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Abdruct : Several bicyclic Ln.2.01 ketones were submitted to enzymatic Baeyer-Villiger oxidation and provided the 
omesponding regioisomeric lsctones showing high enantiopurities. These prcducts could be used as interesting 
&irons for the synthesis of various natural compounds. The absolute eonfigurations of the obtained lactones were 
assigned using circular dichnxsm measurements. 

Introduction 

The ability of several microbial strains to catalyze the enantioselective Baeyer-Viiiger oxidation of 

various substrates has been recently recognized by several authors and appears to be a new emerging type of 

useful bioconversion applied to fine organic synthesisr. These microbiological transformations appear to be, at 

the present time, the only way to achieve asymmetric Baeyer-Vilhger oxidations, since no counterpart of such a 

reaction is known using conventional chemistry. We have previously described the first example of such a 

biotransformation which, applied to racemic bicyclic ketones, allows enantioselective - combined to 

regioselective - oxidation, thus leading to a mixture of two regioisomeric &ones showing high enantiomeric 

purity2. In this context, we have proposed a temptative model for the (hypothetically unique) active site of this 

enzyme, based on this surprising observation. 

We here describe tinther results we have obtained studying substrates structurally similar to the ones used 

previously, but bearing an additional oxygen atom in their carbon skeleton. This choice was made for two 

reasons. First it has been described previously tbJg that the presence of an additional oxygenated function in the 

starting substrate may strongly influence the outcome of the reaction (loss of enantioselectivity), presumably 

because of the formation of an hydrogen bond in the enzymatic active site, thus perturbing the positioning of 

the substrate. Therefore, studying such oxygenated substrates could help to gather some more structural 

informations in order to refine our active site model. Second, these oxygenated bicyclic ketones appear to be 

interesting precursors of enantiopure bicyclic lactones which could be of interest as key building blocks for the 

synthesis of various natural products showing important biological activities. For instance, clerodine A 

(Figure I), as well as a variety of structurally similar compounds showing very challenging structures, have 

attracted intense attention because of their potent antifeedant activity against various insects and larval. All 
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these compounds contain a dihydro or a perhydro-furo[2,3b]fran moiety. Synthesis of such building blocks in 

racemic form has been recently described by LaIlemand and ~011. 4, Aede De Groot and c&~, as well as by 

Kato and colt 6. However, to our best knowledge, no method is available up to now allowing access to the 

enantiopure forms of these building blocks. The same f%o[2,3b]firran framework is also found in aflatoxines B7 

which are extremely toxic and acinogenic fbngal metabohtes possessing profound biological activity. 

Similarly, numerous lignan compounds like G which exhibit a wide range of physiological activities, possess a 

[3,7] firrofbran bicychc ring systema. Pinally, it is well known that the bi~cIo[3.3.O]i~o~s are key buikiii 

blocks widely used for prostaglandii and prostacychn synthesisg. Thus, our products wuld aiso ahow easy 

preparation of enantiopure oxo-derivatives of these interesting molecules. 

Clerodin A AflatoxhB, B 

Figure 1 : Ewmples of natural products bearing bicyclic fur@imm rings. 

Sesamin C 

ResuIts and Discussion 

The starting substrates were synthesized following two different routes. Thus, ketones 1 and 4 (See T&e 

I) were prepared following a procedure described by Ghosez and coll.ga and by Snider and c0ll.1~ involving an 

intramoIecu1a.r [2+2] cycloaddition of a ketene or a keteniminium salt. Ketones & 3 and 2 were obtained via the 

classical ~t~ol~~ ~~oad~on of ~~~oroketene with the corresponding hydrous or 

dihydropyranll, followed by reduction of the dichloroketone either with zinc in acetic acid12 to obtain 5 or 

with tributyltin hydride13 to obtain 2 or 314. AU these substrates were tested for chemical Baeyer-Viiger 

oxidation using m&r-cbloroperbenzoic acid and led predominantly to the corresponding raeetnic lactones g15. 

When submitted to a culture of A. cakoaceticm (NCIB 9871) substrates 1. to 2 were completely 

transformed into a mixture of two regioisomeric iactones as shown on Figure 2. 

Ketone Lactone 3 Lactone h 

Figure 2 : General scheme jor the enzymatic Baeyer-Vilhger oxmbfxon of 1 to 2. 
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As in the case of the previously studied substratesz, the structures of these products are of two types : 

one type of lactone (la to w corresponds to the product expected for a “normal” Barer-Villiger type oxygen 

insertion (between the carbonyl group and the more substituted carbon atom). The second type of &tone fib 

to m arises Corn the “abnormal” insertion of the oxygen atom into the less substituted bond, thus leading to 

the corresponding regioisomer. With the exception of the case of ketone 3, both these lactones are formed in 

approximately a 1: 1 ratio and with almost quantitative yields as can be seen on Table I. Their enantiomeric 

purities (determined using chiral g.c. analysis) depend primarily on the structure of the starting substrate, but 

are generally excellent. This is in particular true for all “abnormal” lactones which all show ees higher than 98%, 

as well as for the “normal” products bearing an adjacent five membered ring. The case of substrates 5 and 5 

which bear six membered pyran-type rings, is more peculiar. Indeed, in these two cases, the “abnormal” 

lactones still show ees > 98%, but the “normal” ones show ees of respectively 70 and 33% depending on the 

structure of the substrate (i.e. on the locatition of the oxygen in the pyran ring). Obviously the greater 

flexibility of the six membered ring allows structural changes which lead to several positioning possibilities into 

the enzymatic active site. In the case of 5 the relative proportions of these products are 3: 1 respectively, 

indicating a clear disproportion in the reactivity of each one of the enantiomers of this particular molecule. 

Figure 3 shows the time course of the bioconversion of 3. It indicates that the 3: 1 ratio is independent of time 

and of the extent of conversion and also that the lactones are not tinther metabolized by the bacteria after their 

formation. Siar results have been observed previously with the corresponding cyclohexane derivativg. 

‘ruble I : Biocomrsion of ketones l to 5: with Acinetobacter NCIB 9871. 

react. Jmaotonc e Lactone & 
Kaone time 

2.5 - 40.8 - 35 
s~0.51 

90 lR.SS 32 103.2 
s-o.5 

>~ 
1w 

w43 CHCI:, 

45 33 -67.3 - zgg ls$s 41 113.3 
t = 0.639 c-0.6 >98 lR,SS 

ma3 CHCI3 

25 
-4 - 

33 70 lR@ 33 105.1 C = 0.55 c = 0.69 > 98 146s 
CHCl3 CHC13 

35 60 -24 -265 
c-05 33 IS&S I8 c=os77 >98 lS.6R 

5 CHCI3 CHcI3 
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Figure 3 : Time course of ihe bioconwrsion of Retone 2. 

Intq, all lactones of one particular type are formed from the same em3ntiomer of the starting 

ketone. llus, the enantiomer of 1 bearing a (S) comigumtion at the bridgehead carbon atom a to the carbony 

group leads to the “normat” lactone La whereas the one of(R) configuration affords the “abnormal” &tones 

j&J& 

To our best knowledge, neither of the lactones we have obtained in the course of this work have been 

described previously in optica& active f&m, in spite of their interest as chiral synthons. This emphasizes the 

high potential of these ~~nv~~. Moreover these bioconversions can be conveniently and efiiciently 

achieved on a ~eral-gram scale. Thuq in a typical exPerimer& 5 g of 1. were totally transformed, within 2 h to 

a mixture of & and a using a 5 L culture. These were readily separable using care&l bench-top flash 

chromatography, thus leading to 2.7 g (47% isolated yield) of (lR,SS) Lg (ee = 86%) and to 2.3 g of (1RSS) 

& showing an ee of about 100% (40% isolated yield). 

Sinee no portion was available in the l&nature in order to determine the absolute caption of 

these products, this was achieved using circular dichroism spectroscopy which, in spite of being a semi- 

empirical method, afi?ords valuable informations in this respect. Klyne et al.16 have previously described a sector 

rule (similar to the octant rule for ketones), which specificshy applies to lactones. This rule enables the rotatory 

dispersion of lactones to be predicted from considerations on the asymmetric surroundings of the chromophore, 

and was established afbx m~em~ts for an extensive series of lactones. The various space sectors are shown 

on Figure 4 where lactones j_g and & formed from 1 are positioned as proposed by these authors. Thus, both 

these lactones are positioned into the sector rule with the lactone carbonyl timction towards the lefi side This 

leads in both cases the carbon skeleton to be behind the plane (The signs of the sectors indicated on this figure 

are therefore those ofthe b& sectors.) In these particular cases, the optical rotatory dispersion (0.r.d.) ctxves 

both show a negative Cotton effect in the region of 200-230 run. This led us to assign the (lR5S) absolute 

configuration to laetone &, as well as to laotone @. ~ter~~gly, the negative Cotton effect observed for the 

corresponding cyclopentane compounds obtained previously2, which absolute configurations are known from 
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the literature, are in complete agreement with the predictions one can make using this laetone sector de. The 

results of the o.r.d. measurements of all the obtained lactones, as well as of those achieved on their carbon-ring 

analogs, are recorded on Table II. It appears that all butyrolactones bearing an adjacent five membered ring 

(except &) show a negative Cotton eflbct in agreement with the sector rule prediction. The positive Cotton 

efbxt observed for & is probably due to electronic distmhance by the double bond. Indeed. hydrogenation of 

a led to (IS, 5R)-a showing again a negative Cotton efl%&. 

Siisrly, butyrolactones bearing an adjacent six membered ring show generally also a negative Cotton 

effect as predicted by the sector rule. However this is not the case for Ja and for Toa which both exhibit a 

positive Cotton e&ct. We presume that this is not due to an opposite absolute configuration but rather to the 

flex&ii of the pyran or cyclohexane ring which could lead to various conformers, and thus to a poor 

undemmnding of their positioning in the proposed &tone sector rule. This is confIrmed by the t&t that the 

“abnormsl” lactones a and m (obtained from the antlpodal start& ketone) show, as all the other ones, a 

negative Cotton ef%ct. Sii this leads to assign respectively the (1s. 6R) and (1R 65) absolute ~~~0~ 

to these compounds, it is obvious that the “normal” lactones must have been formed from the other ketone 

enantiomer. 

We have previously proposed a temptative model which allows to understand, and therefore also to 

predict, the stereoselectivity of these reactions%. This was based on bicyclic models bearing either cyclopentane 

of cyclohexane rings adjacent to the cyclobutanone moiety. Since introduction of an oxygen atom into these 

rings does not considerably alter the structure of the substrates, our model can be used without problem in 

these cases. It thus appears that the predictions related to the absolute caption of the formed laotones, 

which can be drawn using this model, are in total agreement with the observed results. This model has been 

based on the hypothesis that one single enzyme is operative in these reactions previously proposed by Walsh 

and ~011.1~. This hypothesis seems to have been confirmed recently in the course of an elegant work performed 

by Knowles and co11 1d which, as we described previously, have confirmed that the purified cyclohexanone 

oxygenase (from A. cubaceticus) indeed catalyses parallel conversion of the bicycle [3.2.0] hept-Z-ened-one 

into the two regioisomeric la&ones. Nevertheless, one can consider that there is still no absolute answer to the 

question whether this very surprizing selectivity is due to one single enzyme or to two very similar isoenzymes. 
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Tabie II : Circular dichroism measurement of optically active tactones & to m and 2 to m. 

Abs. Signof xirmx Ah? siiof %.nuK 

LWtOffi CC& Cotton (nm) I@1 Lsctonc G3nf. CottOll (ml [@I 
cffat effed 

Predict. found Pm&t. found 

IWS 215 227 - 414f - - ZMS - - 

&! 
Lt! 

1RSR _ _ 212.5 - 2032 IWR _ _ 211 - IO13 

k 29 

ISeSS - - 213 -2602 214 -2182 

k 
3b 

lR6S - - - 14a _ _ 225 5558 

qFI 49 

1w - + 205.5 + 582 lR5s - - 211 - 2946 

P 

l!gB - - 212 - 582 lR$s - - 214 5 - 2487 

a 

186s * a * * lS,6R - - 212 - 2836 

k L 

rs&s - - 213 1Rgs - - 213 - 3232 

h z!s 

15.65 - + 208 lR6S - - 215.5 - 1187 

1011 LOb 

As a conclusion, the results described in this work illustrate the high potential of the microbiologically 

mediated Baeyer-Villiger oxidation as a new tool for asymmetric synthesis. Also, they indicate that the presence 

of an oxygen atom in the ring adjacent to the cyclobutanone does not alter the course of the reaction, thus 

leading to conclude that no perturbing hydrogen bond does occur inside the active site These bioconversions 

allow s~~ghtfo~~d preparation of various chiral synthons firrof&ans and %ropyrans which can thus be 

obtained in high enantiomeric purity. These constitute highly valuabfe building blocks for further synthesis of 

compounds showing interesting biological properties. Work is in progress in our laboratory in order to continue 

the study of this interesting microbiological biotransformation. 



Microbiological transformations-XXV 1347 

1H NMR spectra were recorded in CDCl3 or C6D6 at 80 or 200 MHz with tetramethylsilane as internal 

reference. 13C NMR spectra were recorded at 200 MHz. Abreviations employed are as follow : s (singlet) ; t 
(triplet) ; q (quadruplet) ; Q (quintuplet) ; d (doublet ) ; dd (doublet of doublet).., Each reaction was monitored 

by TLC, except for Baeyer-Villiger reactions which were monitored by gas chrumatography using a capillary 

column (OV-1701, 25 m). Separatiuns by flash chrumatugraphy were performed using Merck silica gel 6UH. 

Ether, benzene, petr&um ether, pentarm and tetrahydrofitran were dried by distillation over sodium. 
Acineiokrchw NClB 9871 was a generous giR fram Prof C. T. Walsh. Stock cultures were grown on 

nutrient agar at 30 “C and stored at 4 *C. 

(~2_crxaBicvcr2,O~~~t~-7~~le 1: According to the prucedure described by Snider and Huilo, 3-buten-l- 

01 was converted in two steps to ketone A. 

($3-oxubicycZ~~3,2,Qjh~pfu~e-7-one 2 : A 250 ml round bottom flask containing a mixture of 4 ml ($4 mmol) 

of 2,5-dihydrohran arrd 7.1 g (2 eq.) of zinc powder in 150 ml of anhydrous ether, placed undler argoq was 

partially submerged in a sonicator water bath according to the procedure described by Mehta and R&l. 
Trichloracetyl chloride (9.15 ml, 1.5 eq+) in 90 ml of ether was added within 3 h to generate irr sitti the 

dichloraketene. Mer an additional hour, the crude mixture was filtered over c&e, washed with water and 
saturated NaHC03 solution and dried over MgSQ4. Flash chromatography with hexane/ether affbrdtx! 2,54 g 

of 6,6-dichloro-3-oxabicyclo[3,2,O]heptane-7-one as an odorant oil (26%). IR, (cm-l, neat) : 2860 ; 1805 ; 
820 1H NMR (200 MHz, CDCL3, ppm) : 4.55 (d, H4 endo) ; 4.42 (4 &&&& ; 4,23 (dd, Hl) ; 3.77 (dd, 
Qexo) ; 3.60 fdd, H5) ; 3.56 fdd, H 2exo). To 3 g (17 mmoi) uf this dichloroketone in 20 ml of acetic acid 

were added 5.6 g (5 eq.) of zinc powder with stirring l2 A&r 15minthemixturewasheatedto80DCfor2h, 

coaled, filtered over celite and diluted with 100 ml of CH2Cl2 and 100 ml of water. The orgtic layer was 

neutralized with saturated NaHC03 solution and dried over MgS04. Flash chromatography (ether/hexane) 
gave 1.65 g (90%) of pure cyclobutanune 2. I.R. (cm-l, neat) : 2850 ) 1775 ; 905. lH NMR (200 MHz, C6D6, 

ppm) : 4.09 Cd, H2endo) ; 3.57 {d, &do) ; 3+11 @id, H4exo) ; 3AUfJ (ns Hy) ; 2.95 WI, H2exQ) ; 2.58 [ddd, 

Qexo) ; 2.27 fddd, Qendo) ; 2.12 (m H5). 13C NMR (CDCl3, ppm) : 208.28 (C7) ; 73.63 (*C2) ; 70.19 

(“C4) ; 65.16 (Cl) ; 51.41 (C6) ; 29.87 (C5). 

@j 2-clllca6ic~~~~3,Z,U~~~~~~e-6-one 2 : To 17.5 ml (233 mmol) of 1,2-dihydrofuran and 8.28 ml (0.37 eq.) of 

dichluracetyl &l&de in 35 ml of dry petroleum ether were added, within 3 h, 12 ml (U-37 eq,) of t~~hyl~ne 

in 75 ml of petroleum ether following the procedure described by Ghosez and al.13. Af$er an additionnal hour, 

water was added to dissolve all the salts. The organic layer was worked up as described above to give 9 g 

(58%) of 7,7-dichloro-2-oxabicyclo[3~2~OJheptane-6-one after flash chromatography purification. I.R. (cm-l, 

neat) : 2980 ; 1805 ; 815. lH NMR (200 MHz, C6D6, ppm) : 4.43 (d, Hl) ; 3.49 (td, H3exo) ; 3.37 (ddd, 

H3endo) ; 3.20 (dd, H5) ; 1.52 (dd, &enda) ; 1.00 (dddd, I$exo). Btt3SnH (40.6 g 138 mmol) and 100 mg of 

AIBN were dissolved in 180 ml of dry q&oh-e under argon. The solution was refluxed and 8.3 g (46 

mmol) of the dichloroketone in 130 ml of eyclohexane were added dropwise. After 2 h, a rapid flash 

chromatography of the crude solution allowed to eliminate most of the tributyltin salts. A second careful flash 

chromatography afforded 3.84 g (75%) of eyclobutanone 3. I.R, (cm-l, neat) : 2970 ; 1775 ; 950. 1H NMR 
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(200 MHz, CDCl3, ppm) : 4.95 (td, Hl) ; 4.14 (ddd, H3exo) ; 3.91 (td, H3endo) ; 3.84 (m, H5) ; 3.25 (td, 

H7exo) ; 2.91 (td, H7endo) ; 2.21 (tdd, Iiqendo) ; 1.96 (tdd, IQexo). 13C NMR (CDC13, ppm) : 209.51 (C6) ; 
70.02 (Cl) ; 68.24 (C3), 65.41 (C5) ,52.72 (C7) ; 29.00 (C4). 

(3) 2-oxabicyclo[4.2.O]octan-g-one f lo : Treatment of 6 g (70 mmol) of 4-penten-l-01 by 4.62 g (2.2 eq.) of 

sodium hydride (80% in paraflin) in 150 ml of THF was followed 20 min after, by cautious addition of 

bromoacetic acid (9.7 g, 1 eq.) to the solution and the mixture was refluxed overnight. Water was added to 
dissolve all the salts and the solution was brought to pH = 10 with saturated Na2C03 solution. It was then 

washed by ether and acidified (pH = 1) with 1ON HCl solution. Extraction with 3 x 100 ml of ether, drying and 

removal of the solvent afforded 6.2 g of pure 3-pentenyloxy-acetic acid (62%). I.R. (cm-l, neat) : 3 100 ; 2940 ; 
1720. lH NMR (80 MHz, CDCl3, ppm) : 9.39 (s, 1H) ; 5.77 (m, 1H) ; 4.75 (m, 2H) ; 4.08 (s, 21-1) ; 3.52 (t. 

2H) ; 2.12 (q. 2H) ; 1.65 (q. 2H). 6.2 g (44 mmol) of 3-pentenyloxy-acetic acid and 10 eq. of oxalyl chloride 

were refluxed within 2 h in 60 ml of benzene to tiord the corresponding acyl chloride. The excess of oxalyl 
chloride was removed by evaporation in vacua I.R. (cm-l, neat) : 2930 ; 1795 ; 930. 1~ NMR (80 MI&, 

CDCl3, ppm) : 5.80 (m, HI) ; 4.97 (t. 2H) ; 4.35 (s, 2H) ; 3.55 (t, 2H) ; 2.10 (q. 2H) ; 1.7 (q, 2H). The crude 
mixture was immediately dissolved in 800 ml of dry benzene under argon. Then 6.8 ml (1.4 eq.) of triethylamine 

in 75 ml of benzene were added dropwise as slow as possible to the retluxing solution. After an additional 6 h 

refhnt, the solution was filtered and washed with 2 x 50 ml of a 5% HCl solution. Flash chromatography 

(etherlhexane) afforded 0.45 g of pure cyclobutanone 4 (8.3% for the 2 steps). I.R. (cm-l, neat) : 2940 ; 1780 ; 
910. lH NMR (200 MHz, CDCl3, ppm) : 4.80 (d, Hl) ; 3.83 (m, Hgeq) ; 3.56 (td, H3ax) ; 2.85 (ddd, H7exo) 

; 2.56 (Qd, Hg) ; 2.41 h *H5eq.) ; 2.28 04 H7endo) ; 1.51 (m, H4ax. and Qeq.1; 1.26 (m, *H5ax). 13C 
NMR (CDC13, ppm) : 205.83 (C8) ; 83.33 (Cl) ; 64.79 (C3) ; 46.35 (C7) ; 26.73 (C4) ; 22.73 (C6) ; 22.45 

(Cs). 

(f, 2-orabi~c/o/4,2,Ojoctane-7-one 2 : Cyclisation of 2.5 ml (27 mmol) of 1,Zdihydropyran under ultrasonic 

activation1 * and usual work-up of the reaction gave 2.73 g (51%) of 8,8-dichloro-2-oxabicyclo[4,2,0]octan-7- 

one as a white odorant solid. M.p. : 69 OC (ht. l3 : 68-69.5 “C). I.R. (cm-‘, CHC13) : 2940 ; 1815 ; 810. ‘H 

NMR(80 MHz, CDC13, ppm) : 4.4 (d, 1H) ; 3.9 (m, 2H) ; 3.4 (dd, H-I) ; 2.2 (m, 1H) ; 1.6 (m, 31-I). 3.11 g (16 

mmol) of this dichloroketone were reduced using tributyltin hydride*3 and afforded 1.65 g (82%) of 
cyclobutanone 5. I.R. (cm-l, neat) : 2940 ; 1780 ; 900. lH NMR (200 MHz, CDCl3, ppm) : 4.46 (t, H1) ; 3.83 

(cl, H3eq.) ; 3.28 On. Hsax. and %I ; 3.23 (dd, H&,x& ; 2.72 Cd, H8endo) ; 2.09 (d, Hseq.) ; 1.55 (m I-&x., 
I-&q, and H5ax). 13C NMR (CDC13, ppm) : 206.87 (C7) ; 64 98 (C3) ; 63.94 (Cl) ; 57.11 (C6) ; 53.34 (C8) 
; 22.01 (C4) ; 18.67 (C5) 

B - Synthesis of racemie lactones 

As a general approach, these lactones were prepared using the mCPBA oxidation of the corresponding ketones. 

General procedure for Baeyer-Villiier oxidations 

To 4.5 mm01 of ketone and 1.13 g (3 eq.) of NaHC03 in 70 ml of CH2Cl2 were added 1.41 g (1 eq.) of m- 
CPBA (55% w/w). After 1.5 to 3 h, the mixture was treated by 50 ml of a 10% NaHS03 solution and 50 ml of 

saturated NaHC03 solution. Purifcation by flash chromatography (pentane&thyl acetate) afforded the 
corresponding lactones. 
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oxidation ofketone 1 : synthesis of fuctone & 150 mg (1.3 mmol) of 1 led to 160 mg (95%) of (+)-2.8- 

dioxabicyclo[3,3,O]octane-3-one k. I.R. (cm-l , neat) : 2980 ; 1755 ; 970. 1H NMR (200 MHz, CDC13, ppm) : 

6.10 (d, Hl) ; 4.11 (td, H7exo) ; 3.96 (td, H7exo) ; 3.18 (m H5) ; 2.90 (dd, I&x0) ; 2.45 (dd, H4endo) ; 2.22 

(dddd, H6exo) ; 1.80 (tdd, H6endo). 13C NMR (CDCl3, ppm) : 174.97 (C3) ; 108.43 (Cl) ; 67.35 (C7) ; 
38.58 (C5) ; 35.08 (C4) ; 32.37 (C6). Anal. Cakd for C6H803 : C, 56.24 ; II, 6.29. Found : C, 56.57 ; H, 
6.34. 

Ok&don of ketone 2 : synthesis of lactones &a and 2. 500 mg (4.46 mmol) of 2 led to 420 mg (74%) of(i)- 

2,7-dioxabicyclo[3,3,O]octane-3-one 21 and 75 mg (13%) of (k)-3,7-dioxabicyclo[3,3,O]octane-Z-one a. As 

& and a were unseparable by gas chromatography, HPLC (Spherisorb 5 mm, CH2Cl2kIexane (50/50) as 

eluent, 3 ml/mm) was used to monitor the flash chromatography. & : I.R. (cm-l, neat) : 2970 ; 1760 ; 910. 1H 

NMR (200 MHZ, CDC13, ppm) : 5.12 (dd, Hl) ; 4.13 (d, H8endo) ; 3.80 (m H6endo and I&xo) ; 3.65 (dd, 

H8,,) ; 3.13 (m, H5) ; 2.88 (dd, IQexo) ; 2.46 (dd, IQendo). 13C NMR (CDC13, ppm) : 176.52 (C3) ; 83.86 

(Cl) ; 74.70 (C8) ; 73.58 (C6) ; 38.46 (C5) ; 34.43 (C4). Anal. Calcd for f&I-I803 : C, 56.24 ; I-I, 6.29. Found 

: C, 56.40 ; H, 6.33. a : 1.R (cm-l, neat) : 2970 ; 1765 ; 910. lH NMR (200 h4Hz,, C6)6, ppm) : 4.14 (dd, 

H8endo) ; 3.57 (dd, Hqexo) ; 3.33 (dd, H4endo) ; 3.20 (dd, H6endo) ; 3.17 (dd, Hsexo) ; 3.02 (dd, I-kexo) ; 
2.38 (ddd, Hl) ; 1.92 (m, H5). I3C NMR (CDC13, ppm) : 178.61 (C2) ; 74.92 (*C8) ; 72.95 (*C4) ; 71.67 

(C6) ; 45.51 (Cl) ; 39.65 (C5). Anal. Calcd for C6H803 : C, 56.24 ; I-I, 6.29. Found : C, 55.83 ; H, 6.35. 

chcidation of ketone 2 : synthesis of lactones & and 2. 1 g (8.9 mmol) of 3 atforded 600 mg (53%) of(k)- 

2,6-dioxabicyclo[3,3,O]octane-3-one 3p and 115 mg (lO%) of (+)-3,8-dioxabicyclo[3,3,O]octane-4-one a. a : 
I.R. (cm-‘, neat) : 2990 ; 1775 ; 1180. lH NMR (200 MHz, C6D6. ppm) : 4.17 (t, Hl) ; 3.81 (t, H5) ; 3.48 

(td, H7endo) ; 3.36 (t4 H7ao) ; 2.33 (4 &en&) ; I.97 (dd, &x0) ; 1.68 (ddd, H&n&) ; 1.27 (dddd, 
H8exo). 13C NMR (CDC13, ppm) : 175.33 (C3) ; 84.18 (Cl) ; 78.11 (C5) ; 66.97 (C7) ; 36.25 (C4) ; 33.11 

(C8). Anal. Cdcd for C&H803 : C, 56.24 ; I-I, 6.29. Found : C, 55.95 ; I-I, 6.41. & : I.R. (cm-l, neat) : 2960 ; 

1770. lH NMR (200 MHz, CgD6. ppm) : 4.41 (d, H2endo) ; 4.23 (dd, Hl) ; 3.99 (dd, H2exo) ; 3.88 (td, 

H7endo) ; 3.77 (td, H7exo) ; 2.79 (ddd, H5) ; 2.46 (dddd, H6endo) ; 1.99 (tdd, H6exo). 13C NMR (CDC13, 

ppm) : 178.13 (C4) ; 78.62 (Cl) ; 73.28 (C2) ; 68.14 (C7) ; 44.75 (C5) ; 30.16 (C6). Anal. Calcd for C6H803 

: C, 56.24 ; I-I, 6.29. Found : C, 55.93 ; H, 6.31. 

(hcidation of ketone i : synthesis oflactone a. 150 mg (1.2 mmol) of 9 atforded 160 mg (95%) of (k)-2,9- 

dioxabicyclo[4,3,0]nonan-8-one &I. I.R. (cm-l, neat) : 2930 ; 1780. 1H NMR (200 MHz, CDC13, ppm) : 5.65 

td, Hl) ; 3.79 (tdd, H3ax. and H3eq.) ; 2.61 Cd& H7exo) ; 2.51 0~ %I ; 2.39 Cd& &‘endo) ; 1.92 Cm, Hgax.) ; 
1.66 Cm 3H : f&x., I-&,. and H5eq.). 13C NMR (CDC13, ppm) : 174.31 (C8) ; 101.02 (Cl) ; 62.41 (C3) ; 
34.96 (C7) ; 33.62 (C6) ; 24.07 (C4) ; 21.41 (C5). Anal. Calcd for C7HlOO3 : C, 59.14 ; H, 7.09. Found : C, 
59.10,q 7.15. 

oxidation of ketone 2 : synthesis of k&ones & and&. 1 g (8.1 mmol) of 5 led to 1.2 g (87%) of solid (k)- 

5,9-dioxabicyclo[4,3,O]nonan-8-one &s and to 3% of lactone s that was not isolated. a : m.p. : 78 “C (lit. 19 : 
77-79 “C). I.R. (cm-‘, CHCl3) : 3000 ; 1775. 1~ NMR (200 MHz, CDC13. ppm) : 4.36 (d, Hg) ; 4.19 (t, Hl) ; 
3.89 (d, H3q,) ; 3.41 (td, H3 ax.) ; 2.69 (dd Hgexo) ; 2.50 (d Hg,do) ; 2.26 (d, H5eq.) ; 1.82 (m, I-&x. and 
I&q.) ; 1.46 (a, H5exo). 13C NMR (CDC13, ppm) : 175.92 (C8) ; 76.79 (C6) ; 72.87 (Cl) ; 65.83 (C3) ; 
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39.00 (C9) ; 24.86 (*C5) ; 19.34 (*C4)_ Anal. Calcd for C7H1003 : C, 59.14 ; H, 7.09. Found : C, 58.89 ; H, 
700. 

Synthesis of la&one (2)~a. According to the procedure described by Korte and Machleidt20, 1.5 g (65.3 

mmol) of sodium pieces were introduced in 20 ml of anhydrous ether with one drop of absolute methanol. After 

2 h, a mixture of 7.72 g (I eq.) of dimethyloxalate and 5.63 g (1 eq.) of y-butyroiactone in 30 ml of ether was 

added dropwise. The reaction was stirred for 2 days. The yellow mixture was poured on ice and acidified with 

50% H2SO4 solution. A solid pr~i~~t~ and was recrystallized in ~~~1~ ether ~50/50) to give 
1.1 g of white needles (m. p. 140 “C ; lit. l9 : 138.5-141 “C). The aqueous layer was extracted sixteen times 

with 50 ml of ether and usual work-up gave a white solid that was recrystallized in benzene to afford an 
additional 1.7 g amount of white prisms (m. p. 104 OC ; lit. l9 : 106 “C). Thus a total amount of 2.8 g (25%) of 

a-methoxalyl-y-butyrolactone was obtained. I.R. (cm -‘, CHCl3) : 2940, 1725, 1660.‘H NMR : 4.45 (t, 2H) ; 
3.90 (s, 3H) ; 3.25 (t, 1Hf ; 2.30 (q, 2H). 1.9 g of m~ho~lla~one in 15 ml of HCl/MeOH IN were refhrxed 

for 14 h and, afler cooling, stirred for another 3 days at room temperature. Work-up of the reaction mixture lecl 

to 1.5 g (60%) of a diastereoisomeric mixture of cis and &ms 2-methoxy-tetrahydrofuran-dicarboxyli~2,3)- 

dimethylester. The crude mixture was treated with one drop of a mixture of H3POq/H2SO4 @O/50) and 

submitted to slow bulb-to-bulb distillation. Complete elimination of MeOH afforded 780 mg (60%) of pure 4,5- 

d~hydro~r~-dic~bo~li~(2,3)-dim~hyl~t~. I.R. (cm-l, neat) 2940, 1745, I700. 1630. 1H NMR : 4.55 (t, 
2H) ; 3.85 (s, 3H) ; 3.70 (s, 3H) ; 2.98 (t, 2H). Hy~ogenation fpd/C in 50 ml of ethanol) of 500 mg of the 

diester afforded 460 mg (91%) of t~r~ydro~r~~~~-dic~o~~G(2,3)-~e~ylest~. I. R (cm-l, neat) : 
2940, 1735, 1210. 1H NMR : 4.60 (d, 1H) ; 4.11 (m, 2II) ; 3.70 (s, 3I-I) ; 3.63 (6, 3I-I) ; 3.38 (q, II-I) ; 2.27 (m, 

2H). 450 mg of this diester were then selectively saponified using 140 mg (1 eq.) of KOH in 3.5 ml of water, 

After one day, the mixture was acidified using ION HCI solution and extracted continuously with CH2Cl2 to 

alXord 400 mg of crude tet~y~o~~-dic~xylic-(Z,3)-3-monom~hylest~. 1H NMR : 7.10 (s, 1H) ; 4.60 

(d, 1H) ; 4.10 (m, 2H) ; 3.70 (s, 3H) ; 3.35 (q. 1H) ; 2.27 (m, 21-Q. This was treated by 150 mg (3 eq.) of 

LiBHq in 2.5 ml of THF at 50 “C with stirring. After 1 h, the mixture was poured on iced water, and acidified 

with 1ON HCI solution, Continuous extraction with CH2Cl2 and purification by flash chromatography (pentane, 

ethyl acetate) afforded 25 mg (8.5% for the 2 steps) of (rt)-3,8-dioxabicyclo[3,3,O]ootane-2-one 14 : I R. (cm- 

1, neat) : 2980, 1770, 1180. 1H NMR (2OOMH2, CDC13, ppm) : 4.66 (d, H-I) ; 4.53 (dd, I-&x0) ; 4.17 (dd, 

Hqendof ; 4.05 (ddd, H7exo) ; 3.84 (td, H7endo) ; 3.22 On, Hg) ; 2.30 (qd, H6exo) ; 1.91 (tdd, H&ndo). 13C 
Nh4R (CDCl3, ppm} : 174.93 (C2) ; 77.92 (Cl) ; 71.35 (64) ; 68.71 (C7) ; 38.36 (C5) ; 32.81 (C6). Anal. 

Calcd for C6H803 : C, 56.24 ; H, 6.29. Found : C, 56.16 ; H, 6.33. 

Synthesis of factme ($-& Au the procedures were the same as described above for (zt)-& Thus, 8.47 g 

(84.7 mmol) of &valerolactone a@rded 4 g {25%} of liquid ~-rn~o~yt~-v~erol~tone. 1.R (cm-l, neat) : 
2940, 1730, 1640, 1250. 1H NMR : 4.38 (t, 2H) ; 3.85 (s, 3H) ; 2.82 (t, IH) ; 1.90 (m, 4H). 4 g of 
methoxalyllactone were rearranged to a diastereoisomeric mixture of cis and purrs 2-methoxy-tetrahydropyran- 

dicarboxylic-(2,3)-dimethylester which was immediatly treated by H2SOqfliI3PO4 to afford 1.7 g (40% for the 

2 steps) of 5,6-dihydropyran-dicarboxylic-(2,3)-dimethylester. I.R. (cm-l, neat) : 2940, 1740, 1705, 1625. 1H 

NMR : 4.12 (t, 2I-I.) ; 3.80 (s, 3I-I) ; 3.70 (s, 3H) ; 2.35 (t, 2H) ; 1.93 (q, 2H). Hydrogenation of 500 mg of this 
unsaturated diester &orded 400 mg (80%) of cis-tet~y~p~~-~~~~ti~(2,3~~hyl~ter. I.R. (cm-l, 

neat) : 2940, 1730. 1H NMR : 4.21 (d, 1H) ; 4.02 (m, 2H) ; 3.75 (s, 3H) ; 3.65 (s, 3H) ; 3.05 (q. IH) ; 2.25 (m, 

1H) ; 1.60 (m, 3H). 400 mg of this diester were selectively saponified to afford 300 mg of tetrahydropyran- 

dicarboxylic-(2,3)-3-monomethylester as a crude mixture, *II NMR : 8.35 (s, 1H) ; 4.1 (m, 3IF) ; 3.65 (s, 3l-I) ; 
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3.15 (q, 1H) ; 2.35 (m, H-l) ; 1.7 (m, 3H). Treatment of this mixture with LiBQ Horded 20 mg (7%) of (&)- 
2,8-dio~i~clo[4,3,0]~~-9~ne & : I.R. (cm-l, neat) : 2960, 1770, 1180. 1H NMR (2OOMfIq CDC13, 

ppm) : 4.50 (d, IH) ; 4.27 (dd, H7exo) ; 4.04 (dd. H7endo) ; 3.81 (tdd, H3eq) ; 3.54 (dd, H3=.) ; 2.55 (m, 

%I ; 2.00 0% Max.) ; 1.61 Cm %a,‘., qes.. H5eq.). 13C NMR (CDCI3, ppm) : 173.36 (Cs) ; 72.44 (Cl) ; 

69.09 (C7) ; 64.44 (C3) ; 33.13 (C6) ; 23.17 (*C4) ; 22.65 (*C5). Anal. Calcd for C7Hlo03 : C, 59.14 ; IS, 
7.09. Found : C, 59.29 ; H, 7.12. 

Bioconversion of ketones 2 to 2 

ljpical Biotr~~ion lhperiiment. In a 2 L fmentor containing the following medium : 4 g of 

Na2HPO4, 2 g of KH2PO4. 3 g of (NH4)2SO4, 0.2 g of Yeast Extract, 0.1 g of CaCl2, 0.5 g of MgSO4, 

7H20,0.01 g of Fe2SO4, and 2 g of l,2~clo~oi (mixture of cis and &a@ as only source of carbon, 
cells were grown for 15 h at 30 “C with vigorous aeration (16 v/v/m) and stirring at 400 z-pm. At the and of the 

growth period, the temperature was lowered to 25°C and the pH was adjusted at 7. Cyclohexanediol (0.5 g) 

was added followed by 1 g of ketone dissolved in 5 ml of ethanol. The bioconversion was monitored by G.C. 

using an internal standard (dodecane or tetradecane). Atter completion of the reaction the medium was aciditled 

with 1ON HCi solution, saturated with NaCl and extracted with CH2C12 for two days. Products were then 

purified usiug two (at least) flash chromatographies. All the iactones &to $& and & to ph! were identified by 

comparison of their I.R. and 1H and 13C NMR spectra with those of the already prepared racemic compounds. 

Bioconversion of ketone 1. Bioconversion of 1 g (8.93 mtnol) of 1 tiorded 390 mg (35%) of (-)-h and 350 

mg (32%) of solid (-)-a (m.p. : 53-54 “C). 

Biuconversion of ketone 2. 1 g of 2 led to 400 mg (35%) of solid (-)-a (m.p. : 62-63 “C) and 400 mg (35%) of 

solid (-)-a ( m.p. : 48 “C). 

Biocomersion of ketone J_ I g of 3 gave 380 mg (33%) of (-)33 and 480 mg (41%) of (-)-a. 

~~~~r~on of ketone &. 1 g (7.94 mmol) of 4 was oxidized to 365 mg (33%) of {-)-& and 365 mg (33%) of 

(-)-&!. 

hconversion of ketone 2. 1 g of 2 led to 700 mg (60%) of (-)-a and 200 mg (18%) of (-)-&. (-)-a : I.R. 

(Cm-l, neat) : 2960, 1765, 1140. 1~ NMR (2OOMH2, CDC13, ppm) : 4.35 (dd, 1H) ; 4.24 (d, Hqendo and 

Hgexo) ; 3.90 (td, H3eq) ; 3.37 (td, H3ax,.) ; 2.59 (t, Hg) ; 2.28 @. Weq.) ; 1.85 (m Hsax.) ; 1.54 (m H4ax.s 

and Hqeq.), 13C NMR (CDCI3, ppm) : 176.37 (C7) ; 77.63 (Cl) ; 72.28 (C9) ; 66,07 (C3) ; 39.47 (C6) ; 22.12 

(C4) ; 20.15 (C5). Anal. Calcd for C7Hl003 : C, 59.14 ; H, 7.09. Found : C, 59.19 ; I-E, 7.07. 
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