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A B S T R A C T   

Natural products, natural product-inspired molecules and natural product derivatives have contributed around 
79% to the new chemotherapies against the most complex, deadly disease, cancer. In this study, a series of novel 
isoxazoline derivatives of Goniodiol diacetate (fused bicyclic pyranone isoxazoline derivatives)- a natural 
product derivative, were synthesized with quantitative yield as a single regioisomer by 1,3 - dipolar cycload-
dition reaction with different aldoximes. The regiospecific product formed was confirmed by NOESY study and 
single-crystal X-ray diffraction. The regiospecificity of the product formation was further explained by co-
efficients of selected atomic orbitals in frontier molecular orbitals and natural population analysis (NPA in eV) of 
dipolarophile and dipole by density functional theory studies. All the derivatives have demonstrated anti-cancer 
activity selectively in human breast cancer (MDA-MB-231), ovarian cancer (SKOV3), prostate cancer (PC-3) and 
colon cancer (HCT-15) cell lines with EC50 < 10 μM. Additionally, Annexin V/PI assay and cell cycle analysis on 
selected potent compound 3 f exhibited tuned apoptotic response & necrosis compared to standard Vincristine 
and showed cell growth arrest at the S phase.   

1. Introduction 

One of the possible ways of drug discovery can be a generation of 
chemical libraries using natural product molecules (NPM) as scaffolds or 
as starting point. Natural products have displayed diverse pharmaco-
logical activities that are explored in treating various ailments [1–4]. 
Natural products contribute significantly to the treatment of one of the 
deadliest & complex diseases, i.e. Cancer. As per a recent review by 
Newmann and Cragg, there are in total 259 small molecules which have 
enacted antitumor activities, out of which 206 molecules are either 
natural products, natural product derivatives, natural product mimics or 
natural product inspired molecules, contributing to an astounding 79% 
in the new chemotherapies till 2019 [5]. These NPM’s may act as active 
pharmaceutical ingredients (API) in the traditional medicine systems 
like Ayurveda or Traditional Chinese Medicine by synergistic effect with 
multiple concoctions of molecules in a lower dose. They are also 

effective in modern medicines as single component multiple targeting 
agents. 

In our endeavor to explore the α, β-unsaturated δ-lactone molecules 
from the natural origin, earlier we have reported a bioassay-guided 
fractionation study on the relatively less reported medicinal plant, 
Goniothalamus wynaadensisBedd. [6] Goniothalamus wynaadensis Bedd. is 
an endemic species to the Southern region of India, belongs to the 
Annonaceae family, and is used for different disorders in folk medicine 
[7,8]. Different species of the Goniothalamus genus have been reported 
as part of herbal formulation in combination with other plant species for 
skin diseases, leukemia, various cancers like lung cancer, breast cancer, 
ovarian cancer etc., diabetes and gynecological disorders [9–11]. 
Several research groups have isolated structurally diverse styryl lactones 
comprising α, β-unsaturated δ-lactones in their structures from various 
species of genus Goniothalamus possessing various biological properties 
(Fig. 1) [12]. Apart from these, the lactone containing molecules like 
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Camptothecin, fused furano pyranolactones like Altholactones, Ortho-
diffenes, and α, β-unsaturated δ-lactones like Pironetine are hit mole-
cules in cancer chemotherapies and few of them are in clinical trials 
(Fig. 1) [13–19]. 

In our preliminary communication, we have reported ethyl acetate 
extract of the plant species Goniothalamus wynaadensis to be cytotoxic to 
a few cancer cell lines [6]. On further purification of the extract using 
column chromatography led to the known cytotoxic molecule 
Goniodiol-7-monoacetate (1) comprising α, β-unsaturated δ-lactone 
[20]. In order to enhance the bioactivity of the isolated molecules, 
synthetic derivatization with possible incorporation of a heterocyclic 
component to α, β-unsaturated δ-lactone of the isolated molecule was 
envisaged. These incorporations were expected to keep the δ-lactone 
intact in the structure and will create a fused bicyclic molecule. The α, 
β-unsaturated δ-lactone scaffold can act as an active dipolarophile and is 
prone to cycloaddition chemistry to synthesize fused bicyclic heterocy-
clic molecules. Incorporating isoxazolines by 1,3-dipolar cycloaddition 
chemistry was envisioned among the heterocycles, as isoxazolines are an 
important class of nitrogen and oxygen-containing heterocycles which 
are part of new chemical entities in the field of medicinal chemistry as 
the anti-cancer agents [21]. Apart from this, isoxazolines are important 
pharmacophore and structural building blocks of biologically active 
molecules from nature and synthesized libraries [22]. Some fused iso-
xazolines like chromeno isoxazolines have displayed anti-psychotic, 
anti-depressant and anti-anxiety activities (Fig. 2) [23]. Few bicyclic 
fused isoxazolines were reported to be trans glycosylase inhibitors and 
herbicides (Fig. 2) [24,25]. Thus, the presence of fused isoxazoline with 
δ-lactone in the structure may enhance the cytotoxic activity. Also, a 
saturation of C–C double bond of α, β-unsaturated δ-lactone due to 
cycloaddition in the fused form of a bicyclic molecule may remove the 
potential threat of, off targeting by nucleophilic amino acids at different 
receptors by Michael type addition was our thought process [26]. 

In the present work, the synthesis of novel isoxazoline derivatives of 
Goniodiol diacetate (2) (fused bicyclic pyranone isoxazoline de-
rivatives) has been carried out. The regioselectivity/ regiospecificity of 
the synthesized derivatives has been confirmed using 1D, 2D NMR 
spectroscopy and single-crystal XRD. Further, these observed regiose-
lectivities are also validated by analyzing frontier molecular orbitals 
(FMO) of participating dipoles and dipolarophiles using DFT (Density 
functional theory) studies. Eleven novel derivatives are synthesized 
from different aldoximes with electron-donating and withdrawing 
groups on the aromatic benzene ring. The in vitro anti-cancer activities 
of all the derivatives are reported against human breast cancer (MDA- 
MB-231), ovarian cancer (SKOV3), prostate cancer (PC-3) and colon 
cancer (HCT-15) cell lines along with normal cell lines HEK 293. Cell 
cycle analysis and Annexin V/PI assay are also performed on selected 
molecules to ascertain the anti-cancer pathway. Further, the physico-
chemical properties like lipophilicity and hydrophilicity are in situ 
calculated for the synthesized compounds using Schrödinger software. 

2. Result & discussion 

2.1. Chemistry and regiomer confirmation 

1,3-dipolar cycloaddition of nitrile oxides to alkenes is a method of 
choice for generating isoxazoline compounds with better yields and 
possible predictability of regioisomer formation [27–29]. In the present 
work, new isoxazoline derivatives were synthesized from the isolated 
known Goniodiol-7-monoacetate (1) molecule using 1,3- dipolar 
cycloaddition reaction [20–22]. Goniodiol-7-monoacetate was isolated 
from the ethyl acetate extract of Goniothalamus wynaadensis Bedd. 
Goniodiol-7-monoacetate was subjected to acetylation using acetic an-
hydride in the presence of base pyridine leading to Goniodiol diacetate 
(2) as shown in Scheme-1. The relative stereochemistry at the chiral 
centers of Goniodiol diacetate was found to be 6R,7R,8R [30,31]. 

This Goniodiol diacetate (2) was further subjected to 1, 3 - dipolar 
cycloaddition with different aldoximes to yield novel isoxazoline de-
rivatives of Goniodiol diacetate, i.e. 3a to 3 k (Scheme 1). Various aryl 
and aliphatic aldoximes, shown in Table 1, were synthesized from their 
respective aldehydes using well-documented procedures of treatment 
with hydroxylamine hydrochloride in the presence of a base [32]. The 
methanolic solution of these individual aldoximes was added dropwise 
to the cold solution (0–5 ◦C) containing 0.1% trifluoroacetic acid (TFA), 
a stoichiometric quantity of iodobenzene diacetate and compound (2). 
The dropwise addition of aldoxime ensured quantitative conversion of 
aldoximes to nitrile oxide in the reaction, which in turn undergoes 1,3- 
dipolar cycloaddition with compound (2), leading to novel isoxazoline 
derivatives (3a to 3 k) [33–36]. 

A total of eleven novel isoxazoline derivatives were synthesized with 
quantitative yield as a single regioisomer, as displayed in Table 1. In a 
few substrates, entry 3, 5, 10 & 11, the 1,3 - dipolar cycloaddition re-
action between the aldoxime and Goniodiol-diacetate furnished a minor 
mixture of products which was minorly evident in 1H NMR spectra. In 
order to ascertain the presence of diastereomers in the reaction mixture, 
the reversed phase-high performance liquid chromatography (RP-HPLC) 
was performed using an UFLC Shimadzu HPLC system equipped with 
binary LC-20 CE pumps, a SIL-20 AC autosampler and an SPD-20A de-
tector (Fig. 3). In brief, 100 μL of 0.1 M solution of the reaction mixture 
were injected using the autosampler, using a Luna 5 μm PFP (2) 100 Å 
phenomenix C-18 column (250 mm × 4.6 mm), and monitored at 226 
and 280 nm. 

The linear gradient of acetonitrile containing 0.1% TFA and HPLC 
grade water was used as the mobile phase. The area under the curve was 
estimated using the LabSolutions software provided by the manufac-
turer. With respect to the area under the curve of a known concentration 
of 3a and 3e, the concentration of 3a and 3e in test solutions was esti-
mated. The RP-HPLC elution profile illustrates a single peak for 3a and 
3e at 13.55 min and 12.75 min, respectively. A minor peak was observed 
in 3e compound having elution at 12.35 min, indicating that there is a 
possibility of diastereomers with the ratio of 94.36%: 3.11%. The at-
tempts to collect minor diastereomer in the pure form and confirm the 

Fig. 1. Cytotoxic lactones isolated from nature.  
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structure were unfortunately futile. 
The structure of product 3a was elucidated by 1D and 2D NMR 

analysis. 1H and 13C NMR spectra of 3a revealed that the signals relating 
to H5, H6, H7 & H8 remained largely undisturbed. The profound 
shifting of chemical shift for H3 and H4 from δ 6.03 and δ 6.85 in 
compound 2 to δ 4.72 and δ 5.26, respectively, in the 1H NMR, along 
with the upfield shift of C3 & C4 signals from δ 121.4 & δ 144.1 to δ 53.0 
and δ 78.4, respectively in 13C NMR indicated clearly the formation of 
isoxazoline ring. The relative positions of Hydrogens attached to 
respective Carbons were confirmed by 1H–1H COSY (Correlated spec-
troscopy) and HMBC (Heteronuclear multiple bond correlation) exper-
iments, while the positions of Carbon signals were confirmed by HSQC 
(Heteronuclear single quantum coherence) experiment. The coupling 
constant of 10.8 Hz between H3 and H4 confirmed the cis relation be-
tween H3 & H4, consistent with the observation and principles of 
cycloaddition reactions. The regioisomer in which the Oxygen of the 
nitrile oxide attached to the β- Carbon, i.e., C4 of the α, β-unsaturated-δ- 
lactone, is anticipated to be a major diastereomer due to the favorable, 
Large-Large and Small-Small atomic orbital coefficient bonding in-
teractions in the HOMO-LUMO (Highest occupied molecular orbital- 
Lowest unoccupied molecular orbital) orbital interaction. This indeed 
was observed in all the reactions in the present series. The H3 signal at δ 
4.72 with doublet was shielded as anticipated, compared to the H4 
signal at δ 5.26 with a doublet of triplet, deshielded due to the attach-
ment to electronegative Oxygen. The regioisomer was further confirmed 
by the NOESY (Nuclear overhauser effect spectroscopy) experiment, 
where H3 showed a strong correlation to H2’ of Ar–Cl. The H8, H7 & 
H6 correlating to each other in the NOESY spectrum were unperturbed. 
Interestingly, there was no correlation found between H4 & H6 and also 
no correlation between H3 & H6 in the NOESY, while H3 & H4 were 
strongly correlated. The NOESY spectra supported the regioisomer 
structure depicted in Fig. 4 (a), where H3 & H4 are cis to each other and 
probably away from H6 or not in the same plane. To our astonishment, 

we found a single regioisomer in which the Oxygen of the nitrile oxide 
attached to the β- Carbon, i.e. C4 of the α, β-unsaturated-δ- lactone as the 
product and the reaction was regiospecific in this regard. But, in few 
cases like entries 3, 5, 10 & 11, 1H NMR displayed a slight mixture of 
diastereomers which may be other stereoisomers of 3c, 3e, 3j & 3 k 
where both the protons at C3 & C4 are in α orientation but cis to each 
other. These diastereomers could not be purified and confirmed by 
spectroscopy due to the poor bioavailability of Goniodiol-7- 
monoacetate (1) to be isolated. 

To find the best conformation of the selected compound 3a, the 
compound was drawn in a 2D sketcher of Maestro Materials Science 
3.4.012 platform of Schrödinger software. The Minimization panel was 
used to obtain the energy-minimized structure of the compound. 
Further, this minimized structure was taken for the conformational 
search in the same platform. The conformational search panel was used 
to set up a conformational search for the molecule with default panel 
settings provided by the Maestro Materials Science 3.4.012 platform of 
Schrödinger software. Eight different conformers of the molecule were 
obtained as an output of the conformational search. The conformer 
having the lowest potential energy has been shown in Fig. 4 (b), which 
was precisely matching with experimentally determined/ recorded 
crystal structure in Fig. 5. The structure was unambiguously confirmed 
by the single-crystal structure of 3a, as shown in Fig. 5. 

2.2. FMO interaction studies by DFT 

In order to understand further on the regioselectivities of the reac-
tion, theoretical studies were carried out on compound (2) as a sample. 
In the reaction, in situ generated nitrile oxide acts as dipole while 
compound (2) acts as dipolarophile. The formation of regiospecific 
isoxazoline products has been explained by frontier molecular orbital 
interactions. All calculations were done using Gaussian16, Revision B.01 
software at B3LYP 6-31G (d.p.) level [37]. Analytical frequencies have 

Fig. 2. Bioactive fused isoxazolines.  

Scheme 1. Synthesis of Goniodiol-diacetate derivatives. Reagents and conditions; (a) Acetic anhydride, pyridine, rt., 4 h, (Yield- 99%). (b) Aldoxime, 0.1% TFA, 
Iodobenzene diacetate, MeOH, 0 ◦C-rt, 4 h − 14 h (Yield- 53-89%). 
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Table 1 
Isoxazoline derivatives of Goniodiol diacetate by 1,3- dipolar cycloaddition reactions.  

Entry Aldoxime Product(s) Isomer Isolated Yield in % Reaction time in hours 

01 3a 
100: 00 

69 4 

02 
3b 

100: 00 83 6 

03 
3c 

77: 23 53 12 

04 3d 
100: 00 

53 14 

05 
3e 

94.36: 5.64 75 4 

06 
3f 

100: 00 89 4 

07 
3 g 

100: 00 71 4 

08 3 h 
100: 00 

60 4 

09 3i 
100: 00 

85 4 

10 
3j 

86.94: 13.06 63 14 

11 
3 k 

85.11: 14.89 63 14  
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been evaluated to confirm that the optimized geometries are minimum 
on the respective potential energy surface. The extraction of contribu-
tion from groups of atoms in molecular orbitals has been performed 
using GaussSum 3.0 software [38]. 

Frontier molecular orbitals (FMO) have been used to predict the 
possible mechanism that occurs at the molecular level for selected 
molecules 3a and 3e. The regioselective reaction between para- 
substituted benzaldehyde oxime and α, β-unsaturated δ-lactone, i.e. 
Goniodiol diacetate (2) via 1,3- dipolar cycloaddition has been 
analyzed. The in-situ generated nitrile oxides from respective aldoximes 
are rearranged to ionic forms; both –Cl and –NO2 substituted aryl 

aldoximes are considered in ionized forms and studied as nitrile oxides 
of 4-chlorobenzaldehyde oxime (A) and 4-nitrobenzaldehyde oxime (B), 
respectively (Scheme 2). 

The FMO correlation diagram in Fig. 6 shows that the orbital pairs 
HOMOA

¡LUMO2 and HOMOB
¡LUMO2 are separated with 4.90 eV and 

5.54 eV, respectively. The substitution of electron-withdrawing –NO2 
group on the para position of oxime (B) results in stabilization of FMO 
compared to (A) [39]. Thus, according to Woodward and Hoffmann’s 
principle of conservation of orbital symmetry and FMO theory, the re-
action between (A) and (2) is more favored than between (B) and (2) 
[40]. On the other hand, HOMO-42 and LUMOB have a 5.02 eV gap. 

Fig. 3. RP-HPLC elution profiles for the selected compounds, a) 3a using gradient method with water and acetonitrile solvent system; b) 3e using gradient method 
with water and acetonitrile solvent system. 

Fig. 4. (a) NOESY correlation for compound 3a (b) Energy minimized conformer of compound 3a.  

Fig. 5. ORTEP diagram for the crystal structure of compound 3a.  
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However, an inspection of FMO of (A) and (B) reveals that the para 
substitution has a less significant effect on electron density distribution 
within the molecule. This behavior has been further supported by nat-
ural population analysis (NPA), as shown in Table 2. Table 2 provides 
NPA and coefficients of atomic orbitals in FMO for atoms participating 
in 1,3 dipolar cycloaddition reactions. Here, compound (2) is a dipo-
larophile, while compounds (A) & (B) are found to be dipoles. 

To be noted, the coefficients of atomic orbitals of C and O [reactive 
centers of oximes (nitrile oxide)] in FMO significantly differed between 
(A) and (B). In case of HOMO, the coefficients of C and O are found to be 
8 and 16 for (A) while 13 and 21 for (B). The atomic orbital coefficient in 
the case of α, β-unsaturated carbon of δ-lactone compound (2) in LUMO2 
is 39 for β carbon (C4) and 19 for α carbon (C3). This suggests that the 
interaction between O–C4 and C–C3 is preferred between compounds 
(A) and (2), which also is ‘Large-Large’ and ‘Small-Small’ interaction 
with respect to atomic orbital coefficient participating in the new bond 
formation as per the Houk’s rule [41]. These interactions are favoring a 
high yield of regioisomer for the reaction between (A) and (2). In the 
case of (B) and (2), less energy gap for HOMO-42 and LUMOB allows 
participation in reaction along with HOMOB and LUMO2. Though, the 
atomic orbital coefficients of reactive centers in LUMOB are not large 
enough to elucidate the preferred reaction path. This allows the for-
mation of the mixture of regioisomers for the reaction between the 
electron-withdrawing group containing (B) and (2) [42,43]. 

2.3. Cytotoxic studies against cancer cell lines 

The chemically novel isoxazoline derivatives of Goniodiol diacetate 
were subjected to the cytotoxicity study (MTT assay) to analyze the half- 
maximal effective concentration (EC50). Four contrasting human cancer 
cell lines named MDA-MB-231, SKOV3, PC-3, HCT-15, and one normal 
human cell line, i.e., HEK 293, were used for the study. All the de-
rivatives, when compared to that of a standard drug (Vincristine), gave a 
tuned response, i.e., more or less equal to the standard. From Table 3, it 
is clear that all the derivatives were inhibiting cancer cells without 
harming the normal cell line with EC50 <10 μM. It may be due to the 
reason that cancer cells are metabolically more active and continuously 
dividing irrespective of the normal cell lines, thus engulfing the drug/ 
compound more potentially. 

Interestingly the new fused bicyclic pyranone isoxazoline derivatives 

Scheme 2. Selected examples for the calculation of Frontier molecular orbital correlation.  

Fig. 6. Frontier molecular orbital correlation diagram for the compounds A, 2 
and B. 

Table 2 
Coefficients of selected atomic orbitals in frontier molecular orbitals and natural 
population analysis (NPA in eV) of dipolarophile and dipoles.  

Molecule Coefficient HOMO-4 LUMO NPA 

Compound 2 C4 9 39 − 0.144 
C3 12 19 − 0.358 

Molecule Coefficient HOMO LUMO NPA 
A C 8 16 0.218 

O 16 4 − 0.381 
B C 13 3 0.215 

O 21 2 − 0.378  
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have not lost the anti-cancer activity compared to the Goniodiol diac-
etate (2). This suggests that the presence of conjugated C–C double 
bond in the δ-lactone of Goniodiol diacetate may not be essential for 
cytotoxicity. The presence of saturated lactone seems to be vital for the 
activity. The variation of dipolarophile oxime by size, by electronic 
parameters (electron releasing groups or electron-withdrawing groups 
on aryl ring) (3a-3 k), have little influence on improving the cytotoxicity 
values, suggests that the binding pocket at the probable target site may 
be large or open. So, more chemical space can be explored with the 
synthesis of the fused bicyclic heterocyclic derivatives on this natural 
molecule for improving bioactivity. Thus, we can say that all these de-
rivatives were promising in inhibiting cancer cell proliferation. Among 
all compounds, 3 f has been selected for in-depth study for its effect on 
the apoptosis and cell-cycle analysis as it was one of the most potent 
cytotoxic molecules with 6.83 μM and 6.88 μM activity against SKOV3 & 
MDA-MB-231. 

2.4. Apoptosis studies and discussion of compound 3 f on MDA-MB-231 
cancer cell lines 

The apoptosis induced by compound 3 f was determined by annexin 
V/PI staining assay. This annexin V/PI assay is a proven method to 
differentiate the live, necrotic, early apoptotic, and late apoptotic cells, 
as shown in Fig. 7. MDA-MB-231 cells were treated with compound 3 f 
for 24 h at indicated concentrations (3.44 μМ, 6.88 μМ and 13.76 μМ). 
The results obtained after the treatment with compound 3 f showed a 
dose-dependent response with respect to the percentage of total 
apoptotic cells (early and late apoptotic) 2.94% at 3.44 μM, whereas the 
percentage of total apoptotic cells was 5.01% at 6.88 μM and but 
declined to 3.14% at 13.76 μM in comparison to Vincristine that has 
shown 26.6% at 7.00 μM. However, cell proliferation was arrested 
mainly due to necrosis with 24.45%, 32.23%, and 34.78%, at 3.44 μM, 
6.88 μM, and 13.76 μM dose concentrations. 

The cell cycle analysis was performed to assess at which phase of cell 
cycle compound 3 f is arresting the cell growth. The breast cancer cell 

lines-MDA-MB-231 were treated with compound 3 f for 24 h at indicated 
concentrations. The compound 3 f showed 12.88%, 16.55% and 17.67% 
of cell accumulation at 3.44 μM, 6.88 μM, and 13.76 μM concentrations, 
respectively, in the S phase (Fig. 8), keeping cell control (CC) as a 
reference where it showed 11.88% cell accumulation at S phase. 
Whereas Vincristine showed 69.37% at 7.00 μM concentration in the 
G2/M phase and CC showed 16.01% accumulation. The results clearly 
indicated that compound 3 f arrested the cell proliferation at the early 
phase of the cell cycle, i.e. S phase and standard Vincristine arrests at the 
last phase, i.e. G2/M phase. 

2.5. ADME studies 

Lipinski’s rule of five is considered as a thumb rule while predicting 
the oral bioavailability of a probable drug molecule [44]. This rule is 
considered not applicable to the compounds of the natural product 
origin. The synthesized compounds were analyzed for their oral 
bioavailability and drug-likeness by Schrodinger’s QikProp module. 
This module gives in silico values for Log P & Log S, as shown in Table 4. 
Log P is an indicator of partition coefficient or lipophilicity of com-
pounds, and Log S is an indicator of solubility of compounds in water. 
Both these parameters are essential pharmacokinetic properties for a 
compound or a drug to cross the cell membrane. All the synthesized 
compounds 3a-3 K have a molecular weight <500 Da except 3i, and all 
these have Log P values in the range of 1.511 to 2.785, which is <5 
which satisfies Lipinski’s rule (Table 4). Log S values for 3a-3 k were in 
the range − 4.446 to − 2.982, which is an acceptable range for a drug 
candidate for its hydrophilicity. The number of hydrogen bond donors 
for 3a-3 k were zero, and hydrogen bond acceptors were <10 or around 
it, which is acceptable as per Lipinski’s rule (Table 4). 

3. Conclusion 

In conclusion, a total of eleven novel isoxazoline derivatives of 
Goniodiol diacetate (fused bicyclic pyranone isoxazoline derivatives) 
were synthesized with quantitative yield as a single regioisomer by 1,3 - 
dipolar cycloaddition reaction with different aldoximes. The regiospe-
cific product formed was confirmed by NOESY study and single-crystal 
X-ray diffraction. The regiospecificity of the product formation was 
further explained unambiguously by coefficients of selected atomic or-
bitals in frontier molecular orbitals and natural population analysis 
(NPA in eV) of dipolarophile, i.e., Goniodiol diacetate, and dipoles, i.e., 
aldoximes by DFT studies. All the derivatives have demonstrated anti- 
cancer activity selectively to MDA-MB-231, SKOV3, PC-3, and HCT-15 
cell lines with EC50 < 10 μM. Additionally, Annexin V/PI assay and 
cell cycle analysis on selected potent compound 3 f exhibited tuned 
apoptotic response & necrosis compared to standard Vincristine. Also, it 
showed cell growth arrest in the S phase, which is the early phase. All the 
synthesized molecules were found to comply with Lipinski’s rule of five 
for the oral bioavailability of a candidate drug molecule. We can 
conclude from the results that novel fused bicyclic pyranone isoxazo-
lines are relatively less observed in the chemical space & biological 
space and need to be explored further for diverse bioactivity. The cur-
rent derivatives are selectively potent anti-cancer compounds, and a 
more in-depth study of these compounds is essential to develop a 
promising anti-cancer candidate. 

4. Experimental 

4.1. General 

All melting points were recorded in open capillaries on a digital 
melting/ boiling point apparatus. Commercially available reagents and 
solvents were used. HPLC MeOH Merck Mumbai was used for Moni-
toring the reactions. All reactions were carried out at 0 ◦C to room 
temperature, and chromatography was performed with 230–400 mesh 

Table 3 
Cytotoxic activity of compounds (2, 3a-3 k) against SKOV3, MDA-MB-231, PC-3, 
HCT-15 cancer cell lines and HEK 293 cell line.  

Compound EC50 ± SD in μM 

SKOV3 MDA-MB- 
231 

PC-3 HCT-15 HEK- 
293 

2 8.80 ± 1.89 9.79 ± 1.10 8.6 ±
0.96 

8.84 ±
1.28 

>100 

3a 9.35 ± 1.25 7.03 ± 2.13 9.7 ±
1.63 

8.83 ±
1.52 

>100 

3b 8.94 ± 2.01 8.17 ± 1.14 9.7 ±
1.28 

8.19 ±
2.20 

>100 

3c 8.12 ± 0.92 7.78 ± 0.85 8.7 ±
1.02 

7.80 ±
1.48 

>100 

3d 9.18 ± 1.41 7.34 ± 0.63 9.0 ±
1.08 

8.49 ±
1.98 

>100 

3e 10.80 ±
1.92 

9.40 ± 0.32 10.7 ±
0.66 

8.06 ±
0.36 

>100 

3f 6.52 ± 1.19 6.50 ± 1.10 8.6 ±
0.66 

6.46 ±
0.90 

>100 

3 g 6.83 ± 1.15 6.88 ± 1.56 8.1 ±
0.52 

10.98 ±
0.12 

>100 

3 h 9.52 ± 0.82 9.42 ± 1.24 5.9 ±
1.04 

9.47 ±
0.23 

>100 

3i 7.95 ± 0.95 6.19 ± 1.27 9.0 ±
1.78 

6.42 ±
0.84 

>100 

3j 8.63 ± 1.36 8.42 ± 0.66 9.5 ±
0.45 

9.75 ±
0.47 

>100 

3 k 9.17 ± 1.59 8.14 ± 1.66 10.1 ±
0.58 

8.08 ±
1.96 

>100 

Vincristine 9.02 ± 1.28 7.00 ± 1.19 7.59 ±
1.33 

6.14 ±
1.39 

>100 

SD-Standard deviation. 
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Fig. 7. a) MDA-MB-231 cells were treated with compound 3 f at 3.44, 6.88 and 13.76 μM and Vincristine at 7.00 μM for 24 h. Annexin V-FITC/PI dye assay 
determining the percentage of apoptotic cells. b) The bar graph representation showing the apoptotic cell population. 
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Fig. 8. a) Flow cytometric analysis of MDA-MB-231 cells after the treatment with compound 3 f (3.44 μM, 6.88 μM and 13.76 μM) and Vincristine (7.00 μM) for 24 h, 
where CC represents cell control. b) The bar graph representation of cell cycle analysis for compound 3 f. 
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silica gel Merck, Mumbai. 1H NMR spectra were recorded on Bruker 500 
or 400 MHz spectrometers, and 13C NMR spectra were recorded at 125 
MHz, respectively. Chemical shifts are reported as δ values (ppm) rela-
tive to internal standard tetramethylsilane in CDCl3. HRMS (ESI) were 
recorded on Fourier transform ESI-HRMS. FT-IR PerkinElmer® spectra 
were recorded. 

4.2. Preparation of Goniodiol diacetate (2) 

(1S,2R)-1-(6-oxo-3,6-dihydro-2H-pyran-2-yl)-2-phenylethane-1,2- 
diyl diacetate (2) 

Goniodiol-7-monoacetate (1) (20 mg) was taken in a 25 mL round 
bottom (R. B.) flask. To this, excess acetic anhydride (10 eq) was added. 
The reaction mixture was allowed to stir, and the compound (1) dis-
solved completely. To this reaction mixture, a stoichiometric quantity of 
pyridine (2 eq) was added. The reaction mixture was allowed to stir and 
was monitored for completion by TLC. On completion of the reaction, 
the reaction mixture was quenched with saturated copper sulphate so-
lution to remove unreacted pyridine. It was further extracted with water 
and ethyl acetate. The organic layer was separated, dried over sodium 
sulphate and evaporated under a vacuum. The pure product compound 
2 (Goniodiol diacetate) was separated by filter column chromatography. 
The yield was quantitative. 

White solid, mp = 155-157 ◦C; [α]25
D +110.41 (c = 0.0017, CHCl3); Rf 

0.45 (EtOAc-Hexane, 1: 1); 1H NMR (500 MHz, CDCl3): δ 7.33 (m, 5H), 
6.85 (dddd, J = 9.75, 5.5, 2.5 Hz, 1H), 6.07 (d, J = 8.5 Hz, 1H), 6.02 (d, 
J = 2.0 Hz, 1H), 5.35 (dd, J = 8.5, 2.5 Hz, 1H) 4.76 (dddd, J = 10.75, 5, 
2.5 Hz, 1H) 2.41–2.31 (m, 2H), 2.08 (s, 3H), 1.82 (s, 3H); 13C NMR (500 
MHz, CDCl3): δ 169.7, 168.9, 162.8, 144.1, 136.4, 128.6, 128.4, 127.4, 
121.4, 74.6, 73.5, 72.3, 26.0, 20.9, 20.2. HRMS (ESI): calcd for 
C17H19O6N [M + H] 319.11, found 319.1173. 

4.3. General procedure for the synthesis of new isoxazoline derivatives of 
Goniodiol diacetate (2) 

In a clean 50 mL round bottom flask (Diacetoxyiodo)benzene (DIB) 
(1.2 eq) was taken, which was allowed to dissolve in HPLC grade 
methanol. To this one drop, Trifluoroacetic acid (TFA) was added at 
0 ◦C. In another beaker, compound (2), i.e., Goniodiol diacetate (1.0 eq), 
was dissolved in methanol. The compound (2) solution was added 
slowly to the reaction mixture in round bottom flask, maintaining 0 ◦C. 
The reaction mixture was allowed to stir for about 5–10 min. To this 
reaction mixture, a solution of derivative of pre-prepared oxime (1.5 eq) 
in methanol was added slowly dropwise for about half an hour, main-
taining 0 ◦C. The reaction was monitored for completion by TLC. After 
completion of the reaction, methanol was evaporated under a vacuum, 
and the compound was extracted with ethyl acetate and water. The 
organic layer was dried over sodium sulphate and concentrated to get 
the desired compound. The pure compound (3a to 3 k) was separated by 

column chromatography. Isolated yield ranged from 53% to 89%. 
(1S,2R)-1-(3-(4-chlorophenyl)-4-oxo-4,6,7,7a-tetrahydro-3aH-pyr-

ano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3a) 
White solid; Yield: 69%; mp 125-128 ◦C; Rf 0.44 (EtOAc-Hexane, 2: 

3); IR (cm− 1): νmax 2926, 2854, 1740, 1595, 1494, 1370, 1213, 700.; 1H 
NMR (400 MHz, CDCl3): δ 7.84 (dd, J = 9.2, 2.4 Hz, 2H), 7.43 (dd, J =
9.25, 2.5 Hz, 2H), 7.33–7.30 (m, 5H), 5.92 (d, J = 8.8 Hz, 1H), 5.33 (dd, 
J = 8.8, 2.4 Hz, 1H), 5.26 (dt, J = 10.8, 5.6 Hz, 1H) 4.84 (dt, J = 11.6, 
3.6 Hz, 1H), 4.72 (d, J = 10.8 Hz, 1H), 2.30–2.23 (m, 1H), 2.0–1.8(m, 
1H), 1.96 (s, 3H), 1.81 (s, 3H); 13C NMR (400 MHz, CDCl3): δ 169.5, 
168.9, 163.8, 152.0, 137.2, 136.2, 129.2, 128.87, 128.82, 128.4, 127.3, 
125.7, 78.4, 73.3, 72.9, 72.1, 53.0, 30.5, 20.8, 20.2. HRMS (ESI): calcd 
for C24H22ClO7N [M + H]+ 472.11, found 472.11469. 

(1S,2R)-1-(3-(naphthalen-1-yl)-4-oxo-4,6,7,7a-tetrahydro-3aH-pyr-
ano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3b) 

Butter yellow shade solid; Yield: 83%; mp 112-115 ◦C; Rf 0.45 
(EtOAc- Hexane, 2: 3); IR (cm− 1): νmax 2923, 2853, 1739, 1212, 1039, 
774, 700; 1H NMR (500 MHz, CDCl3): δ 8.66 (d, J = 8.5 Hz, 1H), 7.94 (d, 
J = 8.5 Hz, 1H), 7.89 (d, J = 7.5 Hz, 1H), 7.79 (d, J = 7 Hz, 1H), 
7.59–7.52 (m, 3H), 7.31–7.25 (m, 5H), 5.86 (d, J = 9 Hz, 1H) 5.33 (m, 
2H), 5.05 (d, J = 11 Hz, 1H), 4.99 (d, J = 12 Hz, 1H), 2.31–2.28 (m, 1H), 
2.08–1.92 (m, 1H), 1.82 (s, 3H), 1.75 (s, 3H); 13C NMR (500 MHz, 
CDCl3): δ 169.4, 168.8, 163.8, 152.1, 136.3, 134.0, 131.6, 130.6, 128.9, 
128.7, 128.4, 127.6127.3, 127.1, 126.3, 125.5, 124.9, 123.3, 76.7, 73.2, 
72.9, 72.0, 55.7, 31.5, 20.5, 20.2. HRMS (ESI): calcd for C28H26O7N [M 
+ H]+ 488.16, found 488.16977. 

(1S,2R)-1-(3-(4-(allyloxy)phenyl)-4-oxo-4,6,7,7a-tetrahydro-3aH- 
pyrano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3c) 

Golden yellow oil; Yield: 53%;Rf 0.5 (EtOAc- Hexane, 2: 3); IR 
(cm− 1): νmax 2922, 2853, 1737, 1605, 1513, 1371, 1216, 701; 1H NMR 
(500 MHz, CDCl3): δ 7.82 (d, J = 9 Hz, 2H), 7.40–7.26 (m, 5H), 6.93 (d, 
J = 9 Hz, 2H), 6.04 (m, 1H), 5.90 (d, J = 9 Hz, 1H), 5.45 (dd, J = 17.25, 
1.5 Hz, 1H), 5.32 (dddd, J = 11, 2.5 Hz, 2H), 5.22 (dt, J = 7, 2 Hz, 1H), 
4.86 (d, J = 10.5, 1.5 Hz, 1H), 4.74 (d, J = 11 Hz, 1H), 4.57 (d, J = 5 Hz, 
2H), 2.24–1.9 (m, 2H), 1.93 (s, 3H), 1.81 (s, 3H); 13C NMR (500 MHz, 
CDCl3): δ 169.4, 168.9, 164.3, 160.7, 152.2, 136.3, 132.7, 129.1, 128.7, 
128.4, 127.3, 119.7, 118.0, 114.8, 77.8, 73.2, 72.8, 72.1, 68.8, 53.5, 
30.8, 20.7, 20.2. HRMS (ESI): calcd for C27H28O8N [M + H]+ 494.17, 
found 494.17968. 

(1S,2R)-1-(3-(4-methoxyphenyl)-4-oxo-4,6,7,7a-tetrahydro-3aH- 
pyrano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3d). 

Golden brown shade solid; Yield: 53%; mp 117-119 ◦C; [α]25
D -11.48 

(c = 0.0023, CHCl3); Rf 0.53 (EtOAc- Hexane, 2: 3); IR (cm− 1): νmax 
2923, 2853, 1738, 1607, 1515, 1371, 1253, 1214, 1043, 701; 1H NMR 
(500 MHz, CDCl3): δ 7.83 (dd, J = 9.5, 3 Hz, 2H), 7.30 (m, 5H), 6.94 (dd, 
J = 9.5, 3 Hz, 2H), 5.90 (d, J = 9 Hz, 1H), 5.33 (dd, J = 9, 2.5 Hz, 1H), 
5.22 (dt, J = 11.74, 2 Hz, 1H), 4.88 (dt, J = 10, 2 Hz, 1H), 4.75 (d, J =
11 Hz, 1H), 3.84 (s, 3H), 2.24–2.04 (m, 2H), 1.93 (s, 3H) 1.80 (s, 3H); 
13C NMR (500 MHz, CDCl3): δ 169.4, 168.8, 164.3, 161.7, 152.2, 136.3, 
129.1, 128.7, 128.4, 127.4, 127.3, 119.6, 114.2, 77.7, 73.2, 72.8, 72.1, 
55.3, 53.6, 30.8, 20.7, 20.2. HRMS (ESI): calcd for C25H26O8N [M + H]+

468.16, found 468.16489. 
(1S,2R)-1-(3-(4-nitrophenyl)-4-oxo-4,6,7,7a-tetrahydro-3aH-pyrano 

[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3e) 
Brownish beige yellow solid; Yield: 75%; mp 105-107 ◦C; [α]25

D -5.83 
(c = 0.0024, CHCl3); Rf 0.51 (EtOAc- Hexane, 2: 3); IR (cm− 1): νmax 
2923, 2853, 1738, 1520, 1213, 1039, 700; 1H NMR (500 MHz, CDCl3): δ 
8.27 (dd, J = 8.5, 2.5 Hz, 2H), 8.12 (dd, J = 8.5, 2.5 Hz, 2H), 7.34 (m, 
5H), 5.94 (d, J = 6.5 Hz, 1H), 5.34 (m, 2H), 4.83 (dd, J = 10.4, 2 Hz, 
1H), 4.74 (d, J = 10.8 Hz, 1H), 2.34–2.31 (m, 1H), 2.08 (s, 3H), 
2.07–2.03 (m, 1H), 1.99 (s, 3H); 13C NMR (500 MHz, CDCl3): δ 169.6, 
169.1, 163.5, 151.8, 149.0, 136.1, 133.3, 128.9, 128.6, 128.2, 127.3, 
124.1, 79.3, 73.2, 73.0, 72.2, 52.3, 29.8, 21.1, 20.3; HRMS (ESI): calcd 
for C24H21O9N2 [M + H]+ 481.13, found 481.12570. 

(1S,2R)-1-(3-(4-fluorophenyl)-4-oxo-4,6,7,7a-tetrahydro-3aH- 

Table 4 
Pharmacokinetic parameters of compounds 3a-3 k as determined by QikProp 
application of Schrödinger software.*  

Compound Mol. Wt. Log P Log S HB donor HB acceptor 

3a 471.893 2.785 − 3.918 0 10 
3b 487.508 3.22 − 4.194 0 10 
3c 493.512 3.115 − 4.197 0 10 
3d 467.474 2.286 − 3.195 0 10 
3e 482.446 1.511 − 3.156 0 10 
3f 455.439 2.518 − 3.523 0 10 
3 g 451.475 2.594 − 3.74 0 10 
3 h 431.485 2.408 − 2.982 0 10 
3i 506.338 3.248 − 4.446 0 10 
3j 497.501 2.502 − 3.407 0 11 
3 k 497.501 2.321 − 3.282 0 11 
Vincristine 409.23 2.87 − 4.93 1 5  

* HB-Hydrogen bond. 
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pyrano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3f) 
Medium golden yellow solid; Yield: 89%; mp 130-132 ◦C; Rf 0.66 

(EtOAc- Hexane, 2: 3); IR (cm− 1): νmax 2924, 2853, 1733, 1602, 1514, 
1375, 1215, 1036, 699; 1H NMR (400 MHz, CDCl3): δ 7.91 (dt, J = 8.8, 2 
Hz, 2H), 7.31 (m, 5H), 7.13 (dt, J = 8.8, 2 Hz, 2H), 5.93 (d, J = 8.8 Hz, 
1H), 5.34 (dd, J = 8.8, 2.4 Hz, 1H), 5.26 (dt, J = 11.8, 2 Hz, 1H), 4.86 
(dt, J = 11.6, 1.6 Hz, 1H), 4.84 (d, J = 10.8 Hz, 1H), 2.27–2.23 (m, 1H), 
1.96 (s, 3H), 1.94–1.89 (m, 1H), 1.81 (s, 3H); 13C NMR (400 MHz, 
CDCl3): δ 169.5, 168.9, 164.0, 151.9, 136.2, 129.7, 129.71, 128.8, 
128.4, 127.3, 116.1, 116.0, 78.2, 73.2, 72.9, 72.1, 53.2, 30.5, 20.8, 20.2. 
HRMS (ESI): calcd for C24H22FO7N [M + H]+ 456.14, found 456.14401. 

(1S,2R)-1-(4-oxo-3-(p-tolyl)-4,6,7,7a-tetrahydro-3aH-pyrano[3,4-d] 
isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3 g) 

Light yellow solid; Yield: 71%; mp 135-137 ◦C; [α]25
D -27.61 (c =

0.0021, CHCl3); Rf 0.52 (EtOAc- Hexane, 2: 3); IR (cm− 1): νmax 2924, 
2854, 1735, 1372, 1213, 1183, 1033, 1060; 1H NMR (400 MHz, CDCl3): 
δ 7.76 (d, J = 8.4 Hz, 2H), 7.31 (m, 5H), 7.24 (d, J = 8.4 Hz, 2H), 5.91 (d, 
J = 8.8 Hz, 1H), 5.32 (dd, J = 12.8, 2.8 Hz, 1H), 5.24 (dt, J = 11, 2.4 Hz, 
1H), 4.87 (dt, J = 10.2, 2.4 Hz, 1H), 4.77 (d, J = 10.8 Hz, 1H), 2.38 (s, 
3H), 2.25–2.17 (m, 2H) 1.93 (s, 3H), 1.82 (s, 3H); 13C NMR (400 MHz, 
CDCl3): δ 169.5, 168.8, 164.2, 152.6, 141.4, 136.3, 129.5, 128.7, 128.4, 
127.4, 127.3, 124.3, 77.9, 73.3, 72.9, 72.1, 53.5, 30.9, 21.4, 20.8, 20.2. 
HRMS (ESI): calcd for C25H25O7N [M + H]+ 452.16, found 452.16998. 

(1S,2R)-1-(4-oxo-3-pentyl-4,6,7,7a-tetrahydro-3aH-pyrano[3,4-d] 
isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3 h) 

Yellowish brown oil; Yield: 60%; Rf 0.60 (EtOAc- Hexane, 2: 3); IR 
(cm− 1): νmax 2925, 2856, 1741, 1459, 1371, 1215, 1043, 699; 1H NMR 
(400 MHz, CDCl3): δ 7.33 (m, 5H), 6.01 (d, J = 8.8 Hz, 1H), 5.31 (d, J =
10 Hz, 1H), 5.03 (d, J = 11.2 Hz, 1H) 4.74 (d, J = 10.8 Hz, 1H), 4.21 (d, 
J = 10.8 Hz, 1H), 2.41 (m, 2H) 2.07 (s, 3H), 1.80 (s, 3H), 1.74–1.26 (m, 
8H), 0.91 (t, J = 3.2 Hz, 3H); 13C NMR (400 MHz, CDCl3): δ 169.4, 
168.9, 163.8, 154.7, 136.2, 128.7, 128.4, 127.4, 76.0, 73.2, 72.7, 72.1, 
55.2, 31.2, 30.2, 26.3, 25.7, 22.2, 20.9, 20.1, 13.8. HRMS (ESI): calcd for 
C23H29O7N [M + H]+ 432.20, found 432.20139. 

(1S,2R)-1-(3-(2,4-dichlorophenyl)-4-oxo-4,6,7,7a-tetrahydro-3aH- 
pyrano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3i) 

Butter yellow shade oil; Yield: 85%; Rf 0.56 (EtOAc- Hexane, 2: 3); IR 
(cm− 1): νmax 2955, 1739, 1371, 1213, 1041, 700; 1H NMR (400 MHz, 
CDCl3): δ 7.51 (s, 1H), 7.38–7.32 (m, 7H), 5.99 (d, J = 8.8 Hz, 1H), 5.35 
(dd, J = 9, 2.4 Hz, 1H), 5.29 (dt, J = 10.8, 4.4 Hz, 1H), 4.90 (d, J = 12.2 
Hz, 2H), 2.32–2.28 (m, 1H), 2.09 (s, 3H), 1.99–1.94 (m, 1H), 1.79 (s, 
3H); 13C NMR (400 MHz, CDCl3): δ 169.5, 168.9, 164.0, 151.9, 136.2, 
129.78, 129.71, 128.8, 128.4, 127.3, 116.1, 116.0, 78.2, 73.2, 72.9, 
72.1, 53.2, 30.5, 20.8, 20.2. HRMS (ESI): calcd for C24H21Cl2O7N [M +
H]+ 506.07, found 506.07584. 

(1S,2R)-1-(3-(2,5-dimethoxyphenyl)-4-oxo-4,6,7,7a-tetrahydro- 
3aH-pyrano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3j) 

Clear viscous oil; Yield: 63%; Rf 0.5 (EtOAc- Hexane, 2: 3); IR (cm− 1): 
νmax 2923, 2853, 1740, 1497, 1371, 1213, 1040, 701; 1H NMR (400 
MHz, CDCl3): δ 7.32 (m, 5H), 6.96 (m, 2H), 6.90 (d, J = 2.2 Hz, 1H) 5.92 
(d, J = 9.2 Hz, 1H), 5.34 (dd, J = 9.2, 2.4 Hz, 1H), 5.22 (dt, J = 11, 2 Hz, 
1H), 4.97 (d, J = 11.2 Hz, 1H), 4.87 (dt, J = 11.8, 1.6 Hz, 1H), 3.82 (s, 
3H), 3.77 (s, 3H), 2.20 (m, 1H), 2.05 (s, 3H), 1.88 (m, 1H), 1.79 (s, 3H); 
13C NMR (400 MHz, CDCl3): δ 169.0, 163.9, 153.6, 152.2, 136.4, 132.9, 
128.7, 128.4, 127.4, 121.5, 117.3, 116.8, 115.6, 112.9, 77.6, 73.3, 72.5, 
72.2, 56.2, 55.8, 54.9, 31.0, 20.8, 20.1. HRMS (ESI): calcd for 
C26H27O9N [M + H]+ 498.17, found 498.17496. 

(1S,2R)-1-(3-(3,4-dimethoxyphenyl)-4-oxo-4,6,7,7a-tetrahydro- 
3aH-pyrano[3,4-d]isoxazol-6-yl)-2-phenylethane-1,2-diyl diacetate (3 
k) 

Clear viscous oil; Yield: 63%; Rf 0.35 (EtOAc- Hexane, 2: 3); IR 
(cm− 1): νmax 2936, 1738, 1515, 1371, 1213, 1022, 701; 1H NMR (400 
MHz, CDCl3): δ 7.50 (m, 2H), 7.30 (m, 5H), 6.90 (d, J = 8.4 Hz, 1H), 5.93 
(d, J = 8.8 Hz, 1H), 5.34 (d, J = 8.4 Hz, 1H), 5.24 (d, J = 10.8 Hz, 1H), 
4.88 (d, J = 11.6 Hz, 1H), 4.75 (d, J = 10.8 Hz, 1H), 3.97 (s, 6H), 2.24 

(m, 1H), 2.07 (m, 1H), 1.94 (s, 3H), 1.82 (s, 3H); 13C NMR (400 MHz, 
CDCl3): δ 169.8, 169.1, 164.6, 152.3, 151.4, 149.2, 136.4, 129.1, 129.0, 
127.6, 121.4, 119.8, 110.9, 109.5, 77.9, 73.2, 72.9, 72.1, 55.9 (Twice 
intensity), 53.5, 30.8, 29.9, 21.2, 20.2. HRMS (ESI): calcd for C26H27O9N 
[M + H]+ 498.17, found 498.17563. 

4.4. Anti-cancer activity methodology 

4.4.1. Cell culture 
The cell lines for breast cancer (MDA-MB-231), prostate cancer (PC- 

3), colon cancer (HCT-15), ovarian cancer (SKOV3) and human em-
bryonic kidney cell lines (HEK-293) were purchased from National 
Centre for Cell Science (NCCS) -Pune, India. The cells were cultured in 
media such as Dulbecco’s modified eagle’s medium (DMEM), Roswell 
Park memorial institute (RPMI-1640) supplemented with 10% (V/V) 
Fetal bovine serum, 100 units/ ml of penicillin, and streptomycin. All 
cell lines were cultured and incubated at 37 ◦C humidified atmosphere 
with 5% CO₂. Test compounds were dissolved in DMSO to prepare a 
stock solution for biological experiments. 

4.4.2. Cytotoxicity study 
The chemically synthesized novel isoxazoline derivatives of Gonio-

diol diacetate were evaluated for their cytotoxicity along with positive 
standard Vincristine against five human cell lines viz., human breast 
cancer MDA-MB-231, ovarian cancer SKOV3, prostate cancer PC-3 and 
colon cancer HCT-15 cell lines along with normal cell lines HEK-293 
after 24 h of drug treatment by MTT assay. Briefly, 96 well plates 
were seeded with 1 × 104 cells/well (100 μL each) and incubated at 
37 ◦C for 24 h with 5% CO2. Later these seeded cells were treated with 
20 μL of serially diluted compounds (starting from 100 μM up to 0.78 
μM) isoxazoline derivatives of Goniodiol diacetate and positive control 
Vincristine. The treated plates were again incubated at 37 ◦C for another 
24 h with a constant supply of 5% CO2. 

After the completion of 24 h of incubation, 20 μL per well MTT [3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] reagent 
(5 mg/mL PBS) was added, and plates were again incubated at 37 ◦C for 
2 h. Post incubation, around 70 μL of untransformed MTT was removed 
and replaced with an equal volume of DMSO to dissolve formazan 
crystals formed by the MTT reagent. Finally, the density of cells was 
observed by the absorbance studied at 570 nm using a spectrophotom-
eter. The cytotoxicity of the hybrids was calculated, acknowledging cell 
controls as 100% viability. 

%Viability = OD of treated cells/OD of untreated cells x100  

4.4.3. Annexin V-FITC/PI staining assay 
The apoptotic assay was determined using Annexin V/FITC detection 

kit (Sigma Aldrich) by a reported method. MDA-MB-231 cells were 
seeded 2 × 105 cells/ well in a 6-well plate and incubated for 24 h with 
5% CO₂ at 37 ̊C. The cells were then treated with Vincristine (7.00 μM) 
and compound 3 f at indicated concentrations (3.44 μМ, 6.88 μМ and 
13.76 μМ) for 24 h at 37 ̊ C with 5% CO₂. After 24 h of incubation, media 
was discarded, cells were washed with PBS and were gently trypsinized. 
Cells were resuspended in 1 mL of 1× binding buffer and incubated with 
5 μL of Annexin V-FITC and 10 μL of propidium iodide for 15 min at 
room temperature in the dark condition. Analysis was carried out by 
flow cytometer (FACS Verse, Becton-Dickinson, USA). 

4.4.4. Cell cycle analysis 
DNA content of the cell cycle progression was studied by a reported 

method. MDA-MB-231 cells were incubated 2 × 105 cells/ well in 6-well 
plates with incomplete media (Serum-free) for 24 h. After 24 h, 
incomplete media was replaced with complete media with or without 
standard Vincristine (7.00 μM) and compound 3 f at indicated concen-
trations (3.44 μМ, 6.88 μМ and 13.76 μМ) and incubated for another 24 
h. The cells were washed thrice with PBS, harvested, fixed with ice-cold 
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70% ethanol (200 μL) and stored at − 20 ̊C for 30 min. After fixation of 
cells, they were resuspended with 50 μL of RNase (0.1 mg/mL) and 
incubated at 37 ̊C for 30 min. Finally, cells were stained with 100 μL of 
propidium iodide (50 μg/mL), incubated for 30 min in ice-cold dark 
conditions and then DNA content was measured by using BD FACS Verse 
flow cytometer (Becton-Dickinson, USA). 
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