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A Stereoselective Formal Synthesis of (—)-Fumagillol
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A novel formal synthesis of fumagillol, a direct precursor of
the antiangiogenic sesquiterpene fumagillin, is described.
The main features of the synthesis are a stereoselective
Claisen—-Ireland rearrangement, a ring-closing metathesis, a

chemo- and stereoselective and a
Julia—Kocienski olefination.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,

Germany, 2004)

dihydroxylation,

Fumagillin (1), isolated in 1951 by Elbe and Hansonl!l
from the microbial organism Aspergillus fumigatus, is rep-
resentative of a class of sesquiterpenes like ovalicin (2)1!
and FR 65814 (3),1 which display various biological activi-
ties. Fumagillin (1) was originally described as an antimi-
crobial agent, but Folkman and co-workers*! have more re-
cently discovered that this compound is a potent and selec-
tive inhibitor of angiogenesis. The semisynthetic compound
TNP-470 (4)B-°1 showed a better therapeutic index than fu-
magillin (1) and is one of the most promising drugs acting
as an inhibitor of angiogenesis (Scheme 1).
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Scheme 1

The recent discovery that methionine aminopeptidase 11
(MetAp-11) is selectively inhibited by fumagillin (1),[1 to-
gether with the X-ray structure of the covalent complex be-
tween fumagillin (1) and MetAp-IL®! have increased inter-
est in the synthesis of fumagillin (1) and of new fumagillin
analogues.0— 11l
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In 1972, Corey and Snider reported the first synthesis of
(*)-fumagillin (1),I'?! based on a Diels—Alder reaction to
reach the cyclohexyl part of the molecule. This domain af-
terwards remained dormant for 25 years, but recently four
syntheses of (—)-fumagillol (5), a close precursor of (—)-
fumagillin (1), and of (—)-fumagillin (1) itself were success-
ively published,!'3~1¢1 as well as two syntheses of the corre-
sponding racemic material.[7-18]

Following the previous studies from our laboratory, we
now report a novel and concise formal synthesis of (—)-
fumagillol (5). Our initial strategy, by a Claisen—Ireland
rearrangement/olefin ring-closing metathesis approach, al-
lowed us to prepare several advanced intermediates in the
synthesis of fumagillol (5).['%2%1 However, several draw-
backs such as the lack of selectivity of the side chain epox-
idation or the number of steps prompted us as part of this
strategy to reexamine a new strategy for the choice of the
chiral pool starting material and for the introduction of the
terminal side chain double bond.

Thus, diisopropylidenemannitol 6 was chosen as starting
material and transformed into ketone 7 in nearly quantitat-
ive yield by a known sequence of reactions.?!?? A selective
Wittig olefination between ketone 7 and the phosphonium
salt 83 afforded the anticipated diene derivative 9
(Scheme 2). Selective removal of the acetonide unit in 9
gave rise to the diol derivative 10, monoprotection of which
afforded the diene alcohol 11 in good overall yield. On the
other hand, the acid derivative 12 was obtained by oxi-
dation (NaClO,, NaH,PO,, methyl-2-butene, tBuOH/H-0,
yield > 95%) of the corresponding aldehyde as described
previously by Evans’ group.?*! Esterification between 11
and 12 afforded ester 13 in 52% overall yield from diisopro-
pylidenemannitol 6 (Scheme 2).

With ester 13 we next examined the crucial
Claisen—Ireland rearrangement. The same reaction con-
ditions as previously described with other ester deriva-
tives!!! afforded, after hydrolysis, the rearranged carboxylic
acid derivative 14, which was subjected directly to ring-clos-
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ing metathesis. After treatment with the first generation
Grubbs catalyst and then with diazomethane, the cyclohex-
ene derivative 15b was isolated in 72% overall yield for the
three-step sequence (Scheme 3). A one-pot procedure, avo-
iding isolation of carboxylic acid 14 for this sequence, is
also possible without any decrease in yield.
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Scheme 3

At this stage we were faced with the problem of the selec-
tive dihydroxylation of the disubstituted cyclic double bond
in the presence of the theoretically more reactive trisubsti-
tuted side chain double bond. Possible internal protection
of the trisubstituted double bond was first examined. Ac-
cordingly, N-iodosuccinimide-promoted iodolactonisation
of acid 15a afforded the lactone 16 stereoselectively and in
good yield.?’! Dihydroxylation under classical conditions
gave rise to a single diol 17, which after diacetylation fur-
nished diacetate 18. Retroiodolactonisation was performed
in the presence of zinc in a 2-propanol/water mixture and

3814 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

afforded ester 19 after diazomethane treatment. However,
careful examination of the NMR spectra of 19 and com-
parison with related compounds showed that 19 in fact con-
sisted of a mixture of (Z) and (FE) isomers. Moreover, the
ratio of these isomeric compounds was not reproducible.
(Scheme 4)
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As an alternative, examination of the most probable con-
formation[®® of this substituted cyclohexene derivative 15b
led us to speculate that the use of a dihydroquinine ligand
known to induce a-face hydroxylation on a trisubstituted
double bond (in our case the more hindered face) might
allow us to overcome the undesired relative reactivity of our
system. This hypothesis was confirmed by the experimen-
tal results.

OPMB ﬂ(\a-dihydroxytation
~C02Me
4 5 2 (0]
H
B - dihydroxylation J H oJ

15b

Thus, compound 15b was treated with AD-mix-a?7 in
the presence of methanesulfonamide in BuOH/H,O/
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Me,CO at room temperature for 48 h. Under these optim-
ized reaction conditions, the expected diol 20 was isolated
in 50% yield, with recovery of the starting material 15b in
25% vyield.[?81 After this reaction, a classical acetylation af-
forded diacetate 19 (E) (Scheme 4).

The following step, unmasking of the dioxolane moiety
in 19 in order to perform a subsequent Wittig olefination,
proved to be more difficult than expected. In fact, under
acidic hydrolysis reaction conditions, the expected aldehyde
was always contaminated with its conjugated isomer.

To permit the use of other deprotection conditions, the
dioxolane moiety in 19 was transformed into the corre-
sponding dithioacetal 21.2%1 Gratifyingly, deprotection of
the OPMB ether occurred in the same operation. Simul-
taneous reduction of the ester groups with LiAIH, was fol-
lowed by protection of the alcohols, and the bis(acetonide)
dithioacetal 22 was isolated in 79% yield (Scheme 5).
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At this stage, desulfurizative titanation of dithioacetals
and subsequent treatment with carbonyl compounds as de-
scribed by TakedalB® seemed to be particularly attractive.
Dithioacetal 22 was therefore treated with the low-valent
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titanium complex [Cp,Ti{P(OEt);},], prepared in situ, to
give the (carbene)titanium intermediate 23, which was
quenched with an excess of acetone. Despite numerous in-
vestigations, however, the expected compound 24 was iso-
lated only in low yield.’!" We assume that the presence of
the B-y double bond could give rise to by-products through
a hydride B-elimination mechanism.

As an alternative, neutral conditions to generate the sen-
sitive unconjugated aldehyde 25 were explored. Accord-
ingly, cleavage of the dithioacetal group was performed un-
der mild conditions with an HgO/HgCl, mixture in acetone/
water, followed by treatment with an aqueous solution of
KI.B%I The expected aldehyde 25 was thus isolated and ap-
plied in the subsequent step without any purification.
Julia—Kocienski olefination®¥! was used to generate the se-
cond side chain double bond. The expected diene derivative
24 was obtained in 42% yield from dithioacetal 22. Final
hydrolysis of the acetonides in 24 afforded tetrol 26, ident-
ical in all respects with the compound described previously
by Sorensen!!®!71 (Scheme 5).

As tetrol 26 has been converted in three steps into fumag-
illol (5), this work constitutes a new formal synthesis of
that compound.

In summary, we have developed a new strategy for the
synthesis of a fumagillin precursor using a Claisen—Ireland
rearrangement/olefin ring-closing metathesis sequence in
the key steps. Selective dihydroxylation was achieved by
taking advantage of mismatch selectivity with the more re-
active double bond. In the final steps, a neutral cleavage
of dithioacetal followed by a Julia—Kocienski olefination
resulted in the construction of the 1,4-diene unit.

Experimental Section

General Remarks: '"H and '3C NMR spectra were recorded at 200,
250, 360 or 400 MHz and 50 or 62.5 MHz, respectively. IR spectra
were recorded with a Perkin—Elmer Spectrum One FT-IR appar-
atus. Optical rotations were recorded at 20 °C. MS and HRMS
analyses were performed with an MAT 95 (Finnigan) instrument
with use of electrospray for ionisation. For compounds 9, 10 and
11 only low-resolution results could be obtained by this method.
Unless otherwise stated, chromatographic purifications were per-
formed on 35—70 mesh silica gel (SDS, 60A) with the solvent sys-
tem indicated. TLC analyses were performed on silica plates
(Merck 60F,s,4). Dichloromethane, acetonitrile, DMF and pyridine
were distilled from calcium hydride. Toluene, diethyl ether and
THF were distilled from sodium benzophenone ketyl. Chloroform
used for optical measurements was filtered through basic alumina
before use. All non-aqueous reactions were performed under argon
in oven-dried glassware.

4'S)-4-|5'-(1"",3'"-Dioxolan-2''-yl)-3'-methyl-1',3’-pentadien-1'-yl]-
2,2-dimethyl-1,3-dioxolane (9): [2-(1,3-Dioxolan-2-yl)ethyl]triphen-
ylphosphonium bromide (35.5 g, 80 mmol, 1.75 equiv.) was dis-
solved in dry THF (400 mL) at —78 °C under argon, and n-butyl-
lithium (1.6 M in hexane, 67 mL, 94 mmol, 2.3 equiv.) was added
dropwise. After 45 min, a solution of the ketone 7 (7.77 g, 45 mmol)
in THF (25 mL) was added dropwise. The reaction mixture was
warmed to room temperature and stirred overnight. The reaction
was quenched with aqueous NH4CI (10%, 100 mL), and the mix-
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ture was extracted with diethyl ether (3 X 150 mL). The combined
organic layers were dried, filtered and concentrated. The residue
was purified by silica gel column chromatography (heptane/EtOAc,
5:2) to afford the diene 9 as a pale yellow oil (8.4 g, yield 70%).
Ry = 0.49 (heptane/EtOAc, 1:1). 'TH NMR (200 MHz, CDCl5): § =
6.32 (d, J = 15.6 Hz, 1 H, 2'-H), 5.54 (t, J = 7.5 Hz, 1 H, 4'-H),
5.55-5.45 (m, 1 H, 1'-H), 4.89 (t, J = 4.7 Hz, 1 H, 2"'-H), 4.53
(q, J = 6.4 Hz, 1 H, 4-H), 4.06 (m, J = 6.4, 8 Hz, 1 H, 5-H),
3.98—3.81 [m, 4 H, (OCH,),], 3.57 (dd, 1 H, 5-H), 2.52 (dd, 2 H,
5'-H), 1.76 (s, 3 H, 3'-Me), 1.42 [s, 3 H, (0),CMe], 1.37 [s, 3 H,
(0),CMe] ppm. '*C NMR (62.5 MHz, CDCl5): § = 138.6 (C-2'),
135.8 (C-3"), 126.9 (C-1"), 124.5 (C-4"), 109.5 [(O),CMe,], 104.0
(C-2"), 77.8 (C-4), 69.9 (C-5), 65.3 [(OCH,),], 33.6 (C-5"), 27.1
(0,CMe), 26.3 (O,CMe), 13.0 (3'-Me) ppm. IR (film): v = 2985,
2879, 1650, 1369, 1217, 1135, 1058 cm™ L. [a]® = +18.1 (¢ = 1,
CHCls). MS (electrospray): calcd. for [M + Na] 277.1; found 277.1.

(25)-7-(1',3'-Dioxolan-2’-yl)-5-methyl-3,5-heptadiene-1,2-diol (10):
The diene 9 (8.3 g, 31 mmol) was dissolved at 0 °C in a solution of
trifluoroacetic acid (0.1%) in acetic acid (160 mL). After 4 h, tolu-
ene (100 mL) was added, and the reaction mixture was concen-
trated under reduced pressure, this operation being repeated twice.
Purification by silica gel column chromatography (EtOAc/heptane,
1:1 and then 3:1) gave the expected diol 10 (5.11 g, yield 76% and
15% of recovered starting material). R = 0.43 (EtOAc). 'H NMR
(200 MHz, CDCl3): 6 = 6.37 (d, J = 15.8 Hz, | H, 4-H), 5.63—5.55
(m, 2 H, 6-H, 3-H), 4.92 (t, / = 4.7 Hz, 1 H, 2’-H), 4.29 (m, 1 H,
2-H), 4.00—3.80 [m, 4 H, (OCH.»),], 3.75—3.45 (m, 2 H, 1-H,, 1-
Hy), 2.54 (dd, J = 6.9 Hz, 2 H, 7-H), 2.25-2.00 (br. s, 2 H, OH),
1.77 (s, 3 H, 5-Me) ppm. *C NMR (62.5 MHz, CDCls): § = 136.7
(C-4), 135.6 (C-5), 126.2 (C-3), 125.5 (C-6), 103.7 (C-2"), 73.3 (C-
2), 66.5 (C-1), 65.0 [(OCH,),], 33.2 (C-7), 12.7 (5-Me) ppm. IR
(film): ¥ = 3428, 2887, 1650, 1404, 1134, 1027 cm™~ !, [a]f) = +7.1
(¢ = 0.95, CHCl3). MS MS (electrospray): caled. for [M + Na]
237.2; found 237.2.

(25) 1-|(tert-Butyldiphenylsilyl)oxy]-7-(1',3'-dioxolan-2'-yl)-5-
methyl-3,5-heptadien-2-ol (11): DMAP (250 mg, 2 mmol, 10%) and
triethylamine (3.72 mL, 26.8 mmol, 1.3 equiv.) were added to a
solution of diol 10 (4.4 g, 20.6 mmol) in dry THF (200 mL). The
mixture was cooled to 0 °C. A solution of rert-butyldiphenylsilyl
chloride (6 mL, 22.9 mmol, 1.11 equiv.) in dry THF (50 mL) was
added dropwise. After 3 h, the solvent was removed under reduced
pressure and the crude product was purified by silica gel column
chromatography (EtOAc/heptane, 4:6). Allylic alcohol 11 was iso-
lated (7.7 g, yield 82%). R; = 0.63 (EtOAc/heptane, 1:1). '"H NMR
(200 MHz, CDCl;): 6 = 7.69—7.64 (m, 4 H, ar-H), 7.42—7.35 (m,
6 H, ar-H), 6.31 (d, J = 154 Hz, 1 H, 4-H), 5.56—5.45 (m, 2 H,
3-H, 6-H), 4.90 (t, J = 4.8 Hz, 1 H, 2’'-H), 44-4.25 (m, 1 H, 2-
H), 3.99—3.80 [m, 4 H, (OCH.),], 3.71—-3.55 (m, 2 H, 1-H,, 1-Hy),
2.52 (dd, 2 H, 7-H), 1.72 (s, 3 H, 5-Me), 0.93 (s, 9 H, tBu) ppm.
13C NMR (62.5 MHz, CDCl5): § = 136.7 (C-4), 135.7 (C-5), 135.6
(CA), 133.2 (CyA), 129.9 (CAY), 127.8 (CAY), 125.9 (C-3), 125.2 (C-
6), 103.8 (C-2'), 73.1 (C-2), 68.1 (C-1), 65.0 [(OCH,),], 33.3 (C-7),
26.9 [Si—pC(Me);], 19.3 [Si—pC(Me)s], 12.7 (5-Me) ppm. IR
(film): ¥ = 3467, 2930, 2858, 1589, 1472, 1427, 1391, 1362, 1191,
1113, 1044 cm ™. [a]®) = +4.2 (¢ = 0.5, CHCI;). MS (electrospray):
calcd. for [M + Na] 475.2; found 475.2.

(2RIS,1'S)-1'-{|(tert-Butyldiphenylsilyl)oxy]methyl}-6'-(1"",3"’-di-
oxolan-2''-yl)-4'-methyl-2',4'-hexadien-1'-yl 2-[(4-Methoxybenzyl)-
oxy|-5-hexenoate (13): Allylic alcohol 11 (8.2 g, 18 mmol), acid 12
(7 g, 28 mmol, 1.4 equiv.) and DMAP (460 mg, 3.6 mmol) were dis-
solved in dichloromethane (220 mL) and the mixture was cooled
to 0 °C. A solution of dicyclohexylcarbodiimide (5.8 g, 28 mmol,

3816 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1.4 equiv.) in dichloromethane (60 mL) was added dropwise. After
10 min, the reaction mixture was allowed to warm to room tem-
perature and stirred for 2 h. The mixture was concentrated, and
ether was added to the residue. The resulting suspension was fil-
tered, and the filtrate was concentrated. Purification by silica gel
column chromatography on silica gel (pentane/ether, 6:1, 4:1, 2:1
and 1:1) gave a 1:1 diastereoisomeric mixture of the ester 13 as an
oil (10.8 g, yield 86%). Ry = 0.33 (pentane/ether, 4:1). Diastereoiso-
meric mixture. 'H NMR (250 MHz, CDCl5): § = 7.60—7.50 (m, 4
H, CA-H), 7.35-7.20 (m, 6 H, CA™-H), 7.20—7.10 (m, 2 H,
CPMBATH) 6.75—6.68 (m, 2 H, CPMBALH), 6.25-6.16 (dd, 1 H,
3'-H), 5.75-5.30 (m, 5 H, 5-H, 2 X 6-H, 2'-H, 5'-H), 4.90—4.75
(m, 3 H, 2""-H, 1'-H, 2-H), 4.57—4.18 (AB system, 2 H, p-Me-
OC¢H,CH>), 3.89—-3.61 [m, 9 H, 2 X SiOCH, (OCH,),, OMe],
2.38 (m, 2 H, 2 X 6'-H), 2.15-2.0 (m, 2 H, 2 X 4-H), 1.75—1.65
(m, 2 H, 2 X 3-H), 1.58 (s, 3 H, 4'-Me), 0.95 (s, 9 H, rBu) ppm.
13C NMR (62.5 MHz, CDCly): § = 172.3, 159.3, 138.8, 138.4,
137.5, 135.6, 135.4, 133.2, 133.1, 129.8, 127.7, 127.2, 127.1, 115.4,
113.8, 103.7, 77.0, 75.8, 71.8, 65.7, 65.0, 55.3, 33.3, 32.4, 32.2, 29.6,
29.5, 26.8, 19.3, 12.5 ppm. IR (film): ¥= 3071, 2931, 1747, 1613,
1514, 1248, 1113 cm~'. HRMS (electrospray): calcd. for [M + Na]
707.3455; found 707.3390.

Methyl (1R,2R)-2-[3'-(1"",3"'-Dioxolan-2''-yl)-1’-methyl-1’-propen-
1'-yl]-1-|(4-methoxybenzyl)oxy]-3-cyclohexene-1-carboxylate (15b):
The ester 13 (10.5 g, 15 mmol) was dissolved under argon in dry
toluene (100 mL) and the mixture was then cooled to —78 °C. A
solution of KHMDS in toluene (0.5 m) was added dropwise
(40 mL, 20 mmol) over 15 min. After 45 min, freshly distilled
TMSCI (3.8 mL, 30 mmol, 2 equiv.) was added and the resulting
mixture was stirred for 5 min. The mixture was warmed to room
temperature and stirred for an additional 3 h. The solution was
then transferred by cannula to a flask containing Grubbs catalyst
(1g, 1.5mmol, 0.1 equiv.) in CH,Cl, (900 mL). This solution was
heated at 40 °C for 2 h. After cooling, the reaction was quenched
with 10% aqueous NH,4Cl solution and the layers were separated.
The aqueous layer was extracted with dichloromethane, the com-
bined organic layers were dried and filtered, and the solvent was
removed under reduced pressure. The crude product was esterified
with diazomethane, and the resulting methyl ester was purified by
silica gel column chromatography (pentane/ether, 4:1) to give the
ester 15b as a colourless oil (4.22 g, yield 70%). Ry = 0.52 (ether/
pentane, 1:1). '"H NMR (200 MHz, CDCl;): § = 7.20 (d, J = 8.3
Hz, 2 H, CA™-H), 6.77 (d, J = 8.3 Hz, 2 H, CA™-H), 5.90—5.77 (m,
1 H, 2'-H), 5.45-5.32 (m, 1 H, 3-H), 5.22—5.12 (m, 1 H, 4-H),
4.76 (t, J = 49 Hz, 1 H, 2''-H), 4.49—4.31 (AB system, J = 10.7
Hz, 2 H, ArCH,), 4.00—3.77 [m, 4 H, (OCH»),], 3.75 (s, 3 H,
OMe), 3.72 (s, 3 H, COOMe), 3.33 (m, 1 H, 2-H), 2.33 (t, J = 5.8
Hz, 2 H, 3'-H), 2.20—1.95 (m, 4 H, 5-H, 6-H), 1.6 (s, 3 H, 1'-Me)
ppm. 3C NMR (62.5 MHz, CDCls): § = 174.3 (COOMe), 159.1
(C,A-OMe), 138.4 (CA1), 131.5 (C-17), 128.9 (CAY), 127.7 (C-3),
126.8 (C-4), 122.6 (C-2'), 113.8 (CAT), 104.5 (C-2""), 82.5 (C-1),
66.1 (ArCH,0), 65.2 [(OCH,),], 55.5 (C-2), 52.6 (ArOMe), 52.0
(COOMe), 33.4 (C-3'), 26.9 (C-5), 22.6 (C-6), 16.5 (1'-Me) ppm.
IR (film): v = 3024, 2951, 2838, 1744, 1613, 1514, 1249, 1131 cm ..
[0] = +15.5 (¢ = 0.88, CHCl;). HRMS (electrospray): caled. for
[M + Na] 425.1940; found 425.1930.

(1'R,38,3a8,7aR)-3-[2'-(1"",3"'-Dioxolan-2"'-yl)-1'-iodoethyl|-7a-
[(4-methoxybenzyl)oxy]-3-methyl-3a,6,7,7a-tetrahydro-2-benzo-
furan-1(3H)-one (16): Acid 15a (1.07 g, 2.75 mmol) was dissolved
under argon in dry THF (10 mL). A solution of freshly prepared
N-iodosuccinimide (0.8 g, 3.5 mol, 1.3 equiv.) in THF (5 mL) was
added rapidly. After 2 h, the reaction was quenched with 5% aque-
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ous NaHCOs; solution and the layers were separated. The aqueous
layer was extracted twice with ether, the combined organic layers
were dried and filtered, and the solvent was removed under reduced
pressure. The crude product was purified by silica gel column chro-
matography (pentane/ether, 2:3) to give iodolactone A as a colour-
less product (1.1 g, yield 78%). Ry = 0.45 (ether/pentane, 1:1). 'H
NMR (250 MHz, CDCl;): § = 7.10 (d, J = 8.5 Hz, 2 H, CA™-H),
6.76 (d, J = 8.5 Hz, 2 H, CA™-H), 5.8—5.9 (m, 1 H, 4-H), 5.65—5.7
(m, 1 H, 5-H), 5.06 (dd, J = 3.7, J = 58 Hz, 1 H, 2""-H), 4.42
(AB system, J = 3 Hz, 2 H, ArCH,), 4.05 (dd, J = 42, J =94
Hz, 1 H, 1'-H), 3.8—3.95 [m, 4 H, (OCH,),], 3.71 (s, 3 H, OMe),
2.84 (br. s, 1 H, 3a-H), 2.4 (m, 2 H, 2'-H), 2.10—2.3 (m, 4 H, 6-H,
7-H), 1.61 (s, 3 H, 3-Me) ppm. *C NMR (62.5 MHz, CDCls): § =
172.3 (C-1), 159.5 (C,~"-OMe), 130.3 (C A7), 129.8 (C-4), 129.4 (C-
Ar), 121.5 (C-5), 114.1 (C-Ar), 104.4 (C-2""), 88.1 (C-7a), 79.1 (C-
3), 66.5 (ArCH,0), 65.4 [(OCH,),], 65.2 [(OCH,),], 55.6 (C-3a),
54.0 (ArOMe), 39.6 (C-6), 38.5 (C-1"), 24.5 (C-2"), 24.1 (C-7), 17.3
(3-Me) ppm. IR (film): ¥ = 3650, 3546, 2991, 2952, 2881, 2835,
1774, 1613, 1514, 1302, 1249 cm ™ L. [0]® = +15.7 (¢ = 1.4, CHCl;).
HRMS (electrospray): calcd. for [M + Na] 537.0750; found
537.0759.

(1'R,35,4S,5R,3a8,7aR) 3-[2'-(1"',3''-Dioxolan-2'"-yl)-1'-iodo-
ethyl]-4,5-dihydroxy-7a-[(4-methoxybenzyl)oxy]-3-methylhexahydro-
2-benzofuran-1(3H)-one (17): lodolactone 16 (1 g, 1.9 mmol),
NMO (0.9 g, 6.6 mmol, 3.3 equiv.) and MeSO,NH, (225 mg,
2.35 mmol, 1.2 equiv.) were dissolved in a terz-butyl alcohol/water
mixture (1:1, 20 mL), and the mixture was cooled to 0 °C. Osmium
tetroxide (60 mg, 0.2 mmol, 0.1 equiv.) was added in one portion,
and the resulting mixture was vigorously stirred for 4 h. The reac-
tion was stopped by addition of solid Na,SO; (7 g) and water
(10 mL). The aqueous layer was extracted with diethyl ether (3 X
20 mL), dried (Na,SO,), filtered and concentrated in vacuo. The
residue was purified by silica gel column chromatography (Et,O,
followed by Et,0/2% MeOH) to give the iodolactone diol 17 (0.9 g,
yield 82%). Ry = 0.1 (ether). '"H NMR (250 MHz, CDCl5): § =
7.17 (d, J = 8.5 Hz, 2 H, CA™-H), 6.76 (d, J = 8.5 Hz, 2 H, CA"-
H), 5.12(dd, J = 2.8,J = 6.7 Hz, 1 H, 2''-H), 4.46—4.51 (dd, J =
2.45,J =109 Hz, 1 H, 4-H), 4.37 (AB system, J = 10.6, J = 12.5
Hz, 2 H, ArCH,), 42—4.24 (m, 1 H, 5-H) 4.05 (dd, 1 H, 1'-H),
3.8—3.95 [m, 4 H, (OCH,),], 3.79 (s, 3 H, OMe), 3.04 (d, J = 11
Hz, 1 H, 3a-H), 2.67 (br. s, 2 H, OH), 2.4—2.56 (m, 2 H, 2 X 2’-
H), 2.17-2.31 (m, 1 H, 6-H,), 1.77-2.06 (m, 3 H, 2 X 7-H, 6-Hy),
1.76 (s, 3 H, 3-Me) ppm. 3C NMR (62.5 MHz, CDCl;): § = 171.8
(C-1), 159.7 (C,A-OMe), 129.9 (CAY), 129.8 (CA), 114.2 (CA),
104.9 (C-2""), 88.1 (C-7a), 81.2 (C-3), 69.7 (C-4), 68.6 (C-5), 66.0
(ArCH,0), 65.4 [(OCH,),], 65.1 [(OCH,),], 55.6 (C-3a), 47.9 (Ar-
OMe), 41.0 (C-1"), 40.0 (C-6), 27.1 (C-7), 23.0 (3-Me), 21.7 (C-2")
ppm. IR (film): ¥ = 3487, 2997, 2957, 2884, 2838, 1768, 1613, 1515,
1464, 1251, 1129, 1062, 1033 cm ™ L. [0y = —18.4 (¢ = 1.1, CHCI;).
HRMS (electrospray): caled. for [M + Na] 571.0850; found
571.0861.

(1'R,35,4S,5R,3aS8,7aR)-3-[2'-(1"",3"'-Dioxolan-2'"-yl)-1’-iodo-
ethyl]-7a-|(4-methoxybenzyl)oxy]-3-methyl-1-oxooctahydro-2-benzo-
furan-4,5-diyl Diacetate (18): Iodolactone diol 17 (0.5g,
0.91 mmol) was dissolved in pyridine (5mL) with a catalytic
amount of DMAP (25 mg, 0.1 equiv.). Acetic anhydride (1.5 mL,
14.5 mmol, 16 equiv.) was added, and the mixture was stirred for
2 h. The reaction was quenched with saturated aqueous CuSOy,
(200 mL), and the mixture was extracted with diethyl ether (3 X
100 mL). The combined organic layers were dried (Na,SOy), fil-
tered and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (pentane/ether, 1:1)

Eur. J. Org. Chem. 2004, 3813—3819 wWWww.eurjoc.org

to afford the expected iodolactone diacetate 18 (563 mg, yield
98%). Ry = 0.23 (ether/pentane, 1:1). '"H NMR (200 MHz, CDCl5):
8 =7.19(d, J = 8.3 Hz, 2 H, CA-H), 6.87 (d, J = 8.3 Hz, 2 H,
CA™H), 5.5 (m, 1 H, 5-H), 5.4 (dd, J = 2.9, J = 11.7 Hz, 1 H, 4-
H), 5.12(dd, J = 2.8, J = 6.7 Hz, 1 H, 2''-H), 4.43 (AB system, 3
H, ArCH,, 1’-H), 3.9—3.95 [m, 4 H, (OCH,),], 3.81 (s, 3 H, OMe),
3.32(d, J = 11.7Hz, 1 H, 3a-H), 2.3-2.5 (m, 2 H, 2 X 2’-H), 2.11
[s, 3 H, C(O)CH3], 1.98 [s, 3 H, C(O)CH3;], 1.7—1.95 (m, 4 H, 2 X
6-H, 2 X 7-H), 1.62 (s, 3 H, 3-Me) ppm. '*C NMR (62.5 MHz,
CDCls): § = 170.3 (C-1), 169.8 [C(O)CH3;), 169.4 [C(O)CH3), 159.3
(C4A-OMe), 129.5 (CAr), 128.5 (C,), 113.8 (CA), 104.2 (C-2"),
86.7 (C-7a), 80.5 (C-3), 68.9 (C-4), 68.0 (C-5), 66.5 (ArCH,0), 65.9
[(OCH,),], 65.7 [(OCH,),], 55.1 (C-3a), 47.2 (ArOMe), 41.2 (C-1"),
40.0 (C-6), 24.9 (C-7), 21.9 (C-2"), 21.0 (3-Me), 20.8—20.7 [2 X
C(O)CH;] ppm. IR (film): ¥ = 3657, 2938, 1776, 1744, 1614, 1515,
1458, 1372, 1251, 1129, 1056 cm™ L. [a]®) = +1.95 (¢ = 1.22,
CHCl;). HRMS (electrospray): caled. for [M + Na] 655.1016;
found 655.1020.

Methyl (1R,25,3S,4R)-2-[3'-(1"",3''-Dioxolan-2'’-yl)-1'-methyl-1'-
propen-1’-yl]-3,4-dihydroxy-1-[(4-methoxybenzyl)oxy]cyclohexane-
carboxylate (20): AD-mix-o. (7g) and MeSO,NH, (600 mg,
6.3 mmol, 1.28 equiv.) were dissolved in a fert-butyl alcohol/water
mixture (1:1, 50 mL), and the mixture was stirred for 5 min. A
solution of ester 15b (2 g, 4.9 mmol) in acetone (10 mL) was added,
and the resulting mixture was vigorously stirred for 48 h. The reac-
tion was stopped by addition of solid Na,SO; (10 g) and water
(70 mL). The aqueous layer was extracted with diethyl ether (3 X
100 mL), dried (Na,SO,), filtered and concentrated in vacuo. The
residue was purified by silica gel column chromatography (Et,O,
followed by Et,0/2% MeOH) to give the diol 20 (1.05 g, 50% yield
and 25% of recovered starting material). Ry = 0.1 (ether). 'H NMR
(250 MHz, CDCl3): 8 = 7.27 (d, J = 8.5 Hz, 2 H, CA™-H), 6.81
(d, J = 8.5 Hz, 2 H, CA-H), 5.14 (t, J = 6.2 Hz, 1 H, 2'-H), 4.76
(t, 1 H, 2"'-H), 4.49—4.31 (AB system, J = 10.7 Hz, 2 H, ArCH,),
4.05-3.93 (m, 2 H, 3-H, 4-H), 3.92—-3.77 [m, 4 H, (OCH,),], 3.71
(s, 3 H, OMe), 3.62 (s, 3 H, COOMe), 2.70 (d, J = 10.5 Hz, 1 H,
2-H), 2.40—2.20 (m, 3 H, 2 X 3'-H, 5-H,), 2.00—1.70 (m, 3 H, 2
X 6-H, 5-Hy), 1.62 (s, 3 H, 1’-Me) ppm. '*C NMR (62.5 MHz,
CDCly): § = 175.8 (COOMe), 161.9 (C,A-OMe), 139.3 (C,M),
133.7 (C-1"), 131.7 (CA"), 126.0 (C-2"), 116.0 (CAT), 106.6 (C-2""),
88.5 (C-1), 71.5 (C-3), 71.0 (C-5), 68.5 (ArCH,0), 67.2 [[OCH,),],
57.1 (ArOMe), 56.7 (COOMe), 53.6 (C-2), 35.2 (C-3"), 29.0 (C-5),
25.8 (C-6), 16.0 (1’-Me) ppm. IR (film): v = 3474, 3337, 2950,
1741, 1612, 1514, 1249 cm™ L. [a]®) = —88.4 (¢ = 0.605, CHCl;).
HRMS (electrospray): caled. for [M + Na] 459.1995; found
459.1997.

Methyl (1R,2S5,35,4R)-3,4-Bis(acetyloxy)-2-[3'-(1"",3"'-dioxolan-2''-
yl)-1'-methyl-1'-propen-1'-yl]-1-[(4-methoxybenzyl)oxy|cyclo-
hexanecarboxylate (19): Diol 20 (1.3 g, 2.9 mmol) was dissolved in
pyridine (15 mL) with a catalytic amount of DMAP (100 mg, 0.1
equiv.). Acetic anhydride (3 mL, 31.8 mmol, 12 equiv.) was added,
and the mixture was stirred for 2 h. The reaction was quenched
with saturated aqueous CuSOy4 (150 mL), and the mixture was ex-
tracted with diethyl ether (3 X 100 mL). The combined organic
layers were dried (Na,SO,), filtered and concentrated under re-
duced pressure. The residue was purified by silica gel column chro-
matography (pentane/ether, 1:1) to afford the expected diacetate 19
(1.34 g, yield 86%). Ry = 0.61 (ether). 'H NMR (400 MHz, CDCl5):
8 =733(d, J = 8.6 Hz, 2 H, CA-H), 6.88 (d, / = 8.6 Hz, 2 H,
CAr.H), 5.43-5.36 (m, 2 H, 3-H, 4-H), 5.25 (t, J/ = 6.2 Hz, 1 H,
2'-H), 4.80 (t, 1 H, 2"'-H), 4.52—4.24 (AB system, J = 10.1 Hz, 2
H, ArCH,), 3.99—-3.84 [m, 4 H, (OCH,),], 3.82 (s, 3 H, OMe), 3.73
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(s, 3 H, COOMe), 2.95 (d, J = 11.8 Hz, 1 H, 2-H), 2.36 (dd, 2 H,
2 X 3'-H), 2.34—2.20 (m, 1 H, 5-H,), 2.14 [s, 3 H, C(O)CHs), 2.06
(m, 1 H, 6-H,), 1.91 [s, 3 H, C(O)CHs), 1.85 (m, 2 H, 5-H,, 6-Hy),
1.58 (s, 3 H, 1'-Me) ppm. 13C NMR (100 MHz, CDCly): § = 172.7
(COOMe), 170.9 [C(O)CH3), 170.6 [C(O)CH3), 159.5 (C,A'-OMe),
135.5 (C,M). 130.7 (C-17), 129.5 (CA7), 124.2 (C-2'), 114.1 (CA),
104.5 (C-2""), 85.8 (C-1), 69.6 (C-3), 69.1 (C-4), 66.8 (ArCH,0),
65.2 [(OCH,),], 55.7 (ArOMe), 53.1 (COOMe), 52.2 (C-2), 33.3 (C-
3%), 24.8 (C-5), 24.5 (C-6), 21.7 [C(O)CHs), 21.2 [C(O)CHs), 14.4
(1'-Me) ppm. IR (film): v = 3440, 3054, 2987, 1740, 1421, 1265,
738 cm™ . [a]) = —67.7 (¢ = 0.46, CHCl;). HRMS (electrospray):
caled. for [M + Na] 543.2206; found 543.2212.

Methyl  (1R,2S,3S,4R)-3,4-Bis(acetyloxy)-2-|3'-(1",3"'-dithiolan-
2'’-yl)-1'-methyl-1'-propen-1'-yl]-1-hydroxycyclohexanecarboxylate

(21): Diacetate 19 (670 mg, 1.28 mmol) and ethanedithiol (602 mg,
6.4 mmol, 6 equiv.) were dissolved under argon in distilled di-
chloromethane (20 mL). BF;-Et,O (273 mg, 1.92 mmol, 1.5 equiv.)
was then added, and the resulting mixture was stirred at room tem-
perature for 30 min. The reaction was quenched with aqueous 10%
sodium hydrogencarbonate solution and the layers were separated.
The aqueous layer was extracted twice with dichloromethane
(20 mL), and the combined organic layers were dried, filtered and
concentrated. Chromatography on silica gel (ether/pentane, 1:1) of
the residue afforded the tertiary alcohol 21 in high yield (555 mg,
99%). Ry = 0.32 (ether/pentane, 1:1). "TH NMR (250 MHz, CDCl;):
8 = 5.38-526 (m, 2 H, 3-H 4-H), 5.28 (t, 1 H, 2'-H), 441 (t, J =
6.25 Hz, 1 H, 2""-H), 3.79 (s, 3 H, COOMe), 3.22—3.18 [m, 4 H,
(SCH»),), 2.92 (d, J = 11.75 Hz, 1 H, 2-H), 2.48 (t, 2 H, 2 X 3'-
H), 2.15-2.05 (m, 2 H, 5-H), 2.11 [s, 3 H, C(O)CH3], 1.93—1.75
(m, 2 H, 6-H), 1.92 [s, 3 H, C(O)CH3), 1.56 (s, 3 H, 1'-Me) ppm.
13C NMR (62.5MHz, CDCly): & = 1752 (COOMe), 170.2
[C(O)CH3), 170.1 [C(O)CH3), 133.7 (C-17), 127.1 (C-2'), 78.2 (C-
1), 69.7 (C-3), 68.8 (C-4), 53.4 (COOMe), 52.8 (C-2), 49.9 (C-2""),
38.4 [(SCH,),], 37.3 (C-3"), 30.0 (C-5), 24.2 (C-6), 21.1 [C(O)CH3;),
20.8 [C(O)CH3), 15.6 (1'-Me) ppm. IR (film): nu(tilde = 3501,
2930, 1739, 1437, 1373, 1246, 1051, 1027, 736 cm™!. [0]®) = —13.0
(¢ = 0.964, CHCl3). HRMS (electrospray): calcd. for [M + Na]
455.1174; found 455.1172.

(3a8,4S,5R,7aR)-4-[3'-(1'"",3""'-Dithiolan-2'''-yl)-1'-methyl-1'-
propen-1'-yl]-2,2,2'",2"'-tetramethyltetrahydro-4 H-spiro[1,3-
benzodioxole-5,4''-[1"',3""|dioxolane] (22): The tertiary alcohol 21
(556 mg, 1.28 mmol) was dissolved under argon in dry THF
(10 mL). Lithium aluminium hydride (122 mg, 3.2 mmol, 2.5
equiv.) was added in two portions at 0 °C. After 1 h, additional
lithium aluminium hydride (122 mg, 3.2 mmol, 2.5 equiv.) was ad-
ded in order to complete the reaction. The reaction was quenched
slowly with saturated aqueous Na,SO, (1 mL), and the mixture was
vigorously stirred for 2 h. After filtration and removal of the sol-
vent, the residue was dissolved in 2,2-dimethoxypropane (50 mL)
with a catalytic amount of camphorsulfonic acid (40 mg,
0.17 mmol, 0.13 equiv.). After 2 h, solid potassium carbonate was
added and the solution was filtered. The filtrate was concentrated,
and the residue was purified by silica gel column chromatography
(pentane/ether, 2:1) to afford dithioacetal 22 (404 mg, yield 79%).
R; = 0.57 (ether/pentane, 1:2). 'H NMR (250 MHz, CDCl,): § =
522 (t,J = 6.1 Hz 1 H, 2'-H), 443 (t, J = 6.25 Hz, 1 H, 2"""-H),
4.28—4.19 (m, 2 H, 3a-H, 7a-H), 3.83—3.51 (AB system, J = 7.75
Hz, 2 H, 2 X 4"'-H), 3.19—3.07 [m, 4 H, (SCH,),], 2.53 (dd, 2 H,
2 X 3'-H), 2.10 (d, J = 9.25 Hz, 1 H, 4-H), 2.05—1.40 (m, 4 H, 2
X 7-H, 2 X 6-H), 1.70 (s, 3 H, 1'-Me), 1.36 [s, 3 H, (0),CMe], 1.29
[s, 3 H, (0),CMe], 1.24 [s, 3 H, (0),CMe], 1.21 [s, 3 H, (0),CMe]
ppm. 3C NMR (62.5 MHz, CDCl5): § = 135.4 (C-1"), 128.4 (C-
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2"), 109.7 [C(O),], 108.2 [C(O),], 83.3 (C-5), 76.6 (C-3a), 73.4 (C-
7a), 71.8 (C-4""), 54.1 (C-4), 53.7 (C-2"""), 38.9 [(SCH,)], 37.8 (C-
3", 31.4 (C-7), 28.9 [(O),CMe], 28.4 [(O),CMe], 27.1 [(O),CMe],
26.7 [(0),CMe], 22.5 (C-6), 16.6 (1'-Me) ppm. IR (film): ¥ = 3051,
2986, 2931, 2882, 1430, 1380, 1368, 1266, 1055, 738 cm ™. [a]¥) =
—93.0 (¢ = 1.58, CHCIl3). HRMS (electrospray): calcd. for [M +
Na] 423.1640; found 423.1637.

(3aS,4S,5R,7aR)-4-(1',5'-Dimethyl-1',4'-hexadien-1'-y1)-2,2,2"',2"'-
tetramethyltetrahydro-4 H-spiro[1,3-benzodioxole-5,4'"-[1'",3"']-
dioxolane] (24). Takeda’s Procedure: Cp,TiCl, (200 mg, 0.81 mmol,
4.3 equiv.), molecular sieves (4 A, 100 mg) and magnesium turnings
(40 mg, 1.65 mmol, 8.7 equiv.) was heated at 100 °C under vacuum
(10 Torr) in a Schlenk flask overnight. After cooling, dry THF
(3 mL) and P(OEt); (260 pL, 1.52 mmol, 8 equiv.) were added, then
the mixture was gently heated at 35 °C for 3 h. A solution of di-
thioacetal 22 (76 mg, 0.19 mmol) in THF (1 mL) was added. After
30 min, acetone (60 pL, 0.76 mmol, 4 equiv.) was added. The reac-
tion mixture was warmed at 60 °C for 1 h. After cooling, the reac-
tion was quenched by an NaOH aqueous solution (2 N, S mL), and
extracted with ether (3 X 5 mL). The combined organic layers were
dried, filtered and concentrated. The residue was purified by silica
gel column chromatography (pentane/ether, 4:1) to afford 10 mg of
expected diene 24 (yield: 15 %).

Hydrolysis/Julia—Kocienski’s Procedure: Dithioacetal 22 (40 mg,
0.1 mmol) was dissolved in an acetone/water (8:2) mixture (1 mL),
and HgO (60 mg, 0.27 mmol, 2.7 equiv.) and HgCl, (100 mg,
0.37 mmol, 3.7 equiv.) were added. The progress of the reaction was
monitored by TLC; if the reaction was not completed overnight, an
additional portion of HgCl, was added. The suspension was fil-
tered, and the mercury salts were washed with diethyl ether
(15mL). The organic layer was washed with aqueous KI (10%,
15 mL), the layers were separated, and the aqueous one was ex-
tracted with ether (2 X 10 mL). The combined organic layers were
dried, filtered and concentrated. The crude aldehyde 25 was not
purified by silica gel column chromatography to avoid any conju-
gated isomer formation. LIHMDS (1 M in hexane, 220 pL, 2.2
equiv.) was added dropwise at —78 °C to a solution of 5-(isopro-
pylsulfonyl)-1-phenyl-1 H-tetrazole (63 mg, 0.25 mmol, 2.5 equiv.)
in THF (1.5 mL). The yellow solution was stirred at —78 °C for 30
min. This solution was added in one portion at —78 °C, by preco-
oled syringe, to a solution of aldehyde 25 (32 mg, 0.1 mmol) in
THF (1 mL). The reaction mixture was stirred at —78 °C for 2 h,
and the mixture was then allowed to warm slowly to room tempera-
ture and stirred for 3 h. The reaction mixture was diluted with
diethyl ether and washed with aqueous NH4Cl solution (10%). The
organic layer was dried, filtered and concentrated in vacuo. The
residue was purified by silica gel column chromatography (pentane/
ether, 4:1) to afford the diene 24 as a colourless oil (11 mg, yield
42%). Ry = 0.42 (ether/pentane, 1:4).

'H NMR (250 MHz, CDCls): § = 5.30 (t, J/ = 7.25 Hz, 1 H, 2'-
H), 5.12 (t, J = 7.3 Hz, 1 H, 4'-H), 4.40—4.25 (m, 2 H, 3a-H, 7a-
H), 3.83—3.60 (AB system, J = 8 Hz, 2 H, 2 X 4''-H), 2.53 (dd, 2
H, 2 X 3'-H), 2.14 (d, J = 9.25 Hz, 1 H, 4-H), 2.12—1.40 (m, 4 H,
2 X 7-H, 2 X 6-H), 1.77 (s, 3 H, 3 X 6’-H), 1.67 (s, 3 H, 1'-Me),
1.61 (s, 3 H, 5'-Me), 1.47 [s, 3 H, (0),CMe], 1.39 [s, 3 H, (0),CMe],
1.35 [s, 3 H, (0),CMe], 1.26 [s, 3 H, (0),CMe] ppm. '*C NMR
(62.5 MHz, CDCly): § = 131.5 (C-1", C-5'), 129.9 (C-4"), 122.9 (C-
2"), 109.4 [C(O),], 107.9 [C(O),], 83.1 (C-5), 77.0 (C-3a), 73.2 (C-
Ta), 71.4 (C-4'"), 52.7 (C-4), 31.1 (C-3'), 28.6 [(O),CMe], 28.1
[(0),CMe], 27.2 (C-7), 26.5 [(0),CMe], 26.4 [(O),CMe], 25.5 (C-
6'), 22.2 (C-6), 17.7 (1'-Me), 16.9 (5'-Me) ppm. IR (film): v =
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2985, 2930, 2878, 1651, 1454, 1367, 1214, 1160, 1057 cm™ L. [a]®) =
—109.1 (¢ = 1.32, CHCl3). HRMS (electrospray): calcd. for [M +
Na] 373.2355; found 373.2350.

(1R,2S,3S,4R)-3-(1',5'-Dimethyl-1’,4' -hexadien-1'-yl)-4-(hydroxy-
methyl)-1,2,4-cyclohexanetriol (26): The diene 24 (11 mg,
0.031 mmol) was dissolved in tetrahydrofuran (1 mL), and an HCl
aqueous solution was added (2 N, 1 mL). After 2 h, the reaction
was quenched with aqueous sodium hydrogencarbonate (10%) and
the mixture was extracted with ethyl acetate (3 X 5mL). The or-
ganic layers were dried (Na,SO,) and filtered. The filtrate was con-
centrated and the residue was purified by preparative TLC (EtOAc)
to give tetrol 26 (6 mg, yield 71%). Ry = 0.29 (EtOAc). '"H NMR
(250 MHz, CDCl;): 8 = 541 (m, 1 H, 2’-H), 5.07 (m, 1 H, 4’-H),
4.12 (m, 1 H, 1-H), 4.03-3.99 (m, 1 H, 2-H), 3.55—3.50 (m, 1 H,
4-CH,), 3.31 (d, J = 11.25 Hz, 1 H, 4-CHy), 2.77 (m, 2 H, 2 X 3'-
H), 2.32 (d, J/ = 10.5 Hz, 1 H, 3-H), 2.25—1.40 (m, 8 H, 2 X 6-H,
2 X 5-H, 4 X OH), 1.80 (s, 3 H, 3 X 6'-H), 1.68 (s, 3 H, 1'-Me),
1.62 (s, 3 H, 5'-Me) ppm. 3C NMR (62.5 MHz, CDCls): § = 133.2
(C-1"), 132.7 (C-5"), 121.7 (C-4', C-2"), 74.5 (C-4), 69.7, 68.1, 28.8,
26.9, 25.6, 24.9, 17.7 ppm. IR (film): v = 3400 (OH) cm™ L. [a]¥ =
—61.1 (¢ = 0.195, CHCl3). HRMS (electrospray): caled. for [M +
Na] 293.1729; found 293.1728.
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