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Abstract

Nature has three biopolymers: oligonucleotides, polypeptides, and oligosaccharides. Each 

biopolymer has independent functions, but when needed, they form mixed assemblies for higher-

order purposes, as in the case of ribosomal protein synthesis. Rather than forming large complexes 

to coordinate the role of different biopolymers, we dovetail protein amino acids and nucleobases 

into a single low molecular weight precision polyamide polymer. We established efficient 

chemical synthesis and de novo sequencing procedures and prepared combinatorial libraries with 

up to 100 million biohybrid molecules. This biohybrid material has a higher bulk affinity to 

oligonucleotides than peptides composed exclusively of canonical amino acids. Using affinity 

selection mass spectrometry, we discovered variants with a high affinity for pre-microRNA 

hairpins. Our platform points toward the development of high throughput discovery of sequence 

defined polymers with designer properties, such as oligonucleotide binding.
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Introduction

Therapeutic targeting of nucleic acids (RNA and DNA) is of high interest. Targeting 

approaches span the full spectrum of molecules from small drugs to >100 kDa composite 

macromolecules (CRISPR-Cas).1–5 Nucleic acids are therapeutic targets because mutations 

of specific genes, dysregulation of transcription activity, and non-coding RNAs (ncRNA) are 

at the core of many genetic and acquired pathologies.6–8 CRISPR-Cas and antisense 

oligonucleotides (ASOs)4 restore these genetic abnormalities. Small molecule3,9–12 and 

peptide-based13–16 approaches are used for alternative targeting strategies.

Biohybrid abiotic polymers that resemble both peptides and nucleic acids are an intriguing 

modality to target nucleic acids. These variants should favor high affinity and selectivity for 

specific oligonucleotides. The amino acid side-chains allow for highly diverse structural and 

functional landscapes, while the nucleobases can interact with nucleic acids via base pairing. 

Over the years, scientists have aimed to generate two-in-one biomaterials. Previously, 

Mihara et al. designed peptides to bind RNA by rational insertion of nucleobase amino 

acids.17–19 Hecht et al. found that transcriptional DNA regulator proteins could be modified 

with nucleobases to improve their DNA-binding.20 Analogously, peptoids with nucleobase 

side chains were designed to targeted DNA.21–23 Peptide nucleic acids (PNAs) containing 

alanine and lysine side chains were found to assemble into supramolecular structures while 

maintaining sequence-specific RNA binding (Figure 1B).24 In an elegant approach, David 

Liu and coworkers built a platform for the in vitro evolution of nucleic acid polymers 

displaying amino acid side chains on nucleobases.25 The resulting greater structural diversity 

and hydrophobic side chains proved advantageous for the selection of potent aptamers 

(Figure 1A).26 Despite these efforts, no robust high-throughput selection/decoding strategies 

for mixed peptide biohybrids have been reported so far.

Synthetic combinatorial chemistry and tandem mass spectrometry (MS/MS) sequencing can 

constitute a discovery platform for biohybrid nucleobase peptides. Combinatorial libraries 

give access to diverse chemical space for the discovery of compounds with novel properties. 

Our group recently reported affinity selection mass spectrometry (AS-MS) workflows, 

which enable high throughput screening of synthetic combinatorial peptide libraries;27–29 

these strategies enable flexible incorporation of virtually any non-canonical amino acid. 

Success with high diversity AS-MS requires efficient synthesis and high fidelity MS/MS 

decoding. The AS-MS approach is tag-free as opposed to ‘nucleic acid-encoded’ libraries.
30,31 The oligonucleotide tag might also bind to the target and interfere with the 

identification of real binders. By circumventing this limitation, ‘tag-free’ synthetic chemical 

libraries provide an additional advantage.

Here we describe the development of efficient synthesis and de novo sequencing procedures 

for biohybrid nucleobase peptides. We found that nucleobase containing peptides have a 
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significantly higher affinity for nucleic acids, compared to canonical peptides. From a 100 

million-membered nucleobase peptide library we enriched a nanomolar binder to RNA-

hairpins, with selectivity over DNA. These results suggest a promising approach to target 

specific oligonucleotide strands.

Results & discussion

Design and synthesis of biohybrid nucleobase peptides

A polyamide peptide backbone with α-amino acid-based monomers was chosen for the 

synthesis of biohybrid nucleobase peptide libraries. We hypothesized that dovetailing amino 

acid side chains and nucleobases on a polyamide backbone would be an optimal choice for 

the following reasons: polyamides are chemically stable and can be assembled with high 

efficiency by Fmoc solid phase peptide synthesis (SPPS). Fmoc-protected amino acids are 

commercially available and several SPPS compatible nucleobase displaying amino acid 

monomers have been described in the literature.17,32–35 We decided to focus on building 

blocks based on α-amino acids. These monomers lead to sequence defined polymers having 

the potential to adopt secondary structure and are amenable to de novo sequencing with 

MS/MS methodologies and algorithms optimized for canonical peptides and proteomics.

Twelve nucleobase amino acid monomers were synthesized. To determine the synthetic 

accessibility and sequencing compatibility while covering a broad chemical space, we 

prepared three monomer sets with different linkers connecting each of the four nucleobases 

to the amino acid moiety (Scheme 1A). Serinolactone was transformed into alanyl 

nucleobase monomers by nucleophilic ring opening with the respective nucleobases.32,36–38 

The resulting linker between the nucleobase and the alanyl scaffold is a methylene group. 

Bromohomoalanine was transformed into homoalanyl (hAla) nucleobase monomers by 

nucleophilic substitution of the bromine with the respective nucleobases.17–19,32 The 

resulting linker between the nucleobase and the hAla scaffold is an ethylene group. 

Diaminobutyric acid (Dab) was coupled to nucleobase acetic acid derivatives affording Dab-

nucleobase monomers, with an ethyl amido methyl linker.33,34 Details regarding synthesis 

and protecting group strategies are discussed in the SI (SI schemes 1 and 2).

Combinatorial libraries require high efficiency for every chemical reaction. We confirmed 

the efficient incorporation of the twelve nucleobase monomers into short peptides with 

amino acid building blocks before and after incorporation of the nucleobase (K-Nucleobase-

LAGV, Scheme 1B). In summary, the twelve crude nucleobase peptides were 70 to 99% 

pure, as determined by LC-MS (SI S38 – S43).

Tandem MS-based sequencing of biohybrid nucleobase peptides

High-fidelity de novo sequencing is a requirement for discovery experiments with non-

natural polymers. We focused on combinatorial libraries with ~200 members to establish de 
novo sequencing procedures. Libraries with the three sets of nucleobase monomers were 

synthesized. We analyzed the alanyl, homoalanyl and Dab nucleobase monomers in three 

distinct libraries, to determine the influence of each linker on sequencing (Figure 2A). The 

library design was 12345678K, wherein 1, 3, 6 and 8 was one of two canonical amino acids, 
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and 2, 4, 5 and 7 was either a canonical amino acid or one of the four nucleobase monomers. 

The total diversity of each library was 28 = 256. These libraries contain 16 possible 

sequences without any nucleobase and serve as positive controls. Each library contains 64 

sequences with one nucleobase, 96 with two, 64 with three, and 16 with four nucleobases. 

Taken together, we answer how each non-natural monomer affects de novo sequencing 

efficiency.

Sequence identification by de novo MS/MS sequencing was possible for >70% of all 

nucleobase peptides. We analyzed each library by a single nanoLC-MS/MS run on an 

Orbitrap Fusion Lumos mass spectrometer. Three fragmentation modes were used in 

combination: collision induced dissociation (CID), higher energy collision induced 

dissociation (HCD) and electron transfer dissociation (ETD). The resultant MS spectra were 

analyzed with the sequencing software PEAKS 8.5. We used a Python script to filter 

candidate sequences provided from PEAKS according to library design criteria, including 

correct length and input monomers.39 The sequences were divided into categories. The 

percentage of sequences with zero, one, two, three or four nucleobases respectively, was 

determined. For the alanyl library we observed a decreased sequence recovery/identification 

with increasing nucleobases per sequence. For the homoalanyl and the Dab libraries, the 

presence of up to four nucleobase monomers per sequence did not adversely influence the 

sequence decoding. The MS/MS spectra show peptide backbone fragmentation and 

nucleobase and nucleobase-acetyl (Dab library) dissociations (exemplary spectra in Figure 

2B). The most prominent nucleobase dissociations were observed in the alanyl library, 

possibly explaining the lower sequence identification rate. The MS/MS spectrum from a 

single fragmentation source did not enabled identification of the sequences, rather the 

combination of CID, HCD and ETD spectra was needed. The overall sequence identification 

rate (all three libraries taken together, 768 peptides) was 72%, comparable to the average 

identification of the control pool (69%).

Synthesis of a nucleobase peptide library

A nucleobase peptide library with 100 million members was synthesized. The outcome of 

the sequencing experiments indicated that all three sets of nucleobase monomers can be used 

for library synthesis and sequencing. We prepared a combinatorial library with the format 

X9K, using twelve nucleobase monomers and 18 canonical amino acids for each variable 

position. A fixed Lys residue was placed at the C-terminus to facilitate the MS/MS 

sequencing with a constant charge on all y-type ions. One-bead-one-compound (OBOC)40,41 

split-and-pool synthesis was used to prepare a library with ~108 members (Figure 3A), a 

suitable size for magnetic bead-based affinity selections.29 This library size is a compromise 

between high diversity, which enhances the probability of identifying binders, and a 

sufficient concentration of each library member to ensure enough material for affinity 

selection and subsequent MS/MS sequencing (~10 fmol per compound). To control the 

number of nucleobases per sequence, the split-and-pool process was biased: in each 

coupling step 20% of the resin was used for the 12 nucleobase peptides and 80% for the 

canonical residues. Based on this, the library distribution indicates that 86% of sequences 

would have one to four nucleobases (which we showed being sequenced with high 

confidence), 11% no nucleobases and 3% five or more nucleobases (Figure 3B).
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Bulk affinity of biohybrid nucleobase peptides towards nucleic acids

Nucleobase peptides have higher bulk affinity to oligonucleotides than canonical peptides. 

The nucleobase peptide library and a canonical peptide library with the same format (X9K, 

100 million member) were immobilized on an ELISA (enzyme linked immunosorbent 

assay) plate and incubated with a biotinylated DNA library (Biotin-N20, with N = adenine, 

cytosine, guanidine or thymidine) (Figure 4A). Also, a positively charged peptide 38 
(LKKLLKLLKKWLKLK)14 was immobilized, as to probe for electrostatic interactions. 

Association was determined after exposure to horseradish peroxidase (HRP) conjugated to 

streptavidin (SA) and tetramethylbenzidine (TMB). The nucleobase peptide library showed 

significantly higher signal when compared to both the canonical peptide library and the 

positively charged peptide (Figure 4B). These results indicate that nucleobase peptide 

libraries are a preferred pool for the identification of binders to nucleic acids.

Identification of an RNA-hairpin-binding nucleobase peptide by affinity selection – mass 
spectrometry

The targeting of pre-miRNA hairpins is of high interest: gene expression in cells is 

controlled by miRNAs and miRNAs are correlated with disease.42,43 Binders to structured 

hairpin precursor miRNA can potentially inhibit the processing to the mature and active 

miRNA.44 Two pre-miRNAs involved in disease are pre-miRNA-2145 and pre-

miRNA-155.46

We envisioned our nucleobase peptide library could be used to discover high affinity pre-

miRNA-hairpin binders. Biotinylated pre-miRNAs (21 and 155) were immobilized on 

magnetic streptavidin beads and incubated with the 100-million membered nucleobase 

peptide library ([library] = 1 mM; [individual library member] = 10 pM; Figure 5A). Yeast 

RNA was added to the selection conditions to scavenge for non-specific RNA binders. After 

washing to remove unbound material, potential hits were eluted and subjected to nanoLC-

MS/MS. As a negative control, the same workflow was done with unmodified streptavidin 

beads. The resultant MS spectra were visualized with the sequencing software PEAKS 8.5 

and further refined with a Python script that nominated variants matching the library design. 

Finally, an extracted ion chromatogram was created for each variant (based on the precursor 

ion used by PEAKS for sequencing): only compounds resulting in a clear peak in the 

chromatogram were considered ‘hits’ (Figure 5D). Cross-analysis of the same ion in the 

control chromatograms (beads only) allowed to exclude potential unspecific bead or 

streptavidin binders. After these steps, for enrichments with the pre-miRNA21, only one 

nucleobase peptide was identified: Lys-DabG-hAlaA-Arg-Asp-DabA-Leu-hAlaG-Ala-Lys 

(Fig 5B–C). The variant ions were also identified in the LCMS chromatograms resulting 

from enrichments with pre-miRNA-155: due to their low intensity, however, no sequencing 

data were obtained from these samples. It was absent in the unmodified streptavidin bead 

control sample (Figure 5D). No specific nucleobase peptide variants were identified from the 

pre-miRNA-155 enrichments.The biohybrid nucleobase peptide binds to RNA-hairpins with 

nanomolar affinity. To validate the binding of the hit sequence to the pre-miRNA hairpins, 

we synthesized the compound with a C-terminal biotin handle (39-biotin). 39-biotin was 

immobilized on biolayer interferometry (BLI) streptavidin tips and the association/

dissociation to pre-miRNA21 in solution at different concentrations was determined: the 
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dissociation constant (Kd) was found to be 9 nM for pre-miRNA21 (Figure 4E) and 12 nM 

for pre-miRNA-155 (Figure 4F). The affinity towards the pre-miRNA-21 stem, missing the 

hairpin loop, was reduced by over 50-fold, indicating the importance of the hairpin loop for 

the binding of 39 (SI Figure1). Indeed, 39 was found to bind with high affinity to an 

unrelated hairpin derived from HIV RNA (SI Figure 1). We also determined melting 

temperatures of pre-miRNA-21 alone and in the presence of 39 using circular dichroism: no 

significant shift in melting temperature was observed between the two samples (SI Figure 3); 

in presence of 39, however, a more defined melting transition was found.

The binding of the nucleobase peptide hit to RNA hairpins is selective over DNA hairpins, 

single stranded DNA (SSDNA) and double stranded DNA (dsDNA). We wanted to determine 

whether the binding of 39-biotin to pre-miRNA-hairpins was based solely on nonspecific 

electrostatic interactions due to its 4 positively charged residues. Other negatively charged 

oligonucleotides, such as a DNA sequence with the same primary sequence as pre-miR-21, 

SSDNA or dsDNA, in that case, would be expected to bind to the biohybrid compound with 

similarly high affinity. BLI measurements indicated that 39-biotin has >400-fold selectivity 

for pre-miRNA-hairpins relative to all DNA samples tested. (SI Figure 1, Figure 5G).

Single-point nucleobase substitutions in 39 to alanine were tolerated, as mutation of all four 

nucleobases caused up to 100-fold decrease in affinity for RNA. To investigate the role of 

the nucleobase monomers and individual residues in the hit sequence, we synthesized 

several analogues. First, the 4 nucleobase monomers were mutated to either alanine, 

tryptophan, or glutamine. These variants showed reduced binding affinity for pre-miRNA21 

(> 50–100-fold decrease; Figure 5G). The need for a combination of side chains might 

provide clues regarding why one sequence was identified in the affinity selection and no 

other consensus compounds as observed in other target based AS-MS approaches.29 Next, 

we performed an alanine scan at each position. Mutation of the N-terminal lysine and the 

arginine in position 4 depleted the binding. Single mutations all other positions were 

tolerated and did not significantly affect the binding to pre-miR21. A scrambled variant of 

39 showed ~10-fold decreased binding affinity (Figure 5G).

Discussion

Abiotic sequence defined polymers might be new modalities for the development of 

functional materials or therapeutics.47–50 In this work, we showed the design and synthesis 

of SPPS-ready nucleobase monomers. The robust synthesis procedures allowed for 

preparation of multimillion membered combinatorial libraries and this class of materials had 

enhanced affinity for nucleic acids, compared to canonical peptides. Several classes of 

sequence defined polymers (beyond canonical peptides and nucleic acids) can be 

synthesized and sequenced by MS/MS.48 No robust approaches for high throughput 

discovery have been described so far. Our platform shows the possibility of high throughput 

discovery of sequence defined polymers with favorable properties for oligonucleotide 

binding.

We established procedures for the synthesis and sequencing of complex mixtures of 

biohybrid nucleobase peptides with up to ten residues and four nucleobases per sequence. 
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Several reports on the synthesis of individual nucleobase peptides with varying length and 

nucleobase content have been published.32–36,51 We designed our libraries with sequence 

lengths of 9–10 residues, based on previous results in our laboratory which showed the 

sequencing outcome for peptide libraries with a length of over 12 residues being less 

accurate compared to shorter sequences.27 Using model libraries, we showed efficient 

sequencing of biohybrids with up to four nucleobases per compound (Fig 2A). In the quality 

control samples of the 100-million membered library we identified sequences with up to five 

nucleobases. Higher nucleobase content might be possible, but not likely frequent in our 

library, due to the probabilistic residue distribution (Figure 3B).

We identified a single binder upon screening a 100-million membered library in presence of 

pre-miRNA-21, and none for pre-miR-155. Several reasons might be at the basis of this 

outcome: AS-MS can achieve high enrichment for peptides sequenced, typically identifying 

only binders with low nanomolar affinities. Weaker binders might be present but not 

enriched enough for the mass spectrometry threshold. The excess of competitor yeast RNA, 

present in the selection buffer, may successfully scavenge nonspecific oligonucleotide 

binders. Overall, the library size, monomer composition, and enrichment conditions affect 

the likelihood of discovering novel binders.29,52 Libraries beyond 108 members and iterative 

designs might enable the identification of additional hits.

Often, hot-spot residues within peptides or proteins drive the binding to their partner 

(usually ~3 residues in a 10-mer).53,54 For DNA or RNA duplexes, the binding affinity does 

not depend on a single nucleobase ‘hotspot’, but on synergistic base-pairing along the whole 

oligonucleotide. Compound 39 exhibited hybrid recognition: the Lys1 and Arg4 behave as 

hotspot residues and this observation is in line with the general finding that basic residues 

are important for protein-RNA interactions.54 The nucleobases within 39, on the other hand, 

tolerate single substitutions without significant effects on the binding affinity. However, after 

mutating all four nucleobases to canonical residues, the binding decreased by 50-fold. Open 

questions about the specific contributions of the nucleobases remain at this stage and will be 

subject of future investigations. Also, scrambled 39 with 4 positive charges and 4 

nucleobases maintains binding to the miRNA-hairpin, although with 10-fold reduced 

affinity. The main driving force for the interaction of nucleobase peptide 39 and scrambled 

variant might be the overall content of positively charged residues and nucleobases and not 

the order of the primary sequence.

While peptide nucleic acids (PNAs) can target specific oligonucleotide sequences by direct 

hybridization or strand invasion, they rarely recognize the defined secondary or tertiary 

structures formed by RNA, beyond triple helix binding.55,56 Our results suggest a mixed 

two-in-one molecule might lead to classes of variants that are not only selective toward RNA 

over DNA, but also for specific structural RNA elements.

Taken together, our results highlight the potential of synthetic combinatorial libraries 

combined with modern mass spectrometry for the exploration of new chemical space and 

ligand discovery. We envision that continued access to areas of chemical space beyond 

natural building blocks will create opportunities for the discovery of materials with novel 

functions, properties, or even enzymatic activity.
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Figure 1. Recent examples of biohybrid sequence defined polymers.
A) Highly functionalized nucleic acids developed in the Liu lab.25,26 These structures can be 

amplified by PCR and sequenced and therefor used for aptamer selections. B) Modified 

PNA developed in the Heemstra group.24 Hydrophobic and hydrophilic side chains drive 

PNA self-assembly to supramolecular structures. C) This work: efficient synthesis and 

sequencing strategies for nucleobase peptides were developed, enabling discovery 

experiment from combinatorial libraries.
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Figure 2. De novo sequence determination of nucleobase peptides with up to four nucleobases per 
compound is possible using tandem MS/MS and sequencing software.
A) Three combinatorial libraries with the three nucleobase monomer sets (alanyl = blue; 

homoalanyl = purple; Dab = green) and canonical amino acid residues were synthesized and 

analyzed by nanoLC-MS/MS. De novo sequencing was performed with the software 

PEAKS 8.5 and the final list was filtered for sequences fitting the correct library design. The 

percentage of identified total sequences and sequences containing different numbers of 

nucleobases is reported on the graphs on the right. Expected total sequences with N 

nucleobases: 16 for N = 0, 64 for N = 1, 96 for N = 2, 64 for N = 3, 16 for N = 4. B) 

Exemplary MS/MS spectra of nucleobase peptides from the three libraries. Fragmentations 

of nucleobase side chains are shown.
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Figure 3. A 100-million membered nucleobase peptide library was synthesized.
A) Schematic representation of the monomer set and the synthesis of a 100 million-

membered library of biohybrid nucleobase peptides or canonical peptides, respectively. B) 

Calculated number of nucleobases per sequence in the library based on the percentage of 

monomers used.
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Figure 4. Hybrid nucleobase peptides have higher bulk affinity to oligonucleotides than canonical 
peptides.
A) Schematic representation of the ELISA assay: immobilized nucleobase peptide or 

canonical peptide library, respectively, is incubated with a biotinylated DNA library. B) 

ELISA readout diagram: nucleobase peptides have higher affinity towards DNA than 

canonical peptides.
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Figure 5. A nucleobase peptide with nanomolar affinity for RNA-hairpins was identified by 
affinity selection.
A) Schematic representation of the magnetic bead-based affinity selection with nucleobase 

peptide library (streptavidin coated magnetic beads = red; biotinylated pre-miRNA = 

brown). Total immobilized RNA: 100 pmol; [library] = 1 mM; [individual library member] = 

10 pM; incubation buffer: Tris 20 mM, pH = 7.5, NaCl 300 mM, MgCl2 20 mM, Tween 0.05 

%, Yeast RNA 0.2 mg/mL, Biotin 2 mM; B) ETD spectrum of hit sequence identified by 

affinity selection. C) structure of hit sequence. D) extracted ion counts for the precursor 

mass (437.72; z = + 4) in the MS chromatograms of the affinity selection with pre-

miRNA-21 (Biotin- 

UGUCGGGUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCA

GUCGAUGGGCUGUCUGACA), pre-miRNA-155 (Biotin-

CUGUUAAUGCUAAUCGUGAUAGGGGUUUUUGCCUCCAACUGACUCCUACAUAU

UAGCAUUAACAG) and the negative control streptavidin beads only. E) BLI association/
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dissociation of pre-miRNA-21 to immobilized 39-biotin. F) BLI association/dissociation of 

pre-miRNA-155 to immobilized 39-biotin. G) Summary table of 39 and derivatives binding 

to RNA and DNA oligonucleotides. The table lists also the affinities towards pre-miRNA-21 

of alanine scan mutants and nucleobase mutants of 39. X = -βAla-Lys(Biotin)-CONH2
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Scheme 1. Twelve nucleobase amino acid monomers were synthesized (A) and incorporated into 
peptides by SPPS (B).
Reagents and conditions: a) DBU, DMSO, −78 °C, 2 h, 38% for 4, 39% for 5, 63% for 6, 

29% for 7; b) TFA/CH2Cl2 (3:1), 90 min, r.t.; (for 6: TFA/H2O (3:1), 72 h, r.t.); then: 

Na2CO3, FmocOSu, H2O/1,4-dioxane, 16 h, 54% for 13, 61% for 14, 74% for 15, 63% for 

16; c) K2CO3, Cs2CO3, DMF, 50 °C, 16 h, 58% for 4, 60% for 5, 70% for 6, 80% for 8; d) 

TFA/CH2Cl2 (3:1), 90 min, r.t.; (for 6: HCl (1 M), 2 h, 90 °C; for 8: HBr/CH3COOH, 1 h, 

r.t.); then: Na2CO3, FmocOSu, H2O/1,4-dioxane, 16 h, 73% for 17, 42% for 18, 42% for 19, 

70% for 20; e) TSTU, DMF, DIEA, 2 h, 28% for 21, 22% for 22, 25% for 23, 28% for 24; f) 

PyAOP, DIEA, DMF, 20 min, r.t.; g) piperidine, DMF, 5 min, r.t.; h) HATU, DIEA, DMF, 10 

min, r.t.; i) piperidine, DMF, 5 min, r.t.; j) TFA, TMSOTf, EDT, thioanisole, cresol, 1 h, r.t. 

Abbreviations: DBU = 1,8-Diazabicyclo[5.4.0]undec-7-ene, DMSO = dimethyl sulfoxide, 

TFA = trifluoroacetic acid, r.t. = room temperature, FmocOSu = N-(9H-fluoren-9-

ylmethoxycarbonyloxy)succinimide, DMF = N,N-dimethylformamide, TSTU = N,N,N′,N′-
tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate, DIEA = N,N-

diisopropylethylamine, PyAOP = (7-azabenzotriazol-1-yloxy)trispyrrolidinophosphonium 

hexafluorophosphate, HATU = 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate, TMSOTf = trimethylsilyl 

trifluoromethanesulfonate, EDT = 1,2-ethanedithiol.
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