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Fragment-based drug design facilitated by protein-templated 
click chemistry: fragment linking and -optimization of inhibitors 
of the aspartic protease endothiapepsin 
 
 

 

Fragment-based drug design (FBDD) enables the efficient design of bioactive 

compounds. While there are numerous reports on FBDD using optimization of a hit by fragment 

growing/optimization, fragment linking has rarely been used. Protein-templated click chemistry is 

a hit-identification strategy, in which azides and alkynes are assembled irreversibly to afford the 

corresponding triazoles. In this chapter, we demonstrate that the strategic combination of 

fragment linking/optimization and protein-templated click chemistry (PTCC) is an efficient and 

powerful method that accelerates the hit-identification process for the aspartic protease 

endothiapepsin. The best binder, which inhibits endothiapepsin with an IC50 value of 43 μM, 

represents the first example of a triazole-based inhibitor of endothiapepsin. 
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2.1 Introduction 

 Despite recent developments in medicinal chemistry, there is a continuous need for the 

development of more efficient, rapid and facile strategies to accelerate the drug-discovery 

process. Over the past decades, fragment-based drug design (FBDD) has emerged as an effective 

and novel paradigm in drug discovery for numerous biological targets.[1–3] FBDD has higher hit 

rates and better coverage of the chemical space, enabling the use of smaller libraries than those 

used for high-throughput screening.[2] Since the first report of FBDD, it started to be more widely 

used in the mid-1990s[4] and has expanded rapidly. Over the course of the past two decades, 

various pharmaceutical and biotechnology companies have used FBDD and developed more 

than 18 drugs, that are in clinical trials.[5] Vemurafenib received FDA approval for the treatment 

of late-stage melanoma in 2011,[6] representing the first approved drug designed by FBDD.[7] In 

2016, Venetoclax was approved for the treatment of chronic lymphocytic leukemia, being the 

second fragment-based designed drug in the market.[8]  

     Upon identification of a fragment,[9] it has to be optimized to a hit/lead compound and 

eventually to a drug candidate by fragment growing, linking, merging or optimization. On the one 

hand, fragment growing has become the optimization strategy of choice,[10–15] even though it is 

time-consuming as it requires synthesis and validation of the binding mode of each derivative in 

the fragment-optimization cycle. To overcome this hurdle, we have previously developed 

strategies in which we combined fragment growing with dynamic combinatorial chemistry (DCC) 

to render the initial stage of the drug-discovery process more effective.[16] Fragment linking, on 

the other hand, is very attractive because of its potential for super-additivity (an improvement of 

ligand efficiency (LE) and not just maintenance of LE), but challenging as it requires the 

preservation of the binding modes of the individual fragments in adjacent pockets and 

identification of the best linker with an ideal fit.[17,18] It is presumably due to these challenges that 

there are only few reports of fragment linking,[4,19] demonstrating the efficiency of linking low-

affinity fragments to higher-affinity binders.[18,20–26] We have recently reported a combination of 

DCC and fragment linking/optimization, which reduces the risks associated with fragment 

linking.[27]  

In addition to DCC, protein-templated click chemistry (PTCC) has emerged as a 

powerful strategy to design/optimize a hit/lead for biological targets and holds the potential to 

reduce the risks associated with fragment-linking.[28,29] PTCC relies on the bio-orthogonal 1,3-

dipolar cycloaddition of azide and alkyne building blocks facilitated by the protein target.[30] This 

highly exothermic reaction produces 1,4- and 1,5-triazoles, which are extremely stable under 

acidic/basic pH as well as in harsh oxidative/reductive conditions. Furthermore, triazoles can 
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participate in H-bonding, π–π-stacking and dipole–dipole interactions with the target protein and 

are a bioisostere of amide bonds. In PTCC, the individual azide and alkyne fragments bind to 

adjacent pockets of the protein and if the functional groups are oriented in the proper manner, 

the protein “clicks” them together to afford its own triazole inhibitor (Figure 1). 

 

Figure 1. Schematic representation of protein-templated click chemistry leading to a triazole-based 
inhibitor starting from a library of azides and alkynes. 

We have therefore envisaged that the potentially synergistic combination of fragment 

linking and PTCC would represent an efficient hit/lead identification/optimization approach in 

medicinal chemistry. Here, we have combined fragment linking and PTCC by designing flexibility 

into the linker and letting the protein select the best combination of building blocks to identify a 

new class of hits for endothiapepsin, belonging to the pepsin-like aspartic proteases.  

Aspartic proteases are a family of enzymes, which are widely found in fungi, vertebrates, 

plants, as well as in HIV retro-viruses. This class of enzymes plays a causative role in several 

important diseases such as malaria, Alzheimer’s disease, hypertension and HIV.[31] Owing to the 

high degree of similarity, endothiapepsin has served as a model enzyme for mechanistic studies[32–

34] as well as for the identification of inhibitors of renin[35] and β-secretase.[36] Endothiapepsin is a 

robust enzyme, is available in large quantity, crystallizes easily and remains active at room 

temperature for more than three weeks, making this enzyme a convenient representative for 

aspartic proteases.[37] All aspartic proteases consist of two structurally similar domains, which 

contribute an aspartic acid residue to the catalytic dyad that is responsible for the water-mediated 

cleavage of the substrate’s peptide bond.[33,34] 

Although, the linkage of two known inhibitors of acetylcholinesterase via a triazole linker using 

PTCC has been pioneered by Sharpless and coworkers in 2005, the inhibitors that are linked do 

not qualify as fragments according to rule of three.[29] To the best of our knowledge, there is no 
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report of fragment linking of actual fragments in a true FBDD context using PTCC. Herein, we 

describe how we combined fragment linking/optimization and PTCC for the efficient fragment-

to-hit optimization of inhibitors of the aspartic protease endothiapepsin.    

2.2 Results and discussion 

2.2.1 Fragment-based drug design 
We used X-ray crystal structures of endothiapepsin in complex with fragments 1 and 2 

(Protein Data Bank (PDB) codes: 3PBZ and 3PLD, respectively, Figure 2), identified by Klebe 

and co-workers.[38] Both 1 and 2 are engaged in strong H-bonding interactions with the catalytic 

dyad consisting of amino acid residues D35 and D219, using their hydrazide and amidine groups, 

respectively (Figure 2). Except for the number of H-bond acceptors (four) for 1, both fragments 

1 and 2 obey Astex’s “rule of three”,[39] with a molecular weight (Mw) of 207 and 201 Da, three H-

bond donors, four and two H-bond acceptors, two freely rotatable bonds and total polar surface 

areas (TPSAs) of 58.4 Å2 and 49.9 Å2, respectively. At a concentration of 1 mM, fragments 1 and 2 

display 89% and 84% inhibition of endothiapepsin, respectively. Considering their promising 

physicochemical properties, inhibitory potency, their small size (15 and 12 heavy atoms, 

respectively) and the fact that they bind to adjacent pockets of endothiapepsin, we chose them as 

a starting point for fragment linking/optimization into an inhibitor of endothiapepsin.   

 

Figure 2. X-ray crystal structure of endothiapepsin in complex with fragments 1 and 2 (PDB code: 3PBZ 
and 3PLD, respectively) and a modeled potential triazole inhibitor in the active site.[38] Color code: protein 
skeleton: C: gray, O: red, and N: blue; fragment skeleton: C: purple, yellow and green, N: blue, O: red, Cl: 
green. Hydrogen bonds below 3.0 Å are shown as black, dashed lines.[40] 

Fragments 1 and 2 occupy the S3 and S1 and the S2 and S1′ pockets, respectively and 

address the catalytic dyad using a H-bonding network (Figure 2). With the help of the molecular-

modeling software Moloc[41] and the FlexX docking module in the LeadIT suite,[42] we linked 

these two fragments using a triazole linker. The newly introduced triazole moiety resides at the 
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junction of the S1 and S1′ pockets, where hydrazide and amidine groups of fragment 1 and 2, 

respectively, were positioned. The triazole linker appeared to be ideally suited to address the 

catalytic dyad via a H-bonding network. Although, the protonation of 1,2,3-triazoles at pH 4.6, 

optimal for endothiapepsin, is unprecedented, given that their pKa value in water is 1.2,[43] in the 

active site of endothiapepsin, the triazole is expected to bind in close proximity to the two Asp 

residues (D35 and D219), which will modulate the pKa value, facilitating protonation. pKa 

perturbation is a general phenomenon and has been observed, for instance, in several co-crystal 

structures of endothiapepsin in complex with heterocyclic fragments.[44] Hence, under the acidic 

condition, one of the N atoms of the triazole is likely protonated and engaged in a H-bonding 

interaction with residue D35. Careful analysis of known co-crystal structures of 

endothiapepsin[37,38] as well as hotspot analysis[45] of the active site of endothiapepsin suggested 

that the S2 pocket can host aromatic moieties, which can be involved in hydrophobic interactions 

with residues F194, I217, I304, and I300. The S3 pocket could accommodate a piperazinyl ring 

instead of the tertiary amine, which can be involved in an additional H-bonding interaction with 

residue D119. On the basis of molecular modeling and docking studies, we designed and 

optimized a series of triazole-based inhibitors. A superimposition of a designed potential triazole 

inhibitor and the two fragments is shown in Figure 2. All of the triazoles are engaged in H-

bonding interactions with D35 and occupy the S3, S1, S1′ and S2 pockets, the binding sites of 

fragments 1 and 2.   

2.2.2 Synthesis of building blocks (azides and alkynes) 
Retrosynthesis of all designed triazole derivatives leads to nine azides (3–11) and the 

alkyne 12, (Scheme 1). We also included alkynes 13–15 in our library, which were available from 

Syncom. All azides were obtained from their corresponding bromides by treatment with sodium 

azide in 40–80% yield (Scheme 2).[46,47]  
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Scheme 1. a) Structures and retrosynthetic analysis of the designed triazole inhibitors starting from 
fragments 1 and 2; b) structures of the azides 3–11 and the alkynes 12–15. 

 

 

Scheme 2. Synthesis of azides 3–11 starting from their corresponding bromides. 

We synthesized alkyne 12 using a Sonogashira cross-coupling reaction, starting from the 

iodide 16 (Scheme 3).  

 

Scheme 3. Synthesis of alkyne 12. 

2.2.3 Generation of the library 
We set up a library, consisting of four alkynes 12–15 (100 μM each) and nine azides 3–11 

(100 μM each), in presence of a catalytic amount of protein (26 μM) to investigate whether the 

protein would select a pair of fragments from a library to template the formation of a triazole 

binder with high affinity (Scheme 4). The advantage of PTCC is that, it accelerates the screening 

time to two weeks by avoiding the synthesis of individual triazoles and reduces the amount of 

protein required in each individual analysis.  
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We used UPLC-TOF-SIM (selective ion monitoring) to analyze the formation of triazoles 

in the reaction mixture. SIM measurements are highly sensitive. We monitored for [M+H]+ of all 

potential triazole products present in the library. After incubation of the protein at room 

temperature for two weeks (endothiapepsin is stable and active during this time period),[37] the 

library was analyzed using UPLC-TOF-SIM. To differentiate between the two regioisomers of 

triazoles (1,4- and 1,5-triazole), we set up two libraries using the same azide and alkyne building 

blocks, once in the presence of Cu (I)-catalyst to selectively afford the 1,4-triazoles and once 

under Huisgen cycloaddition conditions to obtain both 1,4- and 1,5-triazoles (Scheme 4). We also 

compared the PTCC reaction with the blank reaction (without protein) as well as the protein 

alone.  

 

Scheme 4. From bottom to top; Protein-templated triazole formation, blank reaction, Cu (I) catalyzed 
1,4-triazole formation, Huisgen cycloaddition to afford 1,4- and 1,5-triazoles. 

We identified a total of four 1,4-triazoles (17–20),  which are formed only in the presence 

of protein (Figure 3). To establish that the active site of intact endothiapepsin is required for 

PTCC, we set up two control experiments. Repeating the reaction in presence of saquinavir (100 

μM, a strong inhibitor, Ki = 48 nM), or a catalytic amount of BSA (26 μM) did not lead to the 

formation of any triazoles.  
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Figure 3. Structure of triazoles 17-20 identified using PTTC, inactive triazole 21 

A representative UPLC-TOF-SIM analysis of triazole 19 (M+H+ = 368) is shown in Figure 4.  

 

Figure 4. UPLC-TOF-SIM analysis of triazole 19 (M+H+ = 368). Formation of 19 in PTCC was 
compared with the blank reaction, Cu (I) catalyzed 1,4-triazole formation, Huisgen cycloaddition for both 
1,4- and 1,5-triazoles formation and protein fragmentation. 
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2.2.4 Synthesis of identified triazoles 
To investigate the biochemical activity of the binders identified by PTCC, we synthesized 

all four triazoles from their corresponding azide and alkyne precursors using the Cu(I)-catalyzed 

1,3-cycloaddition. In addition, we synthesized an inactive triazole 21 to demonstrate the efficiency 

of PTCC.  Their inhibitory activity was measured using a fluorescence-based assay adapted from 

the HIV-protease assay.[48] We used Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH2 as a fluorogenic 

substrate, during measurement the fluorescence increased because of substrate hydrolysis by 

endothiapepsin. The initial slopes of the fluorescence in the inhibitor-containing wells were 

compared to the initial slope of the blanks for data analysis. 

We synthesized triazole 17 starting from Boc-protected 23 in a Ohira-Bestman reaction to 

afford the corresponding alkyne 24 in 36% yield, followed by Cu(I)-catalyzed 1,3-cycloaddition 

with azide and deprotection of the Boc-protected piperazine (Scheme 5). 

 

Scheme 5. Synthesis of triazole 17, identified by PTCC.  

Synthesis of triazole 18 was achieved starting from benzaldehyde (25) and propargyl 

bromide (26) in the presence of HgCl2 to block the alkynyl proton (adapted protocol, S. Sezer et 

al.)[49] to afford alcohol 27 in 60% yield, which was converted to the corresponding azide 28 in a 

Mitsunobu reaction in 75% yield. The azide was then reduced to amine 14 in 85% yield, followed 

by Cu(I)-catalyzed 1,3-cycloaddition with azide 9 ( Scheme 6).  
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Figure 3. Structure of triazoles 17-20 identified using PTTC, inactive triazole 21 

A representative UPLC-TOF-SIM analysis of triazole 19 (M+H+ = 368) is shown in Figure 4.  

 

Figure 4. UPLC-TOF-SIM analysis of triazole 19 (M+H+ = 368). Formation of 19 in PTCC was 
compared with the blank reaction, Cu (I) catalyzed 1,4-triazole formation, Huisgen cycloaddition for both 
1,4- and 1,5-triazoles formation and protein fragmentation. 
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Scheme 6. Synthesis of triazole 18, identified by PTCC.  

Alkyne 13 was synthesized using Sonogashira cross-coupling reaction starting from the 

corresponding halide 29, which was then used for the Cu(I)-catalyzed 1,3-cycloaddition reaction 

with azide 6 to afford triazole 20.   

 

 

Scheme 7. Synthesis of triazole 20, identified by PTCC.  

Finally, we synthesized triazole 19 starting from the corresponding azide and alkyne. In addition, 

we synthesized an inactive triazole 21 to demonstrate the efficiency of PTCC in selecting the 

most potent inhibitors (Scheme 8). 
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Scheme 8. Synthesis of triazole 19 (identified by PTCC) and 21 (inactive compound in PTTC). 

2.2.5 Biochemical evaluation 
The enzyme-activity assay confirmed the result of the PTCC experiment. Three out of 

the four triazoles indeed inhibit endothiapepsin with IC50 values in the range of 43‒121 μM 

(Figure 5 for 17). We were unable to determine the IC50 value of 20 because of its poor solubility 

even at 250 μM using the maximum possible DMSO concentration for the assay. The inactive 

triazole 21, which was not observed in the PTCC but synthesized as a control, did not show any 

activity in the enzyme-activity assay. The most potent triazole inhibitor 17 displays an IC50 value 

of 43 μM (Figure 5, Table 1).  

 

Figure 5.  IC50 inhibition curves of 17 (IC50 = 43±0 μM). The inhibitor was measured in duplicate.  

The experimental Gibbs free energies of binding (ΔG) and ligand efficiencies (LE), 

derived from the experimental IC50 values using the Cheng-Prusoff equation,[50] correlate with the 

calculated values using the scoring function HYDE in the LeadIT suite (ΔGHYDE(17) = –25 kJ 

mol–1, Table 1).[51,52] This correlation is also valid for the other triazole inhibitors (Table 1). 

 

 

Inhibitor (μM) Inhibitor (μM) 

IC50 = 43.0 μM IC50 = 43.0 μM 
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Table 2. The IC50 values, ligand efficiency (LE), calculated and experimental Gibbs free energy of binding 
(ΔG) of triazole inhibitors. 

 

 

 

 

 

a 26 experiments were performed and only six experiments were considered to calculate the initial slope (n = 6), 11 
different concentrations of inhibitor were used starting at 1 mM; each experiment was carried out in duplicate, and 
the errors are given in standard deviations (SD), b The Gibbs free energy of binding (ΔGEXPT) and the ligand 
efficiencies (LEs) derived from the experimentally determined IC50 values, c Values indicate the calculated Gibbs free 
energy of binding (ΔGHYDE; calculated by the HYDE scoring function in the LeadIT suite). 

2.2.6 Discussion  
To validate the predicted binding mode from fragment linking, we tried to soak crystals 

of endothiapepsin with the most potent triazole inhibitor 17. Due to its limited solubility, we 

were unable to obtain crystals of 17 with endothiapepsin. Based on the inhibitory potencies, 

replacement of –Cl in 19 by a –OH group in 17, leads to a decrease in IC50 value from 121 μM to 

43 μM. This result indicates that the –OH group is involved in more favorable interactions than –

Cl, which could be due to the H-bonding interaction with I300 in the S2 pocket, as illustrated by 

modeling studies (Figure 6a). Moreover, the alkyne 12 displays an IC50 value of 142 μM (Table 1) 

and is present in both 17 and 19, two identified triazoles. Fragment 12 is a privileged fragment for 

endothiapepsin and most probably the binding mode of 12 is retained in both 17 and 19.  

           

Figure 6. Moloc-generated modeled structures of: a) 17, and b) (S)-18 in the active site of endothiapepsin. 
Color code: inhibitor skeleton: C: green, violet, N: blue, O: red; enzyme skeleton: C: gray. H bonds below 
3.2 Å are shown as black, dashed lines. 

 

Inhibitors IC50
[a]

 (μM) ΔGEXPT
[b] (kJmol–1) LE[b] 

ΔGHYDE
[c]  

(kJmol–1) 
17 43 ± 0 –27 0.25 –25 

18 94 ± 18 –25 0.26 –19 

19 121 ± 3 –24 0.22 –25 

20 Insoluble – – –23 

7 No inhibition – – – 

9 No inhibition – – –  

12 142 ± 52 – – – 

14 No inhibition – – – 
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According to modeling and docking, as shown in Figures 6a and 7, respectively, both 17 

and 19 address the catalytic dyad using their triazole linker to form direct H-bonds with D35. The 

NH group of both compounds is involved in a H-bonding interaction with D119 in the S3 

pocket. The piperazinyl group of both triazoles occupies the S3 and part of the S1 pockets and is 

engaged in hydrophobic interactions with F116, I122 and L125, maintaining the binding mode of 

fragment 1. The –Cl and –OH substituted phenyl groups of triazoles 17 and 19 occupy the S2 and 

part of S1′ pockets and are involved in several hydrophobic contacts with I300, I302, I304, F194 

and I217, maintaining the binding mode of fragment 2. 

 

Figure 7. Schematic representation of the predicted binding modes of triazole-based inhibitors 17–20 in 
the active site of endothiapepsin. These binding modes are the result of a docking run using the FlexX 
docking module with 30 poses and represent the top-scoring pose after HYDE scoring and careful visual 
inspection to exclude poses with significant inter- or intra-molecular clash terms or unfavorable 
conformations. The figures were generated with PoseView[53] as implemented in the LeadIT suite.[42] 

Triazole 18 displays an IC50 of 94 μM and (S)-18 addresses the catalytic dyad using its 

triazole linker to form a direct H bond with D35 as indicated by modeling and docking studies 

(Figures 6b and 7). The –NH2 group of the triazole is engaged in H-bonding interactions with 

D33 and G221. Both phenyl substituents of the triazole (S)-18 occupy the S3 and S2 pockets and 

are involved in hydrophobic interactions with F116, I122, L125 in the S3 pocket, and I300, I302, 
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Table 2. The IC50 values, ligand efficiency (LE), calculated and experimental Gibbs free energy of binding 
(ΔG) of triazole inhibitors. 
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I304, F194, I217 in the S2 pocket, which preserve the binding mode of fragments 1 and 2, 

respectively. 

2.3 Conclusions 

In conclusion, we demonstrated for the first time, that the strategic combination of 

fragment linking/optimization and PTCC is an efficient and powerful method that accelerates the 

hit-identification process for the aspartic protease endothiapepsin. We exploited the sensitive 

UPLC-TOF-SIM method to identify the triazole binders templated by the protein. The best 

binder inhibits endothiapepsin with an IC50 value of 43 μM, and is the first example of a triazole-

based inhibitor of endothiapepsin. Due to the limited solubility of the triazoles identified; we 

were unable to obtain crystals of any triazole in complex with endothiapepsin. The advantage of 

our approach is that a catalytic amount of protein is sufficient to initiate and accelerate triazole 

formation from a sufficiently large library. Our strategic combination of methodologies proved to 

be successful for the hit identification for the aspartic protease endothiapepsin and could be 

applied to a wide range of biological targets. It could be used in the early stages of drug 

development and holds the potential to greatly accelerate the drug-discovery process. 

2.4 Experimental section 

2.4.1 Fluorescence-based inhibition assay 
Endothiapepsin was purified from Suparen® (kindly provided by DSM Food Specialties) by 

exchanging the buffer to sodium acetate buffer (0.1 M, pH 4.6) using a Vivaspin 500 with a 

molecular weight cutoff at 10,000 Da. Measurement of the absorption at 280 nm, assuming an 

extinction coefficient of 1.15 for 1 mg/mL solutions, afforded the protein concentration.[54]Stock 

solutions (100 mM in DMSO) were prepared for all triazoles 17–21. The final reaction volume 

was 200 μL containing 0.4 nM endothiapepsin, 1.8 μM substrate and 2.1% DMSO. The final 

concentration of inhibitors was 1000 μM in the first well and subsequent half dilution in the next 

10 wells. In the same way, blanks were prepared using DMSO instead of the inhibitor stock 

solutions. As substrate, Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH2 (purchased from Bachem) 

was used for the fluorescence screening assay. The assay was performed with flat bottom 96-well 

microplates (purchased from Greiner Bio-One) using a Synergy Mx microplate reader at an 

excitation wavelength of 337 nm and an emission wavelength of 414 nm. The Km of the substrate 

toward endothiapepsin was known, 1.6 μM.[38] The assay buffer (0.1 M sodium acetate buffer, 

pH 4.6, containing 0.001% Tween 20) was premixed with the substrate and inhibitor; 

endothiapepsin was added directly before the measurement. As the substrate is a fluorogenic 
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substrate, during measurement the fluorescence increased because of substrate hydrolysis by 

endothiapepsin. The initial slopes of the fluorescence in the triazole-containing wells were 

compared to the initial slope of the blanks for data analysis. Each compound was measured in 

duplicate. The final result represents the average of both measurements.  

2.4.2 Modeling and docking 
Two X-ray crystal structures of complexes of endothiapepsin (PDB codes: 3PBZ and 3PLD) 

were used for our modeling.[38] Several triazoles were designed using fragment linking. The energy 

of the system was minimized using the MAB force field as implemented in the computer 

program MOLOC,[41] whilst keeping the protein coordinates fixed for the PDB code: 3PBZ. In 

all cases, the triazole addresses the catalytic dyad directly via hydrogen-bonding interactions. 

Taking inspiration from the co-crystal structures of endothiapepsin with eleven fragments,[38] as 

well as from hot-spot analysis[45] of the active site of endothiapepsin, several triazoles with 

different aromatic and aliphatic substituents were designed and subsequent energy minimization 

(MAB force field) was done using MOLOC. All types of interactions (hydrogen bonds and 

lipophilic interactions) between designed triazoles and protein were measured in MOLOC. All 

the designed triazoles were subsequently docked into the active site of endothiapepsin by using 

the FlexX docking module in the LeadIT suite.[42] During the docking, the binding site in the 

protein was restricted to 9 Å around the cocrystallized ligands, and the 30 top (FlexX)-scored 

solutions were retained, and subsequently post-scored with the HYDE[51] module in LeadIT 

v.2.1.3.[42] After careful visualization to exclude poses with significant inter- or intramolecular 

clash terms or unfavorable conformations, the resulting solutions were subsequently ranked 

according to their binding energies. The top-ranked solutions identified in this way were chosen. 

2.4.3 PTCC experiments 
Protein-templated triazole formation using endothiapepsin: Endothiapepsin (25 μL, 

1.052 mM in sodium acetate buffer 0.1 M, pH 4.6), the nine azides 3–11 (1 μL each, 100 mM in 

DMSO), alkynes 12–15 (1 μL each, 100 mM in DMSO) were added to a mixture of DMSO 

(62 μL) and sodium acetate buffer (900 μL, 0.1 M, pH 4.6). The reaction mixture was shortly 

vortexed and was allowed to stand at room temperature with occasional shaking. After 14 d, the 

library was analyzed by UPLC-TOF-SIM (electro-spray ionization, (ES+)) measurement because 

of its higher sensitivity and greater reliability for product identification. 

Protein-templated triazole formation using endothiapepsin in presence of saquinavir: 
Endothiapepsin (25 μL, 1.052 mM in sodium acetate buffer 0.1 M, pH 4.6), the nine azides 3–11 

(1 μL each, 100 mM in DMSO), alkynes 12–15 (1 μL each, 100 mM in DMSO) and saquinavir 
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I304, F194, I217 in the S2 pocket, which preserve the binding mode of fragments 1 and 2, 

respectively. 
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pH 4.6, containing 0.001% Tween 20) was premixed with the substrate and inhibitor; 
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substrate, during measurement the fluorescence increased because of substrate hydrolysis by 

endothiapepsin. The initial slopes of the fluorescence in the triazole-containing wells were 

compared to the initial slope of the blanks for data analysis. Each compound was measured in 

duplicate. The final result represents the average of both measurements.  

2.4.2 Modeling and docking 
Two X-ray crystal structures of complexes of endothiapepsin (PDB codes: 3PBZ and 3PLD) 

were used for our modeling.[38] Several triazoles were designed using fragment linking. The energy 

of the system was minimized using the MAB force field as implemented in the computer 

program MOLOC,[41] whilst keeping the protein coordinates fixed for the PDB code: 3PBZ. In 

all cases, the triazole addresses the catalytic dyad directly via hydrogen-bonding interactions. 

Taking inspiration from the co-crystal structures of endothiapepsin with eleven fragments,[38] as 

well as from hot-spot analysis[45] of the active site of endothiapepsin, several triazoles with 

different aromatic and aliphatic substituents were designed and subsequent energy minimization 

(MAB force field) was done using MOLOC. All types of interactions (hydrogen bonds and 

lipophilic interactions) between designed triazoles and protein were measured in MOLOC. All 

the designed triazoles were subsequently docked into the active site of endothiapepsin by using 

the FlexX docking module in the LeadIT suite.[42] During the docking, the binding site in the 

protein was restricted to 9 Å around the cocrystallized ligands, and the 30 top (FlexX)-scored 

solutions were retained, and subsequently post-scored with the HYDE[51] module in LeadIT 

v.2.1.3.[42] After careful visualization to exclude poses with significant inter- or intramolecular 

clash terms or unfavorable conformations, the resulting solutions were subsequently ranked 

according to their binding energies. The top-ranked solutions identified in this way were chosen. 

2.4.3 PTCC experiments 
Protein-templated triazole formation using endothiapepsin: Endothiapepsin (25 μL, 

1.052 mM in sodium acetate buffer 0.1 M, pH 4.6), the nine azides 3–11 (1 μL each, 100 mM in 

DMSO), alkynes 12–15 (1 μL each, 100 mM in DMSO) were added to a mixture of DMSO 

(62 μL) and sodium acetate buffer (900 μL, 0.1 M, pH 4.6). The reaction mixture was shortly 

vortexed and was allowed to stand at room temperature with occasional shaking. After 14 d, the 

library was analyzed by UPLC-TOF-SIM (electro-spray ionization, (ES+)) measurement because 

of its higher sensitivity and greater reliability for product identification. 

Protein-templated triazole formation using endothiapepsin in presence of saquinavir: 
Endothiapepsin (25 μL, 1.052 mM in sodium acetate buffer 0.1 M, pH 4.6), the nine azides 3–11 
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(1 μL, 100 mM in DMSO) were added to a mixture of DMSO (61 μL) and sodium acetate buffer 

(900 μL, 0.1 M, pH 4.6). The reaction mixture was shortly vortexed and was allowed to stand at 

room temperature with occasional shaking. After 14 d, the library was analyzed by UPLC-TOF-

SIM (electro-spray ionization, (ES+)) measurement because of its higher sensitivity and greater 

reliability for product identification. 

Blank reaction, negative control: The nine azides 3–11 (1 μL each, 100 mM in DMSO), alkynes 

12–15 (1 μL each, 100 mM in DMSO) were added to a mixture of DMSO (62 μL) and sodium 

acetate buffer (925 μL, 0.1 M, pH 4.6). The reaction mixture was shortly vortexed and was 

allowed to stand at room temperature with occasional shaking. After 14 d, the library was 

analyzed by UPLC-TOF-SIM (ES+) measurement for the positive hits and compared it with 

protein-templated triazole formation. 

Protein-templated triazole formation using BSA: BSA (2.7 μL, 10.0 mM in sodium acetate 

buffer 0.1 M, pH 4.6), the nine azides 3–11 (1 μL each, 100 mM in DMSO), alkynes 12–15 (1 μL 

each, 100 mM in DMSO) were added to a mixture of DMSO (62 μL) and sodium acetate buffer 

(922 μL, 0.1 M, pH 4.6). The reaction mixture was shortly vortexed and was allowed to stand at 

room temperature with occasional shaking. After 14 d, the library was analyzed by UPLC-TOF-

SIM (electro-spray ionization, (ES+)) measurement because of its higher sensitivity and greater 

reliability for product identification. 

Cu(I)-catalyzed 1,4-triazole formation, positive control: The nine azides 3–11 (4 μL each, 

100 mM in DMSO), alkynes 12–15 (9 μL each, 100 mM in DMSO) were added to a mixture of 

DMSO (3 μL), aqueous copper sulfate (36 μL, stock solution 0.05 M), aqueous sodium ascorbate 

(360 μL, 100 mM) and sodium acetate buffer (529 μL, 0.1 M, pH 4.6). The reaction mixture was 

shortly vortexed and allowed to stand at room temperature with occasional shaking. After 1 d, 

the reaction was diluted with sodium acetate buffer (4x) and analyzed by UPLC-TOF (ES+) 

measurement and compared with the positive hits identified from protein-templated triazole 

formation. 

Huisgen cycloaddition reaction, affording both 1,4- and 1,5-triazoles, positive control: The 

nine azides 3–11 (4 μL each, 100 mM in DMSO) and alkynes 12–15 (9 μL each, 100 mM in 

DMSO) were mixed. The reaction mixture was shortly vortexed and allowed to heat at 100 oC for 

2 d with occasional shaking. After 2 d, the reaction was diluted with of sodium acetate buffer 

(5 mL, 0.1 M, pH 4.6) and analyzed by UPLC-TOF (ES+) measurement and compared with the 

positive hits identified from protein-templated triazole formation. 
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Protein: Endothiapepsin (25 μL, stock solution 1.052 mM in sodium acetate buffer 0.1 M, pH 

4.6) was added to 75 μL of DMSO and 900 μL sodium acetate buffer 0.1 M, pH 4.6. After 14 

days, the enzyme solution was analyzed by UPLC-TOF-SIM (ES+) measurements and compared 

with the positive hits identified from protein-templated triazole formation. 

UPLC-TOF-SIM method 

UPLC-TOF was performed using a Waters Acquity UPLC H-class system coupled to a Waters 

Xevo-G2 TOF. All analyses were performed using a reversed phase UPLC column (ACQUITY 

BEH C8 Column, 130 Å, 1.7 μm, 2.1 mm x 150 mm). Positive-ion mass spectra were acquired 

using ES ionization, injecting 3 μL of sample; column temperature 35 °C; flow rate 0.3 mL/min. 

The eluents, acetonitrile and water contained 0.1% of formic acid. The library components were 

eluted with a gradient from 95% → 59% over 20 min, then at 5% over 1 min, followed by 5% 

for 2 min. 

The UPLC-TOF-SIM method was used to analyze the formation of triazoles in PTCC and blank 

reactions. SIM measurements are highly sensitive, where a minute amount of compound can be 

detected by the mass spectrometer. [M+H]+ were monitored using the (M → M+4) mass range 

to ensure correct isotope patterns for all possible potential triazole products both in PTCC and 

blank reactions. The 1,3-cycloaddition products in the protein-templated reaction were identified 

by comparison of their retention time with those formed by the Cu(I)-catalyzed reaction, Huisgen 

cycloaddition reaction and by their molecular weight.   

2.4.4 General experimental details 
Starting materials and reagents were purchased from Aldrich or Acros. Yields refer to analytically 

pure compounds and have not been optimized. All solvents were reagent-grade and if necessary, 

SPS-grade. Column chromatography was performed on silica gel (Silicycle® SiliaSepTM 40–63 μM 

60 Å). TLC was performed with silica gel 60/Kieselguhr F254. Solvents used for the column 

chromatography were pentane, ethyl acetate, dichloromethane and methanol. 1H and 13C 19F 

spectra were recorded at 400 MHz on a Varian AMX400 spectrometer (400 MHz for 1H, 

101 MHz for 13C and 376 MHz for 19F) at 25 oC.  

Chemical shifts (δ) are reported relative to the residual solvent peak. Splitting patterns are 

indicated as (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiplet, (br) broad. The coupling 

constants (J) are given in Hz. High-resolution mass spectra were recorded with an FTMS orbitrap 

(Thermo Fisher Scientific) mass spectrometer. FT-IR were measured on a PerkinElmer FT-IR 

spectrometer. Melting points were measured on a Stuart® SMP11 50 W melting point apparatus. 
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(1 μL, 100 mM in DMSO) were added to a mixture of DMSO (61 μL) and sodium acetate buffer 

(900 μL, 0.1 M, pH 4.6). The reaction mixture was shortly vortexed and was allowed to stand at 

room temperature with occasional shaking. After 14 d, the library was analyzed by UPLC-TOF-

SIM (electro-spray ionization, (ES+)) measurement because of its higher sensitivity and greater 

reliability for product identification. 

Blank reaction, negative control: The nine azides 3–11 (1 μL each, 100 mM in DMSO), alkynes 

12–15 (1 μL each, 100 mM in DMSO) were added to a mixture of DMSO (62 μL) and sodium 

acetate buffer (925 μL, 0.1 M, pH 4.6). The reaction mixture was shortly vortexed and was 

allowed to stand at room temperature with occasional shaking. After 14 d, the library was 
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each, 100 mM in DMSO) were added to a mixture of DMSO (62 μL) and sodium acetate buffer 

(922 μL, 0.1 M, pH 4.6). The reaction mixture was shortly vortexed and was allowed to stand at 

room temperature with occasional shaking. After 14 d, the library was analyzed by UPLC-TOF-

SIM (electro-spray ionization, (ES+)) measurement because of its higher sensitivity and greater 

reliability for product identification. 

Cu(I)-catalyzed 1,4-triazole formation, positive control: The nine azides 3–11 (4 μL each, 

100 mM in DMSO), alkynes 12–15 (9 μL each, 100 mM in DMSO) were added to a mixture of 

DMSO (3 μL), aqueous copper sulfate (36 μL, stock solution 0.05 M), aqueous sodium ascorbate 

(360 μL, 100 mM) and sodium acetate buffer (529 μL, 0.1 M, pH 4.6). The reaction mixture was 

shortly vortexed and allowed to stand at room temperature with occasional shaking. After 1 d, 

the reaction was diluted with sodium acetate buffer (4x) and analyzed by UPLC-TOF (ES+) 

measurement and compared with the positive hits identified from protein-templated triazole 

formation. 

Huisgen cycloaddition reaction, affording both 1,4- and 1,5-triazoles, positive control: The 

nine azides 3–11 (4 μL each, 100 mM in DMSO) and alkynes 12–15 (9 μL each, 100 mM in 

DMSO) were mixed. The reaction mixture was shortly vortexed and allowed to heat at 100 oC for 

2 d with occasional shaking. After 2 d, the reaction was diluted with of sodium acetate buffer 

(5 mL, 0.1 M, pH 4.6) and analyzed by UPLC-TOF (ES+) measurement and compared with the 

positive hits identified from protein-templated triazole formation. 
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Protein: Endothiapepsin (25 μL, stock solution 1.052 mM in sodium acetate buffer 0.1 M, pH 
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The eluents, acetonitrile and water contained 0.1% of formic acid. The library components were 

eluted with a gradient from 95% → 59% over 20 min, then at 5% over 1 min, followed by 5% 

for 2 min. 

The UPLC-TOF-SIM method was used to analyze the formation of triazoles in PTCC and blank 

reactions. SIM measurements are highly sensitive, where a minute amount of compound can be 

detected by the mass spectrometer. [M+H]+ were monitored using the (M → M+4) mass range 

to ensure correct isotope patterns for all possible potential triazole products both in PTCC and 

blank reactions. The 1,3-cycloaddition products in the protein-templated reaction were identified 

by comparison of their retention time with those formed by the Cu(I)-catalyzed reaction, Huisgen 

cycloaddition reaction and by their molecular weight.   

2.4.4 General experimental details 
Starting materials and reagents were purchased from Aldrich or Acros. Yields refer to analytically 

pure compounds and have not been optimized. All solvents were reagent-grade and if necessary, 

SPS-grade. Column chromatography was performed on silica gel (Silicycle® SiliaSepTM 40–63 μM 

60 Å). TLC was performed with silica gel 60/Kieselguhr F254. Solvents used for the column 

chromatography were pentane, ethyl acetate, dichloromethane and methanol. 1H and 13C 19F 

spectra were recorded at 400 MHz on a Varian AMX400 spectrometer (400 MHz for 1H, 

101 MHz for 13C and 376 MHz for 19F) at 25 oC.  

Chemical shifts (δ) are reported relative to the residual solvent peak. Splitting patterns are 

indicated as (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiplet, (br) broad. The coupling 

constants (J) are given in Hz. High-resolution mass spectra were recorded with an FTMS orbitrap 

(Thermo Fisher Scientific) mass spectrometer. FT-IR were measured on a PerkinElmer FT-IR 

spectrometer. Melting points were measured on a Stuart® SMP11 50 W melting point apparatus. 
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HPLC conditions: column, Symmetry® C8 3.5μm, 4.6 x 150 mm; flow rate 0.5 mL min–1; 

wavelength, 254 nm; temperature, 23 °C; gradient, H2O/MeCN (0.1% TFA) from 95% → 5% 

over 15 min, then at 5% for 1 min. 

2.4.5 Synthesis of azides, alkynes and triazoles 
General procedure for azide synthesis 
To a 5-mL flask under a nitrogen atmosphere, the corresponding bromide (0.7 mmol, 1 eq) was 

added, followed by addition of dry DMF (2 mL) and NaN3 (228 mg, 3.5 mmol). The reaction was 

stirred at 45 °C overnight. The reaction mixture was dissolved in water (10 mL) and extracted 

with dichloromethane (3 x 5 mL). The organic layers were combined, dried over Na2SO4, filtered 

and evaporated. The remaining liquid was dissolved in diethyl ether and extracted with aqueous 

HCl solution (2–3 x 0.5 M) to remove residual dimethylformamide. This provided the pure 

products in 40–80% yield. All azides are commercially available or known in the literature.[46,47] 

1-(4-Ethynylphenyl)piperazine (12) 

To a–100 mL Schlenk flask charged with 1-(4-iodophenyl)piperazine 

(100 mg, 0.35 mmol), [Pd(PPh)3Cl2] (0.1 eq), CuI (0.2 eq), distilled and 

degassed Et3N (30 mL) and trimethylsilylacetylene (0.25 mL, 1.75 mmol) were added. The resulting 

reaction mixture was heated for 24 h at 70 °C. The resulting mixture was concentrated in vacuo. A 

quick purification with silica gel using DCM/MeOH (85:15) as an eluent, afforded the crude 

product 22, which was used for the following deprotection step. A 50 mL flask charged with the 

crude product 22 and a saturated solution of potassium carbonate in MeOH (10 mL) was left to 

stir at 0 °C for 3 h. To the reaction mixture, water (20 mL) was added and extracted with DCM 

(2 x 20 mL). The combined organic phases were dried over Mg2SO4, filtered and concentrated in 

vacuo to afford the desired compound 12 as a brown solid in 30% yield.[55,56] The spectral data 

correspond to those reported in the literature.[57] 

5-Ethynyl-1H-pyrrolo[2,3-b]pyridine (13) 
To a 25-mL Schlenk flask charged with 5-bromo-1H-pyrrolo[2,3-b]pyridine  (29, 

250 mg, 1.26 mmol), [Pd(PPh)3Cl2] (0.1 eq), CuI (0.2 eq), distilled and degassed 

Et3N (10 mL) and trimethylsilylacetylene (1.3 ml, 8.90 mmol) were added. The 

resulting reaction mixture was heated to 80 °C for 48 h, and concentrated in vacuo. Purification 

with silica gel using mixture of ethyl acetate/pentane (1:4) as an eluent afforded the crude product, 

which was directly used in the following step without any further purification. A flask charged with 

a crude and a saturated solution of potassium carbonate (20 mL) was left to stir at 0 °C for 3 h. To 

the reaction mixture, water (20 mL) was added and then extracted with DCM (2 x 20 mL). The 
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combined organic phases were dried over Mg2SO4, filtered and concentrated in vacuo to afford 

desired compound 13 as brown solid in 42% yield.[55,56] The spectral data correspond to those 

reported in the literature.[58] 

4-(2-(4-(4-(Piperazin-1-yl)phenyl)-1H-1,2,3-triazol-1-yl)ethyl)phenol (17) 
To a solution of tert-butyl 4-(4-ethynylphenyl)piperazine-

1-carboxylate  24 (60 mg, 0.21 mmol) and 4-(2-

azidoethyl)phenol 9 (29 mg, 0.17 mmol) in 3 mL 

H2O/MeOH (1:1) mixture, CuSO4.5H2O (0.2 eq) and Na/Ascorbate (0.5 eq) were added. After 

stirring for 24 h at room temperature, the reaction mixture was diluted with water (10 mL) and 

extracted with DCM (3 x 10 mL). The separated organic layer was dried over MgSO4, filtered and 

concentrated in vacuo. A quick purification with column chromatography using mixture of 

MeOH/DCM (1:9) as an eluent, afforded N-boc protected triazole, which was directly dissolved 

in dichloromethane (2 mL) and HCl/diethyl ether (1 M, 4 mL) was added under an argon 

atmosphere. The mixture was stirred for 15 h at 20 °C. The resulting light–brown precipitate was 

collected and washed with Et2O. Complete removal of the solvent afforded the HCl salt of the 

desired compound 17 as a pale brown solid in 70% yield. mp: > 230 °C (decomposition). 

1H NMR (400 MHz, CD3OD) δ 8.52 (s, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 

6.99 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 8.2 Hz, 2H), 4.76 (t, J = 7.1 Hz, 2H), 3.56 (t, J = 5.2 Hz, 

4H), 3.39 (t, J = 5.2 Hz, 4H), 3.21 (t, J = 7.1 Hz, 2H).13C NMR (101 MHz, CD3OD) δ 157.7, 

152.6, 145.5, 130.9, 128.7, 128.3, 124.5, 118.5, 117.8, 116.6, 55.3, 46.8, 44.6, 36.1. IR (cm–1): 2929, 

1743, 1459, 1240, 1164, 1031. HRMS (ESI) calcd for C20H24N5O [M+H]+: 350.1975, found: 

350.1977. 

2-(1-(2-Fluorophenethyl)-1H-1,2,3-triazol-4-yl)-1-phenylethan-1-amine (18) 
To a solution of 1-phenylbut-3-yn-1-amine (14, 50 mg, 0.34 mmol) 

and 1-(2-azidoethyl)-2-fluorobenzene (7, 47 mg, 0.28 mmol) in 

water/methanol (4 ml, 1:1) mixture, CuSO4
.5H2O (1.2 eq) and 

Sodium ascorbate (2.5 eq) were added. After stirring for 24 h at room temperature, the reaction 

mixture was diluted with water (10 mL) and extracted with DCM (3 x 10 mL). The separated 

organic layer was dried over MgSO4, filtered and concentrated in vacuo. After purification with 

column chromatography using mixture of MeOH/DCM (1:9) as an eluent, the desired 

compound 18 was obtained as an off-white solid in 58% yield. mp: 56–57 °C. 1H NMR (400 

MHz, CDCl3) δ 7.37–7.18 (m, 6H), 7.06 – 6.90 (m, 4H), 4.52 (t, J = 7.2, 2H), 4.32 (t, J = 6.7, 1H), 

3.19 (t, J = 7.1, 2H), 3.10-2.92 (m, 2H), 2.63 (br s, 3H).  13C NMR (101 MHz, CDCl3) δ 161.1 (d, 

48

Chapter 2



48 
 

HPLC conditions: column, Symmetry® C8 3.5μm, 4.6 x 150 mm; flow rate 0.5 mL min–1; 

wavelength, 254 nm; temperature, 23 °C; gradient, H2O/MeCN (0.1% TFA) from 95% → 5% 

over 15 min, then at 5% for 1 min. 
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added, followed by addition of dry DMF (2 mL) and NaN3 (228 mg, 3.5 mmol). The reaction was 

stirred at 45 °C overnight. The reaction mixture was dissolved in water (10 mL) and extracted 

with dichloromethane (3 x 5 mL). The organic layers were combined, dried over Na2SO4, filtered 

and evaporated. The remaining liquid was dissolved in diethyl ether and extracted with aqueous 

HCl solution (2–3 x 0.5 M) to remove residual dimethylformamide. This provided the pure 

products in 40–80% yield. All azides are commercially available or known in the literature.[46,47] 
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degassed Et3N (30 mL) and trimethylsilylacetylene (0.25 mL, 1.75 mmol) were added. The resulting 

reaction mixture was heated for 24 h at 70 °C. The resulting mixture was concentrated in vacuo. A 

quick purification with silica gel using DCM/MeOH (85:15) as an eluent, afforded the crude 

product 22, which was used for the following deprotection step. A 50 mL flask charged with the 

crude product 22 and a saturated solution of potassium carbonate in MeOH (10 mL) was left to 

stir at 0 °C for 3 h. To the reaction mixture, water (20 mL) was added and extracted with DCM 

(2 x 20 mL). The combined organic phases were dried over Mg2SO4, filtered and concentrated in 

vacuo to afford the desired compound 12 as a brown solid in 30% yield.[55,56] The spectral data 

correspond to those reported in the literature.[57] 

5-Ethynyl-1H-pyrrolo[2,3-b]pyridine (13) 
To a 25-mL Schlenk flask charged with 5-bromo-1H-pyrrolo[2,3-b]pyridine  (29, 

250 mg, 1.26 mmol), [Pd(PPh)3Cl2] (0.1 eq), CuI (0.2 eq), distilled and degassed 

Et3N (10 mL) and trimethylsilylacetylene (1.3 ml, 8.90 mmol) were added. The 

resulting reaction mixture was heated to 80 °C for 48 h, and concentrated in vacuo. Purification 

with silica gel using mixture of ethyl acetate/pentane (1:4) as an eluent afforded the crude product, 

which was directly used in the following step without any further purification. A flask charged with 

a crude and a saturated solution of potassium carbonate (20 mL) was left to stir at 0 °C for 3 h. To 

the reaction mixture, water (20 mL) was added and then extracted with DCM (2 x 20 mL). The 
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combined organic phases were dried over Mg2SO4, filtered and concentrated in vacuo to afford 

desired compound 13 as brown solid in 42% yield.[55,56] The spectral data correspond to those 

reported in the literature.[58] 

4-(2-(4-(4-(Piperazin-1-yl)phenyl)-1H-1,2,3-triazol-1-yl)ethyl)phenol (17) 
To a solution of tert-butyl 4-(4-ethynylphenyl)piperazine-

1-carboxylate  24 (60 mg, 0.21 mmol) and 4-(2-

azidoethyl)phenol 9 (29 mg, 0.17 mmol) in 3 mL 

H2O/MeOH (1:1) mixture, CuSO4.5H2O (0.2 eq) and Na/Ascorbate (0.5 eq) were added. After 

stirring for 24 h at room temperature, the reaction mixture was diluted with water (10 mL) and 

extracted with DCM (3 x 10 mL). The separated organic layer was dried over MgSO4, filtered and 

concentrated in vacuo. A quick purification with column chromatography using mixture of 

MeOH/DCM (1:9) as an eluent, afforded N-boc protected triazole, which was directly dissolved 

in dichloromethane (2 mL) and HCl/diethyl ether (1 M, 4 mL) was added under an argon 

atmosphere. The mixture was stirred for 15 h at 20 °C. The resulting light–brown precipitate was 

collected and washed with Et2O. Complete removal of the solvent afforded the HCl salt of the 

desired compound 17 as a pale brown solid in 70% yield. mp: > 230 °C (decomposition). 

1H NMR (400 MHz, CD3OD) δ 8.52 (s, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 

6.99 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 8.2 Hz, 2H), 4.76 (t, J = 7.1 Hz, 2H), 3.56 (t, J = 5.2 Hz, 

4H), 3.39 (t, J = 5.2 Hz, 4H), 3.21 (t, J = 7.1 Hz, 2H).13C NMR (101 MHz, CD3OD) δ 157.7, 

152.6, 145.5, 130.9, 128.7, 128.3, 124.5, 118.5, 117.8, 116.6, 55.3, 46.8, 44.6, 36.1. IR (cm–1): 2929, 

1743, 1459, 1240, 1164, 1031. HRMS (ESI) calcd for C20H24N5O [M+H]+: 350.1975, found: 

350.1977. 

2-(1-(2-Fluorophenethyl)-1H-1,2,3-triazol-4-yl)-1-phenylethan-1-amine (18) 
To a solution of 1-phenylbut-3-yn-1-amine (14, 50 mg, 0.34 mmol) 

and 1-(2-azidoethyl)-2-fluorobenzene (7, 47 mg, 0.28 mmol) in 

water/methanol (4 ml, 1:1) mixture, CuSO4
.5H2O (1.2 eq) and 

Sodium ascorbate (2.5 eq) were added. After stirring for 24 h at room temperature, the reaction 

mixture was diluted with water (10 mL) and extracted with DCM (3 x 10 mL). The separated 

organic layer was dried over MgSO4, filtered and concentrated in vacuo. After purification with 

column chromatography using mixture of MeOH/DCM (1:9) as an eluent, the desired 

compound 18 was obtained as an off-white solid in 58% yield. mp: 56–57 °C. 1H NMR (400 

MHz, CDCl3) δ 7.37–7.18 (m, 6H), 7.06 – 6.90 (m, 4H), 4.52 (t, J = 7.2, 2H), 4.32 (t, J = 6.7, 1H), 

3.19 (t, J = 7.1, 2H), 3.10-2.92 (m, 2H), 2.63 (br s, 3H).  13C NMR (101 MHz, CDCl3) δ 161.1 (d, 
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1J(C,F) = 245.6), 131.1 (d, 3J(C-F)= 4.6), 129.0 (d, 3J (C-F) =), 128.5 (2C), 127.3, 126.5, 124.3 (d, 4J 

(C-F)= 3.6), 123.9 (d, 2J (C-F)= 15.6), 122.2 , 115.4 (d, 2J (C-F) = 21.7), 113.7, 55.5, 49.8, 35.3, 

30.5. 19F NMR (376 MHz, CDCl3) δ –119.06. IR (cm–1) 3365, 1933, 1589, 1493, 1451, 1363, 1229, 

1052, 759, 702. HRMS (ESI) calcd for C18H19FN4 [M+H]+: 311.1666, found: 311.1668. 

5-(1-(3-Methylphenethyl)-1H-1,2,3-triazol-4-yl)-1H-pyrrolo[2,3-b]pyridine (20) 
To a solution of tert-butyl 5-ethynyl-1H-pyrrolo[2,3-b]pyridine  (13, 
28 mg, 0.24 mmol and 1-(2-azidoethyl)-3-methylbenzene  (6, 35 mg, 

0.2 mmol) in a water/methanol (4mL, 1:1) mixture, CuSO4
.5H2O 

(0.2 eq) and sodium ascorbate (0.5 eq) were added. After stirring for 24 h at room temperature, the 

reaction mixture was diluted with water (10 mL) and extracted with DCM (3 x 10 mL). The 

separated organic layer was dried over MgSO4, filtered and concentrated in vacuo. After 

purification with column chromatography using mixture of MeOH/DCM (1:9) as an eluent, the 

desired compound 20 was obtained as a brown solid in 50% yield. mp: 70–72 °C. 1H NMR 

(400 MHz, (CD3)2SO) δ 11.73 (s, 1H), 8.68 (s, 1H), 8.54 (s, 1H), 8.34 (d, J = 1.9 Hz, 1H), 7.57 – 

7.48 (m, 1H), 7.18 (t, J = 7.5 Hz, 1H), 7.09 (s, 1H), 7.06-7.01 (m, 2H), 6.52 (dd, J = 3.5, 1.6 Hz, 

1H), 4.66 (t, J = 7.4 Hz, 2H), 3.20 (t, J = 7.4 Hz, 2H), 2.27 (s, 3H) . 13C NMR (101 MHz, 

(CD3)2SO) δ 148.1, 145.1, 140.2, 137.4, 137.4, 129.3 (2C), 128.3, 127.2, 127.0, 125.7 (2C), 124.4, 

120.5, 100.1, 50.6, 35.5, 20.9. IR (cm–1) 3661, 2980, 2886, 1383, 1256, 1158, 1072, 957. HRMS 

(ESI) calcd for C18H17N5 [M+H]+: 304.1556, found: 304.1558.  

1-Benzyl-1H-1,2,3-triazole-4-carboxamide (21) 
To a solution of propiolamide (15, 40 mg, 0.58 mmol) and 

(azidomethyl)benzene  (4, 64 mg, 0.48) in a water/methanol (4 mL, 1:1) 

mixture, CuSO4
.5H2O (0.2 eq) and sodium ascorbate (0.5 eq) were added. 

After stirring for 24 h at room temperature, the reaction mixture was diluted 

with water (10 mL) and extracted with DCM (3 x 10mL). The separated organic layer was dried 

over MgSO4, filtered and concentrated in vacuo. After purification with column chromatography 

using mixture of MeOH/DCM (1:9) as an eluent, the desired compound 21 was obtained as yellow 

solid in 61% yield. mp > 225 °C (decomposition). 1H NMR (400 MHz, (CD3)2SO) δ 8.59 (s, 1H), 

7.85 (s, 1H), 7.46 (s, 1H), 7.42 – 7.28 (m, 5H), 5.64 (s, 2H).13C NMR (101 MHz, (CD3)2SO) δ 

161.4, 143.1, 135.6, 128.8 (2C), 128.2, 127.9(2C), 126.6, 53.0. IR(cm–1): 3406, 3093, 1649, 1404, 

723. HRMS (ESI) calcd for C10H10N4O [M+H]+: 203.0927, found: 203.0928. 
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Tert-butyl 4-(4-ethynylphenyl)piperazine-1-carboxylate (24) 

To a solution of 1-boc-4-(4-formylphenyl)piperazine 23 (200 mg, 

0.69 mmol) in MeOH (10 mL), K2CO3 (285 mg, 2.07 mmol) and 

dimethyl(1-diazo-2-oxopropyl)phosphonate (185 μL, 1.72 mmol) 

were added. After stirring for 24 h at room temperature, reaction mixture was diluted with water 

(30 mL) and extracted was done with DCM (3 x 30 mL). The separated organic layer was dried 

over MgSO4, filtered and concentrated in vacuo. After purification with column chromatography 

using ethyl acetate/pentane (1:4) mixture as an eluent, the desired compound 24 was obtained as 

a white solid in 35% yield.[59] The spectral data correspond to those reported in the literature.[60]  

1-Phenylbut-3-yn-1-ol (27) 
To a stirred suspension of Mg turnings (720 mg, 30 mmol), iodine (two crystals) 

and HgCl2 (10 mg) in anhyrous Et2O (10 mL) at 25 °C, equipped with a reflux 

condenser, was added dropwise a mixture of propargyl bromide (26, 1.7 mL, 

22 mmol) in anhydrous Et2O (5 mL). The mixture was heated to reflux for 30 min. The mixture 

was cooled down to 0 °C and then benzaldehyde (25, 2 mL, 20 mmol) in anhydrous diethylether 

(3 mL) was added dropwise. The resultant mixture was stirred for 5 h at room temperature. The 

reaction mixture was hydrolyzed with saturated ammonium chloride solution (10 mL) and with 

1 N HCl (2 mL). The resultant mixture was extracted with diethyl ether (3 x 30 mL). The 

combined organic phase was washed with brine (20 mL), dried over MgSO4, and evaporated in 

vacuo. The crude product was purified by flash column chromatography using mixture of ethyl 

acetate/pentane (1:5) as an eluent, the desired compound was obtained as a light yellow oil in 

60% yield.[49] The spectral data correspond to those reported in the literature.[61] 

2.5 Contributions from co-authors 

PTCC experiments, modelling/docking and biochemical evaluation were performed by M. 

Mondal, UPLC-TOF-SIM measurements were done by A. Pal and part of the synthesis was 

done by M. Bakker and S. Berrier during their Master’s and Bachelor’s projects, respectively.  
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1052, 759, 702. HRMS (ESI) calcd for C18H19FN4 [M+H]+: 311.1666, found: 311.1668. 

5-(1-(3-Methylphenethyl)-1H-1,2,3-triazol-4-yl)-1H-pyrrolo[2,3-b]pyridine (20) 
To a solution of tert-butyl 5-ethynyl-1H-pyrrolo[2,3-b]pyridine  (13, 
28 mg, 0.24 mmol and 1-(2-azidoethyl)-3-methylbenzene  (6, 35 mg, 

0.2 mmol) in a water/methanol (4mL, 1:1) mixture, CuSO4
.5H2O 

(0.2 eq) and sodium ascorbate (0.5 eq) were added. After stirring for 24 h at room temperature, the 

reaction mixture was diluted with water (10 mL) and extracted with DCM (3 x 10 mL). The 

separated organic layer was dried over MgSO4, filtered and concentrated in vacuo. After 

purification with column chromatography using mixture of MeOH/DCM (1:9) as an eluent, the 

desired compound 20 was obtained as a brown solid in 50% yield. mp: 70–72 °C. 1H NMR 

(400 MHz, (CD3)2SO) δ 11.73 (s, 1H), 8.68 (s, 1H), 8.54 (s, 1H), 8.34 (d, J = 1.9 Hz, 1H), 7.57 – 

7.48 (m, 1H), 7.18 (t, J = 7.5 Hz, 1H), 7.09 (s, 1H), 7.06-7.01 (m, 2H), 6.52 (dd, J = 3.5, 1.6 Hz, 

1H), 4.66 (t, J = 7.4 Hz, 2H), 3.20 (t, J = 7.4 Hz, 2H), 2.27 (s, 3H) . 13C NMR (101 MHz, 

(CD3)2SO) δ 148.1, 145.1, 140.2, 137.4, 137.4, 129.3 (2C), 128.3, 127.2, 127.0, 125.7 (2C), 124.4, 

120.5, 100.1, 50.6, 35.5, 20.9. IR (cm–1) 3661, 2980, 2886, 1383, 1256, 1158, 1072, 957. HRMS 

(ESI) calcd for C18H17N5 [M+H]+: 304.1556, found: 304.1558.  

1-Benzyl-1H-1,2,3-triazole-4-carboxamide (21) 
To a solution of propiolamide (15, 40 mg, 0.58 mmol) and 

(azidomethyl)benzene  (4, 64 mg, 0.48) in a water/methanol (4 mL, 1:1) 

mixture, CuSO4
.5H2O (0.2 eq) and sodium ascorbate (0.5 eq) were added. 

After stirring for 24 h at room temperature, the reaction mixture was diluted 

with water (10 mL) and extracted with DCM (3 x 10mL). The separated organic layer was dried 

over MgSO4, filtered and concentrated in vacuo. After purification with column chromatography 

using mixture of MeOH/DCM (1:9) as an eluent, the desired compound 21 was obtained as yellow 

solid in 61% yield. mp > 225 °C (decomposition). 1H NMR (400 MHz, (CD3)2SO) δ 8.59 (s, 1H), 

7.85 (s, 1H), 7.46 (s, 1H), 7.42 – 7.28 (m, 5H), 5.64 (s, 2H).13C NMR (101 MHz, (CD3)2SO) δ 

161.4, 143.1, 135.6, 128.8 (2C), 128.2, 127.9(2C), 126.6, 53.0. IR(cm–1): 3406, 3093, 1649, 1404, 

723. HRMS (ESI) calcd for C10H10N4O [M+H]+: 203.0927, found: 203.0928. 
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Tert-butyl 4-(4-ethynylphenyl)piperazine-1-carboxylate (24) 

To a solution of 1-boc-4-(4-formylphenyl)piperazine 23 (200 mg, 

0.69 mmol) in MeOH (10 mL), K2CO3 (285 mg, 2.07 mmol) and 

dimethyl(1-diazo-2-oxopropyl)phosphonate (185 μL, 1.72 mmol) 

were added. After stirring for 24 h at room temperature, reaction mixture was diluted with water 

(30 mL) and extracted was done with DCM (3 x 30 mL). The separated organic layer was dried 

over MgSO4, filtered and concentrated in vacuo. After purification with column chromatography 

using ethyl acetate/pentane (1:4) mixture as an eluent, the desired compound 24 was obtained as 

a white solid in 35% yield.[59] The spectral data correspond to those reported in the literature.[60]  

1-Phenylbut-3-yn-1-ol (27) 
To a stirred suspension of Mg turnings (720 mg, 30 mmol), iodine (two crystals) 

and HgCl2 (10 mg) in anhyrous Et2O (10 mL) at 25 °C, equipped with a reflux 

condenser, was added dropwise a mixture of propargyl bromide (26, 1.7 mL, 

22 mmol) in anhydrous Et2O (5 mL). The mixture was heated to reflux for 30 min. The mixture 

was cooled down to 0 °C and then benzaldehyde (25, 2 mL, 20 mmol) in anhydrous diethylether 

(3 mL) was added dropwise. The resultant mixture was stirred for 5 h at room temperature. The 

reaction mixture was hydrolyzed with saturated ammonium chloride solution (10 mL) and with 

1 N HCl (2 mL). The resultant mixture was extracted with diethyl ether (3 x 30 mL). The 

combined organic phase was washed with brine (20 mL), dried over MgSO4, and evaporated in 

vacuo. The crude product was purified by flash column chromatography using mixture of ethyl 

acetate/pentane (1:5) as an eluent, the desired compound was obtained as a light yellow oil in 

60% yield.[49] The spectral data correspond to those reported in the literature.[61] 

2.5 Contributions from co-authors 

PTCC experiments, modelling/docking and biochemical evaluation were performed by M. 

Mondal, UPLC-TOF-SIM measurements were done by A. Pal and part of the synthesis was 

done by M. Bakker and S. Berrier during their Master’s and Bachelor’s projects, respectively.  
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In situ Ugi four-component reaction for the protein-templated 
identification of inhibitors of endothiapepsin 
 
 

 

The discovery of new bioactive compounds is a long and expensive process, which calls 

for the development of new techniques that can speed up hit identification and render it more 

efficient. In this context, a new protein-templated reaction for in situ selection of binders of 

protein targets would represent an invaluable addition to the portfolio available to medicinal 

chemists. In this work, we report the first example of an in situ Ugi reaction for the discovery of 

novel inhibitors of the aspartic protease endothiapepsin. Use of a protein-templated four-

component reaction enables screening of a library of potential inhibitors in an efficient and rapid 

manner. This new protein-templated multicomponent reaction goes beyond known protein-

templated reactions such as the in situ click reaction and opens up access to new regions of the 

chemical space. The Ugi products we identified are low-micromolar inhibitors, demonstrating the 

efficiency of this approach. 
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