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Base-Induced Rearrangement of Perhydronaphthalene-1,4-diol
Monosulfonate Esters to 11-Oxatricyclo[5.3.1.026Jundecanes. Total
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It is observed that mesylate 1 on exposure to Li(Ot-Bu)sAlIH in refluxing toluene rearranges
selectively to the 11-oxatricyclo[5.3.1.02¢]undecane derivative 3. A similar rearrangement, leading
to a bridged tricyclic ether (14 — 5), has been used as the key to the total synthesis of furanether
B (4), a naturally occurring lactarane sesquiterpene, with the readily available ketone 8 as the
starting material. Completion of the synthesis of the natural product is accomplished by an
annulation method based on a Pummerer-induced cyclization reaction.

Introduction

From our previous work on the chemical consequences
of long-range orbital interactions in stereochemically
rigid 1,4-diol monosulfonate esters, it is known that
elimination, rearrangement, and homofragmentation are
the preferred pathways by which these compounds react
upon treatment with a strong base.! The synthetic utility
of the elimination and rearrangement reaction has been
demonstrated in the total syntheses of guaiane? and
alloaromadendrane® sesquiterpenes, whereas the homo-
fragmentation reaction has been used as the key step in
the synthesis of a-santalanes.* We have demonstrated?!a?
that the reaction outcome not only depends on the specific
structural features of the 1,4-diol monosulfonate esters,
but also on the nature of the base used as is illustrated
in Scheme 1. While the reaction of mesylate 1 with
sodium tert-amylate in refluxing benzene produces se-
lectively the homofragmentation product 2, the corre-
sponding reaction with lithium tert-amylate as base
results in a ca. 2:1 mixture of 2 and the rearranged
tricyclic ether 3, respectively.’® The co-occurrence of
homofragmentation and rearrangement in the reaction
of 1 with lithium tert-amylate has been explained by a
decrease of the electron-donating ability of the alkoxide
group with Li* as counterion.® It is further important
to note that the rearranged product 3 formed in this
reaction strongly resembles the oxatricyclo[5.3.1.0]-
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undecane ring system present in furanether B (4), a
lactarane sesquiterpene isolated from the mushroom
Lactarius scrobiculatus.® This strong resemblance and
the expectation that a further decrease of the electron-
donating ability of the alkoxide function would result in
selective formation of the oxatricyclo[5.3.1.0Jundecane
ring system motivated us to study the synthesis of
furanether B itself.

To date, three total syntheses of furanether B have
been reported: two complementary syntheses in which
the key involves the Pauson—Khand cycloaddition reac-
tion” and one based on a [3 + 4] annulation strategy.?
The asymmetric synthesis of an intermediate in the
Pauson—Khand cycloaddition approach has been re-
ported recently.® Our synthetic approach toward furane-
ther B starts with the readily available Robinson annu-
lation product 71° and presents as the key feature the
base-induced rearrangement reaction (6 — 5) to establish
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the bridged ether core of 4 (Scheme 2). Further elabora-
tion to furanether B (5 — 4) was planned via the
regioselective synthesis of the corresponding butenolides
(vide infra).

Results and Discussion

The first series of experiments was directed toward
finding reaction conditions that allow selective formation
of tricyclic ether 5 from mesylate 6. For that purpose,
the structurally comparable mesylate 1 was used as a
model system.!! After considerable experimentation with
a wide range of bases, we found that treatment of 1 with
1 equiv of lithium tri-tert-butoxyaluminohydride (Li(O-
t-Bu)z;AlH) in refluxing toluene resulted in a high yield
(93%) of the cyclic ether 3, and none of the homofrag-
mentation product 2 was formed.*? Apparently, the
electron-donating ability of the alkoxide group with Li(O-
t-Bu);Al* as counterion, produced after reaction of 1 with
Li(Ot-Bu);AlH, is not strong enough for induction of
homofragmentation, and consequently, only rearrange-
ment to tricyclic ether 3 takes place.

Having thus established that homofragmentation could
be suppressed completely, the synthetic route toward
furanether B was investigated. A previously described
procedure!® was used to prepare ketone 8 from the known
diketone 71° (Scheme 3). It should be noted that attempts
to obtain 7 in optically active form by following proce-
dures developed for the asymmetric synthesis of the
Wieland—Miescher ketone were unsuccessful.'® The
introduction of a hydroxyl function at the C(8) position
of 8 was planned via cleavage of the C(7)—0O bond in
epoxyketone 10. This compound was obtained in ca. 70%
overall yield via bromination of the silyl enol ether of 8,
dehydrobromination, and epoxidation of the resulting
enone 9 with H,0; in the presence of NaOH. When the
epoxide ring opening in 10 was tried with palladium
metal catalysts in the presence of HCOOH and EtzN*
or of ammonium formate,’®* no reaction at all was
observed. Also the use of Nal, NaOAc, and AcOH in
acetone'® was not successful. A more promising result
was achieved when 10 was treated with Li in NH; at —78
°C.1" The desired product 11 was formed in reasonable
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yield (44%), but the reaction could not be driven to
completion. We eventually found that reductive cleavage
of 10 could be accomplished with 3 equiv of Me,CuL.i*®
to afford 11 as the sole product in good yield. The broad
one-proton signal (Wi, ~ 22 Hz) at 6 4.11 in the 'H NMR
spectrum of 11 shows that the hydroxyl group at C(8)
possesses the equatorial a orientation. With standard
procedures, 11 was then converted to the mesylate 14
(11 — 12 — 13 — 14, see the Experimental Section).

In our initial synthetic route toward furanether B, the
reduction of mesylate 14 and rearrangement of the
resulting secondary alcohol 6 to tricyclic ether 5 were
planned as two separate steps. Having demonstrated
that selective rearrangement could be achieved with the
reducing agent Li(Ot-Bu)sAlH,*® we anticipated that
direct conversion of 14 to 5 would be possible via a one-
pot reduction/rearrangement process®® (Scheme 4). A
first attempt in which 1 equiv of Li(Ot-Bu);AlH was
employed indeed afforded the desired tricyclic ether 5,
but starting material 14 was also recovered. Further
experimentation revealed that the use of 2.5 equiv of
Li(Ot-Bu)zAlH was required to complete the reaction. In
this way, an easily separable 10:1 mixture of 5 and 17,
respectively, was obtained in ca. 60% yield.?* The forma-
tion of 5 can easily be explained by intramolecular
trapping of the positive charge by the alkoxide substitu-
ent in the rearranged intermediate 16. Because of the
presence of a protected hydroxyl group at C(8) in 16, the
possible interference of a Grob fragmentation is blocked.'®
The formation of a small amount of the exocyclic olefin
17 must proceed via an intramolecular elimination
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(20) It was assumed that reduction of the ketone function in 14 with
Li(Ot-Bu)sAlIH would proceed from the less sterically hindered a side.

(21) As a minor side reaction, some elimination of the acetate group
had taken place.



124 J. Org. Chem., Vol. 63, No. 1, 1998

Scheme 4
. AcO.,
14 Li(O#+Bu)sAlH, ACOm
toluene, A
Li(Ot-Bu)zAl* Li(Ot-Bu)gAl*
15 16

L
7 ref. 7a
o 4/ ——=. furanether B (4)
H
19

reaction. Remarkably, this latter elimination process is
the chief pathway by which other trans-fused perhy-
dronaphthalene 1,4-diol monosulfonate esters with a
B-hydroxyl group at C(4) react upon treatment with
strong base, while cyclic ether formation is only a minor
reaction pathway.>® The stereochemistry of 5 was es-
tablished by its transformation to the known ketone 19,
thereby completing a formal total synthesis of furanether
B. Upon treatment of 5 with LAH and subsequent
oxidation of the resulting alcohol 18% with PDC, ketone
19 was obtained in 75% overall yield. The spectroscopic
characteristics for 19 were identical with those reported
in the literature.’28

Earlier research from this laboratory on the total
synthesis of drimane sesquiterpenes has shown that
y-(phenylsulfinyl)-o,8-unsaturated aldehydes of type A
could be converted regioselectively either to butenolide
C or to butenolide E, depending on the reaction condi-
tions used (Scheme 5).2 To test whether these Pum-
merer-induced cyclization reactions?* could be employed
also as a common method for the synthesis of the
lactaranolides 31 and 32, sulfoxide 23 had to be prepared.
For that purpose, the reaction sequence outlined in
Scheme 6 was followed. With a slightly modified formyl-
ation procedure (19 — 20),% the known thiomethylene
derivative 21 was prepared in 84% overall yield.?® The
introduction of the carbon atom that ends up as C(11) in
the final product was initially planned via addition of
lithiated thioanisole?” to the C(8) carbonyl group in 21,
immediately followed by HgCl,-assisted hydrolysis of the

(22) The alcohol 18 was also produced by treatment of 14 with LAH
in refluxing toluene, but the yield of this reaction only amounted to
30%.
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1994, 35, 2977.
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adduct in dilute HC1.28 Unfortunately, addition of lithi-
ated thioanisole to 21 refused to give any workable result;
mainly conjugate addition was observed. In sharp con-
trast, its cerium analogue reacted very cleanly with 21,
affording the product of 1,2-addition almost exclusively.?®
After HgCl,-assisted hydrolysis of the 1,2-adduct,®° sul-
fide 22 was obtained in very good yield (84%). To ensure
reproducible high yields in this reaction, sonication of a
suspension of anhydrous CeCl; in dry THF turned out
to be essential.3 After oxidation of sulfide 22 with
NalQ4,% the desired sulfoxide 23 was obtained in quan-
titative yield.

With 23 in hand, we could now investigate the Pum-
merer-induced cyclization reactions toward the lactara-
nolides 31 and 32. In contrast to the corresponding
reactions in the drimane series (see Scheme 5), exposure
of 23 to both Ac,O at 110 °C?%% and K,COj; in agqueous
dioxane at reflux temperaturez® only led to complex
product mixtures in which none of the expected products
could be detected. It may be that, at the relatively high
temperatures (>100 °C) used in these reactions, cleavage
of the bridged ether function is responsible for these poor
results. Therefore, trifluoroacetic anhydride (TFAA) at
room temperature3® was tried, but also in that case the
outcome was disappointing. A more promising result was

(28) A similar protocol has proven to be successful in the synthesis
of annulated drimane sesquiterpenes; see ref 23.

(29) For a relevant report on organocerium reagents, see: Imamoto,
T.; Takiyama, N.; Nakamura, K.; Hatajima, T.; Kamiya, Y. J. Am.
Chem. Soc. 1989, 111, 4392.

(30) In contrast to corresponding reactions described in ref 23, the
HgCl,-assisted hydrolysis to 22 proceeded smoothly without using acid.

(31) Greeves, N.; Lyford, L. Tetrahedron Lett. 1992, 33, 4759.
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(33) Sharma, A. K.; Swern, D. Tetrahedron Lett. 1974, 1503.
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obtained by using an excess of TFAA in combination with
2,6-lutidine.3* In this way, an inseparable 5:1:4 mixture
of the expected (phenylthio)furan 24, its regioisomer 25,
and the trifluoroacetylated compound 26, respectively,
was produced in ca. 70% yield.®® By using 1 equiv of both
TFAA and 2,6-lutidine, the formation of 26 could be
suppressed and almost pure 24 was produced in 43%
yield, together with 35% of the starting material 23.
Eventually, it was found that completion of the reaction
without the undesired formation of 26 could be achieved
by exposure of 23 to an excess of both TFAA and 2,6-
lutidine at —25 °C for about 1—2 days. After careful
workup,3® crude 24 was obtained, but 'H NMR and
GCMS analysis showed that the product contained
considerable amounts of dialdehyde 303 and thiophenol.
An attempt to purify this crude 24 by silica gel chroma-
tography led to an inseparable mixture of 24 (major) and
25 (minor) in modest yield, while 30 was not found
anymore. These results suggest that, on the column,
some of 30 reacts with thiophenol to give 25 (and
probably also additional 24) before it decomposes.3®
Because it was expected that acid-catalyzed cyclization
of dialdehyde 30 would lead to butenolide formation,3°
the above mixture of 24, 30, and thiophenol was directly
treated with a HgCl,—aqueous HCI mixture at 35 °C,%°
thereby avoiding the yield-lowering chromatography. In
this way, the lactaranolides 31 and 32 were obtained as
a 4:1 mixture,* respectively, in 80% yield. These findings
are fully compatible with the reaction sequence outlined
in Scheme 7. The initially generated thionium ion 27 is
either captured by the adjacent aldehyde group to give
oxonium ion 28, which subsequently deprotonates to
afford the phenylthiofuran derivative 24, or it reacts with
the trifluoroacetate anion to produce the O,S-ketal 29.
Although we were not able to detect 29, its formation
is highly probable because of finding both dialdehyde 30
and thiophenol in the crude product mixture after

(34) Jommi, G.; Pagliarin, R.; Sisti, M.; Tavecchia, P. Synth.
Commun. 1989, 19, 2467.

(35) By 'H NMR and GCMS analysis of the 5:1:4 mixture, the
following data for 25 were obtained: 'H NMR (main peaks) 6 0.82 (s,
3H), 1.05 (s, 3H), 1.39 (s, 3H), 4.77 (s, 1H); MS m/z (relative intensity)
340 (M, 100), 325 (1), 297 (36), 269 (5), 231 (70), 203 (33), 115 (34),
91 (39), 77 (37), 43 (81); HRMS calcd for Cy;H240,S (M*) 340.1497,
found 340.1503. For 26 these data were obtained: 'H NMR (main
peaks) ¢ 1.11 (s, 3H), 1.37 (s, 3H), 1.54 (s, 3H), 5.18 (s, 1H); MS m/z
(relative intensity) 436 (M*, 68), 421 (6), 393 (11), 367 (14), 325 (20),
285 (9), 187 (13), 109 (36), 91 (31), 77 (32), 43 (100); HRMS calcd for
Ca3H23F303S (M*) 436.1320, found 436.1321.

(36) After being dried, the solution was concentrated under reduced
pressure at —15 °C. If the solution was concentrated at room temper-
ature, considerable amounts of 25 were detected in the remaining
product mixture.

(37) By 'H NMR and GCMS analysis of the crude product mixture,
the following data for 30 were obtained: *H NMR (main peaks) 6 0.84
(s, 3H), 1.06 (s, 3H), 1.37 (s, 3H), 4.75 (s, 1H), 10.64 (s, 1H), 10.68 (s,
1H); MS m/z (relative intensity) 248 (M*, 9), 219 (23), 205 (35), 187
(22), 152 (43), 123 (39), 107 (40), 95 (51), 77 (50), 43 (100).

(38) Lactarane dialdehydes are supposed to be highly reactive
compounds, see: Sterner, O., Ph.D. Thesis, University of Lund, 1985.

(39) Jansen, B. J. M., Ph.D. Thesis, Wageningen Agricultural
University, 1993.

(40) At room temperature, the reaction took more than 2 weeks to
achieve completion.

(41) The chromatographic separation of 31 and 32 appeared to be
problematic.

(42) Stable O,S-ketals formed in Pummerer rearrangements have
been reported. For example, see: (a) Hatch, R. P.; Shringarpure, J.;
Weinreb, S. M. J. Org. Chem. 1978, 43, 4172. (b) Padwa, A.; Kappe,
C. O.; Cochran, J. E.; Snyder, J. P. J. Org. Chem. 1997, 62, 2786.

(43) The reaction was performed with 24 obtained from the incom-
plete reaction of 23 with 1 equiv of TFAA and 2,6-lutidine.
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workup. A silica gel-catalyzed reaction of 30 with
thiophenol explains the formation of 24 and 25 on the
column.

The synthesis of furanether B was completed by
reduction of the above 4:1 mixture of 31 and 32 with
DIBALH at —78 °C followed by aromatization of the
resulting mixture of lactols with 1 M aqueous H,S0O,.2
The spectroscopic data for 4 were identical with those
reported in the literature.f2728 Although 23 refused to
react regioselectively to give lactaranolide 32, its regioi-
somer 31 could be produced as a single product by HgCl,-
induced hydrolysis of 24,43 albeit in modest overall yield
(43% from 23).

Summarizing these results, we may state that our
synthetic route toward furanether B represents another
example of the applicability of the intramolecular base-
induced rearrangement of 1,4-diol monosulfonate esters
in natural product synthesis. The problems encountered
in the regioselective annulation of the lactaranolides
studied here contrast sharply the ease by which the
corresponding compounds in the drimane series are
formed, and these problems are probably brought on by
the presence of the bridged ether function. Nevertheless,



126 J. Org. Chem., Vol. 63, No. 1, 1998

the successful completion of the total synthesis of furane-
ther B demonstrates that our annulation approach based
on the Pummerer-induced cyclization reaction is a useful
alternative to other furan and butenolide annulation
methods.

Experimental Section*

Materials. All reagents were purchased from Aldrich or
Acros and were used without further purification, unless
otherwise stated. The ketone 8 was prepared from the known
Robinson annulation product 7%° as previously described.?® The
compounds 3,0 4,728 18,72 19,728 20,72 and 318 were character-
ized before.

(3a0,4f,86,8aa)-(+)-Decahydro-2,2,4,8-tetramethyl-4,8-
epoxyazulene (3). To a degassed solution of 0.152 g (0.50
mmol) of 1* in 10 mL of dry toluene was added 0.127 g (0.50
mmol) of Li(Ot-Bu)sAlIH. The reaction mixture was refluxed
for 2 h under argon, cooled to 0 °C, and then quenched with
0.5 mL of saturated aqueous Na,SO,. After being stirred at 0
°C for 20 min, the reaction mixture was diluted with 25 mL of
EtOAc, dried, and evaporated. The remaining residue was
flash chromatographed [10:1 petroleum ether (bp 40—60 °C)/
EtOAc] to give 0.097 g (93%) of 3 as a colorless oil. The NMR
and mass spectral data for 3 were identical with those reported
in the literature.t®

(4aa,5a,8ap)-(+)-4a,5,6,7,8,8a-Hexahydro-4a,7,7-tri-
methyl-5-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-1(4H)-
naphthalenone (9). To a stirred solution of 56 mL of LDA
(2.0 M in THF/heptane) in 100 mL of THF, cooled to —78 °C,
was added dropwise a solution of 30.46 g (94.0 mmol) of 8 in
75 mL of THF over 1 h. The reaction mixture was stirred at
—78 °C for 1.75 h, after which time 19 mL (0.15 mol) of TMSCI
was added dropwise. The reaction mixture was allowed to
come to rt, diluted with 100 mL of ether, and filtered through
a short pad of basic Al,O;. The filter cake was washed with
ether, and the filtrate was concentrated under reduced pres-
sure. The remaining residue was taken up in 100 mL of THF,
and added dropwise to an ice cold solution of 19.0 g (0.107
mol) of NBS in 150 mL of THF over 40 min. After being stirred
at 0 °C for 1 h, the reaction mixture was allowed to come to rt
and concentrated under reduced pressure to half its volume.
After addition of 200 mL of H,O, the two-phase mixture was
separated, and the aqueous phase was extracted four times
with CH,Cl,. The combined organic layers were washed with
brine, dried, and evaporated. The remaining residue was
dissolved in 250 mL of DMF, and 17.4 g (0.235 mol) of Li,CO3;
and 16.3 g (0.188 mol) of LiBr were added. The reaction
mixture was heated at 140 °C for 2.5 h, allowed to come to rt,
and filtered through a short pad of Hyflo. The filter cake was
washed with 75 mL of DMF, and the filtrate was concentrated
under reduced pressure to half its volume. After addition of
300 mL of H;0, the aqueous layer was extracted four times
with petroleum ether (bp 40—60 °C). The combined organic
layers were washed with brine, dried, and evaporated. The
remaining residue was flash chromatographed [20:1 petroleum
ether (bp 40—60 °C)/EtOAc] to give 28.62 g (94%) of 9 as a
yellow oil: *H NMR 6 0.04 (s, 3H), 0.05 (s, 3H), 0.80 (s, 3H),
0.87 (s, 9H), 0.92 (s, 3H), 0.97 (s, 3H), 1.18—1.41 (m, 3H), 1.61
(dd, 3 = 3.7, 12.9 Hz, 1H), 2.16 (ddd, J = 2.3, 2.5, 18.9 Hz,
1H), 2.40 (dd, J = 3.7, 12.5 Hz, 1H), 2.50 (dd, J = 5.9, 18.9
Hz, 1H), 3.66 (dd, J = 6.0, 10.2 Hz, 1H), 5.98 (dd, J = 2.5,
10.1 Hz, 1H), 6.81 (ddd, J = 2.3, 5.9, 10.1 Hz, 1H); *C NMR
0 —4.79 (q), —3.96 (qg), 10.20 (q), 18.00 (s), 25.76 (3q), 25.84
(9), 30.51 (s), 32.75 (t), 33.09 (q), 39.95 (t), 42.74 (s), 43.30 (t),
49.76 (d), 75.78 (d), 129.07 (d), 146.77 (d), 200.86 (s); MS m/z
(relative intensity) 322 (M™, 2), 265 (100), 221 (5), 173 (8), 131
(8), 105 (9), 75 (50), 73 (13); HRMS calcd for C19H340,Si (M)
322.2328, found 322.2327.

(44) For a general description of the experimental procedures
employed in this research, see: Kesselmans, R. P. W.; Wijnberg, J. B.
P. A;; Minnaard, A. J.; Walinga, R. E.; de Groot, A. J. Org. Chem. 1991,
56, 7237. NMR spectra were recorded at 200 MHz (*H) and at 50 MHz
(*3C) in CDCls.
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(20,30,4384,56,8aa)-(+)-3,4,4a,5,6,7,8,8a-Octahydro-4a,7,7-
trimethyl-5-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-
naphth[2,3]loxiren-1(2H)-one (10). To a stirred solution of
28.62 g (88.7 mmol) of 9 in 400 mL of MeOH were added 31
mL of 35% H,0, and 45 mL of 1 M aqueous NaOH. After being
stirred for 16 h, the reaction mixture was diluted with 400
mL of H,O and 200 mL of brine and extracted four times with
ether. The combined organic layers were washed with brine,
dried, and evaporated. The remaining residue was flash
chromatographed [20:1 petroleum ether (bp 40—60 °C)/EtOAc]
to afford 21.41 g (71%) of 10 as a light yellow solid: mp 83—
85 °C (from petroleum ether (bp 40—60 °C)); *H NMR ¢ 0.03
(s, 3H), 0.06 (s, 3H), 0.73 (s, 3H), 0.87 (s, 12H), 0.94 (s, 3H),
1.10—1.40 (m, 4H), 1.91 (d, J = 15.4 Hz, 1H), 2.13 (dd, J =
4.9, 15.4 Hz, 1H), 2.82 (dd, 3 = 3.9, 12.4 Hz, 1H), 3.24 (d, J =
3.7 Hz, 1H), 3.52—3.65 (m, 2H); 33C NMR 6 —4.80 (q), —3.94
(a), 12.81 (q), 17.98 (s), 25.60 (q), 25.76 (3q), 30.31 (s), 32.34
(t), 33.03 (q), 37.33 (t), 43.19 (t), 44.55 (d), 46.61 (s), 55.26 (d),
57.29 (d), 75.61 (d), 208.50 (s); MS m/z (relative intensity) 338
(M*, 2), 281 (100), 161 (7), 123 (8), 119 (7), 105 (12), 75 (43),
73 (13); HRMS calcd for C;9H3403Si (M) 338.2277, found
338.2279. Anal. Calcd for C19H3403Si: C, 67.42; H, 10.13.
Found: C, 67.10; H, 10.19.

(30,4a4,56,8aa)-(+)-3,4,4a,5,6,7,8,8a-Octahydro-3-hy-
droxy-4a,7,7-trimethyl-5-[[(1,1-dimethylethyl)dimethyl-
silyl]Joxy]-1(2H)-naphthalenone (11). To a stirred suspen-
sion of 19.24 g (101 mmol) of dry Cul in 150 mL of ether, cooled
to —25 °C, was added dropwise 105 mL of MeL.i (1.6 M in ether)
over 12 min. To the resulting bright yellow solution was added
dropwise a solution of 11.41 g (33.7 mmol) of 10 in 100 mL of
ether over 20 min. After being stirred at —25 °C for 1.5 h,
the reaction mixture was quenched with 7.5 mL of saturated
aqueous Na,SO4. The reaction mixture was allowed to come
to rt and filtered through a short pad of Hyflo. The filtrate
was dried and concentrated under reduced pressure, and the
remaining residue was flash chromatographed [5:1 petroleum
ether (bp 40—60 °C)/EtOAc] to yield 7.37 g (64%) of 11 as a
colorless oil: *H NMR 6 0.03 (s, 3H), 0.05 (s, 3H), 0.65 (s, 3H),
0.86 (s, 9H), 0.89 (s, 3H), 0.95 (s, 3H), 1.25—1.45 (m, 5H), 1.76
(br s, OH), 2.20—2.45 (m, 3H), 2.74 (ddd, J = 2.0, 5.5, 13.0
Hz, 1H), 3.60 (dd, J = 6.1, 9.9 Hz, 1H), 4.11 (m, W1, ~ 22 Hz,
1H); 3C NMR ¢ —4.70 (q), —3.95 (q), 11.83 (q), 18.04 (s), 25.85
(39), 26.12 (q), 30.42 (s), 32.78 (t), 33.03 (q), 41.46 (s), 43.11
(t), 46.27 (t), 50.89 (t), 51.81 (d), 67.34 (d), 75.61 (d), 209.36
(s); MS m/z (relative intensity) 340 (M, 4), 283 (46), 265 (59),
191 (53), 173 (35), 163 (52), 149 (43), 121 (31), 107 (31), 95
(34), 83 (40), 75 (100); HRMS calcd for Cji9H3603Si (M1)
340.2434, found 340.2431. Anal. Calcd for C19H3603Si: C,
67.02; H, 10.66. Found: C, 66.54; H, 10.78.

(3a,4ap,56,8a0)-(+)-3-(Acetyloxy)-3,4,4a,5,6,7,8,8a-oc-
tahydro-4a,7,7-trimethyl-5-[[(1,1-dimethylethyl)dimeth-
ylsilylloxy]-1(2H)-naphthalenone (12). To a stirred solu-
tion of 11.20 g (33.0 mmol) of 11 in 100 mL of pyridine were
added 10 mL of Ac,O and a catalytic amount of DMAP. The
reaction mixture was stirred at rt for 16 h, poured into 375
mL of ice cold 4 M aqueous HCI, and extracted four times with
EtOAc. The combined organic layers were washed with brine,
dried, and evaporated. The remaining residue was flash
chromatographed [10:1 petroleum ether (bp 40—60 °C)/EtOAc]
to yield 11.87 g (94%) of 12 as a white solid: mp 66—68 °C
(from hexane); *H NMR 6 0.02 (s, 3H), 0.03 (s, 3H), 0.70 (s,
3H), 0.85 (s, 9H), 0.88 (s, 3H), 0.95 (s, 3H), 1.15—1.50 (m, 5H),
2.03 (s, 3H), 2.20—2.45 (m, 3H), 2.81 (ddd, J = 1.9, 5.8, 13.4
Hz, 1H), 3.59 (dd, J = 6.1, 9.9 Hz, 1H), 5.12 (m, Wy, ~ 23.5
Hz, 1H); 13C NMR 6 —4.72 (q), —4.00 (), 11.64 (q), 18.02 (s),
21.24 (qg), 25.81 (3q), 26.05 (q), 30.38 (s), 32.72 (t), 33.00 (q),
41.35 (s), 42.21 (t), 43.09 (t), 46.97 (t), 52.09 (d), 69.16 (d), 75.49
(d), 169.95 (s), 207.88 (s); MS m/z (relative intensity) 325 (M*
— 57, 17), 265 (69), 191 (27), 173 (15), 163 (14), 117 (100), 83
(19), 75 (47), 73 (19); HRMS calcd for C17H2904Si (M* — 57)
325.1835, found 325.1828. Anal. Calcd for C,1H3504Si: C,
65.93; H, 10.01. Found: C, 65.66; H, 10.08.

(3a,4ap,56,8a0)-(+)-3-(Acetyloxy)-3,4,4a,5,6,7,8,8a-oc-
tahydro-5-hydroxy-4a,7,7-trimethyl-1(2H)-naphthale-
none (13). To a stirred solution of 12.99 g (34.0 mmol) of 12
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in 200 mL of MeCN was added 15 mL of 40% aqueous HF.
The reaction mixture was stirred at rt for 17 h, poured into
300 mL of saturated aqueous NaHCOj3, and extracted four
times with EtOAc. The combined organic layers were washed
with brine, dried, and evaporated to give 8.73 g (95%) of 13 as
a white solid: mp 164—166 °C (from hexane/EtOAc); *H NMR
0 0.75 (s, 3H), 0.92 (s, 3H), 0.99 (s, 3H), 1.30—1.62 (m, 5H),
2.03 (s, 3H), 2.28—2.46 (m, 3H), 2.52 (ddd, J = 1.9, 5.0, 12.6
Hz, 1H), 2.81 (ddd, J = 1.9, 5.8, 13.4 Hz, 1H), 3.66 (ddd, J =
5.4,5.4,10.8 Hz, 1H), 5.16 (M, W12 &~ 24.0 Hz, 1H); 33C NMR
0 11.29 (q), 21.15 (q), 26.02 (q), 30.52 (s), 32.74 (t), 32.85 (q),
40.83 (s), 41.76 (t), 42.67 (t), 46.89 (t), 52.01 (d), 68.94 (d), 74.94
(d), 170.00 (s), 207.65 (s); MS m/z (relative intensity) 226 (M*
— 42, 1), 208 (100), 193 (35), 190 (42), 175 (77), 167 (48), 139
(36), 123 (81), 122 (75), 109 (43), 96 (37), 43 (40); HRMS calcd
for C13H2205 (M* — 42) 226.1569, found 226.1565. Anal. Calcd
for Ci1sH2404: C, 67.13; H, 9.02. Found: C, 66.68; H, 9.05.

(30,4ap,56,8a0)-(+)-3-(Acetyloxy)-3,4,4a,5,6,7,8,8a-oc-
tahydro-4a,7,7-trimethyl-5-[(methylsulfonyl)oxy]-1(2H)-
naphthalenone (14). To a stirred solution of 8.73 g (32.5
mmol) of 13 in 100 mL of pyridine was added 3.8 mL (49.1
mmol) of MsCI. After being stirred at rt for 2 h, the reaction
mixture was diluted with 450 mL of EtOAc and washed
successively with 4 M aqueous HCI (three times), saturated
aqueous NaHCOj; (twice), and brine. The organic layer was
dried and evaporated, and the remaining residue was crystal-
lized from EtOAc to afford 6.86 g (61%) of 14 as a light yellow
solid. The mother liquor was concentrated under reduced
pressure and flash chromatographed [1:1 petroleum ether (bp
40—-60 °C)/EtOACc] to give 4.31 g (38%) of another portion of
14: mp 128-129 °C; *H NMR ¢ 0.82 (s, 3H), 0.96 (s, 3H), 1.02
(s, 3H), 1.25—1.45 (m, 2H), 1.55-1.80 (m, 3H), 2.03 (s, 3H),
2.30—2.50 (m, 3H), 2.83 (ddd, 3 = 1.9, 5.8, 13.6 Hz, 1H), 3.02
(s, 3H), 4.70 (dd, J = 5.5, 11.4 Hz, 1H), 5.14 (m, Wy, ~ 21.5
Hz, 1H); C NMR ¢ 12.32 (q), 21.19 (q), 25.72 (q), 31.08 (s),
32.46 (t), 32.62 (q), 39.07 (9), 40.12 (s), 40.22 (t), 41.52 (t), 46.80
(t), 51.89 (d), 68.10 (d), 84.75 (d), 169.99 (s), 206.09 (s); MS
m/z (relative intensity) 286 (Mt — 60, 9), 245 (19), 190 (100),
175 (43), 163 (45), 147 (18), 121 (30), 107 (19), 95 (21), 43 (53);
HRMS calcd for C14H2,0.4S (M — 60) 286.1239, found 286.1239.
Anal. Calcd for C16H2606S: C, 55.47; H, 7.57. Found; C, 55.17;
H, 7.53.

(3a0,4p,60,88,8an)-(+)-Decahydro-2,2,4-trimethyl-4,8-
epoxyazulen-6-ol Acetate (5). The mesylate 14 (0.650 g,
1.88 mmol) was treated with Li(Ot-Bu);AlH (2.5 equiv) for 45
min as described for 1. Workup and flash chromatography
[5:1 petroleum ether (bp 40—60 °C)/EtOAc] gave 0.248 g (53%)
of 5 as a colorless oil: *H NMR 6 0.87 (s, 3H), 1.02 (s, 3H),
1.09 (m, 1H), 1.16 (s, 3H), 1.25—1.35 (m, 2H), 1.60—2.00 (m,
5H), 2.03 (s, 3H), 2.76 (9, J = 8.5 Hz, 1H), 2.97 (q, J = 8.6 Hz,
1H), 3.88 (br d, J = 3.6 Hz, 1H), 5.04 (br t, J = 5.0 Hz, 1H);
13C NMR 6 21.55 (q), 22.76 (q), 25.86 (q), 28.16 (q), 34.45 (t),
41.40 (s), 42.24 (t), 42.78 (t), 47.35 (t), 48.51 (d), 50.21 (d), 68.13
(d), 79.01 (d), 79.52 (s), 170.33 (s); MS m/z (relative intensity)
252 (M*, 14), 193 (86), 192 (100), 177 (41), 149 (95), 134 (24),
107 (25), 95 (32), 93 (22), 43 (33); HRMS calcd for C15H2403
(M™) 252.1725, found 252.1729.

Further elution afforded 0.022 g (5%) of 17: 'H NMR ¢ 0.96
(s, 3H), 1.09 (s, 3H), 1.47—1.75 (m, 6H), 2.02 (s, 3H), 2.17 (dd,
J =9.9, 12.3 Hz, 1H), 2.30 (m, 1H), 2.53 (m, 1H), 2.68 (dd, J
= 3.4, 12.2 Hz, 1H), 2.94 (br q, 3 = 9.7 Hz, 1H), 3.85 (br t, J
= 6.3 Hz, 1H), 4.89—5.02 (m, 3H); 3C NMR ¢ 21.36 (q), 27.00
(9), 29.16 (q), 37.58 (s), 40.46 (t), 41.75 (t), 43.81 (t), 45.03 (d),
45.76 (d), 45.83 (t), 70.90 (d), 71.02 (d), 113.68 (t), 147.00 (s),
170.22 (s); MS m/z (relative intensity) 192 (M* — 60, 78), 177
(57), 174 (37), 159 (68), 149 (29), 123 (42), 107 (39), 95 (44), 43
(100); HRMS calcd for Ci3H200 (M* — 60) 192.1514, found
192.1510.

(3a0,4p,60,8f,8an)-(+)-Decahydro-2,2,4-trimethyl-4,8-
epoxyazulen-6-ol (18). To a stirred suspension of 0.60 g of
LAH (15.8 mmol) in 100 mL of ether was added dropwise a
solution of 3.62 g (14.4 mmol) of 5 in 50 mL of ether. The
reaction mixture was stirred at rt for 1 h, cooled to 0 °C, and
then carefully quenched with 2 mL of saturated aqueous
Na,SO,. After addition of 150 mL of EtOAc, the solution was
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dried and evaporated. The remaining residue was flash
chromatographed [3:1 petroleum ether (bp 40—60)/EtOAc] to
afford 2.43 g (81%) of 18 as a white solid: mp 72—73 °C; 13C
NMR 6 22.98 (q), 25.96 (q), 28.31 (q), 37.54 (t), 41.34 (s), 42.86
(t), 45.52 (t), 47.65 (t), 48.59 (d), 50.37 (d), 65.19 (d), 79.49 (d),
79.70 (s). The *H NMR and mass spectral data for 18 were
identical with those reported in the literature.”
(3a0,4p,86,8a0)-(+)-Octahydro-2,2,4-trimethyl-4,8-ep-
oxyazulen-6(1H)-one (19). To a stirred solution of 2.43 g
(11.6 mmol) of 18 in 100 mL of CH,Cl, was added 6.5 g (17.3
mmol) of PDC. After being stirred at rt for 15 h, the reaction
mixture was filtered over a short pad of Hyflo. The filtrate
was concentrated under reduced pressure and flash chromato-
graphed [10:1 petroleum ether (bp 40—60 °C)/EtOAc] to give
2.25 g (93%) of 19 as a colorless oil. The NMR and mass
spectral data for 19 were identical with those reported in the
literature.”8
(3a0,4f,84,8a0)-(+)-Octahydro-7-(hydroxymethylene)-
2,2, 4-trimethyl-4,8-epoxyazulen-6(1H)-one (20). To a stirred
suspension of 0.78 g (26.0 mmol) of NaH (80% dispersion in
mineral oil) in 75 mL of ether was added dropwise 0.5 mL (12.4
mmol) of MeOH at rt. After 5 min, a solution of 8.4 mL (0.10
mol) of ethyl formate and 2.25 g (10.8 mmol) of 19 in 50 mL of
ether was added dropwise over 30 min. The reaction mixture
was stirred at rt for 1 h, carefully quenched with 1 mL of
EtOH, and then mixed with 60 mL of H,O. The two-phase
system was separated, and the aqueous layer was acidified
with concentrated aqueous HCI to ca. pH 2 and extracted three
times with ether. The combined organic layers were then
extracted three times with 2 M aqueous KOH. The combined
basic aqueous layers were cooled to 0 °C, acidified with
concentrated aqueous HCI to ca. pH 2, and extracted three
times with ether. The combined organic layers were dried and
evaporated to afford 2.47 g (95%) of crude 20, which was used
in the next reaction without further purification. The NMR
and mass spectral data for 20 corresponded with those
reported in the literature.”@
(3a0.,4p,8p,8aa)-()-7-[(Butylthio)methylene]octahydro-
2,2,4-trimethyl-4,8-epoxyazulen-6(1H)-one (21) was pre-
pared from 0.205 g (0.867 mmol) of 20 and 0.11 mL (1.03 mmol)
of butanethiol as previously described.” Workup and flash
chromatography [7:1 petroleum ether (bp 40—60 °C)/EtOACc]
afforded 0.234 g (88%) of 21 as a ca. 3.5:1 mixture of the E
and Z isomers: 'H NMR (major peaks) 6 4.38, 4.63 (s, s, 1:3.5
ratio, 1H), 6.65, 7.34 (s, s, 1:3.5 ratio, 1H); HRMS calcd for
C1sH250,S (M™) 308.1810, found 308.1809.
(3a0,44,84,8a0)-(+)-1,2,3,3a,4,7,8,8a-Octahydro-2,2,8-tri-
methyl-6-[(phenylthio)methyl]-4,8-epoxyazulene-5-car-
boxaldehyde (22). To a stirred fine dispersion of anhydrous
CeCl; in 5 mL of THF [prepared from 0.714 g (1.92 mmol) of
CeCl3-7H;0 by heating at 140 °C under reduced pressure (0.1
mmHg) and sonication3!], cooled to —78 °C, was added 3.7 mL
of lithiated thioanisole (0.49 M in ether)*¢ over 10 min under
argon. The mixture was stirred at —78 °C for 1.5 h, and then
a solution of 0.286 g (0.930 mmol) of 21 in 3 mL of THF was
added dropwise over 8 min. Stirring was continued at the
same temperature for another 45 min, after which time 2 mL
of saturated aqueous NH4Cl was added. The reaction mixture
was allowed to come to rt, diluted with 10 mL of THF, and
filtered through a short pad of Hyflo. The filter cake was
washed three times with THF, and the filtrate was concen-
trated under reduced pressure. The remaining residue was
dissolved in 5 mL of EtOH containing 4% H,0, and then 0.301
g (1.11 mmol) of HgCl, was added. The mixture was stirred
at rt for 5 min, diluted with 75 mL of ether, and filtered
through a short pad of Hyflo. The filtrate was washed three

(45) According to the *H NMR spectrum, 20 most likely consisted
of a ca. 9:1 mixture of the intramolecularly hydrogen-bonded Z-isomer
(one-proton singlet at ¢ 7.52) and the keto aldehyde form (one-proton
singlet at 6 9.58), respectively. Also, see ref 7a.

(46) A solution of lithiated thioanisole (0.49 M in ether) was
prepared by the following procedure. To a stirred solution of 0.9 mL
(7.67 mmol) of thioanisole in 10 mL of ether was added 4.8 mL (7.68
mmol) of n-BuLi (1.6 M in hexane). The solution was heated at reflux
temperature for 15 h and then cooled to rt.
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times with brine, dried, and evaporated. The remaining
residue was flash chromatographed [7:1 petroleum ether (bp
40—60 °C)/EtOAC] to give 0.267 g (84%) of 22 as a colorless
oil: *H NMR 4 0.84 (s, 3H), 1.03 (s, 3H), 1.10—1.50 (m, 3H),
1.32 (s, 3H), 1.59 (m, 1H), 2.19—-2.43 (m, 2H), 2.49, 2.55 (AB
., Jag = 19.4 Hz, 2H), 3.33 (d, J = 13.2 Hz, 1H), 4.14 (d, J =
13.2 Hz, 1H), 4.49 (s, 1H), 7.20—7.45 (m, 5H), 9.32 (s, 1H); *C
NMR 6 22.75 (q), 25.87 (), 28.20 (q), 34.93 (t), 41.09 (s), 42.96
(t), 44.07 (t), 45.79 (t), 51.91 (d), 55.53 (d), 74.66 (d), 79.99 (s),
128.76 (d), 129.13 (2d), 132.88 (s), 134.18 (2d), 141.49 (s),
148.87 (s), 185.94 (d); MS m/z (relative intensity) 342 (M™, 32),
250 (11), 248 (21), 233 (100), 215 (7), 206 (8), 191 (25), 161 (7),
125 (7), 95 (15); HRMS calcd for C1H260,S (M*) 342.1654,
found 342.1654.
(3a0,4p,84,8a0)-(+)-1,2,3,3a,4,7,8,8a-Octahydro-2,2,8-tri-
methyl-6-[(phenylsulfinyl)methyl]-4,8-epoxyazulene-5-
carboxaldehyde (23). To a stirred solution of 0.171 g (0.50
mmol) of 22 in 10 mL of MeOH was added a solution of 0.167
g (0.78 mmol) of NalO, in 1 mL of H,O. After being stirred at
rt for 3 d, the reaction mixture was diluted with 50 mL of
MeOH and filtered through a short pad of Hyflo. The filtrate
was concentrated under reduced pressure, and the remaining
residue was taken up in 50 mL of ether. The solution was
washed with H,O (twice) and brine, dried, and evaporated to
give 0.177 g (99%) of 23 as a ca. 2:1 mixture of two diastere-
omers: *H NMR (major peaks) ¢ 0.86 (s, 3H), 1.04 (s, 3H), 1.17,
1.20 (s, s, 2:1 ratio, 3H), 3.60, 3.79 (B parts of AB q, J = 13.0
Hz, 2:1 ratio, 1H), 3.98, 4.19 (A parts of AB g, J = 13.0 Hz,
ratio 1:2, 1H), 4.56, 4.59 (s, s, 1:2 ratio, 1H), 7.48—7.64 (m,
5H), 9.38, 9.56 (s, s, 1:2 ratio, 1H); 3C NMR § 22.38, 22.47
(9), 25.88 (), 28.16, 28.21 (q), 41.05, 41.09 (s), 43.04 (t), 45.99,
46.08 (t), 47.35, 47.45 (t), 52.26, 52.32 (d), 55.45, 55.69 (d),
56.36, 56.78 (t), 74.99, 75.10 (d), 79.64, 79.76 (s), 124.28 (2d),
129.36 (2d), 131.78, 131.82 (s), 140.37 (s), 141.44, 141.68 (s),
144.93, 145.35 (s), 186.42, 187.11 (d); MS m/z (relative
intensity) 358 (M*, 3), 343 (1), 342 (1), 341 (1), 233 (100), 205
(61), 191 (26), 81 (21), 69 (38), 43 (33); HRMS calcd for
C21H2603S (M*) 358.1603, found 358.1600. Anal. Calcd for
C21H2603S: C, 70.35; H, 7.31. Found: C, 70.20; H, 7.12.
(40,4ap,73,80)-(+)-4,4a,5,6,7,7a,8,9-Octahydro-6,6,8-tri-
methyl-1-(phenylthio)-4,8-epoxyazuleno[5,6-c]furan (24).
To a stirred solution of 37.2 mg (0.11 mmol) of 23 in 1 mL of
CH,Cl, were added 12.5 uL (0.11 mmol) of 2,6-lutidine and
15.5 uL (0.11 mmol) of TFAA under argon. The reaction
mixture was stirred at rt for 25 min, quenched with 5 mL of
saturated agqueous NaHCOs3, and diluted with 10 mL of ether.
The two-phase mixture was separated, and the organic layer
was washed twice with 1 M aqueous HCI and four times with
brine. The organic layer was dried and evaporated, and the
remaining residue was flash chromatographed [10:1 petroleum
ether (bp 40—60 °C)/EtOAc] to give 16.0 mg (43%) of 24 (GC
purity >90%):47 'H NMR 6 0.89 (s, 3H), 1.10 (s, 3H), 1.27—
1.50 (m, 3H), 1.40 (s, 3H), 1.70 (m, 1H), 2.44—-2.83 (m, 4H),
4.80 (s, 1H), 7.08—7.36 (m, 5H), 7.38 (s, 1H); 13C NMR ¢ 23.51

(47) GC analysis revealed the presence of small amounts (<5%) of
25 and 26.

(48) Pure 31 could be obtained upon treatment of 2443 with HgCl,
and 4 M aqueous HCI at 35 °C.
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(9), 26.03 (q), 28.31 (q), 36.00 (t), 41.47 (s), 42,87 (t), 45.95 (1),
51.02 (d), 55.88 (d), 75.18 (d), 80.12 (s), 126.02 (d), 126.51 (s),
126.94 (2 d), 128.68 (s), 129.04 (2 d), 136.17 (s), 136.69 (d),
137.50 (s); MS m/z (relative intensity) 340 (M*, 100), 325 (11),
297 (9), 269 (22), 231 (31), 187 (44), 145 (29), 91 (52), 77 (37),
43 (75); HRMS calcd for CyH240,S (M*) 340.1497, found
340.1500. Further elution [1:1 petroleum ether (bp 40—60 °C)/
EtOAc] afforded 12.9 mg (35%) of starting material 23.

(40,488,73f,80)-(+)-4,4a,5,6,7,7a,8,9-Octahydro-6,6,8-tri-
methyl-4,8-epoxyazuleno[5,6-c]furan-1(3H)-one (31) and
Its Regioisomer 32. To a stirred solution of 19.6 mg (0.055
mmol) of 23 in 1 mL of CHCl5, cooled to —35 °C, were added
30 uL (0.3 mmol) of 2,6-lutidine and 40 L (0.3 mmol) of TFAA
under argon. The reaction mixture was kept at —25 °C for 22
h, after which time another 20 xL (0.2 mmol) of 2,6-lutidine
and 25 uL (0.2 mmol) of TFAA were added. After standing at
—25 °C for an additional 22 h, the reaction mixture was
quenched with 5 mL of saturated aqueous NaHCO; and
diluted with 25 mL of ether. The two-phase mixture was
separated, and the organic layer was washed successively with
1 M aqueous HCI (twice), 1 M aqueous NaOH (twice), and
brine (four times). The organic layer was dried and evapo-
rated, and the remaining residue was dissolved in 3 mL of
MeOH. After addition of 150 mg (0.55 mmol) of HgCl, and 1
mL of 4 M aqueous HCI, the solution was heated at 35 °C for
2.5 d. The reaction mixture was then diluted with 50 mL of
ether, washed four times with brine, dried, and evaporated.
The remaining residue was flash chromatographed [5:1 to 1:1
petroleum ether (bp 40—60 °C)/EtOAc] to give 10.9 mg (80%)
of a white solid which, according to GC and NMR analysis,
appeared to be a ca. 4:1 mixture of 31 and 32, respectively.*®
This mixture was used in the next reaction without separation.
The NMR and mass spectral data for 31 (major component)
corresponded with those reported in the literature;® those for
32 (minor component) are shown below.

32: 'H NMR (major peaks) d 0.85 (s, 3H), 1.05 (s, 3H), 1.39
(s, 3H), 4.50 (br s, 1H), 4.66 (br s, 2H); MS m/z (relative
intensity) 248 (M*, 32), 233 (29), 215 (19), 206 (29), 191 (100),
145 (37), 105 (54), 95 (64), 77 (39), 43 (90); HRMS calcd for
Ci5H2003 (M) 248.1412, found 248.1402.

Furanether B (4) was prepared from 8.3 mg (0.033 mmol)
of the above 4:1 mixture of 31 and 32 in a fashion identical
with that described for the conversion of 31 to 4.8 Workup
and flash chromatography [5:1 petroleum ether (bp 40—60 °C]/
EtOACc) afforded pure 4 as a white solid in 99% yield: mp 58
°C (lit.2 mp 62—63 °C). The NMR and mass spectral data for
4 were identical with those reported in the literature.f27a8
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