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Introduction

Numerous herbertane-type sesquiterpenoids, an ex-
panding group of natural products possessing a 3-methyl-
1-(1,2,2-trimethylcyclopentyl)cyclohexane skeleton (1),
have been isolated from Herbertus species and other
liverworts.! Some of these compounds, particularly those
with an oxygenated aromatic six-membered ring, show
a wide spectrum of biological properties, which include
potent antifungal,? neurotrophic,® and anti-lipid peroxi-
dation activities.*

We have recently described a procedure for the enan-
tioselective construction of the 1,2,2-trimethylcyclopen-
tane nucleus common to all the herbertane-type and
structurally related cuparane-type sesquiterpenoids (e.g.,
2),°> which has been successfully used for the synthesis
of two members of the latter group of sesquiterpenes, (—)-
cuparene and (—)-d-cuparenol.® In this paper, we report
the adaptation of this chemistry to the enantioselective
synthesis of two representative compounds of the her-
bertane family: (—)-herbertene (3) and (—)-a-herbertenol
(4), initially isolated from the liverwort Herberta adunca
(Dicks.) S. Gray”? and more recently from other Herber-
tus species (see ref 1).8

R
Y
X
1 Herbertane skeleton: X=CH3; Y=H 3 R=H
2 Cuparane skeleton: X=H; Y=CHs; 4 R=OH

Results and Discussion

As in the previous syntheses, the enantiopure (1S,2S)-
epoxy alcohol 6, prepared in 89% yield (98% ee) from
readily available -cyclogeraniol (5) by means of a Kat-
suki—Sharpless asymmetric epoxidation, was used as the
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starting material (Scheme 1). The hydroxyl group of 6
was protected as the benzylic ether with BnBr and NaH
in DMF?® to give 7 in 88% yield. Treatment of the epoxy
benzylic ether 7 with one equivalent of tin(1V) chloride
in dichloromethane at low temperature (from —50 to —15
°C) for 3 h afforded the a-benzyloxy ketone 8 in 85% yield.
An enantiomeric excess of 98% was determined for this
compound,'® showing that the tin(1V) chloride promoted
pinacollic rearrangement of 7 to 8 occurs without loss of
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optical purity. As previously shown,® with other protect-
ing groups of the hydroxyl function (e.g., a tert-butyldi-
methylsilyl ether), a slight loss of the optical purity occurs
during the rearrangement.

To prepare the cyclohexane ring, the sodium enolate
obtained by treatment of 8 with N-sodiohexamethyldisi-
lazane (NaHMDS) was subjected to reaction with a-tri-
methylsilyl vinyl ketone!! to yield, after treatment of the
crude product with potassium hydroxide in methanol to
complete the cleavage of the trimethylsilyl moiety and
chromatographic purification, the benzyloxy diketone 10
in 80% overall yield.'> Completion of the synthesis of the
cyclohexene ring was effected by treatment of 10 with
aqueous KOH in MeOH at 120 °C in a sealed tube for 6
h. Under these conditions, an epimeric mixture of cyclo-
hexenone 11 was obtained in 78% yield,*3% together with
a small amount of the phenol 12 (3—5%), formed from
11 by elimination of the benzyloxy moiety.

With 11 in hand, we focused on the elaboration of the
C6-ring functionality of target herbertanes. The prepara-
tion of the simpler member of the herbertane family, (—)-
herbertene (3), could be easily accomplished in a two-
step sequence as follows. Standard Wittig methylenation
of the mixture of epimeric benzyloxy enones 11 gave
epimeric dienes 13 in 83% yield. Treatment of this
mixture with an equimolecular amount of camphorsul-
fonic acid (CSA) in methylene chloride at room temper-
ature cleanly produced (—)-herbertene (3) in 80% yield
after chromatography on silica gel, probably via isomer-
ization of the exocyclic double bond to the endocyclic
position followed by elimination of the benzyloxy moiety.
The synthetic herbertane thus prepared had physical and
spectroscopic data that were in agreement with those
reported in the literature.!

The preparation of (—)-o-herbertenol (4) was also
efficiently effected from the same key intermediate 13
as follows. Chemoselective hydrogenation of the exocyclic
double bond with Pd on carbon in AcOEt followed by
hydrogenolysis of the benzyl group, using Pd(OH),/
C—Pd/CaCO;3; in EtOH,*® resulted in the formation of
diastereomeric allylic alcohols 14, which were not purified
but rather oxidized with catalytic tetrapropylammonium
perruthenate (TPAP) and N-methylmorpholine N-oxide
(NMO) to the corresponding ketone. In this manner, we
were able to realize a 84% overall yield from 13 of the
cyclohexenone 15, as a mixture of epimers at C4, after
chromatography of the oxidation mixture. Final aroma-
tization of the cyclohexane ring was effected in 65% yield
by treatment of 15 with sulfur at 200 °C in a sealed tube
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lost during subsequent transformations.
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Supporting Information).
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for 45 min.*® All spectroscopic data of synthetic (—)-o-
herbertenol (4) also agreed very well with those reported
in the literature.!

In conclusion, we have demonstrated that the general
procedure previously developed by us for the enantiose-
lective preparation of the 1,2,2-trimethylcyclopentane
nucleus may be adapted for the preparation of herber-
tane-type sesquiterpenoids. Two representative members
of this family of natural products have thus been pre-
pared from g-cyclogeraniol 5 in a reasonable number of
steps and with acceptable overall yields [(—)-3, 7 steps,
28% yield and (—)-4, 10 steps, 19% yield].'”

Experimental Section?®

(1aS,5aS)-1a-Benzyloxymethyl-2,2 5a-trimethyl-
perhydrobenzo[b]oxirene (7). To a stirred slurry of
prewashed sodium hydride (147 mg, 3.67 mmol) in dry
DMF (5 mL) cooled at —50 °C was added, dropwise via
syringe, epoxy alcohol 6° (415.4 mg, 2.44 mmol) in DMF
(4 mL). After hydrogen evolution had ceased, the reaction
mixture was stirred at —20 °C for 30 min. Benzyl bromide
(0.45 mL, 3.79 mmol) was added dropwise, and the
mixture was stirred for 1 h before being carefully
quenched with saturated NH,CI solution. Following
dilution with water, the mixture was extracted with
CH,Cl, and worked up. Product purification by chroma-
tography on silica gel, using pentane/ether 95:5 as eluent,
furnished the benzylic ether 7 (560 mg, 88%) as a
colorless oil: [a]*°p +15.5 (c 2.1, CHCIy); IR (film) 1491,
1088, 732, 696 cm™1; *H NMR (300 MHz, CDCl3) 6 7.4—
7.2 (5 H, m), 453 and 4.44 (1 H each, each d, J = 12.0
Hz), 3.79 and 3.39 (1 H each, each d, J = 10.2 Hz), 1.38
(3 H, s), 1.15 (3 H, s), 1.05 (3 H, s); HRMS calcd for
Ci7H250, (M + 1) 261.1849, found 261.1849.

2-Benzyloxy-1-[(1S)-1,2,2-trimethylcyclopentyl]-1-
ethanone (8). To a solution of the benzylic ether 7 (3.28
g, 12.62 mmol) under N, in dry CH,Cl, (95 mL) cooled at
—50 °C was added dropwise a solution of tin(1V) chloride
in CH,CI, (12.2 mL of a 1 M solution, 12.2 mmol). The
stirred solution was allowed to come to —15 °C over 3 h.
The mixture was treated with 12 mL of 5% aqueous
NaHCO; and poured into water. The separated aqueous
phase was extracted with CH,Cl,, and the combined
organic phases were washed with water and brine and
dried over Na,SO,. The solvent was evaporated in vacuo,
and the residue obtained was purified by column chro-
matography, using pentane/ether 9:1 as eluent, to provide
the ketone 8 (2.78 g, 85%) as a colorless oil: [a]*%p —21.4
(c 5.9, CHCly); IR (film) 1709 cm™*; 'H NMR (300 MHz,
CDCl3) 6 7.4-7.2 (5 H, m), 458 (2 H, s), 4.27 and 4.21 (1

(16) Conversion of 15 into 4 was also achieved via selenation and
oxidation. However, a lower yield of 4 was obtained by this method
(ca. 35%).

(17) Compound 3 was also obtained from epimeric benzylic ethers
11 as follows. Reaction of 11 at low temperature with methyllithium
afforded a chromatographically inseparable 1:1 mixture of diastereo-
meric alcohols 16 in 67% yield. Treatment of this mixture with an
equimolecular amount of CSA in methylene chloride at room temper-
ature afforded (—)-herbertene (3) in 80% yield (see Supporting Infor-

mation).
0Bn 0OBn

Ho OH
16a 16b
(18) For general experimental information, please see: Abad, A.;
Agullo, C.; Arno, M.; Cufiat, A. C.; Meseguer, B.; Zaragoza, R. J. J.
Org. Chem. 1998, 63, 5100.
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H each, each d, J = 17.4 Hz), 1.08 (3 H, s), 1.03 (3 H, s),
0.85 (3 H, s); HRMS calcd for C17H250, (M* + 1) 261.1855,
found 261.1849.

2-Benzyloxy-1-[(1S)-1,2,2-trimethylcyclopentyl]-
hexane-1,5-dione (10). To a stirred solution of Na-
HMDS in THF (1.04 mL of a 1 M solution, 1.04 mmol)
was added dropwise a solution of the a-benzyloxyketone
8 (266 mg, 1.02 mmol) in THF (2 mL) at —78 °C. The
mixture was stirred for 30 min, 3-trimethylsilyl-3-buten-
2-one (174 uL, 1.05 mmol) was then added dropwise, and
the resulting solution was allowed to warm slowly to
room temperature over 3 h. The stirring was continued
at the same temperature for 1 h, and saturated aqueous
NH,CI solution was added. The mixture was poured into
water and extracted with ethyl acetate. Work-up as usual
gave a residue, which was dissolved in a mixture of
methanol (3.5 mL) and 4% aqueous potassium hydroxide
(0.5 mL). After being stirred at room temperature for 6
h, the reaction mixture was poured into water and
extracted with ether. The combined organic layers were
washed with brine and dried. Chromatography of the
residue left after evaporation of the solvent, using hex-
ane/ethyl acetate 4:1 as eluent, afforded diketone 10 (269
mg, 80%) as a 1:1 mixture of epimers at C2 as shown by
1H NMR analysis. Both diastereomers could be partially
separated by MPLC using hexane/ethyl acetate 5:1 as
eluent, and their spectroscopic data were determined
independently. Less polar diastereoisomer: [a]*°> —51 (¢
2.9, CHCI); IR (film) 1709 cm™%; *H NMR (400 MHz,
CDCl3) 6 7.4—7.2 (5 H, m), 4.49 and 4.29 (1 H each, each
d, J=11.2 Hz), 4.26 (1 H, dd, J = 7.2 and 4.1 Hz), 2.09
(3H,s),1.14 (3H, s), 1.13 (3 H, s), 0.87 (3 H, s); HRMS
calcd for C,1H3:03 (l\/lJr + 1) 331.2281, found 331.2277.
More polar diastereoisomer: IR (film) 1708 cm™; H NMR
(400 MHz, CDCl3) 6 7.4—7.2 (5 H, m), 449 and 4.29 (1 H
each,eachd, J=11.2Hz),4.37 (1 H,dd, J =6.8and 4.4
Hz), 2.08 3 H, s), 1.12 (3 H, s), 1.11 (3 H, s), 0.91 (3 H,
s); HRMS calcd for C;;H3,03 (MT + 1) 331.2281, found
331.2279.

4-Benzyloxy-3[(1S)-1,2,2-trimethylcyclopentyl]-2-
cyclohexen-1-one (11). A solution of epimeric diketones
10 (735 mg, 2.23 mmol) in a mixture of methanol (63 mL)
and 20% aqueous potassium hydroxide (12 mL) was
heated at 120 °C in a sealed tube under argon for 6 h.
The mixture was poured into water and extracted with
CH,Cl,. Work-up as usual afforded an oily residue, which
was purified by chromatography using pentane/ether 8:2
as eluent to afford the cyclohexenone 11 (542 mg, 78%)
as an equimolecular mixture of epimers at C4: IR (film)
1673, 1610 cm™%; *H NMR (400 MHz, CDCl3) 6 7.4—7.2
(5 H, m), 6.02 and 5.94 (total 1 H, two s), 4.62 and 4.61
(total 1 H, overlapping d, J = 11 Hz), 4.482 and 4.478
(total 1 H, overlapping d, J = 11 Hz), 4.25 and 4.20 (total
1H, twobrs),2.72 (1 H, m), 2.41 (1 H, m), 2.3 (1 H, m),
1.17 and 1.11 (total 3 H, two s), 1.02 and 0.96 (total 3 H,
two s), 0.802 and 0.799 (total 3 H, two s); HRMS calcd
for Cp1H290, 313.2168, found 313.2165.

Benzyl 4-Methylene-2-[(1S)-1,2,2-trimethylcyclo-
pentyl]-2-cyclohexenyl-ether (13). A solution of meth-
yl triphenylphosphonium bromide (942 mg, 2.64 mmol)
in DMSO (3 mL) was added to a solution of NaCH,-
SOCHs;, prepared from sodium hydride (102 mg of 60%
dispersion in oil, 2.54 mmol) and DMSO (2 mL), at room
temperature. After 15 min of stirring, a solution of the
unsaturated ketone 11 (274 mg, 0.44 mmol) in DMSO
(1.5 mL) was added, and the resulting mixture was
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stirred at room temperature for 30 min. The reaction
mixture was cooled in an ice bath and quenched by the
addition of saturated aqueous NH,CI solution, and the
product was isolated by extraction with CH,Cl,. The
combined organic extracts were washed with water and
brine, dried, and evaporated. The residue was purified
by chromatography on silica gel using pentane/ether 8:2
as eluent to give compound 13 (225 mg, 83%) as a 1:1
mixture of epimers at C1 (*H NMR analysis): IR (film)
1628, 1593, 926, 883 cm™%; *H NMR (300 MHz, CDCl3) 6
7.4—7.2 (5H, m), 6.21 and 6.11 (total 1 H, two s), 4.83 (2
H, m), 4.58 (1 H, d, J = 10.9 Hz), 4.42 and 4.41 (total 1
H, two d, J = 10.9 Hz), 4.08 and 4.04 (total 1 H, two m),
1.15 and 1.09 (total 3 H, two s), 0.99 and 0.96 (total 3 H,
two s), 0.77 and 0.76 (total 3 H, two s); HRMS calcd for
C22H300 310.2297, found 310.2305.
1-Methyl-3-[(1S)-1,2,2-trimethylcyclopentyl]ben-
zene [(—)-Herbertene (3)]. A solution of diastereomeric
benzylic ethers 13 (71.6 mg, 0.23 mmol) and camphor-
sulfonic acid monohydrate (60 mg, 0.24 mmol) in CH,-
Cl, (2 mL) was stirred at room temperature for 2 h.
Chromatography of the residue left after evaporation of
solvent under reduced pressure, using pentane as eluent,
afforded (—)-herbertene (3) (37.3 mg, 80%) as a colorless
and relatively volatile oil: [a]**> —56 (c 1.4, CHCIy) (lit.?
[o]po —48.3); IR (film) 1604, 1462, 784, 707 cm~1; 1H NMR
(300 MHz, CDCl3) 6 7.16 (3 H, m), 7.0 (1 H, m), 2.6—2.4
(AH,m),2353H,s),1.8-1.6 (4 H), 1.6-1.5(1 H), 1.26
(3H,s),1.07 (3H,s), 0.56 (3 H, s); HRMS calcd for CisH2,
202.1722, found 202.1716.
4-Methyl-2-[(1S)-1,2,2-trimethylcyclopentyl]-2-cy-
clohexen-1-one (15). A mixture of 13 (518 mg, 1.67
mmol) and 10% palladium on carbon (77 mg) in ethyl
acetate (60 mL) was shaken at room temperature under
an H, atmosphere for 1 h. After removal of the catalyst
by filtration through a pad of silica gel, the filtrate was
concentrated in vacuo. A mixture of the residual oil
obtained, Pd(OH), on carbon (20%, 779 mg), and pal-
ladium on calcium carbonate (5%, 779 mg) in absolute
EtOH (46 mL) was stirred at room temperature under 1
atm of H, for 30 min. Removal of the palladium catalysts
by filtration through Celite, followed by evaporation of
the filtrate under reduced pressure, afforded a diaster-
eomeric mixture of allylic alcohols 14 (337 mg).

To a stirred mixture of the crude product obtained
above (337 mg, 1.52 mmol), NMO (267 mg, 2.28 mmol),
and powdered 4 A molecular sieves (783 mg) in CH,ClI,
(3 mL) was added solid TPAP (31 mg, 0.09 mmol) in one
portion at room temperature. After 25 min of stirring at
the same temperature, the mixture was filtered through
a short pad of Celite, eluting with acetone. Chromatog-
raphy of the residue left after evaporation of the solvent,
using pentane/ether 8:2 as eluent, afforded methyl enone
15 (305 mg, 84% overall yield from 13) as a 1:1 mixture
of epimers at C4: IR (film) 1680 cm~%; *H NMR (300 MHz,
CDCl3) 6 6.53 (1 H, br s), 1.20 and 1.19 (total 3 H, two
s), 1.12 (total 3 H, overlapping d, J = 7 Hz), 1.07 and
1.05 (total 3 H, two s), 0.69 (3 H, s); HRMS calcd for
Ci5H240 220.1827, found 220.1827.

4-Methyl-2-[(1S)-1,2,2-trimethylcyclopentyl]phe-
nol [(—)-a-Herbertenol (4)]. An intimate mixture of
epimeric methyl ketones 15 (43.8 mg, 0.21 mmol) and
sulfur (8.1 mg, 0.24 mmol) was heated in a sealed tube
at 200 °C under argon for 1.5 h. The reaction mixture
was dissolved into CH,Cl, and filtered through a short
pad of silica gel. Chromatography of the residue left after
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evaporation of the solvent, using hexane/ethyl acetate
95:5 as eluent, afforded (—)-o-herbertenol (4) (28.2 mg,
65%) as a colorless oil: [a]'°p —46 (¢ 5.9, CHCIs) (lit.? [o]p
—55); IR (film) 3525, 1665, 1507 cm™!; *H NMR (300
MHz, CDCl3) 6 7.1 (1 H, s), 6.86 (1 H, d, J = 7.9 Hz),
6.57 (1H,d,J=7.9Hz),4.63(1H,s),2263H,s),141
(3 H, s), 1.18 (3 H, s), 0.76 (3 H, s); HRMS calcd for
C1sH,,0 218.1671, found 218.1667.
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