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S

Py 2-pyridyl

9-BBN 9-borabicyclo[3.3.1]nonane

Ac acetyl

AIBN 2,2"-azobis(isobutyronitrile)

BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
BINOL 1,1'-bi-2-naphthol

BIPHEP 2,2'-bis(diphenylphosphino)-1,1'-biphenyl
Bn benzyl

Bz benzoyl

cat catalytic amount

CuTC copper(I) 2-thiophenecarboxylate

dba dibenzylideneacetone

DBU 1,8-diazabicyclo[5.4.0]-7-undecene

DCC N,N’-dicyclohexylcarbodiimide

DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone
DEAD diethyl azodicarboxylate

dig digonal

diNO,Bz 3,5-dinitrobenzoyl

DMAP N,N-dimethyl-4-aminopyridine

DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide

DMP Dess-Martin periodinane

DMPU N,N'-dimethylpropyleneurea

dppf 1,1'-bis(diphenylphosphino)ferrocene
DTB bis[di(3,5-di-tert-butylphenyl)phosphino]
DTBM bis[di(3,5-di-tert-butyl-4-methoxyphenyl)phosphino]
EDCI 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
Et ethyl

equiv equivalent

h hour

HRMS high resolution mass spectrometry
HMPA hexamethylphosphoric triamide

IMDA intramolecular Diels-Alder

iPr isopropyl



KHMDS potassium bis(trimethylsilyl)amide

L-Selectride® lithium tri-sec-butylborohydride
LiHMDS lithium bis(trimethylsilyl)amide
LRMS low resolution mass spectrometry
mCPBA m-chloroperoxybenzoic acid

Me methyl

min minute

mp melting point

Ms methanesulfonyl

MS molecular sieve

NBS N-bromosuccinimide

nBu n-butyl

NMO N-methylmorpholine N-oxide
NOESY nuclear Overhauser effect correlated spectroscopy
Oxone® potassium peroxymonosulfate

Ph phenyl

PIDA iodobenzene diacetate

PMB p-methoxybenzyl

PPA polyphosphoric acid

PTSA p-toluenesulfonic acid

quant quantitative

R retention factor

rt room temperature

SEGPHOS 5,5'-bis(diphenylphosphino)-4,4'-bi-1,3-benzodioxole
TBAF tetrabutylammonium fluoride
TBAI tetrabutylammonium iodide
TBHP tert-butyl hydroperoxide

TBS tert-butyldimethylsilyl

temp temperature

Bu tert-butyl

Tf trifluoromethylsulfonyl

THF tetrahydrofuran

TIPS triisopropylsilyl

TMS trimethylsilyl, tetramethylsilane
Tol-BINAP 2,2'-bis(di-p-tolylphosphino)-1,1'-binaphthyl

TPAP tetra-n-propylammonium perruthenate
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NI R LD Fr 7o 7s E a3 U TR TE 2 2 L 2B, REgRE L
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ZEDTERWEMGHTHY | ﬁ@&ké%@&ﬁ%%ﬁ@mﬁmmk%<§mbf%
Too —H T, BERFUCHER T 2 KM & I DAL A D72y Th, MG 2 R
ANEWEGT 5 Z &1L, NEOBRICKHT 28 TH 0 | AHES UL T D ))& 2 MGk
T ORI, 4 HEEYOREEIZB WL, M2 b DEEDL Z DR H T,
AR MRFNR - RS bEA S, o, BREICELODEHRASBEL STWD, AT
RIVEFRIERIOBLED S | ARICE T 2 BRICR RANCVER - 2 B e tiE O BESE L AR
HH, JESNTND, 29 LESURERE 2. #HEEE2 R bAhoBIMHR %
Ehbk@é%ﬁ@ﬁﬁﬁ%%%fé Lix, AL TFORBICHFGET OO THDH EHE
Z MFRICETF LT,

Scheme 1.1. Example of Cascade Reaction for Natural Product Synthesis'

CO,H Me. Ve
A ® © N N
CO,H OH

CHO  MeNH,

[ -

CHO

N—-Me

OH

CF3CO.H
‘ MeLl ethylene carbonate
X
EtZO (CHZCI)2
71% (2 steps)
(0]

EHFEROGIEL, HEORIGZES L THEITSE 52 FETH Y . ARONRIITH R FiE
ELTRMEN TS, WUNCEEEZT YA T5Z2 LT, —ZIZE L OB ETT O
ZLEWHRETH DO, RIERIZRIT 2 EHIEEICS LITUIXEH S TE T, £D
JES X < 1900 A-#IEHD Robinson (2 & 5 tropinone DAL ' Z F 1V 12, 4 H £ Clokka
IR OER UG & . 26 28 & D RE AV ST & 72(Scheme 1.1), HfESOG 1T
FHCROSNEMERE 2 8 IR AE S B 7201, SEROHIH ISR EOHIINA FTRE 72 7
—AH%L AANEFMEIMAD Z LRFREE 0D, Fio, AllEA IV 2 e s R OB

B3, AR EAMMEZ&EO, AEMBLISORFECOER L, 2O L5 2Blarb, 25
KRR D ERE ARG D B ERSOG 2 BRI T2 2 L 2IED ARy & LTz,

dl-progesterone



#5233 Liebeskind-Srogl 7 v 7'V 7/43F W Diels—Alder Gt K i D BEFE

Yirax

5 1E e

R E A FBUNT, 437N Diels-Alder )it (IMDA [is) 13ERIEEEAAT O 72 D58
RPETHD 3, LPLERL, BRE 4 BAFH OO E S BRIZIE, VA ABOT
INRINERZR Ll LS 2 395 2 & 23260 \(Scheme 2.1),

Scheme 2.1. Example of IMDA Reaction (Deslongchamps, 2008)*

(o}

H N/OMe PhMe (sealed tube)
Me 123 °C, 76%
0 "OTBS » 76%

(+)-cassaine

Z DBEAURIS ZRFNZREME T TIT 9 72Iz, BICEE OB Y = A E a-7 V% ) 7
B-r h=ATNETHEEEFEI LT, TR0, OOV R=VERIZE O TV %
TEMHAET 5 2 & T, BUERESITHEITT 5 B 272, — T, migbanglro—r
LIRS ED R SBUCARZE TH D Z EPNRE SN, 2T, REETHLZ ENT
HEND T NAX YT B N AT VEHEET 22 270 IMDAKIGAE TV ARy R T
HHHNCHEI TS S Z L &b 572, (Scheme 2.2),

Scheme 2.2. Plan of the Liebeskind-Srogl Coupling/IMDA Reaction Cascade

MeO,C R

R R >—‘
‘ = Bu3Sn
R R
CO,R COzR
TIPSO” Y o} intramolecular TIPSO” - 6} Liebeskind-Srogl
i H I H

Diels-Alder reaction coupling
R
A o
O
A CO,Et
| TIPSO” - 2
TIPSO” ~Y 74 SR :H



YT VAL ORBEICIE, FATRATLET A=V AZCEWER VD
Liebeskind-Srogl 7 v 7"V > 7 %@ L 7= 5, Liebeskind-Srogl 77 v 7'V > 7 (X MESA}: Tl
ITTHRETH Y | BT LMESS 22 b B O ISIZ3E LTy % (Scheme 2.3),

Scheme 2.3. Liebeskind-Srogl Coupling Reaction

cat Pdy(dba);
cat (2-furyl)sP

):O

o)
2
I g R2-B(OH),
R" s cuTC R’
_Cu

O

cat Pdy(dba);
cat (2-furyl)sP 0]

o)
JL_r *  R*SnBu A,
RY "8 CuOP(O)Ph, (1.6 equiv) R" "R

FOSHE L 72 F AT AT UE, UIFRETHIE L 14-8 R FETA R E T 5
f5t Michael SUSIZ KV | STAERBRIIC AR ATRE /e = A 7 L& R L CTHE LT
(Scheme 2.4)°, ZDOT VT & RBET DHYAAREIZ LY . YLREIRAYZ: IMDA UGN EST
THEEZT-HToH D, Liebeskind-Srogl 7 7'V > 7%l il & S IL IV E T
BRI, F2, AEFSOGIC X VDN D ZERIUEEIIRAY AU I T B E s
RN THD EEZ, MERICET L,

Scheme 2.4. Highly Stereoselective Michael Reduction/Intramolecular Michael Reaction Cascade®

CO,Ph
2 L-Selectride® /O'/\C/Ozph
TIPSO : N TIPSO - lii CO,Et

CO,Et THF/HMPA, -78 °C
78%




F2H EEAK

FOSIRE 24T 9 T2, FEOERKIZELY $#8)>5 72(Scheme 2.5), 1t Michael KU K 0
/oD 1 2HEME LTERERMG L, = AT AVRMRISIZ L 2N ONTF I AT )L
~OZHE, BIUIRTIZE D T AT e R2 24572, L L, (BT V7T e RITHd HiE
B2 o OE N (Wittig S5, Julia-Kocienski &) (384T L7gino72, £ 2 C, &
AT LT AIZ LD, S— KT A 3 AR L. #5C wibutylvinyltin 4 & o Stille
Ny TV THRATH ZETYTL 5 21572, § DT AT NVENLDO MK 3% N TZ 79 VR
VRSO, BHMERIRAMEH 2T, LIz o T, KFETAI =AY F T AL
%i#7C, TPAP [&fk, Pinnick AL Z#ET, TR TS O AARIIRE 2B LT,

Scheme 2.5. Preparation of Carboxylic Acid 6

/O';C/OZP" a) BnSH, K,CO3, 76% /O';C/HO c) CHlj, CrCl,
L__CO,Et COEt — L_CO,Et
TIPSO o 2= b) Pd(OAc),, Et;SiH, 90% TIPSO H 2 68% TIPSO” 77 2

1 2 3

| N e) LiAlH, | x
d) 4, PAC,(MeCN), f) TPAP, NMO, MS 4A
= BusSn™ X
quant L_COsEt  g)NaClO,, NaH,PO, A _COH
TIPSO™ 2-methyl-2-butene " OO I f 4
) 68% (3 steps) -
5 6

Reagents and Conditions: (a) benzyl mercaptane, K,COs;, DMF, 60 °C, 4 h, 76%; (b) Pd(OAc),,
Et;SiH, acetone, rt, 10 min, 90%; (¢) CHI;, CrCl,, 1,4-dioxane/THF, rt, 8 h, 68%; (d) 4,
PdClx(MeCN),, DMF, 1t, 1 h, quant; (e) LiAlHs4, THF, 0 °C, 4 h; (f) TPAP, NMO, MS 4A, CHCly, 1t,
12 h; (g) NaClO,, NaH,POs, 2-methyl-2-butene, tBuOH/H,0, 1t, 4 h, 68% (3 steps).

B LT HNVR A 6 2 FAVWT, BT A — EMEAIGEITV, OGEE &b T4
T A7)V Ta-d % &K L 7-(Table 2.1),



Table 2.1. Preparation of Thioesters 7a-d

RSH
| DCC or EDCI |
DMAP o
! H
TIPSO 002 CHCL 1, 0.5-1h  1pso SR

6 7a-d

entry R reagent yield (%)
1 Et (7a) DCC 12
2 tBu (7b) DCC 35
3 Ph (7¢c) DCC 87
4 2py (7d) EDCI 98

fe T BE—RMEOMER DD, P AN ORI BRI A S A LT E 2 AL
72(Scheme 2.6), I — RT /W 3 EAXLEW 8 L Stille 771> 7Y 7 & HWT,
tert-butyldimethylsilyloxymethyl 354592 T2 9 Z 5k L7-, il T, Scheme 2.5 & [Flkk
[ZE AT LIS TV R~ Table 2.1 & RREOZEHZ i L, FA4 T AT /L 11ab
EER LT,

Scheme 2.6. Preparation of Thioesters 11a,b

|
‘ | N UoTBS b) LiAIH,
a) 8, PdCI,(MeCN), c) TPAP, NMO, MS 4A
A Et
TIPSO A _COEt quant TIPSO - CO, d) NaClO,, NaH,PO,

: 2-methyl-2-butene
55% (3 steps)

3 9
| " "OTBS ) phsH, DCC, DMAP | N7 C0TBS
0,
56% (11a) o Bugsn”\—"0TBS

~_-CO2H f) 2-mercaptopyridine 2

TIPSO” > - TIPSO” > SR
IH EDCI, DMAP, 85% (11b) | 8
10 11a (R = Ph)
11b (R = %Py)

Reagents and Conditions: (a) 8, PACI,(MeCN),, DMF, 1t, 1 h, quant; (b) LiAlH4, THF, 0 °C, 8 h; (c)
TPAP, NMO, MS 4A, CH,Cl, rt, 12 h; (d) NaClO,, NaH,POs, 2-methyl-2-butene, tBuOH/H-O, rt,
4 h, 55% (3 steps); (¢) PhSH, DCC, DMAP, CH,CL, 2 h, 56%; (f) 2-mercaptopyridine, EDCI,
DMAP, CH,Cl,, 1t, 2 h, 85%.



WIZ, RIZ A FNIREFT LY 2GR LT2(Scheme 2.7), *Hitd % A X{LEWMDE
FEOHNEET I - 7-7- ., Julia-Kocienski SiZ LB Y T UM AT o172, RETORER, 7Tu
T R 212 LT3.0 48D 125%F W, 12-UA ML VIR FRISEITH 2 L T,
ERY T 13 ZNRBRIICE S Z L ITREI LT, RARROERUC LY | VKRR 14 %
AR LT, i< . LA TF LU T CD 7 = = L F F = 25 /L 15a ~DZEHIT 20%F2
RN TH 7203, BB T IVETREEE 5 2 & T 42% & FRRE DR T BN 5
N5 EERE LI, —J7, 2-E U PAF AT AT )V 15b OARITH % O RSS2 Wit
L7, (RIRICE £ 572,

Scheme 2.7. Preparation of Thioesters 15a,b

X .
CHO | b) LIAIH,
a) 12, KHMDS c) TPAP, NMO, MS 4A
L _COEt — >
TIPSO 7 68% TIPSO - COEt d) NaClO,, NaH,PO,

H 2-methyl-2-butene
59% (3 steps)

2 13
| S e) PhSH, DCC, DMAP | o 00 Ph
42% (15a) o \/\/\\S/l I\j
~_-CO2H f) 2-mercaptopyridine S \NW N
TIPSO” Y- A TIPSO” Y- SR -
I H EDCI, DMAP, 13% (15b) e N
12
14 15a (R = Ph)
15b (R = 2Py)

Reagents and Conditions: (a) 12, KHMDS, DME, rt, 2 h, 68%; (b) LiAlH4, THF, 0 °C, 8 h; (c)
TPAP, NMO, MS 4A, CH,Cl,, 1t, 16 h; (d) NaClO,, NaH,POs, 2-methyl-2-butene, tBuOH/H-O, tt,
24 h, 59% (3 steps); () PhSH, DCC, DMAP, EtOAc, rt, 15 min, 42%; (f) 2-mercaptopyridine,
EDCI, DMAP, CH:Cl, 1t, 13%.



FHI3H DSOS

FOGHE L 2D F AT AT VNG TE 20, lRSORFHIEF LTz, 7. F
AT A7V Ta-d & methyl 2-tributylstannylacrylate 16a° & @ Liebeskind-Srogl 77 > 7'V > 7 %
FREt L7z(Table 2.2), SSIZIZ, 73T 20 MMifiliiE & 1T tris(dibenzylideneacetone)dipalladium(0)
% 10 mol %, BZ 1 & LT triphenylarsine % 30 mol %ffifH L. & SIS EIEET SN
#I & LT copper(I) 2-thiophenecarboxylate (CuTC) % 3.0 4 &EMZ 7=, T /VFXNLTF AT ATV
Tab ZIE L L7Z & &, 50 °C TRUGETT-> Th U IEIT L7273 - 7= (Table 2.2, entries 1
and 2), £Z T, 7= AVFHAZAT)V Te ZHWTRIGEITS & T, 3 KFE TR
ITER L, B ZICE 58% TH:D 2 L ITE) Liz(entry 3), 150N 72bEWITH ~ 7Y
VIS D257 IMDA BOG £ CHEIT LT Z8RAULEGH) 17 Th Y, B—DT T AT L
F~v—Tholz, SHIZ, 2BV IATFAT AT LT 25 &, ROSKHRIT 0.5 R

HAE S, PERIT 81%F Tl bk Liz(entry 4), B U NIRRT D0 A CENL L, BR
{EINZREE L 7= 72D Th H LB X TV D,

o

Table 2.2. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 7a-d and 16a

N Pd,(dba)s (10 mol %)
‘ 0.C AsPh3 (30 mol %) ‘
o MeO; CuTC (3.0 equiv) ,
BusS - ‘0 _COMe
TIPSO” ™" SR adl THF TIPSO” Y o
7a-d 16a 17
(2.0 equiv)
entry R temp (°C) time (h) yield (%)
1 Et (7a) rt, 50 2,12 trace
2 {Bu (7b) rt, 50 1,12 NR
3 Ph (7c) rt 3 58
4 2py (7d) rt 0.5 81

AERANZBNWT, By TV TR THD o-T VTV T -4 b AT JWEHER S
S72728, IMDA SURNIFERICRESEIT LI b DO EHEE SN D, T2, AW OEM 7%
TERENT ORERL, trans-trans-cis KB & H T 21LEW 17T TH D 2 & & HEsR L 7= (Figure 2.1),

trans cis

TIPSO

Figure 2.1. NOESY correlations in the NOESY spectrum of 17.

7



T D& D I SEAERIRVEDN R B U 72 SR & RS ERBIRRE ) 5 B 52 L 7= (Figure 2.2)10, =
AL LB AL, ENEND 2 DODRINEN S DT, 4 DOEBIREELEZ X T-, F
FLOTS1 & TS2 2T % & TS2 TITERBIRAEBI L — KAV E 7% chair-chair B & 72 25 73,
T AT IVENLAHEERTINL D A F /LA & 13-diaxial KR ZERL 2 T 72 ORLEE 72 D720,
KN E 7% chair-boat BID TSI BWEFIE 72D LB X T, F£7-. keto-endo HD TSI &
ester-endo "D TS3 Z i+ 25 & = AT /L X0 bEAFARRRT b o O J5 3 5E O IRHIHH
HERAPR B 72DIZ, TSI 2 L0, 1T SR e EBE LT,

O OMe
Me
Me
O/ N TIPSO =
TIPSO \, me | \M
Me
H CO,Me U
TS1 7S2
Me \%c\) OMe
o)
Me — [
N 0,C TIPSO -
e H (@]
TS3 TS4

Figure 2.2. Plausible transition states of the IMDA reaction.

ZOFERERZT, E AR T A0, BYU T UM ERAE A E A L,
FOSORE AT o7z, B UL E LT, ERB IO Z KD Z@EHT v ir = VA XL E
WG L REHZ Wz ERO T Vo =)V 2 G 16b" & -V CTRISEAT 2 1256
72 = VTF AT ATV Te EDORIETIE, 2 R CEEHIER L, ZRAED 18 2 IR
66% Cf37=(Table 2.3, entry 1), —J5. 2-E) PF AL 25 /L7d & OFGIE 0.5 B T
BHIEAT 2 b 0D, ICEIT 4% & > 7= (etnry 2), Table 2.2 L 720 7 = =L FF4 =
ATV Te DIOGIZHE LTV BT, =@ T 17 =)L A X L @ Liebeskind-Srogl 47 > 7
U LB D, X ORIGEO@EN 2-B ) DVF AT ATV HLWNNEZDT AT Y
U LSRR AT THDH EE X TN,

Hiftan X BABIEARTIC K D HERNLARLEIRE D T- 012, HRE 18 DA AT -T2,
A @b ZEHENE LT, Y= haXU Y A NVEREFT D I8~ E BB LT3,
Bt a2 2 LIXTERNoTo, ZD72%, NOESY f#HTIZ & - T 18 ONLKELE DS 17
L [FIER. trans-trans-cis T % Z & Zfifggth L 72 (Figure 2.3),



Table 2.3. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 7c,d and 16b

Pd,(dba); (10 mol %)
| N MeO.C AsPh; (30 mol %)
€0z CuTC (3.0 equiv)
o) >:/jOTBS ‘ "'cozﬁe\OTBs
Bu3Sn THF TIPSO & o)
S H

TIPSO H SR
7c,d 16b 18
(2.0 equiv)
entry R time (h) yield (%)
1 Ph (7¢c) 2 66
2 2py (7d) 0.5 44

oo
RO7 ™ 00

18" (R = diNO,Bz)

Figure 2.3. NOESY correlations in the NOESY spectrum 18°.

feWNT, ZIROT )V =)V ZAREEW) 1662 % AV, G %17 - 7-(Table 2.4), 7 = =)L
FHZAT N Te L DRISIE, IR 3% THEBN Z15D Z LITHI) Lic(entry 1), L2~L.
2-B Y UNTF AT ATV & ORISHEIED A DL S D DI T - 1= (entry 2),
B ONTALE M OREERNTIX, —TROZEOBITV, 17, 18 L [RIRROHRILAELE 4 A
T 5 Z & AR L7z (Figure 2.4),

Table 2.4. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 7¢,d and 16¢

N Pd,(dba); (10 mol %)
| o.C AsPh; (30 mol %) ‘
N CuTC (3.0 equiv
o) >:\JOPMB (3.0 equiv) ”'cozEt OPMB
BusSn THF TIPSO :

TIPSO H SR a (6]
7c,d 16¢ 19
(2.0 equiv)
entry R time (h) yield (%)
1 Ph (7c) 2 31
2 2py (7d) 0.5 trace




', OR
‘e ICOZEt
RO” - o)
e

19' (R = diNO,Bz)

D7

o} H/?

R

o . H
H H OR
(H/ CO,Et

Figure 2.4. NOESY correlations in the NOESY spectrum of 19°.

FEWT, VU LICEBREEEA LIS EEE TR EITo 72, £7°,
tert-butyldimethylsilyloxymethyl J& 238 A L7 1lab & BHILAZ L2720\ T L =)L &
ZAEW 16a % N =(Table 2.5), 7 = =/LF AT A7/l 1la & /=& &, 10 FFE <
BHITEAR UIER 33% CERM 2157 (entry 1),2-E° ) DV TF AT AT /L 11b &2 V- & X
2 FRECIREEHE R ZMER L, ICRIL 62%I2m E L7z(entry 2), =D&, trans-trans-cis
MR 2 FF2 20 TH D Z & B WA LT (Figure 2.5),

Table 2.5. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 11a,b and 16a

‘ OTBS

TIPSO E (6]

20

Pd(dba); (10 mol %)
| X OTBS AsPhj3 (30 mol %)
o MeO,C, CuTC (3.0 equiv)
TIPSO 5 H SR BuzSn THF
1a,b 16a
entry R time (h) yield (%)
1 Ph (11a) 10 33
2 2Py (11b) 2 62

20" (R = diNO,Bz)

RO H

Figure 2.5. NOESY correlations in the NOESY spectrum of 20°.
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F7z, Nab LEHILAEA LT VT =V AXEAEY) 16be & DRILBITS T,

ERDT NI =V AZAEEW 16b & DISIZHENT, 72 =)L FFT A7 /L 1lla BEILY
2-B Y UNTF AT ATV 1lb, WTNOKEIZE N T I v 7Y 7R 21 DARBIFFHI,
BRAL K IZE & 4L 72 h> o 7= (Table 2.6, entries 1 and 2), & 7 R7[HEETH 5
tert-butyldimethylsilyloxymethyl ZDF2Z LV | IMDA RIGSHE SN2 EZ 2 Hivd, H
BERSHRIZ AT o720 > 7V V7R 21 125% LTINS /LA AR & D BRAL 2 3R A T 3, RS
DETDDOHRTHY | BILEKREGD Z &I TE R T,

Table 2.6. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 11a,b and 16b

Pda(dba)s (10 mol %)
R 2 3
| X AsPhs (30 mol %) | N CoTBs
MeOzC>:/j0TBS CuTC (3.0 equiv) % OTBS
9 Bu.SH CO,Me
3 THF TIPSO” 4 o

TIPSO : H SR
11a,b 16b 21
(2.0 equiv)
entry R time (h) yield (%)
1 Ph (11a) 3 58
2 Py (12b) 0.5 <53

ZIROT NV = VA CEW 16e & DT> 7Y T H{To72(Table 2.7), 7 = =/LF 4=
A7)V Na & OFUSTIHER 46% THEBIP O D OO, BILKTIZ Ry 7V &~
22 Tholz(entry 1), —J7. 2-E ) DNF AT AT /L 11b & OFUS TIHERMITIT &
o EF B T2 (entry 2),

Table 2.7. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 11a,b and 16¢

Pd,(dba); (10 mol %) EtO,C

| X-""otBs AsPh; (30 mol %) "X"oTBS
EtO,C CuTC (3.0 equiv) ‘
0 >:\JOPMB = OPMB
4 BusSni THF
TIPSO i SR TIPSO” ™ H ¢}
11a,b 16¢ 7 22
(2.0 equiv)
entry R time (h) yield (%)
1 Ph (11a) 4 46
2 2Py (11b) 4 trace

11



BEWNT, YV UNLIC A FILEEA B A L EE 152 2V C, FEEORHN 21T 72
(Scheme 2.8), 7 == /L F AT AT )L 15a &L T /7 =)V AX{LEW) 16a & OUGE, 5 B
CIHBIOERATES LTz, AR BEREE 2 B R OIREW TH Y | ZDHEIT 5:1 T
bole, ZTROEBOEL, “OORMEKESEEL, MERELIToTo, ZOMER, T4
5473 23 ThH Y | BIIERMAD)N 24 T % & st C & 7= (Figure 2.6 and 2.7), (L&) 24’1281
% VT U RRD AT IVHIT KT D ELIE NOESY fENT 2 HIRE T & 72 o 7272 IMDA
BGOSR HHERI L 7=,

Scheme 2.8. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 15a and 16a

N Pd,(dba); (10 mol %)
| AsPh (30 mol %)
o MeozC: CuTC (3.0 equiv)
BusS IlCOZMe
TIPSO > 2 sph  ~ueen THF i, 5h TIPSO” Y 4 o TIPSO

47% (5:1)

15a 16a 23 24
(2.0 equiv) major product minor product

0 Me
RO
e TS
Ve H
RO” - o \/(O//\H
D H °©

23" (R = diNO,Bz)

Figure 2.6. NOESY correlations in the NOESY spectrum of 23°.

\\\\\ v,

e Me
24' (R = diNO,Bz)

Figure 2.7. NOESY correlations in the NOESY spectrum of 24°.

F72. 15a & EROT )V =)V 2 XA 16b & D L DRUGH T > 7 (Scheme 2.9), & D
fER, BIRCRUSITEST LAERM S8, 7y 7V U IR EBLIRDIRAM T -T2,
ZDID, TV TGO T gl L=, 50 °C IZHIR L., S OIS E#HLT 7=
A, BRUIK 25 IR 17% THRAH Z L0l L, L Ladin, Soi=s ks
WETH- 2720, BERTITITE -S> TR, ZOHREITBW T, BT L7 EK
1L, ATFNVEOEANZL Y P N OEFEENEN L2 Thb EEZXTND
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Scheme 2.9. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 15a and 16b

Pd,(dba)z (10 mol %)

| o~ MeO.C AsPhj (30 mol %)
€02 CuTC (3.0 equiv
0 =/ 0TBS (3.0 equiv)
TIPSO” - SPh BuzSn THF, rtto 50 °C, 12to 12 h
: 17% TIPSO
15a 16b
(2.0 equiv) Stereochemistry was not determinded.

Fro. ZIROT NV =V A ZAEEY) 16e & DG HAT - 72(Scheme 2.10), ZEiRIZIBWT
J1 o 7Y TVIHET LTS, AR 26 13HEIE R OLE M E DIREWM Th T, £, 15
SNy 7T TIRIIARZETH Y, HEEREEChH > 72,

Scheme 2.10. Liebeskind-Srogl Coupling/IMDA Reaction Cascade of 15a and 16¢

Pd,(dba); (10 mol %) CO,Me
| S AsPh; (30 mol %)
o Et0:C CuTC (3.0 equiv)
— OPMB
Z OPMB
TIPSO” Y- gpp  BusSn THF, rt, 24 h 7
2 TIPSO” - o
IH
15a 16¢c 26
(2.0 equiv) too fragile to isolate

PLEDOREIN S| Liebeskind-Srogl 7~ 7 U > 7 /IMDA i RGO L v . =8k
B SLRBIRIICAS D Z SIS Lic, “EIRT Vo L ORIRIZIE 2-E ) D F AT
AT IVHNE LT, BNEEZ AT 2 E U DVEED R T O MO LA N A4
L1 THLHEBEATND, —J7, ZBIBT VT L DORIGIZIET = =/VF AT AT )L
LTz, =& L & @ Liebeskind-Srogl 77> 7' o Z13EL | K0 RS PED B
- ONF AT AT ISR T TS 5720 THDL EEXTNWD, Fiz, VrdH
DUNET VT v DWT I ERIL A LT B 3B LRSI T 5238, W70
B A EANT D L BALIE DRI 72D 2 L 2 R Lo, ARISOREX, Bifflo 720
Liebeskind-Srogl 77 7'V o 7 &l & T DS THH Z &, —BAULEW 2 riREIR
FINHEELRIHE CH D Z & Th D, 15 D IVTZ trans-trans-cis #ibs 2 F7> B AL E 13 kaurane
FAX° atisene FAD KA~ T D Z EDFRETH D &5 2 TV 5 (Figure 2.8),

kaurane scaffold atisene scaffold

Figure 2.8. Natuarl Products
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BIE TF AR 1,6-T A VBLEM RSO

% 1HE MFFtE =

1L,6-= oA VEBRALRIGR EOR Y = UBUIZ AT 1A REOAESRIGRICHZ R L, FE
BRAIC BAFFE S 4L, R RS TE 1 B, BUETIE, Mx RERELUCBIIEE L E +5
RN = BB S, REERICBICHE TS ¥ RY =V BRIbE WD &
BEORF L E — BRI CHEEE REE T 5,

AWFZETIE, 1L,6-=2 A VEBRIbLDES E LT, &fiilErHVWbd Z L 25l L7z, £<D
LRI CREIFAE L, BOBVRNES TH D, LonL, SEEHAW T4
PESBIAR 2T D L mW OS2, B FA LRI it L CT VS v 2 TEMAL
L. SRR (Tra—n, TIv, TAFUE) OMNNEFET D 15, RO ik
Z b OKER & HEARFEMED N E < B KU R SR CRISHEITT 2 LW O R B D,

SR IARFBNL 2 WD Z L T U F AR UL~ DI AN ARETH U |
Toste HITARAT 4 ENEA- % o) SR Lo T, @l om =7 o F AR
H72 1,6- 2 A UERL A A LTV D (Scheme 3.1)'%, LxL7R08 6, FRED AT AR
HONZINTELT, IR « = U F AR & HITENTINE D 70T, Z DR
R WEOAMITZEIN WD, £2C, BIEERRVY 7T U ERISEIRTAL &
T35 1,6- 2 A EBRALEMEAL & FHE] L 7= (Scheme 3.2), ARIGIC L WAL =BRAULEY
DR T T AR T2 2 & TT VR AL AETH Y . =K% Y A F L IR
ESISED RN L2 D720 RIEIWZAEHTHD EE X2, £o. ZNETITRY
VT T H SRR & LT B O RUSHIE R,

Scheme 3.1. Catalytic Enantioselective 1,6-Ene-Yne Cycloisomerization (Toste, 2010)

MeO OMe MeO-DTBM-BIPHEP(AUCI), (3 mol %) MeO.
Et0,C AgSbFg (3 mol %) Et0,C
EtO,C | EtO,C

OMe

m-xylene, rt
98%, 94% ee

Scheme 3.2. Plan of 1,6-Ene-Yne Cycloisomerization

OMe

MeO fo) gold-catalyzed
cycloisomerization

Py
S

27 28 intermedate for
natrual product synthesis
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F2HT U7 AT UAIRIRE 1,6-= 1 EREEMAL

L6- A VEALRMAEZAT O 72O DIEE G RUTIR Y B o 7o, BAVEAEE 27a 13 A BRI
NAZEBEI AR 202D =% Y AF L U2 B0 & LEEILEORENES Th 5,
ZDTD, Bx I KRG R~NEHAFRETH D B %, BE LTz, 27a 135829 & 2L
K30, oD T T T AL NDA TV o TIZEVGEBID EB 2 T2 (Scheme 3.3), F7z,
ZoViR > 30 1FBEAE AW 31 D HAAMARRECTH D L RHE LT,

Scheme 3.3. Retrosynthetic Analysis of 27a

OMe OMe

OMe
MeO o)
allkylation s MeO 0 MeO o
‘ — ) : ) —— /
I T™S SO,Ph CHO
27a 29 30 31

W) 29 DA AR A 709 (Scheme 3.4), SCERBEEID 32V \2%f9 5 U FU LT T U K
OFIMZE D T F %28 A LT 33 #5 L7z, DDQ %M\ T PMB O RifRi#ELZTT-
Tete. =RAb) U EAEH S, 29 26 L 7= (Scheme 3.4),

Scheme 3.4. Preparation of Bromide 29

(\(/ a) trimethylsilyl acetylene, nBuLi ‘ OPMB b) DDQ, 84% ‘ Br
—_—
' OPVB 83 % ! c) PBrs I

T™S T™MS
32 33 29

Reagents and Conditions: (a) trimethylsilyl acetylene, nBuLi, THF, rt, 12 h, 83%; (b) DDQ, CH>Cl,,
rt, 2 h, 84%; (c) PBr3, Et;O, 0 °C, 30 min, quant.

F7o. STRBERN D7 F o 318 2 JFEHT L7k o 30 DE R AT - 72(Scheme 3.5),

31 DFENINEE, KEATR ST N O LAEZHNGEILL, 7TVva—/v 34 257, 7
Jba—)L % 2T 4 R~ 25 L mCPBA % W= {bIC L > TALKR L 30 ZER LT,

15



Scheme 3.5. Preparation of Sulfone 30

OMe OMe OMe
MeO 0 a) NaBH, MeO 0 b) (PhS),, nBuP, 93% MO 0
/ /
85% c) mCPBA, 96%
CHO OH SO,Ph
31 34 30

Reagents and Conditions: (a) NaBH4, MeOH, 0 °C, 30 min, 85%; (b) diphenyl disulfide, tri-n-butyl
phosphine, THF, rt, 2 h, 93%; (c) mCPBA, CHxCl,, 0 °C, 1 h, 96%.

TODT T T AN 29 BEION30 BFHEHKR-72®, nBuli ZHWCH v Y T BT
572(Scheme 3.6), #\ T, ¥ 7 XU LE W ALKR=)VILOERE ", TBAF % A=

rU AF N NFEOREHEIC LY . BRLEEE 27a DA L=,

Scheme 3.6. Preparation of Substrate 27a

OMe
OMe MeO o oo OMe
MeO © (0]
© 0 a) 29, nBuLi, HMPA, TBAI Y b) Mg p
\ - g
83% c) TBAF \
‘ ‘ SO,Ph quant (2 steps)
SO,Ph Il
TMS
30 35 27a

Reagents and Conditions: (a) 29, nBuLi, HMPA, TBAI, THF, rt, 18 h, 83%; (b) Mg, MeOH, rt, 4 h;
(c) TBAF, THF, 1t, 1 h, quant (2 steps).

BRACEREOARICHK LI, BRAERMAL KIS 21T - 72 (Scheme 3.7),
chloro(triphenylphophine)gold(I) (5 mol %) & silver bis(trifluoromethanesulfonyl)imide (5 mol %)
MO USRI TR LI F A4 MR A ER S T2 & 24, U 27a 13EK LEHD
ARG DTz, BEEMAT 21T 7ofE 3. Wi d BRI Cldle o To7zo, B LI
DHEEEITT,

Scheme 3.7. Attempted Gold(I)-Catalyzed Cycloisomerization of 27a

OMe
MeO o Ph3PAuUCI (5 mol %)
AgNTf;, (5 mol %)
/ IIII
| CH,Cly, 1t, 1 h
I °%
27a 28a

16



BRACERMAIZ X D EEROAERM G O RIR & LT, IREHO BB L D8NS
Z B2, Thorpe-Ingold 2RI & 2 SEARBLEESIEIFs K OBRILEUG @fEL EHIRFL, B
PIL DB N Z G118 L 72 (Scheme 3.8)%, & DEHILITIIAGITBREFRER T = = /LA /LR =
VAR Uz, BEAYE 27b 1336 & 37 O B-T AFVBESK-Fili o 7V 712 k0

/Fonsd BRI,

Scheme 3.8. Retrosynthetic Analysis of Substrate 27b

OMe PhO,S OMe
MeO PhO,S
PhO,S

PhO,S

B-alkyl Suzuki-Miyaura coupling

‘ ‘ T™S

27b 36

T2 VARV ERET AR TORICAR L, £, EX 7 2=/L X
JVIR= VAR 38 1Zxf L. BT 1 UrX)L 39, BALW) a12 ARG S, 3 ey
36 ZiHHL L7=(Scheme 3.9), F£7=. V7T 31 ORI VEE Wittig ST XL W 7L

7y 37 o~ &5 Ha L 7= (Scheme 3.10),

Scheme 3.9. Preparation of lodide 36

PhO,S
a) 39, NaH, TBAI SO,Ph b) 41, NaH PhO,S |
PhO,S._SOPh —— \/K - |
52% SO,Ph 7% \
38 ™S

36

e BFA(

™S |

39 41

Reagents and Conditions: (a) 39, NaH, TBAI, THF, t, 16 h, 52%; (b) 41, NaH, THF, rt, 16 h, 77%.

Scheme 3.10. Preparation of 37

OMe OMe
MeO o) a) PhsPMeBr, nBulLi MeO o)
Y
% 88%
CHO =
31 37

Reagents and Conditions: (a) PhsPMeBr, nBuLi, THF, 0 °C, 88%.
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B"Bonl="207 77X k36,31 T, B-T VX NVBIESAR-E A » 7)) 7 %AT
> 72(Scheme 3.11), MFTOFER, AHEIRENRENOTIHEIEMEDRIE X U 7 At l L
THWESGEDORIEDEITT 2 Z 2 R L7225, i< MU ATF 2 U LV EROBRGEIL,
TBAF iRl 7 U 7 I AW DTS Tl A Vs = )V EE D BBE S HER S 7= (27b), %
DT, THIEERZ DTS TR L2 1T 9 2 & T, BRILEEEOERUTRII L7z %,

Scheme 3.11. Preparation of Substrate 27b

OMe
oo OMe 2) 9-BBN MeO o
e o) then, PACl,(dppf)- CH,Cly, TI,CO
) 2(dppf)-CH,Cly, TI,CO3 PhO,S p
b) AgNO3; then, K PhO,S \
P 20% (2 steps) ‘ ‘
37 27b

Reagents and Conditions: (a) 9-BBN, THF, 2 h; 36, PdCly(dppf)-CH.Cl,, TLCOs3, tt, 24 h; (b)
AgNO;, THF/EtOH/H,0, 1t, 1 h; K1, rt, 1 h, 20% (2 steps).

HFTATER LT 27 Z VT, FEROSMT L6-=2 1 VBB EMA L Z e LTz
(Scheme 3.12), ZDfER, H—OERWNEEMING LN, LL, FTEDOLEY) 28b
TIERL, TUA U AA BV AZRALTAELD 5 BRA AT LAY 280 TH -7,

Scheme 3.12. Gold(I)-Catalyzed Cycloisomerization of 27b

OMe OMe

MeO o) Ph3PAuUCI (5 mol %)
PhO,S P AgNTf, (5 mol %)

MeO e}
PhO,S | PhO,S ‘l ‘ /
I PhO,S =

27b 28b 28b’
0% quant

OMe

CHyCly, rt, 10 min

AT L2 BAL B LT L2 WRIRE 7 = = VA LR = VRO EE SICh b L E 2
Teo T0L, RNV ZVBRLKIGIZE W TIRBE S5 6 BERIEBINEBZIDERIZ, mm
AR = VHEE AT LELE ORIIC 1,3-diaxial KIENE L D720, 5 BEREEMRT D MO0
FEIZ L0 HETT L7 & HEMI L 7= (Figure 3.1),

Figure 3.1. Plausible transition state of 1,6-ene-yne cycloisomerization

18



Lo T, KO/INSREHIETH DA M IR VIR T /) FRCE Sz -5
B CRIGERBR DL HEARKITEY 23035 7=(Scheme 3.13), $5AK-EiH T » 7V v 7%
W= FEYE 270 OB MR CTH 72 IR & LT, 3 vk 36 OHEIRITHRT 5 Magst:
WDEZ LNTT=D, T B R 23R Uiz, 3 7 425 2 v, 8RB » 7Y
VLR HEAITO 2 THREDINER T 255 Z LI L= Goni=7/ra—u
\Z Appel UG ZATV, FE PR 44 25k L7z,

Scheme 3.13. Preparation of Bromide 44

OMe a) 9-BBN, THF OMe OMe
MeO o) then, 42, PdCly(dppf)-CH,Cly, TI,CO4 MeO o] c) CBry, PPhy MeO o)
B —
Y
b) TBAF HO 96% Br
P 58% (2 steps) \ \
37 43 44

TBso/“\Ej

|
42

Reagents and Conditions: (a) 9-BBN, THF, 2 h; 42, PdClx(dppf)-CH>Cl,, T1,COs, 1t, 24 h; (b) TBAF,
THE, rt, 1 h, 58% (2 steps); (¢) CBr4, PPhs;, CH>Cly, 0 °C, 2 h, 96%.

BoONT-RA 44 1T L TOT AT /L4585 B A= h UL 467 Z S S8 5 2 & Tk
S 27¢,d B LT2(Scheme 3.14), 2D & ML LT, = AT /L 27e DERITITT & F

VN, = R UA2Id OERICIET E b= R U LN LT,

Scheme 3.14. Preparation of Substrates 27¢,d

OMe OMe
MeO o)
MeO o] a) 45, Cs,CO3, TBAI MBOSC p “ CO,Me
2
Y . MeO,C S COM
Br 47% \ 2Me
ll 45
44 27c
OMe OMe
MeO o)
MeO o) b) 46, Cs,CO3, TBAI NG p CN
_
/ A
Br ‘ 40% NC ‘ \)\CN
Il 46
44 27d

Reagents and Conditions: (a) 45, Cs,COs, TBAI acetone, 1t, 16 h, 47%; (b) 46, Cs,COs, TBAI,
MeCN, rt, 16 h, 40%.



FE AR L1272, BALBRMEALISOMET 21T - 72(Scheme 3.15), T AT /LERAL
AT HIEE 27 WA, FTEOBRIR 28¢ 23, K7 Vo7 SN T Vi sk
ML L7= 28¢” E DIRAM E L TROND Z L2 R Lz, ZOBRMLISITRF THERK
THBROEZLDLOLEEZTND, LinL, 5 BREZAT LAY 28¢ HLILE 57%T
Bz, —H T, V7 REATHREEZROTEE. B4R 28d DREM(LZEH Z &
7 B—OER L U CNIREIRINICG 5 2 LISk Lic, 15 D7 Rk 28d IX NOESY
FEATIZ LV trans MgBR 2> 2 & ZHERE L 7= (Figure 3.1),

Scheme 3.15. Gold(I)-Catalyzed Cycloisomerization of 27¢,d

OMe
MeO fo) Ph3PAUCI (5 mol %) 28c: 28c" = (1:3)
MeO,C p AgNTf, (5 mol %) 30%
MeO2C \ CH,Cly, tt, 30 min OMe
‘ ‘ MeO. le)
OV,
MeO,C
27c u
MeO,C =
28¢'
57%
OMe OMe OMe
MeO o Ph3PAUCI (5 mol %) MeO o MeO
NG p AgNTf, (5 mol %) NG p O (;
NC \ CHCly, 1t, 30 min N NC u
: =
| : e
27d 28d 28d"
87% trace

28d &

Figure 3.1. NOESY correlations in the NOESY spectrum of 28d.
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PLEOFEBRER 2B E 2. 1,6-= A VBRALEMAL DSBS & 7522 L 7= (Scheme 3.16)%,
Thorpe-Ingold & D 7= DI A L 7= BEHAFED BN SN TELLT 5, ARUGIE, K7 L

AN U, AT H AEBEERDEANL LT A NAERT D 2 & TR T 5,

TEMHALSNT=T X 2% L, 6-exo-dig REDOBU N EIT L, VR TF A2 B ORKAE
T, BHEBREFEREISNEZ 52 & T, BHIAERMDNAERT 5, &DHWIEHENIC
FOSHEIT L. —BIZ R/BVERR L2 v b oAb T 5 2 & TR SE LD,

—Ji. 5-exo-dig OB HEATT B &, INRITF AL CHNERMKT S, Held TR
FADENL L, D Ak U, A B2 oD 5 BERILEWG B D, S-exo-dig
fF”@f)%ﬁ'[iﬁi‘iﬁ/fﬁ‘éﬁ. I EBHREOSEIIIHDH EZZXLTND, ANVFR=VHED L H 7

FWVEHEL A AT 5 TlE 1,3-diaxial [KFEIZELY ., 6 Ef/‘ﬂ%?yﬂ( ENAREENIND

}:3%7; bivd, Flo, ANVHR=NVERIEONRKIEIZLD |, #EAPRE-TNDHZ LD
JFROOESE L THET LD,

Scheme 3.16. Plausible Mechanism of the Gold(I)-Catalyzed Cycloisomerization

R! R
R’ ‘ Ar +Au* R' ‘ Ar 6-exo-dig
_— - e
[ A
SM A
5-exo-dig FriedeI—Crgfts reaction
protonolysis
R
R Ar R OMe
R’ Ar
A
Au J |
Au
D C

desired product

Ar

undesired product
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T OB LY BRIOBRALAERD N EIRIZEOND Z &2 RH L7225, Toste
DOWEIZLD & KICGEFR2 DD, AT NN A BT HEEICB N T, 6-exo-dig
RIDBA A R HSERAICAF STV D (Scheme 3.1)16, Z DB DZER & LRSS I
NLDFFHFERN

(1) XFEEHT 20

() FEHIIKT D NFLCE I EEEH T 50
DZEF B35 (Figure 3.2), & 2T, _W/B DOBERDBEACRMAVSUSIZ G- 2 D 538 2 i
BT A_HTUTE 47c,d, 48 HF%E L, [Al— USSR T itz 5 L7z,

MeO. BnO. OB
Et0,C NG
EtO,C NC |
| \ | \ I
48

Toste's substrate 27¢ (R = CO,Me) 47¢c (R = CO,Me)
27d(R CN) 1 47d(R CN)

Figure 3.2. Comparison of substrates and new substrates

T BRALEVE 47c,d DA RRITEY #7225 7= (Scheme 3.16), &2 FF o R~ L 492
ZEELE L, AR = U2 LD 50 2157, feld T, 50 Z iz 5130 L o7 v F Ak,
AR LR OREIC LY TLa—L 52 AR LT, &%lc. BELE{TV, 3t
WA 53 2 Gk Lz,

Scheme 3.16. Preparation of Common Intermediate 53

OMe QMe b) 51, nBuLi, TBAI oMe
, nBuli,
BnO OBn a) NaSO,Ph Bno OBn c) Mg BnO OBn
- . - - .
79% d) TBAF HO
43% (3 steps) ‘
Br SO.Ph
49 50 52
OMe

e) CBry, PPhy BnO OBn TBSO/\(/
>
96% Br Br

51

53

Reagents and Conditions: (a) NaSO.Ph, DMF, tt, 2 h, 79%; (b) 51, nBuLi, TBAI, THF/DMPU, tt,
16 h; (¢c) Mg, MeOH, 1t, 2 h; (d) TBAF, THF, rt, 1 h, 43% (3 steps); (¢) CBr4, PPhs, CHxCl,, 0 °C,
96%.
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BFONTRBA ST LTI AF I~ mr— M RS S, 54 %5k L7 (Scheme 3.17),
el T, s bR TV, BYLIEE 47c 28 LT, £ 2T, VT A AT D
BHHFERICARRZRAAR T, Lo, 54 DA E FRRICKFE LT ) O 220D &
BO~va=FAVERAWEEETEH, 55 TldZe o7 AF /b Siviz 56 BEARY &
LTEONDZENMEE 72 o7y 2T, A TN F LT I U EfbAF L
RIS Z & CLBIRINC S5 213D Z LITkB LT, A4 Y 7Ta AT I U OEE S
DENAER L= Bbns, #i<. o vuuidtiite LT, AKFElLF h) vak
WD T L2 57T ~OEMALBIR S 772, nBuLi % V™ 47d DA RIZERE) LTz,

Scheme 3.17. Preparation of Substrate 47¢,d

OMe ) OMe b b y 5o OMe o8
BnO oBn @) dimethyl malonate BnO. oBn )ﬁroﬁargy romide
NeH RO o
Br 94% Me02C 96% MeO,C |
MeO,C !
® 4 47c
OMe c) malononitrile OMe 0 bromid oo OMe -
] propargyl bromide
BnO OBn iProNEt, TBAI BnO OBn plope “
—_— o
NC NG
> 76% (2 steps) |
CN ‘ ‘
® % 47d
OMe
BnO OBn
NC
NC ‘
56 57

Reagents and Conditions: (a) dimethyl malonate, NaH, THF, tt, 24 h, 54%; (b) propargyl bromide,
NaH, THEF, rt, 2 h, 96%; (c) malononitrile, iPro,NEt, TBAI, CHxCly, rt, 24 h; (d) propargyl bromide,
nBuLi, THEF, rt, 2 h, 76% (2 steps).

T, BRILEVE 48 DA ETT > 72(Scheme 3.18), HAL~X L 593 ) BEHELL 7=
Grignard 3K & JifE 7' L =)L 582 ZHIflliAAAE T, RINSEDHZ & Th v 7Y v 7R % G
73, felT THPREZATUV, 7L a—/L 60 2GRk L7, 60 (Z%f LT Scheme 3.17 & [AIERD
ZHAZ X0 BYE A 48 25 Rk L7z,
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Scheme 3.18. Preparation of Substrate 48

TBSO ‘
OAc

a) Mg, (CH,Br),

: 59, Li,CuCly, THF c) CBry, PPh,

BnO OBn Bn
60

b) TBAF 88%
96% (2 steps)
58
BnO. OBn
d) dimethyl malonate, NaH, quant MeO,C
MeOZC

e) propargyl bromide, NaH, 96%
Br

59
Reagents and Conditions: (a) 58, Mg, (CH2Br),, Li2CuCls, THF, 0 °C, 1 h; (b) TBAF, THEF, rt, 30
min, 96% (2 steps); (¢) CBrs, PPhs, CH>Cl,, 0 °C, 30 min, 88%; (d) dimethyl malonate, NaH, THF,
rt, 12 h, quant; (e) propargyl bromide, NaH, THF, rt, 4 h, 96%.

AR LT BRI 2 VT 1L,6-= 01 VB b EMAL 21T - 72(Scheme 3.19), = A7 /LS
NZHT 5HE 47c Z W26, BRVAERM 62¢ 28 65%. 5 BERILGY 62¢°7 31%45 5
iz BRVAERBMONERIZM B LTl BUSHOEMOEET RSN b DD, (KKkE
LT 62 DAERDIHNIIE L ootz T, V7 BEATHIE 47d 2 ViSOG

TIEL, BRI HAERD 62d 23357z, —J7, BEAEE 48 2o &, = AT L%
AL TWDH, BRI HMERY 63 ME DT,

Scheme 3.19. Gold(I)-Catalyzed Cycloisomerization of 47¢,d and 48

OMe

OMe

OMe
BnO OBn  PhsPAUCI (5 mol %) OBn
BnO OBn
MeO,C AgNTY, (5 mol %) O
Me0,C CH,Cly, t, 30 min MeO,C u
Il MeO,C =
47c 62c 62c’
65% 31%
OMe OMe
BnO OBn Ph3PAUCI (5 mol %) OBn
NC AgNTf, (5 mol %)
NC \ CH,Cl,, rt, 30 min
‘ ‘ quant
47d 62d
BnO OBn PhsPAUCI (5 mol %) OBn
MeO,C AgNTf, (5 mol %)
MeOZC ‘
CH,Cly, rt, 30 min
I 99%
48 63
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VU EDFERNG | BRACEMAITII RO LEAL & 72 5 5 FERDS [CA ML E G4 A
T LR DNEETH D LR STz, 2 C B R O R SHEE 2 542 U 7= (Scheme
3.20), {EHILSNIZT % AZKR L, C3IAEEB KON CS ML 5B & | Bk
HITT5EBERBLTC, BWERMEZSS Z LN TED, LnL, 4NOE G
PMERTD L. A7 AL TEBRALDHEEST L, C 2MERRT 5, el THERILEFED, v 7
TaRrDNERTDHEEZOND, TATIVEATLREOEA, /a7 ar DI
OFTHOREEINOERILKL E 24T 5, £D%., @ftiiolt2 5 BRI6EY %
AT D EHERI LT, —J5, v 7 ) BERTDEEIZEWTIE, OFT AR/ NS Wb BRIE
RBEZ BT, 77 XrOREREZRT, BIERM»HROND LB X T,

Scheme 3.20. Plausible Mechanism of the Gold(I)-Catalyzed Cycloisomerization

OMe
attack at

ortho-position

SM
. . Friedel-Crafts reaction
attack at ipso-position .
protonolysis
OMe “OMe
OR  aromatization RO OR
cyclopropanation R!
R'
Au

D \_) ¢ desired product

OR R\ R'
- Au*
—_—
elimination of gold-catalyst —

Ar

undesired product

PLEOREIN G, Sl d 7z 1,6-— 0 o VB bR RIZIX
(1) Thorpe-Ingold Zh2R % L = JiE#A L
(2) SMEILERAL & 72 5 FFBR D C4 DB HAIE
NERINEBEH 252 LE R Uz, ARG, IEFICEFEE RSB EREEIEE
ML ETHHOFEITHY . REIERIZE T HEHEEICAN 2 FIETH D,
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FI3ET U ARG 1,6-= 1 B b EMAL

H ) DOBRALA B 2 B RN AG D b2 A L2720, 2 OB{EEMAL O R F il v %
ATz, REGIZIE, R EERA~OFIH 282, %ISGEIRICBREN FTRETH D &
9. Brio 7 FEE 64 Ak E LAV - (Figure 3.3),

64

Figure. 3.3 Substrate of enantioselecitive 1,6-ene-yne cycloisomerization.

HE G % LL I3 (Scheme 3.21), 2.4,6-triiodoanisole (65)** 2 HiZEJFEIE L, 1.0 &
@ nBuLi Z{EH &, 7 = / —/L 66 %A% LT= 3, ftL Y T, bromoacetaldehyde dimethyl acetal
O6NZEHN=T XA, RY DB K DB(LEATOR Y 7T 0 68 ~EHL LT3, 15
B 68 ZHERL L, SN T A a—LE2_Uo DV IETIR#EL, 69 A LTZ, Hit
WT, ATV NIRRT, —RRALRFFASUSICE D AT 70 ~ LB L, 572
LE=TRERRT, AVERY T 2GR LT, BHATZ AR 71 Z T, Scheme 3.17
& RO 1L CERALILYE 64 % 5k L 72(Scheme 3.22),

Scheme 3.21. Preparation of Sulfone 71

OMe . OMe OMe
a) nBuLi, B(OMe); d) nBuLi, B(OMe);
' ' then, NaBOg-4H,0 ! OH  1b)67,K,CO;3,86% ! o} then, NaBO3-4H,0, 90%
—_—T
/
82% c) PPA, 79% e) BnBr, K,CO,, quant
I I I
65 66 68
OMe OMe g) LiAlH,, quant . QMe
BnO o) f) Pd(PPhy),, EtzN BnO 0 h) (PhS),, nBusP, 99% n 0
/ / Y/
MeoOH, co i) Oxone®, 96%
94%
l COzMe SO,Ph
69 70 7

Reagents and Conditions: (a) nBuLi, THF, —78 °C, 0.5 h; B(OMe)s, 0 °C, 0.5 h; NaBOs-4H,0, rt, 16
h, 99%; (b) 67, K.CO;3;, DMF, 100 °C, 4 h, 86%:; (c) polyphosphoric acid, PhMe, 100 °C, 2 h, 79%;
(d) nBuLi, THF, —78 °C, 0.5 h; B(OMe)s, 0 °C, 0.5 h; NaBOs-4H,0, 1t, 16 h, 90%; () BnBr, K»COs3,
acetone, reflux, 4 h, quant; (f) Pd(PPhs)s, Et;N, CO (g), MeOH, 50 °C, 12 h, 94%; (g) LiAlH4, THF,
0 °C, 1 h, quant; (h) diphenyl disulfide, tri-n-butylphoshine, THF, rt, 2 h, 99%; (i) Oxone®,
THF/MeOH/H,0, 0 °C, 1 h, 96%.
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Scheme 3.22. Preparation of Substrate 64

OMe
BnO a) 51, nBuLi, DMPU, TBAI OMe oMo
) DM Bno 0 d) CBry, PPh, BnO o
c) TBAF HO 95% .
60% (3 steps)
SO,Ph
71 72 .
OMe
BnO o
e) malononitrile, iPr,NEt, TBAI NG p TBSO/\(/
\
f) propargyl bromide, nBulLi NC | B

97% (2 steps)
i 51

64
Reagents and Conditions: (a) 51, nBuLi, DMPU, TBAIL THE, rt, 16 h; (b) Mg, MeOH, rt, 4 h; (c)
TBAF, THF, rt, 1 h, 60% (3 steps); (d) CBrs, PPhs, CH,Cl,, 0 °C, 2 h, 95%; (e) malononitrile,
iPr,NEt, TBAI, CH>Cl,, rt, 24 h; (f) propargyl bromide, nBuLi, THF, rt, 2 h, 97%.

ARk LB 64 2 O TRFF 1,6-= 0 o VEBRAL BRI L OBR 21T - 72, 97, Hifk
AT L UVRIE  silver bis(trifluoromethanesulfonylimide) % Fi U C | il O {217 - 72,
F7. (S)-BINAP ZHEN+ & D8 MR EZ e, ZOER, Toste HOWMELBEIT,
T AT A BERETRL ROSEIT 72, ORISR, 1R TR L, 86% & =il T
ooy, =FUF AEEIERIL 18% Th o7 (entry 1), =F > FHBEIROME LA,
fix DEF 7 FNAENAEFANT, KaEITo7208, = o FAmEIRIIAE TH 29%I2
& o 7 (entries 2-6), & Z T, HFIEE TR L7z N-~7 v BRIR I VU BN D5
L1-AuCP® Z 2 & 2 A BOGKHHT 8 IRffE] & & < 2273 o 7273, 48% ee &7k L 7= (entry 7).
L1 ORIE 2B D< D ARFEREED, mO/NS7y T 2RI L TH, AN/EH LS
DEEBEZOBND, I T, SLRLZFTUTFAEPRMER LD, LI O7 == 1H%E K
DEEN3,5-0 7 = =07 = = )VIEICE WA X 7 L2 D& R A ARk L RFHI V= (entry
8), TR, =T U FARRMEIINHT 2 DD, 56%IZm F L7720, L2-AuCl % fx
ST Sl N SVAY 1 K 7 B
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Table 3.1. Catalytic Enantioselective Gold(I)-Catalyzed Cycloisomerization of 64

OMe OMe
BnO o catalyst (5 mol % )
NC p AgNTf;, (5 mol %)
[ —

CH,Cly, rt, time

L1-AuCl L2-AuCl
entry catalyst time (h) yield (%) ee (%)?

1 (S)-BINAP(AuCI), 1 86 18
2 (R)-tol-BINAP(AUCI), 1 86 -23
3 (S)-SEGPHOS(AUCI), 1 92 16
4 (S)-DTBM-SEGPHOS(AuCI), 1 85 -29
5 (S)-MeO-BIPHEP(AuCI), 1 92 8

6 (S)-MeO-DTB-BIPHEP(AuCI), 1 94 22
7 L1-AuCl 8 98 —48
8 L2-AuCl 8 87 56

@A minus sign "-" means reversal of the enantioselectivity.

N T, WD b 21T - 7= (Table 3.2), =—7 VRREEE FWZGE, =) v F A4
PUEITAR T Uz (entries 2,3), — 5, SRWENIMEREET & b= N U L& AWEEEICE. K
IS EIT L7221 (entry 4), £ 2T, AEBRRBETHL X B EZHWD & KOG
IREfIE 3 RERRIICREME S AL72 . = o T AR PWET 43%I2IK T L7z (entry 5), BLBRERV 2
LT, JRENFATH L8, NUBURIEETR LD FAMDIZL, LA TF L R
SNHLEHD TS v TF A~ —ThoTz, "B UAETIIREWVERNME LN > T2
DD, & HIZHERARRBEORG 21T>72, ML= Z N5 & 53%ee (210 L7=(entry
6)e SBIZAFNEOHMUI-F L Lo B HAWTRINEI T T2 2A, m-F U L UERED
L E, 68%ee bW A B 2 7= (entries 7-9), A T IVEEAE 3 ORFORA VT LU AR
ELTH, EbhdztrFAERMEOM BTN >z (entry 10), — 5T, &R
BipraaX B EHWD & o T AR T Lz (entry 11), LA EOFERNG
m-xylene & N2 IRE, Fe@ D= F U FARPMEE 5 2 72720, Fomialit s Lz,
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Table 3.2. Catalytic Enantioselective Gold(I)-Catalyzed Cycloisomerization of 64

OMe OMe
BnO o L2-AuCl (5 mol %)
NC / AgNTf, (5 mol %)

solvent, rt, time

64 74
entry solvent time (h) yield (%) ee (%)?
1 CH,Cl, 8 87 56
2 THF 3 68 39
3 Et,O 71 57 —47
4 MeCN - NR -
5 benzene 3.5 87 —43
6 toluene 3 92 -53
7 o-xylene 3 91 -53
8 m-xylene 25 87 —68
9 p-xylene 4 91 -63
10 mesitylene 4.5 81 —66
11 PhCI 1.5 92 -33

aA minus sign "-" means reversal of the enantioselectivity.

BB ICEE OB 21TV, AgBF, WL &, 85% ce &) HEDFERNE SN
(Table 3.3, entry 4), L2>L., JREIOSVHISE T, IERIT 41%ICE £ -7,

Table 3.3. Catalytic Enantioselective Gold(I)-Catalyzed Cycloisomerization of 64

OMe OMe
BnO I6) L2-AuClI (5 mol %)
NC P silver salt (5 mol %)

NC ‘ - =

m-xylene, rt, time

64
entry silver salt time (h) 64 (%) 74 (%) ee (%)?
1 AgNTf, 2.5 0 87 -68
2 AgPFg 93 72 23 -62
3 AgSbFg 7 0 95 -64
4 AgOTf 24 21 71 -78
5 AgBF, 46 46 41 -85
6 NaBArF 70 0 94 25

aA minus sign "-" means reversal of the enantioselectivity.
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RV T T ATLHEE 64 W TEER{IBEMIZEWTRWT T o F @R E R
TR E R L2729, 3,5-dibenzyloxy-4-methoxyphenyl %&% I s (E3E0L & 32 HYE 47d
DA AR FF B LM L b FRET 21T > 72(Table 3.4),

ZDORER. T OFBEIZEB TR, (S)-2,2-bis(diphenylphosphino)-6,6'-dimethoxy-1,1'-biphenyl
RN A& T DT A U NMESEHANRE R Th > 7 (enties 1-3), £/, BT p-F L%
e x| iRbmo ) U F AR A7~ L7 (entries 4 and 5), Entries 6-9 TIFEREE DR
ATEATV. ZOFER AgOTE i T v | IR 92%., 73% ee THEBM G2, LT
DIRETD & BUSME IEEAL OB HERDIERALSINT G- 2 D BN RKE N LAVRIB SN T2,
RERNMARIFEFIC LY = o FARPWER M LT 2 Z &2 HFRF L, XUUAELD mEn

N A YT a e YNV AR RRORVE 78 A5 LT-(Scheme 3.23), 78 % SO ViR
B IE 94%., 86% ee (Z1f)_E L 7=(Scheme 3.24),

Table 3.4. Catalytic Enantioselective Gold(I)-Catalyzed Cycloisomerization of 47d

OMe OMe 1 Ar
o i
BnO OBn catalyst (5 mol %) OBn : ‘/Ar

silver salt (5 mol %)

NC
NC ' MeO P{AUCI
‘ solvent, rt, time [ Sar
Ar
‘ ‘ ! (S)-MeO-DTB-BIPHEP(AUCI), |
: (Ar = 3,5-(tBu),-CgH3z)
47d 2
62d
entry catalyst silver salt solvent time (h) yield (%) ee (%)?
1 L2-AuCl AgNTf, m-xylene 3 94 -40
2 (S)-DTBM-SEGPHOS(AuCI), AgNTf, m-xylene 1 92 —45
3 (S)-MeO-DTB-BIPHEP(AuCI), AgNTf, m-xylene 1 99 65
4 (S)-MeO-DTB-BIPHEP(AuCI), AgNTf, o-xylene 1 97 60
5 (S)-MeO-DTB-BIPHEP(AuCI), AgNTf, p-xylene 1 95 67
6 (S)-MeO-DTB-BIPHEP(AuCI), AgSbFg p-xylene 1 99 46
7 (S)-MeO-DTB-BIPHEP(AuCI), AgPFg p-xylene 64 71 (SM:28%) 61
8 (S)-MeO-DTB-BIPHEP(AuCI), AgBF, p-xylene 3 87 70
9 (S)-MeO-DTB-BIPHEP(AuCI), AgOTf p-xylene 7 92 73

@A minus sign "-" means reversal of the enantioselectivity.
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Scheme 3.23. Preparation of Substrate 78

OMe OMe

TIPSO ) m:g"N'ig"(‘jzph TIPSO OTIPS 2)) &153'";)?/5’ DMPU, TBAL 63% 1 b5o e OTIPS

97% d) PTSA-H,0, 88% HO

OH SO,Ph
75 76 77
OMe
e) CBry, PPh,, 80% TIPSO oTIPS
f) malononitrile, NaH, 71% NC TBSO/\(/
g) propargyl bromide, nBuLi, 89% NC \ Br
Il 51
78

Reagents and Conditions: (a) MsCl, Et;N, DMF, 0 °C, 0.5 h; NaSO,Ph, rt, 4 h, 97%:; (b) 51, nBuLi,
DMPU, TBAL THEF, tt, 16 h, 63%; (c) Mg, MeOH, rt, 4 h, 92%; (d) PTSA-H>O, THF/H,O, 1t, 2 h,
86%; (e) CBr4, PPhs, CH2Cl,, 0 °C, 2 h, 80%, (f) malononitrile, NaH, THF, rt, 24 h, 71%; (g)
propargyl bromide, nBuLi, THF, 1t, 2 h, 89%.

Scheme 3.24. Catalytic Enantioselective Gold(I)-Catalyzed Cycloisomerization of 78

OMe
TIPSO oTIPS (S)-MeO-DTB-BIPHEP(AUCI), (5 mol %)
NG AgOTf (5 mol %)
NC |
p-xylene, rt, 6 h
‘ ‘ 94%, 86% ee
78 79

PLEX Y, &2 #icER LI ZBRAUbE MO =) o F A 3INEy7e 1,6-= A VB LS
AE~DISFICEE) LT, @I 6-exo-dig B OBALICM B2 T ) FLIFSHRREED /NS 72
B TH LN, M o F AR A R T RIEEZ R Lz, XYy 7702 R4 5 E
64 % AT OGS TTIE S AFZEE CTRA%E L7- L2-AuCl M T 0 . 5 BERIZASISIZHB W T
DIIREIEAT - ToARSERDY, 6 BEREASINIZBNT LR TH S Z LRSI,
ARIOG £ 015605 m IR Sz =B EMIT R DO RF 2RI S FTRE T
BH5,
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% 4EF bruceantin D ARF 2GR

51T PR R

bruceantin (80)(X, TF A &7 pE=TT X FH#EN Brucea antidysenterica DRI B HILD
HAf%SY quassinoid D—-D>ToH Y | 1972 4T Kupchan 512 L - THLEE - fEERED R S 4
T ALAEY T & % (Figure 4.1)%,

= R FHEMI TR S TR EIEE LTHIbIL, HL<BEES~Z VT - BRAL
DIV BT E 72, FFIT bruceantin [T LB ASCRINRNBAZIZ LD & T 54
FRNESSHAG R D 3RS EEME A2 R T 2 LD IFFRIC R VB B E 7R o7 0, E T2,
N FERIZ B WD TIPS AER B HERE ST D, 1980 4R RICIFHIANAAI & L CHERER
DATONTZD FEHEDILE A5 Phase I IEE 572732 72, M2 TRIRD BFHEN 0,
RETEVEFBIFIEDN I > TV DD BRTH D, LI LRn s, A, HaES L,
HETEVEFABIFIED R T 2 O THIUT FUEEETAYE & U CoRRsEn GG S5,

bruceantin (X, 10 DARFHLEHTLH NI TAX) A4 RThHDH, HEEFREE LT, AB
PR % OF BC BRITHEE L 72 rans fiBREM A & D2 & DERIZTZ 7 b BRIZT F Tk ke
77 ThAHT ERFET NG, FRZ CRITEEICILINTEY . BRI ET & OF
BT, REROEINLEM E L TEREZED TET, oL, Z< OMEENE RIS %
WELTWDHOD, BEROERITFILS OFAER L NREF 2GR 4, Grieco HD 7
IR TORER2DOIHINEED, L, FHLLOAFERITY L—EKTHH ., »
T TREEDZ W, KEMIGIZHZ 5 2 6O TIERN,

PLEDOEFD G FAIT quassinoid HAE DRI AR AAEGLLE DML & bruceantin DR TFET
DRFEAE B E LT, MHEICETF LT,

quassinoid scaffold bruceantin (80)

Figure 4.1. Structure of bruceantin (80).
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#5281 bruceantin ¥ CDE BREML ORESERR S

FIFIEH L7z Lo-m o VERALEM LI L VSO D ZBRICEHIL trans FEER 2 FF D,
TR L ST B R 2G5 72012, bruceantin DEREA~FIHFRETH D L& 2 1=, R
F 1L6-m A VEAERMICIN T, WK, =) o F AR BIFTH -T2 62d B &
79 3RS LTz,

—AYLAY 84 (R = Bn, TIPS)% V7=, bruceantin @ CDE ER D& kA % Scheme 4.1
(277, bruceantin (80)IIVUEREUYLEW) 81 2257 M T & K7 T VRO L UVERE
BHUZ LoD bDEE X, F72, 811L82 D a-b Ku ¥ b U A ~Z
Licth, AT NAVOBAEOSIZ K DG EFHE Lz, ZOVF—/UIT mEATF LT YL
DT U HNEA L, i< Tamao-Fleming (LI L W56 5 L& 272, 83 I3 =8R=ULEY
84 DEREILAMA & Rubottom MRILIC L VHEEETE 56D & LT, BRICHY B o Tz,

Scheme 4.1. Retrosynthetic Analysis of Bruceantin (80)

T NEAELT O B DGR Scheme 42 (2o~ d, £9. ZH(bA v E A2 B E
DHF A AFRANFIE FIVEREE L 2 LT, 200X UNLVEOBMR#ELZITV, 85 %5
L7z 8, BonizTa—no kYA YTy VA L H1R#EIL, SAEEDR
BT, BRPICHETT LTe, feld CEAERIBDT B ERIL 21TV, 86 ARk LT, Fohie
T/ > 86 Dy iL® Davis’ oxaziridine (87)IZ & 5 & R I /L{kid, HEFIZ LIHMDS %
57 ETCBIRMICHEITL, BoNn7-T7Aa— I T7 B FAETHEEL, 89 25 LT, 89
DV Nx ) — T —T VNI L, mCPBA % H\ 7= Rubottom (b E1T 72 & 2 A,
BN SUSITEIT L, SEREIRIZ a-v o7 b 90 2155 2 LTksh Liz, Lo
L. 2O RMIAYTa v U NEEORREIL, Fix OF5M4E W TITo 720, B0k
EWBER L, BIOT Vv a—n 91 #4155 Z ERNHKR -T2, ZD72H, ZOELV—
MIWrE L7,
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Scheme 4.2. Attempted Preparation of Cyclization Precursor

OMe
BnO OBn a) BCly
NC pentamethylbenzene b) TIPSOTf, 2,6-lutidine, 87%
NC quant c) PIDA, 98%
a
62d
MeO OMe
OTIPS  g) Davis' oxaziridine (87)
LiIHMDS e) Ac,0, Et3N, DMAP
_— >
80% 79%
88
OTIPS
f) mCPBA deprotection
66% decomposed

Reagents and Conditions: (a) BCls, pentamethylbenzene, CH,Cl,, 0 °C, 3 h, quant; (b) TIPSOTT,
2,6-lutidine, CH,Cl,, 1t, 12 h, 87%; (c) PIDA, MeOH, 0 °C, 2 h, 98%; (d) LIHMDS, THF, —78 °C,
30 min; Davis' oxaziridine 87, 0 °C, 2 h, 80%; (¢) Ac.0, EtsN, DMAP, CH,Cl,, 0 °C, 3 h, 79%; (f)
mCPBA, NaHCO3, CH2Cly, 0 °C, 1 h, 66%.
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HIOE L7ALEY 91 OFT D= b AIEHEA F AN OARLZEENRK CTH D L5
2. TR AEGRE AR Lz, TORE, ABROYE A= b Y VERAIESUSIED B T2,
CDE BRI v U CEMRT D HENH D L EZ T, L > T, AR A
F LU USNDOERER AR 720 96 % CDE BRAEGUAFTOET NVIEE E L TRIE LT, £D
A EETE A Scheme 4.3 (27”7, CDE BRAAEH L72(LEW 921X, = MUV 93 DiEILE = —
TABRIBRICE VEOND LE XTI, 931X AT /L 94 DBRLIZE D ES L, 9413 T v
{EA A D 1AM IV EEND & LT, afy,o-REaf17 F951%, 96 D 1,6-=2 A
VEAL B LD RME LT & U TR L7z 5 EFEBROLBIZ L0 S d & LT,

Scheme 4.3. Retrosynthetic Analysis of Bruceantin(80)

etherification

lactonization cyanide additon

EFT. AHK Le-= oA VERICEM RIS TREDOEREEX T NV A Y Tre L ) r
HAEBBFRICFEEDL A RBLO LT 7 HaRE L = RmbEWm 99 €7 /Ubie LT
T L. AR AE1T > 72 (Scheme 4.4), ALK 76 % 8Bk 29 & BJs S8, TV /L LTz,
FENT, v 7RV U LEHWE—EFREITEITO, AR AL 97 ZHR LT, o
7o 9T AL ) — VR REE T U O LEERSE R U ATF AT U VEDORREEZIT T2
D, —H RV A YT e e Y NVEOBRED R I, D7D, HBNP%, HEE
AT, HEA#E L, BRILEE 98 2157, 98 1Zxt LT, BibA U azHn
T 1L6-m2 A VERILEMEL 21T S Z & T, ZBRAILAEW 99 OARITHEN LT,
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Scheme 4.4. Preparation of 99

OMe
OMe TIPSO OTIPS
‘ Br TIPSO oTIPS a) nBulLi, TBAI, 53%
‘ ‘ b) Mg ‘
T™MS SO,Ph ‘ ‘
T™MS
29 76 97
OMe
TIPSO OTIPS
c) K,CO3 e) InBrj
—_—
d) TIPSCI, imidazole \ 83%

59% (3 steps)

Reagents and Conditions: (a) nBuLi, TBAIL, THF/DMPU, 0 °C, 30 min; 29, t, 16 h, 53%; (b) Mg,
MeOH, rt, 16 h; (c) K»COs3, MeOH, 1t, 1 h; (d) TIPSCI, imidazole, rt, 12 h, 59% (3 steps); (¢) InBrs,
CHxCl,, —20 °C, 3 h, 83%.

“ERAULAW 99 T DT, ARGEHEICEES X | a By o-REIfn7 k> OB RIZE T
L7z, 99 1Zxt L, #fiblitz - e D AER B 21T, 100 Z A L 72(Scheme 4.5)%,
FWNT, ZoD M A Y Ta A U NVEREBREL, BRI NY 704 a X2 2L
RENVIEEN LTz, 2Ok, 7 b OSLIEREIRIE TG, BB FRIEZITO. oB,y,0-
FEIFNA7 B 102 ~E 258 L7, 102 DT V3 —L % HILR VR 103% % V7= YT
280 104 ~EHL LT,

Scheme 4.5. Preparation of o,3,y,0-Unsaturated Ketone 104

OMe OMe OMe
OTf
a) CuCl, TBHP b) TBAF
.
69% c) Tf,0, 2,6-lutidine
63% (2steps)
99
MeO OMe
OTf
d) NaBH,, 95% f) 103, DEAD, PPh;
_ > BnO.___CO,H
e) PIDA, 79% quant
OH 103

Reagents and Conditions: (a) CuCl, TBHP in decane, fBuOH, 50 °C, 24 h, 69%; (b) TBAF, THF, rt,
30 min; (c) TH0, 2,6-lutidine, CH>Cl,, 1t, 2 h, 63% (2 steps); (d) NaBH4, MeOH, 0 °C, 1 h, 95%; (e)
PIDA, MeOH, 0 °C, 1 h, 79%; (f) 103, DEAD, PPhs;, THF, 1t, 1 h, quant.
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oz afys- R R 102, 104 (23 LT, KEFES T T AL U o A%
T, ¥ 7 = ROMIZEIT>7-(Scheme 4.6), LixL., B ET 25 1L4-LHIAK 105, 106 1345
ST, FFEAL L7TZ 101 0, T AT VEMIA ST/ FRIZ[E L L 7= 107 3% 5 1172 (Scheme
4.6), 102 & DOSIE. ¥ 7T = ROREIMBISIE 1,260 & L4235 63 2 K6 Th
D72 12-(INN & 7B, HEBRIEDEIT L, 101 DAER LT D EEZ Hivd, 104
EDOGIE, SARBE R O/N S 72 LEITAAET DT AT DA ABRIZ L 0 iGH b S, &
T=REBEBRLEZLOLEEZZ TN,

Scheme 4.6. Attempted Cyanide Addition of 102 and 104

OMe

oTf
a) ELAICN, 61% (101)

b) KCN, dibenzo-18-crown-6, quant (101)

G @)

105 101
desired obtained

¢) ELAICN

68% (107)

106 107
desired obtained

Reagents and Conditions: (a) ELAICN, PhMe, rt to 50 °C, 12 h to 12 h; 61% (101); (b) KCN,
dibenzo-18-crown-6, PhMe, rt, 14 h, quant (101); (¢c) ELAICN, PhMe, rt, 8 h, 68% (107).

Z T oBy, AR OB TEE Y S DR FEE, RONES ERD X9 A bk
TANKRENFEDEAEIToT2, U 7T — h 1011k L—BLRFBIFRAILEI TV, =
AT 108 Z &k LT2(Scheme 4.7), & D%, RIREDOELUZL Y | oBy,0-REF17 - 109
AR LTz, WHESUGI K VINA Z ) — Vi K0 | STRBGER L7277 V= —)L 110 &6
B, TBS B ClRiE L. 111 2457,

37



Scheme 4.7. Preparation of o,3,y,0-Unsaturated Ketone 111

OMe MeO OMe
OTf CO,Me
a) PdCly(dppf)-CH,Cly, Et3N, CO b) NaBH,
_—
80% c) PIDA
100% (2 steps) B OH

101

d) 4-nitrobenzoic acid

DEAD, PPh3, 93% f) TBSOTHf, 2,6-lutidine

e) K,CO3, MeOH, 86% quant

Reagents and Conditions: (a) PdClx(dppf):CH2Cl,, EtsN, CO (g), MeOH, reflux, 12 h, 80%; (b)
NaBHs, MeOH, 0 °C, 1 h; (c) PIDA, MeOH, 0 °C, 1 h, 100% (2 steps); (d) 4-nitrobenzoic acid,
DEAD, PPhs;, THF, 0 °C, 1 h, 93%; (e) K.COs, MeOH, 0 °C, 1 h, 86%; (f) TBSOTT, 2,6-lutidine,
CH,Cly, 1t, 1 h, quant.

T/ MZKT B 7 = ROMIMKIGEAT o 7oy, SAEFEORE /ey oo Bk
BET, = AT D BALAD LA L T2, HERGE THETT L7z 113 2345 572 (Scheme
4.8),

Scheme 4.8. Attempted Cyanide Addition of 111

a) ELAICN, 48% (113)

b) KCN, NH,CI, 75% (113)

112 113
desired obtained

Reagents and Conditions: (a) Et,AICN, PhMe, 80 °C, 36 h, 48% (113); (b) KCN, NH4CIl, DMF/H,0,
80 °C, 12 h, 75% (113).
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Scheme 4.8 DFEFIND, 7 B AR AT VD ITN, BUGHED RN Z &SRB Sz
WD, TV MUBREBRITHEE L, RWTAHESEPLEEAT OB EROZ LT LT, 7
Ja—)L 110 & TVIR R 103 & OFKEG 21TV, = A7)V 114 Z#8 L. BUOSHE &
L 72 (Scheme 4.9),

Scheme 4.9. Preparation of Ester 114

MeO OMe
CO,Me
a) 103, EDCI, DMAP

98%
“"OH

110
Reagents and Conditions: (a) 103, EDCI, DMAP, THF, rt, 1 h, 98%.

Fon=m A7 L 11412%F LDBU Z{EH SH, 7 7 b U BROESE 21T > 72(Scheme 4.10),
%OD%E'E 77 NUBROMEITET LD, =/ 7— M L7z A MR Eo B IiHEE
BERALDEAT L7 16 50T, o, =/ F— F&fitE L. A X HONiEEZ
%Uﬁ“éf:éb U IAEANTMSCL, TMSOTHZ RN L, S &EiTo72, UL, 116 [ZEH
BHEGRSNDDATHY , TATIVNRGE LT 108 ° 108 3 EEFM TH -T2, ZH D
HEPNVA AL LTOEREZ TR T2 TH L &b,

Scheme 4.10. Attempted Cyclization of 114

OMe

MeQO OMe
15 116
CO,Me  a) DBU, 62% (116) . _
b) DBU, TMSCI, 85% (108") desired obtained
L c) DBU, TMSOTf OMe OMe

o 42% (108'), 27% (108) CO,Me

[¢]
108’ 108
obtained obtained

Reagents and Conditions: (a) DBU, PhMe, 50 °C, 2 h, 62% (116); (b) DBU, TMSCI, THF, rt, 16 h,
85% (108”); (c) DBU, TMSOTT, THF, 1t, 16 h, 42% (108”), 27% (108).
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% 38 bruceantin D RF A A ER L2 A BREFALOREEE

B 3 EIZFELE L oA R BRI EME LI L B o s SR EwE v,
bruceantin DR RGBT 7o 2B SRR AT o 7o SRBHRIY 72 B AL BV LIC LB T
STV T DI H—OFBICICLVRE L U8 ZER L, W TIbRISETTH 2 &
“C bruceantin DAEIEICKTIGNT D L O BREREWAAIT 5 Z & Z 51l L 72 (Scheme 4.11),

Scheme 4.11. Synthetic Plan of A-Ring Moiety

OMe OMe OMe

RO OR RO OR RO OR
O l l _—> O —_——> NC
HO

17 118 119

TP TUMLETISICEY 62d DT ) HE—oORREL, 120 AR LIZ Y, Fil)
T T 7 EERE L. T 8 KU VERET S5 N 121 OFE A7 (Scheme 4.12),
LU, ARV T D5 (base + Davis’ oxaziridine, O,, MoOOPh)IZ W T HETHET, R
EEREIREND DHRTH -T2,

Scheme 4.12. Conversion toward A-ring Moiety of Bruceantin

OMe OMe OMe

BnO OBn OBn
NC a) nBuzSnH, AIBN

NC

OBn
oxidation
NC

quant
A
62d 120

Reagents and Conditions: (a) nBusSnH, AIBN, PhMe, 100 °C, 36 h, quant.

VT D o DT = A  DERBEE TN ENRKE L TEZLNTZTZD, o-
ST M rEERR L, LOBBMEEOENEEA F oA A E AT S Z & & L72(Scheme
4.13), FT. 19K LT U IANIFREZATV, T a— 122 2/ L2 Y, HinCT, 7V
NT =L DL EATV, = 123 DERERBTIZN, REZETHY | HEfRE TH
STz, 7, BEMKEILIC L DX ATF LU DBITLEI T 256, EEOARDIED
D, WIS BRI TiIe< 124 21535 Z L IXTE R -T2,
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Scheme 4.13. Conversion toward A-ring Moiety of Bruceantin

oxidation

DMP, MnO,

OMe

124

Reagents and Conditions: (a) SeO,, THF, reflux, 8 h, 84%.

VT, B Rafx i b o7 2 AR ITckREL, BFond ap-ffafi=k U Lo
e X oUblic i b a-8 Re X7 b o ~OE % 5l L7 (Scheme 4.14), 7 U7
A=V AR NIAZ L ANVKR= A7) REEHSE, AV 7—bh 126 AR L=, 126
WXL TCYFULF 77X L= REHWE—EHEILEIT) &, AVAEBIORYT /R
Bk S NAbEWRE SN2, 'H NMR (2 X BHEMT OFE R, 5L IALAEWIT py-F~
FIM= R UL 127 THHEMR LT, LN T, ap-REF= b UL~ R b 237
7o BN, BRARMEZ HOB 21T 720, WThoBAIch BO
oB-REIFI= kU /L 128 ZFRANTIED Z LIXTE T IRk TH 4:1 128:127) DR TH -
Too FTo. 127 & 128 OEEINEETH - 77,

Scheme 4.14. Conversion toward A-ring Moiety of Bruceantin
OMe

b) Li naphthalenide

48%

isomerization

127 128
Reagents and Conditions: (a) MsCl, Et;N, CHxCly, rt, 5 h, 96%; (b) lithium naphthalenide, THF, rt,
10 min, 48%.
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BRI o B-FEafn= F UV Z2ED Z LR TH 72720, By-Hafn= kU Lz Hu
TARMRZ#E T 7-(Scheme 4.15), £, 127 TR T U 2EA &H, < @bick v 7
—)L 129 & SRR AR LTz, 129 12%F L, DMP Z Wb x2179 2 & C, a-v
T R 130 2155 Z BT Lz, 130 DIEVEA F U ERED T =2 L DI AT
(22 2V | Davis’ oxaziridine (131)® Z/EF SH5 2 LT, 7/ B RV UL, 55
NTev 7 /e RV ARSI T, BRABEITS 2 & THfiE L, bruceantin @ A BRI
(AT 2 132 28T 5 Z LTk L 7=, 132 1 bruceantin & [FIERIC— 53—/ — Ak L
TUW5 Z &% 'HNMR FEHTIC LV feRd L7z,

Scheme 4.15. Conversion toward A-ring Moiety of Bruceantin

OTIPS  a)BH3 THF
then, AcOH, H,0,

71%

c) Davis' oxaziridine 131
LDA

70%
Reagents and Conditions: (a) BH;-THF, THF, 0 °C, 3 h; AcOH, H,O,, 1t, 16 h, 71%; (b) DMP,
CH,Cly, 1t, 1 h, 89%; (c¢) 131, LDA, —78 °C, 1 h, 70%.

BoNZ132 D o0 FMEITETTICEI D DA~ L WU RREE A VD

Z & T, CDE BROMFEA~FIHAEETH S, € LT, bruceantin DRFEGLIERNR~ LTS
Z & ZEE LT D,
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BSE R

A S 2 LA ISRIE 5.

1. Liebeskind-Srogl 7 -~ 7"V > 77'/53 - Diels-Alder 1855 )i % BAFE L. trans-trans-cis
fEER RO —BREULEME1F 5 Z LITP LTz, ARRISIZ X Y —ZI2 3 DONEfK
L OREZED FRE T d D, Liebeskind-Srogl 77 > 7'V > 7 %L i & 3 2 8¢ i 1 &
ZIVETITHIN 72 < . ARFEFEIT kauranoid 72 & O KW E I EBIFTRETH D,
Pd,(dba); (10 mol %) ‘
| N AsPhs (30 mol %) ,
o MeO,C CuTC (3.0 equiv) ‘0 “CO,Me
TIPSO H %Py Bu,Sri THF,S?(,’/OO.S h TIPSO A °
2. 1,6-= > A VERALEIEALIC K Y trans FiER 2B T 5 ZBRAULEME G LT,
Thorpe-Ingold 2R % 5- 2 ZEHILIZ LV | RILEADN R 2 L2 R L, £
Toe NV T T % FOME LN &3 D410 TOFlZ L LTz,
OMe
MeO o) Ph3PAuCI (5 mo 1%)
NG p AgNTf, (5 mol %)
NC | CH,Cly, t, 30 min
quant
Il
RFF 1,6-= oA VEALRMALOBFHT L 0 @ T RN A2 T4 A
U7, SERBEFO/NSR ST ) a2 AT 5 E TOmWT T o F AR DI
BUZIE, SEOENL - E RSN G2 ch - 7=,
OMe OMe
TIPSO OTIPS  (S)-MeO-DTB-BIPHEP(AUCI), (5 mol %) OTIPS
NC AgOTf (5 mol %)

NC | p-xylene, rt, 6 h
| | 94%, 86% ee
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4. 1,6-= 2 A VEALEMEIC L 0 G5 ZBRAULAW A FENE LC, bruceantin O
SO T o1, BT A% AT, B BRITHES Lo AT L A 57
PRIRIRAI A LTz,

R = OTf, CO,Me

5. K LA VEHEEMELIC K 0V BOND VT ) EEAT DBRIBIRICHR LT,
A L. bruceantin D A BREMZOARUZRE) LTz,

bruceantin
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General Information

'H and C NMR spectra were recorded on a JEOL ECX-500, ECZ-500 spectrometer and a
BRUKER AVANCE 600 spectrometer. 'H and *C chemical shifts are reported in ppm downfield
from tetramethylsilane (TMS, 6 scale) with the solvent resonances as internal standards. Chemical
shift (8) are reported in parts per million (ppm) relative to residual CHCl; (8§ = 7.26 ppm for 'H
NMR and & = 77.0 ppm for *C NMR) as an internal reference. The following abbreviations were
used to explain the multiplicities: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; band,
several overlapping signals; br, broad. IR spectra were recorded on a Thermo Fisher Scientific Inc.
Nicolet 6700 FT/IR using an attenuated total reflectance (ATR) attachment. Mass spectra and
elemental analyses were provided at the Materials Characterization Central Laboratory, Waseda
University. Melting points (mp) are uncorrected, recorded on a Yanaco micro melting point
apparatus. All reactions were carried out under an argon atmosphere with dry, freshly distilled
solvents under anhydrous conditions, unless otherwise noted. All reactions were monitored by
thin-layer chromatography carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV
light as visualizing agent and phosphomolybdic acid and heat as developing agents. E. Merck silica
gel (60, particle size 0.040-0.063 mm) was used for flash chromatography. Preparative thin-layer
chromatography (PTLC) separations were carried out on self-made 0.3 mm E. Merck silica gel

plates (60F-254).

Materials

THF and Et,O were distilled from sodium/benzophenone ketyl. Toluene was distilled from sodium.
MeOH was distilled with a small amount of magnesium and I,. DMF was distilled under reduced
pressure. Dichloromethane, benzene, MeCN were distilled from CaH,, and all other reagents were

purchased from Aldrich, TCI, or Kanto Chemical Co. Ltd.
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#oEE

ethyl
2-((15,25.,55,68)-2-((benzylthio)carbonyl)-2,6-dimethyl-5-((triisopropylsilyl)oxy)cyclohexyl)ace

tate (1a)
TIPSO o COaE

To a stirred solution of 1 (11.4 g, 23.3 mmol) in DMF (150 mL) were added K,COs (1.61 g, 11.6
mmol, 0.5 equiv) and BnSH (3.00 mL, 25.6 mmol, 1.1 equiv) at room temperature, and the reaction
mixture was stirred for 4 h at 60 °C. After disappearance of the starting material, to the reaction
mixture was added satrurated aqueous NH4Cl solution (150 mL). The aqueous layer was extracted
with Et;O (100 mLx3), and the combined organic layer was dried over Na>SO4, and evaporated.
The residue was purified by flash chromatography (hexane/ethyl acetate = 50/1) to afford the
product 1a (9.20 g, 76%) as a colorless oil:

R¢ = 0.52 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCl;) § 7.31-7.18 (5H, m), 4.17-4.05
(4H, m), 3.42 (1H, ddd, J=10.2, 10.2, 4.5 Hz), 2.46 (1H, ddd, /= 10.8, 7.9, 2.8 Hz), 2.19-2.07 (2H,
m), 1.91-1.78 (2H, m), 1.66-1.39 (3H, m), 1.24 (3H, s), 1.24 (3H, dd, J="7.4, 7.4 Hz), 1.06 (21H, s),
0.98 (3H, d, J = 6.8 Hz); *C NMR (500 MHz, CDCls)  206.0, 172.8, 137.6, 128.8, 128.5, 127.1,
75.9, 604, 54.1,42.9, 42.3, 36.3, 35.4, 33.1, 30.8, 18.2, 18.2, 15.5, 15.3, 14.1, 12.8; IR (neat) Vimax
2942, 2865, 1737, 1673, 1454, 1374, 1296, 1101, 985, 882, 793, 699, 676 cm’; HRMS-ESI
[M+Na]" calculated for C2o0HasNaO4SSi: 543.2935, found: 543.2937; [a]p** +5.2 (¢ = 0.16, CHCI5).

ethyl 2-((15,25,58,65)-2-formyl-2,6-dimethyl-5-((triisopropylsilyl)oxy)cyclohexyl)acetate (2)

TIPSO > COEL

To a stirred solution of 1a (7.09 g, 13.6 mmol) in acetone (100 mL) were added Pd(OAc), (0.306 g,
1.36 mmol, 0.1 equiv) and Et;SiH (3.46 mL, 40.8 mmol, 3.0 equiv) at room temperature, and the
reaction mixture was stirred for 10 min. After disappearance of the starting material, to the reaction
mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
40/1) to afford the product 2 (5.39 g, 90%) as a colorless oil:

R¢= 0.50 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCls) § 9.34 (1H, s), 4.08 (2H, dddd,
J=34,34,34,34Hz),3.40 (1H, ddd, /= 10.2, 10.2, 4.5 Hz), 2.23-2.12 (2H, m), 2.04-1.96 (1H,
m), 1.95-1.88 (1H, m), 1.67-1.50 (2H, m), 1.48-1.39 (1H, m), 1.36 (1H, ddd, /= 12.5, 3.4, 3.4 Hz),
1.24 3H, dd, J = 7.4, 7.4 Hz), 1.08-0.98 (27H, m); *C NMR (500 MHz, CDCl;) & 205.7, 173.1,
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76.0, 60.6, 49.9, 41.4, 40.2, 35.8, 30.5, 29.9, 18.3, 18.2, 154, 14.1, 13.0, 12.8; IR (neat) Vimax 2942,
2866, 1728, 1461, 1375, 1300, 1106, 882, 803, 678 cm’'; HRMS-ESI [M+Na]" calculated for
C2H4:NaO4Si: 421.2745, found: 421.2743; [a]p** +1.9 (¢ = 0.21, CHCI;).

ethyl

2-((18,25,55,65)-2-((E)-2-iodovinyl)-2,6-dimethyl-5-(triisopropylsilyloxy)cyclohexyl)acetate (3)
|

TPso’q{/ COEt

To a stirred solution of CrCl, (6.51 g, 52.9 mmol, 5.5 equiv) in dioxane (40 mL) were added CHI;
(7.58 g, 19.2 mmol, 2.0 equiv) and 2 (4.24 g, 9.62 mmol) in THF (40 mL) at room temperature, and
the reaction mixture was stirred for 8 h. After disappearance of the starting material, to the reaction
mixture was added saturated aqueous NH4Cl solution (80 mL). The aqueous layer was extracted
with Et,O (40 mL X 2), and the combined organic layer was dried over Na,SO4, and evaporated. The
residue was purified by flash chromatography (hexane/ethyl acetate = 50/1) to afford the product 3
(3.41 g, 68%) as a yellow oil:

Rr = 0.73 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCl3) 6 6.40 (1H, d, J = 14.7 Hz),
6.06 (1H, d, /= 14.7 Hz), 4.19-4.07 (2H, m), 3.34 (1H, ddd, /= 10.2, 10.2, 4.5 Hz), 2.19 (1H, dd, J
=16.4,3.4 Hz), 2.07 (1H, dd, /= 16.4, 7.9 Hz), 1.85-1.74 (2H, m), 1.62-1.36 (4H, m), 1.25 (3H, dd,
J=6.8, 6.8 Hz), 1.06 (21H, s), 0.96 (3H, s), 0.96 (3H, d, J = 6.8 Hz); *C NMR (125 MHz, CDCl,)
6 174.1,156.4, 77.5, 74.4, 60.8, 45.1, 44.9, 42.0, 37.3, 36.0, 31.4, 18.5, 18.5, 16.2, 15.9, 14.4, 13.1;
IR (neat) vmax 2940, 2865, 1734, 1461, 1373, 1241, 1108, 882, 802, 677 cm™'; HRMS-ESI [M+Na]*
calculated for C23Ha3INaOsSi: 545.1918, found: 545.1919; [a]p® +5.0 (¢ 0.23, CHCI).

ethyl
2-((18,2R,55,6S5)-2-((E)-buta-1,3-dienyl)-2,6-dimethyl-5-(triisopropylsilyloxy)cyclohexyl)acetat

e(d
/O'ii\
TIPSO o COE

To a stirred solution of 3 (88.5 mg, 1.69 mmol) in DMF (16 mL) were added PdCl,(MeCN), (4.4
mg, 0.0169 mmol, 0.01 equiv) and tributylvinyltin 4 (59.1 mg, 1.86 mmol, 1.1 equiv) at room
temperature, and the reaction mixture was stirred for 1 h. After disappearance of the starting material,
to the reaction mixture was added H,O (15 mL). The aqueous layer was extracted with Et;O (10 mL
X2), and the combined organic layer was dried over Na,SOs, and evaporated. The residue was

purified by flash chromatography (hexane/ethyl acetate = 50/1) to afford the product 5 (0.716 g,
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quant) as a colorless oil:

R¢= 0.73 (hexane/ethyl acetate = 8/1); '"H NMR (500 MHz, CDCls) & 6.30 (1H, ddd, J=17.0, 10.2,
10.2 Hz), 6.03 (1H, dd, J=15.3, 10,2 Hz), 5.55 (1H, d, /= 15.3 Hz), 5.11 (1H, dd, /= 17.0, 1.7 Hz),
497 (1H, dd, J=10.2, 1.7 Hz), 4.14-4.01 (2H, m), 3.36 (1H, ddd, /= 10.2, 10.2, 4.5 Hz), 2.23 (1H,
dd,/=164,2.8 Hz),2.04 (1H, dd, /J=16.4,7.9 Hz), 1.81 (1H, ddd, /= 11.9, 7.9, 3.4 Hz), 1.75 (1H,
ddd, /= 10.7, 7.9, 2.8 Hz), 1.61-1.50 (2H, m), 1.47-1.36 (2H, m), 1.22 (3H, dd, J = 6.8 Hz), 1.06
(21H, s), 0.98 (3H, s), 0.96 (3H, d, J = 6.8 Hz); *C NMR (125 MHz, CDCl3) & 174.3, 145.6, 137.6,
128.4, 115.3, 60.3, 45.6, 42.0, 39.9, 37.6, 35.9, 314, 29.7, 18.3, 18.2, 16.4, 15.7, 14.1, 12.9; IR
(neat) vmax 2940, 2866, 1736, 1648, 1602, 1463, 1373, 1103, 883, 803, 679 cm'; HRMS-ESI
[M+Na]" calculated for CosHssNaOsSi: 445.3108, found: 445.109; [o]p? —18 (¢ 0.23, CHCI;).

2-((18,2R,55,6S5)-2-((E)-buta-1,3-dienyl)-2,6-dimethyl-5-(triisopropylsilyloxy)cyclohexyl)acetic

acid (6)
A
ﬁf
TIPSO > COH

To a stirred solution of LiAIH4 (147 mg, 3.11 mmol, 2.0 equiv) in THF (10 mL) was added 5 (657
mg, 1.55 mmol) in THF (5 mL) at 0 “C, and the reaction mixture was stirred at 0 °C for 4 h. The
reaction mixture was quenched with saturated aqueous Na,SO4 (3 mL), filtered through a plug of
Celite®, and evaporated. The residue was used for the next step without further purification. R
=0.17 (hexane/ethyl acetate = 8/1)

To a stirred solution of MS 4A (819 mg, 100 wt % against NMO) and NMO (819 g, 6.99 mmol, 4.5
equiv) in CH,Cl, were added the above crude alcohol in CH>Cl, (15 mL) and TPAP (27.3 g, 0.0777
mmol, 0.05 equiv.) at 0 °C, and the reaction mixture was stirred at room temperature for 12 h. The
reaction mixture was filtered through a plug of Celite®, and evaporated. The residue was used for
the next step without further purification. Rr=0.70 (hexane/ethyl acetate = 8/1)

To a stirred solution of the above crude aldehyde and 2-methyl-2-butene (0.0993 mL, 9.37 mmol,
10 equiv.) in fBuOH/H,O (1/1, 15 mL) were added NaH,POs (225 mg, 1.87 mmol, 2.0 equiv) and
NaClO; (127 mg, 1.41 mmol, 1.5 equi.) at room temperature, and the reaction mixture was stirred
for 4 h. After disappearance of the starting material, to the reaction mixture was added saturated
aqueous NaHCO; solution (15 mL). The aqueous layer was extracted with CH>Cl, (10 mLx2), and
the combined organic layer was dried over Na,SOq, and evaporated. The residue was purified by
flash chromatography (hexane/ethyl acetate = 20/1) to afford the product 6 (357 mg, 64%) as a
colorless oil:

R¢= 0.38 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl3) & 6.29 (1H, ddd, J=17.0, 10.2,
10.2 Hz), 6.04 (1H, dd, /= 15.3, 10,2 Hz), 5.54 (1H, d, /= 15.3 Hz), 5.12 (1H, dd, J= 17.0, 1.7 Hz),
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498 (1H, dd, /= 10.2, 1.7 Hz), 3.36 (1H, ddd, /= 10.2, 10.2, 4.5 Hz), 2.30 (1H, dd, /= 17.0, 2.8
Hz), 2.09 (1H, dd, J = 17.0, 7.9 Hz), 1.81 (1H, ddd, J = 13.0, 7.9, 3.9 Hz), 1.72 (1H, ddd, J = 107,
7.9,2.8 Hz), 1.61-1.37 (4H, m), 1.07 21H, 5), 1.01 (3H, d, J = 7.4 Hz), 0.99 (3H, s); '3C NMR (125
MHz, CDCls) 6 180.2, 145.3, 137.4, 128.7, 115.6, 76.7, 45.5, 42.0, 39.9, 37.6, 35.6, 31.4, 18.3, 18.3,
16.4, 15.8, 12.9; IR (neat) vmax 2941, 2866, 1705, 1463, 1412, 1383, 1300, 1104, 1004, 882, 803,
677 cm’'; HRMS-ESI [M+Na]" calculated for C23HsNaO;Si: 417.2795, found: 417.2791; [o]p®
9.2 (¢ 0.70, CHCl).

S-phenyl
2-((18,2R,55,6S5)-2-((E)-buta-1,3-dienyl)-2,6-dimethyl-5-(triisopropylsilyloxy)cyclohexyl)ethan
ethioate (7¢)

‘ X

0]

TIP rgE Ph
SO T S

To a stirred solution of 6 (259 mg, 0.656 mmol) in CH>Cl, (6.5 mL) were added PhSH (0.067 mL,
0.656 mmol, 1.0 equiv) and DCC (203 mg, 0.984 mmol, 1.5 equiv), DMAP (8.0 mg, 0.0656 mmol,
0.1 equiv) at room temperature, and the reaction mixture was stirred for 30 min. After disappearance
of the starting material, to the reaction mixture was added saturated aqueous NH4ClI solution (6.5
mL). The aqueous layer was extracted with CH,Cl, (5 mL X 2), and the combined organic layer was
dried over Na,SOs, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 50/1) to afford the product 7¢ (278 mg, 87%) as a colorless oil:

R¢= 0.66 (hexane/ethyl acetate = 8/1); '"H NMR (500 MHz, CDCls) 6 7.39 (5H, s), 6.30 (1H, ddd, J
=16.4,10.2,10.2 Hz), 6.06 (1H, dd, /= 15.8, 10,2 Hz), 5.53 (1H, d, J=15.8 Hz), 5.14 (1H, dd, J =
16.4,1.7 Hz), 5.00 (1H, dd, /=10.2, 1.7 Hz), 3.34 (1H, ddd, /= 10.2, 10.2, 4.5 Hz), 2.57 (1H, dd, J
=17.0,2.8 Hz), 2.49 (1H, dd, /= 17.0, 7.9 Hz), 1.89 (1H, ddd, /= 10.7, 7.9, 2.8 Hz), 1.81 (1H, ddd,
J=12.5,709, 3.4 Hz), 1.61-1.37 (4H, m), 1.07 (21H, s), 1.04 (3H, d, J = 6.8 Hz), 1.01 (3H, s); *C
NMR (125 MHz, CDCls) 6 197.4, 145.4, 137.5, 134.5, 129.2, 129.0, 128.7, 128.0, 115.6, 76.7, 45.7,
45.6,42.1,40.0, 37.6,31.4, 18.3, 18.2, 16.5, 16.5, 12.9; IR (neat) vimax 2940, 2865, 1716, 1461, 1441,
1382, 1243, 1105, 1007, 883, 744, 687 cm™'; HRMS-ESI [M+Na]" calculated for C20HssNaO,SSi:
509.2880, found: 509.2884; [a]p* —53 (c 0.15, CHCI).
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S-pyridin-2-yl
2-((1S,2R,55,65)-2-((E)-buta-1,3-dienyl)-2,6-dimethyl-5-(triisopropylsilyloxy)cyclohexyl)ethan

ethioate (7d)
‘ X
TIPSO” Y TN

To a stirred solution of 6 (357 mg, 0.904 mmol) in CH>Cl, (9 mL) were added 2-PySH (121 mg,
1.08 mmol, 1.2 equiv) and EDCI (260 mg, 1.36 mmol, 1.5 equiv), DMAP (11.0 mg, 0.0904 mmol,
0.1 equiv) at room temperature, and the reaction mixture was stirred for 1 h. After disappearance of
the starting material, to the reaction mixture was added saturated aqueous NH4ClI solution (9 mL).
The aqueous layer was extracted with CH,Cl, (5 mL X2), and the combined organic layer was dried
over Na,SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 20/1) to afford the product 7d (432 mg, 98%) as a colorless oil:

R¢=0.37 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCls) 6 8.60 (1H, dd, J= 5.1, 2.3 Hz),
7.71 (1H, ddd, J = 7.3, 7.3, 2.3 Hz), 7.58 (1H, d, J = 7.3 Hz), 7.26 (1H, ddd, /= 7.3, 5.1, 1.1 Hz),
6.29 (1H, ddd, J=17.0, 10.2, 10.2 Hz), 6.05 (1H, dd, /= 15.8, 10,2 Hz), 5.53 (1H, d, /= 15.8 Hz),
5.13 (1H, dd, J = 17.0, 1.7 Hz), 4.99 (1H, dd, J = 10.2, 1.7 Hz), 3.35 (1H, ddd, J = 10.7, 10.7, 4.5
Hz), 2.64 (1H, dd, /= 16.4, 2.8 Hz), 2.52 (1H, dd, /= 16.4, 7.9 Hz), 1.90 (1H, ddd, J = 10.7, 8.5,
2.8 Hz), 1.81 (1H, ddd, /= 12.5, 8.5, 3.4 Hz), 1.61-1.36 (4H, m), 1.06 (21H, s), 1.04 (3H, d, J=6.8
Hz), 1.01 (3H, s); C NMR (125 MHz, CDCls) § 196.5, 151.8, 150.3, 145.1, 137.4, 136.9, 130.1,
128.8, 123.3, 115.8, 76.7, 46.3, 45.6, 42.1, 40.0, 37.5, 31.4, 18.3, 18.2, 16.6, 16.5, 12.9; IR (neat)
vmax 2940, 2864, 1708, 1648, 1602, 1572, 1450, 1420, 1150, 882, 801, 763, 712, 676 cm’;
HRMS-ESI [M+Na]* calculated for C,sHssNNaO,SSi: 510.2832, found: 510.2836; [a]n*® —73 (¢
0.33, CHCly).

ethyl
2-((1S,2R,5S5,65)-2-((1 E,3E)-5-(tert-butyldimethylsilyloxy)penta-1,3-dienyl)-2,6-dimethyl-5-(tri
isopropylsilyloxy)cyclohexyl)acetate (9)

/O{\/\OTBS
TIPSO > COE

To a stirred solution of 3 (991 mg, 1.89 mmol) in DMF (18 mL) were added PdCl,(MeCN), (4.9 mg,
0.0189 mmol, 0.01 equiv) and stannane 8 (961 mg, 2.08 mmol, 1.1 equiv) at room temperature, and
the reaction mixture was stirred for 1 h. After disappearance of the starting material, to the reaction
mixture was added H>O (18 mL). The aqueous layer was extracted with Et;O (10 mL X2), and the

combined organic layer was dried over Na,SQs, and evaporated. The residue was purified by flash
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chromatography (hexane/ethyl acetate = 50/1) to afford the product 9 (1.07 g, quant.) as a colorless
oil:

R¢ = 0.49 (hexane/ethyl acetate = 8/1); 'TH NMR (500 MHz, CDCls) & 6.18 (1H, dd, J = 15.3, 10.2
Hz), 6.02 (1H, dd, J = 15.3, 10.2 Hz), 5.67 (1H, ddd, J = 15.3, 5.1, 5.1 Hz), 5.51 (1H, d, J=15.3
Hz), 4.18 (2H, dd, J= 5.1, 1.1 Hz), 4.13-4.02 (2H, m), 3.36 (1H, ddd, /= 10.7, 10.7, 4.5 Hz), 2.23
(1H, dd, J =164, 2.3 Hz), 2.02 (1H, dd, J = 16.4, 8.5 Hz), 1.80 (1H, ddd, J = 12.5, 7.9, 5.7 Hz),
1.74 (1H, ddd, /= 10.7, 7.9, 2.3 Hz), 1.60-1.49 (2H, m), 1.46-1.33 (3H, m), 1.25 (6H, s), 1.22 (2H,
dd, J=7.3, 7.3 Hz), 1.06 (21H, s), 0.97 (3H, s), 0.95 (3H, d, J = 6.8 Hz), 0.91 (9H, s); C NMR
(125 MHz, CDCl3) 8 174.3, 144.8, 130.8, 130.5, 127.2, 63.6, 60.3, 45.6, 42.0, 39.9, 37.7, 35.9, 31.5,
29.7, 26.0, 18.4, 18.3, 18.3, 16.5, 15.7, 14.1, 12.9; IR (neat) vmax 2927, 2865, 1736, 1460, 1375,
1250, 1104, 837, 776, 677 cm’'; HRMS-ESI [M+Na]" calculated for C3HgNaO4Siy: 589.4079,
found: 589.4079; [a]p* —8.7 (¢ 0.36, CHCl5).

2-((18,2R,55,695)-2-((1 E ,3E)-5-(tert-butyldimethylsilyloxy)penta-1,3-dienyl)-2,6-dimethyl-5-(tri
isopropylsilyloxy)cyclohexyl)acetic acid (10)

I\ H
TIPSO €02

To a stirred solution of LiAIH4 (368 mg, 3.46 mmol, 2.0 equiv) in THF (10 mL) was added 9 (981
mg, 1.73 mmol) in THF (5 mL) at 0 “C, and the reaction mixture was stirred at 0 °C for 8 h. The
reaction mixture was quenched with saturated aqueous Na;SOy4 (3.0 mL), filtered through a plug of
Celite®, and evaporated. The residue was used for the next step without further purification. R¢
=0.18 (hexane/ethyl acetate = 8/1)

To a stirred solution of MS 4A (811 mg, , 100 wt % against NMO) and NMO (811 mg, 6.92 mmol,
4.0 equiv) in CH>Cl, were added the above crude alcohol in CH>Cl, (15 mL) and TPAP (30.4 mg,
0.0865 mmol, 0.05 equiv) at 0 °C, and the reaction mixture was stirred at room temperature for 12 h.
The reaction mixture was filtered through a plug of Celite®, and evaporated. The residue was used
for the next step without further purification. Rf=0.72 (hexane/ethyl acetate = 8/1)

To a stirred solution of the above crude aldehyde and 2-methyl-2-butene (0.946 mL, 8.93 mmol, 10
equiv) in fBuOH/H,O (1/1, 15 mL) were added NaH,PO4 (214 mg, 1.79 mmol, 2.0 equiv) and
NaClO; (121 mg, 1.34 mmol, 1.5 equiv) at room temperature, and the reaction mixture was stirred
for 4 h. After disappearance of the starting material, to the reaction mixture was added saturated
aqueous NaHCO; solution (15 mL). The aqueous layer was extracted with CH,Cl, (10 mL X 2), and
the combined organic layer was dried over Na,SOs, and evaporated. The residue was purified by
flash chromatography (hexane/ethyl acetate = 15/1) to afford the product 10 (337 mg, 55%) as a

colorless oil:
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R¢ = 0.42 (hexane/ethyl acetate = 4/1); 'TH NMR (500 MHz, CDCls) § 6.18 (1H, dd, J = 15.3, 10.2
Hz), 6.03 (1H, dd, J = 15.3, 10.2 Hz), 5.68 (1H, ddd, J = 15.3, 5.1, 5.1 Hz), 5.50 (1H, d, /= 15.3
Hz), 4.18 (2H, dd, J= 5.1, 1.1 Hz), 3.36 (1H, ddd, /= 10.7, 10.7, 4.5 Hz), 2.32 (1H, dd, /= 17.0,
1.7 Hz), 2.05 (1H, dd, /= 17.0, 8.5 Hz), 1.81 (1H, ddd, /= 12.5, 7.9, 3.4 Hz), 1.70 (1H, ddd, J =
11.3, 7.9, 2.3 Hz), 1.61-1.50 (1H, m), 1.49-1.34 (3H, m), 1.06 (27H, s), 1.00 (3H, d, J = 6.2 Hz),
0.97 (3H, s), 0.91 (9H, s); *C NMR (125 MHz, CDCls) & 180.0, 144.4, 131.0, 1304, 127.5, 65.9,
63.6,45.5,42.1,39.9, 37.7, 35.7, 31.4, 26.0, 18.4, 18.3, 18.3, 16.5, 15.7, 15.2, 12.9; IR (neat) Vimax
2941, 2865, 1706, 1463, 1382, 1255, 1105, 837, 776, 677 cm’'; HRMS-ESI [M+Na]* calculated for
C30HssNaO4Si,: 561.3766, found: 561.3767; [a]p** —12 (c 0.38, CHCI,).

S-phenyl
2-((18,2R,55,695)-2-((1 E ,3E)-5-(tert-butyldimethylsilyloxy)penta-1,3-dienyl)-2,6-dimethyl-5-(tri
isopropylsilyloxy)cyclohexyl)ethanethioate (11a)

‘ X OTBS
0]
TIPSO g SPh

To a stirred solution of 10 (427 mg, 0.792 mmol) in CH,Cl, (8 mL) were added PhSH (0.0854 mL,
0.832 mmol, 1.05 equiv) and DCC (245 mg, 1.19 mmol, 1.5 equiv), DMAP (9.7 mg, 0.0792 mmol,
0.1 equiv) at room temperature, and the reaction mixture was stirred for 2 h. After disappearance of
the starting material, to the reaction mixture was added saturated aqueous NH4Cl solution (10 mL).
The aqueous layer was extracted with CH>Cl, (5 mL X 2), and the combined organic layer was dried
over Na;SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 50/1) to afford the product 11a (0.280 g, 56%) as a yellow oil:

R¢=0.75 (hexane/ethyl acetate = 8/1); '"H NMR (500 MHz, CDCls) 8 7.38 (5H, s), 6.18 (1H, dd, J =
15.3,10.2 Hz), 6.04 (1H, dd, J=15.3, 10.2 Hz), 5.70 (1H, ddd, /= 15.3, 5.7, 5.7 Hz), 5.49 (1H, d, J
=153 Hz),4.19 (2H, dd, J=5.1, 1.1 Hz), 3.34 (1H, ddd, /= 10.7, 10.7, 4.5 Hz), 2.58 (1H, dd, J =
17.0,2.3 Hz), 2.48 (1H, dd, /=17.0, 7.9 Hz), 1.88 (1H, ddd, /= 10.7, 7.9, 2.3 Hz), 1.80 (1H, ddd, J
=13.0, 7.9, 4.5 Hz), 1.62-1.34 (4H, m), 1.07 (27H, s), 1.03 (3H, d, J = 6.8 Hz), 1.00 (3H, s), 0.91
(9H, s); C NMR (125 MHz, CDCl3) § 197.4, 144.5, 134.5, 131.1, 130.5, 129.2, 129.1, 128.1, 127.5,
63.6,45.7,45.6,45.4,42.2, 40.0, 37.7, 31.4, 26.0, 18.4, 18.3, 18.2, 16.6, 16.5, 12.9; IR (neat) Vimax
2927, 2864, 1712, 1461, 1440, 1382, 1251, 1102, 835, 743, 676 c¢cm’; HRMS-ESI [M+Na]"
calculated for C3sHs2NaO3SSis: 653.3850, found: 653.3848; [a]p?® —52 (c 0.32, CHCI3).
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2-((1S,2R 55,65)-2-((1E,3E)-5-(tert-butyldimethylsilyloxy)penta-1,3-dienyl)-2,6-dimethyl-5-(tri
isopropylsilyloxy)cyclohexyl)ethanethioate (11b)

‘ X OTBS
o0 N7 ‘
= A
TIPSO Th S

To a stirred solution of 10 (166 mg, 0.308 mmol) in CH,Cl; (3.0 mL) were added 2-PySH (36.0 mg,
0.323 mmol, 1.05 equiv) and EDCI (88.9 mg, 0.462 mmol, 1.5 equiv), DMAP (3.8 mg, 0.0308
mmol, 0.1 equiv) at room temperature, and the reaction mixture was stirred for 2 h. After
disappearance of the starting material, to the reaction mixture was added saturated aqueous NH4Cl
solution (5 mL). The aqueous layer was extracted with CH,Cl, (5 mL X2), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 25/1) to afford the product 11b (165 mg, 85%) as a
colorless oil:

R¢=0.42 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCls) 8 8.60 (1H, dd, J=4.5, 1.1 Hz),
7.71 (1H, ddd, J= 7.9, 7.9, 1.1 Hz), 7.58 (1H, ddd, J = 7.9, 1.1, 1.1 Hz), 7.28-7.24 (1H, m), 6.17
(1H, dd, J=15.3, 10.7 Hz), 6.04 (1H, dd, J = 15.3, 10.7 Hz), 5.69 (1H, ddd, J = 15.3, 5.1, 5.1 Hz),
549 (1H,d,J=15.3 Hz), 4.18 2H, dd, J=5.1, 1.1 Hz), 3.34 (1H, ddd, /= 10.7, 10.7, 4.5 Hz), 2.65
(1H, dd, J = 17.0, 2.3 Hz), 2.51 (1H, dd, J = 17.0, 7.9 Hz), 1.88 (1H, ddd, J = 10.7, 7.9, 2.3 Hz),
1.80 (1H, ddd, J = 13.0, 7.9, 4.0 Hz), 1.64-1.34 (4H, m), 1.06 (27H, s), 1.04 (3H, d, J = 6.8 Hz),
1.00 (3H, s), 0.90 (9H, s); '*C NMR (125 MHz, CDCl3) 8 196.5, 151.9, 150.3, 144.2, 136.9, 131.3,
130.3, 130.1, 127.6, 123.3, 63.6, 46.3, 45.7, 42.1, 40.3, 40.0, 37.7, 31.4, 26.0, 18.4, 18.3, 18.2, 16.7,
16.6, 12.9; IR (neat) vimax 2928, 2864, 1709,1573, 1461, 1451, 1252, 1102, 835, 763, 736, 676 cm’';
HRMS-ESI [M+Na]" calculated for CssHs1NNaO3SSi»: 654.3803, found: 654.3801; [a]p®® —53 (¢
0.32, CHCl).

ethyl
2-((18,2R,5S,65)-2,6-dimethyl-2-((1E,3 E)-penta-1,3-dien-1-yl)-5-((triisopropylsilyl)oxy)cyclohe

xyl)acetate (13)
X
oo
TIPSO o COE

To a stirred solution of phenyltetrazole 12 (195 mg, 0.738 mmol, 3.0 equiv) in DME (3mL) was
added KHMDS (0.5M in toluene, 1.48 mL, 0.738 mmol, 3.0 equiv) at —60 °C, and the reaction
mixture was stirred for 30 min at —78 °C. Then, to a stirred solution, 2 (98.1 mg, 246 mmol) in DME
(1 mLx3) was added. The reaction mixture was warmed to room temperature and stirred for 2 h.

After disappearance of the starting material, to the reaction mixture was added saturated aqueous
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NH4Cl solution (5 mL). The aqueous layer was extracted with EtOAc (10 mL*3), and the combined
organic layer was washed with brine (10 mL), dried over Na>SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 30/1) to afford the product 13 (73.1 mg,
68%) as colorless oil:

R¢ = 0.74 (hexane/ethyl acetate = 8/1); '"H NMR (500 MHz, CDCI5) & 6.06-6.00 (2H, m), 5.60 (1H,
dq, /= 6.8, 6.8 Hz), 5.40 (1H, d, /= 13.0 Hz), 4.14-4.00 (2H, m), 3.35 (1H, ddd, /= 10.2, 10.2, 4.5
Hz), 2.24 (1H, dd, J = 15.9, 2.8 Hz), 2.02 (1H, dd, J = 15.9, 7.9 Hz), 1.84-1.69 (5H, m), 1.62-1.50
(1H, m), 1.47-1.33 (3H, m), 1.22 (3H, dd, J = 6.8, 6.8 Hz), 1.06 (24H, s), 0.96 (3H, s); *C NMR
(500 MHz, CDCl3) 6 174.4, 142.4, 132.0, 127.8, 127.4, 60.2, 45.7, 42.0, 39.7, 37.8, 35.9, 31.5, 18.3,
18.2,18.0, 16.5, 15.7, 14.1, 12.9; IR (neat) vmax 2941, 2866, 1736, 1463, 1373, 1103, 990, 883, 805,
677 cm’'; HRMS-ESI [M+Na]" calculated for CosHssNaOsSi: 459.3265, found: 459.3266; [o]p™* =
-14 (¢ =0.47, CHCI).

2-((18,2R,55,65)-2,6-dimethyl-2-((1E,3 E)-penta-1,3-dien-1-yl)-5-((triisopropylsilyl)oxy)cyclohe

xyDacetic acid (14)
/O{\/
L __CO,H
TIPSO H 2

To a stirred solution of LiAlH4 (18.8 mg, 0.397 mmol, 2.0 equiv) in THF (1 mL) was added 13 (86.6
mg, 0.198 mmol) in THF (1 mLx3) at 0 °C, and the reaction mixture was stirred at 0 °C for 8 h. The
reaction mixture was quenched with saturated aqueous Na;SO4 (3 mL), filtered through a plug of
Celite®, and evaporated. The residue was used for the next step without further purification. R¢
=0.34 (hexane/ethyl acetate = 4/1)

To a stirred solution of MS 4A (104 mg, 100 wt % against NMO) and NMO (104 mg, 0.892 mmol,
4.5 equiv) in CHxCl, (1 mL) were added the above crude alcohol in CH,Cl, (1 mLx3) and TPAP
(3.5 mg, 0.0099.mmol, 0.05 equiv.) at 0 °C, and the reaction mixture was stirred at room temperature
for 16 h. The reaction mixture was filtered through a plug of Celite®, and evaporated. The residue
was used for the next step without further purification. Rr=0.75 (hexane/ethyl acetate = 4/1)

To a stirred solution of the above crude aldehyde and 2-methyl-2-butene (0.21 mL, 1.983 mmol, 10
equiv.) in BuOH/H,0 (1/1, 5 mL) were added NaH>PO4 (47.6 mg, 0.0.397 mmol, 2.0 equiv) and
NaClO; (26.9 mg, 0.298 mmol, 1.5 equi.) at room temperature, and the reaction mixture was stirred
for 24 h. After disappearance of the starting material, to the reaction mixture was added saturated
aqueous NaHCO; solution (10 mL). The aqueous layer was extracted with CH>Cl, (10 mLx2), and
the combined organic layer was dried over Na,SOq, and evaporated. The residue was purified by
flash chromatography (hexane/ethyl acetate = 10/1) to afford the product 14 (47.8 mg, 59%) as a

colorless oil:
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R¢ = 0.45 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCI3) & 6.08-5.92 (1H, m), 5.71-5.20
(3H, m), 3.40-3.31 (1H, m), 2.34 (1H, dddd, J = 16.4, 11.9, 4.5, 2.3 Hz), 2.06 (1H, dd, J = 16.4, 7.4
Hz), 1.85-1.14 (6H, m), 1.06 (21H, s), 1.00 (3H, d, J = 6.3 Hz), 0.97 (3H, 5), 0.93 (3H, 5): 13C NMR
(500 MHz, CDCIl;3) 6 180.4142.1, 131.8, 128.1, 127.8, 45.6, 42.0, 39.5, 37.8, 35.4, 31.5, 18.3, 18.2,
18.0,16.5, 15.9, 12.9; IR (neat) vmax 2941, 2866, 1704, 1460, 1102, 882, 803, 676 cm™'; HRMS-ESI
[M+Na]" calculated for C24H44NaO;Si: 431.2952, found: 431.2953; [a]p*® = -3.8 (¢ = 0.35, CHCl).

S-phenyl
2-((18,2R,55,6S5)-2,6-dimethyl-2-((1E,3 E)-penta-1,3-dien-1-yl)-5-((triisopropylsilyl)oxy)cyclohe
xyl)ethanethioate (15a)

‘ X

(0]

TIP g Ph
SO S S

To a stirred solution of 14 (118 mg, 0.303 mmol) in EtOAc (5 mL) were added PhSH (0.031 mL,
0.303 mmol, 1.00 equiv) and DCC (62.5 mg, 0.303 mmol, 1.0 equiv), DMAP (3.7 mg, 0.0303
mmol, 0.1 equiv) at room temperature, and the reaction mixture was stirred for 15 min. After
disappearance of the starting material, to the reaction mixture was added saturated aqueous NH4Cl
solution (10 mL). The aqueous layer was extracted with CH,Cl, (5 mL X2), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 80 / 1) to afford the product 15a (63.7 mg, 42%) as a
yellow oil:

R = 0.79 (hexane/ethyl acetate = 4/1); 'H NMR (500 MHz, CDCls) & 7.38 (5H, s), 6.07-5.94 (2H,
m), 5.64 (1H, ddd, J=14.2, 14.2, 6.8 Hz), 5.46-5.33 (1H, m), 3.34 (1H, ddd, /= 10.2, 10.2, 4.5 Hz),
2.69-2.55 (1H, m), 2.48 (1H, dd, /=16 .4, 7.9 Hz), 1.96-1.70 (5H, m), 1.66 (1H, dd, /= 6.2, 1.7 Hz),
1.63-1.16 (3H, m), 1.07 (21H, s), 1.04 3H, d, J = 6.8 Hz), 0.99 (3H, s); *C NMR (500 MHz,
CDCls) 6 197.5, 142.2, 134.5, 132.0, 129.2, 129.0, 128.1, 128.0, 127.7, 45.8, 45.7, 42.1, 39.9, 37.8,
349, 31.5, 18.3, 18.3, 18.0, 16.6, 12.9; IR (neat) vmax 2939, 2865, 2119, 1713, 1460, 1440, 1382,
1103, 988, 882, 744, 677 cm'; HRMS-ESI [M+Na]" calculated for CsHisNaO,SSi: 523.3036,
found: 523.3041; [a]p*’ = -54 (c = 0.18, CHCl5).

S-(pyridin-2-yl)
2-((18,2R,5S,65)-2,6-dimethyl-2-((1E,3 E)-penta-1,3-dien-1-yl)-5-((triisopropylsilyl)oxy)cyclohe
xyl)ethanethioate (15b)



To a stirred solution of 14 (23.6 mg, 0.0578 mmol) in CH>Cl, (3.0 mL) were added 2-PySH (6.8 mg,
0.0606 mmol, 1.05 equiv) and EDCI (16.6 mg, 0.0867 mmol, 1.5 equiv), DMAP (0.7 mg, 0.0058
mmol, 0.1 equiv) at room temperature, and the reaction mixture was stirred for 4 h. After
disappearance of the starting material, to the reaction mixture was added saturated aqueous NH4Cl
solution (5 mL). The aqueous layer was extracted with CH>Cl, (5 mL X2), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 20/1) to afford the product 15b (3.7 mg, 13%) as a
colorless oil:

R¢=0.51 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCls) § 8.60 (1H, dd, J=4.5, 1.1 Hz),
7.71 (1H, ddd, /=179, 7.9, 1.7 Hz), 7.58 (1H, d, J = 7.9 Hz), 7.28-7.24 (1H, m), 6.00 (1H, d, J =
14.7 Hz), 6.00 (1H, dd, /= 19.3, 10.2 Hz), 5.66-5.57 (1H, m), 5.44-5.33 (1H, m), 3.34 (1H, ddd, J =
10.2,10.2, 4.5 Hz), 2.66 (1H, dd, J = 16.4, 2.3 Hz), 2.51 (1H, dd, J= 164, 7.9 Hz), 1.94-1.70 (5H,
m), 1.61-1.16 (4H, m), 1.06 (21H, s), 1.04 (3H, d, J = 6.2 Hz), 0.99 (3H, s); '*C NMR (500 MHz,
CDCls) 6 196.5, 151.9, 150.3, 142.0, 136.9, 131.9, 130.1, 128.2, 127.9, 123.3, 46.3,45.9, 42.1, 39.9,
37.8, 31.5, 29.7, 18.3, 18.2, 18.0, 16.7, 16.6, 12.9; IR (neat) vmax 2940, 2865, 1710, 1573, 1561,
1450, 1420, 1104, 988, 882, 764, 678 cm™'; HRMS-ESI [M+Na]" calculated for CooHs7NNaO,SSi:
524.2989, found: 524.2992; [a]p** = -69 (¢ = 0.13, CHCL5).

(18,25,4a5,4bR,8aS,10aS)-methyl
1,4a-dimethyl-9-o0xo0-2-(triisopropylsilyloxy)-1,2,3,4,4a,4b,7,8,82,9,10,10a-dodecahydrophenant

TIPSO g (6}
DA

To a stirred solution of 7d (31.2 mg, 0.0640 mmol) and stannane 16a (48.0 mg, 0.128 mmol, 2.0
equiv) in THF (1.3 mL) were added Pdx(dba); (5.9 mg, 0.00640 mmol, 0.1 equiv), AsPhs (5.9 mg,
0.0192 mmol, 0.3 equiv) and CuTC (36.6 mg, 0.192 mmol, 3.0 equiv). The reaction mixture was

hrene-8a-carboxylate (17)

stirred at room temperature for 30 min. The reaction mixture was filtered through a plug of Celite®,
and evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 8/1 X2) to afford the
product 17 (11.7 mg, 81%) as a colorless oil:

R¢ = 0.44 (hexane/ethyl acetate = 8/1); 'TH NMR (500 MHz, CDCls) § 5.86 (1H, m), 5.65 (1H, m),
3.70 (3H, s), 3.35 (1H, ddd, /= 10.7, 10.7, 4.5 Hz), 2.88 (1H, br), 2.61 (1H, dd, /= 17.0, 4.5 Hz),
2.27 (1H, m), 2.19 (1H, dd, J = 17.0, 13.0 Hz), 2.12 (1H, m), 2.06 (1H, m), 1.91-1.83 (3H, m),
1.62-1.47 (2H, m), 1.42-1.27 (2H, m), 1.07 (21H, s), 0.98 (3H, d, J = 6.2 Hz), 0.87 (3H, s); 1*C
NMR (125 MHz, CDCls) 6 209.7, 172.8, 128.7, 124.2, 77.3, 58.9, 52.6, 49.7, 46.5, 40.8, 39.5, 37.2,
36.8, 31.0, 26.2, 22.0, 18.3, 18.2, 15.3, 14.7, 12.9; IR (neat) vmax 2925, 2865, 1736, 1707, 1460,
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1234, 1103, 1060, 883, 809, 678 cm'; HRMS-ESI [M+Na]" calculated for C27HiNaOsSi: 485.3058,
found: 485.3057; [a]p®® +3.1 (c 0.07, CHCL).

(18,25,4a5,4bR,8R,8aS,10aS)-methyl
8-(2-(tert-butyldimethylsilyloxy)ethyl)-1,4a-dimethyl-9-oxo-2-(triisopropylsilyloxy)-1,2,3,4,4a,4
b,7,8,8a,9,10,10a-dodecahydrophenanthrene-8a-carboxylate (18)

:,,,/\
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To a stirred solution of 7¢ (25.6 mg, 0.0525 mmol) and stannane 16b (56.0 mg, 0.105 mmol, 2.0
equiv) in THF (1.1 mL) were added Pdx(dba); (4.8 mg, 0.00525 mmol, 0.1 equiv), AsPhs (4.8 mg,
0.0158 mmol, 0.3 equiv) and CuTC (30.0 mg, 0.1575 mmol, 3.0 equiv). The reaction mixture was
stirred at room temperature for 2 h. The reaction mixture was filtered through a plug of Celite®, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 8/1 X 2) to afford the product
18 (21.0 mg, 66%) as a colorless oil:

Rr = 0.58 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCl;) § 5.85-5.77 (1H, m), 5.68-5.60
(1H, m), 3.67 (3H, s), 3.63-3.49 (2H, m), 3.38-3.28 (1H, m), 2.94 (1H, d, J = 4.5 Hz), 2.65-2.57 (1H,
m), 2.47 (1H, dd, /= 14.7, 2.8 Hz), 2.35-2.22 (2H, m), 2.15-2.03 (1H, m), 1.85 (2H, d, /= 10.7 Hz),
1.72 (1H, dd, J = 14.1, 9.6 Hz), 1.51-1.38 (3H, d, J = 6.2 Hz), 1.36-1.23 (2H, d, J = 6.2 Hz), 1.07
(27H, s), 0.97 (3H, s), 0.87 (12H, s); *C NMR (125 MHz, CDCls) 6 209.7, 172.2, 128.5, 124.8, 76.8,
64.4, 60.6, 52.1, 52.0, 40.2, 39.6, 37.6, 37.2, 34.0, 31.0, 30.3, 28.0, 26.0, 26.0, 25.9, 18.3, 18.2, 18.2,
154, 154, 12.9; IR (neat) vmax 2945, 2865, 1736, 1702, 1462, 1387, 1096, 834, 736, 677 cm’';
HRMS-ESI [M+Na]" calculated for C3sHesNaOsSiz: 643.4184, found: 643.4181; [a]p** —0.63 (¢
0.96, CHCl3).

(3aR,7a8,9a8,10S8,115,13a8,13bR)-3,3a,4,5,7,8,9,92,10,11,12,13,13a,13b-tetradecahydro-10,13a
-dimethyl-7,8-dioxonaphtho[1,2-i]isochromen-11-yl 3,5-dinitrobenzoate (18)

R = diNO,Bz
To a stirred solution of 18 (13.8 mg, 0.0222 mmol) in THF was added TBAF (1.0 M in THF, 0.067
mL, 0.0666 mmol, 3.0 equiv), and the reaction mixture was stirred for 4 h at room temperature.
After disappearance of the starting material, to the reaction mixture was added saturated aqueous
NH4CI solution. The aqueous layer was extracted with Et,O, and the combined organic layer was

dried over Na,SQO., and evaporated. The residue was used for the next step without further
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purification.

To a stirred solution of the residue in CH,Cl, (1.0 mL) were added DMAP (cat.) and 3,5-diNO,BzCl
(excess), and the reaction mixture was stirred for 30 min at room temperature. After disappearance
of the starting material, to the reaction mixture was added saturated aqueous NH4Cl solution. The
aqueous layer was extracted with Et;O, and the combined organic layer was dried over Na,SO4, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 50/1 X3) to afford 18> (3.2
mg, 28% over 2 steps):

"H NMR (600 MHz, CDCl5) & 9.24 (1H, dd, J = 2.1, 2.1 Hz), 9.16 (2H, d, J = 2.1 Hz), 5.91 (1H,
ddd, J=10.3, 3.4, 3.4 Hz), 5.84-5.79 (1H, m), 4.81 (1H, ddd, J=11.0, 11.0, 5.1 Hz), 4.53-4.42 (2H,
m), 3.19 (1H, d, J = 4.9 Hz), 2.84-2.76 (1H, m), 2.69 (1H, dd, J = 14.8, 3.7 Hz), 2.45 (1H, dd, J =
14.0, 14.0 Hz), 2.34 (1H, ddddd, J = 18.7, 3.5, 3.5, 35, 3.5 Hz), 2.20-2.08 (2H, m), 2.06-1.89 (3H,
m), 1.82-1.69 (3H, m), 1.52 (1H, dd, J = 14.4, 4.3 Hz), 1.11 (3H, s), 0.96 (3H, d, J = 6.3 Hz); 1*C
NMR (150 MHz, CDCl3) 6 208.6, 170.5, 162.0, 148.7, 134.1, 129.4, 127.5, 125.6, 122.4, 80.6, 65.5,
61.4,49.8,48.2,39.1, 37.6, 36.6, 36.5, 28.9, 27.8, 26.3, 24.4, 15.1, 14.8; IR (neat) vmax 3103, 2926,
1724, 1697, 1623, 1542, 1459, 1344, 1272, 1164, 721 cm™'; HRMS-ESI [M+Na]" calculated for
Ca6H2sN2NaOy: 535.1687, found: 535.1690; [o]p*’ +36 (c 0.095, CHCl;).

(18,25,4a5,4bR,8S,8a5,10aS5)-ethyl
8-(2-(4-methoxybenzyloxy)ethyl)-1,4a-dimethyl-9-oxo-2-(triisopropylsilyloxy)-1,2,3,4,4a,4b,7,8,
8a,9,10,10a-dodecahydrophenanthrene-8a-carboxylate (19)

-, OPMB
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To a stirred solution of 7¢ (27.0 mg, 0.0554 mmol) and stannane 16¢ (61.3 mg, 0.111 mmol, 2.0
equiv) in THF (1.1 mL) were added Pd»(dba); (5.8 mg, 0.0055 mmol, 0.1 equiv), AsPh; (5.8 mg,
0.0166 mmol, 0.3 equiv) and CuTC (31.7 g, 0.166 mmol, 3.0 equiv). The reaction mixture was
stirred at room temperature for 2 h. The reaction mixture was filtered through a plug of Celite®, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 8/1 X 2) to afford the product
19 (11.4 g, 32%) as a colorless oil:

R¢= 0.34 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCl;) § 7.22 (2H, d, J = 8.5 Hz), 6.86
(2H, d, J = 8.5 Hz), 5.83-5.77 (1H, m), 5.49 (1H, ddd, J = 10.7, 2.8, 2.8 Hz), 4.39 (1H, d, /= 11.3
Hz), 434 (1H, d, J = 11.3 Hz), 4.30 (1H, m), 4.15 (1H, m), 3.80 (3H, s), 3.44-3.23 (4H, m), 2.87
(1H, dd, J=17.0, 6.2 Hz), 2.27(1H, m), 2.06-1.95 (2H, m), 1.91-1.77 (4H, m), 1.49-1.23 (8H, m),
1.06 (21H, s), 0.96 (3H, d, J = 6.2 Hz), 0.64 (3H, s); *C NMR (125 MHz, CDCl;) & 209.6, 174.3,
159.0, 130.7, 129.1, 126.7, 125.4, 113.7, 76.7, 76.6, 72.3, 68.6, 61.7, 60.5, 55.3, 53.9, 44.0, 43.0,
414,39.2,38.3,36.7,31.3,30.3, 26.5, 18.3, 18.2, 15.8, 14.0, 12.9; IR (neat) vmax 2921, 2851, 1736,
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1709, 1513, 1462, 1096, 882, 808, 737, 677 cm’'; HRMS-ESI [M+Na]" calculated for
CisHeoNaOgSi: 663.4051, found: 663.4050; [a]p®” + 42 (c 0.12, CHCl5).

(15,25,4a5,4bR,85,8a5,10aS5)-ethyl
2-(3,5-dinitrobenzoyloxy)-8-(2-(3,5-dinitrobenzoyloxy)ethyl)-1,2,3,4,4a,4b,7,8,82,9,10,10a-dode
cahydro-1,4a-dimethyl-9-oxophenanthrene-8a-carboxylate (19)

‘, R
‘e ICOZEt 0
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R = diNO,Bz
To a stirred solution of 19 (16.8 mg, 0.0267 mmol) in THF was added TBAF (1.0 M in THF, 0.080
mL, 0.0801 mmol, 3.0 equiv), and the reaction mixture was stirred for 4 h at 50 °C. After
disappearance of the starting material, to the reaction mixture was added saturated aqueous NH4Cl
solution. The aqueous layer was extracted with Et,O, and the combined organic layer was dried over
Na,SOs, and evaporated. The residue was used for the next step without further purification.

To a stirred solution of the residue in CH>Cl,/H>O (1/1) was added DDQ (18.1 mg, 0.0801 mmol,
3.0 equiv), and the reaction mixture was stirred for 1 h at room temperature. After disappearance of
the starting material, to the reaction mixture was added saturated aqueous NaHCOs solution. The
aqueous layer was extracted with CH>Cl,, and the combined organic layer was dried over Na;SOs,
and evaporated. The residue was purified by short column to afford a colorless oil.

To a stirred solution of the residue in CH,Cl, were added DMAP ((4.9 mg, 0.0400 mmol, 1.5 equiv)
and 3,5-diNO,BzCl (6.5 mg, 0.0280 mmol, 1.05 equiv), and the reaction mixture was stirred for 30
min at room temperature. After disappearance of the starting material, to the reaction mixture was
added saturated aqueous NH4CI solution. The aqueous layer was extracted with Et,O, and the
combined organic layer was dried over Na,SOs, and evaporated. The residue was purified by PTLC
(hexane/ethyl acetate = 50/1 X 3) to afford 19” as a colorless oil (5.2 mg, 26% over 3 steps):

'H NMR (600 MHz, CDCl5) § 9.16 (2H, ddd, J = 2.3, 2.3, 2.3 Hz), 9.08 (4H, dd, J = 2.3, 0.9 Hz),
5.87-5.82 (1H, m), 5.49 (1H, ddd, J = 10.5, 2.7, 2.7 Hz), 4.77 (1H, ddd, J = 10.3, 10.3, 4.2 Hz),
4.41-4.31 (2H, m), 4.26-4.19 (1H, m), 3.25 (1H, s), 2.91 (1H, dd, J = 18.3, 6.8 Hz), 2.36-2.28 (1H,
m), 2.24-2.17 (1H, m), 2.08 (1H, ddd, J = 17.5, 6.0, 6.0 Hz), 2.00-1.91 (3H, m), 1.89-1.74 (3H, m),
1.65-1.44 (4H, m), 1.30 (3H, dd, J = 7.2, 7.2 Hz), 0.88 (3H, d, J = 6.8 Hz), 0.70 (3H, s); *C NMR
(150 MHz, CDCls3) & 208.9, 174.5, 163.0, 162.5, 149.1, 134.5, 134.3, 129.8, 129.8, 129.7, 127.1,
125.7, 122.8, 122.8, 80.7, 65.8, 62.6, 60.9, 54.2, 44.3, 42.8, 38.9, 38.5, 38.0, 37.1, 30.1, 27.3, 26.9,
16.8, 15.7, 14.6; IR (neat) vmax 3100, 2973, 1725, 1707, 1628, 1541, 1459, 1343, 1275, 1166, 1075,
920, 720 cm'; HRMS-ESI [M+CI] calculated for CssH3sCIN4Ojs: 787.1871, found: 787.1887;
[a]p?® +39 (c 0.14, CHCI5).
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(18,25.,4a5,4bR,7S5,8aS,10aS)-methyl
7-((tert-butyldimethylsilyloxy)methyl)-1,4a-dimethyl-9-oxo-2-(triisopropylsilyloxy)-1,2,3,4,4a,4
b,7,8,82,9,10,10a-dodecahydrophenanthrene-8a-carboxylate (20)

‘ OTBS
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To a stirred solution of 11b (29.3 mg, 0.0463 mmol) and stannane 16a (43.5 mg, 0.0926 mmol, 2.0
equiv) in THF (0.95 mL) were added Pd»(dba); (4.2 mg, 0.00463 mmol, 0.1 equiv), AsPhs (4.2 mg,
0.0139 mmol, 0.3 equiv) and CuTC (26.5 mg, 0.139 mmol, 3.0 equiv). The reaction mixture was
stirred at room temperature for 2 h. The reaction mixture was filtered through a plug of Celite®, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 8/1 X 2) to afford the product
20 (17.4 mg, 62%) as a colorless oil:

Rr = 0.57 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCls) 6 5.80 (1H, d, J = 10.7 Hz),
5.70 (1H, ddd, J=10.7, 4.5, 2.3 Hz), 3.70 (3H, s), 3.61 (1H, dd, /= 10.2, 5.7 Hz), 3.51 (1H, dd, J =
9.7, 5.7 Hz), 3.35 (1H, ddd, J = 10.7, 10.7, 4.5 Hz), 2.78 (1H, s), 2.61 (2H, dd, J = 17.5, 4.5 Hz),
2.27-2.16 (2H, m), 1.87 (2H, d, /= 12.5 Hz), 1.68-1.23 (5H, m), 1.08 (27H, s), 0.99 (3H, d, J= 6.8
Hz), 0.92 (3H, s), 0.88 (9H, s); *C NMR (125 MHz, CDCls) § 209.8, 172.6, 131.2, 124.8, 77.3, 66.7,
59.6, 52.6,49.9, 47.1, 40.5, 39.1, 36.9, 36.6, 35.8, 31.0, 29.7, 29.1, 26.0, 25.9, 18.3, 18.2, 15.2, 14.8,
12.9; IR (neat) vmax 2925, 2855, 1809, 1732, 1702, 1461, 1381, 1250, 1069, 835, 775, 675 cm’;
HRMS-ESI [M+Na]" calculated for C3sHs:NaOsSiy: 629.4028, found: 629.4028; [a]p?® —24 (¢ 0.19,
CHCl).

(15,25,4aS5,4bR,78,8a5,10aS)-methyl
2-(3,5-dinitrobenzoyloxy)-7-((3,5-dinitrobenzoyloxy)methyl)-1,2,3,4,4a,4b,7,8,8a,9,10,10a-dode
cahydro-1,4a-dimethyl-9-oxophenanthrene-8a-carboxylate (20°)

Y
R =
(6) T ¢}

R = diNO,Bz

To a stirred solution of 20 (10.8 mg, 0.0178 mmol) in THF was added TBAF (1.0 M in THF, 0.053
mL, 0.0534 mmol, 3.0 equiv), and the reaction mixture was stirred for 4 h at room temperature.
After disappearance of the starting material, to the reaction mixture was added saturated aqueous
NH4CI solution. The aqueous layer was extracted with Et,O, and the combined organic layer was
dried over Na,SO., and evaporated. The residue was used for the next step without further
purification.

To a stirred solution of the residue in CH,Cl, were added DMAP (cat.) and 3,5-diNO,BzCl (excess),
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and the reaction mixture was stirred for 30 min at room temperature. After disappearance of the
starting material, to the reaction mixture was added saturated aqueous NH4Cl solution. The aqueous
layer was extracted with Et:O, and the combined organic layer was dried over Na,SOs, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 50/1 X 3) to afford 20 (5.6
mg, 43% over 2 steps):

"HNMR (500 MHz, CDCl5) 8 9.25 (2H, dd, J=2.3,2.3 Hz), 9.17 (2H, d,J=2.3 Hz), 9.14 2H, d, J
=2.3 Hz), 5.89 (2H, s), 4.87 (1H, ddd, J=10.7, 10.7, 4.5 Hz), 4.54 (1H, dd, J= 10.7, 5.7 Hz), 4.41
(1H, dd, J=10.7, 5.1 Hz), 3.76 (3H, s), 3.16-3.07 (1H, m), 2.94 (1H, s), 2.78 (1H, dd, J=17.0, 4.5
Hz), 2.47 (1H, dd, /= 13.6, 5.7 Hz), 2.31 (1H, dd, J= 17.5, 12.5 Hz), 2.14 (1H, ddd, J = 12.5, 8.5,
4.0 Hz), 2.06 (1H, ddd, J = 13.6, 3.4, 3.4 Hz), 1.92-1.74 (3H, m), 1.65 (1H, dd, J = 13.6, 10.7 Hz),
1.60 (1H, dd, J = 13.6, 3.4 Hz), 1.06 (3H, s), 0.97 (3H, d, J = 6.3 Hz s); *C NMR (125 MHz,
CDCls) 6 207.9, 175.7, 171.8, 162.5, 162.1, 151.5, 148.7, 134.0, 133.7, 1294, 129.4, 126.3, 122.6,
122.5,77.2,76.9, 69.6, 58.6,49.5, 46.3, 39.1, 37.1, 36.8, 36.1, 32.7, 29.4, 26.4, 14.9, 14.5; IR (neat)
vmax 3101, 2951, 1726, 1701, 1628, 1541, 1459, 1343, 1272, 1164, 720 cm’'; HRMS-ESI [M+CI]
calculated for C33H32Cl N4O)s: 759.1558, found: 759.1560; [a]p?® —30 (c 0.18, CHCI;).

(Z)-methyl
5-(tert-butyldimethylsilyloxy)-2-(2-((1S,2R,5S,65)-2-((1E,3E)-5-(tert-butyldimethylsilyloxy)pe
nta-1,3-dienyl)-2,6-dimethyl-5-(triisopropylsilyloxy)cyclohexyl)acetyl)pent-2-enoate (21)

| X-""oTBS
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To a stirred solution of 11a (33.6 mg, 0.0531 mmol) and stannane 16b (56.6 mg, 0.106 mmol, 2.0
equiv) in THF (1.1 mL) were added Pdx(dba); (4.7 mg, 0.00531 mmol, 0.1 equiv), AsPhs (4.9 mg,
0.0159 mmol, 0.3 equiv) and CuTC (30.4 mg, 0.159 mmol, 3.0 equiv). The reaction mixture was
stirred at room temperature for 3 h. The reaction mixture was filtered through a plug of Celite®, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 8/1 X 2) to afford the product
21 (24.3 mg, 58%) as a colorless oil:

R¢= 0.58 (hexane/ethyl acetate = 8/1); '"H NMR (500 MHz, CDCl5)  6.89 (1H, d, J= 7.4 Hz), 6.14
(1H, dd, J=14.7, 10.2 Hz), 5.99 (1H, dd, /= 14.7, 10.2 Hz), 5.65 (1H, ddd, /= 14.7, 5.1, 5.1 Hz),
547 (1H,d,J=15.8 Hz),4.17 (2H, d, J=5.7 Hz), 3.83 (3H, s), 3.73 (2H, dd, /= 6.3, 6.3 Hz), 3.36
(1H, ddd, J=10.2, 10.2, 4.5 Hz), 2.59-2.50 (2H, m), 2.33 (1H, d, /= 17.0 Hz), 2.00 (1H, dd, /= 9.6,
9.6 Hz), 1.86-1.21 (6H, m), 1.05 (33H, s), 0.98 (3H, s), 0.90 (9H, s), 0.88 (9H, s), 0.83 3H, d, J =
6.8 Hz); *C NMR (125 MHz, CDCl5) 5 196.8, 166.9, 144.8, 137.6, 130.8, 130.5, 129.5, 127.2, 63.6,
61.3,59.7,52.0,43.5,42.1, 40.7,40.1, 39.9, 37.8, 33.4, 31.5, 29.7, 26.0, 25.8, 18.4, 18.3, 18.2, 16.8,
16.6, 12.9; IR (neat) vmax 2928, 2861, 1732, 1462, 1381, 1361, 1098, 833, 775, 676 cm’;
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HRMS-ESI [M+Na]" calculated for C42HsoNaOgSis: 787.5155, found: 787.5148; [o]p® +2.4 (c 0.42,
CHCly).

(E)-ethyl
5-(4-methoxybenzyloxy)-2-(2-((15,2R.5S,65)-2-((1E,3E)-5-(tert-butyldimethylsilyloxy)penta-1,
3-dienyl)-2,6-dimethyl-5-(triisopropylsilyloxy)cyclohexyl)acetyl)pent-2-enoate (22)

‘/\/\OTBS
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To a stirred solution of 11a (34.0 mg, 0.0538 mmol) and stannane 16¢ (59.5 mg, 0.108 mmol, 2.0
equiv) in THF (1.1 mL) were added Pd(PPhs)s (12.2 mg, 0.0108 mmol, 0.2 equiv), AsPhs (4.9 mg,
0.0161 mmol, 0.3 equiv) and CuTC (30.8 g, 0.0161 mmol, 3.0 equiv). The reaction mixture was
stirred at room temperature for 4 h. The reaction mixture was filtered through a plug of Celite®, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 8/1 X 2) to afford the product
22 (15.2 mg, 36%) as a colorless oil:

R¢= 0.35 (hexane/ethyl acetate = 8/1); 'H NMR (500 MHz, CDCl;) § 7.23 (2H, d, J= 9.0 Hz), 6.97
(1H, dd, J=7.4, 7.4 Hz), 6.87 (2H, d, J=9.0 Hz), 6.11 (1H, dd, /= 14.7, 10.2 Hz), 5.96 (1H, dd, J
=14.7,10.2 Hz), 5.61 (1H, ddd, J = 14.7, 5.1, 5.1 Hz), 5.46 (1H, d, J= 14.7 Hz), 4.41 (2H, s), 4.21
(2H, q,J=6.8 Hz), 4.13 (2H, d, J=4.5 Hz), 3.80 (3H, s), 3.50 (2H, ddd, /= 6.3, 6.3, 1.1 Hz), 3.39
(1H, ddd, J = 10.7, 10.7, 4.5 Hz), 2.57-2.51 (2H, m), 2.44-2.36 (2H, m), 2.05-1.97 (1H, m),
1.85-1.75 (1H, m), 1.41-1.30 (4H, m), 1.27 (3H, t, /= 6.8 Hz), 1.26 (6H, s), 1.07 (21H, s), 0.95 (3H,
d,J=6.8 Hz), 0.93 (3H, s), 0.89 (9H, s); '>*C NMR (125 MHz, CDCl3) § 202.2, 164.5, 159.2, 145.5,
144.8, 136.8, 130.8, 130.4, 130.3, 129.3, 127.0, 113.8, 72.6, 68.1, 63.5, 61.1, 55.3, 41.9, 41.8, 39.9,
37.7,31.5, 30.0, 29.7, 25.9, 18.3, 18.3, 18.3, 18.2, 16.8, 16.3, 14.2,12.9, 12.9; IR (neat) Vmax 2928,
2863, 1708, 1612, 1513, 1463, 1363, 1247, 1095, 836, 736, 676 cm’'; HRMS-ESI [M+Na]"
calculated for C4sH76NaO;Siz: 807.5022, found: 807.5015; [a]p> +2.7 (¢ 0.13, CHCI;).

methyl
(1S,25,4a8,4bR,7S5,8a5,10a8)-1,4a,7-trimethyl-9-ox0-2-((triisopropylsilyl)oxy)-1,3,4,4a,4b,7,8,9,
10,10a-decahydrophenanthrene-8a(2H)-carboxylate (23)

e
TIPSO (6]

f
methyl
(15,25,4a85,4bS,8aR,10a8)-1,4a,7-trimethyl-9-o0xo0-2-((triisopropylsilyl)oxy)-1,3,4,4a,4b,7,8,9,10,
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10a-decahydrophenanthrene-8a(2H)-carboxylate (24)

TIPSO

To a stirred solution of 15a (32.2 mg, 0.0643 mmol) and stannane 16a (48.2 mg, 0.129 mmol, 2.0
equiv) in THF (1 mL) were added Pdx(dba); (5.9 mg, 0.0064 mmol, 0.1 equiv), AsPh; (5.9 mg,
0.0193 mmol, 0.3 equiv) and CuTC (36.8 mg, 0.193 mmol, 3.0 equiv). The reaction mixture was
stirred at room temperature for 5 h. The reaction mixture was filtered through a plug of Celite®, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 8/1 X 2) to afford the product
23 and 24 (14.6 mg, 47%) as a colorless oil:

Ratio (5/ 1) R = 0.33 (hexane/ethyl acetate = 20/1, twice); HRMS-ESI [M+Na]" calculated for
C23HigNaO4Si: 499.3214, found: 499.3216.

methyl
(15,25,4a8,4bR,7S,8a5,10a8)-1,4a,7-trimethyl-2-((4-nitrobenzoyl)oxy)-9-oxo-1,3,4,4a,4b,7,8,9,1
0,10a-decahydrophenanthrene-8a(2H)-carboxylate (23°)

RO 6}

L

R = diNO,Bz
methyl
(15,25.,4a5,4bS,8aR,10a8)-1,4a,7-trimethyl-2-((4-nitrobenzoyl)oxy)-9-o0xo-1,3,4,4a,4b,7,8,9,10,1
0a-decahydrophenanthrene-8a(2H)-carboxylate (24°)

RO g 6}
: H

R = diNO,Bz

To a stirred solution of 23 and 24 (27.5 mg) in THF was added TBAF (3.0 equiv), and the reaction
mixture was stirred for 4 h at room temperature. After disappearance of the starting material, to the
reaction mixture was added saturated aqueous NH4Cl solution. The aqueous layer was extracted
with Et,O, and the combined organic layer was dried over Na>SOs, and evaporated. The residue was
used for the next step without further purification.

To a stirred solution of the residue in CH>Cl, were added DMAP (cat.) and 3,5-diNO,BzCl (excess),
and the reaction mixture was stirred for 30 min at room temperature. After disappearance of the

starting material, to the reaction mixture was added saturated aqueous NH4Cl solution. The aqueous
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layer was extracted with Et:O, and the combined organic layer was dried over Na,SOs, and
evaporated. The residue was purified by PTLC (hexane/ethyl acetate = 50/1 X 3) to afford 23* (3.8
mg) and 24’ (1.0 mg):

23’ (major): R¢=0.61 (hexane/ethyl acetate = 4/1); 'H NMR (600 MHz, CDCls)  9.24 (1H, dd, J =
22,22 Hz),9.16 2H, d, J=2.0 Hz), 5.77 (1H, d, J=10.3 Hz), 5.69 (1H, ddd, J = 10.3, 3.8, 2.3
Hz), 4.78 (1H, ddd, J = 11.0, 11.0, 4.5 Hz), 3.78 (3H, s), 3.04 (1H, ddd, J = 3.0, 3.0, 3.0 Hz), 2.78
(1H, dd, J=17.9, 7.1 Hz), 2.23-2.19 (1H, m), 2.12-1.97 (4H, m), 1.90-1.77 (3H, m), 1.68 (1H, ddd,
J=13.1,3.3,3.3 Hz), 1.44 (1H, dd, /= 12.1, 9.3 Hz), 1.10 (3H, s), 1.08 (3H, d, J = 6.8 Hz), 0.94
(3H, d, J = 6.3 Hz); *C NMR (600 MHz, CDCl5) § 208.8, 172.3, 162.3, 149.0, 136.1, 134.4, 129.6,
122.7, 122.6, 80.8, 66.1, 60.2, 53.0, 49.6, 46.9, 39.2, 37.2, 36.7, 36.5, 34.9, 29.9, 27.6, 26.7, 21 4,
15.5, 15.2, 14.7; IR (neat) vmax 3103, 2954, 2923, 2851, 1729, 1702, 1629, 1546, 1459, 1344, 1276,
1168, 721 cm'; HRMS-ESI [M+Na]"* calculated for CasH3N2OoNa: 537.1844, found: 537.1846;
[a]p® = 5.0 (c = 0.06, CHCl5).

24’ (minor): Ry= 0.61 (hexane/ethyl acetate = 4/1); 'TH NMR (600 MHz, CDCls) 8 9.24 (1H, dd, J =
2.0, 2.0 Hz), 9.16 (2H, d, J = 2.0 Hz), 5.75 (1H, d, J = 10.0 Hz), 5.64 (1H, ddd, J = 10.0, 4.7, 2.6
Hz), 4.85 (1H, ddd, J = 10.9, 10.9, 4.9 Hz), 3.72 (3H, s), 2.89 (1H, s), 2.69 (1H, dd, J = 18.3, 4.9
Hz), 2.57-2.49 (1H, m), 2.34 (1H, dd, J = 14.0, 6.1 Hz), 2.30 (1H, dd, J = 16.8, 12.8 Hz), 2.11 (1H,
ddd, J=12.8, 8.4, 4.0 Hz), 2.03 (1H, ddd, J= 13.6, 4.0, 4.0 Hz), 1.92-1.71 (3H, m), 1.52 (1H, dd, J
=13.6,4.0 Hz), 1.32 (1H, dd, /= 13.6, 10.6 Hz), 1.04 (3H, d, /= 7.2 Hz), 1.01 (3H, s), 0.95 (3H, d,
J=6.1 Hz); C NMR (600 MHz, CDCls) 6 210.6, 172.9, 162.4, 149.0, 135.2, 134.3, 129.6, 123.7,
122.6, 80.3, 60.7, 52.9, 47.2, 41.3, 40.0, 39.0, 37.4, 35.1, 34.7, 30.0, 27.0, 27.0, 21.6, 21.2, 15.5; IR
(neat) vmax 3102, 2926, 2853, 1726, 1628, 1545, 1344, 1271, 703 cm’'; HRMS-ESI [M+Na]*
calculated for CosH30N>O9Na: 537.1844, found: 537.1846; [a]p> = -16 (¢ = 0.06, CHCI5).

methyl
(15,25.,4a85,4bR,10aS)-8-(2-((tert-butyldimethylsilyl)oxy)ethyl)-1,4a,7-trimethyl-9-0xo0-2-((triiso
propylsilyl)oxy)-1,3,4,4a,4b,7,8,9,10,10a-decahydrophenanthrene-8a(2H)-carboxylate (25)

TIPSO

To a stirred solution of 15a (45.2 mg, 0.0902 mmol) and stannane 16b (98.8 mg, 0.180 mmol, 2.0
equiv) in THF (1.5 mL) were added Pdx(dba); (8.3 mg, 0.0090 mmol, 0.1 equiv), AsPhs (8.3 mg,
0.0271 mmol, 0.3 equiv) and CuTC (51.6 mg, 0.271 mmol, 3.0 equiv). The reaction mixture was
stirred at room temperature for 12 h. Then the mixture was stirred for 12 h at 50 °C. After stirring,

the reaction mixture was filtered through a plug of Celite®, and evaporated. The residue was purified
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by PTLC (hexane/ethyl acetate = 8/1 X 2) to afford the product 25 (9.8 mg, 17%) as a colorless oil:
R = 0.79 (hexane/ethyl acetate = 4/1); "H NMR (500 MHz, CDCls) 6 5.67 (1H, d, J = 11.3 Hz),
5.58 (1H, ddd, /= 10.2, 5.7, 2.3 Hz), 3.65 (3H, s), 3.54-3.47 (1H, m), 3.42-3.29 (2H, m), 2.80 (1H,
d, J= 5.7 Hz), 2.53-2.27 (4H, m), 2.13-1.96 (2H, m), 1.91-1.79 (2H, m), 1.70-1.18 (7H, m), 1.08
(27H, s), 0.97 (3H, d, J = 6.2 Hz), 0.88 (12H, s); '*C NMR (500 MHz, CDCl3) § 210.2, 172.3, 136.6,
122.8, 77.3, 65.9, 62.7, 53.0, 51.9, 49.4, 39.7, 39.5, 37.2, 37.0, 36.3, 36.3, 34.2, 30.9, 26.0, 20.0,
18.4,18.3, 18.2, 154, 15.2, 12.9; IR (neat) vmax 2926, 2855, 1743, 1702, 1460, 1102, 884, 836, 811,
777, 679 cm™; HRMS-ESI [M+Na]" calculated for CasHssNaOsSi: 657.4341, found: 657.4340;
[a]p® = -35 (¢ = 0.03, CHCl5).

HiE=

General Procedure: Gold(I)-catalyzed 1,6-ene-yne cycloisomerization

To a suspension of silver(I) bis(trifluoromethanesulfonyl)imide (5 mol %) in CH»Cl, was added
(triphenylphosphine)gold(I) chloride (5 mol %) in CH>Cl, (0.5 mL). After stirring at room
temperature for 10 min, to the solution was added starting material in CH>Cl, and stirred. After
disappearance of the starting material, the reaction mixture was evaporated. The residue was

purified by flash chromatography to afford the product.

((E)-8-(4-methoxybenzyloxy)-6-methyloct-6-en-1-ynyl)trimethylsilane (33)
T™MS

<
N
X"opmB

To a solution of trimethylsilyl acetylene (0.13 mL, 0.962 mmol, 1.3 equiv) and HMPA (0.65 mL,
3.70 mmol, 5.0 equiv) in THF (7 mL) was added #nBuLi (1.64M in n-hexane, 0.55 mL, 0.888 mmol,
1.2 equiv) at =78 °C, and the reaction mixture was stirred for 30 min at —78 °C. To the stirred
solution was added 32 (232 mg, 0.740 mmol) in THF (10 mLx3) and stirred for 30 min at —78 °C
and warmded to rt. After 12 h, to the reaction mixture was added satrurated aqueous NH4Cl solution
(20 mL). The aqueous layer was extracted with EtOAc (20 mLx3), and the combined organic layer
was dried over Na;SOs, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 80/1) to afford the product 33 (202 mg, 83%) as colorless oil:

R¢= 0.38 (hexane/ethyl acetate = 8/1); 'H NMR (400 MHz, CDCl;) § 7.27 (2H, d, J = 8.2 Hz), 6.88
(2H, d, J= 8.2 Hz), 5.40 (1H, t, J = 6.4 Hz), 443 (2H, s), 3.99 (2H, d, J = 6.4 Hz), 3.81 (3H, s),
2.24-2.07 (4H, m), 1.70-1.60 (5H, m), 0.15 (9H, s).
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(E)-3-methyl-8-(trimethylsilyl)oct-2-en-7-yn-1-ol (33a)
TMS

S
S
N-"0H

To a solution of 33 (428 mg, 1.29 mmol) in CH,Cl/H,O (15 mL/1.5 mL, 10/1) was DDQ (441 mg,
1.94 mmol, 1.5 equiv) at 0 °C, and the reaction mixture was stirred for 1 h at 0 °C. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous
NaHCO; solution (30 mL). The aqueous layer was extracted with CH>Cl, (20 mLx3), and the
combined organic layer was dried over Na,SOa, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 30/1) to afford the product 33a (228 mg, 84%) as colorless
oil:

R¢= 0.32 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl5) & 5.43 (1H, t, J = 6.9 Hz), 4.15
(2H, d, J=6.9 Hz), 2.21 (2H, t,J=6.9 Hz), 2.11 (2H, t, J = 7.8 Hz), 1.70-1.60 (SH, m), 0.14 (9H,
s).

((E)-8-bromo-6-methyloct-6-en-1-ynyl)trimethylsilane (29)

TMS S
A
X Br

To a stirred solution of 33a (222 mg, 1.05 mmol) and triphenylphosphine (341 mg, 1.30 mmol, 1.2
equiv) in CH>Cl, (10 mL) was added carbon tetrabromide (431 mg, 1.30 mmol, 1.2 equiv) at 0 °C,
and the reaction mixture was stirred for 10 min at 0 °C. After disappearance of the starting material,
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 20/1) to afford the product 29 (161 mg, 56%) as colorless oil:

R¢ = 0.58 (hexane/ethyl acetate = 8/1); 'H NMR (400 MHz, CDCls) 6 5.57 (1H, t, J = 8.3 Hz), 4.02
(2H, d, J=8.3 Hz), 2.20 (2H, t, J= 7.3 Hz), 2.14 2H, t, /= 7.3 Hz), 1.72 (3H, s), 1.65 (2H, tt, J =
7.3,7.3 Hz), 0.15 (9H, s).

(6,7-dimethoxybenzofuran-4-yl)methanol (34)

OMe
MeO 0

/
OH
To a solution of 31 (46.7 mg, 0.227 mmol) in MeOH (1 mL) was added sodium borohydride (17.1
mg, 0.453 mmol, 2.0 equiv) at 0 °C, and the reaction mixture was stirred for 20 min at 0 °C. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous NH4Cl
solution (10 mL). The aqueous layer was extracted with EtOAc (20 mLx3), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash

chromatography (hexane/ethyl acetate = 5/1) to afford the product 34 (40.2 mg, 85%) as colorless
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oil:
R¢ = 0.34 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCls) & 7.58 (1H, d, J = 1.8 Hz), 6.95
(1H, s), 6.83 (1H, d, /= 1.8 Hz), 4.86 (2H, s), 4.15 (3H, s), 3.93 (3H, s), 1.66 (1H, br).

6,7-dimethoxy-4-((phenylthio)methyl)benzofuran (34a)

OMe
MeO o)

Y/

SPh
To a solution of 34 (48.6 mg, 0.233 mmol) and diphenyl disulfide (153mg, 0.700 mmol, 3.0 equiv.)
in THF (2 mL) was added tributylphosphine (0.19 mL, 0.700 mmol, 3.0 equiv, and the reaction
mixture was stirred for 1.5 h at room temperature. After disappearance of the starting material, to the
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 200/1 to 10/1) to afford the product 34a (65.0 mg, 93%) as white amorphous:
Rr = 0.54 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCL) & 7.55 (1H, d, J = 2.3 Hz),
7.35-7.18 (5H, m), 6.74 (1H, d, J= 2.3 Hz), 6.73 (1H, s), 4.26 (2H, s), 4.14 (3H, s), 3.82 (3H, ).

6,7-dimethoxy-4-((phenylsulfonyl)methyl)benzofuran (30)

OMe

MeO o
Y

SO,Ph
To a solution of 34a (97.5 mg, 0.325 mmol) in CH>Cl, (5 mL) was mCPBA (164 mg, 0.714 mmol,
2.2 equiv) at 0 °C, and the reaction mixture was stirred for 1 h at 0 °C. After disappearance of the
starting material, to the reaction mixture was added satrurated aqueous NaHCO3 solution (10 mL).
The aqueous layer was extracted with CH2Cl, (10 mLx3), and the combined organic layer was dried
over Na;SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 4/1) to afford the product 30 (103 mg, 96%) as white solid:
R¢ = 0.32 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCI;) & 7.64-7.54 (3H, m), 7.47 (1H,
d, J=2.3 Hz), 744 (2H, dd, J =8.2, 8.2 Hz), 6.51 (1H, s), 6.48 (1H, d, J = 2.3 Hz), 447 (2H, s),
4.17 (3H, s), 3.74 (3H, s) ; LRMS-ESI [M+Na]" calculated for C7HsNaOsS: 355.1, found: 355.1.
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((E)-9-(6,7-dimethoxybenzofuran-4-yl)-6-methyl-9-(phenylsulfonyl)non-6-en-1-ynyl)trimethyls
ilane (35)

‘ ‘ SO,Ph

T™MS

To a solution of 30 (122 mg, 0.367 mmol), TBAI (13.6 mg, 0.0367 mmol, 0.1 equiv) and HMPA
(0.64 mL, 3.67 mmol, 10 equiv) in THF (3 mL) was added nBuLi (1.64M in r-hexane, 0.25 mL,
0.404 mmol, 1.1 equiv) at —78 °C, and the reaction mixture was stirred for 30 min at —78 °C. To the
stirred solution was added 29 (150 mg, 0.550 mmol, 1.5 equiv) in THF (1 mLx3) and stirred for 30
min at —78 °C and warmded to rt. After 16 h, to the reaction mixture was added satrurated aqueous
NH4Cl solution (20 mL). The aqueous layer was extracted with EtOAc (5 mLx3), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 20/1) to afford the product 35 (159 mg, 83%) as white
amorphous:

R¢= 0.57 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCl;) § 7.54-7.45 (3H, m), 7.41 (1H,
d,J=23 Hz), 7.32 (2H, dd, J = 8.3, 8.3 Hz), 6.74 (1H, br), 6.49 (1H, br), 4.85 (1H, t, /= 7.8 Hz),
427 (1H, dd, J = 11.5, 3.7 Hz), 4.15 (3H, s), 3.81 (3H, s), 3.28-3.16 (1H, m), 3.02-2.88 (1H, m),
1.93-1.84 (4H, m), 1.55 (3H, s), 1.46-1.84 (2H, m), 0.09 (9H, s).

6,7-dimethoxy-4-((E)-4-methylnon-3-en-8-ynyl)benzofuran (27a)

OMe

I
To a solution of 35 (6.7 mg, 0.0128 mmol) in MeOH (1 mL) was added magnesium turnings (1.6

mg, 0.0638 mmol, 5.0 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at 0 °C and
warm to rt. After 3 h stirring, to the mixture was added saturated 1M HCI solution (2 mL) and
stirred until consumption of magnesium. The aqueous layer was extracted with EtOAc (10 mLx3),
and the combinded organic layer was dried over Na,SQs, and evaporated, which was used next step
without further purification.

To a crude solution in THF (1 mL) was added tetrabutylammonium fluoride (0.026 mL, 0.0256
mmol, 2.0 equiv) was added, and the reaction mixture was stirred for 1h at room temperature. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous NH4Cl

solution (1 mL). The aqueous layer was extracted with Et;O (3 mLx3), and the combined organic
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layer was dried over Na,SOs, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 30/1) to afford the product 27a as colorless oil quantitatively:

R¢= 0.53 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl;) § 7.54 (1H, d, J= 2.3 Hz), 6.72
(1H, d,J=23 Hz), 6.72 (1H, s), 5.22 (1H, t,J=7.3 Hz), 4.11 (3H, s), 3.92 3H, s), 2.79 2H, t, J =
7.3 Hz), 2.36 (2H, dt, J=7.3, 7.3 Hz), 2.11 (2H, dt, /= 7.3, 2.8 Hz), 2.06 (2H, t, /= 7.3 Hz), 1.95
(1H,t,J=2.8 Hz), 1.60 (2H, tt, J= 7.3, 7.3 Hz), 1.53 (3H, s); *C NMR (125 MHz, CDCl;) & 148.5,
146.9, 144.0, 134.9, 132.9, 128.7, 124.2, 122.4, 109.7, 105.1, 84.5, 68.2, 60.9, 57.4, 38.4, 33.2,29.2,
26.6, 17.8, 15.8; IR (neat) vimax 3296, 2932, 2849, 2362, 1618, 1506, 1315, 1238, 1124, 1044, 975,
632 cm!'; HRMS-ESI [M+Na]" calculated for Co0H24NaOs: 335.1618, found: 335.1617.

(4,4-bis(phenylsulfonyl)but-1-yn-1-yl)trimethylsilane (40)

TMS\/SfZPh

SO,Ph

To a stirred suspension of sodium hydride (618 mg, 15.5 mmol, 1.0 equiv) and tetrabutylammonium
iodide (0.5708 g, 1.55 mmol, 0.1 equiv) in DMF (15 mL) was added bis(phenylsulfonyl)methane
(38) (4.58 g, 15.5 mmol, 1.0 equiv) in DMF (15 mL) at 0 °C, and the reaction mixture was stirred
for 30 min at O °C. Then, to a stirred solution, 3-bromo-1-trimethylsilylprop-1-yne(39) (3.2495 g,
17.0 mmol, 1.1 equiv) in DMF (3 mL) was added and stirred. After 2 h at room temperature, to the
reaction mixture was added saturated aqueous NH4Cl solution (30mL). The aqueous layer was
extracted with Et;O (20 mLx3), and the combined organic layer was dried over Na,SOs, and
evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 10/1) to
afford the product 40 (3.26 g, 52%) as a white powder:
R¢= 0.25 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl;)  8.00 (4H, d, J= 8.3 Hz), 7.72
(2H, dd, J= 8.3, 8.3 Hz), 7.59 (4H, dd, J= 8.3, 8.3 Hz), 4.59 (1H, t,J= 6 Hz), 3.17 (2H, d, /= 6.0
Hz), 0.06 (9H, s); *C NMR (125 MHz, CDCl3) & 137.8, 134.8, 129.8, 129.1, 98.5, 89.1, 82.3, 17.9,
-0.3; IR (neat) vmax 3066, 2957, 2183, 1584, 1448, 1323, 1312, 1078, 998, 841, 756, 685, 573 cm™;
HRMS-ESI [M+Na]* calculated for Ci9H2NaO4S:Si: 429.0621, found: 429.0620; mp 83.9 —
84.8 °C.

(E)-(7-iodo-6-methyl-4,4-bis(phenylsulfonyl)hept-6-en-1-yn-1-yl)trimethylsilane (36)

PhO,S
PhO,S |

I
™S
To a stirred suspension of sodium hydride (22.6 mg, 0.565 mmol, 1.1 equiv) in DMF (3 mL) was

added 40 (208.8 mg, 0.512 mmol) in DMF (1 mL) at 0 °C and the reaction mixture was stirred for
30 min at 0 °C. Then, to a stirred solution, (£)-3-bromo-1-iodo-2-methylprop-1-ene (41) (0.1608 g,
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0.616 mmol, 1.2 equiv) in DMF (1 mL) was added, and stirred for 4 h at room temperature. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous NH4Cl
solution (30 mL). The aqueous layer was extracted with Et;O (100 mLx*3), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 10/1) to afford the product 36 (0.181 g, 77%) as a white
powder:

R¢= 0.58 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl5) & 8.02 (4H, d, J= 7.8 Hz), 7.70
(2H, dd,J=7.8,7.8 Hz), 7.55 (4H, dd, J=7.8, 7.8 Hz), 6.51 (1H, s), 3.37 (2H, s), 3.35 (2H, 5), 1.98
(3H, s), 0.07 (9H, s); 1*C NMR (125 MHz, CDCl;) & 139.4, 137.1, 134.8, 131.7, 128.6, 98.3, 93.1,
89.4, 85.2, 37.7, 25.1, 23.6, -0.3; IR (neat) vmax 3064, 2958, 2897, 1446, 1331, 1313, 1297, 1274,
1250, 1145, 1076, 842, 727, 685, 580 cm™; HRMS-ESI [M+Na]" calculated for C3H,7INaO4S,Si:
609.0057, found: 609.0055; mp 125.2 — 128.0 °C.

6,7-dimethoxy-4-vinylbenzofuran (37)

OMe
MeO

o

=

To a stirred solution of MePPh;Br (2.14 g, 5.99 mmol, 1.2 equiv) in THF (30 mL) was added nBuLi
(1.55M in n-hexane, 3.54 mL, 5.49 mmol, 1.1 equiv) at 0 °C, and the reaction mixture was stirred
for 30 min at 0 °C. Then, to a stirred solution, 31 (1.03 g, 5.00 mmol) in THF (5%3mL) was added,
and stirred for 3 h at room temperature. After disappearance of the starting material, to the reaction
mixture was added saturated aqueous NH4Cl solution (30 mL). The aqueous layer was extracted
with Et;0 (20 mLx3), and the combined organic layer was washed with brine (20 mL), dried over
Na2S0Oy4, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
20/1) to afford the product 37 (0.897 g, 88%) as colorless oil:

R¢= 0.56 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl5) § 7.58 (1H, d, J= 2.3 Hz), 7.02
(1H, s), 6.91 (1H, dd, J=17.8, 11.5 Hz), 6.88 (1H, d, J= 2.3 Hz), 5.76 (1H, d, J = 17.8 Hz), 5.34
(1H, d,J=11.5 Hz), 4.17 (3H, s), 3.94 (3H, s); *C NMR (125 MHz, CDCl3) & 148.6, 146.9, 144.7,
134.6, 133.9, 124.1, 121.9, 114.2, 106.8, 105.1, 60.9, 57.3; IR (neat) vmax 2935, 2838, 2365, 1609,
1541, 1294, 1127, 1076, 737, 590 cm™'; HRMS-ESI [M+Na]" calculated for Ci,H12NaOs: 227.0679,
found: 227.0679.
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(E)-6,7-dimethoxy-4-(4-methyl-6,6-bis(phenylsulfonyl)non-3-en-8-yn-1-yl)benzofuran (27b)

OMe

To a stirred solution of 37 (93.0 mg, 0.455 mmol) in THF (4.0 mL) was added 9-BBN (0.5M in
THF, 1.36 mL, 0.683 mmol, 1.5 equiv) at 0 °C, and the reaction mixture was stirred for 4 h at room
temperature. After disappearance of the starting material, to the reaction mixture was added H>O
(0.4 mL) at 0 °C and stirred further 30 min. After addition of vinyl iodide 36 (534 mg, 0.911 mmol,
2.0 equiv) in THF (4.0 mL) , PdClx(dppf)-CH2Cl, (37.1 mg, 0.0455 mmol, 10 mol %) and T1,CO;
(426 mg, 0.911 mmol, 2.0 equiv), the resulting mixture was stirred for 24 h at reflux temperature.
Then, to the mixture was added saturated NaHCO; solution (20 mL) and filtered through Celite®
pad. Then the aqueous layer was extracted with EtOAc (10 mLx3), and the combinded organic layer
was dried over Na,SO4, and evaporated. The residue was used for the next reaction without further
purification.

To a stirred solution of crude material in THF/EtOH/H>O (2 mL/2 mL/0.5mL) was added silver
nitrate (116 mg, 0.683 mmol, 1.5 equiv), and the reaction mixture was stirred for 30 min at room
temperature. After disappearance of the starting material, thee reaction mixture was added KI (128
mg, 0.744 mmol, 1.7 equiv) and stirred. After 2 h, the suspension was filtered through Celite® pad
and washed with EtOAc (30 mL). The filtrate was washed with saturated aqueous NH4Cl solution
(5 mL), brine (5 mL), dried over Na;SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 6/1) to afford the product 27b (53.9 mg, 20%) as beige
solid:

R¢ = 0.32 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl;)  8.02 (4H, d, J= 7.9 Hz), 7.67
(2H,dd,J=17.9, 79 Hz),7.54 (1H,d, J=2.3 Hz), 7.52 (4H, dd, /= 7.9 Hz), 6.74 (1H, s), 6.72 (1H,
d,/=2.3Hz),5.60 (1H,t,J=7.4 Hz),4.12 (3H, s), 3.91 (3H, s), 3.29 (2H, d, /= 2.8 Hz), 3.10 (2H,
s),2.83 (2H, t,J= 7.4 Hz), 2.41 (2H, dt,J= 7.4, 7.4 Hz), 1.97 (1H, t, J = 2.8 Hz), 1.77 (3H, s); 1*C
NMR (125 MHz, CDCl;) ¢ 148.6, 147.0, 144.1, 137.4, 134.7, 133.0, 132.8, 131.7, 128.5, 128.3,
128.2, 122.4, 109.8, 105.1, 90.1, 77.1, 75.3, 61.0, 57.4, 38.7, 32.4, 29.5, 22.4, 17.4; IR (neat) Vimax
3272, 2934, 2254, 1505, 1310, 1238, 1142, 1076, 910, 727, 686, 578 cm™'; HRMS-ESI [M+Na]"
calculated for Cs;H3,NaO7S,: 615.1482, found: 615.1480; mp 58.2 — 62.4 °C.
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(E)-6,7-dimethoxy-4-(4-(2-methyl-4,4-bis(phenylsulfonyl)cyclopent-1-en-1-yl)but-3-en-1-yl)ben
zofuran (28b’)

OMe
MeO o)
Y

oL

According to general procedure, 28b' was obtained as colorless amorphous (quantitative yield):

R¢ = 0.74 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl5) & 7.94 (4H, d, J = 8.0 Hz), 7.66
(2H, dd, J=8.0 Hz), 7.58 (1H, d, /= 2.3 Hz), 7.50 (4H, dd, /= 8.0 Hz), 6.72 (1H, s), 6.72 (1H, d, J
=23 Hz), 5.87 (1H, d, J=16.0 Hz), 5.49 (1H, dt, /= 16.0, 7.5 Hz), 4.13 (3H, s), 3.92 (3H, s), 3.40
(2H, s), 3.26 (2H, s), 2.85 (2H, t, J = 7.5 Hz), 2.44 (2H, dt, J = 7.5, 7.5 Hz), 1.35 (3H, s); *C NMR
(125 MHz, CDCls) o 148.6, 147.0, 144.1, 137.4, 134.7, 133.0, 132.8, 131.7, 128.5, 128.3, 128.2,
122.4, 109.8, 105.1, 90.1, 77.1, 75.3, 61.0, 57.4, 38.7, 32.4, 29.5, 22.4, 17.5; IR (neat) Vmax 2932,
1508, 1447, 1328, 1311, 1145, 1125, 1078, 755, 725, 689, 553 cm’'; HRMS-ESI [M+Na]*
calculated for Cs;H3,NaO-S,: 615.1482, found: 615.1481.

(E)-5-(6,7-dimethoxybenzofuran-4-yl)-2-methylpent-2-en-1-ol (43)

OMe
MeO

O

HO ‘

To a stirred solution of 37 (865 mg, 4.23 mmol) in THF (40 mL) was added 9-BBN (0.5M in THF,
12.7 mL, 6.35 mmol, 1.5 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at 0 °C.
After disappearance of the starting material, to the reaction mixture was added H>O (5.0 mL) at 0 °C
and stirred further 30 min. After addition of vinyl iodide 42 (2.64 g, 8.46 mmol, 2.0 equiv) in THF
(20 mL), PACly(dppf)-CH2Cl, (345 mg, 0.423 mmol, 10 mol %) and Ba(OH),-8H.O (2.67 g, 8.46
mmol, 2.0 equiv), the resulting mixture was stirred for 24 h at room temperature. Then, to the
mixture was added saturated NaHCO; solution (50 mL). The aqueous layer was extracted with
EtOAc (30 mLx3), and the combinded organic layer was dried over Na,SOs, and evaporated. The
residue was used for the next reaction without further purification.

To a stirred solution of crude material in THF (50 mL) was added tetrabutylammonium fluoride
(1.0M in THF, 21.2 mL, 21.2 mmol, 5.0 equiv), and the reaction mixture was stirred for 30 min at
room temperature. After disappearance of the starting material, to the reaction mixture was added
saturated aqueous NH4Cl solution (50 mL). The aqueous layer was extracted with EtOAc (30
mLx3), and the combined organic layer was washed with HO (30 mL), brine (30 mL), dried over
Na,SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
5/1) to afford the product 43 (642 mg, 55%) as colorless oil:

R¢ = 0.25 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl;) & 7.54 (1H, d, J = 2.3 Hz), 6.73
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(1H, s), 6.71 (1H, d, J= 2.3 Hz), 549 (1H, t, J= 7.4 Hz), 4.11 (3H, s), 3.99 (2H, s), 3.91 (3H, s),
2.82 (2H, t,J=7.4 Hz), 2.41 (2H, dt, J = 7.4, 7.4 Hz), 1.80 (1H, br), 1.60 (3H, s); '*C NMR (125
MHz, CDCls) 6 148.6, 147.0, 144.1, 135.6, 133.1, 128.4, 125.0, 122.5, 109.8, 105.1, 68.8, 61.0, 57.5,
32.9, 289, 13.6; IR (neat) vmax 3374, 2932, 2849, 1618, 1504, 1121, 1041, 735, 593 cm™;
HRMS-ESI [M+Na]" calculated for Ci6H20NaO4: 299.1254, found: 299.12553.

(E)-4-(5-bromo-4-methylpent-3-en-1-yl)-6,7-dimethoxybenzofuran (44)

OMe
MeO 0

Br ‘ /

To a stirred solution of 43 (612 mg, 2.21 mmol) and triphenylphosphine (695 mg, 2.65 mmol, 1.2
equiv) in CH>Cl, (50 mL) was added carbon tetrabromide (879 mg, 2.65 mmol, 1.2 equiv) at 0 °C,
and the reaction mixture was stirred for 30 min at 0 °C. After disappearance of the starting material,
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 30/1) to afford the product 44 (720 mg, 96%) as colorless oil:

R¢= 0.42 (hexane/ethyl acetate = 4/1); 'H NMR (500 MHz, CDCl;) § 7.55 (1H, d, J= 2.3 Hz), 6.71
(1H, s), 6.70 (1H, d, J = 2.3 Hz), 5.65 (1H, t, J= 7.5 Hz), 4.11 (3H, s), 3.94 (2H, s), 3.92 (3H, s),
2.82 (2H, t,J=7.5Hz),2.41 (2H, dt, J = 7.5, 7.5 Hz), 1.69 (3H, s); *C NMR (125 MHz, CDCl;) &
148.6, 147.0, 144.2, 133.1, 132.9, 130.2, 127.8, 122.4, 109.8, 105.0, 61.0, 57.4, 41.4, 32.4, 29.4,
14.6; TR (neat) vimax 2933, 2838, 1618, 1542, 1504, 1446, 1222, 1041, 736, 603 cm™'; HRMS-ESI
[M+Na]" calculated for CisHi9BrNaOs: 361.0410, found: 361.0410.

dimethyl
(E)-2-(5-(6,7-dimethoxybenzofuran-4-yl)-2-methylpent-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate
27¢)

To a solution of 44 (102 mg, 0.301 mmol, 1.2 equiv), malonate 45 (42.7 mg, 0.251mmol, 1.0 equiv)
and tetrabutylammonium iodide (9.2 mg, 0.0251 mmol, 0.1 equiv) in acetone (3.0 mL) was added
cesium carbonate (89.9 g, 0.276 mmol, 1.1 equiv) and stirred for 20 h at reflux temperature. Then, to
the reaction mixture was added satrurated aqueous NH4ClI solution (5 mL). The aqueous layer was
extracted with Et;O (5 mLx3), and the combined organic layer was dried over Na,SQO., and
evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 20/1) to
afford the product 27¢ (50.5 mg, 47%) as colorless oil:
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R¢ = 0.46 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl5) § 7.53 (1H, d, J= 2.3 Hz), 6.72
(1H, s), 6.71 (1H, d, J= 2.3 Hz), 5.38 (1H, t, /= 7.4 Hz), 4.11 (3H, s), 3.92 (3H, s), 3.70 (6H, s),
2.79 2H, t,J=17.4 Hz), 2.78 (2H, s), 2.72 (2H, d, /= 2.3 Hz), 2.37 (2H, dt, J= 7.4, 7.4 Hz), 2.01
(1H, t, J = 2.3 Hz), 1.46 (3H, s); *C NMR (125 MHz, CDCls) § 170.6, 148.6, 147.0, 144.0, 133.0,
130.1, 129.9, 128.3, 122.3, 109.7, 105.1, 79.2, 71.6, 60.9, 57.3, 56.6, 52.6, 41.4, 32.8, 29.2, 22 .4,
16.7; IR (neat) vmax 3283, 2953, 2844, 1736, 1507, 1438, 1324, 1214, 1124, 1044, 976, 657 cm’;
HRMS-ESI [M+Na]" calculated for C,4H2sNaO7: 451.1727, found: 451.1728.

(E)-2-(5-(6,7-dimethoxybenzofuran-4-yl)-2-methylpent-2-en-1-yl)-2-(prop-2-yn-1-yl)malononit
rile (27d)

To a solution of 44 (106 mg, 0.312 mmol, 1.2 equiv), malononitrile 46 (27.1 mg, 0.260 mmol, 1.0
equiv) and tetrabutylammonium iodide (9.6 mg, 0.0260 mmol, 0.1 equiv) in MeCN (3.0 mL) was
added cesium carbonate (93.2 mg, 0.286 mmol, 1.1equiv) and stirred for 20 h at 80 °C. Then, to the
reaction mixture was cooled to room temperature and added satrurated aqueous NH4Cl solution (5
mL). The aqueous layer was extracted with EtzO (5 mLx3), and the combined organic layer was
dried over Na,SOs, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 20/1) to afford the product 27d (37.7 mg, 40%) as colorless oil:

R¢= 0.43 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl5) & 7.56 (1H, d, J= 2.3 Hz), 6.74
(1H, s), 6.72 (1H, d,J=2.3 Hz), 5.61 (1H, t,J="7.4),4.12 (3H, s), 3.92 (3H, s), 2.87 2H, t, /= 7.4
Hz), 2.82 (2H, d, /= 2.8 Hz), 2.70 (2H, s), 2.48 (2H, dt, J= 7.4, 7.4 Hz), 2.39 (1H, t, /= 2.8 Hz),
1.78 (3H, s); *C NMR (125 MHz, CDCl;) & 148.6, 147.0, 144.2, 133.5, 133.2, 127.7, 1274, 122.3,
114.7, 109.9, 104.9, 75.4, 74.6, 60.9, 57.4, 45.5, 36.3, 32.4, 29.3, 28.3, 17.1; IR (neat) vmax 3287,
2933, 2846, 1618, 1543, 1505, 1447, 1315, 1238, 1123, 1076, 1041, 973, 869, 844, 736, 648 cm™';
HRMS-ESI [M+Na]" calculated for C»»H2,N>NaOs: 385.1523, found: 385.1525.

dimethyl
(5a8*,9a5%)-10,11-dimethoxy-9a-methyl-6-methylene-5,5a,6,7,9,9a-hexahydrophenanthro|2,1-
b]furan-8,8(4H)-dicarboxylate (28c¢)




dimethyl
(E)-3-(4-(6,7-dimethoxybenzofuran-4-yl)but-1-en-1-yl)-4-methylcyclopent-3-ene-1,1-dicarboxy
late (28¢”)

OMe
MeO fo)
PV
MeO,C ‘
MeO,C “

dimethyl
(8%)-10,11-dimethoxy-6,9a-dimethyl-5,7,9,9a-tetrahydrophenanthro|2,1-b]furan-8,8(4H)-dicar
boxylate (28¢”)

OMe

MeO o)
MeO,C O Y/
s 0

According to general procedure, 28¢ and 28¢”> were obtained as colorless oil (9.2 mg, 30%, ratio of
28¢:28¢”’ = 1:3) and 28¢’ was obtained (17.3 mg, 57%) as colorless oil:

28c and 28¢”’: Ry = 0.60 (hexane/ethyl acetate = 2/1); IR (neat) vmax 2917, 2848, 1735, 1473, 1432,
1333, 1237, 1145, 1114, 1059, 994, 902, 749 cm™'; HRMS-ESI [M+Na]" calculated for C24sH2sNaO-:
451.1727, found: 451.1728.

28¢: 'H NMR (500 MHz, CDCl3) 8 7.55 (1H, d, J = 2.3 Hz), 6.69 (1H, d, J = 2.3 Hz), 5.16 (1H, br),
4.80 (1H, br), 4.10 (3H, s), 3.96 (3H, s), 3.78 (3H, s), 3.69 (3H, s), 3.24 (1H, d, J = 13.7 Hz),
3.08-2.80 (2H, m), 2.33 (1H, d, /= 13.7 Hz), 2.28 (1H, d, /= 13.7 Hz), 2.08 (1H, d, /= 13.7 Hz),
1.93-1.67 (3H, m), 1.05 (3H, s); *C NMR (125 MHz, CDCI3) § 172.7, 172.5, 149.1, 145.3, 145.2,
144.3, 137.1, 134.3, 123.7, 122.5, 110.8, 105.4, 61.1, 60.6, 55.3, 52.8, 52.3, 50.3, 40.5, 40.1, 29.7,
28.0,20.4, 19.0;

28¢’’: 'TH NMR (500 MHz, CDCls) 6 7.56 (1H, d,J= 2.3 Hz), 6.70 (1H, d, J = 2.3 Hz), 4.08 (3H, s),
3.74 (3H, s), 3.71 (3H, s), 3.63 (3H, s), 3.04 (1H, d, /= 16.0 Hz), 2.96-2.69 (3H, m), 2.58 (1H, d, J
= 16.0 Hz), 1.96-1.69 (3H, m), 1.57 (6H, s); *C NMR (125 MHz, CDCls) § 172.9, 172.6, 147.3,
145.3,144.1, 136.6, 136.2, 127.5, 127.3, 124.0, 123.6, 105.1, 60.6, 60.5, 57.2, 52.6, 52.6, 46.2, 43.9,
32.8,29.2,26.2,19.7, 13 4;

28¢’: Ry = 0.46 (hexane/ethyl acetate = 2/1); 'H NMR (500 MHz, CDCl5)  7.55 (1H, d, J=2.3 Hz),
6.73 (1H, s), 6.71 (1H, d,J=2.3 Hz), 6.27 (1H, d, /= 15.6 Hz), 5.58 (1H, dt, /= 15.6, 7.3 Hz), 4.12
(3H, s), 3.91 (3H, s), 3.74 (6H, s), 3.10 (2H, s), 3.04 (2H, s), 2.86 (2H, t, /= 7.3 Hz), 2.48 (2H, dt, J
= 7.3 Hz), 1.73 (3H, s); '*C NMR (125 MHz, CDCl;) & 172.7, 148.6, 147.0, 144.1, 133.0, 132.4,
130.5, 130.0, 128.2, 124.2, 122.4, 109.8, 105.2, 61.0, 57.4, 57.0, 52.8, 46.4, 41.2, 34.4, 33.3, 13.4;
IR (neat) vimax 2952, 2847, 1733, 1618, 1543, 1507, 1436, 1397, 1259, 1124, 1075, 1044, 972, 871,
740 cm™'; HRMS-ESI [M+Na]" calculated for CosHxsNaO7: 451.1727, found: 451.1729.
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(5a8%,9a5%)-10,11-dimethoxy-9a-methyl-6-methylene-5,5a,6,7,9,9a-hexahydrophenanthro[2,1-
b]furan-8,8(4H)-dicarbonitrile (28d)

(E)-3-(4-(6,7-dimethoxybenzofuran-4-yl)but-1-en-1-yl)-4-methylcyclopent-3-ene-1,1-dicarboni
trile (28d°)

OMe
MeO o

NC O /

NC ‘ Z
According to general procedure, 28d was obtained as colorless oil (87%) and trace amount of 28d’
was obtained:
28d: Rr= 0.60 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl5) § 7.58 (1H, d, J=2.3 Hz),
6.69 (1H, d, /= 2.3 Hz), 5.33 (1H, br), 5.04 (1H, br), 4.13 (3H, s), 4.03 (1H, dd, J=12.6, 1.7 Hz),
3.97 (3H, s),3.07 (1H, dd, J = 12.6, 1.7 Hz), 3.05-2.89 (2H, m), 2.74 (1H, d, /= 12.6 Hz), 2.27 (1H,
d,J=12.6 Hz),2.03 (1H, d, /= 12.6 Hz), 1.93 (1H, dd, /= 6.9, 6.3 Hz), 1.82 (1H, dddd, J = 12.6,
12.6, 12.6, 6.3 Hz), 1.45 (3H, s); '*C NMR (125 MHz, CDCls) & 148.6, 145.4, 144.7, 140.9, 137.1,
132.7, 124.0, 121.8, 116.8, 116.7, 114.8, 105.3, 61.3, 60.7, 49.6, 44.3, 43.6, 40.7, 32.4, 27.6, 20.6,
20.3; IR (neat) vmax 2989, 2943, 2842, 1604, 1473, 1397, 1332, 1143, 1056, 912, 878, 748 cm™;
HRMS-ESI [M+Na]" calculated for C»»H2,N>NaOs: 385.1523, found: 385.1523.
28d’: Rr= 0.50 (hexane/ethyl acetate = 2/1); 'H NMR (500 MHz, CDCl3) § 7.56 (1H, d, J = 2.3 Hz),
6.72 (1H, s), 6.70 (1H, d,J=2.3 Hz), 6.26 (1H, d, /= 16.0 Hz), 5.58 (2H, dt, /= 16.0, 7.3 Hz), 4.13
(3H, s), 3.92 (3H, s), 3.24 (2H, s), 3.20 (2H, s), 2.88 (2H, t, J = 7.3 Hz), 2.53 (2H, dt,J="7.3, 7.3
Hz), 1.80 (3H, s) ; *C NMR (125 MHz, CDCls) & 148.6, 147.0, 144.3, 133.2, 132.7, 130.7, 130.3,
127.5,123.0, 122.5, 116.9, 109.8, 105.0, 61.0, 57.5, 50.0, 45.4, 34.4, 33.0, 30.5, 13.3; IR (neat) Vinax
2935, 2850, 1718, 1508, 1458, 1313, 1124, 1077, 969, 747, 544 cm’'; HRMS-ESI [M+Na]"
calculated for C»H2N>NaQOs: 385.1523, found: 385.1523.

(((2-methoxy-5-((phenylsulfonyl)methyl)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene
(50)

OMe

SO,Ph
To a stirred solution of known benzyl bromide 49 (20.4 g, 49.4 mmol) in DMF (250 mL) was added
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sodium benzenesulfinate (9.72 g, 59.2 mmol, 1.2 equiv) and the reaction mixture was stirred for 16
h at room temperature. After disappearance of the starting material, to the reaction mixture was
added satrurated aqueous NH4Cl solution (300 mL). The aqueous layer was extracted with EtOAc
(100 mLx3), and the combined organic layer was washed with H,O (150 mLx3), dried over Na,SOsa,
and evaporated to form white solid. The residue was collected and washed with hexane (100 mLx*3)
to afford the product 50 (18.5 g, 79%) as white solid, which was used a next step without further
purification:

R¢ = 0.48 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl5) & 7.61-7.55 (3H, m), 7.45-7.29
(12H, m), 6.34 (2H, s), 4.95 (4H, s), 4.17 (2H, s), 3.86 (3H, s); *C NMR (125 MHz, CDCl3) § 152.5,
140.0, 137.8, 136.7, 133.6, 128.8, 128.7, 128.5, 127.9, 127.2, 123.2, 110.5, 71.1, 62.9, 61.0; IR
(neat) vmax 3062, 3031, 2928, 2829, 1979, 1591, 1504, 1438, 1307, 1249, 1152, 1105, 1086, 1027,
1002, 839, 739, 696, 626 cm™'; HRMS-ESI [M+Na]" calculated for C2sH26NaOsS: 497.1393, found:
497.1394; mp: 151.4-152.1 °C.

(E)-5-(3,5-bis(benzyloxy)-4-methoxyphenyl)-2-methylpent-2-en-1-o0l (52)

OMe
BnO OBn

HO ‘

To a stirred solution of 50 (9.20 g, 19.0 mmol) in THF (100 mL) and DMPU (20 mL) was added
nBuLi (1.64M in n-hexane, 12.7 mL, 20.9 mmol, 1.1 equiv) at —78 °C, and the reaction mixture was
stirred for 30 min at 0 °C. Then, a stirred solution was cooled to —78 °C again, 51 (6.37 g, 22.8
mmol, 1.2 equiv) in THF (20 mLx3) was added. The reaction mixture was warmed to room
temperature and stirred for 16 h. After disappearance of the starting material, to the reaction mixture
was added saturated aqueous NH4Cl solution (100 mL). The aqueous layer was extracted with
EtOAc (150 mLx3), and the combined organic layer was washed with brine (50 mL), dried over
NaS0Oy4, and evaporated. The residue was used for the next reaction without further purification.

To a solution of crude material in MeOH (750 mL) was added magnesium turnings (4.61 g, 190
mmol, 10 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at 0 °C and warm to rt.
After 8 h stirring, to the mixture was added saturated 1M HCI solution (200 mL) and stirred until
consumption of magnesium. The aqueous layer was extracted with EtOAc (150 mLx3), and the
combinded organic layer was dried over Na,SOs, and evaporated. The residue was used for the next
reaction without further purification.

To a stirred solution of crude material in THF (400 mL) was added tetrabutylammonium fluoride
(1.0M in THF, 38.0 mL, 38.0 mmol, 2.0 equiv), and the reaction mixture was stirred for 30 min at
room temperature. After disappearance of the starting material, to the reaction mixture was added

saturated aqueous NH4Cl solution (100 mL). The aqueous layer was extracted with EtOAc (150
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mlLx3), and the combined organic layer was washed with H>O (100 mL), brine (100 mL), dried over
Na,SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
3/1) to afford the product 52 (3.42 g, 43% over 3 steps) as pale-yellow oil:

R¢= 0.10 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl;) § 7.45 (4H, d, J= 7.4 Hz), 7.37
(4H, dd, J=174,74 Hz), 7.31 2H, dd, /= 7.4, 7.4 Hz) 6.45 (2H, s), 5.34 (1H, t, /= 7.4 Hz), 5.12
(4H, s), 3.95 (2H, s), 3.88 (3H, s), 2.53 (2H, t, /= 7.4 Hz), 2.25 (2H, dt, J= 7.4, 7.4 Hz), 1.58 (3H,
s), 1.46 (1H, br); *C NMR (125 MHz, CDCls) 8 152.5, 137.8, 137.6, 137.5, 135.6, 128.6, 127.9,
127.4, 125.1, 108.4, 71.3, 68.9, 61.1, 35.9, 29.5, 13.8; IR (neat) vmax 3421, 3063, 3030, 2928, 2861,
1588, 1503, 1433, 1371, 1321, 1233, 1109, 1005, 826, 735, 696, 594 ¢cm™'; HRMS-ESI [M+Na]*
calculated for C»7H30NaOs: 441.2036, found: 441.2036.

(E)-(((5-(5-bromo-4-methylpent-3-en-1-yl)-2-methoxy-1,3-phenylene)bis(oxy))bis(methylene))

dibenzene (53)

OMe
BnO OBn

Br ‘

To a stirred solution of 52 (3.42 g, 8.17 mmol) and triphenylphosphine (2.57 g, 9.81 mmol, 1.2
equiv) in CH>Cl, (100 mL) was added carbon tetrabromide (3.25 g, 9.81 mmol, 1.2 equiv) at 0 °C,
and the reaction mixture was stirred for 30 min at 0 °C. After disappearance of the starting material,
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 100/1) to afford the product 53 (3.77 g, 96%) as colorless oil:

R¢= 0.75 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCl5) § 7.46 (4H, d, J= 7.4 Hz), 7.38
(4H, dd, J=7.4,7.4 Hz), 7.32 (2H, dd, /= 7.4, 7.4 Hz), 6.44 (2H, s), 5.55 (1H, t, J= 7.4 Hz), 5.13
(4H, t,J=17.4 Hz), 3.92 (2H, s), 3.89 (3H, s), 2.54 2H, t,J=7.4 Hz), 2.25 (2H, dt, /= 7.4, 7.4 Hz),
1.67 (3H, s); *C NMR (125 MHz, CDCl;)  152.4, 137.8, 137.3, 137.0, 132.7, 130.2, 128.5, 127.8,
127.2,108.3, 71.1, 61.0, 41.5, 35.3, 29.9, 14.6; IR (neat) vmax 3063, 3030, 2926, 2826, 1588, 1504,
1434, 1370, 1235, 1121, 1009, 906, 826, 736, 696, 604 cm™'; HRMS-ESI [M+Na]* calculated for
C27H20BrNaOs: 503.1192, found: 503.1195.

dimethyl (E)-2-(5-(3,5-bis(benzyloxy)-4-methoxyphenyl)-2-methylpent-2-en-1-yl)malonate (54)

OMe
BnO OBn

MeO,C

MeO,C |
To a stirred suspension of sodium hydride (898 mg, 2.24 mmol, 1.1 equiv) in THF (20 mL) was
added dimethyl malonate (0.35 mL, 3.06 mmol, 1.5 equiv) at 0 °C and the reaction mixture was
stirred for 30 min at 0 °C. Then, to a stirred solution, 53 (983 mg, 2.04 mmol) in THF (5 mLx3) was
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added, and stirred for 12 h at room temperature. After disappearance of the starting material, to the
reaction mixture was added satrurated aqueous NH4Cl solution (20 mL). The aqueous layer was
extracted with Et;O (20 mLx3), and the combined organic layer was dried over Na,SOs, and
evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 15/1) to
afford the product 54 (1.09 g, 94%) as colorless oil:

R¢= 0.23 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl5) § 7.46 (4H, d, J= 7.4 Hz), 7.38
(4H,dd,J=74,7.4 Hz), 7.31 (2H, dd, /= 7.4, 7.4 Hz), 6.45 (2H, s), 5.20 (1H, t, /= 7.3 Hz), 5.13
(4H, s), 3.88 (3H, s), 3.70 (6H, s), 3.56 (1H, t, /= 7.9 Hz), 2.57 (2H, d, J="7.9 Hz), 248 2H, t, J =
7.3 Hz), 2.19 (2H, dt, J = 7.3, 7.3 Hz), 1.57 (3H, s); *C NMR (125 MHz, CDCls) § 169.5, 152.4,
137.7,137.5, 137.4, 131.5, 128.5, 127.7, 127.2, 126.6, 108.2, 71.1, 60.9, 52.4, 50.6, 38.5, 35.9, 29.7,
15.7; IR (neat) vmax 3031, 2950, 1733, 1587, 1504, 1433, 1371, 1340, 1232, 1149, 1103, 1009, 908,
828, 735, 697 cm’'; HRMS-ESI [M+Na]" calculated for C3;H3sNaO7: 555.2353, found: 555.2353.

dimethyl
(E)-2-(5-(3,5-bis(benzyloxy)-4-methoxyphenyl)-2-methylpent-2-en-1-yl)-2-(prop-2-yn-1-yl)mal
onate (47¢)

OMe
BnO OBn

MeO,C
MeO,C ‘

To a stirred suspension of sodium hydride (998 mg, 2.50 mmol, 1.3 equiv) in THF (10 mL) was
added 54 (1.09 g, 1.92 mmol) in THF (5 mLx3) at 0 °C and the reaction mixture was stirred for 30
min at 0 °C. Then, to a stirred solution, propargyl bromide (0.22 mL, 2.88 mmol, 1.5 equiv) was
added, and stirred for 4 h at room temperature. After disappearance of the starting material, to the
reaction mixture was added satrurated aqueous NH4Cl solution (20 mL). The aqueous layer was
extracted with EO (20 mLx3), and the combined organic layer was dried over Na>SO4, and
evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 10/1) to
afford the product 47¢ (1.12 g, 96%) as colorless oil:

R¢= 0.25 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl5) § 7.45 (4H, d, J= 7.4 Hz), 7.37
(4H, dd, J=7.4,7.4 Hz), 731 (2H, dd, J= 7.4, 7.4 Hz), 6.46 (2H, s), 5.31 (1H, t, J= 7.4 Hz), 5.13
(4H, s), 3.88 (3H, s), 3.71 (6H, s), 2.78 (2H, s), 2.73 (2H, d, J = 2.3 Hz), 2.53 (2H, d, J = 7.4 Hz),
2.23 (2H, dt,J=7.4, 7.4 Hz), 2.02 (1H, t, J = 2.3 Hz), 1.46 (3H, s); *C NMR (125 MHz, CDCl;) &
170.6, 152.4, 137.7, 137.4, 137.4, 130.1, 129.8, 128.5, 127.7, 127.3, 108.2, 79.4, 71.7, 71.1, 60.9,
56.6, 52.6, 41.5, 35.7, 29.8, 22.5, 16.8; IR (neat) vmax 3288, 3031, 2950, 1736, 1588, 1505, 1434,
1371, 1288, 1212, 1105, 1009, 847, 737, 698, 653 cm™'; HRMS-ESI [M+Na]" calculated for
Cs5H3sNaO7: 593.2510, found: 593.2509.
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(E)-2-(5-(3,5-bis(benzyloxy)-4-methoxyphenyl)-2-methylpent-2-en-1-yl)malononitrile (55)

OMe
BnO OBn

NC
CN ‘

To a stirred solution of 53 (2.64g, 5.49 mmol), malononitrile (544 mg, 8.24 mmol, 1.5 equiv) and
tetrabtuylammonium iodide (203 mg, 0.549 mmol, 0.1 equiv) in CH,Cl, (50 mL) was added
iPr,NEt (0.95 mL, 5.49 mmol, 1.0 equiv) and the reaction mixture was stirred for 24 h at room
temperature. After disappearance of the starting material, to the reaction mixture was added
saturated aqueous NH4ClI solution (50 mL). The aqueous layer was extracted with CH>Cl, (50
mLx3), dried over Na;SOs4, and evaporated. The residue was roughly purified by flash
chromatography (hexane/ethyl acetate = 15/1) to afford the product 55 as pale-yellow oil, which was
pure enough for the next reaction:

R¢= 0.16 (hexane/ethyl acetate = 4/1); 'H NMR (500 MHz, CDCl;) § 7.46 (4H, d, J= 7.4 Hz), 7.38
(4H, dd, J=74,74 Hz), 7.32 (2H, dd, J= 7.4, 7.4 Hz), 6.45 (2H, s), 5.41 (1H, t, J= 7.4 Hz), 5.14
(4H, s), 3.89 (3H, s), 3.70 (1H, t, J= 7.4 Hz), 2.57 (2H, t, J = 7.4 Hz), 2.55 2H, t, /= 7.4 Hz), 2.28
(2H, dt, J = 7.4, 7.4 Hz), 1.59 (3H, s); *C NMR (125 MHz, CDCls) & 152.4, 137.8, 137.4, 136.9,
131.4,128.5,127.8,127.6,127.2,112.4, 108.3, 71.0, 60.9, 40.3, 35.5, 29.8, 22.0, 15.6; IR (neat) Vpax
3064, 3032, 2917, 2828, 2254, 1588, 1504, 1433, 1371, 1340, 1319, 1233, 1178, 1101, 1004, 908,
826, 732, 696, 648, 565 cm™'; HRMS-ESI [M+Na]" calculated for C30H30N2NaOs: 489.2149, found:
489.2149.

(E)-2-(5-(3,5-bis(benzyloxy)-4-methoxyphenyl)-2-methylpent-2-en-1-yl)-2-(prop-2-yn-1-yl)mal
ononitrile (47d)

OMe
BnO OBn

To a stirred solution of crude 55 in THF (300 mL) was added nBuLi (1.60M in n-hexane, 3.4 mL,
5.49 mmol, 1.0 equiv) at —78 °C, and the reaction mixture was stirred for 30 min at —78 °C. Then, to
a stirred solution, propargyl bromide (0.41 mL, 5.49 mmol, 1.0 equiv) in THF (20 mLx3) was
added. The reaction mixture was warmed to room temperature and stirred for 3 h. After
disappearance of the starting material, to the reaction mixture was added saturated aqueous NH4Cl
solution (100 mL). The aqueous layer was extracted with EtOAc (50 mLx3), and the combined
organic layer was washed with brine (50 mL), dried over Na>SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 15/1) to afford the product 47d (2.11 g,

76%) as colorless oil:
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R¢= 0.19 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl;) § 7.45 (4H, d, J= 7.4 Hz), 7.38
(4H,dd,J=7.4,74 Hz),7.31 2H, dd, J= 7.4, 7.4 Hz), 6.46 (2H, s), 5.49 (1H, t, J= 6.52 Hz), 5.13
(4H, s), 3.88 (3H, s), 2.79 (2H, d, /= 2.3 Hz), 2.65 (2H, s), 2.57 2H, t,J= 7.4 Hz), 2.37 (1H, t, J =
2.3 Hz), 2.31 (2H, dt, J = 7.4, 7.4 Hz), 1.73 (3H, s); *C NMR (125 MHz, CDCls) § 152.4, 137.8,
137.4,136.9, 133.5, 128.5, 127.8, 127.3, 127.2, 114.7, 108.3, 75.4, 74.7, 71.1, 61.0, 45.5, 36.3, 35.4,
29.9, 28.3, 17.2; IR (neat) vmax 3263, 3032, 2926, 1587, 1505, 1432, 1372, 1341, 1322, 1235, 1179,
1103, 1004, 908, 825, 734, 696, 650 cm'; HRMS-ESI [M+Na]" calculated for C33;H3NNaOs:
527.2305, found: 527.2307; mp: 135.3-137.3 °C.

(E)-5-(3,5-bis(benzyloxy)phenyl)-2-methylpent-2-en-1-ol (60)

BnO OBn
Y

To a stirred solution of magnesium (236 mg, 9.72 mmol, 10 equiv) in Et,O (10 mL) was added
dibromoethane (0.084 mL, 0.972 mmol, 1.0 equiv) and the reaction mixture was stirred for 1 h at
room temperature. After activation of magnesium, the reaction mixture was cool to 0 °C. Then to
the solution was added benzyl bromide 59 (745 mg, 1.94 mmol, 2.0 equiv) in THF (10 mLx3) and
stirred until 59 was fully consumed to form Grignard reagent.

To a stirred solution of acetate 58 (251 mg, 9.72 mmol) in THF (10 mL) was added Li,CuCl4 (0.1M
in THF, 0.97 ml, 0.0972 mmol, 0.1 equiv) then prepared Grignard reagent. The reaction mixture
was stirred for 1 h at 0 °C. After disappearance of the starting material, to the reaction mixture was
added saturated aqueous NH4Cl solution (30 mL). The aqueous layer was extracted with Et;O (20
mLx3), and the combined organic layer was washed with HO (20 mL), brine (20 mL), dried over
Na2S0Oy4, and evaporated. The residue was roughly purified by flash chromatography (hexane/ethyl
acetate = 10/1) to afford the product, which was pure enough for the next reaction.

To a stirred solution of crude material in THF (20 mL) was added tetrabutylammonium fluoride
(1.0M in THF, 1.9 mL, 1.94 mmol, 2.0 equiv), and the reaction mixture was stirred for 30 min at
room temperature. After disappearance of the starting material, to the reaction mixture was added
saturated aqueous NH4Cl solution (20 mL). The aqueous layer was extracted with EtOAc (20
mLx3), and the combined organic layer was washed with HO (20 mL), brine (20 mL), dried over
Na,SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
5/1) to afford the product 60 (364 mg, 96% over 2 steps) as white solid:

R¢= 0.06 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl;) § 7.43 (4H, d, J = 6.8 Hz), 7.39
(4H, dd, J=6.8, 6.8 Hz), 7.33 (2H, dd, /= 6.8, 6.8 Hz), 6.49 (1H, dd, J= 2.3, 2.3 Hz), 6.47 (2H, d,
J=2.3Hz),5.45 (1H,t,J=17.9 Hz), 5.03 (4H, s), 3.99 (2H, s), 2.61 (2H, t, /= 7.9 Hz), 2.35 (2H, dt,
J=179,79 Hz), 1.64 (3H, s), 1.41 (1H, s); *C NMR (125 MHz, CDCl3) & 159.9, 144.4, 136.9,
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135.5,128.6, 127.9, 127.5, 125.1, 107.7, 99.4, 70.0, 68.8, 35.9, 29.2, 13.7; IR (neat) vmax 3326, 3064,
3031, 2915, 2859, 1591, 1497, 1451, 1374, 1344, 1290, 1214, 1146, 1056, 1027, 1001, 907, 827,
730, 694, 631 cm’'; HRMS-ESI [M+Na]* calculated for CsH2sNaOs: 411.1931, found: 411.1932
mp: 59.5-60.6 °C.

(E)-(((5-(5-bromo-4-methylpent-3-en-1-yl)-1,3-phenylene)bis(oxy))bis(methylene))dibenzene

(61)
BnO OBn
AY

To a stirred solution of 60 (364 mg, 0.937 mmol) and triphenylphosphine (295 mg, 1.12 mmol, 1.2
equiv) in CH>Cl, (10 mL) was added carbon tetrabromide (373 mg, 1.12 mmol, 1.2 equiv) at 0 °C,
and the reaction mixture was stirred for 30 min at 0 °C. After disappearance of the starting material,
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 100/1) to afford the product 61 (373 mg, 88%) as colorless oil:

R¢= 0.60 (hexane/ethyl acetate = 4/1); 'H NMR (500 MHz, CDCl;) § 7.43 (4H, d, J= 7.4 Hz), 7.39
(4H,dd,J=7.4,74 Hz),7.33 (2H, dd, J= 7.4, 7.4 Hz), 6.49 (1H, dd, J=2.3,2.3 Hz), 6.44 (2H, d,
J=2.3Hz),5.62 (1H,t,J="7.3 Hz), 5.03 (4H, s), 3.95 (2H, s), 2.61 (2H, t, /= 7.3 Hz), 2.33 (2H, dt,
J=173,73 Hz), 1.71 (3H, s); *C NMR (125 MHz, CDCls) & 159.9, 143.9, 137.0, 132.7, 130.3,
128.6, 127.9, 127.5, 107.7, 99.6, 70.0, 41.6, 35.5, 29.8, 14.6; IR (neat) vmax 3063, 3031, 2918, 2860,
1591, 1451, 1373, 1343, 1290, 1264, 1204, 1146, 1080, 1053, 827, 733, 694, 602 cm™'; HRMS-ESI
[M+Na]" calculated for C26H27BrNaO,: 473.1087, found: 473.1089.

dimethyl (E)-2-(5-(3,5-bis(benzyloxy)phenyl)-2-methylpent-2-en-1-yl)malonate (61a)

BnO OBn
MeO,C
MeO,C ‘

To a stirred suspension of sodium hydride (33.3 mg, 0.834 mmol, 1.1 equiv) in THF (5 mL) was
added dimethyl malonate (0.13 mL, 1.14 mmol, 1.5 equiv) at 0 °C and the reaction mixture was
stirred for 30 min at 0 °C. Then, to a stirred solution, 61 (342 mg, 0.758 mmol) in THF (1 mLx3)
was added, and stirred for 12 h at room temperature. After disappearance of the starting material, to
the reaction mixture was added satrurated aqueous NH4Cl1 solution (20 mL). The aqueous layer was
extracted with Et;O (10 mLx3), and the combined organic layer was dried over Na,SOs, and
evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 15/1) to
afford the product 61a quantitative yield as colorless oil:

R¢= 0.25 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl;) § 7.42 (4H, d, J= 7.4 Hz), 7.38
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(4H, dd, /=174, 7.4 Hz), 7.32 (2H, dd, /= 7.4, 7.4 Hz), 6.46 (1H, dd, J= 2.3, 2.3 Hz), 6.43 (2H, d,
J=23Hz), 524 (1H,t,J=7.9 Hz), 5.02 (4H, s), 3.69 (6H, s), 3.56 (1H, t, /= 7.9 Hz), 2.58 (2H, d,
J=179 Hz),2.54 2H, t,J= 7.9 Hz), 2.26 (2H, dt, J = 7.9 Hz), 1.59 (3H, s); 3*C NMR (125 MHz,
CDCls) 6 169.5, 159.9, 144.4, 136.9, 131.5, 128.5, 127.9, 127.5, 126.6, 107.6, 99.4, 70.0, 52.4, 50.6,
38.5, 36.1, 29.6, 15.7; IR (neat) vmax 3031, 2951, 2248, 1732, 1592, 1947, 1451, 1435, 1343, 1288,
1234, 1147, 1054, 1027, 907, 829, 727, 695, 647 c¢cm’'; HRMS-ESI [M+Na]* calculated for
C31H34NaOg: 525.2248, found: 525.2250.

dimethyl
(E)-2-(5-(3,5-bis(benzyloxy)phenyl)-2-methylpent-2-en-1-yl)-2-(prop-2-yn-1-yl)malonate (48)
BnO OBn
MeO,C

MeO,C |
Il

To a stirred suspension of sodium hydride (36.4 mg, 0.911 mmol, 1.3 equiv) in THF (5 mL) was
added 61a (352 mg, 0.701 mmol) in THF (1 mLx3) at 0 °C and the reaction mixture was stirred for
30 min at 0 °C. Then, to a stirred solution, propargyl bromide (0.079 mL, 1.05 mmol, 1.5 equiv) was
added, and stirred for 4 h at room temperature. After disappearance of the starting material, to the
reaction mixture was added satrurated aqueous NH4Cl solution (20 mL). The aqueous layer was
extracted with Et;O (10 mLx3), and the combined organic layer was dried over Na,SOs, and
evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 5/1) to afford
the product 48 (364 mg, 96%) as colorless oil:

R = 0.31 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCl5) § 7.42 (4H, d, J= 7.4 Hz), 7.38
(4H, dd,J=7.4, 7.4 Hz),7.32 (2H, dd, J="7.4, 7.4 Hz), 6.46 (1H, dd, /= 2.3, 2.3 Hz), 6.45 (2H, d,
J=2.3Hz),5.36(1H,t,J="7.4 Hz),5.02 (4H, s), 3.71 (6H, s), 2.79 (2H, s), 2.75 (2H, d, /= 2.3 Hz),
2.58 2H, t,J = 7.4 Hz), 2.29 (2H, dt, J = 7.4, 7.4 Hz), 2.01 (1H, t, J = 2.3 Hz), 1.50 (3H, s); 1*C
NMR (125 MHz, CDCl3) 6 170.7, 159.9, 144.4, 138.0, 130.2, 129.8, 128.5, 127.9, 127.5, 107.7,
99.5,79.4,71.6,70.0, 56.7, 52.6, 41.5, 35.9,29.7, 22.5, 16.8; IR (neat) vinax 3288, 3064, 3031, 2951,
2860, 1736, 1592, 1452, 1375, 1289, 1210, 1154, 1099, 1058, 829, 736, 696, 645 cm™'; HRMS-ESI
[M+Na]" calculated for C34sH3¢NaOs: 563.2404, found: 563.2405.
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dimethyl
(4aS*,10a8%)-5,7-bis(benzyloxy)-6-methoxy-4a-methyl-1-methylene-1,4,4a,9,10,10a-hexahydro
phenanthrene-3,3(2H)-dicarboxylate (62c)

OMe

OBn

dimethyl
(E)-3-(4-(3,5-bis(benzyloxy)-4-methoxyphenyl)but-1-en-1-yl)-4-methylcyclopent-3-ene-1,1-dica

rboxylate (62¢’)
OMe

BnO l OBn
MeO,C ‘
MeO,C Z

According to general procedure, 62¢ was obtained as colorless oil (65%) and 62¢> was obtained as
colorless oil (31%):

62c: Ry= 0.76 (hexane/ethyl acetate = 2/1); '"H NMR (500 MHz, CDCls) 8 7.56 (2H, d, J = 7.4 Hz),
746 2H,d,J=74Hz), 7.40 (4H, dd, /=74, 74 Hz), 7.33 (2H, dd, /=74, 7.4 Hz), 6.49 (1H, s),
521 (1H, d,J=11.3 Hz), 5.14 (1H, br), 5.13 (1H, d, J= 11.3 Hz), 5.09 (2H, s), 4.77 (1H, br), 3.95
(1H, d, J = 14.2 Hz), 3.83 (3H, s), 3.68 (3H, s), 3.39 (3H, s), 3.20 (1H, d, J = 13.0 Hz), 2.99-2.57
(2H, m), 2.27 (1H, d, J = 13.0 Hz), 2.20 (1H, d, /= 12.5 Hz), 2.16 (1H, d, /= 14.2 Hz), 1.81-1.52
(2H, m), 1.00 (3H, s); *C NMR (125 MHz, CDCls) § 172.6, 172.4, 152.3, 150.9, 145.1, 141.4,
138.2,137.1, 132.3,131.7, 128.5, 128.2, 128.1, 128.1, 127.8, 127.5, 127.5, 127.3, 110.8, 109.7, 74.7,
70.7, 65.8, 60.9, 55.0, 52.8, 51.8, 50.0, 40.7, 40.6, 39.7, 31.6, 20.9, 19.1, 15.3; IR (neat) Vmax 2949,
2251, 1730, 1593, 1485, 1433, 1338, 1255, 1240, 1205, 1092, 1026, 965, 905, 849, 726, 647, 546
cm’'; HRMS-ESI [M+Na]" calculated for Cs3sH3sNaO7: 593.2510, found: 593.2509.

62’: R¢= 0.66 (hexane/ethyl acetate = 2/1); 'H NMR (500 MHz, CDCl5) § 7.45 (4H, d, J = 7.4 Hz),
7.37 (4H,dd,J=7.4,7.4 Hz), 7.31 (2H, dd, J= 7.4, 7.4 Hz), 6.46 (2H, s), 6.23 (1H, d, /= 14.7 Hz),
5.53 (1H, dt, J = 14.7, 7.4 Hz), 5.11 (4H, s), 3.88 (3H, s), 3.72 (6H, s), 3.10 (2H, s), 3.04 (2H, s),
2.58 2H, t,J=7.4 Hz),2.35 (2H, dt, J = 7.4, 7.4 Hz), 1.73 (3H, s); *C NMR (125 MHz, CDCl;) &
172.7, 152.4, 137.4, 132.2, 130.6, 130.0, 128.5, 127.8, 127.3, 124.2, 108.2, 71.2, 65.8, 60.9, 57.0,
52.8,46.4,41.2,36.2, 349, 153, 13.4; IR (neat) viax 3031, 2927, 2853, 1734, 1588, 1506, 1434,
1372, 1327, 1254, 1198, 1164, 1113, 1075, 1009, 965, 821, 737, 698 cm’'; HRMS-ESI [M+Na]"
calculated for CssH3sNaO7: 593.2510, found: 593.2509.
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(4aS,10a8%)-5,7-bis(benzyloxy)-6-methoxy-4a-methyl-1-methylene-1,4,4a,9,10,10a-hexahydrop
henanthrene-3,3(2H)-dicarbonitrile (62d)

OMe

OBn

According to general procedure, 62d was obtained as colorless oil (quantitative yield). Ee was
determinded by HPLC (220 nm); Daicel CHIRALPAK® IC-3 046 cm ¢ x 25 cm;
hexane/2-propanol = 24/1; flow rate 1.0 mL/min; retention time: 27.0 min for 62d, 38.4 min for
ent-62d:

R¢= 0.32 (hexane/ethyl acetate = 4/1); 'H NMR (500 MHz, CDCl;) § 7.52 (2H, d, J = 7.4 Hz), 7.45
(4H, dd, J =74, 7.4 Hz), 742-7.29 (4H, m), 6.48 (1H, s), 5.28 (1H, d, J= 10.8 Hz), 5.25 (1H, br),
5.13-5.06 (3H, m), 4.97 (1H, br), 3.97 (1H, dd, J=15.3, 2.3 Hz), 3.86 (3H, s), 3.00 (1H, dd, J=13.0,
2.3 Hz), 2.93-2.83 (1H, m), 2.81 (1H, ddd, J = 15.3, 15.3, 4.0 Hz), 2.67 (1H, d, /= 13.0 Hz), 2.16
(1H, d, J=13.0 Hz), 1.96 (1H, d, J = 15.3 Hz), 1.84-1.76 (1H, m), 1.72 (1H, dddd, J = 13.0, 13.0,
13.0, 4.0 Hz), 1.37 (3H, s); *C NMR (125 MHz, CDCl3) & 152.0, 151.4, 141.2, 140.8, 137.2, 136.9,
131.0, 130.1, 128.8, 128.6, 128.5, 128.5, 128.4, 128.2, 128.1, 128.0, 127.7, 127.3, 116.7, 116.2,
114.5,109.7,75.5,70.7, 60.9, 49.3, 44.1, 43.3, 40.0, 32.0, 31.0, 20.9, 20.2; IR (neat) vimax 3032, 2936,
2879, 2248, 1593, 1570, 1486, 1435, 1414, 1340, 1259, 1143, 1095, 1025, 907, 848, 730, 696, 647
cm'; HRMS-ESI [M+Na]" calculated for C33H32N>NaO;: 527.2305, found: 527.2308.

dimethyl
(4a8*,10a5%)-5,7-bis(benzyloxy)-4a-methyl-1-methylene-1,4,4a,9,10,10a-hexahydrophenanthr

ene-3,3(2H)-dicarboxylate (63)
OBn

According to general procedure, 63 was obtained as colorless oil (99%):

R¢= 0.34 (hexane/ethyl acetate = 4/1); '"H NMR (500 MHz, CDCls) 8 7.50-7.30 (10H, m), 6..49 (1H,
d,/=2.3 Hz), 6.34 (1H, d, J= 2.3 Hz), 5.12 (1H, br), 5.04 (1H, d, /= 11.3 Hz), 5.01 (2H, s), 4.96
(1H, d, J=11.3 Hz), 4.75 (1H, br), 4.01 (1H, dd, J = 13.6, 1.7 Hz), 3.68 (3H, s), 3.29 (3H, s), 3.18
(1H, dd, J = 13.6, 1.7 Hz), 2.93 (1H, ddd, /= 17.0, 12.5, 5.1 Hz), 2.80 (1H, dd, /= 17.0, 5.1 Hz),
227 (1H, d, J=13.6 Hz), 2.21 (1H, d, J= 12.5 Hz), 2.01 (1H, d, /= 13.6 Hz), 1.80-1.72 (1H, m),
1.68 (1H, ddd, J = 12.5, 12.5, 5.1 Hz), 0.97 (3H, s); *C NMR (125 MHz, CDCls) § 172.6, 172.4,
158.9, 157.4, 145.3, 138.3, 137.1, 136.8, 128.6, 128.5, 128.5, 128.4, 128.0, 127.9, 127.8, 127.8,
127.6,127.2, 120.9, 110.5, 106.3, 99.0, 70.7, 70.0, 54.9, 52.7, 51.7, 50.5, 40.7, 40.0, 39.3, 32.1, 20.7,
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17.6; IR (neat) vmax 3032, 2948, 2873, 2841, 1730, 1600, 1578, 1453, 1431, 1262, 1239, 1205, 1153,
1072, 1045, 906, 730, 697 cm’'; HRMS-ESI [M+Na]* calculated for C34H3sNaOg: 563.2404, found:
563.2405.

FIE FHIE

3,5-diiodo-2-methoxyphenol (66)

OMe

|

To a stirred solution of 2,4,6-triiodoanisole 65 (77.2g, 159 mmol) in Et;O (1.6 L) was added nBuLi
(1.54M in n-hexane, 103 mL, 159 mmol, 1.0 equiv) at —78 °C and the reaction mixture was stirred
for 30 min at —78 °C. Then, to the stirred solution, trimethylborate (17.6 mL, 159 mmol, 1.0equiv)
was added, and stirred for 30 min at —78 C. Then, to the stirred solution sodium perborate
tetrahydrate (244 g, 1590 mmol, 10 equiv) was added and warmed to rt. After stirring for 16 h, to
the reaction mixture was added saturated aqueous NH4Cl solution (500 mL). The aqueous layer was
extracted with Et;O (200 mLx3), and the combined organic layer was dried over Na,SOs, and
evaporated to afford the product 66 (59.2 g, 99%) as white solid, which was used without further
purification:

R¢ = 0.38 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl5) § 7.61 (1H, d, J= 1.8 Hz), 7.27
(1H, d, /= 1.8 Hz), 5.60 (1H, br), 3.84 (3H, s).

1-(2,2-dimethoxyethoxy)-3,5-diiodo-2-methoxybenzene (66a)

OMe OMe

|\<>/O\)\0Me

|

To a stirred solution of 66 (59.2g, 157 mmol), KoCOs (26.1 g, 189 mmol, 1.2 equiv) and TBAI (5.82
g, 15.7 mmol, 0.1 equiv) in DMF (230 mL) was bromoacetaldehyde dimethylacetal (67) (22.2 mL,
189 mmol, 1.2 equiv) at room temperature and the reaction mixture was stirred for 4 h at 100 °C.
After disappearance of the starting material, the reaction mixture was filtered through Celite® pad
and wash with Et,O (100 mLx3). The filtrated was concentrated and added Et,O (200 mL) and H,O
200 mL). Then, the aqueous layer was extracted with Et,O (200 mLx3), and the combined organic
layer was washed with H,O (200 mLx2), dried over Na,SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 15/1) to afford the product 66a (75.4 g,
86%) as colorless oil:

R¢= 0.55 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl;) § 7.69 (1H, d, J= 1.8 Hz), 7.16
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(1H, d,J= 1.8 Hz), 473 (1H, t, J= 5.5 Hz), 3.99 (2H, d, J = 5.5 Hz), 3.83 3H, s), 3.46 (611, 5).

4,6-diiodo-7-methoxybenzofuran (68)

To polyphosphoric acid (38.6 g, 100 wt %) was added a stirred solution of 66a (38.6 g, 83.2 mmol)
in toluene (800 mL) at room temperature and the reaction mixture was stirred for 2 h at 100 °C.
After disappearance of the starting material, the reaction mixture was added saturated aqueous
NaHCOs.solution (400 mL) The aqueous layer was extracted with Et;O (200 mLx3), and the
combined organic layer was dried over Na,SQOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 20/1) to afford the product 68 (26.3 g, 79%) as white solid:
R¢= 0.75 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3) & 7.91 (1H, s), 7.59 (1H, d, J =
3.7Hz), 6.67 (1H, d,J=3.7 Hz), 4.21 (3H, s).

4-iodo-7-methoxybenzofuran-6-ol (68a)

OMe
HO

o

|
To a stirred solution of 68 (24.2 g, 61.0 mmol) in Et;O (300 mL) was added »BuLi (1.54M in
n-hexane, 39.6 mL, 61.0 mmol, 1.0 equiv) at —78 °C and the reaction mixture was stirred for 30 min
at —78 °C. Then, to the stirred solution, trimethylborate (6.74 mL, 61.0 mmol, 1.0 equiv) was added,
and stirred for 2 h at 0 °C. Then, to the stirred solution sodium perborate tetrahydrate (46.9 g, 305
mmol, 5.0 equiv) was added and warmed to rt. After stirring for 16 h, to the reaction mixture was
added saturated aqueous NH4Cl solution (100 mL). The aqueous layer was extracted with Et,O (100
mLx3), and the combined organic layer was dried over Na,SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford the product 68a (15.9 g,
90%) as white solid:

R¢ = 0.34 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl5) § 7.56 (1H, d, J= 1.8 Hz), 7.29
(1H, s), 6.59 (1H, d, J= 1.8 Hz), 5.56 (1H, s), 4.21 (3H, s).

6-(benzyloxy)-4-iodo-7-methoxybenzofuran (69)

OMe

BnO le)
/
|

To a stirred solution of 68a (11.9 g, 41.3 mmol) and K,COs (6.86 g, 49.6 mmol, 1.2equiv) in
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acetone (150 mL) was benzyl bromide (6.0 mL, 45.4 mmol, 1.1 equiv) at room temperature and the
reaction mixture was stirred for 4 h at reflux temperature. After disappearance of the starting
material, the reaction mixture was filtered through Celite® pad and wash with EtO (50 mLx3). The
filtrated was concentrated and dilute with EtOAc (100 mL) and H>O (100 mL). Then, the aqueous
layer was extracted with EtOAc (50 mLx3), and the combined organic layer was dried over Na>SOy,
and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 15/1) to
afford the product 69 as white solid quantitatively:

R¢= 0.68 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl5) & 7.60 (1H, d, J = 1.8 Hz), 7.46
(2H,d,J=17.3Hz),7.39 (2H, dd,J="7.3,7.3 Hz), 7.33 (1H, dd, /= 7.3, 7.3 Hz), 7.31 (1H, s), 6.58
(1H, d, J=1.8 Hz), 5.14 (2H, s), 4.13 (3H, 5).

methyl 6-(benzyloxy)-7-methoxybenzofuran-4-carboxylate (70)

OMe
BnO o)

/

COMe
To a stirred solution of 69 (16.0 g, 42.1 mmol) and Pd(PPhs)s (4.87 g, 4.21 mmol, 0.1 equiv) in
MeOH (50 mL) was Et:N (17.6 mL, 126 mmol, 3.0 equiv) at room temperature and filled with CO
gas. The mixture was stirred for 12 h at 50 °C under CO atmosphere (1 atm). After disappearance of
the starting material, the reaction vessel was filled with argon. Then, to the solution was added
NH4Cl1 (100 mL). The aqueous layer was extracted with Et;O (100 mLx3), and the combined
organic layer was washed with H,O (50 mL), brine (50 mL), dried over Na,SOa, and evaporated.
The residue was purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford the
product 70 (12.3 g, 94%) as white solid.
R¢ = 0.50 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) 8 7.73 (1H, s), 7.66 (1H, d, J =
23 Hz),7.49 (2H, d,J=7.3 Hz), 7.39 (2H, dd, J="7.3, 7.3 Hz), 7.32 (1H, dd, J= 7.3, 7.3 Hz), 7.29
(1H,d,J=2.3 Hz), 5.19 (2H, s), 4.27 (3H, s), 3.95 (3H, s).

(6-(benzyloxy)-7-methoxybenzofuran-4-yl)methanol (70a)

OMe
BnO 0

/
OH
To a stirred solution of LiAlH4 (1.41 g, 29.7 mmol, 0.75 equiv) in THF (200 mL) was added 70
(12.3 g, 39.6 mmol) in THF (20 mLx3) at 0 "C, and the reaction mixture was stirred at 0 "C for 1 h.
The reaction mixture was quenched with saturated aqueous Na>SOys solution, filtered through a plug
of Celite®, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate
=2/1) to afford the product 70a as white amorphous quantatively:
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Ry =0.10 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCL3) § 7.60 (1H, d, J = 2.3 Hz), 7.47
(H, d,J=7.3 Hz), 7.38 (2H, dd, J = 7.3, 7.3 Hz), 7.32 (1H, dd, J = 7.3, 7.3 Hz), 6.98 (1H, 5), 6.84
(1H, d,J=2.3 Hz), 5.18 (2H, 5), 4.81 (2H, 5), 4.14 (3H, ).

6-(benzyloxy)-7-methoxy-4-((phenylthio)methyl)benzofuran (70b)

OMe
BnO le)

/
SPh
To a solution of 70a (11.0 g, 38.8 mmol) and diphenyl disulfide (12.7 g, 58.2 mmol, 1.5 equiv) in
THF (200 mL) was added tributylphosphine (16.1 mL, 58.2 mmol, 1.5 equiv), and the reaction
mixture was stirred for 2 h at room temperature. After disappearance of the starting material, to the
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 20/1) to afford the product 70b (14.5 g, 99%).
Rr = 0.53 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCL) & 7.56 (1H, d, J = 2.3 Hz),
7.44-7.17 (10H, m), 6.80 (1H, s), 6.75 (1H, d, /= 2.3 Hz), 5.05 (2H, s), 4.22 (2H, 5), 4.11 (3H, s).

6-(benzyloxy)-7-methoxy-4-((phenylsulfonyl)methyl)benzofuran (71)

OMe

BnO fo)
Y

SO,Ph
To a stirred solution of 70b (14.2 g, 37.9 mmol) in THF/MeOH/H>O (150 mL/150 mL/150 mL,
1/1/1) was added Oxone® (35.0 g, 114 mmol, 3.0 equiv) at 0 °C and the reaction mixture was stirred
for 4 h at room temperarture. After disappearance of the starting material, to the reaction mixture
was added satrurated aqueous Na;SOj3 solution (200 mL). The aqueous layer was extracted with
EtOAc (100 mLx3), dried over Na,SO4, and evaporated to form white solid. The residue was
collected and washed with hexane (100 mLx3) to afford the product 71 (14.9 g, 96%) as white solid,
which was used a next step without further purification:

R¢= 0.41 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCl5) § 7.57 (2H, d, J= 8.7 Hz), 7.47
(1H, d, J=2.3 Hz), 7.43-7.28 (8H, m), 6.63 (1H, s), 6.46 (1H, d, J=2.3 Hz), 4.98 (2H, s), 4.43 (2H,
s), 4.14 (3H, s); LRMS-ESI [M+Na]" calculated for C23H20NaOsS: 431.1, found: 431.1.

(E)-5-(6-(benzyloxy)-7-methoxybenzofuran-4-yl)-2-methylpent-2-en-1-ol (72)

OMe
BnO fo)

Y

To a stirred solution of 71 (1.52 g, 3.72 mmol), TBAI (0.138 g, 0.373, 0.1 equiv), DMPU (4.5 mL,
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37.2 mmol, 10 euqiv) in THF (30 mL) was added »BuLi (1.61M in n-hexane, 2.4 mL, 3.91 mmol,
1.05 equiv) at —78 °C, and the reaction mixture was stirred for 30 min at 0 °C. Then, a stirred
solution was cooled to —78 °C again, 51 (1.15g, 4.10 mmol, 1.1 equiv) in THF (3 mLx3) was added.
The reaction mixture was warmed to room temperature and stirred for 16 h. After disappearance of
the starting material, to the reaction mixture was added saturated aqueous NH4Cl solution (30 mL).
The aqueous layer was extracted with EtOAc (20 mLx3), and the combined organic layer was
washed with brine (20 mL), dried over Na,SOs, and evaporated. The residue was used for the next
reaction without further purification.

To a solution of crude material in MeOH (30 mL) was added magnesium turnings (903 mg,
37.2mmol, 10 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at 0 °C and warm to rt.
After 4 h stirring, to the mixture was added saturated 1M HCI solution (10 mL) and stirred until
consumption of magnesium. The aqueous layer was extracted with EtOAc (20 mLx3), and the
combinded organic layer was dried over Na>SO4, and evaporated. The residue was used for the next
reaction without further purification.

To a stirred solution of crude material in THF (30 mL) was added tetrabutylammonium fluoride
(1.0M in THF, 7.4 mL, 7.44 mmol, 2.0 equiv), and the reaction mixture was stirred for 1 h at room
temperature. After disappearance of the starting material, to the reaction mixture was added
saturated aqueous NH4Cl solution (20 mL). The aqueous layer was extracted with EtOAc (20
mLx3), and the combined organic layer was washed with H>O (10 mL), brine (10 mL), dried over
Na,SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
3/1) to afford the product 72 (787 mg, 60% over 3 steps) as pale-yellow oil:

R¢= 0.60 (hexane/ethyl acetate = 1/1); '"H NMR (400 MHz, CDCls) 8 7.56 (1H, d, J=2.3. Hz), 7.47
(2H,d,J=17.3 Hz), 7.38 2H, dd, /= "7.3, 7.3 Hz), 7.31 (1H, dd, /= 7.3, 7.3 Hz), 6.76 (1H, s), 6.71
(1H,d,J=2.3 Hz), 544 (1H, t,J="7.8 Hz), 5.17 (2H, s), 4.11 (3H, s), 3.96 (2H, 5), 2.78 2H, t, J =
7.8 Hz), 2.36 (2H, dt,J="7.8, 7.8 Hz), 1.57 (3H, s), 1.49 (1H, br).

6-(benzyloxy)-4-((E)-5-bromo-4-methylpent-3-enyl)-7-methoxybenzofuran (73)

OMe
BnO o)

Br ‘ /
To a stirred solution of 72 (523 mg, 1.48 mmol) and triphenylphosphine (468 mg, 1.78 mmol, 1.2
equiv) in CH,Cl, (1 mL) was added carbon tetrabromide (591 mg, 1.78 mmol, 1.3 equiv) at 0 °C,
and the reaction mixture was stirred for 30 min at 0 °C. After disappearance of the starting material,
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl
acetate = 20/1) to afford the product 73 (588 mg, 95%) as colorless oil:
R¢= 0.57 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl;) § 7.57 (1H, d, J= 2.3 Hz), 7.47
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(H, d,J=7.3 Hz), 7.38 (H, dd, J= 7.3, 7.3 Hz), 7.32 (1H, dd, J = 7.3, 7.3 Hz), 6.74 (1H, 5), 6.70
(1H, d, J=2.3 Hz), 5.60 (1H, t, J = 7.8 Hz), 5.17 (2H, 5), 4.12 (3H, 5), 3.92 (2H, 5), .78 H, t, J =
7.8 Hz), 2.35 2H, dt, J = 7.8, 7.8 Hz), 1.67 (3H, s).

(E)-2-(5-(6-(benzyloxy)-7-methoxybenzofuran-4-yl)-2-methylpent-2-en-1-yl)malononitrile
(73a)

OMe
BnO 0
NC /
NC |

To a stirred solution of 73 (421 mg, 1.01 mmol), malononitrile (100 mg, 1.52 mmol, 1.5 equiv) and
tetrabtuylammonium iodide (37.4 mg, 0.101 mmol, 0.1 equiv) in CH>Cl, (10 mL) was added
iPr,NEt (0.17 mL, 1.01 mmol, 1.0 equiv) and the reaction mixture was stirred for 24 h at room
temperature. After disappearance of the starting material, to the reaction mixture was added
saturated aqueous NH4ClI solution (10 mL). The aqueous layer was extracted with CH>Cl, (10
mLx3), dried over NaSOs, and evaporated. The residue was roughly purified by flash
chromatography (hexane/ethyl acetate = 15/1) to afford the product 73a as pale-yellow oil, which
was pure enough for the next reaction:
R¢= 0.55 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCl5) § 7.57 (1H, d, J= 2.3 Hz), 7.47
(2H,d,J=17.3 Hz),7.38 2H, dd,J="7.3,7.3 Hz), 7.32 (1H, dd, /= 7.3, 7.3 Hz), 6.75 (1H, s), 6.71
(1H,d,J=2.3 Hz), 5.48 (1H, t,J="7.3 Hz), 5.18 (2H, s), 4.12 (3H, s), 3.71 (1H, t,J= 7.3 Hz), 2.79
(2H, t,J=7.3 Hz),2.60 (2H, d, J="7.3 Hz), 2.39 (2H, dt, /= 7.3, 7.3 Hz), 1.58 (3H, s).

(E)-2-(5-(6-(benzyloxy)-7-methoxybenzofuran-4-yl)-2-methylpent-2-en-1-yl)-2-(prop-2-yn-1-yl
)malononitrile (64)

OMe
BnO
NC /

Il
To a stirred solution of crude 73a in THF (10 mL) was added #BuLi (1.61M in n-hexane, 0.98 mL,

(@]

1.51 mmol, 1.5 equiv) at —78 °C, and the reaction mixture was stirred for 30 min at —78 °C. Then, to
a stirred solution, propargyl bromide (0.11 mL, 1.51 mmol, 1.5 equiv) was added. The reaction
mixture was warmed to room temperature and stirred for 3 h. After disappearance of the starting
material, to the reaction mixture was added saturated aqueous NH4Cl solution (10 mL). The aqueous
layer was extracted with EtOAc (5 mLx3), and the combined organic layer was washed with brine
(10 mL), dried over Na,SOs, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 15/1) to afford the product 74 (429 mg, 97% over 2 steps) as beige solid:
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R¢ = 0.28 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl5) § 7.57 (1H, d, J= 2.3 Hz), 7.47
(2H, d,J=17.3 Hz), 7.38 2H, dd, /= 7.3, 7.3 Hz), 7.32 (1H, dd, /= 7.3, 7.3 Hz), 6.77 (1H, s), 6.72
(1H,d,J=2.3 Hz),5.55 (1H, t,J="7.3 Hz), 5.17 (2H, s), 4.11 (3H, s), 2.82 (2H, t, J= 7.3 Hz), 2.80
(2H, d,J=2.8 Hz),2.67 (2H, s), 2.42 (2H, dt, /= 7.3, 7.3 Hz), 2.38 (1H, t, /= 2.8 Hz), 1.74 (3H, s);
BC NMR (100 MHz, CDCls) 8 147.7, 147.2, 144.4, 137.4, 134.2, 133.5, 128.5, 127.8, 127.8, 127.5,
127.4, 1229, 114.7, 112.9, 105.1, 75.4, 74.7, 72.8, 61.1, 45.5, 36.2, 32.3, 29.2, 28.2, 17.1; IR (neat)
Vmax 3290, 2932, 1654, 1618, 1542, 1504, 1454, 1438, 1398, 1315, 1224, 1122, 1042, 738, 698 cm’';
HRMS-ESI [M+Na]" calculated for CosH26N>NaOs: 461.1836, found: 461.1836.

(5a8*,9a5%)-10-(benzyloxy)-5,52,6,7,9,9a-hexahydro-11-methoxy-9a-methyl-6-methylenephen
anthro[2,1-b]furan-8,8(4H)-dicarbonitrile (74)

According to general procedure, 11 was obtained as colorless oil (75%). Ee was determinded by
HPLC (254 nm); Daicel CHIRALPAK® IC-3 0.46 cm ¢ % 25 cm; hexane/2-propanol = 24/1; flow
rate 1.0 mL/min; retention time: 25.9 min for 74, 41.6 min for ent-74:

R¢ = 0.39 (hexane/ethyl acetate = 4/1); '"H NMR (600 MHz, CDCls) & 7.61 (1H, d, J = 2.3 Hz), 7.55
(2H, d,J=7.3 Hz), 747 2H, dd, /= 7.3, 7.3 Hz), 7.39 (1H, dd, /= 7.3, 7.3 Hz), 6.72 (1H, d, J =
2.3 Hz),5.29 (1H, d,J=10.5 Hz), 5.29 (1H, s), 5.08 (1H, d, /= 10.5 Hz), 5.02 (1H, s), 4.15 (3H, s),
4.14-4.06 (1H, m), 3.08-2.89 (3H, m), 2.69 (1H, d, J = 13.3 Hz), 2.25 (1H, d, J = 12.4 Hz),
2.01-1.74 (3H, m), 1.44 (3H, s); *C NMR (150 MHz, CDCls) § 171.4, 147.5, 145.7, 144.9, 141.1,
137.4, 133.0, 129.1, 128.7, 128.3, 124.4, 122.2, 116.9, 116.5, 114.9, 105.6, 76.0, 61.1, 49.8, 44 4,
43.5, 40.8, 32.3, 30.5, 27.9, 20.7, 20.3; IR (neat) vmax 2944, 2882, 2359, 2339, 1654, 1471, 1330,
1143, 1120, 1049, 1030, 989, 975, 913, 751 cm’; HRMS-ESI [M+Na]® calculated for
CasHa6N2NaOs: 461.1836, found: 461.1837.

((2-methoxy-5-((phenylsulfonyl)methyl)-1,3-phenylene)bis(oxy))bis(triisopropylsilane) (76)
OMe
TIPSO OTIPS

SO,Ph
According to modified Murakami’s procedure®, to a stirred solution of 75°° (50. 2g, 104 mmol) in
DMF (400 mL) was added Et;N (18.8 mL, 135 mmol, 1.3 equiv), then MsCl (9.7 mL, 124 mmol,
1.2 equiv) at 0 °C, and the reaction mixture was stirred for 1 h at 0 °C. After disappearance of the

starting material, to the reaction mixture was added sodium benzenesulfinate (25.6 g, 156 mmol,
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1.5equiv) and potassium iodide (25.9 g, 156 mmol, 1.5 equiv). After stirring for 4 h at 70 °C, to the
reaction mixture was added saturated aqueous NH4Cl solution (100 mL). The aqueous layer was
extracted with Et,O (150 mLx5), and the combined organic layer was washed with H,O (100
mLx3), brine (100 mL), dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 100/1 to 30/1) to afford the product 76 (61.5 g, 97%) as
colorless solid:

R¢ = 0.30 (hexane/ethyl acetate = 8/1); 'H NMR (400 MHz, CDCl5) & 7.64 (2H, d, J = 7.3 Hz), 7.56
(1H, dd,J=7.3,7.3 Hz), 7.41 (2H, dd, J="7.3, 7.3 Hz), 6.23 (2H, s), 4.16 (2H, s), 3.73 (3H, 5), 1.16
(6H, qq,J=17.8, 7.8 Hz), 1.04 (36H, d, /= 7.8 Hz).

(E)-((2-methoxy-5-(4-methyl-1-(phenylsulfonyl)-5-((triisopropylsilyl)oxy)pent-3-en-1-yl)-1,3-p
henylene)bis(oxy))bis(triisopropylsilane) (76a)

OMe
TIPSO OTIPS

TBSO ‘

SO,Ph
To a stirred solution of 76 (21.9 g, 36.1 mmol), TBAI (1.33 g, 3.61 mmol, 0.1 equiv), DMPU (21.9
ml, 180 mmol, 5.0 equiv) in THF (150 mL) was added »BuLi (1.64M in n-hexane, 26.4 mL, 43.4
mmol, 1.1 equiv) at —78 °C, and the reaction mixture was stirred for 30 min at 0 °C. Then, a stirred
solution was cooled to —78 °C again, 51 (13.1 g, 47.0 mmol, 1.2 equiv) in THF (10 mLx3) was
added. The reaction mixture was warmed to room temperature and stirred for 16 h. After
disappearance of the starting material, to the reaction mixture was added saturated aqueous NH4Cl
solution (100 mL). The aqueous layer was extracted with EtOAc (150 mLx3), and the combined
organic layer was washed with brine (50 mL), dried over Na;SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 15/1) to afford the product 76a (22.2 g,
76%) as pale-yellow oil:

R¢ = 0.43 (hexane/ethyl acetate = 10/1); '"H NMR (400 MHz, CDCls) & 7.59 (2H, d, J = 7.3 Hz),
7.50 (1H, dd, J= 7.3 Hz), 7.35 (2H, dd, /= 7.3 Hz), 6.27 (2H, s), 5.08 (1H, t, /= 6.8 Hz), 3.87 (2H,
br), 3.84 (1H, dd, /= 14.2, 3.2 Hz), 3.71 (3H, s), 3.23 (1H, ddd, /= 14.2, 6.8, 3.2 Hz), 2.73 (1H, ddd,
J=14.2,14.2, 6.8 Hz), 1.59 (3H, s), 1.16 (6H, qq, J = 6.9, 6.9 Hz), 1.04 (36H, d, J = 6.9 Hz), 0.81
(9H, s), 0.07 (6H, s).

(E)-((5-(5-((tert-butyldimethylsilyl)oxy)-4-methylpent-3-en-1-yl)-2-methoxy-1,3-phenylene)bis(

oxy))bis(triisopropylsilane) (76b)

OMe
TIPSO OTIPS

TBSO ‘
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To a solution of 76a (17.2 g, 21.4 mmol) in MeOH (200 mL) was added magnesium turnings (5.20
g, 214 mmol, 10 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at 0 °C and warm to
rt. After 4 h stirring, to the mixture was added saturated 1M HCI solution (200 mL) and stirred until
consumption of magnesium. The aqueous layer was extracted with EtOAc (150 mLx3), and the
combinded organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 15/1) to afford the product 76b (13.9 g, 92%) as
pale-yellow oil:

R¢ = 0.83 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCls) § 6.31 (2H, s), 5.39 (1H, t, J =
7.8 Hz), 3.98 (2H, s), 3.74 (3H, s), 2.47 (2H, t,J= 7.8 Hz), 2.25 (2H, dt, /= 7.8, 7.8 Hz), 1.57 (3H,
s), 1.25 (6H, qq,/=7.3, 7.3 Hz), 1.10 (36H, d, J= 7.3 Hz), 0.90 (9H, s), 0.05 (6H, s).

(E)-5-(4-methoxy-3,5-bis((triisopropylsilyl)oxy)phenyl)-2-methylpent-2-en-1-ol (77)

OMe
TIPSO OTIPS

To a stirred solution of 76b (3.73 g, 5.61 mmol) in THF/H,O (45 mL/5 mL, 9/1) was added
PTSA-H2O (2.13 g, 11.2 mmol, 2.0 equiv), and the reaction mixture was stirred for 1 h at room
temperature. After disappearance of the starting material, to the reaction mixture was added
saturated aqueous NaHCOs solution (100 mL). The aqueous layer was extracted with EtOAc (150
mlLx3), and the combined organic layer was washed with H>O (100 mL), brine (100 mL), dried over
Na2S0y4, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
10/1) to afford the product 77 (2.72 g, 88%) as pale-yellow oil:

R¢ = 0.38 (hexane/ethyl acetate = 4/1); "H NMR (400 MHz, CDCls) 6 6.31 (2H, s), 5.41 (1H, t,J =
7.8 Hz), 3.96 (2H, s), 3.74 (3H, s), 2.49 (2H, t,J=7.8 Hz), 2.27 (2H, dt, /= 7.8, 7.8 Hz), 1.63 (3H,
s), 1.26 (6H, qq, /= 7.3, 7.3 Hz), 1.10 (36H, d, /= 7.3 Hz).

(E)-((5-(5-bromo-4-methylpent-3-en-1-yl)-2-methoxy-1,3-phenylene)bis(oxy))bis(triisopropylsi

lane) (77a)

OMe
TIPSO OTIPS

Br ‘

To a stirred solution of 77 (8.39 g, 15.2 mmol) and triphenylphosphine (5.59 g, 22.8 mmol, 1.2
equiv) in CH,Cl, (10 mL) was added carbon tetrabromide (5.99 g, 22.8 mmol, 1.2 equiv) at 0 °C,
and the reaction mixture was stirred for 30 min at 0 °C. After disappearance of the starting material,
reaction mixture was evaporated. The residue was purified by flash chromatography (hexane/ethyl

acetate = 40/1) to afford the product 77a (9.05 g, 97%) as colorless oil:
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R¢ = 0.95 (hexane/ethyl acetate = 4/1); "H NMR (400 MHz, CDCls) 8 6.30 (2H, s), 5.58 (1H, t, J =
7.3 Hz), 3.93 (2H, s), 3.74 (3H, s), 2.49 (2H, t,J=7.3 Hz), 2.27 (2H, dt,J=7.3, 7.3 Hz), 1.72 (3H,
s), 1.25 (6H, qq,/=7.3, 7.3 Hz), 1.10 (36H, d, /= 7.3 Hz).

(E)-2-(5-(4-methoxy-3,5-bis((triisopropylsilyl)oxy)phenyl)-2-methylpent-2-en-1-yl)malononitril
e (77b)

OMe
TIPSO OTIPS
NC
NC |

To a stirred suspension of NaH (362 mg, 9.06 mmol, 1.0 equiv) in THF (100 mL) was added
malononitrile (897 mg, 13.6 mmol, 1.5 equiv) in THF (20 mL) and the reaction mixture was stirred
for 30 min at 0 °C. After stirring, 77a (5.56 g, 9.06 mmol) was added. After disappearance of the
starting material, to the reaction mixture was added saturated aqueous NH4Cl solution (50 mL). The
aqueous layer was extracted with Et,O (50 mLx3), dried over Na,SO4, and evaporated. The residue
was purified by flash chromatography (hexane/ethyl acetate = 40/1) to afford the product 77b (3.87
g, 71%) as pale-yellow oil:

Rr = 0.43 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCls) § 6.31 (2H, s), 5.49 (1H, t, J =
7.3 Hz), 3.75 (1H,t,J="7.8 Hz), 3.74 (3H, 5), 2.64 (2H, d, /= 7.8 Hz), 2.49 (2H, t, J=7.3 Hz), 2.29
(2H, dt,J=7.3,7.3 Hz), 1.67 (3H, s), 1.26 (6H, qq, /= 7.3, 7.3 Hz), 1.10 (36H, d, /= 7.3 Hz).

(E)-2-(5-(4-methoxy-3,5-bis((triisopropylsilyl)oxy)phenyl)-2-methylpent-2-en-1-yl)-2-(prop-2-y
n-1-yl)malononitrile (78)

OMe
TIPSO OTIPS
NC

I
To a stirred solution of 77b (5.16 g, 8.61 mmol) in THF (50 mL) was added nBuLi (1.64M in

n-hexane, 5.3 mL, 8.61 mmol, 1.0 equiv) at —78 °C, and the reaction mixture was stirred for 30 min
at —78 °C. Then, to a stirred solution, propargyl bromide (0.65 mL, 8.61 mmol, 1.0 equiv) in THF
(20 mL) was added. The reaction mixture was warmed to room temperature and stirred for 3 h.
After disappearance of the starting material, to the reaction mixture was added saturated aqueous
NH4Cl solution (100 mL). The aqueous layer was extracted with Et,O (50 mLx3), and the combined
organic layer was washed with brine (50 mL), dried over Na>SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 40/1) to afford the product 78 (4.88 g,
89%) as colorless oil:

R¢ = 0.48 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCls) § 6.32 (2H, s), 5.56 (1H, t, J =
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7.3 Hz), 3.74 (3H, s), 2.86 (2H, d, J= 2.8 Hz), 2.70 (2H, s), 2.52 (2H, t, /= 7.3 Hz), 2.39 (1H, t, J=
2.8 Hz),2.32 (2H, dt,J=7.3, 7.3 Hz), 1.81 (3H, s), 1.26 (6H, qq, /= 7.3, 7.3 Hz), 1.10 (36H, d, J =
7.3 Hz); *C NMR (100 MHz, CDCl5) § 150.0, 140.6, 136.2, 134.0, 127.0, 114.7, 113.6, 75.4, 74.7,
60.3, 45.7, 36.5, 34.9, 30.1, 28.3, 17.9, 17.1, 12.8; IR (neat) vmax 3310, 2943, 2892, 2866, 2360,
2340, 1575, 1494, 1429, 1356, 1226, 1097, 1068, 1013, 910, 882, 834, 682 cm'; HRMS-ESI
[M+Na]" calculated for C37HsN>NaOsSiz: 659.4035, found: 659.4031.

(4aS*,10a5%)-6-methoxy-4a-methyl-1-methylene-5,7-bis((triisopropylsilyl)oxy)-1,4,4a,9,10,10a-
hexahydrophenanthrene-3,3(2H)-dicarbonitrile (79)

OMe

According to general procedure, 79 was obtained as colorless oil (94%, 86% ee). Ee was
determinded by HPLC (220 nm); Daicel CHIRALPAK® IC-3 046 cm ¢ x 25 cm;
hexane/2-propanol = 400/1; flow rate 1.0 mL/min; retention time: 20.7 min for ent-79, 38.4 min for
79:

R¢ = 0.50 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl5) § 6.21 (1H, s), 5.27 (1H, br),
498 (1H, br), 4.28 (1H, dd, J = 14.2, 1.8 Hz), 3.78 (3H, s), 3.04 (1H, dd, J = 13.3, 1.8 Hz),
2.89-2.78 (1H, m), 2.77-2.66 (1H, m), 2.70 (1H, d, /= 13.3 Hz), 2.15 (1H, dd, /= 9.2, 5.0 Hz), 1.97
(1H, d, J=14.2 Hz), 1.79-1.67 (2H, m), 1.45 (3H, qq, /= 7.3, 7.3 Hz), 1.42 (3H, s), 1.24 3H, qq, J
=17.3,7.3 Hz), 1.19-1.05 (36H, m); *C NMR (100 MHz, CDCl;) § 148.2, 147.7, 141.0, 139.6, 129.7,
127.6,116.8,116.3, 114.4, 113.4,60.2,49.7,44.3, 42.2,39.9, 32.1, 30.8, 20.7, 19.3, 18.4, 18.4, 17.8,
14.3,12.9; IR (neat) vmax 2946, 2892, 2867, 2359, 2341, 1436, 1411, 1352, 1255, 1142, 1099, 1017,
881, 809, 758, 680, 655 cm’'; HRMS-ESI [M+Na]" calculated for C3;HgN2NaOsSiz: 659.4035,
found: 659.4034.

BR4E

(4a8*,10a5%)-5,7-dihydroxy-6-methoxy-4a-methyl-1-methylene-1,4,4a,9,10,10a-hexahydrophe
nanthrene-3,3(2H)-dicarbonitrile (85)

To a stirred solution of 62d (506 mg, 1.00 mmol) and anisole (1.1 mL, 10.0 mmol, 10 equiv) in
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CH:Cl, (10 mL) was added boron trichloride (1.0M in CH2Cl,, 2.5 mL, 2.5 mmol, 2.5 equiv) at 0 °C,
and the reaction mixture was stirred for 3 h at 0 °C. After disappearance of the starting material, to
the reaction mixture was added MeOH and evapolated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 4/1) to afford the product 85 as white solid quantitatively:
R¢ = 0.35 (hexane/ethyl acetate = 2/1); 'TH NMR (400 MHz, CDCls) & 6.23 (1H, s), 5.74 (1H, s),
4.92 (1H, br), 4.83 (1H, s), 4.55 (1H, s), 3.84 (3H, s), 3.11 (1H, ddd, /= 12.4,3.2,3.2 Hz), 2.82 (1H,
ddd, /=16.9, 124, 6.4 Hz), 2.72 (1H, ddd, J = 16.9, 6.4, 3.2 Hz), 2.56 (1H, ddd, /=124, 3.2,3.2
Hz),2.16 (1H, d,J=12.4 Hz), 1.81-1.59 (3H, m), 1.45-1.34 (1H, m), 1.12 (3H, s).

(4a8*,10a5%)-5-hydroxy-6-methoxy-4a-methyl-1-methylene-7-((triisopropylsilyl)oxy)-1.,4,4a,9,
10,10a-hexahydrophenanthrene-3,3(2H)-dicarbonitrile (85a)

OMe

To a solution of 85 (306 mg, 0.943 mmol) in CH,>Cl, (10 mL) was added 2,6-lutidine (0.22 mL, 1.89
mmol, 2.0 equiv), then TIPSOTf (0.38 mL, 1.41 mmol, 1.5 equiv) at 0 °C, and the reaction mixture
was stirred for 12 h at room temperature. After disappearance of the starting material, to the reaction
mixture was added satrurated aqueous NH4Cl solution (5 mL). The aqueous layer was extracted
with EtOAc (10 mLx3), and the combined organic layer was washed with brine (5 mL), dried over
Na2SOy4, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
50/1) to afford the product 85a (396 mg, 87%) as colorless oil:

R¢ = 0.85 (hexane/ethyl acetate = 2/1); 'TH NMR (400 MHz, CDCls) & 6.18 (1H, s), 6.15 (1H, s),
5.27 (1H, s), 4.97 (1H, s), 4.08 (1H, d, J = 14.2 Hz), 3.87 (3H, s), 3.05 (1H, dd, /= 13.2, 2.3 Hz),
2.82 (1H, ddd, J=17.8, 10.5, 6.9 Hz), 2.76-2.66 (2H, m), 2.21 (1H, d, /= 10.5 Hz), 2.04 (1H, d, J =
14.2 Hz), 1.84-1.66 (2H, m), 1.39 (3H, s), 1.28 (3H, qq, /= 7.8, 7.8 Hz), 1.15-1.06 (18H, m).

(4a$*,10a5%)-6,6-dimethoxy-4a-methyl-1-methylene-5-oxo-7-((triisopropylsilyl)oxy)-1,4,4a,5,6,
9,10,10a-octahydrophenanthrene-3,3(2H)-dicarbonitrile (86)

To a solution of 85a (396 mg, 0.820 mmol) in MeOH/CH,Cl, (5 mL/5 mL, 1/1) was added PIDA
(317 mg, 0.984 mmol, 1.2 equiv) at 0 °C, and the reaction mixture was stirred for 2 h at 0 °C. After

disappearance of the starting material, to the reaction mixture was added satrurated aqueous
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Na,S;03 solution (5 mL). The aqueous layer was extracted with CH>Cl, (10 mLx3), and the
combined organic layer was dried over Na,SOa, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 30/1) to afford the product 86 (410 mg, 98%) as bright
yellow oil:

R¢ = 0.50 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) & 5.26 (1H, br), 5.14 (1H, s),
4.93 (1H, br), 3.72 (1H, dd, J=14.2, 2.3 Hz), 3.36 (3H, s), 3.30 (3H, s), 3.03 (1H, dd, J=13.2,2.3
Hz), 2.67 (1H, d, J = 13.2 Hz), 2.51-2.31 (2H, m), 2.11 (1H, d, J=11.9 Hz), 1.83 (1H, d, /= 14.2
Hz), 1.33 (3H, s), 1.32-1.20 (5H, m), 1.12 (18H, d, J= 7.5 Hz).

(4aS*,9R*,10a5*)-9-hydroxy-6,6-dimethoxy-4a-methyl-1-methylene-5-oxo-7-((triisopropylsilyl
)oxy)-1,4,4a,5,6,9,10,10a-octahydrophenanthrene-3,3(2H)-dicarbonitrile (88)

To a stirred solution of 86 (359 mg, 0.704 mmol) in THF (5 mL) was added LiHMDS (1.09M in
n-hexane, 0.97 mL, 1.05 mmol, 1.5 equiv) at —78 °C, and the reaction mixture was stirred for 30 min
at —78 °C. Then, to a stirred solution Davis’ oxaziridine 87 (368 mg, 1.41 mmol, 2.0 equiv) in THF
(3 mL) was added. The reaction mixture was warmed to 0 °C and stirred for 2 h. After
disappearance of the starting material, to the reaction mixture was added saturated aqueous NH4Cl
solution (5 mL). The aqueous layer was extracted with EtOAc (10 mLx3), and the combined
organic layer was washed with brine (10 mL), dried over Na;SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford the product 88 (298 mg,
80%) as yellow oil:

R¢ = 0.53 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) & 5.39 (1H, s), 5.30 (1H, s),
4.93 (1H, s), 4.23 (1H, br), 3.60 (1H, dd, /= 14.2, 2.3 Hz), 3.35 (3H, s), 3.31 (3H, s), 3.05 (1H, dd, J
= 13.2, 2.3 Hz), 2.72 (1H, d, J = 13.2 Hz), 2.36 (1H, dd, J = 9.2, 6.4 Hz), 1.95-1.78 (3H, m),
1.35-1.21 (3H, m), 1.30 (3H, s), 1.13 (18H, d, J = 7.5 Hz); HRMS-ESI [M+Na]" calculated for
C29H4N>NaOsSi: 549.2755, found: 549.2758.

(4a8*,9R*,10a5%)-3,3-dicyano-6,6-dimethoxy-4a-methyl-1-methylene-5-oxo0-7-((triisopropylsil
yl)oxy)-1,2,3,4,4a,5,6,9,10,10a-decahydrophenanthren-9-yl acetate (89)




To a solution of 88 (27.0 mg, 0.0513 mmol) and DMAP (0.6 mg, 0.0051 mmol, 0.1 equiv) in
CHxCl, (0.5 mL) was added Et;N (0.014 mL, 0.103 mmol, 2.0 equiv), then Ac,O (0.0072 mL,
0.0769 mmol, 1.5 equiv) at 0 °C, and the reaction mixture was stirred for 3 h at 0 °C. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous NH4Cl
solution (2 mL). The aqueous layer was extracted with EtOAc (3 mLx3), and the combined organic
layer was dried over Na,SOs, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 5/1) to afford the product 89 (18.5 mg, 79%) as yellow oil:

R¢= 0.50 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCl5) § 5.52 (1H, d, J= 4.0 Hz), 5.31
(1H, s), 5.21 (1H, s), 4.91 (1H, s), 3.59 (1H, dd, J = 14.3, 2.3 Hz), 3.37 (3H, s), 3.30 (3H, s), 3.06
(1H, dd, J = 13.2, 2.3 Hz), 2.73 (1H, d, J = 14.3 Hz), 2.37 (1H, d, J = 13.2 Hz), 2.08 (3H, s),
1.99-1.80 (3H, m), 1.33 (3H, s), 1.29-1.19 (3H, m), 1.16-1.06 (18H, m); HRMS-ESI [M+H]"
calculated for Cs;H4sN2OgSi: 569.3041, found: 569.3042.

(4a8*,85*,9R*,10a5%)-3,3-dicyano-6,6-dimethoxy-4a-methyl-1-methylene-5,7-dioxo-8-((triisop
ropylsilyl)oxy)-1,2,3,4,4a,5,6,7,8,9,10,10a-dodecahydrophenanthren-9-yl acetate (90)

To a solution of 89 (5.4 mg, 0.0094 mmol) and NaHCO; (7.9 mg, 0.094mmol, 10 equiv)in CH>Cl,
(0.5 mL) was added mCPBA (5.0 mg, 0.0188 mmol, 2.0 equiv) at 0 °C, and the reaction mixture
was stirred for 1 h at 0 °C. After disappearance of the starting material, to the reaction mixture was
added satrurated aqueous NaHCO; solution (1 mL). The aqueous layer was extracted with EtOAc (3
mLx3), and the combined organic layer was dried over Na,SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 4/1) to afford the product 90 (3.5 mg,
66%) as pale-yellow oil:

Rr = 0.69 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) & 5.64 (1H, s), 5.33 (1H, s),
4.93 (1H, br), 3.59 (3H, s), 3.35 (3H, s), 3.11 (1H, dd, J=12.8, 2.3 Hz), 3.05 (1H, dd, /= 12.8, 2.3
Hz), 2.74 (1H, d, J = 12.8 Hz), 2.39-2.31 (2H, m), 2.11 (3H, s), 2.05-1.83 (2H, m), 1.77-1.68 (1H,
m), 1.35 (3H, s), 1.19-1.00 (21H, m).
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(E)-((2-methoxy-5-(4-methyl-1-(phenylsulfonyl)-9-(trimethylsilyl)non-3-en-8-yn-1-yl)-1,3-phen
ylene)bis(oxy))bis(triisopropylsilane) (76a)

OMe
TIPSO OTIPS

‘ ‘ SO,Ph

T™MS

To a solution of 76 (5.04 g, 8.30 mmol), TBAI (307 mg, 0.830 mmol, 0.1 equiv) and in
THF/DMPU (50 mL/10mL, 5/1) was added »BuLi (1.64M in n-hexane, 0.6.5 mL, 9.13 mmol, 1.1
equiv) at —78 °C, and the reaction mixture was stirred for 30 min at —78 °C. To the stirred solution
was added 29 (2.73 g, 9.96 mmol, 1.2 equiv) in THF (5 mL%3) and stirred for 30 min at —78 °C and
warmded to rt. After 16 h, to the reaction mixture was added satrurated aqueous NH4Cl solution (30
mL). The aqueous layer was extracted with EtOAc (20 mLx3), and the combined organic layer was
washed with H,O (50 mL), brine (50 mL), dried over Na;SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 50/1) to afford the product 76a (3.72 g,
53%) as colorless oil:

Rr= 0.63 (hexane/ethyl acetate = 8/1); 'H NMR (400 MHz, CDCl;) § 7.59 (2H, d, J = 8.5 Hz), 7.50
(1H, dd, /= 8.5, 8.5 Hz), 7.36 (2H, dd, /= 8.5, 8.5 Hz), 6.26 (2H, s), 4.83 (1H, t, /= 6.9 Hz), 3.80
(1H, dd, J = 11.9, 4.0 Hz), 3.73 (3H, s), 3.15 (1H, ddd, J = 14.2, 6.9, 4.0 Hz), 2.68 (1H, ddd, J =
14.2,11.9,6.9 Hz), 2.03 2H, t, /= 7.4 Hz), 1.92 (2H, t, /= 7.4 Hz), 1.58 (3H, s), 1.50-1.40 (2H, m),
1.23-1.13 (6H, m), 1.05 (18H, d, /= 7.5 Hz), 1.04 (18H, d, J= 7.5 Hz), 0.11 (9H, s).

(E)-((2-methoxy-5-(4-methylnon-3-en-8-yn-1-yl)-1,3-phenylene)bis(oxy))bis(triisopropylsilane)
98)

OMe
TIPSO OTIPS

I
To a solution of 76a (1.81 g, 2.26 mmol) in MeOH (20 mL) was added magnesium turnings (276

mg, 11.3 mmol, 5.0 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at 0 °C and warm
to rt. After 16 h stirring, to the mixture was added saturated 1M HCI solution (2 mL) and stirred
until consumption of magnesium. The aqueous layer was extracted with EtOAc (30 mLx3), and the
combinded organic layer was dried over Na,SOa, and evaporated. The residue was used next step
without further purification. R¢= 0.80 (hexane/ethyl acetate = 20/1):

To a crude solution in MeOH (20 mL) was added K,COs (940 mg, 6.80 mmol, 3.0 equiv) was

added, and the reaction mixture was stirred for 1h at room temperature. After disappearance of the
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starting material, to the reaction mixture was added satrurated aqueous NH4Cl solution (1 mL). The
aqueous layer was extracted with EtOAc (20 mLx3), and the combined organic layer was dried over
Na;S0Os, and evaporated. The residue was used next step without further purification. Rf = 0.80 and
0.38 (hexane/ethyl acetate = 20/1):

To a solution of crude product in CH>Cl, (20 mL) was added imidazole (308 mg, 4.53 mmol, 2.0
equiv), then TIPSCI (0.72 mL, 3.39 mmol, 1.5 equiv) at 0 °C, and the reaction mixture was stirred
for 12 h at room temperature. After disappearance of the starting material, to the reaction mixture
was added satrurated aqueous NH4Cl solution (10 mL). The aqueous layer was extracted with
CH,CI, (10 mLx3), and the combined organic layer was washed with brine (5 mL), dried over
Na,SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
50/1) to afford the product 85a (782 mg, 59% over 3 steps) as colorless oil:

Rr=0.80 (hexane/ethyl acetate = 20/1); 'H NMR (400 MHz, CDCl5) § 6.32 (2H, s), 5.16 (1H,t,J =
7.5 Hz), 3.74 (3H, s), 2.46 (2H, t, J = 7.5 Hz), 2.22 (2H, dt, J= 7.5, 7.5 Hz), 2.13 (2H, dt, J= 7.5,
2.3 Hz),2.04 2H,t,J=7.5Hz), 1.94 (1H, t,J=2.3 Hz), 1.61 2H, tt, J="7.5, 7.5 Hz), 1.58 (3H, s),
1.27 (6H, qq,/=7.5,7.5 Hz), 1.10 (36H, d, /= 7.5 Hz).

(((4bS*,8a5*)-3-methoxy-4b-methyl-8-methylene-4b,5,6,7,8,8a,9,10-octahydrophenanthrene-2,
4-diyl)bis(oxy))bis(triisopropylsilane) (99)

To a suspension of indium tribromide (130 mg, 0.367 mmol, 0.2 equiv) in CH>Cl, (2 mL) was
added 98 (1.08 g, 1.84 mmol) in CH>Cl, (1 mLx3) at —20 °C, and the reaction mixture was stirred
for 3 h at 20 °C. After disappearance of the starting material, to the reaction mixture was added
satrurated aqueous NaHCOs solution (5 mL). The aqueous layer was extracted with CH>Cl, (10
mLx3), and the combined organic layer was dried over Na,SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 100/1) to afford the product 99 (897 mg,
83%) as colorless oil:

R¢ = 0.90 (hexane/ethyl acetate = 20/1); "H NMR (400 MHz, CDCl3) § 6.19 (1H, s), 4.81 (1H, s),
4.54 (1H, s), 3.77 (3H, s), 3.27 (1H, ddd, J = 13.0, 4.0, 4.0 Hz), 2.81 (1H, ddd, J = 18.7, 10.2, 6.3
Hz), 2.66 (1H, dd, J = 18.7, 4.0 Hz), 2.35 (1H, ddd, J = 13.0, 2.3, 2.3 Hz), 2.13-2.03 (2H, m),
1.72-1.57 (3H, m), 1.42 3H, qq, /= 7.5, 7.5 Hz), 1.34-1.18 (5H, m), 1.15-1.03 (39H, m).
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(4aS*,10a5%)-6-methoxy-4a-methyl-1-methylene-5,7-bis((triisopropylsilyl)oxy)-2,3,4,4a,10,10a-
hexahydrophenanthren-9(1H)-one (100)

To a stirred solution of 99 (45.0 mg, 0.0766 mmol) in /BuOH (1 mL) was added CuCl (0.8 mg,
0.0077 mmol, 3.0 equiv), TBHP (5.5M in decane, 0.070 mL, 0.383 mmol, 5.0 equiv) at room
temperature, and the reaction mixture was stirred for 24 h at 50 °C. After strirring, to the reaction
mixture was added Na,S>03 (10 mL). The aqueous layer was extracted with Et;O (10 mLx3), and
the combined organic layer was dried over Na,SOs, and evaporated. The residue was purified by
flash chromatography (hexane/ethyl acetate = 5/1) to afford the product 100 (31.7 mg, 69%) as
colorless oil:

Rr = 0.67 (hexane/ethyl acetate = 8/1); 'H NMR (400 MHz, CDCls) & 7.28 (1H, s), 4.91 (1H, br),
4.56 (1H, br), 3.88 (3H, s), 3.39 (1H, d), 2.70-2.45 (3H, m), 2.38 (1H, d, /= 10.7 Hz), 2.15-2.00 (1H,
m), 1.86 (1H, d, J = 10.7 Hz), 1.79-1.65 (2H, m), 1.47-1.26 (6H, m), 1.25 (3H, s), 1.18-0.99 (36H,

m).

(4bS*,8a5%)-4-hydroxy-3-methoxy-4b-methyl-8-methylene-10-0x0-4b,5,6,7,8,8a,9,10-octahydr

ophenanthren-2-yl trifluoromethanesulfonate (101)

OMe

OTf

To a stirred solution of 100 (464 mg, 0.0772 mmol) in THF (1 mL) was added
tetrabutylammonium fluoride (1.0M in THF, 0.23 mL, 0.232 mmol, 3.0 equiv), and the reaction
mixture was stirred for 30 min at room temperature. After disappearance of the starting material, to
the reaction mixture was added saturated aqueous NH4ClI solution (5 mL). The aqueous layer was
extracted with EtOAc (150 mLx3), and the combined organic layer was washed with H>O (10 mL),
brine (10 mL), dried over Na,SOs, and evaporated. The residue was used for the next reaction
without further purification: R¢= 0.12 (hexane/ethyl acetate = 4/1);

To a solution of crude diol (0.0722 mmol) in CH>Cl, (1 mL) was added 2,6-lutidine (0.018 mL,
0.1544 mmol, 2.0 equiv), then Tf,0 (0.032 mL, 0.232 mmol, 3.0 equiv) at 0 °C, and the reaction
mixture was stirred for 2 h at room temperature. After disappearance of the starting material, to the
reaction mixture was added satrurated aqueous NH4Cl solution (3 mL). The aqueous layer was

extracted with EtOAc (10 mLx3), and the combined organic layer was dried over Na,SO., and
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evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 20/1) to
afford the product 101 (19.1 mg, 63% over 2 steps) as colorless oil:

R¢ = 0.75 (hexane/ethyl acetate = 4/1); 'TH NMR (400 MHz, CDCls) & 7.61 (1H, s), 6.27 (1H, s),
4.96 (1H, s),4.59 (1H, s), 4.02 (3H, s), 3.24 (1H, ddd, /= 13.1, 2.3, 2.3 Hz), 2.77-2.54 (3H, m), 2.41
(1H, ddd, J=13.1, 2.3, 2.3 Hz), 2.09 (1H, ddd, J = 13.1, 13.1, 6.3 Hz), 1.86-1.69 (2H, m), 1.48 (1H,
ddd, J=13.1, 13.1, 6.3 Hz), 1.26 (3H, s).

(4bS*,8a5%,105%)-4,10-dihydroxy-3-methoxy-4b-methyl-8-methylene-4b,5,6,7,8,82,9,10-octahy

drophenanthren-2-yl trifluoromethanesulfonate (101a)

OMe

OTf

To a solution of 101 (17.8 mg, 0.0423 mmol) in MeOH (1mL) was added sodium borohydride (3.2
mg, 0.0846 mmol, 2.0 equiv) at 0 °C, and the reaction mixture was stirred for 5 min at 0 °C. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous NH4Cl
solution (5 mL). The aqueous layer was extracted with EtOAc (10 mLx3), and the combined
organic layer was dried over Na,SOs4, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 20/1 to 5/1) to afford the product 101a (17.0 mg, 95%) as
colorless oil:

R¢ = 0.68 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCls) & 7.13 (1H, s), 6.12 (1H, s),
4.88 (1H, s), 4.80-4.69 (1H, m), 4.59 (1H, s), 3.92 (3H, s), 3.09 (1H, ddd, /= 13.1, 4.1, 4.1 Hz), 2.37
(1H, ddd, J=13.1,4.1,4.1 Hz), 2.26 (2H, d, /= 13.1 Hz),2.17 (1H, dd, /= 13.1, 6.3 Hz), 2.12-2.01
(1H, m), 1.85-1.53 (3H, m), 1.42-1.27 (1H, m) , 1.18 (3H, s); LRMS-ESI [M+Na]" calculated for
CisH21F3NaOeS: 445.1, found: 445.1.

(4bS*,8a5%,105%)-10-hydroxy-3,3-dimethoxy-4b-methyl-8-methylene-4-oxo-3,4,4b,5,6,7,8,82a,9,
10-decahydrophenanthren-2-yl trifluoromethanesulfonate (102)

To a solution of 101a (21.4 mg, 0.0507 mmol) in MeOH/CH,Cl, (0.5 mL/0.5 mL, 1/1) was added
PIDA (19.5 mg, 0.0607 mmol, 1.2 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at
0 °C. After disappearance of the starting material, to the reaction mixture was added satrurated

aqueous Na,S,0s solution (SmL). The aqueous layer was extracted with CH,Cl, (10 mLx3), and the
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combined organic layer was dried over Na,SOa, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 1/0 to 5/1) to afford the product 102 (18.9 mg, 79%) as
bright yellow oil:

R¢ = 0.33 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) § 6.66 (1H, s), 4.88 (1H, br),
4.54 (1H, br), 4.48-4.38 (1H, m), 3.34 (3H, s), 3.31 (3H, s), 2.50 (1H, ddd, J = 13.1, 2.3, 2.3 Hz),
2.40-2.29 (1H, m), 2.19 (1H, ddd, J=13.1, 6.3, 2.3 Hz), 2.15 (1H, d, /= 13.1 Hz), 1.99 (1H, ddd, J
=13.1,13.1, 6.3 Hz), 1.79 (1H, d, /= 6.3 Hz), 1.74-1.51 (2H, m), 1.37-1.28 (2H, m), 1.13 (3H, s).

(4a8*,9R*,10a5%)-6,6-dimethoxy-4a-methyl-1-methylene-5-0xo-7-(((trifluoromethyl)sulfonyl)o
xy)-1,2,3,4,4a,5,6,9,10,10a-decahydrophenanthren-9-yl 2-(benzyloxy)acetate (104)

To a solution of 102 (18.9 mg, 0.0394 mmol), 103 (13.1 mg, 0.0788 mmol, 2.0 equiv) and
triphenylphosphine (20.7 mg, 0.0788 mmol, 2.0 equiv) in THF (1 mL) was added DEAD (2.2M in
toluene, 0.036 mL, 0.0788 mmol, 2.0 equiv) at room temperature, and the reaction mixture was
stirred for 1 h. After disappearance of the starting material, to the reaction mixture was added
satrurated aqueous NaS;O; solution (3 mL). The aqueous layer was extracted with EtOAc (10
mLx3), and the combined organic layer was dried over Na,SOa, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford the product 104 as bright
yellow oil quantitatively:

R¢ = 0.50 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCI5) & 7.39-7.29 (5H, m), 6.09 (1H,
s), 5.63 (1H, dd, J = 2.3, 2.3 Hz), 4.89 (1H, br), 4.69-4.61 (3H, m), 4.16 (2H, s), 3.43 (3H, s), 3.35
(3H, s), 2.44 (1H, ddd, /= 13.1, 4.0, 4.0 Hz), 2.39-2.31 (1H, m), 2.25 (1H, dd, /= 8.0, 4.0 Hz), 2.01
(1H, ddd, J = 13.1, 13.1, 6.0 Hz), 1.93-1.84 (1H, m), 1.77-1.56 (3H, m), 1.34-1.16 (1H, m), 1.05
(3H, s); LRMS-ESI [M+Na]" calculated for C,sH31F3NaO,S: 623.2, found: 623.2.

(4bS*,8a5%)-4-hydroxy-3-methoxy-4b-methyl-8-methylene-10-0x0-4b,5,6,7,8,8a,9,10-octahydr

ophenanthren-2-yl trifluoromethanesulfonate (101)

OMe

OTf

To a stirred solution of 102 (7.8 mg, 0.0171 mmol) in toluene (0.5 mL) was added KCN (3.3 mg,
0.0513 mmol, 3.0 equiv) and dibenzo 18-crown-6 (18.4 mg, 0.0513 mmol, 3.0 equiv) at room
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temperature. The mixture was stirred for 14 h at room temperature. After disappearance of the
starting material, to the solution was added saturated aqueous NaHCOs solution (3 mL). The
aqueous layer was extracted with Et;O (10 mLx2), and the combined organic layer was washed
with H,O (5 mLx2), brine (5 mL), dried over Na,SQOs, and evaporated. The residue was purified by
flash chromatography (hexane/ethyl acetate = 10/1) to afford the product 101 as colorless oil
quantitatively:

The data of '"H NMR was described above.

(4bS*,8a5%)-10-cyano-3,3-dimethoxy-4b-methyl-8-methylene-4-0x0-3,4,4b,5,6,7,8,8a,9,10-deca
hydrophenanthren-2-yl trifluoromethanesulfonate (107)

To a stirred solution of 104 (13.8 mg, 0.0306 mmol) in toluene (0.5 mL) was added EAICN (1.0M
in toluene, 0.092 mL, 0.0918 mmol, 3.0 equiv) at room temperature. The mixture was stirred for 8 h
at room temperature. After disappearance of the starting material, to the solution was added
saturated aqueous Rochelle salt solution (2 mL) and stirred for 2 h. The aqueous layer was extracted
with Et;O (10 mLx2), and the combined organic layer was washed with H,O (5 mLx2), brine (5
mL), dried over Na,SOi, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 10/1) to afford the product 107 (35.0 mg, 68%) as colorless oil:

R¢= 0.52 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) 8 6.53 (1H, dd, J = 4.6, 4.6 Hz),
6.22 (1H, s), 4.93 (1H, s), 4.64 (1H, s), 3.71 (3H, s), 3.42 (3H, s), 2.4-2.21 (4H, m), 2.13-1.92 (2H,
m), 1.83-1.71 (IH, m), 1.65-1.59 (2H, m), 1.10 (3H, s); LRMS-ESI [M+Na]" calculated for
Ca0H22F3NNaOs:S: 481.1, found: 481.4.

methyl
(4bS*,8a5%)-4-hydroxy-3-methoxy-4b-methyl-8-methylene-10-0x0-4b,5,6,7,8,8a,9,10-octahydr
ophenanthrene-2-carboxylate (108)

To a stirred solution of 101 (55.0 mg, 0.131 mmol) and PdCl,(dppf)-CH,Cl (10.6 mg, 0.0131 mmol,
0.1 equiv) in MeOH (2 mL) was Et;N (0.054 mL, 393 mmol, 3.0 equiv) at room temperature and
filled with CO gas. The mixture was stirred for 12 h at 70 °C under CO atmosphere (1 atm). After
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disappearance of the starting material, the reaction vessel was filled with argon. Then, to the solution
was added NH4Cl (3 mL). The aqueous layer was extracted with EtOAc (20 mLx3), and the
combined organic layer was washed with H,O (5 mLx2), dried over Na>SOs, and evaporated. The
residue was purified by flash chromatography (hexane/ethyl acetate = 5/1) to afford the product 108
(35.0 mg, 80%) as colorless oil:

R¢ = 0.53 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCls) & 8.21 (1H, s), 6.48 (1H, s),
4.95 (1H, br), 4.59 (1H, br), 3.97 (3H, s), 3.93 (3H, s), 3.29 (1H, ddd, J = 13.1, 2.3, 2.3 Hz),
2.75-2.58 (3H, m), 2.40 (1H, ddd, J = 13.1, 2.3, 2.3 Hz), 2.09 (H, ddd, J = 13.1, 13.1, 6.3 Hz),
1.86-1.69 (2H, m), 1.48 (1H, ddd, J = 13.1, 13.1, 6.3 Hz), 1.27 (3H, s); LRMS-ESI [M+Na]"
calculated for Ci9H22NaOs: 353.1, found: 353.1.

methyl
(4bS*,8a5%,105%)-10-hydroxy-3,3-dimethoxy-4b-methyl-8-methylene-4-0x0-3,4,4b,5,6,7,8,8a,9,
10-decahydrophenanthrene-2-carboxylate (109)

MeO OMe
CO,Me

To a solution of 108 (68.9 mg, 0.209 mmol) in MeOH (2 mL) was added sodium borohydride (15.7
mg, 0.417 mmol, 2.0 equiv) at 0 °C, and the reaction mixture was stirred for 10 min at 0 °C. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous NH4Cl
solution (5 mL). The aqueous layer was extracted with EtOAc (10 mLx3), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was used for the next reaction
without further purification: Ry= 0.35 (hexane/ethyl acetate = 2/1);

To a solution of crude alcohol (0.209 mmol) in MeOH/CH>Cl, (1 mL/1 mL, 1/1) was added PIDA
(80.5 mg, 0.250 mmol, 1.2 equiv) at 0 °C, and the reaction mixture was stirred for 10 min at 0 °C.
After disappearance of the starting material, to the reaction mixture was added satrurated aqueous
Na,S,03 solution (3 mL). The aqueous layer was extracted with CH>Cl, (10 mLx3), and the
combined organic layer was dried over Na;SOa, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 1/0 to 3/1) to afford the product 109 (75.4 mg, 100% over 2
steps) as bright yellow oil:

R¢ = 0.10 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCls) & 7.64 (1H, s), 4.88 (1H, s),
4.55 (1H, s), 4.49 (1H, dd, J= 109, 6.9 Hz), 3.83 (3H, s), 3.34 (3H, s), 3.20 (3H, s), 2.47 (1H, ddd, J
=13.1,2.3, 2.3 Hz), 2.38-2.30 (1H, m), 2.21 (1H, ddd, /= 13.1, 6.9, 2.3 Hz), 2.15 (1H, d, /= 13.1
Hz), 1.99 (1H, ddd, /= 13.1, 13.1, 6.9 Hz), 1.83-1.50 (3H, m), 1.30-1.19 (1H, m), 1.18 (3H, s).
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methyl
(4bS*,8a5%,10R*)-3,3-dimethoxy-4b-methyl-8-methylene-10-((4-nitrobenzoyl)oxy)-4-oxo-3,4,4
b,5,6,7,8,8a,9,10-decahydrophenanthrene-2-carboxylate (109a)

To a solution of 109 (75.6 mg, 0.209 mmol), 4-nitrobenzoic acid (69.7 mg, 0.417 mmol, 2.0 equiv)
and triphenylphosphine (109 mg, 0.417 mmol, 2.0 equiv) in THF (2 mL) was added DEAD (2.2M
in toluene, 0.18 mL, 0.417 mmol, 2.0 equiv) at 0 °C, and the reaction mixture was stirred for 1 h at
0 °C. After disappearance of the starting material, to the reaction mixture was added saturated
aqueous Na,S,0s solution (5 mL). The aqueous layer was extracted with EtOAc (10 mLx3), and the
combined organic layer was washed with saturated aqueous NaHCOj3 solution (5 mL), brine (5 mL),
dried over Na;SOs4, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 1/0 to 5/1) to afford the product 109a (98.8 mg, 93%) as bright yellow oil:
R¢= 0.58 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCl;) § 8.31 (2H, d, J= 8.7 Hz), 8.22
(2H, d, J= 8.7 Hz), 7.09 (1H, s), 5.81 (1H, dd), 4.90 (1H, br), 4.53 (1H, br), 3.79 (3H, s), 3.40 (3H,
s), 3.24 (3H, s), 2.51 (1H, ddd, J = 13.1, 3.7, 3.7 Hz), 2.41-2.30 (2H, m), 2.11-1.93 (3H, m),
1.85-1.60 (2H, m), 1.37 (1H, ddd, J=13.1, 13.1, 6.3 Hz), 1.14 (3H, s).

methyl
(4bS*,8a5*,10R*)-10-hydroxy-3,3-dimethoxy-4b-methyl-8-methylene-4-oxo-3,4,4b,5,6,7,8,8a,9,
10-decahydrophenanthrene-2-carboxylate (110)

To a solution of 109a (93.4 mg, 0.183 mmol) in MeOH (2 mL) was added K»CO; (50.4 mg, 0.365
mmol, 2.0 equiv) at 0 °C, and the reaction mixture was stirred for 30 min at 0 °C. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous NH4Cl
solution (5 mL). The aqueous layer was extracted with EtOAc (10 mLx3), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 5/1) to afford the product 110 (56.9 mg, 86%) as bright
yellow oil:

R¢ = 0.23 (hexane/ethyl acetate = 2/1); 'H NMR (400 MHz, CDCls) & 7.34 (1H, s), 4.89 (1H, s),
4.54 (1H, s), 4.35 (1H, d), 3.83 (3H, s), 3.35 (3H, s), 3.23 (3H, s), 2.48 (1H, ddd, J = 13.1, 2.3, 2.3
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Hz), 2.36 (1H, ddd, J = 13.1, 2.3, 2.3 Hz), 2.27 (1H, d, J = 13.1 Hz), 2.11-1.98 (1H, m), 1.93 (1H, d,
J=13.1 Hz), 1.86 (1H, dd, J= 13.1, 4.1 Hz), 1.76-1.54 (3H, m), 1.36-1.21 (1H, m), 1.07 (3H, s).

methyl
(4bS*,8a5%,10R*)-10-((tert-butyldimethylsilyl)oxy)-3,3-dimethoxy-4b-methyl-8-methylene-4-o
x0-3,4,4b,5,6,7,8,8a,9,10-decahydrophenanthrene-2-carboxylate (111)

To a solution of 110 (15.2 mg, 0.0419 mmol) in CH,Cl; (0.5 mL) was added 2,6-lutidine (0.015 mL,
0.123 mmol, 3.0 equiv), then TBSOTT (0.019 mL, 0.0838 mmol, 2.0 equiv) at 0 °C, and the reaction
mixture was stirred for 2 h at 0 °C. After disappearance of the starting material, to the reaction
mixture was added satrurated aqueous NH4ClI solution (5 mL). The aqueous layer was extracted
with CH>Cl, (10 mLx3), and the combined organic layer was dried over Na,SO4, and evaporated.
The residue was purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford the
product 111 as bright yellow oil quantitatively:

R¢ = 0.80 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCls) & 7.26 (1H, s), 4.89 (1H, br),
4.86 (1H, br), 4.31 (1H, dd, J=4.1, 1.3 Hz), 3.83 (3H, s), 3.35 (3H, s), 3.21 (3H, s), 2.48 (1H, ddd, J
=13.1, 2.3, 2.3 Hz), 2.40-2.29 (2H, m), 2.06 (1H, ddd, /= 13.1, 13.1, 6.3 Hz), 1.84-1.57 (4H, m),
1.29 (1H, ddd, J=13.1, 13.1, 6.3 Hz), 1.05 (3H, s), 0.88 (9H, s), 0.18 (3H, s), 0.14 (3H, s).

methyl
(4bS*,8a5*,10R*)-10-((tert-butyldimethylsilyl)oxy)-1-cyano-4-hydroxy-3-methoxy-4b-methyl-
8-methylene-4b,5,6,7,8,8a,9,10-octahydrophenanthrene-2-carboxylate (113)

OMe

To a stirred solution of 111 (9.2 mg, 0.0192 mmol) in DMF/H,O (0.5 mL/0.5 mL, 1/1) was added
KCN (6.3 mg, 0.0960 mmol, 5.0 equiv) and NH4Cl (3.8 mg, 0.0576 mmol, 3.0 equiv) at room
temperature. The mixture was stirred for 12 h at 80 °C. After disappearance of the starting material,
to the solution was added saturated aqueous NaHCOs solution (3 mL). The aqueous layer was
extracted with Et;O (10 mLx2), and the combined organic layer was washed with H,O (5 mLx2),
brine (5 mL), dried over Na;SQs, and evaporated. The residue was purified by flash chromatography
(hexane/ethyl acetate = 5/1) to afford the product 113 (6.7 mg, 75%) as pale-yellow oil
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quantitatively:

R¢=0.20 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) 8 6.66 (1H, s), 5.12 (1H, dd, J =
5.5,5.5 Hz), 4.87 (1H, s), 4.54 (1H, s), 4.02 (3H, s), 3.90 (3H, s), 3.09 (1H, ddd, J = 13.3, 3.2, 3.2
Hz), 2.85 (1H, d, J = 13.3 Hz), 2.44-2.35 (1H, m), 2.15-2.04 (1H, m), 1.95 (1H, ddd, J = 13.3, 2.3,
2.3 Hz), 1.82-1.69 (3H, m), 1.44 (1H, ddd, J = 13.3, 13.3, 5.5 Hz), 1.08 (3H, s), 0.86 (9H, s), 0.24
(3H, s), 0.20 (3H, s); LRMS-ESI [M+Na]" calculated for C2sH3;NNaOsSi: 494.2, found: 494.2.

methyl
(4bS*,8a5*,10R*)-10-(2-(benzyloxy)acetoxy)-3,3-dimethoxy-4b-methyl-8-methylene-4-0x0-3,4,
4b,5,6,7,8,82,9,10-decahydrophenanthrene-2-carboxylate (114)

To a solution of 110 (8.8 mg, 0.0243 mmol), 103 (8.1 mg, 0.0485 mmol, 2.0 equiv) and EDCI (9.3
mg, 0.0485 mmol, 2.0 equiv) in CH>Cl, (1 mL) was added DMAP (5.9 mg, 0.0485 mmol, 2.0
equiv) at room temperature, and the reaction mixture was stirred for 1 h. After disappearance of the
starting material, to the reaction mixture was added Hexane (5 mL). The white suspension was
purified by flash chromatography (hexane/ethyl acetate = 5/1) to afford the product 114 (12.2 mg,
98%) as bright yellow oil:

R¢ = 0.50 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCI5) & 7.40-7.28 (5H, m), 7.03 (1H,
s), 5.66 (1H, dd, J=4.1, 2.3 Hz), 4.89 (1H, br), 4.64 (2H, s), 4.50 (1H, br), 4.17 (1H, d, J= 16.5 Hz),
4.11 (1H, d, J = 16.5 Hz), 3.81 (3H, s), 3.34 (3H, s), 3.22 (3H, s), 2.44 (1H, ddd, J=13.1, 2.3, 2.3
Hz), 2.38-2.30 (1H, m), 2.24 (1H, dd, J = 13.1, 4.1 Hz), 2.01 (1H, ddd, J = 13.1, 13.1, 6.3 Hz),
1.96-1.82 (2H, m), 1.75-1.61 (2H, m), 1.27 (1H, ddd, J = 13.1, 13.1, 6.3 Hz), 1.08 (3H, s);
HRMS-ESI [M+Na]" calculated for C2oH34NaOs: 533.2146, found: 533.2148.

methyl
(6aR*,7a5*,11a5%)-4-(benzyloxy)-1-hydroxy-2-methoxy-11a-methyl-8-methylene-5-0x0-4,5,6a,
7,7a,8,9,10,11,11a-decahydrodibenzo|de,g]chromene-3-carboxylate (116)

OMe

To a stirred solution of 114 (4.0 mg, 0.0078 mmol) in toluene (0.5 mL) was added DBU (0.012 mL,
0.0780 mmol, 10 equiv) at room temperature. The mixture was stirred for 2 h at 50 °C. After
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disappearance of the starting material, to the solution was added saturated aqueous NH4Cl solution
(3 mL). The aqueous layer was extracted with Et,O (10 mLx2), and the combined organic layer was
washed with H,O (5 mLx2), brine (5 mL), dried over Na,SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 10/1 to 4/1) to afford the product 116 (2.3
mg, 62%) as pale-yellow oil:

R¢=0.55 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCl;) & 7.44-7.28 (5H, m), 6.49 (1H,
s), 496 (1H, d, J = 9.6 Hz), 4.75 (1H, s), 4.60 (1H, d, J = 9.6 Hz), 4.41 (1H, s), 3.97 (1H, s), 3.93
(3H, s), 3.85 (3H, s), 3.49-3.18 (2H, m), 2.82-2.55 (3H, m), 2.48-2.32 (1H, m), 2.17-1.94 (1H, m),
1.84-1.72 (2H, m), 1.47 (1H, ddd, J = 13.2, 13.2, 5.5 Hz), 1.26 (3H, s) ; LRMS-ESI [M+Na]"
calculated for C,sH30NaO7: 501.2, found: 502.2.

methyl
(4bS*,8a5%)-3-methoxy-4b-methyl-8-methylene-10-o0xo0-4-((trimethylsilyl)oxy)-4b,5,6,7,8,8a,9,1
0-octahydrophenanthrene-2-carboxylate (108°)

OMe

CO,Me

To a stirred solution of 114 (3.9 mg, 0.0076 mmol) in THF (0.5 mL) was added TMSCI (0.2M in
THF, 0.11 mL, 0.0228 mmol, 3.0 equiv) and DBU (0.IM in THF, 0.15 mL, 0.0152 mmol, 2.0
equiv) at room temperature. The mixture was stirred for 16 h at room temperature. After
disappearance of the starting material, to the solution was added saturated aqueous NH4Cl solution
(3 mL). The aqueous layer was extracted with Et;O (10 mLx2), and the combined organic layer was
washed with brine (5 mL), dried over Na>SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 10/1) to afford the product 108 (2.6 mg, 85%) as
pale-yellow oil:

R¢ = 0.70 (hexane/ethyl acetate = 2/1); '"H NMR (400 MHz, CDCls) & 7.36 (1H, s), 4.95 (1H, s),
458 (1H, s), 4.11 (1H, d, J = 5.5 Hz), 3.97 (3H, s), 3.91 (3H, s), 3.35-3.24 (1H, m), 2.78-2.57 (3H,
m), 2.44-2.34 (1H, m), 2.16-2.00 (1H, m), 1.83-1.66 (2H, m), 1.47 (1H, ddd, J=12.8, 12.8, 5.5 Hz),
1.28 (3H, s), 2.8 (9H, s).
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(3R*,4a8*,10a5%)-5,7-bis(benzyloxy)-6-methoxy-4a-methyl-1-methylene-1,2,3,4,42,9,10,10a-oc
tahydrophenanthrene-3-carbonitrile (120)

OMe

OBn

To a solution of 62d (290 mg, 0.575 mmol), BusSnH (0.31 mL, 1.15 mmol, 2.0 euqiv) in toluene (5
mL) was added AIBN (18.8 mg, 0.115 mmol, 0.2 equiv) at rt, and the reaction mixture was stirred at
100 °C. After stirring for 36 h, the reaction mixture was concentrated. The residue was purified by
flash chromatography (hexane/ethyl acetate = 100/1 to 10/1) to afford the product 120 as white solid
quantitatively (ratio of diastereomer: 15:1):

Rr = 0.48 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCL) & 7.55 (2H, d, J = 7.3 Hz),
7.50-7.28 (8H, m), 6.49 (1H, s), 5.27 (1H, d, J = 11.0 Hz), 5.13 (1H, br), 5.09 (2H, d, J = 2.8 Hz),
5.07 (1H, d, J=11.0 Hz), 4.84 (1H, s), 3.83 (3H, s), 3.53 (1H, d, /= 13.7 Hz), 3.03 (1H, dd, /= 7.3,
7.3 Hz), 2.94-2.72 (2H, m), 2.61 (1H, d, J = 13.7 Hz), 2.37 (1H, dd, J= 13.7, 7.3Hz), 2.11 (1H, d, J
= 13.7Hz), 1.84-1.59 (3H, m), 1.47 (3H, s); HRMS-ESI [M+Na]" calculated for Cs;H33sNNaOs:
502.2353, found: 502.2353.

(2S,4aS,10aR)-2-hydroxy-6-methoxy-4a-methyl-1-methylene-5,7-bis((triisopropylsilyl)oxy)-1,4
,4a,9,10,10a-hexahydrophenanthrene-3,3(2H)-dicarbonitrile (122)

OMe

To a solution of 79 (977 mg, 1.53 mmol) in THF (20 mL) was added selenium dioxide (340 mg,
3.06 mmol, 2.0 equiv) at room temperature, and the reaction mixture was stirred for 18 h at reflux
temperature. After disappearance of the starting material, to the reaction mixture was added
satrurated aqueous Na;SOj; solution (10 mL). The aqueous layer was extracted with EtOAc (10
mLx3), and the combined organic layer was dried over Na,SOs, and evaporated. The residue was
purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford the product 122 (836 mg,
84%) as colorless oil:

R¢ = 0.35 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3) & 6.21 (1H, s), 5.46 (1H, s),
5.10 (1H, s), 4.66 (1H, s), 4.09 (1H, d, /= 14.3 Hz), 3.78 (3H, s5), 2.89 (1H, ddd, /= 18.9, 12.3, 7.5
Hz), 2.75 (1H, br), 2.73 (1H, br), 2.52 (1H, br), 2.31 (1H, d, J = 14.3 Hz), 1.80-1.63 (2H, m), 1.46
(3H, tt,J=7.5,7.5Hz), 1.41 3H, s), 1.25 (3H, tt,J=7.5, 7.5 Hz), 1.19-1.06 (36H, m).
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(2S,4aS,10aR)-3,3-dicyano-6-methoxy-4a-methyl-1-methylene-5,7-bis((triisopropylsilyl)oxy)-1,
2,3,4,4a,9,10,10a-octahydrophenanthren-2-yl methanesulfonate (126)

OMe

To a solution of 122 (695 mg, 1.06 mmol) in CH,Cl, (10 mL) was added Et;N (0.30 mL, 2.13 mmol,
2.0 equiv), MsCl (0.12 mL, 1.60 mmol, 1.5 equiv) at 0 °C subsequently, and the reaction mixture
was stirred for 5 h at room temperature. After disappearance of the starting material, to the reaction
mixture was added satrurated aqueous NH4CI solution (20 mL). The aqueous layer was extracted
with CHxCl, (15 mLx3), and the combined organic layer was dried over Na,SO4, and evaporated.
The residue was purified by flash chromatography (hexane/ethyl acetate = 10/1) to afford the
product 126 (744 mg, 96%) as colorless oil:

R¢ = 0.35 (hexane/ethyl acetate = 4/1); "H NMR (400 MHz, CDCls) & 6.23 (1H, s), 5.69 (1H, s),
541 (1H, s), 5.31 (1H, s), 4.24 (1H, d, J = 14.3 Hz), 3.79 (3H, s), 3.14 (3H, s), 2.91 (1H, ddd, J =
17.2,9.2,9.2 Hz), 2.77 (1H, ddd, /= 17.2, 3.5, 3.5 Hz), 2.66 (1H, dd, /= 6.9, 6.9 Hz), 2.25 (1H, d, J
= 143 Hz), 1.80-1.72 (1H, m), 1.46 (3H, tt, J = 7.5, 7.5 Hz), 1.43 (3H, s), 1.31-1.20 (3H, m),
1.20-1.03 (36H, m); HRMS-ESI [M+Na]" calculated for C3;sHeN2NaOeSSiz: 753.3759, found:
753.3761.

(4aS,10aS)-6-methoxy-1,4a-dimethyl-5,7-bis((triisopropylsilyl)oxy)-3,4,4a,9,10,10a-hexahydro
phenanthrene-3-carbonitrile (127)

To a solution of 126 (99.2 mg, 0.135 mmol) in THF (5 mL) was added lithium naphthalenide (0.5M
in THF, 1.3 mL, 0.678 mmol, 5.0 equiv) at 0 °C until colored deep-blue. After disappearance of the
starting material, to the reaction mixture was added satrurated aqueous NH4Cl solution (mL). The
aqueous layer was extracted with EtOAc (10 mLx3), and the combined organic layer was dried over
Na,SOs, and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate =
25/1) to afford the product 127 (40.2 mg, 48%) as colorless oil:

R¢ = 0.85 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3) & 6.21 (1H, s), 5.46 (1H, s),
427 (1H, d, J= 5.7 Hz), 3.77 (3H, s), 3.72 (1H, ddd, J = 14.3, 14.3, 14.3 Hz), 3.44-3.33 (1H, m),
2.90-2.67 (2H, m), 2.28-2.10 (1H, m), 1.99 (1H, dd, J = 14.3, 5.7 Hz), 1.78 (3H, s), 1.77-1.68 (1H,
m), 1.52-1.20 (6H, m), 1.38 (3H, s), 1.20-1.00 (36H, m).
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(4aS,10aS)-2-hydroxy-6-methoxy-1,4a-dimethyl-5,7-bis((triisopropylsilyl)oxy)-1,2,3,4,4a,9,10,1
0a-octahydrophenanthrene-3-carbonitrile (129)

To a solution of 127 (99.2 mg, 0.162 mmol) in THF (1.5 mL) was added borane tetrahydrofuran
complex (0.94M in THF, 0.51 mL, 0.486 mmol, 3.0 equiv) at 0 °C, and the reaction mixture was
stirred for 3 h at 0 °C. After stirring, to the reaction mixture was added AcOH (1 mL), 30% H>O» (1
mL) and stirred for 16 at room temperature. After disappearance of the starting material, to the
reaction mixture was added satrurated aqueous Na,SOj; solution (3 mL). The aqueous layer was
extracted with EtOAc (10 mLx3), and the combined organic layer was dried over Na,SOs, and
evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 5/1) to afford
the product 129 (72.9 mg, 71%) as colorless oil:

Rr=0.22 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCl3) 6 6.15 (1H, s), 3.98 (1H, dd, J =
9.6, 6.4 Hz), 3.78 (3H, s), 2.99 (1H, dd, J = 14.2, 9.6 Hz), 2.86 (1H, ddd, J = 9.6, 9.6, 7.3 Hz),
2.81-2.63 (2H, m), 2.26 (1H, dd, J = 14.2, 7.3 Hz), 2.01-1.87 (2H, m), 1.75 (1H, dddd, J = 14.2,
14.2,14.2,6.4 Hz), 1.59-1.49 (1H, m), 1.42 (3H, tt,J=7.5, 7.5 Hz), 1.42 (3H, s), 1.31-1.18 (3H, m),
1.21 (3H, s), 1.18-1.04 (36H, m); HRMS-ESI [M+Na]* calculated for CssHs;NNaO4Siz: 652.4188,
found: 652.4186.

(4aS,10aS)-6-methoxy-1,4a-dimethyl-2-0x0-5,7-bis((triisopropylsilyl)oxy)-1,2,3,4,4a,9,10,10a-0
ctahydrophenanthrene-3-carbonitrile (130)

To a solution of 129 (59.8 mg, 0.0949 mmol) in CH,Cl, (2.5 mL) was added DMP (60.3 mg, 0.190
mmol, 2.0 equiv) at room temperature, and the reaction mixture was stirred for 1 h. After
disappearance of the starting material, to the reaction mixture was added satrurated aqueous Na,SOs
solution (5 mL). The aqueous layer was extracted with CH>Cl, (10 mLx3), and the combined
organic layer was dried over Na,SOs, and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate = 5/1) to afford the product 130 (52.8 mg, 89%) as colorless
oil:

R¢ = 0.25 (hexane/ethyl acetate = 4/1); 'H NMR (400 MHz, CDCls) & 6.18 (1H, s), 3.78 (3H, s),
3.72 (1H, d, J = 16.0 Hz), 2.88-2.65 (2H, m), 2.61-2.51 (1H, m), 2.13 (1H, dd, J = 16.0, 2.3 Hz),
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1.90 (1H, ddd, J = 12.4, 6.4, 2.3 Hz), 1.83-1.51 (3H, m), 1.44 3H, tt, J= 7.5, 7.5 Hz), 1.29 3H, s),
1.28-1.19 (6H, m), 1.18-1.03 (36H, m).

(4aS,10aR)-2-hydroxy-6-methoxy-1,4a-dimethyl-5,7-bis((triisopropylsilyl)oxy)-4a,9,10,10a-tetr
ahydrophenanthren-3(4H)-one (132)

To a stirred solution of 130 (7.6 mg, 0.0121 mmol) in THF (0.5 mL) was added LDA (0.2M in THF,
0.067 mL, 0.0133 mmol, 1.1 equiv) at —78 °C, and the reaction mixture was stirred for 30 min at
—78 °C. Then, to a stirred solution Davis’ oxaziridine 131 (5.5 mg, 0.0181 mmol, 1.5 equiv) in THF
(1 mL) was added. The reaction mixture was stirred for 1 h at —78 °C. After disappearance of the
starting material, to the reaction mixture was added saturated aqueous NaHCOj3 solution (100 mL) at
—78 °C and stirred further 16 h at room temperature. The aqueous layer was extracted with EtOAc
(50 mLx3), and the combined organic layer was washed with brine (50 mL), dried over Na,SOs,
and evaporated. The residue was purified by flash chromatography (hexane/ethyl acetate = 15/1) to
afford the product 132 (5.2 mg, 70%) as colorless oil:

R¢ = 0.30 (hexane/ethyl acetate = 4/1); '"H NMR (400 MHz, CDCls) & 6.22 (1H, s), 6.08 (1H, s),
431 (1H, d, J=16.5 Hz), 3.77 (3H, s), 2.89 (1H, ddd, J = 16.5, 12.8, 6.9 Hz), 2.78 (1H, d, /= 6.9
Hz), 2.74 (1H, dddd, J = 12.8, 2.3, 2.3, 2.3 Hz), 2.30 (1H, d, J = 16.5 Hz), 2.07 (1H, dd, J = 12.8,
6.9 Hz), 1.95 (3H, d, J=2.3 Hz), 1.62 (1H, dddd, /= 12.8, 12.8, 12.8, 6.9 Hz), 1.43 (3H, tt, J=.5,
7.5 Hz), 1.26 (3H, s), 1.26 (3H, tt, J = 7.5, 7.5 Hz), 1.18-1.04 (36H, m) ; HRMS-ESI [M+Na]"
calculated for CssHsoNaOsSiz: 639.3871, found: 639.3870.
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