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Introduction

Prostate cancer is the most invasive and frequently diagnosed
malignancy and is the second leading cause of death by
cancer in men. For advanced and aggressive prostate cancer,
endocrine therapy induces dramatic growth arrest and cell
death in sensitive prostate cells, but mutations of the andro-
gen receptor (AR) and alterations in the relative expression of
AR co-regulators contribute to the continued progression of
the cancer.[1] Moreover, certain cellular changes, including in-
creased growth factor production and overexpression of onco-
genic protein tyrosine kinases with altered downstream signal-
ing, contribute to the spread of cancer.[2–5] Aberrant kinase sig-
naling leads to increased proliferation and invasion and a de-
crease in cancer cell apoptosis. Furthermore, it has also been
implicated in the process of angiogenesis in cancerous tissues.
Therefore, the development of therapeutic agents that inhibit
the abnormal activation of protein tyrosine kinases is now a
major field of research in both academic institutions and phar-
maceutical companies.[6,7] Evidence that these enzymes are de-
regulated in prostate cancer along with their possible role in
the development of hormone-refractory prostate cancer[8,9] has
led to the consideration of tyrosine kinases, particularly those
of the human epidermal growth factor receptor (HER) family,
as prime targets for anticancer drug therapy.
Blockade of the intracellular domain of the epidermal

growth factor receptor (EGFR) is one strategy that has been
adopted to limit aberrant signaling, and this was recently car-
ried out successfully with low-molecular-weight tyrosine kinase
inhibitors. Among such inhibitors is the selective EGFR inhibi-
tor Iressa (gefitinib, ZD 1839), which induces cell-cycle arrest
along with inhibition of cell proliferation and invasion in both
androgen-sensitive and insensitive human prostatic cancer

cells.[10–12] These effects are mainly mediated by suppression of
EGF-stimulated activation of the PI3K/Akt pathway,[13] which is
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The tyrosine kinase activity of the epidermal growth factor recep-
tor (EGFR) is widely involved in signaling pathways and often de-
regulated in cancer. Its role in the development of prostate
cancer is well established, and therapeutic strategies such as
blockade of the intracellular tyrosine kinase domain with small-

molecule tyrosine kinase inhibitors have been proposed. Herein
we describe the synthesis and in vitro pharmacological properties
of C6- and C7-substituted 4-anilinoquinazolines, analogues of
Iressa and powerful proapoptotic inducers in hormone-independ-
ent prostate cancer PC3 cell lines.
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perturbed in cancers associated with somatic deletions or mu-
tations of the PTEN gene.[14,15] Iressa is an orally active anilino-
quinazoline derivative currently under evaluation in patients
with various tumor types. However, a randomized phase II
study showed only minimal efficacy with the drug in hormone-
refractory prostate cancer subjects.[16] In addition, cases of in-
terstitial lung disease have been reported in Japan in patients
with non-small-cell lung cancer
under treatment with Iressa.[17,18]

Based on our previous find-
ings,[19] we describe herein the
synthesis and in vitro properties
of C6- and C7-substituted 4-ani-
linoquinazolines. As with Iressa
and Tarceva (erlotinib), another
EGFR inhibitor, the quinazoline
ring is believed to mimic ATP
and interact with its binding
pocket in the kinase. The posi-
tioning of the aniline into the
selectivity pocket, which is
rather small and lipophilic in the
case of EGFR, is well de-
scribed;[20] in this study various
substituents have been intro-
duced into the anilino ring in an
attempt to increase the binding
affinity. In addition, two linear
side chains (either butoxy or di-
ethylaminoethoxy) at positions 6 and 7 of the quinazoline ring
were introduced. The butoxy group could interact with a hy-
drophobic portion of the ATP site, and the basic atom incorpo-
rated into one of the two linear side chains could improve the
physicochemical properties (solubility and bioavailability) of
these structures to render them more druglike. It is known
that quinazolines, especially 4-anilinoquinazolines with basic
side chains at C7, are potent inhibitors of VEGFR-1 (Flt-1) and
VEGFR-2 (KDR) tyrosine kinases in both in vitro and in vivo
assays and may be useful in limiting angiogenesis.[21–24] We
therefore preferentially studied these regioisomers of Iressa
and other C7-substituted anilinoquinazolines, because we ex-
pected that this might favor greater inhibition of cell growth
and invasion.
The 4-anilinoquinazolines described herein were first evalu-

ated for their ability to inhibit EGFR with respect to other tyro-
sine kinases and, as binding to the ATP pocket of EGFR was
observed with some of the compounds, this was compared
with the binding of the reference compounds Iressa and Tarce-
va. We also report the effects of these new tyrosine kinase in-
hibitors on cell proliferation, survival, and invasion in hormone-
independent PC3 prostate cancer cell lines. As EGFR is involved
in the activation and expression of Akt and cyclooxygenase-2
(COX-2), and these proteins also play a role in prostate cancer
development[25] through antiapoptotic, proliferative, and inva-
sion pathways, the effect of the new derivatives on these en-
zymes was also evaluated in an attempt to study their overall
mechanism of action.

Results and Discussion

Chemistry

The synthesis of 4-anilinoquinazoline analogues 9–19 is de-
scribed in Scheme 1. 3,4-Dihydroxybenzoic acid was converted
into its methyl ester. Selective introduction of the n-butyl sub-

stituent was performed using one equivalent of 1-iodobutane
and potassium carbonate in acetone at room temperature
over 18 h. Alkylation of the free hydroxy group of compound 4
with 2-diethylaminoethylchloride hydrochloride and potassium
carbonate in acetone at reflux gave 5 in quantitative yield. Se-
lective nitration at C6 was carried out by treating 5 with
fuming nitric acid and tin(IV) chloride in dichloromethane at
�25 8C to give 6 in 65% yield. Reduction of the nitro group
with tin(II) chloride in concentrated hydrochloric acid at 100 8C,
followed by quinazolinone formation using ammonium for-
mate in formamide at 140 8C furnished 8 in 66% yield. The 4-
chloro substituent was introduced by treating 8 with phospho-
rus pentachloride in an excess of phosphorus oxychloride at
reflux. Nucleophilic displacement of the chlorine atom with
anilines then yielded the corresponding 4-anilino-7-n-butoxy-6-
(2-diethylaminoethoxy)quinazolines 9–19 (Table 1).
We decided to use the same synthetic route to prepare iso-

mers 27–37 (Scheme 2). This synthesis was accomplished by
benzylation of 3 in acetone at room temperature using one
equivalent of potassium carbonate and benzyl bromide. The
position of the benzyl group was confirmed by COSY and
ROESY experiments. In the next step, the free phenol group of
the intermediate 20 was alkylated with 1-iodobutane by using
potassium carbonate in acetone at reflux to give 21 in 96%
yield. After hydrogenolysis of the benzyl protecting group
(94% yield), the free hydroxy group of compound 22 was alky-
lated with 2-diethylaminoethylchloride hydrochloride using po-
tassium carbonate in acetone at reflux. Intermediate 23 was

Scheme 1. Reagents and conditions for the synthesis of 4-anilinoquinazolines 9–19 : a) SOCl2, MeOH, reflux,
>99%; b) n-C4H9I, K2CO3, acetone, 64%; c) K2CO3, acetone, reflux, >99%; d) HNO3 (100%), SnCl4, CH2Cl2, �25 8C,
65%; e) SnCl2, HCl (12n), 100 8C, 91%; f) HCOONH4, HCONH2, 140 8C, 66%; g) 1: PCl5, POCl3, reflux; 2: R-NH2, iPrOH,
reflux, 25–99%.
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obtained in 91% yield. The quinazolinone 26 was then pre-
pared with a similar strategy to that used to afford 8. Nitration
of compound 23 with fuming nitric acid and tin(IV) chloride in
dichloromethane at �25 8C followed by reduction of the nitro
group with tin(II) chloride in concentrated hydrochloric acid at
100 8C furnished 25 in 79% yield. This compound was cyclized
to the quinazolinone 26 using ammonium formate in forma-
mide at 140 8C in 60% yield. The 4-chloro substituent was then
introduced by treating 26 with phosphorus pentachloride in
an excess of phosphorus oxychloride at reflux. Nucleophilic dis-
placement of the chlorine atom with various anilines then

yielded the corresponding 4-anilino-6-n-butoxy-7-(2-
diethylaminoethoxy)quinazolines 27–37 (Table 1).
The synthesis of compound 42 is described in

Scheme 3. The reaction of methyl vanillate with 4-
chloropropylmorpholine hydrochloride under basic
conditions in acetone at reflux provided methyl-3-me-
thoxy-4-(4-morpholinopropyl)benzoate 38 in quanti-
tative yield. Reaction of 38 with fuming nitric acid
and tin(IV) chloride in dichloromethane at �78 8C led
to compound 39 (91% yield). On heating with tin(II)
chloride and hydrochloric acid (12n) at 100 8C, 39
was converted into the methyl-6-amino-3-methoxy-4-
(4-morpholinopropyl)benzoate 40. The treatment of
40 with ammonium formate and formamide at 140 8C
gave quinazolinone 41 in 90% yield. Chlorination of
41 was carried out with phosphorus pentachloride
and phosphorus oxychloride at 105 8C to yield the 4-
chloroquinazoline intermediate, which was immedi-
ately reacted with 3-chloro-4-fluoroaniline in isopro-
panol at reflux. Compound 42 was obtained in 19%
yield (Table 1).

Biological data: inhibition of EGFR tyrosine kinase
activity and PC3 membrane-associated tyrosine
kinase activity

The reference compound Iressa (compound 1, a se-
lective EGFR inhibitor) and compounds 9–19 (series A), 27–37
(series B), and 42 were tested for their ability to inhibit tyrosine
kinase activity of the EGFR (purified from A431 cells) and other
tyrosine kinases present in PC3 membranes (Tables 2 and 3).
Compound 1 is a highly potent EGFR inhibitor (IC50=72 nm).
This activity is lost if the morpholino side chain is moved to
the 7-position (compound 42, IC50>1 mm). The compounds of
series A (9–19) appear to be more effective than compounds
belonging to series B (27–37). Compounds substituted by a
fluorine alone or a carboxylic group are unfavorable for EGFR
inhibition (compounds 14–16 and 32–34). Bromo and chloro

Table 1. Structures and yields of compounds 9–19 and 27–37.

Compd X Yield [%] Compd X Yield [%]

9 H 30 27 H 52
10 3-Cl, 4-F 50 28 3-Cl, 4-F 60
11 3-Cl 100 29 3-Cl 83
12 4-Cl 60 30 4-Cl 49
13 4-Br 32 31 4-Br 89
14 4-F 95 32 4-F 14
15 3-Cl, 4-COOH 25 33 3-Cl, 4-COOH 51
16 4-COOH 61 34 4-COOH 82
17 3-Br 51 35 3-Br 38
18 3-Br, 4-CH3 43 36 3-Br, 4-CH3 12
19 3-Cl, 4-Br 83 37 3-Cl, 4-Br 65

Scheme 2. Reagents and conditions for the synthesis of 4-anilinoquinazoline analogues 27–37: a) K2CO3, BnBr, acetone, >67%; b) n-C4H9I, K2CO3, acetone,
reflux, 96%; c) H2, Pd/C, MeOH, 94%; d) K2CO3, acetone, reflux, 91%; e) HNO3 (100%), SnCl4, CH2Cl2, �25 8C, 67%; f) SnCl2, HCl (12n), 100 8C, 79%;
g) HCOONH4, HCONH2, 140 8C, 60%; h) 1: PCl5, POCl3, reflux; 2: R-NH2, iPrOH, reflux, 12–89%. Bn=benzyl.
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derivatives are the most active compounds, but remain less
active than reference compound 1.
To study the potential of these different compounds to in-

hibit other tyrosine kinases, they were incubated with PC3
membranes. The reference compound 1, which is known to be
a powerful EGFR inhibitor, manifests tyrosine kinase inhibition
on PC3 membranes (IC50=7.3 mm). Compound 42, the isomeric
analogue of compound 1, was slightly more active (IC50=
1.8 mm) than compound 1. As compound 42 is not a good
EGFR inhibitor, it is plausible that it is active toward alternate
kinase targets. Compounds that belong to series B are more
potent tyrosine kinase inhibitors than compounds of series A.

Chloro or bromo substitutions produced relatively good tyro-
sine kinase inhibition, but activity is lost with fluoro-substitut-
ed derivatives (compounds 14 and 32) and carboxylic acids
(compounds 15, 16 and 33, 34). As noted for 42, it is clear that
compounds that are not EGFR inhibitors but which maintain
tyrosine kinase inhibitory activity may act upon other intracel-
lular targets. As a basic side chain at the 7-position of the qui-
nazoline ring has previously been described to produce potent
VEGFR tyrosine kinase inhibitors,[21–24] we evaluated the activity
of compounds 1, 42, 9–19 (series A), and 27–37 (series B)
against VEGFR-2, a tyrosine kinase widely involved in angio-
genesis. SU5416[26] (IC50=1.2 mm) is the reference compound

for the test. Compound 1 and derivatives belonging
to series A manifest a weak inhibition of VEGFR-2 ty-
rosine kinase at 5 mm (Table 4), if any, whereas the
isomeric analogue is a better VEGFR-2 inhibitor
(IC50=5.0 mm). Moreover, most of compounds be-
longing to series B manifest VEGFR-2 tyrosine kinase
inhibition at 5 mm, and the most active compound is
substituted at the 4’ position of the aniline by a bro-
mine atom (compound 31, IC50=3.4 mm).

Scheme 3. Reagents and conditions for the synthesis of compound 42 : a) K2CO3, acetone, reflux, >99%; b) HNO3 (100%), SnCl4, CH2Cl2, �78 8C, 91%; c) SnCl2,
HCl (12n), 100 8C, 40%; d) HCOONH4, HCONH2, 140 8C, 90%; e) 1: PCl5, POCl3, reflux; 2: 3-chloro-4-fluoroaniline, iPrOH, reflux, 19%.

Table 2. Enzymatic activities for compounds 1 and 9–19 (series A).

EGFR[a] PC3[b]

Compd Inhibition [%][c] IC50 [mm]
[d] Inhibition [%][e] IC50 [mm]

[d]

1 nd[f] 0.072 68.0 7.3
9 11.5 >1 23.0 >10
10 69.6 0.660 48.0 >10
11 67.5 0.669 45.0 >10
12 51.3 0.937 86.2 7.3
13 54.1 0.875 57.0 8.1
14 11.5 >1 2.9 >10
15 20.0 >1 4.9 >10
16 118 >1 2.0 >10
17 65.2 0.735 37.0 >10
18 76.2 0.587 42.5 >10
19 59.1 0.887 64.1 7.5

[a] Inhibition of EGFR (purified from human carcinoma A431 cells) tyro-
sine kinase activity. [b] Inhibition of whole PC3 cell membrane-associated
tyrosine kinase activity. [c] Compounds tested at a concentration of 1 mm.
[d] Values correspond to n=3 (SD<10%). [e] Compounds tested at a
concentration of 10 mm. [f] nd=not determined.

Table 3. Enzymatic activities for compounds 42 and 27–37 (series B).

EGFR[a] PC3[b]

Compd Inhibition [%][c] IC50 [mm]
[d] Inhibition [%][e] IC50 [mm]

[d]

42 33.0 >1 100 1.8
27 20.7 >1 69.2 6.9
28 55.8 0.895 90.0 4.3
29 43.4 >1 74.5 6.5
30 46.6 >1 95.0 4.2
31 6.2 >1 59.1 7.9
32 13.7 >1 29.0 >10
33 11.3 >1 0 >10
34 24.9 >1 15.0 >10
35 33.7 >1 64.6 6.0
36 21.4 >1 73.6 4.5
37 71.9 0.634 62.1 6.6

[a] Inhibition of EGFR (purified from human carcinoma A431 cells) tyro-
sine kinase activity. [b] Inhibition of whole PC3 cell membrane-associated
tyrosine kinase activity. [c] Compounds tested at a concentration of 1 mm.
[d] Values correspond to n=3 (SD<10%). [e] Compounds tested at a
concentration of 10 mm.
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Molecular modeling

To better understand the binding modes of these inhibitors, a
model of compounds belonging to series A (compounds 10,
16, and 19) interacting with the ATP site of EGFR was con-
ceived.[27] The model used the reported crystal structure of the
EGFR domain in complex with Tarceva[20,28] and previously de-
scribed procedures[29–31] in which the binding site was defined
by a sphere of 10 N radius around the center of the co-crystal-
lized EGFR–Tarceva structure. The most active (compounds 10
and 19) and least active (compound 16) molecules were
docked into this active site and compared with the binding
mode already published for Tarceva and Iressa. Tarceva and
Iressa lie with the N1-/C8-containing edge of the quinazoline
ring directed toward the peptide segment with the ether link-
ages projecting into solvent, and the anilino substituent, at the
opposite end of the molecule, sequestered into a hydrophobic
pocket in the enzyme (Figure 1a). The N1 nitrogen atom of the
quinazoline ring accepts an H bond from the Met769 amide ni-
trogen. The other quinazoline nitrogen atom (N3) is not within
H-bonding distance of the Thr766 side chain; a water molecule
is thought to bridge this gap.
Compounds 10 and 19 appear to bind to the active site in a

similar way (Figure 1b), with their aniline rings protruding into
the hydrophobic pocket, the N1 atom of the quinazoline rings
being hydrogen bonded to the backbone nitrogen atom of
Met769, whereas the N3 atom is hydrogen bonded to the side
chain hydroxy group of Thr766 through a water molecule.
However, compound 16 appears to bind to the active site in
another manner (Figure 1c). In compound 16, the N1 nitrogen
atom of the quinazoline ring forms a hydrogen bond with
Thr766 (through a water molecule), and the N3 atom accepts
an H bond from Met769. Furthermore, the hydrophilic 4-COOH
anilino moiety cannot interact with the hydrophobic region of
the receptor. Consequently, the ether side chains occupy this
active site, and the anilino moiety faces the solvent-exposed
region. These opposing directions of the anilino group may ex-

plain the important loss of activity observed with compound
16, and a similar hypothesis can also be made when trying to
understand the poor activity of compound 15.

Table 4. Enzymatic activities against VEGFR-2[a] for compounds 1, 42, and
derivatives belonging to series A and B.

Series A Series B
Compd Inhibition [%][b] IC50 [mm]

[c] Compd Inhibition [%][b] IC50 [mm]
[c]

1 10.8 >5 42 50.0 5.0
9 0 >5 27 59.7 4.2
10 0 >5 28 57.0 3.7
11 0 >5 29 40.6 >5
12 55.3 4.7 30 33.4 >5
13 0 >5 31 63.2 3.4
14 0 >5 32 28.5 >5
15 0 >5 33 30.7 >5
16 0 >5 34 0 >5
17 0 >5 35 50.2 4.7
18 13.1 >5 36 31.0 >5
19 15.5 >5 37 44.2 >5

[a] Inhibition of VEGFR-2 (recombinant human protein) tyrosine kinase ac-
tivity. [b] Compounds tested at a concentration of 5 mm. [c] Values corre-
spond to n=3 (SD<10%).

Figure 1. Binding mode of compound 1 (Iressa), Tarceva, and compounds
10, 16, and 19 to the ATP site of EGFR. In each case, hydrophobic regions
are shown in brown. a) Active site of EGFR with Iressa (orange) and Tarceva
(cyan) docked. b) Active site of EGFR with Iressa (orange) and compounds
10 and 19 docked. c) Active site of EGFR with Iressa (orange) and compound
16 docked.
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Cellular activity

The antiproliferative activity of compounds 1, 42, 9–19 (ser-
ies A), and 27–37 (series B) was evaluated against human an-
drogen-independent prostate carcinoma PC3 cell line
(Figure 2). Compound 1 has an inhibitory effect on the growth
of PC3 cells (52% proliferation at 10 mm) and this activity is
augmented when the quinazoline is substituted at the 7-posi-
tion by a morpholino side chain (compound 42) (37.8% prolif-
eration at 10 mm). Compounds 10 and 28, which only differ
from compound 1 by the butoxy and diethylaminoethoxy side
chains, are more effective than the morpholino compounds
(0% proliferation at 10 mm). An aniline ring lacking substituents
maintains antiproliferative activity, as demonstrated by com-
pounds 9 and 27, which abolished cell proliferation at 10 mm.
However, chloro- or bromo-anilinoquinazolines provide the
most effective antiproliferative agents because most of them
decrease PC3 proliferation at 1 mm, whereas carboxylic acid de-
rivatives are less active (compounds 15, 33 and 34). These re-

sults show that most of these analogues are effective antiproli-
ferative compounds.

Cell-cycle analysis and detection of apoptosis

To examine whether the growth inhibition induced by the dif-
ferent compounds is associated with cell-cycle regulation, the
cell-cycle distribution of PC3 cells was analyzed by using flow
cytometry (Tables 5 and 6). Compounds that increased the
sub-G1 fraction (indicative of cell death) by at least 10% were
analyzed with the TUNEL assay, which detects the apoptotic
cell population, but not necrotic cells (Figure 3).
The reference compound (compound 1) caused an accumu-

lation of cells in the G1 phase (57.8%), whereas the isomeric
compound 42 produced a sub-G1 fraction at an equivalent
concentration (10 mm). The sub-G1 peak is in agreement with
the apoptosis index (62%, Figure 3) induced by compound 42
at 10 mm. A higher concentration (50 mm) of compound 1 is re-

Figure 2. Activity of a) compounds 1 and 9–19 (series A), and b) compounds 27–37 (series B) and 42 on the proliferation of the PC3 cancer cell line. Light
bars : 1 mm ; dark bars : 10 mm. Cell proliferation was measured by MTT assay from at least three independent determinations (SD<10%).
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quired to induce a smaller effect (apoptosis index: 20.5%, data
not shown).
The effect of compounds at

5 mm (data not shown) belonging
to series A and B was determined
by flow cytometry and show that
only derivatives of series A in-
creased the sub-G1 fraction. 6-Di-
ethylaminoethoxy-7-butoxy com-
pounds (series A) are active at
lower concentrations than their
isomeric counterparts (6-butoxy-7-
diethylaminoethoxy) (series B). For
the TUNEL assay, compounds be-
longing to series A were evaluated
at 5 mm, whereas those of series B
were tested at 10 mm.
Results of PC3 cell-cycle distri-

bution after treatment with com-
pounds at 10 mm are compared in
Tables 5 and 6. Because PC3 prolif-
eration was not affected by com-
pounds 14 and 15, their activity
was not determined. Most of the
compounds produced an increase
of hypodiploid cells (sub-G1
phase). Compounds 10 and 28,
which only differ from the mor-
pholino compounds by the butoxy
and diethylaminoethoxy side
chains, possess a high apoptosis
index. The positions of the side
chains have, however, no impact
on the increase of the sub-G1
phase. As unsubstituted com-
pounds (compounds 9 and 27) are

inactive, we can conclude that substitution of the aniline ring
contributes to proapoptotic activity. Amongst the substituted
compounds, 3-bromo derivatives are very effective (com-

Table 5. Inhibitory effect of compounds 1 and 9–19 on the cell-cycle pro-
gression of PC3 cells.[a]

Population in cell-cycle phase [%]
Compd Sub-G1 G1 S G2–M

untreated
control

1.5 53.4 15.3 30.4

1 1.0 57.8 14.1 27.5
9 26.6 29.6 11.4 33.5
10 98.1 0.9 0.4 0.6
11 94.7 4.2 0.9 0.2
12 96.6 2.0 1.2 0.1
13 67.2 13.4 10.2 9.0
14 nd[b] nd nd nd
15 nd nd nd nd
16 49.3 27.3 8.7 10.1
17 95.8 3.0 0.9 0.4
18 99.1 0.2 0.5 0.1
19 98.3 0.9 0.5 0.3

[a] Flow cytometric cell-cycle analysis; compound concentration: 10 mm.
[b] nd=not determined.

Table 6. Inhibitory effect of compounds 42 and 27–37 on the cell-cycle
progression of PC3 cells.[a]

Population in cell-cycle phase [%]
Compd Sub-G1 G1 S G2–M

untreated
control

1.5 53.4 15.3 30.4

42 22.2 34.9 12.4 32.3
27 4.8 52.8 13.2 29.5
28 19.5 49.9 8.2 22.8
29 41.1 29.0 7.8 21.0
30 14.4 41.1 10.5 34.3
31 30.6 29.7 13.9 26.6
32 15.2 51.3 9.7 23.8
33 2.0 54.0 14.7 29.4
34 0.9 52.3 13.6 27.7
35 49.3 24.8 7.3 19.2
36 27.2 38.1 7.9 27.3
37 58.4 21.0 4.2 16.7

[a] Flow cytometric cell cycle analysis ; compound concentration: 10 mm.

Figure 3. Apoptosis index induced a) by 5 mm of compound 1 and compounds belonging to series A, and b) by
10 mm of compound 42 and compounds belonging to series B on PC3 cell line.
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pounds 17, 18, 35, and 36), 4-bromo compounds do not
induce apoptosis (compounds 13 and 31), and activity is re-
stored in chloro-bromo-substituted compounds (compounds
19 and 37). Carboxylic acid substitution, however, provides
compounds that have no effect on either cell-cycle progression
or apoptosis.
The G1 block induced by compound 1 has been well docu-

mented for different solid tumors, including head and neck
squamous carcinoma cells[32] and prostate cancer cells.[11] Com-
pound 1 decreases p27Kip1 degradation by the ubiquitin pro-
teasome pathway, leading to accumulation of cyclin-depen-
dent kinase inhibitor (CDKI), inactivation of CDK2, and G1-
phase cell-cycle arrest. This mechanism was elucidated using
DU-145 androgen-independent cells, but has not been de-
scribed previously for PC3 cells. Moreover, the proapoptotic
role of compound 1 can be explained by different mecha-
nisms. For example, it inhibits the expression of the antiapop-
totic protein Bcl-2 in prostate cancer cells[33] and, by EGFR
blockade and consequently MAPK pathway inactivation, re-
stores the proapoptotic function of Bad in mammary cancer
cells.[34] Other studies have shown that compound 1 increases
the expression of Bax without affecting its mRNA levels.[35] In
addition, compound 1 promotes Bax cleavage, thus producing
the active form of Bax.
In summary, the novel and active compounds described

herein can be considered as apoptosis inducers. Therefore,
great interest will be placed on the future study of their effects
on the expression of pro- and anti-apoptotic cell proteins.

Activation of Akt

As most of these new derivatives induce cell death, the active
(phosphorylated) form of Akt, a central protein of the cell-sur-
vival pathway,[36] was also studied. Influence of the position
and nature of the side chains (morpholino or butoxy and di-
ethylaminoethoxy) can be carried out by comparing the effects
of compounds 1, 10, 28, and 42. The chloro- and bromo-sub-
stituted compounds (compounds 12, 19, 30, and 37) that
showed the greatest activity in apoptosis and in the tyrosine
kinase assays were also examined. All compounds were evalu-
ated at concentrations of 1 mm and 10 mm.
Akt is phosphorylated in PC3 cells after 10 min incubation

with EGF (20 ngmL�1, Figure 4). Compound 1 at 1 mm attenu-
ates Akt phosphorylation, whereas the isomeric compound 42

must be present at 10 mm to observe such an effect. A concen-
tration of 10 mm is also required for compounds 10, 19, 28,
and 37 to decrease Akt phosphorylation. Compounds 12 and
30 decrease the phosphorylated (active) form of Akt at con-
centrations of 1 mm and higher. These results agree with pub-
lished data. The phosphorylation of Akt is inhibited by com-
pound 1 in human esophageal squamous cell carcinoma,[37] in
nasopharyngeal cancer cells,[38] and in human neuroblasto-
mas.[39] Our results are important because PC3 cells are PTEN-
deficient and consequently show constitutively activated
Akt.[40] PTEN is a phosphatase that antagonizes PI3K activity
and regulates Akt activation. Thus the compounds described
herein are able to decrease Akt phosphorylation and have an
impact on the cell-survival pathway.

COX-2 expression

COX-2 is known to play a crucial role in carcinogenesis, and is
overexpressed in many malignant and pre-malignant organs
such as the prostate.[41] As its expression is partially regulated
through the EGFR pathway,[42] western-blot analysis was per-
formed after treatment of PC3 cells with compounds 1, 10, 12,
19, 28, 30, 37, and 42 (at 1 and 10 mm, Figure 5). Published
data[43,44] report a decrease of COX-2 expression after treat-
ment with compound 1, and our results confirm this observa-
tion. The isomeric compound 42 is less active than the refer-
ence compound 1. However, it is important to note that com-
pound 10 is active from 1 mm, whereas a higher concentration
(10 mm) of compound 1 is required for activity. In summary, a
basic side chain is preferred at the 6-position to influence
COX-2 expression, and fluoro–chloro compounds manifest
better activity than the chloro-substituted and chloro-bromo-
substituted derivatives.

Invasion assay

EGFR is involved in the invasion process through different
mechanisms, including COX-2 expression and activation of the
PI3K/Akt pathway. The capacity of compounds 1, 10, 12, 19,
28, 30, 37, and 42 (1 and 10 mm) to decrease invasion of PC3
cells was determined (Figure 6). Compound 1 is only slightly
active at 1 mm in this assay, but decreases the invasion of PC3
cells by approximately 50% at 10 mm. These results agree with
published reports in which compound 1 was found to inhibit

Figure 4. Akt activation in PC3 cells after treatment with compounds 1, 42, compounds belonging to series A (10, 12, and 19), and compounds belonging to
series B (28, 30, and 37) at 1 and 10 mm (as indicated). Quantitation of bands was done by densitometric analysis, and is shown as the fold change normalized
to a-actin.
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invasion of pancreatic cells,[45] ovarian clear-cell adenocarcino-
ma,[46] and prostate cancer cells.[12,47] The isomeric compound
42 shows better activity than the reference compound and de-
creases invasion of PC3 cells by 77% at a concentration of
10 mm. Compounds 10 and 28 are as effective as the morpholi-
no compounds. However, it should be noted that the chloro
(compounds 12 and 30) and bromo–chloro derivatives (com-
pounds 19 and 37) are more active than the chloro–fluoro
compounds (compounds 1, 10, 28, and 42). Activity, therefore,
may depend on the aniline substitutions, but less on the
nature of the side chain.

Conclusions

Twenty-three anilinoquinazolines, analogues of Iressa, were
synthesized, and certain structure–activity relationships have
been proposed. Suppression of the side chains on the quinazo-
line ring leads to a loss of activity, but substitution by a diethyl-
amino side chain confers EGFR inhibition. A basic side chain is
preferred at the 6-position (series A) for EGFR activity, although
the isomers of series B gave better tyrosine kinase inhibitors
than EGFR inhibitors. As these compounds are able to block ty-
rosine kinases present in PC3 membranes and because a basic
side chain at the 7-position has previously been described to
produce potent VEGFR tyrosine kinase inhibitors,[21–24] VEGFR-2
was considered as a target. Our results show that some deriva-

tives of series B are VEGFR-2 ty-
rosine kinase inhibitors. Al-
though the different com-
pounds are less potent EGFR in-
hibitors than Iressa, most of the
derivatives described herein
(except for compounds bearing
a carboxylic group) decrease
PC3 proliferation and invasion.
Moreover, they are interesting
powerful inducers of apoptosis,
and this is of particular interest
because PC3 cells possess a con-
stitutively active antiapoptotic
Akt. Finally, certain compounds,
particularly compound 10, have
been found to downregulate
Akt activation and COX-2 ex-

pression, and this could be of therapeutic significance as these
two proteins play major roles in cancer cell development and
the acquisition of hormone independence.[48] Additional stud-
ies (DNA microarray and quantitative PCR) are expected to
help elucidate the mechanism of action of these proapoptotic
derivatives.

Experimental Section

General methods: Melting points were determined in open capil-
lary tubes on a BPchi B-530 melting point apparatus and are un-
corrected. Analytical thin-layer chromatography (TLC) was per-
formed on precoated Kieselgel 60 F254 plates (Merck) ; compounds
were visualized by UV light and/or with iodine. Column chroma-
tography was performed with silica gel Kieselgel Si 60, 0.063–
0.200 mm (Merck). All reagents and solvents obtained from com-
mercial suppliers were used without further purification. The struc-
tures of all compounds were supported by IR (using a Bruker
VECTOR 22 instrument) and 1H NMR spectra were recorded using a
Bruker AC 300P spectrometer in [D6]DMSO or in CDCl3 at ambient
temperature. Chemical shifts (d) are reported in ppm referenced to
tetramethylsilane, J values are in Hertz, and the splitting patterns
are designed as follows: s, singlet; d, doublet; t, triplet ; q, quartet;
m, multiplet. APCI+ (atmospheric pressure chemical ionization)
mass spectra were obtained on an LC–MS system, Thermo Electron
Surveyor MSQ. Compounds 1 (Iressa) and 2 were synthesized ac-
cording to described procedures.[49, 50]

Figure 5. Expression of COX-2 in PC3 cells after treatment with compounds 1, 42, compounds belonging to series A (10, 12, and 19), and compounds belong-
ing to series B (28, 30, and 37) at 1 and 10 mm (as indicated). Quantitation of bands was done by densitometric analysis, and is shown as the fold change nor-
malized to a-actin.

Figure 6. Inhibition of PC3 cell invasion by compounds 1, 42, compounds belonging to series A (10, 12, and 19),
and compounds belonging to series B (28, 30, and 37) at 1 mm (light bars) and 10 mm (dark bars).
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Methyl-4-butoxy-3-hydroxybenzoate (4): Potassium carbonate
(8.30 g, 0.06 mol) was added to a solution of 2 (10 g, 0.06 mol) in
acetone (400 mL). The mixture was stirred 15 min, and then a solu-
tion of 1-iodobutane (7 mL, 0.06 mol) in acetone (100 mL) was
added slowly dropwise. The mixture was stirred 2 days at room
temperature and filtered. The filtrate was concentrated in vacuo,
and the oily residue was washed with water. The resulting precipi-
tate was collected, washed successively with water and petroleum
ether, and dried in vacuo. Recrystallization from cyclohexane gave
4 (8.62 g, 64%) as white crystals, mp: 113–115 8C. IR: ñ=3700–
3000 (OH), 1699 cm�1 (CO); 1H NMR (CDCl3): d=0.99 (t, 3H, J=
7.40 Hz), 1.52 (m, 2H), 1.84 (m, 2H), 3.88 (s, 3H), 4.11 (t, 2H, J=
6.45 Hz), 5.70 (s, 1H), 6.88 (d, 1H, J=9.10 Hz), 7.58–7.64 ppm (m,
2H); anal. (C12H16O4) C, H.

Methyl-4-butoxy-3-(2-diethylaminoethoxy)benzoate hydrochlo-
ride (5): A mixture of 4 (5.47 g, 0.024 mol), potassium carbonate
(16.6 g, 0.122 mol), and 2-diethylaminoethyl chloride hydrochloride
(8.6 g, 0.048 mol) in acetone (80 mL) was held at reflux for 16 h.
The inorganic solid was filtered off, and the filtrate was concentrat-
ed in vacuo. The oily residue was dissolved in diethyl ether (50 mL)
and a solution of diethyl ether saturated with gaseous HCl was
added (30 mL). The resulting precipitate was collected, washed
with diethyl ether, and dried in vacuo to afford 5 (8.78 g, 100%) as
an HCl salt (a white solid), mp: 148.5–150 8C. IR: ñ=2588 and 2488
(NH), 1716 cm�1 (CO); 1H NMR (CDCl3): d=0.99 (t, 3H, J=7.20 Hz),
1.42–1.54 (m, 8H), 1.83 (m, 2H), 3.33 (m, 4H), 3.53 (t, 2H, J=
4.60 Hz), 3.89 (s, 3H), 4.05 (t, 2H, J=6.70 Hz), 4.53 (t, 2H, J=
4.60 Hz), 6.89 (d, 1H, J=8.70 Hz), 7.55 (d, 1H, J=2.0 Hz), 7.64 (dd,
1H, J=8.70 and 2.0 Hz), 12.46 ppm (s, 1H); anal. (C18H30ClNO4) C,
H, N.

Methyl-4-butoxy-5-(2-diethylaminoethoxy)-2-nitrobenzoate hy-
drochloride (6): A solution of tin(IV) chloride (2.7 mL, 0.025 mol)
and fuming nitric acid (1 mL, 0.025 mol) in CH2Cl2 (30 mL) was
added dropwise to a solution of 5 (3 g, 0.0083 mol) in CH2Cl2
(111 mL) cooled at �25 8C. After stirring at �25 8C for 5 h, water
(75 mL) was added. The layers were separated by decantation. The
aqueous layer was extracted with CH2Cl2. The combined organic
layers were washed with saturated sodium bicarbonate solution,
dried over magnesium sulfate, and concentrated in vacuo. The oily
residue was dissolved in diethyl ether and a solution of diethyl
ether saturated with gaseous HCl (30 mL) was added. The resulting
precipitate was collected, washed with diethyl ether, and dried in
vacuo to provide compound 6 (2.20 g, 65%) as an HCl salt (a white
solid), mp: 124.2–124.8 8C. IR: ñ=1728 (CO), 1520 cm�1 (NO2);
1H NMR (CDCl3): d=0.99 (t, 3H, J=7.57 Hz), 1.45 (m, 8H), 1.80 (m,
2H), 3.25 (m, 4H), 3.55 (m, 2H), 3.85 (s, 3H), 4.05 (t, 3H, J=
6.62 Hz), 4.62 (m, 2H), 7.10 (s, 1H), 7.38 ppm (s, 1H); anal.
(C18H29ClN2O6) C, H, N.

Methyl-2-amino-4-butoxy-5-(2-diethylaminoethoxy)benzoate (7):
A suspension of 6 (1 g, 0.0025 mol) in HCl (concd, 25 mL) was
heated at 50–60 8C for 5 min. A solution of tin(II) chloride (2.33 g,
0.015 mol) in HCl (concd, 20 mL) was added dropwise. The reaction
mixture was heated at 100 8C for 45 min. The solid formed was col-
lected and dissolved in water (300 mL). A solution of sodium hy-
droxide (2n) was added to obtain pH 8–9. The aqueous solution
was then extracted with ethyl acetate (3Q100 mL). The combined
organic layers were dried over magnesium sulfate and concentrat-
ed in vacuo to give 7 (0.78 g, 91%) as a brown oil. IR: ñ=3571
(NH2), 1684 cm

�1 (CO); 1H NMR (CDCl3): d=0.95 (t, 3H, J=7.22 Hz),
1.12 (t, 6H, J=7.22 Hz), 1.48 (m, 2H), 1.80 (m, 2H), 2.52 (q, 4H, J=
7.22 Hz), 2.85 (t, 2H, J=6.24 Hz), 3.80 (s, 3H), 3.95 (m, 4H), 5.55 (s,
2H), 6.10 (s, 1H), 7.32 ppm (s, 1H); anal. (C18H30N2O4) C, H, N.

7-Butoxy-6-(2-diethylaminoethoxy)-3H-quinazolin-4-one (8): A
mixture of 7 (1 g, 0.003 mol), ammonium formate (0.9 g,
0.009 mol), and formamide (1 mL, 0.015 mol) was heated at 140 8C
for 16 h. The mixture reaction was hydrolyzed with water (50 mL)
and extracted with CH2Cl2. The separated aqueous layer was neu-
tralized with a saturated solution of potassium carbonate. The re-
sulting precipitate was collected to afford 8 (0.66 g, 66%) as a
white solid, mp: 201.8–202.2 8C. IR: ñ=1659 (CO), 1611 cm�1 (NH);
1H NMR (CDCl3): d=0.99 (t, 3H, J=7.22 Hz), 1.10 (t, 6H, J=
7.22 Hz), 1.52 (m, 2H), 1.92 (m, 2H), 2.68 (q, 4H, J=7.22 Hz), 2.98
(t, 2H, J=5.58 Hz), 4.10 (m, 2H), 4.20 (m, 2H), 7.10 (s, 1H), 7.55 (s,
1H), 7.98 ppm (s, 1H); anal. (C18H27N3O3) C, H, N.

General procedure for the preparation of anilinoquinazolines 9–
19 : A mixture of 8 (0.10 g, 0.30 mmol), phosphorus pentachloride
(0.75 g, 0.36 mmol), and phosphorus oxychloride (5 mL, 9 mmol)
was held at reflux for 16 h. The mixture was cooled to room tem-
perature, and the excess of phosphorus oxychloride was evaporat-
ed under reduced pressure. The residue was dissolved in iPrOH
(3 mL) and the corresponding aniline was added. The reaction mix-
ture was held at reflux for 2 h.

4-Anilino-7-butoxy-6-(2-diethylaminoethoxy)quinazoline hydro-
chloride (9): The reaction mixture was concentrated in vacuo, and
the residue was purified by column chromatography on silica gel,
eluting with CH2Cl2/MeOH (9:1) saturated with NH3 to yield 9
(135 mg, 30%) as an HCl salt (a yellow solid), mp: 189.5–192 8C. IR:
ñ=3380 cm�1 (NH); 1H NMR (CDCl3): d=0.98 (t, 3H, J=7.18 Hz),
1.05 (t, 6H, J=7.18 Hz), 1.48 (q, 2H, J=7.69 Hz, J=7.18 Hz), 1.78
(m, 2H), 2.60 (q, 4H, J=7.18 Hz), 2.85 (t, 2H, J=6.16 Hz), 3.98 (t,
2H, J=6.66 Hz), 4.12 (m, 2H), 4.6 (m, 1H), 7.08 (m, 2H), 7.25 (m,
2H), 7.48 (s, 1H), 7.70 (d, 2H, J=7.7 Hz), 8.42 (s, 1H), 8.60 ppm (s,
1H); LC–MS (APCI+) m/z 409.2–411.2 [MH+] ; anal. (C24H33ClN4O2) C,
H, N.

4-(3-Chloro-4-fluoroanilino)-7-butoxy-6-(2-diethylaminoethoxy)-
quinazoline hydrochloride (10): The reaction mixture was concen-
trated under reduced pressure, and the residue was treated with
petroleum ether. The oily residue was dissolved in diethyl ether,
and a solution of diethyl ether saturated with gaseous HCl was
added to afford 10 (150 mg, 50%) as an HCl salt (a brown solid),
mp: 172.7–175 8C. IR: ñ=3600–3200 (NH), 1224 (C�F), 1064 cm�1

(C�Cl) ; 1H NMR (DMSO): d=0.98 (t, 3H, J=7.48 Hz), 1.30 (t, 6H, J=
7.11 Hz), 1.50 (m, 2H), 1.80 (m, 2H), 3.30 (m, 4H), 3.65 (m, 4H), 4.18
(t, 2H, J=5.99 Hz), 4.70 (m, 2H), 7.38 (s, 1H), 7.55 (m, 1H), 7.82 (m,
1H), 8.10 (m, 1H), 8.62 (s, 1H), 8.85 ppm (s, 1H); LC–MS (APCI+)
m/z 461.6–463.6 [MH+] ; anal. (C24H31Cl2FN4O2) C, H, N.

4-(3-Chloroanilino)-7-butoxy-6-(2-diethylaminoethoxy)quinazo-
line hydrochloride (11): The reaction mixture was concentrated in
vacuo. The residue was dissolved in ethanol, and petroleum ether
was added slowly dropwise. The resulting precipitate was collected
to yield 11 (160 mg, 100%) as an HCl salt (a brown solid), mp:
203.5–205.5 8C. IR 3432–3200 and 1633 (NH), 1068 cm�1 (C�Cl) ;
1H NMR (DMSO): d=0.98 (t, 3H, J=7.24 Hz), 1.30 (t, 6H, J=
7.24 Hz), 1.50 (m, 2H), 1.80 (m, 2H), 3,30 (m, 4H), 3.65 (m, 2H), 4.20
(m, 2H), 4.70 (m, 2H), 7.38 (d, 1H, J=7,24 Hz), 7.45 (s, 1H), 7.52 (t,
1H, J=7.76 Hz), 7.70 (d, 1H, J=7.76 Hz), 7.90 (s, 1H), 8.70 (s, 1H),
8.90 (s, 1H), 10.80 (m, 1H), 11.90 ppm (s, 1H); LC–MS (APCI+) m/z
443.5 [MH+] ; anal. (C24H32Cl2N4O2) C, H, N.

4-(4-Chloroanilino)-7-butoxy-6-(2-diethylaminoethoxy)quinazo-
line hydrochloride (12): The reaction mixture was concentrated in
vacuo, and the residue was purified by column chromatography
on silica gel, eluting with CH2Cl2/MeOH (8:2) to yield 12 (120 mg,
60%) as an HCl salt (a yellow solid), mp: 168.5–170.3 8C. IR: ñ=
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3600–3300 and 1633 (NH), 1067 cm�1 (C�Cl) ; 1H NMR (DMSO): d=
0.98 (t, 3H, J=7.30 Hz), 1.30 (t, 6H, J=7.30 Hz), 1.50 (m, 2H), 1.80
(m, 2H), 3.30 (m, 6H), 4.18 (t, 2H, J=6.26 Hz), 4.70 (m, 2H), 7.42 (s,
1H), 7.55 (d, 2H, J=8.87 Hz), 7.82 (d, 2H, J=8,87 Hz), 8.62 (s, 1H),
8.85 (s, 1H), 10.65 (m, 1H), 11.75 ppm (s, 1H); LC–MS (APCI+) m/z
443.4 [MH+] . Anal (C24H32Cl2N4O2) C, H, N.

4-(4-Bromoanilino)-7-butoxy-6-(2-diethylaminoethoxy)quinazo-
line hydrochloride (13): The reaction mixture was concentrated
under reduced pressure. The residue was purified by column chro-
matography on silica gel, eluting with CH2Cl2/MeOH (9:1) to yield
13 (50 mg, 32%) as an HCl salt (a yellow solid), mp: 135–137 8C. IR:
ñ=1638 (NH), 1072–1046 cm�1 (C�Br) ; 1H NMR (DMSO): d=0.98 (t,
3H, J=7.30 Hz), 1.28 (t, 6H, J=7.30 Hz), 1.45 (m, 2H), 1.80 (m, 2H),
3.28 (m, 4H), 3.85 (m, 2H), 4.18 (m, 2H), 4.68 (m, 2H), 7.40 (s, 1H),
7.65 (d, 2H, J=8.80 Hz), 7.75 (d, 2H, J=8.80 Hz), 8.62 (s, 1H), 8.85
(s, 1H), 10.65 ppm (m, 1H); LC–MS (APCI+) m/z 487.2–489.2 [MH+] ;
anal. (C24H32BrClN4O2) C, H, N.

4-(4-Fluoroanilino)-7-butoxy-6-(2-diethylaminoethoxy)quinazo-
line hydrochloride (14): The reaction mixture was concentrated in
vacuo. The residue was purified by column chromatography on
silica gel, eluting with CH2Cl2/MeOH (9:1) to yield 14 (132 mg,
95%) as an HCl salt (a brown oil). IR: ñ=1600 (NH), 1224 cm�1 (C�
F); 1H NMR (DMSO): d=0.98 (m, 3H), 1.15 (m, 6H), 1.45 (m, 2H),
1.78 (m, 2H), 3.12 (m, 4H), 3.75 (m, 2H), 4.15 (m, 2H), 4.58 (m, 2H),
6.55 (m, 2H), 6.80 (m, 2H), 7.30 (s, 1H), 7.38 (s, 1H), 8.62 ppm (s,
1H); LC–MS (APCI+) m/z 427.4 [MH+] . Anal (C24H32ClFN4O2) C, H, N.

4-(4-Carboxy-3-chloroanilino)-7-butoxy-6-(2-diethylaminoeth-
oxy)quinazoline hydrochloride 15): The reaction mixture was con-
centrated in vacuo. The residue was purified by column chroma-
tography, eluting CH2Cl2/MeOH (7:3) to yield 15 (40 mg, 25%) as
an HCl salt (a yellow solid), mp: 191–193 8C. IR: ñ=3600–3200 and
3100–2400 (OH), 1721 (C=O), 1633 cm�1 (NH); 1H NMR (DMSO): d=
0.98 (t, 3H, J=7,37 Hz), 1.28 (t, 6H, J=7,37 Hz), 1.50 (m, 2H), 1.80
(m, 2H), 3.30 (m, 2H), 3.65 (m, 4H), 4.18 (m, 2H), 4.65 (m, 2H), 7.35
(s, 1H), 7.95 (d, 2H, J=7,89 Hz), 8.18 (s, 1H), 8.55 (s, 1H), 8.90 (s,
1H), 10.40 ppm (m, 1H); LC–MS (APCI+) m/z 487.5–489.5 [MH+] ;
anal. (C25H32Cl2N4O4) C, H, N.

4-(4-Carboxyanilino)-7-butoxy-6-(2-diethylaminoethoxy)quinazo-
line hydrochloride (16): The reaction mixture was concentrated in
vacuo. The residue was dissolved in CH2Cl2, and the resulting pre-
cipitate was collected to yield 16 (180 mg, 61%) as an HCl salt (a
yellow solid), mp: 220–222 8C. IR: ñ=3400 and 3100–2400 (OH),
1709 (C=O), 1635 cm�1 (NH); 1H NMR (DMSO): d=0.98 (t, 3H, J=
7,57 Hz), 1.30 (t, 6H, J=7,10 Hz), 1.50 (m, 2H), 1.80 (m, 2H), 3.30
(m, 4H), 3.65 (m, 2H), 4.15 (m, 2H), 4.72 (m, 2H), 7.42 (s, 1H), 8,00
(m, 4H), 8.68 (s, 1H), 8.91 (s, 1H), 10.80 ppm (m, 1H); LC–MS
(APCI+) m/z 453.2 [MH+] ; anal. (C25H33ClN4O4) C, H, N.

4-(3-Bromoanilino)-7-butoxy-6-(2-diethylaminoethoxy)quinazo-
line hydrochloride (17): The reaction mixture was concentrated in
vacuo. The residue was dissolved in CH2Cl2, and the resulting pre-
cipitate was collected to yield 17 (80 mg, 51%) as an HCl salt (a
yellow solid), mp: 99–102 8C. IR: ñ=3100–2500 and 1632 (NH),
1072 cm�1 (C�Br) ; 1H NMR (DMSO): d=0.94 (t, 3H, J=7,50 Hz),
1.27 (t, 6H, J=7,49 Hz), 1.42 (m, 2H), 1.75 (m, 2H), 3.25–3.35 (m,
6H), 4.16 (m, 2H), 4.65–4.75 (m, 2H), 6.91 (m, 2H), 7.42 (s, 1H),
7.44 (m, 1H), 8.09 (s, 1H), 8.92 (s, 1H), 10.70–10.80 (m, 1H),
11.88 ppm (s, 1H); LC–MS (APCI+) m/z 487.1–489.1 [MH+] ; anal.
(C24H32BrClN4O2) C, H, N.

4-(3-Bromo-4-methylanilino)-7-butoxy-6-(2-diethylaminoethoxy)-
quinazoline hydrochloride (18): The solid was collected and

afford 18 (70 mg, 43%) as an HCl salt (a brown solid), mp: 144.5–
147.5 8C. IR: ñ=3000–2800 and 1633 cm�1 (NH); 1H NMR (DMSO):
d=0.94 (t, 3H, J=7.21 Hz), 1.27 (m, 9H), 1.44 (m, 2H), 1.77 (m,
2H), 3.60–3.70 (m, 6H), 4.16 (t, 2H, J=6,10 Hz), 4.65–4.75 (m, 2H),
7.37 (s, 1H), 7.44 (d, 1H, J=8.32 Hz), 7.71 (m, 1H), 8.07 (s, 1H), 8.55
(s, 1H), 8.85 (s, 1H), 10.55–10.65 (m, 1H), 11.45–11.55 ppm (m, 1H);
LC–MS (APCI+) m/z 503.1–504.1 [MH+] ; anal. (C25H34BrClN4O2) C, H,
N.

4-(4-Bromo-3-chloroanilino)-7-butoxy-6-(2-diethylaminoethoxy)-
quinazoline hydrochloride (19): The solid was collected and
afford 19 (140 mg, 83%) as an HCl salt (a yellow solid), mp: 163.5–
166.5 8C. IR: ñ=1633 (NH), 1071 (C�Br), 1020 cm�1 (C�Cl) ; 1H NMR
(DMSO): d=0.90–1.00 (m, 3H), 1.25–1.35 (m, 6H), 1.43–1.53 (m,
2H), 1.71–1.85 (m, 2H), 3.25–3.40 (m, 6H), 4.15–4.25 (m, 2H), 4.70–
4.80 (m, 2H), 7.42 (s, 1H), 7.80–7.95 (m, 2H), 8.25 (s, 1H), 8.70 (s,
1H), 8.82 (s, 1H), 10.55–10.70 (m, 1H), 11.65–11.80 ppm (m, 1H);
LC–MS (APCI+) m/z 521.0–523.1 [MH+] ; anal. (C24H31BrCl2N4O2) C, H,
N.

Methyl-4-benzyloxy-3-hydroxybenzoate (20): As described for 4,
recrystallization from diisopropyl ether gave 20 (10.42 g, 67%) as a
light-yellow solid from compound 2 (10 g, 0.06 mol) in acetone
(400 mL), potassium carbonate (8.30 g, 0.06 mol), and benzyl bro-
mide (7 mL, 0.06 mol) in acetone (100 mL), mp: 127.6–129 8C. IR:
ñ=3392 (OH), 1693 cm�1 (CO); 1H NMR (CDCl3): d=3.89 (s, 3H),
5.18 (s, 2H), 5.70 (s, 1H), 6.96 (d, 1H, J=8.20 Hz), 7.38–7.47 (m,
5H), 7.58–7.64 ppm (m, 2H); anal. (C15H14O4) C, H.

Methyl-4-benzyloxy-3-butoxybenzoate (21): Potassium carbonate
(1.10 g, 0.0078 mol) was added to a solution of 20 (1 g,
0.0039 mol) in acetone (50 mL). The reaction mixture was stirred
for 10 min, and 1-iodobutane (0.91 mL, 0.0078 mol) was added.
The reaction mixture was held at reflux for 5 h. The inorganic solid
was filtered off, and the filtrate was concentrated in vacuo. The re-
sulting solid residue was washed successively with water and pe-
troleum ether. Recrystallization from ethanol/water (95:5) gave 21
(1.18 g, 96%) as white crystals, mp: 54.7–55.8 8C. IR: ñ=1716 cm�1

(CO); 1H NMR (CDCl3): d=1.01 (t, 3H, J=7.75 Hz), 1.55 (m, 2H),
1.86 (m, 2H), 3.89 (s, 3H), 4.09 (t, 2H, J=6.70 Hz), 5.20 (s, 2H), 6.92
(d, 1H, J=8.30 Hz), 7.27–7.48 (m, 5H), 7.56–7.65 ppm (m, 2H);
anal. (C19H22O) C, H.

Methyl-3-butoxy-4-hydroxybenzoate (22): Pd/C (0.2 g) was added
to a solution of 21 (1 g, 0.0032 mol) in methanol (50 mL). The reac-
tion mixture was stirred under hydrogen atmosphere at room tem-
perature for 2 days, filtered, and evaporated in vacuo. The oily resi-
due was treated with petroleum ether, and the resulting precipi-
tate was collected. Recrystallization from petroleum ether gave 22
(0.67 g, 94%) as white crystals, mp: 61–62.2 8C. IR: ñ=3405 (OH),
1701 cm�1 (CO); 1H NMR (CDCl3): d=0.99 (t, 3H, J=7.30 Hz), 1.50
(m, 2H), 1.82 (m, 2H), 3.88 (s, 3H), 4.10 (t, 2H, J=6.85 Hz), 5.70 (s,
1H), 6.93 (d, 1H, J=8.30 Hz), 7.54 (s, 1H), 7.62 ppm (d, 1H, J=
8.30 Hz); anal. (C12H16O4) C, H.

Methyl-3-butoxy-4-(2-diethylaminoethoxy)benzoate hydrochlo-
ride (23): Compound 23 was synthesized by using the same proce-
dure as that for 5, starting from compound 21 (2 g, 0.009 mol). Re-
crystallization from toluene gave white crystals (2.55 g, 91%), mp:
116–118 8C. IR: ñ=2608 and 1483 (NH+), 1717 cm�1 (CO); 1H NMR
(CDCl3): d=0.98 (t, 3H, J=7.35 Hz), 1.38–1.60 (m, 8H), 1.77 (m,
2H), 3.30 (m, 4H), 3.53 (m, 2H), 3.89 (s, 3H), 4.02 (m, 2H), 4.57 (t,
2H, J=4.20 Hz), 6.89 (d, 1H, J=8.35 Hz), 7.53 (d, 1H, J=2.00 Hz),
7.63 (dd, 1H, J=8.35 and 2.00 Hz), 12.44 ppm (s, 1H); anal.
(C18H30ClNO4) C, H, N.
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Methyl-5-butoxy-4-(2-diethylaminoethoxy)-2-nitrobenzoate hy-
drochloride (24): Compound 24 was obtained by using the same
procedure as that for 6. Starting from 23 (5 g, 0.014 mol), a white
solid was prepared (3.8 g, 67%), mp: 119–120 8C. IR: ñ=1734 (CO),
1530 cm�1 (NO2);

1H NMR (CDCl3): d=1.00 (t, 3H, J=7.30 Hz), 1.50
(m, 8H), 1.80 (m, 2H), 3.30 (q, 4H, J=7.23 Hz), 3.60 (t, 2H, J=
6.24 Hz), 3.80 (s, 3H), 4.10 (t, 2H, J=6.30 Hz), 4.60 (t, 2H, J=
6.24 Hz), 6.80 (s, 1H), 7.40 (s, 1H), 12.50 ppm (m, 1H); anal.
(C18H29ClN2O6) C, H, N.

Methyl-2-amino-5-butoxy-4-(2-diethylaminoethoxy)benzoate
(25): As described for 7, 25 (0.33 g, 79%) was obtained as an oil
from 24 (0.50 g, 0.0012 mol) and tin(II) chloride (0.93 g, 0.006 mol)
in HCl (concd, 23 mL). IR: ñ=3480 and 3385 (NH2), 1685 (CO),
1624 cm�1 (NH2);

1H NMR (CDCl3): d=0.91 (t, 3H, J=7.20 Hz), 1.01
(t, 6H, J=7.20 Hz), 1.40 (m, 2H), 1.68 (m, 2H), 2.58 (m, 4H), 2.88 (t,
2H, J=6.26 Hz), 3.85 (s, 3H), 3.88 (t, 2H, J=6.57 Hz), 4.00 (t, 2H,
J=6.26 Hz), 5.50 (s, 2H), 6.10 (s, 1H), 7.30 ppm (s, 1H); anal.
(C18H30N2O4) C, H, N.

6-Butoxy-7-(2-diethylaminoethoxy)-3H-quinazolin-4-one (26):
Similar to the procedure described for 8, the title compound
(0.53 g, 60%) was prepared starting from 25 (0.89 g, 0.0026 mol) as
a white solid, mp: 154–157 8C. IR: ñ=1689 (CO), 1609 cm�1 (NH);
1H NMR (CDCl3): d=0.95 (t, 3H, J=7.20 Hz), 1.06 (t, 6H, J=
7.00 Hz), 1.45 (m, 2H), 1.80 (m, 2H), 2.64 (q, 4H, J=7.18 Hz), 2.96
(t, 2H, J=6.11 Hz), 4.08 (t, 2H, J=6.46 Hz), 4.17 (t, 2H, J=6.11 Hz),
7.11 (s, 1H), 7.54 (s, 1H), 8.01 ppm (s, 1H); anal. (C18H27N3O3) C, H,
N.

General procedure for the preparation of anilinoquinazolines
27–37: A mixture 26 (0.10 g, 0.30 mmol), phosphorus pentachlor-
ide (0.75 g, 0.36 mmol) and phosphorus oxychloride (1.5 mL,
9 mmol) was held at reflux for 16 h. The mixture was cooled to
room temperature, and the excess phosphorus oxychloride was
evaporated under reduced pressure. The residue was dissolved in
iPrOH (3 mL), and the corresponding aniline was added. The reac-
tion mixture was held at reflux for 2 h.

4-Anilino-6-butoxy-7-(2-diethylaminoethoxy)quinazoline hydro-
chloride (27): The reaction mixture was concentrated in vacuo,
and the residue was purified by column chromatography on silica
gel, eluting with CH2Cl2 saturated with NH3 to yield 27 (70 mg,
52%) as an HCl salt (a white solid), mp: 129–132 8C. IR 1618 cm�1

(NH); 1H NMR (DMSO): d=0.98 (m, 9H), 1.46 (m, 2H), 1.75 (m, 2H),
2.56 (q, 4H, J=7.03 Hz), 2.84 (m, 2H), 4.12 (m, 4H), 7.09 (m, 1H),
7.17 (s, 1H), 7.38 (m, 2H), 7.77 (m, 2H), 8.43 (s, 1H), 9.44 ppm (s,
1H); LC–MS (APCI+) m/z 409–411 [MH+] ; anal. (C24H33ClN4O2) C, H,
N.

4-(3-Chloro-4-fluoroanilino)-6-butoxy-7-(2-diethylaminoethoxy)-
quinazoline hydrochloride (28): The reaction mixture was treated
acetone, and the resulting precipitate was collected to afford 28
(90 mg, 60%) as an HCl salt (a white solid), mp: 203–205 8C. IR: ñ=
1630 (NH), 1222 (C�F), 1064 cm�1 (C�Cl) ; 1H NMR (DMSO): d=0.95
(t, 3H, J=7.35 Hz), 1.25 (t, 6H, J=7.32 Hz), 1.45 (m, 2H), 1.75 (m,
2H), 3.20 (m, 4H), 3.55–3.65 (m, 2H), 4.15 (t, 2H, J=6.07 Hz), 4.50–
4.60 (m, 2H), 7.25 (s, 1H), 7.40 (m, 1H), 7.75–7.95 (m, 1H), 8.10 (s,
1H), 8.17–8.25 (m, 1H), 8.55 (s, 1H), 10.18–10.28 (m, 1H), 10.60–
10.70 ppm (m, 1H); LC–MS (APCI+) m/z 461.4–463.74 [MH+] ; anal.
(C24H31Cl2FN4O2) C, H, N.

4-(3-Chloroanilino)-6-butoxy-7-(2-diethylaminoethoxy)quinazo-
line hydrochloride (29): The reaction mixture was concentrated in
vacuo. The residue was purified by column chromatography on
silica gel, eluting with CH2Cl2/MeOH (7:3) to yield 29 (120 mg,

83%) as an HCl salt (a brown solid), mp: 193–196 8C. IR: ñ=3600–
3200 and 1633 (NH), 1070 cm�1 (C�Cl) ; 1H NMR (DMSO): d=0.94 (t,
3H, J=7.24 Hz), 1.29 (t, 6H, J=7.24 Hz), 1.43 (m, 2H), 1.53 (m, 2H),
3.20–3.35 (m, 4H), 3.55–3.70 (m, 2H), 4.26 (t, 2H, J=6,72 Hz), 4.55–
4.70 (m, 2H), 7.32 (d, 1H, J=8.27 Hz), 7.46–7.52 (m, 2H), 7.82 (d,
1H, J=7.76 Hz), 8.0 (s, 1H), 8.65 (s, 1H), 8.85 (s, 1H), 11.20 (s, 1H),
11.80 ppm (s, 1H); LC–MS (APCI+) m/z 443.4 [MH+] ; anal.
(C24H32Cl2N4O2) C, H, N.

4-(4-Chloroanilino)-6-butoxy-7-(2-diethylaminoethoxy)quinazo-
line hydrochloride (30): The reaction mixture was concentrated in
vacuo, and the residue was treated with acetone. The resulting
precipitate was collected to yield 30 (70 mg, 49%) as an HCl salt (a
brown solid), mp: 186–189 8C. IR: ñ=1067 cm�1 (C�Cl) ; 1H NMR
(DMSO): d=0.95 (t, 3H, J=7.28 Hz), 1.29 (t, 6H, J=7.15 Hz), 1.48
(m, 2H), 1.77 (m, 2H), 3.28 (m, 4H), 3.55–3.70 (m, 2H), 4.25 (m,
2H), 4.55–4.70 (m, 2H), 7.53 (s, 1H), 7.56 (d, 2H, J=8.79 Hz), 7.80
(d, 2H, J=8.79 Hz), 8.60 (s, 1H), 8.85 (s, 1H), 10.95–11.05 ppm (m,
1H); LC–MS (APCI+) m/z 443.4 [MH+] ; anal. (C24H32Cl2N4O2) C, H, N.

4-(4-Bromoanilino)-6-butoxy-7-(2-diethylaminoethoxy)quinazo-
line hydrochloride (31): The reaction mixture was concentrated
under reduced pressure. The residue was purified by column chro-
matography on silica gel, eluting with CH2Cl2/MeOH (8:2) to yield
31 (140 mg, 89%) as an HCl salt (a yellow solid), mp: 193–195 8C.
IR: ñ=1632 (NH), 1077 cm�1 (C�Br) ; 1H NMR (DMSO): d=0.98 (t,
3H, J=7.30 Hz), 1.18 (t, 3H, J=7.30 Hz), 1.45 (m, 2H), 1.75 (m, 2H),
3.55–3.70 (m, 4H), 3.80 (m, 2H), 4.15 (m, 2H), 4.52 (m, 2H), 7.25 (s,
1H), 7.52 (d, 2H, J=8.80 Hz), 7.80 (d, 2H, J=8.80 Hz), 8.08 (s, 1H),
8.52 (s, 1H), 10.05 (m, 1H), 10.75 ppm (s, 1H); LC–MS (APCI+) m/z
487.0–489.0 [MH+] ; anal. (C24H32BrClN4O2) C, H, N.

4-(4-Fluoroanilino)-6-butoxy-7-(2-diethylaminoethoxy)quinazo-
line hydrochloride (32): The reaction mixture was concentrated in
vacuo. The residue was purified by column chromatography on
silica gel, eluting with CH2Cl2/MeOH (9:1) saturated with NH3 to
yield 32 (20 mg, 14%) as an HCl salt (a white solid). IR: ñ=1618
(NH), 1215 cm�1 (C�F); 1H NMR (CDCl3): d=0.95 (t, 3H, J=7.24 Hz),
1.09 (t, 6H, J=7.24 Hz), 1.46 (m, 2H), 1.79 (m, 2H), 2.69 (q, 4H),
3.00 (m, 2H), 4.00 (t, 2H, J=6.21 Hz), 4.15 (m, 2H), 7.06 (m, 2H),
7.20 (s, 1H), 7.49 (s, 1H), 7.60 (m, 2H), 8.62 ppm (s, 1H); LC–MS
(APCI+) m/z 427.3 [MH+] . Anal (C24H32ClFN4O2) C, H, N.

4-(4-Carboxy-3-chloroanilino)-6-butoxy-7-(2-diethylaminoeth-
oxy)quinazoline hydrochloride (33): The precipitate was collected
to afford 33 (80 mg, 51%) as an HCl salt (a brown solid), mp: 240–
245 8C. IR: ñ=3600–3200 and 3000–2800 (OH), 1700 (C=O),
1635 cm�1 (NH); 1H NMR (DMSO): d=0.95 (t, 3H, J=7.63 Hz), 1.29
(t, 6H, J=7.12 Hz), 1.48 (m, 2H), 1.75 (m, 2H), 3.20–3.40 (m, 4H),
3.55–3.70 (m, 2H), 4.25 (t, 2H, J=6.10 Hz), 4.60–4.70 (m, 2H), 7.46
(s, 1H), 7.90–8.00 (m, 2H), 8.16 (s, 1H), 8.57 (s, 1H), 8.96 (s, 1H),
10.90–11.00 (m, 1H), 11.79 ppm (s, 1H); LC–MS (APCI+) m/z 487.4–
489.4 [MH+] ; anal. (C25H32Cl2N4O4) C, H, N.

4-(4-Carboxyanilino)-6-butoxy-7-(2-diethylaminoethoxy)quinazo-
line hydrochloride (34): The precipitate was collected to afford 34
(120 mg, 82%) as an HCl salt (a white solid), mp: 235–237 8C. IR:
ñ=3100–2400 (OH), 1698 (C=O), 1631 cm�1 (NH); 1H NMR (DMSO):
d=0.95 (t, 3H, J=7.31 Hz), 1.29 (t, 6H, J=7.30 Hz), 1.47 (m, 2H),
1.77 (m, 2H), 3.28 (m, 4H), 3.60–3.70 (m, 2H), 4.24 (t, 2H, J=
6.26 Hz), 4.60–4.70 (m, 2H), 7.43 (s, 1H), 7.93 (d, 2H, J=8.87 Hz),
8.02 (d, 2H), 8.42 (s, 1H), 8.88 (s, 1H), 10.65–10.75 (m, 1H), 11.40–
11.50 ppm (m, 1H); LC–MS (APCI+) m/z 453.2 [MH+] ; anal.
(C25H33ClN4O4) C, H, N.
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4-(3-Bromoanilino)-6-butoxy-7-(2-diethylaminoethoxy)quinazo-
line hydrochloride (35): The resulting precipitate was collected to
afford 35 (60 mg, 38%) as an HCl salt (a white solid), mp: 125–
128 8C. IR: ñ=1634 (NH), 1070–1025 cm�1 (C�Br) ; 1H NMR (DMSO):
d=0.95 (t, 3H, J=7.49 Hz), 1.28 (t, 6H, J=7.49 Hz), 1.46 (m, 2H),
1.76 (m, 2H), 3.28 (m, 4H), 3.60–3.70 (m, 2H), 4.23 (t, 2H, J=
6.15 Hz), 4.55–4.65 (m, 2H), 7.41 (s, 1H), 7.45 (m, 2H), 7.79 (m, 1H),
8.05 (s, 1H), 8.42 (s, 1H), 8.88 (s, 1H), 10.65–10.75 (m, 1H), 11.40–
11.50 ppm (m, 1H); LC–MS (APCI+) m/z 487.0–489.0 [MH+] ; anal.
(C24H32BrClN4O2) C, H, N.

4-(3-Bromo-4-methylanilino)-6-butoxy-7-(2-diethylaminoethoxy)-
quinazoline hydrochloride (36): The solid was collected and
afford 36 (20 mg, 12%) as an HCl salt (a brown solid), mp: 150–
153 8C. IR: ñ=1632 (NH), 1072–1038 cm�1 (C�Br) ; 1H NMR (DMSO):
d=0.95 (t, 3H, J=7.45 Hz), 1.28 (t, 6H, J=6.99 Hz), 1.46 (m, 2H),
1.79 (m, 2H), 3.29 (m, 4H), 3.60–3.70 (m, 2H), 4.21 (t, 2H, J=
6.05 Hz), 4.55–4.65 (m, 2H), 7.38 (s, 1H), 7.45 (d, 1H, J=8.38 Hz),
7.68 (d, 1H, J=8.38 Hz), 8.34 (s, 1H), 8.85 (s, 1H), 10.55–10.65 (m,
1H), 11.20–11.30 ppm (m, 1H); LC–MS (APCI+) m/z 501.1–503.1
[MH+] ; anal. (C25H34BrClN4O2) C, H, N.

4-(4-Bromo-3-chloroanilino)-6-butoxy-7-(2-diethylaminoethoxy)-
quinazoline hydrochloride (37): The solid was collected and
afford 37 (110 mg, 65%) as an HCl salt (a white solid), mp: 72–
75 8C. IR: ñ=3394 and 1635 (NH), 1071 (C�Br), 1021 cm�1 (C�Cl) ;
1H NMR (DMSO): d=0.95 (t, 3H, J=7.21 Hz), 1.28 (t, 6H, J=
7.22 Hz), 1.46 (m, 2H), 1.78 (m, 2H), 3.28 (m, 4H), 3.60–3.70 (m,
2H), 4.24 (t, 2H, J=6.66 Hz), 4.55–4.65 (m, 2H), 7.42 (s, 1H), 7.76
(d, 2H, J=8,57 Hz), 8.18 (s, 1H), 8.47 (s, 1H), 8.91 (s, 1H), 10.60–
10.70 (m, 1H), 11.55–11.65 ppm (m, 1H); LC–MS (APCI+) m/z
521.0–522.9 [MH+] ; anal. (C24H31BrCl2N4O2) C, H, N.

Methyl-3-methoxy-4-(4-morpholinopropoxy)benzoate (38): Po-
tassium carbonate (5.69 g, 0.0417 mol) and 4-chloropropylmorpho-
line hydrochloride (3.30 g, 0.0165 mol) were added to a solution of
methyl vanillate (1.5 g, 0.0082 mol) in acetone (30 mL). The reac-
tion mixture was held at reflux for 2 days. The inorganic solid was
filtered off, and the filtrate was concentrated in vacuo. The oily res-
idue was dissolved in diethyl ether, and a solution of diethyl ether
saturated with gaseous HCl was added. The precipitate was collect-
ed, washed with diethyl ether, and dried in vacuo to afford 38
(2.8 g, 98%) as an HCl salt (a white solid), mp: 79–82 8C. IR: ñ=
1698 cm�1 (C=O); 1H NMR (CDCl3): d=2.06 (m, 2H), 2.50–2.60 (m,
6H), 3.70–3.80 (m, 4H), 3.89 (s, 3H), 3.91 (s, 3H), 4.14 (t, 2H, J=
6.64 Hz), 6.90 (d, 1H, J=8.62 Hz), 7.54 (s, 1H), 7.64 ppm (dd, 1H,
J=1.99 Hz); anal. (C16H24ClNO5) C, H, N.

Methyl-3-methoxy-4-(4-morpholinopropoxy)-6-nitrobenzoate
(39): Starting from 38 (1 g, 3.23 mmol), the title compound (1.04 g,
91%, a yellow solid) was obtained using the same procedure as
that for 6 at �78 8C, mp: 139–142 8C. IR: ñ=1733 cm�1 (C=O);
1H NMR (CDCl3): d=2.12 (m, 2H), 2.64 (m, 6H), 3.78 (m, 4H), 3.81
(s, 3H), 3.96 (s, 3H), 4.16 (t, 2H, J=6.63 Hz), 7.07 (s, 1H), 7.48 ppm
(s, 1H); anal. (C16H22N2O7) C, H, N.

6-Amino-3-methoxy-4-(4-morpholinopropoxy)benzoate (40): As
described for 7, 40 (0.37 g, 40%) was obtained as a yellow solid
from compound 39 (1 g, 2.82 mmol); mp: 147–151 8C. IR: ñ=2925
(NH), 1618 cm�1 (C=O); 1H NMR (CDCl3): d=2.10 (m, 2H), 2.55–2.65
(m, 6H), 3.80 (s, 3H), 3.85 (s, 3H), 4.06 (t, 2H, J=6.44 Hz), 5.60–5.70
(m, 2H), 6.18 (s, 1H), 7.30 ppm (s, 1H); anal. (C16H24N2O5) C, H, N.

6-Methoxy-7-(4-morpholinopropoxy)-3H-quinazolin-4-one (41):
Similar to the procedure described for 8, the title compound
(0.66 g, 90%) was prepared starting from 40 (0.69 g, 2.13 mmol) as

a brown oil. IR: ñ=3324 (NH), 1679 cm�1 (C=O); 1H NMR (DMSO):
d=2.15 (m, 2H), 2.71 (m, 6H), 3.60–3.70 (m, 4H), 3.83 (s, 3H), 4.05
(m, 2H), 7.35 (s, 1H), 7.73 (s, 1H), 8.39 ppm (s, 1H); LC–MS (APCI+)
m/z 320.0 [MH+] ; anal. (C16H21N3O4) C, H, N.

4-(3-Chloro-4-fluoroanilino)-6-methoxy-7-(4-morpholinoprop-
oxy)quinazoline hydrochloride (42): A mixture of 41 (650 mg,
2.035 mmol), phosphorus pentachloride (510 mg, 2.44 mmol), and
phosphorus oxychloride (0.51 mL, 5.47 mmol) was held at reflux for
16 h. The mixture was cooled to room temperature, and the excess
of phosphorus oxychloride was evaporated under reduced pres-
sure. The residue was dissolved in iPrOH (5 mL), and 3-chloro-4-flu-
oroaniline (325.18 mg, 2.24 mmol) was added. The reaction mixture
was held at reflux for 2.5 h and concentrated under reduced pres-
sure. The residue was purified by column chromatography on silica
gel, eluting with CH2Cl2/MeOH (9:1) saturated with NH3 to yield 42
(190 mg, 19%) as an HCl salt (a white solid), mp: 199–202 8C. IR:
ñ=1628 (NH), 1221 (C�F), 1055 cm�1 (C�Cl) ; 1H NMR (DMSO): d=
1,93 (m, 2H), 2.38 (m, 6H), 3.58–3.65 (m, 4H), 3.95 (s, 3H), 4.15 (m,
2H), 7.19 (s, 1H), 7.41 (t, 1H, J=9.06 Hz), 7.75–7.85 (m, 2H), 8.11
(m, 1H), 8.49 (s, 1H), 9.50–9.60 ppm (m, 1H); anal. (C22H25Cl2FN4O3)
C, H, N.

In vitro kinase assays: Kinase assays were performed in 96-well
plates (Multiscreen Durapore, Millipore) using [g-32P]ATP (Amer-
sham Biosciences) and the synthetic polymer polyACHTUNGTRENNUNG(Glu4/Tyr) (Sigma)
as a phosphate-acceptor substrate. Tested compounds were dis-
solved in DMSO (the final concentration of DMSO in assay solu-
tions was 0.1% (total kinase activity) or 0.01% (EGFR kinase activi-
ty), which was shown to have no effect on kinase activity).

EGFR tyrosine kinase activity : EGFR purified from human carcinoma
A431 cells (20 ng, Sigma) was incubated for 1 h at 28 8C using vari-
ous concentrations of tested compounds in kinase buffer (HEPES
50 mm pH 7.5, BSA 0.1 mgmL�1, MnCl2 10 mm, MgCl2 5 mm,
Na3VO4 100 mm, DTT 0.5 mm, poly ACHTUNGTRENNUNG(Glu4/Tyr) 250 mgmL

�1, ATP 5 mm,
and [g-32P]ATP 0.5 mCi).

Whole-cell membrane-associated tyrosine kinase activity : Cytoplas-
mic membranes (20 mg) from PC3 cells were preincubated for
5 min at 37 8C using various concentrations of tested compounds.
Membranes were then incubated for 2 h at 37 8C in kinase buffer
(Tris-HCl 50 mm pH 7.5, MgCl2 20 mm, Na3VO4 100 mm, poly ACHTUNGTRENNUNG(Glu4/
Tyr) 1 mgmL�1, ATP 200 mm, and [g-32P]ATP 1 mCi).

VEGFR-2 tyrosine kinase activity : VEGFR-2 recombinant human pro-
tein (10 ng, Invitrogen) was incubated for 1 h at 27 8C using various
concentrations of tested compounds in kinase buffer (Tris 50 mm

pH 7.5, BSA 25 mgmL�1, MnCl2 1.5 mm, MgCl2 10 mm, Na3VO4

100 mm, DTT 2.5 mm, b-glycerophosphate 5 mm, poly ACHTUNGTRENNUNG(Glu4/Tyr)
250 mgmL�1, ATP 5 mm, and [g-32P]ATP 0.5 mCi). The reaction was
stopped by adding trichloroacetic acid (100%, 20 mL). Wells were
screened out and washed 10 times with trichloroacetic acid (10%).
Plates were counted in a Top Count (Packard/PerkinElmer). SU5416
was used as reference compound.

Cell culture and cell proliferation assay: Human prostate cancer
cells PC3 were grown at 37 8C in a humidified atmosphere contain-
ing 5% CO2 in RPMI-1640 medium supplemented with 10% fetal
bovine serum, glutamine (2 mm), penicillin (100 IUmL�1), and
streptomycin (100 mgmL�1). In the cell proliferation assay, cells
were plated in triplicate on 96-well plates (3Q103 cells per well)
and incubated for 72 h. The cell medium was changed to serum-
free medium, and the cells were starved for 24 h for culture syn-
chronization. Cells were then incubated in culture medium that
contained various concentrations of tested compounds, each dis-
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solved in <0.1% DMSO. After 72 h, cell growth was estimated by
the colorimetric MTT test.

Cell-cycle analysis: For flow cytometry analysis of DNA content,
PC3 cells were grown in 25 cm2 flasks for 72 h, synchronized for
24 h in serum-free medium, and incubated for 72 h with various
concentrations of tested compounds. After incubation, the
medium was aspirated off and pooled with the adherent cell layer,
which was trypsinized. Cell pellets were washed in PBS, fixed in
70% ethanol, and stored at 4 8C for at least one night. For the anal-
ysis, cells were collected by centrifugation, washed in PBS, and the
pellets were resuspended in PBS containing RNase (100 mgmL�1)
and propidium iodide (50 mgmL�1) and incubated in the dark at
room temperature for 30 min. Cytometric analysis was then per-
formed on a FACScan flow cytometer (BD Biosciences) using the
Cellquest software. Cell-cycle phase distribution was determined
using WinMDI software to analyze DNA content histograms.

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay: DNA fragmentation was assessed by
TUNEL assay. The apoptosis detection system fluorescein (Prom-
ega) was used according to the supplier’s recommended protocol.
PC3 cells (106) were treated with various concentrations of tested
compounds for 72 h. After incubation, the medium was aspirated
off and pooled with the adherent layer, which was trypsinized.
Cells were collected and centrifuged at 200 g for 5 min at 4 8C. Cell
pellets were washed twice in PBS and centrifuged at 300 g for
10 min at 4 8C. Pellets were resuspended in PBS (500 mL) and fixed
in ice-cold paraformaldehyde (1%) for 20 min at 4 8C. Fixed cells
were centrifuged, and pellets were washed twice in PBS and made
permeable in 70% ethanol at �20 8C for at least one night. Cells
were centrifuged at 300 g for 10 min at 4 8C, washed in PBS, and
centrifuged. Pellets were resuspended in PBS and incubated in
equilibration buffer (80 mL) for 5 min at room temperature. DNA
strand breaks (3’-OH ends of fragmented DNA) were labeled with
fluorescein–dUTP by adding incubation buffer containing equilibra-
tion buffer (45 mL), nucleotide mix (5 mL), and terminal deoxynu-
cleotidyl transferase (1 mL) (volumes for one slide). For each experi-
mental set, a negative control was prepared by omitting the TdT
from the reaction mixture. After incubation in the dark at 37 8C for
1 h, the reaction was stopped with EDTA (20 mm). After two suc-
cessive washes, propidium iodide (5 mgmL�1) was added to stain
all cells. Apoptotic cells were detected at 515–555 nm using an FL-
1 detector of a FACScan flow cytometer (BD Biosciences) and the
Cellquest software.

Invasion assay: The invasive ability of PC3 was determined using
BD BioCoat Matrigel invasion chamber (8 mm porosity polyethylene
terephthalate track-etched membranes, Becton Dickinson). Inserts
were rehydrated with serum-free medium for 2 h and transferred
to 24-well plates containing medium supplemented with 10%
serum. Cells (0.5Q105) were added to each insert in the presence
of compounds and were incubated for 24 h at 37 8C. Noninvading
cells were then removed by scraping the upper surface of the
insert. The cells that migrated to the lower surface of the insert
were detected using the kit Hemacolor. Inserts were dried, and
cells were counted under a microscope. The invasion fraction was
determined by dividing the number of cells that invaded the Matri-
gel by the number of cells counted in the control inserts.

Western blotting: After being serum-starved for 24 h, cells were
incubated with tested compounds diluted in medium supplement-
ed with EGF for 10 min (Akt phosphorylation) or 24 h (COX-2 ex-
pression). Cells were scraped in lysis buffer (PBS containing Triton
X100 1%, deoxycholate 0.5%, sodium pyruvate phosphate 10 mm,

sodium vanadate 2 mm, NaF 100 mm, PMSF 0.5 mm, protease in-
hibitor cocktail). Western blot analysis was performed after SDS-
PAGE of cell lysates (20 mg protein) in the Mini-protean 3 gel box
(BioRad). Proteins were transferred to Hybond ECL nitrocellulose
membranes (Amersham Biosciences), which were blocked for at
least 1 h with a buffer containing 10 mm Tris/150 mm NaCl
(pH 7.4), 0.05% Tween 20, and 5% (w/v) nonfat dried milk. The blot
was then incubated for 1 h at room temperature with primary anti-
bodies specific for the following proteins: phosphorylated Akt
(Santa Cruz Biotechnology; dilution 1:1000), COX-2 (Cayman; dilu-
tion 1:1000), and a-actin (Santa Cruz Biotechnology; dilution
1:500), washed three times with 10 mm Tris/150 mm NaCl (pH 7.4),
0.05% Tween 20, and incubated with a secondary antibody conju-
gated to horseradish peroxidase (dilution 1:10000) for 1 h at room
temperature. After being washed three times for 15 min, the blot
was visualized with a chemiluminescence kit ECL (Amersham Bio-
sciences). Bands were normalized to a-actin.

Acknowledgements

The authors are grateful to the “Ligue contre le cancer” for its fi-
nancial support.

Keywords: antitumor agents · biological activity · EGFR ·
prostate cancer · tyrosine kinase inhibitors

[1] C. A. Heinlein, C. Chang, Endocr. Rev. 2004, 25, 276–308.
[2] D. Djakiew, Prostate 2000, 42, 150–160.
[3] J. Barton, G. Blackledge, A. Wakeling, Urology 2001, 58, 114–122.
[4] S. Kambhampati, G. Ray, K. Sengupta, V. P. Reddy, S. K. Banerjee, P. J. Van

Veldhuizen, Front. Biosci. 2005, 10, 1355–1367.
[5] B. Gowardhan, D. A. Douglas, M. E. Mathers, A. B. McKie, S. R. McCrack-

en, C. N. Robson, H. Y. Leung, Br. J. Cancer 2005, 92, 320–327.
[6] D. Fabbro, S. Ruetz, E. Buchdunger, S. W. Cowan-Jacob, G. Fendrich, J.

Liebetanz, J. Mestan, T. O’Reilly, P. Traxler, B. Chaudhuri, H. Fretz, J. Zim-
mermann, T. Meyer, G. Caravatti, P. Furet, P. W. Manley, Pharmacol. Ther.
2002, 93, 79–98.

[7] S. Madhusudan, T. S. Ganesan, Clin. Biochem. 2004, 37, 618–635.
[8] H. L. Ratan, A. Gescher, W. P. Steward, J. K. Mellon, BJU Int. 2003, 92,

890–895.
[9] G. D. Lorenzo, R. Bianco, G. Tortora, F. Ciardiello, Clin. Prostate Cancer

2003, 2, 50–57.
[10] C. Vicentini, C. Festuccia, G. L. Gravina, A. Angelucci, A. Marronaro, M.

Bologna, J. Cancer Res. Clin. Oncol. 2003, 129, 165–174.
[11] A. Sgambato, A. Camerini, B. Faraglia, R. Ardito, G. Bianchino, D. Spada,

A. Boninsegna, V. Valentini, A. Cittadini, J. Cell. Physiol. 2004, 201, 97–
105.

[12] L. Bonaccorsi, S. Marchiani, M. Muratori, G. Forti, E. Baldi, J. Cancer Res.
Clin. Oncol. 2004, 130, 604–614.

[13] L. Bonaccorsi, S. Marchiani, M. Muratori, V. Carloni, G. Forti, E. Baldi, Ann.
N. Y. Acad. Sci. 2004, 1028, 283–288.

[14] S. Wang, J. Gao, Q. Lei, N. Rozengurt, C. Pritchard, J. Jiao, G. V. Thomas,
G. Li, P. Roy-Burman, P. S. Nelson, X. Liu, H. Wu, Cancer Cell 2003, 4,
209–221.

[15] L. C. Trotman, M. Niki, Z. A. Dotan, J. A. Koutcher, A. Di Cristofano, A.
Xiao, A. S. Khoo, P. Roy-Burman, N. M. Greenberg, T. Van Dyke, C.
Cordon-Cardo, P. P. Pandolfi, PLoS Biol. 2003, 1, E59.

[16] C. M. Canil, M. J. Moore, E. Winquist, T. Baetz, M. Pollak, K. N. Chi, S.
Berry, D. S. Ernst, L. Douglas, M. Brundage, B. Fisher, A. McKenna, L. Sey-
mour, J. Clin. Oncol. 2005, 23, 455–460.

[17] F. Ohyanagi, Y. Ando, F. Nagashima, M. Narabayashi, Y. Sasaki, Int. J. Clin.
Oncol. 2004, 9, 406–409.

[18] P. Camus, S. Kudoh, M. Ebina, Br. J. Cancer 2004, 91 Suppl 2, S18–23.
[19] E. Bouey-Bencteux, C. Loison, N. Pommery, R. Houssin, J. P. H�nichart,

Anticancer Drug Des. 1998, 13, 893–922.

ChemMedChem 2007, 2, 318 – 332 D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemmedchem.org 331

Iressa Derivatives as Apoptosis Inducers

www.chemmedchem.org


[20] J. Stamos, M. X. Sliwkowski, C. Eigenbrot, J. Biol. Chem. 2002, 277,
46265–46272.

[21] L. F. Hennequin, A. P. Thomas, C. Johnstone, E. S. Stokes, P. A. Pl�, J. J.
Lohmann, D. J. Ogilvie, M. Dukes, S. R. Wedge, J. O. Curwen, J. Kendrew,
C. Lambert-van der Brempt, J. Med. Chem. 1999, 42, 5369–5389.

[22] L. F. Hennequin, E. S. Stokes, A. P. Thomas, C. Johnstone, P. A. Pl�, D. J.
Ogilvie, M. Dukes, S. R. Wedge, J. Kendrew, J. O. Curwen, J. Med. Chem.
2002, 45, 1300–1312.

[23] J. T. Hunt, T. Mitt, R. Borzilleri, J. Gullo-Brown, J. Fargnoli, B. Fink, W. C.
Han, S. Mortillo, G. Vite, B. Wautlet, T. Wong, C. Yu, X. Zheng, R. Bhide, J.
Med. Chem. 2004, 47, 4054–4059.

[24] A. Wissner, M. B. Floyd, B. D. Johnson, H. Fraser, C. Ingalls, T. Nittoli, R. G.
Dushin, C. Discafani, R. Nilakantan, J. Marini, M. Ravi, K. Cheung, X. Tan,
S. Musto, T. Annable, M. M. Siegel, F. Loganzo, J. Med. Chem. 2005, 48,
7560–7581.

[25] N. Pommery, T. Taverne, A. Telliez, L. Goossens, C. Charlier, J. Pommery,
J. F. Goossens, R. Houssin, F. Durant, J. P. H�nichart, J. Med. Chem. 2004,
47, 6195–6206.

[26] T. A. Fong, L. K. Shawver, L. Sun, C. Tang, H. App, T. J. Powell, Y. H. Kim,
R. Schreck, X. Wang, W. Risau, A. Ullrich, K. P. Hirth, G. McMahon, Cancer
Res. 1999, 59, 99–106.

[27] SYBYL 6.9.1, Tripos Inc. , 1699 South Hanley Road, St. Louis, MO 63144–
2913 (USA).

[28] H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig,
I. N. Shindyalov, P. E. Bourne, Nucleic Acids Res. 2000, 28, 235–242.

[29] M. Clark, R. D. Cramer, N. Van Opdenbosch, J. Comput. Chem. 1989, 10,
982–1012.

[30] G. Jones, P. Willett, R. C. Glen, J. Mol. Biol. 1995, 245, 43–53.
[31] G. Jones, P. Willett, R. C. Glen, A. R. Leach, R. Taylor, J. Mol. Biol. 1997,

267, 727–748.
[32] E. Di Gennaro, M. Barbarino, F. Bruzzese, S. De Lorenzo, M. Caraglia, A.

Abbruzzese, A. Avallone, P. Comella, F. Caponigro, S. Pepe, A. Budillon,
J. Cell. Physiol. 2003, 195, 139–150.

[33] G. Tortora, R. Caputo, V. Damiano, R. Caputo, T. Troiani, B. M. Veneziani,
S. De Placido, A. R. Bianco, U. Zangemeister-Wittke, F. Ciardiello, Clin.
Cancer Res. 2003, 9, 866–871.

[34] N. Normanno, M. R. Maiello, A. De Luca, J. Cell. Physiol. 2003, 194, 13–
19.

[35] H. Ariyama, B. Qin, E. Baba, R. Tanaka, K. Mitsugi, M. Harada, S. Nakano,
J. Cell. Biochem. 2006, 97, 724–734.

[36] N. Pommery, J. P. H�nichart, Mini-Rev. Med. Chem. 2005, 5, 1125–1132.
[37] F. Teraishi, S. Kagawa, T. Watanabe, Y. Tango, T. Kawashima, T. Umeoka,

M. Nisizaki, N. Tanaka, T. Fujiwara, FEBS Lett. 2005, 579, 4069–4075.
[38] C. H. Hsu, M. Gao, C. L. Chen, P. Y. Yeh, A. L. Cheng, Oncology 2005, 68,

538–547.
[39] R. Ho, J. E. Minturn, T. Hishiki, H. Zhao, Q. Wang, A. Cnaan, J. Maris, A. E.

Evans, G. M. Brodeur, Cancer Res. 2005, 65, 9868–9875.
[40] L. R. Chaudhary, K. A. Hruska, J. Cell. Biochem. 2003, 89, 1–5.
[41] T. Hussain, S. Gupta, H. Mukhtar, Cancer Lett. 2003, 191, 125–135.
[42] A. Telliez, C. Furman, N. Pommery, J. P. H�nichart, Anti-Cancer Agents

Med. Chem. 2006, 6, 187–208.
[43] J. H. Yoon, G. Y. Gwak, H. S. Lee, S. F. Bronk, N. W. Werneburg, G. J.

Gores, J. Hepatol. 2004, 41, 808–814.
[44] G. Tortora, R. Caputo, V. Damiano, D. Melisi, R. Bianco, G. Fontanini,

B. M. Veneziani, S. De Placido, A. R. Bianco, F. Ciardiello, Clin. Cancer Res.
2003, 9, 1566–1572.

[45] J. Li, J. Kleeff, N. Giese, M. W. Buchler, M. Korc, H. Friess, Int. J. Oncol.
2004, 25, 203–210.

[46] M. Fujimura, T. Hidaka, S. Saito, Clin. Cancer Res. 2002, 8, 2448–2454.
[47] C. Festuccia, A. Angelucci, G. L. Gravina, L. Biordi, D. Millimaggi, P. Muzi,

C. Vicentini, M. Bologna, Thromb. Haemostasis 2005, 93, 964–975.
[48] H. Miyamoto, S. Altuwaijri, Y. Cai, E. M. Messing, C. Chang, Mol. Carcinog.

2005, 44, 1–10.
[49] A. Hassner, V. Alexanian, Tetrahedron Lett. 1978, 19, 4475–4478.
[50] A. J. Barker, K. H. Gibson, W. Grundy, A. A. Godfrey, J. J. Barlow, M. P.

Healy, J. R. Woodburn, S. E. Ashton, B. J. Curry, L. Scarlett, L. Henthorn, L.
Richards, Bioorg. Med. Chem. Lett. 2001, 11, 1911–1914.

Received: May 23, 2006
Revised: November 24, 2006
Published online on January 8, 2007

332 www.chemmedchem.org D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemMedChem 2007, 2, 318 – 332

MED J.-P. H�nichart et al.

www.chemmedchem.org

