,@**ChemPubSoc
Dol Europe

Gabosines

DOI: 10.1002/ejoc.201600492

Eur

European Journal
of Organic Chemistry

Full Paper

Filling Some Blanks in a Divergent Approach to Gabosines:
Enantioselective Synthesis of (-)-Epiepoxydon, (+)-Phyllostine,
(-)-Gabosine D, and (-)-Gabosine E

Miguel Angel Fresneda,’® Ramon Alibés,'? Pau Bayon*@! and Marta Figueredo*[®!

Abstract: The levorotatory enantiomers of gabosines D and E
were synthesized through a divergent approach that could
equally well be applied to the synthesis of the dextrorotatory
enantiomers, which have been isolated from natural sources.
The approach relies on an initial desymmetrization of p-meth-
oxyphenol, followed by an enzymatic resolution that separately
provides the two enantiomers of synthon 3. This versatile syn-
\thon can be further transformed into the diverse polyoxygen-

ated cyclohexane target molecules. Key steps in the synthesis
of (-)-gabosines D and E from (4R,65)-3 are the stereoselective
hydroxymethylation at the a-carbonyl position leading to (+)-
4, and the subsequent reagent-controlled epoxidation of the
carbon-carbon double bond. A branching in the sequence also
allowed the synthesis of the anhydrogabosines (-)-epiepoxydon
and (+)-phyllostine.

%

Introduction

Carbasugars show a wide variety of biological activities, such as
glycosidase inhibition, and antitumor, antiviral, antifungal, anti-
bacterial, and antimalarial activities. For this reason, their syn-
thesis is of great importance for the discovery of new drugs,
including cancer-prevention agents.''! The fact that the shikimic
acid biosynthetic pathway is absent in mammals makes the syn-
thesis of shikimic acid analogues an attractive prospect for the
discovery of new medicines.”! The gabosines are examples of
such analogues; they form a family of secondary metabolites
isolated from various Streptomyces strains and can be consid-
ered a particular subcategory of carbasugars.!® Gabosines have
been classified into four structural types, all of which have a
polyoxygenated methylcyclohexane as a common structural
feature (Figure 1). Their structural diversity stems from their po-
sitions of substituents, their degree of unsaturation, and/or the
relative and absolute configurations of their stereogenic cen-
tres." In gabosines of types | and Ill, the methyl or oxymethyl
appendage is located at a position o to the carbonyl group,
whereas in those of type Il it is attached to an atom f to the
carbonyl group. Gabosines of type IV do not have any carbonyl
group, and those of type lll lack the carbon-carbon double
bond, which is present in the three other groups. Gabosines of
types | and Il have a cis-C-3/C-4 relative configuration. Some
gabosines show interesting biological activities. For instance,
gabosine C is the antibiotic known as KD16-U1, and its croton-
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ate (COTC) is an antitumor agent.!™ Gabosine E inhibits choles-
terol biosynthesis,*! and several gabosines show DNA-binding
properties.>d]
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Figure 1. Structural classification of gabosines.
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Recently, 4-O-decylgabosine D has been identified as a gluta-
thione S-transferase inhibitor, showing an optimum synergetic
effect in combination with cisplatin against the A549 human
lung cancer cell line.'! Some epoxyquinone derivatives with an-
hydrogabosine structures are also known, most of them iso-
lated from fungi.*”! Formally, the hydrolysis of the epoxide
functionality in one of these compounds should give a gab-
osine, although this transformation is generally less straightfor-
ward than expected. In recent decades, extensive work has
been published on the synthesis of gabosines and anhydro-
gabosines, motivated not only by their promising biological ac-
tivities, but also by the fact that the extremely crowded func-
tionalization of these small molecules makes them highly chal-
lenging synthetic targets.”*®! The published synthetic strategies
include biomimetic approaches, Diels—Alder methods, desym-
metrization of benzene or cyclohexanedione derivatives, and
chiral-pool syntheses, mainly starting from carbohydrates or
quinic acid. In our laboratories, we have been developing a
project to prepare a large number of these compounds in either
enantiomeric form, starting from a common intermediate. In
previous reports, we described how our enantioselective ap-
proach succeeded in the preparation of gabosines N, O, A, B,
F, C, and J, as well as some of their epimers, and also of the
anhydrogabosines epiepoformin and epoformin.” In this paper,
we present a new contribution to this field by disclosing new
syntheses of (-)-gabosine D, (-)-gabosine E, (-)-epiepoxydon,
and (+)-phyllostine.

Results and Discussion

Our divergent proposal for the synthesis of gabosines and their
analogues is shown in Scheme 1, where ketone 3 is the com-
mon starting material. This ketone is conveniently prepared
from p-methoxyphenol (1) on a multigram scale and is equally
available for either configuration at C-4.'" The doubly activated
C-6 position of 3 can be conveniently alkylated (introduction of
a methyl or hydroxymethyl group), and then the conjugated
carbon-carbon double bond can be oxidized (dihydroxylation
or epoxidation). Depending on the specific target, the sulfur
residue may be reductively removed, or eliminated to form a
double bond. The formation of stereoisomers along the se-
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quence leads to the production of stereochemically diverse an-
alogues. Although the general strategy is broadly applicable, it
must be tactically refined for each particular target, because
the dense functionalization and specific stereochemistry cause
similar intermediates to have different reactivities. This syn-
thetic design is straightforward for gabosines of type | and I,
while those of type Il require a carbonyl group translocation
after the alkylation step. Gabosines D and E, with an oxymethyl
group at the a-carbonyl position and a relative trans configura-
tion of the C-2/C-3 glycol were our blanks for the type | sub-
group. All the previously described syntheses of gabosines D
and E started from chiral-pool materials; more specifically, the
natural, dextrorotatory enantiomers were prepared from D-ri-
bosel' and p-glucose,'? and the levorotatory enantiomers
from p-mannose!™! and quinic acid.'"¥ According to our gen-
eral approach, the steps required to synthesize gabosines D
and E were: hydroxymethylation of the activated position in 3,
epoxidation of the carbon-carbon double bond, elimination of
thiophenol, and hydrolysis of the epoxide. Since starting ketone
3 is available with either configuration at C-4, this sequence of
reactions is equally applicable to the synthesis of either
enantiomer of the final gabosine.

The conversion of enone (4R,65)-3 into hydroxymethyl deriv-
ative (+)-4 was accomplished in 88 % vyield by reaction with
potassium tert-butoxide and formaldehyde, as described previ-
ously for the synthesis of (-)-4°! (Scheme 2). In our previous
syntheses of gabosines A and B,°® the epoxidation of an inter-
mediate analogous to 4, bearing a methyl group instead of a
hydroxymethyl group at C-6, was accomplished in excellent
yield by using Triton B as the catalytic base, and hydrogen per-
oxide or tert-butyl hydroperoxide as alternative oxidants that
delivered the epoxides with complementary facial stereoselect-
ivities. However, enone (+)-4 remained unchanged when it was
subjected to any of these oxidation conditions. Considering that
this lack of reactivity could be associated with the acidity of the
hydroxy proton, the alcohol was converted into the correspond-
ing acetate. The acetate group is present in some of the target
compounds, and it is a protecting group orthogonal to the silyl
ether. Despite this modification, to obtain a satisfactory conver-
sion in the epoxidation of acetate (+)-5, it was necessary to use
a stoichiometric amount of base. After this adjustment, oxid-
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Scheme 1. Diversity-oriented approach to gabosines and anhydrogabosines. TBS = tert-butyldimethylsilyl.

Eur. J. Org. Chem. 2016, 3568-3574 www.eurjoc.org

3569

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



® xChemPubSoc
V Europe

ation with tert-butyl hydroperoxide gave a unique stereoisomer
of the epoxide, identified as (-)-6, in 76 % yield; epoxidation
with hydrogen peroxide gave a 1:5 mixture of diastereomers
(-)-6/(+)-7 in 74 % isolated yield. The observed facial selectivi-
ties are consistent with those we previously found for the analo-
gous methyl substrates.!"!

0 formaldehyde ?H Q Ac,0 ?AC Q
PhS.,, tBUOK ., pyridine Y,
88% PhS o9% O
OTBS OTBS oTBS
(4R,6S)-3 (+)4 (+)-5
{BUOOH (|)Ac 0 McPBA  OAc O
Triton B s CHCl5
— = PhS o — 0}
76% .
OTBS OR
—)-6 =
(+)-5 — =) EtN-3HF [, R-185:8
OAc O R=H. ()9
H202 | 80'70
Triton B s -
> (-)6 +PhS "0
74% :
OTBS
(+)-7

Scheme 2. Preparation of key intermediate (-)-9.

The relative configurations of 6 and 7 were inferred from
their 'TH NMR spectra, with the pattern of the signal due to H-
4 being particularly characteristic. For isomer 6, H-4 (0 =
4.54 ppm) shows identical coupling constant values of 3.1 Hz
with the H-3 proton (6 = 3.58 ppm) and the two H-5 protons
(0 = 233 and 2.01 ppm). These data are consistent with a
pseudo-equatorial orientation of H-4 and, hence, a pseudo-axial
location of the acetoxymethyl and silyloxy substituents (Fig-
ure 2). The trans relationship between this last group and the
oxirane oxygen atom is confirmed by a 1.0 Hz long-range cou-
pling between the coplanar H-3 and H-5 protons. For isomer 7,
H-4 (6 = 4.66 ppm) shows a coupling constant of 10.8 Hz with
one of the H-5 protons (0 = 2.40 ppm), 5.3 Hz with the other
H-5 proton (6 = 1.83 ppm), and 1.1 Hz with H-3 (6 = 3.60 ppm),
consistent with a pseudo-axial orientation. The cis relationship
between the oxirane oxygen atom and the silyloxy group in 7
is consistent with a 1.1 Hz long-range coupling between H-3

Figure 2. Preferred conformers of (-)-6 and (+)-7.
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and the pseudo-equatorial H-5 proton. According to the gener-
ally accepted mechanism, the first step in these epoxidation
reactions is the attack of the peroxide anion onto the [-carb-
onyl position of the double bond to form an enolate, and this
is followed by a 3-exo-tet cyclization that forms the oxirane. It
seems reasonable that the bulky tert-butyl peroxide approaches
the double bond by the face opposite the bulky TBSO group at
C-4. Conversely, the attack of the small hydroperoxide anion
may be preferentially oriented by the formation of a hydrogen
bond with the TBSO group, giving the opposite diastereoisomer
as the major product.

When epoxide (-)-6 was submitted to the oxidation—elimina-
tion protocol by treatment with MCPBA (m-chloroperbenzoic
acid) in refluxing chloroform, isolation of the corresponding
enone (i.e., 8) was troublesome, because its polarity was very
similar to that of m-chlorobenzoic acid. Consequently, the next
desilylation step was attempted without purification of the in-
termediate. The reaction with TBAF in THF®29<2d] |ed only to
decomposition products, but treatment of crude enone 8 with
the complex EtsN-3HF®®! proceeded to conveniently deliver
free alcohol (-)-9 in 80 % isolated yield over the two steps.

Alcohol 9 was recognized as an immediate synthetic precur-
sor of the secondary metabolites epiepoxydon and phyllostine
(Scheme 3). Actually, the synthesis of racemic acetate (+)-9 has
been described previously by acetylation of (+)-epiepoxy-
don."! (+)-Epiepoxydon, isolated from various microorga-
nisms,1'®! has shown antibiotic and antifungal activities,!'6?6¢]
[-1,3-glucanase inhibition,['®¢! and strong cytotoxicity against
several human cancer cell lines.!'®9 Several syntheses of race-
mic epiepoxydon'>'”! and the dextrorotatory enantiomer!'8!
have been reported, but, to the best of our knowledge, the
levorotatory enantiomer has never been prepared before. It has
been reported that epiepoxydon is unstable even to weak
bases,!"! and hence the hydrolysis of acetate (-)-9 had to be
carried out under acidic or neutral conditions. Our best results
were obtained by treatment of (-)-9 with acrylic-resin-sup-
ported C. antarctica lipase B (CALB) in diisopropyl ether satu-
rated with water. Under these conditions, (-)-epiepoxydon was
isolated in 75 % yield {[a]&’ = -253 (c = 1.23, EtOH)}. (-)-Phyllos-
tine, which is a tumor inhibitor,!"®! has also been isolated from
several microorganisms,['6"16119201 gccasionally along with (+)-
epiepoxydon. Several syntheses of the racematel'72'7221] and
the levorotatory enantiomer!'8218b18¢221 and one synthesis of

cas OH O
iPryO
. 0

75% _

OH
(-)-9 (—)-epiepoxydon

pwp ¢ Q CALB
|CHoCly (iPr0_

91% 78%
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Scheme 3. Synthesis of (-)-epiepoxydon and (+)-phyllostine.
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(+)-phyllostine!??@ have been reported previously. Oxidation of
(-)-9 with the Dess—Martin periodinane (DMP), followed by hy-
drolysis of the acetate gave (+)-phyllostine in 71 % overall yield
{[a]®® = +117 (c = 0.86, EtOH)}.

To complete the synthesis of gabosines D and E from 9, it
was necessary to convert the epoxide into the corresponding
trans-diol. In related systems, this transformation was accom-
plished through a BF;+Et,0-mediated and acetate-assisted pro-
cess.Pb23]

Accordingly, diacetate (-)-11 was prepared by reaction of
monoacetate (-)-9 with acetic anhydride and DMAP [4-(dimeth-
ylamino)pyridine]. It was then treated with BF3-Et,O in toluene
(Scheme 4). This reaction gave a mixture of diacetates that,
without separation, was submitted to methanolysis. Unexpect-
edly, treatment of this mixture with sodium methoxide in meth-
anol resulted in the selective deacetylation of the secondary
acetates, delivering (-)-gabosine D in 68 % yield over the two
steps {[a]3® = -85 (c = 0.95, MeOH)}. This observed chemoselect-
ivity is remarkable, since the selective deprotection of polyacet-
ylated carbohydrate derivatives usually requires more sophisti-
cated reagents.”*! In a complementary approach, methanolysis
in the presence of CALB led to full deacetylation, giving (-)-
gabosine E in 71 % overall yield {[a]3° = -147 (c = 1.02, MeOH)}.
Under identical conditions, (-)-gabosine D was transformed into
(-)-gabosine E in 78 % yield.

Ac,0 OQAc O BF;EL,0 | OAC O
DMAP toluene OH
)9 —= B —_—
95%
. 00
OAc 04’(
(=)-11 CH,
H
OAc O o CALB OH O o
MeOH
- “OR? 1% 7~ "OH
OR! OH
R'=H,R2=Ac (-)-gabosine E
R'=Ac,RZ2=H  MeONa CALB
MeOH Qhc O MeOH
68% OH s
= o
v~ "OH
OH

(-)-gabosine D

Scheme 4. Synthesis of (-)-gabosine D and (-)-gabosine E.

Conclusions

We have presented new syntheses of (-)-gabosine D, (-)-gabo-
sine E, and (+)-phyllostine, and the first synthesis of (-)-epiepox-
ydon, all starting from a common intermediate (-)-9. These syn-
theses form part of a general divergent approach that also al-
lows the preparation of the respective antipodes. Acetate (-)-9
was prepared in five steps and 53 % yield from chiral substrate
(4R,65)-3, which is available on a multigram scale and in either
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enantiomeric form through a short sequence starting from p-
methoxyphenol and involving a crucial enzymatic resolution
step. All the previously reported enantioselective syntheses of
gabosines D and E started from natural chiral-pool materials
and were thus directed to a particular enantiomer of the target
compound. In this work, the total syntheses of (-)-gabosines D
and E were both completed in eight steps and 36 % overall
yield from (4R,65)-3. The first synthesis of (-)-epiepoxydon and
a new synthesis of (+)-phyllostine were accomplished starting
from (4R,65)-3, in six and seven steps and 40 and 38 % overall
yields, respectively.

Experimental Section

General Remarks: All commercially available reagents and solvents
were used as purchased from suppliers without further purification.
Thin-layer chromatography (TLC) was carried out on 0.20 mm plates
Alugram® Sil G/UV,s,. TLC spots were visualized with UV light or
with an anisaldehyde stain. Chromatographic purification of prod-
ucts was carried out by flash chromatography using 230-400 mesh
silica gel. "H NMR spectra were recorded with Bruker ARX400
(400 MHz) and DPX250 (250 MHz) spectrometers. Proton chemical
shifts are reported in ppm (CDCl;, 6 = 7.26 ppm; CD;0D, ¢ =
3.31 ppm; CD5COCD;, & = 2.09 ppm). 3C NMR spectra were re-
corded with Bruker ARX400 (100 MHz) and DPX250 (63 MHz) spec-
trometers. Carbon chemical shifts are reported in ppm (CDCls, 6 =
77.16 ppm; CD30D, 6 = 49.00 ppm; CD5;COCD;, ¢ = 205.87 ppm).
All spectra were recorded at 298 K. The abbreviations used to de-
scribe signal multiplicities are: s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublets), ddd (doublet of doublet of dou-
blets), dt (doublet of triplets), ddt (doublet of doublet of triplets),
and m (multiplet); J indicates the coupling constants. Infrared spec-
tra were recorded with a Sapphire-ATR spectrophotometer. Peaks
are reported in cm™'. High-resolution mass spectra (HRMS) were
recorded with a Bruker micrOTOF-Q spectrometer using electro-
spray ionization (Q-TOF). Specific optical rotations were measured
with a Propol Automatisches Dr. Kermchen polarimeter at 20 + 2 °C
with an optical path length of 0.05 dm; or with a J-715 (Jasco)
polarimeter with a temperature regulator, using a 0.1 dm long cu-
vette. Melting points were determined with a Reichert Kofler hot-
stage melting point apparatus.

(4R,6S5)-4-{[tert-Butyl(dimethyl)silylloxy}-6-hydroxymethyl-6-
phenylthiocyclohexen-2-one [(+)-4]: A solution of tBuOK (1.6 g,
14.1 mmol) in THF (3.6 mL) was slowly added to a solution of enone
(4R,65)-3 (4.3 g, 12.8 mmol) in THF (33 mL) at 0 °C. The mixture was
stirred for 5 min, then formaldehyde (commercial 37 % aqueous
solution with 10-15 % MeOH; 1.1 mL, 14.6 mmol) was slowly added.
The resulting mixture was stirred at 0 °C for 45 min. Water (15 mL)
was then added to the mixture, and it was slightly acidified with
HCl (4 % aq.). The mixture was extracted with CH,Cl, (4 x 15 mL),
then the combined organic extracts were dried with MgSO,, and
concentrated under reduced pressure. The resulting oil was purified
by flash chromatography (hexanes/EtOAc, 9:1) to give (+)-4 (4.1 g,
88 %) as a yellow solid. M.p. 93-95 °C (hexanes/EtOAc). [a]’ = +123
(c = 1.09, CHCI5). The spectroscopic data are identical to those de-
scribed for (-)-4.1°¢1

[(1S5,5R)-5-{[tert-Butyl(dimethyl)silylloxy}-2-oxo-1-(phenylthio)-
cyclohex-3-en-1-yllmethyl Acetate [(+)-5]: Ac,;0O (750 pL,
7.93 mmol) was added to a stirred solution of alcohol (+)-4 (1.93 g,
5.28 mmol) in pyridine (50 mL), and the mixture was stirred over-
night. Then, the volatiles were removed under vacuum to give ester
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(+)-5 (2.13 g, 99 %) as a liquid. R; = 0.42 (hexane/EtOAc, 5:1). []& =
+46 (c = 1.05, CHCl5). IR (ATR): ¥ = 2953, 2930, 2856, 1743, 1680,
1377, 1225, 1068 cm~". "TH NMR (250 MHz, CDCl3): § = 7.43-7.30 (m,
5H), 6.81 (dt, J=10.3,J=2.0 Hz, 1 H), 5.96 (dd, J = 10.3, J = 2.1 Hz,
1 H), 4.98 (ddt, J=10.0, J=5.4,)=2.1Hz, 1 H),435(d,J=11.0 Hz,
1H),418(d,J=11.0Hz 1 H), 242 (dd, J = 13.8, J = 10.0 Hz, 1 H),
2.24 (ddd, J =138, J=54,J=20Hz 1H), 201 (s, 3 H),093 (s, 9
H), 0.17 (s, 3 H), 0.14 (s, 3 H) ppm. "*C NMR (63 MHz, CDCls): 6 =
191.4,170.6, 152.7, 137.6, 130.3, 129.2, 127.7, 126.9, 66.2, 65.5, 55.4,
40.3, 25.9, 20.9, 18.3, 4.5, -4.6 ppm. HRMS (ESI*): calcd. for
Cy1H300,SSiNa [M + Nal* 429.1526; found 429.1529.

[(1S5,3S5,5R,6R)-5-{[tert-Butyl(dimethyl)silyl]loxy}-2-oxo-3-(phen-
ylthio)-7-oxabicyclo[4.1.0]hept-3-yllmethyl Acetate [(-)-6]: Tri-
ton B (40 % in MeOH; 840 pL, 1.85 mmol) was added dropwise to
an ice-cooled solution of enone (+)-5 (605 mg, 1.69 mmol) and
tBUOOH (70 % in water; 360 pL, 2.52 mmol) in THF (20 mL). The
mixture was stirred for 30 min, then the reaction was quenched
with water (10 mL), and the mixture was extracted with CH,Cl, (4 x
5 mL). The combined organic extracts were dried with MgSO, and
concentrated under reduced pressure. The residue was purified by
flash chromatography (hexanes/EtOAc, 10:1 to 5:1) to give epoxide
(-)-6 (475 mg, 76 %) as a white solid. R; = 0.74 (hexane/CH,Cl,, 1:9).
M.p. 99-101 °C (hexanes/EtOAc). [a]Z’ = -86 (c = 1.13, CDCly). IR
(ATR): ¥ = 2953, 2930, 2856, 1743, 1699, 1227, 1097, 1053,
1007 cm™". "H NMR (400 MHz, CDCl5): 6 = 7.42-7.37 (m, 3 H), 7.35-
729 (m, 2 H), 454 (q, J = 3.1 Hz, 1 H), 4.07 (d, J = 12.1 Hz, 1 H),
4.00 (dd, J =12.1,J=10Hz 1 H),358(ddd, J =42,J=3.1,J=
1.0 Hz, 1 H), 3.55(d,J=4.2Hz 1 H),233(ddd, J=15.0,/=3.1,J =
1.0 Hz, 1 H), 2.15 (s, 3 H), 2.01 (ddd, J =15.0, J =3.1,J=1.0 Hz 1
H), 0.84 (s, 9 H), 0.09 (s, 3 H), 0.06 (s, 3 H) ppm. *C NMR (100 MHz,
CDCl5): 6 = 198.5, 170.5, 137.8, 130.3, 129.1, 129.0, 66.8, 65.3, 59.4,
55.2, 53.0, 34.3, 25.7, 21.0, 18.1, -4.75, -4.78 ppm. HRMS (ESI*):
calcd. for C57H3005SSiNa [M + Na]* 445.1535; found 445.1534.

[(1R,3S,5R,6S)-5-{[tert-Butyl(dimethyl)silylJoxy}-2-oxo-3-(phen-
ylthio)-7-oxabicyclo[4.1.0]hept-3-ylimethyl Acetate [(+)-7]: Tri-
ton B (40 % in MeOH; 190 pL, 0.42 mmol) was added dropwise to
an ice-cooled solution of enone (+)-5 (154 mg, 0.38 mmol) and
H,0, (30 % in water; 59 uL, 0.57 mmol) in THF (5 mL). The mixture
was stirred for 30 min, then the reaction was quenched with water
(3 mL), and the mixture was extracted with CH,Cl, (4 X 2 mL). The
combined organic extracts were dried with MgSO, and concen-
trated under reduced pressure. The residue was purified by flash
chromatography (hexanes/EtOAc, 10:1 to 5:1) to give (-)-6 (21 mg,
13 %) and (+)-7 (97 mg, 61 %). Data for (+)-7: R = 0.44 (hexane/
CHCl3, 1:9). M.p. 75-78 °C (hexane/CHCl5). [a]®® = +11 (c = 142,
CHCl3). IR (ATR): ¥ = 2953, 2928, 2856, 1744, 1713, 1472, 1439, 1377,
1225, 1101, 1070, 1032 cm~". "H NMR (250 MHz, CDCly): 6 = 7.47-
731 (m, 5 H), 466 (ddd, J =10.8, J=53,J=1.1 Hz, 1 H), 417 (d,
J=111Hz, 1 H), 412 (d, J =11.1 Hz, 1 H), 3.60 (dt, J = 3.7, J =
1.1 Hz, 1 H), 3.43 (d, J = 3.7 Hz, 1 H), 2.40 (dd, J = 13.9, J = 10.8 Hz,
1 H), 202 (s, 3 H), 1.83 (ddd, J = 13.9,J = 5.3, J = 1.1 Hz, 1 H), 0.95
(s, 9 H), 0.18 (s, 3 H), 0.15 (s, 3 H) ppm. *C NMR (63 MHz, CDCl,):
0 = 193.5, 1706, 137.9, 130.7, 129.4, 127.3, 65.6, 64.9, 57.6, 55.8,
53.9,31.7, 25.9, 20.9, 18.3, —-4.45, -4.51 ppm. HRMS (ESI*): calcd. for
Cy1H30055SiNa [M + Na]* 445.1535; found 445.1537.

[(15,5R,6R)-5-Hydroxy-2-oxo-7-oxabicyclo[4.1.0]hept-3-en-3-yl]-
methyl Acetate [(-)-9]: A solution of MCPBA (132 mg, 0.65 mmol)
in CHCl5 (4 mL) was added dropwise to a stirred solution of (-)-6
(230 mg, 0.54 mmol) in CHCl; (6 mL) at reflux temperature. The
mixture was stirred for 1 h; then the solvent was removed under
reduced pressure. The residual white solid was dissolved in THF
(10 mL), and Et5N-3HF (100 pL, 0.61 mmol) was added. The mixture
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was stirred overnight. Then, water was added (4 mL), and the mix-
ture was neutralized with Na,COs (saturated aq. solution). The mix-
ture was extracted with CH,Cl, (4 x 5 mL), and the combined or-
ganic extracts were dried with MgSO,4 and concentrated under re-
duced pressure. The residue was purified by flash chromatography
(hexanes/EtOAc, 1:1) to give alcohol (-)-9 (103.0 mg, 80 %) as an
oil. R = 0.18 (hexane/EtOAc, 1:1). [a]® = -177 (c = 0.86, CHCl5). IR
(ATR): ¥ = 3435, 2955, 2924, 2852, 1740, 1684, 1439, 1373, 1231,
1032 cm™". "TH NMR (400 MHz, CDCl5): 6 = 6.62 (ddt, J = 4.8, J = 2.6,
J=14Hz 1H),479 (dd, J=13.6, ) = 1.4 Hz, 1 H), 4.73-4.66 (m, 2
H), 3.80 (ddd, J =3.7,J=26,J=12Hz 1 H),350(dd, J=3.7,J=
1.2 Hz, 1 H), 3.16 (br. 5, 1 H), 2.08 (s, 3 H) ppm. '3C NMR (100 MHz,
CDCl3): 6 =192.7,171.0, 140.3, 132.5, 63.0, 60.6, 57.8, 53.4,
20.9 ppm. HRMS (ESI*): calcd. for CoH;00OsNa [M + Nal* 221.0420;
found 221.0417.

(-)-Epiepoxydon: Acrylic-resin-supported C. antarctica lipase B
(2 mg) was added to a stirred solution of acetate (-)-9 (15 mg,
0.08 mmol) in iPr,0 saturated with water (2 mL) at room tempera-
ture. The mixture was stirred for 3 d; then the enzyme was removed
by filtration, and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography (EtOAc) to give
the epoxide (-)-epiepoxydon (9 mg, 75 %) as an oil. Rf = 0.25 (hex-
ane/EtOAc, 1:2). [a]®’ = -253 (c = 1.23, EtOH) {ref."® [¢]2° = +194
(c = 1.57, EtOH), refl'éd [¢]2° = +261 (c = 1, MeOH) for the
antipode}. IR (ATR): ¥ = 3343, 1676, 1240, 1020 cm™'. "H NMR
(400 MHz, CD5COCDs): 6 = 6.71 (m, 1 H), 491 (d, J = 7.4 Hz, 1 H),
4,65 (m, 1 H), 429-4.10 (m, 3 H), 3.77 (m, 1 H), 3.41 (d, J = 3.7 Hz,
1 H) ppm. "*C NMR (100 MHz, CD5COCDs): 6 = 194.1, 139.1, 137.0,
63.3, 59.1, 58.8, 54.2 ppm. HRMS (ESI*): calcd. for C;HgO4Na [M +
Nal* 179.0318; found 179.0322.
[(15,6R)-2,5-Dioxo-7-oxabicyclo[4.1.0]hept-3-en-3-ylimethyl
Acetate [(+)-10]: Dess—Martin periodinane (15 % in CH,Cl,; 0.3 mL,
0.14 mmol) was added dropwise to a solution of alcohol (-)-9
(21 mg, 0.11 mmol) in CH,Cl, (2 mL), and the reaction mixture was
stirred at room temperature for 2 h. A 1:1 mixture of saturated
aqueous NaHCO3/Na,S,05 (0.1 m) (1 mL) was added. The mixture
was stirred for 1 h; then the organic layer was separated, and the
aqueous phase was extracted with CH,Cl, (3 x 1 mL). The combined
organic extracts were dried with MgSO, and concentrated under
reduced pressure. Purification of the residue by flash chromatogra-
phy (hexanes/EtOAc, 2:1) gave (+)-10 (20 mg, 91 %). R; = 0.58 (hex-
ane/EtOAc, 1:1). [a]Z® = +110.5 (c = 1.17, CHCl3). IR (ATR): ¥ = 3051,
2928, 1743, 1686, 1628, 1371, 1219, 1045, 1005 cm~'. "H NMR
(400 MHz, CDCl3): 6 = 6.54 (9, J = 1.9 Hz, 1 H), 498 (dd, J = 17.0,
J=19Hz, 1 H), 483 (dd, J=17.0,J =19 Hz, 1 H), 387 (d, J =
3.7 Hz, 1 H), 3.84 (dd, J = 3.7, J= 1.9 Hz, 1 H), 2.14 (s, 3 H) ppm. 3C
NMR (100 MHz, CDCl5): 6 = 190.9, 190.8, 170.0, 143.9, 131.7, 59.6,
54.2, 54.1, 20.8 ppm. HRMS (ESI*): calcd. for CoHgOsNa [M + Nal*
219.0264; found 219.0263.

(+)-Phyllostine: Acrylic-resin-supported C. antarctica lipase B
(2 mg) was added to a stirred solution of acetate (+)-10 (17 mg,
0.09 mmol) in iPr,0O saturated with water (2 mL) at room tempera-
ture. The mixture was stirred for 3 d; then the enzyme was removed
by filtration, and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography (EtOAc) to give
the epoxide (+)-phyllostine (11 mg, 78 %) as an oil. R; = 0.46 (hex-
ane/EtOAc, 1:2). [l = +117 (c = 0.86, EtOH) {ref."? [«]° = -106
(c = 1, EtOH) for the antipode}. IR (ATR): ¥ = 3350, 1802, 1736,
1685 cm™". "TH NMR (400 MHz, CDCl5): 6 = 6.67 (g, J = 1.9 Hz, 1 H),
457 (dd, J=173,J=19Hz 1 H),439(dd, J=173,J=19 Hz 1
H), 3.85-3.82 (m, 2 H), 2.15 (br. s, 1 H) ppm. "3C NMR (100 MHz,
CDCl3): 6 = 191.7, 190.8, 147.6, 130.8, 59.2, 54.0 (2 C) ppm. HRMS
(ESI*): calcd. for C;HgO4Na [M + Na]* 177.0158; found 177.0162.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{®xChemPubSoc
e Europe

o

(1S,2R,65)-5-Ox0-7-oxabicyclo[4.1.0]hept-3-ene-2,4-diyl Diacet-
ate [(-)-11]1: DMAP (56 mg, 0.46 mmol) and acetic anhydride (45 pL,
0.48 mmol) were added to a solution of alcohol (-)-9 (84 mg,
0.42 mmol) in CHCl; (10 mL) at 0 °C. The reaction mixture was
stirred for 15 min; and then it was poured into ice-cooled water
(10 mL). The mixture was extracted with CHCl; (5x 5 mL). The
combined organic extracts were dried with MgSO,, and the solvent
was removed under reduced pressure. Purification of the residue by
flash chromatography (hexanes/EtOAc, 2:1) gave (-)-11 (96 mg,
95 %). R¢ = 0.48 (hexane/EtOAc, 1:1). [a]?® = -258 (¢ = 1.50, CHCls).
IR (ATR): ¥ = 2928, 2854, 1738, 1689, 1371, 1217, 1026 cm~". 'H NMR
(250 MHz, CDCl5): 6 = 6.56 (ddt, J = 5.0, J = 2.5, J = 1.6 Hz, 1 H),
5.82 (dq, J = 5.0, J = 1.1 Hz, 1 H), 4.80-4.77 (m, 2 H), 3.75 (ddd, J =
37,J=25,J=11Hz 1H),355(dd, J=3.7,J=1.1Hz 1H) 214
(s, 3 H), 2.09 (s, 3 H) ppm. 3C NMR (63 MHz, CDCl3): 6 = 191.9,
170.3, 169.8, 135.4, 134.9, 64.1, 60.4, 55.3, 53.0, 20.9, 20.8 ppm.
HRMS (ESI*): calcd. for Cy;H;50¢Na [M + Nal]* 263.0526; found
263.0529.

(-)-Gabosine D: BF;-Et,0 (48 pL, 0.36 mmol) was added to an ice-
cooled solution of diacetate (-)-11 (87 mg, 0.36 mmol) in toluene
(10 mL), and the mixture was stirred for 1 h. Then, the reaction
mixture was warmed to room temperature, and stirring was contin-
ued for a further 2 h. Water (10 mL) was added, the organic layer
was separated, and the aqueous layer was extracted with CHCl;
(3 x 5 mL). The combined organic extracts were dried with MgSO,,
and the solvent was removed under reduced pressure. The resulting
residue was purified by flash chromatography (hexanes/EtOAc, 1:2)
to give an inseparable mixture of diacetates (77 mg), which was
used in the next step. NaOMe (12 mg, 0.22 mmol) was added to a
solution of this mixture (55 mg) in MeOH (4 mL), and the mixture
was stirred at room temperature for 3 h. Then, the solvent was
removed under reduced pressure. The residue was diluted with wa-
ter (2 mL) and slightly acidified with HCl (2 % aq.). The aqueous
solution was extracted with CH,Cl, (4 x 2 mL), the combined or-
ganic extracts were dried with MgSO,, and the solvent was evapo-
rated under vacuum. Purification of the residue by flash chromatog-
raphy (CH,Cl,/MeOH, 9:1) gave (-)-gabosine D (38 mg, 68 % over
two steps) as a white crystalline solid. Rf = 0.32 (CHCl3/MeOH, 9:1).
[a]® = -85 (c = 0.95, MeOH) {ref.>*! [¢]2° = +86 (c = 1, MeOH) for
the antipode}. IR (ATR): ¥ = 3345, 2890, 1761, 1692 cm~'. '"H NMR
(400 MHz, CD30D): 6 = 6.92 (dd, J=1.2, /=53 Hz, 1 H), 473 (m, 2
H), 4.48 (ddd, J=5.3,/=4.1,J=12Hz 1 H),433(d, J=9.6 Hz, 1
H), 3.78 (dd, J = 9.6, J = 4.1 Hz, 1 H), 2.05 (s, 3 H) ppm. *C NMR
(100 MHz, CD;0D): 6 = 198.7, 172.2, 144.7, 135.1, 75.1, 73.8, 67.0,
61.5, 20.6 ppm. HRMS (ESI*): calcd. for C;HgO4,Na [M + Nal*
239.0524; found 239.0523.

(-)-Gabosine E. From the Mixture of Acetates: Acrylic-resin-sup-
ported C. antarctica lipase B (1 mg) was added to a stirred solution
of a mixture of the diacetates prepared as described in the prece-
ding section (15 mg) in MeOH (1 mL). The mixture was stirred at
room temperature for 5 d; then the enzyme was removed by filtra-
tion, and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography (CH,Cl,/MeOH, 9:1)
to give (-)-gabosine E (9 mg, 71 % over two steps) as a white crys-
talline solid. R; = 0.15 (CHCl3/MeOH, 9:1). [a]®® = -147 (c = 1.02,
MeOH) {ref.P! [¢]2° = +148 (c = 0.95, MeOH) for the antipode}. IR
(ATR): ¥ = 3330, 2932, 1690 cm™". 'H NMR (400 MHz, CD;0D): 6 =
6.91 (dt, J=54,J=12Hz 1 H), 448 (m, 1 H), 434 (d, J = 9.8 Hz,
1H),425(dd,J=154,J=12Hz 1H),421(dd,J=154,)=1.2Hz
1 H), 3.76 (dd, J = 9.8, J = 3.9 Hz, 1 H) ppm. '3C NMR (100 MHz,
CDs0D): 6 = 199.6, 141.8, 139.9, 75.0, 73.8, 67.0, 59.5 ppm. HRMS
(ESI*): calcd. for CG;HgO4Na [M + Nal* 197.0419; found 197.0423.
From (-)-Gabosine D: Acrylic-resin-supported C. antarctica lipase B
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(1 mg) was added to a stirred solution of (-)-gabosine D (20 mg,
0.09 mmol) in MeOH (1 mL). The mixture was stirred at room tem-
perature for 4 d; then the enzyme was removed by filtration, and
the solvent was removed under reduced pressure. The residue was
purified by flash chromatography (CH,Cl,/MeOH, 9:1) to give (-)-
gabosine E (12 mg, 78 %) as a white crystalline solid.
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