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Summary 

Six unsaturated y-lactones, (2)-5-octen-4-olide (l), (Z)-5-decen-4-olide (2), 
(Z)-6-nonen-4-olide (3), (Z)-6-dodecen-4-olide (4), (Z, 2)-6,9-dodecadien-4-0lide 
(5), and tuberolide (6)’) have been identified for the first time in tuberose absolute 
(from Polianthes tuberosa L.). All structures were corroborated by synthesis and all, 
except 3 and 4, are new. 

An improved method for the stereoselective synthesis of (k )-cis-bicyclo [4.3.0]- 
non-3-en-7-one (23) by an AlCl,-catalyzed Diels-A lder reaction is reported. 

1. Introduction. - In the course of analysis of the lactone fraction from tuberose 
absolute*) we identified, in addition to known3) y -  and S-lactones, six new trace 
constituents (1-6). Except for 4 which has been isolated from various natural 
sources4), none of these unsaturated y-lactones has been reported to occur in nature. 
This is rather surprising because these lactones are probably degradation products 
of the ubiquitous linolenic and linoleic acids5). The structure of tuberolide (6)’) is 

The name ‘tuberolactone’ has been suggested for (Z, 2)-2,7-decadien-5-olide [I] .  We propose the 
name ‘tuberolide’ for the bicyclic lactone 6. (IUPAC name ( 1RX,5S*,6R*,Z)-6-(2’-pentenyl)-2- 
oxabicyclo [3.3.0]octan-3-one). 
The absolute of the flowers of the tuberose plant, Poliunthes tuberosa L. (Amarylliduceae), is one of 
the rarest and most valuable perfume materials [2]. 
Kaiser & Lamparsky [ 11 identified (+ )-(R)-5-decanolide, 2-decen-5-olide (massoia lactone), 
(+ )-(S, Z)-7-decen-5-olide (jasmine lactone), ( - )-(R, 7Z)-2,7-decadien-5-olide (tuberolactone), 
5-undecanolide, 5-dodecanolide, 5-tetradecanolide, 4-octanolide, 4-nonanolide, 4-undecanolide, 
4-dodecanolide and coumarin in tuberose absolute. 
(Z)-6-Dodecen-4-olide (4) has been identified in butter fat [3], the male tarsal scent of black-tailed 
deer [4], the cultured broth of the microorganism Sporobolomyces odorus [5]. in lamb flavour from 
animals fed a lipid-protected dietary supplement [6], and in the pedal gland exudate of the 
bontebok [7]. 
Recently, three closely related unsaturated C 14-y-lactones ((Z, Z,Z)-5,8,1 I-tetradecatrien-4-olide, 
(Z,Z)-5,8-tetradecadien-4-olide and (2)-5-tetradecen-4-olide) were isolated from Osmanthus 
absolute [S]. 
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noteworthy because 6 is a cyclic isomer of 5 and at the same time has the C-skeleton 
of methyl cis-(Z)-jasmonate. 
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methyl cis-(Z)-jasmonate 

The structures of the lactones 1-6 were indicated by their spectra and corrobo- 
rated by comparing the chromatographic and spectral data with those of synthetic 
samples. Sufficient amounts of the lactones 1 and 4-6 (ca. 0.5-2 mg) could be 
isolated for recording the IR., 'H-NMR. (360 MHz) and mass spectra, whereas 
only a mass spectrum (from GC.-MS. coupling) was available for 2 and 3. None 
of the samples was large enough to allow the measurement of the optical rotation. 

2. Structure elucidations. - (Z/-5-Octen-4-olide (1). The 'H-NMR. spectrum 
(12 H) and the mass spectrum (molecular ion at mlz 140) indicated the empirical 
formula C8HI2O2, while the IR. spectrum suggested the presence of a saturated 
y-lactone ring (strong absorption at 1780 and 1190 cm-I). The position and geo- 
metry of the double bond and the location of the side chain at C(4) were clearly 
revealed by the 360-MHz-'H-NMR. spectrum (see Exper. Part): the coupling 
constant of 11 Hz between the olefinic protons is typical of a (Z)-double bond and 
the multiplicities of the signals of H-C (4) and H-C (5) indicated these protons 
to be adjacent. The 5-position of the double bond was confirmed by the MS. which 
showed the base peak at mlz 111. This ion is typical of 5-alken-4-olides6) because 
a-cleavage (the predominant fragmentation process of simple y -1actones leading 
to the characteristic ion (i) at mlz 85) is strongly repressed by the presence of a 
double bond in the 5-position. The formation of a fragment ion at m/z 11 1 may be 
reasonably explained by assuming the double bond to shift to the 4-position. Loss 
of R. thus becomes a favourable process and leads to the observed stable ion (ii)'). 

l? 
O f B  d is favoured  - . f i n  0 &R''-o&R 0 

(i) mlz 85 
(ii) mlz 1 I I  

(base peak) 

6 ,  

') 

Except for the lowest member of the series (5-hexen-4-olide) which shows the base peak at m/z 112 
(molecular ion), all 5-alken-4-olides described in this work have their base peak at m/z  11 1. 
This view is supported by the fact that 4-nonen-4-olide has the base peak at mlz 1 1  1. 
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(Z)-5-Decen-4-oEide (2). The structure of this lactone was assigned from its MS. 
which showed the molecular ion at mlz 168 and the base peak at mlz 111. By 
analogy with 1, we assumed the presence of a (2)-double bond in the 5-position. 

(Z)-6-Nonen-4-olide (3). The MS. showed the molecular ion at m/z 154 indicating 
the molecular formula C9Hl4O2. The base peak at m/z 85 revealed that the double 
bond was not adjacent to the ring. A (62)-double bond was thought to be 
probable for biogenetic reasons. 

(Z)-6-Dodecen-4-olide (4). The MS. was in agreement with a published spec- 
trum [5] and the 360-MHz-'H-NMR. spectrum fully supported the structure. 

(Z, 2)-6,9-Dodecadien-I-olide (5). This structure was deduced from the 360-MHz- 
'H-NMR. spectrum. Two (Z)-double bonds in a 1,4-position, each flanked by two 
methylene groups, were indicated by the multiplicities of the signals of the 
olefinic protons and the triplet for C (8) at 2.80 ppm ( J =  7, 2 H). The presence of 
an ethyl group on a double bond was revealed by the signals at 0.98 ( t ,  J =  7.5, 3 H) 
and at 2.06 ppm (qi, J =  7.5, 2 H). The MS. showed the base peak at m/z 85 and 
the molecular ion at m/z 194 as expected. 

A B C 

(1 R", 5 S", 6 R", Z)-6-(2'-Pentenyl)-Z-oxabicyclo [3.3.O]octan-S-one (tuberolide, 6).  
The IR. spectrum (strong absorptions at 1765 and 1195 cm-.') suggested the pre- 
sence of a saturated y-lactone ring and the MS. (molecular ion at mlz 194) showed 
the compound to be an isomer of 5. The 360-MHz-lH-NMR. spectrum revealed 
the presence of a CO-CH2-CH-CH-0 moiety (verified by decoupling experi- 
ments) indicating the presence of a p. y-disubstituted y-lactone (A). The (2)-2- 
pentenyl side chain (B) attached to a methine C-atom was indicated by signals at 
2.12 (m,2H-C(1')), 5.27 ( f ~  t x  d , J=7 ,  1.5 and 11, H-C(2')), 5.41 ( t ~  txd, J = 7 ,  1.5 
and 11, H-C(3')), 2.04 (qi, 5 ~ 7 . 5 ,  2 H-C(4')), and 0.97 (t, J=7.5,  3 H-C(5')). 
Because the NMR. spectrum shows only one double bond and one methyl group 
the lactone must be bicyclic with the three remaining C-atoms (not accounted for 
by the partial structures Aand B) being members of the second ring. This leads 
to the partial structure C. The cis-junction of the rings can be safely assumed, 
because the trans-fused lactone is strained and would not form spontaneously 
during isolation via the corresponding hydroxy acid (cf. [9],  entry 12). The 'H-NMR. 
spectrum does not reveal with certainty the position and configuration of the side 
chain. Irradiation at 5.04 (H-C( 1)) allowed the assignment of the multiplet at 
2.96 to H-C(5) J(1,5)w6) and the partly overlapping signal at 1.72 to 
H,,,-C(8) J (1 ,  8 e x 0 ) z  6). The latter exhibits a large coupling constant (J(8,,, gendo) 
= 15) typical for geminal H-atoms and thus indicates a methylene group at C(8). 
The size of the coupling constant J(5,6)= 8 is in favour of the endo-configuration 
of the substituent at C(6). 
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3. Syntheses. - (Z)-S-AIken-4-olides. (2)-5-Alken-4-olides have not often been 
described and the only representatives so far isolated from natural sources contain 
14 C-atoms*). For the synthesis of this class of compounds we explored two methods, 
both of which allowed the different alkenyl groups to be introduced at a late stage 
of the synthesis. 

In the first approach (Scheme I )  the known [lo] key step is the Wittig reaction 
of aldehyde 10 with an alkylidenetriphenylphosphorane. The yields of this reaction 
are low and ca. (4:l)-mixtures of (2)- and (E)-olefin are obtained even when 
using lithium salt-free conditions. The lactone-aldehyde 10 has been described 
only recently as an unstable compound [lo] and has never been characterized 
(see Exper, Part). We have prepared the crystalline 2,4-dinitrophenylhydrazone of 
10 (n= 1) which showed satisfactory spectral and analytical data. 'Aldehyde 10 
may be prepared in ca. 50% overall yield in 3 steps from glutamic acid (7) [lo] or 
alternatively, in ca. 80% yield, by ozonolysis of 5-hexen-4-olide (l l)9).  

Scheme I 
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The second approach (Scheme 2) involves the reaction of acetylenic Grignard 
reagents with ethyl 4-oxobutanoate (12) which is conveniently prepared by 
ozonolysis of ethyl 4-pentenoate [ 141. The reaction of organometallic reagents with 
0x0-ester 12 is known to produce y-lactones directly [8] [lOa,c] [15] [16] or to give 

8 )  (R,  Z)-j-Tetradecen-4-0lide has been identified as a sex attractant for the male Japanese beetle 
[ IOa]. The same compound (of unknown absolute configuration) and two closely related lactones 
have recently been isolated from Osmanthus absolute [8], see also Footnote 5.  
Lactone 11 was prepared from (E)-1,4-dibromo-2-butene according to [I l l .  The first attempt to 
synthesize 11 from 3,4-epoxy-l-butene and diethyl sodiomalonate [I21 yielded, instead of the pure 
lactone 11, a mixture (inseparable by distillation and GC. on both silicone and Carbowax columns) 
of 11 and the isomeric 3-vinyl-4-butanolide (ratio ca. 3: 7 by 'H-NMR.). 3,4-Epoxy-l-butene thus 
reacts with diethyl sodiomalonate preferentially at the secondary allylic position, and not exclusively 
at the primary position as reported by Russell et al. [12]. Our result seems reasonable in view of 
the fact that the same epoxide reacts with ethyl sodioacetoacetate to give a mixture (ca. 1: l )  of 
regioisomeric lactones [ 131. 

9 )  
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the corresponding ethyl hydroxy-carboxylates [17]. The acetylenic y-lactones 13, 
14 and 16, obtained in moderate yields but easily purified via the corresponding 
hydroxy-carboxylates, were hydrogenated over Lindlar catalyst to give the cor- 
responding (Z)-lactones 1, 15 and 2 in good yield. 

(Z)-6-AIken-4-olides. One member of this series, (2)-6-dodecen-4-olide (4, cJ: 
Footnote 4), has been synthesized by various methods in its racemic [5] [7] [18-231 
and optically active forms [24-261 and (-I )-(2)-6-nonen-4-olide (3) has been 
synthesized recently [23]. Of these methods, the Wittig reaction of aldehyde 18 [22] 
(Scheme 3) seemed particularly convenient for our series of lactones because the 
side chains are elaborated in the last step. Furthermore, the Wittig reagent 22 
required for the synthesis of the diene-lactone 5 is readily synthesized from com- 
mercially available (Z)-3-hexen-l-01 (leaf alcohol). 

Aldehyde 18 was synthesized in two steps from ethyl 4-oxobutanoate (12) 
already used as a starting material in Scheme 2. The reaction of 12 with allyl- 
zinc chloride in dimethylsulfoxide [27] gave 6-hepten-4-olide (17) in 66% yield. 
The organozinc reagent was superior to allylmagnesium bromide in tetrahydro- 
furan, reacting selectively with the aldehyde function, whereas the Grignard 
reagent also attacked the ester group. Ozonolysis of 17 followed by catalytic hydro- 
genation gave aldehyde 18 in good yield. This aldehyde was found to be unstable 
at room temperature forming an equilibrium mixture containing ca. 80% of 
18 and ca. 20% of the carboxylic acid 19. At low temperature (-70"), the 

Scheme 3 

R =  
3 e t h y l  2 0  18 

4 p e n t y l  21 

5 (Z ) -2 -penteny l22  

k H O  
19 
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Wittig reaction of 18 afforded the lactones 3 ,4  and 5 in 20-30% yield") with ca. 95% 
(Z)-stereoselectivity . 

(A)-Tuberolide (6). This lactone was synthesized in 4 steps (Scheme 4 )  with high 
stereoselectivity starting from the cis-fused ketone 23 which is easily accessible 
by the Diels-Alder addition of 1,3-butadiene to 2-cyclopentenone using a modified 
literature procedure [28]. If the A1C13-catalyzed Diels-Alder addition is run under 
mild conditions (temperature < 207, epimerization of 23 to the trans-ketone 24 

Scheme 4 

0 0 4 h/-100 

23 24 
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25 26 
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tuberol ide  

lo) This only moderate yield may be explained by a competing base-catalyzed /$elimination leading 
to the formation of the carboxylate anion of 19: 

o&&cHo = 0 q  
CHO H,, 

EO 

18 
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hardly occursI1). Our method of preparing 23 compares favourably with a recently 
published two step procedure [29]. 

Reduction of the cis-ketone 23 with lithium aluminium hydride gave a mixture 
of epimeric alcohols 25 and 26 (ratio 4: 1).  As expected, hydride addition occurred 
preferentially from the convex face of 23 to give the desired endo-alcohol 25 as 
the major product. The mixture of 25 and 26 was ozonized at -70" in methanol 
to give, after catalytic hydrogenation, a mixture of epimeric monoacetals 27 and 28 
(ratio 4:  1). Chromatography of this mixture on silica gel allowed some impurities'*) 
to be removed and 27 and 28 to be partially ~eparated '~) ,  cis-Olefination [30] of 
pure 27 with triphenylpropylidenephosphorane yielded the (2)-olefin 29 which 
was converted in 50% yield to (k)-tuberolide (6) with chromic acid. To facilitate 
assignment of the I3C-NMR. signals of 6, we prepared the dihydro-derivative 30 
by catalytic hydrogenation. Dihydrotuberolide (30) could not be detected in the 
lactone fraction of tuberose absolute despite a specific search by GC.-MS. 

The title compounds 1-6 may well contribute to the rich, heavy floral odour of tuberose absolute 
despite thcir low concentrations (ca. 0.001-O.Ol%). The more volatile lactones 1-3 have a strong 
smell reminiscent of the corresponding saturated y-lactones, whereas the Clz-lactones 4 and 5 have 
long-lasting, slightly fatty-aldehydic notes. (i )-Tuberolide (6) and its dihydro-derivative 30 display 
weaker but tenacious lactonic odours. 

Experimental Part 
(with the valuable collaboration of Miss M .  Krauer and Mr. J.-C. Froidevaux) 

1.  General remarks. See [31]. 
2. Isolation from tuberose absolute. - From concrete of tuberoset4) (250 g, of Indian origin) an 

absolute was freshly prepared by stirring with 2.5 1 of ethanol for 3 h at 40". After the addition of 
250 g of Celite as a filter aid, the suspension was chilled to -20" for 2 h and the insoluble fats were 
filtered off with suction through a pre-cooled glass filter funnel. The solid was washed with cold 
ethanol (-20", 500 ml) and the combined filtrates left overnight at -20". A further fraction of 
insoluble fats was removed by filtration through Cetite and the filtrate was distilled at 50" (bath)/ 
120 Torr through a packed column in order to remove ethanol. Tuberose absolute (90 g, 36%) was 
obtained as a yellow, mobile oil. 

The absolute (35.0 g) was distilled (bulb-to-bulb) to give 25.4 g of a distillate (boiling range 
20-170"/0.1 Torr) which was dissolved in ethanol (100 ml) and 5% aq. NazC03-solution (250 ml). 
The mixture was stirred for 2 days at 20" and the bulk of ethanol was removed by distillation at 
20 Torr (bath temp. 35"). The alkaline aq. solution was washed by continuous extraction with ether 
(24 h), then carefully acidified with 30% aq. H2S04-solution, saturated with NH4C1 and continuously 

Wenkert et al. [28] obtained 85% of a mixture of 23 and 24 (45: 55) using the same conditions except 
for the temperature (16 h a t  70"). 
The crude mixture contained ca. 20% of four impurities which have been identified by their spectral 
data (see Exper. Part) as the methyl esters 31 and 32 (ratio ca. 3 : l )  and traces of the dimethyl 
acetals of the aldehydes 27 and 28. 

,&,COOCH. ..,COOCH, 

CH,O CH,O'. 

31 32 

This separation is not necessary as both aldehydes 27 and 28 are converted to the same lactone 6 
in the last two steps. 
The petroleum ether extract of the flowers of Polianthes tuberosa. 
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extracted with ether (24 h). This ether extract (2.9 g) containing acids and lactones was distilled 
(bulb-to-bulb) to give 2.7 g of a fraction which was chromatographed on  silica gel (40 8). Petroleum 
ether b.p. 50-70" (PE)/ether 7 : 3  eluted 1.62 g of lactones with 5-decanolide and jasmine lactone 
making up >95% of the mixture. The bulk of the free acids remained absorbed on the silica gel. 
The lactone fraction, after a short treatment with diazomethane in ether to convert acids to methyl 
esters, was chromatographed on silica gel (400 g) with PE/ether 7: 3 + 2: 8. The following fractions 
were obtained. 

A) 124 mg (eluted with 1 1 of PE/ether 7:3), mainly methyl anthranilate; not further investigated. 
B) 5 mg (eluted with ca. 100 ml of the same solvent) containing (among other compounds) 

ca. 50% of methyl N-acetylanthranilate and 30% of tuberolide (6). The latter was obtained pure 
(ca. 1 mg) by prep. GC. (Carbowax, 230"). It had the same retention time (tR) and the same spectral 
data (IR,, 'H-NMR., MS.) as the synthetic material. 

C) 17 mg (eluted with ca. 300 ml of PE/ether 6:4) containing the main components 4-decanolide 
(lo%), 4 (20%) and 5 (60%). The two latter were obtained in pure form by prep. GC. (Carbowax, 230") 
and had the same tR and the same spectral data (IR., IH-NMR., MS.) as synthetic samples. 

D) 26 nig (eluted with ca. 500 rnl of PE/ether 6:4)  containing the main components 5 (cu. 40%), 
5-decanolide (ca. 20%), jasmine lactone (ca. 20%), and 1 (ca. 10%). The latter was isolated by prep. 
GC. (Carbowax, 150-230") and showed identical t~ and the same spectral data (IR., 'H-NMR., MS.) 
as a synthetic sample. Analysis of this fraction by GC.-MS. revealed, in addition, the presence of 
4-octanolide, 4-nonanolide, 3, 4-decanolide, 2, massoia lactone, tuberolactone, 5-undecanolide, and 
5-dodecanolide (in order of tR on a UCON capillary column). These compounds were identified by 
comparing their tR and MS. with those of authentic samples. 

E) 1.38 g (eluted with 1 1 of PE/ether 2:8, 1 1 of ether and 1 1 of ether/methanol 8:2): mainly 
jasmine lactone (ca. 70%) and 5-decanolide (ca. 30%), containing only traces of other lactones. 

3. Synthesis of (+)-(Z)-5-alken-4-olides. - 3.1. By Wittig reaction of aldehyde 10 (Scheme I ) .  - 
3.1.1. Preparation of (+)-5-oxo-4-pentanolide (10) from glutamic acid (7)  [lo]. A suspension of Pd on 
BaS04 (5%, Fluka, 3.0 g) in dry toluene (500 ml) was heated under reflux and ca. 100 ml of toluene 
were slowly distilled to remove traces of water from the reaction flask. After cooling to RT., freshly 
distilled (k )-4-chloroformyl-4-butanolide (9)15) (6.60 g, 44.4 mmol) was added. The mixture was 
heated to 70" with efficient stirring and H2 was bubbled through the solution. The evolution of HC1 
was monitored by passing the effluent gasses through water and titrating the hydrochloric acid with 
I N  NaOH-solution. After 2 days, 43 mmol of HCI had formed. The mixture was cooled, the catalyst 
removed by filtration through Celite and washed with CH2CIz. The filtrate was evaporated and the 
residue distilled (bulb-to-bulb, 150" (oven)/O.Ol Torr) to give a viscous liquid (4.05 g, 80%). Although 
the product showed a single peak by GC. (silicone, 165") the spectral data were not in agreement with 
the monomeric structure 10 (n= 1). The 'H-NMR. spectrum (360 MHz) of a freshly collected sample 
(by GC.) exhibited signals at 9.78 (d, J -  I )  and 4.84 ( d x  d x  d, J -  8. 6 and 1) (monomer of 10, ca. 50%) 
and at 4.50-4.66 (br.) and 5.06-5.20 (br.) (oligomer of 10, ca. 50%); after a few hours, the signals of 
the free aldehyde had practically disappeared, but injection of this solution into a GC. (165") 
regenerated the monomer of 10. In order to characterize 10, we prepared its 2,4-dinitrophenyl- 
hydrazone (m.p. 173-176" decomp.) which had satisfactory analytical data. 

CllH10N406 (294.22) Calc. C 44.90 H 3.43 N 19.04% Found C 44.56 H 3.32 N 18.87% 

' H - N M R .  (360 MHz) of 10-2,4-dinitrophenylhydrazone: 2.44 (m,  1 H) ;  2.54-2.70 (br., 3 H);  5.24 
( t  xd. J =  7 and 5, I H ,  H-C(4)); 7.55 (d, J =  5, 1 H, H-C(5)); 7.93 (d, J =  10, 1 H, H-C(6')); 8.37 (dx  d,  
J =  10 and 2.5, 1 H,  H-C(5')); 9.14 (d, J=2.5,  1 H,  H-C(3')); 11.18 (br. s. 1 H, H-N). 

3.1.2. Preparation of (+)-5-oxo-4-pentanolide (10) from 5-hexen-4-olide ( l l )9) .  A solution of 
lactone 11 [ I l l  (1.12 g, 10 nimol) in ethyl acetate (80 ml) was ozonized at -70" until the blue colour 
persisted. The solution was purged with Ar and was allowed to warm to RT. The catalyst (I00 mg of 
Pd/C lo%, Nuka)  was added and the solution was stirred in a hydrogen atmosphere until no more 
hydrogen was absorbed (2 h). After removing the catalyst by filtration, the solvent was evaporated 
and the product distilled (bulb-to-bulb, 150" (oven)/O.Ol Torr) to give 0.95 g (83%) of 10 showing 
the above-mentioned behaviour and 'H-NMR. spectrum. 

' 5 )  Prepared from (+)-glutamic acid (7) according to [lob]. 
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3.1.3. Preparation qf (f)-(Z)-5-octen-4-olide (1). To a stirred solution of distilled aldehyde 10 
(7.07 g. 62 mmol) in dry T H F  (50 ml) was added within 30 min at 0" a solution of triphenylpropylidene- 
phosphorane (62 mmol), prepared by the sodium amide method [30] in toluene. The mixture was 
stirred overnight at RT., poured on ice. extracted with ether and the extract concentrated. The residue 
was treated with pentane and the insoluble phosphorus compounds were removed by filtration. 
After evaporation of the solvent the product was distilled (bulb-to-bulb, 85" (oven)/O.Ol Torr) to give 
2.97 g (34%) of a mixture of the (Z)-lactone 1 and its (E)-isomer (ratio ca. 4: I by NMR.). The mixture 
was partially separated by chromatography (twice) on silica gel/AgN03 (10%) using PE/ether 7: 3 as 
eluent. Analytically pure (Z)-lactone 1 (1.3 g, 15%) was obtained as an oil. - IR. (neat): 3025 S.  2970s, 
2945m. 2885nz, 1780s. 1665m, 1470m, 1430m, 1335~1, 1300~1, 1230/)1. I190s, 1170 S ,  1135m. 1025~1, 
985m, 925m. 820m. - 'H-NMR. (360 MHz): 1.02 ( t ,  5=7.5, 3 H, 3 H-C(8)); 1.95 (m, l H ,  H-C(3)); 

H-C(4)); 5.43 ( i x d x d ,  J=1,  11 and 8, IH ,  H-C(5)); 5.68 ( t x d ,  J=7 .5  and 11, IH ,  H-C(6)). - 

I3C-NMR. (22.63 MHz): 14.2 (qa, C(8)); 21.2 ( t ,  C(7)); 29.0 ( t ,  C(2) or C(3)); 29.4 ( t ,  C(3) or C(2)); 
76.4 (d ,  C(4)): 126.9 (d ,  C(6)); 137.4 (d, C(5)); 177.2 (s, C(1)). - MS.: 140 (9, M f ) ,  111 (IOO), 85 (24), 
83 (16) 81 (20). 67 (10). 57 ( I I ) ,  56 (31), 55 (30), 41 (24), 39 (16), 29 (27), 27 (22). 

3.2. By Grignard reaction of oxo-ester 12 (Scheme 2). - 3.2.1. Preparation of (f)-5-octyn-4-olide (13). 
To a solution of ethyl 4-oxobutanoate (12) [14] (6.5 g, 50 mmol) in dry THF (50 ml) was added 
dropwise with stirring at 15-20" (cooling) a solution of I-butynylmagnesium bromide [32] (ca. 60 mmol) 
in THF (120 ml). Stirring at RT. was continued for 1 h and the mixture was poured onto ice. The 
mixture was acidified with 2~ HCI. saturated with NaCl and extracted with ether (3 x 200 ml). After 
evaporation of the solvent, the crude product (6.35 g) was dissolved in ether (50 ml) and the solution was 
stirred vigorously with 30 ml of 10% ofaq .  NaOH-solution at RT. for 1 h. The aq. phase was washed with 
ether, acidified with conc. hydrochloric acid, stirred for 1 h, saturated with NaCl and extracted with 
ether. The ether extract (2.6 g) was distilled (bulb-to-bulb, 80-110" (oven)/O.l Torr) to give 1.4 g (20%) 
of the pure lactone 13. - IR. (neat): 2280m, 1785s, 1195s, 1160s. - 'H-NMR. (60 MHz): 1.12 ( t .  J=7.5, 
3 H, 3 H-C(8)); 2.02-2.85 (br., 6 H); 5.12 (m,  1 H, H-C(4)). - MS.: 138 (2, M t ) .  96 (47), 95 (loo), 
83 (33), 81 (26), 79 (61), 77 (42), 67 (16), 56 (59), 55 (30), 53 (32), 51 (16), 39 (47). 

3.2.2. Preparaiion of (,)-(Z)-5-octen-4-olide (1). A solution of the acetylenic lactone 13 (1.38 g, 
10 mmol) in cyclohexane (40 ml) was stirred in a Hz-atmosphere in the presence of 200 pl of quinoline 
and 100 mg of LindZar catalyst. After 3 h ca. 230 ml of H2 were absorbed. The catalyst was removed 
by filtration and the product distilled (bulb-to-bulb, 80-90" (oven)/O.l Torr) to give 1.20 g (85%) of the 
(Z)-lactone I .  The product was free of any (E)-isomer and was identical with the lactone obtained 
by the Wittig reaction. 

3.2.3. Preparation of (i)-5-non,yn-4-oZide (14). To a solution of ethyl 4-oxobutanoate (12) [14] 
(6.5 g, 50 mmol) in dry THF (50 ml) was added dropwise at - 5-0" a solution of 1-pentynylmagnesium 
bromide [32] (ca. 70 mmol) in dry ether (120 ml). Stirring was continued for 2 h at RT. and the 
mixture was treated as described for the honiologue 13. After distillation (bulb-to-bulb, 100" (oven)/ 
0.1 Torr). 5.0 g (65%) of practically pure 14 were obtained as a liquid. - IR. (neat): 2275m, 1780s, 1195s, 
1160s. - 'H-NMR. (60 MHz): 0.97 ( t ,  J-7.  3 H, 3 H-C(9)); 1.55 ( q a x  t, 5-7 and 6.5. 2 H, 2 H-C(8)); 

95 (100). 79 (50), 77 (61), 56 (81). 55 (39), 41 (38), 39 (47), 29 (38), 27 (47). 
3.2.4. Preparation of (~) - (Z) -S-nonm-4-o l ide  (15). Catalytic hydrogenation of 14 as described in 

Section 3.2.2 for the hydrogenation of 13 gave the pure (Z)-lactone 15 in 93% yield. - 1R. (neat): 

2H-C(8)); 1.9-2.73 (br., 6H) ;  5.05-5.90 (br., 3H).  - MS.: 154 (4, M t ) ,  111 (loo), 98 (19), 94 (20), 
85 (20), 81 (17). 57 (22) 56 (26), 55 (28), 41 (33) 39 (17), 29 (22). 27 (21). 

3.2.5. Preparation of (f)-5-decyn-4-olide (16). As described in Section 3.2.3 by addition of 
I-hexynylmagnesium bromide [32] to the 0x0-ester 12 in THF at -5-0". - IR. (neat): 2270~1, 1780s, 
1190s. 1155s. - 'H-NMR. (60 MHz): 0.90 (distorted t ,  3 H, 3 H-C(10)); 1.15-1.75 (br., 4 H); 2.0-2.9 
(br., 6 H): 5.13 (m. 1H. H-C(4)). - MS.: 166 (< 1. M t ) ,  137 (70). 124 (60), 111 (73), 85 ( 8 5 ) ,  81 (64), 
79 (loo), 77 (62), 56 (99), 55 (63), 41 (79), 39 (67), 27 (77). 

3.2.6. Preparution of (k)-(Z)-5-decen-4-oZide (2). Catalytic partial hydrogenation of 16 as described 
in Section 3.2.2 for the reduction of 13 gave the pure (Z)-lactone 2 in 9G% yield. The product had 
the same tR and MS. as the natural compound. - IR. (neat): 3025 S,  2975s, 29503, 2890~1, 1780s, 
1665m, 1465m, 1430m. 1385w, 1335~1, 1300~1, 1225~1, 1190s, 1170 S, 1130~1, 1020~7, 990m, 920~1, 820m. - 

2.14 (m,  2 H ,  2H-C(7)); 2.38 ( W I ,  IH ,  H-C(3)); 2.56 (m,  2 H ,  2H-C(2)); 5.26 (ya, 5 ~ 8 ,  l H ,  

CU. 2.00-2.85 (br., 6H); 5.12 (PI, 1H. HpC(4)). - MS.: 152 ( < I .  M'), 124 (361, 109 (46), 97 (42), 

1780~, 1670~ ,  1190.~. 1170s. - 'H-NMR. (60 MHz): 0.92 (i, J -7 .  3 H ,  3 H-C(9)); 1.43 ( m ,  2 H ,  
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'H-NMR. (60 MHz): 0.90 (distorted t, J -7 ,  3 H ,  3H-C(10)): 1.10-1.60 (br., 4 H ) ;  1.70-2.73 
(br., 6 H); 5.05-5.90 (br., 3 H). - 13C-NMR. (22.63 MHz): 13.9 (qa. C(I0)); 22.2 ( I ,  C(9)); 27.6 
( t ,  C(7)); 29.0 ( r ,  C(2) or C(3)); 29.4 ( r ,  C(3) or C(2)): 31.6 ( t ,  C(8)); 76.4 (d, C(4)); 127.4 (d, C(6)); 

57 (23), 56 (31). 55 (34), 41 (49), 29 (24), 27 (26). 
135.7 (4 C(5)); 177.0 (s, C(1)). - MS.: 168 (9, M + ) ,  125 (24), 111 (loo), 85 (26). 81 (25), 79 (23), 68 (27), 

4. Synthesis of (k )-(Z)-6-alken4-olides (Scheme 3). - 4.1. Preparation of (i)-6-hepten-4-olide (17). 
To a suspension of activated zinc dust [33] (15 g, 0.23 mol) in DMSO (20 ml) was added in small 
portions with stirring at RT. a solution of ally1 chloride (10.8 ml, 0.13 mol) in DMSO (50 ml) at such 
a rate that the temp. of the reaction mixture did not exceed 40". The mixture was stirred for 2 h at 
RT., then the zinc allowed to settle overnight, and the clear solution was decanted into a dropping 
funnel. This solution of allylzinc chloride (ca. 0.13 niol in DMSO) was added within 1 h to a stirred 
solution of ethyl 4-oxobutanoate (12) 1141 (13.0 g, 0.10 mol) in 50 ml of dry T H F  at 0-5". The mixture 
was stirred at RT. for 1 h, poured onto ice, acidified with 30% aq. H2S04-solution, saturated with 
NH4CI and extracted with ether (2 x 200 ml) and ethyl acetate (200 ml). The combined extracts were 
evaporated and the residue (14.8 g) was stirred for I h with a mixture of ether (100 ml) and 2~ aq. 
NaOH (100 ml) at RT. The aq. layer was washed with ether, acidified with 30% aq. H2S04-solution, 
saturated with NH4C1 and extracted with ethyl acetate. The crude extract (11.0 g) was distilled 
(bulb-to-bulb, 70-80" (oven)/0.05 Torr) to give 8.3 g (66%) of the pure lactone 17. - IR. (neat): 
3080~1, 1775s, 1640~1, 11803, 990m, 920m. - IH-NMR. (60 MHz): 1.70-2.70 (br.. 6 H); 4.57 (qi, J =  6.5. 
IH ,  H-C(4)); 4.95-5.35 (m, 2 H ,  2H-C(7)); 5.82 (m, l H ,  H-C(6)). - MS.: 156 (0, M + ) ,  86 (2) 
85 (loo), 57 (16), 56 (4), 55 (2), 43 (8), 41 (14), 39 (9), 29 (41), 27 (9). 

4.2. Preparation of (f)-6-oxo-4-hexanolide (18) and (EJ-6-oxo-4-hexenoic acid (19). Ozonized 
oxygen was passed through a solution of the unsaturated lactone 17 (14.0 g, 0.11 1 mol) in ethyl acetate 
(400 ml) at -70" until the blue colour persisted. The solution was allowed to warm to - 10" while Ar 
was bubbled through. The catalyst (1.0 g of 10% Pd/C) was added at - 10" and hydrogenation was 
started. The exothermic reaction was controlled by cooling with an ice-bath (the temp. was not allowed 
to exceed 20"). After the uptake of 1.74 1 of hydrogen (70%), the absorption ceased and the peroxide 
test was negative. The catalyst was removed by filtration through Celite and the filtrate evaporated 
and distilled (bulb-to-bulb, 120" (oven)/0.02 Torr) to give 11.6 g (81%) of an oil. GC. analysis on both 
silicone and Carbowax columns showed a single broadened peak, but the 1R.- and 'H-NMR. 
spectrum indicated the presence of both 18 and 19 (ratio ca. 4:l )  in this mixture. - IR. (CHCI,): 
3600-25OOw (br., COOH of 19). 2740m (CHO of 18 and 19), 1770s (C=O of y-lactone of  18), 1720s 
(C=O of saturated aldehyde of 18), 1680m (C=O of unsaturated aldehyde of 19), 1640w (C=C of 19). 
It was noticed that in a freshly distilled sample the bands assigned to 19 decreased markedly in 
intensity when the IR. spectrum of the same solution was recorded a second time after 20 h at RT. - 
'H-NMR. (90 MHz, recorded 1 day after distillation): 1.71-3.27 (several m); 4.96 (m, H-C(4) of 18); 
6.15 ( d x d ,  J =  15 and 7, H-C(5) of 19); 6.88 ( t x d ,  J = 5  and 15, H-C(4) of 19); 9.50 (d, J = 7 ,  
H-C(6) of 19); 9.78 (br. s, H-C(6) of 18); CJ [22]. 

4.3. Preparation of(_+)-(Z)-6-nonen-4-olide (3) 1231. To a stirred solution of the (4: 1)-mixture of 18 
and 19 (2.56 g, 20 mmol) in dry toluene (100 ml), chilled to - 70", was added dropwise (2 h) a salt-free 
solution of triphenylpropylidenephosphorane (20) (20 mmol in 60 ml toluene, prepared by the sodium 
amide method 1301). The red colour of the ylide disappeared immediately. The solution was allowed 
to warm to RT. and was stirred for 30 min. The solvent was evaporated in vacuo and the residue 
distilled (bulb-to-bulb, 100- 170" (oven)/O.Ol Torr). The distillate (1.14 g) was chromatographed on 
a silica gel column (100 g) with PE/ether 1:l to give, after distillation, 0.95 g (31%) of the (Z)-lactone 3 
as an oil (purity 95%, contains ca. 5% of the (4-isomer). - IR. (neat): 3020~1, 2980s, 2955~1, 2900m, 
1780s. 1670w. 1475m. 1440w, 1365~1, 1305w, 1195s. 1045m, 940m. 820w. - 'H-NMR. (60 MHz): 0.97 
( t .  J=7,  3 H. 3 H-C(9)); 1.70-2.67 (br., 8 H); 4.47 (qi, J-6.5. 1 H ,  H-C(4)); 5.38 (symmetrical m, 2 H,  
H-C(6) and H-C(7)). - 13C-NMR. (90.58 MHz): 14.0 (qa, C(9)); 20.8 ( I ,  C(8)); 27.2 (/, C(3)); 
28.7 (/, C(2)); 32,8 ( t ,  C(5)); 80.2 (d, C(4)); 121.7 (d, C(6)); 135.7 (d, C(7)); 176.9 (s, C(I)). - MS.: 
154 (2, M ? ) ,  94 (9), 86 (3), 85 (100). 81 ( l ) ,  79 (I), 69 (I) ,  57 (7), 55 (2), 41 (lo), 39 (4) 29 (26), 27 (6). 

4.4. Preparation of (+_)-(Z)-6-dodecen-4-olide (4). A solution of BuLi (2.3 M in hexane, 13 ml, 
30 mmol) was added within 10 min to a stirred suspension of hexyltriphenylphosphonium bromide 
(12.8 g, 30 mmol) in dry toluene (120 ml) at -70". After the addition, the solution was allowed to 
warm to RT., stirred for 1 h, and allowed to settle. The red solution of the ylide 21 was decanted from 
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insoluble LiBr into a dropping funnel. This solution was added dropwise ( 1  h) to a stirred solution 
of the (4: I)-mixture of 18 and 19 (2.56 g, 20 mmol) in dry toluene (100 ml) at - 70". The mixture was 
stirred for I h at RT., the solvent evaporated and the residue distilled (bulb-to-bulb, 100- 160" (oven)/ 
0.05 Torr). The distillate (1.2 g) was purified by chromatography on silica gel (PE/ether 1:4) to give, 
after bulb-to-bulb distillation, 850 mg (21%) of the (2)-Iactone 4, containing less than 5% of the 
(,?)-isomer. - IR. (neat): 3025~1, 2950m, 29203, 17803, 1465m, 1360m, 1185s,. 1040m, 930m. - IH-NMR. 
(360 MHz): 0.89 (t. J = 7 ,  3 H, 3 H-C(12)); 1.24-1.41 (br., 6 H ,  2H-C(9), 2H-C(10) and 
2H-C(ll)); 1.90 (m, IH,  H-C(3)); 2.04 (br.qa, J -7 ,  2 H ,  2H-C(8)); 2.30 ( d x d x d x d ,  J= 13, 8, 
7 and 6, l H ,  H-C(3)); 2.45 (m, partly overlapping, 2 H, 2 H-C(5)); 2.53 (m, overlapping, 2 H, 
2H-C(2)); 4.52 (qi, J c 6 . 5 .  IH ,  H-C(4)); 5.36 ( f x t x d ,  J = 7 ,  =z 1 and 11, IH ,  H-C(6)); 5.58 
( t x t x d ,  J = 7 ,  zz I and 1 1 ,  IH ,  H-C(7)). ~ I3C-NMR. (22.63 MHz): 14.0 (qa, C(12)); 22.5 ( t ,  C(11)); 
27.2 ( t ,  C(3)); 27.4 ( I ,  C(8)); 28.7 ( f ,  C(2)); 29.1 ( t ,  C(9)); 31.5 ( t ,  C(10)); 32.9 ( t ,  C(5)); 80.2 ( d ,  C(4)); 
122.3 (d ,  C(6)); 134.0 (d ,  C(7)); 177.0 (3, C(1)). - MS.: 196 (2, M + ) ,  96 (6), 86 (3), 85 (IOO), 81 (3), 
67 (3), 57 (6), 55 (7), 54 (3), 41 (13). 39 (3). 29 (28), 27 (7); identical with the MS. in [5]. 

4.5. Preparation of ( k ) - ( Z 3 Z ) - 6 ,  9-dodecadien-4-olide (5). - 4.5.1. Preparation of (Z)-l-bromo-3- 
hexene ( c j  [34]). A solution of (Z)-3-hexenyl p-toluenesulfonate [34] (60 g, 0.236 mol) in dry acetone 
(800 ml) was stirred with dry LiBr (28.8 g, 0.33 mol) under reflux for 5 h. The solids were removed 
by filtration, the bulk of acetone distilled and replaced by PE (50-70"). The suspension was filtered 
and the solvent evaporated from the filtrate. The residue was distilled through a Vigreux column to 
give 34.6 g (90%) of (Z)-I-bromo-3-hexene, b.p. 55-56"/35 Torr. The stereochemical purity by GC. 
(silicone oil) was ca. 95%. 

4.5.2. Wittig reaction of 18/19 with (Z)-3-hexenylidenetriphenylphosphorane (22). In a 100-ml round- 
bottomed flask (Z)-l-bromo-3-hexene (28.6 g, 0.175 mol) and triphenylphosphine (44.5 g, 0.170 mol) 
were heated to 110" with magnetic stirring. The mixture became homogeneous but soon began to 
crystallize. Heating at 110" was continued for 5 h. The solid mixture was cooled to RT., powdered, 
washed several times with ether and dried at 0.1 Torr. The yield of (2)-3-hexenyItriphenylphosphonium 
bromide was 70.2 g (97%), m.p. 160-162". The product contained cu. 10% of the (E)-isomer by 
'H-NMR. - 'H-NMR. (360 MHz): 0.84 ( t ,  J=7.5,  3 H, 3 H-C(6)); 1.80 (qi, f=7.5, 2 H ,  2 H-C(5)); 

7.67-7.89 (several m. 15 H ,  aromat. H). The @)-isomer is easily recognized by the quintuplet for 
2 H-C(5) at 1.89 ppm (the other protons have almost the same chemical shifts as the (Z)-isomer). 

To a stirred suspension of this phosphonium salt (6.36 g, 15 mmol) in toluene (60 ml) was added 
at -70" a solution of BuLi ( 2 . 3 ~  in hexane, 6.5 ml, 15 mmol). The mixture was allowed to warm 
to RT., and after 30 min, the red solution of the ylide 22 was decanted from insoluble salts and 
added. at -70°, to a (4:l)-mixture of 18 and 19 under the conditions described for 4. The crude 
lactone 5 (after distillation) was obtained in 77% yield and consisted of ca. 80% of 5, ca. 10% of the 
(6Z,9E)-isomer and ca. 10% of unidentified impurities. Chromatography on silica gel (120 g) with 
PE/ether 6:4 removed the impurities but did not separate the geometrical isomers. They were 
separated by repeated chromatography on AgN03-impregnated (10%) silica gel using PE/ether 
8:2+ 1:9 as eluent. The (Z,Z)-isomer 5 was eluted after the (Z, E)-isomer on both silica gel/AgN03 
and GC. (silicone oil) columns and was obtained in pure form (oil) in 19% yield (with respect to 
18+19). - IR. (neat): 3025m, 29753, 17753, 1650w, 1465m, 1355m, 1220m, 118Os, 1150m, 1030m, 925m, 
805w. - IH-NMR. (360 MHz): 0.98 ( t ,  J=7.5,  3 H, 3 H-C(12)); 1.91 ( t x d x d ,  J=9.5, 13 and -7, 
l H ,  H-C(3)); 2.06 (qi, J=7.5,  2 H ,  2H-C(11)); 2.30 ( d x d x d x d ,  5=13, 8, 7 and 6, l H ,  H-C(3)); 
2.49 (m, partly overlapping, 2 H, 2 H-C(5)); 2.53 (m, overlapping, 2 H, 2 H-C(2)); 2.80 (t, J =  7, 
2 H .  2H-C(8)): 4.54 (qi, J=6.5.  IH,  H-C(4)); 5 .28 ( tx [xd ,  J = 7 ,  1 and 11, I H ,  H-C(9)); 5.38 
(m, overlapping, l H ,  H-C(6)); 5.41 (m. overlapping, 1 H, H-C(10)); 5.57 ( t x  t x d ,  J = 7 ,  1 and 10.5, 

2.45 (m, 2 H, 2 H-C(2)); 3.89 (m, 2 H, 2 H-C(1)); 5.37 (m,  1 H, H-C(4)); 5.50 (m, 1 H, H-C(3)); 

IH, H-C(7)). - I3C-NMR. (90.58 MHz): 14.2 (qa, C(12)); 20.6 ( t ,  C(11)); 25.7 ( t ,  C(8)); 27.2 
( t ,  C(3)); 28.7 ( 1 ,  C(2)); 32.9 ( t ,  C(5)); 80.1 (d, C(4)); 122.6 (d, C(6)); 126.3 (d ,  C(9)); 132.3 (d, C(7) 
or C(10)); 132.4 (d ,  C(10) or C(7)); 177.0 (s, C(1)). - MS.: 194 (3, M t ) ,  94 (45), 93 (13). 85 (loo), 
81 (12),80(12),79(36),67(18),55(17),41 (20),39(11),29(46),27(12). 

Spectral data of (+)-(62,9E)-6.9-dodecadien-4-olide ( (hZ,  YE)-isomer of 5). ~ IR. (neat): 3025 S, 
2975s, 1775s, 1 6 5 0 ~ .  1460m, 1355m, 1220w, 1180s. 1150m. 1030nr, 975~1, 925~1, 805w. - IH-NMR. 
(360 MHz): 0.97 ( t ,  J=7.5,  3 H. 3 H-C(12)); 1.91 ( t x d x d ,  J=9.5,  13 and ~ 7 ,  IH ,  H-C(3)); 2.01 
(m,  2 H,  2 H-C( 1 I)); 2.30 ( d x  d x  d x  d, J= 13, 8, 7 and 6, 1 H, H-C(3)); 2.47 (m, partly overlapping, 
2 H, 2 H-C(5)); 2.53 (m, overlapping. 2 H, 2 H-C(2)); 2.75 ( t ,  J z 7 ,  2 H, 2 H-C(8)); 4.54 (qi, J-6.5, 
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IH,  H-C(4)); 5.30-5.53 (m, 3 H, H-C(6), H-C(9) and H-C(1O)); 5.61 ( t x t x d ,  J = 7 ,  z 1.5 and 1 1 ,  
IH,  H-C(7)); on simultaneous irradiation at 2.01 and 2.75 ppm the multiplet at 5.30-5.53 was 
resolved as three signals at 5.37 (d, J =  15, I H, H-C(9)), 5.42 (t x d, J =  6.5 and 11, 1 H, H-C(6)), and 
5.49 (d, J =  15, 1 H,  H-C( 10)). - MS.: very similar to that of 5. 

5. Synthesis of (i)-tuberolide (6) (Scheme 4). - 5.1. Preparation of cis-bieyclo[4.3.O/non-3-en-7-one 
(23) ( c j  [28]). A one-necked 1-1 pressure vessel (glass) was charged with dry AIC13 (30 g, 0.225 mol) 
and dry toluene (100 ml). The mixture was stirred mechanically and heated to 60". A solution of 
2-cyclopentenone (20.5 g, 0.250 mol) in dry toluene (50 ml) was slowly introduced (30 min) through 
the open neck while maintaining an Ar-atmosphere, and stirring at 60" was continued for 30 min. 
The red mixture was cooled to RT., the mechanical stirrer replaced by a magnetic stirring bar and 
the vessel closed with a stainless steel lid equipped with a manometer, a gas-inlet tube (with a 
stopcock) and a safety-valve. The mixture was cooled to -70" and gaseous 1,3-butadiene (40 g, 
0.74 mol, Fluka AG) was introduced through the gas inlet (ca. 2 h) without stirring. The stopcock 
was closed, stirring started and the dry ice bath replaced by an ice/salt bath (-loo). Stirring was 
continued for 4 h at - 10" and for 15 h at RT. The mixture was carefully poured onto ice (200 g) 
(strongly exothermic reaction). The aq. layer was extracted with ether (2x  100 ml), the combined 
organic phases were washed with saturated aq. NaHC03-solution (2x  100 ml) and water (2x  100 ml), 
dried (Na2S04), and evaporated. The crude product (87 g) was chromatographed rapidly through 
silica gel (400 g) in order to remove the hydrocarbons. PE/ether 9:l  (2 1) eluted a mixture of hydro- 
carbons (discarded), and ether (2 1) eluted 19.7 g of a liquid which was distilled (bulb-to-bulb, 
80" (oven)/O.l Tom) to give 17.6 g (51.7%) of a mixture of the cis-ketone 23 (94%) and the trans- 
ketone 24 (6%). A small sample of the mixture was isomerized with triethylamine to give the 
equilibrium mixture of ca. 52% of 23 and 48% of 24 [35]. From this mixture analytically pure samples 
of the ketones were isolated by GC. (Carbowax, 180"), the trans-isomer 24 being eluted first. 

Spectral data of 23. - IR. (neat): in agreement with the literature [35]. - 'H-NMR. (360 MHz): 
1.65-1.87 (m, 2 H); 2.02 (m, IH); 2.13-2.28 (br., 4 H); 2.34-2.54 (br., 3 H); 5.64 (m, 2 H). - 

MS.: 136 (100, M t ) ,  121 (20), 118 (41), 117 (29), 93 (23), 92 (62), 91 (37), 80 (37), 79 (87), 77 (34), 
54 (20), 39 (30). 

Spectral data of 24. - 1R. (neat): the same as in [XI. - 'H-NMR. (360 MHz): 1.53 (m, 1 H); 1.71-2.25 
(several m, 6H);  2.34-2.45 (br., 3 H); 5.72 (in, 2H) .  - MS.: 136 (100, M + ) ,  121 (16), 118 (25), 117 (23), 
107 (IS), 93 (21), 92 (72), 91 (28), 80 (45), 79 (92), 77 (31), 39 (27). 

5.2. Reduction of ketone 23 with LiAlH4. In order to avoid epimerization of the cis-ketone 23 
during purification, the crude ketone was reduced directly. A solution of the crude ketone (200 g, 
obtained from 0.5 mol of 2-cyclopentenone and excess 1,3-butadiene as above) in dry ether (200 ml) 
was added to a slurry of LiAlH4 ( 5  g, 132 mmol) in dry ether (100 ml) at a rate which maintained 
gentle refluxing (1.5 h). Refluxing was continued for 1 h, the mixture cooled (5'). and water (ca. 25 ml) 
was added dropwise (foaming). The inorganic salts were removed by filtration and the filtrate 
evaporated. The crude product (200 g) was dissolved in PE (500 ml) and the solution filtered through 
a short column of silica gel (1 kg). The column was rinsed with PE until no more hydrocarbons 
were eluted. The wet silica gel was transferred into a beaker and extracted with ether (3x  1.5 1). The 
combined extracts were evaporated and the crude product (48 g) distilled through a Vigreus column. 
A mixture of alcohols 25 and 26 (ratio 4:1), b.p. 111"/13 Torr, 31.6 g (45.7% overall yield with respect 
to 2-cyclopentenone) was obtained as an oil. Analytically pure samples of each isomer were obtained 
by prep. GC. (Carbowax), the isomer 25 being eluted first. 

Spectral data of (IRS, 6SR 7RS)-bicyclo[4.3.O]non-3-en-7-01 (25). - IR. (CHC13): 3600m, 3430 br., 
3010m, 29603, 2915s, 2850m, 1665w, 1480w, 1445~1, 1105m. - 'H-NMR. (360 MHz): 1.51-1.71 (br., 
4H); 1.86 (m, I H ,  Hcx0-C(5)); 1.99-2.17 (br., 5 H); 2.22 (m,  IH ,  HendO-C(5)); 4.27 ( 1 x 4  / = 5  
and 8, IH,  H-C(7)); 5.71 (m, IH,  H-C(3)); 5.78 (m, 1 H, H-C(4)). - MS.: 138 (2, M t ) ,  120 (64). 
105 (22), 93 ( I l ) ,  92 (89), 91 (IOO), 79 (75),78 (23), 77 (21), 67 ( I I ) ,  66 (1 I), 41 (19), 39 (20). 

Spectral data of (IRS, 6SR, 7SR)-bicyclo[4.3.0]non-3-en-7-ol (26). - IR. (CHC13): 3600m, 3430 br., 
3 0 1 0 ~  2960 S ,  2915s, 2850m, 1665w, 1480w, 1445m, 1075m, 1035~ .  1005m, 980m, 955~1, 940m, 925m. - 
'H-NMR. (360 MHz, after shaking with D20): 1.38 ( t x d x d ,  /=6 ,  13 and 9.5, l H ,  Hmdu-C(9)); 
1.52 ( d x d x d x d ,  J =  14. 10, 6 and 4, IH, Hexo-C(8)); 1.73-1.95 (br,, 4 H ) ;  2.08-2.24 (br., 3 H); 
2.30 (m,  lH ,  H-C(1)); 3.99 ( txd ,  J = 4  and 7, I H ,  H-C(7)); 5.66 (m, w112z4. 2 H ,  H-C(3) and 

79 (87), 77 (26), 41 (22), 39 (23). 
H-C(4)). - MS.: 138 (22, M t ) ,  109 (22), 96 (74), 94 (19), 92 (24), 91 (36), 83 (loo), 81 (24), 80 (23), 
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5.3. Ozonolysis of the mixture of alcohols 25 and 26. A solution of a mixture (ratio ca. 4: I )  of 
epimeric alcohols 25 and 26 (7.3 g, 52.9 mmol) in dry methanol (150 ml) was ozonized at - 78" until 
the blue colour persisted. Argon was bubbled through the solution which was allowed to reach a 
temp. of cu. - 10". The solution was immediately hydrogenated in the presence of Pd/C (lo%, 200 mg) 
and the temp. was kept between 10 and 15" by cooling (exothermic reaction). After 2 h no more 
hydrogen was absorbed (820 ml, calculated 1180 ml) and the peroxide test was negative. The catalyst 
was filtered off, the solvent evaporated and the residue distilled (bulb-to-bulb, 100" (oven)/O.Ol Torr) 
to give 6.3 g (64.7%) of a mixture of aldehydes 27 and 28 (ratio ca. 4: 1). This mixture contained four 
major impurities (together ca. 20%) which were identified by their 360-MHz-IH-NMR. spectrum and 
MS. as the dimethyl acetals of 27 and 28 and the methyl esters 31 and 32. The mixture (6.3 g) was 
chromatographed in ether on silica gel (330 g). After a fraction containing the impurities (ca. I g), 
a mixture of the aldehydes 27 and 28 (ratio ca. 3.1, 3.1 g) and a fraction of pure 27 (1.4 g) were 
eluted. Analytically pure samples of 27 and 28, the dimethyl acetal of 27, and the methyl esters 31 
and 32 were isolated by prep. GC. (Carbowax, 200"). 

Spectral dutu (f (IRS, 3SR,SSR, 6RS)-3-methoxy-2-oxabicyclo[3.3.O]octnne-6-ace/aldehyde (27). - 
IR. (CHC13): 2940~, 2830~1, 2730m, 1725s, 1450m, 1360w, 1335w, 1295w, 1210~1, IIOOs, 1045s, 1005m, 
875m. - 'H-NMR. (360 MHz): 1.29 (m,  IH ,  H,,d,>-C(7)); 1.55 ( d x d x d ,  J =  12.5, 9 and 4.5, partly 
overlapping, I H, H,,d,]-C(4)); 1.57-1.71 (br., 2 H,  H,,,-C(7) and HFx0-C(8)); 1.80 (dx  d, J -  13 
and 6. partly overlapping, 1 H, Hendo-C(8)); 1.81 (dx  d, J -  12.5 and 8. partly overlapping, 1 H,  
Hp,v0-C(4)); 2.34 (m,  1 H, H-C(6)); 2.49 (AB-part of ABMX-system. 6 ~ 3 2 . 4 8 ,  b;~=2.50, JAR= 17, 
 JAM=^.^, JB.A4=7.3, J A X ~ J H X ~  1.2, 2 H. 2 H-C(n)); 2.97 (br. qi, 1 H, H-C(5)); 3.30 (s, 3 H, OCH3); 
4.59 (1. J = 6 ,  IH ,  H-C(I)); 5.00 (d, J z 4 . 5 .  IH ,  H-C(3)); 9.78 ( t ,  J z  1.2. IH ,  CHO). - MS.: 184 
(2. M + ) ,  153 (45), 109 (32), 95 (IOO), 82 (42), 81 (86), 80 (65), 79 (44), 71 (74), 67 (51), 55 (35), 41 (70) 
39 (34). 

Spectral data (f (1 RS, 3RS, 5SR 6RS)-3-methoxy-2-oxabicyclo [3.3.O]octane-6-acetaldehyde (28). - 
1R. (CHCI3): 2950s, 2830m, 2730m, 1720s. 1105~7, 1040s. - 'H-NMR. (360 MHz): 1.52-1.68 (br,, 
3 H, 2H-C(7) and Hexc,-C(8)); 1.70 ( d x d x d ,  J =  13.5, 2.5 and 1.5, partly overlapping, IH,  
H,,d,-C(4)); 1.88 (m, IH, Hend0-C(8)); 1.99 ( d x d x d ,  J =  13.5, 10.5 and 5.5, IH,  Hexc,-C(4)); 
2.31 (m,  1 H, H-C(6)); 2.65 (AB-part of ABMX-system, S~=2 .62 ,  0 ~ = 2 . 6 7 ,  J A B =  17,  JAM=^, 
J B M = ~ . ~ , J A X ~ J B > = I . ~ ,  2 H ,  2H-C(n)); 2 . 8 0 ( d x d x d x d .  J=10.5,  9.5, 6.5 and 2.5, I H ,  H-C(5)); 
3.30 (s, 3 H, OCH3); 4.68 (dxd ,  J =6.5 and 5, 1 H, H-C(1)); 4.90 (dxd ,  J=5 .5  and 1.5, I H, H-C(3)); 
9.82 (1,  J -  1.5, I H, CHO). - MS.: 184 (2, M i ) ,  109 (23), 95 (IOO), 82 (40), 81 (6S) ,  80 (59), 79 (34), 
71 (50), 67 (41), 58 (24), 55 (25), 41 (49). 39 (24). 

Spectral data of (1 RS, 3 SR, SSR, 6RS)-3-methoxy-6-(2', 2'-dimethoxyethyl)-2-oxabicyclo [3.3.0]octane 
(dimethyl acetal qf 27). - 1R. (neat): 2980s. 2950s, 2850m, 1450~1, 1375m, 1220m, 1140s. 111Os, 
1060.~, 985m, 885m. - 'H-NMR. (360 MHz): 1.26 (m, 1H. H,,d,,-C(7)); 1.50-1.65 (br., 5 H, Hendo-C(4), 
H,,,-C(7), H,,,,-C(8) and 2 H-C(I')); 1.77 (m,  1 H, H,,d0-C(8)); 1.83 (dx d, J =  12.5 and 8.5, I H, 
Hex0-C(4)); 1.93 (m, IH ,  H-C(6)); 2.86 (br. qi, l H ,  H-C(5)); 3.29, 3.31 and 3.32 ( 3 s ,  9 H ,  

MS.: 230 (0, Mi), 167 (lo), 107 (7), 97 (7)- 84 (7), 81 (8), 80 (6), 79 ( I  I ) ,  75 (IOO), 71 (8), 67 (6), 47 (5), 
41 (6). 

Spectral data of methyl (IRS, 3SR, SSR, 6RS)-3-methoxycy-2-oxabicyclo[3.3.O]octane-6-acetate (31). - 
IR. (CHCI3): 2960s, 1740s, 1450m, I I lOm,  1055s, 1015m. - 'H-NMR. (360 MHz): 1.29 (m, l H ,  
Hendo-C(7)); 1.54-1.67 (m, overlapping. 2 H, H,,,-C(7) and Hex0-C(8)); 1.56 (dx  d x  d, J =  12.5, 
9 and 4, overlapping, 1H, H,,d0-C(4)); 1.79 (m,  partly overlapping, I H ,  Hmdc,-C(8)); 1.83 ( d x d ,  
J =  12.5 and 9, partly overlapping, 1 H ,  H,,-C(4)); 2.30 (m. partly overlapping, 1 H, H-C(6)); 
2.35 (m,  partly overlapping, 2 H. 2 H-C(o)); 2.94 (br. qi, 1 H, H-C(5)); 3.29 (s, 3 H, OCH3); 3.67 

3 OCH3); 4.40 ( t ,  5.26, IH ,  HpC(2')); 4.56 (1 ,  J z ~ .  I H ,  H-C(I)); 4.99 (d, J = S ,  I H ,  H-C(3)). - 

(3, 3 H ,  COOCH3); 4.58 ( I ,  J = 6 ,  l H ,  H-C(I)); 5.00 (d, 5 2 4 ,  IH ,  H-C(3)). - MS.: 214 (0. M + ) ,  
213 ( I ,  M -  I ) ,  183 (42), 151 (68), 123 (31), 122 (49). 95 (38), 94 (84), 81 (98), 80 (65), 79 (64), 71 (IOO), 
41 (67). 39 (32). 

Spectral data of methyl (IRS,3RS, SSR 6RS)-3-merhoxy-2-oxabicyclo(3.3.O]octane-6-acetate (32). - 
IR. (CHCI3): same bands as 31. - 'H-NMR. (360 MHz): 1.55-1.66 (br., 3 H, 2H-C(7) and 
Hex0-C(8)); 1.76 ( d x d x d ,  J =  13.5, 2.5 and 1.5, IH ,  H,,d0-C(4)); 1.86 (m.  1 H, H,,d,-C(8)); 1.99 
(dx  d x  d, J =  13.5, 10 and 5, 1 H, Hex0-C(4)); 2.27 (m.  1 H, H-C(6)); 2.48 (d, J =  7.5, 2 H, 2 H-C(a)); 
2.78 (dx  d x  d x  d, J =  10. 10, 6 and 2.5, IH .  H-C(5)); 3.30 (s, 3 H, OCH3); 3.67 (s, 3 H, COOCH3); 
4.66 (t,  5 2 6 ,  1 H, H-C(1)); 4.90 (dxd ,  J=5.5 and 1.5, l H ,  H-C(3)). - MS.: very similar to that of 31. 
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5.4. Wittig reaction ofaldehyde 21 with triphenylpropylidenephosphorane. To a solution of aldehyde 27 
(1.4 g, 7.6 mmol) in dry toluene (60 ml) was added within 30 min at ca. 0" a 'salt-free' solution of 
triphenylpropylidenephosphorane (ca. 8 mmol) in toluene (15 ml, prepared by the sodium aniide 
method [30]). The mixture was stirred at RT. for 1 h, the toluene evaporated and the residue distilled 
(bulb-to-bulb, 125-150" (oven)/O.Ol Torr). The distillate (1.25 g, 78%) contained ca. 90% of the 
(Z)-olefin 29 and was used directly for the next step. A pure sample of 29 was isolated by prep. GC. 
(Carbowax, 200"). 

Spectral data of (1RS,3SR SSR, 6RS, Z)-3-methoxy-6-(2'-pentenyl)-2-oxabicyclo[3.3.O]octane (29). - 
IR. (neat): 3010S, 2950s, 2880~1, 2840m, 1465m, 1450m, 1365w, 1335w, 1305w, 1210s, 1105s, 1050s, 
1015rn, 950m, 875m. - IH-NMR. (360 MHz): 0.96 (t. J=7.5,  3 H ,  3H-C(5')); 1.17-1.29 (m, l H ,  
Hen,j0-C(7)); 1.49-1.68 (br., 3 H, Hendo-C(4), H,,,-C(7) and Hex0-C(8)); 1.77 (m. partly over- 
lapping, 1H, Hendo-C(8)); 1.81 (dxd,  J =  13 and 8.5, overlapping, IH ,  Hex0-C(4)); ca. 1.86 (m, 
overlapping, 1 H, H-C(6)); 1.98-2.14 (m, 4 H, 2 H-C(1') and 2 H-C(4')); 2.84 (br. qi, 1 H, H-C(5)); 
3.30 (s, 3 H, OCH3); 4.57 ( t ,  5 2 6 ,  IH,  H-C(1)); 5.00 (d, J=4.5,  IH ,  H-C(3)); 5.34 (symmetrical m, 
2 H ,  H-C(2') and H-C(3')). - MS.: 210 ( I ,  M f ) ,  161 (30), 160 (38), 121 (29), 95 (52), 86 (28), 
81 (IOO), 79 (43), 71 (52), 69 (32), 67 (47), 55 (32), 41 (75). 

5.5. Preparation of (IRS, 5SR, 6RS, Z)-6-(2'-pentenyl)-2-oxabicyclo[3.3.O]octan-3-one (tuberolide. 6). 
To a solution of the acetal 29 (2.45 g, 11.7 mmol) in ether (30 ml) was added dropwise with 
stirring at 0" 20 ml of a solution of chromic acid (prepared by dissolving 26.7 g of Cr03 in 23 ml 
of conc. sulfuric acid and 77 ml of water). The mixture was stirred overnight at RT. and the aq. 
iayer extracted with ether (3 x 20 ml). The combined ether extracts were washed with sat. NaCI-solution, 
dried (Na2S04), evaporated and the residue (2.1 g) distilled (bulb-to-bulb, 100" (oven)/O.Ol Torr). 
After chromatography of the distillate (1.2 g) on silica gel (160 g) in PE/ether 1:l  and bulb-to-bulb 
distillation of the homogeneous fractions, analytically pure lactone 6 was obtained as a colourless oil 
(1.14 g, 50%), identical with natural tuberolide by its spectral and chromatographic data. - IR. (CHC13): 
2970m, 2890m, 1765s, 1660~ .  1470w, 1450w, 1425w, 1375m, 1195s, 1080m, 1035m, 1010m. - 'H-NMR. 

15 and 12, partly overlapping, I H ,  Hexo-C(8)); 1.78 ( t x d ,  J = 6  and 11, partly overlapping, 1 H, 
Hex0-C(7)); 1.91-ca. 2.1 (m, overlapping, 2 H, H-C(6) and Hendo-C(8)); 2.04 (br. qi, J Z Z  7.5. 
overlapping, 2 H, 2 H-C(4')); 2.12 (AB-part of an ABMX-system, dA=2.16, J A B =  14, J A M z J n x = 7 ,  
partly overlapping, 2 H, 2H-C(I')); 2.48 (AB-part of an ABX-system with S~=2.44 ,  6832.52, 
J A B =  19, J A X =  5, JBX= 10, 2 H, 2 H-C(4)); 2.96 (m, 1 H, H-C(5)); 5.04 (br. t ,  J - 6 ,  1 H, H-C(1)); 
5.27 ( t x t x d ,  J = 7 ,  1.5 and 11, l H ,  H-C(2')); 5.41 ( t x t x d ,  J = 7 ,  1.5 and 11, I H ,  H-C(3')). - 
13C-NMR. (22.63 MHz): 14.2 (qa, C(5')); 20.7 (t. C(4')); 28.3 ( t ,  C(4) or C(7) or C(8)); 28.9 (2 t ,  
C(7) and C(8), or C(4) and C(8), or C(4) and C(7)); 32.9 ( t ,  C(1')); 40.4 (d, C(6)); 43.0 (d, C(5)); 
86.0 (4 C(1)); 126.7 (4 C(2')); 132.7 (d, C(3')); 177.7 (s, C(3)). - MS.: 194 (7, M t ) ,  134 (14), 95 (20), 
93 (15), 81 (17), 79 (27), 69 (27), 68 (100) 67 (62). 66 (17), 55 (25), 41 (73), 39 (22). 

5.6. Preparation of (IRS, SSR, 6SR)-6-pentyl-2-oxabicyclo[3.3.O]octan-3-one (dihydro-tuberolide, 30). 
A solution of synthetic tuberolide 6 (200 mg, 1.03 mmol) in methanol (5 ml) was hydrogenated in the 
presence of Pd/C (lo%, 20 mg) to give a nearly quantitative yield of the pure lactone 30 as an oil. - 

(90 MHz): 0.89 (distorted t ,  3 H, 3 H-C(5')); 1.07-1.58 (br., 9 H); 1.57-2.17 (br., 4 H); 2.47 
(AB-part of an ABX-system, 2 H ,  2H-C(4)); 2.94 (m,  l H ,  H-C(5)); 5.02 (t, J z 6 .  I H ,  H-C(1)). - 
I3C-NMR. (22.63 MHz): 14.0 (qa, C(5')); 22.6 (t, C(4')); 28.3 (1 ,  C(4) or C(7) or C(8)); 28.7 (I, C(7) 
or C(8) or C(4)); 29.0 ( t ,  C(8) or C(4) or C(7)); 30.7 ( t ,  C(2')); 32.1 ( t ,  C(3')); 33.1 (1, C(1')); 40.6 
(d, C(6)); 42.9 (d, C(5)); 86.2 (d, C(1)); 177.9 (s, C(3)). - MS.: 196 (2. M t ) ,  97 (28), 83 (29), 82 (48), 
81 (49), 69 (41), 68 (39) 67 (46), 57 (30), 55 (97), 43 (53), 41 (loo), 39 (30). 

(360 MHZ): 0.97 (t, J=7.5,  3 H, 3 HpC(5')); 1.24-1.37 (m, l H ,  Hendo-C(7)); 1.72 ( tXdXd,  J = 6 ,  

IR. (CHC13): 2950s, 2930-7, 2860m. 1760s, 1475m, 1375~2, 1325m, 1195s, 1035m, 1005m. - 'H-NMR. 
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