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B-ALL
Ber-Abl
Btk
CAR-T
Cdc2
Cdc7
Cdk2
Cdk4/6
Cdk8
CK2
CLK1
CLK2
CLK4
Cmax
CTLA4
DAPKI1
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DMPK
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EGFR
EML4-ALK
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GAPDH
GnRH
GSK3
HER2
HIPK4
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MCM
MCM2
Orcl
PARP
PD-1
ROCK1
ROCK2

area under the blood concentration time curve
adenosine triphosphate

B-cell precursor lymphoblastic leukaemia
breakpoint cluster region-Abelson

Bruton's tyrosine kinase

chimeric antigen receptor T-cell

cell division cycle 2

cell division cycle 7

cyclin-dependent kinase 2

cyclin-dependent kinase 4/6

cyclin-dependent kinase 8

casein kinase 2

Cdc2-like kinase 1

Cdc2-like kinase 2

Cdc2-like kinase 4

maximum drug concentration

cytotoxic T-lymphocyte-associated protein 4
death-associated protein kinase 1
death-associated protein kinase 3

dystrophia myotonica protein kinase
deoxyribonucleic acid

dual specificity tyrosine-phosphorylation-regulated kinase 1A
dual specificity tyrosine-phosphorylation-regulated kinase 1B

epidermal growth factor receptor

echinoderm microtubule-associated protein-like 4-anaplastic lymphoma kinase

endothelin 1

glyceraldehyde 3-phosphate dehydrogenase
gonadotropin releasing hormone

glycogen synthase kinase 3

human epidermal growth factor receptor-related 2
homeodomain-interacting protein kinase 4
heteronuclear multiple bond coherence
minichromosome maintenance

minichromosome maintenance 2

origin recognition complex subunit 1

poly (adenosine diphosphate-ribose) polymerase
programmed cell death 1

rho-associated, coiled-coil-containing protein kinase 1

rho-associated, coiled-coil-containing protein kinase 2



STK17A serine/threonine kinase 17a
VEGFR2 vascular endothelial growth factor receptor 2
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Figure 1. History of the development of the part of the anti-tumor agents.
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Figure 2. Initiation point of DNA replication at S phase.
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Figure 3. Cancer cell selective apoptosis by siRNA of Cdc7.
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Nerviano Cdc7 inhibitor (1)

Cdc7: ICsq = 0.002 +/- 0.001 uM
Cdk9: ICsq = 0.028 +/- 0.004 uM
A2780: IC5o = 0.5 uM

Figure 4. The Cdc7 inhibitor (1) reported by Nerviano.
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Figure 5. Docking study on Nerviano inhibitor (1) by utilizing Cdc7 homology model constructed on
the basis of the crystal structure of CK2 (PDB: 1DAW).
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Figure 6. Design of bicyclic thiophene-based Cdc7 inhibitors A based on the pharmacophore model

and the concept of the privileged structure.
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Reagents and conditions: (a) NaOH, MeOH-water, 70 °C, 92%; (b) NH4Cl, EDCI, HOBt, EtsN, DMF,
rt, 84%; (c) acetone, p-TsOH-H-O0, toluene, 110 °C, 74%; (d) 1) LiOH, EtOH-water, 80 °C; 2) NH4Cl,
EDCI, HOBt, EtsN, DMF, rt, 38%.
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Figure 7. Identification of dihydrothieno[3,2-d]pyrimidin-4(1H)-one as a favorable scaffold of new
Cdc7 inhibitors.
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Figure 8. Strategy of optimization (1).

EE AR

Scheme 2 35 L O Scheme 3 (/R T FIET, T2 /Y IV UVFBEKROEKREFEM L=, £
3 Scheme 2 IZOWTik5, {bkEM4OT I 7RI L, Zuoar7kvFarrsal) KEHWT
raa7 v F b EITV, BASNTEERR T2 Sn2 G TN-E el V=L~ EBRL, &
OIS T 2T, PUIPUVR~OBARKICESIEEZ L, 4-BVYV PV EEZ AT
LI 9 BB LTz, 3-AFNVET Y — A4 A NVEEHETHILEWICONTIX, T eeTF 4
T 105 FFEREE L, A S SUUVEABELEZIC, AT v Y VSRS T 3-
AFNET =4 A NVEEZBEBANTDHZETHER LI, T7206, LAY 10 Z2 M EAMEINK
FREOSWZAT U, BOGSFRZHRIT 22 L (BUOSZRMT 2 & TVR O R RS2 A
Ch), BT HZETHONTEANVEUVBEZEAKICICHNWS Z T, %7 I N 11 245
T, fFonc 11 & LB 9 DEK TR0 LEERIZ, BB7 v U REENZ Fv T, fIgH 738
ANV IV UFER 12a,b,d ~EFHE LT, ifc\ B VR VR IR SR KY) &
LofbE o7 7 RERSSE, EREESFICHT L ThEm 12¢ A8 LT, LAY
12¢ (IZOWTi, b 11 EEARY > -4- IV AR= MY VEBESHICHTZET, 1 TR
THLIZ LI Lz, o7z 12a-e IV T Y — LA VR AT VA LD KR v 7V
TR Lz, B EMEORIERTFTE T V' — /LR a B N-Boc =D Biffi#E & H#EIT L,
13a,c %1572, 13b,d,e DEKDOBEIZIT 8K T » 7V VI RISHEDO Y 7 YV — /LR v VD N-Boc
EOMBAHERLIEDEITN A+ ThH o2, KIS RFICKEETFT MU ¥ AKEREMZ 5 Z
L OIS 5EE L, (LE W 13b,d,e 21572, 13¢ OIS Boc M % | kS f CHLIRE
L., BBETZ 13~ H Wiz,

KIZ Scheme 3 IZ DWW TalkX%, Scheme 2 DILEW 12¢ DE R & FEE D F1E T, (LEW 10
vyt b= VEBESEICH L, LA 14 2572, LAY 14 128 A S - FE R
T Sn2 I THEA2OT7 I CEM L, 15a-d 2172, fit\ T, {LEW 15b-d T YV — /LK

9



BUBET ATV A-C DAy 7Y TGS LT, 16b-f ~&H W2, LN LARRL,
{EEW 15a Z RO KNI L& 2 A, 88K D » 7V V7 KIEREITE T, 2 7FNICB T 5
THRT I UBMAMT SR ANT T LAOMBIEEE T TV SO TRV EHEE L
oo ZZTC ALAEW 1Sa Z RV AT AT € REMAEIE, M7 I T 7 X AN ERH#EL
1T EAR LT, Boh 1Tk T 28R v 70 I NE, WfFE Y MR <ET L,
IbEM 18 2157, L&MW 18 ZBEMERM T ORBRKIGIZAH L, (L& 16a 21572, 72, {bE
¥) 16b IXER M S I AF L. THREERHE 16b° & L7z, [{LEW 16f 122\ T [RAR ICERME S 1T A4
ZETANT 7y EBANELBARE L, ZHERBRE 16004157,

10



Scheme 2
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Boronic acid ester A

d
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OMe NH, ——> NH — N
BrAQ\/\IfJ\ BrAQ\/\lfJ\ 2 BrAQ\/\IfL N N\ | PR
NH, NH, N/)\R N R
10 1 12a [R = Me] 13a [R = Me]
12b [R = CH,OE{] 13b [R = CH,OE{]
12¢ [R = CH,;N(Boc)Me] 13¢ [R=CH,N(Boc)Me] ¢
12d [R = 2-(pyrrolidin-1-yl)eth-1-yl]  13¢' [R = CH,NHMe, 2HCI]
12e [R = morpholin-1-yl] 13d [R = 2-(pyrrolidin-1-yl)eth-1-yl]

13e [R = morpholin-1-yl]

o (0]
S a S
7\ NH, 2\ NH
O™ e T
_ NH, _ NJ\/N
4 9

d
@) (o] lo O
b c e S
S M S NH, —— > S — —~ » HNT\ NH
Br«\f‘“ H\J\*Z or—C I " NP
NH, NH, N" R N" R
10 1 12a [R = Me] 13a [R = Me]
12b [R = CH,OE{] 13b [R = CH,OE{]
12c [R = CH,N(Boc)Me] 13c [R = CH,N(Boc)Me] : f
12d [R = 2-(pyrrolidin-1-yl)eth-1-yl] 13c' [R = CH,NHMe, 2HCI)
12e [R = morpholin-1-yl] 13d [R = 2-(pyrrolidin-1-yl)eth-1-yl]

13e [R = morpholin-1-yl]

Reagents and conditions: (a) CICH2,COCI, TEA, THF, rt, then pyrrolidine, 80 °C, then 2 M NaOH,
100 °C, 28%; (b) NaOH, MeOH-water, 70 °C, then NH4Cl, TEA, HOBt, EDCI, DMF, rt, 76%; (¢)
RCOCI, TEA, THF, rt, then 2 M NaOH, 70 °C, 59-89% for 12a-b; RCOOH, i-BuOCOCI, TEA, 60 °C,
then 2 M NaOH, EtOH, 70 °C, 97% for 12¢; CICH,CH,COCI, TEA, THF, rt, then pyrrolidine, rt, then
2 M NaOH, 100 °C, 74% for 12d; (d) morpholine-4-carbonitrile, 4 M HCl in CPME, 110 °C for 12e; (¢)
tert-butyl 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrazole-1-carboxylate,
PdCla(dppf), Na,CO3; or Cs2COsz, DME-water, 80—-100 °C, 57% for 13a,c; tert-butyl 3-methyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole-1-carboxylate, PdCla(dppf), NaxCOs,
DME-water, 100 °C, then 8 M NaOH, 100 °C, 42-58% for 13b,d-e; (f) 4 M HCI in EtOAc, MecOH, rt,
13% (2 steps).
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Scheme 3
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Boronic acid ester A Boronic acid ester B Boronic acid ester C

Reagents and conditions: (a) chloroacetonitrile, 4 M HCI in CPME, 70 °C, 100%; (b) RH (amine),
K>COs, Nal, DMF, 70 °C, 37-84% for 15a,c,d; (c) pyrazolylboronic acid derivative?, PdCl,(dppf),
Na,COs3;, DME-water, 100 °C, 32-75% for 16d,e,f and 18; (d) pyrazolylboronic acid derivative®,
PdCly(dppf), Na,CO3, DME—water, 100 °C then 8 M NaOH, 100 °C, 44% for 16c; (¢) RH, DMF, 100 °C
then pyrazolylboronic acid derivative?, PdCly(dppf), Na,CO3;, DME—water, reflux for 16b; (f) 37%
formaldehyde aq., THF, rt, 54%; (g) TFA, MeOH, 70 °C, 44% (2 steps); (h) 10% HCI in MeOH, MeOH,
13% (3 steps); (i) 1 M HCI in Et,0, MeOH, 60 °C, 75% (2 steps).

“Boronic acid ester A was used for the preparation of 16b-d, 18. Boronic acid ester B and C were used

for the preparation of 16e,f.
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[ZOW TR % (Table 1), EMiEMEE LT, Cde7 BEEEFEM. 72 Cde7 & U < Mo & H#H
B ¥ —E Th D Cdk2/cyclin E (X HEERAEEEOHIE L2, TOBEBELHAT 5,
Cdc7 1L MCM2 @ Serd0 %V b3 2%+ —8ThH 52, Cdk2/cyclin E X MCM2 @ Ser4l %
U UMb d DiEE TH D, Cdk2/eyclin E Z[HET 5 &, BSAMIEIZI W T H /e E 82 Gl
TEILELTLEWY, Cde7 FREDOIEHIET CTh 5 08 UM 72 S T DNA ¥ XA —TEH
MEH LR b LEZOND, TDI=H, Cdk2/cyclin E JLETEMIC 6 5 @M 2 R 9 5
VENHD EEZ 2T, £, F B TR LI TR OB, (L&Y 512 Cde7 BEHILE
IEPED 1/3 2 O ROCK] LEEMEN R 572 & v5, ROCKI 2% ¥ 2 BB EFEME § 2R
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PEDOFRAE & U CHIE & 0 L 7=,

TOREFR., WA AFNVEEZET D 13a LT, 4-FAKY 2K = bR AF K
N-AFNT 2 AFNEEZBEAN LAY 13e, 13b, 13TV TN H E V) Cde7 BER L EE M %
RLUTz, 7. LAY 13e, 13b, 13¢13{LE % 13a & ik LT, Cdk2/cyclin E 3 X OV ROCK1 FH
EIEMEICRT A, KV EWEBREEZ R L, FTH N-AFAT I AFALEERETH 131
b E VD Cde7 BEFR AL ETEME & Cdk2/cyclin E BLETE M 2 78 L7-, %72 ROCKI FHEIEMEIZ
T HBPRMEIZHONT, LG 13a L B L TREW 13 TILR 10 5O E (x260 vs. x20) A3
R,

Table 1. Effects of 2-substituent on Cdc7 kinase inhibition and kinase selectivity (1)
(0]

NS N R
Me
Enzyme inhibition: ICso (nM) Selectivity
Compound R
Cdk2 ROCK1
Cdc7 Cdk2/cycE ROCK1 1CdeT /Cde
13a Ao 75 990 1500 x13 x20
13e 'X\N 4.1 1100 1700 x270 x410
Lo
13b f\/o\/ 25 3600 2100 x140 x84
H
13¢' f\/N\ 1.4 5300 360 x3800 x260

WIiZ, BliF7 a7 7 A NVERLIEALAEY 1300 g2, x0T 2 8K E R
L7 R DWW TR D (Table 2), N-AF T 2 AF VIR 7 = = VHEAEANLTLE
W 16a 1%, (LEW 13D 1/3 FRED Cde7 BEFEAFIEM A ~TICE EE Y, F/2 Cdk2/cyclin E
& ROCKI PHEEMEICH T2 2IRMED 12~1/6 IZIKEF L7z, —FH TCNN-YVAFILT I ) AF)L
FEK 16b° I BT D Cde7 BEHFE L EIEM: & ROCKI FLEEFEM T 2 BI/MEI1L, LAY 13’ &
BB LT, 12 BEODEKETIZLEEEF-TWNDHIEND, ZHh7 I UEEIIHFRESIND Z LR
Wiz, FZT, BE~DOBRRT I UHEEOHMALZRF L, ZOME, XY =L EE
BT 56 16d D Cde7 B £ L ETEME & Cdk2/cyclin E & ROCKI BHEIEMEIC %9 2 BR 1L,
e i1ep’ L i L TRI% THY  v'u ) Vo EE2 AT 568 16¢ 12135 3 {55 1172 Cde7
FEEPLEEME L . LV &V Cdk2/eyelin E & ROCKI BHLEEME IS 4 2 BN SR S -, T
EMERFE LY IV UVROBEHOEBRNEDIEHEICRIETEEEZFTHARDL-0, LAY 13d
ZRET L7225, ABE W 16c &L LT, £ 200 5D Cde7 BEFZLEIGEEDORBI BB bz Z
EDD, AFLUVHOMEITZEE L AW ERRB I,
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Table 2. Effects of 2-substituent on Cdc7 kinase inhibition and kinase selectivity (2)
0]

- N\ _
N N R
Me
Enzyme inhibition: ICso (nM) Selectivity

Compound R cdk2 ROCKI1
Cdc7 Cdk2/cycE ROCKI1 1CdeT ICdeT

13¢’ j\/“\ 1.4 5300 360 x3800 x260
a4 4 1) 5.1 3400 610 X670 x120

Me

16b' /{/N\Me 2.2 6800 260 x3100 x120
16¢ ,&/ID 0.7 >10000 140 x14000 x200

16d A/,O 24 >10000 200 x4200 x83

E A 140 >10000 1600 x70 x11

EHC, HHERBIOBRBRMEOW T CRGR T 7 7 A VER LI 16 2512, B VRS
R O R ETE AR B 2 MRS L 72 (Table 3), 4-E U UL~ L B L72(bEW 9 1% 16¢ & LL#g
LT Cde7 BERFLEIEMERSR 1171255 LTz, 8T YV —NAVEBREDATFVEERELILE
P 16e BLOZFNLE~ME LAY 1662128\ Th ., Cde7 B35 B ET MO RS A EIH &
N, S OREIREN TH -7, UV VRIIE T Y —VERELELT, B Uk
BEALICHB T D KFERHEEOIRATRBRERILTOEN DN, ©T7 Y —LVEEAT 5/bh
MIBED LB B VEEZ R LT EHEREN D, T T YV — LB EDOAFNVEOREIZLDIE
PEWES X, KBRS OREDROMBERICHEKT L EHESIND, ZNOORERITE —HilC
TRAR7ZHEEEAFERICE S L THRIEEREABK LTS, —FTAF L
LR KFBREDENIHE SN DI TFALIEA~DOHEICBWTH, EENEH L, Pk
AR OZEMNRBE SN TS, AF VL I L Tl o TV Tl fei 7o B E N
BonholclwtE2bN5, £/, Cdk2/cyclin E & ROCKI1 BHETHME %3 2 @R D
HIZBNTH, 3-AFNALET Y = BEZHT 26w 16c PEREDOT 07 7 A V&R LT,
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Table 3. Effects of hinge binding moiety on Cdc7 kinase inhibition and kinase selectivity

0
LT O
\ N/)\/N

inhibition: lectivit
Compound R Enzyme inhibition: ICsy (nM) Selectivity
Cdc7 Cdk2/cycE ROCKI1 Cdk2/Cdc7 ROCK1/Cdc7
7\
9 N 12 >10000 180 x830 x15
HN™Y
16e lll - 4.5 >10000 820 x2200 x180

Hl}l N\

16¢ N, 0.7 >10000 140 x14000 x200
Hl}l N\

16f N=, 2.5 >10000 830 x4000 x330

L&) 16¢ (2, Nerviano Cdc7 inhibitor (1) EE(ICso = 2 nM) & Y 58 11 72 iEPEICso = 0.7
nM) & . Cdk2/cycE 3 X Y ROCK1 (2%} 5 @ W iR (Cdk2/Cde7:x14000, ROCK1/Cdc7: x200)
EMRTDHIENTELZ NG, X VFEMICTILEY 16 D CdeT BEFEEEMEL T 07 7 4
Vo 735628 bL, TOREEZ, %R 2MARIZEB T D AEWIEERENRE R & IR
(Table 4), L&) 16c D Cdc7 FEFR L FIGMEE . W@ ORI FIGMEDSFEF(ATP=1uM, Km)&
P LT, 50 f5 @y ATP JREE TR L7z, ZDEE. ATP ZNX DRiICER e as 7L A
VX aNX—Ta T HHEME 0 7, 60 i B HDEBOEEE#EHA LT, TOME. LEY
16¢ /X ATP Z M2 D HIICEER E(LEWE T LA VX axX—v a VT 50 E 0y & LIZEE.
Thbobb7T A rFaX—2 g VAR LOEEIL, ICso=190n0M & | % O 5MF T OIEME
(ICso=0.70 nM) & blg L C, KREREEHBBE N Ao, LarLEnn, LA rFaX—v
2 VIRFEZ 60 53 & L7236, ICso=1.7n0M & lH OS54 TOIEMEMEICso=0.70 nM) & Lh#g L
THKI 173 DIEPEE~OIRIC E EE o7z, T7bb, (LG 16c¢ 13 slow binder TH Y | F7z,
A rFax—va VR E S E oG E . ATP SRS X D IE MG ~ D 52 TR E /)
ThHIENRENT, RIT, (LB 16c Db v JFEGTRAL & ATP HHiEDMHBEALZ B L1,
AFNEEBRE LG 16e BL VD 4-L U DNHE~NLEHR L9 W T, BEDOT vk
A FIEITHE N T, 16¢ & B LT 1/7~1/17 ® Cde7 BRI EEMEAZ R LIz, —5 T, ATP EE
50 uM DERMFITBNTIE, A v Fax—=2a R LoRA, (LEW 16 & FR% D Cde7 B
FRIEFEEEZRTH, A X aX—a VRFREZ 6053 & L7256, 1Cso = 77-150 nM & |
L&Y 16¢ (ICso=1.7nM) & Lblg L T, 1/45~1/88 (21855 L 7=, F 7= . Proteros reporter displacement
assay'o7 Z T, L& #) 16¢,16e,9 @ Cdc7/Dbfd ~DfEG T a7 v A NV EFT2L 2 A Kd,
Koff, residence time O fFHEN B, {LA ¥ 16¢ 25 Cdc7/Dbfed ~, b mWRaRMMEEZA L, £
TN OROEREL OO WT e 7 7y AV E2HTLH LWV RREZGZ, KRIZ, /LAY 16¢, 16e,
9 ZHINE R IT D AEWTEMEREl~ & 7=, HeLa MIEMKICE T D Cde7 DEEE TH H MCM2
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D Serd0 O U > LR FIG M (PMCM2), F 7= 45 B IR EE colo205 > 145 P55 16 P4 2 FF il
L7z, TORER, MIaNY > LI ERE ML ICso0=250nM Th Y | F 7= colo205 H a1 5 .
FVEPEMEIL ECso=1100nM Th o722 &b, TREOMARICK T 2 EMEEZHZE T 5 2
LW TET, — T, {LEW 16e, 9 DUIFEZRAIAN Y > FR VPR FE IE M (pMCM2) I3 MR T = 77,
c0l0205 DMIEEEIEME LTV D TH o72, L EDOFERIZ. L&YW 16c 2MLEW 16e, 9 & L
B LT AR~ DRSS B R X OV E L 23V slow binding/slow dissociation O PEE & FiH |
Fletn7 v A rFaXx—2 g VREZ R 25E 1. SIRE ATP & O HUZ X 2 IEMERE O
WELEZZTICWHEEEE TS k%rﬁ‘%ﬂDT&)é Fo. OB I RIEERBIC S
HELWZI ERRBINTZ, bbb, BTV —bd- A VER4-E) ULELD %/Efﬁﬁfﬁ?
FLL., FEETY—ALBINTOAFAEOBEARNFEREH TEILIZHELL, B IS
MOKFR/HEELVRERb DL L, ATPIREOREZZ IS WHEEZ L L, ﬁ@ﬁ@
PEFBLUZAFE LW E W ) EETEEFBE A 572 2 & T, R kg o fF AL iR+ 25 2
LTI LT,

Table 4. Effect of 2-substituent on Cdc7 inhibition, time-dependency, phosphorylation of Ser40 in
MCM2, and cancer cell growth

o]

S NH
Het \ ‘ N/)\/NO

Cdc7 inhibition: ICsp (nM) Dissociation Kinetics pMCM2 COLO205
Compound Het " b . .
ATP 1 ATP 50 R residence time
“}W . il - Ko Kof (sec’) . ICso M)  ECso (M)
10 min 0 min 60 min (min)
HN Y
16¢ N= 0.70 190 1.7 5.41x 10" 494 x10™ 34 250 1100
Me
16e HE}—{ 45 190 77 1.26x 10° 2.67x10° 6 >1000 7500

7
9 N/\;\>—} 12 350 150 2.80 x 10° 2.15x 107 8 >1000 9500

“ATP concentration (Km) in the standard cell-free assay conditions.
bATP concentration (x50 Km).
“Pre-incubation time with a tested compound. “Equilibrium dissociation constant.

°Dissociation rate constant.
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HNE MERENECBREOR 2B LB Ex#El

BB — i BEBAFERNICE S BBbEKE

BB THBATAFRIZ LY, Cde7 ~BEICH G L. ATP @MIREDEEZZITIZ WIEE %
ATV — MeGW 16e 50 Lo, — i TIEA W 16¢ Ol Fa R IEHEGRIRAN U o Bk B 5 16 14
115-1(350 =250 nM, co0lo205 i i 8 5 BH 55 15 ME A :ECso = 1100 nM) D fa kHE 1E, BAR B M I HE D 5

IHES>TARERTHY, SLRLEROM ERMNETHD, T2 T, &5ICTHIERIEMED M
L’Elé?‘:&’)\ HEMARNZRET L L L7z, Table2 TRLUEMEENS, HEMZEZEE T
0>4i;%®2§ﬁ\ FEMAEREILOBE AN L AESER EXRADRNWI ERNRB I, 2

CERIRT I VE/BEEE LT, WAooy A A—va v EEELAL, v brE—n
X’Eﬁ%/ﬂi@‘é LT, K VRERMSES AKX DK AZ SR LT (Figure 9),

Pro135 N% Met134
\(Q Lys90

Ring formation to restrict

\ conformation
-‘L - N—H "'N\ \ s /\‘
Leu137 \}:O L/ \-H O OH
— . ’ Asp196
N’&Qf
(0]
S
HN" NH H "”}‘\\|NH';|

Ill\ )\/ND —

Figure 9. Strategy of optimization (2).

BE AR

THA LT EWIL Scheme 4 [T FIETAM LT, (k& 11 O 7 I 7 FEITx L, %
EMET 2 BIEEE AW T, #AH HATU & 5 WITIRABME KWLz @A+ o2 ickn ., 7
VBRI BTV, & DI ML 28 T AW 17ab,e 2G5 LTz, BHohizib
A% 17ab,e % 7L HPLC THHT L72& 2 A, LAWY 17ab IZBWTiX, O — 7 1388
DHNT, EFMECKTIZAC TWARWEHRIS N, —F T, (LEW1Tc BN TIT 2K
DE—I7NR LIV, EFMEIT 39%ee &, IKTFRRDOLNT, £ T, {LEW 17c X T L
HPLC TXHS0EI L, HFHE 99.9%ee IZ @D 7-bAW 17d,e 25 7-, o 7-{t&% 17a,b.d,e
EART Y TV BT L, ATFAET Y — A EEA L, (LAWY 18ab,de 2572, LA
¥ 18d,e ¥ 7 /L HPLC THM L7 Z2A, WIFN b H—E—27ThHO, 88AT 7V 7D
TETEAEFMEOCKTNEL TV RN ERNbhroTz, £, 7 BBROTE R UVFHEEKIZH
WTIE, 78I K0T I VBEHWT, gl EFBEOFETIMTEZER LIZO L, %7 L HPLC
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ZHWIEZESENC LD 17g #4572, 17g O Mt L X Sk i Efmic kv SIKch s =
LEMER LI, 1Tg 0 OREBEOFIEICL D, 18g 2B T,

Scheme 4
(0] (0] (0]
S aorb, c S € S
NH, NH HNTN\ NH
U =L e W P
NH, N R\Pg
11 17a,b 18a,b,e,g
17¢: S (39%ee)
d 18d .
17d: S 4_—‘ B f
17e: R - i3a<-]
17f: racemate
17g: S
R N-Protective  Salt R N-Protective  Salt R N-Protective Salt
group (2) (&) group (2) (&) group (2) 3
a }j Boc free d f Boc 2HC1 f Boc
Hl!lj H HN (racemate)

b ,i> Boc 2HCI @' /
HN H
Boc.
f{ " l}l AN B/O
¢ O Boc - e Boc 2HC1 N 0
HN (39%ee)

Boronic acid ester A

S

"'{ _ g j’: Boc free
O free HO
HN

Reagents and conditions: (a) N-Boc-amino acid, i-BuOCOCI, Et;N, THF for 17a,c,f,h; (b) N-Boc-L-
proline, HATU, DIEA, DMF for 17b; (c) NaOH, EtOH, water, 43%—quant. (2 steps); (d) chiral HPLC
separation for 17d,e,g (¢) 1) boronic acid ester A, PdCl,(dppf), Cs:CO3, DME—water for 18a,b,d,e,g.
2) 4 M HCI in EtOAc for 18a,b,d,e,g, 17-66% (2 steps); (f) EtsN, MeOH, 88%.

EEE MErETEErEE

B S OUR2AMICERRT I CEAEHEE OB A Z G LR RIS oW TR % (Table 5), i
BERBRIC, B L7 mIc O T, EEETH S Cde7 BEFRAEEM. £ 72 Cdk2/cyclin E
B L O ROCKI BEGIHEEMHZME L, VU—NEAW 16e LR L T, 4 B8R, 7THBET I v
HiEx2 AT 268 18a,g 1% Cde7 BERPLEEENN 12-13 1K TFLE, SEBRTIVTHD
(2S)-v'r ) Y= HiEEZEA LTS 18b XY — FMEAW 16¢ & [F% 0I5 % 7~ L, ROCK1
BH VG PE S k9 2 3 RME KD 2-3 f%5 17 | L 72(x510 vs. x200), — 5 T Cdk2/cyclin E FLEIE I
%D BIRPEDN K 1/2 — 1/3 1K F L72(x5500 vs. x14000), L22L7anb, 6 BT IV THDH
(28)-E RV Yo g EZE AN LIALE Y 18d 11X, U — K& 16c & bl LT, £ 2 558 )17
Cdc7 B3 BHETEME(ICs0: 0.44 nM vs. 0.7 nM) & 49 5 {5 5\ ROCK 1 FRETE PEIZ k3 2 SR ME 2 R
L 72(x950 vs. x200), F£ 72, Cdk2/cyclinE [HEEMEICR T2 #IMESRI%E Th o7z, £72. 2R)-
ERY Do EEE AL 18e (X SIED 18d LB LT, B 12 IZIEEMETFTLTRBY, =
— h~—IXSHKTHDZENRBINT,
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Table 5. Effects of ring size and chirality of the 2-cyclic amine group on Cdc7 inhibitory activity and

kinase selectivity

o

LI
N= N
Enzyme inhibition: ICsy (nM) Selectivity
Compound R Cdk2 ROCK1
k2/cycE ROCK1
Cdc7 Cdk2/cyc oC 1Cde 1Cde
16¢ &NG 0.7 >10000 140 x14000 x200
18a ’f 2.1 6900 760 x3300 x360
A
18b HD 0.71 3900 360 x5500 x510
/.
18d H'O 0.44 6500 420 x15000 x950
18e ﬁ\‘j 0.91 4800 370 x5300 x410
/.
18g HN 1.2 2800 450 x2300 x380

U— R{LEW 16c & i LT, 2 59172 Cde7 BEELERM L 5 72 ROCK1 BEFHEL
FIEMEIC R T D RIRPEZ R L2 (28)-E R Y = iEE 2 AT 5LEW 18d I oW T, B & [A]
B, MR ISR T D AW NE 2 FFl L 7Z(Table 6), € DGR, {EE¥ 18d 13, U — MMEAW 16¢
EHEE LT, K TR MIBN Y Bk P ETE YEE (ICs50:36 nM vs. 250 nM ) & | £J 8-9 55 /)
72 c0lo205 M i 1 5 P2 75 M (ECs0:130 nM vs. 1100 nM)% 7~ L 72, Cdc7 BRI EEMED 7 1
TrA VT EEBLIZEZ A, 18d (XEEE ATP(S0 uM)TFE FIZB W T H K ATP(1 uM,
Km)TEE T & A% D Cde7 PLEREM(1Cs0:0.41 nM vs. 0.44 nM)%& R L, 16¢ & Hfe LT, SigE
ATP L HI T2 Z LI X DIEMHER O EZ S LICZTICS WHEEEZA L TWD Z ERHL M
& 72 5 7=, — 7T, Proteros reporter displacement assay'®'7 Z N T {L5 % 16¢, 18d @ Cdc7/Dbf4
~® binding property Z HI7E L 7= & Z A, Kd, Koff, residence time DIEIE 5 1%, /L&Y 18d O
EH~DOHTMEIT AW 16c L VK, TEEELIC SORIIR%THDL Z ERHPLEZ, Zh
DORERIT, MERIEHEORBEIZHTZD | BEA~OFREARRTIE /e <, RO R EIEMEZ %
BT 2BRETTO, HIEE ATP ~OFEHiE O T (ATP B ERGFEOIKB)NFFICEEZTH L 2
EERELTWVWD, Bk, REEERRKIC LD, MiRIEEO R ERER I,
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Table 6. Effect of 2-substituent of the thienopyrimidinone scaffold on time-dependency of Cdc7
inhibition, MCM2 phosphorylation, and COLO205 cell growth

0]
s
HN NH
e
NM)\RZ

Ry

Cdc7 inhibition: ICsy (nM) Dissociation Kinetics pMCM2 COLO205
C d R R
ompoun ' B ATP 1 uM’ ATP 50 pM” , B N residence time
Kp Koi (sec™) X ICso (nM)  ECsp (nM)
10 min° 0 min® 60 min’ (min)
16¢ A e A/NO 0.70 190 17 541x10"°  494x10° 34 250 1100
18d Ao HTO 0.44 120 0.41 196x10°  6.30x 10" 26 36 130

“ATP concentration (Km) in the standard cell-free assay conditions.
bATP concentration (x50 Km).
“Pre-incubation time with a tested compound. “Equilibrium dissociation constant.

°Dissociation rate constant.

& 18d O JLFi7e ¥ —BRINEEZFH 2 BT, ¥ F—E %L (5300 ¥ F—8) A
Bradifi Lzl 2 A, 300 282 5 F T —FBIZH LTIE, {LAWIEE 1000 nM T<80% D ffL 5 =
Thy ., FEFITEmOBEBRMEL R LT (Table7), £72, F T —EARX VT T HHEFR L7 3,4,5
FHDOXF—+¥ Tdh b DYRKIA. DYRKIB, DMPK (2% % ICso & T L7= & Z A, ICs0=59-
79nM TH V. Cde7 BEF ML EFEMEACso = 0.44 nM) & FL#g LT, 100 500 Lo BN HR S
TWbHZ xR LT,
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Table 7. Kinase selectivity data of 18d.

Enzyme 1Cs0 (nM) % inhibition at 1000 nM
CLK4 NT 100
STK17A (DRAK1) NT 99
DYRKI1A g 59.0 98
DYRKIB g 78.6 9
DMPK § 64.6 95
DAPK3 (ZIPK) NT 92
CDKO9/cyclin T1 NT 90
GSK3A (GSK3 alpha) NT 89
GSK3B (GSK3 beta) NT 89
CLK2 NT 88
HIPK 4 g 176 87
CSNKI1G2 (CK 1 gamma 2) NT 87
CDKS8/cyclin C g 351 87
DAPK1 g 203 85
CLKI § 310 81
302 kinase assays NT <80

Concentration producing 50% inhibition (ICso) values and percent inhibition at 1000 nM of 18d against

317 kinases are reported by Invitrogen Corp.

AL TR LTIAL B REIIREEE DR W T2 D2y, — B9 72 ADME-Tox #FliTH B IZFR W\ T,
FRICMEE R DR Z RIS RN ENREL LEW18AITB VT H, FFICHEE 2 o RIT R
bNpnode, Flo, v~ U ATy =V 7 TRAKEGIZE T 5 357 (Cmax = 0.978
png/mL, AUCo.sh = 1.35 ng/mL-h at 10 mg/kg, po) Z R TE7C T &0 5B, colo205S A A~ 7 A E
TV H 7z in vivo PD B2 F0i L 7=, K5 % Figure 10 IZ7”" 9, (L& 18d (100 mg/kg) %
Boks L, 5% 1,2,4,8,16 FiE#% O Cde7 ODIEE TH % pSerd0 of MCM2 % anti-pSerd0/41
Pk, Cdk2 OB Tdh 5 pSerdl of MCM2 % anti-pSerdl HUA TYa+ 25 Z & T, FHAIL 7=,
Anti-pSerd40/41 HiiR I kX A%, 5%, 2, 4, SHFMZ I < I &4, 16 B I X
IX[A118 L7z, — 5 C. anti-pSer4l HiIKIZ X D Cdk2 DIEE TH % pSerdl of MCM2 D Ye i D A B
FRO N hoTo, Thbb, BERMEENMRIZIHIT 5 Cdk2/cyclin E BLETFMEIZ R 2 &0
BIRPEDN KBS NI REEZEZ BN D, £72., pSerd0 of MCM2 D EEh# TH 5 8, 16 B 12,
SHIBM EIL G2M I CTHEL ERA PR 545 cyclin Bl ORKAR LN &b, LG 18d
? Cde7 PAFEIHK L L COERERF LEEN 2 WERTHDH, —FH T, TR =V RADHEETH
% cleaved PARP DA B IFFIZA BT, ERE TO Cde7 [HETIET7 A b= AFH AR -
RN EMIRIBRINT, £, BETHD MCM2, = b e —/L D GAPDH DI H & TR ICE
B, BEIIROONR o7, LEORKEENL, LAY 18d @ 100 mg/kg O 5 &IZH 1T
HHERE DX, Cde7T ICXDHETHD MCM2 DV Vb Z<MEl L, —kR~—T—D
cyclinBl DA Z G| T Z LBlbholc, =TT R F—VAFFHICIE, LV RYMH, #
ORGPV ETHDH I ERRBI T,
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Hours after oral administration (100 mg/kg)

pMCM2 Control 1 2 4 8 16

Sera0/41 |- - - - -

Serdl [N ww ww W - - - |

MCM2 I----—----—--I
PARP -— - -
— —— S e -

Cyclin B1 |- -— —-—-------|

GAPDH I——--—-..-‘-I

Figure 10. In vivo pharmacodynamic (PD) effects in a COLO205 xenograft mouse model. Compound
18d (100 mg/kg) was orally administrated to mice bearing COLO205 xenografted tumor. At each time
point, xenografted tumor was removed from the mice and homogenized. Protein level or phosphorylation
level of each sample was determined by western blotting analysis. Band intensities of phosphorylated
Ser40/41, phosphorylated Ser41 MCM2, PARP, and cyclin B1 were measured and normalized with
GAPDH band intensity.

Invivo PD fBR#E RIS, 1 H 2[E, 500r 100 mg/kg D HE T, 2 MR QKL 2 B
LWV REEZRE L, colo205 HBR A~ T RET VA& AW HUEE R 4 520 L 72 (Figure 11),
ZORER, 50 mg/kg TiE T/C = 36%. 100 mg/kg TIX T/C = 6% & . &5 BMAF N 72 PrlE S G
NHER I N, £, BEHMICBT 2~ U ZOKERDITEB TH 7o, UEDRERNG
18d # KAt oW & L T&RE LT,

(a) (b)
1000 1
=@=vehicle
25 -
800 =8-50 mg/kg
42}
20 -
£ —e-100 mg/kg W
T 600 - =
S <15 4
] g —a—\Vehicle
5 400 2
13 g 10
= = —8—50mpk
200 4 5 J
i ] 00k
0 0
6 9 12 15 18 21 24 i W ] A 2

. . d fer il lati
days after inoculation i tesall ol

Figure 11. (a) Anti-tumor effects of 3d in a COLO205 xenograft mouse model. Compound 18d (50 or
100 mg/kg) was orally administrated twice daily to mice bearing COLO205 xenografted tumor for 14
days (n = 5). Tumor size and body weight mass were measured twice weekly. (b) Body weight measured

during the anti-tumor efficacy study.

22



BRHE FHHEED Cde7 FHEZR TAK-931 0 AH

B ARNVATNTE RTE7 MNEROBE L HERARRICE D [EBERK

BERREZED DIZON, 18d DRV LT AT RT X7 MK 27 7 in vivo RBR & & To 4 f
AW T MAE R IR S D 2 & 2VHIBT L7z (Figure 12) , BRI A H I & O H L A
TNAT e RBFEET L0, "MALOBIC 27 ks nizsExon5, — T, FHEEY
REBTICBTDFEMEFIZ, FRIZHRLVAT AT E RBBEBALTWD EWHIFERITRV, i,
BRIVAT VT e RIZAEMCHEERWE THLZ b, AWRBROFERMEHNIZBICEEND =
EEHVERVWEEBEZIOND I D, FHEAMRBR T CORNLVLT VT B NMEERICE G T
HIRNVEAT VT ROHEIIRATH 5,

RIVAT T RT7E 7 ME2T OFEMIRIZIIT S Cde7 BEELEEMEARE L L 2 A,
BLEW18d L AFEORRENHT LN, HEREGRANSIET, AV AT AT e K7 %7 MK 27
I% Lys90-Aspl96 IO & DKFFREGEZFR L 20\, Flo, AVAT AT KT X7 MK
27 ZKICEEMRE L, HPLC THOMr+ 25 L. 18d L 2T DIRAEWE L CHEBIENT=Z 06, LAY
27 FDLDTIERL ., FIETHAEW 18d IR LT b D, Cde7 BEHEHEEMICHS L
B2 OND, £, LAWY 2T IIKFTREZETHL I END, REMAOFEN A HE T
b, ALEWI8d IZ OV TIX, ZHLL EOBRRICIILERH D & Hlr L7,

T T, AbEW 18d OENT-EKBEIEEZMERF LoD, 7T X7 MERERGEET S R E LT,
HEFEMEIAL O B 7 LS 2 ST % L7z (Figure 13), 77205, BRIRT I VELOY A X & K
EHMRIEL R, avFAA—varEREARLE ZHRT I VELEF=HT I UG L
THZET, RIVAT VT RT XY MEkzRE#ETH NI TH D, B2 mibix, IE
P L ONERIRMEICH G T AT I L, LV arviA—rvarya2EELRTLZ2HFETLH D
TEMb, ELRAEEB LB EORREE LI L, MR EED -,

O o)
s
HN\ NH HN S N\
SO T T TASD T
N N~ 3
H
18d 27

Figure 12. Interconversion of 18d and its formaldehyde adduct 27 in aqueous media.
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Figure 13. Strategy of optimization (3).

BE AR

BOBETHRARNEERIEERFEOTIET, BV ailErm 95 M7 I UHENR 18hi &
&% L7z (Scheme 5), ¥ X7 U Y U % HT 5 26b,e DAERKIZ OV TIL, Scheme 6 |27 T F
ETEMBLE, D7 P18 %2 NN-CAFILHRNALLT I ROAF AT BE — L EEH S, B
RLUEEIC, PMBAETKRi#ELLLE FI VUV 2GS E, BT Y —AFEK20 26 LTz, 5
LA BT Y — LEEEK 20 & Vilsmeier il & S S /2%, e Fex A7 I v 2EHSE
HBEBEORIGICEY, T2V L2l ~E BN, T2 U=k U2l B ANLE T B
W A TV ERESHE, A7 2 VFER 228K Lz, X7 VTR UEEITICHL
WA F A=V EHAWCERZ o) RE L, FA 720 FEK 22 ~T7 VML THEFX 7 U VU
MEHMAL, (kB 23 28 L=, (bEW 23 D= ZATFT VEL A MAKS L., kT =
LEHAWTHEA KIS ZITV, — 7 I R24~EE8 W, —#7 I N 24 28IEMESMICHT
LTHEYIV U2 2 EM L, BUIY U 25D PMB %A, 7=V —nL3dETF, MU 7L A
HM@¢TM%LT%%%L & 26a AR LT, {LAW 26a (7 {K) %% F /)L HPLC

TR DB L, LAY 26b,26c LN ENLFT, (LAY 26b & D-DTTA ¥ 26b° & L,
ég_ ﬁmﬁé;&fﬁgntosDDHA%osM@HO&MﬁM@%M@%#%%Xﬁ
fEentEIE AT T 5 2 LT . AREFRBEONKRE G D E Ok 2 R E L 72 (Figure 14),
L7=M»> T, kA%%b%SWE&EL%@tiE@%%c%R%k&mTé LRI L
72
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aorb,c d,eorf
M o &
N R
NH, Pg
11 17h,i 18h,i
R N-Protective  Salt

group (2) A
h /ﬁg Boc 2HCI Boc. o
HN NN g
N \O
i /\@ Chz HCI Boronic acid ester A

Reagents and conditions: (a) N-Boc-amino acid, i-BuOCOCI, Et;N, THF for 17h; (b) benzyl 1-
(chlorocarbonyl)-7-azabiciclo[2.2.1 ]heptane-7-carboxylate (30), DIEA, THF for 17i; (c) NaOH, EtOH,
water, 29%—-40% (2 steps); (d) boronic acid ester A, PdCl,(dppf), Cs2CO3, DME—water for 18h,i; (¢) 4
M HCI in EtOAc for 18h, 70% (2 steps); (f) 1) Pd/C, HCO;H. 2) HCI in MeOH for 18i, 24% (2 steps).

Scheme 6
0O O a NZ O b N2 Cl . e Sl CO,Me
P | _ > —_—
)J\/U\ N 7 l\\l 7N\ CN ,l|\l 7 N\
PMB PMB PMB NH;
19 20 21 22
S COgMe S CONH2 O
d ’\11// N\ ¢ '\ll// N f NZ S NH
- N ’ N NH : Wan VPN
PMB NH PMB N ~
PMB N" R
07 R 0” R
23 24 25
o]
o S For 23,24,25,26a; R =
—
N \ N
N R

2-quinuclidinyl

26a: R = 2-quinuclidinyl h
26b: R = 2(S)-quinuclidinyl
i | 26¢: R = 2(R)-quinuclidinyl 3

, —==26b": R = 2(S)-quinuclidinyl, D-DTTA salt

J 26b"": R = 2(S)-quinuclidinyl, 0.5 D-DTTA salt 0.5 MeOH hydrate
Reagents and conditions: (a) 1) N,N-dimethylformamide dimethyl acetal; 2) EtOH, Et:N, p-
methoxybenzyl(PMB)-hydrazine hydrochloride, 62%; (b) 1) DMF, POCI3;; 2) hydroxylamine
hydrochloride, 71%; (c) methyl thioglycolate, NaH, DMF, 83%; (d) 2-quinuclidinecarboxylic acid
hydrochloride (37), SOCl,, DIEA, THF, 78%; (e) 1) NaOH, MeOH; 2) EDCI, HOBt, EtsN, NH4Cl,

DMF, 90%; (f) NaOH, EtOH, 99%; (g) TFA, anisole, 78%; (h) chiral HPLC separation and
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recrystallization, 37% for both 26b and 26¢; (i) D-DTTA, MeOH, 72%; (j) single crystal preparation
from MeOH-methyl ethyl ketone.

Figure 14. ORTEP of 26b"' (CCDC 1918344, only host ion is displayed). Thermal ellipsoids are drawn
at 30% probability.

RV T VT B RAFIAK 27 1% Scheme 7 IZR T FIET ALEW 18d ARV AT VT B REK
JEEHE, B LT, {LEW 18d O EEBMEIR X BRI O B 268 2703 & L5 Al HE
HHEEXONDIN, RIGRF TRICERITAODNholz, FLFEBROHTHEDL L IHIC
HMBC O FiEIZ X VALEW 27 O Z I E LT,

Scheme 7
o) o o
S
HN NH
NI e N O W, SN
N N/ N\ N@ N/ N\ N'
HN H _
184 2HCI 27 o N

Reagents and conditions: (a) HCHO, EtsN, MeOH, 81%.

Scheme 5 THW7Z 27 7Y K 30 35 X O Scheme 6 THWZ /LA 2 37 IX Scheme 8 (27
TFEETHER L, L& 30 12OV TIE, ESNTWDLERMIE B LR R E/RLV— M2 H
W, Tb b, fbE 280 A IRERETF B L, = X T VEL E XA VAR R L T
12, Schotten-Baumann 5:{f CEFEJR 7% Cbz L THRE L, (kAW 29 25k L7z, 1LEW 29
ZEALAXH I L ERIGSE, B/ el R30 268 L, ¥X 27V BIVR 3T DE K
WOWTIE, ME SN TWDLEMIE N TCEEKTRECTC= NI VEH KO T =T 4570
TUoE=ZULELTERATLIED, TIMEEIS TOER OB —HT I RIERO Y 27 2R3 b
HEEBEZRIL, £2ZC, —HBABOBIEIELERE T L2 LT, LT NI ULAEDREHE L
THER LT,
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Scheme 8
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Reagents and conditions: (a) 1) conc. HCIL. 2) Cbz-Cl, Na,COs3, 1,4-dioxane, water, 27% (2 steps); (b)
oxalyl chloride, DMF (cat.), THF, quant; (c¢) (Boc).0, -BuOH, water; (d) pyridine sulfur trioxide, Et3N,
DMSO, 81% (2steps); (e) NaCN, HCI, Et,0, water; (f) MsCl, EtsN, THF; (g) 1) TFA, CH,Cl,. 2) EtsN,
MeCN, 40% (from 33, 4 steps); (h) 1) conc. HCI, 2) 2 M NaOH, 3) 6 M HCI, 65% (3 steps).

B MEEIEMEAHE

EYVIPUR2MICEYZ BT I UMEOEANZ B L2k RISV TR~ % (Table 8), Al
BERERIC, AR LIZAEAWIC OV T, EIEHETH D Cde7 BERFLEILME, £ 72 Cdk2/cyclin E
BLOROCKI BEBHEEHZRE LI, ZOMR. T A A~ —ThH 5D RIKD 26c ZFRVT,
WThoreyza7r ‘/%ﬁﬁs(wi, 26b, 18h) & 2-E° U ¥ FFIE (K 18d LV 7z Cde7 BE#
BELEEVEME 2 7R L7z 1R PEIC B W TIE 26b, 18h D 2 (L EW A 18d LV bEN =R AR LT,
% Z T, 1b&% 26b, 18h IOV T, XV EEMRIEMAERIZI T D Cde7 B P EIEME & e %
TR D AEMIEMZ RN L 72 (Table 9), £ DfEHR. (LG 26b 1L & IR E ATP(50 pM)TFEAE T IZ
BWT, LA rFaX—2 g B 60min D5 T, KIEE ATP(1 pM, Km)TEE T & Heik L
THI 1/2 D Cde7 FLEIEME(ICs: 0.54 nM vs. 0.26 nM)% 7~k L, = OFLEEMEMEIZEAY 18d L [F
HCTholz, Flo, T A X axX— 3 72 LO0min)DOFRMICEBIT 5 EIEE ATP(50 uM){F(E
TToiLAEY 26b D Cde7 BEFEFLETLM(Cso = 43 nM)IL, {EE % 18d (ICso = 120 nM) & bl L

TR 3 fEmnole, —H T, LAWY 18h O EEE ATP(50 uMFE T, LA v FaX— 3
> IE[#] 60 min 12351 2 Cde7 BEFR L FTEME(ICso = 21 nM)IX. {KIREE ATP(1 uM, Km){FE1E FIZH
(7% Cde7 B L ETEMEACs0=0.16 nM) & L L T, 100 1ﬁuﬂ:?@z5% LTHY, LAY 18h X
ATP IRE DB L ITRT W E N B & 7o 72, F 72, Proteros reporter displacement assay'®-
7% AW T, {LA&% 26b D Cdc7/Dbfd ~? binding property Z & L. LA 18d &t L7z &
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Z A, Kd, Koff, residence time D FEIEN H1X, /LG 26 DIEFI~DFFEI LG 18d LV &
<, MEELICK SORIFAETH D Z EHB L7, MRRICE T 2EMIEELZFE L2 & 2
A, 18h [T 18d L VAR WHIAE N U > Fe b P TS M (pMCM2:1Cso = 130 nM) 35 & OMEG U Al i 1 5 BHL
EIE M (c010205: ECso =750 nM) % /< L7273, 26b IZB W\ Tik, 18d & bk U TR RIEMHE O M E
DN U > FR LTS 4 (pMCM2:1Cso = 17 nM), Al e 18 5 BH 15 4 (c010205: ECso = 81 nM)]23
B b, LG 26b 25, FIRE ATP(50 uM)AFIE FIZEBWT, LA ¥k aX— g VEEH
60 min O 5T, L&YW 18d & A5 DIEM(ICso: 0.54nM vs. 0.41 nM) TH > 7212 b 57,
MPRIEER ERERSNTZDE, oA v FaX—2 9 72 L0 min) DRI T 2 EEE
ATP(50 uM)TF1E F TOIEMEM AL A9 26b O J57 53 < (ICse: 43 nM vs. 120 nM), & i ATP 17
ETICBNT, KV FRIIENIEHTLHEES ., MRRIEEORBLUCEZE CTH 2 ATiett 2w
L TWbEEXLND,

Table 8. Effect of introduction of azabicycloalkane into the 2-position on Cdc7 inhibitory activity and

kinase selectivity

O
S
HE A | /NH
N R
Enzyme inhibition: ICsy (nM) Selectivity
Compound R Cdk2 ROCK1
Cdc7 Cdk2/cycE ROCK1 ICde Cde?
/.
18d H'O 0.44 6500 420 x15000 x950
18i /\@ 0.16 1500 96 x9400 x600
26b (S)j/'@ 0.26 6300 430 x24000 x1700
26¢ A@ 1 >10000 460 x10000 x460
® N
18h /DNg 0.16 2700 220 x17000 x1400
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Table 9. Effect of 2-substituent of the thienopyrimidinone scaffold on time-dependency of Cdc7
inhibition, MCM2 phosphorylation, and COLO205 cell growth

(0]
-
HN N/ R

Cdc7 inhibition: ICso (nM) Dissociation Kinetics pMCM2  COLO205
Compound R ATP 1 uM* ATP 50 uM® residence time
H(‘ . = - Kp' Kof (sec'l) . ICso (nM)  ECso (nM)
10 min' 0 min 60 min' (min)
18d HO 0.44 120 0.41 1.96x 10° 6.30% 10™ 26 36 130
18h &9 0.16 77 2.1 NT NT NT 130 750
HN
26b @ 026 5 0.54 424x10"  630x 107 2 17 81

“ATP concentration (Km) in the standard cell-free assay conditions.
bATP concentration (x50 Km).

‘Pre-incubation time with a tested compound.

9Equilibrium dissociation constant.

“Dissociation rate constant.

/Reported values.?’

WO 7 afblc X5 bEW 18d ORIV LT IVFE RT7T X7 NERREOREGEEZ . K
WRPIC 128 EORVLAT AT E RZRINL, 30 7#IC LCMS TT 35 Z &2k v | H
W% FEBR & FE i L 7 (Figure 15), € DR R, LG 184°(18d O 7 U —K)IZFB W TiX, LCMS
T2 &, RALLTILTE RT X2 b 27T DEKRBHR SN, (L&Y 18i L L&Y 26b
WCBWTIE, REBETHELVLAT AT e RT X7 a2 olz, LTER->T, B 7 nm
fbickdavrsrA—rarollE, &H5WVIE3 /T IVHEEDOHEANICLY, FLVAT LT E R
TEROFRENREREATRE Ch D Z & NRB S Llc, E7o, FEMITHIZT 228, 1% 03I &R
RBANERBRICIB W T, (LAY 18I B L UMYLAEW 26b ORIV AT VT B RT X7 MEIZHRH S
Niehote, LieRno T, ENEMEZEY 7 afbd 2281k, MfFEY ., AVAT AT
ERT X7 NERORBEEFERTHZ LN TE,

KBEOFEEERIREDO T2 7 7 A VAR L, RAVAT VT & RIEAREEDORRE O [A]8E 2 Rk L
7oAbE W 26b & | FEEBEMIEAME L TRE LT, (LAY 26b 13% ORERER 21 28T, B3
{bA ¥ TAK-931 & L CHRIRRBR CREMH Th 5,
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Figure 15. Results of formaldehyde adduct formation study. (a) UV chromatogram of 18d’' at initial
(upper) and after 30 min incubation (lower). (b) MS spectra for the peaks of 27 (RT = 4.31 min, upper)
and 18d’ (RT = 2.75 min, lower). (¢) UV chromatogram of 18i at initial (upper) and after 30 min

incubation (lower). (d) UV chromatogram of 26b at initial (upper) and after 30 min incubation (lower).

EUE =REBEBFRIOLDOEBE

BEFN D Cde7 fidb & (4F9C)22 L kAW 26b D R v ¥ 72T L ZERk L., fEA R % i
L 7= (Figure 16a), = D%, (L&Y 26b 1E Cde7 12 LT, AFMICEB O KERE A 2 EK
LTCWAEIERBHAIEN, e Vv IHEEHMNOE T Y — AR EODAFAEBLIRXTXZ ) DU
DR BTG IS ALE L, BERKRFE/HSOREICHFEL WD LHEES N, —F T,
FA 7 = VEROMMER T & Metl34 OFEER T OR-HEREX40ATHY, 77T LT — L
ZREOFMB6A)EFETH Y . 20 Ot ER T IXEFICAE T 54, Plfkse S-S M AMEH
ERL TV, KEJAZGHMOMMN COMEERICERIRTEBZZOND, BIRMEI
B4 5%E2%9T7 5 X<, ROCK1 & ATP KA%7 v NND 34 7 X/ BERECHIFFIMENS —F LTV D
ROCK2 & 1{bEW 26b O IfhGh 2 TAGF L, X SRAEaa A S it 2 i L7z, £ ORER, X277
UMM OB TEEIIAAETH Y, TRbLbLX X7 UV UERFE TIIAE/BESEREKTH
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- 7= (Figure 16b), F£72, B VIR EHMOE T Y — VB EDO A FOKITEARMICAE L, K
FREADREBIIFG LA WEAKENTH -T2, £, A7 = VEBROMER 7L Metl69 O
it - O JF - FEEEIL S.9A & SSSHAEAIZE<HFLARWEBCTCH 7=, UL ED =K
LA HIL, (LAY 26b DR )72 Cde7 BEFE R EIEERS L OVE IR E ATP LIS BT 516 MK
PN R OREER 72 EK, 72 ROCKI ZE& 7o X F—BiZx 2@ 0 EREEZTIAL 2 5
LOTHD,

()

Prol35 Pro135 *, N_‘ Met134
' \(Lo & Lys90
4.0 A

Asp196

. s
ol ] » N—H
Leul37 e O OH
o Leu137 =0 \ / N-H °
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(b)

/< /K-H
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Figure 16. (a) Docking study on compound 26b with the Cdc7 crystal structure (PDB: 4F9C). (b)
Superposition of X-ray co-crystallographic data of 26b (beige, PDB: 6P5P) bound to the ROCK2 protein.
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HEHT, RN Cde7 BLEKOAIH ZFEH L 72K 2R L-, Cde7 AER YV —FT LIC
%9 % Nerviano LA DFEGHRNEZHE L., 77—~ 7+ 77 WV EER L 7=, privileged
structure THAF = ) VI I U EREEIC, 77—~a 7 xTETIADOFERENZ T, e
FAT7 2 UFEREEMR L, S OICHIANGEIRE ATP I b OME 2 KFEH SR & CdeT
WXk T 2 mBRIREDO B AR Lo (LRI 2 LR Lo, ettt v o UM oMEE L
B ATP (2 K 2 IEMEAR T OARIE(ATP i B K AFMEORI) & v 5 ATP f iR EAI & L TAr
DI EEIZ O W T OMBEIEEMBEEREA O Lz, &, HEESMOoaryRmRA—T 3
vaEEAT DG A D . KRIFIC B UM RIEVEZ R (28)-E XY O U FF R 18d & AL
ML, 18d O@mWFF—BERE L ROKEGICET 2B A~ T ZET VHUEBEMETEED
MEBIZR B LT, LU S, ALV AT AT e R7T X7 MNEROMREEZETHZ &N
L, 7H 7 MEREZERET S HKE LT, EEESM O 7 n bkl A TR L, REE
Dz, TORE, SSICHERIEENRM EL, AVAT AT e RT X7 NERK % [Bl#E L 7= 26b
M Z EITRE L7z, 26b 13 DR AR 4/ T, FHBILEW TAK-931 & L CTHERRMER T
it ChH D, 72— X 1B TO M BKFN R IEA TR L B47 72 PK/PD fHEA % £ 5 PD il
DR F T AENE & AT O BRIR T DV T O A ASCO national meeting 2018 (J. Clin. Oncol.
36, no. 15 _suppl (May 20, 2018) 2506-2506) TH & SN T\ 5,

PLEDFER NG ARWFSEIX. privileged structure & 7 7 —~ 32 7+ T ET /LT A LT
B AT, MEANEIRE ATP (2T B B2 E 2 KRR G RO IE K & Cde7 (2% 2 i8] 72 2%
MFRE AR L T2 Lo Ao b kmg 23 . BRIRIS FIC 8 FH AT RE Z2 BT Blfk 1 Cde7 PR 3E o Al H
WCHERRFERTH D Z L 2R Ln, RIS I o ATP #EHIA S — B EHKIC b6 H TR
Exohbd,
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AWz, HE N TERXSEERFIEARABPAAKZ= MITZEITLEZLDTHY
ZZIWCELIBILHF L ETET,

AR, or HEE S TEMRA S EENERBLAAE 2=y b EEAHLEO ZHEED
HIZEITEINTEZHDOTHY, ZZIWESBILPLETET,

KM ZATTHICHTY, AR TS L ZTHE, ZHEZB 0 £ L7 oERFEAHN
AR = & AR A R L SR P L Sl — 1 1 Joseph
Bolen i £IZEE < EH W2 L £ T,

AR EZHS L TWEZEE LE BRI AR AVAIE 2=y b S K
BT 2o IUARHBAL s, KRG Z: B IS RE 2 L E T

HMENERR A Y L T\ & F LB EARZ M -, St A cMC
s — AHEKREELICEHNLET,

NTFETV 7 HHY L CHE, AERIWEZHE E L, LFEMZERT BB AR
HWELET,

ROCK?2 o MtE & T 254 L CIE X £ L 7= Takeda California ff:® Isaac Hoffman I .
Robert Skene f# (2 #H W L E T,

AWFEICx L. AR R TS L ZHRMATHEE E Lo o BRI AR = Ok
st KR FERE L, RRRME L SHERICERERH N LET,

FORARZHE R TER KRB ZEIRICIIARG A L N IRE R ZHr L Takdx
BV ELE, ZZICH#EATEIBILBEL BT ET,
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KEBROE

ABBREVIATIONS

CSA, (+/-)-camphor-10-sulfonic acid; DCM, dichloromethane; DIEA, N,N-diisopropylethylamine;
DMA, N,N-dimethylacetamide; DME, 1,2-dimethoxyethane; DMF, N,N-dimethylformamide; DMSO,
dimethyl sulfoxide; EDCI, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; HOBt, 1-
hydroxybenzotriazole; HATU, 2-(3H-[1,2,3]triazolo[4,5-b]pyridin-3-yl)-1,1,3,3-tetramethylisouronium
hexafluorophosphate (V); IPA, isopropyl alcohol; IPE, isopropyl ether; PdCly(dppf), 1,1°-
bis(diphenylphosphino)ferrocenepalladium (II) dichloride dichloromethane adduct; PE, petroleum
ether; PTSA, p-toluenesulfonic acid monohydrate; TBAF, tetra-n-butylammonium fluoride; TFA,

trifluoroacetic acid; THF, tetrahydrofuran.

LB 5 ER

General

Starting materials, reagents, and solvents for reactions were reagent grade and used as purchased. Thin
layer chromatography (TLC) analyses were carried out using Merck Kieselgel 60 F254 plates or Fuji
Silysia Chemical Ltd. TLC plate NH. Chromatographic purification was carried out using silica gel
(Merck, 70—230 mesh) or amino silica gel (Fuji Silysia, aminopropyl-coated, 100-200 mesh) or Purif-
Pack (SI 60 uM or NH 60 uM, Fuji Silysia Chemical, Ltd.) or Combi-Flash. The proton nuclear magnetic
resonance ('H NMR) spectra were recorded on Bruker AVANCE 11 (300 MHz), Bruker AV 300 (300
MHz), or Bruker AV (500 MHz) instruments. Chemical shifts are given in parts per million (ppm) with
tetramethylsilane as an internal standard. Abbreviations are used as follows: s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet, dd = doublets of doublet, br = broad, br s = broad singlet. Coupling
constants (J values) are given in hertz (Hz). HPLC with Corona charged aerosol detector (CAD) was
used to confirm > 95% purity of each compound. The column used was Capcell Pak C18AQ (3.0 mm
i.d. x 50 mm, Shiseido, Japan) or L-column 2 ODS (2.0 mm i.d. x 30 mm, CERI, Japan) with a
temperature of 50 °C and a flow rate of 0.5 mL/min. Mobile phase A and B under neutral conditions
were a mixture of 50 mmol/L ammonium acetate, water, and MeCN (1:8:1, v/v/v) and a mixture of 50
mmol/L ammonium acetate and MeCN (1:9, v/v), respectively. The ratio of mobile phase B was
increased linearly from 5% to 95% over 3 min, 95% over the next 1 min. Mobile phase A and B under
acidic conditions were a mixture of 0.2% formic acid in 10 mmol/L ammonium formate and 0.2% formic
acid in MeCN, respectively. The ratio of mobile phase B was increased linearly from 14% to 86% over
3 min, 86% over the next 1 min. MS spectra were recorded using a Shimadzu LCMS-2020 or Agilent
6130 Quadrupole LCMS with electrospray ionization (ESI or APCI). Elemental analysis and high

resolution mass spectrometry (HRMS) were measured by Takeda Analytical Research Laboratories, Ltd.

3-Amino-5-(pyridin-4-yl)thiophene-2-carboxylic acid (3). A mixture of 2'> (2.34 g, 10.0 mmol),
sodium methoxide (1.62 g, 30.0 mmol), MeOH (40 mL) and water (10 mL) was refluxed for 4 h. The
mixture was allowed to cool to room temperature and stirring was continued overnight. The mixture was
cooled under ice-bath, then conc. HCI (2.48 mL, 300 mmol) was added to adjust the pH approx. 4. The

resultant yellow precipitate was collected by filtration, washed with water—MeOH, and dried under
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reduced pressure to afford 3 (2.02 g, 92%) as a yellow solid. '"H NMR (300 MHz, DMSO-ds) 6 7.20 (1H,
s), 7.62 (2H, dd, J=4.8, 1.5 Hz), 8.62 (2H, d, /= 6.3 Hz). The amino protons and carboxylic acid proton

were not observed.

3-Amino-5-pyridin-4-ylthiophene-2-carboxamide (4). A mixture of 3 (0.220 g, 1.00 mmol), NH4ClI
(0.267 g, 5.00 mmol), EtsN (0.70 mL, 5.0 mmol) and DMF (3.0 mL) was stirred for 5 min. HOBt (0.204
g, 1.50 mmol) and EDCI (0.286 g, 1.50 mmol) were added and the stirring was continued overnight.
After this time, DMF (2 mL), NH4Cl (0.267 g, 5.00 mmol), EtsN (0.70 mL, 5.0 mmol), HOBt (0.204 g,
1.50 mmol) and EDCI (0.286 g, 1.50 mmol) were added again. After 6 h, the mixture was poured into
sat.NaHCO3 (50 mL). Extraction with EtOAc/THF (2:1, 2 x 30 mL), drying over MgSOQy, filtration and
concentration under reduced pressure gave 4 (0.185 g, 84%) as a yellow solid. '"H NMR (300 MHz,
DMSO-ds) 6 6.54 (2H, brs), 7.06 (2H, brs), 7.18 (1H, s), 7.54-7.58 (2H, m), 8.61 (2H, d, J = 6.3 Hz).

2,2-Dimethyl-6-pyridin-4-yl-2,3-dihydrothieno[3,2-d]pyrimidin-4(1 H)-one (5). A mixture of 4 (150
mg, 0.68 mmol), PTSA (50 mg) and acetone (10 mL) in toluene (20 mL) was heated to reflux overnight.
After removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (DCM/MeOH, 9:1, v/v) to afford 5 (130 mg, yield 74%) as an orange solid.
'"H NMR (300 MHz, DMSO-ds) 8 1.42 (6H, s), 7.62-7.65 (3H, m), 8.59-8.61 (2H, m). HRMS: Calcd
for Ci3H14N30S [M+H]": 260.0852. Found: 260.0834.

2-Amino-5-pyridin-4-ylthiophene-3-carboxamide (7). To a solution of 6'3 (400 mg, 1.53 mmol) in
EtOH (50 mL) was added a solution of LiOH monohydrate (256 mg, 6.1 mmol) in water (5 mL). The
reaction mixture was heated to 80 °C for 2 h. After removal of the solvent under reduced pressure, the
residue was dissolved in water and extracted with EtOAc (50 mL). The organic layer was discarded, and
the aqueous layer was treated with 2 M HCI to pH 5-6. The precipitate was collected by filtration and
dried over MgSO4 to give 2-amino-5-pyridin-4-ylthiophene-3-carboxylic acid (277 mg, 77%) as an
orange solid. ['"H NMR (300 MHz, DMSO-de) 8 7.40 (2H, dd, J = 4.5, 1.5 Hz), 7.59 (1H, s), 7.65-7.72
(2H, m), 8.39-8.43 (2H, m), 12.19-12.27 (1H, m).] To a solution of the carboxylic acid (2.20 g, 10
mmol), NH4CI (1.09 g, 20 mmol), EDCI (2.30 g, 30 mmol) and HOBt (1.80 g, 12 mmol) in DMF (100
mL) was added EtsN (3.0 g, 30 mmol) at room temperature. The reaction mixture was stirred overnight
at room temperature. After removal of the solvent, the residue was purified by column chromatography
on silica gel (DCM/MeOH, 19:1, v/v) to give 7 (1.10 g, 50 %) as a brown solid. 'H NMR (400 MHz,
CD3;OD) 6 7.44 (2H, d, J = 6.0 Hz), 7.79 (1H, s), 8.40 (2H, d, J = 6.4 Hz). MS: Calcd for CioHoN30S
[M+H]*: 220. Found: 220.

2,2-Dimethyl-6-pyridin-4-yl-2,3-dihydrothieno[2,3-d|pyrimidin-4(1H)-one (8). Compound 8 was
prepared in 10% yield from 7 by a procedure similar to that described for 5 as an orange solid. '"H NMR
(400 MHz, CD3;0D) 6 1.58 (6H, s), 7.49 (2H, dd, J= 4.8, 1.6 Hz), 7.64 (1H, s), 8.43 (2H, d, /= 6.0 Hz).
MS: Calcd for Ci3H4N3OS [M+H]": 260. Found: 260.

6-(Pyridin-4-yl)-2-(pyrrolidin-1-ylmethyl)thieno[3,2-d|pyrimidin-4(3H)-one (9). To a stirred
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suspension of 4 (219 mg, 1.0 mmol), EtsN (0.152 mL, 1.1 mmol) and THF (20 mL) was added
chloroacetyl chloride (0.087 mL, 1.1 mmol). After 10 min, pyrrolidine (1.65 mL, 20 mmol) was added
and the mixture was stirred at 80 °C for 1 h. The mixture was concentrated in vacuo, and the residual
oil was mixed with 2 M NaOH (10 mL). The mixture was stirred at 100 °C for 1 h. The mixture was
concentrated in vacuo and the residue was poured in to saturated NaHCO; aq., and extracted with
EtOAc/THF. The organic layer was dried over MgSOQy, filtered, and concentrated in vacuo. The residue
was purified by column chromatography on amino silica gel (EtOAc/MeOH, 100:0 to 80:20, v/v) to
afford light yellow solid. The solid was triturated with EtOAc and the precipitate was collected by
filtration to afford 3 (87 mg, yield 28%) as white solid. '"H NMR (300 MHz, DMSO-ds) & 1.70-1.74
(4H, m), 2.55-2.59 (4H, m), 3.60 (2H, s), 7.82-7.85 (2H, m), 8.11 (1H, s), 8.68-8.70 (2H, m), 12.32
(1H, br s). HRMS: Calcd for Ci¢H7N4OS [M+H]*: 313.1118. Found: 313.1090.

3-Amino-5-bromothiophene-2-carboxyamide (11). A mixture of 10" (5.76 g, 24.4 mmol), NaOH
(2.94 g, 73.5 mmol), water (25 mL) and MeOH (100 mL) was stirred at 70 °C overnight. After cooling
under ice-water bath, 6 M HCI (8.17 mL, 49.0 mmol) was added and the mixture was concentrated in
vacuo. NH4Cl (26.3 g, 491 mmol), EtsN (49.7 g, 491 mmol) and DMF (230 mL) were added to the
residue. After being stirred for 5 min at room temperature, EDCI (28.2 g, 147 mmol) and HOBt (19.9 g,
147 mmol) were added and the stirring was continued for 5 days. The mixture was poured into saturated
NaHCOj3 aq., and extracted with EtOAc. The organic layer was washed with brine, dried over MgSQOy,
filtered, and concentrated in vacuo. The residue was purified by column chromatography on silica gel
(n-hexane/EtOAc) to afford 11 (4.1 g, 76%) as a yellow solid. '"H NMR (300 MHz, DMSO-ds) & 6.56
(2H, br s), 6.70 (1H, s), 6.91 (2H, br s).

6-Bromo-2-methylthieno[3,2-d|pyrimidin-4(3H)-one (12a). To a solution of 11 (0.200 g, 0.90 mmol)
and EtsN (0.190 mL, 1.36 mmol) in THF (4 mL) was added AcCl (0.096 mL, 1.36 mmol) at 0 °C. The
mixture was stirred at room temperature for 0.5 h. The mixture was quenched with water and extracted
with EtOAc. The organic layer was washed with brine, dried over MgSOy, filtered, and concentrated in
vacuo. To the residue were added 2 M NaOH (0.450 mL, 0.90 mmol) and EtOH (2.0 mL), and the
mixture was stirred at 70 °C for 2 h. The mixture was neutralized with 1 M HCI (1.3 mL) at 0 °C. After
addition of water (2.0 mL), the precipitate was collected by filtration to give 12a (131 mg, yield 59%)
as a colorless solid. '"H NMR (300 MHz, DMSO-ds) 6 2.36 (3H, s), 7.54 (1H, s), 12.55 (1H, br s).

6-Bromo-2-(ethoxymethyl)thieno[3,2-d]pyrimidin-4(3H)-one (12b). Compound 12b was prepared in
89% yield from 11 by a procedure similar to that described for 12a as a pale yellow solid. '"H NMR (300
MHz, DMSO-ds) 6 1.14 (3H, t, J= 7.0 Hz), 3.53 (2H, q, J = 7.0 Hz), 4.30 (2H, s), 7.48 (1H, s), 12.60
(1H, br s).

tert-Butyl (6-bromo-4-0x0-3,4-dihydrothieno[3,2-d|pyrimidin-2-yl)methyl(methyl)carbamate
(12c¢). Isobutyl chloroformate (614 mg, 4.49 mmol) was added to a solution of Et;N (0.741 mL, 5.35
mmol) and 2-(tert-butoxycarbonyl(methyl)amino)acetic acid (850 mg, 4.49 mmol) in THF (5.0 mL) at

0 °C. The mixture was stirred at room temperature for 1 h. To the mixture was added 11 (473 mg, 2.14
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mmol). The resulting mixture was stirred at 60 °C for 15 h. The mixture was extracted with EtOAc,
washed with water, brine, dried over MgSO4 and concentrated in vacuo. The residue was dissolved in 2
M NaOH (5.35 mL, 10.70 mmol) and EtOH (10 mL), and the mixture was stirred at 70 °C for 15 h. The
mixture was neutralized with 1 M HCl at 0 °C and extracted with EtOAc. The organic layer was washed
with water and brine, dried over MgSQOs, filtered, and concentrated in vacuo. The residual solid was
collected and washed with EtOAc—hexane to give 6f (780 mg, yield 97%) as a white solid. 'H NMR
(300 MHz, DMSO-ds) 6 1.31-1.49 (9H, m), 2.77-2.87 (3H, m), 3.79-3.90 (2H, m), 7.60 (1H, s), 12.63
(1H, br s).

6-Bromo-2-(2-pyrrolidin-1-ylethyl)thieno[3,2-d|pyrimidin-4(3H)-one (12d). To a suspension of 11
(120 mg, 0.543 mmol) and Et;N (0.083 mL, 0.60 mmol) in THF (3.0 mL) was added 3-chloropropanoyl
chloride (0.057 mL, 0.60 mmol) at room temperature. After stirring at that temperature for 10 min,
pyrrolidine (0.227 mL, 2.72 mmol) was added. The mixture was stirred at room temperature for 10 min.
After removal of the solvent, 2 M NaOH (1.0 mL) was added. The mixture was stirred at 100 °C for 1
h. The organic materials were extracted with EtOAc. The organic layer was washed with brine, dried
over NaxSOy, filtered, and concentrated in vacuo to give 12d (131 mg, yield 74%) as a pale yellow solid.
'"H NMR (300 MHz, DMSO-ds) 8 1.63—1.70 (4H, m), 2.43-2.49 (4H, m), 2.78-2.82 (4H, m), 7.57 (1H,
s), 12.61 (1H, br s).

6-Bromo-2-morpholin-4-ylthieno[3,2-d|pyrimidin-4(3H)-one (12¢). A mixture of 10'5 (200 mg, 0.847
mmol), morpholine-4-carbonitrile (0.17 mL, 1.69 mmol) and 4 M HCI in cyclopentylmethylether (3.0
mL) was stirred at 110 °C for 4 h. The reaction mixture was concentrated under reduced pressure, and
saturated NaHCO3 aq. was added. The precipitate was collected by filtration and washed with water and
EtOAc/hexane (1:1) to give 12e (144 mg, yield 54%) as a pale yellow solid. '"H NMR (300 MHz, DMSO-
ds) 8 3.51-3.60 (4H, m), 3.61-3.71 (4H, m), 7.29 (1H, s), 11.50 (1H, br s).

2-Methyl-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d|pyrimidin-4(3H)-one (13a). A mixture of 12a
(130 mg, 0.53 mmol), tert-butyl 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
pyrazole-1-carboxylate (327 mg, 1.06 mmol), Na,CO3 (169 mg, 1.59 mmol), PdCl,(dppf) (43.3 mg,
0.053 mmol), DME (3.0 mL) and water (1.5 mL) was stirred at 100 °C for 3 h under Ar. The organic
materials were extracted with EtOAc, dried over MgSOy4, and concentrated in vacuo. The residue was
purified by column chromatography on amino silica gel (EtOAc/MeOH, 100:0 to 90:10, v/v) to give
pale yellow solid. The solid was triturated with MeOH, and the precipitate was collected by filtration to
afford 13a (74.0 mg, yield 57%) as a colorless solid. '"H NMR (300 MHz, DMSO-d¢) & 2.36 (3H, s),
2.44 (3H, s), 7.31 (1H, s), 7.98 (1H, br s), 12.30 (1H, br s), 12.96 (1H, br s). HRMS: Calcd for
C11H11N4OS [M+H]": 247.0648. Found: 247.0625.

2-(Ethoxymethyl)-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d]pyrimidin-4(3H)-one (13b). A mixture
of 12b (140 mg, 0.48 mmol), tert-butyl 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
pyrazole-1-carboxylate (448 mg, 1.45 mmol), Na,CO3 (116 mg, 1.94 mmol), PdCl,(dppf) (40 mg, 0.0484
mmol), DME (3.0 mL) and water (1.5 mL) was stirred at 100 °C for 0.5 h under Ar. Then 8 M NaOH
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(0.5 mL) was added, and the mixture was stirred at 100 °C for further 1 h. The organic materials were
extracted with EtOAc/THF, dried over Na,SO4, and concentrated in vacuo. The residue was purified by
column chromatography on amino silica gel (hexane/EtOAc, 85:15 to 0:100, EtOAc/MeOH, 100:0 to
90:10, v/v), then triturated with 2-PrOH/heptane, and the precipitate was collected by filtration to afford
13b (59 mg, 42%) as a pale brown solid: 1H NMR (300 MHz, DMSO-d6) & 1.17 (3H, t, J = 7.0 Hz),
2.38-2.50 (3H, m), 3.56 (2H, q, J = 7.0 Hz), 4.38 (2H, s), 7.39 (1H, s), 7.89 (0.6H, br s), 8.26 (0.4H, br
s), 12.34 (1H, br s), 12.77-13.18 (1H, m); Anal. Calcd for Ci3H14N4O,S: C, 53.78; H, 4.86; N, 19.30.
Found: C, 53.78; H, 4.91; N, 19.09.

6-(3-Methyl-1H-pyrazol-4-yl)-2-((methylamino)methyl)thieno[3,2-d|pyrimidin-4(3H)-one
dihydrochloride (13c¢’). A mixture of 12¢ (400 mg, 1.07 mmol), tert-butyl 3-methyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole-1-carboxylate (659 mg, 2.14 mmol), Cs2CO3 (696
mg, 2.14 mmol), PdCl2(dppf) (44.0 mg, 0.054 mmol), DME (5.0 mL) and water (0.5 mL) was stirred at
80 °C overnight. The mixture was diluted with water and extracted with EtOAc. The combined extracts
were washed with brine, dried over MgSQs, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (n-hexane/EtOAc, 9:1 to 1:1, v/v). The residue was dissolved in
MeOH (4.0 mL) and 4 M HCI in EtOAc (1.0 mL, 4.00 mmol). The mixture was stirred at room
temperature for 3 h. The resulting solid was collected and washed with EtOAc to give 13¢” (50.0 mg,
yield 13%) as a colorless solid. "H NMR (300 MHz, DMSO-d¢) & 2.47 (3H, s), 2.69 (3H, br s), 4.23 (2H,
brs), 7.31-8.30 (5H, m), 9.54 (2H, br s). Anal. Calcd for C12H5NsOSCl,-0.15H,0: C, 41.07; H, 4.39;
N, 19.96. Found: C, 41.29; H, 4.58; N, 19.67.

6-(3-Methyl-1H-pyrazol-4-yl)-2-(2-pyrrolidin-1-ylethyl)thieno[3,2-d]pyrimidin-4(3H)-one (13d).
Compound 13d was prepared in 53% yield from 12d by a procedure similar to that described for 13b as
a pale yellow solid. "H NMR (300 MHz, DMSO-ds) & 1.51-1.78 (4H, m), 2.40-2.49 (7H, m), 2.75-2.89
(4H, m), 7.34 (1H, s), 8.02 (1H, br s), 11.93-13.36 (2H, m). Anal. Calcd for C1sH19NsOS: C, 58.34; H,
5.81; N, 21.26. Found: C, 58.32; H, 5.80; N, 21.07.

6-(3-Methyl-1H-pyrazol-4-yl)-2-morpholin-4-ylthieno[3,2-d]pyrimidin-4(3 H)-one (13e).
Compound 13e was prepared in 58% yield from 12e by a procedure similar to that described for 13b as
a pale brown solid. '"H NMR (300 MHz, DMSO-ds) & 2.33-2.47 (3H, m), 3.50-3.61 (4H, m), 3.61-3.72
(4H, m), 7.11 (1H, s), 7.83 (0.6H, br s), 8.19 (0.4H, br s), 11.35 (1H, br s), 12.79-13.07 (1H, m). Anal.
Calcd for C14H15N502S-0.5H20: C, 51.52; H, 4.94; N, 21.46. Found: C, 51.33; H, 4.98; N, 21.18.

6-Bromo-2-(chloromethyl)thieno[3,2-d]pyrimidin-4(3H)-one (14). A mixture of 10 (15 g, 62.7 mmol),
chloroacetonitrile (12 mL, 188 mmol) and 4 M HCI in cyclopentylmethylether (100 mL) was stirred at
room temperature for 2 h, and stirred at 70 °C for 1 h. The mixture was concentrated under reduced
pressure, and saturated NaHCO3 aq. was added to the residue. The precipitate was collected by filtration
and washed with water. The obtained solid was dried at 80 °C for 8 h under reduced pressure to give 14
(18 g, yield 100%) as a pale brown solid. '"H NMR (300 MHz, DMSO-d¢) & 4.51 (2H, s), 7.56 (1H, s),
13.00 (1H, br s).

38



2-[(Benzylamino)methyl]-6-bromothieno[3,2-d]pyrimidin-4(3H)-one (15a). To a suspension of 1-
phenylmethanamine (0.586 mL, 5.37 mmol), K,CO3 (495 mg, 3.58 mmol), sodium iodide (27 mg, 0.179
mmol) and DMF (5.0 mL) was added 14 (500 mg, 1.79 mmol). The mixture was stirred at 70 °C for 1
h. The mixture was purified by column chromatography on amino silica gel (n-hexane/EtOAc, 85:15 to
0:100, v/v, then EtOAc/MeOH, 100:0 to 93:7, v/v) to give 15a (234 mg, yield 37%) as a pale yellow
solid. '"H NMR (300 MHz, DMSO-ds) & 3.67 (2H, s), 3.72 (2H, s), 7.17-7.40 (5H, m), 7.47-7.87 (2H,

m). 1H of amide or amine portion was not observed independently.

6-Bromo-2-(pyrrolidin-1-ylmethyl)thieno[3,2-d]pyrimidin-4(3H)-one (15¢). Compound 15¢ was
prepared in 84% yield by a procedure similar to that described for 15a as a pale yellow solid. '"H NMR
(300 MHz, DMSO-ds) 6 1.65-1.77 (4H, m), 2.52-2.60 (4H, m), 3.57 (2H, s), 7.60 (1H, s), 12.24 (1H,
br s).

6-Bromo-2-(piperidin-1-ylmethyl)thieno[3,2-d]pyrimidin-4(3H)-one (15d). Compound 15d was
prepared in 83% yield by a procedure similar to that described for 15a as a pale yellow solid. '"H NMR
(300 MHz, DMSO-ds) 6 1.31-1.42 (2H, m), 1.45-1.56 (4H, m), 2.35-2.46 (4H, m), 3.40 (2H, s), 7.61
(1H, s), 12.20 (1H, br s).

6-Benzyl-2-bromo-6,7-dihydroimidazo[1,5-a|thieno[3,2-d|pyrimidin-9(5H)-one (17). A mixture of
15a (185 mg, 0.528 mmol), 37% aqueous formaldehyde (1 mL) and THF (2 mL) was stirred at room
temperature for 1 h. The precipitate was collected by filtration, and washed with water and EtOAc to
give 17 (104 mg, yield 54%) as a pale yellow solid. "H NMR (300 MHz, DMSO-ds) & 3.87 (2H, s), 4.04
(2H, s), 4.84 (2H, s), 7.24-7.45 (5H, m), 7.63 (1H, s).

6-Benzyl-2-(3-methyl-1H-pyrazol-4-yl)-6,7-dihydroimidazo[1,5-a]thieno[3,2-d]pyrimidin-9(5H)-
one trifluoroacetic acid (16a). A mixture of 17 (100 mg, 0.276 mmol), tert-butyl 3-methyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole-1-carboxylate (255 mg, 0.828 mmol), PdCl:(dppf)
(23 mg, 0.028 mmol), Na,CO3 (66 mg, 1.10 mmol), DME (3.0 mL) and water (1.5 mL) was stirred at
100 °C for 1.5 h. The mixture was diluted with water and extracted with EtOAc. The combined extracts
were washed with brine, dried over Na,;SO4, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (n-hexane/EtOAc, 85:15 to 0:100, v/v) to give a crude product of
18 as a pale yellow solid (89 mg). A mixture of the crude product of 18 (80 mg), MeOH (2 mL) and TFA
(2 mL) was stirred with heating at 70 °C for 5 h. The reaction mixture was concentrated under reduced
pressure, and the residue was triturated with MeOH-EtOAc. The precipitate was collected by filtration
to afford 16a (43 mg, yield 44%) as a yellow solid. '"H NMR (300 MHz, DMSO-d¢) & 2.46 (3H, br s),
4.20 (2H, s), 4.31 (2H, s), 7.40 (1H, s), 7.42-7.58 (5H, m), 8.05 (1H, br s), 9.15-10.22 (2H, m), 13.04
(IH, br s). Anal. Calecd for C20HisNsO3SF3-0.25H,0: C, 51.11; H, 3.97; N, 14.90. Found: C, 51.10; H,
3.81; N, 14.89.

2-[(Dimethylamino)methyl]-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d]|pyrimidin-4(3H)-one
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dihydrochloride (16b'). A mixture of 14 (140 mg, 0.50 mmol), dimethylamine hydrochloride (200 mg,
1.54 mmol) and DMF (3 mL) was stirred at 100 °C for 1 h in a sealed tube by using microwave reactor.
The mixture was concentrated under reduced pressure. The residue was extracted with EtOAc—THF.
The combined extracts were washed with saturated NaHCOj3 aq., dried over MgSQ4, and concentrated
in vacuo to give crude product of 15b. A mixture of the crude product of 15b, ters-butyl 3-methyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole-1-carboxylate (380 mg, 1.23 mmol),
Na2COs3 (265 mg, 2.50 mmol), PdCIlx(dppf) (41 mg, 0.050 mmol), DME (4.0 mL) and water (2.0 mL)
was stirred at reflux for 1 h under Ar. The mixture was diluted with brine and extracted with EtOAc—
THF. The combined extracts were dried over MgSO4 and concentrated in vacuo. The residue was
purified by column chromatography on amino silica gel (EtOAc/MeOH, 100:0 to 80:20, v/v). The
residue was dissolved with MeOH (3 mL) and 10% HCI in MeOH (1 mL). The mixture was concentrated
under reduced pressure. The residue was triturated with EtOAc—MeOH and the precipitate was collected
by filtration to afford 16b' (24 mg, yield 13%) as a colorless solid. 'H NMR (300 MHz, DMSO-ds) &
2.47 (3H, s), 2.95 (6H, s), 4.40 (2H, s), 7.40 (1H, s), 8.10 (1H, s), 10.40 (1H, br s), 12.82 (1H, br s).
HRMS: Calcd for C13H16sNsOS [M—2HCI+H]*: 290.1070. Found: 290.1058.

6-(3-methyl-1H-pyrazol-4-yl)-2-(pyrrolidin-1-ylmethyl)thieno[3,2-d|pyrimidin-4(3H)-one (16c). A
mixture of 15¢ (100 mg, 0.318 mmol), tert-butyl 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-1H-pyrazole-1-carboxylate (294 mg, 0.954 mmol), Na,CO3 (95 mg, 1.59 mmol), PAdCLx(dppf) (26
mg, 0.032 mmol), DME (3.0 mL) and water (1.5 mL) was stirred for 3 h at 100 °C under Ar. Then 8 M
NaOH (1.0 mL) was added, and the mixture was stirred further 30 min at same temperature. The mixture
was extracted with EtOAc—THF. The combined extracts were dried over Na>SO4 and concentrated in
vacuo. The residue was purified by column chromatography on amino silica gel (n-hexane/EtOAc, 8§0:20
to 0:100, v/v, then EtOAc/MeOH, 100:0 to 90:10, v/v). The residue was triturated with EtOAc—MeOH,
and the precipitate was collected by filtration to afford 16¢ (44 mg, yield 44%) as a pale yellow solid.
'"H NMR (300 MHz, DMSO-ds) 8 1.65-1.78 (4H, m), 2.45 (3H, s), 2.53-2.59 (4H, m), 3.57 (2H, s), 7.37
(1H, s), 8.00 (1H, br s), 11.84-13.16 (2H, m). Anal. Calcd for C;sH7NsOS: C, 57.12; H, 5.43; N, 22.21.
Found: C, 56.96; H, 5.24; N, 22.04.

6-(3-Methyl-1H-pyrazol-4-yl)-2-(piperidin-1-ylmethyl)thieno[3,2-d]|pyrimidin-4(3H)-one (16d). A
mixture of 15d (175 mg, 0.533 mmol), tert-butyl 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-1H-pyrazole-1-carboxylate (361 mg, 1.17 mmol), NaxCOs3 (128 mg, 2.13 mmol), PdCL(dppf) (44
mg, 0.053 mmol), DME (4.0 mL) and water (2.0 mL) was stirred at 100 °C for 1 h under Ar. The mixture
was extracted with EtOAc—THF. The combined extracts were dried over Na>SO4 and concentrated in
vacuo. The residue was purified by column chromatography on amino silica gel (EtOAc/MeOH, 100:0
to 90:10, v/v). The residue was triturated with EtOAc—-MeOH-n-hexane, and the precipitate was
collected by filtration to afford 16d (56 mg, yield 32%) as a pale brown solid. 'H NMR (300 MHz,
DMSO-ds) 6 1.30-1.44 (2H, m), 1.44-1.60 (4H, m), 2.40-2.48 (7H, m), 3.42 (2H, s), 7.38 (1H, s), 8.04
(1H, br s), 12.61 (1H, br s), 12.61 (1H, br s). Anal. Calcd for C;¢Hi19NsOS-0.2H,O: C, 57.71; H, 5.87;
N, 21.03. Found: C, 58.02; H, 5.89; N, 20.67.
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6-(1H-Pyrazol-4-yl)-2-(pyrrolidin-1-ylmethyl)thieno[3,2-d|pyrimidin-4(3H)-one (16e). Compound
16e was prepared in 50% yield from 15¢ by a procedure similar to that described for 16d as a colorless
solid. "H NMR (300 MHz, DMSO-de) 8 1.69-1.73 (4H, m), 2.54-2.58 (4H, m), 3.57 (2H, s), 7.48 (1H,
s), 8.16 (2H, br s), 12.90 (1H, br s), 1H of pyrazole or amide portion was not observed independently.
Anal. Calcd for C14HsFNsOS: C, 55.80; H, 5.02; N, 23.24. Found: C, 55.68; H, 5.13; N, 22.95.

6-(3-Ethyl-1H-pyrazol-4-yl)-2-(pyrrolidin-1-ylmethyl)thieno[3,2-d]pyrimidin-4(3H)-one
dihydrochloride (16f'). Compound 16f' was prepared in 75% yield from 15¢ by a procedure similar to
that described for 16d and followed removal of dimethylsulfamoyl group and salt formation with HCI
in Et,0-MeOH as a colorless solid. '"H NMR (300 MHz, DMSO-ds) 6 1.26 (3H, t, J = 7.5Hz), 1.82-2.08
(4H, m), 2.84-2.92 (2H, m), 3.17-3.25 (2H, m), 3.64-3.77 (2H, m), 4.51 (2H, s), 7.38 (1H, s), 8.09 (1H,
s), 10.61 (1H, br s), 12.80 (1H, br s). HRMS: Calcd for C;¢H20NsOS [M-2HCI+H]*: 330.1383. Found:
330.1355.

tert-Butyl (25)-2-(6-bromo-4-0x0-3,4-dihydrothieno[3,2-d]pyrimidin-2-yl)azetidine-1-carboxylate
(17a). To a solution of (S)-N-Boc-azetidine-2-carboxylic acid (510 mg, 2.53 mmol) and Et;N (0.419 mL,
3.03 mmol) in THF (5 mL) was added isobutyl chloroformate (0.346 mL, 2.66 mmol) at 0 °C. The
mixture was stirred at room temperature for 30 min. To the resulting mixture was added 11 (267 mg,
1.21 mmol). The mixture was stirred at 60 °C for 19 h, then diluted with saturated NaHCOj3 aq., and
extracted with EtOAc. The organic layer was washed with brine, dried over Na>SOs, and filtered. The
filtrate was concentrated in vacuo. The residue was dissolved with EtOH (5 mL), and 2 M NaOH (2.83
mL, 5.65 mmol) was added. The mixture was stirred at 70 °C for 3 h, then cooled to room temperature.
The mixture was neutralized by addition of 6 M HCI (1 mL), and water (6 mL) was added. The
precipitate was collected by filtration to give 17a (335 mg, 71%) as a white solid. 'H NMR (300 MHz,
DMSO-dg) 6 1.04-1.51 (9H, m), 2.20-2.35 (1H, m), 2.44-2.57 (1H, m), 3.84 (1H, brs), 3.91-4.02 (1H,
m), 5.01 (1H, dd, J = 8.6, 5.6 Hz), 7.64 (1H, s), 12.74 (1H, br s). Single peak was detected by chiral
HPLC analysis [column: CHIRALPAK AD-3 4.6 mm i.d. x 250 mm, Daicel Co. Ltd., mobile phase: n-
hexane/EtOH/Et,NH (700:300:1, v/v/v), flow rate: 1 mL/min, column temperature: 30 °C, detection:
220 nM].

tert-Butyl (25)-2-(6-bromo-4-0x0-3,4-dihydrothieno[3,2-d]pyrimidin-2-yl)pyrrolidine-1-
carboxylate (17b). A mixture of (S)-N-Boc-proline (8.78 g, 40.8 mmol), HATU (15.5 g, 40.8 mmol)
and DIEA (8.31 mL, 47.6 mmol) in DMF (45 mL) was stirred at room temperature for 30 min. To the
resulting mixture was added 11 (3.00 g, 13.6 mmol). The mixture was stirred at 90 °C for 3.5 h, and
cooled to 60 °C, then diluted with saturated NaHCO3 aq., and extracted with EtOAc. The organic layer
was washed with brine, dried over Na>SQu, and filtered. The filtrate was concentrated in vacuo, and the
residue was purified by column chromatography on silica gel (n-hexane/EtOAc, 9:1 to 4:6, v/v) to give
acyl intermediate (6.04 g). A mixture of this material and 2 M NaOH (20.4 mL, 40.8 mmol) in EtOH
(40 mL) was stirred at 70 °C for 2 h, and cooled to room temperature. The mixture was neutralized by
addition of 6 M HCI (7 mL), and water (80 mL) was added. The precipitate was collected by filtration,
and washed with EtO-n-hexane (1:4, v/v) to give 17b (2.35 g, 43%) as a pale yellow solid. '"H NMR
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(300 MHz, DMSO-ds) 6 1.11 (9H of major, s), 1.37 (9H of minor, s), 1.74-2.02 (3H, m), 2.18-2.33 (1H,
m), 3.36-3.42 (1H, m), 3.47-3.59 (1H, m), 4.55 (1H of major, dd, J = 7.8, 5.0 Hz), 4.58-4.65 (1H of
minor, m), 7.57 (1H of minor, s), 7.60 (1H of major, s), 12.71 (1H, br s). This material was observed as
a 2:1 mixture of rotamers by '"H NMR analysis.

tert-Butyl (2S5)-2-(6-bromo-4-o0x0-3,4-dihydrothieno[3,2-d|pyrimidin-2-yl)piperidine-1-
carboxylate (17¢). Compound 2¢ (24.8 g) was prepared from 11 (16.6 g, 75.0 mmol) and (S)-N-Boc-
piperidine-2-carboxylic acid (37.8 g, 165 mmol) in 80% yield by a procedure similar to that described
for 17a as a white solid. 'H NMR (300 MHz, DMSO-ds) & 1.17-1.86 (14H, m), 1.98-2.10 (1H, m),
3.38-3.52 (1H, m), 3.76-3.88 (1H, m), 4.93-5.05 (1H, m), 7.59 (1H, s), 12.63 (1H, br s). 38.7% ee
{determined by chiral HPLC analysis [column: CHIRALPAK ADH DJ153 4.6 mm i.d. x 250 mm, Daicel
Co. Ltd., mobile phase: n-hexane/IPA/Et;NH (700:300:1, v/v/v), flow rate: 1 mL/min, column
temperature: 30 °C, detection: 220 nM]}.

tert-Butyl (25)-2-(6-bromo-4-0x0-3,4-dihydrothieno[3,2-d|pyrimidin-2-yl)piperidine-1-
carboxylate (17d) and tert-butyl (2R)-2-(6-bromo-4-0xo0-3,4-dihydrothieno[3,2-d]pyrimidin-2-
yl)piperidine-1-carboxylate (17e). 17c (20.0 g) was purified by preparative chiral HPLC [column:
CHIRALPAK AD JG001 50 mm i.d. X 500 mm, Daicel Co. Ltd., mobile phase: n-hexane/IPA/Et,NH
(700:300:1, v/v/v), flow rate: 80 mL/min, column temperature: 30 °C, detection: 220 nM, loading: 150
mg/load] to give 17d (13.1 g, 66%, 99.9% eec) and 17e (5.34 g, 27%, 99.9% ee) as a white solid.

tert-Butyl 2-(6-bromo-4-0x0-3,4-dihydrothieno[3,2-d|pyrimidin-2-yl)azepane-1-carboxylate (17f).
Compound 17f (474 mg) was prepared from 11 (238 mg, 1.08 mmol) and N-Boc-azepane-2-carboxylic
acid (550 mg, 2.26 mmol) in quantitative yield by a procedure similar to that described for 17a as a pale
yellow solid. "H NMR (300 MHz, DMSO-d¢) & 1.12-1.46 (12H, m), 1.58-1.99 (4H, m), 2.11-2.35 (1H,
m), 3.16-3.29 (1H, m), 3.77-3.88 (1H of minor, m), 3.97 (1H of major, dd, J = 14.8, 5.2 Hz), 4.65 (1H
of major, dd, J=12.0, 4.8 Hz), 4.83 (1H of minor, dd, J=12.1, 5.9 Hz), 7.58 (1H of minor, s), 7.60 (1H
of major, s), 12.61 (1H, br s). This material was observed as a 5:4 mixture of rotamers by 'H NMR

analysis.

tert-Butyl (25)-2-(6-bromo-4-0x0-3,4-dihydrothieno[3,2-d|pyrimidin-2-yl)azepane-1-carboxylate
(17g). 17f (772 mg) was purified by preparative chiral HPLC [column: CHIRALPAK AD NF001 50 mm
i.d. x 500 mm, Daicel Co. Ltd., mobile phase: n-hexane/EtOH (1:1, v/v), flow rate: 60 mL/min, column
temperature: 30 °C, detection: 220 nM, loading: 260 mg/load] to give 17g (tR2, 326 mg) as a white
solid. 99.9% ee {determined by chiral HPLC analysis [column: CHIRALPAK AD KF054 4.6 mm i.d. x
250 mm, Daicel Co. Ltd., mobile phase: n-hexane/EtOH (1:1, v/v), flow rate: 0.5 mL/min, column
temperature: 30 °C, detection: 220 nM]}. Absolute structure was determined by X-ray crystallography
analysis (Figure 11)
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Figure 17. ORTEP of 17g (CCDC 1918343). Thermal ellipsoids are drawn at 30% probability.

X-ray structure analysis of 17g
A single crystal was obtained from a EtOAc solution, and analyzed as follows:

Crystal data for 17g: C17H22BrN3O3S, MW = 428.34; crystal size, 0.30 x 0.09 x 0.04 mm; colorless,
platelet; monoclinic, space group P21, a = 10.9062(2) A, b = 6.64467(12) A, ¢ = 12.8662(2) A, a =y =
90°, B =98.3804(7)°, ¥=922.43(3) A%, Z=2, Dx=1.542 g/cm?, T=100 K, u = 4.283 mm™', 1 = 1.54187
A, Ry =0.032, wR> = 0.095, Flack Parameter?® = —0.03(2).

All measurements were made on a Rigaku R-AXIS RAPID diffractometer using graphite
monochromated Cu-Ka radiation. The structure was solved by direct methods with SIR9224 and was
refined using full-matrix least-squares on F? with SHELXL-97.2% All non-H atoms were refined with
anisotropic displacement parameters. The coordinates of the structure were deposited in the CCDC under
the accession code CCDC 1918343.

2-((28)-Azetidin-2-yl)-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d]pyrimidin-4(3H)-one (18a). A
mixture of 17a (328 mg, 0.849 mmol), tert-butyl 3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-1H-pyrazole-1-carboxylate (626 mg, 1.70 mmol), Cs2CO3 (554 mg, 1.70 mmol) and PdCl,(dppf)
(139 mg, 0.17 mmol) in DME (10 mL)-water (1 mL) was degassed and stirred under Ar at 80 °C for 2
h, then diluted with water, and extracted with EtOAc. The organic layer was washed with brine, dried
over Na>S0O4, and filtered. The filtrate was concentrated in vacuo, and the residue was purified by
column chromatography on silica gel (n-hexane/EtOAc, 6:4 to 3:7, v/v) to give di-Boc intermediate (291
mg). This material was dissolved with MeOH (5 mL), and 4 M HCI in EtOAc (1 mL) was added. The
mixture was stirred at 50 °C for 1.5 h. To the mixture was added EtOAc (4 mL), and the precipitate was
collected by filtration. This material was treated with EtsN (1 mL) in MeOH (5 mL) at room temperature
for 1 h, then diluted with brine, and extracted with EtOAc. The organic layer was washed with brine,
dried over Na»SOy, and filtered. The filtrate was concentrated in vacuo, and triturated with MeOH (0.5
mL)-EtOAc (2.0 mL). The precipitate was collected by filtration to give 18a (42.1 mg, 17%) as a white
solid. 'H NMR (300 MHz, DMSO-ds) 8 2.41-2.61 (2H, m), 2.45 (3H, s), 3.30-3.38 (1H, m), 3.61 (1H,
q, J = 7.9 Hz), 4.73 (1H, t, J = 7.8 Hz), 7.38 (1H, s), 8.03 (1H, br s), the exchangeable hydrogens
attached to the hetero atoms (3H) were not observed. HRMS: Calcd for C13H14sNsOS [M+H]*: 288.0914.
Found: 288.0907. Anal. Calcd for C;3H3NsOS-0.5H,0: C, 52.69; H, 4.76; N, 23.63. Found: C, 52.89;
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H, 4.55; N, 23.36.

6-(3-Methyl-1H-pyrazol-4-yl)-2-((2S)-pyrrolidin-2-yl)thieno[3,2-d]pyrimidin-4(3H)-one
dihydrochloride (18b). Compound 17b (1.39 g) was prepared from 2b (2.27 g, 5.67 mmol) in 66% yield
by a procedure similar to that described for 3a as a white solid. Mp 278-280 °C. '"H NMR (300 MHz,
DMSO-ds) 6 1.94-2.16 (3H, m), 2.39-2.47 (1H, m), 2.46 (3H, s), 3.23-3.49 (2H, m), 4.61-4.74 (1H,
m), 7.37 (1H, s), 8.10 (1H, s), 8.98 (1H, br s), 10.07 (1H, br s), 12.87 (1H, br s), the exchangeable
hydrogens attached to the hetero atoms (2H) were not observed. Anal. Calcd for Ci4sH5NsOS-2HCI: C,
44.93; H, 4.58; N, 18.71. Found: C, 44.86; H, 4.61; N, 18.66.

6-(3-Methyl-1H-pyrazol-4-yl)-2-((2S)-piperidin-2-yl)thieno[3,2-d]pyrimidin-4(3H)-one

dihydrochloride (18d). Compound 18d (1.77 g) was prepared from 17d (3.25 g, 7.84 mmol) in 58%
yield by a procedure similar to that described for 18a as a white solid. '"H NMR (300 MHz, DMSO-dp)
6 1.48-1.91 (5H, m), 2.24-2.32 (1H, m), 2.46 (3H, s), 2.97-3.12 (1H, m), 3.29-3.41 (1H, m), 4.14-4.29
(1H, m), 7.34 (1H, s), 8.11 (1H, s), 9.07-9.23 (1H, m), 9.36-9.48 (1H, m), 12.81 (1H, br s), the
exchangeable hydrogens attached to the hetero atoms (2H) were not observed. Anal. Caled for
Ci5sH17NsOS-2HCI-0.5H,0: C, 45.34; H, 5.07; N, 17.63; Cl, 17.85. Found: C, 45.61; H, 5.07; N, 17.57,
Cl, 17.73. 99.8% ee {determined by chiral HPLC analysis [column: SUMICHIRAL ADH DJ153 4.6 mm
i.d. x 250 mm, Sumika Chemical Analysis Service Co. Ltd., mobile phase: n-hexane/EtOH/Et;N
(600:400:5, v/v/v), flow rate: 1 mL/min, column temperature: 30 °C, detection: 254 nM]}.

6-(3-Methyl-1H-pyrazol-4-yl)-2-((2S5)-piperidin-2-yl)thieno[3,2-d]|pyrimidin-4(3H)-one (18d>).
To a suspension of 18d (255 mg, 0.66 mmol) in MeOH (7 mL) was added Et3N (0.279 mL, 2.00 mmol).
Then amino silica gel (5 g) was added, and the mixture was triturated. The mixture was concentrated in
vacuo, and the residue was purified by column chromatography on amino silica gel (EtOAc/MeOH,
100:0 to 70:30, v/v) to give 18d’ (183 mg, 88 %) as a white solid. 'H NMR (300 MHz, DMSO-ds) &
1.36-1.62 (4H, m), 1.77-1.94 (2H, m), 2.44 (3H, s), 2.59-2.69 (1H, m), 2.98-3.08 (1H, m), 3.60-3.68
(1H, m), 7.31 (1H, s), 8.00 (1H, br s), the exchangeable hydrogen attached to the hetero atom (3H) was

not observed.

6-(3-Methyl-1H-pyrazol-4-yl)-2-((2R)-piperidin-2-yl)thieno[3,2-d]|pyrimidin-4(3H)-one

dihydrochloride (18e). Compound 18e (60.8 mg) was prepared from 17e (120 mg, 0.290 mmol) in 54%
yield by a procedure similar to that described for 18a as a white solid. Mp 252-255 °C. 'H NMR (300
MHz, DMSO-ds) & 1.48—-1.94 (5H, m), 2.24-2.35 (1H, m), 2.46 (3H, s), 2.96-3.13 (1H, m), 3.29-3.41
(1H, m), 4.16-4.27 (1H, m), 7.34 (1H, s), 8.12 (1H, s), 9.07-9.25 (1H, m), 9.35-9.50 (1H, m), 12.82
(1H, brs), the exchangeable hydrogens attached to the hetero atoms (2H) were not observed. Anal. Calcd
for C1sH17NsOS-2HCI1-0.3H,0: C, 45.76; H, 5.02; N, 18.01; Cl. Found: C, 45.86; H, 5.03; N, 17.79.
98.7% ee {determined by chiral HPLC analysis [column: SUMICHIRAL ADH DJ153 4.6 mm i.d. x 250
mm, Sumika Chemical Analysis Service Co. Ltd., mobile phase: n-hexane/EtOH/Et3:N (600:400:5, v/v/v),

flow rate: 1 mL/min, column temperature: 30 °C, detection: 254 nM]}.
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2-((25)-Azepan-2-yl)-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d|pyrimidin-4(3H)-one (18g).
Compound 18g (92.7 mg) was prepared from 17g (310 mg, 0.724 mmol) in 39% yield by a procedure
similar to that described for 18a as a white solid. Mp 187-192 °C. '"H NMR (300 MHz, DMSO-dg) &
1.40-1.89 (7H, m), 2.05-2.21 (1H, m), 2.45 (3H, s), 2.74-2.97 (2H, m), 3.76-3.86 (1H, m), 7.34 (1H,
s), 8.01 (1H, br s), the exchangeable hydrogens attached to the hetero atoms (3H) were not observed.
Anal. Calcd for C16H19NsOS-0.2H,0: C, 57.71; H, 5.87; N, 21.03. Found: C, 57.57; H, 5.78; N, 21.03.

tert-Butyl 1-(6-bromo-4-oxo0-3,4-dihydrothieno[3,2-d]pyrimidin-2-yl)-2-azabicyclo[2.1.1]hexane-
2-carboxylate (17h). Compound 17h (180 mg) was prepared in 29% yield from 11 (327 mg, 1.48 mmol)
and 2-(tert-butoxycarbonyl)-2-azabiciclo[2.1.1]hexane-1-carboxylic acid (455 mg, 2.00 mmol) by a
procedure similar to that described for 17a. '"H NMR (300 MHz, DMSO-d¢) 6 1.02 (9H, br s), 1.70 (2H,
dd, J =4.5, 1.7 Hz), 1.97 (2H, br s), 2.64 (1H, t, J = 2.9 Hz), 3.34-3.38 (2H, m), 7.19 (1H, s), the

exchangeable hydrogen attached to the hetero atom (1H) was not observed.

Benzyl 1-(6-bromo-4-0x0-3,4-dihydrothieno[3,2-d]pyrimidin-2-yl)-7-azabicyclo[2.2.1]heptane-7-
carboxylate (17i). To a mixture of 11 (921 mg, 4.17 mmol) and benzyl 1-(chlorocarbonyl)-7-
azabiciclo[2.2.1]heptanes-7-carboxylate 30 (5.00 mmol) in THF (25 mL) was added DIEA (2.91 mL,
16.7 mmol) at room temperature. After 1.5 h, the mixture was diluted with saturated NaHCO3 aq., and
extracted with EtOAc. The organic layer was collected, washed with brine, dried over Na>SOy4, and
filtered. The filtrate was concentrated in vacuo. To a suspension of this material in EtOH (25 mL) was
added 2 M NaOH (10.4 mL, 20.8 mmol). The mixture was stirred at 100 °C overnight, and cooled to
room temperature. The mixture was diluted with saturated NaHCOj3 aq., and extracted with EtOAc. The
organic layer was collected, washed with brine, dried over Na>SOy4, and filtered. The filtrate was
concentrated in vacuo. The residue was purified by column chromatography on amino silica gel (n-
hexane/EtOAc, 100:0 to 0:100, then EtOAc/MeOH, 100:0 to 80:20, v/v) to give 17i (763 mg, 40%) as a
white solid. "H NMR (300 MHz, DMSO-ds) 8 1.51-1.64 (2H, m), 1.77-1.93 (4H, m), 2.16-2.29 (2H,
m), 4.36-4.43 (1H, m), 4.90 (2H, s), 7.07-7.27 (5H, m), 7.56 (1H, s), 12.52 (1H, br s).

2-(2-Azabicyclo[2.1.1]hex-1-yl)-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d|pyrimidin-4(3H)-one
dihydrochloride (18h). Compound 18h (98 mg) was prepared from 17h (150 mg, 0.364 mmol) in 70%
yield by a procedure similar to that described for 18a as a white solid. "H NMR (300 MHz, DMSO-ds)
0 1.80-1.92 (2H, br s), 2.47 (3H, s), 2.68-2.82 (2H, m), 2.92-3.02 (1H, m), 3.28-3.40 (2H, m), 7.42
(1H, s), 8.12 (1H, s), 9.95 (2H, br s), the exchangeable hydrogens attached to the hetero atoms (3H)
were not observed. Anal. Calcd for C;sH;sNsOS-2HCI-0.2H,0: C, 46.21; H, 4.50; N, 17.96. Found: C,
46.25; H, 4.63; N, 17.71.

2-(7-Azabicyclo[2.2.1]hept-1-yl)-6-(3-methyl-1 H-pyrazol-4-yl)thieno[3,2-d]pyrimidin-4(3 H)-one

hydrochloride (18i). A mixture of 17i (708 mg, 1.54 mmol), tert-butyl 3-methyl-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1H-pyrazole-1-carboxylate (948 mg, 3.08 mmol), Cs2CO3 (3.07 g, 9.23 mmol)
and PdCly(dppf) (56.3 mg, 0.08 mmol) in DME (12 mL)-water (3 mL) was degassed and stirred under
Ar at 90 °C for 1 h, then diluted with water, and extracted with EtOAc. The organic layer was washed
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with brine, dried over Na;SOg, and filtered. The filtrate was concentrated in vacuo, and the residue was
purified by column chromatography on silica gel (rn-hexane/EtOAc, 100:0 to 0:100, v/v) to give
intermediate. This material was dissolved with formic acid (15 mL), and 10% Pd/C (50% wet, 300 mg)
was added. The mixture was stirred at room temperature for 1 h, then filtered through a pad of Celite,
and the pad was washed with formic acid well. The filtrate was concentrated in vacuo. To the residue
was added excess saturated NaHCOs3 aq., and extracted with EtOAc—THF (3:1, v/v). The organic layer
was collected, washed with brine, dried over Na;SO4, and filtered. The filtrate was concentrated in
vacuo. To the residue was added MeOH (5 mL) and 10% HCI in MeOH (2.5 mL). The mixture was
concentrated in vacuo, and EtOH (10 mL)-water (1 mL) was added to the residue. The mixture was
stirred at 70 °C for 30 min, and cooled to room temperature. The precipitate was collected by filtration
to give 18i (134 mg, 24%) as a pale yellow solid. "H NMR (300 MHz, DMSO-ds) & 1.81-2.09 (6H, m),
2.35-2.47 (5H, m), 4.13-4.21 (1H, m), 7.37 (1H, s), 8.13 (1H, br s), 9.16-9.85 (2H, m), 12.57-13.23
(2H, m). Anal. Calcd for CisH17NsOS-HCI1-1.5H»0: C, 49.16; H, 5.42; N, 17.92. Found: C, 49.37; H,
5.64; N, 17.56.

1-(1-(4-Methoxybenzyl)-5-methyl-1 H-pyrazol-4-yl)ethanone (20). A mixture of pentane-2,4-dione
(54.2 g, 541 mmol) and 1,1-dimethoxy-N,N-dimethylmethanamine (75 mL, 565 mmol) was stirred at
80 °C for 1 h, and cooled to 0 °C. To the mixture was added EtOH (300 mL), EtsN (137 mL, 983 mmol)
and (4-methoxybenzyl)hydrazine hydrochloride (78.0 g, 492 mmol) slowly at 0 °C. The mixture was
stirred at room temperature for 18 h, and concentrated in vacuo. The residue was diluted with water
(200 mL), and extracted with EtOAc. The organic layer was washed with brine, dried over MgSQOg4, and
filtered. The filtrate was concentrated in vacuo, and the residue was purified by column chromatography
on silica gel (n-hexane/EtOAc, 100:0 to 50:50, v/v) to give 20 (62.9 g, 52%) as a yellow oil. 'H NMR
(300 MHz, DMSO-ds) & 2.36 (3H, s), 2.47 (3H, s), 3.72 (3H, s), 5.28 (2H, s), 6.85-6.95 (2H, m), 7.12
(2H, d, J = 8.6 Hz), 8.02 (1H, s).

(2Z)-3-Chloro-3-(1-(4-methoxybenzyl)-5-methyl-1H-pyrazol-4-yl)acrylonitrile (21). To DMF (20.0
mL, 258 mmol) at 0 °C was added dropwise POCl;3 (24.0 mL, 258 mmol), and the mixture was stirred
at 0 °C for 15 min. Then, a solution of 20 (31.5 g, 129 mmol) in DMF (100 mL) was added dropwise at
0 °C. The mixture was stirred at 60 °C for 30 min, then hydroxylamine hydrochloride (17.9 g, 258 mmol)
was added portionwise at 80 °C (exothermic reaction should be cared), and the mixture was stirred at
80 °C for a further 30 min. The mixture was cooled to room temperature, poured into water, and extracted
with EtOAc. The organic layer was dried over MgSQOs4, and filtered. The filtrate was concentrated in
vacuo, and the residue was purified by column chromatography on silica gel (n-hexane/EtOAc, 100:0
to 50:50, v/v) to give 21 (26.2 g, 71%) as a pale yellow oil. "H NMR (300 MHz, DMSO-ds) & 2.43 (3H,
s), 3.72 (3H, s), 5.31 (2H, s), 6.27 (1H, s), 6.90 (2H, d, J = 8.2 Hz), 7.14 (2H, d, J = 8.2 Hz), 7.83 (1H,
s).

Methyl 3-amino-5-(1-(4-methoxybenzyl)-5-methyl-1H-pyrazol-4-yl)thiophene-2-carboxylate (22).
To a solution of methyl thioglycolate (1.87 mL, 20.9 mmol) in MeOH (24 mL) was added 28% NaOMe
in MeOH (4.02 g, 20.9 mmol) at 0 °C. After being stirred for 5 min, 21 (4.00 g, 13.9 mmol) was added.
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The mixture was stirred at 40 °C for 2 h, and cooled to 0 °C. The precipitate was collected by filtration,
and washed with MeOH and water to give 22 (4.12 g, 83%) as a white solid. '"H NMR (300 MHz, DMSO-
ds) 6 2.39 (3H, s), 3.70 (3H, s), 3.72 (3H, s), 5.28 (2H, s), 6.52 (2H, s), 6.64 (1H, s), 6.84-6.95 (2H, m),
7.13 (2H, d, J = 8.8 Hz), 7.72 (1H, s).

Methyl 3-((1-azabicyclo[2.2.2]oct-2-ylcarbonyl)amino)-5-(1-(4-methoxybenzyl)-5-methyl-1H-
pyrazol-4-yl)thiophene-2-carboxylate (23). A mixture of quinuclidine-2-carboxylic acid 37 (ca. 31%
purity, 116 g, 187 mmol), DMF (1.78 g, 24.4 mmol) and thionyl chloride (252 mL, 3.48 mol) was stirred
at 30 °C for 18 h. The mixture was concentrated in vacuo, and azeotroped repeatedly with toluene to
give a white powder. To the residue was added THF (1 L), 22 (58.1 g, 163 mmol), and DIEA (78.0 mL,
447 mmol). The mixture was stirred at room temperature for 15 min, then at 60 °C for 1 h. The mixture
was poured into water and extracted with EtOAc twice. The organic layer was washed with water, brine,
dried over MgSOy, and filtered. The filtrate was concentrated in vacuo, and the residue was triturated
with MeOH (180 mL). The precipitate was collected by filtration, and washed with MeOH (50 mL x 2)
to afford 23 (62.9 g, 78%) as a white solid. '"H NMR (300 MHz, DMSO-ds) 6 1.33-1.56 (4H, m), 1.75—
1.87 (3H, m), 2.43 (3H, s), 2.54-3.09 (4H, m), 3.61 (1H, t, J= 8.7 Hz), 3.72 (3H, s), 3.81 (3H, s), 5.31
(2H, s), 6.84-6.96 (2H, m), 7.15 (2H, d, J = 8.7 Hz), 7.83 (1H, s), 8.12 (1H, s), 11.25 (1H, s).

N-(2-Carbamoyl-5-(1-(4-methoxybenzyl)-5-methyl-1H-pyrazol-4-yl)-3-thienyl)quinuclidine-2-
carboxamide (24). A mixture of 23 (80.0 g, 162 mmol), 2 M NaOH (243 mL, 486 mmol), MeOH (436
mL), and THF (364 mL) was stirred at 60 °C for 1.5 h, and then cooled to at 0 °C. To the mixture was
added 2 M HCI (243 mL, 486 mmol). The mixture was concentrated in vacuo, and azeotroped repeatedly
with toluene to give a beige solid. To the residue was added EDCI (46.5 g, 243 mmol), HOBt (21.9 g,
162 mmol), NH4C1 (17.3 g, 323 mmol), EtsN (47.3 mL, 340 mmol) and DMF (720 mL). The mixture
was stirred at room temperature overnight, and then water (960 mL) was added dropwise, and cooled to
0 °C. After 1 h, the precipitate was collected by filtration, washed with water and IPE, and dried under
vacuum to give 24 (70.0 g, 90%) as a beige solid. "H NMR (300 MHz, DMSO-ds) 6 1.32-1.53 (4H, m),
1.70-1.87 (3H, m), 2.42 (3H, s), 2.54-3.06 (4H, m), 3.54 (1H, t, J = 8.5 Hz), 3.72 (3H, s), 5.30 (2H, s),
6.87-6.96 (2H, m), 7.14 (2H, d, J = 8.7 Hz), 7.39 (2H, br s), 7.72 (1H, s), 8.08 (1H, s), 11.85 (1H, s).

2-(1-Azabicyclo[2.2.2]oct-2-y])-6-(1-(4-methoxybenzyl)-5-methyl-1H-pyrazol-4-yl)thieno|[3,2-
dlpyrimidin-4(3H)-one (25). To a suspension of 24 (70.0 g, 146 mmol) in EtOH (700 mL) was added
2 M NaOH (365 mL, 730 mmol). The mixture was stirred at 70 °C for 2 h. The reaction mixture was
cooled to room temperature, and 2 M HCI (365 mL, 730 mmol) was added. The resulting solution was
evaporated to remove EtOH, and left to stand for 60 h. The precipitate was collected by filtration and
washed with water (350 mL x 2), EtOH (70 mL) and IPE (70 mL) to give 25 (66.6 g, 99 %) as a white
solid. "H NMR (300 MHz, DMSO-de) & 1.37-1.59 (4H, m), 1.67-1.91 (2H, m), 2.20-2.33 (1H, m), 2.48
(3H, s), 2.59 (2H, d, J = 6.4 Hz), 2.77-2.92 (1H, m), 3.00-3.13 (1H, m), 3.73 (3H, s), 3.84-3.98 (1H,
m), 5.32 (2H, s), 6.85-6.95 (2H, m), 7.12-7.21 (2H, m), 7.45 (1H, s), 7.91 (1H, s), 11.54 (1H, br s).

2-(1-Azabicyclo[2.2.2]oct-2-yl)-6-(3-methyl-1H-pyrazol-4-yl)thieno|[3,2-d]pyrimidin-4(3 H)-one
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(26a). A mixture of 25 (50.0 g, 108 mmol), anisole (11.8 ml, 108 mmol) and TFA (417 mL, 5.42 mol)
was stirred at 90 °C for 18 h. The mixture was concentrated in vacuo, and the residue (120 g, oil) was
dissolved in MeOH (1.5 L). Small amount of undissolved material was removed by decantation. The
solution was through a column of Amberlyst A-21 (2.5 kg) (ion-exchange resin) with elution with MeOH
(9 L). Then the ion-exchange resin was washed with 2,2,2-trifluoroethanol-MeOH (3L, 1:1, v/v) and
MeOH (6 L). All eluant was concentrated in vacuo. The residue was suspended in MeOH (1 L), and the
insoluble sticky gum was removed by filtration. The filtrate was concentrated in vacuo to give a beige
solid (101.1 g). The obtained solid was triturated with MeOH (250 mL), and EtOAc (400 mL) was added.
After being left to stand at room temperature overnight, the precipitate was collected by filtration and
washed with EtOAc (200 mL) and IPE (300 mL) to give 26a (27.2 g, 74%) as a white solid. '"H NMR
(300 MHz, DMSO-ds) 6 1.35-1.60 (4H, m), 1.67-1.90 (2H, m), 2.23-2.33 (1H, m), 2.46 (3H, s), 2.55—
2.65 (2H, m), 2.78-2.93 (1H, m), 3.00-3.13 (1H, m), 3.90 (1H, t, J = 8.5 Hz), 7.43 (1H, s), 8.04 (1H,
brs), 12.28 (1H, br s), the exchangeable hydrogen attached to the hetero atom (1H) was not observed.

2-((2S5)-1-Azabicyclo[2.2.2]oct-2-y])-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d]pyrimidin-4 (3 H)-
one hemihydrate (26b) and 2-((2R)-1-azabicyclo[2.2.2]oct-2-yl)-6-(3-methyl-1H-pyrazol-4-
yl)thieno[3,2-d|pyrimidin-4(3H)-one hemihydrate (26¢). 26a (20.3 g) was purified by preparative
chiral HPLC [column: CHIRALPAK AD 50 mm i.d. x 500 mm, Daicel Co. Ltd., mobile phase: n-
hexane/IPA/Et;NH (600:400:1, v/v/v), flow rate: 60 mL/min, column temperature: 30 °C, detection: 220
nM, loading: 1.0 g/load, concentration: 2.5 mg/mL in the mobile phase/MeOH (1:1, v/v), tR1 = 26¢, tR2
= 26b]. The obtained crude 26b (9.53 g) was recrystallized from EtOH-water (780 mL, 100/1, v/v) to
give 26b (7.73 g, 37%) as a white solid. 'H NMR (300 MHz, DMSO-d¢) & 1.37-1.61 (4H, m), 1.60-1.91
(2H, m), 2.23-2.33 (1H, m), 2.46 (3H, s), 2.54-2.67 (2H, m), 2.77-2.94 (1H, m), 3.00-3.14 (1H, m),
3.91 (1H, t, J = 8.9 Hz), 7.44 (1H, s), 8.03 (1H, br s), 12.24 (1H, br s), the exchangeable hydrogen
attached to the hetero atom (1H) was not observed. Anal. Calcd for C17H9NsOS-0.5H,0: C, 58.26; H,
5.75; N, 19.98. Found: C, 58.25; H, 5.83; N, 19.79. 99.8% ee {determined by chiral HPLC analysis
[column: CHIRALPAK AD-H 4.6 mm id. X 250 mm, Daicel Co. Ltd., mobile phase: n-
hexane/IPA/Et;NH (600:400:1, v/v/v), flow rate: 1 mL/min, column temperature: 30 °C, detection: 254
nM]}. [a]p —13.6 ° (¢ = 1.0135, DMSO, 20 °C). The obtained crude 26¢ (9.40 g) was recrystallized from
EtOH-water (820 mL, 100:1, v/v) to give 26¢ (7.66 g, 37%) as a white solid. 'H NMR (300 MHz,
DMSO-ds) 6 1.39-1.59 (4H, m), 1.68-1.90 (2H, m), 2.23-2.33 (1H, m), 2.46 (3H, s), 2.55-2.65 (2H,
m), 2.78-2.92 (1H, m), 3.02-3.13 (1H, m), 3.90 (1H, t, J= 8.7 Hz), 7.43 (1H, s), 8.04 (1H, br s), 12.37
(1H, br s), the exchangeable hydrogen attached to the hetero atom (1H) was not observed. Anal. Calcd
for Ci17H19Ns0S-0.5H,0: C, 58.26; H, 5.75; N, 19.98. Found: C, 58.03; H, 5.81; N, 19.77. 99.7% ee
{determined by chiral HPLC analysis [column: CHIRALPAK AD-H 4.6 mm i.d. x 250 mm, Daicel Co.
Ltd., mobile phase: n-hexane/IPA/Et;NH (600:400:1, v/v/v), flow rate: 1 mL/min, column temperature:
30 °C, detection: 254 nM]}. [a]p +15.1 ° (¢ = 1.0135, DMSO, 20 °C).

2-((2S5)-1-Azabicyclo[2.2.2]oct-2-y])-6-(3-methyl-1H-pyrazol-4-yl)thieno[3,2-d]pyrimidin-4 (3 H)-
one di-p-toluoyl-D-tartaric acid (26b’)
A mixture of 26b (171 mg, 0.487 mmol) and (+)-di-p-toluoyl-D-tartaric acid (193 mg, 0.50 mmol) in
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MeOH (10 ml) was heated to 70 °C. Once a suspension was dissolved, and a precipitate formed. The
mixture was stirred at 70 °C for 10 min, then at room temperature for 2 h. The precipitate was collected
by filtration, and washed with MeOH-EtOAc (3:1, v/v) to afford 26b’ (254 mg, 72%) as a white solid.
'"H NMR (300 MHz, DMSO-ds) & 1.56-1.74 (4H, m), 2.00-2.29 (3H, m), 2.37 (6H, s), 2.46 (3H, s),
2.89-3.20 (4H, m), 4.25-4.38 (1H, m), 5.69 (2H, s), 7.33 (4H, d, J= 8.1 Hz), 7.43 (1H, s), 7.83 (4H, d,
J = 8.3 Hz), 8.07 (1H, br s), the exchangeable hydrogens attached to the hetero atoms (4H) were not
observed. Anal. Calcd for C37H37Ns5010S: C, 61.06; H, 5.12; N, 9.62. Found: C, 61.24; H, 5.16; N, 9.65.
99.6% ee {determined by chiral HPLC analysis [column: CHIRALPAK AD3 4.6 mm i.d. x 250 mm,
Daicel Co. Ltd., mobile phase: n-hexane/IPA/EtoNH (600:400:3, v/v/v), flow rate: 0.6 mL/min, column
temperature: 30 °C, detection: 254 nM]}. Absolute structure was determined by X-ray crystallography
analysis of 26b”” as described below (Figure 5, CSD ID: 1918344).

X-ray structure analysis of 26b”’

Preparation of single crystal 26b”” A solution of 26b’ (about 0.6 mg) in MeOH (0.15 mL)-methyl ethyl
ketone (0.15 mL) was allowed to stand at room temperature under half-open air conditions for 2 days.
A colorless single crystal was obtained and analyzed as follows:

Crystal data for 26b” (Figure 14): Ci7H20NsOS™- 0.5 C20H 6052 0.5 CH30H- H2O, MW = 568.64;

crystal size, 0.20 x 0.07 x 0.06 mm; colorless, block; monoclinic, space group P21, a = 9.52273(17) A,
b=16.7336(3) A, c = 17.6682(4) A, p = 100.983(7)°, V' =12763.85(11) A3, Z=4, Dx = 1.366 g/cm?®, T
=100 K, x=1.492 mm™, 1 =1.54187 A, R; = 0.060, wR> = 0.130, Flack Parameter?* = 0.072(18).
All measurements were made on a Rigaku R-AXIS RAPID-191R diffractometer using graphite
monochromated Cu-K« radiation. The structure was solved by direct methods with SIR20082* and was
refined using full-matrix least-squares on F? with SHELXL-97.2% All non-H atoms were refined with
anisotropic displacement parameters. The coordinates of the structure were deposited in the CCDC under
the accession code CCDC 1918344.

(3-Methyl-1H-pyrazol-4-yl)-5,6,7,8-tetrahydropyrido[1',2':3,4]imidazo[1,5-a]|thieno[3,2-
dlpyrimidin-12(4bH)-one (27). To a stirred mixture of 18d (100 mg, 0.26 mmol) in MeOH (5 mL)
was added Et3N (71.8 pL, 0.52 mmol) at room temperature. After being stirred for 5 min, formaldehyde
(200 mg, 2.46 mmol) was added to the mixture, which was heated to 50 C° for 1 h. The mixture was
poured into aq. NaHCO3, extracted with EtOAc—THF, dried over MgSOy4 and filtered. concentrated in
vacuo. The filtrate was concentrated in vacuo, and the residue was purified by column chromatography
on silica gel (EtOAc/MeOH, 100:0 to 85:15, v/v) to give 27 (68.0 mg, 81 %) as a pale yellow solid. 'H
NMR (300 MHz, DMSO-ds) 6 1.42-1.66 (4H, m), 1.71-1.84 (1H, m), 1.98-2.10 (1H, m), 2.41 (3H of
minor, s), 2.48 (3H of major, s), 2.56-2.66 (1H, m), 2.75-2.84 (1H, m), 3.72-3.79 (1H, m), 4.48 (1H,
dd,J=17.9,1.9 Hz), 5.00 (1H, d, J= 7.9 Hz), 7.44 (1H, s), 7.89 (1H of major, s), 8.27 (1H of minor, s),
12.94 (1H of minor, br s), 13.01 (1H of major, br s). This material was observed as a 3:2 mixture of
rotamers. HRMS: Calcd for Ci6HisNsOS [M+H]": 328.1227. Found: 328.1212.

The chemical structure was determined by HMBC study (Figure 18). Long range coupling was
observed between the proton of 5-CH» and the carbon of 3-CO but the carbon of 14-C, which supported

cyclization manner of compound 27.
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Figure 18. Long range coupling and NOE observed in compound 27.

7-[(Benzyloxy)carbonyl]-7-azabiciclo[2.2.1]heptane-1-carboxlic acid (29). A mixture of methyl 7-
benzoyl-7-azabiciclo[2.2.1]heptane-1-carboxylate 28! (8.0 g, 32.6 mmol) and concentrated HCI1 (100
mL) was refluxed for 24 h, and concentrated in vacuo. To the residue was added water (50 mL), and
washed with EtOAc twice. The obtained aqueous layer was basified by addition of aqueous Na>COs3. To
this material was added Na>CO3 (9.80 g, 92.5 mmol) and a solution of Cbz chloride (5.40 mL, 37.8
mmol) in 1,4-dioxane (30 mL) was added slowly. The mixture was stirred at room temperature overnight,
and washed with EtOAc twice. The obtained aqueous layer was acidified to pH 3 by addition of 2 M
HCI, and extracted with EtOAc (150 mL) three times. The organic layer was washed with brine, dried
over Na;SOy, and filtered. The filtrate was concentrated in vacuo to give 29 (2.45 g, 27%) as a yellow
solid. "H NMR (300 MHz, DMSO-ds) 6 1.42-1.55 (2H, m), 1.62—1.82 (4H, m), 1.90-2.05 (2H, m), 4.26
(1H, t, J=4.6 Hz), 5.05 (2H, s), 7.28-7.41 (5H, m), 12.58 (1H, br s).

Benzyl 1-(chlorocarbonyl)-7-azabiciclo[2.2.1]heptane-7-carboxylate (30). To a mixture of 29 (550
mg, 2.00 mmol), DMF (0.02 mL), and THF (10 mL) was added dropwise oxalyl chloride (0.800 mL,
9.32 mmol). The mixture was stirred at room temperature for 30 min, and concentrated in vacuo. To the
residue was added THF, and concentrated in vacuo to give crude 20 as a yellow oil. This material was

used in the next reaction without further purification.

tert-Butyl 4-(2-hydroxyethyl)piperidine-1-carboxylate (32). To a mixture of 2-(piperidin-4-yl)ethanol
(100 g, 774 mmol), NaOH (34.1 g, 851 mmol), -BuOH (300 mL) and water (400 mL) was added Boc,O
(180 mL, 774 mmol) dropwise over 30 min, maintaining the inner temperature within 10 to 23 °C by
ice-cooling. The mixture was stirred at room temperature overnight. The mixture was poured into water
(1 L), and extracted with EtOAc (1 L). The organic layer was washed with saturated NaHCOj3 aq. and
brine, dried over MgSOs4, and filtered. The filtrate was concentrated in vacuo to afford 32 (180 g, quant.)
as a colorless oil. "H NMR (300 MHz, CDCls) 8 1.04-1.20 (2H, m), 1.36 (1H, t, J = 5.1 Hz), 1.43-1.47
(9H, m), 1.47-1.72 (5H, m), 2.69 (2H, t, J = 12.4 Hz), 3.65-3.76 (2H, m), 4.00—4.16 (2H, m).

tert-Butyl 4-(2-oxoethyl)piperidine-1-carboxylate (33). To a solution of 32 (180 g, 785 mmol) in
DMSO (440 mL) was added Et3N (328 mL, 2.35 mol) at 10 °C. After 5 min, pyridine sulfur trioxide
(250 g, 1.57 mol) was added portionwise over 1 h. The inner temperature was maintained below 20 °C
in an ice-water bath. The mixture was stirred at room temperature for a further 30 min. The mixture was

poured into ice-water (2 L), and extracted with EtOAc (2L x 1, 1L x 1). The organic layer was washed
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with brine, dried over MgSOs4, and filtered. The filtrate was concentrated in vacuo, and the residue was
purified by column chromatography on silica gel (n-hexane/EtOAc 100:0 to 80:20, v/v) to give 33 (144
g, 81 %) as a colorless oil. '"H NMR (300 MHz, CDCl3) & 1.08-1.30 (2H, m), 1.45 (9H, s), 1.69 (2H, d,
J=13.9 Hz), 1.97-2.14 (1H, m), 2.39 (2H, dd, J = 6.7, 1.4 Hz), 2.74 (2H, t, J = 12.8 Hz), 4.00-4.17
(2H, m), 9.78 (1H, s).

tert-Butyl 4-(2-cyano-2-hydroxyethyl)piperidine-1-carboxylate (34). To a mixture of 33 (144 g, 634
mmol) and NaCN (37.3 g, 760 mmol) in Et,0 (440 mL) and water (300 mL) was added 6 M HCI (106
mL, 634 mmol) dropwise over 30 min at 0 °C, maintaining the inner temperature below 10 °C. After
being stirred at 0 °C for 1 h, to the mixture was added saturated NaHCO3 aq. (400 mL). After 10 min,
EtOAc (550 mL) was added and the organic layer was collected, washed with brine, dried over MgSOy,
and filtered. The filtrate was concentrated in vacuo to afford crude 34 (161 g, quant.) as a colorless oil.
'"H NMR (300 MHz, CDCl3) 6 1.07-1.29 (2H, m), 1.45 (9H, s), 1.63—1.90 (5H, m), 2.65-2.78 (2H, m),
3.45 (1H, brs), 4.01-4.16 (2H, m), 4.56 (1H, t, J = 6.8 Hz).

tert-Butyl 4-(2-cyano-2-((methylsulfonyl)oxy)ethyl)piperidine-1-carboxylate (35). To a solution of
34 (161 g, 633 mmol) in THF (700 mL) was added EtsN (115 mL, 823 mmol) at 0 °C. After 10 min,
MsCl (58.8 mL, 760 mmol) was added dropwise over 1 h, maintaining the inner temperature below
10 °C. The mixture was stirred at 0 °C for a further 1 h. The mixture was poured into saturated NaHCO3
aq. (1300 mL), and extracted with EtOAc (1000 mL + 300 mL). The organic layer was washed with
saturated NaHCO3 aq. and brine, dried over MgSOy, and filtered. The filtrate was concentrated in vacuo
to afford crude 35 (211 g, quant.) as yellow oil. '"H NMR (300 MHz, CDCl3) 8 1.05-1.31 (2H, m), 1.39—
1.53 (9H, m), 1.63-2.12 (5H, m), 2.72 (2H, t, J = 12.6 Hz), 3.21 (3H, s), 4.12 (2H, q, J= 7.1 Hz), 5.25
(1H, dd, J= 8.2, 5.9 Hz).

Quinuclidine-2-carbonitrile (36). To a solution of 35 (80.0 g, 633 mmol) in CH,Cl> (200 mL) was
added dropwise a solution of TFA (137 g, 1.20 mol) in CH2Cl, (200 mL) cooled under ice-water bath.
The mixture was allowed to room temperature for 30 min. The resulting mixture was concentrated, and
the residue was dissolved in MeCN (200 mL), and then EtsN (98.0 g, 0.97 mol) was added dropwise
cooled under ice-water bath. The mixture was then heated under reflux, and stirred overnight. The
mixture was concentrated, and the residue was diluted with CH>Cl». The organic layer was washed with
brine, dried over Na;SOs, and filtered. The filtrate was concentrated, and the residue was purified by
column chromatography on silica gel (petroleum ether/EtOAc, 2:1, v/v) to give 36 (13.0 g, 40%) as a
yellow oil. '"H NMR (400 MHz, CDCl3) & 1.58-1.62 (3H, m), 1.80-1.84 (3H, m), 2.00-2.02 (1H, m),
2.88-2.92 (3H, m), 3.23-3.27 (1H, m), 3.86-3.90 (1H, m).

Quinuclidine-2-carboxylic acid hydrochloride (37). A mixture of 36 (28.4 g, 209 mmol) and
concentrated HCI (280 mL) was stirred at 110 °C for 5 h. The mixture was concentrated in vacuo. To
the residue was added water (100 mL), and the mixture was concentrated in vacuo to afford a wet solid
(68.0 g). This solid was collected by filtration, and washed with water (15 mL) to give a white solid
(31.8 g). Analysis by 'H-NMR indicated that this material included 1.3 eq of NH4Cl1 (7.0-7.4 ppm). The
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material (31.8 g) was dissolved in 2 M NaOH (166 mL, 332 mmol), and the solution was concentrated
in vacuo to remove generated ammonia. To the residue was added water (50 mL), and the mixture was
concentrated in vacuo to give a wet solid (67 g). To the residue was added water (50 mL), then 6 M HCI
(90 mL, 540 mmol) was added. The mixture was concentrated in vacuo to give crude 37 (45.3 g, ca.135
mmol, 65%) as a white solid. Content rate of 37 was 57.2%, calculated by the estimated amount of NaCl
present in the crude product derived from the used NaOH (332 mmol). '"H NMR (300 MHz, DMSO-ds)
6 1.66-1.97 (5H, m), 2.05-2.24 (2H, m), 3.13-3.48 (4H, m), 4.40 (1H, t, J = 9.5 Hz), 9.91 (1H, br s),
14.03 (1H, br s).

Docking study

Docking model of 26b with Cdc7 was constructed utilizing the Cdc7 crystal structure (PDB code:
4F9C). Docking was performed with Glide (Schrddinger, Inc.) in standard precision mode with further
minimization with an extra precision mode. The correct binding mode of 26b was determined by

scoring with the MM/PBSA (Molecular Mechanics/Poisson Boltzmann Surface Area) approach.
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General

All animal experiments performed in the manuscript were conducted in compliance with
institutional guidelines.
Preparation of human-derived MCM2 protein

The genetic engineering methods described below followed the method described in a book
(Maniatis et al., Molecular Cloning, Cold Spring Harbor Laboratory, 1989) or a method described in the
protocol attached to the reagent. N terminal Histagged recombinant human MCM2 protein
corresponding to the 10-294th amino acids from the N terminal was cloned to Escherichia coli
expression vector pET-21. The vector pET21-HH was prepared by inserting the following 6 x Histag
synthetic DNA

5’-TATGCATCATCATCATCATCACGGATCCCATCATCATCATCATCACTGAGC-3* (SEQ ID
NO: 1); and

5’-GGCCGCTCAGTGATGATGATGATGATGGGATCCGTGATGATGATGATGATGCA-3* (SEQ
ID NO: 2)
into the Nde I-Not I site of pET-21a(+) (Novagen).

The Mcm?2(10-294 a.a.) gene encoding the 10-294th amino acids from the N terminal side of human
MCM2 protein was cloned by PCR using synthetic DNA
5’-CGCGGATCCATGGCATCCAGCCCGGCCCA-3’ (SEQ ID NO: 3); and

5-ATTCTTATGCGGCCGCTCACAGCTCCTCCACCAGAGGCA-3’ (SEQ ID NO: 4)
prepared by reference to the base sequence described in GenBank accession No.: NM 004526, as a
primer set and human testis cDNA library (TAKARA bio inc.) as a template. PCR reaction was
performed according to the protocol attached to Pyrobest (TAKARA bio inc.).

The obtained 883 bp fragment was digested with restriction enzymes BamHI and Notl, inserted
into the BamHI-Notl site of pET21-HH, and the inserted base sequence was confirmed to give pET21-
HHhMcem2(10-294) plasmid. The pET21-HHhMcm2(10-294) plasmid was introduced into Escherichia
coli BL21(DE3) cell line (American Type Culture Collection).

Escherichia coli cells introduced with the above-mentioned plasmid were cultured in LB medium
(1% tripton, 0.5% yeast extract, 0.5% NaCl) containing 50 mg/L ampicillin, and MCM2 expression was
induced by addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 6 h. Escherichia coli
cells expressing MCM2 were recovered by centrifugation (6000 rpm, 10 min), washed with phosphate-
buffered saline, and cryopreserved at —80 °C. The above-mentioned cryopreserved Escherichia coli cells
were thawed on ice, and suspended in complete ethylenediaminetetraacetic acid (EDTA) (Roche
Diagnostics GmbH, Mannheim, Germany)-added buffer A (25 mM tris-hydrochloride (pH 7.4), 2.7 mM
KCl, 137 mM NacCl). The above-mentioned suspended Escherichia coli cells were lysed with 1 mg/mL
lysozyme, and sonicated 4 times in Insonator 201M (Kubota) at 170W for 30 sec while cooling with ice
water. This extract was ultracentrifuged at 15000 rpm, at 4 °C for 20 min, and the obtained supernatant
was passed through a 0.22 pum filter to give an Escherichia coli cell-fee cell extract. The Escherichia

coli cell-free cell extract was passed through nickel-NTA Superflow resin, and the resulting resin was
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washed with buffer A, and eluted with buffer B (25 mM tris-hydrochloride (pH 7.4), 2.7 mM KCI, 137
mM NacCl, 10% glycerol, 200 mM imidazole). The eluate was concentrated using Amicon Ultra 4 (5K
MWCO, Millipore, MA, USA), and purified by gel filtration using HiLoad 16/60 Superdex 200 pg (GE
healthcare, Chalfont St. Giles, UK) equilibrated with buffer C (25 mM tris-hydrochloride (pH 7.4), 2.7
mM KCl, 137 mM NaCl, 10% glycerol, 200 mM imidazole). The fraction containing MCM?2 protein was

concentrated as a purified sample, and cryopreserved at —80 °C.

Cdc7 kinase assay

Full-length Cdc7 co-expressed with full-length Dbf4 was purchased from Carna Biosciences
(Kobe). The enzyme activity of Cdc7/Dbf4 complex was detected by homogeneous time-resolved
fluorescence method Transcreener ADP assay (Cisbio Inc., MA, USA). The enzyme reaction was
performed in a kinase buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH
7.5, 10 mM Mg(OAc),, 1 mM dithiothreitol (DTT)) supplemented with 1.0 uM ATP, 10 pg/mL MCM2,
and 0.1 pg/mL Cdc7/Dbf4. Prior to the addition of ATP, test compounds and enzyme were pre-incubated
for 10 min. For time dependent inhibition assay, the enzyme reactions were performed in the kinase
buffer containing 50 pM (Km x 50) ATP. Prior to the addition of ATP, test compounds and enzyme were
pre-incubated for 0 or 60 min. Free ADP produced by ATP hydrolysis was detected by Eu’"-Cryptate-
labeled anti-ADP monoclonal antibody competitively with d2-labeled ADP, and the production amount
thereof was measured. The obtained time-resolved fluorescence resonance energy transfer signal was
measured with EnVision (Perkin Elmer Inc., MA, USA) by excitation at 320 nm and emission donor at
615 nm or emission acceptor 665 nm, respectively. The inhibitory rate (%) of the test compound to Cdc7
was calculated by the following formula.

Inhibitory rate (%) = (1— (count of test compound—blank) + (control-blank)) x 100
The count of the Cdc7/Dbf4 reaction mixture under compound-free conditions was taken as the control,

and that under compound-free and Cdc7/Dbf4-free conditions was taken as the blank.

Cdk2/CyclinE kinase assay

The Kinase-Glo™ (Promega, USA) assay was performed in 384-well plate format. The enzyme
reaction was run in a reaction buffer consisting of 25 mM HEPES (pH 7.5), 10 mM Mg(OAc)2, 0.01%
bovine serum albumin (BSA), 0.01% Tween 20, and 1 mM DTT. The final concentrations of substrate
Histone H1 and ATP were 100 pg/ml and 500 nM, respectively. The final concentration of Cdk2/CyclinE
(Carnabiosciences, Japan) was 750 ng/ml. After incubation at room temperature for 90 min, the reaction
was terminated by the addition of the reagent supplied with the Kinase-Glo reagent. The luminescence
correlated with the amount of ATP remaining in solution was measured on EnVision (PerkinElmer, MA,
USA) after incubation at room temperature for 10 min.

The inhibitory rate (%) of the test compound to Cdc7 was calculated by the following formula.
Inhibitory rate (%) = (1— (count of test compound—blank) + (control-blank)) x 100

ROCK1 kinase assay
TR-FRET assay was used to assess ROCK1 (Carnabiosciences, Japan) enzyme activity (CisBio,
France, KinEASE HTRF kit (Cat# 62ST3PEB)). The enzyme reaction was run in a reaction buffer
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consisting of 50 mM HEPES (pH 7.5), 0.1 mM orthovanadate, 0.01% BSA, 10 mM MgCl; and 1 mM
DTT. The assay was done in a 384-well plate assay format. Before initiation of the enzymatic reaction,
ROCKI1, test compounds, and the substrate peptide (Biotin-STK substrate-2 (Cat# 61ST2BLC)) were
incubated in the reaction buffer at room temperature for 5 min. The final concentration of ROCK1 was
300 ng/mL. The enzymatic reaction was started with the addition of ATP at a final concentration of 2
uM. After incubation at room temperature for 2 h, the reaction was terminated by adding 10 mM EDTA
in a detection buffer containing 15 nM streptavidin-linked XL665. Time-resolved fluorescence was
monitored with an EnVision Multilabel Plate Reader (PerkinElmer Life Sciences, Fremont, CA, USA)
with an excitation wavelength of 320 nm and emission donor and acceptor wavelengths of 615 and 665
nm, respectively. The total reaction without enzyme as 0% activity and the total reaction as 100%
activity were set.
The inhibitory rate (%) of the test compound to Cdc7 was calculated by the following formula.

Inhibitory rate (%) = (1— (count of test compound—blank) + (control-blank)) x 100

Cell lines

HeLa cells from ATCC were cultured in Dulbecco's modified eagle medium (DMEM) with 10%
fetal bovine serum (FBS). COLO205 cells from ATCC were cultured in Roswell Park Memorial Institute
(RPMI) medium with 10 % FBS. Cell lines were incubated at 37 °C with 5% CO gas.

Cell-based MCM2 phosphorylation

HeLa cells were seeded at 3.0 x 10* cells/well in a 24-well plate. After 1-day incubation, the plate
was treated with the test compound for 7 h. At end of the incubation, HeLa cells were lysated by 200
pL of sodium dodecylsulphate (SDS) buffer. Phosphorylation level of MCM2 in each sample was
determined by Western blotting. Western blotting was carried out by using the following antibodies;
pSer4d0 MCM2 (EPITOMICS, Inc., #3378-1), horseradish peroxidase (HRP)-labeled rabbit IgG
polyclonal antibody (Amersham Biosciences, NA9340). Band intensity of each sample was detected by

LAS1000 and the corresponding ICso value was calculated by using Prism software.

Growth inhibition assay

COLO205 cells were seeded at 3000 cells/well in a 96-well plate. After 1-day incubation, the plate
was treated with test compound and incubated for a further 3 days. At end of the incubation, cell viability
of each well was measured by using CellTiter-Glo Luminescent Cell Viability Assay reagent (Promega).

An ECsg value of test compound was calculated by using Prism software.

In vivo PD study

COLO205 cells were suspended in 50% Matrigel solution, and transplanted into female BALB/c
mice (CLEA Japan, Inc.) by subcutaneous injection at 5.0 x 10° cells. After approximately 7 days from
inoculation, diameter of the tumor was measured and tumor volume was calculated by the following
formula.
Tumor volume = long diameter X short diameter x short diameter x (1/2)

When tumors grew enough volume (approximately 300~500 mm?), in vivo PD study was carried
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out with test compound that were suspended in 0.5% methylcellulose solution. At 1 h, 2 h, 4 h, 8 h or
16 h after oral administration, tumor was removed from mice and homogenized in Cell Lysis Buffer
(Cell Signaling). After protein amount of the cell extract from each tumor was adjusted, phosphorylation
level of MCM2 in each sample was detected by Western blotting using following antibodies: pSer40/41
MCM2 (Bethyl laboratories, A300-788A), MCM2 (Santa Cruz, sc-9839), anti-PARP (Cell Signaling
Technology, #9542), anti-CyclinB1 (Santa Cruz, sc-752), anti-GAPDH (Chemicon, MAB374). The band
intensity of phosphorylated MCM2 (pMCM2) was normalized by that of MCM2. Percent (%) inhibition
of pMCM2 was calculated by following formula.

% inhibition = 100 — 100 x (relative pMCM2 band intensity of test compound treated tumor) /
(relative pMCM2 band intensity of vehicle treated tumor)

In vivo efficacy study

Mice having a COLO205 tumor which size was approximately 200 mm? were selected, and 5 mice
per group were used for the experiment. Compound 18d was suspended in 0.5% methylcellulose solution
and orally administrated twice daily for 14 days. Tumor volume and body weight of mice were measured
every 2~3 days. T/C was calculated by following formula.
T/C(%) = (tumor volume change of test compound treated group) / (tumor volume change of vehicle

treated group) x 100

Formaldehyde adduct formation test

LC/MS (liquid chromatography mass spectrometry) system, consisted of ultra high performance liquid
chromatography (UPLC) system (Waters, Milford, MA, USA) and SYNAPT quadrupole time-of-flight
(QTOF) mass spectrometer (Waters) equipped with an electrospray ionization source, was used for the
test.

Compounds 18d’, 26b, and 18i (5 nmol each) in MeCN were treated with an excess of formaldehyde
(12.65 equiv) and the mixture was incubated at 37 °C for 30 min. After the mixture was diluted with
purified water by 8-fold, an aliquot was analyzed with a QTOF mass spectrometer equipped with an
UPLC. Aliquots were separated on a BEH Ci3 column (particle size 1.7 pm, 2.1 mm i.d. x 100 mm,
Waters) using solvent A (0.2% formic acid in 10 mM aqueous ammonium formate) and solvent B (0.2%
formic acid in MeOH). At a flow rate of 0.4 mL/min, the initial elution gradient was 5% solvent B with
a linear gradient to 98% solvent B over 6 min and held for 4.1 min. The initial concentration was then
reinstated and held for 1.9 min for re-equilibration. The column temperature was 40 °C and the eluates
were monitored with a photodiode array (PDA) detector. The mass spectrometry was run in positive ion
mode. The source settings were as follows: 1.20 kV capillary voltage, 40 V sampling cone voltage,

120 °C source temperature, and 350 °C desolvation temperature.
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