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Members of a novel class of 4-amino-6-arylamino-pyrimidine-5-carbaldehyde hydrazones were identi-
fied as potent dual ErbB-2/EGFR kinase inhibitors using concept-guided design approach. These com-
pounds inhibited the growth of ErbB-2 over-expressing human tumor cell lines (BT474, N87, and SK-
BR-3) in vitro. Compound 15 emerged as a key lead and showed significant ability to inhibit growth fac-
tor-induced receptor phosphorylation in SK-BR-3 cells (IC50 = 54 nM) and cellular proliferation in vitro
(IC50 = 14, 58, and 58 nM for BT474, N87, and SK-BR-3 respectively). The X-ray co-crystal structure of
EGFR with a close analog (17) was determined and validated our design rationale.

� 2008 Elsevier Ltd. All rights reserved.
The type I receptor tyrosine kinases (RTK) are involved in vari-
ous aspects of cell growth, survival, and differentiation.1 Among
the known RTKs, the epidermal growth factor receptor (EGFR)
and ErbB-2 (HER-2) are two widely studied proteins that are pro-
totypic members of the ErbB family that also includes ErbB-3
(Her-3) and ErbB-4 (HER-4).2 Over-expression of ErbB-2 and EGFR
has been associated with aggressive disease and poor patient prog-
nosis in a range of human tumor types (e.g. breast, lung, ovarian,
prostate, and squamous carcinoma of head and neck).3 Disruption
of signal transduction of these kinases has been shown to have an
antiproliferative and therapeutic effect.4 Various approaches have
been developed to target the ErbB signaling pathways including
monoclonal antibodies (trastuzumab/Herceptin� and cetuximab/
Erbitux�) directed against the receptor and synthetic tyrosine ki-
nase inhibitors (gefitinib/Iressa�, 2, and erlotinib/Tarceva�, 4).5

Since many tumors over-express ErbB receptors and/or ligands,
simultaneous targeting of multiple erbB receptors therefore be-
comes a promising approach to cancer treatment. Lapatinib (Tyk-
erb�, 3), a potent dual EGFR/ErbB-2 inhibitor, was recently
approved for the treatment of ErbB-2 positive breast cancer.6

Among various scaffolds employed as ErbB-2/EGFR kinase
inhibitors (Fig. 1),5c,6,7 the 4-anilinoquinazoline scaffold (2, 3, and
4) is the most commonly utilized template for inhibition of the
ll rights reserved.
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ErbB family. The quinazoline moiety fits into the ATP-binding
pocket in the kinase domain, while the aniline ring fills an adjacent
lipophilic pocket.

In an effort to develop non-anilinoquinazoline small molecular
ATP-competitive ErbB-2/EGFR inhibitors as cancer therapeutics,
we recently reported a novel series of 4-aminopyrimidine-5-carb-
aldehyde oximes (6)8 that are potent dual inhibitors of EGFR and
ErbB-2 tyrosine kinases (Fig. 2). This scaffold effectively mimics
the well-known quinazoline kinase template by forming a pseu-
do-bicyclic structure with the help of an intramolecular hydrogen
bond between the 4-amino group and the oxime nitrogen atom.
Further bioisosteric replacement of the oxime moiety with hydra-
zone leads to aminopyrimidine hydrazone (7), in which the intra-
molecular NH. . .N@C hydrogen bond is maintained and would
function as mimics of the phenyl ring of the quinazoline (Fig. 2).
Although the hydrazone side chain is expected to orient toward
the solvent front (vide infra), a cyclic N,N-disubstituted hydrazone
might gain additional kinase potency due to the restricted bond
rotation of the side chain. We report here the synthesis and struc-
ture–activity relationships (SAR) of this series as dual ErbB-2/EGFR
kinase inhibitors and the X-ray crystal structure of representative
compound 17 in complex with EGFR.

4-Amino-6-arylaminopyrimidine-5-carbaldehyde hydrazones
were synthesized according to the two-step sequence outlined in
Scheme 1. Treatment of 4-amino-6-chloro-pyrimidine-5-carbalde-
hyde (8)9 with the appropriate aniline in DMSO at 100 �C for 3 h
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Figure 1. Examples of ErbB family TK inhibitors currently approved or in clinical trials for anti-cancer therapy.
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Figure 2. Quinazoline (5), 4-amino-6-arylaminopyrimidine-5-carbaldehyde oxime (6),8 and hydrazone (7) templates.
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Scheme 1. Reagents and conditions: (a) ArNH2, DIPEA, DMSO; (b) R2R1NHNH2, MeOH.

Table 1
Inhibitory activity of oxime and primary hydrazones–SAR at the C-5 position

N N

H
N NH2

N
R

N
N

F
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2

4
56

3

Compound R ErbB-2
IC50

a (lM)
EGFR
IC50

a (lM)
ErbB-2 phosphorylation
IC50

a (lM)

118 CH3O 0.012 0.008 0.301
12 CH3NH 0.084 0.012 0.361
13 CF3CH2NH 0.020 0.052 0.258
14 4-CH3O–C6H4 0.118 0.049 1.291

a Mean values of three experiments are used for ErbB-2 and EGFR enzyme assays
and ErbB-2 cellular phosphorylation assay. IC50 values are reported as lM
concentrations.
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provided the 4-amino-6-arylamino-pyrimidine-5-carbaldehyde
(9). Condensation of (9) with various hydrazines in MeOH afforded
the aminopyrimidine hydrazones (10). In all cases the E-isomer
was either the major or exclusive product obtained.

In the quinazoline and pyrrolo[2,1-f][1,2,4]triazine series,10,11 it
has been demonstrated that larger aniline substitutions confer
greater dual ErbB-2 and EGFR tyrosine kinase inhibition. A similar
SAR trend was also seen in our 4-aminopyrimidine 5-carbaldehyde
oxime scaffold, where increasing size at the C-6 aniline position
substantially improved ErbB-2 potency.8 In pursuit of our goal to
improve dual ErbB-2/EGFR activities in the 4-aminopyrimidine
hydrazone series, we selected 1-(3-fluorobenzyl)-indazol-5-amino
at the C-6 position for our SAR study. Our initial effort focused on
the primary hydrazones and Table 1 summarizes the inhibitory
activities of these compounds against ErbB-2/EGFR kinases and
ErbB-2 receptor phosphorylation in SK-BR-3 cells.12,13

In terms of ErbB-2 kinase activity, the primary hydrazone 12 is
7-fold less potent than the corresponding methyl oxime 11. How-
ever, both compounds significantly inhibit ErbB-2 receptor phos-
phorylation in SK-BR-3 cells. The aryl-substituted primary
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hydrazone 14 is much less potent in both ErbB-2 and EGFR enzyme
assays. Trifluoroethylhydrazone 13 maintains decent ErbB-2 ki-
nase potency as well as significant inhibition of ErbB-2 receptor
phosphorylation in SK-BR-3 cells but is less potent against EGFR
kinase.

We next turned our attention to di-substituted hydrazones,
especially the cyclic N,N-disubstituted hydrazones. Table 2 sum-
marizes the inhibitory activities of these compounds against
ErbB-2/EGFR kinases and ErbB-2 receptor phosphorylation in SK-
BR-3 cells. Antiproliferative activity of selected compounds against
four cancer cell lines, BT474 (breast tumor), N87 (gastric tumor),
SK-BR-3 (breast carcinoma), and HeLa (cervical adenocarcinoma)
are also summarized in Table 2.14

The N,N-dimethylhydrazone 15 is 42-fold more potent than N-
methylhydrazone 12 in the ErbB-2 kinase assay and 3-fold more
potent in inhibiting the ErbB-2 receptor phosphorylation. It is also
6-fold more potent than the methyl oxime 11 in the ErbB-2 kinase
assay. In the cell antiproliferative assays, N,N-dimethylhydrazone
15 significantly inhibits the growth of ErbB-2 over-expressing
BT474 (63 nM) and SK-BR-3 (148 nM) cell lines as well as N87
(131 nM) cell line, which over-expresses both ErbB-2 and EGFR.
We also tested the oxime 11 in the BT474 and SK-BR-3 antiprolif-
erative assays. It has IC50 of 254 nM against BT474 cell line and IC50

of 260 nM against SK-BR-3 cell line. The cyclic N,N-disubstituted
Table 2
Inhibitory activity of N,N-disubstituted hydrazones at the C-5 position

N
N

F

Compound R2R1NErbB-2 IC50
a (lM) EGFR IC50

a (lM) ErbB-2 phosphor

15

H3C
N

H3C
0.002 0.008 0.105

16 NO 0.007 0.016 0.083

17 N 0.018 0.030 0.148

18 NNH3C 0.008 0.016 0.509

19 NN
HO

0.008 0.009 0.054

20
N

OCH3 0.039 0.026 0.426

21
N

OCH3 0.072 0.031 NDf

a Mean values of three experiments are used for ErbB-2 and EGFR enzyme assays a
concentrations. IC50 values listed as >10 or >100 indicate that 50% inhibition was not re
maximum observed.

b Breast tumor line over-expressing ErbB-2.
c Gastric tumor line over-expressing ErbB-2.
d Breast Carcinoma cell line over-expressing ErbB-2.
e Cervical adenocarcinoma.
f Not determined.
hydrazones 16–21 all remain very potent (IC50 within the range
of 2 to72 nM) against both ErbB-2 and EGFR kinases. Compounds
16, 17, and 19 exhibit very potent antiproliferative activities in
BT474, SK-BR-3, and N87 cell lines. All compounds tested do not
inhibit the growth of the non-ErbB-2-dependent HeLa cell line
(IC50 > 10 lM), consistent with a cellular mode of action involving
inhibition of ErbB-2/EGFR. For reference, lapatinib (3) has an IC50 of
25 nM in the BT474 cell line. The high potency seen for the cyclic
N,N-disubstituted hydrazones in both enzyme and cell assays is be-
lieved to result in part from the restricted bond rotation of the
hydrazone side chain, which contributes to good Caco-2 perme-
ability properties of these molecules (data not shown).

To determine kinase selectivity for this series of dual ErbB-2/
EGFR inhibitors, analogs 16 and 17 were screened against a panel
of 100 kinases at the concentration of 3 lM in the presence of
100 lM ATP.15 Both compounds were highly selective versus the
kinase panel, inhibiting only Lck (71% and 60%, respectively) and
c-Raf (47% and 50%, respectively) in addition to EGFR and ErbB-2.

To further validate our design rationale, compound 17 was suc-
cessfully crystallized with EGFR protein and the X-ray crystal
structure of the complex was determined to a resolution of
2.0 Å.16 The structure reveals that compound 17 binds to the
ATP-binding cleft with the amino-pyrimidine ring hydrogen-
bonded to the kinase hinge region. Details of the interactions be-
N N

H
N NH2

N
N

R2

1

2

4
56

3

R1

ylation IC50
a (lM) BT474b (lM) N87c (lM) SK-BR-3d (lM) HeLae (lM)

0.063 0.131 0.148 >100

0.031 0.091 0.122 >100

0.049 0.365 0.691 >10

NDf NDf NDf NDf

0.014 0.058 0.058 >100

NDf NDf NDf NDf

NDf NDf NDf NDf

nd ErbB-2 cellular phosphorylation assay. IC50 values are reported as micromolar
ached at the highest dose tested (10 or 100 lM, respectively), nor was an inhibition



Figure 3. Interactions between EGFR and compound 17. Compound 17 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.

Table 3
Fast pharmacokinetic evaluation for compounds 15, 16, and 17 in Sprague–Dawley
rats at 10 mg/kg po

Compound Concn (ng/mL)
at 0.5 h

Concn (ng/mL)
at 1 h

Concn (ng/mL)
at 2 h

Concn (ng/mL)
at 4 h

15a 10.1 6.3 13.2 4.6
16b 26.1 21.6 1.5 0
17b 23.4 12.6 32.4 0

a Vehicle = 10% solutol in D5W.
b Vehicle = 0.5% hydroxypropyl methylcellulose.
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tween the protein and 17 are shown in Figure 3. The pyrimidine
ring nitrogen N3 interacts with the backbone NH of Met793 (not
shown), and the amino group at the C-4 position is engaged in a
second hydrogen bond with the backbone C@O of Met793. The
1-(3-fluorobenzyl)indazolylamino group is oriented deep in the
back of the ATP binding site and makes predominantly hydropho-
bic interactions with the protein. The 3-fluorobenzyl group occu-
pies a pocket formed by the side chains of Met766, Leu777,
Thr790, Thr854 (not shown), and Phe856 (not shown). The 3-fluoro
on the benzyl group interacts with both backbone NH groups of
Arg776 and Thr790 (3.2 Å and 3.19 Å, respectively). The N-2 atom
of the indazole ring forms a weak hydrogen bond to the C@O of Leu
788 (3.9 Å).

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 piperidine group of the hydrazone moiety is ex-
tended to the solvent-exposed region. The C-4 amino group on
the pyrimidine ring clearly forms an intramolecular hydrogen bond
with the hydrazone nitrogen atom as we anticipated, therefore
mimicking the quinazoline phenyl ring.

An overlay of the EGFR-bound conformations of lapatinib (3)17

and compound 17 is shown in Figure 4, which confirms that 17
Figure 4. Overlay of lapatinib (3) onto compound 17. Compound 17 is shown in green, L
nitrogen blue, oxygen red, fluorine magenta, chlorine light green, and sulfur yellow.
binds in a similar fashion to lapatinib (3). The overlay between pro-
teins in both crystal structures showed an alignment throughout
the protein with a rms deviation value of 0.01096. This comparison
also shows a near-perfect alignment between both compounds
with the exception of the orientation of the hydrazone moiety in
17 compared to the furan of lapatinib.

Compounds 15, 16, and 17 were selected for fast pharmacoki-
netic evaluation (at four time points: 0.5, 1, 2, and 4 h) in Spra-
gue–Dawley rats, all compounds exhibited very low plasma
levels (Table 3). Although most compounds in the series displayed
good Caco-2 properties and modest in vitro rat microsomal stabil-
ity (data not shown), aqueous solubility for most of the 4-amino-
pyrimidine hydrazones synthesized was very low, which could
account for the poor rat PK profile for 15, 16, and 17. Solubility
could be improved by appropriate modification of the R1 and R2

substituents on the hydrazone moiety since this region is posi-
tioned toward the solvent interface, as shown in the crystal struc-
ture of 17 and EGFR.

In summary, 4-amino-6-arylaminopyrimidine-5-carbaldehyde
hydrazones have been explored as dual ErbB-2/EGFR kinase inhib-
itors. The N,N-disubstituted hydrazone compounds possess excel-
lent in vitro tyrosine kinase inhibition as well as cellular
antiproliferative activity in the ErbB-2 over-expressing BT474,
N87 and SK-BR-3 tumor cell lines. One of the optimized com-
pounds, 15, exhibited IC50 values of 8 and 9 nM against ErbB-2
and EGFR, respectively, in the kinase assay, and showed potent
antiproliferative effect in the ErbB-2 over-expressing tumor cell
lines (IC50 = 14, 58, and 58 nM for BT474, N87, and SK-BR-3 respec-
tively). Consequently, its close analog 17 was co-crystallized in
complex with EGFR and the X-ray crystal structure was deter-
mined. The X-ray structure showed a nearly identical binding
mode as lapatinib (3), except that lapatinib makes hinge contact
at Met 793,17 whereas 17 forms a bidentate interaction with NH
and the carbonyl oxygen of Met793.
apatinib is colored pink, and atoms are colored by element for both molecules with
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