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The highly diastereoselective construction of substituted tetrahydropyrans, a common core segment (C3–
C10) of the thiomarinols and the pseudomonic acid antibiotics, has been accomplished using the intra-
molecular oxy-Michael reaction under both basic and high-pressure conditions followed by regio- and
stereoselective epoxide opening with acetylide.

� 2009 Elsevier Ltd. All rights reserved.
OH

OH

O

O

OH
HO

O

H
N

O
5HN

X
S

O

Thiomarinol A: X=S
Thiomarinol B: X=SO2

OR2

R1O

10

Pseudomonic acid A
Pseudomonic acid C: C10/C11 E-alkene

OH

O

O

OH
HO

O
HO

O 6

O

3

10

5
8 10

11
Thiomarinols,1 hybrid antibiotics composed of a pseudomonic
acid analogue and a pyrrothine core,2 and pseudomonic acids3 be-
long to the family of C-glycopyranoside antibiotics. Produced by
Alteromonas rava sp. nov. SANK 73390 and Pseudomonas fluores-
cens, respectively, these compounds possess potent antibiotic
activities, in particular thiomarinol B, which showed excellent
in vitro antimicrobial activity against Gram-positive and Gram-
negative bacteria.1c Because of their intriguing structural features
and interesting biological profiles, they represent attractive targets
for total synthesis. Although many fascinating routes to pseudo-
monic acids3 have been reported, so far only one successful, and
elegant, total synthesis of thiomarinol antibiotic has been reported
by Gao and Hall.4

During the course of our studies directed toward the total syn-
thesis of thiomarinols A and B, we sought to develop an efficient
methodology for the diastereoselective construction of the C3–
C10 segment 1 containing the tetrahydropyran ring,5 which is a
common core structure of the thiomarinols and pseudomonic acids
(Fig. 1).

The key feature of our strategy is the use of an intramolecular
oxy-Michael (IMOM) reaction6 of the hydroxy enoate 2 bearing a
cis-epoxide for the construction of the tetrasubstituted tetrahydro-
pyran 3a. We anticipated that the presence of the cis-epoxide6c

would promote the kinetic formation of the pyran ring by the
Thorpe-Ingold-like effect.7 The diastereoselectivity at the future
C5 can be deduced by comparing the possible transition states T1

and T2, in which the sterically less demanding transition state T1

might be predominant, and the pyran 3a with the 5S configuration
would be generated as the major product. The epoxide could then
be opened by an acetylide anion at the future C8 in a regio- and
stereoselective fashion resulting in the formation of the tetrasub-
ll rights reserved.
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stituted tetrahydropyran 1 with the requisite stereochemistry
(Scheme 1).

In this Letter, we report the stereochemical outcome of the
IMOM reaction of 2 under anionic and unprecedented high-pres-
sure conditions8 and the subsequent transformation of the cyc-
loadducts 3 to the C3–C10 segment 1 of the antibiotics. Although
many examples of carbon–carbon9 and carbon–nitrogen bonds10

forming intermolecular Michael reaction under high-pressure con-
ditions have been reported, there are very few examples in the lit-
erature on the intramolecular version.11

The substrates for the IMOM reaction were synthesized as
shown in Scheme 2. To determine the stereochemical outcome of
O
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Figure 1. Thiomarinols and pseudomonic acids and the C3–C10 core segment.



Table 1
IMOM reaction under basic conditions
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Entry Enoate (config.) Base Conditions Yield (%) 18:19

1 9 (E) NaH CH2Cl2,0 �C, 2 h 89 5.7:1
2 10 (E) NaH CH2Cl2, 0 �C, 2 h 97 12:1
3 16 (Z) NaH CH2Cl2, 0 �C, 2 h 90 >99:1
4 17 (Z/E = 6:1) NaH CH2Cl2, 0 �C, 2 h 99 >99:1
5 15 (Z/E = 6:1) TBAF THF, rt, 1 h 92 >99:1
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Scheme 1. Synthetic strategy.
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the cyclization, we prepared the hydroxy E-enoates 9 and 10 and
the Z-enoates 16 and 17. Starting with the optically active epoxy
alcohol 4, oxidation and vinylation provided a chromatographically
separable 1:1 mixture of the alcohols 5 and 6. Conversion of the
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Scheme 2. Synthesis of the substrates.
undesired 4R-isomer 6 to the desired 4S-isomer 5 could be carried
out by the Mitsunobu reaction followed by hydrolysis. The allyl
alcohol 5 was subjected to cross metathesis12 with ethyl acrylate
and the Hoveyda catalyst 713 to provide the E-enoates 8, which fur-
nished 9 and 10 via silylation or methoxymethylation followed by
selective desilylation.14 The Z-enoates 16 and 17 were prepared
starting from the aldehydes 11 and 12, which were obtained by
sequential protection of the hydroxyl function in 5 and by ozonol-
ysis. Exposure of 11 and 12 to Ando olefination conditions15 with
13 resulted in the exclusive formation of the Z-enoate 14 and a
Z/E = 6:1 inseparable mixture of 15, respectively. They were then
converted to 16 (Z only) and 17 (Z/E = 6:1) by desilylation in good
overall yields from 5 (Scheme 2).

With the hydroxy enoates in hand, we initially examined the
key IMOM reaction under basic conditions.20 Treatment of the E-
enoates 9 and 10 with NaH in dichloromethane (DCM) at 0 �C for
2 h provided a separable mixture of the diastereoisomers 18 (5S)
and 19 (5R) in 89% yield (dr = 5.7:1; R1 = TBS) and 97% yield
(dr = 12:1; R1 = MOM), respectively (Table 1, entries 1 and 2). It
was demonstrated that the yield and diastereoselectivity were af-
fected by changing the C4-hydroxy protective group (TBS?MOM)
in the E-enoates 9 and 10. When the reaction was conducted for
the Z- and Z-rich (Z/E = 6:1) enoates 16 and 17 under the same
reaction conditions, the desired pyran 18 was obtained as a single
diastereomer in 90% (R1 = TBS) and 99% yields (R1 = MOM), respec-
tively (Entries 3 and 4). One-pot conversion of 15 to 18 (a mixture
of Z/E = 6:1) via a desilylation/cyclization sequence was carried out
by treatment of 15 with TBAF in THF providing 18 (R1 = MOM) in
92% yield (Table 1, entry 5).

Next, we examined the conversions under high-pressure condi-
tions.21 After considerable experimentation, it was found that the
presence of Hünig’s base (iPr2NEt) as an additive16 was necessary.
Thus, a solution of 9 in a mixture of iPr2NEt and DCM (1/9) was ex-
posed to the high-pressure conditions (12.6 kbar), and the diaste-
reomeric pyrans 18 and 19 were obtained in 62% yield in a ratio
of 4.6:1 (Table 2, entry 1). It should be noted that in the case of
the E-enoate 9, the addition of ethanol17 to the reaction media in-
creased the yield up to 96% with higher diastereoselectivity (16:1)
(entry 2). As in the case under basic conditions, the Z-enoates 16
and 17 provided excellent yields and diastereoselectivity of the de-
sired pyran 18 (entries 3 and 4). When the reaction was carried out
at an atmospheric pressure, the starting hydroxy enoate was recov-
ered completely (Table 2, entry 5).

Since attempted treatment of the epoxy pyran 1818 (R1 = MOM)
with trimethylsilylacetylene in the presence of nBuLi and boron tri-
fluoride etherate19 produced the acetylenic alcohol 2018 only in
40% yield, 18 (R1 = MOM) was hydrolyzed and the resulting
carboxylic acid was reduced via a mixed anhydride to give the
expected alcohol which was immediately protected as the
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Scheme 3. Transformation of 18 to the C3–C10 segment 22.

Table 2
IMOM reaction under high-pressure conditions

Entry Enoate (config.) Pressure (kbar) Conditions Yield (%) 18:19

1 9 (E) 12.6 iPr2NEt/CH2Cl2 = 1/9, rt, 15 h 62 4.6:1
2 9 (E) 10.9 iPr2NEt/CH2Cl2/EtOH = 1/4.5/4.5, rt, 19 h 96 16:1
3 16 (Z) 13.3 iPr2NEt/CH2Cl2 = 1/9, rt, 19 h 96 >99:1
4 17 (Z/E = 6:1) 12.9 iPr2NEt/CH2Cl2 = 1/9 rt, 18 h 99 >99:1
5 16 (Z) — iPr2NEt/CH2Cl2 = 1/9, rt, 7 days Recovered
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p-methoxyphenyl (PMP) ether using the Mitsunobu protocol to
give 21 in 88% yield for the three steps. The latter was then treated
under the same reaction conditions as for 18 to provide the pyran
22 with the requisite four contiguous stereogenic centers in excel-
lent yield (Scheme 3).

In summary, an efficient protocol for the highly diastereoselec-
tive synthesis of the 2,3,4,5-tetrasubstituted tetrahydropyran core
structure of the thiomarinols and pseudomonic acid antibiotics
was devised with use of the IMOM reaction of the epoxy hydroxy
Z-enoate under both basic and high-pressure conditions. It should
be emphasized that this is the first time that the IMOM reaction for
assembling the substituted tetrahydropyrans under high-pressure
has been efficiently accomplished. Efforts aimed at completion of
the total synthesis of thiomarinols are ongoing and will be re-
ported in due course.
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