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Discovery of 4-azaindoles as novel inhibitors of c-Met kinase
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A series of 4-azaindole inhibitors of c-Met kinase is described. The postulated binding mode was con-
firmed by an X-ray crystal structure and series optimisation was performed on the basis of this structure.
Future directions for series development are discussed.
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Members of the receptor tyrosine kinase (RTK) family are
attractive targets for cancer therapy as inhibition can disrupt sig-
naling pathways that mediate tumour formation and growth.1

c-Met kinase is a member of this family that, together with its
ligand, hepatocyte growth factor (HGF) or scatter factor (SF), is
important for normal mammalian development. However, c-Met
has been shown to be deregulated and associated with high
tumour grade and poor prognosis in a number of human cancers.2

c-Met can become activated by a variety of mechanisms, including
gene amplification and mutation inducing motility, invasiveness
and tumourgenicity into the transformed cells.3 Activation leads
to receptor dimerisation and recruitment of several SH2 domain
containing signal transducers that activate a number of pathways
including the Raf-Mek-Erk and PI3k-Akt cascades. Targeting the
ATP binding site of c-Met is a popular strategy for inhibition of
the kinase, with a number of drug candidates reaching the clinical
trials phase.4 We now wish to report our efforts in this area.

Using our knowledge of the ATP-binding site of kinases in gen-
eral and c-Met in particular, we identified a series of scaffolds that
could potentially form either monodentate or bidentate H-bonds
with the kinase hinge residues. Consideration of docked models
of these scaffolds allowed us to determine appropriate positions
for the addition of suitable substituents to interact with key struc-
tural or functional features in the kinase. These elaborated scaf-
folds were then prioritised on the basis of synthetic tractability
All rights reserved.
and novelty. During this process we observed that the 4-azaindole
1 had moderate activity against c-Met in a biochemical assay5 (IC50

3.5 lM) and decided to study this scaffold further.
The sulphonylated 4-azaindoles were prepared as shown in
Scheme 1, by treatment of the commercially available azaindoles
with the appropriate sulphonyl chloride. Where functionality was
present in the 6-position, this was protected as appropriate prior
to the sulfonylation and then elaborated.

Sulphonylated 7-azaindoles were also studied for comparative
purposes, their preparation is shown in Scheme 2, starting from
the commercially available 7-azaindole. Addition of 2 equivalents
2 3

Scheme 1. Preparation of sulphonylated 4-azaindoles. Reagents and conditions: (i)
PhSO2Cl, Et3N, THF.
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Table 1
SAR for 4-azaindoles and pyrrolopyrazines

N

X N
SO2R

Compd R X c-Met IC50 (nM)

15 Phenyl CH 3500
16 3-Chlorophenyl CH 5670
17 2-Chlorophenyl CH 900
18 2,3-Dichlorophenyl CH 100
19 2,5-Dichlorophenyl CH 2030
20 2,6-Dichlorophenyl CH 480
21 3-Nitrophenyl CH 70
22 2-Nitrophenyl CH 20
23 4-Nitrophenyl CH 16% @ 20 lM
24 3-Methoxyphenyl CH 4600
25 3-Aminophenyl CH 4400
26 3-Methylsulphonyl phenyl CH 25,200
12 3-Nitrophenyl N 1730

N N
H

S

NO2

R

N N
H

R

N N
H

S
O

O

NO2

R

N N

S

NO2

R

N N

S
O

O

NO2

R

i ii

ii

iii

4 5 6

7 8

Scheme 2. Preparation of sulphonylated 7-azaindoles. Reagents and conditions: (i)
NaH, DMF, bis(3-nitrophenyl)disulphide; (ii) mCPBA, CH2Cl2; (iii) NaH, DMF, MeI.
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of base followed by the appropriate disulphide gave selective addi-
tion at the 3-position.

The sulphonylated pyrrolopyrazine 12 was prepared as shown
in Scheme 3 using a modification of a reported route6 with a palla-
dium catalysed heteroannulation of the pyrazine 9, followed by
deprotection and sulphonylation. Alkylated 4-azaindoles were pre-
pared as shown in Scheme 4 by deprotonation of the azaindole fol-
lowed by addition of the appropriate bromides.

Initial efforts aimed at exploring the SAR focused on the phenyl-
sulphonyl group; activities for a representative selection of com-
pounds are shown in Table 1. Substitution in the 3-position
generally leads to a loss in potency, however, substitution in the
2-position resulted in an improvement (compare 16 with 17).
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Scheme 3. Preparation of pyrrolopyrazines. Reagents and conditions: (i) TMS-
acetylene, LiCl, PdCl2(dppf), Na2CO3, DMF; 100 �C; (ii) Cs2CO3, THF, MeOH;
(iii) 3-nitrophenylsulphonyl chloride, Et3N, THF.
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Scheme 4. Preparation of non-sulphonylated 4-azaindoles. Reagents and condi-
tions: (i) NaH, DMF, THF, 5-bromomethyl-benz[1,2,5]oxadiazole.
Interestingly, 2,3-disubstitution, for example, 18, gives an even
greater increase. However, it was with the incorporation of a nitro
group, 21 and 22, that we observed the greatest enhancement in
potency, though similar substitution in the 4-position, 23, abol-
ished activity.

A limited study of the scaffold showed that the introduction of a
second nitrogen atom in the pyridine ring (i.e., 12) reduced po-
tency, presumably because of reduced H-bonding to the hinge res-
idues. Modeling studies had showed that the 3-sulphonylated 7-
azaindole would be expected to form a bidentate H-bond with
the residues in the hinge region of the kinase with a consequent
improvement in potency. This regioisomer would also avoid the
potential for the sulphonylaryl group to act as a leaving group.
However, the expected improvement in activity was not observed,
Table 2. Interestingly, N-methylation of the indole, to give 30, did
not abolish activity suggesting that the pyridine N atom-hinge H-
bond was a major contributor to binding potency. As the 7-azain-
dole scaffold had been used quite extensively in a number of kinase
inhibitors,7 we returned to the 4-azaindole series with the belief
that optimisation of the substitution pattern would improve
potency.

A systematic study of the 4-azaindole scaffold revealed that the
6-position would be suitable for further potency optimisation
studies. It was found that a range of substituents could be accom-
modated at this position but the amine functionality, especially
piperazine groups appeared to be preferred, Table 3. In an attempt
to rationalise these observations we solved the X-ray crystal struc-
ture of the c-Met-32 complex, Figure 1.8 The binding mode was re-
vealed to be as we had predicted with the 4-N atom of the
azaindole forming an H-bond to the hinge Met1160, the 2-nitro-
phenyl ring p-stacking to Tyr1230, the nitro group forming an H-
bond to the backbone NH of Asp1222 and the carboxamide group
pointing toward solvent. The same conformational change to
Table 2
SAR for 7-azaindoles

N N

SO2R
1

R2

Compd R1 R2 c-Met IC50 (nM)

27 Phenyl H 1175
28 3-Nitrophenyl H 200
29 2-Nitrophenyl H 75
30 3-Nitrophenyl Me 8100



Table 3
SAR of 2-nitrophenyl analogues

N

N
S

O2N

O
O

R

Compd R c-Met IC50 (nM)

31 CO2H 310

32 CONH2 82

33 N
MeN

O

300

34 N
N

t-Boc
20

35
N

NH
20

Table 4
SAR of benzofurazan analogues

N

N
SO

R

O
N

O
N

Compd R c-Met
IC50 (nM)

MKN-45
IC50 (nM)

A549
IC50 (nM)

36 H 22 nd nd

37 NN
MeN

15 820 1310

38
NH

N
23 nd nd

39 N
N

NH 9 200 130

40 NH2 16 1300 2200

41 N
N

O

N

11 480 430

42 N
N

O

Me 12 370 500

43 N
N

O
MeHN 14 570 570

nd: no data.
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Tyr1230 that we had observed with our quinoxaline inhibitors was
also evident.9

Attention now turned to stabilising the arylsulphonamide. Re-
sults from hepatocyte stability studies and observations during
synthesis suggested that the arylsulphonamide was relatively la-
bile, and that this was enhanced by the electron withdrawing prop-
erties of the nitro group making the sulphonyl group prone to
nucleophilic attack. Attempts to sterically block access to the sul-
phonyl group by introducing a methyl group at the 2-position of
the azaindole gave compounds with a substantial drop in potency.
Incorporation of benzofurazan as a nitrophenyl isostere, a modifi-
cation that had proved successful in our quinoxaline series,9 gave
a compound that was equipotent (compare 36, Table 4 with 22,
Table 1). A search for other suitable 2-nitrophenyl replacements
was conducted by constructing a 76-membered library of sulph-
onamides prepared by the reaction between the 4-azaindole and
readily available sulphonyl chlorides. This library identified the
imidazo[2.1.b]thiazole group as a potential replacement, based
on their potency profile in the biochemical assay, Table 5. Docking
suggests that the thiazole ring can p-stack with Tyr1230, the 7-N
imidazothiazole atom can H-bond with the backbone N-H of
Asp1222, see Figure 1, and the chlorine atom enters a hydrophobic
pocket formed by Leu1157, Ala1226 and Leu1140. Combination of
the imidazothiazole and a solubilising group at the 6-position gave
46 that had promising activity, Table 5. The imidazothiophene also
appeared to stabilise the sulphonamide. For example, whereas 35
had an hepatocyte clearance rate that was too rapid to measure,
45 and 46 had rates of 1.0 and 0.3 s�1, respectively.
Figure 1. (A) X-ray crystal structure of the c-Met (green)/compound 32 (off-white) com
with c-Met (green), showing postulated interaction of the imidazothiazole with Asp1222
for comparison.
We also investigated potential replacements for the sulphona-
mide, Table 6. Although the methylene and carbonyl linked ana-
logues were inactive for the nitrophenyl analogues, the
methylene linked benzofurazans 55 and 57 did show activity.
Interestingly, the two carbon atom linked 2-nitrophenyl analogue
54 also showed promising activity, suggesting that these com-
pounds could form the basis of a new series of c-Met inhibitors.

Compounds with sufficient potency in the biochemical assay
were screened in functional cell-based assays using two different
cell lines, MKN45 and A549. MKN45 cells are derived from a poorly
differentiated gastric adenocarcinoma and have constitutive c-Met
activity due to amplification of the c-Met gene locus.10 These cells
represent a ligand-independent cell line in which activation of
plex showing key interactions; (B) docking of a model of compound 46 (off-white)
and Tyr1230. The positions of Met1229-Tyr1230 (from PDB:1ROP) are shown in pink



Table 5
SAR of imidazo[2.1.b]thiazole analogues

N

NR
S

N

N S
O
O
Cl

Compd R c-Met IC50

(nM)
MKN-45 IC50

(nM)
A549 IC50

(nM)

44 H 35

45
NH

N
24 1700 1710

46 N
N

NH 9 110 90

47 NH2 10 490 580
48 H 35 nd nd

49 OH 15 3600 2810

50 N
N

t-Boc
27 1946 110

51 N N
N

t-Boc

19 147 450

nd: no data.

Table 6
Non-sulphonylated 4-azaindoles analogues

N

N
R1

R2

Compd R1 R2 c-Met
IC50

(nM)

MKN-45
IC50

(nM)

A549
IC50

(nM)

52 Benzyl H i/a nd nd
53 2-Nitro benzoyl H 12100 nd nd
54 2-Nitro

phenylethyl
H 250 nd nd

55

NO
N N

N
NH

19 1800 1880

56

NO
N

N
NH 1040 nd nd

57

NO
N

N N
N

t-Boc

33 3080 3280

nd: no data.

Figure 2. Western blot of MKN-45 cells after treatment with compound 39
showing absence of p-Erk and p-Akt.
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c-Met and subsequent downstream signaling are consequences of
receptor overexpression. A549 cells are human derived non-small
cell lung cancer cells (NSCLC) and in contrast to MKN45 cells, c-
Met activation is dependent upon engagement with ligand-inde-
pendent c-Met phosphorylation11). In this assay12 addition of a sol-
ubilising group such as the piperidinyl pyrazole 39 (a group that
features in the potent c-Met inhibitor PF-234106613) appeared to
enhance potency. Also noteable is the effect of the piperidinyl pyr-
azole group on the cell-based activity, as shown by comparison of
46 with the piperazine analogue 45.

In order to exert its cellular functions c-Met signals through
multiple downstream signaling pathways, including the mitogen
activated protein kinase (ERK1/2) and mediated signaling PI3K/
AKT pathways. The Western blot in Figure 2 shows that 39 inhib-
ited c-Met autophosphorylation in MKN-45 cells in a dose depen-
dent manner and, significantly, inhibition of phospho-AKT and
phospho-ERK1/2 was also observed.14 No activity was observed
for 39 against AKT and ERK 1/2 in a screen against a panel of 60
kinases.15

In conclusion we have identified a novel series of 4-azaindole
inhibitors of c-Met kinase. Guided by an X-ray crystal structure
we have been able to rationalise the SAR and identified positions
where further optimisation would prove profitable.
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