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ABSTRACT: In this current work, we report on the design, synthesis,
cytotoxicity of new compounds, molecular docking studies, and in vitro
and in silico evaluations of 24 new alicyclic triterpene amide-containing
1H-1,2,3-triazole derivatives (4, 5, 7a-7k and 8a−8k). All new
compounds were characterized by 1H-, 13C-, 19F-NMR, and HR-ESI-
MS spectroscopic techniques. X-ray crystallography unambiguously
confirmed the exact structure of 4. The antibreast cancer activity of all
compounds was evaluated against two prominent human breast and one
normal cancer cell lines with IC50 values ranging from 352.31 to 61.47
μM (MDA-MB-231), 386.61 to 67.02 μM (MCF-7), and 445.37 to
103.41 μM (HDF), respectively. Eight derivatives (7b−7i) exhibited
greater antiproliferative activities than the β-KBA (2) used as a
reference compound. Compound 7f demonstrated noteworthy activity
even at lower concentrations. In contrast, compounds 8a and 8k
demonstrated relatively lower effects, being compared with parent compound 2. Furthermore, compound 7f significantly expanded
CD4+ CD8- helper T cell population at both 5 and 10 μM concentrations, increasing the expression of PD-1 and TIGIT immune
checkpoints at 5 μM. The binding modes of the most active hits (7b−7i) were deduced by in silico docking using cyclin-dependent
kinase 4 (CDK4) as a prominent target. The molecular docking studies demonstrated appreciable binding interactions and docking
scores of compounds at CDK-4 ligand binding site and a significant role for −OH in compound 2 and the amide linker and triazole
moiety in the binding of these compounds.

1. INTRODUCTION
Cancer, a multistage progressive disease, is one the leading
causes of death after heart disease.1 According to the World
HealthOrganization (WHO), cancer is the second leading cause
of death around the world, contributing to approximately 9.6
million deaths in 2018.2 In both males and females, lung cancer
has the greatest incidence rate (11.6% of total cases), followed
by female breast cancer (11.6%) and colorectal cancer (10.2%).
Among them, three cancers also rank among the top five in terms
of cancer mortality (lung, 18.4%; colorectal, 9.2%; breast, 6.6%
of all cancer deaths).3 Breast cancer (BC) is the most common
type in women, and its incidence increases every year.4 It is
classified into three main subgroups, determined by the
existence or absence of human epidermal growth factor 2
(HER2), hormone receptors (HR), and one of the subtypes is
triple-negative breast cancer (TNBC).5 Because of the mortality
and increased chance of sickness recurrence, TNBC patients
require a specialized approach to highly effective and targeted
medications.6−11 Recently, TNBC management is challenging

due to a lack of targeted therapies. To address this issue, it is
critical to identify new antibreast compounds with low toxicity,
safe and easily available.

Boswellic acids (BAs), naturally occurring well-known
triterpene acids, are mostly isolated from the gum resin of the
Boswellia species (frankincense).12,13 Notably, derivatives of
BAs, especially 3-O-acetyl-11-keto-β-boswellic acid (β-AKBA,
1) and 11-oxo-β-boswellic acid (β-KBA, 2), have gained much
interest due to their different cytotoxic activities and their ability
to induce apoptosis in breast cancer, glioblastoma, and prostate
cancers cells.4,14,15 These natural compounds are widely
acknowledged for their wide range of pharmacological proper-
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ties, which include anti-inflammatory, cytotoxic, antiapoptotic,
antiproliferative, and even therapeutic activity in the treatment
of brain cancers.15,16 The in vivo cytotoxic activity of BAs against
numerous cancers, including prostate cancer,17 colorectal
cancer,18 leukemia,19 colon cancer,20 Ehrlich tumor,21 glioma,22

and pancreatic cancer23 are documented in the literature.
Notably, there are few clinical trials reporting the successful

use of BAs for the treatment of cancer, including brain, breast
and lung cancer.24−28 Previously, we reported some derivatives
of β-KBA that induced apoptosis in breast and prostate cancers
cells.29 Similarly, Csuk et al. (2015) determined the effect of β-
KBA and its derivatives on breast and cervical cancer cells.30 We
also discovered the antiproliferative activity of new synthetic
boswellic acid derivatives.31 Recently, our group reported the
cytotoxicity, apoptotic, and epigenetic effects of BA derivatives
against breast (MCF-7, and MDA-MB-231) and normal cell
lines (MCF-10A).14 The same group determined the anticancer
activity against melanoma cells using a 3-O-acetyl-β-boswellic
acid-loaded 3D printed scaffold.32 Our recent investigations
revealed that 3-O-acetyl-11-keto-β-boswellic acid and β-BA
could inhibit T cell proliferation and activation without inducing
cytotoxicity.33

According to the previously published protocol,34,35 the β-
AKBA (1) and β-ABA concentration increased in the resins (30
g) of B. sacra and purified through column chromatography. β-
AKBA (1) (4.5 g) was then deacetylated to β-KBA (2) (3.8 g)
using 1N KOH in iProH, reflux for 6 h at 80−85 °C (Scheme
1).36

According to the literature, structures comprising 1H-1,2,3-
triazoles are usually regarded as significant building blocks,
linkers, and have bioisosteric effects, which are believed to be
related to their similarity to amide-bonds in terms of distance
and planarity. Many bioactive scaffolds and therapeutic
structures have 1H-1,2,3-triazole cores, which have anticancer,
anti-HIV, antiviral, and antibacterial effects. The 1H-1,2,3-
triazole ring system can be found in hundreds of United States
Food and Drug Administration (FDA) authorized pharmaceut-
icals that are on the market, some of which are represented in
Figure 1.37

Recently, we synthesized a series of new analogues of 3-O-
acetyl-11-keto-β-boswellic acid (β-AKBA), 3-O-acetyl-β-bos-
wellic acid (β-ABA) and 1H-1,2,3-triazole hybrids of β-AKBA
through a highly efficient “click” chemistry reaction protocol.
Among them, three compounds exhibited noteworthy inhib-
ition, several times more potent than the parent compounds
(Figure 2).38

In view of the above findings and in continuation of our
interest in the exploration of novel antibreast cancer drugs, the
present work was designed to synthesize β-KBA in bulk amounts
and then a variety of novel β-KBA skeleton based 1H-1,2,3-
triazole derivatives (7a-7k and 8a-8k) were synthesized and
further evaluated against antibreast cancer (MDA-MB-231,
MCF-7) cell lines as well as normal human dermal cells (HDF).

2. RESULTS AND DISCUSSION
2.1. Chemistry. 2.1.1. Synthesis of Novel Alicyclic

Triterpene Amide Containing 1H-1,2,3-Triazole Derivatives.

Scheme 1. Gram-Scale Production of Natural Products of β-AKBA (1) and β-KBA (2) Isolated from Boswellia sacraGum Resina

aScheme 1: Reagents and conditions: (i) Ac2O/Py/DMAP, DCM, room temperature, 6 h; (ii) NBS/CaCO3/H2O/hν, dioxane, room temperature,
10 h; (iii) 0.5 N KOH in iPrOH, reflux, 10 h.

Figure 1. Representative analogues of 1H-1,2,3-triazoles with anticancer and antiproliferative activities.
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In the current study, the synthetic scheme of the β-KBA skeleton
based 1H-1,2,3-triazole derivatives (7a-7k and 8a-8k) is
depicted in Scheme 2. The desired β-KBA based 1H-1,2,3-
triazole derivatives were achieved by using a three-step synthetic
protocol with an amide coupling reaction followed by Jones
oxidation and finally a “click” reaction. Thereby, in the initial
step, the deacetylation of compound 1 (β-AKBA) by hydrolysis
with 1 M KOH in iPrOH provided pure 2 (β-KBA) in high yield
(98%). Step-2 was carried out using amide coupling. In step 2,
compound 2 (β-KBA) has a free acid group at position C-24
which was reacted with propargyl amine (3) in the presence of
HATU coupling reagent, to afford the respective β-KBA amide
(4) in high yield (96%). In the next step, compound 4 was
oxidized at C-3 position with Jones’ reagent (CrO3/aq. H2SO4)
in acetone to afford the β-KBA keto amide (5) in high yield
(98%).

The final reaction was carried out by using “click” chemistry.
In this step, a 1,3-dipolar cycloaddition reaction was conducted
between compound 4 and different substituted aromatic azides
6a-6k, in the presence of copper iodide (CuI) and Hünig’s base
inMeCN, to obtain the desired products, β-KBA skeleton-based
1H-1,2,3-triazole derivatives (7a-7k) in high yields 90−96%.
Under similar conditions, the β-KBA keto skeleton-based 1H-

1,2,3-triazole derivatives (8a-8k) were also produced in
excellent yields of 92−96% (Table 1).

By analysis of their spectral data (1H- and 13C NMR, HRMS,
and 19F-NMR spectroscopy where appropriate), the structures
of all new compounds (4, 5, 7a-7k and 8a-8k) were confirmed.

2.1.2. Isolation and Crystal Structure of Compound 4.
Compound 4 was obtained as a colorless amorphous powder
having a pseudo molecular formula of C33H49NO3 as
determined by an m/z peak at 508.3823 [M + H]+ (calcd. for
C33H50NO3, 508.3823) in its HR-ESI-MS (Scheme 1). The 1H
NMR spectrum of 4 exhibited two downfield signals at δH 3.99−
3.90 (2H, m), and 4.05 (1H, m) confirming the presence of one
extra methylene and one methine, respectively, which were
further confirmed at δC 79.6, and 71.6 in the 13CNMR spectrum.
Another prominent peak at δC 176.2 from δC 180.1 further
clarified the conversion of the carboxylic acid to amide group.
Furthermore, compound 4 crystals were generated from
progressive solvent slow evaporation of MeOH at ambient
temperature. The detailed stereochemistry of compound 4 was
determined by X-ray crystallography (Figure 3).

3. BIOLOGICAL ACTIVITY
The general structural features of the new 24 synthesized
alicyclic triterpene amide containing 1H-1,2,3-triazole deriva-

Figure 2. Structures of some derivatives of BAs with their antibreast cancer activity.
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tives (4, 5, 7a-7k and 8a-8k) are represented in Figure 4. Three
variable moieties (β-KBA-skeleton triterpene rigid moiety,

alicyclic amide bond, and 1H-1,2,3-triazole) were considered
as rigid motifs with a β-KBA-skeleton core group attached to the
1H-1,2,3-triazole moiety which mainly determined the varied
degree of biological activity.

3.1. Anti-proliferative Effects of Compounds. The
antiproliferative activities of compounds were evaluated against
two human breast cancer cell lines (MDA-MB-231 andMCF-7)
and normal HDF cells. Table 2 provides a summary of the
effects, with IC50 values ranging from 445 μM to 61 μM. Among
the compounds, eight derivatives (7b-7i) exhibited greater
antiproliferative activities than the β-KBA reference compound.
In contrast, compounds 8a through to 8k showed relatively
lower antiproliferative effects compared to β-KBA parent
compound. Compound 7f demonstrated the strongest anti-
proliferative effect among all tested compounds, showing

Scheme 2. Reagents and Conditionsa

a(i) 1 N KOH in iProH, reflux at 80−85 °C, 6 h, 98%; (ii) propargyl amine (3), dry DMF, DIPEA, coupling reagent HATU, room temperature, 18
h, 4 (96%); (iii) Jones’ reagent (CrO3/aq. H2SO4), acetone, oxidation at 0 °C to rt, 2 h, 5 (98%); (iv) different substituted aromatic azides (6a−
6k), Et3N, CuI, CH3CN, room temperature, 3 h, 7a−7k (90-96%) and 8a−8k (92-96%).

Table 1. Synthesis of Alicyclic Amide Containing 1H-1,2,3-
triazole Derivatives (7a-7k and 8a-8k)

Reactant
R1-
Group

β-KBA skeleton based 1H-1,2,3-
triazole derivatives (7a−7k and

8a−8k)

Yields of products
7a-7k and 8a-8k

(%)a

4 H 7a 92
4 2-F3C 7b 94
4 2-Me 7c 96
4 2-

MeO
7d 92

4 4-Br 7e 90
4 3-Br 7f 92
4 4-

MeO
7g 94

4 3-F3C 7h 92
4 4-F3C 7i 90
4 4-F 7j 92
4 4-Cl 7k 90
5 H 8a 92
5 2-F3C 8b 93
5 2-Me 8c 96
5 2-

MeO
8d 94

5 4-Br 8e 92
5 3-Br 8f 93
5 4-

MeO
8g 96

5 3-F3C 8h 92
5 4-F3C 8i 94
5 4-F 8j 93
5 4-Cl 8k 92

aYields refer to pure isolated target products.

Figure 3. Crystal structure of compound 4.
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significant activity even at lower concentrations. This potency
against HDF cells, as normal cells, led to its selection for further
immunoactivity testing on PBMCs at concentrations of 5 μM
(IC95) and 10 μM (IC90).

3.2. Modulation of T Cell Subset Populations and
Immune Checkpoint Expression. We evaluated the
expression of T cell subsets in PBMCs treated with different
concentrations of the 7f derivative of β-KBA. The analysis
focused on two primary T cell populations: CD4- CD8+
(cytotoxic T cells) and CD4+ CD8- (helper T cells). Regarding
the CD4- CD8+T cell subset, the average percentages were 37%
in the control group, 39% at a 5 μMconcentration of 7f, and 36%

at a 10 μM of 7f. In contrast, the CD4+ CD8- T cell subset
showed average percentages of 30% in the control group, 40% at
5 μM, and 40.5% at 10 μMof 7f. We also assessed the expression
of immune checkpoints PD-1 and TIGIT within these T cell
subsets. In the CD4- CD8+ T cells, PD-1 expression was
measured at 17.6% in the control group, increasing to 22.1% at a
5 μMconcentration and slightly decreasing to 20.2% at 10 μMof
7f. TIGIT expression in this subset was 7.69% in the control
group, rising to 9.83% at 5 μM and dropping to 8.36% at 10 μM
of 7f. For the CD4+ CD8- T cell subset, PD-1 expression was
14.1% in the control group, increasing to 16.1% at 5 μM and
decreasing to 8.23% at 10 μM of 7f. The TIGIT expression in
this subset was measured at 7.53% in the control group,
increasing to 11.6% at 5 μM and subsequently declining to
9.88% at 10 μM of 7f (Figure 5).

3.3. Molecular Docking Studies. A total of nine
compounds (7b-7j) showed significant inhibitory potential in
two human breast cancer cell lines (MDA-MB-231 andMCF-7)
compared to the standard molecule. We selected CDK-4 as a
potential drug target because of its expression in both MDA-
MB-231 and MCF-7 cell lines. Docking analysis of the most
active inhibitors with CDK-4 reflects the good binding potential
of those molecules toward CDK-4. All molecules were well
accommodated in the ligand binding cavity of CDK-4. Themost
active molecule 7f, exhibited the highest docking score with
excellent interactions with Glu94, Val96, Phe93, Ile12 and
Gln98. The molecules mediated both hydrogen bonding and
hydrophobic interactions with these residues. The − OH group
of KBA moiety and the amide group of 7f specifically formed
hydrogen bonds with the carbonyl oxygen of Glu94 and amino
nitrogen of Val96 at 2.04 Å and 2.22 Å, respectively. The side
chain of Ile12 and Cα of Gln98 provided hydrophobic
interactions to the triazole and bromophenyl rings of this
compound. Moreover, the side chain of Phe93 also mediated a
hydrophobic interaction with the KBA moiety of 7f.

Due to these interactions, compound 7f exhibited a higher
docking score, i.e. − 7.70 kcal/mol. The second most active
compound 7c showed interactions with Tyr17 and Leu147. The
carbonyl moiety of KBA and the triazole ring of this compound
formed a hydrogen bond and a hydrophobic interaction with the
side chain − OH of Tyr17 (1.74 Å) and side chain of Leu147
(3.20 Å), respectively. The conformation of 7c was similar to
that of 7f, however, the − OH, amide and the toluene groups of
7c did not interact with the surrounding residues. Due to this

Figure 4. General structural feature of the synthesized alicyclic triterpene amide containing 1H-1,2,3-triazole derivatives.

Table 2. Anti-proliferative Effects of β-KBA Derivatives in
Human Breast Cancer Cell Lines (MDA-MB-231 and MCF-
7), and Normal Human Dermal Cells (HDF)

Compounds
MDA-MB-231
IC50(μM) ± SEM

MCF-7
IC50(μM) ±

SEM
HDF (Normal cell)
IC50(μM) ± SEM

β-KBA 101.35 ± 3.90 121.61 ± 4.72 194.39 ± 6.01
4 98.43 ± 4.43 111.00 ± 4.72 181.71 ± 7.29
5 115.09 ± 5.91 128.36 ± 6.18 202.09 ± 5.63
7a 102.86 ± 6.74 124.18 ± 7.15 181.32 ± 7.12
7b 69.94 ± 3.45 83.35 ± 4.75 103.41 ± 5.11
7c 64.08 ± 2.96 69.97 ± 3.18 142.35 ± 4.12
7d 71.16 ± 4.15 73.42 ± 2.92 105.18 ± 5.39
7e 72.46 ± 3.62 75.13 ± 2.18 117.36 ± 6.01
7f 61.47 ± 2.18 67.02 ± 3.12 121.15 ± 4.68
7g 76.61 ± 3.65 78.96 ± 3.01 108.92 ± 5.34
7h 70.42 ± 2.72 73.24 ± 3.19 116.47 ± 3.16
7i 65.34 ± 2.30 80.73 ± 3.48 113.31 ± 5.39
7j 71.43 ± 3.98 76.39 ± 3.16 107.52 ± 6.14
7k 106.26 ± 7.21 134.23 ± 6.32 191.39 ± 8.13
8a 228.59 ± 7.32 245.48 ± 8.21 289.16 ± 9.50
8b 268.43 ± 8.27 273.25 ± 7.36 326.29 ± 9.21
8c 341.72 ± 9.48 386.61 ± 10.17 445.37 ± 10.06
8d 329.19 ± 10.21 367.48 ± 9.16 433.19 ± 12.21
8e 352.31 ± 11.09 371.72 ± 8.36 441.41 ± 8.16
8f 338.81 ± 12.31 374.19 ± 10.56 426.23 ± 7.77
8g 225.08 ± 8.21 249.28 ± 9.67 293.69 ± 9.48
8h 236.41 ± 7.46 253.44 ± 6.39 311.75 ± 8.35
8i 274.79 ± 6.92 299.21 ± 4.26 339.09 ± 9.13
8j 264.92 ± 6.23 291.71 ± 5.93 341.11 ± 10.19
8k 336.36 ± 9.41 351.17 ± 10.81 432.21 ± 11.26
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reason, 7c exhibited a slightly lower docking score (−7.66) than
7f. After 7f and 7c, compounds 7i and 7b showed significant
antiproliferative potential. In contrast to 7c, 7i interacted with
the amide nitrogen of Val14 and side chain of Lys142 through its
− OH and amide groups at 1.98 Å and 1.92 Å, respectively.
Moreover, the side chains of Val20 and Phe93 mediated
hydrophobic interactions with the triazole and the trifluor-
omethyl phenyl rings, respectively. Interestingly, the polar
moieties of 7b, including carbonyl and hydroxyl oxygens of KBA
and the amide nitrogen, formed hydrogen bonds with the side
chain − OH of Tyr17 (1.92 Å), the amide oxygen of Ile12 (2.22
Å) and the amide oxygen of Glu144 (2.17 Å). Both 7i (−7.64
kcal/mol) and 7b (−7.58 kcal/mol) exhibited docking scores
comparable to that of 7c.

Compounds 7h, 7d, 7j, 7e and 7g demonstrated IC50 values in
the range of 70 to >78 μM and these molecules were also
considered as good inhibitors. Interestingly, the triazole nitrogen
of 7h mediated bidentate interactions with Lys22 (2.05 Å and
2.16 Å) and a hydrophobic interaction with Asp97, while the
amide nitrogen of 7h formed a hydrogen bond with the carbonyl
oxygen of Val96 at 2.07 Å. Furthermore, the side chain of Phe93
formed a hydrophobic interaction with the KBA scaffold of 7h.
The binding mode of 7d showed its interactions with Glu94 and
Gln98. The − OH and anisole ring of 7d formed a hydrogen
bond with the amide oxygen of Glu94 at 2.10 Å, and a
hydrophobic interaction with Gln98 (3.84 Å), respectively.
Likewise, the − OH of 7j also formed a hydrogen bond with the
amide oxygen of Glu94 (1.99 Å), whereas the amide oxygen of
this molecule interacted with the amino group of Val96 via a

hydrogen bond (2.08 Å).Moreover, the triazole moiety of 7jwas
stabilized through hydrophobic interactions with Ile12 and
Lys22. The − OHof 7e formed a hydrogen bond with the amino
group of Val96 at 2.11 Å, while Phe93 and Ile12 mediated
multiple hydrophobic interactions with the KBA and the triazole
groups of 7e. Unlike the rest of the docked molecules,
compound 7g was only stabilized through a hydrophobic
interaction with Phe93 at the ligand binding site. Compounds
(7h, 7d, 7j, 7e, and 7g) exhibited docking scores in range of −
7.38 to − 7.12 kcal/mol. The docking scores of the docked
complexes aligned well with the inhibitory potential of these
molecules. The docking results are given in Table 3 and the
binding modes of the compounds are shown in Figure 6.

The evaluation of the antiproliferative activities of synthesized
compounds against two human breast cancer cell lines, and
normal HDF cells revealed that eight derivatives (7b−7i)
exhibited appreciable antiproliferative effects compared to the β-
KBA reference compound. Compound 7f emerged as the most
potent, demonstrating strong antiproliferative effects at lower
concentrations. This potency is especially advantageous in drug
development, as effective low doses can potentially minimize
toxicity and reduce side effects.39

To better understand the immunomodulatory potential of
compound 7f, we examined its effects on T cell subsets and the
expression of immune checkpoints, PD-1 and TIGIT, in CD4-
CD8+ (cytotoxic T cells) and CD4+ CD8- (helper T cells)
populations. The 7f derivative of β-KBA showed no substantial
impact on the overall proportion of CD4- CD8+ T cells, and
remained unchanged across treatment conditions, while CD4+

Figure 5.Analysis of T cell subset frequencies and immune checkpoint expression in PBMCs treated with varying concentrations of the 7f derivative of
β-KBA. PBMCs were treated with the 7f derivative of KBA at concentrations of 5 μMand 10 μM, with untreated cells serving as the control (NC). (A)
The gating strategy used to identify CD4+ CD8- (helper T cells) and CD4- CD8+ (cytotoxic T cells) populations are shown. (B) The average
percentage of each subset in the control, 5 μM, and 10 μM conditions. (C) PD-1 and TIGIT expression on CD4- CD8+ T cells. (D) PD-1 and TIGIT
expression onCD4+CD8- T cells. Each bar represents the mean ± standard deviation (SD) of three replicates from each donor, with total replicates (n
= 18) across all six donors. Fluorescence minus one (FMO) and isotype controls were used to define positive populations. An asterisk (*) indicates
statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001) compared to the control (NC), as calculated using appropriate statistical tests.
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CD8- T cell frequencies slightly increased at both 5 μM and 10
μM concentrations. These findings indicated that 7f selectively
impacts helper T cells, possibly through mechanisms influencing
cell proliferation and survival that are more active in CD4+ T
cells, which may eventually enhance T cell activation and
function.40

In CD4- CD8+ T cells, PD-1 expression increased upon
treatment, peaking at 5 μM before a slight decline at 10 μM.
Similarly, TIGIT expression was elevated at 5 μMbut decreased
at higher concentration. This biphasic response in immune
checkpoint expression suggests that a low dose of 7f enhances T
cell inhibitory pathways, probably as a compensatory mecha-
nism to control overactivation.41 Elevated PD-1 and TIGIT at 5
μM could point toward an increase in the immune suppression
profile of cytotoxic T cells, indicating that the 7f at low doses

may temper T cell cytotoxic activity, which can be desirable in
inflammatory settings where excessive cytotoxicity could lead to
tissue damage.42 The reduction in PD-1 and TIGIT expression
at 10 μM might reflect saturation effects or an inhibitory
feedback mechanism where higher concentrations counter-
balance the initial immune-modulating effect.

In CD4+, CD8- T cells, PD-1 expression increased slightly at
5 μM but decreased significantly at 10 μM, and TIGIT
expression followed a similar pattern. This decrease at higher
concentrations may be due to differential sensitivity of helper T
cells to 7f derivative treatment, suggesting that these cells may
resist prolonged inhibitory signaling under conditions of higher
compound exposure.43 The reduced PD-1 and TIGIT
expression observed at a 10 μM concentration suggests that
the 7f derivative, at higher doses, may interfere with the typical
checkpoint regulation in helper T cells. This disruption leads to
lower levels of inhibitory receptor expression, which could favor
T cell activation. Such a trend indicates that the 7f derivative
may enhance helper T cell activity by decreasing inhibitory
signaling at elevated doses.44

Docking plays an important role in the determination of
binding potential of a drug-like molecule with its potential target
in the physiological system, which ultimately helps in the
acceleration of drug discovery process.34,45 We have determined
the binding mode of some of the most active antiproliferative
agents identified in this study using molecular docking strategy.
For docking, CDK-4 was selected as the potential drug target
because of its expression in triple-negative breast cancer (MDA-
MB-231) and estrogen receptor-positive (MCF-7) breast cancer
cell lines. CDK4 is a key regulator of the cell cycle and is involved
in the transition from the G1 phase to the S phase, where cell
proliferation is initiated. Overexpression or dysregulation of
CDK4 is observed in various cancers, including breast cancer, as
it can drive uncontrolled cell division and contribute to
tumorigenesis.46−50,51−54 When docked at the ligand binding
site where a molecule of abemaciclib is cocrystallized in the X-
ray structure of CDK-4, our compounds showed excellent
binding interactions, and highly negative docking scores,
reflecting their good binding potential for CDK-4. All ligands
completely blocked the ligand binding site of CDK-4. We
observed a good role of Glu94 and Val96 in the stabilization of
our compounds at the ligand binding site through hydrogen
bonds, whereas Phe93 mainly provided hydrophobic inter-
actions to these molecules. The − OHat KBAmoiety, the amide
linker and the triazole nitrogen are the key pharmacophores
which mediate hydrophilic interactions with the surrounding
residues, while KBA and the R group forms hydrophobic
interactions at the ligand binding site. This indicates that further
modification of functional moieties can lead to the formation of
more potent antiproliferative molecules.

4. CONCLUSIONS
Currently, we have reported the synthesis of 24 undescribed
alicyclic triterpene-amide (4, 5, 7a−7k and 8a−8k) containing
1H-1,2,3-triazole derivatives. All newly synthesized compounds
were confirmed by advanced spectroscopic techniques via., 1H-,
13C-, 19F-NMR (where is applicable), and HR-ESI-MS. The
stereochemistry of compound 4 was confirmed by X-ray
crystallography. The antibreast cancer activity of the prepared
compounds was screened using human breast cancer cell lines.
Among the synthetic compounds, eight derivatives (7b-7i)
exhibited notable antiproliferative activities compared to β-KBA
(2). Similarly, compound 7f displayed a remarkable effect

Table 3. Molecular Docking Results of Most Active
Compound with CDK-4a

Compounds
Score

(kcal/mol) Ligand Receptor Interaction
Distance
(Å)

7b −7.58 N71 O-
GLU144

HBD 2.17

O83 O-ILE12 HBD 2.22
O70 OH-

TYR17
HBA 1.92

7c −7.66 O70 OH-
TYR17

HBA 1.74

5-ring CD2-
LEU147

π-H 3.20

7d −7.27 O83 O-GLU94 HBD 2.10
6-ring CA-

GLN98
π-H 3.84

7e −7.15 O73 N-VAL96 HBA 2.11
C47 6-ring-

PHE93
H-π 3.49

O83 6-ring-
PHE93

H-π 3.17

5-ring CG2-
ILE12

π-H 4.32

7f −7.70 O81 O-Glu94 HBD 2.04
O71 N-Val96 HBA 2.22
C45 6-ring-

Phe93
H-π 3.69

5-ring CG2-Ile12 π-H 4.18
6-ring CA-Gln98 π-H 4.17

7g −7.12 C47 6-ring-
PHE93

H-π 2.81

7h −7.38 N71 O-VAL96 HBD 2.07
N78 NZ-LYS22 HBA 2.05
N82 NZ-LYS22 HBA 2.16
C47 6-ring-

PHE93
H-π 2.61

5-ring CA-ASP97 π-H 4.13
7i −7.64 O73 NZ-

LYS142
HBA 1.92

O83 N-VAL14 HBA 1.98
C88 6-ring-

PHE93
H-π 3.40

5-ring CG2-
VAL20

π-H 3.83

7j −7.24 O83 O-GLU94 HBD 1.99
O73 N-VAL96 HBA 2.08
5-ring CG2-

ILE12
π-H 4.50

5-ring NZ-LYS22 π-cation 2.66
aHBA = Hydrogen bond acceptor, HBD = Hydrogen bond donor.
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among all screened compounds, representing significant activity
even at lower concentrations. Furthermore, compound 7f
significantly expanded CD4+ CD8- helper T cell population at
both 5 μM and 10 μM concentrations, increasing the expression
of PD-1 and TIGIT immune checkpoints at 5 μM. The binding
capacity of the most active compounds were exhibited through
in-silico docking studies by CDK4 (cyclin-dependent kinase 4)
as a prominent target. The binding interactions and docking
scores of compounds at the CDK-4 ligand binding site might
possibly be due to the − OH at the C-3 position of KBA, the
amide-linkage and 1H-1,2,3-triazole moiety in the binding site of
synthesized compounds.

5. EXPERIMENTAL SECTION
5.1. General. All reagents were obtained from Sigma-

Aldrich, Germany. Silica gel for column chromatography was
100−200 mesh. Solvents were purified by following standard
procedures. High-resolution electrospray ionization mass
spectra (HR-ESI-MS) were recorded on an Agilent 6530 LC
Q-TOF instrument. The 1H- and 13C NMR spectra were
recorded on a Bruker NMR spectrometer (600MHz for 1H, 150
MHz for 13C and 564 MHz for 19F) using CDCl3 as a solvent.
Thin layer chromatography (TLC) was carried using silica gel
F254 precoated plates. UV-light and I2 stain were used to visualize
the spots. Organic extracts and solutions of pure compounds
were dried over anhydrousMgSO4. Crystal data are summarized
in Table S1. A single crystal of compound 4 was mounted on a
MiTeGen loop with grease and examined on a Bruker D8
Venture APEX diffractometer equipped with a Photon 100
CCD area detector at 296 (2) K using graphite monochrom-
atized Mo−Kα radiation (λ = 0.71073Å). Data were collected
using the APEX 4 software,1 integrated using SAINT,2 and
corrected for absorption using a multiscan approach (SA-
DABS).3 Final cell constants were determined from full least-
squares refinement of all observed reflections. The structure was
solved using intrinsic phasing (SHELXT).4 All non-H atoms
were in subsequent difference maps and refined anisotropically.
H atoms were added at calculated positions and refined with a
riding model. The structure of compound 4 has been deposited
with the CCDC (CCDC deposition number = 2419825).

5.2. Synthesis of N-(Prop-2-yne-1-yl)-3α-hydroxy-11-
oxours-12-en-24-carboxamide (4). To a solution of β-KBA

(2) (1.0 equiv) in dry DMF (10 mL) were added successively
propargylamine 3 (1.1 equiv), HATU coupling agent (1.2
equiv) and N,N-diisopropylethylamine (DIPEA) (2.5 equiv) as
a base. The reaction mixture was stirred at room temperature for
18 h until completion of the reaction (monitored by TLC
analysis). After completion of the reaction, it was extracted with
EtOAc (3 × 30 mL). The crude product was obtained by drying
the combined organic layer over anhydrous MgSO4 and then
concentrating it under reduced pressure on a rotary evaporator.
The crude product was then purified using column chromatog-
raphy on silica gel with n-hexane/ethyl acetate (85:15 v/v) as an
eluent to yield pure compound 4 (96%); Dark brown solid,
crystals developed in MeOH; Yield = 96%; mp 218−220 °C; 1H
NMR (600 MHz, CDCl3) δ 5.70 (t, J = 5.3 Hz, 1H), 5.56 (d, J =
5.0 Hz, 1H), 4.13 (d, J = 2.8Hz, 1H), 4.05 (ddd, J = 24.7, 5.1, 2.5
Hz, 2H), 3.06 (s, 1H), 2.81 (s, 1H), 2.52 (d, J = 3.4 Hz, 1H),
2.45 (s, 1H), 2.40 (s, 1H), 2.24 (t, J = 2.5 Hz, 1H), 2.10 (d, J =
4.8 Hz, 2H), 1.89 (td, J = 13.7, 5.1 Hz, 2H), 1.80 − 1.73 (m,
3H), 1.60 − 1.51 (m, 5H), 1.48 (q, J = 3.8 Hz, 2H), 1.45 (d, J =
6.5 Hz, 2H), 1.33 (s, 3H), 1.28 (s, 3H), 1.21 (s, 3H), 1.13 (s,
3H), 1.04 − 1.01 (m, 1H), 0.95 (s, 3H), 0.83 (s, 3H), 0.80 (d, J =
6.5 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 199.3, 176.2,
164.9, 130.5, 79.5, 71.5, 70.6, 60.4, 59.0, 55.6, 48.7, 47.3, 45.0,
43.8, 40.9, 39.3, 38.6, 37.5, 34.1, 34.0, 33.1, 30.9, 29.1, 28.8, 27.5,
27.1, 26.5, 24.9, 21.1, 20.5, 19.5, 18.3, 17.4, 13.3; 13C DEPT90
NMR (150 MHz, CDCl3) δ 130.5, 79.5, 70.6, 60.4, 59.0, 55.6,
48.7, 39.3; 13C DEPT135 NMR (150 MHz, CDCl3) δ 130.5,
70.6, 60.4, 59.0, 48.7, 40.9, 39.3, 34.1, 33.1, 30.9, 29.1, 28.8, 26.5,
24.9, 21.1, 20.5, 19.5, 18.3, 17.4, 13.3; HRMS (ESI+) calcd. for
C33H50NO3 [M + H]+ 508.3525, found 508.3823. Elemental
analysis: C33H49NO3 calcd.: C, 78.08; H, 9.75; N, 2.78; O, 9.45;
found: C, 78.06; H, 9.73; N, 2.76; O, 9.45.

5.3. Synthesis of N-(Prop-2-yne-1-yl)-3,11-dioxours-
12-en-24-carboxamide (5). A stirred solution of compound 4
(1.0 equiv) suspended in 10 mL acetone received dropwise
addition of Jones reagent (1.0 mL) at 0 °C and stirred at room
temperature for 2 h. Upon completion, as determined by TLC,
the reaction was quenched with water at 0 °C and iPrOH was
added, and the reaction mixture was stirred for 30 min. After
completion of the reaction, it was extracted with CH2Cl2 (3 × 30
mL). The crude product was obtained by drying the combined
organic layer over anhydrous Na2SO4 and then concentrating it

Figure 6. Binding modes of compounds are shown in the binding cavity of CDK-4. Compounds are depicted in yellow ball and stick model, interacting
residues and protein are shown in red color, while hydrogen bonds and hydrophobic interactions are displayed in black and green dashed lines,
respectively.
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under reduced pressure on a rotary evaporator. The crude
product was then purified using column chromatography on
silica gel with n-hexane/ethyl acetate (85:15 v/v) as an eluent to
yield pure compound 5 in a high yield (98%); White solid; Yield
= 98%; mp 212−214 °C; 1HNMR (600MHz, CDCl3) δ 5.78 (t,
J = 5.3 Hz, 1H), 5.57 (s, 1H), 3.96 (dd, J = 5.3, 2.5 Hz, 2H), 3.06
− 2.94 (m, 2H), 2.42 − 2.37 (m, 2H), 2.26 − 2.20 (m, 2H), 2.12
− 1.99 (m, 4H), 1.93 − 1.88 (m, 1H), 1.83 − 1.79 (m, 1H), 1.65
− 1.61 (m, 1H), 1.57 − 1.44 (m, 5H), 1.39 (s, 3H), 1.37 (s, 3H),
1.35 − 1.31 (m, 2H), 1.28 (s, 3H), 1.24 (s, 3H), 1.22 − 1.19 (m,
1H), 1.04 − 1.00 (m, 1H), 0.94 (s, 3H), 0.83 (s, 3H), 0.79 (d, J =
6.4 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 211.8, 198.7,
172.1, 165.4, 130.3, 79.1, 71.6, 60.1, 59.0, 58.7, 58.1, 44.8, 43.7,
40.8, 39.2, 37.1, 33.9, 33.0, 30.8, 29.2, 28.8, 27.4, 27.3, 22.3, 21.1,
20.3, 20.2, 18.3, 17.4, 14.1; 13C DEPT135 NMR (150 MHz,
CDCl3) δ 130.3, 60.1, 59.0, 58.1, 40.8, 39.2, 37.1, 33.0, 30.8,
29.2, 28.8, 27.4, 27.2, 22.3, 21.1, 20.3, 20.2, 18.3, 17.4, 14.1; 13C
DEPT90 NMR (150 MHz, CDCl3) δ 130.3, 71.6, 60.1, 59.0,
58.1, 39.2; HRMS (ESI+) calcd. for C33H48NO3 [M + H]+
506.4990 found 506.4993. Elemental analysis: C33H47NO3
calcd.: C, 78.39; H, 9.35; N, 2.78; O, 9.51; found: C, 78.37;
H, 9.37; N, 2.77; O, 9.49.

5.4. General Procedure for Synthesis of β-KBA
Skeleton Based 1H-1,2,3-triazole Derivatives. CuI (2.0
equiv) and Et3N (3.0 equiv) were added to a solution of
compound 4 or compound 5 (1.0 equiv) and substituted
aromatic azides 6a−6k (1.2 equiv) in acetonitrile (10 mL), and
the mixture was stirred for 3 h (3 h). The mixture was then
stirred at room temperature for 3 h until the reaction was
complete (as reported by TLC analysis). After completion of the
reaction, the reaction mixture was diluted with EtOAc (30 mL),
15 mL of aqueous saturated NH4Cl solution was added, and the
aqueous layer was extracted with EtOAc (3 × 30 mL). Then, the
combined organic layer was washed with brine (1 × 20 mL),
dried over anhydrous MgSO4, filtered, and the filtrate was
concentrated in vacuo. The crude residue was further purified by
flash column chromatography (silica gel, n-hexane/EtOAc,
75:25) to furnish the desired pure β-KBA skeleton based 1H-
1,2,3-triazole derivatives 7a−7k (90−96%) and 8a−8k (92−
96%).

5.4.1. N-((1-Phenyl-1H-1,2,3-triazol-4-yl)methyl)-3α-hy-
droxy-11-oxours-12-en-24-carboxamide (7a). Gummy dark
yellow solid; Yield = 92%; 1H NMR (600 MHz, CDCl3) δ 8.02
(s, 1H), 7.71 (d, J = 7.9 Hz, 2H), 7.55 (d, J = 7.8 Hz, 2H), 7.47
(d, J = 7.4 Hz, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.05 (d, J = 7.9 Hz,
1H), 6.41 (d, J = 6.0 Hz, 1H), 5.53 (s, 1H), 4.69 − 4.57 (m, 2H),
4.14 (t, J = 5.2 Hz, 2H), 2.93 (d, J = 7.4 Hz, 3H), 2.82 (s, 3H),
2.48 (d, J = 17.2 Hz, 3H), 2.10 (s, 1H), 2.06 (s, 2H), 1.88 (d, J =
5.1 Hz, 1H), 1.80 (d, J = 8.8 Hz, 2H), 1.73 (t, J = 10.2 Hz, 1H),
1.61 − 1.57 (m, 1H), 1.53 (d, J = 10.7 Hz, 3H), 1.47 (s, 1H),
1.32 (s, 3H), 1.29 (d, J = 8.2 Hz, 3H), 1.15 (s, 3H), 1.03 (dd, J =
9.7, 5.3 Hz, 1H), 0.95 (s, 3H), 0.82 (s, 3H), 0.80 (d, J = 6.6 Hz,
3H); 13CNMR (150MHz, CDCl3) δ 199.3, 176.7, 164.9, 145.1,
136.9, 130.5, 129.8, 128.9, 124.8, 119.0, 70.7, 60.4, 59.0, 48.7,
47.3, 46.3, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.7, 34.1, 33.9, 33.1,
30.9, 28.8, 27.5, 27.1, 26.5, 25.0, 21.1, 20.5, 19.6, 18.2, 17.4, 14.2,
13.0; HRMS (ESI+) calcd. for C39H55N4O3 [M + H]+ 627.4183
found 627.4181. Elemental analysis: C39H54N4O3 calcd.: C,
74.75; H, 8.66; N, 8.92; O, 7.68; found: C, 74.72; H, 8.68; N,
8.94; O, 7.66.

5.4.2. N-((1-(2-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide
(7b). Red brown solid; Yield = 94%; 1H NMR (600 MHz,

CDCl3) δ 7.89 − 7.85 (m, 2H), 7.75 (td, J = 7.7, 1.6 Hz, 1H),
7.70 (t, J = 7.7 Hz, 1H), 7.62 (dd, J = 21.1, 1.5 Hz, 1H), 7.49 (d, J
= 7.8 Hz, 1H), 6.45 (t, J = 5.8 Hz, 1H), 5.53 (s, 1H), 4.70 − 4.55
(m, 2H), 4.14 (d, J = 3.0 Hz, 1H), 2.91 (q, J = 7.4 Hz, 3H), 2.81
(s, 2H), 2.43 (s, 1H), 2.11 − 2.04 (m, 2H), 1.90 − 1.85 (m, 1H),
1.80 (q, J = 6.2 Hz, 2H), 1.73 (dd, J = 12.6, 7.0 Hz, 1H), 1.59 −
1.54 (m, 2H), 1.50 (ddt, J = 12.3, 9.4, 4.5 Hz, 4H), 1.47 − 1.44
(m, 1H), 1.31 (s, 3H), 1.28 (s, 3H), 1.26 (d, J = 3.8 Hz, 3H),
1.23 − 1.20 (m, 1H), 1.15 (s, 3H), 1.03 − 1.00 (m, 1H), 0.95 (s,
3H), 0.81 (s, 3H), 0.79 (d, J = 6.4 Hz, 3H); 13C NMR (150
MHz, CDCl3) δ 199.3, 176.7, 164.9, 144.5, 134.6, 133.1, 130.5,
128.9, 124.4, 119.5, 117.1, 70.6, 60.4, 59.0, 48.7, 47.3, 46.3, 45.0,
43.8, 40.9, 39.2, 38.6, 37.5, 34.5, 34.1, 33.9, 33.1, 30.9, 28.8, 27.4,
27.1, 26.5, 25.0, 21.1, 20.5, 19.6, 18.2, 17.4, 13.1; 19F NMR (565
MHz, CDCl3) δ − 58.8; HRMS (ESI+) calcd. for C40H54F3N4O3
[M + H]+ 695.6646 found 695.6648. Elemental analysis:
C40H53F3N4O3 calcd.: C, 69.16; H, 7.67; F, 8.23; N, 8.08; O,
6.91; found: C, 69.14; H, 7.69; F, 8.20; N, 8.06; O, 6.91.

5.4.3. N-((1-(o-tolyl)-1H-1,2,3-triazol-4-yl)methyl)-3α-hy-
droxy-11-oxours-12-en-24-carboxamide (7c). Gummy
brown solid; Yield = 96%; 1H NMR (600 MHz, CDCl3) δ
7.78 (s, 1H), 7.42 (d, J = 7.9 Hz, 1H), 7.24 (s, 1H), 7.17 (d, J =
7.5 Hz, 1H), 7.13 (d, J = 7.8 Hz, 1H), 7.05 (d, J = 7.6 Hz, 1H),
6.53 (s, 1H), 5.53 (s, 1H), 4.71 (dd, J = 15.1, 6.0 Hz, 1H), 4.56
(dd, J = 14.9, 5.3 Hz, 1H), 4.14 (t, J = 5.2 Hz, 2H), 2.85 (s, 3H),
2.84 (s, 3H), 2.46 (d, J = 14.8 Hz, 2H), 2.22 (s, 3H), 2.11 − 2.08
(m, 1H), 2.06 (d, J = 1.4 Hz, 2H), 2.02 (d, J = 1.4 Hz, 3H), 1.87
(d, J = 5.1 Hz, 1H), 1.83 − 1.80 (m, 2H), 1.71 (d, J = 8.4 Hz,
1H), 1.51 (d, J = 12.7 Hz, 3H), 1.46 (s, 1H), 1.31 (s, 3H), 1.29
(s, 3H), 1.13 (s, 3H), 1.03 (s, 1H), 0.92 (s, 3H), 0.81 (s, 3H),
0.80 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 199.3, 176.7,
164.9, 144.3, 136.2, 133.6, 131.5, 131.1, 127.0, 125.9, 124.5,
117.8, 70.6, 60.4, 59.0, 48.7, 47.3, 46.3, 45.0, 43.8, 40.9, 39.2,
38.6, 37.5, 33.9, 33.0, 30.9, 28.8, 27.4, 25.1, 21.1, 20.5, 19.7, 18.2,
17.8, 17.4, 13.2; HRMS (ESI+) calcd. for C40H57N4O3 [M +H]+
641.3182 found 641.3180. Elemental analysis: C40H56N4O3
calcd.: C, 74.98; H, 8.83; N, 8.72; O, 7.47; found: C, 74.96;
H, 8.81; N, 8.74; O, 7.49.

5.4.4. N-((1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3α-hydroxy-11-oxours-24-carboxamide (7d).
Gummy red solid; Yield = 92%; 1H NMR (600 MHz, CDCl3)
δ 8.13 (s, 1H), 7.71 − 7.66 (m, 1H), 7.43 (td, J = 7.9, 1.7 Hz,
1H), 7.02 (dd, J = 7.9, 1.7 Hz, 1H), 6.95 (dd, J = 7.6, 1.3 Hz,
1H), 6.90 (dd, J = 8.2, 1.3 Hz, 1H), 6.58 (t, J = 5.8 Hz, 1H), 5.51
(s, 1H), 4.69 (d, J = 9.2 Hz, 1H), 4.60 (dd, J = 14.9, 5.4 Hz, 1H),
4.16 − 4.10 (m, 2H), 3.88 (s, 3H), 2.92 (d, J = 7.3 Hz, 3H), 2.81
(s, 3H), 2.48 − 2.34 (m, 4H), 2.08 (d, J = 4.8 Hz, 1H), 1.90 −
1.80 (m, 4H), 1.74 − 1.65 (m, 2H), 1.54 (d, J = 3.4 Hz, 1H),
1.49 (d, J = 12.2 Hz, 3H), 1.45 − 1.42 (m, 1H), 1.30 (s, 3H),
1.28 (s, 3H), 1.25 (s, 3H), 1.21 − 1.18 (m, 1H), 1.12 (s, 3H),
0.95 − 0.93 (m, 3H), 0.91 (s, 3H); 13C NMR (150 MHz,
CDCl3) δ 199.4, 176.6, 164.9, 151.8, 151.2, 143.9, 130.3, 128.2,
125.6, 125.5, 121.3, 120.2, 112.2, 112.0, 70.6, 60.4, 59.0, 55.9,
48.8, 47.3, 46.5, 45.1, 43.8, 40.9, 39.2, 38.6, 37.5, 34.5, 34.2, 33.9,
33.1, 30.9, 28.8, 27.4, 27.1, 26.6, 25.0, 21.1, 20.5, 19.7, 18.2, 17.4,
13.1; HRMS (ESI+) calcd. for C40H57N4O4 [M + H]+ 657.2958
found 657.2956. Elemental analysis: C40H56N4O4 calcd.: C,
73.16; H, 8.57; N, 8.55; O, 9.72; found: C, 73.14; H, 8.59; N,
8.53; O, 9.74.

5.4.5. N-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide (7e).
Gummy red brown solid; Yield = 90%; 1H NMR (600 MHz,
CDCl3) δ 8.05 (d, J = 1.8 Hz, 1H), 7.68 − 7.64 (m, 2H), 7.60 (d,
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J = 8.5 Hz, 2H), 7.50 − 7.44 (m, 1H), 6.95 − 6.89 (m, 1H), 6.52
(s, 1H), 5.52 (s, 1H), 4.63 (d, J = 5.8 Hz, 1H), 4.59 (d, J = 5.7
Hz, 1H), 4.16 − 4.09 (m, 2H), 2.95 (q, J = 7.4Hz, 4H), 2.81 (d, J
= 1.2 Hz, 2H), 2.46 − 2.37 (m, 3H), 2.11 − 2.04 (m, 2H), 1.86
(d, J = 5.2 Hz, 1H), 1.81 − 1.76 (m, 2H), 1.70 (d, J = 4.6 Hz,
1H), 1.58 − 1.54 (m, 1H), 1.50 (dd, J = 11.2, 5.5 Hz, 3H), 1.48
− 1.43 (m, 1H), 1.30 (s, 3H), 1.28 (s, 3H), 1.21 (d, J = 4.3 Hz,
1H), 1.13 (s, 3H), 1.01 (d, J = 11.5 Hz, 1H), 0.90 (s, 3H), 0.80
(s, 3H), 0.78 (d, J = 6.5 Hz, 3H); 13C NMR (150 MHz, CDCl3)
δ 199.3, 176.8, 165.0, 145.5, 135.8, 133.0, 132.7, 130.4, 121.9,
120.6, 70.6, 60.4, 59.0, 48.7, 47.3, 46.4, 45.0, 43.8, 40.9, 39.2,
38.6, 37.5, 34.6, 34.1, 33.9, 33.0, 30.9, 28.8, 27.4, 27.1, 26.6, 25.0,
21.0, 20.5, 19.6, 18.3, 17.4, 13.1; HRMS (ESI+) calcd. for
C39H54

79BrN4O3 [M + H]+ 705.3574 found 705.3576. HRMS
(ESI+) calcd. for C39H54

81BrN4O3 [M + H]+ 707.3566 found
707.3564. Elemental analysis: C39H53BrN4O3 calcd.: C, 66.39;
H, 7.58; Br, 11.30; N, 7.96; O, 6.80; found: C, 66.37; H, 7.57; Br,
11.32; N, 7.94; O, 6.80.

5.4.6. N-((1-(3-bromophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide (7f).
Gummy red brown solid; Yield = 92%; 1H NMR (600 MHz,
CDCl3) δ 7.92 (t, J = 2.0 Hz, 1H), 7.68 − 7.61 (m, 1H), 7.60 −
7.56 (m, 1H), 7.40 (t, J = 8.1 Hz, 1H), 7.29 − 7.27 (m, 1H), 7.22
(t, J = 8.0 Hz, 1H), 6.97 (ddd, J = 8.0, 2.2, 1.0 Hz, 1H), 6.64 (s,
1H), 5.51 (s, 1H), 4.67 (qd, J = 15.1, 5.5 Hz, 2H), 4.25 − 3.99
(m, 2H), 2.96 (d, J = 5.7 Hz, 4H), 2.81 (s, 2H), 2.46 − 2.34 (m,
3H), 2.05 (s, 2H), 1.86 (dt, J = 14.3, 7.1 Hz, 1H), 1.83 − 1.77
(m, 2H), 1.68 (dt, J = 16.9, 8.5 Hz, 1H), 1.59 − 1.54 (m, 1H),
1.52 − 1.47 (m, 3H), 1.46 − 1.42 (m, 1H), 1.29 (s, 3H), 1.26 (d,
J = 1.7 Hz, 3H), 1.20 − 1.17 (m, 1H), 1.13 (s, 3H), 1.02 − 0.98
(m, 1H), 0.90 (s, 3H), 0.80 (s, 3H), 0.78 (d, J = 6.4 Hz, 3H); 13C
NMR (150 MHz, CDCl3) δ 199.4, 176.9, 165.0, 145.5, 141.5,
137.7, 131.9, 130.4, 128.0, 123.6, 122.1, 118.9, 117.7, 70.5, 60.4,
59.0, 48.7, 47.4, 46.4, 45.0, 43.7, 40.9, 39.2, 38.6, 37.5, 34.6, 34.1,
33.9, 33.0, 30.9, 28.9, 27.4, 27.1, 26.6, 25.0, 21.1, 20.5, 19.6, 18.3,
17.4, 13.1; HRMS (ESI+) calcd. for C39H54

79BrN4O3 [M + H]+
705.3292 found 705.3294. HRMS (ESI+) calcd. for
C39H54

81BrN4O3 [M + H]+ 707.3290 found 707.3288.
Elemental analysis: C39H53BrN4O3 calcd.: C, 66.35; H, 7.55;
Br, 11.34; N, 7.92; O, 6.82; found: C, 66.37; H, 7.57; Br, 11.32;
N, 7.94; O, 6.80.

5.4.7. N-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide (7g).
Gummy black solid; Yield = 94%; 1H NMR (600 MHz, CDCl3)
δ 7.96 (s, 1H), 7.63 − 7.56 (m, 2H), 7.04 − 7.01 (m, 2H), 6.98
(d, J = 2.3 Hz, 1H), 6.90 (d, J = 2.2 Hz, 1H), 6.51 (s, 1H), 5.53
(s, 1H), 4.64 (ddd, J = 47.6, 14.8, 5.6 Hz, 2H), 4.16 − 4.13 (m,
2H), 3.88 (s, 3H), 2.85 (d, J = 7.3 Hz, 2H), 2.82 (s, 3H), 2.49 −
2.42 (m, 3H), 2.07 (s, 3H), 1.88 (d, J = 5.1 Hz, 1H), 1.81 (d, J =
3.2 Hz, 2H), 1.71 (d, J = 8.8 Hz, 1H), 1.59 − 1.56 (m, 1H), 1.51
(d, J = 12.5 Hz, 3H), 1.48 − 1.45 (m, 1H), 1.32 (d, J = 3.9 Hz,
3H), 1.29 (d, J = 4.3 Hz, 3H), 1.20 (d, J = 2.1 Hz, 1H), 1.14 (s,
3H), 1.03 (d, J = 5.5 Hz, 1H), 0.92 (s, 3H), 0.81 (s, 3H), 0.80 (d,
J = 6.5 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 199.3, 176.7,
171.1, 164.9, 159.9, 156.9, 144.9, 132.3, 130.5, 122.2, 120.0,
115.1, 114.8, 70.7, 60.4, 59.0, 55.5, 48.7, 47.3, 46.3, 45.0, 43.8,
40.9, 39.2, 38.6, 37.5, 34.6, 34.1, 33.9, 33.1, 30.9, 28.8, 27.5, 27.1,
26.6, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 13.0; HRMS (ESI+) calcd.
for C40H57N4O4 [M +H]+ 657.4590 found 657.4592. Elemental
analysis: C40H56N4O4 calcd.: C, 73.16; H, 8.57; N, 8.55; O, 9.76;
found: C, 73.14; H, 8.59; N, 8.53; O, 9.74.

5.4.8. N-((1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide

(7h). Gummy brown solid; Yield = 92%; 1H NMR (600 MHz,
CDCl3) δ 8.17 (s, 1H), 8.02 (d, J = 2.1 Hz, 1H), 7.91 (dt, J = 8.0,
1.7 Hz, 1H), 7.70 (dt, J = 15.7, 7.8 Hz, 2H), 7.28 − 7.20 (m,
1H), 6.60 (t, J = 5.9 Hz, 1H), 5.51 (s, 1H), 4.66 (qd, J = 15.0, 5.8
Hz, 2H), 4.15 − 4.11 (m, 1H), 3.00 (q, J = 7.3 Hz, 4H), 2.81 (s,
2H), 2.47 − 2.35 (m, 3H), 2.11 − 2.01 (m, 2H), 1.87 (dd, J =
13.7, 5.2 Hz, 1H), 1.82 (ddt, J = 12.4, 9.1, 4.0 Hz, 3H), 1.70 (td, J
= 11.4, 6.9 Hz, 1H), 1.59 − 1.54 (m, 1H), 1.53 − 1.47 (m, 4H),
1.46 − 1.43 (m, 1H), 1.29 (s, 3H), 1.27 (d, J = 2.9 Hz, 3H), 1.20
(dd, J = 8.0, 4.9 Hz, 1H), 1.13 (s, 3H), 1.02 − 0.99 (m, 1H), 0.91
(s, 3H), 0.80 (s, 3H), 0.78 (d, J = 6.4 Hz, 3H); 13C NMR (150
MHz, CDCl3) δ 199.4, 176.9, 165.0, 145.7, 141.0, 137.1, 132.5,
130.6, 130.4, 125.5, 123.5, 121.2, 117.5, 70.5, 60.4, 59.0, 48.7,
47.4, 46.5, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.5, 34.1, 33.9, 33.0,
30.8, 28.8, 27.4, 27.1, 26.6, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 13.1;
19F NMR (564MHz, CDCl3) δ − 62.9; HRMS (ESI+) calcd. for
C40H54F3N4O3 [M + H]+ 695.4276 found 695.4278. Elemental
analysis: C40H53F3N4O3 calcd.: C, 69.16; H, 7.67; F, 8.22; N,
8.08; O, 6.93; found: C, 69.14; H, 7.69; F, 8.20; N, 8.06; O, 6.91.

5.4.9. N-((1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-
yl)methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide
(7i). Gummy brown solid; Yield = 90%; 1H NMR (600 MHz,
CDCl3) δ 8.13 (s, 1H), 7.87 (d, J = 8.4 Hz, 2H), 7.81 (d, J = 8.5
Hz, 2H), 7.62 (d, J = 8.4 Hz, 1H), 7.13 (d, J = 8.3 Hz, 1H), 6.48
(t, J = 5.8 Hz, 1H), 5.52 (s, 1H), 4.69 − 4.56 (m, 2H), 4.13 (t, J =
3.3 Hz, 1H), 2.99 (dd, J = 15.3, 8.0 Hz, 4H), 2.81 (s, 2H), 2.49 −
2.37 (m, 3H), 2.08 (s, 1H), 1.88 (dd, J = 13.7, 5.2 Hz, 1H), 1.86
− 1.74 (m, 3H), 1.71 (d, J = 4.8 Hz, 1H), 1.59 − 1.56 (m, 1H),
1.54 − 1.48 (m, 4H), 1.47 − 1.44 (m, 1H), 1.31 (s, 3H), 1.28 (s,
3H), 1.21 (dd, J = 11.3, 4.4 Hz, 1H), 1.13 (s, 3H), 1.03 − 1.00
(m, 1H), 0.90 (s, 3H), 0.81 (s, 3H), 0.78 (d, J = 6.4 Hz, 3H); 13C
NMR (150 MHz, CDCl3) δ 199.3, 176.9, 165.0, 145.7, 139.2,
130.9, 130.4, 127.2, 120.9, 120.4, 119.2, 114.1, 70.6, 60.4, 59.0,
48.7, 47.4, 46.5, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.6, 34.1, 33.9,
33.1, 30.9, 28.8, 27.4, 27.1, 26.5, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4,
13.0; 19F NMR (565 MHz, CDCl3) δ − 62.6; HRMS (ESI+)
calcd. for C40H54F3N4O3 [M + H]+ 695.4557 found 695.4555.
Elemental analysis: C40H53F3N4O3 calcd.: C, 69.12; H, 7.70; F,
8.19; N, 8.05; O, 6.90; found: C, 69.14; H, 7.69; F, 8.20; N, 8.06;
O, 6.91.

5.4.10. N-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide (7j).
Gummy dark brown solid; Yield = 92%; 1H NMR (600 MHz,
CDCl3) δ 8.03 (s, 1H), 7.71 − 7.61 (m, 2H), 7.54 − 7.47 (m,
2H), 7.00 − 6.94 (m, 2H), 6.52 − 6.39 (m, 1H), 5.53 (s, 1H),
4.61 (ddd, J = 46.1, 15.1, 5.7 Hz, 2H), 4.17 − 4.11 (m, 1H), 2.89
− 2.86 (m, 4H), 2.82 (s, 3H), 2.48 − 2.38 (m, 4H), 1.90 − 1.85
(m, 1H), 1.80 (d, J = 6.3 Hz, 3H), 1.58 (s, 1H), 1.53 − 1.50 (m,
4H), 1.47 (d, J = 2.4 Hz, 1H), 1.31 (s, 3H), 1.28 (d, J = 3.0 Hz,
3H), 1.21 (d, J = 4.9 Hz, 1H), 1.14 (s, 3H), 1.02 (s, 1H), 0.91 (s,
3H), 0.81 (s, 3H), 0.79 (d, J = 6.5 Hz, 3H); 13C NMR (150
MHz, CDCl3) δ 199.3, 176.8, 164.9, 145.4, 138.6, 135.3, 134.7,
130.4, 130.2, 129.8, 121.7, 120.2, 116.2, 70.6, 60.4, 59.0, 48.7,
47.3, 46.3, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.6, 34.1, 33.9, 33.1,
30.9, 28.8, 27.4, 27.1, 26.5, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 13.0;
19F NMR (564 MHz, CDCl3) δ − 111.9; HRMS (ESI+) calcd.
for C39H54FN4O3 [M + H]+ 645.3438 found 645.3436.
Elemental analysis: C39H53FN4O3 calcd.: C, 72.66; H, 8.26; F,
2.97; N, 8.67; O, 7.42; found: C, 72.64; H, 8.28; F, 2.95; N, 8.69;
O, 7.44.

5.4.11. N-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3α-hydroxy-11-oxours-12-en-24-carboxamide (7k).
Gummy dark yellow solid; Yield = 90%; 1H NMR (600 MHz,
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CDCl3) δ 8.02 (s, 1H), 7.71 − 7.64 (m, 2H), 7.26 − 7.20 (m,
2H), 7.09 − 7.05 (m, 1H), 7.03 − 6.98 (m, 1H), 6.52 (d, J = 6.0
Hz, 1H), 5.52 (s, 1H), 4.69 − 4.56 (m, 2H), 4.17 − 4.11 (m,
1H), 2.98 − 2.94 (m, 4H), 2.81 (s, 3H), 2.49 − 2.34 (m, 4H),
1.89 − 1.85 (m, 1H), 1.83 − 1.75 (m, 3H), 1.74 − 1.69 (m, 1H),
1.59 − 1.55 (m, 1H), 1.52 − 1.48 (m, 3H), 1.47 − 1.43 (m, 1H),
1.30 (d, J = 3.3 Hz, 3H), 1.29 (s, 3H), 1.21 (dd, J = 5.1, 2.1 Hz,
1H), 1.13 (s, 3H), 1.03 − 1.01 (m, 1H), 0.90 (s, 3H), 0.82 (s,
3H), 0.79 (d, J = 6.5 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ
199.3, 176.8, 165.0, 163.3, 145.3, 133.1, 122.5, 121.3, 120.3,
116.8, 116.5, 70.6, 60.4, 59.0, 48.7, 47.3, 46.4, 45.0, 43.8, 40.9,
39.2, 38.6, 37.5, 34.6, 34.1, 33.9, 33.1, 30.9, 28.8, 27.4, 27.1, 26.6,
25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 13.0; HRMS (ESI+) calcd. for
C39H54ClN4O3 [M + H]+ 661.3677 found 661.3679. Elemental
analysis: C39H53ClN4O3 calcd.: C, 70.85; H, 8.06; Cl, 5.34; N,
8.45; O, 7.28; found: C, 70.83; H, 8.08; Cl, 5.36; N, 8.47; O,
7.26.

5.4.12. N-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)-3,11-di-
oxours-12-en-24-carboxamide (8a). Gummy brown solid;
Yield = 92%; 1H NMR (600 MHz, CDCl3) δ 8.02 (s, 1H), 7.71
(d, J = 8.0 Hz, 2H), 7.54 (d, J = 7.8 Hz, 2H), 7.46 (t, J = 7.2 Hz,
1H), 7.15 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 8.0 Hz, 2H), 5.57 (s,
1H), 4.58 (d, J = 5.7 Hz, 2H), 3.40 (d, J = 7.2 Hz, 1H), 3.06 −
3.02 (m, 3H), 2.85 (d, J = 7.3 Hz, 3H), 1.95 − 1.85 (m, 3H),
1.66 (d, J = 7.7 Hz, 1H), 1.56 − 1.54 (m, 2H), 1.46 (d, J = 12.4
Hz, 2H), 1.39 (s, 4H), 1.31 (d, J = 6.0 Hz, 2H), 1.28 (s, 3H),
1.23 (s, 3H), 1.21 (d, J = 7.1 Hz, 3H), 1.03 (s, 1H), 0.96 (d, J =
5.1 Hz, 3H), 0.83 (s, 3H), 0.80 (s, 3H); 13C NMR (150 MHz,
CDCl3) δ 211.0, 198.7, 173.3, 171.1, 165.4, 144.9, 139.9, 137.9,
130.3, 129.7, 128.9, 124.8, 120.5, 119.0, 60.4, 60.1, 59.0, 57.9,
56.6, 46.4, 44.8, 43.7, 40.8, 39.2, 37.2, 34.9, 33.9, 32.9, 30.8, 28.8,
27.2, 22.2, 21.0, 20.3, 18.3, 17.4, 13.5; HRMS (ESI+) calcd. for
C39H53N4O3 [M + H]+ 625.3527 found 625.3525. Elemental
analysis: C39H52N4O3 calcd.: C, 74.98; H, 8.41; N, 8.95; O, 7.69;
found: C, 74.96; H, 8.39; N, 8.97; O, 7.68.

5.4.13. N-((1-(2-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-
4-yl)methyl)-3,11-dioxours-12-en-24-carboxamide (8b).
Gummy dark reddish solid; Yield = 93%; 1H NMR (600
MHz, CDCl3) δ 7.90 − 7.87 (m, 1H), 7.84 (s, 1H), 7.78 − 7.70
(m, 3H), 7.52 (d, J = 7.8 Hz, 1H), 7.45 − 7.43 (m, 2H), 6.25 (s,
1H), 5.59 (s, 1H), 4.63 − 4.57 (m, 2H), 1.92 (d, J = 5.1 Hz, 2H),
1.85 (s, 1H), 1.66 (s, 1H), 1.57 (t, J = 3.3 Hz, 2H), 1.49 − 1.45
(m, 3H), 1.40 (s, 3H), 1.39 (d, J = 2.8 Hz, 3H), 1.36 (s, 1H),
1.32 (d, J = 7.5 Hz, 3H), 1.30 (s, 3H), 1.24 (d, J = 3.2 Hz, 3H),
1.18 − 1.15 (m, 4H), 1.04 (d, J = 6.6Hz, 1H), 0.97 (d, J = 3.2Hz,
3H), 0.85 (d, J = 7.1Hz, 3H), 0.82 (d, J = 2.3Hz, 3H); 13CNMR
(151 MHz, CDCl3) δ 211.0, 198.7, 173.3, 171.1, 165.4, 144.9,
139.9, 137.9, 130.3, 129.7, 128.9, 124.8, 120.9, 120.5, 119.0,
60.4, 60.1, 59.0, 58.7, 57.9, 56.6, 46.4, 44.8, 43.7, 40.8, 39.2, 38.6,
37.2, 34.9, 33.9, 32.9, 30.8, 28.8, 27.4, 27.2, 22.2, 21.0, 20.3, 18.3,
17.4, 13.5; 19F NMR (564 MHz, CDCl3) δ − 61.87; HRMS
(ESI+) calcd. for C40H52F3N4O3 [M + H]+ 693.6125 found
693.6128. Elemental analysis: C40H51F3N4O3 calcd C, 69.36; H,
7.45; F, 8.21; N, 8.07; O, 6.93; found: C, 69.34; H, 7.42; F, 8.23;
N, 8.09; O, 6.93.

5.4.14. N-((1-(o-tolyl)-1H-1,2,3-triazol-4-yl)methyl)-3,11-
dioxours-12-en-24-carboxamide (8c). Gummy dark yellow
solid; Yield = 96%; 1H NMR (600 MHz, MeOD) δ 8.43 (d, J =
9.7 Hz, 1H), 7.78 (q, J = 8.3 Hz, 4H), 7.54 (d, J = 8.2 Hz, 1H),
7.03 (d, J = 8.2 Hz, 1H), 5.55 (s, 1H), 4.56 (s, 2H), 3.64 (d, J =
7.3 Hz, 1H), 3.55 (d, J = 6.4 Hz, 1H), 3.09 (s, 3H), 2.90 (s, 6H),
2.74 (s, 1H), 2.50 (s, 1H), 2.54−2.21 (m, 2H), 2.04 (s, 1H),
1.93 (dd, J = 40.3, 13.9 Hz, 4H), 1.65 (d, J = 32.9 Hz, 3H), 1.58

− 1.50 (m, 3H), 1.46 (d, J = 12.3 Hz, 5H), 1.26 (s, 3H), 1.11 (s,
1H), 1.05 (d, J = 9.0 Hz, 3H), 0.84 (s, 3H), 0.81 (d, J = 7.4 Hz,
3H); 13C NMR (150MHz, CDCl3) δ 211.0, 199.3, 176.7, 164.9,
144.3, 136.2, 133.6, 131.5, 131.1, 127.0, 125.9, 124.5, 117.8,
70.6, 60.4, 59.0, 48.7, 47.3, 46.3, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5,
33.9, 33.0, 30.9, 28.8, 27.4, 25.1, 21.1, 20.5, 19.7, 18.2, 17.8, 17.4,
14.2; HRMS (ESI+) calcd. for C40H55N4O3 [M + H]+ 639.4055
found 639.4052. Elemental analysis: C40H54N4O3 calcd C,
75.22; H, 8.54; N, 8.75; O, 7.53; found: C, 75.20; H, 8.52; N,
8.77; O, 7.51.

5.4.15. N-((1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3,11-dioxours-12-en-24-carboxamide (8d). Gummy
brown solid; Yield = 94%; 1H NMR (600 MHz, CDCl3) δ 7.97
(s, 1H), 7.76 (d, J = 10.0 Hz, 1H), 7.54 − 7.50 (m, 2H), 7.38 (s,
1H), 7.03 (s, 1H), 6.62 (s, 1H), 5.82 (d, J = 10.2 Hz, 1H), 5.53
(d, J = 23.8Hz, 1H), 4.37 (d, J = 12.6 Hz, 2H), 3.81 (s, 3H), 2.32
(s, 2H), 1.92 (s, 1H), 1.87 (s, 2H), 1.62 (s, 3H), 1.53 − 1.45 (m,
4H), 1.32 (d, J = 4.2 Hz, 3H), 1.26 (d, J = 16.4 Hz, 2H), 1.15 (s,
4H), 1.13 (d, J = 3.5 Hz, 1H), 1.11 (s, 2H), 1.09 (d, J = 1.6 Hz,
3H), 1.07 − 1.02 (m, 3H), 0.96 (s, 1H), 0.89 (s, 3H), 0.78 (s,
3H), 0.74 (d, J = 6.4 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ
211.1, 199.5, 176.6, 164.9, 151.8, 151.2, 143.9, 130.3, 128.2,
125.6, 125.5, 121.3, 120.2, 112.2, 112.0, 60.4, 59.0, 55.9, 48.8,
47.3, 46.5, 45.1, 43.8, 40.9, 39.2, 38.6, 37.5, 34.5, 34.2, 33.9, 33.1,
30.9, 28.8, 27.4, 27.1, 26.6, 25.0, 21.1, 20.5, 19.7, 18.2, 17.4, 13.1;
HRMS (ESI+) calcd. for C40H55N4O4 [M +H]+ 655.3758 found
655.3761. Elemental analysis: C40H54N4O4 calcd C, 73.38; H,
8.33; N, 8.55; O, 9.75; found: C, 73.36; H, 8.31; N, 8.56; O, 9.77.

5.4.16. N-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3,11-dioxours-12-en-24-carboxamide (8e). Gummy
pale yellow solid; Yield = 92%; 1H NMR (600 MHz, MeOD) δ
8.42 (d, J = 9.7 Hz, 1H), 7.77 (q, J = 8.3 Hz, 4H), 7.53 (d, J = 8.2
Hz, 1H), 7.02 (d, J = 8.2 Hz, 1H), 5.57 (s, 1H), 4.55 (s, 2H),
3.63 (d, J = 7.3 Hz, 1H), 3.54 (d, J = 6.4 Hz, 1H), 3.08 (s, 3H),
2.89 (s, 6H), 2.73 (s, 1H), 2.49 (s, 1H), 2.54−2.22 (m, 2H),
2.03 (s, 1H), 1.92 (dd, J = 40.3, 13.9 Hz, 4H), 1.64 (d, J = 32.9
Hz, 3H), 1.58 − 1.51 (m, 3H), 1.47 (d, J = 12.3 Hz, 5H), 1.11 (s,
1H), 1.06 (d, J = 9.0 Hz, 3H), 0.85 (s, 3H), 0.82 (d, J = 7.4 Hz,
3H); 13C NMR (150MHz, CDCl3) δ 210.6, 199.3, 176.8, 165.0,
145.5, 135.8, 133.0, 132.7, 130.4, 121.9, 120.6, 60.4, 59.0, 48.7,
47.3, 46.4, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.6, 34.1, 33.9, 33.0,
30.9, 28.8, 27.4, 27.1, 26.6, 25.0, 21.0, 20.5, 19.6, 18.3, 17.4, 13.1;
HRMS (ESI+) calcd. for C39H52

79BrN4O3 [M + H]+ 703.3095
found 703.3092. HRMS (ESI+) calcd. for C39H52

81BrN4O3 [M +
H]+ 705.3081 found 705.3083. Elemental analysis:
C39H51BrN4O3 calcd.: C, 66.58; H, 7.32; N, 7.98; O, 6.85;
found: C, 66.56; H, 7.30; N, 7.96; O, 6.82.

5.4.17. N-((1-(3-bromophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3,11-dioxours-12-en-24-carboxamide (8f). Gummy
pale yellow solid; Yield = 93%; 1H NMR (600 MHz, CDCl3) δ
8.01 (s, 1H), 7.94 (t, J = 2.0 Hz, 1H), 7.66 (dd, J = 2.1, 0.9 Hz,
1H), 7.59 (ddd, J = 8.1, 1.9, 0.9 Hz, 1H), 7.42 (d, J = 8.1 Hz,
1H), 7.29 (dd, J = 1.8, 1.0 Hz, 1H), 6.30 (s, 1H), 5.58 (s, 1H),
4.57 (s, 2H), 2.44 − 2.38 (m, 2H), 2.18 − 2.10 (m, 3H), 1.86 −
1.83 (m, 1H), 1.58 − 1.55 (m, 2H), 1.46 (d, J = 6.6 Hz, 2H),
1.40 (s, 3H), 1.38 − 1.34 (m, 5H), 1.32 (d, J = 3.1 Hz, 3H), 1.24
(s, 4H), 1.23 (s, 3H), 1.18 − 1.13 (m, 3H), 1.03 (d, J = 6.5 Hz,
1H), 0.96 (d, J = 4.3 Hz, 3H), 0.84 (s, 3H), 0.80 (d, J = 6.5 Hz,
3H); 13C NMR (150MHz, CDCl3) δ 211.1, 199.4, 176.9, 165.0,
145.5, 141.5, 137.7, 131.9, 130.4, 128.0, 123.6, 122.1, 118.9,
117.7, 60.4, 59.0, 48.7, 47.4, 46.4, 45.0, 43.7, 40.9, 39.2, 38.6,
37.5, 34.6, 34.1, 33.9, 33.0, 30.9, 28.9, 27.4 27.1, 26.6, 25.0, 21.1,
20.5, 19.6, 18.3, 17.4, 13.1; HRMS (ESI+) calcd. for
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C39H52
79BrN4O3 [M + H]+ 703.3517 found 703.3519. HRMS

(ESI+) calcd. for C39H52
81BrN4O3 [M + H]+ 705.3511 found

705.3509. Elemental analysis: C39H51BrN4O3 calcd.: C, 66.54;
H, 7.28; N, 7.98; O, 6.80; found: C, 66.56; H, 7.30; N, 7.96; O,
6.82.

5.4.18. N-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3,11-dioxours-12-en-24-carboxamide (8g). Gummy
dark brown solid; Yield = 96%; 1H NMR (600 MHz, CDCl3) δ
7.98 (s, 1H), 7.77 (d, J = 10.0 Hz, 1H), 7.54 − 7.51 (m, 2H),
7.37 (s, 1H), 7.02 (s, 1H), 6.61 (s, 1H), 5.81 (d, J = 10.2 Hz,
1H), 5.51 (d, J = 23.8Hz, 1H), 4.36 (d, J = 12.6Hz, 2H), 3.80 (s,
3H), 2.31 (s, 2H), 1.91 (s, 1H), 1.86 (s, 2H), 1.60 (s, 3H), 1.53
− 1.47 (m, 4H), 1.31 (d, J = 4.2 Hz, 3H), 1.27 (d, J = 16.4 Hz,
2H), 1.14 (s, 4H), 1.12 (d, J = 3.5 Hz, 1H), 1.10 (s, 2H), 1.08 (d,
J = 1.6 Hz, 3H), 1.07 − 1.07 (m, 3H), 0.95 (s, 1H), 0.88 (s, 3H),
0.77 (s, 3H), 0.73 (d, J = 6.4 Hz, 3H); 13C NMR (150 MHz,
CDCl3) δ 211.0, 199.3, 176.7, 171.1, 164.9, 159.9, 156.9, 144.9,
132.3, 130.5, 122.2, 120.0, 115.1, 114.8, 60.4, 59.0, 55.5, 48.7,
47.3, 46.3, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.6, 34.1, 33.9, 33.1,
30.9, 28.8, 27.5, 27.1, 26.6, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 14.2;
HRMS (ESI+) calcd. for C40H55N4O4 [M +H]+ 655.4327 found
655.4329. Elemental analysis: C40H54N4O4 calcd.: C, 73.38; H,
8.33;N, 8.54; O, 9.75; found: C, 73.36;H, 8.31;N, 8.56; O, 9.77.

5.4.19. N-((1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-
4-yl)methyl)-3,11-dioxours-12-en-24-carboxamide (8h).
Gummy red brown solid; Yield = 92%; 1H NMR (600 MHz,
CDCl3) δ 8.10 (s, 1H), 8.03 (d, J = 4.6 Hz, 1H), 7.93 (s, 1H),
7.72 (t, J = 8.4 Hz, 2H), 7.50 (d, J = 7.9 Hz, 1H), 7.42 (s, 2H),
6.38 (s, 1H), 5.59 (d, J = 21.3 Hz, 1H), 4.59 (d, J = 5.9 Hz, 2H),
2.39 (d, J = 14.8 Hz, 3H), 2.13 (d, J = 12.7 Hz, 2H), 1.98 − 1.80
(m, 4H), 1.66 (s, 1H), 1.57 (s, 2H), 1.50 (dd, J = 13.9, 10.9 Hz,
4H), 1.35 (s, 2H), 1.29 (s, 3H), 1.24 (s, 2H), 1.21 (s, 3H), 1.18
− 1.14 (m, 3H), 1.03 (s, 1H), 0.96 (d, J = 4.4 Hz, 3H), 0.84 (s,
3H), 0.81 − 0.79 (m, 3H); 13C NMR (150 MHz, CDCl3) δ
211.1, 199.4, 176.9, 165.0, 145.7, 141.0, 137.1, 132.5, 130.6,
130.4, 125.5, 123.5, 121.2, 117.5, 60.4, 59.0, 48.7, 47.4, 46.5,
45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.5, 34.1, 33.9, 33.0, 30.8,
28.83, 27.4, 27.1, 26.6, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 13.1; 19F
NMR (564 MHz, CDCl3) δ − 62.9; HRMS (ESI+) calcd. for
C40H52F3N4O3 [M + H]+ 693.5551 found 693.5549. Elemental
analysis: C40H51F3N4O3 calcd.: C, 69.32; H, 7.44; N, 8.11; O,
6.95; found: C, 69.34; H, 7.42; N, 8.09; O, 6.93.

5.4.20. N-((1-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-
4-yl)methyl)-3,11-dioxours-12-en-24-carboxamide (8i).
Gummy pale yellow solid; Yield = 94%; 1H NMR (600 MHz,
CDCl3) δ 8.05 (s, 1H), 7.80 (d, J = 8.3 Hz, 2H), 7.72 (d, J = 8.4
Hz, 2H), 7.31 (t, J = 7.8 Hz, 1H), 7.21 (s, 1H), 6.38 (t, J = 5.8
Hz, 1H), 5.48 (s, 1H), 4.52 (d, J = 5.9 Hz, 2H), 2.36 − 2.26 (m,
3H), 2.02 (dd, J = 13.7, 4.5 Hz, 2H), 1.87 − 1.74 (m, 4H), 1.58
(s, 1H), 1.47 (dd, J = 7.8, 3.6 Hz, 2H), 1.42 − 1.36 (m, 4H), 1.31
(s, 3H), 1.27 (d, J = 1.6 Hz, 2H), 1.24 (d, J = 7.0 Hz, 2H), 1.20
(s, 3H), 1.09 (s, 1H), 1.04 (t, J = 7.1 Hz, 3H), 0.94 (dd, J = 5.9,
3.3 Hz, 1H), 0.87 (s, 3H), 0.74 (s, 3H), 0.71 (d, J = 6.5 Hz, 3H);
13C NMR (150 MHz, CDCl3) δ 211.0, 199.3, 176.9, 165.0,
145.7, 139.2, 130.9, 130.4, 127.2, 120.9, 120.4, 119.2, 114.1,
60.4, 59.0, 48.7, 47.4, 46.5, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.6,
34.1, 33.9, 33.1, 30.9, 28.8, 27.4, 27.1, 26.5, 25.0, 21.1, 20.5, 19.6,
18.3, 17.4, 13.0; 19F NMR (564 MHz, CDCl3) δ − 62.2; HRMS
(ESI+) calcd. for C40H52F3N4O3 [M + H]+ 693.5026 found
693.5028. Elemental analysis: C40H51F3N4O3 calcd.: C, 69.36;
H, 7.40; N, 8.07; O, 6.91; found: C, 69.34; H, 7.42; N, 8.09; O,
6.93.

5.4.21. N-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3,11-dioxours-12-en-24-carboxamide (8j). Gummy
red brown solid; Yield = 93%; 1H NMR (600 MHz, CDCl3) δ
7.97 (s, 1H), 7.69 (ddd, J = 9.1, 4.6, 2.6 Hz, 4H), 6.97 − 6.79 (m,
1H), 6.65 (dd, J = 16.0, 9.6 Hz, 1H), 6.30 (d, J = 6.1 Hz, 1H),
5.58 (s, 1H), 4.56 (d, J = 5.7 Hz, 2H), 2.44 − 2.37 (m, 3H), 2.11
(d, J = 14.4 Hz, 3H), 1.92 (dd, J = 13.1, 5.7 Hz, 2H), 1.85 (s,
1H), 1.66 (s, 1H), 1.57 − 1.54 (m, 4H), 1.50 − 1.48 (m, 2H),
1.40 (s, 3H), 1.35 (d, J = 2.6 Hz, 3H), 1.26 (s, 3H), 1.20 (d, J =
1.7 Hz, 2H), 1.14 (s, 3H), 1.03 (d, J = 2.9 Hz, 1H), 0.96 (s, 3H),
0.84 (s, 3H), 0.80 (d, J = 6.5 Hz, 3H); 13C NMR (150 MHz,
CDCl3) δ 211.1, 199.3, 176.8, 164.9, 145.4, 138.6, 135.3, 134.7,
130.5, 130.2, 129.8, 121.7, 120.2, 116.2, 60.4, 59.0, 48.7, 47.3,
46.3, 45.0, 43.8, 40.9, 39.2, 38.6, 37.5, 34.6, 34.1, 33.9, 33.1, 30.9,
28.8, 27.4, 27.1, 26.5, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 13.0; 19F
NMR (564 MHz, CDCl3) δ − 117.7; HRMS (ESI+) calcd. for
C39H52FN4O3 [M + H]+ 643.4223 found 643.4225. Elemental
analysis: C39H51FN4O3 calcd.: C, 72.66; H, 8.26; F, 2.97; N,
8.67; O, 7.42; found: C, 72.87; H, 8.00; F, 2.96; N, 8.72; O, 7.47.

5.4.22. N-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)-
methyl)-3,11-dioxours-12-en-24-carboxamide (8k). Gummy
dark brown solid; Yield = 92%; 1H NMR (600 MHz, CDCl3) δ
7.99 (s, 1H), 7.67 (d, J = 7.7 Hz, 2H), 7.52 (d, J = 8.8 Hz, 2H),
7.11 (d, J = 8.6 Hz, 1H), 6.62 (d, J = 8.4 Hz, 1H), 6.28 (s, 1H),
5.58 (s, 1H), 4.56 (d, J = 5.6 Hz, 2H), 2.43 − 2.37 (m, 3H), 2.13
− 2.10 (m, 2H), 1.96 − 1.90 (m, 2H), 1.84 (d, J = 14.3 Hz, 1H),
1.66 (s, 1H), 1.56 (d, J = 10.3 Hz, 2H), 1.53 − 1.47 (m, 5H),
1.40 (s, 3H), 1.35 (d, J = 3.2 Hz, 2H), 1.33 (s, 3H), 1.26 (s, 3H),
1.16 (d, J = 5.3 Hz, 3H), 1.03 (d, J = 6.4 Hz, 1H), 0.96 (s, 3H),
0.84 (s, 3H), 0.80 (d, J = 6.4 Hz, 3H); 13C NMR (150 MHz,
CDCl3) δ 211.0, 199.3, 176.8, 165.0, 163.3, 145.3, 133.1, 122.5,
121.3, 120.3, 116.8, 116.5, 60.4, 59.0, 48.7, 47.3, 46.4, 45.0, 43.8,
40.9, 39.2, 38.6, 37.5, 34.6, 34.1, 33.9, 33.1, 30.9, 28.8, 27.4, 27.1,
26.6, 25.0, 21.1, 20.5, 19.6, 18.3, 17.4, 13.0; HRMS (ESI+) calcd.
for C39H52ClN4O3 [M + H]+ 659.3812 found 659.3810.
Elemental analysis: C39H51ClN4O3 calcd.: C, 71.07; H, 7.82;
N, 8.52; O, 7.26; found: C, 71.05; H, 7.80; N, 8.50; O, 7.28.

5.5. Cell Culture and Experimental Conditions. Human
breast cancer cell lines, MDA-MB-231 (metastatic) and MCF-7
(nonmetastatic), along with Human Dermal Fibroblast (HDF)
cells, were obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). MDA-MB-231 and MCF-7 cells
were cultured in high-glucose DMEM (Dulbecco’s Modified
Eagle Medium) supplemented with 1% penicillin-streptomycin
and 10% fetal bovine serum (FBS), while HDF cells were
cultured in RPMI 1640 medium, also supplemented with 1%
penicillin-streptomycin and 10% FBS. All media and cell culture
supplements were obtained from GIBCO (Thermo Fisher
Scientific, USA). The cells were maintained in a humidified
incubator set to 95% humidity at 37 °C with 5% CO2. Stock
solutions of each compound (200 mM) were prepared in
DMSO and subsequently diluted to desired concentrations in
complete culture media, ranging from 5−200 μM.

5.6. Assessment of Anti-proliferative Activity of
Compounds on Breast Cancer and Normal Cells. The
antiproliferative activity of the compounds on MDA-MB-231,
MCF-7, and HDF cells was evaluated using the MTT assay.
Cells were seeded in 96-well plates at a density of 1 × 104 cells
per well and allowed to adhere for 24 h. Following this
incubation, cells were treated with a range of 25 different
compounds at concentrations of 5−200 μM for an additional 24
h. After the treatment period, MTT solution (5 mg/mL in PBS;
Abcam, UK) was added to each well, and plates were incubated
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at 37 °C for 3 h. The resulting formazan crystals were dissolved
in DMSO, allowing for absorbance measurements at 570 nm
using an xMark microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA). The antiproliferative effects were
quantified as a percentage of cell viability relative to untreated
control cells, and the IC50 values were evaluated as previously
described.55 Each assay was performed in triplicates, and results
were expressed as mean ± standard deviation.

5.6.1. Peripheral Blood Mononuclear Cell (PBMC) Isolation
and Treatments. PBMCs were isolated from whole blood
samples obtained from six healthy volunteers using Histopaque-
1077 (Sigma-Aldrich, St. Louis, MO, USA) and centrifugation,
as previously described.56−59 PBMCs were then resuspended in
RPMI-1640 medium (Gibco) supplemented with 10% FBS
(Gibco), 1% penicillin-streptomycin (Gibco), and counted
using LUNA-FL (Logos Biosystems, South Korea) to adjust the
cell concentration to 1 × 106 cells/mL. The isolated PBMCs
were seeded in 6-well plates and treated with the 7f derivative of
KBA at concentrations of 5 μM, and 10 μM, based on prior
cytotoxicity assessment results. Control (NC) wells received
vehicle treatment (DMSO at a final concentration of 0.1% v/v).
After 1 h of treatment, cells were activated by adding
Concanavalin A (Con A) (Sigma-Aldrich, USA) at a final
concentration of 5 μg/mL to induce T cell activation. After 24 h
of incubation, cells were harvested and prepared for flow
cytometric analysis.

5.6.2. Flow Cytometry Analysis. The harvested PBMCs were
stained with CD3 (PerCP-Cyanine5.5, eBioscience: 45−0036−
42), CD4 (PE-Cyanine7, eBioscience: 25−0049−42), CD8a
(Super Bright 702, eBioscience: 67−0086−42), CD279 (PD-1)
(PE-Cyanine5, eBioscience: 15−2799−42), and TIGIT (PE-
eFluor 610, eBioscience: 61−9500−42) monoclonal antibodies.
Prior to staining, cells were incubated with an Fc receptor
blocking reagent (eBioscience, USA) to eliminate nonspecific
bindings. Isotype controls, compensation controls, and a
fluorescence minus one (FMO) control were employed. Data
acquisition was performed using an Aurora Cytek Northern flow
cytometer (Cytek Biosciences, USA). Data analysis was
conducted using FlowJo X software (Tree Star, Ashland,
Oregon, USA). Gating strategies were implemented to identify
and quantify CD3+, CD4+, CD8+, PD-1+, and TIGIT+
populations. All experiments were performed in triplicate, and
results were expressed as the percentage of positive cells within
the defined gates.

5.7. Molecular Docking Studies. The X-ray crystal
structure of human CDK4 in complex with Cyclin D3 and a
ligand (abemaciclib) with a resolution of 2.51 Å, was taken from
RCSB Protein Databank (PDB ID: 7SJ3). The protein structure
was then optimized by Molecular Operating Environment
(MOE 2024.06)60 by adding proton and charges (through
AMBER14:EHT force field) and saved into ‘moe’ format to be
used in docking analysis. The structures of compounds 7b−7j
were generated onMOE, and AM1-BCC charges were added on
each molecule, and their structures were minimized with
MMFF94x force field with gradient of 0.1 kcal/mol/Å. Before
docking our molecules, we tested the efficiency of MOE’s
induced fit docking protocol (Triangle Matcher docking
algorithm and London dG scoring function in combination
with GBVI/WSA dG refinement method) by redocking of
cocrystallized cancer drug named abemaciclib with 100
conformations. In the redocking, abemaciclib was docked
accurately at its binding site with RMSD of 1.52 Å and docking
score of − 9.40 kcal/mol. In the active site, Lys35 and Val96

mediated hydrogen bonding with abemaciclib (at 2.90 Å and
2.87 Å), while Asp99 formed an ionic interaction (at 2.50 Å and
3.11 Å) with this drug, and Phe93 and Asp158 provided
hydrophobic interactions (at 3.19 Å and 3.75 Å) to abemaciclib.
The good redocking result (Figure 7) encouraged us to apply the
same configuration of docking protocol to dock compounds
7b−7j in the abemaciclib binding site of CDK-4 with 50
conformations of each molecule.
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