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From cultures of Melittangium lichenicola, Archangium the basis of spectroscopic data, and confirmed in the case of
melithiazol E (3b), including its relative configuration, by angephyra and Myxococcus stipitatus, thirteen new β-

methoxyacrylate (MOA) fungicides related to myxothiazols X-ray structure analysis. The absolute configuration of
melithiazols A (2a) and B (3a) was determined by(1) have been isolated. Melithiazols A (2a), D (2b), K (2c),

and L (2d) are characterized by a thiazoline–thiazole system, degradation and CD spectroscopy. Antifungal and cytotoxic
activities, inhibition of NADH oxidation, and lipophilicities ofwhereas melithiazols B (3a), E (3b), F (3c), G (3d), H (3e), I

(3f), M (3g), and N (3h) are bis(thiazoles). Melithiazol C (4), melithiazols 2–4, myxothiazols 1, and strobilurin-type
compounds are compared.as the first representative of this class of compounds, contains

only one thiazole ring. The structures were established on

In the course of our ongoing screening of myxobacteria
for biologically active metabolites, we noted that strains of
Melittangium lichenicola, Archangium gephyra and Myxo-
coccus stipitatus exhibit a broad spectrum of antifungal ac-
tivities. Although the crude extracts of these cultures
showed complex peak patterns in HPLC/DAD analyses,
none of the peaks could be correlated with the antifungal
activity. The reason for this, as we subsequently discovered, Scheme 1. Structures of Myxothiazol A (1a) and Myxothiazol Z

(1b)was not the lack of a chromophore, but rather the pro-
duction of only minute amounts of highly active metab-

Isolation of the Melithiazols and Structureolites. However, using TLC/bioautography with the indi-
Elucidationcator organism Botrytis cinerea, the compounds responsible

for the activity could be easily localized and monitored dur-
Isolation was started from a 300 L fermentation batch ofing the isolation process. They turned out to be a new group

Melittangium lichenicola, strain Me l26, grown in the pres-of β-methoxyacrylates (MOAs) related to myxothiazols 1
ence of 1% (v/v) of the adsorber resin XAD-16. The culture(Scheme 1), [2] [3] and were named melithiazols (Scheme
was harvested by passage through a process filter to collect2). [4]

the adsorber resin. Adherent cells were largely eliminatedMore recently, further close analogues of melithiazols
by repeated washing with water. Elution of the resin withnamed cystothiazoles have been isolated by a Japanese
methanol and acetone yielded a crude extract of 62 g, whichgroup from another myxobacterium, Cystobacter fuscus. [5]

was separated by consecutive chromatography on SephadexHere, we report the isolation and structure elucidation of
LH-20, silica gel, and C-18 reversed-phase silica gel withthe melithiazols A2N (2, 3, 4) (see Scheme 2). The pro-
monitoring of the antifungal activity against Botrytis ci-duction, detailed biological properties, [1] and semisynth-
nerea. In the final step, the activity could be correlated witheses[6] of these compounds from myxothiazol A (1a) will be
two peaks detected by UV absorption at 220 nm. From thedescribed separately.
fraction corresponding to the major peak, 22 mg of melithi-
azol A (2a) was isolated. The fraction corresponding to the

[°] Part 84: Ref. [1] smaller peak was further purified by preparative TLC to
[a] GBF, Gesellschaft für Biotechnologische Forschung GmbH, give 2 mg of melithiazol C (4). The yields of 2a and 4 corre-Abteilung Naturstoffchemie

spond to a production of 70 and 5 µg/L and correlate wellMascheroder Weg 1, D-38124 Braunschweig, Germany
[b] Abteilung Strukturforschung with the initially observed level of antifungal activity.
[c] Abteilung Naturstoffbiologie Similarly, a 300 L fermentation batch of Archangium ge-Fax: (internat.) 1 49-(0)531/618-1461

E-mail: gho@gbf.de phyra, strain Ar 7747, yielded 95 g of crude extract. This
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C-5, the vinyl proton 2-H, and 9-H of the thiazole at δ 5
3.66, 3.60, 3.32, 4.96 and 7.00, respectively. In addition, sig-
nals were observed for the allylic system C-5 to C-7 at δ 5
3.80, 6.34, 6.52 and for the adjacent CH3CH group at δ 5
1.20 and 4.16, showing the same coupling pattern as in
myxothiazols A (1a) [2] and Z (1b). [3]

Of all the isolated melithiazols, only E (3b) gave crystals
of sufficient quality to allow a X-ray crystal structure analy-
sis. The stereoscopic view (Figure 1) confirms the partial
structure assigned above and identifies the rest of the mole-
cule as a 2-isopropylthiazole. Thus, like the myxothiazols,
melithiazol E (3b) contains a bis(thiazole) system, but with
the 13-nonadienyl side chain replaced by 13-isopropyl. Ac-
cording to spectroscopic data, 3b seems to be identical to
cystothiazole A, recently described as a metabolite of Cys-
tobacter fuscus. [5] [7]

From the NMR and mass spectral data given in Table 1
and in the Experimental Section, seven further melithiazols
were identified differing from melithiazol E (3b) only in
their C-13 substituents. Thus, B (3a) is the 13-isopropenyl,
F (3c) the 13-benzyl, G (3d) the 13-(29-butyl), H (3e) the
13-ethyl, I (3f) the 13-isobutyl, M (3g) the 13-acetyl, and N
(3h) the 13-(19-methyl)epoxyethyl analogue.

On the basis of HR MS and its 1H-NMR spectrum, meli-
thiazol A (2a) differs from B (3a) in that it has two more
hydrogens. These can be assigned as being attached to C-
11 and C-12 of a thiazoline ring giving rise to an isolated
ABX spin system with signals at δ 5 3.82, 3.66 and 5.93.
This structural assignment is supported by a hypsochromic
shift of the long-wavelength UV band at 307 nm by
> 30 nm and the chemical shifts of C-11 (δ 5 78.2) and
C-12 (δ 5 38.8). Besides melithiazol A (2a), having a 2-
isopropenyl-substituted thiazoline moiety, three further thi-
azolines were identified by their spectral data, namely meli-

Scheme 2. Structures of Melithiazols A2H (2, 3, 4) thiazol D (2b) with a 13-isopropyl group, K (2c) with a
13-(19,29-epoxy-29-propyl) group, and L (2d) with a 13-(19-
methoxy-29-propyl) group.was fractionated as described above, however, the first two

chromatographic steps were performed in reversed order. Melithiazol C (4) differs from all the other melithiazols
in that it contains only one thiazole ring, which bears a 2-Productivity in this fermentation was comparable with that

in the above case, and 21 mg of melithiazol A (2a), 16 mg acetyl substituent (δMe 5 2.65). Furthermore, it is the only
melithiazol occurring as a (6E)/(6Z) mixture (3.5:1), how-of melithiazol B (3a), 1 mg of melithiazol D (2b), 7 mg of

melithiazol K (2c), 6 mg of melithiazol L (2d), 4 mg of meli- ever, the isomers cannot be separated by chromatography.
According to NMR data and the crystal structure analy-thiazol N (3h), and 2 mg of melithiazol M (3g) were ob-

tained. sis, all the melithiazols have the same relative and absolute
configuration at C-4 and C-5 as found for the myxothiazolsMyxococcus stipitatus, strain Mx s64, was found to be

considerably more productive, yielding 5 g of crude extract 1. [2] [3] This was confirmed by correlation with myxothiazol
A (1a) of the CD spectra of natural and semisynthetic 3afrom a 10 L fermentation. This was separated by chroma-

tography on Sephadex LH-20, silica gel, and C-18 reversed- prepared from 1a. [6] The configuration at C-11 in the thiaz-
olines 2 was determined in the case of melithiazol A (2a)phase silica gel to give 39 mg of melithiazol E (3b), 12 mg

of melithiazol F (3c), 2 mg of melithiazol G (3d), 1 mg of by Raney Ni desulfurization and oxidative cleavage of the
thiazole ring by singlet oxygen[8] to liberate C-10 as a car-melithiazol H (3e), and 0.4 mg of melithiazol I (3f).

Inspection of the 1H-NMR spectra of the melithiazols boxy group upon hydrolysis. The resulting alanine was deri-
vatized as its N-TFA/isopropyl ester and identified by GC(Table 1 and Experimental Section) reveals that all have in

common a methyl β-methoxyacrylate pharmacophore and on -Chirasil-Val as (S)-alanine. Thus, melithiazol A (2a)
and presumably also D (2b), K (2c) and L (2d) have (11S)-a linker part of C-4 to C-7 including one thiazole ring, as

is known for myxothiazol Z (1b). [3] These structural fea- configuration. Interestingly, the opposite configuration was
observed for the closely related thiazoline2thiazole systemtures were easily identified from the 1H-NMR spectra,

which showed singlets for the methoxy groups on C-1, C-3, of phleomycin. [9]
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Table 1. 1H- and 13C-NMR data of melithiazols A (2a), B (3a) and C (4) in CDCl3 (300 MHz and 75 MHz, respectively)

Atom 2a[a] 3a 4 Atom 2a 3a

2-H 4.96 s 4.96 5.00 C-1 167.7 167.8
4-H 4.16 dq 4.17 4.23 C-2 91.1 91.1
5-H 3.80 t 3.81 3.79 C-3 176.8 176.8
6-H 6.34 dd 6.41 6.46 C-4 39.9 39.9
7-H 6.52 d 6.57 6.67 C-5 84.4 84.4
9-H 7.00 s 7.09 7.82 C-6 131.4 131.7

11-H 5.93 dd 2 2 C-7 125.6 125.6
12-Ha 3.82 dd 7.88[b] 2.65[b] C-8 153.8 154.5
12-Hb 3.66 dd 2 2 C-9 114.7 115.6
15-H3 2.14 s, br 2.27 2 C-12 38.8 115.3
16E-H 5.60 s, br 5.35 2 C-10 171.2 162.3
16Z-H 5.70 s, br 5.90 2 C-11 78.7 149.5
1-OCH3 3.66 s 3.66 3.64 C-13 172.8 169.6
3-OCH3 3.60 s 3.60 3.59 C-14 139.4 137.8
4-CH3 1.20 d 1.21 1.19 C-15 20.0 20.5
5-OCH3 3.32 s 3.33 3.30 C-16 124.2 117.4

1-OCH3 50.8 50.9
3-OCH3 55.6 55.6
4-CH3 14.1 14.1
5-OCH3 57.0 57.1

[a] J4,5 5 7.8 Hz, J4,4-Me 5 6.9 Hz, J5,6 5 7.8 Hz, J6,7 5 15.7 Hz, J11,12a 5 8.8 Hz, J11,12b 5 7.5 Hz, J12a,12b 5 11.2 Hz. 2 [b] Singlet.

Since the discovery of myxothiazol A in 1980[2] and the
elucidation of its mode of action, [12] the remarkable simi-
larity with the fungal metabolites oudemansin[13] and strob-
ilurin[14] [15] has been recognized. These three groups of
compounds, including the melithiazols, contain a β-meth-
oxyacrylate pharmacophore (MOA)[16] and exert their anti-
fungal properties by inhibiting mitochondrial respiration at
the cytochrome bc1 complex. However, an important differ-
ence is also apparent: in oudemansin and strobilurin the
pharmacophore is linked through the α-carbon to the rest
of the molecule, whereas in myxothiazol and melithiazol it
is linked through the β-carbon. Thus, the latter group of
compounds may be collectively referred to as isostrobilur-

Figure 1. Stereoscopic view of melithiazol E (3b) in the crystal ins. Nevertheless, both types of inhibitors adopt the same
0bent0 conformation of the linker region C-4/C-5, which ap-
pears to be essential for binding to the target and for ac-
tivity.[15,17,18] In the crystalline state, the conformations of
melithiazol E (3b) and oudemansin A[13] [19] are almostOn the basis of feeding experiments with 13C-labelled
identical, with the exception of the torsion angle betweenprecursors, myxothiazol A[10] and, analogously, melithia-

zols are evidently synthesized by a polyketide synthase/pep-
tide synthetase hybrid. As starter units for melithiazols,
acyl-CoA esters produced by oxidative degradation of val-
ine (A, B, D, E), phenylalanine (F), isoleucine (G), α-ami-
nobutyric acid (H), and leucine (I) are clearly recognizable
from their C-13 substituents. Remarkably, in the biosynthe-
sis of myxothiazol A (1a), the starter unit isobutyryl-CoA
is derived from leucine. [10] The N-acyl cysteine intermedi-
ates are presumably cyclized to thiazolines, which are sub-
sequently dehydrogenated to their thiazole counterparts at
various stages of the biosynthesis of melithiazols. The ori-
gin of melithiazol C (4) remains obscure; it may be formed
by incorporation of only one cysteine residue, or more
likely, from e.g. melithiazol A (2a) by opening of the thiaz-

Figure 2. Conformations of the strobilurin (right) and isostrobilu-oline ring to give an N-thioacyl enamine, [11] followed by hy- rin (left) pharmacophores in the crystal structures of oudemansin
A[13] and melithiazol E (3b)drolysis.
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Table 2. Biological activities and lipophilicities of melithiazols A2N (224), myxothiazols A and Z (1a,b), strobilurin A, oudemansin A,
kresoxim methyl, and azoxystrobin

Compound Botrytis cinerea Inhibition of NADH oxidation Cytotoxity Lipophilicity
IC50 [ng/mL][a] IC50 [ng/mL][b] IC50 [ng/mL][c] log Pow

[d]

melithiazol A (2a) 40 33 50 3.85
melithiazol B (3a) 40 18 30 4.75
melithiazol C (4) 1500 1600 700 2.92
melithiazol D (2b) 150 70 30 3.67
melithiazol E (3b) 80 46 50 4.35
melithiazol F (3c) 300 147 25 4.42
melithiazol G (3d) 300 41 60 4.88
melithiazol H (3e) 150 80 450 3.77
melithiazol I (3f) 300 75 130 4.74
melithiazol K (2c) 300 250 650 2.75
melithiazol L (2d) 80 30 50 3.67
melithiazol M (3g) 40 30 50 3.37
melithiazol N (3h) 150 60 150 3.37
myxothiazol A (1a) 40 11 0.5 5.29
myxothiazol Z (1b) 150 24 2 7.17
strobilurin A 150 83 180 3.90
oudemansin A 800 400 800 3.55
kresoxim-methyl 100 72 400 3.70[e]

azoxystrobin 150 110 400 2.06[f]

[a] The MIC was determined by a serial broth dilution assay; for details see ref. [1] 2 [b] The inhibition of NADH oxidation was measured
with submitochondrial particles isolated from beef heart; for details see ref. [1] 2 [c] The cytotoxicity was measured by a growth inhibition
assay using the mouse fibroblast cell line L929 (ATTCC CCL1); for details see ref. [1] 2 [d] Estimated by RP-18 TLC according to ref. [23]

2 [e] In ref. [18]: 3.4 and 3.5. 2 [f] In ref. [17]: 2.64.

the planar β-methoxyacrylate and 4-H which is 4° in the and the structurally related oudemansin A are the least ac-
tive.former (C-2/4-H) and 25° in the latter (C-1/4-H), as can be

seen in Figure 2. From the vicinal coupling constants of J4,5 Most remarkably, the cytotoxicity of the highly antifun-
and J5,6 5 7.8 Hz, the solution conformation of melithiazol gal melithiazols A, B and M is seen to be lower than that
is evidently less rigid than that of oudemansin (J 5 9.8 and of myxothiazol A by a factor of 60 to 100, while the moder-
8.3 Hz). However, the gross conformation of melithiazol ately active melithiazols H, N and strobilurin A show com-
shown in Figure 2 is preserved in solution, as can be de- parable activities in all three test systems. Thus, the ex-
duced from NOEs between 4-Me, 5-H and 3-OMe in 2a tremely high in vitro and in vivo toxicity observed with
and the strong deshielding of 4-H (δ 5 4.16) by the ester myxothiazols A[2] [17] and Z[3] is evidently not an inherent
carbonyl oxygen. property of the β-linked (isostrobilurin) pharmacophore.

Clearly, the conformations of the strobilurin and isostro- Moreover, there does not seem to be a correlation between
bilurin inhibitors bound to the target site in the cytochrome lipophilicity, as estimated by mobility on RP-18 TLC,[23]

bc1 complex may be different, as should be seen when de- and toxicity, although the least toxic melithiazols C and K
tails of the recently published crystal structure analy- are particularly polar. From a comparative inspection of all
ses[20222] become available. the structural features, it would appear that it is not the

overall lipophilicity that determines toxicity, but rather that
of the side chain. Presumably, the lipid-like side chain of
myxothiazols A and Z selectively favours uptake and trans-Biological Activity
port to the target site in the mitochondrial membranes of
animal cells. This is in good agreement with the observationThe biological properties and lipophilicities of melithiazols

A2N (224), myxothiazols A (1a) and Z (1b), and strobilu- of markedly increased toxicity for strobilurins D[24] and
E[25] having lipophilic prenyl-derived side chains. Interest-rin-type inhibitors are summarized in Table 2. For compari-

son of their in vitro antifungal activities Botrytis cinerea ingly, strobilurin E and myxothiazols A and Z exhibit simi-
lar cytotoxic and target site activities. On the other hand,was used, while for assessment of their inhibition of NADH

oxidation, beef heart submitochondrial particles were with melithiazol A and strobilurin A about the same rela-
tive antifungal, target and cytotoxic activities are observedchosen as a model system. With melithiazols A2N, the in-

hibitory activities observed in the two systems correlate (Table 2). Clearly, on the basis of the knowledge acquired
in the early 1980s, only strobilurin A was selected as a leadfairly well. The most active compounds, with activities com-

parable to those of myxothiazols, are melithiazols A, B, L compound for the development of the environmentally safe
agricultural fungicides kresoxim-methyl [17] and azoxystro-and M, whereas D, E, H and N still show good activities

against B. cinerea at lower target activities. Melithiazol C bin. [18] Now, a similar optimization of the isostrobilurin-
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zol C (4), which was further purified by Si-HPLC [column 20 3type compounds would be feasible, since this pharmaco-
250 mm, Nucleosil 100 B10-Y55, 7 µm (Macherey2Nagel); eluent:phore shows no inherent toxicity.
petroleum ether/TBME/methanol, 3:6:0.01; flow rate 10 mL/min;
detection by UV absorption at 225 nm] to yield melithiazol C (4)
[2 mg; tR 5 12 min, 6E/6Z mixture (3.5:1)].

Experimental Section
Isolation of Melithiazols B, D, K2N and A from Archangium ge-

General Methods: Analytical TLC: TLC aluminium sheets coated phyra, Strain Ar 7747: Adsorber resin from a 300 L fermentation
with Merck silica gel Si 60 F245, 0.2 mm; solvent system: dichloro- batch was harvested and the resin was eluted as described above.
methane/acetone (95:5); detection: UV absorption at λ 5 254 nm From the combined eluate of 19.5 L of methanol and 6 L of ace-
and spraying with vanillin/sulfuric acid [0.5 g vanillin in 100 mL of tone (corresponding to 8.5 bed volumes), the organic solvents were
sulfuric acid/ethanol (8:2) and heating to 120°C]. 2 Analytical evaporated under reduced pressure. The remaining aqueous phase
HPLC: Nucleosil RP-18212525, 125 3 2 mm (Macherey2Nagel), of 1.2 L was extracted with ethyl acetate (5 3 700 mL). The com-
eluent methanol/water (75:25), 0.3 mL/min; UV detection at bined organic layers were washed with brine, dried with sodium
220 nm. 2 Preparative HPLC: Unless specified otherwise, Lichro- sulfate, and concentrated to dryness. The crude extract (95 g) was
sorb Si60 (7 µm, Merck), 4 3 25 cm, peak detection at λ 5 220 nm, dissolved in acetone and separated by column chromatography on
flow rate 17 mL/min. 2 All eluates and chromatographic fractions Merck silica gel 60 (9.5 3 75 cm; particle size 0.06320.200 mm;
were concentrated to dryness in vacuo in a rotary evaporator with eluents 2 L dichloromethane, 2 L dichloromethane/acetone, 85:15,
a bath temperature of 35°C. 2 NMR spectra: Spectra were re- 1 L methanol, 2 L dichloromethane/acetone, 80:20). The biologi-
corded on a Bruker AM-300 (1H: 300 MHz, 13C: 75.5 MHz) or a cally active fractions were combined, concentrated to dryness (resi-
Bruker AM-400 spectrometer (1H: 400 MHz, 13C: 100 MHz), with due: 7 g) and separated on Sephadex LH-20 (Pharmacia) (column:
TMS or residual solvent signals as internal standard. 2 UV spec- 7 3 70 cm; 3 batches; eluent: dichloromethane/methanol, 80:20;
tra: Shimadzu UV-2102 PC spectrophotometer. 2 CD spectra: Ja- flow rate 1.2 mL/min). The biologically active fraction (240 mg)
sco J600. 2 IR spectra: Nicolet 20 DXB FT-IR spectrometer. 2 EI was divided into ten batches, which were further separated by RP-
mass spectra: Kratos MS 9/50 or Finnigan MAT 95 spectrometer; 18 HPLC [column: 16 3 250 mm, Nucleosil 100 C18 7 µm (VDS
resolution M/∆M 5 1000; high-resolution data from peak match- optilab); eluent: methanol/water 80:20; flow rate 10 mL/min; detec-
ing M/∆M 5 10000. tion by UV absorption at 220 nm] to give 7 mg of melithiazol K

(2c), 6 mg of melithiazol L (2d), 21 mg of melithiazol A (2a), 16 mgIsolation of Melithiazols A and C from Melittangium lichenicola,
of melithiazol B (3a), and 7 mg of a mixture of other melithiazols.Strain Me l26: A 300-L fermentation batch containing 1% (v/v)
This mixture was further separated by preparative TLC (MerckAmberlite XAD-16 adsorber resin was harvested by filtration with
silica gel Si 60 F254, 0.5 mm, eluent: petroleum ether/diethyl ether,a process filter (0.3 m2, 210 µm mesh). The collected adsorber resin
1:1) to yield 4 mg of melithiazol N (3h), 2 mg of melithiazol Mwas washed several times with water and then applied to the top
(3g), and 1 mg of melithiazol D (2b).of a chromatographic column. After elution with 10 L of methanol

and 5 L of acetone (corresponding to 5 bed volumes) at a flow rate Isolation of Melithiazols E2I from Myxococcus stipitatus Strain
of 1 bed volume/h, the organic solvents were evaporated from the Mx s64: Adsorber resin from a 10 L fermentation batch was har-
eluate under reduced pressure. The remaining aqueous phase vested as described above and the resin was eluted with 4.5 L of
(750 mL) was extracted with ethyl acetate (5 3 600 mL). The com- methanol and 5 L of acetone (corresponding to 12.5 bed volumes).
bined organic layers were washed with brine, dried with sodium The organic solvents were evaporated from the eluate under re-
sulfate, and concentrated to dryness. The crude extract of 62 g was duced pressure and the remaining aqueous phase (500 mL) was ex-
dissolved in acetone and separated by chromatography on Se- tracted with ethyl acetate (3 3 500 mL). The combined organic
phadex LH-20 (Pharmacia) (column 100 3 10 cm; 12 batches; elu- layers were washed with brine, dried with sodium sulfate, and con-
ent: acetone; flow rate 4 mL/min; detection at 365 nm). The bio- centrated to dryness. The crude extract (5 g) was dissolved in di-
logically active fractions (agar diffusion test, B. cinerea) were com- chloromethane and separated by gel permeation chromatography
bined, concentrated to dryness (residue: 3.2 g), and separated by on Sephadex LH-20 (Pharmacia) (7 3 70 cm; 2 batches; eluent:
chromatography on Merck silica gel 60 (9.5 3 75 cm; particle size dichloromethane/methanol, 80:20; flow rate 1.2 mL/min). The bio-
0.06320.200 mm; eluents: 350 mL dichloromethane, 800 mL di- logically active fractions were combined, concentrated to dryness
chloromethane/acetone, 80:20, 100 mL methanol). Fractions con- (1.0 g), and separated by column chromatography on Merck silica
taining melithiazols were combined according to TLC analyses (di- gel 60 (5 3 30 cm; particle size: 0.06320200 mm; eluents: 650 mL
chloromethane/acetone, 9:1) and concentrated to dryness (residue: dichloromethane, 600 mL dichloromethane/acetone, 80:20, 400 mL
710 mg). This material was divided into two portions, which were methanol). The biologically active fraction (150 mg) was further
further separated by medium-pressure RP-18 chromatography [col- separated by seven RP-18 HPLC runs [column: 16 3 250 mm, Nu-
umn 47 3 380 mm, HD-SIL Labogel 18220260 (Kronlab); eluent: cleosil 100 C18 7 µm (VDS optilab); eluent: methanol/water, 78:22,
methanol/water, 80:20, for 2 h, gradient to 100% methanol in flow rate 8 mL/min, detection by UV absorption at 220 nm] to give
30 min, and then 30 min with 100% methanol; flow rate 10 mL/ 39 mg of melithiazol E (3b), 12 mg of melithiazol F (3c), 2 mg of
min; detection by UV absorption at 227 nm] to give two fractions melithiazol G (3d), 1 mg of melithiazol H (3e), and 0.4 mg of meli-
of 26 mg, tR 5 85 min, and 60 mg, tR 5 185 min. The latter frac- thiazol I (3f).
tion was divided into three batches, which were each separated by
Si-HPLC [column: 20 3 250 mm, Nucleosil 100 B10-Y55, 7 µm Melithiazol A (2a): Colourless oil. 2 TLC: Rf 5 0.20; hexane/ethyl

acetate (1:1): Rf 5 0.56. 2 HPLC: tR 5 4.4 min. 2 1H NMR(Macherey2Nagel); eluent: petroleum ether/TBME/methanol,
3:6:0.01; flow rate 10 mL/min; detection by UV absorption at (CDCl3, 300 MHz): See Table 1. 2 13C NMR (CDCl3, 150 MHz):

See Table 1. 2 Optical rotation (methanol): [α]D
22 5 10.32 (c 5227 nm] to give melithiazol A (2a) (22 mg; tR 5 10 min). The first

fraction was divided into two batches and separated by TLC 1). 2 UV (CH3CN): λmax (lg ε) 5 211 (4.33, sh), 227 (4.47), 256
(4.28, sh), 263 (4.11, sh), 309 (3.27, sh), 311 (3.27, sh), 327 (3.07,(Merck silica gel Si 60 F254, 0.25 mm, eluent: dichloromethane/ace-

tone, 97:3, Rf 5 0.4) to give 5 mg of a fraction containing melithia- sh), 335 nm (2.83, sh). 2 IR (KBr): ν̃ 5 3093 (w), 2980 (m, sh),
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2931 (s), 2864 (w), 2822 (w, sh), 1711 (vs), 1624 (vs), 1582 (m), 1501 thiazol A are listed): δ 5 5.81 (dd, J 5 7.5, 8.8 Hz, 11-H), 3.76

(dd, J 5 11.2, 7.5 Hz, 12-Ha), 3.63 (dd, J 5 11.2, 8.8 Hz, 12-Hb),(w), 1449 (m), 1441 (m), 1383 (m), 1264 (m), 1281 (w, sh), 1195
(m), 1150 (vs), 1125 (w), 1091 (m), 973 (w), 925 (w), 828 (w), 804 2.90 (dq, J 5 7.1 Hz, 14-H), 1.28 (d, J 5 7.1 Hz, 14-CH3). 2 UV

(CH3OH): λmax (εrel) 5 215 (84), 239 (100) nm. 2 EI MS; m/zcm21 (w). 2 EI-MS: m/z (%) 5 422 (2) [M1 ], 407 (2), 375 (3), 359
(3), 279 (100), 180 (10). 2 C20H26N2O4S2: calcd. 422.1334; found (%): 424 [M1] (5), 409 (4), 392 (3), 377 (4), 361 (5), 281 (100). 2

C20H28N2O4S2: calcd. 424.1491; found 424.1497. 2 C13H17N2OS2:422.1324. 2 C13H15N2OS2: calcd. 279.0626; found 279.0623 (HR-
EI-MS). calcd. 281.0782; found 281.0778 (HR-EI-MS).

Melithiazol E (3b): Colourless needles (methanol), m.p. 109°C. 2Determination of the Absolute Configuration at C-11 of Melithiazol
A (2a): To 2a (0.7 mg) was added an ethanolic suspension of Raney TLC: Rf 5 0.56. 2 HPLC: tR 5 5.7 min. 2 1H NMR (CDCl3,

300 MHz, only selected signals distinct from those of melithiazolnickel (freshly prepared from 100 mg of aluminium/nickel alloy).
The mixture was kept for 4 h at 60°C in a screw-capped vial and B are listed): δ 5 7.82 (s, 12-H), 3.38 (dq, J 5 6.9 Hz, 14-H), 1.44

(d, J 5 6.9 Hz, 14-CH3). 2 13C NMR (CDCl3, 75.5 MHz; onlythen filtered. To the filtrate was added 200 µL of 1  HCl and after
10 min. the mixture was concentrated to dryness. The residue was selected signals distinct from those of melithiazol A are listed): δ 5

176.7 (C-13), 162.6 (C-10), 154.4 (C-8), 148.7 (C-11), 115.0 (C-9),redissolved in 3 mL of methanol and, in the presence of methylene
blue, a stream of singlet oxygen was bubbled through the solution 114.8 (C-12), 33.3 (C-14), 23.1 (14-CH3). 2 UV (CH3OH): λmax (lg

ε) 5 223 (4.41), 242 (4.36), 311 (3.90) nm. 2 Optical rotation:for 5 h. After evaporation of the solvent, the product was hy-
drolyzed under nitrogen by treatment with 6  HCl at 100°C for [α]D

21 5 1 100.6 (c 5 5, methanol) (ref.: 109 in CHCl3[5]). 2 EI
MS; m/z (%): 422 [M1] (4), 407 (3), 375 (3), 359 (3), 279 (100). 218 h. The mixture was then concentrated to dryness under nitrogen.

The residue was treated with 0.5 mL of 1  HCl in 2-propanol and C20H26N2O4S2: calcd. 422.1334; found 422.1358. 2 C13H15N2OS2:
calcd. 279.0626; found 279.0622 (HR-EI-MS).the resulting solution was heated for 30 min. at 100°C. After re-

moval of the excess reagent with a stream of nitrogen, 0.5 mL of Crystallographic Data of 3b: Crystal data: C20H26N2O4S2, Mr 5
dichloromethane and 0.1 mL of trifluoroacetic acid anhydride were 422.55, monoclinic, space group P21, Z 5 2, a 5 10.348(1), b 5
added and the solution was heated for a further 10 min. at 100°C. 8.934(1), c 5 12.787(1) Å, β 5 108.80(1)°, V 5 1119.1(2) Å3,
After concentration to dryness, the residue was redissolved in di- ρcalcd 5 1.254 g/cm3, λ(Cu-Kα) 5 1.54178 Å 2 Data collection was
chloromethane and analyzed by GC (on a Shimadzu GC-17A) in carried out by the ωscan technique (2° < θ < 57°) on a Siemens P4
comparison with the N-TFA-isopropyl esters of ,- and -alanine diffractometer. Three standard reflections were monitored period-
on a Permabond -Chirasil-Val column (Macherey2Nagel, ically and were used to apply a correction for crystal decay (< 10%).
0.25 mm, 25 m); carrier gas hydrogen at 70 kPa, column tempera- Of the 1830 measured reflections, 1698 had I > 2σ(I). The structure
ture 80 to 160°C, 4°C/min.; tR (-alanine) 5 3.84 min; tR (-ala- was solved by direct methods and refined on F2 for all reflections
nine) 5 4.16 min. In a separate experiment, the identity of the reac- with positive F2 using SHELXTL (Siemens). Hydrogen atoms were
tion product was proved by comparison with an authentic sample generated with SHELXTL after anisotropic refinement of the non-
by GC/MS (on a Shimadzu GC-17A/QP-5000) using a Restek hydrogen atoms and were included in the full-matrix least-squares
Crossbond XTI-5 column (0.25 mm, 30 m); carrier gas helium, 70 refinement restrained to the corresponding nonhydrogen atom and
kPa, column temperature 80 to 160°C, 4°C/min; tR 5 7.75 min; with isotropic temperature factors. The resulting R value for 259
yield 7%. variables and 1829 observations was 0.0769, based on F and using

the weighting scheme w 5 1/[σ2(Fo
2) 1 (0.1773 P)2 1 1.0433 P]Conversion of Melithiazol A (2a) into Melithiazol B (3a): Melithia-

zol A (2 mg) was dissolved in 1 mL of chloroform and treated with where P 5 (Fo
2 1 2Fc

2)/3. The Flack parameter, [26] used as a cri-
terion for determination of the absolute configuration, wasNiO2 (5 mg) according to the procedure described for phleomy-

cin. [8] The reaction product was filtered and purified by RP-18 20.03(6).
chromatography to yield 1 mg of melithiazol B. Melithiazol F (3c): Colourless oil. 2 TLC: Rf 5 0.56. 2 HPLC:

tR 5 6.4 min. 2 1H NMR (CDCl3, 300 MHz, only selected signalsMelithiazol B (3a): Colourless oil. 2 TLC: Rf 5 0.46. 2 HPLC:
tR 5 7.2 min. 2 1H NMR (CDCl3, 600 MHz; only selected signals distinct from those of melithiazol B are listed): δ 5 7.84 (s, 12-

H), 4.39 (s, 14-CH2), 7.35 (m, phenyl-H5). 2 13C NMR (CDCl3,distinct from those of melithiazol A are listed): δ 5 7.89 (s, 12-H),
7.10 (s, 9-H), 6.58 (d, J 5 15.8 Hz, 7-H), 6.42 (dd, J 5 15.8, 7.6 Hz, 100.6 MHz; only selected signals distinct from those of melithiazol

E are listed): δ 5 176.8 (s, C-13), 149.2 (s, C-11), 137.4 (phenyl),6-H), 5.92 (br. s, 15Z-H), 5.36 (br. s, 15E-H), 2.88 (br. s, 14-CH3).
2 UV (CH3CN): λmax (lg ε) 5 235 (4.38), 307 nm (3.83). 2 CD 129.2, 128.9 and 127.4 (phenyl), 116.3 (C-12), 39.7 (C-14). 2 UV

(CH3OH): λmax (lg ε) 5 223 (4.43), 241 (4.36), 312 (3.90) nm. 2(MeOH): λmax (∆ε) 5 237 nm (12.8). 2 EI MS; m/z (%): 420 [M1]
(3), 405 (3), 373 (3), 357 (4), 277 (100). 2 C20H24N2O4S2: calcd. EI MS; m/z (%): 470 [M1] (4), 455 (3), 423 (3), 407 (4), 327 (100). 2

C24H26N2O4S2: calcd. 470.1334; found 470.1348. 2 C17H15N2OS2:420.1178; found 420.1187. 2 C13H13N2OS2: calcd. 277.0469; found
277.0465 (HR-EI-MS). calcd. 327.06258; found 327.06142 (HR-EI-MS).

Melithiazol G (3d): TLC: Rf 5 0.57. 2 HPLC: tR 5 7.2 min. 2 1HMelithiazol C (4): Colourless oil. 2 TLC: Rf 5 0.46. 2 HPLC:
tR 5 2.6 min. 2 1H NMR: See Table 1; (6Z)-isomer: δ 5 4.90 (s, NMR (CDCl3, 400 MHz, only selected signals distinct from those

of melithiazol B are listed): δ 5 7.84 (s, 12-H), 3.15 (ddq, J 59-H), 6.67 (d, J 5 10 Hz, 7-H), 5.55 (dd, J 5 7.8; 10 Hz, 6-H), 4.90
(s, 2-H), 4.20 (m, 4-H), 5.22 (t, J 5 8 Hz, 5-H), 3.64 (s, 1-OMe), 7.0 Hz, 14-H), 1.85 (m, 15-Ha), 1.72 (m, 15-Hb), 1.40 (d, J 5

7.0 Hz, 14-CH3), 0.96 (t, J 5 7 Hz, 16-H3). 2 UV (CH3OH): λmax3.61 (s, 3-OMe), 3.31 (s, 5-OMe), 2.70 (s, 11-Me), 1.21 (d, J 5

6.9 Hz, 4-Me). 2 UV (CH3OH): λmax (εrel) 5 235 (100), 329 (10) (lg ε) 5 223 (4.28), 241 (4.24), 312 (3.80) nm. 2 EI MS; m/z (%):
436 [M1] (4), 421 (3), 389 (3), 373 (3), 341 (3), 293 (100). 2nm. 2 EI MS; m/z (%): 339 [M1] (1), 324 (1), 307 (5), 292 (3), 276

(5), 196 (100). 2 C16H21NO5S: calcd. 339.1140; found 339.1156. 2 C21H28N2O4S2: calcd. 436.1491; found 436.1510; [(M 2 C7H11O3),
C14H17N2OS2]: calcd. 293.0782; found 293.0784 (HR-EI-MS).C9H10NO2S: calcd. 196.0432; found 196.0418 (HR-EI-MS).

Melithiazol D (2b): Colourless oil. 2 TLC: Rf 5 0.13; hexane/ethyl Melithiazol H (3e): Colourless oil. 2 TLC: Rf 5 0.32. 2 HPLC:
tR 5 5.3 min. 2 1H NMR (CD3OD, 300 MHz): δ 5 1.26 (d, J 5acetate (1:1): Rf 5 0.45. 2 HPLC: tR 5 4.0 min. 2 1H NMR

(CDCl3, 400 MHz, only selected signals distinct from those of meli- 7 Hz, 4-Me), 1.46 (t, J 5 7 Hz, 15-CH3), 3.12 (q, J 5 7 Hz, 14-
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CH2), 3.37 (s, 5-OCH3), 3.65 (s, 1-OCH3, 3-OCH3), 3.82 (t, J 5 for measuring the mass spectra, and Dr. A. Roß and R. Krützfeldt

for carrying out the fermentations and workup. We thank further8.5 Hz, 5-H), 4.22 (dq, J 5 8.5, 7 Hz, 4-H), 5.08 (s, 2-H), 6.40 (dd,
J 5 16, 8.5 Hz, 6-H), 6.61 (d, J 5 16 Hz, 7-H), 7.40 (s, 9-H), 8.05 Dr. T. Anke for samples of strobilurin A and oudemansin A and

Dr. H. Sauter for a sample of kresoxim-methyl. Financial support(s, 12-H). 2 UV (CH3OH): λmax (εrel) 5 225 (100), 244 (96), 312
nm (32). 2 EI-MS; m/z (%): 408 [M1] (2), 393 (1), 345 (1), 265 from the Fonds der Chemischen Industrie is gratefully acknowl-

edged.(100), 234 (4). 2 C19H24N2O4S2: calcd. 408.1176; found 408.1191
(HR-EI-MS).

Melithiazol I (3f): Colourless oil. 2 TLC: Rf 5 0.57. 2 HPLC:
tR 5 6.9 min. 2 1H NMR (CDCl3, 400 MHz, only selected signals [1] F. Sasse, B. Böhlendorf, M. Herrmann, B. Kunze, E. Forche,

H. Steinmetz, G. Höfle, H. Reichenbach, J. Antibiot., in press.distinct from those of melithiazol B are listed): δ 5 7.83 (s, 12-H),
[2] K. Gerth, H. Irschik, H. Reichenbach, W. Trowitzsch, J. Anti-2.91 (d, J 5 7.2 Hz, 14-H), 2.15 (m, 15-H), 1.01 (d, J 5 6.6 Hz, biot. 1980, 33, 147421479; W. Trowitzsch, G. Reifenstahl, V.

15-CH3). 2 UV (CH3OH): λmax (εrel) 5 223 (100), 241 (93), 312 Wray, K. Gerth, J. Antibiot. 1980, 33, 148021490; W. Trow-
(36) nm. 2 DCI MS (isobutane); m/z: 437 [M 1 H]1. 2 itzsch, G. Höfle, W. S. Sheldrick, Tetrahedron Lett. 1981, 22,

382923832.C21H28N2O4S2: calcd. 436.1491; found 436.1490 (HR-DCI-MS).
[3] H. Steinmetz, E. Forche, H. Reichenbach, G. Höfle, Tetra-

Melithiazol K (2c): Colourless oil. 2 TLC: Rf 5 0.27; hexane/ethyl hedron Lett., in preparation.
[4] G. Höfle in GBF Annual Report (Ed.: J.-H. Walsdorff), 1994, p.acetate (1:1): Rf 5 0.23. 2 HPLC: tR 5 2.9 min. 2 1H NMR

133 and 1997, p. 97298; G. Höfle, H. Reichenbach, B. Böhlen-(CDCl3, 400 MHz, only selected signals distinct from those of meli- dorf, F. Sasse (GBF), DE 94, 4410 449/WO 95/26414, 1995
thiazol A are listed): δ 5 5.86 (dd, J 5 8.6, 9.2 Hz, 11-H), 3.79 (Chem. Abstr. 1996, 123, 339531).
(dd, J 5 11.3 Hz, 12-Ha), 3.56 (dd, 12-Hb), 3.13 (d, J 5 5.2 Hz, [5] M. Ojika, Y. Suzuki, A. Tsukamoto, Y. Sakagami, R. Fudou,

T. Yoshimura, S. S. Yamanaka, J. Antibiot. 1998, 51, 2752281;15-Ha), 2.92 (d, 15-Hb), 1.70 (s, 14-CH3). 2 13C NMR (CDCl3,
Y. Suzuki, M. Ojika, Y. Sakagami, R. Fudou, S. Yamanaka,100.6 MHz, only selected signals distinct from those of melithiazol Tetrahedron 1998, 11399211404.

A are listed): δ 5 177.1 (s, C-13), 78.8 (d, C-11), 56.7 (s, C-14), [6] U. Söker, Doctoral Thesis, Technische Universität
54.3 (t, C-15), 38.5 (t, C-12), 19.2 (q, 14-CH3). 2 UV (CH3OH): Braunschweig, 1997; U. Söker, G. Höfle, Eur. J. Org. Chem.,

in preparation.λmax (lg ε) 5 217 (4.07), 239 (4.12), 305 nm (3.16, sh). 2 DCI MS
[7] Contrary to our results with melithiazol E, cystothiazol A was(isobutane); m/z: 439 [M 1 H]1. 2 C20H26N2O5S2 [M1]: calcd. described in ref. [5] to be slightly more active towards the

438.1283; found 438.1252 (HR-DCI-MS). cytochrome bc1 complex than myxothiazol A (1a) and 10-fold
more toxic than melithiazol E (3b). Both observations may beMelithiazol L (2d): Colourless oil. 2 TLC: Rf 5 0.06; hexane/ethyl explained by partial degradation of the reference sample of

acetate (1:1): Rf 5 0.30. 2 HPLC: tR 5 3.3 min. 2 1H NMR myxothiazol A used in this investigation.
(CDCl3, 400 MHz, only selected signals distinct from those of meli- [8] U. Jordis, D. K. Minster, S. M. Hecht, J. Org. Chem. 1978,

43, 162421626.thiazole A are listed): δ 5 5.83 (dd, J 5 9.1 Hz, 11-H), 3.78 (dd,
[9] N. Hamamichi, S. M. Hecht, J. Am. Chem. Soc. 1993, 115,12-Ha), 3.64 (dd, 15-Ha), 3.63 (dd, 12-Hb), 3.48 (dd, J 5 6.4 Hz, 12605212606.

9.4 Hz, 15-Hb), 3.37 (s, 15-OCH3), 3.06 (m, 14-H), 1.28 (d, J 5 [10] W. Trowitzsch-Kienast, V. Wray, K. Gerth, H. Reichenbach, G.
7.0 Hz, 14-CH3). 2 13C NMR (CDCl3, 75.5 MHz, only selected Höfle, Liebigs Ann. Chem. 1986, 93298.

[11] A similar rearrangement of a thiazoline2oxazole was observedsignals distinct from those of melithiazol A are listed): δ 5 178.3
upon treatment of thiangazole B with base: M. Herrmann, Doc-(s, C-13), 77.2 (d, C-11), 75.7 (t, C-15), 59.0 (q, 15-OCH3), 39.7 (d, toral Thesis, Technische Universität Braunschweig, 1997, p. 78.

C-14), 38.7 (t, C-12), 16.2 (q, 14-CH3). 2 UV (CH3OH): λmax (lg [12] G. Thierbach, H. Reichenbach, Antimicrob. Agents Chemother.
ε) 5 217 (4.07), 240 (4.11), 280 nm (3.53, sh). 2 DCI MS (isobut- 1981, 5042507, and Biochim. Biophys. Acta 1981, 638,

2822289; G. von Jagow, W. D. Engel, FEBS Lett. 1981, 136,ane); m/z: 455 [M 1 H]1. 2 C21H30N2O5S2 [M1]: calcd. 454.1596;
19224.found 454.1586 (HR-DCI-MS). [13] T. Anke, H.-J. Hecht, G. Schramm, W. Steglich, J. Antibiot.
1979, 32, 111221117.Melithiazole M (3f): Colourless oil. 2 TLC: Rf 5 0.44; petroleum

[14] T. Anke, F. Oberwinkler, W. Steglich, G. Schramm, J. Antibiot.ether/diethyl ether (1:1), Rf 5 0.44. 2 HPLC: tR 5 4.0 min. 2 1H 1977, 30, 8062810; G. Schramm, W. Steglich, T. Anke, F. Ober-
NMR (CDCl3, 400 MHz, only selected signals distinct from those winkler, Chem. Ber. 1978, 111, 277922784.
of melithiazol B are listed): δ 5 8.28 (s, 12-H), 7.14 (s, 9-H), 2.77 [15] T. Anke, G. Schramm, B. Schwalge, B. Steffan, W. Steglich, Lie-

bigs Ann. Chem. 1984, 161621625; G. Von Jagow, G. W. Grib-(s, 14-CH3). 2 UV (CH3OH): λmax (εrel) 5 234 (100), 310 (35) nm.
ble, B. L. Trumpower, Biochemistry 1986, 25, 77527802 DCI MS (isobutane); m/z: 423 [M 1 H]1. 2 C19H22N2O5S2 [16] W. F. Becker, G. Von Jagow, T. Anke, W. Steglich, FEBS Lett.

[M1]: calcd. 422.0970; found 422.0985 (HR-DCI-MS). 1981, 132(2), 3292333.
[17] T. Anke, W. Steglich, in Biological Active Molecules 2 Identifi-Melithiazol N (3g): Colourless oil. 2 TLC: Rf 5 0.44; petroleum cation, Characterization and Synthesis (Ed.: U. P. Schlunegger),

ether/diethyl ether (1:1), Rf 5 0.38. 2 HPLC: tR 5 4.0 min. 2 1H Springer-Verlag, Berlin, 1989, 9225; H. Sauter, E. Ammerm-
NMR (CDCl3, 400 MHz, only selected signals distinct from those ann, R. Benoit, S. Brand, R. E. Gold, W. Grammenos, H.

Köhle, G. Lorenz, B. Müller, F. Röhl, U. Schirmer, J. B. Speak-of melithiazol B are listed): δ 5 3.11 (d, J 5 5.1 Hz, 15-Ha), 3.08
man, B. Wenderoth, H. Wingert, in Antifungal Agents 2 Dis-(d, 15-Hb), 1.89 (s, 14-CH3). 2 UV (CH3OH): λmax (εrel) 5 227
covery and Mode of Action (Eds.: G. K. Dixon, L. G. Copping,

(100), 243 (93), 311 (33) nm. 2 DCI MS (isobutane); m/z: 437 [M D. W. Hollomon), Oxford University Press, 1995, 1732191; H.
1 H]1. 2 C20H24N2O5S2 [M1]: calcd. 436.1127; found 436.1113 Sauter, E. Ammermann, F. Röhl, in Crop Protection Agents

from Nature (Ed.: L. G. Copping), Oxford University Press,(HR-DCI-MS).
1996, 50281.
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