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INHIBITION STRATEGIES FOR RECEPTOR TYROSINE KINASES

Introduction

Protein kinases (PKs) are a large family of ATP-dependent

phosphotransferases, that catalyze the transfer of the terminal
ɣ-phosphate

from ATP to the hydroxyl group on the side chains of serine,
threonine or

tyrosine residues of the substrate proteins. The reversible
hydroxyl-

phosphorylation of proteins represents a major
post-translational signaling

mechanism and regulatory pathway that controls a diverse set of
cellular

processes.1

The protein kinases are classified as serine/threonine or
tyrosine kinases

based on the receiving aminoacid of their substrates. The human
genome

encodes for 518 protein kinases, of which approximately 100 are
tyrosine

kinases (TKs).2 These kinases have been divided into two major
groups:

receptor TKs, characterized by membrane localization, and
non-receptor TKs,

mainly located in the cell cytoplasm as components of the
signaling cascades

triggered by cell-surface receptors.

Tyrosine kinase receptors (RTKs) are cell-surface localized,
therefore they

are predisposed to recognize extracellular signals, triggered by
endogenous

ligands, such as growth factors. The structure of RTKs is
composed of an

extracellular region, containing the ligand-binding domain, a
single

transmembrane segment and a cytoplasmic tyrosine kinase
catalytic domain.

Ligand binding to the extracellular domain leads to the
activation of the

intracellular kinase domain, giving rise to signal transduction
pathways that

affect many key processes, including cell growth and
survival.

In normal cells, RTK activity is strictly regulated; but
dysregulation or

constitutive activation of RTK has been shown to correlate with
the
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development and progression of numerous human cancers. Aberrant
kinase

activity can disrupt the normal control of cellular
phosphorylation pathways,

causing significant alterations in many important cellular
functions, such as

transcription, proliferation, differentiation, angiogenesis, and
inhibition of

apoptosis. Since RTKs have been implicated in many aspects of
malignant

phenotypes, they have become attractive therapeutic
targets.3

There are two main approaches that could be used to effectively
block

signaling from RTK. One way is to prevent receptor-ligand
interaction, using

agents directed against the extracellular domain of the
receptor. The

alternative strategy is to inhibit the enzymatic activity of the
receptor,

targeting intracellular sites on the kinase domain.

Two main classes of anticancer agents, that reflect the two
aforementioned

distinct strategies of RTKs blockage, have been successfully
tested in clinical

trials and achieved regulatory approval for the treatment of
cancer. These are

monoclonal antibodies (mAbs) directed against the extracellular
domain of the

receptor and small molecule ATP-competitive inhibitors of the
receptor

tyrosine kinase.

Figure 1. Mechanism of action of anti-RTK drugs in cancer cells
(EGFR is a

typical example of tyrosine kinase receptor). [Image from Ref
5].
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Therapeutic monoclonal antibodies, that have received marketing
approval,

include: trastuzumab (Herceptin®), developed against Erb2 or
HER2,

approved for the treatment of breast cancer; cetuximab4
(Erbitux®), a chimeric

mAb, and panitumumab4 (Vectibix®), a humanized mAb, both
directed against

EGFR and approved for the treatment of metastatic colorectal
cancer. All

these antibodies selectively and specifically bind to the
extracellular portion of

the corresponding receptor and compete for receptor binding, by
occluding

the ligand-binding region. MAbs block the ligand-induced
receptor tyrosine

kinase activation and cause receptor internalization, without
stimulating

receptor phosphorylation. Furthermore, in the case of cetuximab,
the

antitumor efficacy also results from the promotion of the host
immune

response (antibody-dependent cellular cytotoxicity).5

Figure 2. Mechanism of action of anti-RTK monoclonal antibodies
in cancer cells

(EGFR is a typical example of tyrosine kinase receptor). [Image
from Ref 5].

Bevacizumab (Avastin®) is a mAb in clinical use as well,
approved for the treatment

of metastatic colorectal cancer. Unlike the above-mentioned
antibodies that are

directed against a RTK, bevacizumab specifically targets a
growth factor, VEGF.

To date, fourteen small-molecule protein kinase inhibitors have
been approved by

FDA for therapeutic use in oncological diseases.6 These
compounds can be

generally classified depending on the protein kinase that they
mainly target:7 the Bcr-
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Abl fusion protein kinase; the human epidermal growth factor
receptor tyrosine

kinases EGFR/HER1 or ErbB2/HER2; the vascular endothelial growth
factor receptor

tyrosine kinase VEGFR; the anaplastic lymphoma kinase ALK; the
janus kinases

JAK. Imatinib (Gleevec®), dasatinib (Sprycel®), nilotinib
(Tasigna®) and vemurafinib

(Zelboraf®) are inhibitors of Bcr-Abl fusion protein kinase, an
oncoprotein for chronic

myeloid leukemia (CML). Gefitinib (Iressa®), erlotinib
(Tarceva®) and lapatinib

(Tykerb®) are inhibitors of EGFR family members and blocks
tumorigenic effects of

these RTKs. Sunitinib (Sutent®), sorafenib (Nexavar®), pazopanib
(Votrient®),

vandetanib (Caprelsa®) and axitinib (Inlyta®) inhibit VEGFR and
other protein kinases

involved in tumor angiogenesis. Crizotinib (Xalkori®) inhibits
ALK and MET kinases.

Ruxolitinib (Jakafi®) inhibits JAK1/2 kinases.6,7

Figure 3. Chemical structure of the first eight FDA approved
protein kinase inhibitors.

imatinib dasatinib

gefitinib erlotinib lapatinib

sunitinib sorafenib

nilotinib
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All these marketed compounds are ATP-competitive inhibitors.
They inhibit protein

catalytic activity in a reversible manner, by occluding the ATP
binding site on the

kinase domain of the corresponding targets. Some of these
compounds also inhibit

other kinases in addition to those described above, due to the
high structural

homology between the ATP-binding site of PKs.

Table 1. Targeted molecular cancer therapeutics received
marketing approval.6,7

Besides the previously described approaches to block the
activation of kinase

proteins, some novel strategies have been proposed, such as the
use of substrate

competitive inhibitors or compounds targeting allosteric sites
that stabilized inactive

conformations.

Drug type Drug Company Disease indication Primary molecular
target

Antabody Trastuzumab (Herceptin) Roche Breast cancer HER2

Bevacizumab (Avastin) Genetech, OSI Colorectal cancer VEGF

Cetuximab (Erbitux) ImClone Colorectal cancer EGFR

Panitumumab (Vectibix) Amgen Colorectal cancer EGFR

Small molecule Imatinib (Gleevec) Novartis CML Bcr-Abl, c-Kit,
PDGFR

Gefitinib (Iressa) AstraZeneca NSCLC EGFR

Erlotinib (Tarceva) Genetech, OSI NSCLC, pancreatic cancer

EGFR

Sorafenib (Nexavar) Bayer, Onyx Hepatocellular carcinoma, renal
cell carcinoma (RCC)

VEGFR, c-Raf, PDGFR

Sunutinib (Sutent) Pfizer Gastrointestinal stromal tumor (GIST),
RCC

VEGFR, c-Kit, PDGFR

Dasatinib (Sprycel) Bristol-Meyers Squibb

CML Bcr-Abl, Src, c-Kit, PDGFR, Eph receptors

Nilotinib (Tasigna) Novartis CML Bcr-Abl, Src, c-Kit, PDGFR

Lapatinib (Tykerb) GlaxoSmithKline Breast cancer HER2, EGFR

Pazopanib (Votrient) GlaxoSmithKline RCC VEGFR, c-Kit, PDGFR

Vandetanib (Caprelsa) AstraZeneca Thyroid cancer VEGFR, EGFR,
RET

Vemurafinib (Zelboraf) Roche, Plexxikon

CML Bcr-Abl, Src, c-Kit, PDGFR, Eph receptors

Crizotinib (Xalkori) Pfizer NSCLC ALK, MET

Ruxolitinib (Jakafi) Incyte myelofibrosis JAK1/2

Axitinib (Inlyta) Pfizer RCC VEGFR, c-Kit, PDGFR
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Aim of the work

The present PhD research project focuses on the synthesis of
novel small-molecule

modulators of receptor tyrosine kinases as potential antitumor
agents which could be

addressed against both the intracellular ATP-binding domain or
the extracellular

ligand-binding domain. In particular, in the following chapters
it will be reported the

synthesis of novel irreversible inhibitors targeting the kinase
domain of the epidermal

growth factor receptor (EGFR) and the synthesis of new compounds
able to block the

Eph receptor activation by occupying the ephrin-binding
domain.

EGFR is a well-known and validated anticancer drug target.8 As
referred in the

introduction, there are EGFR inhibitors that have already
reached the market for

anticancer therapy and many others are in clinical development.
All the marketed

small molecule drugs targeting EGFR are reversible
ATP-competitive inhibitors and

are often liable to lack of efficacy because of development of
acquired resistance.9

On the other hand, the irreversible inhibitors of EGFR under
clinical studies have

been proved to overcame resistance, but suffer from high
reactivity, that could lead to

high off-target toxicity.6 In this context, the design of not
only potent but also low-

reactive EGFR inhibitors is a challenge. In the first chapter of
the present work, it will

be described the strategy adopted to reduce the reactivity of
the irreversible inhibitors

preserving, at the same time, their ability to covalently
interact with the target and

thus to guarantee a long-lasting effect. As a strategy to
optimize a well-known class

of EGFR inhibitors, in this study the design and the synthesis
of 3-

aminopropanamide derivatives will be described.10

Eph receptors are the largest family of RTKs. This family of
TK-receptors has gained

a progressively increasing attention during the two last
decades, by virtue of the

recent findings regarding the involvement of these receptors and
their ligands

(ephrins) in tumorigenicity and tumor angiogenesis.11 Although
the role of the Eph-

ephrin system in cancer is not completely clear,12 this system
is emerging as a novel

target for the development of anticancer and anti-angiogenic
therapies. To date,

numerous examples of Eph receptor inhibitors targeting the
intracellular kinase

domain have been reported in literature;13 above all, dasatinib
is a potent EphA2

inhibitor, that blocks the catalytic activity of the kinase by
occupying the ATP-binding

site.14,15 Nevertheless, considering that the ATP-binding pocket
is highly conserved
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among protein kinases, especially among the members of the same
family of protein

kinases, these kind of inhibitors generally suffer from lack of
selectivity,16 which limits

their use as pharmacological tools in vivo. Conversely,
compounds acting on the

extracellular ligand binding domain of the Eph receptors have
some advantages with

respect to standard tyrosine kinase inhibitors because they can
block Eph receptor

activity without having to penetrate inside the cell and because
they could ensure

greater selectivity than the ATP-mimicking agents. To date,
several inhibitors have

been reported in literature that generally include antibodies,
soluble form of Eph

receptors or ephrins, and peptides.13 Only recently few classes
of small molecules

able to impede the interaction between two macromolecules, like
the Eph receptor

and the ephrin protein, have been discovered. These include: i)
salicylic-acid

derivatives [4-(2,5-dimethyl-1H-pyrrol-1-yl)-2-hydroxybenzoic
acid];17,18 ii)

doxazosin;19 and iii) some polyphenols and polyphenol
metabolites.20,21,22 However,

their usefulness as biological tools appears to be limited by
important

pharmacological and chemical issues. For instance, the marketed
doxasozin

(Cardura™) binds the EphA2 receptor with micromolar affinity but
also has a well

known inhibitory activity on the α1-adrenergic receptor.19 The
EphA2/EphA4 salicylic

acid antagonists have been recently indicated to suffer from
poor chemical stability

and their pharmacological activity is probably due to
degradation products.18,23 In the

second chapter of the present work, the design and the synthesis
of novel low-weight

molecules as Eph receptor antagonists will be reported. These
compounds, that

target the ephrin-binding domain, were obtained starting from
the recently identified

Eph-receptor inhibitor, lithocholic acid. This study is aimed at
achieving new

biological tools that could help to elucidate the role of the
Eph-ephrin system in

cancer and to assess Eph receptors as novel anti-angiogenic drug
targets.
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EPIDERMAL GROWTH FACTOR RECEPTOR

Introduction

The epidermal growth factor receptor (erbB1/EGFR) is a
transmembrane receptor

tyrosine kinase (RTK) belonging to the erbB family, which also
includes erbB2/HER2,

erbB3/HER3 and erbB4/HER4.1,2 Upon ligand binding, EGFR
undergoes homo- or

heterodimerization and autophosphorylation of specific tyrosine
residues within the

intracellular domain. The autophosphorylated receptor activates
a series of

downstream signals that promote cell growth, proliferation,
differentiation and

migration.3,4 Deregulation of EGFR signaling has been observed
in many human

cancers, including lung, head and neck, colorectal, ovarian,
breast and bladder

cancers,5,6 and it has been associated with more aggressive
disease and poorer

clinical outcome.7 Therefore, inhibitors targeting the EGFR have
been extensively

investigated and employed as anti-tumor agents.

Hyperactivation of EGFR can be produced by gene amplification,
receptor

overexpression, activating mutations, overexpression of receptor
ligands and/or loss

of regulatory controls.8 Several oncogenic mutations in EGFR
have been related to

the development of cancer, particularly non-small cell lung
cancer (NSCLC).9,10

Deletions in exon 19 (del19), a substitution mutation in the
exon 21 (L858R), and less

common mutations (e.g. G719S) enable constitutive activation of
the kinase function,

stabilizing the active conformation of the kinase domain in the
absence of ligand-

induced stimulation.11,12 Two selective EGFR inhibitors,
gefitinib13 (Iressa®,

AstraZeneca) and erlotinib14 (Tarceva®, OSI Pharmaceuticals),
have higher potency

against these mutant kinases than the wild-type enzyme15 and are
approved for the

treatment of NSCLC in patients having the activating mutations
of EGFR. These

tyrosine kinase inhibitors, belonging to the chemical class of
4-anilinoquinazolines,

compete with ATP in a reversible manner, binding to the kinase
domain of the target

through weak interactions (hydrogen-bonds, van der Waals and
hydrophobic

interactions).
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Figure 1. Reversible EGFR-TKIs in clinical therapy.

Although gefitinib is effective in the NSCLC treatment in
patients having activating

mutations within the EGFR tyrosine kinase domain, accumulating
clinical experience

indicates that most patients develop resistance after repeated
treatments.10 In

approximately half of NSCLC cases that show an initial response
to reversible EGFR

tyrosine kinase inhibitors and that subsequently progress,
resistance is associated

with the emergence of a secondary acquired mutation in the
catalytic domain of

EGFR: substitution of the gatekeeper residue threonine 790 with
methionine

(T790M).10,16,17 The bulkier side chain of the mutated
methionine residue is thought to

sterically impede binding of these reversible inhibitors and
disrupt the formation of a

crucial water-mediated hydrogen bond between the inhibitor (N3
of the quinazoline

core) and T790 of wild type EGFR.18

Figure 2. a) Crystal structure of wild type EGFR complexed with
the reversible

ATP competitive drug erlotinib. b) Drug resistance mutation
T790M is modeled

and highlights the steric clash with the acetylene moiety of
erlotinib. [Image from

Ref 18].
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The need to overcome acquired resistance19 has prompted to the
development of a

second-generation of EGFR inhibitors, able to irreversibly
inhibit their target protein,

by alkylation of a cysteine residue (Cys797), positioned at the
entrance of the ATP

binding site of EGFR.20

Currently, seven inhibitors of this class are under clinical
investigation as anticancer

agents (Table 1 and figure 3).21

Table 1. Irreversible EGFR-TKIs in clinical development. [Table
from ref. 21]

Drug Target kinase(s)

Company Cancer Development Phase

Canertinib (CI-1033) EGFR, HER2-4 Pfizer NSCLC

Breast cancer

Phase II (no ongoing trials)

Phase II (no ongoing trials)

Pelitinib (EKB-569) EGFR, HER2 Wyeth/ Pfizer NSCLC

Colorectal cancer

Phase II (no ongoing trials)

Phase II (no ongoing trials)

Neratinib (HKI-272) EGFR, HER2 Wyeth/ Pfizer NSCLC

Breast cancer

Solid tumors

Phase II (no ongoing trials)

Phase III

Phase II

Dacomitinib (PF00299804)

EGFR, HER2-4 Pfizer NSCLC

Gastric cancer

Head and neck cancer

Glioblastoma

Phase III

Phase I/II

Phase I/II

Phase I/II

Afatinib (BIBW2992) EGFR, HER2 Boerhinger Ingelheim

NSCLC

Breast cancer

Head and neck cancer

Prostate cancer

Esophagogastric cancer

Colorectal cancer

Glioma

Glioblastoma

Phase III

Phase III

Phase III

Phase II

Phase II

Phase II

Phase II

Phase I

HM781-36B EGFR, HER2 Hanmi Pharmaceutical Co., Ltd

Solid tumors Phase I

AV-412/MP-412 EGFR AVEO Pharmaceuticals, Inc.

Solid tumors Phase I
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EGFR irreversible covalent inhibitors are characterized by a
heterocyclic core

structure (driving portion), generally resembling that of
reversible inhibitors (4-

anilinoquinazoline or a 4-anilino-3-cyanoquinoline), carrying at
a proper position an

electrophilic “warhead” (acrylamide, substituted acrylamide, or
propargylamide), that

covalently interacts with the specific cysteine residue in the
target protein.22, 23

Figure 3. Chemical structure of irreversible EGFR-TKIs in
clinical development.

Alkylation of the thiol group of Cys797 in the ATP binding
pocket of EGFR was

demonstrated for the 6-acrylamido-4-anilinoquinazoline PD168393
(Figure 4) by

mass spectroscopy and site-directed mutagenesis.24
Co-crystallization of PD168393

within the kinase domain of human EGFR showed that the inhibitor
is covalently

bound to Cys797 (Figure 4) and adopts an accommodation similar
to that observed

for several reversible quinazoline inhibitors in complex with
kinases.25


	
Chapter 2

15

Figure 4. Co-crystal structure of the
6-acrylamide-4-anilinoquinazoline PD168393

within the catalytic site of EGFR.

The covalent bond is formed between the β-carbon atom of the
acrylamide (which

behaves as a Michael acceptor) on PD168393 and the sulfur atom
of Cys797.

Moreover, N1 and N3 on the quinazoline driving portion are
involved in two crucial

hydrogen bonds, one with the backbone nitrogen of Met793 and the
other with the

side chain of Thr790, through a conserved water molecule. The
4-aniline substituent

points toward the hydrophobic pocket beyond the gatekeeper
Thr790 (Figure 4).24

Like acrylamides, also propargylamides provide irreversible
inhibitors when inserted

on a suitable scaffold, able to recognize the EGFR kinase
domain.26,27 The

alkynamide warhead can react with bionucleophiles, including
thiols of cysteines,

giving Michael-type addition product (Figure 5B).

Figure 5. Reaction mechanism of acrylamides (A) and
propargylamides (B) toward cys-797.

[Image from ref. 23].

C797

T790

A

B
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There are several potential advantages for irreversible
inhibitors over conventional

ATP-competitive ones. An irreversible inhibitor would be
expected to have prolonged

pharmacologic effects relative to systemic exposure. In fact,
when the target enzyme

is deactivated by covalent bond, the biological effect should
persist even after the

inhibitor has left the circulation. Furthermore, covalent bond
formation can circumvent

competition with high intracellular ATP concentrations.21
Moreover, considering that

the targeted cysteine residue is conserved within the
erbB-family kinase domains

(Cys797 in EGFR, Cys805 in erbB2, and Cys803 in erbB4), and that
only a limited

group of kinases has a cysteine at the corresponding position,28
irreversible inhibitors

with an electrophilic group in the proper position are expected
to be rather selective

for erbB-family tyrosine kinases.

On the other hand, the intrinsic reactivity of cysteine-reactive
groups leads to non-

selective reactions with cellular thiols like glutathione and
cysteines in off-target

proteins, giving rise to increased toxicity and lack of target
specificity.29, 30

However, higher selectivity against off-targets can be achieved
by combining a low

intrinsic reactivity of the electrophilic warhead with a
suitable arrangement of the

driving portion, so that the reaction with the thiol can only
occur when preceded by

specific non-covalent binding of the inhibitor, presenting the
reactive counterpart at a

favorable distance and orientation. So, in order to identify new
drug-like leads for the

development of irreversible inhibitors of the erbB family
kinases as potential

candidates for cancer therapy, it is important that: the driving
portion should assure

both high target affinity, by containing the structural elements
required for covalent

interaction with the ATP-binding site of EGFR, and target
selectivity, by carrying the

electrophilic functionality at the proper position with a
geometry that is compatible

with the formation of the critical bond; the intrinsic
reactivity of cysteine-reactive

groups should be sufficiently low to avoid indiscriminate
reaction with non-target-

related proteins.
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Irreversible inhibition of EGFR activity by
3-Aminopropanamides

The present PhD work makes part of a research project aimed at
the identification of

new irreversible inhibitors of EGFR with optimized
reactivity/toxicity ratios.

The strategy adopted for this purpose was to substitute the
highly electrophilic

Michael acceptor groups with less reactive groups that preserve
the ability to

covalently interact with the nucleophile within the target
protein. The low-reactive

chemical entities proposed in this study as functional groups
able to covalently

interact with cysteine residue of EGFR are β-aminocarbonyl
groups. In particular, it

was explored a series of 3-aminopropanamides, inserted on
appropriate driving

portions, synthesizing a series of Mannich base derivatives as
new EGFR-TK

inhibitors, endowed with low non-specific reactivity.

Aryl β-aminoethyl ketones (Mannich bases) have already been
described in literature

as irreversible inhibitors of enzymes having a crucial cysteine
residue in the active

site or at regulatory positions.31,32,33 These compounds possess
a particular profile of

reactivity, being non-reactive directly, but able to covalently
modify their biological

target after bioconversion via β-elimination to the
corresponding α,β-unsaturated

carbonyl compound.

In the present study, the synthesis and biological evaluation of
new EGFR-TK

inhibitors containing a 3-aminopropanamide side chain linked to
a 4-

anilinoquinazoline (5-9 A-series, and 11-13 B-series in Table 1)
or 4-anilinoquinoline-

3-carbonitrile (15-17, and 19-21, C- and D-series, respectively,
in Table 1) driving

portion is described. Reference acrylamide derivatives for each
series were also

prepared (3, 10, 14, and 18, Table 2).34

Table 2. EGFR tyrosine kinase and autophosphorylation inhibition
in A549 cells.

Viability inhibition of H1975 gefitinib-resistant cell line.
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Compd Series R kinase assaya

autophosphorylation assay (A549)b

H1975 cell linec

IC50 (nM) % inhibition

1 µM IC50 (µM)

1 h 8 h

3 A

1.69 ± 0.16d 98 ± 1.8 86 ± 0.4 0.61 ± 0.05 d

4 A H2N- n.d. 91 ± 5.9 0.0 ± 0.1 19.5 ± 2.46 d

5 A

0.28 ± 0.07 97 ± 1.4 89 ± 1.0 3.69 ± 1.10

6 A

0.27 ± 0.04 95 ± 2.6 93 ± 4.0 6.67 ± 0.75

7 A

0.51 ± 0.06 98 ± 1.8 91 ± 5.4 > 20

8 A

0.23 ± 0.07 99 ± 0.5 79 ± 11 14.3 ± 2.23

9 A

17.4 ± 1.62 47 ± 8.8 10 ± 3.3 13.6 ± 1.66

10 B

0.18 ± 0.04 96 ± 4.0 99 ± 0.6 1.62 ± 0.45

11 B

0.27 ± 0.05 98 ±1.1 100 ±0.3 2.21 ± 0.69

12 B

0.51 ± 0.06 98 ± 1.6 92 ±3.7 1.61 ± 0.07

13 B

0.29 ± 0.06 97 ± 2.3 97 ± 0.4 2.11 ± 0.63

14 C

1.46 ± 0.37 92 ± 4.4 33 ±11 3.57 ± 1.04
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15 C

0.68 ± 0.11 88 ± 2.8 67 ± 8.6 2.37 ± 0.15

16 C

2.21 ± 0.37 96 ± 5.8 82 ± 3.6 2.73 ± 0.28

17 C

2.02 ± 0.44 86 ± 5.2 48 ± 7.4 3.93 ± 0.95

18 D

50.7 ± 1.33 100 ± 0.3 83 ± 7.9 0.63 ± 0.13

19 D

12.5 ± 0.88 61 ± 5.2 59 ± 11 2.03 ± 0.42

20 D

24.8 ± 3.88 71 ± 2.1 58 ± 3.2 0.71 ± 0.14

21 D

37.5 ± 8.99 48 ± 3.3 39 ± 9.5 2.76 ± 0.41

a Concentration to inhibit by 50% EGFR-wt tyrosine kinase
activity. IC50 values were measured by

the phosphorylation of a peptide substrate using time-resolved
fluorometry. Mean values of three

independent experiments ± SEM are reported. b Inhibition of EGFR
autophosphorylation was

measured in A549 intact cells by Western blot analysis. Percent
inhibition at 1 µM concentration was

measured immediately after and 8 h after removal of the compound
from the medium (1 h incubation).

Mean values of at least two independent experiments ± SEM are
reported. c Concentration to inhibit by

0% the proliferation of NSCLC H1975. The cell proliferation was
determined by the MTT assay, after

72 h of incubation with compounds (0.1–20 µM). Mean values of
three independent experiments ±

SEM are reported. d [Data from Ref. 35]

The new compounds were tested as EGFR tyrosine kinase inhibitors
in enzyme-

based and cell-based assays. Antiproliferative activity of the
new compounds was

also investigated in the gefitinib-resistant H1975 NSCLC cell
line, harboring the

T790M mutation. It was hypothesized that the observed
long-lasting effect on EGFR

autophosphorylation was the result of an irreversible covalent
interaction between the

3-aminopropanamide side chain and Cys797 within the active site
of the enzyme.

The reactivity of the synthesized compounds was tested by a
series of in vitro

chemical stability assays, including reactivity studies in the
presence of thiol

nucleophiles and reactivity studies toward EGFR tyrosine kinase.
Pharmacological

data and reactivity study results were combined and evaluated in
order to identify
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new irreversible EGFR inhibitors with lower intrinsic reactivity
and optimized

efficacy/toxicity profile compared to those of the other
cysteine-reactive species

described to date.

Results and discussion

Kinase and cellular inhibitory activities

Compounds 3-21 (Table 2) were evaluated in enzyme-based and
cell-based assays

for their ability to inhibit EGFR tyrosine-kinase activity.
Their inhibitor potency on

human EGFR in a cell-free environment was measured on the
phosphorylation of a

peptide substrate, using time-resolved fluorometry. In these
conditions, the reference

compound 3 had an IC50 of 1.7 nM.35 Within the series of
quinazoline derivatives with

the same driving portion as 3 (series A in Table 2),
substitution of the acrylamide

warhead with a substituted 3-aminopropanamide (5-8) produced a
generalized

increase in inhibitor potency, with IC50 values in the
subnanomolar range. These

values likely result from a complex inhibition mechanism,
including reversible

competition with ATP and covalent interaction with EGFR in
different proportions for

different compounds. Methylation of the amide nitrogen of 5 to
the tertiary amide 9

notably reduced EGFR-TK inhibition potency (IC50 17 nM).
B-series quinazoline

compounds 10-13, carrying 4-(4-fluoro-3-chloroanilino) and
7-ethoxy substituents, did

not show significant changes in kinase inhibition potencies when
the electrophilic

warhead (10) was replaced with 3-dimethylaminopropanamide in 11,
3-

piperidinopropanamide in 12 or 3-morpholinopropanamide in 13,
all compounds

having subnanomolar IC50 values. Considering the two series of
quinoline-3-

carbonitriles C and D, compounds 14-17 (C-series) were only
slightly less potent in

inhibiting EGFR-TK compared to the parent B-series quinazoline
derivatives, while

compounds 17-21 (D-series), carrying a
3-chloro-4-(pyridin-2-ylmethoxy)anilino

substituent at position 4, were up to 60-fold less potent than
the A- and B-series

quinazolines.

The ability of the compounds to inhibit EGFR autophosphorylation
was investigated

in the A549 human lung cancer cell line by Western blotting.
Percent inhibitions at 1

µM concentration are reported in Table 2. Results were compared
to those observed

for the reference compounds 3 and 4, recognized as irreversible
and reversible
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EGFR inhibitors, respectively. A549 cells, which express
gefitinib-sensitive EGFR,

were treated for 1 h with inhibitor and then washed with
drug-free medium. The

degree of EGFR autophosphorylation was measured either
immediately after or 8 h

after removal of the inhibitor.36 As previously reported,37 80%
or greater EGFR

inhibition 8 h after removal of the inhibitor from the medium
were considered a sign of

irreversible inhibition. Within the A-series of
4-anilinoquinazolines, the irreversible

acrylamide 3 showed 86% inhibition after the 8 h washout.
Substitution of the

reactive acrylamide warhead with 3-dimethylaminopropanamide in
5, 3-

piperidinopropanamide in 6 or 3-morpholinopropanamide in 7 gave
similar results on

EGFR autophosphorylation, both immediately after and 8 h after
washout, with

inhibition of EGFR autophosphorylation over 95% and in the range
89-93% at 1 h

and 8 h, respectively. The 4-methylpiperazine analogue 8
strongly inhibited EGFR

autophosphorylation after 1 h (> 99% inhibition), while it
showed a slightly decrease

in inhibitory activity 8 h after removal from the medium (79%
inhibition). The tertiary

amide 9 poorly inhibited EGFR (47% inhibition at 1 h) with only
10% residual

inhibition 8 h after treatment, probably because of reduced
affinity at the recognition

site. As expected, the 6-amino derivative 4 completely inhibited
EGFR activity after 1

h treatment and did not show any inhibitory effect 8 h after its
removal from the

medium.

The 3-aminopropanamido fragment was further introduced on
quinazoline or

quinoline-3-carbonitrile scaffolds with 3-chloro-4-fluoro
substitution on the 4-aniline

ring and a 7-ethoxy group on the heterocyclic nucleus (B- and
C-series, Table 2)

since previous work had suggested that this substitution pattern
led to optimal

activity.22,26 The acrylamide derivative 10, belonging to the
B-series of quinazolines,

completely inhibited EGFR autophosphorylation 1 h and 8 h after
treatment at 1 μM

concentration (96% and 99% inhibition, respectively).
Substitution of the electrophilic

warhead of 10 with a 3-aminopropanamide side chain led to
compounds 11

(dimethylamino), 12 (piperidino), and 13 (morpholino), which
gave EGFR percents

inhibition at 1 h and 8 h after removal from the medium between
92 and 100%. In the

C-series of compounds, the acrylamide 14 proved efficient in
inhibiting EGFR at 1 μM

concentration after 1 h treatment (92% inhibition), but produced
only partial inhibition

8 h after washout (33% inhibition). This unexpected behavior may
be due to the

reduced solubility of compound 14 in the reaction medium (data
not shown). In fact,
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among 3-aminopropanamides 15-17, only the piperidino derivative
16 gave complete

and irreversible EGFR inhibition (92% and 82% inhibition 1 h and
8 h after removal

from the medium, respectively), while dimethylamino (15) and
morpholino (17)

compounds inhibited EGFR at 1 h, but produced only a partial,
yet significant,

irreversible inhibition 8 h after treatment, as demonstrated by
67% and 48% inhibition

of autophosphorylation, respectively.

Partial inhibition of EGFR autophosphorylation in A549 cells was
also shown by the

other series of quinoline-3-carbonitrile derivatives (D-series,
19-21). In this series, the

acrylamide 18 was quite effective as an irreversible inhibitor
of EGFR (100% and

83% inhibition at 1 h and 8 h after treatment, respectively),
while 3-dimethylamino-

(19), 3-piperidino- (20) and 3-morpholinopropanamide (21)
produced incomplete

EGFR inhibition after 1 h treatment at 1 μM concentration
(inhibitions between 48%

and 71%) with only partial inhibition 8 h after removal from the
medium (19, 59%

inhibition; 20, 58% inhibition; and 21, 39% inhibition at 8
h).

Activity on gefitinib-resistant H1975 cells

Compounds 5-21 were evaluated for their ability to inhibit the
growth of the gefitinib-

resistant H1975 NSCLC cell line harboring the T790M mutation, by
MTT assay.

Results were compared with those of the reference compounds 1
(gefinitib), 3 and 4

in the same assay. As reported in Table 2, the
3-dimethylaminopropanamide 5

showed the best antiproliferative activity on H1975 cells within
the A-series of

quinazoline compounds with IC50 of 3.7 μM, being times more
potent than 1 (IC50 of

8.3 μM)35 and 5-fold more active than 4 (IC50 of 19.5 μM).35
Substitution of the

dimethylamino group with a piperidine made compound 6 equally
potent to 1 (IC50 of

6.7 μM), while 3-morpholinopropanamide 7,
3-(4-methylpiperazino)propanamide 8,

and 3-(dimethylamino)-N-methylpropanamide 9 gave IC50 values
over 13 μM. B-

series 3-aminoamides 11-13 proved 3-4 times more effective than
1 in inhibiting

H1975 proliferation and showed IC50 values between 1.6 and 2.2
μM, in the same

range of the corresponding irreversible acrylamide 10 (IC50 of
1.6 μM). Compounds

characterized by a quinoline-3-carbonitrile driving portion (C-
and D-series) were

more potent than 1 in inhibiting H1975 cell proliferation. In
particular, 3-

aminopropanamides 15-17 (C-series) showed IC50 values between
2.4 and 4.0 μM
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comparable to that of the corresponding acrylamide derivative
14. Finally, D-series

quinoline-3-carbonitrile 19-21 gave similar results, with the
compounds displaying

IC50 values in the low micromolar or submicromolar range. The
3-

piperidinopropanamide derivative 20 showed the most potent
antiproliferative effect

on H1975 cells within the all series of 3-aminopropanamide
derivatives (IC50 of 0.7

μM), 11 times more potent than 1 in the same test.

Reactivity studies

Compound 5, carrying a 3-dimethylaminopropanamidic side chain at
position 6 on a

4-(3-bromoanilino)quinazoline nucleus, was chosen as the
prototype of the new

series and tested for its chemical (buffered solutions at pH 7.4
and pH 9.0) and

biological (80% v/v rat plasma) stability, as well as for its
reactivity against low-

molecular weight thiol nucleophiles. Results were compared to
those obtained for the

acrylamide 3 (Tables 3 and 4).

Table 3. In vitro stability studies on compounds 3 and 5.

Conditions % Remaining compound

(1 μM, 24 h)a

3 5

pH 7.4 102.3 ± 3.1 97.5 ± 0.1

pH 9.0 105.2 ± 3.7 77.0 ± 0.8

80% v/v rat plasma 21.8 ± 7.4 98.7 ± 4.6

a Percentage of parent compound detected by LC-UV and LC-ESI-MS
after

incubation for the indicated time at 37 °C. Mean ± SD, n =
3.

Table 4. In vitro reactivity studies on compounds 3 and 5.

Conditions

% Remaining Compound (1 μM, 1 h)a

3 5

DTT 100.0 ± 2.3 99.2 ± 8.1
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Conditions

% Remaining Compound (1 μM, 1 h)a

3 5

GSH 63.8 ± 1.9 101.4 ± 2.8

NAC 85.6 ± 3.1 100.4 ± 2.1

cysteamine 20.1 ± 0.4 100.0 ± 1.1

a Percentage of parent compound detected by LC-UV and LC-ESI-MS
after

incubation in the presence of LMW thiols (2 mM) for the
indicated time at pH

7.4, 37 °C. Mean ± SD, n = 3.

Both compounds 3 and 5 were stable at pH 7.4, with percentages
of remaining

compound over 97% after 24 h incubation at 37 °C in buffer
(Table 3). Under alkaline

pH conditions (pH 9.0), while 3 was stable over the entire
incubation time, 77% of

intact 3-aminopropanamide 5 was recovered, with acrylamide 3
(19%) and amine 4

(4%) as the major degradation products (Figure 6). Thus, in
alkaline conditions the

dialkylamino-propanamide fragments undergoes retro-Michael
degradation with

formation of a significant amount of acrylamide.

Figure 6. HPLC-MS chromatogram of compound 5 (UPR1157) after 24
h incubation

under alkaline conditions (pH 9.0) at 37 °C. Mass balance
studies revealed 77% of 5
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(blue) recovered after 24 h, with acrylamide 3 (19%, in red) and
amine 4 (4%, in green)

as degradation products.

On the other hand, in the presence of rat plasma compound 5
showed high stability,

while only 22% of acrylamide 3 was detected after 24 h
incubation (table3). This was

the first evidence of higher stability of the aminopropanamide
fragment in biological

environments, compared to acrylamide.

The reactivity of compounds 3 and 5 against thiol nucleophiles
was evaluated

according to literature procedures.38,39 While for the
acrylamide derivative 3

significant formation of conjugates was detected in the presence
of cysteamine,

glutathione (GSH), and N-acetylcysteine (NAC) (Table 4 and
Figure 7), compound 5

gave no measurable adducts with thiol derivatives up to 24 h of
incubation.

Figure 7. HPLC-MS chromatograms of compound 3 incubated in the
presence of

LMW thiols cysteamine and GSH. As a title of example, reported
in Figure 7 are LC/MS

traces corresponding to the formation of GSH- (mlz = 676.10) and
cysteamine- (mlz =

446.06) conjugates by compound 3 (mlz = 369.03) after 1 h
incubation at 37 °C. (A)

Acrylamide 3 incubated in the presence of cysteamine (t = 0, mlz
= 369.03); (B)

Acrylamide 3 incubated in the presence of GSH (t = 0, mlz =
369.03); (C) Acrylamide 3

incubated in the presence of cysteamine (t = 1 h, mlz = 446.06);
(D) Acrylamide 3

incubated in the presence of GSH (t = 1 h, mlz = 676.10).
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The reactivity of 5 was also tested in the presence of purified
EGFR-TK by a

fluorescence-based assay for evaluation of irreversible kinase
inhibition.40,41

Fluorescent molecules are very sensitive to solvent polarity and
dipolar perturbation

from their environments.42,43 Moreover, reversible
interactions,44 such as solvatation,

hydrogen bonding, charge transfer and redox, as well as
irreversible interactions,45

such as Michael addition of thiols to electron-deficient
alkenes, significantly influence

fluorescent spectra of fluorophores. In particular, quinazoline
and quinoline

fluorophores had been shown to significantly enhance
fluorescence emission after

covalent reaction with Cys797 of EGFR-TK.40 Thus, the
3-aminopropanamide 5 was

added to a buffered solution containing EGFR-TK (Figure 8A),
samples were excited

at 390 nm and fluorescence emission at 420 nm was monitored over
time. Results

were compared to those of the irreversible 3 and the reversible
N-(4-(3-

bromoanilino)quinazolin-6-yl)acetamide46 46 (Figure 8B).

Figure 8. Fluorescence–based assay for irreversible kinase
inhibition. (A)

Compounds 3, 5, and 46 (1 μM) were added to purified EGFR-TK
(0.5 μM) in

the presence of ATP (1 mM) and fluorescence emission was
monitored at 420

nm in real time over 50 min (excitation 390 nm); ΔEm420nm =
EmCompd+EGFR

solution – EmCompd solution – EmEGFR solution. (B) Chemical
structures of compounds

3, 5, and 46.
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Upon addition of 3 to EGFR-TK, covalent bond formation with
cysteine sulfhydryl

group resulted in a time-dependent saturable increase in
emission intensity at 420

nm, whereas a significantly lower fluorescence change was
observed over 50 min

when the reversible 6-acetyl compound 46 or the
3-aminopropanamide 5 were added

to EGFR-TK. This result shows that 5 behaves more like the
acetamide derivative

than like the acrylamide one, suggesting that the
3-aminopropanamide fragment

does not alkylate directly EGFR under these experimental
conditions.

Finally, compounds 5 and 3 were tested for their reactivity in
A549 cell lysate. The

formation of conjugates with cysteine added in molar excess (2
mM) was evaluated

in cell lysate by LC-HR-MS employing a LTQ-Orbitrap mass
analyzer.47 Compound 3

quickly reacted with the thiol derivative to form the
corresponding cysteine conjugate

(data not shown). When compound 5 was added to the cell lysate
containing

cysteine, a peak corresponding to the acrylamide derivative 3
was detected after 1 h

([M + H]+ = 369.03, tR = 8.87; Figure 9A), as well as a peak
corresponding to the

adduct of cysteine to the acrylamide fragment ([M + H]+ =
490.05, tR = 6.61 min;

Figure 9B).

Figure 9. HPLC-HRMS extracted ion chromatograms of A549 cell
lysate after

1 h incubation in the presence of compound 5 (10 μM) and
cysteine (2 mM).
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(A) The formed acrylamide derivative (m/z = 369.03 (M+H)+; tR =
8.81 min).

(B) The acrylamide-cysteine conjugate (m/z = 490.03 (M+H)+; tR =
6.61 min).

After 1 h of incubation, 25.5% of starting acrylamide 3 had been
converted to the

corresponding cysteine conjugate, compared to a 1.1% conversion
observed for 5.

The concentration of cysteine conjugate doubled for both 3 and 5
at the second time

point (t = 4 h), being 54.4% (3) and 2.0% (5) of starting
concentrations, respectively.

Evidence for irreversible binding to EGFR

Mannich bases are versatile synthetic intermediates used in
various transformations

to prepare Michael acceptors via elimination of the amino
moiety.48 As reported in the

literature, aryl β-aminoethyl ketones can irreversibly inhibit
enzymes by covalent

interaction with cysteine residues31,32,33 after bioconversion
to the corresponding α,β-

unsaturated carbonyl compound. The new 3-aminopropanamides,
characterized by a

quinazoline (5-7 and 11-13) or quinoline-3-carbonitrile (15-17
and 19-21) driving

portion, showed inhibition of EGFR autophosphorylation in A549
cells after 1 h

incubation at 1 μM concentration and the effect generally
persisted up to 8 h after

removal of the compounds from the reaction medium (Table 2). In
principle, the long-

lasting effect observed on EGFR autophosphorylation could be
ascribed to different

phenomena: (i) accumulation of the inhibitor in cells, as
previously demonstrated for

some reversible quinazolines;49 (ii) conversion of the
competitive inhibitor into an

irreversible one at the active site of the enzyme
(mechanism-based inhibition), as

described for other β-aminocarbonyl compounds;31 (iii)
generation of the

corresponding reactive acrylamide, as described for aryl
β-aminoethyl ketones that

have potential application as prodrugs of unsaturated
ketones.50

Data from fluorescence-based assay for irreversible enzyme
inhibition (Figure 8)

ruled out direct interaction between the 3-aminopropanamide 5
and purified EGFR-

TK in the chosen time period. The reactivity studies on 5
indicated that the compound

regenerated significant amounts of the acrylamide 3 only in the
presence of cell

lysate (Figure 9) while it did not under cell-free conditions
(Tables 3 and 4). The

results demonstrate that 5 can act as prodrug of 3 releasing the
acrylamide fragment

in the intracellular environment of A549 cells.
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In principle, activation of 3-aminopropanamides to acrylamides
in the intracellular

environment could be affected by the nature of the heterocyclic
nucleus (i.e.

quinazoline or quinoline-3-carbonitrile), since a specific
enzymatic transformation is

likely to occur. However, the similar behavior of quinazolines
(A- and B-series) and

quinoline-3-carbonitriles (C- and D-series) on EGFR
autophosphorylation at 8 h, as

well as previous data on in vivo activity of Mannich bases,
suggest that activation of

the β-aminocarbonyl fragment to a Michael acceptor is a rather
general process. In

this context, masking the electrophilic warhead may provide some
improvements in

the pharmacokinetic or pharmacodynamic profile of
antiproliferative agents. Although

not a conclusive evidence of specific advantages, the
observation that some 3-

aminopropanamide derivatives in the quinazoline and
quinoline-3-carbonitrile series

showed inhibition potencies on H1975 cell lines close to those
of the corresponding

acrylamides encourages further evaluation of the biological
properties of these

compounds.

Conclusions

In the present work it was reported a new series of EGFR
inhibitors containing a 3-

aminopropanamide linked to a 4-anilinoquinazoline (5-7 and
11-13) or 4-

anilinoquinoline-3-carbonitrile (15-17 and 19-21) nucleus. The
newly synthesized 3-

aminopropanamides proved efficient in inhibiting EGFR-TK
activity, showing a long-

lasting effect on the enzyme autophosphorylation in A549 lung
cancer cells. Notably,

several 3-aminopropanamides suppressed proliferation of
gefitinib-resistant NSCLC

cells (H1975) at significantly lower concentration than 1.

Finally, a combined approach, based on (i) in vitro chemical
stability assays, (ii)

reactivity studies in the presence of thiol nucleophiles, and
(iii) reactivity studies

toward EGFR tyrosine kinase and in the presence of cell lysate,
showed that 3-

dimethylaminopropanamide 5 acts as prodrug, releasing the
acrylamide derivative 3

in the intracellular environment, although it is stable in other
conditions.

In conclusion, these findings expand the chemical diversity of
irreversible inhibitors of

EGFR, and similar strategies might be applied to the design of
compounds able to

form a covalent bond with a peripheral cysteine residue within a
biological target.
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Notably, preliminary results of in vivo studies showed that a
3-aminopropanamide

derivative (12), at the oral dose of 25 mg/kg, inhibited the
growth of NSCLC

xenografts in nude mice; at the same dose, gefitinib did not
inhibit tumor growth and

an acrylamide derivative, now in the clinical phases, was more
toxic. The chemical

strategy here devised looks therefore promising for the
development of novel

antitumor drugs addressed at the kinase domain and interacting
with the target by

selective covalent addition.
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Chemistry

General synthesis of compounds 4-9 (series A)

Compounds of series A (5-9) of Table 2 were synthesized by
coupling their precursor

amines (4 or 26) with the proper carboxylic acid and
substituting the terminal chlorine

with various amines, as described in Scheme 1. The
6-amino-4-(3-

bromoanilino)quinazoline 4 was prepared in three steps from
5-nitroanthranilonitrile

22, following known procedures (Scheme 1).51,52 Condensation of
4 with 3-

chloropropionyl chloride gave the 3-chloropropanamide
intermediate 27a, which

underwent substitution with the proper amine to obtain the
secondary 3-

aminopropanamides 5-8. Alternatively, 6-aminoquinazoline 4 was
converted to its N-

methyl analogue 2653 by carbamoylation with ethyl chloroformate
in pyridine followed

by reduction of the resulting carbamate 25 with sodium
bis(2-

methoxyethoxy)aluminum hydride (Red-Al). The
N-methylaminoquinazoline 26 thus

generated was first condensed with 3-chloropropionyl chloride to
27b, and then

substituted with dimethylamine to obtain the tertiary
3-aminopropanamide derivative

9 (Scheme1).

Scheme 1a

a (a) H2SO4, formic acid, reflux; (b) SOCl2, dioxane, reflux;
(c) 3-bromoaniline, i-PrOH, 60 °C;

(d) Fe, AcOH, EtOH/H2O, reflux; (e) ClCOOEt, anhydrous pyridine,
0 °C to rt; (f) Red-Al,

THF, rt; (g) ClCH2CH2COCl, THF, 50 °C; (h) R2R3NH, KI, abs EtOH,
reflux.
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General synthesis of compounds 10-13 (series B)

4-(3-Chloro-4-fluoroanilino)-7-ethoxyquinazolino compounds of
series B (10-13) of

Table 2 were synthesized as described in Scheme 2.
6-Aminoquinazoline

intermediate 3454 was obtained, following a procedure that has
been slightly modified

from a described one,55 from 4-chloroanthranilic acid 28.
Briefly, cyclization of 28 with

formamidine acetate followed by nitration gave a mixture of
isomers from which pure

30 was obtained after recrystallization from acetic acid. The
7-chlorine group was

substituted with sodium ethoxide and the resulting 7-ethoxy
derivative 31 was first

chlorinated by heating in phosphorus oxychloride, then
substituted with 3-chloro-4-

fluoroaniline to obtain the intermediate 33. Reduction of the
nitro group of 33 with iron

and acetic acid gave the 6-aminoquinazoline 34. The 6-acrylamide
derivative 10 was

then obtained from 34 with acryloyl chloride in the presence of
N,N-

diisopropylethylamine (DIPEA). Finally, 3-aminopropanamides
11-13 were

synthesized from 34 by reaction with 3-chloropropionyl chloride
to 35 and then

substituting the chlorine with the proper secondary amine
(Scheme 2).
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Scheme 2a

a (a) Formamidine acetate, 2-methoxyethanol, 130 °C; (b) H2SO4,
HNO3, 100 °C; (c) NaOEt,

anhydrous EtOH, reflux; (d) POCl3, reflux; (e)
3-chloro-4-fluoroaniline, i-PrOH, reflux; (f) Fe,

AcOH, EtOH/H2O, reflux; (g) acryloyl chloride, DIPEA, DMF, 0 °C
to 50 °C; (h)

ClCH2CH2COCl, 50 °C; (i) R2R3NH, KI, abs EtOH, reflux.
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General synthesis of compounds 14-21 (series C and D)

4-Anilinoquinoline-3-carbonitriles of series C and D (14-17 and
18-21, respectively) of

Table 2 were synthesized as described in Scheme 3. The key
N-(4-chloro-3-cyano-7-

ethoxyquinolin-6-yl)acetamide intermediate 40 was synthesized in
6 steps from 2-

amino-5-nitrophenol 36, as described in the literature.56 The
quinoline intermediate

40 was reacted with the proper aniline (to 41a and 41b) and
deacetylated in aqueous

hydrochloric acid to amines 42a57 and 42b.58 Aniline derivative
45 was synthesized

by reaction of 4-amino-2-chlorophenol 44 and picolyl chloride in
the presence of

benzaldehyde as described in Scheme 3.59 The acrylamides 14 and
18 were

subsequently synthesized from amine precursors, 42a and 42b
respectively, with

acryloyl chloride in the presence of a base (DIPEA). The
3-aminopropanamides 15-

17 and 19-21 were synthesized in two steps from amines 42 by
condensation with 3-

chloropropionyl chloride and substitution with a secondary amine
(Scheme 3).

Scheme 3a

a (a) Ac2O, AcOH, 60 °C; (b) EtBr, DMF, K2CO3, 60 °C; (c) H2,
Pd/C, THF, rt; (d) toluene, 90

°C; (e) Dowterm, 250 °C; (f) POCl3, diglyme, 100 °C; (g)
3-chloro-4-fluoroaniline or 45,

pyridine hydrochloride, i-PrOH, reflux; (h) HCl, reflux; (i)
acryloyl chloride, DIPEA, DMF, 0 °C

to 50 °C; (j) ClCH2CH2COCl, THF, 50 °C; (k) R2R3NH, KI, abs
EtOH, reflux; (l) PhCHO,

K2CO3, picolyl chloride hydrochloride, DMF, 50 °C.
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Materials and methods

Reagents were obtained from commercial suppliers and used
without further

purification. Reactions were monitored by TLC, on Kieselgel 60
F254 (DC-Alufolien,

Merck). Final compounds and intermediates were purified by flash
chromatography

(SiO2 60, 40-63 µm). Microwave reactions were conducted using a
CEM Discover

Synthesis Unit (CEM Corp., Matthews, NC). Solvents were purified
and stored

according to standard procedures. Anhydrous reactions were
conducted under a

positive pressure of dry N2. Melting points were determined with
a Gallenkamp

melting point apparatus and were not corrected. The 1H NMR
spectra were recorded

on a Bruker 300 MHz Avance or on a Bruker 400 MHz Avance
spectrometer;

chemical shifts (δ scale) are reported in parts per million
(ppm) relative to the central

peak of the solvent. 1H NMR spectra are reported in the
following order: multiplicity,

approximate coupling constant (J value) in Hertz (Hz) and number
of protons; signals

were characterized as s (singlet), d (doublet), dd (doublet of
doublets), t (triplet), dt

(doublet of triplets), q (quartet), m (multiplet) br s (broad
signal). Mass spectra were

recorded using an API 150 EX instrument (AB/SCIEX, Toronto,
Canada). The final

compounds were analyzed on ThermoQuest (Italia) FlashEA 1112
Elemental

Analyzer, for C, H and N. Analyses were within ± 0.4% of the
theoretical values. All

tested compounds were > 95% pure by elemental analysis.
Compounds 1,60 3,37 and

461 were synthesized according to literature methods.
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Experimental section


N-(4-(3-Bromoanilino)quinazolin-6-yl)-3-(dimethylamino)propanamide
(5).

A 33% v/v solution of dimethylamine in absolute EtOH (0.8 mL,
4.46 mmol) was

added over 15 min to a stirred suspension of 3-chloropropanamide
27a (145 mg,

0.36 mmol) and KI (42 mg, 0.25 mmol) in absolute EtOH (10 mL)
and the resulting

mixture was refluxed for 8 h. After cooling to 0 °C, the mixture
was basified with KOH

pellets (0.74 g) and stirred for 1 h at 0 °C. The solvent was
evaporated under

reduced pressure and the solid residue was dissolved with EtOAc
and washed with

brine. The organic phase was dried, the solvent evaporated, and
the residue purified

by silica gel chromatography (CH2Cl2/MeOH, 99:1 to 70:30) to
give 5 as pale yellow

solid (86%): mp (EtOAc/n-hexane) 170-172 °C; 1H NMR (CD3OD, 300
MHz) δ 2.35

(s, 6H), 2.65 (t, J = 6.5 Hz, 2H), 2.78 (t, J = 6.5 Hz, 2H),
7.29-7.31 (m, 2H), 7.74 (m,

3H), 8.12 (br s, 1H), 8.53 (s, 1H), 8.66 (br s, 1H); MS (APCI)
m/z 414.4, 416.4; Anal.

calc for C19H20BrN5O: C, 55.08; H, 4.87; N, 16.90; found: C,
54.69; H, 4.89; N, 16.53.


N-(4-(3-Bromoanilino)quinazolin-6-yl)-3-piperidin-1-ylpropanamide
(6).

N-(4-(3-Bromoanilino)quinazolin-6-yl)-3-chloropropanamide 27a
was reacted with

anhydrous piperidine according to the procedure described for
compound 5. The
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product was purified by silica gel chromatography (CH2Cl2/MeOH,
95:5) to give 6 as

a white solid (78%): mp (Et2O) 184-186 °C; 1H NMR (DMSO-d6, 300
MHz) δ 1.61 (m,

2H), 1.74-1.82 (m, 10H), 2.68-2.73 (m, 2H), 7.18-7.32 (m, 3H),
7.67 (d, J = 6.8 Hz,

1H), 7.83 (d, J = 8.8 Hz, 1H), 7.97 (s, 1H), 8.08 (s, 1H), 8.71
(s, 1H), 8.89 (s, 1H),

12.04 (s, 1H); MS (APCI) m/z 454.1, 456.2; Anal. calc for
C22H24BrN5O·3/4H2O: C,

56.47; H, 5.49; N, 14.96; found: C, 56.46; H, 5.43; N,
14.77.


N-(4-(3-Bromoanilino)quinazolin-6-yl)-3-morpholino-1-ylpropanamide
(7).

N-(4-(3-Bromoanilino)quinazolin-6-yl)-3-chloropropanamide 27a
was reacted with

morpholine according to the procedure described for compound 5.
The product was

purified by silica gel chromatography (CH2Cl2/MeOH, 95:5) to
give 7 as a yellow solid

(70%): mp (Et2O/n-hexane) 196-198 °C; 1H NMR (CDCl3, 300 MHz) δ
2.59-2.77 (m,

8H), 3.89 (m, 4H), 7.17-7.25 (m, 3H), 7.62 (d, J = 7.4 Hz, 1H),
7.76 (d, J = 8.9 Hz,

1H), 7.90 (s, 1H), 8.16 (bs, 1H), 8.67 (s, 1H), 8.93 (d, J = 1.9
Hz, 1H), 11.40 (s, 1H);

MS (APCI) m/z 456.2, 458.4; Anal. calc for C21H22BrN5O2·1/3H2O:
C, 54.56; H, 4.94;

N, 15.15; found: C, 54.75; H, 4.99; N, 14.88.


N-(4-(3-Bromoanilino)quinazolin-6-yl)-3-(4-methylpiperazin-1-yl)propanamide

(8).
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N-(4-(3-Bromoanilino)quinazolin-6-yl)-3-chloropropanamide 27a
was reacted with N-

methylpiperazine according to the procedure described for
compound 5. The product

was purified by silica gel chromatography (CH2Cl2/MeOH, 95:5) to
give 8 as a white

solid (77%): mp (Et2O) 196 °C; 1H NMR (CDCl3, 300 MHz) δ 2.33
(s, 3H), 2.42-2.49

(m, 12H), 6.94-7.07 (m, 3H), 7.44-7.51 (m, 2H), 7.58 (s, 1H),
8.50 (s, 1H), 8.68 (m,

1H), 8.88 (s, 1H), 11.55 (s, 1H); MS (APCI) m/z 469.3, 471.3;
Anal. calc for

C22H25BrN6O·1/2H2O: C, 55.23; H, 5.48; N, 17.57; found: C,
55.22; H, 5.54; N, 17.28.


N-(4-(3-Bromophenylamino)quinazolin-6-yl)-3-(dimethylamino)-N-

methylpropanamide (9).


N-(4-(3-Bromophenylamino)quinazolin-6-yl)-3-chloro-N-methylpropanamide
27b was

reacted with dimethylamine according to the procedure described
for compound 5.

Silica gel chromatography purification (CH2Cl2/MeOH, 98:2 to
90:10) afforded 9 as a

white solid (68%): mp (CH2Cl2/n-hexane) 169-172 °C; 1H NMR
(CD3OD, 300 MHz) δ

2.14 (s, 6H), 2.39 (br s, 2H), 2.67 (br s, 2H), 3.40 (s, 3H),
7.34 (m, 2H), 7.79 (m, 1H),

7.85 (dd, J = 8.6, 2.3 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 8.17
(s, 1H), 8.42 (s, 1H),

8.66 (s, 1H); MS (APCI) m/z 430.4, 431.4, 432.4; Anal. calc for
C20H22BrN5O: C,

56.08; H, 5.18; N, 16.35; found: C, 56.48; H, 5.15; N,
16.13.


N-(4-(3-Chloro-4-fluoroanilino)-7-ethoxyquinazolin-6-yl)acrylamide
(10).
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Acryloyl chloride (25 μL, 0.3 mmol) in anhydrous THF (0.5 mL)
was added dropwise

to a solution of 6-aminoquinazoline 34 (100 mg, 0.3 mmol) and
N,N-

diisopropylethylamine (DIPEA) (52 μL, 0.3 mmol) in anhydrous DMF
(2.5 mL) at 0 °C.

The reaction mixture was stirred for 1 h, then the solvent was
removed under

reduced pressure and the residue was purified by silica gel
chromatography

(CH2Cl2/MeOH, 95:5) to afford 10 as a white solid (25%): mp
(EtOH/H2O) 228.5-230

°C; 1H NMR (Acetone-d6, 400 MHz) δ 1.52 (t, J = 6.9 Hz, 3H),
4.35 (q, J = 6.9 Hz,

2H), 5.83 (dd, J = 10.1, 1.7 Hz, 1H), 6.45 (dd, J = 16.8, 1.7
Hz, 1H), 6.70 (dd, J =

16.8, 10.1 Hz, 1H), 7.29 (s, 1H), 7.32 (t, J = 9.0 Hz, 1H), 7.86
(ddd, J = 9.0, 4.1, 2.8

Hz, 1H), 8.25 (dd, J = 6.8, 2.6 Hz, 1H), 8.57 (s, 1H), 9.04 (s,
1H); MS (APCI) m/z

387.3, 389.3; Anal. calc for C19H16ClFN4O2·2/3CH3CH2OH: C,
58.49; H, 4.83; N,

13.42; found: C, 58.31; H, 4.75; N, 13.09.

N-(4-(3-Chloro-4-fluoroanilino)-7-ethoxyquinazolin-6-yl)-3-

(dimethylamino)propanamide (11).

3-Chloropropanamide 35 was reacted with dimethylamine according
to the procedure

described for compound 5. The product was purified by silica gel
chromatography

(AcOEt/MeOH, 99:1 to 85:15) to obtain 11 as a white solid (85%):
mp (EtOH/H2O)

182-183 °C; 1H NMR (CD3OD, 300 MHz) δ 1.54 (t, J = 7.0 Hz, 3H),
2.37 (s, 6H), 2.69

(m, 4H), 4.26 (q, J = 7.0 Hz, 2H), 7.11 (s, 1H), 7.21 (t, J =
9.0 Hz, 1H), 7.62 (ddd, J =

9.0, 4.1, 2.7 Hz, 1H), 7.95 (dd, J = 6.7, 2.6 Hz, 1H), 8.41 (s,
1H), 8.83 (s, 1H); MS

(APCI) m/z 432.5, 434.3; Anal. calc for C21H23ClFN5O2·2/3H2O: C,
56.81; H, 5.53; N,

15.78; found: C, 56.92; H, 5.58; N, 15.47.
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N-(4-(3-Chloro-4-fluoroanilino)-7-ethoxyquinazolin-6-yl)-3-(piperidin-1-

yl)propanamide (12).

3-Chloropropanamide 35 was reacted with anhydrous piperidine
according to the

procedure described for compound 5. The product was purified by
silica gel

chromatography (AcOEt/MeOH, 99:1 to 93:7) to give 12 as a white
solid (60%): mp

(EtOH/H2O) 106.5-108 °C; 1H NMR (DMSO-d6, 400 MHz) δ 1.54 (t, J
= 6.9 Hz, 5H),

1.68 (4H, m), 2.56 (s, 4H), 2.75 (m, 4H), 4.38 (q, J = 6.9 Hz,
2H), 7.22 (s, 1H), 7.25

(t, J = 8.9 Hz, 1H), 7.65 (ddd, J = 9.0, 3.7, 2.8 Hz, 1H), 7.99
(dd, J = 6.6, 2.5 Hz, 1H),

8.47 (s, 1H), 8.83 (s, 1H); MS (APCI) m/z 472.2, 474.2; Anal.
calc for

C24H27ClFN5O2·1H2O: C, 58.83; H, 5.97; N, 14.29; found: C,
59.20; H, 5.97; N, 14.08.


N-(4-(3-Chloro-4-fluorophenylamino)-7-ethoxyquinazolin-6-yl)-3-

morpholinopropanamide (13).

3-Chloropropanamide 35 was reacted with morpholine according to
the procedure

described for compound 5. The product was purified by silica gel
chromatography

(AcOEt/MeOH, 99:1 to 96:4) to obtain 13 as a light yellow solid
(96%): mp

(EtOH/H2O) 108-110 °C; 1H NMR (DMSO-d6, 400 MHz) δ 1.54 (t, J =
7.0 Hz, 3H),

2.60 (m, 4H), 2.74 (t, J = 6.0, 2H), 2.81 (t, J = 5.8 Hz, 2H),
3.77 (t, J = 4.6 Hz, 4H),
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4.37-4.41 (m, 2H), 7.18-7.26 (m, 2H), 7.63-7.65 (m, 1H),
7.97-7.99 (m, 1H), 8.46 (d, J

= 2.9 Hz, 1H), 8.83 (d, J = 4.7 Hz, 1H); MS (APCI) 474.0, 476.3
°C; Anal. calc for

C23H25ClFN5O3·2/3H2O: C, 56.85; H, 5.46; N, 14.41; found: C,
57.22; H, 5.44; N,

14.09.


N-(4-(3-Chloro-4-fluoroanilino)-3-cyano-7-ethoxyquinolin-6-yl)acrylamide
(14).

The product was obtained by coupling the amino intermediate 42a
with acryloyl

chloride as described for compound 10. Silica gel chromatography
purification

(EtOAc/n-hexane, 60:40) afforded 14 (40%) as a white solid: mp
(EtOH/H2O) > 230

°C; 1H NMR (DMSO-d6, 300MHz) δ 1.48 (t, J = 6.9 Hz, 3H), 4.33
(q, J = 6.9 Hz, 2H),

5.81 (d, J = 10.7 Hz, 1H), 6.29 (d, J = 16.5 Hz, 1H), 6.77 (dd,
J = 16.5, 9.7 Hz, 1H),

7.25 (m, 1H), 7.41 (m, 3H), 8.53 (s, 1H), 8.98 (s, 1H), 9.60 (s,
1H), 9.75 (br s, 1H);

MS (APCI) m/z 411.0; Anal. calc for C21H16ClFN4O2·1/2H2O: C,
60.07; H, 4.08; N,

13.35; found: C, 60.09; H, 3.95; N, 13.15.


N-(4-(3-Chloro-4-fluoroanilino)-3-cyano-7-ethoxyquinolin-6-yl)-3-

(dimethylamino)propanamide (15).
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3-Chloropropanamide 43a was reacted with dimethylamine according
to the

procedure described for compound 5. Silica gel chromatography
(CH2Cl2/MeOH,

99:1 to 97:3) gave 15 as a light yellow solid (69%): mp (EtOH)
168-171 °C; 1H NMR

(DMSO-d6, 300 MHz) δ 1.48 (t, J = 7.0 Hz, 3H), 2.29 (s, 6H),
2.57 (m, 4H), 4.32 (q, J

= 7.0 Hz, 2H), 7.19 (m, 1H), 7.40 (m, 3H), 8.54 (s, 1H), 9.06
(s, 1H), 9.68 (br s, 1H),

10.98 (s, 1H); MS (APCI) m/z 545.4, 547,3; Anal. calc for
C23H23ClFN5O2·1H2O: C,

58.29; H, 5.35; N, 14.78; found: C, 57.93; H, 5.32; N,
14.69.


N-(4-(3-Chloro-4-fluoroanilino)-3-cyano-7-ethoxyquinolin-6-yl)-3-(piperidin-1-

yl)propanamide (16).

3-Chloropropanamide 43a was reacted with piperidine according to
the procedure

described for compound 5. Silica gel chromatography
(CH2Cl2/MeOH, 96:4) gave 16

as a white solid (45%): mp (EtOH) 180-184 °C; 1H NMR (DMSO-d6,
400 MHz) δ 1.46

(t, J = 7.0 Hz, 3H); 1.49 (m, 2H), 1.56 (m, 4H), 2.44 (m, 4H),
2.60 (s, 4H), 4.39 (t, J =

7.0 Hz, 2H), 7.22 (m, 1H), 7.41 (m, 3H), 8.54 (s, 1H), 8.97 (s,
1H), 9.68 (br s, 1H),

10.24 (s, 1H); MS (APCI) m/z 496.4, 497.3, 499.4; Anal. calc
for

C26H27ClFN5O2·1/2CH3CH2OH: C, 62.48; H, 5.83; N, 13.50; found:
C, 62.15; H, 5.58;

N, 13.82.


N-(4-(3-Chloro-4-fluoroanilino)-3-cyano-7-ethoxyquinolin-6-yl)-3-

morpholinopropanamide (17).
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3-Chloropropanamide 43a was reacted with morpholine according to
the procedure

described for compound 5. Silica gel chromatography
(CH2Cl2/MeOH, 98:2) afforded

17 as a white solid (52%): mp (EtOH/H2O) 195-198 °C; 1H NMR
(DMSO-d6, 400

MHz) δ 1.45 (t, J = 7.0 Hz, 3H), 2.46 (m, 4H), 2.63 (m, 4H),
3.62 (t, J = 4.2 Hz, 4H),

4.36 (q, J = 7.1 Hz, 2H), 7.20 (br s, 1H), 7.39 (m, 3H), 8.53
(br s, 1H), 8.94 (s, 1H),

9.69 (br s, 1H), 9.89 (s,1H); MS (APCI) m/z 498.3, 499.2, 500.3;
Anal. calc for

C25H25ClFN5O3·1/2CH3CH2OH: C, 59.94; H, 5.42; N, 13.44; found:
C, 60.22; H, 5.47;

N, 13.23.


N-(4-(3-Chloro-4-(pyridin-2-ylmethoxy)anilino)-3-cyano-7-ethoxyquinolin-6-

yl)acrylamide (18).

The product was obtained by coupling the amino intermediate 42b
with acrylic acid

as described for compound 10. Silica gel chromatography
purification

(CH2Cl2/MeOH, 98:2) gave 18 as a white solid (35%): mp
(EtOH/H2O) > 230 °C; 1H

NMR (DMSO-d6, 300MHz) δ 1.53 (t, J = 6.9 Hz, 3H), 4.39 (q, J =
6.9 Hz, 2H), 5.32

(s, 2H); 5.79 (dd, J = 10.1, 1.9 Hz, 1H), 6.39 (dd, J = 16.9,
1.9 Hz, 1H), 6.68 (dd, J =

16.9, 10.1 Hz, 1H), 7.30 (m, 3H), 7.41 (s, 1H), 7.48 (d, J = 2.3
Hz, 1H), 7.68 (d, J =

7.8 Hz, 1H), 7.87 (td, J = 7.8, 1.8 Hz, 1H), 8.50 (s, 1H), 8.60
(d, J = 4.5 Hz, 1H), 9.05
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(s, 2H), 9.16 (s, 1H); MS (APCI) m/z 500.1; Anal. calc for
C27H22ClN5O3·2/3CH3OH:

C, 63.74; H, 4.99; N, 13.42; found: C, 64.04; H, 4.76; N,
13.04.


N-(4-(3-Chloro-4-(pyridin-2-ylmethoxy)anilino)-3-cyano-7-ethoxyquinolin-6-yl)-3-

(dimethylamino)propanamide (19).

3-Chloropropanamide 43b was reacted with dimethylamine according
to the

procedure described for compound 5. Silica gel chromatography
(CH2Cl2/MeOH,

99:1 to 90:10) gave 19 as a white solid (73%): mp (EtOH) 235-237
°C; 1H NMR

(DMSO-d6, 300 MHz) δ 2.29 (s, 6H), 2.54-2.61 (m, 4H), 4.31 (q, J
= 7.0 Hz, 2H),

5.28 (s, 2H), 7.17 (dd, J = 7.7, 1.7 Hz, 1H), 7.25 (d, J = 8.8
Hz, 1H), 7.38-7.40 (m,

3H), 7.59 (d, J = 7.9 Hz, 1H), 7.88 (dt, J = 7.7, 1.7 Hz, 1H),
8.47 (s, 1H), 8.60 (d, J =

4.0 Hz, 1H), 9.06 (s, 1H), 9.58 (br s, 1H), 10.92 (br s, 1H); MS
(APCI) m/z 545.4,

547.3, 502.7, 500.2; Anal. calc for C29H29ClN6O3·1/2H2O: C,
62.81; H, 5.23; N, 15.41;

found: C, 62.81; H, 5.40; N, 15.10.


N-(4-(3-Chloro-4-(pyridin-2-ylmethoxy)anilino)-3-cyano-7-ethoxyquinolin-6-yl)-3-

(piperidin-1-yl)propanamide (20).
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3-Chloropropanamide 43b was reacted with piperidine according to
the procedure

described for compound 5. Silica gel chromatography
(CH2Cl2/MeOH, 97:3 to 95:5)

gave 20 as a light yellow solid (69%): mp (EtOH) 190-193 °C; 1H
NMR (DMSO-d6,

400 MHz) δ 1.45 (t, J = 6.8 Hz, 3H), 1.50 (m, 2H), 1.56 (m, 4H),
2.44 (m, 4H), 2.60 (s,

4H), 4.36 (q, J = 7.0 Hz, 2H), 5.28 (s, 2H), 7.18 (d, J = 8.2
Hz, 1H), 7.25 (d, J = 8.4

Hz, 1H), 7.39 (m, 3H), 7.58 (d, J = 7.2 Hz, 1H), 7.88 (t, J =
7.3 Hz, 1H), 8.47 (s, 1H),

8.60 (d, J = 4.3 Hz, 1H), 8.95 (s, 1H), 9.59 (s, 1H), 10.21 (s,
1H); MS (APCI) m/z

585.2, 587.5, 588.5; Anal. calc for C32H33ClN6O3·3/2H2O: C,
62.79; H, 5.93; N, 13.73;

found: C, 63.08; H, 6.12; N, 13.35.


N-(4-(3-Chloro-4-(pyridin-2-ylmethoxy)anilino)-3-cyano-7-ethoxyquinolin-6-yl)-3-

morpholinopropanamide (21).

3-Chloropropanamide 43b was reacted with morpholine according to
the procedure

described for compound 5. Silica gel chromatography
(CH2Cl2/MeOH, 99:1 to 97:3)

gave 21 as a light yellow solid (74%): mp (EtOH) 224-228 °C; 1H
NMR (CDCl3, 400

MHz) δ 1.49 (t, J = 6.9 Hz, 3H), 2.55 (m, 4H), 2.67 (m, 4H),
3.77 (s, 4H), 4.30 (q, J =

6.8 Hz, 2H), 5.19 (s, 2H), 6.72 (s, 2H), 7.61 (d, J = 7.8 Hz,
2H), 7.75 (t, J = 7.7 Hz,

1H), 8.16 (s, 1H), 8.32 (s, 1H), 8.58 (d, J = 4.4 Hz, 1H), 9.19
(s,1H), 10.08 (s,1H); MS

(APCI) m/z 587.3, 589.5; Anal. calc for C31H31ClN6O4: C, 63.42;
H, 5.32; N, 14.32;

found: C, 63.08; H, 6.48; N, 13.92.
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