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KimXh, LT OMFER LOREITTRRO XL 5 ITKL LT,

Ac : acetyl

Bn : benzyl

Boc : tert-butoxycarbonyl

Bz : Benzoyl

DCC - N,N'-Dicyclohexylcarbodiimide

DDQ : 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

DMAP : N,N-dimethyl-4-aminopyridine

DMSO : dimethyl sulfoxide

ESI-MS : electrospray ionization mass spectroscppy

2nd Grubbs cat. : (1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene)dichloro-

(phenylmethylene)(tricyclohexylphosphine)ruthenium

IBX

Im.

LDA
m-CPBA
MS
MsCl
NMR

Parkins cat.

PMB
TBAF
TBS
TES
Tf
TFA
THF
™S

: 2-iodoxybenzoic acid

: Imidazole

: lithium diisopropylamide

: meta chloroperbenzoic acid
: molecular sieves

: Methanesulfonyl chloride

: nuclear magnetic resonance

: Hydrido(hydroxydimethylphosphino)[hydrogen

bis(hydroxydimethylphosphino)]platinum (II)

: p-methoxybenzyl

: tetra-n-butylammonium fluoride
: tert-butyldimethysilyl

: triethylsilyl

: trifluoromethanesulfonyl

: trifluoroacetic acid

: tetrahydrofuran

: trimethylsilyl



v B 1 XZF (Lycopodiaceae) Lycopodium JEFEM XM /046 L, FrICEVER 122 <
OHENBAET LV XEMTH D, FOITS00 L EEbELNTEY, ZO5EITMms T
LWk End, KBEWIXY aRT LT vaaf RERHRIND, S CHEMERIEREKE
BT DLAMBEE AT D Y, RO T ADaA NI Ayer b Pl L EGROBLAN S,
Lycodine group, Lycopodine group, Fawcettimine group, ¥ X V% Dftl (miscellaneous group) @
RPAMEICEHSNTWD, TR ENDORFEEY % Figure 1 [T,
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Lycodine (1) Lycopodine Fawcettimine Cernuine Phlegmarine
Lycodine group Lycopodine group  Fawcettimine group Miscellaneous group

(Phlegmarine group)

Figure 1. Four main groups of Lycopodium alkaloids.

VaRyo LT vha A N3 1981 1881 4= F TV  Bodeker © 12X Y Lycopodium
complanatum 7> Lycopodine WHft S 7= Z LICHia 45 P, ZD#%., 1942 15K 10
A2 > C Marion R° Manske 512 X - CRBHEY ORI RRMESED B )| Hix i) =
R LT NTaA RPHEE - BEREINT, ThETIEEZ ORI NL—TICE VKN
HIZR PRRIFZE DS B S 41, AT4F TUT HPLC 72 & & F W T2 0 BEBAR OB o T i O AR T -
Tﬁﬁk%ﬁ7Wﬁm4FﬁﬁMéh1wé“oHTK%®*%%%?&H@mDO

(o}
o (o}
Me \'H
«
Lycojapodine A Lycoperine A Lycoparin C
AChE with IC5¢=90.3 uM and AChE with IC5,=60.9 yM AChE with IC5,=25 pM

anti-HIV-1 activity with EC5,=85 pg/mL

Figure 2. Newly isolated Lycopodium alkaloids.



F7-. Lycopodine M HEFHRA LK, AT Vv A ROEERME BIE L8 iR ofk
ZLEIZI VRSN TVW D, 1967 £E1T Wiesner © 73(+)-12-epi-Lycopodine™ 0 4 6 ik % AL
L. B4E 2T Stork®™ 5. Ayer’® S0 2 5D 7 /L — 712 X - T(+)-Lycopodine D44 RN H
SNz, TNHLOEEHBRENEE L0, TO%, BUEE TITE L OREMZENThI,
AHE S T RUBEOB R A B B 2 W T B S AR SLIE B 70 & O G BT O 38 12 L Y | Figure 3
WRT X 97 T BEERRRIRY ToH 5 Complanadine $H VoM A nh ZRIEL HT 5
(+)-Lycopalhine A0 K 5 22 MR R DO BB AR N THRE SRS LY Ickholz, 20D

NN KT VI aA REOEBRMEIXZIIZ D282 GIERRHENDS L1270,
ZOBFIIR AL Te o TV D, ITH Tk~ B R~ B AT RE 2 A DR F 7 1
T A FEEfEN LB TR OEEREARESEIMERIC S 5, LTICY 2R LT Vh
1A RORTDEEMRE D %779 ¢ (Figure 3),

RO n
MeO,C N
R=H; (-)-Complanadine A R=H; Lycopladine B (+)-Paniculatine (+)-Lycopalhine A
R=0; (+)-Complanadine B R=Ac; Lycopladine C

Figure 3. Recent total synthesis of Lycopodium alkaloids.

— 5. KT NHaA REOEMIEMEICE L TiX, 1986 2 H [EPE Huperzia serrata 75
BABE - 515 S 7= Huperzine A (Hup AN 38727 v F a2 25 7 —F¥ (AChE)
PHETEMEZ R L D0 TAYNA =i Gtk c RLEEEICH L TADTH L Z L5
MEINTZ, EHIZ Hup A IZA~ U F v (BG4, A~ U —) LIAEERIZ N-Methyl-p-aspartic
acid NMDA)SZ BAEFERZ AT 2 AME SN TEY Y, REXXUL LA~ F O
FOVERDP S D72, —FITHERONRPBIFFSNTNWD, ZO XD RFEEIEM 2R3 7
O, Hip AlZ7 AU HIZBWTCREXEOT-OOREMBEN (37U X b)) & LTl
SNTEY, BRETHLLXR A7 7 —~vHRASHDBBHE L FLIT TS, BT Hup Al
VT, EIZ Lycodine group (2T 2D U aRY v AT /W a A RiZ AChE BLEEM:
MR BT W, FI2UFE, Z OO group 725 b RIERO IR 26 T 2L G0 #HE s
NCEH W, JaRTv a7 ranA RFAEY— o1& LTHEAZED TWDS (Figure
3, 4,



(o} Potent AChE inhibitor
IC5( 0.082 uM

Huperzine A

Figure 4. Structure and biological activity of huperzine A.

ZOEIEROL L, YHRETIZY aR T LT VI v A ROLEREREK &R
SPEPEICHRZ D, LFO L 272U afrk Py AT VA ROPE KN ARE 2 AR
ZIERM L. R DM SLARBLE DIRE ZAT 9 & & SITEMIEMERAN O 72 DY o 7 fikfs
17> T 5 9 (Figure 5),
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Lycoposerramine-R Huperzine-Q Lycoposerramine-C Lycoposerramine-B

HH Me " N
13R: Lycoposerramine-X R'=H, R?=H: Lycoposerramine-V Cermizine D Cernuine
13S: Lycoposerramine-Z R'=Me, R2=0OH: Lycoposerramine-W

Figure 5. Synthesis of Lycopodium alkaloids in our group.

EHELRT NI v A ROSTELERIER & EYIEIEICHR 2 X | Al — P oAl
ERABLIEEAMMEICHE T LI, 72, GV — FOZREZHIEEL, VaRy v AT L
AraA FOEGHBIIZIER L, LT, A7 AT aA FOEGIREIZOWTHHT 2,

s VARV LT N aA ROES IR

VaRYy AT aA ROESKRERKICET 289813, Spenser HIZ X - Tfrbhik 9
(Scheme 1), Spenser 5 (%, i MERIN AL TH 5 '*C T ~ULAL L 7= L-Lysine, Pelletierine, AcOH,
BLORERMILD PC TF LAk L 7= Acetone dicarboxylic acid ® Lycopodium JEFEY) ~ D L
VIABREBRZITH Z & T, [FNLIRIEGR &7z Lycopodine #f5 T\ 5, “C TT7 Lk L=




Lycopodine 1%, ff 4 O G2 L - T Lycopodine W\ DD 7T 7 A h~E5fE L, —J
BC TT UL L7z b DL NMR fR#HTI T PC 0B BT 5 2 & T, 794 — v %
FEREICARAT LTz, ZORER. KT Vv A REET Lysine £ D A£G S 41, Pelletierine % #% %
ZENIRE I NI T2, Lysine HORO ZIRRBIPFEM TH L LEZ BN TWD, £J, Lysine
(WA ERIC L 0 7 2 UK Cadaverine % 5-2 . A IO 7 2 v DAL fi & % £ T A'-Piperideine
~NEBHEN D, i T Al-Piperideine & 3-Oxoglutaric acid A3 HE % £ - 72 Mannich %4 5
WXk W HiEE T 52 & T, 4-(2-Piperidyl)acetoacetic acid 234 U, Z DK DM IREERIZ K - T
Pelletierine 23495,

H
: COH
NH, — > NH, o o O/\HJ\/COZH
C —co, C
2

CO,H
NH, NH, 2
L-Lysine Cadaverine Al- Plperldelne 3-Oxoglutaric acid

l -CO,
(18 1
~———
z _co, N CO.H
H H

Pelletierine 4-(2-Piperidyl)acetoacetic acid

Scheme 1

VT, Pelletierine & 4-(2-Piperidyl)acetoacetic acid 7% C8-C15 /i2.[t] THi& 1% (Scheme 2), iz
kD oD F I 2 FT 506 3A M4 U CT-CI12 (L[ TRE-RFMH G VRS
% Z & T Phlegmarine ‘BRI ND EE 2 B D, T 25, Phlegmarine B 7 Vv A
R234R% L, —J5. Phlegmarine ‘B C4-C13 ([H T IRFE-IRFERE S IR S5 85
BRALKS D3 EITS 5 Z & T, Lycodine ‘B &4 A7 5 WERMAAEHFAE SA 23ERT 5, Uk
D E DN LT MIBRPER A SA 226 FHBRAL-CEAL, B E2fE T, BRx B D Y
AR LTNTIRA RPESREIND EEZ BN TWD, Lycodine group D% < 1%, ZD
S5A @ Piperideine #5335 HL L7 D TH U | Pyridine B8 £ 7213 Pyridone B2 A9 25 Z & 73
R Th 5,

RO XD RGBS TRIE AL TV D05, Lycopodium JEAEY) DR 13RO THELS | H&
BEOIEFICNEETH D L0 ) NS RREPRBRS I, A TH 2 OB E D LR
FZNFETICRHESN T RNZO, AR BRI OFERICE L TIEEH S T,
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PeIIetlerlne 4-(2-Piperidyl)-
acetoacetic acid

Enamine aldol
C7-C12

D-ring
formation

Phlegmarine skeleton 4A

Phlegmarine type

+ H)Gj /
N i C4-C13

z N -
H ) H i HH Brlng
(o] formation | prannich
c —2OH | -like rxn.
N Me N": Me
HH HH
13R: Lycoposerramine-X Phlegmarine

13S: Lycoposerramine-Z

Lycodine group
Me M
Me . e.. Aromatization
N or acetylation
( ( of A-ring
- N3y SN
H,N ~" "NH H NAc H
X Tetracyclic lycodine
Huperzine A Flabellidine (2) Lycodine (1) skeleton 5A
Cleavage
of C5-N
Me,
(N, = f
- NH2 H”
Fawcettimine Lycopodine \> N
NH,

Scheme 2

—Ji. ERLOIBAA RS O ATRENE 2 R T 2 AR b BB E S TR Y . REWA
Ho L LT, 1997 40 Bai b “M: & % (£)-Huperzine B (6) DA A% T HiL D (Scheme 3),
P o127 & 81Zx LT 70% HCIO, 2 EF S8 25 2 & TEUIGED DRI UBRYEF K 9 O
TN LTV D, RIS TIEET, BUESRET 707 82—V EDINKSG R %2 #% Tk

R=ULAF U TaBERKRT D, —FH, 8LV =XR VA LT o M L LTz 8a NAEL,
e Ta OEEAINEIS, #i< v =y BERREUSIT K0 WAk R R DS S CTIUBRMHE LS
W9 BERKT D, 9 ITEGAMGE T OMBERMERARP L SA LEULTRY . REMITAES
AR E KR T DR D —D & F R 5,



Ay

NH, H 8

CO,Et EtONa, EtOH
70% HCIO4

reflux;
_ >

COEt T CN

H,O/Dioxane, reflux
64%

Dioxane, reflux
89%

Tetracyclic skeleton 9 (*)-Huperzine B (6)

Scheme 3

CBRE =T b OBRIR &G BRI A 1 L T B ARG

KT NTaA FEOEARNTEE BT DICHZY ., EREHFFE~D R b EEICA
AR A —7 > K & LT Huperzine A 23 &7 % Lycodine group D{XFE(LEG¥ TdH 5 Lycodine
(D) & 2N FE TITEA RS D720 Flabellidine (2) % 4R L 7= (Figure 6),

Lycodine (1) Flabellidine (2)

Isolation

Lycodine (1); Anet, F. A. L, Eves, C. R. Can. J. Chem. 1958, 36, 902.
Flabellidine (2); Manske, R. H. F.; Marion, L. Can. J. Res. 1942, 20, Sec B, 87.
Structural characteristics of 1 and 2

e Tetracyclic ring system

* Bicyclo [3.3.1] nonane skeleton

* Pyridine (A) ring and Piperidine (C) ring

 Four asymmetric centers

Figure 6. Structure of lycodine and flabellidine.

Lycodine (1)Id 1958 42 Anet, Eves HZ X » CTHEfS N2 REM Y a R T AT VT
nA4 RTHY 12, WMoDARFFLE S D, Pyridine B2 (A B:) & Piperidine B2 (C BR) 3 iz
7% Bicyclo[3.3.1]nonane ‘B4 AT 2 URMEBEHKEFHIE LTS, /2. 1 ORFIOE
AL, 1982 A2 Heathcock & 132D(Z Lo TIEHFIZH TROGH/L— MITT7 & I (KT
A &7 (Scheme 4), LA, AALEWOERUIZET 2 HE X720 o 7223 F =+4FE1% D 2010
DB 2016 FEDORIZ 1 HID T & I BER 13 & 3 H]DARFK AEH R PeBIDIRE N7 ST,
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i) n-BuLi, THF )M
)NliM/ez\/\ ii) PhSCu NC - 2 steps H,N :
Me
Be! Co
iv) CuCl,, H,0O
65%
Me
H,SO0,, MeOH;
_ 3NHOI ( 03, —78 °C; Me,S; N Total 8 steps
> ,, ]
MeOH, reflux O NH,OH-HCI, 65°C, 48 h; NN 13.2% overall yield
o NaOH, H,0 -
63% s ,
70% (#)-lycodine (1)
Scheme 4

—77. Flabellidine (2)1% 1942 4£{Z Manske & Marion 5 *Z & - THLE S L, 7 OREERE
1% 1964 421272 5 C MacLean & '"IC ko Tha & iz, £72. 1982 45 Schumann 512 &5 T
TODEFEFEFNT B F ML ENTZIERERY D Acetylflabellidine 23K S =28 D, 2 4
BRUL I E TITER S LTV,

ZHIVE TD Lycodine (1)D & TlE, Scheme 5 (275 L7z 4 f5] (Heathcock, Sarpong, Hirama,
Siegel groups)® L 912, D B2 Db ABC IR% BFEAVICHEEZET 5 J71E (Heathcock, Sarpong,
Siegel), HDOWIFX AR, CREZATH2=y MEEfESETDREZMEL, HRERICBREY
WEL4 25 F1E (Hirama group)lZ K 0 | Z O UBRMEFHAEE STz, —FH%EF X, Scheme
2 R LIeARIBAE G R IR I 2 BBk & G iy — b O FdktE & 2R ML Em L,
Biomimetic (42 & B i & R L?’:)ﬁ?ﬁ?ﬁ%@i K DA RIS 2522 L7- (Scheme 5), 77205,
EHFRIEEW 10 Z3RZET L, 10 X0 A I =0 LA A o hEIE 11 26 T BT ABCD
BROMEZATO Z L 25l Lz, £ OFFEMRE I OV TARm®IZ TR~ 5%,



/0 __
Mannich Mannich )
Me
D > B/AIC
D—>C/B >A H Sarpong group
Heathcock group
Mizoroki-Heck OH
Me [2+2+2] CO,Et | A\
= A
Lycodlne 1) N OEt
DA OH
\/
AB/C/D-rings <:| +
NHB“ TMS formation c \ Pd
Cbz c |
OH N =
D—>C—>AB C+A—>D—>B Cbz
Siegel group Hirama group
O Me (o]
BocBnN /\/\)J\/\/\)I\/\/\NBnBoc
10
Scheme 5
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2';::/.\

8 —® (-)-Lycodine 35 X U'(+)-Flabellidine O 45 Bt &~ & 2 & BRAF &

¥ Tk X7z Spenser 512 X o THEME S 4L/ BB TlX,3A 7 6 PUBR PR AR H A SA
WNAERR T 2 BB SR IZRB 1T D MEZRIZ OV T E R SN TR, AJSICx LT
VRMEFEEEO THBLETHEROEIITEZHINS (Scheme 6), T7bhH, —HOO=F I
VEATDHEANY VUARIBIZB W T T VAR = VISR L CHERIRIIC = I U B L
fi v =y BERRERURIC LY C7, C12, C13 MO RFKFEVPER S ND, £ 2T, EHIL
Lycodine (1) & Flabellidine 2)Z &3 DIZHT-0 . REGHREICEBREZG-G/LV— M

N.ZE L7z (Scheme 6),

Hypothetical biosynthesis proposed by Spenser

C7-C12 C4-C13 N SN
Enamine aldol g N,)13 Z °"NH  Mannich
—20H Tetracyclic lycodine
Phlegmarine skeleton 4A skeleton 5A

Hypothetical biosynthesis considered with stereochemistry

H
C7-C12 _ \\oil[_sr, ca-c13

Enamine aldol H12 /13 4 Mannich

—-20H

Phlegmarine skeleton 4A Tetracyclic lycodine
skeleton 5B
A

[ Bioinspired synthetic plan ] Ce-C13 At-2Bn

Flabellidine (2)

Acidic 3 —2Boc
condition | -2H,0 O Me (o]

R BocBnN /\/\)I\/\/\/U\/\/\NBnBoc

1"

Scheme 6
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FTihbb, il GRRASHRIFUCBIT S 220 I 24T 2{LE% 3B 5
BRPEY 3 UGk SB NERRT DERIIBRLEUGZ X X v 7 L, UBRMEFROMEZ 7 T X
aANTEBETHZEE Lz, LU D 3B Tk, %I 15607 5 ONT 7 ALK ER I o B D
TRAZETIEDICRETHD EEZ, 3B OBEMIAL LTHEA I =0 51 F o hEEK
1 EHELT, ZOR, ERFTORELE LTBn L2752 LT, EAhOA I -2
A A VRIS HETT U CRAR A B AR R & [k O AN BR LS AN EE Z 0SB ~T 5 &
EZTe Floo 11 O IS LA FNVEDONRIEFIZ L 5T, DBRIBROBEICELD a7 4 A
—va Uil ig 2 AR LTz, PR 1 IZESEMRIEEY 10 K0 EErESE T Boe
DOPRHEEITH Z & THERT D EBE LT,

LLED &9 2 G il B3 0 it i BR AL SIS & B A A, WS Ui 217 - 72
(Scheme 7),

Aromatization Bioinspired
of A-ring cascade cyclization
Chemoselective
. acetylation )
Lycodine (1) Flabellidine (2) Tetracyclic
lycodine skeleton 13
O Me OH O
o I\:IIe o M
BocBnN NBnBoc j BocBnN h \/\NBnBoc
10 N 14 :
T . Alkyn coupling
(o}
M- \\ O Me OP O
+ 7 o
i \/\NBnBoc Me°~N /U\/\/S\/U\N'OM" i p 0
| | <,
16 Me 15 Me Me , OEt
17 Aldol reaction
Diastereoslective

Hosomi-Sakurai allylation

18 19

Scheme 7
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EFT.1 D ABRTH S Pyridine RIZMERMEFHK A AT 2 13 LV EKEBCHEETL L&
Lize =77, 20313 ® Bn lEzfRE L2k, BREERNRT7TEF i<z e L
2o WIZHEEPEIARTH 2 UBRMEALG 13 13, BEYESIE TSI 1T 2 10 D A5 AR I AR EE oD
FERBRALOSZ 0 AT 5, BRALKISHTERA 10 (X, bis-Weinreb 7 I F{& 15 Oflji~ 16
BEATHZLETHLND 14 O OO T)VF L OBIRAETT, foit < KB BLEERGIZ X
DVFHECTEDHEERT, £, 151377 b 17 K 0&E L33, 17 3707 & KK 18
WZXFT DTV R—=A RS K HHRICTARTE D, SHIC 18 D7 ATk FETIA LT ¢
VINS A URICE BB L, IS ML AF NIRRT v h T 2 R 19 ICRTHY
T AT LA RREGH LT U UCROSIC L O ERT 52 L & L,

T, IS TEBEORRIZOW TR T 2,
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5 —Hi BRALRSHTEERE D5 K

ETHDIT, 78 b7 2 R 19 ZHREFEBHIHM AT U ARG %475 Z L T, 15
NEAF R FE A MEEE L 72 (Scheme 8),

o O o O Me O O Me O
TiCly, AllYITMS PN o PP

»\NJI\/\ A )\N R s 3 »\N H
(0} o 14 ﬂ o)

N CH,Cly, —78°C NG CHiClp, -78°C

Ph y. 92%, dr = 13.4:1 ($)°Ph then PPhs, rt Ph o
19 20 y. 90%
Scheme 8

9 (2%} L T TiCl, f#7E F. Allyltrimethylsilane Z{EH &&= & 2 A, 7 U LAHINA 20 730%
K% THLNTZ, AMEAWIZ. 'H NMR IZE VT §5.77, 5.00 35 L 10 4.96 (K —EES
HERDOT T FANENENBR SN Z LD ZORMELHR LIz, £V T A7 LA

B L CiE, Williams © O HFEIZHEV,
14 NAKFEORSEICL DV HEHLE 'O
725 (S)-Phenyloxazolidinone % A4 % 7
2 k7 R19 EHWCARKGEIT> 2
e, (15R) 1Rd 14 fi/KFE 1L §2.90, 2.82
12, (158) 1K 14 fiKFEIL §2.99,2.70 1 I
TNENBRSND Z D, ZOFESE G J/\/
DY ST 27 LA BREE BT 5 :
ZEMARRTH D, AFEEZHWNTHEE L
-7 AT VZ]‘S@?R‘@ X 13.4:1 & 720 . e Figure 7. Determination of diastereomeric ratio by '"H NMR
R D A FVEEDSNARLF L REEE TH D Z & 27l L7z (Figure 7).

BT, T U IR 20 24 Y U 3 fRICK D 7 AT B RIK18 ~ LA LT-, RMeAawi
'H NMR IZHWT §9.69 (2T /LT & RICHKT D 7T 28 L7z 2 & TF O/ xR
L7,

WIZT IV K= VISIZ £ % T IRFE DR 21T > 7= (Scheme 9), AcOEt & LDA LV ii#l L
7V F LT )T — O THF B2 -78CICmHEI L, R T L -78 CIZHHA L7- 18 @ THF &
BA~PSL DV FELIZE ZA TV =V UGN T FNT 7 b AEDNEL )N LT L,
17 DULHE 48% TIH Tz, T ORE, BIAERM E LTI T AT K21 23 2% HiL, Ziid
LT 17T OT7 7 NN FAR=MZKH LT 8OV F UL 77— NBEH L TAE
ClzéExbNnlz, 22T, ISRFIZBWT 18 LV F AT ) T7— b E2HELLGFESE
HZERAMIC, VF U LT T— O THF WiRE SIS F L& 2 A, 21 OAERE M

14



HEEDLZENTE, 17TDOINERE 2%ETH ESEDLZ LTI L, 2. RMEAWIT 7
MIZBITA 131 DO T AT L A~—REWME LTELNT,

o o~ T :
)\ J\/\)L LDA, AcOEt (1.1 eq) m Z0gt i O O Me OH O
\/K THF,—78°C  Me” 7> “OEt {EtO 7 TOE |
Ph y. 82%, dr =1.3:1 : 21 :
18 17 .
: o)
LLi
© JIE
o 0) Me O/_\/ o N
¥ : OEt N
o’ N H Ph
N
Ph
Scheme 9

WIZ ., bis-Weinreb 7 2 K15 £ DO v 7V VI RIGICHWA T V%= b 16 &K L
72 (Scheme 10),

MsCl, EtsN
CH,Cl,, 0 °C, 30 min.

N N Boc,0 \
\\/\OH > \\/\NHBn ——— \\/\NBnBoc

then BnNH, CHJCly, rt, 2 h
3-Butyn-1-ol MeCN, rt, 12 h 22 y. 89% 16
y. 90%
Scheme 10

3-Butyn-1-0l {Zxt LT, CH,CL "', EN fA7E T, MsCl #{EH &8 5 2 & T/KEEHE A Ms 1k

L7, UraRy MCCEEIEO BaNH, 212 TG S 25 Z & T, Benzylamine {4 22 %Y
H 90% THFZ, HEWVT, 22D k7 I % BocfRi#EL TT A Fra2=y h16 A LT,
W T, By U 7R 25 DA EIT -7 (Scheme 11),

(o)

HCI*NH(OMe)Me, AlMes P Me OH O TESOTY, 2,6-lutidine
o o ~ meo A AN ome -
e A o CHCly, ~10°C e e CHCly, 0°C

y. 95% y. 96%
17 23

TES

<
\
\/\NBnBoc TES

O Me O O i-PrMgCl, 16 O Me O O

meo . A AN ome : - :
. | THF, rt A x
Me Me Y. 78% BocBnN NBnBoc

24 25

Scheme 11
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FFHIOIC. CHCLEEHE T, NH(OMe)Me * HCl & AlMe; UGS E5 2 &2k 7 %
HIZTT VI =T LAT I RPREAEL, Z2~T77 MR 17T ZNx2 52 & T I RS
HEFT L. bis-Weinreb 7 2 F{K 23 23U 95% TR LN, AMEEHIL 'H NMR (BT,
Weinreb 7 X REHKD A FLVEO V7 FARBRI SN Z L0 D2 OBEL R Lz, Hii
WTC, 23 O kKA A TESRF#EL T24 & L7, TAF 2= F 16 & i-PrMgCl LV
LT NN XN~ TR T AR ERHSE T A B2V T AT VA~ —REM &
L CULER 78%IC CTHF7=, AMEAPIE 'H NMR 1BV T, §7.35-7.22 1 Bn 2D 7 = =)L i
KD 10H 53D > 7 F v, §1.50-1.45 12 Boe Bk D 18H 53 D v 7 F AR ENENBLHI STz
TENLEOMELR LT, B, TAAKBEEN 7 YV —0 23 1Zxf LCRERICT v 7Y o7
I EATo T e A, By TV TIRNE—O T AT LA~ —& L TUIEER 45%I2TH LI
oo ZOKE, —HOVT AT UAY—ITRIERM L ONBERREETHY | HEST S 2 &N T
XMoo,

TRCORFBHOEAETZET L, By 7V 7K DARTE 0T, BILKIGHEE 10
~DOBEREEEHZIT > 72 (Scheme 12),

TES Pd/C
O Me O O H (1 atm) TES
. - > O Me O O
& % ACOEL 0 °C /\/\)J\/\}\/U\/\/\
BocBnN NBnBoc y. 99% BocBnN NBnBoc
25 26

HF'LFidine /\/\)()]\/Mi/\/?]\/\/\

BocBnN A NBnBoc
MeCN, 0 °C

Y. 71% 10
Scheme 12

AcOEt H1, KFFIAK T, PA/C & FIW o2 M oSG 2 ATV 77 /03 0y 2 3R | 0
g6 LT 26 ~EHWo, #VWT, TES EDOBIRE DG 21T > 72, HU4IE TES A2 itk L7-
%, KEBELZ BUBERE~ & B L CIRBESUS 21T 0 TE Th o720y, Gifor— b oMb &2 17
9 X< TES D Witk & HiAKnZ —BETITH> 2 & & Le, 7 v #EH & LT TBAF-AcOH,
HFePyridine, 3HF-Et;N Z W\ TIRET 21T o> /5K, MeCN H'| 0 °C C HF-Pyridine #{EH &
BRI 1 RERCROSAZERE L, BIUD 10 2K 71% THD Z LR TE e, ks, KA
Y OREE L H NMR (2B W T, 6 7.33-7.22 12 10H 53D 7 F U NBRI SN 7= Z £i2KL Y Bn
HOGEEHR L, I BT 6.74,6.06 12 ap-FHafir s oo _FEEA DY 7))L, £7- ESIMS
ICBWTHER S F A 4 B —72 685 [M+Na] WiER SN =2 & L ik@E LT,

LU E DA AR CERALBIG IR Th 2 BRI AW 10 21525 Z &N TE DT, K’
(ZHESUS T b 2 Mt BRALBUS DRRFHIE F Lz, sEMIZ DWW TREI TR 5,
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B8 ESNRIERISIC X S UERME Lycodine B DO E

F—EICTHEMR LIZESHERIEGY 10 2 W@k B bSO 2 55/ IS L7 (Scheme
13), é%ﬂi@%f’%%ﬁ&:ﬁﬁb\7k$“€“1lﬁ?2§?ﬁ%ﬁo“Cb\é7125?5 EH B FRRIZK T T O
HIBRAL SO 25 A T2,

IS} ©]
0 Me o TFA 0 Me o TFA
/\/\)I\/?\/\/U\/\/\ HTFA ®/\/\)J\/?\/\/U\/\/\®
BocBnN NBnBoc BnH,N NH,Bn
CH20|2
10 m1h 27-TFA

Me Me,
H, (1 atm)

0.1N HCI Pd(OH),/C
_— —_—

r, 15 h N 2" "NBn AcOEt/MeOH N =
y.84%in 2 steps BN @1, rt
13a:13b =1.0:1.8 R=p-BrB

13a,b 28a,b p-brez 29a 29b

y. 34% (2 steps) y. 17% (2 steps)

BzCl, EtN
THF, rt, 45 min.

30a 30b
y. 28% (2 steps) y.33% (2 steps)

ORTEP view of 30b

Scheme 13

10 /¥ Boc TSN TRV, KICAIR TR o772, T =IE T TFA Z/EA S ®T
IRFE 21T > 72, TLC RICTHRBIOHEEI R SN2, CHCL ¥ E L 27 2 TFA R &

T, 728, 27-TFA ® 'H NMR A< h)L Tl Boc BICHKT DV 7 FAnilkL,
aB-REAFN T N RO ZHEHEE O ST ARBII S T2, 2 OREE TIRBRILRS X
FTLTOWRNE O &I L7z, iV T, 27-TFA % 0.1N HCl IZIAfE S W CEIRIC T 15 REEX
STz 2 A, BILKE BN LG 13a & 13b 23 1.0:1.8 DIREME L TH LT,
2F. 13ab 1T HEREECH > 72720, T OAERMEIT 'THNMR IZHE W T 15 (LA F L IRORESy
ELVHEH L, ST, X SRR SEMITIC X 5 13a,b O & SCAREL E DR E % B
& LT, fEALTED Benzamide #5E(A~DEM A HKAT-, TTHDHIT, 13a.b DIRAMIC
L. #%filiE 5 [PA(OH),/C]. Birch i Jt, Polonovski )i (mCPBA, Ac,0), CbzCl (T X 5 & f#i
SR 72 EwAToTom, HEMRIRAEWE 5 2 DREFR & o 72, FIZ PA(OH),/C % FV 7z Lk
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IR 7R AE TR ICB W T O IR RPEH L L2 2 e, BREIZRRRH 2 O TiE7pwn
MEB T2, TIHEBEY, CHCL 2 EEDHENE EFNTWAHEEIZS 6 L 13ab (X, #fil
BIOLEME T CRISEN B Lz, Zomil Xy, %o 13ab % CHCl, THV S Z &
RSNV E Z A BEMUKELSRIFIZ T Bn AL2SHEICHEIT L7z, £72. 13ab |3 MeOH
NDOVEIREVEDME s - 72723 . AcOEt & MeOH DIRAVERE % V>, PA(OH),/C 17(E . L T,
1 atm CHUGEIT-T-E 2 A, V7 24K 28ab 2455 Z LIkt L7, 28a,b OffiEIx 'H
NMR [ZEWT Bn EHKOE—7 BEK LT Z &, ESIMS IZBWTHRE Yy 714 4 BE—2
246 [M+H] DGR SN2 & DR LT, 28ab 1R T 5 2 &< RO ISIZH W,
p-Bromobenzamide & 29a,b ~ & 284 L7, 29a,b |L SiO-MPLC [Z CHE S EET 5 Z L3 T
. ENENICOW TR Z MG LIRS EQO/i-Pr,0 I T 29a Zfbauik 5 2 & 1Tk
LTz, 29a O X MG E AT 247 o 7o R, 29a W N Z ORIEA & 72 5 13a 13HT7212
R LT 3 ODOARERFE (CT, C12, CI3N) MK LRl — DN b F2HT 25 2 E R,
Lleolz, —J®D29b ITFEMIEBRRETH 7272, 7 I KX D Benzamide {4 30b ~ &
LT & Z A, n-Hexane/EL,O [ CTHREEL A G D 2 L3 TE 72, 30b O X Mkl mABIEHENT 217
S7=E 2 A, 30b NI Z DORIERA L 7225 13b (XH7-I2ERK L= 3 DDOARFRSE (CT, C12,
CI3f5)& b, 13a LITWONIRILFEEETHZ R LT, o, BT H2MmeHIWT
30b D2 507 I FEZ LIAIHZ K 5E T2 L T13b 3561050 2 & ZfEiR L7z, LA
EozZ Enb, EHEOBILSICE VAR L 13a AN E T 28LETH D ERIE L,
FEFE (Scheme 6)IZ Ton L7z X 91, 48E L 72 @ B BR AL UG 25 1T L U BR 1 Lycodine ‘B #%
ZHT 5 13a BAERT D Z ENVRES T,

N T, RELIGIC I T 2 AEMICE T 5 B2 2\ Tk % (Figure 8), 10 DER{L/X
IS E VBV D ABCD B2 A7 2 WERMALAEW 13 13, 15 (LSO RFIRFE(CT, 12, 13)8
BRI NDT2D, ZNEBET 2L TO4OONMEILFEEHT 206G (Type L 11,
L, IV)23 35 2 b

N Me 15
Do LLEEMNG, Bioinspired
O Me o cascade cyclization
i 3 J& T & ik BocBnN 15 A NBnBoc 13 NBn
T LHBFNT B W
TH, 13a,13b O
Tetracyclic
BT DD R ring system
RBLlrot, Me Me H
e | Me
Bn Bn
H H, 7 N N A H
NBn BnN
Type | Type Il Type IV
(13a) Not obtained (13b) Not obtained

Figure 8. Assumed cascade cyclization for synthesis of tetracyclic ring system
and access to four different stereochemistries.
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13a, 13b O AERBEREIZ DUV TIELL T OFRIC#E L2 L 72 (Scheme 14),

O Me o
BocBnN /\/\)]\/15\/\/[1\/\/\ NBnBoc
10
Acidic
condition
Me
c | H A
NS
N 15 X N'®
Bn Bn
1"
Desired
conformation ‘ ’ ‘

& c7
; Re-face

C13-C14

D-ring
formation | €12-C7
Me
Bn
7 6 >
L N
N@ Bn
L flip and P
u Isomerization w Isomerization Isomerization u Isog:g r?zr::ion u
Me Me
Me
Bn Bns
; 5¥) n 7
N
o) FNT W
! BnN
@Bn
B-ring | ~4 013 C4-C13
formation

BnN —
Type Il Type IV
Not obtained Not obtained

Scheme 14

AREFAIBRACBURIE 15 (A F VIO RF R DKL T, MEMLEH D b DT X TOILIKAL
EREHEFHENTND, DI, KOEBERAT v T OVT AT UABRRIEZIET 2 BRI
DERIEKTHDL EEADND, T2ROL, £THDIT 10 D Boc EDOBIRFEIZ LY A, CERN
e L THAEA I =0 A A FRE 11 AT, W TRAIIO C12-CT MO R IZ LY D
BENEMRT RS, W RIEBREZRD B2 bND, ZORE, 150 A F VI equatrial AL
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BErldar7rA—rvarADeaxialilEEZ D57+ A= a3 VB, CREZEZLLND,
TP AREOLNTE 13a OERICBAL TERDOLIICERTED, 11OV T A= g

AZBWTTHMA LT 4 AR LT SiENbHERNICZ T IO 2 REVPEEST DL Z
&ET, CT, CRALONAR LR SN D, S HIT, 4 I =7 A-o ) I I K5 ZFHAG
A O FEMAL & < Mannich BN IZ £V CA-CI3INFEETHZ LI L > TBBRAENR S L.
FrEDMEEMALEW 13a ~EEpNL D, —J7, 1B ICEHLTE, NMoary7xA—varC
ICBWT, 1A L7 gz bIvpndicar vy A—va v ADEA ST OREE T
FUSHEIT L, THEA L7 4 Sk LT Re S 12 MRFEDWESTHZ L THERT D L5
BTE5, LAl ARGTIEZ183b REAEME LTHOLI, ZOMEITEFE AR THD 15
WA F VI axial BLfEZ LD a0 T4 A—Ta CHERLTHWDRD, KRE LTk

DHEMEZFHRTERTH D, o, ARG LN 572 Type I, IV DL EW D51, C12-C7
NI DRSS TER . C4-C13 AL CORUSHETT 27202, TN E D RO NEET 2 %38
WD ZHNHERIERE L 70 5T OIZAER Lo T b B 2T,

MUERMEAL &% 13a,b OREENH 5 & 7o 72D T, R AIBRAL UG O SEARRIRME O 1) F &
H¥s L CHiaTZ17 > 72 (Scheme 15, Table 1),

BocBnN /\/\)]\/\/\/U\/\/\NBnBoc
10
TFA
CH2C|2Y rt
o O
TFA (0] Me o TFA Table 1
®/\/\)J\/?\/\/”\/\/\® 7
BnH N NH,Bn
27-TFA
Scheme 15
Entry HCI aq. Temp. Time (h) Total yield (%) 13a: 13b*

1 0.1N HCI 50 °C 12 86 1.0:1.9
2 0.1N HCI 50 °C 36 83 1.0:1.9
3 0.1N HCI 120 °C 12 84 1.0:23
4 0.1N HCI 0°C 24 90 1.0:1.2
5 5N HCI rt 1 90 1.0:1.0

*Detemined by '"H NMR

Table 1. Optimization of conditions for cascade cyclization.

HIHIZ, 10 12%F LT TFA Z/EH &8 T Boc DR #ELIT -, T I N5
T b ALENTLEY Z L 2RET A0, HWEOEEZ 0N IZEE L, MISIRE « B o
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MF 24T 57 (Entry 1-4), 50 CIZTRISREHE OB Z fe DI nd, PR, SR ML IC 2R
Ao, 13b 2 LA E L CH X7 (Entry 1,2), RIZ 120 CIZTHRFZIT-o7=28, 26
5H 13b B L TAEK L (Bntry3), ZORFELD ., 13a 12~ 13b D508 L 0 BT 5
WCRETHDLZENRBEINTZT-O, LVIRETORISHEFELWEE X, 22T, 0C
TG EAT2To e 2A, BRI A B LN I B A 5 2 13a ORI L
72o BT, SN HCl & HCROGRFE O 5 2 3 A o Al . B IRMEZ 13a:13b = 1:1 ~ &) B
D LICEKI LT,

VT, B Boc b EBRILIG 2 —2I1C1TH Z &2 HIWE LT, Mit%4T -7 (Scheme 16,
Table 2),

o Me o Table 2, 3
BocBnN /\/\)]\WI\/\/\NBnBoc -
10
Scheme 16
Entry Brensted acid (eq.) Solvent Temp. Time (h)  Total yield (%) 13a: 13b*
1 TFA (20) CH,CI, rt 0.5 78 1.0:3.8
2 (+)-CSA (20) CH,CI, rt 12 44 23:1.0
3 (+)-CSA (20) 1,4-Dioxane rt 42.5 54 23:1.0
4 (+)-CSA (20) CH,CI, 25°C 4 72 1.8:1.0
5 PTSA-H,0 (20) CH,CI, 25°C 2 66 1.5:1.0
6 DPP (30) CH,CI, 25°C 22 46 3.7:1.0
7 (+)-CSA (20) CH,Cl; 0°Cto10°C 6to18 N.R.

*Detemined by '"H NMR

O~P,O
G OO =0
SO O OH

CSA DPP PTSA :
(10-Camphorsulfonic acid)  (Diphenyl phosphate)  (p-Toluenesulfonic acid) .

'
'
'
'
[

Table 2. Screening of Brgnsted acid in the cascade cyclization.

F9. ML LT TFA Vv, CHCL H=IR T CRISZIT 2728 25 13b BNEARME L
THEOLNT (Bntry 1), RICEEWT LY AT v REETH H(+)-CSA Z#HW &L 2 A, SRk
MINETEHLHRL, LD 13a Z FAKW & L TH X7 (Entry 2), 58t & L C 1,4-Dioxnane
ZRWD LIS OHITNEL 7o 7272% (Entry 3). UIBEORF TIlEE L LT CHLCL & HAWn
HZ &L Lz, WL IREA 25 °C IZEE L, Bl 0@ IRVEIZ 5§ 5 bl 247 > 72 (Entry
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4@0%@%%\mwmmmwmmwmw%mwk%ém\W%@ﬁﬂok%@®%%ﬁﬁﬁ
BPRE (13a:13b=3.7:1.0)% 5- %2 7= (Entry 6), & 572 51KIE T2k BEIRVE~ DR 2 D>
@éam?\ﬁHEA%mVTOWNUmﬁﬁ%ﬁokﬁ\mBWMﬁﬁzgfiMWCA%
B L CHIGSHETLRWEERE 72572 (Entry 7). ZHVE TOREEN S, BIRMEIC SO R
IRERWEZRILTELT, BOmmS., B, HOWVIIINRENEERY 7 7 #—
ThdrLEXI, £TZT, ZNOLORBEHENIDD L, CSA BLOV DPP # A, &,
IR ORFT 21T > 72 (Table 3),

Entry Brensted acid (eq.) Solvent Temp. (°C) Time (h)  Total yield (%) 13a: 13b*

1 (+)-CSA (20) MeOH 25 18 47 1.0: 1.0
2 (+)-CSA (20) Toluene 40 3 54 14:1.0
3 (+)-CSA (20) Toluene 80 3 47 1.0:1.0
4 (+)-CSA (20) CH,CI, 50 1 61 3.0:1.0
5** (+)-CSA (20) CH,CI, 50 2 68 1.9:1.0
6 (-)-CSA (20) CH,CI, 50 1 58 23:1.0
7 DPP (30) MeOH 25 to 60 9to18 75 1.0: 2.8
8 DPP (20) CH,CI, 50 3 67 1.7:1.0
9 DPP (20) AcOEt 25 24 42 24:1.0
10 DPP (20) MeCN 50 3 76 14:1.0

*Detemined by 'TH NMR. **1 gram scale

Table 3. Optimization of conditions for cascade cyclization.

F9°. (H)-CSA & W THF 21T -7 (Entry 1-4), &L LT MeOH & AW =54, Kk
HEMET L, IS 132:13b = 1.0:1.0 TR T L7272, 7'm h MEIEITIR#ETH 5
_k#TWémt(hmn)@WWfTmmw%mmf%h%m«wcawc BT % BSOS,
EORBERFNDT- L Z A, BAEICTEIEDIK TN A S5 (Entry 2,3), KIZ, FORE
& LT CHCL &2 AV, 50°CIZCRIGEIToT2E 2 A, K 61%, Mo O i&EIRME (13a:13b
=3.0:1.0)I2C 13a 2155 Z L2k L7z (Entry 4), ARUSE Y T DA — )L iZB W T G
FAEICET L, B TOY 7 A7 UVABRFREDOK TIZR OGN, RAFZRIERICT 13a 215
L2 LINTE (Entry5), £72. CSADYH, TDOXT VT 4 —OEL THRINTZ L
B, ()-CSA ZHWTHEZITo7 & 2T A, I, BIRMEIRICKE R EZRITFE O b o
7= (Entry 6), —Ji. DPP Z W= HaHZB W TH MeOH 1 Tik, BIRMENMET L 13b 2 F
R E LTH X (BEntry 7). S HIT, BB, IRE A L722% (Entry 8-10), Entry 4 %
[ B R RIS LN 2o T, LEDORER LY | (+)-CSA Z V7= Entry 4 Zicsefh & Lz,
F 7 ARSI R CAERM RGO N 2O FEFRICARRKETH D EBEZTND
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EEWT LU ATy RIBE WS Z L TUT AT LA EIRMEN [ E L2 AICEE LTI
ToOXHIZHELE LT (Scheme 17),

O Me (o]

BocBnN W]\As\/\)J\/\/\NBnBoc —

10

Scheme 17

ARBALEOL Tk, HClaq.<® TFA 72 & & W4Tk, BRI TH 523, EBIRIEIC
BWCTarrxA—vay CHMERL, VT AT L A~—13b RELEFEW E L THLNDHE
RTholo, Lol IET 1 b MHREEF | & (+H)-CSA X° DPP Z EH S 72354 Scheme
7R T LI, 2O Z—T=FBHEIE A, CIZBTDHAI=0U 514Dk
T D2 8D, ZORE, av 74 A—vay CIET XU TVEED 15 L A F L5
ET =A VONKBEPE L TALENSNDZETar7rA—vay ABRFERERD,
13a NEAERME LTHLONTLEER LT, —J7. MeOH 72 ED 7 1 |k MR 2 V728
L T=F U BEEZ 25 2 8T, SMEIRPEEI N THDEHDEEZ HiLD,
BT, AR & iR LT 5 2 & 2 HAVIZ, TES fRi#1K 26 72D % 4 L7 MBIk
AW 13a ~EL 2 & A MET L72 (Scheme 18),

,TES
O Me O O (+)-CSA
H —_—
BocBnN NBnBoc CH,Cl,
50°C,1h
26 y. 86%

13a 13b
13a:13b=2.2:1.0

Scheme 18

61K L. CNETCORBSEEEZEA LIZEZA T AT UARIRMEITE KT L7228,
EUCRIZT13a 21525 2 N TE ., AR OEMNE IR L,
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F72, 13ab ITAWVICEMALT A AREME D E X b7, 13b Z SIS LTS %
1T 7= (Scheme 19),

1NHCI
120 °C, 4h
LiAIH, .y sealed tube !
—_— B A
H H
THF, rt or
Y. 72% 5N HCI
80°C, 4h
1N HCI
TFA (20 eq.) 25°C,15h
[ HH —_— H H
CH20|2, rt or
1N HCI
80°C,16 h

Scheme 19

£, 30b @D Bz Jh% LiAIH, (IZ K> TiL 2% Z & TILER 72%I2T 13b 24572, #il T,
13b (ZxF L THEEH 120 °C 12T INHCI ZEH S H 2%, BELOSNHCI H1, 80 °C D51
TS ZEAT T2, WTHIZEWTS 13b BENSNDDHTH -7, £7-. bis-Boc 4 31b
(KB DERITHIAB T H)Tx LT TFA Z{EH ST Boc EOREEZITHIZ L TYT IV
28b ~ & X 28a ~DORMALEFI LI, WERSMT 0B Tholz, ZHIT kT
U TH D 280 DIKFEPETL TWDHEDTHD EERT,

LLED X 51T, ERITEHRIBRCSOS OFEM a2 1T HEYO WBRMAL &% & AR

M LTSt 2 B3 2 SITkEh L2729, #il> T Lycodine (1) & Flabellidine (2)
BERASNT T RET 21T o 70, RENC TEOFEM A TR T 5,
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# =4 (0)-Lycodine 3 X T}(+)-Flabellidine ® % 24 B

A B SRR S AR D I ER AL SOSIC L 0 . FTEOMERMALEW 13a 2 EABM & L THED
Z LTI LD T, W T, Lycodine (1)& Flabellidine (2)D A R~ . 5 FE REILAE
2% 4T > 72 (Scheme 20),

Pd(OH),/C
H, (1 atm), Boc,0

MeOH/AcOEt (2:1), rt
then separation

Scheme 20

PEBRMELGY) 13ab I DBEREECH o772, Bl Bn k& & H12 Boc fRi#EZITH Z & T
bis-Boc 1K 31ab ~& ZEHL L | /M2 7o, T2 S BESRIE 2 Mt L7225, Si0,-MPLC (2T
ENENDOPT AT VA~—%03id 52 LIS Lz, 31a I ONT 31b 1% 'H NMR (280
T, ZTNEH Bn EHKDO T 7 FIUNHEK L, 2 20 Boc DY 7 FANBRI S =2 Lo
bEOMWEIE LR LT,

KIZ, Lycodine ()D& Z B L, A BRI ORI B2 L S 2 M5 L 72 (Scheme 21),

TFA
> Oxidant
CH2C|2, I't EE——
then NH»-SiO, short pad Table

Enamine 28a Imine 28a

Entry Oxidant (eq.) Temp. Time Yield (%)

1 32
1 MnO, (8) 80 °C 12h 52 27
2 MnO, (4) 80 °C 3.5h 50 5
3 DDQ (4) 100 °C 30 min. 35 trace
4 IBX (3) 80 °C 30 min. 44
5 IBX (2.2) 45°C 4h 62
Scheme 21

F 97, 31a |2k L T TFA Z1/EH & T Boc J DR ZE % 1T - 724 . amino-silicagel @ short pad
A2 LT 28 2B, AMEA®O 'H, PC NMR ZHIE L7-L 25, =F I 28a & A 3
> 28b DEMHHREM TH - 7208, EHNTITIE 28a ITIR > TRV, BilA4TH) Z L2 < kD A
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B OIS OBFHZ AV Tz, &R L LT, MnO, Z H '®, Benzene H' 80 °C 12 TJX
JaEAT -T2 2 A, I 52%T(—)-Lycodine (1) 45325 Z LIk L7z (Entry 1), L2rL. &
B TlE Pyridine BRIZE 2. & HIZ 6 ML AL S4L72 32 M 27% TN DHFER E /o T2, &
T, MnO, % 8 MEMND 4 ¥EALWUETEZA 32 OEME S%TE THHl SED 2 &0
TEZNB, 1 OEERE FIZA bR~ 72 (Entry 2), £72. A BANERICE L S -8 H
X, CROEZDOBENIGRIRFZE THDHT2D, A BROEZRNPEIHLL T MnOy IZWAE L7272 T
bbHEBEZT, BT, oAl RE, WEOMEZ1T>72L 25 (Entry 3-5), DMSO
HF1.45°C TIBX ZEH &85 2 & T b BAF2RIER (62%)T1~E< 2 LN TE 72" (Entry
5), E7z. IBX Mefb TId 32 DAERZEEICIH T 2 Z L3I L7z (Entry4, 5), AR L7
1 IFEFEANRT MT—EREREZED TREO LD L B —H LI &b EOME
AR LIz, 0B, AOHIT 1 OARFREGME L TINETCTROELEOGKTHD (7
2 hr7IR19 L0 11 TH),

eV T, Flabellidine (2) D& AT, BREFZRIN AR 7 & F /UL DORRFT 21T > 7= (Scheme
22),

1) TFA
CH,Cly, rt
then NH»-SiO, short pad BzCl, Et3N
- T e
2) AcX, Table THF,0°C, 3h
y. 82%

(+)-Flabellidine (2)

Entry AcX(eq.) Et3N (eq.) Solvent Temp. Yield (%)

1 33 (1.1) . EtOH rtto50°C N.R*
2 33(1.2) . EtOH 90 °C N.R.*
3 Ac,0(1.2) 438 THF -78°C N.R.
4 Ac,0(1.2) 438 THF 0°C N.R.
5  AcCI(1.0) 4.0 THF -78°C 88%

*Decomposition of 33

ORTEP view of 34

Scheme 22

FP. EEEO/NSWEEFFEZRIRICT B F T 5RETH 5 330% A0 THRES
EAT -T2, BB TS ET Lo 7728, 50°C HDHWIE 90 °CIC TGS ET- &2
AL BB PREICIET DHDOR T2 21552 LIXTE R0 o7 (Entry 1, 2), $W\ T, Ac,0 &
AW TIRIR N CTHRETZIT o722, SORITHEIT L72h o 72 (Bntry 3,4), & 2 TE HITKEMED
m AcCl Z2-78 °CICTHEH S B2 & 2 A RUSITHIFICHETT L, " BFEIL=R 88% & mll =
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|2 C(+)-Flabellidine (2)% 1525 Z &2k L7= (Entry 5), 2 OHEECEAITE < . FE/72 NMR,
JESCEE 72 ERFERME N T Wi o 7oy, BB OREE IR E % A L7- MacLean H i,
Lycodine (1) & ¥ Acetylflabellidine ~& #8325 Z &L TEOMELHAL T\ D Y, —FH%E
FlE, AR LT 2 25 ah D Benzamide 1K 34 ~ & §FE (L L%, XMk S & MRATIZ L D |
2 OREEREGR 21T > 72,

Pk, EFRITESHRICED 10 2 H V7oA R AREE O B B L BOSIZ LV . FTED
WERMALA Y 13a DAFRIZAKKZ LT (Scheme 23), £7-. ATV H oA FOAEAMRRKILE
BITITMH I LTV RNWTZ D, RERFERLKIGE 7 7 AaNTER LI LICEY, 20
TR EALFIFIEIC LS THR— T2 R TERLLEEZTVD, S HIZZoH@EPHEIE
13a 288 LT, (-)-Lycodine (1) ZNF TTHROLEERE L2 RF2EK (11 TR, &
IV 14.6%). 72 B QNI (+)-Flabellidine (2)D#] DR F 2GR A ZER L7z (11 TR IR 20.7%),

Bioinspired
cascade cyclization
BocBnN A =
ocBn NBnBoc CH,Cl,, 50 °C
10 y.61%
dr=3.0:1.0

Flabellidine (2) (-)-Lycodine (1)
First asymmetric The shortest
total synthesis asymmetric total synthesis

11 steps, 20.7% overall yield 11 steps, 14.6% overall yield

Scheme 23
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% _F (-)-Huperzine B X (}(+)-Casuarine A
DARFEE M5

Huperzine B (6) Casuarine A (35)
Tetracyclic ring system Unprecedented fused pentacyclic ring system
Three asymmetric centers (C7, 12, 13) Six asymmetric centers (C4, 5,7,12,13,15)
Pyridone ring (A) Hemiaminal moiety
Lactam ring (A)

Figure 9. Structures of huperzine B and casuarine A.

Huperzine B (6)/% Huperzine A & & & 12 1986 42 H[E E Huperzia serrata 7)> & BLHE - &R
E &7 Lycodine BLY 2RV T A7 v uA RTHD ™, AMEAWIX. Huperzine A (ZH~
T AChE PHEFIEMEIETIV 2N D HEMEMENZ LM BN TEY | 20 &R OFEAKAN
Hup A % k[Al% AChE PREEMEZ /R 2 LB @HE SN Y, TOAEWEMEICHEN L Zh
Z U E TIT Bai (i, Scheme 3), Lee HiZ L% 20T+ I 28 "L Lin 2k 5]
DARFEBR PORHE S TWD, LLTIC Lin 5 ORFEAZRT (Scheme 24),

| BocNH,, Pdy(dba)s o BocHN
) 5 Steps t-Bu-XPhos, ch03 BocHN 2 steps D
y. 91%
M

e Me

1) Pd(PPha)s EtsN Me
DMA, 130 °C
_oMAR R N
H" N
2) TPAP, NMO P
NHBoc

(-)-Huperzine B (6)

Total 13 steps
10% overall yield
Scheme 24

—7J5. Casuarine A (35)i% Zhao 5T & - TUTAEHEE 2 & 172 Lycodine BI7 v h A R TH
%o RMEEMIT. 2 OB AFIRFZEE GTr 6 DOARFHIE Lycodine 8 TIXREIFI D720 5
RN CHELZ AT 52 L0 SREFRIBLED O IR ICHREV LAY TH 5,

EFIL. N T AT A ROBEBEIZE W TH AR O NERILES N A
MThDEBEZ, KEMRELHENT 2 Z LICK 520 MEZ 5T LT,
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B B _HAREREEEOGRK

Huperzine B (6) & Casuarine A (35)% BT HIZHT= D . FH—F THRH L 72E kB b ROG
DT AT VARRMEOE /25 ExHIET Z kkLI_Smmw%)WwakﬂdeM
DA THWIZE —HRBALRUGIEE 10 2 W 728 B (L UG T, (41)-CSA Z1Ef &+
7 EIZ, D BREMRDOEEO WTREEBRIEICI VT, 15 AL A T /LN equatrial BliE % & 5 =
VI A—Tary ADBRARERSTL, LI LR L, EOBRMIT 3.0:1.0 EEEDOW b
DT leholz, T T, ISMICEEWEREZEANT L LT, BRILKSICRBIT 5EBIR

Boary 74 A—varyzhlfiL, 2l BIRVED [ BN TED EBE LT,
In the case of lycodine and flabellidine | B Me €Q- N
15 o
/\/\)ol\/lgli/\/lol\/\/\ 4>(+)-CSA ) o
BocBnN 15 X NBnBoc \\ﬁﬁ"
‘Bn
10
L A B _
+ R=Me; dr=3.0: 1.0 l
R H
Desired Tetracyclic
lycodine skeleton =
N
Bulky
/\/\)OJ\/®:\/\/?J\/\/\ s CSA
BocBnN 15 X NBnBoc
— Desired -
conformation
Scheme 25
Z 2T B H BRI BOS EEZRL. KMeEW o ERAL SO 2 SR

&Lkmeﬂﬂﬂ@%i@&m&mA6$®éﬁ%ﬁubk(&Mmﬂ&3ﬂ0ﬁ&p@
HELTRUUNAAF AT ((CHOBn)Z IR L, S5, ZO—#KBREZENNHD
26 D C8-CISNA LT 4 EBL3S D CISNLE C5 A%l SEE R IR 124G E OREN T

NENARECTH D LB T2, £, 36 DREFHIBW T, 6 BELW 35 (23dmT 5 A BBE D
T NEOWELRIEZ 2= I VEEZEAT LI L L Lz, W\ T, 36 OB
RIS EATH> 28T, ZHVETERER CD BAAME, EUTA I =0 LA F U HRIK 37
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IZBW T TN~y =y E RODNETT 52 & T 2 RELAW 38 RGO D EELE LT,
ek, A~ = b KIZE LTI Heathcock © 723 (+)-Lycodine (1)& K DEEDOFES S IZ IS0
THUPREEZ AN TIT>TW5 (Fim. Scheme4), fit\ T, ARZMEETHZ LTV Fr
EU R399 2/, 39 #EPHELE LToRLIU3S ~EL L L, —F, 38
HE 7 LT, Lycopodine U 2 R T A7 v v A REOEK~EBAIGETHD L& X
o FT7. BALBUSHE 36 1T NFAEMERT A 40 E= UL EETDHT ) 41 & D
JRAAZ VAL S THRICARTEDL EELE LI, TAT 2 40 [ZITF AT ATV 42
EHREHENTAIE 43 LOBILUA TV IRV AERTH I Le, AFEEHD L
2k D, 43 D, xR BEREEREEZET LT A AEHPEAFE TS 5720, EEHIHEIC
K BB ORI IR U CREFE 22 fEAT & FTREIC 72 D,

o OBn 1Zn /\/\/NBI'IBOC OBn

40 42 Lycopodine
: 0 AA; A-ring
Cross metathesis /\)]\/\/CN _ _ X formation

¥ 4
_0OBn Cascade

0 H o cyclization

/\/\)J\/\/\/ll\/\/CN 7777777777 >
BocBnN 15 X 3

36

, i 1) Hydrolysis
A-ring i of nitrile
formation ;V 2) Cyclization

Huperzine B (6) Casuarine A (35)

Scheme 26

IR, EBEOARIZOWTEERT 5,
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TN 40 DERREZBIE L, ¥IDICTT AT LRI T U UALKIGDOIE L 7t 5
a,B-REaFiA I N 48 DERL AT 572 (Scheme 27),

(o] o . o
BnOH, PPhj, AcOH LiOH<H,O
N S - Eto)l\/\/osn T, 1o S OBn
S Toluene, 100 °C THF/H,0, rt
y. 76% y. 98%
Ethyl 2-butynoate 44 45

o)
N

O NH

O O
{47
PivCl, EtsN n-BulLi,
3 >HL )J\/\/ Ph > OJ\NJI\/\/OBn

THF, 0 °C THF, -78°C tort
y. 82% Ph
48

Scheme 27

Ethyl 2-butynoate % HF&JFEHT, Trost 512 K » TG SN 7= ISHEV, PPhy fillitic &
LEMAL-_ DN T N a = VOIS EITD) 2 & Ta,B-NEaMT AT /L 44 G5 LTZ,
ARAEEWIE H NMR IZBWT, 6697, 6.13 12 a,B-REFI= ZAT )LHKEDA L 7 4 L (ZH kK
TLHYTFTNANEBHALIZZ L, 612 Bn RHEROGEFBREE —7 2R LTI Z L0 bZ O
EZ MR LTz, ft\ T, 44 Z THF/H,O OIRGESEN . KU F 0 22 K0 KRS %
ZLETHNRUER A5 ~LEE | RFMBIE 47 L OME RIS E{To T2, 45 IR L C EGN 17
1£F PivCl Z1Ef S8 TR TIRAMREKY 46 2R L, 2 %8Ik n-Buli THLEE L 7= 47
ERESEDZ EITED IR 82% T 487V % Ak L7z, AMEAWIZ THNMR IZEW T, §4.27,
4.69 B L 548 ICARFMBIIEH RO ZFFANBHISNT-Z LI2 kv, WEEHER L,

WIZ, VT AT VAR T U IR LD 15 VD NLRHEEE 24T - 7 (Scheme 28, Tabled),

o o -~ SnBug - OBn o o :/OH o o
o oy F 0B _TCu2ea) oJL J\/\/\ o N oy Aot
CH,Cly, -78°C
\—<Ph 48 Table \—QPh 49 \—<Ph 50 \——(Ph 51
dr >20:1 dr >20:1
Scheme 28
Entry AllylSnBu; (eq.) Result
1 2.0 49 (55%), 50 (9%), 48 (25%), 51 (3%)
2 3.0 49 (76%), 50 (16%), 48 (1%)

Table 4. Optimization of diastereoselective allylation.

FEPHIOIC, SCEREEH O FTE NS TR E T o728 2 A, FTED 49 % ik & [FAED B
SEAREIRPE (dr >20:1)IZ TR 55% CTHREAH Z E N TE 7=, LavL., JFUERAS 25%[m1IY <41, 49
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@ Bn ZEPBARFEINTZ 50 b 9% LNDHRERE -7 (Bntry 1), &2 T, Fx M LA
B AllylSnBu; DY &AM L72E 2 A, 49 % 76% CTHHH Z £ N TE 7= (Entry 2), 7238, 49
DT AT VFAIFHE —FEDO7a b7 I K19 ZHWT VI Hbog4 L RBRICE T L,
Fio. BLHIBRENATREZ: PMB 2 H T 5 WEICOWTHRF 21727228, 7 U A Eft
INTEIT L= DD, PMB RSN TLE I FER Lo T,

T AT VAR T VAIOEAIZ LY | 15 fONAKEZHETEX DT, FW\T 49
ZHWTT VT > 40 DERLZIT > 7 (Scheme 29),

52
o o _/OBn o _0Bn I/\/\/NBnBoc _0Bn
A _BuLi, EtSH ; Zn, THF, 55 °C 1
0 N TN > EtSJI\/\/\ . >BocBnN/\/\)J\/\/\
-y THF, -78°C then PdCI,(PPh3), (1 mol%)
oh y. 98% 42 Toluene, rt 40
49 y. 94%

Scheme 29

THF H, 78 °C IZ°C EtSH {Z n-BuLi Z{EH S5 Z LIC X VF#E L7 LiSEt & 49 & )i
SHIZEZA, WRIT%TTFAZAT N 2H/D5Z N TEREY, AMEAWIT 'H NMR (2
BWT, RAEMBIEHB RO 7 FARNHEK L, §2.86, 1.23 IC=F/LHH KD > 7 F L 3 ELHI
ENTZZ LMD ZOWE LR Uiz, 7ds. RERIZEWTIE, Bl L 72 REFHBIEE § R
L7z, fEW T, 2 M ED 52 12%F L C THF 1, 55 °C TIEMEAL Zn ZVEH S CRREL L 7= A1
fENFEE A 42 & Pd flEE (1 mol%)? Toluene AR~ ~ L7z & Z A, HUlIZSOL03H#1T L,
ILER 94%IC CHMD T Vv 40 255 Z LN TE 7™, $£/-, 52 0N E4 1.2 YEE Tl
oL, RN T8%ETHET L, 401X 'HNMR IZBWT, 42 &£ 52 Dflj=v hHED
TFANBRENT-Z L BCNMR 1BV T209.8 (1247 b HRD L 7 FARBHI SN2
LD ZOMEEME LTz, 2B, 52 IZLL FOARIRKEIC L 0 FHR L7 * (Scheme 30),
Tbb, KA NTRBIZH L TR DVT I VEERESELZETT I RE 53 ~LEn
7-1t%. BH3:SMe, complex & FAWVCH /LR U E 7 X KA —RIE LT DHETTI TV
a— UK 5480 AR LTz, WIS, B U7 T 2 0 Boc (Ri#EZ 1T o 72% Y. Appel SfEIC
TKBBEZ A URICERT L THy 7V 7 IEE 52 21597,

1) Boc,0
o CH20|2
BnNH, SMe,*BH3 quant.
1O NHBn 4444444,,H0,»\V/A\V/NHBn 444444444>»I/A\V/A\V/NBnBoc
070770 4 4-Dioxane : THF 2) PPhg, I, Im.
. 80 °C reflux CHxCl,
Succinic y. 91% 53 y. 70% 54 y. 98% %2

anhydride
Scheme 30
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THRARBZ Y ARIED—FTOEETHD 40 NERTEXT-OT, Ric= MY LVEEZHET
260 —HOREETHLT ) 55 DGR AR L2 (Scheme 31),

1Zn""™>""CN

o oL 0o OH 1Zn"™"CN 0
CuCN-2LiCl
— o < 1/
\)]\(ﬂ \)]\/\/CN — \)\/\/ CN \)]\H
Acryloyl chloride 55 56 Acrolein

Scheme 31

WD, SAARBEIZ X D Acryloyl chloride & = MV VA H T 5 GHENFHIELE DO v 7
VRS PRI TN BOSRBNEMEE L, 55 138 6o 7o, KUV T, Acrolein (2% L
THBHENREAER S TT I AT Aa—L 56058 LI=%. 7 U ANE{kIc LY 55
NET D EBIRFEIT o, BB BICTERD ARy "BRAELIERE ST, WT
NOKIES a, B-REaFno “EiEA %2 H 7 5 Acryloyl chloride <> Acrolein 72 & v > 7V 72 J&
B~OBAENL/R <. T LOBFHIRETSH 5 L EXB& LT,

WIZ, LRI R LEEFATZAT V8T 6K L. @Iy 7Y 7Tk % 41 DGR AR
72 (Scheme 32),

1”™~""CN 58
o] DCC, EtSH, DMAP o Zn, THF, 55 °C o
/\)]\ o /\)I\ g /\)]\/\/CN
OH CH.Cl, 1t SEt  then PdCIy(PPhs), (2.5 mol%)
Crotonic acid y. 65% 57 Toluene, rt 1
y. 56%
Scheme 32

Crotonic acid (Z%F L. DMAP fFfE T, DCC B3 LWV EtSH #EH &8 728 25, 65%IC T
57T 452 Z LN T&E T, feW\ T, Pd BEAFAE T, 57 &Rl 58 L 0 FHd L 7o A di gn ke &
DHy TV TEATolob ZAH, FRECIETIIH LM, 1V ~EL Z LR TEz, KL
AT 'H NMR IZEB W T, 6691, 6.14 (Ca,p-REafnr b DA L7 4 VROV 7T VN
WEh=Z L, E5HICPC NMR IZBWT, 81981127 hrHkDY 7 I, BLUN6119.4
W= MU NVERRO Y 7T APBIRIS N Z LI XY ZOMEZ iR LT,

JORARABRVADTESODOT v 7V 7 HE 40,41 OBRBENENTE T LIzD T, EHEH
WALEW) 36 DA EA1T > 7= (Scheme 33), F£7-. EHAIERILUNZI T 5 15 (EHIEOR
A RFEd 5 BT, Lycodine (1) & Flabellidine (2)D & % D BRI AW 2 BRAL UGS IEE 10 & [
—DEFRERREELAHT D 60 DA BITo T,
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AAA~_CN
41 (3 eq.)
o _/OBn 2nd-Grubbs cat. (5 mol%) o :/OBn o
BocBnN X CH,Cly, 40 °C BocBnN X
40 y. 70% 36
2nd-Grubbs cat. (5 mol%) o
Ti(Oi-P 2 19 /\)I\/\/\
2Clp, 40° o o
y. 88% 593 eq) e~ A A AN~ ~
> BocBnN 15 X NBnBoc
60
Scheme 33

40 & 41 DIRAMITH LT, Ti(0i-Pr), 7F4E T Y, Grubbs filllit % W 727 1 A A X ¥ v K
ISEAT ST ZTA W 70% THBOBRILEISEEE 36 AT 52 &N TE T, ARG
A —NT v T Lizd A, WRMET 48%) L7178, /LA AR TH D Ti(0i-Pr), % il
BIRMULIZE ZAUENRRLONTZ, ZOZ b, 4 ITHFET HENMEOFEREETHL =k
U VIR ERBEC AR U CRUBETEE DR T2V D b D L EERTE 5, 361X, 'HNMR IZ
BT, 86.78, 6.06 [Za,p-REIF17 b DAL T 4 VKDY T FANBRISHIZZ &L N
2T 40,41 Ol => FOT 7 FUNER S i, ESIMS [ZEBWTHEHLL 1 4 B —2 597
[M+Na] NiRD b2 & K ZoMEZ R E Lz, —J7. 60 1%, [FEROSEMETTo 40 &
59 & @ Cross metathesis SJGZ K> TRGFRIRETH L Z N TE L, /B, =/ 591357
L6l LOEILA T Ik 0FHEL L7z (Scheme 34),

| ~~"~-NBnBoc 61
(o) o (o)

/\)]\ Zn, THF, 55°C /\)]\/\/\
SEt =
then PdCIy(PPhs), (1.5 mol%) NBnBoc
57 Toluene, rt 59
Y. 43%
Scheme 34

PLE, BRIDOBRILKISHEE 36 & 60 DAY LI T, #EKISTH Lk iERILRS
DOfFTE1T -7,
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B FoEARAERKEEEZAHVE
B e B BR AL BOs D kR Y

AITEINC CTHRC L2 BRAL OIS 36 & W T2 BRALEOS ORGHTENL S 15 (gD 27
FIRIRME~DN R E O H T2, 60 DERLLE1T > 7= (Scheme 35),

OBn
o o (+)-CSA
/\/\)J\/-\/\/”\/\/\
BocBnN NBnBoc CH,Cl,
50°C, 21h
60 y. 40% 62b
62a:62b = 14.0:1.0
Poorly reproducibility
Scheme 35

60 [ZxF L C 8 — HARBRAL UG FEE 10 OBRAL G DBRIZ R H L7258 (CHLCL H1, (+)-CSA.,
50°C. 21 haEHL7=EZ A, T AT LA HIT 62a:62b=14.0:1.0 ~& [ EL7-, L2vL.
ARBOG TIEAFHIERD 40% EARIGRTH 0 | BIRMEICEH L THBED & ZAFBMER G L
TR, 5%, & &< 2D Fleming-ERBEALIZ LV RBERIECNDATRER v U L

(-SiMe,Ph) % 16 (ZIZ BALTEOERRME~OEEZMH) D DHFHH TH D (Scheme 36),
SiMe,Ph
o 16/ o %/ (o]

BocBnN /\/\)J\/\/\)J\/\/\NBnBoc :> BocBnN /\/\)I\/V\)WNBnBoc

60
Scheme 36

728 ARG THE B L7 62a,b 13 Lycodine (1) & Flabellidine (2)D A ARIZ I 1 2 H A 31a,b
~EFHET D Z L TEOMEERE LT (Scheme 37), £, 62a,b DIEEY) (62a:62b =
2.7:1.0)iZ%f L T Hy, 2R T Boc,O 377 FIZ T Pearlman fililiE (PA(OH)/C)&{Ef S ¥ 7= & =
A, O-Bn JEIIMiARH#E S 07 N-Jit Bn (LD A A3 HEFT L 7= bis-Boc 14 63a,b 23453 H L7z, il T
63a,b % SiO,-MPLC Torfff L., Z4E4 O-i Bnfb L7214, —#KEEHD 2 2 {k-LiBHEY
IZ X DREEBREE T Ry BT 31aB L UN31b ~E< 2 & T OMEE R LT,
F72. 62ab DIEEW LV bis-Boc (A~ L 7B EARY & L THELILE 63a LW ETED
MARMEFEEAT D 3la BELNTZ D, BEERIEEY 60 & W ERILISIZHE N T

BHDNARBIRENFEBL L TN\ D Z & AVHIE LTz,
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Pd(OH),/C
H, (1 atm), Boc,O

EtOH/AcOEt (4:1), rt
then separation

62b 63a (57%) 63b (9%)
62a:62b = 2.7:1
OH
MsCI, EtsN
Pd/C, H, (1 atm) . Boc THF, 0°C
63a —M> HH N7 — 5
EtOH, rt then LiBHEt;
y. 92% THF, rt
64a y. 73%
MsCl, Et3N
Pd/C, H, (1 atm) THF, 0°C
63b — "~ .
EtOH, rt then LiBHEt;
THF, it
y. 33% (2 steps)
64b
Scheme 37

HATHERACSONZBIT D VT AT VA ERMED R FICRREEZ R TR & oo 7208, &R
BA& 38 DFEEE~AIT, 36 & HW 2 BRALIG DOMFT 21T > 72 (Scheme 38, Table 5),

o
A ~_on
o 7 %N o Table 7
BocBnN /\/\)J\/-\/\/U\/\/CN Nl ; l OBn
36 Bn
65a,b
Scheme 38
Entry Acid Solvent Temp. Time (h) Result
1 (+)-CSA (10 eq.) CH,CI, 50 °C 1h 65a,b: 76% (dr* = 1:1)
2 (+)-CSA (10 eq.) CICH,CH,CI 80 °C 17 h 65a,b: 74% (dr* = 1.6:1.0)
3 1M HCI MeOH reflux 1h Complex mixt.
4 60% HCIO4 (20 eq.) 1,4-Dioxane 70 °C 12 h Complex mixt.
5 TMSOTf (20 eq) CICH,CH,CI 70 °C 1h Decomp.
6 Zn (OTf), (6 eq.) CICH,CH,CI 70°Cto100°C 6hto14h 65a,b**

*Determined by "H NMR. **Detected by TLC
Table 5. Trial for cascade cyclization.

D2, TNETORMEHEZEMALI-E A, TEO =B bEaw 38 13557, CD
BRAEAETD BRI LAY 6s W IMITHBIT A 1:1 O T AT LA~—REWE LT, ILE 76%

36



TEHONDFER L2257 (Entry 1), 65a,b D7 25 L A% 'THNMR (238 T, Bn Kk
DY T FNVOFEGE L 0 RD Tz, & BITIREZ 2T TRIST 2 72, #iE% CICH,CH,Cl
~NEEF LU TR EAIT 27205, 65ab WA T 5 DHTh o7 (Entry 2), RUSHFREIEIZIHB W
T A I AT I PERIRICETL T 2N R PRI, 7a b iE
%< Giedeff (Entry 3, HEMFI L7z, L LR L, Wb TLC B2 TEF 65a,b 23 ERK
L. ZO®%RISFEE A IER T 21206V, BUSRBEML T o/ E o7z, THid, =RV
IVIEDIARBE R Z L Z LTS, D WE Bn ERRA AN TN D L HER LD, K
B, ) — VB AR S5 2 LA B, VA ARE W TR 21T > 72 (Entry 5,6),

LU e, JENSR, 250 0F 65a,b BNEKT DR RICKD T2, 7B, 65ab i3V 7T
AT VA —REMTHH70, dEREEREITIEE > TR0, PCNMR 12Tz F 2
VHROF VT 4 D T AREARBIRI SN2 L S OITHEE AR X D T oS
ZHEZL L 7= (Scheme 39),

Bno/l"'
_0Bn
0 : o (+)-CSA ( e

/\/\)I\/:\/\/U\/\/CN .
BocBnN R CH,Cly, 50 °C, 1 h N

Bn
36 38
Mannich rxn.
—Boc C-ring B-ring
formation formation

Bn  gsap

y. 76%, dr=1.0:1.0

Bno "
12 X
G\l-"\/)q Cc12-C7
N o

! D-ring
Bn CN formation

36a Enol-37

Lycoposerramine-Z
(Phlegmarine type) !

.............................................

Scheme 39

F7°. 36 D Boc FEDOBREIZE YD CEMBIEL LT 36a 3L U, Hi\ T C12-C7 MLH DOHEE A
TS 2 AN TS 5D Z & T Keto-37 ~E b, ZORE, LAHD 38 NAEKT 5
72121 Keto-37 IZB W T~ =y B RISHHEIT LT E R b ena, i) e frElc = /
— N EEARL T2, b L=, — O RUSMEMENW T2 OIS DN ETE T, 65a,b 73
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Bon-eEZLNS, LOALAERS, 65ab 1TV aRS T AT VoA ROESEED

FWEIZALE T 5 Phlegmarine B 7 /v a4 KD CD BREH L TWAHTZH, KEKIET
Phlegmarine ! 7 /L 1 R POEARICEMATRETH L EEZTWD,

eV CL65a,b & T EFRMESRIEICAT T2 1T L D 38 DA Z M L7z (Scheme 40, Table 6),

Scheme 40
Entry Solvent Temp. (°C) Time Result
1 MeOH 65 to 80 20hto5d 65a,b: 13%, 66a,b: ca. 45%
2 CICH,CH,CI 80 36h Decomp.
3 Toluene 130 14 h Decomp.

Table 6. Trial for cascade cyclization.

Wil 2 (+)-CSA IZ[E E L CTHET L7, it & LT MeOH Z IV = & 2 5 381345 H LT,
JEBHEY (13%)& & HI= R VLN AF LT ZT L~ LB E T2 66a,b 313 HILDH DI
Tdh o7 (Entry 1), = Z TEntry2,3 TIEIET 1 b MRIE~L AT L, TLC TE=X ) 7
LN Oz Bleg L2y, BFUEE 65ab D AR v MUSRD LT, RHEIIC 65a,b 1353 fiF
TORRE Mol

UL EORERZ S BESRILAEY 36 33 L OB MHELEY 65ab & W BALSUS CTld~ v
=y B IS HEITE T, BRIBENSKNETH D720, 36, 65ab & H\ 7= 38 DERREWIEL
Too =y ERIGHREITLRWERR E LT,

O =/ = VORISR, D VITEE R EIZ = ) — L E R L T

@ A I=U LT IVEERTF IVITF-TVND
DZERBEZBND, OB L TIRKISEDERAN I A r— RRIGTh D720, = /) — /U
FONE ORI LB X HND, €I T, BEHIXOQDMEI AT 787 7= 72 B AL SO 2
BaxBZR LT,

DN~ =y e L EFIH L7 &Rl & LT, Heathcock © @ Lycopodine D&% (FF i«
Scheme 42 %, KK 22D #ER & 0 (+)-Clavolonine (Lycopodine group) DR A ik V73 %
IF 5415 (Scheme 41), i 5131 I =7 LA A HHIK 67 %2 MeOH H' 0.5M HCI T 48 R 4L
HYD5ZETHTN~Yy =y B ISEZETSE, ZBRIELEY 68 DARKIZEKII LT\ 5,
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o o Ph o o Ph Ph%
0.5M HCI e~ o
Meo/\/\)J\: j MeO t §/>~~Ph N T X OMe

-Ph in MeOH

8 o —— ' o = H®
Ejij: reflux, 48 h o
B
N/ Me N Me MeO

@
Ph Ph
(o]
Mannich rxn. N 0Me N oﬂe
(et —_
H >

(o] o

MeO .
68 (+)-Clavolonine

(Lycopodine group)

Scheme 41

ZZTERIIZO OGB4 I =T A F UK 69 2D~ = B
INEAT D T & T, ZERMEEHS 70 OREENEBLTX 5 L& 2 7= (Scheme 42), 69 DFIBAA L L
TIX 9N DZEFEHEILD bis-Boc R S V- EHMRALED 71 BNY Th D, 723, 71 (ZATHE
D36 LFEBRICHMMNDO 7 T 7 A b (42,73, AVEwEILA » 7TV 7 7 ARXA R B AT
Lo TEKEFRE S L2 L TEHICERATRETH D LB 2 T-, LLTZOFMRE I ONT

5,

........................... Cascade cyclization

: (o] o OBn fo) He
/\)J\/\/CN : /g\/\)J\/\/\/U\/\/ CN
e | —> Boo N x oN > H
! 41 1
’ ; 71 70
; : ! B A
5 NBoc, | ; -ring ;
: izn NN ’ : formation : Mannich
73 : 2Boc—=<""!
: C, D-ring
o P OBn formation
EtsJ\/\/\ e
42 !
Enamine 69 Iminium ion 69
Scheme 42

MO, f@Il A 7V o ZROSZH WS bis-Boc A2 F T 5 I LT LXK 74 DERLE
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{T> 72 (Scheme 43),

TBSCI, Im. n-BuLi, Boc,0

. - T OTBS
BocHN ~>"~CH BocHN " 0TBS . Boc,N ™~ "
CH,Cly, rt THF, 0 °C tort
75 y. 86% 76 77
TBAF I,, PPhg, Im.
> ANNOH /= A
THE, rt Boc,N CH,Cly, 1t Boc,N
y. 84% (in 2 steps) 78 y. 90% 74
Scheme 43

SCHRFEH D 71 *NTHE, 75 L0 —#okiRIE D TBS (#:#, %7 2 > @ Boc {£i#., #:<
TBS K DOFREEIET 718 4 L, AMEEiE 'H, °"C NMR OF — & 23 SCHkE & R\ —8&
IRLT2Z L L0 2O EZ MR Lo, &%ZIC Appel SRIFIC LD —foKkigiz a9 v F~ L EH
T 5 Z & T 74 ZULEHE 90% THRT-,

TRXTOT T 7 A FBHi-TO T, HERILEW 71 DG RAZIT > 72 (Scheme 44),

74
B N /\/\/l
o _/OBn 0cC5l o :/OBn
J’k/;-\/\ zn. THR 957 /\/\)J\/-\/\
EtS = then Boc,N =
42 PdCI,y(PPh3), (3.5 mol%) 79
Toluene, rt
y. 76%
(o]
/\)I\/\/CN
41 (3 eq.) (o] :/OBn (o}
2nd-Grubbs cat. (5 mol% /\/\)]\/\/\/U\/\/ N
( ) » Boc,N A ¢
CH,Cl,, 40 °C 7
y. 78%
Scheme 44

ZAVETEFRRRIT, 74 LIEMEILHEN L 0 R Lo AHEENRIE L F A= X T 1 42 L DX
JSIEFIICEIT L, 77 19 ZINHE T6% THDLZ ENTE, it T, 19 &=/ 41
LD BARZ YV ARGZATV., BROBRCFUGCEE 71 & BIFRIGR TR, AMEEW
(X, 'HNMR (25T, §6.78,6.06 Do, p-REafnr DA L7 4 v HkOT 7 F 1L 79,41
Offr=y NARKO TV 7 FARBHI SN2 &, S HIZESI-MS IZBWTHE ) 14 4
—7 607 [M+Na] WR O LN & L0 FOMEEE R LT,
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HEY & T 2BALBOSEEE 71 MG O 720 T, EkeHIBRAL S 2 15 L 72 (Scheme 45),

Bno
_OBn Acidic
/\/\)ol\/?\/\/?]\/\/ o
BOCzN X
7
1) TFA
CH,Cl, rt = A o
then evaporation i, CN
2) CHClj, reflux ;
then evaporation ( |
(+)-CSA N OBn
CH,Cl,,50 °C H
80
6190.8, 188,9
- 69a,b -
Scheme 45

INETOHMANS T v F AEEE S Tld= b U VEDNINAB YR EIND Z R EZ LN
Telesd, ETa MR O A Z v, 3K, IRE (BRSO EIRSEEE C)%, ok
FTL7ZA. HEYD 70 135609, £ “BRIELEY 80 bR bk oTz, —J7. TFA Z1E
HAEZHETT71 ®Boc EAxFRE LK, CHCLHMEGER L7 & 2 A, CODERMBPER L EEb
% 69ab % TFAKE & LTHEDL Z LTI Lz, AMEAWIE, 'THNMR (2B CTa, B-REaFN
IRy DF LT 4 DT F AN L, PCNMR IZEBVTH190.8, 188.9121 I K (C13
MYeBEZONDL T T ARBMENT-Z EnbEDORENRESI, £ TMIZB T AT
AT VAT —IREMTH D LHRE LT, B, 69ab & S O ITeMESM T TOB L2 IE
NIRRT D DI TIH -T2, £72.69a,b O TFA ¥ 2 IALEE L CTH T L TO BB Z R 7228,
A 2 UHEENREE IR O DHEBECIZE L e o7z,

UbEnS, = M) AVEEAET LESIRIEEY 36,71 TIXCDRITEKLSINDLI B DD, BIR
WIERL L7z, ZBMALEY 38,70 DERUTINEETH L L ¥l L7z, £Z2 T, ARDO=
F U E AW C4-CL3 FEETERIC & 2 WUBRPEB A% 81 DRSS Z WFF L T, Scheme 46 DA
S =T AA A A 82 ZF%E L7z (Scheme 46), 72 H ., BRALMIGHIBRIA L LT
I NEEAETLIEEREEW 8 ZH VDL L L, 831%36 D=k U LEDOMASRIZLY
BRTE D EEZT,

/
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Hydrolysis of
nitrile group

83
(From 36)

Scheme 46

1995 &=, Parkins &1 Mot FU FAESHKICE D BRZesbicC= b U VEZERIRD
WK R TE D Z L2 ME LTS Y, RKRISIZZFOERETFAEOE S D2, ARKE
TOFRELARICHE L TR EHER KRR AR HHEBEICH N SR TS Y (Scheme 47),

Me Me
N s
lMe P-OH
SspFt=n
H- ‘\FI’—Me

Me pme
OMe Parkins catalyst (2 moI%L

EtOH/H,0
95°C, 24 h

(-)-Huperzine A
Scheme 47

ZIZ T, AiEE 36 ICHEHATAHIE T I VEERT I RE~NEEBTLI L ELE
(Scheme 48), 36 (Zxf L T EtOH/H,0 DR ETAEEH, 70 °C T 10 mol% ® Parkins filt i 2 {F H =
Bl A MOBEREELEEZR S Z L7 T 2 MES3 &2 EINEIC TR LAY IE 'HNMR
IZBWT, 85.53, 53U kT X REFED 2H D> 7 F BB S 71, PCNMR 12T 174.6
27 X RERROT T FANREO NI & EHITESIMS IZBWTHRE S F 14 4 vB—7
615 [M+Na] WELNT=Z & LV ZOEEEZHEE LT,
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Me P-OH
O -Ptwy
H °,Epl-Me
OB Me e
o °" o Parkins catalyst o 9Bn o o
: 10 mol%) :
/\/\)I\/\/\/U\/\/CN (4> /\/\)J\/\/\/U\/\/U\
AN
BocBnN EtOH/H,0 (4:1) BocBnN NH,
36 70 °C 83
y. 93%
NHBn NTsBn
TsCl, EtsN J_/
Table 7 THF rt s,
BnO
QE(I then separation %
N (o]
H H
84a,b 85a: 32%, 85b: 43%
(Inseparable)
Scheme 48
Entry Acid (eq.) Temp. (°C) Time (h) Result
1 (+)-CSA (10) 50 1 84a,b: 35% (84a:84b* = 3.8:1.0)
2 TFA (10) 25 6 84a,b: 44% (84a:84b* =1.5:1.0)
3 60% HCIO4 (10) 50 1 Decomp.

*Determined by TH NMR
Table 7. Trial for cascade cyclization.

PLED X912 L TH7z 83 & W Tl AN BR (LSS 2 3 7225 (Table 7). T4V E T
FUHEBEIOTFA ZHVTEVWTROEEICBWTHHBNO 81 OABRITME ST,
9-oxabicyclo[3.3.1]nonane ‘B 4% % H T 2LE%) 84ab N BiREE /2 T AT LA~ —IREW &
LCHELNZ, RIEEWIE Tsib Liztk., B 7 L THEfEL T 85a,b O Fmifdi&EZ Ik E Lz, i
AR O W T BERGT H CTH D, & BT Entry 3 TIEFill Tl ~7= Bai 5O &M% 5%
IR L7223, BOGRDBEME L CRENDIRT 205 Th o7z, £72. 84ab DA
LA T D L 51252 L7z (Scheme 49),

oBn © H oB o Isomerization
n s/ n
o = o) o) fo) P of C6-C7
/\/\)I\/_\/\/Q/\/U\ 4>H+ : 7\HN\A double bond
e .
BocBnN \_/NHZ —>» BocBnN 13 E%
83 86
NBnBoc NHBn NHBn
13 —/_/
Bno” - = >~ Bno” "™
|Y\ BnO q —
N"So  ~Bee SNSYo |
®
7,6 H \_) 0 H H (o)
87 88 84a,b
Scheme 49
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BRPESRIE T, 7 U BNEM L SN D Z LT REELLOMIIBHEITL CTABRTH D =
FIUBER L, C6-CT LfH]l D —FEAEE D RMALDR, = F I VB 13O N ~KET 5
LT B EEMNEHMINT 88 NAEKT D, TDHKk, AU =7 /v a— OIS
IZX Y 84ab BAERLIZEE X T,

—#T X NEZETLESEREAEY 83 ZHWIBRILKIE Tk, TSN ETE T
84ab NHFOLNDLMER LR oT, T TOMBERIL, A BB EICHEIND Z LICERT S
BISSIZE D . CODBRMBIBRESNRNZ L ThHDH, 22T, EHRILAED 36 DBRILEIEL DR
BT “ERMEEAE Y 65a,b (235 B L7z (Scheme 50), AL EMIZT T AT LA ~—REY
ThHHN, TTICCDREZALTEY, = MU AEE—RT I RE~CEH L%, A BRE
i< v = v BRRRRIC K 0 BefERY 72 B RO EBAHIF CTE 5, BIE, 65ab D=
N UNVFEDOIMKSEIZ LD 89ab ETOHREEFET L, U7 AT LA~ — D5l N U ER
YL G 81 DA ZE Hig L CBRALG 2RI Th 5,

Parkins catalyst
OB y
o " o H* Y (10 mol%)

: N —[ ¢ >
BocBnN /\/\)J\/\/\/”\/\/C CD-ring ~\ | OBn

EtOH/H,0 (4:1)

formation Bn 60 °C
0,
36 65a,b - 80%
o o
:)J\/\)L NH, o
iy H* o | Mannich-like rxn.
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
(CID)\/ A-ring B-ring
N OBn formation formation
Bn
89a,b -

Scheme 50
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s A
EHTRAERREDO Y — Mo FoORIAZ AR L, 5772 AChE HEEEZ AT 5
Huperzine A 73§ 3 5. Lycodine %! 7 /71 @ A RN¥H (Lycodine, Flabellidine, Huperzine B,
Casuarine A)D RE EEMEEIT T2, D KW ORI ERIEOBRIE ZRM L, A6
FRARERGIC B v P AR OS2 B E LI BRMEZ B L, BIFIORTMAZGL Z &N TE
Y

55— ClL. Lycodine & Flabellidine D RF G MMIEZITV, VaART T LT V0 A R
DGR 31 D e A BRALPOS 2 5 2 & T, E#HREam L0 —BFETIE o
PUBRYE Lycodine ‘B #& DRI AE) LTz, £7o, REILBOSOFNR E LT, WK EEF T
LEDVHITFEH T LMBRMEACEM DR EEED & L TR LN, RISEHEEAEET L Z
ETCRRY EF UMb a2 BT D RLEREBEMICEOND Z E 0 B Lz, T, I
B LAEWEEAE L TILE CTROFEREM L 72 5 (-)-Lycodine DAFEER (11 TR
IR 14.6%). 35 K ON(+)-Flabellidine DH DO ARF 2GR (11 TREEHRINE 20.7%) &4 #ER LTc, £
foe VaRv v AT aaA ROAGBREICET 23MIIMH I Thinzo, AR
PRBEARHE ORI BRAL S 2 7 T A aNTEBE L2 Z LI XD . AEHIEH 2 LA R
— R TLZENTERELESERD,

55— ClE. Huperzine B 3 X OF Casuarine A D RF G ZTT - 72, 5 IHRERILK
ISR, U7 AT VARREOM A2 R L LT ISMLICEmOERREZEA L, 7280
RIKDD A BBRERA~DRININY LR DEFRERELZEA L, 612, KMeEWE v
fERBRAL SR 21T 9 2 & T, Lycopodine O G A~DREF b AJAEL 725 BCD A AT 5 —
BRPEE#& ORESE % B §5 L | Ethyl 2-butynoate &1 ¥ 7 T2 THMDOE “HRBRILISFEE & Ak
LBRALIOS 3B 7208, B0 B bamIGon s, R LEMDBERT 5 DH Th
o7z, LU, REVERRDITAS BGREEE O R AL#E 9% Phlegmarine B 77 L 2 A Fd CD
RAEA L TCWHTd, RKERKIEIL Phlegmarine B 7 Vv A ROEEKICHEAHETH D,
Flo. ZRMEBREEA~MT, RR2EREFREL AT 2EHRILEM Z G L TERILKIS
IR L2 RHORISITHET Uo7, 413, CD Rz A3 2 &R bawz M
W2 TR E #& OREEE 2 ET T 5,
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EER O

HEzE LT, T OMGEEZMH L,

UV . HARSE (JASCO) V-560
IR . HARSSE (JASCO) FT/IR-230
FEiEeE . BASYE (JASCO) DIP-140
: BAZSE (JASCO) P-1020
'H-NMR : BATEF (JEOL) JNM ECP-600 (600 MHz)

. HA®E Y (JEOL) INM ECA-600 (600 MHz)

HAFE¥ (JEOL) JINM ECP-400 (400 MHz)

. HAR®E Y (JEOL) JNM ECS-400 (400 MHz)

BC-NMR . BHA®EF (JEOL) INM ECP-600 (150 MHz)
. HAR®E ¥ (JEOL) JNM ECA-600 (150 MHz)

. HAR®E ¥ (JEOL) JNM ECP-400 (100 MHz)

HAFE¥ (JEOL) JNM ECS-400 (100 MHz)

'H-NMR, "“C-NMR % & H12 TMS % NIBIEHE & L CllE L7z,
% 72, singlet, doublet, triplet, quartet, quintet, septet, multiplet, broadened % % L2741l s, d. t.
q. quin, sep. m, br EHEFI L 7=,

ESI-MS : HAR®E ¥ (JEOL) AccuTOF LC-plus IMS-T100LP
: Yanagimoto Micro Melting Point Apparatus 1631-A (hot plate)

m.p.

Si0, : Kanto Chemical Co., INC.
Silica gel 60 (spherical, 100-210 um): Open column
: Kanto Chemical Co., INC.
Silica gel 60 (spherical, 40-50 um) : Flash column
: Merck Silicagel 60 F,s4 : TLC
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NH-Si0, : Fuji Silysia Chemical, LTD.
Chromatorex NH (100-200 mesh) : Open column
: Fuji Silysia Chemical, LTD. TLC Plates NH : TLC
MPLC :Column : ¥¥ C.IG. prepacked column silicagel
CPS-HS-221-05 ¢$22 mm>100 mm
: IL#% ULTRA PACK
NH-40 mm, 60A ¢11 mm*300 mm

:System  : HAZE (JASCO) UV-2080 Plus (Pump)
: BAZE (JASCO) UV-2075 Plus (UV detector)
HifE fh X R AT : Rigaku R-AXIS Il C
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SO AW = 2T OB AR 2K Lz,

FRIZ LA O MEARVERET, Rkl ) OFEIC K 0 s LT,
Et:N, i-Pr,NEt

MeOH, EtOH, MeCN

Benzene, Toluene :CaH, FTHHE LT,
Et,O : Na / Benzophenone | TZ&H L7-,
DMF, DMSO, Acetone : MS4A TRk, 788 L7,
AcOH :KMnO, ETZEHE LT,
CH,Cl,, THF, AcOEt : Kanto Chemical Co., INC. & VA U 72 A HE G Rl M
REEBEAAEH L7,
TLC F§ it 3E
a) VU E V7T U EOH IRIK
b) 1% p-Anisaldehyde in AcOH
¢) 1% Ce(SOy), in 10% H,SO,4
d £V 7T VBT VE=T LR
e) Hanessian ¥ (LU T LA-F VU TFUBT F =7 LIRIK)
f) BCG EtOH J&i
TLC Z izt . MEFEAa s,
g) Schlittler 3K
h) Dragen Dorff 3K
TLC IZMEF L TR S Hiz,
i) IUHE

JEEBH L72 TLC 7' L — F ZHIC AL CThE L B S H 7=,
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FE—EICHETIER

O O Me O

o O o O Me
)\N L~ TiCL, AlyiTMS o»\NJ\m/ﬁ\/\ 3 o}\\N Y

o
Y CH,Cl,, —78°C A\ CHCl, 78°C
Ph y. 92%, dr = 13.4:1 (S)*Ph then PPhg, rt Ph o
19 20 y. 90%

Synthesis of 20: To a stirred solution of 19 (9.82 g, 42.5 mmol) in CH,Cl, (425 mL) was slowly
added TiCl, (85 mL, 85.0 mmol, 1.0 M in toluene) at —78 °C under argon atmosphere. After stirring
for 10 minutes at the same temperature, allyltrimethylsilane (10.1 mL, 63.8 mmol) was added, and the
reaction mixture was stirred at the same temperature for 3 hours. The reaction was quenched by
adding saturated aqueous Na,COs, and the mixture was filtered through a pad of Celite”. The filtrate
was extracted three times with CHCl;. The combined organic layers were washed with brine, dried
over Na,SOy, filtered, and evaporated under reduced pressure. The residue was purified by silica gel
flash column chromatography (AcOEt/n-hexane = 20/80) to afford 10.7 g (92%) of a diastereomixture
((R):(S) =13.4:1) of 20 as a white solid.

Compound 20: "H NMR (400 MHz, CDCl;)

0: 7.40-7.29 (m, SH), 5.74 (m, 1H), 5.43 (dd, J = 8.9, 3.4 Hz, 1H),4.99 (br s, 1H), 4.98 (m, 1H), 4.68
(t,J=9.3,9.3 Hz, 1H), 4.27 (m, 1H), 2.90 (dd, J=16.2, 6.5 Hz, 1H), 2.82 (dd, J = 16.5, 6.8 Hz, 1H),
2.15-2.02 (m, 2H), 1.95 (m, 1H), 0.89 (d, J= 6.2 Hz, 3H)

C NMR (100 MHz, CDCl;)

0:172.1,153.7,139.2, 136.5, 129.1, 128.7, 125.8, 116.4, 69.8, 57.6, 41.7, 40.7, 29.4, 19.6

IR (ATR): 3066, 3033, 2972, 2914, 2876, 1774, 1698, 1638, 1456, 1382, 1322, 1193, 1079, 1043 cm’'
HRMS (ESI): caled for CH;oNO3sNa [M+Na]": 296.1262, found: 296.1280

[a]** p=+43° (¢ 1.04, CHCI;)

Synthesis of 18: A solution of 20 (2.00 g, 7.32 mmol) in CH,Cl, (74 mL) was cooled to —78 °C, and
ozone was gently bubbled through the reaction mixture for 1 hour at the same temperature. Then, a
solution of PPh; (2.11 g, 8.05 mmol) in CH,Cl, (37 mL) was slowly added at —78 °C under argon
atmosphere. The reaction mixture was warmed to room temperature. After stirring for 1.5 h, the
suspension was evaporated under reduced pressure. The residue was purified by silica gel flash
column chromatography (AcOEt/n-hexane = 40/60) to afford 1.81 g (90%) of 18 as a white solid.
Compound 18: 'H NMR (400 MHz, CDCl, rt)
0:9.69 (t, J= 1.9 Hz, 1H), 7.41-7.27 (m, 5H), 5.42 (dd, /= 8.8, 3.7 Hz, 1H), 4.70 (t, J = 8.8 Hz, 1H),
4.28 (dd, J = 8.8, 3.7 Hz, 1H), 2.97 (dd, J = 16.8, 6.6 Hz, 1H), 2.91 (dd, J = 16.8, 7.1 Hz, 1H), 2.61
(m, 1H), 2.44 (ddd, J = 16.7, 5.5, 1.6 Hz, 1H), 2.29 (ddd, J = 16.7, 7.8, 2.2 Hz, 1H), 0.99 (d, J = 6.8
Hz, 3H)
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C NMR (100 MHz, CDCl;, rt)

8:201.3, 171.4, 153.7, 139.0, 129.2, 128.7, 125.8, 70.0, 57.6, 41.5, 40.2, 26.6, 20.0

IR (ATR): 2970, 2957, 2936, 1779, 1699, 1493, 1472, 1457, 1427, 1392, 1353, 1330 cm™'
HRMS (ESI): calcd for Ci¢H, NOsNa [M+MeOH+Na]": 330.1317, found: 330.1317
[a]**p=+74° (¢ 1.00, CHCI5)

O O Me O 0
o)\\NJ\/\/lLH LDA, AcOEt (1.1 eq) ,@)OL
g THF,-78°C  Me 7 OEt
Ph y. 82%, dr =1.3:1
18 17

Synthesis of 17: To a stirred solution of LDA (24.1 mL, 14.5 mmol, 0.9 M in THF) was added AcOEt
(1.56 mL, 14.5 mmol) at —78 °C, and the reaction mixture was stirred for 2 hours at —78 °C under
argon atmosphere. Then, the cooled resultant enolate solution was expeditiously added to a solution of
18 (4.00 g, 14.5 mmol) in THF (300 mL) via a cannula at —78 °C, and the reaction mixture was stirred
at the same temperature for 1 hour. The reaction was quenched by adding saturated aqueous NH,Cl at
—78 °C, and then diluted with AcOEt. After separation of the two layers, the organic layer was washed
with saturated aqueous Na,CO; and then with brine, dried over Na,SO,, filtered, and evaporated
under reduced pressure. The residue was purified by silica gel flash column chromatography
(AcOEt/n-hexane = 50/50) to give a 1.2:1 mixture of the diastereomers of 17 (2.38 g, 82%) as a
colorless oil.

Compound 17: "H NMR (400 MHz, CDCl;, rt)

0: 4.87 (m, 0.45H), 4.73 (m, 0.55H), 4.17 (q, J = 7.2 Hz, 2H), 2.81-2.68 (m, 1.55H), 2.61-2.53 (m,
1.45H), 2.24-2.17 (m, 1H), 2.13-2.02 (m, 1.65H), 1.86 (m, 0.45H), 1.70 (m, 0.45H), 1.31-1.25 (m,
0.55H), 1.28 (t,J= 7.1 Hz, 3H), 1.13 (d, /= 6.6 Hz, 1.35H), 1.05 (d, /= 6.2 Hz, 1.65H)

C NMR (100 MHz, CDCl;, rt)

0:171.4,170.5, 169.6, 76.3, 73.2, 60.8, 60.7, 40.6, 40.1, 37.7,37.1, 36.3, 34.4, 26.4, 23.7,21.4, 21.1,
14.0

IR (ATR): 2959, 2930, 2873, 1726, 1444, 1378, 1313, 1280, 1229, 1184, 1067, 1024 cm'

HRMS (ESI): calcd for C;oH;40,Na [M+Na]": 223.0946, found: 223. 0983

MsCl, EtN
CH,Cly, 0 °C, 30 min.
T 2G5, ) [ Boc,0 \\
\\/\OH > \\/\NHBn — \/\NBnBoc
then BnNH,, CH,Cly, 1t, 2h
3-Butyn-1-ol MeCN, rt, 12 h 22 y- 89% 16
y. 90%
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Synthsis of 22: To a solution of 3-butyne-1-ol (500 mg, 7.06 mmol) in CH,Cl, (30 mL) were added
MsCl (0.55 mL, 7.06 mmol) and Et;N (1.2 mL, 8.47 mmol) at 0 °C under argon atmosphere. After
stirring for 30 minutes at the same temperature, the reaction mixture was diluted with CH;CN (70
mL), and then benzyl amine (2.3 mL, 21.2 mmol) was added. After stirring for 12 hours at room
temperature, the reaction mixture was evaporated under reduced pressure. The residue was purified by
silica gel flash column chromatography (AcOEt/n-hexane/isopropylamine = 19/80/1) to afford 1.02 g
(90%) of 22 as a yellow oil.

Compound 22: "H NMR (400 MHz, CDCl;, rt)

0: 7.33-7.24 (m, 5H), 3.82 (s, 2H), 2.80 (t, J = 6.6, 6.6 Hz, 2H), 2.41 (td, J = 6.6, 2.6 Hz, 2H), 1.99 (4,
J=2.6 Hz, 1H), 1.72 (s, 1H)

C NMR (100 MHz, CDCl;, rt)

0: 140.0, 128.4, 128.1, 127.0, 82.4, 69.5, 53.3,47.2, 19.5

IR (ATR): 3293, 1460, 1350 cm™

HRMS (ESI): caled for C;;H;3NNa [M+Na]": 182.0946, found: 182.0951

Synthsis of 16: To a solution of 22 (1.00 g, 6.29 mmol) in CH,Cl, (33 mL) were added Et;N (1.3 mL,
9.44 mmol) and Boc,O (1.65 g, 7.55 mmol) at 0 °C under argon atmosphere. After stirring for 5 hours
at room temperature, the reaction mixture was extracted three times with CHCIl; and water. The
combined organic layers were washed with brine, dried over Na,SO,, filtered, and evaporated under
reduced pressure. The residue was purified by silica gel flash column chromatography
(AcOEt/n-hexane =10/90) to afford 954.9 mg (91%) of 16 as a clear oil.

Compound 16: "H NMR (400 MHz, CDCl;, rt)

0: 7.33-7.23 (m, 5H), 4.51 (s, 2H), 3.39-3.30 (m, 2H), 2.41-2.34 (m, 2H), 1.95 (m, 1H), 1.52-1.44 (m,
9H)

C NMR (100 MHz , CDCls, 55 °C)

0: 155.5,138.4,128.5, 127.5, 127.2, 81.8, 80.0, 69.5, 51.0, 45.8, 28.4, 18.2

IR (ATR): 3303, 2975, 1688, 1464, 1410, 1365, 1244, 1159, 1118 cm’

HRMS (ESI): caled for C1sH»NO, [M+H]™: 260.1651, found: 260.1629
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(o}

HCI-NH(OMe)Me, AlMe; 9 Me OH O TESOTY, 2,6-lutidine
o o - meo S A A ome -
TN\ . GH,Cly, 10°C e e CH,Cly, 0 °C

y. 95% y. 96%
17 23
™
_TES S~ \nBoc _TES
O Me O O i-PrMgCl, 16 O Me O O
MeO. - .OMe > ;
N N THF, 1t Z T
Me Me y. 78% BocBnN NBnBoc
24 25

Synthesis of 23: To a stirred solution of NH(OMe)Me*HCI (17.4 g, 180.6 mmol) in CH,Cl, (460 mL)
was slowly added AlMe; (165.4 mL, 180.6 mmol, 1.0 M solution in n-hexane) at —10 °C under argon
atmosphere. After stirring at the same temperature for 1 hour, a solution of 17 (5.16 g, 25.8 mmol) in
CH,Cl, (60 mL) was added to the reaction mixture via a cannula at —10 °C, and the reaction mixture
was stirred for 4 hours. The reaction was quenched by adding saturated aqueous potassium sodium
tartrate at —10 °C, and the mixture was diluted with CHCI;. After separation of the two layers, the
aqueous layer was extracted three times with CHCI;. The combined organic layers were washed with
brine, dried over Na,SO,, filtered, and evaporated under reduced pressure. The residue was purified
by silica gel flash column chromatography (MeOH/AcOEt = 5/95) to afford 5.98 g (83%) of 23 as a
colorless oil.

Compound 23: "H NMR (CDCls, 400 MHz, rt)

0: 4.09 (m, 1H), 4.02 (br-s, 1H), 3.70-3.68 (m, 6H), 3.19-3.18 (m, 6H), 2.66-2.45 (m, 3H), 2.37-2.24
(m, 2H), 1.58 (m, 1H), 1.48-1.26 (m, 1H), 1.02 (d, J = 6.6 Hz, 3H)

C NMR (100 MHz, CDCl;, rt)

0: 174.1, 173.5, 65.9, 65.7, 61.2, 61.1, 44.0, 43.6, 39.3, 38.8, 38.6, 38.3, 32.0, 31.7, 26.5, 26.0, 20.9,
20.1

IR (ATR): 3434, 2937, 1637, 1417, 1384 cm™

HRMS (ESI): caled for C1,H,4N,OsNa [M+Na]": 299.1582, found: 299.1580

Synthesis of 24: To a stirred solution of S1 (125.1 mg, 0.453 mmol) in CH,Cl, (4.5 mL) were added
2,6-lutidine (126.8 pL, 1.088 mmol) and TESOTf (122.7 puL, 0.544 mmol) at 0 °C under argon
atmosphere. After stirring at the same temperature for 1.5 hours, the reaction was quenched by adding
water, and the aqueous layer was extracted three times with CHCl;. The combined organic layers
were washed with 1NV HCI solution, saturated aqueous Na,COs, and brine, dried over Na,SOy, filtered,
and evaporated under reduced pressure. The residue was purified by silica gel flash column
chromatography (MeOH/AcOEt = 1/99) to afford 170.0 mg (96%) of 24 as a colorless oil.

Compound 24: "H NMR (600 MHz, CDCl;, 55 °C)

0: 4.34 (dq, J=13.0, 6.5 Hz, 1H), 3.69-3.68 (m, 3H), 3.67-3.66 (m, 6H), 3.17-3.16 (md, 6H), 2.68 (dd,
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J=14.5,7.6 Hz, 1H), 2.48 (m, 1.7H), 2.40 (dd, J = 14.8, 5.2 Hz, 0.3H), 2.28 (m, 1H), 2.20 (dq, J =
13.8, 6.9 Hz, 0.3H), 2.12 (dq, J = 13.8, 6.9 Hz, 0.7H), 1.57 (tt, J = 12.6, 6.3 Hz, 1H), 1.44 (m, 1H),
1.00-1.94 (m, 12H), 0.61 (m, 6H)

C NMR (150 MHz, CDCl;, 55 °C)

8: 173.7, 172.4, 67.8, 67.4, 61.2, 61.1, 45.6, 45.5, 40.5, 39.9, 39.7, 39.3, 32.3, 26.7, 26.5, 20.4, 20.2,
6.8,6.7,5.1,5.0

IR (ATR): 2953, 2937, 2911, 2876, 1657, 1459, 1413, 1382, 1239, 1176, 1080, 1002 cm'

HRMS (ESI): caled for C gH3sN,O5SiNa [M+Na]": 413.2447, found: 413.2449

Synthesis of 25: To a stirred solution of 16 (454.8 mg, 1.75 mmol) in THF (7 mL) was added
i-PrMgCl (0.88 mL, 1.75 mmol, 2.0 M solution in THF) at 0 °C under argon atmosphere. After
stirring at the same temperature for 1 hour, the reaction mixture was transferred to a solution of 24
(137.0 mg, 0.351 mmol) in THF (3.5 mL) via a cannula at 0 °C. Then, the reaction mixture was
warmed to room temperature and stirred for 6 hours. The reaction was quenched by adding saturated
aqueous NH,4Cl at 0 °C, and the mixture was diluted with AcOEt. After separation of the two layers,
the aqueous layer was extracted three times with AcOEt. The combined organic layers were washed
with brine, dried over Na,SO,, filtered, and evaporated under reduced pressure. The residue was
purified by silica gel flash column chromatography (AcOEt/n-hexane = 10/90 to 30/70) to afford
217.9 mg (78%) of 25 as a pale yellow oil.

Compound 25: "H NMR (400 MHz, CDCl;, 55 °C)

0: 7.33-7.21 (m, 10H), 4.49 (s, 4H), 4.29 (q, J = 6.2 Hz, 1H), 3.38 (br-s, 4H), 2.75-2.45 (m, 7H), 2.32
(m, 1H), 2.25-2.09 (m, 1H), 1.47-1.36 (m, 20H), 0.99-0.88 (m, 12H), 0.58 (m, 6H)

C NMR (100 MHz, CDCl;, 55 °C)

0: 186.7, 185.4, 155.4, 138.1, 128.6, 127.4, 82.4, 82.3, 82.1, 82.0, 80.3, 67.0, 66.7, 54.0, 53.3, 53.2,
52.7,51.3,45.3,44.9,28.4,26.3,20.2, 19.7, 18.8, 6.8, 5.1

IR (ATR): 2956, 2934, 2914, 2876, 2210, 1692, 1672, 1454, 1409, 1365, 1242, 1159, 1117, 1075,
1007 cm™

HRMS (ESI): caled for C46HgN,O,SiNa [M+Na]": 809.4537, found: 809.4516
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TES Pd/C

O Me O O Hz (1 atm) _TES
: 4{)’ O Me O O
4 % AcOEt,P C :
BocBnN NBnBoc y. 99% BocBnN NBnBoc
25 26
AE-Pyrdine > /\/\)()I\/Mi/\/?]\/\/\
BocBnN \ NBnBoc
MeCN, 0 °C
y. 71% 10

Synthesis of 26: To a solution of 25 (149.3 mg, 0.190 mmol) in AcOEt (1.8 mL) was added 10% Pd/C
(20.1 mg), and the reaction mixture was stirred vigorously for 2 hours under hydrogen atmosphere at
0 °C. Then, the reaction mixture was filtered through a pad of Celite®, and the filtrate was
concentrated under reduced pressure. The residue was purified by silica gel flash column
chromatography (AcOEt/n-hexane = 40/60) to afford 149.2 mg (99%) of 26 as a colorless oil.
Compound 26: "H NMR (400 MHz, CDCl;, 55 °C)

0: 7.31-7.20 (m, 10H), 4.41 (s, 4H), 4.22 (q, /= 6.2 Hz, 1H), 3.17 (br-s, 4H), 2.58-2.45 (m, 2H),
2.43-2.29 (m, 5SH), 2.18 (m, 1H), 2.13-1.95 (m, 1H), 1.51-1.22 (m, 28H), 0.98-0.84 (m, 12H), 0.58 (m,
6H)

C NMR (100 MHz, CDCl;, 55 °C)

0: 209.7, 209.0, 155.9, 138.7, 128.5, 127.5, 127.1, 79.6, 67.3, 66.9, 51.0, 50.7, 50.4, 50.3, 50.2, 46.4,
46.3,45.4,45.3,44.0,43.9,43.1,42.8,29.3, 28.5,27.7,25.9, 21.0, 20.8, 20.3, 20.2, 6.8, 5.2, 5.1

IR (ATR): 2953, 2934, 2912, 2875, 1688, 1464, 1453, 1413, 1364, 1240, 1157, 1071, 1004 cm™
HRMS (ESI): caled for C4H7,N,O;SiNa [M+Na]": 817.5163, found: 817.5131

Synthesis of 10: HF<Py (0.2 mL, approx. 70% HF) was added to a solution of 26 (34.0 mg, 0.0428
mmol) in CH3CN (0.7 mL) at 0 °C under argon atmosphere. After stirring for 1 hours at the same
temperature, the reaction was quenched by adding 2.5N aqueous KOH at 0 °C. The aqueous layer was
extracted three times with CHCl;. The combined organic layers were washed with brine, dried over
Na,SOy, filtered, and evaporated under reduced pressure. The residue was purified by silica gel flash
column chromatography (AcOEt/CHCI; = 10/90) to afford 20.3 mg (71%) of 10 as a pale yellow oil.
Compound 10: "H NMR (400 MHz, CDCl;, rt)

0: 7.33-7.22 (m, 10H), 6.74 (dt, J = 15.2, 7.6, 7.6 Hz, 1H), 6.06 (d, J = 15.6 Hz, 1H), 4.43-4.41 (m,
4H), 3.20-3.13 (m, 4H), 2.52 (m, 2H), 2.37-2.33 (m, 3H), 2.28-2.18 (m, 3H), 2.07 (q, J = 7.6 Hz, 1H),
1.58-1.43 (m, 26H), 0.91 (d, J= 6.4 Hz, 3H)

C NMR (100 MHz , CDCls, 50 °C)

0: 209.44, 199.69, 155.82, 144.58, 138.63, 131.88, 128.43, 127.42, 127.10, 127.07, 79.64, 79.60,
50.34,50.27,49.3, 46.3, 46.2, 43.0, 39.8, 39.5, 28.6, 28.5, 27.6, 21.4, 20.9, 19.8

IR (ATR): 2970, 2930, 1684, 1628, 1495, 1454, 1413, 1364, 1241, 1156, 1028 cm’’
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HRMS (ESI): caled for C4HssN,Og [M+Na]": 685.4192, found: 685.4193
[a]”p=+2° (¢ 1.06, CHCls)

O Me o (+)-CSA

SR GG G
BocBnN NBnBoc  CHCl,, 50 °C

619
10 -2

Synthesis of 13a and 13b: To a solution of 10 (18.4 mg, 0.0278 mmol) in CH,Cl, (0.28 mL) was
added (+)-CSA (129.0 mg, 0.556 mmol) at 0 °C. Then, the reaction mixture was warmed to 50 °C and
stirred for 1 hour under argon atmosphere. The reaction was quenched by adding saturated aqueous
Na,CO; at 0 °C. The aqueous layer was extracted three times with CHCl;. The combined organic
layers were washed with brine, dried over Na,SO,, filtered, and evaporated under reduced pressure.
The residue was purified by amino-silica gel open column chromatography (AcOEt/n-hexane = 2/98)
to afford 7.3 mg (61%) of diastereomers 13a and 13b in a 3.0:1.0 ratio (the ratio of 13a and 13b was
determined by 'H NMR analysis) as a yellow oil. The diastereomers were inseparable and were
characterized together.

Compound 13a and 13b: "H NMR (400 MHz, CDCl;)

0: (13a, key peaks) 7.40-7.19 (m, 10H), 4.27-4.02 (m, 3H), 3.84 (d, J = 15.0 Hz, 1H), 3.00-2.90 (m,
2H), 2.71 (t,J = 12.6 Hz, 1H), 2.50-2.41 (m, 2H), 1.14 (td, J=12.6, 3.8 Hz, 1H), 0.97 (t, /= 11.7 Hz,
1H), 0.84 (d, J = 6.2 Hz, 3H); (13b, key peaks) 7.40-7.19 (m, 10H), 4.27-4.02 (m, 3H), 3.69 (d, J =
15.4 Hz, 1H), 3.00-2.90 (m, 2H), 2.71 (t, J = 12.6 Hz, 1H), 2.50-2.41 (m, 2H), 2.06-2.05 (m, 2H),
1.92 (m, 1H), 1.05 (d, /= 7.3 Hz, 3H), 0.88 (m, 1H)

C NMR (100 MHz , CDCl5)

0: (13a and 13b) 144.0, 143.6, 140.9, 140.7, 138.0, 136.7, 128.3, 128.0, 127.7, 127.5, 127.2, 127.1,
126.5, 126.4, 126.0, 110.0, 109.7, 60.4, 58.4, 53.8, 53.6, 52.9, 51.4, 48.6, 48.5, 46.8, 46.5, 44.0, 43.1,
40.7, 40.5, 39.7, 38.9, 34.3, 33.2, 30.8, 30.4, 27.5, 27.1, 26.8, 26.6, 24.4, 23.6, 23.2, 23.1, 22.5, 22 4,
223,219

IR (ATR): 3062, 3025, 2917, 2863, 2849, 2796, 1632, 1602, 1492, 1450, 1354, 1314, 1174, 1114,
1067, 1025 cm’'

HRMS (ESI): caled for C30H3oN, [M+H]": 427.3113, found: 427.3068
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_TES

O Me O O (+)-CSA
i —_—
BocBnN NBnBoc CH.Cl,
50°C,1h
26 y. 86%

13a
13a:13b=2.2:1.0

Synthesis of 13a and 13b: To a solution of 26 (10.9 mg, 0.0137 mmol) in CH,Cl, (0.40 mL) was
added (+)-CSA (63.7 mg, 0.274 mmol) at 0 °C. Then, the reaction mixture was warmed to 50 °C and
stirred for 1 hour under argon atmosphere. The reaction was quenched by adding saturated aqueous
Na,CO; at 0 °C. The aqueous layer was extracted three times with CHCl;. The combined organic
layers were washed with brine, dried over Na,SO,, filtered, and evaporated under reduced pressure.
The residue was purified by amino-silica gel open column chromatography (AcOEt/n-hexane = 2/98)
to afford 5.0 mg (86%) of inseparable diastereomers 13a and 13b in a 2.2:1.0 ratio (the ratio of 13a

and 13b was determined by 'H NMR analysis) as a yellow oil.

1) Hy (1 atm), Pd(OH),/C
ACOEY/MeOH (2:1), rt

2) pBrBzCl, Et;N
THF, 0 °C to rt

29a (y. 34%) 29b (y. 17%)
R= 4-bromobenzoyl

Synthesis of 29a and 29b; Pearlman’s catalyst (wet 20% Pd(OH),/C, 9.4 mg, 20 mol%) was added to
a solution of 13a and 13b (28.5 mg, 0.070 mmol) in AcOEt (0.4 mL) and MeOH (0.2 mL) at room
temperature under argon atmosphere. Then, the reaction mixture was vigorously stirred for 19.5 hours
at room temperature under 1.0 atm pressure of hydrogen atmosphere. The reaction mixture was
filtered through a pad of Celite”, and the filtrate was concentrated under reduced pressure to afford
the crude product as a yellow oil, which was used in the next reaction without purification. To a
solution of the above product and Et;N (74.5 pL, 0.535 mmol) in THF (0.6 mL) was added
4-bromobenzoyl chloride (58.6 mg, 0.268 mmol) at 0 °C. After stirring at the same temperature for 1
hour, the reaction mixture was warmed to room temperature under argon atmosphere. After stirring at
the same temperature for 1 hour, the reaction mixture was quenched by adding water at 0 °C. The
aqueous layer was extracted three times with CHCI;. The combined organic layers were washed with
brine, dried over Na,SO,, filtered, and evaporated under reduced pressure. The residue was purified
by silica gel MPLC with AcOEt/n-hexane (20/80) as eluent to afford 14.0 mg (34%) of 29a as a white
solid and 7.1 mg (17%) of 29b as a white solid. Recrystallization of 29a from a mixed solvent of

Et,0/i-Pr,O under ambient temperature gave a suitable crystal for X-ray analysis.
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Compound 29a: '"H NMR (400 MHz, C¢Ds, rt)

8: 7.21 (s, 4H), 7.19-7.18 (m, 4H), 3.74 (d, J = 13.7 Hz, 1H), 3.41 (m, 1H), 3.20 (d, J = 13,7 Hz, 1H),
2.97 (d, J=17.4 Hz, 1H), 2.88 (td, J= 8.9, 3.7 Hz, 1H), 2.56 (m, 1H), 2.37 (td, J = 13.7, 1.4 Hz, 1H),
1.87 (m, 1H), 1.78 (d, J = 17.9 Hz, 2H), 1.57 (br-s, 1H), 1.52-1.02 (m, 10H), 0.95 (d, J = 6.4 Hz, 3H)
C NMR (100 MHz, C¢Ds, 70 °C)

8 172.1, 169.2, 139.1, 137.1, 136.9, 131.8, 129.2, 124.9, 124.6, 124.1, 65.5, 47.6, 47.3, 44.8, 43.5,
43.4,35.0,31.4,27.4,27.1,25.9,24.6,23.3,22.4

IR (ATR): 2947, 2915, 2883, 2857, 1734, 1632, 1585, 1455, 1392, 1261, 1117, 1096, 1067, 1027,
1008 cm™

HRMS (ESI): calcd for C30H3,N,0,"’Br,Na [M+Na]": 633.0728, found: 633.0771

m.p. (plate): 156.9-158.9 °C

[a]*'p = +64° (¢ 0.74, CHCI,)

Br

X-ray crystallographic analysis of 29

1) PA(OH),/C, H, (1

(1 atm)
AcOE/MeOH (2:1), rt

2) BzCl, EtsN
THF, rt

13a 13b 30a (y. 28%) 30b (y. 33%)
Synthesis of 30a and 30b: Pearlman’s catalyst (wet 20% Pd(OH),/C, 9.7 mg, 6.90 umol) was added
to a solution of 13a and 13b (9.8 mg, 0.023 mmol) in AcOEt (0.2 mL) and MeOH (0.4 mL) at room
temperature under argon atmosphere. Then, the reaction mixture was vigorously stirred for 7 hours at
room temperature under 1.0 atm pressure of hydrogen atmosphere. The reaction mixture was filtered
through a pad of Celite”, and the filtrate was concentrated under reduced pressure to afford the crude
product as a yellow solid, which was used in the next reaction without purification. To a solution of
the above product and Et;N (25.6 pL, 0.184 mmol) in THF (0.5 mL) was added benzoyl chloride

(10.6 puL, 0.092 mmol) at 0 °C under argon atmosphere. After stirring at the room temperature for 45
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min, the reaction mixture was quenched by adding water at 0 °C. The aqueous layer was extracted
three times with CHCI;. The combined organic layers were washed with brine, dried over Na,SO,,
filtered, and evaporated under reduced pressure. The residue was purified by silica gel MPLC
(EtOAc/n-hexane = 20/80) to afford 3.0 mg (28%) of 30a as a white solid and 3.5 mg (33%) of 30b as
a white solid. Recrystallization of 30b from a mixed solvent of n-hexane/Et,0O under ambient
temperature gave a suitable crystal for X-ray analysis.

Compound 30b: 'H NMR (CDCls, 600 MHz, 50 °C)

0: 7.54-7.52 (m, 2H), 7.48-7.46 (m, 2H), 7.43-7.35 (m, 6H), 3.89 (dt, J = 12.0, 4.5, 4.5 Hz, 1H), 3.55
(m, 1H), 3.31 (m, 1H), 2.83 (br d, J = 17.3 Hz, 1H), 2.77 (dd, J = 14.6, 5.5 Hz, 1H), 2.74-2.67 (m,
2H), 2.20 (dd, J = 14.6, 7.4 Hz, 1H), 2.11 (m, 1H), 2.02-1.86 (m, 6H), 1.74 (d, J = 17.6 Hz, 1H),
1.67-1.58 (m, 1H), 1.54-1.49 (m, 2H), 1.23 (m, 1H), 1.06 (d, /= 7.1 Hz, 3H)

C NMR (CDCl, 150 MHz, 50 °C)

0:173.6, 170.7, 139.6, 137.5, 134.7, 130.4, 129.7, 128.4, 128.3, 128.0, 127.4, 127.1, 64.1, 47.5, 46.5,
41.7,41.3,37.9,32.9,32.8,26.8,26.2,25.6, 24.4,23.0,22.9

IR (ATR): 3059, 2996, 2923, 2857, 1631, 1578, 1445, 1380, 1348, 1268, 1213, 1201, 1134, 1114,
1104, 1072, 1018 cm™

HRMS (ESI): caled for C30H3,N,O,Na [M+Na]": 477.2518, found: 477.2518

m.p. (plate): 134.4-135.5 °C

[a]**p =—-281° (¢ 0.039, CHCl;)

X-ray crystallographic analysis of 30b
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Pd(OH)./C, H, (1 atm), Boc,O

AcOEY/MeOH (2:1), rt

13a

31a (y. 55%) 31b (y.21%)
Synthesis of 31a and 31b: Pearlman’s catalyst (wet 20% Pd(OH),/C, 168.0 mg, 20 mol%) and Boc,O
(1.6 mL, 7.20 mmol) were added to a solution of 13a and 13b (511.3 mg, 1.20 mmol, 13a:13b=1.9:1)
in AcOEt (4 mL) and MeOH (2 mL) at room temperature under argon atmosphere. Then, the reaction
mixture was vigorously stirred for 21 hours at room temperature under 1.0 atm pressure of hydrogen
atmosphere. The reaction mixture was filtered through a pad of Celite®, and the filtrate was eluted
through an amino-silica gel short column (AcOEt/n-hexane = 40/60). The eluate was concentrated
under reduced pressure, and the residue was purified by silica gel medium pressure liquid
chromatography (MPLC) (AcOEt/n-hexane = 5/95) to afford 295.6 mg (55%) of 31a as a colorless oil
and 116.3 mg (21%) of 31b as a white solid.

Compound 31a: '"H NMR (600 MHz, CDCl;, 50 °C)

6:4.11 (d, J=12.4 Hz, 1H), 3.61 (m, 1H), 3.27 (m, 1H), 2.94 (dd, J = 18.2, 6.5 Hz, 1H), 2.81 (dd, J =
13.7, 3.4 Hz, 1H), 2.46 (t, J = 12.0 Hz, 1H), 2.06 (m, 1H), 1.96 (d, J = 18.6 Hz, 1H), 1.84-1.70 (m,
S5H), 1.62-1.44 (m, 7H), 1.47 (s, 9H), 1.44 (s, 9H), 1.18 (td, /= 12.6, 3.7 Hz, 1H), 0.91 (d, J = 6.9 Hz,
3H)

C NMR (150 MHz , CDCls, 55 °C)

0:155.9, 154.2,135.7, 122.9, 80.1, 79.1, 64.6, 45.2, 44.5, 44.4, 44.0, 43.3, 34.8, 31.6, 28.6, 28.5, 27.8,
27.2,25.6,24.0,22.4,21.8

IR (ATR): 2973, 2926, 2867, 1695, 1455, 1363, 1250, 1155, 1137, 1119, 1081 cm’’

HRMS (ESI): calcd for CysH4N,04Na [M+Na]™: 469. 3042, found: 469.3019

[a]*p=+57° (¢ 0.60, CHCI5)

1) TFA
CH,Cly, 1t

2) AcCl, EtsN

THF, -78 °C

y. 88% (2 steps)
31a (+)-Flabellidine (2)

Synthesis of (+)-Fabellidine (2): To a solution of 31a (41.9 mg, 0.0939 mmol) in CH,Cl, (1 mL) was
added TFA (205.0 puL, 2.818 mmol) at 0 °C under argon atmosphere. After stirring for 1 hour at room
temperature, the reaction mixture was evaporated under reduced pressure. The residue was eluted
through an amino-silica gel short column (EtOAc/n-hexane = 50/50) to give crude product as a pale

yellow solid, which was subjected to the next reaction without further purification. To a solution of
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the above product in THF (1 mL) were added Et;N (39.2 uL, 0.376 mmol) and AcCl (6.6 uL, 0.094
mmol, in 0.5 mL THF) at —78 °C under argon atmosphere. After stirring for 3 hours at the same
temperature, the reaction was quenched by adding MeOH at —78 °C, and then the mixture was
evaporated under reduced pressure. The residue was purified by amino-silica gel open column
chromatography (AcOEt/n-hexane = 70/30) to afford 24.0 mg (88%, 2 steps) of Flabellidine (2). The
spectroscopic data of natural Flabellidine (2) have not been reported in the original papers. Thus, we
prepared the benzamide derivative 34, and then confirmed its structure by X-ray crystallographic
analysis.

Compound 2: 'H NMR (C¢Ds, 600 MHz, 75 °C)

0: 3.41 (br-s, 1H), 3.08 (d, J = 17.2 Hz, 1H), 2.83 (m, 1H), 2.62 (d, J = 13.1 Hz, 1H), 2.35 (td, J =
12.4,2.7 Hz, 1H), 1.96 (d, J = 17.9 Hz, 1H), 1.84 (s, 3H), 1.84 (m, 1H), 1.74-1.73 (m, 2H), 1.60 (m,
1H), 1.60-1.54 (m, 3H), 1.47-1.45 (m, 2H), 1.39-1.35 (m, 2H), 1.30 (d, /= 12.4 Hz, 1H), 1.19 (d, J =
13.1 Hz, 1H), 0.84 (d, J= 6.9 Hz, 3H), 0.73 (t, /= 12.0 Hz, 1H)

C NMR (150 MHz, C¢Ds, 75 °C)

0:168.5, 137.3,126.2, 56.3, 46.8,45.5,45.3, 44.4,43.0, 34.8, 32.2, 28.2, 26.9, 26.8, 24.8, 23.4, 22.3,
21.0

IR (ATR): 3312, 2915, 2851, 1645, 1436, 1395, 1258, 1134 cm’'

HRMS (ESI): calcd for CsH2N,0 [M+H]™: 289. 2279, found: 289.2303

UV A max (MeOH) nm: 236.5

[a]”p=+54° (¢ 0.22, CHCI))

Compound 34: "H NMR (CsDg, 400 MHz, 75 °C)

8: 7.53-7.51 (m, 2H), 7.13-7.12 (m, 3H), 3.64 (dd, J = 13.7, 4.1 Hz, 1H), 3.43 (d, J = 13.3 Hz, 1H),
3.33-3.26 (m, 2H), 2.84 (m, 1H), 2.63-2.45 (m, 2H), 1.95 (d, J = 17.9 Hz, 1H), 1.88-1.82 (m, 2H),
1.82 (s, 3H), 1.71 (br-s, 1H), 1.65-1.37 (m, 7H), 1.26 (d, J = 12.4 Hz, 1H), 1.17-1.09 (m, 2H), 0.93 (d,
J=6.4Hz, 3H)

C NMR (150 MHz, C¢Ds, 70 °C)

8: 173.1, 168.6, 140.6, 138.0, 129.5, 127.6, 124.6, 65.4, 47.6, 46.1, 44.7, 43.7, 43.5, 35.2, 31.8, 27.5,
27.2,26.0,24.6,23.3,23.2,22.5

IR (ATR): 2922, 2864, 1636, 1444, 1387, 1368, 1269, 1198, 1104, 1026 cm™

HRMS (ESI): caled for C,sH33N,0, [M+H]": 393.2542, found: 393.2505

m.p. (plate): 166.2-166.6 °C

[a]*p=+116° (¢ 0.56, CHCl;)
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1) TFA
CH,Cly, rt

2)IBX
DMSO, 45 °C

. 62% (2 steps
31a y-62% (2steps) T\ Veodine (1)

Synthesis of (—)-lycodine (3): To a solution of 31a (6.0 mg, 0.0135 mmol) in CH,Cl, (0.2 mL) was
added TFA (30.0 pL, 0.4036 mmol) at 0 °C under argon atmosphere. After stirring for 1 hour at room
temperature, the reaction mixture was evaporated under reduced pressure. The residue was eluted
through an amino-silica gel short column (AcOEt/n-hexane = 50/50) to give crude product as a pale
yellow solid, which was subjected to the next reaction without further purification. IBX (8.3 mg,
0.0297 mmol) was added to a solution of the above product in DMSO (0.8 mL) at room temperature.
The resulting mixture was heated at 45 °C and stirred for 4 hours under argon atmosphere. The
reaction was quenched by adding saturated aqueous Na,S,0; and AcOEt at 0 °C, and the resulting
suspension was stirred for 5 min. Then, saturated aqueous NaHCO; was added. After separation of the
two layers, the aqueous layer was extracted three times with AcOEt. The combined organic layers
were washed with brine, dried over Na,SO,, filtered, and evaporated under reduced pressure. The
residue was purified by amino-silica gel open column chromatography (AcOEt/n-hexane = 2/98) to
afford 2.0 mg (62%, 2 steps) of Lycodine (1) as a white solid, which was completely identical in all
respects with the natural product.

Compound 1: '"H NMR (CD;0D, 400 MHz)

0: 8.30 (dd, J=4.9, 1.6 Hz, 1H), 7.91 (dd, J = 8.1, 1.8 Hz, 1H), 7.28 (dd, J= 7.9, 4.9 Hz, 1H), 3.15
(dd, J=18.9, 7.1 Hz, 1H), 2.75 (dddd, J = 12.6, 3.9, 2.0, 2.0 Hz, 1H), 2.68 (d, J = 18.7 Hz, 1H), 2.42
(td, J=12.4,2.9 Hz, 1H), 2.12 (td, J = 6.6, 3.2 Hz, 1H), 1.80 (m, 1H), 1.71 (dt, /= 12.8, 2.9 Hz, 1H),
1.65 (dt, J=13.0, 4.3 Hz, 1H), 1.59-1.54 (m, 2H), 1.48 (ddd, J = 12.1, 3.7, 1.7 Hz, 1H), 1.39 (td, J =
12.6, 3.8 Hz, 1H), 1.31 (t,J=11.9 Hz, 1H), 1.21-1.09 (m, 2H), 0.80 (d, /= 6.6 Hz, 3H)

C NMR (CD;0D, 100 MHz)
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8:159.6, 147.4, 137.7, 135.4,123.3, 57.7, 51.6, 44.8, 44.6, 42.0, 35.7, 34.8, 27.6, 27.2, 27.0, 22.4
IR (ATR): 3298, 2912, 1571, 1432, 1422, 1349, 1259, 1091, 1027 cm’

HRMS (ESI): caled for Ci¢Ha3N, [M+H]"™: 243.1861, found: 243.1862

UV A max (EtOH) nm: 276.0, 268.5, 203.0

[a]”p=—8° (¢ 0.92, EtOH)
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B _EREICHETOER

0 0 . 0
BnOH, PPhs, AcOH LiOH-H,0
EtO : = Eto)l\/\/OBn — Ho~ ~F 08"
A Toluene, 100 °C THF/H,0, rt
y. 76% y. 98%
Ethyl 2-butynoate 44 45
(o)
OJLNH

O o
. o o a7
PivCl, Et3N %OJI\/\/OBn n-BulLi, Ph o OJ\NJ\/\/OBn
46

THF, 0°C THF, 78 °C tort “—
y. 82% Ph
48

Synthesis of 44: Ethyl-2-butynoate (2.15 g, 19.0 mmol), benzyl alcohol (2.0 mL, 19.0 mmol),
triphenyl phosphine (251.5 mg, 0.95 mmol) and AcOH (0.22 mL, 3.80 mmol) were combined in
toluene (19.0 mL) and heated at 100 °C for 35 hours. After cooling to room temperature, water was
added and the mixture was extracted three times with AcOEt. The combined organics were dried over
Na,SO4 and concentrated to give a yellow oil that was purifed via silica gel flash column
chromatography (AcOEt/n-hexane = 30/70) thereby providing 44 as a clear, colourless oil (3.20 g,
80%).

Compound 44: 'H NMR (CDCls, 400 MHz, rt)

0: 7.39-7.28 (overlapped, SH), 6.99 (dt, /= 15.7, 4.2 Hz, 1H), 6.13 (dt, J = 15.7, 2.0 Hz, 1H), 4.57 (s,
2H), 4.23-4.18 (overlapped, 4H), 1.29 (t,J= 7.1 Hz, 3H)

The data was identified with that of reported.

Synthesis of 45: Ester 44 (1.06 g, 5.19 mmol) was dissolved in THF (10 mL) and H,O (5 mL).
Lithium hydroxide (1.06 g, 26.0 mmol) was added as a solid at room temperature and mixed for 18.5
hours. The solution was diluted with H,O and concentrated in vacuo. The solution was washed with
ether and the aqueous layer acidified carefully with conc. HCI. The acidic solution was saturated with
salt and was extracted three times with Et,0. The combined organic layers were dried over Na,SO4
and concentrated to give 45 as a white solid (984.7 mg, 98%).

Compound 45: 'H NMR (CDCls, 400 MHz, rt)

0: 10.6 (br s, 1H), 7.38-7.28 (overlapped, 5H), 7.09 (dt, J = 15.9, 4.0 Hz, 1H), 6.16 (dt, J=15.7, 1.8
Hz, 1H), 4.58 (s, 2H), 4.20 (dd, J= 3.9, 2.1 Hz, 4H)

The data was identified with that of reported.

Synthesis of 48: To a stirred solution of 45 (2.95 g, 18.1 mmol) in THF (40 mL) at 0 °C was added
Et;:N (2.6 mL, 20.0 mmol) followed by PivCl (2.3 mL, 20.0 mmol). The resulting thick white

precipitate was stirred for 1.5 hours at 0 °C and thencooled to —78 °C. Meanwhile, a separate solution
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of 45 (3.65 g, 20.0 mmol) in THF (60 mL) was prepared. Upon cooling this solution to —78 °C,
n-BuLi (6.8 mL, 20.0 mmol, 1.63 M solution in n-hexane) of was added. The resulting solution was
transferred by cannula to the flask containing the mixed anhydride. The mixture was stirred for 1 hour
at —78 °C and then for 30 min at 0 °C before quenching by addition of saturated aqueous sodium
bicarbonate. The layers were separated, and the aqueous layer was extracted three times with AcOEt.
The combined organic layer was washed with brine, dried over Na,SO,, filtered and concentrated
under reduced pressure. The residue was purified via recrystallization from Et,O/n-hexane to provide
48 as a white solid (5.03 g, 82%).
Compound 48: 'H NMR (CDCls, 400 MHz, rt)
0: 7.39-7.26 (overlapped, 10H), 7.54 (dt, J = 15.5, 1.9 Hz, 1H), 7.07 (dt, J = 15.6, 4.5 Hz, 1H), 5.47
(dd, J = 8.6, 3.8 Hz, 1H), 4.68 (t, J = 8.8 Hz, 2H), 4.56 (s, 2H), 4.26 (dd, J = 8.8, 4.0 Hz, 1H), 4.20
(dd,J=4.4, 1.8 Hz, 2H)
C NMR (CDCl;,100 MHz, rt)
0: 164.2, 153.5, 146.6, 138.9, 137.6, 129.1, 128.6, 128.4, 127.73, 127.68, 125.9, 120.2, 72.7, 69.9,
68.9, 57.6

The data was identified with that of reported.

o o A~ SnBuy o o :/OBn
TiCly (2 eq. PN
OJ\NJ\%S\/OBn 4(2eq) OJLN N
\ CH,Cl,, -78°C {
Ph Ph
48 49
dr >20:1

Synthesis of 49: To a stirred solution of 48 (4.0 g, 11.8 mmol) in CH,Cl, of 170 mL (0.07 M
with respect to the X was slowly added TiCls (23.6 mL, 23.6 mmol, 1.0 M in CH,Cl,) at —
78 °C under argon atmosphere. After stirring for 30 minutes at the same temperature,
Allyltrbutylstannane (11.0 mL, 35.4 mmol) was added, and the reaction mixture was stirred
at the same temperature for 3 hours. The reaction was quenched by adding saturated aqueous
NH,4Cl and warmed to room temperature. The organic layer removed, and the aqueous phase
was extracted three times with CHCIs. The combined organic layers were washed with brine,
dried over Na,;SQy, filtered, and evaporated under reduced pressure. The residue was purified
by silica gel flash column chromatography (AcOEt/n-hexane = 35/65, then 60/40) to afford
3.44 g (76%) of a diastereomixture (>20:1) of 49 as a white solid.

Compound 49: "H NMR (400 MHz, CDCl;, rt)

8: 7.39-7.23 (ovelapped, 10H), 5.73 (m, 1H), 5.27 (dd, J = 8.4, 3.7 Hz, 1H), 5.01 (m, 1H), 4.97 (m,
1H), 4.51 (t, J = 8.8 Hz, 1H), 4.39 (s, 2H), 4.18 (dd, J = 8.8, 3.7 Hz, 1H), 3.42 (dd, /= 9.2, 5.1 Hz,
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1H), 3.33 (dd, J = 9.3, 6.8 Hz, 1H), 3.03 (dd, J = 16.5, 6.6 Hz, 1H), 2.96 (dd, J = 16.7, 6.8 Hz, 1H),
2.20 (ovelapped, 2H), 2.36 (m, 1H)

C NMR (100 MHz, CDCl;, rt)

8: 172.0, 153.7, 139.2, 138.5, 136.0, 129.1, 128.6, 128.3, 127.6, 127.5, 125.8, 116.8, 72.9, 72.4, 69.8,
57.6,37.4,35.8,34.8

The data was identified with that of reported.

Bn

JOL i ;/o BuLi, EtSH g O
H n-buLl, H
o NJ\/15\/\ T Es - X
\__( THF, =78 °C
Ph y. 98% 42

49
Synthesis of 42: To a stirred solution of Ethanethiol (1.4 mL, 18.1 mmol) in THF (100 mL) was
slowly added n-BuLi (6.8 mL, 18.1 mmol, 2.65 M solution in n-hexane) at —78 °C under argon
atmosphere. After stirring for 50 minutes at the same temperature, the 49 (3.44 g, 9.07 mol) was
added as a solution in THF (20 mL) via cannula followed by a THF rinse (5 mL), and the reaction
mixture was stirred at the same temperature for 1 hours and then for 30 min at room temperature. The
reaction mixture was diluted with Et,O, and the resulting solution was washed sequentially with 1 N
NaOH and brine, dried over Na,SO,, filtered, and evaporated under reduced pressure. The residue
was purified by silica gel flash column chromatography (AcOEt/n-hexane = 30/70) to afford 2.48 g
(98%) of 42 as a clear oil.
Compound 42: "H NMR (400 MHz, CDCl;, rt)
0: 7.36-7.25 (ovelapped, 5H), 5.74 (m, 1H), 5.05 (m, 1H), 5.01 (m, 1H), 4.50 (d, J = 12.1 Hz, 1H),
4.46 (d, J=12.1 Hz, 1H), 3.42 (dd, J=9.3, 5.3 Hz, 1H), 3.37 (dd, J= 9.5, 5.9 Hz, 1H), 2.86 (q, J =
7.4 Hz, 2H), 2.67 (dd, J = 15.2, 7.1 Hz, 1H), 2.56 (dd, J = 15.2, 6.4 Hz, 1H), 2.34 (m, 1H), 2.21(m,
1H), 2.11 (m, 1H), 1.23 (t, J= 7.5 Hz, 3H)
C NMR (100 MHz, CDCl;, rt)
0:198.9, 138.4,135.8, 128.3, 127.5, 127.47, 117.1, 73.0, 71.9, 45.5, 36.0, 35.5, 23.3, 14.7

52
o OBn | ~~~-NBnBoc o :/OBn
EtS J\/\/\ Zn, THF, 55 °C > BocBnN /\/\)J\/\/\
42 then PdCIy(PPhgs); (1 mol%) 40
Toluene, rt
y. 94%

Synthsis of 40: To a suspension of zinc powder (140.4 mg, 2.16 mmol) in THF (0.2 mL) was added
1,2-dibromoethane (5.6 pL, 64.8 pmol) and the mixture was heated to reflux for 3 min. After the
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mixture was cooled to room temperature, chlorotrimethylsilane (5.4 pL, 43.2 umol) was added, and
the slurry was stirred for 15 min. THF (0.5 mL) solution of 52 (420.1 mg, 1.08 mmol) was added at
room temperature. After the mixture was stirred at the 55 °C for 1.5 hours, it was cooled to room
temperature. The mixture was added to premixed solution of solution of 42 (150.0 mg, 0.54 mmol)
and PdCl,(PPh;), (3.8 mg, 1 mol%) in Toluene (1 mL) over 3 min, and the reaction mixture was
further sttired for 3 hours. To the mixture was added 1N HCI (20 mL) and the aqueous layer is
extracted three times with AcOEt. The organic phases are mixed and the organic layers were washed
with saturated aqueous NaHCO; and brine, dried over Na,SO,, filtered, and concentrated under
reduced pressure. The residue was purified by silica gel flash column chromatography (AcOEt
/n-hexane=10:90, then 20/80) to give 40 (244.6 mg, 94%) as a pale yellow oil.

Compound 40: "H NMR (400 MHz, CDCl;, 55 °C)

0: 7.32-7.19 (overlapped, 10H), 5.72 (m, 1H), 5.01 (br d, /=9.0 Hz, 1H) 4.97 (br s, 1H), 4.43 (s, 2H),
4.40 (br s, 2H), 3.40 (dd, J = 9.4, 4.8 Hz, 1H), 3.32 (dd, J = 9.6, 6.0 Hz, 1H), 3.14 (br s, 2H),
2.37-2.30 (overlapped, 4H), 2.45 (q, J = 9.0 Hz, 1H), 2.16 (quin, J = 6.8 Hz, 1H), 2.03 (quin, J = 6.9
Hz, 1H), 1.45 (overlapped, 13H)

C NMR (100 MHz , CDCls, 55 °C)

0:209.8, 155.8, 138.7, 138.6, 136.3, 128.4, 128.3, 127.5, 127.47, 127.1, 116.6, 79.6, 73.1, 72.7
50.3,46.3,44.4,42.9,36.0,34.4,28.5,27.6,21.0

IR (ATR): 2969, 2941, 1698, 1472, 1416, 1364, 1241, 1160 cm’

BnNH, a SMy*BHs
[ HO NHBn J— - Ho/\/\/NHBn
070770 1 4.dioxane THF
Succinic 80°c 53 © reflux 54
0, 0,
Anhydrige Y- 91% y-70%
BOCZO PPh3, |2, im.
R — HO /\/\/NBnBOC —_— | /\/\/NBHBOC
CH,Cl, CH,Cl,
quant. S1 y. 98% 52

Synthesis of 53: Succinic anhydride (3.0 g, 30.0 mmol) was dissolved into 1,4-dioxane (20 mL),
and Benzylamine (3.28 mL, 30.0 mmol) in 1,4-dioxane (20 mL) were slowly added. The solution was
warmed at 80 °C for 30 min, and the 53 crystallized by cooling. The white crystals were filtered off,
dried, and recrystallized from dioxane to provide 5.71 g (91%) of 53.

Compound 53: "H NMR (400 MHz, DMSO d, rt)

0:12.1 (br s, 1H), 8.39 (t, J= 5.7 Hz, 1H), 7.35-7.23 (overlapped, SH), 4.29 (m, 2H), 2.50 (m, 2H)
C NMR (100 MHz , DMSO d, rt)
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173.9,171.0, 139.6, 128.2, 127.1, 126.7, 42.0, 30.0, 29.1
The data was identified with that of reported.

Synthesis of 54: To a stirred solution of 53 (130.4 mg, 0.63 mmol) in THF (1.2 mL) was carefully
added BH;*SMe, (10 M, 0.32 mL, 3.15 mmol) in order to contain the gas evolution. After complete
addition, the reaction mixture is heated to reflux for 19.5 h. The reaction is then cooled to 0 °C and
carefully quenched with a 3N KOH solution in order to contain the gas evolution. The solution is then
stirred for 1 h at room temperature. The aqueous layer is extracted three times with CH,Cl,. The
organic phases are mixed, dried over Na,SOy, filtered, and concentrated under reduced pressure to
afford a colorless oil. Purification by acid base extraction using 1N HCI and 3N KOH afforded 79.3
mg (70%) of 54 as a colorless oil.
Compound 54: "H NMR (400 MHz, CDCl;, rt)
0: 7.36-7.24 (overlapped, 5H), 3.79 (s, 2H), 3.60 (m, 2H), 2.71 (m, 2H), 1.73-1.61 (overlapped, 4H)
C NMR (100 MHz , CDCls, rt)
0:139.2,128.6, 128.3, 127.3, 62.7, 53.8, 49.2, 32.5, 28.7

The data was identified with that of reported.

Synthsis of S1: To a solution of 54 (8.0 g, 44.7 mmol) in CH,Cl, (40 mL) was Boc,O (9.8 mL, 45.1
mmol) at 0 °C under argon atmosphere. After stirring for 2 hours at room temperature, the reaction
mixture was extracted three times with CHCI; and water. The combined organic layers were washed
with brine, dried over Na,SO,, filtered, and evaporated under reduced pressure. The residue was
purified by amino-silica gel open column chromatography (AcOEt/n-hexane =50/50) to afford 12.0 g
(96%) of S1 as a clear oil.

Compound S1: 'H NMR (400 MHz, CDCl;, 55 °C)

0. 7.32-7.21 (m, 5H), 4.42 (s, 2H), 3.60 (m, 2H), 3.21 (br s, 2H), 1.72-1.46 (overlapped, 4H), 1.46 (s,
9H)

C NMR (100 MHz , CDCls, 55 °C)

0:155.9, 138.7,128.4, 127.4, 127.1,79.7, 62.5, 50.4, 46.4, 29.9, 28 4, 24.5

Synthsis of 52: To a stirred solution of S1 (12.0 g, 43.0 mmol) in CH,Cl, (300 mL) was added PPh;
(17.0 g, 0.065 mmol), imidazole (5.9 g, 0.087 mmol, 2 equiv), and iodine (16.4 g, 0.065 mmol). The
reaction is heated to reflux for 12 h after what it is cooled to room temperature and transferred into a
separatory funnel. The organic layer is washed with a saturated solution of Na,S,0; and the aqueous

layer is back extract three times with CHCI;. The organic phases are mixed, dried over Na,SOy,
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filtered, and concentrated under reduced pressure to afford a yellow oil. Purification on silica gel flash
column chromatography (AcOEt/n-hexane=20/80) to afford 16.5 g (98%) of 52 as a clear oil.
Compound 52: "H NMR (400 MHz, CDCl;, 55 °C)

0: 7.32-7.21 (overlapped, 5H), 4.42 (s, 2H), 3.16 (br s, 2H), 3.14 (t, J = 7.0 Hz, 2H), 1.77 (quin, J =
7.2 Hz, 2H), 1.59 (quin, J = 7.2 Hz, 2H), 1.47 (s, 9H)

C NMR (100 MHz , CDCls, 55 °C)

0: 155.8, 138.5,128.5, 127.5, 127.1, 79.7, 50.3, 45.4, 30.8, 29.0, 28.5, 5.9

1”™~"CN 58
(o] DCC, EtSH, DMAP o Zn, THF, 55 °C o

/\)I\o - /\)]\S g /\)I\/\/CN
H CH,Cly, rt Bt then PdCI,(PPha), (2.5 mol%)
Crotonic acid y. 65% 57 Toluene, rt 41

y. 56%

Synthesis of 57: Dicyclohexyl carbodiimide (DCC) (12.6 g, 61.0 mmol) was added at 0 °C to a
solution of crotonic acid (5.0 g, 58.1 mmol), EtSH (4.7 mL, 63.9 mmol) and DMAP (710.0 mg, 5.81
mmol) in CH,Cl, (200 mL) and the resulting mixture was allowed to warm to room temperature
overnight. The mixture was then filtered through Celite® and the filter cake was washed with CH,Cl,.
The filtrate was washed with a saturated aqueous NaHCO; solution and brine, then dried over MgSO4,
concentrated under reduced pressure and the residue was purified by silica gel flash column
chromatography (Et,O /n-hexane=2:98) to give 57 (3.34 g, 65%) as a pale yellow oil.
Compound 57: "H NMR (400 MHz, CDCl;, rt)
0:6.90 (dq, J=15.4, 6.8 Hz, 1H), 6.13 (dq, J = 15.4, 1.7 Hz, 1H), 2.94 (q, J= 7.4 Hz, 2H), 1.88 (dd, J
=6.8,1.6 Hz, 3H), 1.28 (t, /= 7.3 Hz, 3H)

The data was identified with that of reported.

Synthesis of 41: To a suspension of zinc powder (200.0 mg, 3.07 mmol) in THF (0.2 mL) was added
1,2-dibromoethane (8.0 puL, 92.2 pmol) and the mixture was heated to reflux for 3 min. After the
mixture was cooled to room temperature, chlorotrimethylsilane (8.0 pL, 61.5 pmol) was added, and
the slurry was stirred for 15 min. THF (0.5 mL) solution of 58 (298.4 mg, 1.53 mmol) was added at
room temperature. After the mixture was stirred at the 55 °C for 5 hours, it was cooled to room
temperature. The mixture was added to premixed solution of solution of 57 (100.0 mg, 0.77 mmol)
and PdCIy(PPh;), (13.5 mg, 2.5 mol%) in Toluene (1 mL), and the reaction mixture was further sttired
for 17 hours. To the mixture was added 1N HCI (20 mL) and the aqueous layer is extracted three
times with AcOEt. The organic phases are mixed and the organic layers were washed with

saturated aqueous NaHCOj; and brine, dried over Na,SOy, filtered, and concentrated under reduced
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pressure. The residue was purified by silica gel flash column chromatography (AcOEt
/n-hexane=30:70) to give 41 (59.1 mg, 56%) as a yellow solid.
Compound 41: "H NMR (400 MHz, CDCl;, rt)
0:6.91 (dq, J=15.6, 6.8 Hz, 1H), 6.14 (dq, J=15.7, 1.6 Hz, 1H), 2.74 (t, J= 6.8, 2H), 2.45 (t, J= 7.0
Hz, 2H), 1.98 (quin, J = 6.9 Hz, 2H), 1.93 (dd, /= 6.8, 1.8 Hz, 3H)
C NMR (100 MHz , CDCls, rt)
0:198.1, 143.5,131.6, 119.4,37.4,19.5, 18.3, 16.5
The data was identified with that of reported.

o
A ACN
41 (3 eq.)
o _/OBn 2nd.-(.5rubbs cat. (5 mol%) o :/OBn o
/\/\)]\/-\/ T(EPrO)s (20 mol%) /\/\)J\/?\/\/U\/\/CN
\ >
BocBnN X CH,Cl,, 40°C BocBnN X
40 y. 70% 36
2nd-Grubbs cat. (5 mol%) o
Ti(i-PrO)4 (20 1% /\)l\/\/\
¢ C:-i )él( 4(;noc ! > NBnBoc ~0Bn
2Clp, 40° o = o
Y. 88% Pees /\/\)I\/\/\/U\/\/\
> BocBnN 15 A NBnBoc
60

Synthesis of 36: 2" generation Grubbs catalyst (21.2 mg, 5 mol%) and Ti(i-PrO), (30.0 xL, 0.10
mmol) were added to a solution of 40 (239.8 mg, 0.50 mmol) and 41 (207.4 mg, 1.50 mmol) in
degassed CH,Cl, (5 mL). The reaction mixture was stirred at 40°C for 6 hours and the reaction
mixture was concentrated under reduced pressure. The obtained crude product was purified by silica
gel flash column chromatography (AcOEt /n-hexane=20:80, then 40:60) to give 36 (200.8 mg, 70%)
as a brown oil.

Compound 36: "H NMR (400 MHz, CDCl;, 55 °C)

0: 7.34-7.19 (overlapped, 10H), 6.78 (dt, /= 15.4, 7.7 Hz, 1H), 6.06 (d, J=15.7 Hz, 1H), 4.44 (s, 2H),
4.40 (br s, 2H), 3.37 (dd, J=9.3, 4.9 Hz, 1H), 3.34 (dd, J=9.3, 5.3 Hz, 1H), 2.65 (t, J = 6.8 Hz, 2H),
2.52 (dd, J = 16.3, 6.4 Hz, 1H), 2.47-2.37 (overlapped, 1H), 2.39 (t, J = 7.0 Hz, 1H), 2.34-2.20
(overlapped, 5H), 1.93 (quin, J = 6.9 Hz, 2H), 1.447-1.45 (overlapped, 13H)

C NMR (100 MHz , CDCls, 55 °C)

209.1, 197.8, 155.8 , 145.7 138.7, 138.3, 131.6, 128.4, 127.7, 127.6, 127.4, 127.1, 119.1, 79.6, 73.2,
72.2,50.446.3,44.2,42.9,37.6,34.8, 34.1, 28.5, 27.6,21.0, 19.7, 16.5

IR (ATR): 2942, 2243, 1713, 1668, 1627, 1465, 1416, 1365, 1242, 1161 cm’

HRMS (ESI): caled for C3sH4N2OsNa [M+Na]": 597.3304, found: 597.3291
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Synthesis of 60: 2" generation Grubbs catalyst (2.0 mg, 5 mol%) and Ti(Oi-Pr), (3.0 uL, 9.0 gmol)
were added to a solution of 40 (21.6 mg, 45.1 ymol) and 59 (74.6 mg, 0.23 mmol) in degassed CH,Cl,
(045 mL). The reaction mixture was stirred at 40°C for 2 hours and the reaction mixture was
concentrated under reduced pressure. The obtained crude product was purified by silica gel flash
column chromatography (AcOEt /n-hexane=20:80, then 40:60) to give 60 (200.8 mg, 70%) as a
brown oil.

Compound 60: "H NMR (400 MHz, CDCl;, 55 °C)

0: 7.32-7.19 (overlapped, 15H), 6.71 (dt, /= 15.1, 7.6 Hz, 1H), 6.03 (d, J= 15.8 Hz, 1H), 4.43 (s, 2H),
4.41 (s, 2H), 4.40 (s, 2H), 3.37 (dd, J = 9.6, 5.5 Hz, 1H), 3.33 (dd, J = 9.0, 5.5, 1H), 3.16 (br s, 4H),
2.50 (dd, J=16.9, 5.5 Hz, 1H), 2.46-2.38 (3H, overlapped), 2.33-2.27 (overlapped, 4H), 2.21 (m, 1H),
1.55-1.45 (overlapped, 8H), 1.45 (s, 18H)

C NMR (100 MHz , CDCls, 55 °C)

0:209.1, 199.6, 155.8, 144.4, 138.7, 138.3, 131.9, 128.4, 128.3, 127.6, 127.4, 127.1, 79.6, 73.2, 72.2,
50.3,46.3,44.2,42.9,39.7,34.6, 34.1, 28.5,27.7,21.4,21.0

IR (ATR): 2969, 2942, 1697, 1670, 1464, 1414, 1364, 1159 cm’

|~~"~NBnBoc 61
(o) (o)

PS Zn, THF, 55 °C PO PN
-
SEt
then PdCI,(PPh3), (1.5 mol%) NBnBoc
57 Toluene, rt 59
Y. 43%

Synthesis of 59: 59 was prepared from compound 57 (465.4 mg, 3.58 mmol) and 61 (2.09 g, 5.37)
using the same procedure as that described for compound 64a. Pale yellow oil (517.8 mg, 43%).
Compound 59: "H NMR (400 MHz, CDCl;, 55 °C)

0: 7.31-7.20 (overlapped, 5H), 6.80 (dq, /= 16.0, 6.9 Hz, 1H), 6.10 (1H, m), 3.18 (2H, br s), 1.87 (dd,
J=6.9,1.4Hz, 3H),2.49 (t,J= 6.9 Hz, 2H), 1.58-1.46 (overlapped, 4H)

C NMR (100 MHz , CDCls, 55 °C)

0:199.8, 155.8, 142.0, 138.6, 131.9, 128.4, 127.4, 127.0, 79.5, 50.2, 46.2, 39.5, 28.4, 27.6, 21.4, 18.0
IR (ATR): 2969, 2939, 1697, 1670, 1472, 1416, 1364, 1242, 1159 cm’
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OBn

o o (+)-CSA
/\/\)J\/\/\/”\/\/\
BocBnN NBnBoc CH,Cl,
50 °C, 21h
60 y. 40%

62a:62b = 14.0:1.0
Poorly reproducibility

Synthesis of 62a and 62b: To a solution of 60 (8.5 mg, 0.011 mmol) in CH,Cl, (0.44 mL) was added
(+)-CSA (51.5 mg, 0.22 mmol) at 0 °C. Then, the reaction mixture was warmed to 50 °C and stirred
for 21 hours under argon atmosphere. The reaction was quenched by adding saturated aqueous
Na,CO; at 0 °C. The aqueous layer was extracted three times with CHCl;. The combined organic
layers were washed with brine, dried over Na,SO,, filtered, and evaporated under reduced pressure.
The residue was purified by silica gel flash column chromatography (AcOEt/n-hexane = 30/70) to
afford 2.4 mg (40%) of diastereomers 62a and 62b in a 14.0:1.0 ratio (the ratio of 62a and 62b was
determined by 'H NMR analysis) as a yellow oil. The diastereomers were inseparable and were
characterized together.

Compound 62a and 62b: '"H NMR (400 MHz, CDCl;)

0: (62a, key peaks) 7.40-7.19 (overlapped, 15H), 4.46 (s, 2H), 3.84 (d, J = 14.6 Hz, 1H), 3.29 (dd, J =
8.9, 6.2 Hz, 1H), 3.23 (dd, J=9.1, 6.4 Hz, 1H), 1.06 (t, J = 11.9 Hz, 1H), (62b, key peaks) 7.40-7.19
(overlapped, 15H), 4.50 (d, /= 10.1 Hz, 2H), 3.71 (d, J = 15.1 Hz, 1H), 3.53 (t, /= 8.9 Hz, 1H), 3.37
(dd,J=9.1,5.9 Hz, 1H)

C NMR (100 MHz , CDCl5)

0: (62a and 62b) 143.8, 143.6, 140.9, 140.8, 139.0, 138.9, 138.1, 136.9, 128.3, 128.0, 127.7, 127.5,
127.4, 127.3, 127.2, 127.1, 126.5, 126.0, 108.9, 108.7, 76.3, 76.2, 59.8, 58.2, 53.8, 53.5, 52.6, 51.5,
48.6, 48.4, 46.9, 46.7, 41.5, 40.7, 38.5, 37.7, 36.0, 34.4, 33.7, 33.4, 33.2, 33.1, 30.5, 30.2, 27.1, 26.9,
24.1,23.5,23.1,22.4,22.3,21.9

IR (ATR): 3022, 2920, 2844, 1628, 1491, 1449, 1352, 1320, 1174, 1069 cm’

Pd(OH),/C
H, (1 atm), Boc,0

EtOH/AcOEt (4:1), rt
then separation

63a (57%) 63b (9%)

62a:62b = 2.7:1

Synthesis of 63a and 63b: Pearlman’s catalyst (wet. 20% Pd(OH),/C, 37.5 mg, 46 mol%) and Boc,O
(232.0 pL, 1.07 mmol) were added to a solution of 63a and 63b (61.3 mg, 0.12 mmol, 63a:63b =
2.7:1.0) in AcOEt (0.5 mL) and MeOH (1 mL) at room temperature under argon atmosphere. Then,
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the reaction mixture was vigorously stirred for 24 hours at room temperature under 1.0 atm pressure
of hydrogen atmosphere. The reaction mixture was filtered through a pad of Celite®, and the filtrate
was eluted through an amino-silica gel short column (AcOEt). The eluate was concentrated under
reduced pressure, and the residue was purified by silica gel medium pressure liquid chromatography
(MPLC) (AcOEt/n-hexane = 15/85) to afford 36.8 mg (57%) of 63a as a colorless oil and 6.3 mg
(9%) of 63b as a colorless oil.

Compound 64a: 'H NMR (600 MHz, CDCl;, 55 °C)

0: 7.32-7.23 (overlapped, SH), 4.49 (d, J = 12.0 Hz, 1H), 4.46 (d, J = 12.0 Hz, 1H), 4.11 (br d, J =
13.1 Hz, 1H), 3.64 (m, 1H), 3.38 (dd, J = 8.9, 5.5 Hz, 1H), 3.28-3.24 (overlapped, 2H), 3.00 (dd, J =
17.9, 6.9 Hz, 1H), 2.85 (dd, J = 13.4, 2.4 Hz, 1H), 2.47 (t, 12.7 Hz, 1H), 2.05 (m, 1H), 1.98-1.95
(overlapped, 2H), 1.89 (br s, 1H), 1.80-1.75 (overlapped, 3H), 1.61-1.56 (overlapped, 4H), 1.47
(overlapped, 11H), 1.42 (s, 9H), 1.27 (td, J = 12.8, 3.9 Hz, 1H)

C NMR (150 MHz , CDCls, 55 °C)

0:155.9, 154.1, 139.0, 135.8, 128.2, 127.6, 127.3, 122.5, 80.2, 79.2, 76.8, 73.2, 64.3,45.2, 44.4, 44 3,
39.2,38.1,34.3,33.2,31.5, 28.6, 28.5, 27.8, 25.6, 24.0, 21.9

IR (ATR): 2923, 1698, 1652, 1362, 1249, 1152, 1082 cm’’

Compound 64b: 'H NMR (400 MHz, CDCls, 55 °C)

0: 7.33-7.26 (overlapped, SH), 4.49 (d, J = 11.9 Hz, 1H), 4.43 (d, J = 12.3 Hz, 1H), 4.10 (br d, J =
13.3 Hz, 1H), 3.70 (m, 1H), 3.39 (t, J = 8.9 Hz, 1H), 3.31 (dd, J = 8.5, 5.7 Hz, 1H), 3.06-3.00
(overlapped, 2H), 2.90 (d, J = 14.2 Hz, 1H), 2.37 (t, J = 11.9 Hz, 1H), 2.24 (br s, 1H), 2.18-2.08
overlapped, 2H), 1.88-1.85 (overlapped, 2H), 1.72 (overlapped, 4H), 1.64-1.53 (overlapped, 4H),
1.48-1.43 (overlapped, 20H)

OH
MsCl, EtzN
Pd/C, H, (1 atm) . Boc THF,0°C
63a — > |_lH‘ NT
EtOH, rt then LiBHEt;
v. 92% NBoc THF, rt
64a y-73%
H
MsCl, Et3N Me "
Pd/C, H, (1 atm) THF,0°C Boc
—_—— B — T N \''H
EtOH, rt then LiBHEt; ™ . H
THF, rt oc
y. 33% (2 steps)
64b 31b

Synthesis of 31a: 10% Pd/C (15.6 mg, 30 mol%) were added to a solution of 63a (27.0 mg, 0.049

mmol) in EtOH (0.2 mL) at room temperature under argon atmosphere. Then, the reaction mixture
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was vigorously stirred for 24 hours at room temperature under 1.0 atm pressure of hydrogen
atmosphere. The reaction mixture was filtered through a pad of Celite®, and the filtrate was
concentrated under reduced pressure, and the residue was purified by silica gel flash column
chromatography (AcOEt) to afford 20.8 mg (92%) of 64a as a colorless oil. To a stirred solution of
64a (9.9 mg, 0.0214 mmol) in dry THF (0.2 mL) were added Et;N (10.4 pL, 0.0749 mmol), MsCl
(5.0 uL, 0.0643 mmol) at 0 °C under argon atmosphere. After stirring at room temperature for 1 hour,
LiBHEt; (214.0 pL, 0.214 mmol) was added to the reaction mixture at 0 °C. After stirring at room
temperature for 1.5 hours, the reaction was quenched by adding 1N HCI aq. and the reactiom mixture
was diluted with CHCI;. After separation of the two layers, the aqueous layer was extracted three
times with CHCI;. The combined organic layers were washed with brine, dried over Na,SO,, filtered
and concentrated under reduced pressure. The residue was purified by silica gel flash column
chromatography (EtOAc/nHexane = 20/80, then 50/50) to afford 7.0 mg (73.6%) of 31a as colorless

oil.

Synthesis of 64b: 64b was prepared from compound 63b (6.0 mg, 0.011 mmol) using the same
procedure as that described for compound 64a. Crude product 64b (6.2 mg).

Synthesis of 31b: 31b was prepared from crude product 64b (6.2 mg) using the same procedure as
that described for compound 31a. White solid (33% in 2 steps).

OBn

o o (+)-CSA Y
/\/\)]\/:\/\/”\/\/CN — W/
BocBnN N CHCl, N N | OBn
36 50°C,1h Bn
y. 76%

38 65a,b

Synthesis of 65a,b: To a solution of 36 (16.0 mg, 0.0278 mmol) in CH,Cl, (0.56 mL) was added
(+)-CSA (64.7 mg, 0.278 mmol). Then, the reaction mixture was warmed to 80 °C and stirred for 17
hours under argon atmosphere. The reaction was quenched by adding saturated aqueous Na,CO; at
0 °C. The aqueous layer was extracted three times with CHCI;. The combined organic layers were
washed with brine, dried over Na,SO,, filtered, and evaporated under reduced pressure. The residue
was purified by amino-silica gel open column chromatography (AcOEt/n-hexane = 50/50) to afford
9.4 mg (74%) of diastereomers 65a,b in a 1.6:1.0 ratio (the ratio was determined by 'H NMR
analysis) as a yellow oil. The diastereomers were inseparable and were characterized together.

Compound 65a and 65b: "H NMR (600 MHz, CDCl;, rt)
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0: (65a, key peaks) 7.32-7.22 (overlapped, 10H), 4.15 (d, J = 15.1 Hz, 1H), 3.99 (d, J=15.1 Hz, 1H),
(65b, key peaks) 7.32-7.22 (overlapped, 10H), 4.21 (d, J=15.8 Hz, 1H), 3.92 (d, /= 15.8 Hz, 1H)

C NMR (150 MHz, CDCl;, rt)

5: (65a and 65b) 209.6, 140.3, 140.2, 138.5, 137.1, 136.5, 128.3, 128.1, 127.49, 127.47, 127.43,
127.38, 126.6, 119.3, 107.4, 106.3, 75.1, 73.0, 72.9, 53.9, 53.7, 48.4, 48.3, 48.27, 47.0, 41.2, 41.0,
36.7,34.8,34.5,33.2,30.8,30.7, 30.4, 26.6, 25.9, 21.8, 21.2, 19.2, 19.17, 16.4, 16.3

IR (ATR): 2943, 2921, 2831, 2243, 1714, 1363, 1180, 1073 cm'

HRMS (ESI): calced for C30H3;N,0, [M+H]":457.2855, found: 457.2856

OH TBSCI, Im. oTBS n-BulLi, Boc,0 oOTBS
—_——— > —_——
BocHN ™~ "> BocHN ™~ "> . Boc,N 7 ">
CH,Cly, rt THF,0°Ctort
75 y. 86% 76 77
TBAF I5, PPhg, Im.
/\/\/OH > /\/\/l
THE 1t Boc,N CH,Cly, 1t Boc;N
y. 84% (in 2 steps) 78 y. 90% 74

Synthesis of 76: Imidazole (3.6 g, 0.053 mol) and TBSCI (6.0 g, 0.040 mol) were sequentially added
to a stirred solution of commercially available alcohol 75 (5.0 g, 0.027 mmol) in CH,CI, (130 mL) at
0 °C. The resulting mixture was stirred at room temperature for 2 h. Then saturated aqueous NH,CI
was added to the reaction mixture, which was further washed with brine. The organic solution was
dried over Na,SQO,, filtered, concentrated under reduced pressure, and the residue was purified by
silica gel column chromatography (AcOEt/n-hexane = 15/85) to afford 6.91 g (86%) of 76 as a
colorless oil.

Compound 76: 'H NMR (400 MHz, CDCl;, rt)

0: 4.68 (br s, 1H), 3.62 (m, 2H), 3.13 (m, 2H), 1.55-1.52 (overlapped, 4H), 1.44 (s, 9H), 0.89 (s, 9H),
0.04 (s, 6H)

Synthesis of 77: n-BuLi (7.5 mL, 0.0116 mol, 1.54 M solution in n-hexane) was added to a stirred
solution of 76 (3.2 g, 0.0106 mmol) in THF (20 mL) at °C. The reaction mixture was stirred for 1
hour at °C before the addition of a solution of Boc,O (2.8 mL, 0.0122 mmol) in THF (4.5 mL). The
resulting reaction mixture was warmed to room temperature and stirred for 3 h. Then Et,O (20 mL)
was added to dilute the reaction mixture, which was then washed with saturated aqueous NH4Cl and
brine. The organic solution was dried over Na,SO,, filtered, and concentrated giving the crude

product as a colorless oil (4.95 g), which was used for the next operation without further purification.
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Synthesis of 78: TBAF (17.0 mL, 0.017 mmol, 1.0 M in THF) was added slowly to a stirred solution
of the crude product 77 (4.95 g) obtained as above in THF (52 mL) at room temperature. The
resulting solution was stirred at room temperature for 8 h. Then Et,O was added to dilute the reaction
mixture, which was further washed with water and brine. The organic solution was dried over Na,SO,,
filtered, concentrated under reduced pressure, and the residue was purified by silica gel column
chromatography (AcOEt/n-hexane = 40/60) to afford 2.59 g (84%) of 78 as a colorless oil.
Compound 78: "H NMR (400 MHz, CDCl;, rt)
0:3.66 (2H, t, J=6.2 Hz), 3.60 (2H, t, /= 7.3 Hz), 1.66 (2H, m), 1.57 (2H, m), 1.50 (18H, s)
C NMR (CDCls, 100MHz, rt)
0:152.7,82.0, 62.3, 46.0, 29.6, 28.0, 25.3

The data was identified with that of reported.

Synthesis of 74: To a stirred solution of 78 (2.37 g, 8.20 mmol) in CH,Cl, (40 mL) was added PPh;
(3.2 g, 12.3 mmol), imidazole (1.1 g, 16.4 mmol), and iodine (3.1 g, 12.3 mmol). The reaction
mixture was stirred at room temperature for 18 hours under argon atmosphere. The organic layer is
washed with a saturated solution of Na,S,0; and the aqueous layer is back extract three times with
CHCIl;. The organic phases are mixed, dried over Na,SO,, filtered, and concentrated under reduced
pressure to afford a yellow oil. Purification on silica gel flash column chromatography
(AcOEt/n-hexane=5/95) to afford 2.96 g (90%) of 74 as a clear oil.

Compound 74: "H NMR (400 MHz, CDCl;, 55 °C)

0:3.60 (2H, t,J=7.3 Hz), 3.20 (2H, t, J=7.1 Hz), 1.84 (2H, m), 1.68 (2H, m), 1.51 (18H, s)

C NMR (CDCls, 100MHz, rt)

0:152.6, 82.3, 45.1, 30.8, 30.0, 28.1, 6.1

IR (ATR): 2978, 1733, 1713, 1693, 1365, 1347, 1246, 1220, 1169, 1122 cm™

74
/\/\/I
o /OBI'I Boc,N o _/OBn
J\/_\/\ Zn THR 99 7C /\/\)I\/-\/\
EtS = then " BocN N
42 PdCly(PPh3), (3.5 mol%) 79
Toluene, rt
y. 76%
o
A A~_CN
41 (3 eq.) (o] :/OBn (o}
2nd-Grubbs cat. (5 mol% /\/\)J\/\/\/U\/\/ N
( ) » Boc,N = ¢
CH,Cl,, 40 °C 7
y. 78%
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Synthesis of 79: 79 was prepared from 42 (48.5 mg, 0.17 mmol) and 74 (135.8 mg, 0.34 mmol) using
the same procedure as that described for compound 40. Pale yellow oil (63.6 mg, 76%).

Compound 79: '"H NMR (CDCls;, 400MHz, rt)

0: 7.36-7.26 (overlapped, 5H), 5.72 (m, 1H), 5.02 (m, 1H), 4.98 (m, 1H), 4.45 (s, 2H), 3.53 (t, /= 6.9
Hz, 2H), 3.40 (dd, J = 9.4, 4.8 Hz, 1H), 3.32 (dd, J = 9.1, 5.9 Hz, 1H), 2.48 (q, J = 9.0 Hz, 1H),
2.41-2.32 (overlapped, 4H), 2.17 (m, 1H), 2.03 (m, 1H), 1.54-1.50 (overlapped, 22H)

C NMR (CDCls, 100MHz, rt)

6: 210.0, 152.6, 138.4,136.3, 128.3, 127.55, 127.50, 116.7, 82.1, 73.0, 72.5, 46.0, 44.3, 42.9, 36.0,
34.2,28.5,28.1,20.8

IR (ATR): 2979, 1741, 1715, 1393, 1365, 1343, 1300, 1249, 1171, 1119 cm™

Synthesis of 71: 71 was prepared from 79 (60.1 mg, 0.123 mmol) and 41 (50.5 mg, 0.369 mmol)
using the same procedure as that described for compound 36. Brown oil (56.7 mg, 78%).

Compound 71: "H NMR (CDCls;, 600MHz, rt)

0. 7.34-7.32 (overlapped, 2H), 7.29-7.27 (overlapped, 3H), 6.78 (dt, J = 15.4, 7.7 Hz, 1H), 6.06 (d, J
= 15.8 Hz, 1H), 4.45 (s, 2H), 3.54 (t, J = 6.5 Hz, 2H), 3.36 (m, 2H), 2.65 (t, /= 6.9 Hz, 2H), 2.54 (dd,
J=16.8, 6.5 Hz, 1H), 2.46-2.30 (overlapped, 7H), 2.25 (m, 1H), 1.94 (m, 2H), 1.54 (overlapped, 4H),
1.49 (s, 18H)

C NMR (150 MHz, CDCl;, rt)

0: 209.0, 197.7, 152.8, 145.6, 138.3, 131.5, 128.3, 127.6, 119.1, 82.1, 73.1, 72.1, 45.9, 44.2, 42.9,
37.6,34.7,34.0,28.5,28.1, 20.8, 19.7, 16.5

IR (ATR): 2984, 2946, 1733, 1715, 1365, 1343, 1250, 1170, 1121 cm’’

HRMS: calcd for C33H4sN,O-Na [M+Na]": 607.3359, found 607.3357

Me Me
N
!Vle P-OH
Oy -Ptw
SoP e H
H—'OI\FI:—Me
Me me

0 _/OBn 0 Parkins catalyst lo) ~ fo) fo)

: 10 mol%)
PPN P P L. SN S U N ¢
BocBnN A BocBnN X NH

EtOH/H,0 (4:1) 2
36 70°C 83
y. 93%

Synthesis of 83: Parkins catalyst (15.1 mg, 20 mol%) was added to a solution of 36 (201.6 mg, 0.351
mmol) in ethanol (2.8 mL) and water (0.7 mL) at 24 °C. The resulting mixture was allowed to warm
to 70 °C. The reaction mixture was stirred and heated for 3 h at 70 °C. The product mixture was
cooled to room temperature. The product solution was then filtered through a short column containing

a layer of sodium sulfate on top of a layer of silica gel, eluting with AcOEt. The eluent was
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concentrated. The residue was purified by silica gel column chromatography (AcOEt, then
MeOH/AcOEt=5/95) to afford 193.4 mg (93%) of 83 as a colorless oil.

Compound 83: '"H NMR (CDCls;, 600MHz, 55 °C)

0: 7.33-7.19 (overlapped, 10H), 6.75 (dt, J = 15.4, 7.7 Hz, 1H), 6.05 (d, J= 15.8 Hz, 1H), 5.53 (br s,
1H), 5.31 (br s, 1H), 4.44 (s, 2H), 4.40 (s, 2H), 3.38-3.32 (overlapped, 2H), 3.15 (br s, 2H), 1.44 (s,
9H), 2.57 (t, J = 6.9 Hz, 2H), 2.50 (dd, J = 16.8, 6.5 Hz, 1H), 2.42 (quin, J = 6.2 Hz, 1H), 2.34-2.30
(overlapped, 4H), 2.23 (t,J = 7.2 Hz, 2H), 2.21 (m, 1H), 1.93 (quin, J = 7.1 Hz, 2H), 1.44 (overlapped,
13H)

C NMR (CDCls, 150MHz, 55 °C)

0:209.3, 199.6, 155.9, 145.1, 138.6, 138.3, 131.9, 128.5, 128.4, 127.7, 127.6, 127.4, 127.1, 79.7, 73.2,
72.3,50.4,46.3,44.3,42.9, 38.8, 34.8, 34.7, 34.1, 28.5, 27.6, 21.0, 19.9

IR (ATR): 3337, 3006, 2942, 1662, 1624, 1417, 1365, 1160, 1243 cm™’

(o} - o (o}

PP GG G Wi
BocBnN ~ NH

2 CH,Cly, 50 °C

NHBn NTsBn
TsCl, Et3N

BnO~ THF, rt Bno~
| then separation |
(o] N "0

H N H N

84a,b 85a: 32%
(Inseparable) 85b: 43%

Cyclization reaction of 84a,b: 84a,b was obtained from 83 (9.4 mg, 0.0158 mmol) using the same
procedure as that described for compound 13a,b. Yellow oil (2.6 mg, 35%, dr = 3.8:1).

Compound 84a and 84b: '"H NMR (CDCls, 600MHz, rt)

0: (84a, key peak) 7.36-7.24 (overlapped, 10H), 6.90 (br s, 1H), 4.51 (d,J=11.7 Hz, 1H), 4.44 (d, J =
11.7 Hz, 1H), 4.27 (dd, J = 14.1, 5.9 Hz, 1H), 3.78 (s, 2H), 3.32-3.25 (overlapped, 2H), (84b, key
peak) 7.36-7.24 (overlapped, 10H), 7.10 (br s, 1H), 4.45 (s, 2H), 4.35 (t, /= 6.5 Hz, 1H), 3.78 (s, 2H),
3.32-3.25 (overlapped, 2H)

C NMR (150 MHz, CDCl;, rt)

0: (84a and 84b) 170.5, 139.9, 138.4, 128.7, 128.43, 128.39, 128.2, 127.69, 127.63, 127.59, 127.0,
126.0, 115.5, 112.3,75.7, 74.3, 73.9, 73.3, 73.0, 72.6, 66.6, 65.4, 53.8, 49.1, 39.9, 38.5, 36.5, 35.6,
35.1,32.1, 31.0, 30.6, 30.2, 30.1, 30.0, 29.6, 21.2, 21.0, 20.9, 20.7

ESI-MS m/z: 475 [M+H]"
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Synthesis of 85a and 85b: To a solution of 84a and 84a (18.7 mg, 0.0395 mmol) in THF (0.4 mL)
were added Et;N (33.0 pL, 0.237 mmol) and TsCl (37.5 mg, 0.197 mmol) at 0 °C. After stirring for
3.5 hours at the room temperature, the reaction was quenched by adding H,O at 0 °C and the aqueous
layer is extract three times with CHCl;. The organic phases are mixed, dried over Na,SOy, filtered,
and concentrated under reduced pressure to afford crude product. Purification on silica gel medium
pressure liquid chromatography (MPLC) (AcOEt) to afford 8.1 mg (32%) of 85a as a white solid and
10.9 mg (43%) of 85b as a white amorphus.

Compound 85a: '"H NMR (CDCl;, 600MHz, rt)

0:7.71 (d, J = 8.2 Hz, 2H), 7.36-7.24 (overlapped, 12H), 6.97 (s, 1H), 4.50 (d, /= 11.7 Hz, 1H), 4.43
(d, J=11.7 Hz, 1H), 4.30-4.24 (overlapped, 2H), 4.22 (m, 1H), 3.30 (overlapped, 2H), 3.03 (t, J=7.6
Hz, 2H), 2.53 (m, 1H), 2.43 (s, 3H), 2.42 (overlapped, 2H), 2.07-2.02 (overlapped, 4H), 1.60 (dd, J =
13.4,7.2 Hz, 1H), 1.44 (overlapped, 2H), 1.34-1.18 (overlapped, 6H), 0.88 (m, 1H)

C NMR (CDCl;, 150MHz, rt)

0:170.6, 143.2, 138.4, 136.9, 136.6, 129.7, 128.5, 128.4, 128.2, 127.7, 127.2, 126.0, 115.3, 74.2, 73.0,
72.4,65.4,52.0,48.2,39.4,35.5,32.0,31.0, 30.0, 29.5, 28.5, 21.5, 20.6, 20.5

IR (ATR): 2957, 2916, 1666, 1385, 1337, 1310, 1259, 1155, 1087, 1034 cm™

HRMS (ESI): caled for C3;H4N,OsS [M+Na]": 651.2868, found: 651.2861

Compound 85b: '"H NMR (CDCls, 400MHz, rt)

0. 7.72 (overlapped, 2H), 7.34-7.24 (overlapped, 12H), 4.47 (s, 2H), 4.30 (m, 1H), 4.27 (s, 2H), 3.27
(dd, J = 8.9, 6.2 Hz, 1H), 3.22 (dd, J = 8.7, 6.9 Hz, 1H), 3.05 (t, J = 7.6 Hz, 2H), 2.64 (m, 1H),
2.46-2.42 (overlapped, 2H), 2.43 (s, 3H), 2.12-2.1.96 (overlapped, 3H), 1.70-1.63 (overlapped, 2H),
1.53-1.40 (overlapped, 3H), 1.37-1.25 (overlapped, 4H), 1.07 (t, J = 12.6 Hz, 1H), 0.96 (m, 1H)

C NMR (CDCls, 100MHz, rt)

0: 170.6, 143.2, 138.4, 136.8, 136.6, 129.7, 128.7, 128.5, 128.4, 128.2, 127.7, 127.6, 127.5, 127.2,
112.0, 75.6, 73.7, 73.2, 66.6, 52.0, 48.2, 38.0, 36.3, 35.1, 31.0, 30.5, 29.5, 28.6, 21.5, 20.8, 20.4

IR (ATR): 2941, 2916, 1666, 1379, 1337, 1214, 1156, 1075 cm’'

HRMS (ESI): caled for C37H4N,OsS [M+Na]™: 651.2868, found: 651.2860
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