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Abstract: The first total synthesis of (+)-Sinulariol-B, a marine cembrandiol, was achieved in ten steps and ~10%
overall yield from E-geraniol (8). The key stcps were the coupling of sulfone 7 with allylic chloride 6 and the
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Cerbanoids, a 14-membered cyclic diterpene family, have become of interest to synthetic chemists and

biologists because of their unusual structures and wide range of biological activities."? Sinulariol-B (1),

sinulaiol-D (2), sinularial-A (3) and sinularic acid-A (4), four marine cembranoids (Chart), were isolated in
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configurations were confirmed to be 3E, 7E, 11E,and 1R, respectively. In order to lay a solid foundation for
the asymmetric syntheses of 1-4, the total synthesis of (x)-Sinulariol-B was studied. We have now achieved
the first total synthesis of ()-Sinulariol-B,’ and here provide detail of this accomplishment.
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Our strategy started from E-geraniol (8) as outlined in Scheme 1, and involved two key steps: (1) the

A

coupling of sulfone 7 with allylic chloride 6 by sulfone —stabilized carbanionic alkylation, and (2) the

macrocyclization of precursor 5 by intramolecular thioether-stabilized carbanionic alkylation.

0040-4020/99/$ - see front matter © 1998 Published by Elsevier Science Ltd. All rights reserved.
Pll: S0040-4020(98)01044-8



—
W
4~
o
<

~

PRSOp_—

/L\/ ‘\/L\/‘\OI 1

Scheme 1
Its synthesis begins with E-geraniol (Scheme 2). Acetylation of E-geraniol (8) with Ac,0° in pyridine gave
acetate 9 in 98% yield, which then was converted into alcohol 10 in 73% yield by selective oxidation of the
terminal E methyl group with SeQ,/+-BuOOH according to the Sharpless procedure.’” Reaction of alcohol 10
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75%; e) Se,0, --BuOOH, CH,Cl,, r.t., 78%; f) VO(acac),, -BuOOH, PhH, reflux, 96%; g) LDA, -78°C then K,CO,-MeOH, r.t.,
88%; h) Li-EINH,, -78°C, 78%,; i) Ph,P, NCS, THF, r.t., then PhSLi 64%; j) TMSCI, imidazole, DMF, 50°C , 98%; k) LDA, -78°C,
Dabco, 48%; 1) n-Bu,N'F", ~100%; m) Li-EtNH,, -78°C, 67%.

in 75% yield from E-geraniol (8) using the Grieco procedure,” which then was transformed into sulfonyl
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12 with +-BuOOH in the presence of VO(acac), gave epoxide 7 in 96% yield.

Alkylation of the anion of sulfone 7 with allylic chloride 6 took place smoothly in the dry THF at -78°C
and the acetyl group was removed from the product without damage to the rest of the molecule by treatment
with anhydrous K,CO, in the dry MeOH at room temperature to give sulfonyl diol 13 in 88% yleld The

diol 14 in 78% yield. Thioether 15 was prepared in 64% yield from 14 by treatment with NCS-Ph,P complex
and PhSLi in dry THF at room temperature in one pot, the hydroxy group of 15 was protected with
TMSCL" to yield cyclization precursor 5 quantitatively.

cooled (-78°C), well-stirred solution of LDA and Dabco” in dry THF gave intermediate 16 in 48% yield.
After deprotection of 16 in usual way the (thiophenyl) diol was obtained in ~100% yield, which then was
reduced with Li-EtNH, at -78°C to yield (£)-sinulariol-B in 67% yield.

The spectral data of synthetic (%)-sinulariol-B thus obtained was coincide

[=9

with those of natural
sinulariol-B. Thus, we succeeded in obtaining (t)-sinulariol-B i
geraniol. We believe that our strategy for synthesis of (1)-sinulariol-B makes possible for the asymmetric
synthesis'® of sinulariol-B, sinulariol-D, sinulariol-A and sinularic acid-A by means of asymmetric Sharpless

epoxidation."’

General: Melting points were determined on a kolfer apparatus, and uncorrected. IR spectra were
recorded on a FT-170SX spectrometer. 'HNMR specter was measured on a varian FT-80A or Bruker AM-
400 spectrometer using CDCl; as solvent and TMS as an internal standard. MS spectra were obtained on a
VGZAB-HS spectrometer (EI, 70eV). All solvents wer
achieved by standard methods. All reactions were conducted under an argon atmosphere unless otherwise
noted, and monitored by TLC. All products prepared were purified by flash column chromatography on
silica gel (200-300 mesh). E-Geraniol was purchased from Aldrich Chemical Company, INC.

yl-2(E), 6-octadien-1-yl acetate (9). A mixture of E-geraniol 8 (2.0 g, 12.

o

=
0m
=
5
[0}
[T =%
5
Q
b3
=4
[}
-
[N
o
»
=
povl
Q
-
[¢]
[a N
£
=2
5"
(4]
-
~ -
w e
X
i
= -
7
[e)
Q
8
S,
&
(=N
(¢}
=3
<
4
~y
'S
-
17
b3
e
1
=
o
(=%

—
w
Lh



—
(=2

QO and concantratad 'T‘\
Pa AV

4 QLU WULIwwIIi gL, 1

ey

resuliing oil was purified by flash column chromatography on silica gel using peiroleum ether-acetone (30:1,
v/v) as eluent to yield acetate 9 (2.49 g, 98%) as a colorless oil. 'HNMR (80 MHz, CDCL,): & 1.68 (s, 6H,
2CH,), 1.70 (s, 3H, CH,), 2.04 (s, 3H, CH,CO), 2.00-2.40 (m, 4H, 2CH,), 4.59 (d, 2H, J=7.2Hz, CH,0Ac),
4.90-5.30 (m, 2H, 2CH=).
Anal. calcd. for C,H,,0,: C, 73.43; H, 10.27; found C, 73.69; H, 1019.
3,7-Dimethyi-8-hydroxy-2{£),6{F)-octadien-i-yi acetate (i0). To a suspension of Se0, (27 mg),
salicylic acid (170 mg) and 80% #-BuOOH (5mL) in CH,C, (15 mL) was added acetate 9 (2.4 g) in CH,Cl,
(5mL). After being stirred at 25 °C for 25 h, the reaction mixture was diluted with ether (150 mL) and

washed successively with 10% KOH, saturated NaHSO3, water and brine, then dried on MgSO,, and

concentrated. The rgsultmn oil was purified bv flash column chromatogranhv on silica gel using netrolenm
conce bu v co chromatography on silic a gel using petroleum
b b £10 ent to nl 1 10 1 AT o 0/ Lncnd ~e il connm ol ko n
ether-acetone (10:1, v/v) as eluent 51vc: alcohol 10 {1.27 g, /3% bDased on ine consumed :sldrung malerlal)

as a colorless oil. IR (film): v,,,, 3437, 1738, 1670, 1021; '"HNMR (80 MHz, CDC),): & 1.68 (s, 3H, CH,),
1.70 (s, 3H, CH,), 2.04 (s, 3H, CH,CO), 2.00-2.40 (m, 4H, 2CH,), 3.97 (s, 2H, OCH,), 4.59 (d, 2H, J=7.2Hz,
CH,0Ac), 4.90-5.30 (m, 2H, 2CH=).

Anal. caled. for C;,H,,0;: C, 67.89; H, 9.50; found C, 67.61; H, 9.53
™ TR ___ 4L _.1 O /L] ~d b ry Y ~ ea
3,7-Dimethyl-8-Chloro-2(E),6(E)-octadien-1-yl acetate (6). Triphenylphosphine Ph,P (1.69 g, 6.4

mmol, 1.14 equiv) in THF (10 mL) was added dropwise to a stirring solution of N-Chlorosuccinimide NCS
(860 mg, 6.4 mmol, 1.14 equiv) in THF (10 mL) under an atmosphere of argon. After 30 min alcohol 10
(1.2g, 5.7mmol) in THF (10 mL) was added slowly over 5 min to the resulting suspension of solids, and the
1 1 ] ting
(Sl 8988 15
dark mixture was diluted with ether (100 mL), washed successively with saturated aqueous NaHCO,, water

cture was stirred at room temperature until it became clear and homogeneou ut 2.5 h). The re

and brine, then dried on MgSO,, and concentrated. Flash column chromatography over silica gel using
petroleum ether-acetone (20:1, v/v) as eluent gave chloride 6 (1.11 g, 85%) as a colorless oil. 'HNMR (80

MHz, CDCL):  1.70 (s, 3H, CH,), 1.72 (s, 3H, CH,), 2.02 (s, 3H, CH,CO), 1.88-2.20 (m, 4H, 2CH,), 3.96 (s,
"H CH (‘I)’ 4 55 (r] "H TI= ‘7’)T—T7 CH.OAc), 5.00-540(m, 2H ’)(‘H—-\
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Anal. calcd. for C,,H,,Ci0O,: C, 62.47; H, 8.30; found C, 62.15; H, 8.38.
3,7-Dimethyl-1-(phenylsulfonyl)-2(E), 6(E)-octadiene (11). Phosphorus tribromide PBr, (1.35 mL,
14.2 mmol) was added dropwise into a dry ethereal solution (100mL) of E-geraniol 8 (2.0 g, 12.9 mmol)
under ice-bath cooling, and the mixture was stirred for 3 h at room temperature. After the reaction was
quenched with saturated aqueous NaHCO,, the ether layer was washed twice with brine, dried over MgSQO,,
and concentrated to give an oil. The oil was added into sodium benzenesuifinate PhSO,Na (2.12 g, 12.9
mmol) dissolved in dry DMF (30 mL), and the mixture was stitred at room temperature under argon in the
dark for 20 h. After addition of brine, the organic substances were extracted with ether, and the usual workup
gave an oil. Flash column chromatography on silica gel using petroleum ether-acetone (10:1, v/v) as eluent

Im): v 1655. 1585. 1300, 1140: "HNMR (80 MHz
. U\l AVRL ALy

s LIVVY, gy ALALINIVIIN

-
-
"
L
o1
<
~)



» A3y s iIily JAXy £AKLR)
P R P N ronn.IY T 00, £ 0L XY M 00
ARDal. CaICA. 10T U 11,00, L, 07.U5; 11, /.70 found b 0¥Y.05; K, /.85,

3,7-Dimethyl-1-(phenylsulfonyl)-8-hydroxy-2(E),6(E)-octadiene (12). To a suspension of SeO, (21
mg, 0.18 mmol), salicylic acid (129 mg, 0.93 mmol) and 80% #-BuOOH (3.7mL, 33.6 mmol) in CH,Cl, (20
mL) was added sulfone 11 (2.6 g, 9.3 mmol) in Cl, (SmL). After being stirred at 25 °C for 25 h, the

2
reaction mivture was noured into water and extracted with ether {3Ix20 mI ) The camhinad arcanic lavasre
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were washed successively with 10% KOH, saturated Nal1SO,, water and brine, then dried on MgSO,, and
concentrated to give an oil. Flash column chromatography on silica gel using petroleum ether-acetone (8:1,
v/v) as eluent yielded alcohol 12 (1.70 g, 78% based on the consumed starting material) as a colorless oil. IR
(film): v, 3440, 1658, 1587, 1312, 1150; '"HNMR (80 MHz, CDCL): & 1.36 (s, 3H, CH,), 1.64 (s, 3H,

CH,), 1.90-2.40 (m, 4H, 2CH,), 3.78 (d, 2H, J=7.9 Hz, CH,S0,), 3.98 (s, 2H, OCH,), 5.00-5.45 (m, 2H,
AMLY.-\ T AN O AN (.. £TIT A_.TY\ Y\lo etz INA INAT 10/N ATO 7N AL Y NN FASY A1 NN
Zir=), /.4U-0.00 (1N, o0, ATH); ELVLS IIVZ: 294 (M, 170), 279 (3), 2716 (3), 212 (45), 77(100)

Anal. calcd. for C,(H,,SO,: C, 65.28; H, 7.53; found C, 65.82; H, 7.47.
3,7-Dimethyl-1-(phenylsulfonyl)-6,7-epoxy-8-hydrixy-2(E)-octene (7). To a solution of allylic alcohol
12(1.5¢g 5.1 mmol) and a catalytic amount of vanadyl acetonate VO(acac), in refluxing benzene (40 mL)
was added dropwise 3.4 M anhydrous TBHP-toluene solution (2 mL, 6.8 mmol). After 1 h at reflux, the

drous toluene mL, 6.8 mmol). After 1 h at reflux, the

reaction mixture was cooled to room temperature, then dilution with ether (100 mL), and washed with brine.
Evaporation of the solvent followed by flashed column chromatography on silica gel using petroleum ether-
acetone (4:1, v/v) as eluent afforded epoxide 7 (1.52 g, 96%) as a colorless oil. IR (film): v_, 3400, 1650,

1250, 1150; 'HNMR (80 MHz, CDCl,): 8 1.29 (s, 3H, CH,), 1.38 (s, 3H, CH,), 1.50-2.40 (m, 4H, 2CH,),
rs, 2H, OCH,), 3.80 (d, 2H, J=7.9 Hz, CH,S0,), 5.24 (t, 1H, ]=7.9Hz

(d, 2H, Hz, 4 (t, J=7.9Hz,
. Z: . 106y, 77 (81).
Anal. caled. for C,;H,,SO,: C, 61.91; H, 7.14; found C, 62.45, H, 7.05.
2,6,10,14-Tetramethyl-2,3-epoxy-8-(phenylsulfonyl)-6(E),10(E),14(E)-hexadecatrien-1,16-diol (13).
To a cooled (-78 °C), well-stirred solution of 1.6 M LDA-hexane (3.15 mL, 5 mmol) in anhydrous THF (40
mL) was added dropwise sulfone 7 (750 mg, 2.4 mmol) in dry THF (5§ mL) under ar
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on atmosvhere. After
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30 min, allylic chloride 6 (558 mg, 2.4 mmol) in dry THF (5 mL) was added. The reaction mixture was
allowed to warm to room temperature in 5 h and then saturated aqueous NH,Cl (20 mL) was added. The
usual workup gave an oil, which was added to anhydrous K,CO; (1 g) suspended in dry methanol (20 mL),
and the mixture was stirred at room temperature for 30 min. After addition of water, the organic substances
dried on MgSO,, and concentrated. The resuiting oil was passed through a short pad of silica gel using
petroleum ether-acetone (2:1, v/v) as eluent to give sulfonyl diol 13 (980 mg, 88%) as a colorless oil. IR
(film): v, 3421, 1640, 1252, 1151; 'HNMR (80MHz, CDCl;): & 1.30 (s, 3H, CH,), 1.37 (s, 3H, CH,), 1.64

(s, 3H, CH,), 1.68 (s, 3H, CH,), 1.40-2.40 (m, 10H, 5CH,), 2.98 (t, 1H, J=6.0Hz, epoxy H), 3.64 (brs, 2H,
OCH,), 3.78 (m, 1H, CHSO,), 4.14 (d, 2H, J=7.1Hz, OCH,), 4.80-5.40 (m, 3H, 3CH=), 7.00-8.00 (m, SH

NN Ry ST O \AkD, 1idy RO TS Ll 0T dd iy Ry v Niady Jaiky JRodX GV \axi, Jia,

ArH): EIMS m/z: 462 (M", <1%), 477 (<1), 444 (2), 135(14), 107 (27), 93 (56), 43 (100), 41 (39).
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2,6,19,14-Teirameihyi-2,3-epoxy-6(E),10(E),14(E)-hexadecairien-1,i6-dioi (i4). Suifonyl dioi 13
(950 mg, 2.05 mmol) in dry THF (2 mL) was added at -78 °C to the solution of lithium wire (820 mg, 117
mmol) dissolved in dry ethylamine EtNH, (20 mL, dried over sodium). The mixture was stirred at —78 °C for

3.5 h and some solid NH,CI and some methanol were added. The solution was allowed to warm to room

Iz yErs Were wa ashed with water ¢ 1d
purified by flash column chromatography on silica gel using pctroleum ether-acetone (4:1, v/v) as eluent to
yield diol 14 (516 mg, 78%) as a colorless oil. IR (film): v, 3440br, 1644, 1250, 1020, 920; 'HNMR (400

MHz, CDCL,): 8 1.30 (s, 3H, CH,), 1.63 (s, 6H, 2CH,), 1.67 (s, 6H, 2CH,), 1.40-2.45 (m, 12H, 6CH.), 3.01 (1,
1H, J=6.1Hz, epoxy H), 3.66 (d, 2H, J=12.1Hz, OCH,), 4.15 (d, 2H, J=7.0Hz, OCH,), 5.08 (, 1H, J=6.8Hz,

L34, WIS

T\ C 1L IJ. I T—4£
=), 5.10 (i, 10, J=6.

(14), 123 (18), 95 (58), 69 (51), 43 (100), 41 (38).

Anal. caled. for C,jH,,0;: C, 74.49; H, 10.63; found C, 74.11, H, 10.74.
2, 6, 10, 14-Tetramethyl-2, 3-epoxy-16-(thiophenyl)-6(E), 10(E), 14(E)-hexadecatnen-1-ol (15)

riphenylphosphine Ph,P (464 mg, 1.77 mmol, 1.14 equiv) in THF (5

28 AR, .25 R

f A Mt 21 N

Mo ML cie) i ITR 7£ .. TN
IV'\/lllUlUbubbl[llllllu INLD (400 1

HF (5 mL) under argon
atmosphere. After 30 min, diol 14 (500 mg, 1.55 mmol) in THF (5 mL) was added dropwise in 5 min to the
resulting suspension, and the mixture was stirred at room temperature until it become clear and
homogeneous (about 2 h), and then sodium thiophenoxide PhSLi (410 mg, 3.1 mmol) in THF (2 mL) was

added. After 2 h, the reaction mixture was pot red int ted with ether (3x20 mL). The

el alll extrac v a i

combined organic layers were washed successively with 2N KOH, water and brine, then dried on MgSQ,,
and concentrated to yield oil, which was purified by flash column chromatography on silica gel using
petroleum ether-acetone (20:1, v/v) as eluent to yield diol 15 (410 mg, 64%) as a colorless oil. IR (film): v,
3640br, 1644, 1450, 1399, 1160, 720, 690; 'HNMR (80 MHz, CDCl,): § 1.29 (s, 3H, CH,), 1.60 (s, 3H,

CH)), 1.64 (s, 3H, CH.,), 1.66 (s, 3H, CH,), 1.40-2.40 (m, 12H, 6CH,), 3.02 (t, 1H, J=6.1 Hz Pnnvvm 3.51
Sori3), 1.0 (S, JIR, xly), VO S, 218, Lilg ), 2.50-L.590 AL, 1403, vvl‘l BIFZRLINE S & 5 1 IR4, CPOUAY J.201
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(qa, <411, J—/.0 s LI1;3), 2.00 (DI, & 2.4U (11, o, JLri—), /.2uU-/.0U (I, 211, AT ), VLD

m/z: 322 (M', 1%), 287 (M-H,0-SPh, 2), 161 (18), 13
Anal. caled. for C,4H,,SO,: C, 75.31; H, 9.24; found C, 75.13, H, 9.28.

2, 6, 10, 14-Tetramethyl-1-(trimethylsiloxy)-2, 3-epoxy-16-(thiophenyl)-6(E), 10(E), 14(E)-
hexadecatriene (5). To a mixture of 15 (300 mg, 0.72 mmol) and imidazole (108 mg, 1.59 mmol, 2.2 equiv)
in dry DMF (2 mL) was added trimethylchlorosilane (0.1 mL, 0.8mmol, 1.1equiv). After being stirred at 50
°C for 10h under an atmosphere of argon, the reaction mixture was cooled to room temperature, then diluted
with brine, and extracted with ether (3x20 mL). The combined organic layers were washed successively with

10% NaHCO,, water and brine, then dried on MgSO,, and concentrated. The resulting oil was purified by
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1), J.UL (L 1 J=0.101Z, €pOXy 1), 3.04 (G, J58.0£ 11Z, 41'1, anb), 3.62 and 3.80 (eacn 11’1 0, =123 nz,
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OCH,), 5.08 (t, 1H, J=6.8Hz, CH=), 5.15 (t, 1H, J=6.7Hz, CH=), 5.31 (t, 1H, J=6.8Hz, CH=), 7.25-7.40 (m,
5H, ArH); EIMS m/z: 486 (M, 2%), 471 (1), 456 (2), 377 (3), 161 (20), 135 (21), 93 (100), 55 (38).
Anal. calcd. for C,0H,,0,8Si: C, 71.55; H, 9.51; found C, 71.89, H, 9.41.
2-14,8,12-Trimethyl-2-(thiophenyl)-3(E),7(E),11(E)-cyclotetradecatrien-1-yl]-propan-1,2-diol (17).
To a mixture of 1.6M LDA-hexane solution (0.9 mL, 1.45 mmol) and Dabco (52 mg, 0.48mmol) in
anhydrous THF (30 mL) was added precursor 5 (200 mg, 0.41 mmol) in dry THF (30 mL) at -78°C via
syringe pump over 34 h under an atmosphere of argon. After 3 h, the cooling bath was removed and the
reaction mixture was allowed to warm to room temperature, and then poured into saturated aqueous NH,Cl
and extracted with ether (3 x 80 mL). The extracts were washed with water and brine, then dried on MgSO,

M1 extrac wel vwasl 2118 D2 --— (R vl ] 1ed on EASS A T U

Ponge | A +

A wnta ~ gitra rmrda meadiiad 1L 4a wirhiale wxrnao A NN a2 3 .
ana concer luau:u W EIVL LIuue pluduct 19, WU willvil wad

added u-Bu4N*F (£Vvu iNigj il THF \ m) After
being stirred at room temperature for 20 h under argon, the reaction mixture was diluted with ethyl acetate
(50 mL), and washed with water and brine, then dried over MgSO,, and concentrated. The resulting oil was
purified by flash column chromatography on silica gel using petroleum ether-acetone (8:1, v/v) as eluent to

eld 17 (82 mg, 48% from 5) a colorless needles. mp. 90.5-92°C. IR (KBr): v, ’Hﬁﬂ 3100br, 1665,

v as

yi g, as i 105 VL)L Ve 220U=2:2U001, 1000
1 A

I

A0L QON QAN LONn £ . 79N > AT S 1 A7 7. 21T AITY 1 AN 7. 2 YN 1 60 /- 7
JnJ, 07U, 04U, O7U, DOV, THNIVLIIN {0V IViNZ, UiJC1) ). O 1.U7 5, 211, Li,), 1.0V b, I, LWINI), 1.04 (5, OI11,

CH,), 1.54 (s, 3H, CH,), 1.40-2.10 (m, 13H, CH, 6CH,), 3.54 (d, 1H, J=11.8Hz, CH,0), 3.65 (d, 1H, J=11.8
Hz, CH,0), 3.81 (dd, 1H, J=8.6 and 10.8 Hz, CHSPh), 4.70-5.30 (m, 3H, 3CH=), 7.20-7.50 (m, 5H, ArH );
EIMS mvz: 414 (M", 2%), 305 (8), 304 (4), 287 (5), 153 (20), 93 (48), 81 (100), 71 (74).

or C,,H..0.8: C,7531; H, 9.24; found C, 7545, H, 9.12.

for G, 1

2-4,8,12-Trimethyl-3(E),7(E),11(E)-cyclotetradecatrien-1-yl]-propan-1,2-diol(1). The mixture of 17
(60 mg, 0.144 mmol) in dry THF (1 mL) was added at -78 °C to a solution of lithium (80 mg, 12 mmol)
dissolved in dry EtNH, (10 mL, dried over sodium). The mixture was stirred at —78 °C for 3.5 h and a little

amount of NH,Cl and methanol were added. The solution was allowed to warm to room temperature, then

\nal. calcd

noured into water. and extracted with ethvl acetate (3 x 20 ml.). The combined oreanic lavers were washed
poured into wa and extracted with ethyl ace 3 0 ml.). the combined organic layers were washed

% TP B SUNLNY H. som RACQMN mend nnnmemtantad 0 alxra n oAsmida sesndiaad o xzrlaial sainn et ]
with water and orine, tnen ariea over MgoU,, ana concentrated to give a Ciuae proauct, wiiiCn was puriiiea

by flash column chromatography on silica gel using petroleum ether-acetone (4:1, v/v) as eluent to yield (+)-
sinulariol-B (1) (30 mg, 67%) as colorless needles. mp. 55.5-58°C (lit’, 61-63°C); IR (KBr): v, 3260br,
1650, 1384,1370; "HNMR (400 MHz, CDCL): & 1.15 (s, 3H, CH,), 1.58 (s, 6H, 2CH,), 1.60 (s, 3H, CH,),
1.50-2.30 (m, 15H, 7CH,, CH), 3.42 (d, 1H, J=11.1Hz,

J=6.8Hz, CH=), 4.95 (i, iH, j=6.7Hz, CH=), 5.10 (1, 14, J=6.
288 (6), 275 (45), 257 (42), 189 (35), 93 (70), 40 (100).
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