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butyl
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total clearance

compounds

N,N-diisopropylethylamine
4-dimethylaminopyridine
1,2-dimethoxyethane
N,N-dimethylformamide

dimethyl sulfoxide
1,1'-bis(diphenylphosphino)ferrocene
l-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ethyl

bioavailability

fluorescein isothiocyanate

fluorescence resonance energy transfer
hexyl

l1-hydroxybenzotriazole
high-performance liquid chromatography
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Me methyl

MLM mouse liver microsomes

MRT mean residence time

mRNA messenger ribonucleic acid

NAD nicotinamide adenine dinucleotide
NBS N-bromosuccinimide

NMP N-methylpyrrolidone

Ph phenyl

PPhs triphenylphosphine

PPI protein-protein interaction

Pr propyl

SAR structure-activity relationship
SBDD structure based drug design

TEA triethylamine

TFA trifluoroacetic acid

Tf,0 trifluoromethanesulfonic anhydride
THF tetrahydrofuran

Ts p-toluenesulfonyl

Vdss volume of distribution at steady state
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Figure 1. DHPS-elF5A pathway as a therapeutic target for cancer.

=i Bel-2 family # N7 B OB EE & 9 L o B

TRV ZITMIREEE DO — D a R L. 8RR A E R MR ISR
BRI ERHmLENTWD D TR M-V ABEOBIE T, B D, T AV A
~ —RREAE D, BORERE WS 2L 0RBICEEE TS, TR =
ZF EELLTTINF-a R EEZNTHMBEANPLD L 7 F LI ko TH &l
ENDTARAAL VZRERKE, MBEBANOI Far R T Eox v X7 HK

BREPNBEETLAY T Lo TH ERERZIEND

171

v RUTRKEICLED
FEIND D, SFPaRITRECBWLWTIE., TR =Y 22 RET DX

VX7 E Bak X Bax Wi{EMIbEI D Z Ik, [NE=SZ N B s N S N4

171

2. ¢ Dl SND, ¥ M7 v A ¢ d apoptotic protease-activating factor-
I(Apaf-)Z NFEL T, B AXR—=F-9 ZiEMHILT D, 51 Hh A/—=F.9 R
fEx DMBANEEY OWBEBIZE#ZHELE T L2V A3 BILOTANN—ET

PIEMALT D2 Lk D MR IZE S (Fig. 2 (A)'Y,



141

Fary FUT7REOMEICHEERRH ZRIZL TWD O, #idod Bax
EEie Bel-2 77 IV —X2 2 RXIETHDH ', 2451, Bel-2 Homology (BH)
FAAL Y ZHL, 3500724 FICnEId, TP 5, BHI-BH4 THE
WMENDLTREF— 2 E2WME+ 25 % 2% 7 H (Bel-2, Bel-xL, Bel-w, Mcl-1, A1),
TRV RAERET D X X7 E (Bax, Bak), 8L O BH3 KA A D #HT
Rk & 527 F K(Bid, Bim, Noxa) T& % 719, Bax D T K b — ¥ A 1¢
xRN EEFEIbary FYT7THATHRERSGEKZERL, T Fa v Y 74
52 £ /£ % voltage-dependent anion channel (VDAC)Z i fi4 5 2 & T, #
faE~Dv h7m b cZEMErEL, PV AN—EBOEMELEEET D 1Y,
Bel-2 %07 A b= 24l 2 N 7T, THREF—VRRESZ N7 HL
AL ZOFRETEAREREZG T L2200 TR M=V 22MHT 5,

WlZ BH3 RAA OB %2AFT 5 Bid, BimF (X, 748 b —v 2l % 7
HifaTor2ZicivzolErhfRL, 7R b= 2BEZ N7 HD
FEEGEEBREZMREST D20, AR TE —KIZ, 7T = 28l & R
JEMPEELINL TSI EZZONTWS D, LR osT, 748 F—v XM
Ml _R7BLEEETO2EMEFRARTCENIT, BMHRTCOT R F—v R
MRRETEDLEBEZOND LD, Bel-2 773U —EEKIIH DM X —

vy hELTHEHRIRLTWD 2D22),

(A) anti-apoptotic pro-apoptotic
proteins protein
1 dimerization Apaf-1 activation
Sl PPI | Bax_| — Apoptosis
K L Caspase 9
BC' X L m Caspase 3,7

-W Mitochondria

PPI ABT-263 (Navitoclax)

r Bcl-2/Bcl-xL/Bcl-w inhibitor




(B) Bcl-2 inhibitor (approved drug) | Mcl-1 inhibitor in clinical trials

NO, |,
|
|
|
|
|
|
i i S
I S N
| N 'S \ —
! 0 0 o N ol ¢ N
1 H H =N
= H \
| :
ool \ 0
|
! H
|
|
|
|
1
|
|
|
|

o
s
S
fo) [e}Ne) o
) T
g N’S\SO ho L. O cl s
‘ ND/KO oN/‘ { O ) o O
k\N S O

.
NN
o

o

ABT-199 (Venetoclax) AMG176 $64315 (MIK665) AZD5991

Figure 2. (A) Bcl-2 family proteins and pathway to apoptosis.

(B) Representatives of Bcl-2 family inhibitor in clinical use.
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Figure 4. Discovery of novel chemical probes from HTS hit compounds
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Figure 5. Reported Bcl-2 family inhibitors
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Figure 7. NAD?*, spermidine, and GC-7 structures.
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(A) A é. (B)

Figure 8. (A) Structure of DHPS in complex with NAD and GC-7 at a resolution
of 1.65 A (PDB ID 6P4V). The protein is colored by chain and shown as a cartoon.
NAD and GC-7 are shown in sticks. (B) Closeup view highlighting the hydrogen
bonds (dash lines) between GC-7 and DHPS/NAD. The all images were prepared

using PyMOL .44
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Figure 9. (A) Schematic diagram of DHPS enzyme assay. Radioactivity of
deoxyhypusinated biotin-elF5A captured by Streptoavidin plate was measured to
determine activity of DHPS enzyme. (B) HTS flow and chemical structures of hit

compounds. ICso values were calculated by nonlinear regression analysis of
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percent inhibition data.
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Figure 10. Synthetic plan from HTS hit compound 2.
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Wiz, 7 I REAEBRIKDE KL% Scheme 1 [IZ/33 3, 4-7 X/ A4 v F—
AR 51T d-tert-7 F AR B U ANLF= L7l Ry LL X 4-tert-7 F v 7
=AY T b ERISSEREEBE N T e FERRIC K DS
Boc M Zifri# L 7a,b 2/ 7=, /- 4- IV AF A K—/L{K 815 EDC-
HCl 5 X O HOBt L D RISIZ K » TH LN DIEME = A T VI 4-tert-7 F VT

=V refia L, 7 I FEK9IEZAEML T,

Scheme 1. Synthesis of Indole Derivatives 7a, b and 92

for 6a)
/% b (for 6b) p ~ “NBoc h/(:I/

6a, X = SO, (89%) 7a, X = SO, (90%)
6b, X = NHCO (72%) 7b, X = NHCO (72%)

H
d N
HO — NH
NH o) —
o —
8 9

@Reagents and conditions: (a) 4-tert-butylbenzenesulfonyl chloride, pyridine,
0 °C; (b) 4-tert-butylphenyl isocyanate, THF; (c) TFA, MeCN; (d) 4-tert-

butylaniline, EDC-HCI, HOBt-H,0, EtsN, DMF, 64%.
HEA Y F—1OLEHIK 11la-d I Scheme 2 2R T B ., X T BT U —

LT I v 10a-d & d-tert-7T F AR P A AR = LI Y REHEAS L TEK

L7z,

16



Scheme 2. Synthesis of Compounds 11la-d?

compd R yield (%)

o 10a, 11a \(%NH 2
R
.R a N
HoN EE—— H
10b, 11b NH 53
10a—d 11a—d

10c, 11c \(QLNH 28
=N

10d, 11d

:

@Reagents and conditions: (a) 4-tert-butylbenzoyl chloride, pyridine, 0 °C.

73 R GEAK O A K & Scheme 31T R T, 4-T

141

) A v K=K 5L

N

WAL YA L IE AR R 12b-1 2HES LT U LA o R

=N

WX DS T, Boc A2 MA#EL 13a-i 2/ 7-, ZZTHWET LAY
12d 1%, 7R EXRCY F AT 2R IS5ICRH LY T F16 x HHWicfel A
> TV TR T I XD IR EQ) N D tert-7 FALEEHEAL, HH N
e AT NVKZT AT VMK LAERT D2 &I Lz, 60 E#i~
VY F AT 2R 14a T v ER 13g D RT U Al A H 72k $#E
SICEV AR L, 6-B VR FH I RIK 14b 1L 6'- 7 / 1K 13e DMK 53
RIS LV H-, £/, 78EK 13g I NN -V AF L F L IT I v
BrXOaovkr NI UVLAGFEET. I VLB EZIENIEL2 2L T6-a — P

ST F T = K 14e BT,
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Scheme 3. Synthesis of Compounds 13a-i and 14a-c?

¢ (from 13g to 14a o)
a (for 13a) i ( ) S
d (from 13e to 14b) N
H,N" “NBoc b (for 13b-i) , R" N H R2@J)LH _NH

%

R'-CO,H e (from 13g to 14c) p
5 12b-i 13a-i 14a,R2 = H
14b, R? = CONH,
compd R'  vyield %) compd R’ yield (%) 14¢,R2= |

S
12f,13f I * 59
Cl

S
12b, 13b ;129,139 5 @JA
1 r

o | S

12c, 13¢ ! 12h, 13h J 72
:}’3 Lo Br s

12d, 13d 1120, 130 @JA 69

12e, 13e

o)
S ) o/\ f S ’ OH
Br & BF
15 §7 ¢ 12d
16 Cy

@Reagents and conditions: (a) (i) benzoyl chloride, THF; (ii) TFA, toluene; (b)
(i) 12b-i, oxalyl chloride, DMF, THF; (ii) TFA, toluene; (c) 10% Pd/C, H2, EtOH,
THF, 68%; (d) K;COs, 35% H,0,, DMSO, 94%; (e) Cul, Nal, N,N’-
dimethylethylenediamine, NMP, 120 °C, 18%; (f) (i) 16, tert-butyl magnesium

chloride, nickel(II) chloride hexahydrate, THF, —15 °C; (ii) 2 M NaOH, EtOH, 2%.

B IH MR E VS MR B AR R

—HTHEANTFIHECEIV AR LG O AEWIE ML, HTS & HERIZ b
UF o LT7 Xk L7 spermidine & A& IZ H 7 DHPS B 3 G M 505 (Fig.
IANIZ X W W E L. ICso fHZ AR ICE O FEIEM 2 37 L7, Table 1 1T 7 2
FEMBLOREAS Y F—VOEBEOBREFEEEZ RS, (MEWT VA 12
BWTEZIX.WOICHTISE Yy MEAGW 2P AT D7 I NEAME A TFNE
IR AFT AV AZ—=)YTHDHANLKRLT I F(Ta), VLT (I)B IO T

S RO)~ODEHBEBRFF LN, W BIEEIIREIZES L, £2 T, E
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y MEEW2OT7T I NEMEZMFLEEEFREBRELER L, 41 R—
B2AbA Y R UVE(Ala)~OEHE TIIRKBERIEERBE RS AONT —FH ., 4 v
KU UK 11b X 42uM @ ICso i xR L7z, Zhid{fbka®m 2 D4 > K — L=
FEroBE7To hOPEEEERAICEE THL I LE2R"BRTLOIMRTH D,
FREIC, EROMEBRERDA XY — LK 1le & 11d TiX., LA 2 LA
BofMEICBE e N2 6725 e D BBWIEEEZ R L, LaL g
5., FRROBRHFALPLT IRV v -t Ay R—LEBKOEHRTE Y MEAD
2 O OEMRM IO N RN ol b, IO EETMELIZE
ES b oM 2k LT,

Table 1. SAR for Linkers and Scaffolds 7a-b, 9, and 11a-d

compound linker DHPS ICs (uM)?

2 2 I
(HTS hit) *)LH/* *\éNH 0.84
Q.0 i
7a St A >100
H —
O *
7b *\NJKN/* "~ >100
H H —
H *
9 i *\éNH 9
(0] —
O *
11 Uk *
a N \éNH >100
H
(0]
I
11b *)LN/* \QH 42
H
0]
O *
* I
11c *)LN/ \(L,NH 22
H =N
O *
11d o >100

I
7
=z

Iz
£
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aDetermined by enzyme assay. ICso values were calculated by nonlinear

regression analysis of percent inhibition data.

T, T FMEEBRAROBEFERERBRGS E % Table 2 1224, b v b
e 2BHETD tert-7 FNEDOHREFT R D720 BEH 132 % HGE L
TR, RIBICIEEDZE T L, 22 TEHFITBEMEO & WSS IEMERBIC
HETOLOHEWEL,. “RMUEMEZAT 27 I FUSHICER L, T OR R,
FTT7FAEIBD B IO Y 7T K 13¢ TIERMBITIEME2N B Licn, N
VY FAF T 2 1dadt y MEEWMERRBREOIEM (ICso = 2.3 uM) % 7R
L, ZOBERBICEWT da RWEMEZRTHBAIIAHTH o, tert-7 F
WEERT DAY 287 ==K 13a LV KIBIEESB YA EZ BB
14a DX FH T 2 VEBEAND tert-7T T NVIEOEANERK AT, ZDRER. tert-
TFARZA I LIEER LR holcb O, EESIK L E
HEOEMEER L ENDL, XY F AT = VR AT LRI & & D E R
EE2HERETH L2 AHLE. 2 C.ZOMEBICBTDEHRLERDO 2D,
MR LB S X RITBELDOKBR-EOBEP TRERERELE LTV T
A3 B L OB AR XY I NE4b) & tert-7 FILIE L I B L D BRMEE
ik Lo el EA3f-g, 14e) 2T VA U LIRGEL T2, TORE. LR
X I RE 14b TIEEERBH T D200, 7 7 H13e) BL W v b )
HE(13f-g, 14c)DE AN THEMEN M E L, 6°-7 2 K 13g 28 0.062 uM &\ 9 B
72 ICso A R T ZENHHA L, —FH, 7o AOBEMRAME X RIEL &
IAS-BXO7-7rER I3Bh B XU 131) TIETME B 142 & X TH K
BICIEENWI Lz b, 6o~ 7 nEkoE ANELIIEEM LI
FHET L EVNHRE NI,
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Table 2. SAR for Left Hand Site 13a—i and 1l4a-c

(0]
)k 4

R™ 'N
H NH

compound R DHPS IC5q (uM)? compound DHPS ICsq (uM)?

2
(HTS hit) XQ/ 0.84

0.43

14b 1"

13a phenyl >100

13f 0.12

13b 2-naphtyl >100 @/\//
1
o s 3g @/\// 0.062
13c @/\I// >100
14c @j/
Br

0.092
s
14a @/\I// 2.3
S
13d ; SVC I 5.4

aDetermined by enzyme assay. ICso values were calculated by nonlinear

13h >100

13i >100

regression analysis of percent inhibition data.

Ubkow@wmy, 7 FUIEHOEBZRFT LR, &y MEEHD L RIEIC
ML EEERNm L -7 aEeXN0r Y F 47 2K 13g ZAIH LT, &
HCTIEARILAEWE DHPS ¥ 8 7 &0 X #p 3 i 1E f7 AT 12 2 v Tk
A

I/

S5 A R O R AT

b
[1]

7

3

I

puns
=]

HTEHEONEHH S, I V7 o —7 13g ® DHPS IZ % T % f& & bk X % fig

/

I
<t

Him¥, YRS — 7B W T DHPS # v X7 & L ottt fiibs L O
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X BiE M EmrE £ L, 1.95A0MBEICTHERBEODRBICHKY L
7= (Fig. 11), Z O F ., Ak ® GC-7 8 L X NAD & o Hf5E 4 & R A2, DHPS
ZUoRX g HEBERIZH LT 110 13g NfEA L 7= DHPS MU & 1K O T ik 2% il 58
Entz, — 5T, 13g OFEA WAL IT spermidine 3 & X NAD fi & ¥ A b~ IC B2
T570AT Yy IRy N THDZ ELHBA L, (DHPS O AL &
270 ATV v 7Ry hOFRBEIZOWTIEHENE ICTHERT D, )

W T, %EHF X 13g &L DHPS ¥ U X7 EOMEMEMA = b L2, RIE THREG
LEMEEMEHBEOMBELOLBRIEEZ £ L, 13g BDEALET 1 2T
Uy 7 K7y MEDEYKLZK%Z Figure 11 (B), (O)I2x"d, £, 4 K
— JVESALIZ B LTI, His288 & A4 » K— LB L O NH-n AEH. BX W
Asn267 LAV F—b | (MBRLOKIZER-AVPHEBE I, HEEREBICEER
BECThHLI 2 EMTDIBER Lo, T2, TIREMMIZELTYH, %
DHNVE=)VEEFIL Lys329* L T I REREOKFER T IEIAKS TEH LT
Asp238 L BEICKBRAZHER L TWVWDZ ENHBH LE, EHEHEMRICEE T
ol 6-7TREXRYTF AT o EMICELTIE, MERFE LR =
LD THNMAEER*DICTLY RV FAE T2V BRY NI HEORE
CHELEAEEZ L TWVWD EERXLND, £ —7 LD Leu281 ® FE#H P
NAR=VEFRE o7 n TR OMICRKREZRMAEEMN (C=0...Br) » iR
Nl TOMAEFEMIT C-Br fia0EEMR LD, BRERFOKEICH 225 H
SRENT S+ E AT LI ELICERT S Y, TeERIT Ak L TIE M
THDHN, ZOWMMOIHIT, b xHE “KFEMED donor” & A U K 5 72 & HEl
EAETLHLEDANVAR=VBRELEOMAEIERAZESCELLEEZLND Y, &
72, 67 v NI vERKAIM B LV 14¢, Table 2) b A O M EEH O

WETHRALMBAMEFEEZ R L BRI,
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Lys329

His288

Leu281

His288
qu——H _Asn267
\ N\H’
‘Asp238
139

DHPS IC5, 0.062 uM
Figure 11. Co-crystal structure of compound 13g with DHPS (PDB ID 6PGR). (A)

Tetramer of the structure, with each monomer indicated by a different color. 13g
is shown as spheres. (B) The allosteric binding site of 13g. DHPS is shown at the
surface. 13g and a part of the surrounding residues are shown in sticks. (C)

Schematic diagram of interactions in stabilizing 13g at the allosteric site.

UEo@mbh ., EFI1T spermidine B L 72BEM O FA & T2 < B2 5%
EERADBREEEELZATOIMM I I I LT e —7 13g Al LT, KA
W oo R SRR IR A AT IS LV 5L Zr ) . DHPS (E P E Al 0 R A
MARRRTRAT YV 7 A NERTHILEERATIHICESTL, £ TE
# X DHPS O AFER L L TOELRLAIRELZHRRET 22D, 2D 77—

v~ AT AT ERETAYEZATICOVWTHLABMEELERM LT, TOHEE
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B MARENEETLIHEM T AT Y v 7 HERO AR

B N7y 77HArB8LOAK

HTSICX VWV B/ onleF 47 = rFEKk 38K 041F, DHPS ¥ "7 H L
ODEFEREHGD ZCRETETHAEERIARAHTHL-o, L LAERL,
HiClk 7oAV R—VFEEREIRRL 7y —~aT7 7 22HT5HZ L
Mo, B I AT o —T Ao EECHMEL, EEXILLE Y- F
ftaMmeE L CHAMEEEOMBEZERN LG MMFREZHG L, ROk
EMTAT TV - EENLIEBEEH Y, FECTCRLERAI Y —= v
E(Fig. 9(ANIC K 0 pI IR EE R PER B 2 G L7 & 2 A0 3-8 U UL B iEME
RHICHBETH -7, £, Figure 12 1R T L 9 I WAL AW O & O F#H
b, O FEMIIRN PNV EEET L CREBEOBEZEE RO LD ICH
BWR7y—~ar7+x7 LHEEL, “REBBERIORBEE R LE RO KHE

Ll X oMAMEREEERZ AR LR 2B L7,

HTS hit compounds Possible pharmacophore
/ N
’
S ©\/Nr @ Scaffold
\/N
/L0
4 ¥
DHPS |CsO 57 uM 66 uM Substituent to form hydrogen bonds

Figure 12. Structures of HTS hits (3 and 4), and a possible pharmacophore.

RE 2 CRMENEERRT OO, 10N PV FEEK 18a-d &, 3-E

P Ty a gy T KRB R TEEOENSFEHAEFEH LERERE R T O

WL EREREES X OZ OS2 LAKEE,
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VYN EHRET D 17a-d 5 Ak L 72 (Scheme 4), (17a—d ® & ik 1L EBR O

FIZRT, )

Scheme 4. Synthesis of Benzyl Derivatives 18a-d?

compd yield (%)

17a, 18a
/ N / N :;Cj
Scaffold a Scaffold 17b, 18b ?@
HN — N
(e} o
17c, 1 8c
17a-d 18a-d
17d, 18d ':;fg

“Reagents and conditions: (a) benzyl bromide, NaH, DMF.

BEWTEZEIZ, Ve FrFx /[2,3-clEY P UFE ko 6 &2 ik
D A ik % fESL L 72 (Scheme 5), 17d # W T 2-7 B E-2-7 = = VEER A F
NEDBEBKIEEIT VT AT IR 19a 5K L7z, 19a © = X 7 Vi % i {b
N B KDLDEEASFET, 77 FeRUv@Er MY ULAICEDET
LD 7 ha—{k20as LB MERISICED 72 A I RIE~DZEH
< E RZ UV ICKDMREICEY 7 IV 21a 27 8IKELTAHRKLE,
S HiIZ, I 00 HPLC I X W eFn®aiTo%., Mdilkd 52 & T
21b B L O 21e 2372, WAL B RS 7 X BRAE A & R AT I a8 5Bo
BLiENZNEN § BXO® R THLHZ EE2REL T,

NV FAET7 2K 21d BEY Boe R#EREZHT 54 F— /1K 21e 1T
N 57 v ER 22a,b & 17d 06, 21a DA RRIE L RIS, B 6 % #

EHKIS, TATAVEORT, BLXOe Fex v ko7 I )k~ L
D3ITRTAKRLE, £/, A4 F— vk 21f 1% 21e ® Boc = % # 2 M 5

THREST DL L THE,
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21la LR —RFEEVWT I VT AXFLEMBEEZAT SILEY 21g 13, K
R ANTF I EREAT 284 23 2L 2 Lickvalklz, 23
BIO 17d 28 EESE TRIGESE N-T VX LK 24 28 7-%. 705 U0
KGMIZEODR Y AV ERELT L — LR 25 L L, 21a DAL EH

BRI, RIERK I XD 7 va -7 20 A RE~OEW, i & KTV

(B

Ik o WREICI Y AERL T,

Scheme 5. Synthesis of Compounds 19a, 20a and 21a-g®

q? @ﬁ @ﬁf? ¥e:

by chiral HPLC 21b (S-form, 35%, 99.7% ee)

20a (52%) 21a (53%) ——> 21c (R-form, 40%, 99.4% ee)
22a,X =S 19bX S (75%) 20bX S (72%) 21d, X = S (68%)

22b, X = NBoc 19¢, X = NBoc (13%) 20c, X = NBoc (97%) 21e,X = NBoc(48/)
21f, X = NH
Br
OBz
23
OBZ 24 OH 25 N”2 21g (44%)

@Reagents and conditions: (a) methyl 2-bromo-2-phenylacetate, potassium tert-
butoxide, THF, 90%; (b) NaBH4, CaCl,, MeOH; (c) (i) phthalimide, PPhs,
diisopropyl azodicarboxylate, toluene; (ii) hydrazine monohydrate, EtOH, 70 °C;
(d) 22a-b, potassium tert-butoxide, THF; (e) KCO3, MeOH, H,0, 80 °C, 62%; (f)

23, potassium tert-butoxide, DMF, 52%; (g) 2 M NaOH, MeOH, 87%.

ko ks, PEE17TdZHWEZEYE ReFx ) [2,3-¢c]EV YD 6L
EHIELEHRAEOSREREIT. 17d ORBBT I FEHEOT AL X LITL Y| &
MELZBEANTLOIMLER DD, ToT, MK TH D7 v RO E N KNE R
e, blL<EmaWnMEcL Y RISHENRETLEZm 2K LE 17d & O EH#H
IGEHETLRVWHAFCETENOFEREZBILETEPT, AARKRE
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OWHEETL T LEEmLS LV, TZITEHIT, Y RrFx /[2,3-c]E V¥
VEE OGRS 6 ML EHRIEICH Y T M A E AL R AR D B
A %15 % WE S L 72 (Scheme 6),

tFeXxdFF 726 BRI, 7, <RI vy Y 7
OIS ED 3-v VA EEeH ALK, o Frexs Kz U 77— F
EL29%MG, BEWVWT, (E)-1-= hXx vz TF v2-RAue ry@Bera— Lo xs
NEDBART y T U ITRISICEDV GO ) — =T VR BESEMLET.

mxixspfgLrT Ve K30 AL, 22T, YE ReFd= /[23-c] ¥

J

VEMO 6 MEBMLICHY T AMEEL 3-T I T T Rrg YR Y v
31a L OREILWT I JAERISICE D EAL, BRICATEAR 32a 216G 7, kit T
TRV AR NEFYREHOWEEEESFETICCRILEZEZ2 2L T, 6 LIT
BEHEEZAETHYVE R T ) 23-c]l VU BEBREBET DL LIS L
2o B HNTBRALIK 33a @ Boc e BEPESRE T CTHLIR#E L 34a & 157, A4k
DFEEEZHNT, 7TALTERIOBEIOCTAFALT I 31b 25 n-~F 2L
EAMBICAHT D 34b 2B AL T2,

ERex v EEZMSEICHET ST IV 35a-d(35a,¢e,diT RIK)E T T & K 30
DEITHT I ARSI LV E LN RALATERIE 36a-dix. T FU T A AL
FUREHWTREESE, GBoh/T b2 — )b 37a-d 2D HRIEKIGIZ LD 7
BN A I RE~OER, H<e FTITVUICLDBHE#EICELY T /K 38a-d

~ LA T,
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Scheme 6. Synthesis of Compounds 34a-b and 38a-d?

P
s %ﬁ ot 0,58

30 2a Boc 33a (44%, 2 steps) 34a (83%)

A\
\N / SN /N

n- Hex _ — —

n-Hex NHz f Q g ‘ N\

BocHN \ T pHex. N ‘ g " n-Hex-_N s

BocHN 31b 0 j/ j/ I
o}
0 BocHN HaN
32b 33b (6%, 2 steps) 34b (81%)

35a, R = (R)-c-Hex  35p
35¢, R = (R)-+-Bu

_ . 36a, R = (R)-c-Hex, (38%) 37a R = (R)-c-Hex, (69%) 38a R (R)-c-Hex, (46%)

35d, R = (R)--Bu 36b, R = n Pr 37b,R = n Pr 38b, R = n-Pr, (25%, 3steps)
36¢, R = (R)-t-Bu, (57%) 37¢, R = (R)-t-Bu, (76%) 38c, R = (R)-t-Bu, (52%)
36d, R = (R)--Bu, (31%) 37d, R = (R)--Bu, (81%) 38d, R = (R)-i-Bu, (66%)

@Reagents and conditions: (a) bromine, AcOH, 61%; (b) 3-pyridineboronic acid,
Pd(dppf)Cl,+CH2Cl;, Cs2CO3, DME, H:20, 80 °C, 72%; (c) Tf,O, pyridine; (d) (i)
(E)-1-ethoxyethene-2-boronic acid pinacol ester, Pd(dppf)Cl,«CH2Cl,, Cs,COs,
DME, H.0, 80 °C; (ii) 12M HCI, THF, 30% (two steps); (e) 3la-b, 2-picoline
borane, MeOH, AcOH; (f) NaOMe, MeOH; (g) 4 M HCI in EtOAc; (h) 35a-d, 2-
picoline borane, MeOH, AcOH; (j) (i) phthalimide, PPhs, diisopropyl

azodicarboxylate, toluene; (ii) hydrazine monohydrate, EtOH, 70 °C.

5 TH M E ME AR B AT SR

AR LTEHRTIEZ AT THD ZRBRERBEFEERIZON T, ABIH & FERIC
DHPS MR TIEMERAB 2 H W T ICso fEZ BRI Z OB EFEWEME LM L 72, 19D
(C% &3, DHPS A EEM O R ICHKE 22 RWVWHT 2D IC, HTS & v
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MG LRI DV M E R T 2 AR 18a-d, 39 % W CTHLFH
6 PE O LW MR GE 2 1T o 72 (Table 3), b v ME&W 4 O F = / [3,2-d]E Y I ¥
RAEAY X U UEA8a)ICER LI L 2 A, BEFEMEEEMO KEZR M B2
R SN 72(Cso = 8.7 uM), S HIZ, YE R A YX /U {K18b b 18a &
FAEOMHEFEMEL R LI &0 D, EMHEKOEMOEREIIFEFR TbH 5 4
TR RN ghoTc, —H . 3-V U VNV EOBEWNELBEICE X 18¢
TIHERERIEEBBRAER I N, BFEELPLD 3-EVY UV LEDN
A2 E D PREEBRBRICEETCHLIZ DI, U EDBEL
SFEZ.6,5-Hb LIS, 6-MRBHOAEMEELARIET SO, Ve FeF =/
[2,3-c]EV Y U1K 18d BLX XA VYA RY UK 39 259 4 Lize b,
18d N E A& Z R O F Th b iR WIEME A R L 72 (1Cs0 = 6.3 pM),
Table 3. SAR for Fused Ring Scaffolds 18a-d and 39

/ N

©\/ Scaffold

O

compound Scaffold DHPS IC5q (uM)?

*
N
4 - 66
(HTS hit)y  N_~g
(6]
=z
18a @ 8.7
o *
18b (gij 8.2
(o]
18¢ */J;;I::j/ >100
(@]
\
18d B [ 6.3
o *
39 *N;:I:i] 53
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aDetermined by enzyme assay. ICso values were calculated by nonlinear

regression analysis of percent inhibition data.

DEDOWFEZBEX CEHF X, ORI E R F = /[2,3-c]) Vv
BHEATI2FERICBENT, SO 5EMEM LA L CERLDE A%
Fhi L7, ik HTS B v MMeA® 3 I8 W T, iR VA fficB i bt
FeXx v AFVERTFRINLTWVWSLE I ENDL, YE FrTF T /[2,3-c]EV ¥
VHERICEB O T AEONE~OBMELE A X AIEMR A LR
AT o 7= (Table4), T DOFEHR ., DA KR F T XA F L H19a)D E A Tl B R HF
EMERKRIBIZWHET 200 /AW 3 ERBEOE R ¥ X F L (20a)0
HMATRGICIEERM L, ZOBEBBRMBEICKS T ZKE/E N —BEMER
FIZHEHTODZ LR FBENTZ, TZIT, e R EET I A~ X
o L7 21a Z5FMi L7 2 A, S50 0EMEMENED LI (ICso = 0.018
uM), 21a i3 7 B IR TH L2 b, Mz F rF A~ —MOEEED R EE
MRTL2-DHFRELTSE2b B LT REK 21 23L& 2 A, RIK
2N eutomer TdH 5 Z & & A L7 (21b: 0.16 uM, 21¢: 0.014 uM), — 5., 7 2
MM OREREEERE ST DO, —RKREMKR LK 21g G LB TE
PEIZ S L, /2, MIEHANCBUBR T I 7 KA REA L T AREEZ B E
b H7FEERIda BN THIEHRFREE L, 7V EDOMNEICL>TED
PLEEMEICRERBEVAEDLI ZEOHPALE, LROBRFTIET I AF 0
EPEbBROWIHEEEL R LIZZIEND, ZTOHDHELHF L E £ RKin

RUVBUVROEBMICL DB EEEMBEEZHRIET S5 & & LT,
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Table 4. SAR for Substituents of 5,6-Dihydrothieno[2,3-c]pyridine-7(4H)-one

Derivatives
[N
| A\
R s
0
compound R! DHPS IC5, (uM)?
18d Bn 6.3
19a® i I* >100
~o"o
20a® i j/* 0.15
HO
21ab :::ij/* 0.018
H,N
21b le 0.16
H,N™
21c C%f 0.014
H,N
21g® 0.44
NH,
34aP [%;Lj/* 16
N
H

aDetermined by enzyme assay. ICso values were calculated by nonlinear

regression analysis of percent inhibition data. “Racemate.

SohhbiEMEM EEABRETICHILY, BERERBR OG22 7 v A1 KM
WOWTHMAE IV —TRNIZE W THRFTFLE, ARBRICHWTW S DHPS #

YN EOREIL 0.024 uM THDHZ E B, DHPS BEO Y4, T72bb



0.012 uM BFHEFEH O ICso fTEDO KR TR TH D, > T, 2le D L 5T 7%
B 3% BH 5 06 P (ICso = 0.014 puM) % o~ 1k & ¥ 1% 9 &5 & B % (tight binding
inhibition)’C XV EfEICFHM T TWARAWAIEMEREZ bNT-, £ 2 T, M
% ThDd NAD OB EZ LS ELZHO ICso D ELE 21c B X OHTE O
REELEH13g THRFALEEZA, EbbobkeEmbEBEDOT v A FKMHET
H 5 14 uM NAD (=Kn)fF1E FIZ T 250 uM @ & & NAD & T 1Cso f&
D b D HEF S 4L (Table 5), NAD #HH MO EHRXN L RT 2 L HB L,
CORKICHOWTIEHBMUEGE CHF LT D, UEOMF LY 1Cso A EH T2
FRE NAD RMFCB VW THLILAHOMEFEEZFEMT 22 L T, WESMA
FILLDEBOENIC ) D REWRTHAEMFOEEOBRP L LBELEET D
CEMNHRICR D,

T TEHREIT., LRROIEE NAD &4 T o DHPS B 3% fHF & M E i R
ZIEHL, So25EMMEZHBELT 2le DRV EUVROE W Z F
L 7= (Table 5), F7-. BRI EIREOFEMIC I X T, in vivo TH i H A BE 72
FIAINTae =7 LIEHEBEZERL2Y) - NMeEWoRAIHE REA T, <
VAR I e Y —spTogERMRBELZEE)LFEMLLZ, IO, 7 ==
NEEZ TREFEFER CTOHLI N Y T A7 2 21d)b LA v R— L (21f)
AR L7 ZABBHEEEITHS L, —FH., ¥ 7 r~F% 1K 38a (%
B E NAD &£ FT%H 0.17 uM @ ICso iz~ L, MO IEFFRILIC LD
Em ERBO LN, TAFAMBEO R FHERIZONT XS
W L7, 38aD ¥y 7 m~F U VAL EHHEMGBIp)ICEBL LI E Z A, B
EHE T b0, RPZEEDOR T LRHE N, BEEOEE L L TH
W7z clogP EIX 3.67 %R L., lEEMoE I RBMEEHE T —KHEEZH
nNs, 22T, BEMEZETSELIZDIC, LVESEO -7 82 EL{K 38b,
IHER T VXK 38e,d BT F A LI 2 A, W@ H L ENNLE

L7ce B TH, AYTTFAKIBAITIRFLRFELEMHITIMZA, 7 1 F
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VAR 38a & LAl AR ) s E (R B E NAD ICso = 0.069 uM) Z# = L 72,

Table 5. Conversion of Benzene Ring to Other Hydrophobic Substituents.

[N
— o)
S LE
| ) Br‘<;§J)LH \NH
N S
R2 13g
o]
DHPS | M)? b
compound R2 S ICs0 (M) MLM clogP®
at 14 uM NAD at 250 uM NAD  (uM/min/mg)
13g — 0.062 56 304 3.21
21c [::L]/* 0.014 0.41 71 2.54
H,N
>
21d9 <:§;ljr* 0.029 0.63 185 3.57
H,N
HN \
21fd @JT 0.11 N.D.° 59 2.53
H,N
38a OT 0.012 0.17 59 3.14
H,N
n-Hex._*
34b¢ T 0.030 0.58 114 3.67
H,N
n-Pr<_*
38D T 0.026 0.79 32 2.08
H,N
38¢c >l]/* 0.011 0.23 37 2.35
H,N
38d \T/ﬁ]/ 0.0092 0.069 44 2.48
HoN
“Determined by enzyme assay. ICso values were calculated by nonlinear

regression anal

compound was

ysis of percent inhibition data. ®The metabolism clearance of each

examined by using mice liver microsomes. ‘Determined by using

Daylight software. YRacemate. ®Not determined.
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Z 2T, 38d D invivoY =ML EMELTOREEZERT 2HT, A
AR ELTHERAIND ICR vV RAICBU2EDEHERRLZEmBL - & 2
AL, BOARRMEF =11.7%) %63 2 2 & BN H#HER T X 72 (Table 6), K& %0
ba3bhoEREIbLEZED L Z L TRBLEEBITZ I T 7 2R
AUCHED PK NI A= 2 QET LN TENET, Y¥I T e —T7L L
TORFICHEL T, FEICELZLZ)V - FeazAT 22 L b ETH
LEBEZLND,

Table 6. Pharmacokinetic Parameters of 38d in ICR Mice?

Vdssb CI-totalb Cmaxc AUCO-BhC MRT¢ F
(mL/kg)  (mL/h/kg)  (ng/mL) (ng-h/mL) (h) (%)
8491 8965 4.8 13.1 2.46 1.7

aCassette dosing. Male Institute of Cancer Research (ICR) mice (n=3). 0.1 mg/kg,

iv. °1 mg/kg, po. “Bioavailability.

UEo#EY, Y FeFx /[23-c] BV 6 (iBHBELHKEZBEL
TRER, 7= K 21c O KIBICEEMREEMERM ELEA Y 7 F LK
38d R T Z Ll Lz, WHEHTIEIALEME DHPS ¥ o X7 8L D X

ML A BB ERATIC OV TiR NS,

BB IR A A G R AT

BTN 13g EHER, UMV —TICB T ORI HH S
AT e —7 38d IOV TH DHPS ¥ v X7 E L o fbick s Lz 2 &
M, X RAEREEMITERERBLOCZNICESS ERTOB R L2 RIEIZ THRA
AN

DHPS # > /37 E L 38d @ X i #f f i 3% fif A7 45 2R % Figure 13 (/" L 7=,
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Aiik @ 13g & DHPS O I A E & [FAAEIC, DHPS % > /N7 HERIZx L T
1593+ ® 38d A& L7 DHPS WEMEDMRE v, 13g & &< B2 55 H
EHEEATH38d b, TOMAEMMIZTI13g M UELT AT Y v 7 HRST vy FTh
LD ENHBALE, —FH., ToOMAEERRXITREELR - TEY (Fig. 13(B)).
ITNENE B2 MEEEMEEZ RS L EAKT D, 38d BREA LT
227 Yy 7Ry MEZDZILK LK% Figure 13(C)IZ~x ¥, 38d & DHPS
BN BEOMEFEREZ S &, ATE CERA LSS AR E O R GE
EEMBLE, OIHIC, 3-F U DAMMICE LTI, BU Y rEAER ISk,
JEEMER 7 v PICHAT A L L b BV Y U BEHEDN Ser233 B & O Asp262
EOMTAKENLEKEMGEBEL TEBY ., BHRBICEERHBETH D
CLLEERFEFOMBAIBRBECHRIEINLTVWDIZ EOBEELZENT IR T
bole, Tl BREANR=VEOBFER 1L Lys287 LKFEM G LKL
THEY, ZHRUEBEBIOCZOMEME M AEEREBICEETH - 72/ R
., COMEBFERHICANMZEEZBEECE LD EEZEILNDL, EHIT, IF
PEHERICEE Th > 72l 7 X 7 T Asp238, Asp243 B L XK ED 3 2D
KEMEEZEHBL TR, MOoOBFREEL LLIERIHEL*AT 2HEHEKS
HFBRERIT, COKE/KEEEZAEDICHEBRTE R oL OEED K E M
BHLietBEZXAObND, £, 4 Y 7 F I 1% Phel00, Ala270, Met278, ¥
KO val2g8e TH ENIEEMEARN 7 vy bx2 A9 %52 & T DHPS & & B f

mEIZHEELTWSEZ ENRRBINTZ,
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A . (B)

| o
.»-n \ \\
w2 NG Ao,
4 ~‘;Jg%? S identified
& {"Il 14 ‘ inhibitor
AtV 'l (38d)
‘\k ‘w
t
(C) a2 (D) Asp238
/ 1 4 (main chain)
Lys287 O.
(main chain) . H2(.) B
N, H H 0
H. A 0=
@) H Asp243
S RGN
Ser233 Q N , Val286
(main chain) \ ! Met278
N~ — Roield
H, N Ala270 Phe100
\'; A oH IR hydrophobic pocket
H 38d
o
Asp262 (6]

Figure 13. Co-crystal structure of compound 38d with DHPS (PDB ID 6WL6). (A)
Tetramer with each monomer indicated by a different color in cartoon model. Each
38d molecule is represented as a sphere. (B) 38d bound allosteric site. 38d is
shown as a stick model in salmon. The compound 13g is shown by the superposition
of the complex (PDB ID 6PGR), which is shown as a stick model in magenta. (C)
The allosteric binding site of 38d. DHPS is shown at the surface. (D) Schematic

diagram of interactions in stabilizing 38d at the allosteric site.

UbEoBZo®Y Yk FrFx /[2,3-c]t VU ¥ ifEK38d%. Al fi © 13g
ERREAEEANELD, BiIE T e AT Y v HEETHDLERHHL N LE R

ST, TN o0 XA 7 BN OMABEVER O RIT. 415
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RENT7e X7V vy 7Ry RO SSWIEFEAORKEY A FTH O,
DHPSO H LR EAMEM L2V B L Rr LTS, %, KL Txr L
HHE A E 2 © &£ IC L 7= Structure based drug design (SBDD)IZ L % Al K 4F 5%

AETHLILEERZALNLD,

00T s S S L S < DHPS @ B RE fif AT

5 — I DHPS BH F 3 o JE B 5 fu M g AT

M CcHm @y, AL I AT e —T7 1w d b DHPS O 7
B ATV 7Y A PNIHEATD, . INDOIEEEBEE NADKHFICB T 5
RIEERBR CHEFEEORB PR DO LN NADHEM MO ERA L R LEZZ
ENG . EHEEIABROLEMEMEICE S AL = X AR EEMR LT,

BBgBhHa LT A7 v 7Ry MEABDOIKLKEKIZ,GC-7F L U NAD
WREAELEEMER a2 7 4 A —32 2O DHPS i 2 Eh by X%
ER L 72 (Fig. 14(B)), T DR, 13g OfAa A MEZIZ, HEHER = 7 %
A—varTlHo~Uy ZAREHRINTEY, 7TrX7 Y vy 7 RKry M
CRHFEELREWZ ERHBH L, #hobb, 13g3FA T 5 EI21E. DHPS #
VRIBIEED a-~Y v I ARRITF LT HEEERFRLTRBY, ¥ RNTH
O WEEICEMNREERELL TSI EERRLLE, Lo T, 13g X7 =
ATV 7% A b~OFEAICELY, DHPS O ELILBE DO 7 5 A — =

EREAATLH L THAREEEZRBEATL2LEEADbDN D,

W T, ZOHEZLEL) NAD B X O spermidine(db L < 1T GC-7)D fE A W
A4 PICKRIETEEIZOWVWTEL L (Fig. 14(C),(D)). a-~Y v 7 AN T
BTV —T LT 2 B Gly282 I NAD AR 7 v MMUICEY H L T
BYO . NADOHKAEZW T D5 N TmBINTE Y, 13gB3 72 RAT U v 7N A
YE=THDIT LD LT NAD it MO ERNEL R T OIE, LD
EEALS NAD fiG R 7r vy b~ FWEESI O EEXLLND, .
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spermidine i & A4 FPlZBWTIX, V— 7 LD 7 2 /B E Lys287° )R K 7
vy hEEAET D ENHB L, 13g A spermidine (& L T b i Hi k2 R
TIENRMBENT, EBIC.BIBEERBRICE W THEIREE O spermidine(100
uM)Z W T 13g DL EFRMEEZRME LI &2 A, BIEE NAD &M & R
PE DI 55 23 R S 4L 72 (Fig. 14(A)).

@f%

DHPS IC5q (uM) 0.062
IC5q at high NAD (uM) 56
IC5q at high spermidine (uM) 6.9

(A)

(€

Figure 14. (A) The inhibitory activity under normal conditions was determined by
enzyme assay at 14 pM of NAD and 2 pM of spermidine. NAD (250 puM) or
spermidine (100 pM) were used at each condition of higher concentration,
respectively. (B) Superposition of the co-crystal structures of 13g-bound and GC-
7-bound forms (PDB IDs 6P4V and 6PGR). The 13g-bound protein, the GC-7-

bound protein, and 13g molecule are shown in green, cyan, and purple,
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respectively. (C) Closeup view highlighting the NAD binding site. NAD in the
GC-7 bound form is overlaid and shown as a white stick. (D) Closeup view
highlighting the spermidine binding site. GC-7 is overlaid and shown as the white

stick.

e\ T, DHPS # v X7 EH L 38d ofimEElc >V TH, GC-7 BIL WY
NAD BB LImEMAM o 7 3 A= g v & OHEBKGEE 3 L 7= (Fig. 15),
A TR 7@y, 38d X 13g M U7 AT U v 7% A4 MIHA L., DHPS
ZUNRNTED -~ v 7 AR L _REEOEL bR ST, — 77, 38d
O NAD #HitEZ HAH 5 NADREAE R ry b~ a v 73 XA —va v ED
AT 1B3go A MECHABINTEMELLE TR LD ERHPLE,
Thbb 13gDfiAdary7rA—vary THRBINTLZLV—T LD Gly282 ®
RO LICED NADRARTZ vy h~DOFHTIERL . 38ADOFEH T 7 4 A
— Y aryTENV—T LD Lys287 M NAD & A4 M FHT D2 ENHno
oo 7. 38d B MA LT T+ A —32 3 ITEIT D spermidine #i & W A

PO T HITHRSNLD2 o T,

(A) =\, (B) . GC7 binding sité
S Overlapped with (Spefmidine bindifig site)
NAD binding site
{ NAD binding site 2 o
|

N s
Yj/ 0 GC7 b?nAding‘ site /7 / VS A\

(Spermidine binding site) )/

et 38d y ‘a-hehx unfoldmg i 38d
DHPS ICso (uM)  0.0092 /@ __________ -
ICso at high NAD (uM) 0.069
ICs at high spermidine (uM)  N.D. — G|y282 139

-

Figure 15. (A) The inhibitory activity under normal conditions was determined by
enzyme assay at 14 pM of NAD and 2 uM of spermidine. NAD (250 pM) was used

at the condition of higher concentration. (B) 38d bound allosteric site (PDB ID
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6WL6). 38d is shown as a stick model in salmon. The protein is colored by chain
and shown as a cartoon, while the two residues, Gly282 and Lys287, are shown as
stick models. NAD and GC-7 are shown in surface representation by superposition
of the complex (PDB ID 6P4V) in pink and deep blue, respectively. The compound
13g is shown by the superposition of the complex (PDB ID 6PGR), which is shown

as a stick model in magenta.

% I DHPS ¥ > X/ H OB S L0 O

FTHEICB T HAEL)S, DHPS Z U N V7 B I3 BERKIENEIT T HEMEM o

|

Y7 A= a LA T NAD b L < IE spermidine 235 & T & 72 W IETH M

BMoarr7xr—varzfAL, KX TRLEFRRZII IV T v — 713 #
FrREAT D E CHIBERLEEELZ T LB 250 5 (Fig. 16), 7. 4
B L, ZOoNTHEHEO ZREETHD ao-~V v 7 ADBMHIT LI EL
WG 2L K T T dh 5 FE A O FFE I S (induced-fit) D 1T L > THAL
LAREMEFEVNEEZEZLONLD Z b, MEANFELRWVWERNIZENT
HbZ DX IEME - FEEMER T A= a VOEABHFEL TS EE

bt

»

LTW230 55 HEEEMTHD 13g £7401338d DA 7 5 A —
Ya I BWT,NAD b L < X spermidine f§ &% 4 b~ — 7 HEN T ¥
LDHATRR-TEBY, EEANTEAM L THERINTIEFEEM = 7 5 A
—Ya UL IR EEZR L TV DL ARELERZLN D,
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Active conformation «—2 Inactive conformation <—2 Inactive conformation

(GC-7/NAD bound form) (13g bound form) (38d bound form)

DHPS
molecule A

DHPS
molecule A

DHPS
molecule A

Lys287 o»

‘
o)
J

(___JNAD bindingsite || Spermidine binding site

Figure 16. Schematic diagram of conformational change by 13g or 38d binding in
one dimer of a tetramer of DHPS. The binding sites of spermidines are shown in

the rectangle and NAD as the rectangle with rounded corners.

DHPS # Vv NI EMNE M 74 A=Y a 2R TLIEM R AT =X A
O fiEHIZIE NAD & L < I% spermidine & @ 3£ #fl 72 kinetics AT . H 9 — D D
KB TH D elF5A L DHAEMEHICOWTHLMIT T 24 ER”NH S, L LR
5, AME TR SNTHEEMEMa T3 A= a VOLEIIZ K D DHPS O
PRE AN =X LDOF/EILX DHPS P AR R EABFEN L R VEBDLIZ L2 RT O

THh D,

HIE  EL®

R EIK L L CTHfF &L B First-in-class ¥ — 4% v b T & 5 DHPSIZ %t
AR N A

171

T a—T7 ORI EFEE L., HTSE Y &bzt v b
AL OEEEEMEMFIEELZE L T, MAOLBRERILEEE2A8T 57 02 F
RV FFAET7 = K13gx Al L. A I V7 v —7 LDHPS # X7

O HAEEEERT 2T o 2R, 13gWDHPSIC T 257 0 A7 U v 7 Pl #E3K
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Thr Itz oMNcTHELEHIT, 13gEDHPSZ X7 E L O AEEMIT
EAMOMEFEEHABEOMELZEZMNT LD TH -1z,

SHIC fbEMI3gt T D7 vy —~a 7 T #AF T HHTStE v ML EW)
CbHEH L, 3-V U UL EEET D RN R o SIS MBS A
FhL, MAOBMERFEEZA T2V FrF = /[2,3-c] ) ¥ iFEk
38z Al L7c, RKAL G O L M EMAT 20 6 | 38d2313g & (X R 72 5 5 A k&
XEATLH270AT Vv 7HEELETHLIZEAERELE, Zhb 20D FE
A4 7 LDHPSE DM AFEM OB RIT . ARER N AT U v 7R
Ty PBWPWHMEOEWHEFEAOE ST A N THY DHPSH A E R AR &
RO LHZEERLTVD,

Flo,. ZThboDrIANTa—TREAE LT AT Y vy 7 A4 FTid,
BREOBUIEE THLDHGC-TB L UMBENADLE ORIV Ta-~V v
JAZHR L TWERSBMIT T, V=T HEE~EEHLLTWD Z L ERA
L7, ZHEDHPSAEEMER a2 74 A —va v 2T 22577 HDT
YR IAINT e =TI KDENZ RN E ORI O A MM EE
Ak L 72,

SR INODOEHRZ G EICHBAIERERZ B TICH Y | IFSAKFRIIC
4 2% MR C 351 5 DHPSHLEFE A I K 54 7 UL elFSAD Il £ %
WEDSDSBBMHEEEZHER L CWSHLERXLLI EZEXOND, 0. i
XTCRLEEEEBEERS LOMEEEMAEAERE b L RibtEadm T
PAUvBIOMERELLDATREEZODNDZENDL, FI VTR —T L
LTORECEEL R, KX EDEHREICENTZ ) — FMEaw., S51CiF

HRMEEOA BT S ORDODMEORMNIFE SN D,
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# =2 $HH Mcl-1/Bel-xL dualfl E 3 0 A &

B AN L LT o Bel-2 family 38 & VK & 15 W

Bom TR Lole, EREEAXNRLLE LT A b— v 2 RIEF LKL E
] L 72 Mcl-1/Bel-xLdual R EHITH L WX A T oF@mE L L THHEIN D —
J5. Bel-2 772U —0ORERIIZ A7 EMMAEEREPPHEZE T 2 4 H
WY, TOo _HEEFEEZRANICALE T 21232 Z0 OEN O IEE R
MLERAIRTH D,

% Z T.Abbott tE XV #H 4 & 72 ABT-263(Navitoclax) D i K T&H 5 ABT-
737 & Bel-xL & @ 3§ @A DS K 3T, Bel-2 77 2 U —d PPI AT
22 W TR HT L 7= (Fig. 17)s ABT-737 1X. Bel-xL & Bax S O 7 A b — ¥ 2 {¢
EE R ITEHEEDPPILHMICHAELTEY, TORKET A ML 2D B KME
K7y NBRRBEMICHT2ENCECERIMELZAL VD, 22T, Wit
MEEE RN EORr Yy R TIE2L KM @EE IS 2 M2 EK L.,
F ARG L TIXHAKMER S v % Z £ 1L East region 8 L Y West region &
-5 (Fig 17), ABT-737 X2 O FHMD =2>DO XU B UVRDZ N T a-n
MEERZEKT S U FROa 75 A —3 3 %8> T Bel-xL @ East
region IZfE & L. 0 FAEME S O E 7 = = /LEALIT West region (T 5 & L BK
PEMHAEERZERL TS, 7. Mcl-1 220 TIEHHEENTSF FTHH Bim
EOIFE B IEMAT N ME SN TEH Y, Bel-xL ERMRIC, ZDODBKMER T
v K (Eastregion 3 £ " Westregion) 2 PPIEALICHFIET HEHFZ 2 b4 TW

% 59)
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(A) - (B)

East region |
tE

PPI interface in Mcl-1 and Bcl-xL

Is

Mcl-1

or
Bcl-xL

Two pockets (West and East) with a groove

Figure 17. (A) Co-crystal structure of ABT-737 with Bcl-xL (PDB ID 2YXJ). (B)

Structural image of binding sites in Mcl-1 and Bcl-xL

— 7. ARWFIEBE A Y RE . BRI A 72 Mcl-1 BH 5 3K (Fig. 2(B))=<° Mcl-1
EE T EOREREROBREITEL, PPI HEOZDDOKR Yy b AR v M
RBEAThHoT-, FZ T, EH I Mcl-1 OEEMITICAERRTHE7»yI L7

—7ORAIHEBMNE LT Mcl-1l @R EFEROEENS I L 12,

% " Hi Mcl-1/Bcl-xL O # & fig#r b5 L OV RN A B E K o SRR

B —IH  Mecl-1 3R BE & 2K o Al i

ATk o @ v . Abbott #7225 Mcl-1 IR FEMEZH T 54 > F— 1 iF
KRR EINTND P ZD Mel-1 12T /M ERKNITIAPLE T &b
KEEMOMEZSBIZHHR _RBREGRZHRR L., LA EORG % B 4
FToLE L, TITEHRIF. AV F— FERLFEOE A EIZHHEZ
R ATRE 2 ZBRMERO P S RS I < L JEHE 1k o k) R
ELFLO2EBEO o TOHLDIREHEREMEIMHF SN E T Y r[1,6-alt Y ¥
vEMET A Lz (Fig 18), kAWM O FKBIEMEIL, Mcl-1 &7 v A4 L &
A A Y FAETT 2 — MFITCO)TEK SN Bid X7 F K& o AERICK
T 5 BHEIG M A . Time-Resolved FRET 35 CTEEAli L 7= 696D, Bid X 7 F R IL i

i Tk X7 Mcl-1 @ PPILEfLICHiE ST D52 &b, KRFEEICK - T Mcl-1 &
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THRN—ZABEZ N IZE LD PPIICKTALEYMOHEER BB T
5. ¥, Bel-xLIZH T2 EEEORMLEO FETHMELEZ, TORR, 7
U= LT, RTINMNBPINVAFFVETERINTEZE 7 2=V ESAET 55

EAAK 39 A Mcl-1 IR R EEEEZ2EHIT D &2 H L,

HO___O
Ar
Ho N
N Design of novel scaffold HO NN
o] N .

o @O“°C@
)ﬁ? ’?e OO Mgl-1 |050 0.54 uM

Bcl-xL ICSO >30 }J.M
(Abbott, WO2008131000)
Mcl-1 inhibitor Mcl-1 inhibitor

Figure 18. Novel selective Mcl-1 inhibitor designed from reported compound. The
activities were determined by TR-FRET assays. ICso values were calculated by

nonlinear regression analysis of percent inhibition data.

7 Y wu[l,5-alt U ¥ E K 39 /X Scheme 72 R”T HFiETHEMR LA, H
BEEOE VAT AT R 40 27 Y FEEB=FLVE T MY U AARMFY
RTEETTCRIEESEL LT, 7T FERHTIMAEB L P 2T L
MET L, AFNVZRATAEERT LT VR 4L 226G, it T, 7Y K 41
XL UHT 12001 MET 52 2 L TE T Y r[l,5-alv U ¥ U B & A
L7 %, &ohniziibik 42 ® 3 fif % Vilsmeier-Haack & TA L 2 ufb L,
AAFREER MY =F V&% W7 Horner—Wadsworth—-Emmons & (2 £ 0 1
RLU. TNV 44 %5, RUoP U ANLAR=Lb FTI P RE2HWT _EHEDS
EELLEBR,. BN AT VA5 ERT IV ELL, I-F 7 Fh—1 &
DHERIGTT 7F N —=FT VAT Zzal LI, Sbic. Ak vy 7TV I K
ISRV EZRFBR AT AN EZHEALLLE, VAT )V 48 27 V0 U K5

e+ b2 LT39S LT,
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Scheme 7. Synthesis of compound 39¢

@Reagents and conditions: (a) ethyl azidoacetate, NaOMe, MeOH, 60%; (b)

xylene, 120 °C, 41%; (c) phosphoric trichloride, DMF, 100 °C, 72%; (d) trimethyl
phosphonoacetate, NaH, THF, 0 °C, 96%; (e) benzenesulfonohydrazide, toluene,
100 °C, 84%; (f) borane-THF, THF, 85%; (g) 1-naphthol, PPhs, di-tert-butyl
azodicarboxylate, toluene, 97%; (h) 4-(methoxycarbonyl)phenylboronic acid,

Pd(PPhs)s, K2CO3, DMF, microwave, 140 °C, 45%; (i) 2 M NaOH, MeOH, 45%.

W T, G o/ Mcl-1l BRI FEEZA T2 r I 7 v —7 39
DIEAHERZHSNICT D0, Mcl-1 # v X8 7FH Lo fERIEB XV X #
R ARSI A M S L — TN T ERM L, 1.9 A o4 BT T IR SRS
DOBAFIZAEE L7 (Fig. 19), £ DO#EE . 39 75 Mcl-1 @ West region [T/ & T
D52 ENWABNERD 39D F 7 F KT Met250, Leu267, Phe270 B & O
I1e294 O I8 THERL X 4L 5 West region OFIRMER T v PO REIITH AT
LN hot, f. T Yy a[1,5-alt V) ¥ 2L D B VR R IX Arg263
DR 7T = e REMKAGZBR L., BT Y r[lb5-alt ) Ytk B KX
Phe228., Met231 & LK O Val253 @ fil $4 T PH £ 21 7= Westregion @ & W\ 7 & (T &

BT eNMmERINTT, BREFRIALO VA BRI HEMIZE#&H L Mcl-
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1 LOKE/BAFTERLTOENVEDODD, XRUOPUBIZIREED T HMANK

X T F A —3arTHEALARL2TOMEEHEFEHAL TWDE Z &R

(B)

Solvent region

Mcl-1

Figure 19. (A) Co-crystal structure of pyrazolo[1,5-a]pyridine derivative 39 with

Mcl-1 (PDB ID 3WIX). (B) Structural image of binding mode of 39 in Mcl-1.

R X5z, Mel-1 EHH A yYI LT —T LodERBEMRITICED .
FTOAEHERXEZHLEN T DN TERZZ &6, Mcl-1/Bel-xL dual [H %
HOAHMIZHIT T REIZBWT Bel-xLIZOWTHFOHEICEBEL2E G

WRLI-,

% ZJH Bel-xL 2 RAY ML EH 3 o A H

¥ — i Tk N 7= ABT-733 & R EEIC . Bel-xL BLEFEM 2 A 9 %5 ABT-
263(Navitoclax) D 4y + M p-7 n v 7 = = )LEAL1Z Bel-xL @ West region (2
A L. A M E 71T Bast region KRB T2 EALND D, 22T
FTHIT, INOOMEF®RE D LIT, ABT-263 O & O ¥ 55 # 1 2% Bel-xL L5
EMHICEENEZBEEITLIANT, DFEMO p-7 o 7 2= Vit Ea AT 5
ItEW 49 BL T 50, AWM OEOMEZ AT 5 518 LT 52 0 FIEME

RS H Z L & L7z (Fig. 20),
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Figure 20. Substructures of compound ABT-263.

ABT-263 O o HEE CTH 2bEW 50 B XL 511X CHEEZN D 49 B L Y 52
Z MW T Scheme SIZ R T HFETEKR L, HEREREO 7 v EK 53123 L T
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ETFTTHAEIS®EDLLTTIYAAALRLSYTIRS0OEER L, REEIC, S

1T ALKy T I RV BHFBRAEESEAKL 2,

Scheme 8. Synthesis of compounds 50 and 512

_W.CFs
= H
N
oM T
\//S\\
\_CF 0o
=573 0=5-°F2
a H b
P - o Nj/
Cl
H
Neg HoN- N
7\ /A
% A0
53 54 N N@—{ N
_/

48



“Reagents and conditions: (a) isopropylamine, DIPEA, THF, 50 °C, 93%; (b) 49,

EDC-HCI, DMAP, DMF, 15%; (c) benzoic acid, EDC-HCI, DMAP, DMF, 92%.

57 ABT-263 O i L &9 @ Bel-xL 8 £ O Mcl-1 (K7 5 F
&M % Figure 21 |28 L 72, Bcel-xL @ West region IZH &G T 5L E 2 b 5 HB
DTHEE A9 B LIRS0 T ZNZEN 22 pM B X 8.0 uM @ ICsofE 278 L, 5 W
Bel-xL [HEFEMEZHFT D52 B0 o7=, —J. Eastregion ([ZfE & 9 2 4
5 1&E 511X 0.15 uM @ ICso fE % 7/~ L, West region #f & 1% & bk~ T 58 v Bel-
xL FREFEEZ T 22 R L, F-—H TR OI1C, 51 L& FEN
L2200 BRI FN e aHEEREZERLUTFRO a7 5 A —
a2 EELALN, FRIRNRVEVR-—DZBRELEILAEY 52 @ Bel-
xLBHEHEMEITRE SR L, £72, ABT-263 & A ERIC, W o # o i
EATLFEERS Mcl-1 126 T 5 HFHEMEITHFEFICH N LDPMHR I L,

(A) (B)
compound  Mcl-1ICso (uM)  Bcl-xL ICsq (M) Solvent region
ABT-263 >30 0.0033 \ o
{
49 >100 22 L
50 >100 8.0
Bcl-xL
51 >30 0.15
West
52 >30 26

Figure 21. (A) Inhibitory activities of substructures of ABT-263. The activities
were determined by TR-FRET assays. ICso values were calculated by nonlinear
regression analysis of percent inhibition data. (B) Structural image of binding

mode of 51 in Bcl-xL.

49



L EDRE 2 6, East region IZHG T2 &F 2 b2 HoME 51 2% Bel-
xLOMLEEMERBFICEERMETCHI LB ECTCE L, F-—ETHRL LT,
BIROEEA ORI, “HEEFEHNTIH bW OEDBRREIEZ S L
WCEDRXLHBEEOFMA TR TCHLD EWIHIF R ERET L, £Z TEHEIX, Mcl-
1 3L Bel-xL OFICEERZALZLOMERFHR % H £ I1T Mcl-1/Bel-xL
dual [REH Z 714 352 L L Lz,

B I T a— T oERICHE S < Mcel-1/Bel-xL dual B 2 %I o A Hl

B—H N"AT VY RRAMNITIV—ILLDRT I THA

¥

BoE TR RAEESIIC.E T Y r[1,5-alt Y ¥V Ui E K 39 1T Mcl-1 @ West
region IZf & L Mcl-1 RO FEMEZ 7T, £/, ABT-263 O i 7y # 1& 51
I Bcl-xL @ East region (2f5 & L Bel-xL IR L EFE M2 774, &6, Z
Noor Ihnvrme—78 Mcl-1 b L <& Bel-xL & o 3 5 R EHH 5 .
39 DL B EFEBREAL(ringA) & 51 DT VL ALK T 2 AR ¥ B (ring
Bl TN TN NIEBMAIZMET I EEZEZLND, T2 TEH X, ring A & ring
BAZ#U AR v I —CTRHESEELNAT IV Yy FIbEWMET HZ & T Mcl-11
X LTI 39 1CH M 7 5 BBy i 1E 2 Mcl-1 @ Westregion (&, 51 ({2 Y 3 % #6
7 &1 2% Bel-xL @ East region IZf5A L _@HMHAEFEEEZ T &EEFE 2, &6
I, ring A, ring BiZZ 1 Mcl-1, Bel-xL i2xf 9 2 B EEMERIICEE T
L., EHLHbRNUVEUVREZATIHETHLI Z Db, NUyEUVRAKZ
Vo hh—L LTHERAT A ETHTRORBARND EE X, bbb,
CORYEBUEZ) A — L LTOKBEIZI X T, Mcl-1 & Bel-xL &6 5
HFLTHHEEELZRBIEL2DOMEL L THEAIELZLITLY A

7V NMeaWwE T YA LT (Fig. 22),
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Exposed to
the solvent region

Functions as

linker
Mcl-1 inhibition
Bcl-xL inhibition

West region of Mcl-1 East region of Bel-xL .!

39
Mcl-1 ICs, 0.54 pM >30 uM
Bcl-xL IC5, >30 pM 0.15 pM Designed hybrid compound Designed hybrid compound
Mcl-1 inhibitor  Bcl-xL inhibitor High molecular weight.

Figure 22. Hybridization strategy used to design Mcl-1/Bcl-xL dual inhibitors.

o X175+ AL LianAa 7V vy BMEAWIE Scheme 9 278 L 72 F ik
THEMR L, 7rEEK 47T LAy BESa— L AT /L 55a-b L DAL
v PV TSI LD tert-7 F LT AT )L S6a-b 2 HT-%. TR = UL
FC TFA ICL VBT 2 2 L T tert-7 FIAT AT IV ERBIRWIT T VA VB
~EEHL 5Ta-b 2 AR LT, VT, 57allxt L TAAKR LT I R 52 % i
BSELEBRATFAVZRATVEMAKGBRST 52 L TILED 59 257, RO

JiET 87a-b & ALK T I RE8IMBLAILEM 60 B LN 61 ZEE LT,
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Scheme 9. Synthesis of hybrid compounds 59-61°2

_B.
47 /)_f\ 56a, R = H (60%) 57a, R = H (80%)

55a-b 56b, R = Me (17%) 57b, R = Me (58%)

60, R = H (52%, 2 steps)
61, R = Me (55%, 2 steps)

@Reagents and conditions: (a) 55a-b, Pd(PPh3)4, K2CO3, DMF, microwave, 160
°C; (b) TFA, acetonitrile; (c) (i) 52, EDC-HCI, DMAP, DMF; (ii) 2 M NaOH,
MeOH, THF, 49% (two steps); (d) (i) 58, EDC-HCI, DMAP, DMF; (ii) 2 M NaOH,

MeOH, THF.

% " IH  Mcl-1/Bcl-xL dual B Al o A & 5 L OV 3 & 5 18 & A AT
HIETT A Bl LEEnd 7V vy FMEE® O Mcl-1 8 & O Bel-xL 12 %
T 5 EIEME 2§l L 7= (Table 7)), TO/RER, T/ A F VT 2= LEEY
=BT DH ATV v K& 59 2 Bel-xL (IZxF L T ICsof 0.0072 uM,
Mcl-1 (2% L T%H ICsofE 3.2 uM O EEMHE A R L, —EBEEBEEZHT D
e xR L, £7. ABT-737 & [Al £k @ Eastregion i G ¥ &2 A § 21 &
60t " HEPMLEEM A R L 7= (Mcl-11Cso=0.61 pM; and Bcl-xL ICso = 0.0044
uM), % H TR 7= K 9z, Mcl-1 IR EA 39 © % B F BRI IR
thihhar g ArA—varebloTndbleénb, "4 77Uy FIELAW
BT v —8 % o-VATF LTz VE~NEEHBRL, ZOoRENNER

ElLSESZ LT Mel-1 HEEM®ROM L2/ LE, TOME, VAF LT
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== U B —1K 61 D Mcl-1BHEIEMILX ICso fE 0.088 uM (2 Hf 58 I 4v, 58 /)

M HMHEEEEA TSI EMEAHT L LTS LT,

Table 7. Mcl-1/Bcl-xL Dual Inhibitory Activities of Hybrid Compounds

compound R Mcl-1 1C5g (uM)?  Bcel-xL IC5o (uLM)?
ABT-263 - - >30 0.0033
CF3
\/N\)
59 I 3.2 0.0072
N NO2 iy |
o
60 Q . 1 0.61 0.0044
- @
. NO, |,
\/

61 Q Q . 0.088 0.0037
Me Me @

“Determined by TR-FRET assays. ICso values were calculated by nonlinear

regression analysis of percent inhibition data.

LED X 9512, Mcl-1/Bel-xL dual HEHK Z ARH L2 b, "7V v
FE&E® & Mcl-1 B8 X Bel-xL ICK T 2GRN EZW S I T 5720 L0
IV —TFICBNCHEMERIERFTZER L, TOME, MENE L LR
fticmB Ll e, XBREGEEMRTBERBLIOZTNICESSEZTOE
ZxLlTIExrRd,

Mcl-1 IZ2 DWW Tk, 2.2 A OB EICTILAY 60 & O Lk &R & 42 B L
7= (Fig. 23(A),(C)), RIE TR R7Z=TFH A a7 ho@dHv, "4 71U v K
L& 60 ® 7 v n[1,5-a]lt’ Y ¥ U EALIE Mcl-1 IR E# 39 & [k D
i A BT West region IC/Z (& L. Bel-xL 2R 89 BH 2 | o 45 #1813 7 8w
ICHBwH L TWD 2 LR MER I, ft\ T, 60 & Bel-xL & o defs @i 2.5 A

O fif R B CTHUAF L 72 (Fig. 23(B),(D)). DR HR . THI L7 Y Bel-xL 2R
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B EAMOBOEET D FN - HEERICESS UFRHOa v 7 4 A —v
3% L5 Bel-xL @ East region IZfEA T2 ER”MEERINE, &5
2. Mcl-1 JHEGEERBICEE 2 7 Y v [1,5-a]t U ¥ 2 5AL I8 8 AL
B350 Tk, Bel-xL 28 \WTH West region IZHEAT 25 2 & 8B L
oo TORARAIT., T Y a[1,5-alt U P v 2L D B LR BN Argl39 &
KEMAEZEK L. 77 F VKD Leul08, Vall26, Leul30, 3 £ O Pheld6 IZ
HENTZIRBEEORT y N2 EHATLH DO THD, ZOMKRIT. K X TH
AELTNAa 7 Uy KMEE S Bel-xL & ofE A28 W Tl East B8 X OV West
region O i FIZHh 2K THRIEEGT 22 2 EHL . Bel-xL IZxf L TlL nM
F—F—ORNBREAEFEEEZATLOMREAETD2HDTH D, Mcl-1 (1T %
L T#% West region 7217 T72 < East region IZ b fiA L. & B2l 72 HLEIE
WERIIAEWET VA T 572021, Mcl-1 @ East region IZ#EA T 5 7
SN T =T ORFICEL>THRYy PAKRy FP2WALZTLOILERDD LH

bbb,

54



Figure 23. (A) Co-crystal structure of compound 60 with Mcl-1 (PDB ID 3WI1Y).
(B) Co-crystal structure of compound 60 with Bcl-xL (PDB ID 3WI1Z). (C)
Structural image of binding mode of 60 in Mcl-1. (D) Structural image of binding

mode of 60 in Bcl-xL.

UEDOFER»NS, "A 7V y MEEMOT A a7 FRERINT
WAHZEEEIEL, Mcl-1 BEX O BelxLIZxt T 2@ R rI s v7nu—7
EoEREEERS —EHLEROT YA VICEAAIETH LI EERT
LTI LT,

BIE  E X

THR M=V RICELSBEET 5 Mcl-1 8 X O Bel-xL @ ~HHFE 1L, 8774
UG EME 2 R TP S & LTl S 2, Mcl-1/Bel-xL dual fHF 3 D

ARICHmT T, ThThoZ N7 BORFICEEZLBEORKE M LKL
7o Mcl-1IZPF L Tl Mcl-1 BIRWAEFEELZ AT 587 Y a2[1,5-q]8 0 ¥

BEEE LWL, Mcl-l Z U X7 BHED X fRERMBBEMRITICE > T,
ZORARKXEH L MIZ Lz, Bel-xL ICB L TIiX. Abbott #E 23 Al L 7= Bel-
xL/Bcl-2/Bel-w [H % ABT-263 O #i ;5 i@ R HE 2 L U . Bel-xL B EE M ICE
EhMErREL T,

TNZENDOTr I AT o —T7OERBNL ., M Mcl-1 [HEFEEZ A7
LG 39 & W Bel-xLHEEME L AT 2EYW S1 2o BEICAHT D
NAT YV FMeamET AL HFonlna 70y RIE&EY 60 & Mcl-
13 & O Bel-xL & @ X #pIEfE S EMT 2TV, W& 7128 T 566K
KXEWPLENIT L, 72, Mcl-l OfERFRZb LY 0 —HAIZY AT
NT 2= VEEBATLHZET, MU HIIHLBRDZHEEEEZ AT

HZAbEW 61 @ Al HIZ A Zh L 72 (Mcl-1, ICso = 0.088 uM; Becl-xL, ICso = 0.0037
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uM), Z O fE R 1L Mcl-1/Bel-xL duval [REHK o O TopfTchHh . I BT
=7 OhREBEFREENT2AIEFEDL, BROBENS FITENT
MEORAHA~DICHPNAIETHLZLETRTHDOTH D,

A E A L 72 Mcl-1/Bel-xLdual FRE 3 2 U — F{ba® & L THHE LB E %
HE 91213, Mcl-1 & Bel-xL @Ol J7 O FEHIZ L - TT AR b— 3 2 AE D # i
SN FHENMBEMESEOBE BRI 2EMEEEEEZMERL T Z
EBRROOEND, FOLDHDITIE, MEESEESCEME L ol 7 v 7
TANORBEZREMNLEEILRIMERBLEALETHY . 5% O FKRIFR
A NS
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FBNE HFE
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I AT a— T O RICE S < Mcl-1/Bel-xL dual B 5 3 o £l U
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Mcl-1 @R EEEEZGETLH2HB I b7 e — 7/ HZ BB,
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Bel-xLEL HiEVEICEH E b 2 G 2 MAET D 72 . ABT-2630 i 45 # i £
F A& FEi L. Bel-xLD East regioniZ i &+ 5{ba®W512 R E L =,
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WOEBERY—)VEhD I EaEIF LT, £7-. #HHMcl-1/Bel-xL dualll &

HMOAIBIAFZE 28 U T, Mcl-18 X OBel-xLIC kT 5 BRI L7 a—
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EBROEW

Proton nuclear magnetic resonance (*H NMR) spectra were measured with
Bruker DPX-300 (300 MHz), AVANCE 11-300 (300 MHZz) spectrometers. Chemical
shifts are given in parts per million (ppm) with tetramethylsilane as an internal
standard, and coupling constants (J values) are given in Hertz (Hz). Splitting
patterns and apparent multiplicities are designated as s (singlet), d (doublet), dd
(doublet doublet), t (triplet), q (quartet), m (multiplet), and brs (broad singlet).
Elemental analyses and high-resolution mass spectrometry (HRMS) were carried
out by Sumika Chemical Analysis Service or Toray Research Center and were
within 0.4% of the theoretical values. Analytical thin layer chromatography (TLC)
was performed on silica gel 60 Fzs4 plates (Merck) or NH TLC plate (Fuji Silysia
Chemical Ltd.). Column chromatography was carried out using silica gel (70-230
mesh, Merck), basic silica gel (100-200 mesh, Fuji Silysia Chemical, Ltd.) or
Purif-Pack (SI ¢ 60 uM or NH ¢ 60 uM, Fuji Silysia Chemical, Ltd.). Preparative
HPLC was performed on a Waters 2525 separations module (L-column2 ODS (20
x150 mm 1.D., CERI, Japan); 0.1% TFA in distilled water—acetonitrile gradient;
MS spectra were recorded using a Waters ZQ2000 with electrospray ionization.
The purities of all tested compounds were determined to be >95% by Shimadzu
UFLC/MS (Prominence UFLC high pressure gradient system/LCMS-2020)
operating in electron spray ionization mode (ESI+). The column used was an L-
column 2 ODS (3.0 x 50 mm I.D., 3 um, CERI, Japan) with a temperature of 40 °C
and a flow rate of 1.2 or 1.5 mL/min. Mobile phase A was 0.05% TFA in ultrapure
water. Mobile phase B was 0.05% TFA in acetonitrile which was increased linearly
from 5% to 90% over 2 minutes, 90% over the next 1.5 minutes, after which the

column was equilibrated to 5% for 0.5 minutes. All commercially available
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solvents and reagents were used without further purification, unless otherwise

stated. Yields were not optimized.
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=
i
&

tert-Butyl 4-(4-(tert-butyl)phenylsulfonamido)-1H-indole-1-carboxylate (6a).
To a solution of 5 (317 mg, 1.36 mmol) in pyridine (5.0 mL) was added 4-tert-
butylbenzenesulfonyl chloride (333 mg, 1.43 mmol) at 0 °C. The mixture was
stirred at 0 °C for 1 h. The mixture was poured into saturated aqueous NH4Cl and
extracted with EtOAc. The organic layer was separated, washed with brine, dried
over Na;SO4, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 3—20% EtOAc in n-hexane) to give 6a (520
mg, 89%) as a white powder. MS (ESI+): 429.1 [M + H]*. *H NMR (DMSO-ds, 300
MHz): 6 1.23 (9H, s), 1.59 (9H, s), 6.82 (1H, dd, J = 3.8, 0.6 Hz), 7.06-7.13 (1H,
m), 7.15-7.24 (1H, m), 7.47-7.56 (3H, m), 7.61-7.68 (2H, m), 7.78 (1H, d, J = 8.1
Hz), 10.22 (1H, s).

tert-Butyl 4-(3-(4-(tert-butyl)phenyl)ureido)-1H-indole-1-carboxylate (6b).
To a solution of 5 (329 mg, 1.42 mmol) in THF (4.0 mL) was added 4-tert-
butylphenyl isocyanate (0.302 mL, 1.70 mmol) at room temperature. The mixture
was stirred at room temperature for 5 h. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with brine, dried
over Na;S0g4, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 3—-20% EtOAc in n-hexane) to give 6b (415
mg, 72%) as a white powder. MS (ESI+): 408.0 [M + H]*. *H NMR (DMSO-ds, 300

MHz): 6 1.27 (9H, s), 1.63 (9H, s), 6.83 (1H, d, J = 3.4 Hz), 7.24 (1H, t, J = 8.2
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Hz), 7.28-7.35 (2H, m), 7.36-7.44 (2H, m), 7.63-7.74 (2H, m), 7.87 (1H, d, J =
7.4 Hz), 8.65 (1H, s), 8.78 (1H, s).

4-(tert-Butyl)-N-(1H-indol-4-yl)benzenesulfonamide (7a). To a
solution of 6a (230 mg, 0.54 mmol) in MeCN (2.0 mL) was added TFA (2.0 mL,
26.0 mmol) at room temperature. The mixture was stirred at room temperature
overnight. The mixture was neutralized with saturated aqueous NaHCO3; and
saturated agqueous NH4Cl at 0 °C and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over Na,SO4, and concentrated in vacuo. The
residue was filtered through silica gel pad using EtOAc. The filtrate was
concentrated in vacuo, and the resulting solid was collected by filtration to give
7a (159 mg, 90%) as a white solid. MS (ESI+): 328.9 [M + H]*. 'H NMR (DMSO-
de, 300 MHz): 6 1.23 (9H, s), 6.61 (1H, t, J = 2.2 Hz), 6.85-6.96 (2H, m), 7.07-
7.12 (1H, m), 7.16-7.22 (1H, m), 7.46-7.55 (2H, m), 7.66-7.75 (2H, m), 10.01
(1H, s), 11.07 (1H, brs). Anal. Calcd for C18H20N20,S: C, 65.83; H, 6.14; N, 8.53.
Found: C, 65.65; H, 6.20; N, 8.29.

1-(4-(tert-Butyl)phenyl)-3-(1H-indol-4-yl)urea (7b). Compound 7b was
synthesized from 6b by the procedure described for 7a. Yield 72%, a white solid.
MS (ESI+): 308.0 [M + H]*. 'H NMR (DMSO-dg, 300 MHz): § 1.27 (9H, s), 6.55
(1H, t, J = 2.2 Hz), 6.95-7.07 (2H, m), 7.27-7.34 (3H, m), 7.37-7.44 (2H, m),
7.66 (1H, dd, J =7.2, 1.2 Hz), 8.43 (1H, s), 8.82 (1H, s), 11.12 (1H, brs). Anal.
Calcd for C19H21N30-0.20H,0: C, 73.38; H, 6.94; N, 13.51. Found: C, 73.64; H,
7.04; N, 13.27.

N-(4-(tert-Butyl)phenyl)-1H-indole-4-carboxamide (9). EDC-HCI (860 mg,
4.49 mmol), HOBt-H,0 (687 mg, 4.49 mmol) and EtsN (1.25 mL, 8.97 mmol)
were added to a solution of 8 (482 mg, 2.99 mmol) and 4-tert-butylaniline (0.572

mL, 3.59 mmol) in DMF (4.0 mL) at 0 °C. The mixture was stirred at room
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temperature overnight. The reaction mixture was diluted with water and extracted
with EtOAc. The organic layer was washed with brine, dried over Na.SOg4, and
concentrated in vacuo. The residue was purified by column chromatography (NH
silica gel, eluted with 35-75% EtOAc in n-hexane) to give 9 (560 mg, 64%) as a
white solid. MS (ESI+): 239.1 [M + H]*. *H NMR (CDCl3, 300 MHz): 6 1.30-1.39
(9H, m), 6.93-7.07 (1H, m), 7.23-7.33 (1H, m), 7.33-7.48 (3H, m), 7.48-7.69 (4H,
m), 7.91 (1H, brs), 8.48 (1H, brs). Anal. Calcd for C19H290N20-0.50H,0: C, 75.72;
H, 7.02; N, 9.29. Found: C, 75.73; H, 6.83; N, 9.41.

4-(tert-Butyl)-N-(indolin-4-yl)benzamide (11a). To a solution of 10a (91 mg,
0.68 mmol) in pyridine (3.0 mL) was added 4-tert-butylbenzoyl chloride (0.13 mL,
0.68 mmol) at 0 °C. The mixture was stirred at 0 °C for 30 min. The mixture was
poured into water and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over Na,SOy4, and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, eluted with 3-50% EtOAc in n-
hexane) to give 11a (3.9 mg, 2%) as a white solid. MS (ESI+): 295.0 [M + H]*. 'H
NMR (DMSO-ds, 300 MHz): ¢ 1.32 (9H, s), 2.86 (2H, t, J = 8.5 Hz), 3.35-3.46
(2H, m), 5.51 (1H, s), 6.35 (1H, d, J = 7.3 Hz), 6.64 (1H, d, J = 7.4 Hz), 6.86—
6.94 (1H, m), 7.52 (2H, d, J = 8.6 Hz), 7.87 (2H, d, J = 8.6 Hz), 9.71 (1H, s).
Anal. Calcd for C19H22N20-0.20H,0: C, 76.58; H, 7.58; N, 9.40. Found: C, 76.69;
H, 7.61; N, 9.29.

4-(tert-Butyl)-N-(2-oxoindolin-4-yl)benzamide (11b). Compound 11b was
synthesized from 10b by the procedure described for 11a. Yield 53%, a white solid.
MS (ESI+): 309.0 [M + H]*. 'H NMR (DMSO-dg, 300 MHz): § 1.32 (9H, s), 3.47
(2H, s), 6.67 (1H, dd, J = 7.0, 1.5 Hz), 7.09-7.24 (2H, m), 7.50-7.60 (2H, m),
7.83-7.93 (2H, m), 9.95 (1H, s), 10.42 (1H, s). Anal. Calcd for Ci9H20N20>"

0.30H20: C, 72.73; H, 6.62; N, 8.93. Found: C, 72.76; H, 6.59; N, 8.77.
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4-(tert-Butyl)-N-(1H-indazol-4-yl)benzamide (11c). Compound 11c was
synthesized from 10c by the procedure described for 11a. Yield 28%, a white solid.
MS (ESI+): 294.2 [M + H]*. *H NMR (DMSO-ds, 300 MHz): 6 1.34 (9H, s), 7.24—
7.43 (2H, m), 7.44-7.70 (3H, m), 7.87-8.03 (2H, m), 8.22 (1H, s), 10.33 (1H, s),
13.05 (1H, brs). Anal. Calcd for C1sH19N30: C, 73.70; H, 6.53; N, 14.32. Found:
C, 73.35; H, 6.59; N, 14.21.

4-(tert-Butyl)-N-(1H-indazol-7-yl)benzamide (11d). Compound 11d was
synthesized from 10d by the procedure described for 11a. Yield 71%, a white solid.
MS (ESI+): 294.2 [M + H]*. 'H NMR (DMSO-ds, 300 MHz): 6 1.34 (9H, s), 7.12
(1H, t, J = 7.7 Hz), 7.54-7.69 (4H, m), 7.98 (2H, d, J = 8.3 Hz), 8.10 (1H, d, J =
1.1 Hz), 10.19 (1H, s), 12.84 (1H, s). Anal. Calcd for C1sH19N3O: C, 73.70; H,
6.53; N, 14.32. Found: C, 73.57; H, 6.56; N, 14.34.

6-tert-Butyl-1-benzothiophene-2-carboxylic acid (12d). To a solution of 15
(3.10 g, 10.9 mmol) in THF (30 mL) were added 16 (0.348 g, 1.09 mmol), nickel(1l)
chloride hexahydrate (0.258 g, 1.09 mmol) and a 1.7M solution of tert-
butylmagnesium chloride in THF (12.5 mL, 21.3 mmol) at -15 °C. The mixture was
stirred at —15 °C under Ar for 4 h. The mixture was poured into saturated aqueous
NH4Cl at 0 °C and extracted with EtOAc. The organic layer was separated, washed
with brine, dried over Na;SO4, and concentrated in vacuo. The residue was purified
by column chromatography (silica gel, eluted with 0-3% EtOAc in n-hexane) to
give a crude product. This product was subjected to the next reaction without
further purification. To a solution of the product in EtOH (20 mL) was added 2M
NaOH (10 mL, 20.0 mmol) at room temperature. The mixture was stirred at room
temperature for 1 h. The mixture was concentrated in vacuo, and the resulting
solid was dissolved in water. The solution was acidified with 1M HCI at 0 °C and

extracted with EtOAc. The organic layer was separated, washed with brine, dried
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over Na;SO.4, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 10-100% EtOAc in n-hexane) to give 12d
(0.054 g, 2%) as a white solid. *"H NMR (DMSO-dg, 300 MHz): 6 1.35 (9H, s),
7.50-7.57 (1H, m), 7.90 (1H, d, J = 8.5 Hz), 7.97-8.03 (2H, m), 12.88 (1H, brs).

N-(1H-Indol-4-yl)benzamide (13a). To a solution of 5 (80 mg, 0.34 mmol) in
pyridine (2.0 mL) was added benzoyl chloride (0.048 mL, 0.41 mmol) at room
temperature. The mixture was stirred at room temperature for 1 h. The mixture was
poured into water and extracted with EtOAc. The organic layer was separated,
washed with brine, and dried over Na;SO4. The mixture was filtered through silica
gel pad using EtOAc and the filtrate was concentrated in vacuo. This product was
subjected to the next reaction without further purification. To a solution of the
crude product in toluene (5.0 mL) was added TFA (2.0 mL, 26.0 mmol) at room
temperature. The mixture was stirred at room temperature for 1 h, and then
concentrated in vacuo. The residue was neutralized with saturated aqueous
NaHCO3; and extracted with EtOAc. The organic layer was separated, washed with
brine, dried over Na;SO4, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, eluted with 3-30% EtOAc in n-hexane) to give
13a (35 mg, 48%) as a white solid. MS (ESI+): 236.9 [M + H]*. 'H NMR (DMSO-
de, 300 MHZz): ¢ 6.56-6.62 (1H, m), 7.01-7.12 (1H, m), 7.24 (1H, d, J = 8.0 Hz),
7.28-7.32 (1H, m), 7.38 (1H, d, J = 7.5 Hz), 7.49-7.63 (3H, m), 7.96-8.05 (2H,
m), 10.06 (1H, s), 11.12 (1H, brs). Anal. Calcd for C15H12N20: C, 76.25; H, 5.12;
N, 11.86. Found: C, 75.98; H, 5.05; N, 11.75.

N-(1H-Indol-4-yl)-2-naphthamide (13b). To a solution of 12b (77 mg, 0.45
mmol) in THF (3.0 mL) were added (COCI), (0.039 mL, 0.45 mmol) and DMF (2.7
ML, 0.03 mmol) at room temperature. The mixture was stirred at room temperature

for 30 min. The mixture was concentrated in vacuo. The mixture was added to a
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solution of 5 (80.0 mg, 0.34 mmol) in pyridine (3.0 mL) at room temperature and
stirred at room temperature for 1 h. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with brine, and
dried over NaSO4. The mixture was filtered through silica gel pad using EtOAc
and the filtrate was concentrated in vacuo. This product was subjected to the next
reaction without further purification. To a solution of the crude product in toluene
(5.0 mL) was added TFA (2.0 mL, 26.0 mmol) at room temperature. The mixture
was stirred at room temperature for 1 h, and then concentrated in vacuo. The
mixture was neutralized with saturated aqueous NaHCO3; and extracted with EtOAc.
The organic layer was separated, washed with brine, and dried over Na,SO4. The
mixture was filtered through silica gel pad using EtOAc and the filtrate was
concentrated in vacuo. The resulting solid was collected by filtration to give 13b
(61.8 mg, 72%) as a white solid. MS (ESI+): 286.9 [M + H]*. *H NMR (DMSO-ds,
300 MHz): 6 6.65 (1H, t, J = 2.1 Hz), 7.05-7.14 (1H, m), 7.26 (1H, d, J = 8.1 Hz),
7.29-7.35 (1H, m), 7.43 (1H, d, J = 7.4 Hz), 7.58-7.69 (2H, m), 7.98-8.15 (4H,
m), 8.64 (1H, s), 10.23 (1H, s), 11.15 (1H, brs). Anal. Calcd for Ci9H14N20"
0.10H,0: C, 79.20; H, 4.97; N, 9.72. Found: C, 79.15; H, 4.88; N, 9.59.
N-(1H-Indol-4-yl)-1-benzofuran-2-carboxamide (13c). Compound 13c was
synthesized from 5 and 12c by the procedure described for 13b. Yield 62%, a white
solid. MS (ESI+): 276.9 [M + H]*. 'H NMR (DMSO-dg, 300 MHZz): 6§ 6.54-6.61
(1H, m), 7.05-7.13 (1H, m), 7.28 (1H, d, J = 8.1 Hz), 7.31-7.42 (3H, m), 7.47-
7.56 (1H, m), 7.74 (1H, dd, J = 8.3, 0.8 Hz), 7.79-7.87 (2H, m), 10.25 (1H, s),
11.18 (1H, brs). Anal. Calcd for C17H12N202: C, 73.90; H, 4.38; N, 10.14. Found:
C, 74.02; H, 4.46; N, 9.91.
6-tert-Butyl-N-(1H-indol-4-yl)-1-benzothiophene-2-carboxamide (13d).

Compound 13d was synthesized from 5 and 12d by the procedure described for
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13b. Yield 7%, a white solid. MS (ESI+): 349.0 [M + H]*. 'H NMR (DMSO-ds,
300 MHz): 6 1.37 (9H, s), 6.61 (1H, brs), 7.04-7.13 (1H, m), 7.27 (1H, d, J = 8.0
Hz), 7.30-7.39 (2H, m), 7.56 (1H, dd, J = 8.5, 1.7 Hz), 7.91 (1H, d, J = 8.5 Hz),
8.03 (1H, s), 8.38 (1H, s), 10.29 (1H, s), 11.17 (1H, brs). HRMS-ESI (m/z): [M +
Na] calcd for C21H20N2NaOS, 371.1194; found. 371.1197.
6-Cyano-N-(1H-indol-4-yl)-1-benzothiophene-2-carboxamide (13e).
Compound 13e was synthesized from 5 and 12e by the procedure described for 13b.
Yield 70%, a white solid. MS (ESI+): 317.9 [M + H]*. '"H NMR (DMSO-ds, 300
MHz): 6 6.61 (1H, brs), 7.05-7.17 (1H, m), 7.24-7.42 (3H, m), 7.85 (1H, d, J =
8.3 Hz), 8.20 (1H, d, J = 8.2 Hz), 8.54 (1H, s), 8.72 (1H, s), 10.54 (1H, s), 11.20
(1H, brs). Anal. Calcd for CigH11N3O,+0.25H,0: C, 67.17; H, 3.60; N, 13.05.
Found: C, 67.39; H, 3.67; N, 12.68.
6-Chloro-N-(1H-indol-4-yl)-1-benzothiophene-2-carboxamide (13f1).
Compound 13f was synthesized from 5 and 12f by the procedure described for 13b.
Yield 59%, a yellow solid. MS (ESI+): 326.8 [M + H]*. 'H NMR (DMSO-ds, 300
MHz): 6 6.61 (1H, t, J = 2.2 Hz), 7.05-7.13 (1H, m), 7.28 (1H, d, J = 8.1 Hz),
7.31-7.38 (2H, m), 7.51 (1H, dd, J = 8.6, 2.0 Hz), 8.02 (1H, d, J = 8.6 Hz), 8.25
(1H, d, J =1.9 Hz), 8.44 (1H, s), 10.40 (1H, s), 11.18 (1H, brs). Anal. Calcd for
Ci17H11N20SCI: C, 62.48; H, 3.39; N, 8.57. Found: C,62.24; H, 3.51; N, 8.37.
6-Bromo-N-(1H-indol-4-yl)-1-benzothiophene-2-carboxamide (139).
Compound 13g was synthesized from 5 and 12g by the procedure described for
13b. Yield 77%, a yellow solid. MS (ESI+): 370.8 [M + H]*. 'H NMR (DMSO-ds,
300 MHz): 6 6.61 (1H, brs), 7.04-7.15 (1H, m), 7.24-7.38 (3H, m), 7.63 (1H, dd,
J=8.6,1.8Hz), 7.96 (1H, d, J = 8.5 Hz), 8.35-8.47 (2H, m), 10.41 (1H, s), 11.18
(1H, brs). Anal. Calcd for C17H11N2OSBr: C, 55.00; H, 2.99; N, 7.55. Found: C,

55.03; H, 2.92; N, 7.44.
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5-Bromo-N-(1H-indol-4-yl)-1-benzothiophene-2-carboxamide (13h).
Compound 13h was synthesized from 5 and 12h by the procedure described for
13b. Yield 72%, a white solid. MS (ESI+): 370.8 [M + H]*. 'H NMR (DMSO-ds,
300 MHz): 6 6.55-6.64 (1H, m), 7.03-7.15 (1H, m), 7.23-7.40 (3H, m), 7.63 (1H,
dd, J = 8.6, 2.0 Hz), 8.05 (1H, d, J = 8.6 Hz), 8.26 (1H, d, J = 1.9 Hz), 8.39 (1H,
s), 10.47 (1H, s), 11.18 (1H, brs). Anal. Calcd for C17H11N2OSBr: C, 55.00; H,
2.99; N, 7.55. Found: C, 55.01; H, 3.12; N, 7.44.

7-Bromo-N-(1H-indol-4-yl)-1-benzothiophene-2-carboxamide (13i).
Compound 13i was synthesized from 5 and 12i by the procedure described for 13b.
Yield 69%, a white solid. MS (ESI+): 370.8 [M + H]*. '"H NMR (DMSO-ds, 300
MHz): 6 6.58-6.65 (1H, m), 7.06-7.14 (1H, m), 7.29 (1H, d, J = 8.1 Hz), 7.32—
7.38 (2H, m), 7.45 (1H, t, J = 7.8 Hz), 7.76 (1H, dd, J = 7.6, 0.8 Hz), 8.06 (1H,
dd, J =8.0, 0.7 Hz), 8.60 (1H, s), 10.46 (1H, s), 11.19 (1H, brs). Anal. Calcd for
Ci17H11N20SBr: C, 55.00; H, 2.99; N, 7.55. Found: C, 54.95; H, 3.04; N, 7.37.

N-(1H-Indol-4-yl)-1-benzothiophene-2-carboxamide (14a). A mixture of 13g
(50.0 mg, 0.13 mmol) and 10% Pd-C (160 mg, 0.13 mmol) in EtOH (1.0 mL) and
THF (1.0 mL) was hydrogenated under balloon pressure at room temperature for 3
h. The catalyst was removed by filtration and the filtrate was concentrated in vacuo.
The residue was purified by column chromatography (silica gel, eluted with 3—
30% EtOAc in n-hexane) to give 14a (26.6 mg, 68 %) as a pale yellow solid. MS
(ESI+): 292.9 [M + H]*. 'H NMR (DMSO-ds, 300 MHz): § 6.59-6.64 (1H, m),
7.05-7.13 (1H, m), 7.27 (1H, d, J = 8.1 Hz), 7.31-7.38 (2H, m), 7.44-7.54 (2H,
m), 7.96-8.10 (2H, m), 8.45 (1H, s), 10.35 (1H, s), 11.18 (1H, brs). Anal. Calcd
for C17H12N20S-0.30H,0: C, 68.57; H, 4.27; N, 9.41. Found: C, 68.61; H, 4.16;

N, 9.30.
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N2-(1H-indol-4-yl)-1-benzothiophene-2,6-dicarboxamide (14b). To a
solution of 13e (30.0 mg, 0.095 mmol) in DMSO (1.0 mL) were added K,CO3 (16
mg, 0.11 mmol) and 35% H,0> (0.025 mL, 0.28 mmol) at 0 °C. The mixture was
stirred at room temperature for 3 h. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with brine, dried
over NaS0O4, and concentrated in vacuo. The resulting solid was collected by
filtration to give 14b (29.8 mg, 94 %) as a yellow solid. MS (ESI+): 335.9 [M +
H]*. 'H NMR (DMSO-dg, 300 MHz): § 6.62 (1H, brs), 7.05-7.15 (1H, m), 7.24—
7.39 (3H, m), 7.49 (1H, brs), 7.91-7.99 (1H, m), 8.02-8.18 (2H, m), 8.49 (1H, s),
8.56 (1H, s), 10.44 (1H, s), 11.19 (1H, brs). HRMS-ESI (m/z): [M + Na] calcd for
CigH13N3NaO;,S, 358.0626; found. 358.0643.

N-(1H-indol-4-yl)-6-iodo-1-benzothiophene-2-carboxamide (14c). To a
solution of 13g (100 mg, 0.27 mmol) in NMP (2.0 mL) were added Nal (202 mg,
1.35 mmol), N,N'-dimethyl-1,2-ethanediamine (0.029 mL, 0.27 mmol) and
copper(l) iodide (25.6 mg, 0.13 mmol) at room temperature. The mixture was
stirred at 120 °C under N, overnight. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with brine, dried
over Na;S0g4, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 3—-50% EtOAc in n-hexane) to give a crude
product. The product was purified by preparative HPLC (L-Column 2 ODS, eluted
with H,O in acetonitrile containing 0.1% TFA) to give 14c (20.7 mg, 18%) as a
pale yellow solid. MS (ESI+): 418.8 [M + H]*. 'H NMR (DMSO-dg, 300 MHz): 6
6.57-6.63 (1H, m), 7.05-7.13 (1H, m), 7.27 (1H, d, J = 8.1 Hz), 7.31-7.37 (2H,
m), 7.73-7.84 (2H, m), 8.41 (1H, s), 8.53 (1H, s), 10.40 (1H, s), 11.18 (1H, brs).
Anal. Calcd for C17H11N,OSI: C, 48.82; H, 2.65; N, 6.70. Found: C, 48.66; H,

2.61; N, 6.68.
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2-Benzyl-5-(pyridin-3-yl)isoquinolin-1(2H)-one (18a). To a
solution of 17a (70.0 mg, 0.31 mmol) in DMF (2.0 mL) were added
NaH (15 mg, 0.38 mmol) and benzyl bromide (0.045 ml, 0.38 mmol)
at 0 °C. The mixture was stirred at room temperature for 1 h. The
mixture was poured into saturated aqueous NH.Cl and extracted
with EtOAc. The organic layer was separated, washed with brine,
dried over Na,SO4, and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, eluted with 5-60%
EtOAc in n-hexane) to give 18a (78 mg, 79%) as a white powder.
MS (ESI+): 313.0 [M + H]*. 'H NMR (DMSO-ds, 300 MHz): ¢ 5.21
(2H, s), 6.39 (1H,d, J =7.6 Hz), 7.22-7.39 (5H, m), 7.50-7.66 (3H,
m), 7.67-7.74 (1H, m), 7.86-7.94 (1H, m), 8.36 (1H, d, J = 7.3 Hz),
8.59-8.72 (2H, m). Anal. Calcd for C21:H16N2O-0.10H,0: C, 80.28;
H, 5.20; N, 8.92. Found: C, 80.11; H, 5.22; N, 8.79.

2-Benzyl-5-(pyridin-3-yl)-3,4-dihydroisoquinolin-1(2H)-one
(18b). Compound 18b was synthesized from 17b by the procedure
described for 18a. Yield 58%, a white solid. MS (ESI+): 315.0 [M
+ H]*. 'H NMR (DMSO-dg, 300 MHz): 6 2.90 (2H, t, J = 6.6 Hz),
3.41 (2H,t,J =6.6 Hz), 4.73 (2H, s), 7.22-7.40 (5H, m), 7.44-7.57
(3H, m), 7.81-7.89 (1H, m), 8.04 (1H, dd, J = 6.6, 2.5 Hz), 8.57—-
8.66 (2H, m). Anal. Calcd for C21H18N20-0.10H20: C, 79.77; H,

5.80; N, 8.86. Found: C, 79.88; H, 5.78; N, 8.84.
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2-Benzyl-6-(pyridin-3-yl)-3,4-dihydroisoquinolin-1(2H)-one
(18c). Compound 18c was synthesized from 17c by the procedure
described for 18a. VYield 47%, a white solid. MS (ESI+): 315.2 [M
+ H]*. 'H NMR (DMSO-ds, 300 MHz): § 3.05 (2H, t, J = 6.6 Hz),
3.54 (2H, t, J = 6.7 Hz), 4.74 (2H, s), 7.23-7.40 (5H, m), 7.47-7.55
(1H, m), 7.66-7.77 (2H, m), 8.03 (1H, d, J = 8.0 Hz), 8.09-8.18
(1H, m), 8.61 (1H, dd, J = 4.7, 1.6 Hz), 8.95 (1H, d, J = 1.8 Hz).
Anal. Calcd for C21H1sN2O: C, 80.23; H, 5.77; N, 8.91. Found: C,
80.11; H, 5.78; N, 8.84.

6-Benzyl-3-(pyridin-3-yl)-5,6-dihydrothieno[2,3-c]pyridin-
7(4H)-one (18d). Compound 18d was synthesized from 17d by the
procedure described for 18a. Yield 48%, a white solid. MS (ESI+):
320.9 [M + H]*. 'H NMR (DMSO-ds, 300 MHz): 6 2.97 (2H, t, J =
6.9 Hz), 3.54 (2H,t, J = 6.9 Hz), 4.68 (2H, s), 7.22-7.41 (5H, m),
7.44-7.52 (1H, m), 7.86-7.93 (1H, m), 8.06 (1H, s), 8.57 (1H, dd,
J = 4.8, 1.7 Hz), 8.71 (1H, dd, J = 2.3, 0.8 Hz). Anal. Calcd for
Ci9H16N,0OS: C, 71.22; H, 5.03; N, 8.74. Found: C, 71.08; H, 5.05;

N, 8.76.

Methyl 2-(7-0x0-3-(pyridin-3-yl)-4,5-dihydrothieno[2,3-
clpyridin-6(7H)-yl)-2-phenylacetate (19a). To a solution of 17d
(500 mg, 2.17 mmol) in THF (5.0 mL) were added potassium tert-
butoxide (365 mg, 3.26 mmol) and methyl 2-bromo-2-phenylacetate
(0.513 mL, 3.26 mmol) at 0 °C. The mixture was stirred at room
temperature for 1 h. The mixture was poured into saturated aqueous

NH4sCl at 0 °C and extracted with EtOAc. The organic layer was
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separated, washed with brine, dried over Na2SOy4, and concentrated
in vacuo. The residue was purified by column chromatography
(silica gel, eluted with 10-60% EtOAc in n-hexane) to give 19a
(743 mg, 90%) as a yellow oil. MS (ESI+): 379.0 [M + H]". 'H NMR
(DMSO-dg, 300 MHz): § 2.85-2.94 (2H, m), 3.16-3.27 (1H, m),
3.59-3.71 (1H, m), 3.75 (3H, s), 6.24 (1H, s), 7.30-7.51 (6H, m),
7.85-7.94 (1H, m), 8.11 (1H, s), 8.57 (1H, dd, J = 4.8, 1.6 Hz),
8.70 (1H, d, J = 1.5 Hz). HRMS-ESI (m/z): [M + Na] calcd for
C21H18N2NaO3S, 401.0936; found. 401.0953.

Methyl 2-(benzo[b]thiophen-3-yl)-2-(7-0x0-3-(pyridin-3-yl)-
4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)acetate (19hb).
Compound 19b was synthesized from 17d and 22a by the procedure
described for 19a. Yield 75%, a yellow oil. MS (ESI+): 435.1 [M +
H]*. 'H NMR (DMSO-ds, 300 MHz): 6 2.66-2.80 (1H, m), 2.83-2.97
(1H, m), 3.06-3.18 (1H, m), 3.64-3.77 (1H, m), 3.81 (3H, s), 6.67
(1H, d, J = 0.8 Hz), 7.39-7.51 (3H, m), 7.72-7.80 (1H, m), 7.82-
7.90 (2H, m), 8.02-8.10 (1H, m), 8.11 (1H, s), 8.54 (1H, dd, J =
4.8, 1.6 Hz), 8.67 (1H, d, J = 1.6 Hz).

tert-Butyl 3-(2-methoxy-2-0x0-1-(7-0x0-3-(pyridin-3-yl)-4,5-
dihydrothieno[2,3-c]pyridin-6(7H)-yl)ethyl)-1H-indole-1-
carboxylate (19c). Compound 19c¢c was synthesized from 17d and
22b by the procedure described for 19a. Yield 13%, a yellow solid.
MS (ESI+): 518.0 [M + H]*. *H NMR (DMSO-ds, 300 MHz): § 1.65
(9H, s), 2.73-2.98 (2H, m), 3.22-3.31 (1H, m), 3.60-3.74 (1H, m),
3.78 (3H, s), 6.53 (1H, s), 7.25-7.33 (1H, m), 7.35-7.48 (2H, m),

7.54 (1H, d, J = 7.5 Hz), 7.79 (1H, s), 7.83-7.90 (1H, m), 8.05-
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8.13 (2H, m), 8.55 (1H, dd, J = 4.8, 1.6 Hz), 8.68 (1H, d, J = 1.6
Hz).
6-(2-Hydroxy-1-phenylethyl)-3-(pyridin-3-yl)-5,6-
dihydrothieno[2,3-c]pyridin-7(4H)-one (20a). To a solution of 19a
(735 mg, 1.94 mmol) in MeOH (10 mL) were added CaCl, (1.08 g,
9.71 mmol) and NaBH4 (735 mg, 19.4 mmol) at 0 °C. The mixture
was stirred at room temperature for 2 h. The mixture was quenched
with 1 M HCIl at 0 °C. The mixture was stirred at room temperature
for 30 min. The mixture was neutralized with saturated aqueous
NaHCO3 at 0 °C and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over Na;SO., and concentrated
in vacuo. The residue was purified by column chromatography
(silica gel, eluted with 10-100% EtOAc in n-hexane) to 20a (355
mg, 1.01 mmol, 52 %) as a white amorphous powder. MS (ESI+):
351.0 [M + H]*. 'H NMR (DMSO-dg, 300 MHz): § 2.91 (2H, t, J =
6.8 Hz), 3.32-3.38 (1H, m), 3.53-3.67 (1H, m), 3.86-4.05 (2H, m),
4.96-5.06 (1H, m), 5.75 (1H, dd, J = 8.3, 6.2 Hz), 7.24-7.42 (5H,
m), 7.44-7.51 (1H, m), 7.85-7.93 (1H, m), 8.05 (1H, s), 8.57 (1H,
dd, J = 4.8, 1.6 Hz), 8.67-8.72 (1H, m). Anal. Calcd for
C20H18N20,S+0.20H,0: C, 67.85; H, 5.24; N, 7.91. Found: C, 67.87;
H, 5.35; N, 7.84.
6-(1-(Benzo[b]Jthiophen-3-yl)-2-hydroxyethyl)-3-(pyridin-3-

yl)-5,6-dihydrothieno[2,3-c]pyridin-7(4H)-one (20b). Compound
20b was synthesized from 19b by the procedure described for 20a.
Yield 72%, a white solid. MS (ESI+): 407.2 [M + H]*. 'H NMR

(DMSO-ds, 300 MHz): & 2.58-2.75 (1H, m), 2.79-2.94 (1H, m),
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3.07-3.19 (1H, m), 3.51-3.66 (1H, m), 3.94-4.17 (2H, m), 5.00-
5.19 (1H, m), 6.13 (1H, t, J = 6.8 Hz), 7.32-7.48 (3H, m), 7.79-
7.92 (3H, m), 7.96-8.08 (2H, m), 8.54 (1H, dd, J = 4.7, 1.4 Hz),
8.65 (1H, d, J = 1.8 Hz).

tert-Butyl 3-(2-hydroxy-1-(7-0x0-3-(pyridin-3-yl)-4,5-
dihydrothieno[2,3-c]pyridin-6(7H)-yl)ethyl)-1H-indole-1-
carboxylate (20c). Compound 20c was synthesized from 19c by the
procedure described for 20a. Yield 97%, a white solid. MS (ESI+):
490.1 [M + H]*. *"H NMR (DMSO-ds, 300 MHz): 6 1.65 (9H, s), 2.60—
2.76 (1H, m), 2.78-2.94 (1H, m), 3.10-3.22 (1H, m), 3.50-3.65 (1H,

m), 3.92-4.06 (2H, m), 5.11 (1H, t, J = 5.5 Hz), 6.00 (1H, t, J =

6.6 Hz), 7.20-7.29 (1H, m), 7.30-7.38 (1H, m), 7.44 (1H, dd, J
7.9, 5.5 Hz), 7.55 (1H, d, J = 7.3 Hz), 7.78 (1H, s), 7.80-7.88 (1H,
m), 8.00-8.09 (2H, m), 8.54 (1H, dd, J = 4.8, 1.6 Hz), 8.65 (1H, d,
J=1.6 Hz).
6-(2-Amino-1-phenylethyl)-3-(pyridin-3-yl)-5,6-

dihydrothieno[2,3-c]pyridin-7(4H)-one (21a). To a solution of
20a (3.05g, 8.70 mmol) in toluene (30 ml) were added phthalimide
(1.67 g, 11.3 mmol), diisopropyl azodicarboxylate (5.96 mL, 11.3
mmol) and PPhs (2.97 g, 11.3 mmol) at room temperature. The
mixture was stirred at room temperature for 1 h. The mixture was
concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 10-60% EtOAc in n-hexane)
to give a crude product. This product was subjected to the next
reaction without further purification. To a solution of the product

in EtOH (100 mL) was added hydrazine monohydrate (10 mL, 205
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mmol) at room temperature. The mixture was stirred at 70 °C for 3
h. The precipitate was removed by filtration, and the filtrate was
concentrated in vacuo. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over NaSOy4, and concentrated in vacuo. The residue
was purified by column chromatography (amino silica gel, eluted
with 40-100% EtOAc in n-hexane) to give 21a (1.72 g, 53%) as a
white powder. MS (ESI+): 349.9 [M + H]*. 'H NMR (DMSO-ds, 300
MHz): § 1.95 (2H, brs), 2.79-3.03 (2H, m), 3.06-3.26 (3H, m),
3.50-3.65 (1H, m), 5.68 (1H, dd, J = 9.3, 5.9 Hz), 7.24-7.40 (5H,
m), 7.44-7.51 (1H, m), 7.84-7.92 (1H, m), 8.05 (1H, s), 8.57 (1H,
dd, J = 4.8, 1.6 Hz), 8.67-8.72 (1H, m). Anal. Calcd for
C20H19N30S:-0.50H,0: C, 67.01; H, 5.62; N, 11.72. Found: C, 66.97;
H, 5.67; N, 11.61.

Optical Resolution of 21a. The racemic compound 21a (1.60 g,
4.58 mmol) was purified by chiral preparative HPLC (CHIRALCEL
OJ 50 mm x 500 mm column, eluted with a flow rate of 80 mL/min
n-hexane/EtOH/diethylamine = 50/50/0.1 at 30 °C) to give the first
eluting enantiomer 21b (tR1, 558 mg) and the second eluting
enantiomer 21c (tR2, 645 mg). Chiral HPLC anlysis (CHIRALCEL
OJ 4.6 mm x 250 mm column, eluted with a flow rate of 1 mL/min
n-hexane/EtOH/diethylamine = 70/30/0.1 at 30 °C) was performed.
For tR1; tr = 10.87 min and 99.7% ee, For tR2; tr = 15.44 min and
99.4% ee. Absolute <configuration of each enantiomer was
determined by X-ray structure analysis. For (S)-21b: [a]?°p =

+30.6° (¢ = 0.225, CHCIl3). MS (ESI+): 350.0 [M + H]*. 'H NMR
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(DMSO-ds, 300 MHz): 6 1.51 (2H, brs), 2.80-3.03 (2H, m), 3.04-
3.27 (3H, m), 3.51-3.65 (1H, m), 5.66 (1H, dd, J = 9.3, 5.9 Hz),
7.23-7.40 (5H, m), 7.44-7.51 (1H, m), 7.84-7.92 (1H, m), 8.05 (1H,
s), 8.57 (1H, dd, J = 4.8, 1.6 Hz), 8.68-8.72 (1H, m). Anal. Calcd
for CooH19N3OS-0.10H,0: C, 68.39; H, 5.51; N, 11.96. Found: C,
68.38: H, 5.49; N, 11.85. For (R)-21c: [a]?®p = -36.3° (¢ = 0.225,
CHCls). MS (ESI+): 350.0 [M + H]*. 'H NMR (DMSO-ds, 300 MHz):
5 1.56 (2H, brs), 2.79-3.03 (2H, m), 3.04-3.27 (3H, m), 3.51-3.66
(1H, m), 5.66 (1H, dd, J = 9.3, 5.9 Hz), 7.23-7.41 (5H, m), 7.43-
7.51 (1H, m), 7.84-7.92 (1H, m), 8.04 (1H, s), 8.57 (1H, dd, J =
4.8, 1.6 Hz), 8.67-8.71 (1H, m). Anal. Calcd for C,oH19N30S: C,
68.74; H, 5.48; N, 12.02. Found: C, 68.53; H, 5.52; N, 11.83.

6-(2-Amino-1-(benzo[b]Jthiophen-3-yl)ethyl)-3-(pyridin-3-yl)-
5,6-dihydrothieno[2,3-c]pyridin-7(4H)-one (21d). Compound 21d
was synthesized from 20b by the procedure described for 21a. Yield
68%, a white solid. MS (ESI+): 406.1 [M + H]*. 'H NMR (DMSO-
ds, 300 MHz): § 1.66 (2H, brs), 2.57-2.70 (1H, m), 2.81-2.96 (1H,
m), 3.00-3.12 (1H, m), 3.23 (2H, d, J = 7.5 Hz), 3.48-3.62 (1H, m),
6.04 (1H, t, J = 7.4 Hz), 7.32-7.47 (3H, m), 7.78-7.95 (3H, m),
7.96-8.07 (2H, m), 8.54 (1H, dd, J = 4.8, 1.6 Hz), 8.64 (1H, d, J =
1.8 Hz). Anal. Calcd for C22H19N3OS,: C, 65.16; H, 4.72; N, 10.36.
Found: C, 64.88; H, 4.81; N, 10.20.

tert-Butyl 3-(2-amino-1-(7-0x0-3-(pyridin-3-yl)-4,5-
dihydrothieno[2,3-c]pyridin-6(7H)-yl)ethyl)-1H-indole-1-
carboxylate (21e). Compound 21e was synthesized from 20c by the

procedure described for 21a. Yield 48%, a white solid. MS (ESI+):
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489.1 [M + H]*. 'H NMR (DMSO-dg, 300 MHz): 6 1.65 (9H, s), 1.89
(2H, s), 2.59-2.71 (1H, m), 2.83-3.00 (1H, m), 3.03-3.24 (3H, m),
3.47-3.62 (1H, m), 5.91 (1H, t, J = 7.5 Hz), 7.19-7.28 (1H, m),
7.29-7.37 (1H, m), 7.44 (1H, dd, J = 7.8, 5.0 Hz), 7.58 (1H, d, J =
7.6 Hz), 7.73 (1H, s), 7.80-7.87 (1H, m), 8.00-8.07 (2H, m), 8.54
(1H, dd, J = 4.8, 1.6 Hz), 8.65 (1H, d, J = 1.6 Hz).
6-(2-Amino-1-(1H-indol-3-yl)ethyl)-3-(pyridin-3-yl)-5,6-
dihydrothieno[2,3-c]pyridin-7(4H)-one (21f). To a solution of 21e
(35.0 mg, 0.072 mmol) in MeOH (3.0 mL) and H,O (1.0 mL) was
added K,CO3 (29.7 mg, 0.21 mmol) at room temperature. The
mixture was stirred at 80 °C for 3 h. The mixture was poured into
water and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over Na2S0O4, and concentrated in vacuo.
The resulting solid was collected by filtration to give 21f (17.2
mg, 62%) as a white powder. MS (ESI+): 389.0 [M + H]*. 'H NMR
(DMSO-ds, 300 MHz): 6 1.78 (2H, brs), 2.56-2.69 (1H, m), 2.83—
2.96 (1H, m), 2.97-3.09 (1H, m), 3.10-3.25 (2H, m), 3.41-3.55 (1H,
m), 5.97 (1H, dd, J = 8.9, 6.3 Hz), 6.91-7.01 (1H, m), 7.03-7.12
(1H, m), 7.35 (1H, d, J = 8.0 Hz), 7.39-7.46 (2H, m), 7.49 (1H, d,
J=17.8Hz), 7.78-7.88 (1H, m), 8.02 (1H, s), 8.54 (1H, dd, J = 4.8,
1.6 Hz), 8.65 (1H, d, J = 1.6 Hz), 11.06 (1H, s). Anal. Calcd for
C22H20N40S-0.30H,0: C, 67.08; H, 5.27; N, 14.22. Found: C, 66.97;
H, 5.23; N, 14.06.
6-(3-Amino-1-phenylpropyl)-3-(pyridin-3-yl)-5,6-

dihydrothieno[2,3-c]pyridin-7(4H)-one (21g). Compound 21g was

synthesized from 25 by the procedure described for 21la. VYield 44%,
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a white solid. MS (ESI+): 364.0 [M + H]*. 'H NMR (DMSO-ds, 300
MHz): 6 1.75-2.16 (4H, m), 2.54-2.68 (2H, m), 2.74-2.98 (2H, m),
3.04-3.19 (1H, m), 3.41-3.60 (1H, m), 5.89 (1H, dd, J = 9.6, 5.9
Hz), 7.23-7.53 (6H, m), 7.88 (1H, d, J = 8.0 Hz), 8.06 (1H, s), 8.56

(1H, d, J = 3.4 Hz), 8.69 (1H, d, J

1.6 Hz). Anal. Calcd for
C21H21N3O0S+0.70H,0: C, 67.07; H, 6.00; N, 11.17. Found: C, 67.26;
H, 6.09; N, 10.98.
3-(7-O0x0-3-(pyridin-3-yl)-4,5-dihydrothieno[2,3-c]pyridin-
6(7H)-yl)-3-phenylpropyl benzoate (24). To a solution of 17d (300
mg, 1.30 mmol) in DMF (1.0 mL) were added potassium tert-
butoxide (292 mg, 2.61 mmol) and 23 (624 mg, 1.95 mmol) at room
temperature. The mixture was stirred at room temperature for 1 h.
The mixture was poured into saturated aqueous NHsCl and extracted
with EtOAc. The organic layer was separated, washed with brine,
dried over Na.SO4, and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, eluted with 10-60%
EtOAc in n-hexane) to give 24 (315 mg, 0.672 mmol, 52 %) as a
colorless oil. MS (ESI+): 469.1 [M + H]*. 'H NMR (DMSO-ds, 300
MHz): 6 2.53-2.63 (2H, m), 2.75-3.01 (2H, m), 3.06-3.19 (1H, m),
3.52-3.65 (1H, m), 4.31-4.45 (2H, m), 6.05 (1H, t, J = 7.7 Hz),
7.13-7.54 (8H, m), 7.60-7.68 (1H, m), 7.81-7.88 (1H, m), 7.91-
7.99 (2H, m), 8.04 (1H, s), 8.56 (1H, dd, J =4.8, 1.6 Hz), 8.66 (1H,
d,J =1.6 Hz).
6-(3-Hydroxy-1-phenylpropyl)-3-(pyridin-3-yl)-5,6-

dihydrothieno[2,3-c]pyridin-7(4H)-one (25). To a solution of 24

(315 mg, 0.67 mmol) in MeOH (5.0 mL) was added 2 M NaOH (1.0
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mL, 2.00 mmol) at room temperature. The mixture was stirred at
room temperature for 1 h. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over NaSOg4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 10—
100% EtOAc in n-hexane) to give 25 (212 mg, 87%) as a white
amorphous solid. MS (ESI+): 365.0 [M + H]". 'H NMR (DMSO-ds,
300 MHz): 6 2.07-2.25 (2H, m), 2.70-3.01 (2H, m), 3.08-3.22 (1H,
m), 3.40-3.60 (3H, m), 4.53 (1H, t, J = 5.1 Hz), 5.84-5.93 (1H, m),
7.25-7.43 (5H, m), 7.46 (1H, dd, J = 7.9, 4.8 Hz), 7.84-7.93 (1H,
m), 8.04 (1H, s), 8.56 (1H, dd, J = 4.8, 1.6 Hz), 8.69 (1H, d, J =
1.7 Hz).

Methyl 4-bromo-3-hydroxythiophene-2-carboxylate (27). To a
solution of 26 (23.0 g, 145 mmol) in AcOH (50 mL) was added
bromine (8.20 mL, 160 mmol) at 0 °C. The mixture was stirred at
room temperature overnight. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over Na2SOy4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 0-
10% EtOAc in n-hexane) to give 27 (21.0 g, 61%) as a pale yellow
solid. 'H NMR (DMSO-dg, 300 MHz): 6 3.80 (3H, s), 7.98 (1H, s),
10.38 (1H, brs).

Methyl 3-hydroxy-4-(pyridin-3-yl)thiophene-2-carboxylate (28).
A mixture of 27 (4.04 g, 32.9 mmol), Cs.CO3 (14.3 g, 43.9 mmol),
Pd(dppf)Cl,«CH2Cl, (0.896 g, 1.10 mmol), DME (150 mL) and H20

(30 mL) was stirred at 80 °C for 1 h. The mixture was poured into
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saturated aqueous NaHCO3; and extracted with EtOAc. The organic
layer was separated, washed with brine, dried over Na;SOg4, and
concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 0-100% EtOAc in n-hexane)
to give 28 (3.69 g, 72%) as a white solid. MS (ESI+): 235.8 [M +
H]*. 'H NMR (DMSO-ds, 300 MHz): § 3.85 (3H, s), 7.43-7.52 (1H,
m), 8.04-8.13 (1H, m), 8.19 (1H, s), 8.54 (1H, dd, J = 4.8, 1.6 Hz),
8.90 (1H, d, J = 1.6 Hz), 10.22 (1H, brs).

Methyl 3-(2-oxoethyl)-4-(pyridin-3-yl)thiophene-2-carboxylate
(30). To a solution of 28 (6.48g, 27.5 mmol) in pyridine (70 mL)
was added Tf,O (5.58 mL, 33.1 mmol) at 0 °C. The mixture was
stirred at room temperature for 1 h. The mixture was poured into
saturated aqueous NaHCO3 and extracted with EtOAc. The organic
layer was separated, washed with brine, dried over Na»SO4, and
concentrated in vacuo to give a crude product. This product was
subjected to the next reaction without further purification. To a
solution of the product in DME (150 mL) and H20 (20 ml) were
added (E)-1-ethoxyethene-2-boronic acid pinacol ester (8.17 g, 41.2
mmol), Pd(dppf)Cl,+CH2Cl, (1.12 g, 1.37 mmol) and Cs,COs; (17.9
g, 55.0 mmol) at room temperature. The mixture was stirred at 80 °C
under Ar for 5 h. The mixture was poured into saturated aqueous
NaHCO3 and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over Na;SO4, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel,
eluted with 20-60% EtOAc in n-hexane) to give a crude product. To

a solution of the product in THF (150 mL) was added 12 M HCI
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(6.53 mL, 78.4 mmol) at room temperature. The mixture was stirred
at room temperature for 2 h. The mixture was basified with
saturated aqueous NaHCO; and extracted with EtOAc. The organic
layer was separated, washed with brine, dried over Na;SOg4, and
concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 5-30% EtOAc in n-hexane)
to give 30 (2.02 g, 30%) as a white powder. MS (ESI+): 261.8 [M +
H]*. '"H NMR (DMSO-ds, 300 MHz): § 3.82 (3H, s), 4.06 (2H, s),
7.45-7.53 (1H, m), 7.69-7.75 (1H, m), 8.05 (1H, s), 8.50-8.55 (1H,
m), 8.61 (1H, dd, J = 4.8, 1.6 Hz), 9.65 (1H, s).

tert-Butyl 4-(7-0x0-3-(pyridin-3-yl)-4,5-dihydrothieno[2,3-
clpyridin-6(7H)-yl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
(33a). To a solution of 30 (90.0 mg, 0.34 mmol) in MeOH (3.0 mL)
and AcOH (0.30 mL) was added 31a (94 mg, 0.38 mmol) at room
temperature. After being stirred at room temperature for 20 min, 2-
picoline borane (48 mg, 0.38 mmol) was added to the reaction
mixture. The mixture was stirred at room temperature for 1 h. The
mixture was basified with saturated agueous NaHCO3; and extracted
with EtOAc. The organic layer was separated, washed with brine,
dried over Na.SO4, and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, eluted with 5-60%
EtOAc in n-hexane) to give a crude product. This product was
subjected to the next reaction without further purification. To a
solution of the product in MeOH (3.0 mL) was added NaOMe (664
mg, 3.44 mmol) at room temperature. The mixture was stirred at

room temperature overnight. The mixture was poured into water and
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extracted with EtOAc. The organic layer was separated, washed with
brine, dried over NaSOg4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 5-
50% EtOAc in n-hexane) to give 33a (69.9 mg, 44%) as a white
powder. MS (ESI+): 462.0 [M + H]*. 'H NMR (DMSO-ds, 300 MH2z):
5 1.39 (9H, brs), 2.75-2.93 (2H, m), 3.03-3.17 (1H, m), 3.34-3.40
(1H, m), 3.68-3.88 (2H, m), 4.50-4.71 (2H, m), 5.61-5.72 (1H, m),
7.23-7.35 (4H, m), 7.47 (1H, dd, J = 7.5, 5.1 Hz), 7.83-7.90 (1H,
m), 8.10 (1H, s), 8.56 (1H, dd, J = 4.8, 1.6 Hz), 8.68 (1H, d, J =
1.8 Hz).

tert-Butyl (2-(7-0x0-3-(pyridin-3-yl)-4,5-dihydrothieno[2,3-
clpyridin-6(7H)-yl)octyl)carbamate (33b). Compound 33b was
synthesized from 30 and 31b by the procedure described for 33a.
Yield 6%, a white solid. MS (ESI+): 458.1 [M + H]*. 'H NMR
(DMSO-dg, 300 MHz): ¢ 0.78-0.91 (3H, m), 1.12-1.54 (19H, m),
2.82-3.18 (4H, m), 3.35-3.62 (2H, m), 4.47-4.65 (1H, m), 6.87 (1H,
t, J = 6.3 Hz), 7.50 (1H, dd, J = 7.3, 4.8 Hz), 7.82-7.93 (1H, m),
8.02 (1H, s), 8.58 (1H, dd, J = 4.8, 1.6 Hz), 8.68 (1H, d, J = 1.9
Hz).

3-(Pyridin-3-yl)-6-(1,2,3,4-tetrahydroisoquinolin-4-yl)-5,6-
dihydrothieno[2,3-c]pyridin-7(4H)-one Hydrochloride (34a). To
a solution of 33a (65.0 mg, 0.14 mmol) in EtOAc (4.0 mL) was
added 4 M HCI in EtOAc (1.00 mL, 4.00 mmol) at room temperature.
The mixture was stirred at room temperature for 3 h. The resulting
solid was collected by filtration and washed with EtOAc to give

34a (50.8 mg, 83 %) as a white powder. MS (ESI+): 362.0 [M + H]".
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H NMR (DMSO-dg, 300 MHz): 6 2.90-3.06 (2H, m), 3.21-3.37 (1H,
m), 3.43-3.68 (3H, m), 4.25-4.51 (2H, m), 6.01-6.16 (1H, m), 7.24-
7.42 (4H, m), 7.54-7.67 (1H, m), 8.04 (1H, d, J = 7.5 Hz), 8.18 (1H,
s), 8.60-8.69 (1H, m), 8.78 (1H, d, J = 1.9 Hz), 9.40 (1H, brs),
9.56 (1H, brs), (HCI proton included). Anal. Calcd for C21H19N30S -
HCI-2.80H,0: C, 56.25; H, 5.75; N, 9.37. Found: C, 56.19; H, 5.55;
N, 9.18.

6-(1-Aminooctan-2-yl)-3-(pyridin-3-yl)-5,6-dihydrothieno[2,3-
clpyridin-7(4H)-one, Dihydrochloride (34b). Compound 34b was
synthesized from 33b by the procedure described for 34a. Yield
81%, a white solid. MS (ESI+): 358.0 [M + H]*. 'H NMR (DMSO-
ds, 300 MHz): 6 0.76-0.91 (3H, m), 1.11-1.38 (8H, m), 1.42-1.70
(2H, m), 2.85-3.15 (4H, m), 3.39-3.65 (2H, m), 4.62-4.76 (1H, m),
7.79-7.88 (1H, m), 8.00 (3H, brs), 8.21 (1H, s), 8.29 (1H, d, J =
8.2 Hz), 8.77 (1H, d, J = 5.2 Hz), 8.90 (1H, s), (HCI proton
included). Anal. Calcd for C20H27N3sOS-2HCI1-1.20H,0: C, 53.14; H,
7.00; N, 9.30. Found: C, 53.44; H, 7.15; N, 8.94.

(R)-Methyl 3-(2-((1-cyclohexyl-2-hydroxyethyl)amino)ethyl)-4-
(pyridin-3-yl)thiophene-2-carboxylate (36a). To a solution of 30
(90.0 mg, 0.34 mmol) in MeOH (4.0 mL) and AcOH (0.400 mL) were
added (R)-2-amino-2-cyclohexylethanol 35a (54.3 mg, 0.38 mmol)
and 2-picoline borane (55.3 mg, 0.52 mmol) at room temperature.
The mixture was stirred at room temperature for 1 h. The mixture
was basified with saturated aqueous NaHCOs; and extracted with
EtOAc. The organic layer was separated, washed with brine, dried

over Na;S0O4, and concentrated in vacuo. The residue was purified
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by column chromatography (silica gel, eluted with 0-20% MeOH in
EtOAc) to give 36a (50.5 mg, 38%) as a colorless oil. MS (ESI+):
389.0 [M + H]*. 'H NMR (DMSO-ds, 300 MHz): 6 0.73-0.92 (2H,
m), 0.97-1.13 (3H, m), 1.14-1.29 (2H, m), 1.41-1.70 (6H, m), 2.03-
2.13 (1H, m), 2.39-2.48 (1H, m), 2.52-2.65 (1H, m), 2.97-3.17 (2H,
m), 3.25-3.31 (1H, m), 3.83 (3H, s), 7.49 (1H, dd, J = 7.5, 5.2 Hz),
7.81-7.88 (1H, m), 7.91 (1H, s), 8.56-8.64 (2H, m).

(R)-Methyl 3-(2-((1-hydroxy-3,3-dimethylbutan-2-
yl)amino)ethyl)-4-(pyridin-3-yl)thiophene-2-carboxylate (36¢c).
Compound 36¢c was synthesized from 30 and 35c by the procedure
described for 36a. Yield 57%, a white solid. MS (ESI+): 363.0 [M
+ H]*. 'H NMR (DMSO-ds, 300 MHz): 6 0.72 (9H, s), 1.84 (1H, dd,
J=6.6, 4.1 Hz), 2.40-2.48 (1H, m), 2.68-2.83 (1H, m), 2.99-3.19
(3H, m), 3.46 (1H, dd, J = 11.0, 4.0 Hz), 3.83 (3H, s), 4.22 (1H,
brs), 7.45-7.52 (1H, m), 7.81-7.88 (1H, m), 7.90 (1H, s), 8.57-8.64
(2H, m).

(R)-Methyl 3-(2-((1-hydroxy-4-methylpentan-2-
yl)amino)ethyl)-4-(pyridin-3-yl)thiophene-2-carboxylate (36d).
Compound 36d was synthesized from 30 and 35d by the procedure
described for 36a. Yield 31%, a white solid. MS (ESI+): 363.0 [M
+ H]*. 'H NMR (DMSO-ds, 300 MHz): § 0.79 (6H, d, J = 6.5 Hz),
0.98-1.27 (3H, m), 1.45-1.61 (1H, m), 2.56-2.73 (1H, m), 2.96-
3.24 (3H, m), 3.28-3.31 (3H, m), 3.85 (3H, s), 7.50 (1H, dd, J =
7.8, 4.9 Hz), 7.82-7.88 (1H, m), 7.94 (1H, s), 8.58-8.65 (2H, m).

(R)-6-(1-Cyclohexyl-2-hydroxyethyl)-3-(pyridin-3-yl)-5,6-

dihydrothieno[2,3-c]pyridin-7(4H)-one (37a). To a solution of
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36a (50.0 mg, 0.13 mmol) in MeOH (3.0 mL) was added NaOMe (248
mg, 1.29 mmol) at room temperature. The mixture was stirred at
room temperature for 3 h. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over Na»SO4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 10—
90% EtOAc in n-hexane) to give 37a (31.6 mg, 69%) as (a) colorless
oil. MS (ESI+): 357.0 [M + H]". 'H NMR (DMSO-ds, 300 MHz): ¢
0.82-1.09 (2H, m), 1.09-1.30 (3H, m), 1.52-1.89 (6H, m), 2.83-—
3.03 (2H, m), 3.42-3.53 (1H, m), 3.54-3.68 (3H, m), 4.20-4.32 (1H,
m), 4.63 (1H, t, J = 5.2 Hz), 7.44-7.53 (1H, m), 7.87-7.95 (1H, m),
8.01 (1H, s), 8.58 (1H, dd, J = 4.8, 1.6 Hz), 8.72 (1H, d, J = 1.6
Hz).
(R)-6-(1-Hydroxy-3,3-dimethylbutan-2-yl)-3-(pyridin-3-yl)-
5,6-dihydrothieno[2,3-c]pyridin-7(4H)-one (37c). Compound 37c
was synthesized from 36¢c by the procedure described for 37a. Yield
76%, a white solid. MS (ESI+): 331.0 [M + H]*. 'H NMR (DMSO-
de, 300 MHz): 6 0.95 (9H, s), 2.81-2.93 (1H, m), 2.96-3.11 (1H,
m), 3.53-3.76 (4H, m), 4.49 (1H, dd, J = 10.0, 4.7 Hz), 4.59 (1H,
t, J =5.3 Hz), 7.46-7.53 (1H, m), 7.89-7.96 (1H, m), 8.02 (1H, s),
8.58 (1H, dd, J = 4.8, 1.6 Hz), 8.73 (1H, d, J = 1.6 Hz).
(R)-6-(1-Hydroxy-4-methylpentan-2-yl)-3-(pyridin-3-yl)-5,6-

dihydrothieno[2,3-c]pyridin-7(4H)-one (37d). Compound 37d was
synthesized from 36d by the procedure described for 37a. Yield
81%, a white solid. MS (ESI+): 331.0 [M + H]". 'H NMR (DMSO-

ds, 300 MHz): § 0.83-0.95 (6H, m), 1.16-1.29 (1H, m), 1.42-1.61
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(2H, m), 2.84-2.97 (2H, m), 3.36-3.54 (4H, m), 4.57-4.69 (1H, m),
4.73 (1H, t, J = 5.6 Hz), 7.44-7.53 (1H, m), 7.87-7.95 (1H, m),
8.02 (1H, s), 8.58 (1H, dd, J = 4.8, 1.6 Hz), 8.71 (1H, d, J = 1.6
Hz).
(R)-6-(2-Amino-1-cyclohexylethyl)-3-(pyridin-3-yl)-5,6-
dihydrothieno[2,3-c]pyridin-7(4H)-one, Dihydrochloride (38a).
Compound 38a was synthesized from 37a by the procedure described
for 21a. Yield 46%, a white solid. MS (ESI+): 356.0 [M + H]*. 'H
NMR (DMSO-ds, 300 MHz): 6 0.76-1.32 (6H, m), 1.50-1.85 (5H, m),
2.96-3.19 (4H, m), 3.40-3.52 (1H, m), 3.54-3.68 (1H, m), 4.34-
4.45 (1H, m), 7.66-7.74 (1H, m), 7.84 (3H, brs), 8.08-8.18 (2H, m),
8.69 (1H, d, J = 5.0 Hz), 8.81 (1H, d, J = 2.0 Hz), (HCI proton
included). Anal. Calcd for C29H25N3O0S-2HCI1-1.30H,0: C, 53.16; H,
6.60; N, 9.30. Found: C, 53.45; H, 6.86; N, 9.00.
6-(1l-Aminopentan-2-yl)-3-(pyridin-3-yl)-5,6-

dihydrothieno[2,3-c]pyridin-7(4H)-one, Dihydrochloride (38b).
To a solution of 30 (100 mg, 0.38 mmol) in MeOH (4.0 mL) and
AcOH (0.400 mL) were added 2-amino-1-pentanol 35b (0.045 mL,
0.40 mmol) and 2-picoline borane (61 mg, 0.57 mmol) at room
temperature. The mixture was stirred at room temperature for 1 h.
The mixture was basified with saturated aqueous NaHCO3z and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over Na>2SOy4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 0-
20% MeOH in EtOAc) to give a crude product. This product was

subjected to the next reaction without further purification. To a
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solution of the crude product in MeOH (3.0 mL) was added NaOMe
(292 mg, 1.52 mmol) at room temperature. The mixture was stirred
at room temperature for 1 h. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over Na2SO4, and concentrated in vacuo to give a
cyclized product. This product was subjected to the next reaction
without further purification. To a solution of the product in toluene
(3.0 mL) were added phthalimide (56.3 mg, 0.38 mmol), diisopropyl
azodicarboxylate (0.201 mL, 0.38 mmol) and PPhs (101 mg, 0.38
mmol) at room temperature. The mixture was stirred at room
temperature for 1 h. The mixture was concentrated in vacuo. The
residue was purified by column chromatography (silica gel, eluted
with 10-60% EtOAc in n-hexane) to give a crude product. To a
solution of the product in EtOH (3.0 mL) was added hydrazine
monohydrate (0.50 mL, 10.3 mmol) at room temperature. The
mixture was stirred at 70 °C for 2 h. The mixture was poured into
water and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over NaSO4, and concentrated in vacuo.
The residue was purified by column chromatography (amino silica
gel, eluted with 40-100% EtOAc in n-hexane). The obtained free
form was dissolved with MeOH (2.0 mL), then 4M HCI in EtOAc
(0.2 mL) was added. The mixture was concentrated in vacuo, and
the residue was co-evaporated with EtOAc to give 38b (37.0 mg,
25%) as a white powder. MS (ESI+): 315.9 [M + H]*. 'H NMR
(DMSO-ds, 300 MHz): 6 0.79-0.95 (3H, m), 1.10-1.38 (2H, m),

1.41-1.69 (2H, m), 2.83-3.16 (4H, m), 3.38-3.68 (2H, m), 4.65-
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4.81 (1H, m), 7.65-7.80 (1H, m), 7.96 (3H, brs), 8.12-8.22 (2H, m),
8.67-8.77 (1H, m), 8.83 (1H, s), (HCI proton included). Anal. Calcd
for Ci7H21N3O0S-2HCI-3.00H20: C, 46.15; H, 6.61; N, 9.50. Found:
C, 46.02; H, 6.56; N, 9.71.
(R)-6-(1-Amino-3,3-dimethylbutan-2-yl)-3-(pyridin-3-yl)-5,6-

dihydrothieno[2,3-c]pyridin-7(4H)-one, Dihydrochloride (38¢c).
Compound 38c was synthesized from 37c by the procedure described
for 21a. Yield 52%, a white solid. MS (ESI+): 330.0 [M + H]*. 'H
NMR (DMSO-ds, 300 MHZz): 6 0.98 (9H, s), 2.97-3.30 (4H, m), 3.52-
3.76 (2H, m), 4.64-4.73 (1H, m), 7.70-7.80 (1H, m), 7.93 (3H, brs),
8.14-8.24 (2H, m), 8.72 (1H, dd, J = 5.1, 1.4 Hz), 8.85 (1H, d, J =
1.7 Hz). Anal. Calcd for C18H23N30S-2HCI-1.00H,0: C, 51.43; H,
6.47; N, 10.00. Found: C, 51.70; H, 6.69; N, 9.76.
(R)-6-(1-amino-4-methylpentan-2-yl)-3-(pyridin-3-yl)-5,6-dihydrothieno[2,3-
c|lpyridin-7(4H)-one, Dihydrochloride (38d). Compound 38d was synthesized
from 37d by the procedure described for 21a. Yield 66%, a white solid. MS (ESI+):
330.0 [M + H]*. '"H NMR (DMSO-ds, 300 MHz): § 0.80-0.98 (6H, m), 1.20-1.35
(1H, m), 1.41-1.71 (2H, m), 2.82-3.13 (4H, m), 3.37-3.65 (2H, m), 4.77-4.91 (1H,
m), 7.09-7.30 (1H, m), 7.75 (1H, dd, J = 7.8, 5.1 Hz), 7.93 (3H, brs), 8.13-8.24
(2H, m), 8.72 (1H, dd, J = 5.1, 1.4 Hz), 8.85 (1H, d, J = 1.7 Hz), (2HCI proton
included). Anal. Calcd for CisH23N30S:-2HCI-1.00H,O: C, 51.43; H, 6.47; N,

10.00. Found: C, 51.26; H, 6.61; N, 9.88.

Synthesis of 17a?
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@Reagents and Conditions: (a) 3-chloroperoxybenzoic acid,
acetonitrile, 96%; (b) (i) Ac20, 140 °C; (ii) 2 M NaOH, THF, 83%;

(c) 3-pyridineboronic acid, Pd(PhsP)s4, K2CO3, DMF, 100 °C, 66%.

5-Bromoisoquinoline 2-oxide (B). To a solution of 5-
bromoisoquinoline (2.00 g, 9.61 mmol) in CH3CN (50 mL) was added
3-chloroperoxybenzoic acid (3.55 g, 14.42 mmol) at 0 °C. The
mixture was stirred at room temperature for 2 h. The mixture was
guenched with saturated agueous Na2S,03 at 0 °C and extracted with
EtOAc. The organic layer was separated, washed with saturated
agueous NaHCO3 and brine, dried over NaSO4, and concentrated in
vacuo. The resulting solid was collected by filtration to give B
(2.06 g, 96%) as a white solid. MS (ESI+): 225.7 [M + H]*. 'H NMR
(DMSO-ds, 300 MHz): 6 7.52-7.63 (1H, m), 7.88-8.02 (3H, m), 8.26
(1H, dd, J = 7.4, 1.9 Hz), 9.03 (1H, d, J = 1.8 Hz).

5-Bromoisoquinolin-1(2H)-one (C). A solution of B (2.05g, 9.15
mmol) in Ac,O (40 mL, 424 mmol) was stirred at 140 °C for 3 h. The
mixture was concentrated in vacuo. The mixture was quenched with
saturated aqueous NaHCO3 at room temperature. The resulting solid
was collected by filtration. 2 M NaOH (10 mL, 20.00 mmol) was
added to a solution of the mixture in THF (30 mL) at room
temperature. The mixture was stirred at room temperature for 2 h

and concentrated in vacuo. The mixture was neutralized with 1 M
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HCIl at 0 °C, and the precipitate was collected by filtration to give
C (1.70 g, 83%) as a light brown solid. MS (ESI+): 225.8 [M + H]".
'H NMR (DMSO-ds, 300 MHz): 6 6.66 (1H, d, J = 7.4 Hz), 7.33 (1H,
dd, J = 7.3, 5.9 Hz), 7.40 (1H, t, J = 7.9 Hz), 8.02 (1H, dd, J = 7.7,
1.2 Hz), 8.21 (1H, d, J = 7.9 Hz), 11.53 (1H, brs).
5-(Pyridin-3-yl)isoquinolin-1(2H)-one (17a). To a solution of C (1.65
g, 7.36 mmol) in DMF (20 mL) were added 3-pyridineboronic acid
(1.09 g, 8.84 mmol), Pd(PhsP)s (0.851 g, 0.74 mmol) and K;CO3
(3.05 g, 22.1 mmol) at room temperature. The mixture was stirred
at 100 °C under Ar for 3 h. The mixture was poured into saturated
aqueous NH4+Cl and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over NaSO4, and concentrated
in vacuo. The residue was purified by column chromatography
(silica gel, eluted with 10-100% EtOAc in n-hexane) to give 17a
(1.08 g, 66%) as a pale orange solid. MS (ESI+): 222.9 [M + H]*. 'H
NMR (DMSO-dg, 300 MHz): 6 6.28 (1H, d, J = 7.4 Hz), 7.18 (1H, d,
J=7.5Hz), 7.51-7.62 (2H, m), 7.66-7.72 (1H, m), 7.84-7.92 (1H,

m), 8.26-8.34 (1H, m), 8.59-8.71 (2H, m), 11.39 (1H, brs).

Synthesis of 17b?

@Reagents and Conditions: (a) azidotrimethylsilane, TFA, 63%; (b) 3-
pyridineboronic acid pinacol ester, Pd(PhsP)s, K2.CO3s, toluene, EtOH,

80 °C, 98%.
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5-Bromo-3,4-dihydroisoquinolin-1(2H)-one (E). To a solution of D
(5.08 g, 24.1 mmol) in TFA (20 mL) was added azidotrimethylsilane (4.79 mL,
36.1 mmol) at 0 °C. The mixture was stirred at room temperature for 2 days. The
mixture was concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 10-50% EtOAc in n-hexane) to give E
(3.45 g, 63%) as a white solid. MS (ESI+): 227.8 [M + H]". 'H NMR
(DMSO-dgs, 300 MHz): 62.96 (2H, t, J = 6.7 Hz), 3.35-3.46 (2H, m),
7.31 (1H, t, J = 7.8 Hz), 7.78 (1H, dd, J = 7.9, 1.2 Hz), 7.89 (1H,
dd, J = 7.7, 1.1 Hz), 8.08 (1H, brs).

5-(Pyridin-3-yl)-3,4-dihydroisoquinolin-1(2H)-one (17b). To a solution
of E (3.70g, 16.4 mmol) in toluene (50 mL) and EtOH (50.0 mL)
were added 3-pyridineboronic acid (2.62 g, 21.3 mmol), Pd(PhsP)s (1.89
g, 1.64 mmol) and K,CO3 (6.79 g, 49.1 mmol) at room temperature.
The mixture was stirred at 80 °C under Ar overnight. The insoluble
material was removed by filtration, and the filtrate was poured into
water and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over Na>SO4, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel,
eluted with 10-100% EtOAc in n-hexane) to give 17b (3.60 g, 16.1
mmol, 98 %) as a pale yellow solid. MS (ESI+): 2249 [M + H]*. 'H
NMR (DMSO-ds, 300 MHz): 6 2.83 (2H, t, J = 6.5 Hz), 3.23-3.31
(2H, m), 7.42-7.54 (3H, m), 7.82-7.89 (1H, m), 7.95 (1H, dd, J =

7.0, 2.1 Hz), 8.02 (1H, brs), 8.56-8.67 (2H, m).
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Synthesis of 17c?

Br Br N
_a . b .
HN HN

0 0 0
F G 17c

@Reagents and Conditions: (a) sodium azide, methanesulfonic acid,
toluene, 39%; (b) 3-pyridineboronic acid pinacol ester, Pd(Ph3P)4, K2CO3s,

toluene, EtOH, 80 °C, 89%.

6-Bromo-3,4-dihydroisoquinolin-1(2H)-one (G). To a solution of F (5.08 g,
24.1 mmol) and methanesulfonic acid (27.8 mL, 428 mmol) in toluene (100
mL) was added sodium azide (6.36 g, 97.8 mmol) portionwise at 0 °C. The mixture
was stirred at room temperature overnight. The mixture was quenched with

1 M NaOH and extracted with EtOAc. The organic layer was separated

washed with brine, dried over Na»2S0O4, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel,
eluted with 10-100% EtOAc in n-hexane) to give G (5.40 g, 39%) as
a white solid. MS (ESI+): 227.8 [M + H]*. 'H NMR (DMSO-dg, 300
MHz): 62.91 (2H, t,J = 6.6 Hz), 3.33-3.41 (2H, m), 7.50-7.60 (2H,
m), 7.75 (1H, d, J = 8.2 Hz), 8.01 (1H, brs).
6-(Pyridin-3-yl)-3,4-dihydroisoquinolin-1(2H)-one (17c). To a solution
of G (800 mg, 3.54 mmol) in toluene (8.0 mL) and EtOH (8.0 mL)
were added 3-pyridineboronic acid pinacol ester (871 mg, 4.25 mmol),
Pd(PhzP)s (818 mg, 0.71 mmol) and K;CO3 (1.47 g, 10.6 mmol) at
room temperature. The mixture was stirred at 80 °C under Ar for 1
h. The mixture was poured into saturated aqueous NH4CIl and

extracted with EtOAc. The organic layer was separated, washed with
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brine, dried over Na»SOg4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 50—
100% EtOAc in n-hexane) to give 17c (705 mg, 89%) as a pale yellow
solid. MS (ESI+): 2249 [M + H]*. 'H NMR (DMSO-ds, 300 MHz):

2.99 (2H, t, J = 6.6 Hz), 3.38-3.47 (2H, m), 7.47-7.55 (1H, m),
7.67-7.74 (2H, m), 7.90-8.03 (2H, m), 8.10-8.17 (1H, m), 8.61 (1H,

dd, J = 4.8, 1.6 Hz), 8.94 (1H, d, J = 1.7 Hz).

Synthesis of 17d®
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@ Reagents and conditions: (a) n-butyllithium, DMF, Et.O, —78 °C, 75%; (b) 3-
pyridineboronic acid, Pd(PhsP)s4, K2COg3, toluene, EtOH, 70 °C, 94%; (c) triethyl
phosphonoacetate, NaH, THF, 0 °C, 98%; (d) 10% Pd/C, H,, EtOAc, 98%; (e) 2 M
NaOH, EtOH, 86%; (f) diphenylphosphoryl azide, EtsN, DME; (g) EtOH, toluene,
80 °C, 87% (two steps); (h) polyphosphoric acid, trifluoromethylbenzene, 100 °C,

63%.

4-Bromothiophene-3-carbaldehyde (I). n-Butyllithium (14.6 mL,
23.6 mmol) was added to a solution of H (5.20g, 21.49 mmol) in
EtO (20 mL) at -78 °C. After being stirred at -78 °C for 10 min,
DMF (2.50 mL, 32.24 mmol) in EtO (20 mL) was slowly added to

the reaction mixture. The mixture was stirred at -78 °C under Ar
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for 10 min. The mixture was quenched with 1M HCI at 0 °C and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over NaSOg4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 0-
1% EtOAc in n-hexane) to give | (3.10 g, 75%) as a yellow oil. 'H
NMR (DMSO-dg, 300 MHz): 6 7.88 (1H, d, J = 3.3 Hz), 8.60 (1H, d,
J = 3.3 Hz), 9.87 (1H, s).

4-(Pyridin-3-yl)thiophene-3-carbaldehyde (J). To a solution of
I (2.90g, 15.2 mmol) in toluene (20 mL) and EtOH (20 mL) were
added 3-pyridineboronic acid (2.24 g, 18.2 mmol), Pd(PhsP)s (1.75
g, 1.52 mmol) and K,CO3 (6.29 g, 45.5 mmol) at room temperature.
The mixture was stirred at 70 °C under Ar for 4 h. The mixture was
poured into saturated aqueous NH4+Cl and extracted with EtOAc. The
organic layer was separated, washed with brine, dried over Na2S 0y,
and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 3-30% EtOAc in n-hexane)
to give J (2.71 g, 94%) as a white powder. MS (ESI+): 189.9 [M +
H]*. 'H NMR (DMSO-ds, 300 MHz): 6 7.41-7.48 (1H, m), 7.81 (1H,
d, J = 3.2 Hz), 7.84-7.92 (1H, m), 8.57 (1H, dd, J = 4.8, 1.6 Hz),
8.65 (1H, dd, J = 2.3, 0.7 Hz), 8.71 (1H, d, J = 3.2 Hz), 9.88 (1H,
s).

(E)-Ethyl 3-(4-(pyridin-3-yl)thiophen-3-yl)acrylate (K). To a
suspension of NaH (0.630 g, 15.8 mmol) in THF (30 mL) was added
triethyl phosphonoacetate (3.41 mL, 17.2 mmol) at 0 °C. After being
stirred at 0 °C for 20 min, J (2.71g, 14.3 mmol) was added to the

reaction mixture. The mixture was stirred at 0 °C for 20 min. The
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mixture was poured into saturated aqueous NH4+Cl at 0 °C and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over Na2SOg4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with 5-
50% EtOAc in n-hexane) to give K (3.64 g, 98%) as a colorless oil.
MS (ESI+): 259.9 [M + H]*. 'H NMR (DMSO-ds, 300 MHz): 6 1.21
(3H, t, J =7.1 Hz), 4.14 (2H, q, J =7.1 Hz), 6.47 (1H, d, J = 15.9
Hz), 7.39 (1H, dd, J = 15.9, 0.5 Hz), 7.53 (1H, s), 7.75-7.83 (2H,

m), 8.35 (1H, d, J

3.2 Hz), 8.58 (1H, dd, J = 2.3, 0.8 Hz), 8.63
(1H, dd, J = 4.8, 1.6 Hz).

Ethyl 3-(4-(pyridin-3-yl)thiophen-3-yl)propanoate (L). A
mixture of K (10.1g, 39.0 mmol) and 10% Pd-C (3.0g, 28.2 mmol)
in EtOAc (100 mL) was hydrogenated under balloon pressure at room
temperature overnight. The catalyst was removed by filtration and
the filtrate was concentrated in vacuo to give L (10.0 g, 98%) as a
colorless oil. MS (ESI+): 262.1 [M + H]*. 'H NMR (DMSO-ds, 300
MHz): 6 1.13 (3H,t,J =7.1Hz), 2.56-2.64 (2H, m), 2.80-2.90 (2H,
m), 4.01 (2H, q, J =7.1 Hz), 7.44 (1H,d, J = 3.2 Hz), 7.72 (1H, d,
J=3.2Hz),7.79 (1H, dd, J =7.7, 5.4 Hz), 8.20-8.27 (1H, m), 8.74
(1H, dd, J =5.2, 1.5 Hz), 8.82 (1H, d, J = 1.6 Hz).

3-(4-(Pyridin-3-yl)thiophen-3-yl)propanoic acid (M). To a
solution of L (3.22g, 12.3 mmol) in EtOH (20 mL) was added 2M
NaOH (6.78 ml, 13.55 mmol) at room temperature. The mixture was
stirred at room temperature for 2 h. The mixture was concentrated
in vacuo, and the resulting solid was dissolved in water. The

solution was neutralized with 1 M HCI at 0 °C, and the precipitate
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was collected by filtration to give M (2.46 g, 86%) as a white
powder. MS (ESI+): 233.8 [M + H]*. 'H NMR (DMSO-ds, 300 MHz):
5 2.43-2.51 (2H, m), 2.75-2.85 (2H, m), 7.38 (1H, d, J = 3.2 Hz),
7.44-7.50 (1H, m), 7.59 (1H, d, J = 3.2 Hz), 7.81-7.87 (1H, m),
8.57 (1H, dd, J = 4.8, 1.6 Hz), 8.62 (1H, dd, J = 2.3, 0.8 Hz), 12.15
(1H, brs).

Ethyl (2-(4-(pyridin-3-yl)thiophen-3-yl)ethyl)carbamate (O).
To a solution of M (2.28g, 9.77 mmol) in DME (50 mL) were added
diphenylphosphoryl azide (2.21 mL, 10.3 mmol) and EtsN (1.43 ml,
10.3 mmol) at room temperature. The mixture was stirred at room
temperature for 3 h. The mixture was quenched with 5% aqueous
KHSO, at 0 °C. The mixture was basified with saturated aqueous
NaHCO3 at 0 °C and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over NaSO4, and concentrated
to half volume. This product was subjected to the next reaction
without further purification. To a solution of the crude mixture in
toluene (50 mL) was added EtOH (50 mL, 9.77 mmol) at room
temperature. The mixture was stirred at 80 °C for 2 h. The mixture
was concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 10-50% EtOAc in n-hexane)
to give O (2.35 g, 87%) as a colorless oil. MS (ESI+): 276.9 [M +
H]1*. 'H NMR (DMSO-ds, 300 MHz): 6 1.11 (3H,t, J =7.0 Hz), 2.66-
2.76 (2H, m), 3.07-3.20 (2H, m), 3.92 (2H, q, J =7.1 Hz), 7.12 (1H,
t, J = 5.8 Hz), 7.39 (1H, s), 7.46 (1H, dd, J = 7.8, 4.9 Hz), 7.59

(1H, d, J = 3.1 Hz), 7.78-7.86 (1H, m), 8.51-8.64 (2H, m).
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3-(Pyridin-3-yl)-5,6-dihydrothieno[2,3-c]pyridin-7(4H)-one (17d). A
solution of O (2.30g, 8.32 mmol) in trifluoromethylbenzene (50 mL)
was added dropwise to polyphosphoric acid (23g, 129 mmol) at room
temperature. The mixture was stirred at 110°C overnight. The
organic layer was removed by decantation wusing toluene. The
residue was dissolved in H2O at 0 °C. The mixture was basified with
8 M NaOH and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over Na2SO4, and concentrated
in vacuo. The residue was purified by column chromatography
(silica gel, eluted with 30-100% EtOAc in n-hexane) to give 17d
(1.21 g, 63%) as a pale brown solid. MS (ESI+): 231.1 [M + H]".
'H NMR (DMSO-dg, 300 MHz): 6 2.89 (2H, t, J = 6.8 Hz), 3.44 (2H,
s), 7.49 (1H, s), 7.83 (1H, brs), 7.87-7.93 (1H, m), 8.03 (1H, s),

8.58 (1H, dd, J = 4.8, 1.7 Hz), 8.71 (1H, dd, J = 2.4, 0.8 Hz).

Synthesis of 392

()
Br Br Br Br Z
a b Br c d
— — - N — N
HO _0 _0
o p 0 q o r O g O 39

@ Reagents and conditions: (a) Mel, K.,CO3, DMF, 97%; (b) N-bromosuccinimide,
2,2’-azobis(isobutyronitrile), EtOAc, 70 °C, 59%; (c) benzyl amine, EtsN, THF,
H,O, 55%; (d) 3-pyridineboronic acid, Pd(PhsP)4, K.COg3, toluene, EtOH, 70 °C,

79%.

Methyl 3-bromo-2-methylbenzoate (Q). To a solution of P (3.00g, 14.0

mmol) in DMF (20 mL) were added Mel (1.75 ml, 27.9 mmol) and
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K,CO3z (5.78 g, 41.9 mmol) at room temperature. The mixture was
stirred at room temperature for 2 h. The mixture was poured into
water and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over Na:SO4, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel,
eluted with 0-2% EtOAc in n-hexane) to give Q (3.11 g, 97%) as a

colorless oil. 'H NMR (DMSO-ds, 300 MHz): § 2.52 (3H, s), 3.85

(3H, s), 7.20-7.30 (1H, m), 7.72 (1H, dd, J 7.8, 1.0 Hz), 7.82
(1H, dd, J = 8.0, 1.1 Hz).

Methyl 3-bromo-2-(bromomethyl)benzoate (R). To a solution of
Q (3.11g, 13.6 mmol) in EtOAc (30 mL) were added N-
bromosuccinimide (2.90 g, 16.3 mmol) and 2,27 -
azobis(isobutyronitrile) (0.223 g, 1.36 mmol) at room temperature.
The mixture was stirred at 70 °C under N2 for 3 h. The mixture was
poured into saturated aqueous Na;S,03 at room temperature and
extracted with EtOAc. The organic layer was separated, washed with
saturated aqueous NaHCOs3 and brine, dried over NaSO4, and
concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 0-2% EtOAc in n-hexane)
to give R (2.48 g, 59%) as a colorless oil. 'H NMR (DMSO-dg, 300
MHz): ¢ 3.89 (3H, s), 5.04 (2H, s), 7.42 (1H, t, J = 7.9 Hz), 7.87
(1H, dd, J = 7.8, 1.3 Hz), 7.93 (1H, dd, J = 8.1, 1.3 Hz).

2-Benzyl-4-bromoisoindolin-1-one (S). To a solution of R (350
mg, 1.14 mmol) in THF (4.0 mL) and H;O (1.0 mL) were added

benzylamine (0.248 ml, 2.27 mmol) and EtsN (0.475 ml, 3.41 mmol)

at room temperature. The mixture was stirred at room temperature
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overnight. The mixture was poured into water and extracted with
EtOAc. The organic layer was separated, washed with brine, dried
over Na2;S0O4, and concentrated in vacuo. The residue was purified
by column chromatography (silica gel, eluted with 0-20% EtOACc in
n-hexane) to give S (190 mg, 55%) as a white powder. MS (ESI+):
303.8 [M + H]*. *"H NMR (DMSO-ds, 300 MHz): 6 4.30 (2H, s), 4.75
(2H, s), 7.25-7.41 (5H, m), 7.45-7.53 (1H, m), 7.76 (1H, dd, J =
7.5, 0.8 Hz), 7.82 (1H, dd, J = 7.9, 0.8 Hz).
2-Benzyl-4-(pyridin-3-yl)isoindolin-1-one (39). To a solution of
S (100 mg, 0.33 mmol) in toluene (2.0 mL) and EtOH (2.0 mL) were
added 3-pyridineboronic acid (48.8 mg, 0.40 mmol), Pd(PhsP)s (76
mg, 0.07 mmol) and K,CO3 (137 mg, 0.99 mmol) at room temperature.
The mixture was stirred at 70 °C under Ar for 1 h. The mixture was
poured into water and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over Na2SO4, and concentrated
in vacuo. The residue was purified by column chromatography
(silica gel, eluted with 30-100% EtOAc in n-hexane) to give 39 (78
mg, 79%) as a white powder. MS (ESI+): 300.9 [M + H]*. 'H NMR
(DMSO-dg, 300 MHz): 6 4.55 (2H, s), 4.74 (2H, s), 7.22-7.38 (5H,
m), 7.45-7.55 (1H, m), 7.62-7.76 (2H, m), 7.81 (1H, dd, J = 7.3,
1.3 Hz), 7.97-8.05 (1H, m), 8.61 (1H, dd, J = 4.8, 1.6 Hz), 8.78
(1H, d, J =1.6 Hz). Anal. Calcd for C,oH16N,O: C, 79.98; H, 5.37;

N, 9.33. Found: C, 79.93; H, 5.37; N, 9.29.

Synthesis of 22a?
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T u 22a
@Reagents and Conditions: (a) dimethyl sulfate, K,CO3, acetone,
50 °C, 100%; (b) N-bromosuccinimide, 2,27 -

azobis(isobutyronitrile), EtOAc, 70 °C, 82%.

Methyl 2-(benzo[b]Jthiophen-3-yl)acetate (U). To a solution of T (1.00g,
5.20 mmol) in acetone (10 mL) were added dimethyl sulfate (0.591
mL, 6.24 mmol) and K,CO3 (1.44 g, 10.4 mmol) at room temperature.
The mixture was stirred at 50 °C for 1 h. The mixture was poured
into water and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over NaSO4, and concentrated
in vacuo. The residue was purified by column chromatography
(silica gel, eluted with 0-10% EtOAc in n-hexane) to give U (1.07
g, 100%) as a pale yellow oil. 'H NMR (DMSO-ds, 300 MHz): 6
3.63 (3H, s), 3.97 (2H, s), 7.33-7.45 (2H, m), 7.62 (1H, s), 7.73-
7.81 (1H, m), 7.95-8.03 (1H, m).

Methyl 2-(benzo[b]thiophen-3-yl)-2-bromoacetate (22a). To a solution
of U (4.32g, 20.9 mmol) in EtOAc (100 mL) were added N-
bromosuccinimide (4.10 g, 23.0 mmol) and 2,27~
azobis(isobutyronitrile) (0.344 g, 2.09 mmol) at room temperature.
The mixture was stirred at 70 °C for 3 h. The mixture was
concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 0-3% EtOAc in n-hexane)

to give 22a (4.92 g, 82%) as (a) pale yellow oil. *H NMR (DMSO-ds,
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300 MHz): 6 3.77 (3H, s), 6.45 (1H, s), 7.39-7.52 (2H, m), 7.92—

8.08 (3H, m).

Synthesis of 22b?

Boc\ Boc\
HN N N
—_— B r
? (0] ? 0} O‘ e}
v w 22b

2Reagents and Conditions: (a) Boc.0O, 4-dimethylaminopyridine,
THF, 98%; (b) N-bromosuccinimide, 2,2’-azobis(isobutyronitrile),

EtOAc, 70 °C, 36%.

tert-Butyl 3-(2-methoxy-2-oxoethyl)-1H-indole-1-carboxylate (W). To a
solution of V (3.00g, 15.9 mmol) in THF (50 mL) were added Boc,0
(4.42 mL, 19.0 mmol) and 4-dimethylaminopyridine (0.194 g, 1.59
mmol) at room temperature. The mixture was stirred at room
temperature for 2 h. The mixture was poured into saturated aqueous
NH4Cl and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over Na»>SO4, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel,
eluted with 0-5% EtOAc in n-hexane) to give W (4.51 g, 98%) as a
colorless oil. 'H NMR (DMSO-ds, 300 MHz): 6 1.63 (9H, s), 3.63
(3H, s), 3.82 (2H,d, J =0.6 Hz), 7.20-7.29 (1H, m), 7.30-7.38 (1H,
m), 7.55 (1H, d, J = 7.3 Hz), 7.63 (1H, s), 8.05 (1H, d, J = 8.1 Hz).

tert-Butyl 3-(1-bromo-2-methoxy-2-oxoethyl)-1H-indole-1-carboxylate

(22b). To a solution of W (4.51g, 15.6 mmol) in EtOAc (50 mL) were
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added N-bromosuccinimide (3.05 g, 17.2 mmol) and 2,2°-
azobis(isobutyronitrile) (0.256 g, 1.56 mmol) at room temperature.
The mixture was stirred at 70 °C for 1 h. The mixture was
concentrated in vacuo. The residue was purified by column
chromatography (silica gel, eluted with 0-3% EtOAc in n-hexane)
to give 22b (2.05 g, 36%) as a yellow oil. 'H NMR (DMSO-ds, 300
MHz): 6 1.64 (9H, s), 3.76 (3H, s), 6.33 (1H, s), 7.31-7.45 (3H, m),

7.76-7.82 (1H, m), 8.09 (1H, d, J = 8.3 Hz).

Synthesis of 232

OH OBz OBz
X Y 23

@Reagents and Conditions: (a) benzoyl chloride, EtsN, THF, 100%;
(b) N-bromosuccinimide, 2,2’-azobis(isobutyronitrile), EtOAc,

70 °C, 75%.

3-Phenylpropyl benzoate (Y). To a solution of X (5.25 mL, 38.9
mmol) in THF (50 mL) were added EtsN (10.9 mL, 77.8 mmol) and
benzoyl chloride (5.38 mL, 46.7 mmol) at room temperature. The
mixture was stirred at room temperature for 2 h. The mixture was
poured into water and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over Na;SO4, and concentrated
in vacuo. The residue was purified by column chromatography
(silica gel, eluted with n-hexane) to give Y (9.35 g, 100%) as a

colorless oil. 'H NMR (DMSO-ds, 300 MHz): § 1.96-2.09 (2H, m),
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2.69-2.79 (2H, m), 4.27 (2H, t, J = 6.5 Hz), 7.15-7.34 (5H, m),
7.48-7.58 (2H, m), 7.62-7.71 (1H, m), 7.91-8.01 (2H, m).
3-Bromo-3-phenylpropyl benzoate (23). To a solution of Y (9.35¢,
38.9 mmol) in EtOAc (100 mL) were added N-bromosuccinimide
(7.62 g, 42.8 mmol) and 2,2’-azobis(isobutyronitrile) (0.639 g, 3.89
mmol) at room temperature. The mixture was stirred at 70 °C for 3
h. The mixture was concentrated in vacuo. The residue was purified
by column chromatography (silica gel, eluted with n-hexane) to give
23 (9.32 g, 75%) as a colorless oil. MS (ESI+): 319.9 [M + H]*. 'H
NMR (DMSO-ds, 300 MHz): 6 2.56-2.81 (2H, m), 4.27-4.41 (2H, m),
5.49 (1H, dd, J = 8.5, 6.6 Hz), 7.28-7.43 (3H, m), 7.46-7.58 (4H,

m), 7.63-7.70 (1H, m), 7.88-7.97 (2H, m).

Synthesis of 3la?

H H H
N NH, a NTCFS b NTCFs c NTCFs d NH,
> ‘ NS ‘ (] (o] (0]
N N N N N
7 A H g

Boc c Boc 31a

@Reagents and Conditions: (a) trifluoroacetic anhydride, pyridine,
50 °C, 86%; (b) PtO2, H2, AcOH, 46%; (c) Boc2O, EtsN, THF, 100%;

(d) K:CO3, MeOH, H20, 50 °C, 99%.

2,2,2-Trifluoro-N-(isoquinolin-4-yl)acetamide (A’). To a solution of Z
(635 mg, 4.40 mmol) in pyridine (5.0 mL) was added trifluoroacetic
anhydride (0.684 mL, 4.84 mmol) at 0 °C. The mixture was stirred
at 50 °C for 1 h. The mixture was poured into saturated aqueous

NaHCO3 and extracted with EtOAc. The organic layer was separated,
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washed with brine and dried over NaSO4. The mixture was filtered
through silica gel pad using EtOAc. The filtrate was concentrated
in vacuo to A’ (908 mg, 86%) as a white powder. MS (ESI+): 240.8
[M + H]*. '"H NMR (DMSO-ds, 300 MHz): 6 7.74-7.82 (1H, m), 7.85-
7.95 (2H, m), 8.24 (1H, d, J = 8.2 Hz), 8.56 (1H, s), 9.34 (1H, s),
11.62 (1H, s).
2,2,2-Trifluoro-N-(1,2,3,4-tetrahydroisoquinolin-4-yl)acetamide (B?’). A
mixture of A’ (908 mg, 3.78 mmol) and PtO, (300 mg, 1.32 mmol)
in AcOH (30 mL) was hydrogenated under balloon pressure at room
temperature for 5 h. The catalyst was removed by filtration and the
filtrate was concentrated in vacuo. The mixture was neutralized
with saturated aqueous NaHCO3 at 0 °C and extracted with EtOAcC.
The organic layer was separated, washed with brine, dried over
NaSOs and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, eluted with 5-100% EtOAc in
n-hexane) to give B’ (428 mg, 46%) as a white powder. MS (ESI+):
2449 [M + H]*. *H NMR (DMSO-ds, 300 MHz): 6 2.70 (1H, brs), 2.88
(1H, dd, J = 12.9, 6.6 Hz), 3.10 (1H, dd, J = 12.9, 5.1 Hz), 3.76-
3.94 (2H, m), 4.91-5.03 (1H, m), 7.05-7.26 (4H, m), 9.71 (1H, brs).
tert-Butyl 4-(2,2,2-trifluoroacetamido)-3,4-dihydroisoquinoline-2(1H)-
carboxylate (C’). To a solution of B’ (428 mg, 1.75 mmol) in THF (10
mL) were added Boc20 (0.448 mL, 1.93 mmol) and EtsN (0.293 ml,
2.10 mmol) at room temperature. The mixture was stirred at room
temperature for 2 h. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with

brine, dried over NaSOy4, and concentrated in vacuo. The residue
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was purified by column chromatography (silica gel, eluted with 3-
20% EtOAc in hexane) to give C’ (603 mg, 100%) as a white powder.
'H NMR (DMSO-ds, 300 MHz): 6§ 1.39 (9H, brs), 3.35-3.64 (1H, m),
3.68-4.11 (1H, m), 4.24-4.59 (1H, m), 4.60-5.03 (2H, m), 7.18-
7.36 (4H, m), 9.94 (1H, brs).

tert-Butyl 4-amino-3,4-dihydroisoquinoline-2(1H)-carboxylate (31a). To a
solution of C* (603 mg, 1.75 mmol) in MeOH (8.0 mL) and H;0 (2.0
mL) was added K;CO3 (484 mg, 3.50 mmol) at room temperature.
The mixture was stirred at 50 °C overnight. The mixture was poured
into water and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over NaSQO4, and concentrated
in vacuo to give 3la (430 mg, 99%) as a colorless oil. 'H NMR
(DMSO-dg, 300 MHz): 61.43 (9H, s), 1.89 (2H, brs), 3.11 (1H, brs),
3.67-3.87 (2H, m), 4.48 (2H, brs), 7.09-7.27 (3H, m), 7.46-7.56

(1H, m).

Synthesis of 31b?

BocHN BocHN BocHN
D 31b

\
~..N o} a n-Hex 0} b n-Hex NH,
Y J — 7
' E

@Reagents and Conditions: (a) n-hexyllithium, THF, 0 °C, 36%;
(b) (i) hydroxylammonium chloride, EtsN, EtOH; (ii) 5% Pt/C, H2,

MeOH, 73%.

tert-Butyl (2-oxooctyl)carbamate (E’). To a solution of D’ (1.00g, 4.58

mmol) in THF (10 mL) was added n-hexyllithium (7.97 mL, 18.33
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mmol) at 0 °C. The mixture was stirred at 0 °C under N, for 2 h.
The mixture was quenched with saturated aqueous NH4+CIl at 0 °C
and extracted with EtOAc. The organic layer was separated, washed
with brine, dried over Na:SOg4, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, eluted
with 0-10% EtOAc in n-hexane) to give E’ (0.403 g, 36%) as a
colorless oil. *H NMR (DMSO-ds, 300 MHz): § 0.78-0.91 (3H, m),
1.14-1.51 (17H, m), 2.37 (2H, t, J = 7.3 Hz), 3.71 (2H, d, J = 5.9
Hz), 7.02 (1H, t, J = 5.6 Hz).

tert-Butyl (2-aminooctyl)carbamate (31b). To a solution of E* (400 mg
1.64 mmol) in EtOH (5.0 mL) were added hydroxylammonium
chloride (148 mg, 2.14 mmol) and EtsN (0.298 mL, 2.14 mmol) at
room temperature. The mixture was stirred at room temperature
overnight. The mixture was poured into water and extracted with
EtOAc. The organic layer was separated, washed with brine, dried
over Na;SO4, and concentrated in vacuo. This product was subjected to the
next reaction without further purification. A mixture of the crude product and
5% Pt/C (200 mg, 0.05 mmol) in MeOH (5.0 mL) was hydrogenated
under balloon pressure at room temperature overnight. The catalyst
was removed by filtration and the filtrate was concentrated in vacuo.
The residue was purified by column chromatography (amino silica
gel, eluted with 0-30% EtOAc in n-hexane) to give 31b (290 mg,
73%) as a colorless oil. MS (ESI+): 2450 [M + H]*.'H NMR (DMSO-
de, 300 MHz): 6 0.78-0.91 (3H, m), 1.30-1.50 (19H, m), 2.65-2.73

(1H, m), 2.82-2.96 (2H, m), 6.71 (1H, t, J = 6.1 Hz).
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X-ray Structure Analysis of 21b-c

Crystal data for 21b (CCDC Number 2009266): CooHi19N3OS, MW = 349.45;
crystal size, 0.18 x 0.17 x 0.09 mm; colorless, block; monoclinic, space group P21,
a = 9.00229(18) A, b = 7.34628(14) A, ¢ = 13.3996(3) A, o = y = 90°, B =
102.798(8)°, V=2864.14(4) A, Z=2,Dx =1.343 g/cm?®, T=100K, x=1.760 mm"
', 2 =1.54187 A, R, = 0.026, wR, = 0.073, Flack Parameter®® = 0.016(14).

Crystal data for 21¢ (CCDC Number 2009267): C2oH19N3OS, MW = 349.45;
crystal size, 0.24 x 0.23 x 0.14 mm; colorless, block; monoclinic, space group P2,
a = 9.00337(16) A, b = 7.34742(13) A, ¢ = 13.3926(3) A, a = y = 90°, B =
102.828(8)°, V' =863.83(4) A3, Z=2, Dx =1.343 g/cm?®, T=100 K, = 1.760 mm"
' 1 =1.54187 A, R1 = 0.024, wR, = 0.064, Flack Parameter®® = 0.005(11).

All measurements were made on a Rigaku R-AXIS RAPID-191R diffractometer
using graphite monochromated Cu-Ka radiation. The structure was solved by direct
methods with SHELXS-97%) and was refined using full-matrix least-squares on
F%) with SHELXL-97. All non-H atoms were refined with anisotropic displacement
parameters.

(A)

(B)
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Figure 24. ORTEP of 21b (A) and 21c (B), thermal ellipsoids are drawn

at 50% probability.

In vitro enzyme assay. The reaction mixture contained 1 uM eIF5A, 2 uM [3H]-
spermidine trihydrochloride (38.5 Ci/mmol), 14 pM nicotinamide adenine
dinucleotide (NAD")(Km), 1 mM DTT, various concentrations of the inhibitor, and
24 nM DHPS in 50 mM Tris-HCI buffer, pH 8.0. For analysis of higher
concentrations of NAD™, the enzyme reactions were performed in buffer containing
1 uM elIF5A, 2 uM [®H]-spermidine trihydrochloride, and 250 uM NAD" (x18 Kn).
After a 120-min incubation at room temperature, incorporation of radio-labeled
aminobutylidene was terminated by the addition of 20 uL of 300 uM GC-7; 25 uL
of the stopped reaction was transferred to a streptavidin (SA) plate (NeutrAvidin
Coated Plates, Thermo Scientific Cat. No. 15512), and incubated for 90-120 min
at room temperature to allow complete binding of all proteins to the plates. Plates
were washed three times with PBS, and 50 uL of scintillation cocktail was added
(OptiPhase“SuperMix” from PerkinElmer). The plate was measured with TOP
count (PerkinElmer).

In vitro metabolic clearance in mouse hepatic microsomes. In vitro oxidative
metabolic studies of the tested compounds were carried out using hepatic
microsomes obtained from mice. The reaction mixture with a final volume of 0.05
mL consists of 0.2 mg/mL hepatic microsome in 50 mM KH;PO4s—K;HPO,
phosphate buffer (pH 7.4) and 1 uM test compound. The reaction was initiated by
the addition of an NADPH-generating system containing 50 mM MgCl,, 50 mM

glucose 6-phosphate, 5 mM B-NADP*, and 15 unit/mL glucose 6-phosphate
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dehydrogenase at 10% volume of reaction mixture. After the addition of the
NADPH-generating system, the mixture was incubated at 37 °C for 0, 15, and 30
min. The reaction was terminated by the addition of an equivalent volume of
CH3CN. After the samples were mixed and centrifuged, the supernatant fractions
were analyzed using liquid chromatography tandem mass spectrometry. For
metabolic clearance determinations, chromatograms were analyzed for parent
compound disappearance rate from the reaction mixtures. All incubations were
made in duplicate.

Pharmacokinetic analysis in mouse cassette dosing. Test compounds were
administered intravenously (0.1 mg/kg) or orally (1 mg/kg, suspended in 0.5%
methylcellulose aqueous solution) by cassette dosing to nonfasted ICR mice. The
blood samples were collected at 5, 10, 15, 30 min, 1, 2, 4, and 8 h after intravenous
administration and at 15, 30 min, 1, 2, 4 and 8 h after oral administration. The
blood samples were centrifuged to obtain the plasma fraction. The plasma samples
were deproteinized by mixing with acetonitrile followed by centrifugation. The
compound concentrations in the supernatant were measured by LC/MS/MS.

The care and use of the animals and the experimental protocols were approved
by the Experimental Animal Care and Use Committee of Takeda Pharmaceutical
Company Limited. Animals were kept under standard laboratory conditions (12:12
h light/dark cycle) with food and water available ad libitum.

Protein Expression and Purification. The ¢cDNA encoding the entire open
reading frame of the human DHPS (GenBank accession number: NM_001930) gene
was amplified by PCR and engineered to contain an N-terminal hexahistidine
affinity tag and a recognition site for the TEV protease to facilitate purification.
The product was cloned into a modified pET28a+ vector and verified by DNA

sequence analysis. For expression, the plasmid was transformed into BL21(DE3)
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E. coli (Life Technologies). Cells were cultured at 37 °C and induced with 0.5 mM
IPTG when the culture reached an O.D. of 0.8. After 4 h of induction the cells
were isolated by centrifugation, and the pellets were stored at -80 °C.

The biomass obtained from a 6 L culture was lysed in 150 mL of buffer
containing 25 mM TRIS (pH 7.6), 1 M NaCl, 10 mM imidazole (buffer components
were routinely purchased from Sigma-Aldrich), 0.5 mM TCEP (Thermo Scientific),
20 U/ml benzonase, 0.1 mg/mL lysozyme, and EDTA-free protease inhibitors
(Roche) by homogenization and sonication (Sonics Vibra-Cell). The lysate was
clarified by centrifugation at 14,000 RPM for 90 min in a JA-14 fixed angle rotor
(Beckman Coulter).

DHPS was isolated from the lysate using a 5 mL HisTALON superflow cartridge
(Clontech) connected to an AKTAxpress FPLC system (GE Healthcare Life
Sciences). After loading, the cartridge was washed with 100 column volumes of
25 mM TRIS (pH 7.6), 1 M NaCl, 10 mM imidazole, and 0.5 mM TCEP, followed
by elution in buffer supplemented with 300 mM imidazole. The eluate from the
Ni-affinity column was concentrated to 10 mL and treated with TEV protease
during an overnight dialysis against 1 L of buffer composed of 25 mM TRIS (pH
7.6), 0.5 mM NacCl, 10 mM imidazole, and 0.5 mM TCEP. The cleaved product was
passed over a HisTALON cartridge, the flow-through was collected and
concentrated using Amicon Ultra centrifugal filter units (EMD-Millipore). A final
purification step was conducted using size exclusion chromatography with a
HiLoad 16/600 Superdex 200 column (GE Healthcare Life Sciences) in a buffer
containing 25 mM Tris (pH 7.9) and 100 mM KCI. Peak fractions were analyzed
by SDS-PAGE and the fractions containing DHPS were pooled and concentrated
to 11 mg/mL before aliquoting and storage at -80 "C. Protein concentration was

estimated using a NanoDrop instrument.
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Crystallography. Prior to crystallization ligands were added at a concentration
of 1-3 mM. AIl crystallization was performed using the hanging drop vapor
diffusion method. The NAD-DHPS complex was initially crystallized using
published methods*® in a reservoir solution containing 0.1 mM Tris (pH 8.0) and
65% MPD (Hampton Research) at room temperature. To obtain the NAD/GC7-
DHPS ternary complex, the NAD-DHPS crystals were soaked with reservoir
solution containing 10 mM GC-7 for three days, after which the crystals were
flash-frozen directly into ALS-style pucks submerged in liquid nitrogen.

The DHPS-13g complex was obtained by co-crystallization at room temperature
using a reservoir solution composed of 1.6 M sodium/potassium phosphate (pH
6.8), prepared by mixing sodium phosphate monobasic monohydrate and potassium
phosphate dibasic (Hampton Research). These crystals were quickly transferred
into reservoir solution supplemented with 30% sucrose for cryo-protection and
immediately flash-frozen in liquid nitrogen. Diffraction data were collected at
Advanced Light Source beamlines 5.0.3 and 5.02 (NAD-GC-7 and 13g complexes,
respectively) (Lawrence Berkeley’s National Laboratory, Berkeley, CA) and
processed with HKL2000.5%) The structure was solved by molecular replacement
with Phaser®”) using the coordinates of human DHPS (PDB code: 1RLZ) as a search
model. The graphics program COOT®%®) was used for model building, and
refinement was performed with REFMACS5.%® Phaser and REFMACS5 were
distributed as part of CCP4.79 Structure validation was performed using
Molprobity.”?) Refinement statistics as reported in Table 8 and images of the omit
electron density of the ligands are shown in Figure 25.

The DHPS-38d complex was obtained by a soaking method. DHPS was
crystallized in a solution composed of 100 mM Hepes (pH 7.0) and 2 M

sodium/potassium phosphate (pH 5.0) prepared by mixing sodium phosphate
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monobasic monohydrate and potassium phosphate dibasic (Hampton Research).
These crystals were transferred into mother liquor supplemented with 1 mM
compound (38d) for soaking. Cryo-protection was performed with mother liquor
supplemented with 30% sucrose and crystals were immediately flash-cooled in
liquid nitrogen into ALS-style pucks. Diffraction data were collected at the
Advanced Photon Source beamline 23-ID-B operated by GM/CA(Argonne National
Laboratory) and processed with HKL2000. The structure was solved by the
procedure described for DHPS-13g complex. Refinement statistics are reported in
Table 9 and images of the omit electron density for the ligand are shown in Figure

26.
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Table 8.

Data collection and refinement statistics

X-Ray Structure

Data collection

Resolution range (A)
Space group

Cell dimensions:

a, b, ¢ (A)
a, B,y (°)
Rsym
<l /ol>

Completeness (%)
Redundancy

Structure Refinement

Resolution (A)
No. reflections
No. reflections Rfree test set
Rwork / Rfree
No. atoms:
Protein
NAD
Inhibitor
MPD
Waters
Mean B Value (A?):

Protein B Value

DHS-NAD-GC7 / PDB: 6P4V

50-1.65 (1.68-1.65)

P3221

104.5, 104.5, 159.5

90.0, 90.0, 120.0

10.1 (94.2)

12.0 (1.9)

99.9 (100)

5.6 (5.6)

43.7-1.65

113,578

6,006

16.1/17.4

5,172

88

24

328

29.0

DHS-13g / PDB: 6PGR

50-1.95(1.98-1.95)

P322:

104.6, 104.6, 160.5

90.0, 90.0, 120.0

9.1(91.9)

20.3(2.6)

100(100)

7.3 (7.3)

49.8-1.95

70,577

3,744

16.8 /19.4

5,421

44

359

31.5

112




NAD B Value
Inhibitor B Value
MPD B Value
Water B Value
RMS Bond lengths (A)
RMS Bond angles (°)
Ramachandran statistics:
Favored (%)

Outliers (%)

21.2

18.0

36.3

34.5

0.007

1.317

98.3

27.7

35.6

0.008

1.28

98.5

*Values in parentheses are for highest-resolution shell.

(A)

(B)
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Figure 25. Omit electron density Fo-Fc map (rendered as mesh) corresponding to
(A) GC7 and (B) the compound 13g. Map is contoured at + 3.0 o. Figure was

created using Pymol.
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Table 9.

Data collection and refinement statistics

X-Ray Structure

Data collection

Resolution range (A)
Space group

Cell dimensions:

a, b, ¢ (A)
a, B,y (°)
Riym
<I/ ol>

Completeness (%)
Redundancy

Structure Refinement

Resolution (&)

No. reflections

No. reflections Rfree test set

Rwork / Rfree

No. atoms:
Protein
Inhibitor
Waters

Mean B Value (A?):
Protein B Value
Inhibitor B Value
Water B Value

RMS Bond lengths (A)

DHS-38d/PDB: 6WL6

50-2.12(2.16-2.12)

P3:2,

106.0, 106.0, 157.1
90.0, 90.0, 120.0
13.5 (94.0)

15.4 (1.8)

100 (99.9)

6.1 (6.0)

44-2.15
53,246
2,845

17.9/19.4

4,579
46

192

34.8
24.5
35.5

0.008
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RMS Bond angles (°) 1.212
Ramachandran statistics:
Favored (%) 98.2

Outliers (%) 0

*Values in parentheses are for highest-resolution shell.

Figure 26. Omit electron density Fo-Fc map (rendered as mesh) corresponding to

the compound 38d. Map is contoured at + 3.0 0. Figure was created using PyMOL.
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Methyl (22)-2-azido-3-(6-bromopyridin-2-yl)acrylate (41).
Sodium methoxide (25% MeOH solution, 56.6 g, 262 mmol) was
added dropwise to a solution of 6-bromopicolinaldehyde (40, 19.5
g, 105 mmol) and ethyl 2-azidoacetate (33.8 g, 262 mmol) in MeOH
(150 mL) over 30 min at -30 °C (acetone-H,O-dry ice, slurry). The
mixture was stirred at -20 °C to 5 °C with a CaCl, tube overnight.
The mixture was poured into saturated aqueous NH4Cl solution at
0 °C. The precipitate was collected by filtration, and washed with
water to give 41 (17.8 g, 60%) as a pale yellow solid. 'H NMR
(DMSO-ds, 300 MHz): 6 3.88 (3H, s), 6.79 (1H, s), 7.60 (1H, d, J
= 7.7 Hz), 7.83 (1H, t, J = 7.7 Hz), 8.20 (1H, d, J = 7.7 Hz).

Methyl 7-bromopyrazolo[l,5-a]lpyridine-2-carboxylate (42). A
solution of 41 (65.3 g, 231 mmol) in xylene (1.1 L) was stirred at
120 °C for 6 h. The mixture was concentrated in vacuo. The residue
was purified by silica gel column chromatography (eluted with 5—
50% EtOAc in hexane) to give 42 (23.8 g, 41%) as a pale yellow
solid. 'H NMR (DMSO-ds, 300 MH2z): 6 3.93 (3H, s), 7.27 (1H, dd,
J =8.9, 7.4 Hz), 7.35 (1H, s), 7.53 (1H, dd, J = 7.3, 1.0 Hz), 7.89
(1H, dd, J = 8.9, 1.1 Hz).

Methyl 7-bromo-3-formylpyrazolo[l,5-a]pyridine-2-
carboxylate (43). To a solution of 42 (10.0 g, 39.2 mmol) in
anhydrous DMF (100 mL) was added phosphoryl trichloride (18.3
mL, 196 mmol) at room temperature. The mixture was stirred at

100 °C for 1 h. The reaction mixture was basified with saturated
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agueous NaHCO3; solution at 0 °C and extracted with EtOAc and
THF. The organic layer was separated, washed with brine, dried
over MgSO.s and concentrated in vacuo. The resulting solid was
washed with hexane to give 43 (8.00 g, 72%) as a white solid. 'H
NMR (DMSO-ds, 300 MHz): 6 3.98 (3H, s), 7.58-7.73 (1H, m), 7.81
(1H, dd, J = 7.4, 0.9 Hz), 8.28-8.37 (1H, m), 10.42 (1H, s).

Methyl 7-bromo-3-((1E)-3-methoxy-3-oxoprop-1l-en-1-
yl)pyrazolo[l,5-a]pyridine-2-carboxylate (44). To a suspension
of 56% NaH (1.29 g, 29.5 mmol) in anhydrous THF (100 mL) was
added trimethyl phosphonoacetate (5.87 g, 32.2 mmol) at 0 °C.
After being stirred at 0 °C for 30 min, a solution of 43 (7.60 g,
26.9 mmol) in anhydrous THF (200 mL) was added to the reaction
mixture. The resulting mixture was stirred at room temperature with
a CaCl, tube for 1 h. The mixture was quenched with saturated
agueous NHsCIl solution at 0 °C and extracted with EtOAc. The
organic layer was separated, washed with brine, dried over Na;SOu
and concentrated in vacuo. The resulting solid was collected by
filtration to give 44 (8.70 g, 96%) as a white solid. !H NMR (DMSO-
de, 300 MHz): 6 3.76 (3H, s), 3.96 (3H, s), 6.61 (1H, d, J = 16.6
Hz), 7.47 (1H, dd, J = 8.9, 7.4 Hz), 7.70 (1H, dd, J = 7.4, 0.9 Hz),
8.24-8.35 (2H, m).

Methyl 7-bromo-3-(3-methoxy-3-oxopropyl)pyrazolo[1l,5-
aljpyridine-2-carboxylate (45). To a solution of 44 (3.39 g, 10.0
mmol) in toluene (60 mL) was added benzenesulfonohydrazide (12.1
g, 70.0 mmol) at 100 °C. The mixture was stirred at 100 °C for 7 h.

The reaction mixture was poured into saturated aqueous NaHCO3;
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solution and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over NaSO4 and concentrated in vacuo.
The precipitate was removed by filtration, washed with toluene, and
the filtrate was concentrated in vacuo. The residue was purified by
silica gel column chromatography (eluted with 3-20% EtOAc in
hexane) to give 45 (2.88 g, 84%) as a white solid. *H NMR (DMSO-
ds, 300 MHz): 6 2.65 (2H, t, J = 7.4 Hz) 3.23 (2H, t, J = 7.4 Hz)
3.53 (3H, s) 3.91 (3H, s) 7.22 (1H, dd, J = 9.0, 7.3 Hz) 7.49 (1H,
dd, J =7.2, 0.9 Hz) 7.91 (1H, dd, J = 9.1, 1.1 Hz).

Methyl 7-bromo-3-(3-hydroxypropyl)pyrazolo[l,5-a]pyridine-
2-carboxylate (46). To a solution of 45 (6.50 g, 19.1 mmol) in
anhydrous THF (120 mL) was added borane-THF (1.1 M THF
solution, 106 mL, 95.3 mmol) at 0 °C. The mixture was stirred at
room temperature with a CaCl, tube for 7 h. The mixture was
acidified with aqueous 1 M HCI solution at 0 °C, and stirred at
room temperature for 1 h. The reaction mixture was neutralized with
saturated aqueous NaHCO3 solution at room temperature and
extracted with EtOAc. The organic layer was separated, washed with
brine, dried over Na.SO4 and concentrated in vacuo. The residue
was purified by silica gel column chromatography (eluted with 10—
70% EtOAc in hexane) to give 46 (5.10 g, 85%) as a white solid. 'H
NMR (DMSO-ds, 300 MHz): 6 1.65-1.80 (2H, m), 3.01 (2H, t, J =
7.5 Hz), 3.34-3.43 (2H, m), 3.90 (3H, s), 4.45 (1H, t, J = 5.1 Hz),
7.20 (1H, dd, J = 8.9, 7.2 Hz), 7.48 (1H, dd, J = 7.2, 0.9 Hz), 7.87

(1H, dd, J = 8.9, 1.1 Hz).
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Methyl 7-bromo-3-(3-(1-naphthyloxy)propyl)pyrazolo[1,5-
alJpyridine-2-carboxylate (47). To a solution of 46 (2.00 g, 6.39
mmol) in toluene (100 mL) were added 1-naphthol (1.01 g, 7.03
mmol), PPhs (1.84 g, 7.03 mmol) and di-tert-butyl azodicarboxylate
(1.62 g, 7.03 mmol) at room temperature. The mixture was stirred
at room temperature for 5 h. The reaction mixture was poured into
water and extracted with EtOAc. The organic layer was separated,
washed with brine, dried over NaSO4 and concentrated in vacuo.
The residue was purified by silica gel column chromatography
(eluted with 3-30% EtOAc in hexane) to give crude mixture. To a
solution of the mixture in acetonitrile (5.0 mL) was added TFA (20
mL) at room temperature. The mixture was stirred at room
temperature for 3 h. The mixture was concentrated in vacuo, and
the residue was basified with saturated aqueous NaHCO3 solution
at room temperature, and extracted with EtOAc. The organic layer
was separated, washed with brine, dried over NaSO4s and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (eluted with 3-10% EtOAc in hexane) to
give 47 (2.72 g, 97%) as a white solid. 'H NMR (DMSO-dg, 300
MHz): 6 2.20 (2H, t, J = 6.6 Hz), 3.28 (2H,t, J =7.3 Hz), 3.87 (3H,
s), 4.14 (2H, t, J = 6.0 Hz), 6.87 (1H, d, J = 6.6 Hz), 7.06 (1H, dd,
J =28.9, 7.4 Hz), 7.33-7.55 (5H, m), 7.80-7.87 (2H, m), 7.99-8.04
(1H, m).

Methyl 7-(4-(methoxycarbonyl)phenyl)-3-(3-(naphthalen-1-
yloxy)propyl)pyrazolo[1l,5-a]pyridine-2-carboxylate (48). A mixture of 47

(200 mg, 0.46 mmol), 4-(methoxycarbonyl)phenylboronic acid (107
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mg, 0.59 mmol), Pd(PhzP)s (105 mg, 0.091 mmol) and K>CO3; (189
mg, 1.37 mmol) in DMF (3.0 ml) was heated at 140 °C for 1 h under
microwave irradiation. The mixture was poured into saturated
aqueous NH4Cl solution and extracted with EtOAc. The organic
layer was separated, washed with brine, dried over Na.SO4 and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (eluted with 3-15% EtOAc in hexane) to
give 48 (102 mg, 45%) as a white powder. 'H NMR (DMSO-ds, 300
MHz): 6 2.17-2.28 (2H, m), 3.31 (2H, d, J = 14.4 Hz), 3.81 (3H, s),
3.92 (3H, s), 4.17 (2H, t, J = 5.9 Hz), 6.89 (1H, d, J = 6.6 Hz),
7.15-7.33 (2H, m), 7.34-7.59 (4H, m), 7.80-7.90 (2H, m), 8.00-8.07
(2H, m), 8.08-8.16 (3H, m).
7-(4-Carboxyphenyl)-3-(3-(naphthalen-1-

yloxy)propyl)pyrazolo[l,5-a]pyridine-2-carboxylic acid (39).
To a solution of 48 (95.0 mg, 0.19 mmol) in THF (2.0 ml) and MeOH
(2.0 ml) was added 2 M NaOH (0.50 ml, 1.00 mmol) at room
temperature. The mixture was stirred at room temperature for 2 h.
The mixture was concentrated in vacuo. The mixture was acidified
with 1 M HCI and extracted with EtOAc. The organic layer was
separated, washed with brine, dried over Na;SO4 and concentrated
in vacuo. The resulting solid was collected by filtration to give 39
(40.5 mg, 45%) as a white powder. 'H NMR (DMSO-ds, 300 MHz):
6 2.13-2.30 (2H, m), 3.21-3.31 (2H, m), 4.17 (2H, t, J = 5.9 Hz),
6.89 (1H, d, J = 7.0 Hz), 7.12-7.28 (2H, m), 7.34-7.56 (4H, m),

7.76-7.89 (2H, m), 7.98-8.18 (5H, m), 13.13 (2H, br s). Anal. Calcd
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for C2gH22N,05:-0.8H,0: C, 69.93; H, 4.95; N, 5.83. Found C, 69.98;
H, 4.94; N, 5.53.

4-(lsopropylamino)-3-
((trifluoromethyl)sulfonyl)benzenesulfonamide (54). To a
solution of 4-fluoro-3-
((trifluoromethyl)sulfonyl)benzenesulfonamide (53, 330 mg, 1.07
mmol) and DIPEA (0.563 ml, 3.22 mmol) in THF (10 ml) was added
isopropylamine (0.129 ml, 1.50 mmol) at room temperature. The
mixture was stirred at 50 °C for 2 h. The reaction mixture was
poured into water and extracted with EtOAc. The organic layer was
washed with brine, dried over MgSO4, and concentrated in vacuo.
The residue was purified by silica gel column chromatography
(eluted with 30-100% EtOAc in hexane) to give 54 (347 mg, 93%)
as a white solid. 'H NMR (DMSO-ds, 300 MHz): 6 1.22 (6H, d, J =
6.4 Hz), 3.89-4.02 (1H, m), 6.62 (1H, d, J = 7.7 Hz), 7.25 (1H, d,
J=9.3Hz), 7.39 (2H, s), 7.97 (1H, dd, J = 9.2, 2.0 Hz), 8.02 (1H,
d, J =2.1 Hz).

4-(4-((4'-Chloro-4,4-dimethyl-3,4,5,6-tetrahydro-[1,1"-
biphenyl]-2-yl)methyl)piperazin-1-yl)-N-((4-(isopropylamino)-
3-((trifluoromethyl)sulfonyl)phenyl)sulfonyl)benzamide (50). A
mixture of 54 (80 mg, 0.231 mmol), 49 (112 mg, 0.254 mmol), EDC-
HCI (73.1 mg, 0.381 mmol) and DMAP (46.6 mg, 0.381 mmol) in
DMF (5.0 mL) was stirred at room temperature overnight. The
mixture was poured into saturated aqueous NaHCO 3 solution at room
temperature and extracted with EtOAc. The organic layer was

separated, washed with brine, dried over MgSO,4 and concentrated
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in vacuo. The residue was purified by silica gel column
chromatography (eluted with 10-100% EtOAc in hexane) to give 50
(27.2 mg, 15%) as a white amorphous solid. 'H NMR (DMSO-ds, 300
MHz): 6 0.97 (6H, s), 1.21 (6H, d, J = 6.4 Hz), 1.43 (2H, t, J = 5.9
Hz), 1.88-2.01 (2H, m), 2.39-2.60 (9H, m), 3.00-3.24 (4H, m), 3.79-
4.01 (1H, m), 6.56 (1H, br s), 6.83 (2H, d, J = 8.7 Hz), 7.05-7.21
(3H, m), 7.38 (2H, d, J = 8.5 Hz), 7.70 (2H, d, J = 8.9 Hz), 8.04
(1H, dd, J = 9.1, 2.3 Hz), 8.13 (1H, s). Anal. Calcd for
C36H42CIF3N405S,-1.25H,0: C, 54.74; H, 5.68; N, 7.09. Found C,
54.77; H, 5.49; N, 7.10.
N-((4-(((2R)-4-(Morpholin-4-yl)-1-(phenylsulfanyl)butan-2-

yl)amino)-3-
((trifluoromethyl)sulfonyl)phenyl)sulfonyl)benzamide (51). To
a solution of 52 (500 mg, 0.903 mmol) in DMF (5.0 mL) was added
benzoic acid (143 mg, 1.17 mmol), EDC-HCI (346 mg, 1.81 mmol)
and DMAP (221 mg, 1.81 mmol) at room temperature. The reaction
mixture was stirred at room temperature for 15 h. The mixture was
poured into saturated agueous NaHCO3; solution at room temperature
and extracted with EtOAc. The organic layer was separated, washed
with brine, dried over Na,SO4 and concentrated in vacuo. The
residue was purified by silica gel column chromatography (eluted
with 10-100% EtOAc in hexane and then 3% MeOH in EtOAc) to
give 51 (545 mg, 92%) as a yellow amorphous solid. 'H NMR
(DMSO-dg, 300 MHz): 6 1.76-2.14 (2H, m), 2.54-3.02 (4H, m), 3.21-
3.42 (4H, m), 3.44-4.78 (4H, m), 3.96-4.11 (1H, m), 6.76 (1H, d, J

= 8.7 Hz), 6.93 (1H, d, J = 9.4 Hz), 7.15-7.47 (9H, m), 7.83-7.91
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(2H, m), 7.93-8.02 (1H, m), 8.12 (1H, d, J = 2.1 Hz). Anal. Calcd
for C2gH30F3N306S3-0.25H,0: C, 50.78; H, 4.64; N, 6.34. Found C,
50.78; H, 4.63; N, 6.20.

Methyl 7-(4-(tert-butoxycarbonyl)-2-methylphenyl)-3-(3-(naphthalen-1-
yloxy)propyl)pyrazolo[1,5-a]Jpyridine-2-carboxylate (56a). The mixture
of 47 (2.00 g, 4.55 mmol), tert-butyl 3-methyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (55a, 1.74 g, 5.46
mmol), Pd(PPhs3)s (0.526 g, 0.46 mmol) and potassium carbonate
(1.57 g, 11.4 mmol) in DMF (12 ml) was stirred 160 °C for 1 h
under microwave irradiation. The reaction mixture was poured into
saturated aqueous NH4sCl and extracted with EtOAc. The organic
layer was separated, washed with brine, dried over NaSO4 and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (silica gel, eluted with eluted with 1-20%
EtOAc in hexane) to give 56a (1.5 g, 60%) as a yellow amorphous
solid. 'H NMR (DMSO-dg, 300 MHz): 6 1.59 (9H, s), 2.04 (3H, s),

2.17-2.28 (2H, m), 3.26-3.32 (2H, m), 3.77 (3H, s), 4.17 (2H, t, J

5.9 Hz), 6.81-7.02 (2H, m), 7.27 (1H, dd, J = 9.0, 6.9 Hz), 7.35-
7.65 (5H, m), 7.82-7.93 (4H, m), 8.17-8.23 (1H, m).

Methyl 7-(4-(tert-butoxycarbonyl)-2,6-dimethylphenyl)-3-(3-(naphthalen-1-
yloxy)propyl)pyrazolo[l,5-a]pyridine-2-carboxylate (56b). Compound
56b was synthesized from 47 and 55b by the procedure described
for 56a. Yield 17%, a colorless oil. *H NMR (DMSO-ds, 300 MHz):
5 1.58 (9H, s), 1.94 (6H, s), 2.17-2.26 (2H, m), 3.23-3.31 (2H, m),

3.75 (3H, s), 4.10-4.20 (2H, m), 6.83-6.97 (2H, m), 7.06 (1H, dd, J
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= 8.9, 7.2 Hz), 7.25-7.57 (3H, m), 7.73 (2H, s), 7.82-7.91 (2H, m),
7.98-8.05 (1H, m), 8.19-8.28 (1H, m).
4-(2-(Methoxycarbonyl)-3-(3-(naphthalen-1-yloxy)propyl)pyrazolo[1,5-
alJpyridin-7-yl)-3-methylbenzoic acid (57a). To a solution of 56a (1.40
g, 2.54 mmol) in acetonitrile (4.0 ml) was added TFA (20.0 ml, 260
mmol) at 0 °C. The reaction mixture was stirred at room temperature
for 2 h. The mixture was neutralized with saturated aqueous
NaHCO3 at 0 °C and extracted with EtOAc. The organic layer was
separated, washed with water and brine, dried over MgSO4 and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (eluted with 10-100% EtOAc in hexane) to
give 57a (1.00 g, 80%) as a white amorphous solid. *H NMR (DMSO-
ds, 300 MHz): 6 2.04 (3H, s), 2.16-2.28 (2H, m), 3.26-3.34 (2H, m),
3.76 (3H, s), 4.17 (2H, t, J = 6.0 Hz), 6.90 (1H, d, J = 6.6 Hz),
7.00 (1H, dd, J = 6.9, 1.2 Hz), 7.28 (1H, dd, J = 9.0, 6.8 Hz), 7.35-
7.59 (5H, m), 7.81-7.99 (4H, m), 8.14-8.23 (1H, m).
4-(2-(Methoxycarbonyl)-3-(3-(naphthalen-1-yloxy)propyl)pyrazolo[1,5-

alpyridin-7-yl)-3,5-dimethylbenzoic acid (57hb). Compound 57b was
synthesized from 56b by the procedure described for 57a. Yield
58%, a white powder. !H NMR (DMSO-ds, 300 MHz): 6 1.95 (6H, s),

2.17-2.26 (2H, m), 3.24-3.31 (2H, m), 3.75 (3H, s), 4.17 (2H, t, J

5.9 Hz), 6.86-7.00 (2H, m), 7.25-7.60 (5H, m), 7.78 (2H, s), 7.82-
7.92 (2H, m), 8.21-8.29 (1H, m), 13.03 (1H, br s).

(R)-7-(2-Methyl-4-(((4-((4-morpholino-1-(phenylthio)butan-2-
yl)amino)-3-

((trifluoromethyl)sulfonyl)phenyl)sulfonyl)carbamoyl)phenyl)-
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3-(3-(naphthalen-1-yloxy)propyl)pyrazolo[l,5-a]pyridine-2-
carboxylic acid (59). To a solution of 57a (50.0 mg, 0.10 mmol)
in DMF (2.0 ml) were added 52 (44.9 mg, 0.063 mmol), EDC-HCI
(38.8 mg, 0.20 mmol) and DMAP (24.7 mg, 0.20 mmol) at room
temperature. The mixture was stirred at room temperature overnight.
The reaction mixture was poured into water and extracted with
EtOAc. The organic layer was separated, washed with brine, dried
over Na; SO, and concentrated in vacuo. This product was subjected
to the next reaction without further purification. To a solution of
the crude product in THF (2.0 ml) and MeOH (2.0 ml) was added 2
M NaOH (0.50 mL, 1.00 mmol) at room temperature. The mixture
was stirred at room temperature for 1 h. The mixture was
neutralized with 1 M HCI aq. at 0 °C and extracted with EtOAc. The
organic layer was separated, washed with brine, dried over Na;S0Ou
and concentrated in vacuo. The residue was purified by preparative
HPLC (L-Column 2 ODS, eluted with H2O in acetonitrile containing
0.1% TFA) to give 59 (50.3 mg, 49%) as a white amorphous solid.
'H NMR (DMSO-ds, 300 MHz): 6 1.71-2.06 (5H, m), 2.10-2.47 (8H,
m), 3.08-3.51 (8H, m), 3.98-4.11 (1H, m), 4.16 (2H, t, J = 5.8 Hz),
6.81-6.94 (3H, m), 7.13-7.57 (11H, m), 7.71-7.92 (5H, m), 8.16-
8.25 (1H, m), 8.36-8.52 (2H, m). Anal. Calcd for CsoH48F3N509Ss"
2H,0: C, 57.08; H, 4.98 N, 6.66. Found: C, 57.17; H, 4.81; N, 6.50.
(R)-7-(4-(((4-((4-(Dimethylamino)-1-(phenylthio)butan-2-
yl)amino)-3-nitrophenyl)sulfonyl)carbamoyl)-2-methylphenyl)-
3-(3-(naphthalen-1-yloxy)propyl)pyrazolo[l,5-a]pyridine-2-

carboxylic acid (60). Compound 60 was synthesized from 57a and
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58 by the procedure described for 59. Yield 52%, a yellow
amorphous solid. 'H NMR (DMSO-ds, 300 MHz): 6 1.92-2.13 (7H,
m), 2.16-2.25 (2H, m), 2.88-3.12 (2H, m), 3.18-3.31 (4H, m), 3.46-
3.74 (4H, m), 3.99-4.11 (1H, m), 4.16 (2H, t, J = 5.8 Hz), 6.68-
7.06 (4H, m), 7.16-7.58 (11H, m), 7.75-7.91 (4H, m), 8.00 (1H, d,
J=9.3 Hz), 8.11-8.24 (2H, m), 12.99 (1H, br s). HRMS-ESI (m/z):
[M + H] calcd for C47H46NsOsgS,, 887.2891; found. 887.2898.
(R)-7-(4-(((4-((4-(Dimethylamino)-1-(phenylthio)butan-2-
yl)amino)-3-nitrophenyl)sulfonyl)carbamoyl)-2,6-
dimethylphenyl)-3-(3-(naphthalen-1-yloxy)propyl)pyrazolo[1,5-
alpyridine-2-carboxylic acid (61). Compound 61 was synthesized
from 57b and 58 by the procedure described for 59. Yield 55%, a
yellow amorphous solid. *H NMR (DMSO-dg, 300 MHz): § 1.71-2.01
(9H, m), 2.12 (6H, s), 2.17-2.45 (5H, m), 3.16-3.30 (2H, m), 3.97-
4.21 (3H, m), 6.61-6.74 (1H, m), 6.82-6.91 (2H, m), 7.04-7.72 (13H,
m), 7.74-7.91 (2H, m), 8.22-8.30 (1H, m), 8.44-8.52 (2H, m).
HRMS-ESI (m/z): [M + H] calcd for C4gH4sNgOsgS>, 901.3048; found.

901.3048.

B E QAW R X O IR G XH AT

Time-Resolved Fluorescence Resonance Energy Transfer (TR-
FRET) assay. Glutathion-S-Transferase (GST) tagged Mcl-1
(GST-Mcl-1), GST tagged Bcl-xL (GST-Bcl-xL) were expressed in
E.coli. and purified using affinity and gel-filtration

chromatography. Fluoresceinisothiocyanate (FITC) labeled Bid
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peptide (F-Bid) was synthesized by Scrum (Tokyo, Japan). F-Bid
was synthesized with the sequence of FITC-Ahx-
EDIIRNIARHLAQVGDSMDR-OH. All peptides were dissolved in DMSO and
stocked at -30 °C until use. The concentration of F-Bid was determined by 495 nm
absorbance of the conjugated FITC using the molar extinction coefficient of
70,000 M tcm™t. Terbium labeled anti-GST antibody (Tbh-anti GST) and
D-PBS were purchased from Life technologies (Carlsbad, CA).
Tween-20 was obtained from Bio-Rad (Hercules, CA). The other
reagents were from Wako (Osaka, Japan). Throughout this study, TR-
FRET assay was performed using assay buffer (PBS containing 0.01% (v/v) Tween-
20 and 1 mM DTT). Th-anti GST and Mcl-1 or Bcl-xL were mixed and incubated
for over 1 h. The premix was added to the assay buffer containing F-Bid and
various concentrations of inhibitor in 384-well white flat-bottom plates (Greiner
Bio-one Inc., Frickenhausen, Germany). Subsequently, the plate was
incubated for 2 h at room temperature and FRET signal was measured using an
Envision reader (Perkin Elmer, Waltham, MA). The solution in each
well was excited with a laser (A = 337 nm) or a flash lamp through
an excitation filter (UV2 (TRF) 320, (Perkin Elmer)) and
fluorescence signals from terbium (Tb) and FITC were detected
using emission filters (Emission 520 (Perkin Elmer) for FITC and
CFP 486 (Perkin Elmer) for Tb). The inhibitory activities of compounds
against Mcl-1 and Bcl-xL were measured at the concentration of F-Bid almost
equal to Kq (35 nM for Mcl-1 and 10 nM for Bcl-xL). The final concentration of
Th-anti GST, Mcl-1, and Bcl-xL were 1, 1.2 and 2 nM, respectively. The values of
0% and 100% inhibition control were set to the FRET ratio in the presence and

absence of Mcl-1 or Bcl-xL, respectively. All assays were performed with 2
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replicates of each inhibitor concentration and 1Cso was determined using a
sigmoidal dose-response curve using GraphPad Prism (GraphPad, CA).

Crystallography. Human Mcl-1 gene encoding residues 172-327
was cloned into a pGEX-6P-1 vector to acquire a GST tag with a
containing PreScission protease site at the N-terminus. Soluble
Mcl-1 protein was expressed in E. coli BL21 (DE3) cells. Cells were
grown at 37 °C in 2xYT and protein expression was induced by 1
mM IPTG at 16 °C for 16 hours. Cells were harvested and lysed by
sonication. Cell debris was removed by centrifugation at 30,000 x
g for 30 min. The Mcl-1 protein was purified from the soluble
fraction of the cell lysate by GST affinity chromatography. The His
tag was removed by incubation with PreScission protease and the
protein was purified by a cation-exchange chromatography. The
peak fraction was further purified by gel filtration chromatography
in a buffer containing 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM
DTT. The purified proteins were concentrated by ultrafiltration to
a protein concentration of 10 mg/ml.

Human Bcl-xL gene encoding amino-acid residues 1-209 with an
internal deletion for residues 45-84 was cloned into a pET-21a
vector to acquire a hexa-histidine tag at the C-terminus. Soluble
Bcl-xL protein was produced in E. coli BL21 (DE3) cells. Cells
were grown at 37 °C in 2xYT and protein expression was induced
by 1 mM IPTG at 30 °C for 16 h. Cells were harvested and rapidly
frozen for storage at —80 °C. The thawing cell pellets were
suspended and lysed with a high-pressure fluids processor. The Bcl-

xL protein was purified from the soluble fraction by Ni affinity
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chromatography. The protein was further purified by size exclusion
chromatography in a buffer containing 25 mM Tris pH 8.0, 150 mM
NaCl and 0.5 mM DTT. The purified proteins were concentrated up
to 15 mg/ml by ultrafiltration and flash-frozen in liquid nitrogen
for storage at —80 °C.

The Proteins were complexed by incubation of with a 3-fold molar
excess of compound on ice for a few hours prior to crystallization
experiments. Crystals of Mcl-1 complexed with compound 39 grew
against a reservoir solution containing 0.1 M Tris pH 8.0, 0.2 M
sodium isothiocyanate, 20% PEG 3350 at 20 °C, by the sitting drop
vapor diffusion method. Crystals of Mcl-1 with compound 60 were
grown from a reservoir containing 0.1 M Bis-tris pH 6.5, 22% PEG
3350 at 20 °C, whereas crystals of Bcl-xL complexed with compound
60 were obtained from a reservoir solution of 0.1 M Na-K phosphate
pH 6.5, 0.72 M sodium malonate pH 7.0, 0.84% MEGA-8 at 20 °C.
Prior to data collection, crystals were immersed in the reservoir
solution with addition of a cryoprotectant such as PEG 3350,
ethylene glycol or glycerol and were flash-frozen in liquid nitrogen.
Diffraction data were collected from a single crystal using the CCD
detector Quantum 270 (ADSC) at beamline NE3A, Quantum 210
(ADSC) at beamline NW12A of Photon Factory (KEK, Japan) or
Quantum 315 (ADSC) at beamline 5.0.3 of the Advanced Light
Source (Berkeley, CA) under a 100 K nitrogen cryostream. The data
were reduced and scaled with HKL2000.5%) The structures were
solved by the molecular replacement method with Molrep’?) of the

CCP4 program suites’% using the Mcl-1 or Bcl-xL structures (PDB
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code: 2PQK or 2Y XJ) as a search model. The structures were refined
through an iterative procedure utilizing REFMAC’® followed by
model building in COOT.’*) The dictionary files for the ligands
were prepared using AFITT (OpenEye Scientific Software). The
final models were validated using Molprobity.”!) Crystallographic
processing and refinement statistics are summarized in Table 10.

All structural figures were generated using PyMOL.

131



Table 10. Data collection and refinement statistics
Crystal Mcl-1/39 Mcl-1/60 Bcl-xL/60
Data collection
Beamline NE3A (PF) NWI12A (PF) 5.0.3 (ALS)
Space group P2, P1 123

Unit cell dimensions

a, b, c (A)
a, B,y (%)

Resolution (A)

Observed
reflections
Unique reflections
Redundancy
Completeness (%)
I/c

Rsym?®

Rpim?

CCin°

Molecules in ASU

Refinement
Resolution (A)

Reflections
Rwork®

Rfree®

Number of atoms
Protein
Ligand/Ion
Water

Average

(A%)?

B factor

38.2, 133.8, 58.2
90, 89.9, 90
50-1.90  (1.93-
1.90)

142808

41960
3.4 (3.1)
91.3 (93.7)
18.8 (1.9)
0.072 (0.524)
0.045 (0.337)
0.996 (0.616)
4

40-1.90
1.90)
39802
0.243 (0.292)
0.291 (0.316)

(1.95-

4735
140
79

38.1

Rms deviation from ideal geometry

bond lengths (A)
bond angles (°)

0.010
1.428

Ramachandran plot (%)¢

Preferred regions
Allowed regions

Outliers

96.8
2.8
0.4

37.3, 65.5, 97.8
101.9,89.8, 99.3
50-2.15 (2.19-
2.15)

97993

46298
2.1 (2.1)
95.0 (95.7)
12.1 (1.8)
0.081 (0.481)
0.074 (0.443)
0.993 (0.643)
6

40-2.15 (2.20-
2.15)

43840

0.211 (0.238)
0.283 (0.368)

7291
378
138

39.0

0.009
1.443

96.3
3.0
0.7

152.7, 152.7, 152.7
90, 90, 90
50-2.45
2.45)

(2.49-

120900

21817
5.5 (5.6)
99.9 (100.0)
22.4 (2.0)
0.072 (0.892)
0.034 (0.335)
0.998 (0.754)
2

40-2.45
2.45)
20655
0.196 (0.285)
0.238 (0.295)

(2.52-

2228
136
5

67.7

0.008
1.455

97.1
2.2
0.7
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PDB code 3IWIX 3IWIY 3WIZ

Rsym=2ZnZi|I(h)i—<I(h)>|/Z4Zi<I(h)>, where <I(h)> is the mean intensity of
symmetry-related reflections. Rpim=Za[1/(N-1)]"2Z;|I(h);—<I(h)>|/ZsZi<I(h)>.
®CC1/2, Pearson correlation coefficient between independently merged halves of
the data set. ‘Rwork=XZ||Fobs|—|Fcalc||/Z|Fobs|.- Rfree was calculated for randomly
chosen 5% of reflections excluded from refinement. 9B-factor includes
contributions from TLS parameters. “Calculated with Coot. Values in parentheses

are for the highest resolution shell.

133



51 X #R

1)

2)

3)

4)

5)

6)

Arrowsmith, C. H.; Audia, J. E.; Austin, C.; Baell, J.; Bennett, J.; Blagg, J.;
Bountra, C.; Brennan, P. E.; Brown, P. J.; Bunnage, M. E.; Buser-Doepner, C.;
Campbell, R. M.; Carter, A. J.; Cohen, P.; Copeland, R. A.; Cravatt, B.; Dahlin,
J. L.; Dhanak, D.; Edwards, A. M.; Frederiksen, M.; Frye, S. V.; Gray, N.;
Grimshaw, C. E.; Hepworth, D.; Howe, T.; Huber, K. V.; Jin, J.; Knapp, S.;
Kotz, J. D.; Kruger, R. G.; Lowe, D.; Mader, M. M.; Marsden, B.; Mueller-
Fahrnow, A.; Muller, S.; O'Hagan, R. C.; Overington, J. P.; Owen, D. R.;
Rosenberg, S. H.; Roth, B.; Ross, R.; Schapira, M.; Schreiber, S. L.; Shoichet,
B.; Sundstrom, M.; Superti-Furga, G.; Taunton, J.; Toledo-Sherman, L.;
Walpole, C.; Walters, M. A.; Willson, T. M.; Workman, P.; Young, R. N_;
Zuercher, W. J. The promise and peril of chemical probes. Nat. Chem. Biol.
2015, 71, 536-541.

Garbaccio, R. M.; Parmee, E. R. The impact of chemical probes in drug
discovery: A pharmaceutical industry perspective. Cell Chem. Biol. 2016, 23,
10-17.

Blagg, J.; Workman, P. Choose and Use Your Chemical Probe Wisely to Explore
Cancer Biology. Cancer Cell 2017, 32, 9-25.

Mathews, M. B.; Hershey, J. W. The translation factor eIF5A and human cancer.
Biochim. Biophys. Acta 2015, 1849, 836—44.

Guan, X. Y.; Fung, J. M.; Ma, N. F.; Lau, S. H.; Tai, L. S.; Xie, D.; Zhang, Y.;
Hu, L.; Wu, Q. L.; Fang, Y.; Sham, J. S. Oncogenic role of elF-5A2 in the
development of ovarian cancer. Cancer Res. 2004, 64, 4197-4200.

Wang, Z.; Jiang, J.; Qin, T.; Xiao, Y.; Han, L. EIF5A regulates proliferation

and chemoresistance in pancreatic cancer through the sHH signalling pathway.

134



J. Cell. Mol. Med. 2019, 23, 2678-2688.

7) Park, M. H.; Wolff, E. C. Hypusine, a polyamine-derived amino acid critical
for eukaryotic translation. J. Biol. Chem. 2018, 293, 18710-18718.

8) Dever, T. E.; Gutierrez, E.; Shin, B. S. The hypusine-containing translation
factor eIF5A. Crit. Rev. Biochem. Mol. Biol. 2014, 49, 413-25.

9) Tong, Y.; Park, I.; Hong, B. S.; Nedyalkova, L.; Tempel, W.; Park, H. W.
Crystal structure of human elF5A1: insight into functional similarity of human
elF5A1 and elF5A2. Proteins 2009, 75, 1040-1045.

10) Nishimura, K.; Ohki, Y.; Fukuchi-Shimogori, T.; Sakata, K.; Saiga, K.; Beppu,
T.; Shirahata, A.; Kashiwagi, K.; Igarashi, K. Inhibition of cell growth through
inactivation of eukaryotic translation initiation factor 5A (elF5A) by
deoxyspergualin. Biochem. J. 2002, 363, 761-768.

11) Fuchs, Y.; Steller, H. Programmed Cell Death in Animal Development and
Disease. Cell 2011, 147, 742-758.

12) Wong, R. S. Apoptosis in cancer: from pathogenesis to treatment. J. Exp. Clin.
Cancer Res. 2011, 30, 87.

13) Dickson, D. W. Apoptotic mechanisms in Alzheimer neurofibrillary
degeneration: cause or effect? J. Clin. Invest. 2004, 114, 23-27.

14) Eguchi, K. Apoptosis in autoimmune diseases. Intern. Med. 2001, 40, 275-
284.

15) Rastogi R.P.; Richa; Sinha R. P. Apoptosis: molecular mechanisms and
pathogenicity. EXCLI Journal 2009, 8§, 155-181.

16) Danial, N. N.; Korsmeyer, S. J. Cell death: critical control points. Cel/ 2004,
116, 205-219.

17) Kale, J.; Osterlund, E. J.; Andrews, D. W. BCL-2 family proteins: changing

partners in the dance towards death. Cell Death Differ. 2018, 25, 65-80.

135



18) Adams, J. M.; Cory, S. The Bcl-2 apoptotic switch in cancer development and
therapy. Oncogene 2007, 26, 1324-1337.

19) Labi, V.; Erlacher, M.; Kiessling, S.; Villunger, A. BH3-only proteins in cell
death initiation, malignant disease and anticancer therapy. Cell Death Differ.
2006, 73, 1325-1338.

20) Youle, R. J.; Strasser, A. The BCL-2 protein family: opposing activities that
mediate cell death. Nat. Rev. Mol. Cell Biol. 2008, 9, 47-59.

21) Warren, C. F. A.; Wong-Brown, M. W.; Bowden, N. A. BCL-2 family isoforms
in apoptosis and cancer. Cell Death Dis. 2019, 10, 177.

22) Brown, S. P.; Taygerly, J. P. Small-Molecule Antagonists of Bc¢l-2 Family
Proteins. Annu. Rep. Med. Chem. 2012, 47, 253-266.

23) Souers, A. J.; Leverson, J. D.; Boghaert, E. R.; Ackler, S. L.; Catron, N. D.;
Chen, J.; Dayton, B. D.; Ding, H.; Enschede, S. H.; Fairbrother, W. J.; Huang,
D. C.; Hymowitz, S. G.; Jin, S.; Khaw, S. L.; Kovar, P. J.; Lam, L. T.; Lee, J.;
Maecker, H. L.; Marsh, K. C.; Mason, K. D.; Mitten, M. J.; Nimmer, P. M.;
Oleksijew, A.; Park, C. H.; Park, C. M.; Phillips, D. C.; Roberts, A. W.;
Sampath, D.; Seymour, J. F.; Smith, M. L.; Sullivan, G. M.; Tahir, S. K.; Tse,
C.; Wendt, M. D.; Xiao, Y.; Xue, J. C.; Zhang, H.; Humerickhouse, R. A.;
Rosenberg, S. H.; Elmore, S. W. ABT-199, a potent and selective BCL-2
inhibitor, achieves antitumor activity while sparing platelets. Nat. Med. 2013,
19,202-208.

24) Caenepeel, S.; Brown, S. P.; Belmontes, B.; Moody, G.; Keegan, K. S.; Chui,
D.; Whittington, D. A.; Huang, X.; Poppe, L.; Cheng, A. C.; Cardozo, M.
Houze, J.; Li, Y.; Lucas, B.; Paras, N. A.; Wang, X.; Taygerly, J. P.;
Vimolratana, M.; Zancanella, M.; Zhu, L.; Cajulis, E.; Osgood, T.; Sun, J.;

Damon, L.; Egan, R. K.; Greninger, P.; McClanaghan, J. D.; Gong, J.;

136



Moujalled, D.; Pomilio, G.; Beltran, P.; Benes, C. H.; Roberts, A. W.; Huang,
D. C.; Wei, A.; Canon, J.; Coxon, A.; Hughes, P. E. AMG 176, a selective MCL1
Inhibitor, is effective in hematological cancer models alone and in combination
with established therapies. Cancer Discovery 2018, 8§, 1582—1597.

25) Szlavik, Z.; Csekei, M.; Paczal, A.; Szabo, Z. B.; Sipos, S.; Radics, G.;
Proszenyak, A.; Balint, B.; Murray, J.; Davidson, J.; Chen, I.; Dokurno, P.;
Surgenor, A. E.; Daniels, Z. M.; Hubbard, R. E.; Le Toumelin-Braizat, G.;
Claperon, A.; Lysiak-Auvity, G.; Girard, A. M.; Bruno, A.; Chanrion, M.;
Colland, F.; Maragno, A. L.; Demarles, D.; Geneste, O.; Kotschy, A., Discovery
of S64315, a potent and selective Mcl-1 inhibitor. J. Med. Chem. 2020, 63,
13762-13795.

26) Tron, A. E.; Belmonte, M. A.; Adam, A.; Aquila, B. M.; Boise, L. H.;
Chiarparin, E.; Cidado, J.; Embrey, K. J.; Gangl, E.; Gibbons, F. D.; Gregory,
G. P.; Hargreaves, D.; Hendricks, J. A.; Johannes, J. W.; Johnstone, R. W.;
Kazmirski, S. L.; Kettle, J. G.; Lamb, M. L.; Matulis, S. M.; Nooka, A. K.;
Packer, M. J.; Peng, B.; Rawlins, P. B.; Robbins, D. W.; Schuller, A. G.; Su,
N.; Yang, W. Z.; Ye, Q.; Zheng, X. L.; Secrist, J. P.; Clark, E. A.; Wilson, D.
M.; Fawell, S. E.; Hird, A. W. Discovery of Mcl-1-specific inhibitor AZD5991
and preclinical activity in multiple myeloma and acute myeloid leukemia. Nat.
Commun. 2018, 9, 5341.

27) Shen, Q.; Li, J.; Mai, J.; Zhang, Z.; Fisher, A.; Wu, X.; Li, Z.; Ramirez, M.
R.; Chen, S.; Shen, H., Sensitizing non-small cell lung cancer to BCL-xL-
targeted apoptosis. Cell Death Dis 2018, 9 (10), 986.

28) Vogler, M. Targeting BCL2-proteins for the treatment of solid tumours. Adv.
Med. 2014, 2014, 943648.

29) Lee, E. F.; Harris, T. J.; Tran, S.; Evangelista, M.; Arulananda, S.; John, T.;

137



Ramnac, C.; Hobbs, C.; Zhu, H.; Gunasingh, G.; Segal, D.; Behren, A.; Cebon,
J.; Dobrovic, A.; Mariadason, J. M.; Strasser, A.; Rohrbeck, L.; Haass, N. K.;
Herold, M. J.; Fairlie, W. D. BCL-XL and MCL-1 are the key BCL-2 family
proteins in melanoma cell survival. Cell Death Dis. 2019, 10, 342.

30) Tahir, S.; Yang, X.; Anderson, M.; Morgan-Lappe, S.; Sarthy, A.; Chen, J.;
Warner, R.; Ng, S.; Fesik, S.; Elmore, S.; Rosenberg, S.; Tse, C. Influence of
Bcl-2 family members on the cellular response of small-cell lung cancer cell
lines to ABT-737. Cancer Res. 2007, 67, 1176-1183

31) Tse, C.; Shoemaker, A. R.; Adickes, J.; Anderson, M. G.; Chen, J.; Jin, S.;
Johnson, E. F.; Marsh, K. C.; Mitten, M. J.; Nimmer, P.; Roberts, L.; Tahir, S.
K.; Xiao, Y.; Yang, X.; Zhang, H.; Fesik, S.; Rosenberg, S. H.; Elmore, S. W.
ABT-263: a potent and orally bioavailable Bcl-2 family inhibitor. Cancer Res.
2008, 68, 3421-3428

32) Lam, L.; Lu, X.; Zhang, H.; Lesniewski, R.; Rosenberg, S.; Semizarov, D. A
microRNA screen to identify modulators of sensitivity to BCL2 inhibitor ABT-
263 (navitoclax). Mol. Cancer Ther. 2010, 9, 2943-2950.

33) Jakus, J.; Wolff, E. C.; Park, M. H.; Folk, J. E. Features of the spermidine-
binding site of deoxyhypusine synthase as derived from inhibition studies. J.
Biol. Chem. 1993, 268, 13151-13159.

34) Lee, Y. B.; Park, M. H.; Folk, J. E. Diamine and triamine analogs and
derivatives as inhibitors of deoxyhypusine synthase; synthesis and biological
activity. J. Med. Chem. 1995, 38, 3053-3061.

35) Lee, Y. B.; Folk, J. E. Branched-chain and unsaturated 1,7-diaminoheptane
derivatives as deoxyhypusine synthase inhibitors. Bioorg. Med. Chem. 1998, 6,

253-270.

138



36) Ziegler, P.; Chahoud, T.; Wilhelm, T.; Pallman, N.; Braig, M.; Wiehle, V.;
Ziegler, S.; Schroder, M.; Meier, C.; Kolodzik, A.; Rarey, M.; Panse, J.; Hauber,
J.; Balabanov, S.; Brummendorf, T. H. Evaluation of deoxyhypusine synthase
inhibitors targeting BCR-ABL positive leukemias. Invest. New Drugs. 2012, 30,
2274-2283.

37) Schroeder, M.; Kolodzik, A.; Pfaff, K.; Priyadarshini, P.; Krepstakies, M.;
Hauber, J.; Rarey, M.; Meier, C. In silico design, synthesis, and screening of
novel deoxyhypusine synthase inhibitors targeting HIV-1 replication.
ChemMedChem 2014, 9, 940-952.

38) Anighoro, A.; Bajorath, J.; Rastelli, G. Polypharmacology: challenges and
opportunities in drug discovery. J. Med. Chem. 2014, 57, 7874—7887.

39) Elmore, S. W.; Souers, A. J.; Bruncko, M.; Song, X.; Wang, X.; Hasvold, L.
A.; Wang, L.; Kunzer, A. R.; Park, C.; Wendt, M. D.; Tao, Z. 7-Substituted
indole Mcl-1 inhibitors. WO2008131000A2, 2008.

40) Park, C. M.; Bruncko, M.; Adickes, J.; Bauch, J.; Ding, H.; Kunzer, A.; Marsh,
K. C.; Nimmer, P.; Shoemaker, A. R.; Song, X.; Tahir, S. K.; Tse, C.; Wang,
X.; Wendt, M. D.; Yang, X.; Zhang, H.; Fesik, S. W.; Rosenberg, S. H.; Elmore,
S. W. Discovery of an orally bioavailable small molecule inhibitor of
prosurvival B-cell lymphoma 2 proteins. J. Med. Chem. 2008, 51, 6902—6915.

41) Oltersdorf, T.; Elmore, S. W.; Shoemaker, A. R.; Armstrong, R. C.; Augeri, D.
J.; Belli, B. A.; Bruncko, M.; Deckwerth, T. L.; Dinges, J.; Hajduk, P. J.; Joseph,
M. K.; Kitada, S.; Korsmeyer, S. J.; Kunzer, A. R.; Letai, A.; Li, C.; Mitten,
M. J.; Nettesheim, D. G.; Ng, S.; Nimmer, P. M.;O’Connor, J. M.; Oleksijew,
A.; Petros, A. M.; Reed, J. C.; Shen, W.; Tahir, S. K.; Thompson, C. B.;

Tomaselli, K. J.; Wang, B.; Wendt, M. D.; Zhang, H.; Fesik, S. W.; Rosenberg,

139



S. H. An inhibitor of Bcl-2 family proteins induces regression of solid tumours.
Nature 2005, 435, 677-681.

42) Liao, D. I.; Wolff E. C.; Park, M. H.; Davies, D. R. Crystal structure of the
NAD complex of human deoxyhypusine synthase: an enzyme with a ball-and-
chain mechanism for blocking the active site. Structure 1998, 6, 23-32.

43) Umland, T. C.; Wolff, E. C.; Park, M. H.; Davies, D. R. A new crystal
structure of deoxyhypusine synthase reveals the configuration of the active
enzyme and of an enzyme-NAD-inhibitor ternary complex. J. Biol. Chem. 2004,
279, 28697-28705.

44) The PyMOL Molecular Graphics System, Version 1.4.1 Schrodinger, LLC.

45) Marton, L. J.; Pegg, A. E. Polyamines as targets for therapeutic intervention.
Annu. Rev. Pharmacol. Toxicol. 1995, 35, 55-91.

46) Sugiyama, S.; Vassylyev, D. G.; Matsushima, M.; Kashiwagi, K.; Igarashi, K.;
Morikawa, K. Crystal structure of PotD, the primary receptor of the polyamine
transport system in Escherichia coli. J. Biol. Chem. 1996, 271, 9519-9525.

47) Joshi-Pangu, A.; Wang, C. Y.; Biscoe, M. R. Nickel-catalyzed Kumada cross-
coupling reactions of tertiary alkylmagnesium halides and aryl
bromides/triflates. J. Am. Chem. Soc. 2011, 133, 8478-8481.

48) Joe, Y. A.; Wolff, E. C.; Lee, Y. B.; Park, M. H. Enzyme-substrate
intermediate at a specific lysine residue is required for deoxyhypusine
synthesis. The role of Lys329 in human deoxyhypusine synthase. J. Biol. Chem.
1997, 272, 32679-32685.

49) Nagao, Y.; Hirata, T.; Goto, S.; Sano, S.; Kakehi, A.; lizuka, K.; Shiro, M.
Intramolecular nonbonded S---0 interaction recognized in
(acylimino)thiadiazoline derivatives as angiotensin Il receptor antagonists and

related compounds. J. Am. Chem. Soc. 1998, 120, 3104-3110.

140



50) Clark, T.; Hennemann, M.; Murray, J. S.; Politzer, P.; Halogen bonding: the
c-hole. J. Mol. Model. 2007, 13, 291-296.

51) Auffinger, P.; Hays, F. A.; Westhof, E.; Ho, P. S. Halogen bonds in biological
molecules. Proc. Natl. Acad. Sci. 2004, 101, 16789-16794.

52) Fujii, H.; Oshima, K.; Utimoto, K. Stereoselective reduction of a,p-epoxy
ketones into erythro-a,B-epoxy alcohols with sodium borohydride in the
presence of calcium chloride Chem. Lett. 1992, 21, 967-970.

53) Murphy, D. J. Determination of accurate KI values for tight-binding enzyme
inhibitors: an in silico study of experimental error and assay design. Anal.
Biochem. 2004, 327, 61-67.

54) Lee, C. H.; Park, M. H. Human deoxyhypusine synthase: interrelationship
between binding of NAD and substrates. Biochem. J. 2000, 352, 851-857.

55) Lee, C. H.; Um, P. Y.; Park, M. H. Structure-function studies of human
deoxyhypusine synthase: identification of amino acid residues critical for the
binding of spermidine and NAD. Biochem. J. 2001, 355, 841-849.

56) Arai, M. Unified understanding of folding and binding mechanisms of globular
and intrinsically disordered proteins. Biophys. Rev. 2018, 10, 163-181.

57) Lee, E. F.; Czabotar, P. E.; Smith, B. J.; Deshayes, K.; Zobel, K.; Colman, P.
M.; Fairlie, W. D. Crystal structure of ABT-737 complexed with Bcl-xr:
implications for selectivity of antagonists of Bcl-2 family. Cell Death Differ.
2007, 14, 1711-1713.

58) Petros, A. M.; Dinges, J.; Augeri, D. J.; Baumeister, S. A.; Betebenner, D. A.;
Bures, M. G.; Elmore, S. W.; Hajduk, P. J.; Joseph, M. K.; Landis, S. K.;
Nettesheim, D. G.; Rosenberg, S. H.; Shen, W.; Thomas, S.; Wang, X.; Zanze,

I.; Zhang, H.; Fesik, S. W. Discovery of a potent inhibitor of the antiapoptotic

141



protein Bcl-xL from NMR and parallel synthesis. J. Med. Chem. 2006, 49,
656—663.

59) Stewart, M. L.; Fire, E.; Keating, A. E.; Walensky, L. D. The MCL-1 BH3
helix is an exclusive MCL-1 inhibitor and apoptosis sensitizer. Nat. Chem.
Biol., 2010, 6, 595-601

60) Rega, M. F.; Reed, J. C.; Pellecchia, M. Robust lanthanide-based assays for
the detection of anti-apoptotic Bcl-2-family protein antagonists. Bioorg. Chem.
2007, 35, 113-120.

61) Zhai, D.; Godoi, P.; Sergienko, E.; Dahl, R.; Chan, X.; Brown, B.; Rascon,
J.; Hurder, A.; Su, Y.; Chung, T. D.; Jin, C.; Diaz, P.; Reed, J. C. High-
throughput fluorescence polarization assay for chemical library screening
against anti-apoptotic Bcl-2 family member Bfl-1. J. Biomol. Screen. 2012, 17,
350-360.

62) Hickey, D. M. B.; Moody, C. J.; Rees, C. W. Vinyl azides in heterocyclic
synthesis. Part 3. Isolation of azirine trimers (1,3,8-
triazatricyclo[4.3.0.0%>Jnon-7-enes) and intramolecular interception of nitrile
ylides by neighbouring wn-bonds or nucleophiles. J. Chem. Soc., Perkin Trans.
11986, 1119-1122.

63) Wendt, M. D.; Shen, W.; Kunzer, A.; McClellan, W. J.; Bruncko, M.; Oost, T.
K.; Ding, H.; Joseph, M. K.; Zhang, H.; Nimmer, P. M.; Ng, S. C.; Shoemaker,
A. R.; Petros, A. M.; Oleksijew, A.; Marsh, K.; Bauch, J.; Oltersdorf, T.; Belli,
B. A.; Martineau, D.; Fesik, S. W.; Rosenberg, S. H.; Elmore, S. W. Discovery
and structure—activity relationship of antagonists of B-cell lymphoma 2 family
proteins with chemopotentiation activity in vitro and in vivo. J. Med. Chem.

2006, 49, 1165-1181.

142



64) Flack, H. D. On enantiomorph-polarity estimation. Acta Cryst. A 1983, 39,
876-881.

65) Sheldrick, G.M. A short history of SHELX. Acta Cryst. A 2008, 64, 112-122.

66) Otwinowski, Z.; Minor, W. Processing of X-ray diffraction data collected in
oscillation mode. Methods Enzymol. 1997, 276, 307-326.

67) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M. D.; Storoni,
L. C.; Read, R. J. Phaser crystallographic software. J. Appl. Cryst. 2007, 40,
658-674.

68) Emsley, P.; Cowtan, K. Coot: model-building tools for molecular graphics.
Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 2126-2132.

69) Murshudov, G. N.; Vagin, A. A.; Dodson, E. J. Refinement of macromolecular
structures by the maximum-likelihood method. Acta Crystallogr. D Biol.
Crystallogr. 1997, 53, 240-255.

70) Collaborative computing project. The CCP4 suite: programs for protein
crystallography. Acta Crystallogr. D Biol. Crystallogr. 1994, 50, 760-763.
71) Chen, V. B.; Arendall Ill, W. B.; Headd, J. J.; Keedy, D. A.; Immormino, R.
M.; Kapral, G. J.; Murray, L. W.; Richardson, J. S.; Richardson, D. C.
MolProbity: all-atom structure validation for macromolecular

crystallography. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 12-21.

72) Vagin, A.; Teplyakov, A. MOLREP: an automated program for molecular
replacement. J. Appl. Crystallogr. 1997, 30, 1022—1025.

73) Murshudov, G. N.; Skubak, P.; Lebedev, A. A.; Pannu, N. S.; Steiner, R. A.;
Nicholls, R. A.; Winn, M. D.; Long, F.; Vagin, A. A. REFMACS5 for the
refinement of macromolecular crystal structures. Acta Crystallogr., Sect. D:
Biol. Crystallogr. 2011, 67, 355-367.

74) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features and development

143



of coot. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2010, 66, 486—501.

AR L ONEFIXTRLRO LB TAR S L,

75) Tanaka, Y.; Kurasawa, O.; Yokota, A.; Klein, M. G.; Ono, K.; Saito, B.;
Matsumoto, S.; Okaniwa, M.; Ambrus-Aikelin, G.; Morishita, D.; Kitazawa, S.;
Uchiyama, N.; Ogawa, K.; Kimura, H.; Imamura, S. Discovery of Novel
Allosteric Inhibitors of Deoxyhypusine Synthase. J. Med. Chem. 2020, 63,
3215-3226.

76) Tanaka, Y.; Kurasawa, O.; Yokota, A.; Klein, M. G.; Saito, B.; Matsumoto,
S.; Okaniwa, M.; Ambrus-Aikelin, G.; Uchiyama, N.; Morishita, D.; Kimura,
H.; Imamura, S. New Series of Potent Allosteric Inhibitors of Deoxyhypusine
Synthase. ACS MedChem. Lett. 2020, 77, 1645-1652.

77) Tanaka, Y.; Aikawa, K.; Nishida, G.; Homma, M.; Sogabe, S.; Igaki, S.;
Hayano, Y.; Sameshima, T.; Miyahisa, I.; Kawamoto, T.; Tawada, M.; Imai, Y.;
Inazuka, M.; Cho, N.; Imaeda, Y.; Ishikawa, T. Discovery of potent Mcl-1/Bcl-
xL dual inhibitors by using a hybridization strategy based on structural analysis

of target proteins. J. Med. Chem. 2013, 56, 9635-9645.

144



