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Abstract In an effort to rapidly construct the azadirachtin-type limonoids and analogues, a highly diastereoselective synthe-
sis of the ABD tricyclic core in azadirachtin-type limonoids from (—)-carvone has been developed. The synthetic avenue fea-
tures an intramolecular nitrile oxide-alkene cycloaddition (INOC) reaction to assemble the trans-decalin system in highly ste-
reoselective manner. By further utilizing an efficient sequence of Sonogashira coupling, isoxazoline reduction, stereocontrolled
dihydroxylation, mesylation and intramolecular Sx2 substitution, a scalable stereoselective synthesis of the tricyclic core skel-
eton of azadirachtin in 13 linear steps was achieved with 6.1% total yield. This intermediate can serve as a highly functional-
ized left-wing fragment for the synthesis of azadirachtin and its analogues. Compared with existing methods, the methods re-
ported herein are simple, reliable, easy to implement, and significantly advances research on the synthesis of the azadiracht-
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in-type limonoids.
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1 Introduction

The limonoids isolated from the Meliaceae plants pos-
sess antifeedant, insecticidal, insect growth disrupting,
fungicidal, bactericidal and other activities.['! Among these
limonoids, azadirachtin (azadirachtin A)!?! is known as one
of the most potent and environmentally-friendly anti-insect
compounds. Currently, structure-activity relationship
(SAR) studies of azadirachtin are limited to derivatization
or degradation of the natural product.’! To this end, a de
novo synthesis of azadirachtin and its analogues would
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greatly improve the scope of future SAR studies.[*!
Azadirachtin represents a formidable synthetic challenge
and has attracted significant attention from the synthetic
community. The strategic disconnection of the C(8)—
C(14) bond proved key in the retrosynthesis, effectively
dividing the molecule into two fragments to be unified at a
late stage. The left-wing fragment features a densely func-
tionalized trans-decalin core, and several methods have
been developed for its construction (Scheme 1). For exam-
ple, in the “relay total synthesis” by Ley,’! synthesis of left
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Scheme 1 Seclected syntheses of left-wing fragment of azadirachtin
fragment I features an intramolecular aldol reaction that ized left fragment has yet to be obtained.
constructs the densely functionalized trans-decalin core.[] Previously, we disclosed a route to synthesize the ABD
Alternatively, in the synthetic studies of Murai, an intra- ring system of meliacarpinin B,l'”) a meliacarpin-type li-
molecular Diels-Alder reaction was used ! to furnish the monoid. The route features an intramolecular nitrile oxide-
trans-decalin unit with good diastereoselectivity, after alkene cycloaddition (INOC) reaction that constructs the
which a sequence of functional group manipulations forged trans-decalin unit from commercially available (—)-car-
the ABCD core structure of azadirachtin. Besides these, vone. Herein, we report our application of this method in
the Yang group'®! developed a novel gold-catalyzed diyne the synthesis of the ABD core in azadirachtin using C(9)-
cyclization reaction to install the trans-decalin framework, hydroxy (—)-carvone 3 (Scheme 2).''/ We envision that
providing a concise sequence to the tetracyclic core struc- tricycle 1 could be used as a functionalized left-wing
ture of azadirachtin-type limonoids. Although extensive fragment of azadirachtin and other azadirachtin-type li-
work has been published,” a rapid, scalable, and enanti- monoids.

oselective route for the preparation of densely functional-

4 steps

“OTIPS

3 2 1 azadirachtin

Scheme 2 Retrosynthtic analysis of azadirachtin
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2 Results and discussion

Our synthesis commenced with the preparation of
trans-decalin unit 2 (Scheme 3). Starting from (—)-car-
vone, a modified two-step sequence involving chlorination
and hydrolysis afforded compound 3" with an improved
yield of 64% (over 2 steps) compared to previously re-
ported procedures. Large-scale (>200 g) synthesis could
also be carried out with this simplified procedure, and no
significant drop of yield was observed. After this, the pri-
mary alcohol was protected with a methyloxymethyl
(MOM) group to afford 5 in 95% yield. Enone 5 was then
subjected to LiHMDS and the resulting enolate was
quenched with Mander’s reagent to provide f-keto-esters 6
as a mixture of diastereoisomers with 6.5 : 1 dr. Subse-
quent Michael addition to acrolein provided aldehyde 7,
which then underwent condensation with hydroxyl amine
hydrochloride to give the INOC precursor 8. The INOC
reaction went smoothly by using the conventional aq.
NaClO-dichloromethane (DCM) condition, providing the
trans-decalin 2 in 50% yield with excellent diastereoslec-
tivity.

Next, we aimed to construct the tetrahydrofuran D ring
(Scheme 4). Compound 2 was first deprotonated with
NaHMDS and the resulting enolate was quenched with
N-phenylbis(trifluoromethanesulfonimide) (PhNTf,) to
afford enol triflate 9 in 71% yield. Subsequent reductive
cleavage of the isooxazoline ring of compound 9 using our
previously developed condition (Fe/AcOH, 60 ‘C)!'% gave
64% of the desired f-hydroxy ketone 10 along with 27% of
retro-aldol product 11 (single isomer, absolute stereo-
chemistry of C(4) was not determined). Further screening
showed that weaker acid NH4CI1l'?! led to exclusive ret-
ro-aldol product 11 in 84% yield, whereas stronger acid
conc. HCI afforded 93% yield of desired product 10 with-
out any retro-aldol reaction. Notably, the MOM protecting
group remained despite the strongly acidic conditions.

Having optimized our isoxazoline ring opening condi-
tion, the crude f-hydroxy ketone 10 was mesylated, and
the less substituted olefin was selectively dihydroxylated to
give diol 13 in 70% yield over 3 steps. Subsequent ring
closure went smoothly to afford tricyclic compound 14 in
75% yield. Unfortunately, Sonogashira coupling of triflate
14 failed to give the desired product 1 in the next step. In

(e}
NaClO, AcOH NaHCO3
DCM, 0 °C dioxane-H,0O
Cl 64% over 2 steps HO
(-)-carvone

acrolein, KF 0P~ HONH,"HCI NaClO (10%)
MeOH EtOH-H,0, r.t. DCM, r.t.
7% MOMO 50% (2 steps)
6 7 8

probing the reactivity of triflate 14, it was discovered that
Pd-catalyzed reductive detriflation could be performed
smoothly with Pd(OAc),/dppf, generating compound 15 in
87% yield. Using PPh; instead of dppf as ligand resulted in
comparable yield, although longer reaction times were
required.

Gratifyingly, Sonogashira coupling reaction could be
achieved using enol triflate 9, affording desired coupling
product 16 in 77% yield (Scheme 5). However, subsequent
isoxazoline ring opening again proved troublesome, with
significant retro-aldol reaction observed and incomplete
conversion. After extensively screening conditions, it was
found that 15 equiv. of Fe and AcOH (10 equiv. in previ-
ous example!'”) as well as elevated reaction temperature
(70 C vs 60 °C) are necessary to give complete conver-
sion of the starting material. Further optimization by in-
creasing the amount of AcOH to 20 equiv. gave cleaner
result with exclusive formation of the desired S-hydroxy
ketone 17 in 76% yield. Other conditions such as Raney-
Ni/H,, 31 TiCL1M or Mo(CO)4!'™! all failed to give the de-
sired product. After that, mesylation and dihydroxylation
of 17 went smoothly to give the diol 20 in 70% yield over
2 steps. Finally, ring closure via an intramolecular dis-
placement of the mesylate forged the tetrahydrofuran ring,
which delivered the desired tricyclic core 1 in 71% yield.

3 Conclusions

In summary, we utilized a stereoselective INOC reaction
to assemble the frans-decalin system, and a fully function-
alized left-wing fragment 1 of azadirachtin-type limonoids
was prepared in 13 linear steps from (—)-carvone. Further
studies towards the synthesis of azadirachtin-type limo-
noids are in progress in our laboratory.

4 Experimental section

4.1 Reagents and instruments

All reactions involving air- and moisture-sensitive rea-
gents were carried out under argon atmosphere using
standard syringe-septum cap techniques. Unless otherwise
noted, reagents were purchased from commercial suppliers
and used without further purification. Tetrahydrofuran
(THF), diethyl ether (Et,O), toluene were distilled from
sodium/benzophenone ketyl before use. DCM and tri-

0O

P

LIHMDS, NC OFt

MOMCI, DIEA

DCM, rt. to 30 °C
95% MOMO

THF, -78to 0 °C
90%, dr=16.5:1

Scheme 3 Construction of trans-decalin 2
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Scheme 5 Construction of alkyne tricyclic core

ethylamine (EtzN) were distilled from calcium hydride
before use. Reactions were monitored by thin layer chro-
matography (TLC) carried out on silica gel GF254 plates
using UV light or basic aqueous potassium permanganate
as visualizing agent. Column chromatography was per-
formed on silica gel (200~300 mesh). '"H NMR and "3C
NMR spectra were recorded on Bruker AMX-400 spec-
trometers (at 400 MHz and 101 MHz, respectively) and
calibrated by using residual undeuterated chloroform (Ju
7.26) and CDCIl; (d¢ 77.16) as internal references. IR spec-
tra were recorded on a Bruker 550 spectrometer. Melting
points (m.p.) were recorded on a RY-1A apparatus. High-
resolution mass spectra (HRMS) were acquired using Var-
ian 7.0T FTMS or Agilent 6520 Q-TOF LC/MS with elec-
trospray ionization (ESI) source.
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4.2 Chemical synthesis procedures
4.2.1 Synthesis of (R)-5-(3-chloroprop-1-en-2-yl)-2-
methylcyclohex-2-enone (4)

To a stirred solution of (—)-carvone (40.0 g, 266 mmol,
1.0 equiv.) and AcOH (25 mL, 426 mmol, 1.6 equiv.) in
DCM (400 mL) was added aq. NaCIO (10%, 600 mL, 806
mmol, 3.0 equiv.) over a period of 2 h at 0 C, and the
mixture was stirred for a further 0.5 h (another 80 mL, 0.4
equiv. aq. NaClO was added if TLC indicated the existence
of starting material). The layer was separated and aqueous
layer was extracted with DCM (200 mL X2). The com-
bined organic layer was washed with brine (200 mL), dried
over Na,SO,, and concentrated in vacuo. The resulting
residue was purified by column chromatography [SiO,

Chin. J. Org. Chem. 2022, 42, 2857 ~2866
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V(petroleum ether) : V(EtOAc)=10 : 1] to afford 4 (43.6
g, 236 mmol) as a light yellow oil with 89% yield. 'H
NMR (400 MHz, CDCLs) é: 6.78~6.70 (m, 1H), 5.24 (brs,
1H), 5.04 (brs, 1H), 4.07 (brs, 2H), 3.01~2.89 (m, 1H),
2.69~2.49 (m, 2H), 2.42~2.24 (m, 2H), 1.85~1.70 (m,
3H); 3C NMR (101 MHz, CDCI5) &: 199.1, 146.6, 144.3,
135.6,115.2,47.0,43.1,37.9, 31.4, 15.7. The NMR data is
in accordance with literature.['"® Also the crude product
can be used for next step directly without diminish the
yield.

4.2.2 Synthesis of (R)-5-(3-hydroxyprop-1-en-2-yl)-2-
methylcyclohex-2-enone (3)

The synthesis procedure was conducted by following the
literature procedure.!''®! To a stirred solution of 4 (43.6 g,
236 mmol, 1.0 equiv.) in dioxane/H,O (V' : V=1 1 3, 800
mL) was added NaHCOs (49.6 g, 591 mmol, 2.5 equiv.).
The reaction mixture was stirred at reflux for 24 h before
being cooled to room temperature. The mixture was diluted
with H,O (400 mL) and then extracted with DCM (300
mL X 3). The combined organic extracts were dried over
Na»SO4 and concentrated in vacuo. The resulting residue
was purified by column chromatography [SiO,,
V(petroleum ether) : V(EtOAc)=1 : 1] to afford 3 (28.3 g,
170 mmol) as a light yellow oil with 72% yield. The NMR
data is in accordance with literatue.[!!"]

4.2.3 Synthesis of (R)-5-(3-(methoxymethoxy)prop-1-
en-2-yl)-2-methylcyclohex-2-enone (5)

To a stirred solution of 3 (10.0 g, 60.2 mmol, 1.0 equiv.)
and N,N-diisopropylethylamine (DIEA) (15.5 g, 1204
mmol, 2.0 equiv.) in DCM (120 mL) was added MOMCI
(7.22 g, 90.3 mmol, 1.5 equiv.) dropwise at 0 ‘C, and the
mixture was stirred overnight at 30 °C. The reaction was
quenched with saturated aq. NaHCOj3 solution (60 mL) and
extracted with DCM (50 mL X2). The combined organic
layer was washed with brine (50 mL), dried over Na,SOs,
and concentrated in vacuo. The resulting residue was puri-
fied by column chromatography [SiO,, V(petroleum
ether) . V(EtOAc)=10 : 1] to afford 5 (12.0 g, 57.2
mmol) as a colorless oil with 89% yield. [oc]})5 —63.1 (¢
1.0, CHCls); 'H NMR (CDCls, 400 MHz) J: 6.77~6.71
(m, 1H), 5.16 (s, 1H), 4.99 (s, 1H), 4.62 (s, 2H), 4.05 (s,
2H), 3.37 (s, 3H), 2.88~2.78 (m, 1H), 2.69~2.57 (m,
1H), 2.57~2.45 (m, 1H), 2.45~2.25 (m, 2H), 1.80~1.76
(m, 3H); 3C NMR (101 MHz, CDCl3) 6: 199.5, 147.1,
144.5,135.6, 112.6,95.7,77.4, 69.1, 55.5, 43.2, 38.5, 31.5,
15.7; IR (KBr) v: 2926, 2888, 1672, 1442, 1368, 1260,
1213, 1149, 1103, 1048, 911, 765 cm™!; HRMS caled for
C1,HisNaO; (M+Na)" 233.1148, found 233.1142.

4.2.4 Synthesis of (1S,6R)-ethyl 6-(3-(methoxymeth-
oxy)prop-1-en-2-yl)-3-methyl-2-oxocyclohex-3-enecar-
boxylate (6)

To a stirred solution of 5 (12.0 g, 57.2 mmol, 1.0 equiv.)
in THF (120 mL) was added LiHMDS (1.0 mol/L in THF,
75 mL, 74.6 mmol, 1.3 equiv.) dropwise at —78 “C. The
mixture was stirred for 20 min at —78 C before ethyl
cyanoformate (7.36 g, 74.6 mmol, 1.3 equiv.) was added.
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The resulting mixture was warmed up to 0 ‘C and stirred
for 0.5 h before quenched with saturated aq. NaHCO; (60
mL) solution. The mixture was diluted with H>O (60 mL)
and extracted with EtOAc (60 mL X 3). The combined or-
ganic layer was washed with brine (40 mL), dried over
Na»SOs, and concentrated in vacuo. The resulting residue
was purified by column chromatography [SiO,, V(petro-
leum ether) : V(EtOAc)=8 : 1] to afford 6 (14.5 g, 51.5
mmol, dr 6.5 . 1) as a light yellow oil with 90% yield.
[Oc]i)5 —72.2 (¢ 2.0, CHCI;). Data for the major isomer: 'H
NMR (CDCl;, 400 MHz) 6: 6.75~6.71 (m, 1H), 5.19 (s,
1H), 5.07 (s, 1H), 4.61 (s, 2H), 4.24~4.15 (m, 2H), 4.06
(s, 2H), 3.59 (d, J/=12.9 Hz, 1H), 3.37 (s, 3H), 3.24~3.12
(m, 1H), 2.64~2.54 (m, 1H), 2.45~2.31 (m, 1H), 1.80 (s,
3H), 1.26 (t, J=7.1 Hz, 3H); 3*C NMR (101 MHz, CDCl;)
0: 194.8, 169.7, 145.7, 144.4, 134.8, 113.9, 95.5, 69.0,
60.9, 58.7, 55.4, 41.6, 31.9, 15.7, 14.2; IR (KBr) v: 2982,
2929, 2894, 1738, 1673, 1447, 1370, 1258, 1151, 1110,
1046, 917, 760 cm ™ !; HRMS calcd for CisH2NaOs (M+
Na)" 305.1359, found 305.1350.

4.2.5 Synthesis of (1R,6S5)-ethyl 6-(3-(methoxymeth-
oxy)prop-1-en-2-yl)-3-methyl-2-oxo-1-(3-oxo-propyl)-
cyclohex-3-enecarboxylate (7)

To a stirred solution of 6 (5.0 g, 17.7 mmol, 1.0 equiv.)
in MeOH (30 mL) were added KF (2.05 g, 35.4 mmol, 2.0
equiv.) and acrolein (2.3 mL, 35.4 mmol, 2.0 equiv.) at
room temperature. Additional acrolein (0.35 mL, 5.3
mmol, 0.3 equiv.) was added every 8§ ~10 h until TLC in-
dicated the consumption of starting material. The reaction
was quenched with saturated aq. NH4Cl solution (20 mL)
and H,O (40 mL), and the mixture was extracted with
EtOAc (30 mL X 3). The combined organic layer was
washed with brine (30 mL), dried over Na,SO4, and con-
centrated in vacuo. The resulting residue was purified by
column chromatography [SiO,, V(petroleum ether) :
V(EtOAc)=8 : 1 to 4 . 1] to afford 7 (4.61 g, 13.6 mmol)
as a colorless oil with 77% yield. [oc]i)5 +32.0 (¢ 1.0,
CHCl5); '"H NMR (CDCls, 400 MHz) §: 9.72 (s, 1H), 6.77
(s, 1H), 5.29 (s, 1H), 5.05 (s, 1H), 4.59 (s, 2H), 4.20~4.05
(m, 2H), 4.03~3.93 (m, 2H), 3.35 (s, 3H), 2.95 (dd, J=
10.1, 4.7 Hz, 1H), 2.84~2.73 (m, 2H), 2.58~2.28 (m,
3H), 2.11~2.02 (m, 1H), 1.81 (s, 3H), 1.22 (t, J=7.1 Hz,
3H); 3C NMR (101 MHz, CDCl;) §: 201.5, 196.0, 170.4,
145.0, 144.4, 135.0, 116.8, 95.8, 70.1, 61.4, 59.9, 55.6,
444,394, 30.1, 24.7, 16.5, 14.1; IR (KBr) v: 2929, 2830,
1727, 1663, 1444, 1366, 1207, 1152, 1048, 919 cm !;
HRMS caled for C;sH270s (M+H)" 339.1802, found
339.1796.

4.2.6 Synthesis of (1R,6S5)-ethyl 1-(3-(hydroxyimino)-
propyl)-6-(3-(methoxymethoxy)prop-1-en-2-yl)-3-me-
thyl-2-oxocyclohex-3-enecarboxylate (8)

To a stirred solution of 7 (4.61 g, 13.6 mmol, 1.0 equiv.)
in EtOH (30 mL) were added H,O (15 mL), hydroxyla-
mine hydrochloride (1.42 g, 20.4 mmol, 1.5 equiv.) and
NaOAc (1.67 g, 20.4 mmol, 1.5 equiv.) at room tempera-
ture, and the mixture was stirred for 0.5 h. The reaction

http://sioc-journal.cn/ 2861
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was diluted with HO (40 mL) and extracted with DCM
(20 mL X 3). The combined organic layer was washed with
brine (20 mL), dried over Na;SOs, and concentrated in
vacuo. The resulting residue was used for next step without
purification. A small sample was purified by column
chromatography [SiO,, V(petroleum ether) : V(EtOAc)=
3 1] to afford 8 as a colorless oil. [a]§+30.1 (c 1.0,
CHCl5); 'H NMR (CDCls, 400 MHz) 6: 7.38 (t, J=5.8 Hz,
0.6H), 6.80 (s, 1H), 6.73 (s, 0.4H), 5.30 (s, 1H), 5.06 (d,
J=3.0 Hz, 1H), 4.62 (s, 2H), 4.18~4.07 (m, 2H), 4.05~
3.96 (m, 2H), 3.36 (s, 3H), 3.05 (td, J/=11.3, 4.7 Hz, 1H),
2.90~2.75 (m, 1H), 2.60~2.20 (m, 4H), 2.10~1.86 (m,
3H), 1.82 (s, 3H), 1.26~1.18 (m, 3H); '*C NMR (101
MHz, CDCl3) d: 195.91, 195.89, 170.59, 170.49, 151.44,
151.38, 145.5, 145.2, 144.42, 144.37, 135.0, 116.5, 116.3,
95.78, 95.74, 71.5, 77.2, 76.8, 70.2, 70.0, 61.38, 61.36,
60.5, 60.3, 55.54, 55.51, 43.2, 42.6, 30.0, 29.9, 28.8, 28.2,
24.8,20.3, 16.5, 14.0; IR (KBr) v: 3362, 3095, 2929, 1733,
1662, 1445, 1366, 1257, 1211, 1152, 1102, 1047, 920, 766
cm”'; HRMS caled for CisH2sNOg (M—i—H)+ 354.1911,
found 354.1910.

4.2.7 Synthesis of (5aR,9aS,9bS)-ethyl 9b-((methoxy-
methoxy)methyl)-7-methyl-6-oxo-1,4,5,5a,6,9,9a,9b-oc-
tahydronaphtho[2,1-c]isoxazole-5a-carboxylate (2)

To a stirred solution of crude 8 in DCM (136 mL) was

added dropwise an aq. NaClO solution (10%, 20 mL, 27.2
mmol, 2.0 equiv.) within 15 min. The resulting mixture
was stirred at room temperature for 10 h before it was di-
luted with brine (20 mL). The organic phase was dried
over Na,SO4, and concentrated in vacuo. The resulting
residue was purified by column chromatography [SiO,,
V(petroleum ether) : V(EtOAc)=6 : 1to 3 : 1] to afford 2
(2.39 g, 6.8 mmol) as a light yellow oil with 50% (2 steps)
yield. [a]y —24.9 (¢ 2.0, CHCl;). 'H NMR (CDCls, 400
MHz) ¢: 6.82 (d, J=5.4 Hz, 1H), 4.58~4.50 (m, 3H),
4.19~4.07 (m, 2H), 3.90 (d, J=28.1 Hz, 1H), 3.63~3.55
(m, 2H), 3.30 (s, 3H), 3.19~3.07 (m, 1H), 3.01~2.93 (m,
1H), 2.79~2.72 (m, 1H), 2.58 (td, J=14.2, 4.8 Hz, 1H),
2.34 (dd, J/=12.0, 4.4 Hz, 1H), 2.12~2.02 (m, 1H), 1.75
(s, 3H), 1.44 (td, J=13.9, 4.7 Hz, 1H), 1.22 (t, J/=7.1 Hz,
3H); 3C NMR (101 MHz, CDCl;) J: 194.8, 169.5, 159.5,
145.8, 133.3, 96.7, 77.5, 66.3, 61.9, 59.1, 56.6, 55.7, 50.7,
31.2,26.9,20.8, 16.6, 13.9; IR (KBr) v: 2933, 2892, 1723,
1669, 1445, 1363, 1262, 1204, 1162, 1105, 1041, 861, 759
cm '; HRMS caled for CisHNOs (M+H)" 352.1755,
found 352.1754.
4.2.8 Synthesis of (5aR,9aS,9bS)-ethyl 9b-((methoxy-
methoxy)methyl)-7-methyl-6-(((trifluoromethyl)sulfo-
nyl)oxy)-1,4,5,5a,9a,9b-hexahydronaphtho[2,1-c]iso-
xazole-5a-carboxylate (9)

To a stirred solution of 2 (5.85 g, 16.6 mol, 1.0 equiv.)
in THF (100 mL) was added NaHMDS (2.0 mol/L in THF,
11 mL, 21.6 mmol, 1.3 equiv.) dropwise at —78 C. The
mixture was stirred for 3 min at —78 ‘C before PANTf,
(8.30 g, 23.2 mmol, 1.4 equiv.) was added. The resulting
mixture was warmed up to 0 ‘C and stirred for 0.5 h be-
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fore it was quenched with saturated aq. NH4Cl (40 mL)
solution. The mixture was diluted with H O (40 mL) and
extracted with EtOAc (40 mL X 3). The combined organic
layer was washed with brine (50 mL), dried over Na,SOs,
and concentrated in vacuo. The resulting residue was puri-
fied by column chromatography [SiO,, V(petroleum
ether) : V(EtOAc)=8 : 1to3 : 1] to afford 9 (5.7 g, 11.8
mmol) as a colorless oil with 71% yield. [a]lg +152.8 (¢
1.0, CHCI3); 'H NMR (CDCls, 400 MHz) 6: 5.91 (brs,
2H), 4.69 (d, J/=8.0 Hz, 1H), 4.60~4.54 (m, 2H), 4.25~
4.05 (m, 2H), 3.91 (d, J=7.9 Hz, 1H), 3.64~3.57 (m,
2H), 3.33 (s, 3H), 3.23 (s, 1H), 2.87~2.72 (m, 2H), 2.68~
2.57 (m, 1H), 1.89 (s, 3H), 1.71~1.61 (m, 1H), 1.25 (t,
J=7.1 Hz, 3H); *C NMR (101 MHz, CDCl3) é: 170.2,
159.0, 143.8, 128.4, 128.2, 127.7, 118.66 (q, J=320.3 Hz),
96.7, 77.6, 66.5, 62.0, 58.7, 55.7, 53.9, 49.3, 31.5, 20.7,
16.3, 13.8; 'F NMR (CDCl;, 376 MHz) §: —72.77; IR
(KBr) v: 2939, 2889, 1727, 1446, 1215, 1139, 1106, 1043,
951, 848, 757, 663, 593 cm !'; HRMS calcd for CyoHpsF3-
NOsS (M+H)" 484.1239, found 484.1247.

4.2.9 Synthesis of (1R,4aR,8aS)-ethyl 1-(hydroxyme-
thyl)-1-((methoxymethoxy)methyl)-6-methyl-2-oxo-5-
(((trifluoromethyl)sulfonyl)oxy)-1,2,3,4,4a,8a-hexahy-
dronaphthalene-4a-carboxylate (10)

To a stirred solution of 9 (1.65 g, 3.90 mmol, 1.0 equiv.)
in EtOH (20 mL) were added H,O (20 mL) and Fe powder
(2.18 g, 39.0 mmol, 10.0 equiv.) at room temperature, and
the mixture was warmed up to 50 ‘C. Conc. HCI (3.2 mL,
39.0 mmol, 10 equiv.) was added dropwise and stirred for
3 h at the same temperature. The reaction was cooled to
room temperature and quenched with saturated aq. Na-
HCOs3 (30 mL), the resulting mixture was passed through a
pad of celite and the filtercake was washed with EtOAc.
The filtrate was concentrated to remove most of EtOH and
EtOAc, the residue was diluted with H,O (30 mL) and ex-
tracted with EtOAc (10 mLX3). The combined organic
layer was washed with brine (10 mL), dried over Na,SOs,
and concentrated in vacuo. The resulting residue was used
for next step without purification. A small sample was pu-
rified by column chromatography [SiO,, V(petroleum
ether) . V(EtOAc)=6 . 1] to afford 10 as a colorless oil.
[oc]i)5 +135.7 (¢ 2.0, CHCI;). '"H NMR (CDCls, 400 MHz)
0: 6.17 (dd, J=9.6, 2.6 Hz, 1H), 5.91 (dd, /=9.6, 3.3 Hz,
1H), 4.54~4.48 (m, 2H), 4.25~4.07 (m, 3H), 3.91 (d, J=
10.4 Hz, 1H), 3.69~3.63 (m, 2H), 3.58 (d, J=11.8 Hz,
1H), 3.29 (s, 3H), 2.83~2.72 (m, 1H), 2.69~2.61 (m,
1H), 2.55~2.47 (m, 1H), 1.97 (td, J=13.3, 5.6 Hz, 1H),
1.90 (s, 3H), 1.25 (t, J/=7.1 Hz, 3H); *C NMR (101 MHz,
CDCly) o: 210.8, 170.8, 143.7, 128.2, 127.9, 127.5, 118.5
(q, /=320.1 Hz), 96.7, 68.1, 63.2, 61.8, 56.5, 55.6, 48.6,
47.2,36.2, 29.5, 15.9, 13.8; YF NMR (CDCl;, 376 MHz)
o: —73.18; IR (KBr) v: 3475, 2942, 2891, 1720, 1408,
1215, 1141, 1106, 1043, 887, 817, 759, 666, 593 cm !;
HRMS calcd for C19H26F3OQS (M“‘H)Jr 4871244, found
487.1236.
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4.2.10 Synthesis of (4aR,8aS)-ethyl 1-((methoxy-
methoxy)methyl)-6-methyl-2-oxo-5-(((trifluoromethyl)-
sulfonyl)oxy)-1,2,3,4,4a,8a-hexahydronaphthalene-4a-
carboxylate (11)

To a stirred solution of 9 (50 mg, 0.10 mmol, 1.0 equiv.)
in EtOH (1 mL) were added H>O (1 mL), NH4Cl (53 mg,
1.0 mmol, 10.0 equiv.) and Fe powder (56 mg, 1.0 mmol,
10.0 equiv.) at room temperature, the mixture was warmed
up to 60 C and stirred for 6 h. The reaction was cooled
down to room temperature and passed through a pad of
celite, the filtercake was washed with EtOAc and the fil-
trate was concentrated to remove most of EtOH and
EtOAc, the residue was diluted with H,O (3 mL) and ex-
tracted with EtOAc (1 mLX3). The combined organic
layer was washed with brine (3 mL), dried over Na,SOs,
and concentrated in vacuo. The residue was purified by
column chromatography [SiO,, V(petroleum ether)
V(EtOAc)=6 : 1] to afford 11 (39 mg, 0.086 mmol) as a
colorless oil with 84% yield. [oz]}D5 +63.8 (¢ 0.5, CHCl3);
'"H NMR (400 MHz, CDCl3) d: 6.03 (d, J/=9.4 Hz, 1H),
5.89 (d, J/=9.4 Hz, 1H), 4.61 (d, J=6.4 Hz, 1H), 4.54 (d,
J=6.4 Hz, 1H), 4.23~4.08 (m, 3H), 3.72 (d, /=10.0 Hz,
1H), 3.33~3.23 (m, 5H), 2.59~2.32 (m, 3H), 2.14~2.03
(m, 1H), 1.91 (s, 3H), 1.24 (t, J=7.1 Hz, 3H); 3C NMR
(101 MHz, CDCls) o: 207.6, 170.7, 143.7, 130.9, 127.5,
127.2, 118.8 (q, J=320.3 Hz), 96.9, 62.9, 61.8, 55.5, 49.7,
49.0, 44.2, 37.0, 28.8, 15.8, 14.0; '°F NMR (CDCls, 376
MHz) o: —73.43; IR (KBr) v: 2961, 2924, 2362, 2334,
1721, 1407, 1260, 1214, 1095, 1021, 801 cm '; HRMS
caled for CigH»FsNaOsS (M +Na) ™ 479.0958, found
479.0952.

4.2.11 Synthesis of (1§,4aR,8aS)-ethyl 1-((methoxy-
methoxy)methyl)-6-methyl-1-(((methylsulfonyl)oxy)-
methyl)-2-oxo-5-(((trifluoromethyl)sulfonyl)oxy)-1,2,3,
4,4a,8a-hexahydronaphthalene-4a-carboxylate (12)

To a stirred solution of crude 10, Et;N (1.2 mL, 0.80
mmol, 2.0 equiv.) and 4-dimethylaminopyridine (DMAP)
(50 mg, 0.39 mmol, 0.1 equiv.) in DCM (20 mL) was
added MsCl (670 mg, 5.85 mmol, 1.5 equiv.) at 0 C, and
the mixture was stirred for 30 min at the same temperature.
The reaction was quenched with saturated aq. NaHCO;
solution (10 mL) and extracted with DCM (10 mL X2).
The combined organic layer was washed with 1 mol/L HCI
(10 mL) and brine (10 mL), dried over Na,SO4, and con-
centrated in vacuo. The resulting residue was used for next
step without purification. A small sample was purified by
column chromatography [SiO», V(petroleum ethers) . V(Et-
OAc)=6 : 1] to afford 12 as a colorless oil. [a]i) +126.6
(c 1.0, CHCl3); '"H NMR (CDCls, 400 MHz) 6: 6.14 (dd,
J=9.7,2.3 Hz, 1H), 5.96 (dd, /=9.7, 3.1 Hz, 1H), 4.79 (d,
J=10.1 Hz, 1H), 4.70~4.53 (m, 2H), 4.28 (d, J/=10.1 Hz,
1H), 4.24~4.09 (m, 2H), 3.84 (d, J=10.6 Hz, 1H), 3.73
(d, J/=10.7 Hz, 1H), 3.62~3.59 (m, 1H), 3.29 (s, 3H),
3.07 (s, 3H), 2.87~2.76 (m, 1H), 2.71~2.62 (m, 1H),
2.59~2.51 (m, 1H), 1.99 (td, J/=13.4, 5.4 Hz, 1H), 1.92
(s, 3H), 1.27 (t, J=7.1 Hz, 3H); *C NMR (101 MHz,
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CDCl3) o: 206.5, 170.6, 143.4, 128.4, 128.2 126.6, 118.7
(q, /=320.4 Hz), 96.7, 69.4, 67.8, 62.2, 55.8, 54.7, 48.6,
46.7, 37.0, 35.9, 31.7, 29.3, 16.0, 13.8; '’F NMR (CDClI;,
376 MHz) 6: —73.05; IR (KBr) v: 2955, 1723, 1457,
1408, 1359, 1216, 1175, 1139, 1106, 1042, 955, 850, 815,
756 cmfl; HRMS calcd for C20H28F30]182 (I\/I‘i‘H)Jr
565.1020, found 565.1018.

4.2.12 Synthesis of (1S5,4aR,7S,8R,8aS)-ethyl 7,8-di-
hydroxy-1-((methoxymethoxy)methyl)-6-methyl-1-
(((methylsulfonyl)oxy)methyl)-2-oxo-5-(((trifluorome-
thyl)sulfonyl)oxy)-1,2,3,4,4a,7,8,8a-octahydronaphtha-
lene-4a-carboxylate (13)

To a stirred solution of crude 12 in THF (12 mL),

‘BuOH (12 mL) and H>O (3 mL) were added NMO (673
mg, 5.85 mmol, 1.5 equiv.) and OsO4 (0.16 mol/L in THF,
1.2 mL, 0.19 mmol, 0.05 equiv.) at 0 ‘C, and the mixture
was stirred overnight at room temperature. The reaction
was quenched with saturated aq. Na>S,03 solution (10 mL)
and the stirring was continued for 30 min. The mixture was
diluted with H,O (20 mL) and extracted with EtOAc (10
mL X3). The combined organic layer was washed with
brine (10 mL), dried over Na,SO,4, and concentrated in
vacuo. The resulting residue was purified by column
chromatography [SiO,, V(petroleum ether) : V(EtOAc)=
3:1to1 :1]to afford 13 (1.64 g, 2.74 mmol) as a white
solid with 70% (3 steps) yield. m.p. 138~140 C; [oz]i)5
+51.3 (¢ 1.0, CHCl3); '"H NMR (CDCls, 400 MHz) §: 4.77
(d, J=9.6 Hz, 1H), 4.67~4.62 (m, 2H), 4.56~4.49 (m,
2H), 4.38 (d, J=9.6 Hz, 1H), 4.33 (d, J=3.3 Hz, 1H),
4.23~4.07 (m, 2H), 4.01 (d, J/=10.9 Hz, 1H), 3.68 (d, J=
10.9 Hz, 1H), 3.38 (s, 3H), 3.10 (d, J/=11.4 Hz, 1H), 3.01
(s, 3H), 2.97 (brs, 1H), 2.86 (ddd, J=17.1, 10.1, 5.1 Hz,
1H), 2.69~2.52 (m, 2H), 2.08~2.02 (m, 1H), 2.01 (s,
3H), 1.28 (t, J=7.2 Hz, 3H); 3*C NMR (101 MHz, CDCl;)
0: 207.4, 171.4, 144.9, 129.6, 118.49 (q, J=319.6 Hz),
97.4, 73.4, 70.5, 67.2, 66.9, 63.1, 56.3, 53.7, 50.2, 41.9,
37.4, 35.7,28.3, 15.5, 13.6; ’F NMR (CDCls, 376 MHz)
J: —74.00; IR (KBr) v: 2955, 1723, 1457, 1408, 1359,
1216, 1175, 1139, 1106, 1042, 955, 850, 815, 756 cm !;
HRMS cacld for C20H33F3NO1352 (1\/[—|‘NH4)Jr 6161340,
found 616.1332.
4.2.13 Synthesis of (2aR,2a'S,5aR,8S,8aR)-ethyl 8-
hydroxy-2a-((methoxymethoxy)methyl)-7-methyl-3-
0x0-6-(((trifluoromethyl)sulfonyl)oxy)-2a,2al,3,4,5,5a,
8,8a-octahydro-2H-naphtho[ 1,8-bc]furan-5a-carboxy-
late (14)

To a stirred solution of 13 (660 mg, 1.10 mmol, 1.0
equiv.) in toluene (11 mL) was added DIEA (712 mg, 5.52
mmol, 5.0 equiv.) at room temperature, the mixture was
warmed up to 100 “C and stirred for 3 d. After cooled to
room temperature, the mixture was directly concentrated in
vacuo. The resulting residue was purified by column
chromatography [SiO,, V(petroleum ether) : V(EtOAc)=
3 1 1] to afford 14 (415 mg, 0.83 mmol) as a yellow solid
with 75% yield. m.p. 66~68 C; [a]lg +81.5 (¢ 2.0,
CHCl;); '"H NMR (CDCls, 400 MHz) &: 4.59~4.51 (m,
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3H), 4.45 (d, J=4.6 Hz, 1H), 4.32~4.20 (m, 3H), 4.05 (d,
J=8.8 Hz, 1H), 3.79 (d, /=9.7 Hz, 1H), 3.64 (d, J=9.7
Hz, 1H), 3.29 (s, 3H), 3.16~3.03 (m, 1H), 2.89 (dd, J=
13.0, 6.4 Hz, 1H), 2.53~2.44 (m, 2H), 2.02 (s, 3H), 1.83
(td, J=13.2, 5.0 Hz, 1H), 1.34 (t, J=7.2 Hz, 3H); C
NMR (101 MHz, CDCl3) d: 206.2, 170.0, 146.5, 133.2,
118.54 (q, /=319.9 Hz) 96.6, 73.2, 72.5, 68.9, 64.9, 63.0,
56.9, 55.7, 51.3, 48.8, 37.3, 33.9, 16.7, 13.8; ''F NMR
(CDCl3, 400 MHz) o: —78.43; IR (KBr) v: 2944, 2894,
1726, 1408, 1215, 1140, 1100, 1039, 950, 877, 757 cm !;
HRMS calcd fOI' C]9H29F3NO]()S (1\/[‘1‘I\IH4)Jr 5201459,
found 520.1455.

4.2.14 Synthesis of (2aR,2a'S$,5aS,85,8aR)-ethyl 8-
hydroxy-2a-((methoxymethoxy)methyl)-7-methyl-3-
oxo-2a,2al,3,4,5,5a,8,8a-octahydro-2 H-naphtho[1,8-
bclfuran-5a-carboxylate (15)

To a stirred solution of 14 (80 mg, 0.16 mmol, 1.0

equiv.) in DMF (1 mL) were added Pd(OAc), (7 mg, 0.032
mmol, 0.2 equiv.), dppf (22 mg, 0.04 mmol, 0.25 equiv.),
Et;N (138 mg, 0.96 mmol, 6.0 equiv.) and HCO,H (37 mg,
0.80 mmol, 5.0 equiv.) sequentially at room temperature,
the mixture was warmed up to 70 C and stirred over-
night. After cooled to room temperature, the mixture was
diluted with H,O (6 mL) and extracted with EtOAc (2
mL X3). The combined organic layer was washed with
brine (2 mL), dried over Na;SO4, and concentrated in vac-
uo. The resulting residue was purified by column chroma-
tography [SiO», V(petroleum ether) : V(EtOAc)=6 : 1 to
3 I 1] to afford 15 (49 mg, 0.14 mmol) as a colorless oil
with 87% yield. [a]p +98.2 (¢ 1.0, CHCL); 'H NMR
(CDCl3, 400 MHz) ¢: 5.51 (s, 1H), 4.61~4.48 (m, 3H),
4.27~4.13 (m, 4H), 4.01 (d, /=8.8 Hz, 1H), 3.76~3.64
(m, 2H), 3.27 (s, 3H), 2.93~2.71 (m, 2H), 2.65 (brs, 1H),
2.37 (dd, J=14.7, 4.0 Hz, 1H), 2.23 (d, J/=12.3 Hz, 1H),
1.89 (s, 3H), 1.59 (td, J/=13.1, 4.8 Hz, 1H), 1.30 (t, J=7.1
Hz, 3H); *C NMR (101 MHz, CDCl;) J: 207.5, 172.8,
139.4, 127.1, 96.6, 74.1, 72.6, 68.3, 66.3, 61.8, 57.4, 55.6,
49.9, 46.2, 37.6, 36.4, 22.1, 14.1; IR (KBr) v: 2959, 1719,
1450, 1389, 1266, 1207, 1153, 1103, 1035, 801, 755 cm " !;
HRMS cacld for C;sH»;0; (M+H)" 355.1750, found
355.1751.
4.2.15 Synthesis of (5aR,9aS,9bS)-ethyl 9b-((meth-
oxymethoxy)methyl)-7-methyl-6-((trimethylsilyl)-
ethynyl)1,4,5,5a,9a,9b-hexahydronaphtho[2,1-c]isoxa-
zole-5a-carboxylate (16)

To a stirred solution of 9 (1.0 g, 2.07 mmol, 1.0 equiv.)
in THF (10 mL) and EtsN (2 mL) were added trimethylsi-
lylacetylene (0.6 mL, 4.13 mmol, 2.0 equiv.), Cul (59 mg,
0.31 mmol, 0.15 equiv.) and Pd(PPhs)s (167 mg, 0.14
mmol, 0.07 equiv.) sequentially at room temperature, and
the mixture was stirred for 5 h at same temperature. The
reaction was quenched with H,O (20 mL), and the mixture
was extracted with EtOAc (8 mL X 3). The combined or-
ganic layer was washed with brine (8 mL), dried over
Na,S04, and concentrated in vacuo. The resulting residue
was purified by column chromatography [SiO,, V(petro-
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leum ether) . V(EtOAc)=28 . 1] to afford 16 (694 mg, 1.60
mmol) as a light brown oil with 77% yield. [a]};g +65.4 (¢
1.0, CHCl3); 'H NMR (400 MHz, CDCl;3) 6: 5.95 (dd, J=
9.6, 3.1 Hz, 1H), 5.89 (dd, J=9.6, 2.5 Hz, 1H), 4.68 (d,
J=17.9 Hz, 1H), 4.61~4.53 (m, 2H), 4.13~4.06 (m, 2H),
3.90 (d, J/=7.9 Hz, 1H), 3.63~3.54 (m, 2H), 3.31 (s, 3H),
3.03~2.93 (m, 2H), 2.82~2.75 (m, 1H), 2.40 (td, J=
14.2, 4.7 Hz, 1H), 1.96 (s, 3H), 1.56 (td, J/=13.8, 4.4 Hz,
1H), 1.23 (t, J=7.1 Hz, 3H), 0.20 (s, 9H); *C NMR (101
MHz, CDCls) 6: 171.6, 160.0, 141.9, 128.9, 128.4, 118.7,
104.3, 101.2, 96.6, 77.4, 67.0, 61.0, 59.1, 55.6, 51.6, 46.8,
34.9, 21.2, 20.8, 14.0, 0.1; IR (KBr) v: 2963, 2902, 2132,
1722, 1445, 1264, 1210, 1102, 1039, 849, 801, 757 cm ;
HRMS cacld for C3H3NOsSi (M+H)" 432.2201, found
432.2204.

4.2.16 Synthesis of (1R,4aR,8aS)-ethyl 1-(hydroxy-
methyl)-1-((methoxymethoxy)methyl)-6-methyl-2-oxo-
5-((trimethylsilyl)ethynyl)-1,2,3,4,4a,8a-hexahydrona-
phthalene-4a-carboxylate (17)

To a stirred solution of 16 (640 mg, 1.48 mmol, 1.0
equiv.) in EtOH (10 mL) were added H,O (10 mL) and Fe
powder (1.24 g, 22.2 mmol, 15 equiv.) at room tempera-
ture, and the mixture was warmed up to 70 C. AcOH
(1.78 g, 29.6 mmol, 20 equiv.) was added dropwise and
stirred for 6 h at same temperature. The reaction was
cooled to room temperature and quenched with saturated
aq. NaHCOs (10 mL), the resulting mixture was passed
through a pad of celite and the filtercake was washed with
EtOAc. The filtrate was concentrated to remove most of
EtOH and EtOAc, the residue was diluted with H,O (5
mL) and extracted with EtOAc (8 mL X 3). The combined
organic layer was washed with brine (5 mL), dried over
Na»SOs, and concentrated in vacuo. The resulting residue
was purified by column chromatography [SiOa,
V(petroleum ether) : V(EtOAc)=06 : 1] to afford 17 (490
mg, 1.13 mmol) as a colorless oil with 76% yield. [oc]})8 +
8.5 (¢ 1.0, CHCI3); 'H NMR (400 MHz, CDCl3) §: 6.15
(dd, J=9.7, 2.9 Hz, 1H), 5.97 (dd, J=9.8, 3.3 Hz, 1H),
4.53~4.48 (q, J=6.6 Hz, 2H), 4.31 (dd, J/=12.0, 5.6 Hz,
1H), 4.17~4.09 (m, 2H), 3.90 (d, J/=10.5 Hz, 1H), 3.66
(d, J=10.5 Hz, 1H), 3.60~3.50 (m, 1H), 3.38~3.36 (m,
1H), 3.27 (s, 3H), 2.94 (ddd, J=13.9, 5.4, 2.9 Hz, 1H),
2.67 (td, J=14.7, 5.6 Hz, 1H), 2.49~2.42 (m, 1H), 2.20~
2.15 (m, 1H), 1.98 (s, 3H), 1.83 (td, J/=14.1, 4.2 Hz, 1H),
1.23 (d, J=7.1 Hz, 3H), 0.21 (s, 9H); 3*C NMR (101 MHz,
CDCly) d: 212.6, 172.0, 142.2, 129.0, 128.4, 118.8, 103.6,
101.4, 96.6, 68.2, 62.2, 61.0, 57.0, 55.6, 46.4, 44.5, 37.5,
33.8, 20.6, 14.0, 0.2; IR (KBr) v: 3483, 2960, 2897, 2132,
1718, 1450, 1257, 1211, 1104, 1040, 849, 757 cm !;
HRMS cacld for C3H3s06Si (M+H)" 435.2197, found
435.2199.

4.2.17 Synthesis of (4aR,8aS)-ethyl 1-((methoxyme-
thoxy)methyl)-6-methyl-2-oxo-5-((trimethylsilyl)ethy-
nyl)-1,2,3,4,4a,8a-hexahydronaphthalene-4a-carbox-
ylate (18)

To a stirred solution of 16 (50 mg, 0.12 mmol, 1.0
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equiv.) in EtOH (1 mL) were added H>O (1 mL) and Fe
powder (97 mg, 1.73 mmol, 15 equiv.) at room tempera-
ture, and the mixture was warmed up to 70 C. AcOH
(104 mg, 1.73 mmol, 15 equiv.) was added dropwise and
stirred for 6 h at same temperature. The reaction was
cooled to room temperature and quenched with saturated
aq. NaHCO; (1 mL), the resulting mixture was passed
through a pad of celite and the filtercake was washed with
EtOAc. The filtrate was concentrated to remove most of
EtOH and EtOAc, the residue was diluted with HO (3
mL) and extracted with EtOAc (1 mL X3). The combined
organic layer was washed with brine (1 mL), dried over
Na»SOs, and concentrated in vacuo. The resulting residue
was purified by column chromatography [SiO,, V{(petro-
leum ether) . V(EtOAc)=10 : 1 to 4 . 1] to afford 17 (33
mg, 0.076 mmol) and 18 (7 mg, 0.017 mmol) sequentially.

Compound 17: Colorless oil, 65% yield.

Compound 18: Colorless oil, 15% yield. [oc]i)8 —99.3 (¢

0.5, CHCl3); 'H NMR (400 MHz, CDCl;) 6: 6.06 (dd, J=
9.6, 2.1 Hz, 1H), 5.93 (dd, J=9.6, 2.9 Hz, 1H), 4.60 (d,
J=6.5 Hz, 1H), 4.52 (d, J=6.5 Hz, 1H), 4.15~4.06 (m,
3H), 3.74 (dd, /=10.1, 3.3 Hz, 1H), 3.29 (s, 3H), 3.23~
3.17 (m, 1H), 3.00~2.93 (m, 1H), 2.75~2.65 (m, 1H),
2.55~2.46 (m, 1H), 2.33~2.18 (m, 1H), 1.99 (s, 3H),
2.03~1.91 (m, 1H), 1.21 (t, J=7.1 Hz, 3H), 0.20 (s, 9H);
BC NMR (101 MHz, CDCl3) 6: 208.7, 172.1, 141.6, 131.8,
128.1, 118.6, 103.0, 102.2, 96.8, 62.7, 60.9, 55.4, 49.7,
47.2, 41.8, 38.2, 32.6, 20.4, 14.2, 0.2; IR (KBr) v: 2962,
2136, 1719, 1453, 1264, 1101, 1038, 850, 802, 755 cm !;
HRMS cacld for C,H3NaOsSi (M +Na)+ 427.1911,
found 427.1915.
4.2.18 Synthesis of (1S,4aR,8aS)-ethyl 1-((methoxy-
methoxy)methyl)-6-methyl-1-(((methylsulfonyl)oxy)-
methyl)-2-oxo-5-((trimethylsilyl)ethynyl)-1,2,3,4,4a,8a-
hexahydronaphthalene-4a-carboxylate (19)

To a stirred solution of 17 (480 mg, 1.10 mmol, 1.0
equiv.), EtsN (0.32 mL, 2.21 mmol, 2.0 equiv.) and DMAP
(13 mg, 0.11 mmol, 0.1 equiv.) in DCM (10 mL) was
added MsCl (189 mg, 1.66 mmol, 1.5 equiv.) at 0 C, and
the mixture was stirred for 0.5 h at the same temperature.
The reaction was quenched with saturated aq. NaHCO;
solution (10 mL) and extracted with DCM (5 mL X 2). The
combined organic layer was washed with 1 mol/L HCI (5
mL) and brine (5 mL), dried over Na,SOs, and concentrat-
ed in vacuo. The resulting residue was used for next step
without purification. A small sample was purified by col-
umn chromatography [SiO,, V(petroleum ether) : V(Et-
OAc)=5 : 1] to afford 19 as a colorless oil. [oc]i)8 +18.6
(c 1.0, CHCl3); '"H NMR (400 MHz, CDCI;) é: 6.10 (dd,
J=9.7,2.7 Hz, 1H), 5.99 (dd, J/=9.7, 3.2 Hz, 1H), 4.88 (d,
J=10.1 Hz, 1H), 4.51~4.44 (m, 2H), 4.24 (d, /=10.1 Hz,
1H), 4.16~4.09 (m, 2H), 3.81 (d, /=10.8 Hz, 1H), 3.72
(d, /=10.8 Hz, 1H), 3.34~3.31 (m, 1H), 3.25 (s, 3H),
3.06 (s, 3H), 2.96~2.89 (m, 1H), 2.70~2.59 (m, 1H),
2.53~2.46 (m, 1H), 1.98 (s, 3H), 1.84 (td, J=14.2, 4.2
Hz, 1H), 1.23 (t, J=7.1 Hz, 3H), 0.20 (s, 9H); *C NMR
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(101 MHz, CDCls) o: 207.3, 171.8, 142.3, 129.1, 127.4,
118.7,104.2,101.1, 96.5, 68.6, 67.9, 61.2, 55.7, 55.2, 46.3,
44.1, 36.9, 36.8, 33.3, 31.7, 20.6, 14.0, 0.2; IR (KBr) v:
2960, 2901, 2133, 1720, 1457, 1358, 1174, 1104, 1040,
962, 849, 755 ¢m '; HRMS cacld for C,4H3sNaOsSSi
(M+Na)" 535.1792, found 535.1796.

4.2.19 Synthesis of (1S,4aR,7S,8R,8aS)-ethyl 7,8-di-
hydroxy-1-((methoxymethoxy)methyl)-6-methyl-1-
(((methylsulfonyl)oxy)methyl)-2-oxo-5-((trimethyl-
silyl)ethynyl)-1,2,3,4,4a,7,8,8a-octahydronaphthalene-
4a-carboxylate (20)

To a stirred solution of crude 19 in THF (6 mL), ‘BuOH
(6 mL) and H,O (1.5 mL) were added NMO (167 g, 1.43
mmol, 1.3 equiv.) and OsO;4 (0.16 mol/L in THF, 0.34 mL,
0.055 mmol, 0.05 equiv.) at 0 ‘C, and the mixture was
stirred overnight at room temperature. The reaction was
quenched with saturated aq. Na,S,03 solution (6 mL) and
the stirring was continued for 0.5 h. The mixture was di-
luted with H,O (6 mL) and extracted with EtOAc (6 mL X
4). The combined organic layer was washed with brine (6
mL), dried over Na,SO,, and concentrated in vacuo. The
resulting residue was purified by column chromatography
[SiO,, V(petroleum ether) . V(EtOAc)=4 . 1to 1 : 1] to
afford 20 (422 mg, 0.77 mmol) as a light brown solid with
70% (2 steps) yield. m.p. 136~138 C; [0(]};8 +109.5 (c
1.0, CHCI;); 'H NMR (400 MHz, CDCl3) 6: 4.79 (d, J=
9.4 Hz, 1H), 4.74~4.65 (m, 1H), 4.60~4.54 (m, 2H), 4.54
(d, J/=9.5 Hz, 1H), 4.18~4.08 (m, 4H), 3.92 (d, /=10.5
Hz, 1H), 3.68 (d, J=10.5 Hz, 1H), 3.32 (s, 3H), 3.01 (s,
4H), 2.85~2.74 (m, 3H), 2.67~2.56 (m, 1H), 2.07 (s,
3H), 1.84~1.75 (m, 1H), 1.24 (t, J=7.1 Hz, 3H), 0.15 (s,
9H); '3C NMR (101 MHz, CDCl;) &: 208.7, 173.1, 142.5,
122.4,101.9,100.4, 97.1, 73.0, 70.9, 67.3, 67.1, 61.8, 56.1,
54.3,50.1, 41.1, 37.3, 36.9, 31.5, 20.6, 14.0, 0.0; IR (KBr)
v: 3484, 2960, 2143, 1719, 1453, 1354, 1255, 1174, 1100,
1041, 967, 849, 756 ¢m '; HRMS calcd for CsHisNa-
010SSi (M+Na)" 569.1847, found 569.1850.

4.2.20 Synthesis of (5aR,9aS,9bS)-ethyl 9b-((meth-
oxymethoxy)methyl)-7-methyl-6-((trimethylsilyl)-
ethynyl)-1,4,5,5a,9a,9b-hexahydronaphtho[2,1-c]iso-
xazole-5a-carboxylate (1)

To a stirred solution of 20 (400 mg, 0.73 mmol, 1.0
equiv.) in toluene (10 mL) was added DIEA (473 mg, 3.66
mmol, 5.0 equiv.) at room temperature, the mixture was
warmed up to 110 °C and stirred for 24 h. After cooled to
room temperature, the mixture was directly concentrated in
vacuo. The resulting residue was purified by column
chromatography [SiO,, V(petroleum ether) : V(EtOAc)=
4 1 1] to afford 1 (329 mg, 0.52 mmol) as a light yellow
solid with 71% yield. m.p. 120~122 C; [oz]i)9 +123.0 (¢
1.0, CHCls); '"H NMR (400 MHz, CDCl3) &: 4.56~4.48
(m, 3H), 4.33 (d, J=4.5 Hz, 1H), 4.28~4.18 (m, 3H),
4.00 (d, J=8.0 Hz, 1H), 3.73 (d, J=9.9 Hz, 1H), 3.63 (d,
J=9.9 Hz, 1H), 3.27 (s, 3H), 3.03~2.89 (m, 2H), 2.64 (s,
1H), 2.43 (dd, J=13.9, 4.8 Hz, 1H), 2.27 (d, J/=12.4 Hz,
1H), 2.09 (s, 3H), 1.70~1.58 (m, 1H), 1.31 (t, J=7.1 Hz,
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3H), 0.17 (s, 9H); '*C NMR (101 MHz, CDCls) 6: 207.7,
172.0, 144.8, 122.1, 103.0, 99.7, 96.6, 73.3, 72.6, 68.7,
65.8, 62.0, 57. 2, 55.6, 49.7, 48.3, 37.8, 36.1, 21.5, 14.2,
0.02; IR (KBr) v: 3429, 2960, 2898, 2143, 1722, 1447,
1258, 1190, 1151, 1101, 1038, 850, 752 cm !; HRMS
cacld for CpH3NaO;Si (M + Na)' 473.1966, found
473.1970.

Supporting Information

"H NMR and '*C NMR spectra

of new compounds. The Supporting Information is availa-
ble free of charge via the Internet at http://sioc-journal.cn/.
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