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AChBP
ACh
AChR
aq
BINOL
Bn

Boc
BOX
br

brsm
BSA
Bu

Cat.
CBS
Chbz
ChAT
Conc.
COsYy

DABCO

DBU

DCM

dd

de

13-desMe SPX C
13,19-didesMe SPX C
DFT

DMAP

DME

DMF

DMS

a-Bungarotoxin
acetyl

acetylcholine binding protein
acetylcholine
acetylcholine receptor
agqueous
1,1°-bi-2-naphtol
benzyl
ter-butoxycarbonyl
bis(oxazoline)

broad

based on recovered starting material

Bovine serum albumin

butyl

catalyst
CoreyBakshi-Shibata
carbobenzoxy

choline acetyltransferase
concentration

correlation spectroscopy
doublet
1,4-diazabicyclo[2.2.2]octane
1,8-diazabicycloundec-7-ene
dichloromethane

double doublet

diastereomer excess
13-desmethyl Spirolide C
13,19-didesmethyl Spirolide C
Density Functional Theory
N,N-dimethyl-4-aminopyridine
1,2-dimethoxyethane
N,N-dimethylformamide
dimethyl sulfide



DMSO

LDA
LIHMDS
LUMO
m-
mCPBA
MCMM
Me
20-Me SPX G
MOM
MPP+
MS

MS

Ms
MTPA

dimethyl sulfoxide

diastereomeric retio
ethylenediamine

equivalent

ethyl

triethyl amine

Fibroin

Fluorometric Imaging Plate Reader
Gymnodimine

Human Embryonic Kidney Cells
Heteronuclear Multiple Bond Coherence
highest occupied molecular orbital
high performance liquid chromatography
high resolution mass spectrometry
Heteronuclear Single Quantum Correlation
iSO

inhibitory concentration

infrared

J-based configuration analysis
Potassium bis(trimethylsilyl)amide
lethal dose

Lithium diisopropylamide

Lithium bis(trimethylsilyl)amide
lowest unoccupied molecular orbital
meta

m-chloroperbenzoic acid

Monte Carlo plus Minimization
methyl

20-Methyl Spirolide G

methoxy methyl
1-methyl-4-phenylpyridinium
molecular sieves

mass spectrum

methanesulfonyl

a-methoxy-a-(trifluoromethyl)phenylacetic acid)



n- normal

NaBH4 sodium borohydride

nAChR nicotinic acetylcholine receptor
NaHMDS sodium hexamethyldisilazide
NCS N-chlorosuccinimide

NIS N-iodosuccinimide

NMR nuclear magnetic resonance

NOE nuclear Overhauser effect
NOESY nuclear Ovarhauser effect spectroscopy
NSP neurotoxic shellfish poisoning

o- ortho

p- para

PDB Protein Data Bank

Ph phenyl

PMB p-methoxybenzyl

PnTX Pinnatoxin

ppm parts per million

PtTX Pteriatoxin

Py pyridine

q quartet

quant. Quantitative

RCM ring-closing metathesis

ROE Rotating Overhauser enhancement
ROESY Rotating Overhauser enhancement and Exchange Spectroscopy
rt room temperature

Sl electrospray ionization

SM starting material

SPX Spirolide

SSP spiroimine shellfish poisoing

t triplet

t- tertiary

TASF tris(dimethylamino)sulfonium difluorotrimethylsilicate
TBAF tetrabutylammonium fluorided
TBS t-butyldimethylsilyl

TES triethylsilyl



Tf

TFA
TFAA
THF
THP
TLC
TMS
TOCSY
Ts

TSA
VAPOL

trifluoromethanesulfonyl
trifluoroacetic acid
trifluoroacetic anhydride
tetrahydrofuran
2-tetrahydropyranyl

thin layer chromatograpy
trimethylsilyl

totally correlated spectroscopy
p-toluenesulfonyl
toluenesulfonic acid
2,2’-diphenyl-3,3’-(4-biphenanthrol)



Spirolide A Pinnatoxin A Pteriatoxin A
(SPX A) (PnTX A) (PtTX A)

Gymnodimine A

(GYM A) Portimine

Spiro-prorocentrimine
B 1-1 BRRA I B e
LE#EThH A A I UBRARATRT

BRikA X % (Cyclic Imine Toxins) 1%, {H#EEREEIC L > THAPE S N DMEAY 75
DO—FETHYH, At rA I e ihmEs s LTEREEOLEHTH D (K 1-1),
ZAVETITH 40 FFHOBRIKA I v ENME SN TEB Y, BEMICE, Ave U K,
v hxvr, ITUT MRV XA VI, A e ook NI, T
notyhurl R AALFIvaEngrFons Y, AU R, B F hxv,
TTUVT XU XL UIIE, vV RIS T HanBstEE = T T R
Fal UK (nAChR) ~D 58 7) 2 fLEEH 70 SRR EWTEE 2R3 2 & 08
WhHEENTWS, . AtuZoakr b I oavy hnl RigonTix
AWIEVEIC BT 2235 TR Z 7 STV AWy, ITER R ENTZH LWERIR A 2 v
RVF I, BMROT R N =V AFHEERTZEBRH LN ERSTED | TR
— U AMFGED Y — L & L TCHBBERR TS, 2O X 9 IZZIKIT T D BE N



FEIEVEOREIE DML O | BRIRA X B IX B ATIED 70 & FTRERFIEC 7 I 0
WA Fa D —REOBLEN D bIER 2D TS, EEFETIE, B F~ORTE
EOLLEOTHIAEYEL LTURESNTEY R LEMEDOH THERIRA I v F
DORFERFFER RO BN TWD Y, LT, EvF hFvy - 77 U7 hFvr A4
JVIv, AERY RIZEREZY T, ThDOHIZ OV THERT 5.

lI-1-a B> %>y 77U T bR

1995 F\Z _EAT & 1% Pinna Muricata 725 €2 F% 2> (Pinnatoxin; PnTX) A % /]
DTCHBET S Z LICESI L Y, BURICIZF OBERIATH D PnTX B, C. D Z#[F Ui
P& v BEEL7- Y, PnTX (X, AARTHLRFHOFKME & LMo TnDERA
SUBTHY ., EAMEREEEEO —FNEFEL TWVWDH EEZLILTWVDN, FD5f
AIRTEMH I LTV, (LPEEIT, FEART MLT—2 10| 76-A8 A
SV, 65,6-E AR R T B X—VER, 6,5-E 7 nBAAT S IEEEENEE SH
TW5 (¥ 1-3), dIFETIE, SPX EFRIBRICy-T 7 N UBRER T HH- &Ik L LT
PnTXF bR A SN TN D Y,

FMEIZBE L ClE, SPX L [RlkR. ~ 7 AT 2 8MBEFEE I HRE SN TR,
PnTX A [T~ 7 ZADIEFENFE 528\ T LDso = 2.7 pglkg 253 0, GRAFZEIZ DV T
IX. 1998 4RI B IZ L » THID TEAMISER S, M AR E L ILE ST
D, D% G, M. Zakarian, RSO 70— T NENEMA O A RRETEGKE
R L CWA Y, F 7= Zakarian DX, FEBRIZEAR L2 PnTX A 2 W CZ22 e MRt
AT, A X UL OE ORI RETE 2 B LT 5 9, JlHE DA I Ak & I3 R
70D ZOFEWEEMEE, PnTX DN OBIUCE W T LN EmEE BT & LiE
SEELTWD EBERINTND,

77 U7 hF T (Pteriatoxing PtTX) (X, 2001 (2R T K H Preria penguin 7>
HHEES L, v U Rk L CRAREMERFEEZ R T Z EAME SN TWNS 19 RS
[ZRRDN DG ONTIAMED Y T d b FFEHEEZBRE L, 2 ORFRRLIARRD
BEAHEE Lz, ZTORE, PnTX EHLOR Y =—F b~ 7 nBikiE L | 34 ({AIEHIC
VATA VHEERERTHZERP O NI o7 (K] 1-2), EDHK, 2006 FITFES
INEERAER L, B AR E 2 iR Lz 1,



I-1-b ¥ /Y3

XA/ V22 (Gymnodimine; GYM) (d. 1995 4122258 512 & o T Tiostrea chilensis
O BBESNTEBRIRA I B TH Y B REA Karenia selliformis |2 X - THEE S
% 1D, I 5 1%, A NMR % VT GYM A O i & A L AARLE 2 HEE L,
FEIEMIFFI E LC6,6- A RA I VEBREYy-TT /U FREFETHZEEHILMNE L

(K 1-3), £ D%, 1997 £EIT Stewart &%, 7 I FFFERD X Bk AEMHITIC L -
TR NARRLE 2 R E L7z 9, A EAEFFRIZ 2V ClE, 2009 4 Romo H D 7 /L—

Pinnatoxin
PnTXA:R=COOH

PnTXB:R= sX_COOH

NH,

PnTXC:R =" COOH

NH,

PnTXD:R= ﬁwcoon

o

Pteriatoxin

PITXA:R = COOH

OH NH,

NH,
PtTX B : R =%

\(s\/\COOH

OH
NH,
S coom

~

PtTXC:R=

OH

TNHDOEERERE L THD 1Y,

PnTXE :R = %

PnTX G :R

OH
PnTXF :R=ﬁ\f/\;

ff\/

1-2 PnTX B XU PITX OfbF4#iE

COOH

o

gymnodimine A

1-3

gymnodimine
B: R;=0OH,R,=H
C:Ry=H,R,=0H

amide gymnodimine A

(for X-ray analysis)

GYM & 7 2 RFEROL S S



l1-1-c Aty R

A¥w U R (Spirolide; SPX) (% 1995 #1241 4 @ Nova Scotia D KVELEEFIZEHUNT
THENGHIOTHEESN Y, 0% b I —r voN ik - Bk R TR
TR T T 7 N A GRER STV D, BRIRA IV EOPF TR H £ <
DFERREDAEAET D SPX 1L, i E B Alexandrium ostenfeldii'® , & % %
Alexandrium peruvianum' M\ X > THEFEINTWNWD T ERHA LN E 72> TN D,

BT F TIT 14 FEHEOFEBRDFIED RS S 41U, &5 NMR JI7ES° MS #IEIZ L - T
NN O RGO ABLE A E SIVTW DA 18 4 LD SRR EIZ DSV T
IRMADOEETH D, SPXDIFEAEN, 7,6-ABA I VB, 655-EARE BT
A —VERBLXOy-T7 FUBREALTVD (X 1-4), HiFARM O E 72 E 0
WDO—DIZ, 7T BRICBIT D ATFANEOENRZET oD, £< O SPX X, 31L& 32
P DD LT AT NEEF L TWHDHN, SPX A, BiZ—2DAFNVEOLEH
T5, ZDOAFNIEOEDOE N, SPX A, BOA I VERMABE L7 M7 2 S
RO SPXE, F OFIEND b, BIRA I UEEDONK G RRITEICF G55 Z L H0R
BENTWD, OEDEWTT Z— VIR i, SPX A-F 7% 6,55-E A A
n7 g —/VER, SPXG & ZDT A F VKN 6,6,5-E AR BT X —/LE SPX H,
I[N 65- AT X — EExZNEINAT D,

SPX D FEMEIT—AIIZHR < 1 mL @ 1% Tween 80 (ZIEfE L 7= 5 ug O SPXA-D %=~
U AIEENE G- LT & A, T LN T 2 a8 mit 29 2 L 3y &
NTW5H Y9, 1T | 13-desMe SPX C 1E, v U A DEFENH 51235 T LDso = 5.0-8.0
ugkg L bR N EME R T, —H. A I VERVBHER L7 SPXE, F TiX, 20 ug @
BEIZL > THLERLFEEE RIS o722 D, A X VEMLEMTEME DI BT AR
AR SRS ENTH D Z EWRBENTWD, £72, SPXA, D DEHNE~DE G5
BRICEBW T, SPXD (F& G LIz~ A2 THELTD ) BIZHIZEST2HL DD, SPXA
TIEEE LTRSS R olc L WO FERNBHE SN TWD, ZauE, SPXD DA
VERWE T D oD AFIVIEOIFIEN, BEOBEFR T L DMK RIS K 2 2 e % 1)
EEETWBEEZLN, A I VRO AT IVIEOTFEED 72 EWIEIEZ 58D 5 HE R
HKNTHDLZ N5, £o, SPX ZIX U ET58IKA I F (Fik L7z PnTX
X GYM) OFEZAEHEERIZ, nAChRR THDH Z R LN ER->TEY . L OFEAMIC
DONWTIEE 2 fi TR 5,

BEFTEIZ DN T, 2 < DIFFRE N EEICHER L TW 2 b DDORIEER S 11T
BOT, R SAEE 2 RET D &V I BLEND b AL FR T 7 o —F 358
CEFENTWD, SPX (X, 7,6c- A B A I VEREERARAE BT X — LRICIA, y-
T MNVBREAELTCNATZD, BRIKA I VEHOHF THLZEDOEKIIMmD TR TH D &



W25, BERIZHET I TR OLEA TWD DL Zakarian 5D T NL—T"TH Y |
2012 FF12 23 BEROERFHEEOMEIZRD L TWDLH DD, BEB ORI
B ONEDKSNIIEL 72> TB Y TR UBOERIZRN ), £, At A I
BRI WTIL6 BER, EARAE R T X —/LVERE/TIZEWTIL 6,5-A B ERD &
DRI E > TNDHT2, BERITITIS SRLMNDBETH D,

spirolide A: 723 ;R=H C: Ry =Me; R, = Me 27-hydroxy-13-didesMeC : Ry = Me
B: - ;R=H 13-desMeC : R; = H; R, = Me 27-hydroxy-13,19-didesMeC : Ry = H
D: - ;R=Me 13,19-didesMeC : Ry=H; R, =H

G:R=H
20-MeG: R = Me

1-4  SPX ¥HD b T

Pl 08I, 2 Ui, 2Tk~ 2ABEHEEZALTEBY ., £
DO FFL/ MG L LT nAChR DFEEERARNE 2 6N TW0W5, LT, Zhvbfbe® e
nAChR DFER72 AR AAERICELER 2N EE 7240, 2V E T < OFERRE IS ED S
T&E7,



1-2 nAChR & BRIRA 2 U3

INFETOL OMFRITE D BIRA I BOIEHEMIL nAChR TH 5 Z & 23
LinkoTWnWb, RETIEET, nAChR 2EIRA I VEFEOERAEMLE LTED X
O IR CUE SN T= ik~ Tt TEFIERYCTd % nAChR OEZE, 3 LT nAChR
(CAERT 2B OFHRIC OV TR~ D, FEV T, BRRA T8O nAChR (255 5 1F
ABF IOV THE SN TV A EITIIE 2 R/,

1-2-a Bk A 2 U EO/ERAER DR E

BOIRA I VBRSNS YNE, 20 OVERENNTENARIFEA 4 F ¥ 1v
ThHDHETHIIN, SPX X PnTX ALY T AF ¥ 22, GYM 1T U U7 AF
¥ RVIERT 2 EEZEZ26N T 1D, L, B SN G2 ZRIOIORT A E
RERIIE ST, MEHENORIEIC T IR L~V TOMER 7 S v,

2008 4F{Z Kharrat 1%, /L&~ 7 205 HEEL 72 B W T, GYM A
PSRRI Ko TEEFE S A7z BUNGHEIR /1 & REf - IR EEARA RO 0~ D a3 %
ZeaFEALE (B 1-5) 2D, ZORE, [EEERZRFRTIC K D BUNHETE /100 PR A e
WINPT B, GYM A TR ERZAET L2 LR LN E o T,
SO HIX. GYM A DSRREAAL ORUNEMR B OE, T70b b7 A %5
IZAFET %D AChR IZX > THHE SN DOERKEBEMAZHET L 2L bHEL TS (K
1-6), 212, 13-desMe SPX C X° PnTX F TH [AARIC, BEXHIPL Tld7e < MfMIC &
S CHEINTIRENEMNOAZAET L Z E PRI TND 22,

Fio. DEEFEHIMIE LT, Gill 5% 13-desMe SPX C &~ U7 A Z#H Lig
R AT 572, ZOREHE., nAChR B FOREN EHTL57 v L FaLb—
2 UBHERR S HU. SPX 3 nAChR IZ/EH L TWA Z LR & 2,

UL EDRFERER DB BRIRA X B IFMRERICFET % nAChR ZfHET L 2 &
TEDOBDIAEMIEEZRILL TWD Z LN RBR IS,

(@) (b)
5mN|_ 5mN|_
f\ 02s 0.2s

onM 10 nM 20 nM 25 nM

X 1-5 GYM A (2 L 2 fi& i i fe oo B AE 95 ) O B
PRI X > THR SN HIEE ) (a) ZFLET DT, MR X 5 HIY




Misk /1 (b) OFEIIMHR SN2 o7z, ZORERIT. GYM A OIRRER ~DIEH
R LTV D,

Reprinted with permission from J. Neurochem. 2008, 107, 952-963. 2D

Copyright © (2008) John Wiley and Sons.

1-6  GYMA (2 X 2 3uINERREENL DL E
2 nM @ GYM A 5 L2k, &G0 () (Zh~To 501% G, 15 0% (i)
& RFRIRAF RIS AR S E S D,
Reprinted with permission from J. Neurochem. 2008, 107, 952-963. 2D
Copyright © (2008) John Wiley and Sons.

1-2-b  nAChR

nAChRIZ, MREEME THLTEF/La ) v (ACh) OZRKTHY . M sE
OFIEATH V> FEHOR A 42 F % 2L Th 5, nAChRD IR T, KIEE
BEARER2DR0 X ARG s IE AT 2 -V TR S, SRS b 7B & ik
ShfEdk, PEEEE, MENERIC oS 2 ERTE DS (K1-7), nAChRIZY 7=
v b (al-al0, B1-B4. v. 8. &) MBRDFETEHDLWVI~NT O R58BLTHNO, 7
2=y MERIZ KV SEICSEEICE o B nAChRIZSEHO U 7= > |k (al,
B. v. &, &) 26, MREMnAChRRIZNFEFHOY 7 2= b (02-07. a9, al0, B2-p4)
MHZNEFNEREND Z ENMBNTWDS ([X1-8) 27,

Y72 THT DY T 2=y b OB L BRI, BEEEME, VA @R
P, BURIEDBEE, B EOZFEFFEICIRS S L Tnd, £DeH, Al
WFFERC AL FE DB B b VT X A TR OREMRI Y 7 2 A 73R 72
PHEE LA D BHIFE D BEANAT O TV D, Bl 21, MfMAaICZ < BB L TV D7k
THERDOAT 7 X A 713, @Ay T AFEEdE, HOBURIE, PIIEER. ok
ISEDOTRE, RERI DA & Vo ToRHEIEE 2 H 325 2 LD, MRIEEBSORIENER



B2 ST 2RI DORIEEAER & L THAZEN R STV D,

C loop { A - Wid9

Extracellular
domain

Gate

Intracellular
domain

X1-7 nAChRDZIFA#E (PDB: 2BG9)
FlZoh 7 2=y NEEKOHE, AIXIhEROEEEZRT, Fr¥ 1oy — MIE
BEEFESICIAE L, 222 T4 Nmind 5,

Reprinted with permission from Q. Rev. Biophys. 2013, 46 (4), 283-322.%)

Copyright © (2013) Cambridge University Press.
i
@)
&5
a7 a9

Homomeric nAChRs

@10 a10

e

a9a10 a4a6B2B3

Heteromeric nAChRs

1-8 nAChRD Y7 % A 7 L alfyd DL (PDB: 2BG9)
YT EATEEET DT 2=y NOMABEDLEIZLYD | ZNENOEEITRRA 7



SR EZ R T, AChlZo 7 = N ORIBESMEIZAAET D U T RiEEHEAL
(W14935 %) ITHEET 2 Z L TFy 2 &B<,

Reprinted with permission from Molecular Pharmacology. 2016, 90 (3), 288-299. 2%

Copyright © (2016) ASPET.

Reprinted with permission from Q. Rev. Biophys. 2013, 46 (4), 283-322. %

Copyright © (2013) Cambridge University Press.

ot 7 2= N OMIFEAMEIRIZIT Y o REATLMEE L, 8% 13X 2 AUIZAChY
ATz T ltEoER (bEsl s L, A A F ¥ FLEROSED, TD
fE R MR A OB LA ARIRE > TH F A A L, IR A By <8 5,
U H Y FREGEALCIIT D EERMAMERIX, b T4 -l EER., T4 -1
FHAER., KEREES, 77 0TV =L ANTHDLZENINETOMERICL VAL
mERHSTND (K1-9) 2, E0bif, VA REAEANLDLoop BIZFET S b U 7
N7 7 ok (K19, RE) L OMAEERNEEI I/ 2 E23% < AChOEA L
7o, ACWODT U E=U LT AL E NV T N7 7 VRO F 4 -nfH BRI
LoTHALTWS, £/, T DLoopC (X¥1-9, Fkfa) 28, AL TNWDU A
VREEY LD EE, TRbbX Yy v THEEE LD ER o TED, DXy
v IHEEIC L DY Y R—nAChRRHAEH DL ELDRRER, ¥+ v 7HEOMH X A
B2 ENEMIEEICEEE B 2 T\ 5,

Acetylcholine Ttryptophane
(ACh) (Trp, W)

1-9 ACh (fkta) D& (a7/AChBP chimera, PDB: 3SQ6)
ACh O, ACh DT VU E=TU AN F A& M) T N7 7 0585 (WI49) L oh T
Fr-n FHEAERIZ L » TG T 5,
Reprinted with permission from Molecular Pharmacology. 2016, 90 (3), 288-299. 2%
Copyright © (2016) ASPET.




1-2-c nAChR I[Z{EHT 2 %5

AW DR RAHERECIEBN T B TRl D CEHE /2% E| 241 5 nAChR (X, EY O
RN B F Z5F DT DICTH WD R DENTAER & 725 30, ZD7o | Mo/ T
TV 7, BEE, 87 CiRINOEFEOAEYFEDN nAChR IT/EHT 2 HHREAFE L T
Wb, VBV FREBGENLICHES L THEIEZ RBLT 22N 5 0mBE T, EERNOMRR
EWED X OIS REEER LSS T I N e ZREOE X AR ET LT X
T=A MIGHETDHIENTED,

ANEFED -7 a X vy (a-BgTX) 1%, L H 5D nAChR OAFZEIZEHB VT
MEOEWERE LTHLATEY, nAChR ZHNICHET HXTF REDT 4
A=A THD (M 1-10), ZOFRRBNOEWREGEEZ AT D o-BgTX OFEHIT,
%< OEAECFERRBENTIIEOR T & 720 . 10 nAChR OF5HA A[fE L L7z 3D,
BETH nAChR (BT D8k % RFED Y — L & L TR Db TV 5,

Finger Il /¢ \\'l)\ )
YR

1-10  a-BgTX—a9 A RO #E i
a-BgTX (B> 7 1) (X nAChR Offifasbsaisk (bkea) I[THFEET D U T2 A EALIC
SRS AEA T H 2 & T, nAChR OISEEZPRET 5,
Reprinted with permission from Nat. Struct. Mol. Biol. 2014, 21 (11), 976-980. %>
Copyright © (2014) Springer Nature.

Z ZT. nAChR |[Z/EHT B Fix OEHEO/LFMHEE (X 1-11) &, #E%E —nAChR [
OBEAEEE (X 1-12, R R, F:ax=v b, Ko :pH7z2=v b, #
B LoopC) IZOWTRT, ZZTlE, 7Ia3=AD=aF, = &RFV T

_10_



Mo vdb 7o2A=A D o-a 7T ¥y AFAVYHa=Fr e/ bF
UEBIE LTHETS 0, TRHOMINL B0 K5I, nACKR (2R 5K
DREE - KEE TR 2 T, BIR L7Z 0-BgTX D L Y IZHFEORKENRTF R, =
AFREENTF VDL KT BHRE AT DR ENFET D,

<Agonists>
N Cl _ n o
N
H
\ / N
N N \
‘/
Nicotine Epibatidine Anatoxin-a
<Antagonists>

a-Cobratoxin (PDB: 1CTX) Methyllycaconitine a-Conotoxin (PDB:
2H8S)

1-11  nAChR (Z/EH3 % 7558 DAL E

Nicotine Epibatidine Anatoxin
(Tobacco Plant) (Ecuadorean Frog) (Blue-Green algae)

o-Cobratoxin Methyllycaconitine o~-Conotoxin
(Snake) (Larkspur) (Sea Conus Snails)

1-12 % DO##E —nAChR EAIKDE T LA 30

_11_



TRETRT A OFRN Y T FEGEHMICHEAE L, 7TI=A M HOWET 2
=AM ELTHERT %, 72,366 T3 LoopC (2 K23 ¥ v Tl O 7238 3
nAChR DFEREIC B KIFE T,
Reprinted with permission from Physiol. Rev. 2009, 89 (1), 73-120.¥
Copyright © (2009) The American Physiological Society.

1-2-d Bk A I 7D nAChR OREREIZ %I A 15 M

Bk A X U BOEREERZY nAChR Th 5 Z & VI L7 T, ¥IZ nAChR DOH¥FE
RS IR M Tz, T70bb, BIRA I %D nAChR D7 T=X +H 5
WET 2 TF=Z2 F e LTHERT 200058~ b7z,

PEREAT & L CE T, EMEEED—o Ny F 7 5 o EE AW EBA AR
RERR DIV ITONT, T 7V Y AT OIRIIC B S E - v B LA kD
BRI nAChR (alpyd 72 A7) 1Tk L, flix OBRRA I o maFH S 70
B T7EFLral) URBETAIA A VCEROE MER I (K 1-13), —Ji. 7
TFLal) VIEFETIZBWTI, A A VEROFBEN R OND -T2 b, BR
RA I UFII nACRR ICH L TCT v H A=A M LTHERTAZ ERHLMNE 2o T2,
ZNHDEIRA I BTN OREKRAFNZHEERNZA L, D ICs
IZ 13-desMe SPX C (ICso=0.51 nM) ¥, PnTXA (ICso0=5.5nM) ¥, GYMA (ICso =
2.8nM) D EIEFITHRWLEREZ AT 2 2 LRSI,

Ach 100
=
£75
£
SPX 350
2
TuA £25
E
5s 0 d A
10 10 107
SPX (M)
ACh 100,
- 8
€750
<
GYm 350}
@
2
L Bas}
0.2 pA| °
“o
e 1070 10% 0% 107
GYM (M)
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X 1-13  SPX & GYM IZ L 51 A B OME 12
13-desMe SPX C, GYM A i&, ACh 3&Hild 24 A Eita R I HE T 27 2 =
=AML LTIERT 2,
Reprinted with permission from Proc. Natl. Acad. Sci. USA. 2010, 107 (13), 6076-6081. 3%
Copyright © (2010) National Academy of Science, USA.

F7o. BEEAE nAChR (1212 T, #f%% nAChR CTH D RERLEEKD a7 7 XA
Te~TuhERD 0dB2 VT H A T T HEEMEREHT b I T e, EORER. F
A nAChR &Rk, 7o T=A N LTERTAHZENRHLNERD, FTYH
PnTXAZ a7 V744 7% LV HET LV T X A T@RRT VX T=ZA M TH
52 EDHER STz (a7: 1Cso=0.11 nM., 04B2: ICs0 = 30.4 nM. 0al2fyd: ICs0 = 5.5 nM)
(X 1-14) 39, BHEFIAEOLEREE ICso lICOWTIEE 1-1 I D TH 5D,

ACh ACh ACh

6.25 nM PnTX

0.5 pA

Ts

50 nM PnTX

1pAL
5s

d

-
o
o

80

60

40

20

Relative ACh current (%)

0 = "
10-'210-'" 10-'° 10-° 10-® 107 10-® 10-°

Ligand (M)
X 1-14 PnTXA OV 7 ¥ A 78R 22 B EH
PnTX A I&. (a) a7 7 % A 7 > (b) ‘BH&AHM nAChR > (c) 04B2 V7 % A T DIAIZA 7
CEREHET OV T XA TBIWERT X T=A S Th D,
Reprinted with permission from J. Am. Chem. Soc. 2011, 133, 10499-10511.39
Copyright © (2011) American Chemical Society.
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#1-1 BERA I DK nAChR ¥ 7 % A TNk 2 BHEREE 1Cso
Inhibitory Concentration (IC5y, nM)

Cyclic Imine Toxin al,B1y8 (Torpedo) a7 (human) a4B2 (human)  Ref.

13-desMe SPX C 0.51 (0.4-0.6) 0.18 (0.16-0.21) 3.9 (2.9-5.1) 12
13, 19-didesMe SPX C 0.20 (0.16-0.26) 0.25 (0.24-0.27) 6.26 (4.7-8.3) 15b
20-Me SPX G 0.36 (0.29-0.45) 0.48 (0.15-1.4) 2.1 (1.4-3.1) 15a
GYM A 2.8 (1.9-4.1) 0.9 (0.6-1.2) 1
PnTX A 5.53 (4.5-6.8) 0.11 (0.086-0.13)  30.4 (19.4-47.5) 13
PnTX G 3.82 (2.99-4.88) 5.06 (3.84-6.67) 4.90 (3.97-6.06) 1

F£ 72 Hauser HIL, MIRAAN IV T AL A REDZE(LEZHE T 5 FLIPR
(Fluorometric Imaging Plate Reader) %% UV T, 13-desMe SPX C & GYM A OREHER
fiZ4T > T 5 39, BARAIZIE, a2 B A E /7o MIIC BRIk I VB E &G
Lz ﬂifaz%{h#é HHREZWETHZ EICL T ZNHBHIBNO L o7 bA
AR RIFE TR AT, O, flix O 7 % A 7D nAChR % VT FLIPR

EEITO 13- desMe SPXC & GYMANRT VX A=A ML LTHEAT D Z L 2R L
EVDITaT VT HEAT Ll T XA TOINT T AFRADELS LESND Z & %
WE LTS,

1-2-e  BEIRA I 2 FED nAChR (2% A & BUFIME AT

e ARG A BRI PR A ORE & B 2 R TR P B K 2R D 2 & TE,
FoT o T= R FOEREK GEAE. EBRAME,. 7TuxsV v 7 HE) 245
WOTHZ LN TED, ZHE T 6 BEORIRA I U BOH GG BRI S 4,
ATEI DY T X A T T DB D ZNENEH ST 2 393930 201 5 O
At AR T, SH <0 121 TEER S V2 BEA O BN PR U 7> ROBEABREA & L
THWwWHNTWD,

£, HEK-293 Hifu FIZHEBL 725575 nAChR  (alByd) Z H W77kl Tl
YT HAT alfyd IZHEINHEET D Z ENMBNTWB[PI]- a-BgTX & DA ﬂd:m
FOSHFHR B NIz, EORER, BRIKA I VBRI TR EST 5 2 L0
BEN, ENHOKEIEaM DEY T aMIZE TRSZ EnghoT- (E1-2),

F 72 AP nAChR (2% D5 A BIAIME - S 4L, a7 7 % A 71E[]1)- a-BgTX
37)\ 04p2. 03P2 Y7 X A FIIPH]-T EARTF DU NEARER L LTHW SN, B

% nAChR & [AlER, FEFICE WA BRI R SN T (F1-2), BRA I
az% nAChR OY 7 % 4 7 L OFAERICEB W GRIRMEZ/RT Z LRGN E e o7z,
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ZOREFIE, 032 VT XA FITBWTHICHEHFICRNTEY, bM< E L
13-desMe SPX C D FHEEH (a3p2: Ki=0.021 nM) (Z%f L C. PnTX A 1% 100 {53 < 55
WIHEER (a3f2: Ki=9.4nM) Zor L7z (X 1-15),

12 BRIRA I FHD% nAChRs ¥ 7 % A 712xbd 2 BLEE Ki
Inhibitory Constant (Ki + SEM, nM)
Cyclic Imine Toxin al1,f1yd (Torpedo) o7-5HT; (human) a4B2 (human) o3p2 (human) Ref.

13-desMe SPX C 0.080 + 0.002 0.53 £ 0.08 0.58 £ 0.07 0.021 + 0.005 12
13, 19-didesMe SPX C 0.017 + 0.003 0.22 £ 0.06 53+ 25 0.51+0.14 15b
20-Me SPX G 0.028 + 0.005 0.11 £0.08 3.6+£0.7 0.040 + 0.001 15a

GYM A 0.23+£0.08 0.33+£0.08 0.62 £ 0.07 0.24 £ 0.09 1

PnTX A 2.80 +£0.03 0.35+0.04 15.6 +5.2 94+19 13

PnTX G 0.11 £ 0.04 0.72+£0.03 101 + 30 64 + 2 11
a-toxin 0.011+ 0.002 15b
Mehtyllycaconitine 0.83+0.12 15b
Epibatidine 0.054 + 0.011 0.034 + 0.002 15b

1002. sz L} {;

60 |-

B/Bo %

40 -

5 [ —e— PnTx-A
[~ —a— PnTx-AK
[ —e— GYM-A
I —=— 13-DMS
L n
107 10™ 10° 107 10°

[CI Toxins] M
1-15 BRIRAIL D a3p2 7 XA T \xt T D & B
kTR Y 13-desMe SPX C 13, LD BRIRAI B (HE:GYM A, B4 :PnTX A) LHA~
T ARIREE DO F 5T nAChR (TR L CODBURPEARRY 1 2 R O & & 5t 6 L E T 5,
Reprinted with permission from Nat. Prod. Rep. 2015, 32 (3), 411-435. 1
Copyright © (2015) Royal Society of Chemistry.
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1-2-f BRIRA I U FED nAChRs BLEIERHIZ L D87 72 EWiE 1t

VAR BRIRA X B DT 72 BT TEDNE B 288 T 5, Botana D 7 /b— 714,

13-desMe SPX C DT /LY A~ —JipIk L L TOREMEZHRE L T ¥, #5
E. TAINA2—J{DFREE L TEZLNTWD Y Uk O Z R e T Im
A R BEHENBRICHEAT HET L~ 7 A 3xTg ZHWTEREZIT-72, TEF/L~T
A 3xTg 12 13-desMe SPX C % 5 L7122 A XX "7 8D Vb T InA
RBEHENIHI SND Z A2 L (K 1-16), ZO#EFE LY | 13-desMe SPX C %
ZUD LT LHERIRA I VTR, TV A ~—IFOIEHEEB D72 O I 7255 1
V=)W ZR 0 5 BT E BRI E LT,

NonTg 3xTg SPX-3xTg
= WET e . .

o T e B -16KDa
Actin \ —
—

450- i

Y
[=]
o

ek

(%]

(=]

[=]

*

w
o
o
*

o
POV vl Ve WP WP Lk L

( % of control)

-
o
o

-
(=]
o

AT8 band intensity
(% of control)
[\*]
[=]
[=]
AB band intensity

(=]
NonTg
3xTg
SPX 3xTg
NonTg
3xTg
SPX 3xTg

4 1-16  13-desMe SPX C DT /LY A = —J{ET /L~ 7 AT D4
TIINA < —IFET N~V TA 3xTg TlE, BODOT T INRTLICEFTH R
BoU UMb ET I vaA R BEEINEBRNCE Z 573, 13-desMe SPX C #5475 = &
TENOOREFITIH S D,
(M) Votib s v 2 o7 BORBZRT, AT8ITY V(LS U 2 T B L
(SRS AT AREN
(BM) 7IvA FBEEZTRT,

Reprinted with permission from Neurochem. Int. 2011, 59 (7), 1056-1065. %)

Copyright © (2011) Elsevier.

F7-. 2018 I iE, b b O#RRERHIIG &2 U - BLBRIR O ZERE R s s ST b
I X 1-17 DRV BIRT K D12, MRk E: MPPHIEE ORI (XL A) %
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B SEDMREMERAZ L O ENHMBINTHVD A, Z 21T, 13-desMe SPXC 5 5
VWME 20-Me SPX G RIS HTEHL & /370 C & D DRT XL DI MPPTOZEVEEH
DHEIND ZENALNE o7, 51T, SPX % 30 HIZH 7z » THvREHY
ICHERBSETLEZA, nACRR D a7 7 2=y b &, TEF LIV COERKERTH
% ChAT ORBEN TN THHEIML TWD Z ENHER SN, 60T, SPX
MnAChRs D o7 a4 V7 2= MIEFHEAETH I LITERT L BRI TS,
Z DX 912 nAChRs S L 7= MR RFEER 2 A3 5 SPX 1L iffniEh 2 m LS H
LAREMED E <. MRAEMEABIZH TS Y — NMeedm & LToIAB S5,

~s Control

1-17  SPX DOFRRZAEMAE T D BERR (8 Kf#4)
T OFREGHAL (A) 1Z MPP+Z&AE] &8 2 L AIRZEMEANEE 2 228, SPX 1T Zua
T DR R R 2R,
(Rt : pF2—7V v, Ff : NeuN, MPP+=1mM, SPX =50 nM)
Reprinted with permission from ACS Chem. Neurosci. 2018, 9 (6), 1441-1452.%
Copyright © (2018) American Chemical Society.
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Vb, BoRA S VBT T RRIEAW & L TRGRO nAChR EEMNEZHT 5
BOFHALEWTH D720, BALFITED I3+ — VLRI TEOBLA ) B b A HTED
FVREN R RIN T D Z L3R Do FACHRRA MR B OIRIREECEE M Y — R
ELTOICHBEIfFESNTERY , TN OREBOERLBFEIZEIT DRI
7 NAIHORREME H D TS, ZO X9 REHZFEHTA-DI2T., BBIkA I F
DRI RS ORI % B8 UL FROBLE D b ORI BER A K TH 5,
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1-3 BRIRA X RIS DR8I B DRFSE

AREITIEE T, 8BIRA I U FBOEMIEMEORE R 2L E D D ikim L TV D 0 T
ZNZONWT, 77—~ 7+ 7L nAChR (T 5% 7 % A F@IRMEICER LT
%m%m%ﬁféoit\mﬁﬁwﬁﬁﬁ%mémfmﬁmsm<®%m&mL%¢
LMEBNZHONT S EDFEM A2 R~ SR FHT 71 —F I K DIRED LB Z 7R
T mEIT, TNETITOINLTETALFRIBLE N O DR L E 2, At rA IR
WA A e & U TR~ D RS L O R EFE A O W TRl 5,

1-3-a BRIRAIVHFBEDO Ty —~a 747

FE—HITHIR_72EY . SPX A, B OBRERIETH S SPX E, FlL, v~V A~DwEME
EIRIIPWZ ENS o TnWb, F7-, Zakarian HliE, PnTX A L FD 7 7 2 UK
T 5 PnTX AK Z TN FN2EE L, nAChR (T DRERENE & A B frElc >\ T
LT g (X 1-18) 3, ZDOfEHE, PnTXAK X EDY 7 % A 715t LT H ARiEME
THHZEDRHLNEZRD | A I UBRIEEDEEMEN RER I L,

Flo, BT IOV THIEFINH Y . Hu 51X SPX B % NaBHs TiZEjc L7z —
T IR EERR L, T AT DEMIEEETHA RTINS O, ZOREE, 7 F TR
VIRERICK BERIEENRO Lo T2 ot AWIEEORIUITERIR D
A IUEERMLETH D Z LN mnoTz (K1-20),

120 ~

e i
[ i

80 |-

60 |-

B/Bo %

40 [

. —@— PnTX A-Torpedo
20 | —a— PnTX AK-Torpedo
[ ——PnTX A-a7

[ —=— PnTX AK-a7

10" 10" 10" 10° 10® 107 10° 10°
[Ligand] M

] 1-18 PnTX AK O#EABIFnME
FRT I URTHD PnTX AK 1E, B nAChR (GRfA) . o7 (k) (2% LT
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FAtE 2 RS 2207z, (PnTX A : BHH nAChR (F61), o7 (Ff1))
Reprinted with permission from J. Am. Chem. Soc. 2011, 133, 10499-10511.3%
Copyright © (2011) American Chemical Society.

PnTX A PnTX AK

X 1-19 PnTXA & Z DRI PnTX AK Db E

SPXB
LDso =99 ng/kg Secondary amine
(ip injection in mice) No Toxicity

X 1-20 SPXB BT I K

% 72 Bourne 513, 13-desMe SPX C & nAChR OfastsE DA # o RV ETH D
TEFLaY UREGES X7 (AChBP) & OHEREBHEED D | A TALEED T
J BRI L O BEERABERZH L TWD (K 1-21) ¥, ZOFE, Ao I U8R
oD 7Ta hAbENTA I =T LB F AL LoopB D R N7 7 FEIE (W147)
M DOKEREAI ., FORDBFESBIMEICHE S L TWD LRl T 7=, 7=, oK
FAEGHEE 29 A) 28, nAChR 2B R T H=aF R ERTFF o OT E=
DARFA L MY T NT 7 CHOKEREEERE (2.6-27A) CRIETHLZ LB
Hnkirole, TOZ EE, SPX DA I =T LT A UNEETLTHD Z L 258
SRR L TS,
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= <Spirolide-AChBP Complex>

.
90° SNk
£ %3 : Q; Loop C

ACh-Binding Protein (AChBP)
(nAChRs Surrogate)

13-SPX-C

7 Loop F

> —

¥
—
N

Crystal Structures of AChBP Subunit Interface
(+): Yellow (Loop C), (-): Cyan (LoopF)

%] 1-21  13-desMe SPX C—AChBP #HE KD fmfE  (PDB: 2WZY)
SPX DA I =L AFFH & NI T R7 7 (Trpld7) MIOKFRHEED, BROFEGH
FATEDEEENT) & 70> TN D,
Reprinted with permission from Proc. Natl. Acad. Sci. USA. 2010, 107 (13), 6076-6081.3%
Copyright © (2010) National Academy of Science, USA.

F 72 Duroure 51X, GYMA @ 6,6-A 1 A I VERIEE ML L7271 ZIROE K
B L OVEDIESERN 21TV, A a A I VRIEEOEEMHIZ OV THE LT D 4,
B LT Fa 7KL, GYMA 121345 DD, nAChRs OFEREZ FHET 5 Z & 23k
Wtz (K 1-22), ZOZEIFAE A I VEREOEENZ RE LML THD
EHLERDN, T T EWRRBMIC RN I NT—TFT VEEZHATHZ &b, Kk
RICESTRRAIVED 7 7 —~ a7+ T HIEMEICRET D Z SITE LY,

b, REMB IO T a7 ke HWERONTEERICEY, 7y—~vaTxT &
LA IS UL FF L EZRLETHAY O A I VEBEERIMEESND D208, EWE
P2 BT D B/ NROREE IZ BT 2 ZRAVIBILUIRTEH STV 2R,
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150 pM ACh (after wash)

2 M (+}-9 + 150 uM ACh
150 M ACH

)
-~,<NH ©)
)9

OTBS 0.3 pA

6,6-Spiroimine
analog (a)

X 1-22 GYM A @ 6,6- At mAI U ERAHMLLUIZT a7 ko EYiE L 10
2uM O7 F s R et 54528 T, ACh ANFEE T 044 Bt (X a, BE) 24 89%
P2 (B b, AR ),
Reprinted with permission from Org. Biomol. Chem. 2011, 9 (23), 8112-8118. 4V
Copyright © (2011) Royal Society of Chemistry.

1-3-b nAChR (Zxf 3 27 & 1 78R M

WIZ, BRIRA 2 DY T X A TBIRMEICH ST b E IOV THEgm L TV D
FATIFE 23R %, Bourne 5%, PnTX A & PnTX G OME—DREEREWTH 5 33 i
DOEWILICER L. FOREEOEVA nAChR [ZX 537 4 A F IR MEIC 8T 4
ZEEMEL TS, £, PnTX A, G D ICs A BRAEHFHFIEICLVRD
e ZA T BT HATIZH LTI RO EEEZH T 5DIE PnTXA THDHZ &
N o7= (K 1-23, PnTX A: ICso = 0.11 nM, PnTX G: ICso = 5.0 nM), —J7. a4p2
BT H A TITK L TUE PaTX A OFRETEMEIT 100 FFREESS< 720 . PnTX G N K V58
WEM 2 R 2 E NSRS LTV D (PnTX A: ICs0 = 30.4 nM., PnTX G: ICso =4.9 nM) ,
S BT B 1% AChBP Z IV 7ol pb S ARAT I L 0 (33 M@ #UEE L O+ AR AR
KODT%%%%’LTW% ZOREHR. PnTX A DA T D @i 722 1 VAR VRS,

BENLJEL DT X ) EIREED A7 BT W DI DKGF EIKFERAEX Yy RU—7
%%WLT%6_k%ﬁmbto;ﬂﬂHﬂXGkiﬁﬁéé%%i%ﬁﬁéﬁmf
HDHEWHHITERL TS (K1-24), £7=, SPX AT D77 /U RERSL, PITX %
HTHY AT A VFERD LI A ADORZVERIE S F 72, /A EALEEEDKSE
ARy NV =V B HEI D TRV T X 4 TRIEZRBLL 9 5 & f8
FLTWD, T72bb, 3340 (SPX OBE 4 7) OBEHIAKFR) A BAEHEREDY,
YT A TRPEOHIENZE D> TnD EEZXLND,

-22_



Relative ACh current

100 F

25F - PnTX-A

PnTX A PnTX G

IC50=0.11 nM (a7 NAChR) IC50=5.0 nM (a7 NAChR)
IC59 = 30.4 nM (a4p2 nAChR) IC50=4.9 nM (04B2 nAChR)

-O- PnTX-G

10-'2 10-'" 10'° 10°° 10-8 10°7
PnTX (M)
1-23 PnTXA. G @ o7 %7 & A F1T5t9 2 MLEAEHOE
Reprinted with permission from Structure. 2015, 23 (6), 1106-1115.4?
Copyright © (2015) Elsevier.

: \
F
““ s167166 Loop

8
(+)-face (-)-face (+)-face (-)-face
A-AChBP-PnTx-A complex A-AChBP-PnTx-G complex

1-24 PnTXA & PnTX G @ AChBP & @44k 5
BN @RI EE LA A5 PnTX A lIKEFREE R Y hU—7 (BBEAO SR TH- T
WAEAT 2K TAZ LT, PnTXG LIZRRAESE M2 <7,

Reprinted with permission from Structure. 2015, 23 (6), 1106-1115.4?
Copyright © (2015) Elsevier.
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F 72 Hellyer 5%, 0 +ETNEHEEZHAWT, PnTXF OKY 7 X A FI281 5 HE
TERBEROBE O W TER LTS (1X1-25) 4, PnTXF X33 (LI y-7 7 b B
EHLTEY ., a7 P72 A TOMEEBSET 22 LR80T D, RyFx oo
HEORR, 2 TOVTHATIZBWT, PnTX F DA 2= LhF A& YT b
7 7 v 147 ORNOKEREE DR EIN T\, —F T, 33D y-7 7 b BRITHFICE
WX, W77 A THICE R DERERCTH S Z LR STz, a7 7 XA FRE
KA nAChR IZBWTIX, v-7 7 FUVBRB T AX =2 Y v EENETIKE-E
IR L TS, adf2 7 2 A TI2B W TIKER S DI HER S o 72,
ZDOZ LiE, PnTXF @ adf2 7% A T T 29 W HEIEME LA RO 5 2 E R T
X5, TNHOREES F 72, 33 MERIENFEETALE L O T X BEELS DiE % 587%
THZETHT XA TEIEZRBLL TWDHZ L ZRBEL TS,

o7 nAChR 0o4p2 nAChR

(b)

Arg 186 (+) 4 &

X 1-25 PnTXF & nAChRs HAKD Ky & 755
o] BT HAT L adP2 T H AT TIE, 33AEHILO EL O BEAERASEN R D,
Reprinted with permission from J. Neurochem. 2015, 135 (3), 479-491.%%
Copyright © (2015) John Wiley and Sons.

Z DX ZODRIRM O EYTEED e/ BT VRHREICE Y (33 (OB HLEL
YT XA TBRIEICTHE LTINS Z LRI TS, TD7d, 33 (\EHILIC
F5 B LTe R D DG 8 T S TS VEAE BIMFZE N B E LT WD Y, RIMED D% H
WZAFZE I BAOEEE B L OMEFEA RO L S L W o B BEEN TRV, £
SPX |[ZE » Tk, 2ARIIB A0 y-7 7 /7 U RERE D OSARMEFTE 2 HRIZHH S M
IZSNTELT, ETIIHERTEZERT DI ENTETH D,
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1-3-¢  BIRA 2 U3 SPX DN AKE &

SPX 1%, fLOBRRA I VBICHANTHRARAFEEEEZ A T2 L1IMA T, 738
A R PUEEEE P E N oM AR R & W o I BURIR N AEMENE 2 H T 5, L2 » T,
AR EE AL E RN ICE EN TN A2, Bl L@ Y 4 A ORI NAREL & T
SZALRMHOEETH S, 4 (LT 7 F A TRIRMES~D G DIRIE STV 5 T
THdh DD, REEORE TR T REKEERETH D,

{EEMDSII LS 2R ET D FEE LT UIR ULIE X BiEmiEmr s fluvesns
5, SPX (FFIEREGIME CH DT O HERZG 5 Z & TE RV, £72 Bourne HIT K-
T AChBP & OEAEHEEDN RN TVD DD 3D BRENAR+0TE 727280 4 i
DSARBLE DR EITITE > TR,

2009 AT Forino H1E, NMR & R F 72 BEfE LT, 13,19-didesMe SPX C DAHEX} 7
HELEOWREZHRATND (K1-26) ¥, T OIL, 9 FET VEHEIC X 2 BLERFE
WrofERNG, 77 70 REBREVZ7undv VRO HAZAEL -7 (F1-3), Kk
2. &FL NMR BIEN B 572 3. e, *Jen D K/INDOFLAE I L - CTHE
EHEET 5D JBCAIED I L » THEREEEZ K Y . 0T ETAFEOERICE D
720N anti BURE % RO U T2, 5% D gauche BLJE & 722 2 DD RIEEZRET /W% L, '"H NMR
ST FNADLEENSL VI O~FEUBESDO T N DT XTI —2 T R
T VOBEE 2P E L, EERICEI S 72 ROESY HHBIORE R & i+ 5 Z & T, 4R 1K
D gauche-& 4S VKD gaucheH\ZHE -7z, BRI, H4-H35a ] ROE fHB DO (2L~ T,
ANLDOSIARELED RELE CTH D EHEE LTz, (X1-27), LU, OIS 47 ROE fH
BNIEEICII ThH o722 & QR LT7=Y 7 AT LA~ —D H4-H35a B DO IEEEDE
WIZBAE 72 7EN 2o 722 & L QR W IAFRZ K - TH B VT BERE S e 28 E BE L T i 7
WZ &L ZOR IV ORMYE D 5, F70, o SPX FHixIA & 138725 ROE
FHEARBHI S TWD Z Enn (R 1-4) . KW & F O T RS TR E O PR B SO1E 1R
EWVV) T HREENE D 1D,

PLEX D | BRI AR I L 2 EREILEFICHEETH Y . £72 SPX @
BMFEOHEL S 2EBET D L. 4 ML OMI KRR E LA BIEFEN T e —FI12 kb
RENEE LU,
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13,19-didesMe 13
SPXC

1-26 #EPE & 7= 13,19-didesMe SPX C D 582 AH G SAREL B
Forino HIX 4 T DONAKELE A R EIRE L2, F ORIV ORMN S 5,

F 13 FETNHREICKVELNZZ EEEED i A &5y N EREE

Dihedral e .

Family  angleo(°) H3-H37(A) H4H37(A) | H4 H35a(A)
4R '

anti 168° 3.3 3.8 1 2.5 |
(gauche  =53° 2.5 2.1 133 )
gauche* 43° 4.7 23 137 '
48 :

anti . =176° 34 . 37 . 122
\gauchet 39° . 23 . 23 i 37 .
gatiche —41° 4.2 2.4 1 3.7

AT NVREORRIIH L, JBCA IELBIIIS T ROE MHBEZ W TRYVIAZZAT T2
FEW AR KD gauche-& 4S 1RD gauche+\ AR BT (FE£4)

Reprinted with permission from Org. Biomol. Chem. 2009, 7, 3674-3681.4

Copyright © (2015) Royal Society of Chemistry.
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1-27 4 NLONLARELE R E ST HET /LK E ROESY AHBE (72 : 4R, £7:48) 1D
R FN BN AT REZ: ROE AHPE. JRISHNIBLIN A rI6E7: ROE FHEZ 797, &R E DR
D F\Z7e o7 H4-H35a ] D ROE DA HETH 573, ROE BIFF WIS THHZ L, MiH
DK RO HRHEIZBAE R B2 N ER ED RIS T D,

Reprinted with permission from Org. Biomol. Chem. 2009, 7, 3674-3681.4
Copyright © (2015) Royal Society of Chemistry.

# 1-4 SPX C A B LU SPX H TELUHIENS ROE FHEY

13-desMe [ [b] SPX H [
C# NOEs NOEs NOEs
3 4, 34a, 37 30aldl, 37 4,37
4 27aldl 3434l 37 35ald] 37 37

[a] Data taken from ref (45). [b] Data taken from ref (44)-a. [c] Data taken
from ref (46). [d] Intensity of the NOE(ROE)s are very weak.

1-3-d BRikA S UFDOAY A I VBRI RS

AREICTHRANTELZ L 22T, A A I VRO HIEICE R Z Y Tt e A
MU, BRI, At e A I VREMEEDO SN TE R, ETEHEER 4O
SAKBELE DIRTED SPX DEEMAE LR EHERTE D EERTZ, SHIT, AR
A I VEHIOEEDO AR EEFIC T 7=~ a7k T HIRETH LT, Y7 ¥ 1 T
RYEDfEH Z 5 L7 WETSIEFBIE  ERTE D MR S 5, T740b 5, KA
MOT7 7 —~a T T EEEE LT a2 RKEIEHT 5 2 LT RV 7 A Bl
DB EMTE LS ORI & Wole [ 77—~ a7 5 7 HBRNE ) ~Df%
PRI SN D, ZOX D RBIETIE. RO T 7 —~ 37 4 T BRED LR 5
T OB KEL SN FERERTHL LML TERY | TR TR
BIZE DB SN DRI TRREILS T T u 7B G TE 2 Z L BN HERD
METH D,

LinL, A OA IV BRSO B BT BRIRA I B D2 G i Z LT MRS ThH 5
728 T DEFKIINRD TIREETHY JEik § ~ERER LA TH D, T DI Fizin s
PRI (DU AR A B A 1S DT R G BB ML T DB D D,
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-4 AvnAIra=y hOHMIIZE

AbtBA o=y FOEFEIL, ZHE TORIRA I UBOBRFIFEICB DT FF
IZHEE SNV OO FERNPHRE SN TE 7, AEITIE, PnTX O2ARIZBIT 5
7,6- A B B BRIEIEDHBEIEICOWTHEFI 2R Lok, At rA I UVRESHEEDS
AERS & U T MO S WA A TD 5N Diels-Alder Sis & H V7= FiERIZ D
WTCHR AR5, £, AFFETEA L7 2- ) P BT 5 EITGEIC OV T
Diels-Alder SJSB LD v 7V V ZTRIGOEEE & L TCOMWEICHER LR+ 5, &%
IZy-77 7 U FRIEEOBEOHREFNZ OV THH L, A A I VRIOEEDOS
AT DR N &R EZET 5,

1-4-a 7,6-AE 1A I VEOEKMSE

ARIETILTET, PnTX DGR ZER L7~ KM, Zakarian, . 5 - BAL DB Z1
W 7,6- A2 A I VEBRBEO G RIEIZOWTIRRS, KIZ, SPX X° PnTX @
AR AR LTI BT 5 45+ Diels-Alder St DWW TS H 2779,

(1) PnTX OEB RS

2004 FITIAREA A R LI EE I, 7 27 UVARRI RN T L XLk
WLV AP RFZBAE G 7o~ UBROMEICKII LTINS (AF—L4 1-1) ¥,
BAREIZIE, D-Z7 v a— A L) Rl L7z A T — 2 KHMDS Z1/Ef &8, RN TAE
L7z ARF = NI VDG TFNT VF AL L - TR b F 252 RICHIE L 72T
VIanFtUREZFTND, L L, REONTIERME, [REBICEVWHDD, X
JEH PnTX BRI L TV D720, ZOMOERRA I VB ~Om I 3H# Ly,

KHMDS

THF
OMOM 0 C then rt., 72%

AF—2A1-1 FRIBIZED D FINT VX ARG
RIZ Zakarian &%, MEIZBHB LIZMEK S U V7T o7 & 42— /L O SRR
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Ireland-Claisen ¥E( R nZHWVAZ L T, 7 a~FbUBmailsaL Tns (A3 —
51-2) O Fhebh Z AT UEEICH LIEELOXF T ALY F AT I REHW
52T, 2V INTT TR — VA SRRIREIC AR S8, < BRI X
STEDRAYOBEAT D5 HVERUBEEZ SRERICE TN D, TO%, 6 B2 1%
TYTNAT e REERHL, 7V F=ABRILKISIZ L > Ty 7 maFt VRO
LTS, 260 bEISORBIRME, INELE HICELS, SPX OFRICHEHATE S
N, BN Y 7 o~ B VREE E Tl 7 B2 50 0, fifENE. Rt s
W) BLURCIRRTEN K > T\ b,

H Bn.
BnO : n NLi O
0 T
ph >N
o OPMB

then TMSCI

8 o_.pn >
W THF
SEMO 0 -78 °C then rt., 72%

OTIPS

7 steps

YvY

Ax—L 1-2 Zakarian HIZ55 G BERDO AL

B, A - BARGIE, HEESIN TV D AESRRRE T 5 Diels-Alder 5 1
HAT5Z T, RNV et UV BROBELIT> TS,

51T, W Diels-Alder )i a W T A R REE Ty 7 o ~F & VEROMBESR
Zi1o72 (AF¥F—2A51-3) D, £9, 2O A L — K% DABCO IZL > TAL 7 4
AL, 43 FW Diels-Alder S DRIEMAZ A% L7z, #i< 53 1W Diels-Alder %
T2 DA, FOMEEE TR LIZFEE, 02 mM @O K50 R, 70°C TG Z4T 9
ZET, EHhDexo R EARME LTHDLZ LITHIIL TS, LarL, ZDDAL
REMANL S BIAE L0, TONRITZIBWICE EE-TW5E, TD%, Bifr#L
THELNET M T I DA I AERIEEFE A OSAEF TRITZN, KRR A B
TS D7D TROSHEMENZ &30 o T, &R, R cE a2
T 200°C & W D EES 2 St T, BID 7,6- A0 A I UERORESEZER L TV 5,
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C-32 Mesylate Diels-Alder precursor
Dodecane (0.2 mM)

AllocHN o
o
70 °C, 16 h, 33%

dr=1:09:04 TBSO''
exo:endo=5:1

1-2 torr

2 cycles
_ @oydles) | muo,c
200°C,1h
70% HO' "
Ketoamine Spirocyclic Imine

AX—2A1-3 EBIZED TN Diels-Alder it

B - AR DI, FEODORREZESE 2| GREHITD 41 Diels-Alder &HIZ LV
VI aAnFEUBROMEETo TS (AF—2A 1-4) O ok, ZEEGE L
RV s- U AFLEIZHEE Sz o, B-REEFI D VR = b EWME T = ) 7 4 VK
BHELTHWD & exo IR UL HEITT 5 £ 9 Roush & OREGIZER Lz, T
bbb, MORTYT ) 7 00T 7 kb D4y Diels-Alder S % 572, p-3F
LU BRI 160°C TINEV L 7o 5 28, (@IS 2lchl#E S, B &L 9% exo BB
EFTIMRZ B L CHBED Z Lk L7z, Lo L. exolendo kbiX 8:3. = Dk
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WML 531 EFD, BHEMOIRY 35% &, F OIS L2 FNSDORES &
FIER 22 o7,

MS4A, p-xylene
160 °C, 12 h, 35%
dr=45:27:18:10
exo:endo=8:3

A —2A 1-4 FFFEARSIZ L D5+ 8 Diels-Alder i

AV RRBEZLY 7 a~T v U BE —ZIIHEET 5 1T, Diels-Alder RGN IIER
IR TR TH D EEZOND, LNLARBL, Fodf - BASD 7/ L—7
WIZEBWT, & HIT exo IBIRMIZKICDEITTL TWAHOD, EH 5 @RI E
DS TWND LW D, Tk, %Y CO Diels-Alder S D EIRMEN FE O
IEKFLTWDTEDTHDL EBZBND, 5T, LVMENRT 7 m~Ft B
HOEHITIL, BRI RT 58I Diels-Alder SIS 2T 25 Z ENEE L,

() AR EIT % Diels-Alder [t

2010 4|2 Brimble Hif, AR U ROARE A I VRSO ELHIEL.
Danishefsky v = % JE & L7238 RW Diels-Alder ML DBARZ1T> T\ D (A% —
L1-5) 40, TR A REESNT-Y T ) 7 4L L Danishefsky 2 & BEIAME
iR, ~A 7 v x—7WE T T Diels-Alder & 1T9 2 & T, U7 AT L A EIRME
(X FREE 22 D5 B LA O LR & 2 R DBRALA IR 2B e iICAG 2 2 S ITE L T
Do TDHRAF NI N, TV REEZEAL, HEZIC Aza-Wittig KOLZE WD Z & T
HEID 7,6- A0 A I VEREZHDL Z LI L TV D, RFIEITE RO BRE T
lIZAE B A I VERPHETE DA FIETIED D05, 00X ZBHEOHIHENZFRE )
5, £7c, BOy-77 7V FEONFERBEEIZ OV TITNMHR N TEH T, HA
TS B2 TET D ENTHTE D,
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OMe

f
TBSO ™SO

EtO.C Danishefsky's CO,Et CO,Et
2 diene SN
| . ~~"S0TBS _» JZ:{: (S)TB
TMSO

R neat, uv o) (\O
- 0 ° o]
H 150 °C, 48 h o 0#
07k 65% (all products) #

dr=5:2:1

Unseparable

PMe3

—_—

toluene
Reflux, 61%

2% —A 1-5 Brimble 51255 7,6- A2 A BR DAL

ARO D7 N—T"% BRI % 4> Diels-Alder S A8t L U T-HELEE
WEL WD (AF—2A41-6) ¥, 2016 Fi21E, ATFNVEEET DL 0-AF LT
?7&A&VV4PyiV%%Ekbfﬁw\K%ﬁ%ﬁﬁ&??ﬁm%ﬁok&:

@R%ﬂO%W$Tm@av%mﬁm¢%%é:kﬂﬁﬁbfwéoi%@ﬁv
7u~%t/f% YT U F A BRI T 500 TORFIThH D Zh3EM 72 Tk
ERbNTEN, HoN-Tve Fu 77 0 nh b BlETH5AE T A 2 UVEROARKIZITES
B2 B DI 0FEMMEICZ LS, TR EOBREHI T TV,

(S, S)-tBuBOX
Cu(SbF
NCbz (SbFe)2 _
DCM
OTBS rt.,, 3.5d, 78%

XﬂE L 1-6 AJRBIZESSr TN Diels-Alder [ ia

& BIZFZ NV —71%, Ward 5238 L7Z BINOL & % 7 /WL A AT 7L — h &
9% Diels-Alder K235 B L 9, 2019 412 b Hi 72 e ESEIC DV TH LTV 5 (%
X—2A 1-7) O Fbb, EF T = AEXTIATUOTL— T BHLA AEEH
WHILT, YRy EVI ) T4 M EEVCERSE, B FARRIC e
BT M ERART 5 FEE AV, SHERMOREE, MSSAHET, i+
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e Rt 7 b=, AFNT Y =y —)Lik#, M) FLdHREHND LT,
Ux ) =T 7 ULEEAF LD Diels-Alder FIGAS EULER O = F AR
THETY B Z & AL LT, ATEIRY 7 mat r RAET 5 E TR, SR
PELEBICEN TV Db DD, TORD T BRMEE TICEZEELEHT 52 L1800
ML D, SHIT, T BBROXFAREAREM THEALTNSED, 1ZEALD
SPX X° PnTX 3T 5l L7z 2D A FNVIEOHANREETH S = & b K& e
TH D,

WLQ R)-Hg-BINOL

o_ = Et,Zn H
| X OH MeMgBr 12$teps OTBS
+ MS 5A, DCM 0 /\(
rt., 99% (total) BnO Bo

A N'C
COOMe ar = 10 1 ﬁs

A —A 1-7 AJRBIZEDFT TN IVA AT 7V — R AW =55 1] Diels-Alder St

bk, 2SI o=y bOV 7 a2 UBRE ORI THSE D
EWHKERFERE TH D 2 LR35, T, AP T O Diels-Alder K& 2 72 i
1&iif£AE§i?£7b§FﬂEJ§%'<éﬂTé°Tb\é75§ RN EERRIZHES TE DEBEIZIEE > TV

o F L TR, SARHEISEREHT-OREETE MEFE BRI ZE 2 D00k U 72 HiEmm O BT Iz W T
—ﬂwﬁimﬂﬁm IHIC, SPXIZBWTIEy-77 /U LA T D720, O
LOHMEKTHLERZHY, LYREEZRNEZL WD,

1-4-b 2-> Y vy % = Diels-Alder [/t & B~ 7V v 7 KO

AIETIE, AFZECHEE L 2-3 U A BT A 5T RIC W Tl T 5.
-2V NV ETIESL K OIFFEN 72 2 TE Y | Diels-Alder )& DHE & L TOF
0, ZORIGE AW RARM G EICEBR SN >oH 255, ZoEKELT, O
2 U VBRI OB L OSTRR 7R BT L 5 BUSHE, SBIRIMEOHIEA FTHE T 2
Zi, OQERMEEE T v 7Y 2 T ORI K T2 OEHIE~ORIEIL B ATHE
ThbHE D, hEREFLND, VU NEEET DY %MV Diels-Alder X
JnDOHEB O T, 2N NEBRINT-Z2-V VL2 ZHNTWAHDIEEIEES
<172y, Ganem HiE, ME O HFETHE LZ2- NV =Ty U ufpyr=r 7271
IWBETTF N X B U CRIGS D Z & T ANEERRNICK)SNETT D Z & 21
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DTHRM U 3, F7E Welker HI1E, 20V Y VEEZGET 5 13-V 2 A
Diels-Alder K JGIZ DWW TR IBTHFIE 21T > TV D 9, 51k, 3FEEOT7T v ax v
VINTEUEENENAK L, ¥~ LA X KL O Diels-Alder )G &{To72L 2 A, &
TFhZ ATa—NVERETLHYZUN, vax U L0 S SEREN D &
ERHHLE (RF—2A1-8), BT, B D FHLEEIC L 5 =L X —FH R ORE
R, VT NTovm T a— YA E T Danishefsky’s 2 D HE
HOMO = /¥ —% o2 L AHAGME L (K1-28), Fbid, 7 o0
T AR LIERFRT = ) 7 4 VEER S E T2 & 2 A NEEIRIIIZ Diels-Alder K& 03

T2 LR LTS (AFX—41-9), UEDLIIZ, T hT7 o007 a—
ﬂ/é’”ﬁﬁ"é QN7 v ax Uy ik, Diels-Alder SOSIZ BV T, EW ISR
J O EERIRMEZ T Z ENHALNE T,

| NPh
o A :
H 7z =
/( NPh | /( Q\o/i :
BT ' SN o e

(0]
L,Si ! (0& b_Si-
! (0]
i N
L,Si = (Et0),;Si 2% :
= N(CH,CH,0),Si 98% , Silatrane Catechol
= (CeH40,),SiK 99% e

AF—AL1-8 ThLax )T ORGHE

OMe

X (Et0)SiT Y MeO” N ™SO X
B c

D
(Danishefsky's diene)

>

Diene HOMO energy (eV)

A 9.35
_ B -9.21
/( c -9.09
o . X _|
(' o'Si o s. D -8.82
N
N o) E -7.87
.
c , @ F -5.04

X 1-28 1,3-2x > ® HOMO T % /LF¥—
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o
\Q MeO .
7 L,Si
o o o) o
SN Osi *
(0‘ THF (0 H

aN
N 0o 120 °C, 48 h, 78% N
~— dr=21 ~— main minor

WCOZEt CO,Et L,Si CO,Et
o 1Y r
o-SI +
THF ™~
150 °C, 90 h, 99% N\// main minor
dr=4:1

AFx—AL1-9 T FT VT O BRI Diels-Alder K&

Diels-Alder SUGIZ L > TIRBND E=A v T R T U3, RFE — IRBEREATERBE D
—OTHLHILA Yy 7V ITROSOENTZEE L L THHNWDL ZENRTE D,
DeShong b DHEIZL D&, 7==A v T FTUE R A PR T 2=y T LY
L H TV TS EERE L, TV = hU 7 L—hT U =T A R LU
RKELSKIGT D EBRHL D ER>TWVD D, £72 Welker HH, ETikR7z
Diels-Alder SISO BALA AL FHVTHILD » 7Y v ZRUSZE(T>TH Y | fix 0=
AT V= TH TV TEOERUITHE L TS (ZF—24 1-10),

o 0 (Ex.) (o)
cat. Pd(ll), PPh,
o NPh TBAF, Arl NPh ‘ NPh
o-Si Ar
(/; ‘ o go?é\:/I F2 h o O 0
N\// ’ 10 examples 84%

51-90%
AX—NL1-10 ¥ T 8T UENLoMILD v 7Y > T RO

DL 2-vI T EVDIFTT T AT =2 HE & LT Diels-Alder
FO&SEATH 2 & Ty RIOSTED A ECB RO FIE 0 2072 597, BB IMAD =1
T USRI U oS A e L7203 2N TE 5, Thbb, VI FT
VA, y-7 T U RROMEREANE B LTS 7 a2 URE S OBRARE
FICHTE DM ED—D>ThHEBEZHND,
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1-4-c v-77 /U RERDE ML

BIRA IV BOERMEICB N C -7 7 /2 U REROABERHNITIE E A 7, ME—
Romo 5L GYM OEAMIZBNT, y-77 /U REROERIZKA L TND (A% —
AH1-11) Dy o E, v ) — Lz —F LA BRE LTS F RICR LT,
UNFXRT T TR L= a HAMUT IV R— Vs EITH 28T, B FeX
VT N EEKR LT, CANLIZOWTIE, 1: 1.1 OIREWTHE LAY, %12 DBU
W BRI L0 EEer KB MR E 2 - 1 O TERNIE WS, T0%, C5
AL R oOBKRIGEEITY Z L T3:1 L HPREDNERRETIZIH D DD,
HEE T2 y-77 /U RREEL Y7 o~ UV BROBEIZKIIL T\ D, AFEI
GYM OEERITIER SN TWD Z ENLEMANRFIETHDL EWVWZ DN, -7 7/
UP%ﬁlﬁ@ﬁmﬁmﬁ%ﬁv74VM@&%@R%@B BRI OV Cldek®E
DEMPB D, F7-. C4 fLDOINARALFAIZ DN T, A RO TEMELIZ LD ]
@waét.Jmu@imm%ﬂrﬁfﬁéwx%%\%L@Am EENEENS
boHrLEZLND,

(o)

CF;OCHN oTIPS )/
(1) TiCly, E

DCM, rt., 1 min.

61%,dr=1:1.1

-
>

O (2)TESCI, imidazole

OH DMAP, DCM desired undesired
76% (mixture)
desired : undesired =1:1.1 T DBU, DCM
desired : undesired =2 : 1
)/NHCOCF:,, )/NHCOCF3
EtsN, SOCI, 5 5
> . + . : Gymnodimine
DCM N o N o
-78 °C, 82% (mixture)
desired : undesired = 3 :1 desired undesired

A% —21-11 Romo HIZED y-7 T JURERD AL

F 72 Romo HITEEMITOHR T, Stille v 7V VIS E AW v-77 7 U K
BROEALRALTND (RAF—A1-12), LU 6, Stille > 7V o VRSO R
HThoHE=/L M) 7 Lb— MERAKTET, A REHETICE W THONE LR
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DHPIF LN, € D% G BN EREER~O R ITI»ebd, 22 THRED,
VI UK CBROA VT 4 R OMEERRVEORIEN#R L o, 22T,
DALERIERZ N2 T T U REOGRIZOWTIE, Stille v 7Y & 7 ROSIC &
STEALIHARVERE RENYICE L ) 7 F A iThhe, KFEL y-7
7 7 U FEROMNFHREHIEL LT TIEH D03, 4 OS2 H# T & 72
WIRIN KRR TH S,

(e

B
uss" 7 OTIPS Ts

N._O
L _(hp-TsoH L Pdz(dba); CHCh, PhyAs _ L ) o
(2) L|HMDS THF, 83% _—
oTBS . OTIPS
PhNTf, ///

undesired

Selenolactonization l l 3 steps

Ts Ts
N o N [o) T
C C ~
. = . L
Z 0 =z oTf

desired

A% — LA 1-12 Romo HORIT 7 a—F 28D y-7 7 JURERDE AN

"

BIRA 2 U BOARAMIETIZAR WD, v-7 7 7 U FERZ VARERICHEREL TV D
BlIW D |ESIN TS, Z 2Tk, FAMZEREL, X747 IAT L a—
WERABR A # 2 VARG ERRIG & LI A EIEIC DN TR S,

HHOIT, /A BLORT L= L OEEEMIRIZBNT, RAEYE R
XAV & e < Julia-Kocienski 4L 7 ¢ SAVERESIC X 0 7 U LT )L a— )L & SR
BINAIZERR L, A= AT AL GIZ L > TR A XV ARKGOIE TH D= A
?w%%k(X%~A13)W Z Dk, FABR A X v ARG OIS 2 Bt L,

BT I 7T RAE A2 WD Z & TLIe -7 7 /U RERPIRELED
z]“bé N 7 un O

%7 Fernandes S5 Y B ¥V = U HHO LSRR ICBNT,. 7 U7 R d CBS

T Lo TEHENET VAT Va— ez AT UL, 7T 7 A8 HARBAFE
T, MBGERT D5 ETCHMOy-77 /7 U REREHBELTND (AF—LA41-14) 7,

INHDOHBRA X vV ARG E AW -7 T ) RBROBEIZBW T, ¥ 7172
TUNLT A a— LD E . BB A Z B ARSICIIT 5 RS0 R gt L &
Wx b, BUNERDy-T77 7V RERENRISHEET LN TEXLZOFET, A

-37_



ErA I 2=y hOy-T7T7 /U RBRAEKIZCEWTHOEHATHIZENEE LWVA, R
722D X 9 I A AR XS S LTV,

OR
Julia-Kocienski
Olefmatlon |

OR OH OR OH
Yamaguchi RCM
Esterification \ Grubbs 1st Ganomyc:
B —
DCM
OR 0 rt., 80% Fomlcm

0
ZF—2A 1-13 FHEBICED y-7 T 2VRBEOA R

CBS Esterification ,-WO
©/\)‘\ Reductlon ©/\/k

RCM

Grubbs 2nd

——> (+)-Muricadienin
DCM reflux
30 h, 87%

AF—2A 1-14 Fernandes HIZLD y-7 7 JURERD G K

AEITRLIEL I, A A I va=y FOARITIEFICEHEL LS, FFlcv 7
X UBROBIRIOMES v-77 /U FRZIIUD & LEEERBREOE AN 8L O
RS D, iz, MAREOREEIER LT 7,6- A 0 A I VBB OBDRM B
EHEETDH L FHABIEOHRBRLEARRTHD, T72bb, OGO F
%DMwmmﬁm%mmkz&xfu%®%$%%%CM&m@#ﬁﬁ%@%EA
OMERELEX LT y-77 /2 U REROMEEE, Z O = 1% [FIRF I 72 80 725 %
A TORITIL 7R B0,
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1-5 A4fF5Eo HBY

BfRA X U F (X nAChRs & FE/2EFIER & 32 RABMTH Y | ed THE 72 [HETE
PEIZINZ T, 7 & A T RIPE DRI OREE R 72 S R 72 TS EZ A L T
W5, DT, MIREER EOERL Y — KoY — & LTOIRHIC S RN
Lz, TNETEE L ORI TOITE T2, LLAERDL, b h >BHERRY
THHERIRA I U BITEMIIERREECTH D720, ZOFEMEREEOMRIA%Z B8
U 7o Rt i) 7o i TR PEAR BRI R S TR,

&SR IR HEEHCHRAGEIEREEZ AT 5 SPX IZE - T, 2EKOHRR 5
T ANLONABE TEZ B LR > TE LT, AL S D DIFFE N FRIZ R O
HNTWD, Db, 4 MOBEBEIEITAEYIEEICEERE 5258 M THLH D20,
ZONARREDOHILIE TORBE Th b, RIRWZED S D% W T-HEERE D KN #E T
bHZLEEETDHLE, ARILFENT 70 —FIC L HRENLEE LS, HMEEE A
HT 5 SPX DEAB RIS L DR EILBLEM 72 iR & I35 WV,

2T, LROMEREZMIT 572012, SPX OEFfEE ThHHAERA I 2=
v MIERZY TR 2 LR L7 (4 1-29), 3720 BARMIETIX, SPX & [A]
O ENREEE BT 5 7,6-A A I VEREOMEE EZRG - AL, Ko
NMR 7 —# LT 25 2 & TAMDONKREELIRETHZ &L, Ll AE
A=y MIAEEY FOLEMREHOEMEETHLH H7-OZLDOEMKIEIT
RIZHENL SN TE LT, #EREICHEN CTE D BEEICIZE > T, & 2 TR
TlX, 7T 7,6-A 1A I VERESEEORRE IE DRI & K& 29t B IR
E LT, AREORBICBONTE, O7,6-2 B BROBINAELE, @4 (L ~DFFHE2
EHFREAN . OBERTEEZEX LT y-77 /7 U REROMEE, LI Lo 3 8% REHIR -
TR 72 TGP METH D, AR TIE, 2O EEZwIRTHZ & T7,6-0-%
A I VRE IS DOAMIEE L L, B LTSI SR E W o SRR SRR & B
B L7,
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<7,6- ZEEI = RGN RIER AV SRR IT>

Unknown
Stereochemistry

Core
Extraction

Spirocyclic imine Unit

AEO0C1=>3— v bOMHRNIBEEDHTE

X 1-29 7,6-A B 1A I BRI A O T AR RS

s

F7-. AR BRI ZER IR, 7,6- A 0 A I B OEE A BE L LTk
HIBLIR O DIFFE S ATHEL 72 D0 BARMIZIE, SPX DRE MDA, % OMIGTEE
RS & B L7 SUSTFIEDORRSE, £ EWIEERMEIC L 57 7 —~ a3 7 + THEEOR
TECHIETE AR~ E BB T 5, AWFETIE, EBRICEK L 7,6-A 24 I U
RO ER L EMESCEYIEEO TN, B X OKKM & O E1T 9 Z & THif 7k
RoOERAL B Lz, 260 FPMRIC L VoA ERIT. BIRA I v FmoH
T B A T BRI EEA 70 & OFEM 72 (B OB~ L D723 0 | MR R
IR EDEIGTG Y — R0+ — /LOBRRICHINHTE 5 L Hiff s 5,
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H0w RKII SPX D 7,6-A BT A I VBRI HEE DA

op

2-1 REEREAIEM L. 7,6- A A I ViEEKORE

F—ETHIR/EY SPX D y-77 /U RERE DI 7 ¥ A T #IRVEDFREL & 5
BB Z D F ORI SARELE O P E IR T REKEERETH 5,
HBEL 7= KRIWMZ Db O % VT fEEREDNREE 256, BT 7 e —FIc &
DIRENLBEND N, BRIENRIZHESL STV RV SPX O/ RRIC & D& E
FEERTIZ R, 22T, W0 ETHD 7,6-AERA I 2=y hEHWZIK
RGN 2 5B LTz, AR ZER T 2720139, O@ERHE SRR, @F
EAR DRI FRIE DRESL & 3 D LN B D,

FPIIEEREEFREE T2 7,6- A A I VFERORG 21T 72, Wtz
W T REERE Tl £ O HEIED R OREE D 72 & T NAREE &+ 8L L
TWHIZENEETHD, ARIOGA, 4 (JEAOHIELE 7,6-A &1 BR OB D 758
SHTWHUE, NMR 7 —# O R IZ X A HEERENAIEETH D & B 2 72, 4 (LEL D
HEEIZ DWW TIL, PCNMRAELFES 7 RS y L CREN - B O ELZ T HZ L %
EXLHE, R ERLY 7 a~d vV BEGTHARERNHLEBZ X1, SHIT, ¥
v UBOBEN A B REIT L o TEE STV S 7 BB ORLE D S8 258
KZTHEZEZ, 1,6-: AV RREGUOHFERZRFTHZ L & L, U EOHIERF#R
ERER AR AN LT2W < D0 Db EMZ G L, Z3 6 O ERLE N KR DOEL
JEL XL T2 EIMEFERFICI VMR LT, 2-1 1'% MacroModel 512
KV EH L= KW 13-desMe SPX C (4S1R) DRLZERETHY . L VB TR
L7o&E TS 7,6- AR A I o=y MIEYET 5, 7,602 A I 2=y FORLE
2N T, EEDORARY TH 5T D ROE T —4 (ROE D IEREMERSHED Tl 72
Wy-7 7 2 U REREDIZRL) &b FENRL . BEHREOEEEIIE VY, £ AE
FIENTIZ BN T, I ERLE T R VX —71 5 10 keal/mol LINIZEIT 5 7,6-A 1A 2
2=y POBRENT R TREZEREO LD ERIUTHD Z ELMERLTWS, 1B,
4R RIZHONWTH y-7 7 /7 U RERE Y LSMIFERE O L ERE %2 & 5, Z 2 THLNT
KIRM OBLEEAE % 2, ol /2 &2 A T 28RO FREEHIE D AT,
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13-desMe SPX C

Force Field: OPLS3e, Method: MCMM, Solvent: none

X 2-1 13-desMe SPX C (4S 1K) O 22 EBLFE

F. AROMIILEEB L, REVAFNLVEEZBRELILEW A, BXOA LT
4 VDRIBMETH LT 8T L ALEM B ikt L, TN O ORJEHREZEE L=, %
DFER., ZN O DAY TII R OBEZ FFH L7222 ERA LN E o7z (K 2-2,
2-3), BARMZIX, ATFAEEZRTZ720 7T BROBGA, W O ER L RERIEEZH
T5HZEITMA T, EERBED RN DOBE L RE B b 2 En3gholz, T
X, BT AARF AT NHEN T BEROBEZFEENSELEELREHZH STV
T EHERIRETHRERTH S, T2, TR TEF LUV EOLGETIE, e MU T
IWEECII 2 <BT X TNEEE L D720, 2HLHL L RKARWERL Y7 o~k
BROEEZBFH CEXRNWI ENERINTZ, ZNED, REVATF VL T4 L
T4 VEBENVEBE CTH L EEZ.ENLEAT D 1,6-AE A I UBERT (48
R) OEJESENT 21T -T2 & 2 A, TRIEY KW EREORERIEEZHTHZ LN
otz (K2-4) LEDORERL Y . AR TIEFHFER 1 Of T AT LA~—%2H K
L. 5 & TV A RRY SPX O NMR 7 —# & il d™ 5 Z & T 4 (O SARELE &
ETXDHEBEZT,

X 2-2 FERRUOLZTERIEEZRTD 1,6-A 2 A I U FHEAK A
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B 2-3 FERPWUOLEREZGTH 76-A 1A I HEAKB

24 RNUOLFERIEEZAT D 7,6-A R A I FHHE1
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22 7.6-A A I UFHEROS R

AEITIE, 2-1 THEEH L 7,6-A A I UFHEK 1 OGBS IZ OV TR 5,
FTARAROGEL 70D v 7 vF ' B OBIRIIREZEIC BT DR R E
ZHAMEIZ L. ZORRTRICOWTIRAS, ZD%, Diels-Alder Kt & % O B
WZEB LI P ZEic oW TR L, 7 h TP o B & L THHAMERE W E
AW L7 REIZ O W TS 5, &S, TARFZE CTH O E e o e B B & 2
FEFRZ 7,6- A1 A I UFHER 1 OWE RN 2R,

2-2-a 7~k UBROA R

HEF LT 7,6- A8 8 A I VIHEEAROGRKICE N T, Kb AREREIZ Y 7 ok
T UBRERS OBIRHHER TH D, ZHE T ONDIIE 7 L —TF1Z Lk > TERRINSE
MWRINTEHLOD Y, 2EKITEADHBEEREIZEG CTX DEMEICITE > T e
W, B-ETHRRCEY , AV rRFELFLT 7 ant i VRS OAKIT. Bk
P C ORI Diels-Alder KSR HHTHDL EEXLND, 61T, %DOy-TT /Y
RNERODE NI L DS EFDOWREZ NS 5 & | Diels-Alder i T 5 4L 5 BRALATN
ENORGIIRFB —RFEMEEZIRIE, M T AT VA~ —RIZHFEETELH2 N
ZFELV, £, ST D IRFE—RB/EEROFETIL, ZOMEERMEICHIEH
TELHREOERELERNEEZ LD, TRDBAREGEIKIZIHNTIL, OF Y
T? Diels-Alder St DZIRPEDFIGE, @5 7 TOMELRRFE — IRFREATER, DRE
RARA L R THY 2O Z R 7 THABIEL BT O MERNH L (RAF— L4
2-1), TR GFRE LT, 1-4-b TR LIV by rbdrnigv U=
—7 by =% H\Wiz Diels-Alder (Ui & B > 7Y U ROSO®AICE B Lz,

Selective NCbz
C-C Bond Diels-Alder S
Formation Reaction S
- > > P .
_ L;Si N
or
TBSO}M“

AX— A 2-1 T uaFl UBREA ORIRAUREEE L RS R
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2-2-b  JEIRAY Diels-Alder B2 B 5 P AfF 2

INET, 7,6-A 0 A I UBBROSRICHEA TR o V2 T 79
BB A RE K ONEIRAY Diels-Alder G OfEFTA1T> C&E 72 P, Z 2Tl ~&m
VANV AL = e ) Y %ot%ﬁ\it%ﬁﬁw_ibﬁ%ﬁ_ﬁot
FUEIZ O W TRE 2R 5,

EFTVT M T ML= EHWARNIC, BATHFRIC L D BWRISHEET 5 Z &0
N TWH Y v —TF Y 2 2 H T Diels-Alder St DR ET 21T > T2, &
DOFEFR, Do VB LG LY ) T 0 VIS 3 B ARF RS T RS &
D LT, AE - exo BIPED L7 & FHEGRINME G Hl4 < 7v, Wifkm » ELER{bft
Ik 4 REINRTHE LN, (AF—2A422), —F, FFEET T Lm—T kY
T2 6 WA, DEEET TR mERMES RIEICIET L, 7'F Lo Eh ik
RIYEDOHIENCFE LTV D Z EAURIBEINT-,

o Cbz

/\/k/\)\ 14 steps N
(-)-Citronellol gram sca/e S/j><r\)

t-Bu t-Bu
(S,S)-tBu-BOX

| 3, Cu[(S, S)-tBu-box](SbFg),

3 steps _ (33 mol%)

TBSO

Vi
Y

EEE—

—_—

] DCM

2,4-Hexadiyne 2 rt., 30 min., 91% (4)

dr=1:0.07 (87%de)
exo only

4 (7TR,29R)
desired exo

3, Cu[(S,S)-tBu-box](SbFg),

4 steps | oPME (33 mol%)
="\ —> T1BSO”
, oH DCM

., 24 h, 16% (7)
6(1.8eq) dr=1:0.45 (38%de) 7 (TR.29R)
exo only desired exo

Ax—LA5 22 VL —T b= & - Diels-Alder S

IR B AG D VI BABA IR 4 2R, v-7' 7/ U FERIEE 2 B R L7 iiE
Wz H e, L Lad b 15D IZBRALATINE 4 7> B OO 15 i B 1 3 DR A A oD 72
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(AF—12-3), BYHDOFE THH-/7-T /) —/L b 7 L— MUITHET L2V, 5
WITEE W IERERO R E 5 27, $T2, 7 a~FvVBRBOF VT 4 V0D
HHEEDO T Ok 2 R A RESCRISEUEE R LT b DD, v-77 7 U FERIEED
RN 70D X0 REBIEOBANIZITE L o T,

TfO

A X — 5 2-3 BRALATINMA 4 O E S H O Kt

YINnT—T b= oD EEE L, RIZVT T AT 10 W
IREY Diels-Alder Stz 4T o72 (AF—LAh2-4), TOFER, Pz BT 2.5 4 &ED
VEUEEERAOCTINEWEET DI E T, 2L BALE - exo BRI OFELE O H
BIRME TROSD AT L BMEAR 11 MBI AKR S D Z 2 A LT, 61T,
=Ly T NI UAEEOREERICHOWT G, 23T D At 2 TBAF % v i
WLl > 7D RIS L > THBERCAT L VAR A EEEAT LS Z LI L, %)
K 7o R B O AT REME 2 oRIE L 7R RS Btz (AF— A4 2-5),

BINA Diels-Alder SUNMZEB W TIEHEIRENFRRE TH - 72 Z LRmEFEIEO T =
VB AET L PRRT REPE LS TN, B0 y-7 T ) REROMERE A%
BRET D L. WENBREEEROAREERZMDT-V T N T ALY 10 OFEH N
MTHDLEHW LT, T742bb, T F T UL Lz 7,6-A B BROERINHIHE
FIEDWESL & y-7 7 7 U REROEHNY & 72 D BEHIE O RAGE A DRI S i,
INETIZRWEIEDS LOWAIENBBE SN 7,6- A B A I UFER 1 ORI K&
S EZB LT, UEEHEFA T, WEHTIIY 7 N2 L 7,6- A8 A
T UHEAR DG BT 2R,

o Cbz
\@
3 steps o. | P 3 “
— —_— o Si [ -
N/\‘ o) toluene
2,4-Hexadiyne ~— 10 130 °C, 24 h, 60% (1)  p~ N

(25eq.) dr=1:0.3 (54%de) N—"" 11 (7R29R)
exo only desired exo

AX—N2-4 T hT ALY T % - Diels-Alder S
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|
©/(5.0 eq.)

Pd(OAc),, PPh;
TBAF

Y

THF
reflux, 2 h, 58%

NP
[::]//;:;GQJ

Pd(OAc),, PPh;, TBAF

Y

THF, reflux, 3 h, 83%

AF—LAL2-5 =T N T UoEERWERILD Y T RO

2-2-¢ 7,6-A BT A X FHEROME RN

VIRNT UV UEEEE LV aan b UBRE S OREE A STEHICE X, 7,6-A
A I UFBER L OWE RN 2T o7, (AF—22-6), £T, 7,6-A A I
AR 1 DA I UENLITRIBMATH D 7 b T 22 14 Oy FHNA 2 UTERRISIZ LY
WRECTEXDHLEEZT, 2T, v77 /U FEROANMORMENEZY 95729,
ZOHIEZBE LT MIGSREEZEAT 20BN S 5, RIS y-7 T /U REROEEIT,
Romo 57 GYM OEATHM Lzt =a X AMm L7V F—/VE % Wiz 5EN
HHN (AX—A52-7) D 4O 2 T OPMEIC L TR < BN H 5 A5
IIRMETHD, T THEY VY —IEOBAIC KV SABENRETE LT U LT
Na— 15 #2000 y-7 7 2 U REEOEKZITHY> 2L & LT, Thbb, 7V
NTa—)v 15 OF T N a— L ONARMEFEEIRR LTtk kA2 27U veo
T 2T LEITU, Fe DFHNEBR A X B ARSI IV IRBL -7 T /U RE%
M TEXDHELEZT, ARAZEVARKIGIZEWTIE, ERWNWA LT 4 55 ORI
SaEMZ v-77 /7 U REROBZDTERIND L) RSN 2 AHTLERD b,
TUINATNLa— L 151220 Tlk, = /216 O 128 0H WL = EaW 17 »»
OOEBIZ LV EMBARETH D LB X, E=/bLEW 17 PO DOEMDGE, —
I ATHART—EBEZL Db 0D, U7 ¢ UEy A rESEIRICIRLBIA T E
X, B2 ) = — VREEAER ST D Z L TERGICAKRTE S, 7 N7 2 85
DERRITT 7 # LOBBRKISIZE > TRRETH D, o/ 16 L E = bEW 17
X, EBB Y 7,6-7 7 XL 18 DY =TT UG E BB SR A V2
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TV RO LV EBEAERTE D EEX T, ZD4NE SALITHIT B IRE—IRE

TEATER O EHIIARG MO KRE AR A hDO—D>Th D, WELEHNAIREL 7,6-
T2 A18 IZOWVWTIE, BIETHBRZEY, ao-AF L AL AF LTI X L3 L

2T N AT 10 2 VT EIRAY Diels-Alder UG L W —Z ST 5, 22
TlX., PIRAFZEORE R 2B E 2. HBRRMEZ 10 S22 07 7 OS2 7

TREND D,

Imine Formation

| D

Ester;:rcatlon Modified
~ then Mosher's
Ring-Closing method
Metathesis \

| > HO

NHTFA

(o)

4
. —> oj[‘*)\
P or

., Selective O Cbz
cross- Diels-Alder -
Coupling <NTs Reaction s j
o s 7 ‘,
— N, C——> 7 ,
( oS ~° O\S.JH/’\ .
Ol [O i N
! |
NN o Y o
— 10

AF—N5b2-6 T7.6-AE 0 A I UFHEK 1 O A AT

CF;OCHN O__orTIPs
SR
- TiCl,,

-
>

DCM, rt., 1 min.
(o) 61%,dr=1:1.1

AFX—AL2-7 Romo HIZLDy-77T /U REROIES
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2.3 VT NI UL LT 7,6- A B H BRORNERAMESLEE D BRJE
2-3-a  EERAY Diels-Alder i~ D FT

TIFMFIE CIH BN > 7280 . T M7 1Y =2 10 Z V7= Diels-Alder it
IZB T DEIZImERRMEOR ETH Y . T EEKRT D DIZIE X 0 R KRS
ZRETHENSH D, T2 TET, ARSI T DB R, JONRE., YEOBRGT
ZITH 2 LT, @IERBIOWEOm EXZHE L, (F 2-1), 9. THEO=
VR U =TI TEWSINEE FICBW T2 YEo v VB 2 W T4 DK
SRR (BOSTREE 0.05 M) Z st L7 ib R, mEI e~ ORIl I o7,
L2rL, = )8R TEoIC12-V 7 uuxX o ZANWEEE, RIGIEE &Y
B2 TTICHELL T R —1 LAZEOIER L OmERETHIYMZ55 2
LI LT, 2T 12-Y7unxc X oo WEICKT 2 EmWVIRBEIC LD
DIELEBE LT,

}
N
A
/’ 4
. )
. ,
/’ 4 .
+ .

, 7 0
0\ ‘ P ¢ 3 1y
(oSi/%N " HOSNX_
/N ~
N_ 11 (7R,29R) @ 11" (7S,29S) @
10 (XX eq.) desired exo undesired exo
Entry Solvents 10 (eq.) Conc. (M) Temp (°C) Results (11 : 11%) Yields (11)
1 toluene 2.5 0.07 130 1:0.30 (54%de) 60%
2 toluene 1.2 0.05 110 1:0.30 (54%de) 18%
3 benzene 1.2 0.05 110 1:0.33 (50%de) 10%
4 DMF 1.2 0.05 110 1:0.28 (56%de) 19%
5 1,4-dioxane 1.2 0.05 110 1:0.34 (49%de) 8%
6 DME 1.2 0.05 110 - decomp.
7 DMSO 1.2 0.05 110 1:0.32 (53%de) 25%
8 CICH,CH,CI 1.2 0.05 110 1:0.30 (54%de) 62%

7 2-1 WIh R ORET

IR 2T~ 2 O LRI BAEORGT bIT o 72 (3R 2-2) . ARFITIL. A&
BONLF 2 D 7@ OFIE 2 B X L, VA AFRIZ L B OatEm B2 Bie L=, £7-.
P TEDOFE R & e+ 57O b o 2 L7z, = hU—2, 3 TiX
AICl; & BF; EbO Z1EH SE7=M, Vo U E DO RERIG DO BN HFT L=, WRIZT »
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% )4 RZD Sc(OTh)s & Yb(OT); W CHRIEFME T TGS A, Vv
B ORI 2 TEALA A D 3 19 L EESFTC L VRSN (= Y
—4, 5), ZE Sc(OTH); & Yb(OTD): DFRVVLA AFRENRIRCTH D &z T=, £
T, DEREIS T2 5 12OV A ABRYEOIS W& R DMF 21T 72, = F U —
6. 7 @D Cu(OTf), & Zn(OTH 1F013 0 V=V FEICOAEH UoMR)G 25 & 2 L
7o —J7 T, Mg(OTH Z IR L2 BRI E O fRITHER I N T, BINETIEH LB D
O Diels-Alder UGB ET LEILAIEAZ 525 Z Lotz (= FU—8), &5
2. BN BALM IMEOREEMT 24T 72 L 2 A, B R_R&E Z L ICHEREN e 4
ICH ST L RN 11 OBPER SN TWD Z ERHLNE T,

(o)

LCbz
N
AT
/ Catalysts
% “, (50 mol%)
i _—
o._. | Z 3 f
( o-s" [ toluene
™ o (0.05 M) P
N 11 (7R,29R) 11' (7S,29S)
~— 18-24 h . .
10 (1.2 eq.) desired exo undesired exo
Entry Catalysts Temp (°C) Results (11 : 11') Yields (11)

1 none 130 1:0.30 (54%de) 60%

2 AICl3 80 10 decomp.

3 BF3 Et,0 80 10 decomp.

4 Sc(OTf); rt. decomp., 19

5 Yb(OTf)3 rt. decomp., 19

6 Cu(OTf), 80 10 decomp.

7 Zn(OTf), 80 10 decomp. -

8 Mg(OTf), 80 1:0.02 (96%de) 8%

[a] 2.5 eq. of diene 10 was used in 0.07 M toluene

7 2-2 Ao RE

SGME 2 ) E & 51 EE, & 512 Mg(OT), OERIND & TRt 2 52 2 il4# ¢
THZEZAMLIEOT, RIZEHOE#ELZIT ) 2 & TIHFEOm L2 B L, (&
2-3), £9 50 mol% D Mg(OTHh fF1E F. 0.05M D 1,2-V 7 n =X L i CINEGRE L
T A BWHIEBRMEO DT NRBLIEROM LR SN (= Y —3),
SO FRISICBNWTIEISEEGEE THLHOT, BELX 0.1M & EREICL
7o & ZAMRIT 4% e REL M EL, mERMEbHEFF SN EETHoT2 (= MY
—4), I, 015 M D 12-YZ7aaxZ o, 110°CTHE LSBT 5 2L T
e exo FAER 11 23 T9%IHE, 96%de THONDLZ xR LE (=2 FU—5),
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kB, =R —6 IR T LT, SO EEESMTIZE W TITEO T 23
BTz,

VI EDFER LY | YPIOETH - 7= sk & SOt o R & ik L.
ANy T W 7,6- A B R ER O EAESIE ORESLITREE) LT,

Y7 b7

‘Cbz
o Mg(OTf),
( 'jﬁ/\ 18-24 h \
N/ 11 (7R,29R) [2l (75,298) @
10 (1.2 eq.) desired exo undesnred exo
Entry Solvents Mg(OTf), Conc. (M) Temp (°C) Results (11 : 11')  Yields (11)
1 toluene none 0.07 130 1:0.30 (54%de) 60%
2 toluene 50 mol% 0.05 80 1:0.02 (96%de) 8%
3 CICH,CH,CI 50 mol% 0.05 110 1:0.02 (96%de) 1%
4 CICH,CH,CI 50 mol% 0.1 110 1:0.02 (96%de) 41%
5 CICH,CH,CI 50 mol% 0.15 110 1:0.02 (96%de) 79%
6 CICH,CH,CI 50 mol% 0.2 110 1:0.02 (96%de) 54%
< =N
*2-3  PUSKMHOREAL

2-3-b ¥ 7RV ARRAENIR O FEERAYFEY]

2-2-¢c THRA/Z L DT, REISIZEIT 2 mEREO BT~ 71> 7 LOBLNR
WZEDbDIEETE LT, T72bb, VA A TH D Mg(OTH NY =/ 7 4 )VHE 3
DI IVR = NERFRIZENLT D Z & CHARBURIZEE S v, £ OfE RET@EINMETX
JIEREIT LTI B 2T, T T, =7 327 LENCENE O EBRAFEILZ 155 72D
NMR HIEZIT -7, BARMICIZ, E12-Y 7 oo Z o Tcoom ) 7 4V HEE 12
YD Mg(OTH), 2 Iz 7= 30BHAW (3°) @ 'H, BCNMR HIEZ ZnFhEH L7z (R
X —L42-8),

Mg(OTf), (1.2 eq.)

E 3 (free)

d4-CICD,CD,ClI
90 °C, 30 min.

3' (complex)

A¥—Ah2-8 MgWENLLIZYT ) 7 4 VIE
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F9'H NMR #HE L, 556072 AXT hLZ Mg(OThH Mz Thignhy= ) 7
ANV L LT, FOfRER, IAR= LV HEITEWERERARY Mo 7 a— L&Ak
¥ 7 NOEMERE T (R 24), Z0IZ L, MgOTh, 57 /LR =L EEFIEL
A LTV D ATREEZ R LT B,

ppm
C# 3y (free, 3) Peaks 3y (complex, 3') Peaks Ay
3 2.47 dd ! 2.49 dd | +0.02
212 q 2.15 q(br)y | +0.03
4 1.42 m 1.44 br 1 +0.02
5 1.42 m 1.44 br 1 +0.02
6 3.86 d 3.86 d 5 0
3.25 q 3.39 dbr ! +0.04
7a 5.75 d 5.79 br ! +0.04
7b 5.40 d 5.47 br 1 +0.07
8 0.94 d 0.94 d | 0
9 0.99 d 0.99 d ! 0
11 5.23 dd 5.29 br 1 +0.06

[a] A8h(or c) = SH(or c)(COMPlEX) - (o c)(free)

#2-4 'HNMR O A7 hVEIR ELFS 7 D=

TITAE B N2 BCNMR A7 bV &R 2-510077 ¢, EEED AT MR T L H I
Mg(OTD: fFE FIZBWTIE AR MAPRKRESREEITT L Z B LN LR o7,
ZAUFENLN R L » TART MABEEL L7 EB 2 Hivsd, HSQC, HMBC
WE % FHWCTIES LIz AT ML EIRE L2tk Mg(OTH Z M2 TWeWwy ™ ) 7 ¢
IWIEE 3 DILET 7 N E ORI EIT o 70 (£ 2-5), £ OFEHE, TH NMR OfEH & [AEE,
JIVIR =V EESEDNZ B W T LT 7 N OBEE R EZN R S, £bFY T FozE
WCEBRTHLE, a-RETHD CQNLIHERSE Y 7 b &, p-IRFETHD C6, CT, ClliL
L@ 7 L TWB Z Enbnolc, ZNHFY 7 hOELAZAHL LI L Z
7. Castellino 512 & 5 NMR 45 W61k % W 7= 85T Bk H o s3] -9 L 6] CAE A %
RLTWAZERHLMNERST (K2-6), LAEDO NMRBIEDOFRERLY, v/
DAA T NI ) T 4 VB DB IVIR ZVERFERIZENL L TV D T & ASEBRAIZEE
7=,
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complex (3')

free (3)

C10 C2 C12 Ph C7 c1 C6 C4C35

R AR R R R L R RN AR AR AR AR RS KRR AR RRRRRRL R AR AR AR AR LA RR AR RN RRRRAR]
160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0

¥ 2-5 BCNMR AZAX7 kL (F:3, F:3)

ppm
C# 8¢ (free, 3) 8¢ (complex, 3') Ad¢
1 1718 | 175.1 L 433
2 145.8 i 144.6 i 1.2
3 39.9 5 39.6 5 -0.3
4 42.1 ; 422 ; +0.1
5 39.9 ! 39.6 ! 0.3
6 51.3 E 52.4 E +1.1
7 124.0 5 125.3 5 +1.3
8 20.6 5 20.4 5 0.2
9 17.8 ! 17.7 : -0.1
10 1542 155.9 I
1 68.3 E 69.7 E +1.4
12 136.4 i 135.3 : -1.1

[a] Adp(or ¢y = SHor c)(cOMPpleX) - Byor c)(free)
[b] Chemical shifts of 3' were assigned by HSQC and HMBC measurements.

#2-5 BCNMR{EF> 7 D=

13¢ Chemical Shift

Mg A (= Scomplex = 6free) Sn
SN // N\
s O O o o
: +5.3
VO o AN
+330) 17 | +4.0 o
= b—d+3.1

X 2-6 "BCNMR by 7 S ZO Al
(£ : 3°. 4 : Castellino I2 X5 N-7 2 v A4 U 2 7 L -SnCly $5A)
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2-3-¢  MHERIE D FEIEAE OHEE

~ 732 MBI RN ERIICHH B E T o e DT IRICENI IR K DR
BRMEORBIEREIC DWW THEBLE LTz, £7 Mg(OTh & U=/ 7 ¢ VEVE N 1:1 THEL
LTS EREL, 1.2 B&D Mg(OTH: /7L FIZBIT DY ) 7 4 VIHE DO ERLE
ZRK®7-, NOESY HIEIZ L V&5 7- NOE fHB &2 Mg L7=fE 8., X 2-7 1R K9
2. ZODRAFNVIENRTH U T AN ET HVAAREEEZHT D5 ERbooiz,
—J7. Mg(OTf), JE{F(E F Cl, H3ax & H7b, H4 & H7b [ NOE fHEH & 59 72208 5
BRI (2-8), ZDZ Lif, 7TERVFURREIEL E>TNWDHI LERELT

BY ., MgOTh I ZZNEBEENMIHELEFZHSTNDHEEZEI DI LENTE D,

10, OTf  NOE

Mg“m e oB
! oB -0 n
o) TfO-Mg™ ™~
No NOE o Y H g S~ H
o toe)
No NOE

X 2-7 MgOTHh FFAE FD YT ) 7 4 VDL ERLE

9/_\NOE
Weak OBn
NOE _ Oup ¥ _~H
(, m\me
3 Me
|/ H

. !
H;io’ﬁ ; Weak
<./ NOE

4 2-8 Mg(OT FFFIE T DY T ) 7 4 )V DL ERE

BONTELEERED YT ) 7 4 VHE 3 Lo S 10 B0 Diels-Alder )i D%
BREEZE 2 DL, BB OH L 722 OIS FGEHINLET D C3 Lo T F
VITNWKFETHDLEEZEZT (¥2-9), T70bbL, ZOT7 X7 AKFEE T UHEN
BT D7 2F UM ONARK I D BN /NS WE DD Oy = 2 FE UG MU
PO C& | 2O RmEIRIED ERICHIE S N2 BUHIRE 52 5 & 2 70, 72,
il D Mg(OTf), CTHIEIRMENFEI L TWD Z EnH, MgOTH, DY ™ ) 7 4 LKk
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B3 ~DF L — MIIAIGOMEDRELH D LHETE 5,
PLbE, 7% O LN RIC LAY ) 7 4 VB ORERFEZIA SN 52
& Ty RPN B R O 3 BURERE 2 HeEE LT,

Mg(OTf),

Me | > Face- selectlwty (O Si
Me » exo-selectivity

= 3 » Regio-selectivity

1"

‘ = desired exo
S
<Catalytic effect>

(7]

O‘O. I\O Entry Mg(OTf), Results
10
(ﬁ 1 none 54%de
N 2 20 mol% 90%de
— — 3 50 mol% 96%de

X 2-9  BALZNIRDS & 72 B9 HERPE D FE B O HEE

2-4 7.6-AE 0 A I UFHEERDERK
2-4-a S5 (LIRFE — IRBARE BT DFTEMAR DG R

B Diels-Alder SIZ X 0 BB LAAIE 11 NELNTZDOT, WITy-7T /Y
RERBEADSEZ IR D RE — IRFREATERIEDIEE 18 DA EIT-7, £7. Pdfil
AWK RIc L T ETF LU EOF LT 0 bl Cbz O LR % [RIRFIC
11928 & LTz, REEZHWDENZET MEEW 20 & W T-HERFEL 2 RET L
ToAER. 50 mol% D PA/IC Z/EHEEH L HIMELAEW 21 D TiDF L7 4 RV 7 1
AFEUEROKFLHEITLTCLEY 2 ENbhoTz (& 2-6 = FU—1), Pd/C
DY EZ T T HZ L TCHESEMA, BRLEY 21 224 E LTHDLZ &M
TELEN, TDOA VT 4 U BKFBILSINTZBIAERY 23 b2 < AR S, £l AT —
T TIEIERNFBRME G E o7z (£2-6 =2 bV —2), HEVIRTHEZ FFO
Pd/C TITRINFPKFERREETH D &E 2. RITHBERRIZ X 0 ISMEZ 12 7= Pd fillit
BRI, TOMRER, =F L U7 I THiE ST FREOEEZRFF9 25 Pd/IC
(en)ZRMEEDHZ LT, HIMLAY 21 Z2&INMOERBMICED Z LTk LT
(#£2-6 =2 bV —=3), £72, KAFT— L TIGEIT> THIROE FIZfER I T,
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HHEMEORME RSN, —). O 7 4 7 aA 12 Pd SMEHEF S 7= Pd/Fib &
W5 &, Coz DRI MH SN bim 2 2 5 %72 (F2-6 = hU—4), 9,
ETIVIERIC L0 BIRIIKFE 2 LB D57 5% L L7z o T, IIZFEED
ARG Th HBRAMIE 11 2 AW TR E L EIT o 72 (A% — L4 2-9), Z DR,
ETIVEER L FERIZ PA/IC (en)ZEH S ES Z ETHMD T 7 X 125 DA EEMIC
Boniz, Tk, BoNT=T7 7 X L% LDAF(EF TsCl L S SESHZ L TT IR
AL Ts PR L, 3B — RBREA TSR O RIBER 18 % —BEFEINER 77% CTEKT 5
Z LT LT,

NCbz Pd cat.

BN H, gas
. O E——
Ph 0N AcOEt Ph
rt.
20

Entry Pd cat. Time (h) Results?
1 Pd/C (50 mol%) 2.5 Overreaction (23, 24)
2 Pd/C (15 mol%) 4 21:23=1:05 A

ctivity
9 21

g Pd/C(en) (40mol%) 12 only Pd/C > Pd/C (en) > Pd/Fib
4 Pd/Fib (20 mol%) 4 20 (SM):22=1:2.6

[a] Judged by crude 1H NMR

#£2-6 T MLEW 20 % T8RP REfR K F L O Rt

Pd/C (en)
(20 mol%) LDA
H; gas TsCl
AcOEt DCM
rt., 18 h 0°Cthenrt., 19 h
77% over 2 steps

AX—N529 By TV UTRISDIEE S DAL

2-4-b SNDRF—IRBESTEME T VLT L a—L 15 DAL
WIZTT > TV TRIGDFREEI18 ST VLT /L a— L 15 D&/ E B Lz, £73°.

HE 18 D SALITK L TRF —RBFEATERSINC IV = 16 HDHWIEE = LVED
HA (17) ZiT7o72 (AFXF—142-10), ZD%, Soniz= /16 BL O =/{bE

-60_



W17 X0 T VAT a— 26 ~DEWHEZRF L, i< 77 Z LD ELDE
iR T, ey sy —ENEAMRERT VATV a—L 15 28k LT, ARETIX
FDOFEZ DT B,

NHTFA

C-C Bond
Formation

C-C Bond Oxidative
Formation Cleavage
> 0
N

Grignard
Reaction

17 27

AF—AL2-10 T U NLTILa—)L15 DERL

) g1 >~ 7V TR X D 5 AL ~D & HE A DRt

T, E= AT UEERHWERILD v 7Y VRS K A E = VOB AR H
Lz, IZU®IC, SEEHMLEE =LY T T U HEEDRIGEZ R T D 72012,
BB SO ER B o~Na 7 oAb T U — v s R v 7Y U T RS E R LT (A%
— A5 2-11), ZORER, T T 18123 ¥ &D TBAF #{EfsE52 LT, v
U2 7K 28 & 4A9%INEKE TS Z LIk Eh LTc, ~a Ak 7 U —v & O G D R
TEZDOT, WIZERICE=VEDOBEANELRF Lz, UL, fix OSSR EZ RS
Tboo, U7 M ALRLERBCSIGIZ L D EIARY (29, 30) DOIHHAERL
Eh. HROLAW 17T 1TEMEICE -7, i a7 AL e =L OGN
a7 AT V=L XD EFE LB THY by 7Y RSk A e =
HEOBEANFIW ST I D252 0 ERERo T,
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: ;|
CF3 27 (5.0 eq.)

Pd(OAG), (30 mol%)
PPh; (60 mol%), TBAF (3.0 eq.)

Y

THF (Freeze-Pump-Thaw)
MS4A, 80 °C, 3 h, 49%

/\Br (TTTTTTTTTTTTTTTTTTTTTT T T \

Pd(OAc), PPh;
TBAF (3.0 eq.)
Additives

(none, Cul, Ag,0) < <
- o o
(0]
THF
(Freeze-Pump-Thaw) ' 29 30
reflux, 3 h : Protodesilylation Oxidation

AF—2N2-11 KA v 7V 7 RSO

(2) RETFHI% = 5 F~O ERIEAD BT

il 7 T ROSOEA RS L, IISKREFHE AW e =1y 7 UAEED
BEAHEITHIZ L L Lz, AF—L 2-2 TR TEIIC, ZAED P HTF A ULE
EZh A L0 SOSH IR ADOERMEESND Z LD, KRETHIZ AV E AL
DEANFRETH D EE X7,

% ZCTET, Friedel-Crafts IS MRat L7z (AF—2A2-13) O, =/ > 16 ORibK
KTHDH7r by 31 ZEKT D720, TIRTHEA LELLT Vv E DT U ALKIG %
A ATe, UL, A ABRAFAE T, Flix OFJSEE FIZB W THiiv U rr e hiAvk
RRBOGEIT L, BRIOLAEY 31 15 Do iz,

) E' oE
N S
Y T R
A A

-effect
. B B

2% —A2-12 =TT DORELNIE
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CI)J\/\CI

AICl,

[A] -78 then 0 °C
[B] 0 °C then rt. Cl
[C]1 0 °C then reflux

A — LI 2-13  Friedel-Crafts 7 > WAVt

W, By Yo7 R— N —oiEes M LR U va v beERs LD, 3
U EANOEMNER SN, b= AR LY KO E WD v Y v
BB TE B 720, BiE L OB A 4 7o iiE A O [ REMER LN 5 LB 2
7o (AF—2A2-14), METORER, KETFAIE LTNIS ZEIN LEIR T C 30 /7S
HHZET ELIaVbE = A RNBEENIHLND Z L2 M LT (AF—L42-15),
ZOE=rTT R oo Ua vRBICONTIHREICHEF N2, T 8T
VIO EED HEERAMLE VR D,

Low Reactive
Coupling
(Hiyama Coupling)

\

Hgih Reactive
Coupling
(ex. Stille Coupling)

Reversion of
Cross-Coupling Partner

AX—NL2-14 o7V T R— NP —DifigHh LA R

NIS (1.5 eq.)

DCM

rt., 30 min., quant. Applicable to

Various Reactions

AX—AL2-15 WU ALIHENICLDH YT T R— b F—Diisih
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LT . Eon-avike=132L N TFLE=LF o LD Stlle h vy 7Y 7
sz Bat Uiz (32 2-7), ZOfE%E., 80°CO DMF iEiEH ., Pd(PPh)s & i IE o LiCl
FEASHEAZ L CINERRS BV EREEATLHZ LTI Lz, b, FEET
IZBWT CO AT Stille 71 > 7Y U VRIS EATT2E 2 A, 2656 6B < BUG
DT LERET ) 16 25T 52 LIS Lz (A% —L42-16),

PLE. HUOERKEIE LY —BREZNE 0D, T 8T U EAESICRE —IREE
BSOS EH L, mINERNORMICE =L B IO ) U2 EAT D Z LIk
J Ll . B2 T b7 0o NIa UbE = VOEMETHD Z ENHLENEZ2D
7 N7 DY Diels-Alder &S D758 O THEEZARLOBLR DO BN EHIEL T
BDH T ENMRBINTZ, &V DITERRA I UEOYEFTIZOWTIE, fEx O
KNI LT T 2 A TR Z BT 2EERTMNTHLHLH720, RRISEEEE L
7o B e S TR PEAE BT ZE ~DICH b AIBE T H 5,

/\SnBug (2.0eq.)
Pd(PPh3)4 (20 mol%)
Additives

Solvents (0.02 M)

Entry Additives Solvents Temp. (°C) Time (h) Results Yield (17)
1 Cul (1.0 eq.) THF 75 24 No reaction -
2 LiCl (10 eq.) THF 75 21 32:17=1:04 29%
3l LiCI (10 eq.) DMF 80 1 17 only 97%

#£2-7 Stille 77> 7Y > 7RO DRt

/\SnBus

Pd(PPh3), (cat.)

<NTs LiCl (10 eq.), CO gas

\o DMF
80°C,2h

35% (72% brsm)

32

AF—2A52-16 COHATIStlle h 7Y U ITRIGICE DT ) 16 DAL

P BT ) v OEAZKRS LD T, WRIZT VLT )L a— )L ~DEH A
Slz, EFIE /16 O 12- BTN ERF LT (3 2-8), —IICHWSNLD
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OSSR I T 2 A LARTEDOARPETLREOT U LT IV a—)L 26 =15
L2 EIXTERDN ST, 1,2-B IS DRI & ZHAFE LR ORMITIE S
TWDEN, BT o=V EARSE LTEARRE TRIOT VLT )L a— L&z R
BB ENTEXEZDOT, 2N EOBEHI TR o7,

26 !
1,2-Reduction : 1,4-Reduction (+Further Red.)

Entry Conditions Solvents Temp. (°C) Time (h) 26:33:34
1 BH3; DMS, (S)-Me-CBS THF -40 then rt. 21 0:1:0
2 NaBH,, CeCl; 7H,0 THF / MeOH (10 : 1) 0 then rt. 1.5 0:1:0.37

#£2-8 T /16 D 1232 DfE

WIZ, = bEW 17 26T VAT a—)L 26 ~OEBREBF LT (ZF—2A
2-17), 9. E=/HbEW 1T I EDO NI LA A I v A LI URRT U U A
% THF/ /K DIBAEEEF 0°CTERH S Z L T 2204 L7 4 D) bRuA L7
4 DB ETIRINZIET D LIRS LT, Z OB, ME#RA L7 0 B ON7,6-
2O BT EICAIETD T BEA L 7 ¢ T ONT, Wb SARREE o 4
TRibEN ol bBEZ NS, BT ATE K27 1FE=17 Y =y —LiKk
HEFIGEEHZETHMET AT U AT L a—)L 26 ~DOEHIZHKE L=, RIZT
JILT va—) 26 DT va— iy % TBS (R4 52 & CTIkEM 35 VT AT L
F~—t 111 TPRERR LS AR L. £ORIKE F TRREFEDOATF LY FULEEHS
HHZLETT VX LADRRIZE D N T X036 DERKIZHEKED LT,
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0s0y4 (3 mol%)
NalOy4

THF/H,0 (1: 1)
0°C,2.5h, 70%

TBSCI MelLi
Imidazole (20 eq.)
DMF THF
94% (2 steps) -78 °C then rt.
dr=1:11 1h,dr=1:11

AFx—AL2-17 7 T I236 DAL

2T, BRMISCE T DET LAY 37T AW TIHERTIX, ATV TF Y
LORDVIZn-TTFNY F T LEERSE D E BELEY 38 Tid/a < BIZERY 39 13
EEIICELND Z L AR LTINS (AF—2A2-18), i, EEW\n-7FLl
F T LNT 2 REPLCHET TEFTRDOIC Ts oAV Y FAHbzglaz Lz
ERFKREEBEZOND, Thbb, BFEERANVK=NAVELE Y TFULLF LD
AAERNC K 0O A N MY FA S, K< 7 I RAOREREIZL Y HER
DI SN2 EHEER LT, £72. ATF VI FULAEZHWERAETYH, PAF LN,
WT AF AR 40 TIERBRORISHRIIGE L TR A Z Enghnol (AX—L4
2-19), ZOFERIZ, TAFMERATF NI T U LOREREZ T 5 L9 7 i k/
JEr~vA T = LTHLTWDZ EERBLTWD, ZONAKEE (AF—LA
2-19 T ORELFE B) TIEH LR =V FET 63 % SRS O STAKRE ) 3EsK (Burgi-Dunitz
BUBE ; DL = LRI L TR F RN LT %) Ziilz LT RNz, BIBRIX
JE TR BISENEIT LT EEZDZENTE D, T7bb, REVATFALEDOS
T 7,6- A B BRI 152 ZERENFIR Y | Z ORERREE G D ST D H
DNREFIROZETH L LBLETE D,
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nBuLi (5.0 eq.)

THF
-78 °C then rt., 30 min.

MelLi (5.0 eq.)
THF (0.05 M) Ar
-78 °C thenrt., 3 h
46 :47 =81:19
Conformation A Nucleophilic Reaction
(main) - M
} i \_109°
P g
Conformation B Ortho Lithiation ., Z 9 |
(minor) o

A2 F—2N2-19 MeLi # W 2F A F LK 40 O BEBR S

WKIZ BB TCHAT VAT L a—nL15 DK 51T - 7= (A% — A 2-20) , Romo
BOFFIEHEN, 7 T I 36 DFE T I & N 7 da T FIU(TFA) R TR
LR A2 BRVON 2%, Smh 2 FHWE2 e T C Ts ARELEZ Y, Tk, i
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FlEDO TBAF # N CTBS 2R ETHZETT IUAT A — L I5DEIT AT L
I~ —% ZNEI 4 BPEIER 29%, 39% THRL2 Z EICHPILTc, 2NOLDY T AT
F=—IlZOWVWTIE, 1%D MV ZF AT IV TCHHEF L2777 vy a2y U Vg
HWTHESGIC BT 2 Z L 3T, TLC LTI 15a S EHAMTh - 72,

NHTs N\(O
CF,
NEt;, TFAA Sml, (4.9 eq.)
EE—— —_—
DCM THF
rt., 10 min. -78 °C, 40 min.
without extraction
Determined NHTFA NHTFA
by Mosher's
TBAF (12 eq.) method
> +
THF HO HO,,
rt., 20 h
15a: 29% (4 steps) = Separable
15b: 39% (4 steps) 15a by flash silica-gel 15b

AF—AL220 TUNALTILa—)L15 ODERL

2-4-d T U T IL3— )L 15 O SIARELE O P E

WIZ, B LT VAT va—v 15 OF #7773 — L Ok STRBLE 2 5E >
Uy —{EICKORELZ Y, 9, OB LT U AT L a— b 15a 1Z(S)-. (R)-MTPA
sal) REZNENEHESETMIPA TAXAT /L 45 Z 85 L7 (AF—L4221), 20D
BE. DMAP FEFFAE F CIERUNTETE T, ERIRISIC L DBRIBIK 46 DR ZL<
TeOIZHEED N = F LT I o x2FE L, £3HH7 MTPA = A7 /L 45 @ '"H NMR
BIE AT, 2-10 ZEFICRT X 9 12(S)-MTPA =27 /b (BB, W@HEK) B
(R)-MTPA =7 /)L (FE:, fHUK) ofbFr 7 M&Ifg LTz, £0%., i AT /LD
%7 b D7 (AS = 8((S)-MTPA) - 3((R)-MTPA)) D% KD, HEv v —iEkD
7 U NT a3 — b 15a OSNARbEE R BliE &R E LTz,
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NHTFA

MeO,_ CF;

©>(3)\c00|
(3.0 eq.)

NEt;3 (9.0 eq.)
DMAP (1.0 eq.)

NHTFA

L
>

DCM (0.03 M)
152 (0.9 rt., 20 min.
a (0.
(0.9 mg) (R)-MTPA ester 45
Cyclization lacid
CF; OMe
(R)"COCI NHTFA
NHTFA
(3.0 eq.)
NEt3 (9.0 eq.)
DMAP (1.5 eq.)
DCM (0.03 M)
rt., 20 min.
46
(S)-MTPA ester 45
AX—1 221 MTPA T AT /L 45 DAERK
0.76
0.76 6.51 0
6.61 -0.10
0.66
067 1,,, 151 NHTFA 001 NHTFA
: 3.24 (3.02) -0.01 (0)

1.96 (1.58)

198 (162 \47(123 O

2.04 (1.87) ..m/

2.10 (1.99) 205
2.08

RO

5.71 .
504 “11475

5.16
upper (plain): (S)-MTPA
lower (italic) : (R)-MTPA

1.46 (1.21) 3.25(3.02)

Ad = 8(s5).mTPA ~ S(R)-MTPA

45a: R = (S)-MTPA or (R)-MTPA

X 2-10 HE v o v — B L D LARR E ORE

2-4-e y-7 T /U RERDIEE

TUNLTILa—)L 15 DM T AT LA <—DEHB L ORERICKDI LizD T, &
IZFARRARA X B AN ESEE LT -7 7 2 U REROBEELAToT2, ZDL X,
HIERIR CHAT VLT AT ANAODF LT 4 LB HTAHI LG, HRAZEY X
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FOSMCB T DRI HNES SNz, £2 T, -7 7 /7 U FBROBEO Mt S D
RN 72 OGS BT 72012 BT Wb EW 47 & O TP ER 21T - 72 (F£2-9),
T IULEY 471, HIRCHEATESLT LT K48 LT U LT L a— L 49 %%
T B PBINR 35% TAR LT (AF%—202-22), £, 7 UL 25 /L 47 [Tl &0
Grubbs fitfitss — A2y 7 max o 50°CTEH S 2A (= FU—1),
HEOy-77 7 U RERSO BN EERE L TH LN, LML TLC 20725 &, W
< OMORIEE B RIFFHZHEIT L TWD Z E MR Sz, Frive v b ofiiz v
TS B b ERROER L/ (= MY —2), RIZ, RIKSORKDO—2>LEZ HD
B EZSCHBT14-N0 Y % ) U EIF IS0, SEETRONT HIOKRIGH
EORIGHEL RIBICTFRN->TLE-7 (= bY—3), = U —4 TiZ
Hoveyda-Grubbs fili 55 — R 2 et L7223, 03V BISUSNEHIE CE 2o Tz, £ 2
T, fEEE DRV Grubbs B — R AR W& 2 A, KISHEZZIHMET LD
DOENIENFERIIMZO6ND Z 2R L, FMoREbEITo TR, 1,2-7
smauaxX U 90°CTRIGZEITH Z & THIMLAWY 50 DA% mAMETHDL Z &1
K Lz,

Clean
fA]"isvi B]1  [C] [D] [E]

,,,,,, - .47 (sM)

o) Catalyst (20 mol%) { { : {
Additives (20 mol%)
o » (o] — o
6h (o] B - .,,,,,_;',‘,,50 (TM)
.
-l

=
a7 50 o9

Entry Catalysts Conc. (M) Solvent/ Temp. (°C) Additives Results (TLC) 50 : SM (47)
1 Grubbs 2nd (old Lot) 0.03 DCM /50 none [A] 1:0.10
2 Grubbs 2nd (new Lot) 0.03 DCM / 50 none [B] 1:0.12
3 Grubbs 2nd (new Lot) 0.03 DCM /50 1,4-benzoquinone [C] 1:0.60
4 Hoveyda-Grubbs 2nd 0.03 DCM /50 none D] 1:0.11
5 Grubbs 1st 0.03 DCM /50 none [E], Clean 1:0.60
6 Grubbs 1st 0.1 DCM / 50 none Clean 1:1.42
7 Grubbs 1st 0.03 CICH,CH,CI / 90 none Clean 1:0.20

[\ N\
PCy Mes—N<_N-Mes Mes—N<_N-Mes
cl,. ! 3 C|,,Ru c|,,g/
cIr i\ crm i cir =
Ph Ph I
PCys PCys ! Hoveyda-Grubbs
Grubbs 1st cat. Grubbs 2nd cat. \< 2nd cat.

#2-9 EFVIHE 4T 2 AR A X 2 AR OB
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/\MgBr YJ\CI 2\‘%
OYQ (1.5eq) yo NEt3(36eq)

THF DCM
H -78 °C, 1 h, crude = 0°Cthenrt, 10 h _
48 49 35% over 2 steps 47

A=A 222 EBTINVEE 4T DAL

WICEBOEZANC -7 7 /U FBROMEEZ B L (RA¥—24223), %
WETHDHT VAT IV a— 1 15al395ME T CESIZRILT 5 Z N> T izd
T (AF—24 2221), BEED N =TT I UAFEFTHEILA X 7 VLV E RS SE
7o TATIALIZRIE RS HEITL, = ATV 51a ZINKRB LG Z LN TE 72, KRIC
TAHFEBR TR LTEKGSRTFEESBIC= ATV 51a DB A X BV ARS &G LT,
20 mol%® Grubbs L —H{C A2 1,2- 7 nox= X o 3 EIIRINT 2 2 & ¢, HifsE
D y-77 /7 VU RER 52a @R THD Z EITF Lz, &D7=% Grubbs il il — it
ROEH S22, 0T RIS RS ET L B AIRICRIZE £ 572, L
b0, HBA XY ANIGER#EE LIZy-7 7 ) RROMELER LZ, VT AT
LA~—To2552b IO TH, RO TER LT (AF—2542-24),

NHTFA NHTFA

YJ\CI
NEt; (12 eq.),

DCM
0 °C then rt., 4h, 83%

15a

51a
Entry Catalysts Solvents, Temp. Results
1 Grubbs 1st (20 mol%*3)  CICH,CH,CI, 90 °C 80%
2 Grubbs 2nd (25 mol%) DCM, 50 °C <17% (Complex mixture)

AX—N 223 y-TT U REROELE

o NHTFA
Yj\m Grubbs 1st
NEt; (12 eq.), (20 mol%*3)
15b » 51b >
DCM CICH,CH,CI, 90 °C
0 °C then rt., 4h, 87% 43% (55% brsm)

AF—LAh2-24 TV AT UAT—52b DERK

_71_



2-4-f A I TR

FEWTIRIEEFTH DA I VBRSO RG Z21To7-, £7 7 BERA I V2K S
WA EMEIE RO 5720, THRERE L RO OEEEH T 5T VLAY
53 ZHlEGHR L TR Z1To72 (K 2-10), £, 7 b7 I 53 & hLrx Ul
R L7220 BRIGEoinero7 (= b Y —1), £ Z T, Zakarian & 7 PnTX
DEGKTHEH LI N =F AT I e N AFAVERFBRE AN TS EITo T2
EZA0 4 I =7 LM 54 3 NMR IUEE 90% CAR S ND Z &2 AL (=2 b
U—2), 62, TFA Z#{EH 25 &, X0 EFFRCEEMIZA I VRS T
THZENHALMNERST,

toluene (0.01 M)

MS 4A
120 °C CF;
Entry Catalysts Time (h)  53:54P1  NMR Yields
1 none 20 Consumed
2 NEt;, Benzoic Acidl® (1.2 eq.) 20 1:0.11 90%
3 TFA (1.2 eq.) 3.5 1:0 quant.

[a] Trimethyl Benzoic Acid, [b] Judged from 'H NMR under CDCl3

£2-10 TV 53 B AVA L UREUE O #t

FRARBLIZ X > CTA I VIBREIS DN ETT 5 Z L ZHER L72DO T, IRICAEE Z W
T7,6-A A I VFHEKR 1 O/RKREIToT2 (AF—24225), 9. FE w7 I
52a % Boc i L. TOEFERT T RTI VU ZEASHE S Z L T TFA EDOMREERTT
72, WIZ, Boc K 55a ZEEMESRIECRrE L, HIEWENZEEIZHELT D Z &% TLC
THER L2, NaHCOs 22 TH h7 2 v 14a O A21T7-7-, L L. fitHo
% NMR CHER LTZL 2 A, 4 MO B DNHIT L CTWA Z EAVHIBA L7-, 26
W7 I aDy-77 ) U RERVBFEEMFETICBN T b L2NnWZ 25 X
HE, ZHUETZ =T I LD TR EERRRThH D HEE LT, £2 T, 7
J—7 32 14a L LTHIHT 222K UVl y FTOA 2 VRIS ERRT LT,
ZDOFER, Boc FDOBREICIVAERIND T =7 L8 142°12%F LT, 52+ T TFA
ZBIML 120°0CE CTHRIESHEAZ LT, 4 Mo (b EBiE S>>, HHD 76-A 1
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AIVFHER1a ZEEMIHEDLZ EICEPILEE, £, YT AT LA —1b 2O
TH, FAEOBERRKE CEMRT 2 Z LTk Lz (A%—L42-26),

PLEX Y, fEEREEZIEN LT 7,6-2 B a4 I VFEK 1 ORI 75 RIE DT
BERTDHEEBIC, RARY SPX OFGEEAERA I 2=y FOFID TDOERK
Wk LTz,

NHTFA NHBoc

NEt;, DMAP, (Boc),0
then NH,NH, (30 eq.)

—

DCM
0°Cthenrt, 1.5 h, 66%

52a 55a

TFA (5.0 wt%)
then sat. NaHCOj aq.

’

DCM
rt., 1.5 h, crude
dr=1:0.65

C4-Epimerization

Free Amine-Promoted
Intramolecular Deprotonation

(A) w/o TFA
130°C,42h
TFA (5.0 eq.) 53% (NMR yield)
toluene (B) w/ TFA (10 eq.)
40°C,1h 120°C,2.5h
No Epimerization quant. (NMR yield)
14a’ (salt) 1a (4R)

AX— 225 T,6-AE B A I UFHER 1a DERKL

NEt;, DMAP, (Boc),O TFA
then NH,NH, (30 eq.) (5.0eq. +10eq.)
52b » 55b >
DCM toluene
0°Cthenrt, 1.5h, 72% rt. then 120 °C
quant.
1b (4S)

ZF— L0226 T,6-A 0 A I HEEMK 1D DA
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B3E ORI SLARECE ORE & BT

3-1 7,6-AE 0 A I B DONLARBLE DOP-E

76-A A I VFHERL OB T AT LA~ — K2 ZENENAKT 5 I L IakDh
L7eD T, WIT 4 SLOSAREEDOREZ BIE L7, 2-1 O TR Tk 7Y | %
FELEmiY T AT LA~ —Id, R ERERD 7,6- A0 A I VEBRIOHEEEZ A LT
W5 EBZTND, BEMITICNAE L 72 D ARRHRZ NS D720, £9, Gk LT
FHEIRD 7,6- A1 A I VBRI KN & RIS OEE T D Z L Zi~<7-, NOESY
HEOFER, BUEERESIT 2 EE NOE AHEEN, REMTHOLNL TS LD LR
BOh—H L TWD I ERMRINT (F3-1) D2 x5, RPORATRLEZ
NOE FHBE 2 &8 & H U 7= 358K DB 1L, MacroModel 715 CHEATAFSE TR E 72K
SR SPX DZEEE L FIER U CTHHZ ENH LN LR (K3-1) 12,

PLE, BPIOy i@y . REMOBEZ FHEBL LT 7,6- A A I VUiFEk1 O
BIHNZRED LT, 2L 0  RFHER & RO NMR (k> 7 S & biligd 25 Z & T,
ANLDSARELE DORTENAIRETH D,

R=Me: 13-desMe-SPX C
R=H: 13,19-didesMe-SPX C

13-desMe-SPX C [ 13,19-didesMe-SPX C [ | 1b (4S) 1a (4R)
c# NOEs NOEs ! NOEs NOEs
7 34a, 37, 38 34a, 38 | 34a, 38 34a, 38
8 30a, 31, 37, 43 31,43 I 30a, 31, 37, 43 30a, 31, 34bld], 43
33a 42 42 ! 42 42
33b 34b, 42 34b ! 30b, 32, 34b 30b, 32, 34b, 43

[a] Spectra were recorded using CD30D as solvent and chemical shifts were referred to CHD,OH = 3.30 ppm.
[b] Data taken from ref. (11). [c] Data taken from ref. (12). [d] Intensity of the NOE(ROE)s are very weak.

#3-1 7.6-At 1A I BESr O NOE FHEY
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X 3-1 7,6-At 1A I BRSO NLAKEL R

3-2  SPX @ 4 i DNARELE OPR-E

7.6-A A X UEBRE DRI LR CEJETH D Z E BN T=D T, IRIZEK
FHEROWM T AT LA~— & RKRWD 'H, 3C NMR #4452 LT, SPX D 4
KD STARALZDOFRBIZE - 7=,

3-2-a  13-desMe SPX C & 7,6- A B 11 A I BB KRD Lk

F9°. Wright 52X > THAE STV D 13-desMe SPX C DA X = A E D H,
BC NMR DMz 7 -7 (£ 3-2) ', WIC 4 MOSNRELEZRET D722, 4L
JE DD C1-6,C35-37 1235 B L, RERW) & B EGEHEAROILTF T 7 kD7 (AS = §13-desMe
SPX C — 8§ G laBER) #H M L7Z, 9. 'THNMR OfbFEy 7 hEER D &, 451K
ERID NMR 7 —Z I HEF—HE L TWb DD, 4R IKTITRZR V| KR 35 LIC
BWTHFE 2203 S vz (5 3-3, X 3-2),

-75_



13-desMe SPX C

13-desMe SPXC ) | 1b (4S) 1a (4R)

C# 8 8¢ | 8 8¢ Sy 5

1 176.8 : 176.8 176.7
2 131.0 | 131.2 131.4
3 7.13 149.5 | 7.14 149.5 7.15 150.1
4 5.98 82.0 | 5.97 82.0 5.99 81.3
5 126.4 : 126.3 126.2
6 133.2 3 133.9 136.1
7 3.78 48.1 } 3.78 46.7 3.80 46.4
8 5.16 1225 | 5.25 128.0 5.25 128.1
9 146.0 | 5.88 130.7 5.86 130.3
27 2.82,3.10  36.0 : 3.22 45.3 3.22 45.3
28 201.3 | 202.4 202.5
29 52.4 } 50.4 50.1

30a 1.79 36.7 | 1.75 38.2 1.69 39.1

30b 2.01 | 1.83 1.75

31 1.04 37.5 : 1.29 36.4 1.32 36.4
32 1.67 38.8 | 1.57 39.0 1.59 38.9
33a 3.55 51.8 } 3.47 52.6 3.54 52.9
33b 4.18 } 4.07 4.03

34a 1.67 32.4 3 1.79 31.0 1.92 30.6
34b 1.98 : 1.95 1.92

35a 1.72 20.3 | 1.72 20.3 1.93 20.9
35b 2.27 : 2.20 1.98

36 1.90 10.5 | 1.91 10.5 1.91 10.5
37 1.74 16.7 3 1.77 17.1 1.83 17.7
38 1.91 12.9 : 1.85 14.4 1.86 14.3
42 1.11 18.9 | 1.08 18.5 1.08 18.4
43 1.05 20.1 3 1.03 20.8 1.01 21.0

[a] Spectra were recorded using CD3;0D as solvent and chemical shifts were referred
to CHD,OH = 3.30 ppm ('H). [b] Data taken ref.(11). [c] AS = 513desMe-SPX C — 81

13-desMe SPX C & A fihE AR D 'TH NMR

¥ 32
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13-desMe SPX C

13-desMe-SPX C [ 1b (4S) 1a (4R)

c# 8¢ | 8c ASg 8c Adc

3 7.13 | 7.14 -0.01 7.15 -0.02
4 5.98 : 5.97 +0.01 5.99 -0.01
35a 1.72 | 1.72 +0.00 1.93 +0.21
35b 2.27 } 2.20 +0.07 1.98 +0.29
36 1.90 | 1.91 -0.01 1.91 -0.01
37 1.74 | 1.77 -0.03 1.83 -0.09

AS (ppm)

0.3

0.2

0.1

-0.1

7% 3-3 4 f7H30 0 'THNMR O kg

IH NMR data (CD,0D)

X| 3-2

Carbon number

36

'HNMR b2 7 FD#
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X512, BCNMR OF — X |22\ T % 'HNMR O Flshs 5 & [FEEIC 45 1K & 1344
—H L, 4R IR L1372 2 Z LR STz (3 34, X 3-3), HFIT 6 L2V TIE,
3 ppm 1T EDBERLTF T T FENHER SN, TOMEIT4SAETE 0.7 ppm 1E
EDLFET 7 NOEPHER I NN, IV EEDOIZIENWTEH ThDH EE XD
N5, ZOn%E2ELSIWVWTEZTEH, 4R KE RO TFT 7 FEITHLNICKE
ETHD Z ENDND,

VL EDO#FER LV | 13-desMe SPX C @D 4 [ OSLARCE N SEE T 5 2 & & EERAIC
AEPAT 5 Z L ICakEh L=, Z AL, Forino & 2MEE L 7= 13,19-didesMe SPX C DK
Bl & X OfER & 7p 72 12,

13-desMe SPX C

13-desMe SPX C [/l 1b (4S) 1a (4R)
C# 8¢ } 8¢ Ad¢ 8¢ Ad¢
1 176.8 : 176.8 +0.0 176.7 +0.1
2 131.0 | 131.2 0.2 131.4 0.4
3 149.5 : 149.5 +0.0 150.1 -0.6
4 82.0 i 82.0 +0.0 81.3 +0.7
5 126.4 } 126.3 +0.1 126.2 +0.2
6 133.2 } 133.9 0.7 136.1 2.9
35 20.3 | 20.3 +0.0 20.9 -0.6
36 10.5 : 10.5 +0.0 10.5 +0.0
37 16.7 | 17.1 0.4 17.7 -1.0

% 3-4 ANCJENO BCNMR O b
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13C NMR data in CD;0D

o

DN N ¢ s § = R

AS (ppm)
o

m 1b (4S)
m 1a (4R)

Carbon number

3-3 BCNMR {bL%#v 7 b=

3-2-b  13,19-didesMe SPX C & 7,6-A B 1 A I L FHEAKRD Ll

WIZ, RMCAERA I VEHER T 5 KA 13,19-didesMe SPX C DA I =7 A
DI EIT o7 (K 3-4) P, ZOFER, 3-2-a L [AER, 4S IKIXRA D NMR 7 —
ZlBBeh—%L, 4R (KTIEBEE AL R LTz (X 3-5, 3-6), T7xbb,
13,19-didesMe KD 4 fLIZOWTH SEUETH D Z E BRI RB I NT-,

13,19-didesMe SPXC  ,;

3-4  13,19-didesMe SPX C & A RREHEAR D il
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'H NMR data in CD;0D
0.35

0.25
0.15
0.05

-0.05

AB (ppm)
l
nN
&R
o

-0.15

m 1b (4S)

-0.25
mla (4R)

-0.35
Carbon number

X 3-5 'HNMR L3> 7 h D7

13C NMR data in CD;0D
3.5
2.5
15
0.5 S
s TN TR

-1.5

A3 (ppm)
.

u 1b (4S)

-2.5
m la (4R)

-3.5
Carbon number

X 3-6 CNMR LT 7 FD7E

LEXEY A LT 7,6- A R A X UEFEIR 1 & KRB SPX @O NMR % g4 25 =
ET, AL T 7 a—F 2 L D A NLOSNRELE OPEIZ D LTz,

-80_



3-3 SPX D y-7 7 /U RNEFHGy O STARELEE D542
3-3-a SPX D y-77 /U RERERSy O SLAKELE DOHEE

WIZ, SPX D y-77 /7 U RERIE S OSARELE OHEE 23l Te, ZIVE TR LIRS
RED, O4S KD 7,6- A1 A I VEREIIRRY & A USCARBLEE, @4S & & RIR
WD AREDO NMRALTF > 7 ER3—E, LTWAHZERHLMNERST-DT, 451K
D 4 NJEDDONIAREEIZOWTHE R ERIETH DL LB 2T (K 3-7), Thbb,
ASHRD y-77 7 U RERE Sy O SLARBLEE 2 GERICfENT 32 2 & T, RARW SPX DALAE
FEAHEETX AL EZT-, 17, 4 fOSB{EFN NMR {LFS 7 MO RIFT 2%
IZDOWTELZET LD, AR KDONAKEE BB ST 52L& LT,

® 7,6-AEOA = 2IREPD DI A EDN —

@ AGIEIBDNMRILFS T hhi—3

® SPXDy-I'7J U RIREPS DIZATEEDHEE

3-7 SPX D y-77 /U REE S OSLARELE D HEE

(D4S D ST ARED

F7. AR L7z 45 KD NOESY HIE TH LA NOEHBA L 0 v-7 7 7 U REH
DSLAREREDPTE 24T > 7= (X 3-8), FDfEH, H4-H37 B THVVEE B Sz
B, v 7T Y REROEJEIX A (gauchet) &5 WNE B (gauche-) (kD Z &
N CT& 7=, ¥£7-. H3-H35a & H3-H37 1 NOE AR HER S 7-—J7 ¢, H4-H35a
DEPFONRN ST D, 4S8 KD y-7 7 7 U FEE OLEREIL A

(gauche+) T 5 &iEmmftiF 7=, ZiLiL, MacroModel %< DFT FHEIZ X D ELHE
FEOMEL L &L TWD (K39, 3-10), 2LV, 4SIKE KW D 4 (&0 D
b 7 EBRIFERUTHDLZ EaE2x b &, KW SPX WHETH y-77 /7 U NEg
W BECE A B L D RREMER BV E B R LTz, Z ORENEMIEEIC E D L o Ic R
LT D D IHEEMIF I B O T HBEBREN R TH YD | 4 BIF5 S - Bl RS HIT &
BRMATHL EEZBND,
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A (gauche+)

-~—> Observed and expected NOE - -//- > Unobserved but expected NOE
-—//— Unobserved and unexpected NOE - ---> Observed but unexpected NOE

X1 3-8 NOESY HIEIZ LD y-7 7 7 U RERER /7 OBEEDIRIE (48 1K)

3-9 MacroModel FHHEIZ LD y-7 7 /7 U RERERD DL ERE (45 1K)
(Force Field: OPLS3e. Method: MCMM. Solvent: none)

¥ 3-10 DFT #RICK D y-77 7 U RERER O ERLE (4 14)
(B3LYP/6-31G (d,p)/MeOH, charge: +1, Imaginary Freq: 0)
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@4R KD STARED EE

WIZ, AR KD y-7F 7 U RERERSY OSLRBLE 2 R Lz (K 3-11), £, 4Sthe
[FARIZ H4-H37 D58\ NOE fHEA AN X 472 72 8 gauche BLFEDWT 0> (C, B) T
b5 ETHLE, Lo L, H3-H37, H3-H35b, H4-H35a OMHBANHER INT=Z LD
eclipsed BLJE (D) Toh D Z LR RIB S LTe, TAIULHER AT K D BLEMRNT O
FLb—HL T2 (K3-12, 3-13), 72, OTH LI 4S (ROEE & Fhigd 2 & |
V-7 7 7 U REEH D OBEEDOEWIIETH U . 2y NMR b7y 7 MIEELE &
FEL7eEBEZDHZERTE D,

Me,, ->H,
Ha Y ‘7
(0] o H Me.,
H35av 4
E (gauche-)
very very weak
weak H,
H strong
Me36 35b\
S )
M937
(o) very weak
D (eclipsed)
-~—> Observed and expected NOE - -//- > Unobserved but expected NOE

-<—/#—> Unobserved and unexpected NOE == ---> Observed but unexpected NOE

3-11  NOESY HIEIC LD y-77 7 U RERE /7y OEEDIRTE (4R 1K)

3-12 MacroModel 52 LD -7 7 7 U RERE I DL ERE (4R 1K)
(Force Field: OPLS3e. Method: MCMM. Solvent: none)
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X13-13 DFTRHEICE D -7 7 /U REREDY OLEEE (4R 1K)
(B3LYP/6-31G (d,p)/MeOH, charge: +1, Imaginary Freq: 0)

3-3-b 6 LD BCNMRALFE T 7 FZEICEIT 5 5%

RIZ, VT AT UA—MTHROBEERENBH Sz 6 ird °C NMR {527
MZOWTELREIT-T-, £7. DFT #HHEIC LV RDI-KZERIED B3C Wi EE %
Kbzl Z A, VT AT LAY — (KR TOLF T 7 b 2T FERE & R TR CEm
L, 6 MLICBWTHHM by 7 MESHER SN (K 3-14), Ziud, EB
EOEVMEEMICINZ T, ZEREZ W= ERZNFRETH D Z & g LR &
eode, WIT, MY T AT UVAY—KD yv-7 7 7V RERE OLEEREIZE T D
0-C4-C5-C6 D a4 % T LTc, EORER. 4S 1RO AN 139°72 > 7= DITHt L,
4R IKTIX 116°THH Z Enyinoie (¥ 3-15), Zd L X, A 90°IZ1TV 4R
RCIX. CO DEGREGTERIE & C5-C6 @ p BLEN FATICE R D VKERIETH D Z &2
MR S N7, ZHUE, C5-C6 D n BB D oco*BLE ~DBILEL RN+ Z 0155
BETHDLEEZLND, TRDL BIEDRICLY 6 (IREDOETEEMET L,
Z DOFERSGERD TN L DI 7 M &2 T 7o EHELE LTz, — 05, 4S IR E Bl A
IZBWTI, ZOXIRHEOERD 2 H72RWEETH 572 DB FITEZ 5
kB Z, Uk BIEHREOFEEICIL ST BClbEy 7 MZENAE LT
EEELT,

ARIETIL, 4SIKE ARKD y-77 7 U RERE S OSNARFEE A 500235 2 & TR
SR SPX DNLARERJEDHETE 24T > 72, S HIT, BEREDORDF L o7 6 fLd 13C
NMR L5277 R OEWD, y-7 7 /U REEERGy OSLARELEE N K 3 5 B IR 2R 1
LoTRTEDLZ EERLT,
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13C NMR data in methanol

A5 = 5(4S) - 5(4R)

h. _
1Iz|l45 !lsasl

A3 (ppm)

BDFTEtE
S— m EER

-3

-4
Carbon nubmer

3-14 DFT #HEIC X 0 EH U 7= oE$a & 25 o L

X: 0-C4-C5-C6

/\n—»c*

’ Low magnetic

4S (gauche®) 4R (eclipsed)

3-15 BHEE (>c*) 0L D 6 MREOBFEEDIKT

Fe AS ROBLEE TIIHLE O BAERITE Z 57220

A5 AR IROELEE CTIXHLE O EMERIC L 0 BIEEIENEZ Y, TORR 6 (OB
TEEDMET LIRS > 7 Mesivb,
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AT ORERIL 7,6-A B0 A I B E & B & LIRS B B OBFE

FIETIE, F2ECTARIEZMESL LT 7,6- A0 A 2 UiFE KA VT AR E
DRFEE NI —DODREXRAMEER LD T, KRIZ7,6-A 1A I VERE OS2
Fotg b U AL RIS D LA T2, RE T, 3 S OMERFE(L 2B L
BHISOREH ATV, D% 7,6- A A 2 UFHEEROREMEFR XY nAChR 2%}
T D AEAH RIS O W TR L 72,

4-1 5 ALOFEE 758 L 2 B X L 7o BSOS DRt

i Chilk 72k 512, BiRA 2 U FD 47 (PnTX TIL 33 /i) OEHELLNY 7 4
A TBIEICFEGE LTS ZERESRIBINTWND, EDR, RFEH 7S
FARE 24T 5 72 DITIX 4 MLIT R T DR e E S L 2 BT 20 ERH LM, T
FAREL T2 HEMmIZ N ECRHREENTIAholz, I T, H2E TR LY
T NI ERME LA 2T 5 2 & T, R eSS N EEITE 5 L
Bz, SO RS LA BER LIRSS DR 21T 12,

ET. BT UAEEE AW D v 7Y U T KOS ORIERR 58 2GR LT (R
X—24-1), TAFIMRS8IL, T AFINT T X 56 =T exo BRI Diels-Alder
O£ 0SSN BRALMAINE 57 K0 O AF R L RO A — A TERK LTz, £OD
% BIBRIK 58 % Pd fillt & TBAF fF4E FCREA~ O I (b7 UV — L E RIS SETZE T A,
KT Dy TV TR BDINRELIELND T E xR LT, (F4-1), £7=, Cul
EHAGFIEDHZET, BT a N AERET LEEMIIEEY 60 BNiEHiLD Z
ELRIM LT, bk, =y T UsgEE WL 7Y RGN EEA TS 2
ET, SPLICHE A OFFREZBANTHZ LIRS LIZ, £/, By 7Y o7
KD SERET7,6- A A I UHBERANEERTE D2 L0, B TORE
HIIN O EREE ZRRE N FEBL L T & W1 D,

LCbz
N
7 \:
S/
o I i 56 -~ osi
o = i
(o—sfl N toluene, AW300 NN &
N Y o 130 °C, 48 h P
~— 9
10 (1.2 eq.) 66% (exo only) desired exo

AX—NLd4-1 B o7V T RISOHIEE 58 DERK
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Hiyama Coupling

Pd(OAc),, PPh;
TBAF (3.0 eq), Arl []

THF
(Freeze-Pump-Thaw)
90°C,3h
Late-Stage C5-Derivatization 59a-h

<Facile Derivatization at C5 Position>

o, 0, O Hc@

59a (95%) 59b (76%) *59¢ (95%) 59d (>60%)
0
0«
0 (quant.)®
o0 (73%) 50f (44%) 59g (23%) 50h (25%)

[a] Cul was used as a additive

Fa4-1 LD > 7Y v TRISIC X AREEE

4-2 7.6-Ar A I UFHEROLEMN

—WRENZA I AT G IKG IR E LT KIS T DI NVHR= b am &7 I TR
DN, BRIRA S UBDOA I UENLIIRD TEWEENZ R ENmbnTn5d, =
DERD—DZTERPATDHUATIVEORENE Z HNDH0, T e EEE L7246
T720, FEZNETOERMIEIZL Y, ZNEDOT A TFIVEDA I RIS DX
JoMEIC B L RIET 2 E N o TE Tz, AEITIH, 7,6-A8 1A 2 /m%%®A
REFEERZ R L CEX TP CTH LM E o Te, VATFNAIDA I VIBEISE L OVE
PE~DEBIZOWCiin T D,

4-2-a VAFNVEINZ DA I VIBRBUGA~D RS

FT. A I USSR T D VAT IVEORBEETIRD 12D, 4 (ICHFERE
BT HRMBME (A TF ARSI BLOT A F K 65) # ENFINEREL (AF—L4 4-3)
TNHEHNTA I VIRICORE Z21To72 (R4-2), VATNLVEEET A7 N7
iV%®4iVMﬁ\%2%ﬁﬁ&kiﬁmﬂ%fmeﬁfﬁ#é’kfﬁ%m
H#ATL, HBID 7,6- A8 A I UFFHEK 54 2 EBENICHBLZ ENTE, —H,
AF IR 65 OBE., [FSM T CIIENEITE T, PAFVEERS LTI I v
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(EDORIGHENRE LR T T EDRHLMNE o, SMMFORE., = ) —4
DFMIZBNTHIIULEY) 66 % HPLC MHUZ L V1G5 Z LITEh L7223, Z DIk
X TN 1%ICEE -7,

MeLi (5.0 eq.) (1) NEts, TFAA

L
>

THF
-78 °C then rt.

(2) Sml, (4.9 eq.)

NH,4OH or NaOH
MeOH (0.01 M)
90 °C, 11-20 h

63: R=H (41% over 3 steps) 65:R=H (quant.)
64: R = Me (60% over 3 steps) 53: R = Me (59%)

AX—Ah 42 BEREBETDHDTZ T I ARKOER

Y

toluene
reflux, 24 h

Entry SM Conditions Results

1 53 (R = Me) TFA quant.

2 65 (R=H) NaHCO3; No reaction

3 65 (R=H) TFA No reaction

4 65 (R=H) TFA, MS 4A No reaction

5 65 (R =H) NEt;, Benzoic Acid, MS 4A 1% (NMR yield)

Benzoic Acid =/¢LCOOH

42 A I VBRSSO RE
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ZOVAFNVEOFIZL DA I VBRSO RISEDEN T, VY —T" f T —
VRHERTHATES (M4-1) D, $hbb, 7EBRNAT 2 AT VEIC LY EEH
HEERAD U, BALBUSICA R 2B ISR E SN ORENEE 72D Th D & BE
LT7ce 2TDOZEF, ZODAFNEN KRB OREDFEIZT TR, A I VBRI
JRIZB W T MEAR AR REEER TH D Z L 2 E RN LR E VWX D,

Few conformations entropically favored

~_NH;
_— e == NH
)gu/<0 —_— ””\<‘/ 2

o

Many conformations entropically favored

K42 AFNVEPNRIETY —TF « £ T—/L KRR

Flo. ATNEEFF/WT16-AE R A I UHEEROERICBEAL TE, ¥ F T Iy
67°7 7 & 68 & W THIDERK T 7 1 —F (Aza-Wittig < Ji&<° Hua A% O )
DIRFSBATSTZB L HRID 7,6- A B 0 A X VFERIIE LN R To (R X —44-3),

Q2 ~n N,
N3_S_N
i) —
K2003, (o] PMe3
CuS0,+5H,0 (10 mol%) \( or PPhs
> l_©
MeOH T Aza-Wittig
2h, 1, 77% Reaction

(1) nBuLi, DME, 20 min, -78 °C
(2) TMSOTf, DME, 2 h, 0 °C then rt.
(3) nBuLi, DME, 2 h, 0 °C then rt.

Y

Hua Method

AF—Dh 43 MOGHIRIKIC L DA I AR ORKE
4-2-b T RAFVIEIT L B EREME A~ S
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RIZT,6- A B A I VHEROLENTN AT > 7o, VA F N EEZTT 540113,
MeOH JARIBEFR CTIIEH T TR & IZ7 BT 2 AR~ E KR S =i, hrxm
~RB Y DMSO, 7 v Bl /V ATIEEFICEEIFETHZ ENH LN o7 (K
4-3), —H T, TAFIUE 66 L7 nrk/Lbh, N UREFRICEBNTHAES TN
KGIEIND Z & DHER STz,

Stable in CHCI3, benzene, toluene, DMSO Unstable in CHCI;, benzene

4-3 T ATFNVEOF I KD ZEMEDE N

Efo, U VESy T — 35°CTOREM A ol LR, 11 FEIIC Y 2 T
K54 73 44%, 7 A F AR 66 13 T2%MAKRIIES D Z EBH SN ETRY | VATV
INA TN OISR E DB FI2ZE L TWA Z LRI S (1% 4-4),

Hydrolysis Resistance Time (h)
0 h T T T T
<o 5 10 15 20
¢
-0.5
y =-0.0489x - 0.0388
R?=0.9963
s -
<
< o
< 15
-2
y =-0.1124x + 0.0003
R?=0.9994
-2.5
@diMefk54  MdesMefke66
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NH,

D,0 D,0
+ 2 + 2
NP (P buffer) N (P butfer)
—_— —_—
35°C, 11 h 35°C, 11 h

Ar
44% (Hydrolysis)

Ar
72% (Hydrolysis)

66

[ 4-4 U 2% Buffer 1 COZEMF

WIZ, P ATFNEOFEIZ X DZEMEDENZ DN T A X ERALEE DO SEARELEE LS
EREYTCCEBE L, F2ETHRRZEY, DATFAVEKIC L DBEDOEE/ILZ %
F72WNT AFIARIIRIRE L3R 5B ERIEE &5, K 4517 T L 91T, FERIR
HRIDEETIZA X VELETIZAR—=ZANH D . Z 2K EANTHZ ETES
ARG EZ T HEZEZX D ENTE D, —hH, RIVEOBEDGA, A I AL
TEHINLET DT F T NVKERA LT ¢ VEBIE E OSSR I KDY T
JERIZE DXL K, ZFORERMAKGIREBEZ DIZ< W EBL LT,

UEXY, PAFNEOREMNE~DEEL FRANTHGE L . SRR OB SN HE
BrAToTo, ¥ ATFIVEEDNKG R MEZ [ B S 2 KFERIT, £ TORKA I VE
MDTO-AEBBRICATFNVEEZALTNDZ & LIESBEHELTWD EHELETE D,

<Stable Conformation>

Natural Product Type Unnatural Product Type

cF, Natural CFs  Unnatural
Product Type Product Type

X7 Hzo
[ — ; .
~ \ — > Ketoamine
saH Hydrolysis

[X] 4-5  FERIRTUFEDEE D K 45 kA
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4-3  7,6- AR A I CFHERORE G BT

RIZ 7,6-A2 1A I FHEARD nAChR (25 2 f A BUFIME 2 374l L 72, = 2 CIa,
SPX 21T U ETHERINA S VBN adP2 V74 A SR TDHZ L EEE L,
TFT B Y= AHD a2 T XA T E O THRAEER AT 72,

4-3-a >+ 7 bV —LOHH

FP. BAMEERTHWA YT 7 b Y —a (RERESY) O Z21T -7,
FUEOMOMBMMN OB S NE T T N — AT A F o F v r, LT X —,
BEsE L X2 Ry 8 MRMEEWE OB « BV AR & BT B 5 SE 70 oy 14
WaEEGATNDLD, VT AMEZEOWIE TEIS HVWLND, 2OV F T R Y —AIZ
[ nAChR DY 7 X2 A4 7 Th D adf2 HEL<HHAL TEY | AEIZZNE AW TH AR
ERBRAEITO L L LT,

TN — AHEEOME AKX 4-6 1IZRT, KHDHWIET v D HEES KA
Wy Z—RRED AP —CTHE S, =058 (1000 g, 1043) 2RV HEEDOKR
T UVFERREE A2 PR 2, S BIT, oo BB A A RO BE (35000 g, 1 EERE) 95
ZET, A NINETTF TN =BG LT, XUy hELTWELIZY T b
VNN 77— ORI Sl Oy BERs (35000 g 10 47) A AW TS A
1Tolz TDH, BoNTZY T T RN —AFZ 70T T —Eh I TNV EE Ny 77—
IR CHEBE S, BAMESEBRAZIT ) £ T0°CTHEHHRE LZ, 7Y —A
DX R EIREIZOWTIE, BSA EZ W CEME L 7=,

Pig (or rat) brain cortex

<«— Homogenization dendrites homogenization

|«— Centrifugation /1\‘ snE s
to remove tissue pellets cell body
(1000 g, 10 min, 4°C)

dentrite
of adjacent
f neuron

synapse

~—— Hyper Centrifugation
(35000 g, 1 h, 4°C)

[~<€—— Washing
(35000 g, 10 min., 4°C)

/338

Synaptosomal Suspension

X 4-6 < FF KV — LD HE
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4-3-b WA PHEFER

I, Bon=v T 7 N — A2 HWTHBARESERZIT-o 72, BiaHERE LT
adB2 T H A FIRERNCHE S T DU AR L SN PH-= B RTF U B L
7o (K 4-7), £7. odp2 Y7 &2 A4 TR FEET D2 ENMbRTWbH=aF
BLOZEANTF U UDREERAZFTM LI Z A, BEICHRESIN TV AILETE K
BRUAR UMER L (X4-8),

J > Synaptosomal

4 Suspension [Condition] a4B2 subtype
: / ..... Protein: 300 pg, [Epibatidine] = 0.54 nM, Kd = 0.01 nM
.................. Incubation: 3 h onice, n = 2-3
<Radioligand>
Y s .
\N / N [°H]-Epibatidine

a4p2 selectivity

4-7  GTERERRAC U T R A& AW T A PR FE R

cl Competitive exp.
- H 120
AN Epibatidine
N N/ N
N 100 Nicotine
NI A 80
N
Z Epibatidine < 0
Nicotine a4 2 selectivity S
D 40
Compounds Ki (nM) Ref. [a] 20
(-)-Nicotine 29 1.0 0 T T T T 1
Epibatidine 0.064 0.02-0.05 Az 108 N B
log(unlabeled, M)
[a] Priviouly reported Ki

(4-8 =aF o BILOENFY L OEEEMEZAMR

WOT 473y br—LOREREZIT T, WA LT 7,6- A8 0w A I UFEERD
PREVEME ATz, £, SAICHERA AT 258 54 OFLEEELZFHME L2 & =
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A, BRERIEHEITRD bhviehoiz (K4-10), £/, SPX &[AERIZy-7 7 /7 U NER
EHTD 7,6c A A I UFFER 1b 12T LETEENHER SR o722 &
5. AEIAR LTSI KW L [R5 OTEMEZ FEL LW 2 L AVRER Sz,

54 1b (4S) 13desMe SPX C
No Affinity No Affinity K; = >0.59 nM (Ref. 0.58 nM)
120
100 A 3
< 80+ ¢ T
g LS T N
2 60+ \g
E L
@ 404 I Nicotine
11b (4S)
209 —— 13desMe-SPX C
0 T T T T 1
-12 -10 -8 -6 -4 -2

Log (unlabeled, M)

X 4-10 A F IR FLFIEVERFAR

AR LT OBENRIKA IV EO 7 7y —~a 73T 2ALTWDICHEDLLT
PLEEME 2B LA WE R O —2l2, A 2 VEMLOBEWEEENZET D, T78b
B GRS A X UEALINAK R SHL, RIEER 7 R T UARICE B ST L
FoTWLENIAEEMETH D, 42 TA I VELOLEMEN T A FNLIIZ K > TH
&SN Z ENFEFES NN, EDEFHIXRARY) O @ VEEEIZIZ &KX 720, Zakarian
Six. BIRA S UFDO PaTX N pH 7.3 D3y 7 7 — AR T 100°CTHEA L TH DT 0
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20% DK LNEZ BN EZHALNZLTEY ., ZHUTAk Lz 7,6-A R
A I VFHERICHA_RTRO THWEEMEZATHZ E2EKT S (K 4-11), ZOX
R L FHERIZB T D EEMEORE 221, RCITVEE EOENTHLIEAAE R T
X = IVEROFENRKEV, K412 D CPK ET NV TRT I I, BIkAIUF (2
ZTIXSPX) v RAE T BX — VB (Fkfh) 1314 I Ve8> /n— 7
HEZERSTEBY, 2K > TA 2 UVEEA~DKGF DT 78 A% T b & HEER
TX 5, —H., ARFEEROLEE., MNSKYFRABIZT 7EATE L0, 1§
PERDESE TH DA I VEMRES IR REZ T EE2 615 (X 4-13),
Utz bZEZDE BIRAI VDT 77—~ a7 3 7 ML U ALRA0EL
OO Z BT 272 DITiE, ZDA I UELOMKS#EZ S < X 9 7piEHILOE A
DLETH D ENREBEI T,

EROAEE I L DA BERLEEEIIRD bR o 7o, RIFRICE W TE LA
RRo%%23 nAChR FREER 26T 25772 7,6- A ¥ u A I UiFEE Dy iR E ntg
FHIR D Z L WIRE S LD,

Hydrolysis Resistance

0 Time (h)
%‘\Q 5 10 15 20
. y =-0.0489x - 0.0388
-0.5 R? =0.9963
S 1
< y =-0.0093x - 0.0054
< || R?=0.993
£
-1.5
-2
y =-0.1124x + 0.0003
R?2=0.9994
-2.5
X 4-11 PnTX & EFHERD Ry 7 7 —IEEH (pH 7.3) IZ8BT D2 LEMED iR

& : PnTX (100°C). & : Y AF /LK 54 (35°C). 7% 1 T A F /LK 66 (35°C)
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13desMe-SPX C
K; = >0.59 nM (Ref. 0.58 nM)

[X] 4-12 SPX ® CPK (%[5 ##) £5 /L
ERAEBRTEX— LB (5) I2LA 7 —TREEIC L > TKRO DA I L ERL~D
TR ABHTCNBEEEZLND

1b (4S)
No Inhibitory Activity
Unstable (compared to SPX)

X 4-13 7,6-A B 1A I EFEAK 1D O CPK EF /L
WIS DK GFF- DT 77 AL O IEHEFOREE TH DA I L EL B TINKS
Nzt D & B
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235 3CHR
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EBR DD

Chemsitry

General Procedures

All reactions sensitive to air or moisture were performed under argon atmosphere with
dry glassware unless otherwise noted in particular. The dehydrated solvents,
dichloromethane (DCM), tetrahydrofuran (THF), toluene, N,N-dimethylformamide (DMF)
were purchased from Kanto Chemical Co. Inc. or Wako Pure Chemical Industries Ltd. and
were used without further dehydration. All other chemicals were purchased from local
vendors, and used as supplied unless otherwise stated. Thin-layer chromatography (TLC) of
E. Merck silica gel 60 F254 pre-coated plates (0.25-mm thickness) was used for the
reaction analyses. For column chromatography, Kanto silica gel 60N (spherical, 100-210
pm or 40-50 pum) was used. Optical rotations were recorded on a JASCO P-1010
polarimeter. IR spectra were recorded on a JASCO FT-IR-300E Fourier transform infrared
spectrometer. 'H- and '3C-NMR spectra were recorded on a JEOL JNM-ECS400
spectrometer, a JEOL JINM-ECA500 spectrometer and a Bruker AVANCE700. Chemical
shifts are reported in ppm from tetramethylsilane (TMS) with reference to internal residual
solvent ['H NMR, CHCI; (7.24), CD,HOD (3.30), C¢Ds (7.16); *C NMR, CDCls (77.16),
CD30OD (49.00), CsD¢ (128.06)] The following abbreviations are used to designate the
multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, brd
= broad doublet. High resolution mass spectra (HRMS) were recorded on a Thermo

Scientific LTQ-Orbitrap XL mass spectrometer.
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Experimental Procedures

Desired-exo (7R,29R) vinyl silatrane derivative 7:

Mg(OTf),
| (50 mol%)
o, » + >
o-Si A CICH,CH,CI
/N ¢
N\Jo Me Me 110 °C, 24 h, 79%
5 6 — 7 (desired exo)

To a solution of the a-methylene-e-lactam 6 (398 mg, 1.39 mmol) and silatrane dienyne 5
(464 mg, 1.66 mmol) in CICH>CH>CI (8.7 mL, 0.15 M) was added Mg(OTf). (224 mg, 0.69
mmol). After being stirred at 110 °C for 24 h, the mixture was concentrated under reduced
pressure. Purification by flash silica gel column chromatography (hexane/EtOAc = 2/1 to 1/4)
afforded the desired-exo DA adduct 7 (623 mg, 1.10 mmol, 79%) as a slightly yellow solid,

which is same as previously reported compound.

Ry=0.51 (silica gel, EtOAc); [a]p'® +40.8 (c 0.07, CHCI3); '"H NMR (C¢Ds, S00MHz): & 7.44
(2H,d,J=7.5Hz), 7.11 2H, t,J=7.5 Hz), 7.05 (1H, t, J=7.5Hz ), 5.24 1H, d, J = 13.0
Hz), 5.20 (1H, d, /= 13.0 Hz), 4.26 (1H, brs), 3.86 (1H, dd, /= 3.5, 15.0 Hz ), 3.54 (1H, dd, J
=3.0,15.0Hz),3.35(6H,t,J=5.5Hz), 2.79 (1H, d, J=18.5 Hz), 2.69 (1H, d, J = 18.5 Hz),
2.53 (3H, s), 2.04 (1H, d, J = 14.5 Hz), 1.92 (6H, t, J = 5.5 Hz), 1.87 (1H, m), 1.75 (2H,
m),1.48 (3H, d, J = 2.5 Hz), 1.29 (1H, dd, J = 11.0, 14.5 Hz), 0.94 (3H, d, J = 6.5 Hz), 0.89
(1H, m), 0.81 (3H, d, J = 6.5 Hz); *C NMR (C¢Ds, 125 MHz): § 176.9, 156.8, 139.2, 137.0,
131.0, 128.5, 127.9, 127.3, 80.6, 77.4, 68.2, 58.7, 51.5, 51.4, 49.2, 43.3, 40.2, 36.2, 32.0, 30.2,
27.8, 23.8, 20.8, 17.9, 3.5; IR (neat) 2960, 2917, 2871, 1706, 1455, 1375, 1268, 1201, 1124,
1101, 771, 605, 590, 464, 455, 447, 418, 408 cm™'; HRMS (ESIMS): m/z calcd for
C31H4N206SiNa [M+Na] ™ 589.2710, found 589.2703.

S-silatrane N-Ts Lactam 4:

Pd/C(en)
Hy gas LDA, TsCI
o,
AcOEt DCM /_ 0-Si
rt., 18 h 0°Cthenrt,19h NN 4
77% over 2 steps —
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To a solution of N-Cbz lactam 7 (0.116 g, 0.200 mmol) in EtOAc (8.0 mL) was added 4%
Pd/C(en) (109 mg, 0.041 mmol) and injected H> gas. After being stirred at room temperature
for 18 h, the reaction mixture was filtrated thorough Celite with EtOAc and concentrated
under reduced pressure. The residue was used in the next step without further purification. To
a solution of crude lactam 7A in DCM (4.0 mL) was added 1.5 M LDA (1.3 mL, 2.0 mmol) at
0 °C slowly. After being stirred at 0 °C for 20 min., TsCI (57 mg, 0.30 mmol) was added at 0
°C. The resulting mixture was stirred under room temperature for 19 h. After cooling to room
temperature, the reaction mixture was quenched with saturated NaHCO3 solution and was
stirred at room temperature for 15 min. The aqueous layer was extracted with DCM, and the
organic layer was washed by brine, dried over anhydrous Na>SOs, filtered and concentrated
under reduced pressure. Purification by flash silica gel column chromatography
(hexane/EtOAc = 1/1 to 0/1) afforded the N-Ts lactam 7 (90.6 mg, 0.154 mmol, 77%) as an

orange solid.

Ry = 0.48 (silica gel, EtOAc); [a]p?’ +86.5 (¢ 0.12, CHCl3); 'H NMR (CDCl;, 500 MHz): §
7.81 (2H, d, J=8.0 Hz), 7.22 (2H, d, /= 8.0 Hz), 5.47 (1H, dq, J = 6.5, 10.0 Hz), 5.01 (1H, t,
J=10.0 Hz), 4.22 (1H, d, J = 15.5 Hz), 3.83 (2H, m), 3.72 (6H, t, J = 5.5 Hz), 2.76 (6H, m),
2.38 (3H.s), 2.16 (2H, br), 1.67 (1H, m), 1.65 (3H, s), 1.62 (1H, m), 1.53 (3H, dd, /= 0.5, 6.5
Hz), 1.36-1.28 (4H, m), 1.09 (3H, d, J = 5.5 Hz), 0.92 (3H, d, J = 6.0 Hz); 3C NMR (CDCl,
125 MHz): 6 176.2, 143.6, 141.8, 137.3, 129.7, 129.6, 128.9, 128.7, 127.5, 58.8, 51.7, 50.7,
48.2,45.7,40.5, 36.8, 35.3, 32.8, 26.7, 22.6, 21.7, 21.2, 20.6, 17.7, 13.6; IR (neat) 2962, 2927,
1685, 1457, 1345, 1214, 1184, 1165, 1078, 1057, 1034, 811, 763, 730, 706, 660, 579, 545
cm’'; HRMS (ESIMS): m/z calcd for C30H44N206SSiNa [M+Na]" 611.2587, found 611.2589.

5-Todide N-Ts lactam 8:

NIS

DCM
rt., 30 min., quant.

To a solution of 5-silatrane N-Ts lactam 4 (0.158 g, 0.269 mmol) in dry THF (5.4 mL) was
added N-iodosuccinimide (91 mg, 0.40 mmol) and stirred at room temperature for 30 min.

The reaction mixture was quenched with aqueous sodium thiosulfate at room temperature and
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extracted with DCM three times. The organic layer was washed by brine, dried over
anhydrous Na;SOg, filtered and concentrated under reduced pressure. Purification by open
silica gel column chromatography (hexane/EtOAc = hexane to 3/1) afforded the vinyl iodide 8
(0.145 g, 0.268 mmol, quant.) as a light yellow solid.

Ry= 0.57 (silica gel, hexane/EtOAc = 3/1); [a]p?’ +174.6 (c 0.17, CHCl3); '"H NMR (CDCls,
500 MHz): 6 7.82 (2H, d, J= 8.5 Hz), 7.28 (2H, d, J = 8.5 Hz), 5.62 (1H, dq, /= 7.0, 11.0
Hz), 5.03 (1H, td, * = 1.5, 10.5 Hz), 4.13 (1H, dd, J = 3.5, 16.0 Hz), 4.00 (1H, dd, J= 3.5, 16.0
Hz), 3.69 (1H, d, J = 11.0 Hz), 2.42 (3H, s), 2.40 (1H, m), 2.03 (1H, m), 1.74 3H, t, J= 2.0
Hz), 1.68 (1H, m), 1.65 (1H, m), 1.64 (3H, dd, J= 1.5, 7.0 Hz), 1.33 (2H, m), 1.26 (1H, m),
1.23 (1H, m), 1.12 (3H, d, J= 7.0 Hz), 0.92 (3H, d, J = 6.5 Hz); '*C NMR (CDCl;, 125 MHz)
6 175.1, 1445, 138.8, 136.2, 129.3, 129.0, 128.4, 127.9, 95.2, 50.5, 49.0, 45.6, 40.5, 40.3,
38.7, 35.4, 32.6, 28.3, 21.9, 21.3, 18.0, 13.6; IR (neat) 2961, 2926, 2875, 1686, 1344, 1166,
1080, 1060, 754, 661, 580, 545 cm™; HRMS (ESIMS): m/z caled for C24H3INO3;SNa
[M+Na]" 564.1045, found 564.1039.

5-vinyl N-Ts lactam 3:

/\SnBug
Pd(PPh3),
LiCl
_—— >
DMF
80°C,1h,97%

To a solution of vinyl iodide 8 (0.145 g, 0.268 mmol) in DMF (13.5 mL, Freeze-Pump-Thaw)
was added LiCl (0.114 g, 2.70 mmol), Pd(PPh3)4 (0.062 g, 0.054 mmol) and tributylvinyltin
(139 pL, 0.480 mmol). After being stirred at 80 °C for 1 h, the reaction mixture was quenched
by water and extracted with Et2O. The organic layer was washed by brine and dried with
anhydrous Na»SOQg, filtrated and concentrated under reduced pressure. Purification by flash
silica gel column chromatography (hexane/EtOAc = 10/1) afforded the 5-vinyl product 3
(0.115 g, 0.261 mmol, 97%) as a white solid.

R;= 0.26 (hexane/EtOAc = 10/1); [o]p*’ +97.8 (¢ 0.23, CHCL3); '"H NMR (CDCls, 500 MHz):

§7.81 (2H, d, J = 8.0 Hz), 7.22 (2H, d, J = 8.5 Hz), 6.59 (1H, dd, J = 11.0, 17.5 Hz), 5.60 (1H,
dq, J=17.0, 10.5 Hz), 5.01 (1H, td, J= 1.5, 11.0 Hz), 4.85 (1H, d, /= 11.0 Hz), 4.81 (1H, d, J
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=17.5 Hz) 4.16 (1H, dd, J = 3.0, 15.5 Hz), 4.03 (1H, dd, J= 2.5, 15.5 Hz), 3.61 (1H, d, J =
11.0 Hz), 2.39 (1H, m), 2.37 (3H, s), 2.00 (1H, m), 1.72 (1H, m), 1.71 (3H, s), 1.65 (2H, m),
1.64 (3H, dd, J = 1.5, 7.0 Hz), 1.32-1.27 3H, m), 1.11 3H, d, J= 6.5 Hz), 0.91 3H, d, J =
6.0 Hz); 13C NMR (CDCls, 125 MHz) & 175.6, 144.1, 136.6, 134.8, 134.2, 129.3, 129.0, 128.9,
127.5, 126.3, 110.6, 50.3, 49.0, 45.3, 40.5, 40.1, 35.4, 30.2, 22.4, 21.7, 21.2, 18.0, 17.7,
13.70 IR (neat) 2957, 2925, 1687, 1344, 1185, 1166, 1077, 1068, 707, 660, 583, 544 cm’';
HRMS (ESIMS): m/z caled for C26H3sNO3SNa [M+Na]* 464.2235, found 464.2229.

Aldehyde 9

OSO4
Na|O4

THF/H,0 (1: 1)
0°C,2h, 70%

To a solution of 5-vinyl lactam 3 (25.0 mg, 0.057 mmol) in THF (1.4 mL) and water (1.4 mL)
was added 4% OsOs (10 pL, 0.0017 mmol) and NalO4 (24.0 mg, 0.110 mol) at 0 °C. After
being stirred at 0 °C for 2 h, the reaction mixture was quenched by aqueous sodium
thiosulfate. The aqueous layer was extracted with EtOAc, and the organic layer was washed
by aqueous sodium thiosulfate and brine, dried over anhydrous Na>SOs, filtered and
concentrated under reduced pressure. Purification by open silica gel column chromatography
(hexane/EtOAc = 2/1) afforded the aldehyde 9 (17.7 mg, 0.040 mmol, 70%) as a white solid.

Ry=0.43 (hexane/EtOAc = 2/1); [a]p?’ +148.7 (¢ 0.06, CHCI3); '"H NMR (CDCls, 500 MHz):
6 9.85 (1H, s), 7.78 (2H, d, J = 8.0 Hz), 7.21 (2H, d, J = 8.0 Hz), 5.74 (1H, dq, J = 7.0, 10.5
Hz), 5.00 (1H, td, J = 1.5, 11.0 Hz), 4.23 (1H, dd, J = 2.0, 16.0 Hz), 3.95 (1H, dd, J = 3.0,
15.5 Hz), 3.57 (1H, d, J = 11.0 Hz), 2.39 (3H, s), 2.06 (1H, m), 2.03 (3H, s), 2.01 (1H, m),
1.75-1.64 (3H, m), 1.68 (3H, dd, J=1.5, 7.0 Hz), 1.33 (1H, m), 1.24 2H, m), 1.13 3H, d, J =
7.0 Hz), 0.93 (3H, d, J = 6.0 Hz); '*C NMR (CDCls, 125 MHz) § 190.4, 175.1, 157.8, 144.9,
135.9, 130.2, 129.9, 129.0, 127.6, 50.6, 48.5, 47.5, 40.5, 40.0, 35.2, 28.5, 21.7, 21.3, 20.1,
17.7, 17.0, 14.3, 13.7; IR (neat) 2960, 2926, 1684, 1664, 1346, 1167, 1080, 661, 581, 544
cm’!; HRMS (ESIMS): m/z calcd for C2sH33NOsSNa [M+Na]" 466.2028, found 466.2037.
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Silyl ether 10

TBSCI
ZMgBr Imidazole
-7 .
THF DMF
-78 °C, 45 min. 0 °Cthenrt.,, 24 h

94% over 2 steps
dr=1:1.1

To a solution of aldehyde 9 (50.4 mg, 0.114 mmol) in THF (5.5 mL) was added vinyl
Grignald reagent (1.0 M, 0.45 mL, 0.45 mmol) at -78 °C. After being stirred at -78 °C for 1 h,
the reaction mixture was quenched by saturated aqueous NH4Cl at 0 °C. The resulting mixture
was extracted with Et,O. The organic layer was washed by brine, dried over anhydrous
Na2SOyg, filtered and concentrated under reduced pressure. Without purification, to this crude
solution in DMF (2.2 mL) was added imidazole (111.9 mg, 1.644 mmol) and TBSCI (82.8 mg,
0.549 mmol) at 0 °C. After being stirred at room temperature for 24 h., the reaction mixture
was quenched by saturated aqueous NH4CI, and the resulting mixture was extracted with
EtOAc. The organic layer was washed by brine, dried over anhydrous NaSOs, filtered and
concentrated under reduced pressure. Purification by open silica gel column chromatography
(hexane/EtOAc = 6/1) afforded the silyl ethers 10 (62.6 mg, 0.107 mmol, 94% over 2 steps)
as a colorless oil as a mixture of two diastereomers (epimeric at C5 position, dr = 1:1.1).

Rt = 0.76 (hexane/EtOAc = 2/1); IR (neat) 2954, 2927, 2856, 1686, 1349, 1251, 1167, 1081,
1063, 1031, 854, 836, 774, 660, 582 cm™'; HRMS (ESIMS): m/z caled for C33HsiNO4SSiNa
[M+Na]" 608.3206, found 608.3197.

Allyl alcohols 2

MelLi

THF
-78 °C then rt.
45 min.

NHTFA

(1) NEts, TFAA
DCM, rt., 30 min.

Y

(2) Sml,y, THF
-78°C,1h
(3) TBAF, THF
rt., 20 h, 68% (4 steps)
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To a solution of N-Ts lactam 10 (0.197 g, 0.337 mmol) in THF (11.3 mL) was added methyl
lithium solution (1.2 M, 5.6 mL, 6.8 mmol) at -78 °C. After being stirred at -78 °C for 5 min.,
the reaction mixture was warmed to room temperature. After being stirred at room
temperature for 1 h, the reaction mixture was quenched by saturated aqueous NH4Cl at 0 °C
and extracted with Et,O. The organic layer was washed by brine, dried over anhydrous
Na>SOyg, filtered and concentrated under reduced pressure. Without further purification, to a
solution of the N-Ts amine 10A at 0 °C was added NEt3 (236 pL, 1.70 mmol) and TFAA (240
uL, 1.70 mmol) 1. After stirring at room temperature for 30 min., the reaction mixture was
concentrated under reduced pressure. To a solution of intermediate in THF (1.7 mL) was
added Sml, (0.1 M in THF, 16.6 mL, 1.66 mmol) at -78 °C. After stirring at -78 °C for 1 h,
the reaction mixture was filtrated through open silica gel with EtOAc and concentrated under
reduced pressure. Without further purification, the trifluoriacetamide and TBAF (1.0 M, 4.1
mL, 4.1 mmol) in dry THF (11.3 mL) was stirred at room temperature for 12 h, and then the
reaction mixture was quenched by saturated aqueous NH4Cl at 0 °C, and the resulting mixture
was extracted with EtoO. The organic layer was washed by brine, dried over anhydrous
Na.SOg, filtered and concentrated under reduced pressure. Purification by open silica gel
column chromatography with a very small amount of NEtz (hexane to hexane/EtOAc = 3/1 to
2/1 to 1/1) afforded the allyl alcohol 2a (56.9 mg, 0.133 mmol, 39%) as a slightly yellow oil
and the allyl alcohol 2b (42.4 mg, 0.0988 mmol, 29%) as a slightly yellow oil, respectively.

2a: Rf = 0.23 (hexane/EtOAc = 2/1); [a]p?’ +106.6 (¢ 0.05, CHCI3); '"H NMR (CDCls, 500
MHz): 6 6.56 (1H, br), 5.73 (1H, ddd, J = 3.0, 10.5, 17.5 Hz), 5.62 (1H, dq, J = 6.5, 11.0
Hz), 5.16 (1H, dt, J=2.0, 17.0 Hz), 5.14 (1H, tq, /= 1.5, 11.0 Hz), 5.08 (1H, dt, J=2.0, 10.5
Hz), 5.05 (1H, m), 3.52 (1H, d, J = 11.0 Hz), 3.26 (1H, m), 3.01 (1H, dt, /= 5.0, 13.5 Hz),
2.59 (1H, br), 2.24 (1H, dd, J = 8.0, 18.5 Hz), 2.12 (3H, s), 2.02 (1H, m), 1.90 (1H, m), 1.74
(3H, dd, J=1.5, 6.5 Hz), 1.65 (3H, t, J= 2.0 Hz), 1.50 (2H, m), 1.33 (2H, m), 1.25 (1H, m),
0.77 (3H, d, J = 7.0 Hz), 0.67 (3H, d, J = 7.0 Hz); 3C NMR (CDCls, 125 MHz) § 213.9,
138.5, 132.1, 130.2, 129.2, 126.4, 114.3, 71.3, 54.2, 44.3, 42.3, 41.7, 35.8, 28.0, 26.9, 26.0,
20.8, 17.9, 15.3, 14.0, 13.7, 11.9; IR (neat) 3329, 2965, 2934, 1711, 1560, 1459, 1388, 1365,
1358, 1209, 1185, 1161, 1028, 995, 927, 747, 727, 707, 472, 457 cm’'; HRMS (ESIMS): m/z
calcd for C23H34F3NO3Na [M+Na]" 452.2388, found 452.2386.

2b: Rf = 0.11 (hexane/EtOAc = 2/1); [a]p?’ +81.0 (¢ 0.05, CHCI3); '"H NMR (CDCls, 500

MHz): § 6.70 (1H, br), 5.77 (1H, ddd, J = 4.5, 10.5, 17.0 Hz), 5.60 (1H, dq, J = 7.0, 11.0 Hz),
5.18 (1H, dt, J= 1.5, 17.0 Hz), 5.11 (1H, tq, J= 1.5, 11.0 Hz), 5.09-5.07 (2H, m), 3.54 (1H, d,

- 105 -



J=11.0 Hz), 3.26 (1H, m), 3.01 (1H, dt, J = 5.0, 13.5 Hz), 2.85 (1H, br), 2.18 (3H, s), 2.14
(1H, m), 2.00 (2H, m), 1.74 (3H, dd, J= 2.0, 7.0 Hz), 1.64 (3H, t, J = 1.5 Hz), 1.53-1.36 (3H,
m), 1.26 (1H, m), 0.77 3H, d, J = 7.0 Hz), 0.67 (3H, d, J = 7.0 Hz); *C NMR (CDCl, 125
MHz) § 214.2, 138.5, 129.5, 126.3, 114.1, 71.4, 54.4, 44.3, 42.2, 41.8, 35.7, 27.8, 26.9, 26.1,
20.8, 17.8, 15.3, 13.7, 11.8; IR (neat) 3342, 2971, 2936, 1711, 1699, 1365, 1217, 1206, 1159,
994, 925, 773, 669 cm’'; HRMS (ESIMS): m/z caled for Ca3H34FsNOsNa [M+Na]* 452.2388,
found 452.2386.

Allyl esters 11

NHTFA

NEt, R,
_—

<
DCM :

(o) (0]
R; = L&&‘)Y
OCthenrt.,4h

2a (4S): Ry = H, R, = OH 87:? (::2) 11a (4S): Ry = H, R, = OR;
2b (4R): R, = OH, R, = H 83% (11b) 11b (4R): R, = OR3, Ry = H

To a solution of the allyl alcohol 2a (6.6 mg, 0.015 mmol) in DCM (0.50 mL) at 0 °C was
added NEtz (41.5 pL, 0.299 mmol) and methacryloyl chloride (9.5 uL, 0.10 mmol). After
stirring at 0 °C for 2 h, the reaction mixture was warmed to room temperature and stirred for 1
h. Then additional NEts (41.5 pL, 0.299 mmol) and methacryloyl chloride (9.5 pL, 0.10
mmol) were added at 0 °C. After being stirred at room temperature for 1 h., the reaction
mixture was quenched by saturated aqueous NH4Cl at 0 °C, and the resulting mixture was
extracted with DCM. The organic layer was washed by brine, dried over anhydrous NaxSOa,
filtered and concentrated under reduced pressure. Purification by open silica gel column
chromatography with a very small amount of NEtz (hexane to hexane/EtOAc = 3/1) afforded
the allyl ester 11a (6.5 mg, 0.013 mmol, 87%) as a colorless oil.

11a: Rf = 0.52 (hexane/EtOAC = 2/1); [a]p?’ +105.0 (c 0.12, CHCIls); '"H NMR (CDCls, 500
MHz): § 6.52 (1H, br), 6.10 (1H, s), 6.09 (1H, m), 5.67 (1H, ddd, J=4.5, 10.5, 17.0 Hz), 5.63
(1H, dq, J= 7.0, 11.0 Hz), 5.55 (1H, 5, ] = 1.5 Hz), 5.13-5.08 (2H, m), 5.07 (1H, dt, J = 1.5,
12.5 Hz), 3.52 (1H, d, J= 11.0 Hz), 3.25 (1H, m), 3.02 (1H, dt, J= 5.5, 13.5 Hz), 2.12 (3H, 5),
2.08-1.98 (3H, m), 1.95 (3H, s), 1.74 (3H, dd, J= 1.5, 7.0 Hz), 1.70 (3H, t, 2.0 Hz), 1.64 (1H,
m), 1.51-1.42 (3H, m), 0.83 (1H, m), 0.77 (3H, d, J = 7.0 Hz), 0.66 (3H, d, J = 7.0 Hz); 1’C
NMR (CDCls, 125 MHz) & 213.7, 166.3, 136.7, 134.7, 133.8, 128.9, 127.1, 126.8, 125.6,
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115.6, 73.9, 54.2, 44.3, 42.5, 41.7, 35.9, 29.9, 28.2, 26.6, 26.0, 21.7, 18.5, 18.3, 15.4, 13.7,
11.9; IR (neat) 3335, 2973, 2942, 2892, 1712, 1562, 1458, 1387, 1209, 1183, 1160, 934, 757,
727, 668 cm’'; HRMS (ESIMS): m/z caled for C27H3sF3NOsNa [M+Na]* 520.2651, found
520.2647.

11b: In the same manner as that described above, the allyl ester 11b (4.9 mg, 0.010 mmol,

83%) was obtained from 5a (5.1 mg, 0.012 mmol); Rs = 0.52 (hexane/EtOAc = 2/1); [a]p?’
+84.0 (c 0.05, CHCIs); 'H NMR (CDCl3, 500 MHz): & 6.52 (1H, br), 6.08 (1H, s), 6.04 (1H,
m), 5.76 (1H, ddd, J= 5.0, 10.5, 17.0 Hz), 5.64 (1H, dq, J= 7.0, 11.0 Hz), 5.54 (1H, 5, J = 1.5
Hz), 5.16 (1H, dt, J = 1.5, 18.5 Hz), 5.14 (1H, dt, J= 1.5, 10.5 Hz), 5.10 (1h, tq, J= 1.5, 11.0
Hz), 3.48 (1H, d, J=11.0 Hz), 3.25 (1H, m), 3.04 (1H, dt, m), 2.12 (3H, s), 2.08-1.98 (3H, m),
1.93 (3H, s), 1.76 (3H, dd, J = 1.5, 7.0 Hz), 1.71 (3H, s), 1.51-1.44 (4H, m), 0.84 (1H, m),
0.77 (3H, d, J = 7.0 Hz), 0.67 (3H, d, J = 7.0 Hz); *C NMR (CDCls, 125 MHz) § 213.2,
166.2, 136.5, 134.8, 133.6, 129.3, 127.5, 126.7, 125.5, 115.7, 74.1, 54.2,44.3, 43.4, 41.8, 36.3,
29.7, 28.4, 26.2, 26.1, 21.8, 18.5, 18.3, 15.5, 13.8, 12.0; IR (neat) 3324, 2966, 2933, 1714,
1220, 1183, 1158, 935, 781 cm’!; HRMS (ESIMS): m/z caled for C27H3sF3NOsNa [M+Na]*
520.2651, found 520.2649.

Butenolides 12

NHTFA NHTFA

Grubbs |

o>,
(o) or fo)
R3 = ‘aa,)l\[/ CICH,CH,CI B
90°C,6h
11a (4S): Ry = H, R, = OR,; 3:4 (12a) 120 45) 120 4R
11b (4R): Ry = ORy, R, = H 77% (12b)

To a solution of the allylic ester 11a (6.5 mg, 0.013 mmol) in CICH2CH2C1 (440 uL) was
added Grubbs 1% catalyst (2.1 mg, 0.0026 mmol) at room temperature. After stirring at 90 °C
for 2 h, additional Grubbs 1% catalyst (2.1 mg, 0.0026 mmol) were added. Moreover, after
being stirred at 90 °C for 2.5 h., additional Grubbs 1% catalyst (2.1 mg, 0.0026 mmol) were
added again. After being stirred at 90 °C for 1.5 h, the reaction mixture was evaporated under
reduced pressure. Purification by open silica gel column chromatography (hexane to
hexane/EtOAc = 4/1 to 2/1) afforded 12a (2.6 mg, 0.0056 mmol, 43%) as a colorless oil.
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12a: Ry = 0.12 (hexane/EtOAc = 2/1); [o]p?” +106.0 (c 0.05, CHCL3); 'H NMR (CDCls, 500
MHz): § 6.77 (1H, 5, J= 1.5 Hz), 6.43 (1H, br), 5.73 (1H, t, J= 1.5 Hz), 5.68 (1H, dq, ] = 7.0,
11.0 Hz), 5.12 (1H, tq, J = 1.5, 11.0 Hz), 3.57 (1H, d, J = 11.0 Hz), 3.26 (1H, m), 3.02 (1H, dt,
J=5.0, 13.5 Hz), 2.13 (3H, s), 1.94 (1H, m), 1.91 3H. t, J=2.0 Hz), 1.76 (3H, s), 1.75 (3H,
dd, J = 2.0, 7.0 Hz), 1.67 (2H, m), 1.56 (1H, m), 1.48-1.41 (2H, m), 0.87-0.83 (2H, m), 0.78
(3H, d, J = 7.0 Hz), 0.66 (3H, d, J = 7.0 Hz); 13C NMR (CDCls, 125 MHz) & 213.6, 174.7,
157.4, 147.7, 136.7, 130.6, 128.5, 127.2, 123.8, 79.7, 54.3, 44.3, 42.4, 35.9, 29.9, 28.1, 26.5,
25.9,20.7, 18.0, 15.2, 13.8, 11.8, 10.8; IR (neat) 3341, 2966, 2933, 2860, 1759, 1715, 1560,
1459, 1366, 1212, 1179, 1163, 1107, 1044, 955, 727, 421 cm’'; HRMS (ESIMS): m/z calcd
for C2sH3aF3NOsNa [M+Na]" 492.2338, found 492.2340.

12b: In the same manner as that described above, the butenolide 12b (3.6 mg, 0.0077 mmol,
77%) was obtained from 11b (4.9 mg, 0.0099 mmol); Rs = 0.24 (hexane/EtOAc = 2/1); [a]p?’
+82.8 (¢ 0.05, CHCl3); '"H NMR (CDCls, 500 MHz): & 6.79 (1H, 5, J= 1.5 Hz), 6.55 (1H, br),
5.72 (1H, t, J= 1.5 Hz), 5.64 (1H, dq, J = 7.0, 11.0 Hz), 5.05 (1H, tq, J = 1.5, 11.0 Hz), 3.64
(1H, d, = 11.0 Hz), 3.28 (1H, m), 2.98 (1H, dt, J= 5.0, 13.5 Hz), 2.17 (3H, s), 1.96 (1H, m),
1.91 (3H. t, J=2.0 Hz), 1.75 (3H, dd, J = 2.0, 7.0 Hz), 1.73 (3H, s), 1.60 (2H, m), 1.52 (1H,
m), 1.48-1.36 (2H, m), 0.88-0.78 (2H, m), 0.77 (3H, d, J = 7.0 Hz), 0.66 (3H, d, J = 7.0 Hz);
3C NMR (CDCls, 125 MHz) § 213.7, 174.5, 157.5, 147.4, 135.5, 130.1, 129.0, 126.9, 123.6,
80.0, 54.2,44.3,41.9, 41.7, 35.5, 29.9, 27.6, 26.9, 26.1, 20.2, 18.0, 15.2, 13.7, 11.8, 10.7; IR
(neat) 3340, 2966, 2946, 2860, 1746, 1723, 1440, 1366, 1230, 1177, 955, 722, 410 cm’;
HRMS (ESIMS): m/z caled for C2sH34F3NO4sNa [M+Na]* 492.2338, found 492.2342.

N-Boc amines 13

NHTFA NHBoc

NEt;, (Boc),0, DMAP
then Hydrazine

or 0> DCM
(o] o
_ 0°Cthenrt,2h
72% (13a)
66% (13b)

12a 12b

13a 13b

To a solution of the trifluoroacetamide 12a (6.0 mg, 0.013 mmol) in DCM (1.6 mL) was
added NEts (32 pL, 0.23 mmol), DMAP (1.9 mg, 0.016 mmol) and (Boc)20 (19.9 mg, 0.0911
mmol) at 0 °C Bl. After stirring at room temperature for 1.5 h, hydrazine hydrate (18 pL, 0.59
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mmol) was added at room temperature. After being stirred at room temperature for 20 min.,
the cloudy reaction mixture was quenched by saturated aqueous NH4Cl at 0 °C, and the
resulting mixture was extracted with DCM. The organic layer was washed by brine, dried
over anhydrous Na>SOs, filtered and concentrated under reduced pressure. Purification by
open silica gel column chromatography (hexane/EtOAc = 2/1) afforded the N-Boc amine 13a
(4.4 mg, 0.0093 mmol, 72%) as a colorless oil.

13a: Ry = 0.46 (hexane/EtOAcC = 1/1); [o]p?” +94.2 (c 0.055, CHCL3); 'H NMR (CDCls, 500
MHz): § 6.76 (1H, 5, J= 1.5 Hz), 6.72 (1H, br), 5.67 (1H, dg, J = 7.0, 11.0 Hz), 5.12 (1H, tq,
J= 15, 11.0 Hz), 4.46 (1H, br), 3.47 (1H, d, J = 11.0 Hz), 2.92 (2H, m), 2.10 (3H, s), 1.97
(1H, m), 1.91 (3H. t, J = 1.5 Hz), 1.88 (1H, m), 1.79 (3H, dd, J = 2.0, 7.0 Hz), 1.77 3H, s),
1.55 (2H, m), 1.44 (9H, s), 1.29-1.22 (2H, m), 0.89-0.80 (2H, m), 0.73 (3H, d, J = 7.0 Hz),
0.64 (3H, d, J = 7.0 Hz); 3C NMR (CDCls, 125 MHz) & 221.6, 168.5, 156.2, 147.8, 136.5,
130.4, 128.9, 127.0, 124.1, 79.7, 54.1, 43.3, 42.1, 37.7, 29.9, 28.6, 25.6, 22.9, 20.7, 18.1, 15.4,
14.3, 14.1, 12.0, 10.8; IR (neat) 3395, 2970, 2935, 2850, 1754, 1707, 1524, 1458, 1392, 1368,
1279, 1254, 1176, 1099, 1045, 957, 868, 786, 700, 413 cm’'; HRMS (ESIMS): m/z calcd for
C2sH4sNOsNa [M+Na]* 496.3039, found 496.3038.

13b: In the same manner as that described above, the N-Boc amine 13b (10.0 mg, 0.0211
mmol, 66%) was obtained from 12b (15.0 mg, 0.0320 mmol); Rf = 0.55 (hexane/EtOAC =
1/1); [o]p?” +74.2 (¢ 0.055, CHCl3); '"H NMR (CDCls, 500 MHz): § 6.79 (1H, 5, J = 1.5 Hz),
6.72 (1H, br), 5.63 (1H, dq, J = 7.0, 11.0 Hz), 5.06 (1H, tq, J = 1.5, 11.0 Hz), 4.49 (1H, br),
3.52 (1H, d, J = 10.5 Hz), 2.92 (2H, m), 2.13 (3H, s), 1.97 (1H, m), 1.92 (3H. t, J= 1.5 Hz),
1.87 (1H, m), 1.79 (3H, dd, J = 1.5, 7.0 Hz), 1.75 (3H, s), 1.50 (2H, m), 1.44 (9H, s),
1.36-1.29 (2H, m), 0.89-0.80 (2H, m), 0.72 (3H, d, J = 7.0 Hz), 0.64 (3H, d, J = 7.0 Hz) *C
NMR (CDCls, 125 MHz) 6 222.3, 174.9, 155.9, 147.35, 135.5, 12301, 129.4, 126.6, 123.8,
80.1, 54.0, 45.0, 43.0, 42.2, 37.2, 28.6, 26.6, 25.8, 20.3, 18.0, 15.4, 14.1, 12.0, 10.8; IR (neat)
3388, 2982, 2928, 2853, 1755, 1701, 1536, 1279, 1260, 1045, 791, 755 cm’!; HRMS
(ESIMS): m/z caled for C2gHasNOsNa [M+Na]" 496.3039, found 496.3035.
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Spirocyclic imines 1

NHBoc

TFA TFA

EEEE——
toluene
120 °C,2.5h
quant. (1a)

13a (4S) L -} quant. (1b) 1a (45)
13b (4R) 1b (4R)

To a solution of the Boc amine 13a (1.8 mg, 0.0038 mmol) in toluene (0.65 mL) was added
TFA (1.5 puL, 0.019 mmol). After stirring at 40 °C for 1 h, additional TFA (3.0 uL, 0.038
mmol) was added at the same temperature. And then, after being stirred at 120 °C for 2.5 h.,
the solvent was evaporated and residue was dried under high vacuum to afforded 1a (1.3 mg,
0.0037 mmol, quant.) as a yellow solid.

toluene
40°C,1h

la: R = 0.55 (CHCI3/MeOH = 6/1); [a]p® +129.6 (¢ 0.05, CHCl3); 'H NMR (CD;0OD, 500
MHz): § 7.14 (1H, t, J = 1.5 Hz), 5.97 (1H, br), 5.88 (1H, dq, ] = 7.0, 11.0 Hz), 5.25 (1H, t, J
=11.0 Hz), 4.07 (1H, dd, J = 5.0, 13.5 Hz), 3.77 (1H, d, J = 10.5 Hz), 3.47 (1H, dd, J = 2.5,
13.5 Hz), 3.22 (3H, s), 2.20 (1H, m), 1.95 (1H, m), 1.91 (3H, t, J = 2.0 Hz), 1.85 (3H, dd, J =
1.5, 6.5 Hz), 1.83 (1H, m), 1.79 (1H, m), 1.77 (3H, s), 1.75 (1H, m), 1.72 (1H, m), 1.57 (1H,
br), 1.29 (1H, m), 1.08 (3H, d, J = 7.0 Hz), 1.03 (3H, d, J = 6.5 Hz); *C NMR (CDsOD, 175
MHz) 6202.4, 176.8, 149.5, 133.9, 131.2, 130.7, 128.0, 126.3, 82.0, 52.6, 50.4, 46.7, 45.3,
39.0, 38.2, 36.4, 31.0, 20.8, 20.3, 18.5, 17.1, 14.4, 10.5; IR (neat) 3019, 2966, 2933, 2857,
1756, 1680, 1464, 1384, 1192, 1190, 1136, 1110, 1042, 796, 755, 719, 663 cm'; HRMS
(ESIMS): m/z caled for C23HuNO> [M+H]" 356.2584, found 356.2588, m/z calcd for
C23H33NO>Na [M+Na]* 378.2409, found 378.2407.

1b: In the same manner as that described above, the spirocyclic imine 1b (0.8 mg, 0.002
mmol, quant.) was obtained from 13b (1.1 mg, 0.002 mmol); Rs = 0.55 (CHCI3/MeOH = 6/1);
[a]p® +90.4 (c 0.05, CHCIl3); 'TH NMR (CDsOD, 500 MHz): § 7.15 (1H, br), 5.99 (1H, br),
5.86 (1H, dq, J=7.0, 11.0 Hz), 5.25 (1H, t, /= 11.0 Hz), 4.03 (1H, dd, J = 4.0, 14.0 Hz), 3.80
(1H, d, J = 11.0 Hz), 3.54 (1H, dd, J = 3.5, 14.0 Hz), 3.22 (3H, s), 1.98-1.93 (2H, m), 1.92
(2H, m), 1.91 (3H, t, J = 2.0 Hz), 1.86 (3H, dd, J= 1.5, 6.5 Hz), 1.83 (3H, s), 1.75 (1H, m),
1.69 (1H, m), 1.59 (1H, m), 1.32 (1H, m), 1.08 (3H, d, J= 7.0 Hz), 1.01 (3H, d, J = 7.0 Hz);
13C NMR (CDsOD, 175 MHz) § 202.5, 176.7, 150.1, 136.1, 131.4, 130.3, 128.1, 126.2, 81.3,
52.9,50.1, 46.4, 45.3, 39.1, 38.9, 36.4, 30.8, 30.6, 21.0, 20.9, 18.4, 17.7, 14.3, 10.5; IR (neat)
2968, 2928, 2862, 1757, 1681, 1201, 1137, 1045, 756 cm’!; HRMS (ESIMS): m/z calcd for
C23H33NO,Na [M+Na]" 378.2409, found 378.2409.
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abundance

lJEDLD

200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 200

/) ) AN

76.206

X : parts per Million™ Carbon13

<
~
©
[32)
<
—

141.773
137.280
129.659
128.867
128.715

127.494

) )

58.751
51.712
50.729
48.163
45731
40.485
36.775
35.258

32.845 —

//

h
I
™~
©
N

o
[32]
<
i
~

—_

21.666
21.151
20.598
17.708
13.587

10.0

N

0

Filename

Author
Experiment
Sample Id
Solvent
Actual_Start_ Time
Revision_Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_Width

X _Acq_Time
X_Angle

X_Atn

X_Pulse

Irr Atn Dec
Irr_Atn Noe

Irr Noise
Irr_Pwidth
Decoupling
Initial Wait
Noe

Noe_Time
Repetition_ Time

KM-10-45-F1-2 (SI)_carbon
Murata

carbon. jxp

KM-10-45-F1-2 (SI)
CHLOROFORM-D

10-APR-2019 20:32:24
16-0CT-2019 10:48:20

single pulse decoupled ga
1D COMPLEX

26214

Carbonl3

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T]
0.83361792([s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761[kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

261

261

(500 [MHz])

2[s]

56

25[dC]

22[us]
0.83361792(s]
30[deg]

7[dB]
7.33333333[us]
27.65[dB]
27.65[dB]
WALTZ

92[us]

TRUE

1[s]

TRUE

2[s]
2.83361792([s]
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IJEDLD

3.63

Field_Strength
X_Acq_Duration
X_Domain

X _Freq
X_Offset
X_Points
X_Prescans

Filename = KM-10-49-F1(SI)_proton-1-
Author = Murata
Experiment = proton.jxp
© Sample_Id = KM-10-49-F1 (SI)
(=] Solvent = CHLOROFORM-D
Te] Actual_Start_Time = 11-APR-2019 10:09:48
Revision_Time = 16-0CT-2019 14:41:49
Comment = single_pulse
Data_Format = 1D REAL
Dim_Size = 26214
Dim_Title = Proton
Dim Units = [ppm]
(‘:‘) Dimensions =X
< Site = ECA 500
Spectrometer = JNM-ECA500

11.7473579[T] (500 [MHz])
3.49175808[s]

1H

500.15991521 [MHz]
5.0[ppm]

32768

1

abundance

0 010203040506070809101112131415161718192021222324252627282930

N X_Resolution = 0.28638868[Hz]
P a3 X_Sweep = 9.38438438[kHz]
" o X_Sweep_Clipped = 7.50750751[kHz]
i Irr_Domain = Proton
] ‘ Irr_Freq = 500.15991521 [MHz]
3 Irr Offset = 5.0[ppm]
} Tri_Domain = Proton
7 Tri_Freq = 500.15991521 [MHz]
Tri_Offset = 5.0[ppm]
Clipped = FALSE
[ o) Scans =8
< ] Total_Scans =8
N — -
Relaxation Delay = 5[s]
Recvr_Gain = 34
Temp_Get = 25[dC]
X_90_Width = 6.4[us]
X_Acq_Time = 3.49175808[s]
X_Angle = 45[deq]
X_Atn = 4.5[dB]
H*o ro — (O X_Pulse = 3.2[us]
o (=} oo Irr Mode = Off
— — zf“_' — Tri_Mode = Off
H Dante_Presat = FALSE
Initial Wait = 1[s]
Phase = {0, 90, 270, 180, 180, 27
Repetition Time = 8.49175808([s]
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abundance

VARl

dEDLD

R ——

5.119

N~
X : parts per Million TCarbon13

200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 200

AN

144.548

138.787

136.212

129.287
128.963

128.390
127.885

95.197

7

—
™
o

50.472

(2]
<

100 O

Filename
Author
Experiment
Sample_Id
Solvent

Actual_Start_Time

Revision_ Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X _Acq_Duration
X_Domain
X_Freq
X_Offset

X _Points

X _Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr Domain
Irr_Freq

Irr Offset
Clipped

Scans
Total_Scans

Relaxation_Delay
Recvr_Gain
Temp_Get
X_90_Width
X_Acq_Time
X_Angle

X _Atn

X Pulse
Irr_Atn Dec

Irr Atn Noe

Irr Noise

Irr Pwidth
Decoupling
Initial Wait
Noe

Noe_Time
Repetition_Time

KM-10-49-F1(SI)_carbon-1-
Murata

carbon. jxp

KM-10-49-F1 (SI)
CHLOROFORM-D

11-APR-2019 10:12:53
16-0CT-2019 10:54:45

single pulse decoupled ga
1D COMPLEX

26214

Carbonl3

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T]
0.83361792[s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761[kHz]
31.44654088[kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

TRUE

1024

1024

(500 [MHz])

2[s]
54

25[dC]

22[us]
0.83361792[s]
30[deg]

7[dB]
7.33333333[us]
27.65[dB]
27.65[dB]
WALTZ

92[us]

TRUE

1[s]

TRUE

2[s]
2.83361792[s]
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X : parts per Million : Proton

Filename
Author
Experiment
Sample Id
Solvent

Actual_Start Time

Revision_Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain

X _Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Tri_Domain
Tri_Freq
Tri_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_Width
X_Acq_Time
X_Angle

X_Atn

X_Pulse
Irr_Mode
Tri_Mode
Dante_Presat
Initial Wait
Repetition Time

KM-9-183-F1_proton-1-8.3jd
Murata

proton. jxp

KM-9-183-F1

CHLOROFORM-D

9-MAR-2019 09:01:34
16-0CT-2019 14:38:30

single_pulse
1D REAL
52429

Proton

[ppm]

X

ECA 500
DELTA2_NMR

11.7473579[T]
6.98351616[s]
1H
500.15991521 [MHz]
5.0[ppm]

65536

1

0.14319434[Hz]
9.38438438[kHz]
7.50750751 [kHz]
Proton
500.15991521 [MHz]
5.0 [ppm]

Proton
500.15991521 [MHz]
5.0 [ppm]

FALSE

8

8

(500 [MHz])

5[s]

30

32.4[dcC]
13.1[us]
6.98351616[s]
45[deg]

4[dB]
6.55[us]

Off

Off

FALSE

1[s]
11.98351616[s]
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abundance
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AN

X : parts per Million

75.844

'Carbon13

144119 ——

129.153
129.020

128.915

128.343
127.570

o
D
©
o
=
—

ARTNS

< My
O M M
P N0
n oo
S

50.262
49.051
35411
30.165

NS

22439 ~__

21.695
21.180
18.051
17.708
13.730

0

Filename

Author
Experiment
Sample_Id
Solvent
Actual_Start_Time
Revision_Time

Comment
Data_Format
Dim_Size
Dim Title
Dim_Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points

X _Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Clipped

Scans
Total_Scans

Relaxation Delay
Recvr_Gain
Temp_Get
X_90_Width
X_Acq_Time
X_Angle

X_Atn

X_Pulse

Irr Atn Dec

Irr Atn Noe
Irr_Noise
Irr_Pwidth
Decoupling
Initial Wait
Noe

Noe_Time

Repeti tion_Time

KM-10-51-F1_carbon-1-8.3jd
Murata

carbon. jxp

KM-10-51-F1

CHLOROFORM-D

11-APR-2019 19:16:34
16-0CT-2019 11:02:46

single pulse decoupled ga
1D COMPLEX

26214

Carbonl3

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T] (500[MHz])
0.83361792([s]
13c
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761[kHz]
31.44654088[kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

TRUE

216

216

2[s]

52

25[dC]

22[us]
0.83361792([s]
30[deg]

7[dB]
7.33333333[us]
27.65[dB]
27.65[dB]

WALTZ

92[us]

TRUE

1[s]

TRUE

2[s]
2.83361792([s]
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abundance

Filename = KM-10-53-F2(SI)_proton-1-
Author = Murata
Experiment = proton.jxp
Sample_Id = KM-10-53-F2 (SI)
Solvent = CHLOROFORM-D
Actual_Start Time = 12-APR-2019 20:14:59
8 Revision_Time = 16-0CT-2019 14:49:48
© ;
Comment = single_pulse
Data_Format = 1D COMPLEX
Dim_Size = 26214
Dim_Title = Proton
Dim Units = [ppm]
Dimensions =X
ITo) Site = ECA 500
3 Spectrometer = JNM-ECA500
Field Strength = 11.7473579[T] (500 [MHz])
X_Acq_ Duration = 3.49175808[s]
X_Domain = 1H
X _Freq = 500.15991521 [MHz]
X_Offset = 5.0[ppm]
X_Points = 32768
X_Prescans =1
X_Resolution = 0.28638868[Hz]
X_Sweep = 9.38438438[kHz]
X_Sweep_Clipped = 7.50750751[kHz]
Irr_Domain = Proton
Irr_Freq = 500.15991521 [MHz]
g - Ir:F_Offsgt = 5.0[ppm]
P go Tri_Domain = Proton
oo Tri_Freq = 500.15991521 [MHz]
Tri_Offset = 5.0[ppm]
Clipped = FALSE
Scans =8
Total_Scans =8
g - g Relaxation Delay = 5[s]
N (=] Ni Recvr_Gain = 28
o Temp_Get = 25[dC]
X_90_Width = 6.4[us]
X_Acq_Time = 3.49175808[s]
X_Angle = 45[deq]
X_Atn = 4.5[dB]
X_Pulse = 3.2[us]
o o o [H [O o % Irx.:_Mode = Off
(=] o o o o |© u Tri_Mode = Off
—i [ — |- Dante_Presat = FALSE
Initial Wait = 1[s]
Phase = {0, 90, 270, 180, 180, 27
Repetition Time = 8.49175808([s]
J ’ |
L | Ml
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157.816 —

144920 ——
135.945
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129.916

/) AN

128.982
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2 )

50.586
48.488
47.486
40.466
39.989
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Filename

Author
Experiment
Sample Id
Solvent
Actual_Start_ Time
Revision_Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_Width

X _Acq_Time
X_Angle

X_Atn

X_Pulse

Irr Atn Dec
Irr_Atn Noe

Irr Noise
Irr_Pwidth
Decoupling
Initial Wait
Noe

Noe_Time
Repetition_ Time

KM-10-53-F2(SI)_carbon-1-
Murata

carbon. jxp
KM-10-53-F2 (SI)
CHLOROFORM-D

12-APR-2019 20:18:05
16-0CT-2019 11:07:17

single pulse decoupled ga
1D COMPLEX

26214

Carbonl3

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T]
0.83361792([s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761 [kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

485.0

485.0

(500 [MHz])

2[s]

56

25.1[dC]
22[us]
0.83361792(s]
30[deg]

7[dB]
7.33333333[us]
27.65[dB]
27.65[dB]
WALTZ

92[us]

TRUE

1[s]

TRUE

2[s]
2.83361792([s]
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10 (dr = 1:1.1)

|

abundance

“ |

IJEDLD

11.0 10.0 9.0 8.0 7.0

X : parts per Million : Proton

\
7

\

7.846
7.829
7.815
7.798
7.784
7.260
7.257
7.253
7.241

5.599
5.591
5.577
5.562
4.991
4.988
4974
4.179
4177
3.633
3.613
2.404 —

1.522
1.251

— =

0.863

Filename
Author
Experiment
Sample Id
Solvent

Actual_Start_ Time

Revision_Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Tri_Domain

Tri_ Freq
Tri_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_wWidth
X_Acq_Time
X_Angle

X_Atn

X Pulse
Irr_Mode
Tri_Mode
Dante_Presat
Initial_Wait
Phase
Repetition_ Time

KM-10-59-F1_proton-1-7.3d
Murata

proton. jxp

KM-10-59-F1

CHLOROFORM-D

15-APR-2019 15:42:42
16-0CT-2019 17:53:15

single pulse
1D REAL
26214

Proton

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T] (500 [MHz])
3.49175808([s]

1H

500.15991521 [MHz]
5.0[ppm]

32768

1

0.28638868[Hz]
9.38438438 [kHz]
7.50750751 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

8

8

5[s]

22

25.3[dC]
6.4[us]
3.49175808([s]
45[deg]
4.5[dB]
3.2[us]

Off

Off

FALSE

1[s]

{0, 90, 270, 180, 180, 27
8.49175808([s]




10 (dr=1:1.1)

lJEDLD

Filename
Author
Experiment
Sample Id
Solvent

Actual_Start_ Time

Revision_Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_Width

X _Acq_Time
X_Angle

X_Atn

X_Pulse

Irr Atn Dec
Irr_Atn Noe

Irr Noise
Irr_Pwidth
Decoupling
Initial Wait
Noe

Noe_Time
Repetition_ Time

KM-10-59-F1_carbon-1-7.3d
Murata

carbon. jxp

KM-10-59-F1

CHLOROFORM-D

15-APR-2019 15:45:47
16-0CT-2019 11:09:13

single pulse decoupled ga
1D COMPLEX

26214

Carbonl3

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T] (500([MHz])
0.83361792([s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761 [kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

TRUE

739

739

2[s]

54

25.3[dC]

22[us]
0.83361792(s]
30[deg]

7[dB]
7.33333333[us]
27.65[dB]
27.65[dB]

WALTZ

92[us]

TRUE

1[s]

TRUE

2[s]
2.83361792([s]
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X : parts per Million : Proton

Filename
Author
Experiment
Sample Id
Solvent

Actual_Start_ Time

Revision_Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Tri_Domain

Tri_ Freq
Tri_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_wWidth
X_Acq_Time
X_Angle

X_Atn

X Pulse
Irr_Mode
Tri_Mode
Dante_Presat
Initial_Wait
Phase
Repetition_ Time

KM-10-67-F1 (SI)_proton-2-
Murata

proton. jxp
KM-10-67-F1 (SI)
CHLOROFORM-D

18-APR-2019 13:05:49
16-0CT-2019 17:50:09

single pulse
1D REAL
26214

Proton

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T]
3.49175808([s]
1H
500.15991521 [MHz]
5.0[ppm]

32768

1

0.28638868[Hz]
9.38438438 [kHz]
7.50750751 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

8

8

(500 [MHz])

5[s]

36

26[dC]
6.4[us]
3.49175808([s]
45[deg]
4.5[dB]
3.2[us]

Off

Off

FALSE

1[s]

{0, 90, 270,
8.49175808([s]
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X_Acq_Duration
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X_Freq
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Irr_Freq
Irr_Offset
Clipped
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Total_Scans
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Temp_Get
X_90_Width

X _Acq_Time
X_Angle

X_Atn

X_Pulse

Irr Atn Dec
Irr_Atn Noe

Irr Noise
Irr_Pwidth
Decoupling
Initial Wait
Noe

Noe_Time
Repetition_ Time

KM-10-67-F1 (SI)_carbon-1-
Murata

carbon. jxp
KM-10-67-F1 (SI)
CHLOROFORM-D

18-APR-2019 13:09:02
16-0CT-2019 11:12:53

single pulse decoupled ga
1D REAL

26214

Carbonl3

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T]
0.83361792([s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761 [kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

TRUE

793

793

(500 [MHz])

2[s]

54

25.6[dC]
22[us]
0.83361792(s]
30[deg]

7[dB]
7.33333333[us]
27.65[dB]
27.65[dB]
WALTZ

92[us]

TRUE

1[s]

TRUE

2[s]
2.83361792([s]
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Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Tri_Domain

Tri_ Freq
Tri_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_wWidth
X_Acq_Time
X_Angle

X_Atn

X Pulse
Irr_Mode
Tri_Mode
Dante_Presat
Initial_Wait
Phase
Repetition_ Time

KM-10-67-F2 (SI)_proton-1-
Murata

proton. jxp

KM-10-67-F2 (SI)
CHLOROFORM-D

18-APR-2019 17:14:08
16-0CT-2019 18:02:35

single pulse
1D REAL
26214

Proton

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T] (500 [MHz])
3.49175808([s]

1H

500.15991521 [MHz]
5.0[ppm]

32768

1

0.28638868[Hz]
9.38438438 [kHz]
7.50750751 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

8

8

5[s]

38

25.9[dC]
6.4[us]
3.49175808([s]
45[deg]
4.5[dB]
3.2[us]

Off

Off

FALSE

1[s]

{0, 90, 270, 180, 180, 27
8.49175808([s]
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Irr_Freq
Irr_Offset
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Irr Noise
Irr_Pwidth
Decoupling
Initial Wait
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Noe_Time
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16-0CT-2019 11:15:18

single pulse decoupled ga
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26214
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13cC
125.76529768 [MHz]
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5.0[ppm]
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7[dB]
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27.65[dB]
27.65[dB]
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TRUE
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TRUE
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2.83361792([s]
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Irr_Mode
Tri_Mode
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11.7473579[T] (500 [MHz])
6.98351616[s]

1H

500.15991521 [MHz]
5.0[ppm]
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1

0.14319434[Hz]
9.38438438 [kHz]
7.50750751 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

8

8

5[s]

40

25.1[dC]
13.1[us]
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45 [deg]

4[dB]
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Off

Off

FALSE

1[s]
11.98351616([s]
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X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_Width

X _Acq_Time
X_Angle

X_Atn

X_Pulse

Irr Atn Dec
Irr_Atn Noe

Irr Noise
Irr_Pwidth
Decoupling
Initial Wait
Noe

Noe_Time
Repetition_ Time

KM-10-81-F1(SI)_carbon-1-
Murata

carbon. jxp
KM-10-81-F1 (SI)
CHLOROFORM-D

25-APR-2019 09:48:38
16-0CT-2019 11:19:59

single pulse decoupled ga
1D REAL

26214

Carbonl3

[ppm]

X

ECA 500
DELTA2_NMR

11.7473579[T]
0.83361792([s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761 [kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

2535

2535

(500 [MHz])

2[s]

58

25[dC]
11.6[us]
0.83361792(s]
30[deg]
10[dB]
3.86666667[us]
20.5[dB]
20.5[dB]
WALTZ

92[us]

TRUE

1[s]

TRUE

2[s]
2.83361792([s]

129




abundance

0 010203040506070809101112131415161.71819202122232425262728293.03.1

IJEDLD

NHTFA
B
™
] (g; = o
E o %
1 r EN[ S (oY
] S
N
o
5| |5 555 :
E =} ! 5
\
] \ |
] . MLMLJ L M) I
10 100 90 80 70 60 50 40 30 20 10 0 -0
1w [l [ 1y ||
T A A AN T N
o [<2] O O~ O~ ™ N Om n O~ M OO ND
© o O WO < ANANN @© © AN NI M [ee) NS M~ O~ L0
§ b & BhIooq $S 85 =38 [ Zodon~S8
N~ © © OO LWWLWwLWw o m MmOMm NN - — [eloloolololNolo]

X : parts per Million : Proton

Filename
Author
Experiment
Sample Id
Solvent

Actual_Start_ Time

Revision_Time

Comment
Data_Format
Dim_Size
Dim_Title
Dim Units
Dimensions
Site
Spectrometer

Field_Strength
X_Acq_Duration
X_Domain
X_Freq
X_Offset
X_Points
X_Prescans
X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
Tri_Domain

Tri_ Freq
Tri_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_wWidth
X_Acq_Time
X_Angle

X_Atn

X Pulse
Irr_Mode
Tri_Mode
Dante_Presat
Initial_Wait
Phase
Repetition_ Time

KM-10-93-F1_proton-1-7.3d
Murata

proton. jxp

KM-10-93-F1

CHLOROFORM-D

10-MAY-2019 10:32:18
16-0CT-2019 18:18:47

single pulse
1D REAL
26214

Proton

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T]
3.49175808([s]
1H
500.15991521 [MHz]
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5.0[ppm]

FALSE
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44

26[dC]
7.3[us]
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45[deg]
4.5[dB]
3.65[us]

Off

Off

FALSE
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Irr_Offset
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CHLOROFORM-D

10-MAY-2019 10:37:26
16-0CT-2019 11:22:21

single pulse decoupled ga
1D REAL

26214

Carbonl3

[ppm]

X

ECA 500
JNM-ECA500

11.7473579[T] (500 [MHz])
0.83361792([s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761[kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

TRUE

2048

2048

2[s]

56

26[dC]

20[us]
0.83361792(s]
30[deg]

7[dB]
6.66666667 [us]
26.51[dB]
26.51[dB]
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92[us]

TRUE

1[s]

TRUE

2[s]
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X_Resolution
X_Sweep
X_Sweep_Clipped
Irr_Domain
Irr_Freq
Irr_Offset
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Tri_Freq
Tri_Offset
Clipped
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Recvr_Gain
Temp_Get
X_90_Width
X_Acq_Time
X_Angle

X_Atn

X_Pulse
Irr_Mode
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Dante_Presat
Initial Wait
Repetition Time

KM-10-83-F2(SI)_proton-1-
Murata

proton. jxp
KM-10-83-F2 (SI)
CHLOROFORM-D

28-APR-2019 20:30:23
17-0CT-2019 15:24:47

single_pulse
1D REAL
52429

Proton

[ppm]

X

ECA 500
DELTA2_NMR
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1H

500.15991521 [MHz]
5.0[ppm]

65536

1

0.14319434[Hz]
9.38438438[kHz]
7.50750751 [kHz]
Proton
500.15991521 [MHz]
5.0 [ppm]

Proton
500.15991521 [MHz]
5.0 [ppm]

FALSE

100

100

5[s]

44

25[dC]
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45[deg]

4[dB]
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Off

Off

FALSE
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Irr_Freq
Irr_Offset
Clipped

Scans
Total_Scans

Relaxation_ Delay
Recvr_Gain
Temp_Get
X_90_Width

X _Acq_Time
X_Angle

X_Atn

X_Pulse

Irr Atn Dec
Irr_Atn Noe

Irr Noise
Irr_Pwidth
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CHLOROFORM-D
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16-0CT-2019 13:00:51

single pulse decoupled ga
1D REAL

26214

Carbonl3

[ppm]

X

ECA 500
DELTA2_NMR

11.7473579[T]
0.83361792([s]
13cC
125.76529768 [MHz]
100 [ppm]

32768

4

1.19959034[Hz]
39.3081761 [kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]
5.0[ppm]

FALSE

15000

15000

(500 [MHz])

2[s]

58

24.9[dC]
11.6[us]
0.83361792(s]
30[deg]
10[dB]
3.86666667[us]
20.5[dB]
20.5[dB]
WALTZ

92[us]

TRUE
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TRUE
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Tri_Domain = Proton
Tri_Freq = 500.15991521 [MHz]
Tri_Offset = 5.0[ppm]
Clipped = FALSE
Scans = 16
ol ~ (:g Total_Scans 16
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Synthesis of 7,6-Spirocyclic Imine with Butenolide Ring Provides
Evidence for the Relative Configuration of Marine Toxin 13-desMe

Spirolide C
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ABSTRACT: Efficient synthesis of the partial structure of marine toxin 13-desMe spirolide C was achieved via the selective
Diels—Alder reaction and C—C bond formation with the use of a silatrane substituent and the subsequent facile formation of a
y-butenolide ring. The comparison of NMR data between the synthesized diastereomers and the natural product strongly
suggested that the relative configuration at the C4 position was S configuration with respect to the 7,6-spirocycle.

pirolides (SPXs, Figure 1) are a unique family of marine

toxins produced by the dinoflagellates Alexandrium
ostenfeldii' and Alexandrium peruvianum.” SPXs, categorized
as cyclic imine toxins, have a 7,6-spirocyclic imine core as a
common structural motif. Other cyclic imine toxins of
dinoflagellate origin include pinnatoxins (PnTXs),’ gymnodi-
mines (GYMs)," pteriatoxins (PtTXs),” and portimine.6 SPXs
exhibit acute lethal toxicity toward mice, among which 13-
desMe-SPX C exhibits the most potent activity with LD, =
5.0—8.0 pug/kg through intraperitoneal injection.” Further-
more, SPXs have been reported to be potent inhibitors of
nicotinic acetylcholine receptors (nAChRs).” In recent years, it
has been found that 13-desMe SPX C suppresses the
phosphorylation of tau proteins and the aggregation of
amyloid 3, thus attracting attention as a neuroprotective
agent against neurodegenerative diseases.'’ Their interesting
bioactivity suggests that SPXs could be potential drug leads or
molecular tools, so the chemistry-based approach is necessary
to elucidate the detailed mechanism of action of SPXs.
Nevertheless, the total synthesis of SPXs has not yet been
achieved; moreover, even the relative configuration at the C4
position remains elusive.

In 2009, Ciminiello et al. reported the full relative
stereochemistry for 13,19-didesMe SPX C through the detailed
analysis of the NMR data with the aid of computational
techniques.'' However, there seemed to be room for
experimental examination in the stereochemistry of the C4
position. This is because a critical ROE correlation was

-4 ACS Publications  © 2019 American Chemical Society

8970

relatively weak, possibly due to the rotational conformers
about the C4—CS bond. Although the crystal structure of 13-
desMe SPX C in complex with the ACh-binding protein was
reported by Bourne,™ it is too ambiguous to clearly assign the
C4 configuration. These studies revealed the necessity of a
synthetic approach to determine the configuration. However,
the structural determination by a total synthesis turned out to
be difficult because of synthetic difficulties in the characteristic
moieties of SPXs such as the 7,6-spirocyclic imine bearing a y-
butenolide ring seen for PnTX and GYM' and the 5,6,6-
spiroacetal tricycle, to which no practical approach has been
established. Thus, for the assignment of the C4 configuration,
it would be a realistic strategy to synthesize a partial structure
of SPX that included the 7,6-spirocyclic imine unit. To achieve
this goal, a proper design and an efficient synthesis of this
fragmental structure, including the C4 carbon, are crucial
issues.

Herein, we designed a spirocyclic imine derivative (1)
(Scheme 1) as an appropriate partial structure and succeeded
in establishing an efficient method for the synthesis. The 7,6-
spirocyclic imine and p-butenolide ring were successfully
constructed using a selective Diels—Alder reaction under newly
developed conditions, the subsequent C—C bond formation,
and the ring-closing metathesis. Furthermore, by comparing
synthetic derivatives with the natural product 13-desMe SPX
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Unknown
Stereochemistry

7,6-Spirocyclic R

Spirolide (SPX) C: R" = Me; R? = Me
13-desMe SPX C: R' = H; R? = Me
13,19-didesMe SPX C: R' = H; R?=H

SPX A: A%23;R=H
SPXB: R=H
SPXD: R =Me

Gymnodimine A (GYM A)

Pinnatoxin A (PnTX A)

Figure 1. Chemical structures of representative cyclic imine toxins.

Scheme 1. Retrosynthetic Analysis of Spirocyclic Imine
Derivatives (1)
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C, we provided strong evidence that the stereochemistry of the
C4 position was the S configuration with respect to the
asymmetric centers in the spirocyclic moiety.

First, the 7,6-spirocyclic imine derivative (1) was designed as
our synthetic target (Scheme 1). For the structural assignment
of the C4 position by comparing NMR chemical shifts, we
expected that not only the structure close to butanolide ring
but also the dimethylated 7-membered spirocyclic imine ring
and the C7 olefin substituent are necessary to strictly
reproduce the original environment around the C4 position
based on the conformational analysis by calculation (see the
Supporting Information for details). Particularly, without the
dimethyl group, the conformation of the 7-membered ring is
not fixed. Also, when the substituent at the 7-position is
acetylene, the conformation of the central cyclohexene is
predicted to change to a different one from a natural product,
so these substituents were thought to be necessary to
reproduce the conformation around the C4 position of SPXs.
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The retrosynthetic analysis of 1 is shown in Scheme 1. For the
construction of the y-butenolide ring, besides Romo’s efficient
method in the total synthesis of GYM,"’ we examined another
route, including the ring-closing metathesis (RCM) via allyl
alcohol 2, whose configuration at the C4 position could be
correctly assigned at this stage. The synthesis of 2 could be
achieved via the selective oxidative cleavage of the olefin
moiety of 3 and the subsequent vinylation. The terminal olefin
at the CS position of 3 can be easily introduced with the use of
a silatrane group. The spirocycle could be constructed via the
face- and exo-selective Diels—Alder reaction between 5'* and 6
by improving our previous protocol.'”

First, we examined the highly face- and exo-selective Diels—
Alder reaction using the previously synthesized silatrane
dienyne $ and dienophile lactam 6 (Table 1)."> Our previous
conditions (entry 1 of Table 1) had still room for improvement
in the medium face selectivity (7:7" = 1:0.30, 54%de)."> Thus,
we examined the solvent effect at the lower temperature (see
the Supporting Information in detail). As a result, 1,2-
dichloroethane was found to dramatically improve the
reactivity when compared with toluene partly due to the
high solubility for dienyne S while simultaneously have little
effect on the face selectivity (Table 1, entries 2 and 3). Parallel
with the solvent screening, metal catalysts were also
investigated in toluene to improve the face selectivity (Table
1, entries 4—8). In the case of lanthanides Sc(OTf); and
Yb(OTf),, their strong Lewis acidity resulted in the
decomposition of both starting materials (entries 4 and S).
Weaker Lewis acids Cu(OTf), and Zn(OTf), did not activate
lactam 6 only to cause a decomposition of § (Table 1, entries 6
and 7). However, Mg(OTf), gave a cycloaddition product in
low yield and, surprisingly, the face selectivity was found to be
completely controlled (7:7" = 1:0.02, 96% de, Table 1, entry
8). Ultimately, as shown in entry 9, increasing the reaction
concentration and temperature under 1,2-dichloroethane
solvent improved the yield of the desired adduct 7 (79%)
without the loss of selectivity. Thus, we successfully established
the facile synthetic protocol of the desired enantiopure
silatrane intermediate. The excellent selectivity was likely
attributed to the chelating effect of magnesium to the carboxyl
groups of dienophile lactam 6, and especially, the face
selectivity probably results from the increased steric hindrance
on the unfavorable face by the fixed conformation of
dienophile lactam 6 in the complex with Mg(OTf), (see the
Supporting Information for details).

Because cycloadduct 7 was successfully obtained in high
yield and high diastereoselectivity, the synthesis of both
diastereomers of allyl alcohol 2 was subsequently carried out
(Scheme 2). Initially, the removal of a Cbz group and the
selective partial hydrogenation of alkyne moiety of 7 was
simultaneously performed in the presence of a catalytic amount
of palladium-activated carbon ethylenediamine complex, and
the resulting free lactam was protected with a Ts group to
afford N-T's lactam 4 in 77% over the two steps. Next, the key
C—C bond formation reaction to obtain 5-vinyl lactam 3 was
investigated. As the most straightforward way, the Hiyama
coupling reaction between silatrane N-Ts lactam 4 and vinyl
bromide was attempted, but the reaction did not proceed,
unlike in our previous report because of its lower reactivity
than aryl(stylyl)iodide."> However, we found a more versatile
transformation method. Namely, the desilylative iodination of
N-Ts lactam 4 with N-iodosuccinimide made it possible to
reverse the polarity of the cross-coupling partner to produce
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Table 1. Selective Diels—Alder Reaction between 2-Silatorane Dienyne 5 and a-Methylene-¢-lactam 6

o Cbz
N
L Cat.
0 (50 mol%) N ~Cbz
o o
P2 & " ig2an  (AOF Y@
(g‘syij\\/\Me N\/i/ o \
NQO Me 72 (7R,29R) 7' (75,295)
52(1.2 eq) desired exo undesired exo
entry solvent cat. conc (M) temp (°C) result (7:7") yield (%)

1v toluene none 0.07 130 1:0.30 (54% de) 80

2 toluene none 0.05 110 1:0.30 (54% de) 18

3 CICH,CH,CI none 0.05 110 1:0.30 (54% de) 62

4 toluene Sc(0Tf), 0.05 rt decomp.

S toluene Yb(OTY), 0.05 rt decomp.

6 toluene Cu(OTf), 0.05 80 S decomp.

7 toluene Zn(OTY), 0.05 80 S decomp.

8 toluene Mg(OTf), 0.05 80 1:0.02 (96% de) 8

9 CICH,CH,CI Mg(OTf), 0.15 110 1:0.02 (96% de) 79

We previously reported the synthesis of starting materlals (5 and 6) and the structural determination of cycloadduct 7 and 7’,"® respectively.

bPreviously reported condition (2.5 equiv of § was used)."”

Scheme 2. Synthesis of Allyl Alcohols 2a and 2b

a) Pd/C(en) (cat.)

¢) NIS, DCM
NCbz  Ha, AcOEt quant.
—_—
[o, b} LDA, ToCl o
oSi o Si
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~— 7 —
d) 7 SnBu, ) 0sO, (cat.)
PA(PPhy), (cat) Nalo,
."\<N S Licl, DMF, 97% VTS THFIH,0, 70%
: R
‘.0 L_©O

8 3
h) MeLi, THF
f) vinyl Grignard i) NEt;, TFAA, DCM
THF j) Sml,, THF
S — NTs — = o
g) TBSCI KN k) TBAF, THF
imidazole TBSO i_ O 2a: 39%
DMF, 94% 2b: 29%
2 steps) 4 steps
dr=1:1. 10 (4 steps)
NHTFA Determined . NHTFA
by Mosher's ",
method
+ HO
Separable

by flash silica-gel

vinyl iodide 8 quantitatively, and then it was subjected to Stille
cross-coupling reaction with a commercially available vinyl
tributyltin to afford the desired S-vinyl lactam 3 in an excellent
yield. The subsequent selective oxidative cleavage of the
terminal olefin moiety, although there were three olefins that
could be oxidized, proceeded without problem, probably due
to the steric congestion around the internal alkenes. The
aldehyde 9 obtained through this process was converted into
the corresponding allyl alcohol using the vinyl Grignard
reagent, and then the TBS protection of the allyl alcohol
produced lactam 10 with a diastereomer ratio of 1:1.1. After
using methyllithium to acquire the ring-opening reaction of
lactam 10, the T's group was replaced with a TFA group in two
steps under a Romo’s protocol;'® the TBS group was removed
to afford allyl alcohols 2 without problems. The obtained
diastereomers (2a and 2b) could be easily separated using flash
column chromatography, and the configuration at the C4
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position of allyl alcohol 2b was determined to be the R
configuration by a modified Mosher’s method using MTPA-
ester derivatives (see the Supporting Information for details).
Finally, we established a method to easily convert cycloadduct
7 to both diastereomers of allyl alcohol 2.

With allyl alcohols 2a and 2b in hand, we next examined the
synthesis of target spirocyclic imine derivatives 1a and 1b by
the construction of a y-butenolide ring and the formation of an
imine ring (Scheme 3). First, the esterification of allyl alcohol

Scheme 3. Synthesis of Spirocyclic Imine Derivatives 1a and

1b

NHTFA NHTFA
b) Grubbs | cat.
-||\< a) NEta'\‘)L )\f CICH,CH,CI
HO,, 5 _bem,87% 43% (55% brsm)

0,,

=

d) TFA, toluene
rt. then reflux
quant.

c) NEt;, DMAP
(Boc),0, DCM
then NH,NH,,

12a: R=TFA

J

NHTFA

13a: R =Boc 72%

a) 83%
b) 7%

c) 66%
d) quant.

42% in 4 steps

2a with methacryloyl chloride was performed to give ester 11a
in good yield, which is a precursor of ring-closing metathesis.
The initial attempt using Grubbs second-generation catalyst
resulted in complex mixtures probably because of the
undesired metathesis reactions of other olefin moieties. On
the other hand, milder reaction conditions using the Grubbs
first-generation catalyst enabled ring closure at the desired

DOI: 10.1021/acs.orglett.9b03373
Org. Lett. 2019, 21, 8970-8975


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b03373/suppl_file/ol9b03373_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.9b03373

Organic Letters

position to afford y-butenolide 12a in 43% yield (55% brsm).
Afterward, the TFA group was converted to a Boc group in one
step to furnish N-Boc amine 13a. Finally, a spontaneous imine
formation of 13a was accomplished by deprotecting the amino
group using TFA at room temperature to give the
corresponding ammonium salt and then heating under reflux
in the presence of additional TFA in one pot. We successfully
obtained the target spirocyclic imine 1a (4S) quantitatively. At
this point, when the ammonium intermediate was extracted as
a free amine, the epimerization at the C4 position occurred
presumably due to the free amine-promoted deprotonation.
Similarly, the spirocyclic imine 1b (4R) was also synthesized
from allyl alcohol 2b through the same route. Finally, the
synthesis of both diastereomers la and 1b was achieved.
Before comparing NMR chemical shifts, we confirmed that
the synthesized compounds (1a and/or 1b) showed the same
conformation for the 7,6-spirocyclic part as that of natural
SPXs by NOE experiments because the truncated structure
often caused a conformation alteration and led to significant
changes in NMR signals. Both of the compounds 1a and 1b
were shown to have basically the same conformation as that of
an SPX homologue (see the Supporting Information for
details). Then, we compared their "H and *C NMR data with
those of the protonated 13-desMe SPX C reported by the
Wright group (Figure 2).'* Compounds 1a and 1b showed

(a) 'H NMR data
0.3

0.2

T o1
[=3
e -—
0 -— - —
< 3 4 3 35b 36
E ®
0.2
0.3
Carbon number
(b) 13C NMR data
3
m1a (4S)
2 ©1b (4R)
£ 1
g, - N ~
R E PR B o W
A

Carbon number

Figure 2. Differences in chemical shifts between 13-desMe SPX C
and the synthetic spirocyclic imine derivatives 1a (4S) or 1b (4R). (a)
'H NMR data (500 MHz, CD,OD). (b) 3C NMR (175 MHz,
CD;OD). The x- and y-axis represent carbon number and A§ in ppm,
respectively. Red (filled) and blue (hatched) bars represent AS =
5(13-desMe SPX C) minus 6(1a) and §(1b), respectively. (c and d)
The most stable structures of la and 1b were obtained by the
MacroModel calculation. The differences in chemical shifts were
induced by the different conformation of y-butenolide ring.
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similarity and difference, respectively, as we expected; the
differences in the chemical shifts of both 'H and *C NMR at
the C1—6 and C35—37 near the C4 position indicated that the
data of 1a was in good agreement with those of the 13-desMe
SPX C, while those of 1b were significantly different from
those of the natural product. In particular, remarkable
differences were observed for the H35a and H3Sb positions
of 1b in the 'H chemical shifts (about 0.2—0.3 ppm) (Figure
2a) and for the C6 position in the *C chemical shift (about
3.0 ppm) (Figure 2b). These differences could be accounted
for by the difference in their most stable conformation as
deduced from MacroModel calculations (Figures 2c and 2d,
see Supporting Information for details). These results strongly
suggest that the stereochemistry at the C4 position of the 13-
desMe SPX C is the S configuration, which is the opposite
stereochemistry of those previously reported for 13,19-
didesMe SPX C.''™"7

In conclusion, we succeeded in efficiently synthesizing the
spirocyclic imine derivatives 1, which were the partial structure
of marine toxin 13-desMe SPX C, by an original method using
the selective Diels—Alder reaction, C—C bond formation based
on a silatrane substituent, and the subsequent convenient
assembly of a y-butenolide ring. Furthermore, by comparing
the NMR data of the synthesized diastereomers (la and 1b)
with those of the natural product, we demonstrated clear
evidence of the relative configuration at the C4 position. The
practical and useful method for the synthesis of spirocyclic
imine derivatives that was developed here is also applicable to
chemistry-based studies on the mode of action of cyclic imine
toxins as well as to the total syntheses of SPXs.
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Efficient Access to the Functionalized Bicyclic Pharmacophore of
Spirolide C by Using a Selective Diels-Alder Reaction

Hiroshi Tsuchikawa,” Kou Minamino,” Sho Hayashi,””’ and Michio Murata*® ®’

(Abstract: A functionalized bicyclic lactam that was used as
a key intermediate in an efficient synthesis of the pharmaco-
phore of potent marine toxin spirolide C was synthesized by
using a highly selective Diels—-Alder reaction. To improve the
reactivity of this transformation without loss of selectivity,
substrates that contained a silyl ether or silatrane moiety
were elaborately designed and converted into the spirobicy-

\

clic core structure with stereochemical control over the two
asymmetric centers at the C7 and C29 positions. Moreover,
a further C—C bond formation by using a Hiyama cross-cou-
pling reaction of the vinyl silatrane derivative facilitated ver-
satile modification at the C5 position with an aryl or alkenyl
substituent.

/

Spirolides (SPXs) are a unique family of nitrogenous marine
toxins that are known as “cyclic imine toxins”. First, two family
members, SPXB and D, were isolated from the digestive
glands of mussels Mytilus edulis and scallops Placopecten ma-
gellanicus (Figure 1) These compounds were subsequently
found to be produced by the dinoflagellate Alexandrium osten-
feldii”’ Related metabolites that contained a cyclic imine, such
as pinnatoxins (PnTXs),”) gymnodimines (GYMs),” and proro-
centrolide,”’ have also been isolated from marine dinoflagel-
lates. SPXs exhibit potent toxicity towards mice, with an intra-
peritoneal (i.p.) LDs,value of 8.0ugkg™' for spirolide C
(SPX C),* presumably owing to strong antagonistic effects on
nicotinic acetylcholine receptors (NAChRs).”’ A recent study on
an in vivo model of Alzheimer’s disease (AD) reported that 13-
desmethyl SPX C holds potential for therapeutic applications;®
as such, this compound has attracted much attention among
natural-product chemists and pharmaceutical scientists. Never-
theless, neither the absolute stereochemistry of the entire mol-
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Figure 1. Chemical structures of cyclic imine toxins and a critical synthetic
intermediate of SPX C. Cbz=carboxybenzyl.

ecule nor the relative configuration at the C4 position has
been elucidated yet.”

Chemical synthesis is often the best way to tackle these
issues. However, the synthetic study of SPX"” has not pro-
gressed significantly compared to those of PnTX™ and GYM.I'”
One of the main reasons for this disparity is the structural com-
plexity of the spiroimine moiety (A, E, and F rings), which is
characterized by the co-occurrence of tetrasubstituted cyclo-
hexene with bis-methylated seven-membered spirocyclic imine
and y-butenolide structures; these fragments posed a formida-
ble challenge in the synthetic studies of PnTX and GYM, re-
spectively.""'? In addition to these synthetic problems, the
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biological importance of the spiroimine unit,™" which con-
tains the F ring (C5 substituent) as the pharmacophore and has
been suggested to be responsible for the toxicity and nAChR-
subtype selectivity of cyclic imine toxins,"¥ has prompted us
to establish an efficient synthetic method for this fragment. To
achieve this goal, we selected spirobicyclic lactam 1 (Figure 1)
as the key intermediate, because lactam 1 was thought to be
suitable for modifications at the C28 and C9 positions through
metal-mediated alkylation to give the spiroimine unit.'%" )
However, an efficient spirobicyclic ring formation that is practi-
cally applicable to SPXs has not yet been established; synthetic
methods for similar structures with differently sized rings or
simpler substitution patterns have previously been repor-
ted."?*'® Another issue to be addressed is the introduction of
substituents at the C5 position; to date, the only successful ex-
ample is a vinylogous Mukaiyama aldol reaction procedure re-
ported by Romo’s group in the total synthesis of GYM.'2®
Therefore, the development of an efficient method for the con-
struction of the spirobicyclic system, followed by prompt trans-
formation of the C5 substituent for the synthesis of intermedi-
ate 1, is highly desirable.

Herein, we aimed to develop two approaches to suitably
functionalized bicyclic ring frameworks of SPX C by using a se-
lective Diels-Alder reaction. Concise functionalization at the
C5 position was achieved in a one-step Hiyama cross-coupling
reaction by using the vinyl silatrane structure of the cycloaddi-
tion product. This is a much simpler and more diversity-orient-
ed method than previous methods and can be employed for
further chemical and biological investigations, including the
total synthesis of SPX C.

We selected spirobicyclic lactam 1 as our synthetic target
and intended to synthesize it from two silylated compounds,
silyl enol ether derivative 2 and vinyl silatrane derivative 3
(Scheme 1). Compound 2 was considered as a potential inter-
mediate because the silyl enol ether moiety could be convert-
ed into a butenolide structure in several steps by following the
method that was elegantly established by Romo’s group in the
total synthesis of GYM.'"®! In addition, compound 3 seemed to
be another promising precursor, because the vinyl silatrane
moiety could be directly transformed into the target com-
pound (1) through a C—C bond formation by using a Hiyama
cross-coupling reaction, thereby enabling a facile and diver-
gent modification at the C5 position with aryl and alkenyl sub-

Several steps
ref 12b

-
-

R = butenolide

Hiyama
e b‘?nd coupling
formation at N~cbz
Spirobicyclic C5 position o \
lactam (1) — S
O-Si
R=Ayl NV ¢
Alkenyl N7

Vinyl silatrane deriv. (3)
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stituents. According to this scenario, the construction of func-
tionalized bicyclic derivatives 2 and 3 would be achieved
through a selective Diels—Alder reaction in one step from an a-
methylene-e-lactam derivative (4) and a silylated dienyne deriv-
ative (5 or 6). Lactam 4 was used because the cyclic a-methyl-
ene carbonyl structure is known to provide the desired exo se-
lectivity with high regioselectivity and reactivity."” 2-TBS-ether
dienyne 5, which was successfully utilized by Romo’s group,
was selected as the diene,"*'% along with 2-silatrane dienyne
6, which was inspired by Welker and co-worker’s report on 2-
silicon-substituted 1,3-diene chemistry, in which a 2-silatrane
diene showed high reactivity and exo selectivity in the Diels—
Alder reaction, in addition to the usefulness of the resulting
vinyl silatrane moiety for further coupling reactions.'® Because
dienophile 4 and 2-silatrane diene 6 were more complex than
those that were used in previous studies,'® the reactivity
and selectivity in the Diels—Alder reaction were thought to be
low, as in the synthesis of compound 1. The substrates would
be synthesized from commercially available (—)-citronellol (for
dienophile 4) and 2,4-hexadiyne (for dienes 5" and 6).

First, the synthesis of the dienophile, v,8-dimethyl-a-methyl-
ene-¢-lactam derivative 4, was performed as shown in
Scheme 2. After the two-step oxidation of (—)-citronellol into
the corresponding carboxylic acid, the coupling of compound
7 with Evans’ chiral oxazolidinone (8) and subsequent asym-
metric methylation of the imide enolate afforded bis-methylat-
ed compound 9 with good diastereoselectivity.”® NaBH, reduc-
tion of the imide moiety into the corresponding alcohol and
mesylation followed by azide substitution furnished compound
10.%° Then, the double bond of compound 10 was oxidatively
cleaved with OsO,/NalO, and the resulting aldehyde was oxi-
dized into the corresponding carboxylic acid, thus giving com-
pound 11.

Next, we examined two routes for the formation of the
lactam. First, the azide group of compound 11 was reduced
into an amine by hydrogenation, and the cyclodehydration of
6-aminocaproic acid (12) was performed in the presence of
SiO, by heating at reflux in toluene,?" thereby leading to the
desired e-lactam (13), but with low reproducibility. As the
second route, the carboxylic acid group in compound 11 was
converted into N-hydroxysuccinimide ester 14; subsequent
azide reduction and concomitant cyclization afforded e-lactam
13 in 57% yield over two steps. After N-Cbz protection, o-

Selective
Diels-Alder
reaction
/\)\/\/k
HO 7
Jl (-)-citronellol
X
Selective
Diels-Alder 5:X = OTBS
reaction o
—> s
— . ( A :
6:x= [A LS 2,4-hexadiyne
NY o
N—

Scheme 1. Synthetic strategy for functionalized spirobicyclic lactam 1. TBS =tert-butyldimethylsilyl.
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Scheme 2. Synthesis of a-methylene-¢-lactam derivative 4. Reagents and
conditions: a) SO;Py, DMSO, Et;N, CH,Cl,, 25°C, 1.5 h, 80% yield; b) NaClO,,
NaH,PO,, 2-methyl-2-butene, water, tBuOH, 0°C; then, 25°C, 3 h, quantita-
tive yield; c) PvCl, Et;N, DMAP, THF, 0°C; then, (R)-4-benzyl-oxazolidin-2-one
(8), reflux, 24 h, 90% yield; d) NaHMDS, Mel, THF, —78°C, 5 h, 76 % vyield;

e) NaBH,, THF, water, 25°C, 5.5 h, quantitative yield; f) MeSO,Cl, Et;N, CH,Cl,,
0°C, 3.5 h; g) NaN;, DMF, 60°C, 11 h, 88% yield (over 2 steps); h) OsO,,
NalO,, 2,6-lutidine, THF, water, acetone, 25 °C, 12 h; i) NaClO,, NaH,PO,:2H,0,
MeCN, 25°C, 24 h, 75% yield (over 2 steps); j) H,, Pd/C, MeOH, 25°C, 24 h;
k) SiO,, toluene, reflux, 24 h, 0-60 % yield (over 2 steps); I) SUOH, TFAA, pyri-
dine, CH,Cl,, 25°C, 1 h; m) H,, Pd/C, EtOAc, 25°C, 8 h, 57 % yield (over

2 steps); n) nBuLi, CbzCl, THF, —78°C, 5.5 h, 69% vyield; o) LIHMDS,
CF,CO,CH,CF;, THF, 25°C, 40 min; p) (CH,0),,, K,CO;, 18-crown-6, toluene,
90°C, 7 h, 61% yield (over 2 steps). SO;Py = sulfur trioxide pyridine complex,
PvCl = pivaloyl chloride, DMAP = 4-dimethylaminopyridine, NaHMDS = sodi-
um bis(trimethylsilyllamide, SuUOH = N-hydroxysuccinimide, TFAA = trifluoro-
acetic anhydride, CbzCl=benzyl chloroformate, LIHMDS = lithium bis(trime-
thylsilyl)amide.

methylenation under the conditions reported by Riofski
et al.”? successfully furnished the desired dimethyl-a-methyl-
ene-¢-lactam (4) in 61 % vyield.

Subsequently, the synthesis of 2-silatrane dienyne derivative
6 was conducted as shown in Scheme 3. By using a slightly
modified version of the procedure reported by Kong et al.,!"?”!
the hydrostannylation of 2,4-hexadiyne was performed, thus
giving (E)-vinyl stannane 15 as the main product in 52% yield.
After the bromination of commercially available vinyltriethoxy-
silane (16) to afford 1-bromovinyl product 17 in 98% vyield,”
a Stille coupling reaction with vinylstannane 15 was examined.
Various Pd catalysts were screened in the reaction with Cul in
DMF, but homodimer 15" was formed as the main product
(Table 1, entries 1-3). The purity of Cul was suspected to be

Table 2

desired exo

o
5:X = OTBS, 6:X = (/\—/0'\&}’
¢ EREAE N Y 6 2:X=0TBS
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01 N RS
N\ 0 ) )
Ne=r/ 6 homo-dimer 15

Scheme 3. Synthesis of 2-silatrane dienyne derivative 6. Reagents and condi-
tions: a) CuCN, nBulLi, nBu;SnH, THF, —50°C, 3 h; then, MeOH at —78°C over
1 h, 52% yield; b) Br,, Et,NH, neat, reflux, 5 h, 98% yield; c) [PdCl,(PPh;),],
Cul (99.999 %; Aldrich), DMF (freeze-pump-thaw), 25°C, 19 h, 62% vyield;

d) triethanolamine, KOH, toluene, reflux, 3 h, 57 % yield.

Table 1. Optimization of the synthesis of 2-silatrane dienyne 6.

Entry  Catalyst Additive  Solvent Yield [%]

18 15’
1 [Pd,(dba);]CHCl;  Cul® DMF trace  main product
2 [Pd(PPh,),] Cul® DMF trace  main product
3 [PACI,(PPh,),] Cul® DMF 0 main product
4 [PACI,(PPh,),] Cul® DMF 9-48
5 [PACL(PPh,)] cul®! DMF® 62

[a] Cul (>98.0%; Aldrich); [b] Cul (99.999 %; Aldrich); [c] a freeze-pump-
thaw cycle was performed prior to use. dba =dibenzylideneacetone.

the cause of this result; purer reagent (99.999%) gave the de-
sired coupling product (18), thereby hindering the generation
of homodimer 15’, but with unstable reproducibility (9-48%).
Consequently, performing a freeze-pump-thaw cycle of DMF
was found to improve the yield of compound 18 up to 62 %,
with high reproducibility (Table 1, entry 5). Finally, compound
18 was treated with triethanolamine in the presence of KOH in
toluene under Dean-Stark conditions, thus providing the de-
sired 2-silatrane dienyne (6) in 57 % yield.

After preparing all of the substrates, including 2-TBS-ether
dienyne 5, which was obtained by following a literature proce-
dure,™ we focused on the key Diels-Alder reaction
(Scheme 4). First, silyl ether diene 5 was examined by using
a chiral Cu"-BOX hexafluoroantimonate complex as the cata-
lyst, because it was previously used to activate an N-Cbz-
lactam in a Diels-Alder reaction.”*'®*9 As shown in Table 2,
entry 1, when dienophile 4 and diene 5 were treated with the

. N

2and 3:
desired exo

19 and 20:
undesired exo

undesired exo

19: X =0TBS
20: X = silatrane %
o (S.SHBU-BOX

Scheme 4. Examination of the Diels-Alder reactions of compound 4 with substrates 5 and 6.
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Table 2. Optimization of the Diels—Alder reactions.
Entry Diene (equiv) Solvent Catalyst (mol %) T1°C t [h] Yield [%]
1 5(1.8) CH,Cl, [Cu{(S,5)-tBu-BOX}1(SbF), (33) 25 9h 64 (exo only; 2/19=1:0.07)
2 5 (3.0 CH,Cl, [Cu{(S,5)-tBu-BOX}1(SbF,), (33) 25 30 min 97 (exo only; 2/19=1:0.07)
3 6 (1.4) CH,Cl, [Cu{(S,5)-tBu-BOX}1(SbF), (25) 25 —reflux 2d n.r
4 6 (1.4) toluene [Cu{(S,5)-tBu-BOX}I(SbF), (25) 80 6d 120!
5 6 (1.4) toluene [Cu{(S,S)-tBu-BOX}I(SbFs), (50) 130 12h -
6 6 (1.4) toluene none 130 36 h 48 (exo only; 3/20=1:0.3)
7 6 (2.5) toluene none 130 24 h 79 (exo only; 3/20=1:0.3)
[a] n.r.=no reaction; [b] yield of the cycloadducts; [c] compounds 4 and 6 decomposed.

Cu catalyst at 25°C for 9 h, the reaction proceeded well, there-
by affording the cycloadducts in 64 % yield, almost as a single
diastereomer. After detailed NMR analysis of the product, we
found that the reaction proceeded with high regio-, exo, and
facial selectivity, thereby resulting in the predominant forma-
tion of the desired exo (75,29R) isomer of compound 2 (see
the Supporting Information, Figures S1-S6 and Tables ST and
S2); an NOE correlation between the H7/H31 protons, which
was expected to be observed for the desired exo (7S5,29R)
isomer but not for the undesired exo (7R,29S) isomer, was
clearly observed in the main product.”>?! Then, moderate re-
finement of the reaction conditions provided the desired prod-
uct (2) and trace amounts of the undesired exo product (19) in
97% vyield (Table 2, entry 2), which were inseparable by flash
column chromatography. These results indicated that the spi-
robicyclic intermediate with a silyl enol ether moiety was effi-
ciently constructed in a manner that was applicable for the
synthesis of SPX for the first time.

Next, we turned our attention to the synthesis of silatrane
dienyne 6, a key compound in our alternative, more-straight-
forward route to the target lactam (1). First, the substrates
were treated with the Cu catalyst in CH,Cl, at 25°C and then
heated at reflux for two days; however, the reaction unexpect-
edly did not proceed at all (Table 2, entry 3). Although a simple
2-silatrane diene has been reported to be almost twice as reac-
tive as Danishefsky’s diene,'®™ 2-silatrane diene 6 seemed to
be less reactive than 2-silyloxy diene 5, presumably owing to
the increased steric repulsion between the large 2-silatrane
moiety and the 3-methyl group, which potentially hampered
the s-cis conformation that would be favorable for the reac-
tion. To improve the considerably decreased reactivity, the sol-
vent was changed to toluene and the reaction mixture was
stirred at 80 °C for six days, which led to a slight formation of
the cycloadducts (12% yield) as an isomeric mixture (stereo-
structure not determined; Table 2, entry 4). By increasing the
temperature to 130°C, dienophile 4 and diene 6 preferentially
decomposed, and the desired coupling product was not ob-
tained (Table 2, entry 5). Moreover, the Cu'-BOX complex
seemed to dissociate under such harsh conditions. Considering
that the Cu catalyst may have an adverse effect at high tem-
peratures, the reaction was attempted without a catalyst
(Table 2, entry 6). Surprisingly, the thermal conditions alone
were found to afford the cycloadduct in 48% vyield as a 1:0.3
stereoisomeric mixture. To our delight, NMR analysis of the
products (similar to compound 2) revealed an NOE correlation
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between the H7—H31 protons in the main product (see the
Supporting Information, Figure S8), but not in the minor prod-
uct. This result indicated that the reaction not only proceeded
with excellent regio- and exo selectivity, but also with favorable
facial selectivity, thereby furnishing the desired exo (7R,29R)
isomer (3; main product) over the undesired exo (75,295)
isomer (20; minor product).” Finally, increasing the amount of
diene substrate 6 and shortening the reaction time improved
the yield (79%) without the loss of selectivity, and compounds
3 and 20 could be separated by flash column chromatography
(Kanto 60N, 40-50 um; Table 2, entry 7). These results showed
that the regio and endo-exo selectivity were perfectly con-
trolled by the precisely designed substrates, as expected.
Moreover, the diastereoselectivity was acceptable for further
elaboration; the selectivity was likely attributed to the relative
steric repulsion between the acetylene moiety of diene 6 and
the C31 methyl group (or the C30 methylene group) of dieno-
phile 4 under kinetic control (Figure 2).*” Even considering the
moderate facial selectivity, this method represents a simple
and convergent process for the construction of the complex
spirobicyclic tetrasubstituted cyclohexene core with a vinyl sila-
trane moiety by using a Diels—Alder reaction.

Favored transition state
(desired exo, 3)

Unfavored transition state
(undesired exo, 20)

Figure 2. Plausible explanation of the facial selectivity in the Diels-Alder re-
action between lactam 4 and silatrane dienyne 6. Bn=benzyl.

With the desired spirobicyclic silylated compounds in hand,
the remaining task was to achieve a C—C bond formation at
the C5 position of silatrane derivative 3 for the facile introduc-
tion of a substituent (Scheme 5). When compound 3 was
stirred with iodobenzene (21a) and TBAF in the presence of
a Pd catalyst at reflux in THF for 2 h, the coupling reaction pro-
ceeded smoothly, thereby furnishing 5-phenyl-substituted
compound Ta in 58% yield. Because Pd-catalyzed cross-cou-
pling reactions that use vinyl silatrane have rarely been report-
ed,"® this report constitutes the first practical application of
this reaction for such a highly functionalized system. Next,
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THF, reflux, 2 h
58%

ph X! 21b (15 equiv.)

Pd(OAc); (0.2 equiv.)
PPhj3 (0.4 equiv.), TBAF

THF, reflux, 3 h, 83% PR

Facile C—C bond formation at C5 position

Scheme 5. C—C bond formation at the C5 position of spirobicyclic silatrane
derivative 3 through a Hiyama cross-coupling reaction.

a nonaryl derivative, (E)-styryl iodide (21b), was treated under
the same reaction conditions, thereby affording 5-styryl prod-
uct 1b in 83% vyield. Notably, the styryl group of coupling
compound 1b might also be useful for further modifications
at the C5 position, including the formation of a butenolide.
Our strategy for the Diels—Alder reaction, in combination with
the simple C—C bond-forming method through a Hiyama
cross-coupling reaction, will facilitate the synthesis of target
compound 1 that contains y-butenolide and other substitu-
ents.

In summary, we have successfully developed a practical
method for the construction of the functionalized bicyclic ring
framework (A and E rings) of SPX C by using a selective Diels—
Alder reaction to obtain two silylated cycloadducts; for both
the silyl enol ether and vinyl silatrane derivatives, the reactions
proceeded with excellent regio- and exo selectivity. With the si-
latrane adduct, we succeeded in introducing an aryl or alkenyl
substituent at the C5 position through direct Pd-catalyzed cou-
pling reactions. The spirobicyclic compounds that were ob-
tained by using this strategy could be derivatized into the
pharmacophore of SPX. Furthermore, they were also used to
investigate the structure-activity relationships, structural deter-
mination, and the total synthesis of SPX C.
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