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Abstract 

Branched peptides are peptides featuring side chain-linked linear peptides which branch off from 

the main chain. Branched peptides have previously been employed in the development of small 

molecular carriers for drug delivery systems as well as in biodegradable materials and artificial 

enzymes. In our own efforts toward the synthesis of branched peptides, we have optimized reaction 

conditions adopted from Native Chemical Ligation (NCL) to prepare ligated peptides in a 

convergent synthesis. Herein we present the synthesis of N-terminal aziridine and C-terminal 

thioacid-functionalized peptides, followed by their ligation and subsequent transthioesterification 

with a C-terminal thioester to yield a tri-branched pentadecapeptide. 
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 Introduction 

Presently, peptides are evaluated in clinical trials as treatments for various cancers and diseases, 

yet these linear peptide based drugs are limited as most of therapeutic agents due to their short 

half-life, fast proteolytic cleavage, and low oral bioavailability3. An additional limiting factor of 

linear peptides is that they tend to intramolecularly aggregate resulted in an unpredictable protein 

folding which impedes the design and synthesis of novel proteins4.   

Considering these limitations, branched peptides have made great strides in their application as 

small molecules, drug delivery carriers, and bioactive materials5. Stewart et al. were able to 

synthesize branched peptides that demonstrated enzymatic activity6. The four amphiphlic helical 

peptides were ligated at the branching point at the C-terminus and it was designed that the N-

terminus contained the enzymatic chymotrypsin (Figure 1). Hartgerink et al. showed that branched 

peptide-amphiphile self-assembled to form a fibrous nanostructure , which can be widely applied 

in nanochemistry and material science7. 

 

Figure 1 Chemical structure of peptide having chymotrypsin-like esterase activity6 

 



2 

 

 

Figure 2 Molecular model of self-assembly peptide amphiphile molecules into a cylindrical 

micelle7 

Currently, there are two widely accepted synthetic strategies to prepare branched peptides. The 

first route is through step-wise addition of amino acids onto the branching point of another peptide. 

This requires solid-phase synthesis and side chain group protection. Because the amino acids are 

added sequentially and the peptide is assembled one amino acid at a time, it is considered a time-

consuming and inefficient process. The second method is through chemical ligation in a 

convergent synthesis. This can be done either by ligating peptide fragments onto the side chain of 

the parent peptides8, or by a series of orthogonal ligations at the central core9. Although convergent 

syntheses increases the efficiency of synthesizing long peptides, the lack of selectivity and the 

difficulties associated with isolating desired products are still major problems that need to be 

overcome (Scheme 1).  

 

Scheme 1 Step-wise and convergent synthesis pathway toward branched peptide 
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Native Chemical Ligation (NCL), developed by Kent et al., has become the most practical method 

for chemically ligating unprotected peptide segments in aqueous solution10. A small protein 

containing up to 300 residues can be readily achieved by this novel chemical synthesis10. NCL 

requires an N-terminal cysteinyl peptide to chemoselectively attack a C-terminal thioester peptide 

to undergo transthioesterification, followed by S-to-N acyl transfer to yield the final ligated peptide 

product with a native amide bond at the ligation site11 (Scheme 2).  

 

Scheme 2 Reaction mechanism of NCL11 

In 2010, Assem et al.12 reported a peptidomimetic ligation between a C-terminal thioacid and an 

N-terminal aziridine peptide, resulting in a reduced amide bond at the branching site. To prepare 

the N-terminal aziridine peptide, aziridine aldehydes were used. This class of molecule contains 

both unprotected aziridine and aldehyde functionalities in the same molecule, and was found to be 

kinetically stable in its dimeric form13 (Scheme 3). The aziridine aldehydes were reductively 

aminated with the N-terminus of a linear peptide to generate the N-terminal aziridine peptide. We 

found that thioacids can attack only at the least sterically hindered β-position of the aziridine ring 

to yield a regioselective product12. In addition, the incorporated reduced amide bond is presented 

in a wide range of protease inhibitors, which displayed high affinity to their target but also  

resistance to protease degradation14.  
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Scheme 3 Aziridine aldehydes in dimeric/monomeric equilibrium  

This discovery has led us, Dr. Naila Assem and myself to diversify branched peptide synthesis in 

a convergent fashion by taking advantage of a newly formed cysteine at the branching point that 

can serve as a handle for a second ligation to take place. In order to achieve this goal, a thioester 

peptide substrate was subjected to the ligation strategy to make our ultimate product ‒ a tri-

branched peptide (Scheme 4). No protecting groups are required for this synthesis as the second 

stage of the ligation will only take place after the thiol handle has formed upon the completion of 

the first ligation step. In addition, apart from ligating peptide fragments at the terminal ends of the 

peptides, we are able to provide a unique pathway to ligate peptides at the center of the peptide. 

To our gratification, this method has been successfully performed in a single amino acid ligation 

to yield a tri-branched peptide. Therefore, my current goal is to extend the reactants to a 

pentapeptide system and further screen the substrate scope of the final macro-branched peptides 

in a biological assay. 

 

Scheme 4 Schematic pathway of tri-branched peptide synthesis 

A pentapeptide system requires three components: thioacid-, aziridine-, and thioester-containing 

peptides (Scheme 5). The general strategy and goal was to conduct the reaction in phosphate buffer 

‒ 6M guanidine hydrochloride buffer containing 0.2M sodium phosphate and 0.05M tris 2-

carboxyethyl phosphine hydrochloride (TCEP) under neutral conditions. The reason for phosphate 

buffer to be used in NCL is because it accelerates a ligation reaction. Guanidine hydrochloride 

prevents peptide aggregation, sodium phosphate maintains a neutral condition during the course 
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of the reaction, and TCEP is a reducing agent that prevents disulfide bond formation between the 

free thiols15.  The peptidomimetic ligation can be monitored by HPLC/MS after 24 hours of stirring 

and followed by addition of the thioester in a one-pot two-step reaction. The tri-branched peptide 

can then be purified by preparative (prep) HPLC/MS.  Compound 4, dissolved in 0.2M NaOAc 

buffer and treated with silver triflate, can be added to accelerate the S-to-N acyl transfer step at 

60°C under sonication. The final tri-branched peptide product 5 can then be isolated by preparative 

HPLC/MS. (Scheme 5) 

 

Scheme 5 Schematic synthesis of tri-branched peptide 5 

Pentapeptides will be synthesized on solid phase using 2-chlorotrityl chloride resin as all the side 

chains need to be protected. These crude peptides will then be transformed to the corresponding 

reagent substrates. 

 Results and Discussion 

2.1 Ligation of long chain protected peptides in buffer  

As compared to prior syntheses for preparing reactants in the single amino acid ligation12, longer 

chain peptide substrates requires modification in the procedure of coupling functional groups onto 

the peptides. Additionally, all the protecting groups on the peptide reactants were removed as a 

requirement for conducting NCL. As a result, it can be treated as a different reaction system. 

2.1.1 Long chain unprotected thioacid peptides 

In order to make a thioacid-terminated peptide we needed to modify the standard preparation 

procedure. Instead of treating the peptide candidate with 1,1'-carbonyldiimidazole (CDI) and 

sodium sulfide (Na2S) as in the standard procedure12, a longer peptide (>2 residues) will be loaded 

with 2,4,6-trimethyoxyphenyl-methanethiol (TmobSH) 6, prepared in two steps16.  
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Scheme 6 Synthesis of Tmob protected thioester and its corresponding deprotection to yield the 

thioacid 

TmobSH was coupled to peptide substrates using the coupling reagent HATU to afford the 

corresponding thioester. Two different pathways were conceived to remove the Tmob on the 

thioester to give the desired thioacid substrates. The first route was by purifying the resulting 

thioester before deprotecting with a TFA cocktail to give the desired thioacid substrate. However, 

purification by using both flash silica gel column chromatography (5% MeOH in DCM) and 

reverse-phase preparative HPLC/MS (50-90% MeCN in water) did not yield clean protected 

Tmob-thioester substrates. Therefore, we decided to reverse the process as we did in the first route, 

by charging the Tmob thioester with TFA cocktail before the purification step. We first searched 

for the best deprotection method to yield a desired deprotected thioacid peptide by subjecting the 

protected Tmob thioester peptide into a series of TFA based-cocktails (Table 1). The second 

cleavage cocktail solution worked ideally but the unbearable odor of ethanedithiol was 

undesirable17. The third method could only work for a linear dual end of terminal Tmob-thioester 

that cyclized right after the deprotection to form thiolactone (Scheme 7)18. Lastly, we tested the 

first method again by carefully degassing the TFA cocktail (30.0 mg of phenol, 0.1 ml of deionized 

water, 0.07 ml of triisopropylsilane, and 1.5 ml TFA) for two hours19. A thoroughly degassed 

cocktail solution was essential to avoid oxidation of the resulting thioacid. Once the deprotection 

reached completion, the reaction mixture was diluted with water/acetonitrile at -78°C to minimize 

exposure time to the atmosphere. The desired thioacid was obtained after lyophilization and was 

successfully detected by HPLC/MS. Taking advantage of the TmobSH coupling method, the long 

chain unprotected thioacid peptide was successfully prepared for use in the ligation reaction. 
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Method  Conditions  Reaction time (hr) 

1 TFA/phenol/H2O/TIPS = 88/1.7/5.8/4 2 

2 TFA/1,2-Ethanedithiol/H2O/TIPS = 95/2.5/2.5/2.5 2 

3 TFA/CH2Cl2/Et3SiH = 4/5/1 2 

Table 1 Different approach toward deprotecting protected Tmob-thioester through various 

cocktail TFAs 

 

Scheme 7 TFA deprotection of dual end Tmob protected thioester 

2.1.2 Long chain protected thioester peptide 

 

Scheme 8 Synthesis of phenyl thioester fully protected peptide and its corresponding 

deprotection to yield thioester substrate 

According to past experimental results obtained from Dr. Naila Assem, an intermediate phenyl 

thioester is essential for transthioesterification process to occur at the second branching point, 

which is the thiol handle at cysteine12. Therefore, the thioester peptide substrate was prepared by 

adding thiophenol onto the C-terminus of the fully protected peptide (Scheme 8). In order to obtain 
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a clean protected thioester peptide substrate, we attempted two different pathways.  Our first 

approach was to purify the protected phenyl thioester peptide by using silica gel chromatography 

that unfortunately resulted in inseparable impurities. As an alternative to chromatography, we 

triturated the protected phenyl thioester peptide with 1:1 water/brine. To our surprise, this 

water/brine reaction mixture gave two separable layers when we expected a miscible solution. 

After consulting with Dr. Jennifer Hickey, a small amount of isopropyl alcohol was added to yield 

a homogenous solution. The resulting solution was then subjected to prep HPLC/MS to obtain a 

clean protected phenyl thioester peptide.   

2.1.3 Long chain protected aziridine peptide 

 

Scheme 9 Synthesis of N-terminal aziridine peptide and corresponding substrate scopes 

The aziridine aldehyde precursor for N-terminal aziridine peptides was prepared by literature 

method20. This N-terminal aziridine peptide is one of the key components involved in the ligation 

reaction as it differs from the typical NCL. Our unique N-terminal aziridine peptide replaces a 

thioester susbtrate in the first stage of ligation. To prepare this peptide, an (2R,4R,5S)-2-((S)-

aziridin-2-yl)-3-oxa-1-azabicyclo[3.1.0]hexan-4-ol (unsubstituted dimeric aziridine aldehyde) 

was reductively aminated with different peptide substrates to yield the desired aziridine peptide 

substrates (Scheme 9). Reductive amination using sodium cyanoborohydride was clean and 

required no purification. Zinc (II) chloride acts as the Lewis acid and is required for iminium ion 

formation. However, in contrast with preparing the single amino acid aziridine substrate (aziridine 

amino anilide), the same work-up procedure did not apply to the longer N-terminal aziridine 
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peptide as no product could be observed by HPLC/MS. Since reductive amination was relatively 

clean for the aziridine-peptide as compared to the thioester- and thioacid-peptide preparation, we 

used the crude product following HPLC/MS characterization and without purification for direct 

use in the ligation reaction. Another concern was that the reductive amination was substrate-

dependent. This worry was confirmed after observing a wide range of product yields for different 

N-terminus amino acids on the peptide substrate following reductive amination with aziridine 

aldehyde. We first chose valine and leucine as our N-terminal amino acid in the peptide chain and 

after monitoring the reductive amination reaction by HPLC/MS, clean N-terminal aziridine peptide 

was exclusively observed. However, with the less sterically hindered amino acids at the N-

terminus, such as alanine and glycine, we barely observed any consumption of the starting material 

over the course of the reaction. On the other hand, as we extended the reaction times to 

approximately 48 hours, an overalkylation was detected (Scheme 10). Therefore, we can conclude 

that the best N-terminated amino acid for our aziridine peptide substrate should contain a bulky 

side chain. 

 

Scheme 10 Overalkylation of reductive amination 

2.1.4 Long chain protected peptide ligation 

Table 2 lists the functionalized pentapeptides that have been prepared using the previously 

mentioned methodologies for our ligation reactions. Phosphate buffer was used as the reaction 

medium for the long chain peptide systems as it worked smoothly in previous single amino acid 

ligations.  
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Thioacid 8 Aziridine 9 

Ala-Ser-Leu-Trp-Ala-SH 

8a 

Az-Val-Glu(tBu)-Ala-Asn(Trt)-Ala 

9a 

 Az-Leu-Asn(Trt)-Val-Tyr(tBu)-Ala 

9b 

Table 2 List of protected/unprotected pentapeptide substrates participated in the ligation reaction 

We first started with ligating 8a and 9a. Unfortunately, there was no starting materials 

consumption nor product formation detected by HPLC/MS. Next, we tried peptidomimetic ligation 

between 8a and 9b, which afforded only 4-5% yield of product at an extended reaction time (48 

hours). The majority of the reagents still remained unreacted. During the course of both reactions, 

we observed two layers in the reaction solution and significant amount of precipitation in the 

bottom layer. In a standard NCL11, 21, reactants must be fully dissolved in the buffer solution in 

order for the ligation to proceed. These peptide reactants should be globally deprotected so that 

they are hydrophilic enough to be soluble in aqueous media. As a result, the hydrophobicity of the 

protected aziridine peptide was likely prohibiting the reaction. Thus, we decided to remove the 

side chain protecting groups on the aziridine and thioester peptides to increase the solubility of 

each in the ligation reaction. 

2.2 Ligation of long chain unprotected peptide ligation in buffer  

In order to remove all the protecting groups on the reactants, protected aziridine and thioester 

peptides were treated with the same TFA cocktail that was used in the global deprotection for 

thioacid peptides, but no degassing process was needed. The resulting unprotected aziridine and 

thioester peptides required further purification by prep HPLC/MS and to our delight, both peptides 

were detected, purified, and collected by HPLC/MS.  

With all three reagents successfully isolated, we commenced the ligation reaction by first reacting 

the thioacid peptides with the aziridine peptides in phosphate buffer. Ligation reactions were 
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monitored by HPLC/MS. Unfortunately, no di-branched peptide product was observed. We tested 

several batches of reaction, each containing different unprotected peptide reagents (Table 3), yet 

none of these reactions yielded product. 

Thioacid 8 Aziridine 9 Thioester 10 

Leu-Arg-Tyr-Gly-Ala-SH 

8b 

Az-Gly-Arg-Tyr-Ala-Val 

9c 

Val-Leu-Arg-Tyr-Gly-SPh 

10a 

Leu-Tyr-Arg-Gly-Ala-SH 

8c 

Az-Ala-Ser-Leu-Trp-Phe 

9d 

 

Table 3 List of unprotected pentapeptide substrates participated in the ligation reaction 

2.3 Ligation of protected single amino acids in buffer 

These unsuccessful outcomes led us to question whether phosphate buffer is the ideal medium for 

the long chain peptide system. In Assem et al., the peptidomimetic single amino acid ligation 

reactions were carried out in ethanol12, an organic solvent. However, we wanted to pursue 

branched pentapeptide ligation in phosphate buffer, as used in NCL. Due to the lesser complexity 

of single amino acids involved in branched peptide synthesis, these simple peptides were chosen 

as model substrates in trial ligation reactions.  We decided to run ligation reactions of single amino 

acids in phosphate buffer in order to confirm the reliability and feasibility of tri-branched peptide 

synthesis in the same media. The first three single amino acid reactants tested in the ligation 

reaction were boc-protected alanine thioacid 11, aziridine-alanine anilide 13, and boc-protected 

glycine thioester 16. 

2.3.1 Protected single amino thioacids 

 

Scheme 11 Synthesis of single amino thioacids 
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The desired Boc-protected thioacids were obtained by using 1,1’-carbonyldiimidazole (CDI) as a 

coupling reagent with sodium sulfide12. Once the reaction reached completion, an acidic work-up 

was performed under a nitrogen atmosphere at 0°C. 1M HCl was added dropwise until the solution 

reached pH 3. This careful addition of acid was crucial as a rapid change in pH resulted in 

undesired hydrolysis of the resulting thioacid product. After work-up, the Boc-thioacids required 

no further purification12, and although the 1H NMR spectrum of the Boc-Ala-SH showed traces of 

unidentified peaks, the impurities matched identically with the spectrum of Boc-Val-SH reported 

in literature12.  

2.3.2 Protected aziridine amino anilides 

2.3.2.1 Aziridine analine anilide   

The previously established syntheses of long chain aziridine peptides requires the reductive 

amination of aziridine aldehyde (1 eq.) and an amine-terminated peptide (1 eq.) using sodium 

cyanoborohydride (1.1 eq.) and zinc chloride (2.2 eq.). The only difference from the previous 

syntheses is that free amino acids or dipeptides require the C-terminus to be protected with anilide 

to prevent decomposition of the reductively aminated product14. Hence we used C-terminal anilide 

protected  alanine (Ala-An) 12 as our protected amine in the reaction, which was prepared by a 

literature method14. Unfortunately, this single amino acid did not yield the desired result when 

subjected to reductive amination conditions. We then modified our reaction conditions as listed in 

Table 4. We first applied the standard reaction conditions, and after 24 hours, the majority of 

starting material remained unreacted according to HPLC/MS. Therefore, we added another 

equivalent of simple dimer, NaCNBH3 and ZnCl2 to the reaction mixture and stirred the mixture 

for another 24 hours. However, the original product mass had now disappeared by HPLC/MS, 

which indicated product decomposition (Table 4, #1). Alternatively, we first dissolved Ala-An and 

aziridine aldehyde in the solvent mixture of DCM, THF and MeOH  (1/2.5/2.5) in the presence of 

ZnCl2 and stirred for 10 minutes to pre-form the iminium intermediate, followed by the addition 

of the reducing agent. This mixture was allowed to stir for 24 hours, yet still no product was 

observed in the NMR spectrum (Table 4, #2). Additionally, based on the HPLC/MS results of the 

first and second reactions, we concluded that excess amounts of aziridine aldehyde led to 

overalkylation and gave double aziridine ring containing products. 
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Li et al. demonstrated that only 0.5 eq. of aziridine aldehyde was required in the reductive 

amination14. Therefore, we followed Li’s procedure and increased the equivalency of the amine 

and reduced by half the amount of aziridine aldehyde to avoid overalkylation. Furthermore, since 

acidic conditions are ideal when using sodium cyanoborohydride in reductive amination, 20 eq. of 

acetic acid was added. In order to monitor the acidity during the course of the reaction, we used 

bromocresol green as an acid/base indicator. According to the HPLC/MS results, aziridine alanine 

analide was formed and the amount of overalkylation byproduct was dramatically reduced 

compared with our previous studies. However, the characteristic aziridine peaks ‒ δ 1.23- 2.58 

ppm ‒ of our product still remained absent in the 1H NMR spectra.  

 

 Conditions (eq.) Reaction times (hr) Results  

Ala-An Aziridine 

aldehyde 

NaCNBH3 ZnCl2 

standard 1 1 1.1 2.2 24 No products 

#1 1 1 + 0.5 1.1 + 0.5 2.2 + 1 72 No products 

#2 1 1 1.1 2.2 24 No products 

#3 1.2 0.5 1.5 2.2 2 No products 

#4 1.5 0.5 1.5 2.2 2 No products 

Table 4 Reaction conditions for synthesis of aziridine alanine anilide 

Since no evidence of aziridine ring peaks were observed in 1H NMR, we decided to synthesize 

aziridine valine anilide, the same compound that was reported by Li et al..  
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2.3.2.2 Aziridine valine anilide 

 

Scheme 12 Synthesis of C-terminal anilide protected valine and corresponding valine aziridine 

anilide 

We synthesized Az-Val-An by following the same procedure for Az-Ala-An, except that the 

reaction solvent mixture of DCM, THF and MeOH was replaced with TFE. Aziridine aldehyde is 

relatively more stable in TFE than MeOH22, and the amino acid anilide dissolved adequately in 

TFE as well. A clean 1H NMR spectrum was obtained for the product, Az-Val-An, and the 

characteristic aziridine ring peaks were correctly identified. This substrate was determined pure 

enough to undergo the ligation reaction. It was found that in both Li et al.14 and Assem et al.12 

previous reports, that the aziridine anilide substrates with bulkier side chains on the amide bond 

gave improved yields of the final product. These observations corroborate with our own 

conclusions from the aziridine pentapeptide syntheses, where reductive amination does indeed 

work better with peptides containing a more hindered side chain at the N-terminal amino acid. 

2.3.3 Protected single amino thioesters 

 

Scheme 13 Synthesis of protected single amino thioesters 

The Boc-protected amino acid was first dissolved in DCM, cooled to 0°C, and EDCI was added 

to the solution followed by thiophenol, DMAP, and DIPEA. The reaction mixture was stirred at 

0°C for three hours and slowly warmed up to room temperature and allowed to stir overnight. The 

addition of the coupling reagent (EDCI) to the reaction was done at 0°C to prevent the formation 

of unwanted side products. Once the reaction reached completion by HPLC/MS, the solvent was 

removed under reduced pressure and the residue was purified by flash silica gel column 
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chromatography (0-50% gradient of ethyl acetate in hexanes). Three different amino thioesters 

were made and determined pure by NMR. 

2.4 Ligation of semi-protected long chain peptide in mixed 
solvents 

Due to the time constraint of our project, we decided to focus on ligation of longer chain peptides. 

Shekhter et al.23 have been using Leu-Tyr-Arg-Ala-Gly as their standard motif as this substrate 

works perfectly with all other substrates in their ligation studies. Knowing this, we have modified 

our peptide reagents adopting Shekhter’s sequence to increase the accessibility of our own ligation 

reactions. In addition, side-chain unprotected peptides were still our reactants as their 

hydrophilicity remained an essential property for our ligation reaction19, 24. Therefore, all of our 

peptide reactants (8d, 9e, 10b) were deprotected and isolated by prep HPLC/MS. However, the 

product yield after prep HPLC/MS purification was low. This meant that when we tested different 

ligation conditions as listed in Table 5 using reactants 8d, 9e, 10b (Scheme 14), it was on a 

relatively small scale and therefore difficult to properly asses.  
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Scheme 14 Modified peptide sequences in test ligation reactions 
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2.4.1 Ligation reaction conditions 

Normally, a phosphate buffer in NCL is composed of 6M Guanidine hydrochloride, 0.2M sodium 

phosphate, 0.05M TCEP, and 0.02M 4-Mercaptophenylacetic acid (MPAA)10. Since the single 

amino acid ligation as performed previously was successful in phosphate buffer, we decided to 

continue with this medium. To eliminate any uncertainties that might hinder the reaction, we 

followed a buffer preparation method reported by Pollock et al.15. The entire preparation was done 

under an argon atmosphere. The phosphate buffer was kept at 4°C and used within three months 

of preparation. Pollock et al. suggested that buffer containing TCEP and MPAA should always be 

freshly made before use. Considering this, we prepared a stock solution of phosphate buffer (6M 

Guanidine hydrochloride, 0.2M sodium phosphate) and stored it in the fridge where TCEP and 

MPAA were only added to the buffer before conducting the ligation reaction. In addition, the pH 

should be kept at 7 for NCL. Acidic conditions disfavour ligation reactions hence, 0.2 M NaOH 

was added after the addition of peptide substrates to keep the pH at 7 if necessary. 

Ligation condition Results  

#1 3mM of each substrate + MPAA No product 

#2 3mM of each substrate + thiophenol added No tri-branched peptide 

#3 10.8 mM of each substrate Observable di- and tri-branched peptides 

Table 5 Ligation reaction conditions 

MPAA is a thiol catalyst widely used in NCL that we decided to incorporate when we tried our 

ligation reactions with 3 mM each of thioacid and aziridine peptides in phosphate buffer (Table 5, 

#1).  These reactions were monitored by HPLC/MS and stirred for 24 hours, yet no product was 

observed. Significant amounts of unreacted thioacid were observed and an unknown peak was also 

detected by HPLC/MS. At first, we thought this unidentified peak might be an MPAA-product 

adduct. However, the disulfide bond remained intact even after treating the reaction with an excess 

of the reducing agent TCEP.  Therefore MPAA was determined to be unsuitable for our reaction. 

We then tried using the same reaction conditions without any addition of MPAA (Table 5, #2). 

Only trace amounts of di-branched peptide formed after 24 hours. The reaction was monitored for 
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an additional 24 hours, yet unreacted thioacid continued to dominate the HPLC/MS spectrum. 

Alternatively, thiophenol was added to the reaction not only as a potential catalyst to 

transthioesterfication, but also as a reducing agent to prevent unwanted disulfide bond formation25. 

Unfortunately, this reaction turned into a cloudy suspension and no product was observed. 

Lastly, instead of dissolving 3 mM of thioacid and the aziridine peptide in the ligation reaction as 

is the typical protocol for NCL, we tested 10.8 mM of reactants in phosphate buffer without adding 

MPAA or thiophenol (Table 5, #3). To our gratification, di-branched peptides were observed after 

24 hours stirring and the tri-branched peptide was detected after the addition of a thioester peptide. 

Although we found that a concentration of 10.8 mM relative to peptide in the ligation reaction 

gave us promising results, this reaction was accompanied with significant amounts of unreacted 

starting material and low product yield. Due to the low yield of tri-branched peptide, it was 

impossible to conduct the acyl transfer in the next step. Since there was no NMR proof showing 

the existence of an aziridine ring and no mass of the aziridine peptide detected by HPLC/MS while 

running the ligation, we started to question the reliability of the aziridine peptide present in the 

ligation reaction altogether.    

2.4.2 Ligation of mixed reactants 

In order to run the ligation reaction, side chain protecting groups of each long peptide substrate 

were deprotected and purified by preparative HPLC/MS. However, the aziridine ring is very 

sensitive to the acidic TFA cocktail as well as the prep HPLC/MS conditions. Hydrolysis may 

easily occur resulting in the aziridine ring-opening. 

Since the previous ligation condition (Table5, #3) gave a low yield of product and large amounts 

of unreacted reactants, we decided to replace the long chain aziridine peptide with an aziridine 

amino anilide in a trial reaction. To reiterate, the single amino acid containing an aziridine ring has 

been successfully identified by 1H NMR. Assem et al.12 have reported that these single amino acids 

were ligated in ethanol, so we ran the reaction of long chain thioacid peptide 8d with the Az-Val-

An 15 in ethanol as well (Scheme 15). To our delight, we observed our product as the major peak 

by HPLC/MS. 
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Scheme 15 The ligation reaction between long chain thioacid peptide 8d and aziridine amino 

anilide 15 

The successful ligation reaction between the long chain thioacid peptide and the aziridine amino 

anilide has established that the thioacid SH nucleophile attacks the aziridine ring to form a thioacid 

di-branched peptide. Since the product yield of this reaction was high, the likely reason why the 

corresponding reaction on a long chain azirdine peptide was unsuccessful is likely because of a 

decomposed aziridine functionality. We therefore decided to use the protected crude aziridine 

pentapeptide directly from the reductive amination reaction in our branched peptide synthesis, as 

aziridine ring-opening could occur during purification.  

This ligation reaction was done in the same phosphate buffer and reaction condition as listed in 

Table 5, #3. However, there was no product observed by HPLC/MS after reacting thioacid 8d with 

the crude, protected aziridine peptide 9e’, and the reaction resulted in a cloudy mixture (Scheme 

16). Normally, the peptide reactants in NCL are free of side-chain protecting groups. Usually, the 

more polar the peptide, the better the solubility of the peptide is in phosphate buffer. The crude 

long chain aziridine peptide was completely side-chain protected, which increased the 

hydrophobicity of the reactant, preventing its dissolution into aqueous buffer.  

 

Scheme 16 The ligation reaction between thioacid substrate and crude aziridine substrate 

Dittmann et al.26 reported that NCL of small hydrophobic peptides can be carried out in organic 

solvents with high yield. The best results were obtained by using DMF in the presence of 

triethylamine.  Therefore, we tried DMF as our ligation solvent. The crude, hydrophobic long chain 

aziridine peptide dissolved in DMF, yet we only obtained a 30% yield. We tried other organic 
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solvents (EtOH, MeCN, DCM) and all resulted in a cloudy solution with no product formation 

observed. EtOH was attempted because ligation between 8d and 15 was done successfully in 

EtOH.  

2.4.3 Ligation in mixed solvents 

We tried mixing phosphate buffer with DMF and then monitored the ligation reaction of the 

deprotected pentapeptide reactants in four different ratios of solvents (Table 6) by HPLC/MS. In 

NCL, the reaction condition must remain at neutral pH (7.0). As reaction buffer became slightly 

acidic after dissolving peptide substrates into the solution, we added 2M NaOH to adjust the pH 

of the solution. Interestingly, it was found that at a slightly basic condition and a ratio of 2:8 

buffer/DMF gave the best yield. As we increased the proportion of buffer in the mixed solvent, 

more hydrolysis of aziridine substrate was observed. The results are summarized in Table 6. 
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Solvent mixtures pH Results  

Buffer* 7.0 poor solubility 

DMF 7.0 30% yield 

MeCN 7.0 0% yield 

EtOH 7.0 0% yield 

1:1 Buffer*/DMF 7.0 hydrolysis 

product 

8.0 hydrolysis 

product 

3:7 Buffer*/DMF 7.0 40% yield 

8.0 50% yield 

2:8 Buffer*/DMF 7.0 55% yield 

8.0 75% yield 

1:9 Buffer*/DMF 7.0 40% yield 

8.0 40% yield 

Table 6 Ligation reaction in different solvents and pH 

This new optimized ligation condition has been applied to long chain thioacids, aziridines, and 

thioester peptides, and to our gratification, a significant amount of the desired tri-branched peptide 

has been observed by HPLC/MS. The thioacid substrate 8d first reacted with the aziridine substrate 

9e’ to form a di-branched thioester peptide 20. Then in the same pot, thioester substrate 10b was 

added to form the final tri-branched peptide 21 (Scheme 17). The desired product 21 was purified 

by reverse-phase preparative HPLC/MS (10-45% gradient of acetonitrile in water over 30 minutes, 

10 mL/min) in a 2% yield.   
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Scheme 17 Reaction scheme of the formation of tri-branched peptide 21  

2.4.4 Purification approach to the ligation product 

Even though the optimal ligation solvent mixture (2:8 buffer/DMF) gave us the highest product 

yield, the hydrolysis product was still observed over the course of the reaction. In addition, the 

longer the reaction was left to stir, the more hydrolysis occurred. We then tried microwave heating 

the ligation reaction in order to minimize the reaction time and reduce the possibility of hydrolysis. 

We first attempted microwave heating at 50°C for 10 minutes, but observed no product formation 
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or starting material consumption by HPLC/MS. Next, we tried increasing the temperature to 120°C 

and heated the reaction for 2 minutes, but unfortunately the reagents decomposed and no product 

was formed. 

The purification step of compound 21 by prep HPLC/MS was inefficient giving a low yield (2%). 

We searched for an alternative purification method by taking advantage of the differences between 

the molecular weight of compound 21, unreacted reactants and impurities. We chose a molecular 

weight cut-off filter (MWCO) at m/z 2000 as an alternative to preparative HPLC/MS purification 

method. Theoretically, as the reaction mixture gets flushed through the MWCO, the larger MW of 

compound 21 would remain behind and the smaller unwanted materials would be filtered through 

the membrane and collected in the bottom layer. However, there was an inherent problem with this 

method. This particular membrane, Hydrosart® is not compatible with organic solvents, including 

DMF – a necessary component of our reaction. Hence, a dilution by water was needed before 

filtering. Unfortunately, after checking the filtration results by HPLC/MS, no product was found 

in either the filtrate or the residue. We have attributed this failure to two possible reasons. Ideally, 

the membrane pore size should be at least 50% smaller than the size of the target compound needed 

to be separated, and the mass of our target compound is m/z 2112. In order to fullfill this standard 

requirement, a size of m/z 1000 would have been optimal. However, the smallest commercially 

available pore size is m/z 2000.  Furthermore, the reaction, which was diluted with large amounts 

of water, might prevent its detection by HPLC/MS. As a result, prep HPLC/MS still remains the 

ideal purification method for separating the thioester tri-branched peptide despite its low product 

yield. 

2.4.5 S-to-N acyl transfer 

We assumed that after reacting compound 20 with 10b, transthioesterification would take place 

followed by a spontaneous S-to-N acyl transfer to give us the tri-branched amide peptide. A macro-

peptide whose mass is over m/z 2000 is difficult to characterize by NMR. Therefore, a more 

straight-forward and time-efficient identification method would be to react Aldrithiol-2 with 21. 

Aldrithiol-1 is a reagent that will rapidly form a disulfide bond with any free thiol present in the 

reaction. If compound 21 is present as a tri-branched amide peptide, then the newly released 

cysteine thiol will react with Aldrithiol-2. Unfortunately, there is no disulfide adduct observed by 
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HPLC/MS. As a result, compound 21 is likely a thioester rather than an amide at the branching 

point. 

Although it has been previously reported that there are no restrictions to the amino acid located at 

the branching point27 (ie. the N-terminus of aziridine substrate) for spontaneous S-to-N acyl 

transfer to occur , those observations were done only on the ligation of a di-branched peptide and 

our tri-branched peptide ligation is more complicated and substrate-sensitive. We concluded that 

the bulky valine residue located by the reduced amide bond might block the spontaneous S-to-N 

acyl transfer. As a result, we selected a less bulky substrate ‒ glycine as our N-terminus amino 

acids on the aziridine substrate. We hoped that this amino acid would negate any steric issues 

involved in the acyl transfer step. 

 

Scheme 18 The potential problematic hindered amino site on the tri-branched peptide 21 

However, with the N-terminal glycine pentapeptide 9f as our aziridine substrate in branched 

peptide ligation (Scheme 19), the reaction also gave a low yield. The ligation reaction did not occur 

after 2 hours and a large amount of aziridine reactant remained. It was found that if we switched 

the N-terminus amino acid back to valine 9g in the pentapeptide aziridine substrate (Scheme 20), 

we obtained a better yield. In addition, peptide ligation reaction must demonstrate high conversions 

in order to minimize purification efforts. As a result, valine situated at the N-terminus in the 

aziridine pentapeptide is essential for a high yielding ligation to occur despite the future limitation 

in the following acyl transfer step.  
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Scheme 19 Reaction scheme of ligation using N-terminal glycine pentapeptide 9f 

 

Scheme 20 Reaction scheme of ligation using N-terminal valine pentapeptide 9g 

Due to the unsuccessful modification of the amino acid at the branching site, we decided to subject 

compound 21 to forcing conditions to afford the product of acyl transfer. By taking advantage of 

the thiophilicity of silver28, we added AgOTf to compound 21 in 0.2M NaOAc ligation buffer 

followed by sonicated the reaction at 60°C for three hours. Although we were initially encouraged 

by the success of these conditions in single amino acid ligations, neither the amide branched 

peptide nor thioester branched peptide 21 was observed at the end of the reaction. Since the 
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reaction was monitored by HPLC/MS, the reaction solution must first be filtered before being 

injected onto the HPLC column. Possible reasons for why we didn’t observe any product or starting 

material might be due to the decomposition of the compounds at harsh conditions or the improper 

filtering of the reaction solution. We propose that by rinsing the reaction mixture with EDTA in 

buffer may help to elute the sample out from the filter membrane and aid in future analyses.       

 Conclusions 

We have been able to optimize the reaction conditions for the synthesis of tri-branched peptides. 

Although we haven’t observed spontaneous N-to-S acyl transfer, under forcing conditions we can 

form a peptoid-like branching point. A remaining major challenge is the aziridine substrate choice 

for the branched peptide ligation. Since the successful preparation of a tri-branched peptide 

requires a more bulky amino acid situated at the branching site, this amino acid inevitably becomes 

a hindrance for a spontaneous S-to-N acyl transfer to yield the final amide product. Nevertheless, 

the success of transthioesterification with the cysteine residue at the branching point of the long 

chain peptide substrates allow us to explore more potentially bioactive scaffolds. In addition, if the 

tri-branched thioester peptide remains intact even after reaction with AgOTf, it may act as a mimic 

of a stable amide bond that could act as an isostere in potential biomaterials.  
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 Experiemental procedures 

General information: Anhydrous methanol, toluene, dichloromethane, triethylamine and 

tetrahydrofuran were purified suing a Grubbs dry solvent system. 

Chromatography: Flash column chromatography was carried out using Silicycle 230-400 mesh 

silica gel. Thin-layer chromatography (TLC) was performed on Macherey Nagel pre-coated glass 

backed TLC plates (SIL G/UV254, 0.25 mm). UV lamp and potassium permanganate (KMnO4) 

stain were used to visualize each spot. 

HPLC/MS:  

Analytical: HPLC equipped with a 254 nm and 214 nm detector was used. One of two reverse 

phase columns were used: 1) Poroshell 120 EC-C18 column (4.6 x 50 mm, 2.7 µm); or 2) Jupiter 

4μ Proteo 90A column (150 x 4.60 mm, 4.0 μm). A linear gradient of 5-95% (v/v) solvent B in 

solvent A (flow rate 1mL/min) was run at various rates. Solvent A: HPLC grade acetonitrile (0.1% 

Formic acid v/v), Solvent B: HPLC grade water (0.1% Formic acid v/v). 

Preparative: HPLC equipped with a 254 nm and 214 nm detector was used. A reverse phase 

column was used: Jupiter 4μ Proteo 90A (250 x 10.00 mm, 4.0 μm). A linear gradient of 5-95% 

(v/v) solvent B in solvent A (flow rate 5mL/min) was run. Solvent A: HPLC grade acetonitrile 

(0.1% Formic acid v/v), Solvent B: HPLC grade water (0.1% Formic acid v/v). 

Nuclear magnetic resonance spectra: 1H NMR and 13C NMR spectra were recorded on Varian 

Mercury 300, 400 MHz spectrometers or on the Agilent VNMRS 500 MHz spectrometer. 1H NMR 

spectra were referenced to TMS (0ppm) in CDCl3 or to solvent that the NMR was taken in. 13C 

NMR spectra were referenced to solvent peaks the NMR was taken in. Peak multiplicities are 

designated by the following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; 

ds, doublet of singlets; dd, doublet of doublets; ddd, doublet of doublet of doublets. 

Mass spectroscopy: High-resolution mass spectra were obtained on a ABI/Sciex Qstar mass 

spectrometer with ESI source, MS/MS and accurate mass capabilities.  



28 

 

4.1  Synthesis of aziridine aldehyde dimers 

 (S)-methyl serinate hydrochloride 

This compound was prepared using an unpublished method20. A 1000-mL, one-necked, round-

bottomed flask was equipped with a magnetic stirring bar and charged with methanol (170 mL). 

The flask was fitted with a 100-mL pressure-equalizing addition funnel, then cooled to 0°C in an 

ice-brine bath with stirring. The addition funnel was then charged with thionyl chloride (44 mL, 

600 mmol) over 30 minutes. The solution was then stirred for an additional 30 minutes at 0°C. L-

serine (21.0 g, 200 mmol) was added as a solid at the same temperature. The reaction solution was 

then heated to 60°C and stirred at this temperature for 8 hours. The resulting clear solution was 

then cooled to room temperature and concentrated under reduced pressure. The resulting 

crystalline solid was triturated with 400 mL of diethyl ether and dried overnight under vacuum 

pressure to yield 31.7 g of (S)-methyl serinate hydrochloride (99% yield). 1H NMR (400 MHz, 

Methanol-d4) δ 4.16 (ddt, J = 4.4, 3.2, 1.7 Hz, 1H), 4.04 (d, J = 4.5 Hz, 0H), 4.01 (d, J = 4.5 Hz, 

1H), 3.96 (dd, J = 3.5, 1.9 Hz, 1H), 3.93 (dd, J = 3.5, 1.9 Hz, 0H), 3.88 (s, 3H), 3.33 (p, J = 1.7 

Hz, 1H). 13C NMR (101 MHz, MeOD) δ 169.38, 60.69, 56.12, 53.70. 

 N-trityl-L-serine methyl ester 

This compound was prepared using an unpublished method20. A 1000-mL, 2-necked, round-

bottomed flask was equipped with a magnetic stirring bar and charged with (S)-methyl serinate 

hydrochloride (25.0 g, 160 mmol) and dichloromethane (100 mL). The resulting white suspension 

was stirred and cooled to 0 oC in an ice-brine bath, followed by the addition of triethylamine (44.6 

mL, 320 mmol) over 30 minutes. Then trityl chloride (44.6 g, 160 mmol) pre-dissolved in 

dichloromethane (100 mL) was added to the reaction flask, drop-wise over 1 hour. The flask was 

then stirred at 4 oC for 20 hours. The flask is then warmed to room temperature and the resulting 

white suspension was vacuum filtered, and was washed with an addition dichloromethane (150 

mL). The combined filtrate was concentrated under reduced pressure and then re-suspended in 

ethyl acetate (500 mL). This suspension was washed sequentially with an ice-cold aqueous 

solution of 0.5 M citric acid (2 x 200 mL), water (2 x 200 mL) and brine (1 x 200 mL). The organic 
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layer is then collected and dried with anhydrous sodium sulfate. The solution was then filtered and 

concentrated under reduced pressure to give 51.3 g of N-trityl-L-serine methyl ester (89 % yield) 

that was used without further purification. 

 (S)-methyl 1-tritylaziridine-2-carboxylate 

This compound was prepared using an unpublished method20. To a 1000-mL, one-necked, round-

bottomed flask charged with N-trityl-L-serine methyl ester (56.0 g, 155 mmol) was added a 

magnetic stirring bar and dissolved in dichloromethane (320 mL). The solution was cooled to 0°C 

in an ice-brine bath. Methanesulfonyl chloride (15 mL, 194 mmol) was then added to the reaction 

followed by the drop-wise addition of triethylamine (33 mL, 237 mmol) over 30 minutes. The 

solution was then stirred for an addition 30 minutes at 0°C and then diluted with dichloromethane 

(200 mL). The solution was washed sequentially with an ice-cold, aqueous solution of 0.5 M citric 

acid (200 mL) and water (200 mL). The combined aqueous layers were backwashed with 

dichloromethane (50 mL) and the combined organic fractions were collected dried with anhydrous 

magnesium sulfate. The solution was filtered then concentrated under reduced pressure and the 

resulting mesylate was dissolved in THF (400 mL). Triethylamine (44 mL, 316 mmol) was then 

added to the solution, and was heated to 70 oC for 90 hours. After the reaction was done, the 

solution was concentrated under reduced pressure and suspended in ethyl acetate (500 mL). The 

solution was sequentially washed with an ice-cold aqueous solution of 0.5 M citric acid (2 x 200 

mL), water (1 x 200 mL) and brine (1 x 200 mL). The organic layer was collected and dried with 

anhydrous magnesium sulfate. The solution was then filtered and concentrated under reduced 

pressure to yield the crude product as an orange solid. The product was then recrystallized by 

dissolving the crude solid in 300 mL of hot absolute ethanol. After cooling down the solution, the 

resulting crystals were collected by vacuum filtration and washed with an additional 150 mL of 

cold (-20 oC) absolute ethanol. The crystals were then dried to provide 46.8 g of (S)-methyl 1-

tritylaziridine-2-carboxylate (85% yield). 

(S)-N-methoxy-N-methyl-1-tritylaziridine-2-carboxamide 
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This compound was prepared using an unpublished method20. A 1000-mL, one-necked, round-

bottomed flask was equipped with a magnetic stirring bar and charged with (S)-methyl 1-

tritylaziridine-2-carboxylate (34.3 g. 100 mmol), N, O-dimethylhydroxylamine hydrochloride 

(14.6 g, 150 mmol) and THF (300 mL). The resulting suspension was vigorously stirred and cooled 

to 0°C in an ice-brine bath, followed by the addition of a 2.0 M solution of isopropylmagnesium 

chloride in THF (157 mL, 300 mmol) over 1 hour. The solution was then stirred for an additional 

45 minutes at 0°C, at which point TLC analysis indicated complete consumption of starting 

material. A saturated aqueous solution of ammonium chloride was added drop-wise over 30 

minutes at 0°C to quench the reaction. The solution was then warmed to room temperature and 

diluted with deionized water. The product was extracted with ethyl acetate (3 x 150 mL), and the 

combined organic fractions were then collected and dried with anhydrous sodium sulfate. The 

solution was then filtered by vacuum filtration and concentrated under reduced pressure to provide 

the crude product (S)-N-methoxy-N-methyl-1-tritylaziridine-2-carboxamide that was used directly 

in the next step without further purification. 

 (S)-N-methoxy-N-methylaziridine-2-carboxamide 

This compound was prepared using an unpublished method20. A 1000-mL, one-necked, round 

bottomed flask containing the crude product (S)-N-methoxy-N-methyl-1-tritylaziridine-2-

carboxamide was equipped with a magnetic stirring bar and charged with dichlormethane (500 

mL) and triethylsilane (24 mL, 150 mmol). The resulting suspension was vigorously stirred and 

cooled to 0°C in an ice-brine bath, followed by the addition of trifluoroacetic acid (23 mL, 300 

mmol) over 30 minutes. The solution was stirred at this temperature for 30 minutes, at which point 

TLC analysis indicated complete consumption of starting material. The round-bottomed flask was 

then removed from the ice-brine bath and concentrated under reduced pressure. The crude residue 

was then dissolved in 500 mL of diethyl ether and extracted into deionized water (2 x 100 mL, 

then 2 x 50 mL). The combined aqueous extracts were backwashed with diethyl ether (1 x 50 mL). 

The aqueous solution was then basified to pH 9 with solid sodium bicarbonate. The product was 

then extracted into chloroform through the use of a continuous liquid-liquid extractor. The 

collected CHCl3 was dried with anhydrous magnesium sulfate. The solution was filtered and then 

concentrated under reduced pressure to provide the crude product as a yellow oil. The product was 

then purified by vacuum distillation using a bulb-to-bulb distillation apparatus at Bp = 92 – 102 
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oC (0.7 mm Hg) to provide 5.80 g of (S)-N-methoxy-N-methylaziridine-2-carboxamide(45 % yield 

over two steps). 1H NMR (400 MHz, Chloroform-d) δ 3.78 (s, 3H), 3.25 (s, 3H), 2.97 (d, J = 5.9 

Hz, 1H), 1.89 (d, J = 4.7 Hz, 1H), 1.83 (d, J = 5.4 Hz, 1H), 1.25 (s, 1H). 

 (2R,4R,5S)-2-((S)-aziridin-2-yl)-3-oxa-1-azabicyclo[3.1.0]hexan-4-ol (7) 

This compound was prepared using an unpublished method20. A one-necked, 250 mL Schlenk 

flask, equipped with a magnetic stirring bar was charged with LiAlH4 (0.42 g, 11 mmol). THF (40 

mL) was then added to the flask and the resulting suspension was stirred and cooled to -78°C in a 

dry ice-acetone bath. (S)-N-methoxy-N-methylaziridine-2-carboxamide (1.31 g, 10 mmol) in THF 

(10 mL) was added drop-wise to the reaction suspension along the wall of the Schlenk flask over 

20 minutes. The Schlenk flask was then warmed to 0°C and was stirred at this temperature for 20 

minutes, until TLC analysis indicated complete consumption of starting material. The flask was 

then cooled back down to -78°C and diluted with THF (40 mL) drop-wise, along the wall of the 

Schlenk flask over 20 minutes. The reaction was then quenched by adding a saturated aqueous 

solution of Na2SO4 (1 mL) drop-wise. Reaction flask was then warmed to room temperature. The 

suspension was stirred vigorously for an addition 25 minutes and then filtered by vacuum filtration. 

The precipitate was washed with additional THF (100 mL) and methanol : dichloromethane 

solution (20 : 80 mL). The filtrate was concentrated under reduced pressure to yield a crude, off-

white residue, which was immediately purified by column chromatography to afford 0.49 g of 

(2R,4R,5S)-2-((S)-aziridin-2-yl)-3-oxa-1-azabicyclo[3.1.0]hexan-4-ol (68 % yield). 1H NMR (400 

MHz, Chloroform-d) δ 5.28 (s, 1H), 4.94 – 4.91 (m, 1H), 2.63 (dd, J = 5.3, 3.4 Hz, 1H), 2.45 (ddd, 

J = 6.6, 4.0, 1.2 Hz, 1H), 1.86 (d, J = 6.6 Hz, 1H), 1.77 (d, J = 5.3 Hz, 2H), 1.70 (d, J = 4.0 Hz, 

2H), 1.29 – 1.21 (m, 4H). 13C NMR (126 MHz, cdcl3) δ 96.4, 94.5, 43.8, 31.3, 27.7, 21.1. 

4.2 Synthesis of Tmob thiol 

 (2,4,6-trimethoxyphenyl)methanol 
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This compound was prepared using a literature method. A 500-mL, one-necked, round bottomed 

flask containing 2,4,6-trimethoxybenzaldehyde (10g,  51 mmol) was equipped with a magnetic 

stirring bar and charged with methanol (300 mL), followed by the addition of sodium borohydride 

(1.93 g, 51 mmol). The resulting suspension was vigorously stirred at room temperature for 2 

hours. The solution was removed under reduced pressure and the residue was redissovled in ethyl 

acetate (200 mL). The crude product was washed with a saturated aqueous solution of sodium 

bicarbonate (50 mL) and brine (50 mL). The organic layer was then dried with sodium sulfate. The 

solvent was removed under reduced pressure and the resulting crude (2,4,6-

trimethoxyphenyl)methanol was used directly in the next step without further purification. 1H 

NMR (400 MHz, Chloroform-d) δ 6.13 (d, J = 1.6 Hz, 2H), 5.15 (s, 1H), 4.71 (d, J = 6.6 Hz, 1H), 

3.87 – 3.76 (m, 8H), 2.05 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 161.1, 159.2, 100.0, 90.5, 55.7, 

55.4, 54.4. 

 (2,4,6-trimethoxyphenyl)methanethiol (6) 

This compound was prepared using a literature method16. A 500-mL, one-necked, round bottomed 

flask containing (2,4,6-trimethoxyphenyl)methanol (6.35 g, 32 mmol) and thiourea (4.88 g, 64 

mmol) was equipped with a magnetic stir bar and charged with water/acetone (1:1 v/v) (65 mL). 

5N HCl (9.6 mL) was added dropwise and the acidic solution was stirred at room temperature for 

24 hours until TLC analysis indicated complete consumption of starting material. Then the solution 

was extracted with EtO2 (2 x 25 ml) and the aqueous phase was then brought to alkaline pH by 

carefully addition of 5 N NaOH under nitrogen atmosphere and heated to reflux for 3 hours. The 

reaction was followed by TLC (hexane: ethyl acetate 8:2). The thiol was isolated after acidification 

with HCl by extraction with EtOAc (4 x 25 ml). The combined organic phases were dried, and 

removed under reduced pressure.  After flash silica gel column chromatography (100 % hexane to 

50 % ethyl acetate in hexane) purification, the title compound was isolated as a white solid in 41 

% yield. 1H NMR (400 MHz, Chloroform-d) δ 6.12 (s, 2H), 3.82 (d, J = 13.8 Hz, 9H), 3.73 (d, J 

= 7.9 Hz, 2H), 1.95 (t, J = 7.9 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 160.3, 158.2, 90.6, 55.8, 

16.7. 
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4.3 Synthesis of single amino acid substrates 

4.3.1 Synthesis of single amino thioacids 

To a 0.67M solution of a Boc-protected amino acid in MeCN, carbonyldiimidazole (CDI) (1.1 eq.) 

was added under a nitrogen atmosphere. The reaction was left to stir for 30 minutes. Sodium sulfide 

(3 eq.) was subsequently added to the reaction mixture. The reaction was left to stir at room 

temperature for two hours. The solvent was then removed under reduced pressure and the residue 

was dissolved in ethyl acetate. The newly formed solution was then cooled to 0°C. At 0°C, 

prechilled 1N HCl was added dropwise to the solution until the aqueous layer was acidified to a 

pH 3. The organic layer was washed with brine (3 x) and dried under sodium sulfate. Once filtered, 

the solvent was removed under reduced pressure to yield clear sticky oil. The resulting residue was 

then purified by reverse phase preparative HPLC/MS. 

 (S)-2-((tert-butoxycarbonyl)amino)propanethioic S-acid (11a) 

1H NMR (400 MHz, Chloroform-d) δ 4.33 (s, 1H), 1.52 – 1.42 (m, 13H). 13C NMR (101 MHz, 

CDCl3) δ 189.31, 154.84, 76.70, 28.26, 18.02. 

 (S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanethioic S-acid (11b) 

1H NMR (500 MHz, Chloroform-d) δ 4.23 (dd, J = 9.2, 4.6 Hz, 1H), 2.39 – 2.23 (m, 1H), 1.47 (d, 

J = 3.0 Hz, 9H), 0.96 (dd, J = 51.4, 7.0 Hz, 7H). 13C NMR (101 MHz, CDCl3) δ 171.14, 66.27, 

60.39, 30.54, 28.31, 21.04, 19.44, 14.20. 

4.3.2 Synthesis of aziridine amino anilides 

4.3.2.1    Preparation of amino anilide 

To a 0.25M solution of the desired Boc-protected amino acid in DCM, aniline (1 eq.), HBTU (1 

eq.), and diisopropylethylamine (3 eq.) were added. The reaction was left to stir for 2 hours until 

TLC indicated that reaction had gone to completion. The solvent was removed under reduced 

pressure and the resulting residue was dissolved in ethyl acetate. The ethyl acetate solution was 

washed with 10% (w/v) aqueous solution of citric acid (2 x), saturated sodium bicarbonate (2 x), 
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and brine (2 x). The organic layer was then dried under sodium sulfate. TFA/DCM 1:1(v/v) was 

added to the target compound and stirred for 30 minutes. The resulting solution was then removed 

under reduced pressure, followed by redissovling in a minimal amount of ethyl acetate and the 

TFA salt was precipitated with diethyl ether. The filtered salts were then free-based with 30% 

aqueous solution of ammonium hydroxide. The aqueous layer was extracted with DCM (4 x). The 

combined organic layers were then washed with brine and dried with sodium sulfate. The solution 

was filtered and the solvent removed under reduced pressure. The crude product was used directly 

in the reductive amination without further purification. 

 (S)-2-amino-N-phenylpropanamide (12) 

1H NMR (400 MHz, Chloroform-d) δ 7.65 – 7.55 (m, 2H), 7.39 – 7.24 (m, 2H), 7.14 – 7.05 (m, 

1H), 3.62 (q, J = 7.0 Hz, 1H), 2.80 (s, 1H), 1.43 (d, J = 7.0 Hz, 3H) 

 (S)-2-amino-3-methyl-N-phenylbutanamide (14) 

1H NMR (400 MHz, Chloroform-d) δ 9.50 (s, 1H), 7.64 – 7.57 (m, 2H), 7.39 – 7.28 (m, 2H), 

7.14 – 7.04 (m, 1H), 3.37 (d, J = 3.7 Hz, 1H), 2.45 (td, J = 6.9, 3.6 Hz, 1H), 1.04 (d, J = 7.0 Hz, 

3H), 0.88 (d, J = 6.9 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 172.58, 137.81, 128.96, 123.98, 

119.42, 60.45, 38.62, 30.77, 19.83, 15.96. 

4.3.2.2    Reductive amination 

A round bottom flask equipped with a magnetic stirring bar a 0.05M solution of the peptide anilide 

(1.5 eq.) in a 1:2.5:22.5 DCM:MeOH:THF solvent mixture was stirred under nitrogen at room 

temperature. The aziridine aldehyde (0.5 eq.) was then added to the reaction mixture followed by 

the addition of ZnCl2 (2.2 eq.), NaCNBH3 (1.5 eq.), and acetic acid (20 eq.). The reaction was 

stirred at room temperature for 2 hours at which point HPLC/MS indicated that the reaction had 

reached to completion. The solvent was then removed under reduced pressure and the resulting 

residue was redissolved in ethyl acetate. The organic solution was then washed with a saturated 

solution of sodium bicarbonate (3 x), water (2 x), and brine (2 x). The organic layer was then dried 

with sodium sulfate, and removed under reduced pressure. 
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 (S)-2-((((S)-aziridin-2-yl)methyl)amino)-N-phenylpropanamide (13) 

1H NMR (500 MHz, Chloroform-d) δ 7.59 (ddd, J = 8.5, 2.2, 1.1 Hz, 2H), 7.32 (ddd, J = 8.5, 7.4, 

2.1 Hz, 2H), 7.13 – 7.06 (m, 1H), 2.76 (dd, J = 11.7, 7.1 Hz, 1H), 2.67 (dd, J = 11.7, 7.2 Hz, 1H), 

1.44 (d, J = 7.0 Hz, 3H), 1.40 (d, J = 7.0 Hz, 3H), 1.33 – 1.21 (m, 16H), 1.16 (t, J = 7.1 Hz, 3H) 

(S)-2-((((S)-aziridin-2-yl)methyl)amino)-3-methyl-N-phenylbutanamide 

(15) 

1H NMR (500 MHz, Chloroform-d) δ 7.68 – 7.56 (m, 2H), 7.39 – 7.29 (m, 2H), 7.13 – 7.06 (m, 

1H), 3.03 (d, J = 4.5 Hz, 1H), 2.85 (dd, J = 12.7, 3.9 Hz, 1H), 2.49 (dd, J = 12.7, 7.4 Hz, 1H), 

2.22 (tt, J = 7.0, 3.6 Hz, 2H), 1.87 (d, J = 6.1 Hz, 1H), 1.45 (d, J = 3.5 Hz, 1H), 1.25 (s, 1H), 

1.05 (d, J = 7.0 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, cdcl3) δ 172.11, 137.86, 

128.95, 128.20, 123.93, 119.42, 69.00, 53.41, 38.59, 31.60, 23.41, 19.61, 17.80. 

4.3.3 Synthesis of single amino thioesters 

A round bottom flask equipped with a magnetic stir bar, a 0.77M solution of Boc-amino acid was 

dissolved in DCM and cooled to 0°C. EDCI (1.25 eq.), thiophenol (1.25 eq.), DMAP (0.1 eq.), and 

DiPEA (2.5 eq.) were then added to the reaction at 0°C and stirred for three hours. The reaction 

was then warmed up to room temperature and stirred overnight under nitrogen atmosphere. Once 

the reaction has reached to completion, the solvent was removed under reduced pressure and the 

resulting residue was purified by flash silica gel column chromatography (0-50% gradient of ethyl 

acetate in hexanes). The title compound was presented as solid. 

 S-phenyl 2-((tert-butoxycarbonyl)amino)ethanethioate (16a) 

1H NMR (400 MHz, Chloroform-d) δ 7.42 (s, 5H), 5.11 (s, 1H), 4.15 (d, J = 6.1 Hz, 2H), 1.48 (s, 

10H) 
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 S-phenyl (S)-2-((tert-butoxycarbonyl)amino)propanethioate (16b) 

1H NMR (400 MHz, Chloroform-d) δ 7.41 (s, 5H), 4.99 (d, J = 8.4 Hz, 1H), 4.63 – 4.43 (m, 1H), 

1.49 (s, 9H), 1.46 – 1.43 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 134.67, 129.43, 28.37, 18.78. 

 S-phenyl (S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanethioate 

(16c) 

1H NMR (400 MHz, Chloroform-d) δ 7.40 (d, J = 1.8 Hz, 5H), 5.02 (d, J = 9.6 Hz, 1H), 4.41 (dd, 

J = 9.5, 4.6 Hz, 1H), 2.40 – 2.27 (m, 1H), 1.49 (s, 10H), 1.04 (d, J = 6.8 Hz, 4H), 0.93 (d, J = 6.9 

Hz, 4H). 13C NMR (101 MHz, CDCl3) δ 172.76, 148.99, 134.63, 129.44, 127.45, 99.99, 65.28, 

31.10, 28.37, 19.45, 16.93. 

4.4 Synthesis of pentapeptide substrates 

4.4.1 Synthesis of pentapeptide thioacid 

A 20-mL scintillation vial equipped with a magnetic stir bar, a 0.05 M solution of the Boc-

protected pentapeptide charged with DMF was stirred under nitrogen at room temperature. To the 

reaction HATU (3 eq.), trimethoxylbenzenethiol (4 eq.) and DiPEA (3 eq.) were added. The 

reaction was left to stir overnight and was monitored by HPLC/MS. Once the reaction had gone to 

completion, the solvent was removed under a stream of nitrogen. The resulting residue was then 

deprotected by degassed cocktail TFA. The resulting residue was purified by reverse phase 

preparative HPLC/MS.  

 Leu-Tyr-Glu-Gly-Ala-SH (8d) 
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Product was purified by reverse phase preparative HPLC/MS (5-35% gradient of acetonitrile in 

water over 25 minutes (5 mL/min) with stop time of 30 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 21% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 5 minutes with stop time of 6.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 2.89 minutes 

 Leu-Tyr-Arg-Gly-Ala-SH (8c) 

Product was purified by reverse phase preparative HPLC/MS (5-25% gradient of acetonitrile in 

water over 20 minutes (5 mL/min) with stop time of 25 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 35% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 3.41 minutes 

 Leu-Arg-Tyr-Gly-Ala-SH (8b) 

Product was purified by reverse phase preparative HPLC/MS (10-45% gradient of acetonitrile in 

water over 40 minutes (5 mL/min) with stop time of 50 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 23% 
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Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 5 minutes with stop time of 6.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 2.80 minutes 

 Ala-Ser-Leu-Trp-Ala-SH (8a) 

Product was purified by reverse phase preparative HPLC/MS (20-60% gradient of acetonitrile in 

water over 40 minutes (5 mL/min) with stop time of 50 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 15% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 3.56 minutes 

4.4.2 Synthesis of aziridine pentapeptide 

A round bottom flask equipped with a magnetic stir bar, a 0.05 M solution of pentapeptde in a 

1:2.5:2.5 DCM:MeOH:THF solvent mixture was stirred under nitrogen at room temperature. The 

aziridine aldehyde (1 eq.) was then added to the reaction mixture followed by the addition of ZnCl2 

(3.3 eq.), and NaCNBH3 (2.2 eq.). The reaction was allowed to stir at room temperature overnigh 

at which point HPLC/MS showed the completion of the reaction. The solvents were then removed 

under reduced pressure. The crude protected product was used directly in the next step without 

further purification. On the hand, the deprotected product was obtained by deprotecting with 

cocktail TFA, and purified by reverse phase preparative HPLC/MS. 
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 Az-Val-Leu-Arg(Pbf)-Tyr(tBu)-Ala (9g) 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 7.96 minutes 

 Az-Gly-Val-Tyr(tBu)-Arg(Pbf)-Phe (9f) 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 8.01 minutes 

 Az-Val-Tyr(tBu)-Arg(Pbf)-Leu-Ala (9e’) 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 7.36 minutes 
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 Az-Val-Tyr-Arg-Leu-Ala (9e) 

Product was purified by reverse phase preparative HPLC/MS (20-80% gradient of acetonitrile in 

water over 40 minutes (5 mL/min) with stop time of 50 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 15% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 4.10 minutes 

 Az-Leu-Asn(Trt)-Val-Tyr(tBu)-Ala (9b) 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 8.44 minutes 

 Az-Ala-Ser(tBu)-Leu-Trp(Boc)-Phe (9d’) 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 5 minutes with stop time of 6.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 4.43 minutes 
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 Az-Ala-Ser-Leu-Trp-Phe (9d) 

Product was purified by reverse phase preparative HPLC/MS (20-60% gradient of acetonitrile in 

water over 40 minutes (5 mL/min) with stop time of 50 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 15% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 14.5 minutes with stop time of 16 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 

µm). 

Retention time: 5.25 minutes 

 Az-Gly-Arg(Pbf)-Tyr(tBu)-Ala-Val (9c’) 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 14.5 minutes with stop time of 16 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 

µm). 

Retention time: 7.49 minutes 
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 Az-Gly-Arg-Tyr-Ala-Val (9c) 

Product was purified by reverse phase preparative HPLC/MS (15-70% gradient of acetonitrile in 

water over 50 minutes (5 mL/min) with stop time of 60 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 15% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 9 minutes with stop time of 12.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 2.71 minutes 

 Az-Val-Glu(tBu)-Ala-Asn(Trt)-Ala (9a) 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 14.5 minutes with stop time of 16 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 

µm). 

Retention time: 8.82 minutes 

4.4.3 Synthesis of pentapeptide thioester 

A scintillation vial equipped with a magnetic stir bar, a 0.1 M solution of the Boc-protected 

pentapeptide in DMF was stirred under nitrogen at room temperature. To the reaction HATU (3 

eq.), thiophenol (10 eq.) and DiPEA (3 eq.) were added. The reaction was left to stir at room 

temperature under nitrogen atmosphere overnight. The reaction was monitored by HPLC/MS. 

After the reaction had gone to completion, the DMF was evaporated off with a stream of nitrogen. 

The title compound was triturated by cold 1:1 water/brine mixture, and then treated with cocktail 

TFA. The resulting residue was purified by reverse phase preparative HPLC/MS. 
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 Leu-Tyr-Arg-Ala-Gly-SPH (10b) 

Product was purified by reverse phase preparative HPLC/MS (25-50% gradient of acetonitrile in 

water over 30 minutes (5 mL/min) with stop time of 40 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 43% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 5 minutes with stop time of 6.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 3.33 minutes 

 Val-Leu-Arg-Tyr-Gly-SPh (10a) 

Product was purified by reverse phase preparative HPLC/MS (25-50% gradient of acetonitrile in 

water over 50 minutes (5 mL/min) with stop time of 60 minutes using Jupiter 4μ Proteo 90A (250 

x 10.00 mm, 4.0 μm). Yield 33% 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

over 5 minutes with stop time of 6.5 minutes using Poroshell 120 EC-C18(4.6 x 50 mm, 2.7 µm). 

Retention time: 3.47 minutes 

4.4.4 Global deprotection 

A flame dried 25-mL Schlenk tube equipped with a magnetic stir bar, trifluoroacetic acid (92 %), 

deionized water (2.5 %), phenol (2.5 %), and triisopropyl silane (2.5 %) were added. The cleavage 

cocktail was then degassed by freeze-pump-thaw cycling. Once the cocktail was degassed, the 
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solution was then carefully added to the protected peptide. The cleavage was left to stir under 

nitrogen atmosphere for 2 hours. Then the resulting reaction mixture was transferred to a 

lyophilization flask that was prechilled at -78°C. Water/acetonitrile (1:1 v/v) was added to the 

lyophilization flask, ensuring a quantitative transfer. followed by lyophilizing overnight to afford 

the desired deprotected peptide. 

4.5 Synthesis of branched peptide 

4.5.1 Phosphate buffer preparation15 

A 20-mL scintillation vial containing sodium phosphate dibasic (0.28 mg, 1.47 mmol) and 

guanidine hydrochloride (5.73 g, 60 mmol) was charged with water (6 mL). Once the solid had 

completely disoolved, the solution was poured into a 10 mL volumetric flask, more water was 

added if necessary up to 10 mL. This stock solution was stored at 4°C for three months. Prior to 

use, a 1-dram vial containing 0.2 micron filtered stock buffer was degassed with argon, followed 

by the addition of TCEP (7.00 mg, 24 mmol). The phosphate buffer was used directly in the 

ligation reaction. 

4.5.2 Ligation reaction 

Tri-branched 

thioester peptide (21) 

A 2-dram vial containing the thioacid 8d (30 mg, 0.053 mmol) and aziridine 9e’ (52 mg, 0.053 

mmol) was equipped with a magnetic stirring bar and charged with DMF:buffer (8:2 v/v) (4.53 
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mL), followed by the addition of 2 M NaOH to adjust to pH 7.6. The resulting solution was stirred 

at room termerature for 18 hours, at which point HPLC/MS analysis indicated the formation of di-

branched peptide product. Then thioester 10b was added to the reaction vial and stirred for 

additional 18 hours. Once the reaction had gone to completion, the solvent was removed under 

reduced pressure and the branched thioester was then purified by reverse phase reparative 

HPLC/MS (20-60% gradient of acetonitrile in water over 50 minutes (5mL/min) with stop time of 

60 minutes using Jupiter 4μ Proteo 90A (250 x 10.00 mm, 4.0 μm). Yield 2%. 

Analytical reverse phase HPLC/MS (5-95% gradient of acetonitrile in water (1% formic acid v/v) 

gradient over 14.5 minutes with stop time of 16 minutes using Jupiter 4μ Proteo 90A (150 x 4.6 

mm, 4 µm). 

Retention time: 5.98 minutes 

HRMS (ESI+) [M+H]+ calcd. For C100H154N22O24S2 2112.1, found 2112.1 
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