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triacetates (51 mg, 0.14 mmol) in dry benzene (1.4 mL) contained
in a 10-mL round-bottomed flask equipped with a condenser.%’
The mixture was lowered into a bath preheated at 65 °C and
stirring was continued for 8 h. The mixture was cooled and
evaporated (oil pump vacuum) to give the crude bromides 19a,
which were used without purification for the next step. The
bromides are rather unstable, and, therefore, were kept under
argon and protected from moisture.

4,6-Di- 0-acetyl-1,5-anhydro-2,3-dideoxy-3-(2-ethoxy-2-
oxoethyl)-D-arabino-hex-1-enitol (19b). The general procedure
for thermal radical ring-opening was followed, using the crude
bromides 19a (about 0.143 mmol) in dry benzene (1.4 mL),
BusSnH (94 uL, 0.35 mmol), and AIBN (2 mg, 0.012 mmol).
Refluxing was continued for 2 h, and the mixture was cooled and
evaporated. Flash chromatography (twice) of the residue over
silica gel (1 X 15 cm) using 25% EtOAc-hexane afforded 19b [34.0
mg, 79% based on the anomeric acetates (see part c above)]:
FT-IR (CHC, cast) 2980, 1744, 1651, 1374, 1237, 1062, 1039 cm™;
'H NMR (CDCl;, 300 MHz) 8 1.26 (t, J = 7.2 Hz, 3 H), 2.09 (s,
6 H), 2.21 (dd, J = 16.0, 9.5 Hz, 1 H), 2.49 (dd, J = 16.0, 5.0 Hz,
1 H), 2.88 (m, 1 H), 3.99 (ddd, J = 10.0, 5.0, 2.4 Hz, 1 H), 4.14
(q, J = 7.2 Hz) and 4.17 (d, J = 12.3 Hz) [both signals together
correspond to 3 H}, 4.36 (dd, J = 12.3, 5.0 Hz, 1 H), 4.68 (dd, J
= 6.0, 2.0 Hz, 1 H), 4.97 (t, J = 9.4 Hz, 1 H), 6.38 (dd, J = 6.0,

(87) Thiem, J.; Meyer, B. Chem. Ber. 1980, 113, 3075,

2.1 Hz, 1 H); ¥C NMR (CDCl,, 75.56 MHz) § 14.21, 20.76, 20.85,
35.32, 37.29, 60.63, 62.12, 68.83, 74.86, 102.14, 143.06, 170.09, 170.76,
171.68; exact mass, m/z caled for C;sH;05 [((M - C;H0,)*]
255.0869, found 255.0865; mass (chemical ionization, NH;) 318
[(M + 18)*]. Anal. Caled for C;HxO C, 55.99; H, 6.71. Found:
C, 55.78; H, 6.86.
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The microbiological oxygenation of the geraniol N-phenylcarbamate 1 by Aspergillus niger is described, which
leads regiospecifically to a formal dihydroxylation of its C(6)=C(7) double bond. By use of different pH values
of the incubation medium, it is possible to modulate the stereochemical outcome of this reaction. Thus, 68 diol
3 (ee > 95%) is obtained at pH 2, whereas 6R diol 8 (ee > 95%) is formed at pH 6—7. The mechanism of this
reaction has been studied by 120, labeling. It is shown that, in a first step, the 6S epoxide 2 is almost exclusively
formed. The second step involves hydrolysis of this key intermediate via a spontaneous acid-catalyzed hydrolysis

at pH 2 or an enzymatic hydrolysis at pH 6-7.

Asymmetric dihydroxylation reactions of simple olefins
are, at the present time, a widely used approach to prepare
chiral building blocks.! Although these methods lead in
some cases to diols showing ee values as high as 95%, the
reactions seem to be limited to monoolefins of quite simple
structure. We have recently? described an asymmetric
biooxidation of the remote double bond of geraniol N-
phenylcarbamate (1) by the fungus Aspergillus niger,
which led to diol (6S)-3 (49% yield, ee 95%) (Figure 1).
Since this diol is a valuable chiral synthon,? it would be

(1) (a) Lohray, B. B,; Kalantar, T. H.; Kim, B. M.; Park, C. Y.; Shibata,
T.; Wai, J. 8. M,; Sharpless, K. B. Tetrahedron Lett. 1989, 30, 2041. (b)
Hirama, M.; Oishi, T.; It5, S. J. Chem. Soc., Chem. Commun. 1989, 665.
© S(g) Fourneron, J. D.; Archelas, A.; Furstoss, R. J. Org. Chem. 1989, 54,

(3) (a) Eschenmoser, W.; Vebelhart, P.; Eugster, C. H. Helv. Chim.
Acta 1983, 66, 82. (b) Meier, H.; Uebelhart, P.; Eugster, C. H. Ibid. 1986,
69, 106. (c) Meou, A.; Bouanah, N.; Archelas, A.; Zhang, X. M,; Gu-
glielmetti, R.; Furstoss, R. Synthesis 1990, 7562.

0022-3263/91,/1956-3814$02.50/0

of great synthetic interest to obtain its 6R enantiomer
stereospecifically. Whereas the challenge of obtaining a
specific enantiomer of product can often be accomplished
by asymmetric chemical reactions by using the appropriate
enantiomer of catalyst, achieving such selectivity is less
predictable in the case of bioconversions, although various
options exist, i.e., by chemically modifying the substrate*
or searching for other microorganisms (or enzymes) of
opposite stereoselectivity.® We report here a more direct
approach in which the stereochemical outcome is con-
trolled simply by modifying the bioconversion conditions.

(4) (a) Zhou, B.-N.; Gopalan, 8. A,; Van Middlesworth, F.; Shieh, W.
R.; Sih, C. J. J. Am. Chem. Soc. 1983, 105, 5925. (b) Brooks, D. W.; de
Lee, N. C.; Peevey, R. Tetrahedron Lett 1984, 4623. (c) Nekamura, K.;
Ushio, K.; Oka, S.; Ohno, A. Ibid. 1984, 25, 3879. (d) Fijisawa, T.; Itoh,
T.; Sato, T. Ibid. 1984, 25, 5083.

(5) Belan, A.; Bolte, J.; Fauve, A.; Gourcy, J. G.; Veschambre, H. J.
Org. Chem. 1987, 52, 256.

© 1991 American Chemical Society
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Results and Discussion

As we previously described,? it is possible to prepare the
6R diol 3 starting from the corresponding 6S diol via a
two-step chemical procedure. As this requires further
steps, we decided to explore another more direct way to
the 6R enantiomer. In particular, if a stereospecific ep-
oxidation occurred during this biooxidation, we thought
it might be possible to control the hydrolysis of this ep-
oxide intermediate by changing the pH of the medium. To
investigate this possibility, we studied the influence of the
medium pH on the enantiomeric excess of the diol formed
by fungal oxidation of 1. The results obtained show that
A. niger is able to convert 1 to 3 across the pH 2-7 range
but that a dramatic shift of the absolute configuration of
the diol formed occurs as the pH value increased from ~2
to 6-7 (Figure 2). Indeed, the absolute configuration at
carbon atom C(6) changed from 6S to 6R. Thus, this very
simple modification of the bioconversion conditions makes
it possible to prepare each enantiomer of diol 3 in ~50%
yield, both of them showing ee of about 95%. This is
conveniently achieved on a several-gram scale, i.e., 4 g of
1 lead to ~2 g of either enantiomer of 8 (using a 7-L
fermentor jar containing 4 L of culture medium). In spite
of the fact that we observe a total conversion of the starting
material, no other products were detectable that could
account for the 50% loss in the mass balance. This is
probably consumed via another metabolic process, since
no ?;her products could be extracted from the mycelium
itself.

It was of interest to determine whether the diol was
formed directly from the olefin or via discrete epoxide or
dioxetane intermediates. The most obvious explanation
for our results is to consider the (almost) exclusive ste-
reoselective formation of the 6S epoxide 2, although it is

Table I

\/\OCONHPh

PhNHGOOH
/OH o 248 -+ mio 111 ( %)

[}
we 113 ( 180

— m/e 250
7
' e ? OH PhNHCOOH
me 50 (1%
mie 81 (80
180
content
total 180 at C(6) 180 content
incorp in diol (% of at C(7) (%
pH 3% (%) total) of total) ee (%) R/S
2 84 95 5 95 S
7 92 5 95 90 R

2Based on an 80 content of 98.2% in the 180, used. ®Only 84%
of the product was labeled because a slight leakage occured during
the bioconversion.

not possible to rule out, a priori, formation of the 6R ep-
oxide at nearly neutral pH. These epoxides could then be
hydrolyzed by an epoxide hydrolase leading to either the
6S or the 6R diol, depending upon the epoxide configu-
ration and/or on the hydrolytic reaction mechanism.®
Control experiments showed that, in the absence of fungus,
epoxide 2 is hydrolyzed very quickly in KC1-HC1 (pH 2)
buffer, whereas its rate of hydrolysis is very slow at pH
7. The same experiments, conducted in the presence of
the fungus, lead to rapid hydrolysis even at pH 7.

In order to answer this point definitively, experiments
were carried out with use of 80, at pH 2 or 7. The
localization of the oxygen isotope incorporated into the
diols was determined by mass spectrometry. The 180
distribution between C(6) and C(7) hydroxyl groups was
obtained from the peak intensities of the isotopic ions
arising from fission of the C(6)-C(7) bond (Table I).
When the incubation was carried out at pH 2, the distri-
bution of 120 label was 95% on C(6) and 5% on C(7). This
ratio was inverted at pH 7, leading to 95% 20 on C(7) and
5% on C(6).” These results show clearly that, whatever

(6) Suzuki, Y.; Imai, K.; Marumo, S. J. Am. Chem. Soc. 1974, 96, 3703.
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the pH, molecular oxygen was involved in these biooxi-
dations but that only one labeled oxygen atom was in-
corporated into the diols. This is consistent with a two-
step mechanism in which the first step would be formation
of an epoxide by action of a monooxygenase. Furthermore,
the distribution of the 120 label observed in the product
diols reflects a high degree of regiospecificity in the hy-
dration of the intermediate epoxide. Indeed at pH 2 the
main part of the nucleophilic attack occurred at C(7) while
at pH 7 the site of epoxide cleavage was at the C(6) carbon
atom. These results are clearly consistent with two com-
petiting mechanisms. At pH 2, a simple acid-catalyzed
epoxide opening occurs (borderline Sy2),% logically in-
volving nucleophilic attack of water at the most hindered
C(7) carbon atom of the protonated oxirane. At pH 7, an
epoxide hydrolase achieves specific activation of water and
facilitates nucleophilic attack at the less substituted oxi-
rane carbon atom C(6).

It was also important to determine whether epoxide
formation was stereoselective and which enantiomer was
preferentially formed. To clarify this point, the hydrolysis
of the R and S epoxides (each of ee = 95%) was studied
at pH 2 and 7. The 68 epoxide yielded only 68 diol at pH
2 but afforded 6R diol at pH 7, while these results were
reversed for the same reactions starting from 6R epoxide.
Thus, the enzymatic hydration of both epoxide enantio-
mers always occurred via a trans opening process, in
contrast with the results described previously by Marumo
et al. in the case of 10,11-epoxyfarnesol using the fungus
Helminthosporium sativum where trans and cis hydration
occurred concurrently.® On the basis of these results, we
propose the stepwise mechanism detailed in Figure 1, in
which the 6S enantiomer of epoxide 2 is formed in a first
step by stereospecific oxygenation of the si enantiotopic
face of the C(6)=C(7) double bond of 1.

By use of this reaction, it is thus possible to prepare
(with high ee) both enantiomers of various derivatives
showing biological activities, e.g., Bower’s compounds of
general structure 2, where R is replaced by various types
of groups. These compounds have been described in a
large number of patents since they show important insect
juvenile hormone activities.? Other natural products such
as linalool oxide (a constituent of Geranium bourbon es-
sential oil*® or of papaya fruit pulp!!) or marmin (a natural
constituent of Aster praealtus'?) are directly accessible in
their optically active forms starting from (6S)- or (6R)-3.%13

Conclusion

The salient result of this study is the unique ability to
prepare either enantiomer of diol 3 at will, simply by
changing the pH of the medium. Our results strongly
suggest a mechanism that involves stereoselective forma-
tion of (6S)-2 in the first step. If this reaction is carried
out in acidic medium (pH 2), this intermediate epoxide
can be diverted efficiently from enzymatic hydration to

(7) The experiments were carried out under a pure oxygen atmo-
sphere. Several runs under pure oxygen or air atmosphere showed no
difference in the course of the biooxidation (same yields and same en-
antiomeric excesses).

(8) Rao, A. S. Tetrahedron 1983, 39, 2323.

(9) Bowers, W. S. Adv. Environ. Sci. Technol. 1976, 6, 421.

19 6(%0)64N5aves, Y.-R.; Lamparsky, D.; Ochsner, P. Bull. Chem. Soc. Fr.

(11) Winterhalter, P.; Kutzenberger D.; Schreier, P. Phytochemistry
1986, 25, 1347,

(12) Wilzer, K. A.; Fronczek, F. R.; Urbatsch, L. E.; Fischer, N. H.
Phytochemistry 1989, 28, 1729.

(13) (a) Yamada, S.; Naohito, O.; Kazuo, A. Tetrahedron Lett. 1976,
29, 2557. (b) Aziz, M.; Rouessac, F. Tetrahedron 1988, 44, 101.
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chemical hydrolysis, whereas at pH 6-7 enzymatic hy-
dration predominates. Thus, this leads to (6S)-3 (which
implies retention of configuration at C(6)) at pH 2 or to
(6R)-3 (inversion at C(6)) at nearly neutral pH). Similar
microbiological approaches are in progress in our labora-
tory in order to synthesize new enantiomerically pure
synthons or natural products.

Experimental Part

Influence of the Medium pH. The small-scale biotrans-
formations were carried out as described? previously except that
the pH of the culture medium was adjusted just before substrate
addition (1 g/L) and regulated to the pH value studied using
automatic addition of hydrochloric acid (10%) or NaOH (10%).
After 48 h of incubation, the diol was extracted from the medium
culture by the usual procedure? but the purification of the crude
extract was achieved by flash chromatography (without crys-
tallization) (silica gel 60 H from Merck and solvent mixtures
consisting of hexane and ether in the range of 100% hexane to
100% ether). The purified diols were submitted to HPLC analysis
as their (S)-(-)-camphanate esters.?

The large-scale bioconversions were carried out in a 7-L fer-
mentor (SETRIC) jar containing 4 L of culture medium. Before
sterilization (30 min at 115 °C), 40 mL of liquid paraffin and 0.2
mL of antifoam silicone 426 R (PROLABO) were added to prevent
overflowing during the growth. The medium was stirred at 500
rpm and aerated with sterilized air (48 L/h)

Inoculation of the medium was made by adding a piece of gelose
supporting the mycelium and the black spores aged of 3 days.
After 36 h of growth at 29 °C, the substrate (4 g) was added as
a solution in ethanol (40 mL). The workup was carried out as
described previously.

Incorporation of 80, After 36 h of growth in the fermentor
jar under ¥Q,,2 the mycelium was filtered off and the fungal cake
was washed with water. Potassium phosphate buffer (50 mL, 0.05
M, pH 7) or HCI-KCI buffer (50 mL, 0.05 M, pH 2) and 5% by
weight of the fungal cake were added to a 250-mL Erlenmeyer
flask. The flask was flushed with Nj, evacuated by use of a water
suction pump, and placed under an atmosphere of pure 120, by
connection through a flexible tubing to a bottle containing a supply
of 120, (ISOTEC, Inc., 98.2 atom % !%0,). Substrate 1 (50 mg
in 0.5 mL ethanol) was added via a syringe. The flask was then
placed on a reciprocal shaker (100 cpm) at 29 °C. After 48 h of
incubation, the mycelium was filtered and the aqueous phase was
extracted three times with 30-mL portions of Et,0. The combined
organic phases were dried (MgSO,), and purification of diol 3 was
achieved by flash chromatography; 19 mg (34%) of diol 3 was
isolated at pH 2 and 11 mg (20%) at pH 7. In order to verify
that pure 80, did not alter the stereochemical course of the
reaction, a control experiment was also carried out with an open
flask. Similar yields and mass balance were obtained for these
experiments.

Mass Spectral Analysis for 1¥0,. Mass spectra were obtained
by direct probe and electron impact by use of a VG 70-70E
instrument. The 180 content of a fragmentation was calculated
as the ratio of peak intensities (m + 2)/(m + (m + 2)) and was
corrected by substracting the corresponding value observed for
unlabeled material. At least three scans of the peak doublets of
interest were averaged for each sample.

Epoxide Hydrolysis. Hydrolysis of (6S)- or (6R)-2 epoxides
(prepared respectively from (6R)-3 or (6S)-3 as previously des-
cribed?) were carried out in Erlenmeyer flasks (0.5 L) containing
phosphate buffer (0.1 L, 0.05 M, pH 7) or KCI-HCI buffer (0.1
L,0.05 M, pH 2) and 10% by weight of a fungal cake obtained
from a 36-h growth fermentor. After substrate addition (30 mg)
as a solution in ethanol (0.5 mL), the flasks were stirred during
20 h at 29 °C. The culture medium was extracted, without
filtration of the mycelium, with three 50-mL portions of ether,
and the organic phase was dried (MgSO,) before purification of
diol 3 by flash chromatography. Diols 3 were submitted to HPLC
analysis after derivatization with (-)-camphanic acid chloride. The
hydrolysis of (6S)-2 epoxide (ee = 95%) yielded 26 mg (81%) of
6S diol 3 (ee = 88%) at pH 2 and 24 mg (75%) of 6R diol 3 (ee
= 92% at pH 7. The hydrolysis of (6R)-2 epoxide (ee = 95%)
yielded 25 mg (78%) of 6R diol 3 (ee = 88%) at pH 2 but 23 mg
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(73%) of 6S diol 3 (ee = 87%) at pH 7. The same experiments
were carried out without fungus at pH 2 and pH 7. At pH 7, (65)-2
and (6R)-2 epoxides were not hydrolyzed after 20 h of stirring.
At pH 2, the hydrolysis of (6S)-2 epoxide yielded 26 mg (81%)
of (6S)-3 diol (ee = 92%) and (6R)-2 epoxide yielded 25 mg (78%)
of (6R)-3 diol (ee = 93%). It should be noted that the epoxides
2 were completely hydrolyzed after only a few minutes of stirring.
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Stereoselective Synthesis of Seven-Membered Carbocycles by a Tandem
Cyclopropanation/Cope Rearrangement between Rhodium(II)-Stabilized
Vinylcarbenoids and Dienes
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Rhodium(II)-catalyzed decomposition of vinyldiazomethanes in the presence of dienes generated 1,4-cyclo-
heptadienes by a tandem cyclopropanation/Cope rearrangement. Excellent stereocontrol of up to three stereogenic
centers in the cycloheptadienes was achieved. The stereoselectivity of the initial cyclopropanation ranged from
4:1 to >20:1, favoring cis-divinylcyclopropanes, and good regiocontrol was observed in the cyclopropanation of
unsymmetrical dienes. Unless sterically encumbered, the cis-divinylcyclopropanes rearranged cleanly to cy-
cloheptadienes under the reaction conditions. The trans-divinylcyclopropanes, when formed, were sufficiently
stable to be observed in the crude reaction mixtures, but most were prone to facile 1,5-homodienyl rearrangements.

General synthetic processes to seven-membered carbo-
cycles are very valuable because these rings are present
in several important classes of natural products.! In recent
years several useful annulation protocols to this ring size
have been developed. The 3 + 4 cycloaddition between
dienes and allyl or iron oxyallyl cations has been widely
used,?® while related approaches have been reported by
Trost! and Molander.® The recently discovered concerted
47 + 27 cycloaddition between a nucleophilic vinylcarbene
and electron-deficient cyclic dienes is another intriguing
approach.® Other methods based on 5 + 2 annulations
have also been described.”

(1) For general reviews, see: (a) Heathcock, C. H.; Grahm, S. L.;
Pirrung, M. C,; Plavac, F.; White, C. T. In The Total Synthesis of
Natural Products; ApSimon, J., Ed.; Wiley: New York, 1983; Vol. 5, pp
333-384. (b) Rigby, J. H. In Studies in Natural Products Chemistry;
Rahman, A., Ed.; Elsevier: New York, 1988; Vol. 1, pp 545-576. (c)
Vandewalle, M.; De Clercq, P. Tetrahedron 1985, 41, 1767.

(2) For general reviews, see: (a) Hoffmann, H. M. R. Angew. Chem.,
Int, Ed. Engl. 1984, 23, 1. (b) Noyori, R. Acc. Chem. Res. 1979, 12, 61.
(c) Mann, J. Tetrahedron 1986, 42, 4611.

(3) For recent applications, see: (a) Montana, A. M.; Nicholas, K. M,;
Khan, M. A. J. Org. Chem. 1988, 53, 5193. (b) Harmata, M.; Gamlath,
C. B. J. Org. Chem. 1988, 53, 6154. (c) Price, M. E,; Schore, N. E.
Tetrahedron Lett. 1989, 30, 5865. (d) Barbosa, L. C. A.; Mann, J.; Wilde,
P. D,; Finch, M. W. Tetrahedron 1989, 45, 4619. (e) Murray, D. H,;
Albizati, K. M. Tetrahedron Lett. 1990, 31, 4109.

(4) (a) Trost, B. M.; MacPherson, D. T. J. Am. Chem. Soc. 1987, 109,
32383. (b) Trost, B. M.; Schneider, S. Angew. Chem., Int. Ed. Engl. 1989,

, 213,

(5) (a) Molander, G. A.; Shubert, D. C. J. Am. Chem. Soc. 1987, 109,
gg‘gl (b) Molander, G. A.; Andrews, S. W. Tetrahedron Lett. 1989, 30,

1.

(6) (a) Boger, D. L.; Brotherton, C. E. J. Am. Chem. Soc. 1986, 108,
6695. (b) Boger, D. L.; Brotherton, C. E. J. Am. Chem. Soc. 1986, 108,
6713. (c) Hamer, N. K. J. Chem. Soc., Chem. Commun. 1990, 102.

(7) (a) Wender, P. A,; Lee, H. Y.; Wilheim, R. S.; Williams, P. D. J.
Am, Chem. Soc. 1989, 111, 8954, (b) Bromidge, S. M.; Archer, D. A,;

Sammes, P. G. J. Chem. Soc., Perkin Trans. I 1990, 353. (c) Dennis, N.;

Katritzky, A. R.; Parton, S. K.; Nomura, Y.; Takahashi, Y.; Takeuchi, Y.
J. Chem. Soc., Perkin Trans. 1 1976, 2289. (d) Tamura, Y.; Saito, T.;
Kiyokawa, H.; Chen, L.; Ishibashi, H. Tetrahedron Lett. 1977, 4075. (e)
Mak, C.; Buchi, G. J. Org. Chem. 1981, 46, 1. (f) Mortlock, S. V.; Seck-
ington, J. K.; Thomas, E. J. J. Chem. Soc., Perkin Trans. 1 1988, 2305.
5259) Is.gg, T. V.; Boucher, R. J.; Rockell, C. J. M. Tetrahedron Lett. 1988,

Table I. Synthesis and Rhodium(II) Acetate Catalyzed
Decomposition of 2 in the Presence of Cyclopentadiene as
Outlined in Eq 2

2(% product

substrate R! R? R? yield) (% yield)
la COOEt COOEt H 2a (87) 3a (98)
tb COOEt CH=CHPh H 2b (56) 3b (72)
ic COOEt SO,Ph H 2c (24) 3c (80)
1d COOMe Ph H 2d (89) 3d (73)
le COMe Ph H 2e (66) 3e (66)
1f COOEt COOEt OEt 2f (86) 4 (7D

We have been engaged in a program to develop an al-
ternative strategy for the synthesis of seven-membered
rings through a tandem cyclopropanation/Cope rear-
rangement sequence between rhodium(II)-stabilized vi-
nylcarbenoids®® and dienes as illustrated in eq 1.19!! The
Cope rearrangement of divinylcyclopropanes has been
extensively used for the synthesis of seven-membered

(8) For general reviews on applications of rhodium(II)-stabilized car-
benoids, see: (a) Maas, G. Top. Curr. Chem. 1988, 137, 75. (b) Doyle,
M. P. Chem. Rev. 1986, 86, 919. (c) Demonceau, A.; Noels, A. F.; Hubert,
A. J. Aspects Homogeneous Catal. 1988, 6, 199.

(9) For representative examples of recent applications of rhodium-
(I)-stabilized carbenoids, see: (a) Corey, E. J.; Kamiyama, K. Tetrahe-
dron Lett. 1990, 31, 3995. (b) Kim, G.; Chu-Moyer, M. Y.; Danishefsky,
S. d. J. Am. Chem. Soc. 1990, 112, 2003. (c) Padwa, A.; Fryzell, G. E,;
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