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A B S T R A C T

The search for new agents targeting different forms of cell death is an important research focus for developing
new and potent antitumor therapies. As a contribution to this endeavor, we have designed and synthesized a
series of new substituted 3,4-dihydro-2H-1,4-benzoxazine derivatives. These compounds have been evaluated for
their efficacy against MCF-7 breast cancer and HCT-116 colon cancer cell lines. Overall, substituting this het-
erocycle led to improved antiproliferative activity compared to the unsubstituted derivative 1. The most active
compounds, 2b and 4b, showed IC50 values of 2.27 and 3.26 μM against MCF-7 cells and 4.44 and 7.63 μM
against HCT-116 cells, respectively. To investigate the mechanism of action of the target compounds, the inhi-
bition profile of 8 kinases involved in cell signaling was studied highlighting residual activity on HER2 and JNK1
kinases. 2b and 4b showed a consistent binding mode to both receptor kinases, establishing significant in-
teractions with known and catalytically important domains and residues. Compounds 2b and 4b exhibit potent
cytotoxic activity by disrupting cell membrane permeability, likely triggering both inflammatory and non-
inflammatory cell death mechanisms. This dual capability increases their versatility in the treatment of
different stages or types of tumors, providing greater flexibility in clinical applications.

1. Introduction

Today, cancer is one of the most significant public health challenges
globally, causing nearly 10 million deaths in 2022. The World Health
Organization has predicted that the new cases of cancer will reach 35
million by 2050.1

The four cancers with the highest incidence are breast, lung, colo-
rectal, and prostate cancer.2 Breast cancer is the most common cancer in
women worldwide and colorectal cancer is the third most prevalent
form of primary malignancy.3 The significant morbidity and mortality
associated with these two cancers is a major public health problem,
making research and development of new molecules with therapeutic
utility in these cancers critical.4

Signaling pathways associated with cancer include those involved in
cell proliferation, differentiation, and survival. These pathways repre-
sent promising targets for the development of novel antitumor drugs. In
this way kinases play an important role in the development and pro-
gression of several types of cancer.5 The overexpression of the human
epidermal growth factor receptor-2 (HER2) is related to several tumors,
including breast and colorectal cancer.6–8 It is overexpressed in 15–30 %
of invasive breast cancers, which has both prognostic and predictive
implications. The c-Jun NH2-terminal kinases (JNKs) are protein kinases
involved in a variety of cellular activities, including cell apoptosis, an
important mechanism of tumor suppression.9 Thus, kinome profiling has
emerged as an interesting tool involved in cancer pathology.10

To develop effective treatments for cancer and other diseases
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characterized by dysregulated cell death, understanding the diverse
mechanism that lead to cell viability loss and eventual demise is crucial.
Membrane permeabilization stands as a pivotal event in the spectrum of
cell death processes, encompassing apoptosis, necrosis, pyroptosis, and
others.11–13 Antitumor therapeutic strategies targeting cell membrane
permeabilization can be effective and promising in certain contexts.
Inducing membrane permeabilization in tumor cells can activate regu-
lated cell death pathways such as apoptosis or pyroptosis. In contrast to
apoptosis, where membrane permeabilization is a controlled process
that restricts the release of intracellular contents and mitigates inflam-
matory responses, pyroptosis involves membrane permeabilization as a
pro-inflammatory event that enhances immune responses and may
contribute to the development of inflammatory diseases.14 Membrane
permeability also plays a critical role in non-regulated cell death, such as
necrosis. During this process, the plasma membrane becomes permeable
in a non-selective manner, leading to leakage of cellular components
into the surrounding environment. This loss of membrane integrity is a
hallmark of necrosis and reflects disruption of cellular homeostasis.12

Developing antitumor treatments capable of inducing cell death through
multiple pathways offers significant advantages in terms of overcoming
resistance, enhancing selectivity, promoting therapeutic synergy, and
adapting to the clinical and biological diversity present in patients with
cancer and other diseases.15

Several benzoxazine derivatives with antitumor activity have been
published previously.16–19 In addition, 1,4-benzoxazine derivatives
show activity against, diabetes, neurodegenerative, inflammatory,
autoimmune and cardiovascular diseases.20,21

We previously published a series of 1,4-benzoxazine derivatives with
antitumor properties (Fig. 1).22 The most interesting compound (1)
showed IC50 values of 13.00 μM against MCF-7 breast cancer cells and
7.06 μM against HCT-116 colon cancer cells. The search for new agents
that target different forms of cell death is an important research focus for
the development of new and potent antitumor agents.

Here, we present a new series of 3,4-dihydro-2H-1,4-benzoxazines
linked to substituted purine rings (derivatives 2a–d, 3a–d, and 4a–d,
Fig. 1) with the aim to develop potent antitumor agents. We have
retained the 6-membered benzoxazine ring of derivative 1 by intro-
ducing different substituents in positions 6 or 7. For the first time, we
have slightly deactivated (Cl and Br, compounds 2 and 3) and activated
(CH3, compounds 4) the benzofused ring (Fig. 1). To obtain structur-
e–activity relationships, we have introduced different substituents in the
purine moiety (6-Cl series a, 2,6-diCl series b, 6-Br series c, and 6-CF3
series d).

2. Results and discussion

2.1. Chemistry

The general synthetic route to achieve the target derivatives 2a–d,
3a–d and 4a–d is summarized in Scheme 1.

The synthesis starts with the reaction between the corresponding

commercial aminophenol 6–8 and ethyl 4-bromobut-2-enoate in a basic
medium. First, nucleophilic substitution takes place with release of the
bromide ion, followed by cyclization to give the derivatives 9–11 in
good yields (85–88 %). The ester group is then reduced to the primary
alcohol using LiAlH4 as reducing agent23 to give compounds 12–14
(87–89 % yield). Then, the tosylation of the benzoxazine ring is carried
out by nucleophilic substitution using tosyl chloride and pyridine to give
derivatives 15–17 in high yields of 87–89 %.24 Subsequently, the Mit-
sunobu reaction25 using the corresponding 6-halopurine or 2,6-dihalo-
purine, triphenylphosphine and diisopropylazidecarboxylate (DIAD) in
anhydrous tetrahydrofuran (THF) gives the target compounds
substituted with chlorine and bromine on the purine ring 2a–c, 3a–c and
4a–c (82–87 % yield). Finally, starting from the bromine derivatives 2c,
3c or 4c the bromine is exchanged with the trifluoromethyl group using
fluorosulfonyldifluoromethyl acetate (MFSDA), CuI, hexamethylphos-
phoramide (HMPA) and dimethyformamide (DMF) as solvent,26 this
reaction was carried out in microwave at 150 ◦C for 15 min with high
yields between 78–80 %.

2.2. In vitro antiproliferative activity

We first evaluated the effects of the target compounds on cell pro-
liferation in the human breast cancer cell line MCF-7 and the human
colon carcinoma cell line HCT-116. These two cancers are currently
among the top 20 most deadly ones, underlining the urgent need to
develop novel treatments. The antiproliferative activity of 2a–d, 3a–d
and, 4a–d was evaluated using the sulforhodamine B colorimetric assay
after 72 h of treatment (Table 1). Derivative 1 is included as a reference

Fig. 1. Chemical structures of our previously reported benzoxazine and benzoxazepine derivatives (1, 2), and target compounds (2a–d, 3a–d, and 4a–d).

Scheme 1. Synthesis of benzoxazines 2a–d, 3a–d, and 4a–d. Reagents and
conditions: (i) NaHCO3, EtOH, 3 h, rt; (ii) K2CO3 30 min; (iii) LiAlH4, Et2O, 1 h,
0 ◦C to rt; (iv) TsCl, pyr, 12 h, 0 ◦C to rt; (v) 6-halopurine or 2,6-dihalopurine,
DIAD, Ph3P, THF, 36 h, − 20 ◦C to rt; (vi) derivative 2c, 3c or 4c, MFSDA, CuI,
HMAP, DMF, microwaves 150 ◦C 15 min.
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compound.
All compounds generally showed similar activities in both cell lines.

The most active compound, 4b, had an IC50 of 2.27 μM and 4.44 μM
against MCF-7 and HCT-116 cells, respectively (Table 1); it has a methyl
substituent at position 6 of the benzofused ring and the 2,6-dichloropur-
ine moiety.

Regarding the substitution of the 1,4-benzoxazine the presence of the
methyl group is important for the biological activity, while the intro-
duction of the chloro or bromo slightly decreased their antiproliferative
activity (4b > 2b > 3b, IC50 MCF-7 = 2.27 > 3.26 > 5.52 μM, respec-
tively). These compounds showed the same pattern of activity against
HCT116 cells, although with slightly higher values (4b > 2b > 3b, IC50
HCT116 = 4.44 > 7.63 > 7.85 μM, respectively).

Thus, all compounds bearing the 2,6-dichloropurine moiety (2b, 3b,
and 4b) showed the best antiproliferative activity in both tumor cell
lines (≤7.85 μM). Replacement of 2,6-dichloropurine by bromo- chloro-
or trifluoromethylpurine decreased the antiproliferative effect in all
cases. Interestingly, the IC50 values in MCF-7 follow the same pattern in
the three series of synthesized compounds (2b > 2c > 2a > 2d; 3b > 3c

> 3a > 3d and 4b > 4c > 4a > 4d), while in HCT-116 we observed
minor differences.

In general, the substitution of this heterocycle resulted in better
antiproliferative activity values compared to the unsubstituted com-
pound 1.

2.3. Kinase inhibition assays

To investigate the mechanism of action of these compounds, the five
derivatives (2b, 2c, 3b, 4b and 4c) that showed the best anti-
proliferative activity values were tested on an inhibition profile of 8
kinases involved in cellular signaling that regulate cell growth, prolif-
eration, differentiation, and survival. These kinases, including AKT2,
AMPK alpha1, EGFR, HER2, ERK2, JNK1, and P38 alpha, along with the
LKB1/MO25/STRADa complex, are frequently dysregulated in cancer,
making them pivotal targets for therapeutic development. Table 2 shows
the results obtained for the residual kinase activity at 2 concentrations,
5 μM and 50 μM.

In general, the compounds show a moderate level of residual kinase
activity, with some interesting results at a concentration of 50 µM on the
kinases HER2 and JNK1.

The most active compound 4b against MCF-7 and HCT-116 showed
50 % and 56 % residual activity against HER2 and JNK 1 respectively,
suggesting that some of its activity may be inhibiting these enzymes.
This compound presents 6-methyl and 2,6-dichloropurine substituents.
Compound 4cwith 6-bromopurine moiety instead of 2,6-dichloropurine
of 4b showed similar residual activities values, being slightly higher for
HER2. Compound 2bwith chlorine in position 7 and 2,6-dichloropurine
in position 2 of the benzoxazine showed moderate residual activities
against HER2 and JNK1, being slightly higher than 4b at 50 μM, the
replacement of 2,6-dichloropurine by 6-bromopurine 3c resulted in
slightly lower values for the residual activity of both kinases. The sub-
stitution of the benzoxazine ring by a bromo in position 6 (3b) also leads
to moderate inhibition values of the tested kinases, standing out the
residual activity at 50 μM on JNK1.

HER2 is an essential protein for cell division and normal cell growth,
and its aberrant overexpression has been linked to cancer processes
associated with poor prognosis and decreased overall survival in pa-
tients.27 JNK1 in MCF-728 and HCT-11629 can be induced by cellular
stress that promotes apoptosis. Therefore, the modulation of its activity

Table 1
Antiproliferative activities of compounds 3a–d, 4a–d, 5a–d and 1 against MCF-7
and HCT-116 cancer cells.

Comp R X Y Cancer cell lines

IC50 MCF-7 (μM) IC50 HCT-116 (μM)

2a 7-Cl Cl H 11.23 ± 0.70 14.76 ± 2.62
2b 7-Cl Cl Cl 3.26 ± 0.08 7.63 ± 0.33
2c 7-Cl Br H 6.77 ± 0.29 12.77 ± 1.60
2d 7-Cl CF3 H 22.98 ± 4.07 13.58 ± 2.58
3a 6-Br Cl H 14.47 ± 3.53 15.65 ± 0.58
3b 6-Br Cl Cl 5.52 ± 0.90 7.85 ± 0.25
3c 6-Br Br H 7.31 ± 0.10 16.40 ± 1.89
3d 6-Br CF3 H 20.61 ± 1.77 23.57 ± 3.11
4a 6-CH3 Cl H 12.86 ± 1.21 23.80 ± 3.64
4b 6-CH3 Cl Cl 2.27 ± 0.61 4.44 ± 0.33
4c 6-CH3 Br H 4.01 ± 0.11 9.40 ± 0.97
4d 6-CH3 CF3 H 31.13 ± 1.00 4.63 ± 1.00
122 H Cl Cl 13.00 ± 0.11 7.06 ± 0.80

All experiments were conducted in duplicate and gave similar results. Data are
mean ± SD of three independent determinations. MCF-7: human breast cancer
cell line and HCT-116: human colon cancer cell line.

Table 2
Selective profiles of 2b, 2c, 3b, 4b and 4c against 8 protein kinases.

Residual activity > 25 % and < 55 %.
Residual activity > 55 % and ≤ 75 %.
Residual activity > 75 %.
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may be an interesting therapeutic strategy to induce apoptosis in cancer
cells.

2.4. Computational studies

The most interesting compounds 2b and 4b were subjected to
docking analysis to gain some insight into their molecular binding mode
to both HER2 and JNK1 kinases. The critical residues for the catalytic
activity of kinase receptors are often found in the ATP-binding site at the
interface of the C- and N-lobes formed by the C-helix, and the A-loop, a
dynamic feature that is a common site for phosphorylation that regulates
kinase activity. Some of the key residues typically involved are the DFG
motif (Asp-Phe-Gly), at the N-terminal end of the A-loop, which is crit-
ical for coordinating metal ions and aligning the ATP for phosphoryla-
tion, and the P-loop which is involved in binding the phosphate groups
of ATP.30

As these compounds are purine analogues, the ATP-binding site was
explored as the purported inhibition site. Following the criteria used in
our previous publication,8 human HER2 (hHER2, pdb ID: 3RCD)31 was
used to study the molecular interactions in both enantiomers of the
above compounds. This protein is crystallized with a pyrrolo-pyrimidine
inhibitor, TAK-285, at the ATP binding site of the receptor. As a control,
TAK-285 was first redocked on the hHER2 crystal structure, and the
resulting binding pose is almost identical to that in the crystal structure,
in particular the disposition of the pyrrolo-pyrimidine cycle, the h-bond
to Met801, and the two phenyl rings at one end of the molecule (Fig. 2).
The only difference is the position of the tertiary hydroxyl tail that in the
redocked position h-bonds Asp863 -of the DFG motif- and Lys753,
whereas in the crystallized pose this moiety is oriented towards the P-
loop, which h-bonds the backbone chain of Gly727.

Next, the molecular interactions of compounds 2b and 4b were
evaluated. Regarding the docking poses of 4b, both enantiomers show
the purine ring in the hinge region where cognate ligand (TAK-285)
places its pyrrolopyrimidine ring, forming a h-bond with the backbone
chain of Met801. The main difference is the orientation of their ben-
zoxazine rings that are displayed in opposite directions. In the S-enan-
tiomer, this ring is located toward a pocket situated at the entrance of
the catalytic site, made by residues Ser1002, Thr1003, Asp808, His809,
and Glu812. The oxygen atom of the oxazine ring h-bond Cys805 at the

entrance of the pocket. The R-enantiomer, however, orients its ben-
zoxazine ring in an opposite direction, toward Asp863 of the DFG motif.
As for the phenylsulfonamide moiety on both enantiomers, it is dis-
played toward the entrance of the catalytic pocket and near residues
Leu726 and Gly727 in the P-loop (Fig. 3A). Likewise, both enantiomers
of ligand 2b, display their purine moiety in the same fashion as (R)- and
(S)-4b. In addition, their benzoxazine moiety sit toward the same
pocket, situated at the entrance of the catalytic site. This moiety is
π-stacking Phe1004, at the entrance of the pocket, and its chlorine atom
is well inserted into the pocket cavity. However, the phenylsulfonamide
moiety is oriented with a slightly different orientation towards the
solvent-exposed region (Fig. 3B).

Ligands, 2b and 4b were also docked on the human JNK1 kinase
isoform (hJNK1, pdb ID 4AWI). Both compounds show a slightly
different binding pattern when compared to hHER2. (R)- and (S)-2b
display its purine moiety toward the C-helix, forming h-bonds with the
conserved Lys55 residue on β3. Their benzoxazines are set on the hinge
region showing stacking interactions with Leu168 at the hinge region
and Val40 on the N-lobe, and the p-phenylsulfonamide moiety is dis-
played on the solvent-exposed region with (R)-4b h-bonding the back-
bone chain of Met111 at the hinge region through one of the oxygen
atoms of its sulfonamide group (Fig. 4A). (R)- and (S)-2b also display
their purine heterocycles toward the C-helix, forming h-bonds with the
conserved Lys55 on β3, in like manner as ligands (R)- and (S)-4b.
However, their benzoxazines are not set on the hinge region but to the
solvent-exposed area with their chlorine atom pointing out. A second
conformational difference between (R)- and (S)-2b, and (R)- and (S)-4b
lay on the orientation of the p-phenylsulfonamide. In (R)- and (S)-2b this
moiety is displayed toward the hinge region and in a hydrophobic region
set by Ala53, Leu110, Met111, Val158, and Leu168 (Fig. 4B).

In summary, ligands 2b and 4b show a consistent binding mode to
hHER2 and hJNK1 catalytic domain, establishing significant in-
teractions with well stablished and catalytically important domains and
residues of both kinase receptors. These interactions might help
explaining their moderate kinase activity and suggest future potential
chemical modifications that could enhance their binding affinity.

2.5. Scanning electron microscopy

We selected the highly effective compounds 2b and 4b for further
investigation against colon cancer HCT-116 cells and breast cancer MCF-
7 cells to explore their effects on cellular morphology. High concentra-
tions of drugs are often used for short periods of time in mechanistic
studies to achieve maximal pharmacological effects within a limited
time frame. This strategy facilitates the delineation of precise pathways
and mechanisms by which the drug modulates cellular processes. For
that, for the remaining experiments, we opted for a concentrated
regimen of 50 μM compounds, thereby reducing treatment durations to
12 h.

Through scanning electron microscopy (SEM), the hallmarks of
various types of cell death have been discerned by tracking patterns and
events. SEM revealed significant morphological alterations in HCT-116
control cells exhibited abundant microvilli extensions on their surface
and displayed strong adherence to the culture flask surface (Fig. 5A and
B). However, when treated with 2b and 4b, HCT-116 colon cancer cells
exhibited cells with different morphology and varied responses to the
treatment (Fig. 5C and H). While some cells retained their microvilli,
others did not. Instead, they showed the presence of multiple cellular
remnants, significant formation of vesicular bodies, membrane blebbing
and a noticeable flattening of the cellular structure. Additionally, the
presence of pores was observed in some cells, especially notable in cells
treated with compound 2b. Similar results were observed in MCF-7
breast cancer cells treated with 2b and 4b. While the control group
exhibited rounded cells densely populating the culture, with surfaces
covered with microvilli (Fig. 5I and J), the treated cells displayed cells
with different morphology and size (Fig. 5K and P). Some were

Fig. 2. Superposition of the predicted binding pose (purple) and crystallized
binding pose (green) of TAK-285 on hHER2 (pdb ID 3RCD, tan). Hydrogen
bonds are shown as dashed yellow lines. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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completely destroyed, leading to the scattering of their cellular contents
throughout the culture matrix, while others showed notable membrane
disruption and a reduction in filopodia andmicrovilli. Additionally, SEM
images revealed the presence of membrane blebbing, round vesicular
bodies and large pores in the cell membranes of some cells.

The variety of morphological changes observed suggests that the 2b
and 4b compounds induce cell death through multiple pathways.
Certainly, the observed features in some cells, including their reduced
size, the presence of wrinkled morphology with membrane blebbing,
and the emergence of bodies, strongly suggest apoptosis. However, the
identification of pores on the surface of some swollen cells indicates the
involvement of another programmed cell death pathway, namely
pyroptosis.32 Furthermore, apoptotic bodies are generated during
apoptosis, whereas pyroptotic bodies are produced during pyroptosis.33

It is intriguing that the diameter of pyroptotic bodies is comparable to
that of apoptotic bodies, both ranging from 1 to 5 µm.34 This duality in
cellular responses underscores the complexity of the mechanisms trig-
gered by the studied compounds and leads us to conduct molecular
studies to try to decipher its mechanism of action and the potential
implication of both forms of cell death.35

2.6. Confirmation of membrane permeability induced by compounds 2b
and 4b using annexin V binding assay

The morphological changes observed following treatment with 2b
and 4b led us to suspect that the cytotoxicity of these compounds is
mediated by damage on cell membrane, suggesting the existence of a

membrane-induced mechanism of cell death. The annexin V assay uti-
lizes annexin V, a protein with a high affinity for phosphatidylserine
(PS), and propidium iodide (PI), a DNA-binding dye that only enters
cells with compromised membranes and commonly used to identify
apoptotic cells. This combination allows for the differentiation between
viable cells (annexin V negative, PI negative), early apoptotic cells
(annexin V positive and propidium iodide (PI) negative), and late
apoptotic or necrotic cells (both annexin V and PI positive).

HCT-116 control cells showed 86.06 ± 0.66 % viability, 7.6 ± 0.57
% early apoptosis, 2.8 ± 0.38 % late-stage apoptosis, and 3.5 ± 0.66 %
necrosis (P<0.05). In HCT-116 cells treated with 2b and 4b, we
observed that there was an increase in late-stage apoptosis population
49.5 ± 2.7 % and 26.5 ± 1.7 % respectively (Fig. 6A–C and G).
Furthermore, in both compounds, a notable increase in the necrotic cell
population has been observed reaching 28.4± 2 % and 36.3 ± 1.7 % for
2b and 4b respectively.

In MCF-7 control culture (Figs. 6D–F and 3H), 98.8 ± 0.12 % of the
cells were viable, 0.33 ± 0.12 % were in early apoptosis, 0.26 ± 0.09 %
were in the late stages of apoptosis, and 0.56 ± 0.04 % were in necrosis.
Interestingly, after 24 h of treatment with the novel compounds, the
MCF-7 cell line exhibited a significant increase in the subpopulation
undergoing late apoptosis compared to the control cells, with percent-
ages ranging from 87.3± 1 % to 77.8± 1.8 %. Additionally, there was a
slight increase in the percentage of early apoptosis with 7.9± 0.3 % and
9.3± 0.5 % in 2b and 4b respectively and necrotic cells compared to the
control, with 0.83 ± 0.2 % in 2b and 2.1 ± 1.2 % in 4b (P < 0.001).

Our results indicate that both compounds significantly affect cell

Fig. 3. (A) Predicted binding poses of (R)-4b (purple) and (S)-4b (blue), on hHER2 (pdb ID 3RCD, tan); (B) predicted binding poses of (R)-2b (lime) and (S)-2b
(yellow), on hHER2 (pdb ID 3RCD, tan). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (A) Predicted binding poses of (R)-4b (purple) and (S)-4b (blue), on hJNK1 (pdb ID 4AWI, grey); (B) Predicted binding poses of (R)-2b (lime) and (S)-2b
(yellow), on hJNK1 (pdb ID 4AWI, grey). Hydrogen bonds are represented as dashed yellow lines. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Scanning electron microscopy of: HCT-116 cells control (A, B), treated by 2b (C–E) and 4b (F–H) and MCF-7 cells control (I, J) treated by 2b (K–M) and 4b
(N–O). Treatment with compounds 2b and 4b (C, E, F, H) in the HCT-116 cell line resulted in cells exhibiting varied sizes and disrupted membrane structures.
Observations included the presence of pores (H and E), large, flattened cells and a significant formation of vesicular bodies (C and G). Similarly, the MCF-7 cell line
showed comparable effects following treatment with compounds 2b and 4b, including cells of different sizes with altered membranes, leading to the complete
destruction of some cells (5K-P) and the dispersion of their contents throughout the culture matrix. Additionally, some cells displayed vesicular bodies and a
reduction in filopodia and microvilli (M).

A. Conejo-García et al.
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survival, resulting in an increased proportion of cells with compromised
membranes positive both for annexin V and PI indicating late stage of
apoptosis.36 Interestingly, the presence of pores in the cell membrane of
pyroptotic cells observed by SEM facilitates the binding of annexin V to
PS. As a result, annexin V stains pyroptotic cells in the same way as
apoptotic cells, making it unable to distinguish between the two pro-
gramed cell death.37,38

On the other hand, our results showed that both compounds signif-
icantly increase the necrotic population, enhancing their effectiveness as
anticancer agents especially in the HCT-116 cell line potentially. Similar
effects were observed following treatment with other antitumor agents
in several cancer cells.39–41 This necrosis is classified as post-apoptotic
secondary necrosis, representing the natural outcome of the complete
apoptotic program as described by Silva.42 In fact, when apoptotic cells
are abundant in vitro or when the organism’s phagocytic capacity is
overwhelmed, apoptotic cells progress to a secondary necrosis stage,
gradually losing their structural integrity. They undergo ballooning,
plasma membrane permeabilization, and ultimately release cytoplasmic
contents.43 They regulation of secondary necrosis is an important and
non-accidental process that has gained significant attention in recent
years.44 In fact, recent research has shown that the molecules released
from the cytoplasm or exposed on the cell surface vary between primary
necrosis, secondary necrosis, and regulated necrosis such as nec-
roptosis.43 Inducing secondary necrosis deliberately can enhance the
immune response against tumors.11 Compounds that modulate the
apoptotic pathways to promote secondary necrosis can help in creating a
pro-inflammatory environment that attracts immune cells to the tumor

site, enhancing anti-tumor immunity.45,46

2.7. 2b and 4b treatment leads to s phase accumulation in HCT-116 cells

In oncology, the uncontrolled proliferation of cells stands as one of
the six recognized hallmarks of cancer. Within this context, the sus-
tained inhibition of the cell cycle has emerged as a beneficial strategy in
cancer therapeutics. To study whether the antiproliferative effect of 2b
and 4b compounds involves changes in cell-cycle distribution, HCT-116
and MCF-7 cell lines were treated using the 50 µM for 12 h and then
analyzed by flow cytometry. Cell cycle assays based on DNA content
discriminate between the G0/G1, S, and G2/M cell cycle phases.

HCT-116 cell culture contained 72.8 ± 0.16 % G0/G1 cells, 18.7 ±

0.5 % S-phase cells and 8.3 ± 0.74 % G2/M− phase cells. Notably,
following treatment with 2b and 4b, HCT-116 cells exhibited a pro-
gressive reduction in G2/M− phase cells (6.67 ± 1 % and 5.3 ± 1 % for
2b and 4b, respectively), with a concomitant accumulation in the S-
phase (49.2 ± 5 % and 51.25 ± 1.8 % for 2b and 4b, respectively).
These results suggest that both 2b and 4b treatments may effectively
inhibit cell cycle progression at the S-phase, leading to a decreased
proliferation rate and potential cell cycle arrest in HCT-116 cells
(Fig. 7A). S-phase cell cycle arrest been described as an outcome
resulting from the treatment with various antitumor agents.47–49 This S-
phase accumulation indicates that the compounds interfere with DNA
replication processes, potentially triggering a checkpoint response that
halts further progression of the cell cycle. As a result, cells are unable to
transition to subsequent phases, thereby reducing overall cell division

Fig. 6. Apoptosis images of HCT-116 colon cancer (A, B and C) and MCF-7 (D, E and F) breast cancer cells treated by 2b and 4b. Percentage of HCT-116 (G) and
MCF-7 (H) in apoptosis. Data are expressed as the mean ± SD of the mean of three independent experiments (** p < 0.01 vs. control and *** p < 0.001 vs. control).
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and proliferation. This mechanism of action highlights the potential of
2b and 4b as therapeutic agents in targeting rapidly dividing cancer cells
by exploiting their dependency on continuous cell cycle progression. In
contrast to HCT-116, the MCF-7 cell line was entirely obliterated despite
receiving a high-dose treatment for only a brief duration. Consequently,
assessing the cell cycle in cells treated with the two compounds proved
unfeasible (Fig. 7B). This could be attributed to the heightened sensi-
tivity of MCF-7 cells to the treatment, potentially associated with spe-
cific molecular pathways or genetic factors exclusive to this cell line.

3. Conclusions

We have designed and synthesized a series of substituted 3,4-dihy-
dro-2H-1,4-benzoxazines. The antiproliferative effects of the target
compounds against the cancer cell lines MCF-7 and HCT-116 were
determined. Compounds bearing the 2,6-dichloropurine moiety in po-
sition 2 (2b, 3b, and 4b) showed the best antiproliferative activity in
both tumor cell lines. However, the activity of the compounds is less
affected by substitution at positions 6 or 7 by methyl, bromine or
chlorine Compound 4b exhibited the most promising activity against
both tumor cell lines studied (IC50 MCF-7 = 2.27 µM and IC50 HCT-116
= 4.44 μM). Compared to the lead compound 1, it demonstrated a 5.7-
fold increase in activity against MCF-7 and a 1.5-fold increase in activity
against HCT-116. While the IC50 values for HCT-116 (4.44 μM for
compound 4b and 7.06 μM for lead compound 1) are within the same
order of magnitude, compound 4b still demonstrated a modest
improvement in efficacy.

In general, the compounds exhibited moderate kinase inhibition
values. 4b showed residual activity of 50 and 56 % against HER2 and
JNK1 respectively, a similar pattern of residual activity was shown for
compound 2b, albeit with slightly higher values. Computational studies
show a consistent binding mode of 2b and 4b to the catalytic domains of
hHER2 and hJNK1, forming significant interactions with key domains
and residues critical for the catalytic activity of these kinase receptors.

This study is a proof of concept where our results suggest that
compounds 2b and 4b exhibit a potent cytotoxic effect by disturbing
membrane cell permeability triggering probably both inflammatory
(secondary necrosis) and non-inflammatory (apoptosis) cell death
mechanisms. This dual capability enhances their versatility in treating
various stages or types of tumors, thereby providing greater flexibility in
clinical applications. Furthermore, the ability to induce multiple forms
of cell death may aid in overcoming drug resistance, a prevalent chal-
lenge in cancer therapy, by providing alternative pathways to eliminate
resistant cells. However, further studies are necessary to identify specific
biochemical pathways, molecular targets, gene expression profiles, and
signaling cascades that underlie the observed outcomes at the molecular
level. Exploring the molecular interactions and downstream effects of
these compounds will provide deeper insights into their role in over-
coming drug resistance and enhancing immune responses against
tumors.

4. Experimental section

4.1. Chemistry

4.1.1. General remarks
All starting materials, reagents and solvents, were acquired from

chemical companies. Analytical thin layer chromatography (TLC) was
performed using Merck Kieselgel 60 F254 aluminium plates and
visualised by UV light or iodine. All evaporations were carried out in
vacuo in a Buchi rotary evaporator. Merck silicagel 60 with a particle
size of 0.040–0.063 mm (230–400 mesh ASTM) was employed for flash
chromatography. Small-scale microwave-assisted synthesis was carried
out in an Initiator 2.0 single-mode microwave instrument producing
controlled irradiation at 2.450 GHz (Biotage AB, Upsala, Sweden). 1H
NMR and 13C NMR spectra were obtained using Bruker Avance NEO
spectrometers with Smart Probe BBFO equipped, in the deuterated sol-
vents. Chemical shifts are reported in ppm (δ ppm) and are referenced to
the residual solvent peak. Spin multiplicities are given as s (singlet),
d (doublet), dd (double doublet), t (triplet) and m (multiplet). J values
are published in Hz. Electrospray ionisation (ESI-TOF) mass spectra
were carried in a Bruker compact QTOF; source type: ESI, Ion Polarity
positive or negative depending of the chemical structure of the com-
pound, nebulizer 1.8 Bar, mass range 100–2000 m/z, capillary 4500 V
positive mode or − 4500 V negative mode, dry heater 220 ◦C and dry gas
9.0 l/min. Melting points were taken in open capillaries on a Stuart
Scientific SMP3 electrothermal melting point apparatus and are
uncorrected.

4.1.2. General method for the synthesis of ethyl 2-(6 or 7-substituted-3,4-
dihydro-2H-benzo[b][1,4]oxazin-2-yl)acetate

To a solution of 6–8 (3.2 mmol) in EtOH (32 mL) under argon is
added NaHCO3 (540 mg, 6.4 mmol) and ethyl 4-bromobut-2-enoate
(600 µL, 3.2 mmol). The reaction mixture is stirred at room tempera-
ture overnight. Then K2CO3 (442 mg, 3,2 mmol) is added and stirred for
2 h. Subsequently, the solvent is removed under vacuum and the residue
is purified by flash chromatography (EtOAc/hexane 1:3).

4.1.2.1. Ethyl 2-(7-chloro-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-ylace-
tate (9). Brown oil; 85 % yield. 1H NMR (500 MHz, CDCl3) δ 6.78 (d, 1H,
J=2.3 Hz), 6.72 (dd, 1H, J1 = 8.4, J2 = 2.3 Hz, 1H), 6.50 (d, 1H, J=8.4
Hz), 4.58–4.53 (m, 1H), 4.22–4.16 (m, 1H), 3.46 (dd, 1H, J1 = 11.7, J2
= 2.5 Hz), 3.16 (dd, 1H, J1 = 11.7, J2 = 6.9 Hz), 2.75 (dd, 1H, J1= 15.8,
J2= 6.8 Hz), 2.60 (dd, 1H, J1= 15.8, J2= 6.6 Hz), 1.28 (t, 3H J=7.1 Hz).
13C NMR (126 MHz, CDCl3) δ 170.22, 143.62, 131.56, 123.11, 121.20,
117.09, 115.89, 70.56, 60.87, 44.43, 37.79, 14.19. HRMS (ESI) m/z
calcd for C12H15NO3Cl [M+H]± 256.0740; found 256.0755.

4.1.2.2. Ethyl 2-(6-bromo-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-ylace-
tate (10). Brown oil; 86 % yield. 1H NMR (300 MHz, CDCl3) δ 6.76–6.75
(m, 2H), 6.64 (d, 1H, J = 9.1 Hz), 4.55 (dd, 1H, J1 = 6.9, J2 = 2.5 Hz),
4.21–4.16 (m, 2H), 3.49 (dd, 1H, J1 = 11.7 Hz, J2 = 2.5 Hz), 3.18 0.18
(dd, 1H, J1 = 11.7, J2 = 7.1 Hz, 1H), 2.75 (dd, 1H, J1 = 15.9, J2 = 6.7
Hz), 2.61 (dd, 1H, J1 = 15.9, J2 = 6.6 Hz), 1.31 (t, 3H, J = 7.0 Hz). 13C

Fig. 7. Cell cycle of HCT-116 (A) and MCF-7(B) cancer cells treated by 2b and 4b vs Control. Data are expressed as the mean ± SD of the mean of three independent
experiments (** p < 0.01 vs. control and *** p < 0.001 vs. control).
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NMR (126 MHz, CDCl3) δ 170.16, 142.38, 133.61, 121.182, 118.38,
117.85, 113.33, 70.26, 60.88, 44.26, 37.78, 14.19. HRMS (ESI) m/z
calcd for C12H15NO3Br [M+H]+ 300.0235; found 300.0256.

4.1.2.3. Ethyl 2-(6-methyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-ylace-
tate (11). Brown oil; 88 % yield. 1H NMR (500 MHz, CDCl3) δ 6.68 (d,
1H, J=8.1 Hz), 6.48 (dd, 1H, J1 = 2.0 Hz, J2 = 8.1 Hz), 6.44 (d, 1H, J =
2.0 Hz), 4.58–4.53 (m, 1H), 4.19 (q, 2H, J = 7.1 Hz), 3.47 (dd, 1H, J1 =
11.6, J2= 2.5 Hz), 3.18 (dd, 1H, J1= 11.6, J2 = 7.0 Hz), 2.77 (dd, 1H, J1
= 15.7, J2 = 6.6 Hz), 2.61 (dd, 1H, J1 = 15.7, J2 = 6.6 Hz), 2.21 (s, 3H),
1.28 (t, 3H J=7.1 Hz). 13C NMR (126 MHz, CDCl3) δ 170.47, 141.13,
132.22, 130.81, 119.74, 116.69, 116.03, 70.35, 60.75, 44.78, 37.95,
20.71, 14.20. HRMS (ESI) m/z calcd for C13H18NO3 [M+H]+ 236.1287;
found 236.1294.

4.1.3. General method for the synthesis of 2-(6 or 7-substituted-3,4-
dihydro-2H-benzo[b][1,4]oxazin-2-yl)ethan-1-ol

Over a solution of 1 M LiAlH4 (2.5 mL, 2.5 mmol) in anhydrous ethyl
ether (19 mL) at 0 ◦C the corresponding derivative 9–11 (2.5 mmol) is
added dropwise and stirred for 1 h. Then H2O (3 mL) is added, and the
resulting residue is extracted with Cl2CH2. After that, the organic phases
are brought together, dried over anhydrous Na2SO4, filtered and
concentrated under vacuum. The resulting residue is purified by flash
chromatography (EtOAc/hexane 2:1).

4.1.3.1. 2-(7-Chloro-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-yl)ethan-1-
ol (12). Orange oil; 87 % yield. 1H NMR (400 MHz, CDCl3) δ 6.78 (d, 1H,
J=2.3 Hz), 6.72 (dd, 1H, J1= 8.4, J2= 2.3 Hz), 6.50 (d, 1H, J= 8.4 Hz),
4.31–4.29 (m, 1H), 3.89–3.86 (m, 2H), 3.37 (dd, 1H, J1 = 11.7, J2 = 2,4
Hz), 3.16 (dd, 1H, J1= 11.7 Hz, J2= 7.6 Hz), 2.78 (s, 1H) 1.93–1.85 (m,
2H). 13C NMR (101 MHz, CDCl3) δ 143.86, 131.83, 122.95, 121.13,
116.92, 115.89, 72.37, 59.38, 45.22, 35.20. HRMS (ESI) m/z calcd for
C10H13NO2Cl [M+H]+ 214.0635; found 214.0630.

4.1.3.2. 2-(6-Bromo-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-yl)ethan-1-ol
(13). Orange oil; 89 % yield. 1H NMR (500 MHz, CDCl3) δ 6.77–6.75 (m,
2H) 6.64 (d, 1H, J1 = 9.1 Hz), 4.32–4.28 (m, 1H), 3.92–3.84 (m, 2H),
3.41 (dd, 1H, J1 = 11.7, J2 = 2.5 Hz), 3.18 (dd, 1H, J = 11.7, 7.8 Hz),
3.05 (s, 1H), 1.97–1.84 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 142.73,
133.62, 121.88, 118.24, 118.02, 113.30, 72.21, 59.44, 45.09, 35.17.
HRMS (ESI) m/z calcd for C10H13NO2Br [M+H]+ 258.0130; found
258.0131.

4.1.3.3. 2-(6-Methyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-yl)ethan-1-
ol (14). Orange oil; 89 % yield. 1H NMR (400 MHz, CDCl3) δ 6.68 (d, 1H,
J= 8.0 Hz) 6.46 (dd, 1H, J1= 8.0, J2= 2.0 Hz), 6.45 (d, 1H, J= 2.0 Hz),
4.31–4.26 (m, 1H), 3.89–3.86 (m, 2H), 3.36 (dd, 1H, J1 = 11.7, J2 = 2.4
Hz) 3.19–3.14 (m, 1H), 2.97 (s, 1H), 2.21 (s, 3H), 1.98–1.80 (m, 2H).13C
NMR (126 MHz, CDCl3) δ 141.34, 132.58, 130.86, 119.61, 116.53,
116.12, 72.55, 59.76, 45.59, 35.30, 20.73. HRMS (ESI) m/z calcd for
C11H16NO2 [M+H]+ 194.1181; found 194.1173.

4.1.4. General method for the synthesis of 2-(6 or 7-substituted-4-tosyl-3,4-
dihydro-2H-benzo[b][1,4]oxazin-2-yl)ethan-1-ol

To a solution of the corresponding benzoxazine 12–14 (1.14 mmol)
and pyridine (137 µL, 1.7 mmol) in anhydrous CH2Cl2 (12mL) at 0 ◦C, p-
toluensulfonyl chloride (217 mg, 1.14 mmol) is added under argon at-
mosphere. The reaction mixture is stirred at room temperature over-
night and then cold water is added and extracted with dichloromethane.
Then, the organic phases are brought together and washed with 1 N HCl
(3 mL) and brine. The organic phase is dried with anhydrous sodium
sulphate, filtered and concentrated under vacuum. The crude obtained is
purified by flash chromatography (EtOAc/hexane 1:3).

4.1.4.1. 2-(7-Chloro-4-tosyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-yl)
ethan-1-ol (15). Orange oil; 87 % yield. 1H NMR (400 MHz, CDCl3) δ
7.77 (d, 1H, J=8.9 Hz), 7.54–7.52 (m, 2H), 7.32–7.16 (m, 2H), 6.89 (dd,
1H, J1 = 8.9 Hz, J2 = 2.4 Hz), 6.53 (d, 1H, J = 2.4 Hz), 4.31 (dd, 1H, J1
= 14.5 Hz, J2 = 2.3 Hz), 3.76–3.72 (m, 2H), 3.56–––3.50 (m, 1H), 3.15
(dd, 1H, J1 = 14.5 Hz, J2 = 10.0 Hz), 2.39 (s, 3H), 1.78–1.72 (m, 2H).
13C NMR (101 MHz, CDCl3) δ 147.23, 144.49, 135.23, 130.96, 129.97,
127.22, 125.12, 122.42, 121.07, 117.50, 70.14, 58.53, 48.43, 34.93,
21.56. HRMS (ESI) m/z calcd for C17H18NO4NaSCl [M+Na]+ 390.0543;
found 390.0513.

4.1.4.2. 2-(6-Bromo-4-tosyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-yl)
ethan-1-ol (16). Orange oil; 88 % yield. 1H NMR (400 MHz, CDCl3) δ
7.99 (d, 1H, J = 2.4 Hz), 7.56 (d, 2H, J = 8.3 Hz), 7.25 (d, 2H, J = 8.3
Hz), 7.12 (dd, 1H, J1 = 8.7, J2 = 2.4 Hz), 6.67 (d, 1H, J = 8.7 Hz), 4.30
(dd, 1H, J1 = 14.4, J2 = 2.3 Hz), 3.77–3.69 (m, 2H), 3.57–3.51 (m, 2H),
3.13 (dd, 1H, J1= 14.4 Hz, J2= 9.8 Hz), 2.38 (s, 3H), 1.82–1.69 (m, 2H).
13C NMR (101 MHz, CDCl3) δ 145.79, 144.67, 135.11, 130.06, 128.80,
127.29, 126.44, 124.91, 118.947, 112.71, 70.22, 58.59, 48.40, 34.96,
21.62. HRMS (ESI) m/z calcd for C17H18NO4SClBr [M+Cl]- 445.9828;
found 445.9825.

4.1.4.3. 2-(6-Methyl-4-tosyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-yl)
ethan-1-ol (17). Orange oil; 89 % yield. 1H NMR (400 MHz, CDCl3) δ
7.64 (s, 1H), 7.55–7.52 (m, 2H), 7.26–7.22 (m, 2H), 6.84 (dd, 1H, J1 =
8.5, J2 = 2.2 Hz), 6.68 (dd, 1H, J1 = 8.5 Hz, J2 = 1.6 Hz), 4.30–4.25 (m,
1H), 3.74 (t, 2H, J = 5.9 Hz), 3.56–3.49 (m, 1H), 3.19–3.12 (m, 1H),
2.38 (s, 3H), 2.31 (s, 3H), 1.80–1.71 (m, 2H). 13C NMR (101 MHz,
CDCl3) δ 144.45, 144.21, 135.66, 130.40, 129.86, 127.27, 126.82,
124.39, 123.28, 117.04, 70.07, 58.98, 48.80, 35.09, 21.57, 20.87.
HRMS (ESI) m/z calcd for [M+H]+ C18H22NO4S 348.1270; found
348.1261.

4.1.5. General method for the synthesis of substituted 2-(2-(6-halo or 2,6-
dihalo-9H-purin-9-yl)ethyl)-4-tosyl-3,4-dihydro-2H-benzo[b][1,4]oxazine
derivatives

The corresponding tosylated derivative 15–17 (0.31 mmol), triphe-
nylphosphine (164 mg, 0.63 mmol) and the appropriate 6-chloro, 2,6-
dichloro or 6-bromopurine (0.34 mmol) are added to a schlenk under
argon atmosphere. Then, anhydrous THF (3 mL) is added, and the re-
action mixture is cooled down to − 20 ◦C. Subsequently, DIAD (124 µL,
0.63 mmol) was added dropwise and the reaction was brought up to
room temperature and stirred for 2 days. The solvent was evaporated
under reduced pressure. The residue was purified by flash chromatog-
raphy using EtOAc/hexane mixture in different ratios as solvent.

7-Chloro-2-(2-(6-chloro-9H-purin-9-yl)ethyl)-4-tosyl-3,4-dihydro-
2H-benzo[b][1,4]oxazine (2a). Purification in EtOAc/hexane 1:1. White
solid; 82 % yield; mp: 117◦–119 ◦C.

1H NMR (300 MHz, CDCl3): δ 8.78 (s, 1H), 7.98 (s, 1H), 7.76 (d, 1H,
J = 8.9 Hz), 7.37 (d, 2H, J = 8.1 Hz), 7.09 (d, 2H, J = 8.0 Hz), 6.96 (dd,
1H, J1 = 8.9, J2 = 2.4 Hz), 6.85 (d, 1H, J=2.4 Hz), 4.50–4.43 (m, 2H),
4.22 (dd, 1H, J1 = 14.9, J2 = 1.8 Hz), 3.29–3.19 (m, 2H), 2.43 (s, 3H),
2.39–2.28 (m, 1H), 2.09–2.04 (m, 1H). 13C NMR (101 MHz, CDCl3): δ
152.01, 151.69, 151.15, 146.52, 145.09, 144.96, 134.93, 131.62,
131.34, 129.84, 126.85, 125.31, 122.23, 121.65, 117.38, 68.53, 47.96,
40.19, 31.68, 21.62. HRMS (ESI) m/z calcd for C22H20N5O3SCl2
[M+H]+ 504.0664; found 504.0634.

7-Chloro-2-(2-(2,6-dichloro-9H-purin-9-yl)ethyl)-4-tosyl-3,4-dihy-
dro-2H-benzo[b][1,4]oxazine (2b). Purification in EtOAc/hexane 1:1.
White solid; 83 % yield; mp: 94◦–96 ◦C.

1H NMR (500 MHz, CDCl3): δ 7.93 (s, 1H), 7.72 (d, 1H, J = 8.9 Hz),
7.39–7.37 (m, 2H), 7.13–7.11 (m, 2H), 6.93 (dd, 1H, J1 = 8.9, J2 = 2.4
Hz), 6.81 (d, 1H, H-8, J= 2.4 Hz), 4.42–4.39 (m, 2H), 4.18 (dd, 1H, J1 =
14.3, J2 = 2.3 Hz), 3.30–3.28 (m, 1H), 3.27–––3.15 (m, 1H), 2.41 (s,
3H), 2.27–2.20 (m, 1H), 2.04–1.98 (m, 1H). 13C NMR (126MHz, CDCl3):
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δ 153.12, 153.03, 151.89, 146.43, 145.75, 145.02, 134.98, 131.37,
130.73, 129.94, 126.95, 125.28, 122.27, 121.76, 117.41, 68.65, 47.94,
40.33, 31.69, 21.62. HRMS (ESI) m/z calcd for C22H19N5O3SCl3
[M+H]+ 538.0274; found 538.0283.

7-Chloro-2-(2-(6-bromo-9H-purin-9-yl)ethyl)-4-tosyl-3,4-dihydro-
2H-benzo[b][1,4]oxazine (2c). Purification in EtOAc/hexane 2:1. White
solid; 85 % yield; mp: 172◦–174 ◦C.

1H NMR (300 MHz, CDCl3): δ 8.72 (s, 1H), 7.99 (s, 1H), 7.75 (d, 1H,
J = 8.9 Hz), 7.37 (d, 2H, J=8.0 Hz), 7.10 (d, 2H, J = 8.0 Hz), 6.95 (dd,
1H, J1 = 8.9, J2 = 2.4 Hz), 6.84 (d, 1H, J=2.4 Hz), 4.49–4.44 (m, 2H),
4.21 (dd, 1H, J1 = 14.0, J 2 = 2.0 Hz), 3.31–3.36 (m, 2H), 2.43 (s, 3H),
2.38–2.27 (m, 1H), 2.09–2.04 (m, 1H). 13C NMR (101 MHz, CDCl3): δ
151.92, 150.46, 146.52, 144.96, 151.70, 134.91, 134.21, 131.31,
129.86, 126.85, 125.25, 122.22, 121.63, 117.38, 68.59, 47.95, 40.24,
31.70, 21.69. HRMS (ESI) m/z calcd for C22H20N5O3SClBr [M+H]+

548.0159; found 548.0129.
6-Bromo-2-(2-(6-chloro-9H-purin-9-yl)ethyl)-4-tosyl-3,4-dihydro-

2H-benzo[b][1,4]oxazine (3a). Purification in EtOAc/hexane 1:1. White
solid; 83 % yield; mp: 123◦–125 ◦C.

1H NMR (400 MHz, CDCl3): δ 8.78 (s, 1H), 7.99–7.98 (m, 2H), 7.43
(d, 2H, J = 8.1 Hz), 7.21–7.12 (m, 3H) 6.69 (d, 1H, J = 8.1 Hz),
4.50–4.45 (m, 2H), 4.20 (dd, 2H, J1= 14.2, J2 = 2.2 Hz), 3.35 (t, 1H, J=
9.8 Hz), 3.23–3.17 (m, 1H), 2.44 (s, 3H), 2.38–2.31 (m, 1H), 2.10–2.08
(m, 1H). 13C NMR (126 MHz, CDCl3): δ 152.10, 151.69, 151.32, 145.20,
145.03, 144.92, 134.94, 129.97, 129.91, 129.13, 127.04, 126.98,
126.61, 126.59, 124.76, 118.73, 113.36, 68.76, 47.92, 40.41, 31.74,
21.66. HRMS (ESI) m/z calcd for C22H20N5O3SClBr [M+H]+ 548.0159;
found 548.0139.

6-Bromo-2-(2-(2,6-dichloro-9H-purin-9-yl)ethyl)-4-tosyl-3,4-dihy-
dro-2H-benzo[b][1,4]oxazine (3b). Purification in EtOAc/hexane 1:1.
White solid; 85 % yield; mp: 90◦–92 ◦C.

1H NMR (500 MHz, CDCl3): δ 7.98 (d, 2H, J= 2.1 Hz), 7.48–7.46 (m,
2H), 7.21–7.17 (m, 3H), 6.67 (d, 1H, J = 8.7 Hz), 4.46–4.43 (m, 2H),
4.18 (dd, 1H, J1 = 14.3, J2 = 2.3 Hz), 3.39–3.34 (m, 1H), 3.19 (dd, 1H,
J1 = 14.3, J2 = 9.5 Hz), 2.44 (s, 3H), 2.30–2.22 (m, 1H), 2.10–2.03 (m,
1H). 13C NMR (126 MHz, CDCl3): δ 153.14, 151.04, 151.90, 145.77,
145.07, 144.94, 134.95, 130.73, 129.98, 129.12, 127.03, 126.57,
124.77, 118.73, 113.43, 68.85, 47.88, 40.45, 31.73, 21.67. HRMS (ESI)
m/z calcd for C22H19N5O3SCl2Br [M+H]+ 581.9769; found 581.9749.

6-Bromo-2-(2-(6-bromo-9H-purin-9-yl)ethyl)-4-tosyl-3,4-dihydro-
2H-benzo[b][1,4]oxazine (3c). Purification in EtOAc/hexane 1:1. White
solid; 86 % yield; mp: 183◦–185 ◦C.

1H NMR (400 MHz, CDCl3): δ 8.63 (s, 1H), 8.00 (s, 1H), 7.88 (d, 1H,
J= 2.3 Hz), 7.36–7.33 (m, 2H), 7.09 (dd, 1H, J1 = 8.7, J2 = 2.3 Hz) 7.05
(d, 2H, J = 8 Hz), 6.58 (d, 1H, J=8.7 Hz), 4.41–4.37 (m, 2H), 4.11 (dd,
1H, J1 = 14.3, J2 = 2.3 Hz), 3.30–3.25 (m, 1H), 3.13–3.07 (m, 1H), 2.41
(s, 3H), 2.34–2.19 (m, 1H), 2.02–1.96 (m, 1H). 13C NMR (101 MHz,
CDCl3): δ 152.05, 150.45, 145.10, 145.06, 143.16, 134.90, 133.97,
129.95, 129.11, 126.98, 126.55, 124.75, 118.77, 113.32, 68.84, 47.92,
40.50, 31.76, 21.75. HRMS (ESI) m/z calcd for C22H19N5O3SClBr2
[M+Cl]- 625.9264; found 625.9282.

2-(2-(6-Chloro-9H-purin-9-yl)ethyl)-6-methyl-4-tosyl-3,4-dihydro-
2H-benzo[b][1,4]oxazine (4a). Purification in EtOAc/hexane 1:1. White
solid; 83 % yield; mp: 115◦–117 ◦C.

1H NMR (400 MHz, CDCl3): δ 8.77 (s, 1H), 8.00 (s, 1H), 7.63–7.62
(m, 1H), 7.38 (d, 2H, J= 8.1 Hz), 7.08 (d, 2H, J= 8.1 Hz), 6.90 (dd, 1H,
J1 = 8.3, J2 = 2.0 Hz), 6.69 (d, 1H, J = 8.3 Hz), 4.49–4.45 (m, 2H), 4.19
(dd, 1H, J1 = 14.1, J2 = 2.1 Hz), 3.31–3.26 (m, 1H), 3.23–3.17 (m, 1H),
2.41 (s, 3H), 2.33 (s, 1H), 2.30–2.24 (m, 1H), 2.06–1.99 (m, 1H). 13C
NMR (126 MHz, CDCl3): δ 152.06, 151.72, 151.06, 145.35, 144.64,
143.86, 135.36, 131.43, 130.98, 129.74, 127.13, 126.94, 124.53,
123.12, 116.91, 68.18, 48.36, 40.44, 31.78, 21.86, 20.89. HRMS (ESI)
m/z calcd for C22H23N5O3SCl [M+H]+ 484.1210; found 484.1205.

2-(2-(2,6-Dichloro-9H-purin-9-yl)ethyl)-6-methyl-4-tosyl-3,4-dihy-
dro-2H-benzo[b][1,4]oxazine (4b). Purification in EtOAc/hexane 1:1.
White solid; 84 % yield; mp: 87◦–89 ◦C.

1H NMR (400 MHz, CDCl3): δ 7.98 (s, 1H), 7.60 (d, 1H J=2.0 Hz),
7.42 (d, 2H, J = 8.0 Hz), 7.13 (d, 2H, J = 8.0 Hz), 6.89 (dd, 1H, J1 = 8.3,
J2 = 2.0 Hz), 6.67 (d, 1H, J = 8.3 Hz), 4.45–4.42 (m, 2H), 4.17 (dd, 1H,
J1 = 14.1, J2 = 9.6 Hz), 3.35–3.29 (m, 1H), 3.23–3.17 (m, 1H), 2.42 (s,
3H), 2.32 (s, 1H), 2.24–2.18 (m, 1H), 2.05–1.99 (m, 1H). 13C NMR (126
MHz, CDCl3): δ 153.07, 153.02, 151.73, 146.04, 144.675, 143.75,
135.37, 131.02, 130.69, 129.81, 127.79, 127.12, 126.97, 124.43,
116.90, 68.33, 48.31, 40.51, 31.75, 21.66, 20.89. HRMS (ESI)m/z calcd
for C23H21N5O3SCl3 [M+Cl]- 552.0431; found 552.0454.

2-(2-(6-Bromo-9H-purin-9-yl)ethyl)-6-methyl-4-tosyl-3,4-dihydro-
2H-benzo[b][1,4]oxazine (4c). Purification in EtOAc/hexane 1:1. White
solid; 87 % yield; mp: 160◦- 162 ◦C.

1H NMR (400 MHz, CDCl3): δ 8.69 (s, 1H), 7.98 (s, 1H), 7.59 (d, 1H,
J=2.0 Hz), 7.36 (d, 2H, J=8.2 Hz), 7.06 (d, 2H, J=8.2 Hz), 6.87 (dd, 1H,
J1 = 8.3, J2 = 2.0 Hz), 6.66 (d, 1H, J=8.3 Hz), 4.45–4.41 (m, 2H),
4.18–4.13 (m, 1H), 3.29–3.25 (m, 1H), 3.27 (dd, H, J1 = 14.1, J2 = 9.7
Hz), 2.39 (s, 3H), 2.29 (s, 1H.), 2.27–2.23 (m, 1H), 2.02–1.98 (m, 1H).
13C NMR (126 MHz, CDCl3): δ 151.96, 150.91, 145.27, 144.64, 143.86,
143.12, 135.35, 134.11, 130.95, 129.76, 127.12, 126.94, 124.48,
123.11, 116.93, 68.24, 48.37, 40.49, 31.81, 21.74, 20.89. HRMS (ESI)
m/z calcd for C23H23N5O3SBr [M+H]+ 528.0705; found 528.0734.

4.1.6. General method for the synthesis of substituted 4-tosyl-2-((6-
(trifluoromethyl)-9H-purin-9-yl)ethyl)-3,4-dihydro-2H-benzo[b][1,4]
oxazine derivatives

To a solution of MFSDA (45 µL, 0.35 mmol), CuI (45.7 mg, 0.24
mmol) and HMPA (44 µL, 0.25 mmol) in anhydrous DMF (3mL) is added
the corresponding 6-bromo derivative 2c, 3c or 4c (0.2 mmol). This
mixture is placed in the microwave at 150◦ for 15 min. Then, Ethyl
acetate is added and the solution is washed with saturated solutions of
NH4Cl, NaHCO3, H2O and brine. The organic layer is dried over anhy-
drous Na2SO4, filtered and evaporated under vacuum. After that, the
reaction crude is purified by flash chromatography (EtOAc/hexane 1:1).

7-Chloro-2-(2-(6-(trifluoromethyl)-9H-purin-9-yl)ethyl)-4-tosyl-3,4-
dihydro-2H-benzo[b][1,4]oxazine (2d). White solid; 80 % yield; mp:
120◦–122 ◦C.

1H NMR (400 MHz, CDCl3): δ 9.11 (s, 1H), 8.13 (s, 1H), 7.75 (dd, 1H,
J1 = 8.8 Hz, J2 = 1.6 Hz), 7.40 (d, 2H, J=7.9 Hz), 7.13 (d, 2H, J = 7.9
Hz), 6.95 (dd, 1H, J1 = 8.9, J2 = 2.1 Hz), 6.82 (d, 1H, J=1.6 Hz),
4.59–4.50 (m, 2H), 4.22 (dd, 1H, J1 = 14.4, J2= 2.3 Hz), 3.40 (t, 1H, J=
9.8), 3.22 (dd, 1H, J1 = 14.4, J2 = 9.8 Hz), 2.41 (s, 3H), 2.33–2.28 (m,
1H), 2.12–2.06 (m, 1H). 13C NMR (101 MHz, CDCl3): δ 153.75, 152.05,
147.22, 146.47, 145.02, 135.05, 131.38, 130.05, 129.94, 126.95,
125.21, 122.27, 121.74, 119.01, 117.41, 68.86, 47.98, 40.15, 31.86,
21.52. HRMS (ESI) m/z calcd for C23H20N5O3SClF3 [M+H]+ 538.0927;
found 538.0931.

6-Bromo-2-(2-(6-(trifluoromethyl)-9H-purin-9-yl)ethyl)-4-tosyl-3,4-
dihydro-2H-benzo[b][1,4]oxazine (3d). White solid; 78 % yield; mp:
188◦–190 ◦C.

1H NMR (400 MHz, CDCl3): δ 9.10 (s, 1H), 8.15 (s, 1H), 7.96 (d, 1H,
J = 2.3 Hz), 7.46 (d, 2H, J = 8.0 Hz), 7.19–7.16 (m, 2H), 6.65 (d, 1H,
J=8.7 Hz), 4.58–4.49 (m, 2H), 4.21 (dd, 1H, J1 = 14.3, J2 = 2.4 Hz),
3.52–3.43 (m, 1H), 3.22 (dd, 1H, J1 = 14.3, J2 = 9.5 Hz), 2.42 (s, 3H),
2.35–2.27 (m, 1H), 2.16–2.06 (m, 1H). 13C NMR (101 MHz, CDCl3): δ
153.76, 152.03, 147.28, 145.06, 144.97, 135.02, 132.31, 129.98,
129.09, 127.03, 126.45, 124.79, 119.18, 118.71, 113.39, 69.09, 47.91,
40.26, 31.86, 21.53. HRMS (ESI) m/z calcd for C23H19N5O3SCl BrF3
[M+Cl]- 616.0033; found 616.0056.

6-Methyl-4-tosyl-2-(2-(6-(trifluoromethyl)-9H-purin-9-yl)ethyl)-3,4-
dihydro-2H-benzo[b][1,4]oxazine (4d). White solid; 80 % yield; mp:
177◦–179 ◦C.

1H NMR (500 MHz, CDCl3): δ 8.42 (s, 1H), 7.63–7.62 (m, 2H), 7.46
(d, 2H, J=’ 7.4 Hz), 7.14 (d, 2H, J= 7.4 Hz), 6.89 (dd, 1H, J1 = 8.3, J2 =
2.0 Hz), 6.73 (d, 1H, J = 8.3 Hz), 4.41–4.28 (m, 2H), 4.19 (dd, 1H, J1 =
14.2, J2 = 2.4 Hz), 3.42–3.36 (m, 1H), 3.21–3.16 (m, 1H), 2.39 (s, 3H),
2.33 (s, 1H.), 2.27–2.19 (m, 1H), 2,03–1.94 (m, 1H). 13C NMR (126
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MHz, CDCl3): δ 153.70, 151.20, 147.54, 144.30, 144.27, 138.85,
135.47, 132.14,130.76, 129.80, 127.04, 126.91, 124.29, 123.25,
120.00, 116.99, 68.51, 48.49, 39.81, 32.15, 21.51, 20.89. HRMS (ESI)
m/z calcd for C24H22N5O3F3NaS [M+Na]+ 540.1293; found 540.1324.

4.2. Biology

4.2.1. Cell culture
HCT-116 colorectal carcinoma and MCF-7 breast cancer cell lines

were provided by the Cell Bank of the University of Granada. Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St.
Louis, MO, USA), supplemented with 10 % fetal bovine serum (FBS) and
1 % penicillin/streptomycin (P/S) (Sigma, St. Louis, MO, USA), under
air containing 5 % CO2 in an incubator at 37 ◦C. All the cell lines were
passaged for less than 6 months and routinely assayed for mycoplasma
contamination.

4.2.2. Drug treatment
Compounds 3a–l were dissolved in DMSO and stored at − 20 ◦C. For

each experiment, the stock solutions were further diluted in medium to
obtain the desired concentrations. The final solvent concentration in cell
culture was ≤0.1 % v/v of DMSO, a concentration without any effect on
cell replication. Parallel cultures of MCF-7 and HCT-116 cells in medium
with DMSO were used as controls.

4.2.3. In vitro cytotoxicity assays
The effect of the compounds 3a-l on cell viability was assessed using

the Thiazolyl Blue Tetrazolium Bromide (TBTB) (Sigma, St. Louis, MO,
USA) colorimetric assay (MTT). Cells (2500 cells/well) were seeded on
96-well plates, incubated for 24 h and then treated with different drug
concentrations. Three days later, the wells were treated by TBTB for 3 h,
followed by dimethyl sulfoxide (DMSO) dissolution (≥99.5 %) (Sigma-
Aldrich, Saint-Quentin Fallavier, France). Cells were processed using a
Titertek Multiscan apparatus (Flow, Irvine, CA, USA) at 570 nm. IC50
values were estimated using the 4-parameter logistic function included
in the “drc”50 package from R51 statistical software.

4.2.4. Kinase inhibition assays
The kinase inhibition profile of compounds 2b, 2c, 3b, 4b and 4c

was defined using a panel of 9 protein kinases (Table S1 Supplementary
data). Residual activity values were measured by testing each compound
at two concentrations (5 × 10-5 and 5 × 10-6 M) in singlicate for each
kinase assay. Detailed methods por kinome analyses are given in
Suplementary data.

4.2.5. Microscopy analysis.
HCT-116 and MCF-7 cell line were seeded in 24-well plates on tissue

culture coverslips (13 mm) and incubated for 24 h. The cells were then
treated for 12 h with the 2b and 4b compounds at a concentration of 50
μM. The cells were washed in ice-cold PBS, fixed and prepared for
scanning electron microscopy (SEM) according to standard protocol
(Hitachi S-800, Hitachi, Tokyo, Japan) as described in.52

4.2.6. Annexin V apoptosis assay
Cells were seeded in 6-well plates for 24 h and then treated for 12 h

with the 2b and 4b compounds at a concentration of 50 μM. Cells were
trypsinized and analyzed using an annexin V-fluorescein isothiocyanate
detection kit (eBioscience Inc., San Diego, CA, USA) according to the
manufacturer’s instructions. The samples were immediately processed
using a FACSAria III flow cytometer (Becton Dickinson, BD Biosciences)
from the Scientific Instrumental Center (University of Granada).

4.2.7. Cell cycle analysis
Cell cycle phases (G0/G1, S, or G2/M) were characterized according

to cellular DNA content. Fluorescence dye propidium iodide (PI)
(Sigma) binds with DNA strongly at a ratio of 1:1; hence, DNA contents

of the cell cycle phases had varied PI fluorescent intensities (PI) excited
by a 488 nm solid-state laser, the fluorescent emission being captured in
a detector with a band pass (BP) 585 ± 20 nm filter). Cell cultures
previously seeded and treated during 12 h with 50 μM of 2b and 4b
compounds were harvested, washed twice with phosphate-buffered sa-
line (PBS), and fixed in 70 % ice-cold ethanol at 4 ◦C during 30 min. Cell
pellets were washed twice with PBS and resuspended in a PI/RNase
Staining Buffer (BD Pharmingen, San Diego, CA, USA) according to
manufacturer’s instructions. The percentage of cells in G0/G1, S, and
G2/M phases was determined by FACS (fluorescence-activated cell
sorting) using a FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA).

4.2.8. Statistical analysis
Data presented in this work were performed in triplicate and

compared with Student’s t-tests. All data are expressed as the mean ±

SD. p-values < 0.05 (*), p-values < 0.01 (**), and p-values < 0.001
(***).

4.3. Docking studies

Docking analysis was carried out using Autodock 4.2.6 (AD4)53 on
the human epidermal growth factor receptor 2 (hHER2, pdb ID 3RCD,
subunit B) and the human mitogen-activated protein kinase 8 (hJNK1,
pdb ID 4AWI). Both enantiomers of the ligands structures were built on
Avogadro54 and optimized using Gaussian software (HF/6-31G(d,p)).55

Once optimized, ligands PDB files were prepared for docking using the
prepare_ligand4.py script included MGLTools 1.5.4.53 Protein structure,
were prepared for docking using the PDB2PQR tools56 Water and ligand
molecules were removed and charges and non-polar hydrogen atoms
were added at pH 7.0. The produced structures were saved as a pdb files
and prepared for docking with AD4 using the prepare_receptor4.py
script from MGLTools. The docking grid was centered on the orthosteric
site of hHER2 and hJNK1 and set with the following grid parameters: 75
Å × 80 Å × 70 Å with 0.375 Å spacing. In all calculations, AD4
parameter file was set to 100 GA runs, 2.500.000 energy evaluations and
a population size of 150. The Lamarckian genetic algorithm local search
(GALS) method was used for the docking calculations. All dockings were
performed with a population size of 250 and a Solis and Wets local
search of 300 rounds was applied with a probability of 0.06. A mutation
rate of 0.02 and a crossover rate of 0.8 were used. The docking results
from each of the 100 calculations were clustered based on root-mean
square deviation (RMSD) solutions differing by less than 2.0 Å be-
tween the Cartesian coordinates of the atoms and ranked based on free
energy of binding. The obtained conformations were individually
inspected and figures were created with UCSF Chimera 1.15.57
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