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Total Synthesis of Catunaregin and Preliminary Evaluation of its

Antitumor Activity

Kobayashi®®, and Hisanaka Ito*

Abstract: Total synthesis of catunaregin in both racemic and
optically active forms was accomplished. This enantioselective
synthesis employs Evans aldol methodology using oxazolidinone or
thiazolidinethione as the chiral auxiliary. The key features include a
syn selective aldol reaction to form the Evans-syn or Non-Evans-syn
product, and successive ketalization of a furanyl diol derivative under
acidic conditions. The biological properties of the synthetic racemate
and both enantiomers were evaluated against A549 and HL-60
human cancer cells.

Introduction

The mangrove plant is a rich source for biologically active
natural products.' Many kinds of natural products, alkaloids,
flavonoids, lignans, limonoids, and terpenoids, have been
isolated from mangrove plants and mangrove-associated fungi
or bacteria.? In 2010, Zhang and co-workers reported tyo
unprecedented norneolignans, catunaregin (1)

epicatunaregin (2), isolated from the stem bark of Catunarn

spinosa Tirveng, a Chinese mangrove associate (Figure 1).°%

phenotypes of HUVECs in vitro and vessel
transgenic zebrafish.*™ The optical rotation val
catunaregin (1) is very low {[a]p®° = +1.4 (c 0.8,
Zhang to surmise that the natural catunaregin is
racemic as a result of its biosynthetic pathway, which inclu
the production of benzofuran norneolignans with
enantioselective reduction. The structural features and biolo
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ure 1. Strufs of catunaregin (1) and epicatunaregin (2).

trategy for both enantiomers of novel tricyclic
is outlined in Scheme 1. The target norneolignan
(+)-1 or (=)-1 could be obtained by the construction of the
tricyclic skeleton 7 by successive ketalization of furanyl diol
derjvatives, which would be obtained by reductive cleavage of

moval of the protecting group of the phenolic hydroxyl
p. The aldol product 6 would be produced by syn selective
dol reaction with vanillin derivative 5 and the furan derivative 3
ith the 4-benzyloxazolidinone tether as a chiral auxiliary. On
the other hand, the aldol product 8 would be obtained as the
Non-Evans-syn  product by aldol reaction between
thiazolidinethione derivative 4 and vanillin derivative 5.
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Evans-syn Ar 1) reduction
= —_—
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X 0 o °
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\—( i Ar-CHO 5: Ar = § Oo0Ns |
Bn e e
3:X=0
4:X=8S QO
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from4: X = 8 [ N 2) successive
ketalization
(0]
8

Scheme 1. Synthetic strategy for the optically active catunaregin (1).
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Our investigation started from the synthesis of (x)-catunaregin in
order to study the successive ketalization, which is an important
key step in this project (Scheme 1). The furan derivative 12 was
synthesized from tert-butyl acetoacetate (9) in three steps
according to the reported procedure.” Results of the aldol
reaction of the furan derivative 12 with O-o-nitrobenzenesulfonyl
(Ns)® vanillin derivative 5 are shown in Table 1. Aldol reactions
via lithium or sodium enolate intermediates using LHMDS or
NHMDS as bases gave a mixture of syn- and anti-adducts 13
and 14 in moderate yield (entries 1 and 2). However the desired
syn-adduct 13 was obtained in low yield or as the minor product.
On the other hand, reaction via the borane enolate with a
combination of di-n-butylboryl trifluoromethanesulfonate and
diisopropyl(ethyl)amine afforded the syn-adduct 13 in 87% yield
with high selectivity. Although the relative configuration of these
aldol adducts were not determined at this stage, they were

NaH NaH
o
Cl QI\ COot-Bu Br\)J\OMe
/k/cozt Bu e
rt, 18 h rt, 18 h
(75%) 10 (81%)
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Table 1. Aldol reaction of the furan derivative 12 and O-o-Ns-vanillin

derivative 5. ‘

yield (%)™

14
v - .'

entry | conditions

1 LHMDS, THF, =78 °C, 1 N 25 23

2| NHMDS, THF, 75 Jousy 15 46
°C‘ 87 4

[a] Isolated yields. ‘

assigned by
16," derived

3 n-Bu,BOTY, i-Prgft. THF, -78
I}
he acetonide derivatives
including reduction of the

hand, our investigation advanced to
thetic study. Construction of the
tricyclic skeleton of ca gin 1 by successive ketalization of
the furanyl d|oI derivative was attempt as shown in Table 2. First,
e ketalizat reaction under aqueous conditions was carried
entrles ). Although the reaction using of acetic acid as a
sted acid at room temperature did not proceeded, the

CO,tBu  TFA COMe
> ]\ o . N
CH.Cl, o ccessive ketalization of the furanyl diol derivative 15.
G T Y 12 . OMe
1 (62%) OMe  Taple 2 0-i0
OHC OMe R TTTTT] O ..... OR
I N Oo-Ns
Table 1 o
Oo-Ns o
5 > 15 PhSH, Cs,CO, [ (®)-7:R = o-Ns
?H MeCN, rn, 2 h (t)-1: R=H
MeOzC\/\©: MeO,C ~ OMe (quant.) [(£)-catunaregin]
)\/>\ Oo-Ns | N Oo-Ns ﬂﬂry conditions yield (%)® [brsm]®
o
13 14 1 AcOH, H,0, rt, 144 h n.r.
LiAlH4, THF
67% °
0°C.05h l L 2 | AcOH, H,0, 80 °C, 48 h 30 [39]
3 EtCO,H, H,0, 80 °C, 48 h trace
/\/\©: 4 CF3CO;H, H,0, 80 °C, 18 h 12
Oo-Ns i s,
! 5 CF3;CO,H, CH,Cl,, rt, 14 h 59
’ S 6 | ACOH, CH,Cl, 1t, 144 h nr.
2,2-dimethoxypropane | rt, 0.5 h
TsOH, acetone (87%) 7 conc. H,SO, (10 equiv.), THF, rt, 48 h 68
>< 8 MeSO;H (10 equiv.), MeOH, rt, 96 h 64
0" 0
K/E\CEOMe 9 TsOH-H,0 (10 equiv.), CH.Cly, rt, 42 h quant.
)|\/\>\ Oo-Ns 10 MeSO;H (10 equiv.), CH,Cl,, rt, 1 h 83
o 1 MeSO3H (1.0 equiv.), CH,Cly, rt, 1 h quant.
16 (X-ray)

Scheme 2. Synthesis 13 and its acetonide derivative 16.

[a] Isolated yields. [b] Based on recovered starting material.
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heated condition in presence of acetic acid afforded the desired
product in 30% yield along with small amount of diol 15 (entry 2).
When the use of propionic acid, which is a weaker acid than
acetic acid at 80 °C, a trace amount of the tricyclic compound

was detected in "H NMR spectrum of the crude product (entry 3).

Treatment with trifluoroacetic acid, stronger acid than acetic acid
yielded the compound 7 in 12% yield along with the complex
mixture (entry 4). In absence of water, compound 7 was
obtained in good vyield (entries 5, 7-11) except in the case of
acetic acid (entry 6). Treatment of 15 with concentrated sulfuric
acid in THF afforded 7 in 68% vyield.® It was found that
methanesulfonic acid and p-toluenesulfonic acid were the best
acid reagents in this ketalization reaction. The reaction
conditions using methanesulfonic acid (1.0 equiv.) in CHxCl, at
room temperature for 1 h gave the desired tricyclic compound 7
in quantitative yield (entry 11). Finally, removal of the o-Ns group
of (+)-7 by treatment with thiophenol and cesium carbonate!™
gave the target compound 1 in quantitative yield. The NMR, IR
and mass spectral data of the synthetic sample were identical to
those of natural catunaregin.

With the establishment of the synthetic route of (+)-catunaregin
by successive ketalization, we focused our efforts on the
asymmetric synthesis of catunaregin in enantiomerically pure
form. For the Evans aldol methodology,® introduction of the
chiral auxiliary to the furan derivative was carried out as shogn
in Scheme 3. Installation of the (S)-4-benzyloxazolidinone g
as the chiral auxiliary was achieved by a three-step ope
saponification of methyl ester 12 to give carboxylic acid 17,"°
and transformation of the carboxylic acid to the mixed
followed by addition of the lithiated oxazolidinone to
93% vyield. On the other hand, the thiazolidinethion
was obtained by condensation of carboxylic acid
benzylthiazolidinethione using
dimethylaminopropyl)carbodiimide (EDC) in high yi

I

/FQCOZME 3 M NaOH COZH
R
/ O\ MeOH / o\
m,2h
12
(98%)

a) PivCl, EtgN, THF
-78°Cto0°C,1h

then

(S)-4-benzyloxazolidin

n-BuLi, THF

—78°Cto 0 ° (93% for 3)

b) (S)-4-benzylthiazo
EDC, DMAP, CH,ClI,
rt, 24 h (quant. for 4)

Scheme 3. Installation

derivatives with tethered chiral
metric synthesis of catunaregin

using the oxazolidinone 3 was worked out as shown
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in Scheme 4. The syn selective Evans aldol reaction of 3 with
0-0-Ns-vanillin derivative using di-n-butylboryl
trifluoromethanesulfonate and diis ethyl)amine gave the
desired Evans-syn product 6 exclusi
absolute stereochemistry at C1 of 6
improved Mosher's meth

lorides to (S)- and (R)-
From 'H NMR spectral

yridine, CH,Cl,
h (93% for 19)

2 <H>-MICI o o on
pyriddl CH,Cl, iy oMo
rt, 5 h (77% for 18) 0 °N ;
(S)-MTPACI _{B N OoNs
o

Scheme 4. Synthesis of the Evans-syn-product 6 and its MTPA esters for
determination of the absolute configuration.

ugh direct removal of the chiral oxazolidinone auxiliary of 6
reduction was carried out, all attempts for a retro aldol
action caused by the naked hydroxyl group at the benzylic
position of 6 failed. Thus, after treatment of 6 with TESOTf and

j\ O OH TESOTf )OL o
L O =
B@\ 0o-Ns CHxCl,
o

-50°C, 20 h
6 (90%) 20
OTES
LiBH, HO OMe  MesozH
THF-EtOH (1:1) B OoNs  CHaCly
t2h o 1 1h
(83%) )21 (76%)
. OMe PhSH . OMe
00 Cs,COs oilo
N 3 o @
. — - - ot OH
Sorv @Oo Ns Teon RO\
H t,2h H
(+)-7 (quant.) (+)-1

Scheme 5. Synthesis of (+)-catunaregin [(+)-1].
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DBU at —50 °C, hydride reduction of the resulting TES ether 20
with LiBH4 under mild conditions gave the primary alcohol (-)-21,
the precursor to successive ketalization, in 75% yield over 2
steps (Scheme 5). Treatment of 21 with methanesulfonic acid in
CH,CI, at room temperature for 1 h gave the desired tricyclic
compound (+)-7 in 76% yield. Finally, elimination of the o-
Nsgroup of 7 gave the target molecule 1 in quantitative yield.
The spectral data of the synthetic sample 1 was identical to
those of the reported natural catunaregin (1). The optical rotation
of the synthetic sample was [a]p®® +38.6 (¢ 1.00, MeOH). This
result confirms that natural catunaregin was isolated in the
racemic form as speculated by Zhang.

With (+)-catunaregin [(+)-1] in enantiomerically pure form
synthesized, the asymmetric synthetic study using the
thiazolidinethione derivative 4 was undertaken. After many
attempts toward the syn selective aldol reaction of 4 with vanillin
derivative 5 to produce the Non-Evans-syn product, the
combination of titanium tetrachloride and
tetramethylethylenediamine gave the best result to afford the
desired aldol product 8 in 72% yield as the sole product. The
absolute configuration of the newly produced asymmetric carbon
of 8 was also assigned by the improved Mosher’s method.!""
From the "H NMR spectral analysis of (S)- and (R)-MTPA esters
22 and 23, prepared from (R)- and (S)-MTPA chlorides,
respectively, the absolute configuration at the C1 asymmetgic
carbon was determined as R.['?

TiCl,, TMEDA
OHC OMe
0 S
$ 0 Oo-Ns
N M 5 S)LN
S N
\ < CH,Cl,
an -78°C, 18 h
4 (72%, d.r. > 95:5)

a) (R)-MTPACI
pyridine, CH,Cl,
rt, 3 h (96% for 22)

b) (S)-MTPACI
pyridine, CH,Cl,
rt, 3 h (95% for 23)

procedure, prot
ether, followed on of 24 with lithium
precursor (+)-21 was
the 2 steps. Subsequent successive
of the Ns group of the resulting
rded the desired product 1 in

moderate yield. All spe were identical with those of the
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previously synthesized (+)-1.) In addition, the optical rotation of
the synthetic sample {[c]o®® —38.6 a1.00, MeOH)} derived from
the Non-Evans-syn product 8 h opposite rotation of
compound (+)-1 {[a]p®® +38.6 (c 1.00,
the Evans-syn adduct 6. As a result, a
of (+)/(-)-catunaregin was jeved b

This is the first report of C

pure forms.
TESOTf
DBU LiBH,4
8§ —M > I >
CH,Cl, THF-EtOH (1:1)
-78 °C, 15 rt,1h

(95%)

HO
o, rt, 1 h
(66%)

—)-7:R=0-N
(+)-21 PhSH, Cs,CO;4 e one
MeCN, n,2h (_)_1: R=H
(quant.)

Sch\@e 7. Synthesis of (—)-catunaregin [(-)-1].

sample (t)-catunaregin and enantiomerically pure
samples (+yand (—)-catunaregin were obtained by this synthetic
project, we were interested in their biological activities. To
explore new possibilities, the biological properties of our
etic samples were evaluated for their in vitro cytotoxic
es against A549 human lung adenocarcinoma cells and
0 human promyelocytic leukemia cells. Unfortunately, none
the three synthetic compounds, (%)-1, (+)-1, and (-)-1
xhibited cytotoxic activities (> 30 uM) against these cell lines.
This result is only a part for the biological research of
catunaregin. As there is room for consideration using other cell
lines, these synthetic samples remain biological attractive.

Conclusions

In summary, the total synthesis of catunaregin 1, isolated from
the stem bark of Catunaregam spinosa Tirveng, a Chinese
mangrove associate, was achieved. The key features include a
syn selective aldol reaction including Evans aldol methodology,
and successive ketalization of the furanyl alcohol derivative
under acidic conditions. This synthetic methodology led us to a
very concise total synthesis of the tricyclic natural product.
Further biological investigations of enantiomerically pure
catunaregin are now in progress in our laboratory.

Experimental Section

General

This article is protected by copyright. All rights reserved.
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All reactions involving air- and moisture-sensitive reagents were carried
out using standard syringe-septum cap techniques. Unless otherwise
noted, all solvents and reagents were obtained from commercial
suppliers and used without further purification. Routine monitoring of
reactions were carried out Merck silica gel 60 F254 TLC plates. Column
chromatography was performed on Kanto Chemical Silica Gel 60N
(spherical, neutral 60—230 um) with the solvents indicated. Measurement
of optical rotations was performed with a JASCO P-2200 automatic
digital polarimeter. Melting points were taken on a Yanako MP-S3 micro
melting point apparatus and are uncorrected. 'H and "*C NMR spectra
were measured with a JASCO ECZ 400S (400 MHz) or a Burker AV-600
(600 MHz) spectrometer. Chemical shifts were expressed in ppm using
CHCI; (7.26 ppm for 'H NMR, 77.0 ppm for *C NMR) in CDCl; as
internal standard. Infrared spectral measurements were carried out with a
JASCO FT/IR-4700 and only noteworthy absorptions were listed. HRMS
spectra were measured on a Micromass LCT spectrometer. X-ray

crystallographic analysis was taken with Burker APEX2 Ultra TXS.
tert-Butyl 2-acetyl-4-oxopentanoate (10).

To a stirred suspension of sodium hydride (55% dispersion in mineral oil,
6.58 g, 157 mmol) in THF (400 mL) was added dropwise tert-butyl
acetoacetate (9) (20.0 mL, 19.1 g, 121 mmol) at 0°C. After stirred for §.5
h at 0°C, to this reaction mixture was added dropwise a-chloroaci
(12.5 mL, 14.5 g, 157 mmol) at 0 °C, and then stirred for 18 h at room

temperature. The reaction mixture was quenched with 1. HCI

aqueous solution (100 mL) at 0 °C, and extracted with ether
The combined organic layers were washed with brine, a
solution was dried over MgSO,. The dried solution was;
filtrate was concentrated in vacuo. The resulting resid
column chromatography (hexane—AcOEt, 7:1) to afford the
10 (19.5 g, 91.0 mmol, 75%) as a colorless liquid. Those spectl

were identified for those of previous report."

1-tert-Butyl 4-methyl 2-acetyl-2-(2-oxopropyl)suci

To a stirred suspension of sodium ide (55% dispersion ifmineral oil,
ed dropwise 10 (10.9 g,
erature, to this
mL, 8.56 g, 56.0
temperature. The
0 M HCI aqueous solution (80 mL)
combined organic layers were

was dried over MgSO,. The

by column chromatography (hexane—
iate 11 (11.8 g, 41.2 mmol, 81%) as a
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colorless liquid. Those spectra data were identified for those of previous

report.[‘”

CH,Cl, (140 mL) was
mol) at 0 °C. After
ixture was concentrated in
y column chromatography
5.6 mmol, 62%) as a pale
yellow oil. Th tified for those of previous

report.[‘”

(2R* 3S*)-Methyl 2-(2,5-di

nitrophenylsulfonyloxy)phenyl)propanoate (13) and (2S*3S*)-methyl 2-
5-dimethyIfyh-3-yl)-3-hydroxy-3-(3-methoxy-4-(2-

henylsuli®nyloxy)phenyl)propanoate (14).

Ifuran-3-yl)-3-hydroxy-3-(3-methoxy-4-(2-

irred solution of 12 (698 mg, 4.15 mmol) in CH,CI, (17 mL) were
ise N,N-diisopropylethylamine (2.59 mL, 1.92 g, 14.8 mmol),
yl trifluoromethanesulfonate (1.0 M in CH,Cl,, 4.80 mL,
4.80 mmol) : 0 °C. After stirred for 30 min at 0 °C, to this mixtre was
added dropwise a solution of O-o-Ns-vanillin 5 (1.00 g, 2.96 mmol) in
CHCl, (10 mL) at —78 °C. After stirred for 4 h at —78 °C, the reaction was
d with MeOH (5 mL) and saturated NH4Cl aqueous solution (15
t —78 °C, and extracted with CHCIl; (2 x 50 mL). The combined
anic layers were washed with brine, and the washed solution was
ried over Na,SO,4. The dried solution was filtered, and the filtrate was
concentrated in vacuo. The resulting residue was purified by column
chromatography (hexane—AcOEt, 2:1) to afford 13 (1.30 g, 2.57 mmol,
87%) as pale yellow amorphous solids and 14 (62.8 mg, 0.124 mmol,

4%) as pale yellow amorphous solids.
Data for 13

IR (neat) 3541, 3098, 3020, 2952, 2921, 2885, 2849, 1732, 1604, 1587,
1547, 1503, 1464, 1438, 1420, 1386, 1272, 1200, 1176, 1147, 1112,
1060, 1032, 1010, 925, 864, 853, 827, 758, 654, 591 cm™"; "H NMR (400
MHz, CDCls) & 8.00 (1H, dd, J = 8.0, 1.4 Hz), 7.87 (1H, dd, J = 7.8, 1.4
Hz), 7.81 (1H, ddd, J = 7.8, 7.8, 1.4 Hz), 7.70 (1H, ddd, J = 7.8, 7.8, 1.4
Hz), 7.13 (1H, d, J = 8.2 Hz), 6.82 (1H, dd, J = 8.2, 1.8 Hz), 6.75 (1H, d, J
= 1.8 Hz), 6.03 (1H, s), 5.17 (1H, d, J = 5.5 Hz), 3.63 (3H, s), 3.53 (1H, d,
J =55 Hz), 3.48 (3H, s), 2.22 (3H, s), 1.85 (3H, s); °C NMR (100 MHz,
CDCly) 8 173.2, 151.1, 149.8, 148.6, 148.3, 141.6, 137.5, 134.9, 131.8,
131.5, 129.9, 124.6, 123.6, 118.5, 112.3, 111.1, 106.6, 73.5, 55.5, 52.1,
49.9, 13.4, 10.9; HRMS (ESI-TOF) calcd for CosHpsNO1SNa ([M + Nal+)
528.0940, found 528.0945.

This article is protected by copyright. All rights reserved.
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Data for 14

IR (neat) 3548, 3489, 3099, 3022, 2952, 2922, 2849, 1736, 1604, 1547,
1503, 1386, 1269, 1200, 1112, 1059, 1031, 853, 758, 591 cm™"; 'H NMR
(400 MHz, CDCls) § 7.96 (1H, dd, J = 7.8, 1.4 Hz), 7.86 (1H, d, J = 7.8
Hz), 7.81 (1H, ddd, J = 7.5, 7.5, 1.4 Hz), 7.69 (1H, ddd, J = 7.7, 7.7, 1.5
Hz), 7.04 (1H, dd, J = 8.5, 2.1 Hz), 6.71 (1H, d, J = 9.1 Hz), 6.66 (3H, d, J
= 1.8 Hz), 2.16 (3H, s), 1.66 (3H, s); *C NMR (100 MHz, CDCls) 5 173.7,
150.9, 149.9, 148.4, 147.8, 141.8, 137.6, 134.8, 131.8, 131.5, 130.1,
124.7, 123.6, 118.7, 113.5, 111.0, 105.5, 74.9, 55.6, 52.3, 50.9, 13.4,
10.7; HRMS (ESI-TOF) calcd for CpsHzsNO16SNa (M + Nal+) 528.0940,
found 528.0939.

4-((1S* 2R*)-2-(2,5-Dimethylfuran-3-yl)-1,3-dihydroxypropyl)-2-

methoxyphenyl 2-nitrobenzenesulfonate (15).

To a stirred suspension of LiAlH, (7.51 mg, 0.198 mmol) in THF (2 mL)
was added a solution of 13 (50.0 mg, 0.0989 mmol) in THF (0.2 mL) at
0 °C. After stirred for 0.5 h at 0 °C, the reaction was quenched with
saturated potassium sodium tartrate aqueous solution (10 mL) at 0 °C,
and extracted with CHCI; (3 x 50 mL). The combined organic layers wgre
washed with brine, and the washed solution was dried over MgSO4
dried solution was filtered and the filtrate was concentrated in vac
resulting residue was purified by column chromatography
EtOAc, 1:11) to afford the intermediate 15 (31.6 mg, 0.0662

as colorless gum.

(1H, d, J = 1.8 Hz), 5.95 (1H, s), 4.92 (1H,
6.4 Hz), 3.50 (3H, s), 2.83 (1H, q, J = 6.

4-((4S* 5R*)-5-(2,5-Dimethylfuran-
methoxyphenyl 2-

-2 2-dimethyl-1,3-dioxan-4-yl)-2-

To a stirred solution of 70.0 mg, 0.147 mmol) in acetone (1.6 mL)

(2.8 mg,

, the reaction was quenched with

14.7 umol) at room

temperature. After s

10.1002/ejoc.201800219
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triethylamine, and the mixture was concentrated in vacuo. The resulting

residue purified by column chromato, hy (hexane—AcOEt, 3:2) to

1217, 1200, 1181, 1150, 1112, 10
758, 593, 541 cm™; '"H N

7 (1H, d, J = 8.7 Hz), 6.71
Hz), 6.36 (1H, s), 5.23 (1H,
,3.90 (1H, dd, J= 11.7, 1.1

To a stirred solution of 15 (50.0 mg, 1.05 mmol) in CH.Cl, (1 mL) was
added methanesulfonic acid (6.8 uL, 10.1 mg, 1.05 mmol) at room
temyerature. After stirred for 1 h at the same temperature, the reaction
uenched with sat. NaHCO;, and extracted with CH,Cl,. The
ined organic layers were washed with H,O, and dried over Na,SO,.
e dried solution was filtered, and the filtrate was concentrated in vacuo.
he resulting residue was purified by column chromatography (hexane—
AcOEt, 1:9) to afford (+)-7 (52.8 mg, 0.105 mmol, quant.) as colorless

amorphous solids.

IR (neat) 3502, 3096, 2985, 2936, 2879, 2360, 2341, 1732, 1604, 1546,
1505, 1465, 1453, 1385, 1274, 1200, 1166, 1112, 1059, 1032, 942, 896,
852, 758, 592 cm™"; "H NMR (400 MHz, CDCl3) 6 8.02 (1H, dd, J = 8.0,
1.6 Hz), 7.87 (1H, d, J = 7.8 Hz), 7.82 (1H, ddd, J = 7.8, 7.8, 1.2 Hz),
7.71 (1H, ddd, J = 7.5, 7.5, 1.2 Hz), 7.15 (1H, dd, J = 8.7, 1.8 Hz), 6.86—
6.82 (2H, m), 4.97 (1H, d, J = 4.1 Hz), 3.76 (2H, d, J = 1.8 Hz), 3.56 (3H,
d, J = 0.9 Hz), 2.68 (1H, dd, J = 10.5, 3.7 Hz), 2.47 (1H, dddd, J = 10.2,
3.9, 2.0, 1.9 Hz), 2.26 (1H, d, J = 12.8 Hz), 1.88 (1H, dd, J = 12.6, 3.9
Hz), 1.60 (3H, s), 1.48 (3H, s); *C NMR (100 MHz, CDClg, & 151.5, 148.3,
143.5, 137.5, 134.8, 131.9, 131.6, 130.1, 124.7, 124.3, 117.8, 1155,
110.2, 106.1, 84.6, 62.9, 55.6, 48.0, 45.5, 33.2, 24.7, 22.5; HRMS (ESI-
TOF) calcd for CooHasNOsSNa ([M + Naj+) 500.0991, found 500.0989.
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4-((1R*3S* 3aR* 6S* 7aR*)-1,6-Dimethylhexahydro-1H-1,6-
epoxyfuro[3,4-cjpyran-3-yl)-2-methoxyphenol [(t)-catunaregin (1)].

To a stirred solution of (+)-7 (50.0 mg, 0.105 mmol) and cesium
carbonate (171 mg, 0.524 mmol) in MeCN (1 mL) was added dropwise
thiophenol (33 uL, 34.7 mg, 0.314 mmol) at 0 °C, and the mixture was
stirred for 2 h at room temperature. The reaction was quenched with
saturated NH4Cl aqueous solution, and the mixture was extracted with
AcOEt (2 x 30 mL). The combined organic layers were washed with brine,
dried over MgSO,. The dried solution was filtered, and the filtrate was
concentrated in vacuo. The resulting residue was purified by column
chromatography (hexane—AcOEt, 1:1) to afford (+)-1 (30.8 mg, 0.105

mmol, quant.) as colorless amorphous solids.

IR (neat) 3408, 2984, 2937, 2879, 1608, 1603, 1517, 1460, 1450, 1432,
1385, 1331, 1270, 1238, 1195, 1170, 1113, 1057, 1032, 942, 847, 819,
794, 762 cm™"; "H NMR (400 MHz, CDCl3) & 6.86 (1H, d, J = 8.2 Hz),
6.81-6.77 (2H, m), 5.71 (1H, br s), 4.93 (1H, d, J = 4.1 Hz), 3.87 (3H, s),
3.76-3.73 (2H, m), 2.70 (1H, dd, J = 10.5, 4.1 Hz), 2.48 (1H, dddd, J =
10.5, 4.1, 1.8, 1.8 Hz), 2.25 (1H, d, J = 12.4 Hz), 1.88 (1H, dd, J = 12.4,
4.1 Hz), 1.60 (3H, s), 1.48 (3H, s); °C NMR (100 MHz, CDCls) 8 146.5,
145.1, 134.4, 118.7, 115.2, 114.4, 108.5, 105.9, 85.3, 62.9, 55.8, 47.7,
457, 332, 24.7, 22.5; HRMS (ESI-TOF) calcd for CigHa0OsNa ([
Na]*) 315.1208, found 315.1207.

2-(2,5-Dimethylfuran-3-yl)acetic acid (17).
To a stirred solution of 12 (2.99 g, 17.8 mmol) in M

added 3.0 M NaOH aqueous solution (12.5 mL) at room

After stirred for 2 h at same temperature, the reaction was aci

to afford 17 (2.70 g, 17.5 mmol, 98%) as colorles

3104, 2985, 2949, ¥924, 2676,
800 cm™"; "H NMR (400

Mp: 52-54 °C (hexane); IR (KBr)
1713, 1586, 1434, 1415, 1229, 1
MHz, CDCl3) & 5.88 (1H .34 (2H, s), .20 (3H, s); °C
NMR (100 MHz, CDCl3) § 1 149.7, 147.2, 1 107.7, 30.8, 13.4,
11.3; HRMS (ESI-TOF) calcd CgH1003Na (M + Na]") 177.0528,
found 177.0527; Anal. Calcd for C O3: C, 62.33; H, 6.54. Found: C,
62.20, 6.51.

n-3-yl)acetyloxazolidin-2-one (3).
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To a stirred solution of 17 (1.75 g, 11.4 mmol) and triethylamine (1.75 mL,
1.26 g, 12.6 mmol) in THF (38 mL) wa
(1.54 mL, 1.51 g, 12.5 mmol) at -78 °

ded dropwise pivaloyl chloride

e reaction mixture was

mmol) and n-buthyllithium
78 °C. After stirred for 1 h at

layers were washed
filtered, and the filtra

1584, 1
cm™; "H NMR 8 7.34-7.24 (3H, m), 7.19-7.16 (2H, m),
5.92 (1H, s), 4.70-4.64 (1H, m), 4.22 (1H, B part of ABX, J = 9.2, 7.6 Hz),
4418 (1H, A paghef ABX, J = 9.2, 3.2 Hz), 3.94 and 4.01 (2H, ABq, J =

0 Hz), 3.2#, dd, J =13.3, 3.2 Hz), 2.77 (1H, dd, J = 13.3, 9.6 Hz),
(3H, s), 2.23 (3H, s); *C NMR (100 MHz, CDCls) & 171.0, 153.4,
147.5, 135.1, 129.4 (2C), 128.9 (2C), 127.3, 111.4, 107.9, 66.1,
, 31.9, 13.4, 11.5; HRMS (ESI-TOF) calcd for CigH:oNO4Na
12, found 336.1208.

149

a stirred solution of 17 (376 mg, 2.39 mmol) in CH,Cl, (6.25 mL) was
added (S)-4-benzylthiazolidine-2-thione (250 mg, 1.19 mmol), 1-ethyl-3-
(3-dimethylamiopropyl)carbodiimide hydrochloride salt (343 mg, 1.79
mmol) and 4-dimethylaminopyridine (7.3 mg, 0.0597 mmol) at 0 °C, and
the reaction mixture was stirred for 24 h at room temperature. The
reaction was quenched with 1.0 M HCI aqueous solution (10 mL), and
extracted with Et,O (2 x 50 mL). The combined organic layers were
washed with 3.0 M NaOH aqueous solution, brine, dried over Na,SO,.
The dried solution was filtered, and the filtrate was concentrated in vacuo.
The resulting residue was purified by column chromatography (hexane—

AcOEt, 4:1) to afford 4 (412 mg, 1.19 mmol, quant.) as colorless oil.

[0]o?® +56.4 (c 1.00, CHCly); IR (neat) 3029, 2981, 2921, 1781, 1701,
1584, 1454, 1390, 1356, 1211, 1197, 1111, 1052, 994, 762, 747, 703
cm™: "H NMR (400 MHz, CDCls) § 7.34-7.24 (3H, m), 7.19-7.16 (2H, m),
5.92 (1H, s), 4.70-4.64 (1H, m), 4.22 (1H, A part of ABX, J = 9.2, 7.6 Hz),
4.18 (1H, B part of ABX, J = 9.2, 3.2 Hz), 4.01 and 3.94 (2H, ABq, J =
17.0 Hz), 3.29 (1H, dd, J = 13.3, 3.2 Hz), 2.77 (1H, dd, J = 13.3, 9.6 Hz),
2.24 (3H, s), 2.23 (3H, s); *C NMR (100 MHz, CDCl3) & 171.0, 153.4,
149.6, 147.5, 135.1, 129.4 (2C), 128.9 (2C), 127.3, 111.4, 107.9, 66.1,
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55.2, 37.7, 31.9, 13.4, 11.5; HRMS (ESI-TOF) calcd for C1gH1gNOsNa
(IM + Na]") 336.1212, found 336.1208.

4-[(1S,2S)-3-((S)-4-Benzyl-2-oxooxazolidin-3-yl)-2-(2,5-dimethylfuran-3-
yl)-1-hydroxy-3-oxopropyl]-2-methoxyphenyl 2-nitrobenzenesulfonate (6).

To a stirred solution of 4 (1.31 g, 4.18 mmol) in CH,Cl, (14 mL) were
added dropwise N,N-diisopropylethylamine (0.981 mL, 0.728 g, 5.63
mmol), and di-n-butylboryl trifluoromethanesulfonate (1.0 M in CHCl,
4.74 mL, 4.74 mmol) at 0 °C. After stirred for 45 min at 0 °C, to this
mixtre was added dropwise a solution of O-o-Ns-vanillin 5 (1.00 g, 2.96
mmol) in CH,Cl, (10 mL) at —78 °C. After stirred for 2.5 h at —78 °C, the
reaction was quenched with MeOH (40 mL) and saturated NH.CI
aqueous solution (40 mL) at —78 °C, and extracted with CHCI; (2 x 200
mL). The combined organic layers were washed with brine, and the
washed solution was dried over Na,SO4. The dried solution was filtered,
and the filtrate was concentrated in vacuo. The resulting residue was
purified by column chromatography (hexane—AcOEt, 2:1) to afford 6
(1.89 g, 2.90 mmol, 98%) as colorless oil.

[o]o? +4.7 (c 1.00, CHCl3); IR (neat) 3502, 3088, 2921, 2850, 1774, 1690,

1604, 1545, 1501, 1385, 1364, 1272, 1199, 1111, 1031, 864, 852
cm™"; '"H NMR (400 MHz, CDCls) & 8.05-8.00 (1H, m), 7.85-7.76
7.75-7.68 (1H, m), 7.29-7.22 (3H, m), 7.11 (1H, d, J = 8.4
7.01 (2H, m), 6.91-6.84 (2H, m), 6.13 (1H, s), 5.18 (1H, d,
5.15 (1H, d, J = 6.8 Hz), 4.60-4.53 (1H, m), 4.12-4.02 (2H
s), 3.09 (1H, dd, J = 13.6, 3.2 Hz), 3.06-2.90 (1H, br s),
13.6, 9.2 Hz), 2.26 (3H, s), 2.04 (3H, s); "*C NMR (1

673.1465.

nyl]-3-oxopropyl  3,3,3-

To a stirred solution of 6 (50.0
added pyridine (31.0 uL, 30.4 mg,

0.0768 mmol) in"CH,Cl, (1 mL) was
84 mmol), and (R)-(—)-a-methoxy-
8 uL, 38.8 mg, 0.154 mmol) in

erature, the reaction was

a-trifluoromethylph
0 °C. After stirred
quenched with saturate
with CH

,Cl aqueous solution (3 mL), and extracted
mbined organic layers were washed with
brine, ied solution was filtered, and the filtrate

was concentrated in va Iting residue was purified by column
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chromatography (hexane—AcOEt, 2:1) to afford 18 (51.4 mg, 0.0593

mmol, 77%) as colorless amorphous sojg

[a]o® —12.5 (¢ 0.34, CHCIs); IR (neat) 3430
1774, 1752, 1696, 1638, 1606, 1546, 150

50, 2922, 2849,
1362, 1271,
1, 760, 717 cm™"; "H NMR
, 7.84-7.80 (1H, m), 7.79—
, 7.23-7.20 (3H, m),
02 (1H, d, J = 1.9 Hz),
6.10 (1H, s), 5.65 (1H, d, J
rt of ABX, J = 9.0, 8.4 Hz),

(1H, d, J = 10.0
H, m), 4.08 (1H,

129.9,
124.4,124.3, 1 Hz), 120.5, 112.64, 112.56, 105.8, 84.3
(9, J = 27.5 Hz), 77.04, 65.7, 55.7, 55.3, 54.5, 45.1, 37.1, 13.6, 11.2;

MS (ESI-T caled for CyoHa7F3N2013SNa (M + Na]®) 889.1866,
d 889.18'

y-4-Benzyl-2-oxooxazolidin-3-yl)-2-(2,5-dimethylfuran-3-
-4-(2-nitrophenylsulfonyloxy)phenyl]-3-oxopropyl  3,3,3-
trifluoro-2-methoxy-2-phenylpropanoate (19).

To §stirred solution of 6 (50.0 mg, 0.0768 mmol) in CH.Cl, (1 mL) was
pyridine (31.0 ulL, 30.4 mg, 0.384 mmol), and (S)-(+)-a-methoxy-
luoromethylphenylacetyl chloride (28.8 uL, 38.8 mg, 0.154 mmol) in
°C. After stirred for 5 h at room temperature, the reaction was
quenched with saturated NH,Cl aqueous solution (3 mL), and extracted
with CHCI; (3 x 10 mL). The combined organic layers were washed with
brine, dried over Na,SO,. The dried solution was filtered, and the filtrate
was concentrated in vacuo. The resulting residue was purified by column
chromatography (hexane—AcOEt, 2:1) to afford 19 (61.9 mg, 0.0714

mmol, 93%) as colorless amorphous solids.

[0]p® +16.8 (c 0.62, CHCLy); IR (neat) 3432, 3026, 2950, 2923, 2850,
1775, 1753, 1696, 1637, 1606, 1546, 1502, 1452, 1389, 1365, 1270,
1255, 1202, 1182, 1113, 1030, 1000, 864, 851, 760 cm™"; 'H NMR (600
MHz, CDCl3) & 8.11-8.08 (1H, m), 7.84-7.80 (1H, m), 7.77-7.73 (2H, m),
7.37-7.33 (1H, m), 7.27-7.21 (5H, m), 7.12-7.06 (3H, m), 6.99-6.94 (3H,
m), 6.82 (1H, d, J = 1.9 Hz), 6.34 (1H, d, J = 10.2 Hz), 6.20 (1H, s), 5.66
(1H, d, J = 10.2 Hz), 4.51-4.46 (1H, m), 4.05 (1H, B part of ABX, J = 9.1,
8.3 Hz), 4.00 (1H, A part of ABX, J = 9.1, 3.0 Hz), 3.41 (3H, s), 3.26 (3H,
m), 2.98 (1H, dd, J = 13.6, 3.2 Hz), 2.69 (1H, dd, J = 13.6, 8.3 Hz), 2.28
(3H, s), 2.18 (3H, s); °C NMR (150 MHz, CDCl5) & 170.1, 165.3, 152.8,
151.4, 150.3, 150.1, 148.4, 138.3, 137.5, 134.9, 134.5, 131.84, 131.81,
131.6, 129.9, 129.5, 129.4 (2C), 128.8 (2C), 128.2 (2C), 127.3, 127.1
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(2C), 124.4, 1241, 123.2 (q, J = 288.7 Hz), 120.7, 113.4, 112.0, 105.7,
84.5(q, J = 27.5 Hz), 77.9, 65.7, 55.5, 55.1, 54.5, 45.3, 37.1, 13.6, 11.5;
HRMS (ESI-TOF) calcd for CsoHarFsN2O13SNa (M + Na]') 889.1866,
found 889.1863.

4-[(1S,2S)-3-((S)-4-Benzyl-2-oxooxazolidin-3-yl)-2-(2,5-dimethylfuran-3-
yl)-3-oxo-1-(triethylsilyloxy)propyl]-2-methoxypheny! 2-

nitrobenzenesulfonate (20).

To a stirred solution of 6 (500 mg, 0.768 mmol) in CH,Cl, (4 mL) were
added dropwise 1,8-diazabicyclo[5.4.0Jundec-7-ene (0.689 mL, 703 mg,
4.62 mmol), and triethylsilyl trifluoromethanesulfonate (0.434 mL, 508 mg,
1.92 mmol) at —78 °C, and the mixture was stirred for 20 h at -50 °C. The
reaction was quenched with saturated NH4Cl aqueous solution (5 mL),
and extracted with CHCI; (3 x 20 mL). The combined organic layers were
washed with brine, dried over Na,SO,4. The dried solution was filtered,
and the filtrate was concentrated in vacuo. The resulting residue was
purified by column chromatography (hexane—AcOEt, 2:1) to afford 20
(527 mg, 0.689 mmol, 90%) as colorless gum.

[0]o?® +10.9 (c 1.00, CHCly); IR (neat) 3028, 2955, 2915, 2876, 2340,
2341, 1776, 1696, 1604, 1548, 1501, 1389, 1281, 1201, 1111, 1004
859, 655, 591 cm™"; "H NMR (400 MHz, CDCl3)  8.01 (1H, d, J =
7.84-7.77 (2H, m), 7.75-7.67 (1H, m), 7.30-7.20 (3H, m), 7.11
m), 6.99 (1H, d, J = 1.4 Hz), 6.88 (1H, dd, J = 8.2, 1.8 Hz),
5.25 (1H, d, J = 8.2 Hz), 5.00 (1H, d, J = 8.2 Hz), 4.42

found 787.2331.

4-[(1S,2R)-2-(2,5-Dimethylgiran-3-yI
2-methoxyphenyl 2-nitro

-1-(triethylsilyloxy)propyl]-

nesulfonate

To a stirred suspension of lithiu
EtOH (1:1, 2.6 mL) was added so

at room tempera

loride (55.4 mg, 1.31 mmol) in THF—
borohydride (49.5 mg, 1.31 mmol)

was stirred for 0.5 h at room

temperature. To this
mg, 0.131 mmol) in TH

pwise a solution of 20 (100
tOH (1:1, 1.3 mL) at room temperature, and
h at the same temperature. The reaction
H4Cl aqueous solution (5 mL), and

extracted with C The combined organic layers were
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washed with brine, dried over Na,SO,4. The dried solution was filtered,
and the filtrate was concentrated in vgauo. The resulting residue was

Et, 2:1) to afford (-)-21

purified by column chromatography (hex

(64.5 mg, 0.109 mmol, 83%) as pale yellow oil

9, 3098, 2955, 2914, 2877,
, 1282, 1266, 1200, 1148,
(400 MHz, CDCl3) &
7.65 (TH, m), 7.07 (1H, dd, J
5 (1H, d, J = 1.8 Hz), 5.77
J=10.5,7.3 Hz), 3.70 (1H,
. ddd, J = 7.3, 7.3, 3.7 Hz),
0.87-0.82 (9H, m), 0.41-0.55

[a]o®® —27.0 (¢ 0.3, CHCIs); IR
1732, 1604, 1548, 1500, 1464, 1
1111, 1007, 866, 851, 76
7.97-7.94 (1H, m), 7.8
= 8.2 Hz), 6.69 (1H,
(1H, s), 4.93 (1H, d,
dd, J = 10.5, 7.3, Hz),

P78 (2H, m), 7

7 Hz), 3.84 (1H,
(3H, s), 2.77

74.9, 6
[M + Na]") 614.1856, found 614.1860.

,3S,3aR,6S,7aR)-1,6-Dimethylhexahydro-1H-1,6-epoxyfuro[3,4-
-3-yl)-2-methoxyphenyl 2-nitrobenzenesulfonate [(+)-7].

(+) 7 (30.8 mg, 0.0645 mmol, 76%) was obtained by
(1)7 with (-)-21 (50.0 mg, 0.0845 mmol) and
methanesulfonic acid (8.12 mg, 5.5 ulL, 0.0845 mmol) as colorless

amorphous solids.

33.3 (¢ 0.55, CHCls); IR (neat) 3502, 3096, 2985, 2936, 2879,
, 2341, 1732, 1604, 1546, 1505, 1465, 1453, 1385, 1274, 1200,
66, 1112, 1059, 1032, 942, 896, 852, 758, 592 cm™"; 'H NMR (400
MHz, CDCls) 6 8.03 (1H, d, J = 7.8 Hz), 7.88-7.85 (1H, m), 7.84-7.79
(1H, m), 7.74-7.68 (1H, m), 7.15 (1H, d, J = 8.7 Hz), 6.86-6.82 (2H, m),
4.98 (1H, d, J = 3.7 Hz), 3.78-3.75 (2H, m), 3.57 (3H, s), 2.68 (1H, dd, J
=10.1, 3.7 Hz), 2.50-2.45 (1H, m), 2.26 (1H, d, J = 12.4 Hz), 1.88 (1H,
dd, J = 12.4, 4.1 Hz), 1.60 (3H, s), 1.48 (3H, s); *C NMR (100 MHz,
CDCly) 6 151.5, 148.4, 143.5, 137.5, 134.8, 131.9, 131.6, 130.2, 124.7,
124.3,117.8, 115.5, 110.2, 106.1, 84.6, 63.0, 55.6, 48.0, 45.5, 33.2, 24.7,
22.5; HRMS (ESI-TOF) calcd for CooHzsNOsSNa ([M + Na]*) 500.0991,
found 500.0994.

4-((1R,3S,3aR,6S,7aR)-1,6-Dimethylhexahydro-1H-1,6-epoxyfuro[3,4-
cJpyran-3-yl)-2-methoxyphenol [(+)-catunaregin (1)].

The title compound (+)-1 (22.6 mg, 0.0773 mmol, quant.) was obtained
by same procedue to (+)-1 with (+)-7 (37.0 mg, 0.0775 mmol) and
thiophenol (23.8 uL, 25.6 mg, 0.232 mmol) and cesium carbonate (126

mg, 0.387 mmol) as colorless amorphous solids.

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry

[a]o®® +38.5 (¢ 0.350, MeOH); [a]p®* +40.3 (¢ 0.405, CHCLy); IR (neat)
3408, 2984, 2937, 2879, 1608, 1603, 1517, 1460, 1450, 1432, 1385,
1331, 1270, 1238, 1195, 1170, 1113, 1057, 1032, 942, 847, 819, 794,
762 cm™"; '"H NMR (400 MHz, CDCl3) & 6.90-6.86 (1H, m), 6.83-6.77
(2H, m), 5.60 (1H, s), 4.95 (1H, d, J = 4.1 Hz), 3.91 (3H, s), 3.73-3.78
(2H, m), 2.71 (1H, dd, J = 10.1, 3.7 Hz), 2.52-2.46 (1H, m), 2.26 (1H, d, J
=12.3 Hz), 1.88 (1H, dd, J = 12.3, 3.7 Hz), 1.60 (3H, s), 1.49 (3H, s); °C
NMR (100 MHz, CDCls) 8 146.5, 145.2, 134.4, 118.8, 115.3, 114.4, 108.6,
105.9, 85.3, 62.9, 55.9, 47.8, 45.7, 33.3, 24.8, 22.6; HRMS (ESI-TOF)
calcd for C1gH200sNa ([M + Na]+) 315.1208, found 315.1201.

4-((1R,2R)-3-((S)-4-Benzyl-2-thioxothiazolidin-3-yl)-2-(2,5-dimethylfuran-
3-yl)-1-hydroxy-3-oxopropyl)-2-methoxypheny!
(8).

2-nitrobenzenesulfonate

To a stirred solution of 4 (102.0 mg, 0.296 mmol) in CH.Cl, (1.49 mL)
was added dropwise tetramethylethylenediamine (48.6 uL, 37.9 mg,
0.326 mmol) and a solution of titanium chloride (65.0 uL, 112 mg, 0.593
mmol) in CH,CI, (0.6 mL) at —78 °C. After stirred for 2 h at —78°C, to this
reaction mixture was added dropwise a solution of 5 (50.0 mg, 0.148
mmol) in CH,CI; (0.75 mL) at —78 °C. After stirred for 18 h at —78 °C,
reaction was quenched by adding methanol (1 mL) and saturated

aqueous solution (3 mL), and extracted with CHCIl; (3 x 15 mL). The

=77,7.7,15 Hz),
6.87 (

Hz), 2.20 (3H, m), 1.74 (3H, s);
174.7, 151.2, 149.9, 14 148.4, 1
131.6, 130.1, 129.4 (2C (2C), 127.3, .6, 119.1, 111.8,
111.5, 106.9, 73.8, 69.1, 55.6 5, 36.6, 31.7, 13.3911.5; HRMS (ESI-
TOF) calcd for CaH30N20sS3Na Na]*) 705.1011, found 705.1024.

(100 MHz, CDCls) & 201.7,
136.2, 134.7, 131.8,

-thioxothiazolidin-3-yl)-2-(2,5-
-4-(2-nitrophenylsulfonyloxy)phenyl]-3-
-2-phenylpropanoate (22).
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The title compound 22 (47.0 mg, 0.0523 mmol, 96%) was obtained by
same procedue to 18 with 8 (37.1 mg, 0543 mmol), pyridine (26.3 uL,

0.326

25.8 mg, mmol), (R)-(=)-a-methoxy-a-

trifluoromethylphenylacetyl chloride (30.5 uL, .163 mmol) as
pale yellow oil.
[a]o®® +41.8 (c 1.0, CHCly); IR (neat) 4, 3028, 2980, 2949, 2923,
1389, 1343, 1257,
51, 823, 760, 703, 591 cm™;
m), 7.54 (1H, ddd, J = 7.7,
H, m), 7.13-7.05 (3H, m),
=1.8 Hz), 6.84 (1H, d, J =
,s), 5.19 (1H, ddd, J = 10.3,

"H NMR (400 MHz,
7.5, 1.1 Hz), 7.39-7.

ls) 6 7.87-7.73 (
7H, m), 7.20-7.1

s), 2.08, Hz, CDCl3) 6 201.6, 171.1, 165.4, 151.3,
150.4, 150.0, 148. 1, 136.2, 134.8, 131.9, 131.8, 1314,
129.9, 129.5, 129.3 (2C), 128.9 (2C), 128.2 (2C), 127.2, 127.1 (2C),
4.7, 123.7,'2 (9, J =288.9 Hz), 121.3, 113.5, 112.6, 105.8, 84.5 (q,

27.3 Hz), 44, 69.1, 55.5, 55.1, 45.1, 36.3, 31.1, 13.5, 12.1; "9F NMR
MHz, CDCl;) & -7.34 (3F, s); HRMS (ESI-TOF) calcd for
3N2011S;3Na ([M + Na]") 921.1409, found 921.1429.

)-4-Benzyl-2-thioxothiazolidin-3-yl)-2-(2,5-
-yl)-1-[3-methoxy-4-(2-nitrophenylsulfonyloxy)phenyi]-3-
oxopropyl 3,3,3-trifluoro-2-methoxy-2-phenylpropanoate (23).

e compound 23 (46.8 mg, 0.0521 mmol, 95%) was obtained by
procedue to 19 with 8 (37.3 mg, 0.0546 mmol), pyridine (26.5 uL,

mg, 0.328 mmol), and (S)-(-)-a-methoxy-a-
ifluoromethylphenylacetyl chloride (30.7 uL, 41.4 mg, 0.164 mmol) as

pale yellow oil.

[a]o®® +86.4 (c 1.0, CHCly); IR (neat) 3097, 3064, 3028, 2984, 2950, 2923,
2850, 1751, 1688, 1605, 1548, 1505, 1464, 1453, 1389, 1343, 1257,
1187, 1168, 1116, 1040, 1018, 999, 866, 851, 824, 759, 703, 591 cm™;
"H NMR (400 MHz, CDCl;) & 7.85-7.73 (3H, m), 7.53 (1H, ddd, J = 7.7,
7.7, 1.1 Hz), 7.40-7.23 (7H, m), 7.22-7.09 (7H, m), 6.80 (1H, d, J = 9.6
Hz), 6.54 (1H, d, J = 9.1 Hz), 5.96 (1H, s), 5.15 (1H, ddd, J = 10.6, 7.0,
3.6 Hz), 3.55 (3H, s), 3.27 (3H, s), 3.15 (1H, dd, J = 11.7, 7.1 Hz), 2.80-
2.70 (1H, m), 2.65 (1H, dd, J = 13.3, 3.2 Hz), 2.21 (3H, s), 1.81 (3H, s);
8C NMR (100 MHz, CDCls)  201.7, 171.1, 165.5, 151.5, 149.96, 149.94,
148.3, 138.5, 137.4, 136.2, 134.8, 132.1, 131.7, 131.4, 129.9, 129.34,
129.27 (2C), 128.9 (2C), 128.2 (2C), 127.2, 126.9 (2C), 124.7, 124.0,
122.8 (q, J = 288.9 Hz), 121.2, 113.0, 112.8, 105.7, 84.3 (q, J = 27.3 Hz),
77.6, 69.2, 55.8, 55.4, 44.9, 36.3, 31.1, 13.5, 11.8; "F NMR (376 MHz,
CDCl3) 8 —7.68 (3F, s); HRMS (ESI-TOF) calcd for C42H37F3N2011S3Nas
(M + Na]+) 921.1409, found 921.1404.
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4-((1R,2R)-3-((S)-4-Benzyl-2-thioxothiazolidin-3-yl)-2-(2,5-dimethylfuran-
3-yl)-3-oxo-1-(triethylsilyloxy)propyl)-2-methoxyphenyl! 2-

nitrobenzenesulfonate (24).

To a stirred solution of 8 (34.5 mg, 0.0505 mmol) in CH.Cl, (0.3 mL)
were added dropwise triethylsilyl trifluoromethanesulfonate (28.5 uL, 33.4
mg, 0.126 mmol) and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (45.2 ul, 46.2
mg, 0.303 mmol) at =78 °C, and the mixture was stirred for 15 h at —
78 °C. The reaction was quenched with saturated NH4Cl aqueous
solution (5 mL), and extracted with CHCIl; (3 x 20 mL). The combined
organic layers were washed with brine, dried over Na,SO,4. The dried
solution was filtered, and the filtrate was concentrated in vacuo. The
resulting residue was purified by column chromatography (hexane—
AcOEt, 2:1) to afford 24 (34.6 mg, 0.0434 mmol, 86%) as yellow needles.

Mp: 131-133 °C (Et,0); [a]o®® +93.2 (¢ 1.00, CHCls); IR (KBr) 3087, 3064,
3027, 2954, 2914, 2876, 1688, 1604, 1548, 1501, 1463, 1389, 1343,
1256, 1200, 1162, 1112, 1099, 1036, 1007, 876, 851, 834, 752, 703, 590
cm™; "H NMR (400 MHz, CDCl3) 6 7.82 (1H, dd, J = 8.0, 1.1 Hz), 7.78—
7.67 (2H, m), 7.48 (1H, ddd, J = 7.7, 7.7, 1.1 Hz), 7.36-7.23 (3H, m),
7.22-7.17 (2H, m), 7.07 (1H, d, J = 1.8 Hz), 7.02 (1H, d, J = 8.2 Hz), 6.95
(1H, dd, J = 8.2, 1.8 Hz), 6.48 (1H, d, J = 8.2 Hz), 6.07 (1H, s), 5.24 (1H,
ddd, J = 10.7, 7.2, 3.7 Hz), 5.08 (1H, d, J = 8.2 Hz), 3.51 (3H, s),
(1H, dd, J = 11.4, 7.3 Hz), 2.76-2.65 (2H, m), 2.58 (1H, dd, J = 13,
Hz), 2.22 (3H, s), 2.18 (3H, s), 0.75-0.66 (9H, m), 0.42-0.26 (6H, m); "°C

CasH14N204S;SiNa ([M + Na]*) 819.1876, found 819.1

4-[(1R, 2S)-2-(2,5-Dimethylfuran-3-yl)-3-hydroxy-1-(triethylsilyloxy)p
2-methoxyphenyl 2-nitrobenzenesulfonate [(+)-21].

The title compound (+)-21 (120 mg, 0.203
same procedue to (-)-21 from 24 (170
chloride (94.2 mg, 2.22 mmol) and sodium boro

mmol) as pale yellow oil.

2, 1266, 1200,
NMR (400 MHz,

7.07 (1H, d, J = 8.
1.8 Hz), 5.77 (1H, s),

MHz, CDCl3) & 150.7, 148.9, 148.5,

148.0, 144.2, 137.1, 134.7, 131. ), 130.0, 124.6, 123.3, 118.5, 115.1,
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111.3, 106.8, 74.9, 63.7, 55.4, 46.9, 13.4, 11.0, 6.7 (3C), 4.7 (3C). HRMS
(ESI-TOF) calcd for CzsH3z7NOgSSIiN M + Na]+) 614.1856, found
614.1855.

4-((1S,3R,3aS,6R,7aS)-1,6-Dimeth
cJpyran-3-yl)-2-methoxyphe,

dro-1H-1,6-epoxyfuro[3,4-
nate [(-)-7].

(26.6 mg, 0.0
7 from (+)-21 (
1l, 8.15 mg, 0.0,

mol, 66%) was obtained by
mg, 0.0845 mmol) with
mmol) in CH,Cl, (1 mL) as

The title compound (

same procedue to

methanesulfonic acid

5); IR (neat) 3502, 3096, 2985, 2936, 2879,
6, 1505, 1465, 1453, 1385, 1274, 1200,
96, 852, 758, 592 cm™"; 'H NMR (400
MHz, CDCl3) & 8.03 (1H, dd, J = 8.0, 1.1 Hz), 7.86 (1H, dd, J = 8.2, 1.4
), 7.81 (1H, dald, J = 7.8, 7.8, 1.4 Hz), 7.71 (1H, ddd, J= 7.7, 7.5, 1.4
1H), 7.1548., d, J = 8.7 Hz), 6.87-6.82 (2H, m), 4.98 (1H, d, J = 3.7
3.77 (2H, d, J = 2.3 Hz), 3.57 (3H, d, J = 5.5 Hz), 2.68 (1H, dd, J =

2360, 2

DCls) 6 151.5, 148.4, 143.5, 137.5, 134.8, 131.9, 131.6,
4.3, 117.8, 115.5, 110.2, 106.0, 84.6, 62.9, 55.6, 48.0,
45.5, 33.2, 24.7, 22.5; HRMS (ESI-TOF) calcd for C2,H23NOgSNa ([M +
Na]*) 500.0991, found 500.0990.

(1S,3R,3aS,6R,7aS)-1,6-Dimethylhexahydro-1H-1,6-epoxyfuro[3,4-
'c]pyran-3-yl)-2-methoxyphenol [(-)-catunaregin (1)].

The title compound (-)-1 (31.6 mg, 0.108 mmol, quant.) was obtained by
same procedue to (+)-1 with (-)-7 (51.7 mg, 0.108 mmol) and thiophenol
(33.2 uL, 35.8 mg, 0.325 mmol) and cesium carbonate (177 mg, 0.542

mmol) as colorless amorphous solids.

[a]o®® —37.5 (¢ 0.30, MeOH); [a]p?® —64.4 (¢ 0.12, CHCI5); IR (neat) 3408,
2984, 2937, 2879, 1608, 1603, 1517, 1460, 1450, 1432, 1385, 1331,
1270, 1238, 1195, 1170, 1113, 1057, 1032, 942, 847, 819, 794, 762 cm~
' "H NMR (400 MHz, CDCls) & 6.88 (1H, d, J = 8.7 Hz), 6.83-6.77 (2H,
m), 5.64-5.56 (1H, br s), 4.95 (1H, d, J = 3.7 Hz), 3.89 (3H, s), 3.76 (2H,
d, J =23 Hz), 2.71 (1H, dd, J = 10.3, 3.9 Hz), 2.49 (1H, dddd, J = 10.3,
3.8, 2.0, 2.0 Hz), 2.27 (1H, d, J = 12.3 Hz), 1.88 (1H, dd, J = 12.3, 4.1
Hz), 1.60 (3H, s), 1.49 (3H, s); ®*C NMR (100 MHz, CDCl;) & 146.5,
145.2, 134.4, 118.8, 115.3, 114.4, 108.6, 105.9, 85.3, 63.0, 55.9, 47.8,
45.8, 33.3, 24.8, 22.6; HRMS (ESI-TOF) calcd for CysHaOsNa (M +
NaJ*) 315.1208, found 315.1204.
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Cell culture assays

A549 cells (JCRB 0076) and HL-60 cells (JCRB 0085) were obtained
from the Japanese Collection of Research Bioresources (Osaka, Japan).
A549 cells or HL-60 cells were cultured in MEM or RPMI 1640 medium
containing heat-inactivated 10%(v/v) FBS supplemented with L-glutamine,
100 unit/mL penicillin G sodium salt, and 100 ug/mL streptomycin sulfate
in a humidified incubator at 37 °C with 5% CO..
measured with an MTT reduction assay.'® They (A549: 1 x 10* cells/mL,

The cell growth was

HL-60: 4 x 10* cells/mL) were continuously treated with each compound
for 72 h, and cell viability was measured with an MTT reduction assay
procedure. Dose-response curves were plotted for (+)-1, (+)-1, and (-)-1,

and the concentrations giving 50% inhibition (ICso) were calculated.

Acknowledgements

This work was supported by Platform for Drug Discovery,
Informatics, and Structural Life Science from the Ministry of
Education, Culture, Sports, Science and Technology, Japan.

Keywords: catunaregin * norneolignan « Evans aldol reaction ¢
enantioselective synthesis ¢ biological property

[1] @) J. W. Blunt, B. R. Copp, M. H. G. Munro, P. T. Northcote, M. R. Pij
Nat. Prod. Rep. 2010, 27, 165-237; b) J. W. Blunt, B. R. Copp, M. H. G.
Munro, P. T. Northcote, M. R. Prinsep, Nat. Prod. Rep. 2011, 28,
c) J. W. Blunt, B. R. Copp, R. A. Keyzers, M. H. G. Munro, M.
Nat. Prod. Rep. 2012, 29, 144-222; d) J. W. Blunt, B. R

10.1002/ejoc.201800219

WILEY-VCH

Keyzers, M. H. G. Munro, M. R. Prinsep, Nat. Prod. Rep. 2013, 30, 237—-
323; e) J. W. Blunt, B. R. Copp, R. Keyzers, M. H. G. Munro, M. R.
Prinsep, Nat. Prod. Rep. 2014, 31, 1 J. W. Blunt, B. R. Copp, R.
A. Keyzers, M. H. G. Munro, M. R. Prinsi Prod. Rep. 2015, 32,
116-211; g) J. W. Blunt, B. R. Copp, R. A. Ki G. Munro, M. R.
Prinsep, Nat. Prod. Rep. 2016, 33, 382-431
[2] @) J. Wu, Q. Xiao, J. Xu, M.- aJ.-Y. P,
2008, 25, 955-981; b) M.-Y. Li,
2009, 26, 281-298.
[3]a) G.-C. Gao, X.-M. Lu
Zhang, Helv. Chim.
Xia, Q. Wu, S.-M.
Luo and S.-Z. Yao,
[4] H. Abe, T. Hikichi,
3, 1084-1086.

at. Prod. Rep.
. Pan, J. Wu, Nat. Prod. Rep.

in, Z.-H. Xiao and S.
-X. Liu, M.-Q. Luo, M.

-L. Yao, M. He, H. Su, X.-M.

0-2801.

Ito, Org. Chem. Front. 2016,

r. Drugs 2014, 12,
mori, T. Kobayashi,|

[6]a) T. Kan, T. yama, mun. 2004, 353; b) T. Kan, T.
. Chem. Jpn 2001, 59, 779.
the supplemental crystallographic data of 16 for

(ref. 4), the combination of concentrated
sulfuric acid and est result.
[9] D. A. Evans, J. V. Nelson, E. Vogel, T. R. Taber, J. Am. Chem. Soc. 1981,

103, 3099.

1 D. Macka}/lG. Neeland and N. J. Taylor, J. Org. Chem. 1986, 51, 2351.
T. Kusumi, Y. Kashman, H. Kakisawa, J. Am. Chem. Soc.

91, 113, 4092-4096; b) J. M. Seco, E. Quifiod, R. Riguera, Chem. Rev.

4, 104, 17-117.

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry 10.1002/ejoc.201800219

WILEY-VCH

Entry for the Table of Contents (Please choose one layout)

Layout 2:
FULL PAPER &

X o \0 p . OMe adhe o a Hikichi®,
Non-Evans-syn )L Evans-syn 0.0 A{a] [c]
XN A @ GOH ' Emgrl /l]k ‘okosuka'”,
X=8 { X=0 i , Toyoharu
(-)-catunaregin (+)-catunaregin isanaka /tO*[a]

xx %
nn

» O

s of Catunaregin and
Preliminary Evaluation of Its
titumor Activity

Total synthesis of catunaregin in both racemic and optically active forms was
accomplished. This enantioselective synthesis employs Evans aldol methodology
using oxazolidinone or thiazolidinethione as the chiral auxiliary. The key features
include a syn selective aldol reaction to form the Evans-syn or Non-E
product, and successive ketalization of a furanyl diol derivative under acidic

S
\

This article is protected by copyright. All rights reserved.



