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Chapter 2

Structure-Based Drug Design of Inhibitors of
the Aspartic Protease Endothiapepsin by
Exploiting Dynamic Combinatorial Chemistry
Structure-based drug design (SBDD) can be used for the design and/or
optimization of new inhibitors for a biological target. Whereas de novo SBDD is
rarely used, most reports on SBDD are dealing with the optimization of an initial
hit. Dynamic combinatorial chemistry (DCC) has emerged as a powerful strategy
to identify bioactive ligands given that it enables the target to direct the synthesis
of its strongest binder. We have designed a library of potential inhibitors
(acylhydrazones) generated from five aldehydes and five hydrazides and used
DCC to identify the best binder(s). After addition of the aspartic protease
endothiapepsin, we characterized the protein-bound library member(s) by
saturation-transfer difference NMR spectroscopy. Cocrystallization experiments
validated the predicted binding mode of the two most potent inhibitors, thus
demonstrating that the combination of de novo SBDD and DCC constitutes an
efficient strategy for hit identification and optimization.

This chapter is adapted from the original paper:
M. Mondal, N. Radeva, H. Köster, A. Park, C. Potamitis, M. Zervou, G. Klebe
and A. K. H. Hirsch, Angew. Chem. Int. Ed., 2014, 53, 3259–3263.
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2.1

Introduction

Structure-based drug design (SBDD) is a powerful strategy to design and/or
optimize bioactive compounds.1–3 Whereas de novo SBDD is rarely used,4,5 most
reports on SBDD deal with the optimization of an initial hit discovered by other
means. Therefore, the combination of SBDD and DCC would represent a highly
efficient hit-identification strategy in a range of medicinal-chemistry projects. In
the present study, we have used de novo SBDD in combination with
acylhydrazone-based DCC and 1 H-STD-NMR spectroscopy to identify a new
family of potent hits for endothiapepsin, which belongs to the notoriously
challenging class of aspartic proteases.6 Saturation-transfer difference (STD)
NMR spectroscopy, which enables the direct characterization of target–ligand
interactions in solution,7–12 has been applied to identify DCL members bound to
the target.13 Finally, we have validated the proposed binding mode of the
inhibitors by X-ray crystallography.

2.2

Results and Discussion

2.2.1

De novo structure-based design

We have used two crystal structures of endothiapepsin (PDB: 3PBD and 3PI0)
that represent two alternative binding modes: with and without a
crystallographically localized water molecule. We did not use the fragments as a
starting point but only the structure of the enzyme. 14 We designed a series of
acylhydrazones to address the catalytic dyad through hydrogen-bonding
interactions, by using the molecular-modeling software MOLOC15 and the FlexX
docking module in the LeadIT suite. 16 The acylhydrazone moiety appeared to be
a suitable central scaffold, as modeling suggested it was anchored to the active
site through a strong hydrogen-bond network with the catalytic dyad. We
introduced an α-amino group that can form charge-assisted hydrogen bonds to
the catalytic dyad as well as to amino acid residues D81, D33, D221, or D222.
We modeled two alternative binding poses, in which the acylhydrazone addresses
the catalytic dyad either directly or via the catalytic water molecule (Figure 1).
During the modeling study, the E isomers emerged as the most suitable scaffolds,
displaying two vectors pointing towards the S2, S1, S1’, and S2’ pockets.
Inspection of the cocrystal structures of endothiapepsin with 11 fragments,14 as
well as hot-spot17 analyses of the active site of endothiapepsin showed that both
aromatic and aliphatic substituents can be accommodated in the S2, S1, S1’, and
S2’ pockets surrounding the catalytic dyad. According to our modeling study,
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both mono- and bicyclic aromatic moieties can be accommodated by the S1’/S2’
pocket, whereas the hydrophobic S2 pocket is best occupied by a mesityl
substituent. The S1/S1’ pocket can host an indolyl, isobutyl, or phenyl moiety.
We selected a series of acylhydrazone-based inhibitors (Figure 2), retrosynthesis
of which led to five hydrazides H1–H5 and five aldehydes A1–A5 (Scheme 1).

Figure 1. Superposition of M OLOC-generated molecular models of potential inhibitors featuring
a) direct hydrogen bonding with the catalytic dyad in the active sit e of endothiapepsin (PDB code:
3PBD) and b) hydrogen bonding with the catalytic dyad in the active site of endothiapepsin through
the catalytic water molecule (PDB code: 3PI0). Color code: protein backbone: gray; inhibitor
skeletons: C: green, violet, purp le, blue; N: dark blue; F: cyan; O: red; crystallographically localized
water molecule: red sphere.

Scheme 1. Retrosynthesis of designed acylhydrazones and the structures of corresponding
hydrazide and aldehyde building blocks.
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Figure 2. Schematic representation of the predicted binding modes of acylhydrazone-based
inhibitors (S)-H1-A1, H5-A1, (R)-H3-A1, (R)-H3-A4, (R)-H3-A5, (S)-H4-A4 in the active site of
the 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 Figure was generated with PoseView as implemented in the LeadIT suite.

2.2.2

Synthesis of building blocks

Whereas all the aldehydes as well as hydrazide H5 are commercially available,
hydrazides H1, H3 and H4 were obtained in 80–90% yield from their
corresponding enantiomerically pure methyl esters by treatment with hydrazine
monohydrate (Scheme 2a). For the synthesis of hydrazide H2, we took advantage
of an asymmetric Strecker reaction18 starting from commercially available parafluorobenzaldehyde 1 (Scheme 2b). α-Aminonitrile 2 (34% yield, 98% de) was
formed from aldehyde 1 and chiral auxiliary 3 using the diastereoselective threecomponent Strecker reaction reported by James and co-workers. Hydrolysis of αaminonitrile 2 afforded α-arylglycine (4) (78% yield, 81% ee), which was
esterified with saturated methanolic-HCl to the corresponding methyl ester
hydrochloride 5 (68% yield) followed by treatment with hydrazine monohydrate
to afford the hydrazide building block H2 in 89% yield.
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Scheme 2. a) Synthesis of hydrazide H1, H3 and H4, b) H2 was synthesized starting from parafluorobenzaldehyde 1 using asymmetric Strecker reaction.18

2.2.3 Formation and analysis of DCLs using 1 H-STD-NMR
Initially, we wanted to use size exclusion spin filter to separate out protein-ligand
complexes from non-bound ligands as this method has only been used once and
we wanted to explore it. 19 Later, the non-binders containing filtrate would be
easily analyzed by LC-MS which is a widely used analytical technique to analyze
the DCLs. To separate out non-binders from the protein–ligand complexes, we
used several size exclusion spin filters. It appeared that acylhydrazones show
affinity for the filter materials and stick to the filter, which prompted us to look
for an alternative analytical method to analyze the DCLs.
We used 1 H-STD-NMR experiments to identify the best binder from the whole
library of possible component associations, as this approach enables bound
ligands to be monitored and requires only small amounts of unlabeled protein. 7–
12
To facilitate the analysis, we divided the whole library into five sublibraries,
each consisting of five hydrazides and one aldehyde, thus resulting in the
formation of five potential acylhydrazones (ten isomers, including E/Z isomers)
in equilibrium with the initial building blocks (one example is given in Scheme 3)
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The potential formation of imine products with the free amino group of the
hydrazides H1–H4 or a surface exposed Lys side chain can be ruled out because
of the use of acidic conditions. After addition of the target enzyme to the preequilibrated libraries, we identified bound acylhydrazones by analyzing the
imine-type (see Figure 3 of the corresponding reaction in Scheme 3) and α-carbon
proton signals of acylhydrazones in the 1 H-STD-NMR spectra.

Scheme 3. Formation of DCL using five hydrazides H1‒5 and aldehyde A4 and identification of
the binders by 1H-STD-NM R spectroscopy.

We identified eight binders from the five sublibraries (Figure 4). To differentiate
specific from nonspecific binding, we added the potent inhibitor saquinavir (Ki =
48 nM ) to the H1–5+A4 sublibrary, thereby leading to the appearance of its
signals at the expense of the acylhydrazones signals in the 1 H-STD-NMR
spectrum, thus confirming specific binding of the acylhydrazones H3-A4 and
H4-A4 (Figure 5).
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7)

6)
5)
4)
3)

2)
1)

Figure 3. DCL generated from H1–5 + A4: (aromatic region) 1) 1H-STD-NM R spectrum of H1–5
+ A4, 2) 1H-NM R spectrum of H1–5 + A4, 3) 1H-NM R spectrum of H3+A4, 4) H4+A4 (2 singlets
correspond to the E/Z isomers), 5) H1+A4, 6) H2+A4 and 7) H5+A4.

Figure 4. Enzymatic selection of the best inhibitors by 1H-STD-NM R analysis.
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Figure 5. DCL generated from H1–5 + A4 in the presence of saquinavir: (aromatic region) 1) 1HNM R spectrum of H1–5 + A4, 2) 1H-STD-NM R spectrum of H1–5 + A4, 3) 1H-STD-NM R
spectrum of H1–5 + A4 + saquinavir, 4) 1H-NM R spectrum of saquinavir.

2.2.4

Synthesis of identified acylhydrazones

To investigate the biochemical activity of the hits identified by 1 H-STD-NMR,
we performed inhibition studies using the acylhydrazones (S)-H1-A1, (S)-H1-A3,
(S)-H2-A1, (R)-H3-A1, (R)-H3-A4, (R)-H3-A5, (S)-H4-A4, and H5-A1
synthesized from their corresponding aldehyde and hydrazide precursors
(Scheme 4).

Scheme 4. General synthesis of acylhydrazones Hx-Ay starting from hydrazides Hx and aldehydes
Ay.
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2.2.5

Biochemical evaluation

We determined inhibitory potency of the identified acylhydrazones using the
mixture of E/Z isomers by applying a fluorescence-based assay adapted from the
HIV-protease assay. 20 The enzyme-activity assay confirmed the result of the 1 HSTD-NMR experiments.
Table 1. Experiemntal IC50 values, Ki values, ∆G EXPT values, LEs and calculated ΔG HYDE values of
eight acylhydrazones identified as inhibitors of endothiapepsin.
Inhibitors

IC 50 (μM)

Ki[a] (μM)

ΔG EXPT[a]
(kJ.mol -1)

LE[a]

ΔGHYDE[b]
(kJ.mol -1)

(S)-H4-A4

12.8 ± 0.4

6 ± 0.2

–30

0.27

–32[c]

(R)-H3-A5

14.5 ± 0.5

7 ± 0.2

–30

0.29

–26[d]

(S)-H1-A1

150 ± 17

71 ± 8

–24

0.27

–28[c]

(S)-H2-A1

177 ± 13

83 ± 6

–23

0.23

–23[c]

(R)-H3-A4

206 ± 19

97 ± 9

–23

0.25

–25[c]

(R)-H3-A1

352 ± 13

166 ± 6

–22

0.22

–26[d]

(S)-H1-A3

365 ± 95

172 ± 45

–22

0.30

–17[c]

H5-A1

insoluble

–

–

–

[a] Values indicate the inhibition constant (Ki), the Gibbs free energy of binding (ΔG) and ligand
efficiency (LE) derived from IC50 values using the Cheng-Prusoff equation; [b] Values indicate the
calculated Gibbs free energy of binding (ΔG HYDE; calculated by the HYDE scoring function in the
LeadIT suite); [c] Result of the docking run without catalytic water molecule (PDB code: 3PBD),
[d] Result of the docking run with catalytic-water molecule (PDB code: 3PI0).

Seven of the eight acylhydrazones indeed inhibit endothiapepsin with IC 50 values
in the range of 13 to 365 μM . We could not measure the IC50 of H5-A1 as it was
insoluble under the assay conditions. The most potent inhibitors, acylhydrazones
(S)-H4-A4 and (R)-H3-A5, feature IC50 values of 12.8 μM and 14.5 μM ,
respectively (Table 1 and Figure 6). The experimental free energies of binding
(ΔG) and ligand efficiencies (LEs), obtained from the IC 50 values using the
Cheng–Prusoff Equation,21 correlate with the calculated values from the scoring
function HYDE in the LeadIT suite (∆GHYDE ((S)-H4-A4) = 32 kJ.mol–1 , ∆GHYDE
((R)-H3-A5) = 26 kJ.mol–1 ; see Table 1).22,23
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Figure 6. IC50 inhibition curves of (S)-H4-A4 (IC50 = 12.8 ± 0.4 μM) and (R)-H3-A5 (IC50 = 14.5
± 0.5 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 1 mM.

2.2.6

X-ray crystallography

To validate the predicted binding mode from SBDD, we soaked crystals of
endothiapepsin with the two most potent inhibitors and were able to determine
crystal structures of (R)-H3-A5 (PDB code: 3T7P) and (S)-H4-A4 (PDB code:
4KUP) in complex with endothiapepsin at 1.25 Å and 1.31 Å resolution,
respectively (Figure 7). During the soaking experiments, the enzyme selects the
E isomer from the mixture of E/Z isomers, which was also suggested by the
modeling and docking studies. This phenomenon is known in literature.24
The cocrystal structure of (R,E)-H3-A5 shows two ligands in the active site: one
binds to the catalytic dyad, whereas the second is oriented towards the solvent.
As a result of solvent exposure and lack of protein contacts, the portion of this
ligand molecule not visible in the electron density map is most likely highly
mobile and scattered over various conformational states. The (S,E)-H4-A4
48
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complex also exhibits two ligand molecules in the binding pocket. Of these, only
the first binds to the catalytic dyad, whereas the second ligand molecule is
solvent-exposed and, by analogy to the previous case, only fractionally visible in
the electron density and partially occupied (63%; Figure 7).

Figure 7. X-ray crystal structures of endothiapepsin co-crystallized with ligands: a) Overview of
the two molecules of (R,E)-H3-A5 (C: green, water molecules: green spheres) bound in the active
site (PDB code: 3T7P). The central ligand binds via the catalytic water molecule to Asp35 and
Asp219. b) Overview of both molecules of (S,E)-H4-A4 (C: yellow, water molecule: yellow sphere,
PDB code: 4KUP). The central ligand addresses Asp35 and Asp219 directly through its α-amino
group.

To clarify whether the additional ligands observed are only present because of
the high ligand concentrations applied during the soaking, we prepared crystals
at different concentrations (2 mM , 20 mM , and 100 mM ) and collected separate
datasets (PDB codes: 4LHH, 4KUP, and 4LBT). Remarkably, at the lowest
concentration, only the binding mode engaging the catalytic dyad is observed. At
the highest concentration, population of a third binding pose is apparent. We
therefore believe that only the binding poses of (R,E)-H3-A5 and (S,E)-H4-A4
next to the catalytic dyad are relevant for our considerations.
The detailed binding modes of both ligands are shown in Figure 8. The amide NH
group of (R,E)-H3-A5 forms a hydrogen bond to the dyad, mediated by the
catalytic water molecule (Figure 8a). The imine-type N atom of the
acylhydrazone linker forms a hydrogen bond with the backbone amide NH group
of Gly80 (2.9 Å). Another hydrogen bond is observed between the carbonyl group
of the acylhydrazone and the backbone amide NH group of Asp81 (3.0 Å). The
hydroxyl group of the naphtholyl portion of the second ligand donates a hydrogen
bond via its hydrogen atom to the outer O atom of the side chain of Asp219
49
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(2.8 Å). Furthermore, the α-amino group of the ligand forms a weak hydrogen
bond to an adjacent water molecule, with the remainder of the ligand being bound
in the S1’ and S2 pockets and oriented towards the solvent.

Figure 8. Full binding mode of a) H3-A5 and b) H4-A4 in the catalytic active site. Color code:
inhibitor skeleton: C: green, yellow; N: blue; O: red; enzyme skeleton: C: gray. Hydrogen bonds
are shown as dashed lines (PDB code: 3T7P).

(S,E)-H4-A4 interacts differently with the catalytic dyad (Figure 8b) as it uses its
a-amino group to form direct hydrogen bonds to Asp35 (2.8 Å, 3.2 Å) and Asp219
(2.9 Å); the α-amino group occupies virtually the same position as the catalytic
water molecule in the complex with (R,E)-H3-A5. While the amide-type NH
group of the acylhydrazone linker forms a hydrogen bond to the hydroxy group
of the Thr222 side chain (2.8 Å), the indolic NH group donates its proton to form
a hydrogen bond to the carboxylate group of Asp81 (3.0 Å).
(R,E)-H3-A5 and (S,E)-H4-A4 occupy different regions of the binding pocket of
endothiapepsin. Clearly, the different binding poses are provoked by the inverted
stereochemistry at Cα. This allows (S,E)-H4-A4 to address the S1 pocket with its
indolyl moiety benefiting from CH–π interactions with Phe116 and Leu125 and
to form a salt bridge with the catalytic dyad. Furthermore, (R,E)-H3-A5 places
its hydrophobic phenyl group in the S1 pocket and is engaged in CH–π and π–π
interactions with Leu125 and Phe116, but its stereochemistry does not allow an
interaction with the dyad. Instead, the water-mediated contact through its
acylhydrazone linker is achieved. This ligand benefits from CH–π interactions
with Ile77 and Leu133 through its naphtholyl moiety in the S2’ pocket, whereas
(S,E)-H4-A4 experiences some hydrophobic contacts with Ile300 and Ile304 in
the S2 pocket. The binding poses indicated by the additional ligand molecules
soaked into the crystals at higher concentrations map out secondary interaction
sites most likely experiencing minor affinity contributions.
50
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2.3

Conclusions

We have demonstrated for the first time that the combination of de novo SBDD
and DCC is a powerful technique for the rapid identification of novel hits that
inhibit the aspartic protease endothiapepsin. We have exploited 1 H-STD-NMR
spectroscopy to identify the binders directly from the DCL. Among the hits
identified, the best ones exhibit IC50 values in the low micromolar range.
Subsequent cocrystal-structure determination confirmed our in silico prediction
that either direct or water-mediated interactions with the catalytic dyad can be
achieved. We have reported the first example of acylhydrazone-based inhibitors
of endothiapepsin and aspartic proteases in general. Our synergistic combination
of methods holds great promise for the acceleration of the drug-discovery
process, not only for the notoriously challenging class of aspartic proteases but
for a wide range of drug targets. By enabling the identification and concomitant
optimization of novel inhibitors, its potential would appear to be greatest when
applied during the early stages of the drug discovery process.

2.4

Experimental Section

2.4.1

General procedure for the formation and analysis of the DCLs

H1–5 + An (n=1, 2, 3, 4, 5): The five hydrazides H1–5 (5 × 3 μL, stock solution
200 mM in DMSO) and one aldehyde An (1.2 μL, stock solution 200 mM in
DMSO) were added to ammonium acetate buffer in D 2 O (570 μL, 0.1 M , pH 4.6).
The DCL was left to stand at room temperature with occasional shaking, and was
monitored periodically by 1 H-NMR spectroscopy to establish the time required
to consume all the aldehyde and form all possible acylhydrazones. After 24 hours,
endothiapepsin (0.42 μL, stock solution 5.61 mM in ammonium acetate buffer,
0.1 M , pH 4.6) was added to the pre-equilibrated DCL. Subsequently, 1 H-STDNMR spectra were recorded with 10000 scans. The bound acylhydrazones were
identified by analyzing the imine-type proton or the Cα-proton signals of
acylhydrazones in the 1 H-STD-NMR spectra. To identify which
acylhydrazone(s) appear(s) in the 1 H-STD-NMR spectra, five control
experiments were set up with each of the five hydrazides and the corresponding
aldehyde in ammonium acetate buffer.
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1

H-STD-NMR

All 1 H-STD-NMR experiments were performed at 25 ºC on a Varian 600 MHz
spectrometer. The on-resonan ce irradiation on endothiapepsin was set at ‒0.35
ppm. In each sub-library, there were one aldehyde and five hydrazides. The final
concentrations of aldehyde and each hydrazide in the DCL were 0.4 mM and 1
mM , respectively. Equilibrium was reached after 24 hours. Endothiapepsin was
added to the equilibrated DCL. The final concentration of endothiapepsin in the
DCL was 4 μM ([endothiapepsin] : [aldehyde] = 1:100). 1 H-STD-NMR spectra
were recorded with 10000 scans.

2.4.2

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. The
measurement of the absorption at 280 nm, as suming an extinction coefficient of
1.15 for 1 mg/mL solutions, afforded the protein concentration. 29
Stock solutions (50 mM in DMSO) were prepared for all acylhydrazones (mixture
of E/Z isomers). As substrate, Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH2
(purchased from Bachem) was used for the inhibition studies. The assay was
performed with flat bottom 96-well microplates (purchased from Greiner BioOne) 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 .14 The assay buffer (0.1 M sodium acetate
buffer, pH 4.6, containing 0.001% Tween 20) was premixed with the substrate
and the acylhydrazones identified by 1 H-STD-NMR; endothiapepsin was added
directly before the measurement. The final reaction volume was 200 μL
containing 0.4 nM endothiapepsin, 1.8 μM substrate and 500 μM acylhydrazone
(except acylhydrazone H5-A1, which was insoluble in the assay buffer even at
125 μM concentration). In the same way, blanks were prepared using DMSO
instead of the acylhydrazone stock solution. As the substrate is a fluorogenic
substrate, during measurement the fluorescence increased because of substrate
hydrolysis by endothiapepsin. The initial slopes of the fluorescence in the
acylhydrazone-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.
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2.4.3

Modeling and Docking

Two X-ray crystal structures of complexes of endothiapepsin (PDB codes: 3PBD
and 3PI0) were used for our modeling. 14 Several acylhydrazones were designed
using the three-dimensional structure generator software CORINA 30 and
protonated with FCONV31 . The energy of the system was minimized using the
MAB force field as implemented in the computer program MOLOC,15 whilst
keeping the protein coordinates fixed for the PDB code: 3PBD and keeping the
protein coordinates and crystallographically localized water molecule
(HOH6160) fixed for the PDB code: 3PI0. After energy minimization of all
designed acylhydrazones, two alternative binding poses were obtained. In one
case, the acylhydrazone addresses the catalytic dyad directly via hydrogenbonding interaction (PDB code: 3PBD) and in the other, the acylhydrazone
addresses the catalytic dyad via the catalytic water molecule. Taking inspiration
from the co-crystal structures of endothiapepsin with eleven fragments,14 as well
as from hot-spot17 analysis of the active site of endothiapepsin, several
acylhydrazones with different aliphatic and aromatic 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 acylhydrazones and protein were measured in MOLOC. All the
designed acylhydrazones were subsequently docked into the active site of
endothiapepsin by using the FlexX docking module in the LeadIT suite. 16 During
the docking, the binding site in the protein was restricted to 12 Å around the cocrystallized ligand and the 30 top (FlexX)-scored solutions were retained, and
subsequently post-scored with the HYDE22 module in LeadIT v.2.1.3. 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 included in the DCL.

2.4.4

Crystallization, data collection and processing

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 20 with a molecular weight cutoff at 10,000 Da. The protein
concentration was measured by absorbance at 280 nM assuming an extinction
coefficient of 1.15 for 1 mg/mL solutions. 32
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Endothiapepsin crystals were grown at 17 °C under the following conditions:
2 μL of protein solution (5 mg/mL) and 2 μL of mother liquor (0.1 M NH4 OAc,
0.1 M NaOAc, pH 4.6, and 26% PEG 4000) using the sitting drop vapor diffusion
method. The crystals were soaked for 48 h in a mixture of 25% glycerol, 75%
mother liquor and the ligand at a final concentration of 20 mM. For data collection
at low temperature, the crystals were flash-frozen with liquid nitrogen.
The data sets were collected at HZB Synchrotron BESSY beamline 14.2 in
Berlin. Data processing was performed with HKL2000. 33 The program Phaser34
was used to determine the crystal structure by molecular replacement (PDB code:
3PCW). Refinement of the coordinates, TLS parameters, individual B-factors and
occupancies has been performed with PHENIX. 35 During the last refinement
cycles, the atoms have been refined anisotropically. After each cycle, the models
were visually inspected and subsequently improved using Coot. 36

2.4.5

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, dried and distilled prior to use. Column
chromatography was performed on silica gel (Silicycle ® SiliaSep TM 40–63 μM
60 Å). TLC was performed with silica gel 60/Kieselguhr F254. Solvents used for
the column chromatography were dichloromethane and methanol. 1 H-,13 C- and
19
F-NMR spectra were recorded at 400 MHz on a Varian AMX400 spectrometer
(400 MHz for 1 H, 101 MHz for 13 C and 376 MHz for 19 F) and at 500 MHz on
JNM-ECA500 spectrometer (500 MHz for 1 H and 125 MHz for 13 C) at 25 o C.
Acylhydrazone NMR spectra consist of E/Z isomers as well as rotamers.
Chemical shifts (δ) are reported relative to the residual solvent peak. Splitting
patterns are indicated as (s) singlet, (d) doublet, (t) triplet, (q) quarted, (m)
multiplet, (br) broad, (sep) septet. Optical rotations were measured in MeOH on
a Schmidt & Haensch polarimeter (Polartronic MH8) with a 10 cm cell (c given
in g/100 mL). High-resolution mass spectra were recorded with a FTMS orbitrap
(Thermo Fisher Scientific) mass spectrometer. FT-IR spectra were measured on
PerkinElmer FT-IR spectrometer. (HPLC conditions: column, CHIRALPAK®
AD-RH 5 μm, 150 mm × 4.6 mm; flow rate, 0.4 mL min−1 ; wavelength, 254 nm;
temperature, 23 °C; isocratic method, water/acetonitrile 70:30 (0.1% TFA) for 30
minutes.
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2.4.6

Synthesis of the monomers:

2.4.6.1 General procedure for hydrazide
corresponding methyl ester (GP1):

formation to form the

To a solution of the methyl ester hydrochloride (1 eq.) in ethanol (4 mL) was
added hydrazine monohydrate (8 eq.). The reaction mixture was heated to reflux
for 20 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 dried to afford the corresponding hydrazide as a solid in 80–90%
yield. H1 25 and H4 26 were synthesized according to GP1 and their spectral data
correspond to those reported in the literature.
(R)-2-Amino-2-phenylacetohydrazide (H3): The title compound was
synthesized according to GP1 using (R)-methyl 2-amino-2phenylacetate hydrochloride (100 mg, 0.496 mmol) in
ethanol (4 mL) and hydrazine monohydrate (0.192 mL, 3.97
mmol). The hydrazide H3 was obtained as a colorless sticky
solid (70 mg, 85%).

>D @D = ‒93.33 (c=0.36 in MeOH); 1H NMR (400 MHz,
20

(CD3 )2 SO): δ=9.21 (br. s, 1H, H-N(9)), 7.38 (d, J = 8 Hz, 2H, H-C(4) & H-C(6)),
7.27–7.31 (t, 3 J(H,H)=8 Hz, 2H, H-C(1) & H-C(3)), 7.22 (dd, 3 J(H,H)=8 Hz,
3
J(H,H)=4 Hz 1H, H-C(2)), 4.30 (s, 1H, H-C(7)), 2.95 (br. s, 4H, H-N(11) & HN(12)), 1.04(iso-propanol); 13 C NMR (101 MHz, (CD3 )2 SO): δ=172.96, 143.32,
128.39, 127.29, 127.03, 57.93; HRMS (ESI) calcd for C 8 H12 N3 O [M+H]+:
166.0980, found: 166.0981.
(S)-2-(4-Fluorophenyl)-2-(((S)-1-(4methoxyphenyl)ethyl)amino)acetonitrile hydrochloride (2): The title
compound was synthesized according to a literature
procedure using 4-fluorobenzaldehyde (1) (0.64 mL,
6.00
mmol,
(S)-1-(4-methoxyphenyl)-ethylamine
hydrochloride (3) (1.126 g, 6.00 mmol) and NaCN (308
mg, 6.30 mmol). The aminonitrile hydrochloride 2 was
obtained as a white crystalline solid (670 mg, 34%) in >98% de. The spectral data
correspond to those reported in the literature.18
(S)-2-Amino-2-(4-fluorophenyl)acetic acid hydrochloride (4):
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The title compound was synthesized according to a literature
procedure using 2 (616 mg, 1.92 mmol) and aqueous HCl (6 M ).
4 was obtained as a white solid (308 mg, 78%) in 81% ee. The
spectral data correspond to those reported in the literature. 18

(S)-Methyl 2-amino-2-(4-fluorophenyl)acetate hydrochloride (5):
To a solution of 4 (150 mg, 0.73 mmol) in anhydrous
methanol (7 mL), was added saturated methanolic-HCl (7
mL), and the reaction mixture was heated to reflux
overnight. The reaction mixture was concentrated in vacuo
and purified by CC (SiO2 ; 5% methanol in
dichloromethane) afforded 5 as a white solid (110 mg, 68% yield).

>D @D = +35
20

(c=0.16 in MeOH); 1 H NMR (400 MHz, CD3 OD): δ=7.55 (dd, 3 J(H,H)=8 Hz,
4
J(F,H)=8 Hz, H-C(6) & H-C(10)), 7.24 (dd, 3 J(F,H)=12 Hz, 3 J(H,H)=8 Hz, 2H,
H-C(7) & H-C(9)), 5.27 (s, 1H, H-C(2)), 3.82 (s, 3H, H-C(13)). 13 C NMR (101
MHz, CD3 OD): δ=170.09, 165.16 (d, 1 J(C,F)=248 Hz), 131.86 (d, 3 J(C,F)=9 Hz),
129.59, 117.62 (d, 2 J(C,F)=22 Hz), 56.98, 54.26; 19 F NMR (376 MHz, CDCl3 ):
δ=‒112.74, ‒113.24; ); IR (cm−1 ): 2920 (br), 2616, 2337, 1747, 1604, 1513, 1440,
1235; HRMS (ESI) calcd for C9 H11 FNO2 [M+H]+: 184.0774, found: 184.0753.
(S)-2-Amino-2-(4-fluorophenyl)acetohydrazide (H2): To a solution of 5 (90
mg, 0.41 mmol) in ethanol (4 mL) was added hydrazine
monohydrate (0.16 mL, 3.3 mmol). The reaction mixture
was heated to reflux for 20 h. The reaction mixture was
concentrated in vacuo, and the residue was taken up in
DCM/iPrOH (3:1, 10 mL). The resulting suspension was
filtered and dried to afford a colorless sticky solid (67 mg, 89%).

>D @D = +30
20

(c=0.16 in MeOH); 1 H NMR (400 MHz, CDCl3 ): δ=8.27 (br. s, 1H, H-N(4)), 7.25
(dd, 4 J(F,H)=4 Hz, 3 J(H,H)=8 Hz, H-C(6) & H-C(10)), 6.915 (dd, 3 J(F,H)=12 Hz,
3
J(H,H)=8 Hz, 2H, H-C(7) & H-C(9)), 4.43 (s, 1H, H-C(2)), 2.75 (br. s, 4H, HN(12) & H-N(14)); 13 C NMR (101 MHz, CDCl3 ): δ=173.16, 162.42 (d,
1
J(C,F)=248 Hz), 136.32, 128.46 (d, 3 J(C,F)=32 Hz), 115.56 (d, 2 J(C,F)=88 Hz),
58.28; 19 F NMR (376 MHz, CDCl3 ): δ=‒113.57(m), ‒113.84(m); IR (cm−1 ): 3290
(br), 2358, 2341, 1659 (br), 1602, 1505, 1222; HRMS (ESI) calcd for C 8 H11 FN3 O
[M+H]+: 184.0880, found: 184.0866.
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Methyl (2R)-2-{[(tert-butoxy)carbonyl]amino}-2-phenylacetate (7): To a
solution of (R)-(–)-2-phenylglycine-methylester-hydrochloride
(6) (10.08 g, 50.0 mmol) and triethylamine (12.65 g, 125.0
mmol, 2.5 eq.), in a mixture of dioxane and H 2 O (1:1, 500 mL),
Boc2 O (13.10 g, 60.0 mmol, 1.2 eq.) was gradually added at 20
°C. After strirring for 15 h at rt, the mixture was concentrated
in vacuo to a volume of about 150 mL. After addition of ethyl acetate (500 mL),
the separated organic layer was washed with aqueous HCl (1 M , 400mL), water
(400 mL), and saturated aqueous NaCl solution (200 mL), dried over MgSO 4 ,
filtered and concentrated in vacuo to afford 7 as a white solid (12.87 g, 97%). The
spectral data correspond to those reported in the literature.27
Tert-butyl N-[(R)-phenyl(hydrazinecarbonyl)methyl]carbamate (8): To a
solution of 7 (6.63 g, 25.0 mmol) in methanol (50 mL),
hydrazine-hydrate 80% (7.82 g, 125.0 mmol, 5 eq.) was added,
and the mixture heated to reflux for 3 h. After concentration in
vacuo to a volume of about 10 mL, the mixture was acidified
with acetic acid 100% (~ pH 3-4), and saturated aqueous NaCl
solution (20 mL) was added. The mixture was extracted with ethyl acetate (3 x
50 mL), the organic layer dried over MgSO 4 , filtered, and concentrated in vacuo.
8 was obtained as a white solid (5.44 g, 82%). The spectral data correspond to
those reported in the literature.28
2.4.6.2 General procedure for acylhydrazone formation (GP2):
The hydrazide (1 eq.) was dissolved in methanol, treated with the corresponding
aldehyde (1.2 eq.), and the mixture was heated to reflux for 10 ̶ 16 h. The reaction
mixture was allowed to cool to room temperature and concentrated in vacuo.
Purification by column chromatography (SiO 2 ; methanol/dichloromethane 0:10
→ 1:9) afforded the corresponding acylhydrazone in 30 ̶ 70% yield.
(S,E)-2-Amino-4-methyl-N'-(3(trifluoromethyl)benzylidene)pentanehydrazide
(H1-A1): The title
compound was synthesized according to GP2
using H1 (200 mg, 1.377 mmol) and mtrifluoromethyl benzaldehyde (A1) (0.221 mL,
1.653
mmol).
After
purification,
the
acylhydrazone H1-A1 was obtained as a mixture of E and Z isomers (E:Z=43:57)

57

501868-L-sub01-bw-Mondal

as a white, sticky solid (200 mg, 40%).

>D @D = +1.32 (c=0.152 in MeOH); 1H
20

NMR (400 MHz, CDCl3 ): δ=8.23 (s, 1H, E, H-C(11)), 7.95 (s, 1H, Z, H-C(11)),
7.86 (s, 1H, H-C(17)), 7.81 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(13)), 7.71 (d,
3
J(H,H)=8 Hz, 1H, Z, H-C(13)), 7.55 (dd, 4 J(F,H)=8 Hz, 3 J(H,H)=8 Hz, 1H, HC(15)), 7.37−7.46 (m, 1H, H-C(14)), 4.39−4.43 (m, 1H, Z, H-C(2)), 3.59−3.62
(m, 1H, E, H-C(2)), 1.43−1.88 (m, 3H, H-C(1) & H-C(8)), 0.99 (ddd, 3 J(H,H)=8
Hz, 3 J(H,H)=4 Hz, 3 J(H,H)=4 Hz, 6H, H-C(9) & H-C(10)); 13 C NMR (101 MHz,
CDCl3 ): δ=179.16, 172.23, 146.98, 143.24, 134.82, 134.75, 131.07‒131.60 (m),
130.70, 130.39, 129.43, 129.29, 126.73 (d, 3 J(C,F)=27 Hz), 125.28, 123.98 (d,
2
J(C,F)=74 Hz), 122.55, 53.25, 49.92, 44.10, 43.99, 25.00, 24.95, 23.60, 23.38,
21.60, 21.57; 19 F NMR (376 MHz, CDCl3 ): δ=‒62.85, ‒63.09; IR (cm−1 ): 2958,
1673, 1326, 1124, 1164, 1070, 801, 696; HRMS (ESI) calcd for C14 H19 F3 N3 O
[M+H]+: 302.1480, found: 302.1471.
(S,E)-2-Amino-4-methyl-N'-(pyridin-2-ylmethylene)pentanehydrazide (H1A3): The title compound was synthesized according to
GP2 using H1 (200 mg, 1.377 mmol) and 2pyridinecarboxaldehyde (A3) (0.157 mL, 1.653
mmol). After purification, the acylhydrazone H1-A3
was obtained as a mixture of E and Z isomers
(E:Z=48:52) as yellowish, sticky solid (160 mg, 50%).

>D @D = ‒2.63 (c=0.152 in
20

MeOH); 1 H NMR (400 MHz, (CD3 )2 SO): δ=8.58 (t, 3 J(H,H)=4 Hz, 1H, HC(14)), 8.30 (s, 1H, E, H-C(11)), 7.85 (s, 1H, Z, H-C(11)), 7.80‒7.91 (m, 2H, HC(16) & H-C(17)), 7.34‒7.39 (m, 1H, H-C(15)), 4.17 (dd, 3 J(H,H)=9 Hz,
3
J(H,H)=5 Hz, 1H, E, H-C(2)), 3.27 (dd, 3 J(H,H)=9 Hz, 3 J(H,H)=6 Hz, 1H, Z, HC(2)), 1.56−1.92 (m, 1H, H-C(8)), 1.16−1.51 (m, 2H, H-C(1)), 0.77−0.99 (m, 6H,
H-C(9) & H-C(10)); additional peaks in the 1 H-NMR spectrum correspond to the
hemiaminal (7%); 13 C NMR (101 MHz, CD3 OD) δ=154.34, 149.89, 148.78,
147.68, 145.08, 138.34, 126.27, 122.53, 121.28, 53.84, 50.22, 45.07, 25.84,
23.64, 23.31, 22.45, 21.79, Extra peaks in the 13 C NMR spectrum correspond to
hemiaminal; IR (cm−1 ): 2955, 2869, 1680, 1585, 1465, 1434, 1233, 1150, 993,
881, 777, 744, 619, 581, 520. HRMS (ESI) calcd for C12 H19 N4 O [M+H]+:
235.1559, found: 235.1550
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(S,E)-2-Amino-2-(4-fluorophenyl)-N'-(3(trifluoromethyl)benzylidene)acetohydrazide (H2-A1): The title compound
was synthesized according to GP2 using H2
(50 mg, 0.273 mmol) and m-trifluoromethyl
benzaldehyde (A1) (0.251 mL, 0.327 mmol).
After purification, the acylhydrazone H2-A1
was obtained as a mixture of E and Z isomers
(E:Z=52:48) as yellowish, sticky solid (30 mg, 32%).

>D @D = –3.33 (c=0.24 in
20

MeOH); 1 H NMR (400 MHz, CD3 OD): δ=8.21 (s, 1H, E, H-C(14)), 8.13 (s, 1H,
Z, H-C(14)), 7.99 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(16)), 7.90 (s, 1H, H-C(20)), 7.85
(d, 3 J(H,H)=8 Hz, 1H, Z, H-C(16)), 7.69 (d, 3 J(H,H)=8 Hz, 1H, H-C(18)), 7.58
(t, 3 J(H,H)=8 Hz, 1H, H-C(17)), 7.53 (d, 3 J(H,H)=13 Hz, 4 J(F,H)=5 Hz, 2H, HC(4) & H-C(6)), 7.10 (dd, 2 J(F,H)=8 Hz, 3 J(H,H)=8 Hz, 2H, H-C(1) & H-C(3)),
5.55 (s, 1H, Z, H-C(7)), 4.60 (s, 1H, E, H-C(7)); 13 C NMR (101 MHz, CD3 OD):
δ=171.81 (d, 1 J(C,F)=233 Hz), 147.15, 143.02, 135.08, 130.83, 130.25, 129.35,
128.79 (3 J(C,F)=8 Hz), 126.22 (d, 2 J(C,F)=31 Hz), 123.67, 123.12, 115.29 (dd,
2
J(C,F)=22 Hz, 3 J(C,F)=8 Hz), 57.06, 54.67; 19 F NMR (376 MHz, CD3 OD): δ=‒
64.12, ‒64.18, ‒64.20, ‒64.40, ‒64.42, ‒64.48, ‒64.52, ‒115.63 (sep), ‒116.1
(heptet); IR (cm−1 ): 2961 (br), 2922 (br), 1722, 1688, 1506, 1330, 1276, 1170,
1129, 1070, 694; HRMS (ESI) calcd for C16 H14 F4 N3 O [M+H]+: 340.1068, found:
340.1064.
(R,E)-2-Amino-2-phenyl-N'-(3(trifluoromethyl)benzylidene)acetohydrazide (H3-A1): The title compound
was synthesized according to GP2 using H3 (200
mg, 1.21 mmol) and m-trifluoromethyl
benzaldehyde (A1) (0.165 mL, 1.45 mmol). After
purification, the acylhydrazone H3-A1 was
obtained as a mixture of E and Z isomers
(E:Z=56:44) as a white, sticky solid (210 mg, 54%).

>D @D = +3.66 (c=0.164 in
20

MeOH); 1 H NMR (400 MHz, (CD3 OD): δ=8.21 (s, 1H, E, H-C(13)), 8.12 (s, 1H,
E, H-C(19)), 7.99 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(15)), 7.90 (s, 1H, Z, H-C(13)),
7.89 (s, 1H, Z, H-C(19)), 7.82 (d, 3 J(H,H)=8 Hz, 1H, Z, H-C(15)), 7.69 (t,
3
J(H,H)=7 Hz, 1H, H-C(17)), 7.60 (t, 3 J(H,H)=8 Hz, 1H, H-C(16)), 7.52 (dd,
3
J(H,H)=8 Hz, 3 J(H,H)=12 Hz, 2H, H-C(1) & H-C(3)), 7.34−7.42 (m, 3H, HC(2), H-C(4) & H-C(6)), 5.63 (s, 1H, Z, H-C(7)), 4.66 (s, 1H, E, H-C(7)); 13 C
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NMR (101 MHz, (CD3 )2 SO): δ=175.64, 170.61, 145.98, (d, 2 J(C,F)=99 Hz),
142.32, 141.41, 135.83 (d, 3 J(C,F)=10 Hz), 131.36, 130.42, 128.63, 127.64,
127.39, 127.20, 125.80, 123.40, 58.72, 55.35; 19 F NMR (376 MHz, (CD3 )2 SO):
δ=
–61.01, ‒61.08, ‒61.19, ‒61.37, ‒61.42, ‒61.52, ‒61.57; IR (cm−1 ): 2922
(br), 1684, 1550, 1380, 1279, 1321, 1167, 1118, 1070, 917, 803, 776, 691, 556;
HRMS (ESI) calcd for C16 H15 F3 N3 O [M+H]+: 322.1167, found: 322.1158.
(R,E)-2-Amino-2-phenyl-N'-(2,4,6-trimethylbenzylidene)acetohydrazide
(H3-A4): The title compound was synthesized
according to GP2 using H3 (100 mg, 0.606 mmol)
and mesitaldehyde (A4) (0.107 mL, 0.727 mmol).
After purification, the acylhydrazone H3-A4 was
obtained as a mixture of E and Z isomers
(E:Z=30:70) as a white solid (80 mg, 45%). m.p. 136‒142 °C;

>D @D = +3.66
20

(c=0.164 in MeOH); 1 H NMR (400 MHz, CDCl3 ): δ=8.54 (s, 1H, E, H-C(13)),
8.03 (s, 1H, Z, H-C(13)), 7.42 (dd, 3 J(H,H)=7 Hz, 3 J(H,H)=7 Hz, 2H, H-C(1) &
H-C(3)), 7.20−7.31 (m, 3H, H-C(2), H-C(4) & H-C(6)), 6.84 (s, 2H, H-C(16) &
H-C(18)), 5.39 (s, 1H, E, H-C(7)), 4.73 (s, 1H, Z, H-C(7)), 2.41 (s, 2H, E, HC(20) & H-C(21)), 2.31 (s, 4H, Z, H-C(20) & H-C(21)), 2.26 (s, 3H, H-C(22));
13
C NMR (101 MHz, CDCl3 ): δ=144.32, 138.06, 137.88, 129.72, 129.53, 128.97,
128.28, 127.73, 127.18, 127.00, 55.82, 21.45, 21.35, 21.10; IR (cm−1 ): 2970 (br),
1661, 1426, 1243, 1243, 700, 570, 518, 456; HRMS (ESI) calcd for C 18 H22 N3 O
[M+H]+: 296.1763, found: 296.1753; Anal. Calcd for C18 H21 N3 O (%): C 72.94,
H 7.48, N 14.18. Found: C 72.57, H 7.16, N 13.84.
(R,E)-Tert-butyl (2-(2-((4-hydroxynaphthalen-1-yl)methylene)hydrazinyl)2-oxo-1-phenylethyl)carbamate (H3-A5):
A mixture of 8 (398 mg, 1.5 mmol) and 4hydroxy-1-naphthaldehyde (258 mg, 1.5 mmol) in
methanol (10 mL) was refluxed until thin-layer
chromatography indicated complete consumption
of the starting material (~ 4 h). The solvent was
removed in vacuo leaving the crude product 9 as
an orange solid (630 mg, quant.), which was directly used in the following step.
9 (0.571 g, 1.36 mmol) was dissolved in dichloromethane (7 mL) and HCl/diethyl
ether (2 M , 6.8 mL, 13.6 mmol, 10 eq.) was added under an argon atmosphere.
The mixture was stirred for 15 h at 20 °C. The resulting precipitate was triturated
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under an argon atmosphere with a 1:1 mixture of dichloromethane/diethyl ether
(20 mL) and subsequently with diethyl ether (3 x 20 mL). Complete removal of
the solvent in vacuo afforded H3-A5 as a mixture of E and Z isomers (E:Z=40:60)

> @

= +61.4 (c=0.8 in
as light-orange solid (0.463 g, 96%). m.p. 190–196 °C; D 20
D
1
MeOH); H NMR (500 MHz, (CD3 )2 SO): δ=12.73 (s, 1H, E, H-O(23)), 11.87 (s,
1H, Z, H-O(23)), 10.95 (br. s, 1H, H-N(9)), 8.95 (d, 3 J(H,H)=5 Hz, 1H, H-C(18)),
8.85 (s, 1H, E, H-C(12)), 8.80 (dd, 3 J(H,H)=5 Hz, 3 J(H,H)=5 Hz, 2H, H-C(22)
& H-C(23)), 8.52 (s, 1H, Z, H-C(12)), 8.46 (d, 3 J(H,H)=10 Hz, 1H, H-C(21)),
8.22 (t, 3 J(H,H)=10 Hz, 1H, H-C(20)), 7.38−7.72 (m, 8H, H-C(1), H-C(2), HC(3), H-C(4), H-C(6) & H-N(24)), 7.02 (t, 3 J(H,H)=7.5 Hz, 1H, H-C(17)), 5.77
(q, 3 J(H,H)=5 Hz, 1H, Z, H-C(7)), 5.20 (q, 3 J(H,H)=5 Hz, 1H, E, H-C(7)); 13 C
NMR (125 MHz, CDCl3 ): δ=167.9, 163.4, 156.2, 156.1, 149.5, 146.3, 133.3,
129.2, 128.8, 128.7, 128.6, 127.8, 127.5, 124.9, 122.7, 119.5, 108.2, 108.1, 54.6,
54.1; HRMS (ESI) calcd for C19 H18 N3 O2 [M+H]+: 320.1399, found: 320.1404.
(S,E)-2-Amino-3-(1H-indol-3-yl)-N'-(2,4,6trimethylbenzylidene)propanehydrazide (H4-A4): The title compound was
synthesized according to GP2 using H4 (100
mg, 0.46 mmol) and mesitaldehyde (A4)
(0.081 mL, 0.55 mmol). After purification,
the acylhydrazone H4-A4 was obtained as a
mixture of E and Z isomers (E:Z=57:43) as a
white solid (90 mg, 56%). m.p. 115‒119 °C;

>D @D = +48 (c=0.1 in MeOH); 1H
20

NMR (400 MHz, CDCl3 ): δ=8.54 (s, 1H, E, H-C(6)), 8.34 (s, 1H, H-N(3)), 8.08
(s, 1H, Z, H-C(6)), 7.66 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(14)), 7.58 (d, J = 8 Hz,
1H, Z, H-C(14)), 7.35 (d, 3 J(H,H)=8 Hz, 1H, E, H-C(17)), 7.28 (d, 3 J(H,H)=8 Hz,
1H, Z, H-C(17)), 7.16 (t, 3 J(H,H)=8 Hz, 1H, E, H-C(16)), 7.10 (t, 3 J(H,H)=8 Hz,
1H, H-C(15)), 7.02 ((d, 3 J(H,H)=8 Hz, 1H, H-C(13)), 6.98 (t, 3 J(H,H)=8 Hz, 1H,
Z, H-C(16)), 6.86 (s, 1H, Z, H-C(20) & H-C(22)), 6.89 (s, 1H, E, H-C(20) & HC(22)), 4.59 (dd, 3 J(H,H)=8 Hz, 3 J(H,H)=5 Hz, 1H, Z, H-C(1)), 3.88 (dd,
3
J(H,H)=9 Hz, 3 J(H,H)=4 Hz, 1H, E, H-C(1)), 3.44 (dd, 3 J(H,H)=12 Hz,
3
J(H,H)=4 Hz, 1H, E, H-C(7)), 3.31 (dd, 3 J(H,H)=12 Hz, 3 J(H,H)=4 Hz, 1H, Z,
H-C(7)), 3.01–3.10 (m, 1H, H´-C(7)), 2.42 (s, 4H, E, H-C(24) & H-C(25)), 2.40
(s, 2H, Z, H-C(24) & H-C(25)), 2.31 (s, 1H, Z, H-C(26)), 2.28 (s, 2H, E, HC(26)); 13 C NMR (101 MHz, CDCl3 ): δ=177.11, 170.88, 148.39, 144.52, 139.42,
139.32, 138.15, 137.93, 136.61, 136.42, 129.93, 129.67, 128.08, 127.92, 127.70,
127.61, 123.70, 123.22, 122.36, 122.09, 119.80, 119.41, 119.08, 118.98, 111.68,
61

501868-L-sub01-bw-Mondal

111.58, 111.37, 111.30, 55.54, 52.41, 30.86, 21.64, 21.44, 21.33; IR (cm−1 ): 3265
(br), 2917, 1667, 1613, 1456, 1100, 848, 740; HRMS (ESI) calcd for C 21 H25 N4 O
[M+H]+: 349.2028, found: 349.2020.
(E)-N'-(3-(Trifluoromethyl)benzylidene)butyrohydrazide (H5-A1): The title
compound was synthesized according to GP2 using
H5 (200 mg, 1.96 mmol) and mesitaldehyde (A1)
(0.314 mL, 2.35 mmol). After purification, the
acylhydrazone H5-A1 (350 mg, 69%) was obtained
as a mixture of E and Z isomers (E:Z=20:80) as a white solid. m.p. 105–109 °C;
1
H NMR (400 MHz, CDCl3 ): δ=9.55 (s, 1H, H-N(6)), 8.67 (s, 1H, E, H-C(8)),
8.28 (s, 1H, E, H-C(10)), 7.88 (s, 1H, Z, H-C(8)), 7.82 (d, 3 J(H,H)=8 Hz, 1H, HC(14)), 8.80 (s, 1H, Z, H-C(10)), 7.62 (d, 3 J(H,H)=8 Hz, 1H, H-C(12)), 7.51 (t,
3
J(H,H)=8 Hz, 1H, H-C(13)), 2.74 (t, 3 J(H,H)=8 Hz, 1H, Z, H-C(3)), 2.24 (t,
3
J(H,H)=8 Hz, 1H, E, H-C(3)), 1.66‒1.81 (m, 1H, H-C(2)), 1.03 (t, 3 J(H,H)=8
Hz, 1H, Z, H-C(1)), 0.95 (t, 3 J(H,H)=8 Hz, 1H, E, H-C(1)); 13 C NMR (101 MHz,
CDCl3 ): δ=177.06, 142.01, 134.85, 131.42, 130.09, 129.22, 126.36 (d,
3
J(C,F)=3 Hz), 123.66 (d, 3 J(C,F)=3 Hz), 53.40, 35.86, 34.52, 18.92, 18.22,
13.93, 13.63; IR (cm−1 ): 3197, 2965 (br), 1664, 1572, 1329, 1165, 1116, 799, 693;
HRMS (ESI) calcd for C12 H14 F3 N2 O [M+H]+: 259.1058, found: 259.1049; Anal.
Calcd for C12 H13 F3 N2 O (%): C 55.81, H 5.07, N 10.85. Found: C 55.73, H 5.38,
N 11.02.
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