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Abstract: A synthesis of all four stereoisomers of 4-hy~xy-5-methyl-2(3H)-dihydrofurano was acbiived in 6 or 7 
steps with ao overall yield of 19% to 23% from a common starting material. llre source of chiity being &rived from 
smlective bakers yeast reductions of carbonyl groups. 

Several 4-hydroxy-5-methyl-2(3H)-dihydrofuranone moieties and theii Qacetyl derivatives, substituted at 

C-3 by alkyl or alkylidene chains, such as in the polyketide natural products (+)-blastimycinone 1, litsenolide 2 

and dihydromahubalactone 31, are found as metabolites from differing natural sources . This widespread 

distribution has generated an enormous amount of interest in the synthesis and configurational assignments of 

variously di- and t&substituted butyrolactones2. The biological activity of these compounds is such that the 

synthesis of these compounds is still of great interest. In principle they can bc prepared from the corrcspondmg 

hydroxy y-butyrolactones by stcrcoselective alkylation or alkylidination. All of these natural products and 

unnatural analogs should be available having the stcrcoisomeric hydroxybutyrolactones 16-19 in hand. 

1 2 R = (CH$rsCH:CH2 3 R = (CHZ)tsCHaCH3 

We describe here a simple procedure for the synthesis of all four stereoisomers 16,17,18 and 19 of the 

basic title ring system, starting from the readily available monodithioacetal43 (scheme 1). The critical steps 

involve asymmetric reductions of carbonyl groups by bakers’ yeast (Saccharomyces cerevisiae) a ‘reagent’ 

which has recently been widely employed in organic synthesie. The enzymic reduction of some simple a- 

ketothioacetals315 and a-alkoxyketones and derivative& have been reported and structural limitations are 

indicated. 
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The bakers’ yeast reduction of the ketone 4 afforded the alcohol 5 in 48%7chemical yield with an e-e. of 

9W. Reduction of the corresponding ethyl ester gave lower chemical yields of an alcohol with an e.e. of only 

87% and having the same configuration. The (S) configuration was assigned by converting the ethyl ester of 5 

into known ethyl 3-(R)-hydroxypentanoateg by using Raney Ni. Enantiomeric enrichment of (S)-6 was 

achieved by recrystallisation of the amide 7 from pet. ether/ethyl acetate and then reconverting it to the ester by 

acid catalysed hydrolysis. The overall process is efficient and the amide is a readily available derivative for the 

enantiomeric enrichment of hydroxyesters. Traces of the dihydrodithiin 26 were detected after the acid 

alcoholysis and was an expected product since the known 1,Zsulphur migration processes can occur under 

these conditions 3. Substantial rearrangement was fortunately never observed. 
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Scheme 1 (i) bakers’ yeast (0.4 g/ml), 4 (45 mM), 21 “C, 48 h; (ii) MeOH/NH3, rt, 72 h, recrystallised from pet. ether 40- 

60°c/ethyl acetate, 96%, ee (S) > 97%; (iii) EtOHIHCI, reflux, 18 h. 80 46; (iv) NaBH4, EtOH, rt, 2h, (v) 8: i-psLNEUBOMCl(3 

eq), CHzCl2. rt, 48 h; b: HgO/BF3OEt2 (2 es), THFfH20 (85:15), IT, 2 h, 91% (2 steps); (vi) K-Selectride@ (1 eq), THF, -100 “c, 

30 min, 60%; (vii) 0.4M HCI in Me2CO/H20 (3:1), rt, 3 days; (viii) Zn(BH4)2 (3 mol excess), Et20, rt, 4 days. 13 15%. 14 

60%; (ix) Ph3PIDEADIPhC02H (1.5 eq), Et20, rt 24 h, 82%; (x) H2, 10% Pd/C, EtOH, rt, 36h, 86% to 96%: (xi) Ti(OiP& 

(1.9 eq). EtOH, reflux, 16 h, 14 37%. 15 40%. 

The ketone 8 was obtained in 91% overall yield from 5 by sequential protection of the hydroxyl with a 

ROM group followed by deprotection of the carbonyl group using mercury reagents. 

The optically active protected lactone 13*o was obtained, in the ratio 58:l 13:14, by reduction of 8 with 

K-Se&ride@ followed by acid catalysed lactonization. At higher temperatures (-80 C) the reducing agent was 
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sufficiently basic to eliminate the benzyloxymethoxy group, indicated by the formation of benzyl alcohol, thus 

affording only moderate yields of the required lactone 13. On the other hand, the epimeric lactone 14lo was 

also selectively formed, in a ratio of 1:4 of 13~14, by reduction of 8 with Zr1(BEf4)2*~. 

Another approach to the synthesis of 13 involved enzymic reduction of racemic hydroxy ketone 9 which 

was prepamd in 88% overall yield from 4 by NaBb reduction and then using the same sequence described for 

the (Q-8 isomer. Bakers’ yeast reduction of 9 gave exclusively 10 in 83% yield with a -1:l ratio of epimers at 

the 3- position each diaateteoisomer being optically pure. Acid catalysed lactonization gave the lactones 12 and 

13 in nearly quantitative yield. Finally, deprotection of the hydroxyl group with 10% Pd/C!t2 afforded optically 

pure lactones (e.e. > 97%) 16 and 1713 in 86 to 96% yield. The remaining lactone isomers were obtained by 

inversion of the C-4 chiral center. A diasteteomeric mixture of benzoates 11 was prepared in 82% yield using 

the Mitaunobu method.14 the separated isomers were subsequently converted to the lactones 14 and 15 in 

respectively 37% and 40% yield by a Ti(OiPr)d catalysed transesterificationl~. By catalytic hydrogenolysis, the 

optical pure hydroxylactones (e.e. > 97%) 18 and 1913 were prepared efficiently from compounds 14 and 15 

respectively. 

We have also prepared the optical pure lactones 23 and 24l6 by using the same strategies which involve 

bakers’ yeast reductions of the corresponding optically active or racemic a-benzoyloxyketones (scheme 2). 

These have been converted into the corresponding (+) (S)-fl-angelica lactone 25. using procedures described in 

the literature2a. 
0 B@.. BzO, 

BzO 0 

23 e.e.>97% 24 e.e.>97% 25 e.e.>97% 

20 R = Me e.e. (S)- 95% 2% 76% 

21 R = Me racemic 42% 30% 

22 R = Et racemic 33% 28% 

Scheme 2 (i) a: bakers’ yeast (0.4 g/ml), ketone (45 n&i), 23 OC, 48 II; b: 0.4M HCI in Me2COIH20 (3:1), rt, 2.5 days; (ii) 

litemture procedure*g: MeOH/NH3. 

The route presented provides a simple means of preparing all of the stereoisomers of 4-hydroxy-fi- 

methyl-dihydrofuranone from 4 in 6 or 7 steps with an overall yield of 19 to 23% involving the introduction of 

chirality by a simple bakers’ yeast (enzymic) reduction l7. & Angelicalactone is also accessible through the same 

scheme and although the synthesis of only one enantiomer is described in the present work, both enantiomers 

am available. 

Acknowledgments. We thank the Junta National de Investiga@o Cienttfica e Tecnol6gica. grant number 827-86-115 for 

generous financial support and the NMR facility at the CIQB. 

Experimental Section 

Reagent quality solvents were distilled prior to use. wdine was dried by distillation fmm sodium hydroxide. Anhydrous carbon 

tetrachloride was pqared by distillation from phosphorus pentoxide under argon. Anhydrous dichlommethane was pnpand by 

distillation from calcium hydride under argon. Benzene and diethyl ether were dried by standing over sodium wire. 

N,N-diisopropylethylamine was dried by distillation t?om calcium hydride. Anhydrous tetrahydrofuran WBP prepared by distillation 

t%om sodium/benmphenone ketyl under argon. (R)-MlPA (Sigma) was converted to the acid chloride using a fitemture pmcedun?. 
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foiiowed by Kugeirolu dWia6ou. Coiumn &omatogmpby was performed using Silica gei Merck 60 li (Art 7736) and ai-- 

Wsiikagei Memk6O~piatesforansiytkaJ TLC.Meitingpoints(uMmcded)were&temmudonaElectrotbamalMod. 

IA6304cspillarymeltingpointaplrpntRLg.~~wencsrriedoutbyllYEllosiagaCarloErbamodel 1106analyser.Mass 

specoa~S)endwractrmrs~(HRMS)wercobtsinedus~gaKratogMS25RFandAEWGMS9massspectromms.Infra-red 

spectra (JR) wue mcmded on a Perkbt-Elmer modei 157 G ti-ted v. ‘HNMRwemmcordedonPe&iu-Elmer 

R12B~6DMHz)andBNkerQ[p3oo(3oOMHz)spaxmneters.cprmicalshutsarenpolted8s8~aesrclative~oeaemethylsilane 

(8~O~).Obacnnd~~atfbeNa-Dlineweremeasuredat25”CusingaPelldn-ELmer2Alpolarimeter. 

Preparation of mctbyi 3(S)-hydroxy-4-oxopcntPnoa~-4-athyienedithi~ce~i (5). Fresh commercial baker’s yeast 

~404g)wassospmdedinasrirredsoiuti~ofsucrose(424g)in~wwata(la09ml).Themixtunwasallowedtostandat21OC 

during liu (gas evoiutico). lbe ketone O3 (10.00 g. 45.39 mmoi) was added and Wring was amrinued (48 br). ‘The mixtum was 

~~withNaclendfiitercdrtrroughcelite.~soiidwseweshedwithethylacetete(2x5oo~)andtheaqu~s~trate 

was extraed with dietbyi ether (4 x 500 ml). The combined organic plwice were d&d (MgSO4), fiitc@ cvaporatcd and fbe crude 

pmduct was duwnatograpkd on a siiica gel column (ciumts: pctrolcum ether 4060 : dichlorome.thane fmm 82 to 1:l) to affnrd in 

oader of eiution starting mater&i (4) (4.20 g. 42 96 recovery) and (5) (4.82 g 48 96) as a dear colouriess oil; spectmi data identicai to 

that des&bed for a mcemic mmpie3; e.e. determined by prior tmnsterifii of (5) (0.862 g, 0.28 mmoi) in absolute ethanol (1 

ml) and acetyi chloride (0.04 ml) (reflux, 3 hr. usual work-up and silica gel coiumu (eiuents: petroleum ether 40&O : 

dicMmme&ane 1:l)) to afford the ethyl ester (6) (O.OSSg, 83%) as a clear coiourless oil; e.e. 95 % determined by 1~ NMR(300 

MHx. 0.035 M in CDCi3) spectra for (R) and (S) enantiomers signais of C-5 Me (respectively 2.38 and 2.63 ppm) and GCH2C!& 

(respectively 1.41 and 1.29 ppm) in the presence of 0.64:1 mobu ratio Eu(tfc)g/substrate; 1~ NMR(300 MHz, CDCi3) 8: 

1.279(3H. t P7.4 Hz, GCH2CH3), 1.758(3H, s, H-5), 2.549(iH, dd J=16.1, 10.3 Hz, H-2), 2.828(1H, d J=16.1 Hz, H-2), 

3.199(1H. br, OH). 3.284-3.362(41, m. S(CH2)2S), 4.148-4.220(1H, CHOH. masked by q of OEt), 4.183(2H. q J=7.4 Hz, 

WI&Me); JR (film): 3480&r, OH), 2980(m), 2940(m), 2880(w), 173O(m, C=G), 1450(m), 1380(s). 1285(s), 1180(s). 1100(m), 

1045(s), 950(w), 910(w). 890(w), 855(m), 760(w), cm-l. 

Preparation of ethyl 3(R)-bydroxypentanoate. To a stirred solution of (6) (1.006 g. 4.26 mmoi, e.e. (S) 92 96). in 

absolute ethanol (228 mi) was added Haney Ni (prepsred by the descfii me&dig starting from 30 g of 1:i aluminum-nickel) and 

retluxed for 6 hr. Tbe mixtum was filtered, and the tWate was wasbed with ethanol (2 x 30 ml). The solvent was evaporated and tbe 

residue was distilled (ltugebobr) 115-120 W20 mmHg to afford ethyl 3(R)-bydroxypentauoate (0.471 g, 76 %); [a125D = 

-29.3” (c 1.1, CHC13). e.e. 89 96 determined by optical rotation comparison; Jitga for e.e. (S) 100 % [a125D = +33.1” (c 0.88, 

CHC13); iit.9b far e.e. (S) 84 % [a12~ = +28” (CHCi3). 

Preparation of 3(S)-bydroxy-4-oxopentannmide-4-etbylcnedithioacetai (7). Into a solution of (5) (1.268 g. 5.70 

mtnoi, e.e. 95 %) in absolute metbanoJ (40 ml) at -60 “C was passed ammonia to a total volume of 55 ml and tbe mixture was 

ciosed and allowed to stand at room temperature fat 3 days. TM. ammonis was then slowly evspomted, and tbe remaining solvent 

m-moved under vacuum. The residue was cbromatogmpbed on a sika gei columu (eiuents: petroleum ether 4tWO : ethyl acetate fiom 

1:l to 011) to afford (7) (1.135 g. 96 Ro), solid, Rf = 0.36 (ethyl acetate). EnantiomericsBy pure amide was obtained after two 

crystallixxtions from petroleum ether 40/60 : etbyi acetate; m.p. 118.5-119 V, [c@D = -41.i” (c 1.0 etbanoi); 1~ NMR(60 MHx, 

CDCi3)6: 1.75(3H, s, H-5), 2.52(1H, d J=9 Hz. H-2) 2.65(lH, d J=3 Hz, H-2) 3.35(4H, s, S(CH2)2S). 3.40(3H, br, OH and 

NH2), 4.12(iH, dd J=3,9 Hz, CH0i-J); iR (nujoi): 339O(m, NH and OH), 335O(m. NH and OH), 329O(m, NH and OH), 324O(m, 

NH and OH), 318O(m, NH and OH), 2726(m), 166O(s, C=G). 1610(m), 1305(m), 1275(m), 1245(m), 1190(s). 1169(m), 1100(m), 

1090(m), 1055(s), 1025(s), 975(m). 885(w), 875(m). 850(m), 760(m). 720(s), cm-l; MS m/e: 207@4+), 189(M+-H20). 171,156. 

145, 119(cqH7S2+, base), 97; Anal. C&d for C7Hi3N@S2: C 40.56, H 6.32, N 6.76%: Found:C 40.50, A 6.41, N 6.65%. 

Preparation of ethyl 3(S)-hydroxy-4-oxopentanoate-4-ethyienedithioace~i (6) (e.e. > 97 96) from (7). A 

previous prepamd solution of absolute etbsnoi (75 ml) and acetyi chloride (5.1 ml. 72.1 mmoi) was added to crystaliir.ed (7) (3.738 
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#, 18.03 mmd) tbcn atiauJ and retluxed for 18 hr under a dry armospbere. Solid sodium bicarbonate wascarefullyadde&theedlanol 

waaeveporatedand~(soml)andwater(Mml)wasaddedL0theresidue.Thequeousphasewas~andex~withmore 

e&x (3x5&nl). The combined organic phases were dried @igS04), fdtfXcd, e~pom@d to dryness, aad chromatogap hedmasilica 

gel column (eluents: petroleum ether 40/60 : dicblorometbane from 1:l to 0:l) to afford in order of elution 3.metbyl-l- 

ethoxycarbonylmctbyl-5.5.dibydro-1,4-dithiine (26) (0.492 g, 13 %), clear colourless oil; elemental analysis as 

reported20; lH NMR(60 MHz, CC4)8: 1.30(3H. t J=7 Hz. C@CH2CH3), 1.92(3H, 8, C-3 Me). 3.10(2H, s, C&CO2Et), 

3.20(4H. s, S(CH2)2S), 4.18(2H, q t7 Hg CO2CH2Me); IR (fihn): 2980(m), 2920(m), 2860(w), 173X9, GO), 16OO(w, C=C), 

1445(w), 1415(m), 1390(w). 1365(m), 1325(m). 1290(m). 1255(m). 1180(s). 1120(w). 1095(w). 1030(m), 975(w), 925(w), 

870(w). cm-l; and (6) (3.397 g. 80 96); clear colour& oil, [a]“D = -35.2 (c 1.2 CHCl3). e.e. z 97 % determined as described 

above. 

Preparation of methyl 3(S)-benzyloxymetboxy-4-oxopentanoate (8). Bazyl chloromethyl ether (2.0 ml, 3 q.) WBS 

added dmpwise (5 min) to a stirred solution of (g) (1.072 8,4.82 mm01 e.e. (S) = 94%) and dry diisopropylethylamine (2.5 ml, 

3 q.) in anhydrous dichloromethane (IO ml) at room temperature under argon. After 48 hr the reaction was poured onto to a 

saUated aqueous solution of ammonium chloride (25 ml) and extmcted with dietbyl ether (4 x 25 ml). The combined organic layers 

were dried (htgSO4), filtered and evaporated to ~QINX yielding a yellow oil wbicb was dissolved in tetrahydrofumn (4 ml) and added 

dmpwise to a strong stirred suspension of red mercury (II) oxide (2.089 g, 2 q.) and boron trifluoride etberate (1.2 ml, 2 q.) iu 

apexes tdfahydf~furan (15%. 10 ml) at room temperahue. After 2 hr the reaction was quenched by the addition of saturated aqueous 

bicarbonate (10 ml) with formation of a white precipitate. The mixture was then filtered, washed with dietbyl ether (20 ml) and the 

aqueous phase extnrted with dietbyl ether (4 X 15 ml). The combined organic layers were dried (MgSO4). filtenxi, evaporated to 

dryness and chromatographed on a silica gel column (eluents: petroleum ether 40/60 : dichioromethaue from 8~2 to 0~1) to afford 

(g), (1.165 g. 91%). clear colourless oil; Rf = 0.43 (dichloromethane); [a]D25 = -6.6 (c.1.9, chloroform); lH NMR(60 MHz, 

CCl4)6: 2.16(3H, s, CDMe), 2.68(2H, dd J=5,0.5 Hz, H-2). 3.62(3H, s, C@Me). 4.3O(lH, dd J=5, 5.5 HZ CHOBOM). 4.60(2H. 

s, oCH2Ar), 4.80(2H, s. ocH20). 7.30(5H, s, Ar): IR (film): 31oo(w, Ar), 307O(w, Ar), 304O(w. Ar), 302O(w, Ar), 2960(m), 

2900(m). 1745(s, C=O), 1725(s, GO), 161O(w, Ar). 159O(w. Ar). 1500(m), 1460(m), 1445(s), 1420(m), 1360(s), 1280(s), 

1270(s), 12W). 1170(s), 1120(s). 1050(s), 1030(s), 960(m), 910(w), 855(w), 745(s, Ar), 7CQ(s, Ar). cm-l; MS m/e: 267(M++l), 

237.223(?vl+-MeCO), 207,193,194,181,119,91(C7H7+, base). 

Preparation of methyl J(R,S)-benzyloxymethoxy-4(S)-hydroxypentanoate (10). The ketone (9)21(0.500 g, 1.88 

mmol) WBS subjected to bakers’ yeast reduction in a manner similar to Ibat described earlier. Purification by flash chromatography 

(eluents: petroleum etber 40/60 : dichloromethane 1:l) gave (10) (0.419 g, 83%) as a clear colourless oil; 1~ NMR(60 MHz, 

m&)6: lXX3H. d J=6 Hz, CHOHCH3), 2.45(2H, dd J=7, 1 Hz, H-2). 2.76(19 br, OH), 3.60(3H, s, CO2Me), 3.68-4.0(2H, III, 

CHOH and CHOBOM), 4.60(2H, s, OCH2W 4.78(2H, s, OCH20), 7.32(5H, s, Ar); IR (film): 35oo(br, OH), 31OO(w, Ar), 

3Ogo(w W, 304W, k), 2990(s), 2970(s), 2950(s), 2910(s), 1745(s, C=O), 161O(w, Ar), 159O(w, Ar), 1500(m), 1460(s), 

1440(s). 14Wm), 1380(s). 1340(m), 1290(s). 1200(s). 1165(s), 1100(s), 1040(s), 1050(m), 905(m), 855(m), 745(s. Ar). 7OO(s, 

Ar), an-l. 

Preparation of methyl Q(R)-benzoyloxy-3(R,S)-benzyloxymethoxypentanoate (11). Diethyl azodicarboxylate 

(0.53 ml 1.5 q.) was added dropwise during 5 min to stirred solution of (IO) (0.599 8, 2.23 mmol). triphenylphosphine (0.878 g, 

i.5 q.) and benzoic acid (0.409 g, 1.5 q.) iu dry dietbyl ether (10 ml) under argon at room temperature. After ‘24 br water (15 ml) 

was added and the aqueous phase was extmcted with diethyl edw (3 x 15 ml). The combined organic phases were dried (MgSOq), 

evaporated to dryness, and cbromatographed on a silica gel column (eluents: petroleum ether 40&O : dichlmethane from I:0 D 

1:1) to afford (11) (0.678 8, 82Q), as a clear oil, Rf = 0.54 (dichlorumethane); [a]D25 = -42.4 (c.O.74, chloroform); 1~ NMR(60 

MHz, CWS: 1.30(3H, d J=7 Hz. CHOBzCH3). 2.55(2H, dd Jx5.0.5 Hz, H-2). 3.52(s) and 3.56@)(3H. Cwe), 4.124.38(1H, 

m, CHOBOM), 4.5g(2H, s, oCH2& 4.80(2H, s, OCA20). 5.14-5.45(1H, m, CHOBz), 728(5H, s, OCH2Ar), 7.45-7.6(3H, IQ 
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Rz), 8.0-8WH. m, Bz); IR (film): 3lOO(w. Ar), 308o(w, Ar)), 304O(w, Ar). 3NlO(m), 2960(m), 2900(m). 1745(s. CO2Me), 

1725(s. CO2Ar). 1610(m. Ar), 159O(m, Ar), 1500(m), 1460(s). 1445(m), 1385(m), 1320(m), 1280(s). 1220(m). 1210(m), 

1165(m), 1120(m), 1080(m), 1045(m), 1030(m), 1005(m), 945(w), 890(w), 850(w), 810(w), 780(w), 74O(m, Ar), 72O(s, Ar), 

705(m. Ar), cm-l. 

Preparation of 4(R)-benzyioxymetboxy-S(S)-methyl-2(3A)-ranone (12) and 4(S)- 

benzyloxymethoxy_S(S)-methyl-2(3H)-dihydrofuranone (13) from (10). Hydrocbioric acid 37% (0.22 ml, 2 eq.) was 

added dmpwise to a stirred solution of (10) (0.348 g, 1.30 mmoi) in acetone/water (3:1, 6.5 ml) at room temperature. After 3 days 

the reaction was neutmlized by the addition of sodium bicarbonate and the acetone was then evaporated in wcuo . The mixture was 

diluted with water (10 ml) and extracted with dietbyi ether (4 x 10 ml). The combined organic phases were dried (MgSO4). tiitered, 

evaporated and the crude product was chromatographed on a silica gel column (eiuents: petroleum ether 40&O : ethyl acetate from 

9.5:0.5 to 8:2) to afford in order of eiutlon (12) (0.162 g, 44%) as a clear colouriess oil; Rf = 0.43 (7~3 peaofeum ether 40&O : 

ethyl acetate); [a]D25 = -27.4 (c.i.0, chloroform), [a]$ = -28.6 (c.i.3, chloroform); 1~ NMR(300 MHz, CDCi3)6: 1.356(3H, d 

J=7.0 Hz, CHC&Q. 2.59i(iH, dd J2,3=4.O Hz, J2,z=l8.O Hz, H-2). 2.85i(iH, dd J2,3=7.2 Hz, J2,r=l8.O Hz, H-2). 4.113- 

4.161(iH, m, CHOBOM), 4.519-4.582(11~, m. CHMe or d, J3,4=2.7 Hz ou irradiating the d. at 1.356ppm), 4.657(2H. s, 

OCH2Ar), 4.807(1H, d J=8.0 Hz, OCH20). 4.834(1H, d J=8.0 Hz, OCH20), 7.285-7.390(5H, m, Ar); IR (film): 31OO(w. Ar), 

308o(w, Ar), 305O(m, Ar), 2990(m), 2950(m), 2910(m), 179o(s, C=O). 1615(w. Ar), 1595(w, Ar), 1505(m), 1460(m), 1415(m), 

1390(m), 1365(m), 1320(m), 1300(m), 1250(m). 1215(m), 1180(s), 1170(s), 1115(s), 1085(s), 1055(s), 1035(s), 995(m), 950(m), 

91O@u). 850(w), 830(w). 745(s, Ar), 705(s. Ar), cm-i: MS m/e: 237@@+1), 236(M+), 223,206, 198, 180, 179, 167, 109,108, 

107; HRMS calcd for Cl3Hl604: 236.10485, found:236.105W and (13) (0.164 g. 45%) as a clear coiourless oil; Rf= 0.31(7:3 

petroleum ether 40/60 : ethyl acetate); [a]D25 = +10.7 (c. 1.0, chloroform), [a]D25 = +li.l (c.O.7, chloroform); *H NMR(300 

MHZ, ac13)6: iA31(3H. d J=6.1 Hz, CHC&,). 2.662(iH, dd J2,3=2.9 Hz, J2,2’=17.5 Hz, H-2), 2.747(1H, dd J2.3’5.3 Hz, 

J2,2’=17.5 Hz, H-2). 4.402-4.444(1H, m, CHOBOM), 4.588-4.663(1H, m, CHh4e or d, (4.651 ppm) J3,4=6.0 Hz on irradiating 

the d. at 1.431 ppm), 4.641(2H, s, OCH2Ar). 4.791(11+, d J=7.4 HZ, OCH20). 4.831(iH. d J=7.4 HZ, OCH20). 7.316-7.362(5H, 

m. Ar): IR (film): 31Ww, Ar), 308Okn. Ar). 305O(m, Ar), 3000(m). 2960(s). 2910(s). 1785(s. C=O, 1615(w, Ar), 1595(w, Ar), 

1505(m), 1460(s), 1415(m), 1395(s), 1350(m), 1300(m), 1250(m), 1220(s), 1165(s), 1110(s), 1100(s), 1050(s), 975(m), 950(s), 

910(m), 855(m), 825(m), 75O(s, Ar), 705(s. Ar), cm-l; MS m/e: 236&I+), 206, 167, 122, 118, 108(base), 107, 98.91, 79; 

HRMS calcd for Cl3H1604: 236.10485, found: 236.10530. 

Preparation of 4(S)-benzyioxymethoxy-5(R)-methyl-2(3H)-dibydrofuranone (14) and 4(R)- 

benzyioxymetboxy-S(R)-methyi-2(3H)-dihydrofuranone (15) from (11). Freshly distilled tetraisopropyi t&mate 

(0.39 ml, 1.94 eq.) was added to a stirred solution of (11) (0.250 g, 0.67 mmoi) in absolute ethanol (5 ml) under argon at room 

temperature. The reaction mixture was then refluxed during 16 h. The solvent was evaporated in vacua , diluted with 1 M 

hydrocldoric acid (10 ml) and extracted wilh diethyl ether (3.x 10 ml). The etberal solution was washed with saturated aqueous 

bicarbonate (20 ml) and tbe combined organic phases were dried (MgSOq), filtered, evaporated and the crude product WBS 

chromatographed on a silica gel column (eluents: petroleum ether 40/a : ethyl acetate from l:O. to 8~2) to afford in order of elutloo 

(14) (0.059 g. 37%) as a clear colourless oil; spectral data identical to those reported earlier for its enantiomer; [aID25 = +26.5 

(c.i.08, chloroform), [a]D25 = +27.0 (c.1.5, chloroform), [a]D25 = +26.9 (c. 0.93, chloroform), [a]D25 = +26.9 (c.i.1, 

chloroform) and (15) (0.064. 40%) as a clear colourless oil: spectral data identical to those reported earlier for its enantiomer; 

[cc]& -10.6 (c.l.1, chloroform), r&25 = -10.6 (c.O.6. chloroform). 

Preparation of 4(R)-hydroxy-S(S)-methyL2(3H)-dihydrofuranone (16). 10% Palladium on carbon (0.215 g. 154.7 

mg/nunol) was added to a solution of (12) (0.328 g, 1.39 nun00 in ethanol (9 ml). The solution was &gassed and then stirred 

vlgcmusly under a slight positive-pressure hydmgen atmosphere (balloon) at room temperature. After 1.5 days medumol(l5 ml) aud 



4-HydroxyJ-methyL2(3H)-dihydrofuranone isomers 4289 

hydmcbloric acid 37% (1 drop) was added. After stirring for 1 hr the reaction was f&red, washed with methanol (50 ml) and the 

filtrate was evaporated to dryness and the crude product cbromatographed on a silica gel column (eluents: petroleum ether 40/60 : 

ethyl acetate from 7:3 to 0~1) to afford (16) (0.155 g. 96%) as a clear comurless oil; spectral data (JR, 1~ NMR) consistent with 

those mporW~I~~*~; e.e. > 97%; [a]D25 = -11.6 (c. 2.5, CHCl3), lit2d [a]D25 = -10.81 (c. 1.85. CHCl3). The Moshefs ester 

derivative was pqared following the literature procedum I? using (16) (I 1 mg). dry carbon Wrachltxhle (2lt4 pJ), dry pytidine (2&t 

pl) (+)-a-methoxy-a-(nifluoromethyl)phenylacetyl chloride (25 pl), rt, 18 hr and furtber pmi.Scation by preparative TLC (eluents: 

1:l pewleum ether 40/60 : ethyl acetate) to remove baseline material; 1~ NMR(300 MHz, CDC13)6: lA69(3H, d k7.0 Hz. 

CHCH3), 2.568(lH. dd Jz2.1, 17.8 Hz, H-2). 3.014(lH, dd J=7.3, 17.8 Hz, H-2). 3.534(3H, s, Oh@, 4.676(lH. q J=7.0 Hz, 

CHMe), 5242(lH, d J57.3 Hz, CHOMTPA), 7.421-7.494(5H, m, Ar). 

Preparation of 4(S)-hydroxy-5(S)-methyl-2(3H)-dihydrofuranone (17). The lactone (13) (0.364 g, 1.54 mmol) was 

depmtected in a similar manner to that described earlier. Purification by flash cbmmatograpby (eluents: petroleum ether 40/60 : ethyl 

acetate 7:3 to 0:l)) gave (17) (0.154 g, 86%)~~ a clear colourless oil; spectral data QR, IH NMR) consistent with those 

reported2d~; e.e. > 97%; [a]D25 = -73.7 (c.1.67, ethanol), [a]D25 - - -73.5 (c.O.93, ethanol), lick [a]$O = -73.7 (c. 1.6. ethanol). 

The Masher’s ester derivative was prepamd in a similar manner to that described earlier; 1~ NMR(300 MHz, CDC13)S: 1245(3H, 

d J=6.6 Hz, CHCH3), 2.653(1)3, d J=l8 Hz, H-2). 3.OOl(lH, dd J=6.0, 18 Hz, H-2), 3.539(3H, s. OMe), 4.721-4.756(lH, m, 

CHMe), 5604(lH, t JJ.1 Hz, CHOMTPA), 7.4W7.X3(5)3, m, Ar). 

Preparation of 4(S)-hydroxy-5(R)-methyl-2(3H)-dihydrofuranone (18). The lactone (14) was deprotected in a similar 

manner to that described earlier for its enantiomer. Purification by flash chromatography (eluents: penoleum ether 40/60 : ethyl 

acetate 7:3 to 0~1)) gave (17) as a clear colourless oil; spectral data (JR, lH NMR) consistent with those reporte&d; e.e. > 9796; 

[a]D25 = +ll.O (c. 1.4, CHC13). lit_2d [a]D20 = +10.2 (c. 2.6, CHCl3). lit.2i [a]D20 = +10.87 (c. 2.42, CHC13). The Moshet’s 

ester derivative was prepared in a simii manner to that described earlier; lH NMR(300 MHz, CDCl3)& 1448(3H, d J=6.9 Hz, 

CHC&+), 2.656(lH, dd J=2.6, 16.7 Hz, H-2)‘ 3.045(131, dd JE6.5, 16.7 Hz, H-2), 3.520(3H, s, OMe), 4.578(lH, q J=6.9 Hz, 

Chime), 5.258(1H, dd J=2.6,6.5 Hz, CHOMTPA), 7.362-7.494(5H, m, Ar). 

Preparation of 4(R)-hydroxy-S(R)-methyl-2(3H)-dihydrofuranone (19). The lactone (15) was deprotected in a simii 

manner to that described earlier for its enantiomer. Puritication by flash chromatography (eluents: petroleum ether 40/60 : ethyl 

acetate 7~3 to 0~1)) gave (19) as a clear colourless oil; spectral data (IR, lH NhfR) consistent with those reported2dpl6,; e.e. > 

97% [a]D”) = +73.2 (c. 1.1, EtOH), lit.22 [a]D25 = +75 (c. 0.25, EtOH). The Moshet’s ester derivative was prepared in a similar 

manner to that described earlier, lH NMR(300 MHz, CDC13)6: 1.370(331, d J=6.6 Hz, CHCI&). 2.57O(lH, d J=l8.3, Hz, H-2), 

2.976(lH, dd Jr6.6, 18.3 Hz, H-2). 3.506(3H, s, OMe), 4.744-4.78O(lH, m, CHMe), 5.599(lH, t J=5.0 Hz, CIIoMTpA), 7.423- 

7.505(5H, m, Ar). 

Preparation of 4(S)-henzyloxymetboxy-S(S)-methyl-2(3H)-dihydrofuranone (13) and 4(S)- 

benzyloxymethoxy-5(R)-methyl-2(3H)-dihydrofuranone (14) from (8). a) &.&t&g of (8) SK-SetecaideQ: R- 

Selectride@ (1.0 M in tetrabydrofuran. 1.5 ml, 1 eq.) was added dropwise (10 mitt) via syringe to a stir& solution of (8) (0.3% g. 

1.49 mm01 e.e. (S) 95%) in dry tetrabydrofumn (6 ml) at -100 “C under argon. After 30 min the reaction was quenched by addition 

of saturated ammonium chloride (5 ml). The mixture was allowed to warm to ambient temperature and was then extracted with 

diethyl ether (4 x 5 ml). The combined organic layers were dried (MgSO4). faltered and evaporated to dryness to give a yellow oil 

which was treated with HCUaceton&vater as described earlier. Purification by tlasb &nxnatography (eluents: petroleum ether 40/60 

: ethyl acetate 95~0.5 to 8~2)) gave in order of elution (14) (0.004 g, 1%) and (13) (0.204 g. 58%). Deprotection of iactone (13) as 

described earlier gave the hydroxylactone (17); [a]$ = -66.4 (c.1.74. ethanol). 
. . ’ h) Reduction : Zinc bomhydride* 1 (0.13 M in diethyl ether, 2.6 ml, 0.34 mmol) was a&ted dropwise (5 

mitt) via syringe to a stirred solution of (8) (0.154 g. 0.68 mmol, e.e. (S) 95%) in dry diithyl ether (2 ml) at room temperature. 

under argon. Successive additions of zinc borohydride (3 x 2.6 ml) were made after 1.2 and 3 days. After 4 days the mixture was 
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pNtioned between dietbyl ether (7 ml) and water (5 ml) and tbe aqueous phase extracted wltb dletbyl ether (3 x 7 ml). The 

combinedorganicphaseswaedried(MgSOq),Ntered,~~aadtheaude~twas chmmzmmhedbyMve1u: 

(eluentz: 8:2 petroleum ether 40/60 : ethyl acetate) to afford in order of elution starting mate&l (8) (0.014 g, 9% IBCOVQY), (14) 

(0.096 g, 60%), e.e. 94% determiued by conversion into tbe Mosbefs ester derivative of correspoodlnghydmxylactcneasdesall 

earlier and NMR analy.& and (l3) (0.024 g. IS%), e.e. 93% determined as above. 

Preporotlon of metbyl 3.(S)-benzoyloxy-4-oxopentanoote (20). Benzoyl chloride (1.1 ml, 1.5 eq.) was added to a 

stirred s~lutioo of (5) (1.402 g, 6.31 mmol, e.e. (S) = 95%) and dry pyrkilne (1.5 ml, 3 eq.) in dry benzene (6 ml) at mom 

temperature under argon. After 2.5 days 1M hydrochloric acid (10 ml) was &led and this mixture extracted witb dletbyl ether (3 x 

15 ml). ‘lbe etbeml solution was wasbed with saturated aqueous bicarbonate (30 ml) and tbe combined orgatdc phases were dried 

(MgSO4), BlW evaporated and the crude product. a colourless oil, was treated with mercury (II) oxide/uifluorlde e&rate in a 

similar matttter to that described earlier. Ruification by flash chromatography (eluents: petroleum ether 40&O : dicblcrometbane 

from 82 to 0~1) gave (20) (1.262 g, 8O%).as a clear colourless oil; Rf = 0.34 (dicblorometbane); [aID = -6.3 (c. 0.80, 

chloroform); lH NMR(60 MHz, CC4)S: 2.25(3H, s. MeCO), 295(2H, d J=5 Hz, H-2). 3.70(3H, s, CO2Me), 5.55(1H, t J=5 Hz, 

CHOBz), 7.48-7.70(39 m. Ar), 8.05-8.25(2H. m. Ar); IR (fti): 307O(w, Ar). 3OlO(w, Ar), 2960(m), 1725(s, GO), ldlO(m, 

At), l59o(w, Ar), 1500(w), 1460(s). 1445(s). 1370(s), 1320(m), 1280(s), 1210(s). 1180(s). 1120(s), 1080(s), 1030(m), 1010(m). 

995(m), 970(m), 900(w), 850(w), 810(w), 715(s, Ar), an-l. ‘lbe racemic sample (21) was prepamd as described above starting from 

raamic Q3. 

Preparation of ctbyl 3-(R,S)-bcnzoyloxy-4-oxopentanoste (22). The rzccmic a-bydroxytbiozcetzl ethyl ester (6) 

(1.2W g, 5.12 mmol) was subjected to hydmxyl prdtection Nnzoate ester) and carbonyl deprotection In a similar manner to tbat 

desc&ed earlier. Purification by Bash &romatograplty (eluents: petroleum ether 4O/tX : ethyl zcctate from 1:O to 82) gave (22) 

(1.064 g, 78%) as a clear colourless oil; Rf = 0.43 (dicblotometbane); 1~ NMR(60 MHz, CC4)S: 124(3H, t J=7 Hz, OCH2CH3). 

2.24(3H, s, COMe), 2.90(2H, d J=5 Hz, H-2), 4.12(2H, q J=7 Hz. CC&Me). 5.52(1H, t J=5 Hz, CHOBz). 7.45-7.65(3H. m, Ar), 

S.O-8.2(2H. m. Ark IR (film): 308O(w, Ar), 2990(m), 2950(m), 2920(w), 1725(s, GO). ldlO(m, Ar), 159O(m. Ar), 1460(s). 

1400(m). 1380(s), 1360(s), 1328(s), 1280(s), 1180(s), 1120(s). 1075(s), 1030(s), 1005(m), 970(w), 940(w). 850(w), 810(w), 

760(w), 71qs, Ar) cm-l; HRMS calcd for Cl4Hl605: 264.09976, found: 264.09972; MS m/e: 264&I+), 221&f+-COMe), 

219(M+-OEt), 127,1050+, base), 97,77(C6H5+). 

Preparation of 4(R)-benzoyloxy-5(S)-metbyl-2(3H)-dibydrofuranone (23) and 4(S)-benzoyloxy-S(S)-metbyl- 

2(3H)-dlbydrofuronone (24). General procedure: The ketone (21) (1.737 g, 6.91 mmol) was subjected to bakers’ yeast 

reduction (23 T!) and lactonization with HCl/acetonc/water (2.5 days) in a similar manoer to that described earlier. Puritication by 

Bash cluomatograpby (eluents: petroleum ether 40/60 : dicblortunetbane from 1:l to 1:9) gave in order of clution (23) (0.642 g, 

42%) as a white solid; Rf = 0.54 (dichlonunetiume): mp. 103 - 103.5”C (petroleum ether 4#6O/carbon tetmcblotide); 1it.l for its 

enantiomer 100.5 - 101.5T (dietbyl ether/petroleum etber 40/60); [a]D25 = +41.6 (c. 1.1, chloroform), [a]D25 = +41.4 (c. 0.87, 

chloroform), litU for its enantiomer [a]D = 42.5 (c. 1.0, chloroform); e.e.z 97% de&mined by optical sbll compsrison; spectral 

data (IR, 1~ NMR) consistent with those reported for its enantiomer2i; MS m/e: 220(?&), 202(M1+-H20). 176&I+- CO2 or M+- 

CH2CO). 148, 123, lOS(WCO+, base), 98,83,77; Anal. Calcd. for Cl2Hl2O4: C 65.45, Ii 5.49%. Found:C 65.36, H 5.44% 

and (24) (0.455 g, 30%) as a colourless solid; Rf = 0.43 (dichlorometbane); mp. lOl-102°C (petroleum ether 40/6O/carbon 

tetracblorkie); [a]D25 = 47.4 (c.1.0, chloroform), [a]D25 = 47.8 (c.O.55, chloroform); e.e. > 97% determined by lH NMR(300 

MHz, 0.02 M in CDCl3) of (24) and its enantiomer in a racemic sample based on signals for the C-4 Me (d, J ~18 Hz) 

(rcspcctively at 8 2.98 and 3.00 ppm) in the presence of 1.21 molar ratio Eu(tfc)3/substrate; 1~ NMR(300 MHz. CDCl3))B: 

1.475(3H, d J=6.0 Hz, C-4 Me), 2.754(111, d J22”18.2 HZ, H-2). 3.035(lH, dd J22~18.2 Hz, J23=6.O Hz, H-2), 4.794-4.872(lH, 

m, H-4, q J=6.0 Hz, if Irradiated tbe dd (5.710 ppm) of H-3), 5.710(111, dd J34’5.0 Hz, J23’6.O Hz, H-3), 7:471(2H, t J=7.5 Hz, 
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m-Ar), 7.612(1H, t J=7.5 Hz, p-Ar), 8.040(2H, d J=7.5 Hz, o-Ar); IR (nujol): 178O(s. C-l C=G), 172O(s, OBz Co). 1600@, Ar), 

1355(s), 1315(s), 1275(s), 1245(s). 1210(s), 1170(s). 1140(s). 1110(s), 1100(s), 1060(s), 1025(s), 980(s). 950(s), 920(s). 875(m). 

850(m), 810(m), 73O(s, Ar). 715(s, AC) an-l; MS m/e: 220(?@), 176@i+-Co2 or M+-CH2CO), 148, lOS(PhCG+. base), 98.83, 

77; Anal. Calcd for Cl2Hl2O4: C 65.45, El 5.49%. Found:C 65.22, E 5.48%. 

Preparation of (+)-(S)-p-angelica lactone (25) from (24): The lactone (24) (0.078 8. 0.35 mmol) was treated with 

MeGH/NH3 Wing literature -dure28. Ptuitlcation by flash chmmato8mphy (eluents: petroleum ether 40/60 : dibbmmehne 

flWUt) gave (25) (0.030 8.88%) as a Ck2T COtOWkSS Oil; SpeCtld data (IR. lH I’&fR) COUSiStent With tbOSC fQOIWd~i; [a]# = 

+104.8 (c. 0.65, chloroform); lit2d [u]D20 = +93.83 (c. 0.5. chloroform); for its enantiomes lit?i [a]D = -107.0 (c. 1.61, 

chlorofomt). lit.2d [a]DZo = -95.9 (c. 0.7, chloroform); e.e.> 978, de&mined by optical rotatim comp&on. 

From (23):(+)-(S)-@angelica lactone (25) was prepared as described above, [a]D = +104.0 (c. 0.6, chloroform), e.e.> 97% 

determined by q&al rotation comparison. 
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