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We herein disclose a novel series of 4-aminopyrimidine-5-carbaldehyde oximes that are potent and
selective inhibitors of both EGFR and ErbB-2 tyrosine kinases, with ICsq values in the nanomolar range.
Structure-activity relationship (SAR) studies elucidated a critical role for the 4-amino and C-6 arylamino
moieties. The X-ray co-crystal structure of EGFR with 37 was determined and validated our design

© 2008 Elsevier Ltd. All rights reserved.

The epidermal growth factor (ErbB) family of receptor tyrosine
kinases (RTKs) plays an important role in the regulation of cell
growth, differentiation, and survival.! The ErbB family consists of
four receptors: epidermal growth factor receptor (EGFR or ErbB-
1), ErbB-2 (Her-2), ErbB-3, and ErbB-4.2 Dysregulation of the ErbB
signaling pathways has been observed in numerous solid tumors
(e.g., breast, lung, colon, and prostate).> The increased ErbB signal-
ing observed in these tumors usually results from receptor overex-
pression, gene amplification, mutation, and/or elevated levels of
ErbB ligands. Both EGFR and ErbB-2 have been targeted for inhib-
itor development by the pharmaceutical industry,? and over a dec-
ade of research has culminated in the approval of gefitinib 1 and
erlotinib 2 for the treatment of non-small cell lung cancer follow-
ing prior chemotherapeutic intervention (Fig. 1).° Lapatinib 3, a po-
tent dual EGFR/ErbB-2 inhibitor, for the treatment of advanced or
metastatic ErbB-2 positive breast cancer is currently in Phase Il
and I trials for the treatment of other solid tumors.® These agents
belong to the 4-anilinoquinazoline class of inhibitors and the key
features between the receptor and this template have been re-
vealed as follows.”® (1) The quinazoline moiety fits into the ATP
binding pocket of the kinase domain, where the N-1 nitrogen of
the quinazoline nucleus interacts with the backbone NH of Met-
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769 via a hydrogen bond, and a water mediated hydrogen bonding
is observed between the N-3 of the quinazoline and the Thr-766
side chain. (2) The aniline ring fills an adjacent lipophilic pocket.
(3) The solubilizing side chains at C-6 and/or C-7 of the quinazoline
core act to improve physical properties and confer a more favor-
able pharmacokinetic profile.

We envisioned that replacement of the quinazoline found in
molecules like 1, 2, and 3 with our recently reported 4-aminopy-
rimidine-5-carbaldehyde oxime scaffold®'° could lead to the iden-
tification of potent EGFR/ErbB-2 dual inhibitors (Fig. 2). The pseudo
six-membered ring formed by the intramolecular NH...N=C
hydrogen bond of 5 would function as a mimic of the phenyl ring
of the quinazoline. In this report, we describe the synthesis and
structure-activity relationship (SAR) of a novel series of dual
EGFR/ErbB-2 inhibitors designed around this hypothesis. An X-
ray co-crystal structure of a representative compound in complex
with EGFR is also described.

Synthesis of the target molecules is illustrated in Scheme 1.
Treatment of 4,6-dichloropyrimidine-5-carboxaldehyde!! 6 with
either NH3 gas or CH3NH,; in toluene gave 7, followed by reac-
tion with an appropriately substituted aniline to give pyrimi-
dine-5-carboxaldehyde 8. High conversion of 7-8 was usually
achieved when the base (DIEA) was added first and the aniline
was added last. Reversal of the order of addition sometimes
resulted in the Schiff base formation with the C-5 aldehyde
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Figure 1. Examples of EGFR and ErbB-2 receptor tyrosine kinase inhibitors in clinical use: Gefitinib 1; Erlotinib 2; Lapatinib 3.
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Figure 2. Quinazoline and 4-amino-6-arylaminopyrimidine-5-carbaldehyde oxime
templates.

moiety. Subsequent condensation of 8 with an O-substituted
hydroxylamine provided the desired pyrimidine oxime 9. It
should be pointed out that the E-isomer was either the major
or exclusive product obtained.

Anilines used to prepare analogues 20-24, 26 and 27 were syn-
thesized by published procedures.'?!* Aniline 12 required for the
synthesis of analogue 30 was prepared according to Scheme 2.
Pd/C-catalyzed reaction of 2-iodophenol 10 with 1-ethynyl-3-flu-

Cl Cl
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oro-benzene in the presence of PPhs, Cul, and prolinol afforded
2-substituted benzo[b]furan 11,'* which was reduced to 12 via
hydrogenation.

To ascertain whether the 4-aminopyrimidine-5-carboxalde-
hyde oxime derivatives were capable of affording potent EGFR/
ErbB-2 inhibition, we selected the 1-(3-fluorobenzyl)indazol-5-
amino group as the C-6 side chain since it has been shown in
both pyrrolotriazine!® and quinazoline!® scaffolds to provide
optimal dual EGFR and ErbB-2 kinase inhibitions. We were de-
lighted to find that compound 13 (Table 1) displayed potent inhi-
bition against both EGFR and ErbB-2 with IC50=8 and 12 nM,
respectively.'” However, methyl substitution of the C-4 amino
group (14) abrogated both EGFR and ErbB-2 activities. Such a
pronounced drop in activity against the enzyme suggested that
C-4 NH; is necessary for binding, or that the methyl group pre-
vents the molecule from attaining a proper conformation for
binding to the enzyme.

We next turned our attention to determining the effect of vari-
ous modifications at the C-6 aniline position on EGFR and ErbB-2
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Scheme 1. Reagents and conditions: (a) R'-NH,, toluene (90%); (b) DMSO, DIEA, Ar-NH,, 100 °C (65-80%); (c) R>-ONH,-HCl, MeOH, 75 °C (70-90%).
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Scheme 2. Reagents and conditions: (a) 1-ethynyl-3-fluoro-benzene, 10% Pd/C, PPhs, Cul, s-prolinol/H,0 (80%); (b) H,, 5% Pd/C (95%).
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Table 1
Structure-activity relationships for the C-4 position
(I)/
N
F H
NW(S/&(NHW
Y4
N 1 N\¢N 3
o 2
N
Compound Ry EGFR ICs¢® (uM) ErbB-2 ICs0* (uM)
13 H 0.008 0.012
14 CHs (48% inh at 2 uM) (39% inh at 10 uM)

2 Mean values of at least three experiments are used for enzyme assays of ErbB-2/
EGFR, ICsq values reported as uM concentrations. See Ref. 7 for assay conditions.

Table 2
Structure-activity relationships for the C-6 aniline substitution
IO/
_N
H 5
A N 6| N 4N Ho
1 N\¢N 3
2

Compound Ar EGFR ErbB-2

ICs0” (uM) ICs0” (uM)
15 (3-Cl-4-F)phenyl 0.070 0.204
16 3-Br-phenyl 0.024 0.557
17 (3-Cl-4-F)benzyl 1.123 5.22
18 Indazol-5-yl 0.306 4.123
19 1-benzyl-indazol-5-yl 0.044 0.022
20 1-(3-Cl-benzyl)indazol-5-yl 0.023 0.030
21 1-(3-CN-benzyl)indazol-5-yl 0.020 0.044
22 1-(3-OCH3-benzyl)indazol-5-yl 0.267 NT?
13 1-(3-F-benzyl)indazol-5-yl 0.008 0.012
23 3-Cl-4-(3,5-F»-benzyloxy)phenyl 0.033 (52% inh

at 10 uM)

24 1-(4-F-benzyl)indazol-5-yl 0.104 0.189
25 1-(3-F-benzyl)indol-5-y1 0.013 0.027
26 2-(3-F-benzyl)benzoimidazol-5-yl 0.048 0.076
27 1-(3-F-benzyl)-2,3-dihydro-indol-5-yl 0.057 0.255
28 (3-Cl-4-benzyloxy)phenyl 0.016 0.153
29 3-Cl-4-(3-F-benzyloxy)phenyl 0.012 0.018
30 2-(3-F-phenyl)benzofuran-5-yl (<10% inh (<10% inh

at 2 uM) at 10 uM)

¢ Mean values of at least three experiments are used for enzyme assays of ErbB-2/
EGFR.
5 Not tested.

kinase inhibitory activities (Table 2). Analogues with small C-6 ani-
lines (15 and 16) or simple fused 5,6-bicyclic heterocycles (18)
were selective EGFR inhibitors. However, this activity was dramat-
ically decreased if the aromatic ring was displaced by one carbon
(17). Appending a lipophilic benzyl group (19) to the C-6 indazol-
ylamine increased ErbB-2 kinase inhibition without reducing EGFR
potency. A similar trend was also reported in the quinazoline series
where increasing size at the C-4 aniline position substantially im-
proved ErbB-2 activity.'® Both m-chlorobenzyl (20) and m-cyanob-
enzyl (21) analogues showed comparable potency to compound
19. Interestingly, adding a fluorine atom at the 3-position of the
benzyl group (13) resulted in a 5-fold increase in inhibitory po-
tency against EGFR and an approximate 2-fold increase against
ErbB-2, highlighting the potential interaction of fluorine with the
enzyme (vide infra). There was slight increase in EGFR potency
for the 3,5-difluorobenzyl compound 23. However, larger groups

such as methoxy at the 3-position (22) exhibited greatly reduced
potency against EGFR. The 4-fluorobenzyl analogue 24 also proved
to have suboptimal potency. Indole-substituted analogue 25 main-
tained potency against both enzymes, whereas the 2,3-dihydro-in-
dole compound 27 showed much weaker potency against EGFR
and ErbB-2. Changing the indazole group to benzoimidazole (26),
which also displaces the 3-fluorobenzyl group to the 2-position
of the heterocycle, resulted in 6-fold lower potency against both
enzymes. Alternative extended anilines (28 and 29) gave compara-
ble, high EGFR potency but different selectivity versus ErbB-2. The
benzofuran analogue 30, which may be viewed as a conformation-
ally restricted version of 29, was inactive in both EGFR and ErbB-2
assays.

To study the SAR at the oxime side chain (R? group), a series of
unsubstituted and O-alkyl oximes were prepared and tested. The
inhibitory activity of the resultant compounds is listed in Table 3.
In general, all modifications led to potent activity against EGFR.
However, compounds with bulky and hydrophobic substituents
(33, 35, and 36) are less potent in the ErbB-2 assay. The cellular
activity of these compounds was evaluated in proliferation assays
using the SKBR3 and BT474 cell lines,'® both of which overexpress
ErbB-2. Compounds 13, 32, 34, 35, and 36 showed submicromolar
cellular antiproliferative potency, whereas compound 31 had re-
duced activity even at 10 uM, suggesting that it does not penetrate
the cell membrane effectively.

In order to determine the kinase selectivity for this series, com-
pounds 25 and 28 were evaluated against a panel of 102 kinases at
the concentration of 3 uM in the presence of 100 uM ATP?° and
found to be highly selective for the EGFR subfamily. In pharmaco-
kinetic evaluation in Sprague-Dawley rats, compound 28 exhibited
high plasma levels, low volume of distribution, and low clearance
(Table 4). Its bioavailability is 15%.

To further validate our design rationale, an X-ray crystal struc-
ture of EGFR with compound 37 bound at the ATP site was solved
at a resolution of 2.3 A2! Figure 3 illustrates the complex and
shows that the pyrimidine ring nitrogen N3 interacts with the
backbone NH of Met793 in the kinase hinge region, whereas the
amino group at the C-4 position is engaged in a second hydrogen
bond with the backbone C=0 of Met793. This binding mode ex-
plains the finding that N-methylation at C-4 amino position was
detrimental for activity. The 1-(3-fluorobenzyl)indazolylamino
group is oriented deep in the back of the ATP binding site and
makes predominantly hydrophobic interactions with the protein.
The 3-fluorobenzyl group occupies a pocket formed by the side
chains of Met766, Leu777, Thr790, Thr854, and Phe856. The 3-flu-
oro on the benzyl group is hydrogen bonded to both backbone NH
groups of Arg776 and Thr790, and is important for optimally po-
tent inhibition of EGFR. This also explains why replacement by
chlorine, cyano, or methoxy group resulted in less potent com-
pounds (20, 21, and 22), because they cannot occupy this binding
pocket without displacing key residues. The N-2 atom of the inda-
zole ring forms a weak hydrogen bond to the backbone C=0 of Leu
788 (3.7 A). The aniline nitrogen and the N-1 atom of the indazole
ring are not involved in any direct hydrogen bonding interactions
with the protein. The methoxyethoxy moiety appended to the
oxime is extended to the solvent region, which supports the find-
ing that most of the analogues with alkyl oxime substituents give
favorable inhibitory potency against both EGFR and ErbB-2. The
C-4 amino group forms an intramolecular hydrogen bond with
the oxime nitrogen atom as we anticipated, therefore mimicking
the quinazoline phenyl ring.

In summary, 4-amino-6-arylaminopyrimidine-5-carbaldehyde
oxime derivatives showed potent inhibition of ErbB-2/EGFR ki-
nase activities and antiproliferative effects toward ErbB-2 over-
expressing SK-BR-3 and BT474 cell lines. An unsubstituted
amino group at the C-4 position is essential for potent inhibitory
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Table 3
Structure-activity relationships for the C-5 side chain
2
O/R
|
N
F H
N_6 \5 NH,
| 4
N 1 N\¢N 3
o 2
N
Compound R, EGER ICso® (uM) ErbB-2 ICso? (uM) SKBR3 ICso? (uM) BT474 ICs® (uM)
13 CHs3 0.008 0.012 0.26 0.25
31 H 0.012 0.042 (41% inh at 10 uM) (34% inh at 10 uM)
32 CH,CH3 0.005 0.007 0.27 0.062
33 CH,CH(CH3), 0.032 0.173 1.88 1.03
34 CH(CH3), 0.014 0.025 0.71 0.54
35 benzyl 0.023 0.095 0.18 0.13
36 2-0OCHj3-benzyl 0.047 0.435 0.13 0.21
37 (CH5),0CH3 0.014 0.006 (84% inh at 10 M) (60% inh at 10 pM)

2 Mean values of at least three experiments are used for enzyme assays of ErbB-2/EGFR, ICs, values reported as uM concentrations.

Table 4

Pharmacokinetic parameters for compound 28, determined after dosing to Sprague-Dawley rats at 2 mg/kg iv (vehicle = 10% solutol in D5W) and 10 mg/kg po (vehicle = 0.5%

hydroxypropyl methylcellulose)

Compound Vass (L/Kg) Cl (ml/min/Kg) PO Crax (LM) PO Trax (h) po Ty, (h) po AUC (uM.h) Bioavailability %
28 0.17 3.56 5.7 0.63 8.4 193 15
Acknowledgment

Figure 3. Interactions between EGFR and compound 37. Compound 37 is shown in
green, protein residues are colored gray and atoms are colored by element for both
molecules with nitrogen blue, oxygen red and fluorine light green.

activity. This result was supported by the X-ray crystallographic
elucidation of the complex of 37 with EGFR, where the NH,
made key hydrogen bonding interaction with backbone C=0 of
Met 793. The C-6 aniline portion determines the potency and ki-
nase selectivity, and this conclusion parallels the literature SAR
at the C-4 aniline position reported for quinazoline-based RTK
inhibitors.?>?®> The oxime side chain is oriented toward
the solvent front, consistent with the observation that a variety
of substituents were tolerated. These studies suggest that
4-amino-6-arylaminopyrimidine-5-carbaldehyde oxime scaffold
effectively mimics the well-known quinazoline kinase template.
Future reports will detail the design of potent dual EGFR/ErbB-
2 inhibitors with improved bioavailability that demonstrate
antitumor efficacy in preclinical disease models.
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