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A number of dioxolane, dioxane, and dioxepine quinazoline derivatives have been synthetized and
evaluated as EGFR inhibitors. Their cytotoxic activity has been tested against two cell lines over-
expressing and not expressing EGFR. Most derivatives were able to counteract EGF-induced EGFR
phosphorylation, and their potency was comparable to the reference compound PD153035. The size of
the fused dioxygenated ring was crucial for the biological activity, the dioxane derivatives being the most

promising class of this series.

Introduction

The epidermal growth factor receptor (EGFRY) is a trans-
membrane tyrosine kinase receptor that belongs to the ErbB
family. In the absence of a ligand EGFR exists in an inactive
monomeric form, whereas after interaction with its growth
factor ligands, the formation of homo- or heterodimers
occurs,' leading to signal transduction pathways that regulate
cell differentiation, growth, migration, and apoptosis.? EGFR
is often mutated and/or overexpressed in many tumors,
representing therefore a valuable target for the design of
anticancer agents. A number of ATP-mimetic tyrosine kinase
inhibitors (TKIs) have so far received approval by FDA for
cancer therapy® as Erlotinib,* Gefitinib,” and Lapatinib.°®

Among several TKISs, the 4-anilinoquinazoline class of com-
pounds plays a key role and has been extensively studied in the
past few years. These TKIs generally show high potency in
vitro, inhibiting EGFR at nanomolar concentration.” How-
ever, a major problem of these compounds is their poor in vivo
activity, and many analogues of PD153035,” the most potent
inhibitor on isolated EGFR (ICsy = 25 pM), have been deve-
loped by inserting solubilizing groups to address this issue.®
Moreover, it has been established that TKIs can bind their
target both in the active and in the inactive forms, leading to
different activity profiles.” For example, Lapatinib, which
binds only the inactive EGFR form, is a slow off-rate inhibitor,
leading to a longer inhibition effect with respect to Erlotinib or
Gefitinib, which bind only the active EGFR form.® This is due
to Lapatinib ability to occupy a deep pocket only present in the
inactive form of the receptor. To investigate the structural
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determinants that could positively modulate the interaction
with EGFR and consequently the biological activity, we have
modified the molecular structure of PD153035 in two specific
sites: the moiety involved in the interaction with the ATP-
binding site of EGFR, incorporating both the 6- and 7-
methoxy groups into rings of various size (dioxolane, dioxane,
and dioxepine rings), and the 4-aniline moiety responsible for
the interaction with an hydrophobic pocket of EGFR, sub-
stituting the bromine atom with other functional groups of
different lipophilicity and/or steric hindrance (Table 1).

The antiproliferative activity of the synthesized compounds
has been evaluated against A431 and NIH3T3 cells over-
expressing and not expressing EGFR, respectively. Moreover,
the inhibition of ligand-induced receptor phosphorylation
and the abrogation of EGF-mediated growth effect and
reversibility were all assessed on A431 cells.

Chemistry

All the designed compounds were synthesized according to
a novel synthetic strategy, with a quinazoline oxidation step
leading to the key quinazolinone intermediates'® (Scheme 1).

The starting quinazolines 3a—c¢ have been synthesized from
the appropriate aniline derivative la—c¢ using the HMTA/
TFA/K;Fe(CN)e method.'' Compounds 3a—c¢ were oxidized
to quinazolin-4(3H)-ones with CAN in aqg AcOH and then
submitted to chlorination with POCl; in presence of TEA and
finally condensed with the suitable substituted aniline to give
the final products 6a—c, 7a—c¢, 8a—c, 9a—c, and 10a—c,
directly as hydrochlorides. The final compounds are summar-
ized in Table 1.

Biology

The inhibitory effects on cell proliferation were determined
by MTT assay (Table 2 and Figure S1 in the Supporting
Information). The results obtained on A431 cells (over-
expressing EGFR) showed that the dioxane derivatives were
more cytotoxic than the corresponding dioxolane and dioxe-
pine derivatives. ICs, values of compounds 6b, 7b, and 8b were
about 6 times lower than that determined for PD153035.
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“Reagents and conditions: (a) CICOOEt, TEA, THF, rt, 30 min; (b) (i) HMTA, TFA, MW, 110 °C, 10 min, (ii) K3Fe(CN)s, KOH 10% EtOH/H,0 1/1,
reflux, 4 h; (c) CAN, AcOH, H,O, rt, 5 min; (d) POCl;, TEA, reflux, 3 h; (¢) ArNH,, 'PrOH, MW, 80 °C, 15—30 min. See Table 1 for R specification.

Table 1. Structures of Synthesized Compounds

= I
IR
HN
0 N
(H2C)n /) HCI
o N
n=1 n=2 n=3 R
6a“ 6b“ 6c 3-Br
7a“ 7b T 3'-Me
8a 8b 8¢ 3'-CF;
9a 9h 9¢ 3'-Cl, 4-F
10a 10b 10c 2'-F, 4-Br

“These compounds have already been synthesized (see references in
the Supporting Information) but using a different strategy, and only
data about cytotoxicity and inhibition of isolated EGFR have been
published.

Because the 4-aniline moiety interacts with a hydrophobic
pocket of EGFR,'? the presence of lipophilic groups in speci-
fic positions improves the interaction with this site, leading to
an increase in the affinity toward EGFR. Thus, the com-
pounds bearing a bromine atom or methyl (compounds 6a—c
and 7a—c) or trifluoromethyl (compounds 8a—c) groups at
the 3’ position are more active than those substituted with two
halogen atoms.

To assess whether the antiproliferative activity of the com-
pounds could be only due to inhibition of EGFR, the same
test was repeated with NIH3T3 cells, not expressing EGFR
(Table 2). In general, almost all the compounds, including
PD153035, showed a lower but not negligible cytotoxicity in
NIH3TS3 cells, demostrating that other cell targets, probably
other kinases, may be affected by these compounds (parti-
cularly in the case of dioxane derivatives). The interaction
with other tyrosine kinase receptors, such as the vascular
endothelial growth factor receptor (VEGFR), could improve
the antitumor activity via an antiangiogenetic mechanism.' It
is known that the pharmacological inhibition of EGFR can
decrease VEGF expression and consequently angiogenesis in
many tumor types.'* Nevertheless, VEGF production is con-
trolled by many other factors and the prolonged administra-
tion of EGFR inhibitors can lead to resistance. Thus, several
inhibitors of both EGFR and VEGFR have been designed
and studied.'® It is noteworthy that compounds 10a—c bear

Table 2. 1Cs, Values for 72 h Exposure of A431 and NIH3T3 Cells to
the Compounds

ICso (uM)*
compd A431 NIH3T3

PD153035 440+ 1.3 >10"

6a 7.16 £ 1.11 >10°

7a 6.69 £0.92 >10”

8a 8.46 + 0.87 >10"

9a >10° nd®

10a >10° nd®

6b 0.75 & 0.09 >10”

7b 0.67 £0.11 5.80 & 0.58
8b 0.77 £ 0.09 7.10 £ 0.60
9 >10° nd®

10b 6.28 +0.46 5.40 £ 0.20
6¢ 8.17 £ 0.76 >10°

7e 6.29 4 0.62 >10"

8¢ 4.73 £0.56 >10"

9 7.13 £ 0.63 >10°

10c >10° nd®

“The values are the mean=+SD of at least three independent experi-
ments. “ICsy not determined because less than 50% inhibition was
observed at the highest tested concentration (10 #M). Higher concentra-
tions were not used to avoid precipitation of the compounds in the
culture medium. “nd: not determined. Cell proliferation assay was not
carried out on NIH3T3 cells because the compound was quite ineffective
on A431 cells.

two halogen atoms (F and Br) in the 4-aniline moiety like
Vandetanib, a dual inhibitor able to slow down the growth of
tumors nonresponsive to EGFR inhibitors.'® Among these
three compounds, compound 10b was the most effective,
inducing similar antiproliferative effects in both cell lines.
We are planning in vitro studies on endothelial cells to assess if
this compound could interact also with VEGFR and exert
antiangiogenic effects.

On the basis of the inhibitory effect on A431 cell prolifera-
tion, the more active compounds were selected for further
studies. The antiproliferative effects of 4-anilinoquinazoline
derivatives seems to be related to a pro-apoptotic activity. All
the compounds, as well as PD153035, induced strong in-
creases in the apoptotic rate when compared to nontreated
cultures (Figure 1).

The reversibility of the antiproliferative effects of the
compounds was also studied. Almost all the compounds
seems to be cytostatic, like PD153035,"” showing on A431
cells a reversible growth inhibitory activity (see Figure S2 in
the Supporting Information). Only compound 6a partially
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Figure 1. Pro-apoptotic effects of compounds on A431 cells. A431 cells were treated for 24 h with compounds (10 #M). At the end of the
incubation period, both cell viability (A) and apoptotic rate (B) were determined by MTT assay and assessment of mono- and oligo-
nucleosomes formation, respectively. Results, expressed as percent change from control nontreated cultures (taken as 0), are the mean + SD of
at least three independent experiments. p < 0.05 vs control cultures, Student ¢ test.
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Figure 2. Effects on EGFR phosphorylation. A431 cells were
pretreated for 30 min with 1 M of compounds and then incubated
with 50 ng/mL EGF for 5 min. Phosphorylated EGFR was deter-
mined by a sandwich ELISA using a phospho-specific anti-EGFR
antibody and a normalization antibody that recognizes the pan-
protein regardless of phosphorylation status. The results were
expressed as ratio between phosphorylated EGFR and total EGFR.
A = p < 0.05 vs cultures treated with EGF.

maintained its antiproliferative activity after the recovery
period.

The ability of the compounds to inhibit EGFR phospho-
rylation was assessed using a cell-based ELISA experiment
able to discriminate EGFR from other tyrosine kinases. As
shown in Figure 2, all the compounds significantly decreased
EGF-induced EGFR phosphorylation.

To evaluate whether the synthesized compounds could be
able to counteract the increase in cell growth induced by
exogenous EGF, A431 cells were pretreated for 24 h with
4-anilinoquinazoline derivatives and then, after removal of
media, incubated for 72 h with either EGF alone (Figure 3A)
or both compounds and EGF added to culture media
(Figure 3B). On the basis of MTT data, the experiments were
carried out by treating the cultures with the highest noncyto-
toxic concentrations of the tested compounds, thus avoiding
direct cytotoxic effects. Although all compounds inhibited
EGFR phosphorylation induced by exogenous EGF, only
PD153035, 8a, 8b, and 10b were able to counteract the
proliferogenic effects of the cytokine. In both experimental
conditions, PD153035 and compound 8a reversed the EGF-
induced cell growth. Compound 10b was able to counteract
the EGF stimulatory effects when it was simultaneously ad-
ministered with the growth factor, suggesting a preferential
interaction of 10b with the active form of EGFR. On the
contrary, compound 8b seems to be effective on the inactive

form because only preincubation reversed the EGF-induced
growth effects.

A docking study was performed on the two structurally
related compounds 8a and 8b to explain the reason of such a
different behavior for so similar derivatives. The structures of
8a and 8b were docked in the crystal structure of inactive
EGFR form (PDB ID: 2GS7): in this structure, a magnesium
ion, a well-known cofactor for the ATPase activity,18 was
present near the interaction pocket. Only compound 8b was
able to interact with the ion through the oxygen at the 6
position (Figure 4 and Figure S3 in the Supporting In-
formation).

Conclusion

The syntheses and biological evaluation of three classes of
fused tricyclic quinazolines as EGFR inhibitors have been
described. The cyctotoxic activity of all the compounds was
assessed against two cell lines overexpressing and not expressing
EGFR, respectively. Most derivatives were able to counteract
EGF-induced EGFR phosphorylation and showed better or at
least comparable potency with respect to PD153035, used as
reference compound. The size of the fused dioxygenated ring
was crucial for the cytotoxic activity and for the biological
profile. In particular, the dioxane derivatives showed an inter-
esting profile: among these, the most promising derivative is the
one bearing the 3'-trifluoromethylaniline substituent (8b) due to
its preferential binding to the inactive form of EGFR. Further
studies on the VEGFR inhibition ability of this compound are
in progress to investigate its potential dual behavior.

Experimental Section

Chemistry. See Supporting Information for general synthetic
methods, for synthesis of 1¢, and for the analytical details (mp,
NMR, HRMS, elemental analyses) of all compounds.

General Procedure for Carbamates 2a—c. A mixture of 1
(10.0 mmol), ethyl chloroformate (20.0 mmol), and TEA (20.0 mmol)
in anhydrous THF (200 mL) was stirred at room temperature
for 30 min. The solid was filtered off, and the solvent was
evaporated under reduced pressure. The residue was dissolved
in CHCl;3 (200 mL), and the organic layer was washed with water
(2 x 100 mL). The organic phase was evaporated under reduced
pressure to give 2 (yields 97—98%).

General Procedure for Quinazolines 3a—c. A mixture of ethyl
carbamate 2 (10.0 mmol) and HMTA (10.0 mmol) in TFA
(30 mL) was microwave irradiated at 110 °C (power set point 80 W;
ramp time 1 min; hold time 10 min). After cooling, the mix-
ture was diluted with aq ethanolic (water/EtOH: 1/1) 10% KOH
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Figure 3. Effects on EGF-mediated growth stimulation. (A) After 24 h of treatment with the compounds at the highest concentration not
inducing decrease in cell viability (0.01 xM PD153035, 6b, 7b, 10b, 6¢, and 8c; 0.1 uM 6a, 7a, 8b, 7¢, and 9¢; 1 uM 8a), medium from A431 cells
was removed and replaced with fresh one containing 5 ng/mL EGF. Then, cultures were incubated for 72 h. (B) A431 cells were treated for 72 h
with 5 ng/mL EGF and noncytotoxic concentrations of compounds. At the end of the incubation period, cell proliferation was determined by
MTT assay. Results, expressed as percent change from control not treated cultures (taken as 0), are the mean + SD of at least three independent

experiments. * = p < 0.05 vs EGF-treated cultures, Student ¢ test.

Figure 4. Superposition of docked structure of compounds 8a and
8b in the crystal structure of inactive EGFR (PDB ID: 2GS7).

(300 mL), and K3Fe(CN)g (80.0 mmol) was added to the
solution, which was refluxed under stirring for 4 h. After cool-
ing, the mixture was diluted with water (300 mL) and extracted
with CHCI; (3 x 200 mL). The organic phase was evaporated
under reduced pressure to give 3 (yields 83—89%).

General Procedure for Quinazolinones 4a—c. To a solution of
3 (5.0 mmol) in AcOH (2.0 mL), a solution of CAN (20.0 mmol)
in water (24.0 mL) was added dropwise. The white precipitate
formed was collected to give 4 (yields 65—73%).

General Procedure for Chloroquinazolines Sa—c. A suspension
of 4 (4.0 mmol) in POCl; (8.0 mL) and TEA (2.0 mL) was
refluxed for 3 h. After cooling, the mixture was concentrated
under reduced pressure and the solid residue was dissolved in
EtOAc (50 mL) and washed with a satd aq NaHCOj5 solution
(2 x 20 mL). The organic phase was evaporated under reduced
pressure to give 5 (yields 70—93%).

General Procedure for Anilinoquinazolines 6—10a—c. A mix-
ture of 5 (1.0 mmol) and substituted aniline (1.0 mmol) in ‘PrOH
(2mL) was microwave irradiated at 80 °C (power set point 60 W;
ramp time 1 min; hold time 15 min). After cooling, further
aniline (1.0 mmol) was added and the mixture was microwave
irradiated at 80 °C for another cycle. After cooling, the obtained
precipitate was collected by filtration to give 6—10a—c as
hydrochlorides (yields 72—86%).

Biology. See Supporting Information for evaluation of
antiproliferative and pro-apoptotic activity, reversibility of the

antiproliferative activity, EGFR-phosphorylation, and effects
on EGF-induced cell growth.
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