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Abstract: Streptomyces coelicol@H999/pJRJ2 harbors a plasmid encoding DEBSH.Sd mutant form of
6-deoxyerythronolide B synthase that is blocked in the formation of 6-deoxyerythronolitle6BdEB) due

to a mutation in the active site of the ketosynthase (KS1) domain that normally catalyzes the first polyketide
chain elongation step of 6-dEB biosynthesis. Administration Bf43 5R)-2,4-dimethyl-5-hydroxy-2-heptenoic
acid,N-acetylcysteamine thioeste)(an unsaturated triketide analogue of the natural triketide chain elongation
intermediate to cultures @&. coelicolorCH999/pJRJ2 results in formation of a 16-membered macrolactone,
which is isolated in the hemiketal fori®3. The formation of the octaketid®3 indicates that the triketide
substrate has been processed by DEBS module 2 as if it were a diketide analogue. The substrate specificity of
this novel reaction has been explored by the incubation of three additional analogues of the unsaturated triketide
6, compoundd48, 31, and32, with S. coelicolorCH999/pJRJ2, resulting in the formation of the corresponding
macrolactone84, 35, and36. By contrast, the unsaturated triketitle, lacking a methyl group at C-2, did not

give rise to any detectable macrolactone product when incubatedSwitbelicolorCH999/pJRJ2.

Modular polyketide synthases (PKSs) are laryg (00— domains found in each module. Additional degrees of complex-
1000 kDa) multifunctional enzyme systems that mediate the ity arise from the use of different starter and chain elongation
biosynthesis of extraordinarily complex natural products from units as well as the generation of new stereocenters. Modular
simple 2-, 3-, and 4-carbon building blocks such as acetyl-CoA, PKSs are responsible for the biosynthesis of the polyketide
propionyl-CoA, and butyryl-CoA and their activated derivatives precursors of a wide variety of metabolites including erythro-

malonyl-, methylmalonyl-, and ethylmalonyl-CdAThe result- mycin/ methymycin? tylosin® epothilone’, rapamycin® and
ing polyketide natural products display an enormous range of rifamycin?®
pharmacologically important activities, including antibiotic, The most thoroughly studied modular PKS is the 6-deoxy-

antifungal, antiparasitic, antitumor, and immunosuppressive erythronolide B synthase (DEBS) 8accharopolyspora eryth-
propertiess Modular polyketide synthases are organized into raea which catalyzes the formation of 6-deoxyerythronolide
groups of active sites, known as modules, in which each module B (6-dEB, 14), the parent macrolide aglycon of the widely used,
is responsible for one complete cycle of polyketide chain broad-spectrum antibiotic erythromycin4A(Scheme 1) The
extension and functional group modification. Each module formation of 6-dEB requires six condensation steps beginning
consists of a set of catalytic domains of D0 amino acids with a propionyl-CoA primer and six methylmalonyl-CoA
each that are analogous in both function and sequence to theextender units. The six modules of DEBS are organized into
|hd|v[dual enzymes of f.atty ‘?‘C'd blosy.mheSIS' The key chain- (4) (a) Donadio, S.; Staver, M. J.; Mcalpine, J. B.; Swanson, S. J.; Katz,
building step of polyketide biosynthesis, catalyzed fketo | science1991 252 675-679. (b) Cortes, J.; Haydock, S. F.; Roberts, G.
acylthioester synthase (ketosynthase, KS) domain, is a decar-A.; Bevitt, D. J.; Leadlay, P. FNature 199 348 176-178.
boxylative condensation reaction analogous to the chain eIonga—Sc_(%(g)AXlUgeéaYé:szfgfi1|::1£-I1Ul,6Ha) f?:;masy E- I"ErO% e’;llgghAl\CAa%
. . s . . i. U.S. , . g, L.; Fu, H;
tion step of classical fatFy acid biosynthesis. Indeed polyketldg McDaniel, R.Chem. Biol.1999 6, 553-558,
synthases and fatty acid synthases show remarkable genetic, (6) (a) Baltz, R. H.; Seno, E. TAnnu. Re. Microbiol. 1988 42, 547—
protein structural, and mechanistic similaritesAll PKS ,53174- E)b) DJ%ozfggB-l%:g 7Sutton, K. L.; Rosteck, P. R.,@enbankAccession

- Number , .
modules possess at a m.lmmum .ketosymhase (.KS)‘ acyl trans (7) (a) dulien, B.; Shah, S.; Ziermann, R.; Goldman, R.; Katz, L.; Khosla,
ferase (AT), and acyl carrier protein (ACP) domains. The degree ¢ Gene200q 249, 153-160. Tang, L.; Shah, S.; Chung, L; Carney, J.;
of functional group modification taking place during each chain Katz, L.; Khosla, C.; Julien, BScience200Q 287, 640-642. (b) Molria,
elongation cycle is determined by the specific combination of I-; Schupp, T.; Ono, M.; Zirkle, R. E.; Milnamow, M., Nowak-Thompson,

B.; Engel, N.; Toupet, C.; Strattmann, A.; Cyr, D. D.; Gorlach, J.; Mayo,
keto reductase (KR), dehydrase (DH), and enoyl reductase (ER); M. ﬂu’ A Goff,pS.; Schmid, J.; Ligon, J. Rln:hem. Biol 200Q 7. 97— 4

* Corresponding author. 109.

T Brown University. (8) Schwecke, T.; Aparicio, J. F.; Molnal.; Kénig, A.; Khaw, L. E.;

§ Stanford University. Haycock, S. F.; Oliynyk, M.; Caffrey, P.; Cortes, J.; Lester, J. B:hiBo
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three large polypeptides, DEBS1, DEBS?2, and DEBS3, each Scheme 2
M, > 330 kDa and each consisting of two modu&tlpstream OH O o]
of the N-terminus of module 1 in DEBS1 are specialized AT

and ACP domains that control the loading of the propionyl- R1MSN

CoA primer unit, while the C-terminus of DEBS3 carries a TE Ry DEBS

domain implicated in release of the finished heptaketide product 2a R1=Et, R;=Me  S. coelicolor Ry

(KS1%) PRan.,

. . - 2b Ry=Bu, Ry=Me “"OH
from the PKS with concomitant formation of the 14-membered > jreriicanied }
¢ Ry=CH,Ph, R,=Me o “"OH
macrolactone. 2d Rq=vinyl, Ry=Me
. 1=vinyl, Ha 1a Ry=Et, Ry=Me

One of the most powerful tools for the study of PKS function 2e Ry=Me, R,=Et 1b R} =BU, Ry=Me
and mechanism has been the ability to express entire PKSs or 1c Ry=CH,Ph, Ry;=Me
combinations of individual modules and domains in heterolo- 1d R=vinyl, R;=Me

gous organisms using specially engineered -hesttor sys- Te Ri=Me, Rp=Et

tems!! The resultant engineered organisms have served as
vehicles for examination of in vivo function of the encoded
PKSs, or as sources of active enzymes for detailed in vitro
mechanistic experimentation. Thus, not only has the entire set
of DEBS structural genes been expressed in the Actinomycete
host Streptomyces coelicoldH999, leading to the formation
of more than 40 mg/L of 6-dEB, but the derived cellular extracts
have been shown to harbor the expected polyfunctional proteins,
DEBS1, DEBS2, and DEBS3, which after purification were
together able to mediate the formation of 6-dEB from propionyl- (2) the analogues themselves be sufficiently stable chemically
CoA, methylmalonyl-CoA, and NADPF£13 under the feeding conditions used and (b) the analogues in

Inactivation by site-directed mutagenesis of the K$1 (  question be recognized and processed by the appropriate
ketoacyl-ACP synthase) domain that normally catalyzes the first downstream module. Direct feeding or incubation fthe
condensation step of 6-dEB biosynthesis, gives a mutant SNAC analogue of the natural erythromycin triketide intermedi-
construct, DEBS(KS?), that no longer produces 6-dEB. We ate is precluded by the rapid lactonization of the 3,5-hydroxy
have reported that formation of 6-dEBd] is restored, however,  acylthioester to the corresponding triketide lactdngcheme
when2a, anN-acetyl cysteamine thioester (SNAC) derivative 3). This problem can be avoided by the use of the corresponding
of the normal diketide chain elongation intermediate, is admin- 2,3-dehydro-analogug cyclization of which is prevented by
istered to cultures 08. coelicolorCH999 harboring plasmid  the presence of the trans double bond. Administratiob arfd
pJRJ2 encoding DEBS(KS)E4a (Scheme 2). Moreover, by its C-4 diastereomes to S. coelicolortCH999/pJRJ2 encoding
feeding synthetic analogues @ to these mutant cultures, DEBS(KST) gave surprising results. Although feeding of the
unnatural polyketide analogues of 6-dEB were gener&ted. synthetic triketideb, having the natural erythromycin diketide

In principle, this precursor-directed biosynthetic approach can stereochemistry at C-4 and C-5, yielded the predicted unsatur-
be extended to the administration of analogues of higher-orderated 14-membered lactone, 10,11-anhydro-6-dBB>admin-
intermediates such as triketides, tetraketides, etc., provided thaistration of the diastereomeric triketide gave none of the

. expected C-12 epime8, but instead was found to lead to

192(3120)3(?:l fgzegi;é;s? evitt, D. J.; Staunton, J; Leadlay, PFEBS Lett.  yroqyction of the 16-membered macrolactone procdide

(11) Khosla, C.; Gokhale, R. S.; Jacobsen, J. R.; Cane, BnEu. Re. (Scheme 4). The latter result indicated that unsaturated triketide
Biochem1999 68, 219-253. Staunton, J.; Wilkinson, B. lBomprehensie 6 was apparently being selectively recognized by DEBS module
Natural Products Chemistry, Polyketides and Other Secondary Metabolites o rather than DEBS module 3 and thereby processed as if it

Including Fatty Acids and Their Deratives Sankawa, U., Vol. Ed; Barton, S :
D.. Nakanishi. K.. Meth-Cohn, O., Eds.: Elsevier: Oxford, 1099: Vol. 1, Were adiketide analogue. To explore the generality of these

Scheme 3

pp 495-532. ‘ surprising observations and to elucidate the structural basis of
(ig) gao, C-R'\/l:;LKatZéL-Ii K?:OS'ay gsgén}gﬁlgf"tngf 5(1%51327- this unexpected stereochemical discrimination, we have now
26&_2)66'_eper’ + Luo, G. L; Cane, D. E;; Khosla, Nature 1995 378 incubated a series of structural and stereochemical analogues

(]_4) (a) Jacobsen, J. R.; Hutchinson, C. R.; Cane, D. E.; Khosla, C. of 5 and6 with S. CoeIICOIOICH999/pJRJ2 The results of these
Sciencel997, 277, 367—369. (b) Jacobsen, J. R.; Keatinge-Clay, A.; Cane, studies are detailed below.
D. E.; Khosla, CBioorg. Med. Chem. Letl.996 6, 1171-1177. Hunziker,
D.; Wu, N.; Kinoshita, K.; Cane, D. E.; Khosla, Tetrahedron Lett1999 (15) Jacobsen, J. R.; Cane, D. E.; KhoslaJCAm. Chem. S0d.998
40, 635-638. 120 9096-9097.
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a(a) PhP = C(CHs)CO.EL, THF; (b) K:COs, MeOH/H0; (c) i. PRP(O)Ns, EN, DMF; ii. HSNAC; (d) HF, CHCN/H,O.

Results butyraldehyde24™ were converted in like manner to the
corresponding (B)-5-hydroxy-2-methylheptenoic and -2-meth-
ylhexenoic NAC thioesters31 and 32 by straightforward
variation of the same sequence of reactions (Scheme 7).

Preparation of Triketide Analogues. The unsaturated
(4S5R)-4-methyl-5-hydroxy triketide$ and 10 were readily
prepared from the known protected(25)-2-methyl-3-hydroxy . o .
aldehydel 116 using the appropriate Emmons reagent to generate _e€ding of Unsaturated Triketides toS. coelicolorCH999/
the corresponding unsaturated esttand13which were then pJRJ2.To famhtqte comparison among various s'ubstrate,fs that
converted to the desired -SNAC thioesters in a conventional Were to be used in precursor-directed biosynthesis experiments,
manner (Scheme 5). In a similar fashion, the lower homologue & Set of standardized feeding and isolation protocols was
18was conveniently synthesized from the prote@euydroxy- developed. After considerable experimentation, it was found that
aldehydel9” (Scheme 6). Finally, the TBS-protectedR}33- satisfactory yields of macrolide products could be reproducibly

hydroxypentanal23t® and (3R)-3-tert-butyldimethylsilyloxy- obtained by supplementing 3-day-old agar cultures Sof

(16) Mori, K.; Ebata, T.Tetrahedron1986 42, 4421-4426. (19) Ahmed, F.; Al-Mutairi, E. H.; Avery, K. L.; Cullis, P. M.; Primrose,
(17) Corey, E. J.; Schmidt, Gletrahedron Lett1979 2317-2320. W. U.; Roberts, G. C. K.; Willis, C. LJ. Chem. Soc., Chem. Commun.
Burgess, K.; van der Donk, W. A.; Westcott, S. A.; Marder, T. B.; Baker, 1999 2049-2050. Carey, J. S.; Thomas, ET&trahedron Lett1993 34,
R. T.; Calabrese, J. . Am. Chem. S0d.992 114, 9350-9359. 3935-3938. Shiina, I.; Fukuda, Y.; Ishii, T.; Fujisawa, H.; Mukaiyama, T.

(18) Mori, K.; Kisida, H. Tetrahedron1986 42, 5281-5290. Chem. Lett1998 8, 831-832.
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the C-9 hemiketal carbon, and the absence of the corresponding

of a 5 mMsolution of unsaturated triketide-SNAC substrate in carbonyl carbon signal at200 ppm. In fact, comparison with

5% DMSO-water. After an additional 4 days of incubation,

the 13C NMR spectrum of the previously reported sample of

the entire mycelia and media from 20 25-mL plates were macrolactone obtained from earlier feeding$abnfirmed that
homogenized and extracted with ethyl acetate, and any derivedthe two macrolactone samples were indeed identical. Analogous
macrolide products were purified by preparative TLC from the incorporation experiments with the unsaturated triketitlgs
concentrated extract. The products obtained were then analyze®1, and32 gave the corresponding 16-membered macrolactones
by 1D and 2D NMR and by mass spectrometry to assign their 34 (20 mg, 48% yield)35 (10 mg, 24% yield), an®6 (8 mg,

individual structures.

Feeding of the (B,4S,3)-2,4-dimethyl-5-hydroxy-2-hep-
tenoic acid,N-acetylcysteamine thioestér to a total of 500
mL of surface culture o5. coelicolorCH999/pJRJ2 gave the
16-membered ring macrolide, previously assighigtthe struc-
ture 9 (10 mg, 23% yield) (Scheme 8). Unexpectedly, tf@

20% vyield) (Scheme 8). ThéH NMR spectrum of34 was
assigned using 2EH—'H COSY spectroscopy, with both DEPT
andH—13C HETCOSY used to assign tHéC NMR signals.

In addition, the structure d34, including the stereochemistry

of the 5,9-hemiketal, was fully confirmed by single-crystal X-ray
diffraction analysis (Figure 1). The structure and stereochemistry

NMR spectrum revealed that the macrolide was actually presentof 35 and 36 were readily assigned by detailed comparison of

as the corresponding 5,9-hemike38land not as the free ketone
9, as evidenced by the characteristic resonanc® 9.8 for

theH- and'3C NMR spectra of each with those of the reference
macrolactones33 and 34. No other 14- or 16-membered
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Scheme 9
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Figure 1. X-ray structure of34.
Although none of the four unsaturated triketide analogues

macrolactones were detected in the fermentation extract.that are accepted and processed by DEBS module 2 is itself a
Interestingly, attempted incorporation of the unsaturated triketide natural substrate for DEBS, two triketidésand10, as well as
substratel0, lacking a methyl group at C-2, did not give rise the closely related compour¥, are in fact demonstrated or

to detectable quantities of any macrolactone products. presumptive precursors of the 16-membered ring macrolide
antibiotics tylosin, mycinamicin, and platenomycin, respectively
Discussion (Scheme 9). For examplé,has previously been incorporated

intact into tylactone38), the parent aglycon of tylosi#,while

39, the free acid corresponding i®, has been isolated from
the culture filtrate of a mutant dflicromonospora griseorubida
blocked in the formation of mycinamicirt3.Interestingly, all
known 16-membered macrolides with a methyl substituent at
C-14 have the (19-stereochemistry characteristic of tylosin
and mycinamicin, while all known 12- and 14-membered ring
macrolides that carry a methyl group at the corresponding C-10
or C-12 positions, respectively, have the epimeric methyl
configuration found in 6-dEBI1(@).

The results reported here demonstrate that DEBS module 2
can process a number of unsaturated triketide analogues of
varied structures and stereochemistries, while strictly discrimi-
nating against other stereoisomers. The biochemical basis for
this striking discrimination is currently being investigated using
purified preparations of individual DEBS modules, and the
results will be reported in due course.

Feeding toS. coelicolorCH999/pJRJ2 of the unsaturated
triketide 5, with the (4R,5R)-4-methyl-5-hydroxy substitution
pattern and stereochemistry of the natural 6-dEB triketide
precursor, results in formation of the corresponding 10,11-
anhydro-6-dEB analogu@!® 5 is thus apparently recognized
and processed as a triketide by DEBS module 3, despite the
absence of the normal $hydroxyl moiety. By contrast,
administration of the diastereomeric§8R)-4-methyl-5-hydroxy
unsaturated triketidé leads predominantly to the unexpected
formation of the 16-membered macrolacto38, the 5,9-
hemiketal of9,142 whose formation must be the consequence
of the processing of triketidé by module 2. The resultant
polyketide intermediates are apparently processed by the
downstream DEBS modules, leading, after a total of five rounds
of polyketide chain elongation and functional group modifica-
tion, to the observed macrolactoB8a.

To explore the structural and stereochemical features influ-
encing recognition and_ processir)g of the u_nsaturated tri_ketide Experimental Section
surrogates, we examined the incorporation of a series of
ana'ogues ob in which the me’[hy' groups at C_Z’ C_4, and Ethyl (2E,48,5R)'5-(tert'BUty|d|methy|5|ly|0xy)-2,4-d|methy|-2'
C-6 were systematically replaced by a proton. Triketidgs ~ Neptenoate (12)The aldehyde @ 3R)-3-(ertbutyldimethyisilyloxy)-
31, and32, lacking methy! groups at C-6, at C-4, or both C-6 2-methylpentanall(1),*® (1.55 g, 6.73 mmol, 1.0 equiv) was dissolved

and C-4. respectivel ere each converted with com arablein 100 mL of THF and treated with 7.97 g (20.7 mmol, 3.0 equiv) of
’ pectively, wi v wi P (carbethoxyethylidene)triphenylphosphorane. The mixture was stirred

efficiency to the corr_espondmg lG-membereq Iaptone anal()guesat reflux for 24 h. After cooling to room temperature, the reaction
34, 35, and36. Feeding of the unsaturated triketitié, lacking mixture was subjected to Si@el (100 g) chromatography and eluted
a methyl group at C-2, did not give rise to any detectable with 5% EtOAc in hexanes to afford 2.12 g (100%) of ethyl (Z5®)-
macrolactone product, however, under the conditions of the - . . . _ _
feeding experiments that were used. Of particular interest was,, .(ons)h'\I’é‘;D%”'g'rbs",J;?”/lccgz'pggftbpg gggg"fsgoi‘éfg_ig;s?"X'?J‘z“a‘:h'
the observation that, while the absence of tfg-(ethyl group Q Ashley,'G.; Hutchinson, C. R.; Santi, D. Rroc. Natl. Acad. Sci. U.SA.

in the unsaturated triketide substraBdsand32 did not impede 1999 96, 11740-11745.

; _ (21) Yue, S.; Duncan, J. S.; Yamamoto, Y.; Hutchinson, CJ.RAm.
the formation of a 16-membered lactone, the presence of an, o S0c1987 109, 12531255,

epimeric (R)-methyl in5 is known to result exclusively in the (22) Kinoshita, K.; Takenaka, S.; Hayashi, Nl. Chem. Soc., Perkin
formation of 14-membered lactorve Trans. 11991, 25472554,
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5-(tert-butyldimethylsilyloxy)-2,4-dimethyl-2-heptenoat&?) as a col-
orless oil: Rr 0.56 (5% EtOAc/hexaneshd NMR (300 MHz, CDC¥):
0 0.03-0.09 (m, 6H, dimethyl in TBS), 0.850.93 (m, 12Ht-Bu in
TBS and H7), 0.98 (d, 3H, C4-Me), 1.32 (t, 3H, COOLHs3), 1.35-
1.52 (m, 2H, H6), 1.87 (s, 3H,C2-Me), 2.58.71 (m, 1H, H4), 3.48
3.56 (M, 1H, H5), 4.20 (m, 2H, COQGCHs), 6.76 (d, 1H, H3)C
NMR (75.5 MHz, CDC}) ¢ 168.3, 144.7, 127.2, 76.5, 60.3, 37.8, 27.3,
25.7,18.1, 17.2, 16.0, 14.2, 12.5, 9:54.6, —4.9; [o]p —13.6° (c =
2.0, CHC}); HRFAB-MS ([M + Na]*, NBA/Nal): Calculated for
(C17H3403Si)Na+: 3372175, Found: 337.2168.
(2E,4S,5R)-5-(tert-Butyldimethylsilyloxy)-2,4-dimethyl-2-hep-
tenoic Acid (14).To a 100 mL flask under nitrogen charged with 30
mL of MeOH and 10 mL of distilled KO was added 1.75 g (12.7
mmol, 5.0 equiv) of potassium carbonate,(¥Os) and 800 mg (2.54
mmol, 1.0 equiv) of ethyl (B,4S5R)-5-(tert-butyldimethylsilyloxy)-
2,4-dimethyl-2-heptenoatd 2). The solution was heated under reflux

Kinoshita et al.

Ethyl (2E,4S,5R)-5-(tert-Butyldimethylsilyloxy)-4-methyl-2-hep-
tenoate (13).The aldehyde (B,3R)-3-(tert-butyldimethylsilyloxy)-2-
methylpentanal {1, 1.50 g, 6.51 mmol, 1.0 equiv) was dissolved in
100 mL of THF and treated with 7.33 g (20.0 mmol, 3.1 equiv) of
(carbethoxymethylene)triphenylphosphorane. The mixture was stirred
at reflux for 24 h and the product isolated and purified as described
for 2 to afford 1.43 g (73%) of ethyl @4S5R)-5-(tert-butyldimeth-
ylsilyloxy)-2,4-dimethyl-2-heptenoatel 8) as a colorless oil:R 0.57
(10% EtOAc/hexanesiH NMR (300 MHz, CDC}): 6 0.03-0.09 (m,
6H, dimethyl in TBS), 0.850.93 (m, 12H{-Bu in TBS and H7), 1.08
(d, 3H, C4-Me), 1.32 (t, 3H, COOCJEH3), 1.35-1.55 (m, 2H, H6),
2.42-2.55 (m, 1H, H4), 3.533.57 (m, 1H, H5), 4.20 (g, 2H, COQG-
CHa), 5.79 (d, 1H, H2), 6.98 (dd, 1H, H3}3C NMR (75.5 MHz,
CDCl;) 6 166.7, 151.5, 121.0, 76.5, 60.0, 41.3, 26.8, 25.8, 18.1, 15.1,
14.2, 9.5,—4.4, —4.6; [a]o —12.7 (c = 2.0, CHC}); HRFAB-MS
(IM + NaJ*, NBA/Nal): Calculated for (GH3.0sSi)Na": 323.2019,

for 3 h. Methanol was removed by rotary evaporation, and the remaining Found: 323.2027.

aqueous layer was acidified to pH 2 with concentrated HCI, followed
by saturation with NaCl and extraction with ethyl ether{3&0 mL).
The combined organic extracts were dried over anhydrouS®aand
concentrated in vacuo. The residue was purified by flash, $i€
chromatography (18 g, elution 5% EtOAc in hexanes) to afford
(2E,4S 5R)-5-(tert-butyldimethylsilyloxy)-2,4-dimethyl-2-heptenoic acid
(14, 545 mg, 75%) as a colorless dit: 0.12 (5% EtOAc/hexanesii
NMR (300 MHz, CDC}): ¢ 0.02-0.12 (m, 6H, dimethyl in TBS),
0.83-0.93 (m, 12H{-Bu in TBS and H7), 1.03 (d, 3H, C4-Me), 1.35
1.63 (m, 2H, H6), 1.88 (s, 3H, C2-Me), 2.58.72 (m, 1H, H4), 3.53
3.58 (m, 1H, H5), 6.87 (d, 1H, H3).
(2E,4S,5R)-5-(tert-Butyldimethylsilyloxy)-2,4-dimethyl-2-hep-
tenoic Acid, N-Acetylcysteamine Thioester (16)(2E,4S5R)-5-(tert-
Butyldimethylsilyloxy)-2,4-dimethyl-2-heptenoic acid4) (545 mg,
1.90 mmol, 1.0 equiv) was dissolved in 10 mL DMF under nitrogen
atmosphere. After cooling to 0C, the solution was treated with
diphenylphosphoryl azide (0.62 mL, 2.85 mmol, 1.5 equiv) and
triethylamine (0.53 mL, 3.80 mmol, 2.0 equiv). The mixture was stirred
at 0°C for 2 h, andN-acetylcysteamine (HSNAC: 271 mg 2.28 mmol,
1.2 equiv) was added. The reaction was allowed to stir at room
temperature fo 2 h followed by addition of water (10 mL) and
extraction with EtOAc (3x 30 mL). The organic layers were dried
over anhydrous N&QO, and concentrated in vacuo. Purification by flash
SiO; gel column chromatography with 40% EtOAc in hexanes afforded
(2E,4S5R)-5-(tert-butyldimethylsilyloxy)-2,4-dimethyl-2-heptenoic acid,
N-acetylcysteamine thioestet®) (474 mg, 64%) as a colorless oiR
0.33 (40% EtOAc/hexanes)H NMR (300 MHz, CDC}): 6 0.02—
0.09 (m, 6H, dimethyl in TBS), 0.830.93 (m, 12H}-Bu in TBS and
H7), 1.03 (d, 3H, C4-Me), 1.331.48 (m, 1H, H6a), 1.451.53 (m,
1H, H6b), 1.88 (s, 3H, C2-Me), 2.00 (s, 3H, N-CEg¢}, 2.65-2.76
(m, 1H, H4), 3.06 (m, 2H, SCH,), 3.45 (m, 2H, N-E1,), 3.50-3.60
(m, 1H, H5), 6.11 (b, 1H, N, 6.80 (d, 1H, H3).
(2E,4S,5R)-2,4-Dimethyl-5-hydroxy-2-heptenoic Acid,N-Acetyl-
cysteamine Thioester (6)(2E,4S,5R)-5-(tert-Butyldimethylsilyloxy)-
2,4-dimethyl-2-heptenoic aciti-acetylcysteamine thioestetf) (474
mg, 1.22 mmol) was dissolved in 10 mL of acetonitrile and 2 mL of
water. To the mixture, HF (1 mL of a 48% aqueous solution, 31 mmol)

(2E,4S,5R)-4-Methyl-5-hydroxy-2-heptenoic Acid, N-Acetylcys-
teamine Thioester (10).Ethyl (2E,4R,5R)-5-(tert-butyldimethylsilyl-
oxy)-4-methyl-2-heptenoatel 8 600 mg, 2.0 mmol) was hydrolyzed
by treatment with 5.0 equiv of COs in refluxing in 3:1 MeOH-
water fa 3 h and then purified as described above to give, after flash
SiO; gel chromatography (15 g, elution with 5% EtOAc in hexanes),
(2E,4S 5R)-5-(tert-butyldimethylsilyloxy)-2,4-dimethyl-2-heptenoic acid
(15) (530 mg, 97%) as a colorless of(0.61 (20% EtOAc/hexanes)).
Treatment ofL5 with Ph,P(O)N; (0.64 mL, 2.93 mmol, 1.5 equiv) and
EtsN (0.55 mL, 3.90 mmol, 2.0 equiv) in 10 mL of DMF and then
HSNAC (463 mg 3.90 mmol, 2.0 equiv) gave after flash Siel
column chromatography (20% EtOAc in hexaned},45,5R)-5-(tert-
butyldimethylsilyloxy)-4-methyl-2-heptenoic aciN;acetylcysteamine
thioester 17) (506 mg, 69%) as a colorless oiR; 0.33 (40% EtOAc/
hexanes)!H NMR (300 MHz, CDC}): 6 0.02-0.09 (m, 6H, dimethyl
in TBS), 0.83-0.95 (m, 12Ht-Bu in TBS and H7), 1.08 (d, 3H, C4-
Me), 1.35-1.56 (m, 2H, H6), 2.02 (s, 3H, N-CQE), 2.42-2.55 (m,
1H, H4), 3.12 (m, 2H, SCH,), 3.42-3.59 (m, 3H, N-Gi, and H5),
6.15 (d, 1H, H2), 3.563.60 (m, 1H, H5), 6.10 (d, 1H, H2), 6.14 (b,
1H, NH), 6.98 (dd, 1H, H3). The TBS group was removed by treatment
with aqueous HF (50 equiv) in 5:1 GBN—water, as described f@;
to give (E,4S5R)-4-methyl-5-hydroxy-2-heptenoic acitl;acetylcys-
teamine thioesterl(Q) (321 mg, 92%) as a colorless 0iR: 0.24 (5%
MeOH/CHCE); *H NMR (300 MHz, CDC}): 6 0.96 (t, 3H, H7), 1.16
(d, 3H, C4-Me), 1.36-1.63 (m, 2H, H6), 2.01 (s, 3H, N-CQg), 2.37—
2.51 (m, 1H, H4), 3.10 (m, 2H, -SCH,), 3.48 (m, 3H, N-C1, and
H5), 6.15 (d, 1H, H2), 6.20 (b, 1H, #), 6.98 (dd, 1H, H3)*C NMR
(75.5 MHz, CDC}) 6 190.2, 170.9, 147.9, 128.6, 76.8, 42.1, 39.6, 28.1,
27.6,22.9, 15.9, 10.0pp —9.6° (c = 2.0, CHC}); HRFAB-MS (M
+ NaJ*, NBA/Nal): Calculated for (@H21NOz;S)Na': 282.1140,
Found: 282.1146.

Ethyl (2E,4S,5R)-5-(tert-Butyldimethylsilyloxy)-2,4-dimethyl-2-
hexenoate (20)(2R,3R)-3-(tert-Butyldimethylsilyloxy)-2-methylbutanal
(19 (1.0 g, 4.62 mmol, 1.0 equiv) was reacted with 5.07 g (14.0
mmol, 3.0 equiv) of (carbethoxyethylidene)triphenylphosphorane as
described above to afford 727 mg (52%) of ethyE @S 5R)-5-(tert-
butyldimethylsilyloxy)-2,4-dimethyl-2-hexenoat@Q) as a colorless

was added dropwise. The mixture was stirred at room temperature for0il: Ri 0.52 (5% EtOAc/hexanesjH NMR (300 MHz, CDC}): ¢

2 h before addition of saturated aqueous NaH@D °C until the pH

0.03-0.09 (m, 6H, dimethy! in TBS), 0.850.93 (m, 9H-Bu in TBS),

of the solution reached 7.5. Acetonitrile was removed in vacuo, and 0.98 (d, 3H, C4-Me), 1.09 (d, 3H, H6), 1.28 (t, 3H, COOLH3),

the resulting mixture was extracted with EtOAc £330 mL). The
organic layers were combined, dried over anhydrousSKg and
concentrated in vacuo. The residue was purified by flash, i€
chromatography (5% methanol in CHEto afford (ZE,4S5R)-2,4-
dimethyl-5-hydroxy-2-heptenoic aci;acetylcysteamine thioestes)f?
(334 mg, 100%) as a colorless oiR: 0.28 (5% MeOH/CHG); *H
NMR (300 MHz, CDC}): 6 0.90 (t, 3H, H7), 1.03 (d, 3H, C4-Me),
1.32-1.40 (m, 1H, H6a), 1.351.52 (m, 1H, H6b), 1.82 (s, 3H, C2-
Me), 1.92 (s, 3H, N-CO85), 2.52-2.62 (m, 1H, H4), 3.04 (m, 2H,
S—CHy,), 3.44 (m, 3H, N-G1; and H5), 6.11 (b, 1H, N), 6.67 (d, 1H,
H3); 23C NMR (75.5 MHz, CDC}) 6 194.0, 170.9, 143.3, 136.0, 76.4,
39.7, 38.9, 28.3, 27.8, 22.9, 16.4, 12.7, 10dlp[—13.4# (c = 2.0,
CHCly); HRFAB-MS (M + Na]*, NBA/Nal): Calculated for (GHoz
NOsS)Na": 296.1297, Found: 296.1296.

1.86 (s, 3H, C2-Me), 2.542.64 (m, 1H, H4), 3.683.78 (m, 1H, H5),
4.20 (m, 2H, COOEI,CHg), 6.69 (d, 1H, H3)C NMR (75.5 MHz,
CDCl3) 6 168.3, 144.9, 127.3, 71.6, 60.3, 41.0, 25.8, 21.4, 16.0, 14.2,
12.5,—4.4,-4.9; [a]p —16.2 (c = 2.0, CHC}); HRFAB-MS ([M +
Na]*, NBA/Nal): Calculated for (GH3.0sSi)Na": 323.2019, Found:
323.2028.

(2E,4R,5R)-2,4-Dimethyl-5-hydroxy-2-hexenoic Acid,N-Acetyl-
cysteamine Thioester (18)The ester20 (327 mg, 1.09 mmol) was
hydrolyzed in methanolic ¥COs to give 260 mg of crude @4S5R)-
5-(tert-butyldimethylsilyloxy)-2,4-dimethyl-2-heptenoic acidl) as a
colorless oil: *H NMR (300 MHz, CDC}): ¢ 0.03-0.09 (m, 6H,
dimethyl in TBS), 0.870.94 (m, 9H,t-Bu in TBS), 1.00 (d, 3H, C4-
Me), 1.11 (d, 3H, H6), 1.89 (s, 3H, C2-Me), 2:48.59 (m, 1H, H4),
3.69-3.76 (m, 1H, H5), 6.85 (d, 1H, H3). Treatment2f with Ph,P-
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(O)N3 (308uL, 1.43 mmol, 1.5 equiv) and B (266 L, 1.90 mmol,
2.0 equiv) followed by HSNAC (115 mg 1.0 mmol, 1.0 equiv) gave,
after flash SiQ@ gel column chromatography (40% EtOAc in hexanes),
(2E,4S 5R)-5-(tert-butyldimethylsilyloxy)-2,4-dimethyl-2-hexenoic acid,
N-acetylcysteamine thioeste2d) (258 mg, 73%) as a colorless oiR
0.28 (40% EtOAc/hexanes)H NMR (300 MHz, CDC}): 6 0.03—
0.10 (m, 6H, dimethyl in TBS), 0.860.93 (m, 12H,t-Bu in TBS),
1.03 (d, 3H, C4-Me), 1.12 (d, 3H, H6), 1.88 (s, 3H, C2-Me), 1.99 (s,
3H, N-COQHs), 2.48-2.60 (m, 1H, H4), 3.08 (m, 2H,-SCH,), 3.46
(m, 2H, N-CHy), 3.68-3.80 (m, 1H, H5), 5.97 (b, 1H, N), 6.75 (d,
1H, H3).22 was deprotected by treatment with HF (45 equiv) ins€H
CN—water to afford after purification @ 4S5R)-2,4-dimethyl-5-
hydroxy-2-hexenoic acid\-acetylcysteamine thioestetg) (180 mg,
100%) as a colorless oilR; 0.30 (4% MeOH/CHG); *H NMR (300
MHz, CDCL): ¢ 1.07 (d, 3H, C4-Me), 1.22 (d, 3H, H6), 1.92 (s, 3H,
C2-Me), 1.98 (s, 3H, N-CORs3), 2.50-2.62 (m, 1H, H4), 3.10 (m,
2H, S—CH,), 3.46 (m, 3H, N-Gi,), 3.71-3.81 (m, 1H, H5), 6.07 (b,
1H, NH), 6.68 (d, 1H, H3);*3C NMR (75.5 MHz, CDCJ) 6 194.1,
171.0, 143.6, 136.4, 71.2, 41.0, 39.8, 28.4, 22.9, 21.0, 16.2, 148; [
—25.1° (¢ = 2.0, CHCE); HRFAB-MS (M + Na]*, NBA/Nal):
Calculated for (GH21NOsS)Na': 282.1140, Found: 282.1152.

Ethyl (2E,5R)-5-(tert-Butyldimethylsilyloxy)-2-methyl-2-hep-
tenoate (25).(3R)-3-(tert-Butyldimethylsilyloxy)pentanalZ3)*8 (1.53
g, 7.08 mmol, 1.0 equiv) was reacted with 10.3 g (28.32 mmol, 4.0
equiv) of (carbethoxyethylidene)triphenylphosphorane in the usual
manner to give, after purification, 2.14 g (100%) of ethyE&R)-5-
(tert-butyldimethylsilyloxy)-2-methyl-2-heptenoat2f) as a colorless
oil: R 0.71 (5% EtOAc/hexanesiH NMR (300 MHz, CDC}): o
0.04-0.09 (m, 6H, dimethyl in TBS), 0.850.93 (m, 12H{-Bu in TBS
and H7), 1.32 (t, 3H, COOC}€H3), 1.42-1.55 (m, 2H, H6), 1.86 (s,
3H, C2-Me), 2.29-2.37 (m, 2H, H4), 3.673.77 (m, 1H, H5), 4.20
(0, 2H, COOQ®,CHs), 6.83 (t, 1H, H3)23C NMR (75.5 MHz, CDCY)

0 168.1, 139.0, 133.3, 72.6, 60.3, 36.1, 30.2, 25.8, 18.0, 17.3, 14.2,

12.5,9.6,—4.6,—4.9; [a]p —1.2° (c = 2.0, CHC}); HRFAB-MS (M
+ Na]*, NBA/Nal): Calculated for (GH3.0sSi)Na™: 323.2019,
Found: 323.2007.

(2E,5R)-5-Hydroxy-2-methyl-2-heptenoic Acid,N-Acetylcysteam-
ine Thioester (31). 25740 mg, 2.46 mmol) was treated with aqueous
methanolic KCO; to give (ZE,5R)-5-(tert-butyldimethylsilyloxy)-2-
methyl-2-heptenoic aci®{) which was deprotected with HF in aqueous
acetonitrile to afford (E,5R)-5-hydroxy-2-methyl-2-heptenoic acid9)
(430 mg). The crud®9 was reacted with BR(O)Ns (611 uL, 2.84
mmol, 1.5 equiv) and BN (527 L, 3.78 mmol, 2.0 equiv) followed
by HSNAC (203 mg 1.70 mmol, 0.9 equiv) and the product isolated
and purified as described above to givé& GR)-5-hydroxy-2-methyl-
2-heptenoic acidN-acetylcysteamine thioeste31) (380 mg, 74%) as
a colorless oil: R 0.26 (4% MeOH/CHG)); 'H NMR (300 MHz,
CDClg): 0 0.96 (t, 3H, H7), 1.431.62 (m, 2H, H6), 1.89 (s, 3H, C2-
Me), 1.97 (s, 3H, N-CO8j), 2.30-2.50 (m, 2H, H4), 3.07 (m, 2H,
S—CH,), 3.43 (m, 2H, N-G&i,), 3.67-3.78 (m, 1H, H5), 6.11 (b, 1H,
NH), 6.86 (t, 1H, H3);*3C NMR (75.5 MHz, CDC}) 6 193.8, 171.0,
138.3, 137.3, 72.1, 39.7, 36.2, 30.6, 28.3, 22.9, 12.7, &J9; 1 8.4°
(c = 2.0, CHC}); HRFAB-MS ([M + Na]*, NBA/Nal): Calculated
for (Ci2H2:NOsS)Na™: 282.1140, Found: 282.1139.

Ethyl (2E,5R)-5-(tert-Butyldimethylsilyloxy)-2-methyl-2-hex-
enoate (26).The aldehyde (B)-3-(tert-butyldimethylsilyloxy)butanal
(24)*° (1.20 g, 5.93 mmol, 1.0 equiv) was treated with 5.93 g (16.4
mmol, 2.8 equiv) of (carbethoxyethylidene)triphenylphosphorane to
give, after purification, 1.50 g (88%) of ethyl E5BR)-5-(tert-butyldim-
ethylsilyloxy)-2-methyl-2-hexenoate2§) as a colorless oil:Rs 0.70
(5% EtOAc/hexanes}H NMR (300 MHz, CDC}): ¢ 0.04-0.09 (m,
6H, dimethyl in TBS), 0.850.93 (m, 9H,t-Bu in TBS), 1.19 (d, 3H,
H6), 1.30 (t, 3H, COOCKCH3), 1.86 (s, 3H, C2-Me), 2.252.35 (m,
2H, H4), 3.87-3.97 (m, 1H, H5), 4.20 (q, 2H, COQGCHs), 6.83 (t,
1H, H3); 13C NMR (75.5 MHz, CDC}) ¢ 168.1, 138.9, 128.8, 67.9,
60.3, 38.9, 25.8, 23.9, 14.2, 12.54.6,—4.9; [a]p —12.6’ (c = 2.0,
CHCL); HRFAB-MS ([M + NaJ", NBA/Nal): Calculated for (GH3s0Os
Si)Naf: 309.1862, Found: 309.1868.

(2E,5R)-5-Hydroxy-2-methyl-2-hexenoic Acid,N-Acetylcysteam-
ine Thioester (32). Ethyl (2E,5R)-5-(tert-butyldimethylsilyloxy)-2-
methyl-2-hexenoate26, 600 mg, 2.09 mmol) was hydrolyzed with
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aqueous methanolicKO; to afford 520 mg of crude @& 5R)-5-(tert-
butyldimethylsilyloxy)-2-methyl-2-hexenoic aci®®) as a colorless
oil: *H NMR (300 MHz, CDC}): 6 0.05-0.09 (m, 6H, dimethyl in
TBS), 0.87-0.94 (m, 9H t-Bu in TBS), 1.19 (d, 3H, H6), 1.87 (s, 3H,
C2-Me), 2.272.43 (m, 2H, H4), 3.893.98 (m, 1H, H5), 6.98 (d,
1H, H3).28was deprotected with HF in aqueous £ give 300 mg
of (2E,5R)-5-hydroxy-2-methyl-2-hexenoic aciB(@. Treatment of
crude 30 with PhP(O)N; (672 1L, 3.12 mmol, 1.5 equiv) and Bt
(580 uL, 4.16 mmol, 2.0 equiv) followed by HSNAC (248 mg 2.08
mmol, 1.0 equiv) gave, after purification by flash Si@el column
chromatography with 2% MeOH in CHgI (2E,5R)-5-hydroxy-2-
methyl-2-hexenoic acid\-acetylcysteamine thioeste82) (280 mg,
55%) as a colorless 0ilR; 0.24 (4% MeOH/CHG); *H NMR (300
MHz, CDCk): 6 1.28 (d, 3H, H6), 1.89 (s, 3H, C2-Me), 1.98 (s, 3H,
N-COCHj3), 2.38-2.46 (m, 1H, H4), 3.01 (m, 2H,-SCH,), 3.46 (m,
3H, N-CH,), 3.95-4.05 (m, 1H, H5), 6.05 (b, 1H, N), 6.88 (d, 1H,
H3); 13C NMR (75.5 MHz, CDC}) ¢ 193.8, 171.0, 137.9, 137.3, 66.8,
39.6, 38.2, 28.3, 23.3, 22.9, 12.]p —11.1° (c = 2.0, CHC}),
HRFAB-MS ([M + Na]", NBA/Nal): Calculated for (&H1oNO3S)-
Na': 268.0984, Found: 268.0989.

General Feeding and Extraction Conditions.S. coelicolortCH999/
pJRJ2 encoding DEBS(KS)t*2 was cultivated at 30C on 25-mL
R2YE agaf® plates for 3 days. Each plate was then overlaid with 1
mL of 5 mM substrate solution in 5% DMSO/water. After an additional
4 days, the combined mycelia and agar (20 plates, 500 mL total) were
homogenized and extracted with EtOAc 3500 mL) at~40 °C.

The combined organic extract was dried over MgSé@ncentrated to
~5 mL in vacuo, and then washed with saturated Nakl@@ saturated
NaCl, dried over Ng5Q,, and concentrated in vacuo.

Purification and Structure Determination. The crude mixture
obtained from each precursor feeding was subjected to initial purifica-
tion by SiQ, column chromatography~1 g of SiG in a Pasteur pipet)
with 20% EtOAc/hexanes. The relevant fraction thus obtained was
further purified by preparative TLC plate (6 cs 10 cm) using 40%
EtOAc/hexanes as eluent. The product band was eluted with EtOAc,
and the resultant product was characterizedHby300 MHz)- and**C
NMR (75 MHz) spectroscopy (Bruker Avance 300), mass spectrometry
(Kratos MS80RFA), and FT IR (Perkin-Elmer model 1600). Thie
NMR spectra of products were assigned using two-dimensital
IH COSY spectroscopy. Th&C NMR spectrum of34 was fully
assigned by a combination of DEPT a#d—3C HETCOSY spec-
troscopy. NMR assignments of the other three 16-membered lactones
33, 35, and36 were based on comparison to the spectr@4f

Conversion of (Z,4S,5R)-2,4-Dimethyl-5-hydroxy-2-heptenoic
Acid, N-Acetylcysteamine Thioester (6) to 33Feeding of 20 mL of
5 mM (2E,4S5R)-2,4-dimethyl-5-hydroxy-2-heptenoic acid;acetyl-
cysteamine thioesteb) to S. coelicolorCH999/pJRJ2 gave 10 mg of
33412 (23% yield) as a white powderR: 0.47 (20% EtOAc/hexanes);
IR (film) v 3505, 3382, 2985, 2926, 1712, 1455, 1380, 1190, 1001,
982 cn1l; IH NMR (400 MHz, CDCly): ¢ 5.34 (dd, 1HJ = 8.0, 1.2
Hz, H13), 4.65-4.75 (m, 1H, H15), 3.97 (d, 1H] = 10.0 Hz, H11),
3.80 (d, 1H,J = 9.7 Hz, H3), 3.40 (dd, 1HJ = 10.0, 1.5 Hz, H5),
2.75 (q, 1H,J = 7.1 Hz, H2), 2.52-2.63 (m, 1H, H14), 2.52 (d, 1H,
J=2.1Hz, C3-OH), 2.15 (dqg, 1H, = 10.0, 6.7 Hz, H10), 1.962.00
(m, 1H, H8), 1.75-1.88 (m, 1H, H164a), 1.72 (d, 3K,= 1.2 Hz, C12-
Me), 1.671.74 (m, 1H, H4), 1.551.65 (m, 2H, H6 and H16b), 1.38
1.46 (m, 1H, H7a), 1.151.25 (m, 1H, H7b), 1.10 (d, 3H,= 6.6 Hz,
C10-Me), 1.07 (d, 3HJ = 7.0 Hz, C2-Me), 0.98 (d, 3H] = 6.9 Hz,
C4-Me), 0.97 (d, 3H,) = 6.8 Hz, C14-Me), 0.90 (t, 3H] = 7.1 Hz,
H17), 0.85 (d, 3HJ = 6.8 Hz, C8-Me), 0.74 (d, 3H) = 6.6 Hz,
C6-Me); 13C NMR (100 MHz, CDCl,): 6 178.4 (C1), 139.1 (C12),
133.3 (C13), 99.8 (C9), 78.5 (C11), 78.4 (C15), 73.6 (C5), 72.1 (C3),
41.8 (C10), 39.4 (C2), 37.0 (C14), 36.3 (C7), 34.6 (C4), 34.4 (C8),
31.5 (C6), 24.9 (C16), 16.2 (C6-Me, C14-Me), 15.1 (C8-Me), 12.1
(C10-Me), 10.1 (C12-Me), 8.7 (C4-Me), 8.0 (C17), 7.8 (C2-Me);
HRFAB-MS ([M + Na]", NBA/Nal): Calculated for (gHs,0s)Na*:
449.2879, Found: 449.2883.

(23) Hopwood, D. A.; Bibb, M. J.; Chater, K. F.; Kieser, T.; Bruton, C.
J.; Kieser, H. M.; Lydiate, D. J.; Smith, C. P.; Ward, J. M.; Schrempf, H.
Genetic Manipulation of Streptomyces. A Laboratory Mandahn Innes
Foundation: Norwich, UK, 1985; pp 23236.
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Conversion of (Z,4S,5R)-2,4-Dimethyl-5-hydroxy-2-hexenoic
Acid, N-Acetylcysteamine Thioester (18) to 34Feeding of 20 mL
of 5 mM 18to S. coelicolorCH999/pJRJ2 gave 20 mg 8% (48%
yield) as colorless crystals, mp 15860 °C. X-ray-quality single
crystals of 34 were grown as colorless prisms from a mixture of
EtOAc—hexanesR: 0.27 (20% EtOAc/hexanes); IR (neat)3503,

Kinoshita et al.

white powder: Rs 0.16 (20% EtOAc/hexanes); IR (neatg444, 2973,
2933, 1726, 1459, 1380, 1330, 1199, 1101, 1042, 982, 736;cir
NMR (300 MHz, CQCl): ¢ 5.34 (td, 1H,J = 7.2, 1.3 Hz, H13),
4.99-5.10 (m, 1H, H15), 4.03 (d, 1H,= 10.0 Hz, H11), 3.83 (d, 1H,
J =10.3 Hz, H3), 3.41 (dd, 1H] = 10.0, 1.5 Hz, H5), 2.71 (q, 1H,
J = 7.0 Hz, H2), 2.64 (d, 1H) = 2.1 Hz, C3-OH), 2.44-2.58 (m,

3371, 2972, 2930, 1710, 1454, 1378, 1333, 1195, 1131, 1003, 985,1H, H14a), 2.36-2.35 (m, 1H, H14b), 2.11 (dqg, 1H,= 10.0, 6.7 Hz,

857 cnt; IH NMR (300 MHz, CDCly): 6 5.39 (dd, 1HJ = 8.0, 0.9

Hz, H13), 4.59-4.71 (m, 1H, H15), 3.98 (d, 1H] = 10.1 Hz, H11),
3.81 (d, 1H,J = 10.4 Hz, H3), 3.41 (dd, 1H] = 10.0, 1.3 Hz, H5),
2.73 (q, 1H,J = 7.0 Hz, H2), 2.56 (d, 1HJ = 2.1 Hz, C3-OH),
2.48-2.56 (m, 1H, H14), 2.15 (dg, 1H,= 10.0, 6.7 Hz, H10), 1.89
2.01 (m, 1H, H8), 1.661.80 (m, 1H, H4), 1.72 (d, 3H] = 1.1 Hz,
C12-Me), 1.48-1.65 (m, 1H, H6), 1.381.46 (m, 1H, H7a), 1.29 (d,
3H,J = 6.1, H16), 1.2+1.30 (m, 1H, H7b), 1.10 (d, 3H = 6.7 Hz,
C10-Me), 1.03 (d, 3HJ = 7.1 Hz, C2-Me), 0.99 (d, 3H] = 6.8 Hz,
C14-Me), 0.96 (d, 3HJ = 6.7 Hz, C4-Me), 0.85 (d, 3H] = 6.8 Hz,
C8-Me), 0.74 (d, 3HJ = 6.6 Hz, C6-Me);:*C NMR (75.5 MHz, CDB-
Cly): 6 177.1 (C1), 138.9 (C12), 133.4 (C13), 99.9 (C9), 78.6 (C11),
74.6 (C15), 73.7 (C5), 72.3 (C3), 42.0 (C10), 39.9 (C2), 38.5 (C14),
37.0 (C7), 34.9 (C4), 34.5 (C8), 31.6 (C6), 18.1 (C16), 16.3 (C6-Me),
16.1 (C14-Me), 15.1 (C8-Me), 12.2 (C10-Me), 10.2 (C12-Me), 8.0 (C4-
Me), 7.2 (C2-Me); HRFAB-MS ([M+ Na]", NBA/Nal): Calculated

for (CasHa00s)Na™: 435.2723, Found: 435.2720.

Conversion of (Z&,5R)-5-Hydroxy-2-methyl-2-heptenoic Acid,
N-Acetylcysteamine Thioester (31) to 35-eeding of 20 mL of 5 mM
(2E,5R)-5-hydroxy-2-methyl-2-heptenoic acid\-acetylcysteamine
thioester 81) to S. coelicolorCH999/pJRJ2 gave 10 mg 86 (24%
yield) as a white powderRs 0.29 (20% EtOAc/hexanes); IR (film)
3474, 2974, 2935, 1723, 1456, 1380, 1332, 1266, 1183, 987, ¢hh
NMR (300 MHz, CDCl,): ¢ 5.34 (t, 1H,J = 8.0, Hz, H13), 4.96
5.07 (m, 1H, H15), 4.04 (d, 1Hl = 10.0 Hz, H11), 3.84 (d, 1H] =
10.2 Hz, H3), 3.41 (dd, 1H]) = 10.0, 1.7 Hz, H5), 2.74 (q, 1Hl =
7.1 Hz, H2), 2.62 (dJ = 2.1 Hz, C3-OH), 2.3%-2.39 (m, 2H, H14),
2.13 (dg, 1HJ = 10.0, 6.7 Hz, H10), 1.872.02 (m, 1H, H8), 1.65
1.80 (m, 1H, H4), 1.70 (d, 3H] = 1.2 Hz, C12-Me), 1.571.69 (m,
2H, H16), 1.49-1.60 (m, 1H, H6), 1.381.47 (m, 1H, H7a), 1.22
1.34 (m, 1H, H7b), 1.11 (d, 3H} = 6.7 Hz, C10-Me), 1.07 (d, 3H]
= 7.1 Hz, C2-Me), 0.97 (d, 3H] = 6.8 Hz, C4-Me), 0.93 (t, 3H] =
7.5 Hz, C17), 0.85 (d, 3H] = 6.8 Hz, C8-Me), 0.75 (d, 3H] = 6.6
Hz, C6-Me);*3C NMR (75.5 MHz, CBCl,): 6 178.3 (C1), 140.7 (C12),
126.9 (C13), 99.9 (C9), 78.3 (C11), 74.4 (C15), 73.8 (C5), 72.3 (C3),
42.3 (C10), 40.1 (C2), 36.9 (C7), 34.9 (C4), 34.6 (C8), 31.6 (C6), 29.3
(C14), 27.5 (C16), 16.3 (C6-Me), 15.1 (C8-Me), 12.1 (C10-Me), 10.8
(C12-Me), 9.1 (C17), 8.0 (C4-Me), 7.7 (C2-Me); HRFAB-MS ([
NaJt, NBA/Nal): Calculated for (@&H40Og)Na™: 435.2723, Found:
435.2724.

Conversion of (Z,5R)-5-Hydroxy-2-methyl-2-hexenoic Acid,
N-Acetylcysteamine Thioester (32) to 36-eeding of 20 mL of 5 mM
(2E,5R)-5-hydroxy-2-methyl-2-hexenoic acil;acetylcysteamine thioester
(32 to S. coelicolorCH999/pJRJ2 gave 8 mg 86 (20% yield) as a

H10), 1.88-2.01 (m, 1H, H8), 1.651.80 (m, 1H, H4), 1.69 (d, 3H]
= 0.9 Hz, C12-Me), 1.531.66 (m, 1H, H6), 1.371.43 (m, 1H, H7a),
1.35(d, 3H,J = 7.2, H16), 1.2+1.31 (m, 1H, H7b), 1.11 (d, 3H,=
6.7 Hz, C10-Me), 1.04 (d, 3Hl = 7.1 Hz, C2-Me), 0.96 (d, 3H] =
6.7 Hz, C4-Me), 0.85 (d, 3H] = 6.8 Hz, C8-Me), 0.74 (d, 3H] =
6.6 Hz, C6-Me).*C NMR (75.5 MHz, CBCl,): 6 177.8 (C1), 140.2
(C12), 126.7 (C13), 99.8 (C9), 78.6 (C11), 78.1 (C15), 73.6 (C5), 72.3
(C3), 42.2 (C10), 40.2 (C2), 36.7 (C7), 35.0 (C4), 34.2 (C8), 31.4 (C6),
29.1 (C14), 19.7 (C16), 16.3 (C6-Me), 14.9 (C8-Me), 11.9 (C10-Me),
10.6 (C12-Me), 7.8 (C4-Me), 7.0 (C2-Me); HRFAB-MS ([M NaJ,
NBA/Nal): Calculated for (g&HssO)Na': 421.2566, Found: 421.2552.
X-ray Crystallography. X-ray diffraction data were collected in
0.3 steps on a four-circle diffractometer in tihfescan mode equipped
with a Bruker SMART CCD 1K detector (Mo radiation,A = 71.073
pm). The structure 084 was solved by direct methods and refined
with full matrix least-squares on all reflections basedF8rusing the
SHELXTL programs commercially available from Bruker Analytical
Instruments. Crystallographic data for lactoB4 crystallographic
asymmetric unit (@H400s)2 M, = 825.10; clear, colorless crystal of
dimension 0.03x 0.025 x 0.015 mm mounted on a quartz fiber;
monoclinic space group2;; a = 10.52(6) A,b = 18.02(4) A,c =
13.08 (8) A,V = 2462 (3) B, Z = 2; pcarca= 1.113 g cm3, u = 0.079
mmt (no correction applied); 11 366 reflections collected, 6656
independentR: = 0.0991);6 range 1.94 to 23.4399.2% complete-
ness; 523 parameters (1 restraint);=R0.0829, wR = 0.1929 [ >
20(1)] for 6656 data; GooF ofr? 1.009; max/mint+0.267 & —0.250
eA-3; H atoms located in density maps and refined in fixed idealized
positions. The coordinates have been deposited with the Cambridge
Crystallographic database and can be obtained by reference to CCDC
157840.
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