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hase synthesis and b-turn
propensity of 1,3-thiazole-based peptidomimetics†

Aizhan Abdildinova and Young-Dae Gong *

The design and solid-phase synthesis of 1,3-thiazole-based peptidomimetic molecules is described. The

solid-phase synthesis was based on the utilization of a traceless linker strategy. The synthesis starts from

the conversion of chloromethyl polystyrene resin to the resin with a sulfur linker unit. The key

intermediate 4-amino-thiazole-5-carboxylic acid resin is prepared in three steps from Merrifield resin.

The amide coupling proceeded at the C4 and C5 positions via an Fmoc solid-phase peptide synthesis

strategy. After cleavage, the final compounds were obtained in moderate yields (average 9%, 11-step

overall yields) with high purities ($87%). Geometric measurements of Ca distances and dihedral angles

along with an rmsd of 0.5434 for attachment with Ca of the b-turn template suggest type IV b-turn

structural motifs. Additionally, the physicochemical properties of the molecules have been evaluated.
Introduction

Protein–protein interactions (PPIs) are involved in numerous
biological processes at the cellular level, such as signal trans-
duction, cell adhesion, cellular proliferation, growth, and pro-
grammed cell death.1,2 Thus, PPI regulators represent an
attractive target for the development of new-generation thera-
peutics.3 Proteins bind to each other through a combination of
hydrophobic bonding, van der Waals forces, and salt bridges at
specic binding domains on each protein.4 The binding sites
are oen called hot-spot regions and represent key amino acid
residues involved in the binding. The development of PPI
modulators is based on structural features of hot-spot regions
that are generally dened by secondary structural motifs such
as turns, helices, and sheets. Efficient structure-based
mimicking of hot-spot regions for the PPI modulation is
a challenging research goal. Since PPIs oen involve protein
surfaces of 800–2000 �A2, small-molecule libraries show low hit
rates aer screening.3 Therefore, the development of
compounds with higher molecular weight and large surfaces
like peptides or natural product derivatives with greater struc-
tural diversity is preferred. However, even with improved
medicinal properties, peptides are still limited by rapid prote-
olysis, poor membrane permeability, and low bioavailability.5

To solve those complications, several approaches, including
peptidomimetic molecules, have been developed.6–10 Previously,
our research team was interested in the development of
partment of Chemistry, College of Science,

Jung-gu, Seoul 04620, Korea. E-mail:

(ESI) available: IR and 2D NMR data,
nd computational data. See DOI:
peptidomimetic hybrid molecules containing both small-
molecule and peptide moieties.1,11

In continuation of our studies, we present a modied
synthesis strategy for 1,3-thiazole-based peptidomimetics. The
thiazole ring system is present in the core of natural product
molecules, such as oriamide, cyclotheonaellazole A, and den-
droamide A, and commercial drugs, such as thiamine (vitamin
B1), niridazole (anthelmintic), abafungin (anesthetic), and
azereonam (antibiotic).12–15 With C2, C4, and C5 atoms available
for functionalization, thiazole is a perfect template for the
construction of peptidomimetic molecules.

Peptidomimetic compounds were prepared via a solid-phase
synthetic approach. Solid-phase synthesis is an advantageous
tool for the construction of compounds from small molecules to
peptides.16–18 In the previous studies, for the synthesis of
heterocycle-based peptidomimetic molecules, we used back-
bone amide linker (BAL) utility. The introduction of BAL onto
Merrield resin 1 required up to three additional steps and to
obtain heterocycle intermediate resins A and C we performed
up to nine steps in total (Scheme 1a).1,11 In current work, we
utilized a sulfur-based traceless linker. Thereby, the overall
number of the reaction steps was reduced and 1,3-thiazole
intermediate resin 4 was obtained in three steps (Scheme 1b).
Traceless linkers release compounds without a trace of the
linker that was used to tether the intermediates during the
synthesis.19 However, by modifying cleavage conditions, those
linkers can serve as a multifunctional unit. In our work, trace-
less cleavage was achieved by the nucleophilic attack of ben-
zylamine derivatives allowing diversication of the thiazole
scaffold at the C2 position. Dipeptide chain elongation pro-
ceeded on C4 and C5 positions of thiazole thus reducing
distances and enhancing the probability of intramolecular
hydrogen bonding between two strands. Herein, we present the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Solid-phase synthesis strategies for heterocycle-based
peptidomimetics.
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design, synthesis, and computational validation of 1,3-thiazole-
based peptidomimetics showing b-turn structural characteris-
tics and discuss their potential as PPI modulators.
Results and discussion
Design and synthesis of peptidomimetics

Thiazole (or 1,3-thiazole) is a ve-membered heterocyclic
aromatic compound that is broadly used in drug discovery. The
thiazole was chosen as a template since it ts our major
requirements for library construction: a promising pharmaco-
phore capacity and functionalization (diversication) potential.
Our design was based on the incorporation of amino acid
chains in the b-turn mimetic template with a thiazole-L-Pro
moiety as a turn inducing element. The b-turn is the most
common secondary structural motif in the proteins. Generally,
a b-turn consists of four amino acid residues, and the distance
between Cai and Cai+3 carbons is#7�A; the standard deviations
of the Ca distances were suggested by Whitby et al. (Fig. 1a).20 b-
Turns can be classied into nine types according to the 4 and j
Fig. 1 (a) Mean and standard deviations of the b-turn Ca distances; (b)
schematic diagram of a b-turn. Reprinted with permission fromWhitby
et al., J. Am. Chem. Soc. 2011, 133, 10184–10194, DOI: 10.1021/
ja201878v. Copyright (2011), American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
dihedral angles of the loop region (Fig. 1b).20–22 Proline, which
does not t any other secondary structures, and glycine, which
occurs in all secondary structural motifs, are oen detected in
the i + 1 or i + 2 positions of b-turns.23 On the opposite side of
proline, glycine was introduced as a xed member to facilitate
intramolecular hydrogen bonding for additional molecular
stabilization. Several amino acid residues were incorporated
onto the thiazole-L-Pro scaffold at the R1, R2, and/or R3 positions
in the molecular design.

Solid-phase synthesis on Merrield resin with a traceless
linker strategy has been developed for rapid access to the
compounds. The overall synthetic scheme is shown in Scheme
2. The synthesis starts from the conversion of Merrield resin 1
to cyanocarbonimidodithioate resin 2 using potassium cyano-
carbonimidodithioate in DMF at room temperature (rt) with
ATR-FTIR showing a nitrile band at 2160 cm�1 (Fig. S1a, ESI†).24

The treatment of resin 2 with ethyl bromoacetate and TEA in
DMF at 60 �C for 6 h resulted in thiazole resin 3. The formation
of resin 3 was conrmed by ATR-FTIR, showing the absence of
the nitrile peak and formation of broad amine peaks at 3478
and 3365 cm�1 as well as the presence of the ester (C]O) peak
at 1664 cm�1 (Fig. S1b, ESI†). The efficient hydrolysis of the
ester group was achieved by treating the thiazole resin 3 with
5 M NaOH in THF:EtOH at 60 �C for 24 h with the broad OH
peak detected at 3332 cm�1 (Fig. S1c, ESI†).

The C-terminal amide coupling of resin 4 with amino acid
methyl ester hydrochlorides was achieved in the presence of
N,N,N0,N0-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexa-
uorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt)
with N,N-diisopropylethylamine (DIPEA). The amide bond
formation was conrmed by ATR-FTIR showing the ester C]O
peak at 1738 cm�1 and CO–O stretching absorptions at
1172 cm�1 and 1197 cm�1 (Fig. S1d, ESI†). Subsequent hydro-
lysis of the methyl ester group and C-terminal amide coupling
resulted in the formation of an intermediate resin 7 (Fig. S1e–f,
ESI†).

Because of the low nucleophilicity of the primary amine
group at the C4 position of thiazole, amide coupling did not
yield the desired product 8. This limitation was solved by acyl-
ation reaction with activation of Fmoc-Gly-OH using SOCl2.
Acylation reaction conditions initially were optimized in the
solution phase (Table S1, ESI†). Accordingly, NaH, K2CO3, t-
BuOK, Et3N, DIPEA, and pyridine were tested under different
conditions. Interestingly, only treatment with K2CO3 in 1,4-
dioxane afforded the desired product, yielding acylated
compound in 36% yield. Increasing the reaction temperature
up to 80 �C afforded product with a 78% yield while increasing
temperatures up to 100 �C led to decomposition. The full
conversion of the starting compound on the solid phase was
achieved by extending the reaction time to 24 h with a typical
amide bond peak occurring at 1703 cm�1 (Fig. S1g, ESI†). The
removal of Fmoc and N-terminal amide coupling with N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC$HCl), HOBt, and DIPEA yielded resin 10, which is a resin-
bound thiazole adorned with two dipeptide chains. The resin-
bound intermediate 10 was oxidized with 3-chloroperbenzoic
acid (mCPBA) in DCM for 4 h. The cleavage from the resin was
RSC Adv., 2021, 11, 1050–1056 | 1051
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Scheme 2 Solid-phase synthesis of thiazole-based peptidomimetics.
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achieved using benzylamine derivatives. The crude mixture was
puried via ash column chromatography providing a peptido-
mimetic library in moderate yields (3.2–16.6% 11-step overall
yield) with high purities ($87%, Table 1). Peptidomimetics
containing Trp residue showed a mass pattern of oxidized Trp
reporting three +4, +16, +32 peaks corresponding to the
formation of kynurenine (WKYN), hydroxy-Trp (Wox1), and N-
formyl kynurenine/dihydroxy-Trp (WNFK/Wox2), respectively.25

Oxidation of Trp occurred during treatment of resin 10 with
mCPBA; therefore, this synthetic route is unsuitable for the
synthesis with unprotected amino acids.

Peptidomimetic 12a was analysed by 2D NMR spectroscopy
in DMSO-d6 (Fig. S2†). TOCSY experiments showed cross-peaks
for the 4-OH-Bn-NH coupling network. ROESY experiments
showed several NOE cross-peaks at the Gly–Pro region, as well
as NOE cross-peaks for the 4-OH-Bn-NH coupling network.
These observations indicate that part of 12a exhibits a turn-type
conformation that is stabilized by the intramolecular hydrogen
bonding at the Gly–Pro region.
Table 1 Yields and purities of thiazole-based mimetics 12

No. R1 R2 R3 Yielda (%) Purityb (%)

12a Leu Leu 4OHBn 12.2 $99
12b Leu Trp 4OHBn 7.7 $99
12c Tyr Phe 4OHBn 16.6 $99
12d Tyr Phe Bn 5.7 87
12e Tyr Trp Bn 3.2 $99

a 11-step overall yield fromMerrield resin 1 (with a loading capacity of
2.28 mmol g�1). b All the puried products were analyzed by LC/MS.

1052 | RSC Adv., 2021, 11, 1050–1056
Computational analysis

To analyze potential b-turn conformations, we calculated the
geometric features of the representative molecule 12a via
Discovery Studio 2017. First, the distances between substituent
Ca centers (i, i + 1, i + 2, i + 3) were calculated and compared
with standard deviations proposed by Whitby et al.20 As shown
in Table 2, the measured distances fall within the proposed
ranges including the distance between Cai and Cai+3 of 5.83 �A.
The calculated root-mean-square deviation (rmsd) value of
0.5434 �A (recommended # 2 �A) for attachment of three
substituent Ca centers of the molecule 12a with three a-carbons
of b-turn template demonstrates the high potential of 12a in
mimicking b-turn structural motifs. The type of b-turn was
predicted by calculating the 4 and j dihedral angles of central
residues (Table S2, ESI†). The results suggest that synthesized
molecules can be classied as a type IV b-turn mimetic.

Additionally, compounds were subjected to the computa-
tional calculation of the physicochemical properties such as
calculated A log P, calculated pKa, molecular weight, number of
hydrogen bond donors (HBD) and acceptors (HBA), number of
rotatable bonds, molecular surface area, and molecular polar
surface area (Fig. 2). Lipinski specied that molecular param-
eters of the compounds are crucial for their bioavailability as
a drug. Accordingly, lipophilicity, the parameter responsible for
the solubility, expressed in calculated log P should be no greater
than 5, and good absorption or permeation is more likely to
occur for compounds with ve HBD and ten HBA.26 Those
parameters fall within the recommended ranges for the
compounds. The number of rotatable bonds is higher than ten
which can affect the oral bioavailability.27 Calculated pKa varied
from 1.65 to 9.83 and falls in a typical range of pKa values.28
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Energy minimized conformation of the representative
molecule 12a: measured distances and rmsd value

Measured Ca distances,�A
i, i + 1 3.82
i, i + 2 7.03
i, i + 3 5.83
i + 1, i + 2 4.94
i + 1, i + 3 6.06
i + 2, i + 3 3.76
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Molecular weight is another important aspect. Although Lip-
inski's rule suggests molecular weight# 500 Da, the PPI studies
of Arkin et al. propose the tendency of clinical-stage PPI
inhibitors to have a molecular weight $ 500 Da, which is suit-
able for peptidomimetic molecules.29 Molecular surface area
and molecular polar surface area are expectedly higher than for
small-molecules. Considering larger contact surfaces of PPI hot
spots, the broader interaction surface is benecial.30

Next, for a biological docking evaluation, we conducted
virtual screening with human MdmX (HdmX) protein. Mdm2
and MdmX (Hdm2 and HdmX in humans) belong to the Mdm
family proteins and are known to negatively regulate the tumor
suppressor, p53 protein.31–34 In contrast to Mdm2, MdmX has
attracted less research interest but the number of studies has
increased in recent years. The overexpression of MdmX has
Fig. 2 Physicochemical properties in bar charts: calculated A log P,
molecular weight (Da), number of HBD and HBA, number of rotatable
bonds, molecular surface area (�A2), and molecular polar surface area
(�A2).

© 2021 The Author(s). Published by the Royal Society of Chemistry
been reported in 40% tumor cell lines.35 Although some Mdm2
inhibitors can bind to MdmX, the structural difference in the
p53-binding pockets of the oncoprotein decreases the efficiency
of Mdm2 inhibitors against MdmX. Studies reveal a dual role of
MdmX including direct inhibition of p53 and enhanced Mdm2-
mediated degradation of p53.31,35 Therefore, the development of
MdmX inhibitors is of therapeutic interest as studies suggest
independent MdmX drug development apart from Mdm2
inhibitors.

Studies showed that crucial interaction of the p53 peptide to
human MdmX are made by its hydrophobic Phe19, Trp23 and
Leu26 residues that form an interface that lls up a hydro-
phobic pocket of human MdmX with key residues identied as
Tyr99 and Met53 (PDB ID 3DAB).36 Additionally, it was reported
that b-hairpin can mimic structural features of the helical
structure of p53 enabling structural diversity for the p53 pep-
tidomimetics.37 The crystal structure of human MdmX in
complex with p53 analogues was reported previously (PDB ID
3FE7). Accordingly, 8-mer peptidomimetic of p53 (Ac–Phe–Met–
Aib–Pmp–Trp–Clu–Ac3c–Leu–NH2) makes interactions with
HdmX in a similar way as p53 at the hydrophobic binding
pocket.38 However, structural side-chain reorientations were
observed for Leu56, Val52, and Tyr99. Considering those
reports, we run molecular docking of 12a with human MdmX.
Compound 12a was docked at the binding site of HdmX at the
resolution 1.35�A using Discovery Studio soware. In the docked
mode, molecule 12a is bound to the hydrophobic pocket of
HdmX resulting in major interactions with Tyr99, Met53, and
Leu 98, which is in agreement with previous studies (Fig. 3).
Accordingly, Pro of 12a lls the pocket and enters into hydro-
phobic bonding with Met53, Leu98, and Val92 of HdmX; while
Leu binds via pi–alkyl and alkyl interactions with Tyr66, Ile60,
and Met61 on the other side. N-terminal Leu of 12a binds to the
target protein through hydrophobic interactions with Val92 and
Lys93 and conventional hydrogen bonding with Gln71.
Fig. 3 Superimposed view ofmolecule 12a binding to the active site of
HdmX (PDB ID: 3FE7) at a resolution 1.35 �A (conventional hydrogen
bond, carbon hydrogen bond, pi–alkyl and alkyl interactions in green,
light green, and pink respectively).

RSC Adv., 2021, 11, 1050–1056 | 1053
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Additionally, the secondary amine at the R3 position makes
carbon hydrogen bonding with Tyr99.

Conclusions

In conclusion, we established an accessible traceless solid-
phase synthesis methodology for the thiazole-based peptido-
mimetics. The thiazole core incorporated with L-Pro was used as
a peptidomimetic template. The key intermediate, 1,3-thiazole
with amine and ester functional groups at positions C4 and C5
respectively, was prepared by cyclization of cyanocarbonimi-
dodithioate intermediate resin with an a-bromo ketone. Peptide
chain elongations proceeded on both C-terminal and N-
terminal sites of the ethyl 4-aminothiazole-5-carboxylate core.
Oxidation with further cleavage afforded nal compounds in
moderate yields and high purities. 2D NMR studies of 12a
showed a part of 12a exhibits a turn-type conformation that is
stabilized by the intramolecular hydrogen bonding at the Gly–
Pro region. The geometric characterization of the molecules
including Ca carbon distances, angles, and rmsd value suggests
a type IV b-turn mimetic structure. Calculations of physico-
chemical properties showed molecular diversity and suitability
of the compounds as PPIs inhibitors. Finally, the representative
molecule 12a was subjected to computational molecular dock-
ing to check its potential as a regulator of HdmX/p53 PPIs. The
predicted binding poses suggest that the peptidomimetic
molecule interacts with the HdmX binding site similar to p53
via hydrophobic and hydrogen bond interactions between key
residues such as Leu, Phe, and Trp. We believe that the tools
and strategies developed in this work will facilitate the devel-
opment of new peptidomimetic molecules and plan to conduct
further studies in the future.

Experimental section
General synthetic methods

All chemicals were of reagent grade and used as purchased. The
Merrield resin was used in 100–200 mesh beads with a loading
capacity of 2.28 mmol g�1. The solution phase reactions were
monitored by TLC (thin-layer chromatography) analysis using
Merck silica gel 60 F-254 thin-layer plates. The solid-phase
reactions were monitored using an ATR-FTIR spectrometer
(Smiths Detection Group Ltd). The crude product mixtures were
puried with a ash chromatography system using Isolera One
(Biotage). Flash column chromatography was carried out on
Merck silica gel 60 (230–400 mesh). NMR analysis was recorded
in d units relative to deuterated solvent as an internal reference
using a 500 MHz NMR spectrometer (Bruker). Liquid
chromatography-tandem mass spectrometry was performed
using electrospray ionization (ESI) with a photodiode array
detector (PDA) via 6460 Triple Quad LC/MS (Agilent). High-
resolution mass spectrometry was performed using a Q6550
iFunnel Q-TOF LC/MS system (Agilent).

Representative procedure for the synthesis of cyanocarbo-
nimidodithioate resin 2. Potassium cyanocarbonimidodi-
thioate (15.5 g, 80 mmol) was added to a suspension of
Merrield resin 1 (8.77 g, 20 mmol) in DMF (60 mL) at 0 �C.
1054 | RSC Adv., 2021, 11, 1050–1056
Potassium cyanocarbonimidodithioate was prepared as
described in the published literature.24 The reaction mixture
was shaken for 6 h and RT. Cyanocarbonimidodithioate resin 2
was ltered and washed successively with DMF, H2O, DCM
(�2), and MeOH (�2), and dried under high vacuum. The
resulting yield of the resin 2 was 12.4 g; single-bead ATR-FTIR
nmax/cm

�1: 3443, 2920, 2160 (C^N), 1653 (C]N), 1369, 1096,
1059, 943, 758 , 697, 661.

Representative procedure for the preparation of ethyl 4-
amino-1,3-thiazole-5-carboxylate resin 3. Ethyl bromoacetate
(3.33 mL, 30 mmol) and TEA (4.3 mL, 30 mmol) were added to
a suspension of cyanocarbonimidodithioate resin 2 (4.39 g, 10
mmol) in DMF (50 mL). The reaction mixture was shaken at
60 �C for 6 h. The resin was cooled to RT, ltered and washed
successively with DMF, MeOH (�2), and DCM (�2), and dried
under high vacuum. The resulting yield of the resin 3was 4.29 g;
single-bead ATR-FTIR nmax/cm

�1: 3478 and 3365 (NH), 2921,
2102, 1664 (CO), 1595, 1375, 1296 (CO–O), 1123 (CO–O), 1083,
760, 697.

Representative procedure for the preparation of 4-amino-
1,3-thiazole-5-carboxylic acid resin 4. The suspension of ethyl
4-amino-1,3-thiazole-5-carboxylate resin 3 (5 g, 11.4 mmol) in
THF:EtOH (1 : 1, v/v, 46 mL) was reacted with 5 M NaOH (45.6
mL, 228 mmol). The reaction mixture was shaken for 24 h at
60 �C. The resin was cooled to RT, ltered and washed succes-
sively with THF, H2O, MeOH, and DCM several times, and dried
under high vacuum. The resulting yield of the resin 4was 4.74 g;
single-bead ATR-FTIR nmax/cm

�1: 3332 (OH), 2918, 2102, 1559,
1491, 1375, 1339, 1240, 1064, 794, 757, 696.

Representative procedure for C-terminal amide coupling:
preparation of the resin 5. To a suspension of resin 4 (2.19 g,
5 mmol) in DMF (15 mL) HBTU (5.69 g, 15 mmol), and HOBt
hydrate (2.02 g, 15 mmol) were added respectively. The mixture
was shaken for 15 min. In a separate ask, L-proline methyl
ester hydrochloride (2.48 g, 15 mmol) was dissolved in DMF
(5 mL), followed by the addition of DIPEA (4.35 mL, 25 mmol).
The activated amino acid was added to the resin suspension
aer stirring for 15 min, and the reaction mixture was shaken
for 24 h at RT. The resin was ltered and washed successively
with DMF, H2O, DCM, MeOH several times, and dried under
a high vacuum. The resulting yield of the resin 5 was 2.33 g;
single-bead ATR-FTIR nmax/cm

�1: 3473 and 3330 (NH), 2918,
2102, 1738 (CO), 1578, 1491, 1400, 1197 (CO–O), 1172 (CO–O),
840, 752, 697.

Representative procedure for the preparation of resin 6. The
suspension of ethyl 4-amino-1,3-thiazole-5-carboxylate resin 5
(2.33 g, 5 mmol) in THF : EtOH (1 : 1, v/v, 20 mL) was reacted
with 5 M NaOH (20 mL, 100 mmol). The reaction mixture was
shaken for 7 h at 60 �C. The resin was cooled to RT, ltered and
washed successively with THF, H2O, MeOH, and DCM several
times, and dried under high vacuum. The resulting yield of the
resin 6 was 2.09 g; single-bead ATR-FTIR nmax/cm

�1: 3342 (OH),
2920, 2105, 1698 (CO), 1573, 1507, 1491, 752, 696.

Preparation of resin 7. The resin 7 was prepared from resin 6
according to the C-terminal amide coupling procedure. 7a
single-bead ATR-FTIR nmax/cm

�1: 2916, 2102, 1738 (CO), 1703
(CO), 1673 (CO), 1587, 1505, 1491, 1384, 753, 597.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Representative procedure for the acylation reaction

Solution phase synthesis of compound C. Amino ester
thiazole A was synthesized according to the known procedure.24

To the mixture of A (0.029 g, 0.1 mmol) in 1,4-dioxane (4 mL)
K2CO3 (0.042 g, 0.3 mmol) and Fmoc-Gly-Cl (0.095 g, 0.3 mmol)
were added. The reaction mixture was stirred at 80 �C and
monitored by TLC. Aer 14 h, the reaction was completed. The
reaction mixture was cooled to RT and diluted with ethyl
acetate, washed with H2O. The organic layer was dried with
anhydrous MgSO4 and evaporated. The crude mixture was
puried by column chromatography on silica gel ethyl acetate/
hexanes (4 : 1, v/v) affording desired product ethyl 4-(2-((((9H-
uoren-9-yl)methoxy)carbonyl)amino)acetamido)-2-
(benzylthio)thiazole-5-carboxylate C (0.045 g, 78% yield). LC-MS
(ESI): m/z ¼ 574.2 [M + H]+. HRMS (ESI) m/z: [M + H]+ calcd for
C30H27N3O5S2 574.1465; found 574.1456.

Solid-phase synthesis of resin 8a. The suspension of resin 7a
(0.45 g, theoretically 1 mmol) in 1,4-dioxane (7 mL) was reacted
with K2CO3 (0.55 g, 4 mmol) and Fmoc-Gly-Cl (0.94 g, 3 mmol).
The reaction mixture was gently stirred at 80 �C for 24 h. The
resin was cooled to RT, ltered and washed successively with
DMF, H2O, MeOH, and DCM several times, and dried under
high vacuum. The resulting yield of the resin 8a was 0.46 g;
single-bead ATR-FTIR nmax/cm

�1: 2920, 2090, 1703 (CO), 1623,
1507, 1491, 1449, 828, 757, 740, 697.

Representative procedure for the removal of Fmoc-
protecting group: synthesis of resin 9a. The resin 8a (0.46 g,
theoretically 1 mmol) was reacted with 20% piperidine in DMF
(5 mL), and the mixture was shaken for 3 � 30 min at RT. The
resin was washed with DMF (�2) and DCM (�2) and dried
under high vacuum. The resulting yield of the resin 9a was
0.41 g.

Representative procedure for N-terminal amide coupling:
preparation of resin 10a. The suspension of resin 9a (0.2 g,
theoretically 0.5 mmol) in DMF (3 mL) was reacted with DIPEA
(0.4 mL, 2.25 mmol), and the reaction mixture was shaken at RT
for 15 min. In a separate ask, N-acetyl-L-leucine was dissolved
in DMF (2 mL) and reacted with EDC$HCl (0.23 g, 1.35 mmol),
and HOBt (0.18 g, 1.35 mmol). The reaction mixture was stirred
for 15 min. The two mixtures were combined and vortexed for
24 h at RT. The resin was ltered and washed successively with
DMF, H2O, DCM, and MeOH, and dried under high vacuum.
The resulting yield of the resin 10a was 0.213 g.

Representative procedure for the oxidation step: preparation
of resin 11a. The suspension of resin 10a (0.213 g, theoretically
0.5 mmol) in DCM (5 mL) was treated with mCPBA (0.24 g,
1.1 mmol) and shaken for 4 h at RT. The resin was ltered and
washed successively with DCM and MeOH repeatedly and dried
under a high vacuum. The resulting yield of the resin 11a was
0.223 g.

Representative procedure for cleavage from the resin: prep-
aration of the methyl (4-(2-((S)-2-acetamido-4-methyl-
pentanamido)acetamido)-2-((4-hydroxybenzyl)amino)thiazole-
5-carbonyl)-L-prolyl-L-leucinate 12a. The resin 11a (0.223 g, 0.5
mmol) in 1,4-dioxane was reacted with 4-hydroxybenzyl amine
(0.123 g, 1 mmol) and TEA (0.2 mL, 1.5 mmol). The reaction
© 2021 The Author(s). Published by the Royal Society of Chemistry
mixture was shaken at 60 �C overnight, followed by cooling to
RT. The resin was ltered and washed with DCM and MeOH
(15 mL). The organic ltrate was collected and evaporated. The
crude mixture was puried via column chromatography DCM/
MeOH (9 : 1, v/v) and dried under high vacuum to obtain
a beige-colored solid (43 mg, 12.2%, 11-step overall yield): LC-
MS (ESI): m/z ¼ 702.4 [M + H]+. HRMS (ESI) m/z: [M + H]+

calcd for C33H47N7O8S 702.3280; found 702.3273.
Methyl (4-(2-((S)-2-acetamido-3-(1H-indol-3-yl)propanamido)

acetamido)-2-((4-hydroxybenzyl)amino)thiazole-5-carbonyl)-L-
prolyl-L-leucinate 12b. (30 mg, 7.7%): LC-MS (ESI): m/z ¼ 807.4
[M + H]+ (WNFK). HRMS (ESI) m/z: [M + H]+ calcd for
C38H46N8O8S 775.3232; found 779.3151 (WKYN, +4 Da), 791.3159
(Wox1, +16 Da), 807.3115 (WNFK, +32 Da).

Ethyl (4-(2-((S)-2-acetamido-3-phenylpropanamido)acet-
amido)-2-((4-hydroxybenzyl)amino)thiazole-5-carbonyl)-L-
prolyl-L-tyrosinate 12c. (65 mg, 16.6%): LC-MS (ESI):m/z¼ 786.3
[M + H]+. HRMS (ESI) m/z: [M + H]+ calcd for C39H43N7O9S
786.2916; found 786.2895.

Methyl (4-(2-((S)-2-acetamido-3-phenylpropanamido)acet-
amido)-2-(benzylamino)thiazole-5-carbonyl)-L-prolyl-L-tyrosi-
nate 12d. (22 mg, 5.7%): LC-MS (ESI): m/z ¼ 770.3 [M + H]+.
HRMS (ESI) m/z: [M + H]+ calcd for C39H43N7O8S 770.2967;
found 770.2959.

Methyl (4-(2-((S)-2-acetamido-3-(1H-indol-2-yl)propanamido)
acetamido)-2-(benzylamino)thiazole-5-carbonyl)-L-prolyl-L-tyro-
sinate 12e. (13 mg, 3.2%): LC-MS (ESI): m/z ¼ 841.3 [M + H]+

(WNFK). HRMS (ESI) m/z: [M + H]+ calcd for C41H44N8O8S
809.3075; found 813.3305 (WKYN, +4 Da), 827.3148 (Wox1, +16
Da), 841.2958 (WNFK, +32 Da).
Computational studies

The molecular docking study of the library was performed via
Discovery Studio 2017 (BIOVIA) at the binding site of HdmX
(PDB code 3FE7) at a resolution of 1.35�A. Flexible docking was
performed via CDOCKER docking protocol with the CHARMm
force eld. Ligands were subjected to full energy minimal-
ization and docked with tautomerization and isomerization
features off. The most energetically favorable conformation for
the top hit was set to 1 for each molecule. Docking results were
analyzed according to -CDOCKER energy: the molecule with the
highest -CDOCKER energy is considered as the most suitable
ligand for the target molecule.
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