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blocked several steps earlier in the pathway and by the absence
of a cell-free activity capable of reducing versicolorin A to 6-
deoxyversicolorin A. Therefore, unlike the seemingly closely
related case of emodin reduction to chrysophanol,’ the deoxy-
genation that occurs between versicolorin A (5, R = OH) and
sterigmatocystin (6) must proceed by means other than direct
reduction of an anthraquinone. The metabolic events whereby
the anthraquinone nucleus is cleaved, deoxygenated, and rear-
ranged to a xanthone provide entry into the final stages of the
aflatoxin biosynthetic pathway and are the object of current
investigation.
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The fused dihydrobisfuran of the mycotoxin aflatoxin B, (9)
contains an electron=rich double bond that undergoes metabolic
activation in vertebrates to an epoxide which is capable of gen-
erating covalent lesions upon intercalation with doubly stranded
DNA.! This structural element is formed from the six-carbon
side chain of averufin (1) in three efficient oxidative steps leading
to versicolorin A (5, Scheme I).2 In addition to the dihydro-
bisfuran series of metabolites a family of tetrahydrobisfurans
co-occurs in generally lesser amounts typified by aflatoxin B, (7).
There is disagreement as to whether these two series are inter-
convertible in vivo or in fact arise from separate pathways.> We
demonstrate here that partitioning between these two bisfuran
groups takes place at the point of their formation in versicolorin
B (4) and versicolorin A (5).

In 1980 Hsieh* and Dutton® independently reported the prep-
aration of cell-free systems from Aspergillus parasiticus capable

(1) For entry into the recent literature, see: Shimada, T.; Guengerich, F.
P. Proc. Natl. Acad. Sci. U.S.A. 1989, 86, 462—465. Baertschi, S. W.; Raney,
K. D.; Stone, M. P.; Harris, T. M. J. Am. Chem. Soc. 1988, 110, 7929-7931.
Benasutti, M.; Efadi, S.; Whitlow, M. D.; Loechler, E. L. Biochemistry 1988,
27,472-481. Wood, W, L.; Lindsay-Smith, J. R.; Garner, R. C. Mutation
Res. 1987, 176, 11-20.

(2) Townsend, C. A.; Whittamore, P. R. O.; Brobst, S. W. J. Chem. Soc.,
Chem. Commun. 1988, 726-728 and references cited.
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270-272. Dutton, M. F.; Ehrlich, K.; Bennett, J. W. Appl. Environ. Micro-
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(4) Wan, N. C; Hsieh, D. P. H. Appl. Environ. Microbiol. 1980, 39,
109-112.

(5) Anderson, M. S.; Dutton, M. F. Appl. Environ. Microbiol. 1980, 40,
706-709.

0002-7863/89/1511-8308301.50/0

Scheme I

OH O HO H OH O HO

OO H l }
HO' o] H 0’ MeQ’ (o} A [}
[o]
4 7
101 ]
o [o]
OH O HO
9 H ¢ H
JObww = ]
HO' (o e} MeD' To} T oy
[o]

Table I. Incorporation of *C-Labeled Substrates into Aflatoxin B,
and B,

% incorp (SU-1)

substrate AFB, AFB,
(£)-[4-13Claverufin 9 10
(£)-[9-1*C]versicolorin B(C) 9 25
(£)-[9-1>C]versicolorin A hemiacetal 8 15
(£)-[9-1*C]versicolorin A 20 0

of carrying out the conversion of versiconal acetate (3) to ver-
sicolorin A (5). In the former a time course study revealed,
surprisingly, at least four apparent intermediates in this process.
With the intention of determining their structures, several protocols
for cell breakage and spheroplast generation were surveyed in an
effort to duplicate this conversion. Cell-free systems prepared
by several methods, notably rapid disruption with glass powder
in phosphate buffer,® gave clean, time-dependent reactions of
versiconal acetate (3) to form not versicolorin A (5) but versi-
colorin B (4)™® by way of the diol corresponding to hydrolysis of
the acetate in 3. Complete conversion of 3 to 4 was readily
achieved indicating that racemization of the former is rapid relative
to the rate of selective enzymic processing of the (.S)-antipode to
bisfuran. Versicolorin A hemiacetal (10) was prepared from
versicolorin A by acid-catalyzed hydration of the terminal double
bond.!! To test its potential intermediacy in dihydrobisfuran
formation, incubation of this substrate with the cell-free extract
above and in the presence of NAD*, NADH, NADP*, or
NADPH gave only reduction to versicolorin B and no detectable
dehydration to versicolorin A.

The unexpected results of these cell-free experiments led directly
to the hypothesis shown in Scheme I that versicolorin B (4), first,
was an intermediate in versicolorin A (§) formation, and, second,
played a pivotal role in aflatoxin biosynthesis serving as the point
of partition between tetrahydro- and dihydrobisfuran-containing
products. In a direct test of this proposal averufin (1), an earlier

(6) Mycelial pellets of SU-1 were homogenized by using a “Bead-Beater”
(Biospec, Bartlesville, OK) with 3.3 X their wet weight of glass powder
(0.10-0.11 mm diamter) in 0.2 M potassium phosphate buffer (pH 7.5 at 22
°C) precooled in an ice/water bath. Duty cycles of 1 min were alternated
with 1 min at rest for a total of 20 min. The homogenate was decanted and
centrifuged (20000 X g, 25 min at 0 °C); the supernatant was taken as the
cell-free extract. See also ref 4.

(7) The identity of versicolorin B was established by HPLC comparisons
to authentic materials (vide infra and accompanying paper) and by 'H NMR
and MS analyses.

(8) Versicolorin B and A are relatively difficult to separate chromato-
graphically. Some of the conflicting claims in the literature may stem from
this technical problem leading to product misidentification and/or radio-
chemical contamination.

(9) For comparison the diol (the name versiconal has been proposed for
this compound by Gorst-Allman,!® although it has not been isolated or syn-
thesized and characterized prior to the present work) was prepared by sapo-
nification of versiconal acetate and independently correlated to other known
structures (Brobst, S. W.; McGuire, S. M,; Townsend, C. A., unpublished).

(10) Gorst-Allman, C. P.; Steyn, P. S. J. Chem. Soc., Perkin Trans. |
1987, 163-168.

(11) Chen, P. N;; Kingston, D. G. L; Vercellotti, J. R. J. Org. Chem. 1977,
42, 3599-3608.
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intermediate,!»13 versicolorin B (4) and versicolorin A hemiacetal
(10), which is reduced to 4 under cell-free conditions, should
partition in 1>C-labeled form between aflatoxin B, (7) and B, (9).
Versicolorin A (5), however, should incorporate label solely into
aflatoxin B, (9).
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Racemic [4’-13CJaverufin,!? [9-13C]versicolorin B (C),™ [9-
3C]versicolorin A hemiacetal, and [9-'*C]versicolorin A were
adminstered to mycelial suspensions of wild-type A. parasiticus
(SU-1) under standard conditions.!> After quantification by
HPLC analysis of the aflatoxin B, and B, produced,’® 7 and 9
were separated and further purified by preparative radial chro-
matography (silica gel, CHCl,/acetone 20:1). The sites and extent
of 3C-incorporation were determined by *C{!H} NMR spec-
troscopy and mass spectrometry. In each instance the locus of
13C-enrichment in both aflatoxin B, and B, was that expected.
The levels of *C-incorporation are summarized in Table I.

In A. parasiticus (SU-1) about 20 times more aflatoxin B, (9)
is generated than B, (7). As might be predicted for an earlier
pathway intermediate, i.e., averufin (1), steady-state flux through
the proposed branch point metabolite versicolorin B (4) would
be expected to lead to equal levels of isotopic labeling in 7 and
9, as was observed. Addition of versicolorin B (4) itself, however,
perturbs that steady state and a significantly enhanced enrichment
of 13C was observed in the minor metabolite aflatoxin B, (7).
Entirely in keeping with the cell-free experiments above, label from
the hemiacetal 10 partitioned similarly to versicolorin B, consistent
with its reduction to this tetrahydrobisfuran prior to utilization
in the pathway. In contrast, no label from versicolorin A (§) was
detected in aflatoxin B, (7) indicating irreversible desaturation
of versicolorin B to versicolorin A.

In conclusion, formation of the critical dihydrobisfuran is a
three-step process from versiconal acetate (3) involving an acetate
hydrolysis/cyclization sequence to give versicolorin B (4) and an
apparent oxidative desaturation step to irreversibly form versi-
colorin A (5). Both 1’-hydroxyversicolorone (2) and versiconal
acetate (3) are isolated as racemates.’® Cell-free experiments
have demonstrated, however, that versiconal acetate (3) can be
completely converted to (—)-versicolorin B (4) suggesting that
either a single, bifunctional enzyme or two enzymes selectively
process one enantiomer of 3 to establish the absolute configuration
of the critical bisfuran ring system in 4. The stereoelectronic
arguments made earlier,!” based on the absolute configuration
of averufin (1),'® would give 2 and 3 in the correct configuration
for conversion to bisfurans but fail, however, to account for the
competing facility of these intermediates to racemize relative to
their rates of forward reaction in the biosynthetic pathway. Once
formed, separate pathways diverge from versicolorin B (4) to give
rise to the tetrahydro- and dihydrobisfuran-containing aflatoxins
7 and 9. The hydroxylated species 10, which might be imagined
to be involved in the oxidation of 4 to 5, does not undergo de-

(12) Townsend, C. A.; Christensen, S. B.; Davis, S. G. J. Am. Chem. Soc.
1982, 104, 6152-1653. Simpson, T. J.; deJesus, A. E.; Steyn, P. S.; Vleggaar,
R. J. Chem. Soc., Chem. Commun. 1982, 631-632. Townsend, C. A.; Davis,
S. G. J. Chem. Soc., Chem. Commun. 1983, 1420-1422,

(13) Townsend, C. A.; Christensen, S. B.; Davis, S. G. J. Chem. Soc.,
Perkin Trans. 1 1988, 839-861.

(14) Reduction of 11 with LiAlH, and protection of the resulting alcohol
gave 12, which was converted in 45% overall yield to versicolorin C (the
racemate of versicolorin B) essentially as described for versicolorin A (see
preceding paper).

(15) Modification of the method of Schmidt et al. (Schmidt, R.; Mondani,
J.; Ziegenhagen, E.; Dose, K. J. Chromatogr. 1981, 207 435-438).

(16) Townsend, C. A.; Placvan, K. A.; Pal, K.; Brobst, S. W_; Irish, M.
S.; Ely, E. W, Jr.; Bennett, J. W. J. Org. Chem. 1988, 53, 2472-2477, and
references cited.

(17) Townsend, C. A. Pure Appl. Chem. 1986, 58, 227-238. Townsend,
C. A.; Christensen, S. B. Tetrahedron 1983, 39, 3575-3582.

(18) Koreeda, M.; Hulin, B.; Yoshihara, M.; Townsend, C. A.; Christen-
sen, S. B. J. Org. Chem. 1985, 50, 5426-5428.
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hydration under either cell-free or whole-cell conditions, but is
reduced to versicolorin B.!?
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(19) Hydration, enzymic or chemical, of dihydrobisfurans followed by
reduction to the tetrahydro series may provide a minor route for conversion
between these bisfuran groups.? The results in Table I indicate that this is
not a significant process for versicolorin A or for later dihydrobisfuran-con-
taining intermediates in the pathway under the present experimental condi-
tions.

Regioselectivity and Diastereoselectivity in Free-Radical
Macrocyclization

Ned A. Porter,* Brigitte Lacher, Vincent H.-T. Chang, and
David R. Magnin

Department of Chemistry, Duke University
Durham, North Carolina 27706

Received July 17, 1989

The development of free-radical methods for the synthesis of
complex organic molecules continues to attract much attention.!
Construction of five-membered rings has been one of the cor-
nerstones of recent synthetic developments, but the synthesis of
large rings by free-radical cyclization has also recently been re-
ported.2 Macracycle yields can be as high as 90% for secondary
or tertiary radicals if the alkene is electron deficient. Steric effects
have a profound effect on the reaction.>* We report here on new
substrates, 1a—d, for macrocyclization that have X = CH, and
Z = COOEt or CONR, (Scheme I). Cyclizations of these
compounds are highly selective for the endocyclic product.
Furthermore, substrates where Z is a chiral amide derived from
alanine, 1c and 1d, give products that are highly enriched in one
of the four possible diastereomeric cyclic products.

The synthesis of the substrates 1a~d is straightforward, the key
step being phosphonate coupling to form the electrophilic alkene.’
For compounds 1b—d, for example, the coupling reaction between
Br(CH,),,COCH,PO(OEt), and the « dicarbonyl HCOCONR,
gave Br(CH,),,COCH=CHCONR, (70%), which was converted
to the iodide by reaction with Nal (quantitative). The substrate
la was prepared via the sequence Br(CH,),,COCHO +
EtOOCCH,PQ(OEt), — Br(CH,),,COCH=CHCOEt (70%)
— 1a (quantitative).

Mixtures of cis and trans geometric isomers were sometimes
formed in the coupling reaction, and, if formed, the cis isomers
were converted to the trans by reaction with I,. The dicarbonyl
HCOCONR, was prepared by reaction of the nitrate
O,NOCH,CONR; with NaOAc in DMSO;’ Br(CH,),,COCHO
was prepared by Swern oxidation of Br(CH,),;, CHOHCH,OH.®
The pyrrolidine used for the amide of 1c¢ and 1d was prepared
by the method of Schlessinger, and the starting material used in
this synthesis was the unnatural (R)-alanine since cyclization

(1) (a) Hart, D. J. Science 1984, 223, 883. (b) Curran, D. P. Synthesis
1988, 489. (c) Dowd, P.; Choi, S.-C. J. Am. Chem. Soc. 1987, 109, 3493.
(d) Curran, D. P.; Chang, C.-T. Tetrahedron Lett. 1987, 28, 2477. (e) Hart,
D. J; Seely, F. L. J. Am. Chem. Soc. 1988, 110, 1631. (f) RajanBabu, T.
V.; Fukunaga, T. J. Am. Chem. Soc. 1989, 111, 296.

(2) (a) Porter, N. A; Magnin, D. R.; Wright, B. T. J. Am. Chem. Soc.
1986, 108, 2787. (b) Porter, N. A.; Chang, V. H.-T.; Magnin, D. R.; Wright,
B. T. J. Am. Chem. Soc. 1988, 110, 3554.

(3) Giese, B. Radicals in Organic Synthesis: Formation of Carbon-Carbon
Bonds; Pergamon Press: New York, 1986.

(4) Porter, N. A; Chang, V. H.-T. J. Am. Chem. Soc. 1987, 109, 4976.

(5) See, for example, Roush, W. R.; Coe, J. W. Tetrahedron Lett. 1987,
28, 921.

(6) Motoyoshiya, J.; Miyajima, M.; Hirakawa, K.; Kakurai, T. J. J. Org.
Chem. 1988, 50, 1326.

(7) Kornblum, N.; Frazier, H. W. J. Am. Chem. Soc. 1966, 88, 865.

(8) Ireland, R. E.; Norbeck, D. W. J. Org. Chem. 1985, 50, 2198.
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