
I. Introduction

Derivatives of the pyrimidine series have long established

themselves as very important chemical structures; their role

in biology and medicine is highlighted in detail in numerous

monographs and textbooks on heterocyclic chemistry.1 ± 5

Widely known is the ability of hydroxy- and aminopyrimi-

dines, especially very important DNA fragments (thymine,

uracyl and cytosine), to interact with a variety of biological

targets (amino acids, proteins and enzymes) thereby causing

an effect on very important biological processes.6, 7

Pyrimidines play an important role in the chemotherapy

of tumours and viral diseases. This role is not a unique

property of monocyclic pyrimidines, such as fluorouracil,

azidothymidine, ribavirin, acyclovir, and other antiviral

agents, but rather is also intrinsic to bi- and tricyclic

heterosystems, including benzo and aza analogues of pyr-

imidines, namely azoloazines, purines, aza and deaza

purines, quinazolines, pteridines, and other hetero-

cycles.8 ± 10

In recent decades, quinazoline derivatives have attracted

increasing attention of researchers involved in the search for

biologically active compounds for use in tumour therapy.

G.N.Lipunova. Doctor of Chemical Sciences, Professor, Leading

Researcher of the Laboratory of Coordination Compounds at the IOS

UrB RAS. Telephone: +7(343)362 ± 3065, e-mail: lipunova@ios.uran.ru

Current research interests: heterocyclic and organofluorine chemistry,

formazans, biologically active compounds, photoluminescent materials.

E.V.Nosova. Doctor of Chemical Sciences, Senior Researcher of the

Laboratory of Heterocyclic Compounds at the IOS UrB RAS, Assistant

Professor of the Department of Organic and Biomolecular Chemistry at

the Institute of Chemical Engineering, UrFU.

Telephone: +7(343) 375 ± 4501, e-mail: emily74@rambler.ru

Current research interests: heterocyclic and organofluorine chemistry,

chemistry of medicines, organic ligands.

V.N.Charushin. Academician, Director of the IOS UrB RAS, Professor of

theDepartment of Organic and Biomolecular Chemistry at the Institute of

Chemical Engineering, UrFU.

Telephone: +7 (343)374 ± 1189, e-mail: charushin@ios.uran.ru

Current research interests: heterocyclic compounds, fluorinated

compounds, medicinal chemistry.

O.N.Chupakhin. Academician, the Research Head of the IOS UrB RAS,

Head of the Department of Organic and Biomolecular Chemistry at the

Institute of Chemical Engineering, UrFU.

Telephone: +7(343)374 ± 1189, e-mail: chupakhin@ios.uran.ru

Current research interests: synthetic organic chemistry, heterocyclic

chemistry, supramolecular chemistry, organofluorine chemistry,

chemistry of medicines.

Received 28 July 2015

Translation: O.P.Federova

DOI: 10.1070/RCR4591

Synthesis and antitumour activity of 4-aminoquinazoline derivatives

Galina N. Lipunova,a Emiliya V. Nosova,a, b Valery N. Charushin,a, b Oleg N. Chupakhin a, b

a I.Ya.Postovsky Institute of Organic Synthesis, Ural Branch of the Russian Academy of Sciences

ul. S.Kovalevskoi/Akademicheskaya 22/20, 620990 Ekaterinburg, Russian Federation
bUral Federal University named after the first President of Russia B.N.Yeltsin

ul. Mira 19, 620002 Ekaterinburg, Russian Federation

Contents

I. Introduction 759

II. Syntheses of 4-aminoquinazoline derivatives 761

III. Improvement of erlotinib, gefitinib and lapatinib synthetic schemes 766

IV. Synthesis of new antitumour 4-amino-quinazoline derivatives 769

V. Synthesis of labelled 4-anilinoquinazolines as positron emission tomography agents 786

VI. Conclusion 788

Pieces of data on the synthesis and antitumour activity of 4-aminoquinazolines are summarized and analyzed. Key methods

for the synthesis of these compounds are considered, primarily cyclocondensation of carboxylic acid derivatives, as well as

the oxidation of quinazolines and the cyclization of disubstituted thioureas. Improvements of synthetic schemes for erlotinib,

gefitinib and lapatinib, which are the best-known pharmaceuticals based on compounds of the title class, are also considered.

Synthetic strategies and biological activities for new 4-aminoquinazoline derivatives that are EGFR-tyrosine kinase

inhibitors, multiactive compounds, and labelled compounds for use as positron emission tomography (PET) imaging agents

are discussed.

The bibliography includes 263 references.

# 2016 Russian Academy of Sciences and Turpion Ltd.

G.N.Lipunova, E.V.Nosova, V.N.Charushin, O.N.Chupakhin Russ. Chem. Rev., 2016, 85 (7) 759 ± 793



This is understandable, as more than 150 natural alkaloids

contain quinazoline moieties. Synthetic analogues of these

compounds exhibit antimalarial, anticonvulsant, anti-dia-

betic and other biological activities.11

Aminoquinazolines and their derivatives also have

diverse physiological activities, including anti-inflamma-

tory,12, 13 antibacterial 14 and antiviral 15, 16 activities, but

of greatest importance are their ability to inhibit enzymes

(dihydrofolate reductase and tyrosine kinases) 17 ± 20 and

antitumour activity.21 ± 25 Aniline derivatives deserve special

attention among the aminoquinazolines. Extensive chemical

and biological studies of 4-arylaminoquinazoline deriva-

tives were performed with variable substituents in the ani-

line moiety and benzene ring in the positions 6 and(or) 7;

the influence of the nature of substituents in the position 2

of the pyrimidine ring was also studied.

Arylaminoquinazoline moieties are regarded to be an

important pharmacophores, which are widely used in the

design of a new class of cytostatic drugs, referred to as

targeted or molecular-oriented drugs. Such the drugs

include pharmaceuticals intended to affect certain intra-

cellular molecular targets, which are crucial for tumour cell

activity. For example, the major targets for a targeted

therapy of gastrointestinal tumours are epidermal growth

factor receptor (EGFR) and vascular endothelial growth

factor receptor (VEGFR).26

The best known first-generation products based on

arylaminoquinazolines (Fig. 1) Ð gefitinib, erlotinib, lapa-

tinib, and vandetanib Ð have become part of medical

practice and have been successfully used to treat a variety

of tumours, such as lung cancer, pancreatic cancer, breast

cancer, etc.27 ± 32

Gefitinib (known under the trade name Iressa) is a

selective EGFR tyrosine kinase (EGFR-TK) inhibitor,

whose expression is observed in many solid tumours. This

agent retards growth of various human tumour cell lines,

metastasis and angiogenesis, accelerates the apoptosis of

tumour cells and enhances the efficiency of chemotherapy,

radiation and hormone therapy.33 ± 35

Erlotinib (the trade names are Tarceva) is an anticancer

agent, an inhibitor of EGFR-TKs, which are responsible for

the intracellular phosphorylation of epidermal growth fac-

tor whose expression is observed on the surfaces of both

normal and tumour cells. Erlotinib is used in the treatment

of locally advanced or metastatic non-small cell lung cancer

(NSCLC) after a failure of one or more chemotherapy

regimens, or (in combination with gemcitabine) in the

treatment of locally advanced unresectable or metastatic

pancreatic cancer.36, 37

Lapatinib (the trade names are Tyverb, Tykerb) is an

antitumour agent, a reversible inhibitor of various tyrosine

kinase receptors. The results of trials 32, 38, 39 imply that

lapatinib is efficient when used in monotherapy or combi-

nation therapy in patients with metastatic breast cancer.

The combined use of lapatinib with capecitabine for the

treatment of patients with ErbB2 (HER2)-positive breast

cancer (HER2 stands for human epidermal growth factor

receptor 2) significantly reduces the risk of disease progres-

sion and minimizes the incidence of metastasis.

Vandetanib (the trade name is Caprelsa or Zactima; the

development name is AZD6474) is an antagonist of

VEGFR and EGFR tyrosine kinases. Vandetanib also

inhibits the activity of RET tyrosine kinase (an important

growth promoter in certain types of thyroid cancers).32, 40

Vandetanib is an oral tyrosine kinase inhibitor, developed

by AstraZeneca for the treatment of thyroid cancer, non-

small cell lung cancer and renal carcinoma. Vandetanib is

suitable for the treatment of progressive medullary thyroid

cancer in patients with unresectable advanced local or

metastatic cancers. In April 2011, vandetanib was recom-

mended in the United States for the treatment of unresect-

able medullary thyroid cancer and commercialized under

the trade name Caprelsa.

High antitumour activities were also shown by some

other 4-aminoquinazoline derivatives (see Fig. 1) that are

now at various stages of preclinical or clinical studies (e.g.

tandutinib and barasertib).40 Tandutinib (MLN518/

CT53518), a new FMS-like tyrosine kinase 3 (FLT3) recep-
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Figure 1. Structures of 4-aminoquinazoline-based antitumour
agents.
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tor inhibitor and a platelet-derived growth factor tyrosine

kinase receptor (PDGF-R) inhibitor, is promising for the

treatment of myeloid leukemia and myelodysplasia.41 ± 45

Barasertib (AZD1152), an aurora kinase inhibitor, is effi-

cient against acute myeloid leukemia; it is now in phase II

clinical trials for the treatment of melanoma and colorectal

carcinoma.46

We should mention that more than half of the above-

mentioned medicaments contain a fluorine atom in the

aromatic moiety. Introduction of the fluorine atom is

important not only for modifying the acid ± base properties

and lipophilicity of compounds, but also for endowing them

with metabolic stability. The substitution of fluorine for

hydrogen in an aromatic ring is a well-known efficient

strategy to considerably slow down the oxidative stage of

drug metabolism caused by cytochrome P450-dependent

monooxygenase.32

The mechanism of action of this class of compounds is

fundamentally different from that of the chemotherapeutics

that violate the division of both the tumour and normal

cells, causing severe side effects, namely anemia, neutrope-

nia, faintness and others. Uncontrolled proliferation is an

important feature of a tumour cell. An enhancement of the

proliferative activity of a cell, specifically a tumour cell, is

most frequently launched by an external signal. Growth

factors, hormones and other biologically active substances

activate the relevant receptors whose signals are transmitted

to signal transduction proteins. The final recipients of

signals are transcription factors, which are responsible for

the activation of genes and subsequent production of the

corresponding proteins involved in cell cycle regulation.

Representatives of the EGFR family are key receptors that

stimulate cell division. The examples of gefitinib, the first

drug approved for clinical use, and erlotinib show that the

activity of these compounds arises from their ability to bind

competitively to the active sites of tyrosine kinase-C (TKC),

where phosphorylation occurs, and thereby inhibit the

phosphorylation of signal transduction proteins. Thus,

signal transduction to transcription factors is interrupted

at the TKC level.27

In recent years, much attention was paid to the binding

modes of arylaminoquinazolines to EGFR-TKs, to recog-

nize the key role of aminopyrimidine moieties in this

process.47 ± 53 Docking of this binding was performed for

6-dithiolane carboxamide derivative 1 (Fig. 2).47 The qui-

nazoline N(1) atom was shown to interact, via hydrogen

bonding, with the NH moiety of Met769 EGFR-TK; the

hydrogen atom at the quinazoline C(2) atom interacts

electrostatically with the carbonyl oxygen atom of the

Gln767 enzyme; and the quinazoline N(3) atom is involved

in hydrogen-bonding with the OH group of Thr766; further,

hydrophobic interactions with Val702, Met742 and Leu764

favour the stabilization of the aniline moiety.

Despite the abundant documentation on the synthesis

and biological properties of arylaminoquinazolines and

structure ± activity correlations in particular series of com-

pounds of this class, there are only survey articles where

synthesis and kinase activity data are summarized over

short periods of time or where these data are merely

included into a broader topical overview. Cruz-Lopez et

al.,54 for example, summarized the documents on substi-

tuted quinazolines as EGFR-TK inhibitors published over

four years. The mini-review of Khan et al.55 concerned with

synthetic approaches and diverse applications of quinazo-

line derivatives has a small section where one can find the

structures of some 4-(het)arylaminoquinazolines and con-

cise information about their antitumour activities.

Our review is an attempt at summarizing data on the

synthesis and antitumour activity of 4-aminoquinazolines

and approaches to the preparation of the best-known drugs

and new derivatives of this class.

II. Syntheses of 4-aminoquinazoline derivatives

To make up a pyrimidine moiety to an arene derivative is a

traditional approach to the synthesis of quinazolines. Most

popular is the cyclization of aniline derivatives.

II.1. Cyclocondensation reactions
II.1.a. Cyclocondensations of anthranilic acid derivatives

The review of Nosova et al.56 over fluorinated quinazolines

and their oxa- and thia-analogues, dwells on cycloconden-

sation-involving syntheses of these compounds. Anthranilic

acid and its derivatives (esters and nitriles) are most

frequently used as precursor compounds.

A classical method to prepare 4-arylaminoquinazolines

is the reaction of 4-chloroquinazolines with amines.

Yakhontov et al. 57 refluxed anthranilic acid and 4-chlor-

oanthranilic acid with acetic anhydride for 3 h to prepare

the corresponding 2-methylbenzoxazinones, and then con-

verted these, without isolation, into 2-methylquinazolin-4-

ones 2 by refluxing for 1 h with aqueous ammonia (yields:

82%± 85%). The phosphorus(V) oxochloride treatment of

Met769

Leu768

Gln767

Thr766

Cys773

3.21AÊ

1

Figure 2. Results of docking [1,2]dithiolane-3-carboxylic acid [4-
(3-bromophenylamino)quinazolin-6-yl]amide (1) in a low-energy
conformation and EGFR-TK moiety.47
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compounds 2 in the presence of N,N-dimethylaniline

yielded chloro derivatives 3; subsequent substitution of the

chlorine atom in these derivatives in the reaction with

amines resulted in 4-amino-2-methyl-quinazolines 4 in

yields of 77%± 96% (Scheme 1).

Rocco et al.58 report a more efficient method for

preparing both new and earlier described 4-anilino-6,7-

dimethoxyquinazolines (Scheme 2).

Scheme 2

The cyclization of dimethoxyanthranilic acid 5 with

formamidine acetate at 140 8C for 8 h (under conditions a)

yielded quinazolinone 6 (R=H) in 76% yield. Compound 7

(R=Me) was prepared under conditions b through a

benzoxazinone intermediate, as in the case of derivative 2.

4-Chloroquinazolines 8 and 9 were isolated after com-

pounds 6 and 7 were treated with thionyl chloride in the

presence of a catalytic amount of DMF (79% and 90%

yields, respectively). The nucleophilic substitution of the

chlorine atom in compounds 8 and 9 induced by aniline

derivatives upon refluxing in isopropanol for 2 h yielded

target products 10a ± i, 11a ± i, 12 and 13 in 51%± 93%

yields.58

Liu et al. 59, 60 describe the substitution of an aryl- or

benzylamine moiety for the chlorine atom in trimethoxy-4-

chloroquinazoline 14 under microwave exposure (MW)

(Scheme 3). That the reaction was carried out in isopropa-

nol at 80 8C not only made it possible to shorten the process

time to 10 min (against 360 min in the classical method),

but also provided a sesqui- to twofold gain in product yield.

Similar conditions were later used to prepare a set of

4-arylamino-5,6,7-trimethoxyquinazolines 15a ± q.61

A one-pot microwave-assisted synthesis of 4-arylamino-

quinazolines having one (10c,g, 11b,c) and two (16) sub-

stituents in the aniline moiety was developed (Scheme 4).62

A mixture of formamide with POCl3 serves both to form the

pyrimidine CN moiety from o-aminoester 17 and for sub-

sequent chlorination, so 4-chloroquinazoline 8 is produced

in one step. The treatment of 4-chloroquinazoline 8 with a

solution of substituted aniline in isopropanol yields amino

derivatives in high yields (87%± 92%). This method has a

number of advantages: reaction times reduced from 2 h or

longer to several minutes, very mild conditions (irradiation

power: 40 W), minimal amounts of the chlorinating agent

and high yields and purity of target products.

Scheme 4

The precursors frequently used to produce 2-substituted

4-arylaminoquinazolines by ordinary substitution of an

amine moiety for chlorine atom are commercially available

2-sulfanylquinazolin-4-ones or quinazoline-2,4-diones.63

Szczepankiewiez et al.64, 65 describe the synthesis of

aminoquinazoline derivatives avoiding the preparation of

chloro derivatives. The reaction of 2-aminobenzonitrile

(18a) with substituted anilines 19 in the presence of alumi-

nium chloride yields the corresponding 2-amino-N-

arylbenzamidines 20, which give rise to 4-arylaminoquina-

zolines 21 when heated with 85% formic acid (Scheme 5).

Other carboxylic acids do not react with amidines under

these conditions, so the authors concluded that the CHO

group, which is formally present in formic acid (unlike in

carboxylic acids), is able to form the quinazoline system.

Refluxing of amidines 20 with aromatic aldehydes in

ethanol for 2.5 h yields 2-aryl-4-arylimino-1H-2,3-dihydro-

quinazolines 22, which are oxidized by potassium perman-

ganate in acetone to form arylaminoquinazolines 23. The

yields of products 23 (based on amidines) are 20% to 73%

depending on the substituent R1 (see Scheme 5).

2-Amino-N-arylbenzamidines 20a ± i were made to react

with tetracyanoethylene (TCE) in ethyl acetate at room

temperature;66 4-arylaminoquinazoline-2-carbonitriles

24a ± i were prepared in yields of 41%± 71% (Scheme 6).

The treatment of 4-anilinoquinazoline-2-carbonitrile (24a)

with sodium hydroxide in methanol for 4 days produced 4-

anilino-2-methoxyquinazoline in 71% yield; refluxing with

hydrochloric acid produced the corresponding 2-carbox-

amide derivative.67
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Scheme 6

The condensation of N-(2-cyanophenyl)amidines 25

with arylamines yielded 2-alkyl-4-arylaminoquinazolines

26a ± g (Scheme 7).68 Amidines 25 were prepared via the

thermal rearrangement of 5-morpholino-1-(2-cyanophenyl)-

4,5-dihydrotriazoles 27, which were formed by reacting

2-azidobenzonitrile (28) with aldehydes 29 and morpholine.

The same initial compounds immediately yielded amidines

25 when reacted at high temperatures. Amidines 25 reacted

with arylamines upon refluxing in propanoic acid or with

arylamine hydrochlorides upon heating at 180 8C for 2 h

(yields were 15% to 65% depending on the substituent and

conditions).

Yoon et al.69 described a facile and efficient microwave-

assisted method for preparing a large series of 4-amino-

quinazolines 10d, 30a ± s by the reaction of substituted N-(2-

cyanophenyl)-N 0,N 0-dimethylformamidines 31 with ali-

phatic amines, substituted benzylamines and anilines

(Scheme 8). Optimal parameters (temperature, solvent,

process time) were found to produce target products in

high yields (83%± 97%).

Later Foucourt et al.11 improved this approach and

implemented it to prepare 4-arylamino-6-nitroquinazolines

32a ± l (Scheme 9). The reaction of amidine 31a, which was

prepared by reacting 2-amino-5-nitrobenzonitrile (18b) with

dimethylformamide dimethylacetal (DMF-DMA), was car-

ried out in acetic acid under microwave exposure (800 W) at

118 8C
The reaction time depended on the nature and position of

the substituent in the amine; it varied from 2 ± 5 min (when

electron-withdonating moieties were in the meta- and para-

positions of the benzene ring) to 7 ± 210 min (for electron-

withdrawing groups, especially in the ortho-position).

Reactions of 2-aminobenzonitriles 18a,c with phenyl

isocyanate (by refluxing in dry pyridine for 4 h or heating

the reactants at 100 8C for 3 h) yield 2,20-dithiobis(4-ani-
lino-5-R-quinazolines) 33a,c in 90% and 95% yield, respec-

tively (Scheme 10). The occurrence of these reactions is due

to the Dimroth rearrangement of intermediates 34a,c to

dihydroquinazolines 35a,c.70 ± 72 The structure of disulfide
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33c is supported by X-ray diffraction data (Fig. 3). Accord-

ing to these data, one quinazoline moiety is planar (the

excursions of atoms from the root-mean-square plane are

less than 0.035 �A), and the aniline substituent at the other

moiety is rotated relative to the quinazoline plane (the angle

between the root-mean-square planes passing through the

ring atoms is 30.38).
Wilson 73 reported on the solid-phase synthesis of a

series of 2,4-diaminoquinazolines 36 (Scheme 11). The

process comprises the reaction of 2-aminobenzonitriles 18

with immobilized acyl isocyanate in N-methylpyrrolidone

(NMP) to produce a thiourea derivative. This derivative,

when treated with morpholine, converts to the guanidine

derivative that is capable of cyclizing to a substituted

quinazoline. This method was used to produce compounds

36a ± f in 47%± 67% yields and 87%± 94% pure.
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10d 6-OMe 7-OMe 3-BrC6H4

30a 5-F H 2-Me-4-MeOC6H3

30b 6-OMe 7-OMe 2-Me-4-MeOC6H3
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30d 6-Me H 2-Me-4-MeOC6H3

30e 5-Me H 2-Me-4-MeOC6H3
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30j 5-Me H 2-ClC6H4CH2

30k 5-F H 3-F3COC6H4CH2

30l 6-OMe 7-OMe 3-F3COC6H4CH2

30m 6-NO2 H 3-F3COC6H4CH2

30n 6-Me H 3-F3COC6H4CH2

30o 5-Me H 3-F3COC6H4CH2

30p 5-F H MeO(CH2)2
30q 6-NO2 H MeO(CH2)2
30r 6-Me H MeO(CH2)2
30s 5-Me H MeO(CH2)2

32: Ar=Ph (a), 4-MeC6H4 (b), 4-MeOC6H4 (c), 3,5-(MeO)2C6H3 (d),

3,4,5-(MeO)3C6H2 (e), 4-FC6H4 (f), 3-NCC6H4 (g), 3-Cl-4-FC6H3 (h),

2-F-4-BrC6H3 (i), 2,3-Cl2C6H3 (j), 2,3-F2C6H3 (k), 2-F3CC6H4 (l)
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Figure 3. Structure of disulfide 33c in a crystal as probed by X-ray
diffraction.71

36: R1=R2=H: R3=F (a), Me (b), Cl (c); R1=R2=OMe,

R3=H (d); R2=R3=H: R1=Cl (e), Me (f);

TFA is trifluoroacetic acid
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II.1.b. Cyclocondensations of o-halobenzoic acid derivatives

Layeva et al.74 developed an efficient synthetic strategy to

prepare 6,7,8-trifluoro-2-ethylsulfanylquinazolin-4(3H)-one

(37), involving the intramolecular cyclization of fluorine-

containing S-ethyl-N-benzoylisothiourea 38, which was pre-

pared from tetrafluorobenzoic acid chloroanhydride (39)

and S-ethyl-isothiourea (Scheme 12). The treatment of

6,7,8-trifluoro-2-ethylsulfanylquinazolin-4(3H)-one (37) by

phosphorus(V) oxochloride with subsequent heating of the

4-chloro derivative 40 in acetonitrile with substituted anilines

yields fluorinated 4-arylamino-2-ethylsulfanylquinazolines

41a ± c.

Scheme 12

II.2. Oxidation of quinazolines
The 4-arylaminoquinazoline preparation methods that use

anthranilic acids have some drawbacks. The required acids

are not necessarily commercially available, their synthesis

meets some difficulty, and the overall yield of quinazolines

usually does not exceed 30%.

Marzaro et al.75 developed a new strategy for preparing

quinazolin-4-ones where the formation of the pyrimidine

ring was followed by oxidation (Scheme 13). The initial

compounds used were 3,4-disubstituted anilines 42. Mar-

zaro et al. studied and optimized the conditions for con-

verting acetanilides 43. The advantages of this strategy

include the availability of the precursor anilines, simple

hardware and high yields of intermediates 44 ± 46 in all

stages (84%± 98%). The resulting overall yield of target

4-arylaminoquinazolines 47 was at the same level as in

earlier described processes, or was even twofold to threefold

higher. This method was used to produce known agents,

namely erlotinib, gefitinib and vandetanib (see Fig. 1).

II.3. Cyclization of N,N 0-disubstituted thioureas
The photocyclization of substituted arylthioureas to amino-

quinazoline derivatives is documented.76, 77 Exposure of

disubstituted thioureas 48a ± g to the light of a high-pressure

mercury lamp (l=365 nm) in a mixture of acetonitrile and

aqueous alkali at room temperature yielded, instead of

expected 2-substituted benzothiazoles, 6-substituted 4-aryl-

amino-2-phenylquinazolines 49a ± g in 39%± 49% yields

(Scheme 14). The structure of compounds 49a ± g was

proven by IR spectroscopy, 1H and 13C NMR spectroscopy

and mass spectrometry; for compound 49a, single-crystal

X-ray diffraction was also employed.

II.4. Other methods
Cikotiene et al.78, 79 proposed a suitable method for prepar-

ing 4-arylamino-6-methoxycarbonyl-7-phenylquinazolines

50a ± e; this method consisted of annelating a benzene ring

to the appropriate 6-ethynylpyrimidine-5-carbaldehyde

derivatives 51a ± e (Scheme 15). The target products were

obtained in 65%± 98% yields by reacting compounds 51

with the potassium salt of methyl sulfanyl acetate under
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microwave exposure. The derivatives that carried n-butyl in

the position 7 instead of phenyl were prepared in the same

manner.

Scheme 15

III. Improvement of erlotinib, gefitinib and
lapatinib synthetic schemes

Although erlotinib, gefitinib and lapatinib are drugs that

are already used in medical practice, chemists are constantly

trying to improve the methods for their preparation with the

goal of increasing the output and purity of the desired

products, and reduce production costs.

Knesl et al.45 modified erlotinib and gefitinib synthetic

schemes. The conversion sequence starts with protecting

hydroxy groups in protocatechuic acid ethyl ester (52); the

stage of ethyl benzoate 53 nitration is followed by the

reduction of nitro group in compound 54 and then by the

heterocyclization of anthranilic acid derivative 55

(Scheme 16). The bottleneck of this scheme is the chlorina-

tion stage, where a side product [7-(2-methoxyethoxy)-4-

chloro-6-(2-chloroethoxy)quinazoline] can be formed given

an insufficient control of the ratio of ingredients, reaction

temperature and reaction time, especially when thionyl

chloride is the chlorinating agent. This side product readily

reacts with ethynylaniline to yield 7-(2-methoxyethoxy)-

6-(2-chloroethoxy)-4-(3-ethynylphenylamino)quinazoline,

which is difficult to remove from erlotinib. Zhang and Zha 36

offered a method for purifying erlotinib: the nucleophilic

substitution of the chlorine atom converts this impurity to

6-(2-piperazinylethoxy) derivative, which is easy to remove

by recrystallization; the thus-purified erlotinib is >99.9%

pure.

The chlorination of compounds 56 by phosphorus(V)

oxochloride in the presence of diethylaniline enabled Knesl

et al.45 to increase the yield of chloride 57 to 89% and its

purity to 96% (according to HPLC). The resulting total

erlotinib yield was 56%.

Improved synthetic schemes were also developed for

gefitinib and tandutinib. The precursor was quinazolinone

6, where, after the demethylating stage, the hydroxy group

R1 NH

N

N O

Ph

R2

51a ± e
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in compound 58 was acylated by acetic anhydride

(Scheme 17).45, 80 The gefitinib synthesis process was

improved at the step of chlorinating compounds 59 to

chloride 60 and at the next step where aminoquinazoline 61

was produced, so the total gefitinib yield increased from

20% to 33%.

The drawbacks of Gibson's method 81 are high costs of

quinazolinone 6 and low yields of product 58 (46%) at the

regioselective demethylation step. These drawbacks were

eliminated by Li et al.,82 who used 3-hydroxy-4-methoxy-

methyl benzoate (62) as the precursor. As a result of

alkylation of benzoate 62, nitration of derivative 63 and

reduction of compounds 64, key intermediate 65 was

formed in 77% yield (Scheme 18). Cyclization of intermedi-

ate 65, chlorination and consecutive substitution of amine

moieties for chlorine atoms gave rise to gefitinib. This

scheme has fewer steps, yields a lower cost product due to

the use of a lower cost precursor, and provides higher yields

at all steps compared to the earlier employed strategies.

Scheme 18

Chandregowda et al. 83 described a new one-pot, highly

efficient and economical process for the preparation of key

intermediates in gefitinib and erlotinib syntheses, which can

be commercialized to large-scale production. The process

comprises the reductive formylation of 2-nitrobenzonitriles

66a,b followed by in situ cyclization under mild conditions;

the yields of quinazolin-4(3H)-ones 67a,b are 86% and 81%

(Scheme 19).

Scheme 19

The precursor benzonitriles 66a,b are formed from the

respective commercially available substituted aldehydes in

high yields.

The same researchers altered the next step of gefitinib

and erlotinib syntheses to exclude the use of chloro deriva-

tives.84 They prepared first thiones 68a,b and then 4-meth-

ylsulfanyl derivatives 69a,b, which are more stable than

4-chloroquinazolines (Scheme 20).

This scheme was used to prepare gefitinib from com-

pound 67a in 64% yield and erlotinib from its analogue 67b

in 73% yield; both products after recrystallization were

99% pure.

Scheme 20

Chandregowda et al.85 also described another approach

to large-scale gefitinib and erlotinib syntheses. In order to

reduce the number of steps and, accordingly, expenditures,

the researchers claimed a one-pot synthesis of 4-anilinoqui-

nazolines by reaction of formamidine derivatives with sub-

stituted anilines through Dimroth rearrangement. The nitro

group in compounds 66a,b was reduced by sodium dithion-

ite in aqueous solution; aminobenzonitriles 70a,b were

treated with dimethylformamide dimethylacetal in toluene

(Scheme 21). Formamidines 71a,b as synthesized (without

purification) were mixed with AcOH and the appropriate

substituted aniline, and the mixture was heated at 130 8C.
Gefitinib and erlotinib were obtained after recrystallization

in 70% yield (based on compound 70) and >99.5% and

>99% pure, respectively.

Scheme 21

An improved version of this strategy, exemplified by

erlotinib synthesis, has been reported.86 The authors

described the protocatechuic acid conversion sequence

comprised of eight steps, with a total product yield of

60%. The last two steps were carried out in a one-pot

variant. 2-Aminobenzonitrile 70b was treated with DMF±

DMA in toluene and acetic acid to produce formamidine

71b, the excess of reagent was removed, and 3-ethynylani-

line and acetic acid were added. The reaction mixture was

kept at 60 8C for 5 h, then the temperature was increased

and refluxing was continued for another 5 h; erlotinib yield

(based on compound 70b) was 90%.

Asgari et al.86 also monitored the reaction between

formamidine 71b and 3-ethynylaniline first at room temper-

ature and then at 125 8C. Only one intermediate (phenyl-
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benzamidine 72) was identified, isolated and characterized

by NMR spectroscopy, IR spectroscopy and chromatogra-

phy/mass spectrometry (Scheme 22). Refluxing of com-

pounds 72 in acetic acid or in a toluene and acetic acid

mixture resulted in erlotinib, so the authors inferred that the

cyclization of formamidine 71 to a quinazoline derivative

involves the formation of phenylbenzamidine 72 and not the

Dimroth rearrangement.

Scheme 22

There are several methods to prepare lapatinib where

the precursor is 6-iodoquinazolin-4-one 73.87 ± 90 For exam-

ple, the chlorination of 6-iodoquinazolin-4-one and the

substitution of the chlorine atom in compound 74 induced

by aniline 75 gives rise to arylaminoquinazoline 76

(Scheme 23). The step of cross-coupling of iodide 76 with

furanylboronic acids 77a,b to form products 78 is palla-

dium-catalyzed and contaminates the desired product with

metal.

The drawbacks of this approach are the involvement of

many steps, use of corrosive chemicals such as POCl3 and

SOCl2, and low lapatinib yields (60% at the last step).

Subsequent patents 89, 90 pertain to the purification and

production of various salt forms of lapatinib.

One more method for preparing lapatinib 91 uses

cheaper materials and has no chlorination step. Intermedi-

ate 76 is prepared by the cyclocondensation of 2-amino-5-

iodobenzonitrile (79) with imine 80, which is prepared from

compound 75 and dimethylformamide dimethylacetal

(Scheme 24). This method is relatively facile and econom-

ical; lapatinib yield is 75% at the last step (purity is 90%;

after the ultimate purification, 99.9%).

A process is described where the cross-coupling of

commercially available compounds 73 and 77a occurs in

water ± organic solutions in the presence of a base and a

catalyst prepared from palladium acetate and a phospho-
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rus-containing ligand (Scheme 25).88 Once the reaction is

over, the inorganic salts and the catalyst are separated by

filtration and centrifugation and compound 81 is recrystal-

lized. The process requires only a catalytic amount of the

phosphine ligand and palladium salt, which makes it possi-

ble to scale-up this reaction and then use compound 81 to

produce lapatinib in 80% yield at the final step and 99.4%

pure.

A similar strategy was patented.92 The only difference

consists in that the cross-coupling is preceded by protecting

the hydroxy group of the tautomer of compound 73,

6-iodoquinazolin-4-ol (730), involving 3,4-dihydro-2H-

pyran (Scheme 26). This results in new intermediates 82

and 83 for use in the preparation of lapatinib, which have

high solubility in common organic solvents and make it

possible to carry out subsequent reactions in highly con-

centrated solutions. The yield of lapatinib base at the last

step is 96%; the ditosylate prepared from the lapatinib is

90.1% pure.

IV. Synthesis of new antitumour
4-amino-quinazoline derivatives

IV.1. First-generation tyrosine kinase inhibitors
New 4-arylaminoquinazoline derivatives can be prepared by

introducing and modifying substituents in the quinazoline

ring.

IV.1.a. Modifying alkoxy groups in the positions 6 and 7 of the

quinazoline ring

Most research into the synthesis of new 4-arylaminoquina-

zoline derivatives involves varying substituents in the posi-

tions 6 and 7 of the heterocycle, particularly alkoxy groups.

For example, an efficient method for the demethylation of

4-arylaminoquinazoline 10d was developed (Scheme 27).93

Scheme 27

A rapid conversion of quinazoline 10d to demethylated

compounds 84a ± c in high yields (>82%) was achieved

upon methanesulfonic acid treatment under microwave

exposure. This method is of special interest for subsequent

synthesis of 11C-labelled alkoxy derivatives.

Two active erlotinib metabolites were prepared avoiding

4-chloroquinazolines.94 Refluxing of quinazoline-4-thione

68a with 38% HBr solution in isopropanol for 12 h resulted

in a mixture of 7- and 6-hydroxy derivatives 85 and 86,

which were separated by column chromatography

(Scheme 28). The subsequent methylation at the S atom

and the replacement of methylsulfanyl group in compounds

87 and 88 by the action of 3-ethynylaniline yielded erlotinib

metabolites 89 and 90 with purity better than 97.5%. The

antitumour activity of these products was studied to show

that they are more active than erlotinib against some types

of tumours.

The introduction of various alkoxy groups into the

quinoline system was addressed in many studies (see, e.g.,
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Ref. 95) and was successfully fulfilled by selectively alkylat-

ing 6,7-dihydroxy-4-arylaminoquinazoline 91 under Mitsu-

nobu conditions.96 Using the different acidities of phenol

groups in compounds 91 (pKa is 7.6 for 7-OH and 10.02 for

6-OH), the authors acylated the compound with pivaloyl

chloride and isolated one regioisomer 92 (Scheme 29). This

regioisomer was alkylated by an alcohol (R1OH) in the

presence of a polymer-bound triphenylphosphine, di-tert-

butylazadicarboxylate (DTAD) in dichloromethane at 0 8C,
followed by warming to room temperature. The deprotec-

tion of intermediate 93 and the alkylation of its 6-hydroxy

derivative 94 with an alcohol (R2OH) under the above-

described conditions yielded desired dialkoxyarylaminoqui-

nazolines 95 in 44%± 78% yields. This method served to

prepare a large library of 6,7-dialkoxy-4-anilinoquinazo-

lines.

Later, the same authors described a four-step method

suitable for changing substituents in the quinazoline core of

compounds 96.97 As the precursor, they used 6-acetoxy-7-

methoxyquinazolone 59, whose deprotection resulted in

dihydroxy derivative 97 (Scheme 30). The subsequent pro-

tection of OH groups by the pivaloyl group and chlorina-

tion yielded chloroquinazoline 98. The deprotection was

followed by the regioselective acylation of compounds 99.

Thus, Harris et al.97 obtained key intermediate 96 and then,

by substituting the chlorine atom in the intermediate under

the action of aniline followed by alkylation of compounds

100 under Mitsunobu conditions (see Scheme 29), they

prepared a large series of gefitinib analogues 101 with

alkoxy substituents in the positions 6 and 7.

The functionalization of alkoxy substituents in the

position 6 or 7 of anilinoquinazolines is well documented.

The 6-hydroxy group of compound 102a was modified to

prepare a series of gefitinib analogues 103 and 104

(Scheme 31).98 A wide range of derivatives 103 was synthe-

sized in two ways, via direct alkylation by o-bromoalkyl-

amines (see Scheme 31) or by introduction of a bromoalkyl

(with dibromoethane or dibromopropane) followed by the

substitution of the second bromine atom. In order to

prepare 2-hydroxypropyl-containing compounds 104, first

an oxirane moiety was introduced into molecule 102a, and

then the three-membered ring in compound 105 was opened

by an amine. Biological studies (in vitro and in vivo) showed

that these 6-(aminoalkoxy) derivatives 103 and 104 are

inhibitors of EGFR-TKs from carcinoma A431 cells.

Hennequin et al.99 used 7-hydroxy derivative 106 to

prepare a set of 4-anilinoquinazolines 107 and 108, which

contain an aminoalkoxy group in the position 7

(Scheme 32). Compounds 106 were made to react with

amino alcohols under Mitsunobu conditions. Reactions

with N-protected piperidines occur under similar condi-

tions; subsequent removal of tert-butoxycarbonyl (Boc)

protection yields compounds 108. Enzymatic activity or

tumour growth inhibition studies of compounds 107 and

108 showed that derivative 107 {R1=Br, R2= cyclo-

[MeN(CH2CH2)2CH]CH2} has the highest activity.

R1, R2 = Alk; Piv = C(O)But

HO

HO
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O
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The incorporation of boronic acid moieties into

6-hydroxyanilinoquinazoline 109 offered a way to create

long-acting selective EGFR-tyrosine kinase receptor inhib-

itors (Scheme 33). Compounds 110 are presumably capable

of binding a boron atom to the thiol group of Cys797 or the

carboxy group of Asp800, in addition to hydrogen bond-

ing.100

Scheme 33

New aminoquinazoline derivatives 111 were prepared,

where 6-alkoxy groups contain hydroxamic acid moieties

[well-known histone deacetylase (HDAC) inhibitors].101

6-Hydroxy derivatives 102 (R3=Cl) and 112

(R3=HC:C) were alkylated by esters of o-bromoalkyl-

carboxylic acids of various chain lengths; subsequent treat-

ment with hydroxylamine yielded desired products 111

(Scheme 34).

Noteworthy, the yield of derivatives 111 depended on

the oligomethylene chain length and the nature of substitu-

ents in the arylamine moiety.

These compounds were proven to be multiactive HDAC

and tyrosine kinase (EGF receptor and HER2) inhibitors.

Derivative 111 (n=5, R1=Me, R2=H and R3=HC:C)

had the highest activity in vitro (exceeding erlotinib and

lapatinib activities) and in vivo. The replacement of the

oxygen atom in the 6-alkoxy group by another moiety (in

compounds 113) or introduction of hydroxamic acid moi-

eties in the quinazoline position 7 and the replacement of

N-phenyl by benzyl in the position 4 bring about a decline

in inhibitory activity.

(a) 1) NaH, DMF; 2) RH; 3) KHF2, MeOH, H2O
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The ethynyl and allene moieties in the alkoxy group in

the position 6 of anilinoquinazolines (compounds 114 and

115) appreciably enhance EGFR-TK inhibitory activity.102

Structures 113

Derivatives 114 were prepared from 4-anilino-6-hydroxy-

quinazolines 102 and haloalkylacetylenes in the presence of

K2CO3 (Scheme 35). These compounds were converted to

allene derivatives 115 when treated with paraformaldehyde

and diisopropylamine in the presence of 2 equiv. CuBr in

dioxane at 110 8C. Compounds 114 and 115 having long

side chains (n=3± 6) showed long-acting inhibitory activity

against tyrosine kinase EGF receptors.

Pham et al.103 used 4-anilino-7-hydroxyquinazoline 116

to prepare 7-propargyloxy derivative 117 and its analogue

118 with an oligoester chain (Scheme 36). The treatment of

compounds 116 with propargyl bromide in the presence of

K2CO3 affords product 117, and its Mitsunobu reaction

with alcohol 119 yields 7-(o-O-propargyltetraethylene gly-

col) derivative 118.

The coupling of dithiocarbamic acid moieties and 4-ani-

linoquinazolines was accomplished in the synthesis of com-

pounds 120 (Scheme 37).104 Chloro derivatives 121 were

prepared from disubstituted benzoic acids 122a,b. In bio-

logical studies, some representatives of compounds 120

were more active, than lapatinib, against three tumour cell

lines.

Zhao et al.105 described the synthesis of gefitinib ana-

logues that contained azaspirocycle or azetidine moieties

(Scheme 38). The substitution of an iodine atom for the

chlorine atom in the alkyl chain of compounds 123, fol-

lowed by the alkylation of aza heterocycles, produced

desired anilinoquinazolines 124a ± g in 14%± 82% yields,

the yield depending on the amine. The EGF receptor

inhibition activity and antitumour activity of these com-

pounds were studied in two lung cancer cell lines to show

that derivatives 124a,b,g approached gefitinib in their activ-

ities; compound 124g had the best solubility in water.

In continuation of studies by Ballard et al.106 into the

preparation of gefitinib analogues, Barlaam et al.107 pre-

pared new derivatives 125 ± 127, which differed from one

another in the nature of the heterocyclic moiety in the side

chain. EGF, HER2 and HER3 receptor inhibition values
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for these compounds were reported. Derivative 125b, which

contains a piperidineacetamide substituent, is the most

active equipotential reversible inhibitor for those receptors

and has good pharmacokinetic characteristics. Phase II

clinical trials are now underway for this compound. The

authors considered structure ± activity correlations in the

series of derivatives 125 using molecular modelling. The

model comprised a piperidineacetamide substituent in three

conformations (A, B and C in Fig. 4 a), but only one of

them (conformation B), an analogue of the conformation

observed by X-ray diffraction in the structure of com-

pounds 125b (Fig. 4 b), could explain the high activity of

the compound.

Yin et al.108 prepared a series of new gefitinib analogues,

compounds 128, where the morpholine moiety was replaced

by N-substituted piperazine groups having different num-

bers of methylene units in the spacer between two C(O)

functions. Most of these compounds showed quite high

activities against some tumour types, specifically lung

carcinoma A-549.

Structures 128

It is known that hypoxia is responsible for the radiation

and chemotherapy resistance of most solid tumours, which

poses a serious problem in the treatment of cancer.109 New

4-anilinoquinazoline derivatives 129 were regarded to be

potential EGFR inhibitors under normoxia and hypoxia.

These compounds were prepared by introducting the

2-nitroimidazole moiety into 7-alkoxyquinazoline.110 Com-

pound 129 [X= (CH2)5, R1=HC:C, R2=H] showed the

highest potential; it had high inhibitory activity and notice-

ably inhibited A549 and HT-29 cell proliferation with

submicromolar half-inhibition concentrations (IC50) under

normoxia and hypoxia; these values are several times lower

than those for gefitinib or erlotinib.

In the next study, Cheng et al.111 expanded the range of

nitroimidazoles and introduced them into the 6-alkoxy

substituent (compounds 130). Most of the prepared com-
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mide moiety in compounds 125 (a) and the structure of molecule
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pounds had EGFR inhibitory activities comparable to that

of gefitinib, and a moderate or high antiproliferative activ-

ity against HT-29 cells under normoxia and hypoxia.

Derivative 130 (n=3, R1=Cl, R2=F, R3=NO2,

R4=H) showed the highest activity; it was chosen to be

studied further as an anticancer drug candidate. The results

of trials imply that the introduction of an active moiety to

an EGFR inhibitor would be helpful to overcome tumour

hypoxia.

The generation of new hydrogen bonds enhances

EGFR-TK inhibition provided that the ethylenediamine

moiety exists in the 6-alkoxy substituent (compounds

131).112 Derivatives 132a ± f were prepared in 13%± 36%

yields by reacting anilinoquinazolines 131 with an aryl-

containing dimeric ruthenium complex (Scheme 39). The

structure of compounds 132b was verified by X-ray diffrac-

tion.113

Compounds 132, while holding the cytotoxicity of the

organoruthenium complex, have a higher EGFR-TK inhib-

itory activity of anilinoquinazoline and a stronger ability to

accelerate tumour cell apoptosis, specifically at early stages.

The most valuable properties are observed for derivative

132d, which exceeds, in activity, gefitinib and the complex

[(Z6-p-cym)Ru(en)Cl]PF6 [p-cym stands for 4-isopropylto-

luene (p-cymene) and en is ethylenediamine].

IV.1.b. Introduction of amide groups in the position 6 of the

quinazoline ring

The synthesis and characterization of 4-anilinoquinazolines

that bear amide groups in the position 6 of the heterocycle

are well documented.114 ± 124

Structures 133, 134

Series of anilinoquinazolines 133 and 134 were prepared

with acrylamide and crotonamide moieties.114, 116, 125 ± 130

Scheme 40 illustrates the general synthetic strategy for

these derivatives exemplified by quinazoline 134a.116 The

initial compound used was 6-amino-4-[(3-bromophenyl)-

amino]quinazoline (135), whose acylation with fumaryl

Y=Br, Cl; R1=H, (CH2)3[N(CH2CH2)2O]-cyclo; R2=H, Me; R3=H,

Me, CF3, CH=CH2, Ac, CO2(CH2)3NMe2, C(O)NH(CH2)3NMe2, Ar

X

N

HN

N

N

O

R1R2

R3

Y

134

X

N

HN

N

N

O

H2C

Rn

133

H

Rn=3-Br, 3-Cl, 3-Me, 3-CF3, 3-Br-4-F, 3-Cl-4-F, 4-OPh, 4-OBn,

4-CH2NMe2; X=H, OAlk, O(CH2)3[N(CH2CH2)2O]-cyclo

130

MeO

O

R2

R1HN

N

NNN

R3

R4

n

129

O

MeO

R2

R1HN

N

N

X
NN

NO2

129: X= (CH2)n (n=3± 6), (CH2)2O(CH2)2; R1=Cl, Br, HC:C;

R2=H, F, 3-FC6H4CH2O;

130: n=1±5; R1=Cl, Br, HC:C; R2=H, F, 3-FC6H4CH2O;

R3=O2N, Me; R4=H, O2N

Structures 129, 130

3
H2N

N

N

HN Br

135

a
N

N

N

HN Br

O

Cl

O

136

H
b N

N

N

HN Br

O

N

O

Me2N

134a (37%)

H

H

(a) ClC(O)CH=CHC(O)Cl, THF; (b) Me2N(CH2)3NH2, THF

Scheme 40

n

131

[(Z6-ArH)RuCl2]2

H

MeO

O

F

ClHN

N

N
N

H2N

n
H

MeO

O

F

ClHN

N

N
N

H2N Ru

Ar

Cl

+

PFÿ6

132a ± f

132: n=2: Ar is phenyl (a), p-cymol (b), biphenyl (c);

n=3: Ar is phenyl (d), p-cymol (e), biphenyl (f)

Scheme 39

774 G.N.Lipunova, E.V.Nosova, V.N.Charushin, O.N.Chupakhin Russ. Chem. Rev., 2016, 85 (7) 759 ± 793



chloride and subsequent substitution of the second chlorine

atom under the action of N,N-dimethylpropane-1,3-di-

amine, without isolating intermediate 136, leads to amido

derivative 134a.

According to biological studies, compounds 133 and 134

are irreversible EGFR-TK inhibitors; they show a consid-

erable tumour growth reduction. It was studied how sub-

stituents in the quinazoline ring impact solubility in water

and inhibitory activity. An ester or amide side chain in the

position 3 of the acrylamide moiety in compounds 134

considerably increased solubility. The derivatives contain-

ing a morpholine moiety showed the highest inhibitory

activity.

A group of compounds 137a,b with a wide range of

amide substituents in the quinazoline position 6 were

prepared.53, 131 The inhibitory activity of these compounds

against EGFR and HER2 kinase autophosphorylation was

studied to show that, along with improved water solubil-

ities, the compounds had enhanced antitumour activities.

Derivative 137b (R=NMe2) showed the highest activity.

Structures 137

Subsequently, Klutchko et al.132 tested compounds 133

and 137a,b as irreversible tyrosine kinase inhibitors, namely

as ErbB1, ErbB2 and ErbB4 receptor inhibitors: their

activities against ErbB1 receptors were about ten times

those against ErbB2 and ErbB4.

Studies of anilinoquinazolines 133, 134 and 137 with

amide groups and their analogues showed that they inhib-

ited EGFR tyrosine kinases by irreversibly modifying the

cysteine moiety (Cys773 in HER1 and Cys805 in

HER2).116, 133 This distinguishes these compounds from

erlotinib and gefitinib, whose activity is due to modifying

the Thr790 moiety, and moreover, the mutation T790M was

observed to give rise to drug resistance. This observation

attracted the attention of those skilled in the art; an

approach was developed to overcome drug resistance due

to the use of irreversible inhibitors like 133 and 137b.48

Compound 133 {X=O(CH2)3[N(CH2CH2)2O]-cyclo;

Rn=3-Cl-4-F, development name: CI-1033} showed high

activity and was selected for further clinical trials.116

Compounds 138, where the amide group contains the

1,2-dithiolane ring of lipoic acid or its lower homologues,

were proposed as multiactive anilinoquinazoline deriva-

tives.47 EGFR-TK inhibition studies did not show a con-

siderable alteration of activity compared to amido-

substituted derivatives 133.

The introduction of anilinoquinazoline epoxyamide

group (as three enantiomers: 2R,3R, 2S,3S, 2R,3S) or

phenoxyacetamide group into the position 6 provided one

more family of new EGFR inhibitors, which chemically

modified the cysteine moiety (compounds 139 and 140).134

(2R,3S)-N-[4-(3-Bromoanilino)quinazolin-6-yl]-3-(piperidin-1-

ylmethyl)-oxirane-2-carboxamide (139) inhibited EGFR

autophosphorylation and induced apoptosis in gefitinib-

resistant NCSLCH1975 cells at far lower concentrations

than gefitinib did.

A series of new acryloylamido anilinoquinazoline deriv-

atives 141a ± c were prepared, where the linker (X) and

substituents in the position 7 and in the aniline moiety

were varied.135 The linkers used were azetidine, pyrrolidine

or piperidine substituted at various positions. Compounds

141a ± c were trialed as HER-1/HER-2 inhibitors against

two tumour cell lines: A-431 and SK-Br3. Derivatives where

Rn
1= 2-F or 2,4-F2, R2=O(CH2)2OMe and X= (S)-pyr-

rolidine-1,2-diyl showed excellent EGFR-TK inhibitory

activities against T790M mutation, high selectivity and

good pharmacokinetic profiles. Compounds 141a ± c were

recommended for the treatment of solid tumours.

Structures 138 ± 141

The acrylamide moiety of aminoquinazolines efficiently

alkylates Cys797 in EGFR-TK, but its reactivity can cause

metabolic deactivation or nonspecific reactions. There are

some publications where this moiety was replaced by

another.136 ± 138 Carmi et al.136 prepared 4-anilinoquinazo-

lines 142, which contain 3-aminopropanimide group in the

position 6. Some of these compounds, just as their acryl-

amide analogues, were efficient in inhibiting EGFR auto-

phosphorylation in lung cancer cells A549. Moreover, these

compounds inhibited the proliferation of gefitinib-resistant

cells H1975 in low concentrations.

Later, the same researchers 139 studied the long-term

effects (1 and 8 h after the inhibitor was removed from the

culture medium) of both irreversible inhibitors 142 and

reversible inhibitors, specifically gefitinib. They showed

that the observed effect arose not only from the covalent
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intracellular accumulation of noncovalent inhibitors

through their active uptake by cells.

Hamed et al.140 described a new group of anilinoquina-

zolines 143 ± 146 where aryl or heterocyclic substituents are

linked to the quinazoline through linkers such as imine,

amide or thiourea moieties. Most of these compounds

showed good inhibitory activities against EGFR-TK. Thio-

urea derivative 145 and amides 146 [R is 4-(thiazol-2-

ylsulfamoyl)phenyl; n=2] retained a considerable activity

against clinical mutants EGFRT790M/L858R, and compound

145 (R=Bn) was 24 times as active as gefitinib and

retained high activity against gefitinib-resistant cells H1975.

4-Anilinoquinazoline derivatives 147, which contain

substituted phenylacetic acid amide moieties in the position

6, showed themselves as inhibitors of c-Src (a member of the

Src tyrosine kinases family) in five tumour cell lines.141

Most of them showed selectivity between cell line A549 and

the other four lines, and compound 147 (R1=3-Br,

R2=4-Br) had the highest cytotoxicity against all tested

lines.

A set of new 4-anilinoquinazoline derivatives 148 and

149, which contain enamine ester and urea moieties, is

described.142 ± 145 Almost all of those compounds showed

EGFR-TK inhibitory activity; six of them were trialed at

the US National Cancer Institute (NCI) on 60 lines of nine

tumour types. Compounds 149 where R4
n =4-Cl were most

active against some non-small cell lung cancer, kidney

cancer and brain cancer cell lines. Derivative 149 (R1=

CH2CH2Cl, R2=N=O, R3=Me and R4
n=4-Cl), which

combines nitrosourea and anilinoquinazoline moieties,

inhibits both EGFR and ErbB2, and is considered to be a

drug candidate for further research.

Introducing a mustard group into compounds 149

[R1=N(CH2CH2Cl)2] enhanced antitumour activity; those

compounds showed a 54%± 75% inhibition of breast carci-

noma tumours MX-1 and prostate tumour PC-3 in animals

(a xenographic model) with low toxicity.144

IV.2. Second-generation EGFR-tyrosine kinase inhibitors
IV.2.a. 4-Aminoquinazolines having amide groups in the position 6

An efficient route was developed to design prodrugs that

would be efficient under hypoxia in order to improve the

tumour selectivity in irreversible pan-ErbB multikinase

inhibitors.126, 146 This route comprises the quaternization

of an aliphatic amine in the side chain of aminoquinazoline

by known bioreductive bromomethylnitrohetaryl moieties.

Using anilinoquinazoline derivative 137b as the initial com-

pound, Lu et al.146 quaternized it in THF at room temper-

ature to obtain ammonium salts 150a ± e (Scheme 41). The

screening of these compounds in the presence of oxygen and

in anoxic conditions showed that salt 150d (SN 29966)

exhibited the highest activity.147 This salt was the first

irreversible pan-ErbB inhibitor selective under hypoxia

that had a noticeable activity against cell line A431 (in

mice) and cell SKOV3 (in xenographic model). The effect of

salt 150d is due to its ability to undergo one-electron
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reduction at a potential in the range of selective reduction of

cellular reductases, efficient under hypoxia.

Scheme 41

By the results of biological testing of anilinoquinazo-

lines having amide groups in the position 6, afatinib,

dacomitinib and canertinib 136, 148 (Fig. 5) were selected for

preclinical and clinical trials. All of these drugs are second-

generation irreversible EGFR inhibitors.

Afatinib, unlike erlotinib and gefitinib, covalently binds

all members of the ErbB tyrosine kinase family, irreversibly

inhibits their activities and, likely, blocks both partners in

the ErbB receptor dimer; afatinib has a higher antitumour

activity compared to the agents targeted at EGFR solely. In

phase III clinical trials for the treatment of non-small cell

lung cancer (NSCLC) and breast cancer, afatinib showed

advantages over other signal transduction inhibitors. In

2013, afatinib was approved for the treatment of patients

having EGFR-positive NSCLC.149 ± 153

Dacomitinib (PF299804) is a selective and irreversible

inhibitor for human epidermal growth factor (HER) tyro-

sine kinase receptors; phase III cancer therapy clinical trials

for it are now underway.40

However, these irreversible inhibitors can bind not only

to target protein, so they are highly toxic. In order to reduce

the risk of nonspecific covalent binding, Xia et al.154

modified the afatinib structure by introducing a fluoro-

substituted alkene moiety into the molecule (compounds

151). The kinase-inhibitory and antiproliferative activity

studies of these derivatives showed that they had high safety

and improved pharmacokinetic properties. Compound 151

(Z-isomer; R1=Cl; R2=F; R3 is tetrahydrofuran-3-yl and

R4=NMe2) was most efficient: it efficiently inhibited

EGFRWT, EGFRT790M and A431 and H1975 tumour cells.

Since this pharmaceutical is more active and less toxic than

afatinib, it seems promising for the treatment of NSCLC in

drug-resistant patients.

Structures 151

IV.2.b. Introducing amino groups in the position 6 or 7 of the

quinazoline ring

6-Amino derivatives of 4-anilinoquinazolines 152 ± 154 were

prepared and characterized as potential EGFR inhibitors

+
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by several research teams.125, 155 ± 159 Compounds 152a,c

showed relatively high activities in the apoptosis of lung

cancer cell lines H1299 and T47D.156

4-Anilinoquinazolines 153, which bear a 2,5-dihydroxy-

benzylamine moiety in the position 6, were active EGFR

inhibitors and could inhibit cell growth in several types of

tumours (leukemia, lung cancer, kidney cancer, ovarian

cancer and brain cancer).155 Albuschat et al.155 noticed the

ability of these compounds to be solvated by various solvent

molecules, which was proved for compounds 153a by X-ray

diffraction.

A large group of 6-benzylamino 4-anilinoquinazoline

derivatives 154 is described.158 Those compounds had good

antiproliferative activities and EGFR-TK inhibitory activ-

ities; compound 154 (X=Br, R=4-OH) was most effi-

cient.

6-Amino-4-anilinoquinazoline 155 was used to prepare

two series of derivatives, namely compounds 156 and 157

(Scheme 42), which appeared active EGFR-TK inhibitors

and had a noticeable antiproliferative action to efficiently

induce the apoptosis of A549 cells.125

IV.3. Compounds having a combination activity
There is a set of studies into the synthesis and character-

ization of combination molecules that contain a 4-anilino-

quinazoline moiety and a triazene moiety.160 ± 167 Not only

can those compounds inhibit EGFR-mediated signal trans-

duction, but they also can release another EGFR-TK

inhibitor and a cytotoxic DNA-alkylating agent upon

hydrolysis under physiological conditions. 4-Anilinoquina-

zolines 158 with a mono- or dialkyltriazene moiety in the

position 6 were prepared to elucidate the role of each

pharmacophoric component.161 These compounds were

tested for EGFR-TK inhibition and antiproliferative activ-

ity. Those studies showed that each component of a combi-

nation molecule plays a very important role in the

manifestation of antitumour activity. However, monoalkyl-

triazene derivatives 158 (R2=H) appeared to be insuffi-

ciently stable.

In order to improve the stability and EGFR-inhibitory

activity of this series, Banerjee et al. prepared compound

159, where the acetoxymethyltriazene group readily con-

verts under hydrolytic conditions first to a hydroxymethyl-

triazene moiety and then to a monomethyltriazene moiety

(the consecutive release strategy).162 The half-life of quina-
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zoline 159 is 42 min; it was recommended for use as a

prodrug to serve as a multiplet EGFR inhibitor and a

methyldiazonium precursor.

Triazene ± quinazoline combination molecules 160,

which can release an EGFR inhibitor and a bifunctional

alkylator (alkylating agent), showed an increase in EGFR

inhibitory activity as the basicity of the mustard moiety

increased.165 They selectively killed transfected EGFRs and

were active against prostate cancer DU145. Derivative 160

(R=Me) irreversibly blocked EGFR phosphorylation and

induced DNA cross-coupling.

A set of combination molecules 161 having antitumour

activity were patented, where the bifunctional alkylator is

linked to two anilinoquinazoline moieties.164 Under phys-

iological conditions, these compounds release two EGFR

inhibitor molecules and a bifunctional alkylating agent.

Stable triazene-substituted combination molecules 162

have limited hydrolysis rates.166 Importantly, the stability

of compounds was attained without losing EGFR±DNA-

targeting properties, for example, for compounds 162

(R1=Me, R2=Ac).

Larroque-Lombard et al.167 described synthetic methods

for triazenoquinazolines 163a,b, which contain fluorescent

labels and various spacers between the quinazoline moiety

and the dansyl group. Compound 163b having a long spacer

is more stable and more cytotoxic than its analogue 163a,

and the antiproliferative effects of both are independent of

the condition of P-glycoprotein of sarcoma cells MES-SA.

7-Amino-4-anilinoquinazolines 164, potential EGFR

inhibitors, were synthesized by aminating the quinazoline

core (Scheme 43).168 The initial compounds in that synthe-

ses were 7-triflyloxy- (165) and 7-fluoroquinazolines (166).

The reaction was performed in N-methylpyrrolidone at

135 8C with a fivefold excess of the amine for several

hours. With triflates, the highest yields of 164 (44% ± 85%)

were with secondary amines, while for primary amines,

yields were 10%± 14%. In the substitution of an amine

moiety for the fluorine atom in compound 166, the nature

of amine had no noticeable effect on the yields of 7-amino

derivative 164 (58% ± 92%).

IV.3.a. Tricyclic aminoquinazoline derivatives

It was recently found that anilinoquinazoline and N-methyl-

anilinoquinazoline moieties are candidate chemotypes for

design of new DNA-targeted antitumour agents, where a

decrease in conformational flexibility of a molecule by

annelating the additional ring at the positions 6 and 7

provides for the specific conformation favourable for

DNA intercalation.169 Garofalo et al.170 described a series

of 4-anilino-6,7-dimethoxy- (167) and 6,7-methylenedioxy-

quinazolines (168) and studied their cytotoxic and interca-

lation activities. The anilinoquinazoline moiety was shown

to be an efficient pharmacophore for DNA binding in the

intercalation process.

Structures 167 ± 169

Chilin et al.171 and Conconi et al.172 prepared deriva-

tives 169 having rings of various sizes, each containing two

oxygen atoms, and having (het)aryl substituents at the

amino nitrogen atom in the position 4. The ring size is of

extreme importance for biological activity: dioxane deriva-

tives are most active in the context of antiproliferative

properties. Compounds having dioxolane rings can inhibit

tumour growth in vivo. Conconi et al.172 showed that the

biphenyl-3-ylamine moiety in the position 4 of quinazoline

endows the compound with multityrosine kinase inhibitory

activity. Specifically, derivative 169 (n=2; R is biphenyl-3-

yl) inhibits EGFR, EGFR-1, PDGFRb, Abl1 and Src

kinase activity in submicromolar concentrations and is

active against several types of tumours. Such compounds

are considered to be tubulin polymerization inhibitors.173

Li et al.174 introduced cyclic pyrocatechol ethers to the

6-amide (170, 171) or 6-amino group (172) of quinazoline.

Compounds 170 ± 172 were studied as EGFR inhibitors;

their cytotoxicity was studied against four tumour cell lines:

A431, MCF-7, A549 and B16-F10. For most of them, the

activity was commensurate to that of erlotinib; the size of

the methylene linker between oxygen atoms was of impor-

tance in these derivatives: the most active compound was

compound 172 (X=Br, n=3).

A series of 4-anilinoquinazolines 173, modified by

crown ether moieties at the positions 6 and 7, is reported

by Hu et al.175 A sulfur or nitrogen atom can enter ring B,

apart from oxygen atoms. A EGFR inhibitory activity

study showed that the compounds having 12-membered

ring B and bearing an X=Br, Cl or C:CH substituent

had most valuable properties. One such compound

appeared to be selective toward Anl, Arg and other kinases,

had a favourable pharmacokinetic profile in preclinical
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trials and inhibited cell growth in a wide variety of solid

tumours.

EGFR inhibitors 174 and 175 having restricted confor-

mational flexibility were prepared.176 They inhibited growth

of both gefitinib-resistant cell lines (H1975) and gefitinib-

responsive cell lines (A431), but were inefficient against

EGFR-negative cells (A549, K562 and SW620). The sub-

stitution of an acryloyl group for the hydrogen atom in the

morpholine moiety of derivatives 174 resulted in a fivefold

gain in activity. The highest activity was observed in

compound 174 [R=C(O)CH=CHCH2NMe2,

Xn =4-F-3-Cl].

Structures 173 ± 175

IV.3.b. Introducing alkyl, aryl or furanyl moieties into the position 6

of quinazoline

Another important way to modify the position 6 in 4-anili-

noquinazolines is to introduce an alkynyl or aryl group to

this position.177 ± 181 A series of 6-alkynyl-substituted anili-

noquinazolines 176 was prepared by Sonogashira reaction

from 6-brominated derivatives.179 The in vitro EGFR inhib-

ition activity tests of these compounds showed that deriva-

tive 176 (R=CH2OH) was far superior to gefitinib.

The preparation of 6-alkynyl-substituted anilinoquina-

zolines 177 with pyridine, piperidine and benzamide sub-

stituents in the aniline moiety is described.177, 180 These

derivatives showed high selectivity as ErbB2(HER2) kinase

inhibitors.

A large series of quinazolines 178, which contain an aryl

or indazole ring in the position 6 along with the aniline or

aminoindazole moiety in the position 4, was patented.181

Compounds 178 were tested in vivo for the inhibition of

various protein kinases and for antiproliferative and anti-

tumour activities.

Structures 176 ± 178

There are studies directed to the preparation and char-

acterization of 6-furanylquinazolines, which are analogues

of lapatinib.52, 182 ± 188 Compounds of this type were capable

of dual Erb-1/Erb-2 kinase inhibition owing to the bulky

substituent in their aniline moiety. Petrov et al.52 described

a group of benzyloxyaniline 6-furanylquinazoline deriva-

tives 179 with a variable substituent in the position 5 of the

furan ring. Biological activity studies of compounds 179

showed that substituents in the furan ring only insignif-

icantly affect inhibitory activity, but are of great importance

for cellular selectivity. Compounds 179 with 4-(3-fluoro-

benzyloxy)-3-haloaniline moieties showed the best enzy-

matic and cellular selectivities. Derivative 179 with

X=Cl, Y=F and Z=N[C(O)OCH2OP(O)(OH)2] was

patented as a prodrug.188

Lapatinib analogue 180 with a branched side chain

inhibits HER1/HER2 to a considerable extent, and shows

in vivo activity commensurate to that of lapatinib and a

good pharmacokinetic profile.189

Hybrid analogues of lapatinib were synthesized where

the furan ring contains moieties of known histone deacety-

lase inhibitors, in particular N-hydroxyacrylamide moiety

(181a ± d).190, 191 Derivatives 181a,c were most active; in

biochemical tests they showed selectivity and ability to
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inhibit EGFR/HER2 and the enzymatic activity of HDAC.

The authors assert that the combination of two moieties

with different pharmacological properties in one molecule is

responsible for a wider activity spectrum of these com-

pounds and a lower incidence of drug resistance in patients.

A series of new lapatinib analogues 182a ± e is described

in Refs 192 ± 194. Comparison to lapatinib shows that

compounds 182b,d are more active against tumour cells

BT-474 and NCl-N87.192 Selatinib (182b) inhibits tumour

growth in vivo to a considerable extent without causing a

significant body weight loss: percent inhibition is 94.8%

against NCl-N87 and 85.7% against SK-OV-3 (in a xeno-

graphic model ). This derivative has a high solubility in

water, which is responsible for its high bioavailability and

good pharmacokinetic profile.

Noteworthy, compounds 182, where R is a heterocyclic

substituent (morpholine, piperazine or substituted pipera-

zine), in most cases were less active than lapatinib.192

IV.3.c. Substitution in the position 5 of the quinazoline ring

The preparation and characterization of 5-substituted

4-anilinoquinazolines is documented.51, 195 ± 201 Ballard

et al.195 prepared 5-hydroxy- and 5,7-dihydroxyquinazoline

derivatives 183 with a modified aniline moiety, which were

capable of selectively inhibit the Erb2 kinase receptor.

Derivative 183 (X=H, R=Cl and Y=2-Py) inhibited

cell growth of tumour BT474C in mice (in a xenographic

model).

5-Substituted anilinoquinazolines 184 showed high

affinity and specificity to tyrosine kinases c-Src and Abl.51

These compounds also showed high selectivity to non-

receptor tyrosine kinases, excellent pharmacokinetics and

activity in vivo with oral dosing. Compound 184 {X=O,

R1=Cl, R2= (CH2)2[N(CH2CH2)2NMe]-cyclo} inhibits

tumour growth in Src-transfected 3T3-fibroblasts (in a

xenographic model) and appreciably increases animal sur-

vival rates in a highly aggressive pancreatic cancer model.

However, toxicological studies elucidated some drawbacks

of this compound; Ballard et al.196 held the opinion that

those drawbacks arose from the basicity of the substituent

in the position 5. A series of its analogues 185 were prepared

with a modified substituent in the position 5. The hydroxy-

acylamine moiety (X) entering these compounds improved

their properties: derivative 185, which contains the pyrroli-

dine moiety, inhibited BT474C tumour growth in mice (in a

xenographic model).

New erlotinib derivatives that contain one to four

fluorine atoms in the quinazoline positions 5, 8 and 2 and

in the aniline moiety were patented.202 These compounds

have high specificity and a higher protein EGFR binding

ability than erlotinib has, and were recommended for use in

the therapy of lung cancer and kidney cancer.
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IV.3.d. Substitution in the position 2 of the quinazoline ring

The effect of the nature of substituent in the position 2 on

the antitumour activity of anilinoquinazolines was

studied.203 ± 211 Most attention was paid to quinazoline

derivatives 186a ± f, which are not substituted in the posi-

tions 6 and 7. Sirisoma et al.203 showed that the methyl

group at the aniline nitrogen atom is significant for apop-

tosis-initiating activity, and substituents in the position 6(7)

reduce this activity. Compound 186a has high activity in

launching apoptosis and inhibits T47D and HCT-116

tumour cell growth and proliferation. Later, Sirisoma et

al.205 studied how the nature of substituent R in derivatives

186a ± f influences the ability to launch cell apoptosis in

three types of tumours: T47D, HCT-116 and SNU-398.

Compound 186f has the highest activity; it also has an

excellent permeability through the brain ± blood barrier and

is highly efficient against breast cancer MX-1 and other

experimental tumours in mice.

Anilinoquinazolines 187a,b, which contain a chloro-

methyl group in the position 2 and a fluorine atom in the

position 7, were tested for antiproliferative activity on

three types of tumours (HepG2, MDA-MB-468 and

HCT-116) and were far more active than gefitinib in

those tests.206

The erlotinib derivatives prepared by Chen et al.,209

where the aniline moiety (188a ± f) or benzylamine

moiety was (188g) in the position 2, were tested for the

inhibition of protein phosphatase CIP2A of tumour cells

and for biological activity against hepatocellular carci-

noma (HCC). Compounds 188b,g showed the greatest

antiproliferative effect and were the best in inhibition.

Subsequent studies proved a correlation between the cell

death and CIP2A inhibition.

2-Chloroanilinoquinazolines 189, where the aniline

moiety contains a spacer (X) and a hydrogen-bond

donor (acceptor) (Y), are described as inhibitors of two

receptors: EGFR and vascular endothelial growth

factor receptor (VEGFR-2).211 Derivative 189

[R1=R2=OMe, X=C(O) and Y=NH2] showed the

highest inhibitory activity. The results of inhibition

evaluation showed the importance of the donor character

of substituent Y for the interaction with amino acid

moieties Glu and Asp at the EGFR and VEGFR-2 bind-

ing sites.

Hour et al.212 noticed the important role of fluorine

atoms in substituents of anilinoquinazolines 190 for enhanc-

ing the activity and selectivity of these compounds as

antitumour agents. Compound 190 (R=3-OMe) induces

the death of apoptotic cells, depending on the presence of

mitochondrial receptors, in osteosarcoma U-2 OS.

Quinazoline derivative 191, which contains diaminophe-

nol moieties with charged ammonium groups in the posi-

tions 2 and 4, showed good inhibitory activity against DNA

transcription.213

Structures 190, 191

4-Anilinoquinazoline 192 with a chlorovinyl substituent

in the position 2 was prepared using one-electron transfer

reactions (Scheme 44).214 2-(Trichloromethyl)quinazoline

193 served as the initial compound for consecutive substi-

tution and elimination reactions (SRN1-ERC1). It was made

to react with nitropropane in phase-transfer catalysis con-

ditions under an inert atmosphere at room temperature.

Compound 193 was added to a fivefold excess of a prior-

prepared mixture of nitropropane and 40% tetra-n-butyl-
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ammonium hydroxide (TBAOH) and exposed for 4 h;

product 192 was obtained in 45% yield.

IV.3.e. Modifying the aniline moiety

The nature of substituents in the aniline moiety consider-

ably affects the biological properties of anilinoquinazolines.

It was as early as in 1999 that Hennequin et al.215 showed, in

a large group of 6,7-dialkoxy derivatized 4-anilinoquinazo-

lines, that the greatest enhancement of inhibitory activity is

provided by such substituents as a halogen atom and a

methyl group, preferably in the position 4 of aniline, hydro-

gen and fluorine atoms in the position 2, and a hydroxy

group in the position 3.

Introducing arsenic acid moiety in the aniline position 2

or 4 gave rise to a considerable anti-leukemic activity in

derivatives 194 against NALM-6 and MOLT-3 tumour cell

lines.216

Compounds 195, where the aniline moiety bears a

2-arylethenesulfonylmethyl substituent, were active in vitro

against HT-29 adenocarcinoma, and the derivative with a

fluorine atom in the position 4 showed activity in vivo,

too.217 Compounds 196 with a sulfamide group showed

sufficiently high activities against breast sarcomas

(MCF-7).218

Two groups of quinazolines 197 and 198, which con-

tained an aminobenzoquinone moiety in the position 4,

prepared by oxidation of the appropriate p-dimethoxyaryl

substituent, were synthesized and characterized.50, 219, 220

Compounds 197 perform as irreversible VEGFR-2 inhib-

itors; they covalently interact with Cys-1045. Unlike them,

derivatives 198 each have two autonomous reaction sites

and can function as dual irreversible EGFR and VEGFR-2

inhibitors. Each reactive site in these compounds interacts

with a cysteine moiety, the 6-(dimethylamino) crotonamide

acceptor group acts on Cys-773 in EGFR and the 4-ami-

no[1,4]benzoquinone group acts on Cys-1045 in VEGFR-2.

Entering of amide groups and arylboronic acid moieties

into the aniline moiety, as in the position 6 of quinazoline

(see above), positively affects biological activity.221 ± 223

Derivatives 199a are described as dual inhibitors (against

EGFR and VEGFR-2);211 for compounds 199b, selective

inhibition was observed, para-isomers being more active.223

The series of 4-anilinoquinazolines 200 prepared by Rao et

al.222 was tested for antitumour activity against cell lines

A-549 and MCF-7. Most of those compounds were highly

active against MCF-7.

Hybrid 4-anilinoquinazolines 201, which contain pyra-

zolourea moieties (in the meta- or para-position), are

described.224, 225 Compounds 201 are presented as new

type II inhibitors; they inhibit tyrosine kinase cSrc at low

(nanomolar) concentrations, and can overcome

cSrc-T338M mutations and tyrosine kinase mutations

KIT-T6701 and Abl-T3151. Derivative 201 where

R1=R2=Me blocks tumour cell proliferation by directly

inhibiting tyrosine kinase cSrc and infringing the generation

of focal adhesion kinases. Other representatives also exert a

strong antiproliferative effect in solid tumour cells and are

candidates for future studies.

One more group of hybrid molecules (202 and 203) has

anilinoquinazoline and asymmetrical diarylurea pharmaco-

phores in the structure.226, 227 Derivatives 202 showed a

selective VEGFR-2 kinase inhibition; compound 202 where

R1=R2=H and R3=3-FC6H4 showed, along with good

kinase selectivity, an antiproliferative effect and activity

in vivo against murine HepG2 tumour (in a xenographic

model).226

R=C(O)NH2 (a), B(OH)2 (b);

isomers: meta, para
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Compounds 203 were described as multikinase inhibi-

tors, which showed sufficiently high activities in biochem-

ical assays against the gene product BRAF, VEGFR-2 and

EGFR.227 One of these derivatives was found to interact

with the DFG-out conformation of BRAF and VEGFR-2,

which served the authors to infer that compounds 203 can

be type II kinase inhibitors.

Structures 202, 203

Introduction of a polar group, such as a hydroxamic

group, into the aniline moiety (in the para- or meta-

position) of erlotinib or gefitinib, gave compounds 204,

new dual HDAC inhibitors.228 Inhibitory activity studies in

vitro showed that compounds 204 were more active hybrid

inhibitors for HDAC /HER2 than for HDAC/EGFR.

Quinazoline derivatives 205 having a carbamate group

in the aniline moiety constitute a new series of efficient dual

tyrosine kinase EGFR/VEGFR-2 inhibitors with IC50 val-

ues in the submicromolar range.229

Anilinoquinazolines 206, where the aniline moiety bears

an allene substituent in the meta- or para-position, were

prepared from the appropriate 4-(iodoanilino) quinazolines

via Sonogashira cross-coupling followed by palladium-cata-

lyzed hydride transfer.230 Compound 206a (R=Me, meta-

isomer) showed an ability to inhibit cell growth in several

types of tumours at the level of erlotinib.

A series of quinazoline derivatives 207 with a mustard

substituent in the ortho-, meta- and para-positions of the

aniline moiety were synthesized.61, 231 Cytotoxicity studies

on five tumour cell lines showed a high tumour

growth inhibiting ability of derivative 207 {R=

(CH2)2[N(CH2CH2)2O]-cyclo; meta-isomer}; this derivative

inhibited cellular cycle in S- and G2/M phases and induced

apoptosis.

The replacement of the aniline moiety by amino benzo-

dioxol yielded quinazoline derivatives 208, which showed

high affinity and high specificity as c-Src tyrosine kinase

inhibitors.232

The results of biological studies of 5,6,7-trialkoxyquina-

zolines 209, where the position 4 is substituted with piper-

azine,233 showed tumour cell proliferation inhibitory

activity in most of these compounds and a wide activity

spectrum in some of them. 5,6,7-Triethoxy derivatives are

more active than the respective methoxy analogues. The

activities against PC3, MGC803, A375 and A549 cells in

compounds 209 (R1=Et, R2=3-MeOC6H4) are far higher

than in gefitinib.

Quinazoline derivatives 210, which contain aminobenzi-

midazole moieties in the position 4, were tested as dual

tyrosine kinase receptor inhibitors for c-Met and

VEGFR-2.234 Derivative 210 (R=4-F) showed the highest

activity; it also showed antitumour activity against MCF-7

and Hep-G2 and was chosen for further studies.

Regioisomeric hybrids of quinazoline and benzimida-

zole were prepared, namely (3-allyl-2-methyl-3H-benzimi-

dazol-5-yl)amines (211a ± d) and (1-allyl-2-methyl-1H-

benzimidazol-5-yl)-(2-NR2-quinazolin-4-yl)amines (212a,b),

and tested for antitumour activity against 60 tumour cell

lines.235 The structure of compounds 211a ± d and 212a,b

was determined relying on 1H and 13C NMR spectroscopy,

including 2D experiments using nuclear Overhauser effect

(NOE), and verified by X-ray diffraction data for com-

pound 212a. Derivative 211b was the most efficient agent

against leukemia, melanoma, kidney cancer, bowel cancer

and pancreatic cancer; its activity exceeded that of the

known drug 5-fluorouracyl.

Cai et al.236 prepared a group of 4-(benzothiazol-2-

ylamino)quinazoline derivatives 213, which contain a

substituted propoxy group in the position 7 and a sub-

stituted phenylamide moiety in the benzene ring of

benzothiazole. The cytotoxic activity of compounds 213

was studied against six tumour cell lines, but the authors

compared their results with those for the pyrimidine

analogue (dasatinib), rather than with quinazoline-based

therapeutics.
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IV.3.f. Metal derivatives of 4-arylaminoquinazolines

Conjugates 214 are a combination of the antitumour agent

erlotinib and a zinc phthalocyanine complex linked by an

oligoethylene glycol chain.237 Compounds 214 have photo-

dynamic activity against tumour cells HepG2 and specific

affinity to tumour tissues (experiments in mice). The results

of studies imply the promise of conjugates 214 for use in the

photodynamic therapy of tumours.

Amin et al.238 prepared 6,7-dimethoxyquinazoline deriv-

atives 215a ± c, where the position 4 contains the ferrocene

moiety (Fc), which is bioisosteric to an aryl substituent. The

structure of compounds 215a,c was verified by X-ray

diffraction. Biological studies showed that these complexes

are EGFR inhibitors with micro- or submicromolar values

of IC50, which is appreciably higher than in the respective

prior-art organic items. However, complexes 215 are of

importance as a tool to study kinases.

Studies 239, 240 are concerned with the design of fluores-

cent labels for signal transduction and ligand ± receptor

interactions. Shreder et al.239 prepared quinazoline deriva-

tive 216, which contains an azide group in aniline, a tetra-

ethylene glycol linker and a 5(6)-carboxytetramethyl-

rhodamine (TAMRA) moiety as a fluorescent label. Those

studies showed that this compound is a photoactive probe

for EGFR.

Quinazoline derivative 217, which contains a tetrafluor-

ophenylazide group and a biotin label in the alkoxy moiety,

was studied as one more photoactive probe.240 Compound

217 showed itself as a VEGFR-2 inhibitor, which inhibited

VEGF-induced proliferation in human umbilical vein endo-

thelial cells (HUVEC).
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V. Synthesis of labelled 4-anilinoquinazolines as
positron emission tomography agents

There are a number of recent publications concerned with

the preparation and applications of biomarkers for positron

emission tomography (PET), labelled anilinoquinazoline-

based pharmaceuticals for PET imaging of tumours. The

positron-emitting nuclides most frequently used for this

class of compounds are short-lived radioisotopes [11C;

half-life: (t1/2)= 20.4 min; 18F, t1/2= 110 min] or long-

lived radioisotopes (124I, t1/2= 4.2 days; 125I, t1/2= 59.4

days). Anilinoquinazoline derivatives functionalized with a

labelled methyl group (11CH3) are described. 241 ± 244 Com-

pounds 218 ± 220 were prepared by the alkylation of

hydroxy group in the position 6(7) or piperidine using
11CH3OTf. [11C]-Labelled gefitinib (218) was prepared in

30%± 40% radiochemical yields as a new PET agent for

detecting EGFR in tumours.243 Labelled vandetanib (219)

and its chlorinated analogue (220) were prepared in

40%± 50% radiochemical yields and used for PET imaging

of VEGFR in tumour.244

In another chlorinated analogue of vandetanib, com-

pound 221, the 11CH3 group was introduced by alkylating

the amide group in piperidine ring by means of 11CH3OTf

under basic conditions.245 Derivative 221 was prepared in

40%± 50% radiochemical yields and described as a new

PET agent for tomographic imaging of EGFR, HER2 and

HER3 in animals and humans.

Some other 11C-labelled anilinoquinazoline derivatives

contain amide groups in the position 6.246 ± 248 Irreversible

[11C]-EGFR-TK inhibitor 222, described as a PET imaging

biomarker, showed rapid metabolism in vivo for the reason

of the high reactivity of acrylamide group, with low levels of

indicator piling-up in the tumour.246

In order to eliminate those drawbacks, Mishani et al.247

prepared derivatives 223a ± c. Radioisotope 11C was intro-

duced into compound 223a as a methyl group by alkylating

the HNMe substituent of the precursor. Compound 223a

appeared to be more stable than its analogue 222, had high

selectivity and high EGFR-inhibitory ability (no radioactive

metabolism was observed in blood for 60 min). The authors

concluded that derivative 223a is most suitable for use as a

biomarker for imaging tumours.

Using various vinyl iodides 224 as reagents in the

palladium-catalyzed carbonylation of 6-amino-4-anilino-

quinazolines 225 with [11C]-carbon monoxide as nucleo-

philes (Scheme 45), Aberg and Langstrom 248 performed the

combinatorial synthesis of a library of 11C-carbonyl-

labelled acrylamides 226 as potential biomarkers of EGFR

expression. Compounds 226 were 11C-labelled in the car-

bonyl group and obtained with 24%± 61% radiochemical

yields and low isotope dilutions, which is favourable for

biological experiments. Aberg and Langstrom 248 do not

report biological assay data.

Isotope 18F is a more frequently used radioactive label

than other isotopes owing to its favourable half-life time.

For example, 18F-labelled analogues of gefitinib (227b) and

lapatinib (228) were described as PET radiopharmaceu-
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tics. 249, 250 Derivatives 227a ± c were prepared by reaction of

4-chloroquinazoline with 3-chloro-4-[18F]fluoroaniline in

isopropanol in 25%± 40% radiochemical yields. In com-

pound 228, the radioisotope entered with m-[18F]fluoroben-

zyl bromide, which was used to substitute for the hydroxy

hydrogen atom in the aniline moiety of Boc-substituted

lapatinib precursor.250 Radioisotope 18F was also intro-

duced into anilinoquinazoline derivatives 229a,b as [18F]flu-

oroanilines.251, 252

However, 18F-labelled anilinoquinazolines 227 ± 229

have some drawbacks, which are low uptakes by tumour,

low solubilities and low stabilities in vivo.253 In order to

enhance biological activity, Chen et al.254 prepared
18F-labelled anilinoquinazolines 230, which were modified

by a 18F-containing 2-fluoroethoxy moiety. Biodistribution

experiments to track compounds 230 in mice with tumour

S180 showed that the derivatives were piled up in the

tumour and rapidly excreted from muscles and blood.

Derivative 230c was found to have the best physiological

characteristics, comparable with, or even exceeding, those

of fluorodeoxyglucose ([18F]-FDG), a PET radiopharma-

ceutical known in clinical diagnostics. So, the tumour : -

muscle uptake ratio reached 7.70 in 60 min post injection,

the tumour : blood uptake ratio reached 6.61 in 120 min and

tumour : brain uptake ratio reached 41.11 in 120 min. This

compound is promising for use as a PET agent for imaging

tumours.

Iodine-isotope-labelled anilinoquinazolines are pre-

sented in Refs. 255 ± 257. The radioisotope was introduced in

the aniline moiety by substituting 125I for the trimethyl-

stannyl group by means of Na125I (for compounds

231a,b 255), or substituting 124I for the tributylstannyl

group using Na124I (in compounds 232a ± c 256) . Derivatives

232b,c have higher EGFR-inhibitory activities and show

more promise as PET agents compared to the other com-

pounds of this series.

Into the amide moiety of aminoquinazoline 233, the

iodine isotope was introduced by substituting 125I for the

bromine atom with 48% radiochemical yield and >98%

radiochemical purity.257 The in vitro study of derivative 233

showed its radiochemical stability in physiological saline at

6 and 378C up to day 4 and in fresh human serum at 37 8C
up to four hours of incubation. Fernandes et al.257 con-

cluded that this compound is a candidate for use in single-

photon emission computer tomography (SPECT) of breast

cancer.

Dissoki et al.258 prepared anilinoquinazoline derivatives

234 ± 236, modified with polyethylene glycol moieties and

labelled with 11C, 124I and 18F. These compounds showed

lower lipophilicities and higher solubilities in water com-

pared to their unlabelled analogues. In addition, they had

high EGFR-inhibitory activities with the irreversible bind-

ing effect; they were stable in blood samples for 1 ± 2 h and

are now regarded as promising PET bioprobes.

The properties of the metastable isotope
99mTc (t1/2= 65.9 h), which are almost ideal for SPECT

applications, and its availability compared to PET isotopes
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stipulated the preparation of 99mTc-labelled anilinoquinazo-

lines. Fernandes et al.259 presented two strategies for 99mTc-

labelling to use a mixed-ligand `4+1' system

[Tc(NS3)(CNR)], where R is the aminoquinazoline moiety,

and tricarbonyl cation [Tc(CO)3]+. In the former (in com-

pounds 237a,b), technetium is stabilized by the monoden-

tate isocyanide group of quinazoline moiety (CNR) and the

tris(2-sulfanylethyl)amine (NS3 tetradentate trigonal

ligand). In the latter (in compounds 238 and 239), the

technetium cation is bonded to N2O-tridentate quinazoline

ligands, which differ from each other by the nature of

heterocycle in the coordination sphere (pyrazole or pyr-

idine, respectively). The anilinoquinazoline ligands of com-

plexes 237 ± 239 showed considerable EGFR-

autophosphorylation activity in in vitro experiments and

inhibited tumour cell growth in A431. Their rhenium com-

plexes retained pharmacological properties, so the authors

continued their studies into the synthesis of 99mTc-contain-

ing compounds for the early detection of EGFR-positive

tumours.

The next communication 260 describes the preparation

and characterization of 99mTc complex 240 with the N,N-

bidentate anilinoquinazoline ligand as a biomarker for

imaging EGFR. The biodistribution of the complex was

studied in healthy mice and showed rather rapid removal

from blood and soft tissues in the first 15 min post injection,

mostly through the hepatobiliary system.

Meng et al.261 synthesized the first complex 241 based

on a 64Cu-labelled anilinoquinazoline ligand (t1/2= 12.7 h)

as a PET biomarker for non-invasive imaging of expression

of histone deacetylases in vivo. Studies on enzymes showed

that this complex had high inhibitory activity against

HDAC, like the uncomplexed ligand, and the specific bind-

ing of compound 241 to HDAC was proven. Biodistribution

data imply that the complex has a high tumour : background

ratio for breast cancer MDA-MB-231 with high HDAC

expression (in a xenographic model). The results of that

study show the potential of compounds 241 for use in

monitoring the treatment efficacy for this type of tumour.

VI. Conclusion

The above analysis of literature data shows that, in recent

years, there has been an increased interest in 4-anilinoqui-

nazolines as promising antitumour agents; new therapeutics

based on compounds of this class appear continuously. Our
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survey focuses on the main strategies to prepare 4-(het)ar-

ylaminoquinazolines, either through substitution for the

chlorine atom in the quinazoline moiety, or in the absence

of this stage. We compiled data on the improvement of

synthetic schemes for the best-known first-generation phar-

maceuticals of that series of compounds. Another focus of

our survey is on the preparation of new anilinoquinazoline

derivatives that have antitumour activity. We highlight that

most research efforts are directed to modifying substituents

in the positions 6 and 7 of the quinazoline ring. For

example, second-generation pharmaceuticals were designed

by the replacement of alkoxy groups by amide ones.

Approaches to the design of hybrid molecules by means of

introducing ureas, mustard, triazene and phthalocyanine

groups or dioxo rings into quinazoline moieties were devel-

oped to result in multiactive drugs. Modifying of substitu-

ents in the positions 5 and 2 of quinazoline and in the

aniline moiety gave rise to multikinase inhibitors.

Promising areas of research are into the design of

fluorescent probes for studying the mechanism of action of

pharmaceuticals and the preparation of labelled anilinoqui-

nazolines for use as PET imaging agents in management of

tumours. The inspection of related literature shows that

structural alteration of anilinoquinazolines offers a means

for preparing both reversible and irreversible inhibitors for

various tyrosine kinase families.

Noteworthy, many 4-anilinoquinazolin derivatives have

more activities in addition to antitumour activity, specifi-

cally antiviral activity. For example, close analogues of

gefitinib are active against pox viruses.262 Fluorinated

4-anilino-2-ethylsulfanylquinazolines show high activity

against the smallpox virus and are of interest for future

research.263

This survey was prepared with financial support from

the Russian Science Foundation (Project No. 15-13-00077,

Sections I ± III) and the Government Assignment of the

Ministry for Education and Science of the Russian Feder-
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