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[a]p specific optical rotation

o chemical shift in parts per million downfield from TMS
u micro

Ac acetyl

Ac,O acetic anhydride

AcOH acetic acid

AMO ammonia oxygenase

aq. aqueous

Ar aryl or argon

ATPase adenosine triphosphatase
9-BBN 9-borabicyclo[3.3.1]nonane
BHT butylated hydroxytoluene

Bn benzyl

BNI biological nitrification inhibition
Bu butyl

Bz benzoate

°C degrees Celsius

calcd calculated

cat. catalytic amount

CD circular dichroism

Cp cyclopentadienyl

CPME cyclopentyl methyl ether

Cy cyclohexyl

d deuterium

DABCO 1,4-diazabicyclo[2.2.2]octane
dba dibenzylideneacetone

DCE 1,2-dichloroethane

DBU 1,8-diazabicyclo[4,3,0Jundec-7-ene
DIBAL diisobutylaluminium hydride
DMAP 4-dimethylaminopyridine
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide

dppf 1,1'-bis(diphenylphosphino)ferrocene

iii



dppp 1,3-bis(diphenylphosphino)propane

dr diastereomeric ratio

ee enantiomeric excess

EE ethoxyethyl acetal

ent enantiomer

epi epimer

eq. equivalent

ESI electrospray ionization

Et ethyl

EtOAc ethyl acetate

g gram

HAO hydroxylamine oxidoreductase
HG Hoveyda-Grubbs

HMBC heteronuclear multiple bond coherence
HMPA hexamethylphosphoric triamide
HQ hydroquinone

HRMS high-resolution mass spectrum
Hz hertz

h hour

GWP global warming potential

G2 second generation

i iso

IBX 2-iodoxybenzoic acid

Int intermediate

IR infrared absorption spectroscopy
J coupling constant

L litter or ligand

LC-MS liquid chromatograph-mass spectroscopy
LDA lithium diisopropylamide

LAH lithium aluminium hydride

m milli

M molar or mega

MCPBA 3-chloroperbenzoic acid

Me methyl

v



Mes
min
mol
MOM

MS
MVK

m/z

NMO
NMR
NOESY

PCC
PDC
Ph
pin
Piv
PPh;
PPIs
ppm
PPTS
Pr
PTLC

py.
quant.

RCM
RSM

sat.

solv.

SM

mesityl

minute

mole

methoxymethyl

mesyl

mass spectrometry or molecular sieves
methyl vinyl ketone

mass to charge ratio

nano

normal

N-methylmorpholine N-oxide
nuclear magnetic resonance
nuclear overhauser and exchange spectroscopy
para

pyridinium chlorochromate
pyridinium dichromate
phenyl

pinacolate

pivaloyl

triphenylphosphine
protein-protein interactions
parts per million

pyridinium p-toluenesulfonate
propyl

preparative thin layer chromatography
pyridine

quantitative

substituent

ring closing metathesiss
recovery of starting material
room temperature

saturated

solvent

starting material



t- or tert tertiary

TBAF tetra-n-butylammonium fluoride

TBD 1,5,7-triazabicyclo[4.4.0]dec-5-ene

TBDPS tert-butyldiphenylsilyl

TBHP tert-butyl hydroperoxide

TBS tert-butyldimethylsilyl

temp. temperature

TES triethylsilyl

Tf trifluoromethanesulfonyl

THF tetrahydrofuran

THP tetrahydropyranyl

TLC thin layer chromatography

TMS trimethylsilyl

Ts tosyl

TS transition state

TsOH p-toluenesulfonic acid

UHPLC ultra high performance liquid chromatography
uv ultraviolet

XPhos 2-Dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl

Vi
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1-1. #5

Fusarium W13, FEEMRZ %7 HIZET 5 R/00KEO MR (7 FEL
7) O—J@&fET Y, BIEMICKTT AR & LR e B L
EWZiR L@t L CHiER 25| SR T HFAER & L THa b,
JRFE - R BICB O THR A OATRICEZEIZED > T\ 5,

SR Tl HEWIRIRE O 1 Td D Fusarium graminearum 75, /NESOK
., A=Y E AF, hrvEvavi FEELRRAEDEYET DL TR
B9 (Fusarium head blight, FHB) Z 5| & 2 L, RHEAEICERRHEZ KX
TZENHEE 25TV D, RENALTZENREDIERIZE > TAEFTRARR
FFEIZ R 5720 CTle < | FHICEE LS8 I3 AESCEWER B R 6 b7 &
IR L OB DR TICORN S0 TH S P, 20X 572 Fusarium I X
HIEMPEEII SR THRAELTEBY, R EWRPRRERE INLIELT AV T - H
R AV T OFRRFREIRIL, 19982002 DRI 27 B VT H & Lol
bdho Y, Fm, WAEREBLE T, Fusarium ES RAREHTEY & L CAET
HvAabhXrr (WEH) &, EWEZEL TEYRERT L2 LItk TH
FIERIZHED o Fusarium WOAEFET H~A 2 X o OfEIX, NV arky
RL¥T7 TV /v (ZEN), 7= (FBs) D 3DIZKBI&EN S (Figure 1-1)
N, FIZIE, FYUaFErD 15 THD T-2 toxin (&, HXKRLMEH:, J8F 72 LD
JERZS|IEEZ L, &RbiWaEgtErs "t~/ a2 hF & LTHLILTY
5o ZIUD fusarium <A 3 FX T AR L TR, 1EMIYY OFFR G A EO HRMEE
A ETRRE S 4L, R E OIS 6N TV D,

O COOH
OH O COOH
(o)
- OH  HN., .
HO o 2N, ¢
COOH OH
o (o] COOH
T-2 toxin zearalenone fumonisin B1

Figure 1-1. Examples of fusarium mycotoxins

UL EG | Fusarium WOEIEZHET 5 Z L%, BRIV O L PERE ST~
DREFFHEZPIC Z LIZERM L, B3 - WAEPBHICB T 2BELRBRETH 5,
ZOXIRERNPDL, EMOREMZRREAOTHITA A THOEERTSLO 1>
Th Y A& RRRBEARIDBIFE S Fusarium B OB T TV 9, — 5T,
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Fusarium & OMEMEHACOATEERICEI T 2 EWFRE. 372000, EARAEND
DHEADOIER « BEZFIEE Z TV 7T FDORIESREERKIIARTTH G
(2782 TRV,

1-2. HEE L FEBEORE

2018 A, H[E « WL KD Jianhua Qi H1X, F. graminearum OX5HEHE 200 L 7>
O HRD T E CHEAME AR 25583 2 NIAIMEYE 0.8 mg % BLAE L . FARI (Fusarium
asexual reproduction inducer) (1-1) &£ fT1F72, & DO FimiEiE L MS B L Ol
NMR A7 R )VOFEMIENT 6, Fig. 12 AN R LI X 2 ICikE S, B
% Fusarium sp\Zx5 3 2% faFTE R O FFETEM IOV T b Rl S #u72 (Fig. 1-2 (B)) .
L7>L., FARI(I-D)DFERERBTH D . RO OLME LG O\ dIZiFEE(L
IZ LD NRELE OWRE S REETH D | CS MO SARRLE X ARRE & 7285 TV
7=

A (0]

(B)
~ 257 F. graminearum 309 F equisetiA 80 F.verticillioides
mg kol -T_ skksk
X 20 60
8 20
E 15+
S 404
= 10
£ 10
- 20_
Sl il i ﬂ
=} *
Z ol = 0l= |T| |J_| 0 H
C EA1 3 1030100300 3 10 30 100300 3 10 30 100300
Dose (ng) Dose (ng) Dose (ng)

Figure 1-2. (A) Planner structure of FARI (1-1). (B) Dose-dependent increase of
asexual spores (conidia) formation in F. graminearum, F. equiseti and F.

verticillioides upon treatment with FARI (1-1).

1-3. ExlbEaW & £ DOHELE S BRARK

FARI (1-1) SHEENHEEILIE R E LT, XY ¥ EDO X /N2 Nicotiana
tabacum L.7>5HEEI 1L72 1.2 DD, SRIRE Fusarium tricinctum 7> & B S 4
7 tricinonoic acid (1-3)X° tricindiol (1-4), EMEIH ToH % Trichoderma hypoxylon

5



2> 5 BB X 4177 tricinoloniol acids (TRAs) A-C (1-5~1-7)23 45 & T 5 (Figure
1-3) 7,

o) Me o) OH
7S PPN ERE \J\/\/
MGJ\/\:/\/%\/V’O Me ; \MOH Me /\/\/\ OH
PN PN 0 108 .

1-2 tricinonoic acid (1-3) tricindiol (1-4)
OH OH OH
Ve J\/\_/\\)J\/\WOH Ve /\/\_/\)J\/\WOH Ve _ \)WOH
10R : 108 : 10R :
PR o PR o PR o
tricinoloniol acid A (1-5) tricinoloniol acid B (1-6) tricinoloniol acid C (1-7)

Figure 1-3. Naturally occurring analogues of FARI.

L&MW 1-2 O CTAEDOSARRLE L, —HEESEHAOA Y iz L > THFEL
7= ketoaldehyde 1-8 75, SZAKELE SBEFND solanone (1-9) MHFFEE L7 H D & [A]
FEOFEEMEZ R L2 b, SBEETHD EREL TS (Scheme 1-1), —
FT, 1-3 £ 1-4 1B 5 CTALOMRINIARLE X, 4 Y 7 r EVERESET S
CTHRDAF T a by 7Y TERND, 122 OFNERVW—FE R LT
ZEMD SEETHDEHTEL TWVEN, ZIUIEEREIZE->TWD EITE
IR, 1272, 1-4 O C10 LD NARFLEIZ DWW T, 2B Mosher 1£% HIW T
SEETHL ZEERELTND, 2, ?_Z?bE*E%%Tjiﬁ§ﬁ<ﬁ‘ﬁz¢@7§‘fi&i$&%é
NTEOT | Fusarium WO E TG SIE M T DRETEHEMHEB AT
o5,

prepared by
ozonolytic o similar

j)l\/\78/\ Meo degradation )J\/\S/U\ manner M
Me S \/t)':o —> Me ~""H <——— Me X
1-2 (+)-ketoaldehyde 1-8 solanone (1-9)

Scheme 1-1. Stereochemical assignment at C7 position of compound 1-2.

% 7=, tricinonoic acid (1-3)33 & T tricindiol (1-4)IZB8 L T, Scheme 1-2 (277 /E
BRRESIRB SN TS ™, 9725, farnesyl pyrophosphate (FPP, 1-10) DB
fBizk-»T, BAFT AU D 1 @“(“3@ % germacrene D (1-11)234 Rk L, —EAE

B DOBRALHIGINT & e < IRAb £ 7213 ZEoT, 13 Fi 14 BENEN



AERSNTND EVWIGEETH D, Eik L7z X oIz, &L 5 FARI
(1-1) b I EHELUTIREEZRTEERIN TV D AREERE LN, £
7o ZORGRDNIE LW & Fud, RIEZIRIZE T 5 CT LD NEARRLE DS S Bl
ThHHZ LA THY ., FARI (1-1) O C5 AL H RO NAARLE 24/ LTV
L RREMERRIBE S LD,

COOH
[0] o
— OXidative M J\/\73/\
: cleavage € :
N
\\/:\l\ \l tricinonoic acid (1-3)
HO
FPP (1-10) Germacrene D (1-11) . OH
1 — z
: [H] AEA
biosynthetic : Me Y
pathway to FARI ?? /:\
Y tricindiol (1-4)
A
(o] :
5 \J\/\/OH E
Me )K/I\ -----------------

FARI (1-1)
Scheme 1-2. A proposed biosynthetic route of naturally occurring analogues of

FARI.

1-4. AHFEOBHY

FARI (1-1)i%, HERIRHE SRR AEER & L CHIDILD Fusarium D534
R &2 ST HNIRMEDE & U CHEE - #&ERE Sz, FARI % Fusarium H
DEMEAFEIZEI B v 7 o1& LCRIE TE UL, A A 1 =X L OfRH
S HIZIFEIEBROGIENC X5 fusarium & O T2 72BHBRIK R OBAFEIZ D723 B A]
BEMER SV . ¥ - ARSIV T THEARERE D, — 5T,
MERINIAFLE SRR ETH Y . BE LG LR TOIZ, FARI ZFIH L2k
MR EETH 5,

Z 2 CAMIZE T FARIO WSSO A E BN & 5, ZHic k- T,
P SN TALFEREE D Fusarium W86 O TMEAFTEDO > T F NV ARKIKTCHHZ D
feRR, HEXISTARELE O ENAIREIZ /2 D & B 2 T2, F72. FARI D{LFEERRIC X
ST, ZTOEMBFEATHEIC 72 UE, FARI OFFEALIC X DA ETEMEFBINFZES0
ALK DB &L ZRIKRS VR EORIEICHED 7 v —T ORI

7



FIHCE D LB 2T,
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SHERITE BN A T, IO F RMITIZHE S < N EDIZ O T
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b b,
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Leplat, J.; Friberg, H.; Abid, M.; Steinberg, C. Agron. Sustain. Dev. 2013, 33,

97-111.

Ji, F.; He, D.; Olaniran, A. O.; Mokoena, M. P.; Xu, J.; Shi, J. Food Prod Process

and Nutr 2019, 1, 1-14.

Gonzalez-Dominguez, E.; Meriggi, P.; Ruggeri, M.; Rossi, V. Agronomy 2021, 11,

1549.

a) For compound 1-2: Aasen, A. J.; Hlubucek, J. R.; Enzell, C. R. Acta Chem.
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2-1. B RCETE

FARI OREIEIRE & & b IS AR E AR ET D 72D, M= F T4~
—ZEWHEFMECERT OMLERND D, £Z T, mWEFMEDOm ) F
F~— 3 HIR STV B limonene” % HIFEFUEL & 9-% FARI (1-1) DU I A kik
ZNLZ2 L7z (Scheme 1-3), & Z T, HE F(S)-FARI DA KEIEZ R L TH D,
F4. (S)-FARI (I-D)ITTEAAE DO B =)Lk v LT 5 right fragment 1-122 &
left fragment: (S,E)-alkenyl bromide 1-13 & @ Suzuki-Miyaura coupling (Z 2 > TH K
T& 5L L, %#ED(SE)1-13 [X(R)-gem-dibromide 1-14 O E2 BiffiZ Xk - &S
HE L, RIECT NV r=r7a I FEZET 52 £12& > T, limonene
ICHRTHAREFLOT ' I{bEERHEL, SWVIEEME CFARI #5252 &
MARETH D LB 2T, 7B, R2BBEC L 25 E LTEHD WL ZIKDT
T UIMBZBIDN, BB ETIFINAIE & OSAREED LV /S 7Bl T
& 5 conformer 1 7> HHESE L CTT U FMBER S EST L, E ER2NERIIICE S U
560 LW L7- (Figure 1-3), F72. (R)- 1-14 (X, d-(+)-limonene (1-16)7)> 5 %
ST T X HEEAD(R)-aldehyde 1-15 O AR TE 5 L& 2729, £72. s
T2 (R)-1-1 1%, HF8J50E & L C [-(-)-limonene (1-16)% V2% Z & CRIERIZ AR AT
HEThDHE LT,

== Suzuki-Miyaura coupling

WOH j\/\/\ B O_BMOTBS
Me - X — Me - X °r + ;
/-\ /-\

o
(S)-FARI (1-1) left fragment: (S, E)-alkenyl bromide 1-13 right fragment 1-12
known (o] o
H B
e e
:H PN (0] A Br
/\
d-(+)-limonene (1-16) (R)-aldehyde 1-15 (R)-gem-dibromide 1-14

Scheme 1-3. Synthetic plan of (S)-FARI (1-1)

10



conformer 2 Disfavored conformer1 Favored

Figure 1-3. Conformational analysis of (R)-gem-dibromide 1-14 in E2 elimination

References and notes

1) AAERETIE, Tokyo Chemical Industry Co., Inc.7>% limonene O[> F 7
~—zHA P L7, WFMEICET 26 me TR L,
d-(+)-limonene [a]p™’=+113 (¢ 10, EtOH), purity: 96.9% (GC)
I-(-)-limonene [a]p*’ = -113 (¢ 10, EtOH), 98.7% ee (GC), purity: 96.9% (GC)

2) Morrill, C.; Funk, T. W.; Grubbs, R. H. Tetrahedron Lett. 2004, 45, 7733-7736.

3) a) White, J. D.; Ruppert, J. F.; Avery, M. A.; Torii, S.; Nokami, J. J. Am. Chem.
Soc. 1981, 103, 1813-1821. b) Wender, P. A.; Bi, F. C.; Brodney, M. A.; Gosselin,
F. Org. Lett. 2001, 3, 2105-2108.
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3-1. Left fragment 1-13 ® & %

(1) (R)-gem-dibromide 1-14 D7

F, IR SN TV D d-(+)-limonene (1-16)"7> & (R)-gem-dibromide 1-14 % L
L7- (Scheme 1-4)., Torii H DFHEFIZHEN P, KFEFHKT (15/E). Adams
fiklfe (PtO,) % Mz @A L 7 ¢ o ORI 2R B BRI & - T
(R)-1-17 % T0%I Tz P, WWT, NalOy Z R {bH & Lz 0sO, Bk

(Lemiux-Johnson f@{t) (2 k> CEE#A L7 4 D cis-¥ A — Ak & Fe < Be{t
BN 23 one-pot THETT L. ISR 58% C (R)-aldehyde 1-15 2457 ¥, & 512,
Takeda & DA L7 TEIZ K D (R)-1-15 D (R)-gem-dibromide 1-14 ~DZEH# % i
LY, ZZTOMEIT, 7 FUAFERTTATE RO R TV v 2RI
ARTDHZLICH D, £9. CHLCL HTHIZK NHNH, Z/EH S8, xfI5d 5
hydrazone 1-18 DGk & AT 3, BRALERZ IZHF D V- OISR AWM Th -
oo ZORKD, SIS DOIRMEIC L > T, —HAKLZ1-18 Db KTV Vi3 r
Mot FBTT Y raRBRLE S ICHDEE 2 Y, onepot T
(R)-gem-dibromide 1-14 ~ZEH#i9 2% = L L L7z, TLC THEIOHKZ MR LI=D
B EtN 36 LW CuBrp /et THINT 5 Z & TR 2 5 LETp(R)-1-14 155
TR LT, OB, BIAERM & LT alkene 1-19 2303 02N B 5L LT-
25, Z AU, hydrazone 1-18 2B AE LTI~ A RREKIZE TS FU R
D 1 2-BrALZ R CTHERR LTz EFE 2TV D,

OSO4

Hy (1 atm) NalO, o
PtO, pyridine H i) NHoNH,-H,O
— — Me M e
H H - : : CH.CI , 1t
: EtOH, rt : THF-H,0 (2:1) A_© 2Lla
X 70% PN rt
d-(+)-limonene (1-16) 117 58% (R)-aldehyde 1-15
if) CuBry
0 EtaN o]
| MSaa Br PN
Me | Me Y + Me X
AN CH,Cl, A Br
NH, 0°Ctort z S
hydrazone 1-18 (R)-gem-dibromide 1-14 alkene 1-19
(34%) (<15%)
- EtgN-HBr
3! Br source 1,2-hydride
CuBr, CuBr shift

(o}

(o) (o) H
Me)K/\/\/FI MH e H oA
= — —
A N -CUBr Houx Me : Me =L
H AN N2 N

Scheme 1-4. Synthesis of (R)-gem-dibromide 1-14 from d-(+)-limonene (1-16)
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(2) Left fragment 1-13 O FHHL

(R)-gem-dibromide 1-14 7> 5 (S, E)-alkenyl bromide 1-13 % & %3 < | E2 BBk
ISRV DR ZMF L7z (Table 1-1) 7, %9, THF 1, -78 °C ¢ LDA % /I
A CHIRICHIR LI E Z A, BHERIEEMAZ G272 (entry 1), —J, DMF H1,
DBU Z/EM &H. 50 °C 2O BEREFMFTHNEBAT L2 LIk THME L
(S)-1-13 % 67%ULR TS Z LTI L7z (entry 2) , = DBE. (S,Z)-alkenyl bromide
MHAERR LT L& 2 b (S)-alkyne 1-20 HILR 1% THZ, £72. S HITHEWD
HEHVE 249 % phosphazene HiJk Pl-base Y& W5 & (SE)-1-13 132< HEbN
T, (S)-ketone 1-21 MUK 65% THLNTZ, T, EE\V Pl-base &1 V71
EVEEDO NSRRI DAE C, SMEREEN /NS B OBEEO W R afi
O 7 v R ALDESE L, S FPSREEEIISIZ X% 5 BERIEAM & iR bk
BT L CTARKLIZEFE ZB4L5 (Scheme 1-5), 7235, tetramethylguanidine
(TMG) &I L L7=4A . 75°C £ TOMBSGM T CIISA T8, FEk4
[N DDA TH o7,

o conditions

(See Table) o o g 0

—»ee o JJ\/\/\/ JJ\/\// >_©

Me)j\/\:/\(Br Me - AN Br + Me - + Me ..,
P ~

A\ Br PN //
(R)-gem-dibromide 1-14 (S,E)-alkenyl bromide 1-13 (S)-alkyne 1-20 ketone 1-21
entry conditions results _______ \N/ __________________________
1 LDA, THF,-78 °C tort complex miture N NH |
2 DBU, DMF, 50 °C toreflux ~ 1-13: 67%, 1-20: 1% CN‘E 'Nij Me,N J\NMez
3 P1-base, DMF, rt to reflux 1-21: 65% I Q T™MG
4 TMG, DMF, rt to 75 °C RSM I P1-base

________________________________________

Me” Ay — > Me - —_— — > 121

H A_ B : B’} base: Me_ H
base:l (9)4/-1? r A Br N r

€] Br 5
\0 P1-base o /—\ (o)
Br NS Br

Scheme 1-5. A proposed mechanism of the formation of 1-21 from (R)-1-14
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3-2. Right fragment ? 7 &}

SR D 71T HE - T right fragment 1-12 Z 7884 L 7= P, £3°, pent-4-yn-1-ol
1-22 Z 7 2 F Ak L TH7= acetate 1-23 % Ishii HDFEIZL - T ™, alkenyl
iodide 1-24 ~& /=, 725, MeCN H'| Nal & TMSCI 7» & TMSI % %84
S HOZMADZLICLVRPTHI ZFRBLIZ0B, 123 2MA 5 Z LI
Ko TRLEERIC T V3 0 2 3 TAKRIE LT 1-24 2 2 TR 7T4%I0R TR T2,
WA, T 2 F VIO il Tz 1-25 O—foKEE LA TBS{L L T 1-26 & L7z,
B #1C, Grubbs B DIAIZHEV ™| 1-26 1k LT n-Buli Z{EH S5 Z & T
By -0 F U LALZH®AEITY, R LEZE=21TF UL
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (i-PrO-B(pin)) 1-27 % )i &
BHDHZLIZE - T, FTEO right fragment 1-12 21525 Z LTk L=,

Nal, TMSCI TBSCI
| | ; HoO KoCO3 imidazole
Ro\/\) ————> AcO I —> HO | R ——
MeCN, rt MeOH DMF
74% (2 steps) 1-24 rt 1-25 0°Ctort
79% 69%
R=H (1'22):| Ac,0, Et;N, DMAP
Ac (1-23) DMAP, CH,CI,, rt
i) n-BuLi
Et,0
\/\)]\ L \/\)L
B — > TBSO .
so | i) B(pin)
1-26 )\0 _B(pin) right fragment 1-12
1-27

72%

Scheme 1-6. Synthesis of right fragment 1-12

3-3. FARI O &k & Mt SLAREL B DR 8

(S)-FARI (1-1)D & %% Scheme 1-7 2R L7z, £9. 3-1 i TR L7z left
fragment: (S E)-1-13 & 3-2 i Tl L 7= right fragment 1-12 & @ Suzuki-Miyaura
coupling Z§k#4 7= 'Y, DMF-H,0 {EAVAIEF . Cs,CO;5 & filft#:0> Pd(PPhs), 171E
T, 50 CITET 52 Lick-T, Bl v 7Y 7 HEKRTH 5 (S,E)-diene
1-27 % T5%RE T2 2 LT LTz, Z DR, SRR KR < 2 51220 T,
A “EHEAS ORI EZECRIFISEIT L, 127 OPEERMEF Lz, LR
ST, FEIOWME 2 MR LR CELICHRAIE 1T H Z &3, AW ORI
ZEHI L CHEBMER (SE)-1-27 ZBUST 5 7-DICnE Th o7, &#%IZ, THF
H1. 0°C CTBAF ZiN L7205, |EFTHRAET S Z L2k > TTBS &%l
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R L. (S)-FARI (I-1)DOEAKEET L1z, £72. FEEOFET [(-)-limonene
(1-16)> 5 (R)-FARI (1-1)Z AR L7z, AEhD 'H LT PC NMR 2~ L
FNENRKRD LD L —E L7- (Figure 1-4, Figure 1-5), 7233, g E D
fil1%., natural FARI ([a]p> =+7.0 (¢ 0.42, benzene)) & (S)-1-1 ([a]p* =+10.8 (¢ 1.05,
benzene)) NEWVW—FHZ TR L., (R)-1-1 ([a]p” =-10.7 (c 1.07, benzene)) L%t D
FESEMEZ IR Uiz, ZAUD HRREYEE D L G | f%%@cyﬁﬁsm%f%éz
ENFRIRIBE NIz, X BT, T/ HPLC IZ X 200 iEERM 5 {BFAR L
7aw£iwmwmnam@i%/%ﬁv—mﬁﬁi%h%mwm%%\ww%
ee Th-o7c, T T, I-(-)-limonene (1-16, 98.7% ee)’> 5 (R)-FARI (1-1, 97.7% ee)
T2 L E AEIC L 5T CS MO b2 L, @V e fl 2 2
L7 FARI WA SN2 L 28 L= ',

o Pd(PPhg),
)j\/\/\/Br o\BJ\/\/onas 032003 J\/\/\J\/y
Me N + T

: (o)
z DMF- HZO
> 50 °C
(S,E)-alkenyl bromide 1-13 right fragment 1-12 75%
R =TBS:1-27 — ] TBAF, THF
0°Ctort
H: (5)-1-1 << 79%

96.8% ee

4 steps o
2 steps \)]\/\
I-(-)-limonene (1-16) (R,E)-alkenyl bromide 1-13 )-FARI (
98.7% ee 97 4% ee

Scheme 1-7. Total synthesis of (S)- and (R)-FARI (1-1)

B L72(S)F L ONR)-FARI (1-1)D Fusarium X 55RO EE
PEDS, L KRZED Qi D7 N —FI k- TR S - 2, ZOfER, (5)-1-1 28
KIRD FARI & [FAEROIEEINE THEFZHE LD L, (R)-1-1 1%iZ
&N EDETTEROFHEIEM 2R X 720> 72 (Figure 1-6), AHEFRIZ L - T,
R EI72(S)-FARL (1-1) 7% Fusarium B OB A2 55835 2 7 F A1 4K
KTHDZEEWRL, RFHI, ZO C5NMOMNRELE N SEE TH D L ik
E L7,
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Natural FARI

(S)-FARI (1-1)

L -
0.5 0.0 ppm

9 -

T T T T T T T LI T T T T T T T
10.5 100 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 25

Figure 1-4. Comparison of '"H NMR spectra of natural FARI, and synthetic (5)-1-1
in CD;0OD
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Natural FARI

T T T T T T T T T T T T T T T T T

T T T T T
210 190 170 150 130 110 9 8 70 60 50 40 30 20 10 O

f1 (ppm)

'
|
|

|

|

|

RANRASRARS MMM | T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure 1-5. Comparison of BH NMR spectra of natural FARI, and synthetic
(8)-1-1 in CD;0OD

8_
P
o x|
. J\/\E:J/\J\/\/OH . ek i
AN
(S)1-1

No. of total conidia (*10°)
NN
1

— T 1 T
C1310 C1 310 C 1030100 (ng)
Natural FARI Synthetic (S)-1 Stereoisomer (R)-1

(o]
R)-1-1 ﬂ
(R) 0 | -
1

Figure 1-6. Conidia formation in F. graminearum induced by two synthesized

isomers (8)- and (R)-1-1, in comparison with natural FARI. C, negative control.'”
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3-4. EBEEDST DD DEEYE FARI-d, DA K

LC-MS Z X % (S)-FARI (1-1)DEE WL E 2 NEEEDE & LT,
(S)-FARI-d> (1-28)% &k L7z, Z D4, right fragment & L T 1-29-d, ZFH T
ThUE, 3-2Hi L AEED FIETEO)-128 AT HZ ENTE D,

% ZC.Scheme 1-8 (27”9 & 9 1T ks 9™ 2 right fragment 1-29-d> Z 7% L 72,
Pent-4-yn-1-ol 1-22 O/KEER A TBS A TR#EL T1-30 & L72D b, n-BuLilZ X
S5T130 D7 8F VU REREIE, D,OEMAHT ETT®F L2 Rz EHK
F L. SCHRAE D 1-31-d; & L= ', RIZ MeOH 1, TsOH % T TBS %
Ml U A U7 1-32-d, DK H: A2 7 2 F ) b+ % Z & T acetate 1-33-d; #1577,
INakERT 22 L 72 < | Ishii HDOFE (Nal & TMSCL, DO 72258 L 7= DI
ETNFR ORI PNk o Ta vbEAFEIL LD B, MeOH H1, K,COs %
W=7 ' F b Z el TIT 9 Z & C vinyliodide 1-34-d, ~ &&=, FRIC,
IKEEFED TBS AL T2 1-35-d, D/~ /7 - ) F o7 A ASHa L f5¢ < i-PrO-B(pin) 1-27
& DFUSIT & - T Eeright fragment 1-29-d, 2 FHEL L 72, 72056 15 H 7= 1-31-d,
B L O1-29-d, DFEAFCRIZAERD O 'THNMR 2227 R LOFESED S HE L,
ZINEI 100%, 65% Th o1,

i) n-BuLi, THF
I -78°Ctont D10 TsOH D100
RO \/\)
i) D,0,92%  TBSO V\J| MeOH RO J
rt
R=H (1-22) TBSCI 1-31-d, R=H (1-32-d)) Acz0
imidazole py., rt
TBS (1-30) DMF, 0°C tort Ac (1-33-d; 51%
96% (2 steps)
1) Nal, TMSCI TBSCI ) E;B(‘;"' D1go - Des
- 2
D,0, MeCN D100 ~_-Dé5 imidazole Dioo-Des 785G tort TBSO\/\J[ 0
HO TBSO B|
2)K,COs | DMF ) )
MeOH 0°Ctort )\o _B(pin)
1-34-d, 1-35-d, 1-27 right fragment 1-29-d,»

63% (3 steps)
58%

Scheme 1-8. Preparation of left fragment 1-29-d,

Right fragemnt 1-29-d, & left fragment: (S,E)-1-13 & @ Suzuki-Miyaura coupling {3,
3-3HITRLIEDD LR USEMTITV., FTEO(S,E)-diene 1-36-d;> % T9%ILR T
37 (Scheme 1-9), %2, TBAF Z T TBS & Bifrigd 52 LI2L D,
(S)-FARI-d> (1-28) DA HL & 55T LT,
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(o] DGS]LD;O\/ Pd(PPh3), o Des D100
Cs,CO
B 2G03
MeJ]\M/Br + O.B OTBS > MeMS/'\’JL/\/OR

z 1 Y
: 0 DMF-H,0 :
P a/ 50 °C PN

) 79%
(S,E)-alkenylbromide 1-13 right fragment: 1-29-d, ° R = TBS 1-36-d, TBAF
THF
0°Ctort
H: (S)-FARI-d, (1-28)€— 849,

Scheme 1-9. Synthesis of (S)-FARI-d, (1-28)

B L7= (S)-FARI-d (1-28)i%. WHT KD Qi 512 L - T. UHPLC-ESI MS/MS
FRAVWEMEBEEESTONTEERE L L CHASRE P, EBIC, F
graminearum LAZN D 6 FELD Fusarium 51235 T,0.10-0.32 ug/L D2 T(S)-FARI
A-D)DONAENHEFR Z A, FARIL 28 Fusarium J&\ZE T 5 EEH 72 NIREWE CH
5 Z e RS (Figure 1-7)

Species Strainlal FARI (ug L-1)b!
F. proliferatum CGMCCS8.4759 0.18 + 0.04
F. avenaceum CGMCC3.6813 0.11 = 0.01
F. equiseti CGMCC3.6911 0.30 = 0.05
F. culmorum CGMCC3.4595 0.32+0.10
F. oxysporum CGMCC3.6787 0.15 = 0.01
F. verticillioides CGMCC3.7995 0.10 = 0.02

[a] The strains were purchased from the China General Microbiologocal Culture Collection
Center (CGMCC, Beijing, China). [b] The values were determined by UKPLC-ESIMS/MS
analysis of FARI-containing fractions, which were obtained by the cartridge separation of
the EtOAc layer of filtered culture broths, with synthetic FARI-d, as the internal standard.
The experiments were repeated three times, and the data are presented as means + SEM.

Figure 1-7. Interspecies universality of FARI in Fusarium species (n = 3)'0

References and notes

1) AAERETIE, Tokyo Chemical Industry Co., Inc.7>% limonene O[] > F 7
~—zHA P L7, WFMEICET 2 e TR L,
d-(+)-limonene [a]p™’=+113 (¢ 10, EtOH), purity: 96.9% (GC)
I-(-)-limonene [a]p*’ =-113 (¢ 10, EtOH), 98.7% ee (GC), purity: 96.9% (GC)
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Fusarium HIX., 5LF°A %, hUERa s W -EHEEYICH L TRIE
% (Fusarium head blight) % 5| i Z TR E & LT TR BTt
LCHEEREZSIEEZ ST~ a b 0BREERE L THHL, Fx
DATEIZEHEZ 3> - TV 5, Fusarium asexual reproduction inducer (FARI, 1-1)
%, 2018 #-IZ F. graminearum O HEMEAETH 235853 5 NRMEME & L THIO TH
B, BERESNTZEAXFT AN THD (Figure4-1), LA L., FARI (1-1)A
T ME LR BN RN T DIHERSRRLE IR E TH Y | 1-1 2RI L7
WG HAT R 72N T W, & 2 TARNISE Tl f2HH Sz FARI O P& D
Fusarium WD ETEREFEET DL TN RIRTH D Z & ORERR & st
MAFRREORE ., ALEMORNMEEZ ARIL L, FARL (1-1) DA RMHITEZ B

BT,

FARI (1-1)

Figure 4-1. Planner structure of FARI (1-1)

AHFFETIL, left fragment 1-13 & right fragment 1-29 @ Suzuki-Miyaura coupling
ZRIA LZICRERIEEZ B L, ()8 L O(R)-FARI (1-1)DEA K& =K LT-

(Scheme 4-1), T 725, d-(+)-limonene (1-16)7°> 5 2 T.FE THEK L 7=
(R)-aldehyde 1-15 [Zxf L, & K7 VUL CuBn & RAERE Loy 7 nEibs
one-pot TATVY, (R)-gem-dibromide 1-14 Z 1572, K VT, (R)-1-14 OLARERINA
7o BAL KRBT K> TITE DO SAR MR T H 5 (S, E)-alkenyl bromide 1-13 ~ &
HX | SCERAFID right fragment 1-29 & @ Suzuki-Miyaura coupling (Z & > T,
(S,E)-diene 1-27 %1525 Z LITEI LTz, 122, TBS A& lifriEd 252 & TH
& 5(S)-FARI (1-1) D& EET Liz, F72. FEEOTIET [-(-)-limonene
(1-16)%> 5 (R)-FARI (1-1) & Ak L 7=,
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2 steps [o] o
J— - MeJMH 1) NHo NH»'H,0 MeJMBr
—_— z H
: /:\ o 2) CuBry, EtaN A Br
P
d-(+)-limonene (1-16) (R)-aldehyde 1-15 (R)-gem-dibromide 1-14

o J\/\/ Pd(PPhg),
—»DBU )l\/\/\/Br %8 oTes CSZCOs )]\/\/\)]\/\/
Me X + 1
o DMF H,0
(S,E)-alkenyl bromide 1-13 right fragment 1-29
R=TBS:1-27 —
TBAF

H: (S)-1-1 <

I-(-)-limonene (1-16) (R, E)-alkenyl bromide 1-13 (R)-FARI (1-1)

4 steps

Scheme 4-1. Total syntheses of (S) and (R)-FARI (1-1)

F7o. KERIELZME > T, LC-MS 12 X A2 EE ESHTIC M E R N EY 'S
T 5(S)-FARI-d; (1-28)% &k L 7= (Scheme 4-2), 3 70bb, HAKFEIL LT right
fragment 1-29-d, % % L 7= ® % | Suzuki-Miyaura coupling % & #» 2 T.F2 T
(S)-FARI-d, (1-28)(Z3& =,

D100
2 steps o Dgs D100
)J\/\/\/ oTBS —> 55 OH
Me v
e ¢

(S,E)-alkenyl bromide 1-13 right fragment 1-29-d, (S)-FARI-d, (1-28)

Scheme 4-2. Synthesis of (S)-FARI-d, (1-28)

LA ED & 51z, ARIFFETIX FARI OPURIE RIEZ ML L, £ DORFREME
R LT, AR Licfie Ty FAh~—% A2 AEWRBRIZ L > T, (S)-FARI 23
FIRD & BHBE X 7= FARI & [FIREIC Fusaium & D5y £ IR & 35845 Z L 731
Bk lpol-, AREERNS, HH SN 72 FARI OREEN S E T ERICED S v 7
FNAGFAIRTH Y | Z O ARRLE D SELE CTH D Efimd 7=, S 51T,
(S)-FARI-d> (1-28) Z K U 7o i 0TI K > T\ Fusarium B O %72 2 FE [ 12
BWTHZFOWNAEDHERZIL, FARL 2 Fusarium WO S @HI 72 NREE TH
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1-1. /S : HALER LR - RIERE

IARURE, 2T AN EZIZ D720, BREGIZEDL 2 BENFE
LT&E7, FriZ, 1O ARENDZE L < b L7 RICIE KRR OERBEE
IIRAF LTE RO FIETIT e <, BEREERZ 0PIk 2 BHUCR AT S
HLWBREL AT ANRGB LI Lich b ), BfE, BEERYERT 27200
1 20fEE LT, AREEICAET 2EFEK 7% (reactive N (Nr))] & LTH D
WMENRESNTEY, HFIRER (Ny) 2R EToFERALEY (BIIE,
NH;, NO;, NOx, N,O, 7" 2, AHEREER) 2N ZhIZi%=H9 5, Fowler 5D
HETIZ A== Ry V2 BT Ko THEEMICELE S 112D Nr D& IT4ERH 120
Tg (Tg: teragram)iZDIF V) | EWFa7e 7 vt A TREKF 0L EMICHEE S b
B (M 63Ty D2 Eicbed?, o, 205 b 8EINREICHLELR
EFEEHIAE Y T2 Z LA Galloway HIZ L > THESA TS Y, ZoZ L
5H . ALFIERHIKAFT 2 RN, ABICRET NI Sh D ER2 RO L
BRI TWD Z ENTDD,

— 5T, BRRICBITHEHEF A 7LD 1oL LT, HEPOMIGHERET
& % Nitrosomonas J&=° Nitrobacter JBI\Z X% THLAER ] NEbHTWD Y,
bid, FHREER TH DT =7 D HIHEE (HNOy) . & BICILRE (NOsY)
NEEHT LT mE XA 25T, BAKRIIZIL, Nitrosomonas &7 E DT =
TE XV F—E (AMO) ICXL2T7 VE=T b Ruxi 7 I ~0fE
fb, i< e FeXo 7 IvAFy Ly s 22— (HAO) 1T XD Mgz ~DwE
{b & Nitrobacter J&78 E\Z L HIHEE~DOBL TN G725, TROEES AT A
DR TRBEE 72> TV D ON, RO REM/ AL S Rl Ze b /EM
WCRDBRE~DZETH Y | MW RBILARRY TH 5 HEROER S, e
B OBICRIET 2 HELER (N,0) Y28FAE LCEIF bR, Bz IE, A
FCIX, BRI LD HEORMEIZINZ T, FERIC L 2 R OB T KT
Qe Z %, 7o, BETIE, ZBbRFED 2 9 8D HEKIRIELIRE (GWP)
59 NoO ASHIERIRRE(LICEET 57210 T2< Y, BB T4 v 8 DOliE
CHBEETHZEBmBRTND 9,

ZoxkonERoM, HEGFOMEROSELRM L LT, SR ETICE
< OWMLERMEIHEN Eish &k D, Bz, AfbZaos s LT,
2-chloro-6-(trichloromethyl)pyridine (Nitrapyrin)<®> 2-amino-4-chloro-methylpyridine
(AM), 3.,4-dimethylpyrazole-phosphate (DMPP), dicyandiamide (DCD)723Z81F H 415

(Fig2-1), L22U., EBEORMEME GKIRSCHERERERLE) OB THI 2R
MEFEI N2V E WS bR -> TV D, £ 2T, ITETIE, ARt
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B (biological nitrification inhibition : BNI) & W\ 9 A5 7 7' v —F 203 B
ENTWSY, Zh b BNIs #IEAT 25 2 & T, MEERELORIR, 2otk
O BRBEREDRIIZ L - T, Rt vl RB 2R ERES DR TR KO BTN 5,

Cl
| NH
| ~N N o !
gl N el L y NJI\N/// HPO, gN\N\
cl Me” “N” "NH, 2 H H
_ 2-chloro-6- 2-amino-4-chloro dicyandiamide 3,4-dimethylpyrazole
(trichloromethyl)pyridine  -6-methylpyrimidine (DCD) phosphate
(Nitrapyrine) (AM) (DMPP)

Fig 2-1. Examples of synthetic nitrification inhibitors

12. 77X%7 77 F o BLUOEBREDOEE
(1) 79%777 broHpE - BERE
77V HRMADBGE RIS AT o7 V- T T TN T T A
(Brachiaria humidicola) OREAET 2 Ml Tix, < 7> B E/ERH Ol 23 8152
STV 7=, Brachialactone (2-1) 1. 2009 FIZ[E R EAMKPEFEMNIEE & —D
Subbarao & D 7 )V—"71Z X - T, Brachiaria humidicola DR D2 &> & AE(LAE
A OIHI R E R TRy & U CHEE - s ShibEmTh 5 Y, = ob#tE
. B NMR IZ K 200 07 FE, BHEoM. CD A7 MLVOfitins . 5
-8-5 B —EBRMEKE T &35 fusicoccane BT R Th D ERIE
ST, 6, DO 5-8-5 BERIZIFALNRNW-T 7 M oEELZ A LT
BY, MO Ta=—7 RNUEMEEENORDI R TH D, 72EB, T ORI
(RRLEIL, —RIC NMR A7 BV BIRE S L2 b DD #ERI LR E IO
TIHBUE DB ST o T ey,

brachialactone (2-1) fusicoccane diterpene skeleton

Figure 2-1. Structure of brachialactone (2-1)

(2) 79%7 77 b rExE
2020 4. Hohenheim K ® Rasche & D 7' )L — L. Brachiaria humidicola ®
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R OIR HHL D> 5 #7272 brachialactone FfxIA (2-2~2-4) % Hiffff L 7= (Figure 2-2)
00 B 51, ZRIENMR A7 LB X TYMS OfEFTICE > T, Zh b B
AR DAL FA# 1 % 3-epi-brachialactone (2-2) | 16-hydroxy-3-epi-brachialactone (2-3) .
3,18-epoxy-9-hydroxy-4,7-seco-brachialactone (2-4) TH D LIRE LT, TILEN
DOHEIEIT, A Bj b C3MLONARBLENFE/2 D 1EM, CBRA Y 7' m eV Eod Cl6
AR BER LD CONLIZIIT DIBLRIELI 252 1T TV D MR E L THEIT 6N 5,

&=0
o 3%y

HO 18

3-epi-brachialactone (2-2) 16-hydroxy-3- epi-brachialactone (2-3) 3,18-epoxy-9-hydroxy-4,7-
seco-brachialactone (2-4)

Figure 2-2. Structures of brachialactone analogues from Brachiaria humidicola

1-3. 7% 7 77 F B XOERMEOAYTEME & ST MRS

Brachialactone (2-1) (2 X 2 #LA/EH OIiliL, LR TH D AMO B IO
HAO DOFEICH 5 Z & 73 Subbarao HIZ &> TH ST ENT Y, Nitrosomonas
europaea (X3 % in vitro iR T3, 2-1 73 EDgo = 10.6 uM THI{LA/EH ZFHE L,
AL ERITEH D DCD (EDgo = 2,200 uM) <2 nitrapyrine (EDgo = 5.8 uM) [Fl4E
WZHHALTER OIMEIE TH 2 Z L DME SN T WD, £z, BAEO I
I L 7= Rasche 51X, brachialactone (2-1) & Hr#ifaixiAz HV T, N. europaea |Z
B DACIEH O EFRMEZ G L2 Y, 2 OMLERMIX, 3-epi-brachialactone

(2-2) (EDsp =~ 20 ug/mL) > 3,18-epoxy-9-hydroxy-4,7-seco-brachialactone (2-4)

(EDso = ~ 40 ug/mL) > brachialactone (2-1) (= 40 ug/mL CTRRLEEM:Z/RT) >
16-hydroxy-3-epi-brachialactone (2-3) (10-40 ug/mL TFHEIEM:Z L) DIATH# L |
FriZ A B b CIMLDONMMEENEMRBUCHEETH L Z 2R, 202 L
NG AR 2RI LT ETE AR B 21T 5 2 & T AMO & %\ d HAO
(2 LT R0 s AR L EENE 2 R T E A O E R ECAFTRE TH D 2 L VR
e S ALz,

1-4. RAFFED HEY

Brachialactone (2-1) 1%, LA O HAO 5 XUV AMO Z#BET 5 Z & Thisfk
YERH OINHNEM: 2 7~ L. Brachiaria humidicola \Z X 5 BNI OIEMEARME & U THL
STz fusicoccane TN TH D, TILIZ - TRy S %Ak (22~
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2-4) OEYTEMOFANN G, W EEEE OREIZRIT 2 ZRIEEHK EOBE#RILD
SEARAL S &AL EE O BB R ST, F OREETE A BIMF IR KR &
FIF L8 ICIR O TWD, Ziud, EHER=kooEE A L. mEICkEE
BHREHAL ST 5-8-5 BT L~/ A R& BIEIZHRL - BT RE 72 AN 401 it
SNTWARNTEDTH D,

Brachialactone (2-1) 3 X O (2-2~2-4) OREKEZEL T, 58587
R A RO BsEERE R T, AR FEEOREICH
BRCE 2 EEZ T, 61T, FERRA brehiakactone F5EARIT K 2 FEM 7o HEETS
PEAHBAMEZE 5 AT RE & i, AHABAE M 2 419~ 2 08 7= Ze BRE A O BHFE (2D 72 73
LEHFTE D, £ I TAMIETIR., AEAET I X OVAENE D i R )
5k SR 72 FE /) T 5 brachialactone (2-1) OEARMDERZ HAGLE Lz,
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2-1. MOMEITN—TIZED585ETNAR) £ FOEAERK LA BEKE

Brachialactone |3, 5-8-5 BER'FHNORLT N A RO 1O>ThHDH, KEHK
R ET ORI 7 7 IV —& LT, MMOFERERTHLST AR AR
BOHE(A fusicoccin A (ZfF X415 fusicoccane L 27 /L~ R0 HUESEME 2~
Z L THEIG IS ophiobolin A (2XF S 415 ophiobolane - X & 7 /L 3 EE T
Hns Y,

IND 585 R OIER T NE R E LT, 1433 X "7 HIERT 5 2
LR A I AETEN R R T 2 E N RIT B NG Y, 14-3-3 X U XA TOEE;
B (@, k. BE) ISHEMICRFESNTEBY ., 2T B-2 "0
FAEAER (protein-protein interactions: PPI) # 41 L C, # V' /X7 ED T 4+ —/)VT 4
v IRREE, & I PPIs OIEPEL-CILE 2 SICRE L, Mt 7 et 2
DF v 8T —7 ZHlET 5 2, 61 2 13E fusicoccin A 1L M D H-ATPase & 14-3-3
ZoNTBOZERE BT L, TOFE[ESISHIFTZERHRESINTND,
VT, Bk 22 9R 1T PPIs 23 BHG- LT D 2 L3 BT &4, 5-8-5 BT v~
A RIZEHSHETOY — ML LTHIER STV S,

— 7T, TNO R EERULFRIBLE DG RI2%6 . 8 BROMEEN S
AR IT DI ROEE 7225, TEBROMEZT, ORI S EERMAEEM &
QOB ESLIC L DBRICESD DR LZEENG, —fKAIc= > b r e —iIZ A F 72
FOSKERTH D Z EBMBNTND Y, Liehio T, EBRSEMEL H el v
7Y T RIGRAF AL OS2 & 2Rk T2 BIEICERKATRE & 72>
T SNB45 HOAEKERILZDEHICBWNTEH, BEICERMbL I, EHER
SRS & A9 5 BB R O AT PR R R T H D Y,

ZDEHIT, 5-8-5 BERMOLD =BT NV A Nix, £ ORI b HEE
EEMEEN O Z L OERILFELR T L, <P OENS L LTRSS
T&7, UTIZ, ZRETITHE SN TWABE R O EERE & b i
BT 5 8 BREBEDOEHERIE 2~ T,

(1) N. Kato: Nozaki-Hiyama coupling (1986) >

Kato 5%, 471 Nozaki-Hiyama )i % Fl]H L 72 (-)-cycloaraneosene (2-5) @
EEMZIEMR LT (Scheme 2-1), 7, AV FA FiFfK 2-6 HIAESHETL
7 U v ARGHID 2-7 ~DOFHINZ X - T 7z 2-8b D Cope BALIZ &> T 2-9
E LT, SHICTIETELND diol 2-10 7 HESILGHIERATH 5 allylic
mesylate 2-11 ~ & HNW2 D6 FZHTHHE L 72 CrClL 12 L % 43 Nozaki-Hiyama
BT &5 T 78%INHET 8 BERILAW 2-12 2152 Z L ITHEI LTz, &%IZ8 A
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R ORI EZ 2 TR THMEFEILT 5D Z & T, (-)-cycloaraneosene (2-5) OEH
A SET LTz,

R =H (2-8a) 29
™S (2-8b):|

CrCly-LiAIH,
%
DMF-THF

2-10 2-11 2-12

1) Ac,O

2) L, lig. NHg

(-)-cycloaraneosene (2-5)
Scheme 2-1. Total synthesis of (-)-cycloaraneosene (2-5) by Kato

(2) Y. Kishi: Nozaki-Hiyama-Kishi (NHK) coupling (1989) ¢

Kishi & 13, 737 Nozaki-Hiyama-Kishi (NHK) /it~ % FJH L 72 (+)-ophiobolin
C (2-13) DA EHRE L= (Scheme 2-2), %7, alcohol 2-14 7>5 3 TFE T
1577 ester 2-15 (2% L . Brook #5(\7. & Claisen #5(\L. D % > 7 LRI IS A5 =
&, CERICHNERMSHEMZEA L 2-16 ZAK L0, I5IC8 TET
CEa=vy b TH 5 2-17 ZARBIRAICERL LTz, Z DERL T H D aldehyde
2-18 (TxF L, BT L7 ABRMEEZ AT 2 8=/ F 7 L35 2-19 2L
T220 L L. IRNTE=LT T 0 a vRbLE ST 4 TR TRILAEMAEA 2-21 %
FREL L 7o, ARBRALATEMAIZK LT NHK RO ZEH T 5 2 & T, 73%IEE TLEp
SERARY 2-22 ZH DY T AT U A~—L LTHEDLZ LIZRIIL TN D,
E”;‘fz 2. BEREOBILEOTIHE L C B LICH DMEEMI Ok 2 &1 9 TRE

#&C. (+)-ophiobolin C (2-13)D Ak & 2Rk L 7=,
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THPO

HO THPO Ho.c H

H 3 steps H 230 °C: R

- » o T, A OBn
TBDPSO .« TBDPSO (CHZ);0Bn 1M HCI- TBDPSO

Me oJ\/ MeOH-Et,O

Me
CH; TBS (dr6:1) Me
2-14 2-15 2-16
\/TMS
opiy . TBDPSO_ A 1 THR-78°C
QL' 2) PivCl TBDPSO
otes  EtoN. DMAP

2-17 (R = OH) Swern 2-19 (2.5 eq.)
2-18 (R = CHO) oxidation

OoHcMe :

4 steps opiv  NiCl2(0.5%) OPiv
-CrCl,
— > TBDPSO ———> TBDPSO
Me,S-
DMSO
o rt
73%
2-21 2-22

(+)-ophiobolin C (2-13)

Scheme 2-2. Total synthesis of (+)-ophiobolin C (2-13) by Kishi

(3) N. Kato: McMurry coupling (1988) "

Kato & (%, McMurry coupling Z /] L 7= albolic acid (2-23) 35 L O ceroplastol
11 (2-24) DA% L7= (Scheme 2-3) ,2-8a 7> 5 6 L2 TE L 7= siloxy acetal
2-25 @ Cope HNLIZ & - THEALARRY) 2-26 Z157-D 5 10 THE 2 #% TERLAIEK
KTH 5 dial 2-27 ZFHE L 7=, Z D 2-27 1Z%F9 % McMurry coupling (Z & > T8
BERZMHE L. diol 2-28 Z 96%ILRTHL Z LTI LT D, &6, 84
B ROV EE OFREE LS. O IR S 2 3 de 7 TR T 229 ICAHA LD b
IR G > D = 2T )L DIKGRIZ & - T albolic acid (2-23) %, 7 /Lb=a—/b
~DIRILIZ X o T ceroplastol (2-24) % EILLiLERL L. ophiobolane -z 2 &% 7
N DY DRERRZZER LT,
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190 °C

2-26

TiCl,, Zn

—_—
THF
96%

2-28 2-29

3M NaOH/MeOH
or

LiAIH,
e

albolic acid (2-23) (R = COOH)

ceroplastol IT (2-24) (R = CH,0OH)

Scheme 2-3. Total syntheses of albolic acid (2-23) and ceroplastol (2-24) by Kato

(4) N.Kato: ene reaction (1989, 1994) ¥

Kato 51X, 47 W ene It % Fl| ] L CT(-)-cycloaraneosene (2-30) I5 &L O°
8B-hydroxycycloaraneosene (2-31) ORE k%A R L 7= (Scheme 2-4), 1986 4|
ZTOEM WS LT 2-8a 7> HE TR THEL L2 BRALATENMA 2-32 (2% L, SnCly
Z Lewis e & L THWZ5 7 W ene BURIC K- T, I3 % 8 HERILAEW 2-33
% 85%INR TGS Z LTI LTz, & 61T, PiR-Grieco TAIZ 2 /KIEIE O it
% & 1e 2 TF& C(-)-cycloaraneosene (2-30) %, B B LIZ/KEEILAE A L7 2-34
MmOl - BRI XD KBEOSLKEEONEEICE > T
8B-hydroxycycloaraneosene (2-31) % ZiHLZiL &K L7,
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1) NaBH,

_
2) O'N0206H4SBCN
"BU3P; H202
2-8a 2-32 2-33
l 3 steps
1) (Cl4CCO),0
DMSO, EfgN
. St

2) NaBH,-CeClg

(-)-cycloaraneosene (2-30) 8p-hydroxycycloaraneosene (2-31) 2-34

Scheme 2-4. Total syntheses of (-)-cycloaraneosene (2-30) and
8B-hydroxycycloaraneosene (2-31) by Kato

Fo, oL, 2-35 5 5 TR TEWE 2-36 & 2-37 & @ Nozaki-Hiyama
coupling T15G7- 2-38 7° 5 A B L OPRfb L 2 Fi% L 72 BRALATBRIA 2-39 (i x| &
D43+ carbonyl-ene SR K o T 8 BERARM 2-40 % 90%ILRTHLT D Z
ST E L7 (Scheme 2-5), X504 THET B B EICEHFEERLAZEAL,
(-)-cotylenol (2-41) DEE K E R LT,

5 steps orC|3 LAH
Hn OH —> wH H'l,
CHZOMe

CHZOMe
2-37 2-38

HO™ CH,OMe
(-)-cotylenol (2-41)

Scheme 2-5. Total synthesis of (—)-cotylenol (2-41) by Kato

(5) R.K.Boeckman: ring enlargement (1989) *
Boeckman &3, H&EANL O R -RFERE G OBHRZ ¥ 2 BRILK S ZFIH LTz
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(£)-ceroplastol I (2-42) D& Z A L72 (Scheme 2-6), 1% &3, ketolactone

2-43 705 4 THRE TR L 72 2-44 2 THREPIRMA & 70 D “EBRVMELE M 2-45 2157,
X 5T 2 TR TEE 2-46 125 LT, MeOH ¥ Cili ) # > NaOMe % £

SHEDZ LICK D MBI O K- IRERE G NBAR LIZ 8 BERILEY) 2-47 & 73%

WERTEHED Z LI LTWD, X512, Dieckmann figAic L5 5 B (A BR)

DIEAL & KIS D MEERALDOFEANELT 5 Z & T, (£)-ceroplastol | (2-42) DEH

i =R LT,

2-44 2-45

CO,Me

MeO,C Me, H
H
MeOH 2
reflux H
(A “) 73% Me
o

2-47 ()-ceroplastol T (2-42)

Scheme 2-6. Total synthesis of (= )-ceroplastrol I (2-42) by Boeckman
(6) L. A.Paquette: Claisen rearrangement (1993) '©

Paquette 53, B =/L=—7 /L@ Claisen S5/ LI L > T8 BRAZME LD L,
A BRRESE L ABHERAL DB AIZ X o T, (+)-ceroplastol I (2-42) DA A 2R LT-

(Scheme 2-7), £ 7. Hajos-Parrish ketone (2-48) 75 % T2 C enone 2-49 % i
fl 1. MCPBA 2{biZ & > TH 5D epoxy lactone 2-50 2 A CTMET 5 Z &
THANAE R T D 2-51 24572, IRV T Wittig KT & - T lactone 2-52 % 51k
L .Tebbe iR# A2 1EH & 5 Z & TH7= vinyl ether 2-53 @ Claisen #5(7.1Z L - T,
2 T2 50-60%IE T 8 HERLAEW 2-54 DERITHII L TV D, ZIhH A
BRI A AT D 285 ~EEMMLI-DL, S HIABMZ28ATHZ L2k
C(+)-ceroplastol I 2-42)DEE K Z5E T L1z,
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Ssteps li O MCPBA oz/\'b heat

Hajos-Parrish ketone (2-48) 2-51
PhaPCHg*Br- /\‘ c
p,Ti(CI)(CHp)AIMe, o
KN(TMS), /J 0 (Tebbe reagent) °
e
o THF-py. 0) . 200 C
(in KOH-
o coated tube) 0
2-52 2-54

50-60% (2 steps)

Me

2-55
(+)-ceroplastol I (2-42)

Scheme 2-7. Total synthesis of (+)-ceroplastol I (2-42) by Paquette

(7) S. L. Schreiber: Nicholas reaction (1994) 'V

Schreiber &%, %3+ Nicholas f{inlZ K 5 8 BER#EEE & #¢ < Pauson-Khand [
Jix &R H L C(+)-epoxydictymene (2-56) D&% R L7= (Scheme 2-8), &+
9. triflate 2-57 & acetylene 2-58 O A1 v 7'V LTI~ T 259 & L7z, IRWT,
Co)(COg ZERH S L CHREILZT T L -a 900 MERIZH L, Lewis
izl LT TMSOTE Z1EM ¥ % 2 & T4rFW Nicholas FOG3EIT L7 8 E)ﬂﬂ:
EW 2-60 & 2-61 DIREME 2%IKTHRIZ, VT, REEEIZH T
Pauson-Khand UGz 52 & T, v r7a~xr7 ) ‘/%é\@@%@@ﬁ%ﬁﬂ:
G 2-62 HEIHETHL Z LITRIHIL TN D, SHIT 12 TROZEHRERT,
(+)-epoxydictymene (2-56) DEHEK & EERK LT,
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Me BuLi Me

oTf S H HMPA S 1) Coy(CO
. \,O 7@ <0 7@ ) Cox(CO)g
H OEt THF H OEt 2) TMSOTf
82%
™S ™S (2-60:2-61 = 8.5:1)
2-57 2-58 2-59
12 steps
- —_—
B —
MeCN, 82 °C
85% (5:1 at C12)
260:R= M~ (+)-epoxydictymene (2-56)
2-61: R = Et

Scheme 2-8. Total synthesis of (+)-epoxydictymene (2-56) by Schreiber

(8) D.R. Williams: Nazarov reaction (2007) '?

Williams 5 %, #ER Nazarov )i % FIIH L 7z (+)-fusicoauritone (2-63) D45k
ZHE LTV % (Scheme 2-9), 72 513, allylic alcohol 2-64 7> b4 TF2 TR L
72 exo-olefin 2-65 (ZXf L. MAAEIRAYe b PR vib-ibzEate 3 TRRTC
BR DONLARAL T 2 il L 72 b B9 2-66 245 T\ %, S 512 7 TFE TEVVZ sulfone
2-67 % sodium tert-amylate TFLT 5 Z LIZX > T 11 BER A L, B-hydroxy
sulfone 2-68 & L7 D6 AL =/VILDIEITLHINLEEZ & T 3 T TERALAIBRA
& 72 % (Z)-enone 2-69 % Ak L 7=, H#%IZ, TsOH % MV 7= Nazarov Bi{t. & ‘BuOCI
I K DRI OB 24T 9 Z & T, (+)-fusicoauritone (2-63)D &5k % B L
7o

Me OH
3 steps 3 steps 7 steps Me
HO ToIOZS

Me J Me J Me

MEMO MEMO
2-64 2-65 2-66 2-67

/7<0Na 1) cat. TsOH
CICH,CH,CI
; AcOH 92%
———> Tol0,S . "Me [E——
. 2) +BuOCI
aq. acetone

40%

(+)-fusicoauritone (2-63)

Scheme 2-9. Total syntheseis of (+)-fusicoauritone (2-63) by Williams
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(9) M. Nakada: ring-closing metathesis (RCM) (2011) '

Nakada 513 RCM Z 8 & L7z 8 HERIEELC L - T (+)-ophiobolin A (2-70)
DA EH®E L7z (Scheme 2-10), £3. ABRT 77 AL | 2-71 B L OV
W72l %2 &1 C,DER T 7 7 A N 2-T2 & Z NV ENNLIREIRIICIH L= b |
271 MORAESETERTHET ) T— D 2-72 ~DFINZ X » T 2-73 2457, &
512 18 TFEZFE T, RCM D 2#in0 L7225 B = VA2 H9 D BRILATERA 2-74
IZZEHL L 7= D5 | 1,4-benzoquinone f7E [ TE 1 Hoveyda-Grubbs filt 45 2 {F H
EHDZ I o CTURMLEW 2-75 2455 Z LITkFh L, #i KEEFED R
Uk L TBS FEDO iR # 2 $% T 3 TR 68%INEK T 2-76 (Z#E 7=, Ffhiz, M8
R DA Y 7T = )VHEOBNE MR Z 7T 6 TR Z# T (+)-ophiobolin A

(2-70) DG EZER LT,

PivO
TBDPSOTBSO PivO PhsSnH TBSO _ .0 "H OTBDPS
O H OTBDPS Et,B :
——> TBDPSO,, A
Br ¢ benzene
o
2-71a: a-Br 2-73
2-71b: p-Br

H OTBDPS 1) Hoveyda-Grubbs 2nd 'm0’ "H OTBDPS
18 steps HO/\/ 0 H ) Hoveyda-Grubbs 2n o

1,4-benzoquinone H
—> B

——>BnoO,,,
toluene, 110 °C

2) BnBr, NaH
DMF, 0 °C 4 steps
—— > BnO,, o
3) PPTS _—
EtOH, rt

68% (3 steps)

(+)-ophiobolin A (2-70)

Scheme 2-10. Total synthesis of (+)-ophiobolin A (2-70) by Nakada

(10) A. Srikrishna: RCM (2012) '¥
Srikrishna 1%, 2[ED4 W RCM ZF|H L 7= ent-fusicoauritone (2-63) DJE
Bz L7z (Scheme 2-11) , F3°, SCHRAEI O 2-77 775 12 TFE T, RCM
ODE#M) 0 &7 DAAEH A BN LT BiBRIR 2-78 2 Bk L 72, Z AU LT 10 mol%
@ Grubbs fiftif (Cly(Cy;P2)Ru=CHPh) ZA{EH S5 Z & T8 BRILEW 2-719 %
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0% R TIFD Z IR LTz, BI04 TR TS BRIBRICHERREZHEZA
T5280 ~Li#EE 2EHORCMIZE D TAREZBELE-OL, <UD
TN X DT U NALKERFEDENL 2 # T, FrEE O =M LAY 2-81 Z 65%IR
TAR LTz, &BIC, BoN=T VAT a— Lokl Lk - T Williams 50O
A5 L 7= (+)-fusicoauritone (2-63) D HEAIZZHL L, ent-fusicoauritone (2-63)
DR EE A ER L TV 5,

\/ Cly(Cy4P),Ru=CHPh H

N— 12 steps 4 steps
N N “, N
o : ~/ ~ (10 mol%)
—_— > —_—
/>i> = B CH,Cly, rt B
- 90%
TBDMSO TBDMSO
2-77 2-78 2-79

’ M
) Mes ‘N‘fN Mes

ci-Ru=
¢’ beyt
(5 mol%) 1)PDC_ .o
’ —_—
2) silica gel 2) ref.
CHJCI, (moist.)
o
2-80 65% (2 steps) 2-81 ent-fusicoauritone (2-63)

Scheme 2-11. Total synthesis of enz-fusicoauritone (2-63) by Srikrishna

(11) T. J. Maimone: radical cascade (2016) '

Maimone HlX. W FWNT7 VNV DA —RIZLbD B, C B2 -9 5
(-)-6-epi-ophiobolin N (2-82) DOEGKZ|ME Lz, £ BHMMART L~/ A )
SERACATEARZ Sk L7z, 3725, famesol (2-83)D KL 7 aras Akl
—HKEE LD = 7 FEALTHET- iodide 2-85 7> AHESAFRIK 2 R L . (-)-linalool
(2-86)7> 5 2 T2 CTHIEFHHEL L 7= cyclopentanone 2-87 ~@ Michael /1 & 77 k> a
Mo ) Z7aa7eF /IcL>T, By 7V 7K 2-88 #1557, &KIZ, 58
B L fEf U7 BRALAIERAR 2-89 12Xt L, e SR PHX T Et:B & (TMS);SiH 4 v
TN AAT— RIZE > T, B EEW 2-91 % 56% IR TERT HZ &
I L7z, S HICBEREICBIT DR E AR EOBRCEOFELZET 3 T
T. (-)-6-epi-ophiobolin N (2-82) DA I KL L T\ 5,
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Me HO Me 2 steps

Me S 4 ¢
(-)-linalool (2-86) o
Me Me Me_ CulLn ﬁ
g TBSO"|
X" 0H I Me
1) EtoZn, CHyl,, 2-84 t-BuLi 2-87
L7 T e
| 2) 15, PPhy | ; Cul-Me,S ; ClaCCOCI
Me | Me | (dr 3:1)
Me Me Me Me Me Me
farnesol (2-83) 2-85
o Et;B
Acq H (TMS)3SiH
DIBAL/n-Buli 7 Me 2-90 (25 mol%)
—_— -
; Aco0, pyridine R EE H Me cyclopentane
, DMAP TBSO air, -10 °C
Me 56%

O .

E Ar Ar H

. CONMe :

Me : Bu—B'Oj i Me><°"' SH Ar= O :

H o Me o OH O E

N Me CONMe, s ;

Me Hye™ : Ar Ar ;
2-84 2-90

(-)-6-epi-ophiobolin N (2-82)
Scheme 2-12. Total synthesis of (-)-6-epi-ophiobolin N (2-82) by Maimone

(12) M. Nakada: Pd-mediated cyclization (2020) '©

Nakada & (%, Pd ZF|H L 72E8AL T & o T cotylenol (2-92)F & Y cotylenin A
(2-93)DYIDARF Ak & Wi L7z (Scheme 2-13), 7. A IR fragment 2-94 7>
LRESETEARUET ) T — b C B fragment 2-95 ~DO N & #i < Burgess i
HAERWTEBARINZ L 5 T2-96 & L7z, & 5126 TR CTERILATIREK 2-97 ~ &
N =D 5 toluene H1, PhOK & 2 24 F D PACLy(PCy3), fF1E F CTAF A7 R D
DTNT N =L ELTH Z LIk » T8 BERDOIERITHKII L., 2-98 & 95%IY
KTz, 2 TR TBREZBLENM L7- 2-99 (CEH L7=DH, TMS O Biir#
Lo TT 7Y a2 THD cotylenol (2-92)% ., 2-100 15 LT 2-101 7 5 Bl FHHL
L7=HBEER 5y 2-102 & D7) 2 U ARIZ K » TEUBHA T % cotylenin A (2-93) D]
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DEEREER LT,

H., TfO 1i) BEtg, PhgSnH
+ —_—
Br ) o
2
@ N
5 OHC

Et;NO,S - 'COzMe
84% (2 steps)

2-94 2-95 2-96 2-97
PdCl(PCy3)s
(2.0 eq.)
PhOK (16 eq.) TBAF H
—_— 1y
toluene, 50 °C THF, it
95% 5 93% 5
TMSO OMe HO OMe
2-98 cotylenol (2-92)
OQJQE)/\OT
s 5 steps
2-100 2 steps (from 2-99

cotylenin A (2-93)

Scheme 2-13. Total syntheses of cotylenol (2-92) and cotylenin A (2-93) by Nakada

22, AMFEICEIT B AKEE

(1) BERBI G LT G Rkig O Hifg

kit U7z & 912, fusicoccane/ophiobolane H! 7 /LX) A ROERIZI T DK
OEIE8 HER (BER) OMEICH D, FH2EIHTRLIZEIIC, thorv
— 7 DEGHMEZ LT D L ZORFEN, FTVREERLI=Y FTHD A
BRE CROORLIBILAIIAZ AR LTS ARAHEE L T\ % (Figure 2-3),
ZOBHBELT, 1) REoOES & EHIT, 2) BRAGATEEAEO BT #E % B
HELTWLZENTREND, THHHEIEOEENIL, A BLT CBROPFRUZ
ZEMEZE L, I KROMETH D 8 BERMEENEMMMEITIED &0 9 RIZdH D,

ZHUCXF L, A ETE CRET U —Er & LB ERTEEA D 8 B (B) B
&5 BRI ZBEMRNICEKRT 256, = br BE—mICAFI7Z: 8 BIREE %
WNZIEIRT DN K BERREE 2D, B, 1 ORI FEE LT
RIS ORI DIZET B v, FEERIZ, BRILK : (£)-ceroplastrol 1 (2-42) < Claisen
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FA(L : (+)-ceroplasterol I (2-42), EERA Nazarov BR1L : (+)-fusicoauritone (2-63)73
BEBICHEH SN TWDS, — 5T, SURABMEAND 5B X8 BER A —251 ’1‘%
L L 7o # 1%, Maimone E Z X % (-)-6-epi-ophiobolin N (2-82) D44 % 1 HlIZH

S TWD, ZOXIIT, 5-85TT ) A RO ZBRIEFHE & BRI %#5
BRIEDRREIE, 4 HOAEGHIEFEICB W THRS e Z L TIERY,

Me fusicoccane type:

8 9 R
- c8-9 R= o Me C6-7 or C7-8
formation formation
e —_— ophiobolane type:

Nakada

o " Kato
e Kishi Srikrishna
. A/\/Me

Schreiber

Nakada Me
Nozaki-Hiyama coupling
NHK coupling RCM
McMurry coupling A
ene reaction |
Nicholas reaction This work nggg‘ggff

Pd-mediated cyclization

C8-9/C10-14 C2-6
formation formation
. 9Me R Me R
“\0.{14 Maimone Williams
Me Me
radical cascade Pauson-Khand reaction Nazarov cyclization

Figure 2-3. Synthetic strategies for the eight-membered ring construction of 5-8-5

type terpenoids

(2) B Ak

Brachialactone (2-1) & %@*E%%TZIK@AEQ%EIAE D7D, BBERNAAR
ICFDOZERMENR R 6D A BRE AR 'ﬁ“é@ﬁn_éfdﬁé LB XTI,
Z 2 CAMZETIEL, CBRENLND Eﬂ% L7288 {KHIJ%E{ZISO) >N Pauson-Khand [
mﬁioTA%iUBf% I L, 585 AEHRICIES 2k & L, KA
PNFIRE & 72U (ZHIBI D72 R IR G RE 2 fRAE T E 2 S HifF L7z,

Fex DILZELTZA E}ZEJF % Scheme 2-14 |Z7~<7", Brachialactone (2-1)?> 7 7 b
VAL (D BR) ZERBICHEET S & L, —BREIEEY 2-103 % | enyne 2-104a
% 7213 dieneyne 2-104b @ﬁj\%lﬁ Pauson-Khand [ Z L » THKTE D EF 2 T2,
Z OB KOS LB R B RS (Co =° Rh 72 ) 12X DGR O
ROBIFF L2, ZHORIERMARIL, RGO R #7220 & 72 % alkenyl halide 2-105

MHES Z LT, MnT oA U BELZZNENHARAETHD LB X T,
F 7= alkenyl halide 2-105 %, STHERAZNI D T2 K o T [-(-)-limonene (2-110)7)> 5
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PR ATHE 7R aldehyde 2-109 ZFH L, kD 2 SD/L— b OWThNTHLND &
F Rl 705, diene 2-107 7> H3E < Diels-Alder SUSHGEIA 2-106 D LA
REY7ZKFE A S PR TRREA & D V— |k (A). & D W, exo-olefin 2-108 D B-alkyl
Suzuki-Miyaura coupling 7> 5E < /L— K (B) "C“E?)Zo AERIEZ, 2z A
AIREZR I FAIEVEIR B B fusicoccane TRUF A& IZEIT 57217 T < ARGKEIC
BROBERRALNATHEIZZ2 Y | fusicoccane/ophiobolane ! KSR DR /2 E& EBZYﬁ
2720 95 EE X T2, 723, 47PN Pauson-Khand St & FI ] L7 8 BERMEE D
BN SV TITRE TR 5,

intramolecular
Pauson-Khand
reaction

brachialactone (2-1) 2-103

stereoselective RO

hydrogenation

ydrog :> RO =
/\

MeO,C Me MeO,C~ X M

route (A) 2106 Dlr:Ias(-:ﬁédner o 107

known
2-105 N —y |.|
B-alkyl TBSO

Suzuki-Miyaura
coupling

2-108 2-109 )-limonene (2-110)

Scheme 2-14. Our synthetic plan of brachialactone (2-1)

(3) 43M Pauson-Khand )iz ZFIH) L7z 8 BERHESL D]

Pauson-Khand &L, EBRERBRIZLDTNAVTFY (TLYy) ETFr —
{LIRSR D =5 D 2+2+1]f""4th“bu}imo> EERIEL. VI aRU T R
’5_’5/{ %, 1973 4, I. U. Khand & P. L. Pauson &%, L& ED Cox(CO)g &
TIVX N EFZITIER S D T /LF 2 —Coy(CO)s $51K & norbornadiene k@}i
JEIC kT ST By 7T ) UNELNS Z LR TG Lz !
KIS D53 FRIBOSIZ BT 2RO 1 DIIALEERIEICH V| FERIFRR T L
YRT NG EAWTEGEITE, D &b 4 OO EEMRNA T 5 TaEtE
NdD, L7=i-> T, 41N Pauson-Khand )iz & 3% Z & C_LFE D [ % fift ik
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L. ZBRMES 7 axXuT ) R EHET D FEN, ARAS LTIk
TIRK A SN TE 72, #HlxiX, Schreiber 512 X % (+)-epoxydictymene (2-56)
DAE A (Scheme 2-8) V7 & T HREIAL S NI MEIR BRI B RS OREEE
WIZHFHASN TS, 8 BERAIZSF N Pauson-Khand SOt 2 BRI L7z
BE AL,

8 BERIEZL 2 £ 9 Pauson-Khand St iZ DWW T, Mukai & DHFZE S L— 71
KXo THIMmIIMER RSN TWD, EblX, 7vraxzHWESs W
Pauson-Khand )iz "2k » T, SBRZEGL Y7 a0 T ) VB EIKOAKE
BERLTND,

(A) allene-yne % i\ 7=y ¥ Pauson-Khand )it '

7 = =)V ANV =V AT 5 allene-yne 2-111 F721% 2-113 (XL, —E&(b
wR#E (1 atm) FEWHE T, AR D[RhCI(CO),], 3 L O[RhCI(CO)dppp]l, & 1EA &
. xylene & 5\ X toluene THIZVEFR T 5 Z & THHLT 5 8 BHERANY 2-112
BLU2-114 ZHREDOIETHD Z LIEH LT % (Scheme 2-15),

PhO,S SO,Ph PhO,S CO (1 atm)

CO (1 atm) [RhCI(CO)dpppl> PhO,S
[RhCI(CO) 1, ZZ N R (10 mol%) 2 e
—_— 0 —_—
z . xylene = | ¥z // toluene O. R
4 T — Ph reflux bh 5 reflux
2-111a(Z=H) 2-112a (Z =H) 2-113a (R = H) 39% 2-114a (R = H)
2-111b (Z = CO,Me) 2-112b (Z = CO,Me) 2-113b (R = Ph) 44% 2-114b (R = Ph)

Scheme 2-15. Intramolecular Pauson-Khand reaction of allene-yne substrates

(B) bis-allene % V7245 Pauson-Khand it 2*

7 = =)V A VIR =V EE B T B B R SR A & O bis-allene 2-115 (2% L. (A)
DOWELFKOEMHEZEAT 52 & T, FREDOICGETHIO ZEBHE{LEY
2-116 B LN 2-117 #4F T %5 (Scheme 2-16), F7=. 2-118 ZHE L L1-5HE&
Wi, 2-119 2 mINERTE 2 5 2 EDNME SN TWD, 2 H DS TIRFERED
FFCTTERBLIXOIEBROEEL AR THL Z EBRINTND,

(C) 5-8-5FIF N2 A R&EFRN LI-EHxkbEm DAL
Mukai 5 (%, Eib L 72 bis-allene 8 43~ Pauson-Khand )it~ Z ] FH L C. 5-8-5

FIF L~ ) 4 ROFEPES & RS T 6-8-5 67 5 =Bt ik OREE 2 ik
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L72 (Scheme 2-17), Z O34, dimedone (2-120) 7>5 13 T2 T bis-propargyl
alcohol 2-121 |CEW/=DE, 7= =)L AL T = =)L 2T )LD & 5 < [2,3]-
V7~ hu =i AT % 2 & TRILATEEAR TH 2 bis(phenylsulfonylallene)
2-122 ZHML WD, ZhiCxH L, BN EH LS (s
[RhC1(CO)dpppl, 777E T toluene THIEGEE) Z@H T2 2 & T, Ao =Bk
LEW 2-123 % 18%IURTHL Z LTI LTz, 2B, RIS TIFAERKL 5 5
it D FMER (2-124 X° 2-125) 1 ZBIHI S 4T, 1,3-hydrogen shift Z# D K L, 3L05
TEAIZ L > TSI b 2 E 2 enone 2-123 IR L7z b D LB 2 HT
W5,

SO,Ph co (1 SO,Ph SO,Ph
z [Rhc(ié(COI)(}I;pplz z z
mol%
z —_— z o + 4 o
toluene
80 °C
SO,Ph SO.Ph SO,Ph
2-115a (Z = H) 2-116a (Z = H): 70% 2-117a (Z = H): 23%
2-115b (Z = CO,Me) 2-116b (Z = CO,Me): 11% 2-117b (Z = CO.Me): 64%
SO,Ph CO (1 atm) SO,Ph
[RhCI(CO)dppp]2
X (5 mol%) X
B —— (o]
toluene Y
80 °C
SOzPh SO,Ph
2-118a (X = NTs) 2-119a (X = NTs): 70%
2-118b (X = O) 2-119b (X = O): 86%

Scheme 2-16. Intramolecular Pausoun-Khand reaction of bis-allene substrates

CO/Ar
SO,Ph (0.05/0.95 atm)
° 13 steps — 1) PhSCI, EtN [RhCI(CO)dpppl,
o _»  MeO OH THF, -78 °C MeO (10 mol%)
. . —_— _ >
2) MCPBA tolt;lene
CHCI,, 0°C reflux
2 SO,Ph bt
dimedone (2-120) 2-121 33% (2 steps) 2122
SO,Ph SO,Ph SO,Ph
MeO o MeO o or MeO o
SO,Ph SO,Ph SO,Ph
2-123 2-124 2-125

Scheme 2-17. Intramolecular Pauson-Khand reaction of bis-allene substrates for

the synthesis of 6-8-5 tricyclic skeleton
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LLEDS | 571N Pauson-Khand Sty 8 BERIEEIZK T 5 G872 FiED 1o
ThHY, FH2E2H TR LIEEA DAGMETHNAERAETHDL EBE X, —F
T. %37 Pauson-Khand SJit~73, fusicoccane/ophiobolane 7 /L~ 7 A K DOE#
REZLCHE M SN =RiElE 7R, L7edd> T, ARSI L - T, RO 5-8-5 B
BRND D ZBRIEER AR T L Z R TcE R, AEAIIEFESEFICBWT
WO CHELRMB AR T2 b0 LIS,
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3-1. 43+ W Pauson-Khand )i i ¥ 44 o 7 L

22 TR LI AGEIED 5 6 43FWN Pauson-Khand S HTBEAR T 5
enyne 2-104a & dieneyne 2-104b D& B A i HLIZ R L72 (Scheme 2-18), Route A
L. 2-107 & methyl acrylate @ Diels-Alder G2 &> T H LD 2-106 % SR
RENTARFET 52 & T CBRLEO=ZEHERFPTLAMEL, HoNID 2-126 D
6 BERABLAICUINT 325 Z & C enyne ‘BHOEHNY LT H/L— N Th
%, —J. Route B %, 2-109 @ Johnson-Claisen #£\7(Z & = T 54 25 SCHRZAZN
?® exo-olefin 2-108 (2%} L | B-alkyl Suzuki-Miyaura coupling %1 H 3 % = & Tr*%
PHOEAL CBR EORFHFLEMEL 72 2-127 & L. alkenyl halide 2-105 % % C
enyne FF~L B NL— FTH D,

2-104a
oxidative stereoselective Diels-Alder
cleavage hydrogenatron reaction
\_ RO N RO
Route A
—/ MeOOC Me MeOOC Me MeO, cx
2-126 2-106 2-107
2-105
B-alkyl
Suzuki-Miyaura Johnson-Claisen
T couplrng rearrangement (o}
R'OOC -/ S
Route B
Me
TBSO TBSO
2-127 2-108 2-109

Scheme 2-18. Synthetic plans for precursors of intramolecular Pauson-Khand

reaction

(1) Route A |Z X 2 BRI DR FT

%9, Diels-Alder /)i~ ® dienophile 2-131 % &% L7 (Scheme 2-19), Nokami
D DOFIEIZHEY, I-(-)-limonene (2-110) % EtOH 1 Adams ffif 2 Fi v THEffK
FWRIMISEAT, A Y T aX= VOB 2 RIRICE T LT 2-128 21572 Y
%wW?M@BA%%wT_EﬁA%Iﬁ%VMLsz\m@mm%@ﬁ%%
22, THF-H,0 A A T NalOy ZEF S/ 5 &, epoxide 2-129 DIKFIX
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Jis & AV BHZR 2 e L CHEAT L, kT % ketoaldehyde 2-130 % 2 T2 79% O
IR T2 2, fil & o piperidine & AcOH % FV 7= 2-130 D4y aldol FEA I
£ o T aldehyde 2-109 ~ & 3\ 7= > 5 ) THF #', Wittig 5838 ¥ & -BuOK %-78 °C
THRIGSHETHBUIEARLEA Y REMIGESE D Z & T Wittig BUSEITV, T
YD (E)-benzyloxybutadiene 2-131 & Z DOIARRMEARTH 5 (2)-2-131 #FNTEh
51%. 19%DIERTIHD Z LITHE LTz,

H, (1 atm) (o)
cat. PtOz 77/ MCPBA NaIO4 H
95% EtOH aq. CHZCI2 THF- HQO Me
(o)

39/ 79/

)-limonene (2-110) 2-128 2-129 (2 steps) 2-130
J=13 Hz J=7Hz
PPhzCI
H H
ACOH _ tBuOK BnO H
= + =
reflux -78 °C Me Me
73%
2-109 (E)-2-131: 51% (2)-2-131: 19%

Scheme 2-19. Synthesis of benzyloxybutadiene 2-131 from /-(—)-limonene (2-110)

W2, 5537 (E)-benzyloxybutadiene 2-131 & methyl acrylate @ Diels-Alder X
Jiz % @772 (Table 2-1),, filji- 50> BHT A B2{bBh /4 & L CIRANL . toluene 1,
130 ‘CTIES 5 & BALAINAERY endo-2-132 % FAKM &35 4:1:1:1 DI
MARIEEM A 5272 (entry 1), FEMEROHBEINETH 7270, BAHD
FF 'H NMR A7 RMVERNT L, FABRDOMEE endo-2-132 L iIRJE LT

(Figure 2-4), Z 2 C, C B LI YAKBLE L, BFIOAF LI E L Y T Y
JVEEDS syn DRARICH D LHEE LT, %k T % endo-2-132 O _Hfi & DKFEA
IZ& - T, FEROHER AR EZ T e aE EAERMME LTER 72D T
HD, > T. endo-2-132 1%, methyl acrylate 251 7' & B VI & DS IKfEE %
WET . HoD endo HINZH > TRIS LIZARI TH D LB X bILD, £T-. TOfh
3ODERMIZ. WOmHERIEL LR D endolexo BERMETRIGHEIT LT
HMEKRTH D EHEE LT,

— 5 T ARSI RIS RE W OMEIRIZERE D oo 72, §770 5 BHT f
ETTIIWTNOLEMATH ., methyl acrylate 2ZEHE L7z & & 2 6105 EEE KD
AU, ONREEDOT Y HLURREECTHH-7-, Z 2T, W®IAlI%Z hydroquinone
HQUZT 5 Z & TRISIEREW OREE 2B 1 TE D Z LD BT/ 572 (entres
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3and4), $FIZ. toluene . 0.2 Y& D HQ F7E F T 10 ¥4 & D methyl acrylate &
MES 2 & IREMOEREZ 2N 6, FREDOIGRTAERM 2155 Z LR
T&72 (entry 6), 728, HQIFEF THH-> TH, WEZ RN T neat THELL
T ATl BaPICEEE Ry 234 U CTHRAENKEE L 72572 (entry 7).

MeO,C X
BnO _ antioxidant BnO,, BnO
toluene
Me temp. MeO,C Me MeO,C

(E)-2-131 endo-2-132 (major product) 3 isomers

Y
+

(diastereomeric ratio ca. 4:1:1:1)

methyl acrylate antioxidant temp. aggrigation  yield of endo-2-132
entry (eq.) (eq.) (concentrarion) in situ and isomers
1 26 BHT (0.01) 130 °C (1 M) 0 46%
2 22 BHT (0.01) 130 °C (2 M) o 24%
32) 2 HQ (0.2) 110 °C (1 M) X 6% (RSM 70%)
42) 15 HQ (0.2) 110 °C (1M) X 27% (RSM 47%)
5a) 15 HQ (0.2) 130 °C (1 M) X 44% (RSM 12%)
6b) 10 HQ (0.2) 130 °C (1M) X 52% (RSM 12%)
72) 15 HQ (0.2) 130 °C (neat) (0] 55%

reaction time: a) 12 h, b) 34 h

Table 2-1. Investigation of the conditions of the Diels-Alder reaction of (E)-2-131
and methyl acrylate

5Hz 4Hz
Ho @q
BnO.,, b ( }bMe§ 2 Z/
o . = MeO,C ¥ \
\\]“‘H Me C;Z/ 6Bn "
MeO ° H
Hy 85.54 (dd, J=4,1.5 Hz) 13 Hz

Hy: 64.26 (ddd, J=5, 4,1.5 Hz)
Hg 62.92 (ddd, J=13, 5, 3Hz)

Figure 2-4. Structural confirmation and spectral assignment of endo-2-132

endo-2-132 D CE LD A F VIR A Y T a BV L syn OBRICH 72 Z &
5. Diels-Alder UGS T & o T D WM RFHE 2 SLAREBIRAVITHEE TE /22 & »
DD, WIZ, ZO @A LT ¢ % BN NABRITKFELLT HZ &
MHSRIE, e SEGE RSP LAEA SN CROAKRNE T T 5,

% ZT.endo-2-132 % FAHEW & L TEHTIREWIT)E L CHEUK R ININEOGR %
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A7~ (Scheme 2-20), MeOH H'. 10% Pd/C Z W T 1 KJED/KE RS FT
FISEIT>Te & TA AR VAT LTz 2-133 & & B I HEHFEE 1 KEL
STz cis MABRIA 2-134 & TN LI 26%., 2% DR TEH 212, T Z TKFEH
AT L7e B4R 2-134 ORI FX, 1 > 7Y 7 s LUV NOESY FHE >
SIRE L HTIZICAECTAF T a b RO A FIVEE L DY syn DARRECE (2
HDHZ LNy T- (Figure 2-5),

H, (1 atm)
catalysts HO,
- ‘ A
MeOH, rt R
MeO,C" Me Meozc MeOzc

2-133 2-134 2-135
BnoO,, 10% Pd/C 26% 42% 0%
5% Ru/C 36% 0% 65%
MeO,C*
°Y2 Me
endo-2-132
(4:1:1:1 mixture) Hy (1 atm) 24 atm
Crabtree cat 5% Pd/C
CH Cl MeOH
H (1 atm) ¥z MeO,C ™" MeO,C*"
10% Pd/C 2 60 °C 2
MeOH 2-137 (15%) 2-136 (48%) 2-136: 2-134 = 5:3
rt, 90 min
H, (1 atm)
HO,, Crabtree cat. HO,,
' '
CH,Cl, 1t
MeOZC Me 37% Me02C Me
2-133 (2 steps) 2-138

Scheme 2-20. Hydrogenation of endo-2-132 and its derivatives

3Hz

13 Hz

Figure 2-5. Stereochemical determination of 2-134

T C2-134 BELNTZZ E DD endo-2-132 12k D KBRS is D ST 58
PR 75375( IRTAD=ALTHRIE LT EH %27 (Scheme 2-21), 72 b, X
DIVEOBRHETAE U 2-133 O =@H#aA L 7 ¢ KT L KEFRFS T TiEME
L L7z PAREPMERT %, FBESND 2 DOBEBIRRED 5 b trans HEER @EEEBZ%
2 DERBIREEIL, 4 Y 7 e BB LOEER O X FVEE L ORI SRR
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NELDHZH, TRAX—RIIARF]TH D, ZHISK L. cis fgB & 72 DERBIR
RECIX b U2 SEARFEE A Uiz, ARIS T E RN RARD TH 5
2-134 B L THEONZEEZ T,

CO,Mei.pr
2-133
H disfavored favored
2
10% Pd/C
MeOH
3; H H z;
- H H
BnO,, HO,,,(:g HO,,
MEOZC Me MeOZC Me MEOZC Me
endo-2-132 trans-fused cis-fused: 2-134

Scheme 2-21. A proposed mechanism of hydrogenation of 2-132 with Pd/C

cis HEBR L7= 2-134 2345 %Mtﬁ%%x T AKFGITHW D A2 G LT
(Scheme 2-20), 5% Rw/C %z AW\ 72i5A121E, By Uiz X 5 2-133 L~
k/ﬁ@@EﬁLﬁbk}BS%ﬁzé@ﬁT%O:yfRCmQHKQ%Me
fIBEAFAE T CRFIL R RA T & 2 A, ZHEHEG O B HETT L7z 2-136 % 48%.
FDOTT AT VAV —Tbh 5 2137 % 15%DIRTH=, 512, {LAEW 2-136
% 24 [EDIKFEFZHL T T, MeOH H', 25% Pd/C Z FHHWTHIZ L7223, Z 045

HlzEon-Akms Lk L7- cis-2-134 ThHo7-, 2T, T AU M5 T
& % Crabtree il DRI /KEEIEDOEMMEEZFIHT S Z & T, SLREIRAY KRS
LTI D EIFF Lz, B Az L > T L 72 2-133 124 L T, kRE
ERIFMEOKRFEAT TN, FAEBDE L THLNT-OIT ZEEES O R
MHETT L 7= 2-138 Th o 7=,

endo-2-132 DT )75 o D OEVE % BARS 5 T2 0012 A D FAEE A IV TR E R
PEIZOW T L 72 (Scheme 2-22)., CHul, 3 X OV EtyZn {2 K - T Simmons-Smith
B Q%47 > 12881213, oidE D cyclopropane 2-139 73 56%I R TH—~D V7
ZTVﬁv—kLT%%ﬂto:®4W%mi\l_mthmﬁYW@ﬂﬁ@
ENFZZEMBIE L, 72, MCPBA %W =xiRE I (kiZ X - T epoxide
2-140 NH—DTT AT LA~ —& LT 66%ILHETH ST, FHxESLIRELE O
EATIZE - Ty, 2-139 [AlREIZa-epoxide 723G H 72 EHEE L T\ 5,
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0°Ctort

56°% Me H
(<]
Bno,, 2139 A A
— single diastereomer —~>

Me0.C " nOe

€02 Me

endo-2-132 MCPBA  Bno, <3
(10:2:1:1 mixture) — ’ single diastereomer
CHZCIZ \\\
& MeO,C

Me
66%
2-140

O\
CHal, N H
EtoZn BnO, Me
EE— ’ BnO
CH,CI -
2”2 MeO,C" MeO,C Y
H

Scheme 2-22. Investigation of reactivity of endo-2-132 with other reagents

UL E. Diels-Alder Kt & #t < MEAEIREIKELZFIH L7z C BB Eo =R~
FHLDOBEEIINEECTH D & & 2, route A ZWrax L7,

(2) Route B {Z X % ABRIATR L O 5t
Route A (Z X D HIBMAFR A W& L, Bilik e L TIRE L7 Route B et L7

(Scheme 2-23), F 7. aldehyde 2-109 7>%, MeOH ', NaBH4(Z L 5 1,2-i&7C
T157= allylic alcohol 2-141 {Zxf L, Karra <° Williams & Ot 2512, HEH
200 °C T MeC(OEt); & propionic acid % iV 7= Johnson-Claisen #2217 > 7= 7,
BFONIHAERYE . EtOH H1, KoCOs IZ K DMBRE U BN E AWy 3 —
NoXAT 7 A THER L7005, LiAlHy 2 AWVWT 2-142 O A7 VL& BT
L. FTEE? alcohol 2-143 ZH—D AR & LT 3 TR 66% R THEET - Z &
B LTz, F72, 557 2-143 O—fkkigH% TBS {95 Z & T, B-alkyl
Suzuki-Miyaura coupling D F'E T&H 5 exo-olefin 2-108 ~ & EH\ /-,

) MeC(OEt)3
o EtCOOH
. NaBH4 _20°c
MeOH KZCO3
Me EtOH, rt EtO.C — me
100%
2-109 2-141 2-142
. TBSCI
LiAIH, |m|dazo|e
I N
Et,0 DMF
0°C Me 0°Ctort
6% HO 91% TBSO
(3 steps) 2-143 2-108

Scheme 2-23. Preparation of exo-olefin 2-108 as the substrate for B-alkyl
Suzuki-Miyaura coupling
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3R U7z allylic alcohol 2-141 2> HHEAACAERY) 2-142 ~DZEHLDEE, EtOH H
K>CO; THLERE L 72 DX, Johnson-Claisen (LI » CRIE L= REEDO o vt v
T 25 )L 2-144 V2 INABEA R L. 5B D720 TdH -7 (Scheme 2-24), F

IR LT & 912, ALY 2-142 L 2-144 DIREW) % H4E LiAIH, CTULEE L 7=

%4 . alcohol 2-143 & allylic alcohol 2-141 DA & L TR S, EZ2D
%ﬁﬂ%ﬁ“(&)oto 25, KEIAREY) 2-144 1%, Johnson-Claisen 8507 O /&R
FMETF T, Fubd Ui OBUKRISHAEIT L TAERLIZEEZ TS Y,

MeC(OEt)3

P EtCOOH LiAIH _ LiAH, ; ;
HO :
200 Et20 E :

Me Et0,C : Me ;

| dt b
sealed tube HO
2-141 2-142 2-144 : 2-143

H + :
2.142:2-144 = ca. 41  allylic alcohol 2-141

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

inseparable

Scheme 2-24. Side product of the Johnson-Claisen rearrangement of allylic alcohol

2-141

RIZ, exo-olefin 2-108 (Z%}3" 5 B-alkyl Suzuki-Miyaura coupling & fR 7+ L 7=,
F9. ARSDOET /VERR E LT iodobenzene % IV 72 B-alkyl Suzuki-Miyaura
coupling #4T- 7= (Scheme 2-25) '”, 9-BBN Z W TR P THE L -7 1%L
R U HERIKI T L, A EA 1T 5 72 DMF-H,0 IR &I 4 IIN#% | iodobenzene
& fili 8 0> Pd(dppHClCH.CL ZER S W2 & 2 A, %t g 2 R 2-145 % H
—DVT AT VA= LTRHERIERTRL, 2O &b, MEEFEDOR
&72 5 BB ED exo-olefin (CBWTh b FaR vz bli< by 7Y v 7 RISH
EI ECHD I EEMR LT, B, Bzt U C R EDONRLZFIZ OV T,

(ZREim 9 Do
iodobenzene
9-BBN Pd(dppf)Cl,-CH,Cl,
THF DMF-H,0
Me 40 °C 50 °C
TBSO 77% TBSO
2-108 2-145

Scheme 2-25. Model experiment of B-alkyl Suzuki-Miyaura coupling of exo-olefin
2-108 with iodobenzene

bal U7z & 912, B-alkyl Suzuki-Miyaura coupling 73 exo-olefin 2-108 (Z3# FH 7] 6E
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T 7272 FE 4 O alkenyl halides 2-146~2-149 & DT 7'V v 7 & fgt LT,
FT, A DO FEEZSZBIZ, ke T 545 alkenyl halides 2 7% L 72 (Scheme
2-26), TAT LB LU Rax v A F VD o (fICRER %2 H9 5 5HE 2-146
5 JL OV 2-147 13, ethyl propiolate 2-150 D B2 1{t. & 2-146 O BALIZEK T D/~ 7
AR F57 < 2-151 @ DIBAL %6 & 2-152 O MOM 1k k- CTHsd L 7= 'Y, —75,
TATAEBLNE Rafo AFIVED o fiVKERFTH HIEE 2-148 BL W
2-149 |, ethyl propiolate 2-150 (Zxf3 % I VL)1 4 > D Michael £l & 3 71k
K Z ATz EARIND Z IR~DEMAL, #i< = A7 /)L DIBAL &t & 2-153
D TBS LI L - il Ly 12,

(A) EtO,C MOMO Et0,C TBSO
= = = =

Br Br Br 1 | |
2-146 2-147 2-148 2-149
(B) Br, EtO,C Nal EtO,C
EtO.C—H ——> >:\ —_— —
CCl, Br Br acetone Br |
70 °C reflux
2-150 2-146 92% 2-151
MOMCI
DIBAL HO NaH MOM0—>_\
—_— _
Et,0O Br 1 THF
-78t00°C 0°Ctort
90% 2-152 31% (2 steps) 2-147
(C) Nal Et0.C I cat. Hl aq. EtO,C
EtO,C——H ———>» & —_— =
AcOH toluene |
70°C 80 °C
2-150 (E)-2-148 69% (2 steps) (2)-2-148
TBSCI
D|BAL HO‘\_\ imidazole TBSO
% —
EtQO DMF I
7810 0°C 0 9%}/0 nt
90% 2-153 ° 2-149

Scheme 2-26. Preparation of alkenyl halides from ethyl propiolate 2-150. (A)
Structures of alkenyl halides 2-146~2-149. (B) Syntheses of 2-146 and 2-147. (C)
Syntheses of 2-148 and 2-149.

LLUFIZ, exo-olefin 2-108 & 7% L 7= alkenyl halides 2-146—~2-149 & @ B-alkyl
Suzuki-Miyaura coupling DfRFIFERZ R Lo, £7 . RGO EH#HNY L7205
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BERFEZT AT VELIOE Rex v AFLED o fIZAT D 2-146 BL O
2-147 L DH v 7Y T EF L= (Table 2-2), DMF ', [RERHITE(E F T
Pd(dppfH)Cly-CH,CL, & W= v 7 ) v T iz & 2 A, 2-146 & ORGTIE
IR RN ST D AR 2-154 2155 Z L IR Eh L7= (entries 1,2), E/2 5N
KOM EEZARNEL, Z7ax by 7 ) VI RISOREREETHD T ARAH
JALD RS 2 I S5 2 LRI E TS AsPPh Y& FNT T & L TIR
U703, e 2-154 1T 2< B N7 (entry3), —H., 2-147 L DB v T
U7 TlE, EMEDOAY 2-155 2 52 5DHThH -7 (entry 4), Z I T,
2-146 & DU IBIT D RIS & 35 I AT L7c & 2 A alkenyl bromide O 7R
TH TV TR 2-156 BEIELTWD ZERH LN E R -7, Bl IE, entry
1 TiX 2%, entry 2 Tix 16%DEIZEY) 2-156 D3 AR L T, EEEIC, BET
& 5 exo-olefin 2-108 ZIRNNIE T, 2-146 DA ZE RS TRIGEIED £ 2-156 2
50%IN = THF H AL (Scheme 2-27), F72, ZiU5 2-146 35 L O 2-147 Z# W /-
o7V TRIGTE, oD RBIRFHRIGHE 725 2 & TRICHEMEL L,
RILRIZ RN > TWND & & 2T,

alkenyl iodide
Pd catalyst
9-BBN (0.1 eq.)
(2.5 eq.) bases R — Br
_— —_— —_—
THF solvents
Me 40 °C Me 50 °C CO,Et
TBSO TBSO TBSO
2-108 2-154: R = CO,Et 2-156
2-155: R = CH,OMOM
entry alkenyliodides (eq.) Pd catalyst base (eq.) solvents yield
E(O.C Pd(dppf)ClyCH,Cl, K5CO3 (4) DMF 2-154: 11% + 2-156: 2%
tO,
2 — 2‘(1‘)‘5 Pd(dppf)ClyCH,Cl, Cs,CO5 (4) DMF  2-154: 12% + 2-156: 16%
Br Br
3 Pd(dppf)ClyCH,Cl,, AsPPhy  Cs,COg3 (4) DMF-H,0 2-154: 0%
"""" MOMO— Lo
4 _>=\ '(3) Pd(dppf)ClyCH,Cl, Cs,CO3 (2) DMF-H,0 2-155: trace

Table 2-2. B-alkyl Suzuki-Miyaura coupling of exo-olefin 2-108 with alkenyl
halides 2-146 and 2-147

Pd(dppf)Cl>CHCl,  EtO,C

EtO,C K,COg __ Br
=N —_— Br — Hy 08.14 (s)
Br Br DMF, 50 °C Ha CO,Et

50%
2-156

Scheme 2-27. The side reaction in entries 1 and 2
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% Z T, alkenyl iodide 2-148 35 X 08 2-149 ZFIfH5 5 Z & T, 2-108 & @ B-alkyl
Suzuki-Miyaura coupling DU Dk % K772 (Table 2-3), Pd(dppf)Cl,-CH,Cl,
e U2E . TARLZEY RO LRSI, WK S 30%A11%
DR TATLE DLW 2-157 #4537~ (entries 1, 2) . BNr+ 12 X DUCEN 2B
L T Pdy(dba);-CHCl3, XPhos % VN2 28 HRIFMK N HFE R & 72 o 7 (entry 3),
W72 HHET ORISR, DMF-H,0 {REWEHEH T Pd(PPhy), Z il & L TE S5
:&K;ofk@:W$ﬁﬁLL,m%ﬂ%fﬁ%%zw7%ﬁé’ktﬁﬁb
7= (entry 4), —FC., DMF OAEZEEE & L2 G B ITIZ BTG LT,
ARG TITIE B ORI 1T 5 2 k#%%ﬂkﬁok(m@ﬂo:®
JFRIE, R AAZ AL FICHEIT Lo leFIZHDH EEZTWDH, T
72H, DMF & H— DL L7c e, KBk A Ak b7 %k v
RIEDIEMEAN AR ThHoT I D THD, — T, alkenyl iodide 2-149
EDI TV T TILIEMED AR 2-158 2 52 5 DHTo -7 (entry 6) ,
2B, B RaRUuB L THEICA LR C B EDOSRILFIT, 1LEW 2-157 128
FAEMORAFNVIL T UANLOAF L& O nOe FHERBH SN2 Eb,
I ARLECTH DL Z L AR L, ZhICk - T, C BED 3EEARFT L
IR LTz,

alkenyl iodide

Pd catalyst
9-BBN (0.1 eq.)
(2.5 eq.) base
—_— —_—
THF solvents
Me 40°C Me 50 °C
TBSO TBSO TBSO
2-108 2-157: R! = CO,Et
2-158: R = CH,OTBS
entry alkenyliodides (eq.) Pd catalyst base (eq.) solvents yield
1 (3) Pd(dppf)Cl,CH,Cl, Ko,COg3 (6) DMF 2-157: 35%
2 EtO,C (3) Pd(dppf)Cl,:CH,Cl» K5COj3 (6) DMF-H,0O 2-157: 29%
3 — [ (2.5) Pdy(dba)sCHCI3, XPhos K5COj3 (3) DMF-H,0O 2-157: 23%
4 2-148 (2.5) Pd(PPhy), KoCO3 (3) DMF-H,0  2-157: 91%
5 (2.5) Pd(PPh3), KoCOj3 (3) DMF 2-157: 0%
TBSO 2.149
6 \:\ '(3) Pd(dppf)Cl,CH,Cl, Cs,CO3(2) DMF-H,O  2-158: trace
|

Table 2-3. B-alkyl Suzuki-Miyaura coupling of exo-olefin 2-108 with alkenyl
halides 2-148 and 2-149
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RNT, 2-157 D2 OHIBEEG D RENY L 72D = 2T Loffi~D 1 7 D
BANZ e L7- (Scheme 2-28) . AH&HEH: & L T DABCO & 7213 pyridine % /£
SHTafiD I UFRILEMHF LI223, e 2-159 2155 Z L idHkR -T2, £

. _HAEG ORI & < BRALKFE A BIZ £ D a-bromo unsaturated ester
2-161 @é\ﬁm‘f@wto RFAIL TBS DO BiIRGE 2 £\ 72723 HHEEAT L, dibromide
2-160 = FRREDINRTH 2 72, fot < IRAKFIZ I T D HEEOHET T, H
AR O 'H NMR A7 Mund EIZ RO EFH L, @REO B0 Sfh % R
B3z & & L, EHEILA W 286 (entries 1-3) [ZEE~, ARIERLZ A
7256 (entries 4-8) (221 p(Z)-a-bromo unsaturated ester 2-161 23 £k & L T
oL, FrZ. DABCO ZEH SV 7ZERIZ 5+ 1 L LD b mEV E/Z EBIRM 2R
L7c, — /T, XOMWERMEA AT 25 -BuOK X° TBD Z/EH % &L FED
SIPRISHEETT LTz,

Br, bases
CH,Cl, (See Table)
0°C
59%
(2)-2-161
a) l,, DABCO b) I entry conditions ratio of Zto E
K,CO3 CHCl5-pyridine
THF-H,0 reflux 1 K,COg, THF, 1t 1:3
reflux
2 Cs,COg4, THF, 1t 5:9
3 t-BuOK, THF, rt decomposed
EtO,C 4 EtsN, CHZC|2, rt 3:1
5 EtNi-Pr,, CH,Cly, reflux 2:3
M
TBSO H 6 DABCO, CH.Cly, rt >5:1
N__N
2.159 N 7 DBU, CH,Cl,, -20 °C 1:3
not obtained N
8 TBD, CH)Cly, rt decomposed

TBD

Scheme 2-28. Investigation of the synthesis of a-halo unsaturated ester

Scheme 2-28 TEOLNTCHIRIZKEZMZ 5 Z & T, & V23 72(2)-a-bromo
unsaturated ester 2-161 @ one-pot 5 iliE % RLH L 72 (Scheme 2-29), 70,
2-157 DRFALEHR LD B, 2-methyl-2-butene ZRIMT 5 Z & THEIFT Hil
FEDEFZ AU Lz, i} T, DABCO Z IR L CHE(LKFNLEZITH Z LI
£V, 2161 (R=H) BLU2-162 (R =TBS) DIRGMEGI, RZIC, IRIE
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fRlZ K0 TBS L& T, FTED(2)-2-161 % EiERIIC BIFRINERTH L 2 &
WZEEh LT,

Br, (2.5 eq.)

CHyCly, 0°C; EtO,C 35% HCl agq. EtO,C
2-methyl-2-butene; THF
DABCO 0°C
TBSO
2-157 a mixture of (2)-2-161 (79%, 2 steps)
2-161 (R = H) and 2-154 (R = TBS) (E)-2-161 (2%, 2 steps)

Scheme 2-29. One-pot synthesis of (£)-a.-bromo unsaturated ester 2-161

(3) %3W Pauson-Khand J5Z )i~ BifBiR {4 o 7 fil

SElZ453 72 (Z)-a-bromo unsaturated ester 2-161 2> & 537N Pauson-Khand K& D i
BX{A T 5 enyne 2-162a 33 L TF 2-162b. dieneyne 2-163 % & 3% L 7= (Scheme 2-30) ,
F9°, enyne 2-162 DAL TIL, /KEEHED PCC 2k C457= aldehyde 2-164 (Zxf L
T Tebbe AL IEM S5 2 & TR “HEEALZHEALL 2-165 & Li- ), 7%
% alkenyl bromide #{ZIZxf L. il & & PdA(PPh;),Cl, & Cul % A\ 7=
TMS-acetylene & @ Sonogashira coupling (2 X - T 2-162a % 96%IV =R T57= 19,
S BT, HEEETFAE T TBAF % HW\C TMS L& BifRi#& 5 5 2 & T 2-162b (ZHE
7=

Tebbe reagent

EtO,C PCC EtO,C pyridine EtO,C
CHyCl, toluene-THF
rt -40°Ctort
86% 67%
2-164 2-165

TMS—
Pd(PPhy),Cl, TBAF
Cul, n-PrNH, EtO,C AcOH EtO,C
%
THF THF
rt ™S f
96% 4 90%
2-162a 2-162b

Scheme 2-30. Synthesis of enyne 2-162a and 2-162b

KIZ . dieneyne 2-163 D& % k7 (Scheme 2-31), F 7. filfit & D
Pd(dppf)Cl,:CH,Cl, {7 7E . (Z2)-2-161 & potassium vinyltrifluoroborate & @
Suzuki-Miyaura coupling (Z KV | JEEIOBEIL A fEN R3S B =V 2B A L7
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2-166 % 20%INHE THH7-, —foKIEEE%S IBX BE{k7 % Z & T aldehyde 2-167 ~ &
iE X  Ohira-Bestmann iRFK|Z L AT LF v ~DOEHEZRLT-L A, BT D
L. FTEE® dieneyne 2-163 & ¥ 853 D B3 HEIT L 72 butadiene 2-168 D
4:1 DIREWTH -2, 2-168 DEIAEIX, CONMAFERF L C B ETHET S
A4 Y 7a BB L O A T E OFRICA U D SEARREE OffE 2 BRE) /) &
720 BRIEEOEW CONKBR T BNEIKIZ I > T &, v UEALo
BIEALDEIT LIERR T D EE X T,

Z BFK
Pd(dppf)Cl,:CH,Cl,
082003 EtOZC IBX
e
DMF-H,0 DMSO
50 °C rt
20% 80%
(RSM 31%)
2-166
e
)J\ﬂ/ P(OMe),
N2
Ohira-Bestmann
reagent
MeOH
rt
73%
2167 (4:1 mixture)
”l T isomerization
o “
MeO .\‘ MeoH RO ©
43 o
H H M 7
o e e
steric repulsion between 4\-/ o / :
hydrogen at C9 position and Me, i-Pr group RO —
/ H enolization
TBSO

TBSO
Scheme 2-31. Attempted synthesis of dieneyne 2-163

Z 2T, SMEMIEOE T X DRSS DOELEE A2 77~ 72 (Scheme 2-32), T 72>
B (Z)-a-bromo unsaturated ester 2-161 Z TBS {k L 7= TBS ether 2-154 D= X7 /L
HRAL % DIBAL i#7t L C allylic alcohol 2-169 & L7z, R\W\T, —fk/KEERIED
Tt & Bn ether 2-170 (2% 3 5 tributyl(vinyl)tin & @ Stille coupling i F 12 &
Y. diene 2-171 Z BAF7RIR TR/, & 52, TBAF IZ X% TBS DO BARFHEIC
X o Talcohol 2-172 & L7=D 6| IBX FR{L Z it THH /2 aldehyde 2-173 (ZxF L C
Ohira-Bestmann 32 FW /2B IR BOS ik Tz, £ ORGSR, WifF L7c@ v Bk L
RIS ZBRT 2 Z L7 <. FTE D dieneyne 2-174 % 94% K THKT D Z
I LT,
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TBSCI

imidazole EtO,C DIBAL
—_— —_—
DMF CH,Cl,
0°Ctort M -78 °C t0 -40 °C
93% TBSO 100% TBSO
2-154 2-169

N ann)
BnBr ~ “Sn"Buj
NaH Pd(PPh3),
THF toluene
0°Ctort M 100 °C
91% TBSO 98%
2-170
IBX
é
DMSO

Scheme 2-32. Synthesis of dieneyne 2-174

3-2. 431 W Pauson-Khand )& ZFIH L7- 8 BRELE DRE

(1) Enyne2-162a 33 X 1V2-162b % JE & L7=H

Enyne 2-162a (R = TMS) & 2-162b (R = H)D 7 & F L > -Co $5{A % # - 7= 53+
N Pauson-Khand )i & 787 7= (Table 2-4) "9, £, WFhoOIEE . CH.CL
H1, Cox(CO)g & DI TN T L3 =30 FEIRDOIE RS ST L, 2-175a
(R=TMS)F L' 2-175b (R = H)Z Z4LE 4L 89%., EBHIRINR TH X 72, £,
2-175a (R = TMS)#% toluene £721% CO (1 atm) FXPHX T xylene F TMELL , 73
N Pauson-Khand & 2 A 7223 EE AR E D EITT D DA TH > 7= (entries 1
and 2), € OMO G T PEEMIL1HEIT L TIROJREITH % enyne 2-162a % 5
Z. BHIOBRICAERY 2-176a 1315 720 > 72 (entries3and4), F7=. 2-175b

(R =H) % xylene ' CTHEN L 7= 5 BT FE 30 fif L FTE D BR{LAE Rk 2-176b
ITBIH S e o 72 (entry 5), & BT, CHClL {EBEH C NMO Z RN L 7= 544
TIE. FUEHIE R LI ARISRERME L7 (entry 6), Z OFE, SHARM O 'H
NMR A7 hUid, WTFNHEED ALY MV EFEL LT e —F 4 v 7Dy
TINEHEZTZ s, —EHFRITOLERIENPEIT LI EE X TN D,
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conditions

(See Table) EtO,C
—>
R
CoxCO)s/  Me o
2-175a (R = TMS): 89% 2-176a (R = TMS)
2-175b (R = H): quant. 2-176b (R =H)
entry R conditions yield
1 T™MS toluene, reflux 0% (RSM 75%)
2 T™MS CO (1 atm), xylene, 140 °C 0% (RSM 56%)
3 T™MS NMO, CH.Cly, rt 0% (RSM 75%)
4 T™S DMSO, 80 °C 0% (RSM quant.)
5 H xylene, 140 °C decomposed
6 H NMO, CH.Cly, rt complex mixture

Table 2-4. Attempted intramolecular Pauson-Khand reaction of enyne 2-162 with

Co complex

DO DOERE RGN H L7270 FW Pauson-Khand [ & D FR it & %
Table 2-5 [Z/R L7, 2-162a (R=TMS) £721%£2-162b (R=H) OV Tz iE
ELTEGAICYH. BALAERY 2-176a F721% 2-176b %= 5 X 720 o 7=, il ZIZ,
2-162a % FE & L7284 . Mo(CO)s "% 721Z[RhCI(CO),), 2. PdCL, 2V % &)@ sk
KELIZWTNORMEICBOTHMGNTE TS, 2RISR & 7o
72o [AREIZ, 2-162b ZFEE & L. Mo(CO) Z1EM & B840 HEOWITE S
T, FEEHE 69% IR T L7z, F7=, CO (1atm) ZEXPHA F. [RhCI(CO)l,
ZVEA S8, xylene F1 100°C THIZL L 7= BRIC X, BMERIEAME 52 DDA TH

7,

St eos
- R
0
2-176a (R = TMS)
2-176b (R = H)
entry R conditions yield
1 T™MS Mo(CO)g, DMSO, toluene, 100 °C 0% (RSM quant.)
2 T™S CO (1 atm), [RhCI(CO),],, xylene, 100 °C 0% (RSM 44%)
3 TMS  CO (1 atm), PdCl,, tetramethylthiourea, THF, reflux 0% (RSM 90%)
W Mo(CO)s DMSO, toluene, 100°C 0% (RSM 69%)
5 H CO (1 atm), [RhCI(CO),],, xylene, 100 °C complex mixture

Table 2-5. Attempted intramolecular Pauson-Khand reaction of enyne 2-162 with
Mo, Rh and Pd complex
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(2) Dieneyne 2-174 Z3LE & L7256

Dieneyne 2-174 (2B L THRIERIC, HFHEEB S RBHIKZ MW IZn W
Pauson-Khand itz & 587 7= (Table 2-6) , Coy(CO)s & DKM L > TT7®8F L
—Cox)(CO) EEER DI Z RS LT DB, NMO OUHINE 721 xylene JIEN FIZF1T
DB L7223, W b Biesr (WA 2-177 2 5- 23 BisaiR b h e
1T UTJREN 2-174 % 45%., 78 F L —a 3L Fgkfk 2-178 % [FI L 7= (entries 1
and 2), E7z. Mo(CO)s & HIW Tl & % T tetramethylthiourea % Bz 1 &
L 7= PdCl, & WV BRIV SETI, enyne 2-174 % T L4 93%. 90%UX =R ClalY
THDHToH 7= (entries 3 and 5), —JF., CO (1 atm) FRPHAC T TR o
[RhCI(CO) ] ZAEH S, xylene HFCIBEDE L7256 120, JROBOTEE 3R
SN, BRICAESDIT UG 720 -7 (entry 4)0 ZZThH, HAEKDOD
'HANMR A7 M7 a—F 4 v 7 Ly 7 Fnzhbz, E38E26H (1)
ERBRICZ BT LI b D LB TN D,

conditions
(See Table)

entry conditions yield
1 Co5(CO)g, CHLCly,rt; NMO, rt 0% (RSM 45%)
2 Co,(CO)g, CHCl,,rt;p-xylene, 110 °C alkyne-Co comlex: 2-178
3 Mo(CO)s DMSO, toluene, reflux 0% (RSM 93%)
4 CO (1 atm), [RhCI(CO),],, p-xylene, reflux complex mixture
5 CO (1 atm), PdCl,, tetramethylthiourea, THF, reflux 0% (RSM 90%)

Table 2-6. Attempted intramolecular Pauson-Khand reaction of dieneyne 2-174

(3) Enyne 2-162 35 & O} dieneyne 2-174 % FV 7243 1N Pauson-Khand it D7)
5

FI3E 1B LU 2HiCTl, brachialactone WA T 5 “BRIEBEHKDHIH A BIO
8 HER (B BR) %43 FW Pauson-Khand ST K » T—2ICHET 56K % B
L7z, FEBRIZ, Z4£72 enyne RIBRA 2 B RANICIR AL T 2 G AUE LML L, 65T
% enyne 2-162 3 X ) dieneyne 2-174 Z 7% L 7= (Scheme 2-33), L7*L. Z#
5 BRALHTERAR D53 F P Pauson-Khand SSITEITE T BeS b 5N IE5r F-H

70



TOLZEDPEITT HDHTh o7z, ANOBRILISHET T 272D, K
JGIRTH DT IV & T IV BN FEAET DRI R 23T Tﬁﬂ“ézgﬁlib B8
fREt L7243 F W Pauson-Khand SUG DS T TlE 2 7B R 035G b ivie -
72 &EBZ b5, Bl 21X enyne 2-162b 7> HE N =T L% -3 3L N EEIK 2-175b

THEINAEED 55, conformer 1 (2T conformer 2 23MESC L. Ui i
AL T D AN BSE R LS B I T L7 L B 2 T 5 (Figure 2-6)

VL EDOFER DG, F3%L L 7= enyne 2-162a, 2-162b 35 X O dieneyne 2-174 (Zxf7"
% %3+M Pauson-Khand i % V7= 8 BERMESE A2 WM& L7-,

B-alkyl Suzuki-Miyaura Stereoselective
cross coupling dehydrobromination
9 steps
1) 9-BBN EtO,C 1) Bry; DABCO
- —_—
2) Et0,C 2) 35% HCI aq.
Me I Me o
TBSO Pd(PPhg), TBSO 87% (2 steps)
K
I-(-)-limonene (2-110) 2-108 91200/003 2157
Sonogashira
coupling

TMS—=
Pd(PPhj3),Cly
Cul, n-PrNH» EtO,C
R ——

96%

(2)-2-161 2-165 2-162a(R=TMS) — TBAF

H

2-162b (R =H) 90%

Stille coupling

n-BusSn %S
Pd(PPh3)4
98%

TBSO

2-170 2-171 2-174

Scheme 2-33. The synthetic route of enyne 2-162a, 2-162b and dieneyne 2-174
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alkyne-cobalt complex 2-175b conformer 1 conformer 2

decoplexation,
ir?s”;?ggn polymerization
or decomposition

eg. recovery of 2-162b

Figure 2-6. A proposed conformation of alkyne-cobalt complex 2-175b

3-3. ARETEOREL
FIM2ET/RLIZL DT, 585 BT L) 4 R 8 BRIBRICHT--> T,
BALSS A TN < X 5 RISKE OBLEE 2 3 2 TRP/MNETH D & EZ 272,
BOGR Z#L S 57201213, OEESIES L < IX@FRESIH D 2 SO FiERN
bD, FrlI, UTIORT LI, BREICE YT D Pd 2 fE - 72 )OS25, 8
BREELRAMERICADTH D AIZHER Lz, ZHux, 7T =n1 T4
N & Pd it B R S L5 A1 Pd RRIE (D) 28, 0 FRO a &It LT
FRVELNZREZ A LTV, RISAEDOFEEHRIC L > THEBRAKEZ ATREIC LT
WHZEEREBTHLDOTHD EE R, LT, Pdfilliizfi~7= 8 BBR%E G e
KR DA FRMP & B\ % L= A aGEHEIC W CRed,

(1) PdfifiAaFIH L7z 8 BERAZ AT 2 R DEE K
(A) Danishefsky 12 & % Taxol (2-179) D44 % : 43P Mizoroki-Heck St 2
Danshefsky & 13, 731N Mizoroki-Heck S its % 8 BERIEEE D HERIES & 35 Taxol
(2-179) D25 R % 45 L7z (Scheme 2-34) , £ 7, Wieland-Miescher ketone (2-180)
ZHEFEE LT, 12 TRTAHS X &2 A1 5 C B D aldehyde 2-181 (2
EWNZDH A BRENACHNS T2 2-182 ORI LAY F o il oh »
TV T Ko T, 2-183 BT, X517 TR TERALATENA 2-184 [TAH#H L,
MeCN H', K,COs3 & Pd(PPhs), & FV 72431 Mizoroki-Heck i D412 449
ZLT, RROMETHLBHMIZHIT D 8 BERAME L, IR 49% T &R
bEW 2-185 DAERKIZRII LTZ, &#%ZIZ, B &R LOBLAEMZ 5 10 TFET
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2-186 ~LH W =Dh, A RIZBIT DT UALORLTHT 2-187 Ikt LTT
VVIHAIBE A B AT D Z LTk o T, Taxol (2-179) DAL & FER LT=,

NC OTMS
t-BuLi
3 THF, -78 °C, 93%
/I/,i P 2 2) TBAF
(0] ¥ THF, -78 °C, 80%
Wieland-Miescher ketone
(2-180)

Pd(PPhj), AcO O OTES

10 st
K,CO, O0s eps
e s — Ll
4/3\0H3Cs:)(’;l °C o 0 OB" ©
ms, HO OBy OAC
49%
o
2-185 2-186
O OTES AcO O OH
2 steps
—_—
— 98
/30 BzHN/,\/U\ ‘?
HO OBz OAc HO OBz OAC
2-187 Taxol (2-179)

Scheme 2-34. Total synthesis of Taxol (2-179) by Danishefsky

(B) Nakada 512 X % Taxol 2-179)DEERL 1 A F N b DT Vi =k >
Nakada H1X. A F L7 b DT VA7 =k % 8 BEREZE O S &9 5 Taxol
(2-179) D5k % #A L7- (Scheme 2-35), Taxol @ A BEXONCERIZHYT S
2-188 £ 2-189 D1 v 7V 7 &Ete 2 T2 Tepoxide 2-190 & L 7= % BF5-OEt,
FERSEDLZ LT RUDININLD 1,5-8E KU RV 7 F&EE) ZRFT R
FRER & N DU T U7 v X — L OMEE AL —ZITTV, acetal 2-191 157, 4 L.
T2 CERALRIBEIA T 2% methyl ketone 2-192 (235 X | toluene 7, PhOK & il & oD
PA(PPhs)s (F7E FCAF N R DT A =/ AKIC L - T, 0% 97% T 8 BBt
HEW 2-193 DA TI L=, EHI1211 TRTCREOA X HHiEE2EA
LT2194 L L7=Db, RUDUF U742 — Ok A2 &1 BB EO
EffiZ1T 9 Z & T Nicolaou & O#HFE L7 Ak H A 2-186 (25 X | Taxol (2-179)
DIFARARE A R LTz,
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EEO OBn

Bn 2 Steps BF 4 OEt
3 2
y a e THF

BnO 0°C,5h
B0 O ; 2M HCl
2-188 2-189 2-190 66%

OH oBn

| OBn
1,5-hydride 4 steps
shift
—_— ! E
= H
o OH

@o 0 OBF,

Ph Ph
2-191
o AcO
| OBn Pd(PPhs) OBn OBn
(30 mol% " steps
., PhOK 3 eq
: H OtEs ‘°'“e”e H OtEs
oo 100 °C, 3 h
'O,
Ph 97% Ph Ph
2-192 2-193 2-194

1) RuCls, TBHP, H,0

1,2-dichloroethane ?‘
_—
2) Pd(OH),/C, H, ‘ H 3 o)

CPME

5Bz OA
3) TESCI, DMAP HO 0oBz PAc
DMF
28% (3 steps) 2-186

Nicolaou's intermediate

Scheme 2-35. Formal total synthesis of Taxol (2-179) by Nakada

(2) Ak

Fexid, Pd fEZ RIS 2 ZNBISD 9 B K245 Mizoroki-Heck [
i R Lz, #3# 18 TR LT I-(-)-limonene (2-110)7>531F % alkenyl
halide 2-169 723 ATBRIAFHEUZFIH TE 2 LWIFF L2720 TH 5,

43 ¥ M Mizoroki-Heck S 2 8 BERMEEEDHE L 95 H77- 72 brachialactone (2-1)
D4kt % Scheme 2-36 |27~ 7, Brachialactone D357 7 kAL (D )

RIS D & %26 L. BRI AW 2-195 IS A E NG, oy s o
N~y B (ABR) 130 FW aldol G 2RI 5 2 & T2-196 26455 Z &
EL. mROBEL 2D B BRIT, AIEE 2-197 O C6-7ALICHT D57 +FW
Mizoroki-Heck XIS IZ K » THE T L EWMHF LI, Z O, o1+ W
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Mizoroki-Heck i DG N IEREEIC R E KT D EFE 2. RICK L CTHiA
DEHILAEEAN L7 B HRIBARZ L L, & D455 F N Mizoroki-Heck St D
AIARME Lo, £7o. T2 CHERAIVEIT, alkenyl halide 2-169 72 53EIT 5
aldehyde 2-198 Z B DORIBRIA L 925 Z & TEGICHBARETH D LB 2 T2, 72
. 2-169 X, 3 1 Hi T L7l Y STHRAHID exo-olefin 2-108 7> b A1 AT HE
Th b, LLEOERKEHEIZHEV, 431 Mizoroki-Heck S iis 2RI U 72 Bk & #%
WEILEORFHIETF LT,

intramolecular
Mizoroki-Heck
reaction

Scheme 2-36. Alternative synthetic plan of brachialactone (2-1) by intramolecular
Mizoroki-Heck reaction as the key step

3-4. %y F W Mizoroki-Heck [ Jits Bij B 44 oD 78 il

FTWIDIT, 2-169 1> 5 HIEF A 2-198 ZHEH L. 4> 1 Mizoroki-Heck /<
JSICBIT D7 772 —FRESE (R) BADRHEHNY & 7225 alkene 2-199 % G AL
L 7= (Scheme 2-37) ., Allylic alcohol 2-169 D/KFEFEZ X U)VIETIRF#E L T=D 5|
35% HCl aq. % FHN 7R MESRE 7 C 2-200 O TBS FEAMifRi#E L. 2 TFE 80%IX%E
TxHI&3 % alcohol 2-201 & L7z, —#kokfgii4 IBX E2fk L T aldehyde 2-198 ~
L X vinyl MgBr I &H 2% Z & T, 471 Mizoroki-Heck i~ D Bif BRAK
BRI 2 2-199 (dr 7:5) % 2 THE 8T%UCR TS Z LIk Lz,
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BnBr

NaH IBX
B o
THF DMSO
0°Ctort rt
TBSO
2-169 35% HCI aq. 2-200:R = TBS
THF, 0 °C
80% (2 steps) 2-201:R =H

H,C=CHMgBr
%

THF
-78°C to-20 °C
87%
(2 steps) 2-199
(dr=7:5)

Scheme 2-37. Synthesis of common intermediate 2-198 and its vinyl adduct 2-199

S P AR 2-198 O E = VEAIETH 5 2-199 76 A FERTER A2 TR L 72
(Scheme 2-38), &= 77, 2-199 DO/KEEEL % TBS £ THri# L, TBS ether 2-202 (dr 7:5)
% 96%I R TH+7=, F 7=, acryloyl chloride Z I\ 7= 7 2 /LEIZ X - T ester 2-203
EL7=oBH, CHCL . 5 2 A% Grubbs fill#it (Grubbs-G2) fF7E T, EA LT
T VA NGEE = VEDSFRAABREA X A %475 Z & T unsaturated
lactone 2-204 ~ &= P RIS, CH,ClL 1. % 2 #:4% Hoveyda-Grubbs i
(HG-G2) DFET. 2-199 @ v =)L} L methyl vinyl ketone (MVK) & @ cross
metathesis *1Z L - T, xtitad" %y-hydroxy unsaturated ketone 2-205 % 90%UY 2 T
B, &HIT, G5z 2205 OT U ALOKEEEE TBS 16325 2 & T 2-206
., Wb~ H Tk T % Z L T endione 2-207 &k L. FALEIL 79%,
66% DR TH: D Z L IThEh LT,
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acryloyl chloride
EtaN
—>
0°Ctort

Grubbs-G2

TBSCI MVK
imidazole 2-199:R =H He-G2
DMF >
0°Ctort 2-202: R = TBS CHxCl,
96% rt, 90%

TBSCI, imidazole 2-205:R =H
DMF, 0 °C tort
79% 2-206: R = TBS (dr 7:5)

Scheme 2-38. Preparation of the precursors for intramolecular Mizoroki-Heck

reaction from common intermediate 2-199

3-5.  53F M Mizoroki-Heck )5 Z Fll il L7z 8 BREE ORF

(1) BHEERAATERAIZ 5 52 F P Mizoroki-Heck SOt DT
A. Unsaturated lactone 2-204

Unsaturated lactone 2-204 (dr 7:5) % toluene . K,COs & filifiE 5D Pd(PPhs),
DAFAE T THIEGETT T 25, BOBRALARM 2-208 132 <5 5T IR 2-209
(EE): (EZ)=1:0.77) % 12%UE TH %2 7= (Scheme 2-39), Z DFEIEKMIL, 'H
NMR VIR AT R VOFENTIZ L > T, op-AREEFIT 7 b U EBAL D3R, y- A Eafn
7 RUCEMEL, SHIET A= T m I REBRC LT X T HY
TUREILEBRINTALEM TH L Z ERW LN o7, ZDHH, XY
NAF T HE T UNEET, ROA D= XLTER SN EHEE LT, 7720
B, ' 2-204 23 Pd (O)ZERLAIATIN L2 K Int-1 20 5B-8 KU RBGEED
FTLTHELET Lo FRE Int2 PV o~ B T 5 A D =X L TH 5 Y

PLE® X 512, unsaturated lactone 2-204 Da, B-AEAFNT 7 b DML (Bidk
%) DERALBOSITHESE U CHEIT LSRR, MEREEORE R =Lz —7 L
AL & @ Mizoroki-Heck i3 exolendo BINT N DA THHEITE T, - KU K
B2 LD XN AT H VU EE~DOERNE X T EE 2T,
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Pd(PPh3),

K,CO3
ﬁ
toluene
reflux N
o
2-204 (dr 7:5) 2-209 (E,E): (E,2) =1:0.77
(12%)
diene
formation
r B-hydride T
elimination
BnO to allene
H "V “PdLn Y H®
H-Pd(Il)-Ln

Scheme 2-39. Attempted intramolecular Mizoroki-Heck reaction of 2-204

B. Endione 2-207 }% O%-hydroxy enone TBS ether 2-206

a, B-AREAFNA VIR =L D TEASGEALN B LW & LT, endione
2-207 D431 Mizoroki-Heck }iﬁj\%’fuiﬁﬁﬁ (Table2-7), L2>L., W Lo RM:
W T HITEDRIAERY 2-210 13TG 6N o7z, FlAIX. DMF 1|
Herrmann’s filift 2 & 7= 1% Pd(dppf)Clo- CHoCly & FAVNT 120 CTHIZAL 7= & 2 A
BHEZRIR A2 -2 T2 (entrles land2), %72, Pd(PPhs); & 721 Pd(OAc), & Fu>
C. DMF 80 CTMEL7=AICIE, HAMYO 'H NMR A7 MR T 1
—T AT L?‘:“/iﬂ‘/l/%f%izf::&b)% HEOBEAEPEIT LI EEZT
V% (entries 3 and 4),

2-207 2-210
entry catalyst temp results
1 Herrmann's cat. 120 °C  complex mixture
2 Pd(dppf)ClCH,Cl, 120 °C  complex mixture
3 Pd(PPhg), 80°C oligomerization
4 Pd(OAc)» 80 °C oligomerization

Table 2-7. Attempted intramolecular Mizoroki-Heck reaction of 2-207
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RN, y-hydroxy enone TBS ether 2-206 (dr 7:5) @ %3 F W Mizoroki-Heck )i
ZikZr 72 (Table 2-8), il &> Pd(PPhs)s F7E . DMF 1 120 ‘CTHIZA L 7= &
ZA BRRVEMY 2211 TG 6N T XUV AXR T U BT
BRI 2-212 % 30%ILRTH 272 (entry 1) . 728, Z ORIERY O
1%, BR L7z A% 2-209 @ '"H NMR A2 hL & DN BHEE LT-, &2
T, Ot A FiE L7245 5. DMF HC Herrmann’s il 4 1EF & 72 BRI, K
RN LD TERIALAERM TH D 22211 ZH—-DOVT AT LA~—& LTH
52 BB LT (entry2), & 51T, Pd(dppf)Cly-CH,Cl, Z filfft & U CER &+
HZ 8o TUERERRA EL, 23%DIERTHMO 22211 52 72 (entry 3),
F 72, Pd(OAc) 1Zxf L, EfZ¥ & LT 1,3-Bis(diphenylphosphino)propane (dppp)
U LTSk, BILRSDNEITE T, BRRFEFREITL SN 2213 25 %
LDHTH -1 (entry4)

entry catalyst results

1 Pd(PPhg), 2-211 (0%), 2-212 (30%, (E,E):(Z,E) =1:1)
2 Herrmann's cat. 2-211 (7%)

3 Pd(dppf)CloCH,Cl,  2-211 (23%), 2-212 (38%, (E,E):(Z,E) = 8:5)
4 Pd(OAc),, dppp 2-212 (0%), 2-213 (28%)

Table 2-8. Attempted intramolecular Mizoroki-Heck reaction of 2-206

BONTBRVERY 2211 1T DY T AT LA~—Th 0, TORiEL 'H
FOYBC NMR, NOESY. HMBC A2 kLD HE L= (Figure 2-7),
F9. C2LD H, "B CT AL, C8ALD Hy L XC21 ALD He 75 C6 fiL~D
HMBC fHBHIZ L - T, C6-7TA TORF-IRFRADIERI NI & 28 L
7o £7-. TONAREEIL, H-H, B2 10 Hz @ trans-diaxial (259 50 v 7
Vo7 %R LTI & MO AT VI E Hy E7213F He OREIZ T NOESY #HBI3#
N2 &b, C2ONMRLFEN SEHETHD EHEE LT, £72. He &
Hy, DREIZ NOESY AHBINBL S 7= Z LB o B-NBAFI A b o BRAL 0> 5 (] F ik
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NERTHD LRE LT,

N

NOESY

JHa-Hp =10 Hz

Figure 2-7. Diagnostic NOESY correlations and coupling constants for

stereochemical assignment of 2-211

C. TBS ether 2-202
TBS ether 2-202 (dr 7:5) % 3E & L7/ 1M Mizoroki-Heck S<)i& % 7=
(Table 2-9), AR Dy-hydroxy enone TBS ether 2-206 |23 L 7-5:f % 551
Herrmann’s fiRBEAF7E . DMF A7 120 CTHEAL 7= & = A, E ) &3 D ERILAERK
M2214 % — DT AT LA ~—& L TIE15% T (22 L 7= (entry
1), Pd(OAc), Z FHWTZBRITITNERME T L, 6%D 2-214 & XDV FF T X
D SR DRIV 2-215 2N 14% P, BREF T OBRIT ST 2-216 A
jzﬁzﬁjz% E LT 30%INETH LN (entry 2), F 7z, Pdy(dba);CHCL; ZFH L
T2 BIZIE. S2%DEIERY 2-215 & 18%DiETLIK 2-216 & 5 -2, BRALAERY L
4< —Er%ﬂfoti))oﬁ (entry 3) , MRt DGR, IREEH U v I K Ol & > Pd(PPhs),
1F1E T . toluene MEMRFLSRA AT 2 L 1C L - T BRIBAERY 2-214 2 20%
THDZ LI LTz (entry 6), DMF Z iR & L7255 (entries 3and4) &It
g5 &, BICIK 2-216 DAEMENKEFAD L TWDHZ &5, DMF 23K
Ji& UCTRFERTORICIZHEG LTV D AERMENRIE I,
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entry catalyst solvents (temp.) 2-214 2-215 ((E,E):(Z,E)) 2-216

1 Herrmann's cat. DMF (100 °C) 15% 0% 0%
2 Pd(OAc), DMF (100 to 120 °C) 6% 14% (3:7) 9%
3 Pdy(dba)zCHCIy DMF (100 °C) 0% 52% (4:6) 18%
4 Pd(PPh3), DMF (100 to 120 °C) 1% 23% (1:1) 29%
5 Pd(PPh3), DMSO (100 to 120 °C) 1 : trace : 8

6 Pd(PPh3), toluene (reflux) 20% 22% (1:0.7) 12%

Table 2-9. Attempted intramolecular Mizoroki-Heck reaction of 2-202

BoNEBRVERY 2214 1ZH DY T AT LA—Th V., TORET 'H
O PC NMR, NOESY ., HMBC % A7 kLD fEHT 7> HE L 7= (Figure 2-8) .
FF. C2MD H, B C 7hE, C 8D Hg e OC 2 12D He 55 C 6 (AL ~D
HMBC #HEAIC L > T, C6-TH. CTORFE-IRFEMAEVIR I NTZZ & R L
Too Flz. TOSAEMHEEIX, HH, M3 10 Hz, Hc—Hq [T 13 Hz @ trans-diaxial
WZKHIST 2y 7V o TR LT & BERIOAF VI E Hy £7213 H O THL
&7 NOESY AHEAIC L » T, C 2 ALK LA SELE CTH D L HEE LT,

BnO Hay on Ve |
2
/
Q Hde §

H«“ TBS V/\‘

H NOESY
JHa-Hp =10 Hz
Jhe-Ha =13 Hz

Figure 2-8. Diagnostic NOESY correlations and coupling constants for

stereochemical assignment of 2-214

(2) AHIBEE(2S)-2-202 DIRIRA 227 B & 431N Mizoroki-Heck )it
BITEIC T, BLRTERIA 2-202 F 7213 2-206 D431 Mizoroki-Heck [tz L -

T, Yt S BEBRAMYMNESN., —IRIENMR ZA~<7 NLVOMTIZ X > T C 2147
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DILARBRLEN SEE TH D EHEE Lz, £ 2T, BIELRERNIZ(2S)-2-202 %
A L. Mizoroki-Heck KIS #1T 9 Z & TERALARY) 2-214 O % a8
Ll LT,

%7, allylic alcohol 2-199 @ IBX [t CT15 7= vinyl ketone 2-217 (29 5B LD
SEAREEIRMEZFHA L 7. (Table 2-10), L7>L. DIBAL, LiAlHs;. A O Luche i&
TETIX, 7RI MERREL Lo 72,

conditions
(See Table)

— > BnO

2-199
entry conditions results
1 DIBAL, CH,Cly, -78 °C to -42 °C dr=1:1
2 LiAlH,4, THF, -78 °C to -42 °C dr=45

3 NaBH,, CeCl;7H,0, THF, -50 °C to rt dr=4:7

Table 2-10. Attempted stereoselectivity of reduction of vinyl ketone 2-217

FTIZT A VORFETLEFA LZEEZED Z L L& L7z (Scheme 2-40),

F9. Bk & RO FEICHE ST, DMSO 1, 2-201 O —#k/kEsE% IBX Tl
{E L T aldehyde 2-198 ~ L ZH#a L7z, RUNT, TMS 7&F L > & n-BuLi 2> H il
LYV TF LT EFY Refisglzob, AT Va—iaw g~
77 > Tl b LT ynone 2-218 % — 142 72%IXZE TH7-, FiV T, Noyori & 23
LEARFKRKEZEBE I ZEZSEI1CL T, i-PrOH % . (S.S)-Noyori fift 4
(Ru[(18,2S)-p-TsNCH(C¢Hs)CH(C¢Hs)NH](4°-p-cymene) catalyst) Z{EH SH 2% 2
L2 & > T ynone 2-218 OSSR IR T 21T ), WEEEER & 2 b U ¥ A%
FAVN= R TMS JE D i f57# % %% T 32| propargyl alcohol 2-219 ZH—D V7 2T
LA~—& L CTTRE9T%INRTES Z LIk LT, #&#IZ. Lindlar il %
W= T V3 o D A3E e & KERFED TBS L &E1TUVY, (25)-2-202 D NLAREIR A
BRETET LT,

FERIZ, B HNT(29)-2-202 ITxi L, 8 BERMEILEE L TR LS T
Mizoroki-Heck i D st (filifhi &8> Pd(PPhs)s & KoCOs f77E T, toluene ¥4
BERP GG I LzE 2 A, IR 37% CTHIO 8 BERARKY 2-214 2157=,
SN REIDNRA 75 OV T AT LA~—REMTH L EEZLD L.
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AFERITHY TH D, SIARTIRICERK LT2(25)-2-202 226, H—D YT AT L
Fv—bL L T224 NFOLNT-Z LD, C2HDNRLFZ SELE & LI-fd
REICHE NN L 2R LT,

2) TMS acetylene
n-BuLi, THF
-78°C to-40 °C

BnO

3) MnO,
DCE, 40°C

72% (3 steps)

1) Hz

1) (S,S)-Noyori cat. H Lindlar cat. H Pd(PPhg),

2-PrOH, rt 7 S EtOAc, 96% v S K,CO3
——F > BnO __ Br —— > BnO Br —
2) AgNOg; KI = ' 2) TBSCI = ) toluene

EtOH-H,0, rt S e imidazole § e reflux

HO DMF, 96% TBSO
97% (2 steps) 2-219 (29)-2-202
TBSO TBSO
2-214 (37%) (25)-2-215 (40%)

Scheme 2-40. Stereoselective synthesis of (25)-2-202 and its intramolecular

Mizoroki-Heck reaction

B, C2 NMLONARELE 2355 FWN Mizoroki-Heck Sl 52 588X, K&
BAREEIC BT DRI AERICH D B 2 TWvD (Scheme 2-41), F£7°, Pd(0)
(6 D RIBRIA 2-202 OELAIAINC & - THER L7 OB T V7 A
WHRDS, BFPICTFET D RUSHED T v Al 5, 22T, C2ALH SHL
D TS-1 KORELED TS-2 NENENEZBND, ZDHH, TS2 T, C2
MDOTra hrb CEEDAF T o bt ONIKEEICL > T8 BREHRNT
FNX—NCAFNC 2 D, —H, TS-1 TiE, BRIBEICEE S EFEo X 9 72 0EERE
HAERPNA TS, ZHEEATA~OfA & < RITrIBBES LT L72RE R, Bt
LOBRICERRMDAG NI LB 2T, AFEHRIL. 43T Mizoroki-Heck St %
FL7-8 BERMEE L BIBKARDRFHIRE L T, MO TEELRMAE 52 5T
bHEEZXTND,
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TBSO TBSO

TS-1 2-214
Pd (0) Favored

V.S

TS-2 2-220
Disfavored

Scheme 2-41. Stereochemical consideration in the Mizoroki-Heck reaction of TBS

ether 2-202
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Brachialactone (2-1) &, Brachiaria humidicola DR DIZ TR > & THEFE 12 &
LA EEH OGN R 2R3 ko & U T HLEE - &P E S U7z fusicoccane
TR THS (Figure 2-9), FHILIEHAOIHNE, HERIEERIC X 5 HERIRE
b, FHBE DML & % HbE - # FKDIEYE & T BREEE A R 5 7212
HERBRETH D, —FH, 5-8-5 T N~ A RiE, ZOEWIENT & HiErEME
SHZHLS ek X—7y FELTHEESNTEZ, LrL, SB&RE
BUEEICEAT —IRTEEDO AL, 4 HOAKAEBILT oI THHk
HRARRE TH D, £ 2 TH AT, AWiEHER L OGBEFRIIC b 8972
brachialactone 2-DIZHBR A Fi D, A MAMTELBRLE LT,

Figure 2-9. Structure of brachialactone (2-1)

EFT. AR ERROBETH L 88 (B) BEEICHIZ-T, 4FW
Pauson-Khand SIGZFIH L7 A BLO B BRO—ZFMEILEOE A HIE L2
(Scheme 2-42) , [-(-)-limonene (2-110)7> & SCHRAEI D J51E THE7= exo-olefin 2-108
7> 5 | ethyl B-iodo acrylate & @ B-alkyl Suzuki-Miyaura coupling (Z & - T ester 2-157
EL7c, RNWT, ZEHFMGEAMO BRI & MRAKFIZ X > T(2)-alkenyl
bromide 2-151 &£ L7=® % enyne 2-162a (R = H), 2-162b (R = TMS)IZ¥&E /=, F
7o = AT VERRLD DIBAL i# LA 3 T4 T T 2-169 & L 7= D 5 dieneyne 2-174
R, T ZBRALAIBRKICH L, xR BBEEZ MW T TNHN
Pauson-Khand i Z et L7228, BRALBOSIZETE T, FrEZ o =M baw
2-176 £7213 2-177 2155 Z LIFHRR 2T,
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B-alkyl Suzuki-Miyaura
cross coupling

e i) 9-BBN EtO,C 1) Bry; DABCO
—_— _—
? ) ii) EtO,C \%\I 2) 35% HCI aq.
e
TBSO Pd(PPhs), TBSO
K>CO3
I-(-)-limonene (2-110) 2-108 2-157

Co, Mo, Rh, Pd EtO,C

o
2-162a (R = H) 2-176a (R = H)
2-162b (R = TMS) 2-176b (R = TMS)

Intramolecular
Pauson-Khand reaction

Co, Mo, Rh, Pd EtO,C

Scheme 2-42. Attempted intramolecular Pauson-Khand reaction of enyne 2-162

and dieneyne 2-174

% 2T, 431 Mizoroki-Heck Stz I L7 #iic 70 8 BERMEEILEZ G L T2
(Scheme 2-43), 9", 2-169 D> U )LAk & Bi TBS 1k CTH7= 2-201 12%f L. IBX
feft & Grignard SREEDINEE % #8 T allylic alcohol 2-199 (dr 7:5) ~ & EH T,
ARHEER 2-199 ZFIH L, RIS T HIECTRICAIBEEZ R Lz, 37, 2-199
DOKEEH:Z TBS b LT TBS ether 2-202 (dr 7:5) %437, &5, B=/1% L
methyl vinyl ketone (MVK) & @ cross metathesis C 2-205 & L7=D 5 KEEH:D TBS
{k1Z X > T unsaturated ketone 2-206 (dr 7:5) (Z3& 7=, 2-202 (dr7:5) ZRE &
L7454 toluene H', K,CO; & Pd(PPhs)s fF1E F CHIEGEN T 5 Z & TH TN
Mizoroki-Heck SURAAHELT L. FTEDBRILARNM 2-214 Z 20%IRTH D Z L1
P Lc, E£72. 2-206 (dr 7:5) DOHEITIE. K,COs & Pd(dppf)Cly-CHLCL /71T
. DMF 1 120 CTIMET 5 Z & TR DBRILARD 2-211 % 23%IRTEH 2
7o WTFNOAERBHLHE—DIT 2T LA~—E LTELNTZR, FD C2 i
SEARBRE X, —RIC NMR A7 MV OFEFTIZ L > TSHETHH Z L )
Elpole, TOZ LI, EROHEEROREL ST 5 8 HERMERIZIB VT,
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C2 NEDNARELE N BRAL L DGR 2RO TR Y | mIBRMREREHZ IS T 5 EE 225
ANGEon-t&EZ2TnWab, L END, brachialactone (2-1) OF T 5 B EeffEdL
IZBWT, 51N Mlzoroki-Heck S BB THDH Z & LT,

1) BnBr, NaH 1) IBX
—_— L
2) TBSCI, imidazole 2) H,C=CHMgBr
Pd(PPhj)4 H
TBSCI K,CO, I
imidazole Y
—_— BnO
DMF toluene
0°Ctort reflux 3 Me
TBSO 20% TBSO
2-202 (dr 7:5) 2-214
Intramolecular
Mizoroki-Heck reaction
Pd(dppf)Cl,CH,Cl, BnO
2199 (ar 7:5) ( p‘?()zoés 2 o i
—_—
DMF = »
120 °C § e
23% TBSO
505 R — . 2-211
TBSCI, imidazole 2-205:R =H (ar 7:5)
DMF, 0 °C to rt
2-206: R = TBS (dr 7:5)

Scheme 2-43. Intramolecular Mizoroki-Heck reaction of TBS ether 2-202 and

unsaturated ketone 2-206

Brachialactone (2-1) OEGHUZAIT THELME E LT, A BREMLOLARER
PREEE L D BROBENEIT NS, TNOREE R T, ET AR TH
7= 8 BEBRALEW) 2-214 0D A BROWEEEZIT 5 (Scheme 2-44), 7255, TBS
HORRETELTET NV a— L OELIZ L > Tenone 2-224 L L7205, B =)L
#iFREE D Michael 11 & #E < Wacker 21t TH3: 541 %5 methyl ketone 2-225 D5+
W aldol fi A1 L > C ABRAAEE L72 2-226 IZHITH LB 27, EHIZ, 7 Ry
affiCt Fax v AFNEZEALZ0OL, XU PVEDORRH# &Rl k-
TH HiLDH carboxylic acid 2-227 O3 FHAMEIC L > T D EBAMEL,
brachialactone (2-1) OREKEZERT HFTH TH D,
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intramolecular
aldol
condensation

2-226 2-227 brachialactone (2-1)

Scheme 2-44. Future perspective for total synthesis of brachialactone (2-1)
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General Experimental

Optical rotations were measured on a JASCO DIP-370 digital polarimeter. Infrared
spectra (IR) were recorded on a JASCO FT/IR-4100 spectrophotometer and are reported
in wave number (cm). Proton nuclear magnetic resonance (‘H NMR) spectra were
recorded on a Bruker AVANCE-400 (400 MHz), or a Varian Gemini-2000 (300 MHz)
spectrometer. NMR samples were dissolved in CDCl3, C¢Dg or CD3OD, and chemical
shifts are reported in ppm relative to the residual undeuterated solvent (CDCls as d =
7.26 ppm, C¢Dg as d = 7.16 ppm, CD;OD as d = 3.31 ppm). 'H NMR data are
reported as follows; chemical shift, integration, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, br = broadened, m = multiplet), coupling constant, and assignment.
Carbon nuclear magnetic resonance ("C NMR) spectra were recorded on a Bruker
AVANCE-400 (100 MHz) spectrometer. The samples were dissolved in CDClj3, C¢Dg
or CD;0D, and chemical shifts are reported in ppm relative to the residual undeuterated
solvent (CDCIl; as 6 = 77.0 ppm for synthetic studies on brachialactone, 77.16 ppm for
synthetic studies on FARI, C¢Dg as d = 128.0 ppm, CD;OD as d = 49.0 ppm). 'H
NMR and C NMR spectra were measured at 300 K unless otherwise noted.
Structural assignments were made with additional information from COSY, NOESY,
HSQC, and HMBC experiments. Elemental analyses were performed at the Analytical
Laboratory of Graduate School of Bioagricultural Sciences, Nagoya University. High
resolution mass spectra (HRMS) were recorded on an Agilent 6220 Accurate-Mass TOF,
JEOL JMS-700 MStation spectrometer, JEOL JMS-T100GCV spectrometer, or AB
SCIEX TripleTof 4600 system, and are reported in m/z. Reactions were monitored by
thin-layer chromatography (TLC) on 0.25 mm silica gel coated glass plate 60 Fjs4
(Merck, #1.05715). Silica gel 60 (particle size 63-200 um, Merck) was used for
open-column chromatography. Silica gel 60 (spherical, particle size 40-50 mm, Kanto
Chemical Co., Inc.) and silica gel 60N (neutral, spherical, particle size 40-50 mm,
Kanto Chemical Co., Inc.) were used for silica gel flash column chromatography.
Preparative TLC separations were carried out on 0.5 mm silica gel plates 60 F,s4 (Merck,
#1.05744.0009). Unless otherwise noted, non-aqueous reactions were carried out in
flame-dried glasswares under nitrogen or argon. d-(+)-Limonene ([a]p”’ +113, ¢ 10,
EtOH) and /-(-)-limonene ([a]p™"-112.7, ¢ 10, EtOH, 98.7% ee) were purchased from
Tokyo Chemical Industry Co., Inc. Dry CH,Cl, and THF were purchased from Kanto
Chemical Co., Inc. Dry CH,Cl, and THF were purchased from Kanto Chemical Co.,
Inc. DBU, DMF, Toluene and #»n-PrNH, were distilled from CaH,.
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2-Isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was distilled under reduced
pressure. Activated MS4A was prepared by heating at 250 °C in vacuo with a
Kugelrohr apparatus for 3 h. Dry CuBr, was prepared by heating at 80 °C in vacuo
with a Kugelrohr apparatus for 4 h. All other commercially available reagents were

used as received.
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Experiments of chapter 1
(The following schemes show the synthesis of (§)-FARI (1-1))

5 (1 atm)
Pt02 O 025 wt/wt
Y 95% EtOH

A

d-(+)-limonene (1-16) (R)-1-17 (R)-1-37

(R)-4-Isopropyl-1-methylcyclohex-1-ene (1-17). To a solution of d-(+)-limonene (1-16)
(20.0 g, 0.147 mol) in 95% EtOH (62 mL) was added PtO, (50 mg, 0.0025 wt/wt), and the
reaction vessel was charged with H, gas. The solution was stirred vigorously at room
temperature under latm of H, gas, and the reaction was monitored by '"H NMR spectroscopy.
After 5.4 h, MgSO4 (10 g) was added to the reaction mixture, and the resulting suspension
was stirred for additional 0.5 h to dryness.  After filtration through a cotton plug followed by
washing with Et,0, the solution was transferred to a 200 mL round-bottom flask connected to
a distillation apparatus. The solvents were removed (760 mmHg, 43 °C to 80 °C), and then
the residue was distilled (18 mmHg, 54-59 °C) to give a mixture (16.0 g) of
(R)-4-1sopropyl-1-methylcyclohex-1-ene 1-17 and 1-isopropyl-4-methylcyclohexane 1-37.
The ratio of 1-17 and 1-37 was determined to be 8:1 by "H NMR spectra.

(S)-4-Isopropyl-1-methylcyclohex-1-ene  (1-17). A 2:1 mixture (631 mg) of
(8)-4-isopropyl-1-methylcyclohex-1-ene 1-17 and 1-isopropyl-4-methylcyclohexane 1-37 was

obtained from /-(-)-limonene (1-16) (1.03 g, 7.25 mmol) in a similar manner to that described

the above.
0s0,
NaIO4 fo)
pyridine H
—_— Me M
THF H20 _A_©
(R)-1-17 (R)-1-37 (R)-1-15
(R)-3-Isopropyl-6-oxoheptanal (1-15). To a 8:1 mixture of

(R)-4-isopropyl-1-methylcyclohex-1-ene 1-17 and 1-isopropyl-4-methylcyclohexane 1-37
(5.88 g, which contained 37.9 mmol of 1-17) in THF-H,O (2:1) (360 mL) were added 4%
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0504 aqueous solution (6.9 mL, 1.1 mmol) and pyridine (5.8 mL, 73 mmol). NalO4 (31.0 g,
145 mmol) was added portionwise over 75 min, and the mixture was vigorously stirred for
further 22 h. After the suspension was cooled at 0 °C, the reaction was quenched with
saturated aqueous Na;SO; (300 mL). The mixture was partitioned and then the aqueous
layer was extracted with Et,0O (250 mL x3). The combined organic layer was washed with
H,O (x1) and brine (x1), dried over anhydrous Na,SO4, and evaporated to dryness in vacuo.
The residue was purified by open column chromatography (silica gel 30 g, Et,O/pentane 1/3
to 1/2) to give (R)-3-isopropyl-6-oxoheptanal 1-15 (3.71 g, 58%) as a pale yellow oil. The
spectroscopic data of (R)-1-15 matched those reported in the literature.”

[a]p’’ -9.5 (¢ 1.0, CHCL;). '"HNMR (400 MHz, CDCls) 6 0.85 (3H, d, J =7 Hz, CH; of 'Pr),
0.88 (3H, d, J = 7 Hz, CH; of 'Pr), 1.47 (1H, m, COCH,CH>-), 1.60-1.75 (2H, m,
COCH,CH,-, -CHMe,), 1.87 (1H, m, -CH'Pr), 2.12 (3H, s, CH3CO-), 2.22 (1H, ddd, J = 17,
7.5, 2 Hz, CHOCH>-), 2.38-2.45 (1H, m, CHOCH-), 2.42 (2H, t, J = 8 Hz, CH;COCH>-),
9.76 (1H, t, J = 2 Hz, CHO). *C NMR (100 MHz, CDCl;) 6 18.4, 19.8, 25.6, 30.1, 30.3, 37.9,
41.7,45.6,203.0, 208.6.

(8)-3-Isopropyl-6-oxoheptanal 1-15 (135 mg, 86%) was obtained from 2:lmixture of
(S)-4-isopropyl-1-methylcyclohex-1-ene 1-17 and I-isopropyl-4-methylcyclohexane 1-37
(192 mg, which contained 0.93 mmol of (S)-1-15 in a similar manner to that described the
above.

[a]p>® +9.2 (¢ 1.0, CHCL3).

o NH,NH »H,0 o] o]
MeMH : CuBry, EtaN, MSiA e )MBr . Mo J\/\/\
% 0°Clon AN A
(R)-1-15 (R)-1-14 (S)-1-19

(R)-7,7-Dibromo-5-isopropylheptan-2-one (1-14). To a solution of NH,NH,-H,O (0.80 mL,
17 mmol) in CH,Cl, (230 mL) was added (R)-3-isopropyl-6-oxoheptanal 3 (2.00 g, 11.8
mmol) dissolved in CH,Cl, (8 mL + 2 mL) over 8§ min under argon atmosphere at room
temperature. After 10 min, Et;:N (4.9 mL, 35 mmol) and MS4A (4.0 g) were added to the
mixture at the same temperature. Being stirred for 5 min, the suspension was cooled at 0 °C,
and dry CuBr; (15.8 g, 70.9 mmol) was added. The reaction mixture was allowed to warm

to room temperature and stirred for additional 20 min. The mixture was cooled at 0 °C and
98



then the reaction was quenched with 3% aqueous NH; (100 mL). The resulting solution was
extracted with Et;O (200 mL x1, 100 mL x2). The combined organic layer was washed with
H,O (x1) and brine (x1), dried over anhydrous Na,SO4, and evaporated to dryness in vacuo.
The residue was purified by flash column chromatography (silica gel 80 g, Et,O/pentane 1/6)
to give (R)-1-14 (1.27 g, 34%) as a pale yellow oil and (S)-1-19 (201 mg) including
inseparable impurity as a colorless oil. The yield of (S)-1-19 was determined by '"H NMR

spectral analysis of crude mixture to be 5%.

(R)-1-14. [a]p>* +11.5 (c 1.00, CHCL3). IR (film) vmax 2959, 2874, 1716, 1466, 1431, 1389,
1367, 1166 cm™.  'H NMR (400 MHz, CDCls) 6 0.87 (3H, d, J= 7 Hz, CH; of 'Pr), 0.89 (3H,
d, J = 7 Hz, CH; of 'Pr), 1.40-1.52 (2H, m, -CHPr and -COCH,CH>-), 1.60 (1H, m,
-COCH,CH>-), 1.72 (1H, m, -CHMe,-), 2.16 (3H, s, CH;CO-), 2.21 (1H, dt, J = 15, 6.5 Hz,
CHBr,CH,-), 2.42 (1H, ddd, J = 15, 7.5, 5 Hz, CHBr,CH>-), 2.46 (2H, t, J = 7 Hz,
CH;COCH>-), 5.71 (1H, dd, J = 7.5, 6.5 Hz, CHBr,-). *C NMR (100 MHz, CDCl3) 6 18.7,
19.0, 23.7, 28.9, 30.2, 41.5, 42.7, 45.6, 47.3, 208.5.  Anal. Calcd for CyoH,sBrO: C, 38.24;
H, 5.78. Found: C, 38.23; H, 5.90. HRMS (EI) for C;oH;s*Br,O [M]", caled 311.9724, found:
311.9701.

(S)-1-19. '"H NMR (300 MHz, CDCl3) d 0.84 (3H, d, J =7 Hz, CH; of 'Pr), 0.88 (3H, d, J=7
Hz, CH; of 'Pr), 1.36-1.83 (3H, m, -CHMe,, -CH,CH'Pr-), 2.12 (3H, s, CH;CO-), 2.26-2.50
(3H, m, CHsCOCH.>-, -CH'Pr-), 4.93 (1H, dd, J = 17, 2 Hz, HyyansHeixC=CH-), 5.04 (1H, dd, J
=10, 2 Hz, HyansH.:;C=CH-), 5.50 (1H, ddd, J = 17, 10, 9 Hz, H,C=CH-).

(8)-7,7-Dibromo-5-isopropylheptan-2-one 1-14 (1.03 g, 37%) was obtained from
(S)-3-isopropyl-6-oxoheptanal 1-15 (1.51 g, 8.88 mmol) in a similar manner to that described
the above.

[a]p® -11.4 (¢ 1.01, CHCL).

(0] (0] (o]

DBU )J\/\/\/ Z
Me )W\rBr — > Me - X Br + Me W
: DMF : :
AN BT 50°C to reflux PN PN
(R)-1-14 (S.E)-1-13 (5)-1-20

(S,E)-7-Bromo-5-isopropylhept-6-en-2-one (1-13). Under argon atmosphere, a solution of
(R)-7,7-dibromo-5-isopropylheptan-2-one 1-14 (1.03 g, 3.18 mmol) and DBU (0.95 mL, 6.3
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mmol) in dry DMF (32 mL) was stirred at 50 °C for 90 min and then refluxed for 5 h. Being
cooled at 0 °C, the reaction was quenched with saturated aqueous NH4CIl (20 mL). After
separation of the organic layer, the aqueous layer was extracted with EtOAc (40 mL x3).
The combined organic layer was washed with H,O (x2) and brine (x1), and dried over
anhydrous Na,SO4, and evaporated to dryness in vacuo. The residue was purified by flash
column chromatography (silica gel 40 g, CHyClyhexane 2/1) to give
(S,E)-7-bromo-5-isopropylhept-6-en-2-one 1-13 (258 mg, 34%, as a colorless oil) and a
mixture of (S,E)-1-13 and alkyne (S)-1-20 (318 mg). Further purification of the latter
mixture by flash column chromatography (silica gel 40 g, CH,Cly/hexane 4/3) gave (S5)-1-13
(250 mg, 33%) and (S)-1-20 (5.8 mg, 1%). The total yield of (S,£E)-1-13 was 67% (508 mg).

(S,E)-1-13 . [o]p? -26.7 (c 1.00, CHCls). IR (film) vmax 2959, 1717, 1616, 1466, 1367, 1180,
1166, 947 cm™. 'H NMR (400 MHz, CDCl3) 5 0.84 (3H, d, J= 7 Hz, CH; of 'Pr), 0.88 (3H,
d, J=7 Hz, CH; of 'Pr), 1.47 (1H, m, -COCH,CH.-), 1.60 (1H, m, -CHMe), 1.70-1.85 (2H,
m, -CHPr- and -COCH,CH>-), 2.12 (3H, s, CH;CO-), 2.33 (1H, ddd, J = 17, 9, 6.5 Hz,
-COCH>-), 2.43 (1H, ddd, J = 17, 9, 5.5 Hz, -COCH>-), 5.88 (1H, dd, J = 13.5, 9.5 Hz,
CHBr=CH-), 5.95 (1H, d, J = 13.5 Hz, CHBr=CH-). '">C NMR (100 MHz, CDCl3) §19.1,
20.7, 25.6,30.3, 31.9, 41.8, 50.0, 104.8, 139.8, 208.8. Anal. Calcd for C;oH;7BrO: C, 51.52;
H, 7.35. Found: C, 51.51; H, 7.34. HRMS (EI) for C;oH;7*BrO [M]", calcd 232.0463, found:
232.0438.

(S)-1-20. '"H NMR (400 MHz, CDCls) d 0.97 (3H, d, J =7 Hz, CH; of 'Pr), 0.98 (3H, d, J=7
Hz, CH; of 'Pr), 1.55-1.86 (3H, m, -CHMe,, -CH,CH'Pr-), 2.05 (1H, d, J = 2 Hz, HCCCH
Pr-), 2.16 (3H, s, CH;CO-), 2.21 (2H, m, -CH'Pr-), 2.56 (1H, ddd, J = 17.5, 9, 7 Hz,
CH;COCH,Hg-), 2.69 (1H, ddd, J = 17.5, 9, 5 Hz, CH;COCHAH3-). C NMR (100 MHz,
CDCls) d 18.6, 21.0, 26.3, 30.2, 31.7, 38.1, 41.9, 71.0, 85.5, 208.0.

(R,E)-7-Bromo-5-isopropylhept-6-en-2-one 1-13 (566 mg, 76%) was obtained from
(8)-7,7-dibromo-5-isopropylheptan-2-one 1-14 (1.00 g, 3.18 mmol) in a similar manner to
that described the above.

[a]p™ +26.8 (¢ 1.04, CHCl).
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(o}

i Pt b
S AL O
Me : Me N

: DMF //
A\ Br rt to reflux

(R)-1-14 (9)-1-21

[5152]

(S)-1-(4-Isopropylcyclopent-1-en-1-yl)ethan-1-one (1-21). Under argon atmosphere, a
solution of (R)-7,7-dibromo-5-isopropylheptan-2-one (1-14) (22.3 mg, 0.0710 mmol) and
P1-'Bu base (85 uL, 0.30 mmol) in dry DMF (1.0 mL) was stirred at room temperature for 2.5
h and then 75 °C for 2 h. The reaction mixture was refluxed for 3 h. Being cooled at room
temperature, the reaction was quenched with sat. NH4Cl aq. (5 mL). After separation of the
organic layer, the aqueous layer was extracted with Et,O (5 mL x3). The combined organic
layer was washed with H,O (x1) and brine (x1), and dried over anhydrous Na,SO4, and
evaporated to dryness in vacuo. The residue was purified by flash column chromatography
(silica gel 2 g, Et,O/pentane 1/10) to give (S)-1-(4-isopropylcyclopent-1-en-1-yl)ethan-1-one
(1-21) (7.0 mg, 65%) as a colorless oil.

'"H NMR (400 MHz, CDCL3) 6 0.89 (3H, d, J = 6.5 Hz, CH; of 'Pr), 0.90 (3H, d, J = 6.5 Hz,
CH; of 'Pr), 1.55 (1H, m, -CHMe;), 2.05 (1H, td, J = 16, 8 Hz, -CH'Pr), 2.15-2.30 (2H, m,
-CH,HgCH=C-, -CH,HsCH'Pr-), 2.29 (3H, s, CH;CO-), 2.58-2.72 (2H, -CHAHzCH=C-,
-CHAHCH'Pr-), 6.68 (1H, m, -C=CH-). '>*C NMR (100 MHz, CDCl5) §20.96, 20.98, 26.5,
33.4,34.9,38.4,45.7, 144.1, 145.8, 197.1.

1) Ac,O 2) Nal, TMSCI
| | EtsN, DMAP | | ; H0
CH,Cl, rt MeCN, rt
1-22 1-23 1-24

[5158], [5160]

4-lodopent-4-en-1-yl acetate (1-24). To a solution of pent-4-yn-1-ol (1-22) (1.00 g, 11.9
mmol) and Et;N (4.0 mL, 29 mmol) in CH,Cl, (12 mL) was added Ac,O (1.3 mL, 14 mmol)
at room temperature.  After stirring at the same temperature for 1 h, Et;N (4.0 mL, 29 mmol),
Ac,O (1.3 mL, 14 mmol) and DMAP (73.8 mg, 0.604 mmol) were added. Stirring was
continued for additional 1 h at the same temperature, the reaction was quenched with sat.
NaHCOs aq. (12 mL). After separation of the organic layer, the aqueous layer was extracted

with Et;O (10 mL x3). The combined organic layer was washed with sat. NH4Cl aq., H,O
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(x1) and brine (x1), passed through a short column of anhydrous Na;SO,, and evaporated to
dryness in vacuo. The residue was used for the next reaction without further purification.

To a solution of Nal (2.52 g, 16.6 mmol) in MeCN (24 mL) was successively added TMSCI
(2.1 mL, 17 mmol) and H,O (0.15 mL, 8.3 mmol) at room temperature. After stirring for 10
min to generate HI, a solution of the crude mixture in MeCN (3 mL) was added at the same
temperature. After being stirred at the same temperature for additional 80 min, and the
reaction was quenched with H,O (25 mL). After separation of the organic layer, the aqueous
layer was extracted with Et,O (10 mL x3). The combined organic layer was washed with sat.
Na,SO; aq. (x1), H,O (x1) and brine (x1), passed through a short column of anhydrous
Na,SO4, and evaporated to dryness in vacuo. The residue was purified by column
chromatography (silica gel 20 g, EtOAc/hexane 1/8) to give 4-iodopent-4-en-1-yl acetate
(1-24) (2.24 g, 74% in 2 steps) as a colorless oil.

'H NMR (300 MHz, CDCly) 6 1.86 2H, tt, J = 7, 6.5 Hz, -CH,CH,CH,-), 2.06 (3H, s,
CH;CO-), 2.48 (2H, m, -CH,CI=CH,), 4.07 2H, t, J = 6.5 Hz, AcOCH>-), 5.73 (1H, d, J =
1.5 Hz, -CI=CH,Hp), 6.06 (1H, dd, J = 3, 1.5 Hz, -CI=CHAHjp).

KQCO3
AcO T HO\/\)J\I

MeOH
rt

1-24 1-25

[5163]

4-lodopent-4-en-1-0l (1-25). Under nitrogen atmosphere, a reaction mixture of
4-iodopent-4-en-1-yl acetate (1-24) (100 mg, 0.393 mmol) and K,CO3 (109 mg, 0.787 mmol)
in MeOH (4.0 mL) was stirred at room temperature for 12 h. The mixture was diluted with
CH,Cl; (5 mL) and H,O (5 mL). After separation of the organic layer, the aqueous layer
was extracted with CH,Cl, (3 mL x3). The combined organic layer was washed with H,O
(x1) and brine (x1), and passed through a short column of anhydrous Na,SO4, and evaporated
to dryness in vacuo. The residue was purified by column chromatography (silica gel 2 g,
Et,O/hexane 1/1) to give 4-iodopent-4-en-1-ol (1-25) (72.3 g, 79%) including an inseparable

impurity.
'H NMR (300 MHz, CDCls) 6 1.78 (2H, tt, J = 7, 6.5 Hz, -CH,CH,CH,-), 2.51 (2H, m,

-CH,CI=CH,), 3.68 (2H, t, J = 6.5 Hz, HOCH>-), 5.72 (1H, m, -CI=CH,Hg), 6.07 (1H, dd, J
=3, 1 Hz, -CI=CHaHjp).
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TBSCI

imidazole
HO I ———> TBSO \/\)LI

DMF
0°Ctort

1-25 1-26

[5159] or [5184]

Alkenyl iodide TBS ether 1-26: To a solution of 4-iodopent-4-en-1-ol (1-25) (3.36 g, 15.8
mmol) and imidazole (2.60 g, 19.0 mmol) in DMF (80 mL) was added TBSCI (2.86 g, 19.0
mmol) at 0 °C. The reaction mixture was allowed to warm to room temperature and stirred
at the same temperature for 30 min. After the solution was cooled at 0 °C, the reaction was
quenched with ice and H,O (80 mL). The organic layer was separated, and the aqueous
layer was extracted with EtOAc (80 mL x3). The combined organic layer was washed with
H,0 (x2) and brine, passed through a short column of Na;SO,, and evaporated to dryness in
vacuo. The residue was purified by column chromatography (silica gel 100 g, pentane) to
give 1-26 (2.89 g, 56%) as a colorless oil.

'"H NMR (400 MHz, CDCls) 5 0.05 (6H, s, 2CH; of TBS), 0.89 (9H, s, ‘Bu of TBS), 1.72 (2H,
tt, J = 7, 6 Hz, -CH,CH,CHy-), 2.47 (2H, t, J = 7 Hz, -CH,CI=CH,), 3.62 (2H, t, J = 6 Hz,
TBSOCH>-), 5.70 (1H, m, -CI=CH,Hg), 6.03 (1H, dd, J = 3, 1 Hz, -CI=CHaHj). *C NMR
(100 MHz, CDCl3) 8 -5.2, 18.5, 26.1, 32.3, 42.0, 61.4, 112.1, 125.8.

i) n-BuLi
Et,0

TBSO\/\)J\I ")n;&» TBSO\/\)LB(pin)
)o/s(pin)
1-26 1-27 1-12

[5164]

Right fragment 1-12. To a solution of 1-26 (100 mg, 0.306 mmol) in dry Et,O (3.0 mL) was
added n-BuLi (2.6 M solution in hexane, 0.24 mL, 0.62 mmol) at -78 °C. The resultant
solution was stirred at the same temperature for 30 min. Freshly distilled
2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 1-27 (0.12 mL, 0.61 mmol) was
added to the reaction mixture at -78 °C, and the solution was allowed to warm to room
temperature. After being stirred at the same temperature for 110 min, the reaction mixture
was poured into H,O (5 mL). The pH of the resultant solution was adjusted to pH 8 by
addition of 10% HCIl aq. The organic layer was separated, and the aqueous layer was
extracted with Et,O (10 mL x3). The combined organic layer was washed with H,O (x1)

and brine (x1), passed through a short column of Na,SOy4, and evaporated to dryness in vacuo.
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The residue was purified by flash column chromatography (silica gel 2 g, Et;O/hexane 1/50 to
1/2) to give 1-12 (72.3 mg, 72%) as a colorless oil. The spectroscopic data of 1-12 matched
those reported in the literature.”

'H NMR (400 MHz, CDCls) § 0.04 (6H, s, 2CH; of TBS), 0.89 (9H, s, ‘Bu of TBS), 1.26
(12H, s, 4CH; of B(pin)), 1.65 (2H, m, -CH,CH,CH>-), 2.17 (2H, t, J = 7.5 Hz, -CH,CI=CH,),
3.60 2H, t, J = 7 Hz, TBSOCH.-), 5.61 (1H, brs, -CI=CH,Hg), 5.77 (1H, d, J = 3 Hz,
-CI=CHAH}3).

: o
: DMF- HQO
N 50 °C

Pd(PPhg),

(o]

Me J\M/ Br %; ’BJ\/\/ OTBS CSzCOS )]\/\/\\J]\/\/ OTBS
(S.E)-1-13 1-12 (S)-1-27

(S,E)-diene 1-27. A solution of (S,E)-7-bromo-5-isopropylhept-6-en-2-one 1-13 (154 mg,
0.643 mmol) and 1-12 (230 mg, 0.708 mmol) in DMF-H,0 (3/1) (12 mL) was degassed by
freeze-thaw cycles (x6) and then the vessel was filled with argon. To the solution were
added Cs,COs3 (630 mg, 1.93 mmol) and Pd(PPhs)4 (22.2 mg, 19.3 mmol). The mixture was
stirred at 50 °C for 4 h. Being cooled at room temperature, the reaction mixture was diluted
with Et,O/H,O (1/1) (18 mL). After separation of the organic layer, the aqueous layer was
extracted with Et;O (10 mL x3). The combined organic layer was washed with H,O (x2) and
brine (x1), dried over anhydrous Na,SO4, and evaporated to dryness in vacuo. The residue
was purified by flash column chromatography (silica gel 20 g, Et,O/hexane 1/20 to 1/10) to
give (S,E)-diene 1-27 (174 mg, 75%) as a colorless oil.

[a]p? +6.80 (¢ 1.00, benzene). IR (film) vmax 2956, 2859, 1719, 1471, 1362, 1255, 1102,
971,836 cm™. '"H NMR (400 MHz, C¢Ds) 6 0.06 (6H, s, 2CH; of TBS), 0.86 (3H, d, J=7.0
Hz, CH; of 'Pr), 0.90 (3H, d, J = 7.0 Hz, CH; of 'Pr), 0.98 (9H, s, ‘Bu of TBS), 1.42-1.55 (2H,
m, COCH,CH:-, -CHMe,), 1.66 (3H, s, CH;CO-), 1.65-1.80 (4H, m, -CH-CH,OTBS,
-CH'PrCH,-, COCH,CH>-), 1.98 (1H, ddd, J = 17.5, 8.0, 7.0 Hz, CH;COCH>-), 2.08 (1H, ddd,
J=17.5, 8.5, 6.0 Hz, CH;COCH>-), 2.31-2.39 (2H, m, -CH,CH,CH,OTBS), 3.56 (2H, t, J =
6 Hz, -CH,OTBS), 4.95 (1H, brs, CH:=C), 4.97 (1H, d, J = 2 Hz, CH=C), 5.48 (1H, dd, J =
16, 9.5 Hz, CH=CHCH'Pr), 6.02 (1H, d, J = 16 Hz, -CH=CHCH'Pr). '*C NMR (100 MHz,
CeDe) 8-5.1, 18.5, 19.4, 21.0, 26.2, 26.7, 29.1, 29.6, 32.1, 32.8, 41.7, 49.9, 62.8, 114.1, 132.2,
134.0, 146.2,206.2.  HRMS (EI) for C5;Hy00,Si [M]", caled 352.2798, found: 352.2818.
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(R,E)-diene 1-27 (199 mg, 69%) was obtained from
(R, E)-7-bromo-5-isopropylhept-6-en-2-one 1-13 (190 mg, 0.814 mmol) in a similar manner to
that described the above.

[a]p™* -6.14 (¢ 1.01, benzene).

H THF
PN 0°Ctort

I \J]\/\/ i
TBAF J\/\/\\J\/\/
Me JJ\/\:/\ OTBS —_— > Me ' OH
/-\

(5)-1-27 (S)-FARI (1-1)

(S)-FARI (1-1). To a solution of (S,E)-diene 1-27 (101 mg, 0.286 mmol) in THF (2.9 mL)
was added TBAF (1.0 M in THF, 0.46 mL, 0.46 mmol) at 0 °C. The mixture was allowed to
warm to room temperature and stirred at the same temperature for 80 min. TBAF (1.0 M in
THF, 55 mL, 55 mmol) was added to the solution. Stirring was continuedfor 30 min. The
reaction mixture was diluted with HO (15 mL) and then extracted with Et,O (3 mL x3). The
combined organic layer was washed with H,O (x1) and brine (x1), dried over anhydrous
Na;SO,4, and evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 20 g, CH,Cl,/acetone 20/1) to give (S)-FARI (1-1) (53.6
mg, 79%) as a colorless oil (96.8% ee).

[a]p™* +10.8 (¢ 1.05, PhH). IR (film) vimax 3419, 2955, 2871, 1715, 1605, 1458, 1418, 1365,
1165, 1058, 973, 888 cm™. 'H NMR (400 MHz, CD;0D) 8 0.86 (3H, d, J = 7 Hz, CH; of
‘Pr), 0.91 (3H, d, J =7 Hz, CH; of 'Pr), 1.51 (1H, m, -CH,CH,CH'Pr), 1.62 (1H, m, -CHMe,),
1.71 (2H, m, -CH,CH,OH), 1.78 (2H, m, -CHPr and CH,CH,CH'Pr), 2.09 (3H, s, CH;CO-),
2.28 (2H, dd, J =9, 6.5 Hz, -CH,CH,CH,0H), 2.42 (2H, m, CH;COCH,-), 3.58 (2H, t, J =
6.5 Hz, -CH,OH), 4.91 (1H, brs, C=CH,), 4.92 (1H, brs, C=CH>), 5.46 (1H, dd, J = 16, 9.5
Hz, CH=CHCH'Pr), 6.02 (1H, d, J= 16 Hz, -CH=CHCH'Pr). ">C NMR (100 MHz, CD;0D)
819.7,21.2,27.5,29.6, 30.1 32.6, 33.6, 42.6, 51.0, 62.7, 114.4, 132.9, 134.9, 147.2, 212.1.

HRMS (EI) for C;5sHa60, [M]", caled 238.1933, found: 238.1909.

(R)-FARI (1-1) (53.7 mg, 80%) was obtained from (R,E)-diene 1-27 (99.2 mg, 0.281 mmol)

in a similar manner to that described the above (97.4% ee).

[a]p™ -10.7 (¢ 1.07, benzene)
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TBSCI

|| imidazole ||
HO\/\) - TBSO\/\)

DMF
O0°Ctort

1-22 1-30
[8068]
Alkyne TBS ether 1-30: To a solution of pent-4-yn-1-ol (1-22) (2.51 g, 29.8 mmol) and
imidazole (4.45 g, 65.4 mmol) in DMF (15 mL) was added TBSCI (4.89 g, 32.7 mmol) at
0 °C. The reaction mixture was allowed to warm to room temperature and stirred at the
same temperature for 30 min. After the solution was cooled at 0 °C, the reaction was
quenched with ice and H,O (10 mL). The organic layer was separated, and the aqueous
layer was extracted with Et;O (10 mL x3). The combined organic layer was washed with
H,0 (x2) and brine (x1), passed through a short column of Na;SO4, and evaporated to dryness
in vacuo. The residue was purified by flash column chromatography (silica gel 30 g,
Et,O/hexane 1/30) to give 1-30 (5.68 g, 96%) as a colorless oil.

'"H NMR (300 MHz, CDCls) 5 0.06 (6H, s, 2CH; of TBS), 0.89 (9H, s, ‘Bu of TBS), 1.72 (2H,
tt, J =7, 6 Hz, -CH,CH,CH,-), 1.93 3H, t, J = 3 Hz, H-CC-), 2.27 (2H, td, J = 7, 3 Hz,
-CH,CCH), 3.70 2H, t, J = 6 Hz, TBSOCH-).

i) n-BuLi, THF
| | -78°Ctort D100
mso M ——— I
i) DO, 0 °C TBSO
1-30 1-31-d;

[8069]

1-31-d;. To a solution of 1-30 (3.50 g, 17.6 mmol) in THF (17.5 mL) was added n-BuLi (2.69
M in hexane, 7.9 mL, 21.3 mmol) at -78 °C over 10 min. The reaction mixture was stirred at
the same temperature for 30 min and allowed to warm to 0 °C. After 30 min, the reaction
was quenched with D,O (1.90 mL, 106 mmol). The resultant solution was allowed to warm
to room temperature. The stirring was continued at the same temperature for additional 14 h
to give a white precipitation. Without extraction, the slurry was passed through a short
column of Na,SO4 (10 g) and silica gel 60 (10 g), and eluted with Et;O (100 mL). The
combined organic layer was evaporated to dryness in vacuo. The residue was purified by
flash column chromatography (silica gel 25 g, Et,O/hexane 1/2) to give 1-31-d; (3.24 g, 92%)
as a colorless oil. The full deuterization was confirmed by analysis of '"H NMR spectra.

The spectroscopic data of 1-31-d; matched those reported in the literature.”
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'"H NMR (300 MHz, CDCls) 5 0.06 (6H, s, 2CH; of TBS), 0.89 (9H, s, ‘Bu of TBS), 1.72 (2H,
tt, J = 7, 6 Hz, -CH,CH,CHy-), 2.27 (2H, t, J = 7 Hz, -CH,CCH), 3.70 (2H, t, J = 6 Hz,
TBSOCH:-).

D100 &Se%m D100 AC;_O D100
—_— —_—
TBSO i n HO I ft AcO i
1-31-d, 1-32-d, 1-33-d,

[8073], [8074]

Alkenyl iodide 1-35-d,. A solution of 1-31-d; (1.82 g, 9.03 mmol) and TsOH (181 mg, 1.07
mmol) in MeOH (13.5 mL) was stirred at room temperature for 1 h. The reaction was
quenched by addition of pyridine (0.18 mL, 2.1 mmol). After dilution with hexane (30 mL),
the solution was carefully concentrated. The residue was used for the next reaction without
further purification.

To a solution of the crude mixture in pyridine (9 mL) was added AcyO (9 mL) at 0 °C. The
reaction mixture was allowed to warm to room temperature, and stirring was continued for
8.5 h at the same temperature. The reaction was quenched by addition of sat. NaHCOj aq.
(30 mL) at 0 °C.  After separation of the organic layer, the aqueous layer was extracted with
CH,Cl; (x3). The combined organic layer was washed with sat. NaHCOs aq. (x1) and 1IN
HCl aq. (x2), dried over anhydrous Na;SOs, and evaporated to dryness in vacuo. The
residue was purified by flash column chromatography (silica gel 30 g, Et,O/hexane 1/10) to
give a solution of acetate 1-33-d; (588 mg) in Et;0. The solution was not fully concentrated
to circumvent the loss of 1-33-d;. The yield of 1-33-d; was 51% calculated from 'H NMR

spectral analysis of the above solution.

'H NMR (300 MHz, CDCly) 6 1.72 QH, tt, J = 7, 6.5 Hz, -CH,CH,CH,-), 2.05 (3H, s,
CH;CO-), 2.29 (2H, t, J= 7 Hz, -CH,CCH), 4.17 (2H, t, J = 6.5 Hz, AcOCH>-).

1) Nal, TMSCI TBSCI
D100 Dgo, MeCN D100 D65 imidazole D100 D65
\/\J| HO TBSO\/\/\[]i
AcO 2) K,CO3 I DMF |
MeOH 0°Ctort
1-33-d,; 1-34-d, 1-35-d,

[8075], [8077], [8078], [8079]
To a solution of Nal (791 mg, 5.28 mmol) in MeCN (3.8 mL) was added TMSCI (0.67 mL,
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5.3 mmol) at room temperature. After 10 min, D,O (50 ul, 2.8 mmol) was added to the
reaction mixture, and stirring was continued for additional 10 min at the same temperature.
To the resultant slurry was added a solution of 1-33-d; (481 mg, 3.77 mmol) in Et,O with a
cannula at room temperature and the flask was washed with MeCN (1 mL). The reaction
mixture was stirred for additional 1 h at the same temperature, and diluted with HO (3 mL).
After separation of the organic layer, the aqueous layer was extracted with EtOAc (5 mL x3).
The combined organic layer was washed with sat. Na,SO3 aq. (x1), HO (x1) and brine, dried
over anhydrous Na,SOy4 and evaporated to dryness in vacuo. The residue containing 1-34-d;
and 1-34-d; was treated with DI again in a similar manner as the above to consume 1-33-d;.
After two-cycle operation, the residue was used for the next reaction without further
purification.

A suspension of the crude mixture and K,COs (1.04 g, 7.54 mmol) in MeOH (3.8 mL) was
stirred at room temperature for 8 h. The reaction was quenched with a 1:1 mixture of
CH,Cly/sat. NH4Cl aqg. (20 mL), and the organic layer was separated. The aqueous layer was
extracted CH,Cl, (x3), and the combined organic layer was dried over anhydrous Na;SOs,
then evaporated to dryness in vacuo. The residue was purified by column chromatography
(silica gel 30 g, Et,O/CH,Cl, 1/60 to 1/40 to 1/10) to provide 1-34-d, (808 mg) as a colorless
oil including inseparable impurity. The ratio of 1-34-d,: 1-34-d; was determined by analysis
of "H NMR spectra to be 65:35.

To a solution of alcohol 1-34-d, (803 mg, 3.73 mmol) and imidazole (570 mg, 8.22 mmol) in
DMF (2.0 mL) was added TBSCI (623 mg, 4.11 mmol) at 0 °C, and the reaction mixture was
allowed to warm to room temperature. Being sirred for 0.5 h, the reaction was quenched by
addition of H,O (10 mL) at 0 °C. After separation of the organic layer, the aqueous layer
was extracted with Et;O (x3). The combined organic layer was washed with H,O (x2) and
brine, dried over anhydrous Na,;SO,, and concentrated to dryness in vacuo. The residue was
purified by column chromatography (silica gel 30 g, pentane) to give 1-35-d> (777 mg, 63%
in 3 steps) as a colorless oil including a small amount of inseparable byproduct. The ratio of
1-35-d»:1-35-d; was determined by analysis of 'H NMR spectra to be 65:35. The

spectroscopic data of 1-35-d, matched those reported in the literature.
'H NMR (400 MHz, CDCl3) d 0.05 (6H, s, 2CH; of TBS), 0.89 (9H, s, ‘Bu of TBS), 1.72 (2H,

tt, J =7, 6 Hz, -CH,CH,OTBS), 2.47 (2H, t, J = 7 Hz, -CH,CI=C-), 3.62 (2H, t, J = 6 Hz,
-CH,OTBS), 6.02 (0.35H, t, J= 1.5 Hz, -CI=CDH).

108



i) n-BuLi D D

100 65
Et,O
\/Dj)j]iDss -78 °C tort TBSO \/\J[B/o
_
TBSO | ii))\ 675
/B i
o (pin)

1-27

1-35-d; 1-29-d;

[8080]

Right fragment 1-29-d,. To a solution of 1-35-d, (777 mg, 2.36 mmol) in dry Et,O (12 mL)
was added n-BuLi (2.69 M solution in hexane, 1.3 mL, 3.50 mmol) at -78 °C. The resultant
solution was stirred at the same temperature for 30 min. Freshly distilled
2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 1-27 (0.72 mL, 3.5 mmol) was added
to the reaction mixture at -78 °C , and the solution was allowed to warm to room temperature.
After being stirred at the same temperature for 90 min, the reaction mixture was poured into
H,O (20 mL). The pH of the solution was adjusted to pH 4 by addition of 10% HCI aq..
The organic layer was separated, and the aqueous layer was extracted with EtOAc (5 mL x3).
The combined organic layer was washed with H,O (x1) and brine (x1), passed through a short
column of Na,SQOy,, and evaporated to dryness in vacuo. The residue was purified by column
chromatography (silica gel 30 g, Et,O/hexane 1/50) to give 1-29-d> (450 mg, 58%) as a
colorless oil. The ratio of 1-29-d,: 1-29-d; was determined to be 65:35 by analysis of the 'H
NMR spectra.

'H NMR (400 MHz, CDCls) d 0.04 (6H, s, 2CH; of TBS), 0.89 (9H, s, ‘Bu of TBS), 1.26
(12H, s, 4CH; of B(pin)), 1.65 (2H, m, -CH,CH,OTBS), 2.18 (2H, brt, J = 7.5 Hz,
-CH,CH,CH,OTBS), 3.60 (2H, t, J = 7 Hz, -CH,OTBS), 5.59 (0.35H, brs, CDH=C)."C
NMR (100 MHz, CDCls) d -5.1, 18.5, 24.9, 26.1, 31.6, 31.7, 32.5, 63.0, 83.4, 129.0 (t, J = 24
Hz). HRMS (EI) for C17H33D,B05Si [M-CH;]", caled 313.2339, found: 313.2332.

o Desj]/\Dio\/ Pd(PPhs), o Des D100
Cs,CO
Ve J\/\A/Br .\ >§;|’3 oTBS - ; : 30, e J\/\_/\\;[]/\/\/OTBS
H fo) - H
AN 500 AN
(S.E)-1-13 1-29-d; ($)-1-36-d>

(S)-diene 1-36-d,. A solution of (S,E)-7-bromo-5-isopropylhept-6-en-2-one 1-13 (48.7 mg,

0.209 mmol) and 1-29-d, (75.2 mg, 0.229 mmol) in DMF-H,0 (3/1) (4.3 mL) was degassed

by freeze-thaw cycles (x4) and then the vessel was filled with argon. To the solution were

added Cs,COs3 (210.6 mg, 0.646 mmol) and Pd(PPh;3)4 (7.7 mg, 6.7 mmol). The mixture was
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stirred at 50 °C for 3.5 h. Being cooled at room temperature, the reaction mixture was
diluted with Et,O/H,O (1/1) (10 mL). After separation of the organic layer, the aqueous
layer was extracted with Et;O (5 mL x3). The combined organic layer was washed with H,O
(x2) and brine (x1), dried over anhydrous Na,SOy4, and evaporated to dryness in vacuo. The
residue was purified by flash column chromatography (silica gel 20 g, Et,O/hexane 1/20 to
1/10) to give (S)-1-36-d> (58.3 mg, 79%) as a colorless oil. The ratio of 1-36-d»: 1-36-d,
was determined to be 65:35 by analysis of the '"H NMR spectra.

'"H NMR (400 MHz, C¢Dg) 8 0.06 (6H, s, 2CH; of TBS), 0.86 (3H, d, J = 7.0 Hz, CH; of 'Pr),
0.90 (3H, d, J = 7.0 Hz, CH; of 'Pr), 0.98 (9H, s, ‘Bu of TBS), 1.43-1.56 (2H, m, COCH,CH.-,
-CHMe,), 1.66 (3H, s, CH;CO-), 1.65-181 (4H, m, -CH,CH,OTBS, -CHPrCH,-,
COCH,CH>-), 1.98 (1H, ddd, J = 17.5, 8.0, 7.0 Hz, CH;COCH,-), 2.08 (1H, ddd, J = 17.5,
8.5, 6.0 Hz, CH;COCH>-), 2.31-2.39 (2H, m, -CH,CH,CH,OTBS), 3.56 (2H, t, J = 6 Hz,
-CH,OTBS), 4.94 (0.35H, brs, CDH=C), 5.48 (1H, dd, J = 16, 9.5 Hz, CH=CHCH'Pr), 6.02
(1H, d, J = 16 Hz, -CH=). ">C NMR (100 MHz, C¢Ds) & -5.2, 18.4, 19.4, 21.0, 26.1, 26.6,
28.88, 28.94, 29.5, 32.0, 32.7, 41.6, 49.8, 62.8, 113.75 (t, J = 24 Hz), 132.0, 134.0, 145.95,
146.04, 206.2. HRMS (EI) for C21H3sD,0,Si [M]", caled 354.2923, found: 354.2929.

o Dgs < D100 o Dgs < D100
: THF :
PR 0°C tort PN
(8)-1-36-d> (S)-FARI- d; (1-28)

(S)-FARI-d; (1-28). To a solution of (S)-diene 1-36-d, (41.1 mg, 0.116 mmol) in THF (1.2
mL) was added TBAF (1.0 M in THF, 0.22 mL, 0.22mmol) at 0 °C. The mixture was
allowed to warm to room temperature and stirred at the same temperature for 1 h. The
reaction mixture was diluted with H;O (10 mL) and then extracted with Et,0 (3 mL x3).
The combined organic layer was washed with H,O (x1) and brine (x1), dried over anhydrous
Na;SO,4, and evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (neutral silica gel 10 g, CH,Cl,/acetone 20/1) to give (S)-FARI (1)-d, (23.5
mg, 84%) as a colorless oil. The ratio of (S)-FARI-d, (1-28):(S)-FARI-d; (1-28) was
determined to be 65:35 by analysis of the '"H NMR spectra.

'"H NMR (400 MHz, CD;0D) 8 0.86 (3H, d, J= 7 Hz, CH; of 'Pr), 0.91 (3H, d, J= 7 Hz, CH;
of 'Pr), 1.51 (1H, m, -CH,CH,CH'Pr), 1.62 (1H, m, -CHMe,), 1.71 (2H, m, -CH,CH,OH),
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1.78 (2H, m, -CH'Pr and CH,CH,CH'Pr), 2.10 (3H, s, CH;CO-), 2.27 (2H, dd, J=9, 6.5 Hz,
-CH,CH,CH,OH), 2.42 (2H, m, CH;COCH.-), 3.58 (2H, t, J = 6.5 Hz, -CH,OH), 4.89 (0.35H,
brs, C=CDH), 5.46 (1H, dd, J = 16, 9.5 Hz, CH=CHCH'Pr), 6.02 (1H, d, J = 16 Hz,
-CH=CHCH'Pr). "*C NMR (100 MHz, CD;0OD) §19.7, 21.2, 27.5, 29.5, 29.6, 30.0, 32.6,
33.6, 42.6, 51.0, 62.7, 114.1 (t, J = 24 Hz), 132.8, 134.8, 146.97, 147.07, 212.1. HRMS (EI)
for C15H24D20, [M]", caled 240.2058, found: 240.2054.

References
1) a) White, J. D.; Ruppert, J. F.; Avery, M. A.; Torii, S.; Nokami, J. J. Am. Chem. Soc.

1981, 103, 1813-1821. b) Wender, P. A.; Bi, F. C.; Brodney, M. A.; Gosselin, F. Org.

Lett. 2001, 3, 2105-2108.
2) a) Morrill, C.; Funk, T. W.; Grubbs, R. H. Tetrahedron Lett. 2004, 45, 7733-7736. b)

Gao, F.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 10961-10963.
3) Liu, X.; Deaton, T. M.; Haeffner, F.; Morken, J. P. Angew. Chem. Int. Ed. 2017, 56,
11485-11489.

111



Experiments of chapter 2

H, (1 atm)
PtO, (0.025 wt/wt)
_—

95% EtOH

rt

[-(-)-limonene (2-110) 2-128

[7019]

(S)-4-Isopropyl-1-methylcyclohex-1-ene (2-128). To a solution of /-(-)-limonene (2-110)
(42.6 g, 0.147 mol) in 95% EtOH (62 mL) was added PtO, (50 mg, 0.0025 wt/wt), and the
reaction vessel was charged with H, gas. The solution was stirred vigorously at room
temperature under 1 atm of H, gas. After 5.4 h (the reaction was monitored by '"H NMR
spectroscopy), MgSO4 (10 g) was added, and the resulting suspension was stirred for 0.5 h,
then filtered through a cotton plug followed by washing with Et,O. The filtrate was
transferred to a 200 mL round-bottom flask connected to a distillation apparatus. The
solvents were removed (760 mmHg, 43 °C to 80 °C), and then the residue was distilled (18
mmHg, 54-59 °C) to give 2-128 (38.6 g, 89%) as pale yellow oil. The spectroscopic data of
2-128 matched those reported in the literature.”

'"H NMR (300 MHz, CDCl3) 8 0.88 (3H, d, J = 6.5 Hz), 0.89 (3H, d, J = 6.5 Hz,), 1.02-1.32
(2H, m), 1.45 (1H, m), 1.62 (3H, s), 1.66-2.07 (SH, m), 5.34-5.41 (1H, m).

W 1) 77%MCPBA
\ CHZCIZ
[
2) Na|O4
THF-H,0

2-128 2-130

(S)-3-isopropyl-6-oxoheptanal (2-130): To a solution of
(S)-4-isopropyl-1-methylcyclohex-1-ene (2-128) (25.1 g, 0.181 mol) in CH,ClI; (240 mL) was
added 77% MCPBA (42.9 g, 0.191 mol) at 0 °C.  After stirring for 2.5 h at 0 °C, the reaction
was quenched with sat. Na,SO; ag. (200 mL) at the same temperature. The mixture was
allowed to warm to room temperature, the stirring continued at the same temperature for
additional 30 min. The resulting suspension was filtered and eluted with CH,Cl,. The
organic layer was separated, and the aqueous layer was extracted with CH,Cl, (50 mL x3).

The combined organic layer was washed with sat. NaHCOs aq. (150 mL), dried over Na;SOs,
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and evaporated to dryness in vacuo. The residue was used for the next reaction without
further purification.

To a vigorously stirred solution of NalO4 (81.0 g, 0.379 mol) in 1:1 ratio of THF/H,O (520
mL) was added the above crude mixture in THF (10 mL) at the room temperature. The
suspension was stirred vigorously at the same temperature for 2.5 h.  Additional NalO4 (12.1
g, 56.3 mmol) was added to the mixture, and the stirring continued at the same temperature
for 1 h. Upon reaction completion, the resultant white precipitate was filtered and eluted
with EtOAc. The organic layer was separated, and the aqueous layer was extracted with
EtOAc (80 mL x3). The combined organic layer was washed with H,O (200 mL) and brine,
dried over Na,SOy4, and evaporated to dryness in vacuo. The residue was purified by flash
column chromatography (silica gel 125 g, Et,O/hexane 1/2 to 1/1) to give
(8)-3-1sopropyl-6-oxoheptanal (2-130) (18.9 g, 68% in 2 steps) as a pale yellow oil. The

spectroscopic data of 2-130 matched those reported in the literature."

piperidine [o)
AcOH
—— > H

reflux Me

2-130 2-109

Kawai-[1007] cf. [6115]

(R)-5-Isopropyl-2-methylcyclopent-1-ene-1-carbaldehyde (2-109). A  solution of
(8)-3-isopropyl-6-oxoheptanal (2-130) (18.9 g, 111 mmol) and piperidine (4.4 mL, 45 mmol)
in dry Et;O (112 mL) was stirred at room temperature for 15 min. To the mixture was added
AcOH (3.8 mL, 67 mmol) at the same temperature, and the reaction was refluxed for 23.5 h.
After cooling to room temperature, the reaction mixture was diluted with H;O (80 mL). The
organic layer was separated, and the aqueous layer was extracted with Et;O (20 mL x3).
The combined organic layer was washed with sat. NaHCO; aq. (100 mL) and brine, dried
over Na,SOy, and evaporated to dryness in vacuo. The residue was distilled (0.68 mmHg,
39-46 °C) to give 2-109 (12.6 g, 74%) as a pale yellow oil. The spectroscopic data of 2-109

matched those reported in the literature.”

'"H NMR (300 MHz, CDCls) § 0.65 (3H, d, J = 7 Hz), 0.90 (3H, d, J = 7 Hz), 1.63-1.88 (2H,
m), 2.13 (3H, s), 2.21 (1H, m), 2.32-2.60 (2H, m), 3.00-3.09 (1H, brm), 10.00 (1H, s).
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o BnO.__PPh;Cl

e

Me ;-SHFC

2-109 (E)-2-131 (2)-2-131
[6116]
Benzyloxydiene (E)-2-131 and (£)-2-131. To a solution of
(benzyloxymethyl)triphenylphosphonium chloride (5.50 g, 13.2 mmol) in THF (11 mL) was
added -BuOK (1.49 g, 13.3 mmol) at -78 °C, and stirring continued at the same temperature
for 60 min. To the resultant mixture was added a solution of 2-109 (1.00 g, 6.58 mmol) in
THF (2.5 mL) at -78 °C over 5 min through a cannula. After being stirred for 60 min at the
same temperature, the reaction was quenched with H,O (10 mL) and the solution was allowed
to warm to room temperature. After separation of the organic layer, the aqueous layer was
extracted with EtOAc (5 mL x3). The combined organic layer was washed with H,O (x1)
and brine (x1), dried over Na,SO4, and evaporated to dryness in vacuo. The residue was
purified by column chromatography (neutral silica gel 90 g, CH,Cl,/hexane 1/8 to 1/4) to give
(E)-2-131 (747 mg, 44.3%) as an oil and a mixture of (£) and (Z)-2-131 (443 mg). Further
purification of the latter mixture by column chromatography (neutral silica gel 20 g,
CH,Cly/hexane 1/8 to CH)Cly) gave (E)-2-131 (107 mg, 6.3%) and (£)-2-131 (316 mg,
18.7%). The total yield of (£)-2-131 was 51% (854 mg).

(E)-2-131. '"H NMR (300 MHz, CDCL3) 6 0.66 (3H, d, J = 7 Hz, CH; of 'Pr), 0.92 (3H, d, J =
7 Hz, CH; of 'Pr), 1.64-1.85 (2H, m, -CH,HsCH ‘Pr-, -CHMe,), 1.72 (3H, s, CH3-), 2.04 (1H,
dtd, J = 14, 7, 3 Hz, -CHAHCH 'Pr-), 2.08-2.40 (2H, m, -CH,CH,CH 'Pr-), 2.70-2.84 (1H,
brm, -CH'Pr-), 4.82 (2H, s, PhCH,0-), 5.77 (1H, d, J = 13 Hz, BnOCH=CH-), 6.55 (1H, d, J
= 13 Hz, BhOCH=CH-), 7.28-7.42 (5H, m, C¢HsCH>-).

(Z)-2-131. 'H NMR (400 MHz, CDCly) §0.62 (3H, d, J =7 Hz, CH; of 'Pr), 0.85 (3H, d, J =
7 Hz, CH; of 'Pr), 1.57-1.66 (1H, m, -CHMe»), 1.69-1.79 (1H, m, -CH,HCH 'Pr-), 1.69 (3H,
s, CH;-), 1.98 (1H, dtd, J = 14, 7, 3 Hz, -CHAHCH 'Pr-), 2.12-2.26 (2H, m, -CH,CH,CH 'Pr-),
3.13 (1H, brd, J = 9 Hz, -CH'Pr-), 4.79 (1H, d, J = 12 Hz, PhCH,HgO-), 4.83 (1H, d, J = 12
Hz, PhCHAH;O-), 5.00 (1H, d, J = 7 Hz, BnOCH=CH-), 5.98 (1H, d, J = 7 Hz
BnOCH=CH-), 7.27-7.39 (5H, m, C¢Hs;CH,-).
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Meozc
hydroqumone BnO,, BnO
! +
toluene -
130 °C MeO,C"* Me MeO,C

(E)-2-131 endo-2-132 3 isomers

RR-2017.01, RR-2018.01 [6158], [6137]

endo-2-132. A solution of trans-2-131 (42.1 mg, 0.164 mmol), hydroquinone (3.3 mg, 0.030
mmol) and methyl acrylate (0.15 mL, 1.7 mmol) in toluene (0.16 mL) was heated at 130 °C
for 34 h under argon atmosphere in a glass tube. After being cooled to room temperature,
the reaction mixture was concentrated to dryness in vacuo. The residue was purified by
column chromatography (silica gel 3 g, CH,Cly/hexane 5/1) to give a 4:1:1:1 mixture of
endo-2-132 including its isomers (29.4 mg, 52%) as a pale yellow oil. The starting material

was recovered in 12% calculated yield based on 'H NMR analysis of crude mixture.

endo-2-132. "H NMR (400 MHz, CDCls) §0.88 (3H, d, J = 7 Hz, CH; of 'Pr), 0.94 (3H, d, J
= 7 Hz, CH; of 'Pr), 0.94 (3H, s, CHs-), 1.35 (1H, td, J = 12, 8 Hz, -CHHzCH,CHPr-),
1.45-1.90 (6H, m, -CHMe,, -CHpHCH,CH'Pr-, -CH>CH'Pt-, -CH,CH(CO,Me)-), 1.65-1.90
(2H, m,), 2.25 (1H, m, -CH'Pr-), 2.92 (1H, ddd, J = 13, 5, 3 Hz, -CH(CO:Me)-), 3.67 (3H, s,
-COOCH]3), 4.26 (1H, ddd, J = 5, 4, 1.5 Hz, BhOCH-), 4.51 (1H, d, J = 12 Hz, PhCH,HzO-),
4.62 (1H, d, J = 12 Hz, PhACHAH;0-), 5.54 (1H, dd, J =4, 1.5 Hz, -CH=C-), 7.21-7.36 (5H, m,
CeH3CH,-).

H2(1 atm)
BnO,, _ 10%PdC Pd/C
Me0,c™ T MeOH "t MeO,C™ MeO,C™
endo-2-132 (4:1:1:1 mixture) 2-133 2-134

[6146], [6147]

Allylic alcohol 2-133 and cis-2-134. To a solution of a 4:1:1:1 mixture of endo-2-132
including its isomers (13.6 mg, 0.0397 mmol) in MeOH (1.0 mL) was added 10% Pd/C (6.2
mg, 0.46 wt/wt), and the reaction vessel was charged with H, gas. The solution was stirred
vigorously at room temperature under 1 atm of H, gas. After 4 h, the suspension was
filtered through a pad of Super-Cel by washing with Et;0O. The combined organic layer was
evaporated to dryness in vacuo. The residue was hydrogenated again in following manner.
To a solution of the crude mixture (9.9 mg) in MeOH (1.0 mL) was added 10% Pd/C (3.5 mg,
0.35 wt/wt), and the reaction vessel was charged with H, gas. The solution was stirred

vigorously at room temperature under 1 atm of H, gas. After 2 h, the suspension was
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filtered through a pad of Super-Cel by washing with Et,O. The filtrate was evaporated to
dryness in vacuo. The residue was purified by preparative TLC (Et,O/hexane 1/1) to give
2-133 (2.6 mg, 26%) and 2-134 (4.2 mg, 42%) as a colorless oil.

cis-2-134. "H NMR (400 MHz, CDCl;) 6 0.80 (3H, d, J = 7 Hz, CH; of 'Pr), 0.90 (3H, d, /=7
Hz, CH; of Pr), 1.03 (3H, s, -CH3), 1.20-1.51 (4H, m, -CH'PrCH,Hg-, -CH'PrCH,CH-,
-CHCH'PrCH,-), 1.53-1.77 (3H, m, -CH'PrCHAH3-, -CHMe,, -CH(CO,Me)CH Hg-), 1.90
(1H, dd, J = 15, 3 Hz, -CH(OH)CHxH3-), 1.98 (1H, t, J = 13 Hz, -CH(CO,Me)CHH3-), 2.29
(1H, tt, J = 10, 6 Hz, -CH'Pr-), 2.57 (1H, dt, J = 13, 3 Hz, -CH(CO:Me)-), 2.96 (1H, brs,
-CH(OH)-), 3.71 (3H, s, -COOCH;), 4.21 (1H, m, -CH(OH)-). °C NMR (100 MHz, CDCl;)
d18.0,22.1,23.9,25.6,29.8,30.6,31.0, 40.7, 41.3, 43.3, 45.9, 48.7, 51.9, 66.7, 177.0.

Hs (1 atm)
5% Ru/
BnO,, X / u/C
MeOH rt
MeOZC Me MeOZC MeOZC

endo-2-132 (4:1:1:1 mixture) 2-133 2-135

[6163]

2-133 and 2-135. To a solution of a 4:1:1:1 mixture of endo-2-132 including its isomers (10.5
mg, 0.0307 mol) in MeOH (1.5 mL) was added 5% Ru/C (12.3 mg, 1.17 wt/wt), and the
reaction vessel was charged with H, gas. The solution was stirred vigorously at room
temperature under 1 atm of H, gas.  After 13 h, the suspension was filtered through a pad of
Super-Cel by washing with Et,0. The filtrate was evaporated to dryness in vacuo. The
residue was purified by column chromatography (silica gel 3 g, Et,O/hexane 1/4 to 1/1 to 2/1)
to give a 10:2:2:1 mixture of 2-135 including its isomers (6.8 mg, 65%) as a colorless oil and

2-133 (2.8 mg, 36%) including its isomers as a colorless oil.

Allylic alcohol 2-133. "H NMR (400 MHz, CDCls) 6 0.88 (3H, d, J = 7 Hz, CH; of 'Pr), 0.95
(3H, d, J = 7 Hz, CH; of 'Pr), 0.97 3H, s, -CH3), 1.31 (1H, td, J = 12, 8 Hz
-CH,H;CH,CHPr-), 1.47-1.64 (3H, m, -CHMe,, -CHHpCHPr-, -CH,HzCH(CO,;Me)-),
1.70 (1H, dd, J = 12, 7 Hz, -CHAH3CH,CH ‘Pr-), 1.80-1.89 (1H, m, -CHAH;CH'Pr-), 1.90 (1H,
dd, J = 13, 3 Hz, -CHAHzCH(CO:Me)-), 2.25 (1H, m, -CH'Pr-), 2.31 (1H, d, J = 6 Hz,
-CH(OH)-), 2.85 (1H, ddd, J = 14, 4, 3 Hz, -CH(CO:Me)-), 3.75 (3H, s, -COOCH;), 4.28 (1H,
m, -CH(OH)-), 5.48 (1H, dd, J =4, 1.5 Hz, -CH=C-).

Cyclohexane 2-135. 'H NMR (400 MHz, CDCls) 8 0.87 (3H, d, J = 7 Hz, CH; of ‘Pr), 0.92
(3H, s, -CH3), 0.94 (3H, d, J = 7 Hz, CH; of 'Pr), 1.06-1.91 (18H, m, -CHMe,, -CH,CH'Pr-,
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-CH,CH,CH'Pr-, -CH,CH(CO,Me)-, -OCH,CsH,;), 2.25 (1H, m, -CH'Pr-), 2.87 (1H, ddd, J =
14, 5, 3 Hz, -CH(CO,Me)-), 3.09 (1H, dd, J =9, 8 Hz, -OCH,HzCy), 3.40 (1H, dd, /=9, 6
Hz, -OCHAH5Cy), 3.70 (3H, s, -COOCHj), 4.03 (1H, m, -CH(OCH,Cy)-), 5.53 (1H, dd, J = 4,
1.5 Hz, -CH=C-).

H, (1 atm)
Crabtree cat BnO,, BnO,,
: . .
CH20|2 rt o
M M M
e02C e0,C Me e0,C Me

endo-2-132 (4:1:1:1 mixture) 2-136 2-137

[6153]

2-136 and 2-137. To a solution of a 4:1:1:1 mixture of endo-2-132 including its isomers (14.9
mg, 0.0435 mol) in CH,Cl, (1.0 mL) was added Crabtree’s catalyst (3.7 mg, 4.6 umol), and
the reaction vessel was charged with H, gas. The solution was stirred vigorously at room
temperature under 1 atm of H, gas. After 5 h, CH,Cl, (2.0 mL) was added and the solution
was stirred at the same temperature for additional 24 h. The reaction mixture was filtered
through a pad of Florisil by washing with Et,O, and the filtrate was evaporated to dryness in
vacuo. The residue was purified by column chromatography (silica gel 2 g, CH,Cl,/hexane
1/2 to 1/1 to 2/1 to CH,Cl) to give 2-136 (7.2 mg, 48%) and 2-137 (2.2 mg, 15%) as a

colorless oil.

2-136. 'H NMR (400 MHz, CDCl3) 5 0.93 (3H, d, J =7 Hz, CH; of 'Pr), 0.98 (3H, d, J= 7 Hz,
CH; of 'Pr), 0.98 (3H, s, -CHj), 1.63 (1H, dt, J = 12.5, 9.5 Hz, -C=C(‘Pr)CH,CH,Hj-), 1.78
(1H, ddd, J = 12.5, 8, 3 Hz, -C=C(Pr)CH,CHaHj-), 1.78 (1H, dd, J = 13, 4 Hz,
-CH(CO,Me)CH,Hg-), 1.88-2.01 (1H, m, -CH(OBn)CH,Hg-), 1.94 (1H, t, J = 13 Hz,
-CH(CO,Me)CHHj-), 2.17-2.34 (2H, m, -C=C(Pr)CH,-), 2.62 (1H, septet, J = 7 Hz,
-CHMe,), 2.73 (1H, ddd, J = 13, 4, 3 Hz, -CH(CO:Me)-), 2.80 (1H, dd, J = 15, 3 Hz,
-CH(OBn)CHaHj-), 3.61 (3H, s, -COOCH;), 4.12 (1H, m, -CH(OBn)-), 4.34 (1H, d, J = 12
Hz, -OCH,HgPh), 4.56 (1H, d, J = 12 Hz, -OCHAH3Ph), 7.20-7.35 (5H, m, -OCH,C4Hs). *C
NMR (100 MHz, CDCl3) §21.3, 21.6, 22.6, 25.7, 26.6, 28.0, 36.7, 39.1, 44.4, 46.2, 51.5, 70.3,
74.8,127.3, 127.6, 128.1, 1232.7, 138.8, 140.7, 174.2.

2-137. 'H NMR (400 MHz, CDCl3) §0.86 (3H, s, -CHj), 0.93 (3H, d, J = 7 Hz, CH; of 'Pr),
1.00 (3H, d, J = 7 Hz, CH; of 'Pr), 1.47-1.60 (1H, m, -C=C('Pr)CH,CH,Hg-), 1.69 (1H, ddd, J
=12, 7,2 Hz, -C=C(Pr)CH,CHAHj-), 1.88 (1H, dd, J = 13, 6 Hz, -CH(CO,Me)CH,Hp),
2.01 (1H, dd, J = 13, 4.5 Hz, -CH(CO;Me)CHHj), 2.14-2.33 (3H, m, -C=C('Pr)CH--,
-CH(OBn)CH,Hg-), 2.59-2.71 (2H, m, -CHMe,, -CH(OBn)CHAHj-), 2.74 (1H, m,
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-CH(CO,Me)-), 3.67 (3H, s, -COOCHj), 4.10 (1H, m, -CH(OBn)-), 4.41 (1H, d, J = 12 Hz,
-OCH,HgPh), 4.57 (1H, d, J = 12 Hz, -OCHAH3Ph), 7.20-7.35 (5H, m, -OCH,CeH5).

H, (1 atm) H, (1 atm)

BnO,, 10% Pd/C Crabtree cat HO .,
MeOH CHZCIZ
MeO,C Me rt, 90 min M902c MeO,C
endo-2-132 (4:1:1:1 mixture) 2-133 2-138

[6154][6155]

Alcohol 2-138. To a solution of a 4:1:1:1 mixture of endo-2-132 including its isomers (8.1 mg,
0.024 mol) in MeOH (1.0 mL) was added 10% Pd/C (3.2 mg, 0.40 wt/wt), and the reaction
vessel was charged with H, gas. The solution was stirred vigorously at room temperature
under 1 atm of H, gas. After 1.5 h, the suspension was filtered through a pad of Super-Cel
by washing with Et,0. The combined organic layer was evaporated to dryness in vacuo.
The residue was used for the next step without further purification.

To a solution of the crude mixture in CH,Cl, (2.0 mL) was added Crabtree’s catalyst (1.9 mg,
2.4 umol), and the reaction vessel was charged with H, gas. The solution was stirred
vigorously at room temperature under 1 atm of H, gas. After 3.5 h, the solution was filtered
through a pad of Florisil by washing with Et;O. The filtrate was evaporated to dryness in
vacuo. The residue was purified by preparataive TLC (Et,O/hexane 1/1) to give 2-138 (2.1

mg, 37% in 2 steps) as a colorless oil.

'"H NMR (400 MHz, CDCl5) §0.93 (3H, d, J= 7 Hz, CH; of 'Pr), 1.01 (3H, d, J= 7 Hz, CH;
of 'Pr), 1.01 (3H, s, -CH3), 1.60 (1H, dt, J= 12,9 Hz, -C=C(Pr)CH,CH,H;-), 1.70-1.85 (2H,
m, -CH(CO,Me)CH>-), 1.76 (1H, ddd, J= 12, 7, 3 Hz, -C=C(‘Pr)CH,CHAHp-), 2.10 (1H, m,
-CH(OH)CH,Hg-), 2.21-2.38 (2H, m, -C=C("Pr)CH.-), 2.43 (1H, m, -CH(OH)-), 2.61 (1H, dd,
J =15, 3 Hz, -CH(OH)CHAH3-), 2.60-2.70 (1H, m, -CHMe), 2.73 (1H, ddd, J = 11, 6, 2 Hz,
-CH(CO,Me)-), 3.71 (3H, s, -COOCH;), 4.31 (1H, brs, -CH(OH)-). >*C NMR (100 MHz,
CDCls) 6 21.4, 22.0, 22.6, 26.6, 28.4, 30.0, 37.3, 39.2, 44.3, 46.6, 52.0, 67.4, 132.1, 143.0,

176.0.
Ho
(24 atm) H
BnoO., : } 25% Pd/C HO:,,<:I§
—
MeO,C™" T "é'g?g MeO,C ™" 1

2-136 2-134

[6187]

cis-2-134. To a solution of 2-136 (4.5 mg, 0.013 mol) in MeOH (2.0 mL) was added 25%
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Pd/C (4.5 mg, 1.0 wt/wt), and the reaction vessel was charged with H, gas. The solution
was stirred vigorously at 60 °C under 24 atm of H, gas. After 19 h, the suspension was
filtered through a pad of Super-Cel by washing with Et,O. The filtrate was evaporated to
dryness in vacuo. Without further purification, the reaction was evaluated by 'H NMR

spectral analysis of the crude mixture to give a 5:3 mixture of 2-136 and 2-134.

g/ CHyl, §/
BnO,, Et,Zn Bno, %
Me0,C™ "X~ oCJEI:Zan Me0,C™" 1
endo-2-132 (10:2:1:1 mixture) 2-139
[6176]
Cyclopropane 2-139. To a solution of CH,I, (25 uL, 0.31 mmol) in CH,Cl, (1.0 mL) was
added Et,Zn (1.0 M hexane solution, 0.26 mL, 0.26 mmol) at 0 °C. After being stirred at
0 °C for 15 min, a solution of a 10:2:1:1 mixture of endo-2-132 including its isomers (9.0 mg,
0.026 mmol) in CH,Cl, (1.5 mL) was added to the mixture at the same temperature. After 2
h, additional CH,I, (25 uL, 0.31 mmol) and Et;Zn (1.0 M hexane solution, 0.26 mL, 0.26
mmol) were added at 0 °C. The solution was allowed to warm to room temperature, and the
stirring was continued at the same temperature for 3.5 h. After being cooled to 0 °C, the
reaction was quenched with sat. NH4Cl aq. After separation of the organic layer, the
aqueous layer was extracted with Et,O (x3). The combined organic layer was washed with
H,O (x1) and brine (x1), dried over Na,SO4, and evaporated to dryness in vacuo. The
residue was purified by column chromatography (silica gel 3 g, Et,O/hexane 1/4 to 1/2) to
2-139 (5.2 mg, 56%) as a colorless oil.

'"H NMR (400 MHz, CDCls) §0.04 (1H, dd, J= 9, 4 Hz, -CH(OBn)CH(CH,Hg)C-), 0.81 (3H,
d,J=7 Hz, CH; of 'Pr), 0.91 (3H, d, J= 7 Hz, CH; of 'Pr), 1.00 3H, s, -CHj;), 1.15 (1H, t, J =
4 Hz, -CH(OBn)CH(CHAH5)C-), 1.30 (1H, td, J = 10, 5 Hz, -CH'Pr-), 1.37-1.75 (6H, m,
-CHMe,, -CH'PrCH Hg-, -CHPrCH,CH>-, -CH(CO,Me)CH>-), 2.05 (1H, ddd, J=9, 5, 4 Hz,
-CH(OBn)CH(CH,)C-), 2.11 (1H, m, -CHPrCHAHp-), 3.01 (1H, ddd, J = 13, 8, 6 Hz,
-CH(CO,Me)-), 3.63 (3H, s, -COOCHj), 4.32 (1H, dd, J= 8, 5 Hz, BhOCH-), 4.47 (1H, d, J
= 12 Hz, PhCH,HpO-), 4.69 (1H, d, J = 12 Hz, PhACHAH;0-), 7.22-7.37 (5H, -OCH,C4H5).
3C NMR (100 MHz, CDCls) & 16.4, 20.9, 22.68, 22.72, 25.0, 28.6, 34.3, 35.5, 37.6, 38.1,
39.0,42.4, 51.5,54.5,70.1, 71.8, 127.3, 127.4, 128.2, 138.8, 173.7.
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BnO,, : g MCPBA BnO,, jo[ ?
—_—
MeO,C™ | CHftC'2 MeO,C ™ e
endo-2-132 (10:2:1:1 mixture) 2-140

[6184]

Epoxide 2-140. To a solution of a 10:2:1:1 mixture of endo-2-132 including its isomers (12.6
mg, 0.0365 mmol) in CH,Cl, (1.5 mL) was added MCPBA (18.9 mg, 0.109 mmol) at room
temperature.  After stirring was continued at the same temperature for 16 h, the reaction was
quenched with sat. Na;SO; aq..  After separation of the organic layer, the aqueous layer was
extracted with CH,Cl, (x3). The combined organic layer was washed with sat. NaHCO; aq.
(x1), dried over Na,;SOs, and evaporated to dryness in vacuo. The residue was purified by

column chromatography (neutral silica gel 3 g, benzene/hexane 3/1 to benzene to

CH:Cly/hexane 2/1) to 2-140 (8.7 mg, 66%) as a colorless oil.

'H NMR (400 MHz, CDCls) 8 0.87 (3H, d, J = 7 Hz, CH; of 'Pr), 0.87 (3H, s, -CHj3), 0.92
(3H, d, J= 7 Hz, CH; of 'Pr), 1.20-1.48 (3H, m, -CH'PrCH,-, -CH'PrCH,CH,Hzg-), 1.52 (1H,
dd, J= 11, 6 Hz, -CH'PrCH,CHH3-), 1.58 (1H, m, -CHMe,), 1.77 (1H, ddd, J= 11, 7, 5 Hz,
-CH'Pr-), 1.80 (1H, dd, J = 13, 3 Hz, -CH(CO,Me)CH,Hg-), 1.96 (1H, t, J = 13 Hz,
-CH(CO,Me)CHAH3-), 2.70 (1H, dt, J = 13, 3 Hz, -CH(CO;Me)-), 2.94 (1H, d, J = 2 Hz,
-CH(OBn)CH(0)C-), 3.34 (3H, s, -COOCH}3), 4.36 (1H, dd, J = 3, 2 Hz, BnOCH-), 4.40 (1H,
d, J = 12 Hz, PhCHHgO-), 4.46 (1H, d, J = 12 Hz, PhACHAH30-), 7.05 (1H, m, p-CH of
-CH,Ph), 7.13 (2H, brt, J = 7 Hz, m-CH of -CH,Ph), 7.24 (2H, brd, J = 7 Hz, 0-CH of

-CH,Ph).
AL
MeOH
Me
2-109 2-141
[7078]

(R)-(5-Isopropyl-2-methylcyclopent-1-en-1-yl)methanol (2-141). To a solution of
(R)-5-1sopropyl-2-methylcyclopent-1-ene-1-carbaldehyde (2-109) (4.02 g, 26.4 mmol) in
MeOH (17.5 mL) was added NaBH,4 (400 mg, 10.6 mmol) at 0 °C.  After stirring for 90 min
at the same temperature, the solution was evaporated, and the residue was diluted with H,O
(10 mL) at 0 °C. The organic layer was separated, and the aqueous layer was extracted with

Et,0O (10 mL x3). The combined organic layer was washed with H,O (x1) and brine (x1),
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dried over Na,SQ,, and evaporated to dryness in vacuo. The residue was purified by column
chromatography (silica gel 50 g, Et;O/hexane 1/1) to give 2-141 (4.10 g, 100%) as a pale
yellow oil. The spectroscopic data of 2-141 matched those reported in the literature.”

'"H NMR (300 MHz, CDCl3) 6 0.68 (3H, d, J= 7 Hz), 0.92 (3H, d, J= 7 Hz), 1.04 (1H, dd, J
=6.5, 4.5 Hz), 1.52-1.65 (1H, m), 1.68-1.81 (1H, m), 1.71 3H, s), 2.00 (1H, m), 2.24 (1H, m),
2.84 (1H, brm), 4.04 (1H, dd, J= 12, 6.5 Hz), 4.27 (1H, dd, J = 12, 6.5 Hz).

1) MeC(OEt)5
[ H EtCOOH 3) LAH
HO - ——
2) K,COg, EtOH Et,0
Me EtOOC
2-141 2-142 2-143

(1R,3R)-2-(3-isopropyl-1-methyl-2-methylene-cyclopentyl)ethanol (2-143): A mixture of
2-141 (5.41 g, 35.1 mmol), MeC(OEt); (13.0 mL, 71.2 mmol) and EtCOOH (50 mL, 0.67
mmol) was sealed under Ar atmosphere in a glass tube and heated at 200 °C for 14 h. After
reaction was cooled to room temperature, the residue was purified by column chromatography
(silica gel 60 50 g, EtOAc/hexane 1/60) to give ethyl
2-((1R,3R)-3-isopropyl-1-methyl-2-methylenecyclopentyl)acetate (2-142) (6.83 g) along with
inseparable impurity. Another batch of reaction of 2-141 (6.27 g, 34.2 mmol) gave 2-142
(6.79 g) in the same manner.

To a solution of the combined mixture of 2-142 in EtOH (50 mL) was added K,CO; (4.05 g,
29.3 mmol) at room temperature. The reaction mixture was stirred at the same temperature
for 3.5 h. After being cooled to 0 °C, the reaction was quenched with sat. NH4Cl aq. (50
mL). The organic layer was separated, and the aqueous layer was extracted with EtOAc (40
mL x3). The combined organic layer was washed with HO and brine, dried over Na,SO,,
and evaporated to dryness in vacuo. The residue was purified by column chromatography
(silica gel 60 150 g, Et,O/hexane 1/4) to give 2-142 (12.0 g) along with inseparable impurity.
To a solution of 2-142 in Et,0O (44 mL) was added LAH (1.0 M in THF, 30.0 mL, 30.0 mmol)
at 0 °C. After the mixture was stirred at the same temperature for 1 h, the reaction was
quenched with 30% Roschell salt aq. (40 mL). The mixture was allowed to warm to room
temperature and stirred for additional 1 h.  After separation of the organic layer, the aqueous
layer was extracted with EtOAc (50 mL x3). The combined organic layer was washed with
H,O (100 mL) and brine, dried over Na,SO4, and evaporated to dryness in vacuo. The
residue was purified by flash column chromatography (silica gel 150 g, CH,Cl,/hexane 3/1 to
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Et,O/hexane 1/1) to give (1R,3R)-2-(3-isopropyl-1-methyl-2-methylene-cyclopentyl)ethanol

(2-143) (8.79 g, 70% in 3 steps) as a pale yellow oil. The spectroscopic data of 2-143

matched those reported in the literature.”

TBSCI
imidazole
DMF
Me 0°Ctort Me
HO TBSO
2-143 2-108

[8032]

exo-olefin 2-108: To a solution of 2-143 (2.46 g, 13.5 mmol) and imidazole (2.22 g, 32.4
mmol) in DMF (13.5 mL) was added TBSCI (2.44 g, 16.2 mmol) at 0 °C. The reaction
mixture was allowed to warm to room temperature and stirred at the same temperature for 40
min. After the solution was cooled at 0 °C, the reaction was quenched with ice and H,O (20
mL). The organic layer was separated, and the aqueous layer was extracted with Et,O (10
mL x3). The combined organic layer was washed with H,O (x1) and brine (x1), passed
through a short column of Na,SO4, and evaporated to dryness in vacuo. The residue was
purified by flash column chromatography (silica gel 40 g, hexane to Et,O/hexane 1/4) to give
2-108 (3.53 g, 88%) as a pale yellow oil. The spectroscopic data of 2-108 matched those
reported in the literature.”

1) 9-BBN
THF, 40 °C
_—
2) Phl
Me Pd(dppf)ClyCH,Cly
TBSO K,COgq TBSO
DMF-H,0

2-108 2-145

[7040]

Benzyl cyclopentane 2-145. A frame-dried two-necked flask (10 mL) connected with a
three-way stopcock was charged with exo-alkene 2-108 (20.9 mg, 0.0705 mmol). 9-BBN
(0.5 M THF solution, 0.40 mL, 0.20 mmol) was added at room temperature. The reaction
mixture was stirred at the same temperature for 2 h. To the reaction mixture was added H,O
(0.3 mL) degassed by freeze-thaw cycles (x4) in a separate flask was added. To the resultant
solution were added K,COs3 (47.1 mg, 0.341 mmol), Pd(dppf)Cl,-CH,Cl; (5.9 mg, 7.2 umol),
DMF (0.7 mL, degassed in a similar manner with the above) and iodobenzene (40 uL, 0.36
mmol) continuously. The reaction mixture was allowed to warm to 50 °C and stirred at the

same temperature for 19 h. The solution was cooled to room temperature and diluted with
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Et,0-H,O (1/1). The organic layer was separated, and the aqueous layer was extracted with
Et,0 (x3). The combined organic layer was washed with HO (x1) and brine (x1), passed
through a short column of Na,SO4, and evaporated to dryness in vacuo. The residue was
purified by column chromatography (silica gel 7 g, Et,O/hexane 1/100 to 1/50 to 1/1 to Et,0O)
to give 2-145 (20.2 mg, 77%) as a pale yellow oil.

'H NMR (400 MHz, CDCl3) 8 0.04 (6H, s, 2CH; of TBS), 0.77 (3H, s, -CH3), 0.86 (3H, d, J
=7 Hz, CH; of 'Pr), 0.89 (9H, s, ‘Bu of TBS), 0.91 (3H, d, J = 7 Hz, CH; of 'Pr), 1.29-1.95
(8H, m, -CH'Pr-, -CHMe,, -CH('Pr)CH>-, -CH(‘Pr)CH,CH,-, TBSOCH,CH.-), 2.26 (1H, ddd,
J=10, 6, 3 Hz, BaCH-), 2.41 (1H, dd, J = 15, 10 Hz, -CH,HgPh), 2.75 (1H, dd, J = 15, 3 Hz,
-CHAH3Ph), 3.51-3.67 (2H, m, -CH,OTBS), 7.14 (1H, m, p-H of Ph), 7.20-7.29 (4H, m, o
and m-H of Ph). >C NMR (100 MHz, CDCls) é -5.2, 18.3, 22.06, 22.10, 24.2, 26.0, 27.3,
29.4,31.1,38.2, 44.6, 45.5, 47.8, 50.6, 60.5, 125.1, 128.1, 128.5, 143.6.

Br2 EtOZC
EtO,C ——H —_— —
CCly Br Br
70°C
2-150 2-146

[7054], [7059]

Ethyl (£)-2,3-dibromoacrylate (2-146). A solution of ethyl propiolate (2-150) (2.00 g, 20.0
mmol) in CCly (17 mL) was heated at 70 °C, and Br; (1.0 mL, 20 mmol) was added through a
dropping funnel. After stirring for 3 h at the same temperature, additional Br, (1.0 mL, 20
mmol) in CCly (3 mL) was added. The stirring was continued at 70 °C for 11 h, the solution
was cooled to room temperature and evaporated to dryness in vacuo. The residue was
purified by flash column chromatography (silica gel 70 g, Et,O/hexane 1/20 to 1/4) to give a
mixture of 2-146 and byproduct, which was distilled (2.0 mmHg, 69-71 °C) to give 2-146 (3.0
g, 57%) as a pale yellow oil. The spectroscopic data of 2-146 matched those reported in the

literature.”

'H NMR (400 MHz, CDCl;) 6 1.34 (3H, t, J = 7 Hz), 4.30 (2H, q, J = 7 Hz), 8.23 (1H, 5). °C
NMR (100 MHz, CDCl3) 6 14.1, 63.1, 122.7, 126.4, 160.8.

EtOZC Nal EtOZC
— —
Br Br acetone Br 1
reflux
2-146 2-151
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[7104]

Ethyl (Z)-2-bromo-3-iodoacrylate (2-151). A solution of ethyl (£)-2,3-dibromoacrylate
(2-146) (1.47 g, 5.82 mmol) and Nal (2.09 g, 13.9 mmol) in acetone (11.6 mL) was refluxed
for 29.5 h. After acetone (10 mL) was added to the mixture, the stirring was continued for
additional 66 h at the same temperature. The solution was cooled to room temperature and
evaporated, and diluted with Et;0 and H,O. The organic layer was separated, and the
aqueous layer was extracted with Et;O (10 mL x3). The combined organic layer was
washed with sat. Na;SO; aq. (x3), H>O (x1) and brine (x1), passed through a short column of
Na,SO4, and evaporated to dryness in vacuo. The residue was purified by column
chromatography (silica gel 10 CH,Cly/hexane 1/10 to 1/1) to give 2-151 (1.59 g, 92%) as a

pale yellow oil. The spectroscopic data of 2-151 matched those reported in the literature.”

MOMCI
EtO,C DIBAL HO NaH MOMO
e O e
Br I Et,0 Br I JHF Br I
-78°Cto 0 °C 0°Ctort
2-151 2-152 2-147

[7111], [7112]

(2)-2-Bromo-1-iodo-3-(methoxymethoxy)prop-1-ene (2-147): To a solution of 2-151 (194
mg, 0.636 mmol) in dry Et,O (1.3 mL) was added DIBAL-H (1.0 M solution in hexane, 1.5
mL, 1.5 mmol) at -78 °C under argon atmosphere. The reaction mixture was allowed
warmed to 0 °C and stirred at the same temperature for 60 min. The reaction was quenched
with 30% Rochelle salt aq. (5 mL). The mixture was allowed to warm to room temperature
and stirred for additional 30 min. After separation of the organic layer, the aqueous layer
was extracted with Et,O (5 mL x3). The combined organic layer was washed with 30%
Rochelle salt aq. (x1), H,O (x1) and brine (x1), passed through a short column of Na;SOy,
and evaporated to dryness in vacuo. The residue was used for the next step without further
purification.

To a solution of the crude mixture in THF (1.3 mL) was added NaH (60% dispersion in
mineral oil, 143 mg, 3.58 mmol) at 0 °C.  After stirring at the same temperature for 10 min,
MOMCI (0.25 mL, 3.3 mmol) was added. The resultant suspension was allowed to warm to
room temperature and stirred for 80 min at the same temperature. The reaction was
quenched with sat. NH4Cl aq. (5 mL). The organic layer was separated, and the aqueous
layer was extracted with Et,0O (5 mL x3). The combined organic layer was washed with

H,0 (x1) and brine (x1), passed through a short column of Na,SO,, and evaporated to dryness
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in vacuo. The residue was purified by column chromatography (silica gel 9 g, Et,O/hexane

1/4 to 1/1) to give 2-147 (61.1 mg, 31% in 2 steps) as a pale yellow oil.

'"H NMR (300 MHz, CDCls) 8 3.39 3H, s, CH;0-), 4.27 (2H, d, J = 1 Hz, MOMCH.-), 4.66
(2H, s, MeOCH>-), 8.23 (1H, t, J = 1 Hz, -CBr=CHI).

Nal cat. HI aq. EtO,C
Et0O,C——H »  EtO;C r 5 —
z AcOH =/ toluene |
70 °C 80 °C
2-150 (2)-2-148 (E)-2-148

RR-43 [7043], [7046]

Ethyl (E)-3-iodoacrylate (2-148). A solution of ethyl propiolate (2-150) (2.02 g, 20.4 mmol)
and Nal (4.61 g, 30.8 mmol) in AcOH (15 mL) was heated at 70 °C for 25 h. Nal (1.52 g,
10.1 mmol) was added and the stirring was continued for additional 90 min at 70 °C. The
solution was cooled to room temperature and diluted with 1:1 ratio of Et,O/H,O (50 mL).
The organic layer was separated, and the aqueous layer was extracted with Et,O (x3). The
combined organic layer was washed with HO (x1) and brine (x1), passed through a short
column of Na,SOy, and evaporated to dryness in vacuo. The residue was used for the next
step without further purification.

To a solution of the crude mixture in benzene (14 mL) was added 57% HI aq. (0.4 mL) at
room temperature. The mixture was stirred at 80 °C for 4.5 days. The reaction mixture
was cooled to room temperature and diluted with Et;O (15 mL). The organic layer was
washed with sat. NaHCO; (30 mL x1) and brine (x1), dried over Na,SOj, and evaporated to
dryness in vacuo. The residue was purified by column chromatography (silica gel 40 g,
hexane to Et,O/hexane 1/30 to 1/10) to give (E£)-2-148 (3.23g, 69% in 2 steps) as a colorless
oil. The spectroscopic data of (E)-2-148 matched those reported in the literature.”

'H NMR (400 MHz, CDCl) 8 1.28 (3H, t, J = 7 Hz, -OCH,CH3), 4.19 (2H, q, J = 7 Hz,
-OCH,CH3), 6.87 (1H, d, J = 15 Hz, -CH=CHI), 7.86 (1H, d, J = 15 Hz, -CH=CHI). *C
NMR (100 MHz, CDCL3) 8 14.1, 60.9, 99.2, 136.5, 164.1.

EtO,C DIBAL HO—\_\
\N— —
| |

Et,0
-78°C't0 0 °C

(E)-2-148 2-153
[7115]
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(E)-3-lodoprop-2-en-1-ol (2-153): To a solution of 2-148 (303 mg, 1.32 mmol) in dry Et,O
(2.7 mL) was added DIBAL-H (1.0 M solution in hexane, 3.0 mL, 3.0 mmol) at -78 °C under
argon atmosphere. The reaction mixture was allowed warmed to 0 °C and stirred at the
same temperature for 100 min. The reaction was quenched with 1IN HCI aq. (3 mL). The
mixture was allowed to warm to room temperature and then H,O was added. After
separation of the organic layer, the aqueous layer was extracted with Et,O (5 mL x3). The
combined organic layer was washed with 1N HCI aq. (x1), HO (x1) and brine (x1), passed
through a short column of Na,SO4, and evaporated to dryness in vacuo. The residue was
purified by column chromatography (silica gel 3 g, hexane to Et,O/hexane 1/1) to give 2-153
(220 mg, 90%) as a colorless oil.

'"H NMR (300 MHz, CDCls) 8 1.45 (H, t, J= 6.5, HOCH,-), 4.11 (2H, ddd, J= 6.5, 5, 1.5 Hz,
HOCH-), 6.40 (1H, dt, J = 14, 1.5 Hz, -CH=CHI), 6.71 (1H, dt, J = 14, 5 Hz, -CH=CHI).

TBSCI

HO imidazole TBSO
D ol
0°Ctort
2-153 2-149

[7116]

(E)-tert-Butyl((3-iodoallyl)oxy)dimethylsilane (2-149): To a solution of 2-153 (220 mg,
1.20 mmol) and imidazole (239 mg, 3.51 mmol) in DMF (1.2 mL) was added TBSCI (274 mg,
1.79 mmol) at 0 °C. The reaction mixture was allowed to warm to room temperature and
stirred at the same temperature for 12 h.  After the solution was cooled at 0 °C, the reaction
was quenched with ice and H,O (5 mL). The organic layer was separated, and the aqueous
layer was extracted with Et,0O (5 mL x3). The combined organic layer was washed with
H,0 (x2) and brine (x1), passed through a short column of Na;SO4, and evaporated to dryness
in vacuo. The residue was purified by flash column chromatography (silica gel 3 g, pentane

to Et;O/hexane 1/10) to give 2-149 (332 mg, 93%) as a pale yellow oil.
'H NMR (300 MHz, CDCl3) 6 0.07 (6H, s, 2CH; of TBS), 0.90 (9H, s, tert-C(CH3); of TBS),

4.11 (2H, dd, J=4.5, 2 Hz, TBSOCH,-), 6.29 (1H, dt, J = 14, 2 Hz, -CH=CHI), 6.60 (1H, dt,
J =14, 4.5 Hz, -CH=CHI). °C NMR (100 MHz, CDCl;) 8 -5.4, 18.3, 25.8, 65.3, 75.8, 144.9.
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i) 9-BBN
THF, 40 °C
—_

X i) EtO,C %\Br

TBSO Br TBSO
Pd(dppf)Cl,-CH,Cl,
CSQCOg

2-108 DMIF, 50 °C 2-154

[7069]

a-Bromo unsaturated ester 2-154. A frame-dried two-necked 10 mL flask connected to a
three-way stopcock was charged with exo-olefin 2-108 (18.8 mg, 0.0634 mmol) and filled
with argon gas, and then THF (60 uL) was added. The solution was cooled at 0 °C, and
9-BBN (0.5 M THF solution, 0.32 mL, 0.16 mmol) was added. The reaction mixture was
stirred at 40 °C for 3 h. The solution was cooled at room temperature, and DMF (0.3 mL)
degassed by freeze-thaw cycles (x4) in a separate flask was added. To the mixture were
successively added Cs,CO; (84.9 mg, 0.261 mmol), Pd(dppf)Cl,-CH,Cl, (4.6 mg, 5.6 umol)
and a solution of ethyl (£)-2,3-dibromoacrylate 2-146 (64.4 mg, 0.250 mmol) in DMF (0.7
mL, degassed in a similar manner with the above). The reaction mixture was stirred at 50 °C
for 15.5 h, then was cooled to room temperature and diluted with Et,O-H,O (1/1) (10 mL).
The organic layer was separated, and the aqueous layer was extracted with Et;O (10 mL x3).
The combined organic layer was washed with H,O (x1) and brine (x1), passed through a short
column of Na,SQO,, and evaporated to dryness in vacuo. The residue was purified by column

chromatography (silica gel 3 g, Et,O/hexane 1/8 to 1/1) to give 2-154 (3.5 mg, 12%) as a pale

yellow oil.
Et0,C Pd(dprl)(f)Z%IésCHzClz EtO,C _ o
>=\ Br —
Br  Br DMF CO,Et
50 °C
2-146 2-156
[7064]

Diester 2-156. A frame-dried two-necked 10 mL flask connected to a three-way stopcock was
charged with ethyl (£)-2,3-dibromoacrylate 2-146 (64.4 mg, 0.250 mmol) and filled with
argon gas. DMF (0.4 mL) degassed by freeze-thaw cycles (x4) in a separate flask was added
to the vessel. To the mixture were successively added K,CO; (8.0 mg, 0.058 mmol) and
Pd(dppf)Cl,-CH,Cl; (1.8 mg, 2.3 umol). The reaction mixture was stirred at 50 °C under for
6.5 h. After being cooled to room temperature, Et;O-H,O (1/1) (5 mL) was added. The
organic layer was separated, and the aqueous layer was extracted with Et,O (5 mL x3). The

combined organic layer was washed with H,O (x1) and brine (x1), passed through a short
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column of Na,;SQOy, and evaporated to dryness in vacuo. The residue was purified by column
chromatography (silica gel 3 g, Et;O/hexane 1/2 to 1/1) to give 2-154 (7.8 mg, 50%) as a
solid.

'H NMR (400 MHz, CDCL3) 61.34 (3H,t, J = 7 Hz, -OCH,CH;), 4.30 (2H, q, J = 7 Hz,
-OCH,CH;), 8.14 (IH, s, -CBr=CH-). *C NMR (100 MHz, CDCl)
514.2, 62.6,99.1, 153.2, 162.1.

1) 9-BBN
THF, 40 °C
%
2) Et
0,C \/\I

TBSO Pd(PPhg), TBSO
DMF-H,0, 50 °C

2-108 2-157

Unsaturated ester 2-157: A frame-dried three-necked 500 mL flask charged with exo-alkene
2-108° (6.02 g, 20.2 mmol) was filled with argon gas with a three-way stopcock and THF (10
mL) was added to the vessel. The solution was cooled at 0 °C, and 9-BBN (0.5 M THF
solution, 82 mL, 41 mmol) was added over 20 min. The reaction mixture was allowed to
warm to 40 °C under argon atmosphere and stirred at the same temperature for 3 h. The
solution was cooled at 0 °C and H,O (16 mL) degassed by freeze-thaw cycles (x4) in a
separate flask, was added over 5 min.  After evolution of H; gas ceased, K,CO; (8.38 g, 60.7
mmol) was added to the solution. The resultant suspension was allowed to warm to room
temperature and stirred for additional 10 min. To the mixture were added Pd(PPhs)s (936
mg, 0.810 mmol), DMF (64 mL, degassed in a similar manner with H,O) and ethyl
(E)-3-iodoacrylate 2-148 (5.6 mL, 36 mmol) continuously. The reaction mixture was
allowed to warm to 50 °C and stirred at the same temperature under for 15 h. Then, the
solution was cooled to room temperature and diluted with Et,O-H,O (1/1) (200 mL). The
organic layer was separated, and the aqueous layer was extracted with Et;0O (150 mL x4).
The combined organic layer was washed with H;O (300 mL x3) and brine, dried over Na;SOy,
and evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 150 g, Et,O/hexane 1/40 to 1/20) to give unsaturated ester 2-157
(6.65 g, 83%) as a pale yellow oil.

[a]p? +17.4 (c 1.00, CHCly). IR (film) vimax 2955, 1721, 1653, 1472, 1257, 1172, 1092, 836

em”. '"HNMR (400 MHz, CDCls) 8 0.05 (6H, s, 2CH; of TBS), 0.86 (3H, d, J =7 Hz, CH;

of 'Pr), 0.88 (3H, d, J = 7 Hz, CH; of 'Pr), 0.89 (9H, s, tert-C(CHs); of TBS), 0.95 (3H, s,
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CH;-), 1.23 (1H, m, -CH('Pr)CH,Hg-), 1.28 (3H, t, J = 7 Hz, CH;CH,0CO-), 1.38-1.56 (4H,
m, -CHMe,, TBSOCH,CH,Hg-, -CH('Pr)CH,CH,-), 1.69 (1H, ddd, J = 13, 8, 7 Hz
TBSOCH,CHaHj-), 1.74-1.88 (3H, m, -CH=CHCH,CH-, -CH('Pr)CH,-, -CH(Pr)CHAH-),
2.06 (1H, dddd, J = 16, 9, 7.5, 1 Hz, -CH=CHCH,Hjg-), 2.22 (1H, m, -CH=CHCHH}-), 3.64
(2H, m, TBSOCH,-), 4.18 (2H, q, J = 7 Hz, CH;CH,0CO-), 5.81 (1H, dt, J = 15.5, 1 Hz,
-OCOCH=CH-), 7.03 (1H, ddd, J = 15.5, 7.5, 7 Hz, -OCOCH=CH-). '*C NMR (100 MHz,
CDCls) §-5.3, 14.3, 18.3,22.0, 22.1, 23.7, 26.0, 27.3, 28.4, 29.6, 37.6, 44.5, 45.0, 47.5, 50.2,
60.1, 60.4, 121.1, 151.5, 166.8. Anal. Caled for Co3HasO5Si: C, 69.64; H, 11.18. Found: C,
69.59; H, 11.11.

Et0,C

TBSO
2-157 2-160

[7146]

Dibromide 2-160: To an ice-cooled solution of ethyl ester 2-157 (21.6 mg, 0.0545 mmol) in
CH,Cl; (1.5 mL) was added Br; (50 uL, 0.97 mmol), and the mixture was stirred at the same
temperature for 1 h. After being allowed to warm to room temperature, the stirring was
continued at the same temperature for additional 1 h. The reaction was quenched with sat.
Na,SO; aq.. After separation of the organic layer, the aqueous layer was extracted with
CH)Cl, (x3). The combined organic layer was dried over Na,SO,, and evaporated to
dryness in vacuo. The residue was purified by column chromatography (silica gel 3 g,
Et,O/hexane 1/1 to 2/1) to give 2-160 (14.3 mg, 59%) as a pale yellow oil.

'H NMR (300 MHz, CDCls) 60.88 (3H, d, J = 6 Hz, CH; of 'Pr), 0.90 (3H, d, J = 6 Hz, CH;
of 'Pr), 0.93 (3H, s, -CH3), 0.94 (3H, d, J = 7 Hz, CH; of 'Pr), 0.97 (3H, d, J = 7 Hz, CH; of
iPr), 1.33 (3H, t, J =7 Hz, -OCH,CH3, major diastereomer), 1.33 (3H, t, /=7 Hz, -OCH,CH;,
minor diastereomer), 1.12-2.10 (10H, m, -CHBrCH H3-, -CH,CHCH'Pr-, -CH'Pr-, -CHMe,
-CH'PrCH,-, -CH'PrCH,CH,-, TBSOCH,CH,-), 2.17 (1H, ddd, J = 15, 10.5, 2 Hz,
-CHBrCHaH3-, major diastereomer), 2.26-2.40 (1H, m, -CHBrCHHp-, mimor diastereomer),
3.66-3.80 (2H, m, -CH>OH), 4.30 (2H, q, J = 7 Hz, -OCH,CHs3), 4.34-4.56 (2H, m,
EtO,CCHBr-, -CHBrCHy-).
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DABCO EtO,C

CH,Cl,
rt

2-160 (2)-2-161

[7154]

Investigation of the condition of elimination of f-bromine. To a solution of 2-160 (1.1 mg,
2.5 umol) in CH,Cl, (1.0 mL) was added DABCO (2.9 mg, 26 umol) at room temperature for
3 h. After being stirred for 90 min at the same temperature, reaction was quenched with sat.
NH4Cl aq.. After separation of the organic layer, the aqueous layer was extracted with
CH)Cl, (x3). The combined organic layer was dried over Na,SO,, and evaporated to
dryness in vacuo. The Z/E ratio of a-bromo unsaturated ester 2-161 was > 5:1, judging by

'H NMR spectral analysis of the crude mixture.

1) Br2
CHJCI,, 0 °C
; 2-methyl-2-butene
DABCO EtO,C _/
B
2) THF-35% HCI aq.
M 0°C
TBSO HO

2-157 (2)-2-161 (E)-2-161

(2)-o.-Bromo unsaturated ester 2-161: To an ice-cooled solution of ethyl ester 2-157 (4.54 g,
11.3 mmol) in dry CH,ClI, (57 mL) was added Br; (1.5 mL, 28 mmol), and the mixture was
stirred at the same temperature for 8 h. The reaction was quenched with 2-methyl-2-butene
(3.0 mL, 28 mmol) at 0 °C and the reddish-brown color of Br, ceased. After being warmed
to room temperature, DABCO (3.19 g, 28.4 mmol) was added and the stirring was continued
at the same temperature for 3 h. The mixture was cooled at 0 °C and quenched with sat.
NH4CI aq. (50 mL). After separation of the organic layer, the aqueous layer was extracted
with CH,Cl, (30 mL x3). The combined organic layer was dried over Na,SO4, and
evaporated to dryness in vacuo. The residue was used for the next reaction without further
purification.

To a solution of the crude mixture in THF (57 mL) was added 35% HCl aq. (19 mL) at 0 °C.
The reaction mixture was stirred at the same temperature for 2 h and diluted with HO (50
mL). After separation of the organic layer, the aqueous layer was extracted with EtOAc (40
mL x3). The combined organic layer was dried over Na,SO,, and evaporated to dryness in

vacuo. The residue was purified by flash column chromatography (silica gel 50 g,
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Et,O/hexane 1/3 to 1/1 to 2/1) to give (£)-a-bromounsaturated ester 2-161 (3.19 g, 77%) as a
pale yellow oil and a 3:2 mixture of (E£) and (£)-2-161 (177 mg, 4%).

(Z)-0-Bromo unsaturated ester 2-161 . [a]p” +23.3 (¢ 1.00, CHCl3). IR (film) viax 3357,
2955, 1715, 1622, 1471, 1366,1257, 1044cm™. '"H NMR (400 MHz, CDCl;) 6 0.87 (3H, d,
J=7Hz, CH; of 'Pr), 0.89 (3H, d, J=7 Hz, CH; of 'Pr), 0.94 (3H, s, CH3-), 1.33 (3H, t,J =7
Hz, CH;CH,0CO-), 1.24-1.34 (1H, m, -CH(Pr)CH Hg-), 1.42-1.57 (3H, m, -CHMe,,
-CH('Pr)CH,CH>-), 1.56 (1H, ddd, J = 15, 8.5, 6.5 Hz, HOCH,CH,Hg-), 1.75 (1H, ddd, J =
15,9, 7 Hz, HOCH,CHAH3-), 1.75-1.89 (2H, m, -CH('Pr)CH,-, -CH('Pr)CHAH3-), 1.92 (1H,
m, -CBrCHCH,CH-), 2.16-2.32 (2H, m, -CBrCHCH,-), 3.69 (2H, m, HOCH-), 4.27 (2H, q,
J =17 Hz, CH;CH,0CO-), 7.33 (1H, dd, J = 7, 6 Hz, -OCOCBr=CH-). "*C NMR (100 MHz,
CDCls) 8 14.2,22.0,22.2,23.5,27.3,29.2,29.5, 37.5, 44.4,45.2, 47.9, 50.3, 60.1, 62.3, 115.2,
148.4,162.5. Anal. Calcd for C;7H,0BrOs: C, 56.51; H, 8.09. Found: C, 56.51; H, 8.12.
(E)-a-Bromo unsaturated ester 2-161. '"H NMR (400 MHz, CDCls) 6 0.86 (3H, d, J = 6.5 Hz,
CH; of 'Pr), 0.88 (3H, d, J = 6.5 Hz, CH; of 'Pr), 0.95 (3H, s, CH;-), 1.34 (3H, t, J = 7 Hz,
CH;CH,0CO-), 1.23-1.33 (1H, m, -CH(Pr)CH,Hg-), 1.28-1.90 (8H, m, -CHMe,,
-CH('Pr)CH,CH>-, HOCH,CH,-, -CH('Pr)CH,-, -CH('Pr)CHHg-, -CBrCHCH,CH-), 2.43
(1H, ddd, J = 18, 6, 3 Hz, -CBrCHCH,Hg-), 2.60 (1H, dt, J = 18, 8 Hz, -CBrCHCHAH3-),
3.66-3.74 (2H, m, HOCH,-), 4.27 (2H, q, J = 7 Hz, CH;CH,0CO-), 6.70 (1H, dd, J = 8, 6 Hz,
-OCOCBr=CH-).

(2)-2-161
[8028]

Aldehyde 2-164. To a solution of (£)-2-161 (597 mg, 1.66 mmol) in dry CH,Cl, (16.5 mL)
was added PCC (717 mg, 3.32 mmol) at room temperature. After stirring for 2 h at the same
temperature, the reaction mixture was cooled to 0 °C and diluted with Et,O (15 mL). The
resultant suspension was filtered through a pad of Super-Cel and linced with Et,0. The
combined filtrate was passed through a short column of Na,SO,, and evaporated to dryness in
vacuo. The residue was purified by column chromatography (silica gel 10 g, Et,O/hexane

1/4 to 1/2) to give 2-164 (508 g, 86%) as a pale yellow oil.

'"H NMR (300 MHz, CDCl5) 6 0.88 (3H, d, J = 7 Hz, CH; of 'Pr), 0.90 (3H, d, J= 7 Hz, CH;
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of 'Pr), 1.13 (3H, s, CH;-), 1.26-1.42 (1H, m, -CH('Pr)CH,Hp-), 1.33 3H, t, J = 7 Hz,
CH;CH,0-), 1.46-1.72 (3H, m, -CHMe,, -CH('Pr)CH,CH>-), 1.74-1.92 (2H, m, -CH("Pr)CH>-,
-CH('Pr)CHH;-), 2.02 (1H, m, -CH,CHCH('Pr)-), 2.24-2.34 (2H, m, -CBrCHCH>-), 2.36
(1H, dd, J = 15, 2 Hz, CHOCH,Hpg-), 2.48 (1H, dd, J = 15, 3 Hz, CHOCHAH}-), 4.28 (2H, q,
J =17 Hz, CH;CH,0CO-), 7.34 (1H, dd, J= 7, 6 Hz, -CBr=CH-), 9.82 (1H, dd, J = 3, 2 Hz,
CHOCH>-).

Tebbe reagent
pyridine EtO,C

toluene-THF
-40°Ctort

2-164 2-165

[8029]

Alkene 2-165. To a solution of 2-164 (453 mg, 1.26 mmol) and pyridine (0.15 mL, 1.9 mmol)
in 3:1 mixture of toluene and THF (12 mL) was added Tebbe reagent (0.5 M in toluene, 3.2
mL, 1.6 mmol) at -40 °C. The reaction mixture was stirred at the same temperature for 20
min, then allowed to warm to room temperature. After being stirred for 1 h at the same
temperature, the reaction was quenched with acetone (1 mL) and sat. NaHCO; aq. (10 mL).
After separation of the organic layer, the aqueous layer was extracted with EtOAc (10 mL x3).
The combined organic layer was washed with 1N NaOH aq. (15 mL x1) and brine, dried over
Na;SO,4, and evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 10 g, EtOAc/hexane 1/40 to 1/20) to 2-165 (303 mg, 67%) as a

colorless oil.

'"H NMR (300 MHz, CDCl3) §0.87 (3H, d, J = 6.5 Hz, CH; of 'Pr), 0.90 3H, d, J = 6.5 Hz,
CH; of 'Pr), 0.92 3H, s, CH;-), 1.24-1.37 (1H, m, -CH(Pr)CH,Hg-), 1.33 (3H, t, J = 7 Hz,
CH;CH,0-), 1.38-1.57 (3H, m, -CHMe,, -CH('Pr)CH,CH>-), 1.70-1.87 (2H, m, -CH("Pr)CH>-,
-CH(Pr)CHaH;-), 1.93 (1H, m, -CH,CHCH(Pr)-), 2.00 (1H, dd, J = 14, 7 Hz
CH,=CHCH,Hp-), 2.16 (1H, dd, J = 14, 8 Hz, CH,=CHCHAH3-), 2.20-2.29 (2H, m,
-CBrCHCH.-), 427 (2H, q, J = 7 Hz, CH;CH,0OCO-), 4.95-5.08 (2H, m, CH~CH-), 5.79
(1H, dddd, J = 17, 10, 8, 7 Hz, CH,=CH-), 7.34 (1H, dd, J = 7, 6 Hz, -CBr=CH-).
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TMS—

Pd(PPh3),Cl,
Cul, n-PrNH, EtO,C
R
THF
t T™MS
“ /
2-165 2-162a

[8033]

TMS enyne 2-162a. A solution of 2-165 (303 mg, 0.840 mmol), Pd(PPh3)Cl, (59.1 mg,
0.0842 mmol) and Cul (34.0 mg, 0.179 mmol) in THF (8.4 mL) was degassed by freeze-thaw
cycles (x4) and then the vessel was filled with argon. To the solution were added TMS
acetylene (1.8 mL, 13 mmol) and then #-PrNH; (0.35 mL, 4.2 mmol) at room temperature.
After the reaction mixture was stirred at the same temperature for 1 h, the reaction was
quenched with sat. NH4Cl aq. (10 mL). After separation of the organic layer, the aqueous
layer was extracted with Et;O (5 mL x3). The combined organic layer was washed with H,O
(x1) and brine (x1), passed through a short column of Na,SO,, and evaporated to dryness in
vacuo. The residue was purified by flash column chromatography (silica gel 10 g,

EtOAc/hexane 1/40 to 1/20) to give 2-162a (304 mg, 96%) as a colorless oil.

'H NMR (400 MHz, CDCl3) 6 0.23 (9H, s, 3CH; of TMS), 0.87 (3H, d, J =7 Hz, CH; of 'Pr),
0.89 (3H, d, J = 7 Hz, CH; of 'Pr), 0.95 (3H, s, CH3-), 1.25-1.37 (1H, m, -CH('Pr)CH,Hg-),
1.32 (3H, t, J = 7 Hz, CH;CH,0-), 1.39-1.59 (3H, m, -CHMe,, -CH('Pr)CH,CH,-), 1.73-1.84
(2H, m, -CH('Pr)CH,-, -CH('Pr)CHH3-), 1.88 (1H, m, -CH,CHCH('Pr)-), 1.98 (1H, dd, J =
14, 7 Hz, CH;=CHCH Hg-), 2.15 (1H, dd, J = 14, 8 Hz, CH,=CHCHAHj-), 2.37-2.44 (2H, m,
-CBrCHCH,-), 4.23 (2H, q, J = 7 Hz, CH;CH,0-), 4.96-5.06 (2H, m, CH,=CH-), 5.78 (1H,
dddd, J = 17, 10, 8, 7 Hz, CH,=CH-), 7.29 (1H, t, J = 7 Hz, -CBr=CH-). "*C NMR (100
MHz, CDCl3) §-0.1, 14.1,22.0, 22.3, 23.4, 27.5, 28.1, 29.5, 36.8, 45.4, 47.0, 47.2, 50.2, 61.2,
98.7,102.1, 116.4, 116.9, 135.8, 157.1, 164.7.

2-162a 2-162b
[8054]
Enyne 2-162b. To a solution of 2-162a (247 mg, 0.659 mmol) in THF (6.6 mL) were added
AcOH (0.45 mL, 7.9 mmol) and TBAF (1.0 M THF, 2.7 mL, 2.7 mmol) continuously at room

temperature. After stirring at the same temperature for 2 h, the reaction was quenched with
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H,O (15 mL). After separation of the organic layer, the aqueous layer was extracted with
EtOAc (5 mL x3). The combined organic layer was washed with H,O (x1) and brine (x1),
passed through a short column of Na,SOy4, and evaporated to dryness in vacuo. The residue
was purified by flash column chromatography (silica gel 5 g, Et;O/hexane 1/10) to give
2-162b (178 mg, 90%) as a colorless oil.

'"H NMR (400 MHz, CDCls) 6 0.86 (3H, d, J= 7 Hz, CH; of 'Pr), 0.89 (3H, d, J= 7 Hz, CH;
of 'Pr), 0.94 (3H, s, CH;-), 1.24-1.37 (1H, m, -CH('Pr)CH,Hp-), 1.33 3H, t, J = 7 Hz,
CH;CH,0-), 1.40-1.55 (3H, m, -CHMe,, -CH(Pr)CH,CH>-), 1.72-1.84 (2H, m, -CH('Pr)CHa-,
-CH(Pr)CHaH;-), 1.90 (1H, m, -CH,CHCH(Pr)-), 1.99 (1H, dd, J = 14, 7 Hz
CH,=CHCH,Hp-), 2.15 (1H, dd, J = 14, 8 Hz, CH,=CHCHAH3-), 2.37-2.44 (2H, m,
-CBrCHCH.-), 3.35 (1H, brs, H-CC-), 4.26 (2H, q, J = 7 Hz, CH;CH,0-), 4.95-5.07 (2H, m,
CH-=CH-), 5.78 (1H, dddd, J = 17, 10, 8, 7 Hz, CH,=CH-), 7.35 (1H, dd, J = 8, 7 Hz,
-Et0,CC=CH-).

ZBFK
Pd(dppf)ClyCH,Cly
032003

DMF-H,0
50 °C

(2)-2-161 2-166

[8085]

Diene 2-166. A mixture of (£)-2-161 (54.2 mg, 0.150 mmol), vinyl-BF;K (25.8 mg, 0.193
mmol), Cs,CO;3 (140 mg, 0.430 mmol) and Pd(dppf)Cl,-CH,Cl, (12.5 mg, 0.0153 mmol) in
3/1 ratio of DMF-H,0 (2.8 mL) was degassed by freeze-thaw cycles (x3) and then the vessel
was filled with argon. The reaction mixture was heated at 50 °C for 2 h. After being
cooled to room temperature, the solution was diluted with Et,O and H,O. After separation
of the organic layer, the aqueous layer was extracted with Et,O (x3). The combined organic
layer was washed with H,O (x1) and brine (x1), passed through a short column of Na;SOy,,
and evaporated to dryness in vacuo. The residue was purified by column chromatography
(neutral silica gel 3 g, EtOAc/CH,Cl, 1/40 to 1/30 to 1/10) to give recovery of (Z)-2-161
(16.6 mg, 31%) and 2-166 (9.3 mg, 20%) as a colorless oil.

'"H NMR (400 MHz, CDCls) 6 0.86 (3H, d, J= 7 Hz, CH; of 'Pr), 0.88 (3H, d, J= 7 Hz, CH;
of 'Pr), 0.90 (3H, s, CH;-), 1.19-1.36 (1H, m, -CH('Pr)CH,Hg-), 1.31 3H, t, J = 7 Hz,
CH;CH,0-), 1.39-1.65 (3H, m, -CHMe, -CH(Pr)CH,CH>-), 1.70-1.88 (4H, m,
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-CH,CHCH('Pr)-, HOCH,CHH3, -CH('Pr)CH,-, -CH('Pr)CHaH3-), 2.16-2.32 (2H, m,
-C(CO,Et)=CHCH>-), 3.69 (2H, m, HOCH,-), 4.22 (2H, q, J = 7 Hz, CH;CH,0-), 5.39 (1H,
brd, J = 11.5 Hz, CHyansHeis=CH-), 5.57 (1H, dd, J = 18, 2 Hz, CH,unHis=CH-), 6.48 (1H, dd,
J=18, 11.5 Hz, CH,=CH-), 6.77 (1H, brt, J = 7 Hz, -C(CO,Et)=CH-). *C NMR (100 MHz,
CDCls) 8 14.2,22.0,22.2, 23.5, 25.3,27.4,29.2, 29.5, 37.4, 37.6, 44.3, 45.2, 45.3, 47.9, 48.8,
50.3, 60.1, 60.6, 62.3, 119.5, 129.0, 129.3, 146.5, 167.1.

2-166 2-167

[8089]

Aldehyde 2-167. To a solution of 2-166 (9.3 mg, 0.030 mmol) in DMSO (1.0 mL) was added
IBX (12.3 mg, 0.0439 mmol) at room temperature. After stirring at the same temperature
for 90 min, the reaction was quenched with H,O (5 mL). The resultant mixture was filtered
through Super-Cel and the residue was washed with Et,O. The filtrate was partitioned, and
the aqueous layer was extracted with Et,O (x3). The combined organic layer was washed
with H,O and brine, dried over Na,SO4, and evaporated to dryness in vacuo. The residue
was purified by column chromatography (neutral silica gel 3 g, EtOAc/hexane 1/6) to give
2-167 (7.4 mg, 80%) as a colorless oil.

'"H NMR (400 MHz, CDCls) 6 0.87 (3H, d, J = 7 Hz, CH; of 'Pr), 0.90 (3H, d, J= 7 Hz, CH;
of 'Pr), 1.09 (3H, s, CH;-), 1.26-1.40 (1H, m, -CH('Pr)CH,Hp-), 1.31 3H, t, J = 7 Hz,
CH;CH,0-), 1.45-1.68 (3H, m, -CHMe,, -CH('Pr)CH,CH>-), 1.75-1.88 (2H, m, -CH("Pr)CHa-,
-CH('Pr)CHH;-), 1.93 (1H, m, -CH,CHCH('Pr)-), 2.21-2.39 (2H, m, -C(CO,Et)=CHCH>-),
2.34 (1H, dd, J = 15, 3 Hz, CHOCH,Hg-), 2.46 (1H, dd, J = 15, 3 Hz, CHOCHAHj-), 4.23
(2H, q, J = 7 Hz, CH;CH,0-), 5.41 (1H, brd, J = 11.5 Hz, CHyansHeix=CH-), 5.58 (1H, dd, J =
18, 1.5 Hz, CHyyansHeix=CH-), 6.48 (1H, dd, J = 18, 11.5 Hz, CH,=CH-), 6.77 (1H, brt, J=7
Hz, -C(CO,Et)=CH-), 9.82 (1H, t, J = 3 Hz, CHO-).
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Ohira-Bestmann
reagent
K>CO3

MeOH
rt

2-167 2-163 2-168

[8090]

Dieneyne 2-163. To a solution of 2-167 (7.4 mg, 0.024 mmol) and Ohira-Bestmann reagent
(10 uL, 0.069 mmol) in MeOH (1.0 mL) was added K,CO3 (12.1 mg, 0.0877 mmol) at room
temperature. After being stirred at the same temperature for 1.5 h, the reaction was
quenched with sat. NH4Cl aq. (5 mL). The organic layer was separated, and the aqueous
layer was extracted with EtOAc (x3). The combined organic layer was washed with H,O
and brine, and passed through a short column of Na,SO4. The residue was purified by flash
column chromatography (silica gel 3 g, EtOAc/hexane 1/10) to give a 4:1 mixture of 2-163
and an inseparable byproduct 2-168 (5.3 mg, 73%).

'H NMR (400 MHz, CDCl3) 6 0.85 (3H, d, J = 6 Hz, CH; of 'Pr, minor), 0.86 (3H, d, J= 6
Hz, CH; of 'Pr, minor), 0.88 (3H, d, J = 6.5 Hz, CH; of 'Pr, major), 0.89 (3H, d, J = 6.5 Hz,
CH; of 'Pr, major), 1.02 (3H, s, CH3-, minor), 1.03 (3H, s, CH;-, major), 1.31 (3H, t, /=7 Hz,
CH;CH,0-, major), 1.23-1.65 (4H, m, -CH(Pr)CH Hgp-, -CHMe,, -CH('Pr)CH,CH,-),
1.69-1.87 (2H, m, -CH('Pr)CH,-, -CH('Pr)CHxH3-), 1.89 (1H, J = 7 Hz, -C(CO,Et)=CHCH,
minor), 1.98 (1H, t, J= 2.5 Hz, HCC-,), 1.98-2.05 (1H, m, -CH,CHCH('Pr)-, major), 2.13 (1H,
dd, J = 17, 2.5 Hz, HCCCH,Hg-, major), 2.19-2.36 (3H, m, -C(CO,Et)=CHCH,-,
HCCCHxHj3-), 2.45 (1H, dd, J = 11, 6 Hz, -C=CHCHCH 'Pr-, minor), 3.77 (3H, s, CH;0-),
422 (2H, q, J = 7 Hz, CH3;CH,0-), 5.40 (1H, brd, J = 11.5 Hz, CHyzansH.;;,=CH-, major), 5.59
(1H, dd, J = 18, 2 Hz, CH,ansHeis=CH-, major), 5.82 (1H, dd, J = 16, 11 Hz, -CH=CHCH-,
minor), 6.10 (1H, d, J = 16 Hz, -CH=CHCH-, minor), 6.49 (1H, dd, J = 18, 11.5 Hz,
CH,=CH-, major), 6.72 (1H, q, J = 7 Hz, -C(CO,Et)=CHMe, minor) , 6.82 (1H, brt, J=7 Hz,
-C(CO,Et)=CH-, major).

TBSCI
imidazole
%
DMF
0°Ctort

(2)-2-161
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Ester 2-154: To a solution of (£)-a-bromo unsaturated ester 2-161 (2.44 g, 6.75 mmol) and
imidazole (1.01 g, 14.9 mmol) in DMF (6.8 mL) was added TBSCI (1.14 g, 7.43 mmol) at
0 °C. The reaction mixture was allowed to warm to room temperature and stirred at the
same temperature for 30 min. The solution was cooled at 0 °C, and the reaction was
quenched with ice and H,O (30 mL). After separation of the organic layer, the aqueous
layer was extracted with Et;O (15 mL x4). The combined organic layer was washed with
H,0O (x2) and brine, dried over Na,SO,, and evaporated to dryness in vacuo. The residue
was purified by flash column chromatography (silica gel 30 g, Et,O/hexane 1/20) to give ester
2-154 (3.05 g, 95%) as a colorless oil.

[a]p? +25 (c 0.95, CHCL). IR (film) vmax 2955, 1732, 1716, 1623, 1471, 1256, 1093,1044,
836 cm™. 'H NMR (400 MHz, CDCl3) 6 0.06 (6H, s, 2CH; of TBS), 0.87 (3H, d, J= 7 Hz,
CH; of 'Pr), 0.89 (3H, d, J= 7 Hz, CH; of 'Pr), 0.90 (9H, s, tert-C(CHs); of TBS), 0.93 3H, s,
CH;-), 1.28 (1H, m, -CH('Pr)CH,Hp-), 1.33 (3H, t, J = 7 Hz, CH;CH,0CO-), 1.41-1.56 (3H,
m, -CHMe,, TBSOCH,CH,Hg-, -CH('Pr)CH,CH,-), 1.71 (1H, ddd, J = 14, 8, 7 Hz
TBSOCH,CHHj;-), 1.73-1.89 (2H, m, -CH(Pr)CH,-, -CH(Pr)CHAH3-), 1.98 (1H, m,
-CH,CHCH('Pr)-), 2.16-2.31 (2H, m, -CBrCHCH>-), 3.66 (2H, m, TBSOCH>-), 4.27 2H, q, J
= 7 Hz, CH;CH,0OCO-), 7.34 (1H, dd, J = 7, 6 Hz, -OCOCBr=CH-). '>C NMR (100 MHz,
CDCls) 6-5.3, 14.2, 18.3, 22.0, 22.2, 23.5, 26.0, 27.3, 29.3, 29.6, 37.7, 44.4, 45.0, 47.6, 50.2,
60.4, 62.3, 115.2, 148.7, 162.5. Anal. Calcd for C23H43BrO5Si: C, 58.09; H, 9.11. Found: C,
58.08; H, 9.04.

DIBAL-H

%
THF
-78 °C t0 -40 °C
TBSO TBSO
2-154 2-169

Allylic alcohol 2-169: To a solution of ester 2-154 (4.94 g, 10.3 mmol) in dry CH,Cl, (52
mL) was added DIBAL-H (1.0 M solution in CH,Cl,, 25.0 mL, 25.8 mmol) at -78 °C under
argon atmosphere. The reaction mixture was allowed warmed to -40 °C and stirred at the
same temperature for 20 min. The reaction was quenched with 10% HCI aq. (5 mL) and
diluted with H;O (50 mL). The mixture was allowed to warm to room temperature and
stirred for additional 30 min. After separation of the organic layer, the aqueous layer was

extracted with CH,Cl, (30 mL x3). The combined organic layer was washed with H,O,
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dried over Na,SO4, and evaporated to dryness in vacuo. The residue was purified by flash
column chromatography (silica gel 50 g, Et;O/hexane 1/40 to 1/10 to 1/4) to give allylic
alcohol 2-169 (3.83 g, 85%) as a colorless oil.

[a]p™* +22.8 (¢ 1.02, CHCL3). IR (film) vimax 3332, 2954, 1471, 1387, 1363, 1255, 1092,
1007, 837 cm™. "H NMR (400 MHz, CDCl3) 6 0.06 (6H, s, 2CH; of TBS), 0.87 (3H, d, J =
6 Hz, CH; of 'Pr), 0.88 (3H, d, J = 6 Hz, CH; of 'Pr), 0.90 (9H, s, tert-C(CH3); of TBS), 0.95
(3H, s, CH3-), 1.27 (1H, m, -CH('Pr)CHHg-), 1.40-1.58 (4H, m, -CHMe,, TBSOCH,CH (Hg-,
-CH('Pr)CH,CH>-), 1.69 (1H, ddd, J = 14, 8, 7 Hz, TBSOCH,CHH3-), 1.72-1.86 (3H, m,
-CH('Pr)CH,-, -CH('Pr)CHAH3-, -CHCH('Pr)-), 1.90 (1H, t, J = 6.5 Hz, HOCH,-), 2.06 (1H,
ddd, J = 16, 8, 7 Hz, -CBrCHCHHg-), 2.18 (1H, brd, J = 16 Hz, -CBrCHCHAH3-), 3.65 (2H,
m, TBSOCH,-), 4.23 (2H, d, J = 6.5 Hz, HOCH,CBr-), 6.01 (1H, dd, J =7, 6 Hz, -CBr=CH-).
C NMR (100 MHz, CDCl3) §-5.2, 18.3, 22.0, 22.3, 23.5, 26.0, 27.3, 27.4, 29.5, 37.7, 44 4,
45.1,47.5,50.3, 60.4, 68.6, 125.5, 132.7.  Anal. Calcd for C,;Hy BrO,Si: C, 58.18; H, 9.53.
Found: C, 58.18; H, 9.49.

BnBr
NaH
%
THF
Me O0°Ctort
TBSO TBSO
2-169 2-170

[8127]

Benzyl ether 2-170: To a solution of allylic alcohol 2-169 (342 mg, 0.789 mmol) in THF (7.8
mL) was added NaH (60% oil dispersion, 62 mg, 1.6 mmol) at 0 °C. The suspension was
allowed to warm to room temperature and stirred at the same temperature for 10 min.  After
being cooled to 0 °C, BnBr (0.28 mL, 2.4 mmol) was added. The reaction mixture was
allowed to warm to room temperature and stirred at the same temperature for 3.5 h. After
cooling to 0 °C, the reaction was quenched with sat. NH4CI aq. (10 mL). The organic layer
was separated, and the aqueous layer was extracted with EtOAc (10 mL x3). The combined
organic layer was washed with H,O (x1) and brine (x1), and passed through a short column of
Na,SO4.  The residue was purified by column chromatography (silica gel 3 g,
CH:Cly/hexane 1/10 to Et;O/hexane 1/10) to 2-170 (310 mg, 75%) as a colorless oil and a
mixture of 2-170 and BnBr (253 mg). The latter fraction was further purified column
chromatography (silica gel 7 g, CH,Cly/hexane 1/20 to 1/10 to Et,O/hexane 1/5) to 2-170
(65.2 mg, 16%). The total yield of 2-170 was 91% (375 mg).
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'H NMR (300 MHz, CDCls) 8 0.06 (6H, s, 2CH; of TBS), 0.88 (3H, d, J = 7 Hz, CH; of ‘Pr),
0.89 (3H, d, J = 7 Hz, CH; of 'Pr), 0.90 (9H, s, tert-C(CH3); of TBS), 0.96 (3H, s, CH;-),
1.20-1.36 (1H, m, -CH(Pr)CH,Hg-), 1.40-1.62 (4H, m, -CHMe, HOCH,CHHs-,
-CH('Pr)CH,CH>-), 1.64-1.87 (4H, m, HOCH,CHH3-, -CH('Pr)CH,-, -CH('Pr)CHAHj3-,
-CHCH('Pr)-), 2.09 (1H, m, -CBrCHCHHg-), 2.20 (1H, m, -CBrCHCHAH3-), 3.65 (2H, m,
TBSOCH,-), 4.16 (2H, brs, BhnOCH,CBr-), 4.51 (2H, s, PhCH,0-), 6.03 (1H, dd, J =7, 6 Hz,
-CBr=CH-), 7.26-7.38 (5H, m, C¢HsCH,0-).

/\Sn"Bu3
Pd(PPh3),
toluene

M 100 °C
TBSO TBSO

2-170 2-171

[8129]

Diene 2-171. A solution of 2-170 (112 mg, 0.214 mmol) and tributylvinyltin (0.10 mL, 0.34
mmol) in toluene (2.2 mL) was degassed by freeze-thaw cycles (x4) and then the vessel was
filled with argon. To the solution were added Pd(PPhs)s; (24.2 mg, 20.9 umol) at room
temperature, and the reaction mixture was heated at 100 °C for 4.5 h.  After being cooled to
room temperature, the solution was evaporated (40 °C, 20 mmHg) to dryness in vacuo. The
residue was purified by flash column chromatography (neutral silica gel 3 g, EtOAc/hexane
1/20 to 1/10) to give 2-171 (119 mg) including impurity. Further purification by flash
column chromatography (neutral silica gel 3 g, EtOAc/hexane 1/40 to 1/20) to give 2-171
(98.9 mg, 98%) as a colorless oil.

'H NMR (300 MHz, CDCls) 60.05 (6H, s, 2CH; of TBS), 0.86 (3H, d, J = 6.5 Hz, CH; of
'Pr), 0.88 (3H, d, J = 6.5 Hz, CH; of 'Pr), 0.89 (9H, s, tert-C(CHj3); of TBS), 0.93 (3H, s,
CH;-), 1.17-1.58 (5H, m, -CH(*Pr)CH,Hg-, -CHMe,, TBSOCH,CH Hg-, -CH('Pr)CH,CH,-),
1.60-1.86 (4H, m, TBSOCH,CHaHj3-, -CH(Pr)CH,-, -CH(‘Pr)\CHaH3-, -CHCH('Pr)-),
2.04-2.27 (2H, m, -C(CH,OBn)=CHCH,-), 3.64 (2H, m, TBSOCH,-), 4.14 (2H, brs,
BnOCH,CBr-), 4.47 (2H, s, PACH,0-), 5.16 (1H, brd, J = 12 Hz, CHyransH.x=CH-), 5.38 (1H,
brd, J = 18 Hz, CH,ansHeis=CH-), 5.63 (1H, drt, J = 7 Hz, -C(CH,0Bn)=CH-), 6.66 (1H, ddd,
J=18, 12, 1 Hz, CH,=CH-), 7.24-7.38 (5H, m, C¢H;CH,0-).
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TBAF

THF
0°Ctort

2-171 2-172

[8168], [8131]

Alcohol 2-172. To a solution of 2-171 (98.9 mg, 0.210 mmol) in THF (3.0 mL) was added
TBAF (1.0 M THF, 0.42 mL, 0.42 mmol) at 0 °C. The reaction mixture was allowed to
warm to room temperature and stirred at the same temperature for 2 h. The reaction was
quenched with H;O (10 mL). After separation of the organic layer, the aqueous layer was
extracted with EtOAc (5§ mL x3). The combined organic layer was washed with H,O (x1)
and brine (x1), passed through a short column of Na,SO4, and evaporated to dryness in vacuo.
The residue was purified by flash column chromatography (silica gel 7 g, Et,O/hexane 1/2 to
1/1) to give 2-172 (68.1 mg, 91%) as a colorless oil.

'H NMR (300 MHz, CDCl3) 60.87 (3H, d, J = 6.5 Hz, CH; of 'Pr), 0.89 (3H, d, J = 6.5 Hz,
CH; of 'Pr), 0.95 (3H, s, CH;-), 1.18-1.38 (1H, m, -CH('Pr)CHHg-), 1.39-1.63 (4H, m,
-CHMe,, HOCH,CH,Hg-, -CH(Pr)CH,CH,-), 1.64-1.88 (4H, m, HOCH,CHHj-,
-CH('Pr)CH,-, -CH('Pr)CHxH3-, -CHCH('Pr)-), 2.12 (1H, dt, J= 17, 8 Hz, -CBrCHCHHz-),
2.22 (1H, m, -CBrCHCHAHj3-), 3.67 (2H, m, TBSOCH-), 4.14 (2H, brs, BnOCH,CBr-), 4.48
(2H, s, PhCH,0-), 5.16 (1H, brd, J = 11 Hz, CHyansH.x=CH-), 5.39 (1H, brd, J = 18 Hz,
CH,yansHeis=CH-), 5.63 (1H, dd, J = 8, 7 Hz, -C(CH,0Bn)=CH-), 6.66 (1H, ddd, J =18, 11, 1
Hz, CH,=CH-), 7.23-7.39 (5H, m, C¢HsCH,0-).

2-172 2-173
[8132]
Aldehyde 2-173: To a solution of 2-172 (68.1 mg, 0.191 mmol) in DMSO (2.0 mL) was
added IBX (74.5 mg, 0.267 mmol) at room temperature. After being stirred at the same
temperature for 1 h, additional IBX (9.2 mg, 0.0329 mmol) was added. Stirring was
continued at the same temperature for 30 min, the reaction was quenched with H;O (10 mL).

The resultant suspension was filtered through Super-Cel and the residue was washed with

140



Et,0. The filtrate was partitioned, and the aqueous layer was extracted with Et,O (5 mL x3).
The combined organic layer was washed with H,O and brine, dried over Na,SO4, and
evaporated to dryness in vacuo. The residue was purified by flash column chromatography
(silica gel 7 g, benzene/hexane 10/1 to CH,Cl,) to give 2-173 (61.6 mg, 91%) as a colorless

oil.

'H NMR (300 MHz, CDCls) 60.87 (3H, d, J=7 Hz, CH; of 'Pr), 0.90 (3H, d, J = 7 Hz, CH;
of 'Pr), 1.14 (3H, s, CH;3-), 1.24-1.68 (4H, m, -CH(‘Pr)CH Hg-, -CHMe,, -CH('Pr)CH,CH>-),
1.72-1.90 (3H, m, -CH('Pr)CH,-, -CH('Pr)CHsH3-, -CH,CHCH(Pr)-), 2.10-2.32 (2H, m,
-C(OBn)=CHCH>-), 2.32 (1H, dd, J = 15, 2.5 Hz, CHOCHHg-), 2.46 (1H, dd, J = 15, 3 Hz,
CHOCHAH3-), 4.14 (2H, brs, BhOCH,CBr-), 4.48 (2H, s, PACH,0-), 5.18 (1H, brd, J = 11.5
Hz, CHiransH.=CH-), 5.39 (1H, brd, J = 18 Hz, CH,ansH.ix=CH-), 5.64 (1H, brt, J = 7 Hz,
-C(CH,OBn)=CH-), 6.65 (1H, ddd, J = 18, 11.5, 1 Hz, CH,=CH-), 7.24-7.39 (5H, m,
CsH5CH,0-), 9.81 (1H, dd, J = 3, 2.5 Hz, CHO-).

Ohira-Bestmann
reagent

MeOH
rt

2-173

[8133]

Dieneyne 2-174. To a solution of 2-173 (51.7 mg, 0.146 mmol) and Ohira-Bestmann reagent
(45 uL, 0.30 mmol) in MeOH (1.8 mL) was added K,CO; (40.9 mg, 0.296 mmol) at room
temperature. After being stirred at the same temperature for 2 h, the reaction was quenched
with sat. NH4Cl aq. (5 mL). The organic layer was separated, and the aqueous layer was
extracted with EtOAc (5 mL x3). The combined organic layer was washed with H,O and
brine, and passed through a short column of Na,SO4. The residue was purified by column
chromatography (silica gel 7 g, EtOAc/hexane 1/10) to give 2-174 (46.2 mg, 94%) as a

colorless oil.

'H NMR (300 MHz, CDCls) 60.88 (6H, d, J = 7 Hz, CH; of ‘Pr), 1.08 (3H, s, CH;-),
1.22-1.63 (4H, m, -CH(Pr)CHHg-, -CHMe,, -CH(Pr)CH,CH>-), 1.66-1.84 (2H, m,
-CH('Pr)CH,-, -CH('Pr)CHH3-), 1.88-2.00 (1H, m, -CH,CHCH('Pr)-), 1.95 (1H, t, J = 2.5
Hz, HCC-), 2.12 (1H, dd, J = 16.5, 2.5 Hz, HCCCH Hg-), 2.11-2.33 (2H, m,
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-C(OBn)=CHCH>), 227 (1H, dd, J = 16.5, 2.5 Hz, HCCCHHj;-), 4.16 (2H, brs,
BnOCH,CBr-), 4.48 (2H, s, PhCH,0-), 5.17 (1H, brd, J = 11 Hz, CHyansH.:x=CH-), 5.40 (1H,
brd, J = 18 Hz, CH,yanHex=CH-), 5.67 (1H, brt, J = 7 Hz, -C(CH,OBn)=CH-), 6.67 (1H, ddd,
J=18, 11, 1 Hz, CH,=CH-), 7.20-7.39 (5H, m, C¢HsCH,0-).

2) 35% HCI agq.
1) BnBr, NaH BnO BnO
THF THF, 0 °C
0°Ctort
TBSO
2-169 2-200 2-201

Benzyl ether 2-201: To a solution of allylic alcohol 2-169 (3.79 g, 8.74 mmol) in THF (44
mL) was added NaH (60% oil dispersion, 455 mg, 11.4 mmol) at 0 °C. The suspension was
allowed to warm to room temperature and stirred at the same temperature for 40 min. After
being cooled to 0 °C, BnBr (1.3 mL, 11 mmol) was added. The reaction mixture was
allowed to warm to room temperature and stirred at the same temperature for 18 h. After
cooling to 0 °C, the reaction was quenched with sat. NH4ClI aq. (40 mL). The organic layer
was separated, and the aqueous layer was extracted with EtOAc (40 mL x3). The combined
organic layer was washed with H,O and brine, and passed through a short column of Na;SOj.
Evaporation in vacuo gave 2-200, which was used for the next reaction without further
purification.

To a solution of 2-200 in THF (42 mL) was added 35% HCI aq. (14 mL) at 0 °C. The
solution was stirred at the same temperature for 4.5 h and diluted with ice-cooled H,O (60
mL). After partition, the aqueous layer was extracted with EtOAc (40 mL x3). The
combined organic layer was washed with sat. NaHCOj aq., H,O and brine, dried over Na;SOy,
and evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 50 g, Hex to Et,O/hexane 1/2 to 1/1 to 2/1) to give benzyl ether
2-201 (2.88 g, 80% over 2 steps) as a colorless oil.

[a]p™ +16.7 (¢ 1.08, CHCl3). IR (film) vmax 3364, 2952, 1653, 1455, 1384, 1364, 1112,
1053 cm™. 'H NMR (400 MHz, CDCls) 6 0.88 (3H, d, J =7 Hz, CH; of 'Pr), 0.89 (3H, d, J
= 7 Hz, CH; of 'Pr), 0.98 (3H, s, CH3-), 1.29 (1H, m, -CH('Pr)CH,Hg-), 1.45-1.61 (4H, m,
-CHMe,, HOCH,CH,Hg-, -CH(Pr)CH,CH,-), 1.70-1.85 (4H, m, HOCH,CHHj-,
-CH('Pr)CH,-, -CH(Pr)CHaHj3-, -CHCH('Pr)-), 2.12 (IH, ddd, J = 16, 8, 7 Hz,
-CBrCHCHHg-), 2.21 (1H, brd, J = 16 Hz, -CBrCHCHAH3-), 3.68 (2H, m, HOCH-), 4.16
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(2H, brs, BnOCH,CBr-), 4.52 (2H, s, PhCH;0O-), 6.03 (1H, dd, J = 7, 6 Hz, -CBr=CH-),
7.27-7.37 (5H, m, C¢HsCH,0-). *C NMR (100 MHz, CDCl3) 622.0, 22.3, 23.5, 27.3, 27.5,
29.4,37.6,44.4,45.4,47.8,50.4, 60.2, 71.6, 75.0, 122.6, 127.75, 127.81, 128.4, 134.1, 137.8.
Anal. Calcd for C,,H33BrO;: C, 64.54; H, 8.12. Found: C, 64.52; H, 8.17.

2) vinyl-MgBr
%
THF
-78 °C t0-20 °C

2-198 2-199

Alcohol 2-199: To a solution of benzyl ether 2-201 (224 mg, 0.550 mmol) in DMSO (2.2 mL)
was added IBX (253 mg, 0.907 mmol) at room temperature. After stirring at the same
temperature for 1.5 h, the reaction was quenched with HO (10 mL). The resultant mixture
was filtered through Super-Cel and the residue was washed with Et;O. The filtrate was
partitioned, and the aqueous layer was extracted with Et;0 (5 mL x3). The combined
organic layer was washed with H,O and brine, dried over Na,SO4, and evaporated to dryness
in vacuo. The residue of 2-198 was used for the next reaction without further purification.

To a solution of 2-198 in THF (2.7 mL) was added vinyl-MgBr (1.0 M solution in THF, 1.4
mL, 1.4 mmol) at -78 °C, and the reaction mixture was allowed to warm to — 20 °C. After
stirring for 35 min at the same temperature, the reaction was quenched with 10% HCI aq. (10
mL). After separation of the organic layer, the aqueous layer was extracted with EtOAc (5
mL x3). The combined organic layer was washed with H,O, brine and dried over Na,SO,,
and evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 10 g, EtOAc/hexane 1/10 to 1/4) to give alcohol 2-199 (208 mg,

87% over 2 steps, dr = 7:5) as a colorless oil.

[a]p® +22.2 (¢ 1.89, CHCL3). IR (film) vimax 3429, 2953, 2869, 1455, 1384, 1364, 1112,
1058, 993, 920cm™. 'H NMR (400 MHz, CDCl3) 6 0.84-0.91 (6H, m, 2CH; of 'Pr), 1.05
(3H, s, CH;-, minor diastereomer), 1.08 (3H, s, CH;-, major diastereomer), 1.21-1.83 (8H, m,
-CH('Pr)CH,-, -CH(‘Pr)CH,CH,-, -CH(OH)CH,-, -CHMe,, -CHCH('Pr)-), 1.83-1.90 (1H, m,
-CHCH('Pr)-), 2.03-2.27 (2H, m, -CBrCHCH,-), 4.17 (2H, brs, BnOCH,-), 4.24 (1H, m,
-CH(OH)-), 4.51 (2H, s, PhCH,0-), 5.06 (1H, m, CH,Hg=CH-), 5.20 (1H, m, CHy\Hz=CH-),
5.89 (1H, ddd, J = 17, 10, 6 Hz, CH,=CH-), 6.03-6.11 (1H, m, -CBr=CH-), 7.26-7.39 (5H, m,
CsHsCH,0-). >C NMR (100 MHz, CDCls) 6 21.95, 21.99, 22.3, 22.4, 23.95, 24.03, 27.2,
27.3,27.5, 27.6, 29.46, 29.49, 37.9, 38.2, 45.0, 45.1, 47.6, 47.8, 49.2, 49.5, 50.2, 71.1, 71.3,
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71.49, 71.52, 75.0, 113.6, 113.7, 122.4, 122.5, 127.7, 127.8, 128.4, 134.2, 134.4, 137.79,
137.81, 142.8, 142.9. HRMS (ESI) for CoHss*BrNaO, [M+Na]", calcd 457.1713, found:
457.1684.

TBSCI
imidazole
%
DMF
0°Ctort
TBSO
2-199 2-202

TBS ether 2-202: To a solution of alcohol 2-199 (91.4 mg, 0.210 mmol) and imidazole (145
mg, 2.13 mmol) in DMF (2.1 mL) was added TBSCI (160 mg, 1.06 mmol) at 0 °C. The
reaction mixture was allowed to warm to room temperature and stirred at the same
temperature for 30 min. The solution was cooled at 0 °C, and the reaction was quenched
with ice and H,O (10 mL). After separation of the organic layer, the aqueous layer was
extracted with Et,O (5 mL x3). The combined organic layer was washed with H,O (x2) and
brine, passed through a short column of Na,SO4, and evaporated to dryness in vacuo. The
residue was purified by flash column chromatography (silica gel 10 g, Et,O/hexane 1/80 to
1/20) to give TBS ether 2-202 (111 mg, 96%, dr = 7:5) as a colorless oil.

[a]p®® +16.9 (¢ 3.40, CHCL3). IR (film) vimax 2955, 2859, 1471, 1386, 1362, 1254, 1111,
1072, 922, 836 cm™. 'H NMR (400 MHz, CDCl;) 60.02 (3H, s, CH; of TBS, major
diastereomer), 0.03 (3H, s, CH; of TBS, minor diastereomer), 0.06 (3H, s, CH; of TBS), 0.88
(9H, s, tert-C(CHj3); of TBS), 0.85-0.91 (6H, m, 2CH; of ’Pr), 1.03 (3H, s, CH;-, minor
diastereomer), 1.04 (3H, s, CH;-, major diastereomer), 1.22-1.34 (1H, m, -CH('Pr)CH,Hz-),
1.37-1.88 (8H, m, -CH('Pr)CHjHj3-, -CH('Pr)CH,CH,-, -CH(OTBS)CH,-, -CHMe,,
-CHCH('Pr)-, -CHCH('Pr)-), 1.97 (1H, m, -CHCH('Pr)-, minor diasteromer), 2.06-2.26 (2H,
m, -CBrCHCH,-), 4.16 (2H, brs, BnOCH-), 4.18-4.25 (1H, m, -CH(OTBS)-), 4.51 (2H, s,
PhCH,0-), 4.98 (1H, m, CHHp=CH-), 5.07 (1H, m, CHsHp=CH-), 5.81 (1H, m, CH,=CH-),
6.05 (1H, m, -CBr=CH-), 7.27-7.38 (5H, m, C¢HsCH,0-). '>C NMR (100 MHz, CDCl;)
0 -4.6,-4.4,-3.8, -3.6, 18.08, 18.13, 22.01, 22.04, 22.3, 22.5, 23.8, 24.1, 25.96, 25.99, 27.3,
27.56, 27.61, 29.5, 29.6, 37.8, 38.2, 44.9, 45.0, 47.7, 47.9, 50.08, 50.12, 50.5, 50.8, 71.47,
71.51, 72.65, 72.70, 75.05, 75.09, 113.4, 113.6, 122.4, 127.7, 127.81, 127.82, 128.4, 134.3,
134.4, 137.8, 143.4, 143.5. Anal. Calcd for Cs3oH49BrO,Si: C, 65.55; H, 8.99. Found: C,
65.79; H, 9.17.
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1) acryloyl chloride

Et3N 2) Grubbs-G2 BnO
CH,Cl,, 0°C CH,Cly, rt
(o)
2-199 2-203 2-204

Unsaturated lactone 2-204: To a solution of alcohol 2-199 (117 mg, 0.302 mmol) and
Et;N (0.17 mL, 1.2 mmol) in CH,Cl, (3.0 mL) was added acryloyl chloride (50 mL, 0.60
mmol) at 0 °C. The reaction mixture was stirred at the same temperature for 10 min, and the
reaction was quenched with H>O and 10% HCI aq. at 0 °C.  After separation of the organic
layer, the aqueous layer was extracted with CH,Cl, (5 mL x3). The combined organic layer
was washed with H,O, passed through a short column of Na,SO,, and evaporated to dryness
in vacuo. The residue was passed through a short column of SiO, and evaporated to dryness
in vacuo. The crude product of 2-203 was used for the next reaction without further
purification.

To a solution of 2-203 in dry CH,Cl, (10 mL) was added Grubbs-G2 (15.1 mg, 17.8 mmol) at
room temperature under argon atmosphere. After being stirred at the same temperature for 2
h, the solvent was evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 3 g, EtOAc/hexane 1/4 to 1/2) to give unsaturated lactone 2-204
(85 mg, 68%, dr =7:5) as a colorless oil.

[a]p®® +34.5 (¢ 1.54, CHCls). IR (film) vimax 2953, 2869, 1754, 1468, 1454, 1161, 1106, 911,
816 cm™. '"H NMR (400 MHz, CDCls) 6 0.88-0.92 (6H, m, 2CH; of 'Pr), 1.11 (3H, s, CH;-,
minor diastereomer), 1.12 (3H, s, CH;-, major diastereomer), 1.29-1.87 (9H, m,
-CH('Pr)CH,CH>-, -CH('Pr)CH>-, -CH(OCO)CH>-, -CHMe,, -CHCH('Pr)-, -CHCH('Pr)-),
2.02-2.10 (1H, m, -CHCH('Pr)-), 2.11-2.32 (2H, m, -CBrCHCH,-), 4.17 (2H, brs, BnOCH,-),
4.52 (2H, s, PhCH,0O-, minor diastereomer), 4.53 (2H, s, PhCH,0O-, major diastereomer),
5.05-5.14 (1H, m, -CH(OCO)-), 6.04-6.11 (2H, m, -CBr=CH-, -COCH=CH-), 7.27-7.38 (5H,
m, CeHsCH,0-), 7.39 (IH, brd, J = 6 Hz, -COCH=CH-). "*C NMR (100 MHz, CDCl;)
021.87,21.92,22.2,22.4,23.7,23.8,27.12,27.14, 27.47, 27.53, 29.36, 29.39, 37.3, 37.9, 45.
05, 45.07, 45.5, 45.9, 47.6, 48.3, 50.2, 50.3, 71.6, 71.7, 74.96, 74.99, 81.3, 81.5, 121.00, 121.0
4,122.9,123.0, 127.75, 127.77, 127.78, 128.4, 133.4, 133.8, 137.71, 137.72, 157.3, 157.4, 17
3.0,173.1. HRMS (ESI) for C,5Hs4 " BrO; [M+H]", calcd 461.1686, found: 461.1698.
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methyl vinyl ketone
HG-G2
—_—

2-199 2-205

v-Hydroxy enone 2-205: To a solution of alcohol 2-199 (202 mg, 0.464 mmol) and methyl
vinyl ketone (0.40 mL, 4.9 mmol) in dry CH,Cl, (9.2 mL) was added HG-G2 (7.0 mg, 11
mmol) at room temperature under argon atmosphere. After stirring at the same temperature
for 2 h, the solvent was evaporated to dryness in vacuo. The residue was purified by flash
column chromatography (silica gel 10 g, Et,O/hexane 1/1 to 2/1) to give y-hydroxy enone
2-205 (200 mg, 90%, dr =7:5) as a colorless oil.

[a]p® +36.3 (¢ 1.27, CHCL). IR (film) vimax 3442, 2953, 2869, 1675, 1629, 1468, 1454,
1362, 1256, 1111, 1058, 983 cm™. 'H NMR (400 MHz, CDCl3) 8 0.84-0.91 (6H, m, 2CH;
of iPr), 1.06 (3H, s, CH;-, minor diastereomer), 1.09 (3H, s, CH;-, major diastereomer),
1.27-1.88 (9H, m, -CH('Pr)CH,CH,-, -CH('Pr)CH,-, -CH(OH)CH>-, -CHMe,, -CHCH('Pr)-,
-CHCH('Pr)-), 2.03-2.26 (2H, m, -CBrCHCH,-), 2.26 (3H, s, CH;CO-), 4.16 (2H, brs,
BnOCH,-), 4.43 (1H, brs, -CH(OH)-), 4.52 (2H, s, PhCH,0O-), 6.07 (1H, m, -CBr=CH-), 6.23
(1H, m, MeCOCH=CH-), 6.71-6.78 (1H, m, MeCOCH=CH-), 7.26-7.38 (5H, m,
CsHsCH,0-). C NMR (100 MHz, CDCl3) 621.9, 22.0, 22.3, 22.4, 23.9, 24.0, 27.18, 27.22,
27.4, 27.5, 27.6, 29.38, 29.41, 37.9, 38.2, 45.17, 45.24, 47.7, 48.0, 48.7, 49.1, 50.26, 50.31,
69.2, 69.4, 71.6, 71.7, 75.0, 122.6, 122.7, 127.77, 127.78, 128.1, 128.2, 128.4, 133.8, 134.0,
137.70, 137.73, 150.27, 150.33, 198.49, 198.54. HRMS (ESI) for CasHss*' BrOs [M+H]",
calcd 479.1984, found: 479.1982.

TBSCI
imidazole
DMAP
-
DMF
0°Ctort

TBSO
2-205 2-206

Enone 2-206: To a solution of y-hydroxy enone 2-205 (104 mg, 0.218 mmol), imidazole (150
mg, 2.20 mmol) and DMAP (6.5 mg, 0.053 mmol) in DMF (2.2 mL) was added TBSCI (162
mg, 1.07 mmol) at 0 °C. The reaction mixture was allowed to warm to room temperature
and stirred at the same temperature for 2.5 h. The solution was cooled at 0 °C, and the

reaction was quenched with ice and H,O (10 mL). After separation of the organic layer, the
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aqueous layer was extracted with Et,O (5 mL x3). The combined organic layer was washed
with H,O (x2) and brine, passed through a short column of Na;SO4, and evaporated to
dryness in vacuo. The residue was purified by flash column chromatography (silica gel 10 g,
Et,O/hexane 1/80 to 1/20 to 1/10) to give enone 2-206 (102 mg, 79%, dr = 7:5) as a colorless

oil.

[a]p® +24.5 (¢ 1.81, CHCL). IR (film) vimax 2954, 2858, 1681, 1630, 1470, 1361, 1254,
1109, 836 cm”. 'H NMR (400 MHz, CDCl;) 60.00 (3H, s, CH; of TBS, major
diastereomer), 0.01 (3H, s, CH; of TBS, minor diastereomer), 0.06 (3H, m, CH; of TBS),
0.89 (9H, s, tert-C(CHj); of TBS), 0.84-0.91 (6H, m, 2CHj; of 'Pr), 1.03 (3H, s, CH;-, minor
diastereomer), 1.05 (3H, s, CH;-, major diastereomer), 1.30 (1H, m, -CH('Pr)CH, Hg-),
1.40-1.84 (6H, m, -CH('Pr)CH,CH,-, -CH(Pr)CHAHj3-, -CH(OTBS)CH,Hg-, -CHMe,,
-CHCH('Pr)-), 1.86 (1H, dd, J = 14, 6 Hz, -CH(OTBS)CHAH}), 1.94 (1H, m, -CHCH('Pr)-),
2.07-2.25 (2H, m, -CBrCHCH>-), 2.25 (3H, s, CH;CO-), 4.16 (2H, brs, BnOCH>-), 4.39 (1H,
m, -CH(OTBS)-), 4.51 (2H, s, PhCH>0O-), 6.00-6.07 (1H, m, -CBr=CH-), 6.10 (1H, dd, J = 16,
1 Hz, MeCOCH=CH-, minor diastereomer), 6.14 (1H, dd, J = 16, 1 Hz, MeCOCH=CH-,
major diastereomer), 6.71 (1H, dd, J= 16, 6.5 Hz, MeCOCH=CH-, minor diastereomer), 6.74
(1H, dd, J = 16, 6.5 Hz, MeCOCH=CH-, major diastereomer), 7.26-7.38 (5H, m,
CsHsCH,0-).  >C NMR (100 MHz, CDCl3) 6 -4.5, -4.0, -3.8, 18.0, 18.1, 21.96, 21.99, 22.3,
22.5, 23.8, 24.1, 25.86, 25.89, 27.0, 27.1, 27.20, 27.22, 27.5, 27.6, 29.46, 29.47, 37.7, 38.3,
45.0, 45.1, 47.0, 48.3, 50.05, 50.14, 50.2, 50.5, 70.5, 71.6, 75.0, 75.1, 122.8, 127.75, 127.80,
128.4, 128.66, 128.67, 133.7, 133.8, 137.8, 150.9, 151.0, 198.60, 198.64. HRMS (ESI) for
C3:Hs,’BrNaOsSi [M+Na]", caled 613.2683, found: 613.2701.

2-205 2-207
Enedione 2-207: To a solution of y-hydroxy enone 2-205 (147 mg, 0.308 mmol) in CH,Cl,
(6 mL) was added activated MnO, (536 mg, 6.16 mmol) at room temperature. After being
stirred for 15 h, additional MnO; (218 mg, 2.51 mmol) was added in two portions. The
stirring was continued at the same temperature for additional 19 h. The reaction mixture was

filtered through a pad of Super-Cel, and the residue was washed with Et,0O. The combined
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organic layer was passed through a short column of Na,SO4, and evaporated to dryness in
vacuo. The residue was purified by flash column chromatography (silica gel 10 g,

Et,O/hexane 1/3 to 1/1) to give enedione 2-207 (97 mg, 66%) as a colorless oil.

[a]p?® +31.4 (c 0.525, CHCLy). IR (film) vmax 2954, 2870, 1682, 1469, 1454, 1361, 1250,
1111, 1065, 981 cm™. 'H NMR (400 MHz, CDCls) §0.87 (3H, d, J = 6.5 Hz, CH; of 'Pr),
0.90 (3H, d, J = 6.5 Hz, CH; of 'Pr), 1.10 (3H, s, CHs-), 1.34 (1H, m, -CH('Pr)CH,Hp-),
1.51-1.65 (3H, m, -CHMe, -CH(Pr)CH,CH), 1.70-185 (2H, m, -CHCH(Pr)-,
-CH(Pr)CHHj;), 2.03 (1H, m, -CHCH(Pr)-), 2.13 (IH, ddd, J = 17, 8, 7 Hz
-CBrCHCH,Hg-), 2.23 (1H, m, -CBrCHCHHj-), 2.35 (3H, s, CH;CO-), 2.57 (1H, d, J= 16
Hz, -COCH,Hg-), 2.81 (1H, d, J = 16 Hz, -COCHAH}-), 4.17 (2H, brs, BnOCH>-), 4.51 (2H,
s, PhCH;0-), 6.09 (1H, dd, J= 7, 6 Hz, -CBr=CH-), 6.76 (1H, d, J = 16 Hz, MeCOCH=CH-),
6.81 (1H, d, J = 16 Hz, MeCOCH=CH-), 7.26-7.39 (5H, m, C¢HsCH,0-). '*C NMR (100
MHz, CDCl3) §22.0, 22.2, 23.7, 27.1, 27.4, 28.3, 29.5, 37.6, 45.8, 47.3, 50.5, 52.7, 71.6, 75.0,
122.9, 127.8, 127.9, 128.4, 133.9, 136.3, 136.6, 137.8, 138.4, 198.4, 200.4. HRMS (ESI) for
Ca6Hae *BrOs [M+H]", caled 475.1842, found: 475.1845.

Pd(PPh3),

toluene
120 °C
(o)
2-204 2-209

1,3-butadiene 2-209: A two-necked flask charged with unsaturated lactone 2-204 (13.0 mg,
0.0268 mmol) and powdered K,CO;3 (56.5 mg, 0.409 mmol) was filled with argon gas. To
the vessel were added Pd(PPhs)4 (10.0 mg, 8.65 mmol) and dry toluene (4.1 mL) under argon
atmosphere. The mixture was degassed by freeze-thaw cycles (x4) and then stirred at
120 °C for 19 h under argon atmosphere. After being cooled at room temperature, the
reaction was quenched with sat. NH4Cl aq.. The organic layer was separated, and the
aqueous layer was extracted with EtOAc (5 mL x3). The combined organic layer was
washed with H,O and brine,passed through a short column of Na,SO4, and evaporated to
dryness in vacuo. The residue was purified by flash column chromatography (silica gel 60 7
g, EtOAc/hexane 1/5 to 1/2) to give 2-209 (1.8 mg), which was further purified by preparative
TLC (CH:Cly/cyclohexane 5/1) to give 1,3-butadiene 2-209 (1.2 mg, 12%, (E,E):(Z,E) =

1:0.77) as a colorless oil.
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[a]p® +20 (¢ 0.060, benzene). IR (film) vmax 2953, 2868, 1799, 1655, 1615, 1455, 1365,
1263, 1159, 1115, 935cm™.  'H NMR (400 MHz, CDCl3) 6 0.81 (3H, d, J = 6.5 Hz, CH; of
'Pr), 0.84 (3H, d, J = 6.5 Hz, CH; of 'Pr), 0.85 (3H, d, J = 6.5 Hz, CH; of 'Pr), 0.85 (3H, d, J =
6.5 Hz, CH; of 'Pr), 0.91 (3H, s, (E,E)-CH;-), 0.92 (3H, s, (Z,E)-CH;-), 1.29-1.90 (6H, m,
-CHCH('Pr)-, -CHMe,, -CH('Pr)CH,-, -CH(‘Pr)CH,CH,-), 2.22-2.39 (3H, m, -CHCH('Pr)-,
-CH=C(O)CH>-), 3.14-3.23 (2H, m, -COCH,C=C-), 4.78 (2H, s, (E,E)-PhCH,0-), 4.83 (1H,
d, J=12 Hz, (Z,E)-PhCHHpO-), 4.87 (1H, d, J = 12 Hz, (Z E)-PhCH,H30-), 5.09 (1H, dd, J
=11, 6 Hz, (Z E)-BnOCH=CH-), 5.13 (2H, brs, -COCH,CH=C-), 5.25 (1H, dd, J =15, 11 Hz,
(E,E)-OCH=CH-CH=CH-), 5.34 (1H, dd, J= 15, 11 Hz, (Z,E)-OCH=CH-CH=CH-), 5.67 (1H,
dd, J = 125, 10.5 Hz, (EE)-BnOCH=CH-), 5.84 (1H, dd, J = 15, 10.5 Hz
(E,E)-OCH=CH-CH=CH-), 5.95 (1H, d, J = 6 Hz, (Z,E)-BnOCH=CH-), 6.35 (1H, dd, J = 16,
10.5 Hz, (ZE)-OCH=CH-CH=CH-), 6.57 (1H, d, J = 12.5 Hz, (E,E)-BnOCH=CH-),
7.28-7.40 (5H, m, C¢HsCH,0-). HRMS (ESI) for CosH3,NaO; [M+Na]’, caled 403.2244,
found: 403.2237.

o (U K2003
PR
/Zk/ DMF
Me 120 °C s Me
TBSO TBSO
2-206 2-211

Compound 2-211: A two-necked flask charged with enone 2-206 (10.8 mg, 0.0183 mmol)
and powdered K,CO; (6.5 mg, 0.047 mmol) was filled with argon gas. To the vessel were
added Pd(dppf)Cl,-CH,Cl; (3.1 mg, 3.8 mmol) and DMF (1.2 mL) under argon atmosphere.
The mixture was degassed by freeze-thaw cycles (x4) and then stirred at 120 °C for 2 h under
argon atmosphere. The solution was cooled to room temperature, and the reaction was
quenched with sat. NH4Cl aq. After separation of the organic layer, the aqueous layer was
extracted with Et;O (5 mL x3). The combined organic layer was washed with H,O and
brine, passed through a short column of Na,SO4, and evaporated to dryness in vacuo. The
residue was purified by column chromatography (silica gel 10 g, CH,Cl,/cyclohexane 5/1 to
10/1 to 20/1 to 40/1) to give 2-211 (3.3 mg), which was further purified by preparative TLC
(acetone/CCly 1/100) to give 2-211 (2.1 mg, 23%) as a colorless oil.

[a]p™ -22.9 (¢ 0.205, CHCl3). IR (film) vimay 2953, 2928, 2857, 1692, 1663, 1602, 1471,
1360, 1253, 1087, 837 cm™.  '"H NMR (400 MHz, CDCl;) §-0.03 (3H, s, CH; of TBS), 0.00
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(3H, s, CH; of TBS), 0.81 (3H, d, J = 6 Hz, CH; of 'Pr), 0.84 (3H, d, J = 6 Hz, CH; of 'Pr),
0.88 (9H, s, tert-C(CH3); of TBS), 1.00 (3H, s, CH3-), 1.09-1.22 (1H, m, -CH('Pr)CHHg-),
131 (1H, td, J = 12, 5 Hz, -CH(Pr)CH,CH,Hg-), 1.41 (1H, dd, J = 12, 6 Hz,
-CH('Pr)CH,CH\H3-), 1.45-1.55 (4H, m, -CHMe,, -CH(OTBS)CH Hg-, -CH('Pr)CH,-,
-CH('Pr)CHAH3-), 1.85 (1H, ddd, J = 19, 14, 6 Hz, -C=CHCH,H3-), 2.00 (1H, dd, J =13, 5
Hz, -CH(OTBS)CHaH3-), 2.19 (3H, s, CH3;CO-), 2.28 (1H, brd, J = 20 Hz, -C=CHCHxH3-),
2.51 (1H, m, -CHCH('Pr)-), 3.88-3.97 (2H, m, BnOCH,-), 4.24 (1H, dd, J = 10, 5 Hz,
-CH(OTBS)CH,-), 4.49 (1H, d, J = 12 Hz, PhCH,HO-), 4.55 (1H, d, J = 12 Hz,
PhCHAH3O-), 5.85 (1H, m, -C=CHCHa-), 6.46 (1H, brs, CH;COCH=C-), 7.26-7.36 (5H, m,
CsHsCH,0-). *C NMR (100 MHz, CDCls) 6 -5.0, -4.7, 18.0, 22.0, 22.9, 23.6, 25.8, 26.0,
26.1, 27.3, 27.5, 28.4, 29.7, 30.8, 40.5, 41.7, 44.7, 52.8, 57.3, 72.2, 72.3, 75.8, 126.3, 127.5,
127.6, 128.3, 128.6, 132.5, 138.4, 161.9, 198.7. HRMS (ESI) for C3,HsoNaO;Si [M+Na]",
calcd 533.3421, found: 533.3435.

Pd(PPha),
K2COs BnO + BnO
toluene N N
TBSO 120°C S0  ° S0 °
2-202 2-214 2-216

Compound 2-214: A two-necked flask charged with TBS ether 2-202 (10.3 mg, 0.0187
mmol) and powdered K,CO; (4.9 mg, 0.0355 mmol) was filled with argon gas. To the
vessel were added Pd(PPhs)s (4.3 mg, 3.7 mmol) and dry toluene (1.2 mL) under argon
atmosphere. The mixture was degassed by freeze-thaw cycles (x4) and then stirred at
120 °C for 18 h under argon atmosphere. The solution was cooled to room temperature, and
the reaction was quenched with sat. NH4Cl aq. After separation of the organic layer, the
aqueous layer was extracted with EtOAc (5 mL x3). The combined organic layer was
washed with H,O and brine, passed through a short column of Na,SO4, and evaporated to
dryness in vacuo. The residue was purified by flash column chromatography (silica gel 3 g,
benzene/hexane 1/2) to give compound 2-214 (1.7 mg, 20%) as a colorless oil. The yield of
2-216 was determined by "H NMR spectral analysis of crude mixture to be 12%.

2-214. [0]p>® -23 (¢ 0.72, CHCL). IR (film) vmax 2953, 2856, 1472, 1377, 1253, 1075, 873,
836, cm™. 'H NMR (400 MHz, CDCls) 6-0.02 (3H, s, CH; of TBS), 0.01 (3H, s, CH; of
TBS), 0.83 (3H, d, J = 6 Hz, CH; of 'Pr), 0.84 (3H, d, J = 6 Hz, CH; of 'Pr), 0.88 (9H, s,
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tert-C(CH3); of TBS), 0.97 (3H, s, CH3-), 1.15 (1H, m, -CH('Pr)CH,Hg-), 1.26-1.62 (6H, m,
-CHMe,, -CH('Pr)CH,CH>-, -CH(OTBS)CH Hg-, -CH('Pr)CH,-, -CH('Pr)CHxH3-), 1.84 (1H,
ddd, J = 18, 13, 5 Hz, -C=CHCH,Hg-), 1.93 (1H, dd, J = 13, 5 Hz, -CH(OTBS)CHH3-),
2.24 (1H, brd, J = 18 Hz, -C=CHCHHj-), 2.63 (1H, m, -CHCH('Pr)-), 3.89 (2H, brs,
BnOCH>-), 4.10 (1H, dd, J = 10, 5 Hz, -CH(OTBS)CH,-), 4.52 (1H, d, J = 12 Hz,
PhCH,HpO-), 4.56 (1H, d, J = 12 Hz, PACH,H30-), 4.93 (1H, d, J = 2 Hz, HHsC=C-), 5.41
(1H, brd, J = 2 Hz, HyH3C=C-), 5.76 (1H, m, -C=CHCH,-), 7.26-7.38 (5H, m, C¢H5;CH,0-).
C NMR (100 MHz, CDCl3) 8 -5.0, -4.6, 18.1, 21.8, 22.8, 23.1, 25.8, 26.7, 27.6, 28.0, 41.6,
44.8, 52.2, 56.0, 71.9, 72.1, 76.2, 114.1, 127.4, 127.6, 127.8, 128.3, 134.4, 138.5, 152.6.
HRMS (ESI) for C30H4sNaO,Si [M+Na]", calcd 491.3316, found: 491.3302.

2-216 was partially separated in Table 2-9 (entry 4). "H NMR (400 MHz, CDCls) 6 0.02 (3H,
s, CH; of TBS), 0.06 (3H, s, CH; of TBS), 0.88 (9H, s, tert-C(CH3); of TBS), 0.83-0.90 (6H,
m, 2CH; of iPr), 1.04 (3H, s, CH;-, major diastereomer), 1.07 (3H, s, CHj;-, minor
diastereomer), 1.16-1.31 (1H, m, -CH('Pr)CHHg-), 1.35-1.90 (8H, m, -CH('Pr)CHAHj3-,
-CH('Pr)CH,CH>-, -CH(OTBS)CH,-, -CHMe,, -CHCH('Pr)-, -CHCH('Pr)-), 1.90-2.18 (2H, m,
-CH=CHCH>-), 3.97 (2H, brd, J = 7 Hz, BnOCH>-), 4.20 (1H, m, -CH(OTBS)-), 4.49 (2H, s,
PhCH,0-), 4.96 (1H, brd, J = 10 Hz,, CHHz=CH-, minor diastereomer), 4.98 (1H, brd, J =
10 Hz,, CH,Hg=CH-, major diastereomer), 5.05 (1H, brd, J = 17 Hz, CH,Hz=CH-, minor
diastereomer), 5.08 (1H, dd, J =17, 1 Hz, CHyAHz=CH-, major diastereomer), 5.59 (1H, dt, J
=15, 7 Hz, BnOCH,CH=CH-), 5.72-5.88 (2H, m, BnOCH,CH=CH-, CH,=CH-), 7.23-7.38
(5H, m, C¢H5sCH,0-).

2-199 2-217
[10038]
Vinyl ketone 2-217: To a solution of alcohol 2-199 (15.1 mg, 0.0344 mmol) in DMSO (1.1
mL) was added IBX (15.0 mg, 0.0551 mmol) at room temperature. After being stirred at the
same temperature for 60 min, the reaction was quenched with ice and H,O and stirring was
continued for additional 30 min. The suspension was filtered through a pad of Super-Cel
and washed with Et;O. The filtrate was partitioned, and the aqueous layer was extracted

with Et;0 (x3). The combined organic layer was washed with H,O (x2) and brine, dried
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over Na,SOy, and evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 3 g, EtOAc/hexane 1/10) to give 2-217 (13.5 mg, 90%) as a

colorless oil.

'H NMR (300 MHz, CDCls) 60.88 (3H, d, J=7 Hz, CH; of 'Pr), 0.90 (3H, d, J = 7 Hz, CH;
of 'Pr), 1.10 (3H, s, CH3-), 1.23-1.42 (1H, m, -CH('Pr)CHHg-), 1.48-1.68 (3H, m, -CHMe,,
-CH('Pr)CH,CH>-), 1.70-1.87 (2H, m, -CH(‘Pr)CH,-, -CH(‘Pr)CHAH3-), 2.00-2.30 (3H, m,
-CHCH('Pr)-, -CBrCHCH Hg-, -CBrCHCHAH3-), 2.49 (1H, d, J = 15 Hz, -COCH,Hs-), 2.73
(1H, d, J = 15 Hz, -COCHaH3-), 4.17 (2H, brs, BhOCH,CBr-), 4.50 (2H, s, PhCH,0-), 5.74
(1H, dd, J = 10.5, 1.5 Hz, CH,Hp=CH-), 6.10 (1H, m, -CBr=CH-), 6.16 (1H, dd, J =18, 1.5
Hz, CHyH=CH-), 6.35 (1H, dd, J = 18, 10.5 Hz, CH,=CH-), 7.23-7.40 (5H, m, C¢H5CH,0-).

1) IBX, DMSO, rt
2) TMS-acetylene
EtMgBr, THF
-78°Cto-23°C
—_—
3) Mn02
(CHLClI),, 40 °C

2-201 2-218

Ynone 2-218: To a solution of benzyl ether 2-201 (1.16 g, 2.83 mmol) in DMSO (11 mL)
was added IBX (1.30 g, 4.82 mmol) at room temperature. After being stirred at the same
temperature for 90 min, the reaction was quenched with ice and H,O (30 mL) and stirring was
continued for additional 30 min. The suspension was filtered through a pad of Super-Cel
and washed with Et;0. The filtrate was partitioned, and the aqueous layer was extracted
with Et;0 (20 mL x3). The combined organic layer was washed with H,O (50 mL x2) and
brine, dried over Na,SO4, and evaporated to dryness in vacuo. The crude aldehyde (1.15 g)
was used for the next reaction without further purification.

In a separate three-necked flask, lithium acetylide of TMS acetylene was prepared; to a
solution of TMS acetylene (2.4 mL, 17 mmol) in THF (23 mL) was added EtMgBr (1.0 M
solution in THF, 14 mL, 14 mmol) at -78 °C over 15 min. The solution was allowed to
warm to room temperature and stirred for 30 min, and then cooled at -23 °C. To this
solution was added a solution of the crude aldehyde (1.15 g) in THF (5 mL) at -23 °C over 5
min through cannula. Stirring was continued at the same temperature for 30 min. The
reaction was quenched with 10% HCI aq. (4 mL) and diluted with H,O (30 mL). After

separation of the organic layer, the aqueous layer was extracted with EtOAc (30 mL x3).
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The combined organic layer was washed with sat. NaHCOs aq. (60 mL), H,O (60 mL) and
brine, dried over Na;SQOs, and evaporated to dryness in vacuo. The residue was used for the
next reaction without further purification.

To a solution of the crude product in (CH,Cl), (28 mL) was added MnO, (3.70 g, 42.5 mmol)
at room temperature. The suspension was allowed to warm to 40 °C and stirred at the same
temperature under argon atmosphere for 17 h. Additional MnO, (1.97 g, 22.7 mmol) was
added in two portions.  After being stirred at the same temperature for 17 h, the mixture was
filtered through a pad of Super-Cel and the residue was washed with CH,Cl,. The combined
filtrate was passed through a short column of Na,SO4, and evaporated to dryness in vacuo.
The residue was purified by flash column chromatography (neutral silica gel 40 g,

Et,O/hexane 1/20 to 1/10) to give ynone 2-218 (1.03 g, 72% over 3 steps) as a pale yellow oil.

[a]p® 435 (¢ 0.75, benzene). IR (film) vinax 2957, 2148, 1678, 1661, 1468, 1455, 1253, 1076,
866, 847cm™”. 'H NMR (400 MHz, CDCl3) 6 0.23 (9H, s, 3CH; of TMS), 0.89 (3H, d, J="7
Hz, CH; of 'Pr), 0.91 (3H, d, J = 7 Hz, CH; of 'Pr), 1.14 (3H, s, CH3-), 1.28-1.40 (1H, m,
-CH('Pr)CH,Hg-), 1.49-1.69 (3H, m, -CHMe,, -CH(Pr)CH,CH,-), 1.75-1.89 (2H, m,
-CH('Pr)CH,-, -CH('Pr)CHaH3-), 2.04-2.11 (1H, m, -CHCH(’Pr)-), 2.14 (1H, m,
-CBrCHCH Hg-), 2.23 (1H, m, -CBrCHCHAH3-), 2.49 (1H, d, J = 15 Hz, -COCH,Hz-), 2.76
(1H, d, J = 15 Hz, -COCHaH3-), 4.16 (2H, brs, BhOCH,CBr-), 4.51 (2H, s, PhCH,0-), 6.07
(1H, dd, J = 7, 6 Hz, -CBr=CH-), 7.26-7.38 (5H, m, C¢HsCH,0-). '*C NMR (100 MHz,
CDCl3) §-0.8, 22.0, 22.2, 23.6, 27.2, 27.4, 29.6, 37.6, 46.0, 47.3, 50.4, 56.6, 71.5, 75.0, 97.2,
103.8, 122.9, 127.7, 127.9, 128.4, 134.0, 137.8, 187.4. Anal. Calcd for Cy;H39BrOSi: C,
64.40; H, 7.81. Found: C, 64.39; H, 7.79.

2-PrOH, rt
%
2) AgNOg; KI
EtOH-H,0, rt

2-218 2-219

(S)-Propargyl alcohol 2-219: To a solution of ynone 2-218 (1.03 g, 2.05 mmol) in
2-propanol (20 mL) was added Ru[(1S,28)-p-TsNCH(C¢Hs)CH(CsHs)NH](/°-p-cymene)
(22.5 mg, 37.5 mmol) at room temperature under argon atmosphere. After stirring at the

same temperature for 3 h, the reaction mixture was concentrated under reduced pressure.
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The residue was passed through a short pad of Florisil (5 g) and eluted with Et,O/hexane (1/1).
The filtrate was evaporated to dryness in vacuo. The crude product was used for the next
reaction without further purification.

To a solution of the crude product in EtOH (40 mL) and H,O (10 mL) was added AgNO;
(679 mg, 4.00 mmol) at room temperature. After stirring for 10 min, KI (990 mg, 5.96
mmol) was added to the cloudy solution. After being stirred at the same temperature for
additional 30 min, the suspension was filtered through a pad of Super-Cel and eluted with
EtOAc. The organic layer was washed with H,O (100 mL) and brine, dried over Na;SOs,
and evaporated to dryness in vacuo. The residue was purified by column chromatography
(silica gel 40 g, Et,O/hexane 1/5 to 1/2 to 1/1) to give (S)-propargyl alcohol 2-219 (858 mg,

97% over 2 steps) as a clear oil.

[a]p™* +25 (¢ 0.95, CHCL3). IR (film) vinax 3434, 3306, 2953, 1455, 1384, 1364, 1111, 1055
cm”. '"H NMR (400 MHz, CDCls) 60.88 (3H, d, J = 7 Hz, CH; of 'Pr), 0.90 3H, d, J =7
Hz, CH; of 'Pr), 1.07 (3H, s, CH;3-), 1.21-1.38 (1H, m, -CH('Pr)CHHp-), 1.46-1.64 (3H, m,
-CHMe,, -CH('Pr)CH,CH>-), 1.71 (1H, dd, J = 14, 7 Hz, -CH(OH)CHHg-), 1.69-1.88 (3H,
m, -CH(Pr)CH,-, -CH(OH)CH,-, -CH('Pr)CHxH3-), 1.96 (1H, dd, J = 14, 6 Hz
-CH(OH)CHxH3-), 1.96-2.03 (1H, m, -CHCH('Pr)-), 2.12 (1H, dt, J = 17, 8 Hz,
-CBrCHCH4Hg-), 2.23 (1H, m, -CBrCHCHaH3-), 2.48 (1H, d, J = 2 Hz, H-CCCH(OH)-),
4.17 (2H, brs, BnOCH:CBr-), 4.43 (1H, m, -CH(OH)CH,-), 4.52 (2H, s, PhCH0-), 6.06 (1H,
t, J = 6.5 Hz, -CBr=CH-), 7.26-7.39 (5H, m, C¢H;CH,0-). "*C NMR (100 MHz, CDCl;)
022.0,22.3,23.7, 27.2, 27.5, 29.5, 38.0, 44.8, 47.3, 49.9, 50.1, 59.9, 71.6, 73.0, 75.0, 86.2,
122.6, 127.76, 127.84, 128.4, 134.1, 137.8. Anal. Calcd for C»4H33BrOs: C, 66.51; H, 7.67.
Found: C, 66.50; H, 7.68.

Ho
Lindlar catalyst
pyridine

EtOAc, rt

2-219 (25)-2-199

(5)-2-199: To a solution of (S)-propargyl alcohol 2-219 (826 mg, 1.90 mmol) and pyridine
(80 mL, 0.99 mmol) in EtOAc (38 mL) was added Lindlar catalyst (410 mg, 50% wt/wt) at
room temperature. The reaction mixture was purged with H, gas and stirred vigorously

under atmospheric H, gas at the same temperature for 90 min. After being purged with
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argon atmosphere, the suspension was filtered through a pad of Super-Cel and eluted with
EtOAc. The filtrate was evaporated to dryness in vacuo. The residue was purified by flash
column chromatography (silica gel 30 g, Acetone/cyclohexane 1/15 to 1/8) to give (25)-2-199
(799 mg, 96%) as a pale yellow oil.

[a]p®® +20.1 (¢ 1.53, CHCls). IR (film) vimax 3427, 2953, 1456, 1385, 1364, 1112, 1055, 920
ecm”. '"H NMR (400 MHz, CDCls) 60.88 (3H, d, J =7 Hz, CH; of 'Pr), 0.89 3H, d, J =7
Hz, CH; of 'Pr), 1.08 (3H, s, CHs), 1.21-1.67 (5H, m, -CH(‘Pr)CHHgs-, -CHMe,,
-CH('Pr)CH,CH-, -CH(OH)CH,Hg-), 1.65 (1H, dd, J = 14, 4 Hz, -CH(OH)CHaH3-),
1.69-1.83 (2H, m, -CHCH('Pr)-, -CH(‘Pr)CHH3-), 1.87 (1H, m, -CHCH('Pr)-), 2.13 (1H, ddd,
16, 8, 7 Hz, -CBrCHCH (Hg-), 2.23 (1H, m, -CBrCHCHAH3-), 4.17 (2H, brs, BhOCH,CBr-),
4.24 (1H, m, -CH(OH)CH,-), 4.50 (1H, d, J = 12 Hz, PhCH,HgO-), 4.53 (1H, d, J = 12 Hz,
PhCHAH30-), 5.06 (1H, dt, J = 10, 1 Hz, CHH=CH-), 5.20 (1H, dt, J = 17, 1 Hz,
CHxHz=CH-), 5.89 (I1H, ddd, J = 17, 10, 6 Hz, CH,=CH-), 6.06 (1H, dd, J = 7, 6 Hz,
-CBr=CH-), 7.26-7.38 (5H, m, C¢Hs;CH,0-). "*C NMR (100 MHz, CDCl3) §22.0, 22.4,
24.0,27.2,27.5,29.5,37.9, 45.0,47.8,49.2, 50.2, 71.1, 71.5, 75.0, 113.7, 122.5, 127.7, 127.8,
128.4, 134.2, 137.8, 142.9.

TBSCI
imidazole
—_—
DMF
0°Ctort

(25)-2-199 (25)-2-202

(285)-2-202: To a solution of (25)-2-199 (200 mg, 7.46 mmol) and imidazole (318 mg, 4.67
mmol) in DMF (1.5 mL) was added TBSCI (352 mg, 2.34 mmol) at 0 °C. The reaction
mixture was allowed to warm to room temperature and stirred at the same temperature for 30
min. After the solution was cooled at 0 °C, the reaction was quenched with ice and H,O (10
mL). The organic layer was separated, and the aqueous layer was extracted with Et,O (5 mL
x3). The combined organic layer was washed with H,O (x2) and brine, passed through a
short column of Na,SO4, and evaporated to dryness in vacuo. The residue was purified by
flash column chromatography (silica gel 15 g, CH,Cly/hexane 1/3 to 1/1) to give (25)-2-202
(242 mg, 96%) as a colorless oil.

[a]p?® +16 (c 0.60, CHCly). IR (film) vmax 2954, 1471, 1362, 1254, 1112, 1077, 924, 836
em”. '"H NMR (400 MHz, CDCls) §0.02 (3H, s, CH; of TBS), 0.05 (3H, s, CH; of TBS),

155



0.86 (3H, d, J = 7 Hz, CH; of 'Pr), 0.88 (9H, s, tert-C(CH3); of TBS), 0.88 (3H, d, ] = 7 Hz,
CH; of 'Pr), 1.04 (3H, s, CH;-), 1.22-1.34 (1H, m, -CH('Pr)CHHg-), 1.38-1.81 (7H, m,
-CH('Pr)CHaH3-, -CH('Pr)CH,CH,-, -CH(OTBS)CH>-, -CHMe,, -CHCH('Pr)-), 1.84(1H, m,
-CHCH('Pr)-), 2.06-2.26 (2H, m, -CBrCHCH,-), 4.16 (2H, brs, BnOCH,-), 4.21 (1H, m,
-CH(OTBS)-), 4.51 (2H, s, PhCH,0-), 4.97 (1H, brd, J = 10 Hz, CH,Hg=CH-), 5.06 (1H, brd,
J =17 Hz, CHyH=CH-), 5.81 (1H, ddd, ] = 17, 10, 7 Hz, CH,=CH-), 6.04 (1H, dd, J =7, 6
Hz, -CBr=CH-), 7.27-7.38 (5H, m, C¢HsCH,0-). ">C NMR (100 MHz, CDCl;) 8 -4.6, -3.6,
18.1, 22.0, 22.3, 23.8, 26.0, 27.3, 27.6, 29.5, 37.8, 45.0, 48.0, 50.1, 50.6, 71.5, 72.7, 75.1,
113.4,122.4,127.7,127.8, 128.4, 134.4, 137.8, 143.5.

BnO
Pd(PPh3),
BnO KoCOs BnO + H
toluene
§ Me 120 °C g Me N Me
TBSO TBSO TBSO
(25)-2-202 2-214 (2S)-2-215

Compound 2-214: A two-necked flask charged with bis-allylic ether (25)-2-202 (70.5 mg,
0.128 mmol) and powdered K,CO; (178 mg, 1.29 mmol) was filled with argon gas. To the
vessel were added Pd(PPhs)s (30.0 mg, 0.0260 mmol) and dry toluene (13 mL) under argon
atmosphere. The mixture was degassed by freeze-thaw cycles (x4) and then stirred at
120 °C for 20.5 h under argon atmosphere. After being cooled to room temperature, the
black suspension was filtered through a pad of Super-Cel and washed with EtOAc. The
filtrate was evaporated to dryness in vacuo. The residue was purified by flash column
chromatography (silica gel 10 g, CH,Cl,/hexane 1/5 to 1/3) to give compound 2-214 (22.2 mg,
37%) as a colorless oil and (25)-2-215 (24.2 mg, 40%, (E,E):(Z,E) = 1:0.74) as a colorless oil.

Benzyloxybutadiene (25)-2-215: [a]p>> +15.2 (¢ 0.34, CHCL). IR (film) vimax 2954, 2928,
2865, 1654, 1616, 1457, 1363, 1255, 1160, 1070, 975, 921, 836, 774 cm™. HRMS (ESI) for
C30H4sNa0,Si [M+Na]", caled 491.3286, found: 491.3316.
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