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ABSTRACT: The Cell division cycle 7 (Cdc7) protdimase is essential for DNA replication and
maintenance of genome stability. We systematieadjlored thiazole-based compounds as inhibitors of
Cdc7 kinase activity in cancer cells. Our studesaitted in the identification of a potent, selest@dc7
inhibitor that decreased phosphorylation of thedisubstrate MCM#h vitro andin vivo, and inhibited

DNA synthesis and cell viabilityn vitro.
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1. Introduction

The complete, accurate replication of the DNA inteeell cycle is fundamental to maintaining
genomic stability. In cancer cells, oncogene ativeor loss of tumor suppressor function can lead
increased replication stress and deregulationlbtgele controls. Proteins that control key trdiusis
in DNA replication and cell cycle progression tHere represent potential nodes for therapeutic
intervention in cancer.

The serine/threonine protein kinase Cdc7 is esaldnti the activation of individual origins of
replication and the initiation of DNA synthesisgILCdc7 activation depends on the bipartite bindihg
a subunit, Dbf4.[2] Cdc7/Dbf4 phosphorylates prnageassociated with the replication origin, such as
the minichromosome maintenance (MCM) complex, itigar origin firing.[2] In particular, direct
phosphorylation of the MCM2 subunit by Cdc7/Dbfémotes a conformational change in the MCM
complex that activates its helicase activity antiates local DNA unwinding.[2] This allows the
association of other proteins required for DNA $ysis, such as DNA polymerase, to the exposed
regions of single-stranded DNA.[2]

Cdc7 plays a key role not only in activating orgio initiate synthesis, but also in regulatingang
replication. Cdc7 promotes the phosphorylation actd/ation of Chk1 and the replication
checkpoint,[3] which responds to blocks of repligatfork progression or limiting amounts of
nucleosides by arresting cells in S phase. Cheokpetivation may downregulate Cdc7 kinase,
preventing additional replication origins from fig,[4] or Cdc7 may be required for recovery from
replication fork arrest.[5]

Given its essential function in cell proliferatidb¢gc7 has been considered as a novel target foecan
therapy.[6,7,8] Cdc7 inhibition with SIRNA or smatiolecule inhibitors arrests normal cells at G1/S
after activation of a cell cycle checkpoint, butethal to cancer cells that cannot activate this
checkpoint due to defects in the DNA damage resppathway.[9,10,11,12,13] Expression levels of
Cdc7 and Dbf4 are increased in cancer cells, argiftcation of Dbf4 has been identified in some

breast and ovarian cancer cell lines.[14,15,16h@&udgh interfering with the DNA replication process



a proven strategy for cancer therapy, efficacyusfent drugs that target this pathway is limited by
cytotoxicity to normal cells and inherent or acedidrug resistance. Compounds that inhibit Cdc7
kinase activity provide a potential advantage &t they target the initiation step of DNA replicat)
rather than replication fork progression, and thaicity may be decreased due to activation of a
cellular checkpoint response in normal cells. Titerest in Cdc7 as a target for cancer therapy is
demonstrated by the report of several potent Calgibitors by different research
groups[17,18,19,20,21,22,23,24] but clinical triaith Cdc7 inhibitors have not yet moved past PHase
studies.

In our laboratories, high-throughput screening (H&®orts aimed at the discovery of inhibitors of
Cdc7 kinase activity led to the identification @ingpounds bearing a thiazole core. In particular,
thiazolel (Figure 1) was found to be a sub-micromolar irtbibof Cdc7 kinase activity and showed no
detectable activity in our primary counter scregai@ast the structural and functional homolog, aycli
dependent kinase CDK2. The synthetic approachisacimpound allowed for the rapid synthesis of
analogues with variations at all substituents @ntkilazole ring. Herein, we describe the synthasd
structure-activity relationship (SAR) of compourimsed on the thiazole scaffoldlpfeventually

leading to74, a potent and selective Cdc7 inhibitor.

[Please, insert Figure 1 here]

2. Chemistry

The thiazole cores of the compounds describedisnpéper were generally formed by reaction of
thioamides with diethyl bromomalonat® @s demonstrated by the synthesis of compdu@theme
1). The hydroxyl substituent thwas further elaborated by alkylation to form ether was
transformed into the corresponding trifl&teReaction ob with ammonia as well as primary or
secondary amines led to the 4-amino substituteddhes6-10. CompoundL3 that lacks a substituent at

C4 of the thiazole was synthesized by Suzuki cogpdf commercially available ethyl 2-



bromothiazole-5-carboxylatdZ) with 4-pyridineboronic acidl{l), while the synthesis of 4-methyl
thiazolel5 was achieved by reaction of pyridine-4-carbothimsng) with ethyl 2-chloro-3-
oxobutanoateld). Suzuki-coupling of triflaté with a variety of boronic acids and esters gave
convenient access to compourd@s24, which bear aromatic substituents at the 4-positicthe

thiazole.

[Please, insert Scheme 1 her €]

Amide 27 was synthesized analogously to its corresponditey & by condensation of pyridine-4-
carbothiamide2) with bromide26 (Scheme 2). Saponification of the ester moiety delivered the
hydrochloride salt of acié8, which was transformed into the corresponding ahidride. Reaction of
the crude acid chloride with a variety of aminesggamide29-31. Activation of acid32, prepared by
saponification of estel6, with HATU followed by treatment with ammonia, hgdine, or
hydroxylamine hydrochloride delivered the primamyide 33, hydrazide34, and hydroxamic acid5,
respectively. Other amides bearing different funci groups at the 4-position of the thiazole were

prepared analogously.

[Please, insert Scheme 2 her €]

The syntheses of thiazoles bearing heterocyclicarail replacements at the 4-position are illusttate
in Scheme 3. Dehydration of ami@& under Swern oxidation conditions[25] gave nitB& which was
transformed into tetrazol® by reaction with sodium azide in the presencdraf bromide.[26]
Oxadiazoled0 was obtained by reaction of hydrazifewith trimethyl orthoformate under acidic
conditions. Displacement of the triflate moietydimwith 1,2-phenylenediamine followed by cyclization

gave lactandl.



[Please, insert Scheme 3 her €]

Our general strategy for the formation of the tblazore was also applicable to the synthesis of
analogues of with diverse substituents at the 2-position oftthiazole (Scheme 4). Thus, reaction of a
variety of thioamideg?2 with bromides3 or 52 gave easy access to compoud8issl and53-54,
respectively. Thioamides that were not commerciallgilable were synthesized from the corresponding

chlorides as shown in Scheme 4.

[Please, insert Scheme 4 her €]

The complete reaction sequence to 2-(2-amino-dmiyi)thiazole-5-carboxamides bearing aromatic
or amino groups at the 4-position of the thiazeleutlined in Scheme 5. Transformation of 2-amino-4
chloropyrimidine §5) into the corresponding iodide followed by pallag+mediated cyanation gave 2-
amino-4-cyanopyrimidine. Treatment with ammoniurtfisudelivered thioamid&0, which was
cyclized to thiazold6 following the standard protocol. The correspondriftate was employed in
Suzuki-reactions or displaced with dimethylamingitee access to the 4-substituted thiazé6i2s/0. A

two-step transformation of the esters to the prynsemides then afforded analogus-78.

[Please, insert Scheme5 her €]

3. Phar macology

Cdc7/Dbf4 biochemical activity was assessed thrauBiotein A Amplified Luminescent Proximity
Homogenous Assay (AlphaScreen). Counter screetstéomine the biochemical activity of related
protein kinases CDK2/Cyclin E, CDK1/Cyclin B, CDK2)clin D1, Pim1, Pim2, CDK9/Cyclin T1,
CK2, and CK1 employed homogeneous time-resolveatdscence (HTRF) assays. MCM2

phosphorylation was assessed by high content irgagiRlCT-116 cells and with a Meso-Scale



Discovery (MSD) assay in tumor xenografts. Addiibassays in HCT-116 cells were
bromodeoxyuridine (BrdU) incorporation measurechgs colorometric ELISA assay, cell viability
assessed using a Cell Titer-glo assay, and DNAecbtvaluated by flow cytometry. See Experimental

protocols for details.

4. Results and discussion

Intrigued by the arguments for Cdc7 as a potentakl target for cancer, we initiated a high-
throughput screen of a library of approximately 280 compounds for Cdc7 kinase inhibitors. In this
HTS campaign, we identified a high hit rate (1.386dc7 inhibitors and we counter screened for
compounds with selectivity against CDK2, a clogelated kinase that shares both structural and
functional homology with Cdc7.[1] Verified hits frothe screen represented several, distinct chemical
series with remarkably low molecular weights anghtbinding efficiencies for inhibitors of kinase
activity. Prioritization of series based on drukglproperties led us to focus initially on a clags
compounds featuring a thiazole core.

Compoundl was the most promising hit in a series of thiazdhteat was obtained from the HTS
screen. In a biochemical assay for Cdc7 kinaseipc{see Experimental protocols), thesy©f 1 was
determined to be 0.323 puM, with no activity {4125 uM) detected in the counter screen assay
against CDK2. Mechanism of action studies indicalésicompound to be ATP competitive
(Supplementary Figure 1). Thiazdl@ppeared to be a very selective compound: in a pai€®0
kinases (KinomeSCAN, Ambit Bioscience, Inc.), compadl did not show any response with a percent
of control (POC) <50 at 1 uM (Supplementary Fig2Jeand no agonist or antagonist activity was
detected in a panel of 13 receptors. The origithisfcompound had been as an intermediate in @sseri
of potential CDKS5 inhibitors;[27] its low moleculareight combined with its potency corresponds to a
binding efficiency of >0.5. It also exhibits otHfaworable characteristics including low intrinsic
clearance in human liver microsomes (HLM) and ikegrimicrosomes (RLM), (17 and <14 pl/min/mg,

respectively), good permeability and low effluxioat(Pa,> 8.9 x 10° cm/s, ER = 1 for parental,



MDR1- and rat mdrl-infected LLC-PK1 cells). Theusture ofl offered multiple points for
diversification and its efficient synthetic scheall®wed for the rapid synthesis of analogues.

An X-ray crystal structure, while not available ohgrthe course of our medicinal chemistry
campaign, has recently been reported for Cdc7 &iaad its activator Dbf4.[28] Although the
structure-activity relationships reported in thiamascript were carried out in a ligand-based fashio
the absence of crystallographic information, thessguent publication of the Cdc7/Dbf4 structure
made it possible to retrospectively analyze thelibig of compound and subsequent analogs in the
active site of Cdc7.

The predicted binding mode for the initial hjtarising from docking of the lowest-energy
conformation as determined by quantum mechanicstive ATP binding site, is depicted in Figure
2.[29,30,31,32] The pyridine nitrogen bfs engaged in a hydrogen bond to the backbone Nkko
linker LEU137, whereas the ethyl ester functioyghitojects outward toward the exterior of the ATP
binding site, with an intramolecular hydrogen b@nedicted between the thiazole hydroxyl group and

the carbonyl of the ethyl ester.

[Please, insert Figure 2 her ¢

Early SAR from our HTS campaign suggested thaiatians at the 4-position of the thiazole might
lead to compounds with improved affinity for Cdan lextensive SAR studies disproved this
hypothesis. Selected examples from a series ofBa(dlyl)thiazole-5-carboxylates varying by the
substituent at C4 are shown in Table 1. Alkylatdhe 4-hydroxy group was not tolerated, as methyl
ether4 lost two orders of magnitude in its inhibitory iaitly against Cdc7 kinase compared with alcohol
1. The precipitous loss of activity of ethe(17.2uM) upon O-alkylation of compountican be
explained by disruption of the intramolecular H-Qorg motif and likely resultant steric clash of the

alkoxyl and/or ester function with nearby residug4J195, ASP96, or LY S90.



Introduction of 4-amino substituents led to compagiwith a wide range of potencies: the primary
amine6 showed micromolar activity as did compouhnthat bears a methyl amino group at the 4-
position of the thiazole. Larger substituents atamine as i® (NHBn) and in9 (NHPh) were not
tolerated. The dimethylamino analogl@however, showed activities comparable wlitiRemoval of
the substituent at the 4-position of the thiazol&3 or replacement with a small alkyl group (e.g.
methyl in15) led to compounds with micromolar activities. Tdokes bearing unsubstituted aryl
moieties as C4-substituents(@nd23) were 25—-60-fold less potent thanhowever, this loss of
potency could be restored by introduction of substits on the aromatic ring. In particular, comgbun
18 that bears aartho-chloro phenyl group at the 4-position of the tblazshowed sub-micromolar
levels of activity. Substituents on the phenyl rin@ddition toortho-chloro were tolerated as well3
22). Large aromatic groups like the 2-naphthyl graup4 were not tolerated at the 4-position of the
thiazole. None of the compounds showed any detleciialtibitory activity against CDK2. Overall, the
variations in the substituent on the 4-positiohef thiazole ethyl esters depicted in Table 1 ded t
compounds with activities at best as good as @utisg) pointl and we focused our attention toward

the 5-substituent.

[Please, insert Table 1 here]

Exploration of the influence of substituents at@@bthe thiazole ring on the inhibitory activity aust
Cdc7 revealed some promising trends (Table 2). faidre generally found to be one to two orders of
magnitude more potent than their correspondinggsts exemplified in the comparison of edter
(ICs0 = 20.5 pM) with acidB2 (ICso = 0.172 uM). However, we noticed an interestirigtrenship
between the substituents at C4 and C5 in 28ials this compound, which was isolated as its
hydrochloride salt, exhibited and§of 6.13 puM, 20-fold less potent than estePrimary amides, on
the other hand, were uniformly found to be moreepbtcompound&7 and33, for example, showed

ICs0 values of 0.115 uM and 0.101 puM, respectively. atigvities of secondary and tertiary amides



(e.g.29-31) were in the micromolar range. Hydraz®# hydroxamic acid5, and nitrile38 as well as
the 5-heterocycle substituted thiazad8sand40 showed improved activity compared to ethyl edter
but none of these compounds reached the activigf & primary amide&3. Only lactam4l showed an
ICsocomparable with amideZ and33 but significantly reduced selectivity over CDK2 {fidld vs.

>300-fold).

[Please, insert Table 2 here]

Having established the primary amide as the optd@akubstituent, several amides with different
substituents at the 4-position of the thiazole vesrghesized. These compounds showed activities
around 0.1 puM, which in many cases equated to pgtercreases of two orders of magnitude compared
to their corresponding esters (Table 3). In orddest whether the biochemical potency would tiees|
into an effect on cells, phosphorylation of SER®34CM2, a Cdc7-dependent, Cdc7-specific
phosphorylation site,[33,34] was analyzed in theraancer cell line HCT-116 using a high content
imaging assay (see Experimental protocols). Potentlye Cdc7 biochemical assay did not result in
comparable potency in the cellular assay: comp@inavhich bears a hydroxyl substituent at the 4-
position, did not show measurable activity in teéuar assay, whereas compoud8s36, and37
inhibited MCM2 phosphorylation at micromolar contrations, a greater than 100-fold shift from the
biochemical 1G, values. The shift in potency between the biochah@ad cellular assays is consistent
with data on Cdc7 inhibitors from other chemicaies (Reference 10, and data not shown), and may be
due in part to the low g(app) for ATP for Cdc7, which we determined as|0M (Supplementary

Figure 3).

[Please, insert Table 3 here]



In analogy to general kinase inhibitors, we envisibthe 2-substituents on the thiazole to interact
with the hinge region of the enzyme, a hypothdsas was retrospectively supported by the proposed
binding of compound in the active site of Cdc7. Hence, we expectedtians at this position to have
a pronounced effect on the inhibitory activity agiCdc7 kinase and focused our SAR studies towards
the 2-position of the thiazole (Table 4). Indesampound43, which bears a 3-pyridyl moiety, lost 2
orders of magnitude in potency compared,tand the corresponding 2-pyridyl analogdedid not
show any inhibitory activity against Cdc7. We rattize this decrease in activity of pyridyl
regioisomergl3 and44 by the loss of the key intermolecular hydrogendiog contact between the
pyridine nitrogen ofl. and the backbone NH of the linker LEU137 of Cdeig(re 2). The importance
of the ring-nitrogerpara to the connection to the thiazole ring was furitiemonstrated by the high
micromolar activities of compound8-51. An alkyl substituent at the 2-position of the yigyl
moiety in45 led to 20-fold loss in potency, whereas an aminusstuent at this position was tolerated
(53 was equipotent t&6). When we explored other heterocycles at the 2ipaof the thiazole our
efforts were rewarded by the discovery6f This compound features a 2-amino-4-pyrimidyl myie
and showed an 8-fold improvement in potency overstarting pointl. Interestingly, its regioisoméi
did not show any inhibitory activity against Cdé\jain, a pyrazine ring id7, which lacks the ring-

nitrogenpara to the connection to the thiazole ring, was potwlgrated.

[Please, insert Table 4 here]

So far, our SAR studies had established the 2-adipgrimidyl moiety as the optimal substituent at
the 2-position of the thiazole and we had discodehat thiazole-5-carboxamides were exquisitely
potent. Keeping these groups constant, we reelube influence of substituents at the 4-posibion
the inhibitory activity against Cdc7 kinase as veslthe cellular activity against MCM2
phosphorylation in HCT-116 cells. The compoundsaed in Table 5 showed cellular activities <10

1M, and sub-micromolar potency was observed forpmmds74 and77 equating to shifts in potency

1C



between the biochemical and cellular Cdc7 kinasayasof >30-fold. To further characterize these
compounds, we tested their stability in microsomestro, using HLM and RLM assays (see
Experimental protocols). All compounds tested waable in HLM and RLM assays, with clearance of

<100 pl/min/mg for all but one (Table 5).

[Please, insert Table5 here]

Compoundg4 and77 were potent in the biochemical and cellular assaybdisplayed low (<100
pI/min/mg) clearance in both HLM and RLM assays. 8o tested these compounds in a mouse liver
microsome (MLM) assay (see Experimental protoctistause we intended to further test the best
compoundn vivo using a mouse model. The MLM assay resulted inmsit clearance of 57 pl/min/mg
for 74, and 155 pl/min/mg for7, showing a similar trend with the results of tHeMRassay.

Additional profiling of these two compounds agaiagianel of 100 protein kinases (KinomeSCAN,
Ambit Bioscience, Inc.) revealed similar overallesgivity, with a POC < 35 at 1 uM for 12/100 and
10/100 kinases for4 and77, respectively (Supplementary Figure 2). As thedkneSCAN used
binding competition assays to assess kinase imdmbiand Cdc7 kinase was not included in that panel
we tested these and select other compounds in etizyassays for kinases of particular interest [@ab
6).

Compoundg4 and77 were not active against the cell cycle kinases COKCDK4, but did inhibit
CDKO (ICsp values of 0.75 uM and 0.73 puM, respectively),raake which primarily functions in
cellular transcription through regulation of RNAlymerase 11.[35] Cdc7/CDK9 inhibitors reported by
Nerviano Medical Sciences have been shown to leaefbus in tumor models, in part because
inhibition of CDK9 downregulates transcripts ofieeghoptotic proteins such as Mcl-1.[11,36] We also
tested for activity of our Cdc7 inhibitors agaipsbtein kinases from the casein kinase family, Wwhic
are structurally related to Cdc7 and have also beasidered as anticancer targets.[37,38] Compounds

74 and77 did not inhibit CK2, but did show activity agairGK1 kinases. Compouné inhibited

11



CK1a with an 1Gg of 0.69 pM, CK% with an IGp of 0.76 puM, and CK& with an 1G of 0.084 uM.
Compound77 inhibited CKXn with an 1Gg of 0.55 pM, CK% with an 1G, of 1.9 uM, and CK4a with
an 1G, of 0.104 uM. We did not detect any inhibition @2, another structurally related kinase, by
compound¥4 and77 in enzymatic assays. Compourdlalso did not show any agonist or antagonist

activity in a panel of 13 receptors.

[Please, insert Table 6 here]

We further characterized compourifdsand77 in different cellular assays (Table 7 and Figure 3
The compounds inhibited DNA synthesis in HCT-11liscevith 1Cso values of 2.6 uM and 6.9 pM, for
74 and77 respectively, in a colorometric bromodeoxyuridiBedU) assay (Figure 3A). Compoundé
and77 also inhibited cell proliferation, resulting ind§values of 4.2 uM and 4.6 uM in a Cell Titer-
Glo assay, which measures cellular ATP metabolEigufe 3B). The Ig, values for the BrdU and cell
viability assays were similar to each other, buter® to 9-fold less potent than the;d@alues for the
proximal assay, MCM2 phosphorylation. This sugg#sts inhibition of MCM2 close to the Igis
required for maximal inhibition of cell proliferain (pMCM2 1G, = 6.37 uM for74). Flow cytometry
for DNA content of HCT-116 cells treated with coropad 74 revealed an accumulation of cells in the
S/G2/M phases of the cell cycle (Figure 3C), sutiggslelayed progression through S phase following
Cdc7 inhibition. Caspases 3 and 7 were not activatéhe time points analyzed (Table 7), raisirgy th
possibility that the cells did not undergo apopalthough an increase in sub-G1 DNA content was
observed at higher compound concentrations oteit time points (Figure 3 and data not shown).
Imaging analysis of HCT-116 cells treated with connpd74, as well as with Cdc7 inhibitors from
other chemical series, suggested that loss of/@#llity occurred following aberrant mitosis

(Supplementary Figure 5).

[Please, insert Table 7 here]
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[Please, insert Figure 3 here]

Mechanism of action studies demonstrated Thatike the initial thiazolel and other compounds
from this series, showed ATP-competitive inhibitminCdc7 (Supplementary Figure 4). Its predicted
binding mode as determined in a manner analogotiatef compound is shown in Figurd. The
binding orientation of compound! displays ayn orientation of the sulfur atom of the thiazolelwit
respect to the proximal nitrogen atom of the adjapgrimidine ring, predicted from our own quantum
mechanical calculations as well as previous st [@@20] which demonstrate tlsgn preference of
aromatic sulfur atoms to lone-pair donor atoms wbréented in a 2,2'-arrangement. Tim S-N
arrangement, favored over theti S-N conformer o¥4 by greater than 4 kcal/mol, necessitates an
outward orientation of the pendant 2,4-dichlorogrgup toward the solvent front. The 2,4-
dichlorophenyl substituent may potentially engagan electrostatic or van der Waals interactio wit
the sidechain of HIS139 (depending on protonattatey and/or the backbone carbonyl oxygen of
SER181. [41] The aminopyridine moiety interacthwhe linker residue in a manner typical of this
functionality, with the ring nitrogen atom @# interacting with the NH of linker LEU137, augmedite
by an H-bonding contact between the pendant &l backbone C=0 of PRO135 in the rear of the
binding cavity. The carbonyl and Nidroups of the primary amide moiety@f are predicted to

interact with the salt-bridged LYS90 and ASP196pestively.

[Please, insert Figure 4 here]

Based on its potency, selectivity, and microsortedrancen vitro (Tables 5-7), we prioritized
compound74 for in vivo studies. Pharmacokinetic (PK) studies in rat feifgg intravenous (iv)
administration of74 resulted in a high clearance of 3890 ml/kg/h, atdgh volume of distribution of

4430 mi/kg (Table 8). Following oral administratjdhe bioavailability of7/4 was low (6.6%), as was

13



the Gnax (13 ng/ml), although the terminal half-life wag3.h. Mouse plasma protein binding assays

showed a free fraction (fu) of 9.0% for compoutdd

[Please, insert Table 8 here]

Despite suboptimal PK, for proof of principle wer@stigated whether compouiid inhibits Cdc7
kinase activityin vivo. Because of its low oral bioavailability, NCR/nuahce bearing HCT-116 tumor
xenografts were administered compoudds a single iv dose at 50 mg/kg or 150 mg/kg,ldadd
plasma and tumor samples were collected at 1,816 h post dose for
pharmacokinetic/pharmacodynamic (PK/PD) analysiguie 5). For the PD readout, we used a meso-
scale discovery (MSD) assay to detect MCM2 serBiptosphorylation in tumor lysates (see
Experimental protocols). The 50 mg/kg dos@bivas well tolerated and resulted in partial inhdit
of MCM2 phosphorylation in tumors. MCM2 phosphotida was inhibited by 39% at the 3 h time
point, but showed less of an effect at later timmis, with 20% inhibition of the signal at the @itme
point, and near control levels of MCM2 phosphotglatat the 16 h time point. The 50 mg/kg dose
resulted in an unbound plasma concentration of Mlafi1 h, and decreased thereafter. The 150 mg/kg
dose of compoun@4 also inhibited MCM2 phosphorylation in tumors, wg@% inhibition at 1 h, 38%
inhibition at 3 h, and 31% inhibition at 6 h followg dosing. The 150 mg/kg dose resulted in unbound
plasma levels of nearly 5 uM at the 1 h time pant] remained above 1 uM through 6 h post-dose.
However, this high dose was not well toleratedneae6 h, mice appeared moribund and consequently,
we did not test a 16 h time point. For both dossset, inhibition of MCM2 phosphorylation occurred
after the maximal plasma concentrations were oleskmonsistent with the idea that cells must pass
through S phase for Cdc7 kinase activity and MCM&agphorylation to be inhibited. Compourd
therefore demonstrated that a potent, selectivibiioh of Cdc7 kinase activity can decrease MCM2

phosphorylationn vitro as well asn vivo.
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[Please, insert Figure 5 her ¢

5. Conclusions

Cdc7 presents a challenge as a target for drugwbsg, because the presence of a kinase insert
domain adjacent to the active site, together wihethdence on binding of the Dbf4 subunit for kinase
activity, are not straightforward for building holagy models [1], and a crystal structure of thetgiro
had not been revealed until very recently [28]. @umary HTS screen identified a high hit rate of
Cdc7 inhibitors that were remarkable, relative tevpously described protein kinase inhibitors, thogir
low molecular weight and high binding efficiencyeibcused on compounds bearing a thiazole
moiety, systematically exploring SAR by building tfe core of compountl. Rapid synthesis and
characterization of analogs identified amidleas the most potent, selective Cdc7 inhibitor fiaum
SAR studies with on-target activity demonstraitegitro andin vivo.

Our studies demonstrated a large shift in potemtywéen enzymatic activity and activity in cells.
Additionally, we found that plasma exposure lexaflsompound’4 over the cellular 16, for 3—6 h
were not sufficient to cause 50% inhibition of MCMRBosphorylation in tumoiis vivo. Together,
these observations suggest timativo inhibition of Cdc7 with small molecules may reguaonstant
inhibition of the target at levels much greatemtltize cellular 1G.

Comparison of Cdc7 inhibitors from distinct chenhigaries, including thiazole-based compounds,
will facilitate better understanding of on-targetieity and the requirements for target coverage fo

efficacy.

6. Experimental protocols
6.1. Chemistry

All chemicals were used as received from the comiaksources. Reactions were performed without
significant exclusion of moisture or air. Reacttemperatures describe the temperature of the bath

surrounding the reaction vessel. Reactions underomave irradiation were performed in a Biotage®
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Initiator microwave reactor in sealed vessels. @olchromatography was conducted under medium
pressure either on silica gel (Merck® Grade 9386e size 60 A, 230—400 mesh) or on prepacked
silica gel cartridges (Biotage®). Analytical HPL@damass spectroscopy were conducted using a
reverse-phase Agilent 1100 Series HPLC-mass speeten. Purities for final compounds were
measured using UV detection at 215 nm and 254 na®5%. NMR spectra were acquired as solutions
in the indicated solvents on Bruker Avance DRX40Buker Avance DPX300 spectrometers at 400
and 300 MHz field strengths, respectively. Chemstalts are reported in parts per million (ppj,
downfield from tetramethylsilane (TM$,= 0.00 ppm), and are referenced to the residiatsb
Coupling constants are reported in Hertz (Hz). 8pésplitting patterns are designated as s: sindle
doublet, t: triplet, g: quartet, quin: quintet, multiplet, br.: broad.

The general reaction sequence is demonstratecetgytithesis of lead compourd as depicted in
Scheme 5:

6.1.1. 2-Amino-4-iodopyrimidine (55-iodide). 2-Amino-4-chloropyrimidine%5) (13.0 g, 100 mmol)
was added to a 57 wt.% aqueous solution of hydriadid (115 ml, 1.00 mol) at 0 °C and the mixture
was stirred at room temperature for 3 h. The metuas cooled to 0 °C and the resulting precipitate
was removed by filtration and taken up in cold Sieous NgCO; (200 ml). The mixture was
extracted with EtOAc (3 x 500 ml) and the combioegianic layers were concentrated under reduced
pressure to deliver 2-amino-4-iodopyrimidine (2¢,05.0 mmol, 95% yield) as a white sofith NMR
(400 MHz, DMSO#€) & ppm 7.78 (dJ = 5.0 Hz, 1 H), 7.02 (br. s, 2 H), 7.00 {ds 5.0 Hz, 1 H). MS
(ESI, pos. ionj/z: 222.1 (M+1).

6.1.2. 2-Aminopyrimidine-4-carbonitrile (57). A flask containing a solution &b-iodide (4.09 g, 18.5
mmol) in NMP (75 ml) was purged with argon for 5nuies. Zinc cyanide (2.28 g, 19.4 mmol) and
tetrakis(triphenylphosphine)palladium (0) (1.711.¢18 mmol) were added and the mixture was stirred
at 80 °C for 2 h. The mixture was cooled to roomgerature, EtOAc (200 ml) and 30% aqueous
NH4OH (200 ml) was added, and stirring was continwed.fh. The layers were separated, the aqueous

layer was extracted with EtOAc (4 x 200 ml), ane tombined organic layers were concentrated under
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reduced pressure. £ (30 ml) was added and the precipitate was ceiteby filtration and washed
with Et,O to deliver 2-aminopyrimidine-4-carbonitrile (1.6613.8 mmol, 75% yield) as a white solid.
'H NMR (400 MHz, DMSO¢s) 5 ppm 8.51 (dJ = 4.7 Hz, 1 H), 7.31 (br. s, 2 H), 7.08 {ds 4.7 Hz, 1
H). MS (ESI, pos. ionjn/z 121.1 (M+1).

6.1.3 2-Aminopyrimidine-4-carbothioamide (60). 40-48 wt.% aqueous ammonium sulfide (8.27 ml,
48.5 mmol) was added to a mixture5gf(5.3 g, 44.1 mmol), triethylamine (6.14 ml, 44.inotl), and
pyridine (28.8 ml, 353 mmol) and the resulting srspon was stirred at 52 °C for 2 h. The mixturs wa
concentrated under reduced pressure ax@whs added to the residue. The mixture was chidedi°C
and the resulting precipitate was removed by filtrato deliver 2-aminopyrimidine-4-carbothioamide
(5.5 g, 35.7 mmol, 80% yield) as a yellow sofid.NMR (400 MHz, DMSOsdg) § ppm 10.23 (br. s, 1
H), 9.58 (br. s, 1 H), 8.42 (d,= 4.9 Hz, 1 H), 7.35 (dl = 4.9 Hz, 1 H), 6.80 (br. s, 2 H). MS (ESI, pos.
ion) Mz 155.1 (M+1).

6.1.4. Ethyl 2-(2-aminopyrimidin-4-yl)-4-hydroxythiazole-5-carboxylate (46). A mixture of60 (5.4 g,
35.0 mmol), pyridine (11.4 ml, 140 mmol), and digtbromomalonated) (8.84 ml, 52.5 mmol) in
EtOH (15 ml) was heated under reflux for 16 h. Tigture was concentrated under reduced pressure
and HO was added to the residue. The resulting pretgpites removed by filtration and washed with
Et,O to deliver ethyl 2-(2-aminopyrimidin-4-yl)-4-hyakythiazole-5-carboxylate (5.30 g, 19.9 mmol,
57% yield) as a tan solidH NMR (400 MHz, DMSO€g) 6 ppm 12.27 (s, 1 H), 8.46 (d,= 4.9 Hz, 1
H), 7.11 (d,J = 4.9 Hz, 1 H), 7.01 (s, 2 H), 4.23 = 7.1 Hz, 2 H), 3.35 (br. s, 3 H), 1.27Jt= 7.1
Hz, 3 H). MS (ESI, pos. iomjyz: 267.0 (M+1).

6.1.5. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(trifluor omethyl sulfonyl oxy)thiazol e-5-car boxyl ate (46-
triflate). Trifluoromethanesulfonic anhydride (7.95 g, 28.2 oiymvas added to a mixture 46 (5.0 g,

18.8 mmol) and pyridine (4.46 g, 56.3 mmol) in £H (80 ml) at 0 °C and the mixture was stirred for
2 hat 0 °C. HO (200 ml) was added, the layers were separateldth@norganic layer was washed with
H,0 (4 x 200 ml). The organic layer was dried £81@;) and concentrated under reduced pressure. The

crude product was purified by a flash chromatogya(siiica gel, 0% to 40% EtOAc/hexanes) to deliver
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ethyl 2-(2-aminopyrimidin-4-yl)-4-(trifluoromethydfonyloxy)thiazole-5-carboxylate (4.3 g, 10.8
mmol, 58% vield)*H NMR (400 MHz, DMSOdg) § ppm 8.54 (d,J = 4.9 Hz, 1 H), 7.17 (s, 2 H), 7.14
(d,J=4.9 Hz, 1 H), 4.39 (q1 = 7.1 Hz, 2 H), 1.34 ( = 7.1 Hz, 3 H). MS (ESI, pos. ionyz 398.9
(M+1).

6.1.6. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(2,4-dichlorophenyl)thiazole-5-carboxylate (66). A mixture
of 46-triflate (485 mg, 1.22 mmol), 2,4-dichlorophenylboronicda@79 mg, 1.46 mmol), trans-
dichlorobis(triphenyl-phosphine)palladium (ii) (85ng, 0.122 mmol), and sodium carbonate
monohydrate (453 mg, 3.65 mmol) in 1,4-dioxan€H1:1, 2.4 ml) was stirred at 60 °C for 1.5 h. The
mixture was partitioned between®l (10 ml) and CHCI, (15 ml), the layers were separated, and the
aqueous layer was extracted with £ (2 x 15 ml). The combined organic layers wered(MgSQ,)
and concentrated under reduced pressure. Theingsoifown oil was absorbed onto silica gel and
purified by flash chromatography (silica gel, 208460% EtOAc/hexanes) to deliver ethyl 2-(2-
aminopyrimidin-4-yl)-4-(2,4-dichlorophenyl)thiazetecarboxylate (259 mg, 0.655 mmol, 54% vyield)
as a yellow solid"H NMR (400 MHz, DMSO€s) § ppm 8.47 (dJ = 4.9 Hz, 1 H), 7.78 (d] = 2.0 Hz, 1
H), 7.59 (dJ = 8.2 Hz, 1 H), 7.55 (dd,= 8.2, 2.0 Hz, 1 H), 7.22 (d,= 4.9 Hz, 1 H), 7.06 (s, 2 H),
4.18 (9, = 7.2 Hz, 2 H), 1.14 (] = 7.2 Hz, 3 H). MS (ESI, pos. ionyz 395.0 (M+1).

6.1.7. 2-(2-Aminopyrimidin-4-yl)-4-(2,4-dichlorophenyl)thiazole-5-carboxylic acid (66-acid). Lithium
hydroxide monohydrate (78.0 mg, 1.86 mmol) was ddde solution 066 (245 mg, 0.620 mmol) in
THF/H,O (1:1, 1.2 ml) and the mixture was stirred at rdemperature for 2 h and under reflux for 12
h. The THF was removed under reduced pressurehanaikture was diluted with # (10 ml). The
precipitate was collected by filtration and titwetn boiling MeOH to deliver 2-(2-aminopyrimidin-4
yh)-4-(2,4-dichlorophenyl)thiazole-5-carboxylic dgf180 mg, 0.490 mmol, 79% yield) as an off-white
solid.'H NMR (400 MHz, DMSO#€g) 5 ppm 13.65 (br. s, 1 H), 8.45 (@= 5.0 Hz, 1 H), 7.76 (dl =
1.9 Hz, 1 H), 7.57 (d] = 8.3 Hz, 1 H), 7.53 (dd} = 8.3, 1.9 Hz, 1 H), 7.21 (d,= 5.0 Hz, 1 H), 7.03 (s,

2 H). MS (ESI, pos. ion)Wz 367.0 (M+1).
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6.1.8. 2-(2-Aminopyrimidin-4-yl)-4-(2,4-dichlorophenyl)thiazole-5-carboxamide (74). HATU (211
mg, 0.556 mmol) was added to a mixturééfacid (170 mg, 0.463 mmol) and diisopropylethylamine
(242 pul, 1.39 mmol) in DMF (1 ml) and the mixturas\stirred at room temperature for 30 min. A 0.5M
solution of ammonia in 1,4-dioxane (2.78 ml, 1.3® o) was added and the mixture was stirred at
room temperature for 2 h. The mixture was dilutéith WleOH/CHCl,, absorbed onto silica gel, and
purified by flash chromatography (silica gel, 5%l MeOH/CHCI,). The resulting yellow solid
was further purified by reversed phase HPLC (Phamsx Gemini-NX 10p C18 110A, 100 x 50 mm,
10% to 95% HO/MeCN, 0.1% TFA). The product containing fractiamsre combined, basified with
solid NaHCQ, and extracted with CiEI, (3 x 20 ml). The combined organic layers weredlrie
(MgS(Oy) and concentrated under reduced pressure to del{@&aminopyrimidin-4-yl)-4-(2,4-
dichlorophenyl)thiazole-5-carboxamide (120 mg, 8.82mol, 71% vyield) as a light yellow solitH
NMR (400 MHz, DMSO#g) 5 ppm 8.44 (dJ = 5.0 Hz, 1 H), 7.73 (dl = 1.8 Hz, 1 H), 7.67 (br. s, 2 H),
7.56 (d,J=8.2 Hz, 1 H), 7.53 (dd,= 8.2, 1.8 Hz, 1 H), 7.21 (d,= 5.0 Hz, 1 H), 7.01 (br. s, 2 H). MS
(ESI, pos. ion)n'z. 365.9 (M+1).

6.1.9. Ethyl 4-hydroxy-2-(4-pyridyl)-thiazole-5-carboxylate (1). Prepared in 44% yield analogously to
46 using? instead 060. *H NMR (400 MHz, DMSOd): § 12.35 (br. s, 1 H), 8.75 (dd= 4.5, 1.5 Hz,
2 H), 7.87 (ddJ = 4.5, 1.5 Hz, 2 H), 4.26 (d,= 7.0 Hz, 2 H), 1.28 (1 = 7.0 Hz, 3 H). MS (ESI, pos.
ion) 'z 251 (M+1).

6.1.10. Ethyl 4-methoxy-2-(pyridin-4-yl)thiazole-5-carboxylate (4). lodomethane (267 pl, 4.30 mmol)
was added to a mixture @f(717 mg, 2.86 mmol) and potassium carbonate (7925173 mmol) in
DMF (5 ml) and the mixture was heated in a sealadat 80 °C for 18 h. Another 1.5 equiv.
iodomethane (267 pl, 4.30 mmol) was added and theira was heated in a sealed vial at 80 °C for 6
h. The mixture was cooled to room temperature amtitipned between D (30 ml) and CKLCI, (20
ml). The layers were separated, and the aqueoas\iggs extracted with 10% MeOH/QEl, (3 x 30
ml). The combined organic layers were dried (Mg/S8hd concentrated under reduced pressure. The

crude product was absorbed onto silica gel andiedrby flash chromatography (silica gel, 20% to
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60% EtOAc/hexanes) to deliver ethyl 4-methoxy-2righin-4-yl)thiazole-5-carboxylate (199 mg, 0.753
mmol, 26% yield) as an orange sofitl. NMR (300 MHz, CDC})  ppm 8.75 (ddJ = 4.5, 1.5 Hz, 2

H), 7.81 (dd,J = 4.5, 1.5 Hz, 2 H), 4.36 (d,= 7.2 Hz, 2 H), 4.25 (s, 3 H), 1.38Jt= 7.2 Hz, 3 H). MS
(ESI, pos. ionjwWz 265.1 (M+1).

6.1.11. Ethyl 2-(pyridin-4-yl)-4-(trifluoromethyl sulfonyloxy)thiazole-5-carboxyl ate (5). Prepared in
89% yield analogously t46-triflate usingl instead o#6. *H NMR (CDCk, 400 MHz):6 8.80 (dd,J =
4.5, 1.5 Hz, 2 H), 7.78 (dd,= 4.5, 1.5 Hz, 2 H), 4.46 (4,= 7.1 Hz, 2 H), 1.43 (] = 7.1 Hz, 3 H). MS
(ESI, pos. ionj/z: 383.0 (M+1).

6.1.12. Ethyl 4-amino-2-(pyridin-4-yl)thiazole-5-carboxylate (6). A mixture of5 (200 mg, 0.523
mmol) and a 0.5 M solution of ammonia in 1,4-diox&8.14 ml, 1.57 mmol) was heated in a Biofage
reactor at 120 °C for 1 h and at 160 °C for 1 hfamd h. The mixture was cooled to room temperatur
and concentrated under reduced pressure. The eesi@ipartitioned between saturated aqueous
NaHCG; (20 ml) and EtOAc (20 ml) and the aqueous layes wdracted with EtOAc (2 x 20 ml). The
combined organic layers were washed with brinen@0Qdried (NaSQO,), and concentrated under
reduced pressure. The crude product was purifieithbli chromatography (silica gel, 70%
EtOAc/hexanes) to deliver ethyl 4-amino-2-(pyridify)thiazole-5-carboxylate (16 mg, 0.064 mmol,
12% yield) as a light yellow solidH NMR (400 MHz, CDC}) & ppm 8.73 (d,) = 4.5 Hz, 2 H), 7.77 (d,
J=5.7Hz, 2 H), 5.92 (br. s, 2 H), 4.35 §gz 7.0 Hz, 2 H), 1.39 (] = 7.0 Hz, 3 H). MS (ESI, pos. ion)
m/z. 250.1 (M+1).

6.1.13. Ethyl 4-(methylamino)-2-(pyridin-4-yl)thiazole-5-carboxylate (7). A 2M solution of
methylamine in THF (392 ul, 0.785 mmol) was added solution 0ob (300 mg, 0.785 mmol) in THF
(5 ml) and the mixture was stirred at 75 °C for A.9'he mixture was filtered and:@ (10 ml) was
added to the filtrate whereupon a suspension forstegly. The solid was collected by filtration and
washed with HO to deliver ethyl 4-(methylamino)-2-(pyridin-4-gtjazole-5-carboxylate (29 mg,

0.110 mmol, 14% yield) as a yellow solfti NMR (400 MHz, CDCY) § ppm 8.73 (dJ = 5.1 Hz, 2 H),
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7.82 (dJ=5.9 Hz, 2 H), 6.72 (br. s, 1 H), 4.32 {gs 7.1 Hz, 2 H), 3.24 (dl = 5.1 Hz, 3 H), 1.37 (1]
= 7.1 Hz, 3 H). MS (ESI, pos. ionyz 264.0 (M+1).

6.1.14. Ethyl 4-(benzylamino)-2-(pyridin-4-yl)thiazole-5-carboxylate (8). Prepared in 41% yield
analogously t@ using benzylamine instead of 2M methylamine in THRe compound was
additionally purified by tituration with MeOHH NMR (400 MHz, DMSOdg) & ppm 8.73 (d) = 5.7
Hz, 2 H), 7.87 (dJ = 5.7 Hz, 2 H), 7.61 (] = 6.3 Hz, 1 H), 7.38-7.43 (m, 2 H), 7.33)t 7.5 Hz, 2
H), 7.20-7.27 (m, 1 H), 4.77 (d= 6.3 Hz, 2 H), 4.27 (g1 = 7.0 Hz, 2 H), 1.28 (] = 7.0 Hz, 3 H). MS
(ESI, pos. ionjw/z: 340.0 (M+1).

6.1.15. Ethyl 4-(phenylamino)-2-(pyridin-4-yl)thiazole-5-carboxylate (9). Prepared in 45 yield
analogously t@ using aniline instead of 2M methylamine in THF. Thaction took 3 d at 75 °C for
completionH NMR (400 MHz, DMSOdg) 5 ppm 9.14 (s, 1 H), 8.78 (d,= 6.1 Hz, 2 H), 7.97 (d] =
6.1 Hz, 2 H), 7.69 (d] = 8.0 Hz, 2 H), 7.37 (] = 8.0 Hz, 2 H), 7.05 (] = 7.3 Hz, 1 H), 4.35 (q] =
7.1 Hz, 2 H), 1.33 (t) = 7.1 Hz, 3 H). MS (ESI, pos. ionyz: 326.0 (M+1).

6.1.16. Ethyl 4-(dimethylamino)-2-(pyridin-4-yl)thiazol e-5-carboxylate (10). Prepared in 93% yield
analogously t& using dimethylamine instead of 2M methylamine inFTEH NMR (400 MHz,
DMSO-dg) 5 ppm 8.73 (ddJ = 4.5, 1.4 Hz, 2 H), 7.88 (dd,= 4.5, 1.4 Hz, 2 H), 4.21 (4,= 7.0 Hz, 2
H), 3.17 (s, 6 H), 1.27 (8= 7.0 Hz, 3 H). MS (ESI, pos. ionyz 278.1 (M+1).

6.1.17. Ethyl 2-(pyridin-4-yl)thiazole-5-carboxylate (13). A mixture of 4-pyridylboronic acidlfl) (3
g, 24.4 mmol), ethyl 2-bromothiazole-5-carboxyléi?) (5.76 g, 24.4 mmol), sodium carbonate (7.76
g, 73.2 mmol) in DME/HO (3:1, 100 ml) was purged with argon for 10 mrans-
Dichlorobis(triphenylphosphine)palladium (ii) (1.871.95 mmol) was added and flushing with argon
was continued for 5 min. The mixture was stirre8@fC for 3 d, concentrated under reduced pressure
and partitioned between,8 (100 ml) and EtOAc (100 ml). Celite was added,ldyers were
separated, and the aqueous layer was extractedet@Ac (2 x 100 ml). The combined organic layers
were washed with brine (150 ml), dried ¢gS&), and concentrated under reduced pressure. Tite sol

was dissolved in MeOH, and the solution was dri¢@$0,) and concentrated under reduced pressure.
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The crude product was purified by flash chromatpgya(silica gel, 100% EtOACc) to deliver ethyl 2-
(pyridin-4-yl)thiazole-5-carboxylate (25 mg, 0.16imol, 0.4% yield) as a tan solitH NMR (400
MHz, CDCk) & ppm 8.77 (dJ = 6.1 Hz, 2 H), 8.50 (s, 1 H), 7.85 (b= 6.1 Hz, 2 H), 4.43 (g1 = 7.2
Hz, 2 H) 1.43 (tJ = 7.2 Hz, 2 H). MS (ESI, pos. ionyz 235.0 (M+1).

6.1.18. Ethyl 4-methyl-2-(pyridin-4-yl)thiazole-5-carboxylate (15). A mixture of pyridine-4-
carbothioamide2?) (479 mg, 3.47 mmol) and ethyl 2-chloroacetoaegtat) (575 pl, 4.16 mmol) in
EtOH (5 ml) was heated under reflux for 30 h. Thetare was diluted with CKCl, (5 ml), absorbed
onto silica gel, and purified by flash chromatodmagsilica gel, 2% to 8% MeOH/CiEl,) to deliver
ethyl 4-methyl-2-(pyridin-4-yl)thiazole-5-carboxya(628 mg, 2.53 mmol, 73% yield) as a tan sdlitl.
NMR (300 MHz, CDC})  ppm 8.74 (dJ = 5.3 Hz, 2 H), 7.82 (dd},= 4.5, 1.3 Hz, 2 H), 4.38 (d,=
7.1 Hz, 2 H), 2.81 (s, 3 H), 1.41 {t= 7.1 Hz, 3 H). MS (ESI, pos. ionyz: 249.1 (M+1).

6.1.19. Ethyl 4-phenyl-2-(pyridin-4-yl)thiazole-5-carboxylate (16). Prepared in 66% yield analogously
to 66 using5 and phenylboronic acid instead4g-triflate and 2,4-dichlorophenylboronic acitt
NMR (300 MHz, CDC4) § ppm 8.76 (ddJ = 4.6, 1.5 Hz, 2 H), 7.91 (dd,= 4.6, 1.5 Hz, 2 H), 7.84—
7.80 (m, 2 H), 7.40-7.53 (m, 3 H), 4.33 g 7.1 Hz, 2 H), 1.32 (1] = 7.1 Hz, 3 H). MS (ESI, pos.
ion) Mz 311.0 (M+1).

6.1.20. Ethyl 4-(2-hydroxyphenyl)-2-(pyridin-4-yl)thiazole-5-carboxylate (17). Prepared in 54% vyield
analogously t®6 using5 and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-ipiyenol instead of6-
triflate and 2,4-dichlorophenylboronic acid. Reaction at@dor 2 h."H NMR (300 MHz, DMSO#k)

5 ppm 8.44 (dJ = 4.8 Hz, 1 H), 8.31 (§ = 5.0 Hz, 1 H), 7.72 (s, 1 H), 7.46—7.62 (m, 2 HP1 (d,J =
5.0 Hz, 1 H), 6.98 (s, 2 H), 3.16 @@= 7.0 Hz, 2 H), 1.01 (§ = 7.0 Hz, 3 H). MS (ESI, pos. ionyz
281.0 (M+1-EtOH, M+1 of lactone).

6.1.21. Ethyl 4-(2-chlorophenyl)-2-(pyridin-4-yl)thiazole-5-carboxylate (18). Prepared in 56% yield

analogously t®6 using5 and 2-chlorophenylboronic acid insteadi6ftriflate and 2,4-

dichlorophenylboronic acidH NMR (400 MHz, DMSOedg) 8 ppm 8.76 (dJ = 6.2 Hz, 2 H), 7.98 (dl
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= 6.2 Hz, 2 H), 7.41-7.64 (m, 4 H), 4.17 §g; 7.5 Hz, 2 H), 1.11 (] = 7.5 Hz, 3 H). MS (ESI, pos.
ion) Mz 345.0 (M+1).

6.1.22. Ethyl 4-(2-chloro-4-fluorophenyl)-2-(pyridin-4-yl)thiazol e-5-carboxylate (19). Prepared in
55% yield analogously t66 using5 and 2-chloro-4-fluorophenylboronic acid insteadi@friflate and
2,4-dichlorophenylboronic acidH NMR (400 MHz, DMSOdg) & ppm 8.76 (dJ = 6.2 Hz, 2 H), 7.98
(d,J= 6.2 Hz, 2 H), 7.53-7.69 (m, 2 H), 7.35 (d; 8.8, 2.6 Hz, 1 H), 4.18 (d,= 7.4 Hz, 2 H), 1.13
(t,J=7.Hz, 3 H). MS (ESI, pos. ionyz 363.0 (M+1).

6.1.23. Ethyl 4-(2,3-dichlorophenyl)-2-(pyridin-4-yl)thiazole-5-carboxyl ate (20). Prepared in 80%
yield analogously t66 using5 and 2,3-dichlorophenylboronic acid insteadiéftriflate and 2,4-
dichlorophenylboronic acidH NMR (400 MHz, DMSOds) 3 ppm 8.78 (ddJ = 4.7, 1.2 Hz, 2 H), 8.00
(dd,J=4.7, 1.6 Hz, 2 H), 7.80 (dd= 7.8, 1.7 Hz, 1 H), 7.56 (dd= 7.8, 1.7 Hz, 1 H), 7.50 (3,= 7.8
Hz, 1 H), 4.20 (qJ = 7.1 Hz, 2 H), 1.12 (] = 7.1 Hz, 3 H). MS (ESI, pos. ionyz 379.0 (M+1).

6.1.24. Ethyl 4-(2,4-dichlorophenyl)-2-(pyridin-4-yl)thiazole-5-carboxylate (21). Prepared in 74%
yield analogously t66 using5 instead ofi6-triflate. 'H NMR (300 MHz, CDCJ) 5 ppm 8.76 (dJ) =
5.0 Hz, 2 H), 7.86 (dd] = 4.4, 1.2 Hz, 2 H), 7.53 (d,= 1.7 Hz, 1 H), 7.42 (dl = 8.2 Hz, 1 H), 7.37
(dd,J=8.2, 1.7 Hz, 1 H), 4.27 (d,= 7.1 Hz, 2 H), 1.24 (] = 7.1 Hz, 3 H). MS (ESI, pos. ionyz
379.0 (M+1).

6.1.25. Ethyl 4-(2-chloro-4-methoxyphenyl)-2-(pyridin-4-yl)thiazole-5-carboxyl ate (22). Prepared in
60% yield analogously t66 using5 and 2-chloro-4-methoxyphenylboronic acid instebd6striflate
and 2,4-dichlorophenylboronic acitH NMR (400 MHz, DMSOeg) & ppm 8.77 (dd) = 4.7, 1.4 Hz, 2
H), 7.99 (dd,J = 4.7, 1.4 Hz, 2 H), 7.49 (d,= 8.5 Hz, 1 H), 7.18 (d] = 2.5 Hz, 1 H), 7.04 (dd}, = 8.5,
2.5 Hz, 1 H), 4.21 (q] = 7.1 Hz, 2 H), 3.86 (s, 3 H), 1.16 Jt= 7.1 Hz, 3 H). MS (ESI, pos. ionyz:
375.8 (M+1).

6.1.26. Ethyl 4-(pyridin-3-yl)-2-(pyridin-4-yl)thiazole-5-carboxylate (23). Prepared in 22% vyield
analogously t®6 using5 and 3-pyridylboronic acid instead 48-triflate and 2,4-

dichlorophenylboronic acidH NMR (300 MHz, CDC}) § ppm 9.06 (s, 1 H), 8.78 (d,= 5.6 Hz, 2 H),
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8.69 (d,J = 4.9 Hz, 1 H), 8.19 (dl = 7.8 Hz, 1 H), 7.88 (dl = 5.6 Hz, 2 H), 7.42 (dd,= 7.8, 49 Hz, 1
H), 4.35 (qJ = 7.1 Hz, 2 H), 1.33 (] = 7.1 Hz, 3 H). MS (ESI, pos. ionyz 312.0 (M+1).

6.1.27. Ethyl 4-(naphthal en-2-yl)-2-(pyridin-4-yl)thiazole-5-carboxylate (24). Prepared in 59% vyield
analogously t®6 using5 and 2-naphthylboronic acid instead4éftriflate and 2,4-
dichlorophenylboronic acidH NMR (300 MHz, CDC}) 6 ppm 9.06 (s, 1 H), 8.78 (d,= 5.6 Hz, 2 H),
8.69 (d,J = 4.8 Hz, 1 H), 8.19 (d] = 7.8 Hz, 1 H), 7.88 (d] = 5.6 Hz, 2 H), 7.42 (dd,= 7.8, 4.8 Hz, 1
H), 4.35 (q,J = 7.0 Hz, 2 H) 1.33 (] = 7.0 Hz, 3 H). MS (ESI, pos. ionyz 361.1 (M+1).

6.1.28. Methyl 3-amino-2-bromo-3-oxopropanoate (26). Bromine (0.875 ml, 17.1 mmol) was added
portionwise to a solution of methyl 3-amino-3-oxgpanoated5) (2 g, 17.1 mmol) in glacial acetic
acid (30 ml) and the mixture was stirred at roomgerature until it became colorless. The mixture wa
partitioned between EtOAc (100 ml) and@(100 ml), the layers were separated, and thenardayer
was washed with 0 (3 x 100 ml), saturated agueous NaHC®x 100 ml), and brine (100 ml). The
organic layer was dried (NaQO,) and concentrated under reduced pressure to detiethyl 3-amino-2-
bromo-3-oxopropanoate (1.50 g, 7.65 mmol, 45% Yiatda yellow oil, which used without further
purification.

6.1.29. 4-Hydroxy-2-(pyridin-4-yl)thiazole-5-carboxamide (27). A mixture of26 (1.50 g, 7.65 mmol),
pyridine-4-carbothioamide2] (1.00 g, 7.24 mmol) and pyridine (1.75 ml, 21./hat) in toluene (40
ml) was heated under reflux for 16 h. The mixtueswooled to room temperature, the solvent was
decanted and the resulting solid was titurated ttkane. KO was added, the solid was collected by
filtration and titurated with MeOH to deliver 4-hyxky-2-(pyridin-4-yl)thiazole-5-carboxamide (50 mg,
0.226 mmol, 3% yield) as a tan soltétl NMR (400 MHz, DMSOds)  ppm 13.04 (br. s, 1 H), 8.74 (d,
J=5.9Hz,2H), 7.83 (d=59Hz, 2 H), 7.68 (br. s, 1 H), 7.24 (br. $)1 MS (ESI, pos. ion)/z
222.1 (M+1).

6.1.30. 4-Hydroxy-2-(pyridin-4-yl)thiazole-5-carboxylic acid hydrochloride (28). A mixture of1 (700
mg, 2.80 mmol) and lithium hydroxide monohydrate (@, 50 mmol) in MeOH/THF/D (1:1:1, 30

ml) was stirred at room temperature for 1 h antl0atC for 2 h. The volatile solvents were removed
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under reduced pressure;(H(10 ml) was added, and the solution was acidifgethe dropwise addition
of 10% aqueous HCI. The resulting solid was remdwefiltration and titurated with MeOH to deliver
4-hydroxy-2-(pyridin-4-yl)thiazole-5-carboxylic athydrochloride (450 mg, 1.74 mmol, 62% yield) as
a tan solid*H NMR (400 MHz, DMSOds)  ppm 10.89 (s, 1 H), 8.67 (d= 6.1 Hz, 2 H), 7.79 (dl =
6.1 Hz, 2 H), 6.47 (s, 1 H). MS (ESI, pos. ion: 222.9 (M+1).

6.1.31. 4-Hydroxy-2-(pyridin-4-yl)thiazole-5-carbonyl chloride hydrochloride (28-acid chloride). A
2M solution of oxalyl chloride in C¥Cl, (3.30 ml, 6.60 mmol) was added dropwise to a susipa of
28 (853 mg, 3.30 mmol) in CiEIl, (7 ml). N,N-dimethylformamide (50 ul, 3.30 mmol) was added and
the mixture was stirred at room temperature for THe mixture was concentrated under reduced
pressure to deliver a yellow solid, which was usgtiout further purification.

6.1.32. 4-Hydroxy-N-methyl-2-(pyridin-4-yl)thiazol e-5-carboxamide (29). A 2M solution of
methylamine in THF (0.92 ml, 1.840 mmol) was adtted solution o28-acid chloride (170 mg,
0.613 mmol) in DMF (1.5 ml) and the mixture wasrstl at room temperature for 2 h. The mixture was
filtered and purified by reversed phase HPLC (Phegreex Gemini-NX 10p C18 110A, 100 x 50 mm,
10% to 95% HO/MeCN, 0.1% TFA). The product containing fractiomsre combined, basified with
solid NaHCQ, and extracted with Ci€l, (3 x 20 ml). The combined organic layers weredirie
(MgSQy) and concentrated under reduced pressure. Thiimgssolid was taken up in 2N NHin
MeOH/CH,CI,, absorbed onto silica gel, and further purifiedlagh chromatography (silica gel, 2% to
15% MeOH/CHCI,) to deliver 4-hydroxy-N-methyl-2-(pyridin-4-yl)tAzole-5-carboxamide (11 mg,
0.047 mmol, 8% yield) as an orange sottd.NMR (300 MHz, CROD) & ppm 8.62 (d,J) = 4.0 Hz, 1
H), 7.88 (d,J = 5.7 Hz, 2 H), 2.92 (s, 3 H). MS (ESI, pos. iamy; 236.0 (M+1).

6.1.33. N-Benzyl-4-hydr oxy-2-(pyridin-4-yl)thiazol e-5-carboxamide (30). Prepared in 13% yield
analogously t@9 using benzylamine instead of 2M methylamine in THFNMR (300 MHz, CROD)
5 ppm 8.66 (ddJ = 4.8, 1.1 Hz, 2 H), 7.93 (dd= 4.8, 1.3 Hz, 1 H), 7.30-7.42 (m, 2 H) 7.21-7130

1 H), 4.58 (s, 2 H). MS (ESI, pos. iomz 312.0 (M+1).
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6.1.34. 4-Hydroxy-N,N-dimethyl-2-(pyridin-4-yl)thiazole-5-carboxamide (31). Prepared in 10% vyield
analogously t@9 using 2M dimethylamine in THF instead of 2M methyine in THF'H NMR (300
MHz, CD;OD) § ppm 8.66 (d,J = 5.9 Hz, 2 H), 7.93 (dl = 5.9 Hz, 2 H), 3.21 (s, 6 H). MS (ESI, pos.
ion) Mz 250.1 (M+1).

6.1.35. 4-Phenyl-2-(pyridin-4-yl)thiazole-5-carboxylic acid (32). Prepared in 82% yield analogously
to 66-acid using16 instead 066. 'H NMR (300 MHz, DMSOdg) & ppm 13.66 (br. s, 1 H), 8.77 (@=
5.2 Hz, 2 H), 7.98 (d] = 5.2 Hz, 2 H), 7.81 (dd} = 5.6, 2.2 Hz, 2 H), 7.30-7.60 (m, 3 H). MS (ESI,
pos. ion)m/z. 283.1 (M+1).

6.1.36. 4-Phenyl-2-(pyridin-4-yl)thiazole-5-carboxamide (33). Prepared in 77% yield analogously to
74 using32 instead ob6-acid. *H NMR (300 MHz, DMSOds) 5 ppm 8.76 (dJ = 5.3 Hz, 2 H) 7.97-
7.82 (m, 6 H), 7.38-7.56 (m, 3 H). MS (ESI, pos)iovz 282.0 (M+1).

6.1.37. 4-Phenyl-2-(pyridin-4-yl)thiazole-5-carbohydrazide (34). Prepared in 25% yield analogously
to 74 using32 and hydrazine hydrate instead66tacid and 0.5M ammonia in 1,4-dioxarfel NMR
(400 MHz, DMSO#€) & ppm 9.89 (br. s, 1 H), 8.77 (d#i= 4.5, 1.8 Hz, 2 H), 7.98 (dd,= 4.5, 1.6 Hz,
2 H), 7.85 (dt]) = 6.7, 1.6 Hz, 2 H), 7.40-7.53 (m, 3 H), 4.65J&, 2.9 Hz, 2 H). MS (ESI, pos. ion)
Mz 297.1 (M+1).

6.1.38. N-Hydroxy-4-phenyl-2-(pyridin-4-yl)thiazole-5-carboxamide (35). Prepared in 11% yield
analogously t@4 using32 and hydroxylamine hydrochloride insteads6facid and 0.5M ammonia in
1,4-dioxane’H NMR (400 MHz, DMSOsg) & ppm 11.34 (br. s, 1 H), 9.48 (br. s, 1 H), 8.76)(d 5.9
Hz, 2 H), 7.97 (dJ = 5.9 Hz, 2 H), 7.85 (d] = 7.0 Hz, 2 H), 7.39-7.58 (m, 3 H). MS (ESI, pios))

m/z: 298.1 (M+1).

6.1.39. 4-Methoxy-2-(pyridin-4-yl)thiazole-5-carboxylic acid (4-acid). Prepared in 85% yield
analogously t@6-acid using4 instead 066. *H NMR (300 MHz, DMSOds)  ppm 13.07 (br. s, 1 H),
8.75 (d,J = 3.9 Hz, 2 H), 7.91 (dl = 3.9 Hz, 2 H), 4.13 (s, 3 H). MS (ESI, pos. iamy; 237.1 (M+1).

6.1.40. 4-Methoxy-2-(pyridin-4-yl)thiazole-5-carboxamide (36). Prepared in 87% yield analogously to

74 using4-acid instead o66-acid. *H NMR (300 MHz, DMSO€g) 8 ppm 8.74 (dJ = 5.7 Hz, 2 H),
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7.89 (d,J=5.7 Hz, 2 H), 7.77 (br. s, 1 H), 7.11 (br. $411 4.17 (s, 3 H). MS (ESI, pos. ionjz 236.0
(M+1).

6.1.41. 4-(2,4-Dichlorophenyl)-2-(pyridin-4-yl)thiazol e-5-carboxylic acid (21-acid). Prepared in 88%
yield analogously t66-acid using21 instead 066. *H NMR (300 MHz, DMSOeg) § ppm 13.73 (br. s,
1 H), 8.77 (dJ = 5.5 Hz, 2 H), 7.97 (dl = 5.5 Hz, 2 H), 7.78 (d = 1.6 Hz, 1 H), 7.60 (d] = 8.2 Hz, 1
H), 7.55 (dd,J = 8.2, 1.6 Hz, 1 H). MS (ESI, pos. iomjz: 350.9 (M+1).

6.1.42. 4-(2,4-Dichlorophenyl)-2-(pyridin-4-yl)thiazol e-5-carboxamide (37). Prepared in 40% yield
analogously t@4 using21-acid instead o66-acid. *H NMR (300 MHz, DMSOds) 5 ppm 8.75 (d)) =
5.5 Hz, 2 H), 7.92 (d] = 5.5 Hz, 2 H), 7.75 (s, 1 H), 7.72-7.52 (m, 4 M} (ESI, pos. ionji'z: 350.0
(M+1).

6.1.43. 4-Phenyl-2-(pyridin-4-yl)thiazole-5-carbonitrile (38). A solution of oxalyl chloride (124 pl,
1.39 mmol) in CHCI, (1 ml) was added to a mixture 8 (261 mg, 0.928 mmol) and dimethyl
sulfoxide (132 pul, 1.86 mmol) in GBI, (3 ml) at —78 °C and the mixture was stirred & =C for 15
min. Triethylamine (387 pl, 2.78 mmol) was addedpidvise and the mixture was stirred at —78 °C for
15 min. HO (10 ml) was added and the mixture was stirrgd@in temperature for 10 min. It was
diluted with HO (30 ml) and extracted with GBI, (2 x 50 ml). The combined organic layers were
dried (NaSQy) and concentrated under reduced pressure. Thieimgsgellow solid was titurated with
EtOAc to deliver 4-phenyl-2-(pyridin-4-yl)thiazok-carboxamide (170 mg, 0.646 mmol, 70% yield) as
a yellow solid."H NMR (400 MHz, DMSOds) 8 ppm 8.84 (ddJ = 4.5, 1.8 Hz, 2 H), 8.15 (di,= 6.5,
1.8 Hz, 2 H), 8.06 (dd] = 4.5, 1.8 Hz, 2 H), 7.54-7.71 (m, 2 H). MS (ES}s. ion)z: 264.0 (M+1).

6.1.44. 4-Phenyl-2-(pyridin-4-yl)-5-(2H-tetrazol-5-yl)thiazole (39). A mixture of38 (133 mg, 0.505
mmol), sodium azide (36.1 mg, 0.556 mmol) and birmmide (114 mg, 0.505 mmol) in8 (2 ml)
was heated in a Biotage® microwave reactor at Cifbf 20 min and at 155 °C for 30 min. The
suspension was filtered and the solid was takein 025 N agueous NaOH (10 ml). The resulting
suspension was stirred for 30 min and filtered. fillrate was brought to pH = 6.5 by the additidn o

10% aqueous HCI and the resulting solid was rembyddtration of deliver 4-phenyl-2-(pyridin-4-yl)
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5-(2H-tetrazol-5-yl)thiazole (42 mg, 0.137 mmol%2Y¥ield) as a light yellow solidH NMR (400
MHz, CD;OD) § ppm 8.79 (ddJ = 4.6, 1.4 Hz, 2 H), 8.03 (dd,= 4.6, 1.6 Hz, 2 H), 7.73 (dd,= 6.6,
2.8 Hz, 2 H), 7.43-7.49 (m, 3 H). MS (ESI, pos)ioviz: 307.1 (M+1).

6.1.45. 2-(4-Phenyl-2-(pyridin-4-yl)thiazol-5-yl)-1,3,4-oxadiazol e (40). A mixture of34 (260 mg,

0.877 mmol), trimethyl orthoformate (144 pl, 1.32oi), and 4-methylbenzenesulfonic acid (2.12 mg,
0.012 mmol) in THF (3 ml) was heated under refloxZ.5 h. Another 1.5 mol% 4-
methylbenzenesulfonic acid (2.12 mg, 0.012 mmoB added and the mixture was heated under reflux
for 1 h. The mixture was concentrated under redypcesisure and partitioned between saturated
agueous NaHC{(50 ml) and EtOAc (50 ml). The layers were sepata@nd the aqueous layer was
extracted with EtOAc (2 x 50 ml). The combined arigdayers were washed with brine (50 ml), dried
(NaxSQOy), and concentrated under reduced pressure. The product was taken up in DMSO, filtered,
and purified by reversed phase HPLC (PhenomenexrG&tX 10 C18 110A, 100 x 50 mm, 10% to
95% HO/MeCN, 0.1% TFA). The product containing fractiomsre combined, basified with solid
NaHCG;, and extracted with Ci€l,. The combined organic layers were dried @) and
concentrated under reduced pressure to deliverghéayl-2-(pyridin-4-yl)thiazol-5-yl)-1,3,4-
oxadiazole (11 mg, 0.036 mmol, 4% yield) as a yekolid.'"H NMR (400 MHz, CROD) § ppm 8.97

(s, 1 H), 8.74 (dJ = 5.7 Hz, 2 H), 8.09 (dl = 6.0 Hz, 2 H), 7.78 (dd, = 6.7, 3.0 Hz, 2 H), 7.47-7.54
(m, 3 H). MS (ESI, pos. iomjyz 307.1 (M+1).

6.1.46. Ethyl 4-[(2-aminophenyl)amino]-2-(4-pyridyl)-1,3-thiazole-5-carboxylate (5-amide). A
solution of5 (2.01 g, 5.26 mmol) and 1,2-phenylenediamine (,715.8 mmol) in dioxane (10.5 ml)
was heated under reflux for 48 h. The solvent vessoved under reduced pressure and the resulting
residue was purified by flash chromatography @ilgel, 1% to 2% 2M NEin MeOH/CHCI,) to
deliver ethyl 4-[(2-aminophenyl)amino]-2-(4-pyrighd,3-thiazole-5-carboxylate (1.29 g, 3.79 mmol,
72% vyield) as a bright-yellow solidH NMR (400 MHz, DMSO¢g) & ppm 8.95 (ddJ = 4.5, 1.7 Hz, 2

H), 8.79 (s, 1 H), 8.08 (dd,= 4.5, 1.7 Hz, 2 H), 7.38 (dd,= 7.9, 1.1 Hz, 1 H), 7.03-7.12 (m, 2 H),
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6.88-6.92 (m, 1 H), 5.04 (br. s, 2 H), 4.54J& 7.1 Hz, 2 H), 1.53 (] = 7.1 Hz, 3 H). MS (ESI, pos.
ion) Mz 341.0 (M+1).

6.1.47. 2-(4-Pyridyl)-4H,9H-benzo[ b] 1,3-thiazol o[ 5,4-f] 1,4-diazepin-10-one (41). Trifluoroacetic
acid (4.0 ml) was added to a solutionémide (207 mg, 0.61 mmol) in dioxane (40 ml) and the
mixture was heated under reflux for 24 h. The saiwgas removed under reduced pressure and the
resulting residue was purified by flash chromatpbsa (silica gel, 1% to 2% 2M NHin
MeOH/CHCI,) to deliver 2-(4-pyridyl)-4H,9H-benzb]1,3-thiazolo[5,4f1,4-diazepin-10-one (112
mg, 0.38 mmol, 62%) as a rust colored sdlit NMR (400 MHz, DMSOdg) & ppm 9.52 (s, 1 H), 9.39
(s, 1 H), 8.79 (ddJ = 4.6, 1.6 Hz, 2 H), 7.89 (dd,= 4.6, 1.6 Hz, 2 H), 6.85-6.97 (m, 4 H). MS (ESI,
pos. ion)m/z. 295 (M+1).

6.1.48. Ethyl 4-hydroxy-2-(pyridin-3-yl)thiazole-5-carboxylate 2,2,2-trifluor oacetate (43). Prepared in
35% yield analogously 46 using 3-pyridinecarbothioamide insteadsof *H NMR (300 MHz,

DMSO-ds) § ppm 12.29 (br. s, 1 H), 9.13 @@= 2.2 Hz, 1 H), 8.72 (dd, = 4.8, 1.6 Hz, 1 H), 8.28 (dl,
=8.0, 1.6 Hz, 1 H), 7.55 (dd,= 8.0, 4.8 Hz, 1 H), 4.23 (4,= 7.2 Hz, 2 H), 1.27 (] = 7.2 Hz, 3 H).
MS (ESI, pos. ionj/z: 251.0 (M+1).

6.1.49. Ethyl 4-hydroxy-2-(pyridin-2-yl)thiazole-5-carboxylate (44). Prepared in 17% vyield
analogously t@l6 using 2-pyridinecarbothioamide insteads6f 'H NMR (300 MHz, DMSOds) 8 ppm
12.10 (s, 1 H), 8.66 (d,= 4.8 Hz, 1 H), 7.97-8.09 (m, 2 H), 7.58 (d; 4.8, 1.6 Hz, 1 H), 4.23 (d,=
7.2 Hz, 2 H), 1.28 (t) = 7.2 Hz, 3 H). MS (ESI, pos. ionyz: 251.0 (M+1).

6.1.50. Ethyl 2-(2-ethyl(4-pyridyl))-4-hydroxythiazole-5-carboxylate (45). Prepared in 58% vyield
analogously tal6 using ethionamide instead 66. *H NMR (400 MHz, DMSOdg) & ppm 12.39 (br. s,

1 H), 8.64 (dJ = 5.2 Hz, 1 H), 7.74 (s, 1 H), 7.68 (db= 5.2, 1.6 Hz, 1 H), 4.24 (d,= 7.1 Hz, 2 H),
2.84 (qJ=7.6 Hz, 2 H), 1.22-1.29 (m, 6). M8z 279.0 (M+1).
6.1.51. Ethyl 4-hydroxy-2-(pyrazin-2-yl)thiazole-5-carboxylate (47). Prepared in 42% vyield

analogously t@6 using 2-pyrazinecarbothioamide instead@f'H NMR (300 MHz, DMSOds) 3 ppm
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12.35 (br. s, 1 H) 9.22 (d,= 1.3 Hz, 1 H) 8.82 (d] = 2.5 Hz, 1 H) 8.74-8.77(m, 1 H) 4.24 (o5 7.2
Hz, 2 H) 1.28 (tJ = 7.2 Hz, 3 H). MS (ESI, pos. ionyz 252.0 (M+1).

6.1.52. Ethyl 4-hydroxy-2-phenylthiazole-5-carboxylate (48). Prepared in 18% yield analogous|yt
using benzenecarbothioamide insteaB®f‘H NMR (300 MHz, DMSOdg)  ppm 12.13 (br. s, 1 H),
7.93 (ddJ=7.9, 1.6 Hz, 2 H), 7.50-7.60 (m, 3 H), 4.25Jg,7.2 Hz, 2 H), 1.27 (] = 7.2 Hz, 3 H).
MS (ESI, pos. ionj/z: 249.9 (M+1).

6.1.53. Ethyl 4-hydroxy-2-(4-methoxyphenyl)-1,3-thiazole-5-carboxylate (49). Prepared in 69% yield
analogously ta!6 using 4-methoxybenzenecarbothioamide instea@DotH NMR (400 MHz, DMSO-
de) & ppm 12.04 (s, 1H), 7.89 (d,= 8.8 Hz, 2 H), 7.07 (d] = 8.8 Hz, 2 H), 4.21 (q] = 7.1 Hz, 2 H),
3.84 (s, 3 H), 1.26 (f] = 7.1 Hz, 3 H). MS (ESI, pos. ionyz 280 (M+1).

6.1.54. Ethyl 4-hydroxy-2-(thiophen-3-yl)thiazole-5-carboxylate (50). Prepared in 15% yield
analogously t@6 using 3-thiophenecarbothioamide insteaé®f'H NMR (300 MHz, DMSOds) &
ppm 12.08 (br. s, 1 H), 8.25 (d#i= 2.9, 1.2 Hz, 1 H), 7.73 (dd,= 5.1, 2.9 Hz, 1 H), 7.55 (dd,= 5.1,
1.2 Hz, 1 H), 4.21 (q] = 7.0 Hz, 2 H), 1.28 (] = 7.2 Hz, 3 H). MS (ESI, pos. ion)z 255.9 (M+1).

6.1.55. Ethyl 2-tert-butyl-4-hydroxythiazole-5-carboxylate (51). Prepared in 15% yield analogously to
46 using 2,2-dimethylpropanecarbothioamide insteagbofH NMR (300 MHz, CDCY)  ppm 9.82
(br.s, 1 H), 4.34 (q) = 7.2 Hz, 2 H), 1.36 ({] = 7.2 Hz, 3 H). MS (ESI, pos. ionyz 230.0 (M+1).

6.1.56. 2-Aminopyridine-4-carbothioamide (62). Prepared in 47% vyield analogously@0 using 59
instead 0657. *H NMR (400 MHz, DMSOds) 5 ppm 9.94 (br. s, 1 H), 9.52 (br. s, 1 H), 7.92)¢,5.3
Hz, 1 H), 6.79 (br. s, 2 H), 6.73 (d#i= 5.3, 1.5 Hz, 1 H), 6.11 (s, 2 H). MS (ESI, pios) W'z 154.1
(M+1).

6.1.57. Ethyl 2-(2-aminopyridin-4-yl)-4-phenylthi azole-5-carboxylate (53). Prepared in 3% yield
analogously t@l6 using62 and52 instead 060 and3. *H NMR (400 MHz, DMSOds) 8 ppm 12.39 (br.
s, 1 H), 8.64 (dJ =5.2 Hz, 1 H), 7.74 (s, 1 H), 7.68 (dtk 5.2, 1.6 Hz, 1 H), 4.24 (4,= 7.1 Hz, 2 H),

2.84 (9= 7.6 Hz, 2 H), 1.22-1.29 (m, 6). M8z 279.0 (M+1).
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6.1.58. 4-Amino-6-iodopyrimidine (56-iodide). Prepared in 47% yield analogouslyS®-iodide using
56 instead 065. *H NMR (400 MHz, DMSOds)  ppm 8.04 (dJ = 0.8 Hz, 1 H), 7.04 (br. s, 2 H), 6.89
(d,J=0.8 Hz, 1 H). MS (ESI, pos. ion)yz 221.9 (M+1).

6.1.59. 6-Aminopyrimidine-4-carbonitrile (58). Prepared in 88% yield analogously 3@ using 56-
iodide instead oB5-iodide. '"H NMR (400 MHz, DMSOsg) & ppm 8.43 (dJ = 0.9 Hz, 1 H), 7.56 (br.
s, 2 H), 6.89 (d) = 0.9 Hz, 1 H). MS (ESI, pos. ionyz 121.1 (M+1).

6.1.60. 6-Aminopyrimidine-4-carbothioamide (61). Prepared in 55% yield analogously@® using58
instead of57. '"H NMR (400 MHz, DMSOds) 5 ppm 10.23 (br. s, 1 H), 9.84 (br. s, 1 H), 8.391(81),
7.45 (s, 1 H), 7.29 (br. s, 2 H). MS (ESI, pos)iovz: 155.0 (M+1).

6.1.61. Ethyl 2-(6-aminopyrimidin-4-yl)-4-phenylthiazole-5-carboxylate (54). Prepared in 7% yield
analogously t@6 using61 and52 instead 060 and3. *H NMR (400 MHz, DMSOdg)  ppm 8.45 (dJ)
= 0.9 Hz, 1 H), 7.76 (ddl = 6.6, 3.0 Hz, 2 H), 7.46—7.49 (m, 3 H), 7.31X($]), 7.24 (dJ = 0.9 Hz, 1
H), 4.25 (gJ = 7.1 Hz, 2 H), 1.22 (] = 7.1 Hz, 3 H). MSwz 327.0 (M+1).

6.1.62. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(2-fluorophenyl)thiazol e-5-carboxylate (63). Prepared in
73% yield analogously t66 using 2-fluorophenylboronic acid instead of 2,3htlicophenylboronic
acid.™H NMR (400 MHz, DMSOds) & ppm 8.50 (dJ = 4.9 Hz, 1 H), 7.65 (td] = 7.8, 1.8 Hz, 1 H),
7.57 (tddJ = 7.8, 5.5, 1.8 Hz, 1 H), 7.30-7.39 (m, 2 H), 7(@7J = 4.9 Hz, 1 H), 7.06 (s, 2 H), 4.23 (q,
J=7.1Hz, 2 H), 1.18 (| = 7.1 Hz, 3 H). MS (ESI, pos. ion¥z 345.0 (M+1).

6.1.63. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(2-trifluoromethyl phenyl)thiazol e-5-car boxyl ate (64).
Prepared in 50% vyield analogouslyg®using 2-trifluoromethylphenylboronic acid instedd?¢3-
dichlorophenylboronic acidH NMR (400 MHz, DMSOds)  ppm 8.45 (dJ = 5.3 Hz, 1 H), 7.86 (d]
= 7.9 Hz, 1 H), 7.74 (g1 = 7.9 Hz, 3 H), 7.56 (d] = 7.5 Hz, 1 H), 7.19 (dl = 5.3 Hz, 1 H), 6.98 (s, 2
H), 4.08 (qJ = 7.1 Hz, 2 H), 1.01 (] = 7.1 Hz, 4 H). MS (ESI, pos. ionyz 395.1 (M+1).

6.1.64. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(2,5-difluor ophenyl)thiazole-5-carboxylate (65). Prepared
in 73% yield analogously 166 using 2,5-difluorophenylboronic acid instead of-2,3

dichlorophenylboronic acidH NMR (400 MHz, DMSOsg) & ppm 8.50 (d,) = 4.9 Hz, 1 H), 7.65 (td]
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= 7.8, 1.8 Hz, 1 H), 7.57 (tdd,= 7.8, 5.5, 1.8 Hz, 1 H), 7.30-7.39 (m, 2 H), 7(@73 = 4.9 Hz, 1 H),
7.06 (s, 2 H), 4.23 (q)= 7.1 Hz, 2 H), 1.18 (] = 7.1 Hz, 3 H). MS (ESI, pos. ionyz 363.0 (M+1).

6.1.65. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(3,5-dichlorophenyl)thiazol e-5-carboxylate (67). Prepared
in 25% yield analogously 166 using 3,5-dichlorophenylboronic acid instead of 2,3
dichlorophenylboronic acidH NMR (400 MHz, DMSOds) § ppm 8.49 (dJ = 4.9 Hz, 1 H), 7.86 (d]
= 1.8 Hz, 2 H), 7.75 (1 = 1.8 Hz, 1 H), 7.31 (dl = 4.9 Hz, 1 H), 7.05 (s, 2 H), 4.27 (4= 7.1 Hz, 2
H), 1.25 (t,J = 7.1 Hz, 3 H). MS (ESI, pos. ionyz: 395.0 (M+1).

6.1.66. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(2-chloro-4-methyl phenyl)thiazol e-5-carboxyl ate (68).
Prepared in 72% yield analogouslyg®using 2-chloro-4-methylphenylboronic acid insteé@ 8-
dichlorophenylboronic acidH NMR (400 MHz, DMSOds) 5 ppm 8.47 (dJ = 4.9 Hz, 1 H), 7.42 (1]
=3.7Hz, 2 H), 7.26 (d] = 7.8 Hz, 1 H), 7.22 (d1 = 4.9 Hz, 1 H), 7.06 (s, 2 H), 4.17 (4= 7.0 Hz, 2
H), 2.40 (s, 3 H), 1.14 (§ = 7.0 Hz, 3 H). MS (ESI, pos. ionyz 375.0 (M+1).

6.1.67. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(2-chlor o-4-methoxyphenyl)thiazol e-5-car boxyl ate (69).
Prepared in 78% yield analogouslyg®using 2-chloro-4-methoxyphenylboronic acid insteéa,3-
dichlorophenylboronic acidH NMR (400 MHz, DMSOds) § ppm 8.46 (dJ = 4.8 Hz, 1 H), 7.44 (d]
=8.8 Hz, 1 H), 7.23 (d] = 5.3 Hz, 1 H), 7.13 (d] = 2.6 Hz, 1 H), 7.02 (dd},= 8.8, 2.6 Hz, 1 H), 6.95
(s, 2 H) 4.16 (quin] = 7.3 Hz, 2 H), 3.67 (s, 3 H), 1.12 §t= 7.3 Hz, 7 H). MS (ESI, pos. ionyz
391.1 (M+1).

6.1.68. Ethyl 2-(2-aminopyrimidin-4-yl)-4-(dimethylamino)thiazole-5-carboxylate (70). Prepared in
82% yield analogously tbO using46-triflate and dimethylamine instead Bfand 2M methylamine in
THF. *H NMR (400 MHz, DMSOsg) § ppm 8.45 (d,) = 4.9 Hz, 1 H), 7.19 (dl = 4.9 Hz, 1 H), 6.94 (s,
2 H), 4.19 (qJ) = 7.1 Hz, 2 H), 3.14 (s, 6 H), 1.26 Jt= 7.1 Hz, 3 H). MS (ESI, pos. ionyz 294.0.1
(M+1).

6.1.69. 2-(2-Aminopyrimidin-4-yl)-4-(2-fluor ophenyl)thiazole-5-carboxylic acid (63-acid). Prepared
in 90% vyield analogously t66-acid using63 instead 066. *H NMR (400 MHz, DMSOedg) & ppm

13.61 (br.s, 1 H),8.47 (d,=4.9Hz,1H), 762 (td=7.7,1.7 Hz, 1 H), 7.53 (tdd= 7.7, 5.7, 1.7
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Hz, 1 H), 7.27-7.37 (m, 2 H), 7.25 = 4.9 Hz, 1 H), 7.04 (s, 2 H). MS (ESI, pos. ionx: 317.0
(M+1).

6.1.70. 2-(2-Aminopyrimidin-4-yl)-4-(2-fluor ophenyl)thiazole-5-carboxamide (71). Prepared in 21%
yield analogously t@4 using63-acid instead o66-acid. *H NMR (400 MHz, DMSOdg) 5 ppm 8.45
(d,J=4.7 Hz, 1 H), 7.81 (br. s, 1 H), 7.66Jt 6.7 Hz, 2 H), 7.51 (q] = 6.1 Hz, 1 H), 7.19-7.40 (m,
3 H), 7.01 (br. s, 2 H). MS (ESI, pos. ianjz. 316.1 (M+1).

6.1.71. 2-(2-Aminopyrimidin-4-yl)-4-(2-trifluor omethyl phenyl )thiazole-5-carboxylic acid (64-acid).
Prepared analogously 66-acid using64 instead 066. The crude product (94% yield) was taken on
without further purification or characterization SMESI, pos. ioniwz: 367.1 (M+1).

6.1.72. 2-(2-Aminopyrimidin-4-yl)-4-(2-trifluor omethyl phenyl )thiazol e-5-car boxamide (72). Prepared
in 37% yield analogously t®4 using64-acid instead o66-acid. '"H NMR (400 MHz, DMSOsdg) &
ppm 8.43 (dJ = 5.0 Hz, 1 H), 7.86 (dl = 7.6 Hz, 1 H), 7.75 (t] = 7.3 Hz, 1 H), 7.69 (1 = 7.6 Hz, 1
H), 7.60 (br. s, 1 H), 7.56 (d,= 7.3 Hz, 1 H), 7.51 (br. s, 1 H), 7.17 {cs 5.0 Hz, 1 H), 7.01 (s, 2 H).
MS (ESI, pos. ionjn/'z 366.0 (M+1).

6.1.73. 2-(2-Aminopyrimidin-4-yl)-4-(2,5-difluorophenyl)thiazol e-5-carboxylic acid (65-acid).
Prepared in 59% vyield analogouslyé®acid using65 instead 066. *H NMR (400 MHz, DMSOd) &
ppm 13.79 (br. s, 1 H), 8.48 @@= 4.9 Hz, 1 H), 7.50 (tdl = 6.7, 1.6 Hz, 1 H), 7.34—7.43 (m, 2 H),
7.26 (d,J= 4.9 Hz, 1 H), 7.05 (s, 2 H). MS (ESI, pos. iomy 335.0 (M+1).

6.1.74. 2-(2-Aminopyrimidin-4-yl)-4-(2,5-difluorophenyl)thiazol e-5-carboxamide (73). Prepared in
51% yield analogously t4 using using5-acid instead o66-acid. *H NMR (400 MHz, DMSO#s) &
ppm 8.45 (d,J = 5.0 Hz, 1 H), 7.90 (br. s, 1 H), 7.69 (br. $4)1.7.48 (tJ = 7.0 Hz, 1 H), 7.32-7.39 (m,
1 H), 7.26 (dJ = 5.0 Hz, 1 H), 7.01 (s, 2 H). MS (ESI, pos. iomy 334.1 (M+1).

6.1.75. 2-(2-Aminopyrimidin-4-yl)-4-(3,5-dichl orophenyl )thiazol e-5-carboxylic acid (67-acid).
Prepared in 59% vyield analogouslyé®acid using67 instead 066. *H NMR (400 MHz, DMSOds) &
ppm 8.38 (dJ = 5.1 Hz, 1 H), 8.33 (dl = 2.0 Hz, 2 H), 7.52 (] = 2.0 Hz, 1 H), 7.28 (d] = 5.1 Hz, 1

H), 6.85 (s, 2 H). MS (ESI, pos. ionyz 367.0 (M+1).
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6.1.76. 2-(2-Aminopyrimidin-4-yl)-4-(3,5-dichl orophenyl )thiazol e-5-carboxamide (75). Prepared in
14% yield analogously t@4 using using7-acid instead o66-acid. *H NMR (400 MHz, CROD) &
ppm 8.42 (dJ = 5.1 Hz, 1 H), 7.81 (s, 2 H), 7.47-7.56 (m, 1 H%4 (dJ = 5.1 Hz, 1 H). MS (ESI,
pos. ion)mz 365.9 (M+1).

6.1.77. 2-(2-Aminopyrimidin-4-yl)-4-(2-chl or o-4-methyl phenyl )thiazol e-5-carboxylic acid (68-acid).
Prepared analogously 66-acid using68 instead 066. The crude product (99% yield) was taken on
without further purification or characterization SMESI, pos. ioniz: 347.0 (M+1).

6.1.78. 2-(2-Aminopyrimidin-4-yl)-4-(2-chl or o-4-methyl phenyl )thiazol e-5-carboxamide (76). Prepared
in 31% yield analogously t®4 using using8-acid instead o66-acid. '"H NMR (400 MHz, DMSO#l)

5 ppm 8.44 (dJ = 4.9 Hz, 1 H), 7.64 (br. s, 1 H), 7.33-7.49 (nt)37.26 (dJ = 7.8 Hz, 1 H), 7.21 (d,
J=49Hz, 1H),7.00(s, 2H), 2.38 (s, 3 H). M5(, pos. ion)iVz: 346.1 (M+1).

6.1.79. 2-(2-Aminopyrimidin-4-yl)-4-(2-chl or o-4-methoxyphenyl)thiazol e-5-car boxylic acid (69-acid).
Prepared in 71% vyield analogouslyé®acid using69 instead 066. *H NMR (400 MHz, DMSOd) &
ppm 13.50 (br. s, 1 H), 8.45 @= 4.9 Hz, 1 H), 7.45 (dl = 8.5 Hz, 1 H), 7.22 (d] = 4.9 Hz, 1 H),
7.15 (d,J= 2.5 Hz, 1 H), 7.03 (s, 2 H), 7.01 (dbk 8.5, 2.5 Hz, 1 H), 3.85 (s, 3 H). MS (ESI, pios)
m/z: 363.0 (M+1).

6.1.80. 2-(2-Aminopyrimidin-4-yl)-4-(2-chl or o-4-methoxyphenyl)thiazol e-5-carboxamide (77).
Prepared in 46% vyield analogouslyf#using using9-acid instead o66-acid. *H NMR (400 MHz,
DMSO-dg) 5 ppm 8.44 (dJ = 5.0 Hz, 1 H), 7.64 (br. s, 1 H), 7.48 {ds 8.6 Hz, 1 H), 7.34 (br. s, 1 H),
7.21(d,J=5.0 Hz, 1 H), 7.15 (d = 2.5 Hz, 1 H), 7.03 (dd),= 8.6, 2.5 Hz, 1 H), 7.00 (s, 2 H), 3.32 (s,
3 H). MS (ESI, pos. ion)Wz 362.0 (M+1).

6.1.81. 2-(2-Aminopyrimidin-4-yl)-4-(dimethylamino)thiazole-5-carboxylic acid (70-acid). Prepared
analogously t®6-acid using70 instead 066. The crude product (55% yield) was taken on withou
further purification or characterization. MS (EBgs. ion)n/z: 366.0 (M+1).

6.1.82. 2-(2-Aminopyrimidin-4-yl)-4-(dimethylamino)thiazole-5-carboxamide (78). Prepared in 27%

yield analogously td4 using using’0-acid instead o66-acid. *H NMR (400 MHz, DMSOdg) & ppm
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8.41 (d,J=4.9 Hz, 1 H), 7.62 (br. s, 2 H), 7.17 {ds 4.9 Hz, 1 H), 6.90 (s, 2 H), 2.93 (s, 6 H). MS
(ESI, pos. ionjwW/z 265.1 (M+1).
6.2. Kinase assays

6.2.1. Assay for Cdc7 activity. A Protein A Amplified Luminescent Proximity Homagaus Assay
(AlphaScreen; Perkin Elmer #6760617R) was useceterdhine inhibition of Cdc7/Dbf4 biochemical
activity. Cdc7/Dbf4 enzyme was obtained from CaBia (#05-109). Recombinant MCM2 protein
(aal-467) tagged with 6 x His at the amino terminud avitag at the carboxyl terminus was expressed
in E. coli, purified by affinity chromatography, é@then biotinylated for use as a substrate. Thé&lp
Screen reaction contained 3 nM Cdc7/Dbf4 protedmi MCM2 protein, and 350 nM ATP
(approximately 1x the Kfor ATP for Cdc7) in reaction buffer (50 mM Hepad7.5, 10 mM MgdCj,
0.05% BSA, 0.01% Tween-20, 2 mM DTT). Phosphorglatof MCM2 by Cdc7/Dbf4 was detected
with Protein A-coated acceptor beads bound witibady to phospho-serine 53 of MCM2 (Bethyl
#A300-756A). Chemiluminescence signal resultingrfithe proximity of streptavidin-coated donor
beads and the acceptor beads was used to ger@atalues.

6.2.2. Counter screen assays. A homogeneous time-resolved fluorescence (HTR$Qyawas used to
counter screen for biochemical inhibition of CDK24Gn E kinase. CDK2/Cyclin E enzyme was
obtained from Millipore (#14-475). A ULight peptider Maltose binding protein (MBP) was used as
substrate (Perkin EImer #TRF0109).

HTRF assays were used to counter screen for imgnbitf CDK1/Cyclin B, CDK4/Cyclin D1, Pim1
and Pim2 kinases. CDK9/Cyclin T1 was counter sademth a 4eBP1 ULight HTRF assay, and
inhibition of the CK2 tetramer was counter screengidg a Topoll ULight HTRF assay (Perkin
Elmer). Inhibition of the CK1 isoforms was carriedt using Lance TR-FRET assays (Perkin Elmer).
6.3. Célular assays

6.3.1. Inhibition of MCM2 phosphorylation in HCT-116 cells. A high content imaging assay was used
to assess inhibition of MCM2 phosphorylation inl€eHCT-116 cells were treated with Cdc7 inhibitors

in a 22-point dose response for 14 h. Cells weza tmmunostained for phospho-serine MCM2
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antibody (Bethyl #IHC-00069), detected with secagdmtibody Alexa Fluor 488 (Invitrogen
#A11008). Nuclei were counterstained with Hoeclygt (Sigma #14533). The percent of cells with
phospho-MCM2 immunostaining above a threshold lexsd assessed by imaging on a Cellomics
ArrayScan (Thermo Fisher) andsfralues were generated in Genedata Screener.

6.3.2. Inhibition of MCM2 phosphorylation in HCT-116 tumor xenografts. MCM2 phosphorylation in
tumor xenografts was determined with a meso-sdat®dery (MSD) assay. Tumors were
homogenized with a Tissue Lyzer (Qiagen) in Tradyuffer (150 mM NaCl, 20 mM Tris pH7.5, 1
mM EDTA, 1 mM EGTA, 1% Triton-X-100, containing gease (Roche #11 836 170 001) and
phosphatase inhibitors (Sigma #P5726)). Lysates waptured with total MCM2 antibody (Bethyl
#A300-122A) on MSD plates (#L15XA-3), and then ibated with antibodies to total MCM2 (Santa
Cruz SC-130028) or phospho-serine 53 MCM2 (BetlifliGF00069). Phospho- and total MCM2
proteins were detected by sulfo-tag secondary edyilfMSD) followed by chemiluminescence.
Inhibition of phospho-serine 53 MCM2 was calculaésd ratio of phospho-MCM2 to total MCM2.

6.3.3. Determination of DNA content. To determine DNA content, HCT-116 cells treatethv@dc7
inhibitor were collected using Cell Stripper bufférvivogen) and fixed in 70% ethanol. DNA was
stained with propidium iodide/RNase (Becton Dickiny Cells were analyzed by flow cytometry using
an LSR Il cytometer with FACSDiva software (Becitkinson).

6.3.4. BrdU incorporation and cell viability. BrdU incorporation and cell viability were assekgse
HCT-116 cells treated with a dose range of Cdcibitdr for 4 d. Cells were labeled with 10 uM BrdU
for 2 h, and then BrdU incorporation was measuadgia colorometric ELISA assay (Roche). Cell
viability was measured using a Cell Titer-glo asgaywmega). GraphPad Prism was used to analyze the
data.

6.4. Metabolic stability assays

6.4.1. HLM, RLM, and MLM assays. In vitro assays were used to determimgitro metabolic

stability of compounds. Human liver microsomes (HL(BD Biosciences), rat liver microsomes

(RLM) (BD Biosciences), or mouse liver microsomii.M) (Xeno Tech) were incubated at 37 °C in
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phosphate buffer pH7.4 with 1 mM NADPH and 1 pMcompound. After incubation for O or 30 min,
the reactions were stopped by addition of MeCNthed analyzed by reverse phase HPLC and tandem
mass spectroscopy.

6.5. In vivo studies

Rats and mice were maintained and treated in aanogdwith the Amgen Institutional Animal Care
and Use Committee (IACUC) regulations.

6.5.1. Determination of in vivo pharmacokinetics. In vivo pharmacokinetics (PK) was determined
using male Sprague Darley rats (Harlan) that wesed intravenously with 2 mg/kg @ in DMSO or
dosed orally (po) with 5 mg/kg G# in 2% HPMC, 1% Tween80, pH2. Blood plasma sampies
collected at 0.25, 0.5, 1, 2, 4, 6, 8, 12, 16, 2dh following compound administration and analybgd
liquid chromatography and mass spectroscopy (LC/MS)

6.5.2. PK/PD rdationship in HCT-116 tumor xenografts. The PK/PD relationship a4 was tested in
mice using a HCT-116 tumor xenograft model. Foarsik-week old female, athymic nude mice
(NCR/nu; Taconic) were injected subcutaneously with 18 million cells in Matrigel (BD
Biosciences) and maintained until tumors reachgadcegimately 250 mrh Mice were dosed iv witf#4
formulated in 20% HPbCD, 1% HPMC, 1% PluronicFa87pmt 10 mg/ml. Each group consisted of
three mice. At the time points indicated, bloodspia and tumor samples were collected. Plasma
samples were analyzed by LC/MS, and correctedribound plasma concentrations according to
percent plasma protein binding in mouse serum. Twwamples were analyzed by MSD assay for

inhibition of MCM2 serine 53 phosphorylation.
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Table 1. SAR of the 4-substituent

(e}
S OEt
2
O
— N R4

" Cdc7 1G, CDK2 ICs
(M) [uMm] =
1 OH 0.323 >125
+0.22¢
4 OMe 17.2 >125
+6.37
6 NH, 4.20 >125
+3.6€
7 NHMe 7.35 >125
+3.7¢
8 NHBn 38.3 >125
+13.C
9 NHPh >125 >125
10 NMe, 0.669 >125
+0.36¢
13 H 24.0 >125
+5.6¢
15 Me 251 >125
+5.F
16 Ph 20.5 >125
+14.C
17 2-OH-CiH,4 3.22 >125
+2.17
18 2-CI-GgH 0.529 >125
CeHs +0.090:
19  2-Cl-4-F-GHs 1.02 >125
+0.75¢€
20 2,3-Ch-CgH 0.451 >125
b-Gos +0.10%
21 2,4-Cl-CeH 0.973 >125
Cefs +0.26¢
2 2-Cl-4-OMe- 0.855 5125
CeHs +0.51¢
DV 8.29
23 3-pyridyl . >125
24 2-naphthyl >125 >125

@ See the Experimental protocols for experimentsitie
® Numeric data represents an average of at lease thr
determinations; standard deviations are shown.



Table 2. SAR of the 5-substituent

R5
S
7
L1
— NT R4

RS R cdc7 ch,o CDK2 chso

[puM]> [puM]>

1 CO,Et OH 0.323 >125
+0.22¢

16 CO,Et Ph 205 >125
+14.C

28 COH OH 6.13 >125
(HCI) +2.4¢

32 COH Ph 0.172 >125
+0.132

27 CONH, OH 0.115 >125
+0.063;

33 CONH, Ph 0.101 34.2

+0.084¢ +9.0C

29 CONHMe OH 8.98 >125
+4.44

30 CONHBn OH 11.6 52.1

+3.0C +13.2

31 CONMe, OH 244 >125
+3.2€

34  CONHNH, Ph 0.472 >125
+0.532

35  CONHOH Ph 1.69 >125
+1.1C

38 CN Ph 10.3 >125
+10.1

39 ) Ph 0.452 >125
iy +0.37

40 ! Ph 3.87 >125
o +2.7¢

(0]
ONH 0.104 1.20

4 p @ +0.159 +0.533
N

@ See the Experimental protocols for experimentsitie
® Numeric data represents an average of at lease thr
determinations; standard deviations are shown.



Table 3. Cellular activity of 2-(pyridin-4-yl)thiazole-5-choxamides

e}
S NH
7 >
O
— N R4

R Cdc7 1Gy CDK2 ICyg pMCM2
[um]*° [UM]*®  ICso [uM] P

0.115
27 OH Ry >125 50
0.0955 571 9.93
36 OMe 50152  0.901 +6.33
0.101 342 236
33 Ph +0.0845  +9.00 +21.2
5 24Ck 00143 0.700 115
CHs  #0.00909  +0.375 +9.01

2 See the Experimental protocols for experimentéaitie
® Numeric data represents an average of at lease thr
determinations; standard deviations are shown.
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Table 4. SAR of the 2-substituent

(@]
S OEt
RZ—QfL
N R*
) Cdc71G, CDK2 ICs
R e
=\ 0.323
1 NC/}% OH 0,998 >125
=\, 205
16 N ) Ph +14.0 >125
43 )= 32.0
(TFA) ()t  OH +12.4 >125
—N
a4 )+ OH >125 >125
Et 7.50
45 — OH >125
N +0.91
HN 19.9
53 o) Ph o >125
HaN 0.0415
46 N>\\i>§_ OH +0.0266 >125
//—N
54 N_ )% Ph >125 >125
H2N>_)7
=N 265
a1 (b OH 20 >125
: 46.7
8 () OH vl >125
9 o< )t o >125 >125
N 29.6
50 )t OH o >125
51 t-Bu OH >125 >125

& See the Experimental protocols for experimentsitte
® Numeric data represents an average of at leasge thr
determinations; standard deviations are shown.



Table 5. Potency and stability of 2-(2-aminopyrimidin-4-yl)}azole-5-carboxamides

HoN 0
JN S~ NH,
N\_)_<\ |
— N R4

Cdc71G, CDK2ICsy,  pMCM2 a a
i T RV E SV EC HLM
71 2-F-GeHq4 0.0178 >125 1.07 <14 <14
+0.020: +.34¢
72 2-CFy-CeH, 0.0184 34.9 2.04 <14 <14
+0.0094! +17.€ +1.0C
73 2,5-F-CgHs 0.0328 34.8 3.62 28 <14
+0.0057t +18.% +2.3¢
74 2.4-Ch-CgHs 0.00377 1.82 0.501 22 19
+0.001¢ +0.12: +0.51¢
75 3,5-Ch-CgHs 0.0623 >125 8.50 69 67
+0.026¢ +3.81
76 2-Cl-4-Me-GHs 0.00604 7.03 1.40 140 <14
+0.0030: +2.4E +1.8¢
77 2-Cl-4-OMe-GH, 0.00681 10.6 0.862 99 43
+0.0041: +3.61 +1.0¢
78 NMe, 0.0205 18.2 1.87 26 23
+0.023¢ +4.47 +1.72

3 See the Experimental protocols for experimentsitie® Numeric data represents an average of at lease thr
determinations; standard deviations are shown.



Table 6. Kinase selectivity of compoundd and77

o]

H2N>_
N s NH
7 2
N° N |
\:)_<\N
cl R
Kinase 74 77
ICs0 [MM]? R=Cl R = OMe
Cdc? 0.00377 0.00681
+0.001¢ +0.0041:
CDK1" >50 >50
CDK2° 1.82 10.6
+0.122 +3.61
CDK4P >50 >50
CDK9” 0.749 0.729
+0.36¢ +0.47¢
CK2 29.1 65.0
CKla 0.694 0.545
CK1ly 0.760 1.90
CK13 0.084 0.104
Piml1 >1 >1

& See the Experimental protocols for
experimental details. ® Numeric data
represents an average of at least three
determinations; standard deviations are
shown.



Table 7. Cellular activity of compound#4 and77

0]

H2N>_
N s NH
d 2
N N |
\:)_<\N
Cl R
Assay 74 77
[HM]a’b R=Cl R = OMe
pPMCM2 1Cso 0.501 0.862
+0.51¢ +1.0¢
MCM2 | 6.37 >125
P o +7.31
BrdU | 2.60 6.90
Co +0.6¢ +0.8¢
Cell Viability 1Csg 4.20 4.60
+0.2€ +0.2¢
Caspase 3/7 g >50 >50

& See the Experimental protocols for
experimental details® Numeric data represents an
average of at least three determinations; standard
deviations are shown.
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Figure 3. Compound¥4 and77 inhibit DNA synthesis and cell viability when HCIIE6 colorectal cancer cells were treated
for 4 d. A) For the DNA synthesis assay, cells webeled with 10 uM BrdU for 2 h, and then incoigted BrdU was
detected using a colorometric ELISA assay. B) @albility was measured with a luminescence assatydbtected ATP
levels as a measure of metabolically active cEJDNA content was analyzed by flow cytometry ofjpidium iodide-
stained HCT-116 cells treated with compouddor 3 d at the concentrations indicated.
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Figure 4: Proposed mode @# (cyan) from docking based on the published cotahgructure (PDB: 4F9B) of Cdc7/Dbf4
(Cdc7 active site shown in orange) with PHA7674@dnsparent white).[28] Protein-ligand distancesrfbdenoted in
Angstroms. Docked ligand conformation determinedrfiPCM-B3LYP/6-31G* conformational search. (Alteiiva mode
with ortho-chloro oriented upward toward P-loop not shownege Sferences 29 and 41.
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Table 8. In-vivo rat PK of compound@4 in male Sprague Darley rats (Harlan)

2 mpk 1V bolus in DMSO

AUC[0t]  AUC[0-inf] CL MRT T2 Vdss
(ng*h/ml)  (ng*h/ml) (mi/kg/h) (h) (h) (ml/kg)
518 521 3890 1.15 6.56 4430
5 mpk PO in 2% HPMC, 1% Tween80, pH2 w/MSA
AUCI0-1] AUC[0-inf] CL/F Cmax T1/2 Tmax F
(ng*h/ml)  (ng*h/ml) (mi/kg/h) (ng/ml) (h) (h) (%)
83.3 85.7 63200 13.0 3.73 2.17 6.58
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Figure 5. Compoundr4 inhibits MCM2
phosphorylation in the HCT-116 tumor xenograft
model. NCR/Nu mice (Taconic) bearing HCT-116
tumor xenografts were dosed iv with formulated in
20% HPbCD, 1% HPMC, 1% PluronicF68, pH7.
Tumors and plasma were harvested at the indicated
time points and PK/PD analyzed. MCM2
phosphorylation was assessed with an MSD assay.
Compound levels in plasma were analyzed by LC/MS
and corrected for plasma protein binding in mouse
serum.
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1. Inhibition of Cdc7 kinase may not be limited by cytotoxicity to regular cells

2. Compounds with low MW and high binding efficiencies were found in the HTS
3. Our SAR studies systematically explored all substituents on the core of thiazoles
4. We discovered selective Cdc7 inhibitors that showed potency in vitro and in vivo

5. The synthesis of every compound in this manuscript isillustrated
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Supplementary Figure 1. Mechanism of Action Studies on Compound 1
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Compound 1 is an ATP-competitive inhibitor. The rate of Cdc7 enzymatic activity was determined from an AlphaScreen assay (see Experimental
Procedures) following titration of ATP and compound 1. The results fit the competitive model for enzyme inhibition. Effects of ATP on Cdc7
enzymatic activity with various concentrations of compound 1 are shown in Michaelis—Menton (A) and double-reciprocal plot (B) formats. C,
Compound 1 inhibitor potency was determined in the AlphaScreen assay. D, Slope of the double-reciprocal plot versus inhibitor concentration.

Mechanism of action studies to determine whether inhibition of the Cdc7 enzyme was competitive or non-competitive were carried out using an
AlphaScreen assay using 6 nM Cdc7/Dbf4 protein, 10 nM MCM2 protein, and varying the concentrations of ATP (from 3 uM in 1:2 titrations) and
compounds (from 125 pM in 1:2 titrations). Reaction time was 2 h. Reaction rates, K, and K; were determined as reported previously." The K,
was determined from AlphaScreen assays of Cdc7 enzymatic activity, varying the concentration of Cdc7/Dbf4 protein or the concentration of ATP.

' Dao, J. H.; Kurzeja, R. J.; Morachis, J. M.; Veith, H.; Lewis, J.; Yu, V.; Tegley, C. M.; Tagari, P., Kinetic characterization and identification of a novel inhibitor of
hypoxia-inducible factor prolyl hydroxylase 2 using a time-resolved fluorescence resonance energy transfer-based assay technology. Anal. Biochem. 2009, 384,
213-223.
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Supplementary Figure 2. Kinase Selectivity of Compounds 1, 74, and 77
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Compounds at 1 uM concentration were tested in duplicate for inhibition of 100 kinases in competitive binding assays (KinomeSCAN, Ambit Bioscience, Inc.).
Percent inhibition of control is indicated; kinases inhibited more than 50% are marked in yellow, and kinases inhibited more than 90% are marked in pink.?

2 Fabian, M. A.; Biggs, W. H., 3rd; Treiber, D. K.; Atteridge, C. E.; Azimioara, M. D.; Benedetti, M.G.; Carter, T.A.; Ciceri, P.; Edeen P,T.; Floyd, M; Ford, J. M.; Galvin, M.; Gerlach,
J. L.; Grotzfeld, R. M.; Herrgard, S.; Insko, D. E.; Insko, M. A,; Lai, A. G.; Lélias, J. M.; Mehta, S. A.; Milanov, Z. V.; Velasco, A. M.; Wodicka, L. M.; Patel, H. K.; Zarrinkar, P. P.;
Lockhart, D. J., A small molecule-kinase interaction map for clinical kinase inhibitors. Nat. Biotechnol. 2005, 23, 329-336.
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Supplementary Figure 3. Determination of the K,,(app) for Cdc7 kinase
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A, Enzymatic activity of Cdc7 kinase was determined by Alpha Screen assay to detect phosphorylation of the serine 53 residue of the MCM2
protein. Cdc7 protein concentrations of 8 nM and 4 nM were assayed. RLU = relative luminescence units.
B, Using a Cdc7 protein concentration of 4 nM, the ATP concentration in the AlphaScreen reaction was then varied to determine the K,,(app) for

Cdc7.1
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Supplementary Figure 4. Mechanism of Action Studies on Compound 74
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Compound 74 is an ATP-competitive inhibitor. The rate of Cdc7 enzymatic activity was determined from an AlphaScreen assay (see Experimental
Procedures) following titration of ATP and compound 74. The results fit the competitive model for enzyme inhibition. Effects of ATP on Cdc7
enzymatic activity with various concentrations of compound 74 are shown in Michaelis—Menton (A) and double-reciprocal plot (B) formats. C,
Compound 74 inhibitor potency was determined in the AlphaScreen assay. D, Slope of the double-reciprocal plot versus inhibitor concentration.
Mechanism of action studies to determine whether inhibition of the Cdc7 enzyme was competitive or non-competitive were carried out using an
AlphaScreen assay using 6 nM Cdc7/Dbf4 protein, 10 nM MCM2 protein, and varying the concentrations of ATP (from 3 uM in 1:2 titrations) and
compounds (from 125 uM in 1:2 titrations). Reaction time was 2 h. Reaction rates, K,,, and K; were determined as reported previously.1 The K,
was determined from AlphaScreen assays of Cdc7 enzymatic activity, varying the concentration of Cdc7/Dbf4 protein or the concentration of ATP.
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Supplementary Figure 5. Compound 74 Causes Aberrant Mitosis

DMSO 1.25 pM of compound 74

HCT-116 cells were treated with DMSO or with 1.25 uM of with compound 74 for 72 h, and then fixed with 4% formaldehyde in PBS,
permeabilized with PBS that contained 0.5% Triton X, and then stained with Hoechst dye to visualize cell nuclei. Images were collected using a
Cellomics ArrayScan with 20x objectives. In the cells treated with DMSO only, the nuclei have a regular shape and show equal segregation of
chromosomes at mitosis (arrows). In contrast, in the cells treated with compound 74, mitotic cells (arrows) display defects such as lagging
chromosomes (DAPI-positive material that is outside of or in between the main chromosomal mass).
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