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Synthesis of the C;—C¢ subunit of discodermolide from furan
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Abstract—The synthesis of the C;—Cg¢ subunit of the potent antitumor agent discodermolide has been performed using 7-oxanorbornene
derivatives, derived from furan, as key intermediates to control the stereochemistry of the incoming functional groups. © 2001 Elsevier

Science Ltd. All rights reserved.

Discodermolide 1 is a polyhydroxylated lactone first
isolated in 1990 by Gunasekera et al.' from a Caribbean
marine sponge, Discodermia dissoluta (Scheme 1). This
unique polyketide displays potent activity as an antimitotic
agent, with a similar mechanism of action to taxol, namely
by stabilizing microtubules and promoting the polymeriza-
tion of tubulin.? Discodermolide inhibits the growth of
human breast cancer cell in vitro, as well as taxol-resistant
ovarian and colon cancer cells.” The exceptional pharmaco-
logical potential and extreme scarcity of the natural material
[0.002% (w/w) from frozen sponge] have stimulated
intensive synthetic effort. To date, several total syntheses
of both, the natural (+)-discodermolide and its antipodal
(—)-discodermolide have been reported.4

Herein, we report the synthesis of the subunit C,—Cg, 2, of
discodermolide using 7-oxanorbornene derivative 3° as
precursor, readily available from furan via Diels—Alder
cycloaddition with acrylic acid (Scheme 1).°
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1. Results and discussion

The synthesis of the tetrasubstituted d-lactone 2 was
accomplished starting from vinyl sulfone 8,” obtained in
six steps (46% overall yield) from 3. Treatment of tricyclic
compound 4’ with n-BuLi followed by addition of TsCl
afforded tosylate 5. Chemoselective reduction of the
tosylate function and further oxidation of the resulting
sulfide 6 yielded 7. Alkylative oxa-bridge opening®
using MeLi finally gave rise to cyclohexenyl sulfone 8
(Scheme 2).

Epoxidation of 8 using lithium rerr-butylperoxide,’
followed by protection of the hydroxyl group afforded
o,B-epoxysulfone 10. Treatment with MgBr,'° gave rise
to a mixture of o-bromoketones 11 and 12 in a ratio
11:12, 2.2:1 and 85% overall yield."' Final transformation
of this mixture into enone 13 was achieved using CaCOjs in
DMF."? Alternatively, epoxysulfone 10 was transformed
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Scheme 2. (i) Two steps, 85%. See Ref. 8; (ii) n-BuLi, THF, —78°C. Then
TsCl, —78°C to rt, 83%; (iii) LiAlH,4, Et,0, 0°C, 5 h, 81%; (iv) MMPP,
MeOH, 0°C to rt, 12 h, 86%; (v) MeLi, THF, —78°C, 1 h, 94%.
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Scheme 3. (i) +-BuO,Li, THF, —78°C to rt, 92%; (ii) BnBr, NaH, TBAI,
THF, 0°C, 96%; (iii) MgBr,, Et,0, rt, 5 h, 85%; (iv) CaCO;, DMF, 150°C,
32%; (v) LDA, ether—hexane, —78°C to rt, 65%.
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triplets). Chemical shifts (6) are reported in ppm from
(CH3)4Si as internal standard and J values are given in
Hertz. IR spectra were recorded on a FT-IR spectrometer
as thin films or KBr disks. Elemental analyses were
performed at the Universidad Complutense de Madrid.

2.1.1.  2-(Phenylsulfenyl)-5-endo-(p-toluensulfonyloxy-
methyl)-7-oxabicyclo[2.2.1] hept-2-ene (5). To a solution
of 47 (1.43 g, 6.11 mmol) in 30 mL of THF cooled at
—78°C, 5.73mL of a 1.6 M n-BuLi solution in hexane
(1.5 equiv.) was added dropwise. After stirring for 1 h at
—78°C, TsCl (3.50 g, 18.3 mmol) was added and the reac-
tion stirred for an additional hour and led to reach rt. The
reaction mixture was quenched with water, extracted with
AcOEt and the organic layer was dried over MgSO,.
Elimination of the solvent under reduced pressure and
further purification by flash chromatography of the residue
eluting with hexanes/ethyl acetate (5:1) produced 1.96 g of
5 as a colorless 0il (83%): IR (CHCI;) v 2980, 1710, 1365,

i

_——

Scheme 4. (i) NaBH,, CeCl;, MeOH, —78°C, 81%; (ii) (a) O3, NaHCO;, CH,Cl,, —78°C. (b) Ac,O, pyr, CH,Cl,, rt, 61% (overall).

directly into 13 upon reaction with lithium diisopropyl-
amide in ether-hexane. A syn-B-elimination could be a
reasonable pathway for this transformation (Scheme 3).'*!'*

Reduction of enone 13 under Luche’s conditions'” afforded
the allylic alcohol 14,'® which was subjected to ozonolysis,
in absence of MeOH, following Schreiber’s procedure!” to
afford the desired d-lactone 2'® in 61% overall yield
(Scheme 4).

In summary, an efficient synthesis of a key fragment, the
d-lactone 2, of discodermolide has been performed in a
stereocontrolled fashion and starting from readily available
materials, easily obtained from furan.

2. Experimental
2.1. General

Reagents and solvents were handled by using standard
syringe techniques. Tetrahydrofuran and diethyl ether
were distilled from sodium and benzophenone; methylene
chloride, diethylamine and diisopropylamine from calcium
hydride, all under argon. The remaining solvents and chemi-
cals were commercial and used as received. All products
were purified by flash chromatography using 230—400 mesh
silica gel. Analytical TLC was carried out on silica gel
plates. Melting points are uncorrected. 'H- and '*C NMR
were recorded in CDCl; at 300 and 75 MHz, respectively.
When peak multiplicities are reported, the following
abbreviations are used: s (singlet); d (doublet); t (triplet);
m (multiplet); dd (doublet of doublets); dt (doublet of

1190; '"H NMR (CDCl;, 300 MHz) 6 0.73 (dd, 1H, J=11.6,
4.2 Hz), 1.86 (ddd, 1H, J=11.9, 9.4, 4.9 Hz), 2.38 (s, 3H),
2.48-2.60 (m, 1H), 3.42 (t, 1H, J=10.2 Hz), 3.91 (dd, 1H,
J=9.9, 5.7Hz), 4.62 (d, 1H, J=4.7Hz), 490 (d, 1H,
J=4.5Hz), 5.72 (s, 1H), 7.20-7.36 (m, 7H), 7.70 (d, 2H,
J=8.1 Hz); ®C NMR (CDCl,, 75 MHz) & 21.6, 28.0, 40.1,
71.9, 80.3, 80.9, 127.5, 127.8, 127.9, 129.1, 129.3, 129.9,
130.8, 131.2, 144.3, 145.0. Anal. Calcd for CaH;90,S5: C,
61.85; H, 5.15. Found: C, 61.70; H, 5.32.

2.1.2.  5-endo-Methyl-2-(phenylsulfenyl)-7-oxabicyclo-
[2.2.1]hept-2-ene (6). To a suspension of LiAlH,
(124 mg, 3.25 mmol) in 6.5 mL of ether at 0°C, 505 mg
(1.30 mmol) of 5 dissolved in 6.5 mL of ether were added.
After being stirred for 5 h at 0°C, the mixture was diluted
with water and ether. The resulting crude was extracted over
10 h and the combined organic extracts were dried over
MgSO,. Concentration under reduced pressure and purifica-
tion via flash chromatography eluting with hexanes/ethyl
acetate (10:1) provided 230 mg of 6 (81%) as a colorless
oil: IR (CHCl3) v 2980, 2870, 1460, 1270; "H NMR (CDCl;,
300 MHz) 6 0.80 (dd, 1H, J=11.1, 4.4 Hz), 0.83 (d, 3H,
J=6.7Hz), 2.01 (ddd, 1H, J=11.1, 9.1, 5.0 Hz), 2.26—
236 (m, 1H), 4.68 (d, 1H, J=5.0Hz), 4.81 (d, 1H,
J=4.7 Hz), 6.10 (s, 1H), 7.34-7-46 (m, 3H), 7.41 (d, 2H,
J=7.7 Hz); *C NMR (CDCls, 75 MHz) 6 16.9, 33.2, 34.7,
81.2, 83.3, 127.4, 129.0, 129.2, 129.6, 131.0, 142.9. Anal.
Calcd for C13H40S: C, 71.56; H, 6.42. Found: C, 71.45; H,
6.30.

2.1.3. 5-endo-Methyl-2-(phenylsulfonyl)-7-oxabicyclo-
[2.2.1]hept-2-ene (7). A solution of 6 (490 mg,
2.25 mmol) in 22 mL of MeOH was cooled to 0°C and
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MMPP (2.22 g, 4.50 mmol) was added. After stirring for
12 h the reaction was quenched with saturated aqueous
NaHCOj; solution and concentrated in vacuo. The residue
was diluted with water and extracted with AcOEt. The
organic layer was dried over MgSO, and removal of the
solvent under vacuum followed by purification via flash
chromatography eluting with hexanes/ethyl acetate (2:1)
afforded 485 mg of 7 (86%) as a white solid: mp 71—
72°C; IR (KBr) » 2980, 1580, 1440, 1150; 'H NMR
(CDCl;, 300 MHz) 6 0.81 (d, 3H, J=7.1 Hz), 0.87 (dd,
1H, J=11.1, 4.0 Hz), 2.10 (ddd, 1H, J=11.4, 9.1, 4.7 Hz),
2.28-2.40 (m, 1H), 4.87 (d, 1H, J=5.0 Hz), 4.90 (d, 1H,
J=5.0 Hz), 6.97 (s, 1H), 7.51 (t, 2H, J=7.7 Hz), 7.60 (t, 1H,
J=7.1Hz), 7.88 (d, 2H, J=7.7 Hz); *C NMR (CDCls,
75MHz) 6 16.6, 33.2, 33.5, 79.3, 83.3, 128.0, 129.5,
134.0, 142.7, 147.0, 150.2. Anal. Calcd for C{3H;405S: C,
62.40; H, 5.60. Found: C, 62.26; H, 5.51.

2.14. (15,28",6R")-3-(Phenylsulfonyl)-2,6-dimethylcyclo-
hex-3-en-1-ol (8). To a solution of 7 (471 mg, 1.88 mmol)
in 9.4 mL of THF cooled at —78°C, 3.53 mL of a 1.6 M
MeLi solution in ether (5.63 mmol) was added dropwise.
After stirring for an hour at —78°C, the reaction was
quenched with water and extracted with AcOEt. The
organic layer was dried over MgSO, and concentrated
under reduced pressure. The crude was chromatographed
eluting with hexanes/ethyl acetate (1:1) to give 8 (470 mg,
94%) as a white solid: mp 112-113°C; IR (KBr) v 3400-
3200, 1450, 1310, 720; '"H NMR (CDCls;, 300 MHz) & 0.97
(d, 3H, J=6.4 Hz), 1.00 (d, 3H, J=6.7 Hz), 1.80-1.98 (m,
3H), 2.46-2.65 (m, 2H), 3.29 (dd, 1H, J=10.4, 5.0 Hz), 6.90
(dd, 1H, J=4.0, 2.7 Hz), 7.48 (t, 2H, J=7.7 Hz), 7.57 (t, 1H,
J=7.4Hz), 7.80 (d, 2H, J=7.7 Hz); *C NMR (CDCl,,
75MHz) 6 13.7, 17.7, 28.3, 33.9, 34.4, 74.5, 128.0, 129.3,
133.3, 138.2, 140.2, 143.5. Anal. Calcd for C4H,305S: C,
63.13; H, 6.81. Found: C, 62.78; H, 6.32.

2.1.5.(1R",25",35" AR",6R")-1-(Phenylsulfonyl)-2,4-dimethyl-
7-oxabicyclo[4.1.0]heptan-3-ol (9). A solution containing
t-BuOOH (0.10 mL, 0.77 mmol) in 1.5 mL of THF was
cooled to —78°C. n-BuLi (0.48 mL, 0.77 mmol) was
added dropwise and the resulting solution was stirred for
15 min at the same temperature. Then, 103 mg (0.39 mmol)
of 8 dissolved in 1.5 mL of THF were added, the reaction
was warmed to rt and stirred overnight. The reaction
mixture was quenched with brine, the organic layer was
extracted with ether and dried over MgSO, and the solvent
removed under reduced pressure. After purification by chro-
matography eluting with hexanes/ethyl acetate (1:1) 100 mg
(92%) of 9 were obtained as a colorless oil: IR (CHCI) v
3600-3300, 1460, 1330, 1160; 'H NMR (CDCls, 300 MHz)
6 0.55 (d, 3H, J=7.0 Hz), 0.88 (d, 3H, J=5.9 Hz), 1.49—
1.63 (m, 2H), 1.83—-1.90 (m, 1H), 2.21 (g, 1H, J=11.0 Hz),
2.96 (quint, 1H, /=6.8 Hz), 3.31-3.39 (m, 1H), 3.76 (s, 1H),
7.55 (t, 2H, J=7.7 Hz), 7.67 (t, 1H, J=7.3 Hz), 7.88 (d, 2H,
J=7.7Hz); *C NMR (CDCl;, 75 MHz) & 7.7, 16.9, 25.7,
31.4, 32.0, 56.8, 73.6, 75.1, 129.2, 129.3, 134.4, 136.1.
Anal. Calcd for C;H30,S: C, 59.57; H, 6.38. Found: C,
59.48; H, 6.30.

2.1.6. (1R",25",38",4R",6R")-3-(Benzyloxy)-1-(phenylsul-
fonyl)-2,4-dimethyl-7-oxa bicyclo[4.1.0]Theptane (10). To
a solution of 9 (94 mg, 0.33 mmol) in 3.5 mL of THF cooled

at 0°C, were added 20 mg (0.50 mmol, 60% mineral dis-
persion) of NaH, 0.08 mL (0.67 mmol) of BnBr and
12.3 mg (0.03 mmol) of tetrabutylammonium iodide. The
reaction mixture was allowed to warm to rt and stirred over-
night. Then, quenched with water, extracted with AcOEt
and dried over MgSQ,. The residue was chromatographed
eluting with hexanes/ethyl acetate (5:1) to give 119 mg
(96%) of 10 as a white solid: mp 95-96°C; IR (KBr) v
2830, 1580, 1340, 1270; 'H NMR (CDCl;, 300 MHz) &
0.58 (d, 3H, J=6.9 Hz), 0.93 (d, 3H, J=6.3 Hz), 1.53—
1.68 (m, 2H), 2.23 (dd, 1H, J=11.0, 4.0 Hz), 3.08-3.22
(m, 2H), 3.78 (s, 1H), 4.48 (syst AB, 2H, J g=11.4 Hz),
7.29-7.34 (m, 5H), 7.60 (tt, 2H, J=7.0, 1.5 Hz), 7.72 (tt,
IH, J=7.0, 1.5 Hz), 7.92 (d, 2H, J=7.0 Hz); *C NMR
(CDCls, 75 MHz) 6 7.9, 17.3, 25.0, 28.3, 32.7, 57.1, 71.3,
75.2, 80.6, 127.7, 128.4, 129.2, 129.5, 134.4, 136.2, 136.7,
137.9. Anal. Calcd for C,;H»30,4S: C, 67.92; H, 6.20. Found:
C, 68.03; H, 6.36.

2.1.7. (25",35",4R",65")-3-(Benzyloxy)-6-bromo-2,4-di-
methylcyclohexan-1-one (11), and (25*,3S*,4R",6R")-3-
(benzyloxy)-6-bromo-2,4-dimethylcyclohexan-1-one (12).
To a suspension of MgBr,-OEt, (73 mg, 0.28 mmol) in
1.2 mL of ether, 70 mg (0.19 mmol) of 10 dissolved in
1.5 mL of ether were added and the mixture was stirred
for 6 h. The reaction was quenched with brine, extracted
with ether and dried over MgSO,. After removal of the
solvent under reduced pressure, the residue was chromato-
graphed eluting with hexanes/ethyl acetate (4:1) to afford
35 mg (59%) of 11 and 16 mg (26%) of 12, both as colorless
oils.

Compound 11: IR (CHCl5) v 3020, 1730, 1570, 1100; 'H
NMR (CDCls, 300 MHz) & 1.15 (d, 3H, J=6.9 Hz), 1.16 (d,
3H, J=7.0Hz), 1.77 (dd, 1H, J=13.9, 10.2 Hz), 2.24
(quintd, 1H, J=7.0, 1.8 Hz), 2.54 (dd, 1H, J=13.9,
5.6 Hz), 321 (qd, 1H, J=6.9, 4.0Hz), 3.35 (dd, 1H,
J=17.0, 4.0 Hz), 4.44 (syst AB, 2H, J,z=11.8 Hz), 4.67
(dd, 1H, J=10.3, 5.7 Hz), 7.25-7.33 (m, 5H); *C NMR
(CDCl;, 75MHz) & 11.5, 18.1, 32.2, 39.2, 44.7, 50.4,
71.1, 83.9, 127.5, 127.8, 128.4, 137.7, 203.7. Anal. Calcd
for C,;sH,9O,Br: C, 57.88; H, 6.11. Found: C, 57.96; H, 6.06.

Compound 12: IR (CHCl;) v 2840, 1730, 1580, 1380; 'H
NMR (CDCl;, 300 MHz) & 1.18 (d, 3H, J=6.6 Hz), 1.20 (d,
3H, J=7.7 Hz), 2.25-2.40 (m, 2H), 2.62 (td, 1H, J=12.8,
4.8 Hz), 2.82 (qt, 1H, J=6.6, 2.8 Hz), 3.62 (td, 1H, J=2.9,
1.1 Hz), 4.50 (syst AB, 2H, Jaz=11.9 Hz), 4.73 (dd,
1H, J=12.8, 59Hz), 7.26-742 (m, 5H); “C NMR
(CDCly, 75MHz) & 11.7, 15.9, 31.7, 40.0, 44.8, 52.8,
71.2, 86.1, 127.5, 1283, 136.5, 137.9, 200.9. Anal.
Caled for C;sH;9O,Br: C, 57.88; H, 6.11. Found: C,
57.96; H, 6.06.

2.1.8. (4R",55",6S")-5-(Benzyloxy)-4,6-dimethylcyclohex-
2-en-1-one (13). Method A: CaCO; (312 mg, 3.12 mmol)
was suspended in 13 mL of DMF and the mixture was
heated to 150°C. 194 mg (0.62 mmol) of a mixture of
compounds 11 and 12 dissolved in 4 mL of DMF were
added dropwise and stirring was maintained for 45 min at
the same temperature. After cooling to rt, the reaction was
quenched with water, extracted with ether and dried over
MgSO,. Concentration in vacuo and purification by
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chromatography (hexanes/ethyl acetate 10:1) afforded
46 mg (32%) of 13 as a colorless oil.

Method B: A solution containing diisopropylamine
(0.09 mL, 0.63 mmol) in 1 mL of ether was cooled to
—78°C. Then, 0.40 mL of n-BuLi (0.64 mmol, 1.6 M solu-
tion in hexane) was added dropwise and after being stirred
for 20 min, 47 mg (0.13 mmol) of 10 dissolved in 1.3 mL of
ether were added dropwise. The reaction was warmed
gradually to rt and refluxed for an additional 3 h. The reac-
tion was quenched with water, extracted with ether and
dried over MgSO,. Removal of the solvent under reduced
pressure followed by purification as described above
afforded 19 mg (65%) of 13. IR (CHCl;) v 3040, 1670,
1470, 1140; 'H NMR (CDCl;, 300 MHz) & 1.17 (d, 3H,
J=7.1Hz), 1.22 (d, 3H, J=7.0Hz), 2.71 (m, 1H), 2.85
(qd, 1H, J=7.1, 4.0 Hz), 3.56 (dd, 1H, J=6.9, 4.0 Hz),
4.52 (syst AB, 2H, Jag=11.4 Hz), 5.93 (dd, 1H, J=10.1,
2.1 Hz), 6.66 (dd, 1H, J=10.1, 3.1 Hz), 7.29-7.37 (m,
5H); °C NMR (CDCl;, 75 MHz) § 10.6, 17.0, 33.5, 43.3,
71.1, 82.3, 127.4, 127.9, 128.3, 128.5, 137.9, 151.9, 202.1.
Anal. Caled for C;5H;30,: C, 78.26; H, 7.83. Found: C,
78.14; H, 7.74.

2.1.9. (1R",4R",55",6R")-5-(Benzyloxy)-4,6-dimethylcyclo-
hex-2-en-1-0l (14). A solution of CeCl;-7H,O (566 mg,
1.49 mmol) dissolved in 3 mL of MeOH was cooled to
—78°C and NaBH,; (42.6 mg, 1.12 mmol) was added.
After 30 min, 172 mg (0.75 mmol) of 13 dissolved in
4.5 mL of MeOH were added at the same temperature,
and the reaction was warmed gradually to rt. After being
stirred for 3 h, the reaction mixture was diluted with a 0.5N
HCI solution, extracted with ether and dried over MgSOj,.
Concentration in vacuo followed by purification by chroma-
tography eluting with hexanes/ethyl acetate (10:1) afforded
140.5 mg of 14 (81%) as a colorless oil: IR (CHCl;) v
3600-3300, 1650, 1380, 1150; 'H NMR (CDCl;,
300 MHz) 6 0.99 (d, 3H, J=7.3Hz), 1.17 (d, 3H,
J=7.0Hz), 2.03 (m, 1H), 2.54 (m, 1H), 2.65 (d, 1H,
J=10.2 Hz), 3.39 (s, 1H), 3.87 (dt, 1H, J=10.3, 5.1 Hz),
4.50 (syst AB, 2H, J g=11.4 Hz), 5.63 (dd, 1H, J=10.0,
5.0 Hz), 5.88 (ddd, 1H, J=10.0, 4.5, 1.5 Hz), 7.29-7.37
(m, 5H); ®C NMR (CDCls, 75 MHz) & 12.9, 18.3, 32.8,
33.2, 679, 71.8, 83.8, 127.6, 127.7, 128.4, 128.9, 130.9,
137.3. Anal. Caled for C;sHy,O,: C, 77.59; H, 8.62.
Found: C, 77.40; H, 8.56.

2.1.10. (38",4R*,55",657)-4-(Benzyloxy)-3,5-dimethyl-
(benzoyloxy)-6-formyl-tetrahydropyran-2-one (2). To a
solution of 14 (23 mg, 0.1 mmol) in 20 mL of CH,Cl,,
46 mg (0.54 mmol) of NaHCO; were added and the mixture
was cooled to —78°C. O3 was bubbled during 50 min and
then the mixture was diluted with benzene, filtered and
concentrated in vacuo. The residue was dissolved in 2 mL
of CH,Cl, and 0.03 mL (0.40 mmol) of pyridine and
0.05 mL (0.49 mmol) of Ac,0 were added. After being stir-
red for 24 h, the mixture reaction was concentrated under
reduced pressure and chromatographed eluting with
hexanes/ethyl acetate (6:1) to afford 16 mg of 2 as a color-
less oil (61%): IR (CHCl3) » 2780, 1730, 1580, 1200; 'H
NMR (CDCl;, 300 MHz) 6 1.06 (d, 3H, J=6.9 Hz), 1.13 (d,
3H, J=7.1 Hz), 2.35-2.51 (m, 1H), 2.73-2.90 (m, 1H), 3.93
(dd, 1H, J=7.6, 2.1 Hz), 4.59 (syst AB, 2H, J,g=11.2 Hz),

5.06 (m, 1H), 7.49-7.62 (m, SH), 9.22 (s, 1H); °C NMR
(CDCls, 75 MHz) 8 17.4, 19.9, 30.7, 39.5, 55.5, 71.0, 80.1,
127.7, 129.6, 135.7, 136.2, 174.1, 201.5. Anal. Calced for
C,sH,504: C, 68.70; H, 6.87. Found: C, 68.51; H, 6.69.
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