u

) <

The University of Osaka
Institutional Knowledge Archive

Title L,2-ImR AW 7 75— 2HWZERS T VDEK
EEYEEYME AN DR

Author(s) [18)Il, =&=A

Citation |KFRKZ, 2016, EHIHX

Version Type|VoR

URL https://doi.org/10.18910/59530

© 2013. This manuscript version is made
avai lable under the CC-BY-NC-ND 4.0 Llicense
http://creativecommons. org/licenses/by-nc-
nd/4.0/

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



L2-BRRANVT 7 37— R AW ERT DU D
B E ETEE Y E ~D R

2016
) EA

PN T o T S



i
it

&

Bl BRI VUREZREONT nBRILEY

B BRRANT 7 X7 — hO~T mBRARKEEF A S LTORIH

B=f 7R h—3 ZFHE (Inhibitor of apoptosis: IAP) % > /37 B i3k

FUHT 7 mrEre—/7 LB rA K Longamide B, longamide B methyl ester,
hanishin

BHE A R—T I 23-UAF T F—E 1 (IDOL) FLEH

TR M=V ARESX 78 (IAP) BEAIZfRR LI-~XY e Feeo v/
[1,2-a]1 > N F=/iBEEROT YA > L Bk

B o

B ARk

B WErETSTERAES

WIUET e

Bk
Ff R
HH ARk

Longamide B 225D A v K—/LT7 v 23-UA4F v+ —E8 1 (IDO1) FHEH]

DRI

Hf W

% i Longamide B & J&AE & L7z IDOL FHEA| DT H 1
o ARk

HIUET EMIEYE (IDOL FLEIEHE) DfRdT

S

co o b~ W

11
13
19
23

24
25
28

29
31
31
33
37

38

40



235 3CHk

A

68

73



ARSCHUZEE L7z

WeeE - W7
Ac

Ala
Asp

Bn

BIR
Boc

brs
t-BuOK
z
mCPBA
CPME
d
DIPEA
DMA
DMF
DMS
EDC

Et

Gin

Glu

Gly
HATU

HOBt
HTRF
IFN
lle
Leu
LPS
Lys

m

MS
MDR1

i S WIZRE LT,

IEAXA R

acetyl

alanine

aspartic acid

benzyl

baculovirus 1AP repeat
t-butoxycarbonyl

broad singlet

potassium tert-butoxide
benzyloxycarbonyl
m-chloroperoxybenzoic acid
cyclopentylmethylether
doublet
N,N-diisopropylethylamine
N,N-dimethylacetoamide
N,N-dimethylformamide
dimethylsulfide
(1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
ethyl

glutamine

glutamic acid

glycine
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxid hexafluorophosphate
1-hydroxybenzotriazole
homogeneous time resolved fluorescence
interferon

isoleucine

leucine

lipopolysaccaride

lysine

multiplet

mass specrtometry

multi-drug resistance 1

1



Me
NBS
NCS
NMR
Papp
Ph
Pro

RING
RSK

TBS
TEMPO
TFA
THF
Thr
TNF
TRAF
Trp
Ts

Tyr
Val

methyl
N-bromosuccinimide
N-chlorosuccinimide
nuclear magnetic resonance
apparent permeability
phenyl

proline

quartet

really interesting new gene
ribosomal S6 kinase
singlet

triplet
tert-butyldimethylsilyl
2,2,6,6-tetramethylpiperidine 1-oxyl
trifluoroacetic acid
tetrahydrofuran

threonine

tumor necrosis factor

TNF receptor associated factor
tryptophan
p-toluenesulfonyl

tyrosine

valine



Fram

F—f ERIVURERONTERILED
~TOuBRILAEWIIER, BHE, MAEAEO~NT a2 58T BRMEEMTH Y | EWTFR,
PRI HEREEDNH LN TS, ~7 2 RILAEMITHED W 0> S S 45 R O
RS E LT RIHENTWA T TR M \RSN TV B IOMRK S & LT H L
ENTVE I, AFOBO—DOTHHERT VU LAMIC —HODEFELHELET D 6 BBRILAY
Thh, TOEFE, RAICEBRILEANARETHL Z e RIEEHEXE LD N TED
EWH B AR AT S, Fl-. BT UUERERIT, FEIEME YO, i~ T U TEN 7Y FumiEE
1092 bR B 70 PIRIEVVEMIEME A R T Z E AL TEY . BIE. Bl LTV B ERS
SLIEDESIEE & L CHVWS TV (Figure 1) %,
EEEEEETIERSIVEER

. a3 WA O,
[ﬁ:] y N l/We 5
N WCI;&> ﬂs N [

ERSIY oaoyEy ErOFIIY AIF=T
e L TR A R HE2RIVE BRI

Figure 1. EXZ U2 &2 OFEMAKEG]

BT VUL, 2O LD RAEMTFREENEN L Z L OAEE LT EOBLEED T  Hkx
RARIEN ZNE TIZHEZ S WMESIN TS (Schemel), H<iE, =F Lo o7 I s L7 o
RFRT AT VEER STV R AT B H1EY (Scheme 1A) <, P77 2 v 3 & /NEk
L. 78 MEUREEBEEEE LT 2 IS K B RBRISICE W BB S 5771 M (Scheme 1B),
EIVVEBRTLTENT DU~ LBt 57515 ¥ (Scheme 1C) 72 E3iE ST\ 5, JT4E
T, ABIBME 7 123 L TR T D0 2% W FRBRIBEROGIC X 0 SEARTIE S - @2 A4
HERT IO (Scheme 1D) R 2 HD Ty ALK N FF U HEEFTTHT I I
TIUFAT IV EERSED L TENRT VU 2AMT 541520 (Scheme 1E) OWEHINH 5,
L)L, TNHERMIEDSL 1T, EHIEOAMESRWE, SLAERIRM:Z HIE T 2 FIEMEICZ L,
— BT, MR RGO OEFHARIEIL, BT U ERERLONRA S ERICERT S 2
LD, A EFORBICEETHL B L OND, £I T, RRIERIVUVEREAT HIEIEM
— NMEAEY., B I OEMIEERRDEAEY &= OFEROBRMTE 21TV, BTV
REHICEMOFRERIEEZMSI T HZ L L L, o, ALz XTI UV FERO LY T
I ZITV, BT UG AL TR A RRICHEET H 2 & & LT,
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Scheme 1. © X7 2L OFEHEEMASKIE

B BRALVT 7 IT—FO~T oREKRETHIEL LTORA

AT BERERIETES SHBE SN TOD A, o0 o .
N\
AR BRIk AL T 7 7 — b BT 0B A o R SR
FLOF 72 ATER A & LT Gallagher 512k~ C J~%2 w)\)mz
1

HWESNTHWL Y, BkAL7 7 37— M3

12- 57131373 /T ha—Aok Fagy HZREKAIPIT-F 13- RRANIPIT-F

KT I HEEANVKRCTHELBETH Figure2. BHRALT 7 37— L ORE

% (Figure 2), sR#EE LTl b — 72 ik

I, T 57 I 7 va— 1L icxt L, b TF A=A 2 EH B %IC, BRIk > TAL
R R 2R AT L TR 551 TH 5 2 (Scheme 2), ERE#AI L L Tidk m-CPBA %
W~ A T LSRR TH DM, BT =0 NETITE VT = 7 AR T

W YRR YU ATERILT S FENROHREL BTS2 ENMENTNS PP, —J5,
WALANL T VL 5T, BEANLVR THET L HIELBZ N1, ZO%AE, KEXOHE
FRLT DV VU, R~ —LEORIKISAT SR Sh 570 P, Bido 2 TRICE ST
ERERE > TWD, 7T 7 a— DAL OFREE S ®E5 ST Y . Nicolaou & 1%

Burgess it & 1,2-A— L 14 F1IF AR XY REEHASEL L TRIRALZ 75— 150D
BRICE LTS 2. DuBois LI O AL T 7 2 F— F AT 1T I2xF L, 1 2w Al
THA LU EAERL, CHBEE~DIFARSIZ L > TRIKOALVT 7 X7 — M 18 5T 57
HEERHLTWS P, F7- Zhou bida-t FrFo 7 b 19 25 e LT, HbA LT 7 EA L
WCEDERIROA I 202K L, TO%, BlETT 52 & THISTLERALT 7 17—k
21 AR LTn5 2,
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R?2 CHCl,, 0°C R r2 CH3CN/water R Lo
Pg: Bn, Boc 0°C-rt.
1 12 13
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- 0
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Scheme 2. 12-Bfk AL 7 7 IF— FNDOERIE

BRIRANLT 7 I7— MWD Z LITLD | BRx RREFIDERIRA VT 7 27— N OBRFER 1
DAY B RFEIT SN2 BUG THRIEEHEE L, SREFIDNEASNIALEY 283 WESICEB S P

(Scheme 3), = DI WT, REAIN = AT VEORETEEZG L TWDIEA, {LEW 23
THRIEEM T, DTS ZSIZR L, fix~T R 24 205 2 L83 mReL 256 2, 2o
Kz W LT, Gallagher HITEBRIRANL 7 7 I 7 — F 25 &~v VBT AT /1 26 % /KHELT RV
ULFER, BIRSHE, MU= AT NVEERTLHER Y Vv, XY U OaIEZ#RE LT
WA O B v URT ATV E T = S UERT AT LT = = L F AR T AT VA h L
R=NDafii 7w kD pKa 25 13-22 ThHIVUL, FEEOKIEHHEITT 52 E BN ERS> T
53— BIRALT 7 IF— N 2BICT I BEATARLT A Y a— LT AT )L 29 &
TERESED L, ZEWHERTY ) R0F AR 2-F4 0 3L BNERTE D Z LA Gallagher &
ICkoTRHEh TS %,
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Scheme 3. 12-Bfk A7 7 25— & AW i=~T a B {LE% DA

Scheme 3 IZRLEERIRANLT 7 7 — R ERTEA~T B BRAKICEW T, EH00MENERIR
ANT 7 T — MORBHE LIRS, BERET, 2 FRNT 72 Mensglelizsns 2 & T
~NTUBRPERT D, UEO LI RBEIRALT 7 25— bR ~T 0 RBAKE KRR
— MEAZ AW 2 0 S EHEERE ST b, RERWAERICEI LT, Hudlicky & i3(=+)-balanol @
BRICBWT, AL 77 27— M &gTEERE LTHO TV 31EAs, (-)-aphanorphine®
(-)-paroxetine, (+)-laccarin®® D& H 27 7 I F— FRFIHEN TS, AlEES — MLamIc
BI L CTit. RSK PRI ), aggrecanase PRSI 3, b 2 & I o Hy A AMVERNIE %70 Ll AL E
HI 2 o R7RET DAEME RN SN TN D, L, REBEMERICENTEHEENT VR
BRI ~DISHBINZEE L EBEANT LAY — MEAIZRBW TR, EXT V) UARIZEL O
BAEICHWON TS Z b, BBIRALVY 7 X7 — hOFGHMEEZRED D HHITESD L5 %
b, £ 2T, RAUFRAEEY — MEAWAE KRB L OXREMAEKZBL T, BIRALVZ 7 I7—
WM R O U RER ORI A RRIE R ML T HZ L L Lis, Al — RERE LT,
7R b= ZFE (inhibitor of apoptosis: 1AP) KIFIHER ORI A EFTH2 L& L, 22T
X, BIRALT7 7 17— FEHWTAFYE FrET Y /[1,2-a]1 v R—/VEO G RKIE % i
SNLTe, —H. BRI UVEREEDLRARWAR L LT, longamide B, longamide B methyl ester,
hanishin DA ZITH Z & & Lic, 22 TR BRALTZ 7 I 77— 2 flnTErBrERT Y
J UBERARRICKTI LTS, Longamide B (2B L ClE. SRR LAERIC X V. 2 oEbEY
HLAKRL, A F—=1T 2 0-23-U4 %47 F—+E (indoleamine 2,3-dioxygenase: IDO1) BHEF]~
DEREIT > T,

BZH TR P—ZPHE (Inhibitor of apoptosis: IAP) # v /37 BEiEHiK

TAR M=V ALITHRA O T H COMEHE LR L, ZEROGELZ A - AR
Lo TARED DV ZREST 52 & T, EFRAMGEORE-OMERHIC % E %
RIZL TS, 7THR M= ZAEBOMGEL, . B ORERE, =( X, TR, 7LV g ~—
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R 8. L OFEIFORIEICIELS B> TWE Z ERHL N E o TS, FlZIE, FBTIET R
h— APE X /X7 E TH % IAP (inhibitor of apoptosis) protein 23 MR I EIFRBL L TH Y |
ZAUE. FIRAFET D R EHIMAS, IAP FEEUC L o> THEAEL . DNA ICEENERT 5 2 & TRk L
TR HELS B 7200 EEMR SN TS O 720 IAP ORBUIFEIKIC L 5T K b— 25
WATAE L, RRIEHIEOER & b 722> TS 2 ERAMbN TN D B9,

B MIX8FEEDIAP 77 I U =X U R ENFIEL, TAR b=V AFETIZEB N THLR %
)% F7-3 Caspase & FHAVEM L. MIIZEDOHIEICBIET 2 * (Figure 3), F DR R A A =0
TENZ DWW TR BT STV D D23, XIAP (X-chromosome linked IAP) . clAP-1 (cellular IAP-1)
B LU CclAP-2 (cellular IAP-2) TH %, XIAP (%, N Kl BIR A A % 3 DfRFF L., C Kl
—DDRING 74 > H—RAL L HHE D497 T VNS RD2 NI ETHY . KLY 23
BRabr<IZE A ERTOlEw THELZ R L, RN CITIREICRIET 5, XIAP @ BIR3 KA A
>1% Caspase-9 |2, BIR2 KA A &ZdD N Kl V > J1 —EkklE Caspase-3 & -7 IZH5A L.
Caspase DIEIE 8 ET 5 O, —J5. clAP I XIAP & [AIEEIC Caspase-3/-7. J% () Caspase-9
EREATFRETH DM, XIAP 1L ITHEA L2V, L L, clAP X TNF- o2 B EREAIATH 5
TRAFL, TRAR2 72 DT A Lt 7% — L& L., Caspase-8 & Z i< Caspase-3/-7 DIE AL %
FREL. 7 A h—v 255 4, 56> T.XIAP KO ClAP Z W b fH%E$ % = & ., Caspase
WX IH 2 ifbs U, iR )72 7 AR h— ANFEERRETH H 72D, IAP FEHUEKITE 7189
RPUERER L B2 Hivd,

@ TRAIL/TNFa Ligand  paath Receptors

Death Receptors

W/\ l I—) tBid ———>f Mitochondria
Cytochrome ¢
smec L

DIABLO

Smac/
DIABLO

Caspase 3/7 Caspase 9

Figure3. IAP 77 3 U —4 L3 27/E XIAPCIAP 3B 5-9 % 7 8 k— o A fkpk 4

R hary NI TEVEHESRAE 2 O by RY THED A N—BIEH(ERE 7 (second
mitochondria-drived activator of caspase/direct IAP binding protein with low pl ; Smac/DIABLO) 7% XIAP,
CIAP [ZHA L, ZOIEMZMZ DBE 35 % 2 & 2% 2000 4RICHE Su7- %, i Sk T ic
£ V. Smac I N KD 4 5% Ala-Val-Pro-lle (AVPI) O T XIAP @ BIR3 IZFE S FIRETH D Z
EMHBMME 22512 T D ORISR E 720 AVPI 245 L 724555 L B OBFFE R
RMIERKICR>TWE D Z1F Tz GDC-0917 (Genentech/Curis) *?, HGS1029 (Aegera/HGS)
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53)_ Birinapant (TetraLogic) **. LCL-161 (Novartis) . AT-406 (Ascenta) 20> iR EkER AN F2hiE &
nT»5 (Figure 4), Zd 55, GDC-0917, LCL-161 & AT-406 2 O3 A4510 L, ST
HHEEE LTiliE STV 5,

intravascular Oral
No structure FHs o
C
AEGA40826, HGS1029 o e N
(Aegera/HGS) h o j“ HoQ 0 ng
ae o At s et D e G
o OH A et o < CHs O N FOHC en o° N
HCNJN/Q‘,N HN O O H CHs S — 3
oenp &\ NN CHs
NH o H o
O HO
£ GDC-0917 LCL161 AT-406
Birinapant (Genentech/Curis) (Novartis) (Ascenta)
(Tetralogic)
Figure 4. AP $5 53D BIE DRFFEBRZE IR

FAIX Figure 4 IZ/R L7TALAE L 0 ENLZ IAP HEIEA L3 2 L 2 HAY & L TLAVPI & XIAP
& OIS SRS RAT 2 FEhE L. Z O LRSS A TG A U 7o SEARREE T SIS S < SRAIRR

(Structure-Based Drug Design ; SBDD) (ZX V. AVPI OX7F Nt EMmE T A 452 &
& L7e, IAP HEHEEDIRR OFERIICE L TS —E TR 5,

FBWF ToEt’'mn—A Tk aA K longamide B, longamide B methyl ester, hanishin

Longamide B%”, longamide B methyl ester®®.

Br.
hanishin®®iZ 7 2 E o — L7 b a A RIZE 1
1 Y g X . N R=H: Longamide B (32)
L. TNTHER D —HE T d 2 Agelasdispar, L_NH  R=Me: Longamide B methyl ester (33)
R=Et: Hanishin (34)

Homaxinella sp., Acanthella carteriz’» & Biff S 41 \COZR
Tw5% (Figure5) ., 7rEEBE— LT /LR

A FEITIEIRWEENE 2R T2 LR m b

THY. #lz1E. longamide BiZ 2 T AR R IR L CHIETEM: 272 L (Bacillus subtilis; MIC 50
ng/mL) . longamide B methyl esterix U > /<ER [ I AB R REP388IZ it L CHUBEBHE M 21k L°® (EDsp
30 ug/mL) . hanishinixFE/Na i AR ERNSCLC-N6IZ % L CHUEEIEZ /R Z L8 b T
%% (IC59.7mg/mL) ., 7 EEER—AT /A HaA R ELRD3OLSMIE < OFEEAHHE, K
WREINTEY ., 2O BHEEMECMILTENE L SRSV EMIEN 2R T Z E RO E 7R
STW5, £72 FERD3MbEMEE D, TrEE— AT A huA NEivtoa X530 B4 H
T2 6 ONEEEE LYY (Figure ). B DM@, StfEtay hr—L Loy ov
BROFHRARIERIL, e a—LT oA RERICESGTREEZLND, —H.
longamide B, longamide B methyl ester, hanishin®>iEMEFEBREREII AR SN Z N2 L, Zh
ORI DO RERIEZMENLT D & &b, Fkx REBIKO G Z FTRE L T 5 B FIE LML T D
ZlITk Y, AEbE M E T AIEMEREOMIIC L EIRTE 5L B2 b5, M EOWE R
5 RKENEIDlongamide B, longamide B methyl ester, hanishinis X OV OFAfRIR ARk & . FRIZHORE
FREIMERICE S A2 H Tl AMTEERBRICE F T2 2 & & L, FHIEEE —m k5,

Figure5. Longamide 38D A% &
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Longamide A Dibromopalau'amine Dibromophakellin Agelastatin

Figure6. ix D7 e —AT7 A huA K

BHE A F—nNTIV 23-UVFXT 7 F—E 1 (IDO1) FEEH

AV R=ALT IV 23-UAF V7 F—8 1 (DO 1ZFV 7 77 o ZEEHE L, N-BFL2
LFXX L= B ERT HNLEHEHETHS 9 (Figure 7)., 1DO1 O~ LEEMREEHE 2/t L CHE
ThH MV T R7 7> (Trp) CLMAEERAL, TORE, 42 R—10 23 AHRET L2 Lk
DN-FRLINFXL=UDNERIND, FX =R RS OIHNC L) e el 2 F 7z
LTkY B zo—fl LT RERERGEORERAZFET 5 2 L mbh T %0,
N-RLINLFX L= EF X L= RIBICBWT, 0%, 3B Fr¥F XL = 3-E Fa¥x
ST UNTENEE T N T =, ) AR SN D, 2O T M O s,
SAbEIHI L, 7R M= 2% RT %0, —F, X L= EAOHEMNITRIERICEbD > TV 5
WiEbdHo 9, IDOL I IFN-y. IFN-a, TNF-o. LPS |2 &V #FE i, HUEH RN -oRh R,
RIS BRIFEE LTV D O JHEMEY A F A 2 TH D IFN-y 2SHIIAREE OS2 RIS K S
T 5 & JAKISTAT o 7' F /UK 2@ U C, IDOL DERENF| & Z &ND, TORME, B L
IDOL % Trp X3 L. 2 OMIELIZRATHINC Trp RSB = % 9, Trp oL, T MM
DR RNA Z NS, GCN2 ¥ F—EB 2 1EH T2 2 LI kv | Mz Gl HicfF ik =+
Do ZHUCEY T HIKOBFIH SN D 9, —F. BIOYA FhA 2 ThHDH TGF-BL SN
FOZFERITHEST D & PIBKIAKt & 7 VikiEg A4 L, IDOL, SHP &K 2R3, & D1k,
IKKo 235EMEAL L, ENICBITT 5 Z L TTGF-BL OERENF| & Z &b, TGF-PLIZ T A —T7' T
A 2 S B < Treg MINA~DMEZEET S %, DL EOKMIZ LV IDOL 1350)% 2 k9
BT~ LB <, IDOL I3k 2 B e P a RIESEN T HIEBEIFEH L Tk Y, IDO1 O
WFIREIL LI O T %R R OBENE LR STV D, Ziuud, IDOL AT 2 KB
FECHT S L TCNDTehEBZEZLN TS, ZOFRIZEY IDOL TEIRFEOWM N2 2 — 7
hEeoTHY, T TITHEED IDOL FLEH N HE Sfu0 % O, 4 E | FAI longamide B & 1DO1
LDORyFT e vIalb—a UEREER L, FiBlo IDO1 HEAZ R Lz, FEico0n
TiX, F=FE TR 5,



TGF-B1 IFNy T cell

] ¢ og

PI3K JAK, STAT —I_ H
v , signaling f‘TrP T’th"_pha" L-Tryptophan
depletion
Kyn Naive CD4+ IDO1
IKKa T cell
| (@ o co
[ NH
Tgfb1 Ido1 TGF-p1 2
L-Kynurenine
Tieg cell

Figure 7. 1DO1 |2 X % $h & Hifile %
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F—E TRIVREFEZVNVE (IAP) HERIZEER L72~F e e 7Y /[1,2-a]f &~
R—VFBEEDOTFA v LB

B TR
TRF=VARESZ R7E (IAP) HEROKRGHCBWTL, £T. WEERY T R Toh D
Smac @ N K Ala-Val-Pro-lle (AVPI) & XIAP & Ok 12D T X ik s A S AT 2 5256 L 7=
fEg: (Figure 8) % L2 IAP L BB R OFEM 2240 EAE 2 b L=, J78b b s EfsT ofk
REV, AVPI OZNENDT I/ BEFEIEIZ OV T, Tred XIAP L O AERANEE L E 2 b
77
Ala-Val-Pro-lle (AVPD) @ XIAP L OFHAELEA :
1) AVPIOT 7 =2FE1E, XIAP @ Glu3l4, GIn319, Asp309 72 X D7 2 VBN LIER S
HENE N EMEERLTEY . FHOEEETIT Gl LERFE, 7 RAALR
= VT Trp323 LKRFEREEZIZR L TV D,

2)  NULERIIE, EHOERF N Thr308 &, HLAR=/LHD Leud07 & ZNEIVKFRES
LTW5, A Y70 EVIEREEA 2 ATV D 72 TEMEIC R & 2R 8e 5. 2 1A Y
TNV EEMOBERKICER TS B2 OND, MRS TR Th 5,

3)  Tu U URBERIEOITHIIIL Trp323 & Tyr324 7572 28Uk Y 7 (LIt North region & I
5) DIFET 20, 70l BB DITEREREE T\ D72, 77 T Y — /L AFH A
ERIESHWEEB 2 bND, 70U D2 507 I FEGICHRT 2 % — iEiTA Ve A
URREDIRENER v N EMEAERT 500 M ERET D BEEEE AR LT
WhHEEBEZLND,

4) A VuATUEET, Leu292, Lys297, Gly306 72 X D7 X BAFRIL)N D 72 D BUKIER 7 o
I (LA#% Eastregion & FESS) EAHEAEA L TS, A Y uA U EEomitikc X 5 k#E
MR SN TE LT, IBAEMEAR T v F HIRW D | A REZR IR & K 00 FF 7 i
FIXZIENEZE 2 BILD,

LLEDEIRD S, WKy RNTT 7 =0 Fk i ETER L TV DG L . 3RV IKSERSE S 2 TRk
LTCWANRY UFREEDO T 2 FHEAIIE: L. ONorth region OB/KMET Y 7 & O EAER & 4510 L
Trn ) VEREAEHTHZ L. @East region [ZAFET DEUKMER Y v b & OFEAERZfRH LT
AvaA DAY TFNEE L IRIEEORBWERLICERT 2L 280G tE L, £
7=, ClAP I XIAP & » ki & U CHEBlO BIR2,/3 KA A VAR LT\ 5 O, KA
$HZ LV Dual B IAP 5EHTHE DRI v HE & HEZR L 72,
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Hydrophobic region
(North region)

N

Glu314% Qo @

NH [ciy30s]

' h 9 /

Lupt 0
> - oM o
Asp309 3 ' e 253

Hydrophobic pocket
(East region)

AVPI (Ala1-Val2-Pro3-lie4)

Figure 8. XIAP & AVPI @O X #pdL#k fhd

EROBREZILIZL T, EEOFET S 70— (RHEETERSHE) TNz, 47
Yb Revra[l2alt’ s VUit a4 5 IAP i3 (k& 36) Z /ML, 36 2
XIAP/CIAP-1 #E G FHETEE 2~ & & b, b LM CH 5 MDA-MB-231 fifdicxt L TR
GF 7R A TR 2T 2 L 2 ST L7 B8 (Figure 9), A{LE913 MDA-MB-231 B4l
~ 7 A0 Xenograft &7 /I THEIKFRNSIR N RS 2R~ Lz, Ll (LEW 36
@ Multi-drug resistance 1 (MDR1) EUAMAIC 31T 2 gzt 2 MlE L7 k&R, R E&%1X MDR1
DIE (Pyp=1.0nm/sec) TH Y, MDRL | 7 v AR —F —Z Lo THH S LTV LB 5
Llpolz, —MRANIESI I L FFRIEAIOMEC X ) MDRL ORI 2T L, LA 2 1E45
THMEMNRD D Enb P LA 36 O MDR1 FEBMIIIC 3515 2 HAEH ORI I3 BT /2
LEZLNE, 2T, kAW 36 ® MDRL IZX A4 ZKB L. 22 oftE 36 &R%ED
XIAP/CIAP-1 RETE M 2 A3 DB DRFEZA1TH Z & & Lz,

(/,3 oA

HZN\)LI( — N\)J\ ,N\)J\ N

Me H 0O NH Me” Me™ Y ” ¢}

0 Me Oo .
HOZC H

AVPI 35 36
XIAP ICso (NM)=240 XIAP ICso (NM)=200
cIAP1 ICsp (NM)=2.1 cIAP1 ICsg (NM)=1.3
MDA-MB-231 Glsg ("M)=5.7 MDA-MB-231 Glsy (n"M)=1.8
M.S.2 (m/h) (uL/min/mg)=128/116 M.S.2 (m/h) (uL/min/mg)=52/40
Papp” (nm/sec)=1.0
ER®=24

2 Metabolic stability. b Apical-to-basolateral apparent permeability across MDR1 expressing cells. ¢ Efflux ratio.

Figure 9. IAP f5HT3EBH%E 5 (LB 39 £ T U — Nk

MDR1 IZ X D8 2% 2 FFiko—o2 L L TKFERMET 7 &7 % — (Hydrogen Bond Acceptor :
HBA) DA SH 2 FENRMHLNATND Y, ZomiEa2 I, (LA 36 123V T HBA 12
RO REER OB MK T S5 2 & T, MDRL (2 K 2 3EAIEH ORI /IHE & B 2 7,
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—J5. AEEW 36 & XIAP, clAP-1 O X #RAffigEofftir L v, 427 % Febvrr[l2-a8 7
DUERED 6, TN A MW TER Y | O REIENIC R E RZERIRD 5 TV D Z LM
B 5 72572 %) (Figure 10),

a) /
z qu

Nsin319 A.jslyws 3

Asp320 " = 3 N
2
/

Arg3ia

& *% . .

Lys207 €

Figure 10. 1t54 36 & XIAP (a). clAP-1 (b) 3L sl i pT i 5

FEEZ 6, 7 AL OZEHITTEMIC 5 2 2 BN D7 | BIREOBEAEE L THEHL WD EEXDL
NHZEMNS, A7 Zb Fubtou[l-alt' 7 Y0 m 6, TEEEIC_ VYU BRAaiR L =5k
MEBEY~FV e Fer Ty /[12-al1 v R—/VEKET¥ A L= (Figure 11), _U¥P B4
MaBR T 2 Z &Ik 0| BIMOERNILENRIC IV ER FOBEFEENMET L, MDRL 12X 2%
P DR TR FEAD D EE 2T, ZOBE, BNAF RO RAKEZIL S A &R
Wiz (BA® 37), & BIT, WBEEMOEFICK L, /ST, AV Mi~E rgzgwiga»aﬁ/w%
LT, K0EHREFS EOBFEELZKT S, MDRL RIAINIZ T 2 RANPEH ORHIC 7
WD EHEE LTz, (k&% 38; R RY), LLEDOERICESE | (LAY 38 ZHHL IAP fHi3k o & —
Ty M E LTAEREIT) 28 L LT,

R F o’
,7 : Reduce Introduction of
. ; MDR efflux % electron-withdrawing grou % 6
H o N...G._ N | gg § N )
ey %f o : /%f 0 /%f o
Me O N N O N
H H H

36 37 38

Figure1l. ~ £ Ko E7e ) [12-al4 > KLk 38 OF A

B AR

ATk ~7z & 512, MDR1 FEBLHAIZ 35T 2 FEAIPE R O 7= 0 D BLE#s & L TRt L7z
~FHP e Fr T Y/ [12-a]f > R—/ViFEK 38 [ oW T, ARIEHRZITo 72, (LEW 36 D
7 e Ruvan[l2alt 7 VURHIET, 23-U 7 RET R A VEEATILE9 L U7 4002
KDBEXRT UV UBRERIIS D TTIETHR L TEY | ZOKIGHENEIT Scheme4 D X 912725 T
WD EHEEL TS B, J b, 39 IV AR L -7 BT 2 UAEEA T A 39 IZH L, DT
SAD2ODT I D) LREMENRFENEBZbNLE R Y U DOERFFDIMESEANIL L,
CT AT VA —IREM Ma N FEERE LTHLNTCEHERI Lz, —T05, NP IOER

13



FiIt o U D UBROBHEFF LY bREMENMINZ D 5SS DALE MR 42¢ 2T & A B AR
LR EEER LT,

ZOFREZZREAEAEYA~FTE R oY J[1,2-a]f v F—/VEROERRISGH LTZ5BE.
T IAM0 LR, VT I VA3 IEA LRIV DINT IURT =) SR E DT, IS
T2 L ANTREEMEN & B X BT BRSSO TILALE BAEIR 45 28 1A s
72% & TR LT (Scheme5), UL EDELRIZE Y BEOREZ RN ERKT D7 DIITH7- 72
BRIEEMNLT DN DD LB 2T,

N o/ o o~/

H N 40
OMe Ph._NH Br Ph. _NH Br Ph _N
. Br | ~—r
*NEtg ;

39 O~ "OMe O~ "OMe O~ "OMe
O /§|-||)CJ>\ 0._Me Ma y 41b 4c
Br OMe Ph /—(j/ e Me
Br . SNH NS 40 o~ o Me
—/
3 C o ((S o
0
~ N ((N% -HBr
OMe Ph._NH —_— X —_— N
B Ph N ) Ph._N
r O ~ \/an/OMe
39’ Br B O J
OMe O L
42a 42b 42c

Schemed. #7 #t Futnn[l2-alt’ T Y BHE R OHETE RS

octahydropyrrolo[1,2-a]pyrazine synthesis

Me Me
o—/ o—/
Me
f_(jo_/ a N N
[ _N _N OMe
Bn-NH N B r Bn I
O~ OMe
40 41c 42c
major (desired) minor

hexahydropyrazino[1,2-alindole synthesis ((Q

/£ Q N

N /N\)%n/OMe
O

Bn-NH N - =

H

O~ "OMe
43 44 45
minor (desired) major

Scheme 5. 7 X 40, 43 &£ 23- U7 nES u A UEEA F L L OB ST X AHEE R @
? Reagents and Conditions: (a) 39, Et;N, toluene.

LLFic~F%%te e oy /[1,2-a]l1 v R—/VEKDOWEKA ¥ — L% 7~3 (Scheme 6), ~
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VER EOBERIXEEIEREZICIT (47-46) . ZBRAULEMO BT O U BT TN RELE G
IR VBT 52 & & L (48—47), ZTORIK 481, A~ NV FFER 49T L TR Y v
SHEHSNLBRANL T 7 37— 5092 AN N-TAF I L VBT 52 L & L ke
M 49, 501, TNTENA L RU U ANVRUEESI BN Y v AF LT AT )L 52 ) BBl alfET
HD, RFEET T LAY EHRFEEE LTWD =, REER Bt EmE AR+ 52 L
NHHD EE 2T,

cyclization //*FQ :> HO,C ;FQ

N N

TBSO H H
- 4 1
N 9 5

""" NH-Bn — +

BN r — Y — /
0" “OMe Q. o OH
O” OMe N-alkylation O~ "OMe ;\3’
O N\ OMe > pN o OMe
46 a7 a8 gn [ o
50 52

Scheme 6. ~F#t Ku 7Y /[1,2-a]1 » K—/LEKEOFERK

FEELD (3S,10aR) ¥ (8S,10aS) O~FH b K t'F Y /[1,2-a]A > F—/VEHOEREL
Scheme 7 12”9, RO A » R—/V B LR R BIA (R-K), 51B (S-K) #AHR T T AF LA
7 4 REERIFEET, THF P CEm L, ARk L7o KBk % TBS JCi#T 5 2 & T3 U L {E#IK
49A. 49B & TN LI 2 TR 93%, 66% TiH7-, RIT, FHNT-49A, 49B LY o AF /L
AT NN UTZBRIR AL 7 7 27—k 50 & % DMF £ 7213 DMA TG L, T T 6M 1
it CTBS FeZBREL., £ v KU VB8R B4A, 54B % Z 24 2 TRRILE 46%, 41%D UK T
Too F#H T B4A, 54B Z Kl D 3 UL AR IR, 0 FNBRILBUSIZAT L, ~F P ke Pt
Z Y 12811 v R= AR AR LT, KEB(L/RT D0 L& FWTZ_ s DB BRE T RS
DHETREN ST b DD, REA 50°CIZ EiF D, b LIIKFEEE IKEFTITY &, KIS0
Iz, N7 X% Boc M TR L. Boc PRA#(K B55A, 55B & I Z 4L 3 TRRIE 43%,
62% THERL L7z,
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Bn (|)|

\N_S\éo
A0
MeO2C
. a borc 50
N HO N T8SO N dore,f
51A:R-isomer 53A:R-isomer 49A:R-isomer
51B:S-isomer 53B:S-isomer 49B:S-isomer

Bn/N

N N
BnHN j/ Boc/N\‘)
CO,Me CO,Me CO,Me
54A:R-isomer 47A:(3S, 10aR)-isomer 55A:(3S, 10aR)-isomer
54B:S-isomer 47B:(3S, 10aS)-isomer 55B:(3S, 10aS)-isomer

Scheme 7. ~F#t Fut'7 /[1,2-a]A > F—/LikiElk 55A, 55B DA ®

®Reagents and Conditions: (a) BH3;-DMS complex, THF, reflux, 93% (53A), 72% (53B); (b) TBSCI, pyridine, room temp,
quant. (for 49A); (c) TBSCI, imidazole, DMF, room temp, 91% (for 49B); (d) 50, DMF, room temp (for 54A); (e) 50, DMA,
room temp (for 54B); (f) 6N HCI, room temp, 46%, (54A) (2 steps), 41% (54B) (2 steps) ; (9) 1,, PPhs, EtsN, MeCN/toluene,
80 °C, 58% (47A), 86% (47B); (h) Pd(OH),, H, (1 atom), 10% HCI in MeOH, 50 °C (for 55A); (i) Pd(OH),, H, (3 atom),
MeOH, room temp (for 55B); (j) (Boc),0, NaHCO;, THF/H,0, room temp, 96% (55A) (2 steps), 72% (55B) (2 steps).

(3S, 10aS)-~F %kt Fu 7 /[1,2-a]1 > K—/LFFE (K 55B O REAEHLIZ DUV TLLF R,

(Scheme 8), =ErAULAW 55B I1Zxt L, NBS # W=7 uaElbailAiiz, 4> FU v DERR
FITHF LT, AV ML (60L) . 2STAE (87) DBEFEBENEL., s LTEZLNIZHD
O, BRTHEZLZRISSEIZE Z A, 8ALNERMICT BB ET LI, Bohi 87 mER
56 %27 LALS, I LIS L o7 AL 0B 2 L TY T K BT & 29%DULR TR, — .
55B 2% L. NCS (1 %#&) (L5727 v bzilAizi, RIETIESE T 45°CIcHIBT D 2 &
TROMITHET L7z, LavL, 7 o e kO EESPEIIES . 87 m k58 & 6 (L7 1 m{k 59
DEIZEIL, 33%, 28%DINHETHFL L, 8417 v ufbo@ERMEm AR LT, 7 v afbHl,
WIEDOFELRF 21T o7 b OO, BEIIR LN o7, 617 m k59X, EHITNCS (1
i) Trurfbl, 60%DILKET 6,8 iy 7 1 rfk 60 ~E\ -,
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Br CN

Boc” N\‘) Boc” N\‘) Boc” N\l)
CO,Me CO,Me CO,Me
55B 56 57
d
8 Cl Cl

e
YT e e (Y
Boc/Nj) Boc~ j) Boc”

CO,Me CO,Me COzMe

Cl

58 59 60
Scheme 8. ~F¥ b Frt'T Y /[1,2-a]( o~ F—/LifE K 55B 0 RERZZAH ®
®Reagents and Conditions: (a) NBS, DMF, 0 °C to r.t., 94%; (b) CuCN, Cul, DMF, 180 °C,; (c) (Boc),0, NaHCO;, THF/H,0,
room temp, 29% (2 steps); (d) NCS, DMF, 0 °C to 45 °C, 33% (58), 28% (59); (e) NCS, DMF, 50 °C, 60%.

(3S, 10aR)-~F ¥t Frv'F Y /[1,2-a] 1 > F—/ /LB REEAD & B HI~DFEIZ S\ TR
3 (Scheme 9), {LAMIBEAD A F NV AT VKLY F 7 A THKRSEL, 5N D AR

it & (R)-7 m~=/L'7 I %EDC, HOBtTHis L. 7 X R{K61L L7=t%, BockkDBiffi#, HATU
EHWEZL 7 a7 ) a2 OREEIC LY VT3 }‘{4263%41%355%031114:( 37z, I
T T = UK, TS VU REE KRGS, 658 FNENAES L, Bock A iR#ET S Z L THW
DiLE67a, 67b% 3 LREINZE8%, 57% CTHAK L7z,

Me
BOC/N\{COZH
BocHN 002 R
N 64, 65
f N r BocHN Nr 0
Boc” j) O P N ce
CO,Me H

55A 63
Me o r :N f H O r
Boc/N\é)L” Nr o Me/N\é)L” Nr o}
R O N R O N
H H
66a: (R=Me) 67a: (R=Me)
66b: (R=Et) 67b: (R=Et)

Scheme 9. {b.&#) 55A D& B ~DFFE L 7 F = 5RO 25 #a

®Reagents and Conditions: (a) LiOH-H,0, THF/H,0, 50 °C; (b) (R)-chroman-4-amine hydrochloride, EDC, HOBt,

DIPEA, DMF, 0 °C to room temp, 72% (2 steps); (c) 4M HCI in cyclopentyl methyl ether, EtOAc/MeOH, room temp; (d) 62,
HATU, DIPEA, DMF, 0 °C to room temp, 77%; (e) 64 or 65, HATU, DIPEA, DMF, 0 °C to room temp, 92% (66a, 2 steps),
76% (66b, 2 steps); (f) 4M HCI in EtOAc, EtOAc/MeOH, room temp, 63% (67a), 75% (67b).
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Me

|
" R! Bo C/N\;COZH
/
BocHN 002 Me
65
I N R2
BocHN
Boc/Nj) a,borc d, f
CO,Me
55B: R'=H; R?=H 68 : R'=H; R?=H (54%, 2 steps) 72 :R'=H; R?>=H
57 : R'=CN; R?=H 69 : R'=CN; R?=H (74%, 2 steps) 73 : R'=CN; R?=H
58 : R'=Cl; R?=H 70 : R'=Cl; R?=H (79%, 2 steps) 74 : R'=Cl; R?>=H
60 : R'=ClI; R?=CI 71 : R'=Cl; R?>=CI (93%, 2 steps) 75 : R'=Cl; R?>=Cl (96%, 2 steps)
R’ R1

gorhori

Me O %(NQT# %
N N N\)k

76 : R'=H; R?=H (79%, 4 steps) 80 : R'=H; R2=H (39%)
77 : R'=CN; R?=H (54%, 4 steps) 81: R1 =CN; R?=H (15%)
78 : R'=Cl; R?=H (89%, 4 steps) 82: R'=Cl; R2=H (48%)
79 : R'=Cl; R?=CI (89%, 2 steps) 83 : R'=Cl; R2=CI (31%)

Scheme 10. (3S, 10aS)-~F 1%t Fr 7 ¥ /[1,2-a]1 > KR—/iFEKROA R

®Reagents and Conditions: (a) LiOH-H,0, THF/H,0, 50 °C; (b) (R)-chroman-4-amine hydrochloride, EDC, HOBt,

DIPEA, DMF, 0 °C to room temp (for 68); (c) (R)-chroman-4-amine hydrochloride, HATU, DIPEA, DMF, 0 °C to room temp
(for 69-71); (d) 4M HCI in cyclopentyl methyl ether, EtOAc/MeOH, room temp; (e) 62, HATU, DIPEA, DMF, 0 °C to room

temp; (f) 65, HATU, DIPEA, DMF, 0 °C to room temp; (g) 4M HCI in cyclopentyl methyl ether, EtOAc, room temp (for 80);
(h) 4M HCI in EtOAc, EtOAc/MeOH, room temp (for 82); (i) TFA, toluene, room temp (for 81, 83).

KIZ(3S, 10aS)-~F Tt Ku b7 /[1,2-a]( > R—/LiFElk 55B & & DORMEAHA (57, 58,
60) OF VA MALEM~DFHEEIZ OV TRT (Scheme 10),  Scheme 9 MDA Ak EE & [RIFRIZ AR,
Mz D L, 6 TR 40-83% T Boc Ri#fK 76-79 & L7z, ik @ Boc B ifri DB
BWT, YT 2ETT, 7 mrfk79 TIEAMENKFZORE- FAEREIER S E 2 & —i6, [FH
ENEE 72 R HEGR Sz, £ 2C, TFA Z Wiz &tz M L. BRbE 81, 83 %
%4 15%, 31%DILETHK LTz, MEHIAK 76, £/ 7 v K 78 1IEKE Y aM H bk FE OEE
TF VIR C Boc A FRE L, fl:/a\% 80, 82 Z45%39%, 48% DI T/,

SRAEAE XY RrE T Y /128l v R8O mgg s LTAH 7 ¥ e ke
o [l1,2-a] v’ 7 ¥ U aEElR 90,91 ARk L7- (Scheme1l), BRI TH A A7 # & Fu'ru[l,2-a]
v T Uik 84, 85%0 Boc H4 4AM HEALKFE O F LRI CRUEE L, HATU % vz
vruankLrs v 62 EOMEAIZED 86, 87 AR, RIZT T =VBEEIK, =TT v

PR 64, 65 LfEG L. Boc AE MRS D Z & THMDILEY 90, 91 #ENENERK LT,
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N ab N ac N\)k N\)k N
Boc r ) (6} BocHN X r ) Boc Me” R H X ) o
O N O N O” N
H H H

84 :R-isomer 86 :R-isomer 88 :R-isomer (R=Et) 90 :R-isomer (R=Et)
85 :S-isomer 87 :S-isomer 89 :S-isomer (R=Me) 91 :S-isomer (R=Me)

Scheme 11. X Z{bEWA 7 # & Frbnn[l2-alt’ 7 ¥ Bi&iH 8RO ARk

4 Reagents and Conditions: (a) 4M HCI in EtOAc, EtOAc, room temp; (b) 62, HATU, DIPEA, DMF, room temp, 75% (87, 2
steps); (c) 64 or 65, HATU, DIPEA, DMF, room temp, 70% (89, 2 steps); (d) 4M HCI in cyclopentyl methyl ether, room
temp, 1.4% (5 steps) (for 90); (e) 4M HCI in EtOAc, EtOAc, room temp, 86% (for 91).

BEE HBEEMEAEE

Table 112, ZBA(ILEM~FHV L Fubv Ty J[12-a]1 v F—/LiFEk L ZDORNBILEMTH
5 RAA 7 2 et ru[l2-alt’' 7 Y U FEARD XIAPCIAP-1 #A PHETEME (ICs) . FLEH
SABIakE MDA-MB-231 COABIaIEFELEIG (Glsp) . MDRL RIS 1T 5 THmE (&
DD IEEE (M) ~OBLEEM: (Pypp,) 3 L O efflux ratio (MDRL % Bl D FLJECHE)~ & TH s
~OHETARED O FKEBEA~ D) (ER) 23, —RIAUbLAEW 67a 3@y —BRAULEW
9283 L [A%: > XIAP/CIAP-1 F5A PTG (XIAP, 220 nM, clAP-1, 2.8 nM) %77 & %12, MDRL %
BRI 31T DS PN SE Lz, L., k&% 67a Tlidk MDA-MB-231 C Ol i # 5f B EVE
PE (Glso, 15 nM) 23000855 L 72,
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Table 1. =R ~FH¥ b o T Y /[12a]f v R—AFEERE ZRAA 7% Febvnrn
[1,2-a] "7 ¥ AR DX}

XIAPBIR3*®  CIAPLBIR3*® MDA-MB-231° P 4, ° ER¢
ICs0 (nM) ICs0 (nM) Glsg (nM) (nmlseC)

¢ 2.8 15

(R)
67a N\)L .
e Of % (220 250) (26-32)  (12-19) 41 3.2

Cmpd Structure

1.7 4.4

H,,
i N 140
67b l}%iN |
Mze/i H Oor,,% (120-160) (1.6-1.8) (3.5-5.5) 86 1.2
H

14 1.8

(S)
80 sziof% (16- 23) (1316) (1523 2> 82

2.1 5.7

(R)
H,,
o 8Ty 240
M‘"ﬁl‘%ﬁfw(% (190-300) (1.8-2.4) (4.9-6.7) ° 23
H

1.2 4.6

(R)
%0 M;y?ﬂj% (82- 180) (1113 (a8s D ND

(S)
‘ J% 2.2 13
o we f % (83 160) 21-23)  (10-16) 3 69

3As determined by HTRF assay. °ICs, values and 95% confidence intervals (Cl) w ere calculated by nonlinear
regression analysis of the percentage inhibitions. © Apparent permeability. “Efflux ratio.

e 13, ZBRFULE Y 92 O cIAP-1 D ILHE L EMAT 2 F2hi L, 7 7 = 1% cIAP-1 @ Glu325,
Asp320, Trp316 72 E DT X NG S VAW R T v M EFHAEFEH L TWDH 0D, 77 =
YDA F VIS E DR FTREA /NS e AR—ANRFET 5 Z & 2R L7z (Figure 12a),
FELEREY . ZOWMMITTFAEOHFRSNDZENHBALEED® 207 F5=0D7 L%
NHEEE —RFEMIE LI T LT U FFER QO ICEHR LT- & 2 A, BUKMEME/ERSM EL, &
PEHERRIC D 3o T2, TAFNHEMESEZ2 L TmTF LT U O 7 VX V8K & clAP-1
® Leu313 D7 /LF/LEH, Trp316 DA o K—/LHk & DOHFEEEN TS & . BUKVEF E/EM. CH-n A
TERWNES L ipoTolod, FEMERH E LI EHERIL T 5 (Figure 12b), Z DR Rz =AYb E
4mmmwhﬁ%mti%wﬁuyy%mb@xmmwwa%ém%%@ﬁmhbumammm,
cMRllﬂM) U PO HIRE B A PR =5 M b 181 | L 72 (Glsg, 4.4 n1M) . & 512 MDR1 F& B A

BT 2 gz @%i@ﬁ%@f R LT,
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Figure 12. {54 92 & clAP-1 L5 A HEEAFAT RS R (PDB 1D 4LGU) (a), &4 90 & clAP-1 M
PRt E AR 45 F2(PDB ID 4MTI) (b)

WIZ TBRIULEW 92,91 2T 5 L A7 X e Frbtnu[l2-alt T ¥V B O EIT
(3S, 8aR)- &Ik~ (3S, 8aS)-fA7y, XIAP [HLFEIGEMEZ A LS D Z LN E ST, ZOMHA
AIENL, ~FHE FrbE T/ [12-a]f v R—/EKOBHEN (10afn) OARFHLE SEICE
#17-(3S, 10aS)-#5 5 (K 80 Ak L7-, WiIFFL7=i Y | (3S, 10aS)-{A& 80 (% (3S, 10aR)-{A 67b & Ltifik
L. XIAP BRETHME S KEEIZH E L (XIAP, 19 nM, clAP-1, 1.4 nM) | Z AU L1 R HE G B & 5
B L7z (Gls, 1.8nM), LU, (3S,10aS)-{K 80 1&, ¥ 7 A7 L A~ —(3S, 10aR)-{& 67b & k.
1 L CER2E(L LT (ER: 1.2 —8.2),

(3S, 10aS)-14 80 73> THRVY XIAP/CIAP-1 s G EIEME AR L2 2 Lnh | Fx 13 ke 80 &
CIAP-1 o Mt S AT A S0 L 72 (Figure 13) , Z OREEMAT 6 ~FH b Fr T2/ [1,2-4]
A v R VR OB B ATHIRE L7l ) R 2 /Tl 0 | clAP-1 # U3 r & DSIRIK
FENHE | JEVEIC B E 52 TICHAE XV B VR EAD I LR 0 EHIBEANRETH D Z &2
R E T,

Glu325

g Ar934

Figure 13. ZBA~FV kb kv 7Y /[1,2-a]1 ~ hwwlsé.\% 80 & CIAP-1 3L S s AT
A& (PDB ID 4MU7)
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(3S, 10aS)-1A 80 > MDR1 |Z X 2 BEHKI D 7= 8, MBI R OB HEELOIK T 20, B
SIMERLDE A Z T o7= (Table 2), L2rL. p->7 /& 81 Tid MDR1 (2 X A HEHITIRIE L 722 02>
7o ZHUTTT ) HEDRBKMEER Pr=—057 TH Y . {LEWREDISEMEIME T Lm0 L &2
T=o FZT, IBEMEOBEFRBIMR L LTy ool (BKMEEH =+071) ZEALZLZA, 8
A7 B e 821X BAF72 Pypp & ER Z /R & & BT, i\ XIAP/CIAP-1 BHETE M (XIAP, 23 nM, clAP-1,
1.1 nM) &5V MDA-MB-231 AlfasiFE e E TG (Glsg, 2.8 nNM) ZH LT e, 7 kg3 b
B2 e 2 7R L b OO XIAP BLETEVEFS K OSHIE HE L E T 23 000 L=, PL ko
R LD Fex X3S, 10aS)-8-7 muA~FH b Fut'F Y J[1,2-a]f o R—AFKEk 82 2 F(tE
WM& L TEIR LT,

Table 2. ~& Y%t Kt 7 /[1,2-a]1 > F— /LR OR#EAl
XIAPBIR3?"  cIAPL BIR3*® MDA-MB-231° P app ER ¢
ICs0 (NM) ICs0 (NM) Glso (NM) (nm/sec)

Cmpd Het

14 18

% ”’NJ(/EEor % (16 23) 1316 (1529 ® o

1.0 19

81 Mgwti Or % (16 19) (0.89-1.1)  (1.5-2.4) 1 s

2.8

(S)
82 M&«N\)L?g or % (21 25) (©. 98 1 ) (2335 L
Me”
(S)

g Q 5.9

83 .
Me«N\)L cr (E (56 68) (L. 2 1 6) (4.7-7.4) ~ 0.69
a6 200 13 1.8 Lo o

(140-280) (1.2-15)  (1.6-2.0)

#As determined by HTRF assay. PIC, values and 95% confidence intervals (CI) were calculated by
nonlinear regression analysis of the percentage inhibitions. “Apparent permeability. 4Efflux ratio
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AN

tA9 36 DR TdH 21Ky MDRLIZ X 2 HEH 2K L 7L &M O BRR 21T > T, LA 36 %
U— Nb&Em & LT NIRRT 5, HBA OE% R T 23 MDR1 ZBUMIIZ 3517 2 2 Mg
BICNRA & L, E7o, (LG 36 O X BEEIEEMTORER KLV | 6, 7 LI b FHER
MATREL E 2, ~FH b Fuvr'TY /1281 v F—LBKEZTY A Lz, ~FHb o'
T/ [L2-a1 v R /VERITERR AN T 7 57— M EHWT, 3AL= AT /L & 10a (L OFGEEAL RS
ONARHIEHATRE R BRIk & UCHENL LTz, TV A v Lz =8 amiE, IOl 0 s 2 4R L
-5, MDR1 BIIIC 31T DG @M 2 & Lz, (LAY 82 134 ¥ HITH D MDRL FEH
HIRIZ B ) 5 BAF R IFiE e & 38772 XIAPICIAP-1 F5 A BLEREME (XIAP, 23 nM, clAP-1, 1.1 nM) |
MDA-MB-231 Hifia#5E L E TS (Glso, 2.8 NM)  Z K L 72,
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#_E Longamide B, longamide B methyl ester, hanishin D£&

B TR

AIEEICB W CERIRA LT 7 I 57— MR- XY DUBRERAE 2B L, SCARHIE L7z e
TYVBRERICAE T H Z Eam Lz, RETIE, BRALVT 7 I7— Magpiike LTH
W ERT U UBRERERBIERASEH LT, BRALVT 7 IT7— P EHWIEERT VD UEAR
B OBEBDBDIRNZ LInD, BRIV FRRRMOEKEIT O ZLITRRALVT 7 17
— FOPWAMEEZ RO 5 DIC L VR EEZZ DT, ZOBENDL, ErrobexXT7 Y ) ik
Z % & 9% longamide B (32). longamide B methyl ester (33). hanishin (34) O&KEITH Z &
Llle, Zhho7mrEER— LT VA BA REIFHRH TR &0 BIRROAEY FRIRHEN G |
INETIZEED 7 N —FZ Lo T, SMERIRBA RS S 40TV 5 (Scheme 12) , Patel &1
L-7 ARG EURATF LT AT N LN T LT —AiEEZHNTAK LTV %2, Trost 51385 Y
7 LIRBEC & B SERERIRBR OGS £ SR AR Lz 2%, —J5. Cheng &I13%EHK LICE#H
WEAT D 2V R L EEE R —L 99 ZFHE L, ZoHEE AN TARICRI LT *, &
FTCHL. Adhikary 678 p- U R—A M6 DA RIELZ B LTS *, ABFFEICEV T, FAITBRIR A
N7 7 T — MERIZEXT UUBREMMIGZTEH L, longamide B, longamide B methyl ester,
hanishin OF LA RV — ML ZAT > 72,

Patel D& BLE
o
NH, 7 steps @CO Me 6 steps
M902C\/\CO2H —_— u 2 \)
—_— ~ —>
Meo/\/\/Nan B
“CO,H
L-Asparatic acid 93 Longamide B (32)
TrostD & A%
Pd,(dba); CHCI, o
7 ,Br N Ligand NHHN
+ N g Br
N Ucozm \ N\) R \ \) PPh2 O
DMB DCE, r.t. Br
L|gand
94 95 96 Longamide B (32)
ChengD & Bk
o
Cbz., O, A
6 steps N N Pd/C, H, O\co Et 4steps Br—( T "M
NHCbz E(0.C / N 2 \
H —_— 2 \/\ _— H —_— -
NHBoc NHBoc "CO,H
97 98 929 Longamide B (32)
AdhikaryD & BE
OH (0]
HO, _~_ OH BN
/O NHBoc (1) TFA, CH,Cl, N~ CHO S steps B (S NH
HO™ O *tEtO,C AN — > FtO,C_A~_N; ————>, NN
(2) EtsN, DMSO Bl
\
(COH), CO,Et
D-Ribose 100 101 Hanishin (34)

Scheme 12. Longamide B & & O¥fxiADitd o> & Rkl
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B B

% 9" longamide B DA RIEMESL 21TV, [RIEED T % longamide B methyl ester. hanishin 23
95 Z & & L7, Scheme 13 |Z longamide B DifiA A ¥ —A%& 7w, ©r—/L EO7 o E{bidFE
BIEREIZITH) 2 & L L (102-32), Eru b ) UUEKIEEsRkAL 7 7 37— 104 L En—
VT ATV 103 E DMLV ERRT A Z & L Lz (104—102), AR 104 1 ZAFIDT X ) TV
I — LR 105 22 HHRIAEETH B,

7\
Br N~ “CO,Me

COzH R
Longamide B (32) 102 1

Scheme 13. Longamide B @i & i A F— A

ps)

H
. /N\ 0 W 103 S\S//‘(r)\rBOC oH
LUNH — e TN — 24 > Et0,c.__NHBoc
\ N
0

4 105

TP B R T I 105 ISR L, HETF A= L EE Y VU RGNS, Z0%, BBhvT
ZULEWIUHERT NV UKL, LAY 106 ~DZEH AR T- (Scheme 14), Z O
B, 77— 105 EEV VOV aa A X RIS T A=V R T TS &L BRMb
BT EAR 107 3R L, BBMODGRITIE) > T2, ZOZBEAEREIMZ 5720, HEkT 4=

NV 7au R B U WIRICT I ) 7 )a—)L 106 DY /7 uu XX UREETE T 5 &
WL ZICHEID AL 7 7 25—k 106 7 82% D @R THE b,

Q\S/,O BocHN™ " “CO,Et
OH a,b Q" N-Boc g:‘s:g
EtO,C NHBoc
oA Loet Et0,C.__NHBoc
2
105 106 107

Scheme 14. A7 7 7 — |k 106 OFHL °
®Reagents and Conditions: (a) SOCI,, pyridine, CH,Cl,, 0 °C; (b) RuCls, NalO,, MeCN/H,0, 0 °C to room temp, 82% (2

steps).

WIZ, ZDOALT 7 25— 1 106 & B —/L 103 & OJSHRRT 21T o 72, fd & LT, ik,
Felk & kR & 7o et 2l 2 s H O W R 108 1315 50T, LA 109 BNEARM TH H Z &2
BN E o7 (Table3), ZAUEIH VR =IO v b v OERPERE N LA & O T2 DR S TP
JidEns g S - &b Z LICENT S & HERIL 72,
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Table3. AL 7 7 25— b 106 & &' —/L 103 O i fiis

Qo ~-CO,Me
03\3/\”\1_800 QCone _ conditions O\E/\NHBOC EtO,C._~_NHBoc
Et0,C. ) H EO,c”
106 103 108 109
Entry Condition Solvent temp. Results
1 t-BUOK DMF r.t. 108 (5%), 109 (24%)
2 K,COg4 DMF r.t. only 109 (detected by TLC)
3 DIPEA DMF r.t. only 109 (detected by TLC)
4 DBU DMF r.t. only 109 (detected by TLC)
5 Cs,CO;, DMF r.t. N.D.2
6 TsOH DMF r.t. N.D.2
7 none DMF rt—60°C N.D.2
8 none CH5CN rt—60°C no reaction

®Not detected; unidentified degradation by-product was obtained.

FIT, HBOEMUDTATIVEASRNANLT 7 25— M, EEE ORI E T
T, Er—L 103 NANLT 7 T — MIRERET L EE X, RERANLVT 7 17 — FOjE
1792 &L & L7 (Scheme 15), B R 7106 DT AT L ZKF(LFATHE T U 7L TE
JeL., AR UToKEEREZ TBS A CTHRF#E L, ka1l & L7z, RIC, BIFE LFERDFIETAL
77 17— MEERATZD, B LOBRE CRIERE LRI AR B AER L, BERITIK» -7, #@a
VEBET N U LD D0 LHEMI L, RRERE LT UBRKE Y U LKA R
FOGDEIZINZ T2 & 2 A, 2 TR 0%DIRTHMD AV T 7 7 — b 112 3G b,

QP
OH a OH NHBoo b OH — o d O "N-Boc
Et0,C._X__NHBoc HO —— TBSO —
105 110 11 TBSO 412

Scheme 15. A7 7 I 7 — b 112 OFH# ?
®Reagents and Conditions: (a) NaBH,, EtOH, reflux, 87%; (b) TBSCI, imidazole, DMF, 0 °C to room temp, 93%; (c) SOCl,,
pyridine, CH,Cl,, 0 °C; (d) RuCls, NalQ,, K,HPO,, MeCN/H,0, 0 °C to room temp, 90% (2 steps).

Bon-2L 77 25—k 2126 L, B a—/L 103 @i A% DMF 41 t-BuOK 1#(E . 7=
LZA, TREY PIBE L 72 RIAERITARE T BHRYOHEIA 113 2 FRE DR TH L Z LI
B L7z (Table 4), M4 t-BUOK 7B REEH U & AX° DIPEA D K 95 7285 MEIEIZE 2 5 & KL
T L 220 Te, WIEORBEERETORE, 78 b= MU ARG BIFRHEREZ R LT,
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Tabled. A7 7 25— b 112 & &r—/L 103 ORISR

O\\S”O <\?l\|l/\/\
9, iti 7 NHBoc
/HO\/N—BOC “\/N\>‘002Me conditions :

H

CO,Me

R
TBSO 112 103 113 (R=CH,OTBS)
114 (R=CH,0OH)
Entry Condition Solvent temp. Results
1 t-BuOK DMF r.t. 113 (46%)
2 K,COg4 DMF r.t. N.D.2
3 DIPEA DMF r.t. N.D.
4 t-BuOK CH,Cl, r.t. N.D.
5 t-BuOK CH;CN r.t. 113 (74%), 114 (13%)
6 t-BuOK THF r.t. N.D.
#Not detected

I FNPABR G 2 fEf L7z (Scheme 16), kI /=K TAL T 7 37— 112 & &
02— L 103 & MG S5 AM ALK E-UA S Ui E A D 2 LI XY FREA 113 o TBS A,
Boc A FREHR., NI ZF LT I Lo THIFRNBRILZ#EITS T, TR, HOE R
U DU REER 115 & 3 TRE 7T5%DINER TG 5 Z L ICHE) L=, 1A 115 2 NBS T7 (kL.
L& 116 £ L. %2 TEMPO & PhI(OAC), T/KIEH A Bt % % = & T longamide B & L7,
longamide B I Z#45 ST % 458 29712 L 1 longamide B methyl ester, hanishin ~ & 2535 L 7=,

%P co O
7 Me
5T ] LU v
N NHBoc \NH
1 _O0TBS —
TBSO HO
112 113 115

Br 0
d W e ref 96, 101

- > Br NuNH —— Longamide B (32) ————— Longamide B methyl ester (33)
Hanishin (34)
—
HO

116

Scheme 16. Longamide B &% 2
Reagents and Conditions: (a) 103, t-BuOK, MeCN, 0 °C to room temp; (b) 4M HCI in 1,4-dioxane, MeOH, room temp; (c)
Et;N, MeOH, 50 °C, 75% (3 steps); (d) NBS, DMF, -20 °C to room temp, 87%; (e) TEMPO, Phl(OAc),, NaHCO3, CH,Cl,,

room teemp, 55%.
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A fEE

TurEbRr—LTIVAaA RMeEY T % longamide B, longamide B methyl ester 33 J TY hanishin
DEMIEL LTL2-BERANVT 7 I 7 — M 2@EPRIK L ULTHWD FEIC X 0 2R EE RIE DR
SAZRRE LT2, AR— R T, 128k ALV 7 7 25— 112 ¥ —/ L= X7 /L 103 7 B 4 fiTiT
BEHEZ AT n BT Y R ARG L THEET SO0 28BS E L TR, 20
J— M2 XV 9 THE 26%IY = longamide B DAL AIRE & 72~ 72,

AERIECB N TIE, AT I 7 a—unb 12-8BIRALVT 7 25— MR RETH
DI LMD, BRI Y RO 4 (LB 2 AR 2 LD ATRE T H D 1F 0, 1,2-
BRAL T 7 35— 112 LRGSR A B — LT AT L ZMO~NT ol AT LT 52 &I
X0, BrxO~TREREALABTHL EEZLND, U EOBENG, KAL—FEHNWDZ &
W2V, Fx DTV EEEREOILEMDOSARMERRAR A A~ EISFTRE TH D & B 2T
W5, REIZBWT, KFEEHWTIERE - FHEEER~DRHZRT,
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= Longamide B FHEAKRD AR & IDO FEFE MR

B TR

A28 T, longamide B, longamide B methyl ester. hanishin O#F &L E TS5 Z L2
LTz, 27 mET7 vl NEENEEBREWEYTEEZ T2, & ORTIHEEIIR
722 n %, AlEl, Zh 6 KRR longamide 2H & . BEICE SN TWAHA V R—LT 2 23-
UAXF S —E 1 (IDO1) PHEH L OREERIC LD | W OEELIMEZ R L. longamide
B 2% IDOL [HEVEMEZ /R rIREME 2 N 8 D L HEWI L 7=, % Z T longamide B @ IDO1 BHETEHM: 2 I E
T 5 &L BHIT, BIE TN L= &L — k&2 VT longamide B O3 L EME AR L. T HD
IDOL BHETEMEIC DWW T bkl L, il B E L FF O ERORR 21T 72,

ZHVE TITEE® IDOL FLEHHE STk % (Figure 14) . —#50> IDO1 FEH & 1DO1
& OIFERIEE LI S & o TN g PO g RN STV D IDOL BE IO H T,
4-T7 = =) A I HZ Y —)UE T = = VEIN IDOL OBICIEET B AR 7 v b A EFREN B IRIEME R 7
v hEEALTEY, A4 I8 —VERP~LBEEHAMEAL TS %, Hlo IDOL EHITH
HAESF T VIEER Amg-1 T, BEERENASLBEHAIEAL, U AERRES Y R
A LHEEVEF EAERZ B L TV DIED, 7 = 3T VRN R T > b B &R DB T DR
BIER 7 » FEHD TS P, & 512 NLGI19 75K & IDO1 & D ILfk iS5, NLGIL9 1

B RER~LEEMEER L, MR PrnBry hAZER L, b oS gz
&, ~NADTFHEF UL KREFHRETER LTS Z ERERENTNS B, b DE#R)
o IDOL FHETEMEICIZ, ~ABKEDHAER ER 7 v M A 7215 B & OBUKMEFEAERPMLE L
B2z, F£lo, MEERITEEA THITHTRSIND Z LRI, EEICTFRIRLE
IDO1 FHEANIWVT IS ~ L8k EHAER ATRE R BB E 12X EFR R RA) AL TEY,
FOEIZIER T » N A & OIREMA EAERES O 7= D OBUKMESAL (F6) 28 L TW\5

Me F
o\ =
e >
0 N-Q
CO,H

QE/\N(H 2 ) ' N*S\)LN HI (N N-gNH2

N NH | H a
Me . N=’ \<\N‘N Ho™N HN—""" g0
1-Methyltryptophan  4-phenyl imidazole Amg-1 Epacadostat

Figure 14. 5 S T 5 IDO1 BRLEAI D HF

2 OARIEFENTIE % longamide B IZE Gt 5 & IDOL FHEAI L longamide B 12\ < D
DI DHER S - (Figure 15), £ 9%, longamide B & IDO1 fLERINE T SRR, EHH
TOEICALEEDHBEERDBAREL BEX OGN I NVHAR=NVERERZICAELTEBY, $2, %
DI IVR =)V DT ICBKMEE THH Y 7T aE'E e —LE A LTS b, Ry A
& DBUKMFEAEERS IR E B A b,
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Br

‘\/NH ” NH

COZH
1-Methyltryptophan  4-phenyl imidazole

Longamide B

Figure 15. Longamide B & 1DO1 BH Al D i &

OO EHERT H7-, longamideB £ IDO1 LD RyF 7« I alb—va Vit s
752 L& L7z (Figure 16), ZOfEH, longamide B iXaiikid v &SN Z /R L, BEEDO AL
R VBTN LEROT IZE L, 8k &R OIEREE 2.58A LM AERNRR SN, /27 R
FER— VIR Y FAZHOTEY, BUKMEHAEERZER L T2 LnEXbNE, &6
(Z longamide B @ 4 (\7 77 V7R 2V RlE IDOL1 OIEBRIG [~ & # L oXs L ORRITAE U L HE
HEtz, ZORER LY, longamide B (2 IDOL PHFEIGMEN & 2 FREMEN IR S LoD T, FERRIZ
longamide B 35 X QY OFFERD IDOL PLEEEZMET S5 L Lz, AT, 2O RyF 7
ET/NVAEZE|Z, longamide B (2% L T IDOL PLEVEMEAN ] - D& a2 5206 U, 1M &
MEETEMEARBA IS b RIRFICER 2D Z & & LTz,

ARG 231

\\r/
\.

Figure 16. 4-7 = =/LA I %>/ —/L (Ffa). longamide B ki) & IDOL & D Ky ¥ v 7 EF L
RNy b A ZHERT DT 2 /B, Tyrl26, Vall30, Phel64, Leu234 (fkta), R4 v b A OfFHE
hpEik Gk . ~o8 GEE) . BEMIOT I B2 Arg23l (K )
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B f longamide B ZEM L L7z IDOLFHERIT A >

Longamide B X IDO1 D Ky ¥ 7 « I a2 b— 3 UFER LD longamide B O /LR =L
IANLEREMAERAL, Y7 eea— AR v b A CBUKMEFEER L, 4L LR
FRITIAIEAI A~ N T WD Z E M El S 7=, Z O % & & 12 longamide B Offi& A iz & L, X
512 1DOL BHEFTENEM EAfRm Lic kBT A v 21795 2 & & L (Figure17), Ky ¥ o 7%
T L&V, longamide B O B VAR CERIZIAR v FOAD DIZE L TE Y, ZOFEBICITIRE 78 A~
—ANENTND Z ERMER SN, £ THAVRSNVEMTIC T = = VD L ) e K& 72 E R
HEaBATIUL, ZOAR—=2%8 | BUKMEHR AR LY IDOL HETEEN M 1T 5 &5 2
oo —JH. BTy FOAND OfHEIZIE Arg23L oL 07 v BF VBB FEL TR Y, 221K
BB NFRE L B 2 b=, £ Z T, longamide B D /LR RIS U o T —Z 4 LTt
ZEANTHZ LT IDOL O Arg231 %5 & o5k L KEREE Z TR L S ERENm £ 5 L HEHI L 7=,
E5IT, BEFEITHAEN T2 2 ERMBATNS 2 &b 919 Jongamide B @ fFEZ 1 LR
SNVEOBERAEICERT 5 2 LI X O1EERN L& BfE L7 /bEmic > Th a2 & &
L7ce Ry 72T ANLDOIEWMT VA N AZ T, JiE CTHeL L 7= longamide B DA /L —
FEMWDZ LITE D, Ern—)VBiy & ANEHRIL OB NRANATZA D Z L b HIETE
PEFHBIEASF D 72 longamide B D27 1 E ¥ — LA L OV 4 (B o 25 Bl 5 = b
L L7,

Modification of bromopyrrole part Conversion to sulfur for strong
using the established synthetic route binding to iron
Fe
Het ) 5 S
~, I
N BT NH
LNH S I\ o ﬁgﬁ;
\ B
R Brw ' ~CO,H
LN
Introduction of phenyl group \ Introduction of polar group
to fill the hydrophobic pocket CO,H to form H-bond with Arg213
o . o)
Longamide B ~~ “NH
b H H
Br YH SRS 4
0 \© Br. o
'\ o X=0H, NH,
ket BN
poe L_NH | Modification of 4-substituent
R using the established synthetic route

Figure 17. Longamide B # &K DAEERLF

=M AR

Er— VOB E LTA I XY —v A v R—/LaFER (119-121) %A% L 7= (Scheme 17)
AFNA v R—=L2-1 VAR F v b— b (117) ERIE TR LIZERRAL T 7 17— MK 112 %
t-BUOK f77E I, i S 7-1%, TBS & Boc A HLAKF-UAF I R TREL, Htld TH
JEFILT I AL > THFARRILKE S TS Z LIck Dy, ¥ T2 /[12-a]A > F—/LikEk 119
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% 80% DU THK LTz ALEW 119 DX TEMPO & 7 & hF v 3 — RRUB o TRE(L L,
ANVRAFEL20 AR LT, —FH, A XV [L2alERT VP UFER 121 b T A IFX Y —)L
2-TIVARF T L— N U8 D IERRDFIETOEM A RSN, Br—/b A ¥ R—/I A~ TIL
FIHEROFER & focof:o THIE A IE Y VERZOREMENR O — L A Rl k) KL,
AR AN T 7 I7— b 112 ~ORBEBOSPEIT LIZ Wed EHERI L T 5,

mCOZMe
N

H Ny

O”N-Boc L \/OH co2
117 + ))\/ _— 119 120
TBSO o)
N 112 N
| >—CO,Et STTONH
[N 2 §/N
H
L_OH
118 121

Scheme 17. &0 — LERZ DZEHA 2
Reagents and conditions: (a) KOtBu, CH5CN, 0 °C to room temperature; (b) 4M HCI in dioxane, metheanol, room

temperature; (c) EtzN, methanol, 50 °C; (d) TEMPO, PhI(OAc),, NaHCO3, CH,Cl,, room temperature, 57%.

4- 2 FIVFHEIR 123, 124 BN 4-B Ru o X FOLEHEK 127 OB % Scheme 18 (x93, BEXN
DB AN T 7 IF— M 1290 s EEE2 AN TEr R BT Y ) UFEA 123 % 3 T 51%I
FCEM LT, BN 123 0—FIEINBS 2L 7 rElbl, 124 #f5%7-, —FH., & RaF 2
FOUEFRER 127 IR LTIE. BEMOE Re ¥ 7 I UikiEk 125 W% 2 TRemka L7 7 2
T— 126 IZEH LT, #EV T, 123 Gk & RERDO FEZ FVT, 126 226 HB9W) 127 % 3 THE,
IR 31% CTERK LT,

o) o]
-0
Jo\/SN a,b,c ~ NH d ~ NH
Me Boc____ N\) — Br— N\)
M Br Me
122 123 124
) o
OH e f 0-570 ab.c
T8sO._L_NHBoc — - KK/N‘BOC s \\N\)NH
OTBS :
“OH
125 126 127

Scheme 18. 4-A F /L, 4-t R X v A FILVFHERDOGHK?

®Reagents and conditions: (a) methyl pyrrole-2-carboxylate, KOtBu, CHsCN, 0 °C to room temperature; (b) 4M HCI in
dioxane, metheanol, room temperature; (c) Et;N, methanol, 50 °C, 51% (123, 3 steps), 31% (127, 3 steps); (d) NBS, DMF,
-20 °C to room temperature, 79%; (e) SOClI,, pyridine, CH,Cl,, 0 °C; (f) RuCls;, NalO,, K,;HPO,, CH;CN/H,0, 0 °C, 64% (2

steps).
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7 X REFER (129a-c, 130) OEHIEE LI FIZRT (Scheme 19), AT 57 I v & LTI
Arg231 L OKFFESEWG L CTREICE R vk 7 ) E2RETE e Fef o
TIV, ZFVLUUTIVHEEREEIR LT, T ANVRCBEIOA =AM H T L& H
BELT, 7=V v &fAa+T5H2 &L L7, Longamide B #45ff7 2 > 128a-c & EDC., HOBt %
FAWTHES L., 129a-c Z157-, 129a-c (T 129a 1T Ot 3 E < . B ALEr, RSz E
RTHEECTH S T2 T OIEDNMROFER &2 o7z, 1290 O—FIXELKE -V A U ERIZ LD
Boc JiZ&FREL, 130 & L7z,

o (0]
R= a ;\/\
Br— NH  R-NH, (128a-c) g b (for 129b) Br—{ NH OH
\ N\.) \) - \ N\_) H HCI b ;
B/ B ~"NHBoc
“CoH 2 \[r R NNSNH,
o) c Ph
Longamide B (32) 129a-c 130

Scheme 19. 7 I RFFEAKD AR ®
®Reagents and conditions: (a) EDC, HOBt, Et;N, DMF, room temperature, 32% (129a), 61% (129b), 80% (129c); (b) 4M

HCI in dioxane, methanol, room temperature, 76%.

Scheme 20 |2 F A VR = VEFE(R (131, 132, 133) DOEfk%E7~T, Longamide B methyl ester
WL, B—Y VR A L S, RO D VR = VIRE A RIS L. ((BE% 131), KIC
{b&# 131 12kt L, KEE(EF N U O AT AT VENKGR L, (LAWY 132 ~ L&\, KIS
AR R 132 £ 7 =Y % EDC, HOBt THiia L. (LA 133 & 7T5%DIHE T,

(0] S S 3
Br— T NH a Br b Br— | N\H ¢ B \\N\)NH
> N\.) - . \) g > N\) - B i N
Br Br Br S
~Co,Me ~Co,Me “CO,H \g \©
Longamide B 131 132 133

methyl ester (33)
Scheme 20. 1-FA4 %Y v ru[l2-alt X7 VU iFHEAROEK®
®Reagents and conditions: (a) Lawesson’s reagent, THF, room temperature, 69%; (b) 2M aqueous NaOH, THF, methanol,

room temperature, quant; (c) aniline, EDC, HOBt, Et;N, DMF, room temperature, 75%.

WU AMiEME (1IDO1 FETEM) DT

A hk L7z longamide B #%35K 25T IDO1 AL ETEME (ImM T IDOL FHE=R) A& L7
fERAZLUFICORT (Table 5), fR#M72 IDOL EAITH D 1-AFL-.-h Y F h 770 ™ Zav
he—L & UCRIBRCHIE L7z, JIEEE LTE, IDOL OREETHL - 7~ 77 & IDOL
DI LR E TR L, FX L=  OEAZRICC I VEEST S Z LIk - THE
RKEBHLTWS D, OynErno <52 ViFEMARICHN T, longamide B (32) . longamide
B methyl ester (33). hanishin (34) 1%, F5V\EETIEH 5 b O OWffE/: IDOL FHEEMHZ R~ LT,
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WERE D 71 )V AR B % 5O longamide B 13xf )9 % A 7 /L % F#-D longamide B methyl ester, hanishin

(e BB ER SN EBNH LN E 757 (Table5), HARUEEL D /NS WEBILTH D
4-t Foxr=F U (116) BIW 4&-AF Nk (124) IZBL T, FEALTREE RS 2o
7o ANL7T X FIFEIRICBIL T, Arg231 & O AEAEM A0 - 72 129a, 130 (3159~ 2 i 1
TRONoT-, L, AR ERELOD ZA_R—Z &8 SR EAERES 2K - 127
= =)L7 2 FIE129ciE Y — REAEWTH 5 longamide B L 0 & W EM A R L7z, ZORER L0,
7 I NEFREOBEHILE U TT = = VEO X D RIREMEEE & FF O SR E Y Ll il & O BRSBTS
PeaRTZEDRH LN ERST,

Table 5. Longamide B #5:& (&A™ IDOL1 PHETEME 1
IDO1 FHEEM 2 H> 1-A FL-L.- s U 7 F 7 7 > (1-Me-L-Trp) % positive control & L CTHW /=,

Enzymatic assay %

Compd Scaffold R inhibition at 1mM (hiDO1)
2 CO,H 34.8%
34 CO,Et 20.9%
116 CH,OH 8.2%
124 0 H o.2%
S NH H
129a Br—Q | J \g ~"OH 30.1%
Br 5\ H
1290 R \“/N\/\NHBOC 24.0%
O
H
130 ‘\“/N\/\NHZ -4.2%
0
H
129c ™ Nen 58.3%
0
QﬂCOzH
1-Me-L-Trp o NH, 70.8%
Mé

WA RS BR DOREEEMEAEIIC DWW T Table 6 (2”9, 7 ka2 no eXs Y
J UFREMR 115, 127, 123 IFWTI BT E A ETEMEEZ RIS NS ERH LN E oo, T ORGSR
L0, T ERIIREER Ty b THLRT v M A L OBUKMEM EEH A5 L, IDO1 &V
Ty REDENERmDDLDOICTHE L TWDH I EMWRBI NI, A XY —ViFHERGROEE
ERLTEY, ZNb Y7 23RNV ENREBLTNDS EEXLND, BTV AV
R— VEBERTIX, B /LR BRI 120 73 longamide B & [A1%: D IDO1 FHEEM:Z/RL, B KXy
TF ARITTEED RS T R & e oTc, FICERTREMHRL L TR, F47 I FE 132 TK
MEIZTEPE A L, &7 IDOL FLEFEAICTH D 1-A F/b-L- 8 U 7 R 7 7 AT VLcd 215 2 7R
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L7ce ANVKRUERE AF VT AT AIER LT 131 TIHIEEME T LTS, ZhETORMBEL
. EORBZIZBNTS, 4 fLAVRUBRER, ZREAILT D RrXx i A F /MR ZT
JVARIZ R LTy IDOL BHETEE 27~ d~ 2 & D, VAR VBRI IDOL E A AAER L TR 0 iEE
M EICHFG L TWD ZEDNRBENT, 4-7 = =)L A I XY —/L' & IDO1 & Ot faftiriid (PDB
code: 2DOT) % F:(ZFH4 L 7= longamide B & IDO1 @ R v %> 7 %& 5L (Figure 16) i, longamide
B @ 4 fAHISERIG D 7 VAR g & Arg23L IFEEAL TN D23, Arg231 OARISH IS rTEhELFH A3 AV AT RE
PEANE 0 . longamide B DA LAR RS Arg23l D J T =V =V IRITEEM AR 2R L T D
AREPENE 2 DI, EOBREEOFERICB TS B VR UERED GG B oo B T
TRIWVEEZ R LI EHER L TV D, &&ZIC, BRHiEER EZHIEL T, Y7 rErBE EAX
TV URETRbEWEEEZ R L7 =07 2 RIK (129¢) L FAF Y Eru[l2-alt <7
TURBER (1832) BHAEDEIALAEM 133 52TV A LV LAMLTE, L LRERE LT, LAWY
133 13 LA 129¢, 132 LA EDIEERRT Z Lid/en o7z, ZHUIRER e a[l2-alE T v/
YEFAFYER B2t RT VT ANERED A T A= a VSRR D0 EHERIL

Tnd,

Table 6. Longamide B #%i& (& IDO1 BLEVEME 11
Enzymatic assay %
Compd Scaffold R inhibition at 1mM (hIDOL)
115 0 CH,OH 7.2%
~r" "NH
127 C@ OH 5.8%
123 R H -8.4%
e
N “NH
121 S CH,OH 13.9%
_____________________________________ SO
120 1% CO.H 30.1%
= NH
NS
119 iR CH,OH 21.9%
132 COH 66.5%
S
Br— NH
131 NS CO,Me 10.8%
B :
r \R
H
133 Men 43.5%
(0]
Qj/\l/cozH
1-Me-L-Trp o NH, 70.8%
Mé

35



WIZ, FRCHRWIEMEZ R L7 bA 9 132 @ IDOL FLETG MR Lo H 25424 5 7-Hi2, 1DO1
EDORyxo 7 - vIalb—va e d o2 L e Lic (Figurel8), 4-7 ==L A I XY
— )L Dk ik & JL 12 Glide/Prime (2 X ¥ longamide B OfE&E— RA2FHI L7, Hbhi-
longamide B @ K v > 77 MKk L, B VAR S VEERIF 2 iR Io A L, . &K
WbEFATTHZ Lk, kA 132 D Ky X v 7T NVERT, 47T 2 FIK 132 @ IDO1
EDORyFL 7 e vIalb—va RN G, WBRINZEREEZ &> TNWbHF A7 I FEK 132
I%. longamide B [kk, ¥ 7 v 10— LA IDOL DR7 v b A ZHe ., HIVR B TAEEN
FzERWTWND Z ENRBEINT, £lo, TAINVR=AVREEIA~LBERWTEY . HAER
LTCW5 LBz Bz, longamide B (1252 L i &SRO EREIXRWZ &R I, T
IFE DI ERENBAE LY bREVWZ LIGERT 2 L EX bz, il & SOEBN R 8o
7oz Eizk ., (LAY 132 1% longamide B IZtb~, A7y b A DBRANZEEIL TW5D Z & LR
S, EORER, Ala264 DFEHHT I N NH & Aiisg & ORI < 2 W KFERHEEZTERL T0DH 2
ERHEMNE T, Eo, ALEMRENRR Ty FADOBRAA~BE L2 L2k, Tawie
Gly262 L DHHAMEM G b=, LIER->T, Wil &~ 8k e ORI Z T, Ala264 & D
KFEREE. Gly262 & OMHAAERIZ LY, (LA 132 @ IDOL KA REN E £ o 72 L HEHI L 7=,

Y
A\

Figure 18. Longamide B (E)\ {bE# 132 (F5) L IDO1 & D R v ¥ 7ET VO

Al longamide B £ ¥ & mWiEMEZ R Lo fbE9 132 & 129¢ 2DV T, longamide B & &
Glide score "D Lz H 1T - 7= (Table 7), & DOfEH, (LA™ 132, (LA 129¢ & 1 longamide B
£V BV, Docking score, Glide score A7~ L, IEMEAE R Z KBS T D /R E o7z, LvL, &
HIEMERSEVMEAY 132 L 0 LAY 129¢ DIF H 7 Docking score, Glide score & & (KL Vil 2R
L72BHICE LTI AHTH 5,
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Table 7. Longamide B#5EAD Ky o 7 2a7y

Docking score Glide gscore
Longamide B -4.525 -4.525
Compound 132 -5.556 -5.556
Compound 129c -5.843 -5.843
EEE K
Tuxtn—LT7NhaA RTH5 longamide B & 1DO1 PHEFH] & D& S W7 L& HIC
AR EFHAEAERAREZe~T vtk 2 A L, IDOL DREMER 7 » k& 5B 7 B N5 IEEAL 2 REF

THZI LR EHEANH D Z LD, longamide FHIZH IDOL FHEVEMED S D Z & AHEMI L7,
longamide B & IDO1 ® R v & v 738 A EfE L7- & Z 5. longamide B 23 IDO1 IZHEAd 5 Z &2
RIBXNDHEMENE LN, ZNHOEHRELY ., longamide B & Z D JE0{b-E& %73 IDOL FHE
EMEZ A L TODAMREEN B 2 b e 7o, FEEICE L, £ 0 IDO1 [EEMRHG 21T > 72,
Longamide B 35 & OF longamide B methyl ester. hanishin O3EMEIZ550 > 726 DD, BHffE 72 BHETR M
R LTz, —F7. AW THRERE L7 = =47 3 FiBslK 129c & F 4 B /LR = L ikEik 132
{22 T, longamide B X ¥ @&V IDOL FLETE M 2 7~ U 7o, BELE W) 132 OFEEIX A 72 1DO1
FREAITH D 1-AF/-L- N U 7 N7 7 AP DG AR L7z, ka9 132 &£ IDO1L D Ry ¥
YITERTADG ALEY 132 13T A I VAR = VB LR E Ala264 OT X K7 v k2 LR AAEH
L. 78FEDO1290GIy262 D7 X R7a b EMEERATLIZ EICE0EERm ELTZEE X
HALT, AFEFIC LV . longamide B D E B BT Y LERKIZOWNT, AISEIZIIT A E LWV
WO AREMEZ R LTz,
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e

FAE 12-BRANV 7 7 I 7 — R W, BHEOEXT D UFFEEROFHERIELHL L, T
OREEROEYNEEE ~ DR 21T o 7o, AIFEFFE CTIE IAP #EH DG RFZE, R TiT 1
ongamideB. longamide B methyl ester, hanishin @& A% 1T > 72,

BT TO IAP TR RIC B WX, 7R h—T A H5E (IAP) K1 D—>Th s XIAP &%
ONREMEY AT KT8 5 Smac D7 kT ~7'F K AVPI & O ILHE g &b 2 15 H L 72 SBDD 1T &

D ZBRAER A AT D HBLIAP #PEAE A Uiz, Fx o7 v—7 12 L a4 2 »
b Revon[l2-alt’ s Y dFEk 36 1m0 IAP LEREEZ /R LoD, BFRPK 7R 7 7 A1)V
R L, BB~ U AT UICBWT, BHERTIESZIR A~ L7, Ll MDRL IZ XV 8
HENLTNEWIBEN D o127, UEL RN Lo #ia1T > 72, MDRL I X 28 %
T 2 HEO—>L LT, HBA OZREWH I L FEMMONA T\, £Z T, {LEW 36
D HBA L 720155 I EROBEEMR T ZMY . 6, 7L Emlc_r BV REME ST
“RAAFTTE FrE T Y /[1,2-811 v R—FFEK 67a Ak LTz, MEHRFTORKELY
PR 67a 135V MDRL FE BN 36 1T 2 FANPEH 3 KRIEITARIL L. 2220 XIAP/CIAP-1 i &
PRETRME 2 HERE L7, SO OREOREIEEZIT > 725 %, MDRL (2L 2 EAPEH KL . &
XIAP/CIAP-1 FEABLETENE, 787172 MDA-MB-231 AR5 H 2R3 (LEa 82 & A L=, &
WFFE TR SN ARF LA WITE O ELE I MDA-MB-231 OAIIERGE 2 3 L7 2 L2265, 1AP
IS5 2 L TRICT AR b=V RAEFET D &0 985 LWERRTIC L D HUmEE o al el 2s R
B X7z, £7=. IAP & caspase & OFHEANERO X 5 7k )7 ERIFAEAER (protein-protein
interaction ; PPI) Z M4y 7 CHHET 5 2 L 1d, BERSOSAROBREE & 138720 —Rivicg L
nWEENTWD, SR, AKRPEY 7 RTHH Smac D AVPI 358 < IAP IG5 &0 %Euﬁé‘»
£ L2 SBDD Z{EM L. mi\ IAP #E G E 2 7~ 37401 600 BREED(bEW & Wit 7o, A5

L CABZOABEMEICB T 2 AER2MANGONTZEE XD,

TETIR L2-BR AL T 7 35— ML D ERT U UBRE S A IS L, longamideB (32) .
longamide B methyl ester (33). hanishin (34) ORA/KEITo72, BEHOT 2/ 72— 105 &
DFE LT AT NVEFRFOBRIKRANLT 7 17— 106 ZHWT, ErrbEXT Y HEHEE L
FTRATZN, ZATNANO a fOBEENRE <, B REENEL L, BIMIISE R oTz, %
IC AT NAEGERWVERRANLT 7 I7— M 12 ZH0 & ZA KIGIEA L —RIZHEIT L,
HOErm BT Y RGBSR LT, £ 0%, fix HFREL#ZIT, B nE
a—n7 e ROAKRIZE ST, AEH/L— MZX Y T T longamide B 313G T 5
TR, ErrbeRI Y o n— ViR 4 (EHEILOZPFRINATA D Z &b
ZARMEFE B A~ DEJSA FREE B X b D,

WEETIX, AR L7- longamide B &A% IDOL BREFH & OREELLEE, longamide B & 1DO1
ED Ry F U7 BT AOREIE . longamide B 28 1DO1 FHEEEME 2779 & #E/I L. longamide B J&
VLA OE R & Sl A i L 7=, 5O % 5 longamide B 13 IDO1 (259 5 HEFEMEZ R Lz,
—7J5., longamide B ® 4 f\L VAR UERIZT = U U EMEE LTz 129¢ L RHED B VR =)V A T4 T
JUR =)V ZEHA LU 7= 132 13 longamide B & Ebie L C IDOL FLEEMES M L LTz, FFlcF 47 2 FIK
132 OEMER ELZBEIZOWT, Ry XU 73R THREEL7ZE 2 A, 747 I FE 132 1%
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longamide B IZtb~ ~ A8k & OFHAAEHBRBESHENL TV D Z E DB LT Y | U, (b
AW 132 ORREFE 1 & Ala264 & OfFEE, 7 oEkkl Gly262 & OHEENIT SV TN D Z & AR
Ehtz, ZORER. LA 132 O & Ala26d L O EAEH, 7 rEikd Gly262 L O HAE
DR ST, FERIENAEE oo EHELE I, AFFEIZL Y | longamideB DR B BT Y )
VEBORBIZBIT O LW E R T I ENTE L EE XD,

LLE, AW %38 U CLRHIE S vz B 2 B MR BT O VBB ST RUSOG & U
HL, 2D ORIEZE AV, AIEEY — MW H 5 WIERERY OB A RIEMSIZ R Lz, &
WRTHLNT- T DV UREALEWIX. T, IAP [LEEM:, IDOL BAEEEEZ R L, &
HACHUEE DRI ST 2 F UL AW A FHER L LT, D EORENDL, e T
BRI R TRk % 72 IS 2 R U — RAEAWAIHIC B W TEWAREMEZ A LT D 2 L DVRIE X
Niz, 2 A METORE S Z VRS LAY L DAIHRICE W T, BFRE0BLE» b, XY
BHECH B O BmOEROFAEEIE . RSB T 5 ERT UV UREGA T D EME R EIE
RAEBER L7 Z &1, AL B D THOREBRBEREFORR THDL EEX TIN5,
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KBRIH

'H nuclear magnetic resonance (NMR) spectra was measured on a Bruker DPX-300 or a Bruker
AV-600 spectrometer; chemical shifts are given in ppm with tetramethylsilane as an internal standard,
and coupling constants (J) are measured in hertz (Hz). High-resolution mass spectrometry analyses
were carried out by Takeda Analytical Research Laboratories, Ltd. Reaction progress was determined
by thin layer chromatography (TLC) analysis on silica gel 60 F,s4 plate (Merck Ltd) or NH TLC plates
(Fuji Silysia chemical Ltd). Chromatographic purification was carried on silica gel columns 60
(0.063-0.200 mm or 0.040-0.063 mm, Merck Ltd), basic silica gel (Chromatorex NH, 100-200 mesh,
Fuji silysia chemical Ltd) or Purif-Pack (SI 60 uM or NH 60 puM, Fuji Silysia chemical Ltd).
Commercial reagents and solvents were used without additional purification.

(2R)-2,3-Dihydro-1H-indole-2-ylmethanol (53A)

Borane dimethylsulfide (5.81 mL, 61.3 mmol) was added dropwise to a solution of
(2R)-2,3-dihydro-1H-indole-2-carboxylic acid (51A, 5.00 g, 30.6 mmol) in THF (60 mL) at 0 °C, and
the reaction mixture was refluxed at 70°C for 4 h. MeOH (25 mL) and conc. HCI (8.0 mL) were added
successively to the mixture at 0 °C, and the mixture was refluxed at 70°C for 1 h. After the mixture
was concentrated under reduced pressure, the concentrate was basified with 8M NaOH, and the
mixture was diluted with water and extracted with EtOAc. The organic layer was washed with bring,
dried over MgSQO,, and concentrated under reduced pressure. The residue was purified by silica gel
column chromatography (10-100% EtOAcC in n-hexane) to give 53A (4.27 g, 93%) as pale yellow oil;
'H NMR (300 MHz, CDCls): 6 1.70-2.12 (1H, m), 2.72-2.93 (1H, m), 3.02-3.23 (1H, m), 3.46-3.64
(1H, m), 3.66-3.83 (1H, m), 3.86-4.28 (2H, m), 6.54-6.81 (2H, m), 6.90-7.20 (2H, m); MS (ESI): m/z
150.1 (M+H)".

(2S)-2,3-Dihydro-1H-indole-2-ylmethanol (53B)

To a solution of (2S)-2,3-dihydro-1H-indole-2-carboxylic acid (51B, 19.5 g, 119.5 mmol) in THF
(150 mL) was added dropwise 10M borane dimethylsulfide in THF (35.9 mL, 358.5 mmol) at 0 °C,
and the reaction mixture was stirred at 60 °C for 16 h. To the mixture were added MeOH (50 mL) and
6M HCI (50 mL) at 0 °C, and the mixture was stirred at 50°C for 1 h. After the mixture was
concentrated under reduced pressure, the residue was basified with 8M NaOH, and the mixture was
diluted with water and extracted with EtOAc. The organic layer was washed with brine, dried over
MgSQ,, and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (5-50% EtOAC in n-hexane) to give 53B (12.8 g, 72%) as white solid; ‘H NMR (300
MHz, DMSO-dg): 6 2.62 (1H, dd, J = 15.9, 6.8 Hz), 2.96 (1H, dd, J = 15.9, 9.3 Hz), 3.19-3.52 (2H, m),
3.65-3.89 (1H, m), 4.71 (1H, t, J = 5.4 Hz), 5.50 (1H, s), 6.36-6.57 (2H, m), 6.87 (1H, t, J = 7.6 Hz),
6.96 (1H, d, J = 7.2 Hz); MS (ESI): m/z 150.1 (M+H)".
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(2R)-2-({[tert-Butyl(dimethyl)silylJoxy}methyl)-2,3-dihydro-1H-indole (49A)

tert-Butyl(chloro)dimethylsilane (4.56 g, 30.2 mmol) was added to a solution of 53A (4.10 g, 27.5
mmol) in pyridine (30 mL) at 0 °C. After being stirred at room temperature for 18 h, the mixture was
concentrated under reduced pressure. The residue was diluted with satd NaHCO; and extracted with
EtOAc. The organic layer was washed with brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (0-20% EtOAc in n-hexane)
to give 49A (7.01 g, quant.) as pale yellow oil; *H NMR (300 MHz, CDCl5): § 0.02-0.10 (6H, m),
0.84-0.97 (9H, m), 2.55-2.71 (1H, m), 2.95-3.19 (1H, m), 3.46-3.68 (2H, m), 3.82-4.02 (1H, m),
4.08-4.34 (1H, m), 6.51-6.76 (2H, m), 6.88-7.15 (2H, m); MS (ESI): m/z 264.2 (M+H)".

(2S)-2-({[tert-Butyl(dimethyl)silylJoxy}methyl)-2,3-dihydro-1H-indole (49B)

tert-Butyl(chloro)dimethylsilane (14.22 g, 94.4 mmol) was added to a mixture of 53B (12.8 g, 85.8
mmol) and imidazole (6.42 g, 94.4 mmol) in DMF (100 mL) and the mixture was stirred at room
temperature for 1 h. The mixture was diluted with water and extracted with EtOAc. The organic layer
was washed with brine, dried over MgSO,, and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (0-15% EtOAc in n-hexane) to give 49B (20.6 g, 91%)
as colorless oil; "H NMR (300 MHz, DMSO-dg): § 0.05 (6H, d, J = 3.2 Hz), 0.87 (9H, s), 2.64 (1H, dd,
J=15.9, 6.8 Hz), 2.98 (1H, dd, J = 15.9, 9.1 Hz), 3.38-3.65 (2H, m), 3.71-3.90 (1H, m), 5.48 (1H, d,
J = 1.3 Hz), 6.41-6.57 (2H, m), 6.81-6.92 (1H, m), 6.97 (1H, d, J = 7.2 Hz); MS (ESI): m/z 264.2
(M+H)".

Methyl N-benzyl-3-[(2R)-2-(hydroxymethyl)-2,3-dihydro-1H-indole-1-yl]-L-alaninate (54A)

A mixture of 49A (2.00 g, 7.59 mmol) and methyl (4S)-3-benzyl-1,2,3-oxathiazolidine
-4-carboxylate (50, 2.27 g, 8.35 mmol) in DMF (20 mL) was stirred at room temperature for 7 h. After
being stirred at 40 °C for 16 h, 6M HCI (4.0 mL) was added dropwise to the mixture at 0 °C, and the
mixture was stirred at room temperature for 1 h. The mixture was neutralized with satd NaHCO3, and
extracted with EtOAc. The organic layer was washed with brine, dried over MgSO,, and concentrated
under reduced pressure. The residue was purified by silica gel column chromatography (10-100%
EtOAc in n-hexane) to give 54A (1.0 g, 46%) as pale yellow oil; *H NMR (300 MHz, DMSO-dg): &
2.55-2.72 (2H, m), 2.94-3.10 (1H, m), 3.34-3.65 (9H, m), 3.68-3.89 (2H, m), 4.79 (1H, t, J = 5.5 Hz),
6.30 (1H, d, J = 7.9 Hz), 6.51 (1H, t, J = 7.0 Hz), 6.84-7.01 (2H, m), 7.09-7.41 (5H, m); MS (ESI):
m/z 341.2 (M+H)".

Methyl N-benzyl-3-[(2S)-2-(hydroxymethyl)-2,3-dihydro-1H-indole-1-yl]-L-alaninate (54B)

A mixture of 49B (28.2 g, 107 mmol) and methyl (4S)-3-benzyl-1,2,3-oxathiazolidine-4-carboxylate
(50, 34.8 g, 128 mmol) in N,N-dimethylacetoamide (280 mL) was stirred at room temperature for 18 h.
6M HCI (53.5 mL) was added dropwise to the mixture at 0 °C, and the mixture was stirred at room
temperature for 1.5 h. The mixture was neutralized with 1M NaOH and extracted with EtOAc. The
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organic layer was washed with water, brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by NH silica gel column chromatography (5-50% EtOAc in
n-hexane) and silica gel column chromatography (5-50% EtOAc in n-hexane) to give 54B (14.9 g,
41%) as pale yellow solid; *H NMR (300 MHz, DMSO-dg): 2.66-2.87 (2H, m), 2.89-3.06 (1H, m),
3.23-3.35 (1H, m), 3.35-3.67 (9H, m), 3.70-3.83 (1H, m), 4.80-4.98 (1H, m), 6.33 (1H, d, J = 7.7 Hz),
6.51 (1H, t, J = 7.1 Hz), 6.83-7.02 (2H, m), 7.13-7.39 (5H, m); MS (ESI): m/z 341.3 (M+H)".

Methyl (3S,10aR)-2-benzyl-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-carboxylate (47A)

A mixture of 54A (1.0 g, 2.94 mmol), iodine (1.86 g, 7.34 mmol), triphenylphosphine (1.93 g, 7.34
mmol), triethylamine (1.43 mL, 10.3 mmol) in toluene/MeCN (1:1, 40 mL) was stirred at 80 °C for 16
h. The mixture was diluted with satd NaHCO; and extracted with EtOAc. The organic layer was
washed with brine, dried over MgSO,, and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (10-100% EtOAc in n-hexane) and NH silica gel
column chromatography (0-10% EtOAc in n-hexane) to give 47A (710 mg, 58%) as pale yellow oil;
'H NMR (300 MHz, CDCls): § 2.57 (1H, dd, J = 15.0, 9.5 Hz), 2.68-3.04 (2H, m), 3.04-3.37 (2H, m),
3.38-3.62 (2H, m), 3.66 (3H, s), 3.84-4.15 (3H, m), 6.43 (1H, d, J = 7.6 Hz), 6.65 (1H, t, J = 7.3 Hz),
6.94-7.13 (2H, m), 7.19-7.58 (5H, m); MS (ESI): m/z 323.2 (M+H)".

Methyl (3S,10aS)-2-benzyl-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-carboxylate (47B)

Compound 47B was prepared by the similar method to that described for 47A using 54B (14.9 g,
43.6 mmol), iodine (16.6 g, 65.4 mmol), triphenylphosphine (17.2 g, 65.4 mmol) and triethylamine
(15.2 mL, 109 mmol). Pale yellow oil (12.2 g, 86%); "H NMR (300 MHz, DMSO-d¢): 6 1.88-2.03 (1H,
m), 2.42 (1H, dd, J = 15.5, 5.3 Hz), 2.56 (1H, dd, J = 11.4, 3.5 Hz), 2.90 (1H, dd, J = 15.5, 8.1 Hz),
3.00-3.19 (3H, m), 3.47-3.61 (1H, m), 3.64-3.75 (4H, m), 3.77-3.93 (1H, m), 6.48-6.65 (2H, m),
6.91-7.07 (2H, m), 7.18-7.40 (5H, m); MS (ESI): m/z 323.3 (M+H)".

2-tert-Butyl 3-methyl (3S,10aR)-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2,3(1H)-
dicarboxylate (55A)

A mixture of 47A (272 mg, 0.84 mmol), 20% Pd(OH),/C (157 mg) and 10% HCI in MeOH (10 mL)
was stirred at 50 °C for 3 h under hydrogen atmosphere. The mixture was filtered through a membrane
filter, and the filtrate was concentrated under reduced pressure. To the residue were added 20%
Pd(OH),/C (157 mg) and 10% HCI in MeOH (10 mL), and the mixture was stirred at 50 °C for 4 h
under hydrogen atmosphere. The mixture was filtered through a membrane filter, and the filtrate was
concentrated under reduced pressure. The residue and di-tert-butyl dicarbonate (184 mg, 0.84 mmol)
were mixed in satd NaHCOs/THF (1:1, 5.0 mL), and the reaction mixture was stirred at room
temperature for 3 days. The mixture was partitioned between EtOAc and water, and the organic layer
was washed with brine, dried over MgSO,, and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (2-40% EtOAc in n-hexane) to give 55A (269 mg,
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96%) as yellow oil; 'H NMR (300 MHz, DMSO-dg): § 1.04-1.61 (9H, m), 2.38-2.64 (1H, m),
2.78-3.29 (4H, m), 3.53-3.74 (3H, m), 3.86-4.25 (2H, m), 4.61-4.88 (1H, m), 6.40-6.69 (2H, m),
6.92-7.37 (2H, m); MS (ESI): m/z 333.2 (M+H)".

2-tert-Butyl 3-Methyl (3S,10aS)-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2,3(1H)-
dicarboxylate (55B)

A mixture of 47B (9.00 g, 27.9 mmol), 20% Pd(OH),/C (3.92 g) and 10% HCI in MeOH (90 mL)
was stirred at 50 °C for 1 h under hydrogen atmosphere. The mixture was filtered through a membrane
filter, and the filtrate was concentrated under reduced pressure. To the residue were added 20%
Pd(OH),/C (3.92 g) and 10% HCI in MeOH (90 mL), and the mixture was stirred at 50 °C for 2 h
under hydrogen atmosphere. The mixture was filtered through a membrane filter, and the filtrate was
concentrated under reduced pressure. The residue was diluted with satd NaHCO; and extracted with
EtOAc. The organic layer was washed with brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by NH silica gel column chromatography (3-30% EtOAc in
n-hexane). To the residue were added 20% Pd(OH),/C (3.92 g) and 10% HCI in MeOH (90 mL), and
the mixture was stirred at room temperature for 2 h under hydrogen pressure (3atom). The mixture was
filtered through a membrane filter, and the filtrate was concentrated under reduced pressure. The
residue and di-tert-butyl dicarbonate (6.09 g, 27.9 mmol) were mixed in satd NaHCO,/THF (1:1, 180
mL), and the reaction mixture was stirred at room temperature for 1 h. Additional di-tert-butyl
dicarbonate (0.61 g, 2.79 mmol) was added to the mixture, and the reaction mixture was stirred at
room temperature for 30 min. The mixture was partitioned between EtOAc and water, and the organic
layer was washed with brine, dried over MgSQ,, and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography (10-40% EtOAc in n-hexane) to give 55B (4.37 g,
72%) as colorless oil; *H NMR (300 MHz, DMSO-dg): 6 1.22-1.43 (9H, m), 2.76 (1H, dd, J = 16.4,
5.1 Hz), 3.08-3.30 (2H, m), 3.49-3.77 (6H, m), 3.99-4.07 (1H, m), 4.41 (1H, t, J = 5.9 Hz), 6.55-6.75
(2H, m), 6.91-7.13 (2H, m); MS (ESI): m/z 333.3 (M+H)".

2-tert-Butyl 3-methyl (3S,10aS)-8-bromo-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2,3(1H)-
dicarboxylate (56)

A solution of N-bromosuccinimide (562 mg, 3.16 mmol) in DMF (5.0 ml) was added to a solution
of 55B (1.05 g, 3.16 mmol) in DMF (10 mL) at 0 °C, and the reaction mixture was stirred at room
temperature for 65 h. The mixture was diluted with satd NaHCO; and extracted with EtOAc. The
organic layer was washed with brine, dried over MgSQO,, and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (5-50% EtOAc in n-hexane) to give 56
(1.22 g, 94%) as colorless oil; *H NMR (300 MHz, DMSO-d): 6 1.21-1.44 (9H, m), 2.65-2.86 (1H,
m), 3.09-3.30 (2H, m), 3.49-3.74 (5H, m), 3.98-4.12 (2H, m), 4.42 (1H, t, J = 5.9 Hz), 6.62 (1H, d, J
= 8.1 Hz), 7.10-7.25 (2H, m); MS (ESI): m/z 411.1 (M+H)".
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2-tert-Butyl 3-methyl (3S,10aS)-8-cyano-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2,3(1H)-
dicarboxylate (57)

A mixture of 56 (1.20 g, 2.92 mmol), cupper cyanide (1) (784 mg, 8.75 mmol) and cupper iodide
(1.67 g, 8.75 mmol) in DMF (10 mL) was stirred at 180 °C for 1 h under microwave irradiation. The
mixture was filtered and the filtrate was concentrated under reduced pressure. To the residue were
added satd NaHCO; (10 mL) and di-tert-butyl dicarbonate (955 mg, 4.38 mmol) in THF (10 mL)
successively, and the mixture was stirred at room temperature for 4 h. Additional di-tert-butyl
dicarbonate (480 mg, 2.20 mmol) was added to the mixture, and the reaction mixture was stirred at
room temperature for 2 h. Additional di-tert-butyl dicarbonate (480 mg, 2.20 mmol) was added to the
mixture, and the reaction mixture was stirred at room temperature for 2 h. Further additional
di-tert-butyl dicarbonate (480 mg, 2.20 mmol) was added to the mixture, and the reaction mixture was
stirred at room temperature for additional 17 h. The mixture was diluted with EtOAc and water,
filtered through Celite® and partitioned between EtOAc and water. The organic layer was washed with
brine, dried over MgSQ,, and concentrated under reduced pressure. The residue was purified by silica
gel column chromatography (5-50% EtOAc in n-hexane) to give 57 (305 mg, 29%) as pale yellow oil;
'H NMR (300 MHz, DMSO-d): ¢ 1.33 (9H, s), 2.80 (1H, dd, J = 17.0, 5.1 Hz), 3.12-3.30 (2H, m),
3.54-3.84 (6H, m), 4.07-4.22 (1H, m), 4.47 (1H, t, J = 6.0 Hz), 6.75 (1H, d, J = 8.1 Hz), 7.32-7.43
(1H, m), 7.47 (1H, dd, J = 8.1, 1.5 Hz); MS (ESI): m/z 358.2 (M+H)".

2-tert-Butyl 3-methyl (3S,10aS)-8-chloro-3,4,10,10a-tetrahydropyrazino[1,2-alindole-2,3(1H)-
dicarboxylate (58)
2-tert-Butyl 3-methyl (3S,10aS)-6-chloro-3,4,10,10a-tetrahydropyrazino[1,2-alindole-2,3(1H)-
dicarboxylate (59)

N-Chlorosuccinimide (771 mg, 5.78 mmol) was added to a solution of 55B (1.92 g, 5.78 mmol) in
DMF (40 mL) at 0 °C, and the reaction mixture was stirred at 50 °C for 16 h. The mixture was diluted
with satd NaHCO; and extracted with EtOAc. The organic layer was washed with brine, dried over
MgSO,, and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (1-15% EtOAc in n-hexane) to give 58 (800 mg, 33%) as pale yellow oil and 59 (500
mg, 28%) as pale yellow oil.

Compound 58; 'H NMR (300 MHz, DMSO-de): J 1.22-1.44 (9H, m), 2.77 (1H, dd, J = 16.9, 4.6 Hz),
3.08-3.29 (2H, m), 3.47-3.76 (6H, m), 3.96-4.15 (1H, m), 4.34-4.50 (1H, m), 6.56-6.76 (1H, m),
6.97-7.14 (2H, m); MS (ESI): m/z 367.2 (M+H)".

Compound 59; 'H NMR (300 MHz, DMSO-dg): ¢ 1.21-1.57 (9H, m), 2.77-2.97 (1H, m), 3.07-3.26
(1H, m), 3.38-3.54 (1H, m), 3.62-3.80 (4H, m), 3.82-4.07 (2H, m), 4.17 (1H, brs.), 4.36 (1H, t, J =
5.7 Hz), 6.59-6.84 (1H, m), 6.95-7.23 (2H, m); MS (ESI): m/z 367.1 (M+H)".

2-tert-Butyl 3-methyl (3S,10aS)-6,8-dichloro-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2,3(1H)-
dicarboxylate (60)
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N-Chlorosuccinimide (178 mg, 1.33 mmol) was added to a solution of 59 (489 mg, 1.33 mmol) in
DMF (20 mL), and the reaction mixture was stirred at 50 °C for 2 h. The mixture was diluted with satd
NaHCO; and extracted with EtOAc. The organic layer was washed with brine, dried over MgSQO,, and
concentrated under reduced pressure. The residue was purified by silica gel column chromatography
(3-30% EtOAcC in n-hexane) to give 60 (484 mg, 60%) as pale yellow oil; '"H NMR (300 MHz,
DMSO-dg): ¢ 1.33 (9H, brs), 2.78-2.95 (1H, m), 3.10-3.26 (1H, m), 3.39-3.54 (1H, m), 3.63-3.80
(4H, m), 3.85-3.98 (2H, m), 4.19 (1H, brs.), 4.38 (1H, t, J = 5.7 Hz), 7.16 (2H, dd, J = 13.7, 1.8 Hz);
MS (ESI): m/z 401.1 (M+H)".

tert-Butyl (3S,10aR)-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]-3,4,10,10a-
tetrahydropyrazino[1,2-aJindole-2(1H)-carboxylate (61)

A mixture of 55A (256 mg, 0.77 mmol) and lithium hydroxide monohydrate (97 mg, 2.31 mmol) in
THF/water (5:1, 6.0 mL) was stirred at 50 °C for 20 h. The mixture was neutralized with 1M HCI,
concentrated under reduced pressure, and the concentrate was coevaporated with toluene in vacuo. To
the mixture of the residue, (4R)-3,4-dihydro-2H-chromene-4-amine hydrochloride (172 mg, 0.92
mmol) and HOBt (156 mg, 1.16 mmol) in DMF (3.0 mL) were successively added DIPEA (0.402 mL,
2.31 mmol) and EDC (179 mg, 1.16 mmol) at 0 °C. The mixture was stirred at room temperature for
17 h, and then partitioned between EtOAc and water. The organic layer was washed with brine, dried
over MgSQ,, and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (5-30% EtOAc in n-hexane) to give 61 (280 mg, 72%) as white solid; *H NMR (300
MHz, DMSO-dg): 6 1.33-1.50 (9H, m), 1.73-2.08 (2H, m), 2.52-2.58 (1H, m), 2.90-3.31 (4H, m),
3.78-4.36 (4H, m), 4.40-4.68 (1H, m), 4.86-5.11 (1H, m), 6.35-6.51 (1H, m), 6.60 (1H, t, J = 7.4 Hz),
6.70-6.86 (2H, m), 6.89-7.24 (4H, m), 8.22-8.68 (1H, m); MS (ESI): m/z 450.3 (M+H)".

tert-Butyl {(1S)-1-cyclohexyl-2-[(3S,10aR)-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]-
3,4,10,10a-tetrahydropyrazino[1,2-ajindole-2(1H)-yl]-2-oxoethyl}carbamate (63)

A mixture of 61 (230 mg, 0.51 mmol) and 4M HCI in cyclopentylmethylether (5.0 mL) in
EtOAc/MeOH (1:1, 5.0 mL) was stirred at room temperature for 1 h and then concentrated under
reduced pressure. To a mixture of the residue, (25)-[(tert-butoxycarbonyl)amino](cyclohexyl)ethanoic
acid (62, 197 mg, 0.77 mmol) and DIPEA (0.446 mL, 2.56 mmol) in DMF (3.0 mL) was added HATU
(292 mg, 0.77 mmol) at 0 °C. The mixture was stirred at room temperature for 18 h, and then
partitioned between EtOAc and water. The organic layer was washed with brine, dried over MgSO,,
and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (5-35% EtOAc in n-hexane) to give 63 (345 mg, 77%) as white solid; *H NMR (300
MHz, DMSO-dg): ¢ 0.85-1.27 (9H, m), 1.32-1.97 (15H, m), 2.53-3.26 (3H, m), 3.34-3.48 (1H, m),
4.09-4.66 (4H, m), 4.84-5.15 (2H, m), 6.42-6.66 (2H, m), 6.68-7.21 (7H, m), 8.28 (1H, d, J =7.9
Hz); MS (ESI): m/z 589.4 (M+H)".
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tert-Butyl [(1S)-2-({(1S)-1-cyclohexyl-2-[(3S,10aR)-3-[(4R)-3,4-dihydro-2H-chromene-4-
ylcarbamoyl]-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2(1H)-yl]-2-oxoethyl}amino)-1-methyl-
2-oxoethyllmethylcarbamate (66a)

A mixture of 63 (301 mg, 0.51 mmol) and 4M HCI in cyclopentylmethylether (4.0 mL) in
EtOAc/MeOH (1:1, 4.0 mL) was stirred at room temperature for 2 h and then concentrated under
reduced pressure. To a mixture of the residue, N-(tert-butoxycarbonyl)-N-methyl-L-alanine (64, 156
mg, 0.77 mmol) and DIPEA (0.445 mL, 2.56 mmol) in DMF (3.0 mL) was added HATU (292 mg,
0.77 mmol) at 0 °C. The mixture was stirred at room temperature for 1.5 h, and then partitioned
between EtOAc and water. The organic layer was washed with brine, dried over MgSO,, and
concentrated under reduced pressure. The residue was purified by NH silica gel column
chromatography (10-50% EtOAc in n-hexane) to give 66a (318 mg, 92%) as pale yellow solid; ‘H
NMR (300 MHz, DMSO-dg): ¢ 0.80-1.47 (19H, m), 1.50-1.97 (7H, m), 2.54-3.07 (6H, m), 3.34-3.52
(1H, m), 3.86-3.99 (1H, m), 4.08-4.81 (5H, m), 4.86-5.15 (2H, m), 6.44-6.67 (2H, m), 6.68-6.81 (2H,
m), 6.82-7.19 (4H, m), 7.51-8.03 (1H, m), 8.19-8.57 (1H, m); MS (ESI): m/z 674.5 (M+H)".

tert-Butyl [(1S)-1-({(1S)-1-cyclohexyl-2-[(3S,10aS)-3-[(4R)-3,4-dihydro-2H-chromene-4-
ylcarbamoyl]-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2(1H)-yl]-2-oxoethyl}carbamoyl)
propyl]lmethylcarbamate (66b)

Compound 66b was prepared by the similar method to that described for 66a using 63 (172 mg,
0.29 mmol), 4M HCI in cyclopentylmethylether (2.0 mL), 2-[(tert-butoxycarbonyl)(methyl)
amino]butanoic acid (65, 95 mg, 0.44 mmol), DIPEA (0.156 mL, 0.88 mmol) and HATU (113 mg,
0.44 mmol). White solid (152 mg, 76%); '"H NMR (300 MHz, DMSO-dg): § 0.64-1.27 (9H, m),
1.28-1.98 (18H, m), 2.53-3.29 (7H, m), 3.35-3.52 (1H, m), 3.87-4.79 (6H, m), 4.85-5.14 (2H, m),
6.46-6.66 (2H, m), 6.70-7.18 (6H, m), 7.60-8.10 (1H, m), 8.21-8.59 (1H, m); MS (ESI): m/z 688.5
(M+H)".

(3S,10aR)-2-{(2S)-2-cyclohexyl-2-[(N-methyl-L-alanyl)amino]acetyl}-N-[(4R)-3,4-dihydro-2H-ch
romene-4-yl]-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-carboxamide (67a)

A mixture of 66a (310 mg, 0.46 mmol) and 4M HCI in EtOAc (4.0 mL) in EtOAc/MeOH (1:1, 4.0
mL) was stirred at room temperature for 2 h and then concentrated under reduced pressure. A mixture
of the residue and Amberlyst A21® (500 mg) in MeOH (6.0 mL) was stirred at room temperature for
30 min. The mixture was filtered and the filtrate was concentrated under reduced pressure. The residue
was purified by NH silica gel column chromatography (40-100% EtOAc in n-hexane) and
reprecipitated from EtOAc—n-hexane to give 67a (165 mg, 63%) as white solid; ‘H NMR (300 MHz,
DMSO-dg): 0 0.82-1.29 (8H, m), 1.49-2.25 (12H, m), 2.54-2.66 (1H, m), 2.79-3.09 (3H, m),
3.17-3.42 (1H, m), 3.43-3.58 (1H, m), 3.89-4.85 (5H, m), 4.86-5.26 (2H, m), 6.39-6.67 (2H, m),
6.68-6.86 (2H, m), 6.89-7.28 (4H, m), 7.82-8.13 (1H, m), 8.25-8.64 (1H, m); MS (ESI): m/z 574.4
(M+H)"; Anal. Calcd for C33H43NsO,4: C, 69.08; H, 7.55 N, 12.21. Found: C, 68.89; H, 7.65; N, 12.06.

46



(3S,10aS)-2-[(2S)-2-cyclohexyl-2-{[(2S)-2-(methylamino)butanoyl]amino}acetyl]-N-[(4R)-3,4-dih
ydro-2H-chromene-4-yl]-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-carboxamide (67b)

Compound 67b was prepared by the similar method to that described for 67a using 66b (152 mg,
0.22 mmol), 4M HCI in EtOAc (2.0 mL) and Amberlyst A21® (500 mg). White solid (98 mg, 75%);
'H NMR (300 MHz, DMSO-dg): § 0.67-1.28 (8H, m), 1.29-2.06 (11H, m), 2.09-2.23 (3H, m),
2.52-3.30 (5H, m), 3.35-3.61 (1H, m), 4.01-5.16 (7H, m), 6.45-6.66 (2H, m), 6.69-6.87 (2H, m),
6.92-7.20 (4H, m), 8.03 (1H, d, J = 8.7 Hz), 8.28-8.55 (1H, m); MS (ESI): m/z 588.4 (M+H)"; Anal.
Calcd for C34HysNsO,: C, 69.48; H, 7.72 N, 11.92. Found: C, 69.43; H, 7.61; N, 11.86.

tert-Butyl (3S,10aS)-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]-3,4,10,10a-
tetrahydropyrazino[1,2-aJindole-2(1H)-carboxylate (68)

A mixture of 55B (580 mg, 1.74 mmol) and lithium hydroxide monohydrate (183 mg, 4.36 mmol)
in THF/water (2:1, 7.5 mL) was stirred at 50 °C for 1 h. The mixture was neutralized with 1M HCI at 0
°C and concentrated under reduced pressure. To a mixture of the residue,
(4R)-3,4-dihydro-2H-chromene-4-amine hydrochloride (485 mg, 2.61 mmol), HOBt (259 mg, 1.91
mmol) and DIPEA (1.22 mL, 6.96 mmol) in DMF (5.0 mL) was added EDC (540 mg, 3.48 mmol) at 0
°C, and the mixture was stirred at room temperature for 18 h. Additional HOBt (235 mg, 1.74 mmol)
and EDC (405 mg, 2.61 mmol) were added to the mixture, and the reaction mixture was stirred at
room temperature for 3 h. The mixture was diluted with water and extracted with EtOAc. The organic
layer was washed with satd NaHCO;, brine, dried over MgSO,, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (0-50% EtOAc in n-hexane)
to give 68 (425 mg, 54%) as white solid; '"H NMR (300 MHz, DMSO-d): J 1.28 (9H, s), 1.78-2.13
(2H, m), 2.83 (1H, dd, J = 16.7, 4.6 Hz), 3.19 (1H, dd, J = 16.7, 10.2 Hz), 3.36-3.49 (2H, m),
3.49-3.70 (2H, m), 4.08-4.27 (3H, m), 4.33 (1H, dd, J = 7.7, 6.2 Hz), 4.85-5.14 (1H, m), 6.55-6.71
(2H, m), 6.72-6.90 (2H, m), 6.94-7.22 (4H, m), 8.49 (1H, d, J = 7.9 Hz); MS (ESI): m/z 450.4
(M+H)".

tert-Butyl (3S,10aS)-8-cyano-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]-3,4,10,10a-
tetrahydropyrazino[1,2-aJindole-2(1H)-carboxylate (69)

A mixture of 57 (290 mg, 0.81 mmol) and lithium hydroxide monohydrate (85 mg, 2.03 mmol) in
THF/water (2:1, 7.5 mL) was stirred at 50 °C for 1 h. The mixture was neutralized with 1M HCI and
concentrated  under  reduced pressure. To a  mixture of the residue and
(4R)-3,4-dihydro-2H-chromene-4-amine hydrochloride (181 mg, 0.98 mmol) in DMF (4.0 mL) were
added HATU (618 mg, 1.63 mmol) and DIPEA (0.568 mL, 3.25 mmol) at 0 °C, and the mixture was
stirred at room temperature for 3 h. The mixture was diluted with water and extracted with EtOAc.
The organic layer was washed with satd NaHCOs, brine, dried over MgSO,, and concentrated under
reduced pressure. The residue was purified by silica gel column chromatography (5-60% EtOAc in
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n-hexane) to give 69 (285 mg, 74%) as pale yellow solid; *H NMR (300 MHz, DMSO-dq): J 1.28 (9H,
s), 1.78-2.14 (2H, m), 2.79-2.94 (1H, m), 3.17-3.31 (1H, m), 3.39-3.67 (3H, m), 3.78 (1H, dd, J =
13.6, 6.0 Hz), 4.10-4.34 (3H, m), 4.38 (1H, t, J = 7.1 Hz), 4.87-5.11 (1H, m), 6.70 (1H, d, J = 8.2 Hz),
6.74-6.94 (2H, m), 7.05-7.22 (2H, m), 7.39 (1H, s), 7.48 (1H, dd, J = 8.1, 1.5 Hz), 8.51 (1H, d, J =
7.7 Hz); MS (ESI): m/z 475.3 (M+H)".

tert-Butyl (3S,10aS)-8-chloro-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]-3,4,10,10a-
tetrahydropyrazino[1,2-aJindole-2(1H)-carboxylate (70)

Compound 70 was prepared by the similar method to that described for 69 using 58 (143 mg, 0.39
mmol), lithium hydroxide monohydrate (49 mg, 1.17 mmol), (4R)-3,4-dihydro-2H-chromene-4-amine
hydrochloride (87 mg, 0.47 mmol), DIPEA (0.272 mL, 1.56 mmol) and HATU (178 mg, 0.47 mmol).
White solid (149 mg, 79%); ‘H NMR (300 MHz, DMSO-dg): 6 1.28 (9H, s), 1.79-2.13 (2H, m),
2.75-2.91 (1H, m), 3.11-3.29 (1H, m), 3.34-3.70 (4H, m), 4.09-4.42 (4H, m), 4.92-5.09 (1H, m),
6.61 (1H, d, J = 8.9 Hz), 6.72-6.91 (2H, m), 6.98-7.22 (4H, m), 8.49 (1H, d, J = 8.3 Hz); MS (ESI):
m/z 484.2 (M+H)".

tert-Butyl (3S,10aS)-6,8-dichloro-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]-3,4,10,10a-
tetrahydropyrazino[1,2-aJindole-2(1H)-carboxylate (71)

Compound 71 was prepared by the similar method to that described for 69 using 60 (305 mg, 0.76
mmol), lithium hydroxide monohydrate (96 mg, 2.28 mmol), (4R)-3,4-dihydro-2H-chromene-4-amine
hydrochloride (169 mg, 0.91 mmol), DIPEA (0.530 mL, 3.04 mmol) and HATU (347 mg, 0.91 mmol).
Pale yellow solid (367 mg, 93%); '"H NMR (300 MHz, DMSO-dg): § 1.22-1.47 (9H, m), 1.78-2.11
(2H, m), 2.79-2.97 (1H, m), 3.05-3.24 (1H, m), 3.41-3.55 (1H, m), 3.64-4.01 (3H, m), 4.10-4.40 (4H,
m), 4.88-5.12 (1H, m), 6.66-6.92 (2H, m), 7.02—7.25 (4H, m), 8.56 (1H, brs); MS (ESI): m/z 518.2
(M+H)".

tert-Butyl (S)-2-((3S,10aS)-3-((R)-chroman-4-ylcarbamoyl)-3,4,10,10a-tetrahydropyrazino
[1,2-a]indol-2(1H)-yl)-1-cyclohexyl-2-oxoethylcarbamate (72)

A mixture of 68 (410 mg, 0.91 mmol) and 4M HCI in cyclopentylmethylether (8.0 mL) in MeOH
(2.0 mL) was stirred at room temperature for 2 h and then concentrated under reduced pressure. A
solution of the residue in DMF (25 mL) was added to a mixture of
(2S)-[(tert-butoxycarbonyl)amino](cyclohexyl)ethanoic acid (62, 235 mg, 0.91 mmol), DIPEA (0.724
mL, 4.14 mmol) and HATU (630 mg, 1.66 mmol) in DMF (2.5 mL) at 0 °C. The mixture was stirred at
room temperature for 15 h, and then partitioned between EtOAc and water. The organic layer was
washed with water, satd NaHCO; and brine, dried over MgSO, and concentrated under reduced
pressure to give 72 as crude amorphous solid. The compound was used for the next reaction without
further purification.
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tert-Butyl (S)-2-((3S,10aS)-3-((R)-chroman-4-ylcarbamoyl)-8-cyano-3,4,10,10a-
tetrahydropyrazino[1,2-a]indol-2(1H)-yl)-1-cyclohexyl-2-oxoethylcarbamate (73)

To a solution of 69 (280 mg, 0.59 mmol) in MeOH (1.5 mL) was added dropwise 4M HCI in
cyclopentylmethylether (4.5 mL). After being stirred at room temperature for 1h, the mixture was
concentrated under reduced pressure. To a mixture of the residue,
(2S)-[(tert-butoxycarbonyl)amino](cyclohexyl)ethanoic acid (62, 167 mg, 0.65 mmol) and DIPEA
(0.515 mL, 2.95 mmol) in DMF (5.0 mL) was added HATU (449 mg, 1.18 mmol) at 0 °C, and the
mixture was stirred at room temperature for 15 h. The mixture was diluted with water and extracted
with EtOAc. The organic layer was washed with water, satd NaHCO; and brine, dried over MgSO,
and concentrated under reduced pressure to give 73 as crude amorphous solid. The compound was
used for the next reaction without further purification.

tert-Butyl (S)-2-((3S,10aS)-8-chloro-3-((R)-chroman-4-ylcarbamoyl)-3,4,10,10a-
tetrahydropyrazino[1,2-a]indol-2(1H)-yl)-1-cyclohexyl-2-oxoethylcarbamate (74)

A mixture of 70 (149 mg, 0.31 mmol) and 4M HCI in cyclopentylmethylether (2.0 mL) in
EtOAc/MeOH (1:1, 2.0 mL) was stirred at room temperature for 2 h and then concentrated under
reduced pressure. To a mixture of the residue, (25)-[(tert-butoxycarbonyl)amino](cyclohexyl)ethanoic
acid (62, 95 mg, 0.37 mmol) and DIPEA (0.268 mL, 1.54 mmol) in DMF (3.0 mL) was added HATU
(140 mg, 0.37 mmol) at 0 °C. The mixture was stirred at room temperature for 18 h, and then
partitioned between EtOAc and water. The organic layer was washed with brine, dried over MgSO,,
and concentrated under reduced pressure to give 74 as crude amorphous solid. The compound was
used for the next reaction without further purification.

tert-Butyl {(1S)-1-cyclohexyl-2-[(3S,10aS)-6,8-dichloro-3-[(4R)-3,4-dihydro-2H-chromene-4-
ylcarbamoyl]-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2(1H)-yl]-2-oxoethyl}carbamate (75)

A mixture of 71 (367 mg, 0.71 mmol) and 4M HCI in cyclopentylmethylether (4.0 mL) in
EtOAc/MeOH (1:1, 4.0 mL) was stirred at room temperature for 2 h and then concentrated under
reduced pressure. To a mixture of the residue, (25)-[(tert-butoxycarbonyl)amino](cyclohexyl)ethanoic
acid (62, 219 mg, 0.85 mmol) and DIPEA (0.493 mL, 2.83 mmol) in DMF (4.0 mL) was added HATU
(269 mg, 0.71 mmol) at 0 °C. The mixture was stirred at room temperature for 17 h, and then
partitioned between EtOAc and water. The organic layer was washed with brine, dried over MgSO,,
and concentrated under reduced pressure. The residue was purified by NH silica gel column
chromatography (10-50% EtOAc in n-hexane) to give 75 (445 mg, 96%) as a pale yellow solid; *H
NMR (300 MHz, DMSO-dg): ¢ 0.61-1.26 (6H, m), 1.29-2.10 (16H, m), 3.04-3.26 (2H, m), 3.39-3.71
(1H, m), 3.73-4.60 (8H, m), 4.84-5.09 (1H, m), 6.16-7.68 (7H, m), 8.40-8.89 (1H, m); MS (ESI): m/z
657.3 (M+H)".

tert-Butyl [(1S)-1-({(1S)-1-cyclohexyl-2-[(3S,10aS)-3-[(4R)-3,4-dihydro-2H-chromene-4-
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ylcarbamoyl]-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2(1H)-yl]-2-oxoethyl}carbamoyl)
propyl]methylcarbamate (76)

To a solution of 72 (489 mg, 0.83 mmol) in MeOH (2.5 mL) was added 4M HCI in
cyclopentylmethylether (5.0 mL). After being stirred at room temperature for 1h, the mixture was
concentrated under reduced pressure. A mixture of the residue and DIPEA (1.45 mL) in DMF (5.0 mL)
was added to a mixture of 2-[(tert-butoxycarbonyl)(methyl)amino]butanoic acid (65, 198 mg, 0.91
mmol) and HATU (631 mg, 1.66 mmol) in DMF (5.0 mL) at 0 °C. The mixture was stirred at room
temperature for 18 h, and then partitioned between EtOAc and water. The organic layer was washed
with satd NaHCOs and brine, dried over MgSO, and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography (0-60% EtOAc in n-hexane) to give 76 (452 mg,
79%) as pale yellow solid; '"H NMR (300 MHz, DMSO-dg): d 0.33-2.18 (27H, m), 2.55-4.77 (15H,
m), 4.79-5.15 (1H, m), 6.36-7.75 (9H, m), 8.22-8.90 (1H, m); MS (ESI): m/z 688.4 (M+H)".

tert-Butyl [(1S)-1-({(1S)-2-[(3S,10aS)-8-cyano-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]
-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2(1H)-yl]-1-cyclohexyl-2-oxoethyl}carbamoyl)
propyl]Jmethylcarbamate (77)

To a solution of 73 (850 mg, 0.59 mmol) in MeOH (1.0 mL) was added dropwise 4M HCI in
cyclopentylmethylether (3.0 mL). After being stirred at room temperature for 1h, the mixture was
concentrated under reduced pressure. To a mixture of the residue,
2-[(tert-butoxycarbonyl)(methyl)amino]butanoic acid (65, 141 mg, 0.65 mmol) and DIPEA (1.03 mL,
5.90 mmol) in DMF (5.0 mL) was added HATU (449 mg, 1.18 mmol) at 0 °C. The mixture was
stirred at room temperature for 1 h, and then partitioned between EtOAc and water. The organic layer
was washed with water, satd NaHCO; and brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (0-50% EtOAc in n-hexane)
to give 77 (225 mg, 54%) as pale yellow solid; *H NMR (300 MHz, DMSO-dg): § 0.35-2.17 (27H, m),
2.62-2.91 (3H, m), 3.00-3.61 (3H, m), 3.65-4.77 (9H, m), 4.79-5.08 (1H, m), 6.55-6.99 (3H, m),
7.04-7.83 (5H, m), 8.24-8.79 (1H, m); MS (ESI): m/z 613.4 (M+H-(Boc))".

tert-Butyl [(1S)-1-({(1S)-2-[(3S,10aS)-8-chloro-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]
-3,4,10,10a-tetrahydropyrazino[1,2-a]indole-2(1H)-yl]-1-cyclohexyl-2-oxoethyl}carbamoyl)
propyllmethylcarbamate (78)

A mixture of 74 (192 mg, 0.31 mmol) and 4M HCI in cyclopentylmethylether (4.0 mL) in
EtOAc/MeOH (1:6, 7.0 mL) was stirred at room temperature for 3 h and then concentrated under
reduced pressure. To a mixture of the residue, 2-[(tert-butoxycarbonyl)(methyl)amino]butanoic acid
(65, 80 mg, 0.37 mmol) and DIPEA (0.268 mL, 1.54 mmol) in DMF (3.0 mL) was added HATU (141
mg, 0.37 mmol) at 0 °C. The mixture was stirred at room temperature for 2 h, and then partitioned
between EtOAc and water. The organic layer was washed with brine, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by silica gel column chromatography
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(10-50% EtOAc in n-hexane) to give 78 (198 mg, 89%) as pale yellow solid; *H NMR (300 MHz,
DMSO-dg): ¢ 0.38-2.11 (26H, m), 2.61-2.85 (5H, m), 2.99-3.30 (2H, m), 3.58-3.78 (2H, m),
3.80-4.76 (7H, m), 4.79-5.09 (1H, m), 6.51-7.74 (8H, m), 8.36-8.78 (1H, m); MS (ESI): m/z 722.4
(M+H)".

tert-Butyl [(1S)-1-({(1S)-1-cyclohexyl-2-[(3S,10aS)-6,8-dichloro-3-[(4R)-3,4-dihydro-2H-
chromene-4-ylcarbamoyl]-3,4,10,10a-tetrahydropyrazino[1,2-aJindole-2(1H)-yl]-2-oxoethyl}carb
amoyl)propyllmethylcarbamate (79)

A mixture of 75 (445 mg, 0.68 mmol) and 4M HCI in cyclopentylmethylether (4.0 mL) in
EtOAc/MeOH (1:1, 4.0 mL) was stirred at room temperature for 2 h and then concentrated under
reduced pressure. To a mixture of the residue, 2-[(tert-butoxycarbonyl)(methyl)amino]butanoic acid
(65, 176 mg, 0.81 mmol) and DIPEA (0.589 mL, 3.38 mol) in DMF (4.0 mL) was added HATU (257
mg, 0.68 mmol) at 0 °C. The mixture was stirred at room temperature for 5 h, and then partitioned
between EtOAc and water. The organic layer was washed with brine, dried over MgSO, and
concentrated under reduced pressure. The residue was purified by silica gel column chromatography
(10-50% EtOAc in n-hexane) to give 79 (476 mg, 89%) as pale yellow solid; *H NMR (300 MHz,
DMSO-dg): 6 0.60-2.11 (27H, m), 2.64-2.91 (3H, m), 2.96-3.28 (2H, m), 3.46-4.74 (10H, m),
4.80-5.12 (1H, m), 6.63-7.24 (6H, m), 7.32-7.92 (1H, m), 8.43-8.92 (1H, m); MS (ESI): m/z 756.4
(M+H)".

(35,10aS)-2-[(2S)-2-Cyclohexyl-2-{[(2S)-2-(methylamino)butanoyl]amino}acetyl]-N-[(4R)-3,4-
dihydro-2H-chromene-4-yl]-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-carboxamide (80)
To a solution of 76 (269 mg, 0.39 mmol) in EtOAc (25 mL) was added 4M HCI in
cyclopentylmethylether (5.0 mL). The mixture was stirred at room temperature for 2 h and then
concentrated under reduced pressure. To the residue was added satd NaHCO; and extracted with
EtOAc. The organic layer was washed with brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by NH silica gel column chromatography (0-70% EtOAc in
n-hexane) to give 80 (89 mg, 39%) as white solid; *H NMR (300 MHz, DMSO-dg): 6 0.48-1.74 (16H,
m), 1.75-2.24 (7H, m), 2.64-3.55 (4H, m), 3.58-5.13 (8H, m), 6.42-7.28 (8H, m), 7.46-7.85 (1H, m),
8.30-8.92 (1H, m); MS (ESI): m/z 588.4 (M+H)"; Anal. Calcd for Cs,H,5Ns040.4H,0: C, 68.64; H,
7.76; N, 11.77. Found: C, 68.73; H, 7.90; N, 11.55.

(3S,10aS)-8-Cyano-2-[(2S)-2-cyclohexyl-2-{[(2S)-2-(methylamino)butanoyl]Jamino}acetyl]-N-
[(4R)-3,4-dihydro-2H-chromene-4-yl]-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-
carboxamide (81)

To a solution of 77 (225 mg, 0.32 mmol) in toluene (1.5 mL) was added TFA (1.5 mL). The mixture
was stirred at room temperature for 1 h and then concentrated under reduced pressure. The residue was
purified by NH silica gel column chromatography (5-100% EtOAc in n-hexane) to give 81 (30 mg,
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15%) as white solid; *"H NMR (300 MHz, DMSO-dg): 6 0.47-1.75 (16H, m), 1.77-2.09 (6H, m), 2.17
(1H, s), 2.65-2.89 (1H, m), 3.10-3.56 (3H, m), 3.71-4.82 (7H, m), 4.82-5.04 (1H, m), 6.47-7.01 (3H,
m), 7.05-7.61 (4H, m), 7.62-7.82 (1H, m), 8.32-8.80 (1H, m); MS (ESI): m/z 613.4 (M+H)" ;
HRMS-ESI (m/z): [M +H] calcd for CssH44NgO,4, 613.3497; found. 613.3467.

(3S,10aS)-8-Chloro-2-[(2S)-2-cyclohexyl-2-{[(2S)-2-(methylamino)butanoyl]amino}acetyl]-N-
[(4R)-3,4-dihydro-2H-chromene-4-yl]-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-
carboxamide (82)

A mixture of 78 (198 mg, 0.27 mmol) and 4M HCI in EtOAc (4.0 mL) in EtOAc/MeOH (1:3, 4.0
mL) was stirred at room temperature for 3 h and then concentrated under reduced pressure. A mixture
of the residue and Amberlyst A21® (500 mg) in MeOH (8.0 mL) was stirred at room temperature for
10 min. The mixture was filtered and the filtrate was concentrated under reduced pressure. The residue
was purified by NH silica gel column chromatography (10-100% EtOAc in n-hexane) and
recrystallized from EtOAc-n-hexane to give 82 (72 mg, 48%) as colorless crystal; mp 188.2-189.8°C;
'H NMR (300 MHz, DMSO-dg): 6 0.47-2.24 (22H, m), 2.60-2.88 (1H, m), 3.06-3.50 (3H, m), 3.63—
3.96 (2H, m), 4.00-4.37 (4H, m), 4.43-4.62 (1H, m), 4.68-5.07 (2H, m), 6.51-7.59 (7H, m), 7.63-
783 (1H, m), 8.39-882 (1H, m); MS (ESI): m/z 6224 (M+H)"; Anal. Calcd for
Cs4H4CINsO40.5H,0: C, 64.70; H, 7.19; N, 11.10. Found: C, 64.70; H, 7.26; N, 10.97.

(3S,10aS)-6,8-Dichloro-2-[(2S)-2-cyclohexyl-2-{[(2S)-2-(methylamino)butanoyl]amino}acetyl]-N-
[(4R)-3,4-dihydro-2H-chromene-4-yl]-1,2,3,4,10,10a-hexahydropyrazino[1,2-a]indole-3-
carboxamide (83)

A mixture of 79 (476 mg, 0.63 mmol) and TFA (4.0 mL) in toluene (4.0 mL) was stirred at room
temperature for 2 h and then concentrated under reduced pressure. The residue was purified by NH
silica gel column chromatography (10-100% EtOAc in n-hexane) and reprecipitated from
EtOAc-n-hexane to give 83 (126 mg, 31%) as white solid; ‘H NMR (300 MHz, DMSO-dg): 5 0.66
—2.30 (23H, m), 2.69-3.29 (3H, m), 3.50-5.06 (9H, m), 6.59-7.23 (6H, m), 7.46-7.99 (1H, m),
8.47-8.94 (1H, m); MS (ESI): m/z 656.3 (M+H)"; HRMS-ESI (m/z): [M +H] calcd for
CasHasNsO,*°Cl, 656.2765; found. 656.2755.

tert-Butyl {(1S)-1-cyclohexyl-2-[(3S,8aS)-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]
hexahydropyrrolo[1,2-a]pyrazine-2(1H)-yl]-2-oxoethyl}carbamate (87)

To a solution of (3S,8aS)-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]hexahydropyrrolo
[1,2-a]pyrazine-2(1H)-carboxylate (85, 427 mg, 1.06 mmol) in EtOAc (5.0 mL) was added 4M HCI in
EtOAc (25 mL), and the mixture was stirred at room temperature for 2 h. The mixture was
concentrated under reduced pressure and the residue was triturated with EtOAc. The precipitating
solid was collected by filtration, washed with EtOAc and dried in vacuo to give
(3S,8aS)-N-[(4R)-3,4-dihydro-2H-chromene-4-yl]octahydropyrrolo[1,2-a]pyrazine-3-carboxamide
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dihydrochloride (346 mg) as white solid. To a mixture of a mixture of
(3S,8aS)-N-[(4R)-3,4-dihydro-2H-chromene-4-yl]octahydropyrrolo[1,2-a]pyrazine-3-carboxamide
dihydrochloride (343 mg, 0.92 mmol), (2S)-[(tert-butoxycarbonyl)amino](cyclohexyl)ethanoic acid
(62, 355 mg, 1.38 mmol) and DIPEA (0.961 mL, 5.52 mmol) in DMF (6.0 mL) was added HATU (699
mg, 1.84 mmol) at 0 °C. The mixture was stirred at room temperature for 18 h, and then diluted with
EtOAc. The organic solution was washed with water, 5% aqueous NaHCO; and water. The organic
layer was dried over MgSQO,, and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (0-50% MeOH in EtOAc) and NH silica gel column
chromatography (10-100% EtOAc in n-hexane) to give 87 (428 mg, 75%) as colorless amorphous
solid; *H NMR (CDCl;, 300 MHz): § 0.98-2.24 (25H, m), 2.66-3.00 (3H, m), 3.20-3.75 (3H, m),
4.06-4.48 (4H, m), 4.76 (1H, t, J = 5.4 Hz), 5.12-5.19 (2H, m), 6.32 (1H, d, J = 7.2 Hz), 6.79-6.89
(2H, m), 7.14-7.23 (3H, m).

tert-Butyl [(1S)-2-({(1S)-1-cyclohexyl-2-[(3S,8aS)-3-[(4R)-3,4-dihydro-2H-chromene-4-
ylcarbamoyl]hexahydropyrrolo[1,2-a]pyrazine-2(1H)-yl]-2-oxoethyl}amino)-1-methyl-2-oxoethyl
]methylcarbamate (89)

To a solution of 87 (425 mg, 0.79 mmol) in EtOAc (5.0 mL) was added 4M HCI in EtOAc (25 mL),
and the mixture was stirred at room temperature for 2 h. The mixture was concentrated under reduced
pressure and the residue was triturated with EtOAc. The precipitating solid was collected by filtration,
washed with EtOAc and dried in vacuo to give (3S,8aS)-2-[(2S)-2-amino-2-cyclohexylacetyl]-N-
[(4R)-3,4-dihydro-2H-chromene-4-yl]octahydropyrrolo[1,2-a]pyrazine-3-carboxamide
dihydrochloride (345 mg) as white solid. To a mixture of a mixture of
(3S,8aS)-2-[(2S)-2-amino-2-cyclohexylacetyl]-N-[(4R)-3,4-dihydro-2H-chromene-4-yl]
octahydropyrrolo[1,2-a]pyrazine-3-carboxamide  dihydrochloride (342 mg, 0.67 mmol),
N-(tert-butoxycarbonyl)-N-methyl-L-alanine (65, 203 mg, 1.00 mmol) and DIPEA (0.696 mL, 4.00
mmol) in DMF (6.0 mL) was added HATU (506 mg, 1.33 mmol) at 0 °C. The mixture was stirred at
room temperature for 18 h, and then diluted with EtOAc. The organic solution was washed with water,
5% aqueous NaHCO; and water. The organic layer was dried over MgSQ,, and concentrated under
reduced pressure. The residue was purified by silica gel column chromatography (0-70% MeOH in
EtOAc) and NH silica gel column chromatography (0-30% MeOH in EtOAc) to give 89 (341 mg,
70%) as colorless oil; *"H NMR (CDClz;, 300 MHz): § 0.96-1.31 (7H, m), 1.42-2.26 (23H, m),
2.63-2.98 (6H, m), 3.16-3.24 (1H, m), 3.29-3.36 (1H, m), 3.43-3.57 (1H, m), 3.71-3.77 (1H, m),
3.94-4.27 (2H, m), 4.45-4.76 (3H, m), 5.10-5.24 (1H, m), 6.28-6.31 (1H, m), 6.65-6.92 (2H, m),
7.14-7.26 (3H, m).

(3S,8aR)-2-[(2S)-2-Cyclohexyl-2-{[(2S)-2-(methylamino)butanoyl]lamino}acetyl]-N-[(4R)-3,4-
dihydro-2H-chromene-4-yl]-octahydropyrrolo[1,2-a]pyrazine-3-carboxamide  dihydrochloride
(90)
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A mixture of (3S,8aR)-3-[(4R)-3,4-dihydro-2H-chromene-4-ylcarbamoyl]hexahydropyrrolo[1,2-a]
pyrazine-2(1H)-carboxylate (84, 290 mg, 0.72 mmol) and 4M HCI in EtOAc (5.0 mL) was stirred at
room temperature for 1 h. The mixture was concentrated under reduced pressure and the residue was
triturated with diethylether and MeOH to give (3S,8aR)-N-[(4R)-3,4-dihydro-2H-chromene-4-yl]
octahydropyrrolo[1,2-a]pyrazine-3-carboxamide dihydrochloride (168 mg) as colorless amorphous. A
mixture of (3S,8aR)-N-[(4R)-3,4-dihydro-2H-chromene-4-yl]octahydropyrrolo[1,2-a]pyrazine
-3-carboxamide dihydrochloride (160 mg, 0.427 mmol) and DIPEA (0.155 ml, 1.28 mmol) in DMF
(1.0 mL) was added to a mixture of (2S)-[(tert-butoxycarbonyl)amino](cyclohexyl)ethanoic acid (62,
121 mg, 0.440 mmol) and HATU (325 mg, 1.28 mmol) in DMF (2.0 ml) at room temperature. After
being stirred at room temperature for 3 h, the mixture was partitioned between EtOAc and water. The
organic layer was washed with brine, dried over MgSO,, and concentrated under reduced pressure.
The residue was dissolved in 4M HCI in EtOAc (2.0 mL) and stirred at room temperature for 2 h. The
mixture was neutralized with satd NaHCO; and extracted with EtOAc. The organic layer was dried
over MgSO, and concentrated under reduced pressure. A mixture of the residue and DIEPA (0.155 mL,
1.28 mmol) in DMF (1.0 mL) was added to a mixture of
2-[(tert-butoxycarbonyl)(methyl)amino]butanoic acid (65, 111 mg, 0.51 mmol) and HATU (325 mg,
0.854 mmol) in DMF (2.0 mL) at room temperature. After being stirred at room temperature for 18 h,
the mixture was partitioned between EtOAc and water. The organic layer was washed with satd
NaHCOjs, brine, dried over MgSO, and concentrated under reduced pressure. The residue was purified
by silica gel column chromatography (10-100% EtOAc in n-hexane) and preparative reverse phase
HPLC (C-18RS, 50X20 mm S-5 um, CombiPrepPro) [Solvent A (0.1% TFA/water), Solvent B
(0.1%TFA/MeCN) 99-0% A/B over 7.5 min]. The collected fractions were concentrated under reduced
pressure to remove MeCN, the residue was basified with satd NaHCO; and extracted with EtOAc. The
organic extracts were dried over MgSO,4 and concentrated under reduced pressure. The residue was
dissolved in 4M HCI in cyclopentylmethylether (3.0 mL) and stirred at room temperature for 1 h. The
insoluble material was collected by filtration and dried in vacuo to give 90 (17 mg, 1.4%) as colorless
amorphous; *H NMR (DMSO-dg, 300 MHz): 6 0.86 (3H, t, J = 7.6 Hz), 0.98-1.26 (5H, m), 1.40-2.33
(16H, m), 2.56 (3H, s), 3.05-3.18 (1H, m), 3.44-3.81 (4H, m), 3.93-4.20 (3H, m), 4.53-4.73 (3H, m),
4.91-5.02 (1H, m), 6.63-6.79 (2H, m), 7.05 (1H, t, J = 7.6 Hz), 7.17 (1H, brs), 8.59 (1H, brs);
HRMS-ESI (m/z): [M +H] calcd for CsoH4sNs0,4, 540.3472; found. 540.3495.

(3S,8aS)-2-{(2S)-2-cyclohexyl-2-[(N-methyl-L-alanyl)amino]acetyl}-N-[(4R)-3,4-dihydro-2H-
chromene-4-yl]-octahydropyrrolo[1,2-a]pyrazine-3-carboxamide dihydrochloride (91)

To a solution of 89 (338 mg, 0.54 mmol) in EtOAc (5.0 mL) was added 4M HCI in EtOAc (25 mL),
and the mixture was stirred at room temperature for 2 h. The mixture was concentrated under reduced
pressure and the residue was triturated with EtOAc. The precipitating solid was collected by filtration,
washed with EtOAc and dried in vacuo to give 91 (278 mg, 86%) as white solid; "H NMR (DMSO-d,
300 MHz): 6 0.90-2.30 (20H, m), 2.40-2.50 (3H, m), 2.95-5.10 (13H, m), 6.70-6.95 (2H, m),
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7.10-7.60 (2H, m), 8.60-9.00 (3H, m), 9.25-9.60 (1H, m), 11.00-11.40 (1H, m); Anal. Calcd for
Ca9HsClNs041.3H,0: C, 56.00; H, 7.71; N, 11.26. Found: C, 56.04; H, 7.70; N, 11.01.

Preparations of proteins, peptides and reagents

The recombinant BIR3 domain (residues 250-350) of human clAP-1 protein fused to His-tag
(clAP-1_BIR3) was prepared in Discovery Research Center. The N-terminal His-tagged BIR3 domain
(residues 252-356) of recombinant human XIAP protein (XIAP_BIR3) and Smac-N7 peptide
(AVPIAQK; Smac-N7) were purchased from R&D Systems, Inc., and EMD Chemicals Inc.
(Calbiochem), respectively. A C-terminally biotinated Smac-N7 peptide (AVPIAQ-K(biotin)-NH, ;
biotinyl-Smac) was synthesized at Peptide Institute Inc. Europium cryptate (Eu®* cryptate)-conjugated
mouse monoclonal antibody anti-6-Histidine (Anti-6HIS Cryptate), high grade XL665-conjugated
streptavidin (SA-XL®™), and HTRF detection buffer were purchased from Sceti Medical Labo K.K.
(cisbio). Anti-6HIS Cryptate and SA-XL*™ were dissolved in distillated water, and stored at =30 °C,
according to the manufacture’s protocol. Other reagents used were obtained from Wako Pure

Chemicals and were of analytical grade or comparable.

Binding activities using homogeneous time-resolved fluorescence resonance energy transfer
(HTRF) technology
Binding experiments were performed in white low-volume 384-well plates (Greiner, #784075). A5

uL of IAP proteins (40 nM for XIAP_BIR3, 8 nM for clAP-1_BIR3) and 5 uL of increasing
concentration of compounds were added to wells in the assay buffer (25 mM HEPES, 100 mM NacCl,
0.1% BSA, 0.1% Triton X-100, pH 7.5). After shaking at room temperature, 5 uL of biotinyl-Smac
(20 nM for XIAP_BIR3 and 80 nM for clAP-1_BIRS3, dissolved in assay buffer) added to the well,
followed by adding 5 uL of mixture of Anti-6HIS Cryptate and SA-XL®™, 100 times diluted with
HTRF detection buffer, respectively. In some case, the condition of 40 nM clAP-1_BIR3 and 20 nM
biotinyl-Smac was used for the compound evaluation.
After overnight incubation at room temperature in the dark, HTRF measurement was carried out on a
multi-label reader (EnVision, PerkinElmer Life And Analytical Sciences, Inc.) with the following
settings:

Measurement mode: Time-Resolved Fluorescence

Excitation: 320 nm

Emission Donor: 615 nm

Emission Acceptor: 665 nm

Measurement Height: 6.5 mm

Cycle: 2000

Delay: 90 ms

Number of flashes: 280 ps.
Fluorescence collected at 615 nm (Fgsnm) iS the total europium cryptate signal, and fluorescence
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collected at 665 nm (Fgesnm) 1S the FRET signal. The ratio = (Fegsnm/ Fe1snm) % 10000 was calculated
and 1Cs values were determined using the ratio by nonlinear regression curve fitting with the program
Prism (GraphPad Software).

Preparation of cell lines
For in vitro assay, MDA-MB-231 cancer cell line was obtained from ATCC. The culture medium
recommended by suppliers was used for cultivation of each cell line.

Measurement of cell viability

MDA-MB-231 cells were seeded in triplicate 96-well plates in 100 uL complete media at a density
of 3x10° cells/well. Compounds were added to each well to give a range of concentrations (0.0001-0.1
uM) in a final volume of 200 pL. Cell viability was measured using CellTiter-Glo® Luminescent Cell
Viability Assay (Promega) at 72 hours of incubation. The ICs, value (concentration providing 50%
growth inhibition) and the 95% confidence interval were calculated from a dose-response curve
generated by nonlinear least-squares regression of the response using Pre-clinical package (PCP)
software.

Transcellular transport study using transporter-expression system

Human MDR1-expressing LLC-PK1 cells were cultured with minor modification as reported
previously.’® The transcellular transport study was performed as reported previously.'® In brief, the
cells were grown for 7 days in HTS Transwell® 96 well permeable support (pore size 0.4 pm, 0.143
cm? surface area) with polyethylene terephthalate membrane (Corning Life Sciences, Lowell, MA,
USA\) at a density of 1.125 x 10° cells/well. The cells were preincubated with M199 at 37 °C for 30
minutes. Subsequently, transcellular transport was initiated by the addition of M199 either to apical
compartments (75 pL) or to the basolateral compartments (250 puL) containing 10 umol/L digoxin, 200
umol/L lucifer yellow as a marker for the tightness of monolayer, and 10 umol/L test compounds and
terminated by the removal of each assay plate after 2 hours. The aliquots (25 uL) in the opposite
compartments was mixed with MeCN containing alprenolol and diclofenac as internal standard and
then centrifuged. The supernatants were diluted with 10 mmol/L ammonium formate/formic acid (500:
1, v/v) and measured in a LC-MS/MS analysis (AP14000, AB SCIEX, Foster City, CA, USA). The
apparent permeability (P,p,) Of test compounds in the receiver wells was determined and the efflux
ratio (ER) for MDR1 membrane permeability test was calculated using the following equation:
ER = Rgta / Raws
where RAtoB and RBtoA are ratio of peak area of test compounds to that of internal standard in A to B
and B to A, respectively.
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clAP-1 molecular biology, protein expression, purification and crystallography

The BIR 3 domain of human clAP-1 (residues 260-352) was over-expressed as a 6xHis protein in E.
coli. The clAP-1 protein was purified by immobilized Ni** affinity chromatography, followed by
cleavage of the 6xHis tag with TEV protease and size exclusion with a Superdex 75 column (GE
Healthcare). The final protein buffer was 25 mM HEPES pH 7.6, 50 mM NaCl, 1 mM MgCl,, and
0.25 mM TCEP. Prior to crystallization, purified protein mixed with 1 mM inhibitor compound was co
-concentrated to 18 mg/ml.

Crystals suitable for data collection were obtained by vapor diffusion in sitting drops at 20 °C.
Reservoirs contained 2.8-3.5 M NaCl and 100 mM TRIS (pH 8.2-8.8) for 80 and 90 complexes.
Crystals were immersed in mother liquor solution containing 22% ethylene glycol for cryoprotection
and flash frozen in liquid nitrogen. Crystals of all three clAP-1 complexes grew in the orthorhombic
space group P2,2,2; with similar unit cell dimensions and contain two molecules in the asymmetric
unit.

Diffraction data were collected from single cryogenically protected crystals at beam line 5.0.3 of the
Advanced Light Source at Lawrence Berkeley National Laboratory. Data were reduced using the
HK L2000 software package.'® The structures were determined by molecular replacement with either
MOLREP* or PHASER'® of the CCP4 program suite utilizing PDB code 3D9T as a search model
and refined with the program REFMAC.'® Several cycles of model building with XtalView™ or
COOT™* and refinement were performed for improving the quality of the model. Data reduction and
refinement statistics are summarized in Table3. The coordinates and structure factors have been
deposited in Protein Data Bank with accession code 4MTI (compound 90/clAP-1 complex) and 4AMU7
(compound 80/clAP-1 complex).

Table 3. Data reduction and refinement statistics for the clAP-1 X-ray structures

Data Collection

Protein clAP-1 clAP-1
Compound 80 90
Wavelength (A) 0.98 0.98
Space group P2:2,2; P2:2:2;
Unit cell dimensions a=31.0, b=68.3, a=31.1, b=68.5,
A) c=121.6, c=122.4,
a=90°, B=90°, y=90° =90, B=90°, y=90°
Resolution (A) 1.79 2.15
Unique reflections 25323 14985
Redundancy 7.2 4.3
Completeness (%) 98.0 (80.9) 95.2 (92.0)
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s() 24.1 (2.3) 7.8 (1.7)

Reyn’ 0.067 (0.575) 0.150 (0.550)
Refinement

Molecules in

asymmetric unit 2 2

Reflections used 23487 13442

RMS Bonds (A) 0.010 0.011

RMS Angles (°) 1.21 1.11

Average B value (A>)  26.9 7.7

R-value” 0.181 0.188

R free” 0.203 0.262

*Rsym = Xhj [<I(h)> - I(h)j | / ZhZj <I(h)>, where <I(h)> is the mean intensity of symmetry-related
reflections. "R-value = X | |[Fobs| - |Fcalc| | / £ |[Fobs|. Rfree for 5% of reflections excluded from
refinement. Values in parentheses are for the highest resolution shell.

All moisture-sensitive reactions were performed using syringe-septum cap techniques under an
argon atmosphere and all glassware was dried in an oven at 80 °C for 2 h prior to use. Analytical thin
layer chromatography (TLC) was performed on Silica gel 60 F254 Plates (Merck, 0.25 mm thickness).
For flash chromatography, Silica gel 60 N [spherical neutral (Kanto Chemical Co., 40-50 pum)] was
employed. Melting points were measured by a hot stage melting point apparatus (uncorrected). Optical
rotations were measured with a JASCO DIP-1000 polarimeter. All NMR spectral data were recorded
on a JEOL ECX-400 spectrometer for *H (400 MHz) and **C (100 MHz). Chemical shifts are reported
in & (ppm) relative to TMS in CDCl; as internal standard ("H NMR) or the residual CHClI; signal (**C
NMR). *H NMR spectra are tabulated as follows: chemical shift, multiplicity, number of protons, and
coupling constant(s). Exact mass (HRMS) spectra were recorded on an electronspray ionization
guadrupole time of flight (ESI-QTOF) mass spectrometer (microTOF-QII-HC; BRUKER).

tert-Butyl (5R)-5-(2-ethoxy-2-oxoethyl)-1,2,3-oxathiazolidine-3-carboxylate 2,2-dioxide (106)

To a solution of pyridine (81 uL, 1.01 mmol) in CH,CI, (2.0 mL) was added SOCI, (18 uL, 0.24
mmol) at 0 °C, and the mixture was stirred at the same temperature for 15 min. A solution of 105 (50
mg, 0.20 mmol) in CH,ClI, (5.0 mL) was added dropwise to the mixture at 0 °C, and the mixture was
stirred at the same temperature for 20 min. After stirred at room temperature, for 20 min, the mixture
was quenched with water and extracted with CH,Cl,. The extracts were washed with 0.5M HCI, brine,
dried over MgSQO, and concentrated under reduced pressure. RuCl; (2.5 mg, 0.012 mmol) and a
solution of NalO,4 (52 mg, 0.24 mmol) in water (2.0 mL) were added to a solution of the residue in
CH,CN (2.0 mL) at 0 °C, and the mixture was stirred 0 °C for 10 min. After stirred at room
temperature for 10 min, the mixture was diluted with water and extracted with EtOAc. The extracts
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were washed with brine, dried over MgSQO, and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (30% EtOAc in n-hexane) to give 106 (51 mg, 82%) as
a colorless oil; *H NMR (400 MHz, CDCl3) § =1.29 (3H, t, J = 7.2 Hz), 1.56 (9H, s), 2.84 (1H, dd, J =
17.2, 7.6 Hz), 3.03 (1H, dd, J = 16.8, 6.4 Hz), 3.78 (1H, dd, J = 10.4, 8.4 Hz), 4.18-4.27 (3H, m),
5.16-5.23 (1H, m); *C NMR (100 MHz, CDCl;) & = 14.06, 27.89, 37.30, 50.06, 61.66, 85.65, 148.46,
167.87; MS (ESI): m/z 348.0 (M+H)".

tert-Butyl ((2R)-2,4-dihydroxybutyl)carbamate (110)

To a solution of 105 (233 mg, 0.94 mmol) in EtOH (5.0 mL) was added NaBH, (57 mg, 1.51 mmol)
at 0 °C, and the mixture was refluxed at 80 °C for 1 h. The mixture was quenched with 10% aqueous
citric acid at 0°C, and extracted with EtOAc. The extracts were washed with brine, dried over MgSO,
and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (20-100% EtOAc in n-hexane) to give 110 (168 mg, 82%) as a colorless oil; *H
NMR (400 MHz, CDCl3) 8 =1.45 (9H, s), 1.64-1.75 (2H, m), 4.98 (1H, brs), 3.27-3.34 (1H, m),
3.83-3.97 (3H, m); *C NMR (100 MHz, CDCl;) 5 =28.33, 35.70, 46.70, 60.96, 71.22, 79.76, 157.01;
MS (ESI): m/z 228.1 (M+H)"; HRMS-ESI (m/z): [M +H] calcd for CoH3gNNaO,, 228.1206; found.
228.1210.

tert-Butyl ((2R)-4-((tert-butyl(dimethyl)silyl)oxy)-2-hydroxybutyl)carbamate (111)

To a mixture of 110 (48 mg, 0.23 mmol) and imidazole (32 mg, 0.46 mmol) in DMF (2.0 mL) was
added TBSCI (37 mg, 0.24 mmol) at 0 °C, and the mixture was stirrred at 0°C for 2 h. The mixture
was quenched with water at 0 °C, and extracted with EtOAc. The extracts were washed with brine,
dried over MgSO, and concentrated under reduced pressure. The residue was purified by silica gel
column chromatography (20% EtOAc in n-hexane) to give 111 (70 mg, 93%) as a colorless oil; *H
NMR (400 MHz, CDCl;) 6 =0.08 (6H, s), 0.89 (9H, s), 1.44 (9H, s), 1.61-1.74 (2H, m), 3.03-3.10
(1H, m), 3.25-3.36 (1H, m), 3.76 (1H, s), 3.80-3.93 (3H, m), 5.00 (1H, brs); **C NMR (100 MHz,
CDCl,) 6 =-5.57, 18.07, 25.81, 28.38, 35.57, 46.35, 62.47, 71.55, 79.24, 156.45; MS (ESI): m/z 342.2
(M+H)"; HRMS-ESI (m/z): [M +H] calcd for C;5H33NNaO,Si, 342.2071; found. 342.2074.

tert-Butyl (5R)-5-(2-((tert-butyl(dimethyl)silyl)oxy)ethyl)-1,2,3-oxathiazolidine-3-carboxylate
2,2-dioxide (112)

To a solution of pyridine (247 pL, 3.07 mmol) in CH,CI, (4.0 mL) was added SOCI, (53 uL, 0.74
mmol) at 0 °C, and the mixture was stirred at the same temperature for 5 min. A solution of 111 (196
mg, 0.61 mmol) in CH,CI, (4.0 mL) was added dropwise to the mixture at 0 °C, and the mixture was
stirred at the same temperature for 30 min. The mixture was quenched with water and 10% aqueous
citic acid, and extracted with CH,Cl,. The extracts were washed with 10% aqueous citic acid, satd
NaHCO;, brine, dried over MgSO, and concentrated under reduced pressure. RuCl; (7.6 mg, 0.037
mmol) and a solution of NalO,4 (157 mg, 0.74 mmol) in water (8.0 mL) were added to a mixture of the
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residue and satd. K;HPO, in CH;CN (8.0 mL) at 0 °C, and the mixture was stirred 0 °C for 1 h.
Additional RuCl; (3.8 mg, 0.019 mmol) and a solution of NalO, (64 mg, 0.30 mmol) in water (2.0
mL) were added to the mixture at 0 °C, and the mixture was stirred at the same temperature for 20 min.
The mixture was diluted with water and extracted with EtOAc. The extracts were washed with brine,
dried over MgSO, and concentrated under reduced pressure. The residue was purified by silica gel
column chromatography (10% EtOAc in n-hexane) to give 112 (211 mg, 90%) as a colorless oil; *H
NMR (400 MHz, CDCl;) 8 = 0.07 (6H, s), 0.89 (9H, s), 1.55 (9H, s), 1.95-2.03 (1H, m), 2.09-2.14
(1H, m), 3.74-3.79 (3H, m), 4.10 (1H, dd, J = 10.0, 6.0 Hz), 4.99-5.06 (1H, m); *C NMR (100 MHz,
CDCl;) 6 =-5.57, 18.16, 25.81, 27.91, 35.36, 50.73, 58.09, 77.46, 85.23, 148.65; MS (ESI): m/z 348.0
(M+H)".

(4S)-4-(2-hydroxyethyl)-3,4-dihydro-2H-pyrrolo[1,2-a]pyrazin-1(2H)-one (115)

To a mixture of 112 (101 mg, 0.27 mmol) and methyl pyrrole-2-carboxylate (103) (33 mg, 0.32
mmol) in CHsCN (5.0 mL) was added potassium tert-butoxide (33 mg, 0.29 mmol) at 0 °C, and the
mixture was stirred at room temperature for 1.5 h. The mixture was quenched with 10% aqueous citric
acid and extracted with EtOAc. The extracts were washed with satd NaHCOs, brine, dried over
MgSO, and concentrated under reduced pressure. To a mixture of the residue in MeOH (2.0 mL) was
added 4M HCI in dioxane (2.0 mL) at room temperature and the mixture was stirred at room
temperature for 1 h. The mixture was evaporated under reduced pressure, the residue was washed with
Et,O and dried under reduced pressure. A mixture of the residue and Et;N (0.22 mL, 1.6 mmol) in
MeOH (7.0 mL) was stirred at room temperature for 1.5 h. After stirred at 50 °C overnight, the
mixture was concentrated under reduced pressure and the residue was purified by silica gel column
chromatography (10% MeOH in EtOAC) to give 115 (36 mg, 75%) as an off-white solid; mp 130-134
°C; [a]*'b=—76.8 (¢ 0.59, MeOH); 'H NMR (400 MHz, CD;0D) & =1.81-1.94 (2H, m), 3.35-3.42 (2H,
m), 3.51-3.57 (1H, m), 3.72 (1H, dd, J = 13.2, 4.4 Hz), 4.34-4.38 (1H, m), 6.11 (1H, dd, J = 3.6, 2.4
Hz), 6.75 (1H, dd, J = 4.0, 1.2 Hz), 6.93 (1H, dd, J = 2.8, 1.6 Hz); *C NMR (100 MHz, CD;0D) § =,
36.43, 45.43, 52.47, 59.06, 110.27, 114.84, 123.94, 125.33, 163.38; HRMS-ESI (m/z): [M+Na] calcd
for CyH1,N,0,, 203.0791; found, 203.0794.

(4S)-6,7-dibromo-4-(2-hydroxyethyl)-3,4-dihydropyrrolo[1,2-a]pyrazin-1(2H)-one (116)

NBS (87 mg, 0.49 mmol) was added to a solution of 115 (44 mg, 0.24 mmol) in DMF (4.0 mL) at
—20 °C and the mixture was stirred at the same temperature for 15 min. After stirred at room
temperature overnight, the mixture was quenched with satd NaHCO; and extracted with EtOAc. The
extracts were washed with water and brine, dried over MgSO, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (5% MeOH in EtOACc) to give
116 (72 mg, 87%) as a colorless solid; mp 139-142 °C; [a]*'5=—25.6 (c 0.23, MeOH); *H NMR (400
MHz, CD;0D) 6 = 1.80-1.87 (1H, m), 1.94-2.02 (1H, m), 3.63-3.69 (3H, m), 3.80 (1H, ddd, J = 13.8,
4.4, 0.8 Hz), 4.57-4.60 (1H, m), 6.91 (1H, s); **C NMR (100 MHz, CD;0D) & = 34.39, 43.10, 52.34,
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59.12, 100.72, 106.89, 115.85, 124.63, 159.72; HRMS-ESI (m/z): [M+Na] calcd for CgH;oN,O,Br,
360.9005; found, 360.8996.

(S)-(-)-Longamide B (32).

TEMPO (6.1 mg, 0.039 mmol) was added to a mixture of 116 (66 mg, 0.20 mmol),
diacetoxyiodobenzene (251 mg, 0.78 mmol) and NaHCOj; (44 mg, 1.17 mmol) in CH,CI, (5.0 mL) at
room temperature, and the mixture was stirred at room temperature overnight. The mixture was
quenched with satd Na,S,0s, acidified with 10% aqgeous citric acid and extracted with EtOAc. The
organic layer was extracted with 1M NaOH. The aqueous layer was acidified with 1M HCI and
extracted with EtOAc. The extracts were dried over MgSO, and concentrated under reduced pressure.
The residue was purified by flash column chromatography over silica gel with CHCl;-MeOH-AcOH
(80:20:0.5) to give 32 (51 mg, 74%) as an white solid; mp 225-227 °C; [a]®»=-5.6 (c 0.40, MeOH);
'H NMR (400 MHz, CD;0D) & = 2.53 (1H, ddd, J = 16.6, 3.2, 1.2 Hz), 2.84 (1H, dd, J = 16.8, 11.2
Hz), 3.66 (1H, dd, J = 14.0, 0.8 Hz), 3.88 (1H, ddd, J = 13.8, 4.4, 1.6 Hz), 4.78-4.81 (1H, m), 6.93
(1H, s); ®C NMR (100 MHz, CD;0D) & = 36.71, 43.76, 52.14, 101.66, 107.98, 116.59, 126.21,
161.08, 173.45; HRMS-ESI (m/z): [M-H] calcd for CsHgN,O5"°Br**Br, 350.8881; found, 350.8803.

(4S)-4-(2-Hydroxyethyl)-3,4-dihydropyrazino[1,2-a]indol-1(2H)-one (119).

To a mixture of tert-butyl (5R)-5-(2-((tert-butyl(dimethyl)silyl)oxy)ethyl)-1,2,3-oxathiazolidine
-3-carboxylate 2,2-dioxide (112, 82 mg, 0.215 mmol) and ethyl indole-2-carboxylate (117, 49 mg,
0.257 mmol) in MeCN (4.0 mL) was added t-BuOK (27 mg, 0.237 mmol) at 0 °C. The mixture was
stirred at room temperature for 3 h. The mixture was quenched with 10% aqueous citric acid and
extracted with EtOAc. The extracts were washed with brine, dried over MgSO, and concentrated
under reduced pressure. A mixture of the residue and 4M HCI in dioxane (2.0 mL) in MeOH (2.0 mL)
was stirred at room temperature for 1 h. The mixture was evaporated under reduced pressure and the
residue was washed with Et,O and dried under reduced pressure. A mixture of the residue and EtzN
(0.18 mL, 1.29 mmol) in MeOH (7.0 mL) was stirred at 65 °C overnight. The mixture was evaporated
under reduced pressure and the residue was purified by silica gel column chromatography (0-10%
MeOH in EtOAc) to give 119 (39 mg, 80%) as an off-white solid; mp 65-71 °C; [0]°s —13.3 (¢ 0.72,
MeOH); *H NMR (400 MHz, CD;0D) § = 1.91-2.03 (2H, m), 3.53-3.69 (3H, m), 3.92 (1H, dd, J =
13.6, 4.8 Hz), 4.87-4.90 (1H, m), 7.10-7.14 (1H, m), 7.18 (1H, s), 7.30-7.34 (1H, m), 7.55 (1H, d, J =
7.6 Hz), 7.66 (1H, d, J = 8.0 Hz); *C NMR (100 MHz, CD;0D) § =34.9, 44.4, 48.0, 59.0, 106.5,
110.1, 120.8, 122.8, 124.9, 126.9, 127.6, 136.4, 162.3; HRMS-ESI m/z [M + Na] calcd for
Ci3H14N,>NaO,: 253.0947; found: 253.0948.

((4S)-1-Oxo0-1,2,3,4-tetrahydropyrazino[1,2-a]indol-4-yl)acetic acid (120).
TEMPO (2.7 mg, 0.0174 mmol) was added to a mixture of 119 (20 mg, 0.0869 mmol),
diacetoxyiodobenzene (112 mg, 0.348 mmol) and NaHCO; (44 mg, 0.521 mmol) in CH,Cl, (8.0 mL)
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at room temperature, and the mixture was stirred at room temperature overnight. The mixture was
quenched with satd Na,S,0s, acidified with 10% ageous citric acid and extracted with EtOAc. The
organic layer was extracted with 1M NaOH. The aqueous layer was acidified with 1M HCI and
extracted with EtOAc. The extracts were dried over MgSQO, and concentrated under reduced pressure.
The residue was purified by flash column chromatography over silica gel with CHCl;-MeOH-AcOH
(90:10:0-90:10:0.5) to give 120 (12 mg, 57%) as an off-white solid; mp 236.0-237.3 °C; [a]°»s —1.61
(c 0.34, MeOH); *H NMR (400 MHz, DMSO-dg) & = 2.46-2.51 (1H, m) 2.73 (1H, dd, J = 16.0, 8.8
Hz), 3.53 (1H, dd, J = 13.2, 4.4 Hz), 3.84 (1H, dd, J = 13.6, 4.0 Hz), 5.02-5.06 (1H, m), 7.04 (1H, s),
7.08-7.12 (1H, m), 7.27-7.31 (1H, m), 7.54 (1H, d, J = 8.8 Hz), 7.66 (1H, d, J = 8.4 Hz,), 8.06 (1H, d,
J = 4.8 Hz); *C NMR (100 MHz, DMSO-dg) & = 36.2, 43.2, 47.1, 104.8, 110.9, 120.5, 122.1, 124.2,
126.6, 128.7, 135.2, 159.9, 171.7; HRMS-ESI m/z [M — H] calcd for C13H;;N,03: 243.0775; found:
243.0780.

(5S)-5-(2-Hydroxyethyl)-6,7-dihydroimidazo[1,2-a]pyrazin-8(5H)-one (121).

To a mixture of tert-butyl (5R)-5-(2-((tert-butyl(dimethyl)silyl)oxy)ethyl)-1,2,3-oxathiazolidine-3-
carboxylate 2,2-dioxide (112, 51 mg, 0.134 mmol) and ethyl imidazole-2-carboxylate (118, 22.5 mg,
0.160 mmol) in MeCN (3.0 mL) was added t-BuOK (16.5 mg, 0.147 mmol) at 0 °C. The mixture was
stirred at room temperature for 2 h. The mixture was quenched with 10% aqueous citric acid and
extracted with EtOAc. The extracts were washed with brine, dried over MgSO, and concentrated
under reduced pressure. A mixture of the residue and 4M HCI in dioxane (1.5 mL) in MeOH (1.5 mL)
was stirred at room temperature for 30 min. The mixture was evaporated under reduced pressure and
the residue was washed with Et,O and dried under reduced pressure. A mixture of the residue and
Et;N (0.11 mL, 0.804 mmol) in MeOH (6.0 mL) was stirred at 65 °C overnight. The mixture was
evaporated under reduced pressure and the residue was purified by silica gel column chromatography
(0-20% MeOH in EtOAC) to give 121 (5.3 mg, 22%) as an white solid; mp 164.2-168.3 °C; [0]°%s
-48.5 (c 0.21, MeOH); *H NMR (400 MHz, CD;0D) & = 1.99-2.10 (1H, m), 3.52-3.59 (1H, m),
3.67-3.72 (1H, m), 3.92 (1H, dd, J = 13.6, 4.4 Hz), 4.63-4.91 (1H, m), 7.21 (1H, s), 7.41 (1H, s); °C
NMR (100 MHz, CDs0D,) 6 = 9.2, 36.0, 45.0, 53.1, 77.1, 105.7, 150.7, 160.2; HRMS-ESI m/z [M +
Na] calcd for CgHy:N3NaO,: 204.0743; found: 204.0745.

(4S)-4-Methyl-3,4-dihydropyrrolo[1,2-a]pyrazin-1(2H)-one (123).

To a mixture of 122 (59 mg, 0.249 mmol) and methyl pyrrole-2-carboxylate (103, 37 mg, 0.298
mmol) in MeCN (4.0 mL) was added t-BuOK (31 mg, 0.274 mmol) at room temperature. The mixture
was stirred at room temperature for 1 h. The mixture was quenched with 10% aqueous citric acid and
extracted with EtOAc. The extracts were washed with brine, dried over MgSO, and concentrated
under reduced pressure. A mixture of the residue and 4M HCI in dioxane (2.0 mL) in MeOH (2.0 mL)
was stirred at room temperature for 30 min. The mixture was evaporated under reduced pressure and
the residue was washed with Et,O and dried under reduced pressure. A mixture of the residue and
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EtzN (0.208 mL, 1.49 mmol) in MeOH (5.0 mL) was stirred at 50 °C overnight. The mixture was
evaporated under reduced pressure and the residue was purified by silica gel column chromatography
(80-100% EtOAC in n-hexane) to give 123 (19 mg, 51%) as an off-white solid; mp 172.3-174.7 °C;
[a]°25 16.2 (c 0.35, MeOH); *H NMR (400 MHz, CDCl3) & = 1.54 (3H, d, J =6.8 Hz), 3.39-3.44 (1H,
m), 3.67 (1H, dt, J = 12.4, 3.6 Hz), 4.27-4.35 (1H, m), 6.26 (1H, dd, J = 4.0, 2.4 Hz), 6.72 (1H, brs),
6.86 (1H, dd, J = 2.4, 1.6 Hz), 6.97 (1H, dd, J = 3.6, 1.6 Hz); **C NMR (100 MHz, CDCl;) & = 17.8,
46.9, 49.6, 109.8, 113.9, 121.5, 123.8, 161.5; HRMS-ESI m/z [M + Na] calcd for CgH;oN,NaO:
173.0685; found: 173.0690.

(4S)-6,7-Dibromo-4-methyl-3,4-dihydropyrrolo[1,2-a]pyrazin-1(2H)-one (124).

NBS (27.7 mg, 0.156 mmol) was added to a solution of 123 (11.7 mg, 0.0779 mmol) in DMF (2.0
mL) at —20 °C, and the mixture was stirred at —20 °C for 1 h. After stirred at room temperature for 4 h.
The mixture was diluted with satd NaHCO; and extracted with EtOAc. The extracts were washed with
brine, dried over MgSO, and concentrated under reduced pressure. The residue was purified by silica
gel column chromatography (50-100% EtOAc in n-hexane) to give 124 (19 mg, 79%) as an white
solid; mp 171.8-175.0 °C; [a]P25 —33.1 (¢ 0.79, MeOH); *H NMR (400 MHz, CDCls) § =1.43 (3H, d,
J =6.8 Hz), 3.40 (1H, ddd, J =13.0, 5.6, 1.2 Hz), 3.95 (1H, dd, J = 13.2, 4.4 Hz), 4.45-4.51 (1H, m),
6.72 (1H, brs), 6.82 (1H, brs), 6.99 (1H, s); *C NMR (100 MHz, CDCl5) & = 18.5, 45.4, 50.0, 100.6,
106.5, 115.8, 124.4, 159.4; HRMS-ESI m/z [M + Na] calcd for CsHs"°Br,N,NaO: 328.8896; found:
328.8894.

tert-Butyl (5S)-5-(((tert-butyl(dimethyl)silyl)oxy)methyl)-1,2,3-oxathiazolidine-3-carboxylate
2,2-dioxide (126).

SOCI; (0.046 mL, 0.628 mmol) was added to a solution of pyridine (0.211 mL, 2.62 mmol) in
CH,CI, (7.0 mL) at 0 °C dropwise. A solution of 125 (160 mg, 0.523 mmol) in CH,CI, (3.0 mL) was
added to the mixture at 0 °C dropwise. After stirred at 0 °C for 30 min, the mixture was quenched with
10% aqueous citric acid and extracted with CH,Cl,. The extracts were washed with 10% aqueous
citric acid, satd NaHCOs and brine. The organic layer was dried over MgSQO,4 and concentrated under
reduced pressure. A solution of NalO4 (134 mg, 0.628 mmol) in water (4.0 mL) was added to a
mixture of the residue, RuCl; (6.5 mg, 0.0314 mmol) and satd K,HPO,4 (1.0 mL) in MeCN (4.0 mL) at
0 °C, and the mixture was stirred at 0 °C for 1 h. The mixture was quenched with satd NaHCO; and
extracted with EtOAc. The extracts were washed with brine, dried over MgSO, and concentrated
under reduced pressure. The residue was purified by silica gel column chromatography (10-15%
EtOAc in n-hexane) to give 126 (123 mg, 64%) a colorless oil; "H NMR (400 MHz, CDCl5) & = 0.093
(6H, s), 0.85 (9H, s), 0.88-0.91 (9H, m), 3.84-3.94 (2H, m), 3.97-4.04 (2H, m), 4.79-5.29 (1H, m);
3C NMR (100 MHz, CDCls) § =-2.97, 18.2, 25.7, 27.9, 61.6, 78.5, 85.7, 148.7.

(4S)-4-Hydroxymethyl-3,4-dihydropyrrolo[1,2-a]pyrazin-1(2H)-one (127).
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To a mixture of 126 (113 mg, 0.307 mmol) and methyl pyrrole-2-carboxylate (103, 46 mg, 0.369
mmol) in MeCN (4.0 mL) was added t-BuOK (38 mg, 0.334 mmol) at 0 °C, and the mixture was
stirred at room temperature for 30 min. The mixture was quenched with 10% aqueous citric acid and
extracted with EtOAc. The extracts were washed with brine, dried over MgSO, and concentrated
under reduced pressure. A mixture of the residue and 4M HCI in dioxane (2.0 mL) in MeOH (2.0 mL)
was stirred at room temperature for 30 min. The mixture was evaporated under reduced pressure and
the residue was washed with Et,O and dried under reduced pressure. A mixture of the residue and
Et;N (0.256 mL, 1.84 mmol) in MeOH (5.0 mL) was stirred at 50 °C overnight. The mixture was
evaporated under reduced pressure and the residue was purified by silica gel column chromatography
(3-5% MeOH in EtOAC) to give 127 (16 mg, 31%) as a colorless oil; mp 146.5-152.0 °C; [a]°5 —72.9
(c 0.37, MeOH); *H NMR (400 MHz, CDCl3) & = 3.66-3.82 (4H, m), 3.86-3.88 (1H, m), 4.20-4.24
(1H, m), 6.23 (1H, dd, J = 4.0, 2.8 Hz), 6.88-6.92 (2H, m), 6.99 (1H, d, J = 3.6 Hz); **C NMR (100
MHz, CDCl3) 6=  41.2,55.3,62.1, 109.9, 114.0, 122.9, 123.9, 161.6; HRMS-ESI m/z [M + Na]
calcd for CgHyoN,NaO,: 189.0634; found: 189.0636.

2-((4S)-6,7-Dibromo-1-o0xo0-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)-N-(2-hydroxyethyl)acet
amide (129a).

EDC-HCI (16 mg, 0.0852 mmol) and Et;N (0.024 mL, 0.170 mmol) were added to a mixture of
Longamide B (32, 20 mg, 0.0568 mmol) 2-aminoethanol (128a, 6.8 uL, 0.114 mmol) and HOBt (12
mg, 0.0852 mmol) in DMF (2.0 mL) at room temperature, and the mixture was stirred at room
temperature overnight. After concentration, the residue was purified by flash column chromatography
over silica gel with CHCI;-MeOH-AcOH (100:0:0-80:20:1) to give 129a (7.1 mg, 32%) as a white
solid; mp 159.0-164.1 °C; [a]°s 2.0 (c 0.29, MeOH); *H NMR (400 MHz, CD,0D) & = 1.94-2.00
(4H,m), 2,51 (1H, dd,J = 15.2, 4.0 Hz), 2.74 (1H, dd, J = 15.2, 10 Hz), 3.56-3.60 (3H, m), 3.85
(1H, dd, J = 14.0, 3.6 Hz), 6.92 (1H, s), 7.37-7.44 (1H, m), 7.74 (1H, dd, J = 34.4, 8.4 Hz); *C NMR
(100 MHz, CD;0D,) 6 = 38.2, 43.0, 61.4, 101.6, 108.1, 112.2, 116.7, 126.2, 155.2, 161.0, 171.4;
HRMS-ESI m/z [M + Na] calcd for Cy;H:3*'Br,N;NaOs: 419.9165; found: 419.9175.

tert-Butyl (2-((((4S)-6,7-dibromo-1-o0x0-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)acetyl)
amino)ethyl)carbamate (129b).

EDC-HCI (16 mg, 0.0852 mmol) and Et;N (0.024 mL, 0.170 mmol) were added to a mixture of
Longamide B (32, 20 mg, 0.0568 mmol), N-(tert-butoxycarbonyl)-1,2-diaminoethane (128b, 18 uL,
0.114 mmol) and HOBt (12 mg, 0.0852 mmol) in DMF (2.0 mL) at room temperature, and the mixture
was stirred at room temperature overnight. The mixture was quenched with water and extracted with
EtOAc. The extracts were washed with brine, dried over MgSQO,4 and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (0-10% MeOH in EtOAc)
to give 129b (17 mg, 61%) as a white solid; mp 178.8-182.0 °C; [a]°s 6.55 (c 0.47, MeOH); ‘H NMR
(400 MHz, CDCl3) 6 =1.43 (9H, s), 1.94-2.05 (2H, m), 2.48-2.70 (2H, m), 3.50-3.67 (2H, m),
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3.84-3.87 (1H, m), 4.81-4.83 (1H, m), 5.18 (1H, brs), 6.61 (1H, brs), 6.95 (1H, s), 7.20 (1H, brs), 7.27
(1H, s); 3C NMR (100 MHz, CD;0D) & =14.7, 26.6, 28.8, 40.6, 43.9, 52.5, 58.4, 101.2, 116.7, 126.2,
1425, 161.0, 171.4; HRMS-ESI m/z [M + Na] calcd for C16H2,"°Br,N,NaO,: 514.9900; found:
514.9898.

2-((4S)-6,7-dibromo-1-oxo-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)-N-phenylacetamide
(129c¢).

EDC-HCI (16 mg, 0.0852 mmol) and Et;N (0.024 mL, 0.170 mmol) were added to a mixture of
Longamide B (32, 20 mg, 0.0568 mmol), aniline (128c, 10 uL, 0.114 mmol) and HOBt (12 mg,
0.0852 mmol) in DMF (2.0 mL) at room temperature, and the mixture was stirred at room temperature
overnight. The mixture was quenched with water and extracted with EtOAc. The extracts were washed
with brine, dried over MgSQ,4 and concentrated under reduced pressure. The residue was purified by
silica gel column chromatography (0-20% MeOH in EtOAc) to give 129¢ (20 mg, 80%) as a white
solid; mp 215.9-218.1 °C; [a]%25 8.77 (¢ 0.84, MeOH); *H NMR (400 MHz, CD;0D) & = 2.67 (1H, dd,
J=15.2,4.4 Hz), 2.85-2.98 (1H, m), 3.64 (1H, d, J = 14.0 Hz), 3.90 (1H, dd, J = 14.0, 4.0 Hz),
4.92-4.94 (1H, m), 6.95 (1H, s), 7.09 (1H, t, J = 7.6 Hz), 7.30 (1H, t, J = 8.2 Hz), 7.52 (1H, dd, J = 8.8,
1.2 Hz); *C NMR (100 MHz, CD;0D) & = 38.9, 44.1, 52.5, 101.7, 108.2, 116.7, 121.2, 125.4, 126.3,
129.8, 139.5, 161.1, 169.4; HRMS-ESI m/z [M + Na] calcd for Ci5Hy3"°Bro,N;NaO,: 447.9267; found:
447.9266.

N-(2-aminoethyl)-2-((4S)-6,7-dibromo-1-oxo-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)aceta
mide hydrochloride (130).

A mixture of 129b (9.6 mg, 0.0194 mmol) and 4M HCI in dioxane (1.0 mL) in MeOH (0.50 mL)
was stirred at room temperature for 2 h. The mixture was evaporated under reduced pressure and
recrystallized from MeOH-Et,0 to give 130 (6.4 mg, 76%) as a white solid; mp 239.9-244.4 °C;
[]P,5 6.40 (c 0.30, MeOH); *H NMR (400 MHz, CD,0D) & = 2.55 (1H, dd, J = 15.2, 4.4 Hz),

2.76 (1H, dd, J = 14.8, 9.6 Hz), 3.04 (2H, t, J = 6.0 Hz), 3.29-3.34 (1H, m), 3.41-3.50 (2H, m), 3.62
(1H, d, J = 14.0 Hz), 3.87 (1H, dd, J = 13.6, 4.0 Hz), 6.94 (1H, s); *C NMR (100 MHz, CD;0D) & =
38.2,40.8,44.1,52.3,80.1, 99.4, 101.7, 108.1, 116.7, 126.3, 161.0. HRMS-ESI m/z [M + Na] calcd

for Cy;H,4"°Bro,N,NaO,: 414.9376; found: 414.9377.

Methyl ((4S)-6,7-dibromo-1-thioxo-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)acetate (131).
Lawesson's reagent (21 mg, 0.0525 mmol) was added to a solution of Longamide B methy! ester
(33, 16 mg, 0.0437 mmol) in THF (2.0 mL) at room temperature, and the mixture was stirred at room
temperature overnight. The mixture was quenched with satd NaHCO; and extracted with EtOAc. The
extracts were washed with brine, dried over MgSO, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (10-30% EtOAc in n-hexane) to give 131
(11.6 mg, 69%) as a pale yellow solid; mp 87.2-95.0 °C; [a]°,s —17.2 (c 0.060, CH,Cl,); *H NMR
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(400 MHz, CDCly) § = 2.56-2.62 (1H, m), 2.88 (1H, dd, J = 17.2, 11.6 Hz), 3.75-3.79 (4H, m),
3.88-3.93 (1H, m), 4.79-4.83 (1H, m), 7.31 (LH, s), 7.69 (1H, brs); *C NMR (100 MHz, CDCly) § =
35.2, 45.0, 50.0, 52.3, 102.5, 108.7, 120.7, 129.8, 170.0, 182.1; HRMS-ESI m/z [M + Na] calcd for
C10H10Br2N,Na0,S: 406.8705; found: 406.8698.

((4S)-6,7-Dibromo-1-thioxo-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)acetic acid (132).

2M NaOH (1.0 mL) was added to a solution of 131 (9.3 mg, 0.0243 mmol) in THF/MeOH (1:1, 1.0
mL) at room temperature, and the mixture was stirred at room temperature 30 min. The mixture was
acidified with 1M HCl at 0 °C and extracted with EtOAc. The extracts were washed with brine, dried
over MgSO, and concentrated under reduced pressure. The residue was purified by flash column
chromatography over silica gel with CHCl;—MeOH-AcOH (160:40:1) to give 132 (9.0 mg, quant.) as
a yellow solid; mp 115.3-120.3 °C; [a]°25 —56.2 (¢ 0.29, MeOH); *H NMR (400 MHz, CD;0D) § =
2.50-2.54 (1H, m), 2.74 (1H, dd, J = 16.8, 11.2 Hz), 3.29-3.34 (1H, m), 3.70-3.84 (2H, m), 7.15 (1H,
s); *C NMR (100 MHz, CD,0D) & = 36.3, 45.7, 51.5, 102.4, 109.3, 120.4, 131.5, 172.8, 183.1;
HRMS-ESI m/z [M - H] calcd for CgH;Br,N,0,S: 364.8600; found: 364.8597.

2-((4S)-6,7-Dibromo-1-thioxo-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazin-4-yl)-N-phenylacetamide
(133).

EDC-HCI (4.8 mg, 0.0249 mmol) and Et;N (7.0 pL, 0.0498 mmol) were added to a mixture of 132
(6.1 mg, 0.0166 mmol), aniline (3 pL, 0.0331 mmol) and HOBt (3.4 mg, 0.0249 mmol) in DMF (2.0
mL) at room temperature, and the mixture was stirred at room temperature overnight. The mixture was
guenched with water and extracted with EtOAc. The extracts were washed with brine, dried over
MgSQO, and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (10-50% EtOAc in n-hexane) to give 133 (5.5 mg, 75%) as a pale yellow solid; mp
179.7-187.3 °C; [0]P»5 —52.6 (c 0.22, CH,Cl,); *H NMR (400 MHz, CDCl,) & = 2.64 (1H, dd, J = 16.0,
3.6 Hz), 2.85 (1H, dd, J = 16.0, 11.2 Hz), 3.80-3.93 (2H, m), 4.98-5.01 (1H, m), 7.16 (1H,t, J=7.6
Hz), 7.27-7.41 (4H, m), 7.49-7.54 (3H, m); *C NMR (100 MHz, CDCls) & = 37.9, 45.2, 50.4, 55.7,
75.7,102.5, 109.0, 120.0, 120.8, 125.1, 129.2, 166.3, 182.1; HRMS-ESI m/z [M + Na] calcd for
Ci5H13BroN;NaOS: 463.9038; found: 463.9049.

Inhibition Assays with IDO.

The inhibition assays were performed in a 96 well microtiter plate as described by Littlejohn et al.**
with a small modification. Briefly, the reaction mixture (100 pL) contained 50 mM potassium
phosphate buffer (pH 6.5), 20 mM ascorbic acid (neutralized with 1M NaOH solution), 175 pg/mL
catalase, 10 uM methylene blue, 200 UM L-Trp and purified recombinant IDO1 optimized based on its
activity. The reaction mixture was added to 1mM inhibitor. The reaction was carried out at 37 °C for
60 min and stopped by adding 20 pL of 30% (w/v) trichloroacetic acid. The plate was heated at 65 °C
for 20 min to convert formylkynurenine to kynurenine and then was spun (4000 rpm, 4 °C for 25 min).
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Finally, 80 pL of supernatant from each well was transferred to a new 96 well plate and mixed with 80
pL of 2% (w/v) p-(dimethylamino)benzaldehyde in acetic acid. The yellow color generated from the
reaction with kynurenine was measured at 490 nm using Infinite 200 PRO plate reader (TECAN).

Docking Calculations.

Docking was performed using the crystal structure of IDO with 4-phenyl-1-imidazole (pdb code
2DQT). The 2-[N-cyclohexylamino]ethanesulfonic acid and 4-phenyl-1-imidazole ligands were
removed from the active site prior to docking. Docking calculations performed with Longamide B and
compound 132 were carried out using Schrédinger Suite 2016-1. Glide (version 7.0) and Prime
(version 4.3) were used with default parameters to predict the binding mode of Longamide B.After
obtained the docking result of Longamide B, scaffold oxygen atom was transformed to sulfur atom.
Minimization process of the residues within 10 A around the ligand was carried out to predict the
binding mode of compound 132. The force field of the minimization process is OPLS3.
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