OCArticle

Biooxidation of Bridged Cycloketones Using Baeyet Villiger
Monooxygenases of Various Bacterial Origin

Radka SnajdrovaIngbert Braurf, Thorsten Bach,Kurt Mereiter® and
Marko D. Mihovilovic*t

Institute of Applied Synthetic Chemistry, Vienna ddmsity of Technology, Getreidemarkt 9/163-OC,
A-1060 Vienna, Austria, Lehrstuhlrf@©rganische Chemie |, Technische Waisita Munchen,
Lichtenbergstrasse 4, 85747 Garching, Germany, and Institute of Chemical Technology,
Vienna Unversity of Technology, Getreidemarkt 9/164, A-1060 Vienna, Austria

mmihail@pop.tuwien.ac.at

Receied August 3, 2007

E. coli expressing BVMO

X X
X X
7 8

Bridged cycloketones were synthesized and utilized as substrates to study biooxidations mediated by
Baeyer-Villiger monooxygenases (BVMO) of various bacterial origin. The required enzymes were
heterologously produced by recombinant overexpression systems ba&estiwerichia colito enable

facile recycling of the required nicotinamide cofactors during the whole-cell biotransformations. Ketone
precursors of various structural demands were chosen to evaluate steric limitations and flexibility of the
active site of BVMOs. By desymmetrization of the prochiral substrates, four to six stereogenic centers
were generated within a single biooxidation step. The enzyme library investigated in this study allowed
access to antipodal lactone products with excellent enantioselectivity in several cases. Together with a
distinct substrate acceptance profile, the recently proposed classification into two groups of cycloketone
converting BVMOs was supported by the biotransformation results obtained within this study.

Introduction biotransformations can be realized by using genetically modified
strains; and within living cells, all required cofactors are

Biocatalysis has become a frequently applied strategy in supplied, consequently avoiding the setup of artificial recycling

synthetic routes to complex molecules of industrial interest due em
to the usually high regio-, chemo-, and enantioselectivity of systems. . . . ) o
enzyme mediated conversions combined with a production . Stfereosele(_;tlve _blqoxygenatlons represent_a highly active field
method compatible with the concepts of green and sustainablel Piocatalysis within recent yeatsin particular, enzyme

chemistry. The enzymes used for this purpose may be containednediated BaeyerVilliger oxidations have experienced a re-
within an intact microbial cell, as well as used as crude or markable renaissance since the turn of the century with genome

purified protein. A highly facile and simple manner for sequencin_g_projects providing accesstoalargse diversity of novel
laboratory-scale applications in particular is to perform whole- Baeyer-Villiger monooxygenases (BVMOS)? The recent
cell biotransformations. This methodology offers multiple dentification of BVMO groups enabling access to enantio- and
advantages: the growing organism represents a renewaméeg|oc_o_mplementary lactone p_roducts_further emphasized the
source for the required catalytic entity; the biocatalyst remains Versatility of the presently available biocatalyst platfotrim -

in its natural environment, hence, optimum operational ef- addition to the exploitation of the natural diversity of this
ficiency and stability may be expected: tedious protein purifica- €nzyme family, evolutionafyand knowledge based stratedies

tion of non-commercial enzymes is circumvented, and selective

(1) Willetts, A. Trends Biotechnol1997, 15, 55-62.

* Corresponding author. Fax+43-1-58801-15499. (2) For a general review on BaeyeYilliger reactions, see: (a) Krow,
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SCHEME 1. Synthesis of Functionalized Bridged Ketones 7ad,f,g?
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a(i) [4 + 2] cyclization under thermal or microwave conditions. (ii) Dechlorination using Birch conditions ¢+BN@H. (iii) Ketal deprotection under
various conditions (see Experimental Section). (iv) Catalytic hydrogenation: Pd(&tBAc. (v) Esterification using sulfuric acid in methanol.

were utilized, in connection with the first structure determination has been achieved within a single desymmetrization Stap.
of a thermostable representative of this enzyme grotm, addition, the lactone group can easily be further transformed
modify stereoselectivity and catalyst performance, further into other functionalities (e.g., by hydrolysis to give access to
extending the catalytic repertoire of BVMOs. These develop- appropriated-hydroxycarboxylic acid, which can be further
ments resulted in an increasing number of applications of utilized in the synthesis of enantiomerically pure bicyclo[4.2.0]-
BVMOs in the synthesis of bioactive compounds and natural octanon-2-ol and bicyclo[4.2.0]octan-2-one, as proposed pre-
products within this decade. viously) 40

Herein, we report on BVMO mediated oxidation of polycyclic BVMO mediated oxidations were initially accomplished in
ketones bearing a norbornanone structural motif. Starting from screening scale using a 12- and 24-well plastic dishes parallel
prochiral substrates, the generation of four to six chiral centers format1° On the basis of screening results, single preparative
biotransformations were conducted subsequently with selected
(3) For reviews on stereoselective Baey¥illiger oxidations, see: (a) biocatalysts. Biooxidations were routinely carried out using

Mihovilovic, M. D. Curr. Org. Chem2006 10, 1265-1287. (b) vanBerkel,  Escherichia colirecombinant overexpression systems for BV-
W. J. H.; Kamerbeek, N. M. Fraaije, M. WJ. Biotechnol200§ 124 670~ - el desCribd#? | F:jd' . yh :

689. (c) Mihovilovic, M. D.; Rudroff, F.; Gitzl, B. Curr. Org. Chem2004 S as previously describee. In addition to the previous

8, 1057-1069. (d) Kamerbeek, N. M.; Janssen, D. B.; van Berkel, W. J. outlined benefits of whole-cell based biotransformations, the
H.; Fraaije, M. WAdv. Synth. Catal2003 345 667-678. (€) Mihovilovic, application of heterologous recombinant producers moreover

M. D.; Muller, B.; Stanetty, PEur. J. Org. Chem2002 3711-3730. (f) : P
Bolm, C.; Palazzi, C.; Beckmann, Olransition Metals for Organic offers the advantage to study biocatalysts originating from

Synthesis2nd ed.; Wiley VCH: Weinheim, Germany, 2004; Vol. 2, pp hazardous organisms in a benign and easy to cultivate host.
267-274. (g) Strukul, GAngew. Chem., Int. EAL998 37, 1199-1209.
(4) (a) Cernuchova, P.; Mihovilovic, M. DOrg. Biomol. Chem2007, . :
5, 1715-1719. (b) Braun. I.; Rudroff, .. Mihovilovic, M. D.. Bach, T.  R€Sults and Discussion
Angew. Chem., Int. EQ00§ 45, 5541-5543. (c) Yang, J.; Lorrain, M.-J.;

Rho, D.: Lau, P. C. Kindust. Biotechnol2006 2, 138142, (d) lwaki Synthe_S|s of KetonesCyclic ketones were prepared |n_short
H.: Wang, S.: Grosse, S.: Bergeron, H.: Nagahashi, A.; Lertvorachon, J.; and efficient sequences (Scheme 1) based in part on literature
Yang, J.; Konishi, Y.; Hasegawa, Y.; Lau, P. C.Afpl. Erviron. Microbiol. protocols, which were modified and optimized in particular

2006 72, 2707-2720. (e) Bonsor, D.; Butz, S. F.; Solomons, J.; Grant, S.;

Fairlamb. 1. J. S.: Fogg, M. J.: Grogan, Org. Biomol. Chem2006 4, cases. The initial chlorinated addu&sa—e were synthesized

1252-1260. (f) Snajdrova, R.; Grogan, G.; Mihovilovic, M. Bioorg. by Die_ls—AIder c_yclization_ of the appropriate cyclic olefza—e
Med. Chem. Let2006 16, 4813-4817. (g) Mihovilovic, M. D.; Rudroff, and highly reactive 5,5-dimethoxy-1,2,3,4-tetrachlorocyclopen-
F., Groetzl, B.; Kapitan, P.; Snajdrova, R.; Rydz, J.; MachiRgew. Chem.,  tadiene 1. Appropriate starting materials were heated either

Int. Ed. 2005 44, 3609-3613. (h) Mihovilovic, M. D.; Kapitan, P. . .
Tetrahedron Lett2004 45, 2751—(2)754. (i) Kyte, B. G.; Rouviere, p.  Without any solventZa—c) or in the presence of toluengd.e).

Cheng, Q.; Stewart, J. D. Org. Chem2004 69, 12-17. (j) Mihovilovic, All products were isolated in very good yield3b{ 82%; 3c:
M. D.; Rudroff, F.; Mler, B.; Stanetty, PBioorg. Med. Chem. Let2003 92%;3d: 53%; and3e 87%). Proof of the stereochemistry of

13, 1479-1482. (k) Mihovilovic, M. D.; Mueller, B.; Schulze, A.; Stanetty, ; ; .
P.. Kayser. M. MEur. J. Org. Chen2003 12, 2243-2249. (I) Wang, S. 3c was based on comparison with a structurally similar and

Kayser, M. M.; Jurkauskas, M. Org. Chem2003 68, 6222-6228. (m)
Kostichka, K.; Thomas, S. M.; Gibson, K.J.; Nagarajan, V.; Cheng].Q. (8) (&) Rudroff, F.; Rydz, J.; Ogink, F. H.; Fink, M.; Mihovilovic, M.
Bacteriol 2001, 183 6478-6486. D. Adv. Synth. Catal 2007, 349 1436-1444. (b) Mihovilovic, M. D.;
(5) (a) Mihovilovic, M. D.; Rudroff, F.; Winninger, A.; Schneider, T.; Bianchi, D. A.; Rudroff, F.Chem. Commun2006 3214-3216. (c)
Schulz, F.; Reetz, M. TOrg. Lett 2006 8, 1221-1244. (b) Clouthier, C. Mihovilovic, M. D.; Kapitan, P.; Rydz, J.; Rudroff, F.; Ogink, F. H.; Fraaije,
M.; Kayser, M. M. Tetrahedron: Asymmetrg006 17, 2649-2653. (c) M. W. J. Mol. Catal. B: Enzyn005 32, 135-140. (d) Luna, A.; Gutierrez,
Reetz, M. T.; Brunner, B.; Schneider, T.; Schulz, F.; Clouthier, C. M.; M.-C.; Furstoss, R.; Alphand, .etrahedron: Asymmet005 16, 2521—

Kayser, M. M.Angew. Chem., Int. EQ004 43, 4075-4078. 2524. (e) Mihovilovic, M. D.; Miller, B.; Kayser, M. M.; Stanetty, FSynlett

(6) (@) Pazmino, D. E. T.; Snajdrova, R.; Rial, D. V.; Mihovilovic, M. 2002 5, 700-702.
D.; Fraaije, M. W.Adv. Synth. Catal2007, 349 1361-1368. (b) Bocola, (9) For a comprehensive review on biocatalytic desymmetrization
M.; Schulz, F.; Leca, F.; Vogel, A.; Fraaije, M. W.; Reetz, M. Adv. reactions, see: Garcia-Urdiales, E.; Alfonso, I.; GotorC¥iem. Re. 2005
Synth. Catal2005 347, 979-986. 105 313-354.

(7) Malito, E.; Alfieri, A.; Fraaije, M. W.; Mattevi, AProc. Natl. Acad. (10) Mihovilovic, M. D.; Snajdrova, R.; Winninger, A.; Rudroff, F.
Sci. U.S.A2004 101, 1315713162. Synlett2005 18, 2751-2754.
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Biooxidation of Cycloketones

stereochemically well-defined tetracyclic compound, readily
available through an inverse electron demand Didlsler
reaction betweend and bicyclo[2.2.1]hepta-2,5-dief@.

Reaction with cyclopenter2a required additional optimiza-
tion of reaction conditions. In this case, it was necessary to carry
out the reaction at a lower temperature (2@), otherwise the
thermodynamically favored but unwanted exo product was
formed in significant amounts (14C; exc-3a/lende3a= 5:1).

To achieve sufficient conversion at lower temperatures, a
prolonged reaction time was essential (88% conversion after
65 h). Cyclization was also performed in a microwave reactor.
A conversion of 80% was obtained after 2.5 h irradiation at
100 °C. If the temperature was increased to 120, the
formation ofexo3a (exo3aende3a= 3:1) was observed. Best
results were obtained when 20 equivas was added and the
reaction temperature was maintained at A0Qnder microwave
irradiation. In this case, full conversion was reached within 16
h, and onlyende3awas formed. For small-scale preparations,
the microwave protocol was most efficient; however, due to
volume limitations (7 mL), larger scale experiments were
conducted using classical heating for prolonged reaction times
(100 °C, 20 equiv of2a, 85% yield)

Subsequentlyda—c were prepared by dechlorination analo-
gous to Dauben and Kellogusing sodium and-butanol in
good yields 4a. 67%;4b: 88%; anddc. 90%). However, these
conditions failed for substrateékl,e, and a previously reported
protocol using trin-butyltinhydride (BuSnH)® led to only
partial dehalogenatiol.Better results were achieved by utilizing
Birch conditions using sodium metal dissolved in liquid
ammoniat’*® The reaction gave satisfactory yield&d( 71%
and4e 78%), and4d,e were obtained in good purity>(95%
according to NMR) without the need for further purification.

Compound#ta,b were submitted to acidic hydrolysis of the
ketal functionality to prepare unsaturated ketone substrates,
which could be used for subsequent BVMO mediated oxidation.
Ketones7c,f,g were prepared by applying the hydrogenation
step prior to ketal hydrolysis because of the higher yield obtained
by this order of reaction steps 60%). When hydrolysis was
performed prior to hydrogenation, ketones were isolated in yields
of only approximately 20%. Catalytic hydrogenation gave
smooth conversion and excellent yields in all casges 68%;
6d: 85%;6e 88%;7a 85%; and7b: 87%).

To implement additional functionality in biotransformation

JOC Article

For the hydrolysis of the ketal protecting group, acidic
conditions were used applying different reagents optimized for
each compound. Reaction times reported in the literature for
the deprotection oflab with an aqueous 10% sulfuric acid
solutiort* (7 days) could be drastically shortened (12 h) when
employing p-toluenesulfonic acid (pTSA) dissolved in dry
acetoné? Final purification of5a,b by column chromatography
required using triethylamine pretreated silica gel; otherwise,
yields decreased dramatically. Ke&d was hydrolyzed tdrc
using the same procedure. All compounds were prepared in good
yields Ga: 82%;5hb: 73%; and7c. 63%).

Literature protocols for the deprotection of ket#id,f20-21
failed in our hands, and full conversion to ketorfewas only
achieved within reasonable reaction times and in acceptable
yields (67%) by applying substantially harsher conditions
(boiling dioxane 3 N HCI)22 Ketal 6d was ultimately depro-
tected using Amberlyst-15 in dry acetoffeand complete
conversion was reached after stirring the reaction mixture at
room temperature overnight (53% vyield). However, using this
strongly acidic resin led to cyclization of the dihydroxyl groups
to form a tetrahydrofuran ring. The cyclization was finally
confirmed after BVYMO mediated oxidation to the corresponding
lactone, which was obtained as a crystalline product and was
subjected to X-ray structure analysis (see Supporting Informa-
tion).

The synthesis of keton#h was performed starting from 1,3-
divinyl-2-cyclopentanol by a Cu catalyzed [2 2] photocy-
cloaddition reaction. While both the unprotected and the
t-butyldimethylsilyl protected substrate underwent photocy-
cloaddition, the reaction proceeded more cleanly and with an
improved diastereoselectivity in the latter case (72% chemical
yield). Cleavage of the protecting group with tetrabutylammo-
niumfluoride, followed by oxidation with 2-iodoxybenzoic acid,
afforded keton&’h in 89% yield?

Biooxidation of Cycloketones.Enzyme mediated Baeyer
Villiger oxidations of tricyclic ketones as prochiral precursors
potentially generated four to six new chiral centers in a single
desymmetrization step (eq 1).

o o 8a: X= -(CHp)s-
A 8b: X= {CHa)g-
-y O 8c: @
3
XX xX 8f:X=COOMe
8g:X=-CH,-O-CH,-
7a<c, fh 8a<, f-h 8h:X=-(CHp)-

substrates stable at aqueous fermentation COI’]dItIOI"IS, anhydnd%quation 1: BVMO-mediated oxidation of functionalized bridged ketones 7a-c,f-h.

6e was esterified under acidic conditions in methanol. The
reaction led to the formation df bearing two methyl ester
groups in quantitative yield within 48 h.

(11) For firstE. coli based expression systems for BVMOs utilized in
whole-cell biocatalysis, see: (a) Chen, G.; Kayser, M. M.; Mihovilovic,
M. D.; Mrstik, M. E.; Martinez, C. A.; Stewart, J. INew J. Chem1999
23, 827-832. (b) Doig, S. D.; O'Sullivan, L. M.; Patel, S.; Ward, J. M.;
Woodley, J. M.Enzyme Microb. Techno2001, 28, 265-274.

(12) For a preceding. cereisiaebased expression system, see: Stewart,
J. D.; Reed, K. W.; Kayser, M. MJ. Chem. Soc., Perkin Trans.1D96
755-757.

(13) (a) McCulloch, R. K.; Rye, A. R.; Wege, Bwst. J. Chem1974
27,1929-1941. (b) Blake, A. J.; Dietel, A.; Li, W.-S.; Thomas, N. Rcta
Crystallogr. 2001, 57, 790-791.

(14) Dauben, W. G.; Kellogg, M. S. Am. Chem. So&98Q 102 4456-
4463.

(15) Kuivila, H. G. Synthesid97Q 499-509.

(16) Khan, F. A.; Prabhudas, Betrahedron Lett1999 40, 9289-9292.

(17) Yadav, J. S.; Sasmal, P. Ketrahedron Lett1997 38, 8769-
8772.

(18) Mehta, G.; Vidya, RJ. Org. Chem2001, 66, 6905-6912.

On the basis of experience from our lab, only certain BVMOs
are able to oxidize ketones with ring systems larger than
cyclohexanone or cyclopentanone. For biotransformations of
tricyclic and tetracyclic cycloketones, it was necessary to select
a specific type of BVMO that could realize oxidations of such
sterically demanding substrates. Successful biooxidations of
some structurally similar cycloketones were already reported
using isolated cyclohexanone monooxygenase fhxmeto-
bacter calcoaceticu8871 (CHMQ\¢ineto).2* On the basis of these

(19) Yadav, J. S.; Sasmal, P. Ketrahedron1999 55, 5185-5194.

(20) Mehta, G.; Khan, F. AJ. Am. Chem. S0d.99Q 112 6140-6142.

(21) Yadav, V. K.; Balamurugan, R. Org. Chem2002 67, 587-590.

(22) Ziegler, F. E.; Metcalf, C. A., lll; Ashwini, N.; Schulte, G. Am.
Chem. Soc1993 115 2581-2589.

(23) Khan, F. A.; Dash, J.; Rout, Betrahedron Lett2004 45, 9285-
9288.

(24) Taschner, M. J.; Peddada,l..Chem. Soc., Chem. Comm@@92
1384-1385.
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data, an engineered strain Bf coli expressing CHMQineto

Snajdrova et al.

analysis that unsaturated keto®@a was converted to the

was selected as a promising candidate for the oxidation of corresponding lacton®.0On the basis of this observation, only

polycyclic ketones.

Recently, clustering of BVMOs into two groups was proposed
based on protein sequence and enantiopreferéritlee first
group contains CHMO-type enzymes: cyclohexanone mo-
nooxygenases from. calcoaceticu®871 (CHMQ\cinet),2> from
Brevibacterium DPR#14 (CHMQevi1),2® from Rhodococcus
DPR#455 (CHMQnodo) and Rhodococcus DPR#460
(CHMORnodo2,2” from ArthrobacterDPR#453 (CHMQthro) 27
and fromBrachymona®PR#192 (CHMQiachy).?8 The second

group consists of CPMO-type enzymes and contains cyclopen-

tanone monooxygenase (CPMO) fro@omamonasNCIMB
9872 (CPMQ,mg?° and a second CHMO frorevibacterium
DPR#399 (CHMQevi2).28 For oxidation studies of bicyclic,
tricyclic, and tetracyclic ketones, all members from both enzyme
families were compiled into a collection of polycycloketone
oxidizing BVMOs.

Screening experiments were realized in multi-well plastic

saturated ketones were further used for recombinant whole-cell
mediated biooxidation reactions.

Conversion of ketonefa was complete after a standard
biooxidation time (24 h) with all used recombinant strains
overexpressing cycloketone oxidizing BVMOSs within screening
experiments. The biotransformation of ketofeeon a prepara-
tive scale with recombinari. coli strains gave lacton8a in
good yield in 24 h apart from CPM&ma CHMOgeviz, and
CHMOgachy Which required a prolonged incubation time of ca.
72 h to reach full conversion. Additionally, CPM&ha and
CHMOg/e\i» displayed opposite enantiopreference (according to
chiral phase GC and specific rotation) as compared to the other
expression systems (Tables 1 and 2).

As in the previous case, ketoiib was fully converted within
24 h with all used recombinant strains overexpressing cycloke-
tone oxidizing BVMOs in the screening experiment. On the
basis of those results, oxidationafdetricyclo[5.2.1.63-fdecan-

dishes prior to biotransformations on a preparative scale. The11-one7b was carried out with all eight strains on a preparative

parallel screening format was designed to provide an easy-to-

scale. Full conversion was achieved within 24 h with all strains

use methodology for the assessment of recombinant whole-cellapart fromE. coli producing CPMQoma CHMOgieviz, and

catalysts, implementing reproducible and optimized conditions

CHMOgachy  Again, members of the CPMO-type family

for cell growth, expression of recombinant biocatalysts, and the converted the substrate with opposite enantiopreference (Tables

biotransformation itsef® These screening conditions provided

1 and 2). These results nicely correspond to the previously

rapid information about substrate profile and stereopreference.reported hypothesis of two clusters of cycloketone converting

Single preparative biotransformations were carried out to

determine physical and spectral data together with specific

BVMOs as proposed by our grodp.
Full conversion of tetracyclic ketonéc was achieved only

optical rotation of isolated lactones. Racemic reference material with CHMOacineto CHMORnodos CHMORhodoa CHMOgrachy and

of lactones was prepared by chemical oxidation of the corre-
sponding ketones with mCPBA.

Cycloketones were oxidized with all eight overexpression
systems. It was found that only saturated ketofeesc,f,g were

CHMOathro. Members of the CPMO family did not convert the
substrate at all. Fermentation with CHM@,i1 reached 83%
conversion within the standard experiment time (24 h). With
this compound, substrate acceptance differs between enzyme

converted to the corresponding lactones. Biotransformation of families, which again outlines the intrinsic difference in catalyst

unsaturated analoguba,b did not lead to lactone products after
prolonged incubation time. Only the starting material was
detected by GC in the fermentation broth. It was confirmed after

comparison to a GC standard that no biooxidation occurred.

behavior between the two protein groups. One family fully
converts the substrate in an enantioselective manner, while
representatives of the CPMO-type family do not accept this
ketone at all. CHM@..i1 converts the substrate with the same

These results were unexpected since it was already publishedenantioselectivity as the other CHMO-type enzymes, however,

by Taschner and Peddada that purified CHMO frAgineto-
bacter NCIMB 9871 showed good conversion with excellent
enantioselectivity?

A similar behavior was also observed in experiments when

structurally analogous ketones were utilized. On the other hand,
saturated analogues were accepted with all expression sy$tems.

with a lower efficiency than the remaining recombinant systems.
Biooxidation was realized with CHMgRineto @lSO ON a prepara-
tive scale according to the general procedure, and ladtohe
8c was isolated in 51% yield.

The bifunctional precursor 3-oxo-2-oxa-bicyclo[2.2.2]octane-
5,6-dicarboxylic acid dimethyl esterf was not a suitable

To test whether poor cell membrane permeability was the reasonsubstrate for any recombinant expression system of this BVMO
for unreactivity of the unsaturated substrates, a crude cell extractcollection (no conversion was observed according to GC).

of E. coli overexpressing a modified CHM@heto biocatalyst

Racemic lacton@f was obtained via chemical BaeyeYilliger

was used. Under these conditions, it was confirmed by GC/MS oxidation using mCPBA as the oxidizing agent in a reference

(25) Donoghue, N. A.; Norris, D. B.; Trudgill, P. VEur. J. Biochem.
1976 63, 175-192.

(26) Brzostowicz, P.; Gibson, K. L.; Thomas, S. M.; Blasko, M. S.;
Rouviere, P. EJ. Bacteriol.2000 182 4241-4248.

(27) Brzostowicz, P.; Walters, D. M.; Thomas, S. M.; Nagarajan, V.;
Rouviere, P. EAppl. Erviron. Microbiol. 2003 69, 334—342.

(28) (a) Bramucci, M. G.; Brzostowicz, P. C.; Kostichka, K. N.;
Nagarajan, V.; Rouviere, P. E.; Thomas, S. M. E. |. DuPont de Nemours

and Co., U.S.A. Identification, cloning and sequences of bacterial Baeyer-
Villiger monooxygenases and encoding genes and application to the

experiment. Probably, the bulkiness of the carboxylate groups
eventually in combination with increased polarity prevented the
compound from properly fitting into the active site of BVMOs,
and therefore, steric hindrance did not permit the required
oxidation. However, it has been demonstrated on structurally
simpler substrates that BVMOs can also tolerate more polar
substituents.
Biotransformation with keton&g displayed full conversion

conversion of ketones to the corresponding esters. International Patent, WoWith representatives of the CHMO-type family, while CPMO-

2003020890, 2003. (b) Bramucci, M. G.; Brzostowicz, P. C.; Kostichka,
K. N.; Nagarajan, V.; Rouviere, P. E.; Thomas, S.Ghem. Abstr2003
138 233997.

(29) (a) Griffin, M.; Trudgill, P. W.Eur. J. Biochem1976 63, 199—
209. (b) lwaki, H.; Hasegawa, Y.; Wang, S.; Kayser, M. M.; Lau, P. C. K.
Appl. Erviron. Microbiol. 2002 68, 5671-5684.
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type biocatalysts gave only incomplete conversion (Table 1)
within the standard biotransformation time. Both clusters differ

(30) Pazmino, D. E. T.; Snajdrova, R.; Baas, B.-J.; Ghobrial, M.;
Mihovilovic, M. D.; Fraaije, M. W., submitted.
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TABLE 1. Screening-Scale Biotransformations of Ketones 7ac,f—i

o o Oy -0 Oy ® O} OO 0O
COOMe o o.
o)
8a 8b 8¢ 8f 8g 8h 8i
Conversion® | Conversion® | Conversion® | Conversion® | Conversion® Conversion” | Conversion
eeb eeb eel eeb eel b 5
ee. ee.
0, 0, 0, 0, 0, 0,
CHMO pciness 100% 100% 100% o 100% 100% 100%
97 % () 97 % () 98 % (-) 92 %) 84% () na.
100% 100% 84% 56%
CPMOcoma n.c. n.c. n.c.
91% (+) 83% (+) 71% (+) 86% (+)
0, 0, 0, 0, 0, 0,
CHMOge 100% 100% 83% . 100% 100% 83%
94% (-) 93% (-) 78% (<) 93%(-) 96% (-) na.
100% 100% 28% 30%
CHMOgreviz ’ ’ n.c. n.c. ’ ’ n.c.
92% (+) 94% (+) 35%(+) 75% (+)
0, 0, 0, 0, 0, 0,
CHMOgyoqe! 100% 100% 100% . 100% 100% 100%
99% () 99% (<) 98% (-) 92% () 60% () na.
0, 0, 0, 0, 0, 0,
CHMOgyoaer 100% 100% 100% . 100% 100% 100%
99% () 99% () 98% () 929% () 60% (-) na.
0, 0, 0, 0, 0, 0,
CHMO arae 100% 100% 100% e 100% 100% 100%
99% (-) 99% (-) 98% (<) 93% (<) 80% () na.
0, 0, 0, 0, 0, 0,
CHMOgacny 100% 100% 100% . 100% 100% 100%
99% (-) 99% (-) 98% () 93% () 92% () na.

aConversion determined by GC (internal standaPdinantiomeric excess determined by chiral phase GC; value of optical rotation given in parentheses.
n.c.: no conversion and n.a.: not applicable.

TABLE 2. Yields and Optical Rotation Values of Selected tive scale to establish a specific rotation value of both antipodal
Preparative-Scale Biotransformations to Lactones 8 product lactones (Table 2).
strain yield (%) e.e. (%) d]20° (CHCl3) Enantiodivergent behavior of both enzyme families was also
8a  CHMOgnodo2 63 99 —17.30 €= 1.70) observed with keton&@h. CPMQroma and CHMGsreviz gave
CHMOgevi2 67 92 +13.04 ¢ = 1.43) access to the antipodal lactone as compared to the CHMO-type
8b  CHMORrnodo1 58 99 —30.42 € = 1.06) family (Table 1) with high optical purity for each lactone
CHMOgrevi2 78 94 +28.74 € =1.44) : : : - .
_ stereoisomet? Preparative biotransformation was carried out
8¢  CHMOAcineto 51 98 —39.63 €=0.97) ) ; .
89  CHMOgcinew 53 92 —17.68 €= 0.57) with CHMOgrevi1 as the biocatalyst, and lacto#ie was isolated
CPMGQcoma 49 71 +15.66 € = 0.49) in a yield of 72% (Table 2).
8h  CHMOgrevit 72 96 —41.5€=1.00) Determination of absolute configuration for lactones obtained
8i CHMORnhodo2 60 n.a. n.a.

by recombinant strain biooxygenation was exemplified&br
using the Mosher ester method, as outlined in a previous
also in enantiopreference: CHMO-type enzymes convert ketonepublication?® Since all ketones7a—c,g were converted by
7gto lactone8g in high enantioselectivity, while biooxidation = CHMO-type biocatalysts to lactones possessing the same sign
with CPMQcoma and CHMGsreviz provides access to optical — of optical rotation as lacton8h (1R,2R,556S) obtained with
antipodes, however, with only moderate to low enantiomeric CHMOgevi;, We propose the same absolute configuration for
excess. Again, the results are in agreement with the proposedactones/a—c,g (as displayed in eq 1 and Table 2). It is worth
theory of two family clusters. Biooxidations ofg with mentioning that a similar set of substrates differing only by the
CHMOAgcineto @and CPMQomaWere performed also on a prepara- presence of a €C double bond in the bridged cyclic system
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was reported to give opposite enantioselectivity when using heated nea3a—c)!333or in solution with toluene3d,e).?1-3* After

isolated CHMQcineto?*
It has already been published that intact cellsigfF¢amphor-
grown Pseudomonas putiddTCC 17453(CAM) oxidize ada-

manthanone to the expected lactone. However, mono- and

dihydroxylated products were formed as w2llSince it was
shown previously that polycycloketone oxidizing BVMOs are
able to oxidize bi-, tri-, and tetracyclic ketones, sterically
demanding adamantanofie was included in this study as a
potential substrate for all eight recombinant straing&otoli.

complete conversion and eventual removal of solvent, products were
optionally purified by Kugelrohr distillation3a,b,d).

General Procedures for Microwave-Assisted Cyclization.
Compoundl and cyclopenten@a (20 equiv) were dissolved in
dry THF (10% solution), and the reaction mixture was irradiated
at 100°C in a CEM Explorer PLS microwave synthesizer for 2.5
h (noninvasive IR sensor). Produga was purified as described
previously.

General Procedure for Dechlorination. Procedure A.The
procedure of Gassman and Marshall for the preparation of 7,7-

Results of the screening experiment are summarized in Tabledimethoxynorbonene was followed in the cas8afc.33 A solution

1.
CHMO family BVMOs converted adamantanoffé com-
pletely within 24 h. The only exception was CHM@.i1

achieving only 83% conversion under standard screening
conditions. Representatives of the CPMO-type family did not
accept this substrate at all; only the starting material remained

containing the corresponding tetrachloro compound in THF was
added dropwise to a vigorously stirred and gently refluxing mixture
of THF, sodium spheres (15.5 equiv), atlutanol (5.7 equiv)
over a period 63 h under nitrogen. The mixture was heated at
reflux for an additional 12 h. Then, the solution was filtered, water
was added, and the mixture was extracted wifOEThe combined
ethereal extracts were washed twice with saturated NaCl and once

unchanged in the fermentation broth after standard biotransfor-\yiin water. dried over N#80O;, and concentrated.

mation times. Preparative biotransformation was realized with

Procedure B.Dechlorination of3d,e was carried out under Birch

CHMORrnodoa and spectral data of the isolated product were conditions according to literature proceduté® In a 1 L four-
found to be identical to the chemical reference and literature necked round-bottomed flask fitted with a condenser for gaseous

data. No hydroxylated products were obtained; keténeas
converted to the desired lactoBeexclusively. The presented

ammonia, deep-temperature thermometer, a flask for adding solid
compounds, and an outlet for gases, liquid ammonia-{300 mL)

results are aga|n in agreement with the proposed theory of theWas collected while COO|ing with IIqUId nitrogen te80 °C. Small

two BVMO clusters.

Conclusion

Microbial Baeyet-Villiger oxidations of polycyclic substrates
with the ketone functionality located at a bridge of the bicyclic

pieces of freshly cut sodium were added to the reaction mixture
until a permanent blue color appeared. A solution of tetrachloro
compound3d,e (1.00 g) dissolved in THF (3 mL) and EtOH (1
mL) was added to the reaction mixture dropwise-&0 °C. The
reaction mixture was stirred at this temperature for 1 h. Then, the
reaction was quenched with NElI (0.20 g). Ammonia was allowed

compounds was successfully realized with a library of recom- to evaporate, and crushed ice was added to the residue, which was

binant whole-cells expressing BVMOs of bacterial origin.

Biotransformations were conducted in screening scale to identify Y
suitable candidates for subsequent preparative experiments, and
isolated yields of chiral lactones ranged between 50 and 78%.

extracted several times with EtOAc. The organic layer was washed
ith brine, dried over NSO, and concentrated to obta#d,e,

hich was used in the next step without further purification.
General Procedure for Catalytic Hydrogenation.Compounds
4c—eand5ab were dissolved in EtOAc, and Pd/C (10% Pd on C;

In the majority of the examples, both enantiomers of the product 1o, w/w) was added. Hydrogenation was carried out in a Parr
lactones could be obtained in moderate to excellent stereoseqpparatus at approximately 6@5 psi overnight at room temper-

lectivities. The classification of this group of BVMOs into two

ature. The suspension was filtered through a pad of Celite and

clusters could be confirmed both with respect to stereospecificity concentrated to give crude product. If necessary, purification was

as well as with respect to substrate acceptance.

All preparative-scale experiments were carried out in shake
flasks to demonstrate the principal applicability of the meth-

carried out by flash column chromatography.
General Procedures for Ketal Hydrolysis. Procedure A.
Hydrolysis of ketals4ab and6c was carried in the presence of

odology for accessing chiral lactone products. While such catalytic amount of pTSA and dry acetone according to the

experiments may be limited in fermentation volume to a lo
100 mg scale, up-scaling of microbial Baey#filliger oxida-

tions was reported in recent contributions utilizing advanced

W procedure of Yadav and Sasn&pTSA (0.1 equiv) was added to

a solution of the corresponding ketal in dry acetone, and the mixture
was stirred at room temperature for 6 h. Acetone was removed on
a rotary evaporator, and the residue was diluted witOEThe

fermentation techniques to demonstrate the potential of this ethereal layer was washed with ag NaHC®lution, water, and

technology for the production of multigram quantities of

brine and dried over N&O,. Concentration and chromatographic

optically pure lactones for subsequent applications in bioactive purification furnished productSab and7c.

compound and natural product synthésgis.

Experimental Section

General Procedures for Thermal Cyclization. Compoundl
and the corresponding olefta (20 equiv) or2b—e (5 equiv) were

(31) Selifonov, S. ABiochem. Biophys. Res. Commi892 186, 1429~
36.

(32) (a) Walton, A. Z.; Stewart, J. Biotechnol. Prog2002 184, 403~
411. (b) Walton, A. Z.; Stewart, J. Biotechnol. Prog2004 204, 262—
268. (c) Hilker, I.; Alphand, V.; Wohlgemuth, R.; Furstoss,Al. Synth.
Catal. 2004 346, 203-214. (d) Hilker, I.; Gutierrez, M. C.; Alphand, V.;
Wohlgemuth, R.; Furstoss, Rrg. Lett.2004 6, 1955-1958. (e) Gutierrez,
M. C.; Furstoss, R.; Alphand, VAdv. Synth. Catal 2005 347, 1051~
1059. (f) Hilker, I.; Wohlgemuth, R.; Alphand, V.; Furstoss,Btotechnol.
Bioeng.2005 92, 702-710. (g) Rudroff, F.; Alphand, V.; Furstoss, R.;
Mihovilovic, M. D. Org. Process Res. De2006 10, 599-604.
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Procedure B.Ketone7f was prepared in analogy to a literature
protocol used for the hydrolysis of a related ketal utilizing 3 N
HCI with dioxane?? A solution of6f (0.48 g, 1.76 mmol) dissolved
in dioxane (60 mL) ad 3 N HCI (15 mL) was heated at reflux
overnight. The mixture was cooled to room temperature, diluted
with brine, and extracted 3 times with EtOAc. The organic layers
were washed with saturated bicarbonate and brine, dried over Na
SO, and concentrated. The crude product was purified by column
chromatography (Si©= 1:50, LP/EtOAc= 3:1) to give7f?°as a
yellow oil (0.25g; 67% vyield).

Procedure C.Ketal 6d was deprotected using Amberlyst-15 in
dry acetone® Compoundsd (0.30 g, 1.38 mmol) was dissolved in
dry acetone, and Amberlyst-15 was added. The mixture was stirred

(33) Gassman, P. G.; Marshall, J. Qrg. Synth.1968 48, 68—72.
(34) Ruhrchemie AGChem. Abstr196Q 55, 105911.
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overnight at room temperature. The ion-exchange resin was was extracted 2 times with dichloromethane. The combined organic
separated by filtration over a bed of Celite, and the solvent was phases were washed with saturated bicarbonate and brine, dried
evaporated. Crude product was purified by column chromatography over sodium sulfate, and evaporated

(SiO, = 1:50, LP/EtOACc= 6:1), which gave purgg?! as a colorless Oxa-tricyclo[5.2.2.*%undecan-9-one (8a).endoTricyclo-
solid in 53% yield. [5.2.1.¢-fdecan-11-on&a (100 mg, 0.67 mmol) was oxidized with
endoTricyclo[5.2.1.0%fdecan-10-one (7a).Ketone 7a was E. coli overexpressing CHMg)odo2@nd CHMGyreviz according to

prepared according to the general procedure for catalytic hydro- the general procedure. The crude product was purified via column

genation usingndotricyclo[5.2.1.3:9dec-8-en-10-on&a (1.00 g, chromatography (Si© LP/EtOAc= 24:1), andBawas isolated as

6.70 mmol) as the starting material. Crude product was purified colorless crystals in the following yields: CHMgo.in 63% yield

by column chromatography (SiOLP/EtOAc= 100:1) to give7a® (70 mg) and CHM@eiz in 67% yield (74 mg). ¢]o® (CHCl3)

as a yellow oil (0.86 g) in 85% yieldH NMR (CDCly): 6 1.63— (CHMORnodod: —17.30, ¢ = 1.70 g/100 mL; §]o0” (CHCly)

1.75 (m, 12H), 2.452.51 (m, 2H);33C NMR (CDCk): ¢ 27.7 (t), (CHMOg;eviz): +13.04,c = 1.43 g/100 mL. mp: 7880 °C. H

29.2 (1), 29.9 (t), 38.2 (d), 43.6 (d), 214.9 (s). NMR (CDCly): 6 1.66-1.90 (m, 12H), 2.492.55 (m, 1H), 4.54
endoTricyclo[6.2.1.027-undecan-11-one (7b)Ketone7b was 4.59 (m, 1H);*3C NMR (CDCk): 4 16.7 (t), 20.6 (1), 27.8 (1),

prepared according to the general procedure for catalytic hydro- 27.9 (t), 28.1 (1), 37.7 (d), 39.2 (d), 41.2 (d), 78.9 (d), 177.3 (s).

genation usingndotricyclo[6.2.1.6¢7Jundec-9-en-11-onesp) (1.00 Calcd C 72.26%, H 8.49%, found C 72.48%, H 8.78%.

g, 6.2 mmol) as the starting material. The crude product was purified ~ (10,40,50,80)-1,4-Ethano-5,8-methano-1,4,4a,5,6,7,8,8a-oc-

by column chromatography (SiOLP/EtOAc= 100:1) to give7b tahydro-3H-2-benzopyran-3-one (8c)Tetracyclic ketong'c (100

as a yellow oil (0.89 g) in 87% yieldH NMR (CDCL): ¢ 0.81— mg, 0.57 mmol) was oxidized witB. coli overexpressing CHME

1.89 (m, 14H), 2.062.14 (m, 2H):33C NMR (CDCk): ¢ 17.2 (t), cineto according to the general procedure. The crude product was
18.1 (1), 19.5 (1), 32.9 (d), 43.4 (d), 216.7 (s). Calcd C 80.44%, H Purified by column chromatography (SiQ.P/EtOAc= 20:1), and
9.82%, found C 80.49%, H 9.43%. 8c (56 mg, 51% yield) was isolated as colorless crystals. mp: 52

(1o.,40.,58,88)-1,2,3,4,4a,5,6,7,8,8a-Decahydro-dimethanon- 94 “C- [0]20> (CHCl) (CHMOxcinery): —39.63;¢ = 0.965 g/100
aphthalen-10-one (7c)Compound6c (1.71 g, 7.71 mmol) was ~ ML. *H NMR (CDCl): 6 1.10-1.22 (m, 3H), 1.582.25 (m, 11H),
converted according to the general procedure for ketal hydrolysis 2:63-2.68 (m, 1H), 4.6+4.66 (m, 1H);**C NMR (CDCk): o
using pTSA. Chromatographic purification of crude product ¢Si0 ~ 18-4 (1), 22.7 (1), 30.3 (1), 30.6 (1), 34.7 (t), 36.2 (d), 37.9 (d), 38.9
LP/EtOAc= 100:1) provided’c as a colorless oil (0.85 g) in 63%  (d), 42.1 (d), 46.3 (d), 78.6 (d), 176.8 (s). Calcd C 74.97%, H
yield. 1H NMR (CDCL): 6 1.11-1.20 (m, 2H), 1.541.72 (m,  8-39%; found C 74.88%, H 8.34%.

4H), 1.79-2.06 (m, 8H), 2.29-2.36 (m, 2H)::3C NMR (CDC): 4,8-Dioxa-tricyclo[5.2.2.6:Jundecan-9-one (8g)4-Oxatricyclo-
0 18.3 (t), 31.3 (t), 36.4 (t), 37.2 (d), 43.0 (d), 46.9 (d), 215.3 (s). [5.2.1._Gﬂdecan-10-pné’g (100 mg, 0.57 mmol) was oxidized with
Calcd C'81.77%, H 9.15%; found C 81.52%, H 9.12%. E. coli overexpressing CHMRineto and CPMQoma according to

the general procedure. The crude product was purified by column
chromatography (Si§ LP/EtOAc= 3:1), and the colorless crystals
were isolated in the following yields: CHMQeto in 53% yield

d (68 mg) and CPM@uma in 49% yield (54 mg). @®]20° (CHCly)
(CHMOaginet)): —17.68,c = 0.57 g/100 mL; §]2® (CHCI)
(CPMOcomg: +15.66,c = 0.49 g/100 mL. mp: 116118°C.H
NMR (CDCl): 6 1.55-2.13 (m, 4H), 2.542.58 (m, 1H), 2.64
2.80 (m, 2H), 3.49-3.65 (m, 2H), 3.78 (dJ = 10.2 Hz, 1H), 3.96
(d, 3 = 9.8 Hz, 1H), 4.56-4.60 (m, 1H);*3C NMR (CDCk): ¢
17.3 (1), 21.1 (t), 38.1 (d), 38.6 (d), 41.3 (d), 69.2 (t), 70.5 (), 77.9
(d), 175.9 (s). Calcd C 74.97%, H 8.39%; found C 74.88%, H
8.34%.

General Procedures for Screening Experiments in Plates.
Plates with either 12 or 24 wells were utilized. Each well (2 or 1
mL, respectively) was charged with LB, medium (5.0 g of
peptone, 2.5 g of yeast extract, 5.0 g of NaCl, 500 mL of deionize
water, 2 mL of ampicilline stock solutior-(50 mg/mL)) and
inoculated with 1% of an overnight preculture of recombin&nt
coli overexpressing BVMOs from different bacterial origin. A plate
was incubated at 120 rpm at 3T on an orbital shaker for 2 h.
Isopropyl{3-p-galactopyranoside (IPTG) was added (final concen-
tration of 0.025 mM) together with substrate (final concentration
of 3—6 mM). The plate was shaken at room temperature. After 24
h, samples for GC measurement were taken (ZD0f culture
was centrifuged, and the supernatant was extracted witlu[Z@®
EtOAc supplemented with a defined concentration of methyl
benzoate as the internal standard).

Acknowledgment. This project was funded by the Austrian
Science Fund (FWF, Project 119-B10), the Deutsche Fors-
General Procedures for Biotransformations on Preparative chungsgemeinschaft (Ba 1372/11), and the Fonds der Chemis-

Scale.Fresh LBy, medium (250 mL) was inoculated with 1% of chen Industrie. The authors tha_mk Dr. Pierre E. Rouviere (E.L
an overnight preculture of recombindht coli strains overexpress- DUPOW Company) .for Supportlng this project by a generous
ing the appropriate BVMO in a baffled Erlenmeyer flask. The donation of sixE. coli expression systems for BVMOs and Prof.
culture was incubated at 120 rpm at 37 on an orbital shaker for ~ Margaret M. Kayser (University of New Brunswick) for

2 h, and then IPTG was added to a final concentration of 0.025 providing the strain of CPM@ma

mM. The substrate (100 mg) was added neat along ptlyclo- P
dextrin (1 equiv). The culture was incubated at room temperature Note Added after .AS.AP Publication. At the tOP of page 4’.
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corresponding ketone in dry dichloromethane (10% solution), and ] ) )

the mixture was stirred overnight. Complete conversion was Supporting Information Available: *H, *3C, and DEPT NMR

determined by TLC and gas chromatography. Excess triethylamine spectra of ketonega—c,h and lactonesa—c,f~h and‘H NMR
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