 (s, 1H), 4.03 (s, 2H), 3.95 

(s, 1H), 1.55 (s, 3H), -0.18 (s, 3H). HRMS (ESI−) m/z calcd. for C104H76N17O29Se: 2106.4166 (M-

H)−; found: 2106.4162. 

 

Compound 4: Oligomer 4 was synthesized on Wang resin (0.37 mmol g−1, 18.5 µmol scale) ac-

cording to the standard method. Loading of the first monomer: 0.33 mmol g−1 (89%). Unreacted 

amines were capped using the general capping method after each coupling step. The final acetyl 

group was installed via the general acetylation method. After purification by semi-prep HPLC (C18, 

10–20B, 25 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound was ob-

tained as a white solid (9.75 mg, 4.13 µmol, 22%; HPLC-purity: 99.9%). 1H NMR (500 MHz, 

12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 12.15 (s, 1H), 11.82 (s, 1H), 11.02 (s, 1H), 
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10.76 (s, 1H), 9.79 (s, 1H), 9.28 (s, 1H), 9.08 (s, 1H), 8.53 (s, 1H), 8.46 (d, J = 8.29 Hz, 1H), 8.34 

(d, J = 8.25 Hz, 1H), 8.21 (d, J = 8.27 Hz, 1H), 8.12 (d, J = 9.13 Hz, 1H), 8.06 (s, 1H), 8.05–7.93 

(m, 1H), 7.82 (s, 1H), 7.81–7.69 (m, 2H), 7.65 (d, J = 9.10 Hz, 1H), 7.59 (s, 1H), 7.56–7.44 (m, 

2H), 7.40 (d, J = 8.47 Hz, 1H), 7.32 (s, 1H), 7.20–7.09 (m, 2H), 7.05 (s, 1H), 6.96 (s, 2H), 6.89 (t, 

J = 7.97 Hz, 1H), 6.81 (s, 1H), 6.79–6.72 (m, 3H), 6.68 (d, J = 7.64 Hz, 1H), 6.50 (s, 1H), 6.47 (s, 

1H), 6.33 (d, J = 9.08 Hz, 1H), 6.27 (s, 2H), 6.13 (s, 1H), 6.09 (d, J = 9.00 Hz, 1H), 4.09 (s, 2H), 

4.00 (s, 2H), 3.95 (s, 2H), 3.87 (d, J = 7.59 Hz, 1H), 3.38 (d, J = 15.15 Hz, 1H), 3.31–3.11 (m, 3H), 

2.36 (s, 3H), 1.57 (d, J = 15.40 Hz, 1H), 1.47 (s, 3H), 1.28 (t, J = 7.92 Hz, 3H), 1.21 (d, J = 13.39 Hz, 

1H), −0.32 (d, J = 6.97 Hz, 3H). HRMS (ESI−) m/z calcd. for C119H90N19O31Se: 2360.5221 (M-

H)−; found: 2360.5251. 

 

Compound 5: Oligomer 5 was synthesized on Wang resin (0.37 mmol g−1, 22.0 µmol scale) ac-

cording to the standard method. Loading of the first monomer: 0.34 mmol g−1 (92%). Unreacted 

amines were capped using the general capping method after each coupling step. The final cam-

phanyl group was installed via the general camphanylation method. After purification by semi-prep 

HPLC (C18, 0–50B, 25 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound 

was obtained as a white solid (12.7 mg, 5.64 µmol, 26%; HPLC-purity: 98.0%). 1H NMR (500 MHz, 

12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 11.90 (s, 1H), 11.86 (s, 1H), 11.74 (s, 4H), 

11.70 (s, 1H), 11.62 (s, 3H), 11.51 (s, 3H), 11.19 (s, 1H), 10.78 (s, 1H), 10.52 (s, 3H), 10.36 (s, 

1H), 10.17 (s, 3H), 9.71 (s, 1H), 9.68 (s, 1H), 9.19 (s, 3H), 9.02 (s, 4H), 8.68 (s, 1H), 8.60 (d, J = 

8.31 Hz, 1H), 8.53 (d, J = 8.36 Hz, 3H), 8.44 (d, J = 8.41 Hz, 1H), 8.24 (d, J = 8.22 Hz, 4H), 8.19 

(d, J = 9.22 Hz, 1H), 8.14–8.00 (m, 4H), 7.97–7.85 (m, 11H), 7.85–7.77 (m, 7H), 7.74 (d, J = 

8.99 Hz, 2H), 7.69 (d, J = 8.76 Hz, 1H), 7.67–7.59 (m, 3H), 7.59–7.48 (m, 3H), 7.43 (d, J = 8.01 Hz, 

3H), 7.41–7.26 (m, 12H), 7.24 (d, J = 8.56 Hz, 1H), 7.22–7.08 (m, 7H), 7.05 (d, J = 8.11 Hz, 1H), 

7.02–6.91 (m, 8H), 6.86 (t, J = 8.11 Hz, 4H), 6.77 (d, J = 8.26 Hz, 1H), 6.58–6.42 (m, 7H), 6.39 

(s, 3H), 6.32 (d, J = 8.23 Hz, 4H), 6.28 (s, 4H), 6.18 (s, 4H), 6.14 (s, 1H), 6.00 (s, 2H), 4.22 (s, 4H), 

4.16 (d, J = 8.38 Hz, 2H), 4.07 (s, 6H), 3.93 (s, 2H), 2.73 (s, 13H), 2.67 (s, 3H), 0.98 (s, 1H), 0.88 

(s, 10H), 0.79 (s, 12H), 0.64 (d, J = 10.55 Hz, 16H), 0.57 (s, 3H), 0.43 (d, J = 7.18 Hz, 3H), 0.10 

(s, 4H), 0.06 (s, 4H), −0.22 (d, J = 7.00 Hz, 9H). HRMS (ESI−) m/z calcd. for C112H86N17O31Se: 

2244.4846 (M-H)−; found: 2244.5082. 
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Compound 6: Oligomer 6 was synthesized on Wang resin (0.37 mmol g−1, 11.0 µmol scale) ac-

cording to the standard method. Loading of the first monomer: 0.34 mmol g−1 (92%). Unreacted 

amines were capped using the general capping method after each coupling step. The final cam-

phanyl group was installed via the general camphanylation method. After purification by semi-prep 

HPLC (C18, 10–35B, 25 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound 

was obtained as a white solid (4.65 mg, 1.52 μmol, 14%; HPLC-purity: 96.6%). 1H NMR (500 MHz, 

12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 11.70 (s, 1H), 11.47 (s, 1H), 11.12 (s, 1H), 

11.07 (s, 1H), 10.44 (s, 2H), 10.12 (s, 1H), 9.71 (s, 1H), 9.28 (s, 1H), 9.14 (s, 1H), 8.96 (s, 1H), 

8.77 (s, 1H), 8.66 (s, 1H), 8.48 (d, J = 8.48 Hz, 1H), 8.16 (d, J = 8.20 Hz, 1H), 8.02 (d, J = 9.25 Hz, 

1H), 7.93–7.82 (m, 2H), 7.79 (d, J = 8.93 Hz, 1H), 7.73 (t, J = 7.95 Hz, 1H), 7.66 (d, J = 9.17 Hz, 

1H), 7.60 (d, J = 8.11 Hz, 1H), 7.55 (s, 1H), 7.48 (d, J = 7.48 Hz, 1H), 7.42 (d, J = 8.32 Hz, 1H), 

7.40–7.31 (m, 2H), 7.27 (s, 1H), 7.25–7.19 (m, 1H), 7.19–7.09 (m, 1H), 7.07 (s, 1H), 7.06–6.98 

(m, 3H), 6.95 (s, 1H), 6.80 (t, J = 8.58 Hz, 1H), 6.73 (s, 1H), 6.48 (s, 1H), 6.40 (d, J = 8.41 Hz, 2H), 

6.34 (s, 1H), 6.29 (s, 1H), 6.26 (s, 1H), 6.24 (s, 1H), 6.14 (s, 1H), 6.06 (s, 1H), 5.99 (s, 1H), 5.88 

(s, 1H), 4.17 (d, J = 18.58 Hz, 3H), 3.95 (d, J = 20.88 Hz, 5H), 2.39 (s, 3H), 0.69 (s, 4H), 0.64 (s, 

3H), 0.07 (s, 4H), -0.32 (d, J = 7.74 Hz, 5H). HRMS (ESI−) m/z calcd. for C155H118N24O41Se: 

1525.3531 (M-2H)2−; found: 1525.3591. 

 

Compound 7: Oligomer 7 was synthesized on Wang resin (0.37 mmol g−1, 11.0 µmol scale) ac-

cording to the standard method. Loading of the first monomer: 0.34 mmol g−1 (92%). Unreacted 

amines were capped using the general capping method after each coupling step. The final acetyl 

group was installed via the general acetylation method. After purification by semi-prep HPLC (C18, 

10–35B, 25 °C; A: 13 mmol NH4OAc buffer pH 8.5, B: acetonitrile), the title compound was 
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obtained as a white solid (8.33 mg, 2.86 µmol, 26%; HPLC-purity: 97.6%). 1H NMR (500 MHz, 

12 mmol NH4OAc buffer pH 8.5 in H2O/D2O 9:1): δ = 11.69 (s, 1H), 11.46 (s, 1H), 11.07 (s, 1H), 

10.48 (s, 1H), 10.43 (s, 1H), 10.11 (s, 1H), 9.74 (s, 1H), 9.21 (s, 1H), 8.94 (s, 1H), 8.68 (s, 2H), 

8.47 (d, J = 8.38 Hz, 1H), 8.14 (d, J = 8.11 Hz, 1H), 7.99 (d, J = 9.29 Hz, 1H), 7.84 (t, J = 6.87 Hz, 

1H), 7.81–7.74 (m, 1H), 7.71 (d, J = 9.28 Hz, 1H), 7.68 (s, 1H), 7.62 (d, J = 9.15 Hz, 1H), 7.51 (s, 

1H), 7.47 (t, J = 8.76 Hz, 1H), 7.40 (d, J = 6.59 Hz, 1H), 7.37–7.30 (m, 1H), 7.28 (d, J = 7.44 Hz, 

1H), 7.26–7.18 (m, 3H), 7.16 (d, J = 7.14 Hz, 1H), 7.12 (d, J = 8.01 Hz, 1H), 7.08 (s, 1H), 7.05–

6.95 (m, 3H), 6.78 (t, J = 8.29 Hz, 1H), 6.75–6.65 (m, 1H), 6.46–6.36 (m, 2H), 6.34 (s, 1H), 6.27 

(s, 2H), 6.24 (s, 2H), 6.06 (s, 1H), 6.02 (s, 1H), 5.86 (s, 1H), 4.15 (s, 3H), 3.92 (s, 4H), 3.85 (s, 1H), 

2.39 (s, 3H), 1.09 (s, 2H), -0.33 (d, J = 7.07 Hz, 3H), −0.40 (s, 2H). HRMS (ESI−) m/z calcd. for 

C147H109N24O39Se: 2913.6454 (M-H)−; found: 2913.6924. 

 

5.3.3  Monomer synthesis procedures 

 

Compound 8: Compound 8 was prepared according to previously described methods.[43a] Ana-

lytical data is in line with the literature. (C9H9NO5, MW = 211.17 g mol−1). Rf (CyHex/EtOAc 9:1) 

= 0.10. 1H NMR (500 MHz, CDCl3): δ = 7.88 (dd, J = 8.11, 1.71 Hz, 1H, C3-H), 7.52 (ddd, J = 

8.29, 7.44, 1.69 Hz, 1H, C5-H), 7.11 (ddd, J = 8.33, 7.49, 1.16 Hz, 1H, C4-H), 6.99 (dd, J = 8.43, 

1.11 Hz, 1H, C6-H), 4.79 (s, 2H, C7-H), 3.81 (s, 3H, C9-H). 13C NMR (126 MHz, CDCl3): δ = 168.4 

(C8), 151.4 (C1), 140.6 (C2), 134.2 (C5), 126.1 (C3), 122.0 (C4), 115.3 (C6), 66.7 (C7), 52.7 (C9). 

HRMS (ESI+) m/z calcd. for C9H10NO5: 212.0553 (M+H)+; found: 212.0556. 

 

Compound 9: Compound 8 (8.21 g, 38.9 mmol, 1.0 equiv.) was dissolved in THF (120 ml). Then, 

LiOH (1.86 g, 77.8 mmol, 2.0 equiv.) in H2O (30 ml) was added and the reaction mixture was 

stirred at room temperature for 1 h. After acidifying the solution to pH 1 using 1 M HCl (aq.), it was 

extracted with DCM (3×), dried over MgSO4, and solvents were removed in vacuo (50 °C). The title 

compound was obtained as an off white solid (7.02 g, 35.6 mmol, 92%). (C8H7NO5,MW = 

197.15 g mol−1). 1H NMR (500 MHz, DMSO-d6): δ = 13.21 (s, 1H, O9-H), 7.87 (dd, J = 8.04, 

1.71 Hz, 1H, C3-H), 7.62 (ddd, J = 8.87, 7.38, 1.71 Hz, 1H, C5-H), 7.26 (dd, J = 8.55, 1.07 Hz, 1H, 

C6-H), 7.13 (ddd, J = 8.27, 7.43, 1.10 Hz, 1H, C4-H), 4.91 (s, 2H, C7-H). 13C NMR (101 MHz, 

DMSO-d6): δ = 169.3 (C8), 150.4 (C1), 139.7 (C2), 134.1 (C5), 124.9 (C3), 121.1 (C4), 115.0 (C6), 
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65.3 (C7). HRMS (ESI−) m/z calcd. for C8H6NO5: 196.0251 (M-H)−; found: 196.0250. (Modified 

literature procedure;[43a] analytical data is in line with the literature). 

 

Compound 12: From the ester: Compound 8 (6.85 g, 32.4 mmol, 1.0 equiv.) was dissolved in 

EtOAc (350 ml). The solution was quickly degassed by vacuum N2 cycles (3×), then Pd/C (685 mg, 

10% m/m to 9a) was added and the N2 atmosphere was replaced by H2. After stirring for 20 h the 

reaction mixture was filtered over celite©, washed with EtOAc and solvents were removed in vacuo 

(50 °C). The title compound was obtained as a light brown solid (4.22 g, 28.3 mmol, 87%). 

From the acid: Compound 9 (7.02 g, 35.6 mmol, 1.0 equiv.) was dissolved in THF (600 ml). The 

solution was quickly degassed by vacuum N2 cycles (3×), then Pd/C (702 mg, 10% m/m to 9e) were 

added and the N2 atmosphere was replaced by H2. After stirring for 24 h the reaction mixture was 

filtered over celite©, washed with THF and solvents were removed in vacuo (50 °C). The crude 

product was not further purified. (C8H7NO2, MW = 149.15 g mol−1). Rf (CyHex/EtOAc 7:3) = 0.30. 

1H NMR (500 MHz, CDCl3): δ = 8.46 (s, 1H, C9-H), 7.06–6.89 (m, 3H, C3-H, C4-H, C6-H), 6.87–

6.78 (m, 1H, C5-H), 4.63 (s, 2H, C7-H). 13C NMR (126 MHz, CDCl3): δ = 166.0 (C8), 143.8 (C1), 

126.2 (C2), 124.4 (C3), 122.9 (C6), 117.0 (C4), 116.1 (C5), 67.4 (C7). HRMS (ESI−) m/z calcd. for 

C8H6NO2: 148.0404 (M-H)−; found: 148.0403. (Known compound; analytical data is in line with 

the literature).[119] 

 

Compound 13: 2-nitrophenol (3.0 g, 21.6 mmol, 1.0 equiv.), tert-butyl bromoacetate (3.50 ml, 

23.7 mmol, 1.1 equiv.) and K2CO3 (3.28 g, 23.7 mmol, 1.1 equiv.) were suspended in anhydrous 

acetone (60 ml) under an N2 atmosphere. Then, the reaction mixture was refluxed for 4 h (bath 

temperature 75 °C). After cooling to room temperature the mixture was filtered, washed with ace-

tone and solvents were removed in vacuo (50 °C). Without further purification, the title compound 

was obtained as a brown solid (5.46 g, 21.6 mmol, quant.). (C12H15NO5, MW = 253.25 g mol−1). Rf 

(CyHex/EtOAc 9:1) = 0.21. 1H NMR(500 MHz, CDCl3): δ = 7.86 (dd, J = 8.09 Hz, 1.72 Hz, 1H, 

C3-H), 7.51 (ddd, J = 8.43, 7.45, 1.77 Hz, 1H, C5-H), 7.08 (ddd, J = 8.36, 7.44, 1.16 Hz, 1H, C4-

H), 6.96 (dd, J = 8.47, 1.14 Hz, 1H, C6-H), 4.67 (s, 2H, C9-H), 1.46 (s, 9H, C10-H, C11-H, C12-

H). 13C NMR (126 MHz, CDCl3): δ = 166.9 (C8), 151.5 (C1), 140.4 (C2), 134.0 (C5), 126.0 (C3), 

121.5 (C4), 114.9 (C6), 83.2 (C9), 66.8 (C7), 28.1 (C10, C11, C12). HRMS (EI+) m/z calcd. for 
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C12H15NO5: 253.0945 (M)+; found: 253.0955. (Known compound; analytical data is in line with the 

literature).[120] 

 

Compound 14: Compound 13 (5.46 g, 21.6 mmol, 1.0 equiv.) was dissolved in ethanol (350 ml). 

The solution was quickly degassed by vacuum N2 cycles (3×), then Pd/C (546 mg, 10% m/m to 9b) 

were added and the N2 atmosphere was replaced by H2. After stirring for 16 h the reaction mixture 

was filtered over celite©, washed with ethanol and solvents were removed in vacuo (50 °C) (prod-

uct was found to be unstable, especially at elevated temperatures). The title compound was ob-

tained as a brown solid (4.60 g, contaminated with 30% cyclic side product). The crude product was 

directly used in the next step without further purification. (C12H17NO3, MW = 223.27 g mol−1). Rf 

(CyHex/EtOAc 7:3) = 0.59. 1H NMR (500 MHz, CDCl3): δ = 8.24 (s, 1H), 7.03–6.91 (m, 1H), 

6.87–6.77 (m, 1H), 6.77–6.63 (m, 3H), 4.62 (s, 1H), 4.53 (s, 2H), 1.49 (s, 9H). 

 

Compound 15: Compound 14 (4.60 g, contaminated with 30% lactam, 15.1 mmol, 1.0 equiv.) 

was dissolved in anhydrous DCM (100 ml) under an N2 atmosphere. Then, DIPEA (3.94 ml, 

22.6 mmol, 1.5 equiv.) was added and the solution was cooled to 0 °C. After the addition of Fmoc-

Cl (5.08 g, 19.6 mmol, 1.3 equiv.) at 0 °C the reaction mixture was stirred at room temperature for 

2 h. The mixture was acidified by adding citric acid (aq.) (1 M, 15.1 ml, 15.1 mmol, 1.0 equiv.), ex-

tracted with DCM (2×), the organic phases were dried over MgSO4 and solvents were removed in 

vacuo (50 °C). After purification by column chromatography (SiO2, CyHex/EtOAc 95:5) the title 

compound was obtained as a colorless oil (4.32 g, 9.70 mmol, 64%). (C27H27NO5, MW = 

445.52 g mol−1). Rf (CyHex/EtOAc 9:1) = 0.31. 1H NMR (500 MHz, CDCl3): δ = 8.13 (s, 1H, C3-

H), 7.97 (s, 1H, N13-H), 7.78 (d, J = 7.70 Hz, 2H, C20-H, C21-H), 7.70 (d, J = 7.46 Hz, 2H, C-17-

H, C24-H), 7.41 (t, J = 7.54 Hz, 2H, C19-H, C22-H) 7.33 (t, J = 7.41 Hz, 2H, C18-H, C23-H), 7.03 

(t, J = 8.32 Hz, 1H, C4-H), 6.98 (td, J = 7.72, 7.53, 1.76 Hz, 1H, C5-H), 6.83 (d, J = 8.06 Hz, 1H, 

C6-H), 4.60 (s, 2H, C7-H), 4.49 (d, J = 7.20 Hz, 2H, C15-H), 4.32 (t, J = 7.24 Hz, 1H, C16-H), 1.51 

(s, 9H, C10-H, C11-H, C12-H). 13C NMR (126 MHz, CDCl3): δ = 168.5 (C8), 153.6 (C14), 147.1 

(C2), 144.5 (C1), 144.1 (C16a, C24a), 141.5 (C20a, C20b), 129.2 (C4), 127.9 (C19, C22), 127.3 

(C18, C23), 125.4 (C17, C24), 123.0 (C5), 120.1 (C20, C21), 119.2 (C3), 113.7 (C6), 83.0 (C9), 68.0 

(C7), 67.2 (C15), 47.3 (C16), 28.2 (C10, C11, C12). HRMS (ESI+) m/z calcd. for C27H27NO5Na: 

468.1781 (M+Na)+; found: 468.1790. 
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Compound 16: Compound 15 (4.32 g, 9.70 mmol, 1.0 equiv.) and triisopropyl silane (500 µl, 5% 

v/v) were dissolved in DCM (10 ml). After the addition of TFA (10 ml) the reaction mixture was 

vigorously stirred under an N2 atmosphere for 2 h. The solution was extracted with DCM (3×) 

(some precipitate appeared, so the organic phases could not be dried) and solvents were removed 

in vacuo (50 °C). The crude product was triturated with Et2O, filtered and washed with cold Et2O 

to yield the title compound as a white solid (3.06 g, 7.87 mmol, 81%). (C23H19NO5, MW = 

389.41 g mol−1). Rf (CyHex/EtOAc 8:2 + 1% AcOH) = 0.20. 1H NMR (500 MHz, DMSO-d6): δ = 

13.10 (s, 1H, O9-H), 8.67 (s, 1H, N10-H), 7.91 (d, J = 7.63 Hz, 2H, C17-H, C18-H), 7.75 (d, J = 

7.51 Hz, 2H, C14-H, C21-H), 7.64 (s, 1H, C3-H), 7.43 (t, J = 7.49 Hz, 2H, C16-H, C19-H), 7.34 (td, 

J = 7.44, 1.18 Hz, 2H, C15-H, C20-H) 7.03 (ddd, J = 8.73, 7.20, 1:65 Hz, 1H, C5-H), 6.98 (dd, J = 

8.26, 1.51 Hz, 1H, C6-H), 6.93 (t, J = 7.70 Hz, 1H, C4-H), 4.73 (s, 2H, C7-H), 4.42 (d, J = 7.10 Hz, 

2H, C12-H), 4.31 (t, J = 7.01 Hz, 1H, C13-H). 13C NMR (126 MHz, DMSO-d6): δ = 170.5 (C8), 

153.6 (C11), 148.59 (C2), 148.58 (C1), 143.8 (C13a, C21a), 140.7 (C17a, C17b), 127.7 (C16, C19), 

127.1 (C15, C20), 125.3 (C14, C21), 124.1 (C5), 121.4 (C4), 120.2 (C17, C18), 113.5 (C6), 66.11 

(C12), 66.06 (C7), 46.6 (C13). HRMS (ESI+) m/z calcd. for C23H20NO5: 390.1336 (M+H)+; found: 

390.1330. 

 

Compound 17: 2-nitrophenol (6.00 g, 43.1 mmol, 1.0 equiv.), (-)-ethyl L-lactate (4.93 ml, 

43.1 mmol, 1.0 equiv.) and PPh3 (13.6 g, 51.8 mmol, 1.2 equiv.) were dissolved in anhydrous THF 

(80 ml) under an N2 atmosphere. Then, DIAD (10.2 ml, 51.8 mmol, 1.2 equiv.) was slowly added 

at 0 °C and the resulting mixture was stirred at room temperature for 3 h. Solvents were evaporated 

in vacuo (50 °C), and the residue was purified by column chromatography (SiO2, CyHex/EtOAc 

9:1) yielding the title compound as a white solid (10.0 g, 41.8 mmol, 97%). (C11H13NO5, MW = 

239.23 g mol−1). Rf (CyHex/EtOAc 8:2) = 0.32. 1H NMR (500 MHz, CDCl3): δ = 7.83 (dd, J = 8.09, 

1.71 Hz, 1H, C3-H), 7.48 (ddd, J = 8.48, 7.48, 1.75 Hz, 1H, C5-H), 7.07 (ddd, J = 8.18, 7.45, 

1.12 Hz, 1H, C4-H), 6.96 (dd, J = 8.40, 1.12 Hz, 1H, C6-H), 4.84 (q, J = 6.84 Hz, 1H, C7-H), 4.21 

(qd, J = 7.16, 3.98 Hz, 2H, C10-H), 1.69 (d, J = 6.80 Hz, 3H, C8-H), 1.24 (t, J = 7.31 Hz, 3H, C11-

H). 13C NMR (101 MHz, CDCl3): δ = 171.1 (C9), 151.2 (C1), 140.9 (C2), 133.9 (C5), 125.8 (C3), 

121.6 (C4), 116.0 (C6), 74.8 (C7), 61.8 (C10), 18.5 (C8), 14.2 (C11). HRMS (ESI+) m/z calcd. for 

C11H14NO5: 240.0866 (M+H)+; found: 240.0866. 
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Compound 18: Compound 17 (6.00 g, 25.1 mmol, 1.0 equiv.) was dissolved in THF (100 ml). 

After the addition of LiOH (1.20 g, 50.2 mmol, 2.0 equiv.) in H2O (20 ml), the mixture was stirred 

at room temperature for 2 h. Then, the solution was acidified by adding HCl (aq.) (1 M, 62.7 ml, 

62.7 mmol, 2.5 equiv.) and extracted with DCM (3×). Drying over MgSO4 and removing the sol-

vents in vacuo (50 °C) yielded the title compound as a white solid (5.35 g, 25.1 mmol, quant.). 

(C9H9NO5, MW = 211.17 g mol−1). 1H NMR (500 MHz, DMSO-d6): δ = 13.24 (s, 1H, O10-H), 7.85 

(dd, J = 8.06, 1.68 Hz, 1H, C3-H), 7.61 (ddd, J = 8.61, 7.38, 1.71 Hz, 1H, C5-H), 7.19 (dd, J = 8.62, 

1.09 Hz, 1H, C6-H), 7.12 (ddd, J = 8.36, 7.40, 1.09 Hz, 1H, C4-H), 5.11 (q, J = 6.83 Hz, 1H, C7-

H), 1.52 (d, J = 6.80 Hz, 3H, C8-H). 13C NMR (126 MHz, DMSO-d6): δ = 172.0 (C9), 150.1 (C1), 

140.0 (C2), 134.1 (C5), 124.9 (C3), 121.0 (C4), 115.5 (C6), 72.8 (C7), 18.0 (C8). HRMS (ESI−) 

m/z calcd. for C9H8NO5: 210.0408 (M-H)−; found: 210.0408. (Modified literature procedure;[43a] 

analytical data is in line with the literature). 

 

Compound 19: Compound 18 (4.85 g, 23.0 mmol, 1.0 equiv.) and Na2CO3 (2.43 g, 23.0 mmol, 

1.0 equiv.) were suspended in methanol (400 ml). The solution was quickly degassed by vacuum 

N2 cycles (3×), then Pd/C (485 mg, 10% m/m to 6c) were added and the N2 atmosphere was re-

placed by H2. After stirring for 20 h the reaction mixture was filtered over celite©, washed with 

methanol and solvents were removed in vacuo (50 °C). The crude product was used in the next step 

without further purification. (C9H10NO3Na, MW = 203.17 g mol−1). 1H NMR (500 MHz, DMSO-

d6): δ = 6.65 (dd, J = 7.94, 1.30 Hz, 1H, C6-H), 6.62–6.57 (m, 1H, C4-H), 6.56 (dd, J = 7.73, 

2.01 Hz, 1H, C3-H), 6.39 (ddd, J = 7.84, 6.94, 2.02 Hz, 1H, C5-H), 4.91 (s, 2H, N11-H), 4.05 (q, J 

= 6.72 Hz, 1H, C7-H), 1.36 (d, J = 6.71 Hz, 3H, C8-H). 13C NMR (126 MHz, DMSO-d6): δ = 175.2 

(C9), 147.2 (C1), 139.9 (C2), 121.3 (C4), 116.3 (C5), 115.7 (C6), 114.4 (C3), 78.4 (C7), 20.2 (C8). 

HRMS (ESI+) m/z calcd. for C9H12NO3: 182.0812 (M+H)+; found: 182.0809. 

 

Compound 20: Compound 19 (4.16 g, 23.0 mmol, 1.0 equiv.) and NaHCO3 (9.64 g, 115 mmol, 

5.0 equiv.) were dissolved in H2O (300 ml). Then, Fmoc-Cl (7.72 g, 29.8 mmol, 1.3 equiv.) in 1,4-

dioxane (300 ml) was added at 0 °C over 1 h. After stirring at 0 °C for 1 h, the reaction mixture was 
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stirred at room temperature for an additional 16 h. The mixture was acidified below pH 4 using 

HCl (aq.) (1 M), extracted with DCM (3×), the organic phases were dried over MgSO4 and solvents 

were removed in vacuo (50 °C). The residue was purified by column chromatography (SiO2, 

CyHex/EtOAc 7:3 + 1% DIPEA → CyHex/EtOAc 7:3 → CyHex/EtOAc 7:3 + 1% AcOH → EtOAc + 

1% AcOH) to yield the title compound as a white solid (8.73 g, 21.6 mmol, 94%). (C24H21NO5, MW 

= 403.43 g mol−1). Rf (CyHex/EtOAc 8:2 + 1% AcOH) = 0.10. 1H NMR (500 MHz, DMSO-d6): δ 

= 13.16 (s, 1H, O10-H), 8.72 (s, 1H, N11-H), 7.91 (d, J = 7.53 Hz, 2H, C18-H, C19-H), 7.74 (dd, J 

= 7.69, 3.35 Hz, 2H, C15-H, C22-H), 7.61 (s, 1H, C3-H), 7.43 (t, J = 7.44 Hz, 2H, C17-H, C20-H), 

7.34 (t, J = 7.41 Hz, 2H, C16-H, C21-H), 7.07–6.98 (m, 1H, C5-H), 6.99–6.89 (m, 2H, C4-H, C6-

H), 4.81 (q, J = 6.77 Hz, 1H, C7-H), 4.49–4.35 (m, 2H, C13-H), 4.32 (t, J = 7.07 Hz, 1H, C14-H), 

1.56 (d, J = 6.75 Hz, 3H, C8-H). 13C NMR (126 MHz, DMSO-d6): δ = 173.5 (C9), 153.5 (C12), 

148.4 (C1), 143.8 (C14a, C22a), 140.7 (C18a, C18b), 128.1 (C2), 127.7 (C17, C20), 127.1 (C16, 

C21), 125.29 (C15, C22), 125.27 (C3), 124.1 (C5), 121.6 (C4), 120.2 (C18, C19), 114.6 (C6), 74.0 

(C7), 66.2 (C13), 46.5 (C14), 18.5 (C8). HRMS(ESI−) m/z calcd. for C24H22NO5: 404.1492 (M-H)−; 

found: 404.1491. 

The synthesis of BRme (20) and its (S)-enantiomer BSme was repeated with the protocol reported 

above. This time precursors with an enantiomeric purity given by the supplier as ≥99% were used. 

The enantiomeric ratio is retained during synthesis as shown by chiral derivatisation (section 5.2). 

Therefore, an enantiomeric purity of ≥99% is expected for the final Fmoc-monomers as well. Their 

specific rotation was measured and is shown in Table 2. 

 

Table 2 Specific rotation values of chiral B monomers. 

BRme [𝛼]𝐷
20 = −26.9 (c 2.24, MeOH) 

BSme [𝛼]𝐷
20 = +26.8 (c 0.56, MeOH) 

 

 

Compound 22a: Compound 8 (100 mg, 0.248 mmol, 1.0 equiv.) was dissolved in anhydrous 

THF (2 ml). Then, 1-Chlor-N,N,2-trimethyl-1-propenylamin (Ghosez’s reagent) (66.0 µl, 

0.496 mmol, 2.0 equiv.) was added, and the reaction mixture was stirred at room temperature for 

1.5 h. Solvents were evaporated at room temperature under high vacuum for 4 h, and the residue 

was redissolved in anhydrous THF (2 ml). After the addition of (S)-1-phenyl-ethylamin (96.0 µl, 

7.44 µmol, 3.0 equiv.), the mixture was stirred at room temperature for another 30 min. The mix-

ture was diluted with HCl (aq.) (1 M), extracted with DCM (2×), and the organic phases were dried 
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over MgSO4. Evaporating the solvents in vacuo (50 °C) yielded the crude product as a white solid 

(93.0 mg, 184 µmol, 74%). (C32H30N2O4, MW = 506.60 g mol−1). Rf (CyHex/EtOAc 8:2) = 0.20. 

1H NMR (500 MHz, DMSO-d6): δ = 8.98 (s, 1H, C19-H), 8.51 (d, J = 8.26 Hz, 1H, C10-H), 7.91 

(d, J = 7.57 Hz, 2H, C26-H, C27-H), 7.72 (dd, J = 7.71, 3.70 Hz, 2H, C23-H, C30-H), 7.47 (s, 1H, 

C3-H), 7.43 (t, J = 7.49 Hz, 2H, C25-H, C28-H), 7.32 (t, J = 8.75 Hz, 1H, C24-H, C29-H), 7.25 (d, 

J = 4.30 Hz, 3H, C14-H, C15-H, C17-H, C18-H), 7.18 (h, J = 4.41, 4.34 Hz, 1H, C16-H), 7.06 (t, J 

= 7.76 Hz, 1H, C5-H), 6.95 (d, J = 8.53 Hz, 1H, C6-H), 6.93–6.87 (m, 1H, C4-H), 4.92 (p, J = 

7.23 Hz, 1H, C11-H), 4.80 (q, J = 6.60 Hz, 1H, C7-H), 4.44 (d, J = 7.63 Hz, 2H, C21-H), 4.32 (t, J 

= 6.91 Hz, 1H, C22-H), 1.44 (d, J = 6.59 Hz, 3H, C8-H), 1.24 (d, J = 7.00 Hz, 3H, C12-H). 

13C NMR (101 MHz, DMSO-d6): δ = 170.4 (C9), 154.0 (C20), 148.5 (C1), 144.1 (C13), 143.7 (C22a, 

C30a), 140.8 (C26a, C26b), 128.2 (C15, C17), 127.7 (C25, C28), 127.4 (C2), 127.1 (C24, C29), 

126.6 (C16), 125.7 (C14, C18), 125.1 (C23, C30), 124.8 (C5), 123.2 (C3), 121.3 (C4), 120.2 (C26, 

C27), 113.7 (C6), 74.5 (C7), 66.0 (C21), 47.4 (C11), 46.6 (C22), 22.0 (C12), 18.7 (C8). 

 

5.4  X-ray Crystallography 

After preparative HPLC, the ammonium salt of compound 7 was dissolved in pure water to final 

concentration of 3.5 mM. Crystallization trials were performed at 20 °C in standard aqueous sitting 

drop vapour diffusion method and subsequently optimized by hanging drop vapour diffusion 

method at 20 °C. Hexagonal crystals (Fig. 49) were obtained by mixing 1 µl of 7 and 2 µl of crystal-

lization reagent 5% v/v 2-propanol, 50 mM TRIS buffer, pH 7.5, 10 mM Magnesium chloride; 

equilibrated against 500 µl of crystallization reagent in the reservoir. For data collection, a single 

crystal was fished using a MiTeGen microloop, cryo-protected in a solution composed of 33% v/v 

Glycerol, 3.3% 2-propanol, 33% TRIS buffer, pH 7.5, 6.6 mM Magnesium chloride and flash frozen 

in liquid nitrogen. 

Synchrotron data was collected on beam line P14 operated by EMBL Hamburg at the Petra III 

storage ring (DESY, Hamburg, Germany) using 0.9808 Å wavelength. During data collection, the 

crystal was cooled to 100 K. The crystal was exposed for 0.008 s and 0.1° oscillation per frame and 

a rotation pass of 360° was measured using an EIGER 16M detector. Data were processed using 

xia2[102] with DIALS[103] for integration and using Pointless/Aimless[104] for scaling and merging 

respectively. The crystal belonged to the space group P3121 (or P3221) with unit cell parameters a 

= b = 79.06 Å and c = 39.86 Å, V = 212837 Å3 and 4 molecules in the asymmetric unit. The structure 

was solved by Molecular Replacement (MR) method using PHASER[121] from the CCP4 suite.[122] 

The model was built in Maestro (Version 11.5.011) in the following way: First, a Q helix was built, 

and was minimized using the parameters shown in Table 3. Then, respective Q units were converted 

to B units and side chains were added. Finally, the structure was minimized again using the same 

parameters. The side chain atoms were omitted from the model to remove flexibility and to allow 

minimum number of clashes.[123] The best MR solution (Fig. 50) had log likelihood gain (LLG) of 

284 and translation function Z-score (TFZ) of 7.4 in P3121 space group. 
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Geometric restraints for maximum likelihood restrained refinement was generated using 

PRODRG.[124] Model building and restrained refinement were performed in Coot[108] and Ref-

mac5[125] respectively. Thermal displacement parameters were refined isotropically. Fig. 51 shows 

the sigma weighted 2Fσ-Fc electron density map superimposed on one of the four helices. The final 

model was refined to a resolution of 2.86 Å, with Rwork and Rfree factors of 24.72% and 30.37% re-

spectively. Statistics of data collection and refinement can be found in Table 4, with statistics for 

the highest-resolution shell shown in parentheses. 

The final cif file was checked using IUCr’s checkcif algorithm. Due to large volume fractions of dis-

ordered solvent molecules, weak diffraction intensity and poor resolution, a number of A- and B-

level remain in the checkcif file. These alerts are inherent to the data and refinement procedures 

and illustrate the limited practicality of the checkcif tool for medium-size molecule crystallography. 

Atomic coordinates and structure factors for 7 was deposited in the Cambridge Crystallographic 

Data Centre (CCDC) with accession code 2070816. The data is available free of charge upon request 

(www.ccdc.cam.ac.uk/). 

 

Table 3 Parameters used to build the model of 7. 

Forcefield OPLS3 

Solvent Water 

Charges from Force Field 

Cutoff Extended 

Constraints 0 

Method TNCG 

Max. Iterations 2500 

Converge on Gradient 

Converge Threshold 0.05 

Minimization Mode Minimization of non-conformers 
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Table 4 Crystallographic data collection and refinement statistics for 7. 

Data collection 

Space group P3121 

Unit cell  

a, b, c (Å) 79.06, 79.06, 39.86 

α, β, γ (°) 90.0, 90.0, 120.0 

Resolution (Å) 39.53 – 2.86 (2.93 – 2.86) 

Rmeas 0.260 (1.944) 

CC half 0.992 (0.921) 

I / σ 4.8 (1.1) 

Completeness (%) 100 (100) 

Reflections (total) 68739 

Reflections (unique) 3481 

Redundancy 19.7 (20.8) 

Refinement 

Resolution (Å) 39.53 – 2.86 

Rwork / Rfree (%) 24.72 / 30.37 

No. of non-H atoms 852 

Overall B-factor (Å3) 52.30 

R.m.s. deviations  

Bond lengths (Å) 0.019 

Bond angles (°) 3.139 

CCDC entry 2070816* 

 

*As key information were lost during the .pdb file to .cif file conversion process, the entire .pdb file 

was inserted into the ‘comments’ section of .cif file available from the Cambridge Crystallographic 

Data Centre via https://www.ccdc.cam.ac.uk/getstructures/. 

 

https://www.ccdc.cam.ac.uk/getstructures/
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Fig. 49 Crystals of 7 observed under crossed polarizing microscope. 

 

 

Fig. 50 The crystallographic asymmetric unit of 7 consisted of four independent molecules. 
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Fig. 51 Sigma weighted 2Fσ-Fc electron density map (contoured at 1.6 σ, carved within 2.0 Å) superimposed on 

one 7 helix. 
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5.5  Spectra and Chromatograms 

 

Fig. 52 Analytical data of compound 1. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–60B, 25 °C; A: 13 mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR (500 MHz, 0.13 mM in 

12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression). d) CD spectrum (41.2 µM in 13 mM NH4OAc 

buffer pH 8.5). 



5  Handedness control from within aromatic helices 

97 

 

Fig. 53 Analytical data of compound 2. HPLC chromatograms after cleavage from the resin (a) (C8, 0–60B, 50 °C; 

A: 13 mM NH4OAc buffer pH 8.5, B: acetonitrile) and after purification (b) (C8, 0–40B, 50 °C; A: 13 mM NH4OAc 

buffer pH 8.5, B: acetonitrile). c) 1H NMR (500 MHz, 0.13 mM in 12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O 

suppression). d) CD spectrum (15.4 µM in 13 mM NH4OAc buffer pH 8.5). 
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Fig. 54 Analytical data of compound 3. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–60B, 25 °C; A: 13 mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR (500 MHz, 0.13 mM in 

12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression). d) CD spectrum (22.6 µM in 13 mM NH4OAc 

buffer pH 8.5). 
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Fig. 55 Analytical data of compound 4. HPLC chromatograms after cleavage from the resin (a) (C18, 0–60B, 25 °C; 

A: 13mM NH4OAc buffer pH 8.5, B: acetonitrile) and after purification (b) (C18, 10–20B, 25 °C; A: 13 mM NH4OAc 

buffer pH 8.5, B: acetonitrile). c) 1H NMR (500 MHz, 0.13 mM in 12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O 

suppression). d) CD spectrum (10.2 µM in 13 mM NH4OAc buffer pH 8.5). 
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Fig. 56 Analytical data of compound 5. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–60B, 25 °C; A: 13 mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR (500 MHz, 0.13 mM in 

12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression). d) CD spectrum (31.1 µM in 13 mM NH4OAc 

buffer pH 8.5). 
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Fig. 57 Analytical data of compound 6. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–60B, 25 °C; A: 13 mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR (500 MHz, 0.13 mM in 

12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression). d) CD spectrum (8.73 µM in 13 mM NH4OAc 

buffer pH 8.5). 
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Fig. 58 Analytical data of compound 7. HPLC chromatograms after cleavage from the resin (a) and after purifica-

tion (b) (C18, 0–60B, 25 °C; A: 13 mM NH4OAc buffer pH 8.5, B: acetonitrile). c) 1H NMR (500 MHz, 0.13 mM in 

12 mM NH4OAc buffer pH 8.5 H2O/D2O 9:1, H2O suppression). d) CD spectrum (9.04 µM in 12 mM NH4OAc 

buffer pH 8.5). 



5  Handedness control from within aromatic helices 

103 

 

Fig. 59 NMR spectra of compound 8. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 60 NMR spectra of compound 9. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (101 MHz, DMSO-d6). 
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Fig. 61 NMR spectra of compound 12. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 62 NMR spectra of compound 13. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 63 1H NMR spectrum of compound 14 (500 MHz, CDCl3). 



5  Handedness control from within aromatic helices 

108 

 

Fig. 64 NMR spectra of compound 15. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 65 NMR spectra of compound 16. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 66 NMR spectra of compound 17. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (101 MHz, CDCl3). 
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Fig. 67 NMR spectra of compound 18. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 



5  Handedness control from within aromatic helices 

112 

 

Fig. 68 NMR spectra of compound 19. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 69 NMR spectra of compound 20. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 70 NMR spectra of compound 22. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (101 MHz, DMSO-d6). 
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6 Discrete dimerization of aromatic helices in 

water 

Controlled self-assembly of foldamers in aqueous media through discrete binding interfaces is rare 

in the literature. Most examples involve biotic foldamers such as β-peptides[7, 72] and ureas[73] and 

are inspired by coiled coils. We adopted a similar approach but instead using aromatic quinoline-

based foldamers. Fig. 71 shows the model of oligomer 1, which was designed to dimerize via salt 

bridge interactions based on the “flat” interface approach. In the model, these interactions take 

place between positively charged ammonium and negatively charges sulfonate side chains as well 

as backbone carbonyl oxygens. Additionally, the “flat” surface generated by B-monomers should 

support this aggregation through hydrophobic effects. Because of the convincing shape comple-

mentarity of the oligomer, we proceed with the synthesis and analysis of the compound in aqueous 

media. Indeed, a dimerization phenomenon could be detected in dilution studies monitored by 

NMR spectroscopy. However, as described in the following publication in Angewandte Chemie, the 

aggregation was facilitated by stacking of the C-terminal cross sections of the oligomers, not by 

side-to-side salt bridges. 

 

Fig. 71 – Model of a “flat” interface bundle supported by salt bridges. a) Side view shown in CPK repre-

sentation. In the top view, groups that are involved in hydrogen bonding are shown as balls. Nitrogen atoms are 

shown in blue, and oxygen atoms involved in hydrogen bonding are highlighted in purple. Irrelevant side chains 

and hydrogen atoms are omitted for clarity. b) Sequence 1 corresponding to the model. Units involved in salt bridges 

are shown in color. 

A similar type of aggregation was previously investigated by Zeng and coworkers using pyridine 

oligoamides.[79] In 2012, they reported a pentamer functionalized with “sticky” end groups at its 

termini: an ester and a Cbz group that can interact via weak hydrogen bonds (Fig. 72a, b).[79a] The 

foldamer showed oligomerization into stacked columns in the solid state leading to chiral crystalli-

zation. Furthermore, the oligomers are able to encapsulate guests like methanol or dichloro-

methane in their helix cavity. By replacing Cbz with a benzoyl moiety, the water affinity of the pore 

formed by the helical stack could be fine-tuned to allow a proton gradient induced water transport 

when incubated with large unilamellar vesicles (Fig. 72c).[79b] Later, it was shown that the Cbz 
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functionalized pentamer—albeit having a lower binding affinity for water molecules—has an even 

higher water transport capability of 3 × 109 H2O s−1 channel−1 when incorporated into mem-

branes.[126] This self-assembly is interesting for the use in nanotechnology; however, it is not dis-

crete and possesses only a weak binding strength in solution. 

 

Fig. 72 – Self-assembly through stacking of pyridine oligoamides. a) Crystal packing of a pyridine oli-

goamide pentamer with an N-terminal Cbz and a C-terminal ester function in side (overlayed with a transparent 

CPK representation) and top view.[79a] Individual oligomers are shown in different colors. b) Part of the crystal 

structure shown in (a). Hydrogen bonds are indicated by dashed lines and atoms involved in hydrogen bonding are 

shown as balls. N- and C-terminal groups are highlighted in turquoise and purple, respectively. Nitrogen atoms are 

shown in blue. c) Crystal packing of a pyridine oligoamide pentamer with an N-terminal Bz and a C-terminal ester 

function in side view.[79b] Individual oligomers are shown in different colors. Water molecules are shown in CPK 

representation (oxygen: red, hydrogen: gray). The chemical formula is given next to the respective structures. Irrel-

evant hydrogen atoms are omitted for clarity. 

The stacking interaction described here is special since it is both strong and discrete, as opposed to 

many other stacking interfaces reported so far, that lead to polymeric aggregation.[79a-c, 127] This 

results from the C2-symmetry of the interaction leading to homodimer formation (either P-P or M-

M chirality). Additionally, binding strength can be influenced by the nature of the side chains close 

to the interface and pH variation. Most importantly, it can be programmed to exclusively form het-

eromeric aggregates through the use of an amide terminus on one binding partner in the right con-

centration and pH range. These features make the interaction an excellent starting point for the 

design of bigger self-assembled structures in combination with other binding motives. 

Contributions: The initial model was designed by me. Subsequent, design plans were developed 

in collaboration with I. Huc. Chemical syntheses and most analyses were conducted by me. L. All-

mendinger helped with the design and interpretation of NMR experiments. Crystallization experi-

ments were conducted in collaboration with P. K. Mandal. X-ray measurements were done at EMBL 

Hamburg with assistance of Dr Saravanan Panneerselvam, and the structure was refined by P. K. 

Mandal. The manuscript was written by I. Huc and me in collaboration with L. Allmendinger and 

P. K. Mandal.  
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Abstract: Tight binding was observed between the C-terminal cross section of aromatic oligoam-

ide helices in aqueous solution, leading to the formation of discrete head-to-head dimers in slow 

exchange on the NMR timescale with the corresponding monomers. The nature and structure of 

the dimers was evidenced by 2D NOESY and DOSY spectroscopy, mass spectrometry and X-ray 

crystallography. The binding interface involves a large hydrophobic aromatic surface and hydrogen 

bonding. Dimerization requires that helices have the same handedness and the presence of a C-

terminal carboxy function. The protonation state of the carboxy group plays a crucial role, resulting 

in pH dependence of the association. Dimerization is also influenced by neighboring side chains 

and can be programmed to selectively produce heteromeric aggregates. 

Structurally precise and designable interaction interfaces are a key component of large self-assem-

bled architectures. In this respect, folded molecules constitute building blocks of unmatched so-

phistication. The assemblies formed by proteins and nucleic acids in living systems, e.g. virus cap-

sids or ribosomes, provide spectacular illustrations of the structures and functions enabled by as-

sembling folded building blocks. There has thus been strong interest for programming interaction 

interfaces in artificial folded molecules. Great advances have been made using non-natural 

DNA[128] and protein[129] sequences. Using smaller molecules, the bundling of α-helical peptides is 

now so well understood that it permits reliable programming and function.[130] By extension, helix 

bundles have been produced from β-peptides[7, 131] and urea-based γ-peptide isosteres.[73, 132] As-

semblies made of completely abiotic folded building blocks could bring advantages of their own 

including biochemical and thermal resistance as well as unrestricted functionalization. However, 

this line of research is less advanced because well-defined interaction interfaces have been lacking. 

Examples include the bundling of aromatic helices[42, 70] and the formation of multistranded heli-

ces[45a, 75, 78, 133] and sheets[134] primarily in organic solvents. Here we report the serendipitous dis-

covery of stable discrete dimers of aromatic oligoamide helices in water. We find that aromatic 

stacking and hydrogen bonding mediate the dimerization of the helix C-terminal cross-section in a 

pH and side-chain-dependent manner. Aggregation can also be made heteromeric but, in all cases, 

it remains discrete. This contrasts with the stacking of many other aromatic objects,[127] including 

helices,[79a-c, 126] that tend to form polymeric assemblies. 

Sequence 1 (Fig. 73) comprises Q and B aromatic monomers that code for the formation of stable 

helices according to well-established design principles.[87, 135] The chiral BRme unit was introduced 

to quantitatively bias handedness towards the M (left-handed) helix.[93] The various positively and 

https://doi.org/10.1002/anie.202116509
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negatively charged side chains provide solubility in water and were originally designed to promote 

helix bundling via side-chain mediated salt bridges. As shown in the following, helices do aggregate 

but not in the way initially intended. 

 

Fig. 73 Sequences and building blocks that were investigated in this study. Monomers possessing charged side 

chains are highlighted with color (sulfonate: orange, carboxylate: red, ammonium: blue). 

The 1H NMR spectrum of 1 in water shows two sets of sharp signals the proportion of which change 

with concentration (Fig. 74a), indicating a reversible aggregation phenomenon in slow exchange 

on the NMR timescale. The signals coalesce upon heating to 50 °C (Fig. 77). The number of signals 

indicate that the aggregate is on average symmetrical, i.e. its helical subcomponents are in the same 

environment. The signals of the aggregated species, including that of the CH3 group of the BRme 

monomer below 0 ppm, are upfield-shifted. Upfield shifts associated with ring current effects are 

typically observed upon elongating helical sequences,[136] and suggest that helices of 1 may stack 

via their aromatic cross-section. The ESI-MS shows a large population of [2M−2H]2− and 

[2M−3H]3− dimeric species in the gas phase (Fig. 78). 

A crystal structure of 1 confirmed the expected helical structure (Fig. 74b).‡ Packing in the lattice 

shows extended head-to-head stacks of helices and revealed several pairwise helix-helix contacts 

(Fig. 99–Fig. 104). Rare intermolecular salt-bridges were dismissed as the possible driving force of 

 

‡ Deposition Numbers 2122518 contain the supplementary crystallographic data for this paper. These data are pro-
vided free of charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe 
Access Structures service. 
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aggregation in water. Stacking of the helix N-terminal cross sections involved a reduced aromatic 

surface and was also dismissed. In contrast aromatic contacts between the C-terminal cross sec-

tions were extensive (total buried surface of 431 Å2)§ and accompanied by a close proximity of the 

terminal carboxy groups that can be attractive only if one of the two is in its protonated form (Fig. 

74d). In addition, tight side-by-side pair-wise contacts were observed that involve multiple hydro-

phobic aromatic and aliphatic CH groups that could not be dismissed without further experiment 

as the possible reason for aggregation in solution. 

 

Fig. 74 a) 1H NMR spectra of compound 1 at different concentrations in 27 mM sodium phosphate aqueous buffer 

pH 7.0. Selected distinct signals belonging to either the monomeric or dimeric form are highlighted in cyan and red, 

respectively. X-ray structure of 1 showing the stacking of two helices at their C-terminus in side view (b) and top 

view (c). The two crystallographically distinct molecules engaged in binding are colored in cyan and pink, respec-

tively. Side chains, solvent molecules and hydrogen atoms are omitted for clarity. d) Fragment of the helix–helix 

binding interface showing the C-terminal monomers in space-filling representation. Side chains and solvent mole-

cules are omitted. The acidic proton is not visible in the electron density map. The assignment of the carboxylic acid 

and carboxylate function is tentative, based on orientation. 

The 1H NMR spectrum of the aggregate of 1 was assigned using bidimensional NMR experiments 

(Supporting Information section 6.3.1). NOE correlations were for most compatible with intramo-

lecular contacts but at least two correlations could be explained only when the C-terminal cross-

section of two helices are stacked (Fig. 75a). In addition, analogous sequence 2, which has the same 

 

§ Solvent accessible surface of two monomers minus the solvent accessible surface of one dimer, as calculated in 
PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC. 
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side chains as 1 and a C-terminal Aib extension, does not aggregate and its signals are not upfield-

shifted, i.e. they appear in the same range as those of the monomer of 1. When mixed with 1, com-

pound 2 does not interfere with the aggregation of 1 and a DOSY spectrum shows that 2 is a smaller 

species despite having the additional Aib (Fig. 75b), thus hinting at a monomeric state. In contrast 

shorter sequence 4 does aggregate in a similar manner as 1 (Fig. 84). 

 

Fig. 75 a) Selected parts of the NOESY spectrum of 1. The intermolecular NOE correlations between 

Q11 H5/Q10 H5 and Q11 H5/Q10 H10 are highlighted in red. Structural models indicate the location of the pro-

tons involved in these correlations showing why these are likely to be intermolecular correlations and not intramo-

lecular contacts. b) Amide-region of the 1H NMR spectra of 1 (1 mM) in 27 mM sodium phosphate aqueous buffer 

pH 7.0, 2 (1 mM) and part of the DOSY spectrum of a mixture of 1 (1 mM) and 2 (1 mM) in 27 mM sodium phos-

phate aqueous buffer pH 7.0. Signals corresponding to compound 1 are highlighted in red. The two different levels 

of signals in the DOSY spectrum are indicated by dashed lines. c) 1H NMR titration data of compounds 1, 4, 6–8 
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in 27 mM sodium phosphate aqueous buffer pH 7.0. Relative integrals of selected signals are plotted against sample 

concentration. 

Altogether, these data clearly support the formation of discrete dimers of 1 in aqueous solution via 

head-to-head stacking of the C-terminal cross-section. That simple stacking and one carboxyl-car-

boxylate hydrogen bond give rise to slow exchange on the NMR timescale is quite remarkable. Dis-

crete aggregation mediated by aromatic stacking has been reported for some macrocycles[137] but it 

remains rare in aromatic systems which more frequently form polymeric aggregates. This discovery 

made us realize that several water-soluble aromatic helices that we have reported in the past pre-

sumably dimerize in the same way as they show the exact same stacking motif of the C-termini in 

the solid state.[64] This had however been overlooked. 

The relative position of the carboxylate and carboxylic acid in the solid-state results in dissymmetry 

within the dimer (Fig. 74d). In solution, NMR signals presumably reflect fast exchange between 

two degenerate dissymmetrical dimers upon proton exchange between the carboxylic acid and the 

carboxylate. The involvement of a carboxylic acid and a carboxylate was supported by different ob-

servations. Unlike sequence 4, amide terminated analogous sequence 5 does not aggregate. In ad-

dition, the dimerization of 1 is hampered at higher pH (Fig. 81). Dimerization at pH 7 in fact indi-

cates a significantly increased apparent pKa within the dimer. In the absence of external factors, 

the acid form is not expected at pH 7. These different effects explain why slightly different dissoci-

ation constants are calculated from the proportions of 1 and (1)2 measured at different concentra-

tions (Fig. 74a): the extent of protonation also slightly depends on concentration and this impacts 

dimerization. Nevertheless, an average Kd value of 30 ± 8 µmol can be extracted at neutral pH 

(27 mM phosphate buffer). 

Dimerization was also investigated in sequences 6–8 (Fig. 75c, Fig. 85–Fig. 87) and was found to 

vary by up to 20-fold from compound to compound. These results hint at possible intermolecular 

charge repulsions between side chain within the dimers and at possible effects of the electron rich-

ness of the quinoline rings at the helix-helix interface. For example, the difference between 6 and 

7 is a simple change of position of a sulfonate. Based on the crystal structure of (1)2, one can spec-

ulate about shorter intermolecular distances between anions in (6)2 than in (7)2 (Fig. 88). From 

these results, one can envisage to tailor attractive interactions as well, e.g. intermolecular salt 

bridges between side chains. 

In additional experiments, we explored the possibility to form heterodimers. We shall point again 

that each “homodimer” in fact consists of an acid and a carboxylate undergoing proton exchange. 

The “homodimer” is thus an average. Upon mixing (1)2 and (6)2 whose NMR signals differ due to 

the different lengths of 1 and 6, a new species formed whose NMR chemical shift values suggest an 

intermediate length (Fig. 89). This species could thus be reasonably assigned to heterodimer 1.6. 

Depending on the sequences involved, the proportions between homo and heterodimers were 

found to vary as a reflection of their respective stability. Quantitative heterodimerization was 

achieved by mixing 1 and 5. Sequence 5 cannot dimerize, but its primary amide can act as a 
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hydrogen bond donor. Conversely, at higher pH, 1 is exclusively monomeric because its C-terminus 

is entirely deprotonated. Upon mixing the two, a single new species formed that was assigned to 

heterodimer 1.5 (Fig. 76a). 

 

Fig. 76 a) Parts of the 1H NMR spectra of 1 (dimeric: 2 mM in 27 mM sodium phosphate aqueous buffer pH 7.0; 

monomeric: 0.1 mM in 12 mM ammonium acetate aqueous buffer pH 8.5), 5 (0.1 mM in 12 mM ammonium ace-

tate aqueous buffer pH 8.5) and a mixture of 1 and 5 (0.1 mM and 0.1 mM in 12 mM ammonium acetate aqueous 

buffer pH 8.5). b) Scheme of equilibria present in a mixture of compounds 1 and 3. C-termini are indicated by red 

and white spheres. Impossible aggregates are highlighted in red. c) Relative CD intensities of 1 mixed with 3 at 

different ratios (total c = 0.5 mM in water). 

Finally, we investigated stereochemical aspects of the dimerization. The crystal structure of (1)2 

(Fig. 74b) and the presence of a single dimer in the NMR spectra of achiral sequences 3, 6, and 7 

show that dimerization occurs between helices that have the same handedness and not between a 

P and an M helix. We reasoned that upon mixing an exclusively M dimer such as (1)2 from chiral 

sequence 1 with a racemic P/M mixture of dimers such as (3)2 from achiral sequence 3, heterodi-

mers 1.3 would form only with the M-helix of 3. Heterodimerization would thus bias the handed-

ness of 3 in favor of the M helix. Sequence 3 was therefore designed with additional flexibility (two 
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pairs of contiguous B units) to allow for its helix handedness reversal to take place.[41], ** Circular 

dichroism spectra of mixtures of 1 and 3 in different proportions were recorded and demonstrated 

a deviation from linearity that perfectly matches with the predicted contribution of heterodimer 

1.3, assuming all three dimers have the same stability (Fig. 76b, c, Fig. 90). 

In summary we have characterized a binding interface between the C-terminal cross section of ar-

omatic helices in water that is thermodynamically stable and undergoing slow exchange on the 

NMR timescale. Association is strictly dependent on the presence of a C-terminal main chain acid 

function and of helix handedness. In contrast, helix length likely has little influence. Association 

can be further tuned by charges borne by the helices and by pH. Selective heterodimerization can 

also be implemented. This interface may serve as a tool for the programmed assembly of various 

entities in water, including in combination with aromatic helix bundling, the initial and unmet ob-

jective of the work reported here, about which progress will be reported in due course. 
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** Handedness reversal of long helices can be kinetically blocked in water, unless some more flexible units are in-
troduced. 
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List of Abbreviations 

 

AcOH  acetic acid 

CD  circular dichroism 

CyHex  cyclohexane 

DCM  dichloromethane 

DIPEA N,N-diisopropylethylamine 

DMF  N,N-dimethylformamide 

DMSO  dimethyl sulfoxide 

EI  electron ionization 

ESI  electrospray ionization 

EtOAc  ethyl acetate 

Fmoc  fluorenylmethoxycarbonyl 

HMBC heteronuclear multiple bond correlation 

HMQC heteronuclear multiple quantum correlation 

HSQC  heteronuclear single quantum correlation 

HPLC  high performance liquid chromatography 

HRMS high resolution mass spectrometry 

MeOH  methanol 

MW  molecular weight 

NMR  nuclear magnetic resonance 

RP  reversed phase 

RT  room temperature 

SPFS  solid phase foldamer synthesis 

TEA  triethylamine 

THF  tetrahydrofuran 

TLC  thin layer chromatography 

TMSP  3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt 

UV/Vis ultraviolet-visible 
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6.1  Supplementary figures 

 

Fig. 77 Variable temperature 1H NMR of compound 1 (400 MHz, 0.35 mM in 12 mM ammonium acetate buffer 

pH 8.5). Coalescence is observed at 50 °C for the chiral methyl group of the BRme unit (orange box). 

 

 

Fig. 78 ESI-MS spectrum of compound 1 (direct infusion of an aqueous sample). Peaks originating from mono-

meric and dimeric species are highlighted in blue and orange, respectively. The [M-H]1- peak is superimposed by 

the [2M-2H]2- peak, while the mass envelope suggests a major population of the [2M-2H]2- species. 
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Fig. 79 Variable concentration 1H NMR spectra of compound 1 (500 MHz, 27 mM sodium phosphate buffer 

pH 7.0). Concentrations of 1 are shown next to the respective spectrum, buffer concentrations were kept constant. 

Integrals used for binding curve plotting are marked in orange. 

 

Fig. 80 Variable concentration 1H NMR spectra of compound 1 (500 MHz, 14 mM ammonium acetate buffer 

pH 5.0). Concentrations of 1 are shown next to the respective spectrum, buffer concentrations were kept constant. 

Integrals used for binding curve plotting are marked in orange. 
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Fig. 81 a) Variable concentration 1H NMR spectra of compound 1 (500 MHz, 12 mM ammonium acetate buffer 

pH 8.5). Concentrations of 1 are shown next to the respective spectrum, buffer concentrations were kept constant. 

Integrals used for binding curve plotting are marked in orange. Data (b) and plot (c) of the relative integrals of the 

aggregated compared to the monomeric species. d) Chemical structure of compound 1. 

 



6  Discrete dimerization of aromatic helices in water 

129 

 

Fig. 82 Variable concentration 1H NMR spectra of compound 2 (500 MHz, 12 mM ammonium acetate buffer 

pH 8.5). Concentrations of 2 are shown next to the respective spectrum, buffer concentrations were kept constant. 

 

 

Fig. 83 Variable concentration 1H NMR spectra of compound 5 (500 MHz, 12 mM ammonium acetate buffer 

pH 8.5). Concentrations of 5 are shown next to the respective spectrum, buffer concentrations were kept constant. 
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Fig. 84 a) Variable concentration 1H NMR spectra of compound 4 (500 MHz, 27 mM sodium phosphate buffer 

pH 7.0). Concentrations of 4 are shown next to the respective spectrum, buffer concentrations were kept constant. 

Integrals used for binding curve plotting are marked in orange. Data (b) and plot (c) of the relative integrals of the 

aggregated compared to the monomeric species. d) Chemical structure of compound 4. 
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Fig. 85 a) Variable concentration 1H NMR spectra of compound 6 (500 MHz, 27 mM sodium phosphate buffer 

pH 7.0). Concentrations of P-6/M-6 (total concentration has been divided by two, since only homomeric dimeriza-

tion is possible) are shown next to the respective spectrum, buffer concentrations were kept constant. Integrals used 

for binding curve plotting are marked in orange. Data (b) and plot (c) of the relative integrals of the aggregated 

compared to the monomeric species. d) Chemical structure of compound 6. 
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Fig. 86 a) Variable concentration 1H NMR spectra of compound 7 (500 MHz, 27 mM sodium phosphate buffer 

pH 7.0). Concentrations of P-7/M-7 (total concentration has been divided by two, since only homomeric dimeriza-

tion is possible) are shown next to the respective spectrum, buffer concentrations were kept constant. Integrals used 

for binding curve plotting are marked in orange. Data (b) and plot (c) of the relative integrals of the aggregated 

compared to the monomeric species. d) Chemical structure of compound 7. 
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Fig. 87 a) Variable concentration 1H NMR spectra of compound 8 (500 MHz, 27 mM sodium phosphate buffer 

pH 7.0). Concentrations of 8 are shown next to the respective spectrum, buffer concentrations were kept constant. 

Integrals used for binding curve plotting are marked in orange. Data (b) and plot (c) of the relative integrals of the 

aggregated compared to the monomeric species. d) Chemical structure of compound 8. 
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Fig. 88 Models of compounds 6 (a) and 7 (b) (Maestro, Method: TNCG, Forcefield: OPLS3, Solvent: water). Hy-

drogen atoms and side chains are omitted for clarity. The sulfur atoms of the QSul units are shown as yellow balls. 

Intermolecular distances between sulfur atoms (except between the C-terminal QSul units) is depicted in Angstrom 

(Å). Compound 6 shows shorter distances (>10 Å) compared to 7. 

 

Fig. 89 Variable concentration 1H NMR spectra of mixtures of compound 1 and 6 (500 MHz, 27 mM sodium phos-

phate buffer pH 7.0). Concentrations of 1 and 6 are shown next to the respective spectrum, buffer concentrations 
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were kept constant. a) Full spectra without coloration. b) Zoom on the amide region of the spectra. Signals corre-

sponding to different compounds and/or aggregates are highlighted in different colors. 

 

 

Fig. 90 a) CD spectra of mixtures of compounds 1 and 3 at total concentrations of 0.5 mM in H2O. b) Observed 

(obs.) relative CD at the maxima of these mixtures plotted with the expected (exp.) values for stochastic heterodimer 

formation (orange) and no interaction (grey line). c) Table showing the ratios of stochastic dimer formation and the 

expected relative CD at different mixing ratios of compounds 1 and 3. 
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6.2  Materials and Methods 

 

 

Fig. 91 Fmoc-acid and other building blocks used in this study. Fmoc-QSul-OH,[64] Fmoc-QAsp-OH,[26a] Fmoc-QAla-

OH,[96] Fmoc-BGly-OH[93] and Fmoc-BRme-OH[93] have been described previously. Fmoc-QSem-OH will be described 

elsewhere. For a detailed procedure to Fmoc-BOrn(Boc)-OH (13), see section 6.2.3. 

 

6.2.1  General 

Commercial reagents (Suppliers: Abcr, Fisher Scientific, Merck, Sigma-Aldrich, TCI or VWR) were 

used without further purification unless otherwise stated. Cl-MPA ProTideTM resin LL and Rink 

Amide MBHA resin were purchased from CEM. Peptide grade N,N-dimethylformamide (DMF) was 

purchased from Carlo Erba. Anhydrous chloroform, triethylamine (TEA) and N,N-diisopro-

pylethylamine (DIPEA) were obtained via distillation over CaH2 prior to use. Anhydrous tetrahy-

drofuran (THF) and dichloromethane (DCM) were obtained via an MBRAUN SPS-800 solvent pu-

rification system. Ultrapure water was obtained via a Sartorius arium® pro VF ultrapure water 

system. Reactions were monitored by thin layer chromatography (TLC) on Merck silica gel 60-F254 

plates and observed under UV light. Column chromatography purifications were carried out on 

Merck GEDURAN Si60 (40–63 μm). Nuclear magnetic resonance (NMR) spectra were recorded on 

an Avance III HD 400 MHz Bruker BioSpin spectrometer or an Avance III HD 500 MHz Bruker 

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

Measurements were performed at 25 °C unless stated otherwise. In case of aqueous buffers and 

pure water solutions, mixtures of H2O/D2O 9/1 (v/v) were used, and water suppression was per-

formed with excitation sculpting unless stated otherwise. Processing was done with MestReNova 

(v.12.0.0-20080) NMR processing software from Mestrelab Research. Chemical shifts are reported 

in ppm and calibrated via residual solvent signals or 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid so-

dium salt (TMSP) when water suppression was applied.[97] Signal multiplicities are abbreviated as 

s, singlet; d, doublet; t, triplet; q, quartet, and m, multiplet. Signals were assigned using 1H-
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13C HMQC, 1H-13C HSQC and 1H-13C HMBC spectra using standard pulse sequences from the 

Bruker pulse program library applying standard processing parameters. Electrospray ionization 

(ESI) mass spectra were recorded on Bruker microTOF II and Thermo Finnigan LTQ FT Ultra spec-

trometers. Electron ionization (EI) mass spectra were recorded on a Thermo Q Exactive GC Or-

bitrap or a Finnigan MAT 95 sector mass spectrometer. Analytical and semi-preparative reversed 

phase (RP) high performance liquid chromatography (HPLC) was performed on a Thermo Fisher 

Scientific Ultimate 3000 HPLC System using Macherey-Nagel Nucleodur C18 Gravity columns 

(4 × 100 mm, 5 μm and 10 × 250 mm, 5 μm) and Macherey-Nagel Nucleodur C8 Gravity columns 

(4 × 50 mm, 5 μm and 10 × 100 mm, 5 μm). UV absorbance was monitored at 300 nm if not stated 

otherwise. Simple ultraviolet–visible (UV/Vis) absorbance measurements were done with a 

Thermo Fisher Scientific Nanodrop One instrument using a 1 cm quartz cuvette. Circular dichro-

ism (CD) spectra were measured on a Jasco J-810 spectrometer. Measurements were performed at 

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

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

the reactor vessel was monitored with an optical fiber probe. Automated SPFS was done via a Gyros 

Protein Technologies PurePep Chorus synthesizer with induction heating. 

 

6.2.2  Solid phase synthesis procedures 

Oligomers were synthesized according to previously reported SPFS protocols,[26] hereafter referred 

to as standard method. Fmoc acid building blocks were activated in situ by generating the respective 

acid chlorides prior to coupling. 

General acylation method: In the microwave vessel: after the resin (1.0 equiv.) was washed 

with anhydrous THF (4×), DIPEA (10.0 equiv.) and acyl chloride (5.0 equiv.) in anhydrous THF 

(1 mL per 100 mg resin; not less than 2 mL) were added and the suspension was heated to 50 °C 

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

anhydrous THF (3×) and the coupling step was repeated once. Then, the resin was washed again 

with anhydrous THF (1×) and DMF (5×), and kept suspended in DMF (if stored longer than 24 h, 

it was kept at 4 °C). 

 

Compound 1: Oligomer 1 was synthesized on ProTideTM resin (0.16 mmol g−1, 45 μmol scale) 

according to the standard method (manually). Loading of the first monomer: 0.11 mmol g−1 (71%). 
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The final Tail group was installed via the standard method (using Tail-OH). After purification by 

semi-prep HPLC (C18, 0–25B, 50 °C; A: 13 mmol ammonium acetate buffer pH 8.5, B: acetoni-

trile), the title compound was obtained as a yellow solid (33.0 mg, 12.6 μmol, 28%; HPLC-purity: 

98%). 1H NMR (500 MHz, 1 mM in 27 mM sodium phosphate buffer pH 7.0): δ = 11.04 (s, 3H), 

10.88 (s, 1H), 10.69 (s, 1H), 9.90 (s, 1H), 9.70 (s, 1H), 9.30 (s, 1H), 8.69 (s, 1H), 8.60 (s, 1H), 8.27 

(d, J = 9.5 Hz, 2H), 8.14 (d, J = 8.6 Hz, 1H), 8.04 (s, 1H), 7.96 (d, J = 9.3 Hz, 1H), 7.94–7.82 (m, 

2H), 7.80–7.72 (m, 1H), 7.72–7.63 (m, 2H), 7.61 (d, J = 8.8 Hz, 1H), 7.49 (d, J = 9.2 Hz, 1H), 

7.47–7.39 (m, 1H), 7.39–7.30 (m, 2H), 7.30–7.22 (m, 1H), 7.13 (s, 2H), 7.05 (s, 1H), 7.00 (s, 1H), 

6.92–6.76 (m, 5H), 6.72 (s, 1H), 6.45 (d, J = 8.3 Hz, 1H), 6.28 (d, J = 9.6 Hz, 1H), 6.21 (s, 1H), 

6.17 (s, 1H), 5.99 (s, 1H), 5.94 (s, 1H), 5.79–5.67 (m, 1H), 5.61 (s, 1H), 5.53 (s, 1H), 4.18 (s, 2H), 

4.05 (s, 2H), 3.38 (d, J = 12.6 Hz, 1H), 3.29 (s, 4H), 2.98 (t, J = 8.6 Hz, 2H), 2.94–2.80 (m, 1H), 

2.68 (s, 1H), 2.54 (s, 5H), 2.50–2.43 (m, 1H), 2.43–2.33 (m, 2H), 2.18 (s, 4H), 1.90–1.82 (m, 1H), 

1.82–1.72 (m, 1H), 1.65–1.49 (m, 2H), 1.37–1.24 (m, 1H), -0.71 (d, J = 7.4 Hz, 3H). HRMS 

(ESI−) m/z calcd. for C124H108N21O34S3Se: 2610.5700 (M-H)−; found: 2610.5909. 

 

Compound 2: Oligomer 2 was synthesized on ProTideTM resin (0.16 mmol g−1, 20 μmol scale) 

according to the standard method (manually). Loading of the first monomer: 0.16 mmol g−1 

(quant.). The final Camph group was installed via the general acylation method. After purification 

by semi-prep HPLC (C18, 0–30B, 50 °C; A: 13 mmol ammonium acetate buffer pH 8.5, B: acetoni-

trile), the title compound was obtained as a yellow solid (18.0 mg, 6.67 μmol, 33%; HPLC-purity: 

90%). 1H NMR (500 MHz, 1 mM in H2O/D2O 9:1): δ = 11.84 (s, 1H), 11.60 (s, 1H), 11.13 (s, 1H), 

11.06 (s, 1H), 10.87 (s, 1H), 9.81 (s, 1H), 9.70 (s, 1H), 9.22 (s, 1H), 9.19 (s, 1H), 8.57 (s, 1H), 8.42 

(d, J = 8.3 Hz, 1H), 8.33 (d, J = 8.3 Hz, 1H), 8.27 (d, J = 9.5 Hz, 2H), 8.23 (d, J = 8.5 Hz, 1H), 8.13 

(s, 1H), 8.09 (d, J = 8.1 Hz, 1H), 8.04 (d, J = 9.0 Hz, 1H), 8.03–7.99 (m, 2H), 7.97–7.90 (m, 2H), 

7.81 (d, J = 8.4 Hz, 1H), 7.77 (d, J = 9.3 Hz, 1H), 7.71–7.64 (m, 1H), 7.62 (d, J = 8.4 Hz, 1H), 

7.60–7.46 (m, 5H), 7.44–7.37 (m, 2H), 7.35 (d, J = 8.5 Hz, 1H), 7.33–7.26 (m, 3H), 7.13 (d, J = 

8.5 Hz, 1H), 7.11–7.05 (m, 1H), 7.04–7.00 (m, 2H), 6.99–6.94 (m, 2H), 6.93 (s, 1H), 6.82–6.68 

(m, 8H), 6.66 (s, 2H), 6.34 (s, 1H), 6.32 (s, 2H), 6.30 (s, 1H), 6.23 (d, J = 9.3 Hz, 1H), 6.19 (d, J = 

9.1 Hz, 1H), 4.00 (s, 3H), 3.96 (s, 3H), 3.94 (s, 3H), 3.54 (d, J = 15.6 Hz, 1H), 3.47 (d, J = 15.2 Hz, 

1H), 3.23 (d, J = 16.0 Hz, 2H), 3.18 (t, J = 8.3 Hz, 3H), 3.00 (t, J = 8.4 Hz, 3H), 2.65–2.44 (m, 5H), 

2.37 (s, 3H), 2.03–1.72 (m, 5H), 1.54 (dd, J = 19.0, 15.1 Hz, 3H), 1.37 (d, J = 15.0 Hz, 1H), 1.01 

(s, 5H), 0.91 (s, 3H), 0.46 (s, 3H), 0.44 (s, 3H), -0.09 (s, 3H). HRMS (ESI−) m/z calcd. for 

C130H113N22O34S3Se: 2701.6122 (M-H)−; found: 2701.7377. 
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Compound 3: Oligomer 3 was synthesized on ProTideTM resin (0.23 mmol g−1, 23 μmol scale) 

according to the standard method (manually). Loading of the first monomer: 0.23 mmol g−1 (98%). 

The final Tail group was installed via the standard method (using Tail-OH). After purification by 

semi-prep HPLC (C18, 0–20B, 25 °C; A: 13 mM ammonium acetate buffer pH 8.5, B: acetonitrile), 

the title compound was obtained as a yellow solid (10.4 mg, 4.11 μmol, 18%; HPLC-purity: >99%). 

1H NMR (500 MHz, 0.5 mM in H2O/D2O 9:1): δ = 11.32 (s, 1H), 10.93 (s, 1H), 10.83 (s, 1H), 9.90 

(s, 1H), 9.41 (s, 1H), 9.22 (s, 1H), 8.90 (s, 1H), 8.80 (s, 1H), 8.22 (d, J = 8.8 Hz, 1H), 8.16 (d, J = 

7.9 Hz, 1H), 8.09 (d, J = 8.0 Hz, 1H), 8.07–8.01 (m, 2H), 7.97 (s, 1H), 7.83 (s, 1H), 7.81 (s, 2H), 

7.73 (d, J = 9.1 Hz, 1H), 7.70 (s, 1H), 7.69 (s, 1H), 7.66–7.51 (m, 4H), 7.47 (t, J = 8.3 Hz, 1H), 

7.36 (s, 1H), 7.31 (s, 1H), 7.25–7.15 (m, 3H), 7.14–6.97 (m, 5H), 6.92 (s, 1H), 6.84 (t, J = 7.8 Hz, 

1H), 6.77 (t, J = 7.9 Hz, 1H), 6.70 (d, J = 8.3 Hz, 1H), 6.67 (d, J = 3.5 Hz, 1H), 6.61 (d, J = 7.7 Hz, 

1H), 6.57–6.50 (m, 1H), 6.48 (d, J = 7.7 Hz, 1H), 6.42 (s, 1H), 6.35 (s, 1H), 6.19 (s, 1H), 6.08 (s, 

1H), 6.04 (d, J = 8.9 Hz, 1H), 6.00 (d, J = 8.8 Hz, 1H), 5.95 (d, J = 8.6 Hz, 1H), 5.77 (d, J = 6.8 Hz, 

1H), 3.79 (s, 3H), 3.45 (s, 3H), 3.36 (d, J = 13.9 Hz, 1H), 3.23 (d, J = 14.4 Hz, 1H), 3.10–2.83 (m, 

8H), 2.67–2.60 (m, 2H), 2.58 (s, 3H), 2.57–2.42 (m, 6H), 2.32–2.19 (m, 3H), 2.06 (s, 2H), 1.80 

(qt, J = 14.4, 7.5 Hz, 1H), 1.64 (t, J = 10.3 Hz, 1H), 1.43 (d, J = 14.6 Hz, 1H), 1.36–1.21 (m, 1H), 

0.97–0.85 (m, 2H). HRMS (ESI−) m/z calcd. for C121H105N20O37S3: 2525.6117 (M-H)−; found: 

2525.5560. 

 

Compound 4: Oligomer 4 was synthesized on ProTideTM resin (0.15 mmol g−1, 25 μmol scale) 

according to the standard method (automated). Loading of the first monomer: 0.13 mmol g−1 

(88%). The final Tail group was installed via the standard method (using Tail-OH). After purifica-

tion by semi-prep HPLC (C18, 0–30B, 50 °C; A: 13 mM ammonium acetate buffer pH 8.5, B: ace-

tonitrile), the title compound was obtained as a yellow solid (1.24 mg, 0.859 μmol, 14%; HPLC-

purity: >99%). 1H NMR (500 MHz, 1 mM in 27 mmol sodium phosphate buffer pH 7.0): δ = 11.39 

(s, 2H), 9.79 (s, 1H), 9.43 (s, 1H), 9.35 (s, 1H), 8.22 (d, J = 10.3 Hz, 1H), 8.17 (s, 1H), 8.12–8.00 
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(m, 1H), 7.93 (d, J = 9.1 Hz, 1H), 7.82 (d, J = 6.0 Hz, 4H), 7.68–7.52 (m, 3H), 7.36–7.21 (m, 2H), 

7.21–7.03 (m, 3H), 6.98–6.88 (m, 1H), 6.86 (s, 1H), 6.84–6.73 (m, 1H), 6.57 (d, J = 7.3 Hz, 1H), 

6.49 (t, J = 8.3 Hz, 2H), 6.44 (d, J = 8.6 Hz, 1H), 6.36 (s, 1H), 5.79 (d, J = 10.3 Hz, 1H), 4.22 (s, 

2H), 3.57 (s, 4H), 3.54–3.45 (m, 1H), 3.45–3.31 (m, 1H), 3.27–3.12 (m, 3H), 3.07 (s, 3H), 2.89 (d, 

J = 13.7 Hz, 3H), 2.74 (s, 4H), 2.68 (s, 5H), 2.63–2.51 (m, 4H), 2.40–2.14 (m, 4H), 1.99 (s, 4H), 

1.79–1.56 (m, 3H), 1.42 (d, J = 17.2 Hz, 1H), 1.36–1.20 (m, 5H). HRMS (ESI−) m/z calcd. for 

C69H64N11O21S2: 1446.3725 (M-H)−; found: 1446.4677. 

 

Compound 5: Oligomer 5 was synthesized on Rink Amide MBHA resin (0.33 mmol g−1, 25 μmol 

scale) according to the standard method (automated). Loading of the first monomer: 0.33 mmol g−1 

(quant.). The final Tail group was installed via the standard method (using Tail-OH). After purifi-

cation by semi-prep HPLC (C18, 0–40B, 50 °C; A: 13 mmol ammonium acetate buffer pH 8.5, B: 

acetonitrile), the title compound was obtained as a yellow solid (18.5 mg, 12.8 μmol, 51%; HPLC-

purity: 96%). 1H NMR (500 MHz, 1 mM in 12 mM ammonium acetate buffer pH 8.5): δ = 11.40 

(s, 1H), 10.71 (s, 1H), 9.79 (s, 1H), 9.44 (s, 1H), 9.28 (s, 1H), 8.40 (d, J = 8.6 Hz, 1H), 8.22 (d, J = 

9.2 Hz, 1H), 8.18 (d, J = 9.5 Hz, 1H), 8.14 (d, J = 15.4 Hz, 3H), 8.04 (d, J = 8.4 Hz, 1H), 7.66 (d, J 

= 8.9 Hz, 1H), 7.64–7.60 (m, 2H), 7.58 (d, J = 8.6 Hz, 1H), 7.25 (d, J = 9.1 Hz, 1H), 7.19 (t, J = 

8.5 Hz, 1H), 7.15–7.06 (m, 4H), 6.95 (d, J = 8.2 Hz, 1H), 6.93–6.84 (m, 3H), 6.76 (s, 1H), 6.69 (d, 

J = 9.0 Hz, 1H), 6.55 (t, J = 8.5 Hz, 1H), 6.46 (d, J = 9.6 Hz, 1H), 6.16 (s, 1H), 5.88 (d, J = 9.3 Hz, 

1H), 3.51 (d, J = 15.5 Hz, 1H), 3.47–3.34 (m, 6H), 3.28–3.16 (m, 3H), 3.15–3.05 (m, 3H), 2.87 (t, 

J = 8.6 Hz, 2H), 2.79 (dt, J = 13.0, 4.8 Hz, 1H), 2.71 (s, 3H), 2.66–2.54 (m, 3H), 2.32–2.13 (m, 

3H), 1.74–1.53 (m, 2H), 1.40 (d, J = 15.9 Hz, 1H), 1.33 (d, J = 6.7 Hz, 4H), 1.27 (t, J = 7.9 Hz, 

1H). HRMS (ESI−) m/z calcd. for C69H65N12O20S2: 1445.3885 (M-H)−; found: 1445.3797. 

 

Compound 6: Oligomer 6 was synthesized on ProTideTM resin (0.15 mmol g−1, 25 μmol scale) 

according to the standard method (manually). Loading of the first monomer: 0.13 mmol g−1 (88%). 

The final Tail group was installed via the standard method (using Tail-OH). After purification by 

semi-prep HPLC (C18, 0–50B, 50 °C; A: 13 mmol ammonium acetate buffer pH 8.5, B: 
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acetonitrile), the title compound was obtained as a yellow solid (11.3 mg, 8.82 μmol, 35%; HPLC-

purity: 98%). 1H NMR (500 MHz, 1 mM in 12 mM ammonium acetate buffer pH 8.5): δ = 12.05 

(s, 1H), 11.92 (s, 1H), 11.86 (s, 1H), 11.65 (s, 1H), 9.94 (s, 1H), 8.61 (d, J = 9.3 Hz, 1H), 8.53–

8.30 (m, 4H), 8.14 (d, J = 10.2 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H), 8.01 (d, J = 9.0 Hz, 1H), 7.98–

7.78 (m, 2H), 7.73 (d, J = 6.2 Hz, 1H), 7.67–7.57 (m, 2H), 7.52 (d, J = 8.5 Hz, 2H), 7.44 (t, J = 

9.4 Hz, 1H), 6.93 (s, 1H), 6.84 (s, 1H), 4.15 (s, 2H), 4.12 (s, 2H), 3.59–3.34 (m, 3H), 3.10–2.97 

(m, 1H), 2.94–2.83 (m, 1H), 2.74 (s, 4H), 2.67 (s, 3H), 2.57 (d, J = 14.7 Hz, 1H), 2.53–2.33 (m, 

2H). HRMS (ESI−) m/z calcd. for C60H49N10O19S2: 1277.2622 (M-H)−; found: 1277.3584. 

 

Compound 7: Oligomer 7 was synthesized on ProTideTM resin (0.15 mmol g−1, 25 μmol scale) 

according to the standard method (automated). Loading of the first monomer: 0.11 mmol g−1 

(74%). The final Tail group was installed via the standard method (using Tail-OH). After purifica-

tion by semi-prep HPLC (C18, 0–50B, 50 °C; A: 13 mmol ammonium acetate buffer pH 8.5, B: 

acetonitrile), the title compound was obtained as a yellow solid (13.2 mg, 10.3 μmol, 41%; HPLC-

purity: 96%). 1H NMR (500 MHz, 5 mM in 27 mM sodium phosphate buffer pH 7.0): δ = 11.04 (s, 

1H), 10.95 (s, 1H), 10.93 (s, 1H), 10.90 (s, 1H), 9.23 (s, 1H), 8.18 (d, J = 10.0 Hz, 1H), 8.01 (s, 

1H), 7.89 (d, J = 10.1 Hz, 1H), 7.71 (d, J = 8.8 Hz, 1H), 7.59–7.46 (m, 3H), 7.46–7.37 (m, 2H), 

7.35 (d, J = 8.6 Hz, 1H), 7.23 (d, J = 7.4 Hz, 1H), 7.19 (d, J = 7.7 Hz, 1H), 7.16–7.03 (m, 2H), 6.95 

(t, J = 8.5 Hz, 1H), 6.77 (s, 1H), 6.73 (s, 1H), 6.34 (s, 1H), 6.13 (s, 1H), 4.01 (s, 3H), 3.90 (s, 4H), 

3.62 (s, 3H), 3.22–3.04 (m, 3H), 2.75–2.60 (m, 4H), 2.60–2.40 (m, 7H), 2.30–2.20 (m, 1H), 2.15–

2.04 (m, 2H), 1.41 (t, J = 11.7 Hz, 1H). HRMS (ESI−) m/z calcd. for C60H49N10O19S2: 1277.2622 

(M-H)−; found: 1277.2303. 

 

Compound 8: The synthesis of this oligomer has already been published previously.[93] 
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6.2.3  Monomer synthesis procedures 

 

Compound 9: 4-Bromo-2-nitrophenol (10.0 g, 45.9 mmol, 1.0 equiv.), methyl bromoacetate 

(4.78 ml, 50.5 mmol, 1.1 equiv.) and K2CO3 (6.97 g, 50.5 mmol, 1.1 equiv.) were suspended in an-

hydrous acetone (180 ml). The reaction mixture was refluxed (bath temp.: 75 °C) for 2 h, filtered 

and solvents were evaporated in vacuo. Then, the residue was diluted with H2O, extracted with 

DCM (2×) and the combined organic phases were dried over MgSO4. After removing the solvents 

in vacuo, the title compound (13.7 g, 45.9 mmol, quant.) was obtained as a light-yellow solid. 

(C9H8BrNO5, MW = 290.07 g mol−1). Rf (CyHex/EtOAc 9:1) = 0.11. 1H NMR (500 MHz, CDCl3): 

δ = 7.99 (d, J = 2.46 Hz, 1H, C3-H), 7.62 (dd, J = 8.94 Hz, 2.47 Hz, 1H, C5-H), 6.89 (d, J = 8.93 Hz, 

1H, C6-H), 4.77 (s, 2H, C7-H), 3.80 (s, 3H, C9-H). 13C NMR (126 MHz, CDCl3): δ = 168.0 (C8), 

150.5 (C1), 140.9 (C2), 136.9 (C5), 128.7 (C3), 117.0 (C6), 113.7 (C4), 66.7 (C7), 52.7 (C9). HRMS 

(ESI+) m/z calcd. for C9H9BrNO5: 289.9659 (M+H)+; Found: 289.9666. 

 

Compound 10: Compound 9 (5.73 g, 19.8 mmol, 1.0 equiv.), N-Boc-propargylamine (4.60 g, 

29.6 mmol, 1.5 equiv.) and TEA (6.89 ml, 49.4 mmol, 2.5 equiv.) were dissolved in anhydrous THF 

(80 ml). The solution was degassed by freeze pump cycles (3×) and put under Ar atmosphere. Then, 

CuI (188 mg, 988 µmol, 5 mol%) and Pd(PPh3)4 (1.14 g, 988 µmol, 5 mol%) were added and the 

reaction mixture was stirred at 60 °C for 18 h. After diluting with H2O, the mixture was extracted 

with DCM (3×), dried over MgSO4 and solvents were removed in vacuo. The residue was triturated 

in Et2O/CyHex 9:1, filtered and washed with CyHex. Finally, the precipitate was purified further 

by column chromatography (SiO2, CyHex/EtOAc 8:2 → 6:4) yielding the title compound as a white 

solid (4.86 g, 13.3 mmol, 68%). (C17H20N2O7, MW = 364.35 g mol−1). Rf (CyHex/EtOAc 6:4) = 0.39. 

1H NMR (500 MHz, CDCl3): δ = 7.91 (d, J = 2.08 Hz, 1H, C3-H), 7.53 (dd, J = 8.70 Hz, 2.12 Hz, 

1H, C5-H), 6.90 (d, J = 8.69 Hz, 1H, C6-H), 4.79 (s, 2H, C7-H), 4.76 (s, 1H, N13-H), 4.14 (d, J = 

5.69 Hz, 2H, C12-H), 3.81 (s, 3H, C9-H), 1.47 (s, 9H, C16-H, C17-H, C18-H). 13C NMR (126 MHz, 

CDCl3): δ = 168.0 (C8), 155.4 (C14), 151.0 (C1), 140.2 (C2), 137.1 (C5), 129.2 (C3), 117.0 (C4), 

115.1 (C6), 87.1 (C11), 80.4 (C10, C15), 66.5 (C7), 52.8 (C9), 31.2 (C13), 28.5 (C16, C17, C18). 

HRMS (ESI+) m/z calcd. for C17H20N2O7Na: 387.1163 (M+Na)+; Found: 387.1163. 
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Compound 11: Compound 10 (2.45 g, 6.72 mmol, 1.0 equiv.) was dissolved in THF (100 ml). 

After the addition of LiOH (193 mg, 8.07 mmol, 1.2 equiv.) in H2O (25 ml), the solution was stirred 

at RT for 30 min. Then, the mixture was acidified using citric acid (aq.) (1 M). The resulting solution 

was extracted with DCM (3×) and dried over MgSO4. After removing the solvents in vacuo, the title 

compound was obtained as a white solid (2.36 g, 6.72 mmol, quant.). (C16H18N2O7, MW = 

350.33 g mol−1). 1H NMR (500 MHz, DMSO-d6): δ = 13.32 (s, 1H, O9-H), 7.90 (d, J = 2.15 Hz, 

1H, C3-H), 7.63 (dd, J = 8.82 Hz, 2.20 Hz, 1H, C5-H), 7.36 (t, J = 5.74 Hz, 1H, N13-H), 7.24 (d, J 

= 8.81 Hz, 1H, C6-H), 4.92 (s, 2H, C7-H), 3.97 (d, J = 5.71 Hz, 2H, C12-H), 1.40 (s, 9H, C16-H, 

C17-H, C18-H). 13C NMR (126 MHz, DMSO-d6): δ = 169.1 (C8), 155.3 (C14), 150.3 (C1), 139.5 

(C2), 136.6 (C5), 127.5 (C3), 115.7 (C6), 114.9 (C4), 88.1 (C11), 79.1 (C10), 78.3 (C15), 65.5 (C7), 

30.1 (C12), 28.2 (C16, C17, C18). HRMS (ESI−) m/z calcd. for C16H17N2O7: 349.1041 (M-H)−; 

Found: 349.1040. 

 

Compound 12: Compound 11 (2.36 g, 6.74 mmol, 1.0 equiv.) and Na2CO3 (713 mg, 6.74 mmol, 

1.0 equiv.) were suspended in MeOH (250 ml). After the solution was quickly degassed by vacuum–

N2 cycles (3×), Pd/C (236 mg, 10 wt. % loading) was added and the N2 atmosphere was replaced by 

H2. The reaction mixture was stirred at RT for 17 h, filtered over Celite© and washed with MeOH. 

Solvents were evaporated in vacuo yielding the title compound as a light-yellow solid (2.33 g, 

6.74 mmol, 1.0 equiv.). (C16H23N2O5Na, MW = 346.36 g mol−1). 1H NMR (500 MHz, DMSO-d6): 

δ = 6.80 (t, J = 5.73 Hz, 1H, N14-H), 6.53 (d, J = 8.04 Hz, 1H, C6-H), 6.40 (d, J = 2.09 Hz, 1H, C3-

H), 6.23 (dd, J = 8.10 Hz, 2.13 Hz, 1H, C5-H), 4.90 (s, 2H, N10-H), 3.98 (s, 2H, C7-H), 2.89 (q, J 

= 6.67 Hz, 2H, C13-H), 2.33 (t, J = 7.72 Hz, 2H, C11-H), 1.57 (p, J = 7.38 Hz, 2H, C12-H), 1.37 (s, 

9H, C17-H, C18-H, C19-H). 13C NMR (126 MHz, DMSO-d6): δ = 171.4 (C8), 155.6 (C15), 145.4 

(C1), 139.0 (C2), 134.1 (C4), 115.7 (C5), 114.5 (C6), 114.1 (C3), 77.3 (C16), 70.8 (C7), 39.5 (C13), 

32.2 (C11), 31.6 (C12), 28.3 (C17, C18, C19). HRMS (ESI−) m/z calcd. for C16H22N2O5: 323.1612 

(M-H)−; Found: 323.1610. 



6  Discrete dimerization of aromatic helices in water 

144 

 

Compound 13: Compound 12 (2.33 g, 6.74 mmol, 1.0 equiv.) and NaHCO3 (2.83 g, 33.7 mmol, 

5.0 equiv.) were dissolved in H2O (150 ml). Then, Fmoc-Cl (2.27 g, 8.76 mmol, 1.3 equiv.) in 1,4-

dioxane (150 ml) were added at 0 °C over 1 h. The reaction mixture was stirred at 0 °C for 1 h and 

then at RT for 18 h. After the mixture was acidified using citric acid (aq.) (1 M), it was extracted with 

DCM (3×), dried over MgSO4 and solvents were removed in vacuo. The residue was purified by 

column chromatography (SiO2, CyHex/EtOAc 1:1 + 1% DIPEA → CyHex/EtOAc 1:1 → 

CyHex/EtOAc 1:1 + 1% AcOH → EtOAc + 1% AcOH) to yield the title compound as a white solid 

(3.51 g, 6.42 mmol, 95%). (C31H34N2O7, MW = 546.62 g mol−1). Rf (EtOAc/MeOH 98:2 + 1% 

AcOH) = 0.36. 1H NMR (500 MHz, DMSO-d6): δ = 13.08 (s, 1H, O9-H), 8.65 (s, 1H, N19-H), 7.91 

(dt, J = 7.57, 0.97 Hz, 2H, C25-H, C27-H), 7.74 (d, J = 7.44 Hz, 2H, C23-H, C30-H), 7.52 (s, 1H, 

C3-H), 7.43 (td, J = 7.46, 1.14 Hz, 2H, C25-H, C28-H), 7.34 (td, J = 7.49, 1.18 Hz, 2H, C24-H, 

C29-H), 6.89 (d, J = 8.39 Hz, 1H, C6-H), 6.87–6.82 (m, 2H, C5-H, N13-H), 4.69 (s, 2H, C7-H), 

4.41 (d, J = 7.11 Hz, 2H, C21-H), 4.31 (t, J = 7.06 Hz, 1H, C22-H), 2.92 (q, J = 6.65 Hz, 2H, C12-

H), 2.48–2.41 (m, 2H, C10-H), 1.61 (quint., J = 7.30 Hz, 2H, C11-H), 1.37 (s, 9H, C16-H, C17-H, 

C18-H). 13C NMR (126 MHz, DMSO-d6): δ = 170.7 (C8), 155.6 (C14), 153.5 (C20), 146.7 (C1), 

143.8 (C22a, C30a), 140.7 (C26a, C26b), 135.0 (C4), 127.7 (C25, C28), 127.5 (C2), 127.1 (C24, 

C29), 125.3 (C23, C30), 123.7 (C5), 120.2 (C26, C27), 113.6 (C6), 77.4 (C15), 66.4 (C7), 66.1 (C21), 

46.6 (C22), 39.4 (C12), 32.0 (C10), 31.5 (C11), 28.3 (C16, C17, C18). HRMS (ESI−) m/z calcd. for 

C31H33N2O7: 545.2293 (M-H)−; Found: 545.2289. 
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6.3  Advanced NMR measurements 

6.3.1  Assignment of oligomer 1 

 

The 2D NOESY spectrum was recorded on a Avance III HD 500 MHz Bruker BioSpin spectrometer 

equipped with a broad band observe 5-mm BB-H&FD CryProbeTM Prodigy with a phase-sensitive 

pulse sequence with water suppression employing an excitation sculpting element from the Bruker 

pulse program library (noesyesfpgpphrs). Data acquisition was performed with 1K (F2) x 512 (F1) 

data points and a mixing time of 0.5 s. The recycling delay was 1.5 s and 16 transients per increment 

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

0.1204 s. The special acquisition parameters regarding the water suppression element of the pulse 

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

iment. A 90° shifted sine-square multiplication, an exponential window of 1.0 Hz as well as a gauss-

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

 

 

Fig. 92 a) Numbering of the units of compound 1 used in NMR assignment. b) Representative numbering of the 

carbon atoms in Q- and B-units. 
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Table 5 Assignment of the 1H chemical shifts of compound 1 in 27 mM sodium phosphate buffer pH 7.0 

H2O/D2O 9:1 at 25 °C (500 MHz). 

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

Q1 (Sul) 

H3 8.05 

B7 (Rme) 

H3 6.46 

H5 8.29 H4 5.61 

H6 7.68 H5 5.67 

H7 8.16 H6 5.51 

NH 9.93 H7 2.82 

   H9 -0.71 

   NH 8.71 

Q2 (Asp) 

H3 7.04 

B8 (Orn) 

H3 5.92 

H5 7.86 H5 5.73 

H6 7.34 H6 5.12 

H7 7.62 H7 3.05; 2.02 

H10 4.87; 4.75 H9 1.75 

NH 11.60 H10 1.32 

   H11 2.88 

   NH 6.15 

B3 (Orn) 

H3 7.35 

Q9 (Ala) 

H3 7.14 

H5 6.82 H5 7.50 

H6 6.30 H6 7.00 

H7 3.34; 1.61 H7 6.86 

H9 3.34; 1.61 H10 4.19 

H10 1.84 NH 8.60 

H11 2.99    

NH 9.72    

Q4 (Sem) 

H3 6.21 

Q10 (Ala) 

H3 5.99 

H5 7.46 H5 6.84 

H6 7.27 H6 6.80 

H7 6.88 H7 7.27 

H10 2.18 H10 3.29 

NH 9.32 NH 10.88 

Q5 (Ala) 

H3 6.88 

Q11 (Sul) 

H3 6.72 

H5 7.89 H5 7.65 

H6 7.64 H6 7.14 

H7 7.91 H7 7.77 

H10 4.05 NH 11.07 

NH 11.6    

Q6 (Sul) 

H3 7.00    

H5 7.96    

H6 7.42    

H7 8.27    

NH 10.7    
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Table 6 Assignment of the 13C chemical shifts of compound 1 in 27 mM sodium phosphate buffer 

pH 7.0 H2O/D2O 9:1 at 25 °C (500 MHz). 

Monomer Atom 13C (ppm) Monomer Atom 13C (ppm) 

Q1 (Sul) 

C3 120.0 

B7 (Rme) 

C1 149.3 
C4 152.4 C3 120.1 
C4a 127.3 C4 124.7 
C5 123.8 C5 127.0 
C6 133.3 C6 117.0 
C7 120.4 C7 81.8 
C8 136.4 C8 168.3 
C8a 139.8 C9 16.4 

Q2 (Asp) 

C3 102.4 

B8 (Orn) 

C1 142.4 
C4 166.2 C2 135.0 
C4a 124.4 C3 118.4 
C5 119.8 C4 126.0 
C6 130.8 C5 125.6 
C7 119.6 C6 111.4 
C8 133.7 C7 68.3 
C8a 139.9 C9 32.7 
C10 70.6 C10 29.1 

   C11 42.5 

B3 (Orn) 

C1 145.0 

Q9 (Ala) 

C3 102.0 
C2 137.4 C4 167.0 
C3 119.8 C4a 123.5 
C4 127.7 C5 119.2 
C5 127.3 C6 130.4 
C6 113.5 C7 119.4 
C7 68.2 C8 132.7 
C9 34.0 C8a 138.5 
C10 31.4 C10 59.5 
C11 42.0    

Q4 (Sem) 

C3 117.3 

Q10 (Ala) 

C3 100.3 
C4 153.7 C4 164.6 
C4a 130.5 C4a 122.8 
C5 123.1 C5 119.1 
C6 131.7 C6 130.7 
C7 119.6 C7 117.8 
C8 133.4 C8 134.3 
C8a 136.4 C8a 134.4 
C10 8.2 C10 58.6 

Q5 (Ala) 

C3 101.1 

Q11 (Sul) 

C3 120.3 
C4 166.9 C4 152.9 
C4a 125.1 C4a 125.3 
C5 119.8 C5 123.5 
C6 131.0 C6 131.8 
C7 119.8 C7 118.1 
C8 134.8 C8 135.9 
C8a 140.7 C8a 139.9 
C10 59.3    

Q6 (Sul) 

C3 117.9    
C4 152.4    
C4a 126.7    
C5 123.9    
C6 132.9    
C7 119.9    
C8 135.0    
C8a 139.2    
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Fig. 93 1H-1H NOESY spectrum of 1 (500 MHz, 27 mM sodium phosphate buffer pH 7.0). 

 

Fig. 94 1H-1H COSY spectrum of 1 (500 MHz, 27 mM sodium phosphate buffer pH 7.0). 
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Fig. 95 1H-13C HSQC spectrum of 1 (500 MHz, 27 mM sodium phosphate buffer pH 7.). 

 

Fig. 96 1H-13C HMBC spectrum of 1 (500 MHz, 27 mM sodium phosphate buffer pH 7.0). 
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6.3.2  DOSY NMR of oligomers 1 and 2 

 

The DOSY spectra were recorded on a Avance III HD 500 MHz Bruker BioSpin spectrometer 

equipped with a broad band observe 5-mm BB-H&FD CryProbeTM Prodigy with a pulse sequence 

with stimulated echo using bipolar gradient pulses for diffusion and a 3-9-19 watergate solvent 

suppression pulse sequence from the Bruker pulse program library (stebpgp1s19). The diffusion 

delay Δ (big delta) was set to 175 ms and the diffusion gradient pulse length δ (little delta) was set 

to 1.1 ms. The number of gradient steps were set to 32 with linear spacing starting from 2% reach-

ing 95% of the full gradient strength in the final step. For each of the 32 gradient amplitudes, 128 

transients of 65k complex data points were acquired. DOSY processing was performed with the 

DOSY processing tool from MestReNova (v.12.0.0-20080) employing the Peak Heights Fit algo-

rithm including the options “use existing peaks”, “autocorrect peak positions”, and “overlapped 

peaks analysis” with 32 points in diffusion dimension and a window of 1.00*10-4 to 1.00*10-8 cm2 s-

1. 

 

 

Fig. 97 DOSY spectrum of a mixture of 1 (1 mM) and 2 (1 mM) in 27 mM sodium phosphate buffer pH 7.0. 
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6.4  X-ray Crystallography 

After lyophilization, compound 1 was dissolved in pure water to a final concentration of 10 mM. 

Crystallization trials were performed at 20 °C by standard aqueous sitting drop vapor diffusion 

method and subsequently optimized by hanging drop vapor diffusion method at 20 °C. Hexagonal 

prisms (Fig. 98) were obtained by mixing 0.5 µL of 1 and 0.5 µL of crystallization reagent compris-

ing 20% w/v polyethylene glycol 8,000, 10 mM TRIS buffer, pH 7.5, 10 mM calcium chloride; equil-

ibrated against 500 µL of crystallization reagent in the reservoir. For data collection, a single crystal 

was fished using a MiTeGen microloop, cryo-protected in a solution composed of 30% v/v polyeth-

ylene glycol 400 and 20% w/v polyethylene glycol 8,000 and flash frozen in liquid nitrogen. 

Synchrotron data was collected on beam line P14 operated by EMBL Hamburg at the Petra III 

storage ring (DESY, Hamburg, Germany) using 0.9762 Å wavelength. During data collection, the 

crystal was cooled to 100 K. The crystal was exposed for 0.008 s and 0.2° oscillation per frame and 

a rotation pass of 360° was measured using an EIGER 16M detector. Data were processed using 

autoPROC pipeline.[104, 122, 138] The crystal belonged to the monoclinic space group P21 with unit 

cell parameters a = 21.400 (9) Å, b = 35.063 (1) Å, c = 23.820 (9) Å and β = 100.84 (4)°, V = 17,554 

(10) Å3 and two independent molecules in the asymmetric unit.  

The structure was solved using dual space method with the program SHELXD[105] and refined by 

the full-matrix least-squares method on F2 with SHELXL-2014[106] within Olex2.[107] After each re-

finement step, visual inspection of the model and the electron-density maps were carried out using 

Olex2 and Coot.[108] AFIX, DFIX, EADP and FLAT instructions were used to improve the geometry 

of molecules and temperature parameters. One CH3 group was severely disordered in one diethy-

lene glycol tail and omitted. All non-H atoms were refined with anisotropic displacement parame-

ters. Hydrogen atoms were placed at idealized positions. Restraints on anisotropic displacement 

parameters were implemented with DELU, SIMU, RIGU and ISOR instructions. In the final stage 

of refinement SQUEEZE[109] procedure from Platon suite was introduced to remove unmodeled 

electron density. Calculated total potential solvent accessible void volume and electron counts per 

unit cell were 7519.3 Å3 and 2307, respectively. 

Statistics of data collection and refinement are described in Table S1. The final cif file was checked 

using IUCr’s checkcif algorithm. Due to large volume fractions of disordered solvent molecules, 

weak diffraction intensity and poor resolution, a number of A- and B-level remain in the checkcif 

file. These alerts are inherent to the data and refinement procedures and illustrate the limited prac-

ticality of the checkcif tool for medium- size molecule crystallography. They are listed below and 

have been divided into two groups. The first group illustrates weak quality of the data and refine-

ment statistics if compared to that expected for small molecule structures from highly diffracting 

crystals. The second group is connected to decisions made during refinement and explained below. 

Atomic coordinates and structure factors for (1)2 was deposited in the Cambridge Crystallographic 

Data Centre (CCDC) with accession code 2122518. The data is available free of charge upon request 

(www.ccdc.cam.ac.uk/). 

http://www.ccdc.cam.ac.uk/


6  Discrete dimerization of aromatic helices in water 

152 

 

Group 1 alerts: 

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

            Calculated sin(theta_max)/wavelength =    0.4673 

PLAT029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low .    0.915 Why?   

PLAT341_ALERT_3_B Low Bond Precision on  C-C Bonds                           0.0197 Ang.    

PLAT911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L=            0.467   

PLAT241_ALERT_2_B High ’MainMol’ Ueq as Compared to Neighbors of   

PLAT242_ALERT_2_B Low ’MainMol’ Ueq as Compared to Neighbors of 

 

Group 2 alerts:  

SHFSU01_ALERT_2_A  The absolute value of parameter shift to su ratio > 0.20 

            Absolute value of the parameter shift to su ratio given   2.141 

Additional refinement cycles did not improve this. 

PLAT080_ALERT_2_A Maximum Shift/Error                                                     2.14 Why? 

Additional refinement cycles did not improve this. 

PLAT031_ALERT_4_A Refined Extinction Parameter within Range              0.000 Sigma 

Extinction parameter was removed. 
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Table 7 Crystallographic data and refinement details for (1)2. 

Chemical formula C123.5 H103.75 N20.75 O34 S3 Se1 

Formula weight 2597.66 

Temperature 100 (2) K 

Wavelength 0.9762 Å 

Crystal system Monoclinic 

Space group P21 

Unit cell dimensions 
a = 21.400 (9) Å, b = 35.063 (10) Å, c = 23.820 (9) Å 

α = 90°, β = 100.848 (4)°, γ = 90° 

Volume 17554 (10) Å3 

Z 4 

Density (calculated) 0.983 g/cm3 

Absorption coefficient 0.719 µ/mm-1 

Color and shape Yellow, prism 

Crystal size 0.05 x 0.05 x 0.18 mm 

Index ranges -19 ≤ h ≤ 19, -32 ≤ k ≤ 32, -22 ≤ l ≤22  

Completeness to Ɵ = 27.14° 91.2 % 

Reflections collected 91128 

Independent reflections 27368 [Rint = 0.0745, Rsigma = 0.0655] 

Data/restraints/parameters 27368/1066/2079 

Goodness-of-fit on F2 1.086 

Final R indexes [I > 2σ (I)] R1 = 0.0899, wR2 = 0.2555 

Final R indexes [all data] R1 = 0.1235, wR2 = 0.2950 

Largest diff. peak and hole 0.57/-0.29 e Å-3 

CCDC # 2122518 

 

 

 

Fig. 98 Crystals of (1)2 observed under crossed polarizing microscope. 
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Fig. 99 Packing of 1 in the crystal viewed down the b-axis. Helices in the same unit cell are shown in the same color. 

 

Fig. 100 Coplanar neighbors in the crystal structure of 1. Helices in the same unit cell are shown in the same color. 

Each helix (illustrated by the middle helix in this figure) has three different coplanar neighbors: two are mediated 

by hydrophobic contacts (blue and green neighbor), one is mediated by a salt bridge (orange neighbor). 
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Fig. 101 Stacking of helices via their C-termini in the crystal structure of 1 showing two whole helices (a) and a 

zoom on the intermolecular interface (b). Hydrogen bonding interactions and hydrophobic contacts are shown by 

green and pink dashed lines, respectively. 

 

 

Fig. 102 Stacking of helices via their N-termini in the crystal structure of 1 showing two whole helices (a) and a 

zoom on the intermolecular interface (b). Hydrogen bonding interactions and hydrophobic contacts are shown by 

green and pink dashed lines, respectively. 
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Fig. 103 Tightest side-to-side helix-helix interface mediated by hydrophobic contacts in the crystal structure of 1. 

Close hydrophobic contacts are highlighted by dashed lines. 

 

Fig. 104 Intermolecular salt-bridge observed between the side chains of a BOrn and two QSul units in the crystal 

structure of 1.  
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6.5  Spectra and Chromatograms 

 

Fig. 105 Analytical data of compound 1. HPLC chromatograms after cleavage from the resin (a) and after purifi-

cation (b) (C8, 0–40B, 50 °C; A: 13mM ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure of 

compound 1. d) 1H NMR spectrum (500 MHz, 1.0 mM in 27 mM sodium phosphate buffer pH 7.0). 



6  Discrete dimerization of aromatic helices in water 

158 

 

Fig. 106 Analytical data of compound 2. HPLC chromatograms after cleavage from the resin (a) (C8, 0–60B, 50 °C; 

A: 13mM ammonium acetate buffer pH 8.5, B: acetonitrile) and after purification (b) (C8, 0–35B, 50 °C; A: 13mM 

ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure of compound 2. d) 1H NMR spectrum 

(500 MHz, 1.0 mM in H2O/D2O 9:1). 
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Fig. 107 Analytical data of compound 3. HPLC chromatograms after cleavage from the resin (a) (C8, 0–40B, 50 °C; 

A: 13mM ammonium acetate buffer pH 8.5, B: acetonitrile) and after purification (b) (C8, 0–60B, 25 °C; A: 13mM 

ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure of compound 3. d) 1H NMR spectrum 

(500 MHz, 0.5 mM in H2O/D2O 9:1). 
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Fig. 108 Analytical data of compound 4. HPLC chromatograms after cleavage from the resin (a) and after purifi-

cation (b) (C18, 0–100B, 50 °C; A: 13mM ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure 

of compound 4. d) 1H NMR spectrum (500 MHz, 1.0 mM in 27 mM sodium phosphate buffer pH 7.0). 
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Fig. 109 Analytical data of compound 5. HPLC chromatograms after cleavage from the resin (a) and after purifi-

cation (b) (C18, 0–100B, 50 °C; A: 13mM ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure 

of compound 5. d) 1H NMR spectrum (500 MHz, 1.0 mM in 12 mM ammonium acetate buffer pH 7.0). 
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Fig. 110 Analytical data of compound 6. HPLC chromatograms after cleavage from the resin (a) and after purifi-

cation (b) (C18, 0–100B, 50 °C; A: 13mM ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure 

of compound 6. d) 1H NMR spectrum (500 MHz, 1.0 mM in 12 mM ammonium acetate buffer pH 7.0). 
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Fig. 111 Analytical data of compound 7. HPLC chromatograms after cleavage from the resin (a) and after purifi-

cation (b) (C18, 0–30B, 50 °C; A: 13mM ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure 

of compound 7. d) 1H NMR spectrum (500 MHz, 5.0 mM in 27 mM sodium phosphate buffer pH 7.0). 
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Fig. 112 NMR spectra of compound 9. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 113 NMR spectra of compound 10. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 114 NMR spectra of compound 11. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 115 NMR spectra of compound 12. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 116 NMR spectra of compound 13. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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7 Conclusion and Perspectives 

7.1 Conclusions from published/submitted work 

Through this work, a new monomer family based on 2-(2-aminophenoxy)acetic acid (B) was devel-

oped. The synthesis of B-units is not only quick, cheap, and easy, it also facilitates the introduction 

of a variety of side chains, especially in position 4 of the aromatic ring. This side chain position is 

equivalent to position 6 on quinoline units, providing an alternative for these building blocks that 

are usually more difficult to synthesize. B-monomers can be combined with Q-units without signif-

icantly altering the quinoline-helix structure. The strong folding propensity of Q-monomers was 

illustrated by the finding that a 12-mer consisting of two Q-units and ten B-units still adopts the 

canonical aromatic helix fold. Conversely, an oligomer made purely of B-monomers does not fold 

into a well-defined structure in aqueous conditions. Most surprisingly, it was demonstrated that 

(PB)n-oligomers possess the canonical fold as well, despite lacking any Q-units. These findings 

show that the aromatic δ-amino acid units B, P and Q are interchangeable in the design of helical 

aromatic foldamers. The ratio and order of the building blocks dictate the stability and side chain 

positioning of the resulting oligomer, allowing a fine tuning of helix shape and inversion kinetics. 

Thus, these new building blocks are especially interesting in foldamer-protein binding applications. 

A chiral B-monomer (BRme) that bears a methyl group and a proton on the asymmetric carbon was 

also synthesized. It was demonstrated that inserting this moiety in the middle of a quinoline helix 

fully biases (ratio of >99/1) handedness towards M-helicity in the case of (R)-chirality. Interest-

ingly, the difference of methyl vs. H is enough to create the necessary energy difference for this bias, 

illustrating the compactness and strong folding propensity of Q-helices. The bias is even stronger 

than that of the previously established camphanic acid moiety, which also has the disadvantage of 

blocking the N-terminus for further functionalization. Additionally, multiple BRme may be com-

bined in the same helix to further enhance the bias. When placing BRme at the penultimate position 

to the N-terminus, full handedness bias was observed as well, while inserting it penultimate to the 

C-terminus still led to M-helicity, albeit only with a ratio of 87/13. This new monomer brings crit-

ical advantages compared to the previously used groups for handedness control:[46] it does not block 

N- or C-terminus for other functionalizations; it does not significantly alter the physical properties 

such as solubility and shape of the molecules; and it provides increased handedness inversion ki-

netics by itself, which is crucial for reaching equilibrium of P-M-conversion in aqueous conditions. 

Ultimately, BRme enables designs that rely on both controlled helicity and free N- and C-termini. 

In the third work, discrete binding was discovered between the C-terminal cross sections of Q-hel-

ices leading to homochiral head-to-head dimers in aqueous media. Slow exchange between mono-

meric and dimeric species on the NMR timescale was observed, despite the aggregation being me-

diated only by one hydrogen bond between C-terminal carboxy-functions and aromatic stacking. 

Under neutral pH, dissociation constants of up to Kd = 30 ± 8 µmol were achieved. Binding strength 
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depended on the nature of the side chains near the interface and the pH. Aggregation may also be 

completely prevented by modifying the C-terminus with for example a bulky AiB-residue. Exclu-

sively heteromeric dimers can be produced by using a primary amide terminus on one binding 

partner and the right concentration- and pH-window. Additionally, handedness bias may be trans-

ferred through binding from a chiral helix to an achiral binding partner. This new binding interface 

may be used to aid crystal growth through dimerization, or ultimately, in the design of bigger self-

assembled structures in combination with other binding motives. 

 

7.2 Continuing challenges for foldamer self-assembly 

The production of aromatic δ-amino acid foldamers with a significant number of monomers that 

promote aggregation (e.g., isobutoxy side chains) necessitate long and difficult oligomer syntheses 

imposing a limit on the number of groups that can be utilized in a given design. Current solid phase 

synthesis protocols can lead to mixtures with deletions that may be difficult to purify even when 

capping is applied, resulting in low overall yields. Additionally, monomer building blocks are usu-

ally not commercially available and must be synthesized individually beforehand. This labor- and 

material-intensive process impedes the screening of a large number of designs and side chain com-

positions, thus one must rely on molecular modeling to “screen” for promising candidates. Espe-

cially poor coupling yields were encountered when coupling the QSul-unit, the only monomer used 

without a protecting group (PG) on its side chain. However, this unit also proved to be very useful 

in providing water solubility and crystal growth ability, features that are especially valuable in de-

signs that involve many floppy hydrophobic side chains. 

The synthesis of protected QSul esters is not feasible since sulfonyl chlorides of electron poor N-

heterocycles are inherently instable.[139] To circumvent this, a new sulfonate monomer based on 

the B-unit was developed (BSul). Sulfonates cannot be protected with conventional PGs because they 

are themselves exceptionally good leaving groups. Thus, a Boc-protected neopentyl derived alcohol 

(Bnp) based on the literature was introduced as a PG.[140] Neopentyl esters of sulfonic acids are 

stable towards nucleophiles like piperidine or hydroxide ions as well as acids. To effect deprotection 

under mild conditions, a self-elimination mechanism is utilized. It is triggered by Boc deprotection 

of the amine, which, after being exposed to basic conditions, substitutes the sulfonate group via an 

intramolecular SN2-reaction generating a pyrrolidine ring and the unprotected sulfonate (Fig. 117). 

This monomer might serve as a replacement to QSul in the future, simplifying the synthesis of water 

soluble and well-crystallizable oligomers (see section 8.2) for more information). 
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Fig. 117 – Mechanism for the deprotection of the BSul-monomer. Moieties involved in reactions are high-

lighted in blue. The intramolecular nucleophilic attack is indicated with a red arrow. 

This is very important because X-ray crystallography is often the only way to obtain precise struc-

tural information on binding interfaces. Obtaining well-diffracting crystals depends on the intrinsic 

properties of the oligomer such as the nature the side chains and the overall shape of the molecule. 

Solid proof of an aggregation phenomenon in solution requires thorough analysis that may be dif-

ficult to obtain. Multimeric species observed in mass spectrometry can provide hints on the multi-

plicity of the aggregates; however, there is no guarantee it reflects the state present in solution. 

Dilution experiments monitored by NMR spectroscopy are a prime tool to get insights on aggrega-

tion behavior. But fast exchange often is observed on the NMR timescale, limiting one’s ability to 

extract detailed information on the binding phenomena. Furthermore, the nature of the buffer, salt 

concentration and pH may have a significant influence on binding strength or may influence NMR 

chemical shifts, making it difficult to draw conclusions from simple dilution studies. 

Gaining information on the exact binding mode of a given design through X-ray crystallography 

presents a bottleneck in the workflow of finding and/or optimizing discrete foldamer aggregates. 

Over the course of this work, the following observations regarding crystal growth and crystal pack-

ing have been made: The aromatic cross sections of Q-helices which present big hydrophobic sur-

faces may lead to unintended aggregation (see the discovery presented in chapter 6). Furthermore, 

packing forces resulting from stacking of helix cross sections during crystallization may perturb 

binding interactions present in solution, potentially yielding wrong information on the aggregation 

behavior. This can be prevented by end-groups that disrupt stacking such as a C-terminal AiB or an 

N-terminal Camph. However, these groups also often significantly hamper crystal growth (empiri-

cal observation), and, unlike for proteins, low resolution is a serious problem for solving X-ray data 

sets of foldamer molecules because the software tools developed to solve low resolution protein 

data are not yet applicable here. 
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7.3 Lessons and ideas for future designs 

The basis of most designs intended to form helix bundles in water is a hydrophobic core that should 

drive aggregation through hydrophobic effects. However, natural binding motifs are not easily 

transferred to aromatic oligoamide helices. Shape complementarity is the major principle for con-

trolling selectivity in α-peptide coiled coils. For the still closely related β-peptides and β-ureas the 

structural outcome of aggregates is already challenging to predict just based on their sequence.[7, 

73] Additionally, most aromatic oligomers synthesized and investigated so far had a length of ~10–

15 units. A 15-mer, for example, possesses three side chains in each of the five distinct side chain 

arrays at the side of the helix. Three hydrophobic groups such as isobutyl side chains might not be 

enough to promote aggregation as strongly as anticipated. Therefore, longer sequences are neces-

sary to achieve tight binding. Alternatively, side chains in position 6 of the quinoline ring can be 

utilized to increase hydrophobicity. Fig. 118 shows models of possible oligomers utilizing this ap-

proach. Depending on which 6-position side chains are introduced, different arrays of hydrophobic 

and salt bridging groups can be generated. 

 

Fig. 118 – Design ideas including 4,6-disubstituted Q-units. a) Molecular models (Maestro, forcefield: 

OPLS3, method: TNCG, solvent: water) of designs 1–4 possessing two arrays of salt bridging side chains (blue) and 

two arrays of hydrophobic side chains (orange) utilizing one 4,6-disubstituted Q-monomer per turn. b) Substitution 

patterns and sequence order of designs 1–4. The numbers in the circles indicate the position of the side chain on a 

Q-unit. 
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Another promising candidate for optimization emerged from the “flat” surface designs (Fig. 119). 

Originally intended to have B-monomers at the binding interface, racemic oligomer 1 was shown 

to have a rather low dissociation constant of Kd = 65 ± 6 µmol in neutral aqueous phosphate buffer 

(Fig. 120). Although the crystal structure could confirm the formation of an antiparallel dimer (at 

least in the solid state) mediated by two kinds of salt bridges, the B-monomers were not at the 

interface, but on the sides of the bundle. Only one set of signals in the 1H NMR spectra was observed 

over the measured concentration range meaning exchange between monomeric and aggregated 

species is fast on the NMR timescale in solution. Therefore, it is not possible to conclude if the 

solution data represent the bundle observed in the solid state or the average of one or more other 

aggregation phenomena. The structure is nevertheless a good starting point for further investiga-

tions and design improvements. Possible ideas in this direction include elongations of the sequence, 

an optimization of side chains to obtain better shape complementarity and/or more or stronger salt 

bridges, and tests whether the B-monomers play a crucial role in the binding process, for example, 

by increasing the flexibility of the helices. 

 

Fig. 119 – Salt bridge mediated dimer with flat interface design. a) Crystal structure of 1, an aromatic 

oligoamide helix dimer mediated by two kinds of salt bridges (1) and (2) marked by dashed boxes (only in the side 

view). The position of B-units is shown with a dashed box in the top view. Individual molecules are shown in differ-

ent colors and groups involved in hydrogen bonding are shown as balls. b) Sequence of oligomer 1. Units involved 

in salt bridges are highlighted in orange and salt bridged are indicated by dashed arrows. c) Formulas of the building 

blocks utilized in this design (with protonation states as in neutral aqueous buffer). The salt bridges observed in the 

crystal are indicated by dashed arrows. Oxygen and nitrogen atoms are shown in purple and blue, respectively. 
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8 Experimental (unpublished) 

For general materials and methods see published supplementary information (sections 4.2.1, 5.3.1, 

6.2.1). 

 

8.1  Dilution study of oligomer 1 

 

Fig. 120 Dilution study of oligomer 1 monitored by 1H NMR (500 MHz, 27 mM sodium phosphate buffer pH 7.0). 

The chemical shifts of one signal (indicated by the orange box) were fitted with a one-to-one binding model (soft-

ware: HypNMR 2008). 
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8.2  Sulfonate monomer stability and deprotection 

The Fmoc deprotection step, which usually involves a 20% piperidine solution in DMF, is crucial in 

solid phase foldamer synthesis and is repeated many times throughout a given synthesis. Thus, side 

chain protecting groups must be considerably stable against these conditions. Otherwise, the resin-

bound oligomers would participate in a variety of side reactions resulting in poor overall yields. To 

assess the stability of BSul-units protected with neopentyl alcohol derived esters, compound 22 was 

subjected to 20% piperidine in DMF and monitored by 1H NMR over time (Fig. 121). A model com-

pound lacking the additional Boc group was chosen for this study to avoid side reactions and only 

assess the stability of the sulfonate ester. The observed half-life of 97.3 days should be enough to 

allow long oligomer syntheses without significant degradation of the protecting group. For example, 

for 20 deprotection steps a cumulative exposure to piperidine of 200 min (0.14 days) is necessary, 

meaning that 99.9% of the BSul-units would still be intact. 

 

Fig. 121 Stability study of the BSul model compound 22 against 20% piperidine in DMF monitored by 1H NMR 

(500 MHz, DMF-d7). The ratios of selected integrals (indicated by orange boxes) were fitted with an exponential fit. 
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Next, the deprotection of BSul was investigated. For this, model compound 23 was subjected to the 

typical resin cleavage conditions (2.5% H2O and 2.5% TIPS in TFA) for 2 h. After evaporating most 

of the solvents, the residue was dissolved in H2O and the resulting solution was basified with 

NaOH (aq.) (1 M) and incubated for 30 min. A clean conversion was observed by RP-HPLC, and 

mass analysis of the reaction solution confirmed the presence of the deprotected sulfonate 24 (Fig. 

122). (HRMS (ESI)− m/z calcd. for C8H6NO5S: 227.9972 (M-H)-; Found: 228.0820). These results 

validate the design of the protecting group developed for BSul. It is considerably stable against pi-

peridine and allows mild cleavage under standard global deprotection conditions. For intramolec-

ular self-elimination, incubation in a neutral or slightly basic aqueous buffer should be sufficient. 

 

Fig. 122 RP-HPLC chromatograms of the deprotection test of compound 23 (C18, 25 °C, 0–100B, A: H2O + 0.1% 

TFA, B: acetonitrile + 0.1% TFA). The peaks of the starting material and product are highlighted in blue and red, 

respectively. 
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8.3  Synthetic procedures 

 

1 

Compound 1: Oligomer 1 was synthesized on ProTideTM resin according to established protocols 

(0.16 mmol g−1, 30 µmol scale).[26] Initial loading of the resin: 96% (0.15 mmol g−1). The crude 

product was purified by semi-prep. HPLC (C8, 0–40B, 50 °C, A: 13 mM NH4OAc buffer pH 8.5, B: 

acetonitrile) yielding 23.6 mg (9.96 µmol, 33%, HPLC purity: 94.4%) of the title compound as a 

yellow solid. (C115H99N21O31S3, MW = 2367.35 g mol−1). 1H NMR (500 MHz, 1 mM in 27 mM so-

dium phosphate buffer pH 7.0): δ = 11.40 (s, 1H), 10.59 (s, 1H), 10.55 (s, 1H), 10.49 (s, 1H), 10.23 

(s, 1H), 9.61 (s, 1H), 9.48 (s, 1H), 9.02 (s, 1H), 8.49 (s, 1H), 8.40 (s, 1H), 8.32 (d, J = 9.1 Hz, 1H), 

8.27 (d, J = 8.2 Hz, 1H), 8.16 (d, J = 9.0 Hz, 1H), 8.03 (d, J = 9.9 Hz, 1H), 8.00 (s, 1H), 7.95–7.87 

(m, 3H), 7.84 (d, J = 8.9 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.69–7.65 (m, 1H), 7.64–7.60 (m, 1H), 

7.59 (d, J = 8.0 Hz, 1H), 7.56 (d, J = 8.6 Hz, 1H), 7.53 (d, J = 4.5 Hz, 1H), 7.45–7.37 (m, 2H), 7.34 

(s, 1H), 7.32 (s, 1H), 7.27 (t, J = 8.3 Hz, 1H), 7.24–7.15 (m, 2H), 7.14 (d, J = 8.0 Hz, 1H), 7.07 (t, 

J = 7.9 Hz, 1H), 7.03–6.95 (m, 2H), 6.82 (s, 1H), 6.78 (d, J = 8.3 Hz, 1H), 6.71 (t, J = 8.4 Hz, 1H), 

6.64 (d, J = 8.6 Hz, 1H), 6.51 (d, J = 9.0 Hz, 1H), 6.41 (t, J = 8.2 Hz, 1H), 6.28 (s, 2H), 6.14 (s, 1H), 

6.07 (d, J = 9.5 Hz, 1H), 5.95 (s, 1H), 5.75 (s, 1H), 4.23 (d, J = 14.2 Hz, 1H), 4.02 (s, 1H), 3.99 (s, 

3H), 3.87 (s, 3H), 3.61 (s, 1H), 3.45 (t, J = 8.4 Hz, 2H), 3.30–3.14 (m, 1H), 3.05–2.80 (m, 2H), 

2.53–2.33 (m, 2H), 2.10 (d, J = 12.7 Hz, 1H), 2.04–1.77 (m, 3H), 1.56 (d, J = 15.6 Hz, 1H), 1.29 

(t, J = 7.8 Hz, 1H), 0.99 (s, 3H), 0.73 (s, 3H), 0.60 (s, 9H). HRMS (ESI)− m/z calcd. for 

C115H98N21O31S3: 2364.5905 (M-H)-; Found: 2364.6137. 

2 

Compound 2: 2-Nitrophenol (5.00 g, 35.9 mmol, 1.0 equiv.), methyl 2-bromo-2-methylpropano-

ate (9.30 ml, 71.9 mmol, 2.0 equiv.) and K2CO3 (5.46 g, 39.5 mmol, 1.1 equiv.) were suspended in 

anhydrous DMF (50 ml). The reaction mixture was stirred at 80 °C for 16 h. After diluting the mix-

ture with EtOAc, it was washed with H2O (2×), with brine (1×), dried over MgSO4 and solvents 
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were evaporated in vacuo. Purification by column chromatography (SiO2, CyHex/EtOAc 9:1 → 8:2) 

yielded the title compound (7.04 g, 29.4 mmol, 85%) as a white solid. (C11H13NO5, MW = 

239.23 g mol−1). Rf (CyHex/EtOAc 8:2) = 0.36. 1H NMR (500 MHz, CDCl3): δ = 7.75 (dd, J 

=8.1 Hz, 1.7 Hz, 1H, C3-H), 7.43 (ddd, J = 8.5 Hz, 7.4 Hz, 1.7 Hz, 1H, C5-H), 7.08 (ddd, J = 8.4 Hz, 

7.5 Hz, 1.2 Hz, 1H, C4-H), 6.94 (dd, J = 8.5 Hz, 1.2 Hz, 1H, C6-H), 3.79 (s, 3H, C11-H), 1.65 (s, 

6H, C8-H, C9-H). 13C NMR (500 MHz, CDCl3): δ = 174.2 (C10), 148.9 (C1), 143.3 (C2), 133.1 

(C5), 125.4 (C3), 122.2 (C4), 120.1 (C6), 81.6 (C7), 52.9 (C11), 25.2 (C8, C9). HRMS (ESI)+ m/z 

calcd. for C11H14NO5: 240.0866 (M+H)+; Found: 240.0870. (Modified procedure, analytical data is 

in line with literature).[141] 

2 3 

Compound 3: Compound 2 (7.04 g, 29.4 mmol, 1.0 equiv.) was dissolved in THF (80 ml). After 

the addition of LiOH (1.06 g, 44.1 mmol, 1.5 equiv.) in H2O (20 ml), the solution was stirred at 

60 °C for 1 h. The mixture was acidified to pH ~2 using HCl (aq.) (1 M), extracted with DCM (3×) 

and dried over MgSO4. Evaporation of the solvents in vacuo yielded the title compound (6.60 g, 

29.3 mmol, quant.) as a white solid. (C10H11NO5, MW 225.20 g mol−1). Rf (DCM/MeOH 97/3 + 

0.5% AcOH) = 0.43. 1H NMR (500 MHz, DMSO-d6): δ = 13.37 (s, 1H, O11-H), 7.83 (dd, J = 8.1 Hz, 

1.7 Hz, 1H, C3-H), 7.59 (ddd, J = 8.5 Hz, 7.4 Hz, 1.7 Hz, 1H, C5-H), 7.16 (ddd, J = 8.3 Hz, 7.4 Hz, 

1.1 Hz, 1H, C4-H), 7.05 (dd, J = 8.5 Hz, 1.1 Hz, 1H, C6-H), 1.55 (s, 6H, C-H, C-H). 13C NMR 

(500 MHz, DMSO-d6): δ = 174.1 (C10), 147.8 (C1), 142.2 (C2), 133.3 (C5), 124.7 (C3), 121.8 (C4), 

119.0 (C6), 80.6 (C7), 24.8 (C8, C9). HRMS (ESI)− m/z calcd. for C10H10NO5: 224.0564 (M-H)-; 

Found: 224.0563. 

3 4 

Compound 4: Compound 3 (6.60 g, 29.3 mmol, 1.0 equiv.) and Na2CO3 (3.11 g, 29.3 mmol, 

1.0 equiv.) were dissolved in methanol (600 ml). The solution was quickly degassed by vacuum-N2 

cycles (3×), then, Pd/C (660 mg, 10 wt. % loading) was added and the N2 atmosphere was replaced 

by H2. After stirring for 15 h the reaction mixture was filtered over celite©, and solvents were re-

moved in vacuo. The crude product (6.37 g, 29.3 mmol, quant.) was obtained as a slightly brown 

solid and was used in the next step without further purification. (C10H12NO3Na, MW = 

217.20 g mol−1). 1H NMR (500 MHz, DMSO-d6): δ = 6.73 (d, J = 7.95 Hz, 1H, C6-H), 6.61 (t, J = 

7.47 Hz, 1H, C4-H), 6.52 (d, J = 7.68 Hz, 1H, C3-H), 6.31 (t, J = 7.53 Hz, 1H, C5-H), 5.37 (s, 2H, 

N12-H), 1.28 (s, 6H, C8-H, C9-H). 13C NMR (500 MHz, DMSO-d6): δ = 177.3 (C10), 143.0 (C1), 

142.3 (C2), 121.8 (C4), 120.7 (C6), 114.8 (C5), 113.8 (C3), 81.3 (C7), 26.4 (C8, C9). HRMS (EI)+ 

m/z calcd. for C10H12NO3: 195.0890 (M)+; Found: 195.0869. 
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4 5 

Compound 5: Compound 4 (6.37 g, 29.3 mmol, 1.0 equiv.) and NaHCO3 (12.3 g, 147 mmol, 

5.0 equiv.) were dissolved in H2O (300 ml). After the suspension was cooled to 0 °C, Fmoc-Cl 

(9.86 g, 38.1 mmol, 1.3 equiv.) in 1,4-dioxane (300 ml) were added over 1 h. Then, the reaction 

mixture was stirred at 0 °C for 1 h and at RT for 16 h. The mixture was acidified to pH ~2 using 

HCl (aq.) (1 M), extracted with DCM (3×), dried over MgSO4 and solvents were removed in vacuo. 

Purification by column chromatography (SiO2, CyHex/EtOAc 7:3 + 1% DIPEA → CyHex/EtOAc 

7:3 → CyHex/EtOAc 7:3 + 1% AcOH → CyHex/EtOAc 1:1 + 1% AcOH) yielded the title compound 

(10.3 g, 24.6 mmol, 84%) as a white solid. (C25H23NO5, MW = 417.46 g mol−1). Rf (CyHex/EtOAc 

7:3 + 1% AcOH) = 0.29. 1H NMR (500 MHz, DMSO-d6): δ = 13.33 (s, 1H, O11-H), 8.95 (s, 1H 

C12-H), 7.91 (d, J = 7.6 Hz, 2H C19-H, C20-H), 7.75 (d, J = 7.5 Hz, 2H C16-H, C23-H), 7.69 (s, 

1H C3-H), 7.43 (td, J = 7.5 Hz, 1.1 Hz, 2H C18-H, C21-H), 7.34 (td, J = 7.5 Hz, 1.2 Hz, 2H C17-H, 

C22-H), 7.03–6.95 (m, 2H, C4-H, C5-H), 6.91 (dd, J = 7.4 Hz, 2.2 Hz, 1H, C6-H), 4.39 (d, J = 

7.4 Hz, 2H, C14-H), 4.31 (t, J = 7.3 Hz, 1H, C15-H), 1.50 (s, 6H, C8-H, C9-H). 13C NMR 

(500 MHz, DMSO-d6): δ = 175.9 (C10), 153.5 (C13), 145.2 (C1), 143.7 (C15a, C23a), 140.7 (C19a, 

C19b), 130.7 (C2), 127.7 (C18, C21), 127.1 (C17, C22), 125.3 (C16, C23), 123.4 (C5), 122.6 (C4), 

121.4 (C3), 120.2 (C19, C20), 119.3 (C6), 79.8 (C7), 66.2 (C14), 46.5 (C15), 24.8 (C8, C9). HRMS 

(EI)+ m/z calcd. for C25H23NO5: 417.1571 (M)+; Found: 417.1576. 

6 

For the synthesis of compound 6 see section 6.2.3). 

6 7 

Compound 7: Compound 6 (2 g, 6.89 mmol, 1.0 equiv.), Pd(OAc)2 (39.0 mg, 172 µmol, 

2.5 mol%) and Tris(o-tolyl)phosphine (210 mg, 689 µmol, 0.1 equiv.) were dissolved in anhydrous 

DMF (7 ml) and DIPEA (7 ml) under N2 atmosphere. Then, tert-butyl acrylate (1.52 ml, 10.3 mmol, 

1.5 equiv.) was added and the reaction mixture was stirred at 80 °C for 2 h. After letting it cool to 

RT, H2O was added and the mixture was extracted with DCM (3×). The combined organic phases 

were dried over MgSO4 and solvents were removed in vacuo. Purification by column 
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chromatography (SiO2, CyHex/EtOAc 8:2) yielded the title compound (2.57 g, 7.62 mmol, 88%) as 

a white solid. (C16H19NO7, MW = 337.33 g mol−1). Rf (CyHex/EtOAc 7:3) = 0.24. 1H NMR 

(400 MHz, CDCl3): δ = 8.02 (d, J = 2.6 Hz, 1H, C3-H), 7.63 (dd, J = 9.0 Hz, 2.1 Hz, 1H, C5-H), 

7.49 (d, J = 16.0 Hz, 1H, C10-H), 6.97 (d, J = 8.8 Hz, 1H, C6-H), 6.33 (d, J = 16.0 Hz, 1H, C11-H), 

4.82 (s, 2H, C7-H), 3.81 (s, 3H, C9-H), 1.53 (s, 9H, C14-H, C15-H, C16-H). 13C NMR (101 MHz, 

CDCl3): δ = 168.0 (C8), 165.7 (C12), 152.1 (C1), 140.6 (C2), 140.3 (C10), 133.2 (C5), 129.0 (C4), 

125.1 (C3), 121.8 (C11), 115.3 (C6), 81.1 (C13), 66.4 (C7), 52.8 (C9), 28.3 (C14, C15, C16). HRMS 

(ESI)+ m/z calcd. for C16H19NO7Na: 360.1054 (M+Na)+; Found: 360.1055. 

7 8 

Compound 8: Compound 7 (2.57 g, 7.62 mmol, 1.0 equiv.) was dissolved in THF (200 ml). LiOH 

(182 mg, 7.62 mmol, 1.0 equiv.) in H2O (50 ml) was added at 0 °C and the resulting solution was 

stirred at 0 °C for 30 min. Then, citric acid (aq.) (1 M, 7.62 ml, 7.62 mmol, 1.0 equiv.) were added 

and the mixture was extracted with DCM (3×). The combined organic phases were dried over 

MgSO4 and evaporated in vacuo yielding the title compound (2.46 g, 7.62 mmol, quant.) as a white 

solid. (C15H17NO7, MW = 323.30 g mol−1). 1H NMR (500 MHz, DMSO-d6): δ =13.26 (s, 1H, O9-

H), 8.25 (d, J = 2.2 Hz, 1H, C3-H), 7.97 (dd, J = 8.8 Hz, 2.3 Hz, 1H, C5-H), 7.55 (d, J = 16.0 Hz, 

1H, C10-H), 7.29 (d, J = 8.9 Hz, 1H, C6-H), 6.57 (d, J = 16.0 Hz, 1H, C11-H), 4.97 (s, 2H, C7-H), 

1.48 (s, 9H, C14-H, C15-H, C16-H). 13C NMR (500 MHz, DMSO-d6): δ =169.1 (C8), 165.4 (C12), 

151.2 (C1), 141.0 (C10), 140.0 (C2), 133.2 (C5), 127.5 (C4), 124.5 (C3), 120.5 (C11), 115.4 (C6), 

80.1 (C13), 65.4 (C7), 27.8 (C14, C15, C16). HRMS (ESI)− m/z calcd. for C15H16NO7: 322.0932 

(M-H)−; Found: 322.0932. 

8 9 

Compound 9: Compound 8 (2.46 g, 7.62 mmol, 1.0 equiv.) and Na2CO3 (808 mg, 7.62 mmol, 

1.0 equiv.) were suspended in methanol (250 ml). The solution was quickly degassed by vacuum-N2 

cycles (3×), then, Pd/C (246 mg 10 wt. % loading) was added and the N2 atmosphere was replaced 

by H2. After stirring for 15 h the reaction mixture was filtered over celite©, and solvents were re-

moved in vacuo. The crude product (2.42 g, 7.62 mmol, quant.) was obtained as a slightly brown 

solid and was used in the next step without further purification. (C15H20NO5Na, MW = 

317.32 g mol−1). 1H NMR (500 MHz, DMSO-d6): δ = 6.52 (d, J = 8.07 Hz, 1H, C6-H), 6.42 (d, J = 

2.10 Hz, 1H, C3-H), 6.25 (dd, J = 8.14 Hz, 2.14 Hz, 1H, C5-H), 4.91 (s, 2H, N17-H), 3.98 (s, 2H, 

C7-H), 2.59 (t, J = 7.65 Hz, 2H, C10-H), 2.38 (t, J = 7.68 Hz, 2H, C11-H), 1.37 (s, 9H, C14-H, C15-
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H, C16-H). 13C NMR (500 MHz, DMSO-d6): δ =172.2 (C12), 171.7 (C8), 146.1 (C1), 139.5 (C2), 

133.4 (C4), 116.0 (C5), 114.9 (C6), 114.5 (C3), 80.0 (C13), 71.2 (C7), 37.3 (C11), 30.7 (C10), 28.2 

(C14, C15, C16). HRMS (ESI)− m/z calcd. for C15H20NO5: 294.1347 (M-H)−; Found: 294.1346. 

9 10 

Compound 10: Compound 9 (2.52 g, 7.62 mmol, 1.0 equiv.) and NaHCO3 (3.20 g, 38.1 mmol, 

5.0 equiv.) were dissolved in H2O (150 ml). After cooling the suspension to 0 °C, Fmoc-Cl (2.56 g, 

9.90 mmol, 1.3 equiv.) in 1,4-dioxane (150 ml) was added over 1 h. The resulting mixture was 

stirred at 0 °C for 1 h, then at RT for 16 h. After adjusting to pH ~2 using citric acid (aq.) (1 M, 

~50 ml), the suspension was extracted with DCM (3×). The combined organic phases were dried 

over MgSO4 and solvents were removed in vacuo. Purification of the residue by column chroma-

tography (SiO2, CyHex/EtOAc 1:1 + 1% DIPEA → CyHex/EtOAc 1:1 → CyHex/EtOAc 1:1 + 1% 

AcOH → EtOAc + 1% AcOH) yielded the title compound (3.37 g, 6.51 mmol, 85%) as a white solid. 

(C30H31NO7, MW = 517.58 g mol−1). Rf (EtOAc + 2% AcOH) = 0.23. 1H NMR (500 MHz, DMSO-

d6): δ = 13.08 (s, 1H, O9-H), 8.65 (s, 1H, N17-H), 7.91 (d, J = 7.5 Hz, 2H, C24-H, C25-H), 7.74 (d, 

J = 7.5 Hz, 2H, C21-H, C28-H), 7.53 (s, 1H, C3-H), 7.43 (t, J = 7.4 Hz, 2H, C23-H, C26-H), 7.34 

(t, J = 7.4 Hz, 2H, C22-H, C27-H), 6.89 (d, J = 8.4 Hz, 1H, C6-H), 6.87 (dd, J = 8.4 Hz, 1.89 Hz, 

1H, C5-H), 4.69 (s, 2H, C7-H), 4.41 (d, J = 7.1 Hz, 2H, C19-H), 4.31 (t, J = 7.0 Hz, 1H, C20-H), 

2.71 (t, J = 7.5 Hz, 2H, C10-H), 2.44 (t, J = 7.6 Hz, 2H, C11-H), 1.36 (s, 9H, C14-H, C15-H, C16-

H). 13C NMR (500 MHz, DMSO-d6): δ = 171.5 (C12), 170.6 (C8), 153.5 (C18), 146.9 (C1), 143.7 

(C20a, C28a), 140.7 (C24a, C24b), 133.8 (C4), 128.2 (C3), 127.7 (C23, C26), 127.5 (C2), 127.1 

(C22, C27), 125.3 (C21, C28), 123.6 (C5), 120.2 (C24, C25), 113.6 (C6), 79.7 (C13), 66.3 (C7), 66.1 

(C19), 46.6 (C20), 36.5 (C11), 29.9 (C10), 27.7 (C14, C15, C16). HRMS (ESI)− m/z calcd. for 

C30H30NO7: 516.2028 (M-H)−; Found: 516.2024. 

11 

Compound 11 (Bnp): 4-(Methylamino)butyric acid hydrochloride (25.0 g, 163 mmol, 

1.0 equiv.) was dissolved in THF (250 ml). NaOH (aq.) (2 M, 163 ml, 326 mmol, 2.0 equiv.) and 

Boc2O (46.2 g, 212 mmol, 1.3 equiv.) were added at 0 °C, and the reaction mixture was stirred at 

RT for 3 h. Organic solvents were evaporated in vacuo, H2O was added, and the mixture was 

washed with Et2O (2×). Then, the aqueous phase was acidified using citric acid (aq.) (1 M) and 

extracted with DCM (3×). After the combined organic phases were dried over MgSO4, solvents were 

evaporated in vacuo yielding the title compound (26.2 g, 120 mmol, 74%) as a colorless oil. 
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(C10H19NO4, MW = 217.27 g mol−1). 1H NMR (400 MHz, DMSO-d6): δ = 12.05 (s, 1H, O11-H), 

3.16 (t, J = 7.0 Hz, 2H, C4-H), 2.74 (s, 3H, C5-H), 2.17 (t, J = 7.2 Hz, 2H, C2-H), 1.67 (quint., J = 

7.2 Hz, 2H, C3-H), 1.38 (s, 9H, C8-H, C9-H, C10-H). 13C NMR (101 MHz, DMSO-d6): δ = 174.0 

(C1), 154.8 (C6), 78.3 (C7), 47.0 (C4), 33.6 (C5), 30.5 (C2), 28.0 (C8, C9, C10), 22.6 (C3). HRMS 

(ESI)− m/z calcd. for C10H18NO4: 216.1241 (M-H)−; Found: 216.1240. 

11 12 

Compound 12: Compound 11 (20.0 g, 92.1 mmol, 1.0 equiv.), K2CO3 (38.2 g, 276 mmol, 

3.0 equiv.) and benzyl bromide (13.1 ml, 120 mmol, 1.3 equiv.) were suspended in anhydrous DMF 

(100 ml). The reaction mixture was stirred for 20 h, then, H2O was added, and the mixture was 

extracted with DCM (3×). The combined organic phases were washed with brine, dried over MgSO4, 

and solvents were evaporated in vacuo. Purification of the residue by column chromatography 

(SiO2, CyHex/EtOAc 9:1) yielded the title compound (21.5 g, 69.8 mmol, 76%) as a colorless oil. 

(C17H25NO4, MW = 307.39 g mol−1). Rf (CyHex/EtOAc 9:1) = 0.18. 1H NMR (500 MHz, CDCl3): 

δ = 7.44–7.29 (m, 5H, C13-H, C14-H, C15-H, C16-H, C17-H), 5.12 (s, 2H, C11-H), 3.25 (t, J = 

7.1 Hz, 2H, C4-H), 2.82 (s, 3H, C5-H), 2.36 (t, J = 7.4 Hz, 2H, C2-H), 1.85 (quint., J = 7.3 Hz, 2H, 

C3-H), 1.44 (s, 9H, C8-H, C9-H, C10-H). 13C NMR (126 MHz, CDCl3): δ = 173.2 (C1), 155.9 (C6), 

136.1 (C12), 128.7 (C13, C17), 128.4 (C14, C15, C16), 66.4 (C11), 48.2 (C4), 34.2 (C5), 31.5 (C2), 

28.6 (C8, C9, C10), 23.3 (C3). HRMS (ESI)+ m/z calcd. for C17H26NO4: 308.1856 (M+H)+; Found: 

308.1860. 

12 13 

Compound 13: Compound 12 (21.5 g, 70.0 mmol, 1.0 equiv.) was dissolved in THF (55 ml) and 

the solution was cooled to −78 °C. LiHMDS (1 M in THF, 70.0 ml, 70.0 mmol, 1.0 equiv.) was 

added dropwise, the mixture was stirred for 15 min, then, iodomethane (4.35 ml, 70.0 mmol, 

1.0 equiv.) was added dropwise. After the mixture was stirred for 2 h, LiHMDS (1 M in THF, 

140.0 ml, 140.0 mmol, 2.0 equiv.) was added dropwise, the mixture was stirred for 15 min, then, 

iodomethane (8.71 ml, 140.0 mmol, 2.0 equiv.) was added dropwise. The reaction mixture was al-

lowed to warm to RT and stirred for another 13 h. The solution was acidified with NH4Cl (aq.) (sat-

urated) and extracted with DCM (3×). After the combined organic phases were dried over MgSO4, 

solvents were evaporated in vacuo, and the residue was purified by column chromatography (SiO2, 

CyHex/EtOAc 95:5 → 9:1). The title compound (11.9 g, 35.3 mmol, 51%) was obtained as a color-

less oil. (C19H29NO4, MW = 335.21 g mol−1). Rf (CyHex/EtOAc 9:1) = 0.28. 1H NMR (400 MHz, 

CDCl3): δ = 7.44–7.29 (m, 5H, C15-H, C16-H, C17-H, C18-H, C19-H), 5.12 (s, 2H, C13-H), 3.13 
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(s, 2H, C4-H), 2.73 (s, 3H, C7-H), 1.75 (t, J = 7.8 Hz, 2H, C3-H), 1.43 (s, 9H, C10-H, C11-H, C12-

H), 1.23 (s, 6H, C5-H, C6-H). 13C NMR (101 MHz, CDCl3): δ = 177.3 (C1), 155.7 (C8), 136.3 (C14), 

128.7 (C16, C18), 128.3 (C17), 128.2 (C15, C19), 79.4 (C9), 66.4 (C13), 45.5 (C4), 41.1 (C2), 38.1 

(C3), 34.1 (C7), 28.6 (C10, C11, C12), 25.3 (C5, C6). HRMS (ESI)− m/z calcd. for C19H30NO4: 

336.2169 (M+H)+; Found: 336.2174. 

13 14 

Compound 14: Compound 13 (11.9 g, 35.3 mmol, 1.0 equiv.) was dissolved in THF (60 ml) and 

methanol (30 ml). Sodium borohydride (4.01 g, 106 mmol, 3.0 equiv.) was added at 0 °C and the 

reaction mixture was stirred at RT for 14 h. After acidifying with citric acid (aq.) (1 M), H2O was 

added, and the mixture was extracted with DCM (3×). The combined organic phases were dried 

over MgSO4, solvents were evaporated in vacuo, and the residue was purified by column chroma-

tography (SiO2, CyHex/EtOAc 8:2 → 7:3 → 6:2) yielding the title compound (7.43 g, 32.1 mmol, 

91%) as a colorless oil. (C12H25NO3, 231.34 g mol−1). Rf (CyHex/EtOAc 7:3) = 0.25. 1H NMR 

(400 MHz, DMSO-d6): δ = 4.49 (t, J = 5.4 Hz, 1H, O13-H), 3.17–3.10 (m, 2H, C4-H), 3.08 (d, J = 

5.4 Hz, 2H, C1-H), 2.73 (s, 3H, C7-H), 1.38 (s, 9H, C10-H, C11-H, C12-H), 1.37–1.29 (m, 2H, C3-

H), 0.80 (s, 6H, C5-H, C6-H). 13C NMR (101 MHz, DMSO-d6): δ = 154.6 (C8), 78.1 (C9), 70.0 

(C1), 44.6 (C4), 36.0 (C3), 34.1 (C2), 33.6 (C7), 28.1 (C10, C11, C12), 23.8 (C5, C6). HRMS (ESI)− 

m/z calcd. for C12H24NO3: 230.1762 (M-H)−; Found: 230.1397. 

15 

Compound 15 is described in section 5.3.3. 

15 16 

Compound 16: Compound 15 (15.0 g, 71.0 mmol, 1.0 equiv.) was dissolved in chloroform 

(30 ml). After the addition of chlorosulfuric acid (11.8 ml, 178 mmol, 2.5 equiv.) in chloroform 

(45 ml) at 0 °C, the mixture was refluxed (bath temperature: 80 °C) for 90 min. The reaction was 

quenched by the addition of H2O and the mixture was extracted with DCM (3×), combined organic 

phases were dried over MgSO4 and solvents were evaporated in vacuo. After purification of the 

residue by column chromatography (SiO2, CyHex/EtOAc 8:2 → 7:3), the title compound (11.0 g, 
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35.4 mmol, 50%) was obtained as a brown oil (that became a solid after a while in the fridge). 

(C9H8NO7SCl, MW = 309.67 g mol−1). Rf (CyHex/EtOAc 7:3) = 0.19. 1H NMR (400 MHz, CDCl3): 

δ = 8.54 (d, J = 2.5 Hz, 1H, C3-H), 8.17 (dd, J = 9.0, 2.5 Hz, 1H, C5-H), 7.14 (d, J = 9.0 Hz, 1H, 

C6-H), 4.94 (s, 2H, C7-H), 3.85 (s, 3H, C9-H). 13C NMR (101 MHz, CDCl3): δ = 167.0 (C8), 155.9 

(C1), 139.7 (C2), 137.0 (C4), 132.6 (C5), 125.8 (C3), 115.4 (C6), 66.3 (C7), 53.1 (C9). HRMS 

(ESI)− m/z calcd. for C9H8NO7SCl2: 343.9404 (M+Cl)−; Found: 343.9409. 

14 

16 17 

Compound 17: Compound 14 (7.43 g, 32.1 mmol, 1.0 equiv.), 4-dimethylaminopyridine (3.92 g, 

32.1 mmol, 1.0 equiv.), and pyridine (5.17 ml, 64.2 mmol, 2.0 equiv.) were dissolved in anhydrous 

DCM (80 ml). Compound 16 (9.95 g, 32.1 mmol, 1.0 equiv.) in anhydrous DCM (20 ml) was added 

dropwise at 0 °C and the reaction mixture was stirred at 0 °C for 4 h. Then, the mixture was acidi-

fied with citric acid (aq.) (1 M) and extracted with DCM (3×). The combined organic phases were 

dried over MgSO4, and solvents were evaporated in vacuo. After column purification (SiO2, 

CyHex/EtOAc 8:2 → 7:3 → 1:1), the title compound (8.33 g, 16.5 mmol, 51%) was obtained as a 

brown oil. (C21H32N2O10S, MW = 504.18 g mol−1). Rf (CyHex/EtOAc 6:4) = 0.23. 1H NMR 

(400 MHz, CDCl3): δ = 8.40 (d, J = 2.2 Hz, 1H, C3-H), 8.04 (d, J = 8.8 Hz, 1H, C5-H), 7.10 (d, J = 

8.9 Hz, 1H, C6-H), 4.90 (s, 2H, C7-H), 3.84 (s, 3H, C9-H), 3.78 (s, 2H, C10-H), 3.17 (t, J = 8.2 Hz, 

2H, C13-H), 2.80 (s, 3H, C16-H), 1.48 (d, J = 8.3 Hz, 2H, C12-H), 1.44 (s, 9H, C19-H, C20-H, C21-

H), 0.94 (s, 6H, C14-H, C15-H). 13C NMR (101 MHz, CDCl3): δ = 167.3 (C8), 156.0 (C17), 154.9 

(C1), 139.9 (C2), 133.0 (C5), 129.5 (C4), 126.3 (C3), 115.3 (C6), 79.6 (C18), 78.9 (C10), 66.3 (C7), 

53.0 (C9), 44.2 (C13), 34.2 (C12), 33.8 (C11, C16), 28.6 (C19, C20, C21), 23.8 (C14, C15). HRMS 

(ESI)+ m/z calcd. for C21H33N2O10S: 505.1850 (M+H)+; Found: 505.1850. 

17 18 

Compound 18: Compound 17 (8.33 g, 16.5 mmol, 1.0 equiv.) was dissolved in THF (160 ml). 

LiOH (474 mg, 19.8 mmol, 1.2 equiv.) in H2O (40 ml) was added at 0 °C, and the reaction mixture 

was stirred at 0 °C for 2 h. After acidifying the mixture with citric acid (aq.) (1 M), it was extracted 

with DCM (3×), and the combined organic phases were dried over MgSO4. Evaporation of the sol-

vents in vacuo yielded the title compound (8.48 g, 16.5 mmol, quant.) as a brown oil. 

(C20H30N2O10S, MW = 490.52 g mol−1). Rf (DCM/MeOH 95:5 + 1% AcOH) = 0.18. 1H NMR 

(400 MHz, DMSO-d6): δ = 13.40 (s, 1H, O9-H), 8.42 (d, J = 2.3 Hz, 1H, C3-H), 8.14 (dd, J = 9.0, 
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2.4 Hz, 1H, C5-H), 7.54 (d, J = 9.0 Hz, 1H, C6-H), 5.07 (s, 2H, C7-H), 3.83 (s, 2H, C10-H), 3.16–

3.02 (m, 2H, C13-H), 2.70 (s, 3H, C16-H), 1.38 (s, 2H, C12-H), 1.36 (s, 9H, C19-H, C20-H, C21-

H), 0.84 (s, 6H, C14-H, C15-H). 13C NMR (101 MHz, DMSO-d6): δ = 168.7 (C8), 154.5 (C17), 

154.3 (C1), 139.3 (C2), 133.0 (C5), 127.2 (C4), 125.1 (C3), 116.6 (C6), 78.6 (C10), 78.4 (C18), 65.9 

(C7), 43.6 (C13), 35.6 (C11), 33.6 (C16), 33.1 (C12), 28.0 (C19, C20, C21), 23.1 (C14, C15). HRMS 

(ESI)− m/z calcd. for C20H29N2O10S: 489.1548 (M-H)−; Found: 489.1548. 

18 19 

Compound 19: Compound 18 (8.09 g, 16.5 mmol, 1.0 equiv.) and Na2CO3 (1.75 g, 16.5 mmol, 

1.0 equiv.) were suspended in MeOH (350 ml). The solution was quickly degassed by vacuum-N2 

cycles (3×), then, Pd/C (809 mg 10 wt. % loading) was added and the N2 atmosphere was replaced 

by H2. After stirring for 16 h the reaction mixture was filtered over celite©, washed with methanol 

and solvents were removed in vacuo. The crude product (8.93 g, 16.5 mmol, quant.) was obtained 

as a brown solid and was used in the next step without further purification. (C20H31N2O8SNa, MW 

= 482.52 g mol−1). 1H NMR (500 MHz, DMSO-d6): δ = 7.06 (d, J = 2.4 Hz, 1H, C3-H), 6.96 (dd, J 

= 8.4, 2.4 Hz, 1H, C5-H), 6.72 (d, J = 8.5 Hz, 1H, C6-H), 5.30 (s, 2H, N10-H), 4.17 (s, 2H, C7-H), 

3.61 (s, 2H, C11-H), 3.08 (d, J = 10.5 Hz, 2H, C14-H), 2.70 (s, 3H, C17-H), 1.38 (s, 2H, C13-H), 

1.37 (s, 9H, C20-H, C21-H, C22-H), 0.83 (s, 6H, C15-H, C16-H). 13C NMR (126 MHz, DMSO-d6): 

δ = 169.4 (C8), 154.5 (C18), 150.7 (C1), 139.2 (C2), 125.7 (C4), 116.2 (C5), 111.9 (C6), 110.9 (C3), 

78.3 (C19), 77.1 (C11), 69.1 (C7), 44.1 (C14), 33.6 (C17), 33.0 (C12), 28.1 (C20, C21, C22), 23.3 

(C15, C16). HRMS (ESI)− m/z calcd. for C20H31N2O8S: 459.1807 (M-H)−; Found: 459.1808. 

19 20 

Compound 20: Compound 19 (7.96 g, 16.5 mmol, 1.0 equiv.) and NaHCO3 (6.93 g, 82.5 mmol, 

5.0 equiv.) were dissolved in H2O (300 ml). Fmoc-Cl (5.55 g, 21.5 mmol, 1.3 equiv.) in 1,4-dioxane 

(300 ml) was added dropwise at 0 °C over 1 h. The reaction mixture was stirred at 0 °C for another 

1 h, then, it was stirred at RT for 22 h. After acidifying with citric acid (aq.) (1 M), the mixture was 

extracted with DCM (3×), the combined organic phases were dried over MgSO4, and solvents were 

evaporated in vacuo. Column chromatography (SiO2, CyHex/EtOAc 1:1 + 1% DIPEA → 1:1 → 

EtOAc + 1% AcOH → EtOAc/MeOH 9:1 + 1% AcOH) of the residue yielded the title compound 

(6.43 g, 9.23 mmol, 56%) as a white solid. (C35H42N2O10S, MW = 682.79 g mol−1). Rf 

(EtOAc/MeOH 9:1 + 1% AcOH) = 0.17. 1H NMR (500 MHz, DMSO-d6): δ = 13.27 (s, 1H, O9-H), 
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9.17 (s, 1H, N22-H), 8.34 (d, J = 2.3 Hz, 1H, C3-H), 7.91 (d, J = 7.5 Hz, 2H, C29-H, C30-H), 7.78 

(d, J = 7.6 Hz, 2H, C26-H, C33-H), 7.59 (d, J = 7.6 Hz, 1H, C5-H), 7.43 (t, J = 7.5 Hz, 2H, C28-H, 

C31-H), 7.34 (td, J = 7.4, 1.2 Hz, 2H, C27-H, C32-H), 7.22 (d, J = 8.8 Hz, 1H, C6-H), 4.91 (s, 2H, 

C7-H), 4.44 (d, J = 7.2 Hz, 2H, C24-H), 4.32 (t, J = 7.1 Hz, 1H, C25-H), 3.70 (s, 2H, C10-H), 3.05 

(t, J = 7.9 Hz, 2H, C13-H), 2.67 (s, 3H, C16-H), 1.35 (s, 2H, C12-H), 1.34 (s, 9H, C19-H, C20-H, 

C21-H), 0.82 (s, 6H, C14-H, C15-H). 13C NMR (126 MHz, DMSO-d6): δ = 169.5 (C8), 154.5 (C17), 

153.6 (C23), 152.1 (C1), 143.6 (C25a, C33a), 140.7 (C29a, C29b), 128.5 (C4), 127.7 (C28, C31), 

127.2 (C2), 127.1 (C27, C32), 125.3 (C26, C33), 123.8 (C5), 120.2 (C29, C30), 119.2 (C3), 113.1 

(C6), 78.3 (C18), 77.7 (C10), 66.5 (C24), 65.6 (C7), 46.5 (C25), 44.1 (C13), 35.4 (C11), 33.6 (C16), 

33.0 (C12), 28.0 (C19, C20, C21), 23.2 (C14, C15). HRMS (ESI)− m/z calcd. for C35H41N2O10S: 

681.2487 (M-H)−; Found: 681.2486. 

16 21 

Compound 21: Neopentyl alcohol (313 mg, 3.55 mmol, 1.1 equiv.), 4-dimethylaminopyridine 

(395 mg, 3.23 mmol, 1.0 equiv.), and pyridine (520 µl, 6.46 mmol, 2.0 equiv.) were dissolved in 

anhydrous DCM (8 ml). Compound 16 (1.00 g, 3.23 mmol, 1.0 equiv.) in anhydrous DCM (2 ml) 

was added dropwise at 0 °C and the reaction mixture was stirred at 0 °C for 4 h. Then, the mixture 

was acidified with citric acid (aq.) (1 M) and extracted with DCM (3×). The combined organic phases 

were dried over MgSO4, and solvents were evaporated in vacuo yielding the title compound (1.10 g, 

3.04 mmol, 94%) as a brown solid. (C14H19NO8S, 361.37 g mol−1). Rf (CyHex/EtOAc 6:4) = 0.34. 

1H NMR (400 MHz, CDCl3): δ = 8.40 (d, J = 2.3 Hz, 1H, C3-H), 8.03 (dd, J = 8.9, 2.3 Hz, 1H, C5-

H), 7.09 (d, J = 8.9 Hz, 1H, C6-H), 4.90 (s, 2H, C7-H), 3.84 (s, 3H, C9-H), 3.75 (s, 2H, C10-H), 

0.93 (s, 9H, C12-H, C13-H, C14-H). 13C NMR (101 MHz, CDCl3): δ = 167.2 (C8), 154.7 (C1), 

139.7 (C2), 133.2 (C5), 129.5 (C4), 126.1 (C3), 115.1 (C6), 80.4 (C10), 66.1 (C7), 52.9 (C9), 31.8 

(C11), 26.0 (C12, C13, C14). HRMS (ESI)− m/z calcd. for C14H19NO8SCl: 396.0525 (M+Cl)−; 

Found: 396.0533. 

21 22 

Compound 22: Compound 21 (1.10 g, 3.04 mmol, 1.0 equiv.) and acetic acid (174 µl, 3.04 mmol, 

1.0 equiv.) were dissolved in THF (100 ml). The solution was quickly degassed by vacuum-N2 cycles 

(3×), then, Pd/C (110 mg 10 wt. % loading) was added and the N2 atmosphere was replaced by H2. 

After stirring for 16 h the reaction mixture was filtered over celite©, and solvents were removed in 

vacuo. The crude product was recrystallized by dissolving it in a small amount of Et2O and adding 
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n-hexane. The solution was kept at −20 °C to aid crystallization, then, the precipitate was filtered 

and washed with n-hexane to yield the title compound (482 mg, 1.61 mmol, 53%) as a white solid. 

(C13H17NO5S, MW = 299.34 g mol−1). Rf (CyHex/EtOAc 1:1) = 0.33. 1H NMR (400 MHz, DMSO-

d6): δ = 11.13 (s, 1H, N9-H), 7.57 (d, J = 2.2 Hz, 1H, C3-H), 7.54 (dd, J = 8.4, 2.3 Hz, 1H, C5-H), 

7.22 (d, J = 8.4 Hz, 1H, C6-H), 4.96 (s, 2H, C7-H), 3.70 (s, 2H, C10-H), 0.85 (s, 9H, C12-H, C13-

H, C14-H). 13C NMR (101 MHz, DMSO-d6): δ = 159.6 (C8), 147.8 (C1), 130.1 (C4), 128.6 (C2), 

123.9 (C5), 116.9 (C6), 111.7 (C3), 79.4 (C10), 67.9 (C7), 31.3 (C11), 25.6 (C12, C13, C14). HRMS 

(ESI)− m/z calcd. for C13H16NO5S: 298.0755 (M-H)−; Found: 298.0757. 

17 23 

Compound 23: Compound 17 (280 mg, 555 µmol, 1.0 equiv.) was dissolved in THF (30 ml). The 

solution was quickly degassed by vacuum-N2 cycles (3×), then, Pd/C (28 mg 10 wt. % loading) was 

added and the N2 atmosphere was replaced by H2. After stirring for 16 h the reaction mixture was 

filtered over celite©, and solvents were removed in vacuo. The residue was subjected to column 

chromatography (SiO2, CyHex/EtOAc 6:4 → 4:6), and the crude product was further purified by 

trituration in acetonitrile. Centrifugation and decantation of the supernatant yielded the title com-

pound (83 mg, 188 µmol, 34%) as a white solid. (C20H30N2O7S, MW = 442.53 g mol−1). Rf 

(CyHex/EtOAc 4:6) = 0.45. 1H NMR (500 MHz, CDCl3): δ = 9.48 (s, 1H, N9-H), 7.72 (s, 1H, C3-

H), 7.52 (dd, J = 8.5, 2.2 Hz, 1H, C5-H), 7.06 (d, J = 8.5 Hz, 1H, C6-H), 4.68 (s, 2H, C7-H), 3.67 

(s, 2H, C10-H), 3.24–3.09 (m, 2H, C13-H), 2.82 (s, 3H, C16-H), 1.52 (s, 9H, C19-H, C20-H, C21-

H), 1.44 (d, J = 7.9 Hz, 2H, C12-H), 0.98 (s, 6H, C14-H, C15-H). 13C NMR (126 MHz, CDCl3): δ 

= 163.8 (C8), 156.1 (C17), 147.9 (C1), 129.5 (C4), 128.0 (C2), 124.2 (C5), 116.9 (C6), 115.6 (C3), 

80.5 (C18), 76.8 (C10), 67.4 (C7), 44.6 (C13), 35.5 (C12), 34.3 (C16), 33.6 (C11), 28.8 (C19, C20, 

C21), 25.1 (C14, C15). HRMS (ESI)− m/z calcd. for C20H29N2O7S: 441.1701 (M-H)−; Found: 

441.1711. 
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8.4  X-ray crystallography 

The stock solution of 1 was prepared from a lyophilized sample by dissolving in H2O to a final 

concentration of 8 mM. Diffraction-quality crystals of 1 (Fig. 123) were obtained by sitting drop 

method by adding 1 µL of 1 and 1 µL of the reservoir solution containing 15% w/v polyethylene 

glycol 8000, 50 mM BIS-TRIS propane buffer (pH 6.8), 100 mM ammonium sulfate and 10% glyc-

erol. Volume of reservoir solution was 500 µL. Single crystals of 1 were fished using MiTeGen micro 

loops, quickly soaked in a cryo-protectant solution of 30% w/v polyethylene glycol 8000 and 20% 

v/v polyethylene glycol 400 and flash frozen in liquid nitrogen. 

 

Fig. 123 Crystals of 1 observed under cross polarizing microscope. 

Synchrotron data for 1 was collected at the ID30b beamline in European Synchrotron Radiation 

Facility (Grenoble, France) using PILATUS3 6M 1000µm Si sensor (Dectris) detector. Diffraction 

data for 1 was processed using autoPROC.[104, 122, 138] The structure was solved using intrinsic phas-

ing method with the program ShelxT[142] and refined by a full-matrix least squares method on F2 

with ShelxL-2014[106] within Olex2 suite.[107] The initial structure solution revealed most of the 

main-chain atoms. After each refinement step, visual inspection of the model and the electron-

density maps were carried out using Olex2 and Coot.[108] AFIX, DFIX, EADP, SADI and FLAT in-

structions were used to improve the geometry of the molecule and temperature parameters. All 

non-H atoms were refined with anisotropic displacement parameters. Hydrogen atoms were placed 

at idealized positions. Restraints on anisotropic displacement parameters were implemented with 

DELU, SIMU, RIGU and ISOR instructions. Statistics of data collection and refinement are de-

scribed in Table 8. 

Crystallization experiments and data collection was done with the help of Pradeep Mandal. 
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Table 8 Crystallographic data and refinement details for 1. 

Compound 1 

Chemical formula C115 H93 N21.5 O44 S3  

Formula weight 2575.78 

Temperature 100 K 

Wavelength 0.9762 Å 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions 

a = 15.566 (3) Å  

b = 34.166 (7) Å  

c = 63.600 (12) Å 

α = 90° 

β = 94.52 (3)° 

γ = 90° 

Volume 33719 (12) Å3 

Z 8 

Density (calculated) 1.015 g/cm3 

Absorption coefficient 0.286 µ/mm-1 

Colour and shape Pale yellow, needles 

Crystal size 0.25 x 0.05 x 0.05 mm 

Index ranges 

-15 ≤ h ≤ 15 

-32 ≤ k ≤ 31 

-63 ≤ l ≤63  

Reflections collected 100786 

Rint 0.2326 

Data/restraints/parameters 31940/95/2864 

Goodness-of-fit on F2 1.524 

Final R indexes [I > 2σ (I)] 
R1 = 0.1774 

wR2 = 0.4208 

Final R indexes [all data] 
R1 = 0.2267 

wR2 = 0.4497 

Largest diff. peak and hole 1.17/-0.70 e Å-3 

Total potential solvent accessible void volume 

from SQUEEZE 
11693.6 Å3 

Electron count/cell 4135 
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8.5  Spectra and Chromatograms 

 

Fig. 124 Analytical data of compound 1. HPLC chromatograms after cleavage from the resin (a) (C18, 0–45B, 

50 °C; A: 13 mM ammonium acetate buffer pH 8.5, B: acetonitrile) and after purification (b) (C8, 0–40B, 50 °C; A: 

13 mM ammonium acetate buffer pH 8.5, B: acetonitrile). c) Chemical structure of compound 1. d) 1H NMR spec-

trum (500 MHz, 1.0 mM in 27 mM sodium phosphate buffer pH 7.0). 
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Fig. 125 NMR spectra of compound 2. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 126 NMR spectra of compound 3. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 127 NMR spectra of compound 4. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 128 NMR spectra of compound 5. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 



8  Experimental (unpublished) 

195 

 

Fig. 129 NMR spectra of compound 7. a) 1H NMR (400 MHz, CDCl3). b) 13C NMR (101 MHz, CDCl3). 
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Fig. 130 NMR spectra of compound 8. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 131 NMR spectra of compound 9. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 132 NMR spectra of compound 10. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 133 NMR spectra of compound 11. a) 1H NMR (400 MHz, DMSO-d6). b) 13C NMR (101 MHz, DMSO-d6). 
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Fig. 134 NMR spectra of compound 12. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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Fig. 135 NMR spectra of compound 13. a) 1H NMR (400 MHz, CDCl3). b) 13C NMR (101 MHz, CDCl3). 
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Fig. 136 NMR spectra of compound 14. a) 1H NMR (400 MHz, DMSO-d6). b) 13C NMR (101 MHz, DMSO-d6). 
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Fig. 137 NMR spectra of compound 16. a) 1H NMR (400 MHz, CDCl3). b) 13C NMR (101 MHz, CDCl3). 
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Fig. 138 NMR spectra of compound 17. a) 1H NMR (400 MHz, CDCl3). b) 13C NMR (101 MHz, CDCl3). 
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Fig. 139 NMR spectra of compound 18. a) 1H NMR (400 MHz, DMSO-d6). b) 13C NMR (101 MHz, DMSO-d6). 
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Fig. 140 NMR spectra of compound 19. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 141 NMR spectra of compound 20. a) 1H NMR (500 MHz, DMSO-d6). b) 13C NMR (126 MHz, DMSO-d6). 
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Fig. 142 NMR spectra of compound 21. a) 1H NMR (400 MHz, CDCl3). b) 13C NMR (101 MHz, CDCl3). 
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Fig. 143 NMR spectra of compound 22. a) 1H NMR (400 MHz, DMSO-d6). b) 13C NMR (101 MHz, DMSO-d6). 
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Fig. 144 NMR spectra of compound 23. a) 1H NMR (500 MHz, CDCl3). b) 13C NMR (126 MHz, CDCl3). 
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