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Reductive etherification, a key reaction for constructing the
H-ring in the convergent synthesis of the FGHIJ-ring system of
yessotoxin, was problematic because the yield dramatically
decreased upon increasing the scale of the reaction. This issue
was solved by the use of a microflow reactor, and a gram scale
reaction was successfully performed.

Reductive etherification is a key C­O bond forming
reaction.1 This method has been applied in natural product
synthesis, e.g., the stereoselecive synthesis of the tetrahydro-
pyran system of palytoxin by Kishi,2 and the tetrahydrooxepin
system of ladder-shaped polyethers by Nicolaou.3 However, in
other cases, no cyclization occurs under the reaction conditions
to result in the formation of corresponding diols.4 These
problems can be overcome by reduction of the corresponding
methyl acetals,5,6 or mixed thioacetals derived via hydroxy
dithioacetal cyclization.7 Although there are limitations with
reductive etherification, it is still a useful method for synthesiz-
ing ladder-shaped polyethers, because cyclic ethers can be
synthesized in a straightforward manner from the corresponding
hydroxy ketones or silyloxy ketones.8

During the course of our synthetic studies of yessotoxin
(YTX),9 the FGHIJ-ring system of YTX was synthesized based
on a convergent strategy via ¡-cyano ethers10 in which the
H-ring was constructed by reductive etherification (Scheme 1).11

Treatment of hydroxy ketone 2a with Et3SiH/TMSOTf in
CH2Cl2 at ¹75 to ¹52 °C, followed by removal of the silyl
groups with TBAF, afforded the FGHIJ-ring unit 3 as a single
isomer in 74% yield for two steps. However, the reductive
etherification step became problematic when the reaction was
scaled up (Table 1). Although the reaction using 20mg of
2a was reproducible to give 3 in 81% yield (Entry 1), the
yield using 121mg of 2a dramatically dropped to 19% with
concomitant formation of hydroxy ketone 4 as a mixture of
diastereomers in 73% yield (Entry 2). When BF3¢OEt2 was used

as a Lewis acid (Entries 3 and 4), the yield of 3 also decreased
when the amount of the substrate 2a was increased. Attempts to
improve the yield of 3 failed irrespective of considerable
experimentation under various conditions, e.g., reaction temper-
ature, addition rate of reagents, and reverse addition of the
substrate to the reagents.

Possible reaction pathways of the reductive etherification
are shown in Scheme 2. By the action of TMSOTf, the ketone 2
is converted to oxocarbenium ion A. Nucleophilic attack of the
hydride (Et3SiH) giving desired product B is considered to be
the rate-determining step. When the hydride attack is slow,
deprotonation from A occurs to form enol ether C, which is
hydrolyzed to give the hydroxy ketones D as by-products.
Therefore, the challenge is to accelerate the rate of hydride
attack. One of the possible measures might be to increase
the concentration of the reagents, and to mix the substrate
and reagents expeditiously. However, optimization of reaction
conditions using a large amount of sample is a high-risk
experiment. Therefore, we planned to carry out the reaction
under microfluidic conditions.
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Scheme 1.

Table 1. Reductive etherification under batch and microfluidic
conditions15

Entry Substratea Lewis acid Temp/°C Yield of 3/%d

1b 2a (20) TMSOTf ¹78 to ¹50 81
2b 2a (121) TMSOTf ¹78 to ¹50 19 (73)e

3b 2a (26) BF3¢OEt2 ¹50 to ¹18 86
4b 2a (135) BF3¢OEt2 ¹50 to ¹18 47 (41)e

5c 2b (138) TMSOTf ¹30 82
6c 2a (405) TMSOTf ¹30 81
7c 2b (1523) TMSOTf ¹30 86

aThe numbers in parentheses represent the weights (mg) of the
substrate 2. bMethod A: The reaction was carried out in a flask
(batch). cMethod B: The reaction was carried out under
microfluidic conditions. dYields in two steps after removal of
silyl groups. eYields in parentheses are for by-product 4.
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Microflow reactor is a powerful tool in modern organic
synthesis.12­14 Comet X-01µ (Techno applications) was used for
the reductive etherification. A solution of 2 (0.03M) and Et3SiH
(3M) in CH2Cl2 and a solution of TMSOTf (1M) in CH2Cl2
were charged in gas-tight syringes, which were connected to the
microflow reactor (Figure 1). After optimization of the reaction
conditions, the solutions were transmitted using a syringe pump
at a rate of 0.25mLmin¹1 while cooling the reactor at ¹30 °C.
The solutions were mixed vigorously by passing them through
ca. 50-¯L volume of the reactor with effective heat exchange to
maintain the temperature precisely, and the resulting mixture
was poured into aqueous NaHCO3 at 0 °C. After extraction with
Et2O, the crude product was treated with TBAF in THF to afford
triol 3. As shown in Entry 5 (Table 1), when 138mg of 2b was
subjected to reductive etherification under microfluidic condi-
tions, an 82% yield of 3 was obtained, and the results were
comparable to those of the small scale reaction (Entries 1 and 3).
Clearly, the results were not affected by the reaction scale,
because the solutions were continuously mixed into the reactor
without change in the concentration gradient. When 405mg of
2a (Entry 6) and ca. 1.5 g of 2b (Entry 7) were used, 81% and
86% yields of 3 were obtained, respectively. Thus, the utiliza-
tion of microflow reactors is particularly effective for precious
substrates obtained after multistep syntheses, because once the
reaction conditions are optimized on a small scale, the bulk of
the reaction solution can be increased infinitely in principle.

In conclusion, utilization of a microflow reactor is effective
for reductive etherification in the practical synthesis of the
FGHIJ-ring system of yessotoxin. Studies on the scope and
limitation of the present technique to polyether synthesis are in
progress in our laboratory.
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Figure 1. Schematic drawing of the reaction system under
microfluidic conditions.
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