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Abstract Synthesu of the lrtle compounds by utd~nng BF3 Et20 catalyzed nng contractwn of 
2,3-epoxycyclohexonones leadmg to 2-alkyl-2_formy[cyclopentanones IS described 

Though the Lewis acid catalyzed rearrangement of cychc epoxyketones IS well established, only a 
limited extent of its utrhzatron for the synthests of opttcally acttve compounds ts reported l) One of the 
reason for the hmtted utthzatron IS the rather dtfficult accessrbthty to hrghly opncally active startmg 
epoxyketones We have recently developed an enantroselecttve access to 2,3-epoxycyclohexanones2) 
and our mterest m usmg enanttomenc epoxyketones for asymmemc natural product syntheses led us to 
design the synthesis of (-)-frontalm3) and (+)-malyngolrde4) via the Lewis acid catalyzed rearrangement 
of 2,3-epoxycyclohexanones 
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As shown m the above retrosynthettc analyns. y-valerolactone denvattve C 1s a useful mtermediate 
for the synthesis of both frontalm and malyngohde, and the lactone would easily be obtained by the 
chemoselecttve reducnon of the formyl group and subsequent Baeyer-Vtllrger oxidatton of 
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formylcyclopentanone B, whtch m turn can be prepared by the Leers aad catalyzed rearrangement of 
epoxyketone A In the above sequence, the Baeyer-Villiger oxtdauon 1s known to proceed wrth retennon 

of chnal center, however, the former step (A B) is reported to proceed wtth parttal racemtzatron lb) 

Thus, to enhance the stereospecrfictty of the rearrangement and to Isolate homochrral products, we started 
our work wtth the 5-mmethylstlyl group substituted epoxycyclohexanone (-)-1 which was prepared in 
81% yield by a drastereoselectrve (>20 1) epoxrdatton of (+)-@!I)-3-methyl-5-mmethylstlyl-2- 
cyclohexenone 2) The Lewis acrd catalyzed rearrangement of (-)-1 (BF3 Et20, dtchloromethane, rt. 0 5 

mm) followed by chemoselecnve reductton of aldehyde moiety with BugSnH in methano15) gave a mixture 

of two ketols 3 and 4 (3 5 1) m 88% peld 6) Though the ketols themselves and then t-butyldrmethylstlyl 
denvatrves could not be separated, then benzoyl esters were chromatographtcally separable 
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Scheme 1. 

a) BFs*Et20. CHsCI,, b) BusSnH, c) PyH+IBrs, d) TBAF, e) HZ, W-C, f) m-CPBA. 
g) K,COs, MeOH, h) Me2C(OMe)2, TsOH, 1) ref 3e (2 steps) 

Desllylatton of the major product (-)-5 vta a-brommatron of the carbonyl group with pyndmmm 

mbromtde followed by the treatment with tetrabutylammonmm fluonde (TBAF) and hydrogenanon of 
formed double bond gave (-)-a m 78% overall yteld By the use of large excess (5 equivalents) of m- 

CPBA, the Baeyer-Vdhger oxtdaaon of (-)-a gave lactone (-)-7 m good (84%) yreld Rmg opening of the 
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lactone by the treatment with K2CO3 m MeOH and subsequent &ol protection as an acetomde gave 

known ester (-)-8 [[a]&1 3’?‘(c 2 98, CHCl3), ht 3e)[a]$3-1 6Y(c 5.44, CHC13)] III 66% overall 

yield The conversion of (-)-8 to (-)-frontalm has been achieved m 2 steps by Sato et al ,3e) and thus the 
above sequence constitute a formal synthesis of (-)-frontalm 

On the basis of the above results, synthesis of (-)-malyngobde was started from enone (+)-10.7) 
Epoxldatlon with 35% Hz02 m MeOH m the presence of a catalync amount of 6M NaOH at 0°C gave (-)- 
11 m 84% yield (tiastereoselectlvlty >20 1) The Lewis acid catalyzed nng contracoon (BF3 Et20, 

dchloromethane, rt, 1 h) followed by Bu3SnH reduction m methanol gave chmmatographlcally separable 

two diastereolsomers (-)-12 (71%) and (-)-13 (24%) Accordmg to the same method used for the 
desllylatlon of (-)-5, (-)-12 and (-)-13 were converted to (+)-14 [73%, [a]$7+9 95’(c 2 15, CHC13), 
ht 4d)[a]$5+8 12O(c , CHC13)] and (-)-15 [54%, [a]D26--9 83”(c 1 83, CHCl3)] respectively 

(-)-12 

d,e,f) 

16 (+)-14 (-)-15 

+ 

TM& 
(-)-13 

d,e,f) 

Scheme 2. 

(-)-18 

a) 35% ~~0~. NaOH, b) BF3=Et20. CH&lz, c) Bu$nH, d) PyH*HE$, d mmp f) Hz. WC 

g) TBDMSC~, Et3N, cat. DMAP, h) LDA. MeI, 1) TBAF, J) LDA, k) H30+, 1) m-CPBA 
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While the convernon of (+)-14 to (-)-malyngohde IS posstble by the method of Matsuo et al .*) an 
altemaave route of higher dlasteteoselecnvlty was exammed. and the follo\Klng procedure was proved to 
be eftiiclent Slylation of (+)-14 with chloro-t-butykhmethylsllane (TBDMSCI) m the presence of Et3N 

and a catalytic amount of 4-dlmethylammopyndme @MAP) gave the correspondmg s11yl ether whtch was 
methylated with hthlum dusopropylamlde (LDA) and methyl lo&de to gn’e a hastereomeric mixture of 
methylated ketone 16 m 82% yteld After removal of tbe TBDMS group ~t.h tetrabutylammomum fluonde 
(TBAF), enolate formanon with LDA and subsequent protonanon under kmetlc condmons gave the 
expected dlastereolsomer (-)-17 selectively (95%) The hydroxyketone was SubJected to the Baeyer- 
Vilhger ox&non under Matsuo’s condlaons*) to gve (-)-malyngohde [[a]D20-13 2’(c 0 94. CHCl3), 
lit 3e) [aID- lo@ 0 58, CHC13)] m 48% yield 

Experimental 

Specific rotation was measured on a Honba SEPA-200 m CHC13 Ir was recorded on a Hltachl260-50 
lH- and IfC-nmr are recorded on a I-htacht R-24B or JNM-FXXQ m CDC13 

(-)-(2S,3S~S)-Z~-Epoxy-3-methyl-5-(trimethylsilyl)cyclohexanone (-)-1 To a solution of (+)-(5S)-3- 
methyl-5-tnmethyblyl-2-cyclohexenone (3 50 g, 19 2 mmol) dissolved m MeOH (100 ml) were added 
35% Hz02 (3 74 ml, 38 5 mmol) and 6M NaOH (1 6 ml. 9 6 mmol) at O’C, and the reactlon mixture was 
stirred at that temperature for 0 5 h After the ad&tton of 10% aq Na2S03 and saturated NH&l, methanol 

was removed under reduced pressure Extraction with ether and punficauon by column chromatography 
(hexane ether=4 1) gave (-)-1 (3 12 g, 82%) 011 [a]D26-121 8O(c 3 4) 1H-nmr &O 0(9H, s), 
0 8-2 6(5H, m), 142(3H, s), 3 OO(lH, s) 13C-nmr ppm 6-3 79, 14 36,2178,29 90,36 78,6143,6160, 
206 13 ppm Ir (neat) 1700 cm-* (GO) Found C, 60 24, H, 9 59% Calcd for C~OI-I~~@S~ C, 60 56, 

H, 9 15% 

(-)-(2S,4S)-2-Benzoyloxymethyl-2-methyl-4-(trimethylsily~)cyclo~n~none (-)-5: To a soluuon of 
(-)-1 (198 g, 10 mmol) m dry CH2Cl2 (50 ml) was added BF3 Et20 (628 pi, 5 mmol), and the resulted 
solution was stirred under Ar at rt for 0 5 mm After diluted with CH$!l2, the soluaon was washed with 
water, dned over MgS04, and concentrated The residue was &ssolved m absolute methanol (50 ml). To 
the solution was added BugSnH (5 36 ml, 20 mmol), and the reaction mixture was stu-md under Ar at room 

temperature for 4 h The reaction was quenched by the ad&non of acetone (5 ml), and the solutton was 
stured at rt for 0 5 h After removal of volatiles under reduced pressure. chromatographlcal punficanon 
gave a mrxture of 3 and 4 (176 g, 88%) To a soluuon of 3 and 4 m dry pyndme (1 ml) was added benzoyl 
chlonde (1 12 ml. 9 68 mmol) , and the resulted solunon was stu-red for 1 h Usual work-up followed by 
punficatlon by column chromatography (hexane:ether=g 1) gave (-)-5 [1.98 g. 65% from (-)-l] 011 
[a]D25-64 3”(c 19). ‘H-mm 8=0.04(99 s), 1 14(3H. s), 0.7-2.6(5H. m), 4 27(2H, s). 7 1-7 6(3H. m), 

7 7-8 1(2H, m) ppm Ir (neat) 1741 and 1724 cm-t (GO) Found C, 66 74, H. 7 80% Calcd for 
Clj’H2403Sl C, 67 06, H, 7 95% 
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(-)-(2s).Benzx@oxymethyl-2-methylcydopentanone (-)-t% To a solutton of (-)-5 (1 12 g, 3.68 mmol) m 
THF (20 ml) was added pyrtdmmm tnbromtde (1.41 g. 4.42 mmol) and the reactton mixture was stirred at 
rt for 0.5 h Additton of aq Na2SO3 and saturated NaHC@ solution. and extraction with ether gave a 

brommated product, whzh was &solved m dry THF (20 ml) and treated wtth 1M solutton of 
teirabutyhunmmomum fluoride in THF (3 68 ml, 3.68 mmol) at rt for 5 mm to give a crude enone 
Hydrogenation of the crude enone III methanol (20 ml) m the pnsence of 10% W-C (394 mg) under 
hydrogen atmosphere for 5 h and ~solatton by column chromatography (hexane ether-4 1) gave (-)-a (663 
mg, 78%). 011: [a]$-50 8’(c 1.3) tH-mm- 8=1 11(3H, s), 1.5-2 7(6H, m), 4 23(2H, s), 7.1-7 6(3H, m), 

7.7-8 1(2H, m) ppm. Ir (neat): 1745 and 1727 cm-t (GO) Found. C, 72.06, H, 7.29% Calcd for 
Ct4H@3: C, 72.39; H, 6.94%. 

(-)-(5S)-6-Benzoyloxy-5-methyI-5-hexanolide (-)-7: To a solutton of (-)-6 (464 mg, 2 0 mmol) m dry 
CHC13 (20 ml) were added m-CPBA (172 g, 10 mmol) and anhydrous NaHC03 (840 mg, 10 mmol) The 
reaction mtxture was stumd m the dark at rt for 1 day After addttlon of 10% Na$303 (5 ml), the reaction 

mixture was extracted with CH2Cl2 and the organic layer was washed with saturated NaHCO-j solutton. 

Punficahon of the product by column chromatography (hexane:ether=l:2) gave (-)-7 (419 mg. 84%). Chl 
[a]D25-17 3”(c 1.3) tH-nmr &149(3H, s), 1 7-2.2(4H, m), 2.3-2 7(2H, m). 4.31(2H, s), 7.3-7.6(3H, m), 

7 8-8.1(2H, m) ppm Ir (neat) 1745 and 1722 cm-t (GO). Foun& C, 67 45. H, 6.72% Calcd for 
Ct4H1@4 C, 67.73, H, 6 50%. 

(-)-(SS)-5-(3’-Methoxycarbonylpropyl)-2~~-~imethyl-l,3-dioxolane (4-8 To a solunon of (-)-7 (300 
mg, 1.2 mmol) m MeOH (3 ml) was added K2CO3 (250 mg, 1.8 mmol), and the reaction mixture was 
sarred at rt for 0.5 h After removal of MeOH, C!H$l2 and saturated NH&l solution wete added to the 
rcactlon mixture. The water layer was ac&Ied with 1M HCl, and extracted 5 times unth CHzCl2. The 
orgamc layer was dned over MgSO4. and concentrated under reduced pressure To the restdue in 2,2- 

ctmethoxypqane (3 ml) was added p-toluenesulfomc acid (20.8 mg, 0 12 mmol), and the solution was 

stlrnd under Ar at rt for 1 h The teamon mixture was dduted ~nth ether, and washed wtth water and 

bnne Removal of solvent and punficatmn by column chromatography (hexane.ether=I 1) gave t-)-8 (173 
mg, 66%). 011. [a]D21-1 37”(c 3.0) IH-nmr 6=1 27(3H, s), 1_38(6H. s). 1 3-2 O-(4H, m). 2 l-2.5(2H, 

m), 3 63(3H, s). 3 72(2H, s) ppm Ir (neat) 1740 cm-t (GO) Found C, 60 84. H. 9.26% Calcd for 
CtlHM4 C, 6109. H, 9.32% 

(+)-(5R)-3-Nonyl-5-trimethykilyl-2-cyclohexenone (+)-lo Chl [a]$%42 l”(c 3.0) tH-nmr 

GO 04(9H, s), 0 87(br t, J=4 5 Hz), 0 6-l 9( 17H. m), 2 O-2 4(4H, m). 5 78( br s) ppm. FOUI& C, 72 98, H, 
11.84%. Calcd for C1gHJ4OSl c, 73 40, H, 1164% 

(-)-(2S~S~S)-~3-Ep-~~~yl-5-(trimethy~lyl~y~~e~n~e (-)-11. Accdmg to the same 
method described for (-)-1, (-)-11 was obtained m 84% yield. oil: [a]~B-77.8”(~ 5.8) tH-nmr: 

6=0_0(9H. s), 0 87(3H. br t, J=5 0 Hz), 0.6-2 3(21H. m). 3.05(1H, br s) ppm t~-nrnr 6-3 8, 14.1, 22 6. 
24.6.28 0,29 3.29 5,29 6,31.9,35 6.37 1.60 8,64.3,206.3 ppm Ir (neat) 1720 cm-l (C=O) Found C, 
69 40, H, 1130% Calcd for Cl@j&&_ C, 69 62. H, 11.04%. 
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(-)-(2S,4S)-2-Hyd~~thyl-2-nonyl4-(~imethylsilyl)cyclo~nta~ne (-)-12 and (-)-(2R,4S)-2- 
Hydroxymethyi-2-nonyI-4-(trimethylsilyl)cyclopen~none (-)-13. To a soluaon of (-)-11 (1 47 g, 4 74 
mmol) 1n dry CH2Cl2 (30 ml) was added BF3 Et20 (298 ~1, 2 37 mmol). and the solution was stured 
under Ar at rt for 1 h The reacaon mixtme was &hued wnh CH2Cl2, washed wth water, and dried over 
MgS04 After removal of solvent, the residue was dissolved 1n absolute MeOH To the soluaon was 
added Bu3SnI-I (2.25 ml, 9 48 mmol), and stured under Ar at rt for 0 5 h Usual work-up followed by 

punfication by column chromatography (hexaneether=3*1) gave (-)-12 (105 g, 71%) and W-13 (349 mg. 
24%) (-)-12. oil; [a]$-31 9”(c 2 5) IH-nmr b0 03(9H. s), 0 65-2.0(19H, m), 0 87, br t, J=4 0 Hz), 

2 OS-2 65(3H, m), 4 42(1H, d, J=ll 0 Hz). 4 62(1Hm d, Fll 0 Hz) ppm. Ir (neat) 3450 (OH) and 1735 
(0) cm-1 Found. C, 69 57, H, 1188%. Calcd for CI$I3&S1’ C, 69 17, H, 11.61% (-)-13 011. 
[a]&72 l”(c 1.1) IH-nmr 6=0 03(9H, s), 0.87(3H, br t, J=S.OHz), 0 6-2 7(22H, m), 3 52(1H, br s) 

ppm Ir (neat) 3420 (OH) and 1730 (GO) cm-l Found C. 68 88. H. 12 00% 

(+)-(2S)-2-Hydroxymethyl-2.nonylcyclopentanone (+)-14. Brommauon of (-)-12 (156 mg, 0 5 mmol) 
with pyndmmm mbromrde (480 mg, 15 mmol) 1n THF (5 ml) was camed out at rt for 12 h , and the 
subsequent operaaon was carned out as described for (-)-6 PunfIcaaon by column chromatography 

(hexane-ether=2 1) followed by bulb to bulb dmallanon [bp (bath temp). 160-17O’WO 1 mmHg] gave (+)- 
14 (88 mg, 73%) 011 [o]B26+9 83”(c 1 8) 1H-nmr &I 86(br t, J=5 OI-Ix), 0 7-2 6(23H, m), 3 44(1H, d, 

J=ll OHz), 3 59(1H, d, J=ll OHz) ppm Ir (neat) 3460 (OH) and 1740 (GO) cm-1 Found C. 74 59, H, 
1159% Calcd for CI5H2& C, 74 95, H, 1174% 

(-)-(2S)-2-t-Butyldimethylsiloxymethyl-2-nonylcyclo~ntanone To a soluaon of (+)-14 (320 mg, 1 33 
mmol) 1n dry CH2C12 (15 ml) were added methylamine (307 ml, 2 2 mmol), t-butylchlorodmtethyls1lane 

(TBSCl, 301 mg, 2 0 mmol), and 4-&methylsmmopyndme (6 0 mg, 0 05 mmol), and the soluaon was 
sarred under Ar at rt for 24 h The reacaon mixture was diluted with CHzCl2, washed with water and 
brme, and drmd over MgS04 Removal of solvent and punilcaaon by column chromatography 
(hexaneether=SO 1) gave TBS ether 1n 99% (466 mg) yield 011 [a]D21-10 SO(c 2 1) ‘H-mm 6=0 0 

(6H, s), 0 85(9H, s), 0.6-2 3(25H, m), 3.35(1H, d, J=9.OHz), 3 60(1H, d. 9 OHz) ppm. Ir (neat) 1745 cm-l 
(C=O) Found C, 70 99, H, 1197% Calcd for C2lH4@$31 C, 71 12, H, 1194% 

(-)-(2S,SR)-2-Hydroxymethyl-2-nonyl-5-methylcyclopentanone (-)-17 To a soluaon of LDA (2 mmol) 

in dry THF (4 ml) was added a TI-IF (2 ml) soluaon of the TBS ether (354 mg, 1 0 mmol) at -78°C and 
the soluaon was sarred at that temperature for 1 h After addition of Me1 (125 ml, 2 0 mmol), the reacaon 
mixture was stmed at -78OC for 1 h, and then allowed to warm to rt Usual work-up followed by 

punficatlon by column chromatography (hexane ether=50 1) gave 16 (305 mg. 83%) To a soluaon of 16 

(305 mg, 0 38 mmol) 1n dry THF (5 ml) was added a 1M solution of tetrabutylammon1um fluonde (TBAF) 
1n THF, and the reachon mixture was surred at rt for 3 h After addlaon of IM HCl (2 ml), the mixture 
was extracted wnh ether The organic layer was washed with saturated NaHC03 soluaon and bnne, and 
then dned over MgS04 The solvent was removed under reduce pressure and the residue was punfied by 

column chromatography (hexaneether=2 1) After removal of the solvent, the product was &ssolved 1n 
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dry THF (2 ml) and added to a precooled (-78°C) solunon of LDA (5 mmol) m dry THF (3 ml). After 1 h, 
saturated NH&l solution was added at once to the reaction mixture Usual work-up followed by 

punfication by column chromatography (hexane ether=2 1) gave (-)-17 (199 mg, 95% from 16) 011 
[&*~19 3“(c 1.5) lH-nmr &O 87(3H, br t, J-4 OH& 107(3H. d, J=6 ~Hz), 0 65-2 65(22H, m), 

3 42(1H, d, J= 10 OHz). 3 58(1H d, J=lO OHz) ppm Ir (neat) 3480 (OH) and 1725 (C=O) cm-l Found 
C, 75 10, H, 1188% Calcd for Ct&I3& C, 75 54, H, 11 89% 

(-)-Malyngolide (-)-18 To a solunon of (-)-17 (70 mg, 0 276 mmol) m dry CHC13 (10 ml) were added m- 
CPBA (173 mg, 10 mmol) anhydrous NaHC03 (84 mg, 10 mmol), and the mixture was stirred m the dark 
under Ar at rt for 1 day After further addmon of m-CPBA (95 5 mg, 0 552 mmol) and NaHC03 (46 4 mg, 
0 552 mmol), the mixture was stmed m the dark for 2 days After ad&tlon of 10% aq Na2S03 (2 ml), the 
reaction mixture was diluted mth CH2C12 and washed with saturated NaHC03 solution Removal of the 

solvent followed by punficanon by column chromatography (hexane ether=1 2) gave (-)-18 (34 mg, 48%) 
The lr and nmr spectral properties of this hydroxy lactone were identical with those previously reported for 
the (-)-malyngohde 4) 
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