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Abstract

A formal total synthesis of (—)-hamigeran B wasiaetd in 17 steps from commercially
available ethyl 2-oxocyclopentanecarboxylate. ©aybreductase-catalyzed asymmetric
reduction and the subsequent chemical transformafirnished an enantiomerically pure synthetic
intermediate, R)-5-formyl-2-isopropyl-5-methylcyclopent-1-en-14yifluoromethylsulfonate.
Suzuki-Miyaura coupling with Gao’s arylboronate(R2formyl-3-methoxy-5-methylphenyl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane], under B@ppf)*CH.CI, catalysis, and the subsequent
cyclization by way of intramolecular reductive Srmediated 1,2-diol formation provided a
tricyclic skeleton with a tetrasubstituted doubts8 between C-1 and C-9b. Upon hydrogenation
of this double bond, the proper stereochemistphefremaining chiral centers was established.
Exclusive addition of the hydrogen atom from ftace occurred, owing to the shielding of the
face with a bulky TBS protective group on the Clebhol. The hydrogenation products were

transformed into Clive’s synthetic precursor fo)-framigeran B.



1. Introduction

In 2000, (-)-hamigeran Bl was isolated from marine spondtgmigera tarangaensis, and
found to show antiviral activity. Since then, many efforts have been devoted &higsnistry and
many total and formal total syntheses have beeieweti®*® We envisaged that Clive’s diketone
(1R,3aR,9bR)-2,> a synthetic precursor fdr could be synthesized by stepwise transformation
involving: 1) Suzuki-Miyaura coupling between Gaatylboronate3*’ and R)-4 with the proper
branched side chain and quaternary chiral center23 Smj-mediated ring closut@as the key
steps (Scheme 1). The cyclopenten&d4 would be available fron§-5, and its alkenyl triflate

moiety was expected to aid in the palladium-catdyZ-C bond formation.
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Scheme 1. Synthetic plan for (—)-hamigeran B) @nd the precursor R.3aR,9bR)-2, by the
coupling between aromatic segm8rénd cyclopentenoid segmeR){4 and subsequent ring

closure.

2. Results and discussion

To this end, in the same manner as the synthestis arftipode R)-5,* (9-5 was synthesized
from 6 by enzyme-catalyzed asymmetric reduction and &iaddl chemical transformations of the
resulting stereochemically pureR2S)-7. 1-Methyl-2-azaadamantaieoxyl (1-Me-AZADO)-

catalyzed oxidation of the primary alcohol furnidi{B)-4 in 84% vyield (Scheme 2). Its
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counterpart, arylborona® was prepared from 3,5-dihydroxytoluéhim 4 steps’#!22

~—OH

CO2Et  Chiralscreen® COEt 8 stens TfO
0 OH E001 HO.,, PS
30°C, 24 h
6 (1R,2S)-7 (S)-5
"l'\ 3
1-Me-AZADO TO ~0 PdCl,(dppf)sCH,Cl,
Phl(OAc), K2CO3 _
CH,Cl,, 0°C ~RT DMSO, 80 °C
84% 68%
(R)-4
(P)-isomer (M) isomer

(3aR,4R,5R)-9a (3aR,4S,5S5)-9a
51% 49%
TBSOTf Pb(OAc),
2,6-lutidine pyridine
CH,Cl,, 0 °C THF, 0 °C ~RT
72%
OMe OR (R)-8
\OTBS [miXtUre of (P)-

“ and (M)-isomers]

ACQO

DMAP 9b: R=H
g%ﬂf'”e 9c: R = Ac
(2 steps)

Scheme 2. Suzuki-Miyaura coupling betweé&nand R)-4 and the Smtmediated ring closure.
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Suzuki-Miyaura coupling betweeéhand R)-4 was accomplished under Gao’s conditions with
PdChL(dppf)*CH.CI, as the catalyst to furnisR)-8 in 68% yield (Scheme 2). Switching the
palladium catalyst to PEPPSI-IPr or PEPPSI-SIPrcivhad been reported to be effective for the
coupling of sterically hindered substraféshe yield of8 decreasedcf. 40%). When the
coupling betwee and another triflate§)-5 was attempted, only an undesired borate estdreon t
primary alcohol irb and a homo-coupling byproduct originating fr@nwere observed. Moreover,
all attempts at Stille coupling, which was succalssith a very similar cyclopentenyl triflate and
alkenylstannarfé failed with the corresponding aryltrimethylstanarinstead o8.

The coupling productR)-8 was revealed to be a 56:44 mixture of two rotametging by its
'H NMR spectrum as shown in section 4.3. The neq, ghe ring closure & proceeded almost
guantitatively by treatment with Sgih tetrahydrofuran (THF) at —20 °C. In contrasttie
normal facial selectivity which prefecss-1,2-diol formation, the preference for ttheans-isomer in
an intramolecular fashion had been reported imdlai substrate with a rigid structure and bulky
neighboring substituent§. In our case, two diastereomersR3#R,5R)-9a (51%) and
(3aR,4S559)-9a (49%) formed, which presumably originated fromteemtamer inR)-8, and were
separated by silica gel column chromatography.

Thetrans-stereochemistries of both diastereomers wereraasdigy the comparison of nuclear
Overhauser effect (nOe) and coupling constantsliNMR spectra as depicted in Figure 1.  Upon
irradiation at methyl group at C-3a, nOe was o=t H-4 (4.0%) for (F84R,5R)-94, but at H-3
(2.0%) for (3®&,4S,55-9a. Coupling constants between H-4 and H-5 wereeadple fortrans-

isomers; 0 Hz for (J&4R,5R)-9a and 7.4 Hz for (3&,4S559-9a as shown in Figure 1. Itis also
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noted that both ofH NMR spectra of (38,4R,5R)-9a and (3&,4S,59-9a were different from that

of previously reported correspondioig-9a.*’

! nOe
nOe 2.0%
4.0% J=74Hz
MeO OH H
HsC
5
Me H
Me V\*

OH

Me

o
T
N

(3aR,4R,5R)-9a (3aR,4S,55)-9a

Figure 1. Assignment of the stereochemistry by NMR analygedmb-mediated ring closure

products, (3R,4R,5R)-9a and the diastereomeric 34S59)-9a.

The final task was the installation of the corrgetreochemistry at C-1 and C-9b by
hydrogenation. Clive’s pioneering wdrtevealed that a large substituent oriented oweaiface
at C-4 is necessary to control the stereochemigt€+1 and C-9b to yield the desiredR(abR)-
stereochemistry upon hydrogenation of the doubrelbaetween C-1 and C-9b.

Thus, (3&,4R,5R)-9a was submitted to the following sequence to f@&m As expected from
the 1,3-diaxial repulsion of bulky protective grooip the C-5 hydroxy group and C-3a methyl
group, less sterically hindered alcohol at C-4 pradected with dert-butyldimethylsilyl (TBS)
group (Scheme 2). The remainipgpudo-axially oriented secondary alcohol at C-5 was then

protected with a small acetyl group to minimize lhacking of the3-face upon hydrogenation.
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In contrast, such desired approach of hydrogen sfoom the-face cannot be expected for
(3aR,45,59)-9a which has both substituents at C-4 and C-5 irptieado-equatorial orientation, as
shown in Figure 1. Therefore, this diastereomes kgaycled into the cyclization precursBy-g,
by C-C bond cleavage of theans-1,2-diol moiety by oxidation with lead tetraacetat 72% yield
(Scheme 2). The resultinB)8 became a mixture of rotamers again, as in alnasegatio as
the above-mentioned Suzuki-Miyaura coupling prodastindicated by th# NMR spectrum.

The hydrogenation dc catalyzed by Pd (5%) on charcoal was sluggish ewneler high
pressure of hydrogen gas. DesireR,8HR,4R,5R,9bR)-10awas obtained only in as low as 28%
yield with recovery of starting material (48%) (®ae 3). To overcome the low efficiency, the
catalyst loading was increased from 5% to 10% uadggher concentration of the substrate in
ethanol. Under these conditions, deoxygenatidheabenzylic C-5 position also occurred, and
(1R,3aR,4S9bR)-11awas the major product with complete consumptiothefstarting material.
Hydrogenolysis at the benzylic position alleviatkd steric hindrance, possibly promoting
hydrogenation of the tetrasubstituted double baftdpugh an intermediate for this pathway was
not detected in the crude products of the reactid®d(OH) brought about the same deoxygenation
at the benzylic C-5 position. Subsequent deprmtect the TBS ether idlafurnishedllbin
82% yield from9c.

In contrast to the hydrogenation of conjugatedatetbstituted bond (type’A and type B?),
nobody has achieved the hydrogenation of an isblddeble bond between C-1 and C-9b such as
in9c. A possible intermediate, in which the double dearas isomerized to the disubstituted,

sterically less hindered C-1 and C-2 positions&t@y>°*°was not detected in our experiments.



OMe OAc

H, (7-8 atm)
5% Pd/C + 9c
—_— *
0,
EtOH 48% recovery
OMe OAc 28% \\
(1R,3aR,4R,5R,9bR)-10a
OMe
H, (8 atm)
10% Pd/C
9¢c
EtOH ‘
TBAF (1R,3aR,4S,9bR)-11a: R = TBS
THF, 82% (1R,3aR,4S,9bR)-11b: R=H
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1 2 1 1 2
[A] (B [C]

Scheme 3 Catalytic hydrogenation of tetrasubstituted deldmnd in9c to 10aandlla

Alcohol 11b had been synthesized as an intermediate for R)geman B by Taber and co-
workers. According to their proceduf®]1b was submitted to tetnapropylammonium
perruthenate (TPAP)-catalyzed oxidation widmethylmorpholineN-oxide (NMO) as co-oxidant
to give Clives’ precursa2 in 64% vyield (Scheme 4). Physicochemical and tsplgroperties
were in good accordance with those of the previotegorted sample dfjp>* —228 € 0.35,
CH,CL,); lit.2 [a]p —187.1 ¢ 0.124, CHCI,)]. Then, transformation df0ato 2 was also
attempted. Deprotection of the acetyl and TBS gsaaf the alcohols on C-4 and C-5 were
performed by sequential one-pot treatment with agseodium hydroxide and tetna-

butylammonium fluoride (TBAF) solution in THF, tivg (1R,3aR,4R,5R,9bR)-10b in 67% yield.
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Dess-Martin periodinane-mediated transformatiohQif preferred the oxidation at benzylic
position. The product was a 1:1.7 mixturea@fnd the corresponding hydroxyketone whose
hydroxy group at C-4 was intact. Instead, Swerndabon proceeded on both secondary alcohols
at C-4 and C-5 to furnish but the yield was as low as 38% (Scheme 4). cbhnebined yield oP

from 9c throughllb (52%) was much higher than that throddla (7%).

OMe OMe O
TPAP, NMO o)
MS 4A
CHyCl, H
64% \\

11b (1R,3aR,9bR)-2
OMe OH
WOH  (cocql
TBAF ) 2
NaOH aq. DMSO, Et;N ,
o CH,Cl,
THF, 67% T8 20 °C
\\ 38%
10a (1R,3aR,4R,5R,9bR)-10b

Scheme 4 Transformation ot1b and10ato (1R,3aR,9bR)-2, the intermediate of natural (-)-

hamigeran Bria oxidation of the precursors.

3. Conclusion

The aldehydeR)-4 with a cyclopentene skeleton and stereochemigaifg chiral center was
effectively utilized in the formal total synthesi(—)-hamigeran B. The tricyclic structure was
obtained by successive Suzuki-Miyaura couplingvaf segments, and subsequent cyclization

mediated by the reductive coupling of two aldehydgk Smb. Upon hydrogenation, the
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stereochemistries of the remaining chiral centefs-4 and C-9b were controlled with exclusive
selectivity, by the introduction of a bulky proteet group at C-4. In this way, we achieved a

formal synthesis of (—)-hamigeran B in 17 stepsificommercially availablé.

4. Experimental
4.1. General

Hydrogenation under high pressure was performedaressure vessel with inner vessel and
impeller, EYELA HIP-60. IR spectra were measuredA@R on a Jeol FT-IR SPX60 spectrometer.
'H NMR spectra were measured in CB&1 400 MHz on a VARIAN 400-MR spectrometer or at
500 MHz on a VARIAN 500-MR spectrometer ahi€® NMR spectra were measured in Cp&l
100 MHz on a VARIAN 400-MR spectrometer or at 126i#on a VARIAN 500-MR spectrometer.
Merck silica gel 60 N (spherical, neutral, 63-2i, 37565-84) from Kanto Chemical Co. was
used for column chromatography, respectively. €ptiotation values were recorded on a Jasco

P-1010 polarimeter.

4.2. R)-5-Formyl-2-isopropyl-5-methylcyclopent-1-ene-1-ytrifluoromethylsulfonate 4

To a solution of alcohol§)-5 (71.8 mg, 0.238 mmol) in Gi&l, (2.0 mL) were added 1-Me-
AZADO (1.1 mg, 0.006 mmol) and PhI(OAdB1.0 mg, 0.251 mmol) at 0 °C and stirred fordth
that temperature. The reaction was quenched aitirated Ng5,03 ag. solution and organic
materials were extracted with EtOAc three timeshe Tombined extract was washed with brine,
dried over NgSQ,, filtered, and concentrated under reduced pressurke residue was purified by

silica gel column chromatography with hexane/Et@®@:1-10:1) to give an aldehydg){4 (60.2
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mg, 84%) as a colorless oil. a]p?*+125.5 € 1.14, CHC)). *H NMR (500 MHz, CDCJ): &

1.07 (3H, dJ = 6.9 Hz), 1.08 (3H, d] = 6.9 Hz), 1.29 (3H, s), 1.80 (1H, ddik 13.4, 8.0, 4.4 Hz),
2.31 (1H, ddd) = 13.5, 8.0, 4.4 Hz), 2.38-2.48 (2H, m), 2.92 (&H,J = 6.9, 6.9 Hz), 9.56 (1H,
s); 1*C NMR (125 MHz, CDGJ): 8 17.2, 20.2, 20.5, 24.4, 26.1, 31.0, 58.0, 11718,3.(q,J =

319.6 Hz), 139.3, 144.5, 199.2; R4, 2970, 2937, 1732, 1410, 1212¢m HRMS (DART)

[M+H] " calculated for GH16F304S;: 301.1721, found: 301.0719.

4.3. R)-5-(5’-Formyl-2’-isopropyl-5’-methylcyclopent-1'-enyl)-6-methoxy-4-
methylbenzaldehyde 8

To a mixture of PdG(dppf)*CH.CI, (10.5 mg, 0.013 mmol) and,&O; was added a solution
of boronate3 (81.5 mg, 0.295 mmol) and triflat®)¢4 (80.5 mg, 0.268 mmol) in DMSO (4.0 mL)
and stirred for 12 h at 80 °C under argon atmosphethe reaction was quenched witsCHand
organic materials were extracted with EtOAc twic&he combined extract was washed with brine,
dried over NgSQ,, filtered, and concentrated under reduced pressurke residue was purified by
silica gel column chromatography with hexane/Et@A&©0-20:1) to furnish a 56:44 rotamer
mixture of8 (55.1 mg, 68%,) as a pale-yellow oil'*H NMR (500 MHz, CDCJ): 3 0.87 (1.32H, d,
J=8.7 Hz), 0.89 (1.32H, d,= 6.9 Hz), 0.91 (1.68H, d,= 6.9 Hz), 0.93 (1.68H, d,= 6.9 Hz),
1.04 (1.68H, s), 1.10 (1.32H, s), 1.77—1.81(0.4di,1.88 (0.56H, ddd] = 13.2, 9.3, 9.3 Hz),
2.17-2.20 (0.56H, m), 2.28-2.38 (1H, m), 2.34 (H68), 2.38 (1.32H, s), 2.47-2.60 (2.56H, m),
3.88 (1.32H, s), 3.91 (1.68H, s), 6.25 (0.56HAAP (0.44H, s), 6.72 (0.56H, S), 6.73 (0.44 H, S),
9.53 (0.44H, s), 9.61 (0.56H, s), 10.25 (0.56H16)31 (0.44H, s)*3C NMR (125 MHz, CDGJ): &

17.5,19.8, 19.9, 20.4, 21.1, 21.7, 22.3, 22.2,288.5, 28.7, 28.9, 32.7, 33.2, 55.7, 55.8, 6H4 11,

10



111.5, 111.5, 121.2, 121.9, 123.2, 124.9, 131.9,91339.0, 141.3, 145.4, 146.0, 147.9, 152.4,
161.1, 162.3, 190.2, 190.9, 201.9, 203.7v}R« 2958, 2927, 1718, 1688, 1599, 1568, 1449, 1401,

1289 cm’; HRMS (ESI) [M+Na] calculated for GH»4NaO;: 323.1623, found: 323.1650.

4.4. (3R,4R,5R)-1-Isopropyl-6-methoxy-3a,8-dimethyl-2,3,4,5-tetrydro-3aH-
cyclopentala]naphthalene-4,5-diol 9a and (3&4S,55)-9a

To a solution of Smi(0.1 M in THF, 1.9 mL) was added a solution ofediygde8 (5.8 mg,
0.019 mmol) at —20 °C and stirred at that tempeedior 5 h under argon atmosphere. The
reaction was quenched with saturated sodium/potaskirtrate aq. solution and the organic
materials were extracted with EtOAc three timeshe €ombined extract was washed with brine,
dried over NgSQO,, filtered, and concentrated under reduced pressurke residue was purified by
silica gel column chromatography with hexane/Et@&©0-1:1) to furnish (F4R,5R)-9a (3.0 mg,
51%) and (3R,4S5,59-9a (2.9 mg, 49%) as colorless oil.

(38R 4R,5R)-9a: R; = 0.50 (hexane:EtOAc = 2:1). a]p*> —154 € 0.50, CHC)). H NMR
(500 MHz, CDC4): 3 1.05 (3H, dJ = 6.6 Hz), 1.15 (3H, s), 1.22 (3H, 3= 6.8 Hz), 1.25 (1H, d]
=10.0 Hz), 1.63 (1H, ddd,= 13.2, 9.8, 4.9 Hz), 2.22 (1H, ddb= 13.2, 10.0, 6.8 Hz), 2.35 (3H, s),
2.46-2.60 (2H, m), 3.16 (1H, s), 3.24 (1H, dg;, 6.8, 6.6 Hz), 3.76 (1H, d,= 10.0 Hz), 3.89 (3H,
s), 4.83 (1H, s), 6.67 (1H, s), 6.88 (1H,SE NMR of (3&R 4R 5R)-9a (125 MHz, CDC}): & 21.5,
21.9, 22.0, 23.4, 27.4, 29.8, 31.8, 51.4, 55.43,716.8, 110.1, 120.4, 121.6, 130.5, 132.5, 138.2,
148.5, 158.4; IR/max 3427, 2956, 1607, 1572, 1455, 1343 trAIRMS (ESI) [M+Na] calculated
for CigH26NaOs: 325.1779, found: 325.1773.

(38R 4S59)-9a: R = 0.20 (hexane:EtOAc = 2:1). a]p*?—158 € 0.64, CHC)). H NMR
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(500 MHz, CDC#): 50.95 (3H, s), 1.01 (3H, d,= 6.6 Hz), 1.18 (3H, dl = 6.8 Hz), 1.72 (1H, ddd,
J=13.2,8.8, 4.4 Hz), 1.99 (1H, ddbs 13.2, 9.5, 8.1 Hz), 2.35 (3H, s), 2.40-2.43 (fiis) 2.49—
2.59 (2H, m), 3.20 (1H, qd,= 6.8, 6.6 Hz), 3.76 (1H, d,= 7.4 Hz), 3.89 (3H, s), 4.03 (1H, s),
4.84 (1H, dJ = 7.4 Hz), 6.60 (1H, s,), 6.85 (1H, $JC NMR (125 MHz, CDG)): 517.2, 21.2,
21.5,21.9, 27.4, 29.7, 33.8, 53.2, 55.4, 73.00,8109.6, 120.7, 122.6, 133.3, 134.7, 138.3, 145.0,
157.9; IRVmax 3437, 2958, 1607, 1573, 1456, 1342 trHIRMS (ESI) [M+Na[ calculated for

CigH26Na0s: 325.1779, found: 325.1787.

4.5. (3R,4R,5R)-4-tert-Butyldimethylsilyloxy-1-isopropyl-6-methoxy-3a,8-dmethyl-2,3,4,5-
tetrahydro-3aH-cyclopenta[a]naphthalene-5-yl acetate 9¢

To a solution of (38,4R,5R)-9a (9.2 mg, 0.030 mmol) in Ci€l, (0.7 mL) was added 2,6-
lutidine (21puL, 0.179 mmol) and TBSOTf (4jiL, 0.074 mmol) at 0 °C, and the mixture was
stirred for 30 min at that temperature. The r@actvas quenched with phosphate buffer solution
(pH 7.0, 0.1 M), and the organic materials wereasted with EtOAc twice. The combined
extract was washed with brine and dried oves3@, filtered, and concentrated under reduced
pressure to furnish crude TBS etherR3#r,5R)-9b. To this was added pyridine (0.4 mL),,8c
(0.4 mL) and 4-dimethylaminopyridine (DMAP, 4.6 nfigD38 mmol), and the mixture was stirred
for 16 h at room temperature. The reaction wasicfued with HO and the organic materials
were extracted with EtOAc twice. The combined asttvas washed with brine, dried over
NaSQ,, filtered, and concentrated under reduced pressurke residue was purified by silica gel
column chromatography with hexane/EtOAc (1:0-2@Iurnish (3&,4R,5R)-9¢ (8.4 mg, 60%) as

a colorless amorphous powder.a]§??—129 € 0.32, CHC). 'H NMR (500 MHz, CDCJ): &
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0.12 (3H, s), 0.20 (3H, s), 0.78 (9H, s), 0.97 (AH] = 6.8 Hz), 1.05 (3H, s), 1.19 (3H, d= 7.0
Hz), 1.44 (1H, ddd) = 12.7, 9.0, 3.9 Hz), 2.00 (3H, s), 2.12 (1H, diid,12.7, 10.0, 7.5 Hz), 2.37
(3H, s), 2.40-2.51 (2H, m), 3.26 (1H, dog 7.0, 6.8 Hz), 3.69 (1H, d,= 1.7 Hz), 3.78 (3H, s),
5.88 (1H, dJ = 1.7 Hz), 6.60 (1H, s), 6.91 (1H, $JC NMR (125 MHz, CDGJ): 5 -5.2, —4.0, 18.0,
21.1,21.5, 22.1, 23.4, 25.9 (3C), 27.5, 29.6, 3174, 55.4, 70.0, 75.7, 109.6, 117.6, 120.1,2,31.
134.8, 138.3, 145.9, 158.8, 170.0;URux 2955, 2928, 1732, 1607, 1574, 1462, 1235'cHRMS

(ESI) [M+Na]" calculated for gH4:NaQ,Si: 481.2750, found: 481.2718.

4.6. C-C bond cleavage of (3&4S,55)-9a

To a solution of (3R,4559-9a (7.8 mg, 0.026 mmol) in THF (6QfL.) was added pyridine (50
pL, 0.619 mmol) and Pb(OAg)J41 mg, 0.092 mmol) at 0 °C, and the mixture wasglgally
warmed to room temperature with stirring for 2 f.he reaction was quenched with saturated
NaS,05 ag. solution and organic materials were extraati¢il EtOAc three times. The combined
extract was washed with brine, dried ovepSla,, filtered, and concentrated under reduced
pressure. The residue was purified by silica gklran chromatography with hexane/EtOAc
(20:1-10:1) to furnisi8 (5.6 mg, 72%) as a pale-yellow oil. THé¢ NMR spectrum was identical

to that of8 in section 4.3.

4.7. (IR,3aR,4R,5R,9bR)-4-tert-Butyldimethylsilyloxy-1-isopropyl-6-methoxy-3a,8-dmethyl-
2,3,3a,4,5,9b-hexahydroHi-cyclopenta[a]naphthalene-5-yl acetate 10a
To a solution 0oBc (6.4 mg, 0.014 mmol) in EtOH (2.0 mL) was added®@% on carbon,

10.2 mg) in a pressure vessel as shown in section 4 he mixture was stirred undes H
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atmosphere (8 atm) for 39 h. Then the mixture thas filtered through a pad of Celite, and the
combined filtrate and washings were concentratetbureduced pressure. The residue was
purified by silica gel column chromatography witexane/EtOAc (1:0-40:1) to furnish
(1R,38R,4R,5R,9bR)-10a (1.8 mg, 28%) as a colorless oil andR3#R,5R)-9c (3.1 mg, 48%
recovery). (R 3aR 4R 5R,9bR)-10a *H NMR (500 MHz, CDCY): 5 0.06 (6H, s), 0.59 (3H, d,=
6.6 Hz), 0.89 (9H, s), 0.97 (3H, &= 6.4 Hz), 0.97-1.54 (3H, m), 1.23 (3H, s), 1.3421(1H, m),
1.85-1.91 (1H, m), 2.07 (3H, s), 2.29 (3H, s), 2284 (1H, m), 3.02 (1H, d,= 6.8 Hz), 3.65 (1H,
d,J=7.8 Hz), 3.74 (3H, s), 6.13 (1H, = 7.8 Hz), 6.52 (1H, s), 6.61 (1H, $JC NMR (125

MHz, CDCk): 6-3.8, -3.7, 18.3, 21.5, 21.6, 21.9, 23.8, 26.0,(36.4, 28.4, 30.8, 33.1, 43.8, 53.9,
53.2,55.3,70.4,77.8,109.4, 121.4, 122.8, 13/36,2, 157.2, 170.9; IRnax 2954, 2928, 1745,
1610, 1579, 1235 crj HRMS (ESI) [M+Na] calculated for gHsNaQ,Si: 483.2907, found:

483.2906.

4.8. (IR,3aR,4S,9bR)-1-Isopropyl-6-methoxy-3a,8-dimethyl-2,3,3a,4,5,9bexahydro-1H-
cyclopenta[a]lnaphthalen-4-ol 11b

In a similar manner as described in the sectionatiixture o®c (22.0 mg, 0.048 mmol) and
Pd/C (10% on carbon, 21.0 mg) in EtOH (3.0 mL) stsed under Klatmosphere (8 atm) for 20 h.
The mixture was filtered through a pad of Celitad ghe combined filtrate and washings were
concentrated under reduced pressure. The residsi@iasolved in a mixture of hexane/EtOAc
(40:1), and the solution was filtered through slpad of silica gel to furnishla *H NMR (500
MHz, CDCL): 5 0.00 (3H, s), 0.07 (3H, s), 0.63 (1H,Jd 6.7 Hz), 0.91 (9H, s), 0.97-1.03 (1H,

m), 1.07 (1H, dJ = 6.2 Hz), 1.19 (3H, s), 1.39-1.43 (1H, m), 1.79-1H8, m), 2.21-2.27 (1H,
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m), 2.30 (3H, s), 2.34 (1H, dd= 15.6, 11.2 Hz), 2.90 (1H, dd= 15.6, 4.3 Hz), 2.95 (1H, d,=

7.0 Hz), 3.48 (1H, dd] = 11.2, 4.3 Hz), 3.79 (3H, s), 6.50 (1H, s), 68H, s);**C NMR (125

MHz, CDCk): 6 -4.9, -3.9, 18.1, 21.5, 21.7, 23.9, 25.9 (3C)5288.6, 29.8, 30.4, 32.6, 46.1, 53.7,
53.8,55.4, 76.0, 108.2, 122.8, 123.1, 134.8, 13%6.4. This was employed for the next step
without further purification.

To a solution of the above-mentiongthin THF (400uL) was added TBAF (1.0 M in THF,
400puL) and the mixture was stirred at 40 °C for 15 fhe reaction was quenched withGHand
organic materials were extracted with EtOAc thiees. The combined extract was washed with
brine, dried over N&O, and filtered. The filtrate was concentrated uneduced pressure and
the residue was purified by silica gel column chatography with hexane/EtOAc (20:1-5:1) to
furnish (IR, 3aR,4S,9bR)-11b (11.3 mg, 82% frondc) as a colorless solid. a]p** +70 € 0.56,
CHCl). H NMR (500 MHz, CDCY): 8 0.66 (3H, d,J = 6.6 Hz), 0.96 (1H, m), 1.09 (3H, 3=
6.1 Hz), 1.13 (1H, m), 1.30 (3H, s), 1.48 (1H, MB1 (1H, m), 2.11 (1H, m), 2.30 (3H, s), 2.38
(1H, dd,J = 15.4, 11.5 Hz), 3.00 (1H, d= 6.4 Hz), 3.02 (1H, dd] = 15.4, 4.4 Hz), 3.55 (1H, dd,
J=11.5, 4.4 Hz), 3.79 (3H, s), 6.51 (1H, s), &84, s);**C NMR (125 MHz, CDG)): 5 21.5, 21.7,
23.9, 26.4, 28.3, 29.6, 29.7, 31.9, 45.7, 53.4,%b.3, 75.7, 108.3, 122.5, 122.7, 135.0, 138.2,
156.3; IRVmax 2939, 2867, 1463, 1272 cMHRMS (ESI) [M+NaJ calculated for GH2gNaOy:
311.1987, found: 311.1962. Its NMR and IR speateee identical with those reported

previously™

4.9. (IR,3aR,9bR)-1-Isopropyl-6-methoxy-3a,8-dimethyl-2,3,3a,9b-teahydro-1H-

cyclopentala]naphthalene-4,5-dione 2
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To a suspension dflb (8.5 mg, 0.030 mmol) and powdered 4A molecularesi®3.6 mg) in
CH.CI; (1.0 mL) were added NMO (41.0 mg, 0.350 mmol) aR4P (6.0 mg, 0.017 mmol), and
stirred under argon atmosphere for 4 h. The re@actiixture was directly purified by silica gel
column chromatography with hexane/EtOAc (10:1-2olfurnish a diketon& (5.7 mg, 64%) as a
pale-yellow oil. p]p** =228 € 0.35, CHCl,). *H NMR (500 MHz, CDCJ): 0.44 (3H, dJ =
6.6 Hz), 0.57 (3H, d] = 6.6 Hz), 1.14-1.23 (1H, m), 1.27 (3H, s), 1.4891(2H, m), 1.75-1.81
(1H, m), 2.20-2.28 (1H, m), 2.41 (3H, s), 2.47-A54, m), 3.35 (1H, dJ = 9.5 Hz), 3.93 (3H, s),
6.71 (1H, s), 6.77 (1H, s1*C NMR (125 MHz, CDG): 8 20.4, 22.4, 23.1, 24.2, 28.0, 28.6, 35.4,
51.9, 55.1, 56.0 (2C), 110.9, 120.6, 124.4, 14149,2, 161.4, 180.8, 201.7; iRax 2955, 1721,
1677, 1604 cit; HRMS (ESI) [M+Na] calculated for @H»,NaO;: 323.1623, found: 323.1634.

lts NMR, IR and MS spectra were identical with taesported previousk;.

4.10. (R,3aR,4R,5R,9bR)-1-Isopropyl-6-methoxy-3a,8-dimethyl-2,3,3a,4,5,%3hexahydro-1H-
cyclopentala]naphthalene-4,5-diol 10b

To (1R,3aR,4R,5R,9bR)-10a(1.8 mg, 3.9umol) were added TBAF (1.0 M in THF, 5@Q.) and
NaOH (2.0 M in HO, 120uL) and the mixture was stirred at 70 °C for 45 ffhe reaction was
guenched with KD and organic materials were extracted with EtG#eé times. The combined
extract was washed with brine, dried ovep®&, and filtered. The filtrate was concentrated
under reduced pressure and the residue was pub§isdica gel column chromatography with
hexane/EtOAc (10:1-2:1) to furnishRBaR,4S,9bR)-10b (0.8 mg, 67%) as a colorless oil*H
NMR (500 MHz, CDC}): 8 0.61 (3H, d,J = 6.6 Hz), 0.75-0.85 (1H, m), 1.07 (3H,Jd 6.4 Hz),

1.18 (1H, dddJ = 14.1, 12.0, 7.3 Hz), 1.31-1.39 (1H, m), 1.35,(811.54-1.60 (1H, m), 1.60—
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1.68 (1H, m), 2.19 (1H, m), 2.30 (3H, s), 3.01 (HH] = 6.7 Hz), 3.46 (1H, d] = 9.0 Hz), 3.87
(3H, s), 4.73 (1H, d) = 9.0 Hz), 6.58 (1H, s), 6.64 (1H, € NMR (125 MHz, CDCJ): 5 21.4,
21.6, 23.8, 26.3, 28.8, 29.6, 32.3, 43.0, 53.01.555.4, 69.5, 79.9, 109.4, 123.7, 124.4, 136.7,
137.5, 156.8; [Rimax 3493, 2952, 2866, 1612, 1577, 1462 trAIRMS (ESI) [M+Na] calculated

for CioH2gNaQOs: 327.1936, found: 327.1955.

4.11. Synthesis of [R,3aR,9bR)-2 by the oxidation of 10b

To a solution of (COC})(5 pL, 0.058 mmol) in CHCI, (200uL) was added a solution of
dimethyl sulfoxide (DMSO, @iL, 0.084 mmol) in CHCI, (200uL) at =78 °C, and the mixture was
stirred under argon atmosphere at that temper&u) min. To the mixture was added a
solution of the diol (R,38R,4S9bR)-11b (0.8 mg, 2.6umol) in CHCl, (200uL) and the stirring
was continued at the same temperature. After 30 BgN (40puL, 0.288 mmol) was added to the
mixture, and the temperature was gradually raieél®C for over 2 h with stirring. The reaction
was quenched with saturated MH aqg. and the organic materials were extracted BiOAc twice.
The combined extract was washed with brine, driest dlaSO,, filtered, and concentrated under
reduced pressure. The residue was purified gasijel column chromatography with
hexane/EtOAc (1:0-20:1) to furnishRBaR,9bR)-2 (0.3 mg, 38%) as a pale-yellow oil. 1td
NMR spectrum was identical to that in section 4.8IRMS (ESI) [M+Na] calculated for

Ci9H24Na0s: 323.1623, found: 323.1639.

Acknowledgements

We express sincere thanks to Prof. Funitoshi Kakiat Department of Chemistry, Keio

17



University for the measurement of high resolutiomssispectrum oR)-5. This work was

supported by JSPS KAKENHI (16J01810 for K. K.) ao#tnowledged with thanks.

References

1.

10.

11.

12.

13.

14.

15.

Wellington, K. D.; Cambie, R. C.; Rutledge, P.Bergquist, P. RJ. Nat. Prod. 200Q 63,
79-85.

A pertinent review for the synthetic studies on igem B: Miesch, M.; Welsch, T.; Rietsch,
V.; Miesch, L.Srategies and Tacticsin Organic Synthesis 2013,9, 203-229.

Nicolaou, K. C.; Gray, D.; Tae, Angew. Chem. Int. Ed. 2001, 40, 3675-3678.

Nicolaou, K. C.; Gray, D.; Tae, Angew. Chem. Int. Ed. 2001, 40, 3679-3683.

Nicolaou, K. C.; Gray, D. L. F.; Tae,d.Am. Chem. Soc. 2004 126, 613-627.

Clive, D. L. J.; Wang, Jletrahedron Lett. 2003 44, 7731-7733.

Clive, D. L. J.; Wang, JAngew. Chem. Int. Ed. 2003 42, 3406-3409.

Clive, D. L. J.; Wang, Jl. Org. Chem. 2004 69, 2773-2784.

Trost, B. M.; Pissot-Soldermann, C.; Chen, I.; $elder, G. MJ. Am. Chem. Soc. 2004 126,
4480-4481.

Trost, B. M.; Pissot-Soldermann, C.; CherChem. Eur. J. 2005 11, 951-959.

Taber, D. F.; Tian, WJ. Org. Chem. 2008 73, 7560-7564.

Miesch, L.; Welsch, T.; Rietsch, V.; Miesch, Ehem. Eur. J. 2009 15, 4394-4401.
Mukherjee, H.; McDougal, N. T.; Virgill, S. C.; Stp, B. M. Org. Lett. 2011, 13, 825-827.
Lau, S. W. LOrg. Lett. 2011, 13, 347-349.

Jiang, B.; Li, M.-M.; Xing, P.; Huang, Z.-®rg. Lett. 2013 15, 871-873.
18



16.

17.

18.

19.

20.

21.

22.

23.

24,

Lin, H.; Xiao, L.-J.; Zhou, M.-J.; Yu, H.-M.; Xiel.-H.; Zhou, Q.-LOrg. Lett. 2016 18,
1434-1437.

Li, X.; Xue, D.; Wang, C.; Gao, &ngew. Chem. Int. Ed. 2016 55, 9942-9946.

Kuwata, K.; Hanaya, K.; Sugai, T.; Shoji, Metrahedron: Asymmetry 2017, 28, 964-968.
Shibuya, M.; Tomizawa, M.; Suzuki, I.; Iwabuchi, ¥ Am. Chem. Soc. 2006 128, 8412-
8413.

Mondal, M.; Paranik, V. G.; Argade, N. £.0rg. Chem. 2007, 72, 2068-2076.

Trost, B. M.; Shen, H. C.; Dong, L.; Surivet, J;,-Bylvain, C.J. Am. Chem. Soc. 2004 126,
908-912.

Bugaut, X.; Roulland, Ezur. J. Org Chem. 2012 908-912.

Kantchev, E. A. B.; O'Brien, C. J.; Organ, M. Agew. Chem. Int. Ed. 2007, 46, 2768-2813.
Kuwata, K.; Hanaya, K.; Higashibayashi, S.; SugaiShoji, M. Tetrahedron 2017, 73,

6039-6045.

19



