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Summary: (S)-6-Decanolide (4) was isolated from cultures
of Cladosporium suaveolens after the microorganism was
fed either (S)- or (R,S)-coriolic acid (1). Feeding (R,S)-
10-hydroxyoctadec-(8E)-enoic acid (2) to Yarrowia lipo-
lytica produced (S)-y-dodecanolide. When (S)-homoco-
riolic acid (3) was fed to C. suaveolens, y-nonalide slightly
enriched in the S enantiomer was produced. At some stage
in the biodegradation of 3, an inversion of configuration,
from S to R, occurred and was accompanied by the losa
of the hydrogen atom originally present on C-14, as
GLC/MS analysis of the products of feeding C. suaveolens
with dideuterated 10 showed.

The need by the flavor industry for large quantities of
flavoring compounds that meet the requirements of
“naturality” dictated by present rules! has stimulated the
search for enzymic procedures that enable one to convert
intermediates readily available from natural sources into
the desired products.? A pertinent example of such a
procedure is the manufacture of (R)-y-decanolide by the
microbial degradation of ricinoleic acid.®¢ Thus, it seemed
reasonable to assume that §-decanolide (4) and vy-dode-
canolide (5) could be similarly prepared by the 3-oxidation
of the naturally occurriag C,q hydroxy fatty acids 1 and
2—oxidation products of linoleic acid and oleic acid, re-
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spectively. Ricinoleic acid occurs in nature only as the R
enantiomer,’ thus its biodegradation provides natural
(R)-y-decanolide. In contrast, both enantiomers of 1
(coriolic acid) occur in plant glycerides.® The S enan-
tiomer is accessible by the reduction of the 13-hydroper-
oxide formed by the lipoxygenation of linoleic acid,’
whereas (R,S)-1 can be generated by reduction of the ra-
cemic 13-hydroperoxide formed by autoxidation or pho-
tooxidation of linoleic acid.? Racemic 2 can be similarly
obtained from oleic acid.® However, both é-decanolide and
v-dodecanoclide occur in nature as the R enantiomers,!?
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which raises questions about the enantioselectivity of en-
zymic dsgradation. We now report on the mode of the
microb.al generation of 4 and 5 from natural 1 and racemic
2, respectively, and of 6 from 3, the unnatural, higher
homologue of 1.

Thus, (S)-coriolic acid (1)7 was fed to growing cultures
of C. suaveolens (CBS 157.58) (100 mg/100 mL, 2% nu-
trient Merck, 0.02% Tween 80, pH 7, 27-30 °C). After a
48-h incubation, (S)-6-decanolide (4) was obtained in ca.
40% yield. The optical purity of the precursor was de-
termined by 'H NMR analysis of the derivative formed
by the reaction of the methyl ester of (S)-1 with the 2-
methoxy-2-(trifluoromethyl) phenylacetic acid [(+)-
MTPA).!! It was shown to be ca. 80%, identical to that
of the isolated é-decanolide, which was determined by GLC
analysis of suitable derivatives.!? Interestingly, feeding
racemic coriolic acid!® to C. suaveolens also produced
(S)-6-decanolide, of 82% optical purity after 24 h and 79%
optical purity after 48 h.

Racemic 2, obtained as a 1:1 mixture with its isomer
racemic (10E)-9-hydroxyoctadecenoic acid by the reduction
of the mixture of hydroperoxides formed by the photo-
oxidation of oleic acid,¢ when fed to C. suaveolens afforded
only low yields of the expected y-dodecanolide (5). How-
ever, 20-30% conversions of 2 into 5 were observed in
Yarrowia lipolytica (CBS 2074) after 48 h of incubation.
The y-dodecanolide so obtained was found by GLC
analysis with a chiral capillary column!® to consist pre-
dominantly (40% ee) of the S enantiomer. Thus, in both
microorganisms, the enzymic system(s) that is (are) re-
sponsible for the degradation of the Cg precursors 1 and
2, which bear hydroxyl groups at C-13 and C-10, respec-
tively (i.e., at odd- and even-numbered positions), show(s)
a clear preference for producing the S enantiomers. This
behavior appears to be in conflict with the previously re-
ported* mode of degradation by C. suaveolens of isomeric
fatty acids that incorporate the (Z)-CH=CHCH,CH-
(OH)R structural unit (R = n-alkyl). By that mode, ra-
cemic precursors that bear the hydroxyl group at an
even-numbered position gave (R)-y-lactones, whereas
(S)-4-lactones were formed from precursors that bear the
OH group at an odd-numbered position.

It was then decided to compare the stereochemical
outcome of the biodegradation of 1 with that of its higher
homologue 3 (homocoriolic acid). After (14S)-3 was fed
to C. suaveolens (Scheme I), the y-nonanolide that was
isolated after short incubation was found to be the S en-
antiomer. However the ee of the product decreased as
incubation was continued. After 48 h, the ee, as deter-
mined by GLC analysis on the chiral capillary column, was
20%. However, after the C,q precursor had been con-
sumed, the concentration of 4-hydroxynonanoic acid rap-
idly decreased and the y-nonanolide that was isolated was
predominantly the R enantiomer. As time passed, the
enantiomeric purity increased, eventually reaching 70%
ee. When racemic 4-hydroxynonanoic acid-4-d was fed to
C. suaveolens, rather rapid degradation was observed. The
v-nonalolide that was isolated was enriched in the R en-
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then OH&(CHQ), 0O,Me; (iv) LiOH; (v) Dy/Lindlar; (vi) soybean
lipoxygenase/pH 9/0 °C; (vii) HSCH,CO,Na.

antiomer, the ee of which increased with the passage of
time. No loss of deuterium was detected. These facts seem
to render unlikely the possibility of a bioconversion of the
S into the R enantiomer by way of a redox process. Ra-
cemic 3 gave, after a 48-h incubation under the same
conditions, (S)-y-nonanolide with an ee of 42%.

It was then decided to determine the fate of the hy-
drogen atom originally present at C-14 of (S)- and (R,S)-3
during the bioconversion of those compounds into 4-no-
nanolide (6). To this end, (10Z,13Z)-nonadecadienoic
acid-13,14-d, (9) was synthesized from non-3-yl-1-ol (7) via
8 (Scheme 1).1® This material was rapidly lipoxygenated
by treatment with soybean lipoxygenase at pH 9 and 0 °C.
Reduction of the hydroperoxide so formed gave the desired
(148)-13,14-dideuterated compound 10 (30% ee). The
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13,R=OH; R’ = H; R? = Me
14, R.R’ = O; R® = Me

15, R,R’ = D, OH; R? = Me
16,RR' =D, OH;: R2 = H

assignment of S configuration to 12 and the estimate of
the compound’s optical purity are based on the similar
behavior, upon 'H NMR and HPLC analysis,!” of the
(+)-MTPA derivative of the methyl ester of 10 and that
of the corresponding (S)-coriolic acid derivative and also
on the known S enantioselectivity!® of lipoxygenations by
soybean lipoxygenase. The 2H NMR spectrum of the
y-nonanolide isolated after a 48-h incubation of 10 with
C. suaveolens showed signals at 1.30, 0.93, and 3.70 ppm,
which corresponded to H-3, H-3’, and H-4, respectively.
The H-3:H-3":H-4 signal ratio was about 6:4:4, which in-
dicated that the labels were located at C-3 and C-4 in a
ca. 2:1 ratio. GLC/MS analysis of this material with the
chiral capillary column indicated that the S enantiomer
(58% of the mixture) was 91.9% dideuterated, 5.2%
monodeuterated, and 2.9% undeuterated, whereas the R
enantiomer (42% of the mixture) was 89.5% mono-
deuterated and 10.5% undeuterated. This information
permitted the assignment to the deuterated (S)- and
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(R)-v-nonanolides biosynthesized from dideutero (14S)-10
the structures 11 and 12, respectively. Thus, during the
degradation of C,y (145)-10 to (4R)- and (45)-4-hydroxy-
decanoic acid, the loss of the hydrogen atom originally
located on the hydroxyl-substituted carbon atom occurs,
at some point, only from that species that undergoes in-
version of configuration. In support of this view are the
results of feeding experiments with (14R,S)-16-14-d, pre-
pared from 13 by way of 14 and 15.17 The vy-nonanolide
that was isolated after a 34-h incubation was a 72:28
mixture of the S enantiomer (95.2% monodeuterated,
4.8% undeutrated) and the R enantiomer (38.9% mono-
deuterated, 61.1% undeuterated). NMR analysis indicated
that the retained deuterium atom is located on C-4 of 6.
It thus seems that both enantiomers of homocoriolic acid
(8) are converted into y-nonanolide (6), but at different

rates and by different mechanisms. The S enantiomer of
3 is metabolized at a faster rate, and the deuterium atom
at C-14 is lost from that fraction of the material that is
converted into (R)-6. The R enantiomer of 3 is degraded
at a slower rate directly to (R)-y-nonanolide and retains
throughout the hydrogen atom originally present on the
hydroxyl-substituted carbon atom.

Possible intermediates in the degradation of 3 to 6 are
shown in Scheme II. It is possible that the C,; species
17, which possesses Z,E stereochemistry, could undergo
isomerization, by way of 18, to 19, which incorporates the
a-E-configured double bond that apparently is required
for further S-oxidation.’® It may be that a satisfactory
explanation for the loss of deuterium is to be found in
knowledge of mechanisms of the conversion of (S)-17 into
(R)-19 and in the conformational changes, which accom-
pany that conversion.

Acknowledgment. We thank Rosanna Bernardi for
analytical assistance. This work was supported financially
by Progetto Strategico CNR Sviluppo Tecnologico P & M
Imprese.

Registry No. 1, 10219-69-9; 2, 115511-53-0; 3, 135106-69-3;
4, 59285-67-5; 5, 69830-92-8; 6, 104-61-0; 9, 135106-70-6; 10,
135106-71-7; 11, 135106-72-8; 12, 135106-73-9; (*)-16-14d,
135106-74-0.

(19) Galliard, T. In Recent Advances in the Chemistry and Biochem-
istry of Plant Lipids; Galliard, T., Mercer, E. 1., Eds.; Academic Press:
Lnodon, 1975; p 318.

Production of 2-Octenyl Radicals from the Fe(III) e Bleomycin-Mediated Fragmentation of

10-Hydroperoxy-8,12-octadecadienoic Acid
Anand Natrajan and Sidney M. Hecht*

Departments of Chemistry and Biology, University of Virginia, Charlottesville, Virginia 22901

Received May 16, 1991

Summary: The Fe(I1I)-BLM-mediated fragmentation of
10-hydroperoxy-8,12-octadecadiencic acid was demon-
strated unambiguously to occur via homolytic O-O bond
scission.

The bleomycins (BLMs) are a family of glycopeptide-
derived antibiotics with clinically useful antitumor activ-
ity.! In the presence of metal ions such as Fe?*, bleomycin
forms a binary complex [Fe(II).BLM] that can reductively
activate molecular oxygen.? The resulting unstable and
reactive species termed “activated bleomycin” is believed
to be an oxygenated metallobleomycin.? Activated bleo-
mycin degrades DNA2? and RNA* and also oxidizes and
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Scheme I. Decomposition of
10-Hydroperoxy-8,12-octadecadienoic Acid (1) to
10-Oxo0-8-decenoic Acid (2) via Homolytic 0-O Bond
Scission

{CH2)sCOOH [CHsCOOH
—— —
OOH Q.
Céh CeHe
1 i

oxygenates low molecular weight substrates such as styrene
and naphthalene.® Burger et al. have shown that the same
activated bleomycin is accessible from either Fe(II)-BLM
+ O, or Fe(III)-BLM + H,0,;% the latter reaction is
analogous to the “peroxide shunt” pathway in cytochrome
P-450 activation by various oxygen transfer agents.
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