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Total Synthesis of Optically Active Cotylenol, a Fungal Metabolite
Having a Leaf Growth Activity. Intramolecular Ene Reaction
for an Eight-Membered Ring Formation!

Nobuo Kato,* Hiroaki Okamoto, and Hitoshi Takeshita™

Institute of Advanced Material Study, 86, Kyushu University, Kasuga-koen, Kasuga, Fukuoka 816 Japan

Abstract: Starting from condensation of two iridoid synthons, (3S,8R)-benzyloxy-1-iriden-7-al and
(3R)-7-chloro- 1-iridene, cotylenol, one of the representative fusicoccane diterpenoids having 5-8-5-mem-
bered tricyclic carbon framework, is now synthesized for the first time via an eight-membered ring forma-
tion by an intramolecular ene reaction and subsequent introduction of an a-hydroxyl group.

Introduction

There have been many 5-8-5-membered tricyclic diterpenoids?.3 and sesterterpenoids? isolated from vari-
ous organisms. These natural products vary stereochemistries of the ring junctures depending on the sources of
these compounds. Due to the unique structural elements, total synthesis of these tricyclic higher terpenoids are
continuously attracted attentions from synthetic organic chemists. Other than the further bio-transformed
metabolites, dictymal,S sordaricin,$ plagiospirolides A and B, and crinipellin B,8 several natural products of
this family have been synthesized up to date; those indeed included were all least substituted derivatives, i.e.,
cycloaraneosene,? hydroxycycloaraneosene,10 ceroplastols 11! and II,!2 albolic acid,!2 and ophiobolin C.13
Since the most of the bio-active metabolites are in the highly oxidized state, synthesizing those oxygenated
derivatives are currently a focus of interests. With this regard, the fusicoccins and cotylenins, whose common
feature is an 8B,9a-glycol function on the eight-membered ring, are worth to synthesize.

As an extension of our synthetic studies of these tricyclic higher terpenoids, we have now succeeded in
stereoselective introduction of the trans-glycol function on the tricyclic carbon skeleton to solve the most crucial
step in the synthesis.

The direct construction of the tricyclic trans-glycol system from various dialdehydic precursors via tita-
nium (IT) chloride-mediated cyclization!4 has been explored to obtain the requisite 88,9a-diol system, but it has
been hitherto unsuccessful to get the desired cyclization product.

Cotylenins, diterpenoid glycosides isolated from the culture filtrate of an unidentified species of Cladospo-
rium, stimulate the growth of cotyledons in Chinese cabbage seedlings,!5 and are structurally related closely to
fusicoccins which were isolated as phytotoxic substances responsible to a wilting disease of peach and almond
trees.3.16

The cotylenins and fusicoccins commonly possess the trans-8p,9a-glycol sys-
temn on their central eight-membered ring and the stereochemistry of this glycol is
reported to be important for their unique biological activities.1? However, since the
derivations of this glycol system from natural sources are limited to give only 7-epi-
cis-8p,98-isomer, 18 the biological activities of other stereoisomers are not yet clear.
Among them, cotylenol (1)19:20 is the only characterized sugar-free natural product
of these classes of compounds; therefore, synthesizing not only 1 but also its stereo-
isomers of the glycol system are desirable to clarify the structure-activity relation-
ships and the mechanisms of the biological action.

As has been already reported,! the carbon framework of 1 can be constructed via an eight-membered ring
formation by an ene reaction on an appropriately functionalized B-seco-fusicoccane derivative. Herein reported
is the first total synthesis22 of 1 utilizing this methodology, which is potentially applicable for all stereoisomeric
glycol functions.
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Results and Discussion

Synthesis of (35)-1,2-Epoxy-6-methoxyirid-8-en-7-al. At the beginning, the Cjo-synthon
for the A-ring of 1 was derived from (35)-irida-1,8-dien-7-ol (2)!4 as follows. An epoxy alcohol, (35)-1,2-
epoxyirid-8-en-6-ol (3),23 obtained by Sharpless epoxidation24 of 2, was consecutively treated with aluminum
isopropoxide and terr-butyldimethylsilyl (TBS) chioride to form an allylic alcohol (4a) and its TBS ether (4b).
Allyl alcohol 4b was oxidized by pyridinium chlorochromate (PCC) and was reduced with sodium borohydride
to obtain an allylic alcohol (5a) and an epoxy alcohol (6a). The major product Sa was then methylated (to 5b),
deprotected (to 5¢), and epoxidized again under the Katsuki-Sharpless conditions25 to afford an epoxy alcohol
(6¢). The minor product 6a was also employed to form 6¢ by a methylation (to 6b) and a deprotection pro-
cedure. Subsequently, 6¢ was oxidized to (35)-1,2-epoxy-6-methoxyirid-8-en-7-al (7) by treating with pyri-
dinium dichromate (PDC).

ORy .
CH20R; CH20Ry CHOMe
4a;: R=H 5a: Ri=H, Ro=TBS 6a: Ri=H, Ry=TBS 7
4b: R=TBS 5b: Ry=Me, R>=TBS 6b: R1=Me, Ro=TBS
5c¢: Ri=Me, Ry=H 6¢: Ri=Me, Ro=H

Scheme 1. a) ref. 22; b) Al(i-PrO)sftoluene; ¢ TBSCI, imidazole/DMF;d) PCC/CHoCly; e) NaBHy4/
MeOH; f) Mel, NaH/THF;g) Ti(i-PrO),, Et, tartrate, t-BuO,H/CHoClo; h) BugyNF/THF; j) PDC/CHoClo

Low-Valent Chromium Coupling Reaction. The aldehyde 7 was then condensed with another
Cio-synthon of the C-ring, (3R)-7-chloroirid-1-ene (8)!4 by use of low-valent chromium species26 in N, N-di-
methylformamide (DMF) to give a desired condensate, 2a,30-epoxy-16-methoxy-8,9-secofusicocca-7,9-dien-
la-ol (9a), together with 16-methooxy-8,9-secofusicocca-2,7,9-trien-1a-0l (10a). The minor product 10a
must be arisen from a deoxygenated A2-aldehyde, formed prior to the condensation, since o,B-epoxyaldehydes
are very reactive towards reducing agents. The observed stereoselection of a-hydroxy function in 9a and 10a is
consistent to the previous findings; usually high a-selection was achieved in DMF, e.g., the coupling of 8 and
(35)-8-benzyloxyirid-1-en-7-al (A) afforded a la-condensate, 8-benzyloxy-8,9-secofusicocca-2,9-dien-1a-ol
(Ba) in 85% yield over its 1p-epimer (Bb, 10% yield). In the present case, the combined yield of 9a and 10a,
65%, was not so satisfactory, and failure to characterize 1B-epimers should not necessarily mean their absence.
After protecting the secondary hydroxyl of 9a as a trimethylsilyl (TMS) ether, the site and stereoselective hydro-
boration!4 on C-8 was performed by 9-borabicyclo[3.3.1]nonane (9-BBN) to afford 11a. A methanesulfonate
11d, derived from 11a in three steps, was reductively converted into 12a in a moderate yield. In this Birch
type reduction step, the addition of iron(IIl) salt>7 was indispensable to minimize an over-reduction product.

R20" CH,0Me
8a: R=H 11a: Ry=H, Rp=TMS  12a: Ry=TBS, Ra=H
10b: R=TMS 9b: R=TMS  11b: Ry=H, Ro=H 12b: Ry=Ro=H
11¢: R1=TBS, Rp=H  12¢: Ry=Rp=TMS
11d: R1=TBS, R2=Ms 12d: Ry=H, Rp=TMS

Scheme 2. a) CrCl3-LAH/THF-DMF; b) TMSCl/pyridine; ¢ 9-BBN/THF; d) H,O,, NaOH; e)
BugNF/THF; f) TBSCI, imidazole/DMF; g) MsCl/pyridine; h) Na, FeCla/ liq. NHg; j) PPTS/ag. THF.

Ene Cyclization to Construct the Tricyclic System and Conversion into Cotylenol. After
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protection of C-3 hydroxyl and deprotection of C-8 hydroxyl of 12a to 12d, the aldehyde 13, the precursor for
the ene reaction, was obtained by PDC-oxidation. The thermally-induced ene reaction of 13 occurred in xylene
to give a cyclisate, 16-methoxy-3a-(trimethylsilyloxy)fusicocca-1,10(14)-dien-8c-ol (14) in a good yield. The
a-orientation of C-8 hydroxyl was clarified by the NOE experiment; an enhancement of 88-H was observed by
irradiation of C-11-Me signal. For the observed stereospecific formation of 14, two points should be taking into
account; one is smooth occurrence of the reaction, and this is attributable to the abstraction of 14a-hydrogen
from the a-face of the ring C, which is predictable from the stereochemistry of the methyl group on C-11. The
other is stereogenesis of 8a-hydroxyl group, and this could be explained in terms of a cyclic mechanism in-
volved; due to the presence of C-1 double bond, the freedom for conformations of the secofusicoccane 13 is
quite limited, and only two conformations, 13a and 13b (Chart 1) should be taken into account; obviously,
13a is favorable for the ene reaction, while 13b is disfavorable in a large steric strain to form the six-membered
cyclic transition state of the reaction. :

The stereo-chemical outcome of the ene reaction is easily
explainable from the molecular orbital calculations (MNDO/
PM328) of the transition states with the model compound, which
lacks two oxygenous substituents on the C-3 and C-16 in 13.
Thus, there is a large energy difference in two transition states ’ <
TSA and TSB of model compound for 13, a 3-dehydroxy-16- TMSO CH,OMe TMSO CH,OMe
demethoxy-13 (Figure 1). In TSA, which gives a cyclizate with 13a 13b
an a-oriented hydroxyl corresponding to 14, an ideal chair-like Chart 1. Plausible conformers of 13.
six-membered transition structure is realized.

Whereas an alternate transition state TSB is clearly more energetic due to having an anti-Bredt's-like
strain at C-8, a bridge-head carbon of a transient bicyclic system. 13A forms less energetic transition state, and
the transition state from 13B is more energetic. This should explain the exclusive formation of the product 14.

For the introduction of C-9 hydroxyl, 14 was oxidized to a ketone 15. Then the enolate, generated with
lithium hexamethyldisilazide (LiIHMDS), was oxidized by oxodiperoxymolybdenum(pyridine)hexamethyl-
phosphoramide (MoOPH)29 to give an isomeric mixture of a- and B-hydroxy ketones (17 and 18). The con-
figuration of the C-9 hydroxyl of each product was confirmed by NOE experiments shown in Scheme 3.

3 NOE 3 5
3 3 ™
TMSO CH,OMe  TMSO CH,OMe TMSO CH,OMe SO CHz0Me

13 14 15 . 16
NOE

3 NOE < 3 NOE =
TMSO CH2OMe TMSO CHy0Me TMSO CH,0OMe TMSO CHoOMe

19 20 17 18

Scheme 3. a)PDC/CH,Cly; b) A /xylene; c) BuLi, (TMS)oNH/
THF, MoOPH/THF; d) NaB(OAc)sH/THF; e) BusNF/THF.

As similar to the model studies,! reduction of 17 with sodium triacetoxyborohydride mainly gave a desired
trans-8p,9a-isomer (19) together with a cis-8a,9o-isomer (20), a minor product. The stereochemistry of 19
was confirmed again by NOE experiments as shown in scheme 3. The conversion of 19 to the target, cotyl-
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model conformer 13B

model conformer 13A

—65.42 keal mol™!

+13.48 kcal mol'’!

~18.91 kcal mol'!

B-hydroxy-cyclizate

a-hydroxy-cyclizate

-75.41 kcal mol™!

~76.66 kcal mol!

(MNDO/PM3).

Figure 1. Transition states and heats of formations of ene reaction process of a model for 13 to 14
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enol (1), simply required a deprotection of TMS ether of C-3 hydroxy]; it was accomplished by an ammonium
fluoride treatment. Synthetic 1 [colorless prisms, m.p. 160 °C19, [o]{§ -30° (1it.19 —26°)] was identical with nat-
ural 1 in respects of direct comparisons of physicochemical properties.

Thus, the first total synthesis of 1 has been completed. Although this synthetic pathway involves several
non-stereospecific steps, the by-products obtained are considered to be useful for the synthesis of isomers of 1,
e.g., 9p-hydroxy ketone 18 is a promising precursor for the 8B,98- and 80,9B-isomers. Since, as mentioned
above, those isomeric glycols are of interest in regards of the structure-activity relationships, results on the syn-
theses and biological activities will be reported in elsewhere.

Experimental

The elemental analyses were carried out by Miss S. Maehata of the Institute of Advanced Material Study,
Kyushu University. The melting points were measured with a Yanagimoto Micro Melting Point Apparatus and
are uncorrected. The NMR spectra were measured by means of JEOL FX 100 Model and GSX 270H Model
spectrometers in CDCl3; the chemical shifts are expressed in 8 units. The mass spectra were measured with a
JEOL 01SG-2 spectrometer; among the data, only the molecular ion peak, or the nearest peak as the alternative,
and the base peak were recorded for each sample. The IR spectra were taken as KBr disks for crystalline com-
pounds or as liquid films inserted between NaCl plates for oily compounds, using a JASCO IR-A102 spectro-
meter. The stationary phase for column chromatography was Wakogel C-300 and the eluent was a mixture of
hexane and EtOAc.

Synthesis of (3S5)-7-(tert-Butyldimethylsilyloxy)irida-1(6),8-dien-2-ol (4b). A toluene
solution of 3 (6.1 g, 36.4 mmol) was refluxed under an N7 atmosphere in the presence of A(OCHMe5)3 (18.6
g, 91.0 mmol) for 2 h. The mixture was then fractionated with aq. Na»SO4 and EtOAc. The organic layer was
washed with aq. NaHCO3 and aq. NaCl, dried over MgSOy, and evaporated in vacuo. The residue thus ob-
tained was chromatographed on a silica gel column to give a colorless oily allyl alcohol (4a) [5.7 g, 93%; H
NMR: 5 1.70-1.82 (2H, m), 1.91 (3H, br s), 2.25 (1H, ddm, J=7, 6.5 Hz), 2.45-2.52 (2H, m), 2.58 (1H,
dd, /=12, 7.5 Hz), 2.96 (1H, s), 3.30 (1H, dd, J=12, 6.5 Hz), 3.59 (1H, dd, J=12, 6 Hz), 4.83 (1H, br s),
4.92 (1H, br s), 5.06 (1H, tm, J=2 Hz), and 5.14 (1H, tm, J=2.5 Hz); !3C NMR: § 23.9, 24.8, 28.2, 54.2,
64.5, 82.0, 108.7, 111.4, 144.9, and 154.5; IR: v 3430, 3100, 2980, 1645, 1440, 1385, 1290, 1160, 1090,
1050, 920, and 880 cm-!], an anhydrous DMF solution (300 cm3) of which (9.7 g, 57.4 mmol) was then
treated with TBSC1 (10.4 g, 69 mmol) and imidazole (11.7 g, 172 mmol) at room temperature and stirred for 4
h under an N atmosphere. The mixture was then diluted with aq. NaHCOj3 and extracted with ether. The or-
ganic extract was dried over MgSO4 and evaporated in vacuo. The residue thus obtained was chromatographed
on a silica gel column to give 4b [a colorless oil, 15.9 g, 98%; [olf§ -15.2° (¢ 1.15, CHCl3); MS m/z(%), 282
(M, 4.6) and 75 (100); 'H NMR: § 0.03 (6H, s), 0.89 (9H, s), 1.63-1.79 (2H, m), 1.86 (3H, s), 2.30-2.62
(3H, m), 3.10 (1H, s), 3.33 (1H, d, J=10 Hz), 3.53 (1H, d, J=10 Hz), 4.75 (1H, br s), 4.84 (1H, br s), 5.01
(1H, tm, J=2 Hz), and 5.11 (1H, tm, J=2.5 Hz); 13C NMR: § -5.7, -5.6, 18.3, 23.5, 25.0, 25.8 (30), 28.5,
54.6, 65.8, 80.7, 108.3, 111.2, 144.5, and 154.7; IR: v 3450, 2950, 2850, 1640, 1460, 1250, 1090, 880,
and 820 cm-!. Anal. Caled. for C16H30028i: C, 68.03; H, 10.70%. Found: C, 68.00; H, 10.74%].

Conversion of 4b to (3S )-7-(tert-Butyldimethylsilyloxy)irida-1,8-dien-6-0l (5a), an Al-
Iyl Alcohol, and (38)-7-(tert-Butyldimethylsilyloxy)-1,2-epoxyirid-8-en-6-ol (6a), an Epoxy
Alcohol. To a CH;Cl; solution (500 cm3) of 4b (15.9 g, 56.1 mmol) was added Celite (37 g) and PCC
(36.3 g, 168.3 mmol) and stirred at room temperature for 12 h. The mixture was then diluted with ether and
passed through a short Florisil column. The filtrate was evaporated in vacuo and the residue was chromato-
graphed on a silica gel column to give a mixture of aldehydes (12.1 g), which was directly dissolved in MeOH
(300 cm3) and treated with NaBH4 (2.1 g, 50 mmol) in portionwise. After being stirred for 1 h, the mixture
was diluted with aq. NaHCO3 and extracted with ether. The extract was dried over MgSOg4 and chromato-
graphed on a silica gel column to give 5a [a colorless oil, 6.4 g, 40%; (]33 +92.8° (c 3.62, CHCl3); MS m/z
(%), 225 ([M~571*, 35.1) and 133 (100); 'H NMR: 5 0.07 (3H, s), 0.08 (3H, s), 0.90 (9H, s), 1.63 (3H, br
s), 1.68 (1H, m), 2.05 (1H, m), 2.31-2.56 (2H, m), 3.27 (1H, br s), 3.36 (1H, m), 4.08 (1H, dm, J=13.5
Hz), 4.21 (dm, J=13.5 Hz), 4.23 (2H, br s), and 4.71 (2H, br s); 13C NMR: & -5.6, -5.5, 18.2, 19.0, 25.8
(3C), 27.9, 34.6, 56.1, 59.4, 60.0, 110.9, 137.4, 140.7, and 147.3; IR: v 3450, 2950, 2850, 1650, 1460,
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1380, 1260, 1080, 1010, 890, and 820 cm-!] and 6a [a colorless oil, 140 mg, 8%; [alfs +23.3° (¢ 1.46,
CHCI3); MS m/z(%), 298 (M*, 0.9), and 241 (100); !H NMR: 5 0.07 (6H, s), 0.90 (9H, s), 1.43 (1H, m),
1.70 (1H, m), 1.72 (3H, br s), 1.93-2.13 (2H, m), 2.70 (1H, br), 2.91 (1H, d, J=8.5 Hz), 3.82 (1H, dd,
J=12, 5.5 Hz), 3.93 (2H, s), 3.94 (1H, dd, J=12, 7.5 Hz), 4.75 (1H, m), and 4.78 (1H, m); 13C NMR: &
-5.8, -5.6, 18.2, 20.6, 25.5, 25.8 (3C), 28.8, 49.4, 61.9, 62.3, 72.1, 72.3, 112.5, and 145.7; IR: v 3450,
2900, 2850, 1640, 1450, 1250, 1090, 880, and 830 cm-!. Anal. Caled. for C1gH3003Si: C, 64.38; H,
10.13%. Found: C, 64.54; H, 10.20%].

Methylation of 5a. Formation of (3S)-7-(tert-Butyldimethylsilyloxy)-6-methoxyirida-
1,8-diene (5b). To an anhydrous THF solution (50 cm3) of 5a (1.27 g, 4.5 mmol) was added NaH
(220 mg, 5.4 mmol) under an N, atmosphere and stirred for 30 min. Then the mixture was treated with Mel
(0.56 cm3, 9.0 mmol). After being stirred for 12 h, the mixture was diluted with ether, washed with aq. NaCl,
dried over MgSQy, and evaporated in vacuo to remove the solvent. Silica gel column chromatography of the
residue afforded Sb [a colorless oil, 1.33 g, 100%; 'H NMR: 3 0.03 (3H, s), 0.04 (3H, s), 0.89 (9H, s5), 1.64
(3H, br s), 1.67 (1H, m), 2.05 (1H, m), 2.32-2.54 (2H, m), 3.29 (3H, s), 3.49 (IH, dm, J=10.5 Hz), 3.99
(1H, dm, J=11.5 Hz), 4.09 (2H, br s), 4.24 (1H, dm, J=11.5 Hz), and 4.70 (2H, m); 13C NMR: 5 -5.4 (20),
18.4, 19.4, 25.9 (3C), 28.0, 34.0, 54.7, 57.8, 58.1, 68.6, 110.8, 137.1, 140.5, and 147.4. Anal. Calcd. for
C17H320,Si: C, 68.86; H, 10.88%. Found: C, 68.63; H, 10.81%].

Deprotection of 5b to (35)-6-Methoxyirida-1,8-dien-7-ol (5¢). An anhydrous THF solu-
tion (50 cm3) of 5b (1.33 g, 4.5 mmol) was treated with BugNF (1 M solution in THF; 5.3 cm3) for 4 h. The
mixture was then diluted with aq. NaHCO3 and extracted with ether. The organic extract was washed with ag.
NaCl, dried over MgSOy4, and evaporated in vacuo. The residue was chromatographed on a silica gel column to
give Sc [a colorless oil, 698 mg, 85%:; [a]%) +155.1° (¢ 2.14, CHCl3); MS m/z(%), 182 (M*, 8.2) and 164
(100); 'H NMR: & 1.65 (3H, br s), 1.72 (1H, tdd, J=13.5, 9, 5 Hz), 2.07 (1H, dtd, J=13.5, 9, 7 Hz), 2.33-
2.60 (3H, m), 3.35 (3H, s), 3.49 (1H, br m), 4.01 (1H, d, J=13 Hz), 4.05 (1H, d, J=13.5 Hz), 4.09 (1H, 4,
J=13.5 Hz), 4.19 (1H, d, J=13 Hz), and 4.73-4.78 (2H, m); 13C NMR: § 19.0, 27.8, 34.6, 55.9, 58.2, 58.3,
69.4, 111.3, 137.5, 140.5, and 147.8; IR: v 3450, 2950, 1640, 1460, 1380, 1100, 1010, and 900 cm-!.
Anal. Calcd. for C11H305: C, 72.49; H, 9.95%. Found: C, 72.70; H, 10.04%].

Oxidation of 5c¢ to (35)-1,2-Epoxy-6-methoxyirid-8-en-7-ol, an Epoxy Alcohol (6¢).

To an anhydrous CH,Cl; suspension (150 cm3) of Molecular Sieves (4A, 2.1 g) was added diethyl
tartrate (0.47 cm3, 2.76 mmol), Ti(OCHMej)4 (0.68 cm3, 2.3 mmol), and anhydrous Me3COOH (7.0 ¢cm3, 23
mmol) and stirred for 30 min. To the mixture, anhydrous CH>Cl; solution (10 cm3) of 5¢ (2.1 g, 11.5 mmol)
was introduced in dropwise at —20 °C and stirred for 12 h. The mixture was then diluted with 30% NaOH and
aq. NaCl, and gradually wormed to room temperature. The organic layer was collected by decantation, dried
over MgS0y, and evaporated in vacuo. The residue was chromatographed on a silica gel column to give 6c [a
colorless oil, 2.1 g, 100%; [a]{§ +60.0° (c 1.75, CHCl3); MS m/z(%), 181 ([M-17]*, 0.9) and 107 (100); 'H
NMR: § 1.44 (1H, ddt, J=13, 8, 1.5 Hz), 1.72 (3H, br s), 1.73 (1H, m), 1.91-2.11 (3H, m), 2.97 (1H, br d,
J=8 Hz), 3.41 (3H, s), 3.72 (2H, s), 3.73 (1H, dd, J=12.5, 6.5 Hz), 3.97 (1H, dd, J=12.5, 6.5 Hz), and
4.79 (2H, br s); 13C NMR: 8 20.6, 25.4, 28.9, 48.4, 59.3, 59.9, 71.2, 71.6, 72.1, 112.5, and 145.5. Anal.
Calcd. for C{1Hg03: C, 66.64; H, 9.15%. Found: C, 66.79; H, 9.18%], which was used directly for the next
transformation.

Methylation and Deprotection of 6a. Formation of 6c. To an anhydrous THF solution
(150 cm?3) of 6a (2.34 g, 7.8 mmol) was added NaH (400 mg, 9.4 mmol) under an N7 atmosphere and stirred
for 30 min. Then the mixture was treated with Mel (1.0 cm3, 16.1 mmol). After being stirred for 12 h, the
mixture was diluted with ether, washed with aq. NaCl, dried over MgSQy, and evaporated in vacuo to remove
the solvent. After silica gel column chromatography of the resultant methy! ether (6b) [a colorless oil, 2.37 g,
97%:; [a]f3 +39.0° (c 1.42, CHCl3); MS m/z(%), 255 ([M-571*, 52.6) and 223 (100); !H NMR: & 0.04 (3H,
s), 0.05 (3H, s), 0.89 (9H, s), 1.38 (1H, m), 1.70 (1H, m), 1.72 (3H, br s), 1.86-2.10 (2H, m), 2.95 (1H,
d, J= 8 Hz), 3.39 (3H, s), 3.61 (1H, d, J=11 Hz), 3.64 (1H, d, J=11.5 Hz), 3.71 (1H, d, J=11 Hz), 4.03
(1H, d, J=11.5 Hz), and 4.74 (2H, m); 13C NMR: § -5.6, -5.4, 18.3, 21.2, 25.6, 25.8 (3C), 28.8, 48.1,
59.2, 61.5, 70.3, 71.9, 72.2, 111.9, and 145.9] was dissolved in an anhydrous THF solution (100 cm3) and
treated with BusNF (1 M solution in THF; 9.1 cm3) while being stirred for 4 h under an N, atmosphere. The
mixture was then diluted with aq. NaHCOs, washed with aq. NaCl, and dried over MgSOy4. The organic solu-
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tion was evaporated in vacuo to remove the solvent, and the residue was chromatographed on a silica gel co-
lumn to give 6¢ (1.34 g, 89%), which was identical with the sample prepared from Sa.

Preparation of (15,2R,3S)-2,3-Epoxy-2-formyl-1-methoxyirid-8-ene (7). An anhydr-
ous CHClj solution (150 cm3) of 6¢ (2.0 g, 10.0 mmol) with added Molecular Sieves (4A, 6.5 g) and PDC
(5.9 g, 15.8 mmol) was stirred for 12 h under an N> atmosphere. The mixture was then diluted with ether and
passed through a short Florisil column. After evaporation of the solvent, the residue was chromatographed on a
silica gel column to give 7 [a colorless oil, 1.65 g, 84%; [a]B -60.0° (c 0.5, CHCl3); !H NMR: & 1.49 (1H,
dddd, J=12.5, 5.5, 2.5, 0.5 Hz), 1.77 (1H, m), 1.82 (3H, br s), 2.00-2.15 (2H, m), 3.01 (1H, d, J=8 Hz),
3.38 (3H, s), 3.73 (1H, d, J=11 Hz), 3.77 (1H, d, J=11 Hz), 4.75 (1H, br s), 4.86 (1H, m), and 9.61 (1H,
s); 13C NMR: & 21.9, 26.5, 28.1, 46.2, 59.5, 70.3, 72.0, 75.0, 112.2, 144.7, and 196.2; IR: v 2850, 1740,
1460, 1100, and 900 cm-1].

Condensation of 7 and (3R)-7-Chloroiri-1-dene (8) to 2a,3a-Epoxy-16-methoxy-8,9-
secofusicocca-7,9-dien-1-0l (9a), and 16-Methoxy-8,9-secofusicocca-2,7,9-trien-1-01 (10a).
To an anhydrous THF suspension (20 cm3) of CrCl3 (1.7 g, 11 mmol) was added LAH (210 mg, 5.5 mmol) at
0-5 °C and stirred for 30 min. From the mixture THF was removed by evaporation, and the residue was
dissolved in an anhydrous DMF (20 cm3), to which 8 (940 mg, 5.5 mmol) dissolved in anhydrous DMF (5
cm3) was introduced and stirred for 2 h. After raising the temperature to 15-20 °C, 7 (360 mg, 1.85 mmol)
was added in dropwise and stirred for further 12 h. The mixture was then diluted with water and extracted with
ether. The organic extract was washed with aq. NaCl, dried over MgSOy4, and chromatographed on a silica gel
column to partly give 9a [colorless needles, m.p. 82 °C; [oz]i)5 +97° (¢ 0.35, CHCl3); MS m/z(%), 335
(IM+11*, 38.3), 334 (M*, 38.4), and 317 (100); 'H NMR: 5 0.77 (3H, d, J=6.5 Hz), 0.99 (3H, d, J=7 Hz),
1.15 (3H, s), 1.25-1.49 (3H, m), 1.58-1.72 (2H, m), 1.72 (3H, br s), 1.85-2.11 (4H, m), 2.53 (IH, m),
2.68 (1H, d, J=5 Hz, OH), 2.77 (1H, br d, J=8 Hz), 3.42 (3H, s), 3.88 (1H, d, J=11 Hz), 3.92 (1H, d, J=11
Hz), 4.07 (1H, d, J=5 Hz), 4.73 (1H, br s), 4.79 (1H, m), 4.86 (1H, d, J=2.5 Hz), and 4.98 (1H, d, J=3
Hz); 13C NMR: 5 16.3, 21.6, 22.1, 22.9, 24.1, 25.6, 28.3, 28.6, 33.7, 50.4, 51.6, 52.3, 59.2, 71.1, 72.1,
72.4,74.3, 105.7, 112.0, 146.7, and 161.3; IR: v 3460, 2950, 1640, 1450, 1380, 1100, and 900 cm"!. Anal.
Calcd. for Cp1H3403: C, 75.41; H, 10.25%. Found: C, 75.50; H, 10.19%] and a mixture of 9a and 10a (a
colorless oil).

Isolation of 9a and 10a as 20,30-Epoxy-16-methoxy-1-trimethylsilyloxy-8,9-secofusi-
cocca-7,9-diene (9b) and 16-Methoxy-1-trimethylsilyloxy-8,9-secofusicocca-2,7,9-diene
(10b). The mixture of 9a and 10a (464 mg) in an anhydrous pyridine solution (5 cm3) was treated with
TMSCI (1.1 cm?) and stirred for 12 h. The mixture was then diluted with ag. NaHCO3 and extracted with
ether. The organic extract was washed with aq. KHSOy4, aq. NaHCO3, and aq. NaCl, dried over MgSQOy4, and
evaporated in vacuo. The residue was chromatographed on a silica gel column to give 9b [a colorless oil, 307
mg, 54%; 'H NMR: § 0.11 (9H, s), 0.76 (3H, d, J=7 Hz), 0.99 (3H, d, J=7 Hz), 1.07 (3H, s), 1.16-1.40
(3H, m), 1.55-1.85 (3H, m), 1.73 (3H, br s), 1.92-2.14 (2H, m), 2.29 (1H, m), 2.71 (1H, m), 2.83 (1H, d,
J=8 Hz), 3.43 (3H, s), 3.88 (1H, d, J=12 Hz), 3.89 (1H, d, J=12 Hz), 4.25 (1H, s), 4.76 (1H, br s), and
4.83 (3H, m); 13C NMR: 5 1.1 (3C), 15.9, 21.6, 22.1, 22.4, 26.0, 27.2, 27.8, 28.2, 33.0, 50.5, 52.0, 53.5,
58.9, 72.7, 73.1, 75.4, 75.7, 105.3, 112.7, 146.8, and 160.2. Anal. Calcd. for Cp4H4203Si; C, 70.88; H,
10.41%. Found: C, 70.74; H, 10.35%] and 10b [a colorless oil, 180 mg, 33%; [a]g +163° (¢ 1.36, CHCl3);
MS m/z(%), 256 ([M—134}*, 4.2) and 254 (100); 'H NMR: 3 0.09 (9H, s), 0.79 (3H, d, J=7 Hz), 0.99 (3H,
d, J=6.5 Hz), 1.05 (3H, s), 1.25-1.38 (2H, m), 1.67 (3H, br s), 1.55-2.01 (S§H, m), 2.23 (1H, m), 2.38-
2.50 (2H, m), 3.34 (1H, m), 3.36 (3H, s), 4.15 (1H, br s), 4.34 (2H, br s), 4.69 (1H, m), 4.73 (1H, m),
4.84 (1H, d, J=2.5 Hz), and 4.93 (1H, d, J=3 Hz); 13C NMR: 5 0.5 (3C), 16.7, 19.5, 22.2, 23.6, 26.2, 28.3,
28.5, 33.2, 33.9, 51.6, 52.0, 57.6, 58.6, 70.7, 77.6, 105.9, 111.2, 139.5, 140.2, 148.3, and 160.1; IR: v
2900, 2850, 1680, 1490, 1400, 1280, 1130, 1100, 910, and 860 cm"!l. Anal. Calcd. for C24H4203Si; C,
73.78; H, 10.84%. Found: C, 73.67; H, 10.88%].

Hydroboration of the TMS Ether (9b) of 9a. Formation of 20,3x-Epoxy-16-methoxy-1-
trimethylsilyloxy-8,9-secofusicocca-9-en-8-0l (11a). To an anhydrous THF solution (70 cm3) of
9b (1.2 g, 3.0 mmol) was added 9-BBN (2.4 g, 10.5 mmol) under an N7 atmosphere, and stirred for 3 h. The
mixture was then treated with 3 M NaOH (52 cm3) and 35% H,O; (38 cm3) at 40 °C for 40 min. The mixture
was extracted with ether, which was washed with aq. NaCl and dried over MgSQy, and evaporated in vacuo.
The residue thus obtained was chromatographed on a silica gel column to give 11a [a colorless oil, 1.1 g, 83%;
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[a]fs +43.5° (c 0.85, CHCl3); MS m/z(%), 361 (IM=63]*, 1.1) and 197 (100); IH NMR: 5 0.07 (9H, s), 0.67
(3H, d, J=6.5 Hz), 0.89 (3H, d, J=7 Hz), 0.90 (3H, d, J=6.5 Hz), 1.03 (3H, s), 1.05-1.43 (5H, m), 1.52
(1H, m), 1.63 (1H, br s, OH), 1.85-1.97 (2H, m), 2.00-2.11 (2H, m), 2.24 (1H, m), 2.62 (1H, m), 3.19
(1H, brt, J=9.5 Hz), 3.31 (3H, s), 3.48 (1H, br d, J=9.5 Hz), 3.75 (1H, d, J=11.5 Hz), 3.77 (IH, 4, J=11.5
Hz), 431 (1H, s), and 4.71 (2H, m); 13C NMR: § 1.0 (3C), 15.9, 17.0, 20.2, 22.0, 22.4, 27.2, 27.9, 28.7,
33.0, 36.1 49.4, 50.4, 52.1, 58.8, 63.9, 72.9, 73.0, 73.9, 75.3, 105.0, and 160.4; IR: v 3500, 2950, 1640,
1460, 1260, 1080, 880, and 840 cm-!. Anal. Calcd. for Cy4H4404Si: C, 67.88; H, 10.44%. Found: C, 67.57;
H, 10.51%].

Conversion of 11a to 8-(tert-Butyldimethylsilyloxy)-16-methoxy-8,9-secofusicocca-
1,9-dien-3a-0l (12a) via 2a,30-Epoxy-16-methoxy-8,9-secofusicocc-9-en-1,8-diol (11b),
2a,30-Epoxy-16-methoxy-8-(tert-butyldimethylsilyloxy)-8,9-secofusicocc-9-en-1-0l (11¢),
and 2o,3a-Epoxy-1-mesyloxy-16-methoxy-8-(tert-butyldimethylsilyloxy)-8,9-secofusicocc-
9-ene (11d). To an anhydrous THF solution (50 cm3) of 11a (1.1 g, 2.5 mmol) was added BusNF (1 M
solution in THF; 3.8 cm?3) and stirred for 4 h. The mixture was then treated with aq. NaHCO3 and extracted
with ether, which was washed with aq. NaCl, dried over MgSOy, and evaporated in vacuo. The residue thus
obtained was chromatographed on a silica gel column to give a diol 11b [a colorless oil, 850 mg, 88%; 'H
NMR: 8§ 0.79 (3H, d, J=7 Hz), 0.85 (3H, d, J=7 Hz), 1.00 (3H, d, J=7 Hz), 1.16 (3H, s), 1.30-1.83 (6H,
m), 1.87-2.06 (3H, m), 2.12 (1H, dm, J=9.5 Hz), 2.37 (1H, m), 2.57 (1H, m), 3.13 (1H, m), 3.40 (3H, s),
3.46 (2H, m), 3.63 (1H, m), 3.83 (1H, d, J=10.5 Hz), 3.94 (1H, d, J=10.5 Hz), 4.31 (1H,br s), 4.82 (1H,
d, J=2.5 Hz), and 5.03 (1H, d, J=3 Hz); 13C NMR: 5 16.2, 17.1, 19.5, 22.0, 22.9, 24.7, 28.2, 29.6, 33.7,
35.4, 49.2, 50.5, 50.8, 59.0, 64.8, 71.4, 71.8, 72.7, 75.7, 104.9, and 161.9].

To an anhydrous DMF solution (30 ¢cm3) of 11b (670 mg, 1.7 mmol) was added imidazole (350 mg, 5.1
mmol) and TBSCI (390 mg, 2.6 mmol) and stirred for 4 h. Then the mixture was diluted with ag. NaHCO3
and extracted with ether, which was washed with aq. NaCl, dried over MgSOy4, and evaporated in vacuo. The
residue thus obtained was chromatographed on a silica gel column to give a mono-TBS ether 11c [a colorless
oil, 790 mg, 100%; [a]{§ +33.0° (c 1.15, CHCl3); MS m/z(%), 450 ([M—16]*, 58.0) and 404 (100); 'H NMR:
8 0.06 (3H, s), 0.07 (3H, s), 0.78 (3H, d, J=6.5 Hz), 0.91 (9H, s), 0.93 (3H, d, J=6.5 Hz), 0.99 (3H, d, J=
6.5 Hz), 1.17 (3H, s), 1.30~-1.55 (4H, m), 1.55-1.72 (2H, m), 1.87-2.07 (3H, m), 2.10-2.20 (2H, m), 2.54
(1H, m), 2.87 (1H, d, J=4 Hz), 3.31 (1H, dd, J=10.5, 7.5 Hz), 3.40 (3H, s), 3.63 (1H, dd, J=10.5, 5.5 Hz),
3.87 (2H, s), 4.20 (1H, d, J=4 Hz), 4.83 (1H, d, J=2.5 Hz), and 5.03 (1H, d, J=3 Hz); !3C NMR: § -5.4,
-5.3, 16.4, 17.1, 18.6, 20.1, 22.1, 23.0, 24.5, 26.1 (3C), 28.4, 29.6, 33.7, 36.4, 48.5, 50.7, 51.2, 59.0,
64.7,71.7, 71.8, 72.5, 74.7, 105.2, and 161.8; IR: v 3450, 2950, 1640, 1460, 1360, 1240, 1080, and 820
cmrl. Anal. Caled. for Cy7Hs50048Si: C, 69.48; H, 10.80%. Found: C, 69.52; H, 10.76%], an anhydrous pyri-
dine solution (10 cm?) of which (198 mg, 0.42 mmol) was treated with MsCl (0.13 cm3) and stirred for 12 h.
The mixture was then treated with aq. NaHCO3 and extracted with ether. The organic extract was washed with
aq. NaCl, dried over MgSOQy, and evaporated in vacuo. The residue thus obtained was chromatographed on a
silica gel column to give 11d [a colorless oil; 'H NMR: & 0.035 (3H, s), 0.041 (3H, s), 0.76 (3H, d, J=7 Hz),
0.89 (9H, s), 0.99 (6H, d, J=6.5 Hz), 1.22 (3H, s), 1.22-1.48 (3H, m), 1.52-1.74 (3H, m), 1.94-2.08 (2H,
m), 2.33-2.46 (2H, m), 2.39 (1H, m), 2.74 (1H, m), 3.04 (3H, s), 3.34 (1H, dd, J=10.0, 7.0 Hz), 3.43
(3H, s), 3.68 (1H, dd, J=10, 3.5 Hz), 3.70 (1H, d, J=11.5 Hz), 4.05 (1H, d, J=11.5 Hz), 4.93 (2H, m), and
5.37 (1H, s)].

Finally, to liquid NH3 (30 cm3) was added Na (11 mg, 0.42 mmol) and FeCl3 (cat. amount) at -78 °C.
After the resultant blue coloration was fade away, the solution was treated with Ca (30 mg, 0.70 mmol) while
stirring. The solution was diluted with THF (10 cm3) and was treated with an anhydrous THF solution (4 cm3)
of 11d (78 mg, 0.14 mmol) for 2 h. The mixture was then treated with PhCOONa and stirred further 8 h.
From the mixture, the most of NH3 was removed by vaporization and the residue was diluted with ag. NaHCO3
and extracted ether. The organic extract was dried over MgSO4 and evaporated in vacuo. The residue was chro-
matographed on a silica gel column to give 12a [a colorless oil, 46 mg, 72%; [o]f§ +40° (c 0.25, CHCl3); MS
m/z(%), 450 (M+, 100); 'H NMR: & 0.03 (6H, s), 0.78 (3H, d, J=7 Hz), 0.89 (9H, s), 0.92 (3H, d, J=7 Hz),
0.98 (3H, d, J=6.5 Hz), 1.19 (3H, s), 1.36-2.05 (10H, m), 2.26 (1H, br s, OH), 2.47 (1H, m), 3.04 (1H, br
m), 3.30 (2H, s), 3.36 (1H, dd, J=9.5, 7 Hz), 3.40 (3H, s), 3.54 (1H, dd, J=9.5, 3.5 Hz), 4.80 (1H, d, J=2
Hz), 4.90 (1H, d, /=3 Hz), and 5.64 (1H, d, J=2 Hz); 13C NMR: & -5.42, -5.37, 16.3, 16.4, 18.4, 22.0,
23.2, 25.96 (4C), 26.02, 28.8, 35.5, 38.2, 39.2, 42.5, 48.7, 49.7, 59.4, 65.8, 79.7, 81.5, 105.2, 135.5,
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145.6, and 162.9; IR: v 3450, 2950, 2850, 1460, 1250, 1100, and 820 cm-!. Anal. Calcd. for C27H5003Si:
C, 71.94; H, 11.18%. Found: C, 71.76; H, 11.06%], together with 12i [a colorless oil, 5 mg, 10%; 'H
NMR: § 0.04 (6H, s), 0.78 (3H, d, J=7 Hz), 0.90 (9H, s), 0.96 (3H, d, J=6.5 Hz), 0.98 (3H, d, J=6.5 Hz),
1.23 (3H, s), 1.25-1.85 (8H, m), 1.95-2.08 (2H, m), 2.13-2.25 (1H, m), 2.55-2.70 (2H, m), 3.29 (1H, 4,
J=9.5 Hz), 3.36 (1H, m), 3.38 (3H, s), 3.53 (1H, d, J=9.5 Hz), 3.59 (1H, dd, J=10, 4 Hz), 4.80 (1H, d,
J=2.5 Hz), 4.97 (1H, d, J=3 Hz), and 5.61 (1H, d, J=2 Hz)), a geometrical (Z-) isomer at the C1=C;.

Conversion of 12a into 16-Methoxy-3a-(trimethylsilyloxy)-8,9-secofusicocca-1,9-dien-
8-0l (12d), via 16-Methoxy-8,9-secofusicocca-1,9-dien-30,8-diol (12b) and 16-Methoxy-
3a,8-di(trimethylsilyloxy)-8,9-secofusicocca-1,9-diene (12¢). An anhydrous THF solution (7
cm?3) of 12a (80 mg, 0.19 mmol) was treated with BusNF (1 M solution in THF; 0.3 cm?3) at room temperature
for 4 h. The mixture was then extracted with ether and subsequently chromatographed on a silica gel column to
give 12b [a colorless oil, 55 mg, 84%; [a]}} +86.9° (c 1.75, CHCl3); 'H NMR: § 0.78 (3H, d, /=7 Hz), 0.92
(3H, d, J=7 Hz), 0.98 (3H, d, J=7 Hz), 1.22 (3H, s), 1.35-2.10 (12H, m), 2.49 (1H, m), 3.04 (1H, m),
3.32 (1H, d, J= 9.5 Hz), 3.35 (1H, dd, J=11, 6.5 Hz), 3.39 (1H, d, /=9.5 Hz), 3.39 (3H, s), 3.57 (1H, dd,
J=11, 6 Hz), 4.82 (1H, d, J=2.5 Hz), 4.91 (1H, d, J=3 Hz), and 5.65 (1H, d, J=2 Hz); 13C NMR (CsDs): &
16.6, 16.7, 22.1, 23.4, 24.9, 26.0, 29.1, 36.2, 39.3, 39.8, 43.2, 48.9, 49.9, 59.0, 65.4, 78.8, 81.8, 105.4,
135.4, 146.6, and 163.3].

Then, an anhydrous pyridine solution (7 cm3) of 12b (55 mg, 0.16 mmol) and TMSCI (0.1 cm3, 0.8
mmol) was stirred at room temperature for 12 h, and the mixture was extracted with ether and chromatogrpahed
on a silica gel column to give 12¢ [a colorless oil, 71 mg, 92%; [a]}g +15.4° (¢ 0.65, CHCl3); lH NMR: &
0.08 (9H, s), 0.09 (9H, s), 0.78 (3H, d, J=7 Hz), 0.92 (3H, d, J=7 Hz), 0.98 (3H, d, J=7 Hz), 1.18 (3H, s),
1.37-2.05 (10H, m), 2.47 (1H, m), 2.93 (1H, m), 3.12 (1H, d, J=10 Hz), 3.21 (1H, d, J=10 Hz), 3.26 (1H,
dd, J=9.5, 8 Hz), 3.35 (3H, s), 3.52 (1H, dd, J=9.5, 3.5 Hz), 4.77 (1H, d, J=2.5 Hz), 4.90 (IH, d, J=3
Hz), and 5.61 (1H, d, J=2 Hz); 13C NMR: & -0.5 (3C), 2.2 (3C), 16.3, 16.5, 22.0, 23.2, 25.3, 25.5, 28.9,
34.4, 38.0, 38.9, 42.0, 48.3, 49.6, 59.2, 65.0, 79.1, 84.9, 104.8, 135.0, 145.3, and 163.6].

Finally, a moistened THF solution (8 cm3) of 12¢ (71 mg, 0.14 mmol) and PPTS (a catalytic amount)
was stirred at room temperature for 4 h. Chromatographic purification of the mixture through a silica gel column
afforded 12d [a colorless oil, 50 mg, 86%; [a]%’ +35.0° (¢ 1.20, CHCI3); 'H NMR: 5 0.09 (9H, s), 0.79
(3H, d, J=7.0 Hz), 0.90 (3H, d, /=7.0 Hz), 0.99 (3H, d, J=7.0 Hz), 1.22 (3H, s), 1.40-2.05 (10H, m), 2.19
(1H, m), 2.51 (1H, m), 2.94 (1H, m), 3.22 (1H, d, J=9.5 Hz), 3.29 (1H, dd, J=11, 6 Hz), 3.33 (1H, d,
J=9.5 Hz), 3.35 (3H, s), 3.56 (1H, dd, J=11, 6.5 Hz), 4.80 (1H, d, J=2.5 Hz), 491 (1H, d, J=3 Hz), and
5.63 (1H, d, J=2.5 Hz); 13C NMR: 5 2.3 (3C), 16.4, 16.8, 22.0, 23.2, 23.3, 26.1, 28.9, 35.5, 38.4, 38.8,
42.8, 48.2, 49.7, 59.1, 65.3, 77.6, 85.0, 104.7, 135.3, 145.2, and 164.3].

Conversion of 12d into 16-Methoxy-3o-trimethylsilyloxy-8,9-secofusicocca-1,9-dien-8-
al (13). To an anhydrous CH,Cl solution (10 cm3) of 12d (50 mg, 0.12 mmol) was added Molecular
Sieves (4A, 100 mg) and PDC (70 mg, 0.18 mmol) under an N, atmosphere and stirred for 12 h. The mixture
was then diluted with ether and passed a short Florisil column, and the filtrate was evaporated in vacuo. The
residue was chromatographed on a silica gel column to give 13 [a colorless oil, 35 mg, 70%; 'H NMR: § 0.09
(9H, s), 0.80 (3H, d, J=6.5 Hz), 0.98 (3H, d, J=7 Hz), 0.99 (3H, d, /=7 Hz), 1.23 (3H, s), 1.20-1.35 (2H,
m), 1.40-1.75 (3H, m), 1.75-2.05 (4H, m), 2.47 (1H, m), 2.94 (1H, qd, J=7, 6.5 Hz), 3.14 (1H, m), 3.15
(1H, d, J=9.5 Hz), 3.19 (1H, d, J=9.5 Hz), 3.32 (3H, s), 4.80 (1H, d, J=2.5 Hz), 491 (1H, d, J=3 Hz),
5.75 (1H, d, J=2.5 Hz), and 9.61 (1H, d, J=1 Hz); 13C NMR: & 2.3 (30), 12.2, 164, 21.9, 23.1, 24.9, 27.3,
28.9, 34.8, 38.0, 41.7, 48.1, 49.1, 49.7, 59.1, 78.4, 84.6, 105.3, 135.9, 144.2, 162.9, and 206.5].

Intramolecular Ene Reaction of 13 to 16-Methoxy-3a-(trimethylsilyloxy)fusicocca-
1,10(14)-dien-8u-ol (14). A xylene solution (8 cm3) of 13 (32 mg, 0.078 mmol) was degassed and
sealed in a pressure bottle containing Na;CO3 (30 mg) and heated in an autoclave at 160 °C for 24 h. The
mixture was then chromatographed on a silica gel column to give 14 [a colorless oil, 29 mg, 90 %; IH NMR: §
0.07 (9H, s), 0.86 (3H, d, J=7 Hz), 0.96 (3H, d, J=7 Hz), 0.98 (3H, d, J=7 Hz), 1.18 (3H, s), 1.40 (1H,
m), 1.60-2.22 (9H, m), 2.31 (1H, dq, J=14.5, 3 Hz), 2.61 (1H, dd, J=14.5, 9.5 Hz), 2.85 (1H, sept, J=7
Hz), 3.21 (1H, d, J=10.5 Hz), 3.31 (1H, d, J=10.5 Hz), 3.35 (1H, m), 3.37 (3H, s), 3.64 (1H, br m), and
5.48 (1H, d, J=2 Hz); 13C NMR: 5 2.3 (3C), 13.7, 204, 21.2, 27.27, 27.30, 27.5, 29.0, 32.5, 35.7, 36.5,
40.8, 45.7, 53.3, 59.3, 73.2, 78.8, 85.3, 133.6, 135.0, 141.5, and 143.8].



3930 N. KATO et al.

Oxidation of 14 to 16-Methoxy-3a-(trimethylsilyloxy)fusicocca-1,10(14)-dien-8-one
(15). A CH)CI; solution (7 cm3) of 14 (47 mg, 0.11 mmol) with Molecular Sieves (4A, 70 mg) was treated
with PDC (65 mg, 0.17 mmol) and stirred for 12 h. The mixture was then diluted with ether and passed a short
Florisil column. The filtrate was evaporated in vacuo, and the residue was chromatographed on a silica gel
column to give 15 [a colorless oil, 27.0 mg, 70%. 'H NMR: 5 0.08 (9H, s), 0.97 (3H, d, J=7 Hz), 0.98 (3H,
d, J=7 Hz), 0.99 (3H, d, J=7 Hz), 1.11 (3H, s), 1.25-1.54 (3H, m), 1.72-1.89 (3H, m), 2.09 (1H, m), 2.26
(2H, tm, J=6.5 Hz), 2.72 (1H, sept, J=7 Hz), 2.81 (1H, dt, J=15.5, 2 Hz), 3.00 (1H, dd, J=10.5, 1 Hz),
3.11 (1H, d, J=10.5 Hz), 3.21 (1H, d, J=15.5 Hz), 3.25 (1H, m), 3.35 (3H, s), and 5.51 (1H, d, J=2 Hz);
13C NMR: § 2.3 (3C), 12.5, 20.2, 21.0, 26.6, 27.26, 27.31, 27.7, 34.2, 39.8, 40.5, 40.8, 45.4, 52.2, 59.3,
78.2, 85.1, 133.8, 134.0, 143.5, 144.9, and 213.4] and a seco-dialdehyde 16 [a colorless oil, 6 mg, 15%; 'H
NMR: § 0.10 (9H, s), 0.99 (3H, d, J=7 Hz), 1.08 (3H, d, J=7 Hz), 1.10 (3H, d, J=7 Hz), 1.38 (3H, s) 1.55~
1.95 (4H, m), 2.02 (1H, m), 2.22-2.38 (2H, m), 2.55-2.63 (2H, m), 2.90 (1H, qd, J=7, 6.5 Hz), 3.13 (1H,
d, J=10 Hz), 3.18 (1H, d, J=10 Hz), 3.31 (3H, s), 3.43 (1H, sept, J=7 Hz), 5.91 (1H, d, J=3 Hz), 9.49 (1H,
d, J=1 Hz), and 9.91 (1H, s)].

Oxidation of 15 to 9a-Hydroxy-16-methoxy-3o-(trimethylsilyloxy)fusicocca-1,10(14)-
dien-8-one and 9p-Hydroxy-16-methoxy-3a-(trimethylsilyloxy)fusicocca-1,10(14)-dien-8-
one (17 and 18). To an anhydrous THF solution (10 cm3) of LiBu (3.4 cm3, 5.4 mmol in hexane) was
introduced (TMS),NH (1.3 cm3) at -78 °C. To the mixture, 15 (25 mg) was added in drop by drop at -78 °C
and stirred for another 1 h. The mixture was then treated with MoOPH (304 mg, 0.7 mmol) at —40 °C and
continued stirring for further 1 h. The mixture was then treated with NaHSO3 and extracted with ether. The
organic extract was washed with ag. NaHCO3, water, and aq. NaCl, dried over MgSOy, and evaporated in
vacuo. The residue was chromatographed on a silica gel column to give 17 [colorless needles, m.p. 87-88 °C,
10.0 mg, 44%; 1H NMR: § 0.10 (SH, s), 0.81 (3H, d, J=6.5 Hz), 1.00 (3H, d, J=6.5 Hz), 1.08 (3H, d,
J=7.5 Hz), 1.32 (3H, s), 1.49 (1H, m), 1.76-2.24 (7H, m), 2.67 (1H, qd, J=7.5, 1.5 Hz), 2.75 (1H, sept,
J=6.5 Hz), 3.07 (1H, dd, J=10, 1 Hz), 3.23 (1H, tm, J=9 Hz), 3.31 (1H, d, J=10 Hz), 3.36 (3H, s), 3.80
(1H, br d, J=4.5 Hz, OH), 4.82 (1H, d, J=4.5 Hz), and 5.63 (1H, d, J=2.5 Hz); 13C NMR: 5 2.3 (3C), 13.5,
19.6, 21.1, 26.3, 27.1, 27.6, 30.3, 34.2, 39.1, 40.9, 50.1, 52.5, 59.2, 69.4, 77.5, 85.1, 133.3, 135.5,
139.8, 150.8, and 212.0] and 18 [a colorless oil, 6.5 mg, 28%; 'H NMR: § 0.06 (9H, s), 1.05 (3H, d, J=7
Hz), 1.06 (3H, d, J=7 Hz), 1.11 (3H, s), 1.12 (3H, d, J=6.5 Hz), 1.51-2.05 (6H, m), 2.20-2.26 (2H, m),
2.85 (1H, qd, J=6.5, 6 Hz), 3.00 (1H, sept, J=7 Hz), 3.15 (1H, d, J=10.5 Hz), 3.25 (IH, d, J=10.5 Hz),
3.36 (3H, s), 3.76 (1H, m), 3.90 (1H, br d, J=3.5 Hz, OH), 5.10 (1H, d, J=3.5 Hz), and 5.43 (1H, d, J=2.5
Hz); 13C NMR: & 2.3 (3C), 10.8, 20.5, 21.6, 27.0, 27.4, 27.5, 28.0, 35.7, 38.3, 41.8, 47.4, 52.6, 59.2,
72.8, 78.2, 84.8, 134.6, 135.3, 143.7, 151.0, and 213.3].

Reduction of 17 with Sodium Triacetoxyborohydride to 16-Methoxy-3a-(trimethylsilyl-
oxy)fusicocca-1,10(14)-dien-83,9a-diol (19) and 16-Methoxy-3a-(trimethylsilyloxy)fusicoc-
ca-1,10(14)-dien-8a,9c-diol (20). To an anhydrous THF solution (4 cm3) of 17 (10.0 mg) was
added NaBH(OAc)3 (10. 5 mg) gradually at room temperature and stirred for 12 h under an N, atmosphere.
The mixture was then diluted with aq. NaHCOj3 and extracted with ether. The organic extract was evaporated in
vacuo, and the silica gel column chromatography of the residue afforded 19 [a colorless oil, 4.5 mg, 70%; 1H
NMR: 5 0.09 (9H, s), 0.82 (3H, d, J=7.5 Hz), 0.95 (3H, d, J=6.5 Hz), 1.04 (3H, d, J=6.5 Hz), 1.21 (3H,
s), 1.40 (1H, m), 1.67 (1H, m), 1.77 (1H, br s), 1.79-1.98 (4H, m), 2.05-2.15 (3H, m), 2.82 (1H, td, J=7,
2 Hz), 2.91 (1H, dd, J=10.5, 1.5 Hz), 2.95 (1H, br s), 3.28 (1H, sept, /=7 Hz), 3.29 (1H, d, J=10.5 Hz),
3.36 (3H, s), 3.92 (1H, dd, J= 10, 4 Hz), 4.09 (1H, d, J=10 Hz), and 5.40 (1H, d, J=2.5 Hz); 13C NMR: &
2.2 (3C), 8.0, 20.4, 21.4, 26.5, 27.0, 28.0, 31.2, 33.7, 39.8, 41.2, 42.7, 51.6, 59.3, 68.0, 77.2, 77.8,
85.3, 133.8, 136.8, 140.0, and 150.1] and 20 [a colorless oil, 1.5 mg, 24%: 'H NMR: 5 0.08 (9H, s), 0.83
(3H, d, J=7.5 Hz), 1.00 (3H, d, J=7 Hz), 1.03 (3H, d, J=7 Hz), 1.19 (3H, s), 1.43-2.25 (10H, m), 2.27
(1H, br d, J=5.5 Hz), 3.00 (1H, dd, J=10.5, 1.5 Hz), 3.19 (1H, tm, J=6 Hz), 3.29 (1H, d, J=10.5 Hz), 3.36
(3H, s), 3.44 (1H, sept, J=7 Hz), 3.82 (1H, br m), 4.36 (1H, br s), and 5.46 (1H, d, J=2.5 Hz); !3C NMR: &
2.3 (30), 13.1, 20.8, 22.6, 27.20, 27.24, 28.6, 31.0, 34.5, 34.6, 42.0, 42.2, 52.3, 59.3, 69.8, 77.7, 78.1,
85.3, 134.1, 135.3, 140.7, and 150.4].

Conversion of 19 to Cotylenol (1). An anhydrous THF solution (3 cm3) of 17 (6.0 mg) was
treated with BugNF (1 M solution in THF; 0.07 cm3) at room temperature for 4 h under an N3 atmosphere. The
mixture was then diluted with aq. NaHCO3 and extracted with ether. The organic extract was washed with aq.
NaCl, dried over MgSOy4, and evaporated in vacuo. Silica gel column chromatography of the residue afforded
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1 [colorless prisms, 5 mg, 100%, m.p. 160 °C (lit.!9 157-158 °C); [a]{§ —-30° (lit.1% -26°); IH NMR: 5 0.81
(3H, d, J=7.5 Hz), 0.96 (3H, d, J=7 Hz), 1.04 (3H, d, J=7 Hz), 1.22 (3H, s), 1.25-1.46 (2H, m), 1.69 (1H,
ddd, J=12.0, 10.0, 8.5 Hz), 1.78 (1H, br s, OH), 1.85 (1H, ddd, J=12, 6, 3 Hz), 1.90-2.22 (SH, m), 2.53
(1H, br s, OH), 2.94 (1H, td, J=8.5, 2.5 Hz), 2.96 (1H, br s, OH), 3.09 (1H, dd, /=9.5, 1 Hz), 3.27 (1H,
sept, J=7 Hz), 3.36 (1H, d, J=9.5 Hz), 3.41 (3H, s), 3.94 (1H, dd, J=10, 4.5 Hz), 4.07 (1H, d, J=10 Hz),
and 5.52 (1H, d, J=2.5 Hz); 13C NMR: 5 8.4, 20.3, 21.5, 26.5, 27.1, 28.1, 31.6, 35.3, 40.2, 41.7, 42.5,
51.8, 59.3, 67.9, 77.4, 77.5, 82.0, 134.3, 136.9, 139.7, and 150.4].

Computational Analysis of the Ene Reaction of 13 to 14. The semi-empirical molecular or-
bital calculations were performed with MNDO/PM328 implemented in the MOPAC ver.6.10 program included
in the CAChe system30 (SONY-Tektronix). The structures of the transition states for the model of 13 were
optimized by 'TS' with 'PRECISE' option, and it was confirmed that both TSA and TSB have only one
imaginary frequency by vibrational-frequéncy-calculation analyses (1289.4 i cm! for TSA and 1760.9 i cm™!
for TSB).

Sincere thanks are due to Professor Takeshi Sassa, Yamagata University, for generous gift of natural
cotylenol and an authoritative identification of both samples with respects of NMR spectral comparisons.

References and Notes

1 A part of this study has been published: Okamoto, H.; Arita, H.; Kato, N.; Takeshita, H. Chem. Lett.,
1994, 2335.

2 Sassa, T. J. Agr. Biol. Chem., 1972, 36, 2037; Spérle, J.; Becker, H.; Gupta, M. P.; Veith, M.; Huch,
V. Tetrahedron, 1989, 45, 5003.

3 Ballio, A.; Brufani, M.; Casinovi, C. G.; Cerrini, S.; Fedeli, W.; Pellicciari, R.; Santurbano, B.; Vaci-
ago, A. Experientia, 1968, 24, 631; Barrow, K. D.; Barton, D. H. R;; Chain, E. B.; Ohnsorge, U. F.
W.; Thomas, R. Chem. Commun., 1968, 1198.

4  Nozoe, S.; Morisaki, M.; Tsuda, K.; litaka, Y.; Takahashi, N.; Tamura, S.; Ishibashi, K.; Shirasaka, M.
J. Am. Chem. Soc., 1965, 87, 4968, Canonica, L.; Fiecchi, A.; Kienle, M. G.; Scala, A. Tetrahedron
Lett., 1966, 1329; litaka, Y.; Watanabe, 1.; Harrison, 1. T.; Harrison, S. J. Am. Chem. Soc., 1968,
90, 1092; Rios, T.; Quijano, L. Tetrahedron Lett., 1969, 1317; Rios, T.; Gomez, F. Tetrahedron Lett.,
1969, 2929.

5  Kato. N.; Tanaka, S.; Kataoka, H.; Takeshita, H. Chem. Letz., 1987, 2295; Kato, N.; Takeshita, H.;
Tanaka, S.; Kataoka, H. J. Chem. Soc., Perkin Trans. 1, 1989, 1833.

6 Kato, N.; Kusakabe, S.; Wu, X.; Kamitamari, M.; Takeshita, H. J. Chem. Soc., Chem. Commun.,

1993, 1002.

Kato, N.; Wu, X.; Nishikawa, H.; Takeshita, H. Synlert, 1993, 293.

Piers, E.; Renaud, J. J. Org. Chem., 1993, 58, 11. .

Kato, N.; Tanaka, S.; Takeshita, H. Chem. Lert., 1986, 1989; Kato, N.; Tanaka, S.; Takeshita, H.

Bull. Chem. Soc. Jpn., 1988, 61, 3231.

10 Kato, N.; Wu, X.; Tanaka, S.; Takeshita, H. Chem. Lett., 1989, 91; Kato, N.; Wu, X.; Tanaka, S.;
Takeshita, H. Bull. Chem. Soc. Jpn., 1990, 63, 1729.

11 Boeckman, R. K. Jr.; Arvanitis, A.; Voss, M. E. J. Am. Chem. Soc., 1989, 111, 2737; Paquette, L.
A.; Wang, T.-S.; Vo, N. H. J. Am. Chem. Soc., 1993, 115, 1676.

12 Kato, N.; Kataoka, H.; Ohbuchi, S.; Tanaka, S.; Takeshita, H. J. Chem. Soc., Chem. Commun., 1988,
354; Kato, N.; Takeshita, H.; Kataoka, H.; Ohbuchi, S.; Tanaka, S. J. Chem. Soc., Perkin Trans. 1,
1989, 165.

13 Rowley, M.; Tsukamoto, M.; Kishi, Y. J. Am. Chem. Soc., 1989, 111, 2735.

14 Takeshita, H.; Kato, N.; Nakanishi, K.; Tagoshi, T.; Hatsui, T. Chem. Lett., 1984, 1495; Kato, N.;
Nakanishi, K.; Takeshita, H. Bull. Chem. Soc. Jpn., 1986, 59, 1109.

15 Sassa, T. Agr. Biol. Chem., 1970, 34, 1588; Sassa, T. Agr. Biol. Chem., 1971, 35, 1415; Sassa, T.
Togashi, M.; Kitaguchi, T. Agr. Biol. Chem., 1975, 39, 1735.

16 Barrow, K. D.; Barton, D. H. R.; Chain, E.; Ohnsorge, U. F. W.; Sharma, R. P. J. Chem. Soc., Perkin
Trans. 1,1973, 1590.

17 Ballio, A.; De Michelis, M. L; Lado, P.; Randazzo, G. Physiol. Plant., 1981, 52, 471.

O 00 )



13932

18

19

20

21
22

23
24
25

26
27
28
29
30

N. KATO et al.

Ballio, A.; Castellano, S.; Cerrini, S.; Evidente, A.; Randazzo, G.; Segre, A. L. Phytochemistry, 1991,
30, 137.

Sassa, T.; Negoro, T.; Ueki, H. Agr. Biol. Chem., 1972, 36, 2281; Sassa, T.; A. Takahama, A.;
Shindo, T. Agr. Biol. Chem., 1975, 39, 1729.

For the nomenclature of the compounds, numberings of the carbons are adopted throughout after the
biogenetic ground of iridanes, secofusicoccanes, and fusococcanes; the latter two imply those having the
same stereochemistries for the ring junctures with the natural products, and o- and B-orientations were
adopted for the substituents when it is appropriate to do so.

Kato, N.; Okamoto, H.; Arita, H.; Imaoka, T.; Miyagawa, H.; Takeshita, H. Synlett, 1994, 337.

For further examples of total syntheses of other terpenoids having 5-8-5-membered tricyclic skeleton, see,
Kato, N.; Wu, X.; Nishikawa, H.; Nakanishi, K.; Takeshita, H. J. Chem. Soc., Perkin Trans. 1, 1994,
1047; Jamison, T. F.; Shambayati, S.; Crowe, W. E.; Schreiber, S. L. 7. Am. Chem. Soc., 1994, 116,
5505, and references cited therein.

Kato, N.; Kamitamari, M.; Naganuma, S.; Arita, H.; Takeshita, H. Heterocycles, 1990, 30, 341.
Sharpless K. B.; Michaelson, R. C. J. Am. Chem. Soc., 1973, 95, 6136.

Katsuki T.; Sharpless, K. B. J. Am. Chem. Soc., 1980, 102, 5974; Gao, Y.; Hanson, R. M.; Klunder,
J. M.; Ko, S. Y.; Masamune, S.; Sharpless, K. B. J. Am. Chem. Soc., 1987, 109, 5765.

Okude, Y.; Hirao, S.; Hiyama, T.; Nozaki, H. J. Am. Chem. Soc., 1977, 99, 3179.

Rabideau, P. W.; Harvey, R. G. J. Org. Chem., 1970, 35, 25.

Stewart, J. J. P. J. Comp.-Aided Mol. Des., 1990, 4, 1.

Vedejs E.; Larsen, S. Org. Syn., Coll. Vol. VII, 1990, 277.

Licensed from CAChe Scientific Inc. (Beaverton, Oregon, USA).

(Received in Japan 19 October 1995; accepted 12 January 1996)



