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ABSTRACT: This article describes the discovery of a series of potent inhibitors of Polo-like kinase 1
(PLK1). Optimization of this benzolactam-derived chemical series produced an orally bioavailable
inhibitor of PLK1 (12c, MLN0905). In vivo pharmacokinetic−pharmacodynamic experiments
demonstrated prolonged mitotic arrest after oral administration of 12c to tumor bearing nude mice.
A subsequent efficacy study in nude mice achieved tumor growth inhibition or regression in a human
colon tumor (HT29) xenograft model.

■ INTRODUCTION
Polo-like kinase 1 (PLK1) is a serine/threonine protein kinase
that plays a key role in cell cycle control. PLK1 controls entry
into and progression through mitosis at multiple stages by
regulation of centrosome maturation, activation of initiating
factors, degradation of inhibitory components, chromosome
condensation, and exit from mitosis.1 PLK1 has been reported
to be overexpressed in numerous cancers such as melanoma,
prostate, ovarian, colorectal, pancreatic, non-small-cell lung,
esophageal, endometrial, glioma, squamous cell carcinoma of
the head and neck, and non-Hodgkins lymphoma.2 Increased
levels of PLK1 expression are additionally correlated with poor
prognosis and survival.2b,3 Overexpression of this kinase
transforms cells, rendering them oncogenic such that they
acquire the ability to form tumors in mice.4 PLK1 protein levels
are also elevated in tumor relative to normal cell lines in
culture. Down-regulation of PLK1 protein expression by
RNA interference in tumor cell lines results in a reduction of
cell proliferation, mitotic arrest at prometaphase, and rapid
progression into apoptosis.5 This effect was not observed in
normal cell lines.6 Moreover, down-regulation of PLK1 by short
hairpin expression in mice with human xenografts reduced
tumor growth to 18% of that observed for a control shRNA.7

Its key role in mitotic progression, its overexpression in a wide
range of malignancies, and the antiproliferative effect observed
upon its depletion, underscore the merits of evaluating PLK1 as
an anticancer target. Indeed, a number of PLK1 inhibitors have
advanced into clinical development.8

As such, efforts were initiated to identify a small molecule
PLK1 inhibitor with drug-like properties. We identified 1

(Figure 1) after progression of our corporate compound library
through a PLK1 flash plate-based high-throughput screen.

Compound 1 demonstrated good inhibition of the PLK1
enzyme but suffered from suboptimal characteristics including
modest cell-based activity and low solubility. Our goals were
first and foremost to improve enzyme potency and understand
the SAR of PLK1 inhibition. Secondarily, we hoped to create
inhibitors of PLK1 that would possess good cellular activity as
well as improved physicochemical properties (i.e., solubility).9

Ultimately, we hoped to identify selective inhibitors that would
have adequate in vivo properties to achieve a desirable
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Figure 1. PLK1 screening hit.
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pharmacodynamic response resulting in tumor growth
inhibition.

■ RESULTS AND DISCUSSION
Initial investigation into SAR began with substitution of the
benzolactam core. A series of analogues that focused on
modification at the C-8, C-10, and C-5 sites of the benzolactam
resulted in a decrease in enzyme potency (data not shown).
Modification at the C-9 position was tolerated, however (Table 1).

Chloro was replaced with several other small functional groups,
and potency against PLK1 was retained. The dechlorinated
analogue (5c), however, was significantly less potent. Thus, it

became clear that modification of the benzolactam core was
tolerated at the C-9 position, and substitution at this carbon
was essential for enzyme potency. However, the series still
suffered from a lack of cell potency and poor solubility (data
not shown).
Scheme 1 details the synthetic route used for construction of

the benzolactam core. In a straightforward manner, aminoesters
(2) substituted at C-3 of the phenyl ring were converted to
their corresponding 7-membered benzolactams (3). The 3-step
sequence began with addition of 3-(carbomethoxy)propionyl
chloride to form the amide intermediate. Then, a Dieckmann
condensation followed by decarboxylation achieved by reflux-
ing in DMSO/H2O provided 3. The benzolactam was next
transformed to the corresponding enamine 4 by heating in the
presence of DMF-DMA. A subsequent base promoted
condensation with N-(3,4-dimethoxyphenyl)guanidine pro-
vided aminopyrimidine analogues of general structure 5. For
the syntheses of analogues that required further chemical
manipulation, the requisite iodinated analogues of 3 (R = I) or
5 (R = I) were transformed to the desired final compounds (see
Supporting Information for further details).
In addition to understanding SAR and improving enzyme

potency, we also sought to improve the cell activity and
solubility of this chemical series. As we were unable to achieve
these goals by modification of the benzolactam core, we took
aim at other regions of the scaffold. Our strategy focused on
creating analogues that varied substitution on the upper aryl
ring while keeping chloro constant at the 9-position of the
benzolactam core.10 Appropriately substituted anilines (6) were
converted to the corresponding guanidines (7) by one of two
methods (Scheme 2). Either the addition of N,N′-Di-BOC-S-
methylisothiourea followed by removal of the BOC protecting
groups or the addition of cyanamide in the presence of nitric
acid was employed. Condensation of the guanidine with

Table 1. SAR of 9-Position on the Benzolactam Corea

R PLK1 IC50 (nM)

1 9-Cl 31 ± 10
5a 9-I 10 ± 2
5b 9-CF3 18
5c 9-H 450 ± 80
5d 9-F 200
5e 9-Me 65 ± 13
5f 9-CN 83
5g 9-Et 31 ± 6

aStandard deviations are reported for N ≥ 3. Otherwise IC50 values are
mean values of two determinations.

Scheme 1. General Synthetic Scheme for the Synthesis of Benzolactam Analogues

Scheme 2. General Synthetic Scheme for the Synthesis of Analogues in Table 2
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intermediate 4 (R = Cl) allowed generation of analogues of
general structure 10. If the appropriate aniline was not available
or easily constructed, then condensation of 4 (R = Cl) with
guanidine was employed to provide amino pyrimidine 8. A
Buchwald-type coupling11 with an appropriate aryl halide (9)
was then utilized to complete the synthesis and also furnish
analogues of general structure 10.
The compounds in Table 2 were prepared by these methods.

Cell activities of analogues were measured in a cell viability
assay (HT29) and in a mitotic index assay (MIA).12 In addi-
tion, we developed a Cdc25C-T96 cell-based assay as a direct
readout of PLK1 inhibition. Threonine-96 on Cdc25C is a
specific phosphorylation site for PLK1.13 Readout for the assay
reported the decrease in the levels of phosphorylated Cdc25C-
T96 in treated versus untreated cells.
Analysis of the SAR of the prepared structures showed that

systematic removal and repositioning of the methoxy groups on
the phenyl ring resulted in analogues with either decreased
enzyme potency or decreased cell activity, or both (10a−10d).
Substitution of the phenyl ring with carboxylic acid groups also
decreased cell activity (10e, 10f). A variety of analogues was
also constructed to evaluate substitution at the para position
(C-4′) on the phenyl ring. Introduction of iodide at this site
produced a loss of cell activity (10g) while installation of
amines generally improved solubility but decreased enzyme
potency (10h, 10i). Amides at C-4′ gave mixed results (10j,
10k). Although cyclopentyl amide (10k) provided increases in
enzyme and cell potency, it was poorly soluble. A sulfonamide
produced a significant decrease in enzyme potency (10l) as did
the methylmorpholinoamide substituted at the meta position
(C-3′) (10m). However, when the 3-dimethylaminopropyl
group was installed at C-3′, a significant increase in cell activity
and solubility was realized while maintaining enzyme potency
(10n). Further investigation at the C-3′ position revealed that a
variety of alkylamino groups decreased enzyme potency (10o−
q), although acyclic alkylamines gave good solubility (10p,
10q). Additionally, morpholine at C-3′ produced a decrease in
enzyme and cell activity (10r). From these investigations, 10n
was identified as an important analogue. It exhibited significant
improvements in both cellular activity and solubility compared
to 1.
Further optimization of the scaffold led to conversion of the

amide of 10n to its corresponding thioamide by use of phos-
phorus pentasulfide (Lawesson’s reagent could also be used)
(Scheme 3). The newly constructed analogue (11a) achieved
an increase in potency against PLK1 and a significant boost in
cell potency over any compound that had been synthesized
to date in this chemical series. However, while the thio-
amide offered an improvement in potency, it also resulted in
decreased solubility.
Having achieved a significant increase in cell activity versus

the original HTS hit (1), we next focused on attaining
selectivity over related kinases. To accomplish this, we focused
on further chemical manipulation of the upper phenyl ring.
Compounds were constructed by making use of the general
method outlined in Scheme 2, followed by the thioamide
formation detailed in Scheme 3. We found that substitution at
C-6′ of the phenyl ring generally resulted in increased selectivity
for PLK1 over a small internally available panel of kinases
(Table 3). As the steric bulk of the substituent at C-6′
was increased, the selectivity for PLK1 over the kinase panel
also increased (11a−11g). When R = H (11a), little to no
selectivity was observed. However, when trifluoromethyl (11f)

or i-propyl (11g) reside at C-6′, a high degree of selectivity for
PLK1 was achieved. At the same time, we also observed a slight
decrease in cell activity as the steric bulk was increased.
Substitution at other sites on the phenyl ring was also

investigated (Table 3). Installation of chloro at C-5′ produced a
compound (11h) that was equipotent with 11a but not
selective for PLK1 over PLK3. It was also poorly soluble.
Introduction of various functionalities at C-4′ of the phenyl ring
also provided a series of analogues that had good enzyme and
cell potency but showed no improvement in selectivity (11i−
11k). Additionally, placement of a methoxy substituent at C-2′
produced a significant decrease in enzyme and cell potency
(11l). When the phenyl ring was replaced with a pyridine ring
(12a), an increase in enzyme and cell potency was realized, but
selectivity still remained low. By installing a methyl group at the
C-6′ position of this pyridine ring (12b) an increase in
selectivity was achieved similar to what was observed for the
phenyl analogues (11a−g). Although the solubility of 12b
was moderate, its excellent cell activity made it an attractive
compound.
Following the procedure established by Kothe,14 we

determined the crystal structure of the PLK1 kinase domain
(residues 13−345, T210 V mutant) in complex with 12b at 2.6 Å
resolution. Compound 12b binds in the hinge region of the
kinase domain, forming key hydrogen bonds between the
aminopyrimidine and the main chain atoms of Cys-133, as well
as an unusual heterocyclic CH−O hydrogen bond with the
main chain carbonyl of Glu-131 (Figure 2). Similar hinge-
binding interactions have been reported in previous PLK1
crystal structures with inhibitors bound.15 Also, the 3-
dimethylaminopropyl group forms a hydrogen bond with the
side chain carboxylate of Glu-140.16 This key interaction helps
to characterize the SAR observed around the upper phenyl ring
and the increased activity observed for 10n over related phenyl
analogues (Table 2). Another important interaction involves a
hydrogen bond between the thiolactam NH group and the side
chain of Asp194 from the DFG motif of this kinase. In addition,
the 6′-Me substituent on the pyridine ring fits into a small
selectivity pocket near residue Leu-132. This hinge residue was
identified previously as a key determinant of PLK1 inhibitor
selectivity over related kinases that possess a bulkier residue
(Phe or Tyr) at this position.15 This structural feature of PLK1
helps inform the SAR and selectivity observed by increased
steric bulk at C-6′ of the phenyl and pyridine ring described
previously (see Table 3).
Having discovered a compound (12b) with excellent in vitro

activities and a promising selectivity profile, we hoped to build
upon this discovery and further optimize this series. Previously,
we determined that a variety of functional groups were
tolerated at the C-9 position of the benzolactam core (see
Table 1). After discovery of 12b, the methylpyridine func-
tionality became the favored appendage off of the amino-
pyrimidine for analogue construction. Consequently, we
constructed analogues that combined the methylpyridine
group with a number of functionalities at C-9. Out of this
effort we identified 12c (MLN0905),17 a trifluoromethyl
replacement of the chloro substituent (Table 4). Like its
precursor, 12c displayed excellent enzyme and cell potency but
achieved a significant increase in solubility. Additionally, both
of these compounds were screened in an extensive kinase panel
(Ambit) to determine a wider selectivity profile. Evaluation of
12b and 12c against a panel of 359 kinases revealed them to be
reasonably selective inhibitors of PLK1.18
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Table 2. SAR of Upper Phenyl Ringb

apH = 6.8. bStandard deviations are reported for N ≥ 3. Otherwise IC50, EC30, and LD50 values are mean values of two determinations.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm2011172 | J. Med. Chem. 2012, 55, 197−208200



We then advanced these compounds into an evaluation of
their in vivo properties. While chemical modification of the C-9
position resulted in little effect on the in vitro potency profiles
of these compounds, evaluation of the in vivo pharmacokinetic
(PK) properties and pharmacodynamic (PD) responses to
these inhibitors did allow for differentiation.
PLK1 inhibitors elicit mitotic arrest as a pathway effect.19

This effect has been confirmed in both cells and xenografts
based on the mitotic marker histone H3 (Ser10), as the
phosphorylation of histone H3 (pH3) is a readout of PLK1
pathway modulation.20 By inhibiting PLK1, we expected that
cells would be arrested/delayed in mitosis and this could be
measured by an increase in pH3. Accordingly, accumulation of
pH3 as a pathway biomarker and PD readout of PLK1 inhi-
bition was exploited in these studies.

Compounds 12b and 12c were administered as single oral
doses (50 mg/kg) to nude mice bearing HT29 xenograft
tumors and plasma and tumor compound concentrations were
measured at 24, 48, and 72 h post dose. PD effects were
analyzed in tumor tissue by immunofluorescent staining to
determine the percentage of tumor area staining positive for
pH3. Administration of both compounds resulted in sustained
(24 h) tumor tissue concentrations of >1 μM (Figure 3). A
corresponding robust PD effect (>30%) was also noted at 24
and 48 h for both compounds. These data suggest a trend
whereby efficient and sustained distribution of inhibitor to the
tumor is important for a significant and prolonged PD
response. Overall, 12c showed a higher sustained PD response
as it impressively generated a robust PD response up to 72 h

Table 3. SAR of Upper Aryl Ring and Kinase Selectivitya

cell activity (nM) kinase selectivity IC50 (nM)

R
solubility
(μg/mL)b

PLK1 IC50
(nM) MIA EC30

HT29
LD50

Cdc25c
EC50 PLK3 KDR PDGFRb FLT3 FGFR1 KIT

11a H 24 5 ± 10 18 ± 5 72 ± 37 44 12 10 19 28 12 63
11b 6′-Me 100 2 ± 0.4 32 44 ± 15 64 18 10 49 720 1600 160
11c 6′-Cl 52 1 ± 0.8 53 ± 14 96 ± 20 440 73 56 93 970 2800 720
11d 6′-OMe 12 10 22 180 ± 48 130 140 54 190 590 1000 1100
11e 6′-OCF3 28 7 48 150 260 190 1100 1600 2000 2600
11f 6′-CF3 28 4 160 250 1500 310 550 5600 4100 2300
11g 6′-i-Pr 8 150 380 1100 1400 1600
11h 5′-Cl 3 1 37 120 150 5
11i 4′-F 13 2 17 55 38 7 21 23
11j 4′-OMe 6 1 ± 0.4 18 26 ± 1 32 5 1 27
11k 4′-CF3 4 1 59 83 9 51 72
11l 2′-OMe 51 470 5400
12a H 22 1 ± 0.5 11 ± 5 34 ± 9 53 31 11 27 95 11 20
12b 6′-Me 50 2 ± 0.8 9 ± 3 17 ± 7 33 ± 21 64 130 49 730 200 610

aStandard deviations are reported for N ≥ 3. Otherwise IC50, EC30, and LD50 values are mean values of two determinations. bpH = 6.8.

Scheme 3. Conversion of Lactam to Thiolactam

Figure 2. Crystal structure of PLK1 bound to 12b. The crystal
structure is available from the RCSB PDB with access code 3THB and
is further described in the Supporting Information.
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after a single 50 mg/kg dose. In contrast, pH3 levels for 12c
had returned back to near baseline levels at this time point.
12c also proved itself to be a potent inhibitor of PLK1 in

cells (Figure 4) in addition to being a reasonably selective

inhibitor of PLK1 (Table 4). From the kinase selectivity screen,
none of the inhibited kinases would be expected to contribute
to the cellular and PD effects observed.18 Moreover, the cellular
phenotype observed with 12c treatment, G2-M arrest and

monopolar spindle formation, is consistent with that of PLK1
RNAi treatment and small molecule PLK1 inhibition (data not
shown).20b,21 Combined with its excellent in vitro potency,
good solubility, and ability to generate a prolonged PD
response in vivo, 12c differentiated itself sufficiently to become
our lead compound and warrant further investigation into its in
vivo properties.
The PK properties of 12c were further characterized in

female nude NCR mice bearing HT29 tumors and naive male
Sprague−Dawley (SD) rats after intravenous (IV) and oral
dosing (Table 5). In general, the PK of 12c was characterized
by moderate to high systemic clearance (CLP), high volume of
distribution (VSS), moderate apparent elimination half-life
(t1/2), and moderate bioavailability (%F) in both species. The
plasma protein binding of 12c was moderate to high (87.4−
94.3%) and concentration-independent in the range of 0.5−
5 μM in mice and rats. In nude NCR mice bearing HT29
xenografts, 12c is rapidly and extensively distributed to tumor
with a tumor-to-plasma AUC0−24h ratio of 10.4 after a single PO
dose of 12.5 mg/kg.
Encouraged by the initial PD response observed with 12c

(50 mg/kg dose in Figure 3) and its efficient distribution to
tumor tissue, additional PD studies were conducted in nude
mice bearing HT29 xenograft tumors. Following single oral

Table 4. Methylpyridine Analoguesa

R
solubility
(μg/mL)b

PLK1 IC50
(nM) MIA EC30 (nM)

Cdc25C EC50
(nM)

cell viability HT29 LD50
(nM)

kinase selectivity (359 kinases screened at 1 μM
inhibitor)

12b Cl 50 2 ± 0.8 9 ± 3 33 ± 21 17 ± 7 37 kinases ≥65% inh
14 kinases ≥90% inh

12c CF3 105 2 ± 0.8 9 ± 3 29 ± 20 22 ± 10 28 kinases ≥65% inh
10 kinases ≥90% inh

aStandard deviations are reported for N ≥ 3. Otherwise IC50, EC30, and LD50 values are mean values of two determinations. bpH = 6.8.

Figure 3. Comparison of PD response of 12b and 12c following a single 50 mg/kg po dose (vehicle: 10% HPβCD/2.5% dextrose in water).

Figure 4. In vitro activity profile of 12c.
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doses of 25, 12.5, and 6.25 mg/kg, a PD dose response was
observed (Figure 5). A robust PD effect was sustained for the
25 and 12.5 mg/kg dosing groups for 48 h after administration
of 12c, and a lesser PD response was observed in the 6.25 mg/kg
group. Comparison with the 50 mg/kg dosing group discussed
previously (data from Figure 3) demonstrated a proportional
dose response across all the dosing groups. Accordingly, the
concentration of 12c observed in tumor samples was also
proportional across the dosing groups (Figure 5). These
data indicate a concentration dependent PD response
whereby greater tumor exposure of 12c yields a greater PD
response.
Ensuing tolerability studies were initiated in nude mice to

determine the maximum tolerated dose (MTD) for 12c dosed
on a variety of different schedules. Results from these experi-
ments determined the following MTDs: daily (QD), 12.5 mg/kg;
QD×1/week, 50 mg/kg; and QD×3/week, 25 mg/kg (data not
shown).
Having established MTDs for 12c, the antitumor effect of

12c was next evaluated in nude mice bearing HT29 xenograft
tumors. Mice (10 animals/group) were treated orally with 12c
for 21 days at doses based on tolerability results: QD (6.25 and
12.5 mg/kg), QD×1/week (50 mg/kg), and QD×3/week
(25 mg/kg) (Figure 6). Significant antitumor activity (p <
0.005) was observed using all doses and schedules in this study,
and all doses and schedules were tolerated throughout the

course of the study with mean body weight loss less than 10%.
While 50 mg/kg dosed once/week achieved tumor growth
inhibition (T/C = 0.53, p < 0.005), tumor stasis and regression
were achieved with more continuous exposure to drug, even at
low doses. By altering the administration schedule of 12c to
3 days on/4 days off (QD×3/week, 25 mg/kg), a significant
decrease in T/C was observed (0.14, p < 0.0001). Following a
schedule of daily administration of 6.25 mg/kg, a significant
inhibition of tumor growth was also accomplished (T/C = 0.15,
p < 0.0001). Ultimately, tumor regressions were observed
through daily treatment with 12.5 mg/kg of 12c (T/C = 0.03,
p < 0.0001). In the 12.5 mg/kg group, the mean body weight
loss for the group was <5%, however one animal was removed
from the study between days 10−14 due to body weight loss of
>16%. In the 12.5 mg/kg QD group, three of the nine mice
which completed the 21 day treatment phase had no
measurable tumor (i.e., complete response) out to 70 days
post treatment initiation.

Table 5. Summary of 12c Pharmacokinetic Properties

species
CLP

(L/h/kg)a
VSS

(L/kg)a
t1/2
(h)a

Cmax
(nM)b Tmax (h)

b F (%)c

rat, SD 2.3 10.2 4.7 335 4.0 72
mouse, NCR nude 2.5 6.2 3.4 720 4.0 45
aCLP, VSS, and t1/2 are from IV studies (dosed at 2 mg/kg in mice,
1 mg/kg in rats). bCmax and Tmax are from PO studies (dosed at
12.5 mg/kg in mice, 5 mg/kg in rats). cF (%) was calculated relative to
the listed respective IV doses versus PO dose (12.5 mg/kg in mice,
5 mg/kg in rats). Vehicle: 10% HPβCD/2.5% dextrose in water.

Figure 5. Dose dependent pH3 PD modulation in HT29 xenograft tumors following a single oral dose of 12c in nude mice (vehicle: 10% HPβCD/
2.5% dextrose in water).

Figure 6. Tumor growth Inhibition following oral administration of
12c in mice bearing HT29 xenograft tumors (vehicle: 10% HPβCD/
2.5% dextrose in water).
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■ CONCLUSION
In conclusion, a series of small molecule inhibitors of PLK1 was
identified and described in this report. Optimization of an HTS
hit (1) led to the discovery of 12c, a potent inhibitor of PLK1
in cells confirmed by inhibition of Cdc25C-T96 phosphor-
ylation, a direct cellular readout of PLK1 inhibition. 12c also
demonstrated the ability to impede cell proliferation in
numerous human tumor cell lines. Growth inhibition in these
cell lines was consistent with mitotic arrest or delay, which are
known to be a result of PLK1 inhibition. This effect was
confirmed by in vivo PD experiments that showed increased
levels of phosphorylation of the mitotic pathway marker
histone H3 (Ser10) in xenografts after exposure to 12c. In vivo
antitumor activity of 12c was observed in the HT29 colon
xenograft model, with tumor stasis or regression observed
at oral doses that were well-tolerated. Additionally, there
was flexibility in the administration of 12c because various
treatment schedules (intermittent and continuous) demon-
strated antitumor activity in this model. Taken together these
data demonstrate that 12c is a pharmacologically active
compound whose effects are consistent with PLK1 inhibition.

■ EXPERIMENTAL SECTION
NMR spectra were recorded in the solvent reported on a Bruker
300 MHz Avance 1 or 400 MHz Avance 2 (5 mm QnProbe) using
residual solvent peaks as the reference. Compound purity was
determined by analysis of the diode array UV trace of an LC-MS
spectrum using the following procedure: compounds were dissolved in
DMSO, methanol, or acetonitrile, and the solutions were analyzed
using an Agilent 1100 LC interfaced to a micromass Waters
Micromass Zspray mass detector (ZMD). One of two gradients was
used to elute the compounds; either a formic acid (FA) gradient
(acetonitrile containing 0−100% 0.1% formic acid in water) or an
ammonium acetate (AA) gradient (acetonitrile containing zero to
100% 10 mM ammonium acetate in water). All compounds were
determined to be >95% pure unless otherwise noted.
9-Chloro-2-(3,4-dimethoxyphenylamino)-5H-benzo[b]-

pyrimido[4,5-d]azepin-6(7H)-one (1). General Procedure A. Step
1: To a 250 mL round-bottom flask with magnetic stirrer was added
8-chloro-3,4-dihydro-1H-1-benzazepine-2,5-dione (3; R = Cl) (52.0 g,
0.248 mol) and THF (364 mL). 1,1-Dimethoxy-N,N-dimethylmethan-
amine (175 mL, 1.24 mol) was added, and then the flask was fitted
with a reflux condenser. The resulting reaction mixture was heated at
60 °C under an atmosphere of argon for 2 h. The light-orange solution
with a suspended solid was allowed to cool to room temperature.
Ether (250 mL) was added, and the precipitated material was collected
via suction filtration, washed with ether, and dried in vacuum oven
(40 °C) for 2 days to give 62 g (94%) of 4 (R = Cl) as a gray solid. 1H
NMR (400 MHz, DMSO) δ 10.05 (s, 1H), 7.72 (d, J = 8.5 Hz, 1H),
7.62 (s, 1H), 7.23−7.16 (m, 1H), 7.08 (d, J = 2.1 Hz, 1H), 3.33
(s, 2H), 3.23 (s, 6H). LCMS (FA) m/z = 265.2 (M + H).
Step 2: A mixture of 4 (R = Cl) (101 mg, 0.382 mmol), N-(3,4-

dimethoxyphenyl)guanidine·HNO3 (118 mg, 0.458 mmol), and
potassium carbonate (132 mg, 0.954 mol) in ethanol (2.7 mL) was
heated to reflux overnight. The mixture was cooled to room tem-
perature and added to water (20 mL). The resulting suspension was
stirred for 2 h, and the solid was collected by filtration and dried to
give 136 mg (90%) of 1. 1H NMR (400 MHz, DMSO) δ 10.35
(s, 1H), 9.60 (s, 1H), 8.49 (s, 1H), 8.11 (d, J = 8.5 Hz, 1H), 7.69 (s,
1H), 7.41 (dd, J = 8.5, 2.1 Hz, 1H), 7.28 (d, J = 2.1 Hz, 1H), 7.22 (dd,
J = 8.7, 2.4 Hz, 1H), 6.89 (d, J = 8.8 Hz, 1H), 3.75 (s, 3H), 3.72 (s,
3H), 3.39 (s, 2H). LCMS (FA) m/z = 397.1 (M + H).
9-Iodo-2-(3,4-dimethoxyphenylamino)-5H-benzo[b]-

pyrimido[4,5-d]azepin-6(7H)-one (5a). Prepared by general pro-
cedure A using 3 (R = I) in step 1.

1H NMR (300 MHz, DMSO) δ 10.24 (s, 1H), 9.57 (s, 1H), 8.46 (s,
1H), 7.83 (d, J = 8.3 Hz, 1H), 7.74−7.62 (m, 2H), 7.59 (s, 1H), 7.22

(dd, J = 8.7, 2.3 Hz, 1H), 6.88 (d, J = 8.8 Hz, 1H), 3.74 (s, 3H), 3.70
(s, 3H), 3.36 (s, 2H). LCMS (FA) m/z = 489 (M + H).

9-Trifluoromethyl-2-(3,4-dimethoxyphenylamino)-5H-
benzo[b]pyrimido[4,5-d]azepin-6(7H)-one (5b). Prepared by
general procedure A using 3 (R = CF3) in step 1.

1H NMR (300 MHz, DMSO) δ 10.44 (s, 1H), 9.63 (s, 1H), 8.51 (s,
1H), 8.27 (d, J = 8.1 Hz, 1H), 7.66 (d, J = 8.6 Hz, 2H), 7.54 (s, 1H),
7.22 (dd, J = 8.8, 2.4 Hz, 1H), 6.87 (d, J = 8.8 Hz, 1H), 3.73 (s, 3H),
3.69 (s, 3H), 3.41 (s, 2H). LCMS (FA) m/z = 431 (M + H).

2-(3,4-Dimethoxyphenylamino)-5H-benzo[b]pyrimido[4,5-
d]azepin-6(7H)-one (5c). Prepared by general procedure A using 3
(R = H) in step 1.

1H NMR (400 MHz, DMSO) δ 10.22 (s, 1H), 9.53 (s, 1H), 8.47 (s,
1H), 8.10 (dd, J = 7.9, 1.4 Hz, 1H), 7.72 (s, 1H), 7.63−7.50 (m, 1H),
7.38−7.28 (m, 1H), 7.28−7.18 (m, 2H), 6.89 (d, J = 8.8 Hz, 1H),
3.76 (s, 3H), 3.72 (s, 3H), 3.35 (s, 2H). LCMS (FA) m/z = 363.2
(M + H).

9-Fluoro-2-(3,4-dimethoxyphenylamino)-5H-benzo[b]-
pyrimido[4,5-d]azepin-6(7H)-one (5d). Prepared by general pro-
cedure A using 3 (R = F) in step 1.

1H NMR (300 MHz, DMSO) δ 10.34 (s, 1H), 9.56 (s, 1H), 8.46 (s,
1H), 8.14 (dd, J = 8.8, 6.7 Hz, 1H), 7.68 (s, 1H), 7.21 (ddd, J = 10.8,
5.3, 2.5 Hz, 2H), 7.02 (dd, J = 10.4, 2.5 Hz, 1H), 6.88 (d, J = 8.8 Hz,
1H), 3.74 (s, 3H), 3.71 (s, 3H), 3.38 (s, 2H). LCMS (FA) m/z =
381.1 (M + H).

9-Methyl-2-(3,4-dimethoxyphenylamino)-5H-benzo[b]-
pyrimido[4,5-d]azepin-6(7H)-one (5e). Prepared by general pro-
cedure A using 3 (R = Me) in step 1.

1H NMR (300 MHz, DMSO) δ 10.16 (s, 1H), 9.52 (s, 1H), 8.44 (s,
1H), 7.99 (d, J = 8.0 Hz, 1H), 7.72 (s, 1H), 7.18 (dd, J = 23.7, 8.4 Hz,
2H), 7.01 (s, 1H), 6.88 (d, J = 8.8 Hz, 1H), 3.75 (s, 3H), 3.71 (s, 3H),
3.33 (s, 2H), 2.36 (s, 3H). LCMS (FA): m/z = 377.4 (M + H).

9-Cyano-2-(3,4-dimethoxyphenylamino)-5H-benzo[b]-
pyrimido[4,5-d]azepin-6(7H)-one (5f). A mixture of 5a (100 mg,
0.21 mmol), Zn(CN)2 (14 mg, 0.12 mmol), Pd2(dba)3 (9.5 mg,
0.01 mmol), and dppf (14 mg, 0.02 mmol) was stirred in DMF (2 mL). A
drop of water was added and the mixture heated at 120 °C overnight
with stirring. The reaction was then allowed to cool to room tem-
perature and diluted with EtOAc and a solution of saturated NaHCO3
(aq). The organic layer was separated and washed with brine and
water, then dried over MgSO4, filtered, and concentrated. The crude
product was purified on silica gel to give 5f (75 mg, 92%). 1H NMR
(300 MHz, DMSO) δ 10.46 (s, 1H), 9.65 (s, 1H), 8.53 (s, 1H), 8.24
(d, J = 8.2 Hz, 1H), 7.76 (dd, J = 8.2, 1.6 Hz, 1H), 7.66 (s, 1H), 7.61
(d, J = 1.4 Hz, 1H), 7.20 (dd, J = 8.7, 2.4 Hz, 1H), 6.88 (d, J = 8.8 Hz,
1H), 3.74 (s, 3H), 3.70 (s, 3H), 3.41 (s, 2H). LCMS (FA) m/z =
388.2 (M + H).

2-Amino-9-chloro-5H-benzo[b]pyrimido[4,5-d]azepin-6(7H)-
one (8). To a solution of 4 (R = Cl) (11.8 g, 44.6 mmol) in EtOH
(300 mL) was added guanidine hydrochloride (4.68 g, 49.0 mmol)
and potassium carbonate (20.0 g, 145 mmol). The reaction mixture
was allowed to stir, overnight, at 75 °C. Most of the solvent was
removed in vacuo, and the remaining mixture was diluted in water
(500 mL). The resulting solution was stirred, at room temperature, for
30 min. The cloudy mixture was filtered and washed with water and
MeOH to give 8 (10.5 g, 90%) as a white solid. 1H NMR (400 MHz,
DMSO) δ 10.24 (s, 1H), 8.25 (s, 1H), 7.99−7.89 (m, 1H), 7.33 (dd,
J = 8.5, 2.1 Hz, 1H), 7.22 (d, J = 2.1 Hz, 1H), 6.74 (s, 2H), 3.27 (s,
2H). LCMS (FA): m/z = 261.1 (M + H)

9-Chloro-2-(phenylamino)-5H-benzo[b]pyrimido[4,5-d]-
azepin-6(7H)-one (10d). To a solution of 8 (148 mg, 0.568 mmol),
1-bromobenzene (0.072 mL, 0.681 mmol), Cs2CO3 (333 mg, 1.02
mmol), and BINAP (53 mg, 0.085 mmol) in 4 mL of toluene was
added Pd(OAc)2 (12.8 mg, 0.057 mmol), and the reaction was stirred
at 100 °C for 12 h. The reaction mixture was then treated with H2O
and extracted with CH2Cl2 (2 × 30 mL). The organic fractions were
combined, filtered, dried over MgSO4, and concentrated in vacuo to
give an orange oil, which was purified by HPLC to afford 10d (1.8 mg,
0.9%). 1H NMR (300 MHz, DMSO) δ 10.35 (s, 1H), 9.77 (s, 1H),
8.53 (s, 1H), 8.08 (d, J = 8.6 Hz, 1H), 7.80 (d, J = 7.9 Hz, 2H), 7.43
(dd, J = 8.5, 2.0 Hz, 1H), 7.29 (m, 3H), 6.95 (t, J = 7.2 Hz, 1H), 3.41
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(s, 2H). HRMS calcd for C18H13ClN4O, 337.0856; found, 337.0853
(M + H).
2-(3-(3-Aminopropyl)phenylamino)-9-chloro-5H-benzo[b]-

pyrimido[4,5-d]azepin-6(7H)-one (10n). To a microwave tube was
added 3-(3-bromophenyl)-N,N-dimethylpropan-1-amine (1.53 g, 6.31
mmol), 8 (1.64 g, 6.31 mmol), cesium carbonate (2.88 g, 8.83 mmol),
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (0.22 g, 0.38 mmol),
and tris(dibenzylideneacetone)dipalladium (0) (0.23 g, 0.25 mmol)
and dioxane (30 mL). The resulting mixture was heated at
150 °C for 70 min in a microwave reactor. The reaction mixture was
cooled to room temp, then 80 mL of THF was added to the mixture. It
was then filtered, and the filtrate was concentrated. The crude residue
was purified on silica gel to give 10n (1.92 g; 72%). 1H NMR
(400 MHz, DMSO) δ 10.35 (s, 1H), 9.69 (s, 1H), 8.51 (s, 1H), 8.08
(d, J = 8.5 Hz, 1H), 7.73 (s, 1H), 7.60−7.50 (m, 1H), 7.40 (dd, J = 8.5,
2.1 Hz, 1H), 7.27 (d, J = 2.1 Hz, 1H), 7.17 (t, J = 7.8 Hz, 1H), 6.78 (d,
J = 7.6 Hz, 1H), 3.39 (s, 2H), 2.60−2.51 (m, 2H), 2.20 (t, J = 7.2 Hz,
2H), 2.10 (s, 6H), 1.69 (dt, J = 14.7, 7.5 Hz, 2H). LCMS (FA): m/z
422.0 (M + H).
9-Chloro-2-({3-[3-(dimethylamino)propyl]phenyl}amino)-

5,7-dihydro-6H-pyrimido[5,4-d][1]benzazepine-6-thione
(11a). General Procedure B. Thioamide formation using phospho-
rus pentasulfide.
A mixture of 10s (940 mg, 2.2 mmol) and phosporous pentasulfide

(1.14 g, 5.12 mmol) in pyridine (17 mL) was allowed to stir overnight
at 60 °C. At this point, additional phosporous pentasulfide (66 mg,
0.30 mmol) was added and the reaction mixture was allowed to stir for
another 1 h. The reaction mixture was then added dropwise into a
stirred soln of 1:1 water/1 M aq NaHCO3 solution (160 mL) and
allowed to stir for an hour. The resulting solid was obtained after
filtration and a wash with water and ether. The yellowish−tan solid
obtained was vacuum-dried to give 11a (980 mg; 100%). LCMS (FA):
m/z 438.2 (M + H).
11a (920 mg, 2.1 mmol) was then dissolved in tetrahydrofuran

(37 mL), and to this 2.00 M of HCl in ether (2.10 mL, 4.20 mmol)
was added and allowed to stir for 10 min. Ether (170 mL) was added
and then allowed to stir for 30 min. The resulting solid was filtered and
washed with ether and dried under vacuum to give 11a as the bis-HCl
salt (944 mg; 88%). 1H NMR (400 MHz, DMSO) δ 12.27 (s, 1H),
10.22 (s, 1H), 9.82 (s, 1H), 8.49 (s, 1H), 8.09 (d, J = 8.5 Hz, 1H), 7.67
(s, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.56 (dd, J = 8.5, 1.9 Hz, 1H), 7.42
(d, J = 1.8 Hz, 1H), 7.22 (t, J = 7.8 Hz, 1H), 6.84 (d, J = 7.4 Hz, 1H),
3.85 (s, 2H), 3.03 (m, 2H), 2.72 (s,3H), 2.71(s, 3H), 2.60 (m, 2H),
1.95 (m, 2H). LCMS (FA): m/z 438.2 (M + H).
9-Chloro-2-(5-(3-(dimethylamino)propyl)-2-methylphenyla-

mino)-5H-benzo[b]pyrimido[4,5-d]azepine-6(7H)-thione
(11b). General procedure B using P2S5 was used to give 11b as the
formate salt after HPLC purification (115 mg, 29%). 1H NMR (300
MHz, DMSO) δ 8.94 (s, 1H), 8.37 (s, 1H), 7.94 (m, 1H), 7.46 (dd,
J = 8.5, 1.9 Hz, 1H), 7.41−7.33 (m, 2H), 7.11 (d, J = 7.7 Hz, 1H), 6.89
(d, J = 7.5 Hz, 1H), 3.80 (s, 2H), 3.74 (d, J = 5.3 Hz, 1H), 2.59−2.51
(m, 2H), 2.45−2.34 (m, 2H), 2.23 (s, 6H), 2.18 (s, 3H), 1.81−1.64
(m, 2H). LC-MS (FA): m/z 452.2 (M + H).
9-Chloro-2-({2-chloro-5-[3-(dimethylamino)propyl]phenyl}-

amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]benzazepine-6-thi-
one (11c). General procedure B using P2S5 was used to give 11c as
the formate salt after HPLC purification (1.9 g, 46%). 1H NMR (400
MHz, DMSO) δ 9.03 (s, 1H), 8.46 (s, 1H), 8.23 (s, 1H), 7.99 (d, J =
8.5 Hz, 1H), 7.68 (d, J = 1.6 Hz, 1H), 7.49 (dd, J = 8.5, 2.0 Hz, 1H),
7.41 (s, 1H), 7.40 (d, J = 5.1 Hz, 1H), 7.02 (dd, J = 8.2, 1.8 Hz, 1H),
3.86 (s, 2H), 2.59 (m, 2H), 2.36 (m, 2H), 2.22 (s, 6H), 1.81−1.68 (m,
2H). LCMS (FA): m/z 472.1 (M + H).
9 - C h l o r o - 2 - ( { 5 - [ 3 - ( d ime t h y l am i n o ) p r o p y l ] - 2 -

methoxyphenyl}amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]-
benzazepine-6-thione (11d). General Procedure C. Thioamide
formation using Lawesson’s reagent.
Into a round-bottomed flask was added SI-25 (0.18 g, 0.40 mmol),

2,4-bis(4-methoxyphenyl)-2,4-dithioxo-1,3,2,4-dithiadiphosphetane
(0.33 g, 0.81 mmol), and THF (6 mL). The mixture was stirred at
60 °C for 1 h. The mixture was then partitioned between DCM
(50 mL) and satd NaHCO3 (aq) (20 mL). The organic phase was

washed with water and brine. The solution was then dried over
Na2SO4, filtered, and concentrated. The residue was triturated with
ether to give a yellow solid, which was redissolved in THF. 2N HCl in
ether was added to give a yellow solid which was collected by filtration.
Obtained 11d as the HCl salt (160 mg, 85%). 1H NMR (400 MHz,
MeOD) δ 8.04 (s, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.48 (s, 1H), 7.15
(dd, J = 8.5, 2.0 Hz, 1H), 7.04 (d, J = 2.0 Hz, 1H), 6.80 (d, J = 8.3 Hz,
1H), 6.70 (d, J = 8.4 Hz, 1H), 3.68 (s, 2H), 3.60 (s, 3H), 2.79 (m,
2H), 2.53 (s, 6H), 2.43 (m, 2H), 1.80 (m, 2H). LCMS (FA): m/z
468.9 (M + H).

9 - C h l o r o - 2 - { [ 5 - [ 3 - ( d ime t h y l am i n o ) p r o p y l ] - 2 -
(trifluoromethoxy)phenyl]amino}-5,7-dihydro-6H-pyrimido-
[5,4-d][1]benzazepine-6-thione (11e). General procedure C using
Lawesson’s reagent was used to give 11e as the formate salt after
HPLC purification (60 mg, 32%). 1H NMR (300 MHz, DMSO)
δ 9.27 (s, 1H), 8.46 (s, 1H), 8.16 (s, 1H), 7.99 (d, J = 8.5 Hz, 1H),
7.78 (s,1H), 7.49 (d, J = 8.5, 1H), 7.40 (S, 1H), 7.28 (d, J = 8.4, 1H),
7.05 (d, J = 8.41H), 3.85 (s, 2H), 3.76−3.67 (m, 1H), 2.65−2.54 (m,
2H), 2.27 (s, 6H), 1.75 (m, 2H). LCMS (FA): m/z 522.1 (M + H).

9 - C h l o r o - 2 - ( 5 - ( 3 - ( d im e t h y l am i n o ) p r o p y l ) - 2 -
(trifluoromethyl)phenylamino)-5H-benzo[b]pyrimido[4,5-d]-
azepine-6(7H)-thione (11f). General procedure C using Lawesson’s
reagent was used to give 11f as the formate salt after HPLC
purification (8 mg, 20%). 1H NMR (300 MHz, DMSO) δ 8.97 (s,
1H), 8.38 (s, 1H), 8.17 (s, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.63 (d, J =
8.0 Hz, 1H), 7.56 (s, 1H), 7.45 (d, J = 8.5 Hz, 1H), 7.38 (s, 1H), 7.24
(d, J = 7.6 Hz, 1H), 3.82 (s, 2H), 2.65 (m, 2H), 2.31 (m, 2H), 2.18 (s,
6H), 1.74 (m, 2H). LCMS (FA): m/z 506.1 (M + H).

9 - C h l o r o - 2 - ( { 5 - [ 3 - ( d ime t h y l am i n o ) p r o p y l ] - 2 -
isopropylphenyl}amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]-
benzazepine-6-thione (11g). General procedure C using Law-
esson’s reagent was used to give 11g as the formate salt after HPLC
purification (22 mg, 44%). 1H NMR (400 MHz, DMSO) δ 9.00 (s,
1H), 8.34 (d, J = 9.3 Hz, 1H), 7.93 (d, J = 8.5 Hz, 1H), 7.47 (dd, J =
8.5, 2.0 Hz, 1H), 7.39 (d, J = 2.0 Hz, 1H), 7.23 (d, J = 8.0 Hz, 1H),
7.19 (s, 1H), 7.03 (d, J = 7.8 Hz, 1H), 3.78 (s, 2H), 3.76−3.69 (m,
1H), 3.28 (m, 1H), 3.19 (m, 1H), 2.54 (m, 2H), 2.33 (s, 6H),
1.82−1.69 (m, 2H), 1.11 (d, J = 6.8 Hz, 6H). LCMS (FA): m/z 480.4
(M + H).

9-Chloro-2-({3-chloro-5-[3-(dimethylamino)propyl]phenyl}-
amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]benzazepine-6-thi-
one (11h). General procedure C using Lawesson’s reagent was used
to give 11h as the formate salt after HPLC purification (0.16 g, 41%).
1H NMR (400 MHz, DMSO) δ 10.01 (s, 1H), 8.55 (s, 1H), 8.25 (s,
1H), 8.09 (t, J = 6.7 Hz, 1H), 7.79 (s, 1H), 7.63 (s, 1H), 7.54 (dd, J =
8.5, 2.0 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 6.87 (s, 1H), 3.88 (s, 2H),
2.60−2.54 (m, 2H), 2.45 (s, 2H), 2.29 (s, 6H), 1.76 (s, 2H). LCMS
(FA): m/z 472.1 (M + H).

9-Chloro-2-({3-[3-(dimethylamino)propyl]-4-fluorophenyl}-
amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]benzazepine-6-thi-
one (11i). General procedure B using P2S5 was used to give 11i as the
formate salt after HPLC purification (80 mg, 40%). 1H NMR (300
MHz, DMSO) δ 9.79 (s, 1H), 8.48 (s, 1H), 8.18 (s, 1H), 8.08 (d, J =
8.5 Hz, 1H), 7.76 (d, J = 4.6 Hz, 1H), 7.55 (m, 1H), 7.53−7.48 (m,
1H), 7.41 (d, J = 1.9 Hz, 1H), 7.06 (t, J = 9.3 Hz, 1H), 3.85 (s, 2H),
2.63−2.54 (m, 2H), 2.34 (t, J = 7.1 Hz, 2H), 2.18 (s, 6H), 1.80−1.61
(m, 2H). LCMS (FA): m/z 456.3 (M + H).

9 - C h l o r o - 2 - ( { 3 - [ 3 - ( d ime t h y l am i n o ) p r o p y l ] - 4 -
methoxyphenyl}amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]-
benzazepine-6-thione (11j). General procedure B using P2S5 was
used to give 11j as the formate salt after HPLC purification (54 mg,
29%). 1H NMR (400 MHz, DMSO) δ 9.57 (s, 1H), 8.43 (s, 1H), 8.08
(d, J = 8.5 Hz, 1H), 7.56 (s, 1H), 7.55−7.47 (m, 2H), 7.41 (d, J = 2.1
Hz, 1H), 6.88 (d, J = 8.9 Hz, 1H), 3.82 (s, 2H), 3.74 (s, 3H), 2.56−
2.51 (m, 4H), 2.39−2.28 (m, 2H), 2.20 (s, 6H), 1.67 (dt, J = 14.9, 7.6
Hz, 2H). LCMS (FA): m/z 468.4 (M + H).

9 - C h l o r o - 2 - { [ 3 - [ 3 - ( d ime t h y l am i n o ) p r o p y l ] - 4 -
(trifluoromethyl)phenyl]amino}-5,7-dihydro-6H-pyrimido[5,4-
d][1]benzazepine-6-thione (11k). General procedure B using P2S5
was used to give 11k as the formate salt after HPLC purification
(67 mg, 49%). 1H NMR (400 MHz, DMSO) δ 10.22 (s, 1H), 8.59 (s, 1H),
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8.18 (s, 1H), 8.14 (d, J = 8.5 Hz, 1H), 8.02 (s, 1H), 7.78 (d, J = 8.8
Hz, 1H), 7.63−7.50 (m, 2H), 7.44 (d, J = 2.1 Hz, 1H), 3.91 (s, 2H),
2.80−2.63 (m, 2H), 2.48−2.41 (m, 2H), 2.26 (s, 6H), 1.77 (m, 2H).
LCMS (FA): m/z 506.1 (M + H).
9 - C h l o r o - 2 - ( { 3 - [ 3 - ( d ime t h y l am i n o ) p r o p y l ] - 2 -

methoxyphenyl}amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]-
benzazepine-6-thione (11l). General procedure B using P2S5 was
used to give 11l as the formate salt after HPLC purification (10 mg,
49%). 1H NMR (400 MHz, DMSO) δ 8.58 (s, 1H), 8.47 (d, J =
5.5 Hz, 1H), 8.22 (s, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.84 (dd, J = 8.0,
1.5 Hz, 1H), 7.50 (dd, J = 8.5, 2.1 Hz, 1H), 7.40 (d, J = 2.1 Hz, 1H),
7.04 (t, J = 7.8 Hz, 1H), 6.95 (dd, J = 7.6, 1.5 Hz, 1H), 3.85 (s, 2H),
3.67 (s, 3H), 2.66−2.55 (m, 2H), 2.40−2.31 (m, 2H), 2.21 (s, 6H),
1.72 (m, 2H). LCMS (FA): m/z = 468.0 (M + H).
9-Chloro-2-({5-[3-(dimethylamino)propyl]pyridin-3-yl}-

amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]benzazepine-6-thi-
one (12a). General procedure B using P2S5 was used to give 12a as
the formate salt after HPLC purification (46 mg, 20%). 1H NMR (400
MHz, DMSO) δ 9.99 (s, 1H), 8.73 (d, J = 2.3 Hz, 1H), 8.54 (s, 1H),
8.18 (s, 1H), 8.14 (s, 1H), 8.09 (d, J = 8.5 Hz, 1H), 8.03 (d, J = 1.6
Hz, 1H), 7.53 (dd, J = 8.5, 2.0 Hz, 1H), 7.42 (d, J = 2.0 Hz, 1H), 3.88
(s, 2H), 2.57 (dd, J = 18.2, 10.7 Hz, 2H), 2.28 (t, J = 7.2 Hz, 2H), 2.15
(s, 6H), 1.78−1.64 (m, 2H). LCMS (FA): m/z 423.2 (M + H).
9-Chloro-2-({5-[3-(dimethylamino)propyl]-2-methylpyridin-

3-yl}amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]benzazepine-6-
thione (12b). General procedure B using P2S5 was used to give 12b
as the formate salt after HPLC purification (240 mg, 53%). 1H NMR
(400 MHz, DMSO) δ 9.16 (s, 1H), 8.42 (s, 1H), 8.21 (s, 1H), 8.07 (d,
J = 1.8 Hz, 1H), 7.95 (d, J = 8.5 Hz, 1H), 7.81 (d, J = 1.4 Hz, 1H),
7.47 (dd, J = 8.5, 2.1 Hz, 1H), 7.39 (d, J = 2.1 Hz, 1H), 3.83 (s, 2H),
2.55 (dd, J = 13.1, 5.5 Hz, 2H), 2.40 (s, 3H), 2.35 (dd, J = 15.2, 7.7
Hz, 2H), 2.21 (s, 6H), 1.78−1.66 (m, 2H). LCMS (FA): m/z 453.2
(M + H).
9-Trifluoromethyl-2-({5-[3-(dimethylamino)propyl]-2-meth-

ylpyridin-3-yl}amino)-5,7-dihydro-6H-pyrimido[5,4-d][1]-
benzazepine-6-thione (12c). General procedure B using P2S5 was
used to give 12c as the formate salt after HPLC purification (4.94 g,
72%). 1H NMR (400 MHz, DMSO) δ 9.23 (s, 1H), 8.47 (s, 1H), 8.19
(s, 1H), 8.14 (d, J = 8.2 Hz, 1H), 8.08 (d, J = 1.8 Hz, 1H), 7.82 (s,
1H), 7.75 (d, J = 8.3 Hz, 1H), 7.68 (s, 1H), 3.87 (s, 2H), 2.55 (dd, J =
14.2, 6.4 Hz, 2H), 2.41 (s, 3H), 2.38 (d, J = 7.7 Hz, 2H), 2.22 (s, 6H),
1.80−1.66 (m, 2H). LCMS (FA): m/z 487.2 (M + H).
Protein Kinase Enzyme Assays. PLK1 Flash Plate Assay. The

human PLK1 enzymatic reaction totaling 30 μL contained 50 mM
Tris-HCl (pH 8.0), 10 mM MgCl2, 0.02% BSA, 10% glycerol, 1 mM
DTT, 100 mM NaCl, 3.3% DMSO, 8 μM ATP, 0.2 μCi [γ-33P]-ATP,
4 μM peptide substrate (Biotin-AHX-LDETGHLDSSGLQEVHLA-
CONH2), and 10 nM recombinant human PLK1[2−369]T210D. The
enzymatic reaction mixture, with or without PLK inhibitors, was
incubated for 2.5 h at 30 °C before termination with 20 μL of 150 mM
EDTA. Then 25 μL of the stopped enzyme reaction mixture was
transferred to a 384-well streptavidin coated Image FlashPlate (Perkin-
Elmer) and incubated at room temperature for 3 h. The Image Flash
Plate wells were washed three times with 0.02% Tween-20 and then
read on the Perkin-Elmer Viewlux.
PLK1 DELFIA Kinase Assay. The human PLK1 enzymatic reaction

totaled 30 μL contained 50 mM Tris-HCl (pH 8.0), 10 mM MgCl2,
0.02% BSA, 10% glycerol, 1 mM DTT, 100 mM NaCl, 3.3% DMSO,
50 μM ATP, 2 μM peptide substrate (Biotin-AHX-LDETGHL-
DSSGLQEVHLA-CONH2), and 0.3 nM recombinant human
PLK1[2−369]T210D. The enzymatic reaction mixture, with or
without PLK inhibitors, was incubated 90 min at room temperature
before termination with 50 μL of STOP buffer containing 1% BSA,
0.05% Tween 20, 100 mM EDTA. Then 50 μL of the stopped enzyme
reaction mixture was transferred to a Neutravidin-coated 384-well
plate (Pierce) and incubated at room temperature for 60 min. The
wells were washed with wash buffer (25 mM Tris, 150 mM sodium
chloride, and 0.1% Tween 20) and incubated for 1 h with 50 μL of
antibody reaction mixture containing 1% BSA, 0.05% Tween 20,
antiphospho-cdc25c rabbit monoclonal antibody (325 pM, Millen-
nium Pharmaceuticals), and europium labeled antirabbit IgG (2 nM,

Perkin-Elmer). The wells were washed, and then the bound europium
was liberated using 50 μL of Enhancement Solution (Perkin-Elmer).
Quantification of europium was done using a Pherastar (BMG
Labtech)

Cellular Assays. Cdc25C-T96 Assay. HeLa cells were seeded in
a 96-well cell culture plate (4.5 × 103 cells/well) and incubated over-
night at 37 °C. pSGcdc25C (0.05 ug) and pCDNA3.1 PLK T210D
(0.02 ug) DNA was transfected using 0.15 mL of Fugene 6 (Roche)
transfection reagent in each well. Cells were incubated with PLK1
inhibitors for 2 h at 37 °C, fixed with 4% paraformaldehyde for 15 min,
and then permeabilized 15 min with 0.5% Triton X-100 in PBS. Then
100 mL of Roche blocking buffer was added to the wells prior to
incubation with rabbit anti-pcdc25c T96 (1:2500, Millennium Phar-
maceuticals) and mouse antimyc (clone 9E10) (1:250, Millennium
Pharmaceuticals Inc.) antibodies overnight at 4 °C. After washing with
PBS, the cells were stained with antirabbit IgG Alexa 488 (1:500,
Molecular Probes) and antimouse IgG Alexa 660 (1:500) for 45 min at
room temperature. DNA was then stained with Hoechst solution
(2 μg/mL). The percentage of pcdc25c and antimyc positive cells were
quantified using the Opera instrument and Acapella Image analysis
(Perkin-Elmer.)

Mitotic Index Assay. HT29 cells (2.5 × 103 cells/well) in 75 μL of
McCoy’s 5A media (Invitrogen) supplemented with 10% fetal bovine
serum (Invitrogen) was seeded in wells of a 96-well Optilucx plate
(BD bioscience) and incubated overnight at 37 °C. Then 25 μL of
serially diluted test compounds in McCoy’s 5A media supplemented
with 10% Fetal Calf Serum (Gibco) were added to the wells. Cells
were incubated for 24 h at 37C and then fixed with the addition of
50 μL of 4% paraformaldehyde for 10 min and permeabilized with the
addition of 50 μL of 0.5% TritonX-100 in PBS. After washing with
PBST, 50 μL of 0.5% Roche blocking buffer was added to the wells
and incubated for 1 h at room temperature. Cells were then incubated
with mouse anti-pHistone H3 (1:500, Millennium Pharmaceuticals)
for 1 h at room temperature. After washing with PBST, the cells were
stained with antimouse IgG Alexa 594 (1:200) for 1 h at room tem-
perature. DNA was then stained with Hoechst solution (2 μg/mL).
The percentage of pHistone H3 cells were quantified using Discovery-1
and MetaMorph (Molecular Devices.)

Antiproliferation Assays. Eight μL of serially diluted test com-
pounds were added to75 μL of HT29 (2.66 × 104 cells/well) cells in
McCoy’s 5A media supplemented with 10% Fetal Calf Serum (Gibco)
in Biocoat Poly-D lysine 384 well Black/Clear plates (BD
Biosciences). Cells were incubated for 72 h at 37 °C. Supernatant
was aspirated from the wells, leaving 25 μL in each well. ATP-lite
1 step reagent (25 μL, Roche) was added to each well, and lumi-
nescence for each plate was read on the LeadSeeker (Amersham
Biosciences). Percent inhibition was calculated using the values from a
DMSO control set to 100%.

In Vivo Studies. Cell Culture and Tumor Model. HT29 cells
were obtained from ATCC and were cultured in McCoy’s 5A medium
supplemented with 10% FBS. HT29 cells (2 × 106) were resuspended
in Hanks buffer and injected subcutaneously into the flanks of female
Nude mice (Taconic). All animals were housed and handled in
accordance with the Guide for the Care and Use of Laboratory
Animals.

Pharmacokinetics: Sample Harvest and Analysis. All compounds
were formulated in a mixture of 2-hydroxypropyl-β-cyclodextrin
(HPβCD) (w/w 10%) and dextrose (w/w 2.5%). HT29 tumor
bearing animal were dosed orally with compound. At indicated time
points, animals were euthanized with CO2 asphyxiation and cardiac
puncture was used to obtain whole blood. Collected blood was quickly
transferred into K2EDTA labeled tubes, centrifuged, and plasma was
analyzed for compound concentration. Tumor tissue was surgically
removed, weighed, and homogenized in mouse plasma (1:4, equivalent
weight in milligrams vs plasma volume in microliters) using a
FastPrep-24 homogenizer (MP Biomedicals, Solon, OH) for con-
centration analysis. The quantification of compound was conducted by
a method based on a liquid chromatography tandem mass
spectrometry (LC/MS/MS) methodology. Compound was extracted
from the protein matrix by precipitating the proteins in samples with
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acetonitrile at a ratio of 1:4 (v/v, sample/acetonitrile). The internal
standard used for analysis was a stable isotope labeled MLN0905. The
dynamic range of the assay was 1−1000 nM. The pharmacokinetic
analysis was performed using Winonlin software (Pharsight, St. Louis,
Missouri).
Immunohistochemistry. HT29 tumor bearing mice were dosed

orally with compound and at indicated time points tumor tissue
harvested and placed in 10% neutral buffered formalin. Immuno-
fluoresence was performed on 5 μm of paraffin embedded tumor
sections using the Discovery XT automated staining system (Ventana
Medical Systems, Tucson, AZ). Sections were deparaffinized, followed
by epitope unmasking with cell conditioning 1 solution (Ventana
Medical Systems) for 20 min. Tumor sections were stained for
pHisH3 (Cell Signaling Technologies, Danvers, MA). The deoxy-
ribonucleic acid (DNA) stain 4′,6-diamidino-2-phenylindole (DAPI,
Vector Laboratories, Inc., Burlingame, CA) was used to estimate the
total number of cells/field. One tissue section was used for each of the
three animals in a treatment group. Images were acquired using a Leica
DMLB microscope (Leica Microsystems, Wetzlar, Germany) with a
Photometrics Cool Snap HQ Nikon Eclipse E800 camera. Five images
from each slide were captured using a 20× Leica Plan objective (Leica
Microsystems, Wetzlar Germany) and analyzed on Metamorph
6.3r7 image processing software (Molecular Devices, Downingtown,
PA) using a custom image processing application module (Molecular
Devices Inc., City, State). The number of pHisH3-positive cells were
counted and averaged in the five fields of view, and DAPI Vectashield
HardSet Medium (Vector Laboratories, Burlingame, CA) was used as
a chromatin counter stain.
Efficacy Studies. Tumor growth was monitored using vernier

calipers, and the mean tumor volume was calculated using the formula
V = W2 × L/2. When the mean tumor volume reached approximately
200 mm3, the animals were randomized into treatment groups (n = 10
animals/group). Tumor growth and body weights were measured
twice per week.
In Vivo Statistical Analysis. Treatment over Control (T/C). The

mean volume on day x for the treatment group was divided by the
mean volume for the control group on day x.
Area under the Tumor Growth Curve (AUC) Analysis (during

Treatment). The differences in the tumor growth trends (tumor
volume or photon flux) over time between pairs of groups were
assessed using linear mixed effects regression models. To compare
pairs of groups, the following mixed-effects linear regression model
was fit to the data using the maximum likelihood method:

− = + + + +

+ × + × + ε

Y Y Y treat day day day

(treat day) (treat day )

ijk i k i k i i j j

ij ij ijk

0 0
2

2

where Yijk is the log10 tumor value at the jth time point of the
kth animal in the ith treatment, Yi0k is the day 0 (baseline) log10
tumor value in the kth animal in the ith treatment, dayj was the
median-centered time point and (along with dayj

2) was treated
as a continuous variable, and εijk is the residual error. A spatial
power law covariance matrix was used to account for the
repeated measurements on the same animal over time. Inter-
action terms as well as dayj

2 terms were removed if they were
not statistically significant. A likelihood ratio test was used to
assess whether a given pair of treatment groups exhibited
differences which were statistically significant. The −2 log
likelihood of the full model was compared to one without any
treatment terms (reduced model) and the difference in the
values were tested using a χ-squared test. The degrees of
freedom of the test were calculated as the difference between
the degrees of freedom of the full model and that of the
reduced model. The predicted differences in the log tumor
values (Yijk − Yi0k, which can be interpreted as log10 (fold
change from day 0)) were taken from the above models to
calculate mean AUC values for each treatment group. A dAUC

value was then calculated as:

=
−

×d AUC
mean(AUC ) mean(AUC )

mean(AUC )
100ctl trt

ctl

This assumes AUCctl was positive. In instances where AUCctl
was negative, the above formula was multiplied by −1. All P
values <0.05 in these analyses were considered statistically
significant.
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