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The reaction of the ketene acetal triflates 9a-e and a zinc homoenolate 10 in the presence of a
catalytic amount of Pd(PPh3)4 gave the enol ethers 11a-e in good yields. The products were
converted to the corresponding cyclic ethers 14a and 14b by hydroboration and lactonization. The
present methodology allowed us to synthesize the DE and GH ring segment of gambierol in a concise
manner. Iterative syntheses of the polycyclic ethers 26 and 32 are also described.

Introduction

In recent years there has been an explosion of interest
in biologically active natural products of marine origin.1
Because of their structural novelty and toxicity, polycyclic
ethers are particularly attractive targets for synthetic
chemists.2 Gambierol (1), a potent neurotoxin isolated
from the cultured cells of Gambierdiscus toxicus, has 8
ether rings and 18 stereogenic centers.3 The compound
shows toxicity against mice (LD50 50 µg/kg), and the
symptoms resemble those caused by ciguatoxins, infer-
ring the possibility that it is also implicated in ciguatera
poisoning.1 The unique structural features have attracted
the attention of synthetic chemists, and a number of
strategies have been investigated.4 Scheme 1 illustrates
our initial synthetic approach toward 1. Retrosynthetic
disassembly of the target molecule 1 based on the
vinyllithium-aldehyde condensation followed by Barton
deoxygenation afforded 2 and 3.5 The ABCDE ring
segment 2 would be synthesized from 4 and 5 by the

same methodology. On the basis of this analysis, we
synthesized the GH ring segment 8, precursor of 3, as
shown in Scheme 2. The intramolecular reaction of 6,
prepared from 2-deoxy-D-ribose in 12 steps, mediated by
BF3‚OEt2 gave 7 as the sole product in quantitative
yield.4c The product 7 was converted to 8 by a four-step
sequence including ozonolysis, Wittig reaction, hydroge-
nation, and lactonization.4l Although the GH ring seg-
ment 8 was obtained in a highly stereoselective manner,
the synthesis was not particularly efficient because of the
relatively long synthetic schemes (total 17 steps). This
problem prompted us to develop a new synthetic route.
Here we report an efficient and concise synthesis of
medium sized cyclic ethers via the palladium-catalyzed
coupling of ketene acetal triflates and organozinc re-
agents.6,7
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Scheme 1. Retrosynthetic Analysis of Gambierol
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Results and Discussion

Our new synthetic strategy is illustrated in Scheme 3.
Since the palladium-catalyzed coupling of alkylzinc re-
agents and aryl halides was reported by Negishi in 1977,8
a number of modified reactions have been developed.9 In
1986, Tamaru reported the palladium-catalyzed coupling
of alkenyl triflates, derived from ketones, and zinc
homoenolates.10 It was thought that the coupling of the
ketene acetal triflate 9, derived from lactones, and the
zinc homoenolate 1011 would give the cyclic enol ether
11, and the subsequent hydroboration of the double bond
of 11 followed by lactonization would provide the desired
cyclic ether 12.

The results of the coupling of 9 and 10 are summarized
in Table 1. Treatment of 9a, prepared from the corre-
sponding lactone by the standard procedure,7e with 2
equiv of the zinc homoenolate 10 in the presence of
Pd(PPh3)4 at room temperature gave the enol ether 11a
in 74% yield (entry 1). Similarly, the reaction of the six-
membered ketene acetal triflates 9b and 9c with 10
under the same reaction conditions gave the correspond-
ing cyclic enol ethers 11b and 11c, respectively, in good
yields (entries 2 and 3). To synthesize the DE and GH
rings of gambierol, it was necessary to know whether the
palladium-catalyzed coupling methodology is applicable

to seven-membered ketene acetal triflates. The reaction
of 9d with 10 under the same reaction conditions afforded
the desired cyclic enol ether 11d in 82% yield (entry 4).
Also, 9e gave 11e in 76% yield (entry 5).

Scheme 4 describes the conversion of the enol ethers
obtained to the corresponding bicyclic ethers. Hydro-
boration of 11a with BH3‚SMe2 followed by oxidative
workup gave a 7:3 mixture of the diols 12a and 13a in
87% combined yield.12 Although attempts to effect
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Scheme 2

Scheme 3

Table 1. Palladium-Catalyzed Coupling of Ketene Acetal
Triflates 9 and Zinc Homoenolate 10a

a Reactions were carried out with 10 (2 equiv) in the presence
of Pd(PPh3)4 (5 mol %) in benzene at room temperature. b Ketene
acetal triflates were prepared from the corresponding lactones by
the standard procedure and used without purification. c Isolated
yields.

Scheme 4a

a Reagents and conditions: (a) BH3‚SMe2. THF, 0 °C to rt, then
30% H2O2, 3 N NaOH, rt; (b) TEMPO, NaClO, KBr, CH2CH2/H2O,
0 °C.
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chemoselective hydroboration of the double bond in the
presence of an ester group giving the corresponding
δ-hydroxy ester resulted in failure, the diol 12a could be
converted directly to the desired lactone 14a by TEMPO
oxidation. The treatment of 12a with aqueous NaClO in
the presence of catalytic amounts of TEMPO and KBr
afforded 14a in 89% yield.13 Similarly, the bicyclic lactone
14b was obtained from 11b in reasonable yield (45% in
two steps).

On the basis of these results, we next investigated the
synthesis of the DE and GH ring segment of 1. Treatment
of 11d with BH3‚SMe2 followed by oxidative work up gave
the diol 15 as a mixture of diastereomers (Scheme 5).
TEMPO oxidation of 15 gave a 43:57 mixture of the DE
ring segment 16 and its stereoisomer 17 in 79% yield
from 11d. Although several attempts such as the use of
bulky borane reagents were made to improve the stereo-
selectivity, the diastereomer ratio remained about 1:1.

Scheme 6 describes the synthesis of the GH ring
segment. Hydroboration of 11e with thexylborane gave
a mixture of the diol 18 and unidentified compounds
having ester and aldehyde groups. Treatment of this
mixture with LiAlH4 gave pure 18 as a single stereo-
isomer. Oxidation of 18 gave the GH ring segment 8 in
68% yield in three steps from 11e.

Encouraged by the performance of the present meth-
odology described above, we attempted to carry out the
iterative synthesis of polycyclic ethers.14,15 Treatment of
the lactone 19 with KHMDS and PhNTf2 gave the
corresponding ketene acetal triflate, which was directly
subjected to the palladium-catalyzed coupling with 10 to
give the cyclic enol ether 20 in 73% yield (Scheme 7).

Hydroboration of 20 with BH3‚SMe2 followed by oxidative
workup afforded the diol 21 as the sole product in 92%
yield. TEMPO oxidation of 21 provided 22 in 87% yield.
The similar transformation as above produced the tet-
racyclic compound 26 in an allowable yield (36% in four
steps), although the stereoselectivity in the hydroboration
of 23 was moderate.

Scheme 8 demonstrates the synthesis of the poly-
oxepane 32. Triflation of 27 followed by palladium-
catalyzed coupling with zinc bishomoenolate 28 gave the
seven-membered cyclic enol ether 29 in 78% yield.
Hydroboration of 29 with thexylborane afforded the
corresponding â-hydroxy cyclic ether having an unreacted
ester group, which was then saponified and subjected to
Yamaguchi lactonization to give 30 as a sigle stereo-
isomer in 71% overall yield.16 Iteration of this five-step
sequnce starting from 30 provided the 7,7,7-tricyclic
lactone 32 in 34% overall yield.
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Scheme 5a

a Reagents and conditions: (a) BH3‚SMe2. THF, 0 °C to rt, then
30% H2O2, 3 N NaOH, rt; (b) TEMPO, NaClO, KBr, CH2CH2/H2O,
0 °C, 79% (2 steps).

Scheme 6a

a Reagents and conditions: (a) (i) thexylborane, THF, 0 °C to
rt, then 30% H2O2, 3 N NaOH, rt; (ii) LiAlH4, ether, 0 °C; (b)
TEMPO, NaClO, KBr, CH2CH2/H2O, 0 °C, 68% (3 steps).

Scheme 7a

a Reagents and conditions: (a) (i) PhNTf2, KHMDS, DMPU,
THF, -78 °C; (ii) 10, Pd(PPh3)4, benzene, rt, 73% (2 steps); (b)
BH3‚SMe2, THF, 0 °C to rt, then 30% H2O2, 3 N NaOH, rt, 92%;
(c) TEMPO, NaClO, KBr, CH2CH2/H2O, 0 °C, 87 %; (d) same as a,
80%; (e) same as b, 81%; (f) same as c, 82%.
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Conclusion

We have developed a novel method for the concise
synthesis of trans-fused cyclic ethers via the palladium-
catalyzed coupling of ketene acetal triflates and orga-
nozinc reagents. We are now in a position to synthesize
the DE and GH ring segments of gambierol efficiently
with a shorter number of steps (11 and 10 steps from
2-deoxy-D-ribose, respectively) in comparison with the
previous methods.4c,l Furthermore, the present methodol-
ogy was successfully applied to the iterative synthesis of
polycyclic ethers.

Experimental Section

General Methods. All reactions involving air- and/or
moisture-sensitive materials were carried out under argon
with dry solvents. On workup, extracts were dried over MgSO4.
Reactions were monitored by thin-layer chromatography car-
ried out on 0.25 mm silica gel plates (60F-254). Column
chromatography was performed with silicagel (60N, spherical,
neutral, particle size 0.100-0.210 mm). Yields refer to chro-
matographically and spectroscopically homogeneous materials.

Typical Procedure for the Palladium-Catalyzed Cou-
pling of Ketene Acetal Triflates 9 and Zinc Homoenolate
10. Synthesis of 11a. To a suspension of Zn-Cu couple (367
mg, 5.5 mmol) in benzene (4 mL) and DMA (0.5 mL) was added
methyl 3-iodopropionate (330 µL, 2.8 mmol). The mixture was
refluxed for 2 h and then cooled to room temperature. A
solution of 9a (510 mg, 1.4 mmol) in benzene (5 mL) and a
solution of Pd(PPh3)4 (80 mg, 0.07 mmol) in benzene (5 mL)
were added to the resulting mixture, successively. After
stirring for 3 h, the mixture was quenched with Et3N, filtered
through a silica gel pad, and concentrated. The residue was
purified by silica gel chromatography (hexane/EtOAc, 4:1
containing 0.5% Et3N) to give 11a (313 mg, 73%): colorless
needle; mp 122 °C (hexane/CH2Cl2); Rf ) 0.31 (hexane/EtOAc,
4:1); [R]23

D +58.2° (c 1.00, CHCl3); IR (KBr) 1726, 1674 cm-1;
1H NMR (300 MHz, CDCl3) δ 7.52-7.36 (m, 5H), 5.61 (s, 1 H),
4.56 (dd, J ) 5.0, 2.3 Hz, 1 H), 4.39 (dd, J ) 8.4, 2.9 Hz, 1 H),
3.88-3.82 (m, 1 H), 3.79-3.75 (m, 2 H), 3.69 (s, 3 H), 2.51-
2.46 (m, 2 H), 2.38-2.24 (m, 4 H); 13C NMR (75 MHz, CDCl3)
δ 173.2, 152.2, 137.4, 129.0, 128.2, 126.1, 101.5, 94.0, 74.9, 69.8,
68.9, 51.5, 31.7, 28.8, 26.6. Anal. Calcd for C17H20O5: C, 67.09;
H, 6.62. Found: C, 66.84; H, 6.59.

Hydroboration of 11a. To a mixture of 11a (101 mg, 0.33
mmol) in THF (3 mL) at 0 °C was added BH3‚SMe2 (130 µL,
1.33 mmol), and the mixture was allowed to warm to room
temperature with stirring. After 2 h, 1 N NaOH (2 mL) and
30% H2O2 (1 mL) were added at 0 °C, and the resulting
mixture was vigorously stirred for 0.5 h at room temperature.
The mixture was diluted with EtAOc, then washed with
saturated Na2SO3 and brine. Concentration and chromatog-
raphy gave 12a (60 mg, 61%) and 13a (25 mg, 26%).

12a: colorless needle; mp 173 °C (EtOAc); Rf ) 0.35 (EtOAc);
[R]20

D -28.8° (c 1.00, MeOH); IR (KBr) 3600-3200 cm-1; 1H
NMR (300 MHz, CDCl3) δ 7.51-7.35 (m, 5 H), 5.52 (s, 1 H),
4.31 (dd, J ) 10.5, 4.8 Hz, 1 H), 3.71-3.64 (m, 3 H), 3.59-
3.49 (m, 2 H), 3.41-3.33 (m, 1 H), 3.24 (ddd, J ) 8.8, 8.8, 2.6
Hz, 1 H), 2.48 (ddd, J ) 11.4, 4.4, 4.4 Hz, 1 H), 2.05-1.98 (m,
2 H), 1.79-1.53 (m, 4 H); 13C NMR (75 MHz, CDCl3) δ 137.3,
129.1, 128.3, 126.2, 101.7, 82.4, 76.6, 73.1, 69.5, 69.2, 62.8, 38.3,
28.4, 28.2. Anal. Calcd for C16H22O5: C, 65.29; H, 7.53.
Found: C, 65.09; H, 7.71.

13a: colorless needle; mp 157-158 °C (EtOAc); Rf ) 0.21
(EtOAc); [R]21

D +20.6° (c 1.00, MeOH); IR (KBr) 3500-3000
cm-1; 1H NMR (300 MHz, CDCl3) δ 7.50-7.35 (m, 5 H), 5.59
(s, 1 H), 4.22 (dd, J ) 10.1, 4.6 Hz, 1 H), 4.07-3.98 (m, 2 H),
3.87 (dd, J ) 10.5, 4.6 Hz, 1 H), 3.80-3.60 (m, 4 H), 2.19 (ddd,
J ) 13.2, 3.8, 3.8 Hz, 1 H), 2.02-1.93 (m, 3 H), 1.77-1.54 (m,
4 H); 13C NMR (75 MHz, CDCl3) δ 129.1, 128.3, 126.1, 102.1,
79.2, 74.5, 69.9, 69.6, 66.1, 62.3, 46.8, 32.2, 28.8, 25.3. Anal.
Calcd for C16H22O5: C, 65.29; H, 7.53. Found: C, 65.10; H, 7.71.

TEMPO Oxidation of 12a. To a solution of 12a (30 mg,
0.1 mmol) in 3 mL of CH2Cl2 at 0 °C were added aqueous KBr
(1.0 M, 10 µL) and a catalytic amount of TEMPO. While
vigorously stirring, a freshly prepared NaClO solution (ca. 0.3
M, 1:1 mixture of comercial bleach solution and saturated
NaHCO3, 1.2 mL, 0.37 mmol) was added dropwise. After 1 h,
the mixture was quenched with Na2SO3 and extracted with
EtOAc. The organic layer was washed with brine and concen-
trated. The residue was purified by chromatography (hexane/
EtOAc, 1:1) to give 14a (26 mg, 89%): colorless needle; mp
317 °C (hexane/CH2Cl2); Rf ) 0.38 (hexane/EtOAc, 1:1); [R]21

D

+63.1° (c 0.75, CHCl3); IR (KBr) 1742 cm-1; 1H NMR (300
MHz, CDCl3) δ 7.49-7.36 (m, 5 H), 5.55 (s, 1 H), 4.33 (dd, J )
10.5, 4.8 Hz, 1 H), 4.16-4.08 (m, 1 H), 3.75-3.46 (m, 4 H),
2.83 (ddd, J ) 18.1, 9.1, 4.7 Hz, 1 H), 2.72-2.60 (m, 2 H), 2.27-
2.16 (m, 1 H), 1.96-1.81 (m, 2 H); 13C NMR (75 MHz, CDCl3)
δ 169.8, 136.9, 129.2, 128.4, 126.1, 101.9, 76.1, 75.8, 74.9, 73.6,
68.9, 34.8, 27.8, 24.3. Anal. Calcd for C16H18O5: C, 66.19; H,
6.25. Found: C, 65.89; H, 6.12.

Synthesis of 8. To a solution of 2,3-dimethyl-2-butene (29
µL, 0.24 mmol) in THF (1 mL) at 0 °C was added BH3‚SMe2

(23 µL, 0.24 mmol). The mixture was stirred at 0 °C for 1 h.
To the resulting thexylborane solution at 0 °C was added a
solution of 11e (65 mg, 0.20 mmol) in THF (1 mL), and the
mixture was stirred at room temperature. After 2 h, 1 N NaOH
(0.4 mL) and 30% H2O2 (0.2 mL) were added at 0 °C, and the
mixture was vigorously stirred at room temperature for 0.5
h. The mixture was quenched with saturated Na2SO3 at 0 °C
and extracted with EtOAc. The organic layer was washed with
brine, concentrated, and dissolved in ether (2 mL). To the
mixture at 0 °C was added LiAlH4 (16 mg, 0.41 mmol). After
1 h, the reaction was quenched with brine, and the resulting
white precipitate was removed by filteration through a Celite
pad. The filtrate was concentrated to give the crude diol 18,
which was subjected directly to TEMPO oxidation to give 8
(42 mg, 68%): colorless prism; mp 189 °C (hexane/CH2Cl2); Rf

) 0.18 (hexane/EtOAc, 1:1); [R]23
D +62.2° (c 1.00, CHCl3); IR

(KBr) 1740 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.46-7.33 (m,
5 H), 5.42 (s, 1 H), 4.32-4.23 (m, 1 H), 4.16-4.09 (m, 1 H),
3.70-3.55 (m, 4 H), 2.70 (ddd, J ) 16.3, 8.2, 8.2 Hz, 1 H), 2.55
(ddd, J ) 17.2, 7.0, 7.0 Hz, 1 H), 2.21-1.97 (m, 5 H), 1.94-
1.81 (m, 1 H); 13C NMR (75 MHz, CDCl3) δ 171.3, 137.3, 129.0,
128.3, 126.0, 101.1, 81.0, 80.8, 77.4, 75.2, 69.3, 28.5, 28.2, 27.6,
26.0. Anal. Calcd for C17H20O5: C, 67.09; H, 6.62. Found: C,
66.90; H, 6.60.

Synthesis of 30. Hydroboration of 29 (53 mg, 0.15 mmol)
with thexylborane followed by the usual oxidative workup gave

Scheme 8a

a Reagents and conditions: (a) (i) PhNTf2, KHMDS, DMPU,
THF, -78 °C; (ii) 28, Pd(PPh3)4, benzene, rt, 78% (2 steps); (b) (i)
thexylborane, THF, 0 °C to rt, then H2O2, 3 N NaOH, 0 °C; (ii)
LiOH, THF-H2O, 40 °C; (iii) 2,4,6-trichlorobenzoyl chloride, Et3N,
THF, 0 °C to rt, the DMAP, benzene, rt, 71% (3 steps); (c) same
as a, 71%; (d) same as b, 48%.
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the corresponding hydroxy ester, which was used directly for
the next reaction. To a mixture of the ester in THF (0.4 mL)
and H2O (0.2 mL) was added LiOH‚H2O (10 mg, 0.23 mmol),
and the mixture was stirred at 40 °C for 3.5 h. The mixture
was acidified carefully by 1 N HCl to pH 3-4 at 0 °C and
extracted with EtOAc. The organic layer was washed with
brine and concentrated. The residure was dissolved in THF
(1 mL) and then treated with Et3N (32 µL, 0.23 mmol) and
2,4,6-trichlorobenzoyl chloride (40 µL, 0.24 mmol) at 0 °C. After
stirring for 3 h at room temperature, the mixture was diluted
with benzene (7 mL) and introduced to a mixture of DMAP
(37 mg, 0.30 mmol) in benzene (3 mL). After stirring at room
temperature for 11 h, the mixture was diluted with EtOAc,
and the insoluble material was filtered off. The filtrate was
concentrated and purified by chromatography (hexane/EtOAc,
1:1) to give 30 (24 mg, 71%): colorless prism; mp 208 °C
(hexane/CH2Cl2); Rf ) 0.29 (hexane/EtOAc, 1:1); [R]23

D +24.4°
(c 1.00, CHCl3); IR (KBr) 1724 cm-1; 1H NMR (300 MHz,
CDCl3) δ 7.47-7.32 (m, 5 H), 5.43 (s, 1 H), 4.42-4.40 (m, 1

H), 4.23 (dd, J ) 10.6, 3.6 Hz, 1 H), 3.61 (t, J ) 9.9 Hz, 1 H),
3.50-3.38 (m, 3 H), 2.65-2.57 (m, 2 H), 2.19-1.97 (m, 6 H),
1.77-1.62 (m, 2 H); 13C NMR (75 MHz, CDCl3) δ 174.4, 137.4,
129.0, 128.3, 126.1, 101.4, 84.0, 83.1, 82.1, 80.6, 69.7, 35.7, 33.5,
29.1, 27.4, 21.1. Anal. Calcd for C18H22O5: C, 67.91; H, 6.97.
Found: C, 67.41; H, 7.13.
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