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The microbiological Baeyer-Villiger oxidation of (-)-bicyclo[3.2.0]hept-2-en-6-one allowed exclusive formation of the “unexpected” lactone
regioisomer in 84% yield, high chemical purity, and enantiopure form. Substrate (25 g) was transformed in a 1 L bubble column reactor,
following a in situ substrate feeding/product removal methodology, which afforded high volumetric productivity (1.2 g L= h™Y). This illustrates
the high “sustainable chemistry” advantages of such a process, simply conducted in aqueous medium, at room temperature and using
atmospheric oxygen.

The BaeyerVilliger (BV) oxidation of linear or cyclic allowing (a) orientation of the reaction toward the opposite
ketones into their corresponding esters or lactones is one ofregioselectivity, i.e., to obtain exclusively the “unexpected”
the “fundamental” reactions of organic chemistry. Its regi- lactone, (b) achievement of this reaction in a highly asym-
oselectivity is known to be essentially governed by electronic metric manner, and (c) set up of a process that would present
factors that, with only few exceptions, lead to migration of reasonable potential for large-scale implementation remains
the more substituted carbegarbon bond, affording the so-  a significant challenge. Over the last few decades, we (and
called “expected” lactone. Despite numerous efforts, the others) have demonstrated that BV oxidation could be nicely
asymmetric version of this reaction still has been, up to now, achieved in its asymmetric version using a biocatalytic
largely unsuccessful using conventional (transition metal- strategy (i.e., using whole cell or enzymatic biotransforma-
based) chemistryThe development of a (catalytic) reaction
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tion)2 In many cases, the corresponding lactones were

obtained in high, if not excellent, enantiomeric purity, thus
opening potential new ways for improved synthetic routes
aimed at the preparation of various biologically active
compounds.

Up to now, some severe practical bottlenecks have,
however, hampered the implementation of this biocatalytic

approach on a preparative (even industrial) scale. Among
these, one can cite (a) occurrence of various side reactions(+)

(i.e., lactone hydrolysis and/or ketone reduction) when wild-
type microbial strainfsor overexpressing host strains con-
taining other competitive enzymes were u8dth) severe
enzymatic inhibition by substrate and/or product (at con-
centrations generally as low as @ 2 g L), and (c)
noticeable oxygen transfer limitatidn.

We describe in this paper the biocatalyzed BV oxidation
of enantiopure+{)-(1S5R)-bicyclo[3.2.0]hept-2-en-6-onk

which overcame these drawbacks. Moreover, this process

allowed the fast, facile, and exclusive obtention of the
unexpected lactone regioisomeR(39)-3-oxa-bicyclo[3.3.0]-
octen-6-one-2 in enantiomerically pure form (ee 99%).
The reaction was performed at a 25 g preparative scale usin
a 1 L bubble column reactor operated following an in situ

substrate feeding/product removal (in situ SFPR) methodol-

ogy.

Scheme 1. Regiodivergent BV Oxidation of
rac-Bicyclo[3.2.0]hept-2-en-6-oné&
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type of “extractive biocatalysis” pioneered by Vicenzi et‘al.
In contrast to the already known in situ product removal
(ISPR) techniqu® in which an adsorbent resin is only used
for extraction of the product (downstream processing), in
situ SFPR uses the resin loaded with the subspete to

Yhe start of the bioprocess. The resin thus acts as an in situ-

located reservoir, allowing on one hand slow release of the
substrate, and concomitantly as a sink, allowing, on the other
hand, continuous removal of the formed product. Therefore,

To avoid side reactions, several groups have recently o, the substrate and product concentration can be main-

cloned and overexpressed some Baeyélligerases® cy-
clohexanone monooxygenase (CHMO) fréwinetobacter
calcoaceticudNCIMB 9871 being the best known of these
enzymes:® We have chosen to work with the recombinant
strainE. coli TOP10(pQR239§,which offers the noticeable
advantage of accepting-(+)-arabinose for induction of

tained below the inhibitory level. As far as the third
limitation, i.e., oxygen transfer limitation, was concerned,
we used a specially designed bubble column reactor,
equipped with an air sparger of sintered glass (located at
the bottom of the vessel) to improve oxygenation of the
medium.

CHMO overexpression, instead of the much more expensive We had described several years ago the surprising re-

isopropyl thiof-p-galactoside (IPTG). However, here again,

giodivergent oxidation ofac-1 using the wild-type strains

severe Ilmlt'atllqn due to substrate and pr.oduct inhibition Was A inetobacter TD 63 and Acinetobacter calcoaceticus
observed, limiting the usable concentration of substrate (andy;~1ggg71 Equimolar amounts of regioisomeric lactoBes

product) and therefore the productivity of the process. To
overcome this inhibition problem, we have recently devel-

oped a methodology that allowed operation at a much higher

substrate concentratidi® This was achieved by using a “two
in one” resin-based in situ SFPR methodology, a particular
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R.; Furstoss, R.; Woodley, J. Mrends Biotechnol2003 21, 318-323.
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and 3 were obtained?® both with excellent enantiomeric
purity (Scheme 1). Obviously, each one of the two enanti-
omers ofl led, in a nonenantioselective but totally regiose-
lective manner, to nearly exclusive formation of one single
regioisomer,3 being the expected one from the chemical
point of view (migration of the more substituted carbon atom)
and2 being the unexpected regioisomeéilhis BV oxidation

of rac-1 has been scaled up by Doig et'alusing a
continuous substrate feeding strategy aimed at maintaining

(11) (a) Vicenzi, J. T.; Zmijewski, M. J.; Reinhard, M. R.; Landen, B.
E.; Muth, W. L.; Marler, P. GEnzyme Microb. Technol997, 20, 494—

499. (b) D'Arrigo, P.; Lattanzio, M.; Fantoni, G. P.; Servi, Betrahe-
dron: Asymmetn1998 9, 4021-4026. (c) Nakamura, K.; Tanekada, K.;
Fuji, M.; Ida, Y. Tetrahedron Lett2002 43, 3629-3631. (d) Conce@&o,
G. J. A;; Moran, P. J. S.; Rodrigues, J. A. Retrahedron: Asymmetry
2003 14, 43-45.

(12) Lye, G. J.; Woodley, J. MIrends Biotechnoll999 17, 395-402.

(13) Compound3, well-known as “Corey’s lactone”, is an important
precursor for prostaglandine synthesis. Lact@ng also a valuable chiral
synthon. (For example, see ref 3b or: Hudlicky, T.; Reddy, D. B.; Govindan,
S. V.; Kulp, T.; Still, B.; Sheth, J. Rl. Org. Chem1983 48, 3422-3428).

(14) Such peculiar behaviour was also observed, albeit with generally
lower selectivity, using transition metal-catalyzed oxidation. Therefbre,
became a rather popular model substrate for BV oxidation.

(15) Doig, S. D.; Avenell, P. J.; Bird, P. A.; Gallati, P.; Lander, K. S;
Lye, G. J.; Wohlgemuth, R.; Woodley, J. Biotechnol. Prog2002 18,
1039-1046.
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Figure 2. Kinetic profile of the BV oxidation of 25 g of |)-
(1S5R)-1in the 1 L bubble column, over two cycles: exchange of
biocatalyst after 10 h. (Shaded bars) proportion of re-adsorbed
lactone2 extracted from a resin sampl@®) ketone concentration,
the substrate concentration below the inhibitory level. Starting and ©) lactone concentration of the cell broth.

from an initial cell culture volume of 300 L, 174 g of
combined regioisomeric lacton2sand3 were thus produced
from 182 g ofrac-1, (at a ca. 3.8 g/L final product the resin decanted, and the exhausted culture broth was
concentration). However, a delicate chromatographic separafeplaced with a frds 1 L cell culture (kept in the refrigerator
tion was necessary to obtain these two lactones (i.e., theat 4 °C for 1-5 days). This was operated for an additional
expected and the unexpected one) in pure form. Another1l h period.
strategy leading to one single product, i.e., to the valuable The resin was then filtered off, and both aqueous media
unexpected lactor® which cannot be prepared via chemical (run 1 and 2) were pooled. Continuous extraction (with,CH
BV oxidation of 1, was therefore an interesting alternative Cl> for the liquid medium and AcOEt for the resin) was
to be explored® performed. The composition of the organic phases, analyzed
The recent availability of nearly enantiopure)¢(1S,5R)- by GC, is reported in Table 1. Careful concentration,
1, obtained by resolution afac-1 recently achieved by one

of us} offered such a new alternative. We therefore | IEEEEN

performed the biocatalyzed BV oxidation of }-(1S5R)-1 Table 1. Composition of Aqueous Phases Determined by GC
following the above-described in situ SFPR methodology, Analysis

using a repeated batch process operated in the bubble column
reactor shown in Figure 1, and the above cited (recombinant)
strain E. coli TOP10(pQR239) overexpressing the cal-

Figure 1. Scheme of the “bubble column” setup.

(—)-3-oxa (—)-2-oxa
lactone 2 lactone 3 endo alcohol
weight (yield)® weight (yield)? weight (yield)2

coaceticusCHMO. - 220 (11%) 030 (%) 030 (%)
. . . . agueous pnase .29 0 o0 0 o0 0
Prior to introduction into the reactor, 25 g 6f)-(1S5R)-1 adsorbent resin 215 g (75%) 1.3 g (4%) 1.2 g (5%)
(ee= 94%) was adsorbed on 75 g of Optipore L-493 resin. tgtal 24.7 g (86%) 1.6 g (5%) 159 (6%)
The adsorbent was then introduced into the reactor containing aWeights and vields were calculated from GC analvsis using an internal
1L of a fresh culture of a recombinant str&ncoli TOP10- Stand:rg S andylelds were caleuated o analysis using an inferna

(pPQR239) (concentrated twice prior to use). The oxygen flow
was established, and the reactor was operated over a few

hours. The kinetic profile of the reaction is shown in Figure followed by simple bulb-to-bulb distillation of these pooled
2. Biooxidation occurred rapidly over the first 10 h, leading phases, afforded 26 g of unexpected lact@nm a high

to about 50% conversion. A preliminary experiment having chemical purity (93%) (which corresponds to a 84% yield
shown that the reaction rate decreased considerably after thif pure2). This corresponds to a spactme yield of about
time (likely due to exhaustion of cells), we then proceeded 1.2 g L™t h™1 (9.7 mmol L ! h™1), which is significantly

to a second cycle run. Thus, the airflow was stopped and higher than that obtained up to now for any biocatalyzed
BV oxidation!>18 Additional impurities were the expected
(16) We also have previously observed the exclusive formation of lactone3 (4%) and enantiopurendebicyclo[3.2.0]hepten-

enantiopure{)-(1R,5S) 2, using whole cells of the fungudunninghamella Al 0 ; ;
echinulata(see ref 3b). However, the BVMO of this wild-type strain has 2-0l-6 (3 /0)' No epOXIdeS, which could have been generated
not been further studied or overexpressed (see ref 3b).

(17) This resolution process, performed by the Fluka company will be (18) Walton, A. Z.; Stewart, J. DBiotechnol. Prog.2002 18, 262—
published elsewhere. 268.
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by oxidation of the double bond dfor 2, could be detected, usirg a 1 Lvessel, corresponding to a volumetric productivity
indicating that this oxidation was also highly chemoselective. of about 1.2 g £* h™* (9.7 mmol L't h™1).

The enantiomeric purity o2 was excellent (ee 99%), As a more general feature, it is noteworthy that the use of
the 3% of ()-(1R,59-1 enantiomer present in the starting such a whole cells approach, combined with an in situ SFPR
substrate leading exclusively to formation of the expected technology, is by far the most efficient way to perform an
regioisomeric lactone8. The fact that about 4% of this asymmetric BV oxidation at a preparative scale. It is
product was obtained in 40% ee indicates that only about logistically easy to perform due to its practical simplicity.
1% of 3was formed from {)-1. The absolute configuration  Thus, the entire process can be run in the same vessel without
of 2 could be directly deduced from that of the starting ketone added practical complexity like membranes, additional
(—)-(1S5R)-1 as being (R,59). For the sake of comparison, pumps, and associated controls. Also, the (relatively impor-
(—)-1 was chemically oxidized witimetachloroperbenzoic  tant) mass of resin remains within the reactor upon with-
acid and with peracetic acid, affording a mixture of both drawing of the exhausted microbial culture, thus allowing
regioisomeric lactones—)-(1R,59-2 and )-(1R,59-3, multiple reuse with no need of operators to handle the resin.
respectively, in 12:88 and 4:96 proportion. Moreover, the product formed, which is adsorbed onto the

Interestingly, no noticeable inhibition phenomenon was resin, could be simply recovered by continuous extraction
observed during this biotransformation thanks to the fact that using small volumes of ethyl acetate. Bottom-up aeration of
substrate and product were adsorbed onto the resin, whichthe reactor additionally provides low shear agitation at any
allowed the concentration of dissolved material to stay quite practical stage. This methodology clearly opens the way to
below the inhibitory level (about 0.5 gL for the substrate,  further preparative-scale “green chemistry” (industrial) imple-
3—4 g L *for the product). Moreover, this low concentration mentation, en route to the synthesis of natural and/or
also prevented noticeable formation of the expected lactonebiologically active compounds. We are presently exploring
3 from (—)-1, which could have been triggered at higher other potential applications of this approach.
concentrations as described in experiments conducted using
purified CHMOZ? It is to be mentioned that, recently, a50  Acknowledgment. This work was partly funded by the
mL feed batch reactor using this purified enzyme, im- Project QLK3-CT2001-00403 “BIOMEX" as part of Euro-
mobilized on Eupergit C, has been run at a 10 g/L (92 mM) Pean Community Fifth Framework Program and supported
concentration. However, the difficult purification and the low by the Swiss Federal Office for Education and Science
stability of this enzyme obviously hampers any scale-up of (BBW). Also, one of the authors (M.C.G.) would like to
this methodology° express her best acknowledgments to the Foundatiori Ramo
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oxidation of ()-(1S5R)-bicyclo[3.2.0]hept-2-en-6-onkinto ) ) ) )
the unexpected lactone regioisomer, which cannot be per- Supporting Information Available: Expenmer_ﬂal pro-
formed via chemical oxidatiof.Due to the exquisite chemo- ~ ¢€dures and GC analyses of compouasd3 (chiral and
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