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Chapter 3 

 

Fragment-based drug design (FBDD) enables the efficient design of active 
compounds for biological targets. While there are a numerous reports on FBDD 
of an initial hit by fragment growing/optimization, fragment linking has rarely 
been reported. Dynamic combinatorial chemistry (DCC) has become a powerful 
strategy to identify hits/leads for a wide range of biological targets.  Here, we 
report the synergistic combination of fragment linking and DCC and use it to 
identify inhibitors of the aspartic protease endothiapepsin in a highly efficient 
manner. Using co-crystal structures of endothiapepsin in complex with 
fragments, we have designed a library of bis-acylhydrazone-based inhibitors and 
used DCC to identify potent inhibitors. Among the lead compounds identified, the 
best one exhibits an IC50 value of 54 nM, which is 240-fold more potent than its 
parent fragments and subsequent co-crystallization experiments validated the 
predicted binding mode, thus demonstrating that the combination of fragment 
linking and DCC constitutes an efficient lead-identification or -optimization 
approach, which should find application on a whole range of biological targets. 
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3.1 Introduction  
Over the past decade, fragment-based drug design (FBDD) has emerged as a 
novel paradigm in drug discovery and has been applied to a large number of 
biological targets.1–3 FBDD has higher hit rates and enables coverage of the 
chemical space using smaller libraries than high-throughput screening (HTS).2 
Although the first report on FBDD dates some 30 years back, it became more 
widely used in the mid-1990s.4 Since then, FBDD has expanded tremendously 
and over the past couple of decades, various pharmaceutical companies have 
developed more than 18 drug candidates that have entered clinical trials using 
FBDD.5 

After identification of fragments by fragment screening, the hit has to be 
optimized to a lead compound and eventually drug candidate by fragment 
growing, linking, merging, and/or optimization. Even though, fragment growing 
has become the favorite optimization strategy,6–11 it is rather time-consuming as 
it involves synthesis and validation of the binding mode of each derivative during 
the fragment-optimization cycle. To overcome this hurdle, we have developed a 
strategy in which we combine fragment growing and dynamic combinatorial 
chemistry (DCC) to accelerate the drug-discovery process.12 Fragment linking, 
on the other hand, is very attractive because of the potential for super-additivity 
(an improvement of ligand efficiency (LE) rather than just maintenance of LE). 
The first successful example of fragment linking was reported by the group of 
Fesik,13,4 and since then a limited number of studies that demonstrate the 
efficiency of fragment linking of low affinity fragments to produce higher-
affinity ligands has been reported.14–21 The main challenge consists in preserving 
the binding modes of the individual fragments in adjacent pockets whilst 
identifying the best linker with an optimal fit.22,23 

Therefore, we have envisaged that the potentially synergistic combination of 
fragment linking and DCC would represent a highly efficient hit/lead 
identification strategy. Here, we have combined fragment linking and bis-
acylhydrazone-based DCC to identify promising lead compounds for 
endothiapepsin, which belongs to the family of notoriously challenging pepsin-
like aspartic proteases.24 

Although, bis-acylhydrazone-based DCC has been reported,25 to the best of our 
knowledge, there is no report of fragment linking using DCC. Herein, we describe 
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how we combined fragment linking/optimization and DCC to accelerate hit-to-
lead optimization of inhibitors of the aspartic protease endothiapepsin.  

3.2 Results and Discussion 

3.2.1 Fragment-based drug design 
We chose two co-crystal structures of endothiapepsin with acylhydrazone-based 
hits 1 and 2 (PDB: 4KUP and 3T7P, respectively) as the starting point of 
fragment linking. We had previously identified hits 1 and 2 from an 
acylhydrazone-based DCL using the synergistic combination of de novo SBDD 
and DCC which we have discussed in chapter 2.26 Our hits 1 and 2 display 
IC50 values of 12.8 μM and 14.5 μM and ligand efficiencies (LEs) of 0.27 and 
0.29, respectively, against endothiapepsin. Both hits bind at the active site of the 
enzyme and adopt two alternative binding modes: without and with a 
crystallographically localized water molecule, respectively. Whereas hit 1 
occupies the S1 and S2 pockets of endothiapepsin, hit 2 occupies the S1 and S2’ 
pockets (Figure 1). 

 

Figure 1. a) X-ray crystal structure of endothiapepsin in complex with hits 1 and 2 bound in the 
active site (PDB codes: 4KUP and 3T7P, respectively).26 Color code: protein skeleton: C: gray, O: 
red and N: blue; hit skeletons: C: orange (1) and green (2), N: blue and O: red. Hydrogen bonds 
below 3.2 Å are shown as black, dashed lines. b) Structures of hits 1 and 2. 

We envisaged to link hits 1 and 2 to afford a lead compound that should occupy 
the S1, S1’, S2 and S2’ pockets of endothiapepsin and benefit from numerous 
favorable of protein–ligand interactions, while maintaining/improving the LE. 
With the help of the molecular-modeling software Moloc27 we linked the mesityl 
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moiety of 1 to the naphthyl moiety of 2 using an acylhydrazone linker, which 
resides at the junction of the S2 and S2′ pockets and appeared to be a suitable 
linker for our purposes. Acylhydrazone-based DCC has proven to be very 
attractive in medicinal chemistry-based projects given that the resulting products 
provide both H-bond donor and -acceptor sites and are stable enough as a drug 
candidate under acidic and physiological conditions which we have discussed in 
chapter 1.  

 

Figure 2. a) Superimposition of the binding modes of co-crystal structures of 1 and 2 (PDB: 4KUP 
and 3T7P, respectively) with a modeled potential bis-acylhydrazone inhibitor in the active site of 
endothiapepsin. Color code: protein skeleton: C: gray, O: red and N: blue; hit skeletons: C: orange 
(1) and green (2), N: blue, O: red; lead skeleton: C: yellow, N: blue, O: red. Hydrogen bonds bellow 
3.2 Å are shown as black, dashed lines.30 b) Structure of one of the modeled bis-acylhydrazones 
shown in Figure 1a. 

In chapter 2 studies, we demonstrated that acylhydrazone-based DCC is 
compatible with the target endothiapepsin.26 Careful investigation of known co-
crystal structures of endothiapepsin28 and hotspot analysis29 of the active site of 
endothiapepsin suggested that both aromatic and aliphatic moieties can be hosted 
in the S2′ pocket, which can benefit from hydrophobic contacts with residues 
G37, L133 and F194. On the basis of molecular modeling and synthetic 
accessibility, we designed and optimized a series of bis-acylhydrazone-based 
inhibitors of endothiapepsin. A superimposition of a modeled potential bis-
acylhydrazone-based lead and the two hits is shown in Figure 2. All of the 
designed bis-acylhydrazones are involved in H-bonding interactions with the 
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catalytic dyad and most of them occupy the S1, S2, S1′ and S2′ pockets, and 
maintain the binding mode of fragments 1 and 2. 

3.2.2 Synthesis of building blocks 
Synthesis of all designed bis-acylhydrazone derivatives can be envisaged starting 
from isophthalaldehyde (3) and nine hydrazides 4–12 (Scheme 1). Whereas, the 
bis-aldehyde 3 as well as hydrazides 10–12 are commercially available, we 
synthesized hydrazides 4–9 in 60–90% yield from their corresponding methyl 
esters by treatment with hydrazine monohydrate (Scheme 2). 

 

Scheme 1. Structures and retrosynthetic analysis of the designed bis-acylhydrazone inhibitors and 
their corresponding aldehyde 3 and hydrazides 4–12. 

 

Scheme 2. Synthesis of hydrazides from the corresponding methyl esters. 

3.2.3 Formation and analysis of DCLs using LC-MS 
To facilitate the analysis, we divided the whole library into two sub-libraries. We 
used reversed phase HPLC and LC-MS to analyze and identify the best binders 
from the DCLs and employed aniline as a nucleophilic catalyst to reach the 
equilibrium faster. The first library DCL-1 consists of four hydrazides 5, 6, 10 
and 12 as well as bis-aldehyde 3 in presence of 10 mM aniline and 2% DMSO in 
0.1 M sodium acetate buffer at pH 4.6, thus resulting in the formation of ten 
potential homo- and hetero-bis-acylhydrazones (20 isomers, including E/Z 
isomers) and four mono-acylhydrazones in equilibrium with the initial building 
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blocks. We were able to detect all of the homo- and hetero-bis-acylhydrazones 
using LC-MS analysis. Upon addition of endothiapepsin, we observed 
amplification of bis-acylhydrazones 13 and 14 over three times compared to the 
blank reaction (Figure 3 and Figure 4). 

 

Figure 3. Structures of the bis-acylhydrazones identified from three DCLs using LC-MS analysis. 

 

 

Figure 4. HPLC chromatogram of aniline-catalyzed bis-acylhydrazone formation (DCL-1) using 
hydrazides 5, 6, 10 and 12 and bis-aldehyde 3 in absence of enzyme (blank, top chromatogram) and 
in presence of 1 eq. of endothiapepsin (bottom chromatogram). DCL established in the presence of 
10 mM aniline. Bis-acylhydrazones 13 and 14 are clearly amplified. 
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Similarly, we set up the second library DCL-2 using five hydrazides 4, 7, 8, 9 and 
11 as well as bis-aldehyde 3 under the same conditions, giving rise to the 
formation of 15 potential homo- and hetero-bis-acylhydrazones (30 isomers, 
including E/Z isomers) and five mono-acylhydrazones in equilibrium with the 
initial building blocks. Similarly, addition of protein amplified bis-
acylhydrazones 15 and 16 over two times compared to the blank equilibrium 
(Figure 3 and Figure 5). 

 

Figure 5. HPLC chromatogram of aniline-catalyzed bis-acylhydrazone formation using hydrazides 
4, 7, 8, 9 and 11 and bis-aldehyde 3 in absence of enzyme (blank, top chromatogram) and in 
presence of 1 eq. of endothiapepsin (bottom chromatogram). DCL established in the presence of 10 
mM aniline. Bis-acylhydrazones 15 and 16 are clearly amplified. 

We also constructed a large library DCL-3 using all nine hydrazides 4–12 and 
bis-aldehyde 3 and observed amplification of previously observed bis-
acylhydrazones 13, 14 and 15 along with two new bis-acylhydrazones 17 and 18 
(Figure 3 and Figure 6). We identified a total two homo- (13 and 16) and four 
hetero- (14, 15, 17 and 18) bis-acylhydrazones from two sub-libraries DCL-1 and 
DCl-2 and the large library DCL-3 (Figure 3). 
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Figure 6. HPLC chromatogram of aniline-catalyzed bis-acylhydrazone formation using hydrazides 
4–12 and bis-aldehyde 3 in absence of enzyme (blank, top chromatogram) and in presence of 1 eq. 
f endothiapepsin (bottom chromatogram). DCL established in the presence of 10 mM aniline. Bis-
acylhydrazones 13, 14, 16, 17 and 18 are clearly amplified. 

3.2.4 Synthesis of identified bis-acylhydrazones 
To investigate the biochemical activity of the bis-acylhydrazones identified from 
the DCLs, we synthesized two symmetric bis-acylhydrazones 13 and 16 from 
their corresponding hydrazides 5 and 8 and the bis-aldehyde 3 precursor (Scheme 
3). We protected the free amines of the amino acid esters using Boc anhydride 
followed by hydrazide formation by treatment with hydrazine monohydrate. In 
the following steps, we condensed the hydrazides 5 and 8 with bis-aldehyde 3 to 
obtain Boc-protected bisacylhydrazones 22 and 26, which were then treated with 
trifluoroacetic acid to afford the corresponding bisacylhydrazones 13 and 16 after 
HPLC purification. 

Similarly, we attempted to synthesize asymmetric bis-acylhydrazones, but always 
obtained a mixture of two symmetric and an asymmetric bisacylhydrazones, 
which we were unable to separate using HPLC.  
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Scheme 3. Synthesis of bis-acylhydrazone 13 and 16.  

3.2.5 Biochemical evaluation 
We determined their inhibitory potency using the mixture of E/Z isomers of 
symmetric bis-acylhydrazones by applying a fluorescence-based assay adapted 
from the assay for HIV-protease.31 Both of the bis-acylhydrazones indeed inhibit 
the enzyme with IC50 values of 54 nM and 2.1 μM for 13 and 16, respectively 
(Figure 7). The best lead compound displays a 240-fold increase in potency 
compared to its parent hits. The experimental Gibbs free energies of binding (ΔG) 
and LE, derived from the experimental IC50 values using the Cheng-Prusoff 
equation,32 are ΔG(13) = –49 kJ mol–1, ΔG(16) = –34 kJ mol–1 and LE(13) = 0.29, 
LE(16) = 0.25, with an improvement in ΔG values while preserving the LEs. 
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Figure 7. IC50 inhibition curves of a) 13 (IC50 = 54.5 ± 0.5 nM) and b) 16 (IC50 = 2.1 ± 0.1 μM). 
Each inhibitor was measured in duplicate and the errors are given in standard deviations (SD), 26 
experiments were performed for each measurement and only six experiments were considered to 
calculate the initial slope (n = 6), 11 different concentrations of inhibitor were used starting at 
2.5 μM (13) and 250 μM (16).  

3.2.6 X-ray crystallography 
To validate the predicted binding mode of the linked fragments, we soaked 
crystals of endothiapepsin with the most potent inhibitor 13 and were able to 
determine a crystal structure of 13 (PDB code: 5HCT) in complex with 
endothiapepsin at 1.36 Å resolution. 13 binds to the S1, S1′ and S2 pockets of 
endothiapepsin and addresses the catalytic dyad through its α-C amino group 
(Figure 8). A part of this bis-acylhydrazone is not visible in the electron density 
map, which implies that this substituent is most likely scattered over various 
conformational states. According to the modeling studies, we indeed identified 
two plausible poses in which the invisible portion of bis-acylhydrazone 13 is 
oriented towards the S2′ and S6 pockets of the enzyme, or solvent-exposed 
(Figure 8b). The detailed binding mode of the bis-acylhydrazone is shown in 
Figure 8a. The visible portion of 13 preserves the binding mode of hit 1 and forms 
four charged H bonds with the catalytic dyad through its α-C amino group as 
well as an H bond to the carboxylate group of D81 through the NH of the 
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indolyl moiety. The indolyl moiety of 13 is accommodated in the S1 pocket 
and engaged in offset π–π stacking and CH–π interactions with F116 and L125, 
respectively. The phenyl group of 13 binds to the S2 pocket and is involved in 
hydrophobic interactions with I300 and I304. Like the mesityl group of 1, the 
phenyl group of 13 is also engaged in an amide–π interaction with the peptide 
bond connecting residues G80 and D81. Moreover, the phenyl moiety in 13 is 
connected with two imine functionalities which make the aromatic ring 
electron-deficient, presumably strengthening the amide–π interactions 
compared to the electron-rich mesityl group in 1.33 

 

Figure 8. a) X-ray crystal structure of endothiapepsin co-crystallized with bis-acylhydrazone 13 
(PDB code: 5HCT). b) Superimposition of crystal structure (violet) and modeled structures (yellow 
and cyan) of 13. Color code: protein skeleton: C: gray, O: red and N: blue; inhibitor skeleton: C: 
violet, yellow, cyan, N: blue, O: red; Hydrogen bonds below 3.2 Å are shown as black, dashed 
lines.30   

3.3 Conclusions 
We have demonstrated for the first time that the synergistic combination of 
fragment linking and DCC is a powerful and efficient strategy to accelerate hit-
to-lead optimization of inhibitors of the aspartic protease endothiapepsin. We 
have exploited LC-MS analysis to identify the best binders directly from the 
DCLs. The best binder exhibits an IC50 value of 54 nM, representing a 240-fold 
improvement in potency compared to its parent hits. Subsequent co-
crystallization studies validated our in silico fragment linking. Our strategic 
combination of computational and analytical methods holds great promise to 
accelerate drug development for the notoriously challenging class of aspartic 
proteases and could also be extended to a large number of other protein targets.  
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3.4 Experimental Section  

3.4.1 General procedure for the formation and analysis of the DCLs 
Hydrazides (2 μL each, 50 mM in DMSO (4, 7, 8, 9 and 11 for DCL-1; 5, 6, 10 
and 12 for DCL-2 and 4–12 for DCL-3)), bis-aldehyde 3 (1 μL, 50 mM in DMSO), 
aniline (10 μL, 1 M in DMSO) were added to sodium acetate buffer (980 μL, 0.1 
M, pH 4.6). The DCL was allowed to stand at room temperature with occasional 
shaking and the progress of the reaction was monitored by RP-HPLC to establish 
the blank composition until the relative concentrations of acylhydrazones became 
constant. After 20 h, the pH of the DCLs (500 μL) was raised to 8 by the addition 
of NaOH (20 μL, 2 M in water) and acetonitrile (500 μL) was added. LC-MS 
analysis of the DCL verified the formation of all of the homo-, hetero-bis-
acylhydrazones and mono- acylhydrazones. 

1 eq. of endothiapepsin (14 μL, 0.88 mM in 0.1 M sodium acetate buffer, pH 4.6) 
was added to DCLs (236 μL). After 20 h, the pH of the DCL was raised to 8 by 
the addition of NaOH (10 μL, 2 M in water) and acetonitrile (250 μL) was added 
followed by vortexing and centrifugation (10000 g, 3 min) to denature and 
separate the enzyme from the DCLs. HPLC analysis of the supernatants were 
performed, and the traces were compared with that of the blank reactions. 

HPLC conditions 

DCL-1 and DCL-2: Column, Waters symmetry C8, 3.5 μm, 150 mm × 4.6 mm; 
flow rate, 0.5 mL min–1; wavelength, 254 nm; temperature, 23 oC; injection 
volume, 10 μL; gradient, H2O/MeCN (0.1% formic acid (FA)) at 95% for 10 min 
followed by 95% to 5% over 50 min. 

DCL-3: Column, Waters symmetry C8, 3.5 μm, 150 mm × 4.6 mm; flow rate, 
0.5 mL min–1; wavelength 254 nm; temperature, 23 oC; injection volume, 10 μL; 
gradient, H2O/MeCN (0.1% FA) at 95% for 10 min followed by 95% to 5% over 
70 min). 

LC-MS conditions : A Shimadzu LC-system (Shimadzu-SIL-20AC) was 
coupled to a Sciex API 3000 triple quadrupole mass spectrometer equipped with 
an ion spray source (Applied Biosystems, MDS-SCIEX, Toronto, Canada) was 
used. Mass spectra (positive mode) were obtained in profile scan mode from mass 
100 till 800 using the following conditions: DP=46V; FP=160V; TEM=450 0C. 
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3.4.2 Fluorescence-based inhibition assay  
For inhibition assay, see Chapter 2, Section 2.4.2.  

In addition, stock solutions (250 μM and 20 mM in DMSO for 13 and 16, 
respectively) were prepared. The final reaction volume was 200 μL containing 
0.4 nM endothiapepsin, 1.8 μM substrate and 2.5 μM (13) and 200 μM (16) bis-
acylhydrazones.  

3.4.3 Modeling studies 
Two X-ray crystal structures of complexes of endothiapepsin (PDB codes: 4KUP 
and 3T7P) were used for our modeling.26 Several bis-acylhydrazones were 
designed using fragment linking. The energy of the system was minimized using 
the MAB force field as implemented in the computer program MOLOC,34 whilst 
keeping the protein coordinates fixed for the PDB code: 4KUP. In all cases, the 
bis-acylhydrazones address the catalytic dyad directly via hydrogen-bonding 
interactions.  

For rest of the modeling studies, see Chapter 2, Section 2.4.3. 

3.4.4 Experimental Procedures 

3.4.4.1 General Experimental Details  

For general experimental conditions, see Chapter 2, Section 2.4.5.  

3.4.4.2 Synthesis of the hydrazides  

General procedure for hydrazide formation from the corresponding 
methyl/ethyl ester (GP1): 
To a solution of the methyl/ethyl ester hydrochloride (1 eq.) in ethanol (4 mL) 
was added hydrazine monohydrate (8 eq.). The reaction mixture was heated to 
reflux for 5 h. The reaction mixture was concentrated in vacuo, and the residue 
was taken up in dichloromethane/iso-propanol (3:1, 10 mL). The resulting 
suspension was filtered and the filtrate was concentrated in vacuo to afford the 
corresponding hydrazide as a solid in 60–90% yield. 4–9 were synthesized 
according to GP1 and their spectral data correspond to those reported in the 
literature.35–37 
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General procedure for Boc protected amino ester formation (GP2): 
A solution of amino acid ester HCl and Et3N in dry CH2Cl2 (45 mL) was added 
to a solution of di-tert-butyldicarbonate in CH2Cl2. The reaction mixture was 
stirred for 2–3 h at r.t. The organic solution was washed with saturated aqueous 
NaCl solution, dried over Na2SO4 and filtered. The solvent was removed, and the 
crude was purified by flash chromatography (pentane/EtOAc) to afford the 
desired product in 52–81% yield as a white solid. 24 was synthesized according 
to GP2 and its spectral data correspond to those reported in the literature.38  
 
General procedure for Boc protected amino hydrazide formation (GP3): 
Hydrazine monohydrate was added to a solution of Boc protected amino ester in 
10 mL of EtOH. The reaction mixture was heated to reflux for 5 h. the reaction 
mixture was concentrated and water was poured onto the residue. After filtration, 
the solid was dried in vacuo to afford pure product as 70–98% yield. 
 
General procedure for bis-acylhydrazone formation (GP4): 
The hydrazide (1 eq.) was dissolved in dry methanol, treated with 
isophthalaldehyde (3, 2 eq.), and the mixture was heated to reflux for 3 h. The 
reaction mixture was allowed to cool to r.t. and concentrated in vacuo. The 
resulting product was directly used in the following step. The residue was 
dissolved in dichloromethane (10 mL) and 2 M HCl/diethyl ether (10 eq.) was 
added. The mixture was stirred for 3 h at room temperature. The resulting 
precipitate was filtered and purified by reversed phase Prep HPLC (HPLC 
conditions: column, XTerra® Prep MS C18, 10 μ, 150 mm × 7.8 mm; flow rate, 
1 mL min−1; wavelength, 254 nm; temperature, 23 °C; gradient method, 
water/acetonitrile (0.1% TFA) 95:5 → 5:95 in 15 min (13) and 25 min (16). 
 
(R/S)-Ethyl 2-(tert-butoxycarbonylamino)-3-(1H-indol-3-yl)propanoate (20) 

The title compound was synthesized according to GP2 
using 19 (3.0 g, 11.2 mmol), Et3N (1.56 mL, 11.2 mmol) 
and di-tert-butyldicarbonate (2.3 g, 13.4 mmol). After 
purification, the product 20 was obtained as a white solid 

(3.0 g, 81% yield). m.p. 153–158 °C; 1H NMR (400 MHz; CDCl3) δ=8.17 (s, 1H), 
7.57 (d, J=8.0, 1H), 7.34 (d, J=8.0, 1H), 7.19 (t, J=8.0, 1H), 7.11 (t, J= 8.0, 1H), 
6.99 (s, 1H), 5.09 (d, J=8.0, 1H), 4.63 (dt, J= 8.0, 5.4, 1H), 4.12 (q, J=6.9, 2H), 
3.29 (t, J=4, 2H), 1.43 (s, 9H), 1.19 (t, J= 7.1, 3H); 13C NMR (101 MHz, CDCl3) 
δ=172.4, 155.4, 136.2, 122.8, 122.3, 119.7 (2C), 118.9, 111.2, 110.4, 79.9, 61.4, 
54.4, 28.4 (3C), 28.1, 14.2; IR (cm−1): 3319 (br), 2975, 1728, 1681, 1515, 1222, 
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1157, 735; HRMS (ESI) calcd for C18H25N2O4
+ [M+H]+: 333.1809, found: 

333.1806.   
 
(R/S)-Tert-butyl 1-hydrazinyl-3-(1H-indol-3-yl)-1-oxopropan-2-
ylcarbamate (21) 

The title compound was synthesized according to GP3 
using 20 (2.8 g, 8.42 mmol) and N2H4. H2O (3.27 mL, 
67 mmol). After purification, the product 21 was 
obtained as a white solid in 98% yield. m.p. 200 – 203 

°C; 1H NMR (400 MHz, (CD3)2SO) δ=10.79 (1 H, s), 9.13 (s, 1H), 7.59 (d, J=8.0, 
1H), 7.31 (d, J=8.0, 1H), 7.12 (s, 1H), 7.05 (t, J=8.0, 1H), 6.97 (t, J=8.0, 1H), 
6.76 (d, J=8.0, 1H), 4.30–3.95 (m, 3H), 3.07–2.77 (m, 2H), 1.31 (s, 9H); 13C 
NMR (101 MHz, (CD3)2SO) δ=171.4, 155.1, 136.0, 127.3, 123.7, 120.8, 118.5, 
118.2, 111.2, 110.2, 77.9, 53.7, 28.2(3C), 28.1; IR (cm−1): 3335 (br), 2975, 2908, 
1659, 1680, 1524, 1248, 1053, 736, 631; HRMS (ESI) calcd for C16H23N4O3

+ 
[M+H]+: 319.1765, found: 319.1763.  
  
(S)-Tert-butyl 1-hydrazinyl-1-oxo-3-phenylpropan-2-ylcarbamate (25) 

The title compound was synthesized according to GP3 
using 24 (1.80 g, 6.44 mmol) and N2H4. H2O (2.5 mL, 51.6 
mmol). After purification, the product 25 was obtained as 
a white solid in 70% yield. The spectral data correspond to 

those reported in the literature.38 
 
N',N''E,N',N''E)-N',N''-(1,3-phenylenebis(methan-1-yl-1-ylidene))bis(2-
amino-3-(1H-indol-3-yl)propanehydrazide (13) 

The title compound was 
synthesized according to 
GP4 using 21 (405 mg, 
1.27 mmol) and 
isophthalaldehyde (3, 85 

mg, 0.64 mmol). After purification, the product 13 was obtained as bis-
trifluoroacetate salt as a white solid. m.p. > 165 °C (decomposition); 1H NMR 
(400 MHz, CD3OD) δ=8.06 – 7.91 (m, 2H), 7.87 – 7.77 (m, 1H), 7.73 – 7.64 (m, 
3H),  7.49 (dt, J=10, 8, 1H), 7.38 (d, J=8, 1H), 7.33 – 7.17 (m, 3H), 7.16 – 6.95 
(m, 5H), 5.12 (dt, J=9, 6, 1H) ,5.03 (dt, J=9, 6, 1H), 4.31 – 3.97 (m, 1H), 3.60 – 
3.03 (m, 4H). 13C NMR (101 MHz, CD3OD) δ=171.6, 167.5, 163.0, 162.5, 150.6, 
147.0, 146.9, 146.8 (2C), 138.4, 138.3, 138.2, 135.8, 135.7, 135.7 (2C), 130.8, 
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130.3, 130.0, 129.7, 128.4, 128.3 (2C), 128.2, 127.7, 127.5, 127.2, 125.7, 125.5 
(2C), 122.9 (2C), 120.3, 120.2 (2C), 119.1, 119.0, 112.7 (2C), 112.6, 108.3 (2C), 
107.7, 54.4, 52.8, 52.7, 29.0, 28.4, 28.2. 19F NMR (376 MHz, CD3OD) δ=–76.9. 
IR (cm−1): 3404 (br), 3224 (br), 3062 (br), 1670, 1199, 1134; HRMS (ESI) calcd 
for C30H31N8O2

+ [M+H]+: 535.2564, found: 535.2556. 

(2S,2'S,N',N''E,N',N''E)-N',N''-1,3-phenylenebis(methan-1-yl-1-
ylidene))bis(2-amino-3-phenylpropanehydrazide (16) 

The title compound was 
synthesized according to GP4 
using 25 (1.0 g, 3.6 mmol) and 
isophthalaldehyde (3, 240 mg, 
1.8 mmol). After purification, 

the product 16 was obtained as bis-trifluoroacetate salt as a white solid. m.p. 148 
– 155 °C; 1H NMR (400 MHz, (CD3OD) δ=8.13 (s, 1H), 8.08 (s, 1H), 7.92 (s, 
1H), 7.90 (s, 1H), 7.82 – 7.69 (m, 2H), 7.58 – 7.45 (m, 1H), 7.42 – 7.23 (m, 9H), 
7.23 – 7.13 (m, 1H), 5.15 (t, J=8, 1H), 5.08 (t, J=8, 1H), 4.24 – 4.10 (m, 1H), 
3.38 – 3.13 (m, 4H); 13C NMR (101 MHz, CD3OD) δ=171.2, 167.1, 163.0 (q, 
J=35), 151.5, 150.1, 147.4, 145.8, 136.0, 135.9, 135.8, 135.4, 131.4, 131.1, 130.9 
(2C), 129.9, 129.5, 129.3, 128.3, 128.0, 119.8, 116.8, 113.9, 56.0, 54.5, 54.4, 
53.0, 52.9, 40.1, 39.5, 38.8, 38.2. 19F NMR (376 MHz, CD3OD) δ=–76.9.9; IR 
(cm−1): 3439 (br), 3039 (br), 2919 (br), 1669, 1199, 1131; HRMS (ESI) calcd for 
C26H29N6O2

+ [M+H]+: 457.2346, found: 457.2341. 
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