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ted amino acid derivatives as
potent cytotoxic agents†
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An Pham Thuy Le,b De Quang Tran, a Hiroyuki Morita*b and Hue Thi Buu Bui *a

In the search for anticancer agents, molecular hybridization has gained increasing attention due to its

unique advantages like enhanced pharmacological activity, reduced toxicity, and circumvention of drug

resistances. In this study, by incorporating amino acids into the thiazole heterocycle scaffold, thirty

thiazole–amino acid hybrid derivatives have been successfully synthesized and tested for cytotoxicity

against the three human cancer cell lines including lung cancer (A549), cervical cancer (HeLa), and

breast cancer (MCF-7) cell lines. The results showed that most of the synthesized hybrid thiazole–amino

acids exhibited moderate to good cytotoxicity towards the tested cancer cell lines. Notably, five

compounds displayed good cytotoxicity with low IC50 values (2.07–8.51 mM) compared to the positive

control 5-fluorouracil (IC50 = 3.49–8.74 mM). These novel thiazole conjugated amino acid derivatives

could be considered as lead compounds that merit further optimization and development of anticancer

agents.
1. Introduction

Molecular hybridization is a strategy in rational drug design, in
which novel hybrid molecules are synthesized by combining
two or more pharmacophoric units from different potentially
bioactive compounds.1 This technique becomes a powerful tool
for developing better treatments for a variety of human
diseases, especially cancer.2–4 Studies indicated that combina-
tion of pharmacological features into a single structure could
increase the ability of the resulting molecule to interact with
biological targets through dual/multi-target inhibition or new
target inhibition, thereby causing synergistic effects to block the
multiple oncogenic pathways.5–8

a-Amino acids have been known to play a crucial role in the
human body, ranging from building proteins to participating in
critical metabolic functions.9 These structural features have
been commonly employed in drug synthesis and structural
modication. Conjugation of pharmacophores and amino acids
was reported to produce new hybrid molecules with enhanced
pharmacological activity,10 reduced cytotoxicity,11 and improved
water solubility.12

Besides, thiazole, a ve-membered heterocyclic compound
that includes both sulfur and nitrogen, and its derivatives
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displayed signicant activity against a variety of cancer cell
lines.13–15 Due to its excellent ability to interact with target
proteins,16 thiazole core is the essential moiety in the structures
of many anticancer drugs such as alpelisib, the selective
phosphatidylinositol-3 kinase alpha (PI3Ka) inhibitor;17 dasa-
tinib, the tyrosine kinase inhibitor;18 dabrafenib, the competi-
tive and selective BRAF inhibitor;19 epothilone, the microtubule
inhibitor;20 and ixabepilone, the microtubule stabilizer.21

Thiazole is also known as derivative of cysteine22 or bio-
isostere of amide.23 Combination of thiazole moiety and amino
acids/peptides was reported to enhance the capability of the
resulting hybrid molecules to bind to target proteins and cause
strong toxicity against cancer cell lines. For example, thiazole
peptidomimetics (thiazole-peptide hybrids) such as largazole24

is a histone deacetylases (HDACs) inhibitor, whereas tubuly-
sins, and pretubulysin,25,26 and dolastatin-10,27 have similar
mechanism of action, involving the depolymerization of
microtubules, arresting cells in the G2/M phase. However, the
structural complexity of thiazole peptidomimetics made them
difficult to synthesize including multi-step synthetic procedures
and low overall yields.26,28–30 In contrast, thiazole–amino acid
hybrid with simpler structure such as CKD-516 (prodrug of
S516) containing L-valine moiety act as a potent tubulin poly-
merization inhibitor, and has been progressed to phase 1 clin-
ical trial.31

In view of the above ndings as well as our continuous
research in the eld of design and development of small
molecules with cytotoxicity potential,32–35 we herein report the
design and facile synthesis of novel thiazole–amino acid hybrid
© 2025 The Author(s). Published by the Royal Society of Chemistry
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derivatives and their in vitro cytotoxicities against three human
cancer cell lines including lung cancer (A549), cervical cancer
(HeLa), and breast cancer (MCF-7) cell lines. The structure–
activity relationship (SAR) was analyzed to provide an insight for
rational design of more effective thiazole–amino acid hybrids as
potent cytotoxic agents.
2. Results and discussion
2.1. Chemical design and synthesis

As shown in Fig. 1, alpelisib (anticancer drug),17 the CKD-516
(phase 1 clinical trial),31 and compound I,36 share the
common structural features of a thiazole core conjugated with
the aromatic ring at the C-4 or C-5 position and the a-amino
acid at the C-2 position of the heterocycle ring. Furthermore, the
hydrophobic bulky side chains at the N-terminal amino acid on
Fig. 1 Rationally designed template for thiazole–amino acid hybrid deri

Scheme 1 Synthesis of thiazole–amino acid hybrid derivatives.

© 2025 The Author(s). Published by the Royal Society of Chemistry
compound I,36 and compound II,37 could play a critical role in
contributing to the observed cytotoxicity by improving the
penetration of the molecules through the plasma membrane
(Fig. 1). Based on these observations, in this study, the phar-
macophore 2-aminothiazole was incorporated with N-Boc L-
amino acids via an amide linkage, in which the Boc (tert-buty-
loxycarbonyl) group was used as the hydrophobic moiety. The
phenyl ring with different substituents as well as heterocyclic
ve/six-membered or the benzimidazolyl moiety was introduced
at the C-4 position of the thiazole framework to investigate the
structure and activity relationship (SAR) of these novel hybrid
structures.

The facile two-step synthetic pathway towards the desired
thiazole–amino acid hybrid derivatives is depicted in Scheme 1.
We rstly constructed thiazoles 3a–k with the free amino group
at the C-2 position, which served as an anchor to connect to the
vatives.
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Table 1 Yields and cytotoxicities of the synthesized compounds

Code R1 Amino acid Yielda (%)

IC50
b (mM)

A549 HeLa MCF-7

3a Ph — 73 >100 >100 >100
3b 3,4,5-(OMe)3–Ph — 60 >100 >100 >100
3c 4-Cl-Ph — 62 >100 60.35 � 5.63 >100
3d 4-F-Ph — 64 >100 >100 >100
3e 4-CF3–Ph — 62 >100 38.83 � 1.65 >100
3f 2,4-(OH)2–Ph — 53 >100 >100 >100
3g 2-Benzimidazolyl — 58 >100 >100 >100
3h 2-Furyl — 55 >100 >100 >100
3i 2-Thiophenyl — 57 >100 >100 >100
3j 3-Thiophenyl — 49 >100 >100 >100
3k 2-Pyridyl — 52 >100 >100 >100
5a Ph Phe 49 8.02 �0.17 6.51 �0.34 6.84 � 0.11
5b Ph Pro 43 >100 >100 >100
5c Ph Trp 41 17.61 � 1.46 14.60 � 0.52 16.30 � 1.31
5d Ph Gly 42 18.43 � 1.33 22.52 � 2.94 37.31 � 3.68
5e Ph Ala 59 15.07 � 0.93 15.71 � 0.54 51.27 � 3.01
5f Ph Val 31 2.07 �0.10 2.16 � 0.09 6.22 � 0.14
5g 3,4,5-(OMe)3–Ph Phe 40 46.86 � 0.67 45.15 � 5.36 88.11 � 3.76
5h 3,4,5-(OMe)3–Ph Trp 27 12.57 � 0.34 16.48 � 0.11 16.27 � 0.56
5i 3,4,5-(OMe)3–Ph Tle 31 24.04 � 1.99 >100 >100
5j 4-Cl-Ph Phe 52 >100 >100 >100
5k 4-Cl-Ph Trp 55 30.91 � 0.58 24.57 � 1.04 22.01 � 1.10
5l 4-Cl-Ph Tle 36 14.70 � 0.69 12.23 � 0.10 12.04 � 0.25
5m 4-F-Ph Phe 56 >100 61.58 � 5.86 >100
5n 4-F-Ph Trp 43 19.28 � 1.43 17.45 � 0.35 24.72 � 2.02
5o 4-F-Ph Val 38 2.64 � 0.16 3.07 � 0.07 3.92 � 0.22
5p 4-CF3–Ph Phe 24 82.70 � 6.48 24.14 � 1.44 22.82 � 1.60
5q 4-CF3–Ph Trp 20 18.73 � 0.63 12.08 � 0.06 13.47 � 0.29
5r 4-CF3–Ph Tle 34 >100 17.08 � 0.88 28.17 � 2.06
5s 2,4-(OH)2–Ph Phe 29 13.35 � 0.32 15.01 � 0.48 16.99 � 0.53
5t 2,4-(OH)2–Ph Trp 21 12.22 � 0.39 12.59 � 0.02 11.69 � 0.46
5u 2-Benzimidazolyl Phe 47 11.64 � 0.06 14.92 � 0.35 16.44 � 0.50
5v 2-Benzimidazolyl Trp 52 22.12 � 0.92 30.75 � 2.96 24.42 � 0.75
5w 2-Furyl Phe 24 33.37 � 2.28 45.39 � 4.97 34.40 � 1.88
5x 2-Furyl Trp 20 29.24 � 0.79 29.28 � 0.60 25.63 � 2.55
5y 2-Thiophenyl Phe 32 31.39 � 2.67 32.45 � 7.53 26.15 � 1.76
5z 2-Thiophenyl Trp 47 25.23 � 1.18 30.16 � 1.03 22.75 � 1.24
5aa 3-Thiophenyl Phe 39 14.96 � 2.31 14.55 � 0.92 19.85 � 2.47
5ab 3-Thiophenyl Trp 21 66.30 � 2.74 57.91 � 0.80 50.31 � 0.08
5ac 2-Pyridyl Phe 35 4.57 � 0.39 5.41 � 0.27 6.71 � 0.16
5ad 2-Pyridyl Trp 30 3.68 � 0.31 5.07 � 0.40 8.51 � 0.74
5-FU 3.49 � 0.25 7.59 � 0.29 8.74 � 0.26

a Isolated yields. b IC50: 50% inhibitory concentration. Data are presented as mean ± standard deviation (S.D.) (n = 3). Ph: phenyl, Gly: glycine, Ala:
alanine, Val: valine, Tle: tert-leucine, Pro: proline, Phe: phenylalanine, and Trp: tryptophan.
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amino acid moiety, by carrying out the condensation reaction
between the commercially available methyl ketones 1a–k and
thiourea 2 using triethylamine as the base and iodine (I2) as the
oxidizing agent.38 Finally, the free amino moiety of 3a–k were
26862 | RSC Adv., 2025, 15, 26860–26872
coupled with the carboxy functionality of the corresponding L-
amino acids 4a–g using 1,10-carbonyldiimidazole (CDI) as the
coupling agent under mild basic conditions,39 to afford the
thiazole–amino acid hybrid derivatives 5a–5ad in moderate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The SAR of 4-phenylthiazole conjugated amino acid derivatives.
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yields (20–59%), in which twenty two derivatives (5g–5i, and 5l–
5ad) are novel compounds (Table 1). The structures of the
synthesized thiazole–amino acid hybrid derivatives were deter-
mined by 1D and 2D NMR, FT-IR, and HR-MS. All compounds
were >95% pure according to HPLC spectrometry (see spectra
in ESI†).
2.2. Cytotoxicity

All of the synthesized compounds 3a–k and 5a–5ad were tested
for their cytotoxicities against the three human cancer cell lines,
including lung cancer (A549), cervical cancer (HeLa), and breast
cancer (MCF-7) cell lines using MTT assay (Table 1). 5-Fluoro-
uracil (5-FU) was used as the positive control. The results indi-
cated that all 2-aminothiazoles 3a–k showed weak or no
cytotoxicity against the tested cancer cell lines at the tested
concentration. In contrast, most of the thiazole–amino acid
hybrid derivatives exhibited moderate to strong cytotoxicities
against the tested three cancer cell lines, except for 5b, 5e, 5g, 5i,
5j, 5m, 5p, and 5ab. Although the cytotoxicity was not observed
for the three cancer cell lines, compounds 5e, 5g, and 5p were
moderately cytotoxic thiazole–amino acid hybrid derivatives
Fig. 3 The SAR of the thiazole–phenylalanine hybrid series.

© 2025 The Author(s). Published by the Royal Society of Chemistry
against two cancer cell lines. Compound 5i also showed
moderate cytotoxicity against A549 cell line. These observations
clearly demonstrated that the incorporation of amino acids are
indeed effective for improving the biological activity of the
parent 2-aminothiazoles 3a–k, as indicated by previous
reports.40,41 Notably, ve compounds including 5a (Ph, Phe), 5f
(Ph, Val), 5o (4-F-Ph, Val), 5ac (2-pyridyl, Phe), and 5ad (2-pyr-
idyl, Trp) exhibited equal or stronger activities, compared to the
positive control 5-FU (IC50 values of 3.49, 7.59, and 8.74 mM
against A549, HeLa, and MCF-7, respectively). In detailed,
hybrid compound 5a showed strong activity against A549, HeLa,
and MCF-7 cell lines with IC50 values of 8.02, 6.51, and 6.84 mM,
respectively, in which later two were stronger than those of 5-
FU; two thiazole–valine hybrids 5f and 5o exhibited better
cytotoxicities than 5-FU towards the A549, HeLa, and MCF-7;
two compounds 5ac (IC50 = 4.57–6.71 mM) and 5ad (IC50 =

3.68–8.51 mM) with the 2-pyridyl substituent at the C-4 position
of the thiazole core displayed equal cytotoxicity to those of 5-FU
(IC50 = 3.49–8.74 mM). Generally, the thiazole–tryptophan
hybrids exhibited more potent cytotoxicity than the corre-
sponding thiazole–phenylalanine hybrids, except for 5c, 5v, and
RSC Adv., 2025, 15, 26860–26872 | 26863
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Fig. 4 The SAR of the thiazole–tryptophan hybrid series.
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5ab. The higher activity is probably due to the good interaction
of the 1H-indole moiety with the target protein.42

To further clarify the SAR of the synthesized compounds, we
carried out the SAR analysis. To this end, we rstly analyzed the
SAR of 5a–5f, all of which have the phenyl ring at the C-4
position with several amino acids including glycine (Gly),
alanine (Ala), valine (Val), proline (Pro), phenylalanine (Phe),
and tryptophan (Trp) at the C-2 position of the thiazole frame-
work, respectively (Fig. 2). The SAR analysis should clearly
summarize that the activities of 5d, 5e, 5f against A549 and
HeLa cell lines increased with the side chain size of Gly, Ala, and
Val. However, the introduction of the further bulkier benzene
ring (5a) or the 1H-indole moiety (5c) than Gly, Ala, and Val led
to decrease the activity, compared to 5f, suggesting that the
appropriate size of the side chain would be required to signi-
cantly enhance the activity. However, the SAR analysis simul-
taneously suggested that this may be ruled out when hydrogen
bond interaction of the side chain of the compound was formed
with the target proteins, since 5c with an N atom on the side
chain43,44 showed the comparable activity to those of 5d and 5e,
whereas 5b completely lost the activity. Thus, both the size and
exibility of the side chain of the amino acids at the C-2 position
were closely correlated to the activity.

Next, we analyzed the effect of the nature of the substituents
at the C-4 position of the thiazole framework on the cytotoxic
activity. For the thiazole–phenylalanine hybrid series (Fig. 3),
26864 | RSC Adv., 2025, 15, 26860–26872
the presence of the aromatic six-membered ring with no
substituent (5a) displayed good activity. Further introduction of
large groups such as 3,4,5-(OMe)3 (5g) or 4-CF3 (5p) on the
benzene ring led to decreased activity. In addition, substitution
of the phenyl group of 5a with aromatic ve-membered rings
such as furyl (5w) and thiophenyl (5y and 5aa) also decreased
the activity. Notably, 5ac with the six-membered pyridine ring
containing the nitrogen atom capable of forming a hydrogen
bond exhibited almost 2-fold stronger activity against the A549
cell line, as compared to that of 5a, while it still remained the
same activity with those of 5a towards the HeLa and MCF-7.
Both the size and the ability of forming hydrogen bonding of
the substituent seemed to play a signicant role in determining
the activity, as clearly observed in the cases of 5s and 5u,
compared to 5g and 5p. The presence of the weak hydrogen
bonding group such as 4-Cl (5j) or the strong electron with-
drawing group such as 4-F (5m) likely contributed to the
observed decreased activity.

In contrast, the presence of the 4-F group on the benzene
ring at the C-4 position of the thiazole heterocycle in conjunc-
tion with the valine moiety at the C-2 (5o) resulted in 1.6-fold
increase in the activity against the MCF-7, compared to that of
the unsubstituted analog 5f, while it maintained almost the
same activity against the A549 and HeLa cell lines as those of 5f.
Meanwhile, within the three compounds of the thiazole-Tle
series, the presence of the 4-Cl group on the benzene ring at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Structure–potent cytotoxic relationship of the thiazole–amino acid hybrids.
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the C-4 position (5l) gave rise to better activity, compared to the
large 3,4,5-(OMe)3 (5i) and 4-CF3 groups (5r).

Finally, SAR analysis of the thiazole-tryptophan hybrid series
(Fig. 4) revealed that the six-membered rings at the C-4 position
were more preferred than the ve-membered rings or the
benzimidazole ring. Notedly, the presence of the NH group on
the Trp moiety likely reduce the size limitation of the 3,4,5-
(OMe)3 group (the activity of 5h against 5g and 5i), the 4-CF3
group (the activity of 5q against 5p and 5r), or the 2,4-(OH)2
group (the activity of 5t against 5s). The reason could be due to
the formation of an intramolecular hydrogen-bonding between
the NH group on the Trp and the hydrogen acceptors such as
OMe, CF3, and OH groups. Similarly, 5adwith the N atom on the
pyridine ring could form the hydrogen bond with NH group on
the Trp, which resulted in bearing its 1.9- to 4.8-fold stronger
activity than 5c. In fact, the intramolecular hydrogen-bonding
reportedly improved not only the lipophilicity (closed form),
but also the hydrophilicity (open form), thereby increasing
accessibility to target proteins.45,46 Moreover, the intramolecular
hydrogen-bonding could result in forming rigid conformation
of the molecules, thereby favoring their arrangement in protein
pockets.47,48

In summary, the observed strong cytotoxicities of the thia-
zole–amino acid hybrid derivatives 5a, 5f, 5o, 5ac, and 5ad
towards the A549, HeLa, and MCF-7 cell lines were crucially
attributed to the size and the electron donating/accepting
nature of the substituents on the six-membered rings at the
C-4 position as well as the side chain of the amino acid moieties
at the C-2 position of the thiazole core (Fig. 5). Notedly, the
presence of the N atom (hydrogen-bonding formation site) on
the pyridine49 moiety at the C-4 position or on the trypto-
phan50,51 moiety at the C-2 position signicantly enhanced the
activity. These structures provide new thiazole–amino acid
hybrid derivatives as potential leads for further optimization
and development of novel anticancer compounds. Further
studies on the synthesis and cytotoxicities of other hydro-
phobic, unnatural amino acid side chains and different N-pro-
tected amino acids as well as the mechanism of the activities
have been continuing in our lab and the results will be reported
in the near future.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Conclusions

Thirty thiazole conjugated amino acid derivatives have been
designed and successfully synthesized. Most of the compounds
displayed moderate to strong cytotoxicity against the three tested
human cancer cell lines A549, HeLa, and MCF-7. Remarkably, ve
compounds 5a, 5f, 5o, 5ac, and 5ad exhibited comparable to
stronger cytotoxic activities, compared to the positive control 5-FU.
These novel structures could be considered as promising leads for
further studies for the development of novel anticancer drugs.
4. Experimental section
4.1 Chemistry

Reactions were monitored by thin layer chromatography (TLC) on
0.2mmpre-coated silica gel 60 F254 plates (Merck).Melting points
(Mp, °C) were recorded on an INE-X-4 melting point apparatus
with microscope and were uncorrected. NMR spectra were
measured with Bruker Avance 600 (1H, 600 MHz; 13C, 150 MHz)
and JEOL 400 (1H, 400 MHz; 13C, 100 MHz) spectrometers using
DMSO-d6 as solvent. HSQC, HMBC, and COSY spectra were
recorded by a JEOL 400 MHz spectrometer. High resolution elec-
trospray ionization (HRESI)-MS data were performed on Agilent
6530 qTOF, X500R QTOF, and Thermo Scientic LTQ Orbitrap XL
ETD spectrometers. Fourier transform (FT)-IR was conducted
using the KBr pellet method on a JASCO FT/IR 4600 spectrometer.
Chemical shis are given in parts per million (ppm) relative to
tetramethylsilane (Me4Si, d = 0); J values are given in Hertz. Silica
gel 60 (0.063–0.200 mm, Merck) was used for column chroma-
tography. All chemicals and solvents used in this study were of
analytical grade. Purity of the compounds that were synthesized
and used for the cytotoxic assay were estimated, based on the peak
area of the compounds on the HPLC chromatograms, using an
Agilent Innity II 1260 HPLC system coupled with a SUPELCO
Discovery C18 (4.6 × 250 mm) column (Flow rate; 0.5 mL min−1,
mobile phase; water and MeOH, both containing 0.1% formic
acid; 0–40 min: 50 to 100% MeOH, UV; 190 to 400 nm).
4.2. General procedure for preparation of compounds 3a–k

A mixture of methyl ketones 1a–k (5 mmol), thiourea (2)
(761 mg, 10 mmol), and iodine (1904 mg, 7.5 mmol) was
RSC Adv., 2025, 15, 26860–26872 | 26865
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dissolved in 10 mL of isopropanol and 0.5 mL of triethylamine
was then added. The resulting mixture was stirred at 100 °C for
6–10 hours. The reaction progress was monitored by TLC. At the
end of the reaction, the mixture was cooled to room tempera-
ture, and the excess iodine was removed by using the saturated
aqueous solution of Na2S2O3. The pH of the mixture was
adjusted to 7–8 by using an aqueous NH3 solution. The mixture
was extracted with ethyl acetate (3 × 50 mL). The combined
organic layers were washed with 50 mL of a saturated aqueous
NaCl solution, dried over anhydrous Na2SO4, and the solvent
was then evaporated under reduced pressure to produce the
crude product. Column chromatography of the crude product
provided the desired compounds 3a–k.

4.3. 4-Phenylthiazol-2-amine (3a)

White solid. Yield: 642 mg (73%). Mp 146–148 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 7.80–7.78 (m, 2H), 7.38–7.33 (m, 2H),
7.27–7.23 (m, 1H), 7.06 (s, 2H), 7.00 (s, 1H). 13C-NMR (100 MHz,
DMSO-d6, d ppm): 168.1, 149.7, 134.8, 128.4, 127.1, 125.4, 101.4.

4.4. 4-(3,4,5-Trimethoxyphenyl)thiazol-2-amine (3b)

White solid. Yield: 799 mg (60%). Mp 168–170 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 7.09 (s, 2H), 7.08 (s, 2H), 7.01 (s, 1H),
3.81 (s, 6H), 3.66 (s, 3H). 13C-NMR (100 MHz, DMSO-d6, d ppm):
168.5, 153.4, 150.3, 137.4, 131.2, 103.4, 101.6, 60.6, 56.3.

4.5. 4-(4-Chlorophenyl)thiazol-2-amine (3c)

White solid. Yield: 652 mg (62%). Mp 162–164 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 7.82–7.79 (m, 2H), 7.43–7.40 (m, 2H),
7.10 (s, 2H), 7.08 (s, 1H). 13C-NMR (100 MHz, DMSO-d6, d ppm):
168.2, 148.4, 133.6, 131.4, 128.4, 127.1, 102.2.

4.6. 4-(4-Fluorophenyl)thiazol-2-amine (3d)

White solid. Yield: 620 mg (64%). Mp 122–124 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 7.85–7.80 (m, 2H), 7.22–7.16 (m, 2H),
7.08 (s, 2H), 6.98 (s, 1H). 13C-NMR (100 MHz, DMSO-d6, d ppm):
168.2, 162.5, 160.1, 148.7, 131.5, 131.4, 127.4, 127.3, 115.3,
115.1, 101.1. HR-ESI-MS (m/z): [M + H]+ calcd for C9H8FN2S,
195.0387; found, 195.0383.

4.7. 4-(4-(Triuoromethyl)phenyl)thiazol-2-amine (3e)

White solid. Yield: 755 mg (62%). Mp 184–186 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 8.01 (d, J = 8.1 Hz, 2H), 7.72 (d, J =
8.3 Hz, 2H), 7.26 (s, 1H), 7.18 (s, 2H). 13C-NMR (100 MHz,
DMSO-d6, d ppm): 168.4, 148.2, 138.5, 127.3, 125.9, 125.4, 125.4,
123.0, 104.3.

4.8. 4-(2-Aminothiazol-4-yl)benzene-1,3-diol (3f)

White solid. Yield: 547 mg (53%). Mp 180–182 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 11.95 (s, 1H), 9.44 (s, 1H), 7.47 (d, J =
8.5 Hz, 1H), 7.40 (s, 2H), 6.77 (s, 1H), 6.25 (dd, J = 2.4, 8.5 Hz,
1H), 6.20 (d, J = 2.4 Hz, 1H). 13C-NMR (100 MHz, DMSO-d6,
d ppm): 168.2, 158.3, 156.8, 147.5, 127.1, 110.2, 107.0, 102.8,
97.0.
26866 | RSC Adv., 2025, 15, 26860–26872
4.9. 4-(1H-Benzo[d]imidazole-2-yl)thiazol-2-amine (3g)

Yellow solid. Yield: 627 mg (58%). Mp 208–210 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 12.48 (s, 1H), 7.52 (s, 2H), 7.33 (s, 1H),
7.17–7.13 (m, 4H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 168.8,
147.7, 141.9, 121.6, 106.9. HR-ESI-MS (m/z): [M + H]+ calcd for
C10H9N4S, 217.0542; found, 217.0538.
4.10. 4-(Furan-2-yl)thiazol-2-amine (3h)

Light brown solid. Yield: 453 mg (55%). Mp 104–106 °C. 1H-
NMR (400 MHz, DMSO-d6, d ppm): 7.64 (t, J = 1.3 Hz, 1H),
7.13 (s, 2H), 6.71 (s, 1H), 6.52–6.51 (m, 2H). 13C-NMR (100 MHz,
DMSO-d6, d ppm): 168.5, 150.4, 142.1, 141.6, 111.4, 105.8, 100.4.
4.11. 4-(Thiophen-2-yl)thiazol-2-amine (3i)

Yellow solid. Yield: 520 mg (57%). Mp 117–119 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 7.40 (dd, J = 1.1, 5.0 Hz, 1H), 7.37 (dd, J
= 1.1, 3.7 Hz, 1H), 7.15 (s, 2H), 7.04 (dd, J= 3.7, 5.0 Hz, 1H), 6.85
(s, 1H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 168.2, 144.4,
139.1, 127.7, 124.6, 122.6, 99.6.
4.12. 4-(Thiophen-3-yl)thiazol-2-amine (3j)

Yellow solid. Yield: 446 mg (49%). Mp 127–129 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 7.61 (dd, J = 1.2, 3.1 Hz, 1H), 7.52 (dd, J
= 3.1, 5.0 Hz, 1H), 7.45 (dd, J= 1.2, 5.0 Hz, 1H), 7.05 (s, 2H), 6.84
(s, 1H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 168.1, 146.3,
137.2, 126.4, 125.8, 120.7, 101.0. HR-ESI-MS (m/z): [M + H]+

calcd for C7H7N2S2, 183.0045; found, 183.0043.
4.13. 4-(Pyridin-2-yl)thiazol-2-amine (3k)

Purple solid. Yield: 463 mg (52%). Mp 153–155 °C. 1H-NMR (400
MHz, DMSO-d6, d ppm): 8.53 (dt, J = 1.5, 4.8 Hz, 1H), 7.84–7.79
(m, 2H), 7.29–7.23 (m, 2H), 7.13 (s, 2H). 13C-NMR (100 MHz,
DMSO-d6, d ppm): 168.4, 152.3, 150.0, 149.2, 137.0, 122.2, 120.0,
105.3.
4.14. General procedure for preparation of compounds 5a–
5ad

A mixture of 4-substituted thiazol-2-amine (3a–k) (1 mmol), N-
Boc amino acids (4a–g) (1.2 mmol), CDI (194.58 mg, 1.2 mmol),
and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 76.12 mg, 0.5
mmol) was dissolved in 1 mL of solvent system (THF : DMSO =

1 : 1). The mixture was stirred at room temperature for 10
minutes and then at 100 °C for 8–12 hours. The reaction prog-
ress was monitored by TLC. At the end of the reaction, the
mixture was extracted with ethyl acetate (3 × 20 mL). The
combined organic layers were sequentially washed with 20 mL
of saturated aqueous solution of NH4Cl; 20 mL of saturated
aqueous solution of NaHCO3; and 20 mL of saturated aqueous
solution of NaCl. The organic layer was dried over anhydrous
Na2SO4 and evaporated under reduced pressure to obtain the
crude product. Column chromatography of the crude product
provided the corresponding thiazole–amino acid hybrids (5a–
5ad).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.15. tert-Butyl (S)-(1-oxo-3-phenyl-1-((4-phenylthiazol-2-yl)
amino)propan-2-yl)carbamate (5a)

White solid. Yield: 207 mg (49%). Mp 129–131 °C. FT-IR (KBr)
nmax (cm

−1): 3258, 3067, 2979, 1705, 1662, 1551, 1297, 1169, 743,
708. 1H-NMR (400 MHz, DMSO-d6, d ppm): 12.52 (s, 1H), 7.91 (d,
J = 7.2 Hz, 2H), 7.65 (s, 1H), 7.44 (t, J = 7.6 Hz, 2H), 7.38–7.27
(m, 6H), 7.21 (t, J = 7.2 Hz, 1H), 4.50–4.44 (m, 1H), 3.04 (dd, J =
4.1, 13.6 Hz, 1H), 2.83 (dd, J = 10.8, 13.4 Hz, 1H), 1.32 (s, 9H).
13C-NMR (100 MHz, DMSO-d6, d ppm): 171.3, 157.7, 155.4,
148.8, 137.6, 134.2, 129.3, 128.7, 128.0, 127.8, 126.3, 125.6,
108.1, 78.2, 55.9, 36.9, 28.1. HR-ESI-MS (m/z): [M + H]+ calcd for
C23H26N3O3S, 424.1689; found, 424.1659.
4.16. tert-Butyl (S)-2-((4-phenylthiazol-2-yl)carbamoyl)
pyrrolidine-1-carboxylate (5b)

White solid. Yield: 160 mg (43%). Mp 208–210 °C. FT-IR (KBr)
nmax (cm−1): 3171, 3064, 2981, 1703, 1659, 1558, 1425, 1279,
1170, 852, 774, 722. 1H-NMR (600 MHz, DMSO-d6, d ppm): 12.40
(s, 1H), 7.90 (dd, J = 1.2, 8.4 Hz, 2H), 7.62 (d, J = 1.8 Hz, 1H),
7.43 (t, J = 7.8 Hz, 2H), 7.37–7.31 (m, 1H), 4.44–4.37 (m, 1H),
3.46–3.44 (m, 1H), 3.37–3.34 (m, 1H), 2.25–2.20 (m, 1H), 1.93–
1.86 (m, 2H), 1.84–1.80 (m, 1H), 1.40 (s, 3H), 1.25 (s, 6H). 13C-
NMR (150 MHz, DMSO-d6, d ppm): 171.9, 171.4, 157.8, 153.5,
152.8, 148.9, 134.2, 128.7, 128.4, 127.7, 125.6, 125.5, 108.2,
108.0, 101.4, 78.8, 78.7, 59.3, 59.1, 46.7, 46.5, 30.8, 30.0, 28.1,
27.8, 24.0, 23.4. HR-ESI-MS (m/z): [M + H]+ calcd for
C19H24N3O3S, 374.1538; found, 374.1594.
4.17. tert-Butyl (S)-(3-(1H-indol-3-yl)-1-oxo-1-((4-
phenylthiazol-2-yl)amino)propan-2-yl)carbamate (5c)

White solid. Yield: 190 mg (41%). Mp 193–195 °C. FT-IR (KBr)
nmax (cm−1): 3412, 3339, 3276, 2976, 2924, 1700, 1664, 1549,
1511, 1368, 1251, 1162, 848, 735. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 10.85 (s, 1H), 7.91 (d, J = 7.2 Hz, 2H), 7.75 (d, J= 7.8 Hz,
1H), 7.64 (s, 1H), 7.44 (t, J = 7.7 Hz, 2H), 7.35–7.31 (m, 2H), 7.21
(d, J = 1.8 Hz, 1H), 7.15 (d, J = 7.7 Hz, 1H), 7.06 (t, J = 7.3 Hz,
1H), 6.98 (t, J= 7.3 Hz, 1H), 4.52 (q, J= 8.5 Hz, 1H), 3.16 (dd, J=
5.2, 14.4 Hz, 1H), 3.00 (dd, J= 9.5, 14.4 Hz, 1H), 1.32 (s, 9H). 13C-
NMR (100 MHz, DMSO-d6, d ppm): 171.7, 157.8, 155.2, 148.8,
135.9, 134.2, 128.7, 127.7, 127.1, 125.6, 124.1, 120.8, 118.7,
118.1, 111.2, 109.4, 108.1, 78.2, 55.0, 28.1, 27.6, 27.4. HR-ESI-MS
(m/z): [M + H]+ calcd for C25H27N4O3S, 463.1798; found,
463.1778.
4.18. tert-Butyl (2-oxo-2-((4-phenylthiazol-2-yl)amino)ethyl)
carbamate (5d)

White solid. Yield: 139 mg (42%). Mp 159–161 °C. FT-IR (KBr)
nmax (cm−1): 3408, 3238, 3102, 2979, 2931, 1674, 1554, 1508,
1268, 1167, 859, 729. 1H-NMR (400 MHz, DMSO-d6, d ppm):
12.31 (s, 1H), 7.90 (dd, J = 1.2, 8.4 Hz, 2H), 7.63 (s, 1H), 7.43 (t, J
= 7.6 Hz, 2H), 7.35–7.31 (m, 1H), 7.19 (t, J= 6.1 Hz, 1H), 3.87 (d,
J = 6.2 Hz, 2H), 1.40 (s, 9H). 13C-NMR (100 MHz, DMSO-d6,
d ppm): 168.8, 157.8, 155.9, 148.8, 134.3, 128.8, 127.8, 125.7,
108.1, 78.3, 43.0, 28.2. HR-ESI-MS (m/z): [M + H]+ calcd for
C16H20N3O3S, 334.1220; found, 334.1210.
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.19. tert-Butyl (S)-(1-oxo-1-((4-phenylthiazol-2-yl)amino)
propan-2-yl)carbamate (5e)

White solid. Yield: 204 mg (59%). Mp 143–145 °C. FT-IR (KBr)
nmax (cm−1): 3337, 3252, 3217, 3091, 2981, 1710, 1673, 1554,
1496, 1269, 1163, 1022, 852, 745. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.32 (s, 1H), 7.91 (dd, J = 1.1, 8.3 Hz, 2H), 7.64 (s, 1H),
7.46–7.42 (m, 2H), 7.35–7.31 (m, 1H), 7.28 (d, J = 7.1 Hz, 1H),
4.27 (q, J = 7.1 Hz, 1H), 1.39 (s, 9H), 1.28 (s, 3H). 13C-NMR (100
MHz, DMSO-d6, d ppm): 172.4, 157.9, 155.2, 148.9, 134.3, 128.8,
127.8, 125.7, 108.2, 78.2, 49.7, 28.2, 17.6. HR-ESI-MS (m/z): [M +
H]+ calcd for C17H22N3O3S, 348.1376; found, 348.1378.
4.20. tert-Butyl (S)-(3-methyl-1-oxo-1-((4-phenylthiazol-2-yl)
amino)butan-2-yl)carbamate (5f)

White solid. Yield: 116 mg (31%). Mp 101–103 °C. FT-IR (KBr)
nmax (cm−1): 3293, 3191, 3075, 2969, 1667, 1556, 1376, 1274,
1166, 1023, 846, 773, 716. 1H-NMR (400 MHz, DMSO-d6, d ppm):
12.31 (s, 1H), 7.91–7.89 (m, 2H), 7.63 (s, 1H), 7.44 (t, J = 7.6 Hz,
2H), 7.33 (t, J = 7.3 Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H), 4.08 (t, J =
7.8 Hz, 1H), 2.05–2.00 (m, 1H), 1.39 (s, 9H), 0.89 (t, J = 5.9 Hz,
6H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.2, 157.5, 155.5,
148.8, 134.2, 128.6, 127.7, 125.6, 108.1, 78.2, 59.7, 29.9, 28.1,
18.9, 18.4. HR-ESI-MS (m/z): [M + H]+ calcd for C19H26N3O3S,
376.1689; found, 376.1696.
4.21. tert-Butyl (S)-(1-oxo-3-phenyl-1-((4-(3,4,5-
trimethoxyphenyl)thiazol-2-yl)amino)propan-2-yl)carbamate
(5g)

White solid. Yield: 206 mg (40%). Mp 216–218 °C. FT-IR (KBr)
nmax (cm−1): 3305, 3251, 3216, 2968, 2931, 1666, 1547, 1255,
1166, 1123, 1018, 849, 737. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.54 (s, 1H), 7.67 (s, 1H), 7.38 (d, J= 7.2 Hz, 2H), 7.29 (t,
J = 7.4 Hz, 3H), 7.22 (d, J = 4.3 Hz, 3H), 4.50–4.44 (m, 1H), 3.85
(s, 6H), 3.69 (s, 3H), 3.04 (dd, J = 4.0, 13.5 Hz, 1H), 2.82 (dd, J =
10.9, 13.4 Hz, 1H), 1.31 (s, 9H). 13C-NMR (100 MHz, DMSO-d6,
d ppm): 171.5, 157.6, 155.5, 153.1, 148.9, 137.8, 137.3, 130.0,
129.4, 128.1, 126.4, 107.9, 103.0, 78.3, 60.1, 56.1, 55.9, 37.0, 28.2.
HR-ESI-MS (m/z): [M + H]+ calcd for C26H32N3O6S, 514.2006;
found, 514.1993.
4.22. tert-Butyl (S)-(3-(1H-indol-3-yl)-1-oxo-1-((4-(3,4,5-
trimethoxyphenyl)thiazol-2-yl)amino)propan-2-yl)carbamate
(5h)

White solid. Yield: 148 mg (27%). Mp 132–134 °C. FT-IR (KBr)
nmax (cm−1): 3342, 3206, 3096, 2968, 2936, 2839, 1685, 1555,
1496, 1420, 1338, 1240, 1164, 1124, 847, 740. 1H-NMR (400MHz,
DMSO-d6, d ppm): 12.55 (s, 1H), 10.85 (s, 1H), 7.76 (d, J= 7.8 Hz,
1H), 7.66 (s, 1H), 7.33 (d, J= 8.0 Hz, 1H), 7.21 (s, 3H), 7.14 (d, J=
7.7 Hz, 1H), 7.06 (t, J= 7.4 Hz, 1H), 6.98 (t, J= 7.4 Hz, 1H), 4.54–
4.48 (m, 1H), 3.84 (s, 6H), 3.69 (s, 3H), 3.15 (dd, J = 5.2, 14.0 Hz,
1H), 3.00 (dd, J = 9.5, 14.4 Hz, 1H), 1.32 (s, 9H). 13C-NMR (100
MHz, DMSO-d6, d ppm): 171.9, 157.7, 155.3, 153.1, 148.8, 137.3,
136.1, 130.0, 127.2, 124.3, 120.9, 118.9, 118.2, 111.3, 109.5,
107.9, 103.0, 78.3, 60.1, 55.9, 55.2, 28.2, 27.5. HR-ESI-MS (m/z):
[M + H]+ calcd for C28H33N4O6S, 553.2115; found, 553.2110.
RSC Adv., 2025, 15, 26860–26872 | 26867
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4.23. tert-Butyl (S)-(3,3-dimethyl-1-oxo-1-((4-(3,4,5-
trimethoxyphenyl)thiazol-2-yl)amino)butan-2-yl)carbamate
(5i)

White solid. Yield: 149 mg (31%). Mp 181–183 °C. FT-IR (KBr)
nmax (cm−1): 3337, 3196, 3083, 2966, 2834, 1675, 1552, 1500,
1408, 1333, 1240, 1165, 1124, 1003, 852, 730. 1H-NMR (600MHz,
DMSO-d6, d ppm): 12.29 (s, 1H), 7.64 (s, 1H), 7.20 (s, 2H), 6.92 (d,
J= 7.8 Hz, 1H), 4.20 (d, J= 7.8 Hz, 1H), 3.84 (s, 6H), 3.69 (s, 3H),
1.39 (s, 9H), 0.97 (s, 9H). 13C-NMR (150 MHz, DMSO-d6, d ppm):
157.2, 155.5, 153.1, 148.9, 137.4, 130.0, 107.8, 103.2, 78.4, 62.1,
60.1, 55.9, 33.9, 28.1, 26.5. HR-ESI-MS (m/z): [M + H]+ calcd for
C23H34N3O6S, 480.2163; found, 480.2177.
4.24. tert-Butyl (S)-(1-((4-(4-chlorophenyl)thiazol-2-yl)
amino)-1-oxo-3-phenylpropan-2-yl)carbamate (5j)

White solid. Yield: 236 mg (52%). Mp 160–162 °C. FT-IR (KBr)
nmax (cm−1): 3342, 3205, 3089, 2977, 2928, 1680, 1544, 1276,
1163, 1085, 1020, 838, 741, 696. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.54 (s, 1H), 7.93 (d, J = 8.6 Hz, 2H), 7.71 (d, J= 0.6 Hz,
1H), 7.51 (d, J = 8.7 Hz, 2H), 7.37 (d, J = 7.0 Hz, 2H), 7.30 (q, J =
7.2 Hz, 3H), 7.23–7.19 (m, 1H), 4.50–4.44 (m, 1H), 3.04 (dd, J =
4.4, 13.5 Hz, 1H), 2.83 (dd, J = 10.6, 13.7 Hz, 1H), 1.32 (s, 9H).
13C-NMR (100 MHz, DMSO-d6, d ppm): 171.4, 157.9, 155.4,
147.6, 137.6, 133.0, 132.2, 129.2, 128.7, 128.0, 127.3, 126.3,
108.9, 78.2, 55.9, 36.8, 28.0. HR-ESI-MS (m/z): [M + H]+ calcd for
C23H25ClN3O3S, 458.1300; found, 458.1319.
4.25. tert-Butyl (S)-(1-((4-(4-chlorophenyl)thiazol-2-yl)
amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate (5k)

White solid. Yield: 273 mg (55%). Mp 189–191 °C. FT-IR (KBr)
nmax (cm−1): 3424, 3362, 3057, 2978, 2927, 1688, 1541, 1274,
1164, 1087, 1019, 838, 740, 606. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.56 (s, 1H), 10.85 (s, 1H), 7.92 (d, J = 8.6 Hz, 2H), 7.75
(d, J= 7.9 Hz, 1H), 7.70 (s, 1H), 7.50 (d, J = 8.6 Hz, 2H), 7.33 (d, J
= 8.0 Hz, 1H), 7.21 (d, J = 1.7 Hz, 1H), 7.16 (d, J = 7.6 Hz, 1H),
7.06 (t, J= 7.2 Hz, 1H), 6.98 (t, J= 7.3 Hz, 1H), 4.51 (q, J= 8.3 Hz,
1H), 3.15 (dd, J = 5.3, 14.4 Hz, 1H), 3.00 (dd, J = 9.5, 14.2 Hz,
1H), 1.32 (s, 9H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.8,
158.0, 155.2, 147.6, 135.9, 133.1, 132.2, 128.7, 127.3, 127.1,
124.1, 120.8, 118.7, 118.1, 111.2, 109.4, 108.8, 78.2, 55.0, 28.1,
27.4. HR-ESI-MS (m/z): [M + H]+ calcd for C25H26ClN4O3S,
497.1409; found, 497.1383.
4.26. tert-Butyl (S)-(1-((4-(4-chlorophenyl)thiazol-2-yl)
amino)-3,3-dimethyl-1-oxobutan-2-yl)carbamate (5l)

White solid. Yield: 154 mg (36%). Mp 124–126 °C. FT-IR (KBr)
nmax (cm−1): 3426, 3339, 3251, 3090, 2969, 1677, 1550, 1512,
1367, 1246, 1162, 1055, 844, 742, 551. 1H-NMR (600 MHz,
DMSO-d6, d ppm): 12.30 (s, 1H), 7.92 (dd, J = 1.8, 7.2 Hz, 2H),
7.69 (s, 1H), 7.49 (dd, J = 1.8, 6.9 Hz, 2H), 6.93 (d, J = 7.8 Hz,
1H), 4.20 (d, J = 7.8 Hz, 1H), 1.39 (s, 9H), 0.97 (s, 9H). 13C-NMR
(150 MHz, DMSO-d6, d ppm): 170.3, 157.6, 155.5, 147.7, 133.1,
132.3, 128.7, 127.4, 108.9, 78.4, 62.1, 34.0, 28.1, 26.4. HR-ESI-MS
(m/z): [M + H]+ calcd for C20H27ClN3O3S, 424.1456; found,
424.1463.
26868 | RSC Adv., 2025, 15, 26860–26872
4.27. tert-Butyl (S)-(1-((4-(4-uorophenyl)thiazol-2-yl)
amino)-1-oxo-3-phenylpropan-2-yl)carbamate (5m)

White solid. Yield: 247 mg (56%). Mp 197–199 °C. FT-IR (KBr)
nmax (cm−1): 3381, 3356, 2977, 1694, 1545, 1447, 1320, 1274,
1165, 1056, 848, 740, 699. 1H-NMR (400 MHz, DMSO-d6, d ppm):
12.52 (s, 1H), 7.95 (dd, J= 5.5, 8.7 Hz, 2H), 7.63 (s, 1H), 7.37 (d, J
= 7.1 Hz, 2H), 7.32–7.25 (m, 5H), 7.21 (t, J = 7.2 Hz, 1H), 4.50–
4.44 (m, 1H), 3.04 (dd, J = 4.2, 13.6 Hz, 1H), 2.83 (dd, J = 10.7,
13.5 Hz, 1H), 1.32 (s, 9H). 13C-NMR (100 MHz, DMSO-d6,
d ppm): 171.3, 162.9, 160.5, 157.8, 155.4, 147.8, 137.6, 130.8,
130.8, 129.3, 128.0, 127.6, 127.6, 126.3, 115.7, 115.4, 107.9, 78.2,
55.9, 36.8, 28.0. HR-ESI-MS (m/z): [M + H]+ calcd for
C23H25FN3O3S, 442.1595; found, 442.1589.
4.28. tert-Butyl (S)-(1-((4-(4-uorophenyl)thiazol-2-yl)
amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate (5n)

White solid. Yield: 205 mg (43%). Mp 200–202 °C. FT-IR (KBr)
nmax (cm−1): 3390, 3346, 3060, 2977, 2928, 1691, 1545, 1366,
1261, 1238, 1164, 1058, 844, 743, 513. 1H-NMR (400 MHz,
DMSO-d6, d ppm): 12.54 (s, 1H), 10.85 (s, 1H), 7.96–7.93 (m, 2H),
7.75 (d, J = 8.0 Hz, 1H), 7.62 (s, 1H), 7.34–7.24 (m, 3H), 7.21 (d, J
= 1.8 Hz, 1H), 7.15 (d, J = 7.7 Hz, 1H), 7.06 (t, J = 7.1 Hz, 1H),
6.98 (t, J = 7.4 Hz, 1H), 4.52 (q, J = 8.3 Hz, 1H), 3.15 (dd, J = 5.3,
14.3 Hz, 1H), 3.00 (dd, J = 9.5, 14.4 Hz, 1H), 1.32 (s, 9H). 13C-
NMR (100 MHz, DMSO-d6, d ppm): 171.8, 162.9, 160.5, 157.9,
155.2, 147.8, 135.9, 130.9, 130.8, 127.6, 127.6, 127.1, 124.1,
120.8, 118.7, 118.1, 115.6, 115.4, 111.2, 109.4, 107.9, 78.2, 55.0,
28.1, 27.4. HR-ESI-TOF-MS (m/z): [M + H]+ calcd for
C25H26FN4O3S, 481.1710; found, 481.1713.
4.29. tert-Butyl (S)-(1-((4-(4-uorophenyl)thiazol-2-yl)
amino)-3-methyl-1-oxobutan-2-yl)carbamate (5o)

White solid. Yield: 150 mg (38%). Mp 195–197 °C. FT-IR (KBr)
nmax (cm−1): 3290, 3073, 2975, 2876, 1668, 1548, 1374, 1280,
1163, 993, 844, 738, 512. 1H-NMR (400 MHz, DMSO-d6, d ppm):
12.31 (s, 1H), 7.94 (dd, J = 5.6, 8.8 Hz, 2H), 7.61 (s, 1H), 7.27 (t, J
= 8.9 Hz, 2H), 7.11 (d, J = 8.2 Hz, 1H), 4.08 (t, J = 7.9 Hz, 1H),
2.04–1.99 (m, 1H), 1.39 (s, 9H), 0.89 (t, J = 6.3 Hz, 6H). 13C-NMR
(100 MHz, DMSO-d6, d ppm): 171.2, 155.5, 147.8, 130.8, 127.6,
115.6, 115.4, 107.8, 78.2, 59.7, 29.9, 28.1, 18.9, 18.4. HR-ESI-MS
(m/z): [M + H]+ calcd for C19H25FN3O3S, 394.1595; found,
394.1602.
4.30. tert-Butyl (S)-(1-oxo-3-phenyl-1-((4-(4-(triuoromethyl)
phenyl)thiazol-2-yl)amino)propan-2-yl)carbamate (5p)

White solid. Yield: 119 mg (24%). Mp 109–111 °C. FT-IR (KBr)
nmax (cm−1): 3300, 3192, 3065, 2980, 2935, 1664, 1555, 1321,
1165, 1119, 1065, 849, 749, 707. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.61 (s, 1H), 8.13 (d, J = 8.2 Hz, 2H), 7.89 (s, 1H), 7.81
(d, J = 8.4 Hz, 2H), 7.38 (d, J = 7.2 Hz, 2H), 7.34–7.28 (m, 3H),
7.21 (t, J = 7.2 Hz, 1H), 4.51–4.45 (m, 1H), 3.05 (dd, J = 4.2,
13.6 Hz, 1H), 2.83 (dd, J = 10.8, 13.4 Hz, 1H), 1.32 (s, 9H). 13C-
NMR (100 MHz, DMSO-d6, d ppm): 171.5, 158.1, 155.4, 147.3,
137.9, 137.6, 129.3, 128.0, 126.4, 126.2, 125.7, 110.8, 78.2, 56.0,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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36.8, 28.0. HR-ESI-MS (m/z): [M + H]+ calcd for C24H25F3N3O3S,
492.1563; found, 492.1513.

4.31. tert-Butyl (S)-(3-(1H-indol-3-yl)-1-oxo-1-((4-(4-
(triuoromethyl)phenyl)thiazol-2-yl)amino)propan-2-yl)
carbamate (5q)

White solid. Yield: 108 mg (20%). Mp 125–127 °C. FT-IR (KBr)
nmax (cm−1): 3493, 3310, 3059, 2978, 1686, 1665, 1546, 1322,
1165, 1119, 1065, 847, 744. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.63 (s, 1H), 10.85 (s, 1H), 8.12 (d, J = 8.1 Hz, 2H), 7.88
(s, 1H), 7.81 (d, J= 8.3 Hz, 2H), 7.75 (d, J = 8.0 Hz, 1H), 7.33 (d, J
= 8.0 Hz, 1H), 7.21 (d, J = 1.8 Hz, 1H), 7.17 (d, J = 7.5 Hz, 1H),
7.06 (t, J= 7.2 Hz, 1H), 6.98 (t, J= 7.3 Hz, 1H), 4.52 (q, J= 8.4 Hz,
1H), 3.16 (dd, J = 5.2, 14.4 Hz, 1H), 3.01 (dd, J = 9.5, 14.3 Hz,
1H), 1.33 (s, 9H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.9,
158.2, 155.3, 147.2, 137.9, 135.9, 127.1, 126.2, 125.7, 124.1,
122.9, 120.8, 118.7, 118.1, 111.2, 110.7, 109.4, 78.2, 55.1, 28.1,
27.4. HR-ESI-MS (m/z): [M + H]+ calcd for C26H26F3N4O3S,
531.1672; found, 531.1678.

4.32. tert-Butyl (S)-(3,3-dimethyl-1-oxo-1-((4-(4-
(triuoromethyl)phenyl)thiazol-2-yl)amino)butan-2-yl)
carbamate (5r)

White solid. Yield: 157 mg (34%). Mp 181–183 °C. FT-IR (KBr)
nmax (cm−1): 3447, 3341, 3210, 3077, 2973, 1669, 1619, 1549,
1372, 1324, 1270, 1167, 1065, 851, 714. 1H-NMR (600 MHz,
DMSO-d6, d ppm): 12.37 (s, 1H), 8.12 (d, J = 8.4 Hz, 2H), 7.86 (s,
1H), 7.80 (d, J = 8.4 Hz, 2H), 6.95 (d, J = 7.2 Hz, 1H), 4.21 (d, J =
7.8 Hz, 1H), 1.39 (s, 9H), 0.97 (s, 9H). 13C-NMR (150 MHz,
DMSO-d6, d ppm): 170.4, 157.8, 155.5, 147.4, 138.0, 128.0, 127.8,
126.3, 125.7, 125.7, 125.2, 123.4, 110.8, 78.4, 62.1, 33.9, 28.1,
26.4. HR-ESI-MS (m/z): [M + H]+ calcd for C21H27F3N3O3S,
458.1720; found, 458.1728.

4.33. tert-Butyl (S)-(1-((4-(2,4-dihydroxyphenyl)thiazol-2-yl)
amino)-1-oxo-3-phenylpropan-2-yl)carbamate (5s)

White solid. Yield: 130 mg (29%). Mp 140–142 °C. FT-IR (KBr)
nmax (cm−1): 3609, 3532, 3327, 3256, 2981, 1672, 1630, 1541,
1453, 1368, 1284, 1162, 1048, 852, 704. 1H-NMR (400 MHz,
DMSO-d6, d ppm): 12.46 (s, 1H), 10.81 (s, 1H), 9.53 (s, 1H), 7.69
(d, J = 8.4 Hz, 1H), 7.46 (s, 1H), 7.35 (t, J = 5.8 Hz, 3H), 7.29 (t, J
= 7.5 Hz, 2H), 7.21 (t, J = 7.2 Hz, 1H), 6.35 (d, J = 2.3 Hz, 1H),
6.32 (dd, J= 2.4, 8.5 Hz, 1H), 4.48–4.42 (m, 1H), 3.04 (dd, J= 4.3,
13.6 Hz, 1H), 2.84 (dd, J = 10.6, 13.5 Hz, 1H), 1.32 (s, 9H). 13C-
NMR (100 MHz, DMSO-d6, d ppm): 171.1, 158.3, 156.6, 156.3,
155.4, 146.6, 137.6, 129.2, 128.4, 128.0, 126.4, 110.8, 107.1,
105.8, 102.9, 78.3, 55.9, 36.8, 28.1. HR-ESI-MS (m/z): [M + H]+

calcd for C23H26N3O5S, 456.1588; found, 456.1560.

4.34. tert-Butyl (S)-(1-((4-(2,4-dihydroxyphenyl)thiazol-2-yl)
amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate (5t)

White solid. Yield: 105 mg (21%). Mp 193–195 °C. FT-IR (KBr)
nmax (cm−1): 3357, 3112, 3053, 2974, 1670, 1631, 1558, 1525,
1449, 1320, 1164, 1050, 845, 743, 700. 1H-NMR (400 MHz,
DMSO-d6, d ppm): 12.47 (s, 1H), 10.85 (s, 2H), 9.52 (s, 1H), 7.70
© 2025 The Author(s). Published by the Royal Society of Chemistry
(dd, J = 8.3, 10.5 Hz, 2H), 7.45 (s, 1H), 7.33 (d, J = 8.0 Hz, 1H),
7.21–7.19 (m, 2H), 7.06 (t, J= 7.2 Hz, 1H), 6.98 (t, J= 7.3 Hz, 1H),
6.34–6.30 (m, 2H), 4.50 (q, J = 8.1 Hz, 1H), 3.16 (dd, J = 5.4,
14.4 Hz, 1H), 3.01 (dd, J = 9.3, 14.4 Hz, 1H), 1.33 (s, 9H). 13C-
NMR (100 MHz, DMSO-d6, d ppm): 171.5, 158.3, 156.7, 156.4,
155.3, 146.6, 135.9, 128.3, 127.1, 124.0, 120.9, 118.6, 118.2,
111.2, 110.7, 109.4, 107.1, 105.7, 102.9, 78.2, 55.1, 28.1, 27.3.
HR-ESI-MS (m/z): [M + H]+ calcd for C25H27N4O5S, 495.1697;
found, 495.1706.
4.35. tert-Butyl (S)-(1-((4-(1H-benzo[d]imidazole-2-yl)thiazol-
2-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (5u)

White solid. Yield: 220 mg (47%). Mp 211–213 °C. FT-IR (KBr)
nmax (cm−1): 3444, 3322, 3191, 3069, 2974, 2931, 2811, 2719,
1718, 1667, 1551, 1490, 1401, 1262, 1164, 1020, 851, 745, 701.
1H-NMR (400 MHz, DMSO-d6, d ppm): 12.63 (s, 1H), 12.52 (s,
1H), 7.92 (s, 1H), 7.59 (s, 2H), 7.37 (d, J = 7.2 Hz, 3H), 7.30 (t, J =
7.5 Hz, 2H), 7.21 (dt, J = 3.8, 6.2 Hz, 3H), 4.56 (td, J = 4.7,
10.3 Hz, 1H), 3.06 (dd, J = 4.5, 13.6 Hz, 1H), 2.87 (dd, J = 10.5,
13.5 Hz, 1H), 1.33 (s, 9H). 13C-NMR (100 MHz, DMSO-d6,
d ppm): 171.6, 158.1, 155.4, 147.1, 141.0, 137.5, 129.2, 128.1,
126.4, 121.7, 113.4, 78.3, 55.8, 36.8, 28.0. HR-ESI-MS (m/z): [M +
H]+ calcd for C24H26N5O3S, 464.1751; found, 464.1749.
4.36. tert-Butyl (S)-(1-((4-(1H-benzo[d]imidazole-2-yl)thiazol-
2-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate (5v)

White solid. Yield: 260 mg (52%). Mp 153–155 °C. FT-IR (KBr)
nmax (cm−1): 3191, 3059, 2972, 1687, 1547, 1500, 1364, 1276,
1162, 1051, 847, 742. 1H-NMR (400 MHz, DMSO-d6, d ppm):
12.63 (s, 1H), 12.54 (s, 1H), 10.86 (s, 1H), 7.91 (s, 1H), 7.72 (d, J=
7.9 Hz, 1H), 7.58 (s, 2H), 7.33 (d, J = 8.0 Hz, 1H), 7.23–7.19 (m,
4H), 7.06 (t, J = 6.9 Hz, 1H), 6.98 (t, J = 7.3 Hz, 1H), 4.60 (td, J =
5.7, 8.2 Hz, 1H), 3.18 (dd, J = 5.6, 14.5 Hz, 1H), 3.04 (dd, J = 9.2,
14.5 Hz, 1H), 1.34 (s, 9H). 13C-NMR (100 MHz, DMSO-d6,
d ppm): 172.0, 158.2, 155.3, 147.2, 141.0, 135.9, 127.1, 124.0,
120.8, 118.6, 118.2, 113.4, 111.2, 109.4, 78.3, 55.0, 28.1, 27.4.
HR-ESI-MS (m/z): [M + H]+ calcd for C26H27N6O3S, 503.1860;
found, 503.1860.
4.37. tert-Butyl (S)-(1-((4-(furan-2-yl)thiazol-2-yl)amino)-1-
oxo-3-phenylpropan-2-yl)carbamate (5w)

White solid. Yield: 101 mg (24%). Mp 192–194 °C. FT-IR (KBr)
nmax (cm−1): 3281, 3063, 2979, 2934, 1706, 1659, 1550, 1446,
1374, 1291, 1166, 1014, 855, 740. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.60 (s, 1H), 7.73 (s, 1H), 7.35 (d, J= 9.7 Hz, 3H), 7.28 (t,
J = 7.4 Hz, 3H), 7.20 (t, J = 7.1 Hz, 1H), 6.68 (d, J = 3.0 Hz, 1H),
6.59 (s, 1H), 4.43–4.40 (m, 1H), 3.02 (dd, J = 3.8, 13.5 Hz, 1H),
2.84–2.78 (m, 1H), 1.30 (s, 9H). 13C-NMR (100 MHz, DMSO-d6,
d ppm): 171.5, 155.5, 150.0, 142.9, 140.9, 137.7, 129.4, 128.1,
126.5, 111.8, 107.2, 106.5, 78.3, 56.1, 36.9, 28.2. HR-ESI-MS (m/
z): [M + Na]+ calcd for C21H23N3NaO4S, 436.1301; found,
436.1396.
RSC Adv., 2025, 15, 26860–26872 | 26869
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4.38. tert-Butyl (S)-(1-((4-(furan-2-yl)thiazol-2-yl)amino)-3-
(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate (5x)

White solid. Yield: 91 mg (20%). Mp 180–182 °C. FT-IR (KBr)
nmax (cm−1): 3457, 3286, 3057, 2974, 1686, 1544, 1451, 1364,
1289, 1163, 1067, 1016, 815, 741. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.63 (s, 1H), 10.84 (s, 1H), 7.75–7.73 (m, 2H), 7.33 (d, J
= 10.2 Hz, 2H), 7.20–7.19 (m, 1H), 7.13 (d, J = 7.6 Hz, 1H), 7.06
(t, J= 7.4 Hz, 1H), 6.97 (t, J= 7.4 Hz, 1H), 6.68 (d, J= 3.1 Hz, 1H),
6.59 (dd, J = 1.8, 3.3 Hz, 1H), 4.48 (q, J = 8.4 Hz, 1H), 3.14 (dd, J
= 5.2, 14.3 Hz, 1H), 2.99 (dd, J = 9.5, 14.3 Hz, 1H), 1.32 (s, 9H).
13C-NMR (100 MHz, DMSO-d6, d ppm): 171.8, 158.3, 155.2,
149.9, 142.8, 140.8, 135.9, 127.1, 124.1, 120.8, 118.7, 118.1,
111.7, 111.2, 109.4, 107.0, 106.3, 78.2, 55.1, 28.1, 27.4. HR-ESI-
MS (m/z): [M + H]+ calcd for C23H25N4O4S, 453.1591; found,
453.1588.
4.39. tert-Butyl (S)-(1-oxo-3-phenyl-1-((4-(thiophen-2-yl)
thiazol-2-yl)amino)propan-2-yl)carbamate (5y)

White solid. Yield: 136 mg (32%). Mp 168–170 °C. FT-IR (KBr)
nmax (cm−1): 3288, 3185, 3061, 2976, 2932, 1659, 1543, 1370,
1286, 1166, 1050, 851, 695. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.60 (s, 1H), 7.53 (dd, J= 1.1, 3.5 Hz, 1H), 7.51–7.48 (m,
2H), 7.37 (d, J = 7.2 Hz, 2H), 7.29 (t, J = 7.6 Hz, 3H), 7.21 (t, J =
7.3 Hz, 1H), 7.11 (dd, J= 3.5, 5.1 Hz, 1H), 4.48–4.42 (m, 1H), 3.03
(dd, J= 4.1, 13.5 Hz, 1H), 2.81 (dd, J= 10.8, 13.4 Hz, 1H), 1.31 (s,
9H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.4, 157.7, 155.4,
143.7, 138.3, 137.6, 129.3, 128.0, 126.3, 125.5, 123.7, 106.5, 78.2,
55.9, 36.8, 28.0, 27.7. HR-ESI-TOF-MS (m/z): [M + Na]+ calcd for
C21H23N3O3S2Na, 452.1079; found, 452.1074.
4.40. tert-Butyl (S)-(3-(1H-indol-3-yl)-1-oxo-1-((4-(thiophen-2-
yl)thiazol-2-yl)amino)propan-2-yl)carbamate (5z)

White solid. Yield: 220 mg (47%). Mp 185–187 °C. FT-IR (KBr)
nmax (cm−1): 3461, 3302, 3182, 3057, 2975, 1658, 1536, 1362,
1290, 1165, 1052, 847, 801, 740, 708. 1H-NMR (400 MHz, DMSO-
d6, d ppm): 12.62 (s, 1H), 10.85 (s, 1H), 7.75 (d, J = 8.0 Hz, 1H),
7.53–7.47 (m, 3H), 7.32 (d, J = 8.1 Hz, 1H), 7.20 (d, J = 1.8 Hz,
1H), 7.14 (d, J= 7.5 Hz, 1H), 7.11 (dd, J= 3.5, 5.1 Hz, 1H), 7.06 (t,
J = 7.4 Hz, 1H), 6.98 (t, J = 7.3 Hz, 1H), 4.50 (q, J = 8.4 Hz, 1H),
3.14 (dd, J = 5.3, 14.3 Hz, 1H), 2.99 (dd, J = 9.6, 14.3 Hz, 1H),
1.32 (s, 9H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.8, 157.8,
155.2, 143.6, 138.3, 135.9, 128.0, 127.1, 125.4, 124.1, 123.7,
120.8, 118.7, 118.1, 111.2, 109.4, 106.4, 78.2, 55.0, 36.1, 28.1.
HR-ESI-TOF-MS (m/z): [M + H]+ calcd for C23H25N4O3S2,
469.1368; found, 469.1363.
4.41. tert-Butyl (S)-(1-oxo-3-phenyl-1-((4-(thiophen-3-yl)
thiazol-2-yl)amino)propan-2-yl)carbamate (5aa)

White solid. Yield: 166 mg (39%). Mp 205–207 °C. FT-IR (KBr)
nmax (cm−1): 3354, 3282, 3104, 3060, 2975, 2932, 1694, 1546,
1449, 1373, 1276, 1160, 1037, 954, 847, 796, 727, 604. 1H-NMR
(400 MHz, DMSO-d6, d ppm): 12.53 (s, 1H), 7.79 (dd, J = 1.1,
2.8 Hz, 1H), 7.62 (dd, J = 3.0, 5.0 Hz, 1H), 7.57 (dd, J = 1.2,
5.0 Hz, 1H), 7.48 (s, 1H), 7.37 (d, J = 7.2 Hz, 2H), 7.29 (t, J =
7.4 Hz, 3H), 7.20 (t, J = 7.2 Hz, 1H), 4.46 (td, J = 4.3, 9.5 Hz, 1H),
26870 | RSC Adv., 2025, 15, 26860–26872
3.04 (dd, J = 4.2, 13.6 Hz, 1H), 2.82 (dd, J = 10.8, 13.4 Hz, 1H),
1.31 (s, 9H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.3, 157.6,
155.4, 145.3, 137.6, 136.6, 129.3, 128.0, 127.0, 126.3, 125.9,
121.4, 107.6, 78.2, 55.9, 36.9, 28.0. HR-ESI-MS (m/z): [M + H]+

calcd for C21H24N3O3S2, 430.1254; found, 430.1231.
4.42. tert-Butyl (S)-(3-(1H-indol-3-yl)-1-oxo-1-((4-(thiophen-3-
yl)thiazol-2-yl)amino)propan-2-yl)carbamate (5ab)

White solid. Yield: 98 mg (21%). Mp 136–138 °C. FT-IR (KBr)
nmax (cm−1): 3469, 3281, 3190, 3062, 2971, 1688, 1547, 1366,
1295, 1165, 1057, 843, 734. 1H-NMR (400 MHz, DMSO-d6,
d ppm): 12.55 (s, 1H), 10.84 (s, 1H), 7.78–7.74 (m, 2H), 7.61 (dd, J
= 3.0, 5.0 Hz, 1H), 7.57 (dd, J= 1.2, 5.0 Hz, 1H), 7.47 (s, 1H), 7.32
(d, J = 8.0 Hz, 1H), 7.20 (d, J = 1.8 Hz, 1H), 7.13 (d, J = 7.6 Hz,
1H), 7.06 (t, J= 7.4 Hz, 1H), 6.98 (t, J= 7.4 Hz, 1H), 4.53–4.47 (m,
1H), 3.15 (dd, J = 5.2, 14.3 Hz, 1H), 3.00 (dd, J = 9.6, 14.3 Hz,
1H), 1.32 (s, 9H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.8,
157.8, 155.3, 145.4, 136.7, 136.0, 127.2, 127.1, 126.1, 124.2,
121.4, 120.9, 118.9, 118.2, 111.3, 109.5, 107.7, 78.3, 55.1, 28.2,
27.5. HR-ESI-TOF-MS (m/z): [M + H]+ calcd for C23H25N4O3S2,
469.1366; found, 469.1366.
4.43. tert-Butyl (S)-(1-oxo-3-phenyl-1-((4-(pyridin-2-yl)thiazol-
2-yl)amino)propan-2-yl)carbamate (5ac)

White solid. Yield: 150 mg (35%). Mp 90–92 °C. FT-IR (KBr) nmax

(cm−1): 3199, 3062, 2974, 1675, 1552, 1451, 1371, 1277, 1165,
1052, 851, 747, 698. 1H-NMR (400 MHz, DMSO-d6, d ppm): 12.57
(s, 1H), 8.62 (ddd, J = 0.9, 1.7, 4.8 Hz, 1H), 7.96 (d, J = 7.8 Hz,
1H), 7.90 (td, J= 1.7, 7.7 Hz, 1H), 7.85 (s, 1H), 7.39–7.28 (m, 6H),
7.21 (t, J = 7.3 Hz, 1H), 4.51–4.45 (m, 1H), 3.05 (dd, J = 4.1,
13.6 Hz, 1H), 2.83 (dd, J = 10.8, 13.4 Hz, 1H), 1.32 (s, 9H). 13C-
NMR (100 MHz, DMSO-d6, d ppm): 171.4, 158.0, 155.4, 151.9,
149.5, 149.1, 137.6, 137.3, 129.3, 128.0, 126.3, 122.8, 119.9,
111.7, 78.2, 55.9, 36.8, 28.0. HR-ESI-MS (m/z): [M + H]+ calcd for
C22H25N4O3S, 425.1642; found, 425.1652.
4.44. tert-Butyl (S)-(3-(1H-indol-3-yl)-1-oxo-1-((4-(pyridin-2-
yl)thiazol-2-yl)amino)propan-2-yl)carbamate (5ad)

White solid. Yield: 140 mg (30%). Mp 204–206 °C. FT-IR (KBr)
nmax (cm−1): 3351, 3226, 3055, 2974, 1722, 1684, 1551, 1519,
1425, 1345, 1282, 1240, 1161, 1001, 855, 749, 665. 1H-NMR (400
MHz, DMSO-d6, d ppm): 12.59 (s, 1H), 10.85 (s, 1H), 8.61 (ddd, J
= 0.9, 1.7, 4.8 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.89 (td, J = 1.8,
7.7 Hz, 1H), 7.84 (s, 1H), 7.76 (d, J = 7.8 Hz, 1H), 7.36–7.32 (m,
2H), 7.22 (d, J = 1.8 Hz, 1H), 7.16 (d, J = 7.5 Hz, 1H), 7.06 (t, J =
7.1 Hz, 1H), 6.98 (t, J = 7.3 Hz, 1H), 4.53 (q, J = 8.4 Hz, 1H), 3.17
(dd, J = 5.3, 14.3 Hz, 1H), 3.01 (dd, J = 9.4, 14.3 Hz, 1H), 1.33 (s,
9H). 13C-NMR (100 MHz, DMSO-d6, d ppm): 171.8, 158.1, 155.3,
151.9, 149.5, 149.0, 137.3, 135.9, 127.1, 124.1, 122.8, 120.8,
119.9, 118.7, 118.1, 111.7, 111.2, 109.4, 78.2, 55.0, 28.1, 27.4.
HR-ESI-MS (m/z): [M + H]+ calcd for C24H26N5O3S, 464.1751;
found, 464.1758.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.45 Cytotoxicity assay

The cytotoxic activities of the synthesized compounds were
evaluated against three human cancer cell lines (A549, HeLa,
and MCF-7) using the MTT assay with specic modications as
described.52 A549 (RCB3677), HeLa (RCB3680), and MCF7
(RCB1904) cell lines were purchased from the RIKEN Cell Bank.
All synthesized compounds were dissolved in DMSO to make
10 mM stock solutions. Serial dilutions were prepared in the
culture medium. The positive control, 5-FU, was dissolved in
DMSO to make a 10 mM stock solution and then stored at−20 °
C until use.

The human cancer cell lines were cultured in a-minimum
essential medium (a-MEM), supplemented with 1% antibiotic
antimycotic solution and 10% fetal bovine serum, at 37 °C and
in 5% CO2 atmosphere. Cells at 80–90% conuency were har-
vested and centrifuged at 3000 rpm for 3 min. The supernatant
was discarded and the cell pellet was resuspended in fresh
medium. Aliquots (100 mL) of the cells were seeded in 96-well
plates (1 × 104 cells per well) and incubated for 24 hours. The
cells were then washed with phosphate-buffered saline (PBS),
and ve concentrations of tested compounds (6.25, 12.5 25, 50,
100 mM), including the positive control, 5-FU, were added to the
wells. Aer a 72 hours incubation, the cells were washed with
PBS, and 100 mL aliquots of medium containing MTT solution
(5 mg mL−1) were added to each well and incubated for 3 hours.
The absorbance was recorded using a microplate reader at
570 nm. Percent proliferation inhibition was calculated using
the following formula:

% Proliferation cell inhibition = [(At − Ab)/(Ac − Ab)] × 100

At: absorbance of test compound, Ab: absorbance of blank, Ac:
absorbance of control.

The concentrations (IC50 values) of the compounds required
to inhibit 50% of the growth of the human cancer cell lines were
calculated based on the relationship between the concentra-
tions and the percentage of inhibition, using the GraphPad
Prism 5.0 soware. Each experiment was performed three
times, and all data are presented as mean ± standard deviation
(S.D.).
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