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Total Synthesis of (+)-Antrocin and Its Diastereomer and Clarifica-

T Department of Applied Chemistry, National Chi Nan University, 1 University Road, Puli, 545 Nantou, Taiwan

$Department of Medicinal and Applied Chemistry, Kaohsiung Medical University, 80708 Kaohsiung, Taiwan

ABSTRACT: Using 2,2-dimethyl cyclohexanone as the starting compound, (+)-antrocin and its diastereomer have been synthe-
sized. The absolute stereochemistry of (-)-antrocin, a natural sesqui-terpenoid and an antagonist in some types of cancer cells, was
clarified using the character data of (+)-antrocin. The synthetic procedure involved two key steps: (1) the reaction of vinyl magne-
sium bromide with 2,2-dimethyl-6-z-butyl-dimethyl-silyoxy-methyl-1-cyclo-hexanone to give a vinyl cyclohexanol derivative and
(2) a highly stereoselective intramolecular Diels-Alder (IMDA) reaction of the camphanate-containing triene intermediate. The
relative energy levels of the possible transition states of the IMDA reaction of the camphanate-containing triene were obtained from

tion of molecule C,"' which is expected to be prepared from in-
termediate D. After molecule E is obtained, intermediate D can be
prepared through the reaction of E with a Grignard reagent, fol-
lowed by conversion of a functional group. Thus, the commercial-
ly available compound F should be the precursor of the target
molecule. Herein, we report the total synthesis of (+)-antrocin as
well as a clarification of the absolute stereochemistry of (-)-
antrocin, a natural bioactive sesqui-terpenoid.

H S
COH COH
(-)-Antrocin (1) Nivenolide Pinusolidic acid

Figure 1. Molecular structures of some terpenoids isolated from
the fruit of Antrodia camphorata.
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38 INTRODUCTION

39

40 Traditionally, Antrodia camphorate (also called “Niu-Zarng

41 Jee”), a fungus that uniquely grows on the withered inner shell of

42 a Taiwanese lauraceous tree called “Niu-Zarng”, is utilized as a

43 mull_tsi-functional folk medicine for .the treatment of various diseas-

a4 es. Two Qecadgs ago, (-).-antrocm (1, F11g7 1), one of the terpe-
noids contained in Antrodia camphorata,”’ was first isolated by

45 Chiang et al.,’ who further identified its relative molecular stereo-

46 structure based on its ORTEP diagram. Recently, antrocin was

47 proven to be a potent antagonist in several types of cancer cells,

48 especially in MDA-MB-231 breast cancer cells.® Currently, alt-

49 hough Antrodia camphorata is highly valuable in east Asia,’

50 “Niu-Zarng” trees are not readily available for several reasons,®

51 creating an urgent need fo.r the.synthe.sis. 01; antrocin, which has

52 demonstrated significant blologlgal activity. In 201.1, ang and
co-workers reported the synthesis of racemic antrocin via a cas-

53 cade reaction of a 1,7-diyne analog with nucleophiles, using gold

54 as the catalyst.'” To obtain enantiomerically pure antrocin for

55 medicinal purposes, we designed a synthetic route for the target

56 product, and this retro-synthesis is illustrated in Figure 2.

g; The tricyclic molecule B is one of the key intermediates and

59 may be furnished by the intramolecular Diels-Alder (IMDA) reac-

60
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RESULTS AND DISCUSSION

As shown in Scheme 1, formylation of commercially available
2,2-dimethyl cyclohexanone (3, i.e., compound F shown in Fig. 2)
gave keto-enol 4.'> Reduction of 4 by sodium borohydride pro-
vided a diol, of which the primary hydroxyl group was then pro-
tected with TBSCI to give secondary alcohol 5. Oxidation of 5§
with PCC furnished the cyclohexanone derivative 6. Reaction of
vinyl magnesium bromide with 6 afforded the tertiary alcohol 7."
The hydroxyl aldehyde 8 was then obtained after removal of the
tert-butyl dimethyl silyl group in 7, followed by oxidation of the
primary hydroxyl group.'*

sefscanle g
- = (T

Figure 2. Retro-synthetic analysis of antrocin.

The formyl group on 8 was further oxidized to a carboxylic ac-
id (Scheme 2),"* which immediately underwent esterification with
E-2-butenol camphanate (8a, Fig. 3)'®'7 in the presence of DCC
to produce the f-hydroxyl ester 9. Thionyl chloride was then em-
ployed for the dehydration of 9 to provide the key intermediate
10. The IMDA reaction of 10, using TEMPO as the catalyst, gave
the lactone 11 as a single product in good yield.'® Notably, none
of the stereoisomers of 11 was detected after the IMDA reaction.
Hydrogenation of 11 in methanol smoothly afforded the lactone
12 (Scheme 3). The individual absolute stereo-structures of 11
and 12 were confirmed by X-ray crystallography of the corre-
sponding single crystals. Treatment of 12 with sodium carbonate
furnished the hydroxyl lactone 13. Iodination of 13 followed by
an elimination produced alkene 2, which turned out to be a dia-
stereomer of (-)-antrocin.

Scheme 1. Synthesis of the aldehyde 8.
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Although compound 2 was not the original target molecule, our
synthetic strategy for the natural product appeared to be feasible.
Thus, to obtain natural (-)-antrocin, Z-2-butenol camphanate'®
(8b, Fig. 3) was adopted as one of the reactants for the preparation
of the new key intermediate. As shown in Scheme 4, reaction of
8b with the crude acid given by the oxidation of 8 provided the /-

hydroxyl ester 14. Dehydration of 14 under the same conditions as
for that of 9 furnished the triene 15. The lactone 16, a stereoiso-
mer of 11, was then obtained from the IMDA reaction of 15. Sim-
ilar to the case of intermediate 10, none of the stereoisomers of 16
was detected after the reaction.

% N
JJ oo Ho_/°

8a 8b

O

Figure 3. Molecular structures of 8a and 8b.
Scheme 2. Synthesis of lactone 11.
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Scheme 3. Synthesis of alkene 2.
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1. 15, PPhg, imidazole, CH,Cly, rt

2. t-BuOK, THF, rt
65% for 2 steps

For the hydrogenation of 16, the same conditions as for that of
11 were employed at first. Unexpectedly, however, the lactone 17
(Scheme 5) was exclusively obtained in good yield. Starting from
17, compound 2 was then again provided in three steps: hydroly-
sis, iodination and elimination.'” Thus, at this stage,® platinum
dioxide instead of Pd/C was adopted as the catalyst for the hydro-
genation of 16 in order to obtain the exact target molecule.@
Indeed, the reaction smoothly afforded the lactone 18 as the only
product. Diastereospecific hydrogenations of compounds 11 and
16 in the presence of Pd/C to give 12 and 17, respectively, could
be attributed to a directing effect between the catalyst and the
lactone moiety, which is oriented B-face.””® On the other hand,
hydrogenation of 16 in the presence of PtO, to give stereospecific
18 was probably due to the steric hindrance caused on the -face
by the substituents on the ring.?® Finally, the target molecule,
compound (+)-1, was furnished after the same three reactions
were carried out starting from 18. Surprisingly, the sign of the
optical rotation of product (+)-1 was found to be positive, whereas
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the "H-NMR and "*C-NMR spectral data of (+)-1 were in excel-
lent agreement with those of the natural product reported in the
literature.>*' As illustrated in Figure 4, upon comparison of the

optical rotation ([a]p = -112, C1.0, CHCls) of antrocin isolated by

Chang and coworkers® with that ([a]p = +116, C0.6, CHCl;) of

product (+)-1 synthesized by us, the absolute stereo-structure of
each of the two isomers was accordingly clarified.

Scheme 4. Synthesis of intermediate 16.

o 1.NaClO,, NaH,PO,,, 0 Y
2-Methyl-butene, 0 socl
H acetone/H,0, rt —»2
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P 14
N 2 R
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Scheme 5. Synthesis of (+)-antrocin 1.
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90% 4 55% for 3 steps 4

18 (+)1

To explore the theoretical basis for why only one isomer was
furnished by the IMDA reaction of the triene 10, on which an (E)-
2-butene moiety is the dienophile, the spatial features of all possi-
ble transition states (TS1 ~ TS4) were considered and are illus-
trated in Figure 5(a). Conformations TS2 and TS3 are unstable
because of the A-strain. In addition, TS4 is also unstable due to
the steric effect between the chiral auxiliary (Xc) and ring meth-
ylene moiety, and/or that between Xc and pseudo-equatorial me-
thyl group. It was hypothesized that TS1 exclusively exists in exo-
cycloaddition mode.” Thus, the diastereomer 11 rather than iso-
11 was furnished by the reaction.

~
Y 3
; ; H
natural (-)-1 synthetic (+)-1
[alp = -112° [a]p= +116°
(¢ 1.0, CHCl3) (c 0.6, CHCI3)

Figure 4. Comparison of the absolute stereo-structure of natural
(-)-1 with that of synthetic (+)-1.

On the other hand, the stereospecific formations of product 16
obtained from the IMDA reaction of triene 15, on which a (2)-2-
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butene moiety is the dienophile, might be attributable to the spa-
tial features of transition states TSS ~ TS8 illustrated in Figure
5(b). It is speculated that TS7 and TS8 should not exist because of
the large steric effect caused by the chiral auxiliary (Xc) and the
vinyl moiety of diene, and the repulsion effect between the two
carbonyl groups. Therefore, iso-16 could not be obtained at all
from the reaction, and the reaction exclusively provided 16 via
TSS, a predominant conformer compared to TS6.

To gain a better understanding about each of the IMDA reac-
tions of 10 and 15, which can afford the corresponding stereospe-
cific products, the density functional theory (DFT) was thus per-
formed.? Tt has to be mentioned here that a recent paper reported
by Liptrot and Power demonstrated that the London dispersion
forces could considerably influence the stability, structure and
reactivity of molecules bearing large substituents.** Since it is
well-known that the B97-D3 functional®® can describe non-
covalent interactions (for instance, the London dispersion) suc-
cessfully,” computations were thus 2[B)erformed using the disper-
sion-corrected B97-D3/6-311G(d,p).” For each IMDA reaction,
as illustrated in Figure 6, the diene and dienophile moieties on the
reactant could interact at two different pairs of relative positions,
constructing one transition state with high free energy and the
other with low free energy. During the reaction of 10, according
to the calculation, the activation energy (16.8 kcal/mol) required
to produce 11 was much lower than that (30.7 kcal/mol) required
to produce iso-11, which was higher in Gibb’s free energy than
the former (11) by 0.9 kcal/mol as illustrated in Figure 6(a). On
the other hand, for the reaction of 15, compound 16 was exclu-
sively furnished via the pathway possessing transition state
TS(15-16), which was lower in free energy than transition state
TS(15-is0-16) by 12.1 kcal/mol as illustrated in Figure 6(b). Fur-
thermore, compound 16 was lower in Gibb’s free energy than
compound iso-16 by 1.6 kcal/mol. In addition, it is speculated that
there are two possible reasons for the difference in energy (Fig. 6)
between TS(10-11) and TS(10-iso-11): (1) in the latter, a signifi-
cant steric repulsion caused by the dienophile, which is connected
to the camphanate moiety, and the diene, which is attached to the
twisted six-membered ring (TS3 or TS4), as shown in Figure 5,
and (2) a large torsion of the dienophile moiety in TS(10-iso-11).
Two reasons, which are similar to the above, are for the difference
in energy (Fig. 6) between TS(15-16) and TS(15-ise-16). Fur-
thermore, on the basis of the self-consistent reaction field (SCRF)
method (SCRF = PCM)* in Gaussian programs,* corrections for
solvation in dielectric medium with the toluene dielectric constant
(e = 2.38)*" were utilized, whose theoretical data are also collect-
ed in Figure 6. As shown in Figure 6, it is apparent that the rela-
tive energies calculated with two methods for different systems,
i.e., B97-D3/6-311G(d,p) and B97-D3/6-311G(d,p) + PCM (sol-
vent = toluene)//B97-D3/6-311G(d,p) are quite similar to each
other. As a consequence, the relative activation energy levels
obtained computationally were in excellent agreement with the
aforesaid relative free energy levels of the possible transition
states illustrated in Figure 5, confirming the extremely high ste-
reo-selectivity of each reaction.

CONCLUSIONS

In conclusion, by starting with commercially available com-
pound, we achieved the total synthesis of (+)-antrocin and its
diastereomer. The highly stereo-selective IMDA reaction of each
triene intermediate (10 or 15) containing a camphanate group was
one of the crucial steps leading to the target molecule. DFT calcu-
lations of the activation energy of both reactions confirmed the
rationale for the formations of the stereo-specific products 11 and
16. The absolute stereo-structure of natural (-)-antrocin was final-
ized based on the optical rotation of (+)-antrocin, X-ray crystal-
lography of the key intermediates and NMR spectra.**%’
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Figure S. Structures of the possible transition states of the IMDA reactions of 10 and 15.
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Figure 6. Potential energy surfaces of the reactants (10 and 15), transition states, and cycloaddition products (11 and 16) at the B97-D3/6-
311G(d,p) level of theory. The solvent effect (SCRF= PCM, solvent = toluene) was utilized for the B97-D3/6-311G(d,p) + PCM (solvent =
toluene)//B97-D3/6-311G(d,p) method, whose computational data are given in the parentheses. (For more information, see the text).

EXPERIMENTAL SECTION

General Procedures. Reactions were carried out in round bot-
tom flasks fitted with rubber septa under argon. Crude product
solutions were dried on Na,SO,4 and concentrated with a rotary
evaporator below 40 °C at ~ 30 Torr. Silica gel column chroma-
tography was performed employing 230 - 400 mesh silica gel.
Proton nuclear magnetic resonance ('H NMR) and carbon nuclear
magnetic resonance (°C NMR) spectra were obtained using
Bruker Avance II (300 MHz) NMR spectrometer. Chemical shifts
(0 scale) are expressed in parts per million downfield from tetra-
methylsilane (& = 0.00). 1H NMR data are presented as follows:
chemical shift, multiplicity (s = singlet, br = broad singlet, d =
doublet, t = triplet, m = multiplet and/or multiple resonances),

coupling constant in Hz (Hertz), integration. High-resolution mass
spectra were determined on a Jasco JMS-HX 110 spectrometer.
Reactions were monitored by thin layer chromatography (TLC) on
Silicycle siliaplate™G TLC plates (F-254 indicator). The optical
rotation ([0]*’p) were recorded with a Jasco P-2000 polarimeter at
589 nm (sodium d-line) using thermostable optical glass cell (10
mm path length). HRMS measurements were performed using a
magnetic sector mass analyzer.

(Z)-6-(Hydroxymethylene)-2,2-dimethylcyclohexanone (4) '

To a stirred suspension of NaOMe (16.3 g, 302.85 mol) in dry
toluene (300 mL) was added dropwise 2,2-dimethylcyclo-
hexanone (20 g, 158.49 mmol) during 30 min at room temperature,
the mixture being stirred throughout this period. To this was added
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1
2 dropwise HCO,Et (34.9 mL, 406.58 mol) during 15 min at 0 °C
3 and the reaction mixture stirred for 12 h at room temperature be-
4 fore being poured into ice cooled water. The reaction mixture was
5 acidified with 10% HCI aq, extracted with EA (3 x 100 mL),
6 washed with water (3 x 50 mL). The combined organic phases
7 were washed with brine (100 mL), dried over anhydrous MgSO,,
8 and concentrated in vacuo. Purification by silica gel flash column
9 chromatography (EA-hexanes, 1:20) gave 4 (17.8 g, 73%):
10 'H NMR (200 MHz, CDCl;): & 8.68 (s, 1H), 2.32 (t, J = 6.3 Hz,
11 2H), 1.62—1.70 (m, 2H), 1.52 — 1.56 (m, 2H), 1.19 (s, 6H);
12 [1lit.”2® NMR (CDCls): & 14.40 (1H, broad, s), 8.54 (1H, s),
13 1.5-2.4 (6H), 1.18 (6H, 5)]. *C NMR (50 MHz, CDCl3): 5 190.4,
14 188.8,107.2,37.4,27.0,24.3,19.5.
15 Alcohol 5. To a stirred solution of 4 (15 g, 97.34 mmol) in
16 MeOH (150 mL) at 0 °C was added NaBH, (5.5 g, 14591
17 mol).The reaction mixture was allowed to stir for 1 h at 0 °C and
18 quenched with water. The reaction mixture was extracted with EA
;'8 (3 x 50 mL). The organic layers were combined, dried with anhy-
21 drous MgSO, and concentrated. The crude product was used for
22 the next step without purification. To a stirred solution of crude
23 diol (11.14 g, 70.38 mmol) in DMF (150 mL) was added imidaz-
24 ole (9.58 g, 140.71 mol) and TBDMSCI (15.9 g, 105.56 mol) at 0
25 °C. After stirring at room temperature for 5 h. The reaction mix-
26 ture was dilutes with water followed by extraction with EtOAc (3
27 x 50 mL). The combined organic layers were washed with brine
28 (100 mL), dried over anhydrous MgSO,, and concentrated in vac-
29 uo. Purification by silica gel flash column chromatography (EA-
30 hexanes, 1:20) gave 5 (24.3 g, 92% for 2 steps): IR (KBr): 3399,
31 2954, 2929, 2857, 1461, 1251, 1096 cm™; 'H NMR (300 MHz,
32 CDCl;): 6 4.09 (s, 1H), 3.68 (dd, J=9.9, 3.9 Hz, 1H), 3.56 (t, J =
33 9 Hz, 1H), 3.18 (d, /=9 Hz, 1H), 1.73—1.60 (m, 1H), 1.53—1.36
34 (m, 4H), 1.16—1.11 (m, 2H), 1.00 (s, 3H), 0.90 (s, 12H), 0.08 (s,
35 6H); *C NMR (75 MHz, CDCLy): § 83.1, 69.7, 40.5, 39.2, 35.5,
36 29.2,27.7,26.0,20.9, 18.6, 18.2, -5.4; Anal calcd for C,5H;,0,Si:
37 C, 66.11; H, 11.84; found: C, 66.35; H, 11.88.
38 Ketone 6. To a stirred solution of 5 (9 g, 33.24 mmol) in CH,Cl,
39 (100 mL) was added pyridinium chlorochromate (28.6 g, 132.94
40 mol) at room temperature. Stirring was continued at room temper-
41 ature until the starting material was disappeared on TLC. The
42 reaction mixture was diluted with CH,Cl, (100 mL) and washed
43 with water (3 x 50 mL). The orggnic layer was .drieq over aphy—
44 drous MgSO,, and concentrated in vacuo. Purification by silica
gel flash column chromatography (EA-hexanes, 1:40) gave 6 (7.7
45 g, 86%): IR (KBr): 2954, 2930, 2884, 2857, 1703, 1471, 1463,
46 1254, 1122, 1103, 1090 cm™'; '"H NMR (300 MHz, CDCLy): § 3.97
47 (dd, J=10.5, 4.5 Hz, 1H), 3.50 (dd, /= 10.2, 8.4 Hz, 1H), 2.78 —
48 2.67 (m, 1H), 2.38—2.29 (m, 1H), 1.87—1.63 (m, 3H), 1.59—
49 1.50 (m, 1H), 1.34—1.24 (m, 1H), 1.18 (s, 3H), 1.02 (s, 3H), 0.88
50 (s, 9H), 0.05 (s, 6H); *C NMR (75 MHz, CDCl;): 8 216.2, 62.9,
51 48.5, 45.5, 41.8, 31.8, 26.0, 25.4, 25.2, 21.2, 184, -52, -5.3;
52 HRMS (El/magnetic sector) m/z: [M]" caled for C,sH300,Si
53 270.2015; found 270.2012.
54 Vinly alcohol 7. To a solution of 6 (17.9 g, 66.32 mmol) in
55 THF (100 mL) was added vinyl magnesium bromide (12.54 g,
56 95.59 mmol). The mixture was stirred at room temperature for 1 h
57 and quenched with saturated aqueous NH,Cl solution (50 mL) at 0
58 °C. The system was extracted by CH,Cl, (3 x 50 mL). The com-
59 bined organic layers were washed with brine (100 mL), dried over
60
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anhydrous MgSQO,, and concentrated in vacuo. Purification by
silica gel flash column chromatography (EA-hexanes, 1:50) gave
7 (16.2 g, 80%): IR (KBr): 2936, 2860, 1471, 1464, 1389, 1257,
1084 cm™; "H NMR (300 MHz, CDCLy): § 5.86 (dd, J=17.1, 10.8
Hz, 1H), 5.43 (dd, J = 17.1, 2.4 Hz, 1H), 5.21 (dd, J = 10.5, 2.4
Hz, 1H), 3.98 (d, J = 2.7 Hz, 1H), 3.95 (s, 1H), 3.47 (dd, J = 9.6,
2.1 Hz, 1H), 2.05—1.79 (m, 2H), 1.68 —1.50 (m, 3H), 1.40—1.33
(m, 1H), 1.13—1.07 (m, 1H), 0.92 (s, 3H), 0.89 (s, 9H), 0.80 (s,
3H), 0.02 (s, 3H), 0.01 (s, 3H); '*C NMR (75 MHz, CDCl;): &
141.5, 114.6, 79.5, 67.0, 39.9, 37.6, 36.1, 25.9, 24.7, 24.6, 23.5,
21.7,18.2, -5.6, -5.7; HRMS (El/magnetic sector) m/z: [M]" calcd
for C17H340,Si 298.2328; found 298.2329.

Hydroxyl aldehyde 8. To a stirred solution of 7 (1.59 g, 5.33
mmol) in THF (80 mL) was added TBAF (1 M in THF, 10.6 mL,
10.6 mmol) at room temperature. The reaction mixture was stirred
for 12 h, then concentrated under reduced pressure. Purification
by silica gel flash column chromatography (EA-hexanes, 1:4)
gave corresponding alcohol S-1 (8.8 g, 80%): IR (KBr): 3322,
2980, 2865 1459, 1385, 1249, 1071, 1004cm’™’; 'H NMR (300
MHz, CDCly): 6 591 (dd, J = 17.4, 10.8 Hz, 1H), 5.37 (dd, J =
17.4, 1.8 Hz, 1H), 5.25 (dd, J = 10.8, 1.8 Hz, 1H), 3.89 (dd, J =
10.8, 2.1 Hz, 1H), 3.54 (d, /= 10.8 Hz, 1H), 2.77 (s, 1H), 2.30 (br,
1H), 1.90—1.84 (m, 1H), 1.81—1.71 (m, 2H), 1.64—1.55 (m,
2H), 1.53—1.47 (m, 1H), 1.20—1.14 (m, 1H), 0.95 (s, 3H), 0.79
(s, 3H); *C NMR (75 MHz, CDCly): & 141.0, 114.4, 80.1, 65.6,
40.0, 37.6, 36.0, 24.3, 24.2, 23.5, 21.3; HRMS (El/magnetic sec-
tor) m/z: [M]" caled for Cy1H,,0, 184.1463; found 184.1462.

To a stirred solution of the alcohol S-1 (4.4 g, 24.16 mmol) in
CH,Cl, (150 mL) was added PDC (36 g, 95.69 mmol) at room
temperature. The reaction mixture was stirred for 4 h. The reaction
mixture was diluted with CH,Cl, (240 mL) and washed with water
(3 x 80 mL). The organic layer was dried over anhydrous MgSOy,,
and concentrated in vacuo. Purification by silica gel flash column
chromatography (EA-hexanes, 1:5) gave 8 (3.9 g, 91%): IR (KBr):
2937, 2868, 1713, 1455, 1388, 1195 cm™; 'H NMR (300 MHz,
CDCl;): 6 9.72 (s, 1H), 5.99 (dd, J = 17.4, 7.4 Hz, 1H), 5.29 (m,
2H), 2.73 (m, 1H), 1.76 —1.61 (m, 5H), 1.26—1.21 (m, 1H), 0.99
(s, 3H), 0.86 (s, 3H); *C NMR (75 MHz, CDCL): § 206.3, 139.9,
115.2, 77.0, 52.0, 37.2, 35.3, 23.7, 23.1, 21.8, 20.3; HRMS (EI/
magnetic sector) m/z: [M]" caled for C;;H;50, 182.1307; found
182.1305.

Butenol camphanate 8a. To a stirred solution of trans-2-
butene-1,4-diol (1.7 g, 19.29 mmol) in CH,Cl, (50 mL) was added
(1S5)-(-)-camphanic chloride (4 g, 18.51 mmol) at room tempera-
ture. The mixture was stirred at room temperature for 4 h and
quenched with water (50 mL). The aqueous layer was extracted by
CH,Cl, (3 x 50 mL). The combined organic layers were washed
with brine (100 mL), dried over anhydrous MgSO,, and concen-
trated in vacuo. Purification by silica gel flash column chromatog-
raphy (EA-hexanes, 1:5) gave 8a (4.2 g, 82%): IR (KBr):3662,
2971, 1783, 1736, 1450, 1311, 1228 cm™; 'H NMR (300 MHz,
CDCl;): 8 6.00 — 593 (m, 1H), 5.88 — 5.81 (m, 1H), 4.73 (d, J =
5.7 Hz, 2H), 4.17 (d, J = 4.8 Hz, 2H), 2.42 (td, J = 11.4, 4.8 Hz,
1H), 2.07—1.95 (m, 2H), 1.93—1.87 (m, 1H), 1.72—1.63 (m,
1H), 1.10 (s, 3H), 1.05 (s, 3H), 0.95 (s, 3H); *C NMR (75 MHz,
CDCl,): 8 178.1, 167.1, 134.7, 123.5, 91.0, 65.2, 62.2, 54.6, 54.1,
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30.5, 28.7, 16.6, 9.5; HRMS (El/magnetic sector) m/z: [M]" calcd
for C14H»05 268.1311; found 268.1304.

Hydroxyl ester 9. To a stirred solution of 8 (3 g, 16.47 mmol)
in acetone/H,0 = 3:1 (40 mL) was added 2-methyl-butene (7 mL,
65.87 mmol), NaH,PO, (2.27 g, 16.45 mmol), and NaClO, (4.4 g,
49.42 mmol), and the mixture was stirred at room temperature for
4 h. Then the reaction mixture was diluted with EA (50 mL),
washed with ice cooled aqueous 0.1 M HCI and brine, then dried
over anhydrous MgSO, and concentrated in vacuo to give a crude
acid, which was directly used in next step.

To a stirred solution of the crude acid (2.44 g, 12.32 mmol) in
CH,Cl, (80 mL) was added 8a (3.04 g, 11.34 mmol), N,N'-
dicyclohexylcarbodiimide (4.6 g, 22.29 mmol), and DMAP (0.13
g, 1.06 mmol), and the mixture was stirred at room temperature
for 4 h. The mixture was filtered through celite and rinsed with
CH,Cl, (3 x 25 mL). The filtrate was washed with water (3 x 50
mL), brine (100 mL), dried over anhydrous MgSO,, and concen-
trated in vacuo. Purification by silica gel flash column chromatog-
raphy (EA-hexanes, 1:30) gave 9 (6.2 g, 73% for 2 steps): IR
(KBr): 3088, 2941, 1790, 1731, 1522, 1447, 1266 cm™'; 'H NMR
(300 MHz, CDCl;): 6 5.87 (m , 3H), 5.30 (dd, J = 17.4, 1.5 Hz,
1H), 5.15 (dd, J = 10.8, 1.5 Hz, 1H), 4.73 (m, 2H), 4.55 (m, 2H)
3.66 (s, 1H), 2.83 (dd, J = 12.9, 3.9 Hz, 1H), 2.49—2.39 (m, 1H),
2.08—2.04 (m, 1H), 1.94—1.87 (m, 3H), 1.74—1.70 (m, 2H),
1.61—1.55 (m, 2H), 1.19 (m, 1H), 1.13 (s, 3H), 1.07 (s, 3H), 0.97
(s, 3H), 0.94 (s, 3H), 0.87 (s, 3H); °C NMR (75 MHz, CDCl,): &
177.9, 176.2, 167.1, 140.1, 128.7, 127.2, 115.3, 90.9, 75.9, 64.7,
63.6, 54.7, 54.2, 46.4, 36.8, 35.0, 30.6, 28.8, 25.2, 24.5, 22.9,
20.7, 16.7, 9.6; HRMS (El/magnetic sector) m/z: [M]" caled for
C,sH360, 448.2461; found 448.2465.

Triene 10. To a stirred solution of 9 (1.5 g, 3.39 mmol) in pyri-
dine (50 mL) was added SOCI, (0.72 mL, 9.92 mmol). The mix-
ture was stirred at room temperature for 2 h and quenched with
saturated aqueous NaHCOj solution (50 mL) at 0 °C. The mixture
layer was extracted by CH,Cl, (3 x 20 mL). The organic layers
were combined, washed with brine (100 mL), dried over anhy-
drous MgSO,, and concentrated in vacuo. Purification by silica
gel flash column chromatography (EtOAc-hexanes, 1:4) gave 10
(1.29 g, 89%): IR (KBr): 3082, 2934, 1790, 1731, 1639, 1453 cm’
! TH NMR (300 MHz, CDCl5): § 6.36 (ddt, J=17.4, 11.1, 1.8 Hz,
1H), 5.89 (m, 2H), 5.06 (ddd, J = 20.7, 17.4, 1.8 Hz, 2H), 4.74 (d,
J =42 Hz, 2H), 4.58 (d, J = 4.2 Hz, 2H), 2.44 (ddd, J = 12.3,
10.5, 3.9 Hz, 1H), 2.27 (td, J = 7.2, 1.8 Hz, 2H), 2.09—1.89 (m,
2H), 1.75—1.63 (m, 3H), 1.52—1.48 (m, 2H), 1.12 (s, 3H), 1.06
(s, 9H), 0.97 (s, 3H); *C NMR (75 MHz, CDCL): § 177.9, 170.6,
167.1, 148.8, 135.4, 129.3, 127.0, 126.8, 117.6, 90.9, 64.9, 63.5,
54.7, 54.2, 38.2, 34.0, 30.6, 28.8, 27.9, 27.4, 18.4, 16.7, 9.6;
HRMS (El/magnetic sector) m/z: [M]" caled for C,sH3,Oq
430.2355; found 430.2364.

Lactone 11. To a stirred solution of 10 (0.56 g, 1.30 mmol) in
anhydrous degassed toluene (5 mL) was added TEMPO (0.05 g,
10 mol%) and heated in a sealed tube under argon at 185 °C for 5
d. The reaction mixture was cooled to room temperature. The
reaction mixture was diluted with CH,Cl, (100 mL) and washed
with water (3 x 50 mL). The organic layer was dried over anhy-
drous MgSO,, and concentrated in vacuo. Purification by silica

gel flash column chromatography (EtOAc-hexanes, 1:10) gave 11
(0.4 g, 72%): IR (KBr): 2929, 1787, 1459, 1313, 1273, 1171 cm™;
[0]*°p = +51.8 (c 0.1, CHCl;); '"H NMR (300 MHz, CDCl5): &
5.82-5.81 (m, 1H), 4.46—4.40 (m, 1H), 4.33—4.24 (m, 3H), 2.48
—2.39 (m, 1H), 2.30—2.47 (m, 2H), 2.10—1.90 (m, 6H), 1.75—
1.66 (m, 2H), 1.60—1.53 (m, 1H), 1.46—1.40 (m, 1H), 1.36 (s,
3H), 1.27 (m, 1H), 1.17 (s, 3H), 1.13(s, 3H), 1.06 (s, 3H), 0.96 (s,
3H); *C NMR (75 MHz, CDCly): § 177.8, 177.1, 167.3, 139.9,
121.9, 90.8, 66.7, 66.4, 54.5, 54.0, 47.6, 45.7, 45.6, 40.2, 36.0,
35.0,32.8,32.0,304, 28.8, 28.6, 27.0, 18.1, 16.5, 9.4; HRMS (EI/
magnetic sector) m/z: [M]" calcd for C,sH;,06 430.2355; found
430.2359.

Tricyclic camphanate 12. To a stirred solution of 11 (0.2 g,
0.46mmol) in MeOH (50 mL) was added 10% Pd/C (0.02 g, 10
mol%), and the mixture was stirred at room temperature under a
hydrogen atmosphere for 48 h. Then the mixture was filtered
through a celite-sintered funnel and extracted with EA (3 x 20
mL). The organic layers were combined, dried with anhydrous
MgSO, and concentrated in vacuo gave 12 (0.19 g, 95%): IR
(KBr): 2927, 2854, 1782, 1667, 1626, 1457cm™; [0]*%, = +80.2 (¢
0.15, CHCly); "H NMR (300 MHz, CDCLy): & 4.39-4.34 (m, 1H),
4.23-4.19 (m, 2H), 4.13-4.09 (m, 1H),2.49—2.20 (m, 1H) 2.18
(m, 1H), 1.99—1.86 (m, 5H), 1.74—1.60 (m, 3H), 1.40— 1.34 (m,
5H), 1.13 (s, 3H), 1.07 (s, 3H), 1.02(s, 3H), 0.98 (s, 3H), 0.96 (s,
3H); 3C NMR (75 MHz, CDCly): & 181.3, 177.9, 167.7, 91.0,
69.7, 68.4, 5477, 54.2, 46.7, 42.6, 40.2, 38.8, 36.4, 33.7, 31.7,
30.6, 28.8, 27.1, 23.3, 22.0, 18.6, 16.8, 16.7, 9.6; HRMS
(El/magnetic sector) m/z: [M]" caled for C,sHiOg 432.2512;
found 432.2518.

Tricyclic alcohol 13. To a stirred solution of 12 (0.2 g, 0.46
mmol) in MeOH (20 mL) was added K,CO; (0.1 g, 0.72 mmol).
The mixture was stirred at room temperature for 4 h and quenched
with water (20 mL). The mixture was extracted by CH,Cl, (3 x 10
mL). The organic layers were combined, washed with brine (100
mL), dried over anhydrous MgSO,, and concentrated in vacuo.
Purification by silica gel flash column chromatography (EtOAc-
hexanes, 1:5) gave 13 (0.11 g, 95%): IR (KBr): 3686, 2918, 2857,
1762, 1453, 1373cm™; [0]*p = +90.6 (c 0.13, CHCl;); 'H NMR
(300 MHz, CDCl;): 6 4.34 (dd, J=9.3, 4.5 Hz, 1H), 4.13 (d, J =
9.3 Hz, 1H), 3.64 (d, J = 4.5 Hz, 2H),2.28 —2.23 (m, 1H), 1.95—
1.84 (m, 3H), 1.69 (br, 1H), 1.60—1.56 (m, 2H), 1.51 — 1.46 (m,
3H), 1.37—1.32 (m, 4H), 1.06 (s, 3H), 1.00 (s, 3H); '*C NMR (75
MHz, CDCl;): & 181.9, 70.2, 66.3, 46.7, 42.6, 40.3, 38.9, 38.7,
33.7,31.8, 31.7, 27.2, 23.0, 22.1, 18.6; HRMS (El/magnetic sec-
tor) m/z: [M]" calcd for C;sH,,05 252.1725; found 252.1720.

Tricyclic alkene 2. To a stirred solution of 13 (80 mg, 0.31
mmol) in DCM (10 mL) was added PPh; (0.13 g, 0.49 mmol),
imidazole (69 mg, 1.01 mmol), and I, (160 mg, 0.63 mmol) at 0
°C. The reaction mixture was stirred for 2 h at room temperature,
quenched with saturated aqueous Na,S,05 solution (15 mL), and
extracted with EA (3 x 10 mL). The organic layers were com-
bined, dried with anhydrous MgSO, and concentrated in vacuo.
Purification by silica gel flash column chromatography (EtOAc-
hexanes, 1:6) gave corresponding lactone S-2 (0.11 g, 82%): IR
(KBr): 2929, 1769, 1481, 1455, 1367, 1195cm™; [0]*p = 78.1 (¢
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0.3, CHCl3); "H NMR (300 MHz, CDCLy): & 4.34 (dd, J=9.3, 4.2
Hz, 1H), 3.99 (d, J=9.3 Hz, 1H), 3.38—3.25 (m, 2H), 2.22 (dd, J
=10.2, 4.2 Hz, 1H), 1.97—1.91 (m, 2H), 1.85 (m, 1H), 1.64—
1.52 (m, 5H), 1.48—1.41 (m, 1H), 1.39—1.31(m, 3H), 1.07 (s,
3H), 1.05 (s, 3H); *C NMR (75 MHz, CDCl;): & 181.3, 69.4,
46.9, 42.6, 42.3, 40.1, 37.8, 33.6, 31.9, 31.8, 27.3, 26.9, 22.0,
18.7, 14.7; HRMS (El/magnetic sector) m/z: [M]" calcd for
C,5H,310, 362.0743; found 362.0746.

To a stirred solution of Lactone S-2 (70 mg, 0.15 mmol) in THF
(10 mL) was added #-BuOK (50 mg, 0.45 mmol). The mixture was
stirred at room temperature for 4 h and quenched with water (20
mL). The mixture was extracted by CH,Cl, (3 x 10 mL). The or-
ganic layers were combined, washed with brine (50 mL), dried
over anhydrous MgSQ,, and concentrated in vacuo. Purification
by silica gel flash column chromatography (EtOAc-hexanes, 1:6)
gave tricyclic alkene 2 (20 mg, 78%): IR (KBr): 2930, 2361,
1768, 1647, 1275, 1158 cm™; [a]*’p = +120.3 (¢ 0.1, CHCLy); 'H
NMR (300 MHz, CDCly): 8 4.84 (d, J = 15.6 Hz, 2H), 4.24-4.21
(m, 1H), 2.83 (t, /= 7.5 Hz, 1H), 2.25—2.13 (m, 3H), 1.97—1.91
(m, 1H), 1.84 (m, 1H), 1.52—1.35 (m, SH), 1.08 (s, 3H), 0.86 (s,
3H); *C NMR (75 MHz, CDCly): & 182.1, 143.9, 112.0, 68.9,
50.7, 46.3, 41.6, 36.0, 33.7, 29.8, 29.6, 29.2, 29.0, 23.9, 18.3;
HRMS (El/magnetic sector) m/z: [M]" caled for C;sH,,0,
234.1620; found 234.1626.

Butenol camphanate 8b. To a stirred solution of cis-2-butene-
1,4-diol (2 g, 22.69 mmol) in CH,Cl, (50 mL) was added (-)-
camphanic chloride (4.7 g, 21.77 mmol). The mixture was stirred
at room temperature for 4 h and quenched with water (50 mL).
The mixture was extracted by CH,Cl, (3 x 50 mL). The organic
layers were combined, washed with brine (100 mL), dried over
anhydrous MgSO,, and concentrated in vacuo. Purification by
silica gel flash column chromatography (EA-hexanes, 1:5) gave
8b (4.8 g, 80%): IR (KBr): 3661, 2971, 1788, 1736, 1450, 1312,
1228 ecm’™!; "H NMR (300 MHz, CDCl3): § 5.92—5.87 (m , 1H),
5.69—5.64 (m, 1H), 4.85 (d, J= 6.9 Hz, 2H), 4.29 (d, /= 6.3 Hz,
2H), 2.43 (td, J = 12.1, 4.2 Hz, 1H), 2.08—1.88 (m, 3H), 1.73—
1.65 (m, 1H), 1.12 (s, 3H), 1.05 (s, 3H), 0.95 (s, 3H); *C NMR
(75 MHz, CDCl,): 6 177.9, 167.3, 134.3, 124.1, 90.8, 61.0, 58.1,
54.6, 54.1, 30.3, 28.7, 16.5, 16.5, 9.4; HRMS (El/magnetic sector)
m/z: [M]" caled for C,4H,005 268.1311; found 268.1300.

Hydroxyl ester 14. To a stirred solution of 8 (4 g, 21.96 mmol)
in acetone/H,0 = 3:1 (44 mL) was added 2-methyl-butene (9.3 g,
87.82 mmol), NaH,PO, (3.02 g, 21.93 mmol), and NaClO, (5.96
g, 65.89 mmol) at room temperature. After 4 h, the reaction mix-
ture was diluted with EtOAc (20 mL), washed with ice cooled
aqueous 0.1 M HCI and brine, dried over anhydrous MgSO, and
concentrated in vacuo to give a crude acid, which was directly
used in next step.

To a stirred solution of the crude acid (3 g, 15.14 mmol) in
CH,Cl, (50 mL) was added 8b (3.74 g, 13.94 mmol), N,N-
dicyclohexylcarbodiimide (5.6 g, 27.4 mmol), and DMAP (0.15 g,
1.3 mmol), and the mixture was stirred at room temperature for 4
h. The mixture was filtered through celite and rinsed with CH,Cl,
(3 x 25 mL). The filtrate was washed with water (3 x 50 mL) and
brine (100 mL), dried over anhydrous MgSO,, and concentrated in
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vacuo. Purification by silica gel flash column chromatography
(EtOAc-hexanes, 1:5) gave 14 (7.78 g, 79% for 2 steps): IR
(KBr): 3060, 2967, 1790, 1715, 1639, 1447, 1379 cm™; '"H NMR
(300 MHz, CDCl;): 8 5.90—5.72 (m , 3H), 5.31—5.12 (m, 2H),
4.81 (d, J = 5.4 Hz, 2H), 4.66 (d, J = 5.1 Hz, 2H), 3.62 (s, 1H),
2.80 (dd, J = 12.9, 3.9 Hz, 1H), 2.83 (dd, J = 12.1, 3.9 Hz, 1H),
2.06—2.01 (m, 1H), 1.98—1.82 (m, 3H), 1.73—1.66 (m, 3H),
1.58 (m, 1H), 1.18 (m, 1H), 1.17 (s, 3H), 1.05 (s, 3H), 0.95 (s,
3H), 0.93 (s, 3H), 0.86 (s, 3H); '*C NMR (75 MHz, CDCl,): &
177.8, 176.2, 167.2, 140.1, 128.6, 127.3, 115.2, 90.8, 75.9, 60.7,
59.7, 54.7, 54.2, 46.4, 36.8, 35.0, 30.5, 28.8, 25.1, 24.5, 22.8,
20.7, 16.6, 9.6; HRMS (EI/ magnetic sector) m/z: [M]" calcd for
C,sH360, 448.2461; found 448.2452.

Triene 15. To a stirred solution of 14 (2 g, 4.46 mmol) in pyri-
dine (50 mL) was added SOCIl, (0.94 mL, 13.05 mmol). The mix-
ture was stirred at room temperature for 2 h and quenched with
saturated aqueous NaHCOj solution (50 mL) at 0 °C. The mixture
was extracted with CH,Cl, (3 x 20 mL). The organic layers were
combined, washed with brine (100 mL), dried over anhydrous
MgSO,, and concentrated in vacuo. Purification by silica gel flash
column chromatography (EtOAc-hexanes, 1:4) gave 15 (1.53 g,
80%)I: IR (KBr): 3079, 2934, 1790, 1731, 1639, 1453 cm™’; 'H
NMR (300 MHz, CDCl;): 6 6.37 (dd, J=17.4, 11.4 Hz, 1H), 5.83
—5.74 (m, 2H), 5.08 (ddd, J = 13.2, 11.4, 2.1 Hz, 2H), 4.85 (d, J
=5.7 Hz, 2H), 4.70 (d, J = 5.4 Hz, 2H), 2.44 (td, J=10.8, 4.5 Hz,
1H), 2.27 (td, J = 6.3, 2.1 Hz, 2H), 2.09—1.89 (m, 2H), 1.75—
1.66 (m, 3H), 1.52—1.50 (m, 2H), 1.22 (s, 3H), 1.07 (s, 9H), 0.97
(s, 3H); *C NMR (75 MHz, CDCly): § 178.0, 170.7, 167.2, 148.8,
135.4,128.9, 127.0, 117.7, 90.9, 61.0, 59.7, 54.7, 54.2, 38.3, 34.0,
30.6, 29.6, 28.3, 28.0, 27.5, 18.5, 16.7, 9.6; HRMS (El/magnetic
sector) m/z: [M]" caled for C,5H3,04 430.2355; found 430.2364.

Lactone 16. To a stirred solution of 15 (0.8 g, 1.85 mmol) in
anhydrous degassed toluene (5 mL) was added TEMPO (0.08 g,
10 mol%) and heated in a sealed tube under argon at 185 °C for 5
d. The reaction mixture was cooled to room temperature. The
reaction mixture was diluted with CH,Cl, (100 mL) and washed
with water (3 x 50 mL). The organic layer was dried over anhy-
drous MgSO,, and concentrated in vacuo. Purification by silica
gel flash column chromatography (EtOAc-hexanes, 1:10) gave 16
(0.42 g, 76%): IR (KBr): 2929, 1787, 1760, 1459, 1274, 1017 cm’";
[0]*°p = +41.1 (c 0.4, CHCL;); '"H NMR (300 MHz, CDCl;): &
578 (d, , J = 6.3 Hz, 1H), 4.23—4.13 (m, 4H), 2.58—2.38 (m,
3H), 2.18—1.98 (m, 6H), 1.81—1.66 (m, 2H), 1.53—1.45 (m,
2H), 1.27—1.17 (m, 1H), 1.17 (s, 3H), 1.12(s, 3H), 1.10 (s, 3H),
1.06 (s, 3H), 0.96 (s, 3H); *C NMR (75 MHz, CDCL;): & 179.1,
177.9,167.5, 141.9, 121.4,91.0, 67.1, 64.7, 54.8, 54.3, 46.9, 45.5,
45.4,41.1,37.9, 36.6, 32.7, 30.8, 30.4, 28.9, 26 .4, 24.5, 18.6, 16.9,
9.7; HRMS (El/magnetic sector) m/z: [M]" calcd for CysH3,Oq
430.2355; found 430.2348.

Tricyclic camphanate 17. To a stirred solution of 16 (0.3 g,
0.69 mmol) in MeOH (50 mL) was added 10% Pd/C (0.03, 10
mol%), and the mixture was stirred at room temperature under a
hydrogen atmosphere for 48 h. Then the mixture was filtered
through a celite-sintered funnel and extracted with EA (3 x 20
mL). The organic layers were combined, dried with anhydrous
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MgSO, and concentrated in vacuo. Purification by silica gel flash
column chromatography (EtOAc-hexanes, 1:5) gave 17 (0.29 g,
98%): TR (KBr): 2928, 2854, 1782, 1627, 1450, 1175 cm™; [a]*p
=+58.1 (c 0.14, CHCl;); "H NMR (300 MHz, CDCl,): & 4.3 (td, J
= 9.3, 1.8 Hz, 1H), 4.08 (m, 3H), 2.47—2.40 (m, 2H), 2.30 (m,
1H), 2.07—1.88 (m, 4H), 1.74—1.66 (m, 3H), 1.64—1.48 (m,
5H), 1.44 (m, 2H) 1.28 (s, 6H), 1.27 (s, 3H), 1.05(s, 3H), 0.95 (s,
3H); 3C NMR (75 MHz, CDCl,): & 181.8, 177.8, 167.3, 90.8,
67.2, 64.3, 54.6, 54.1, 46.0, 45.9, 43.6, 41.6, 33.9, 33.7, 32.3,
31.9, 30.6, 28.7, 28.1, 27.4, 23.8, 22.9, 18.1, 16.6, 9.5; HRMS (EI/
magnetic sector) m/z: [M]" calcd for CysH3¢06 432.2512; found
432.2514.

Tricyclic alkene 2 (from 17). To a stirred solution of 17 (30
mg, 0.06 mmol) in MeOH (10 mL) was added K,CO; (20 mg,
0.14 mmol). The mixture was stirred at room temperature for 4 h
and quenched with water (20 mL). The mixture was extracted
with CH,CI, (3 x 10 mL). The organic layers were combined,
washed with brine (100 mL), dried over anhydrous MgSQO,, and
concentrated in vacuo. Purification by silica gel flash column
chromatography (EA-hexanes, 1:3) gave S-3 (16 mg, 93%): IR
(KBr): 3435, 2933, 2870, 1762, 1627, 1457, 1268 cm™'; [0]*’p =
+109.8 (¢ 0.05, CHCl3); "H NMR (300 MHz, CDCl;): § 4.29 (t, J
=9 Hz, 1H), 4.14 (d, J = 8.7 Hz, 1H), 3.57—3.50 (m, 2H), 2.42—
2.38 (m, 2H), 1.92—1.87 (m, 2H), 1.69—1.59 (m, 4H), 1.53 (m,
2H), 1.44 (m, 1H), 1.39 (m, 1H), 1.14 (s, 3H), 0.91 (s, 3H); C
NMR (75 MHz, CDCl;): & 182.9, 65.1, 64.8, 46.0, 43.7, 42.0,
35.2, 34.0, 339, 28.2, 27.5, 239, 23.2, 21.0, 18.3; HRMS
(El/magnetic sector) m/z: [M]" caled for C,sH,05 252.1725;
found 252.1729.

To a stirred solution of S-3 (40 mg, 0.15 mmol) in DCM (10
mL) was added PPh; (60 mg, 0.22 mmol), imidazole (30 mg, 0.45
mmol), and I, (76 mg, 0.30 mmol) at 0 °C. The reaction mixture
was stirred for 2 h at room temperature, quenched with saturated
aqueous Na,S,0; solution (10 mL), and extracted with EA (3 x 10
mL). The organic layers were combined, dried with anhydrous
MgSO, and concentrated in vacuo. Purification by silica gel flash
column chromatography (EtOAc-hexanes, 1:6) gave S-4 (5 mg,
75%): IR (KBr): 2924, 1769, 1481, 1455, 1367, 1195 cm’™; [a]*p
= +88.1 (c 0.16, CHCl;); 'H NMR (300 MHz, CDCl,): & 4.18—
4.09 (m, 2H), 3.09—3.04 (m, 1H), 2.89 (t, /=9.9 Hz, 1H), 2.47—
2.45 (m, 2H), 1.89—1.82 (m, 3H), 1.58—1.48 (m, 4H), 1.43—
1.25 (m, 3H), 1.16—1.12 (m, 1H), 1.04 (s, 3H), 0.88 (s, 3H); *C
NMR (75 MHz, CDCl;): § 179.1, 64.1, 49.4, 46.9, 43.1, 42.0,
37.5, 359, 33.2, 33.0, 249, 22.1, 19.6, 18.4, 8.6; HRMS
(El/magnetic sector) m/z: [M]" caled for C sH,310, 362.0743;
found 362.0741.

To a stirred solution of S-4 (50 mg, 0.10 mmol) in THF (10
mL) was added +~-BuOK (46 mg, 0.40 mmol). The mixture was
stirred at room temperature for 4 h and quenched with water (20
mL). The mixture was extracted with CH,Cl, (3 x 15 mL). The
organic layers were combined, washed with brine (50 mL), dried
over anhydrous MgSO,, and concentrated in vacuo. Purification
by silica gel flash column chromatography (EtOAc-hexanes, 1:20)
gave tricyclic alkene 2 (0.02 g, 79%). All the characterized data

were in excellent agreement with those of tricyclic alkene 2 ob-
tained from tricyclic alcohol 13.

Tricyclic camphanate 18. To a stirred solution of 16 (0.1 g,
0.23 mmol) in MeOH (20 mL) was added 10% PtO, (0.01, 10
mol%), and the mixture was stirred at room temperature under a
hydrogen atmosphere for 48 h. Then the mixture was filtered
through a celite-sintered funnel and extracted with EA (3 x 20
mL). The organic layers were combined, dried with anhydrous
MgSO, and concentrated in vacuo. Purification by silica gel flash
column chromatography (EtOAc-hexanes, 1:5) gave 18 (0.09 g,
90%): IR (KBr): 2926, 2864, 1785, 1740, 1630, 1422, 1116 cm™;
[0]*’p = +64.4 (c 0.4, CHCl;); '"H NMR (300 MHz, CDCl5): &
4.32—4.08 (m, 4 Hz, 1H), 2.47—2.29 (m, 3H), 2.15—2.02 (m,
2H), 1.99—1.90 (m, 1H), 1.81—1.80 (m, 1H), 1.76 —1.56 (m,
5H), 1.52—1.44 (m, 2H) 1.41—1.37 (m, 2H), 1.26 (m, 1H), 1.19
(s, 3H), 1.13 (s, 3H), 1.06 (s, 3H), 0.96 (s, 6H); *C NMR (75
MHz, CDCl;): § 178.8, 177.9, 167.3, 908, 66.3, 64.8, 54.6, 54.1,
46.8,46.7,46.3,43.5,41.8,37.3,33.2, 33.0, 32.1, 30.6, 28.7, 22.0,
21.0, 19.0, 18.3, 16.6, 9.5; HRMS (El/magnetic sector) m/z: [M]"
caled for C,5H3c0g 432.2512; found 432.2514.

(+)-Antrocin (1). To a stirred solution of 18 (50 mg, 0.1 mmol)
in MeOH (20 mL) was added K,CO; (4 mg, 0.28 mmol). The
mixture was stirred at room temperature for 4 h and quenched
with water (20 mL). The mixture was extracted by CH,Cl, (3 x 10
mL). The organic layers were combined, washed with brine (100
mL), dried over anhydrous MgSO,, and concentrated in vacuo.
Purification by silica gel flash column chromatography (EtOAc-
hexanes, 1:3) gave corresponding alcohol S-5 (20 mg, 95%): IR
(KBr): 3447, 2932, 2870, 1762, 1636, 1457, 1097 cm™; [0]*’p =
+101.9 (¢ 0.2, CHCl3); 'H NMR (300 MHz, CDCl5): 8 4.35—4.23
(m, 2H), 3.67—3.51 (m, 2H), 2.42—2.36 (m, 1H), 2.14—2.10 (m,
2H), 1.86—1.70 (m, 4H), 1.58 —1.50 (m, 3H), 1.49—1.38 (m,
2H), 1.32—1.29 (m, 1H), 1.18 (s, 3H), 0.94 (s, 3H); *C NMR (75
MHz, CDCl;): & 175.9, 70.8, 62.1, 58.8, 55.5, 51.0, 50.5, 47.1,
42.2, 39.0, 38.5, 33.9, 32.7, 28.9, 21.3, 20.3, 18.6; HRMS (EI/
magnetic sector) m/z: [M]" calcd for C;sH,,05 252.1725; found
252.1733.

To a stirred solution of alcohol S-5 (21 mg, 0.08 mmol) in
DCM (10 mL) was added PPh; (35 mg, 0.13 mmol), imidazole
(18 mg, 0.27 mmol), and I, (43 mg, 0.17 mmol) at 0 °C. The reac-
tion mixture was stirred for 2 h at room temperature, quenched
with saturated aqueous Na,S,0; solution (10 mL), and extracted
with EA (3 x 20 mL). The organic layers were combined, dried
with anhydrous MgSO, and concentrated in vacuo. Purification by
silica gel flash column chromatography (EtOAc-hexanes, 1:6)
gave corresponding lactone S-6 (22 mg, 73%): IR (KBr): 2928,
1769, 1481, 1455, 1195, 1127 cm™; [0]*°, = +85.9 (¢ 0.2, CHCl;);
'"H NMR (300 MHz, CDCly): & 4.31 (dd, J = 10.5, 7.5 Hz, 1H),
4.10 (dd, J = 10.2, 1.8 Hz, 1H), 3.25 (dd, J = 10.2, 6.3 Hz, 1H),
2.95 (t,J=10.2 Hz, 1H), 2.45 (t, /= 6.3 Hz, 1H), 2.23—2.21 (m,
2H), 1.84—1.70 (m, 3H), 1.53—1.52 (m, 2H), 1.49—1.40 (m,
3H), 1.38—1.28 (m, 2H), 1.18 (s, 3H), 0.94 (s, 3H); '*C NMR (75
MHz, CDCl;): & 179.2, 64.3, 49.5, 47.0, 43.2, 42.1, 37.6, 36.1,
33.4,33.2,25.1,22.2,19.8, 18.6, 8.8; HRMS (El/magnetic sector)
m/z: [M]" caled for C,sHy;10, 362.0743; found 362.0748.
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To a stirred solution of lactone S-6 (20 mg, 0.06 mmol) in THF
(10 mL) was added #-BuOK (18 mg, 0.17 mmol). The mixture was
stirred at room temperature for 4 h and quenched with water (20
mL). The mixture was extracted with CH,Cl, (3 x 15 mL). The
organic layers were combined, washed with brine (50 mL), dried
over anhydrous MgSQ,, and concentrated in vacuo. Purification
by silica gel flash column chromatography (EtOAc-hexanes, 1:20)
gave (+)-1 (11 mg, 78%): IR (KBr): 2922, 1769, 1459, 1366, 1158
em’’; [0]®p = +116.1 (¢ 0.6, CHClL;); 'H NMR (300 MHz,
CDCly): 6 4.83 (d, J = 10.2 Hz, 2H), 4.48 (dd, J = 9.3, 6.6 Hz,
1H), 4.16 (dd, J=9.6, 1.2 Hz, 1H), 2.68 (d, J = 6.6 Hz, 1H), 2.41
—2.22 (m, 2H), 2.20—2.14 (m, 1H), 1.86—1.74 (m, 2H), 1.58 —
1.49 (m, 2H), 1.48—1.44 (m, 1H), 1.40—1.33 (m, 2H), 1.27—
1.22 (m, 1H), 1.19 (s, 3H), 0.95 (s, 3H); *C NMR (75 MHz,
CDCly): 6 178.4, 146.7, 111.2, 69.4, 54.2, 48.5, 46.6, 42.0, 36.8,
33.3, 332, 304, 22.4, 22.2, 18.7; HRMS (El/magnetic sector)
m/z: [M]" caled for C;5sH,0, 234.1620; found 234.1614.
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