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Abstract: The synthesis of a series of new N-benzylidene derivatives of 3-amino-4-imino-3,5-dihy-
dro-4H-chromeno|[2,3-d]pyrimidine 10(a-1) bearing two points of molecular diversity is reported.
These new compounds were synthesized in five steps including two steps under microwave dielec-
tric heating. They were fully characterized using 'H and *C NMR, FTIR and HRMS. The in silico
physicochemical properties of compounds 10(a-1) were determined according to Lipinski’s rules of
five (RO5) associated with the prediction of their bioavailability. These new compounds 10(a-1) were
tested for their antiproliferative activities in fibroblasts and eight representative human tumoral cell
lines (Huh?7 D12, Caco2, MDA-MB231, MDA-MB468, HCT116, PC3, MCF7 and PANC1). Among
them, the compounds 10h and 10i showed sub-micromolar cytotoxic activity on tumor cell lines
(0.23 < ICs0 < 0.3 uM) and no toxicity on fibroblasts (ICso > 25 uM). A dose-dependent inhibition of
Store-Operated Ca*? Entry (SOCE) was observed in the HEK293 cell line with 10h. In vitro embryo-
toxicity and angiogenesis on the mCherry transgenic zebrafish line showed that 10h presented no
toxic effect and no angiogenic effect on embryos with a dose of 5 uM at 72 hpf.

Keywords: 2-amino-4H-chromene; 4H-chromeno|[2,3-d]pyrimidine; microwave irradiation; tumoral
cell line; cytotoxicity; Lipinski’s rules of five; in silico ADME predictions; embryo toxicity; zebrafish
Danio rerio
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1. Introduction

Over the two last decades, the 2-amino-4H-chromene and their 4H-chromeno[2,3-
d]pyrimidine derivatives have been identified as promising small molecule targets in me-
dicinal chemistry due to the fact that these compounds exhibited a wide range of biologi-
cal activities (Figure 1). In the series of 2-amino-4H-chromene compounds, Crolibulin™
(EPC2407) or (4R) 2,7,8-triamino-4-(3-bromo-4,5-dimethoxyphenyl)-4H-chromene-3-car-
bonitrile A were evaluated in 2016 in phase I/II clinical trials for the treatment of aggres-
sive solid tumors [1]. During the randomized phase II clinical trial, the Crolibulin™ drug
candidate was combined with cisplatin and compared to cisplatin alone on a panel of 40
enrolled patients with a focus on anaplastic thyroid cancer (NTC 01240590) [2]. The ethyl
2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate =~ named
HAI14-1 B [3-5] as another small molecule, was identified as a potential non-peptidic Bcl-
2 inhibitor by using an in silico drug design strategy based on the predictive structure of
Bcl-2 protein. MX 58151 C or 2-amino-4-(3-bromo-4,5-dimethoxyphenyl)-4H-chromene-3-
carbonitrile, a similar compound to HA 14-1 B, appeared as tubulin inhibitor [6] with a
Glso of 37 nM in T47D breast cancer cells [7]. For SV30 E or ethyl (2-amino-6-bromo-4-
diethylaminomalonate)-4H-chromene-3-carboxylate, it was combined with lipid nano-
capsules (LNCs) on F98 tumoral cells to improve its biological activities [8]. For naph-
thapyran LY290181 E, or (2-amino-4-pyridyl)-4H-naphtho[1,2-b]pyran-3-carbonitrile, this
one appeared in 1997 as a potent antiproliferative compound blocking cells in the G2/M
phase of the cell cycle associated to action on microtubules [9,10].

Now for the chromeno[2,3-d]pyrimidine derivatives (Figure 1), the 3-(benzyli-
denamino)-5-(4-bromophenyl)-4-imino-4,5-dihydro-3H-chromeno|2,3-d]pyrimidine-8-ol
F presented cytotoxic effects on MCF7, HCT-116, HepG-2 and A549 cancer cells [11]. It is
interesting to note that the 5-(4-chlorophenyl)-N? Ns-diethyl-4-amino-4H-chromeno|[2,3-
d]pyrimidine-3,8(5H)-diamine G was also identified as an antitumoral compound on
MCEF7 (human breast tumor cells) and HCT-116 (human lung tumor cells) [12] associated
with urease inhibition activity [13]. The introduction of a 1,2,4-triazolo moiety on the
chromeno|2,3-d]pyrimidine skeleton of compound H does not affect the cytotoxic effect
on MCF7 tumor cell lines [14] in comparison to compound G. A novel series of dialkyl (4-
amino-5H-chromeno|[2,3-d]pyrimidin-5-yl)phosphonates were synthesized by Reddy’s
team that inhibits the growth of A549, DN-145, PC3, HeLa and MCF7 tumor cell lines
through in vitro MTT assays, and among them, the dimethyl (4-amino-5H-chromeno|2,3-
d]pyrimidin-5-yl)phosphonate I was identified as a promising antitumor agent [15].
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Figure 1. Bioactive compounds bearing a 2-amino-4H-chromene-3-carbonitrile or 2-amino-4H-
chromene-3-carboxylate moieties and bioactive 4H-chromeno[2,3-d]pyrimidines.

In this context and due to the synthetic potential around the 2-amino-4H-chromene
platform and their chromenol[2,3-d]pyrimidine derivatives, the herein study was designed
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in order to identify novel potential anticancer compounds. In continuation of previous
work [16], it seemed interesting to synthesize some new N-benzylidene derivatives of 3-
amino-4-imino-3,5-dihydro-4H-chromene[2,3-d]pyrimidines and to appraise their cyto-
toxic activities on a panel of tumoral cell lines. To better understand the pharmacological
interest of these novel compounds, ADME predictions will be investigated. To complete
the biological profile of the most active compounds on tumor cells, their effects will be
evaluated on store-operated-calcium entry (SOCE) as this calcium entry is implicated in
several human cancers [17]. Owing to the fact that the zebrafish Danio rerio embryo model
is accepted as a validated alternative assay to assess the acute toxicity of a molecule on
this fish (OECD, N° 236) [18], the embryo toxicity evaluation will be examined with the
selected relevant antitumor compounds and also associated with their possible effect on
angiogenesis in the zebrafish embryo.

2. Results and Discussion
2.1. Synthesis Chemistry

In view of the relevance of N-arylidene derivatives of 3-amino-4-imino-3,5-dihydro-
4H-chromene[2,3-d|pyrimidine as potential antitumor agents, the retrosynthesis analysis
(Figure 2) showed that the desired starting compounds included three major building-
blocks. The first is the 2-amino-4H-chromene-3-carbonitrile platform, and the second is
hydrazine, which provides the link between the platform and the N-arylidene moiety after
condensation with an aromatic aldehyde. In this type of structure, the molecular diversity
should come from the starting 2-amino-4H-chromene platform and aromatic aldehydes.

2-amino-4H-chromene-  link between
3-carbonitrile platform platform and
B ;””””””””: Armoiety

LIRS VS (D (e e
R ! + -
E> AR o \\\‘?\’l 04, _

"NH,

. ! |

| L
S 0 G G M

15 point of molecular diversity with polar atoms OH
and lipophilic aromatic group

3-(N-phenylmethyliden)amino-
3,5-dihydro-4H-chromeno[2,3-d]
pyrimidine

Figure 2. Retrosynthetic strategy towards 3-(N-phenylmethyliden)amino-4-imino-3,5-dihydro-4H-
chromeno|2,3-d]pyrimidine and building blocks for the introduction of molecular diversity.

For the construction of desired 3-(N-phenylmethyliden)amino-4-imino-3,5-dihydro-
4H-chromeno|2,3-d]pyrimidine, the synthetic route of targeted compound 10 is depicted
in Scheme 1. Concerning the 2-amino-4H-chromene-3-carbonitrile 4 as a key intermediate
in this synthetic strategy, the preparation involved a two-step approach initially devel-
oped in our laboratory [19] and well mastered practically in scale-up. In the first step for
the synthesis of 2-imino coumarins 3(a-d), the first point of molecular diversity was intro-
duced by using four various aromatic aldehydes 1(a-d), which are, respectively, 1a, 4-(di-
ethylamino)salicylaldehyde; 1b, salicylaldehyde; 1c, 2-hydroxy-3-methoxybenzaldehyde
or ortho vanillin; and 1d, 2-hydroxynaphthaldehyde. Access to 2-imino coumarins 3 is
very simple: reaction of commercial aldehyde 1(a-d) with propanedinitrile 2, in ethanolic
solution at room temperature, in the presence of piperidine 0.5% mol. produced the de-
sired compounds 3 after work-up in good yields. In the second step, the preparation of
the 2-amino-3H-chromene-3-carbonitriles 4 resulted from the reduction of 2-imino cou-
marins 3 with sodium borohydride at 0 °C in a cooled solution of MeOH during 45 min.
Due to the low solubility of these compounds 4 in MeOH, they were recovered using sim-
ple filtration on sintered glass (porosity N° 4).
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Scheme 1. Synthetic route used for the preparation N-benzylidene derivatives of 3-amino-4-imino-
3,5-dihydro-4H-chromenol[2,3-d]pyrimidine 10(a-1). Reagents and reaction conditions: (i) piperidine
0.5% mol., EtOH, 25 °C, 9 h. (ii) NaBHa 0.5 equiv., MeOH, 0°C, 45 min. (iii) HC(OEt)s 6 equiv., AcOH
0.5% mol., MWI in Monowave® 300 Anton-Paar apparatus (800 Watt) 110 °C, 60 min. (iv) NH2NHo>,
H20 1.6 equiv.; EtOH, 25 °C, 2 h. (v) 9 1.2 equiv., piperidine 0.5% mol., MWI in Monowave® 300
Anton-Paar apparatus (800 Watt) 160 °C, 60 min.

With the underlying idea to introduce the pyrimidine fragment on 4H-chromene
skeleton, it is necessary to add an electrophilic carbon to the 2-amino function of 4H-
chromene-3-carbonitrile 4 for hetero cyclization. For this, the transformation of the 2-
amino function of 4 into imidate 6 works well by the addition of 6 equivalents of ethyl
orthoformate 5 at 110 °C under microwave dielectric heating [20] for 60 min catalyzed
with glacial acetic acid 0.5% mol., which afforded the desired functionalized imidate 6
(Table 1) in moderate (6¢: 52%) to good yields (6d: 90%). The interest of this method is that
compound 6 is not soluble in the reaction mixture, which facilitates recovery using simple
filtration. For the aza-annulation of imidate 6 into 4-imino-4,5-dihydro-3H-chromeno|[2,3-
d]pyrimidine 8, we applied a method described in the literature [21] employing the hy-
drazine reagent 7. Applying this approach with slight experimental modifications, we
treated imidate 6 with 1.6 equivalents of aqueous solution of hydrazine (35% w/v) at room
temperature in EtOH for 2 h. As the reaction progressed, we noticed the low solubility of
3-amino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine 8 in the reaction media
which, again, facilitates their recovery by simple filtration. These compounds 8(a-d) were
prepared in yields ranging from 50 to 90%. If necessary, these intermediates 8 can be easily
purified by recrystallization from EtOH. For the fifth and last step, the introduction of the
second point of molecular diversity was realized by the condensation of 3-amino com-
pound 8 with aromatic aldehydes 9 or 1. After a set of experiments, optimal reaction con-
ditions for access of the desired 3-(N-phenylmethyliden)amino-4-imino-3,5-dihydro-4H-
chromeno|2,3-d]pyrimidine 10(a-i) and 10-(N-phenylmethyliden)amino-11-imino-11H-
naphto[1,2":5,6]pyrano[2,3-d]pyrimidine 10(j-1) were obtained from a mixture of aromatic
aldehyde 9 and compound 8 in absolute EtOH using a reaction temperature of 160 °C for
60 min under microwave irradiation in the presence of piperidine 0.5% mol. After cooling
down, filtration of the crude reaction mixture afforded compound 10, which was purified
using recrystallization from EtOH (10: 26-90% yield). The structure assignment of com-
pound 10 was evidenced by FTIR (C=N stretch, 1615 < v <1645 cm), by "H NMR for N-
N=CH signal (8.24 <v < 8.59 ppm) which is in agreement with an E-configuration [22]. In
mass spectrometry analysis (HRMS), the [M+H]* molecular ion signals for all compounds
10(a-1) were readily obtained as base signals.
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Table 1. Results for the preparation of ethyl N-(3-cyano-4H-chromen-2-yl)formimidate 6(a-d), 3-
amino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine  8(a-d) and 3-(N-phenylmethyli-
den)amino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine 10(a-i) and 10-(N-phenylmethyli-
den)amino-11-imino-11H-naphto[1',2":5,6]pyrano|[2,3-d]pyrimidine 10(-1).

Compound Yield (%) = Compound Yield (%) 2
NH
6a N 0~ >NZ OEt 60 10c¢ o~ ‘ P 60
) )N O” 'N
|
CN NH AN
6b ©f<)\/|[N4\0Ex 69 1od ©\/\/(LN'NV©/ 43
0" N7
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6¢ mwoa 52 10e A 26
0 o N7 OH
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6d % e 90 10f @O%NN\V@ 30
0”7 N7 OEt (o} N/)
|
NH N
I NH, I‘\IH ~
8a . m 50 10g | /)N'”VO 60
) 0" °'N
_0
I‘\IH 'I\lH NV@
8b @(fw'““z 69 10h (YL 90
0 N 0 N
_0
"\IHN,NH2 I va©
8¢ L) 76 10i B 51
o” N 0" °N
0 _O
|
NH NH AN
8d OO B b 90 0 O WO 80
o N O o |N/)
!
N
NH > NH
|
10a mﬂv@ 50 10k % ’ N’NVQ 80
AN o N N OH
J
10b

NH
‘ ‘NV© O "\‘H \/@
N° N
A)NO\/O\/@ b, 65 101 N 55

2 Yield of isolated product.

2.2. Physicochemical Properties of Compounds 10(a-1)

Lipinski’s benchmark rule of five (RO5) defines desirable drug candidate physico-
chemical properties, such as the molecular weight MW <500 Da, the octanol/water parti-
tion coefficient log Pow < 5, the number of hydrogen bond donor HBD < 5, the number of
hydrogen bond acceptor HBA < 10, the rotatable bonds RB < 10 [23] and completed now
with the topological polar surface area tPSA < 140 A2[24]. The conventional RO5 has
gained popularity as a “good rule of thumb” but is not specific for all drugs, especially for
central nervous system (CNS) drugs [25]. In the actual context, the physicochemical prop-
erties of compounds 10(a-1) are easily accessed on the SwissADME [26] web server [27],
and the results are summarized in Table 2.
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Table 2. Results of physicochemical properties for 3-(N-phenylmethyliden)amino-4-imino-3,5-dihy-
dro-4H-chromenol[2,3-d]pyrimidine 10(a-i) and 10-(N-phenylmethyliden)amino-11-imino-11H-
naphto[1',2":5,6]pyrano[2,3-d]pyrimidine 10(j-1) issued from SwissADME server (http://www.swis-
sadme.ch/) [27].

MW o Fract.
Prod. LogP L PSA (AJ) HBA HBD RB LV
rod Structure (¢/mol) og ogS tPSA (A?Y) Csp?
|
102 mﬁ 41652 407 493  69.74 4 1 6 029 0
)l 0" °N
10b AJ@O@ T 38945 328  -455 8673 5 2 5 023 0
J
10c I i 37345 376 470 6650 4 1 5 0.23 0
J
|
10d MJ@ X 34540 329 422 6650 4 1 3 0.15 0
10e S0 31833 266 386 8349 5 2 2 006 0
Lo IO
10f @Cﬁ N 320.33 298 401 6326 4 1 2 0.06 0
|
10g 1 )ﬁ 37246 397 506 4265 3 0 4 022 0
10h (3 T 34836 286 393 9272 6 2 3 0.11 0
10i D : 33236 317 407 7249 5 1 3 0.11 0
10j % l‘N”N»N\v@ | 39546 366 535 6650 4 1 3 012 0
10k % She 38945 328 455 8673 5 2 5 0.23 0
101 352.39 332 514 6326 4 1 2 0.05 0

MW, molecular weight; Log P, water/octanol partition coefficient; Log S, water solubility; tPSA,
topological polar surface area; HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; RB,
rotatable bonds; LV, number of Lipinski’s rule of 5 violations.

For compound 10, the log Pow values are acceptable (2.86 <log Poiw<4.07). The highest
value (4.07) corresponds to compound 10a and the lowest values (2.66 and 2.86) corre-
spond to compounds 10c¢ and 10h bearing, not surprisingly, an ionizable phenolic func-
tion. For predicting drug solubility, the tPSA (topological polar surface area) is another
interesting and effective descriptor for the transport properties of a molecule. The tPSA
parameter describes the sum of the surface of its polar atoms (N, O) and the hydrogen
atoms attached to them and, it is an interacting indicator of gastrointestinal absorption
[28]. For compounds 10(a-1), all of them have tPSA < 140 A2 (63.26 < tPSA10@an < 92.72 A?)
and evidenced an acceptable permeability. To complete this, the calculated values of aque-
ous solubility (log S) showed that most of compound 10 is moderately soluble in water
(-5.5 < log Swan < -3.9). If we take into account the other parameters, such as hydrogen
bond acceptor HBA (HBA1w1<5), hydrogen bond donor HBD (HBD1owb < 2), and rotata-
ble bonds RB (2 < RBu@ < 6), we note that all of compound 10 is in agreement with
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Lipinski’s rule of five (RO5) (LV1own = 0) [23]. This means that these compounds should
have potential efficient absorption and good oral bioavailability.

2.3. Cytotoxicity Assays of Compounds 10(a-1)

The potential antiproliferative activity of these novel 3-(N-phenylmethyliden)amino-
4-imino-3,5-dihydro-4H-chromeno|[2,3-d]pyrimidine 10(a-i) and 10-(N-phenylmethyli-
den)amino-11-imino-11H-naphto[1’,2":5,6]pyrano[2,3-d]pyrimidine 10(j-1) was evaluated
in a panel of eight tumoral cell lines and in diploid skin fibroblasts used as normal cell
lines for control. For these antitumor assays, chosen cell lines represent diverse types of
human cancer, which are, respectively, human hepatocellular carcinoma (Huh7 D12), hu-
man colon adenocarcinoma (Caco2), human breast adenocarcinoma (MDA-MB231),
MDA-MBA468 for human breast carcinoma which correspond to the Triple Negative Breast
Cancer (TNBC), human colon carcinoma (HCT116), PC3 as cell line initiated from bone
metastasis of grade IV prostatic adenocarcinoma from a 62-year-old white man, MCF7 as
breast cancer line isolated from a 69-year-old white woman and PANC1, as human pan-
creatic cancer cell line. The potential antiproliferative activity was preliminarily evaluated
in vitro at a 25 uM single dose. The roscovitin and doxorubicin compounds were used in
all experiments as reference standards because they are wide-spectrum anticancer agents.

For the compounds exhibiting strong growth inhibitory activity against a tumoral
cell line (with a percentage of survival is <50%), they were used for a more detailed study
to obtain full dose-response and survival curves using different concentrations (0.1-25
M) for the determination of ICso, which represented the concentration of the compound
that kills 50% of the tumoral cells after 48 h incubation. The ICso was calculated from the
full dose-response curve and used as a parameter for the antiproliferative activity of the
new compounds. The results of these cytotoxicity assays for compounds 10(a-i) and com-
pounds 10(j-1) are reported in Table 3.

ICs0 (uM)
nH NM@ Huh7-D12 Caco2 MDA MB-231 MDA MB-468 nH NQ
| /)N Sy o= 03 03 0.24 | /)N S MDA MB-468 |Cso 0.3 uM
0 N HCT116 PC3  MCF7 Fibroblaste 0 >N MCF7 [Csp 0.45 uM
-0 10h 0.24 024 027 >25 -0 10i Fibroblate  ICs>25 uM

Figure 3. 3-(N-phenylmethylidene)amino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine 10
which are bioactive on tumoral cell lines.

The analysis of the results in Table 3 for in vitro antiproliferative activity assays high-
lights three categories of compounds. The first category concerns inactive products with
ICs0> 25 uM on tumor cancer cell lines and on fibroblasts. This concerns compounds 10(a-
c), 10f and 101. The second category is for compound 10 presenting moderate activity on
tumor cell lines (1 <ICso <25 uM) but is cytotoxic on fibroblasts (healthy skin cell); this is
the case for compounds 10(d, e), 10g and 10(j, k). The last and the most interesting cate-
gory concerns compounds with sub-micromolar cytotoxic activity on tumor cell lines (ICso
<1 uM) but without an effect on fibroblasts. For this most interesting category, com-
pounds 10h and 10i (Figure 3) are in agreement with our selection criteria, i.e., a molecule
active on tumor cells (ICs < 1 uM) and inactive on non-cancer cells (fibroblasts, ICso > 25

uM).
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Table 3. Results for antiproliferative activity of 3-(N-phenylmethyliden)amino-4-imino-3,5-dihydro-
4H-chromeno|2,3-d]pyrimidine ~ 10(a-i) and  10-(N-phenylmethyliden)amino-11-imino-11H-
naphto[1',2":5,6]pyrano[2,3-d]pyrimidine 10(j-1) on eight representative tumoral cell lines and fibro-
blasts.

ICs0 (uM) of Selected Compounds 2 and Their Selectivity Index (SI) ®

Compounds 10(a-1) Huh?7 MDA MDA Fibro-
2 HCT116 P F7 PANCI1
D12 %7 M3 MBags o) 116 PC3 O MC NCL plasts
N
103 /@f\f T 25 25 05 >25 >25 >25 >25 >25 \,
8 o 1) @ @ @ @ 1) @) 1)
Lo /@O@Q 25 35 35 25 05 05 255
DA > 1) @ @ @ @ 1 @) 1)
0. m@ 525 25 25 25 25 25 325 25
DA 1) @ @ @ @ 1) 1 1)
|
" i 11 10 11 11 11 11 11 17
1 2 D
0d @ff) ) 127) (14 (127  (127) (127) (127) (127)  (0.82) 14
Loe o O 17 20 15 25 0.3 0.15 17 22 L6
LA 094) (0.8) (1.07)  (0.64)  (533) (10.67) (0.94)  (0.73) '
10f @ff O >25  >25 >25 >25 10 >25 >25 >25 o5
o | 1) 1) @ @ (2.5) 1 @ 1)
o O 6 10 25 18 24 16 10 NT .
8 oA (1.83) (L1) (044)  (0.61)  (0.46)  (0.69)  (L.1)
10k L L2 023 03 03 024 024 024 027 .
Fow O (1087) (833)  (83.3)  (1042) (1042) (1042)  (92.6)
e 049 08 0.6 0.3 062 077 045
10i (
o o (51.0) (13) (@417  (833) (403) (25 (56 T 72
|
" s 6 10 >25 18 24 16 10
105 LM
T oo (1.83) (11)  (044)  (0.61)  (0.46)  (0.69)  (L.1) NT 1
p 15 12 1.1 1.8 0.6 0.4 1.2 1.6
0k Gl .
0 L 4 1) (125 (134 (08) (25 (375 (125 (094 7
101 O >25  >25 >25 >25 >25 >25 >25 NT 25
LX) 1) @ @ @ @ 1 @)
DMSO >5 305 D5 >05 >25 >25 >25 NT >25
12 13 14 14 9 9 9
roscord
oscovigr (108) (1)  (093)  (0.93)  (l44) (1.44) (144 T 13
006 003 002 003 007 007  0.09 NT 001

Doxorubicin ¢

0.16) (0.33) (0.50)  (0.33)  (0.14)  (0.14)  (0.11)

Huh7 D12: Human hepatocellular carcinoma; Caco2: Caucasian colon adenocarcinoma cell; MDA-
MB231: Human breast adenocarcinoma; MDA-MB468: Breast adenocarcinoma; human (Homo sapi-
ens) cell lines, which correspond to the Triple Negative Breast Cancer (TNBC); HCT116: human
colon carcinoma; PC3: cell line initiated from bone metastasis of a grade IV prostatic adenocarci-
noma from a 62-year-old, white, male. MCF?7: breast cancer cell line isolated in 1970 from a 69-year-
old white woman. PANC1: human pancreatic cancer cell line. 2 ICso values are expressed in uM and
are the average of three assays, standard error + 0.5 pM. ? Selectivity Index in brackets, calculated
according to SI = ICso fibroblasts/ ICs0 on the corresponding tumoral cell line. ¢ Used as positive
control. NT: Not tested.
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2.4. In Silico ADME Properties of Compounds 10h and 10i

To complete the physicochemical properties of compound 10 according to the
Lipinski rule of five (RO5), we decided to predict for our compounds their gastrointestinal
absorption (HIA-human gastrointestinal absorption) and BBB (Blood-Brain Barrier) pen-
etration by using the W-Log P-versus-tPSA referential named “BOILED-Egg” model (Fig-
ure 4A) obtained from the SwissADME server [26]. The “BOILED-Egg” model provides a
quick, simple, easily repeatable, but statically unparalleled robust strategy for forecasting
the passive gastrointestinal absorption and brain access of tiny compounds relevant for
drug discovery and development. In this model, the “white region” is for the high proba-
bility of passive absorption by the gastrointestinal tract, and the “yellow region” (yolk) is
for the high probability of brain penetration. Yolk and white areas are not mutually exclu-
sive. The “gray region” concerns compounds that are predicted not to be absorbed in the
gastrointestinal tract and not BBB permeant. The molecules are represented inside as ei-
ther blue, which are substrates of P-glycoprotein, or red, which are not. In the BOILED-
Egg model, we can see that compound 10h is located in the white region of high probabil-
ity for passive gastrointestinal absorption and is not effluxed by P-glycoprotein (red cir-
cle). On the contrary, compound 10i is in the yellow area which means a high probability
of passive BBB penetration and is also not effluxed by P-glycoprotein. This in silico result
of the difference of BBB penetration between 10h (log Pion 2.86) and 10i (log P1oi 3.17) is not
surprising because 10i does not have a phenolic function (polar and ionizable group) [29].
For the other compounds bearing a hydroxyl group in this series, which concerns 10b, 10e
and 10k, the results are reported in Figure S1 of the Supplementary Information.

Drug-likeness model score: -0.45

egends Bl _en, C1 \ — e
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Figure 4. (A) BOILED-Egg model for compounds 10h (molecule 1) and 10i (molecule 2) to predict
gastrointestinal absorption and BBB penetration (HIA-human gastrointestinal absorption; PGP+ in
blue color means substrate of P-glycoprotein; PGP- in red color means non-substrate of P-glycopro-
tein); (B1,B2) bioavailability radar related to the physicochemical properties of compounds 10(h,i)
issued from SwissADME server; (C1,C2) drug-likeness model score for compounds 10(h,i) issued
from “molsoft molecules in silico” server.

For the bio-availability radar of compounds 10(h, i) in Figure 4B, which is the corre-
lation of the six factors, LIPO (Lipophilicity): 0.7 < Log P < +5.0; SIZE: 150 g/mol < MW <
500 g/mol; POLAR (Polarity): 20 A2< tPSA < 130 A2 INSOLU (Insolubility): -6 < Log S <0;
INSATU (Unsaturation): 0.25 < Fraction Csp? < 1; FLEX (Flexibility): 0 < Number rotatable
bonds <9, we can see that molecules 10(h, i) violated just one criterion, i.e., unsaturation
because both have fraction Csp? parameter < 0.25 (Table 2). The pink-colored zone is the
suitable physicochemical space for oral bioavailability and results for the other com-
pounds 10(a-1) are summarized in Table S1 of the Supplementary Information. For in silico
prediction of drug-likeness model (Figure 4C), compound 10h presents, respectively, a
score of —0.45 for 10h and —0.55 for 10i [30]. In the analysis of all these in silico predictions
and from a point of view of pharmacology, the most interesting compound 10 is molecule
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10h because this one does not present a passive BBB penetration, this is the case of 10i,
which is not effluxed by P-glycoprotein.

2.5. Store-Operated Calcium Entry (SOCE) Assays for Compound 10h

Store-operated Ca*2 entry (SOCE) is a major pathway of Ca*2 entry in mammalian
cells, which regulates a large variety of cellular functions including proliferation, apopto-
sis, motility and death. The SOCE is a ubiquitous receptor-activated Ca*2 entry route
across the plasma membrane that is critical to many cellular functions in mammalian cells
[31]. Aberrant SOCE is directly related to carcinogenesis, cancer cell proliferation, chemo-
resistance, angiogenesis and metastasis [32,33]. SOCE is supported mainly by the plasma
membrane (PM) calcium selective channels of the Orai family and regulated by the Ca*
sensing stromal interaction molecules (STIM1 and STIM2) located in the membrane of the
endoplasmic reticulum (ER).
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Figure 5. Effects of selected molecule 10h on ER Ca? release and store-operated calcium entry
(SOCE) measured in HEK293 cells. (A) Time-lapse recording of cytosolic calcium concentration var-
iation (evaluated by changes in normalized fluorescence F340/F380 ratio). Inhibition of 3-(N-2-hy-
droxyphenylmethylidene)amino-4-imino-3,5-dihydro-4H-chromeno|[2,3-d]pyrimidine 10h on ER
Ca* release (B) and store-operated Ca*? entry (SOCE) (C). Tested compound 10h at a concentration
ranging from 1.25 to 50 pM was added 5 min before recording intracellular Ca*? level variation.
Endoplasmic (ER) Ca*? content is totally depleted in Ca*? free buffer by injection of 2 uM Thapsigar-
gin (TG) and SOCE is next measured by the addition of 1.8 mM Ca* in the extracellular medium.
The magnitude of SOCE was estimated as the maximal values of the normalized F340/380 ratio fol-
lowing Ca*? re-addition. Effects on cytosolic calcium variations of the same compound 10h were also
evaluated on a B cell line (PLP cell line) without detecting any inhibitory effects on SOCE and Ca?*
release .

Today, it is well established that the depletion of ER Ca*? induces STIM1 conforma-
tional changes and its translocation to ER-plasma membrane junctions where they activate
Orai channels supporting SOCE [34,35]. In many cancers, such as breast, liver, lung, gas-
tric and colon, accumulating evidence exhibits augmented SOCE and modification of
STIM1 and Orai protein expression. SOCE inhibition decreases the proliferation and me-
tastasis of cancer cells, suggesting that SOCE may act as an oncogenic pathway [36]. Also,
the need and the challenge of discovering small molecules modulating SOCE [37] will be
very important in cancer with the underlying idea to shoot out the uncontrolled problem
of metastasis [38].
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Regarding the fact that compound 10h or (3E) 3-N-(2-hydroxyphenylmethyli-
dene)amino-4-imino-9-methoxy-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine presents no-
ticeable sub-micromolar cytotoxic activity on several tumor cell lines (10h: 0.23 <ICs0 < 0.3
uM on Huh7 D12, Caco2, MDA MB-231, MDA MB-468, HCT116, PC3 and MCF7) without
toxicity on fibroblasts (ICso > 25 M), we evaluated initially its inhibitory effect on SOCE
in HEK293 cell lines (Human Embryonic Kidney). Thapsigargin (TG), an inhibitor of en-
doplasmic reticulum Ca*2-ATPase, is used to deplete intracellular calcium stores in a Ca*-
free solution and therefore activate SOCE. After the addition of 2 uM TG in a Ca*-free
solution, HEK293 cells exhibited a rapid rise of intracellular Ca?* concentration ([Ca2];)
(Figure 5A) corresponding to ER Ca? stores depletion. Subsequent reintroduction of 1.8
mM CaCl: to the extracellular solution resulted in a sustained increase in [Ca2*]i from base-
line, which is consistent with a characteristic SOCE-mediated Ca*2 influx from the extra-
cellular solution. Pre-treatment with compound 10h at a concentration ranging from 1.25
to 50 uM (addition after 5 min before recording iCa*2 level variation) partially inhibits
SOCE in HEK293 cells in a dose-dependent manner (10-50 uM) (Figure 5B for % release
and Figure 5C for % SOCE). The evaluation of the same compound 10h on a B cell line
(PLP cell line) with the same protocol, presented no inhibitory effects on SOCE and Ca*
release. In the context of a preliminary exploration of the functional effects of our mole-
cules of interest and in the absence of a significant inhibition at a low concentration of
compound 10h on the reference cell line we used (HEK293) no further exploration of the
modulatory effect of this compound on cancer cell lines was initiated.

2.6. In Vitro Embryotoxicity and Angiogenesis of Compound 10h on Zebrafish Danio Rerio

Zebrafish embryos are increasingly used as in vivo models for drug screening, drug
toxicity and safety assessments due to their original advantages. Zebrafish have
orthologues for 70% of human proteins and comparable vertebrate anatomy, as well as
paralogues of 84% of all known disease-related genes [39]. The optical transparency of the
zebrafish embryos makes it easy to visualize directly the changes in the developing vas-
cular system [38]. Since 2013, the zebrafish embryo has been accepted as a validated model
for alternative assay to assess fish acute toxicity (OECD, N° 263) [18]. Another interest in
the zebrafish embryo model relies on the fact that the effects are evaluated on the entire
vertebrate organism during the period of organogenesis. To evaluate in vivo embryotoxi-
city of compound 10h on zebrafish, we used the Tg(kdrl:Has.HRAS-mcherry)s% zebrafish
transgenic model and, sorafenib and erlotinib as reference drugs for comparison. Soraf-
enib is a multi-kinase inhibitor that reduces and decreases tumor angiogenesis and tumor
cell proliferation in vivo inhibiting tumor growth of a broad spectrum of human tumor
xenographs in athymic mice. Erlotinib is an anticancer drug and a potent inhibitor of in-
tracellular EGRF phosphorylation.

The embryos were exposed to the test compounds (10h, sorafenib and erlotinb) ac-
cording to standard protocols described in the literature [18,40]. Fertilized eggs at 2448 h
post-fertilization (hpf) were selected and transferred to a 96-well plate (1 embryo/well).
Concentrations used range from 0.021 to 5 uM and for compound 10h and sorafenib and
0.01 to 3 uM for erlotinib). Drugs were added to the respective well and the plate was then
incubated at 28.5 °C. DMSO (0.6%) was used as vehicle control for the test compounds.
The exposure duration continued up to 72 hpf because it is the endpoint of embryonic
development [41]. The dead embryos were eliminated, and the fertilized eggs were im-
aged at 0, 24, 48 and 72 hpf. The morphological deformities of zebrafish embryos were
examined using an inverted Zeiss microscope, equipped with a monochromatic sCMOS
camera (HAMAMATSU ORCA FLASH 4 LT) and a Colibri illumination system, con-
trolled by Zen software 3.7 (Zeiss, Jena, Germany).

Representative images of the embryos (magnification: 2.5x) after exposure to com-
pound 10h and sorafenib are presented in Figure 6, and in Figure 52 of Supplementary
Information for erlotinib. For low doses of sorafenib, the normal development of the em-
bryos is observed at 24 hpf whereas the morphological development is delayed at 48 hpf



Pharmaceuticals 2024, 17, x FOR PEER REVIEW 12 of 25

with an apparent toxicity at the 5 uM dose. Finally, the toxicity (4/5 of the embryos) is
apparent at 72 hpf in embryos treated with 1.67 uM with an absence of angiogenesis of
the vessels. Erlotinib treatment for 48 and 72 hpf, a complete hatching of the embryos is
observed with a delay in vessel angiogenesis at the 0.38 uM dose (no toxicity at 1 uM dose
for 72 hpf in agreement with a complete hatching of the embryos). Finally, 48 and 72 hpf
treatment with our compound 10h, induces no toxic effect and results in complete hatch-
ing of the embryos without delay in vessel angiogenesis up to 5 uM.
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Figure 6. Images @ of toxicity assays with (3E) 3-N-(2-hydroxyphenylmethylidene)amino-4-imino-9-
methoxy-3,5-dihydro-4H-chromeno(2,3-d]pyrimidine 10h, with sorafenib and erlotinib * for com-
parison, on zebrafish Danio rerio eleutheroembryos (according to Fish Embryo Acute Toxicity (FET)
Test, OCDE (2013) [18]).

Another interest of zebrafish Danio rerio is the possibility to deeply evaluate the ef-
fects of angiogenic compounds. In our model, the formation of most vessels is complete,
the circulation is present, and the heart is beating after 28 hpf of development. Angiogen-
esis begins in the somites and in the anterior portion of the embryos. Many zebrafish blood
vessels form by angiogenic sprouting and appear to require the same proteins required
for blood vessel growth in mammals. By using the mCherry line transgenic zebrafish, it is
possible to analyze the direct effect of a compound on the angiogenesis of dorsal vessels.
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Zebrafish embryos can survive up to a week without an intact circulatory system because
defective vessel formation has no immediate lethal effect [42].
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Figure 7. Images  of dorsal vessels of zebrafish Danio rerio at 72 hpf for angiogenesis evaluation of
(38E) 3-N-(2-hydroxyphenylmethylidene)amino-4-imino-9-methoxy-3,5-dihydro-4H-chromenol[2,3-
d]pyrimidine 10h, sorafenib and erlotinib for comparison.
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Images of dorsal vessels of mCherry Tg zebrafish exposed to compound 10h, soraf-
enib and erlotinib for 72 hpf are presented in Figure 7 (Zeiss microscope; magnification:
10x). Sorafenib at 1.67 uM induces an inhibition of the dorsal vessel vascularization con-
firming that this drug has an angiogenic effect. With erlotinib, the angiogenic effect ap-
pears at a 3.3 uM dose. For the compound 10h, we cannot observe an anti-angiogenic ef-
fect even with a 5 uM dose compared to untreated zebrafish embryos.

3. Conclusions

Nine 3-(N-phenylmethylidene)amino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]py-
rimidine  10(a-i) and  three  10-N-(phenylmethylidene)amino-11-imino-11H-
naphto[1',2":5,6]pyrano[2,3-d]pyrimidine 10(j-1) were designed, synthesized in five steps
including two steps under microwave irradiation. Compounds were evaluated in silico
according to Lipinski’s rules of five (RO5) and tested experimentally for their antiprolif-
erative activities on a panel of eight tumoral cell lines associated with diploid skin fibro-
blasts as normal cell lines. The antitumoral assays revealed that compounds 10(h, i) pre-
sents submicrolar cytotoxic activity (0.23 < ICso < 0.8 uM) on tumor cell lines Huh7 D12,
Caco2, MDA MB231, MDA MB468, HCT116, PC3 and MCF7. These two compounds have
been assessed in silico for their ADME profile using the “BOILED-Egg” model and also for
their bioavailability. Store-operated Calcium Entry (SOCE) assays of 10h in HEK293 cell
lines revealed a dose-dependent effect but with a minor inhibitory effect on SOCE at low
concentrations inducing toxicity in cancer cell lines. In vitro embryotoxicity of compound
10h was performed on mCherry transgenic zebrafish line and compared to sorefenib and
erlotinib. With a 5 uM dose of 10h at 72 hpf, complete hatching of the zebrafish embryos
without delay in vessel angiogenesis is observed and without toxic effect. The molecule
10h can be considered as a potential bioactive “hit” compound for cancer and now addi-
tional work is in progress in our laboratory to complete its biological profile.

4. Materials and Methods
4.1. Chemistry Section— General Remarks

All reagents and solvents were purchased from Acros Fisher Scientific (Illkirch,
France) and Merck Sigma-Aldrich (Saint-Quentin-Fallavier, France) were used without
further purification. Thin-layer chromatography (TLC) was accomplished on 0.2-mm pre-
coated plates of silica gel 60 F-254 (Merck, Rahway, NJ, USA) with appropriate eluent.
Visualization was made with ultraviolet light (254 and 365 nm) or with a fluorescence
indicator. Infrared (IR) spectra were recorded on a Jasco FT-IR 420 spectrophotometer ap-
paratus (Jasco France, Lisses, France) using potassium bromide pellets. 'TH NMR spectra
were recorded on BRUKER AC 300 Avance III (300 MHz) spectrometer, *C NMR spectra
on BRUKER AC 300 Avance III (75 MHz) spectrometer using DMSO-ds with tetrame-
thylsilane as an internal reference. Chemical shifts are expressed in parts per million
downfield. Data are given in the following order: d value, multiplicity (s, singlet; d, dou-
blet; t, triplet; q, quartet; quint: quintuplet, m, multiplet; br, broad), number of protons,
coupling constants | is given in Hertz. The high-resolution mass spectra (HRMS) were
recorded in positive mode using direct Electrospray infusion (ESI), respectively, on a Wa-
ters Q-Tof 2 or on a Thermo Fisher Scientific Q-Exactive spectrometers at the “Centre Ré-
gional de Mesures Physiques de I'Ouest” CRMPO ScanMAT (CRMPO platform, Scan-
MAT UAR 2025 CNRS, Rennes, France). Melting points were determined on a Kofler melt-
ing point apparatus and were uncorrected. Reactions under microwave irradiation
(S2Wave platform ScanMAT UAR 2025 CNRS, Rennes) were realized in the Anton Paar
Monowave 300® microwave reactor (Anton Paar France, Les Ulis, France) using borosili-
cate glass vials of 10 mL equipped with snap caps (at the end of the irradiation, cooling
reaction was realized by compressed air). The microwave instrument consists of a contin-
uous focused microwave power output from 0 to 800W. All the experiments were per-
formed using the stirring option. The target temperature was reached with a ramp of 3
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min and the chosen microwave power stayed constant to hold the mixture at this temper-
ature. The reaction temperature is monitored using a calibrated infrared sensor and the
reaction time includes the ramp period. The microwave irradiation parameters (power
and temperature) were monitored by the Monowave software package for the Anton Paar
Monowave 300° reactor. Solvents were evaporated with a BUCHI rotary evaporator (Vil-
lebon sur Yvette, France).

Compounds as 2-imino coumarin-3-carbonitrile 3(a-d) and 2-amino-4H-chromene-3-
carbonitrile 4(a-d) were synthesized according to methods previously developed in our
laboratory and described in the literature [19,20].

4.1.1. Standard Procedure for Synthesis of Ethyl N-(3-Cyano-4H-chromen-2-yl)formimi-
date 6(a-c) and Ethyl N-(2-Cyano-1H-naphto[2,1-b]pyran-3-yl)formimidate 6d in the
Monowave 300® Microwave Reactor

In a cylindrical quartz reactor (& = 1.8 cm, 20 mL) 2-amino-4H-1-chromene-3-carboni-
trile 4 (2.5 mmol), commercial ethyl orthoformate (5: 1.59 g, 1.64 mL, 15 mmol., 6 equiv.),
glacial acetic acid AcOH (0.5% mol.) and a magnetic stirring bar were introduced succes-
sively. The glass tube was sealed with a snap cap and placed in the Monowave 300® mi-
crowave cavity (P = 800 Watt). The stirred mixture was irradiated at 100 °C (after a ramp
of 3 min from 20 to 100 °C) for 60 min. After microwave dielectric heating, the crude reac-
tion mixture was allowed to cool down at room temperature for 30-45 min. The resulting
insoluble product 6 was collected using filtration on a Biichner funnel (porosity N° 4),
washed carefully with diethyl ether Et2O (2 x 10 mL), then dried under high vacuum (10
Torr) at room temperature for 60 min. The desired product 6 was further used without
purification.

Ethyl N-(3-cyano-7-diethylamino-4H-chromen-2-yl)formimidate (6a). According to the
standard procedure, 6a was synthesized from 2-amino-7-diethylamino-4H-1-chromene-3-
carbonitrile 4a (2.5 mmol) in 60% yield as yellow powder; mp = 110-112 °C. IR (KBr, v,
cm): 1540 (C=C); 2212 (CN); 1647 (C=N). 'H NMR (DMSO-ds) d: 1.07 (t, 6H, | = 6.9 Hz, 2-
CHs); 1.32 (t, 3H, ] =7.1 Hz, CHs); 3.30 (q, 4H, | = 6.9 Hz, 2-CH>); 3.50 (s, 2H, CH>); 4.32 (q,
2H, ] =7.1 Hz, O-CH2); 6.33 (s, 1H, H-8, Ar); 6.46 (dd, 1H, | = 8.6, 2.3 Hz, H-6, Ar); 6.94 (d,
1H, | = 8.6 Hz, H-5, Ar); 8.56 (s, CH=N). 3C NMR (DMSO-ds) 5:12.8 (2-CHs); 14.3 (CHs);
25.0 (C-4, CHy); 44.4 (2-CHz); 64.1 (C-3, C-CN); 75.3 (O-CHz); 99.4 (C-8, Ar); 103.8 (C-6, Ar);
109.6 (C-4a); 119.3 (CN); 129.8 (C-5, Ar); 148.1 (C-8a); 150.7 (C-7, Ar); 158.7 (C-2, -C=N-);
161.4(C-1', -O-C=N).

Ethyl N-(3-cyano-4H-chromen-2-yl)formimidate (6b). According to the standard proce-
dure, 6b was synthesized from 2-amino-4H-1-chromene-3-carbonitrile 4b (2.5 mmol) in
69% yield as yellow powder; mp = 142-144 °C. IR (KBr, v, cm™1): 1510 (C=C); 2209 (CN);
1646 (C=N). tH NMR (DMSO-ds) d: 1.33 (t, 3H, | = 7.1 Hz, CHz); 3.86 (s, 2H, CH-2); 4.33 (q,
2H, ] =7.1 Hz, O-CHz); 3.50 (s, 1H, H-4); 4.33 (q, 2H, ] = 7.1 Hz, CHz); 7.08 (d, 1H, ] = 8.1
Hz, H-8, Ar); 7.14 (t, 1H, ] = 7.3 Hz, H-6, Ar); 7.21 (d, 1H, | =7.2Hz, H-5, Ar); 7.26 (t, 1H, |
=7.3 Hz, H-7, Ar); 8.56 (s, CH=N). 3C NMR (DMSO-ds) 5:13.9 (CHs); 28.3 (C-4, CH>); 64.0
(O-CHz); 74.7 (C-3, C-CN); 117.0 (C-8, Ar); 118.4 (C-4a); 119.0 (CN); 125.5 (C-6, Ar); 128.7
(C-5, Ar); 129.3 (C-7, Ar); 149.7 (C-8a); 159.0 (C-2, -C=N-); 161.3 (C-1’, -O-C=N).

Ethyl N-(3-cyano-8-methoxy-4H-chromen-2-yl)formimidate (6c). According to the stan-
dard procedure, 6¢ was synthesized from 2-amino-8-methoxy-4H-1-chromene-3-carboni-
trile 4c (2.5 mmol) in 52% yield as yellow powder; mp =153-155 °C. IR (KBr, v, cm™1): 1585
(C=C); 2212 (CN); 1673 (C=N). tH NMR (DMSO-ds) : 1.32 (m, 3H, CHs); 3.64 (s, 2H, CH>);
3.81(s, 3H, O-CHs); 4.33 (dd, 2H, ] =12.0, 5.1 Hz, O-CHz); 6.73 (d, 1H, ] = 7.1 Hz, H-7, Ar);
6.95 (d, 1H, | = 7.6Hz, H-5, Ar); 7.06 (m, 1H, H-6, Ar); 8.40 (s, CH=N). 3C NMR (DMSO-
ds) 0: 14.6 (CHs); 26.3 (C-4, CHy); 56.7 (O-CHs); 64.7 (O-CHz); 74.7 (C-3, C-CN); 111.6 (C-7,
Ar); 118.9 (CN); 119.2 (C-5, Ar); 120.3 (C-4a); 125.3 (C-6, Ar); 139.0 (C-8a); 148.0 (C-8, Ar);
158.3 (C-2, -C=N-); 161.3 (C-1', -O-C=N).

Ethyl N-(2-cyano-1H-naphto[2,1-b]pyran-3-yl)formimidate (6d). According to the stan-
dard procedure, 6d was synthesized from 3-amino-1H-naphto[2,1-b]pyran-2-carbonitrile
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4d (2.5 mmol) in 90% yield as yellow powder; mp = 124-126 °C. IR (KBr, v, cm™): 1560
(C=C); 2212 (CN); 1674 (C=N). 'H NMR (DMSO-ds) d: 1.33 (t, 3H, | = 6.7 Hz, CHs); 3.91 (s,
2H, CH>); 4.33 (dd, 2H, ] =12.1, 6.0 Hz, O-CHy); 7.26 (d, 1H, | = 8.7 Hz, H-8, Ar); 7.52 (t,
1H, J=7.0 Hz, H-5", Ar); 7.61 (t, 1H, ] =7.0 Hz, H-6”, Ar); 7.79 (d, 1H, ] =7.9 Hz, H-6, Ar);
7.86 (d, 1H, J=8.7 Hz, H-7, Ar); 7.92 (d, 1H, ] =7.7 Hz, H-5', Ar); 8.58 (s, CH=N). 3C NMR
(DMSO-ds) d: 14.1 (CHs); 23.3 (C-4, CH2); 64.6 (O-CHz); 75.1 (C-3, C-CN); 111.2 (C-8, Ar);
117.9 (C-4a); 119.5 (CN); 123.6 (C-5”, Ar); 126.1 (C-6", Ar); 127.7 (C-7, Ar); 128.7 (C-6, Ar);
129.4 (C-5', Ar); 131.0 (C-5, Ar); 131.1 (C-6, Ar); 146.8 (C-8a); 157.9 (C-2, -C=N-); 162.0 (C-
1',-O-C=N).

4.1.2. Standard Procedure for Synthesis of 3-Amino-4-imino-3,5-dihydro-4H-chro-
meno[2,3-d]pyrimidine 8(a-c) and 10-Amino-11-imino-11H-benzol[5,6]chromeno|2,3-
d]pyrimidine 8d

In a 50 mL round-bottomed flask provided with a magnetic stirrer and condenser, a
mixture of ethyl N-(3-cyano-4H-chromen-2-yl)formimidate 6 (10 mmol) and hydrazine
hydrate 61% w/v (0.8 g, 0.78 mL, 16 mmol) in 40 mL of absolute ethanol was stirred over
a period of 2 h at room temperature (monitored by thin layer chromatography on silica
plates 60 F254 Merck with appropriate eluent). As the reaction progresses, the formation
of an insoluble material in the reaction medium is observed. The desired insoluble com-
pound 8 was collected using filtration on a Biichner funnel (porosity N°4). This collected
solid material was washed carefully (2 x 5 mL) with cooled absolute ethanol (initially
stocked at 4 °C) and then it was dried under high vacuum (102 Torr) at 45 °C for 60 min,
which afforded the desired compound 8. It can be used further without purification after
control of the quality of the product by 1H NMR in DMSO-ds. If necessary, purification by
recrystallization can be conducted from a minimum of absolute ethanol, which gives pure
compound 8.

3-Amino-7-diethylamino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine (8a). Accor-
ding to the standard procedure, 8a was synthesized from ethyl N-(3-cyano-7-diethyla-
mino-4H-chromen-2-yl)formimidate 6a (10 mmol) in 50% yield as a yellowish powder; mp
=212-214 °C. IR (KBr, v, cm): 1560 (C=C); 1644 (C=N); 3260 (NH); 3278-3320 (NHz). 'H
NMR (DMSO-ds) 8: 1.07 (t, 6H, ] = 6.9 Hz, 2-CHs); 3.31 (dd, 4H, | =14, 7.1 Hz, 2-CH>); 3.49
(s, 2H, CH2); 5.69 (br s, NH2); 6.27 (s, 1H, H-9, Ar); 6.45 (dd, 1H, | = 8.5, 2.3 Hz, H-6, Ar);
7.01 (s, 1H, H-7, Ar); 8.01 (s, CH=N). 3C NMR (DMSO-ds) d: 12.2 (2-CHs); 22.7 (C-5, CHy);
44.2 (2-CHz); 95.5 (C-4a); 99.2 (C-9, Ar); 105.1 (C-5a); 108.9 (C-7, Ar); 130.1 (C-6, Ar); 147.9
(C-2, -C=N); 150.0 (C=NH); 151.1 (C-9a); 156.2 (C-8, C-N, Ar).

3-Amino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine (8b). According to the
standard procedure, 8b was synthesized from ethyl N-(3-cyano-4H-chromen-2-yl)formim-
idate 6b (10 mmol) in 69% yield as yellowish powder; mp = 240-242 °C. IR (KBr, v, cm™):
1581 (C=C); 1646 (C=N); 3160 (NH); 3330-3445 (NH2). 'H NMR (DMSO-ds) d: 3.62 (s, 2H,
CH2); 5.68 (br s, NH2); 7.21 (m, 4H, H-6, H-7, H-8, H-9, Ar); 7.99 (s, CH=N). 3C NMR
(DMSO-ds) 0: 23.9 (C-5, CHz); 95.1 (C-4a); 116.8 (C-9, Ar); 119.5 (C-5a); 124.9 (C-7, Ar); 128.3
(C-8, Ar); 129.9 (C-6, Ar); 150.3 (C-2, -C=N); 150.5 (C=NH); 156.4 (C-9a).

3-Amino-4-imino-9-methoxy-3,5-dihydro-4H-chromeno(2,3-d]pyrimidine (8c). According
to the standard procedure, 8c was synthesized from ethyl N-(3-cyano-8-methoxy-4H-chro-
men-2-yl)formimidate 6¢ (10 mmol) in 76% yield as yellowish powder; mp > 260 °C. IR
(KBr, v, cm™): 1510 (C=C); 1648 (C=N); 3212 (NH); 3296-3331 (NH2). '"H NMR (DMSO-ds)
0: 3.36 (s, 2H, CH2); 3.81 (s, 3H, OCHz); 5.70 (br s, NH2); 6.79 (d, 1H, | =7.5 Hz, H-8, Ar);
6.91 (d, 1H, | =8.0 Hz, H-6, Ar); 7.02 (t, 1H, ] =7.9 Hz, H-7, Ar); 8.01 (s, CH=N). 3C NMR
(DMSO-ds) 0: 23.7 (C-5, CH2); 56.2 (CHs); 94.9 (C-4a); 111.2 (C-8, Ar); 120.4 (C-5a); 121.1 (C-
6, Ar); 124.4 (C-7, Ar); 139.7 (C-9a); 148.0 (C-2, -C=N); 150.3 (C=NH); 156.0 (C-9, Ar).

10-Amino-11-imino-11H-benzo[5,6chromenol2,3-dJpyrimidine (8d). According to the
standard procedure, 8d was synthesized from ethyl N-(2-cyano-1H-naphtol[2,1-b]pyran-3-
yl)formimidate 6d (10 mmol) in 90% yield as yellowish powder; mp > 260 °C. IR (KBr, v,
cm™): 1520 (C=C); 1650 (C=N); 3178 (NH); 3280-3301 (NHz). 'H NMR (DMSO-ds) d: 3.91 (s,
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2H, CH:); 5.76 (br s, NHz); 7.28 (d, 1H, ] = 8.8 Hz, H-6, Ar); 7.52 (t, 1H, ] = 7.1 Hz, H-3, Ar);
7.64 (t, 1H, ] = 7.4 Hz, H-2, Ar); 7.86 (d, 1H, ] = 8.8 Hz, H-5, Ar); 7.94 (d, 1H, ] = 7.9 Hz, H-
4, Ar); 8.00 (d, 1H, ] = 8.2 Hz, H-1, Ar); 8.09 (s, CH=N). 13C NMR (DMSO-de) &: 21.8 (C-12,
CHa); 95.0 (C-11a); 111.9 (C-6, Ar); 117.6 (C-12a); 123.6 (C-5, Ar); 125.4 (C-1, Ar); 127.6 (C-
2, Ar); 128.7 (C-3, Ar); 129.1 (C-4, Ar); 130.7 (C-12b, Ar); 131.9 (C-4a, Ar); 147.4 (C-9, -C=N);
150.2 (C=NH); 155.8 (C-6a).

4.1.3. Standard Procedure for Microwave Assisted Organic Synthesis of 3-(N-Phenylme-
thylidene)amino-4-imino-3,5-dihydro-4H-chromeno|2,3-d]pyrimidine 10(a-i) and 10-N-
(Phenylmethylidene)amino-11-imino-11H-naphto[1,2":5,6]pyrano[2,3-d|pyrimidine 10(j-
1) in the Monowave 300° Microwave Reactor

In a cylindrical quartz reactor (J = 1.8 cm, 20 mL) 3-amino-4-imino-3,5-dihydro-4H-
chromeno[2,3-d]pyrimidine 8 (2.05 mmol) or 10-amino-11-imino-11H-
benzo[5,6]chromenol2,3-d]pyrimidine 8d (2.05 mmol), commercial aromatic aldehyde 9
(2.46 mmol, 1.2 equiv.), piperidine (0.5% mol, 1.1 mg, 1.3 uL, 12.5 umol), absolute ethanol
(12 mL) and a magnetic stirring bar were introduced successively. The glass tube was
sealed with a snap cap and placed in the Monowave 300® microwave cavity (P =800 Watt).
The stirred mixture was irradiated at 160 °C (after a ramp of 4 min from 20 to 160 °C) over
a period of 60 min. After microwave dielectric heating, the crude reaction mixture was
allowed to cool down at room temperature for 30—45 min or more until the complete for-
mation of insoluble product in the crude reaction mixture. The resulting insoluble product
10 was collected using filtration on a Biichner funnel (porosity N°4), washed carefully with
diethyl ether Et2O (2 x 10 mL), then dried under high vacuum (102 Torr) at room temper-
ature for 60 min which resulted in the desired compound 10 as powder. Recrystallization
from a minimum of absolute ethanol gave pure compound 10.

(3E) 3-N-(4-Dimethylaminophenylmethylidene)amino-7-diethylamino-4-imino-3,5-dihydro-
4H-chromenol2,3-d]pyrimidine (10a). According to the standard procedure, 10a was synthe-
sized, respectively, from 3-amino-7-diethylamino-4-imino-3,5-dihydro-4H-chromeno|2,3-
d]pyrimidine 8a (2.05 mmol) and commercial 4-dimethylaminobenzaldehyde 9a (367 mg,
2.46 mmol, 1.2 equiv.) in 50% yield as yellowish powder; mp = 240-242 °C. IR (KB, v,
cm™): 1560 (C=C); 1623 (C=N); 3186 (NH). '"H NMR (DMSO-ds) d: 1.09 (s, 6H, 2-CHs); 2.97
(s, 6H, NMe2); 3.35 (s, 4H, 2-CHz); 5.95 (s, 2H, CHz); 6.47 (d, 2H, | = 6.8 Hz, H-7, Ar); 6.77
(d, 2H, J=7.1 Hz, H-3', H-5, Ar); 7.04 (d, 1H, ] = 7.7 Hz, H-6, Ar); 7.52 (d, 2H, | =7.1 Hz,
H-2', H-6', Ar); 8.23 (d, 1H, CH=N); 10.52 (br s, 1H, NH). 3C NMR (DMSO-de) &: 12.9 (2-
CHs); 22.9 (C-5, CHy); 40.3 (2-CHs); 44.2 (2-CHz); 93.6 (C-4a); 99.2 (C-9, Ar); 105.6 (C-7, Ar);
108.9 (C-5a); 112.4 (C-3', C-5', Ar); 122.7 (C-1', Ar); 128.4 (C-2', C-6/, Ar); 130.1 (C-6, Ar);
145.4 (C=NH); 148.0 (N-CH=N); 151.1 (C-9a); 151.6 (C-8, Ar); 156.5 (C-10a); 159.1 (C-4’, Ar);
163.6 (N-C=N). HRMS (ES*, MeOH/CH2Cl> 9:1), m/z: 346.1663 found (calculated for
C20H20NsO, [M+H]* requires 346.16624).

(3E)  3-N-(2-Hydroxyphenylmethylidene)amino-7-diethylamino-4-imino-3,5-dihydro-4H-
chromeno(2,3-d]pyrimidine (10b). According to the standard procedure, 10b was synthesi-
zed, respectively, from 3-amino-7-diethylamino-4-imino-3,5-dihydro-4H-chromeno[2,3-
d]pyrimidine 8a (2.05 mmol) and commercial 2-hydroxybenzaldehyde 9c (or salicylal-
dehyde 1b) (300 mg, 2.46 mmol, 1.2 equiv.) in 65% yield as yellowish powder; mp = 236-
238 °C. IR (KBr, v, cm™): 1598 (C=C); 1637 (C=N); 3170 (NH); 3310 (OH). '"H NMR (DMSO-
ds) 0: 1.07 (t, 6H, | = 6.9 Hz, 2-CHs); 3.29 (q, 4H, ] = 13.5, 6.6 Hz, 2-CH-2); 3.78 (s, 2H, CH2);
6.31 (d, 1H, J=1.9 Hz, H-9, Ar); 6.44 (dd, 1H, [ =8.5,2 Hz, H-7, Ar); 6.92 (d, 2H, | =7.7 Hz,
H-2', H-4', Ar); 7.00 (d, 1H, | = 8.6 Hz, H-5', Ar); 7.25 (t, 1H, ] = 7.7 Hz; H-3', Ar); 7.47 (d,
2H, ] =7.4 Hz, H-6, Ar); 8.31 (s, 1H, CH=N), 8.52 (s, 1H, N-CH=N); 10.89 (br s, 1H, NH);
11.55 (br s, 1H, OH). 3C NMR (DMSO-ds) d: 13.2 (2-CHs); 22.1 (C-5, CHz); 44.2 (2-CHz);
94.1 (C-4a); 99.4 (C-9, Ar); 105.1 (C-7, Ar); 109.2 (C-5a); 117.0 (C-5', Ar); 119.4 (C-1', Ar);
119.6 (C3', Ar); 129.8 (C-6', Ar); 130.4 (C-4', Ar); 130.9 (C-6, Ar); 145.5 (C=NH); 148.0 (N-
CH=N); 151.0 (C-9a); 156.7 (C-8, Ar); 157.7 (C=N); 158.3 (C-2', Ar); 163.3 (C-10a). HRMS
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(ES*, MeOH/CH:Cl2 9:1), m/z: 390.1922 found (calculated for C22H2aNsOz, [M+H]* requires
390.19245).

(3E) 3-N-(Phenylmethylidene)amino-7-diethylamino-4-imino-3,5-dihydro-4H-chro-
meno|2,3-dlpyrimidine (10c). According to the standard procedure, 10c was synthesized,
respectively, from  3-amino-7-diethylamino-4-imino-3,5-dihydro-4H-chromeno[2,3-
d]pyrimidine 8a (2.05 mmol) and commercial benzaldehyde 9b (261 mg, 2.46 mmol, 1.2
equiv.) in 60% yield as yellowish powder; mp = 250-252 °C. IR (KBr, v, cm™): 1558 (C=C);
1639 (C=N); 3197 (NH). "H NMR (DMSO-ds) 6: 1.08 (t, 6H, ] = 6.9 Hz, 2-CHs); 3.34 (q, 4H, |
=13.7, 6.8 Hz, 2-CH>); 3.98 (s, 2H, CH>); 6.33 (s, 1H, H-9, Ar); 6.47 (dd, 1H, ] =10.2 Hz, H-
7, Ar); 7.05 (d, 1H, ] = 8.5 Hz, H-6, Ar); 7.40 (m, 1H, H-4', Ar); 7.46 (t, 2H, ] = 7.3 Hz, H-3,
H-5', Ar); 7.70 (d, 2H, | = 7.3 Hz, H-2', H-6/, Ar); 8.28 (d, 2H, CH=N, N-CH=N); 10.87 (br s,
1H, NH). 3C NMR (DMSO-ds) d: 13.8 (2-CHs); 22.6 (C-5, CHz); 44.4 (2-CHz); 94.4 (C-4a);
99.2 (C-9, Ar); 105.4 (C-7, Ar); 108.9 (C-5a); 127.3 (C-2', C-6', Ar); 129.3 (C-3', C-5', Ar); 129.9
(C-4', Ar); 130.2 (C-6, Ar); 135.1 (C-1', Ar); 144.5 (C=NH); 148.0 (N-CH=N); 151.0 (C-9a);
156.4 (C-8, C-N, Ar); 159.1 (C=N); 163.7 (C-10a). HRMS (ES*, MeOH/CH:Cl2 9:1), m/z:
374.1977 found (calculated for C2H2NsO, [M+H]* requires 374.1975).

(3E) 3-N-(4-Dimethylaminophenylmethylidene)amino-4-imino-3,5-dihydro-4H-chro-
meno[2,3-d]pyrimidine (10d). According to the standard procedure, 10d was synthesized,
respectively, from 3-amino-4-imino-3,5-dihydro-4H-chromeno|[2,3-d]pyrimidine 8b (2.05
mmol) and commercial 4-dimethylaminobenzaldehyde 9a (367 mg, 2.46 mmol, 1.2 equiv.)
in 43% yield as a yellowish powder; mp =260 °C. IR (KBr, v, cm™): 1540 (C=C); 1630 (C=N);
3489 (NH). "H NMR (DMSO-ds) o: 2.97 (s, 6H, 2-CHs); 4.13 (s, 2H, CH2); 6.76 (d, 2H, ] =8.7
Hz, H-3', H-5', Ar); 7.11 (m, 2H, H-7, H-9, Ar); 7.27 (m, 2H, H-6, H-8, Ar); 7.52 (d, 2H, | =
7.1 Hz, H-2', H-6', Ar); 8.15 & 8.24 (s, 2H, N-CH=N, CH=N); 10.64 (br s, 1H, NH). 3*C NMR
(DMSO-ds) 0: 24.1 (C-5, CHz); 39.3 (2-CH3s); 93.3 (C-4a); 112.4 (C-3', C-5', Ar); 116.9 (C-9,
Ar); 120.1 (C-1', Ar); 122.6 (C-5a); 124.7 (C-7, Ar); 128.4 (C-2', C-6/, Ar); 128.6 (C-8, Ar);
128.8 (C-6, Ar); 145.5 (C=N); 150.2 (N-C=N); 151.6 (C-9a); 156.6 (C-4', Ar); 159.0 (C=N);
163.5 (C-10a). HRMS (ES*, MeOH/CH:Cl> 9:1), m/z: 346.1662 found (calculated for
C20HNsO, [M+H]* requires 346.16624).

(3E)  3-N-(2-Hydroxyphenylmethylidene)amino-4-imino-3,5-dihydro-4H-chromeno|2,3-
dlpyrimidine (10e). According to the standard procedure, 10e was synthesized, respecti-
vely, from 3-amino-4-imino-3,5-dihydro-4H-chromeno|2,3-d]pyrimidine 8b (2.05 mmol)
and commercial 2-hydroxybenzaldehyde 9c (or salicylaldehyde 1b) (300 mg, 2.46 mmol,
1.2 equiv.) in 65% yield as a yellowish powder; mp > 260 °C. IR (KBr, v, cm™): 1520 (C=C);
1630 (C=N); 3189 (NH); 3246 (OH). 'H NMR (DMSO-ds) d: 4.01 (s, 2H, CH>); 6.93 (dd, 2H,
J=7.6,5.0 Hz, H-6, H-9, Ar); 7.16 (dd, 2H, | = 13.6, 7.4 Hz, H-7, H-8, Ar); 7.28 (t, 3H, [ = 7.6
Hz, H-3', H-4', H-5', Ar); 7.52 (d, 1H, ] = 7.6 Hz, H-2', Ar); 8.34 & 8.56 (s, 2H, N-CH=N,
CH=N); 11.02 (br s, 1H, OH); 11.45 (br s, 1H, NH). 3C NMR (DMSO-ds) d: 22.9 (C-5, CHz);
93.7 (C-4a); 116.9 (C-9, Ar); 117.1 (C-5', Ar); 119.5 (C-1', Ar); 119.6 (C-3', Ar); 119.8 (C-5a);
124.9 (C-7', Ar); 129.7 (C-2, Ar); 129.8 (C-6, Ar); 131.2 (C-4', Ar); 145.5 (C=NH); 150.3 (N-
C=N); 157.0 (C-9a); 157.6 (C=N); 158.4 (C-6', Ar); 163.1 (C-10a). HRMS (ES*, MeOH/CH:Cl>
9:1), m/z: 319.1189 found (calculated for CisHisN4Oz, [M+H]* requires 319.11895).

(B3E)  3-N-(Phenylmethylidene)amino-4-imino-3,5-dihydro-4H-chromeno[2,3-dlpyrimidine
(10f). According to the standard procedure, 10f was synthesized, respectively, from 3-
amino-4-imino-3,5-dihydro-4H-chromeno[2,3-d]pyrimidine 8b (2.05 mmol) and commer-
cial benzaldehyde 9b (261 mg, 2.46 mmol, 1.2 equiv.) in 30% yield as yellowish powder;
mp = 232-234 °C. IR (KBr, v, cm™): 1520 (C=C); 1638 (C=N); 3199 (NH). 'H NMR (DMSO-
ds) 0: 4.01 (s, 2H, CH2); 6.93 (dd, 2H, ] =7.1, 4.4 Hz, H-7, H-8); 7.14 (d, 1H, ] = 8.1 Hz, H-9);
7.17 (d, 1H, ] =8.2 Hz, H-4'); 7.28 (m, 4H, H-2', H-3', H-5, H-6', Ar); 7.52 (d, 1H, ] =7.8 Hz,
H-6, Ar); 8.34 & 8.56 (s, 2H, N-CH=N, CH=N); 11.02 (br s, 1H, NH). 3C NMR (DMSO-ds)
0:22.8 (C-5, CHz); 93.6 (C-4a); 116.9 (C-9, Ar); 117.1 (C-5a); 119.6 (C-7, Ar); 119.7 (C-2', C-
6', Ar); 124.9 (C-3', C-5', Ar); 128.7 (C-8, Ar); 129.7 (C-6, Ar); 129.8 (C-4/, Ar); 131.2 (C-1/,
Ar); 150.3 (C=NH); 157.0 (N-C=N); 157.7 (C-9a); 158.4 (C-10a); 163.2 (C=N). HRMS (ES*,
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MeOH/CH:Cl> 9:1), m/z: 303.1239 found (calculated for CisHisN:«O, [M+H]* requires
303.12404).

(3E) 3-N-(4-Dimethylaminophenylmethylidene)amino-4-imino-9-methoxy-3,5-dihydro-4H-
chromeno[2,3-d]pyrimidine (10g). According to the standard procedure, 10g was synthesi-
zed, respectively, from 3-amino-4-imino-9-methoxy-3,5-dihydro-4H-chromeno|2,3-
d]pyrimidine 8¢ (2.05 mmol) and commercial 4-dimethylaminobenzaldehyde 9a (367 mg,
2.46 mmol, 1.2 equiv.) in 60% yield as a yellowish powder; mp =260 °C. IR (KBr, v, cm™):
1550 (C=C); 1641 (C=N); 3199 (NH). '"H NMR (DMSO-ds) d: 2.97 (s, 6H, 2-CHs); 3.84 (s,3H,
OCHs); 4.12 (s, 2H, CHy); 6.76 (d, 2H, ] = 8.7 Hz, H-3', H-5', Ar); 6.82 (d, 1H, | = 7.6 Hz, H-
8, Ar); 6.95 (d, 1H, ] = 8.0 Hz, H-6, Ar); 7.06 (t, 1H, ] =7.9 Hz, H-7, Ar); 7.51 (d, 2H, ] = 8.3
Hz, H-2', H-6', Ar); 8.14 & 8.22 (s, 1H, N-CH=N, CH=N); 10.62 (br s, 1H, NH). 3C NMR
(DMSO-ds) d: 24.0 (C-5, CHy); 56.4 (2-CHs); 93.1 (CHs); 111.3 (C-4a); 112.4 (C-3', C-5', Ar);
120.9 (C-2', C-6', Ar); 122.6 (C-1', Ar); 122.9 (C-6, Ar); 124.4 (C-5a); 128.7 (C-7, Ar); 139.6
(C-8, Ar); 145.1 (C=NH); 148.1 (C-9a); 151.8 (N-C=N); 156.5 (C-9, Ar); 159.0 (C-4', Ar); 163.6
(C=N). HRMS (ES*, MeOH/CH:Cl2 9:1), m/z: 376.1767 found (calculated for C21H22NsO,
[M+H]* requires 376.1768).

(3E)  3-N-(2-Hydroxyphenylmethylidene)amino-4-imino-9-methoxy-3,5-dihydro-4H-chro-
meno[2,3-d]pyrimidine (10h). According to the standard procedure, 10h was synthesized,
respectively, from 3-amino-4-imino-9-methoxy-3,5-dihydro-4H-chromeno|2,3-d]pyrimi-
dine 8¢ (2.05 mmol) and commercial 2-hydroxybenzaldehyde 9c¢ (or salicylaldehyde 1b)
(300 mg, 2.46 mmol, 1.2 equiv.) in 90% yield as yellowish powder; mp > 260 °C. IR (KB,
v, em™): 1590 (C=C); 1650 (C=N); 3190 (NH); 3370 (OH). 'H NMR (DMSO-ds) 6: 3.83 (s, 3H,
OCHs); 3.94 (s, 2H, CHz); 6.79 (d, 1H, ] =7.5 Hz, H-8, Ar); 6.92 (m, 3H, H-2', H-3', H-5', Ar);
7.05 (t, 1H, =79 Hz, H-4', Ar); 7.26 (t, 1H, | =7.7 Hz, H-7, Ar); 7.48 (d, 2H, ] = 7.0 Hz, H-
6, Ar); 8.31 & 8.52 (s, 2H, N-CH=N, CH=N); 10.96 (br s, 1H, OH); 11.46 (br s, 1H, NH). 3C
NMR (DMSO-ds) 0: 22.1 (C-5, CHz); 56.3 (CHs); 93.43 (C-4a); 111.6 (C-8, Ar); 116.8 (C-5',
Ar); 119.5 (C-1', Ar); 119.7 (C-3', Ar); 120.2 (C-6, Ar); 120.8 (C-5a); 124.5 (C-7, Ar); 129.7 (C-
2', Ar); 131.1 (C-4/, Ar); 139.6 (C=NH); 145.5 (C-9a); 148.2 (N-C=N); 156.8 (C-9, Ar); 157.7
(C=N); 158.3 (C-6'; Ar); 163.0 (C-10a). HRMS (ES*, MeOH/CH2Cl2 9:1), m/z: 349.1295 found
(calculated for CivH17N4Os, [M+H]* requires 349.12952).

(3E)  3-N-(Phenylmethylidene)amino-4-imino-9-methoxy-3,5-dihydro-4H-chromeno|2,3-
dlpyrimidine (10i). According to the standard procedure, 10i was synthesized, respectively,
from 3-amino-4-imino-9-methoxy-3,5-dihydro-4H-chromeno|[2,3-d]pyrimidine 8c (2.05
mmol) and commercial benzaldehyde 9b (261 mg, 2.46 mmol, 1.2 equiv.) in 51% yield as
yellowish powder; mp = 252-254 °C. IR (KBr, v, cm™): 1550 (C=C); 1645 (C=N); 3196 (NH).
H NMR (DMSO-ds) d: 3.84 (s,3H, OCHb); 4.15 (s, 2H, CH2); 6.84 (d, 1H, ] = 7.5 Hz, H-8,
Ar); 6.96 (d, 1H, ] =7.9 Hz, H-6, Ar); 7.08 (t, 1H, ] = 7.9 Hz, H-7, Ar); 7.44 (m, 3H, H-3', H-
4',H-5', Ar); 7.71 (d, 2H, ] =7.3 Hz, H-2', H-6' Ar); 8.28 (s, 2H, N-CH=N, CH=N); 10.96 (br
s, 1H, NH). 3C NMR (DMSO-ds) d: 24.1 (C-5, CHy); 56.2 (CHs); 93.8 (C-4a); 120.7 (C-5a);
120.9 (C-8, Ar); 124.5 (C-6, Ar); 126.9 (C-2', C-6', Ar); 129.1 (C-3', C-5', Ar); 129.9 (C-7, Ar);
135.2 (C-4', Ar); 139.5 (N-C=N); 144.4 (C-1', Ar); 148.0 (C=N); 156.5 (C=NH); 159.0 (C-9a);
163.5 (C-9, Ar). HRMS (ES*, MeOH/CH:Cl> 9:1), m/z: 333.1349 found (calculated for
CioH17N4O2, [M+H]* requires 333.1346).

(10E) 10-N-(4-Dimethylaminophenylmethylidene)amino-11-imino-11H-na-
phto[1°,2":5,6pyrano[2,3-d]pyrimidine (10j). According to the standard procedure, 10j was
synthesized, respectively, from 10-amino-11-imino-11H-benzo[5,6]chromeno|2,3-d]pyri-
midine 8d (2.05 mmol) and commercial 4-dimethylaminobenzaldehyde 9a (367 mg, 2.46
mmol, 1.2 equiv.) in 60% yield as yellowish powder; mp > 260 °C. IR (KBr, v, cm™): 1510
(C=C); 1630 (C=N); 3191 (NH). "H NMR (DMSO-ds) d: 3.00 (s, 6H, 2-CHs); 4.34 (s, 2H, CH>);
6.81 (d, 2H, ] = 8.8 Hz, H-4', H-5', Ar); 7.36 (d, 1H, ] = 8.9 Hz, H-6, Ar); 7.56 (m, 1H, H-4
Ar); 7.60 (d, 2H, | =8.8 Hz, H-2', H-6" Ar); 7.74 (t, 1H, | =7.6 Hz, H-1, Ar); 7.92 (d, 1H, ] =
8.9 Hz, H-5, Ar); 8.00 (t, 2H, | = 8.3 Hz, H-2, H-3, Ar); 8.25 (s, 1H, CH=N); 8.31 (s, 1H, N-
CH=N); 10.66 (br s, 1H, NH). 3C NMR (DMSO-ds) d: 21.8 (C-12, CHz); 31.3 (2-CHz); 92.8
(C-11a); 112.5 (C-3', C-5', Ar); 118.1 (C-6, Ar); 122.6 (C-12a); 123.2 (C-1', Ar); 125.4 (C-5,
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Ar); 127.7 (C-1, Ar); 128.5 (C-2', C-6', Ar); 129.0 (C-2, Ar); 129.3 (C-3, Ar); 130.7 (C-4, Ar);
131.8 (C-12b); 145.8 (C-4a); 147.5 (C=NH); 151.8 (N-C=N); 157.0 (C-6a); 159.1 (C-4, Ar);
162.8 (C=N). HRMS (ES*, MeOH/CH:Cl> 9:1), m/z: 396.1822 found (calculated for
C24sH22Ns0O, [M+H]* requires 396.1819).

(10E) 10-N-(2-Hydroxyphenylmethylidene)amino-11-imino-11H-na-
phto[1°,2":5,6pyrano[2,3-d]pyrimidine (10k). According to the standard procedure, 10k was
synthesized, respectively, from 10-amino-11-imino-11H-benzo[5,6]chromeno|2,3-d]pyri-
midine 8d (2.05 mmol) and commercial 2-hydroxybenzaldehyde 9¢ (or salicylaldehyde
1b) (300 mg, 2.46 mmol, 1.2 equiv.) in 80% yield as yellowish powder; mp > 260 °C. IR
(KBr, v, cm): 1583 (C=C); 1634 (C=N); 3191 (NH); 3390 (OH). 'H NMR (DMSO-ds) d: 4.18
(s, 2H, CHz); 6.95 (m, 2H, H-4', H-6', Ar); 7.32 (m, 2H, H-3', H-5', Ar); 7.52 (m, 2H, H-2, H-
3 Ar);7.69 (t, 1H, | =7.6 Hz, H-5, Ar); 7.88 (d, 1H, | = 8.9 Hz, H-6, Ar); 7.96 (dd, 2H, ] = 3.35,
8.1 Hz, H-1, H-4, Ar); 8.37 (s, 1H, CH=N); 8.59 (s, 1H, N-CH=N); 11.00 (br s, 1H, OH); 11.39
(br s, 1H, NH). 3C NMR (DMSO-ds) &: 20.9 (C-12, CHz); 93.3 (C-11a); 112.1 (C-6, Ar); 117.0
(C-12a); 117.9 (C-3/, Ar); 119.8 (C-1', Ar); 123.3 (C-5', Ar); 125.5 (C-5, Ar); 127.6 (C-1, Ar);
128.9 (C-2, C-3, Ar); 129.3 (C-4, Ar); 130.7 (C-6/, Ar); 131.2 (C-4/, Ar); 131.8 (C-12b, Ar);
147.4 (C-4a, Ar); 157.0 (C=NH); 157.6 (N-C=N); 158.5 (C-a); 162.6 (C-2', Ar). HRMS (ES*,
MeOH/CH:Cl> 9:1), m/z: 369.1345 found (calculated for CHwNiO:, [M+H]* requires
369.1346).

(10E) 10-N-(Phenylmethylidene)amino-11-imino-11H-naphto[1’,2":5,6Jpyrano[2,3-d]pyri-
midine (101). According to the standard procedure, 101 was synthesized, respectively, from
10-amino-11-imino-11H-benzol[5,6]chromeno|2,3-d]pyrimidine 8d (2.05 mmol) and com-
mercial benzaldehyde 9b (261 mg, 2.46 mmol, 1.2 equiv.) in 55% yield as yellowish
powder; mp 2 260 °C. IR (KBr, v, cm™): 1572 (C=C); 1615 (C=N); 3112 (NH). 1H NMR
(DMSO-ds) 6: 4.30 (s, 2H, CHz); 7.30 (d, 1H, ] = 8.9 Hz, H-6, Ar); 7.48 (m, 4H, H-2', H-3', H-
5, H-6', Ar); 7.67 (t, 1H, ] = 8.9 Hz, H-4', Ar); 7.77 (d, 2H, ] = 7.4 Hz, H-2, H-3, Ar); 7.86 (d,
1H, J=8.9 Hz, H-5, Ar); 7.94 (d, 2H, ] =8.2 Hz, H-1, H-4, Ar); 8.33 (s, 2H, N-CH=N, CH=N);
10.98 (br s, 1H, NH). 3C NMR (DMSO-ds) 0: 21.8 (C-12, CHz); 93.9 (C-11a); 112.6 (C-6, Ar);
118.0 (C-12a); 123.1 (C-5, Ar); 125.4 (C-1, Ar); 127.1 (C-2', C-6/, Ar); 127.6 (C-4, Ar); 128.9
(C-2, Ar); 129.2 (C-3, Ar); 129.3 (C-3', C-5, Ar); 130.0 (C-4', Ar); 130.7 (C-12b); 131.7 (C-4a);
144.5 (C-1', Ar); 147.3 (C=NH); 156.7 (N-C=N); 159.3 (C-6a); 162.9 (C=N). HRMS (ES*,
MeOH/CH:Cl> 9:1), m/z: 353.1399 found (calculated for C22Hi7N:O, [M+H]* requires
353.13969).

4.1.4. Drug Likeness

Five filters were used to predict drug-likeness [43] by the Molsoft software and Swis-
sADME program (http://www.swissadme.ch/, accessed on 24 February 2023) via the Che-
mAxon’s Marvin ]S structure drawing tool.

4.2. Biology Section
4.2.1. Antiproliferative Assays
Cell Culture

Skin diploid fibroblastic cells were provided by BIOPREDIC International Company
(Rennes, France). Huh-7D12 (Ref ECACC: 01042712), Caco2 (Ref ECACC: 86010202),
MDA-MB-231 (Ref ECACC: 92020424), MDA-MB-468, HCT-116 (Ref ECACC: 91091005),
PC3 (Ref ECACC: 90112714), and MCEF7 cell lines were obtained from the ECACC collec-
tion. PANCI cell lines, a generous gift of LBAI Inserm 1227 (Brest, France). Cells were
grown according to ECACC recommendations [44] in DMEM for Huh-D12, MDA-MB-
231, MDA-MB-468 and fibroblast, in EMEM for Caco2, in McCoy’s for HCT-116 and RPMI
for PC3 at 37 °C and 5% COz. All culture media with 10% of FBS, 1% of penicillin-strepto-
mycin and 2 mM glutamine.

Protocol for Antiproliferative Assays
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Chemicals were solubilized in DMSO at a concentration of 10 mM (stock solution)
and diluted in a culture medium to the desired final concentrations. The dose-effect cyto-
toxic assays (ICso determination) were performed by increasing concentrations of each
chemical (final concentrations: 0.1 uM, 0.3 uM, 0.9 uM, 3 uM, 9 uM and 25 pM). The tox-
icity test of the chemicals on these cells was as follows: 2 x 10° cells for HCT-116 cells or 4
x 10° for the other cells were seeded in 96-multi-well plates in triplicate and left for 24 h
for attachment, spreading and growing. Then, cells were exposed for 48 h to increasing
concentrations of chemicals, ranging from 0.1 uM to 25 M, in a final volume of 120 uL of
culture medium. After 48 h of treatment, cells were washed in PBS and fixed in a cooled
90% ethanol/5% acetic acid solution for 20 min. The nuclei were stained with Hoechst 3342
(B2261 Merck Sigma-Aldrich) and counted. Image acquisition and analysis were per-
formed using automated imaging analysis with a Cellomics Arrayscan VTI/HCS Reader
(Thermo/Scientific, Waltham, MA, USA). The survival percentages were calculated as the
percentage of cell number after chemical treatment over cell number after DMSO treat-
ment. The ICso was graphically determined.

4.2.2. “Store-Operated Calcium Entry” (SOCE) Assays
Reagents

Dimethyl Sulfoxyde (DMSO-Ref D2438) and Thapsigargin (Tg-Ref: T9033) were pur-
chased from Sigma-Aldrich. Fura-2 QBT™ Calcium Kit was purchased from Molecular
Devices (Ref: R8198).

HEK?293 Cell Culture

The HEK293 cell line was maintained in DMEM High Glucose with Sodium Pyruvate
(110 mg/mL) and antibiotics (1% of penicillin/streptomycin) in a humidified incubator at
37 °C, supplemented with 5% of CO.

Cytosolic Ca*2 Protocol

For Ca? measurement experiments, HEK293 cells were seeded overnight into 96
wells of a black clear bottom plate (Corning Ref: 3603) at 50 x 105 cells/well in 100 pL cul-
ture medium. The resting medium was aspirated and cells were loaded with Fura-2 ace-
toxymethyl ester (Fura-2 QBT™) fluorochrome. 80 uL per well and incubated 1h at 37 °C,
5% CO2. The Fura-2 QBT™ was aspirated and replaced by an equal volume of free Ca?*
Hepes-buffered solution (in mM: 135 NaCl, 5 KCl, 1 MgClz, 1 EGTA, 10 Hepes, 10 glucose,
pH adjusted at 7.45 with NaOH containing the tested compounds or DMSO control and
incubated for 5 min at 37 °C until evaluating calcium level on FlexStation 3™ Instrument.

Measurement of Intracellular Calcium Levels

Intracellular calcium levels were evaluated by recording changes in the fluorescence
of the dual-wavelength fluorescent calcium-sensitive dye Fura-2AM using the plate reader
FlexStation 3™ (Molecular Devices, Sunnyvale, CA, USA). Dual excitation wavelength ca-
pability permits ratiometric measurements of Fura-2AM peak fluorescence emission at
510 nm after excitations at 340 and 380. Modifications in the 340/380 ratio reflect changes
in intracellular-free Ca?* concentrations. The FlexStation 3™ temperature was set at 37 °C
during data acquisition. Thapsigargin (2 uM) solution and Hepes-buffered solution with
Ca? containing (in mM): 135 NaCl, 5 KCI, 1 MgClz, 2 CaClz, 10 Hepes, 10 glucose, pH
adjusted at 7.45 with NaOH were added from a 96-well reservoir plate during Calcium
Mobilization Assay running at 100 and 750 s, respectively. Experimental setup parameters
were optimized (pipette heights, volumes and rate of additions) to minimize disturbance
of the cells while ensuring rapid mixing. The data were stored for later analysis by using
SoftmaxPro (Molecular Devices), Excel v.16.66.1 and Graph Pad Prism v.8 software.

Measurement of Store-Operated Calcium (SOC) Entry
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ER Ca? stores were depleted with 2 uM Thapsigargin an inhibitor of ER SERCA
pumps under Ca?-free conditions to determine the magnitude of intracellular Ca? release
from ER. The subsequent addition of extracellular Ca?allowed the measurement of SOCE.
The magnitude of SOCE was estimated as the maximal values of the normalized F340/F380
ratio following Ca?* re-addition.

Calculation and Data Analysis

Data analysis was performed using Softmax Pro and Graph Pad Prism. (Graph Pad):
Ca? concentration variations are estimated using the ratio of RFU at 340 and 380 nm
(F340/F380) and for each measurement F340/F380 (AF) ratio values were normalized to the
initial basal ratio before TG addition (F0). F340/F380 (AF/F0) normalization is the best es-
timation of calcium concentration changes. The inhibition results are expressed in terms
of the percentage of response compared to the maximum response on the control condi-
tion. Inhibition is estimated as follows: % Inhibition = (100 — % response).

4.2.3. In vivo Zebrafish Danio Rerio Assays
Zebrafish Maintenance and Embryo/Larva Exposure

Zebrafish (transgenic line Tg(kdrl:Hsa.HRAS-mCherry)$%) were housed in agree-
ment with the European Union regulations concerning the protection of experimental an-
imals (Directive 2010/63/EU) and approved by the ethics committee (CREEA: Comité Ren-
nais d’Ethique en matiére d’Expérimentation Animale) under permit number EEA B-35-
040. Zebrafish were raised in our facilities (ImPACcell-Biosit, Rennes) using a ZebTEC
Active Blue Stand Alone system (Tecniplast, Buguggiate, Italy) in recirculated water kept
at 28.5 °C and spawned under standard conditions. Eggs were collected 2 h post-fertiliza-
tion (hpf) and kept in glass Petri dishes containing water for subsequent examination un-
der a binocular microscope to confirm fertilization. Developing embryos were distributed
in 96-well plates (1 embryo per well) containing 200 uL of E3 embryonic medium (5 mM
NaCl, 0.17mM KCl, 0.33 mM CaClz, 0.3 mM MgSOs) and kept in an incubator at 28.5 + 0.5
°C (14/10 h light/dark photocycle). Chemical treatments were performed by adding
DMSO alone (negative control), or test molecule. These experiments were performed in
four technical replicates.

In Vivo Zebrafish Danio Rerio Toxicity Assays

The experiments were performed using a Zeiss inverted fluorescent microscope (Ob-
server Z1). The zebrafish toxicological test (Zebratox) was realized as follows: the 24 h
post-fertilization embryos were arrayed by hand with one embryo per well in black-
walled 96-well microplates for fluorescence assays (Perkin Elmer, Waltham, MA, USA).
The embryos were treated before hatching from 0 to 72 h post-fertilization. The 20 mM
DMSO stock chemicals were diluted in fish water and added to the wells at final concen-
trations from 0.0 2uM to 5 uM. The negative control (0.25% DMSO) was added to each
replicate plate. The experiments were realized in triplicate in three independent plates.
The embryos were incubated for 72 h at 28 °C and were imaged, after anesthesia by incu-
bation at 4 °C for 30 min. The zebrafish fertilized eggs were provided by the ImPACcell-
Biosit Zebrafish facilities (Rennes, France).

Supplementary Materials The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1. Table S1: Bioavailability radar related to the physicochemical properties of
compounds 10(a-1). Figure S1: BOILED-Egg model for compounds 10b, 10e, 10h and 10k (bearing a
hydroxyl group) to predict gastrointestinal absorption (HIA-human gastrointestinal absorption)
and BBB penetration. Figure S2: Images @ of toxicity assays with erlotinib on Zebrafish danio rerio
eleutheroembryos. Section 1: 'H, ¥*C NMR and MS spectra of compounds 10(a-I).

Author Contributions: Organic synthesis, S.K., M.D. and M.F.; supervision for organic synthesis,
H.A, S.A,, LP. and J.-P.B.; hygiene and security training for organic synthesis, technical formation
for preparative purification chromatography, E.L.; tumoral cell lines assays and in vivo angiogenesis



Pharmaceuticals 2024, 17, x FOR PEER REVIEW 23 of 25

toxicity on Zebrafish danio rerio, R.L.G.; supervision of tumoral cell lines assays and in vivo angio-
genesis toxicity on Zebrafish danio rerio, T.D.C.; calcium signaling assays, A.M.; supervision of cal-
cium signaling assays, O.M.; in silico ADME prediction on SwissADME server, S.K. and J.-P.B.; su-
pervision of the project, H.A. and J.-P.B.; writing-article and editing, J.-P.B., funding acquisition of
Canceropodle Grand-Ouest contract, ].-P.B.; funding acquisition for junior and senior mobility of
Campus France, H.A. and J.-P.B. All authors have read and agreed to the published version of the
manuscript.

Funding: This research work was funded by the “Ministere de I'Enseignement Supérieur et de la
Recherche de la République Tunisienne’” (PhD fellowship for S.K. and M.D.). The biological assays
for this research program were supported by the ”’Cancerop6le Grand-Ouest” in “"Marin Molecules,
Metabolism and Cancer 3MC” network. This project has received funding for mobility of Tunisian
junior and senior researchers (S.K., H.A.) and French senior researchers (L.P., E.L. and J-P.B.) by
Campus France via PHC Utique 2021-23 contract (Campus France code 46156NL / CMCU code
21G1202).

Institutional Review Board Statement: Zebrafish (transgenic line Tg(kdrl:Hsa. HRAS-mCherry)s$%)
were housed in agreement with the European Union regulations concerning the protection of ex-
perimental animals (Directive 2010/63/EU) and approved by the ethics committee (CREEA: Comité
Rennais d’Ethique en matiere d’Expérimentation Animale) under permit number EEA B-35-040.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to the assistance of the staff (N. le Yondre, P. Jéhan, F.
Lambert) of CMRPO analytical chemistry core facility for HRMS analysis (CRMPO platform UAR
2025 CNRS, Université de Rennes 1, Bat. 11A, Campus de Beaulieu, Rennes, France). Thanks to Cal-
ciScreen platform (Université de Bretagne Occidentale, 22 Av. Camille Desmoulins, Brest, France)
for store-operated Ca*2 entry (SOCE) measurements.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

2.

Patil, S.A.; Patil, R.; Pfeffer, L.M.; Miller, D.D. Chromenes: Potential new chemotherapeutic agents for cancer. Future Med. Chem.
2013, 14, 1647-1660. https://doi.org/10.4155/fmc.13.126.

Gulley, ].M.D. A Phase I/II Trial of Crolibulin (EPC2407) Plus Cisplatin in Adults with Solid Tumors with a Focus on Anaplastic
Thyroid Cancer (ATC). Available online: http://www.clinicaltrials.gov (accessed on 20 November 2023).

Wang, J.-L.; Liu, D.; Zhang, Z.-].; Shan, S.; Han, X,; Srinivasula, S.M.; Croce, C.M.; Alnemri, E.S.; Huang, Z.; Structure-based
discovery of an organic compound that binds Bcl-2 protein and induces apoptosis of tumor cells. Proc. Natl. Acad. Sci. USA 2000,
97, 7124-7129. https://doi.org/10.1072/pnas.97.13.7124.

Doshi, ].M; Tian, D.; Xing, C. Structure activity relationship studies of ethyl-2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-
4H-chromene-3-carboxylate (HA 14-1), an antagonist for antiapoptotic Bcl-2 proteins to overcome drug resistance in cancer. J.
Med. Chem. 2006, 49, 7731-7739. https://doi.org/10.1021/jm060968r.

Grée, D.; Vorin, S.; Manthati, V.L.; Caijo, F.; Viault, G.; Manero, F.; Juin, P.; Grée, R. The synthesis of new, selected analogues of
the pro-apoptotic and anticancer molecule HA 14-1. Tetrahedron Lett. 2008, 49, 3276-3278.
https://doi.org/10.1016/j.tetlet.2008.03.070.

Kasibhatla, S.; Gourdeau, H.; Meerovitch, K.; Drewe, J.; Reddy, S.; Qiu, L.; Zhang, H.; Bergeron, F.; Bouffard, D.; Yang, Q.; et al.
Discovery and mechanism of action of a novel series of apoptosis inducers with potential vascular targeting activity. Mol. Cancer
Ther. 2004, 11, 1365-1374. https://doi.org/10.1158/1535-7163.1365.3.11.

Gourdeau, H.; Leblond, L.; Hamelin, B.; Desputeau, C.; Dong, K.; Kianicka, I.; Custeau, D.; Boudreau, C.; Geerts, L.; Cai, S.X;
et al. Antivascular and antitumor evaluation of 2-amino-4-(3-bromo-4,5-dimethoxy-phenyl)-3-cyano-4H-chromenes, a novel se-
ries of anticancer agents. Mol. Cancer Ther. 2004, 11, 1375-1384. https://doi.org/10.1158/1535-7163.1375.3.11.

Weyland, M.; Manero, F.; Paillard, A.; Grée, D.; Viault, G.; Jarnet, D.; Menei, P.; Juin, P.; Chourpa, 1.; Benoit, J.-P.; et al. Mito-
chondrial targeting by use of lipid nanocapsules loaded with SV30, an analogue of the small-molecule Bcl-2 inhibitor HA 14-1.
J. Control. Release 2011, 151, 74-82. https://doi.org/10.1016/j.jconrel.2010.11.032.

Wood, D.L.; Panda, D.; Wiernicki, T.R.; Wilson, L.; Jordan, M.A.; Singh, J.P. Inhibition of mitosis and microtubule function
through direct tubulin binding by a novel antiproliferative naphthopyran LY290181. Mol. Pharmacol. 1997, 52, 437-444.
https://doi.org/10.1124/mol.52.3.437.



Pharmaceuticals 2024, 17, x FOR PEER REVIEW 24 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Panda, D.; Singh, J.P.; Wilson, L. Suppression of microtubule dynamics by LY290181. ]. Biol. Chem. 1997, 272, 7681-7687.
https://doi.org/10.1074/jbc.272.12.7681.

Halawa, A.H.; Elaasser, M.M.; Kerdawy, A M.E.; Abd El-Hady, A.M.A.I; Emam, H.A.; Agrody, AM.E. Anticancer activities,
molecular docking and structure-activity relationship of novel synthesized 4H-chromene, and 5H-chromeno [2,3-d]pyrimidine
candidates. Med. Chem. Res. 2017, 26, 2624-2638. https://doi.org/10.1007/ s00044-017-1961-3.

Sabry, N.M.; Mohamed, H.M.; Khattab, E.S.; Motlaq, S.S.; Agrody, A.M.E. Synthesis of 4H-chromene, coumarin, 12H-chromeno
[2,3-d]pyrimidine derivatives and some of their antimicrobial and cytotoxicity activities. Eur. . Med. Chem. 2011, 46, 765-772.
https://doi.org/10.1016/j.ejmech.2010.12.015.

Ziarani, G.M.; Faramarzi, S.; Asadi, S.; Alireza, B.; Roya, B.; Massoud, A. Three-component synthesis of pyrano[2,3-d]-pyrimi-
dine dione derivatives facilitated by sulfonic acid nanoporous silica (SBA-Pr-SOsH) and their docking and urease inhibitory
activity. DARU J. Pharm. Sci. 2013, 21, 3. https://doi.org/10.1186/ 2008-2231-21-3.

Shamroukh, A.H.; Zaki, M.E.; Morsy, E.M.; Motti, F.M.A.; Megeid, F.M.A. Synthesis of pyrazolo [4',3":5,6]pyrano [2,3-d]pyrim-
idine derivatives for antiviral evaluation. Arch. Pharm. Chem. Life Sci. 2007, 340, 236-243. https://doi.org/ 10.1002/ardp.200700005.
Srelakshmi, P.; Krishna, B.S.; Santhisudha, S.; Murali, S.; Reddy, G.R.; Venkataramaiah, C.; Rao, P.V.; Reddy, V.K.; Swetha, V.;
Zyryanov, G.V.; et al. Synthesis and biological evaluation of novel dialkyl (4-amino-5H-chromeno [2,3-d]pyrimidin-5-yl)phos-
phonates. Bioorg. Chem. 2022, 129, 106121-106136. https://doi.org/10.1016/j.bioorg.2022.106121.

Dhiabi, M.; Bouattour, A.; Fakhfakh, M.; Souhir, S.; Paquin, L.; Robert, T.; Bach, S.; Bazureau, J.-P.; Ammar, H. Practical approach
to N-benzyl derivatives of 2-amino-8-methoxy-4H-chromene-3-carbonitrile by reductive amination: Exploration of their effects
against protein kinases and in silico ADME profiling. |. Mol. Struct. 2023, 1274, 134319-134327. https://doi.org/10.1016/j.mol-
struc.2022.134319.

Xie, J.; Pan, H.; Yao, J.; Zhou, Y.; Han, W. SOCE and cancer: Recent progress and new perspectives. Int. ]. Cancer 2016, 138, 2067—
2077. https://doi.org/10.1002/ijc.29840.

OECD. Test No. 236: Fish Embryo Acute Toxicity (FET) Test. In OECD Guidelines for the Testing of Chemicals; Section 2; OECD
Publishing: Paris, France, 2013.

Bouattour, A.; Fakhfakh, M.; Abid, S.; Paquin, L.; Le Guével, R.; Corlu, A.; Ruchaud, S.; Bach, S.; Ammar, H.; Bazureau, J-P.
Microwave assisted a practical synthesis of 4-imino-3-phenyl-3,4-dihydro-1H-chromeno [2,3-d]pyrimidine-2(5H)-thione deriv-
atives and exploration of their biological activities. Arkivoc 2017, 4, 291-302. https://doi.org/10.24820/ark.5550190.p010.040.
Bouattour, A.; Fakhfakh, M.; Abid, S.; Paquin, L.; Ammar, H.; Bazureau, J.-P. An efficient and concise syntheses of N-3-substi-
tuted 9-methoxy-4H-[1]-benzopyrano [2,3-d]pyrimidine-4(5H)-imine and formamidine derivatives from methyl N-(3-cyano-8-
methoxy-4H-[1]-benzopyran-2-yl)methanimidate. Synthesis 2019, 49, 3768-3774. https://doi.org/10.1055/s- 0036- 1588825.
Mohammed, F.K.; Badrey, M.G. Synthesis of pyrimidines and hetero-annulated pyrimidine ring systems. J. Korean Chem. Soc.
2011, 55, 218-229. https://doi.org/10.5012/jkes.2011.55.2.218.

Bjorgo, J.; Boyd, D.R.; Watson, C.; Jennings, W.B.; Jerina, D.M. E-Z-Isomerism in aldimines. . Chem. Soc. Perkin Trans. 2 1974, 9,
1081-1084. https://doi.org/10.1039/P29740001081.

Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J]. Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3-26.
https://doi.org/10.1016/S0169-409X(00)00129-0.

Veber, D.F.; Johnson, S.R.; Cheng, H.Y.; Smith, B.R.; Ward, KW.; Kapple, K.D. Molecular properties that influence the oral
bioavailability of drug candidates. ]. Med. Chem. 2002, 45, 2615-2623. https://doi.org/10.1021/jm020017n.

Doak, B.C.; Over, B.; Giordanetto, F.; Kihlberg, J. Oral druggable space beyond the Rule of 5: Insights from drugs and clinical
candidates. Chem. Biol. 2014, 21, 1115-1142. https://doi.org/10.1016/j.chembiol.2014.08.013.

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, druglikeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. https://doi.org/10.1038/srep42717.

Swiss ADME of Swiss Institute of Bioinformatics. Available online: http://www.swissadme.ch/ (accessed on 20 November 2023).
Abad-Zapatero, C. A sorcerer’s apprentice and the rule of five: From rule-of thumb to commandment and beyond. Drug Discov.
Today 2007, 12, 995-997. https://doi.org/10.1016/j.drudis.2007.10.022.

Roy, D.; Patel, C. Revisiting the use of quantum chemical calculations in Log Poctanol-water prediction. Molecules 2023, 28, 801-810.
https://doi.org/10.3390/molecules28020801.

Drug-Likeness Prediction Issued from “Molsoft Molecules in silico”. Available online: https://molsoft.com/mprop/ (accessed on
23 February 2023).

Prakriya, M., Lewis, RS. Store-Operated Calcium Channels. Physiol. = Rev. 2015, 95, ~ 1383-1436.
https://doi.org/10.1152/physrev.00020.2014.

Fahrenholtz, C.D.; Greene, A.M.; Beltran, P.J.; Burnstein, K.L. A novel calcium-dependent mechanism of acquired resistance to
IGF-1 receptor inhibition in prostate cancer cells. Oncotarget 2014, 5, 9007-9021. https://doi.org/10.18632/oncotarget.2346.

Wu, Y.; Wang, J.; Zhou, H.; Yu, X,; Hu, L.; Meng, F.; Jiang, S. Effects of calcium signaling on coagulation factor VIla-induced
proliferation and migration of the SW620 colon cancer cell line. Mol. Med. Rep. 2014, 10, 3021-3023.
https://doi.org/10.3892/mmr.2014.2665.



Pharmaceuticals 2024, 17, x FOR PEER REVIEW 25 of 25

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Berridge, M.J. The inositol trisphosphate/Calcium signaling pathway in health and disease. Physiol. Rev. 2016, 96, 1261-1296.
https://doi.org/10.1152/physrev.00006.2016.

Putney, JW. Jr. A model for receptor-regulated calcium entry. Cell Calcium 1986, 7, 1-12. https://doi.org/10.1016/0143-
4160(86)90026-6.

Liang, X.; Zhang, N.; Pan, H.; Xie, J.; Han, W. Development of Store-Operated Calcium Entry-targeted compounds in cancer.
Front. Pharmacol. 2021, 12, 688244. https://doi.org/10.3389/fphar.2021.688244.

Dago, C.D.; Le Maux, P.; Roisnel, T.; Brigaudeau, C.; Békro, Y.-A.; Mignen, O.; Bazureau, J-P. Preliminary structure-activity
relationship (SAR) of a novel series of pyrazole SKF-96365 analogues as potential Store-Operated Calcium Entry (SOCE) inhib-
itors. Int. J. Mol. Sci. 2018, 19, 856-879. https://doi.org/10.3390/ijms19030856.

El-Kenawi, A.E.; El-Remessy, A.B. Angiogenesis inhibitors in cancer therapy: Mechanistic perspective on classification and
treatment rationales. Br. J. Pharmacol. 2013, 170, 712-729. https://doi.org/10.1111/bph.12344.

Isogai, S.; Horiguchi, M.; Weinstein, B.M. The vascular anatomy of the developing zebrafish: An atlas of embryonic and early
larval development. Dev. Biol. 2001, 230, 278-301. https://doi.org/10.1006/dbio.2000.9995.

Truong, L.; Harper, S.L.; Tanguay, R.L. Evaluation of embryotoxicity using the zebrafish model. Methods Mol. Biol. 2011, 691,
271-279. https://doi.org/10.1007/978-1-60761-849-2_16.

Kais, B.; Schneider, K.E.; Keiter, S.; Henn, K.; Ackermann, C.; Braunbeck, T. DMSO modifies the permeability of the zebrafish
(Danio rerio) chorion-implications for the fish embryo test (FET). Aquat. Toxicol. 2013, 140-141, 229-238.
https://doi.org/10.1016/j.aquatox.2013.05.022.

Lawson, N.D.; Weinstein, B.M. In vivo imaging of embryonic vascular development using transgenic zebrafish. Dev. Biol. 2002,
248, 307-318. https://doi.org/10.1006/dbio.2002.0711.

Lipinski, C.A. Lead- and drug-like compounds: The rule-of-five revolution. Drug Discov. Today Technol. 2004, 1, 337-341.
https://doi.org/10.1016/j.ddtec.2004.11.007.

Nakabayashi, H.; Taketa, K.; Miyano, K.; Yamane, T.; Sato, ]. Growth of human hepatoma cells lines with differentiated functions
in chemically defined medium. Cancer Res. 1982, 42, 3858-3863.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



