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ABSTRACT: Natural products possess unique and broader
intricacies in the chemical space and have been essential for drug
discovery. The crucial factor for drug discovery success is not the
size of the library but rather its structural diversity. Although
reports on the number of new structurally diverse natural products
(NPs) have declined recently, researchers follow the next logical
step: synthesizing natural product hybrids and their analogues
using the most potent tool, diversity-oriented synthesis (DOS).
Here, we use weed Parthenium hysterophorus as a source of
parthenin for synthesis of novel dispiro-pyrrolizidino/thiopyrroli-
zidino-oxindolo/indanedione natural product hybrids of parthenin
via chemo-, regio-, and stereoselective azomethine ylide cyclo-
addition. All synthesized compounds were characterized through a
detailed analysis of one-dimensional (1D) and two-dimensional (2D) NMR and HRMS data, and the stereochemistries of the
compounds were confirmed by X-ray diffraction analysis. All compounds were evaluated for their cytotoxicity against four cell lines
(HCT-116, A549, Mia-Paca-2, and MCF-7), and compound 6 inhibited the HCT-116 cells with an IC50 of 5.0 ± 0.08 μM.

■ INTRODUCTION
Natural products are traditionally essential sources of
medicines in modern drug discovery.1 Nature synthesizes
highly diverse chemicals in plants and microbes for their
defense mechanisms.2 Although a diverse structural motif from
nature is the main inspiration for drug discovery, identification
and the diversity of new chemical entities (NCEs) from nature
in recent years is declining in number.3 Structurally diverse
natural products are the primary source of leads in drug
discovery using many approaches like the modern combina-
torial chemistry approach,4,5 natural product hybridization,6

and evaluation of new chemical libraries using high-throughput
screening7 (HTS) techniques. The next logical step would be
to use nature’s structural diversity by combining natural
products with diverse bioactive moieties to form semisynthetic
hybrids with a partial structure of natural products or
analogues. Many natural products and semisynthetic natural
product analogues/derivatives have been effectively formulated
for clinical application to treat human diseases in several
therapeutic areas.8,9 Diversity-oriented synthesis (DOS) has
provided commanding probes to explore biological mecha-
nisms and assisted in setting a new goal for advancing synthetic
organic chemistry.10,11 As such, it is essential to understand
that the crucial factor for drug discovery success is not the size
of the library but its structural diversity.10

In this connection, the [1,3] dipolar cycloaddition of alkene
or alkyne is an efficient and powerful synthetic tool for the
construction of diversified spiro-oxindolo-pyrrolidine rings
containing heterocyclic systems, organic catalysts, building
blocks, alkaloids, and semisynthetic natural product hybrids in
organic chemistry.11−15 Spirooxindoles find many biological
applications as antimicrobials, antileishmanials, antitumorals,
inhibitors of NK-1, and so forth and establish the main
framework of many biologically active compounds, mainly
alkaloids like spirotryprostatine A and B, horsifiline, elacomine,
etc.16−19 In addition, spiroxindoles act as anticancer agents
through potential inhibitors of p53-MDM2. Currently, APG-
115, DS-3032b, and SAR405838 are in clinical trials as potent
inhibitors of p53-MDM2, so spiroxindole is attracting much
attention as a p53-MDM2 inhibitor.20−25

We have applied our established 1,3 dipolar cycloaddition
methodology to several well-known natural products like
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andrographolide, withaferin A, curcumin, piperine, and ixoside,
and a collection of novel dispiro/spiro-fused oxindole
analogues has been organized. Biological activity evaluation
shows a promising increment in activity, and several works are
ongoing to derive many newer analogues using these natural
products.26−32

Parthenin hysterophorous is medicinally utilized as an
anticancer, anti-inflammatory, microbicidal, antileishmanial,
antitrypanosomal, antiamoebic, and herbicidal agent; a muscle
relaxant; a menstrual stimulator; etc.33,34 Despite being
recognized as a weed, P. hysterophorus has recently been
studied for its application in nanomedicine; as a biopesticide,
an agent for bioremediation of poisonous metals and dyes, a
herbicide, a cheap substrate for enzyme production; for its
potential to produce green manure; and as a source of biogas.35

To address the existing knowledge gap on Parthenium
hysterophorus, research must be encouraged to explore its
bioactive potential and effectiveness. Herein, we intend to
remediate the medicinal value of this weed (P. hysterophorus)
by using it as a rich source of chemicals such as parthenin, a
sesquiterpene lactone. Parthenin shows medicinal properties
such as antileishmanial, anticancer, microbicidal, anti-inflam-
matory, antiviral, and trypanocidal activities.36−38

Interestingly, parthenin, the major compound available in P.
hysterophorus, also contains two diene motifs that might be
targeted in a semisynthetic way to generate a library of
bioactive dispiropyrrolidinyl oxindoles via 1,3 dipolar cyclo-
addition. The approach involves utilizing the PAINS motif of
parthenin, which includes an α, β unsaturated double bond/
Michael acceptor, to add new bioactive motifs. This process
aims to reduce toxicity, increase specificity, and improve the
physicochemical properties. The diversified library of parthenin
hybrids could be utilized efficiently for lead identification in
drug discovery. This article describes the chemo-, regio-, and
stereoselective synthesis of novel dispiro-pyrrolizidino-oxindo-
lo/dispro-indenedione natural product hybrids of parthenin via
azomethine ylide cycloaddition and their cytotoxicity evalua-
tion.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Natural Product

Hybrids of Parthenin. Chemically pure parthenin was
isolated from the chloroform extract of the P. hysterophorus
flower and utilized for azomethine ylide dipolar cycloaddition.
The one-pot reaction proceeds under milder reaction
conditions. Three reactants, parthenin (the electron-deficient
double bond substrate), and equimolar quantity of isatin
derivatives/ninhydrin (the diketo part) and L-proline/L-
thioproline/L-pipecolic acid/sarcosine (the amino acid part)
were mixed in a 1:1 ratio of methanol:chloroform (6:4)
mixture under reflux for about 8 h to form the products in
moderate to good yields. At the outset, L-proline was used as
the secondary amino acid to obtain five novel dispiro-oxindole
adducts and one dispiro-indanedione adduct of parthenin with
an isolated yield of 75−82% (Scheme 1). Further, we tried a
reaction in a 1:2:2 mol ratio (parthenin:proline:isatin) via the
in situ generation of azomethine ylides and observed that one
mole was utilized for product formation.

Detailed HRMS and 1D and 2D NMR spectroscopic
analyses characterized cycloaddition product 4a. Compound
4a showed the desired quasi-molecular ion peaks at 463.2235
[M + H]+. While the 13C NMR spectra of parthenin (1)
showed 15 carbon signals, the 13C NMR spectra of 4a showed
27 carbon signals, with nine C, ten CH, six CH2, and two CH3,
clearly indicating the formation of the desired dispiro-oxindole
hybrids of parthenin.

A further thorough observation of 13C NMR signals of the
C-12 and C-13 exocyclic double bond indicated the upfield
shifting from δ 141.3 (C-12) and δ 120.88 (C-13) to δ 62.4
(C-12; spiro carbon of the lactone ring) and δ 36.59 (C-13)
after cycloaddition. The HMBC cross peaks between oxindole
carbonyl carbon δ 180.9 (C-2″) and both protons δ 3.24 (dd, J
= 12.8, 9.4 Hz) and 2.37 (m) of the −CH2 (δ 36.59, C-13)
carbon confirmed α-addition of ylide on the exocyclic double
bond. The absolute configuration of 4a was established by
single-crystal X-ray diffraction analysis, and the structure is
shown in Figure 1.

Scheme 1. Synthesis of Novel Dispiro-oxindole/indanedione Hybrids of Parthenin Using L-Proline
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Similarly, adduct 6 was synthesized successfully using
ninhydrin and proline with parthenin (Scheme 1) and
characterized by detailed mass, NMR, and 2D NMR
(HMBC and COSY) analyses. The HMBC cross peaks
between the δ 4.17 proton (dd, J = 11.5, 6.6 Hz, of 46.19,
C-7) and both the spiro carbon of the indanedione ring, δ
81.52 (C-2″), and that of the lactone ring, δ 66.83 (C-12),
confirmed the β addition of azomethine ylide with the
exocyclic double bond, and the molecular structure was further
confirmed by X-ray diffraction, as shown in Figure 2.
Interestingly, in this case, an alteration in regiochemistry was
observed due to the β-addition of the ylide on the exocyclic
double bond.

Similarly, using thioproline (L-thiazolidine 4-carboxylic acid)
and isatin derivatives, novel thiopyrrolizidino dispiro-oxinolo
parthenin hybrid analogues (8a−e) were synthesized (Scheme
2). Thiopyrrolizidino dispiro-indanedione parthenin hybrid
(9) was also synthesized successfully. Product 8e was
characterized by a detailed analysis of mass spectrometry and
HRMS and 1D and 2D NMR data. Compound 8e showed an
expected pseudomolecular ion peak at 559.0904 [M + H]+.
The 1H and 13C NMR spectra showed the expected number of
protons and carbons. The 13C NMR and DEPT analyses found
26 carbon signals in 13C NMR, with ten C, nine CH, five CH2,
and two CH3. The cycloaddition that occurred at the exocyclic
double bond has been confirmed by the upfield shifting of 13C
NMR signals of the exocyclic double bond from δ 141.3 (C-
12) and δ 120.88 (C-13) to δ 65.14 (C-12) and 35.4 (C-13),
respectively, after product formation. Similar HMBC cross

peaks between the δ 3.98 proton (dd, J = 11.4, 5.5 Hz, 1H;
48.26, C-7) and both the spiro carbon of the oxindole ring, δ
75.19 (C-3″), and that of the lactone ring, δ 65.14 (C-12),
confirmed the β cycloaddition similar to 6. Single-crystal X-ray
diffraction analysis of compounds 8d and 8e confirmed the
absolute configurations and stereochemical arrangements, as
shown in Figure 3. Similarly, adduct 9 was synthesized
successfully using ninhydrin, thioproline, with parthenin
(Scheme 2) and characterized by a detailed mass NMR
analysis. Similar regiochemistry to 8d and 8e was confirmed by
HMBC analysis, and further confirmation was done by single-
crystal X-ray diffraction analysis of compound 9 (Figure 4).

To introduce additional diversity in dispiro-oxindole adducts
of parthenin (with substituents or different ring systems), we
used another secondary amino acid, L-pipecolic acid (piper-
idine-2-carboxylic acid), to generate azomethine ylide followed
by the synthesis of diverse novel cycloadduct 10a−e (Scheme
3), and all of the synthesized compounds were characterized by
extensive analysis of HRMS and 1H and 13C NMR data.
Cycloaddition product 10a, obtained from the reaction, was
characterized by a detailed analysis of HRMS and 1D and 2D
NMR data. Compound 10a showed desired quasi-molecular
ion peaks at 477.2389 [M + H]+. While 15 carbon signals were
observed in the 13C NMR spectra of parthenin (1), 10a shows
28 carbon signals, with nine C, ten CH, seven CH2, and two
CH3. Just like the previous products, upfield shifting of the 13C
NMR signals of the exocyclic double bond was observed from
δ 141.3 (C-12) and δ 120.88 (C-13) to δ 60.99 (C-12) and
34.52 (C-13), respectively, in 10a. This indicates the formation
of the cycloadduct shown in Scheme 3. The HMBC cross
peaks between oxindole carbonyl carbon δ 179.0 (C-2″) and
both protons δ 2.89 (dd, J = 12.4, 9.2 Hz) and 2.24 of the −
CH2 carbon (δ 33.91) confirmed α-addition of ylide on the
exocyclic double bond. During a reaction with parthenin,
pipecolic acid, and ninhydrin, we did not observe compound
11.

The successful synthesis of a novel diverse natural product
hybrid of parthenin, with three cyclic secondary amino acids,
has encouraged us to try sarcosine, the acyclic secondary
amino acid. The desired products 13a−e and 14 were
synthesized (Scheme 4). From the reaction with 5-methyl
isatin, product 13c was characterized by detailed analysis of
mass spectrometry, HRMS, and 1D and 2D NMR data.
Compound 13c showed an expected pseudomolecular ion
peak at 451.2232 [M + H]+ for molecular formula
C26H30N2O5. The 1H and 13C NMR spectra showed the
expected number of protons and carbons. The 13C NMR and
DEPT analyses found 26 carbon signals in 13C NMR, with ten
C, eight CH, four CH2, and four CH3. The signals of the
exocyclic double bond of parthenin (1) shifted from δ 141.3
(C-12) and 120.88 (C-13) to δ 61.62 (C-12) and 28.03 (C-
13), respectively. The HMBC showed the correlation between
δ [3.54−3.51 (m); 48.3, C-7] and both spiro carbon of
oxindole ring δ 75.19 (C-3″) and spiro carbon of lactone ring δ
62.62 (C-12), concludes the β addition of azomethine ylide
with the exocyclic double bond of the parthenin. A further
conclusion was made based on the similar regiochemistry of
products with a comparison of 6, 8a−e, and 9. Then, a final
conclusion about the absolute configuration of the compound
was confirmed by X-ray analysis of compound 14, as shown in
Figure 5.

All of the cycloaddition reactions proceeded chemo-
selectively and diastereoselectively, as the exocyclic double

Figure 1. Molecular structure of 4a as determined by SCXRD
analysis. Thermal ellipsoids are shown at the 50% probability level
(CCDC No. 2279212).

Figure 2. Molecular structure of 6 as determined by SCXRD analysis.
Thermal ellipsoids are shown at the 50% probability level (CCDC
No. 2269152).
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bond of parthenin participated in the reaction but not the
endocyclic double bond. A change in the regiochemistry of

products was observed due to a change in the amino acid from
L-proline and L-pipecolic acid to L-thioproline and sarcosine, as
confirmed by X-ray analysis and detailed NMR study.
Cytotoxicity Evaluation. Parent molecule parthenin and

all synthesized hybrids were initially screened for cytotoxicity
potential using the sulforhodamine-B (SRB) assay. Four
different cancer cell lines were used, including HCT-116
(colon), A549 (lungs), Mia-Paca-2 (pancreas), and MCF-7
(breast) at two concentrations of 10 and 50 μM.
Camptothecin was used as a positive control in this assay.
The detailed cytotoxic effect of each compound against
different cancer cell lines at 10 and 50 μM is given in Table
S1. Further, compounds with more than 50% inhibition at 10
μM were evaluated for their half-maximal inhibitory concen-
tration (IC50 value). Among the entire cell lines, compound 6
inhibited the HCT-116 cells with an IC50 of 5.0 ± 0.08 μM, as
displayed in Table 1.

■ CONCLUSIONS
In summary, we synthesized 23 novel dispiro-pyrrolizidino/
thiopyrrolizidino-oxindolo/indanedione natural product hy-

Scheme 2. Synthesis of Novel Dispiro-oxindolo/indanedione Hybrids of Parthenin Using L-Thiazolidine-4-carboxylic Acid
(Thioproline)

Figure 3. Molecular structures of 8d and 8e as determined by SCXRD analysis. Thermal ellipsoids are shown at the 50% probability level (CCDC
No. 2269153 and CCDC No. 2269151).

Figure 4. Molecular structure of 9 as determined by SCXRD analysis.
Thermal ellipsoids are shown at the 50% probability level (CCDC
No. 2269149).
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brids of parthenin via 1,3 dipolar azomethine ylide cyclo-
addition. The cycloaddition reactions proceeded in a chemo-
and diastereoselective way, as only C-12 and C-13 exocyclic
double bonds reacted, while C-2 and C-3 endocyclic double
bonds remained unreacted. The synthesized compounds also
showed regioselective cycloaddition; with azomethine ylide, α-
addition was observed in the case of L-proline and L-pipecolic
acid, while β-addition was observed in the case of thioproline
and sarcosine. It was also observed that cycloaddition between
the exocyclic double bond of parthenin and ylide of proline-
ninhydrine showed β-addition. All synthesized compounds
were extensively characterized by HRMS and 1D and 2D
NMR, and the stereochemistry of compounds was confirmed
by X-ray analysis. All compounds were evaluated for their
cytotoxicity against four cell lines (HCT-116, A549, Mia-Paca-

2, and MCF-7), and compound 6 inhibited the HCT-116 cells
with an IC50 of 5.0 ± 0.08 μM. The synthesis of diversified
spiropyrrolidinyl-oxindole/indanedione systems from the
natural product parthenin as the substrate could be of utmost
importance to drug discovery, medicinal and natural product
chemistry, and health sciences.

■ EXPERMENTAL SECTION
General. Parthenin was isolated from the chloroform

extract of the flower of P. hysterophorous by column
chromatography and crystallization. All reaction chemicals
and solvents were purchased from commercial sources and
used as received without further purification unless otherwise
indicated. Thin-layer chromatography (TLC) analysis was
performed on Merck 60 F254 silica gel TLC plates using a

Scheme 3. Synthesis of Novel Dispiro-oxindolo/indanedione Hybrids of Parthenin Using L-Pipecolic Acid

Scheme 4. Synthesis of Novel Dispiro-oxindolo/indanedione Hybrids of Parthenin Using Sarcosine
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solvent system of 1−2% methanol in chloroform, and spots
were identified using an ultraviolet (UV) indicator (254 nm)
followed by staining by iodine vapors. The NMR spectra were
recorded by a Bruker 400 DPX using deuterated solvents like
pyridine-d5. HRMS spectra of compounds were obtained using
an Agilent 6545 Q-TOF liquid chromatography/mass
spectrometry (LC/MS) instrument. Roswell Park Memorial
Institute (RPMI)-1640 medium, Dulbecco’s modified Eagle’s
medium (DMEM), phosphate-buffered saline (PBS), and
sulforhodamine-B (SRB) were purchased from Sigma-Aldrich
Co. (St. Louis, MO). Fetal bovine serum (FBS) was obtained
from Thermo Scientific (Rockford).
Isolation and Purification of Parthenin. P. hysteropho-

rous flowers were collected from the CSIR-IIIM Jammu
campus and shade-dried. Three kilograms of shade-dried
flowers was percolated in chloroform and extracted succes-
sively thrice with chloroform. Column chromatography of the
crude chloroform extract was performed over silica gel (100−
200 mesh). The column was packed by using silica gel in
hexane and eluted successively with hexane, hexane−chloro-
form, and chloroform. All of the fractions were collected,
separately evaporated to dryness, and spotted on TLC using
the benzene:chloroform:ethyl acetate (6:3:1) solvent system.
Fractions showing homogeneous spots matching with the
standard were mixed, concentrated, and crystallized in
methanol.
Synthesis. Parthenin (1.90 mmol/, 500 mg), isatin (2.28

mmol, 336.5 mg), and proline (2.28 mmol, 263 mg) were
combined and dissolved in 50 mL of a 60:40 mixture of
methanol and chloroform and then heated to reflux for about 8
h. The completion of the reaction was concluded by TLC, the
solvent was removed by a rotavapor, and the crude reaction
mixture was subjected to column chromatography using silica

gel (100−200mesh) eluted with 2% methanol in chloroform
and crystallized in methanol. All other compounds (1, 4a−4e,
6, 8a−8e, 9, 10a−10e, 13a−13e, and 14) were synthesized
using similar processes and characterized by 1H and 13C NMR,
2D NMR, and HRMS spectral data described in the
Supporting File.
Spectral Data. Compound 1. Colorless needle-shaped

crystals: HRMS [ESI-MS, positive mode]: MF: C15H18O4;
observed m/z 285.1098 [M + H] + [calcd. 285.1103]; 1H
NMR (400 MHz, pyridine-d5): δ 7.69 (d, J = 5.9 Hz, 1H), 7.33
(s, 1H), 6.39 (d, J = 2.4 Hz, 1H), 6.27 (d, J = 5.8 Hz, 1H),
5.60 (d, J = 2.4 Hz, 1H), 5.43 (d, J = 7.9 Hz, 1H), 3.71−3.58
(m, 1H), 2.50−2.36 (m, 2H), 1.84−1.77 (m, 1H), 1.64−1.56
(m, 1H), 1.34 (s, 3H), 1.04 (d, J = 7.6 Hz, 3H); 13C NMR
(100 MHz, Pyridine-d5): δ 211.10 (−C�O), 170.73 (−C�
O), 164.37(−CH), 144.63 (−C), 130.88 (−CH), 120.87-
(−CH2), 83.65 (−C), 79.37 (−CH), 59.52 (−C), 44.54
(−CH), 40.93 (−CH), 30.15(−CH2), 28.66 (−CH2), 18.30
(−CH3), 17.20 (−CH3).

Compound 4a. Colorless needle-shaped crystals; melting
point: 237−238 °C; isolated yield: 881 mg (80%); HRMS
[ESI-MS, positive mode]: MF: C27H30N2O5; observed m/z
463.2235 [M + H] + [calcd. 463.2233]; 1H NMR (400 MHz,
pyridine-d5): δ 11.81 (1H, s, −NH), 7.95 (d, J = 7.4 Hz, 1H),
7.50 (d, J = 5.9 Hz, 1H), 7.19−7.13 (m, 2H), 7.07 (td, J = 7.6,
1.1 Hz, 1H), 6.62 (d, J = 7.1 Hz, 1H), 6.07 (d, J = 5.9 Hz, 1H),
4.68−4.57 (m, 2H), 3.94−3.82 (m, 1H), 3.55 (ddd, J = 11.7,
6.2, 1.9 Hz, 1H), 3.24 (dd, J = 12.8, 9.4 Hz, 1H), 2.64 (t, J =
6.9 Hz, 1H), 2.59−2.48 (m, 1H), 2.48−2.29 (m, 3H), 2.19−
2.09 (m, 1H), 2.07−1.85 (m, 2H), 1.74 (dt, J = 12.4, 6.0 Hz,
1H), 1.62 (dd, J = 13.5, 5.0 Hz, 1H), 1.36 (s, 3H), 1.34−1.21
(m, 2H), 0.98 (d, J = 7.7 Hz, 3H); 13C NMR (100 MHz,
pyridine-d5): δ 211.3 (−C�O), 180.9 (−C�O), 178.5
(−C�O), 164.45(−CH), 144.1 (−C), 130.6 (−CH), 130.0
(−CH), 127.7 (−CH), 125.4 (−CH), 121.8 (−CH), 109.8
(−CH), 83.8 (−C), 79.0 (−CH), 76.99 (−C), 63.46 (−CH),
62.78 (−C), 59.16 (−C), 50.0 (−CH2), 49.28 (−CH), 40.29
(−CH), 36.59 (−CH2), 32.6 (−CH2), 32.0 (−CH2), 27.7
(−CH2), 23.48 (−CH2), 20.5 (−CH3),17.68(−CH3).

Compound 4b. White powder; melting point: 203−204 °C;
isolated yield: 769 mg (82%); HRMS [ESI-MS, positive
mode]: MF: C28H32N2O6; observed m/z 493.2341 [M + H] +

[calcd. 493.2339]; 1H NMR (400 MHz, pyridine-d5): δ 11.63
(1H, s, −NH), 7.73 (d, J = 2.5 Hz, 1H), 7.50 (d, J = 5.9 Hz,
1H), 7.13 (s, 1H), 6.87 (dd, J = 8.4, 2.5 Hz, 1H), 6.59 (d, J =
8.4 Hz, 1H), 6.59 (d, J = 8.4 Hz, 1H), 4.67−4.60 (m, 2H),
3.93−3.88 (m, 1H), 3.86 (s, 3H), 3.60−3.52 (m, 1H), 3.24
(dd, J = 12.8, 9.3 Hz, 1H), 2.71 (t, J = 6.8 Hz, 1H), 2.60−2.50
(m, 1H), 2.48−2.28 (m, 3H), 2.17−2.09 (m, 1H), 2.06−1.88
(m, 3H), 1.82−1.70 (m, 1H), 1.63 (dd, J = 13.3, 4.7 Hz, 1H),
1.35 (s, 3H), 0.98 (d, J = 7.6 Hz, 3H); 13C NMR (100 MHz,
pyridine-d5): δ 211.93 (−C�O), 181.58 (−C�O), 179.18

Figure 5. Molecular structure of 14 as determined by SCXRD
analysis. Thermal ellipsoids are shown at the 50% probability level
(CCDC No. 2269150).

Table 1. IC50 of Selected Compounds against Selected Cell Lines

code HCT-116 (μM) A549 (μM) Mia-Paca-2 (μM) MCF-7 (μM)

1 6 ± 0.07 ≥30 μM 10.61 ± 0.03 8.6 ± 0.03
6 5.0 ± 0.08 ≥30 μM 12.81 ± 0.01 8.67 ± 0.03
8d 12.12 ± 0.12 ≥30 μM 22.6 ± 0.06 15.17 ± 0.05
10d 11.1 ± 0.07 23 ± 0.08 17 ± 0.02 13.27 ± 0.06
10c 10.26 ± 0.09 ≥30 μM 12.5 ± 0.07 13.74 ± 0.08
camptothecin 0.07 ± 0.04 0.058 ± 0.04 0.08 ± 0.03 0.19 ± 0.08

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05020
ACS Omega 2023, 8, 35283−35294

35288

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05020/suppl_file/ao3c05020_si_007.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05020?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05020?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05020?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05020?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(−C�O), 165.09 (−CH), 156.23 (−C), 138.12 (−C), 131.29
(−CH), 127.12 (−C), 116.50 (−CH), 115.76 (−CH), 110.73
(−CH), 84.12 (−C), 79.68 (−CH), 77.96 (−C), 64.21
(−CH), 63.58 (−C), 59.79 (−C), 56.83 (−CH3), 50.49
(−CH2), 49.86 (−CH), 40.92 (−CH), 37.09 (−CH2), 33.16
(−CH2), 32.68 (−CH2), 28.37 (−CH2), 24.04 (−CH2), 20.62
(−CH3), 18.34 (−CH3).
Compound 4c. White powder; melting point: 220−221 °C;

isolated yield: 875 mg (78%); HRMS [ESI-MS, positive
mode]: MF: C27H29IN2O5; observed m/z 589.1195 [M + H] +

[calcd. 589.1199]; 1H NMR (400 MHz, pyridine-d5): δ 12.08
(1H, s, −NH), 8.38 (d, J = 2.3 Hz, 1H), 7.54−7.46 (m, 1H),
7.30−7.14 (m, 2H), 6.46 (dd, J = 19.4, 8.1 Hz, 1H), 6.12−6.01
(m, 1H), 4.66−4.58 (m, 2H), 3.78−3.74 (m, 1H), 3.58−3.56
(m, 1H), 3.21−3.14 (m, 1H), 2.66−2.63 (m, 1H), 2.47−2.34
(m, 4H), 2.15−1.91 (m, 7H), 2.07−1.85 (m, 2H), 1.74 (dt, J =
12.4, 6.0 Hz, 1H), 1.62 (dd, J = 13.5, 5.0 Hz, 1H), 1.34 (s,
3H), 1.00 (d, J = 6.6 Hz, 3H); 13C NMR (100 MHz, pyridine-
d5): δ 211.49 (−C�O), 180.82 (−C�O), 178.25 (−C�O),
164.83(−CH), 144.20 (−C), 139.27 (−CH), 136.38 (−CH),
131.01 (−CH), 128.43 (−C), 112.33 (−CH), 84.94 (−C),
84.13 (−C), 79.51 (−CH), 76.99 (−C), 63.99 (−CH),
63.48(−C), 59.46 (−C), 50.19 (−CH2), 49.37 (−CH), 40.59
(−CH), 36.64 (−CH2), 32.83 (−CH2), 32.41 (−CH2), 28.15
(−CH2), 23.72 (−CH2), 20.27 (−CH3), 18.08(−CH3).
Compound 4d. White powder; melting point: 255−256 °C;

isolated yield: 687 mg (75%); HRMS [ESI-MS, positive
mode]: MF: C27H29FN2O5; observed m/z 481.2136 [M + H]
+ [calcd. 481.2139]; 1H NMR (400 MHz, pyridine-d5): δ
11.93 (1H, s, −NH), 7.80 (dd, J = 8.8, 2.4 Hz, 1H), 7.53 (d, J
= 5.9 Hz, 1H), 7.19−7.09 (m, 1H), 7.08−6.93 (m, 1H), 6.58
(dd, J = 8.5, 4.5 Hz, 1H), 6.10 (d, J = 5.9 Hz, 1H), 4.63−4.59
(m, 2H), 3.77−3.72 (m, 1H), 3.66−3.58 (m, 1H), 3.16 (dd, J
= 12.9, 9.2 Hz, 1H), 2.64 (t, J = 6.8 Hz, 1H), 2.58−2.29 (m,
5H), 2.18−2.07 (m, 2H), 2.05−1.91 (m, 1H), 1.91−1.83 (m,
1H), 1.82−1.71 (m, 1H), 1.63 (dd, J = 13.2, 4.6 Hz, 1H), 1.34
(s, 3H), 0.99 (d, J = 7.6 Hz, 3H); 13C NMR (100 MHz,
pyridine-d5): δ 211.3 (−C�O), 180.38 (−C�O), 178.5
(−C�O), 164.57(−CH), 158.47 (−C, 1JC−F = 238.4 Hz),
140.21 (−C), 130.6 (−CH), 127.08 (−C, 3JC−F = 7.5 Hz),
116.4 (−CH, 2JC−F = 23.4 Hz), 115.46 (−CH, 2JC−F = 25.4
Hz), 110.35 (−CH, 3JC−F = 7.9 Hz), 83.78 (−C), 79.06
(−CH), 76.98 (−C), 63.56 (−CH), 63.35 (−C), 59.15 (−C),
49.70 (−CH2), 49.08 (−CH), 40.21 (−CH), 36.32 (−CH2),
32.48 (−CH2), 32.0 (−CH2), 27.73 (−CH2), 23.32 (−CH2),
19.96 (−CH3), 17.67(−CH3).
Compound 4e. White powder; melting point: 288−289 °C;

isolated yield: 738 mg (78%); HRMS [ESI-MS, positive
mode]: MF: C27H29ClN2O5; observed m/z 497.1842 [M + H]
+ [calcd. 497.1843]; 1H NMR (400 MHz, pyridine-d5): δ
12.03 (1H, s, −NH), 7.99 (d, J = 1.5 Hz, 1H), 7.49 (dd, J =
5.9, 1.7 Hz, 1H), 7.24−7.18 (m, 1H), 7.13 (s, 1H), 6.57 (dd, J
= 8.3, 1.4 Hz, 1H), 6.06 (dd, J = 5.9, 1.3 Hz, 1H), 4.60 (d, J =
6.1 Hz, 1H), 4.59−4.47 (m, 1H), 3.75−3.64 (m, 1H), 3.55
(dd, J = 11.4, 6.1 Hz, 1H), 3.12 (dd, J = 12.8, 9.2 Hz, 1H),
2.60 (t, J = 6.9 Hz, 1H), 2.48−2.25 (m, 5H), 2.13−2.04 (m,
1H), 2.02−1.78 (m, 3H), 1.72 (qd, J = 11.9, 6.1 Hz, 1H), 1.60
(dd, J = 12.8, 5.2 Hz, 1H), 1.29 (s, 3H), 0.95 (d, J = 7.1 Hz,
3H); 13C NMR (100 MHz, pyridine-d5): δ 211.9 (−C�O),
181.05 (−C�O), 178.91 (−C�O), 165.23(−CH), 143.57
(−C), 131.32 (−CH), 130.70 (−CH), 128.36 (−CH), 128.08
(−C), 127.48 (−C), 111.67 (−CH), 84.47 (−C), 79.80
(−CH), 77.50 (−C), 64.30 (−CH), 63.94(−C), 59.81 (−C),

50.44 (−CH2), 50.14 (−CH), 49.69 (−CH), 40.90 (−CH),
36.96 (−CH2), 33.14 (−CH2), 32.70 (−CH2), 28.45 (−CH2),
24.02 (−CH2), 20.60 (−CH3), 18.37(−CH3).

Compound 6. Yellow block crystals; melting point: 201−
202 °C; isolated yield: 634 mg (70%); HRMS [ESI-MS,
positive mode]: MF: C28H29NO6; observed m/z 476.2072 [M
+ H] + [calcd. 476.2073]; 1H NMR (400 MHz, pyridine-d5): δ
7.97−7.94 (m, 1H), 7.70−7.68 (m, 2H), 7.60−7.55 (m, 2H),
7.39 (s, 1H), 6.26 (d, J = 5.9 Hz, 1H), 4.99 (d, J = 6.6 Hz,
1H), 4.17 (dd, J = 11.5, 6.6 Hz, 1H), 3.98−3.86 (m, 1H),
2.93−2.76 (m, 3H), 2.57−2.41 (m, 3H), 2.19−2.05 (m, 2H),
1.99−1.87 (m, 3H), 1.78−1.67 (m, 2H), 1.26 (s, 3H), 1.04 (d,
J = 7.7 Hz, 3H); 13C NMR (100 MHz, pyridine-d5): δ 212.22
(−C = O), 200.44 (−C�O), 299.63 (−C�O), 176.29
(−C�O), 165.83(−CH), 141.65 (−C), 141.37 (−C), 137.54
(−CH), 137.21 (−CH), 131.41(−CH), 123.84 (−CH),
123.42 (−CH), 84.32 (−C), 81.52 (−C), 80.22 (−CH),
66.83(−C), 65.58(−CH), 60.18(−C), 47.61 (−CH2), 46.19
(−CH), 41.00 (−CH), 35.85 (−CH2), 32.88 (−CH2), 32.53
(−CH2), 30.95 (−CH2), 22.71 (−CH2), 19.97 (−CH3), 18.29
(−CH3).

Compound 8a. White powder; melting point: 238−239 °C;
isolated yield: 778 mg (85%) HRMS [ESI-MS, positive mode]:
MF: C26H28N2O5S; MF: C26H28N2O5S; observed m/z
481.1798 [M + H] + [calcd. 481.1797]; 1H NMR (400
MHz, pyridine-d5): δ 12.07 (1H, s, −NH), 7.84 (d, J = 7.5 Hz,
1H), 7.55 (dd, J = 8.8, 4.0 Hz, 1H), 7.27 (s, 1H), 7.21−7.17
(m, 1H), 7.03−6.99 (m, 1H), 6.09 (t, J = 4.9 Hz, 1H), 4.68 (d,
J = 5.8 Hz, 1H), 4.61−4.52 (m, 1H), 4.04−3.99 (m, 1H),
3.88−3.80 (m, 1H), 3.78−3.73 (m, 1H), 3.60−3.52 (m, 1H),
3.60−3.52 (m, 1H), 3.14−3.08 (m, 1H), 3.00−2.95 (m, 1H),
2.45−2.42 (m, 3H), 2.06−1.92 (m, 1H), 1.67−1.64 (m, 1H),
1.32 (s, 3H), 1.28 (s, 1H), 0.99 (d, J = 6.3 Hz, 2H); 13C NMR
(100 MHz, pyridine-d5): δ 211.90 (−C�O), 179.17(−C�
O), 178.77 (−C�O), 165.25(−CH), 144.37 (−C), 131.28
(−CH), 131.04 (−CH), 127.73 (−CH), 125.12 (−CH),
122.93(−CH), 110.78 (−CH), 84.48 (−C), 79.44 (−CH),
75.61 (−C), 66.68 (−CH), 65.37 (−C), 59.80 (−C), 49.66
(−CH2), 49.60 (−CH), 40.90 (−CH), 35.85(−CH2), 32.70
(−CH2), 30.44 (−CH2), 23.41 (−CH2), 20.72 (−CH3),
18.41(−CH3).

Compound 8b. White powder; melting point: 259−260 °C;
isolated yield: 749 mg (81%); HRMS [ESI-MS, positive
mode]: MF: C27H30N2O6S; observed m/z 511.1906 [M + H]+
[calcd. 511.1903]; 1H NMR (400 MHz, pyridine-d5): δ 11.89
(1H, s, −NH), 7.60 (d, J = 2.8 Hz, 1H), 7.53 (d, J = 5.9 Hz,
1H), 7.27 (s, 1H), 6.91 (dd, J = 8.4, 2.6 Hz, 1H), 6.66 (d, J =
8.4 Hz, 1H), 6.08 (d, J = 5.9 Hz, 1H), 4.74 (d, J = 5.8 Hz, 1H),
4.60−4.50 (m, 1H), 4.02 (d, J = 6.5 Hz, 1H), 3.89 (dd, J =
11.3, 5.5 Hz, 1H), 3.83 (d, J = 6.5 Hz, 1H), 3.67 (s, 3H), 3.55
(t, J = 9.1 Hz, 1H), 3.11 (dd, J = 9.0, 6.0 Hz, 1H), 2.47−2.39
(m, 3H), 2.02−1.91 (m, 1H), 1.83 (dd, J = 14.2, 4.7 Hz, 1H),
1.65 (dd, J = 13.2, 4.6 Hz, 1H), 1.31 (s, 3H), 0.99 (d, J = 7.6
Hz, 3H); 13C NMR (100 MHz, pyridine-d5): δ 211.84 (−C�
O), 179.07(−C�O), 178.78 (−C�O), 165.20(−CH),
156.47(−C), 136.28 (−CH), 131.27 (−CH), 126.27 (−C),
116.82 (−CH), 114.35 (−CH), 111.18 (−CH), 84.47 (−C),
79.46 (−CH), 76.01 (−C), 66.87 (−CH), 65.70 (−C), 59.80
(−C), 56.30 (−CH3), 49.68 (−CH), 49.60 (−CH2), 40.90
(−CH), 35.79 (−CH2), 32.71 (−CH2), 32.62 (−CH2), 23.29
(−CH2), 20.68 (−CH3), 18.41(−CH3).

Compound 8c. White powder; melting point: 261−262 °C;
isolated yield: 814 mg (84%); HRMS [ESI-MS, positive
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mode]: MF: C28H32N2O5S; observed m/z 509.2081 [M + H] +

[calcd. 509.2110]; 1H NMR (400 MHz, pyridine-d5): δ 11.85
(1H, s, −NH), 8.60 (d, J = 7.5 Hz, 1H), 8.60 (s, 1H), 7.57 (s,
1H), 7.49 (d, J = 5.9 Hz, 1H), 6.84 (s, 1H), 6.01 (d, J = 5.9
Hz, 1H), 4.67 (d, J = 6.0 Hz, 1H), 4.65−4.57 (m, 1H), 4.15
(d, J = 6.1 Hz, 1H), 3.82−3.76 (m, 1H), 3.77−3.71 (m, 1H),
3.63−3.57 (m, 2H), 3.12 (dd, J = 9.0, 5.9 Hz, 1H), 3.02 (dd, J
= 13.0, 8.7 Hz, 1H), 2.47−2.35 (m, 3H), 2.20 (s, 3H), 1.95−
1.83 (m, 1H), 1.64 (dd, J = 13.0, 4.7 Hz, 2H), 1.30 (s, 3H),
1.05 (t, J = 3.6 Hz, 1H), 0.97 (d, J = 7.6 Hz, 3H); 13C NMR
(100 MHz, pyridine-d5): δ 211.89 (−C�O), 179.58(−C�
O), 178.95 (−C�O), 165.04(−CH), 140.63 (−C), 133.10
(−CH), 132.10 (−C), 131.53 (−CH), 125.47 (−CH),
124.70(−CH), 119.63 (−C), 84.43 (−C), 79.47 (−CH),
75.72 (−C), 66.58 (−CH), 65.25 (−C), 59.80 (−C), 49.67
(−CH), 49.67 (−CH2), 40.92 (−CH), 35.66(−CH2), 32.70
(−CH2), 32.57 (−CH2), 23.43 (−CH2), 21.52 (−CH3), 20.65
(−CH3), 18.36(−CH3), 17.23(−CH3).
Compound 8d. White powder; melting point: 217−218 °C;

isolated yield: 716 mg (73%); HRMS [ESI-MS, positive
mode]: MF: C26H27ClN2O5S; observed m/z 515.1410 [M +
H] + [calcd. 515.1407]; 1H NMR (400 MHz, pyridine-d5): δ
12.29 (1H, s, −NH), 7.59−7.55 (m, 1H), 7.35−7.28 (m, 2H),
6.70−6.67 (m, 1H), 6.15−6.06 (m, 1H), 4.79 (d, J = 5.7 Hz,
1H), 4.82−4.75 (m, 1H), 4.49−4.43 (m, 1H), 3.98 (dd, J =
11.1, 5.2 Hz, 1H), 3.89−3. 81 (m, 2H), 3.50−3.42 (m, 1H),
3.16−3.09 (m, 1H), 2.87 (dd, J = 13.0, 8.0 Hz, 1H), 2.56−2.38
(m, 3H), 1.99−1.90 (m, 1H), 1.82−1.66 (m, 2H), 1.29 (s,
3H), 1.00 (d, J = 7.1 Hz, 3H); 13C NMR (100 MHz, pyridine-
d5): δ 212.22 (−C�O), 178.92(−C�O), 178.69 (−C�O),
165.70(−CH), 143.38 (−C), 131.65 (−CH), 131.35 (−CH),
128.51 (−CH), 128.19 (−C), 127.62(−C), 112.30 (−CH),
84.81 (−C), 79.91 (−CH), 75.18 (−C), 67.39 (−CH), 66.17
(−C), 60.21 (−C), 50.41 (−CH2), 49.35 (−CH), 41.25
(−CH), 36.38 (−CH2), 33.29 (−CH2), 33.05 (−CH2), 23.53
(−CH2), 20.95 (−CH3), 18.79(−CH3).
Compound 8e. White powder; melting point: 218−219 °C;

isolated yield: 883 mg (83%); HRMS [ESI-MS, positive
mode]: MF: C26H27BrN2O5S; observed m/z 559.0904 [M +
H] + [calcd. 559.0902]; 1H NMR (400 MHz, pyridine-d5): δ
12.28 (1H, s, −NH), 7.59 (d, J = 5.9 Hz, 1H), 7.31−7.19 (m,
1H), 6.67 (d, J = 8.3 Hz, 1H), 6.13 (d, J = 5.9 Hz, 1H), 4.80
(d, J = 5.8 Hz, 1H), 4.50−4.44 (m, 1H), 3.98 (dd, J = 11.4, 5.5
Hz, 1H), 3.85 (dd, J = 17.4, 7.1 Hz, 2H), 3.46 (dd, J = 15.9,
7.2 Hz, 1H), 3.13 (dd, J = 9.2, 6.2 Hz, 1H), 2.87 (dd, J = 13.1,
7.9 Hz, 1H), 7.50−2.38(m, 3H), 2.00−1.91 (m, 1H), 1.82−
1.79 (m, 1H), 1.69 (dd, J = 12.4, 5.0 Hz, 1H), 1.29 (s, 3H),
1.02 (d, J = 7.2 Hz, 3H); 13C NMR (100 MHz, pyridine-d5): δ
211.25 (−C�O), 177.80 (−C�O), 177.68 (−C�O),
164.77 (−CH), 142.81 (−C), 133.26 (−CH), 130.65
(−CH), 130.26 (−CH), 126.97(−C), 114.65 (−C), 111.83-
(−CH), 84.81 (−C), 78.94 (−CH), 75.19 (−C), 66.42
(−CH), 65.14 (−C), 59.21 (−C), 49.54 (−CH2), 48.26
(−CH), 40.24 (−CH), 35.43(−CH2), 32.37 (−CH2), 32.07
(−CH2), 22.54 (−CH2), 19.95 (−CH3), 17.83(−CH3).
Compound 9. Yellow crystals; melting point: 237−238 °C;

isolated yield: 762 mg (81%); HRMS [ESI-MS, positive
mode]: MF: C27H27NO6S; observed m/z 494.1636 [M + H] +

[calcd. 494.1637]; 1H NMR (400 MHz, pyridine-d5): δ 7.95−
7.90 (m, 1H), 7.67 (d, J = 5.9 Hz, 1H), 7.62−7.58 (m, 2H),
7.57−7.51 (m, 1H), 7.46 (s, 1H), 6.27 (d, J = 5.9 Hz, 1H),
4.99 (d, J = 6.9 Hz, 1H), 4.30−4.24 (m, 2H), 4.17 (d, J = 7.7
Hz, 1H), 3.88 (d, J = 7.7 Hz, 1H), 3.56 (t, J = 9.7 Hz, 1H),

3.10 (dd, J = 9.9, 5.4 Hz, 1H), 2.97 (dd, J = 13.5, 8.6 Hz, 1H),
2.66−2.54 (m, 1H), 2.49 (dd, J = 13.3, 5.9 Hz, 2H), 2.09−1.94
(m, 1H), 1.74 (d, J = 12.0 Hz, 2H), 1.23 (s, 3H), 1.04 (d, J =
7.6 Hz, 3H); 13C NMR (100 MHz, pyridine-d5): δ 213.68
(−C�O), 200 .91 (−C�O), 199 .01 (−C�O),
176.41(−C�O), 167.37 (−CH), 141.99 (−C), 138.96
(−CH), 138.49 (−CH), 131.90 (−CH), 124.62 (−CH),
124.29 (−CH), 85.12 (−C), 82.60 (−C), 81.17 (−CH), 69.93
(−CH), 68.46 (−C), 60.69 (−C), 52.19 (−CH2), 46.34
(−CH), 41.27 (−CH), 38.66(−CH2), 35.03 (−CH2), 32.88
(−CH2), 23.89 (−CH2), 20.29 (−CH3), 18.81(−CH3).

Compound 10a. White powder; melting point: 289−290
°C; isolated yield: 635 mg (70%) HRMS [ESI-MS, positive
mode]: MF: C28H32N2O5; observed m/z 477.2389 [M + H] +

[calcd. 477.2389]; 1H NMR (400 MHz, pyridine-d5): δ 11.87
(1H, s, −NH), 7.79 (d, J = 7.0 Hz, 1H), 7.51 (d, J = 5.9 Hz,
1H), 7.19 (td, J = 7.7, 1.3 Hz, 2H), 7.03 (td, J = 7.6, 1.0 Hz,
1H), 6.64 (d, J = 7.7 Hz, 1H), 6.05 (d, J = 5.9 Hz, 1H), 4.58
(d, J = 5.9 Hz, 1H), 3.88−3.81 (m, 1H), 3.69−3.64 (m, 1H),
2.90 (dd, J = 12.7, 9.4 Hz, 1H), 2.50−2.31 (m, 4H), 2.25 (dd, J
= 12.6, 6.2 Hz, 1H), 2.02−1.86 (m, 4H), 1.73 (d, J = 12.9 Hz,
1H), 1.64 (dd, J = 13.0, 4.4 Hz, 1H), 1.53−1.45 (m, 1H), 1.34
(s, 3H), 1.33−1.27 (m, 2H), 0.98 (d, J = 7.7 Hz, 3H); 13C
NMR (100 MHz, pyridine-d5): δ 211.90 (−C�O), 179.51
(−C�O), 178.60 (−C�O), 165.10 (−CH), 144.69 (−C),
131.27 (−CH), 130.46 (−CH), 126.96 (−CH), 126.62
(−CH), 123.20 (−CH), 110.20 (−CH), 84.55 (−C), 78.91
(−CH), 78.52 (−C), 60.99 (−C), 59.78 (−C), 59.78 (−CH),
49.39 (−CH), 46.72 (−CH2), 40.91 (−CH), 34.53 (−CH2),
32.74 (−CH2), 32.30 (−CH2), 26.29 (−CH2), 25.79 (−CH2),
23.83 (−CH2), 20.86 (−CH3),18.42(−CH3).

Compound 10b. White powder; melting point: 294−295
°C; isolated yield: 753 mg (78%) HRMS [ESI-MS, positive
mode]: MF: C29H34N2O6; observed m/z 507.2498 [M + H] +

[calcd. 507.2495]; 1H NMR (400 MHz, pyridine-d5): δ 11.
(1H, s, −NH), 7.79 (d, J = 7.0 Hz, 1H), 7.56 (d, J = 5.9 Hz,
1H), 7.50 (d, J = 2.6 Hz, 1H), 6.90 (dd, J = 8.4, 2.6 Hz, 1H),
6.65 (d, J = 8.4 Hz, 1H), 6.07 (d, J = 5.9 Hz, 1H), 7.28 (s,
1H), 4.59 (d, J = 5.8 Hz, 1H), 3.89−3.81 (m, 1H), 3.69 (s,
3H), 3.66−3.62 (m, 1H), 2.90 (dd, J = 12.6, 9.4 Hz, 1H),
2.56−2.54 (m, 1H), 2.48−2.34 (m, 4H), 2.25 (dd, J = 12.6, 6.2
Hz, 2H), 1.96−1.85 (m, 4H), 1.33 (s, 3H), 1.29−1.28 (m,
2H), 1.00 (d, J = 7.5 Hz, 3H); 13C NMR (100 MHz, pyridine-
d5): δ 212.06 (−C�O), 179.74 (−C�O), 178.69 (−C�O),
165.37 (−CH), 156.96 (−C), 138.04 (−C), 131.36 (−CH),
128.27 (−C), 116.32 (−CH), 113.41 (−CH), 110.83 (−CH),
84.85 (−C), 79.13 (−CH), 79.01 (−C), 61.29 (−C), 59.99
(−CH), 59.86 (−C), 56.53 (−CH3), 49.47 (−CH), 46.93-
(−CH2), 40.98 (−CH), 34.63 (−CH2), 32.85 (−CH2),
32.40(−CH2), 26.42 (−CH2), 25.89 (−CH2), 23.89
(−CH2), 20.92 (−CH3),18.59 (−CH3).

Compound 10c. White powder; melting point: 256−257
°C; isolated yield: 877 mg (83%); HRMS [ESI-MS, positive
mode]: MF: C28H31BrN2O5; observed m/z 555.1489 [M + H]
+ [calcd. 555.1495]; 1H NMR (400 MHz, pyridine-d5): δ 12.15
(1H, s, −NH), 8.01 (d, J = 1.8 Hz, 1H), 7.49 (d, J = 5.9 Hz,
1H), 7.46−7.43 (m, 1H), 7.45 (dd, J = 8.2, 2.0 Hz, 1H), 6.56
(d, J = 8.2 Hz, 1H), 6.05 (d, J = 5.9 Hz, 1H), 4.59 (d, J = 5.7
Hz, 1H), 3.84−3.77 (m, 1H), 3.65 (dd, J = 11.5, 5.7 Hz, 1H),
2.84 (dd, J = 12.6, 9.3 Hz, 1H), 2.46−2.30 (m, 5H), 2.25 (dd, J
= 12.7, 6.4 Hz, 1H), 1.95−1.81 (m, 4H), 1.72 (d, J = 12.9 Hz,
1H), 1.63 (dd, J = 12.9, 4.8 Hz, 1H), 1.36−1.32 (m, 2H), 1.29
(s, 3H), 0.97 (s, 3H); 13C NMR (100 MHz, pyridine-d5): δ
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211.71 (−C�O), 179.15 (−C�O), 178.19 (−C�O),
165.05 (−CH), 143.94 (−C), 133.35 (−CH), 131.26
(−CH), 129.59 (−C), 129.47 (−CH), 115.75 (−CH),
111.84 (−CH), 84.50 (−C), 78.98 (−CH), 78.43 (−C),
61.44 (−C), 59.90 (−CH), 49.41 (−CH), 46.76 (−CH2),
40.85 (−CH), 34.38 (−CH2), 32.72 (−CH2), 32.25 (−CH2),
26.18 (−CH2), 25.62 (−CH2), 23.68 (−CH2), 20.72
(−CH3),18.39 (−CH3).
Compound 10d. White powder; melting point: 255−256

°C; isolated yield: 700 mg (72%) HRMS [ESI-MS, positive
mode]: MF: C28H31ClN2O5; observed m/z 511.2006 [M + H]
+ [calcd. 511.2000]; 1H NMR (400 MHz, pyridine-d5): δ 12.14
(1H, s, −NH), 7.87 (d, J = 2.0 Hz, 1H), 7.52−7.48 (m, 1H),
7.32−7.28 (m, 1H), 6.62−6.59 (m, 1H), 6.07−6.05 (m, 1H),
4.59 (d, J = 5.7 Hz, 1H), 3.84−3.77 (m, 1H), 3.66 (dd, J =
10.8, 5.0 Hz, 1H), 2.85 (dd, J = 12.6, 9.4 Hz, 1H), 2.45−2.31
(m, 5H), 2.25 (dd, J = 12.7, 6.4 Hz, 1H), 1.98−1.97 (m, 1H),
1.92−1.82 (m, 4H), 1.72 (d, J = 13.0 Hz, 1H), 1.63 (dd, J =
12.7, 4.2 Hz, 1H), 1.37−1.33 (m, 1H), 1.30 (s, 3H), 0.97 (d, J
= 7.6 Hz, 3H); 13C NMR (100 MHz, pyridine-d5): δ 211.78
(−C�O), 179.16 (−C�O), 178.35 (−C�O), 165.11
(−CH), 143.51 (−C), 131.27 (−CH), 130.47 (−CH),
129.26 (−C), 128.29 (−C), 126.72 (−CH), 111.39 (−CH),
84.51 (−C), 78.99 (−CH), 78.47 (−C), 61.45 (−C), 59.90
(−CH), 59.75 (−C), 49.43 (−CH), 46.78 (−CH2), 40.86
(−CH), 34.39 (−CH2), 32.73 (−CH2), 32.27 (−CH2), 26.21
(−CH2), 25.63 (−CH2), 23.68 (−CH2), 20.76 (−CH3), 18.41
(−CH3).
Compound 10e. White powder; melting point: 217−218

°C; isolated yield: 748 mg (80%) HRMS [ESI-MS, positive
mode]: MF: C29H34N2O5; observed m/z 491.2545 [M + H] +

[calcd. 491.2546]; 1H NMR (400 MHz, pyridine-d5): δ 11.77
(1H, s, −NH), 7.66 (s, 1H), 7.50 (d, J = 5.9 Hz, 1H), 7.19 (s,
1H), 7.03 (dd, J = 7.8, 0.9 Hz, 1H), 6.60 (d, J = 7.8 Hz, 1H),
6.04 (d, J = 5.9 Hz, 1H), 4.59 (d, J = 5.9 Hz, 1H), 3.89−3.84
(m, 1H), 3.69−3.62 (m, 1H), 2.91 (dd, J = 12.6, 9.4 Hz, 1H),
2.56 (d, J = 7.8 Hz, 1H), 2.46−2.35 (m, 3H), 2.27 (dd, J =
12.6, 6.2 Hz, 1H), 2.17 (s, 3H), 1.98−1.89 (m, 4H), 1.74 (d, J
= 12.8 Hz, 1H), 1.64 (dd, J = 13.4, 4.4 Hz, 1H), 1.58−1.50 (m,
1H), 1.39−1.35 (m, 2H), 1.32 (s, 3H), 0.97 (d, J = 7.7 Hz,
3H); 13C NMR (100 MHz, pyridine-d5): δ 211.64 (−C�O),
179.33 (−C�O), 178.30 (−C�O), 164.80 (−CH), 141.98
(−C), 132.08 (−C), 131.01 (−CH), 130.54 (−CH), 126.93
(−CH), 126.75 (−C), 109.69 (−CH), 84.27 (−C), 78.64
(−CH), 78.39 (−C), 60.76 (−C), 59.60 (−CH), 59.52 (−C),
49.15 (−CH), 46.53(−CH2), 40.65 (−CH), 34.28 (−CH2),
32.48 (−CH2), 32.08 (−CH2), 26.06 (−CH2), 25.55 (−CH2),
23.52 (−CH2), 21.35 (−CH3), 20.58 (−CH3),18.16 (−CH3).
Compound 13a. White powder; melting point: 242−243

°C; isolated yield: 665 mg (80%); HRMS [ESI-MS, positive
mode]: MF: C25H28N2O5; observed m/z 437.2072 [M + H] +

[calcd. 437.2076]; 1H NMR (400 MHz, Pyridine-d5): δ 11.92
(1H, s, −NH), 7.77 (d, J = 7.4 Hz, 1H), 7.49 (d, J = 5.9 Hz,
1H), 7.17 (s, 1H), 7.13−7.10 (m, 1H), 7.00 (t, J = 7.3 Hz,
1H), 6.61 (d, J = 7.6 Hz, 1H), 6.06 (d, J = 5.8 Hz, 1H), 4.45
(d, J = 6.2 Hz, 1H), 3.90 (dd, J = 14.1, 8.0 Hz, 1H), 3.53 (dd, J
= 11.1, 6.2 Hz, 1H), 3.47−3.42 (m, 1H), 3.16 (td, J = 11.6, 6.0
Hz, 1H), 2.41−2.33 (m, 3H), 2.26 (s, 3H), 2.04−1.95 (m,
1H), 1.80 (dd, J = 14.2, 5.0 Hz, 1H), 1.59 (dd, J = 12.4, 5.3
Hz, 1H), 1.35 (s, 3H), 0.97 (d, J = 7.5 Hz, 3H); 13C NMR
(100 MHz, pyridine-d5): δ 211.89 (−C�O), 179.13 (−C�
O), 178.76 (−C�O), 164.99 (−CH), 144.52 (−C), 131.33
(−CH), 130.58 (−CH), 127.01 (−C), 126.43 (−CH), 123.20

(−CH), 110.28 (−CH), 84.43 (−C), 79.13 (−CH), 78.29
(−C), 61.86 (−C), 59.77 (−C), 52.12 (−CH2), 48.68 (−CH),
40.94 (−CH), 36.20 (−CH3), 32.63 (−CH2), 28.28 (−CH2),
23.52 (−CH2), 20.65 (−CH3),18.29 (−CH3).

Compound 13b. White powder; melting point: 226−227
°C; isolated yield: 804 mg (82%); HRMS [ESI-MS, positive
mode]: MF: C25H27BrN2O5; observed m/z 515.1182 [M + H]
+ [calcd. 515.1182]; 1H NMR (400 MHz, pyridine-d5): δ 12.13
(1H, s, −NH), 7.94 (d, J = 1.9 Hz, 1H), 7.55 (d, J = 5.9 Hz,
1H), 7.37 (dd, J = 8.2, 2.0 Hz, 1H), 7.19 (s, 1H), 6.58 (d, J =
8.2 Hz, 1H), 6.10 (d, J = 5.9 Hz, 1H), 4.46 (d, J = 6.1 Hz, 1H),
3.94−3.81 (m, 1H), 3.50 (dd, J = 11.9, 6.1 Hz, 1H), 3.44−3.39
(m, 1H), 3.11 (td, J = 11.7, 5.9 Hz, 1H), 2.45−2.32 (m, 3H),
2.25 (s, 3H), 2.05−1.94 (m, 1H), 1.80−1.75 (m, 1H), 1.62
(dd, J = 12.7, 4.7 Hz, 1H), 1.32 (s, 3H), 1.00 (d, J = 7.5 Hz,
3H); 13C NMR (100 MHz, pyridine-d5): δ 211.45 (−C�O),
178.48 (−C�O), 178.18 (−C�O), 164.77 (−CH), 143.53
(−C), 133.26 (−CH), 131.10 (−CH), 129.34 (−C), 129.05
(−CH), 115.51 (−C), 111.73 (−CH), 84.19 (−C), 78.99
(−CH), 78.04 (−C), 62.01 (−C), 59.49 (−C), 51.95 (−CH2),
48.43 (−CH), 40.65 (−CH), 35.96 (−CH3), 32.40 (−CH2),
27.98 (−CH2), 23.22 (−CH2), 20.30 (−CH3),18.06 (−CH3).

Compound 13c. White powder; melting point: 291−292
°C; isolated yield: 669 mg (78%) HRMS [ESI-MS, positive
mode]: MF: C26H30N2O5; observed m/z 451.2232 [M + H] +

[calcd. 451.2233]; 1H NMR (400 MHz, Pyridine-d5): δ 11.79
(1H, s, −NH), 7.63 (s, 1H), 7.49 (d, J = 7.4 Hz, 1H), 7.15 (s,
1H), 6.95 (m, 1H), 6.57 (t, J = 7.4 Hz, 1H), 6.05 (d, J = 5.5
Hz, 1H), 4.44 (s, 1H), 3.94 (s, 1H), 3.54−3.51 (m, 1H),
3.50−3.47 (m, 1H), 3.22−3.16 (m, 1H), 2.38−2.36 (m, 3H),
2.32 (d, J = 3.5 Hz, 3H), 2.19 (d, J = 4.1 Hz, 3H), 1.98 (d, J =
5.0 Hz, 1H), 1.80 (d, J = 14.4 Hz, 1H), 1.61−1.58 (m, 1H),
1.33 (d, J = 3.9 Hz, 3H), 0.97 (s, 3H); 13C NMR (100 MHz,
pyridine-d5): δ 211.65 (−C�O), 178.81 (−C�O), 178.61
(−C�O), 164.73 (−CH), 141.79 (−C), 132.20 (−C), 131.09
(−CH), 130.67 (−CH), 126.75 (−CH × 2), 109.77 (−CH),
84.16 (−C), 78.86 (−CH), 78.13 (−C), 61.62 (−C), 59.51
(−C), 51.94 (−CH2), 48.39 (−CH), 40.70 (−CH), 36.04
(−CH3), 32.39 (−CH2), 28.03 (−CH2), 23.23 (−CH2), 21.26
(−CH3), 20.38 (−CH3), 18.11 (−CH3).

Compound 13d. White powder; melting point: 262−263
°C; isolated yield: 672 mg (75%) HRMS [ESI-MS, positive
mode]: MF: C25H27ClN2O5; observed m/z 471.1696 [M + H]
+ [calcd. 471.1687]; 1H NMR (400 MHz, pyridine-d5): δ 12.14
(1H, s, −NH), 7.82 (d, J = 1.8 Hz, 1H), 7.51 (d, J = 5.9 Hz,
1H), 7.21 (dd, J = 8.2, 2.0 Hz, 1H), 7.18 (s, 1H), 6.58 (d, J =
8.2 Hz, 1H), 6.08 (d, J = 5.9 Hz, 1H), 4.46 (d, J = 6.1 Hz, 1H),
4.09 (q, J = 7.1 Hz, 1H), 3.91−3.83 (m, 1H), 3.51 (dd, J =
11.6, 6.0 Hz, 1H), 3.42 (dd, J = 13.6, 5.4 Hz, 1H), 3.44−3.39
(m, 1H), 3.11 (td, J = 11.7, 5.9 Hz, 1H), 2.39−2.32 (m, 4H),
2.25 (s, 3H), 2.03−1.93 (m, 1H), 1.80−1.75 (m, 1H), 1.61
(dd, J = 12.4, 5.1 Hz, 1H), 1.32 (s, 3H), 0.98 (d, J = 7.4 Hz,
3H); 13C NMR (100 MHz, pyridine-d5): δ 211.52 (−C�O),
178.62 (−C�O), 178.19 (−C�O), 164.83 (−CH), 143.08
(−C), 131.11 (−CH), 130.37 (−CH), 129.00 (−C), 128.10
(−C), 126.27 (−CH), 111.27 (−CH), 84.20 (−C), 78.99
(−CH), 78.07 (−C), 62.03 (−C), 59.51 (−C), 51.95 (−CH2),
48.47 (−CH), 40.67 (−CH), 35.97 (−CH3), 32.41 (−CH2),
27.98 (−CH2), 23.21 (−CH2), 20.33 (−CH3), 18.08 (−CH3).

Compound 13e. White powder; melting point: 282−283
°C; isolated yield: 693 mg (78%); HRMS [ESI-MS, positive
mode]: MF: C26H30N2O6; observed m/z 467.2189 [M + H] +

[calcd. 467.2182]; 1H NMR (400 MHz, pyridine-d5): δ 11.75
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(1H, s, −NH), 7.52−7.50 (m, 1H), 7.17 (s, 1H), 6.84 (dd, J =
8.4, 2.6 Hz, 1H), 6.59 (d, J = 8.4 Hz, 1H), 6.07 (d, J = 5.9 Hz,
1H), 4.44 (d, J = 6.1 Hz, 1H), 3.94−3.89 (m, 1H), 3.72 (s,
3H), 3.55−3.45 (m, 2H), 3.18 (td, J = 11.6, 6.0 Hz, 1H),
2.41−2.36 (m, 3H), 2.33 (s, 3H), 2.05−1.95 (m, 1H), 1.80
(dd, J = 14.3, 5.0 Hz, 2H), 1.60 (dd, J = 11.9, 5.0 Hz, 1H),
1.33 (s, 3H), 0.98 (d, J = 7.4 Hz, 4H); 13C NMR (100 MHz,
pyridine-d5): δ 211.68 (−C�O), 178.81 (−C�O), 178.65
(−C�O), 164.84 (−CH), 156.74 (−C), 137.54 (−C), 131.12
(−CH), 127.88 (−C), 116.67 (−CH), 112.59 (−CH), 110.65
(−CH), 84.20 (−C), 78.98 (−CH), 78.48 (−C), 61.83 (−C),
59.53 (−C), 56.32 (−CH3), 51.99 (−CH2), 48.40 (−CH),
40.72 (−CH), 36.09 (−CH3), 32.43 (−CH2), 28.06 (−CH2),
23.25 (−CH2), 20.38 (−CH3),18.11 (−CH3).
Compound 14. Yellow crystals; melting point: 249−250

°C; isolated yield: 625 mg (73%) HRMS [ESI-MS, positive
mode]: MF: C26H27NO6; observed m/z 450.1913 [M + H] +

[calcd. 450.1917]; 1H NMR (400 MHz, pyridine-d5): δ 7.93−
7.90 (m, 1H), 7.77 (dd, J = 7.5, 0.9 Hz, 1H), 7.56 (d, J = 5.9
Hz, 1H), 7.52 (dd, J = 7.5, 1.2 Hz, 1H), 7.49 (dd, J = 7.4, 1.2
Hz, 1H), 6.17 (d, J = 5.9 Hz, 1H), 4.88 (d, J = 6.6 Hz, 1H),
3.71−3.62 (m, 2H), 3.32 (td, J = 8.7, 5.8 Hz, 1H), 2.86−2.80
(m, 1H), 2.64−2.58 (m, 1H), 2.42−2.33 (m, 2H), 2.32 (s,
3H), 2.02−1.93 (m, 1H), 1.68−1.58 (m, 2H), 1.29 (s, 3H),
0.99 (d, J = 7.8 Hz, 3H); 13C NMR (100 MHz, pyridine-d5): δ
211.61 (−C�O), 201.19 (−C�O), 199.98 (−C�O),
176.31 (−C�O), 165.05 (−CH), 144.92 (−C), 141.31
(−C), 137.35 (−CH), 136.81 (−CH), 131.13 (−CH),
123.28 (−CH), 122.74 (−CH), 83.95 (−C), 80.35 (−C),
79.47 (−CH), 62.27 (−C), 59.79 (−C), 52.62 (−CH2), 46.02
(−CH), 40.70 (−CH), 36.13 (−CH3), 32.09 (−CH2), 29.73
(−CH2), 22.96 (−CH2), 19.65 (−CH3),17.87 (−CH3).
Cell Lines and Culture Conditions. Human cancer cell

lines, namely, HCT-116 (colon), MCF-7 (breast), Mia-Paca
(pancreas), and A549 (lungs), were obtained from the
National Centre for Cell Science (NCCS), Pune. The cell
lines were grown in RPMI-1640 medium containing 1%
penicillin and streptomycin and 10% fetal bovine serum
albumin (FBS). The cell lines were maintained in a controlled
atmosphere of 95% air and 5% CO2 gas and at a temperature
of 37 °C using a CO2 incubator (New Brunswick, Galaxy
170R, Eppendorf, Stevenage, U.K.). Storage of the media was
performed at 2−8 °C.
Cytotoxicity Profile against Human Cancer Cell Lines

by the SRB Assay. The SRB assay was performed wherein
100 μL of cell suspension was given to each well of the 96-well
tissue culture plate. After 24 h incubation of the cell
suspension, the test sample was added in a complete growth
medium (100 μL). The plates were incubated for 48 h in a
carbon dioxide incubator. After that, to stop cell growth,
trichloroacetic acid (50%, 50 μL) was added to each and every
well. By incubating these plates at 4 °C for 1 h, the fixation of
the cells to the bottom of the well was accomplished. To
remove trichloroacetic acid, the plates were cleaned three times
with tap water and air-dried. Then, for staining the plates,
sulforhodamine-B dye (0.4% in 1% acetic acid, 100 μL) was
used for 30 min. Again, the plates were washed three times
with 1% acetic acid and then air-dried. The adsorbed dye was
solubilized with Tris−HCl Buffer (100 mL, 0.01M, pH 10.4),
and a mechanical stirrer was used to stir the plates gently for
10 min. An enzyme-linked immunosorbent assay (ELISA)
reader (Thermo Scientific) was used to record absorbance at

540 nm. The IC50 was determined using Graph perturbed
angular distribution (PAD) Prism Software Version 5.0.
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