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ABSTRACT: The enantioselective synthesis of maoecrystal V, a
cytotoxic polycyclic diterpene, is described. Key reactions in the
synthesis include an intramolecular Heck reaction, an oxidative
cycloetherification, and an intermolecular Diels−Alder reaction to
forge the carbocyclic core in a concise and stereoselective manner.
Late-stage amine and C−H oxidation is used to install the final
functional groups required to complete the synthesis.

■ INTRODUCTION

The Isodon species of plants produce a staggering array of terpene
natural products that are biosynthetically derived from the
common ent-kaurene nucleus (1, Figure 1).1 One such terpene,
maoecrystal V (2), possesses a unique structure that shares little
resemblance to its biogenic progenitor (i.e., 1).2

First isolated from Isodon eriocalyx by Sun and co-workers in
1994, maoecrystal V’s structure was tentatively assigned on the
basis of NMR and MS spectral data, but was not reported at that
time due to uncertainty surrounding the assignment. Such was
the peculiarity of its structure that it was not until 2004 that
maoecrystal V (2) was disclosed in the literature thanks to
unambiguous structural assignment via single crystal X-ray
diffraction.2 Maoecrystal V (2), a nor-C6-diterpene, possesses a
unique structure that has undergone substantial reorganization
from 1 such that it contains vicinal quaternary stereocenters at
C9 and C10, a highly strained cyclic ether between C5 and C8, a
spirocyclic lactone, and a bicyclo[2.2.2]octane ring system.
Moreover, maoecrystal V (2) was shown to possess potent and
selective cytotoxic activity against HeLa cells (IC50 = 60 nM).
The combination of its complex structure and compelling

biological profile has made maoecrystal V (2) a popular target for
total synthesis,3,4 but to date only three successful total syntheses
of racemic maoecrystal V have been reported (Figure 2).5

In 2010, Yang and co-workers reported the first total synthesis
of 2 by a concise approach that utilized an intramolecular Diels−
Alder reaction of lactone 3 to forge the cyclic ether, lactone, and
bicyclo[2.2.2]octane nucleus of 2 in a single step.5a Danishefsky
and Peng’s synthesis of maoecrystal V (2), which was reported in
2012, made use of an intramolecular Diels−Alder reaction of

ester 4 to also forge the C8−C9 and C13−C14 bonds of the
bicyclo[2.2.2]octane ring system.5b Zakarian and co-workers,
however, constructed the bicyclo[2.2.2]octane core through
generation of the C9−C11 and C12−C13 bonds by a silicon-
tethered intramolecular Diels−Alder reaction of vinyl silane 5.5c

We now wish to report the results of our own work toward
maoecrystal V (2) that led to construction of the critical
bicyclo[2.2.2]octane nucleus by way of an alternative inter-
molecular Diels−Alder reaction of diene 6 and nitroethylene (7)
that forms the C9−C15 and C13−C16 bonds. These efforts have
now culminated in a concise enantioselective total synthesis of
maoecrystal V (2).6

■ RESULTS AND DISCUSSION
In 2010, our group reported an approach to maoecrystal V (2)
that successfully constructed the bicyclo[2.2.2]octane ring
system by an intermolecular Diels−Alder reaction with nitro-
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Figure 1. ent-Kaurene (1) and maoecrystal V (2).

Figure 2. Diels−Alder reactions toward maoecrystal V (2).
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ethylene (7).4f This first strategy called for late-stage installation
of the cyclic ether by formation of the C5 carbon−oxygen bond
from a pre-existing C8 hydroxyl group, which was ultimately
unsuccessful. Subsequent model studies indicated that, even if
the C5 carbon−oxygen bond was formed in this “east-to-west”
manner, it would most likely possess the incorrect stereo-
chemistry.4k After considering these results, we designed a new
approach that would maintain the successful intermolecular
Diels−Alder reaction but install the C5 stereochemistry early and
form the cyclic ether by the alternative “west-to-east” direction.
Our synthesis commenced from 4,4-dimethylcyclohexenone

(8, Scheme 1), which was subjected to a Baylis−Hillman
reaction7 and a Sharpless asymmetric epoxidation to produce

ketone 9 in good yield and with high optical purity (94% ee).8

Benzylation of 9 with trichloroimidate 109 followed by reductive
fragmentation of the epoxide delivered the allylic alcohol 11 in
61% yield. Construction of the critical C10 spirocyclic quaternary
stereocenter was achieved through a completely diastereose-
lective Heck reaction,10 which first necessitated protection of the
secondary alcohol as a triethylsilyl ether.11 Thus, protection of
alcohol 11 with TESCl followed by treatment with 3 mol %
Pd(Ph3P)4 gave rise to 2,3-alkene 13 as the major product along
with the 1,2-alkene 12 (4:1 ratio of 13:12). Both silyl groups
were cleaved during this process by quenching the reaction
mixture with TBAF after full consumption of the starting
material was observed, and in this way, alkene 13 was obtained in

Scheme 1a

aReagents and conditions: (a) CH2O, sodium dodecyl sulfate, DMAP, H2O, 71%; (b) 1.5 equiv of (−)-diisopropyltartrate, 1.45 equiv of Ti(iPrO)4,
tBuOOH, 4 Å MS, 74%, 94% ee; (c) TfOH, 10, 87%; (d) NaBH4, 87%; (e) Ph3P, I2, imidazole, 76%; (f) Zn, NH4Cl, 0 °C, 93%; (g) TESCl,
imidazole, 92%; (h) 3 mol % Pd(Ph3P)4, PMP, 125 °C; TBAF, 52% of 13; (i) PhI(OAc)2, NaHCO3, (CF3)2CHOH−DCM, 95%; (j) 3 mol %
Stryker’s cat., PhSiH3, 92%; (k) LDA, TMSCl; (l) 7, BHT, PhH; HCl/THF, 55% from 15.

Scheme 2. a

aReagents and conditions: (a) 1,2-ethanedithiol, BF3·Et2O; then Zn/HCl, 89%; (b) IBX, DMSO; 1 N HCl, 87%; (c) Raney Ni, MeOH, reflux, 98%;
(d) LHMDS, MeI, 95%, 1:1 dr; (e) K2CO3, (CH2O)n, DMF, 97%; (f) NaBH4, MeOH; then Raney Ni, reflux, 95%, >15:1 dr; (g) NBS,
benzoylperoxide, CCl4, 80 °C; then AgBF4, DMSO, 73%; (h) CrO3/AcOH, DCM, reflux, 28% (2) + 47% (23).
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52% yield as a single isomer after chromatography. Formation of
the 2,3−alkene as themajor product from this Heck reactionmay
be rationalized by olefin isomerization to the more thermody-
namically stable isomer by reinsertion of the intermediate Pd−
hydride complex formed following initial spirocyclization.12

We next turned our attention to construction of the critical
THF ring, which we envisioned forming by an intramolecular
oxidative cyclodearomatization.13 Ultimately, we found that
treatment of phenol 13 with PhI(OAc)2 in a mixture of
(CF3)2CHOH and DCM provided the desired dienone 14 in
95% yield. Curiously, exposure of the 1,2-alkene isomer 12 to the
same conditions led to exclusive benzylic oxidation, an outcome
that highlights the nuanced effects the A-ring alkene has on
conformation and reactivity. Conjugate reduction of the less
hindered 13,14-alkene using Stryker’s catalyst14 delivered enone
15 in 92% yield and set the stage for the key Diels−Alder
cycloaddition. Enone 15was converted to the unstable enol ether
6, which was exposed to nitroethylene (7) without purification.
Care had to be taken to avoid fragmentation of the ether ring to
regenerate phenol 13 under the reaction conditions, yet under
optimized conditions we were able to obtain cycloadduct 16 as a
single regio- and stereoisomer (55% yield from enone 15).
With the carbocyclic framework of maoecrystal V installed in a

concise and selective fashion we focused our efforts toward the
required late-stage functional group manipulations and C−H
oxidations necessary to deliver the natural product (Scheme 2).
Early attempts to delete the C12 ketone within 16 through
Clemmenson and Wolff−Kishner reductions or via the
corresponding tosyl hydrazone were met with issues of low
yields, poor reproducibility, and/or significant decomposition.
Ultimately, conversion of ketone 16 to the dithiane followed by
in situ reduction of the nitro function provided C15 amine 17 in
89% yield. Oxidation of the amine within 17 to the
corresponding imine with IBX,15 followed by hydrolysis,
provided ketone 18 in 87% yield. Subsequent desulfuration
with Raney Ni16 then gave rise to ketone 19 in high yield (98%
yield).
Alkylation of 19 with methyl iodide delivered ketone 20 in

95% yield as a 1:1 mixture of inseparable isomers. The poor
selectivity we obtained for this reaction led us to devise an
alternative strategy that first involved generation of the exocyclic
enone 21 from ketone 18 bymeans of an aldol condensation with
paraformaldehyde (97% yield). We anticipated that reduction of
the exocyclic 16,17-alkene within 21 would proceed with high
levels of facial selectivity due to the steric hindrance imparted by
the dithiane group, which having served its role as a blocking
group would be removed subsequently. In the event, sequential
treatment of enone 21 with NaBH4 followed by Raney Ni in one
pot facilitated smooth conjugate reduction and desulfurization to
deliver ketone 20 in 95% yield and with >15:1 diastereose-
lectivity.
With the C15 ketone and C17 methyl groups in place, the

remaining obstacles were incorporation of the C1 ketone and C7
lactone. Yang and co-workers had shown in their synthesis of
maoecrystal V (2) that the C1 ketone could be introduced
through a four-step sequence of a related compound involving
initial allylic bromination at C1, with subsequent manipulations
involving trapping with TEMPO, N−O bond cleavage, and
oxidation of the allylic alcohol.5a Utilizing this key precedent, we
devised a one-pot allylic bromination/Kornblum oxidation17

procedure that provided the C1 ketone directly from the alkene.
Exposure of 20 to NBS and benzoylperoxide provided the
intermediate allylic bromide, which was not isolated but instead

treated with AgBF4 and dimethyl sulfoxide to provide ketone 22
in 73% yield.
Completion of the synthesis would now require oxidation at

C7 to deliver the requisite lactone present within maoecrystal V
(2). We had anticipated that the C7 and C20 methylene groups
would be the most activated positions for this challenging late-
stage C−H functionalization.18 Earlier efforts showed that
electronic factors appear to dominate this oxidation; compound
20, which lacks the electron withdrawing C1 ketone, gave rise to
the C20 lactone exclusively when treated with CrO3 and
AcOH.19 This high selectivity for the wrong isomer is most likely
enhanced by additional deactivation of C7 by the THF oxygen.
We speculated that the presence of the C1 ketone within 22
would deactivate the C20 carbon and provide access to the
desired C7 lactone. This line of reasoning proved fruitful, as we
found that treatment of 22 with CrO3 and AcOH provided
synthetic (−)-maoecrystal V (2, 28% yield), whose spectroscopic
data (1H NMR, 13C NMR, HRMS, [α]D) were in excellent
agreement with that reported for the natural sample.2 Although
the isomeric C20 lactone 23 was also formed (47% yield) during
the final oxidation, pentacyclic ether 22 is one of the most
complex substrates utilized in late-stage C−H oxidation en route
to a natural product and further highlights the powerful utility of
such reactions.

■ CONCLUSION
The enantioselective synthesis of maoecrystal V (2) reported
herein proceeded in 18 steps from commercially available 4,4-
dimethylcyclohexenone (8) and made use of numerous powerful
transformations. Key to the success of the synthesis was the
sequential use of a Heck spirocyclization, an oxidative cyclo-
dearomatization, and an intermolecular Diels−Alder reaction to
convert benzyl ether 11 into the pentacyclic carbocycle 16. This
rapid escalation in carbogenic complexity then allowed for a
series of efficient redox adjustments, including two late-stage C−
H oxidations to forge the C1 and C7 carbonyl groups and thus
deliver the natural product. The efficiency of our approach,
coupled with an ability to access either enantiomer of the natural
product, will allow full exploration of maoecrystal V’s medicinal
potential.

■ EXPERIMENTAL SECTION
General Methods. All reactions were carried out under a nitrogen

atmosphere in flame-dried glassware with magnetic stirring unless
otherwise stated. Methanol, benzene, ether, THF, and DCM were
purified by passage through a bed of activated alumina. Purification of
reaction products was carried out by flash chromatography using EM
Reagent silica gel 60 (230−400 mesh). Analytical thin layer
chromatography was performed on EM Reagent 0.25 mm silica gel
60-F plates. Visualization was accomplished with UV light, p-
anisaldehyde, or KMnO4 stain. Germanium ATR infrared spectra
were recorded using a Bruker Tensor 37. All 1H NMR spectra were
recorded on a Varian Inova 500 (500 MHz), Varian Inova 400 (400
MHz), or Bruker Advance III 500 (500 MHz) spectrometer and are
reported in ppm using solvent as an internal standard (CDCl3 at 7.26
ppm). Two-dimensional NMR experiments were run on a Bruker
Advance III 500 (500 MHz). Data are reported as (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, brs = broad; integration;
coupling constant(s) in Hz). Proton-decoupled 13C NMR spectra were
recorded on a Varian Inova 500 (125 MHz), Varian Inova 400 (400
MHz), or Bruker Advance III 500 (125 MHz) spectrometer and are
reported in ppm using solvent as an internal standard (CDCl3 at 77.00
ppm). Mass spectral data were obtained on an Agilent 6210 time-of-
flight LC/MS and a Thermo Finnegan Mat 900 XL high resolution
magnetic sector.
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Experimental Procedures. Compound 9.To a flame-dried round-
bottom flask equipped with a stir bar and activated 4 Å molecular sieves
were added titanium(IV) isopropoxide (16.6 mL, 56 mmol),
(−)-diisopropyl D-tartrate (11.2 mL, 57.6 mmol), and anhydrous
dichloromethane (130 mL). The resulting mixture was cooled to −20
°C, and 2-(hydroxymethyl)-4,4-dimethylcyclohex-2-enone (5.92 g, 38.4
mmol)7 was added as a solution in anhydrous dichloromethane (30
mL). The resulting solution was allowed to stir at −20 °C for 30 min,
after which it was cooled further to −30 °C. tert-Butyl hydroperoxide
(∼5.5M solution in nonane, 20.9 mL, 115.2 mmol) was added dropwise
to the reaction mixture, and the resulting solution was allowed to warm
to−20 °C and stirred for 36 h, at which point TLC analysis of the crude
mixture showed full conversion. The reaction mixture was quickly
filtered through Celite, and the filtrate was cooled to −20 °C and
quenched with iron(II) sulfate heptahydrate (32 g) and 10% aqueous
tartaric acid (200 mL). The mixture was then allowed to warm to room
temperature, and the two layers were separated. The aqueous layer was
extracted with dichloromethane three times, and the combined organic
layer was dried over anhydrous magnesium sulfate and concentrated.
The crude residue was purified using silica gel chromatography using
hexanes:ethyl acetate (19:1 → 2:1) to give 9 (4.83 g, 28.4 mmol, 74%
yield) as a clear oil: IR (neat) 3424, 1701, 2960, 2872, 1090, 1028 cm−1;
1HNMR (500MHz, CDCl3) δ 3.87 (dd, J = 12.8, 6.7 Hz, 1H), 3.82 (dd,
J = 12.8, 3.8Hz, 1H), 3.22 (d, J = 1.3Hz, 1H), 2.43 (ddd, J = 18.8, 6.3, 3.2
Hz, 1H), 2.30 (d, J = 6.7 Hz, 1H), 2.20 (ddd, J = 18.8, 11.6, 6.9 Hz, 1H),
1.87 (ddd, J = 13.6, 11.6, 6.3 Hz, 1H), 1.34 (dddd, J = 13.6, 6.9, 3.3, 1.3
Hz, 1H), 1.19 (s, 3H), 1.04 (s, 3H); 13C NMR (100 MHz, CDCl3) δ
207.8, 67.9, 61.6, 60.5, 33.9, 31.0, 30.4, 27.5, 23.2; [α]D = +75 (c 1.3,
CHCl3). HRMS (ESI) Calcd for C9H14O3 [M + H]+: 170.0943. Found:
170.0933. The enantiopurity of 9 was determined to be 94% ee by
conversion to the corresponding Mosher ester; see Supporting
Information for details.
Compound 11. To a flame-dried flask equipped with a stir bar was

added 9 (14.4 g, 84.6 mmol), 10 (83 g, 169 mmol), and anhydrous ether
(330 mL). Anhydrous trifluoromethanesulfonic acid (75 μL, 0.846
mmol) was added to the reaction solution, and the resulting mixture was
allowed to stir for several hours, at which point TLC analysis of the crude
mixture showed full conversion. The reaction mixture was quenched
with saturated sodium bicarbonate, and the two layers were separated.
The organic layer was dried over magnesium sulfate and then was
concentrated to 1/3 of the original volume and filtered through a cotton
plug. The filtrate was diluted with hexanes, and the resulting mixture was
filtered again. The resulting filtrate was concentrated and purified by
silica gel chromatography using hexanes:ethyl acetate (99:1→ 96:4) to
give benylated adduct (37.5 g, 73.3 mmol, 87% yield) as a clear oil: IR
(neat) 2946, 2867, 1709, 1600, 1491, 1284, 1105, 935, 883, 687 cm−1;
1H NMR (500 MHz, CDCl3) δ 7.24 (d, J = 8.4 Hz, 1H), 7.08 (d, J = 2.4
Hz, 1H), 6.81 (dd, J = 8.4, 2.4 Hz, 1H), 4.56 (d, J = 12.5 Hz, 1H), 4.51
(d, J = 12.5 Hz, 1H), 4.11 (d, J = 11.6 Hz, 1H), 3.66 (d, J = 11.6 Hz, 1H),
3.35 (d, J = 1.2Hz, 1H), 2.45 (ddd, J = 18.4, 6.1, 3.3 Hz, 1H), 2.21 (ddd, J
= 18.4, 11.6, 6.8 Hz, 1H), 1.88 (ddd, J = 13.6, 11.6, 6.1 Hz, 1H), 1.37
(dddd, J = 13.6, 6.8, 3.4, 1.3 Hz, 1H), 1.28−1.22 (m, 6H), 1.09 (d, J = 7.0
Hz, 18H); 13C NMR (100 MHz, CDCl3) δ 205.8, 156.3, 130.1, 129.6,
124.1, 123.2, 118.9, 72.8, 67.6, 66.6, 61.1, 34.0, 31.0, 30.7, 27.6, 23.3,
18.0, 12.8; [α]D = +16 (c 1.5, CHCl3). HRMS (ESI) Calcd for
C25H39BrO4Si [M + H]+: 510.1801. Found: 510.1802.
To a stirred suspension of the above prepared benzyl ether (18.1 g,

35.4 mmol) in methanol (120 mL) at 0 °C was added sodium
borohydride (2.28 g, 60.3 mmol) in small portions. After the mixture
was stirred for 1 h, it showed full conversion by TLC. The reaction
mixture was quenched with saturated ammonium chloride, and the
mixture was concentrated. The resulting residue was diluted with water
and extracted three times with ethyl acetate. The combined organic layer
was dried over anhydrous magnesium sulfate and concentrated. The
crude residue was purified by silica gel chromatography using
hexanes:ethyl acetate (19:1 → 9:1) to give a mixture of the
corresponding alcohols (15.5 g, 30.3 mmol, 87% yield) as a clear oil:
IR (neat) 3453, 2945, 2867, 1600, 1491, 1284, 935, 883, 687 cm−1; 1H
NMR (CDCl3, 500 MHz)major δ 7.25 (d, J = 8.2 Hz, 1H), 7.09 (d, J =
2.2 Hz, 1H), 6.81 (dd, J = 8.2, 2.2 Hz, 1H), 4.56 (s, 2H), 4.16−4.11 (m,

1H), 3.76 (d, J = 10.8 Hz, 1H), 3.60 (d, J = 10.8 Hz, 1H), 2.89 (s, 1H),
2.48 (d, J = 7.0 Hz, 1H), 1.61−1.50 (m, 2H), 1.46−1.33 (m, 1H), 1.30−
1.18 (m, 4H), 1.12−1.07 (m, 21H), 1.01 (s, 3H); 1HNMR (CDCl3, 500
MHz) minor δ 7.26 (d, J = 8.2 Hz, 1H), 7.10 (d, J = 2.2 Hz, 1H), 6.81
(dd, J = 8.4, 2.4 Hz, 1H), 4.66 (d, J = 11.7 Hz, 1H), 4.52 (d, J = 11.7 Hz,
1H), 4.15 (d, J = 10.8 Hz, 2H), 4.16−4.11 (m, 1H), 3.31 (d, J = 11.0 Hz,
1H), 3.18−3.11 (m, 1H), 2.65 (s, 1H), 1.79 (dtd, J = 12.5, 6.2, 3.3 Hz,
1H), 1.46−1.33 (m, 1H), 1.30−1.18 (m, 5H), 1.12−1.07 (m, 18H), 1.05
(s, 3H), 1.04 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 156.7, 156.4,
131.1, 130.3, 129.5, 129.2, 124.4, 124.2, 123.9, 123.4, 119.0, 74.0, 73.0,
72.9, 72.7, 68.0, 67.1, 66.6, 65.2, 62.4, 31.1, 30.2, 30.0, 29.8, 26.9, 26.8,
26.3, 26.1, 25.4, 18.0, 12.8; [α]D = −7.5 (c 0.3, CHCl3). HRMS (ESI)
Calcd for C25H41BrO4Si [M + H]+: 512.1957. Found: 512.1966.

To a flame-dried round-bottom flask equipped with a stir bar was
added the mixture of alcohols (15 g, 29.2 mmol), triphenylphosphine
(8.4 g, 32.1 mmol), imidazole (4.47 g, 65.7 mmol), and dry
dichloromethane (120 mL). The resulting solution was allowed to
cool to 0 °C and stirred for 5 min. Iodine (11.1 g, 43.8 mmol) was added
dropwise as a solution in dry dichloromethane (530 mL), and the
reaction mixture was allowed to warm to room temperature and stirred
for 3 h, at which point TLC analysis of the crude mixture indicated full
conversion. The reaction mixture was cooled in ice and was quenched
with 5% aqueous sodium thiosulfate. The two layers were separated, and
the aqueous layer was diluted with water and extracted three times with
dichloromethane. The combined organic layer was dried over
anhydrous magnesium sulfate and concentrated. The crude residue
was purified through silica plug using hexanes:ethyl acetate (9:1) to
afford the corresponding iodides (13.8 g, 22.1 mmol, 76% yield) as a
yellow oil: IR (neat) 2945, 2867, 1600, 1491, 1283, 1105, 934, 883, 668
cm−1; 1H NMR (CDCl3, 500 MHz) major δ 7.32 (d, J = 8.4 Hz, 1H),
7.09 (d, J = 2.4 Hz, 1H), 6.82 (dd, J = 8.4, 2.5 Hz, 1H), 4.84 (t, J = 3.1 Hz,
1H), 4.61 (d, J = 12.3Hz, 1H), 4.53 (d, J = 12.3Hz, 1H), 4.41 (d, J = 11.2
Hz, 1H), 3.43 (d, J = 11.2 Hz, 1H), 2.77 (s, 1H), 1.71−1.60 (m, 2H),
1.47−1.38 (m, 1H), 1.33−1.18 (m, 4H), 1.14−1.02 (m, 24H); 1HNMR
(500MHz, CDCl3)minor δ 7.26 (d, J = 8.4 Hz, 1H), 7.10 (d, J = 2.4 Hz,
1H), 6.82 (dd, J = 8.4, 2.5 Hz, 1H), 4.72 (t, J = 6.1 Hz, 1H), 4.57 (d, J =
12.1 Hz, 1H), 4.48 (d, J = 12.1 Hz, 1H), 4.00 (d, J = 10.6 Hz, 1H), 3.23
(s, 1H), 3.12 (d, J = 10.6 Hz, 1H), 2.11−2.04 (m, 2H), 1.94−1.82 (m,
1H), 1.33−1.18 (m, 4H), 1.14−1.02 (m, 24H); 13C NMR (CDCl3, 100
MHz) δ 156.5, 156.3, 130.5, 130.4, 129.8, 129.5, 124.3, 124.1, 123.5,
123.3, 118.9, 73.8, 73.6, 73.0, 72.6, 72.5, 65.2, 63.9, 62.4, 34.5, 33.7, 31.7,
30.7, 30.5, 30.1, 29.5, 29.2, 27.6, 26.6, 26.5, 25.9, 18.1, 12.8; [α]D = +6.3
(c 0.5, CHCl3). HRMS (ESI) Calcd for C25H40BrIO3Si [M + H]+:
622.0975. Found: 622.0971.

To a solution of the iodides (21.7 g, 34.8 mmol) in 95% EtOH (380
mL) at 0 °C was added activated zinc dust (11.4 g, 174 mmol) and
saturated ammonium chloride (40 mL). The reaction mixture was
allowed to stir for 1 h, at which point the analysis of the crude mixture by
TLC showed full conversion. The reaction mixture was filtered through
Celite, and the filtrate was quenched with saturated sodium bicarbonate.
The resulting mixture was extracted with ethyl acetate six times. The
combined organic layer was dried over anhydrous magnesium sulfate
and concentrated. No further purification was necessary, and 11 (16.0 g,
32.2 mmol, 93% yield) was isolated as a clear oil: IR (neat) 3483, 2945,
2867, 1599, 1491, 1283, 936, 883, 687 cm−1; 1H NMR (CDCl3, 500
MHz) δ 7.27 (d, J = 8.3 Hz, 1H), 7.10 (d, J = 2.4 Hz, 1H), 6.81 (dd, J =
8.3, 2.4 Hz, 1H), 5.79 (t, J = 3.6 Hz, 1H), 4.51 (d, J = 1.9 Hz, 2H), 4.16
(d, J = 10.8 Hz, 1H), 4.06 (d, J = 10.8 Hz, 1H), 3.77 (s, 1H), 2.56 (bs,
1H), 2.21−1.94 (m, 2H), 1.59 (dt, J = 13.8, 6.9 Hz, 1H), 1.41−1.17 (m,
4H), 1.10 (d, J = 7.5 Hz, 18H), 0.99 (s, 3H), 0.91 (s, 3H); 13C NMR
(CDCl3, 100 MHz) δ 156.2, 135.1, 130.2, 129.6, 128.4, 124.0, 123.3,
118.8, 74.6, 74.5, 71.4, 33.4, 31.1, 25.1, 23.4, 23.0, 17.8, 12.6; [α]D = +28
(c 0.5, CHCl3). HRMS (ESI) Calcd for C25H41BrO3Si [M + H]+:
496.2008. Found: 496.2011. The optical purity of 11 was determined to
be 94% ee by HPLC using a Chiralcel OD-H column, hexanes:isopro-
panol = 97.3, flow rate = 1.20 mL/min. (R)-enantiomer (major):
retention time = 3.76 min. (S)-enantiomer (minor): retention time =
4.11 min.

Compound 12 and 13. To a flame-dried round-bottom flask
equipped with a stir bar was added 11 (16.0 g, 32.1 mmol), imidazole
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(6.57 g, 96.5 mmol), DMAP (789 mg, 6.4 mmol), and anhydrous DMF
(100 mL). To the resulting solution was added chlorotriethylsilane (8.1
mL, 48.2 mmol) dropwise, and the reaction mixture was allowed to stir
at room temperature for several hours, at which point the analysis of the
crudemixture by TLC showed full conversion. The reactionmixture was
quenched with brine, diluted with water, and extracted six times with
hexanes. The combined organic layer was dried over anhydrous
magnesium sulfate and concentrated. The crude residue was passed
through a silica plug using hexanes to give the TES ether (18 g, 30mmol,
92% yield) as a clear oil.
To a flame-dried flask equipped with a stir bar and a condenser was

added the TES ether (1.85 g, 3.02 mmol) and anhydrous DMF (32.6
mL). To this mixture under nitrogen was added 1,2,2,6,6-pentam-
ethylpiperidine (654 μL, 3.62mmol) and Pd(PPh3)4 (105mg, 3mol %),
and the resulting solution was heated to 126 °C and was allowed to stir
for 6 days, at which point no further conversion was observed when the
reaction mixture was analyzed by TLC. The reaction mixture was cooled
to room temperature, diluted with anhydrous THF (25mL), and further
cooled to 0 °C. Tetrabutylammonium fluoride (1 M solution in THF,
7.5 mL, 7.5 mmol) was added dropwise, and the resulting mixture was
heated to 72 °C and allowed to stir for several hours, at which point the
analysis of the crude mixture by TLC showed full conversion. The
reaction mixture was then quenched by saturated ammonium chloride
and 1.0 N HCl. The resulting mixture was extracted six times with ethyl
acetate, and the combined organic layer was dried over anhydrous
magnesium sulfate and concentrated. The crude residue was purified by
silica gel chromatography using hexanes:ethyl acetate (9:1 → 3:1) to
give 13 (1.25 mmol, 325 mg, 52% yield) and 12 (0.31 mmol, 81.7 mg,
13% yield) as white solids.
13: IR (neat) 3329, 3017, 2960, 2872, 1612, 1505, 1467, 1292, 1179,

1097, 998, 819, 731 cm−1; 1H NMR (CD3OD, 500 MHz) δ 6.89 (d, J =
2.4 Hz, 1H), 6.83 (d, J = 8.2 Hz, 1H), 6.62 (dd, J = 8.3, 2.4 Hz, 1H), 5.56
(dd, J = 10.1, 2.6 Hz, 1H), 5.50 (ddd, J = 10.0, 5.3, 1.8 Hz, 1H), 4.66 (d, J
= 13.5 Hz, 1H), 4.59 (d, J = 14.0 Hz, 1H), 4.15 (s, 1H), 4.08 (d, J = 10.6
Hz, 1H), 3.93 (dd, J = 11.1, 2.1 Hz, 1H), 2.52 (dd, J = 17.9, 5.3 Hz, 1H),
2.20 (dd, J = 17.9, 2.4 Hz, 1H), 1.16 (s, 3H), 1.03 (s, 3H); 13C NMR
(CD3OD, 100 MHz) δ 157.5, 142.4, 138.5, 128.3, 126.2, 122.4, 114.3,
113.2, 79.7, 69.7, 69.6, 43.8, 39.4, 38.9, 31.7, 23.1; [α]D = −75 (c 0.3,
MeOH). HRMS (ESI) Calcd For C16H20O3 [M + H]+: 260.1412.
Found: 260.1406.
12: IR (neat) 3356, 2952, 2872, 1611, 1503, 1448, 1286, 1098, 1071,

980, 734 cm−1; 1H NMR (CDCl3, 500 MHz) δ 6.82 (d, J = 8.3 Hz, 1H),
6.70 (d, J = 2.6 Hz, 1H), 6.64 (dd, J = 9.6, 1.3 Hz, 1H), 5.85 (ddd, J = 9.9,
5.9, 1.9 Hz, 1H), 5.21 (dd, J = 10.0, 2.8 Hz, 1H), 5.06 (s, 1H), 4.81(d, J =
14.3 Hz, 1H), 4.68 (d, J = 14.3 Hz, 1H), 4.61 (d, J = 12.1 Hz, 1H), 4.34
(d, J = 3.9 Hz, 1H), 3.79 (d, J = 3.5 Hz, 1H), 3.54−3.42 (m, 1H), 2.14 (d,
J = 17.7 Hz, 1H), 1.99 (dd, J = 17.7, 5.9 Hz, 1H), 1.10 (s, 3H), 1.09 (s,
3H); 13C NMR (CDCl3, 125 MHz) δ 154.9, 141.6, 129.7, 128.4, 126.1,
125.0, 114.5, 114.2, 85.0, 70.1, 68.3, 43.6, 39.5, 35.7, 29.94, 20.2; [α]D =
−175 (c 0.5, MeOH). HRMS (ESI) Calcd For C16H20O3 [M + H]+:
260.1412. Found: 260.1411.
Compound 14.To a flame-dried round-bottom flask equipped with a

stir bar was added (diacetoxyiodo)benzene (810 mg, 2.51 mmol),
sodium bicarbonate (486 mg, 5.79 mmol), 1,1,1,3,3,3-hexafluoroiso-
propanol (10.8 mL), and anhydrous dichloromethane (2.7 mL). The
resulting suspension was cooled to −10 °C, and 13 (500 mg, 1.93
mmol) was added as a solution in 1,1,1,3,3,3-hexafluoroisopropanol (5.4
mL) and anhydrous dichloromethane (2.7 mL) at a rate of 0.17 mL/
min. The resulting mixture was allowed to stir for an additional 10 min,
at which point the analysis of the crude mixture by TLC showed full
conversion. The reaction mixture was quenched with water and
extracted three times with dichloromethane. The combined organic
layer was dried over anhydrous magnesium sulfate and was
concentrated. The crude residue was purified by chromatography on
silica gel that was neutralized with triethylamine and was eluted with
hexanes:ethyl acetate (9:1→ 7:3) to give 14 (475 mg, 1.84 mmol, 95%
yield) as a yellow oil: IR (neat) 3013, 2964, 2848, 1683, 1653, 1104, 811,
726, 668 cm−1; 1HNMR (CDCl3, 500MHz) δ 6.98 (d, J = 10.0 Hz, 1H),
6.31 (dd, J = 10.0, 1.6 Hz, 1H), 5.95 (d, J = 1.6 Hz, 1H), 5.55−5.35 (m,
2H), 4.34 (d, J = 10.9 Hz, 1H), 4.09 (d, J = 10.4 Hz, 1H), 3.83 (s, 1H),

3.44 (d, J = 11.8 Hz, 1H), 3.34 (d, J = 10.4 Hz, 1H), 2.28 (d, J = 17.9 Hz,
1H), 1.99 (dd, J = 17.6, 4.3 Hz, 1H), 1.33 (s, 3H), 1.15 (s, 3H); 13C
NMR (CDCl3, 125 MHz) δ 185.8, 167.0, 142.6, 137.4, 132.4, 120.2,
113.9, 90.7, 78.9, 72.9, 46.4, 37.5, 31.1, 27.6, 22.0; [α]D = −111 (c 0.5,
CHCl3). HRMS (ESI) Calcd for C16H18O3 [M+H]+: 258.1256. Found:
258.1249.

Compound 15. To a flame-dried flask equipped with a stir bar was
added 14 (271 mg, 1.05 mmol), phenylsilane (259 μL, 2.1 mmol), and
dry benzene (18 mL). The reaction mixture was cooled to 5 °C, and
(triphenylphosphine)copper hydride hexamer (62 mg, 3 mol %) was
added as a solution in anhydrous benzene (2 mL) dropwise. The
resulting solution was allowed to stir for 3 h at 5 °C, at which point the
analysis of the crude mixture by TLC indicated full conversion. The
reaction mixture was quenched by saturated aqueous ammonium
chloride. The two layers were separated, and the aqueous layer was
extracted three times with ethyl acetate. The combined organic layer was
dried over anhydrous magnesium sulfate and concentrated. The crude
residue was purified by silica gel chromatography using hexanes:ethyl
acetate (7:3) to give 15 (252 mg, 0.97 mmol, 92% yield) as a white solid:
IR (neat) 3013, 2959, 2846, 1682, 1636, 1560, 1471, 1272, 1103, 952,
808, 719 cm−1; 1H NMR (CDCl3, 500 MHz) δ 5.73 (d, J = 0.8 Hz, 1H),
5.50 (dd, J = 10.1, 2.5 Hz, 1H), 5.45 (ddd, J = 9.9, 5.0, 1.7 Hz, 1H), 4.26
(d, J = 11.0 Hz, 1H), 3.97 (d, J = 10.7 Hz, 1H), 3.95 (d, J = 10.6 Hz, 1H),
3.75 (d, J = 1.2 Hz, 1H), 3.40 (dd, J = 11.1, 1.3 Hz, 1H), 2.66−2.42 (m,
1H), 2.43−2.12 (m, 4H), 1.91 (ddd, J = 17.3, 5.1, 0.9 Hz, 1H), 1.31 (s,
3H), 1.16 (s, 3H); 13C NMR (CDCl3, 125 MHz) δ 197.8, 169.5, 137.7,
120.2, 114.4, 87.4, 78.4, 76.4, 73.1, 47.1, 37.3, 35.5, 31.3, 30.3, 27.6, 22.0;
[α]D = −185 (c 0.7, CHCl3). HRMS (ESI) Calcd for C16H20O3 [M +
H]+: 260.1412. Found: 260.1403.

Compound 16. To a solution of 15 (135 mg, 0.52 mmol) in THF
(5.2 mL) at−78 °C was added TMSCl (99 μL, 0.78 mmol) followed by
LDA (1.0 M in THF, 0.57 mmol, 1.1 equiv) dropwise. After addition of
the reagents, the reaction was deemed complete by TLC. The solution
was concentrated to 1/4 volume under vacuum at room temperature,
and then hexanes (4 mL) were added to precipitate a solid. The mixture
was stirred for 5−10 min and filtered with a pipet filled with Celite,
washed with hexanes, and concentrated under vacuum for at least 30
min to yield an oil. To a solution of the above oil and BHT (2,6-di-tert-
butyl-4-methylphenol) (15%, 17 mg) in benzene (14.8 mL) under N2 at
5 °Cwas added nitroethylene (7) in benzene (5.0M, 10 equiv, 1.04 mL)
in 10 min. The clear solution was then stirred at room temperature for
24 h after which time hexanes were added to precipitate a solid that was
removed by filtration. The filtrate was concentrated to give an oil, which
was then dissolved in THF (5 mL) and cooled to 0 °C. The silyl ether
was removed by slowly adding 1 N HCl (∼1 equiv). Water was added,
and the mixture was extracted with DCM three times, dried over
Na2SO4, and purified by flash chromatography on silica gel with
hexanes:ethyl acetate (10:1 → 7:2) to give 16 as an oil (95 mg, 55%
yield): IR (neat) 2956, 2924, 1730, 1550, 1336, 1042 cm−1; 1H NMR
(500 MHz, CDCl3) δ 5.58 (t, J = 8.4 Hz, 1H), 5.41 (d, J = 10.4 Hz, 1H),
5.34 (dd, J = 10.4, 4.2 Hz, 1H), 4.31 (s, 1H), 3.91 (d, J = 12.4 Hz, 1H),
3.71 (d, J = 12.4 Hz, 1H), 3.64 (d, J = 12.4 Hz, 1H), 3.57 (d, J = 19.1 Hz,
1H), 3.46 (d, J = 12.4 Hz, 1H), 2.86 (d, J = 19.1 Hz, 1H), 2.75 (ddd, J =
14.0, 10.1, 4.1 Hz, 1H), 2.55 (m, 1H), 2.23 (dd, J = 13.7, 8.0 Hz, 1H),
2.00 (d, J = 18.0 Hz, 1H), 1.97 (d, J = 15.0 Hz, 1H), 1.60−1.64 (m, 1H),
1.52 (dd, J = 17.7, 5.1 Hz, 1H), 1.21 (s, 6H); 13C NMR (125 MHz,
CDCl3) δ 210.4, 136.0, 121.3, 88.8, 80.8, 79.3, 70.5, 65.9, 51.1, 45.4, 42.3,
37.1, 35.5, 32.2, 32.0, 31.0, 26.7, 21.3; [α]D = −40 (c 0.5, HCCl3).
HRMS (ESI) Calcd for C18H24NO5 [M + H]+ 334.1649. Found:
334.1661.

Compound 17. Boron trifluoride−diethyl ether complex (78 μL,
0.63 mmol) was added over a period of 40 min to a solution of 16 (70
mg, 0.21 mmol) and 1,2-ethanedithiol (0.7 mL, 8.4 mmol) in anhydrous
benzene (2.5 mL) at 0 °C. The mixture was then stirred for 20 min at 0
°C after which time TLC analysis indicated that the reaction was
complete. The mixture was concentrated under reduced pressure to give
a yellow solid, which was dissolved in EtOH/THF (3.6 mL/1.2 mL).
Activated zinc powder (166 mg, 2.55 mmol) was added to the solution
portionwise, followed by the dropwise addition of 20% HCl (0.93 mL,
6.3 mmol). The mixture was then stirred for 10 min and then filtered to
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remove the zinc. Ethyl acetate (5 mL) was added to the filtrate followed
by saturated NaHCO3 solution and Na2CO3 powder to adjust the pH to
∼10. The mixture was filtered to remove the solid. The filtrate was
extracted using ethyl acetate three times. The organic layer was
separated and dried over magnesium sulfate, and the solvent was
removed under reduced pressure. Purification of the residue by flash
chromatography on silica gel with DCM:ethyl acetate:MeOH (50:40:2)
provided 17 as foam (70 mg, 89% yield): IR (neat) 3373, 2923, 2857,
1465, 1112, 1034 cm−1; 1H NMR (500 MHz, CDCl3) δ 5.35 (d, J = 2.5
Hz, 2H), 4.31 (d, J = 12.1 Hz, 1H), 4.10 (s, 1H), 3.77 (d, J = 11.8 Hz,
1H), 3.63 (dd, J = 16.1, 11.3 Hz, 2H), 3.48 (d, J = 12.1 Hz, 1H), 3.42
(ddd, J = 11.4, 6.6, 4.4 Hz, 1H), 3.35−3.26 (m, 2H), 3.22−3.16 (m, 1H),
2.91 (d, J = 15.6 Hz, 1H), 2.85−2.76 (m, 2H), 2.36 (ddd, J = 13.9, 10.6,
3.1 Hz, 1H), 1.98 (p, J = 3.0 Hz, 1H), 1.81 (dd, J = 14.1, 3.0 Hz, 1H),
1.75 (dd, J = 14.4, 2.0 Hz, 1H), 1.68 (dt, J = 14.5, 3.5 Hz, 1H), 1.55−1.47
(m, 1H), 1.39 (s, 2H), 1.20 (s, 3H), 1.14 (s, 3H); 13C NMR (125 MHz,
CDCl3) δ 136.3, 122.3, 88.7, 80.8, 73.6, 68.5, 65.6, 49.1, 44.7, 43.3, 41.4,
40.4, 38.6, 38.4, 37.2, 34.2, 32.6, 29.6, 21.6; [α]D = −28 (c 0.3, HCCl3).
HRMS (ESI) Calcd for C20H30NO2S2 [M + H]+: 380.1712. Found:
380.1717.
Compound 18.A solution of IBX (67mg, 0.24mmol) in DMSO (0.6

mL) was added to a solution of 17 (70 mg, 0.19 mmol) in DMSO/THF
(1.75mL/1.2 mL) at 5 °Cover 1 h. The solution was then stirred at 5 °C
for 40 min. The mixture was directly filtered through a short silica gel
plug and washed with hexanes:ethyl acetate (7:2 v:v). The collected
filtrate was concentrated to give the imine as a solid, which was dissolved
in a minimal volume of EtOH (0.5 mL) and water (1.5 mL). The solid
precipitate dissolved upon the addition of 1 N HCl (∼1.0 equiv). The
resulting solution was heated to 104 °C for 20 min, during which time a
white solid precipitated gradually. After cooling to room temperature,
the mixture was extracted with dichloromethane by three times. The
organic layer was dried over Na2SO4, concentrated under reduced
pressure, and purified by silica gel column with hexanes:ethyl acetate
(7:2) to give ketone 18 as a white solid (60 mg, 87% yield): IR (neat)
2922, 2853, 1718, 1463, 1141, 723 cm−1; 1HNMR (500MHz, CDCl3) δ
5.40 (ddd, J = 10.0, 4.8, 1.7 Hz, 1H), 5.36 (dd, J = 10.2, 2.0 Hz, 1H), 4.36
(d, J = 12.3 Hz, 1H), 4.17 (s, 1H), 3.74 (d, J = 12.1 Hz, 1H), 3.57 (d, J =
12.2 Hz, 1H), 3.56 (d, J = 12.0 Hz, 1H), 3.53−3.41 (m, 2H), 3.41−3.31
(m, 2H), 3.26 (d, J = 16.1 Hz, 1H), 3.21−3.14 (m, 1H), 3.02 (dt, J =
19.6, 2.7 Hz, 1H), 2.50 (dd, J = 19.6, 2.9 Hz, 1H), 2.43 (d, J = 16.1 Hz,
1H), 2.38−2.36 (m, 1H), 2.07 (dd, J = 14.7, 1.9 Hz, 1H), 2.02 (dt, J =
14.9, 3.4 Hz, 1H), 1.41 (dd, J = 18.0, 5.0 Hz, 1H), 1.19 (s, 3H), 1.08 (s,
3H); 13C NMR (125 MHz, CDCl3) δ 212.4, 136.0, 122.2, 87.0, 79.8,
72.2, 67.1, 65.8, 57.4, 45.3, 43.6, 43.0, 41.1, 40.7, 38.9, 36.6, 34.1, 32.0,
26.4, 21.8; [α]D = +47 (c 0.8, HCCl3). HRMS (ESI) Calcd for
C20H27O3S2 [M + H]+: 379.1396. Found: 379.1425.
Compound 19. To a solution of the 18 (40 mg, 0.11 mmol) in

MeOH (4.6 mL) was added activated Raney Ni (0.94 g, washed four
times with MeOH) under N2. The suspension was heated to reflux for
40 min and then allowed to cool to room temperature. The solid was
then removed by filtration over Celite, and the solvent removed under
reduced pressure. Purification of the residue by flash chromatography on
silica gel with hexanes:ethyl acetate (7:2) provided 19 as a white solid
(30 mg, 98% yield): IR (neat) 2923, 2854, 1722, 1464, 1132, 721 cm−1;
1HNMR (500MHz, CDCl3) δ 5.42 (ddd, J = 10.0, 5.0, 1.9 Hz, 1H), 5.36
(dd, J = 10.0, 1.9 Hz, 1H), 4.23 (s, 1H), 3.83 (d, J = 7.7 Hz, 1H), 3.80 (d,
J = 8.0 Hz, 1H), 3.66 (d, J = 12.1 Hz, 1H), 3.53 (d, J = 11.8 Hz, 1H), 3.46
(dt, J = 17.7, 2.3 Hz, 1H), 2.43−2.31 (m, 3H), 2.24 (s, 1H), 1.91−1.77
(m, 2H), 1.73−1.57 (m, 2H), 1.52−1.40 (m, 2H), 1.19 (s, 3H), 1.09 (s,
3H); 13C NMR (125 MHz, CDCl3) δ 214.0, 136.0, 122.4, 86.6, 81.2,
72.3, 66.1, 54.0, 45.4, 42.4, 36.6, 36.5, 32.0, 27.8, 26.4, 22.8, 21.6, 18.7;
[α]D = +44 (c 0.6, HCCl3). HRMS (ESI) Calcd for C18H25O3 [M +H]+:
289.1798. Found: 289.1802.
Compound 20. Enone 21 (36 mg, 0.09 mmol) was dissolved in

MeOH (1.5 mL), and the solution was cooled to −78 °C. Sodium
borohydride powder (10.5 mg, 0.28 mmol) was then added in one
portion. The mixture was stirred at −78 °C for 10 min and then at 0 °C
for 20 min, after which time TLC analysis indicated complete
consumption of the starting material. Raney Ni (850 mg, washed four
times with MeOH) was then added and the mixture heated at reflux for

20 min. After cooling, the mixture was filtered through Celite and the
filtrate concentrated under reduced pressure. Purification of the residue
by silica gel column chromatography with hexanes:ethyl acetate (10:1→
7:2) afforded ketone 20 as an oil (25 mg, 95% yield, >15:1
stereoselectivity as indicated by 1H NMR spectroscopy): IR (neat)
2923, 2856, 1717, 1446, 1130, 1029, 718 cm−1; 1H NMR (500 MHz,
CDCl3) δ 5.43 (ddd, J = 10.0, 5.0, 1.8 Hz, 1H), 5.36 (dd, J = 10.3, 1.9 Hz,
1H), 4.16 (s, 1H), 3.83 (d, J = 11.8 Hz, 1H), 3.79 (d, J = 12.0 Hz, 1H),
3.64 (d, J = 12.0 Hz, 1H), 3.57−3.50 (m, 2H), 2.40−2.24 (m, 2H),
1.95−2.01 (m, 2H), 1.90 (d, J = 14.2 Hz, 1H), 1.58−1.51 (m, 3H), 1.43
(dd, J = 17.3, 4.5 Hz, 1H), 1.21 (d, J = 7.4 Hz, 3H), 1.20 (s, 3H), 1.09 (s,
3H); 13C NMR (125 MHz, CDCl3) δ 217.5, 135.9, 122.5, 86.6, 80.8,
72.5, 65.9, 54.4, 48.8, 42.6, 37.9, 36.6, 33.5, 32.0, 26.4, 21.6, 18.8, 18.5,
15.5; [α]D = +30 (c 0.4, HCCl3). HRMS (ESI) Calcd for C19H27O3 [M+
H]+: 303.1955. Found: 303.1959.

Compound 21. Finely ground K2CO3 (131 mg, 0.95 mmol) and
paraformaldehyde (114 mg, 3.8 mmol) was added under N2 to a
solution of 18 (36 mg, 0.1 mmol) in dry DMF. The suspension was then
heated for 10 min at 90 °C. After cooling to room temperature, the
mixture was poured into cold water and extracted with ethyl acetate
three times. The extracts were washed with brine and dried over
Na2SO4, and the solvent removed under reduced pressure. The residue
was subjected to silica gel chromatography with hexanes:ethyl acetate
(7:1) to yield 21 as an oil (36 mg, 97% yield): IR (neat) 2924, 1708,
1631, 1440, 1122, 954, 791 cm−1; 1H NMR (500 MHz, CDCl3) δ 6.16
(d, J = 1.2 Hz, 1H), 5.43 (ddd, J = 10.0, 4.9, 1.8 Hz, 1H), 5.39−5.36 (m,
2H), 4.34 (d, J = 12.3 Hz, 1H), 4.25 (s, 1H), 3.77 (d, J = 12.1 Hz, 1H),
3.61−3.52 (m, 3H), 3.51−3.44 (m, 1H), 3.39−3.31 (m, 2H), 3.28 (d, J =
16.0 Hz, 1H), 3.25−3.18 (m, 1H), 2.94 (t, J = 2.9 Hz, 1H), 2.51 (d, J =
16.0 Hz, 1H), 2.17 (dd, J = 14.8, 2.4 Hz, 1H), 2.08 (dd, J = 14.8, 3.5 Hz,
1H), 1.44 (dd, J = 18.1, 5.2 Hz, 1H), 1.20 (s, 3H), 1.09 (s, 3H); 13C
NMR (125MHz, CDCl3) δ 200.1, 144.6, 136.1, 122.2, 120.7, 86.9, 79.8,
72.2, 66.0, 65.8, 56.9, 51.6, 43.0, 42.3, 41.6, 39.1, 36.6, 34.6, 32.0, 26.5,
21.8; [α]D = −12 (c 0.3, HCCl3). HRMS (ESI) Calcd for C21H27O3S2
[M + H]+: 391.1396. Found: 391.1395.

Compound 22. To a solution of compound 20 (25 mg, 0.083 mmol)
in CCl4 (1.5 mL) at room temperature under N2 was added NBS (19
mg, 0.1 mmol) and benzoylperoxide (1 mg, 0.004 mmol). The mixture
was heated to reflux for 30 min and then cooled to room temperature,
filtered through Celite, and washed with CCl4. The filtrate was
concentrated under vacuum to give yellow foam that was dissolved in
dry DMSO (1 mL) at room temperature. A solution of AgBF4 (56 mg,
0.29 mmol) in dry DMSO (0.5 mL) was added dropwise, after which
AgBr precipitated immediately. The resulting suspension was stirred for
40 min after which time TLC indicated that the allylic bromide had been
consumed. Et3N (34 μL, 0.25 mmol) was added and the mixture stirred
for an additional 2 h. The mixture was filtered and extracted with ethyl
acetate three times. The organic layer was dried over Na2SO4 and the
solvent removed under vacuum. The residue was purified by flash
chromatography with hexanes:ethyl acetate (10:1 → 7:3) to afford
compound 22 (19 mg, 73% yield) as a white solid: IR (neat) 2925, 1722,
1686, 1283, 1125, 1023 cm−1; 1H NMR (500 MHz, CDCl3) δ 6.55 (d, J
= 10.2 Hz, 1H), 5.85 (d, J = 10.2 Hz, 1H), 4.30 (s, 1H), 3.90 (d, J = 12.2
Hz, 1H), 3.86 (d, J = 13.0 Hz, 1H), 3.84 (d, J = 12.0 Hz, 1H), 3.60 (d, J =
11.8 Hz, 1H), 2.49 (dd, J = 13.3, 11.2 Hz, 1H), 2.33 (t, J = 7.4 Hz, 1H),
2.08−1.95 (m, 3H), 1.91 (dt, J = 14.2, 2.1 Hz, 1H), 1.61−1.54 (m, 2H),
1.34 (s, 3H), 1.25 (d, J = 7.4 Hz, 3H), 1.22 (s, 3H); 13C NMR (125
MHz, CDCl3) δ 213.6, 197.7, 156.5, 126.5, 84.0, 81.2, 72.1, 65.3, 56.8,
52.4, 48.1, 38.6, 37.6, 33.5, 30.7, 19.7, 19.6, 18.7, 15.2; [α]D =−65 (c 0.2,
HCCl3). HRMS (ESI) Calcd for C19H25O4 [M+H]+: 317.1747. Found:
317.1748.

Maoecrystal V (2). AcOH (103 μL, 1.8 mmol) was added at room
temperature to a suspension of dry CrO3 (30 mg, 0.3 mmol) and 22 (19
mg, 0.06) in CH2Cl2 (1 mL). The suspension was then heated to reflux
under N2 for 12 h. After cooling to room temperature, the mixture was
filtered through a pad of Celite and the filtrate concentrated under
reduced pressure. The solid residue was purified through flash
chromatography with hexanes:ethyl acetate (7:1 → 7:3) to yield 2
(5.6 mg, 28% yield) and 23 (9.3 mg, 47% yield) as white solid.
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Maoecrystal V (2): IR (neat) 2963, 1752, 1721, 1683, 1258, 1015,
793 cm−1; 1HNMR (500MHz, pyridine-d5) δ 6.54 (d, J = 10.1 Hz, 1H),
5.99 (d, J = 10.1 Hz, 1H), 4.73 (d, J = 12.3 Hz, 1H), 4.67 (d, J = 1.3 Hz,
1H), 4.32 (dd, J = 12.3, 1.5 Hz, 1H), 3.29 (dd, J = 14.4, 4.7 Hz, 1H), 2.32
(q, J = 7.2 Hz, 1H), 2.21−2.09 (m, 2H), 1.91−1.86 (m, 1H), 1.78 (d, J =
14.4 Hz, 1H), 1.77−1.70 (m, 1H), 1.54−1.43 (m, 1H), 1.22 (s, 3H),
1.09 (d, J = 7.5 Hz, 3H), 1.06 (s, 3H); 13CNMR (125MHz, pyridine-d5)
δ 211.7, 194.7, 169.5, 156.7, 127.2, 85.5, 84.6, 69.5, 56.9, 52.4, 48.3, 38.3,
34.9, 32.9, 30.4, 18.7, 18.4, 18.3, 15.0; 1H NMR (500 MHz, CDCl3) δ
6.66 (d, J = 10.1 Hz, 1H), 5.95 (d, J = 10.2 Hz, 1H), 4.63 (d, J = 12.2 Hz,
1H), 4.43 (d, J = 1.2 Hz, 1H), 4.13 (dd, J = 12.5, 1.5 Hz, 1H), 3.19 (dd, J
= 14.6, 4.7 Hz, 1H), 2.34 (q, J = 8.0 Hz, 1H), 2.17−2.13 (m, 1H), 2.13−
2.06 (m, 2H), 2.01−1.94 (m, 1H), 1.70 (d, J = 14.7 Hz, 1H), 1.67−1.60
(m, 1H), 1.30 (s, 3H), 1.26 (d, J = 7.5 Hz, 3H), 1.23 (s, 3H); 13C NMR
(125 MHz, CDCl3) δ 211.5, 194.8, 169.1, 156.7, 127.0, 84.9, 84.1, 69.2,
56.6, 51.9, 48.2, 38.3, 34.5, 32.6, 30.6, 18.6, 18.5, 18.0, 15.1; [α]D = −96
(c 0.1, MeOH). HRMS (ESI) Calcd for C19H23O5 [M + H]+: 331.1540.
Found: 331.1546.
23: IR (neat) 2930, 1730, 1697, 1265, 1042, 732 cm−1; 1HNMR (500

MHz, CDCl3) δ 6.52 (d, J = 10.2 Hz, 1H), 6.11 (d, J = 10.2 Hz, 1H), 4.41
(s, 1H), 4.39 (d, J = 12.0 Hz, 1H), 4.30 (d, J = 12.0 Hz, 1H), 2.38 (q, J =
8.7, 7.6 Hz, 1H), 2.22 (ddd, J = 15.0, 11.1, 7.7 Hz, 1H), 2.16 (s, 1H),
2.13−2.04 (m, 1H), 2.01−1.87 (m, 3H), 1.76−1.66 (m, 1H), 1.27 (d, J =
7.5 Hz, 3H), 1.17 (s, 3H), 1.16 (s, 3H); 13C NMR (125MHz, CDCl3) δ
210.5, 191.8, 169.1, 155.0, 128.6, 85.8, 80.8, 76.2, 58.5, 55.9, 48.2, 38.6,
36.6, 32.8, 29.1, 20.5, 18.6, 16.9, 15.3; [α]D = −69 (c 0.3, HCCl3).
HRMS (ESI) Calcd for C19H23O5 [M + H]+: 331.1540. Found:
331.1539.
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