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Table 1
In vitro IC50 values [lM] on selected kinases for the initial hit series
1. Introduction

Within our kinase inhibitor program, a quinazoline-bound 4-
(benzothiazol-20-yl)aniline hit structure had been identified, giving
rise to most promising inhibitory activities in in vitro kinase assays
on Aurora kinases and EGFR (Table 1).1 Serine/Threonine and tyro-
sine kinases of the Aurora and ErbB family, respectively, are de-
scribed to be potential targets for treating different kind of
cancer diseases like colorectal or non-small-cell lung cancer, glio-
blastoma, breast and colon cancer.2–6 Aurora A and B expression
is low or undetectable in resting cells, they play crucial roles in
the G2 and mitotic phases of the cell cycle, and were found to be
overexpressed in certain cancer types.7 Their inhibition results in
cell-cycle arrest or apoptosis.2,7 EGFR (=ErbB1, HER1) and ErbB2
(=HER2) possess multiple modes of action and are involved in sig-
nal transduction cascades affecting, for example, cell proliferation,
survival, angiogenesis and metastasis.4–6 These kinases are (over)-
expressed in a wide range of solid tumours, thus their inhibition
occurred to be a valuable approach for treating respective cancer
types. First small molecule protein kinase inhibitors have already
been approved by the FDA for cancer treatment, among those
Imatinib (Bcr-Abl), Gefitinib (Iressa, EGFR; Fig. 1), Erlotinib (Tarc-
eva, EGFR; Fig. 1), Lapatinib (EGFR/ErbB2) and Sorafenib (multi-
target).6,8
ll rights reserved.

: +49 89 700763 29.

08 Freiburg, Germany.
For an enhancement of efficacy on cancer cells it seemed to be
reasonable not to screen for compounds displaying high selectivity
for one certain kinase, but rather to address a few selected targets
important in same or different stages of tumour progression.9 EGFR
for example, might occur in heterodimers with other members of
the ErbB family, which can be even more oncogenic than the
respective homodimers. Thus, high inhibitory activities on both ki-
nases, EGFR and ErbB2, seemed desirable rather than tuning highly
selective EGFR inhibitors.6,10
a No inhibitory activity on PDGFRb up to a concn of 100 lM.
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Figure 1. Binding mode of 4-arylamino-quinazolines in EGFR (Iressa, Tarceva) and Aurora A (compound 24); schematic of binding pockets according to Liao in blue; crystal
structures: gatekeeper residue in blue spheres, conserved lysine residue in blue sticks.

Scheme 1. Synthesis of kinase inhibitors. Reagents and conditions: (i) BnBr, K2CO3, DMF, 100 �C, 3 h, quantitatively; (ii) 70% HNO3, AcOH, 50 �C, 3 h, 91–94%; (iii) H2 (1 bar),
Pd-C, MeOH, rt, �5 h, quantitatively; (iv) HCONH2, HCO2NH4, 140 �C, 4 h, 76–85%; (v) Ac2O, pyridine, 100 �C, 4 h, 93–96%; (vi) SOCl2, cat. DMF, 85 �C, 1.5 h, then aq NH3,
MeOH, 80 �C, 10 min, up to �90%; (vii) 18 resp. 19, PPh3, DBAD, THF or CH2Cl2, rt, 12 h, 65–85%; (viii) HCl, ethylene glycol, 110 �C (in cases of sterical hindrance: up to 140 �C),
3 h, 3–74%; (ix) 21, NaH, DMSO, 0 �C?rt, then 8 resp. 9, 130 �C, 12 h, 16–22%.
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Table 2
Selection of kinases for initial screening; size of the gatekeeper residue: 1 = small to
4 = large (for a discussion, see Section 2.3.1)

Function Kinase Gatekeeper residue Size Kinase subclass

Proliferation Aurora A Leu 2 Ser/Thr
Aurora B Leu 2 Ser/Thr
CDK2 Phe 4 Ser/Thr
CDK4 Phe 4 Ser/Thr
EGFR Thr 1 Tyr
ErbB2 Thr 1 Tyr
PDGFRb Thr 1 Tyr
PLK1 Leu 2 Ser/Thr

Survival Akt1 Met 3 Ser/Thr
IGF1R Met 3 Tyr

Angiogenesis VEGFR2 Val 1 Tyr
VEGFR3 Val 1 Tyr
TIE2 Ile 2 Tyr
EphB4 Thr 1 Tyr

Metastasis FAK Met 3 Tyr
c-Src Thr 1 Tyr

InsR Met 3 Tyr
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Based on our initial investigations into inhibition profiles for
different adenine mimics being N-attached to 4-(benzothiazol-20-
yl)- and 3-(benzothiazol-20-yl)-anilines, quinazoline scaffolds
proved to be promising for further optimization attempts.1 As an
excellent starting point the 60,70-dimethoxyquinazoline unit was
identified (Table 1), giving rise to in vitro IC50 values down to
135 nM on Aurora B (entry 1) and even 63 nM on EGFR (entry
4)—even though with virtually no inhibition of ErbB2. The 40-
(arylamino)-quinazoline structure is already known to possess a
potential for good to excellent inhibitory activities on EGFR,10,11

which was confirmed in our series as well. For initial screening
in in vitro kinase activity assays12 of molecules synthesized, a
selection of 16 kinases had been specified, covering different stages
of tumour progression (Table 2; plus InsR, inhibition of which had
to be avoided as its function is essential for nearly every cell’s gen-
eral response to insulin). In this contribution, we describe further
advancement of our multi-target approach to deliver highly potent
kinase inhibitors on an enzymatic and also cellular level, displaying
intriguing selectivity profiles.
2. Results and discussion

2.1. Synthesis and in vitro inhibition data of new quinazoline
derivatives

Original solubility issues of the previously identified hit mole-
cules were first addressed by attachment of solubilizing groups
in either the 60- or the 70-position of the quinazoline scaffold,
which—simultaneously—might tune inhibitory activity and selec-
tivity.10 These substituents would either point out towards the sol-
vent-exposed entrance E1 (nomenclature according to Liao, cf.
Fig. 1)8 when attached to 60-O or would address the secondary
hydrophobic patch E0 offering a certain diversity in sequence and
conformation among kinases, when being positioned in the 70-po-
sition of the quinazoline.8 The success of such an approach is illus-
trated by, for example, Iressa (Fig. 1), a potent EGFR/ErbB2
inhibitor.4,13 Synthesis of appropriately substituted 4-chloroqui-
nazolines 8, 9 and 17 was achieved by a combination of established
literature procedures starting from either methyl vanillate (1) or
methyl isovanillate (10), with the only difference towards these
protocols being an earlier removal of a benzyl protective group
simultaneously with the reduction of the nitro group (Scheme
1).14–16 Accordingly, quinazolinones 5 and 14 were formed by
Niementowski reaction17 of anthranilates 4 resp. 13 with form-
amide. Subsequent treatment with SOCl2 required transitory O-
acetylation to proceed smoothly. Propanols 18 and 19, attained
by reaction of 3-chloropropanol with N-methylpiperazine and pyr-
rolidine, respectively,18 were attached to 7 and 16 by Mitsunobu
reaction.16 Chloroquinazolines 8, 9 and 17 were converted into
the final products 22 by heating in ethylene glycol in the presence
of the corresponding 4-(benzothiazol-20-yl)-anilines 20 (Z = NH),
succeeding only upon addition of 2.0 equiv of HCl19 (4.0 M in diox-
ane), which had to be added to quench both basic nitrogens of the
piperazine unit in order to allow for an acceleration of the reaction
rate by chloroquinazoline activation by HCl formed during the
reaction. Diarylethers 23 were obtained by reaction of 4-(ben-
zothiazol-20-yl)phenols 21 with suitable chloroquinazolines in
the presence of NaH.20 Required 20-(4-aminoaryl)benzothiazoles
20 and 4-(benzothiazol-20-yl)phenols 21 were prepared by
polyphosphoric acid mediated condensation of appropriately
substituted 2-aminothiophenols with 4-aminobenzoic resp. 4-
hydroxybenzoic acid derivatives.21

Attaching a solubility enhancer to the 70-position generally re-
sulted in a significant increase in inhibitory activity (Table 3).
Simultaneously, selectivity was lost as compared to the 60,70-
dimethoxyquinazoline derivatives (Table 1). Inhibition of EGFR
and ErbB2 were now very similar, which is in contrast to the cor-
responding data attained for the 60,70-dimethoxyquinazolines of
Table 1 and—not as emphasized, though—for those derivatives
with the solubility enhancer attached to the 60-position (Table
S1, Supplementary data). With highly conserved binding pockets
I and II (BP-I and BP-II, respectively; cf. Fig. 1),22 such a finding
has to be a result of slightly different orientations of molecules
with a solubilizing group being attached to the 70-position as com-
pared to those with 70-OMe based on the additional binding into
pocket E0 in somewhat different overall conformations of the EGFR
and ErbB2 pockets.

When inhibition by compounds of entries 1–4 (Table 1) are
compared to those of the respective derivatives in Table 3 (entries
5, 6, 12 and 13, respectively), a decrease of the IC50 values by a fac-
tor above 20 was observed for the most pronounced targets. Fur-
thermore, best inhibitions were not necessarily detected for
identical kinases within such a pair of compounds: a shift from
Aurora B to VEGFR2 and Aurora A (entry 1 vs 5), from EGFR to
TIE2 (entry 2 vs 6) or from no clearly highlighted preferential ki-
nase to Aurora A and B (entry 3 vs 12) was observed.

In general, inhibition was now found to occur with IC50 values
below 100 nM for most pronounced targets, in a few cases even
down to the one-digit nanomolar range (entry 13, on EGFR and
ErbB2; entry 14, on Aurora A and TIE2). A certain preference was
identified on kinases crucial for cell proliferation (Aurora A and
B, EGFR and ErbB2), and some scattered inhibition of kinases in-
volved in angiogenesis was determined, especially of TIE2. Within
the arylbenzothiazole scaffold, further substitution in 3-position of
the aryl unit resulted in inhibitory profiles rather similar to the
unsubstituted derivative (entries 11–15 vs 5), with a strong
emphasis on Aurora A and B, EGFR, ErbB2 and TIE2, whereas 2-sub-
stitution gave mainly less active but more selective compounds,
especially with a significantly decreased inhibition of EGFR and
ErbB2 (entries 6–8 and 10 vs 11–14). Just by varying this substitu-
tion pattern using the same substituent (R = OMe), an interesting
switch from a rather selective Aurora A and B inhibitor with IC50

values of 65 and 90 nM, respectively (entry 8, 2-OMe), to a highly
potent and selective EGFR/ErbB2 inhibitor (entry 13, 3-OMe; IC50

values of 2 and 5 nM, respectively) was observed. Such a notion
might be explained by different dihedral angles adopted around
the anilinic NH by the quinazoline versus the aryl plain in combi-
nation with the nature of the gatekeeper residues present in the



Table 3
In vitro IC50 values (lM) on selected kinases out of a panel of 16
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Aurora and ErbB kinases (vide infra) and potential hydrogen bond-
ing towards the latter residue.

Attachment of R = 2-OH (entry 7) resulted in a general loss of
inhibitory effects, most detrimental proved to be the incorporation
of a 2-trifluoromethoxy group (entry 9). Substitution with R = Me
or F in either position (entries 6, 10, 11 and 14) generated com-
pounds with the ability to inhibit TIE2 with excellent IC50 values
between 9 and 68 nM. None or only further substitution with small
groups like fluoro in either 2- or 3-position was tolerated within
VEGFR2 inhibitors to give IC50 values below 100 nM (entries 5,
10 and 14).

With a solubility enhancer being present in the 60-position,
clearly unfavourable inhibitory activities were achieved compared
to the derivatives with such a group being placed in the 70-position
(Table S1, Supplementary data vs Table 3). Obviously the loss of
binding energy within the hydrophobic patch E0 by shifting the
piperazine unit into the 60-position cannot be compensated
Table 4
In vitro IC50 values (lM) on selected kinases out of a panel of 16
adequately. General SAR trends seemed to be comparable within
these two series, though.

Substitution in the distal ring of the benzothiazole unit dis-
played a clear selectivity enhancing effect for Aurora A and B, since
inhibition of other kinases like EGFR/ErbB2 and VEGF receptors de-
creased significantly (Table 4). Only the R4 = 60 0-OMe or 60 0-F deriv-
atives were exceptions with IC50 values on EGFR, ErbB2 and TIE2 or
VEGFR2 and TIE2, respectively, still being below 400 nM (entries
16 and 17). With the solubility enhancing group being attached
to the 70-position of the quinazoline, inhibition of Aurora kinases
remained comparable to the benzothiazole-unsubstituted com-
pound (Table 3, entry 5). Representatives of the 60-attachment ser-
ies displayed again decreased inhibitions (Table S1, Supplementary
data). A combination of substituents in both aromatic rings of the
arylbenzothiazole moiety has just been initiated, a first data point
is represented by entry 21: Inhibition of Aurora kinases was
slightly decreased by a factor of 3 compared to R1 = 2-F, R2 = H
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(Table 3, entry 10) or by a factor of 1.5 over R1 = H, R2 = 60 0-Cl (Table 4,
entry 18), but selectivity increased as compared to entry 18—
which itself displayed already higher selectivity over VEGFR2 and
TIE2 as compared to entry 10—due to an additional virtual loss of
EGFR inhibition.

2.2. Improvement of cellular effects for selected kinase
inhibitors

With compounds at hand displaying excellent in vitro enzyme
inhibitory activities on different kinases, cellular data were ac-
quired for selected derivatives (Table 5, down to entry 20). Some-
what disappointing results were obtained, any inhibitory activities
were determined to be in the micromolar range at the most, with
best EC50 values identified for compounds of entries 8, 10 and 12
for Aurora B or TIE2 between 2 and 5 lM—but not necessarily
reflecting the most pronounced inhibition of kinases measured at
the enzyme level (cf. Table 3).

Besides explanations based on different competition events
within the cell (vide infra) for the unfavourable EC50/IC50 ratios
of 55–80 for the better substrates or even worse for the rest of
the compounds down to entry 20, Table 5 (factor 100 to over
1000), such ratios might simply be a result of inappropriate phys-
icochemical properties causing problems of bioavailability within
the cell context. Thus the linking NH-unit between the quinazoline
and arylbenzothiazole moieties was chosen for further derivatiza-
tion, aiming at the removal of a protic polar group. It has been
questioned in the literature whether bis(hetero)arylanilines repre-
sent a privileged structure due to exerting optimal binding proper-
ties within kinases or simply due to the simplicity of synthetic
access to this core fragment.23 For Iressa, for example, the anilinic
NH is not involved in hydrogen bonding and seems to serve only as
an appropriate linker guaranteeing a perfect angle between the
two aromatic portions. For a series of VEGFR2 and PDGFRa inhib-
itors, an oxygen spacer was essential and clearly favourable over
NH.20 Consequently, this unit was exchanged by an oxygen or sim-
ply methylated for comparison. N-Methylation, however, resulted
in a dramatic loss of inhibitory effects, which was least emphasized
for Aurora A and B with an increase of IC50 values by a factor of �30
and was most prominent at EGFR with an augmentation of IC50 val-
ues from 2 nM to 1400 nM (entry 22, Table 6 vs entry 13, Table 3).
Replacement of the NH connector unit by oxygen generated deriv-
atives displaying a rather similar selectivity profile as the corre-
sponding NH substrates (cf. entries 23 and 24, Table 6 with
entries 5 and 10, Table 3), even though on a reduced potency level.
Inhibition of Aurora B, VEGFR3 and TIE2 became more pronounced,
with IC50 values down to 44 nM (entry 24). The ability to inhibit
EGFR was generally lost. With several examples published for suc-
cessful attachment of various heterocyclic aminoalkyl units to a
Table 5
EC50 values (lM) for selected compounds in cellular assays
quinazoline adenine mimic,14,24,25 the N-methylpiperazinylpropyl
moiety was additionally exchanged exploratory by a pyrrolidinyl-
propyl, only to give a rather similar inhibitory pattern with slightly
decreased potency (factor below 2.6, cf. entry 25 vs 24).

Compounds of entries 23–25 (Table 6) were likewise submitted
for evaluation of inhibitory activity within cellular assays (Table 5).
Sub-micromolar activities were detected on VEGFR2, TIE2 and
PDGFRb, even down to an EC50 of 60 nM on the former. A few cel-
lular EC50 values were found to be even lower than the respective
in vitro IC50 values, which was especially true for both PDGFRb val-
ues (IC50 values in the micromolar range). As was discussed by
Knight and Shokat, various settings within the cell context might
allow for an outcome of cellular activity being both, either above
or below an in vitro activity at an isolated enzyme.26 Furthermore,
varying binding kinetics (‘drug-target residence time’) for different
kinases might result in very altered effects to be observed in a cel-
lular system as compared to a mere in vitro activity assay.27 Such
notions could also explain the general lack of Aurora B inhibition
even though in vitro data was quite promising, also for the O-series
(e.g., entry 24: IC50 = 62 nM, EC50 >10 lM). According to these cel-
lular results, oxygen-linked arylbenzothiazoles out of our series
have now rather to be considered as VEGFR2/TIE2/PDGFRb inhibi-
tors. Based on the NH-linker group, good inhibitory activities on
the enzymes VEGFR2 and TIE2 gave rise to only moderate to poor
cellular EC50 values between 2.1 lM and 26 lM for entries 10, 14
and 15—which was somewhat reflecting best enzyme inhibitions
observed for these compounds except for the total inactivity on
Aurora kinases in the cellular context. Comparing with these re-
sults, the effect of the NH versus O exchange as linker becomes
most evident, now resulting in compounds with EC50 values in
the sub-micromolar range even down to 60 nM (entries 23–25).
Most surprising, however, has been the detection of good cellular
activity on PDGFRb (entry 24) for which enzyme inhibition ranged
clearly in the micromolar range for all compounds tested. The cel-
lular inhibition profile especially of compound entry 24 seems
promising, with Sunitinib being an excellent representative as it
has been approved as a multi-target kinase inhibitor with main
activity on VEGFR2 and PDGFRb for the treatment of advanced re-
nal cell carcinoma and gastrointestinal stromal tumours.28

2.3. Into SAR explanations

2.3.1. Influence of the gatekeeper residue
For a general analysis of SAR attained for the (aminoaryl)benzo-

thiazole quinazoline derivatives, a comparison of binding modes
with those of Iressa, Tarceva29 and the AstraZeneca compound
2424 (Fig. 1) seemed reasonable, as their structural similarity
should result in similar binding—and the binding modes of the lat-
ter two compounds have been discussed extensively by Liao.8

Based on the 70-attachment of the solubility enhancer at the qui-
nazoline unit in compound 24, which resulted in best inhibitory
potency in our series as well, this Aurora A ligand was assumed
to cover identical areas of the binding pocket, with the piperidine
penetrating into E0 and the arylcarboxamide extension occupying
the intersection of BP-I and BP-II. The same latter orientation
was expected to be adopted by the benzothiazole moiety of our
series. Binding of the three reference compounds as depicted in
Figure 1 into EGFR (Iressa, Tarceva) or Aurora A (for 24), as visual-
ized by crystal structures 2ITY, 1M17 and 2C6E (PDB), will signifi-
cantly be influenced by the dihedral angle between the quinazoline
plain and the aromatic ring connected to the former via the anilinic
NH linker, as the anilinic aromatic ring is positioned in close prox-
imity to the gatekeeper residue (the latter amino acid is shown in
spheres). According to a statistic analysis of such an angle for other
N-(hetero)arylaniline-kinase-inhibitors by Aronov et al.,23 it is ad-
justed most frequently to around 10–50� (median angle 23�)—and



Table 6
In vitro IC50 values (lM) on selected kinases out of a panel of 16
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was found to be around 45� for Tarceva and compound 24 (even
though with opposite sign) and 55� for Iressa. The smaller this an-
gle gets the more pronounced the overall p-overlap becomes, fur-
nishing the linking NH with increasing sp2 hybridization and
connecting both aromatic regions. The general variations of inhib-
itory potencies observed for our series of compounds might be ex-
plained by analyzing the size of the gatekeeper residue of different
kinases (Table 2) along with influences of substitution pattern at
the central aromatic and choice of the linker unit (Z = NH vs O vs
NMe; Fig. 3) on the dihedral angle. Protein sequence alignment
of the kinase domain of all 17 kinases of the screening set validated
by cross-referencing the gatekeeper residues deduced by this ap-
proach with literature data30 allowed for a classification by
increasing size (1 to 4) according to its estimated size Thr � Val
(1) < Leu � Ile (2) < Met (3) < Phe (4). When comparing the size of
gatekeeper residues for those kinases on which our compounds
displayed in vitro IC50 values below 300 nM, it is striking that lar-
ger residues (size 3 and 4) were not tolerated at all, not one IC50

value was detected below 300 nM on respective kinases (including
InsR). Best enzymatic inhibition, on the other hand, was found on
Aurora A and B, TIE2, and EGFR/ErbB2 and most promising cellular
data on PDGFRb, VEGFR2 and again TIE2, with all of these kinases
possessing gatekeeper residues of sizes 1 or 2.

With further substituents placed on the anilinic portion of the
arylbenzothiazole unit, not only the size but also the constitution
of the gatekeeper residue seems to be of importance. As can be
seen from the crystal structures in Figure 1, two different general
orientations of the central aromatic can be adopted, either posi-
tioning a meta-substituent (relative to the anilinic NH) ‘above’
the gatekeeper residue (Iressa, Tarceva; dihedral angle +45–55�)
or ‘underneath’ the gatekeeper residue (compound 24; dihedral
angle �45�)—or alternatively within the latter mode towards the
conserved lysine residue present in the phosphate binding site
(e.g., K745 in EGFR, K162 in Aurora A or K855 in TIE2). For kinases
of the ErbB family, the threonine gatekeeper offers an additional
hydroxyl group for polar interactions, which can theoretically be
addressed by either binding mode. Visualized by a manual docking
experiment of the 3-methoxy substituted derivative of entry 4 (Ta-
ble 1), positions of said threonine hydroxyl group in either orienta-
tion (2ITY or 1M17) allow indeed for such a hydrogen bonding in
EGFR and ErbB2 either from ‘above’ or from ‘underneath’ (Fig. 2;
distances between 2.7 and 3.6 Å). This cannot be realized with leu-
cine as gatekeeper residue (Aurora kinases), consequently resulting
in excellent nanomolar in vitro IC50 values for such 3-OMe deriva-
tives (entries 4, 13, Tables 1 and 3; and entry 7, Table S1, Supple-
mentary data) on the ErbB kinases paralleled by a clear
diminution of inhibition of Aurora kinases—still moderate IC50 val-
ues of 120 and 300 nM (Aurora A and B, respectively) as encoun-
tered for compound of entry 13 might be based on a flip of the
central aromatic allowing for a certain binding involvement of
the conserved lysine to the 3-methoxy group.

2.3.2. Analysis of the dihedral angle
A second approach for explaining different effects of substituent

positions at the central aromatic ring or exchange of the linking
unit Z on inhibition was based on the intrinsic energy profile of
the molecules in dependence on the dihedral angle between the
quinazoline plain and the aromatic ring of the arylbenzothiazole
unit (Fig. 3). Such an influence was calculated using density func-
tional theory (DFT; B3LYP/6-31G**) for several derivatives, by cal-
culating the total energy of a molecule adjusting the dihedral
angle between 0� and 90� in 10� steps and monitoring the energy
difference towards the respective minimum value of such a se-
quence for a given molecule. Within the Z = NH series (unsubstitut-
ed vs 2-OMe vs 3-OMe) the energetic minimum was always
around a dihedral angle of 0–10�, which is achievable for the 2-
OMe derivative if the substituent is directed towards the NH bond,
stabilized by an intramolecular hydrogen bond. When increasing
the dihedral angle, sp2 hybridization of the anilinic nitrogen be-
comes increasingly perturbed by sp3 participation, which is result-
ing in very different effects within the 3-OMe versus the 2-OMe
derivative. Within the former, the anilinic nitrogen is keeping up
as high a conjugation with the quinazoline moiety as possible,
the benzothiazole itself starts to rotate out of conjugation within
the arylbenzothiazole portion (aryl vs benzothiazole). For the 2-
OMe derivative, the NH bond rather attempts to stay within the
arylbenzothiazole plain within reach of an intramolecular hydro-
gen bond, with the arylbenzothiazole plain itself not experiencing
any distortion in this case. Consequently, both series (2- vs 3-
substituted) seem to develop a significantly different spatial
demand with increasing dihedral angle, which might serve as an
explanation for the different selectivity profiles identified for the
two series with regard to non-threonine gatekeeper containing
kinases.

As to the nature of the linker unit, it was hypothesized for a set
of VEGFR2 inhibitors that the loss of affinity for their NH- versus O-
series might be a result of different hybridization of the linker
atom (rather sp2 for the nitrogen vs sp3 for the oxygen) translating
into different orientations of the two aromatic units.20 This, how-
ever, would not reflect our findings within the enzyme assays



Figure 2. Positioning of compound entry 4 (Table 1) into the crystal structure of
EGFR taken from 2ITY (top) and 1M17 (bottom): quinazoline part was superim-
posed with the corresponding unit of Iressa and Tarceva, respectively, dihedral
angles between central aryl and quinazoline as well as between central aryl and
benzothiazole were adjusted according to DFT calculations and statistic evaluations
(cf. Section 2.3.2, around 40� for the former). Positioning of the gatekeeper
threonine residue (sticks) is shown as present in the crystal structures. Possible
hydrogen bonding from the 3-OMe group of the ligand towards the threonine
hydroxyl group in a favourable distance (around 3 Å) are highlighted by a dotted
line.

Figure 3. Influence of linker and substituent choice on the relative energy content
in dependence on the dihedral angle within the molecule (DFT; B3LYP/6-31G**).
Graphs display the energy difference towards the respective energy minimum in
dependence on the dihedral angle for each compound evaluated.
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(NH-series slightly favourable over the respective O-derivatives,
even on VEGFR2). For comparison of Z = NH vs Z = NMe, hybridiza-
tion of the nitrogen might be a decisive factor, as for a dihedral an-
gle of 0�, complete sp2 hybridization was identified by DFT
calculations for Z = NH, whereas the NMe derivative has to endure
certain molecular constraints to circumvent steric hindrance by
the additional methyl group resulting in a small but distinct sp3

character. Increasing the dihedral angle, steric interaction is mini-
mized, which is, however, paralleled by an increasing loss of sp2

character due to the diminution of conjugation. These effects result
in a most preferable minimum structure with a dihedral angle of
10� for the NH variant, whereas the NMe derivative reaches its
minimum not before an angle of 60�. With oxygen being more
prone to sp3 hybridization, no clean sp2 hybrid is present even at
a dihedral angle of 0�, resulting in a certain bent structure of the
molecule. With a total conjugation factor thus being less empha-
sized within the O-series, avoiding steric hindrance within the
molecule becomes the decisive factor, and the energetic minimum
is reached around a dihedral angle of 50�. Regarding the assump-
tion that a best fit into the enzyme pocket might be achieved with
dihedral angles between 10� and 50� (based on the statistical eval-
uation of literature data, vide supra), allowing for the arylbenzo-
thiazole to pass beside the gatekeeper residue into the back cleft,
the energy difference towards their energetic minimum for Z = O
and NH is rather similar and low (cf. energy plot, Fig. 3) in this
range of the angle, whereas it is constantly on a higher level for
Z = NMe, thus rendering it rather difficult for the molecule to adopt
such an angle: This might be a plausible explanation for the virtual
loss of potency for the latter.

2.4. Selectivity profiling: panel of 252 kinases

Having identified compounds now also displaying cellular
activity, a more profound selectivity profile was determined for
the three oxygen-bridged compounds of entries 23–25. Their
inhibitory activity on a panel of 252 kinases was investigated at
compound concentrations of 0.1, 1.0 and 10 lM. For a complete list
of test results, please refer to the Supplementary data. With a cut-
off chosen at 30% inhibition or below at 1 lM compound concen-
tration—which would translate into IC50 values around or above
approximately 5 lM—rather similar profiles were attained for all
three compounds, resulting in 18–25 kinases being hit simulta-
neously, with only around 10 kinases being potentially inhibited
in the submicromolar range (Fig. 4). Highest inhibition values at
0.1 lM were identified for all three compounds on Aurora B, C
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and TIE2 with values between 47% and 62%. Furthermore, BRK,
MERTK, SAK and VEGFR3 were usually privileged targets for inhibi-
tion by two of the three compounds evaluated. With the Aurora ki-
nases playing a crucial role in regulation of mitosis,2,7 TIE2 and
VEGFRs being linked to tumour angiogenesis,3 BRK being described
to potentiate EGF-induced proliferation in breast cancer cells,31

MERTK influencing cell survival signaling32 and SAK inhibitors
being discussed as potential apoptosis-inducing anticancer
drugs,33 the clearly confined selectivity profiles determined for
our compounds of entries 23–25 might offer a chance to tackle
Figure 4. Profile of kinase inhibition for compounds entry 23–25 at 0.1 and 1.0 lM
compound concentrations with inhibitions above 30% at 1 lM out of a panel of 252
kinases.
appropriately selected cancer types by addressing a few different
mechanisms in tumour progression, which might result in high
efficacy in in vivo models. However, as was already evident from
our results depicted in Section 2.2, inhibitory activity in enzyme
assays does not necessarily translate into activity in a cellular con-
text, which was especially true for Aurora B in a negative and for
PDGFRb in a positive sense. Consequently, a thorough screening
of cellular activity followed by an educated selection of appropriate
cancer cell lines for a further evaluation of these compounds has to
be initiated now in order to avoid missed opportunities or an incor-
rect focus based on enzymatic data. Furthermore, MERTK inhibi-
tion has to be monitored with regard to (reversible) retinal
degeneration in long-term treatment for a definition of a possible
therapeutic window.32
3. Conclusion

With introduction of the di-(hetero)arylether series, a lead scaf-
fold has been identified, now resulting in excellent EC50/IC50 ratios
on selected kinases, with enzymatic IC50 values below 100 nM and
cellular EC50 values between 60 and 800 nM (entries 23–25). Best
enzyme inhibitions for these compounds were detected on Aurora
and VEGFR kinases as well as on TIE2, whereas the corresponding
NH-derivatives displayed excellent inhibitory potential on EGFR/
ErbB2 in several cases, with IC50 values even below 10 nM. For
Aurora and EGFR kinases, such in vitro potencies could not trans-
late into good activities in the respective cellular assay, whereas
on PDGFRb, VEGFR2 and TIE2, good activities were detected. In
general, all these compounds did not show significant in vitro inhi-
bition of InsR, with IC50 values >3 lM in all cases and >10 lM for
most derivatives.

Several possibilities for tuning selectivity, targeted kinase
groups and solubility have been demonstrated by variation of
substituents at the central aromatic or the distal ring on the ben-
zothiazole moiety and attachments of solubilizing groups in 60- or
70-position of the quinazoline, with further options by varying
such a group itself. An exchange of NH within the N-(hetero)ary-
laniline by oxygen resulted in a drastic increase in cellular activ-
ity. Possible explanations for SAR trends have been elaborated
applying computational tools, which should allow for a most
stringent further lead optimization.
4. Experimental

4.1. Chemistry

Preparative TLC: Merck PLC plates, Silica Gel 60 F254, coating thick-
ness 0.5 mm, 1.0 mm or 2.0 mm. NMR spectra: Bruker Avance
300 MHz, recorded at room temperature. The chemical shifts are gi-
ven in ppm, the residual solvent peak was used as an internal standard
(CDCl3: d 7.26; CD3OD: d 3.31; DMSO-d6: d 2.49). Analytical LC/ESIMS:
Waters 2700 Autosampler; Waters 1525 Multisolvent Delivery Sys-
tem; column: Chromolith Fast Gradient C18, 50� 2 mm (Merck) with
stainless steel 2 lm prefilter. Waters Micromass ZQ single quadrupol
mass spectrometer with electrospray source. MS method:
MS5_30minPM-80-800-35 V; positive/negative ion mode scanning.
Preparative HPLC/ESIMS: Waters 600 Multisolvent Delivery System
with peparative pump heads; 2 mL or 5 mL sample loop; column:
Waters X-Terra RP18, 7 lm, 19� 150 mm with X-Terra RP18 guard
cartridge 7 lm, 19� 10 mm; flow rate: 20 mL/min; or YMC ODS-A,
120 Å, 40� 150 mm with X-Terra RP18 guard cartridge 7 lm,
19 � 10 mm; flow rate: 50 mL/min. Make-up solvent: MeCN–H2O–
HCO2H 80:20:0.05 (v/v/v). All reagents and building blocks were com-
mercially available if not indicated otherwise. Reactions were not
optimized for maximum yields. The synthesis of compounds 2–9,
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11–19, 20-(4-aminophenyl)benzothiazoles 20 and 4-(benzothiazol-
20-yl)phenols 21 is described in the Supplementary data of this article.

4.1.1. General procedure: synthesis of N-substituted 20-(4-
aminoaryl)benzothiazoles 22

To a mixture of the respective 4-chloroquinazoline 8 or 17
(0.130 mmol) and a suitable 20-(4-aminophenyl)benzothiazole 20
(0.143 mmol) in ethylene glycol (1.2 mL) was added 4 M HCl in
dioxane (0.260 mmol), and the sealed vial was heated for 3 h at
the indicated temperature. Purification method I: The reaction mix-
ture was partitioned between satd aq NaHCO3/brine 1:3 (100 mL)
and CHCl3 (100 mL, then 2 � 50 mL). Combined organic phases
were re-extracted once against 50 mL brine and dried over MgSO4.
Product was crystallized from CHCl3/Et2O (Ia) or acetone/Et2O (Ib).
Purification method II: The reaction mixture was purified by pre-
parative HPLC. Eluent A: 0.1% aqueous HCO2H (IIa) or water (IIb);
eluent B: MeCN. Gradient: 95% A + 5% B to 100% B linear within
3.80 min, then isocratic for 0.20 min, then back to 95% A + 5% B
within 0.07 min, then isocratic for 0.23 min; flow: 0.6 mL/min
and 1.2 mL/min.

4.1.1.1. N-[4-(Benzo[d]thiazol-20 0-yl)phenyl]-60-methoxy-70-[3-
(4-methylpiperazin-1-yl)propoxy]quinazolin-40-amine (Table 3,
entry 5). From 8 and 20-(4-aminophenyl)benzothiazole at 110 �C.
Purification method Ia. Yield: 74%. 1H NMR (300 MHz, CD3OD): d
2.15 (mc, 2H), 2.39 (s, 3H), 2.64 (br s, 8H), 2.69 (t, J = 7.4 Hz, 2H),
4.08 (s, 3H), 4.26 (t, J = 6.2 Hz, 2H), 7.20 (s, 1H), 7.44 (td, J = 7.6,
1.1 Hz, 1H), 7.54 (td, J = 7.6, 1.1 Hz, 1H), 7.79 (s, 1H), 7.99 (d,
J = 7.6 Hz, 1H), 8.04 (m, 3H), 8.13 (d, J = 8.8 Hz, 2H), 8.55 (s, 1H);
LC/(+)ESIMS (m/z): 541 [(M+1)+, 20%], 401 [47%], 271 [(M+2)2+,
100%], 141 [77%]; LC/(�)ESIMS (m/z): 539 [(M�1)�, 100%].

For a description of the synthesis and characterization data of
the remaining 22 analogs, please see the Supplementary data of
this article.

4.1.2. General procedure: synthesis of O-substituted 20-(4-
hydroxyaryl)benzothiazoles 2320

To a solution of the respective 4-(benzothiazol-20-yl)phenol 21
(0.096 mmol) in DMSO (2 mL) was added NaH (0.12 mmol, 60%
dispersion in mineral oil) at 0 �C, and the mixture was stirred for
10 min at room temperature. The respective 4-chloroquinazoline
8 or 9 (0.08 mmol) was added, and the mixture was heated at
130 �C for 12 h. The products were purified by preparative HPLC.
Eluent A: water; eluent B: MeCN. Gradient: 95% A + 5% B to 100%
B linear within 3.80 min, then isocratic for 0.20 min, then back to
95% A + 5% B within 0.07 min, then isocratic for 0.23 min; flow:
0.6 mL/min and 1.2 mL/min.

4.1.2.1. O-[4-(Benzo[d]thiazol-20 0-yl)-2-fluorophenyl]-60-meth-
oxy-70-[3-(4-methylpiperazin-1-yl)propoxy]quinazolin-40-hydr-
oxide (Table 6, entry 23). From 8 and 4-(benzothiazol-20-yl)-2-
fluorophenol. Yield: 22%. 1H NMR (300 MHz, CDCl3): d 2.15 (mc,
2H), 2.49 (s, 3H), 2.67 (t, J = 7.0 Hz, 2H), 2.75 (br s, 8H), 4.05 (s,
3H), 4.28 (t, J = 6.4 Hz, 2H), 7.36 (s, 1H), 7.41 (ddd, J = 8.3, 7.3,
1.2 Hz, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.52 (ddd, J = 8.3, 7.3, 1.2 Hz,
1H), 7.56 (s, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.96 (ddd, J = 8.4, 2.0,
1.0 Hz, 1H), 8.04 (dd, J = 10.7, 2.0 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H),
8.61 (s, 1H); LC/(+)ESIMS (m/z): 560 [(M+1)+, 96%], 420 [29%],
280.5 [(M+2)2+, 27%], 141 [100%].

4.1.2.2. O-[4-(Benzo[d]thiazol-20 0-yl)phenyl]-60-methoxy-70-[3-
(4-methylpiperazin-1-yl)propoxy]quinazolin-40-hydroxide
(Table 6, entry 24). From 8 and 4-(benzothiazol-20-yl)phenol.
Yield: 16%. 1H NMR (300 MHz, CDCl3): d 2.15 (mc, 2H), 2.54 (s,
3H), 2.69 (t, J = 7.0 Hz, 2H), 2.80 (br, 8H), 4.05 (s, 3H), 4.28 (t,
J = 6.4 Hz, 2H), 7.35 (s, 1H), 7.40 (td, J = 7.9, 1.2 Hz, 1H), 7.41 (d,
J = 8.8 Hz, 2H), 7.50 (td, J = 7.9, 1.2 Hz, 1H), 7.55 (s, 1H), 7.92 (d,
J = 7.9 Hz, 1H), 8.09 (d, J = 7.9 Hz, 1H), 8.22 (d, J = 8.8 Hz, 2H),
8.63 (s, 1H); LC/(+)ESIMS (m/z): 542 [(M+1)+, 54%], 402 [93%],
271.5 [(M+2)2+, 36%], 141 [100%].

4.1.2.3. O-[4-(Benzo[d]thiazol-20 0-yl)phenyl]-60-methoxy-70-[3-
(pyrrolidin-1-yl)propoxy]quinazolin-40-hydroxide (Table 6, entry
25). From 9 and 4-(benzothiazol-20-yl)phenol. Yield: 21%. 1H NMR
(300 MHz, DMSO-d6): d 1.70 (mc, 4H), 2.00 (mc, 2H), 2.47 (br s, 4H),
2.58 (t, J = 7.1 Hz, 2H), 4.00 (s, 3H), 4.27 (t, J = 6.4 Hz, 2H), 7.40 (s,
1H), 7.49 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.55 (d, J = 8.7 Hz, 2H), 7.57
(ddd, J = 7.8, 6.9, 1.3 Hz, 1H), 7.60 (s, 1H), 8.09 (d, J = 8.1 Hz, 1H),
8.18 (d, J = 7.8 Hz, 1H), 8.22 (d, J = 8.7 Hz, 2H), 8.58 (s, 1H); LC/
(+)ESIMS (m/z): 513 [(M+1)+, 100%], 402 [10%], 257 [(M+2)2+, 56%],
112 [33%].

4.2. Biological assay systems

4.2.1. In vitro protein kinase activity assays12

A radiometric protein kinase assay was used for measuring
in vitro protein kinase activity. All kinase assays were performed
in 96-well FlashPlatesTM from Perkin Elmer/NEN (Boston, MA,
USA) in a 50 lL reaction volume. The assay reaction cocktail in-
cluded 60 mM HEPES-NaOH, pH 7.5, 3 mM MgCl2, 3 mM MnCl2,
3 lM Na-orthovanadate, 1.2 mM DTT, 50 lg/mL polyethylene gly-
col 20000 and 1 lM [c-33P]-ATP that equalled approximately
5 � 105 cpm per well, recombinant protein kinase (10–200 ng per
well) and, depending on the kinase, the following substrate pro-
teins: Casein (PLK1), GSK3(14-27) peptide (AKT1), histone H1
(CDK2/CycA), Rb-CTF (CDK4/CycD1), poly(Ala,Glu,Lys,Tyr)6:2:5:1

(InsR, PDGFRb), poly(Glu,Tyr)4:1 (EGFR, EphB4, ErbB2, FAK, IGF1R,
TIE2, Src, VEGFR2, VEGFR3) and tetra(LRRWSLG) peptide (Aurora
A, Aurora B). Reaction was performed at 30 �C for 80 min and
stopped by addition of 50 lL of 2% (v/v) aq H3PO4. After washing,
incorporation of radioactive 33Pi was measured with a microplate
scintillation counter (Microbeta Trilux, Wallac). IC50 values were
determined by single-point measurements at 10 compound con-
centrations ranging from 3 nM to 100 lM in half-logarithmic steps
and were calculated using the program Quattro Workflow 2 (Quat-
tro Research GmbH, Munich, Germany; http://www.quattro-re-
search.com). The fitting model for the IC50 determinations was
‘Sigmoidal response (variable slope)’ with parameters ‘top’ fixed
at 100% and ‘bottom’ at 0%.

4.2.2. Cellular endoreduplication assay for Aurora B
Cellular inhibitory activity of compounds on Aurora B was

determined in a FACS-based endoreduplication assay. The assay
is based on the propidium iodide (PI) fluorescence determination
as a measure for the DNA amount in HCT116 colon carcinoma cells
increasing upon endoreduplication. In brief, cells were cultivated
for 72 h in the presence of different compound concentrations.
Subsequently the percentage of endoreduplicated cells yielding a
PI fluorescence signal exceeding that of cells with a chromosome
content of 2n was determined. Upon plotting the percentage of
endoreduplicated cells against the compound concentration a
sigmoidal regression curve and a corresponding EC50 value was
determined using the program Prism 4.03 (GraphPad Software,
San Diego, CA, USA; www.graphpad.com). For each EC50 curve, five
compound concentrations were measured once ranging from 1 nM
to 10 lM as a logarithmic serial.

4.2.3. Cellular phosphorylation assays for EGFR, PDGFRb,
VEGFR2 and TIE2

Cellular activity on the receptor tyrosine kinases (RTK) EGFR,
PDGFRb, VEGFR2 and TIE2 was tested by determining the inhibition
of the autophosphorylation of these receptors. Test compounds

http://www.quattro-research.com
http://www.quattro-research.com
http://www.graphpad.com
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were applied to cells expressing the respective RTKs. Stimulation of
cells resulted in maximal autophosphorylation in control cells (high
control) and decreased phosphorylation levels in cells bearing
successfully inhibited RTKs. Subsequently, cells were lysed using
a standard lysis buffer preserving the distinct phosphoprotein
levels. RTK-phosphorylation was quantified via sandwich ELISA
using receptor-specific capture antibodies and a phosphotyrosine
antibody.

Sigmoidal inhibitor curves based on relative inhibition com-
pared with phosphorylation levels under high control conditions
were generated and allowed the determination of EC50 values for
each test compound. For each EC50 curve, nine compound concen-
trations were measured in duplicate ranging from 1 nM to 10 lM
as a half-logarithmic serial.
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