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To develop multikinase inhibitors with dual PLK1/VEGF-R2 inhibitory activity, the d-annulated
1-benzazepin-2-one scaffold present in the paullone family of kinase inhibitors was investigated as a
general structure template suitable for anchoring annulated heterocycles at the hinge region of the ATP
binding site. For this purpose, the indole substructure of the paullones was replaced by other nitrogen
containing heteroaromatics. The designed scaffolds were synthesized and tested on the indicated
kinases. The 2-anilino-5,7-dihydro-6H-pyrimido[5,4-d][1]benzazepin-6-ones were found to be VEGF-
R2 inhibitors with selectivity against the insulin receptor kinase. The attachment of a methoxy group to
the 9-position of the scaffold led to additional PLK1 inhibitory activity, which was explained by an
alternative binding mode of the 9-methoxy derivatives. Selected members of the compound class
inhibited theVEGF-R2autophosphorylation in humanumbilical vein endothelial cells, the sprouting of
human umbilical vein endothelial cell speroids, and the proliferation of diverse cancer cell lines.

Introduction

Because overexpression and hyperactivity of protein ki-
nases is frequently observed in human tumor tissues, the
inhibition of certain protein kinases was established as a
therapeutic concept during the past decade.1-3 In the begin-
ning of the protein kinase inhibitor era, the selective inhibition
of only one target enzyme appeared desirable to limit un-
wanted side effects. However, given the high similarity of the
ATP-binding pocket architecture in the protein kinases and
the fact that besides a few exceptions4 the majority of estab-
lished kinase inhibitors compete with ATP at the ATP-
binding site of the enzyme, it is not surprising thatmost kinase
inhibitors show a modest degree of protein kinase selectivity.
Hitting more than one tumor-related protein kinase at a time
is not necessarily a drawback but offers the advantage of a
broader application of the drug against diverse tumor entities

on the one hand and a lower risk of drug-resistance develop-
ment during treatment on the other hand.5 Recently multi-
kinase inhibitors have been launched as anticancer drugs, e.g.,
sunitinib,6 sorafenib,7 and dasatinib.8,9

The investigation reported here was directed to find dual
inhibitors of the tumor-related kinases polo-like kinase 1
(PLK1a) and VEGF-R2 (vascular endothelial growth factor-
receptor 2).

PLK1 is an important serine/threonine kinase necessary for
cell division and tissue proliferation of eukaryotes. During
mitosis, PLK1 regulates centrosomematuration,microtubule-
kinetochore attachment, and the onset of cytokinesis during
late mitosis. During anaphase, PLK1 initiates cleavage furrow
ingression and spindle elongation. Cells treated with PLK
inhibitors fail to divide and exit mitosis as tetraploid binucle-
ates.10 PLK1 is overexpressed in a variety of human cancer
tissues and high PLK1 levels are correlated with poor prog-
nosis.11 PLK1-depletion by siRNA is able to induce apopto-
sis,12 and inhibition of PLK1 by antisense-oligonucleo-
tides resulted in growth inhibition of cancer cells.13 Further-
more, application of short hairpin RNA against PLK1 re-
sulted in cancer inhibition in a nude mice model.14 In murine
xenograft assays, the potent ATP-competitive and selective
synthetic PLK1-inhibitor BI2536 also inhibited tumor
growth.15 Taken together, these findings lead to the suggestion
that PLK1 is a valid biological target for potential anticancer
therapeutics.11

The inhibition of tyrosine kinase receptors of the vascular
endothelial growth factor (VEGF) is one of themainmodes of
action of the mentioned multikinase inhibitors sunitinib16,17

and sorafenib.7 To growbeyonda volumeof 1-2mm3, a solid
tumor depends on the supply of the cancer cells with oxygen
and nutrients through blood vessels.18 For an induction of
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angiogenesis, the tumor secrets VEGF and other growth
factors which interact with VEGF receptors (VEGF-Rs) on
vascular endothelial cells (ECs).TheECs then escape from the
existing blood vessel walls and proliferate toward the source
of the VEGF. After formation of new tubular structures,
blood flows through the new capillaries. The uncontrolled
angiogenesis in tumor tissue is characterized by an irregular
and chaotic structure of the blood vessels. A high vasculariza-
tion is not only a prerequisite for growth of solid tumors but
also increases the formation of metastases. Within the VEGF
receptor family, VEGF-R1 (Flt1) is involved in the early
inflammation process by regulation of monocyte and macro-
phage chemotaxis. VEGF-R3 (Flt4) is important for lym-
phangiogenesis and thus may play a role in the dissemination
of lymphatic metastases of solid tumors. Located on endothe-
lial cells (ECs), VEGF-R2 (KDR) is responsible for tumor
angiogenesis. The inhibition of VEGF-R kinases located on
ECs bears the advantage that in contrast to the tumor cells the
ECs are genetically stable and therefore less prone to develop
resistance against antiproliferative agents. VEGF-R2 is one of
the crucial target structures of the mentioned multikinase
inhibitors sorafenib and sunitinib as well as of drugs currently
in clinical development.19-21 We hypothesized that a single
agent inhibiting both PLK1 and VEGF-R2 might interfere
with tumor growth both on the level of uncontrolled cell
division and tumor vascularization. We therefore were inter-
ested to find novel chemotypes with such dual kinase inhibi-
tion profiles as starting points for an anticancer drug
development campaign.

For the rational idea-generation toward novel protein
kinase inhibitor lead structures, it has been suggested to use
the structural data of protein kinase-ligand complexes in the
ProteinData Bank (PDB).22 A recent analysis of the available
PDB files of protein kinases cocrystallized with diverse in-
hibitors identified 53 molecular inhibitor substructures that
are responsible for binding to the hinge region in the ATP-
binding pocket of kinases.22 Themain binding feature of these
structure motifs is a pattern of one to three hydrogen bonds
between the inhibitor and three attachment points in the hinge
segment of the protein kinase, namely the backbone carbonyl
oxygen of the amino acid next to the “gatekeeper” residue
(gkþ1) and both backbone carbonyl and NH group of the
amino acids two positions toward the carboxy terminus, the
so-called “gkþ3” amino acid.22

Wehere report a search for dual PLK1/VEGF-R2 inhibitor
chemotypes comprising the d-annulated 1,3-dihydro-2H-1-
benzazepin-2-one scaffold present in the paullone kinase
inhibitor structure. Because the paullone basic structure was
not included in the compilation of characteristic ATP pocket-
binding motifs published by Ghose at al.,22 we intended to
generate protein kinase inhibitors with a certain degree of
novelty by this method.

The paullones (Chart 1) represent a group of established
inhibitors of cyclin-dependent kinases (CDKs) and glycogen
synthase kinase-3 (GSK-3).23 Among this compound class,
kenpaullone (1) is a commercially available dual CDK/GSK-
3-inhibitor.24 Kenpaullone’s 9-nitro analogue, alsterpaullone
(2), displays enhanced CDK/GSK-3 inhibitory potency and
induces apoptosis in cancer cells by perturbation of the
mitochondrial inner membrane potential.25 The binding
mode of alsterpaullone to the ATP binding pocket of GSK-
3β was elucidated by X-ray structure analysis of a protein-
ligand complex (PDB entry 1Q3W).26 Alsterpaullone binds,
among others, by two direct hydrogen bonds emanating from
the lactam moiety directly to the gkþ3 amino acid. A third
water mediated hydrogen bond connects the lactam carbonyl
to the gkþ1 amino acid carbonyl group.26While the commer-
cially available 1-aza-kenpaullone (3) is widely used as selec-
tive GSK-3 inhibitor,27 its 2-aza isomer 4 lacks selectivity,
showing dual CDK/GSK-3 inhibitory activity similar to
kenpaullone 1.28 In a panel of 71 protein kinases, 1 μM
concentrations of kenpaullone inhibited 9 other kinases be-
sides GSK3 and CDK2/cyclin A.29 This observation suggests
that the benzolactammotif of the paullonesmight be a general
hinge-binding element. Using this information, we designed
the potential protein kinase inhibitor chemotypes A-D
(Table 1) by replacing the indole ring of the paullones by
other heterocyclic systems. The particular structures were
chosen because a straightforward synthesis procedure from
simple common heterocyclic enaminones was envisaged for
these scaffolds.

A preliminary docking study was carried out to check
whether prototypes 21, 24a, and 28aof the designed inhibitors
might fit in the ATP binding pockets of the mentioned target
kinases. The insulin receptor kinase (INS-R) was included in
these studies as a counter kinase of indispensable physiological
importance. It was explicitly desired that the newly deve-
loped kinase inhibitors should not affect INS-R in order to
prevent diabetes mellitus-like side effects during a possible
therapeutic use of the compounds. The docking placed the
designed inhibitors into the ATP binding sites of VEGF-R2
and PLK1 in meaningful poses, albeit 28a was oriented
toward the hinge area of the kinases not with its benzolactam
element but by the anilinopyrimidine partial structure. 21 and
24 were only partially accommodated in the INS-R ATP
binding site suggesting that a selectivity toward this kinase
was conceivable. These preliminary results warranted the
synthesis of the designed compounds in order to evaluate
both their VEGF-R2/PLK1 inhibitory activity and their
selectivity against INS-R.

Chemistry

The test compounds listed in Table 1 were synthesized from
suitable enaminones 9, 10, 11, or 12, respectively, which were

Chart 1. Structures of Paullones: Kenpaullone (1), Alsterpaullone (2), 1-Azakenpaullone (3), and 2-Azakenpaullone (4)
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Table 1. Structures and Kinase Inhibitory Activity of d-Annulated Benzazepinones

code

basic

structure X Y R1 R2 R3 R4

IC50 VEGF-R2

[μM]

IC50 PLK1

[μM]

IC50 INS-R

[μM]

1a >100a >100a >100a

17a A CH CH H H 12 >100 >100

17b A CH CH H -Ph 0.63 >100 >100

18a A CH CH -OCH3 H 8.6 >100 >100

18b A CH CH -OCH3 -Ph 1.8 17 11

19 A N CH H -Ph 2.0 >100 >100

20a A CH N H H 87 >100 >100

20b A CH N H -Ph 16 >100 >100

21 B CH CH H NIb NIb NIb

22 B CH CH -OCH3 >100 >100 >100

23 B CH N H >100 >100 >100

24a C CH CH H H H >100 >100 >100

24b C CH CH H CH3 CH3 >100 >100 >100

25a C CH CH -OCH3 H H >100 >100 >100

25b C CH CH -OCH3 CH3 CH3 >100 >100 >100

26a C N CH H H H >100 >100 >100

26b C N CH H CH3 CH3 >100 >100 >100

27a C CH N H H H 66 >100 >100

27b C CH N H CH3 CH3 >100 >100 >100

28a D CH CH H H H H 0.14 >100 >100

28b D CH CH H I H H 0.4 15 >100

28c D CH CH H -OCH3 H H 0.095 47 99

28d D CH CH H Cl H H 0.19 >100 >100

28e D CH CH H -NO2 H H 0.33 >100 22

28f D CH CH H -CH3 H H 0.19 >100 >100

28g D CH CH H -OH H H 0.08 >100 >100

28h D CH CH H Br H H 0.29 >100 >100

28i D CH CH H -OC2H5 H H 0.13 >100 >100

28j D CH CH H H -OH H 0.051 19 >100

28k D CH CH H H H Cl 6.1 73 >100

28l D CH CH H H H Br 57 >100 >100

28m D CH CH H H H -OH 0.53 14 >100

28n D CH CH H -OCH3 -OH H 0.073 5.7 24

28o D CH CH H -OH -Cl H 0.035 9.3 84

28p D CH CH H -OH H CH3 1.2 20 >100

29g D CH CH -OCH3 -OH H H 0.028 0.75 >100

29c D CH CH -OCH3 -OCH3 H H 0.050 0.35 >100

29i D CH CH -OCH3 -OC2H5 H H 0.052 7.3 >100

29j D CH CH -OCH3 H -OH H 0.015 0.84 >100

29n D CH CH -OCH3 -OCH3 -OH H 0.018 0.14 >100

29o D CH CH -OCH3 -OH -Cl H 0.011 0.36 >100

30g D N CH H -OH H H 0.13 2.6 >100

30c D N CH H -OCH3 H H 0.19 2.5 >100

30i D N CH H -OC2H5 H H 0.099 1.7 >100

30j D N CH H H -OH H 0.14 2.3 >100

30o D N CH H -OH -Cl H 0.087 1.4 >100

31g D CH N H -OH H H 2.7 55 >100

31c D CH N H -OCH3 H H 1.5 >100 >100

31i D CH N H -OC2H5 H H 2.0 >100 >100

31j D CH N H H -OH H 2.6 >100 >100

31o D CH N H -OH -Cl H 0.67 >100 >100

aThe IC50 values for kenpaullone were determined in the presence of 0.1 μM ATP. For all other compounds except kenpaullone the ATP
concentration was 1 μM. bNI = not inhibited (less than 30% inhibition @ 10 μM concentration of 21).
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readily prepared from the cyclic precursor ketones 5,306,317,28

or 827 by reaction with dimethylformamide dimethylacetal
(DMF-DMA) using a method originally described for the
synthesis of 9 from the oxolactam 5.32

Heating the enaminones 9-12 with 1H-pyrazol-5-amines
13 in glacial acetic acid in a single mode microwave device
afforded the annulated pyrazolopyrimidines 17-20 in mod-
erate to good yields. In a similar procedure, the annulated
triazolopyrimidines 21-23 were obtained using 3-amino-1H-
1,2,4-triazole (14) as dinucleophile. The annulated pyrimido-
pyridines 24-27 were obtained by refluxing the enaminones
9-12with 6-aminouracil derivatives 15 in acetic acid. For the
synthesis of the anilinopyrimidines 28-31, the arylguanidi-
niumnitrates 16were heatedwith the enaminones 9-12 in the
presence of sodium hydroxide in propan-2-ol either under
conventional conditions or in amicrowavedevice, yielding the
products 28-31 in modest (17%; 29n) to good yields (77%,
28g) (Scheme 1).

Biological Evaluation and Discussion

The compounds listed in Table 1 were evaluated in vitro by
measuring the IC50 values onVEGF-R2, PLK1, and INS-R in
a radiometric protein kinase assay (33PanQinase activity
assay). The results revealed that the new d-annulated com-
pounds 21-23 (scaffold B) and 24-27 (scaffold C) were
devoid of noteworthy activity against the three kinases. Con-
sidering the results of the docking studies, these results were
not surprising with regard to INS-R but were disappointing
with regard toVEGF-R2andPLK1.Exchange of the nitrogen

in position 3 of the prototype B for a carbon atom leads to
prototype A. Interestingly, all members of this subgroup of
compounds (17-19) exhibited a considerable inhibition of
VEGF-R2. At this time, we have no reasonable explanation
for the different VEGF-R2 inhibitory activity of scaffolds A
and B. None of the derivatives belonging to scaffolds A-C
was further pursued because either the PLK1 kinase remained
unaffected or, as was found for 18b, the INS-R counter kinase
was inhibited as well.

In contrast to the results with the aforementioned com-
pounds, virtually all derivatives based on the parent scaffold
D showed potent kinase inhibitory activity for VEGF-R2.
However, most of the structures 28 with the plain benzo
annulation do not show the intended dual-kinase inhibition.
Only the 30,40-disubstituted derivatives 28n and 28o exhibit at
least one-digit micromolar inhibition concentration for
PLK1. The derivatives 28k,l,m,p displaying a 20-substitution
at the phenyl group showed the lowest activity towardVEGF-
R2 within this subgroup. Interestingly, the placement of a
9-methoxy-group into the parent scaffold D (compound class
29) improved the PLK1 inhibitory activity by at least 1 order
of magnitude. Fortunately, none of these 9-methoxy deriva-
tives 29 inhibited the counter-kinase INS-R.A replacement of
the annulated benzene ring for a pyrido substructure led to
different results depending on the position of the pyrido
nitrogen. The derivatives 30, displaying the pyrido nitrogen
in 10-position, exhibited kinase inhibitory activity compar-
able to the benzo analogues 28. In contrast, upon introduction
of a nitrogen in position 11 (Y = N; compounds 31, refer to
Table 1), the VEGF-R2 inhibitory activity was strongly

Scheme 1. Synthesis of d-Annulated Benzazepinones and Azaanaloguesa

a (i) DMF-DMA, 115 �C, 2.5 h; (ii) AcOH, 120-140 �C (microwave oven), 10 min; (iii) AcOH, reflux, 4-12 h; (iv) NaOH, propan-2-ol, reflux, 8 h or

150 �C (microwave oven), 30-40 min.
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diminished and the PLK1-inhibition was lost completely. At the
present stage,wehaveno satisfactory explanation for thedifferent
kinase inhibitory activity of 30 and 31 on a molecular basis.

To investigate whether the new compounds are also able to
cross membranes and display kinase inhibitory activity in a
cellular environment, seven selected derivatives were studied
in cellular phosporylation assays. For these studies, human
umbilical endothelial (HUE) cells were treated with the
compounds and then stimulated by VEGF. As readout,
the autophosphorylation of VEGF-R2 was determined. The
important role of the positions 9 and 10 of the parent ring
system for the cellular bioactivity can be clearly demonstrated
by the comparison of 28o, 29o, and 30o. All three congeners
have the same substitution pattern at the phenyl substituent
and inhibit the isolated VEGF-R2 enzyme in two-digit nano-
molar concentrations. However, while for inhibition of
VEGF-R2 in HUE cells high concentrations (9.6 μM) of
28o are necessary and the pyrido derivative 30o is not active
up to 10 μM, the 9-methoxy congener 29o inhibits the cellular
kinase in submicromolar concentrations (0.43 μM). The
9-methoxy derivative 29i proved to be even more potent in
the cellular experiment. As a result of these findings, the
impact of 29iand29oon endothelial cell sproutingwas studied
in spheroid-based cellular angiogenesis assays. In these in-
vestigations, spheroids of human umbilical vein endothelial
cells (HUVEC) cultured in collagen were treated concomi-
tantly with VEGF and the test compounds. Both 29i and 29o

showed a clear inhibition of the sprout growths from the
spheroids after 24 h incubation in lowmicromolar concentra-
tions (EC50 = 1.1 and 1.2 μM, respectively, refer to Table 2).
These results are promising regarding a potential use of this
compound class to suppress angiogenesis in tumor tissue.

For a preliminary evaluation of the antiproliferative activity
of the new kinase inhibitors, seven representatives of the
structure families 28, 29, and 30were tested in the in vitro cell
line screening (IVCLS)33 of the National Cancer Institute for
growth inhibition on 60 human tumor cell lines. While all
compounds exhibited a strong antiproliferative activity, a
characteristic selectivity pattern was observed for distinct cell
lines. For example, some cell lines from the renal cancer
subpanel (e.g., CAKI-1) were especially sensitive to the
growth inhibitory activity of the compounds. Furthermore,
a characteristic selectivity pattern was found within certain
subpanels. For instance, the ovarian cancer cell line IGROV1
typically was stronger inhibited than other cell lines from the
same subpanel. In contrast, the cell line UACC-257 proved to
be rather resistant against the tested derivatives, with concen-
trations needed to inhibit this melanoma-derived tumor cells
being 2 orders of magnitude higher than for the cell lines
mentioned before (Table 3).

A pronounced selectivity in the IVCLS is regarded as an
indicator of a specific biological mechanism addressing dis-
tinct biological targets. For the structures presented here, it is
assumed that inhibition of a set of cancer-related protein
kinases contributes to growth inhibition. If this was the case,
the IVCLS selectivity pattern of the studied compounds
should show a considerable degree of similarity. Such simi-
larity of patterns can be studied and quantified by the
COMPARE34,35 computer tool which is accessible via the
NCI’s Developmental Therapeutics ProgramWeb site.36 For
two compounds tested in the IVCLS,COMPAREcalculates a
pairwise correlation coefficient (PCC) as an index of similar-
ity. Themaximal PCCvalue is 1, indicating that the compared
patterns are completely identical. A number of results from

Table 2. Cellular Bioactivity of Selected “Anilinopyrimidines” D

code basic structure X R1 R2 R3

inhibition of

VEGF-R2

phosphorylation

in HUE cells

[IC50, μM]

inhibition of

HUVEC

sprouting

[IC50, μM]

28j D CH H H -OH 1.6 NTa

28n D CH H -OCH3 -OH 2.4 NTa

28o D CH H -OH -Cl 9.6 NTa

29i D CH -OCH3 -OC2H5 H 0.29 1.1

29o D CH -OCH3 -OH -Cl 0.43 1.2

30i D N H -OC2H5 H 18.6 NTa

30o D N H -OH -Cl NIb NTa

staurosporinec 0.07
aNT = not tested. bNI = not inhibited at 10 μM inhibitor concentration. cStaurosporine was used as a positive control.
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the literature demonstrate that COMPARE is suitable to
identify activity mechanisms of antiproliferative compounds.
While it has been suggested that correlations >0.6 indicate
similar mechanisms within cells,37 distinct structural com-
pound families can be clustered by lower thresholds down to
PCC’s > 0.35.38

The results listed in Table 4 show a remarkable correlation,
documented by high PCC’s > 0.6, for all compounds 28 that
were tested in the IVCLSP. The aza analogue 30i also
displayed a considerable correlation to this group of com-
pounds. In contrast, the 9-methoxy analogue 29i was clearly
distinguished from the other compounds because not a single
PCC value >0.6 was found. This observation is consistent
with the finding that introduction of a 9-methoxy group
produces a change in potency and kinase selectivity of the
anilinopyrimidines belonging to parent scaffold D.

An interesting result of this study is the superiority of the
compounds 29g,c,j,n,o versus their counterparts from the
series 28, 30, 31 regarding the inhibition of PLK1.Whilemost
of the latter derivatives were either not or only poor PLK1
inhibitors, the majority of the compounds 29 exhibited in-
hibitory activity in submicromolar concentrations. A pairwise
comparison of structural analogues, e.g., of 28o and 29o,
reveals a more than 20-fold improvement in PLK1 inhibitory
activity by the introduction of the methoxy group into posi-
tion 9 (28 f 29). Because of these large differences in
biological activity, the binding modes of the compounds 29
to PLK1 were studied by molecular docking. A high-scored
docking pose of 29n in PLK1 is shown in Figure 1. Obviously,
the 9-methoxy group of 29n fits closely into a hydrophobic
pocket formed by amino acids Gly62 and Ala65 at the “roof”
of the ATP binding site.

To highlight the importance of the presence of the
9-methoxy group, a study of the interaction potential between
a molecular probe and the binding pocket was carried out
using the programGRID.39Using amethyl group as probe at

Table 3. Antiproliferative Activity of Selected Anilinopyrimidines D on Tumor Cell Lines in the in Vitro Cell Line Screening of the National Cancer
Institute

GI50 [μM]a

code basic structure X R1 R2 R3 IGROV1b CAKI-1c UACC-257d

28c D CH H -OCH3 H 0.41 0.51 61

28g D CH H -OH H 3.0 2.6 >100

28i D CH H H -OH 0.38 0.75 27

28n D CH H -OCH3 -OH 0.25 0.15 19

28o D CH H -OH -Cl nae 4.7 f 39 f

29i D CH -OCH3 -OC2H5 H 0.23f 0.39 55

30i D N H -OC2H5 H 0.40 0.16 f >100
aGI50= concentration for 50% cell growth inhibition. If not indicated otherwise, results are averaged values from two independent test runs carried

out at different dates. Each test run was carried out in duplicate. Maximum tested concentration was 100 μM. If the GI50 was above 100 μM, the
maximum concentration was used for calculation of averaged values; bOvarian cancer cell line. cRenal cancer cell line. dMelanoma cell line. ena= test
value not available. f Single test run.

Table 4. Matrix COMPARE of Compounds Tested in the in Vitro Cell
Line Screening of the National Cancer Institutea,b

a (a) Color code for pairwise correlation coefficients calculated by the
COMPAREalgorithm. b (b)GI50 valueswere used. 49-59 cell lines were
included in the calculation of the correlation coefficient.



Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 6 2439

a contour level of -4 kcal/mol, the area accommodating the
9-methoxy group of 29nwas identified as a favorable binding
region for hydrophobic parts of the ligand (see Figure 2).

A thorough literature survey revealed that recently con-
geners of the basic structure 28 have been filed as inhibitors of
AuroraA andAuroraB kinase, Checkpoint kinase 1 (Chk-1),
and PLK1.40 However, the structural basis for the kinase
inhibition by 28, the concomitant inhibition of VEGF-R2
kinase and the activity of the compounds in cellular angio-
genesis models has not yet been mentioned. Moreover, the
major impact of the 9-methoxy group present in the novel
derivatives 29 for kinase inhibitory activity has not been
reported previously.

Future studies are directed to explore comprehensively the
group of 9-methoxy-substituted derivatives 29 and to broadly
check their protein kinase profiles and their antiproliferative
activity in cancer cell lines. Further tests in additional cellular
assays are necessary to determine which of the inhibited
protein kinases are crucial for the observed antiproliferative
activity in cancer cell lines.

Conclusion

On the basis of the starting hypothesis that the seven-
membered lactam structure present in the paullone basic

scaffold might serve as a suitable hinge-binder template for
the design of dual VEGF-R2/PLK1 inhibitors, several new
heterocyclic scaffolds were synthesized and screened. Among
the designed structure classes, only 2-anilino-9-methoxy-5,7-
dihydro-6H-pyrimido[5,4-d][1]-benzazepin-6-ones 29 display
the desired dual potent VEGF-R2/PLK1 inhibitory activity.
A docking study indicated the important role of the
9-methoxy group of 29 which fits into a pocket formed by
the amino acids Gly62 and Ala65 in the ATP binding site of
PLK1. Selected examples of the basic scaffolds 28 and 29

showed inhibition of VEGF-R2 autophosphorylation in cells,
inhibitory activity in a cellular angiogenesis model, and anti-
proliferative activity on cancer cell lines in vitro.

Experimental Section

Kinase Assays. A radiometric protein kinase assay
(33PanQinase Activity Assay) was used for measuring the
activity of the protein kinases. All assays were performed
with a BeckmanCoulter/Sagian robotic system and 96-well
FlashPlates from Perkin-Elmer/NEN (Boston, MA) in a
50 μL reaction volume. The reaction cocktail was pipetted
in 4 steps in the following order: 20 μL of assay buffer, 5 μL of
ATP solution (in H2O), 5 μL of test compound (in 10%
DMSO), 10 μL of substrate/10 μL of enzyme solution
(premixed). The assay for all enzymes contained 60 mM
HEPES-NaOH, pH 7.5, 3 mM MgCl2, 3 mM MnCl2, 3 μM
Na-orthovanadate, 1.2 mM DTT, 50 μg/mL PEG20000, 1 μM
[γ-33P]-ATP (approximately 5 � 105 cpm per well). The
following substrates were used [substrate amount in square
brackets given in ng/50 μL]: Poly(Glu,Tyr)4:1 [125] for VEGF-
R2, Poly(Glu,Tyr)4:1 [125] or Poly(Ala,Glu,Lys,Tyr)6:2.5:1
[125] for INS-R; RBER-CHKtide [2000], or Casein [1000]
for PLK1. The reaction cocktails were incubated at 30 �C for
80 min. The reaction was stopped with 50 μL of 2% (v/v)
H3PO4, and plates were aspirated and washed two times with
200 μL of 0.9% (w/v) NaCl. Incorporation of 33Pi was
determined with a microplate scintillation counter
(Microbeta Trilux, Wallac). For calculation of IC50 values,
data were generated for comparison without enzyme in the
presence of substrate (“low control”). Moreover, data with
enzyme but without inhibitor were generated (“high con-
trol”). The difference between high and low control was taken
as 100% enzyme activity. The residual activities for each
concentration and the compound IC50 values were calculated
using Quattro Workflow V2.x (Quattro Research GmbH,
Munich, Germany; www.quattroresearch.com). The fitting
model for the IC50 determinations was “Sigmoidal response
(variable slope)” with parameters “top” fixed at 100% and
“bottom” at 0%. The fitting method used was a least-squares fit.

Figure 1. Docking pose of 29n in the ATP-binding site of PLK1. Left, 2D sketch; right: 3D visualization. gkþ1; gkþ3, amino acid position
related to the gatekeeper position in the hinge motif of the kinase. The 9-methoxy group of 29n (red color in the 2D-drawing) fits into a pocket
formed by the amino acids Gly62 and Ala65 (structures calculated by the docking module of the Schr€odinger 2008 Suite; structure of the host
molecule: PDB code 2OWB).

Figure 2. Hotspot analysis within the ATP binding site of PLK1
using a methyl probe identified the indicated pocket (yellow grid
shape in the upper center of the picture) as areamost contributing to
positive ligand-protein interactions. The depicted bound structure
29n is directing the 9-methoxy group into the identified hotspot area.
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In case of solubility problems, outliers in the higher concen-
tration range were removed to generate more realistic sigmoi-
dal curves for IC50 calculation. Assays were carried out in
singlicate. As parameter for assay quality, the Z0-factor41 was
calculated for the low and high controls of each plate. Assay
plates were repeated in case the Z0-factor drops below 0.4.

Cellular VEGF-R2 Autophosphorylation Assays. In brief,
spontaneously immortalized human umbilical vein endothelial
(HUE) cells were seeded in 48-well culture plates in complete
endothelial growth medium and after overnight attachment
starved in the same medium devoid of growth supplement. On
the day of the assay, cells were treated with test compounds for
90 min at a DMSO concentration of 1%, followed by stimula-
tion of VEGF-R2 autophosphorylation using 100 ng/mL of
ligand VEGF165 for 3 min at room temperature. Subsequently,
cells were lysed and lysates loaded onto a sandwich ELISA
coated with anti-VEGFR2 antibody 3G2. The tyrosine phos-
phorylation status of bound VEGF-R2 was subsequently de-
tected by biotinylated pY-99 antibody, which was then detected
by horseradish peroxidase labeled streptavidin followed by
a chromophoric reaction using TMB substrate. Absorption
values were converted into percentage phosphorylation using
the uninhibited (DMSO-treated) cells as high (= 100%) control
and cells treated with 10 μM Staurosporine as low (= 0%)
control. IC50 values were determined using the programGraph-
Pad Prism 5 (GraphPad Software, Inc., La Jolla, CA), assuming
a sigmoidal dose response.

Endothelial Cell Sprouting in the Spheroid-Based Cellular

Angiogenesis Assay. The experiments were pursued in modifica-
tion of the originally published protocol.42 Primary human
umbilical vein endothelial cells (HUVEC,PromoCell,Heidelberg,
Germany) were used in endothelial cell growth and basal
medium (ECGM/ECBM, PromoCell). In brief, spheroids were
prepared as described43 by pipetting 500 ECs (endothelial cells)
in a hanging drop on plastic dishes to allow overnight spheroid
aggregation. Then 50 EC spheroids were seeded in 0.9 mL of a
collagen solution and pipetted into individual wells of a 24-well
plate to allow polymerization. The test compounds in combina-
tion with VEGF-A [25 ng/mL final assay concentration] were
added after 30min by pipetting 100 μLof a 10-fold concentrated
working dilution on top of the polymerized gel. Plates were
incubated at 37 �C for 24 h and fixed by adding 4% para-
formaldehyde. Sprouting intensity of ECswas quantitated by an
image analysis system determining the cumulative sprout length
per spheroid using an inverted microscope and the digital
imaging software Analysis 3.2 (Soft imaging system, M€unster,
Germany). The mean of the cumulative sprout length of 10
randomly selected spheroids was analyzed as an individual data
point. Fitting of IC50 curves and calculation of IC50 values was
performed with GraphPad Prism 5.01 (GraphPad Software,
Inc., La Jolla, CA).

In Vitro Cell Line Screening. The in vitro cell line screening
was performed at the American National Cancer Institute
(Bethesda, MD).36 In brief, 60 human tumor cell lines were
cultivated in RPMI 1640 medium containing 5% fetal bovine
serum and 2mML-glutamine. Cells were inoculated into 96-well
microtiter plates with plating densities ranging from 5000 to
40000 cells/well andwere then incubated at 37 �C, 5%CO2, 95%
air, and 100% relative humidity for 24 h. After 24 h, represen-
tatives of cell lines are fixed with TCA to determine the cell
density at the time of drug addition (Tz). Stock solutions of test
compounds in DMSO (400-fold of the final maximum test
concentration) were diluted with growth medium containing
50 μg/mL gentamicin to provide five drug concentrations. Then
100 μL aliquots of these test compound dilutions were added
to the microtiter wells already containing the cancer cells and
100 μL of medium. The plates were incubated for 48 h at 37 �C,
5%CO2, 95% air, and 100% relative humidity. Cells were fixed
in situ by addition of 50 μL of cold 50% (w/v) TCA and
incubated for 60 min at 4 �C. After discarding the supernatant,

the plates were washed five times with water and air-dried. Then
100 μL of 0.4% sulforhodamine B (SRB) solution in 1% acetic
acid was added. After 10 min, the cavities are washed five times
with 1% acetic acid and the plates were air-dried. Bound SRB is
solubilized with 10 mM trizma base, and the absorbance at 515
nmwasmeasured on a plate reader. The percentage of growth is
calculated at each of the five concentrations levels. Using the
different absorbance measurements [time zero, (Tz), control
growth, (C), and growth in the presence of drug (Ti)], the growth
inhibition 50% (GI50) is the concentration for a Ti value
satisfying the equation [(Ti - Tz)/(C - Tz)] � 100 = 50.

Compounds were initially evaluated in a prescreening at a
single dose of 10 μMagainst the 60 human cancer cell lines. Only
those structures which show a considerable antiproliferative
activity in the prescreening were subsequently tested at five
concentration levels for determination of GI50 values. Further
details of the test method have been published.33,34,44

Docking. For a selection of kinase structures suitable for the
docking, high-resolution crystal structures ranging from 1.65 to
2.1 Å were retrieved from the PDB. Subsequently, the most
“CDK2-like” PDB files of the respective protein kinases were
searched because the paullones, the archetype of the docked
prototypes A-D, interact best with cyclin dependent kinases.
The CDK2-likeness was analyzed by aligning the structures to
the phosphorylated CDK2/magnesium ATP complex structure
(PDB code 1QMZ) as a common reference by superimposing the
CR-backbone atoms of 38 residues able to interact with ATP-
competitive inhibitors using singular value decomposition,
which allows superimposition of all ligands in a common frame-
work.45 The rms deviations for the pairwise superimposed ATP
binding pockets were calculated and act as indicator for the
active-state CDK2-likeness. The structures selected based on
this rationale were 1YWN (for VEGF-R2), 2OWB (for PLK1),
and 3BU6 (for INS-R).

The docking calculationswere performed using the Schr€odinger
software suite with default settings if not indicated otherwise.
For protein preparation, all the crystallographic water mole-
cules were removed, hydrogens were added, and bond orders
were assigned using Maestro’s Protein Preparation Wizard
(Maestro v. 8.5207).46 The added hydrogen atoms were mini-
mized with all heavy atoms fixed using the OPLS2001 force
field. For each of the three structures, energy grids were built
using the default value of protein atom scaling within a cubic
box of dimensions 28 Å � 28 Å � 28 Å. This box was centered
around the centroid of the ATP bound to/from the common
reference 1QMZ. The bounding box dimensions, inside which
the centroid of a docked pose was restricted, were set to 16 Å �
16 Å � 16 Å.

Docking was performed using Sch€odingers Glide.47-49 To
attain a variety of docking poses, a first runwas performed using
the standard-precision (SP) mode with a scaling factor for the
van der Waals radii scaling of 0.7. The obtained poses were
refined using Glide’s extra-precision mode (XP, Impact v.
5.0207) with default settings.

HotspotAnalysis.GRIDcomputationswere carried out using
version 22a.50 Hydrogens were added with the program GRIN
(part of the GRID package). The grid spacing was set to 0.33 Å;
all other GRID input parameters retained their default values.

Synthetic Chemistry. Monomode microwave device: CEM
Discover focusedmicrowave synthesis systemwith ChemDriver
software. Melting points (mp) were determined on an electric
variable heater (Barnstead Electrothermal IA 9100) and were
not corrected. IR spectra were recorded as KBr discs on a
Thermo Nicolet FT-IR 200. 1H NMR spectra and 13C NMR
spectra were recorded on the following instruments: Bruker
AvanceDRX-400 andBrukerAvance II-600, solventDMSO-d6
if not stated otherwise, internal standard trimethylsilane, signals
in ppm (δ scale). Elemental analyses were determined on a CE
Instruments FlashEA 1112 elemental analyzer (Thermo Quest).
Mass spectra were recorded on a double-focused sector field
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mass spectrometer Finnigan-MAT 90. Accurate measurements
where conducted according to the peakmatch method using
perfluorokerosene (PFK) as an internal mass reference; (EI)-
MS: ionization energy 70 eV. TLC: Polygram Sil G/UV254,
Macherey-Nagel, 40 mm � 80 mm, visualization by UV illumi-
nation (254 nm). Column chromatography: silica gel 60
(Merck), column width 2 cm, column height 10 cm unless stated
otherwise. Purity was determined by HPLC using the following
devices and settings: Elite LaChrom (Merck/Hitachi), pump
L-2130, autosampler L-2200, diode array detector L-2450,
organizer box L-2000; column: Merck LiChroCART 125-4,
LiChrosphere 100, RP 18, 5 μm, flow rate 1.000 mL/min,
isocratic, volume of injection 10 μL; detection (DAD) at 254
and 280 nm; AUC % method; time of detection 15 min, net
retention time (tN), dead time (tm) related to DMSO. Prepara-
tion of H2Oþ (Et3NH)2SO4-buffer (pH 2.5) for HPLC: triethy-
lamine (20.0mL) and sodiumhydroxide (242mg)were dissolved
in water (980 mL). The solution was adjusted to pH 2.5 by
addition of sulfuric acid. Preparation of H2O/TFA mixture
pH 1.5 for HPLC: water was adjusted to pH 1.5 by addition
of TFA. All compounds employed in biological tests were used
in g95% purity. The following compounds were prepared
according to literature methods: 5,30 6,31 7,28 8,27 9,32 16.51

Compounds 13, 14, 15 were purchased from commercial sup-
pliers and were used without further purification. Synthetic
procedures for the following compounds are available in the
Supporting Information: 11, 12, 17a-b, 18a-b, 19, 20a-b, 21,
22, 23, 24a-b, 25a-b, 26a-b, 27a-b, 28a-p, 29c, 29g, 29j, 29n,

30c, 30g, 30i, 30j, 30o, 31c, 31 g, 31i, 31j, 31o.

General ProcedureA for thePreparation ofEnaminones 10, 11,
12.A slurry of the respective azepinedione 6, 7, or 8 (1.00 mmol)
in DMF-DMA (3.50mL, 26.0 mmol) was stirred at 115-120 �C
for 2.5 h. After cooling to room temperature, the resulting
precipitate was collected, washed with petrolether, and crystal-
lized from ethanol.

4-[(Dimethylamino)methylidene]-8-methoxy-3,4-dihydro-1H-

1-benzazepine-2,5-dione (10). Preparation according to general
procedure A yielded yellow crystals (73%); mp 245 �C. IR
(KBr): 3174 cm-1 (NH), 1684 cm-1 and 1633 cm-1 (CdO).
1H NMR (CHCl3-d1, 400 MHz): δ (ppm) = 3.26 (s, 6H, -N-
(CH3)2), 3.83 (s, 3H, -OCH3), 3.42 (s, 2H, CH2), 6.40 (d, 1H,
J = 2.4 Hz, ar H), 6.77 (dd, 1H, J= 8.8/2.5 Hz, ar H), 7.74 (s,
1H, CdH), 7.88 (s, 1H, NH), 7.93 (d, 1H, J = 8.9 Hz, ar. H).
Anal. (C14H16N2O3) C, H, N. HPLC (ACN:H2O 20:80): purity
100.0% at 254 nm, 100.0% at 280 nm; tN 2.73 min; tm(DMSO)
1.03 min.

General Procedure B for the Synthesis of 2-Anilino-5,7-dihy-

dro-6H-pyrimido[5,4-d][1]benzazepin-6-ones 28 and 29 and the
Analogues 30 and 31. Method 1. The enaminone 9, 10, 11, or 12
(1.00 mmol) was refluxed with the respective arylguanidinium
nitrate 16 (1.2mmol) andNaOH (48mg, 1.2mmol) in propan-2-
ol (5 mL) for the indicated reaction time. After cooling to room
temperature, the resulting precipitate was collected and succes-
sively washed with water and petrolether.

Method 2.The enaminone 9 (1.00 mmol) was reacted with the
respective arylguanidiniumnitrate 16 (1.2mmol) andNaOH (48
mg, 1.2 mmol) in propan-2-ol (5 mL). The reaction was con-
ducted in a microwave device using a sealed microwave reaction
vessel for 30-40 min at 150 �C. After cooling to room tempera-
ture, the resulting precipitate was collected and successively
washed with water and petrolether.

2-(4-Ethoxyanilino)-9-methoxy-5,7-dihydro-6H-pyrimido[5,4-d]-
[1]benzazepin-6-one (29i). Preparation according to general proce-
dureB,method1 from 10 (reaction time15h).Crystallization from
EtOH yielded 74% colorless crystals; mp 267 �C. IR (KBr): 3257
cm-1 and 3196 cm-1 (NH), 1680 cm-1 (CdO). 1HNMR(DMSO-
d6, 400 MHz): δ (ppm) = 1.31 (t, 3H, J= 7.0 Hz,-OCH2CH3),
3.33 (s, 2H, CH2; superimposed by H2O peak), 3.83 (s, 3H,
-OCH3), 3.98 (q, 2H, J = 7.1 Hz, -OCH2CH3), 6.76 (d, 1H,
J = 2.3 Hz, ar H), 6.84-6.88 (m, 2H, ar H), 6.95 (dd, 1H,

J = 8.5/2.6 Hz, ar H), 7.65-7.69 (m, 2H, ar H), 8.00 (d, 1H,
J = 8.8 Hz, ar H), 8.39 (s, 1H, pyrimidine-H), 9.45 (s, 1H, NH),
10.14 (s, 1H, NH). Anal. (C21H20N4O3) C, H, N. HPLC (ACN:
H2O50:50): purity 96.3%at254nm,97.8%at280nm; tN2.92min;
tm(DMSO) 1.03 min.

2-(3-Chloro-4-hydroxyanilino)-9-methoxy-5,7-dihydro-6H-

pyrimido[5,4-d][1]benzazepin-6-one (29o). Preparation accord-
ing to general procedure B, method 1 (reaction time 24 h).
Crystallization from EtOH yielded 35% beige crystals; mp
275 �C. IR (KBr): 3185 cm-1 (NH), ca. 2800-3200 (OH), 1655
cm-1 (CdO). 1HNMR (DMSO-d6, 400MHz): δ (ppm)=3.35
(s, 2H, CH2 superimposed by H2O peak), 3.84 (s, 3H,
-OCH3), 6.78 (d, 1H, J = 2.6 Hz, ar H), 6.91 (d, 1H, J = 8.8,
ar H), 6.96 (dd, 1H, J = 8.7/2.5 Hz, ar H), 7.50 (dd, 1H, J =
8.9/2.6, ar H), 7.90 (d, 1H, J = 2.6 Hz, ar H), 8.00 (d, 1H, J =
8.8 Hz, ar H), 8.42 (s, 1H, pyrimidine-H), 9.52 (s, 1H, NH),
9.68 (s, 1H, OH), 10.16 (s, 1H, NH). (C19H15ClN4O3) HRMS
(EI) (m/z): [M - H]þ calcd 381.07544, found 381.07470. HPLC
(ACN:H2O 35:65): purity: 98.4% at 254 nm, 98.4% at 280 nm;
tN 3.84 min, tm (DMSO) 1.03 min.
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