
Synthetic Studies on Aculeximycin: Synthesis of C24−C40 Segment
by Kobayashi Aldolization and Epoxide Rearrangements
Takuya Kato, Tomohiko Sato, Yuki Kashiwagi, and Seijiro Hosokawa*

Department of Applied Chemistry, Faculty of Science and Engineering, Waseda University, 3-4-1 Ohkubo, Shinjuku-ku, Tokyo
169-8555, Japan

*S Supporting Information

ABSTRACT: Stereoselective synthesis of the C24−C40 segment of
aculeximycin has been achieved by using the Kobayashi aldol
reactions and epoxy-opening rearrangement reactions. The C33−
C40 segment was synthesized by the Kobayashi aldol reaction
followed by epoxidation and Jung rearrangement of epoxide 9, while
the C25−C32 segment was constructed by the Kobayashi aldol
reaction followed by epoxidation and the epoxy-opening rearrange-
ment reaction of epoxide 13. These segments were connected by the
aldol reaction and the sequential dehydration, reduction, and
conversion of ethyl ester to ethyl ketone to give the C24−C40
segment 1. All stereogenic centers were constructed by substrate-
controlled stereoselective reactions.

Aculeximycin was isolated as an antibiotic from the culture
broth of Streptosporangium albidum, by the Haneishi group

in 1983 (Figure 1).1 In 1995, the Harada group disclosed the
impressive structure of this compound by degradation and
derivatization studies as well as spectroscopic methods.2

Aculeximycin possesses a 30-membered ring attaching triose,
β-mannose, and vancosamine. This compound was found to be
a potent uncoupler of the oxidative phosphorylation of rat-liver
mitochondria.3 The structure of aculeximycin has attracted and

inspired us to synthesize this compound. Herein, we present a
concise synthesis of the C24−C40 segment of aculeximycin by
combination of the remote asymmetric induction reaction and
an epoxide-opening strategy.
In the course of our studies on polyketides, we have

developed the remote asymmetric induction reaction using the
vinylketene silyl N,O-acetal having a chiral auxiliary (Kobayashi
aldol reaction, Scheme 1).4 Since the reaction performs the

construction of stereogenic centers and introduction of a
carbon chain simultaneously, it has been applied to natural
product synthesis to accomplish syntheses in a few steps.5,6 We
decided to apply this reaction to the synthetic studies on
aculeximycin to establish an efficient route.
Our strategy to synthesize the C24−C40 segment 1 is

disclosed in Scheme 2. The C24−C40 segment would be
synthesized by an aldol condensation between C33−C40
segment 2 and C25−C32 segment 3 (Scheme 2). These
oligoketides might be constructed in a few steps by combining
the Kobayashi aldol reaction (Scheme 1) and two kinds of
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Figure 1. Structure of aculeximycin.

Scheme 1. Remote Asymmetric Induction Reactions Using
the Chiral Vinylketene Silyl N,O-Acetals
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epoxide-rearrangement reactions (Scheme 3). One of the
rearrangement reactions is the semipinacol rearrangement

(path a), and another is the epoxide-carbonyl isomerization
(path b). While path a known as Jung’s method7 has been
employed in natural product synthesis,8 the rearrangement of
path b has rarely been applied. Proper use of these reactions
would realize construction of a variety type of polyketides.
Synthesis of the C33−C40 segment 2 started from silyl

dienol ether 5 (Scheme 4). The remote asymmetric induction
reaction (Kobayashi aldol reaction) of dienol ether 5 with
butanal 6 proceeded efficiently to afford 7 in high yield and
excellent selectivity. The chiral auxiliary was removed by
hydride reduction to give allylic alcohol 8. Epoxidation9 of the
diol 8 made smooth progress in high selectivity, and the

resulting diol was protected as TBS ether 9. Treatment of TBS-
protected epoxy alcohol 9 with TMSOTf in the presence of a
Hünig base promoted semipinacol rearrangement to give
aldehyde 2, the C33−C40 segment.10

Yet, the synthesis of C25−C32 segment 3 was performed as
shown in Scheme 5. The synthesis began with a Kobayashi

aldol reaction using exo-olefin 10 and tiglic aldehyde 11 in the
presence of H2O

11 to obtain allylic alcohol 12 with excellent
selectivity.12 After conversion of the imide moiety to an ester
function,13 vanadium-mediated epoxidation14 proceeded with
high selectivity. Epoxy alcohol 13 was treated with t-
Bu2Si(OTf)2 as a Lewis acid to promote the epoxide-carbonyl
rearrangement.15 The resulting anti β-hydroxy-α-methyl ketone
14 was protected as PMB ether 3.16 Although a stereoisomer
resulted from the epoxide-carbonyl rearrangement reaction
could not be separated from our desired compound, ketone 3
including a minor stereoisomer was submitted to the coupling
reaction between the C33−C40 and C25−C32 segments.
Coupling of the two segments and construction of the C24−

C40 segment 1 are shown in Scheme 6. The lithium enolate of
3 was reacted with aldehyde 2 to give an aldol adduct, which
was further converted to α,β-unsaturated ketone 15 in one pot
by sequential mesylation and elimination. The aldol reaction
proceeded stereoselectively (the resulting configuration of the
C33 position was not determined), and sequential dehydration
gave E isomers stereoselectively. Luche reduction of the
resulting ketone 15 proceeded stereoselectively to yield the
desired isomer 16.17 Removal of TMS under acidic conditions
gave diol 17, which was separated from other stereoisomers
including derivatives of the stereoisomer of 3 by column
chromatography. After protection of the diol as methoxymethyl
ethers, the ester group at the C25 position was converted to
ethyl ketone by the sequence of preparation of a Weinreb
amide18 and introduction of ethyl group with ethylmagnesium
bromide. The six-step sequence gave a very straightforward
route to C24−C40 segment 1.
In conclusion, we achieved the synthesis of the C24−C40

segment of aculeximycin in a few steps. Both C25−C32 and
C33−C40 segments were synthesized by the Kobayashi aldol
reaction and epoxide-opening rearrangement reactions. In

Scheme 2. Synthetic Plan of Aculeximycin C24−C40
Segment 1

Scheme 3. Epoxide-Opening Hydride Shift Reactions To
Give Aldols

Scheme 4. Synthesis of C33−C40 Segment 2

Scheme 5. Synthesis of C25−C32 Segment 3
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preparation of the C25−C32 segment the internal epoxyalcohol
received an epoxide-ketone rearrangement, while semipinacol
rearrangement of TBS-protected external epoxyalcohol was
employed to the synthesis of C33−C40 segment. Coupling of
these segments by an aldol reaction and subsequent
dehydration to construct the double bond was accomplished
in one pot. After separation of the stereoisomers, the desired
major compound was converted to C24−C40 segment 1 by
protection of the hydroxy groups and conversion of the ethyl
ester into the ethyl ketone. This route shows the efficient and
straightforward synthesis of medium-size polypropionates
including multiple stereogenic centers and hydroxy groups.
Further studies toward the total synthesis of aculeximycin are in
progress.

■ ASSOCIATED CONTENT
*S Supporting Information

The experimental procedure and physical property of new
compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: seijiro@waseda.jp.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors are grateful for financial support from The
NOVARTIS Foundation (Japan) for the Promotion of Science,
The Kurata Memorial Hitachi Science and Technology
Foundation; The Naito Foundation; GCOE program “Center
for Practical Chemical Wisdom”; Scientific Research on
Innovative Areas #24102531 of The Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan; and
The Supporting Strategic Research Platform for Fusion
Biotechnology based on Biology, Chemistry, and Informatics
Project to Form the Strategic Research Platforms for Private
University and a matching fund subsidy from MEXT, Japan.

■ REFERENCES
(1) (a) Ikemoto, T.; Katayama, T.; Shiraishi, A.; Haneishi, T. J.
Antibiot. 1983, 36, 1097−1100. (b) Ikemoto, T.; Matsunaga, H.;
Konishi, K.; Okazaki, T.; Enokita, R.; Torikata, A. J. Antibiot. 1983, 36,
1093−1096.
(2) (a) Murata, H.; Kojima, N.; Harada, K.; Suzuki, M.; Ikemoto, T.;
Shibuya, T. J. Antibiot. 1989, 42, 691−700. (b) Murata, H.; Harada, K.;
Suzuki, M.; Ikemoto, T.; Shibuya, T. J. Antibiot. 1989, 42, 701−710.
(c) Murata, H.; Suzuki, K.; Tabayashi, T.; Hattori, C.; Takeda, Y.;
Harada, K.; Suzuki, M.; Ikemoto, T.; Shibuya, T.; Haneishi, T.;
Torikata, A.; Itezono, Y.; Nakayama, N. J. Antibiot. 1995, 48, 838−849.
(d) Murata, H.; Ohama, I.; Harada, K.; Suzuki, M.; Ikemoto, T.;
Shibuya, T.; Haneishi, T.; Torikata, A.; Itezono, Y.; Nakayama, N. J.
Antibiot. 1995, 48, 850−862.
(3) Miyoshi, H.; Tamaki, M.; Murata, H.; Ikemoto, T.; Shibuya, T.;
Harada, K.; Suzuki, M.; Iwamura, H. J. Biochem. 1996, 119, 274−280.
(4) (a) Shirokawa, S.; Kamiyama, M.; Nakamura, T.; Okada, M.;
Nakazaki, A.; Hosokawa, S.; Kobayashi, S. J. Am. Chem. Soc. 2004, 126,
13604−13605. (b) Mukaeda, Y.; Kato, T.; Hosokawa, S. Org. Lett.
2012, 14, 5298−5301. (c) Tsukada, H.; Mukaeda, Y.; Hosokawa, S.
Org. Lett. 2013, 15, 678−681. (d) Takahashi, Y.; Otsuka, M.; Harachi,
M.; Mukaeda, Y.; Hosokawa, S. Org. Lett. 2014, 16, 4106−4109.
(5) Application to the natural product synthesis by our laboratory:
(a) Hosokawa, S.; Ogura, T.; Togashi, H.; Tatsuta, K. Tetrahedron Lett.
2005, 46, 333−337. (b) Tatsuta, K.; Hosokawa, S. Chem. Rev. 2005,
105, 4707−4729. (c) Hosokawa, S.; Yokota, K.; Imamura, K.; Suzuki,
Y.; Kawarasaki, M.; Tatsuta, K. Tetrahedron Lett. 2006, 47, 5415−5418.
(d) Hosokawa, S.; Kuroda, S.; Imamura, K.; Tatsuta, K. Tetrahedron
Lett. 2006, 47, 6183−6186. (e) Nakamura, T.; Shirokawa, S.;
Hosokawa, S.; Nakazaki, A.; Kobayashi, S. Org. Lett. 2006, 8, 677−
679. (f) Shirokawa, S.; Shinoyama, M.; Ooi, I.; Hosokawa, S.;
Nakazaki, A.; Kobayashi, S. Org. Lett. 2007, 9, 849−852. (g) Hosokawa,
S.; Yokota, K.; Imamura, K.; Suzuki, Y.; Kawarasaki, M.; Tatsuta, K.
Chem.Asian J. 2008, 3, 1415−1421. (h) Hosokawa, S.; Tatsuta, K.
Mini-Rev. Org. Chem. 2008, 5, 1−18. (i) Hosokawa, S. J. Synth. Org.
Chem., Jpn. 2009, 67, 24−37. (j) Hosokawa, S.; Mukaeda, Y.;
Kawahara, R.; Tatsuta, K. Tetrahedron Lett. 2009, 50, 6701−6704.
(k) Hosokawa, S.; Matsushita, K.; Tokimatsu, S.; Toriumi, T.; Suzuki,
Y.; Tatsuta, K. Tetrahedron Lett. 2010, 51, 5532−5536. (l) Nakamura,
T.; Harachi, M.; Kano, T.; Mukaeda, Y.; Hosokawa, S. Org. Lett. 2013,
15, 3170−3173. (m) Takahashi, Y.; Otsuka, M.; Hosokawa, S. Org.
Lett. 2014, 16, 1406−1409.
(6) Application to the natural product synthesis by other groups:
(a) Jiang, X.; Liu, B.; Lebreton, S.; De Brabander, J. K. J. Am. Chem.
Soc. 2007, 129, 6386. (b) Nicolaou, K. C.; Guduru, R.; Sun, Y.-P.;
Banerji, B.; Chen, D. Y.-K. Angew. Chem., Int. Ed. 2007, 46, 5896.
(c) Schmauder, A.; Müller, S.; Maier, M. E. Tetrahedron 2008, 64,
6263−6269. (d) Lipshutz, B.; Amorelli, B. J. Am. Chem. Soc. 2009, 131,
1396−1397. (e) Yamaoka, M.; Fukatsu, Y.; Nakazaki, A.; Kobayashi, S.
Tetrahedron Lett. 2009, 50, 3849−3852. (f) Yamaoka, M.; Nakazaki,
A.; Kobayashi, S. Tetrahedron Lett. 2009, 50, 6764−6768. (g) Yamaoka,
M.; Nakazaki, A.; Kobayashi, S. Tetrahedron Lett. 2010, 51, 287−289.
(h) Schmauder, A.; Sibley, L.; Maier, M. E. Chem.Eur. J. 2010, 16,
4328−4336. (i) Paterson, I.; Kan, S. B. J.; Gibson, J. Org. Lett. 2010,

Scheme 6. Coupling of Segments and Synthesis of C24−C40
Segment 1

Organic Letters Letter

DOI: 10.1021/acs.orglett.5b00965
Org. Lett. 2015, 17, 2274−2277

2276



12, 3724−3727. (j) Matsui, R.; Seto, K.; Sato, Y.; Suzuki, T.; Nakazaki,
A.; Kobayashi, S. Angew. Chem. 2011, 123, 706−709. Angew. Chem.,
Int. Ed. 2011, 50, 680−683. (k) Fujita, K.; Matsui, R.; Suzuki, T.;
Kobayashi, S. Angew. Chem. 2012, 124, 7383−7386. Angew. Chem., Int.
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