
1982 1099 

Keten Silyl Acetal Chemistry; 1 Simple Synthesis of Methyl Jas.monate t 
and Related Compounds by Utilising Keten Methyl Dimethyl-t-butylsilyl 
Acetal 
By Yasuyuki Kita, Jun Segawa, Jun-ichi Haruta, Hitoshi Yasuda, and Yasumitsu Tamura,’ Faculty of 

Conjugate addition of keten silyl acetals to a$-unsaturated carbonyl compounds in acetonitrile gave a quantitative 
yield of the corresponding methyl (J-trialkylsiloxyalk-2-eny1)acetates; subsequent site-specific electrophilic 
substitution yielded the corresponding 2-substituted 3-(alkoxycarbonylmethyl)alkanones. These novel addition 
and sequential alkylation reactions could be applied to a simple synthesis of methyl jasmonate, methyl didehydro- 
jasmonate, and methyl dihydrojasmonate. 

Pharmaceutical Sciences, Osaka University, 1-6 Yamada-oka, Suita, Osaka, Japan 

IN a recent communication,2 we briefly reported the 
conjugate addition of keten silyl acetals (2) to a,@- 
unsaturated carbonyl compounds (1) in acetonitrile to 
give a quantitative yield of the corresponding methyl (3- 
trialkylsiloxyalk-2-eny1)acetates (3) ; subsequent site 
specific electrophilic substitution of (3) yielded the cor- 
responding 2-substituted 3-(alkoxycarbonylmethy1)- 
alkanones (4) \Ve now gi\re a full account of this work 

enones (1) by an activation method with titanium tetra- 
~ h l o r i d e , ~  which gives methyl (3-oxoalky1)acetates (5). 
We have found that the use of acetonitrile as a solvent 
can greatly enhance the reactivity of the acetals (2) 5 
towards the enones (1) without catalyst to give almost 
quantitative yields of the corresponding O-silylated 
Michael adducts (3) 11 instead of their hydrolysis pro- 
rliicts, the ketones (5). The silyl enolates (3a-g) were 

SCHEME 1 

and of its application to a simple synthesis of methyl 
dihydrojasmonate (1 la) ,  methyl didehydrojasmonate 
(12a),$ and methyl jasmonate (13) from cyclopent-2-enone 
(1.b). 

Preparation and Reactions of Methyl (3-Trialkylsil oxy- 
alk-2-eny1)acetates (3a-g) .-The Michael addition of 
keten silyl acetals (2) to a,p-unsaturated carbonyl com- 
pounds (1) is reported not to proceed.§ However, 
Mukaiyama and his co-workers have succeeded recently 
in bringing about the reaction of the acetals (2)  with 

7 Jasmonic acid is (Z)-tvans-3-oxo-2-pent-2-enylcyclopentyl- 
acetic acid. 

The name methyl dehydrojasmonate has also been used for 
this compound (G. Biichi and B. Egger, J .  Org. Chem , 1971, 36, 

$ The aldol condensation of keten silyl acetals with carbonyl 
compounds is also known not to proceed except for aromatic 
aldehydes, which react with the acetals (2) under severe conditions 
(at 150 “C for 18 h), giving moderate yields of condensation 
products.g 

2021). 

obtained pure by this method in almost quantitative 
yield. The attractive feature of this reaction is that the 
enolate (3) is obtained from the enone (1) directly; 7 
the a-substituent can then be readily introduced via 
the 0-silyl enolate moiety as described below. 

There have been many reports of site-specific 

5 A similar enhancing effect of acetonitrile has been observed 
in the reaction of alkyl acetylenecarboxylates with primary or 
secondary amines6 

( 1  The Michael adducts could be trapped by intermolecular 
transfer of the mobile trialkylsilyl substituent since the reaction 
was performed in the absence of Lewis acid. 

7 Two approaches (i) and (ii) were examined for the prepar- 
ation of (3a) but failed: (i) conjugate addition of methyl lithio- 
propionate to cyclohexenone (la) a t  - 78 “C followed by quench- 
ing with trimethylsilyl chloride (cf. conjugate addition of an 
alkyl group and subsequent silylation 6, ; (ii) direct silylation of 
the oxo-ester (5a) to  give its 0-silyl enolate (3a) by House’s 
methods using LDA and trimethylsilyl chloride or triethylamine. 
DMF, and trimethylsilyl chloride.’ 
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reactions of 0-trimethylsilyl enolates with various 
elect rophiles, giving a-subst itut ed carbonyl compounds. 
We have found that the 0-trimethylsilyl enolate (3a) 
reacts with electrophiles such as N-bromosuccinimide 
(NBS) ,9 phenylselenium chloride,1° and a-chloroalkyl- 
phenylsulphide l1 to give the corresponding a-substituted 
cyclohexanones (4). These results and conversions of 

OSiMe3 
1 

Q 
( la  1 

mlj 

industry. Keten methyl trimethylsilyl acetal is ap- 
parently an ideal synthon for completion of the methyl 
jasmonate synthesis,? but its attempted production by 
quenching of methoxycarbonylmethanide ion with tri- 
methylsilyl chloride gave an inseparable mixture of 
C- and 0-silylated products.ls Therefore, keten S-t- 
butyl 0-trimet hylsilyl t hioacetal l6 and trimethylsilyl- 
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SCHEME 2 

the cyclohexanones (4) into methyl 2-(3-oxocyclohex-1- 
eny1)propionate (6) and methyl 2-(2-ethyl-3-oxocyclo- 
hexy1)propionate (7) were mentioned in our preliminary 
communication.2 

We have now found that the 0-dimethyl-t-butylsilyl 
enolate (3e) obtained from (la) and (2b) reacts with a- 
chloromethylphenyl sulphide in the presence of titanium 
tetrachloride; * desulphurization of the product with 
Raney nickel gives methyl (2-methyl-3-oxocyclohexyl) - 
acetate (8). This vicinal dialkylation of cyclohex-2- 
enone ( la)  via (3e) was applied in the following simple 
route to jasmonoid compounds from cyclopent-2-enone 

Synthesis of Methyl Jasmonate (13) and Related Com- 
pounds (11) and (12).-Much attention has been paid 13-17 

to the preparation of methyl jasmonate (13) and related 
compounds in view of their connection with the perfume 

* In  contrast to our results, Clark12 has reported that the 
0-dimethyl-t-butylsilyl group of cyclopentanone O-dimethyl-t- 
butylsilyl enolate is stable under the conditions of the titanium 
tetrachloride catalysed [2 + 21 cycloaddition with ethyl 
acetate. 

(W 

keten methyl trimethylsilyl acetal l7 were developed as 
synthetic equivalents of keten methyl trimethylsilyl 
acetal. However, the route to methyl jasmonate (13) 
using the former reagent is long and the overall yield is 
low. The latter reagent was shown to be useful in the 
case of 2-alkylcyclopent-Z-enones. We have now es- 
tablished a short and easy synthesis of jasmonoid com- 
pounds (11)-(13) based on conjugate addition of keten 
methyl dimethyl-t-butylsilyl acetal (2b) $ to cyclopent- 
2-enone (lb) and subsequent alkylation of the adduct 
(3f), in which (Zb) is used as a methyl acetate equivalent. 
The reaction sequence is outlined in Scheme 3. 

The ester (3f) obtained from ( lb)  and (2b) was alkyl- 
ated with 1-chloro-1-phenylthiopentane (9) by using 
titanium tetrachloride as catalyst in methylene chloride 
at  -60 "C to give the sulphide (lo), which was desul- 

t It is well established that keten silyl acetal derivatives 
react with a,P-unsaturated carbonyl compounds to  give 1,4- 
addition products in high  yield^.^^^ 

Although Matsuda l7 stated that the reagent (2b) could not 
be purified by distillation, we had already reported a high yield 
preparation of the reagent.l 
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SCHEME 3 

phurized with Iianey nickel.* A mixture of methyl 
dihydrojasmonate (1 la) and methyl dihydro-2-epi- 
jasmonate ( l l b )  was obtained. Epimerisation of ( l l b )  
to ( I la )  was carried out smoothly by the method l5 
reported for methyl 2-epi-jasmonate. An attempt to 
introduce the pent-2-ynyl group into (3f) by a similar 
route using 1 -chloro-1 -phenylthiopent-2-yne failed. t 
However, alkylation of (3f) was performed with l-bromo- 
pent-2-yne by using caesium fluoride in acetonitrile, to 
give a mixture of methyl didehydrojasmonate (l2a) and 
its 2-epimer (12b). Epimerisation of (12b) with tri- 
ethylamine in a sealed tube proceeded smoothly to give 
(12a). Catalytic hydrogenation of (12a) over a Lindlar 
catalyst to methyl (*)-jasmonate (13) is a known reac- 
tion.'* Although none of these reactions with the acetal 
(2b) has been optimised, it is clear that (2b) is a useful 
intermediate for the preparation of methyl jasmonate 
and related compounds. 

* A general method for the introduction of a primary alkyl 
group into the or-position of a silyl enolate has been reported by 
Fleming,l9 using Lewis acid catalysed phenylthioalkylation 
followed by Raney-nickel desulphurization. 

t l-Chlorophenylthiopent-2-yne could be prepared from 1 - 
bromopent-2-yne bv reaction with sodium benzenethiolate in 
ethanol followed by chlorination with N-chlorosuccinimide in 
CCl,, but it decomposed under the conditions employed in the 
reaction of (3f) and the chloro-sulphide (9). 

EXPERIMENTAL 

1.r. absorption spectra were recorded with a Shimazu- 
IR-27G spectrometer, and n.m.r. spectra with a Hitachi 
R-20A (60 MHz) or R-22 (90 MHz) spectrometer. Chemical 
shifts are reported relative to SiMe,. Low- and high- 
resolution mass spectra were obtained with Hitachi RMU- 
6E and JEOL-JMS D-300 instruments, with a direct inlet 
system operating at 70 eV. Column chromatography was 
carried out  on Merck silica gel 60. 

a,P- Unsaturated Ketones (la-d) .-The starting a,p-un- 
saturated ketones ( la ,  b, and d) were commercially available. 
5-Methylcyclohex-2-enone ( lc) was prepared by Heathcock's 
method. 2o 

Keten SiZyZ A cetals (2a-c) .'-These were obtained by a 
modification of reported methods.l89 21 

l-Methoxy-l-trimethyZsiZoxypropene (2a). A 1.5~-solution 
of n-butyl-lithium in hexane (150 ml, 225 mmol) was added 
dropwise to a stirred solution of di-isopropylamine (22.5 g, 
225 ml) in tetrahydrofuran (THF) (150 ml) a t  0 "C under 
argon. The mixture was stirred for 15 min under the same 
conditions, then cooled to - 78 "C. This solution was ready 
for use as lithium di-isopropylamide (LDA). Methyl 
propionate (19.8 g, 225 mmol) was added dropwise to the 
freshly prepared LDA solution a t  -78 "C under argon, and 
the mixture was stirred for an additional 30 min to complete 
the formation of methyl lithiopropionate. Trimethylsilyl 
chloride (29.2 g, 270 mmol) was added dropwise with stirring 
a t  -78 "C over 10 min, and the mixture was stirred for 3 h 
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under the same conditions. Methyl iodide (32 g, 225 mmol) 
and then pentane (100 ml) were added at the same tem- 
perature. The flask was left in a refrigerator overnight and 
the resulting LiCl and quaternary salt precipitates were 
removed by filtration under reduced pressure. The filtrate 
was concentrated under reduced pressure. The residual oil 
was distilled to give the keten acetal (2a) as a colourless liquid 
(20.5 g, 57y0), b.p. 46.3-46.5 "C at 23 mmHg (Found: M + ,  
160.0919. C,H,,O,Si requires M ,  160.0919) ; vma, (CCl,) 
1680 cm-l; 6 (CCL,) 0.20 [9 H, s, Si(CH,),], 1.42 (3 H, d, J 
6.5 Hz, 2-CHCN3), 3.45 (3 H,  s, OCH,), and 3.56 (1 H, q, J 
6.5 Hz, CH=). 

Dimethyl-t-butylsiloxy- l-unethoxyethene (2b). Methyl 
acetate (2.47 g, 33 mmol) was added dropwise to a freshly 
prepared solution of LDA (35 mmol) in T H F  (35 ml) at 
- 78 "C during 25 min. The mixture was stirred for 50 min 
under the same conditions, then hexamethylphosphoric 
triamide (HMPA) (3.5 ml) was added. The mixture was 
stirred for 5 min and a solution of dimethyl-t-butylsilyl 
chloride (5.3 g, 35 mmol) in n-pentane (10 ml) was added 
ciropwise over 10 min. After being stirred for an additional 
1 h under the same conditions, the mixture was allowed to 
warm to room temperature, quenched with cold water (20 
ml), and extracted with n-pentane (3 x 50 ml). The extract 
was washed with saturated aqueous NaC1, dried(MgSO,), 
and concentrated under reduced pressure. The residual oil 
was distilled to give the keten acetal (2b) as a colourless liquid 
(4.54 g, 72%), b.p. 76.2-76.4 *C a t  24 mmHg (Found: C, 
57.0; H, 10.7. C,H,,O,Si requires C, 57.4; H, 10.7%); 
vmx. (CCl,) 1 645 cm-l; 6 (CCl,) 0.14 [6 H, s, Si(CH,),], 0.93 

3 Hz, CH=), and 3.49 (3 H, s, OCH,). 
1 -Dimethyl-t-butylsiloxy- 1 -ethoxyethene (2c). This was 

prepared from ethyl acetate (5.68 g, 66 mmol), LDA (70 
mmol), and dimethyl-t-butylsilyl chloride (10.1 g, 70 mmol) 
in THF-HMPA (10 : 1; 77 ml) in 71% yield (9.3 g) by a 
method similar to that described for the preparation of (2b) ; 
b.p. 67-68 "C a t  10 mmHg (Found: C, 59.15; H, 11.05. 
CloH,,O,Si requires C, 59.35; H, 11.0%); uwX. (CCl,) 
1 645 cm-l; 6 (CCl,) 0.16 [6 H, s, Si(CH,),], 0.93 (9 H, s, 
t-Bu), 1.30 (3 H, t, J 7 Hz, CH,CH,), 2.92 (1 H, d, J 3 Hz, 
CH=), 3.08 (1 H,  d, J 3 Hz, CH=), and 3.68 (2 H,  q, J 7 Hz, 
OCH,). 

General Procedure f o r  the Preparation of Methyl (3-Tri- 
alkylsiloxyalk-2-enyZ)acetates (3a-g) .-The following pro- 
cedure is typical. To a stirred solution of the oc,p-un- 
saturated ketone (12.5 mmol) in dry acetonitrile (1 1 ml) was 
added the keten acetal (2) (12.5 mmol) under argon. The 
mixture was stirred a t  55 "C for 2 h, and a small amount 
of the acetal (0.2 mmol) was added every 30 min for the re- 
quisite period (ca. 1-2 h) to complete the reaction. The 
mixture was concentrated under reduced pressure. The 
residual oil was distilled to give the methyl (3-trialkylsiloxy- 
alk-2-eny1)-acetate (3). 

Methyl 2-(3-trimethylsiloxycyclohex-2-enyl)propionate (3a). 
This enolate was prepared from cyclohex-2-enone ( la )  (1.20 
g, 12.5 mmol) and the keten acetal (2a) (2.10 g, 13.1 mmol) 
in dry CH,CN (11 ml) in 88% yield (2.82 g);  b.p. 140-145 
"C at 2.7 mmHg (Found: C, 61.0; H, 9.6. C,,H,,O,Si 
requires C, 60.9; H, 9.45%); v,, (CCl,) 1735 and 1660 
cm-1; 8 (CCl,) 0.17 [9 H, s, Si(CH,),], 0.8-2.7 (8 H, m, 
3 x CH, and 2 x CH), 1.08 (3 H, d, J 7 Hz, CHCH,), 3.59 
(3 H, s, OCH,), and 4.58 (1 H, d ,  J 8.5 Hz, CH=). 

Methyl 2- (3-trimethylsiloxycyclopent-2-enyl)propionate (3b). 
This enolate was prepared from cyclopent-2-enone (lb) (93.7 

(9 H, S, t-Bu), 2.95 (1 H, d, J 3 Hz, CH=),  3.10 (1  H, (1, J 

mg, 1.14 mmol) and the keten acetal (2b) (234 mg, 1.46 
mmol) in dry CH,CN (1 ml) in 98% yield (272 mg); b.p. 
135-145 "C a t  2.2 mmHg (bath temp.) (Found: C, 59.2; 
H, 9.2. C,,H,,O,Si requires C, 59.45; H, 9.15%); vmar 
(CCl,) 1 735 and 1 640 cm-l; 6 (CCl,) 0.20 [9 H, s, Si(CH,),], 
0.9-3.1 (6 H, m, 2 x CH, and 2 x CH), 1.08 (3 H, d, J 7 
Hz, CHCH,), 3.57 (3 H, s, OCH,), and 4.3-4.6 (1 H, m, 
CH=). 

Methyl 2-(5-methyl-3-trimethylsiZoxycyclohex-2-enyl)pro- 
pionate (3c). This enolate was prepared from 5-methyl- 
cyclohex-2-enone (lc) (98.2 mg, 0.89 mmol) and the keten 
acetal (2a) (265 mg, 1.65 mmol) in dry CH,CN (1 ml) in 960/, 
yield (230 mg) ; b.p. 155-166 "C a t  2.5 mmHg (bath temp.) 
(Found: C, 62.3; H, 9.55. C1,H2,03Si requires C, 62.15; 
H, 9.7%); vmaX. (CCl,) 1 740 and 1 665 cm-l; 8 (CC1,) 0.15 
[3/8 x 9 H, s ,  Si(CH,),], 0.16 [5/8 x 9 H, s, Si(CH,),], 
0.6-2.7 (13 H, m, 2 x CH,, 2 x CH,, and 3 x CH), 3.59 
(3 H, s, OCH,), and 4.4-4.9 (1 H, m, CH=). 

Methyl 2- ( 1, 3-diphenyl-3-trimethylsiloxy~rop-2-~nyl)pro- 
pionate (3d). This enolate was prepared from benzyli- 
deneacetophenone (Id) (81.3 mg, 0.39 mmol) and the keten 
acetal (2a) (238 mg, 1.49 mmol) in dry CH,CN (1 ml) in 
99% yield (144 mg) ; h.p. 195-205 "C a t  0.05 mmHg (bath 
temp.) (Found : M ', 368.1856. C,,H,,O,Si requires M, 
368.1806); v,,,. (CCl,) 1 740 and 1 645 cm-l; 6 (CC1,) 0.07 
[9 H, s, Si(CH,),], 1.01 (1/2 x 3 H, d, J 7 Hz, CHCH,), 1.20 
(1/2 x 3 H, d, J 7 Hz, CHCH,), 3.36 (1/2 x 3 H, s, OCH,), 
3.56 (1/2 x 3 H,  s, OCH,), 5.22 (1/2 x 1 H, d, J 7.5 H z ,  
CH=), 5.39 (1/2 x 1 H, d, J 7 Hz, CH=), and 6.8-7.1 (10 H, 
m, aromatic). 

Methyl (3-dzmetliyl-t-butylsiloxycyclohex-2-enyl) acetate (3e). 
This enolate was prepared from cyclohex-3-enone (la) (497 
mg, 5.17 mmol) and the keten acetal (2b) (1.07, 5.66 mmol) 
in dry CH,CN (5 ml) in 90% yield (1.33 g) ; b.p. 134 "C a t  
0.4 mmHg (Found: C, 63.2; H, 10.2. C,,H,,O,Si requires 
C, 63.35; H,  9.9%); v,, (CCl,) 1730 and 1665 cm-1; 6 
(CCl,) 0.12 [6 H, s, Si(CH,),], 0.6-2.9 (9 H, m, 4 x CH, 
and CH), 0.92 (9 H, s, t-Bu), 3.60 (3 H,  s, CH,), and 4.5- 
4.7 (1 H, m, CH=). 

Methyl (3-dimethyl-t-butylsiloxycyclopent-2-enyl)acetate (3f). 
This enolate was prepared from cyclopent-2-enone (lb) (105 
mg, 1.28 mmol) and the keten acetal(2b) (443 mg, 2.35 mmol) 
in dry CH,CN (1 ml) in 95% yield (329 mg) ; b.p. 142-143 
"C a t  1.0 mmHg (Found: M', 270.1659. C1,H,,O,Si 
requires M ,  270.1652); vwx (CCl,) 1 735 and 1 635 crn-l; 6 
(CCl,) 0.13 [6 H, s, Si(CH,),], 0.91 (9 H, s, t-Bu), 1.8-2.6 
(5  H, m, 2 x CH, and CH), 2.21 (2 H, d, J 7 Hz, CH,CO,- 
CH,), 3.57 (3 H, s, OCH,), and 4.3-4.6 (1 H, m, CH=). 

Ethyl (3-dimethyl-t-butylsiloxycyclohex-2-enyl) acetate (3g). 
This enolate was prepared from cyclohex-2-enone (la) (1 14 
mg, 1.19 mmol) and the keten acetal(2c) (475 mg, 2.26 mmol) 
in dry CH,CN (1 ml) in 90% yield (317 mg); b.p. 140-150 
"C a t  1.2 mmHg (bath temp.) (Found: C, 64.0; H, 10.1. 
C,,H,,O,Si requires C, 64.35; H, 10.55%); vmaZ (CCl,) 
1 730 and 1 660 cm-l; 6 (CCl,) 0.12 (6 H, s, SiMe,), 0.6-2.3 
(7  H, m, 3 x CH, and CH), 0.91 (9 H,  s, t-Bu), 1.23 (3 H,  
t, J 7 Hz, OCH,CH,), 2.15 (2 H, d, J 8 Hz, CH,CO,Et), 4.06 
(2 H, q, OCH,), and 4.5-4.8 (1 H, m, CHI). 

Methyl 2-(2-Bromo-3-oxocyclohexyl)~ropionate (4a) .-To a 
solution of the silyl enolate (3a) (456 mg, 11 mmol) in dry 
T H F  (110 ml) was added NBS (2.02 g, 11 mmol) in portions 
a t  15 "C under argon. The mixture was stirred for 15 min 
under the same conditions, washed with saturated aqueous 
NaCl and aqueous sodium hydrogencarbonate, and ex- 
tracted with light petroleum (3 x 200 ml). The extract was 
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dried (MgSO,) and concentrated under reduced pressure. 
The residue was purified by column chromatography on 
silica gel [benzene-EtOAc (10 : 1 v/v) as eluant] to give 
trans-(4a) (976 mg, 34%), cis-(4a) (781 mg, 28%), and a 
mixture of both isomers (109 mg, 4%). The trans-ester 
(4a) showed vmx. (CCl,) 1 730 cm-1; 6 (CCl,) 1.13 (5/7 x 3 H, 
d, J 7 Hz, CHCH,), 1.23 (2.7 x 3 H, d, J 7 Hz, CHCH,), 
1.4-3.4 ( 8  H, m, 3 x CH, and 2 x CH), 3.64 (3 H, s, 
OCH,), 4.32 (5/7 x 1 H, d, J 9.5 Hz, CHBr), and 4.64 
(2/7 x 1 H, d, J 8 Hz,  CHBr); m/z 263 (M+). The cis- 
ester (4a) showed v,,,. (CCl,) 1 730 cm-l; 6 (CCl,) 1.16 (3/8 x 
3 H, d ,  J 7 Hz, CHCH,), 1.24 (5 /8 x 3 H, d, J 7 Hz, 
CHCH,), 1.4-3.3 ( 8  H, m, 3 x CH, and 2 x CH), 3.63 
(3/8 x 3 H, s, OCH,), 3.65 (5/8 x 3 H, s, OCH,), and 4.15-  
4.3 (1 H, br, s, CHBr); mlz 263 ( M + ) .  Spectroscopic data 
of these compounds were fully consistent with the proposed 
structures, but a sample for analysis could not be obtained 
because of decomposition upon distillation. These bromo 
compounds were used for the next reaction without further 
purification. 

Methyl 2-[ 3-0xo-2-( l-~henylthioethyl)cycZohexyl]propionate 
(4c).-To a solution of the silyl enolate (3a) (260 mg, 1.01 
mmol) in dry CH,C1, (2 ml) was added 1-chloroethyl phenyl 
sulphide (173 mg, 1.22 mmol) in portions a t  15 "C under 
argon. A catalytic amount of ZnBrz (10 mg, 0.04 mmol) was 
added, and the mixture was stirred at room temperature for 
15 min and concentrated under reduced pressure. The 
residue was purified by column chromatography on silica 
gel [benzene-EtOAc (15 : 1 vlv) as eluant] to give the sul- 
phide (4c) (188 mg, 58%) ; v,, (CCl,), 1 740 and 1 710 cm-l; 
nz/z 321 ( M + ) .  This was used for the next reaction without 
further purification because of decomposition upon distil- 
lation. 

Hydrolysis of the Enolate (3a) to Methyl 2-( 3-Oxocyclohexyl) - 
propzonate (5a).-A solution of (3a) (75 mg, 0.29 mmol) in 
aqueous N-Hcl-ether (2 : 1 ; 6 ml) was stirred at room tem- 
perature for 24 h. The aqueous solution was neutralised 
with saturated aqueous NaHCO,. The organic layer was 
dried (MgSO,) and concentrated under reduced pressure. 
'The residue was purified by column chromatography on silica 
gel [chloroform as eluant] to give the ester (5a) as a syrup 
(46 mg, 87%); vnlax. (CCl,), 1 740 and 1 715 cm-l; 6 (CC1,) 
0.9-2.7 (10 H, m, 4 x CH, and 2 x CH), 1.13 (3 H, d, J 
7 Hz, CHCH,), and 3.60 (3 H, s, OCH,) ; m/z 184 (Mf). All 
spectral data were identical with those of an authentic 
~ampIe .2~  

Methyl 2-( 3-Oxocyclohex- 1-eny1)propionate (6) .-(a) From 
the trans-ester (4a). A stirred solution of trans-(4a) (128 mg, 
0.49 mmol), LiBr (524 mg, 6.02 mmol), and Li,CO, (326 mg, 
4.4 mmol) in dimethylformamide (DMF) (10 ml) was heated 
a t  100 "C for 8 h. The mixture was partitioned between 
water (20 ml) and ether (20 ml). The aqueous layer was 
extracted with ether (2 x 20 ml). The combined organic 
layer was washed with saturated aqueous NaHCO, (20 ml), 
dried (Na,SO,) , and concentrated under reduced pressure. 
The residue was purified by column chromatography on 
silica gel [benzene-EtOAc (7 : 1 v/v) as eluant] to give the 
ester (6) (60 mg, 68%) as an oil (Found: C, 65.55; H, 7.9. 
C10H1403 requires C, 65.9; H, 7.76%); w,,,. (CCl,) 1740, 
1 675, and 1 630 cm-l; 6 (CCl,) 1.31 (3 H, d, J 7 Hz, CHCH,), 
1.5-2.5 (6 H, m, 3 x CH,), 3.23 (1 H, q, J 7 Hz, CHCH,), 
3.62 (3H, s, OCH,), and 5.74 (1 H, br, s, CH=); m/z 182 (M+) .  

The cis-isomer (269 mg, 1.02 
mmol) was treated with LiBr (1.00 g, 12.6 mmol) and Li,CO, 
(682 mg, 9.23 mmol) in DMF (20 ml) a t  100 "C for 6 h to 

(b) From the cis-ester (4a). 

give the ester (6) (125 mg, 67%), identical with the sample 
prepared from trans-(4a). 

Methyl 2- (3-Oxocyclohex- 1-eny1)propionate (6) via Methyl 
2- (3-Oxo-2-phenylselenocycZohexyl)propionate (4b) .-To a 
stirred solution of the silyl enolate (3a) (348 mg, 1.36 mmol) 
in dry CH,Cl, (2 ml), a solution of PhSeCl (261 mg, 1.36 
mmol) in dry CH,Cl, (5 ml) was added dropwise a t  -78 'C 
under argon during 5 min. The mixture was allowed to 
warm to room temperature and diluted with dry CH,Cl, 
(15 ml). After addition of m-chloroperbenzoic acid (472 
mg, 2.74 mmol) in portions, the mixture was stirred a t  room 
temperature for 15 min and poured into saturated aqueous 
Na,SO,. The aqueous layer was extracted with CH,C1, 
(20 ml). The combined organic layer was washed with 
aqueous NaHCO,, dried (MgSO,), and concentrated under 
reduced pressure. The residue was purified by column 
chromatography on silica gel to give the ester (6) (125 mg, 
51%), identical with the sample prepared from (4a). 

Methyl 2-( 2-Ethyl-3-oxocyclohexyl)propionate (7) .-The 
sulphide (4c) prepared from (3a) (260 mg, 1.01 mmol) was 
dissolved in EtOH (6 ml) and Raney nickel (W2; 1 g) was 
added. The suspension was stirred at room temperature 
for 15 min and the nickel was filtered off. The filtrate was 
concentrated under reduced pressure and the residue was 
purified by column chromatography on silica gel [benzene- 
EtOAc (9: 1 v/v) as eluant] to give a mixture of cis- and 
trans-esters (7) [35.7 mg, 41% overall yield from (3a)] as an 
oil (Found: C, 67.8; H, 9.7. Calc. for C,,H,,O,: C, 67.9; 
H, 9.5%); w,,,..~ (CCl,) 1735 and 1705 cm-l; 6 (CCl,) 0.8ti 
(1/3 x 3 H, t, J 7 Hz, CH,CH,), 0.87 (2/3 x 3 H, t, J 7 
Hz, CH,CH,), 1.06 (2/3 x 3 H, d, J 7 Hz, CHCH,), 
1.16 (1/3 x 3 H, d, J 7 Hz, CHCH,), 1.2-2.8 (10 H, m, 
4 x CH, and 2 x CH), and 3.60 (3 H, s, OCH,). 

Methyl (2-Methyl-3-oxocyc1ohexyl)acetate (8) via Methyl 
(3-0xo-2-phenyZthiomethylcyclohexyl)acetate.-To a stirred 
solution of the silyl enolate (3e) (129 mg, 0.45 mmol) and 
chloromethyl phenyl sulphide (170 mg, 0.77 mmol) in dry 
CH,Cl, (0.5 ml), a solution of TiCl, (0.55 mmol) in dry CH,- 
C1, (0.6 ml) was added dropwise a t  -40 "C during 10 min 
under argon. The mixture was quenched with saturated 
aqueous Na,CO, (10 ml) and extracted with ether (3 x 20 
ml). The extract was dried (MgSO,) and concentrated 
under reduced pressure, The residue was purified by 
column chromatography on silica gel [benzene-EtOAc 
(9 : 1 v/v) as eluant] to give methyl (3-0x0-2-phenylthio- 
methylcyclohexy1)acetate (68 mg, 51%) ; vnlax. (CCl,) 1 730, 
1 710, and 1 580 cm-l. 

The product was not purified because of its decomposition 
upon distillation. The sulphide (87 mg, 0.30 mmol) was 
converted into the ketone (9) by reductive desulphurisation 
with Raney nickel (2 g) in dry EtOH (3 ml) at room tem- 
perature for 3 h. After removal of the nickel by filtration, 
the solution was concentrated under reduced pressure and 
the residue was purified by column chromatography on 
silica gel [benzene-EtOAc (9 : 1 v/v) as eluant] to give a 
mixture of cis- and trans-esters (8) [36 mg, 34% overall 
yield from (3e)J as an  oil (Found: M+, 184.1096. Calc. for 
C10H,,03: M ,  184.1097) ; wmax. (CCl,) 1 735 and 1 705 cm-l, 
6 (CCl,), 0.96 (3/10 x 3 H, d, J 6 Hz,  CHCH,), 1.01 (7/10 x 
3 H, d, J 6 Hz, CHCH,), 1.2-2.8 (10 H, m, 4 x CH, and 
2 x CH), and 3.60 (3 H, s, OCH,). All spectral data of the 
major component were identical with those of an authentic 
sample of trans-methyl ( 2-methyl-3-oxocyclohexyl)acetate.2a 

1-Chloro-1-Phenylthiopentane (9) .-To a solution of ben- 
zenethiol (2.34 g, 21.3 mmol) and NaOH (0.90 g, 22.5 mmol) 
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in EtOH (15 ml) was added l-iodopentane (4.23 g, 21.4 
mmol) dropwise. The mixture was stirred a t  room tem- 
perature for 1 h and partitioned between n-pentane (50 ml) 
and water (50 ml). The aqueous layer was extracted with 
n-pentane (3 x 50 ml). The combined organic layer was 
washed with saturated aqueous Na,CO,, dried (MgSO,), and 
concentrated under reduced pressure to give an oil, which 
was distilled to give l-phenylthiopentane (2.67 g, 70y0), b.p. 
136-137 "C at 19 mmHg (Found: C, 73.2; H, 9.05. Cll- 
H,,S requires C, 73.25; H, 8.95%); 6 (CCl,) 0.5-2.1 (9 H, 
m, 3 x CH, and CH,), 2.81 (2 H, t, J 7 Hz, CH,SPh), and 
6.6-7.5 ( 5  H, m, aromatic). The sulphide (563 mg, 3.13 
mmol) was chlorinated with N-chlorosuccinimide (433 mg, 
3.24 mmol) in dry CC1, (7 ml) a t  0-10 "C for 2.5 h. After 
removal of succinimide by filtration, the solution was con- 
centrated under reduced pressure to give the chlorosulphide 
(9) (684 mg, 87%), which was used for the next reaction with- 
out further purification because of its thermal instability. 

Synthesis of Methyl Dihydrojasmonate (1 la) via 3- 
MethoxycarbonylmethyE-2- ( 1 -pheny lthiopentyl) cyclopentanone 
(lo).-To a stirred solution of the silyl enolate (3f) (577 mg, 
2.13 mmol) and the chloro-sulphide (9) (642 mg, 2.99 mmol) 
in dry CH,Cl, (2.5 ml), a solution of TiCI, (2.3 mmol) in 
dry CH,Cl, (2.7 ml) was added dropwise a t  -60 "C during 
30 min under argon. After additional stirring for 30 min 
under the same conditions, the mixture was allowed to warm 
to -30 "C, quenched with saturated aqueous Na,CO, (10 
ml), and extracted with ether (3 x 20 ml). The extract 
was dried (MgSO,) and concentrated under reduced pressure. 
The residue was purified by column chromatography on 
silica gel [benzene-EtOAc (15 : 1 v/v) as eluant] to give the 
sulphide (10) (508 mg, 71%); vnlax. (CCl,) 1 740 cm-l; m/z 
334 (M+), used for the next reaction without further 
purification. The sulphide (508 mg, 1.52 mmol) was con- 
verted into a mixture of methyl dihydrojasmonate (1 la) and 
methyl dihydro-2-epi-jasmonate ( 1 lb)  by reductive de- 
sulphurization with Raney nickel (W2; 5 g) in dry EtOH 
(25 ml) a t  room temperature for 3 h. After removal of 
nickel by filtration, the solution was concentrated under 
reduced pressure and the residue was purified by column 
chromatography on silica gel [benzene-EtOAc (20 : 1 v/v) 
as eluant] to give a mixture of (1 la) and (1  lb) [250 mg, 5276 
overall yield from (3f)l. A solution of the mixture (46 mg, 
0.20 mmol) in Et,N (2 ml) was heated in a sealed tube at 
130-140 "C for 7 h.15 Concentration followed by distil- 
lation gave ( l l a )  (45 mg, 99%; g.1.c. purity >95y0), b.p. 
57-59 "C at 0.025 mmHg; vlllaX. (CCI,) 1 735 cm-l; 8 
(CC1,) 0.89 ( 3  H, t, J 4.5 Hz, CH,CH,), 1.0-2.8 (16 H, m, 
7 x CH, and 2 x CH), and 3.6 (3 H, s, OCH,). All spectral 
data were identical with those of an authentic ~amp1e . l~  

Synthesis of Methyl Didehydrojasmonate (1 2a) from the 
Silyl Enolate (3f) and l-RromoPent-2-yne.-To a stirred 
solution of (3f) (122 mg, 0.67 mmol) and l-bromopent-2- 
yne 24 (124 mg, 0.84 mmol) in CH,CN (1.5 ml) was added 
anhydrous CsF (ca. 200 mg, 1.3 mmol) under argon. The 
mixture was stirred at room temperature for 3 h, poured into 
water (10 ml), and extracted with ether (3  x 20 ml). The 
combined organic layer was dried (MgSO,) and concen- 
trated under reduced pressure. The residue was purified 
by column chromatography on silica gel (benzene as eluant) 
to give a mixture of (12a) and (12b) ; v,,,,. (CCl,), 1 740 cm-'; 
6 (CCl,) 1.09 ( 3  H, t, J 7.2 Hz, CH,CH,), 1.4-3.4 (12  H, m, 
5 x CH, and 2 x CH), and 3.71 ( 3  H, s, OCH,); m/z 222 
(A!.!+). A solution of the mixture in Et,N (2 ml) was heated 
in a sealed tube a t  130-140 "C for 7 h. Concentration 

followed by distillation gave racemic methyl didehydro- 
jasmonate (12a) [28 mg, 19% overall yield from (3f)], b.p. 
95-120 "C at 0.01 mmHg (bath temp.). All spectroscopic 
and physical data were identical with those of an authentic 
sample. 14 
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