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Chemoenzymatic Total Synthesis of the Antiproliferative Polyketide (+)-(R)-
Aureothin

Martina Werneburg[a] and Christian Hertweck*[a, b]

Aureothin (1) is a densely functionalized polyketide metabolite
of Streptomyces thioluteus that efficiently stalls proliferation of
various tumor cells.[1] The unusual nitroaryl and tetrahydrofuryl-

pyrone moieties are shared by a number of related Streptomy-
ces natural products, such as the HIV protease inhibitor neo-
aureothin (spectinabilin, 2),[2] and the immunosuppressant
SNF 4435C (3) and its diastereomer SNF 4435D.[3] The latter
pair are derived from 2 by a unique photoinduced rearrange-
ment cascade, which eventually yields the lower homologue
orinocin (4) and mesitylene by “polyene splicing”.[4] The natural
(Streptomyces) and semisynthetic derivatives N-acetyl aureotha-
mine (5)[5] and aureonitrile (6)[6] proved to be potent anti-Heli-
cobacter and antiproliferative agents, respectively.
The structures and bioactivities of 1 and 3 have triggered

great interest in their total synthesis.[7] However, the prepara-
tion of the chiral furyl segment proved to be most challenging
due to facile racemization, and as of yet no enantioselective
total synthesis of (+)-(R)-1 has been reported.
We started the synthesis of the polyketide backbone with a

modified Julia olefination of the known aldehyde 7[11] with the
1-phenyl-1H-tetrazol-5-yl sulfone (PT-sulfone) 8a (Scheme 1,

Supporting Information).[12] Compound 8a was in turn pre-
pared by Williams-type thioetherification of ethyl-4-bromopen-
tanoate with 1-phenyl-1H-tetrazole-5-thiol and oxidation of the

resulting sulfide to the corresponding sulfone with
ammonium molybdate tetrahydrate in H2O2.

[13] At-
tempts to synthesize 8a by nucleophilic substitution
of 5-ethylsulfonyl-1-phenyl-1H-tetrazole with ethyl 3-
bromopropionoate were not satisfactory, probably
due to the less reactive methylene group in the a-
position of the sulfone. The best results for the modi-
fied Julia olefination with 8a were obtained with
DME as solvent and KHMDS as base, yielding 9 in
moderate yield (48%) and E/Z ratio (73:27). Yields
were raised to 60% (E/Z=63:37) with the tert-butyl
derivative 8b (TBT-sulfone). Ethyl ester 9 was reduced
to aldehyde 10 by treatment with DIBAH, prior to
chain extension in analogy with the synthesis of cyer-
cene A and the placidenes.[14] Compound 10 was
then first subjected to an aldol reaction with the di-
ACHTUNGTRENNUNGan ACHTUNGTRENNUNGion of methyl 2-methyl-3-oxopentanoate (11). Sub-
sequent oxidation of the b-hydroxy alcohol 12 with

DMP afforded diketoester 13, which was cyclized to a-pyrone
14 with the aid of DBU. Finally, methyl fluorosulfonate was
used to methylate the prototropic ambident nucleophile 14
ACHTUNGTRENNUNGregioselectively at the g-position.[15]

As an alternative to chemical methylation we also employed
the S-adenosyl methione (SAM) dependent regiospecific
pyrone methyltransferase AurI. To test its potential for trans-
forming the unnatural substrate 14, AurI was heterologously
produced in S. lividans and S. albus host strains by use of the
expression plasmid pHJ95. Pyrone 14 (1.3 mmol in DMSO) was
administered to cultures of these strains, and the course of the
biotransformation was monitored by LC-MS analysis of the
crude extracts. We observed the formation of the desired g-
pyrone 15 together with an uncharacterized side product in
the broth of S. albus/pHJ95 (Supporting Information). While
this approach is generally viable, we continued the synthesis
with the chemically methylated pyrone because of the higher
yields.
We next employed vinyl iodide 15 for a Pd ACHTUNGTRENNUNG(PPh3)4-catalyzed

Stille coupling for completion of the polyketide backbone.
Iodine/tin exchange provided a stannane that was immediately
coupled with 1-iodo-4-nitrobenzene, yielding isomerically pure
deoxyaureothin (16, 82%; Figure 1).
Compound 16 represents the last intermediate in the aureo-

thin pathway. The final biosynthetic steps are catalyzed by the
unique bifunctional cytochrome P450 monooxygenase AurH.
To circumvent challenges in electron transport and cofactor re-
generation we performed the biotransformation in a whole-
cell system. AurH was heterologously produced in S. livid-
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ans ZX1 by use of the expression plasmid pHJ110.[10b] HPLC
analysis documented the complete transformation of 15 into
enantiomerically pure 17 (Figure 1).
This reaction in itself completes the first chemoenzymatic

and biomimetic synthesis of 1. However, we also sought to
modify the route to make it more flexible for aureothin ana-
logues, testing earlier synthetic intermediates such as 13, 14,

and 15 as substrates for AurH. Compounds 13 and
14 either were not or were only partially converted,
possibly because of the lacking O-methylated pyrone
moiety. In sharp contrast, the transformation of 15
gave a major product with the expected mass (M:
402) of the heterocyclic compound, so the iodine
moiety seems to be bioisosteric with the nitroaryl
group of deoxyaureothin. Interestingly, during the
early stage of the biotransformation another peak
ACHTUNGTRENNUNGoccurred, decreasing over time. HR-MS data pointed
towards a monohydroxylated intermediate, most
likely the 7-OH derivative (Figure 1).
A larger scale biotransformation of 15 with S. liv-

idans ZX1/pHJ110 was carried out in order to provide
enough material for a full structure elucidation and
further synthetic steps. The crude extract was sub-
jected to silica gel column chromatography, and final
purification by semipreparative HPLC yielded pure 17
(31%). NMR, HR-MS, and IR data unequivocally corro-
borated the structure of 17 (Figure 1). Future in vitro
work will be directed towards improving the current-
ly mediocre yields, which are likely due to microbial
degradation. However, having enantiomerically pure
vinyl iodide 17 to hand, we probed it for the Stille
coupling. After iodine/tin exchange the intermediary
stannane was readily coupled with 1-iodo-4-nitroben-
zene as shown for 16 and in the previous racemic
syntheses of 1 and 4.[5, 7c] For the determination of
the absolute configuration we compared the CD
spectra of the chemoenzymatically synthesized prod-
uct with an authentic sample of (+)-(R)-1 (Figure 1).
The identity of both spectra clearly indicated that the

two samples share the same stereochemistry.
The synthesis of therapeutics by taking advantage of syner-

gism of synthetic and enzymatic transformations is an emerg-
ing field.[16] Here we report the first asymmetric synthesis of
the antiproliferative agent (+)-(R)-aureothin by a chemoenzy-
matic approach. The polyketide backbone was assembled in a
modular fashion by chemical synthesis and tailored enzymati-

Scheme 1. Synthetic route to vinyl iodide 15. a) KHMDS, DME, �60 8C, 48%, E/Z 73:27; b) DIBAH, toluene, �78 8C, 88%; c) NaH, nBuLi, THF, 0 8C, 55%; d) DMP,
CH2Cl2, 0 8C to RT; 46%; e) DBU, benzene, 80 8C, 62%; f) either biotransformation by AurI (Ade=adenosyl) or treatment with MeOSO2F, CH2Cl2, 0 8C to RT, 80%.

Figure 1. A) Synthesis of 1 from vinyl iodide 15. a) Stille coupling; Sn2Me6, Pd ACHTUNGTRENNUNG(PPh3)4,
then 1-iodo-4-nitrobenzene, CuI, Pd2dba3, THF, reflux, (85%). B) HPLC profile: in vivo
ACHTUNGTRENNUNGbiotransformation of vinyl iodide 15 with AurH (32–75%); a) reference 15, b) after 1 d,
c) after 3 d. C) CD spectra of semisynthetic 1 (top) and of reference (+)-(R)-1 from S. thio-
luteus (bottom).
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cally by the regioselective pyrone methyl transferase AurI and
the bifunctional cytochrome P450 monooxygenase AurH,
which is capable of installing two C�O bridges. Besides deoxy-
aureothin we also succeeded in introducing the oxa heterocy-
cle into a bioisosteric vinyl iodide by asymmetric enzymatic
oxygenation. The resulting synthetic building block was suc-
cessfully employed for a Stille coupling yielding (+)-(R)-1, as
confirmed by CD spectroscopy. Although cytochrome P450
ACHTUNGTRENNUNGenzymes have been used extensively in biotransformations, to
the best of our knowledge these results represent the first ex-
ample of the use of an asymmetric cytochrome P450-mediated
furan heterocyclization in synthesis. Our modular approach
should provide the basis for the synthesis of various analogues
of the aureothin family of polyketides.

Acknowledgements

This work was financially supported by the DFG in the SPP1152
program “Evolution of metabolic diversity”. We thank Florian
Kloss for assistance in synthesis.

Keywords: antitumor agents · biotransformations · natural
products · oxygenases · polyketides

[1] Y. Hirata, H. Nakata, K. Yamada, K. Okuhara, T. Naito, Tetrahedron 1961,
14, 252–274.

[2] K. Kakinuma, C. A. Hanson, K. L. Rinehart, Tetrahedron 1976, 32, 217–
222.

[3] K. Takahashi, E. Tsuda, K. Kurosawa, J. Antibiot. 2001, 54, 548–553.
[4] M. MOller, B. Kusebauch, G. Liang, C. M. Beaudry, D. Trauner, C. Hert-

weck, Angew. Chem. 2006, 118, 7999–8002; Angew. Chem. Int. Ed. 2006,
45, 7835–7838.

[5] M. Taginuchi, M. Watanabe, K. Nagai, K. I. Suzumura, K. I. Suzuki, A.
Tanaka, J. Antibiot. 2000, 53, 844–847.

[6] M. Ziehl, J. He, H.-M. Dahse, C. Hertweck, Angew. Chem. 2005, 117,
1226–1230; Angew. Chem. Int. Ed. 2005, 44, 1202–1205.

[7] a) Y. Ishibashi, S. Ohba, S. Nishiyama, S. Yamamura, Bull. Chem. Soc. Jpn.
1995, 68, 3643–3649; b) K. A. Parker, Y.-H. Lim, J. Am. Chem. Soc. 2004,
126, 15968–15969; c) G. Liang, I. B. Seiple, D. Trauner, Org. Lett. 2005, 7,
2837–2839; d) M. F. Jacobsen, J. E. Moses, R. M. Adlington, J. E. Baldwin,
Org. Lett. 2005, 7, 641–644; e) M. F. Jacobsen, J. E. Moses, R. M. Adling-
ton, J. E. Baldwin, Org. Lett. 2005, 7, 2473–2476; f) C. M. Beaudry, D.
Trauner, Org. Lett. 2005, 7, 4475–4477; g) M. F. Jacobsen, J. E. Moses,
R. M. Adlington, J. E. Baldwin, Tetrahedron 2006, 62, 1675–1689.

[8] J. He, C. Hertweck, Chem. Biol. 2003, 10, 1225–1232.
[9] N. Traitcheva, H. Jenke-Kodama, J. He, E. Dittmann, C. Hertweck, Chem-

BioChem 2007, 8, 1841–1849.
[10] a) J. He, C. Hertweck, J. Am. Chem. Soc. 2004, 126, 3694–3695; b) J. He,

M. MOller, C. Hertweck, J. Am. Chem. Soc. 2004, 126, 16742–16743; c) J.
He, C. Hertweck, ChemBioChem 2005, 6, 908–912; d) R. Winkler, C. Hert-
weck, Angew. Chem. 2005, 117, 4152–4155; Angew. Chem. Int. Ed. 2005,
44, 4083–4087; e) M. MOller, J. He, C. Hertweck, ChemBioChem 2006, 7,
37–39; f) R. Winkler, M. E. Richter, U. KnOpfer, D. Merten, C. Hertweck,
Angew. Chem. 2006, 118, 8184–8186; Angew. Chem. Int. Ed. 2006, 45,
8016–8018; g) R. Winkler, G. Zocher, I. Richter, T. Friedrich, G. E. Schulz,
C. Hertweck, Angew. Chem. Int. Ed. 2007, 46, 8605–8608.

[11] a) R. Baker, W. J. Cummings, J. F. Hayes, A. Kumar, J. Chem. Soc. Chem.
Commun. 1986, 1237–1239; b) J. D. White, P. R. Blakemore, N. J. Green,
E. B. Hauser, M. A. Holoboski, L. E. Keown, C. S. N. Kolz, B. W. Phillips, J.
Org. Chem. 2002, 67, 7750–7760.

[12] a) P. R. Blakemore, J. Chem. Soc. , Perkin Trans. 1 2002, 2563–2585;
b) P. R. Blakemore, P. J. Kocienski, A. Morley, K. Muir, J. Chem. Soc. , Perkin
Trans. 1 1999, 955–968.

[13] a) M. Seki, K. Mori, Eur. J. Org. Chem. 2001, 503–506; b) D. J. Procter, J.
Chem. Soc. , Perkin Trans. 1 2001, 335–354.

[14] G. X. Liang, A. K. Miller, D. Trauner, Org. Lett. 2005, 7, 819–821.
[15] a) P. Beak, J. K. Lee, J. Org. Chem. 1975, 40, 147–148; b) P. Beak, J. K. Lee,

B. G. McKinnie, J. Org. Chem. 1978, 43, 1367–1372.
[16] a) D. H. Altreuter, D. S. Clark, Curr. Opin. Biotechnol. 1999, 10, 130–136;

b) M. MOller, Curr. Opin. Biotechnol. 2004, 15, 591–598; c) A. Meyer, M.
Brunjes, F. Taft, T. Frenzel, F. Sasse, A. Kirschning, Org. Lett. 2007, 9,
1489–1492; d) A. Kirschning, F. Taft, T. Knobloch, Org. Biomol. Chem.
2007, 5, 3245–3259; e) J. Kennedy, Nat. Prod. Rep. 2008, 25, 25–34.

Received: April 30, 2008

Published online on August 8, 2008

2066 www.chembiochem.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 2064 – 2066

http://dx.doi.org/10.1016/S0040-4020(01)92175-1
http://dx.doi.org/10.1016/S0040-4020(01)92175-1
http://dx.doi.org/10.1016/0040-4020(76)87004-4
http://dx.doi.org/10.1016/0040-4020(76)87004-4
http://dx.doi.org/10.1002/ange.200602840
http://dx.doi.org/10.1002/anie.200602840
http://dx.doi.org/10.1002/anie.200602840
http://dx.doi.org/10.1002/ange.200461990
http://dx.doi.org/10.1002/ange.200461990
http://dx.doi.org/10.1002/anie.200461990
http://dx.doi.org/10.1246/bcsj.68.3643
http://dx.doi.org/10.1246/bcsj.68.3643
http://dx.doi.org/10.1021/ja044733l
http://dx.doi.org/10.1021/ja044733l
http://dx.doi.org/10.1021/ol050703r
http://dx.doi.org/10.1021/ol050703r
http://dx.doi.org/10.1021/ol047594l
http://dx.doi.org/10.1021/ol0507874
http://dx.doi.org/10.1021/ol051790q
http://dx.doi.org/10.1016/j.tet.2005.11.058
http://dx.doi.org/10.1016/j.chembiol.2003.11.009
http://dx.doi.org/10.1002/cbic.200700309
http://dx.doi.org/10.1002/cbic.200700309
http://dx.doi.org/10.1021/ja039328t
http://dx.doi.org/10.1021/ja046104h
http://dx.doi.org/10.1002/cbic.200400333
http://dx.doi.org/10.1002/ange.200500365
http://dx.doi.org/10.1002/anie.200500365
http://dx.doi.org/10.1002/anie.200500365
http://dx.doi.org/10.1002/cbic.200500161
http://dx.doi.org/10.1002/cbic.200500161
http://dx.doi.org/10.1002/ange.200603060
http://dx.doi.org/10.1002/anie.200603060
http://dx.doi.org/10.1002/anie.200603060
http://dx.doi.org/10.1002/anie.200703089
http://dx.doi.org/10.1039/c39860001237
http://dx.doi.org/10.1039/c39860001237
http://dx.doi.org/10.1021/jo020537q
http://dx.doi.org/10.1021/jo020537q
http://dx.doi.org/10.1039/b208078h
http://dx.doi.org/10.1039/a900185i
http://dx.doi.org/10.1039/a900185i
http://dx.doi.org/10.1002/1099-0690(200102)2001:3%3C503::AID-EJOC503%3E3.0.CO;2-6
http://dx.doi.org/10.1039/b002081h
http://dx.doi.org/10.1039/b002081h
http://dx.doi.org/10.1021/ol047542w
http://dx.doi.org/10.1021/jo00889a048
http://dx.doi.org/10.1021/jo00401a017
http://dx.doi.org/10.1016/S0958-1669(99)80022-6
http://dx.doi.org/10.1021/ol0702270
http://dx.doi.org/10.1021/ol0702270
http://dx.doi.org/10.1039/b709549j
http://dx.doi.org/10.1039/b709549j
http://dx.doi.org/10.1039/b707678a
www.chembiochem.org

