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Abstraetz New and efficient stemseleuive total syntheses have been devised for racemic grandisol 
and liiatin, two imponant components of pheromonic blends. They are based on the utikatim of 
1&dimetbylbicyclo[3.2.0]hept-3-en4-one as a pivotal intemediate. This compound, as well as other 
bicyclo[3.2.0]bept-3end-ones, are now easily available by a practical bicycliion of the 
comespondiog f-hydroxy-64kenoic acids. 

Since pheromones have been shown to have useful applications in modem and ecologically sound crop 

protection and forest &fence, several industrial and academic laboratories involved in the synthesis and 

development of biologically active compounds are becoming more and mom interested in this area.1 Many 

examples of the successful utilisations of pheromonic blends in controlling insect pests are now know& and 

the development of economical syntheses of pure components of these blends certainly helps to achieve this 

goal. 

Monoterpenes grandisol(1) and lmeatin (2) are important pheromones with unusual cyclobutane structures 

that suggested a close biogenetic relationship. 

1 2 

(+)-Grandisol is well known as one of the components of the aggregation pheromone of the cotton boll 

weevil, Anthonomus grandis BohemanP an important pest of cotton crops in the USA.5 More recently 

(+)-lineatin has been isolated from the frass of the female ambrosia beetle Trypodendron lineatum Glivier,e and 

has been shown to elicit powerful secondary attraction in laboratory and field trials. T. lineatum is a deleterious 

pest to forests both in Europe and in North America, boring tunnels into the sapwood of a number of 
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coniferous species. For practical purposes the preparation of racemic compounds is satisfactory since non 

adverse biological effects have been observed for the levorotating enantiomer of grandi&* and lineatin.9 

Over the years, it has been found that both grandisol to and lineatint* are also pheromone components of 

other important species of insects. Thus, the economic interest in these compounds consistently increased. 

A number of syntheses of racemic and optically active grandisolt~t2-19 and hneatint~t4.2o have been 

described in the literature. However, few procedures have the features that distinguish a process capable of 

being run on the desired scale in an economic manner. 

In 1985, we reported21 an effk5ent and practical synthesis of raemic grandisol. Later, we converted this 

procedure into an EEC one22 having developed the preparation of both enantiomers of 2,5dimethyl- 

bicyclo[3.2.0]heptan-endo-2-01, a key intermediate of in our route. Notwithstanding these accomplishments, 

two limitations could be ascribed to this synthetic scheme: (i) the procedure is based on one photochemical 

step which, although highly efficient and stereoselective, limits its apphcabiity in large scale preparations; (ii) 

the synthesis is fully oriented toward the preparation of grandisol only. Therefore, we started to verify the 

possibility of developing a unitied synthetic strategy that would provide access to both these important 

pheromone components through a procedure which, having no photochemical step, would not only be 

aesthetically satisfying but also commercially mom acceptable. 

From the outset the core structural feature of grandisol and lineatin was perceived to be the &-substituted 

cyclobutane ring and 1,4-dimethylbicyclo[3.2.O]hept-3-en-6-one (3a) was viewed as an ideal pivotal 

intermediate to our targets showing the substitution pattern amenable for a practical and efficient conversion 

into compounds 1 and 2. 

H 0 e / 

3a 

H 0 e 4 

Compound 3a could be prepared through an intramolecular [2+2] cycloaddition of an in situ generated 

or&unsaturated ketene with the peripheral double bond: Snider23*24 reported that the slow addition of a 

toluene solution of 3,6-dimethyl-2,6-heptadienoic acid chloride to a refluxing solution of triethylamine in 

toluene gave the bicyclic ketone 4 in 43% yield, and only small and variable amounts of 3a, the isomer with an 

endocyclic double bond, was observed. More recently, Baeckstrom et al.20 have reported a procedure by 

which compounds 3a and 4 were obtained in 62% yield and in 2:l ratio by refluxing a complex mixture of 

isomeric heptadienoic acids in acetic auhydride and sodium acetate. The mixture of acids derived from the 

hydrolysis of ethyl 3,6-dimethyl-2,6_heptadienoates (EZ = 4:l) with 10% KOH/MeOH under reflux 

conditions. Both these methodologies have been used in two formal syntheses of racemic lineatin. 

So, with a view to large-scale synthesis, our first challenge was to devise a practical procedure to have a 

mom satisfying yield of 3a with a higher isomeric purity. We found that the treatment of 3,6-dimethyl-3- 

hydroxyd-heptenoic acid 5a with potassium acetate and acetic anhydride at room temperature for 2 h, 

followed by heating for 4 h under reflux gave compound 3a in 82% isolated yield with only 2-5% of the isomer 

4. Table 1 summarises the results obtained by performing this bicyclization reaction with four different 3- 

hydroxy-6-heptenoic acids.25 
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1. AcaO,Cl+JCCK, r.t. 

COOH *.A 
3. H30+ 

COOH 

5b 

D 
79% 

H 3b 

COOH 

w 
75% 

5c 

COOH 
D 

57% 
5d k 3d 

Table 1. Preparation of bicyclo[3.2.0lhept-3end-ones by bicyclization of f-hydroxyd-alkenoic acids. 

B-Hydroxy acids 5a-b were easily prepared by an improved procedure of the Reformatsky reaction26 of 

ethyl bromoacetate and the commercially available 5-methyl-5-hexen-2-one and 5-hexen-2-one respectively, 

followed by quantitative hydrolysis with 10% KOH/MeOH at room temperature for two days. P_Hydroxy 

acids 5c-d were obtained by reacting the dianion of ethyl acetoacetate with ally1 bromide and metallyl 

chloride,*7 respectively, followed by sodium borohydride reduction of the &keto ester intermediates and their 

alkaline hydrolysis performed at room temperature. 

0 1. a, MF- B(OMe), R OH 
R 2. KOWMeCH, r.t. 

R BrCH$OOEt P F7(‘x,c00H (1) 

5a : R= R’= CH3 

5b : R= CH,; R’= H 
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2 NaBH, 

X 
3. KOlVMeOH, r.t. coon 

5c:FkcH, 

5d:R=H 

(2) 

Whatever the mechanistic details may be, a workable route to bicyclo[3.2.0]hept-3en-6-ones was in hand; 

the individual steps were clean, efficient and simple to perform. 

With compound 3n available, we faced the selective modifications to be performed on each cycle of 3a to 

convert this pivotal intermediate into grandiil(1) and lineatin (2). 

Towards the syntbeais of racemie gmndisd (l), 

The &oxygenation of 3s by a Wolf-Kishner reduction was performed in bis(2ethoxyethyl)ether and gave 

compound 6 which was easily separated and collected in 76 % yield by direct distillation from the reaction 

mixture. 

2. (Eto-CH&H&O, 
KOH, A RucsNeD,, t*tlowH@ 

76% 71% 

3a 6 

H 

-fJl 
1. MejsicyMocl H 

0 2. soa, 
D 

7 
61% =al 8 

I 
I UAIH,. EbO 

I 

62% 

i 

I&l8 
_____* 

_____* 

9 
HO 

Scheme 1. Stereoselective conversion of compound 3a into racemic grandisol(1). 

Thus, the conversion of compound 3a into 2,5-dimethylbicyclo[3.2.0]hept-2-ene (6) provides a direct link 

to the synthetic scheme we developed previously z1 and eliminates its main limitation: the photochemical step. 

Scheme 1 shows the conversion of the versatile intermediate 3a into racemic grandisol (1). As a variation on 
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the original procedure,21 the oxidative carbon-carbon double bond cleavage was accomplished by treating the 

alkene 6, dissolved in a t-BuOH&O (1:2), with RuCl3 and sodium periodate as a co-oxidant. The keto acid 7 

was obtained in a 71% yield without epimerization occuring via enolixation. In addition, its reduction to the 

diol 9 should add to a very efficient part of the synthetic scheme devised by Narasaka et al.18 to prepare 

grandisoL 

In 1974, Ayer and Brownezs devised a procedure by which eucarvone was converted into racemic grandisol 

via 3-oximino-1,4Mrimethylbicyclo[3.2.0]heptane (10) that clearly is the key intermediate. In fact, this was 

efficiently converted into the target molecule by an easy Beckman cleavage, followed by hydrolysis to the 

cyclobutane acetic acid 8 that finally underwent the reduction with LLAlI$ to racemic grand&l (eq 3). 

Since then, several effortsm*30 were devoted to make compound 10, or the parent ketone 11, more 

conveniently available. Unfortunately, the Ayer and Browne route as well as the other procedures developed 

later to prepare 11, suffer from certain disadvantages. 

HO-N 

Scheme 2. Known procedures to prepare 3-oximino-1.4~~uimethylbicyclo[3.2.0]heptane (10). 

In the Scheme 2. some peculiar aspects of these syntheses are summarized to stress the major drawbacks of 

them: (i) the lack of stereoselectivity, (ii) the functional homogeneity on both rings, and/or (iii) a 

photocyclization or photorearrangement as the key step. 
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Scheme 3. The conversion of bicyclic alkene 6 into 1,4,4-trimethylbicyclo[3.2.0]heptan-3-one (11). 

The Scheme 3 shows the conversion of bicyclic alkene 6 into the ketone 11 which we performed in regio- 

and stereoselective fashion. It starts with a straightforward hydroboration-oxidation step with borane-dimethyl- 

sulfide complex (BMS) in THF, followed by a&aline oxidation with hydrogen peroxide.3’ Then the oxidation 

of 12 with tetra-n-propylammonium permthenate (TPAP)/ N-methylmorpholine N-oxide (NMO) in dichloro- 

methane32 gave the bicyclic ketone 13 in 82% yield. This compound underwent the regiospecific introduction 

of the required methyl group on C2 by adding methyl iodide to the the~odynamically more stable potassium 

enolate in THF, readily prepared by the addition of the ketone to a vigorously stirred suspension of potassium 

hydride in anhydrous tetrahydrofuran at 20°C.33 

Towards the synthesis of racemic lineatin (2). 

The route to racemic lineatin (2) is summarised in Scheme 4. Our approach asked for an efficient and highly 

stereoselective reduction of the carbonyl group of 3a into the corresponding endo-alcohol 14, where the 

hydroxy group is correctly positioned to permit a facile intramolecular acetalization. Notwithstanding the 

discouraging results of Baeckstrom et al.,2o we successfully performed this reaction with a good control of the 

stereochemistry by treating compound 3a with lithium ahuninium hydride in tetrahydrofuran (THF) at low 

temperature (-65°C) and allowing this to raise to room temperature during the night. The work-up of the 

reaction mixture by quenching with aqueous saturated ammonium chloride gave 14 (>95% pure) in 95% yield. 

The endo hydroxy group was protected as dimethylthexylsilyl ether (15). 

We now faced the manipulation of the five membered ring and, to avoid the loss of the stereochemical 

integrity by epimerization of the substituents on the cyclobutane ring, we chose to convert this into the 

intramolecular acetal structure of lineatin without cleaving the five-membered ring. Accordingly, compound 15 

was converted into the bicyclic ketone 18 through hydroboration-oxidation, oxidation and regiospecitic 

methylation: the straightforward steps of the same synthetic scheme used to prepare the bicyclic ketone 11. 

The deprotection of compound 18 was performed very efficiently with tetra-n-butylammonium fluoride in 

tetrahydrofuran and gave the free hydroxy ketone 19 that underwent an easy lactonization by the Baeyer 

Wliger reaction34 to give the hydroxy lactone 20, the parent compound of racemic lineatin (2). On the other 

hand, the many attempts to effect the Baeyer Villiger reaction on the silyl derivative 18 met with failure, 

affording only unreacted starting material. Among the conditions employed were mCPBA/ NaHC03/ 

CH2C12,35 mCPBA/ CF3CO@ CI-12C12,36 Na$O$ AcOW AcONa, 37 Oxone/ “wet-alumina”/ ~~~c1~,38 
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Scheme 4. Stereoselective conversion of compound 3a into racemic lineatin (2). 

MeOW HzO/ NaOH.39 MMPPl MeOH/ HzO,‘t() NaB03/ CF3C02H,‘t1 (MeSiO)z/ TMSOTY CH2Cl2.42 Only 

the reaction performed with hydrogen peroxide in acetic acid in the presence of sodium acetate” gave 

compound 21 in a 25% yield after 90 h at room temperature. The spectroscopic data and melting point of 

synthesised 20 were identical with those previously reported. 43 The fmal conversion of hydroxy lactone 19 into 

racemic lineatin (2) was achieved in 57% yield by the procedure already described by Mori et ~1.~~3 and 

consisting of a reduction of followed by acidification with hydrogen chloride. It should be pointed out that 

Mori et al. have also achieved the resolution of the hydroxy lactone 20 employing (lR,4R,5S)-(+Whydroxy- 

6,6-dimethyl-3-oxabicyclo[3.1.0]hexan-2-one44 as resolving agent. Therefore, with this strategy both the 

enantiomers of lmeatin (2) with good optical purity may be prepared. 

In conclusion, the preparation of bicyclo[3.2.0]hept-3-en-6-ones @a-d) by an efficient and non- 

photochemical bicyclization of 3-hydroxy-6-alkenoic acids is the main outcome of our efforts. Fused ring 

systems that offer different functionalities on each ring are suitable for the stereocontrolled assembly of more 

complex structures and have ever been regarded as amazingly versatile intermediates and starting materials. 

Bicyclo[3.2.0]hept-3-en-6-ones are not so easily accessibl&~ as the isomeric hept-2-en-6-ones. These 

latters are well known as important and versatile educts in the stereoselective synthesis of many natural 

products.4 The non-photochemical routes we have devised and depicted here for the synthesis of racemic 
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grandisol (1) and lineatin (2) are additional outcomes and are based on the easy availabiity of compound 3a as 

a common starting material. They demonstrate the usefulness of bicyclo[3.2.0lhept-3en-6-ones and show 

promise for further utilizations in the synthesis of complex molecules. 

Experimental Section. 
General. Melting points were obtained with a Buchi apparatus and are uncorrected. Yields are referred to 

isolated products. Proton and DC NMR spectra were recorded at 200 and 50 MHz. respectively, in CDC13 

solvent. Jf not already stated. chemical shifts are expressed in ppm downfield from TMS as internal standard, 

and coupling constants are reported in Hertz. Signal multiplicities were established by DEPT experiments. 

Flash chromatographic separations were performed using Merck Silica Gel 60 (70-230 mesh ASTM). For thin 

layer chromatography (TLC) analysis throughout this work, Merck precoated TLC plates (silica gel 60 GF254. 

0.25 mm) were used. Diethyl ether (ether) and tetrahydrofurau (THF) were tieshly distilled from sodium metal 

using benxophenone ketyl as indicator. Chloroform and dichloromethane were distilled from P205, and stored 

over 4A molecular sieves. All air-sensitive reactions were run under nitrogen. 

MaterIala. The esters of 3-hydroxy+heptenoic acids 5a and Sb used as starting materials were prepared in 

good yields by a Reformatsky reaction performed according to the procedure of Rathke and Linder.26 The 

esters of 3-hydroxyheptdenoic acids 5c and Sd were prepared by alkylation of the dianion of ethyl 

acetoacetate according to the procedure of Huckin and Weiler, 27 followed by chemioselective reduction of the 

carbonyl group with NaBH4 in methanol. Ethyl bromoacetate. Cpentemd. 5-hexen-2-one. 5-methyl-5-hexen-2- 

one, ally1 bromide and metallyl chloride am commercial materials. 

Preparation of 3-hydroxyhept-6-enoic aciak 98-M by alkaline hydrolysis. General Procedure. 

The ester (0.1 mol) was dissolved in a 10% methanolic solution of KOH (200 mL) and allowed to stand at 

room temperature. The hydrolysis was complete after two days. The methanol was evaporated at reduced 

pressure and the residue was dissolved with water (50 mL) and extracted with ether (3x 30 mL). Then, the 

basic aqueous solution of the salt was acidified with 1M HCl and extracted with ether (3x 50 mL). These latter 

ethereal extracts were washed with water and brine, dried (NazSO4). The evaporation at reduced pressure 

furnished the. compound (5a-d, 88-95% yield) that could be used without further purification. 

3,6-Dimelhyl-3-hydroxy-64eptenoic Add (5a). tH NMRz 6 7.3 (bs, 2H, disappears by D20 exchange), 

4.72 (bs, 2H). 2.59 (AB system, 2H, J = 15.0). 2.20-2.03 (m. 2H). 1.80-1.65 (m, 2H). 1.74 (s. 3H), 1.32 (s, 

3H). 

Anal. Calcd for CgHt602: C, 69.19; H, 10.32. Found: C, 69.18; H, 10.45. 

~Hydroxy-3-methylbheptenoic Add (Sb). tH NMR: 6 7.3 (bs, 2H, disappears by D20 exchange), 

5.92-5.70 (m, lH), 5.09-4.92 (m, 2H), 2.55 (AB system, 2H. J = 16.0), 2.22-2.08 (m, 2H), 1.72-1.60 (m, 2H), 

1.30 (s. 3H). 

Anal. Calcd for CaHt,&: C, 67.57; H, 9.92. Found: C, 67.38; H. 10.12. 

3-Hydroxy-6-methylbheptendc Add (SC). tH NMR: 6 7.3 (bs, 2H, disappears by 90 exchange), 4.72 

(m, 2H), 4.20 (m, lH), 2.48 (AB system, 2H, J = 16 further coupled with C3H, J = 5 , and J = 9). 2.28- 1.98 

(m, 2H), 1.70-1.55 (m, 2H), 1.72 (s, 3H, CH3). 

Anal. Calcd for CSHt402: C, 67.57; H. 9.92. Found: C, 67.35; H. 9.87. 
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3-Hydroxy&heptenoic Acid @I). ‘H NMRz 6 7.3 (bs, 2H. disappears by D20 exchange), 5.96-5.74 (m, 

1H). 5.12-4.94 (m, 2H), 4.04 (m. 1H). 2.48 (AI3 system, 2H, J = 16 further coupled with C3H, J = 5 , and J = 

9). 2.32-2.04 (m. 2H). 1.72-1.45 (m. 2H). 

Anal. Calcd for C7Hl&: C, 65.60, H, 9.44. Found: C, 6.45; H. 9.57. 

Bicyclkation of 3-hydroxy-6-alkenoic acids Sat-W. General Procedure.25 

3-Hydroxy ketone (Sp-d, 50 mmol). acetic anhydride (40 mL) and potassium acetate (10.0 g) were charged 

into a 100 mL flask equipped with a reflux condenser fitted with a CaCl2 tube. The reaction mixture was left 

under magnetic stirring at ambient temperature for 2 h. ‘Ihe temperature was then rised and the reaction 

mixture was mantained at reflux (4 h). After cooling at room temperature, the reaction mixture was added to 

light petroleum ether (100 mL) in a 250 mL flask equipped with a condenser. Water (50 mL) was added, and 

the mixture was kept under magnetic stirring for 12 h at ambient temperature. The organic layer was separated 

in a separatory funnel. washed with aqueous solution of NaHC03 and dried (Na2SO4). The solvent was 

removed by distillation at ambient pressure to avoid loss of product. A crude product was collected, which, by 

distillation under reduced pressure gave bicyclic ketones 3sd. 

1,4-Dimefhyl-&bicyclo[3.2.0]hept-3-en-6-one @a). Compound 3a was obtained (5.57 g, 82 % yield) by 

bulb to bulb distillation (bp -Ra 130°C) with only 4 % of the exocyclic isomer 4. IR (liquid film): v 2915, 

2852, 1776, 1446 cm-t. 1H NMR: 6 5.45 (m, lH), 3.58 (m, lH), 3.04 and 2.86 (AR system, J = 18.0, further 

coupled with C3H, J = 2.8 and J = 4.5, 2H), 2.60-2.52 (m, 2H), 1.76-1.68 (m, 3H), 1.38 (s, 3H).t3C NMR: 6 

208 (GO), 135.93 (C), 127.42 (CH), 80.52 (CH), 59.28 (CH2). 47.52 (CHz), 35.73 (C). 24.37 (CH3), 15.62 

(CH3). 

Anal. Calcd for CgHt20: C, 79.37; H, 8.88. Found: C, 79.43; H, 8.75. 

4-Methyl-c&bicyclo[3.2.0]hept-3.end-one (3b). Compound 3b (4.82 g, 79 8 yield) was obtained pure 

by flash chromatography eluting with 9:1 petroleum ether/ ether. IR (liquid film): v 2915, 2852, 1779, 

1447 cm-l. tH NMR 6 5.47 (m, lH), 4.04 (m, lH), 3.35-3.15 (m, lH), 2.83 (m, 2H), 2.77 (m, lH), 2.46- 

2.30 (m, lH), 1.75 (s, 3H).47 

Anal. Calcd for CsHtoO: C, 78.64; H, 8.26. Found: C, 78.71; H, 8.34. 

l-Methyl-c&-bicyclo[3.2.0]hept-len-6-one (3c). Compound 3c (4.60 g, 75 8 yield) was obtained pure 

by flash chromatography eluting with 95:5 petroleum ether/ ether. IR (liquid film): v 3059, 1780, 1602, 1443 

cm-l. lH NMR: 6 multiplets centered at 5.85 (lH), 5.58 (lH), 3.80 (1H); 2.52 and 2.44 (AR system, .I = 18.0, 

further coupled with C3H, J = 2.7 and J = 4.5,2H), 2.62 (m, 2H). 1.42 (s, 3H).47 

Anal. Calcd for CsHtoO: C, 78.64; H, 8.26. Found: C, 78.67; H, 8.31. 

cis-Bicyclo[3.2.0]hept-3-en-6-one (3d). Compound 3d (3.07 g, 57 % yield) was obtained pure by flash 

cromatography eluting with 95:5 petroleum ether/ ether. IR (liquid film): v 3059, 1780, 1602, 1443 cm-t. tH 

NMR: 6 5.96-5.88 (m, lH), 5.66-5.56 (m, lH), 4.32-4.20 (m, lH), 3.32-3.14 (m, lH), 2.82-2.72 (m, 3H), 

2.56-2.37 (m, 1H). l3C NMR: 6 208.29, 133.90, 125.86,74.09,53.52,40.60,25.96.* 

Anal. Calcd for C7HsO: C, 77.74; H, 7.46. Found: C, 77.78; H, 7.38. 

2,5-Dimetyl-cis-bicyclo[3.2.0]hept-2-ene (6). The bicyclic ketone 5 (13.60 g, 0.1 mol) was added to 19.4 

mL (0.4 mol) of 85% hydrazine hydrate and benzene (100 mL) in a 250 mL round bottomed flask equipped 

with a Dean-Stark trap and a condenser fitted with a CaCl2 tube . The solution was heated to reflux for 22 h. 

Azeotropic distillation of benzene allowed the collection of 6 mL of water and to obtain a residue that was 
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extracted with ether (2x100 mL). These extracts were combined. washed with water (50 mL). with brine (2x 

30 mL) and dried over MgSO,+ After filtration the ether was removed by rotary evaporation and the remaining 

oil (pink) was collected into a 100 mL round bottomed flask equipped with a condenser. The mixture was 

dissolved with bis(2ethoxyethyl)ether (50 mL); KOH (pellets, 6.0 g) was added to the solution which was 

then heated to reflux for 3 h. Additional KOH (2.0 g) was added and the reaction mixture was refluxed for 10 

h. After cooling, the condenser was replaced by a short path distillation head and 2.5dimethy1[3.2.0]hept-2- 

ene (6) was distilled (first fraction, 95-100 “C) along with a small amount of water. A further distillation of this 

fraction gave 9.32 g (76% yield) of compound 6 contaminated by only 4% of I-methyl4methylene- 

bicyclo[3.2.0]heptane. IR (liquid film): v 3035,2933,2837, 1649, 1599, 1499 cm-l.tH NMR: 6 5.28 (bs, lH), 

2.50-2.40 (m. lH), 2.06 (m, 3H), 2.30- 1.40 (m, 6H), 1.13 (s, 3H). Two signals at d 4.67 and at d 4.55 (2 m, 

2H) and the singlet at d 1.25 (s. 3H) are diagnostic for the presence of the isomer I-methyl4metbylene- 

bicyclo[3.2.OJheptane as an impurity.*~ NMR: 6 143.57 (C). 124.70 (CH), 54.17(CH), 48.10 (CHz), 44.94 

(C), 33.68 (CH2). 25.58 ( CH3), 23.35 (CH2), 14.93 (CH3) . 

Anal. Calcd for C9Ht4: C. 88.45; H. 11.55. Found: C, 88.38; H. 11.63. 

c~-2-Acetyl-1-methyleydobueaneseetic Add (7). To a well-stirred mixture of 2.5~dimetylbiiyclo[3.2.0]- 

hept-Zene (6, 4.00 g, 32.8 mmol) in r-BuOH (35 mL) and water (70 mL) NaIO4 (22.4 g. 104.7 mmol) was 

added at room temperature followed by RuC13.3H20 (134 mg, 0.04 mmol). This addition was followed by an 

increase in temperature of the reaction mixture (35°C) and the formation of a precipitate was observed. After 

being stirred for 0.5 h, the mixture was ftltered and the filtrate was extracted with ethyl acetate. The extract 

was washed with saturated NaCl, dried over MgS04, and concentrate to give a brown oil which was purified 

by flash-chromatography on silica gel with 1:l petrolether/ ethyl acetate as eluent to afford 3.98 g of 

compound 7 (7 1% yield) as an oil which was identical in every respect with that reported previously: mp of p- 

toluenesulfonylhydraxone 192- 193°C (lit. 2’ 192-193°C); JR(CHC13): v 3515, 1710 cm-t. tH NMR: 6 9.4 

(very broad s, lH, disappeared on treatment with DzO), 3.10 (t, lH, J = 7.0) 2.52 (AB system, 2H, J = 14.3), 

2.30-1.72 (m, 4H), 2.12 (s, 3H), 1.42 (s, 3H). t3C NMR: 8 210.15, 178.31, 55.26,41.41, 39.94.30.96, 30.63, 

27.83, 17.65. 

Anal. Calcd for CoHt403: C, 63.51; H, 8.29. Found: C, 63.45, H, 8.32. 

cis-1-Methyl-2-(1-methylethenyl)-cyclobu~c Add (8). The reaction was performed according to 

a procedure previously mported.2t In a 250 mL three necked flask equipped with mechanical stirrer, condenser 

and a dropping funnel, trimethysilylmethylmagnesium chloride was prepared by a reported procedure starting 

from chloromethyltrimethylsilane (10.0 g, 0.08 mol) and magnesium turnings (2.0 g, 0.08 mol) in THF (100 

mL). The ketoacid 7 ( 6.64 g, 0.04 mol) dissolved in anhydrous THF (20 mL) was added to this solution at 

such a rate that the mixture gently refluxed. After 3 h the mixture was cooled (ice-bath) and thionyl chloride 

(7.2 mL, 0.10 mol) added. The ice-bath was removed and stirring was continued at room temperature. After 

1 h the reaction mixture was hydrolyzed by the dropwise addition of water and extracted with ether (3x 50 

mL). Distillation on a rotating evaporator gave an oil which was dissolved in a mixture of n-pentane (50 mL) 

and ether (50 mL) and washed with saturated aqueous solution of Na2C03 (20 mL). The separated aqueous 

phase was carefully acidified with a diluted HCl and the extracted with ether (3x 50 mL). The ether solution 

was washed with brine (2x 10 mL), dried (Na2S04) and concentrated at reduced pressure. The crude product 
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was purified by flash-chromatography on silica gel eluting &ith 4:l n-hexanel ether. The evaporation of 

fractions afforded 5.45 g of compound 8 (81% yield). IR (liquid film): v 3800, 2960, 1710, 890 cm-l. tH 

NMR 6 4.86 (bs, lH), 4.65 (bs, lH), 1.67 (bs, 3H). 

Anal. Calcd forC1&I160~: C, 71.39; H, 9.59. Found: C, 71.45; H, 9.65. 

cis-l-Methyl-2(1-mylethenyl)-cydobuta (I, Grandkol). The conversion of compound 8 

into grandisol(1) was performed according to a previously reported procedure.*1 In a 250 mL two necked 

flask equipped with a condenser and a dropping funnel, Lh4lH.t (1 .O g) was suspended in anhydrous ether (100 

mL. A solution of 8 (7.72 g, 0.4 mol) in anhydrous ether (50 mL) was slowly added under nitrogen and with 

magnetic stirring. ‘Ihe mixture was stirred overnight at room temperature. Ethyl acetate (10 mL) was added to 

the stirred, ice-cooled suspension. After stirring for additional 3 h, water (2 mL) was added. The supematant 

was decantated, dried (Na2S04) and filtered. ‘Ibe solvent was removed by distillation at normal pressure and 

the crude residue was distilled at reduced pressure to give 5.10 g (82% yield) of racemic grandisol (1): 

bptsn,,,,Hg (kugelrohr) 1 lo-125 “C. The IR and rH NMR spectra were identical with those previously 

reported? IR (liquid film): v 3300,294O. 1650,885 cm- l; ‘H NMR 6 4.85 (bs, lH), 4.65 (bs, lH), 3.58 (t, 

2H, J = 7.0), 2.35 (bs, lH, disappeared by treatment with D20, OH), 1.65 (bs, 3H), 1.15 (s, 3H). 

Anal. Calcd for Ct#ltsO: C, 77. 86; H, 11.76. Found: C, 77.93; H, 11.76. 

1,4-Dimethyl-cL+bicydo[3.2.0]hept3en-6,eafo-ol (14). A solution of the bicyclic ketone 3a (12.71 g, 

93.4 mmol) in 80 mL of anhydrous THF was added dropwise to a stirred suspension of LiARI (5.34 g, 140.7 

mmol) in 200 mL of anhydrous THF cooled at -68°C and under a nitrogen atmosphere. Stirring was continued 

for 24 h at -60°C. The temperature was allowed to rise to 0°C. ether (200 mL) was added and a saturated 

aqueous solution of NH&l was slowly added (car&on !) until a white solid precipitated. Cooling with an ice- 

bath is necessary during the addition. The clear solution was decanted into a separatory funnel, washed with a 

saturated solution of NaCl(2x 25 mL), dried over NazSO4 and then evaporated at reduced pressure to give a 

residue (12.5 g, 97% yield) of almost pure 14: IR (liquid f&n): v 3347.2947, 1447 cm-t. 1H NMR: 6 5.48 (m, 

lH), 4.56-4.40 (m, 1H). 3.00-2.88 (m, lH), 2.36-2.18 (m, 3H), 2.12 (bs, lH, disappeared on treatment with 

D20. OH), 1.92-1.70 (m, 4H), 1.18 (s. 3H). 

AnalCalcd for CgHt40: C, 78.21; H, 10.21. Found: C, 78.17; H, 10.24. 

l,~Mmethyl-6,endb~methylthexylsilylo~~~-bicydo[3.2.O]hept-~ne (15). To a solution of 

dimetbylthexylsilyl chloride (9.01 g, 50.6 mmol) and imidazole (ImH) (4.30 g, 63.2 mmol) in DMF (7 mL) was 

added the alcohol 14 (3.56 g, 25.8 mmol) at ambient temperature. The warming was controlled by a water- 

bath. After being stirred at ambient temperature for 24 h, the mixture was diluted with n-hexane. The hexane 

phase was washed with water (2x25 mL) and then dried (Na2S04). Concentration at reduced pressure 

followed by flash chromatography on silica gel column eluting with a mixture of 41 petroleum ether/ ether, 

gave the silyl ether 15 (6.77 g, 94% yield) as an oil: IR (liquid film): v 2957, 1465, 1251, 1099.832 cm-l; lH 

NMR: 6 5.34 (m, lH), 4.54-4.40 (m, lH), 2.88-2.78 (m, 1H). 2.18-2.00 (m, 3H), 1.88-1.80 (m, lH), 1.75 (s, 

3H), 1.53 (hept, lH, J = 6.95). 1.15 (s, 3H), 0.87 (d. 6H, J = 6.95), 0.80 (s, 6H). 0.05 (s. 6H). *3C NMR: 6 

141.66, 125.81, 68.08, 61.32, 48.35, 45.10, 37.31, 34.30, 25.15, 25.05, 20.51, 20.42, 18.64, 17.25, -2.54,- 

2.80. 
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Anal. Calcd for Ct7H32OSi: C. 72.79; H, 11.50: Found: C, 72.87; H, 11.55. 

Hydroboration-oxidation of Bicyclic Alkenes 6 and 15. General Procedure: 

The hydroboration-oxidation of compound 6 or 15 was accomplished according to the procedure of C. F. 

Lane.w A dry 250 mL flask equipped with a mechanical stirrer, pressure-equilixing dropping tunnel, and 

mflux condenser was flushed with dry nitrogen and manta&d under a positive nitrogen pressure. The tlask 

was then charged with the bicycllc alkene 6 or 15 (24.0 mmol) dissolved in dry THF (70 mL) and cooled at O- 

5°C with an ice-water bath. Hydroboration was achieved by the dropwise addition of BMS (4.5 mL. 9 mmol) 

diluted with dry THF (20 mL). Following the addition of the hydrlde (15 min), the cooling bath was removed 

and the solution was stirred for 4 h at ambient temperature. Ethanol (45 mL) was then added followed by 3.0 

mL of 3 M aqueous sodium hydroxide. After cooling to 0-5°C in an ice-water bath, hydrogen peroxide (3.0 

mL of a 30% aqueous solution) was added dropwlse at such a rate that the reaction mixture warmed at 25- 

35°C. Immediately following the addition of peroxide, the cooling bath was removed and the reaction mixture 

was heated at teflux for 1 h. The reaction mixture was then poured into 200 mL of ice and water and extracted 

with ether (2x 200 mL). 

l,~~-Dl~yl_clr-Meydo(3.2O~p~=3~~~ (12). The ethexeal solution was washed with water 

(3x 30 mL), with saturared aqueous NaCl. dried over anhydrous potassium carbonate, filtered and, 

concentrated at reduced pressure to give 2.76 g of a light yellow oiL The crude product was purified by flash 

column chromatography eluting with 3:2 petroleum ether/ ether to obtain 2.25 g of compound 12 (67% yield). 

IR (liquid film): v 3334,2943,2860,1644.1372,1077.1052 cm- I. IH NMR: 6 4.18-4.02 (m. lH), 2.32-2.20 

(m, lH), 2.00-1.58 (m. 7H, the signal becomes for 6H after treatment with DzO), 1.4-1.10 (m, lH), 1.22 (s, 

3H), 1.00 (d, 3H. J = 6.8). ‘3C NMR: 6 78.65 @H-OH). 49.35 (CH2). 46.80 (CH), 46.66 (CH), 41.09 (C), 

32.03 (CH2). 28.15 (CH3), 15.21 (CH2), 11.74 (CH3). 

Anal. Calcd for C$HteO: C, 77.09; H, 11.50. Found: C. 77.21; H, 11.54. 

l,~endo-Dimethy~~~~u~me~y~~~l~~~o~~~-~cyd~3.2.O~ep~n-3~~~~ (16). The work-up 

of the reaction mixture gave a crude product. Flash column chromatography on silica gel eluting with 4:l 

petroleum ether/ ether gave 5.01 g (70% yield) of pure 16: IR (liquid film): v 3339, 2956. 1252. 1076, 831 

cm-l. tH NMR: 6 4.50-4.22 (m, 2), 2.42-2.30 (m, lH), 2.18-1.48 (3 m, 6H), 1.38-1.20 (m, lH), 1.17 (d, 3H, J 

= 7.2), 1.08 (s, 3H), 0.80 (d, 6H. J = 6.4). 0.74 (s, 6H), 0.00 (s, 6H). 13C NMR: 6 78.94 (CH-OH), 65.85 

(CH-Si), 52.68 (CH), 49.83 (CH2). 46.11 (CH), 44.98 (CH2). 35.68 (CH), 34.20 (CH3). 27.28 (CH3), 25.04 

(C), 20.47 (CH3), 20.35 (CH3). 18.74 (CH3). 18.68 (CH3). 12.60 (CH), -2.56 (CH3), -2.93 (CH3). 

Anal. Calcd for Ct,H@#i: C, 68.39; H. 11.48. Found: C. 68.43; H, 11.41. 

Oxidation of Bicyclic Alcohols 12 and 16. General Procedure: 

The oxidation of bicyclic alcohols 12 and 16 was performed according to the methodology of W. P. Griffith 

and S. V. Ley.31 Solid tetra-n-propylammonium tetra-oxoruthenate(VI1) (TPAP. 0.375 g. 1.07 mmol) was 

added in one portion to a stirred mixture of the alcohol 12 or 16 (21.3 mmol), N-methylmorpholine N-oxide 

(4.50 g, 38.4 mmol), and powdered 4A molecular sieves (10 g) in dichloromethane (120 mL) at ambient 

temperature under nitrogen. On completion, the reaction mixture was filtered through a pad of silica eluting 

with dichloromethane. The filtrate was evaporated at reduced pressure and the residue was dissolved with 

ether to separate the catalyst which was collected by filtration. 
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1,4,endo-DhnethyLcis-bicyd~3.2.O]heptan-3-one (13). The ethereal filtrate was evaporated and the 

residue puriflld by flash chromatography eluting with 3:2 petroleum ether/ ether to obtain 13 (2.42 g, 82 % 

yield) as an oil. IR (liquid film): v 2938, 2863, 1740 cm- 1. tH NMRz 6 2.72-2.47 (m. 2H). 2.33 (AR system, 

2H, J = 13), 2.08-1.40 (m, 4H), 1.30 (s. 3H), 0.98 (d, 3H, J = 7.0). 13C NMR: 6 220.78 (C=O), 51.16 (CH& 

47.47 (CH), 46.50 (CH), 39.09 (C), 33.38 (CH$, 27.86 (CH3), 17.89 (CH& 8.84 (CH3). 

Anal. Calcd for CgH140: C. 78.21; H, 10.21. Found: C. 78.25; H. 10.15. 

1,4~~-~~yl_~~~ylthexy (17). ‘Ihe ethereal 

solution was concentrated at reduced pressure and the residue purified by column flash chromatography eluting 

with 1:l petroleum ether/ ether. Compound 17 (4.91 g, 78 % yield) was obtained as an oil: IR (neat): v 2957, 

1745. 1253, 1040.834 cm-l. *H NMR: 8 (CHC13) 4.42 (dt, lH, Jd = 1.8, J, = 6.2), 2.70-2.12 (m, 5H), 1-76- 

1.65 (m, lH), 1.53 (hept. 1H. Jbept = 6.8). 1.18 (s, 3H), 1.10 (d, 3H, J = 7.2). 0.78 (d, 6H. J = 7.2), 0.74 (s, 

6H), 0.00 (s, 6H). l3C NMR: 8 (CHC13) 219.35 (GO), 67.58 (CH-OSi), 51.84 (CH2). 51.43 (CH), 46.30 

(CH), 4477(CH2). 36.77 (C), 33.90 (CH3), 27.42 (CH3), 24.93 (C), 20.04 (CH3), 18.62 (CH3), 9.62 (CH), - 

2.61 (CH3), -3.13 (CH3). 

Anal. Calcd for Ct7H3202Si: C, 68.86; H, 10.88. Found: C, 68.93; H, 11.02. 

Methylation of Bicyclic Ketones 13 Md 17. General Procedure. 

The introduction of the geminal methyl was accomplished by the procedure developped by C. A. Brown.32 

The metalation of 13 and 17 occurred madily by addition of the bicyclic ketones (18.45 mmol) dissolved in 

anhydrous II-IF (50 mL) to a vigorously stirted suspension of RI-l (3.60 g of 20% oil dispersion, 18.0 mmol) in 

anhydrous ‘II-IF (50 mL) at 20°C. Hydrogen evolution commences immediately and is vigorous; the reaction 

mixture turned bright orange and then brown. When the evolution of hydrogen is complete (10 min) the 

reaction mixture was cooled at -45°C and methyl iodide (2.28 mL, 36.9 mmol) dissolved in anhydrous II-IF 

(15 mL) was slowly added under stirring. The reaction temperature was mantained at -45°C for 25 min and 

then allowed to rise 30°C. After 1 h, ether (200 mL) was added. The mixture was quenched into water (20 

mL). The organic fraction was separated and washed twice with brine (20 mL), dried on Na2SO4, filtered and 

evaporated at reduced pressure. 

1,4,4Trimethyl-ci+bicydo[3.2.0]heptan-3-one (11). The crude product was purified by flash 

chromatography on silica gel eluting with 95:5 petroleum ether/ ether to obtain 2.18 g of 11 (77 % yield) as an 

oil. All spectroscopic data are in perfect agreement with those previously reported.t6,27-29 IR (liquid film): v 

2966,2866, 1736 cm-t. lH NMR: 6 2.52 (d, lH, J,, = 19, C2H). 2.32 (d, lH, Jgem = 19), 2.29 (t, lH, J = 

6.0), 2.08-1.28 (m, 4H), 1.35 (s, 3H), 0.99 (s, 3H), 0.96 (s, 3H). l3C NMR: 6 223.13 (GO), 53.74 (CH), 

51.00 (C), 49.85 (CH;?), 38.29 (C), 32.98 (CH2), 29.22 (CH3), 26.30 (CH3), 19.09 (CH$, 18.05 (CH3). 

Anal. Calcd for C&It&: C, 77.09; H, 11.50. Found: C, 77.14; H, 11.48. 

1,4,4-Trimethyl-6,endo-dimethylthexylsilylo~c~-bicydo[3.2.0]heptan-3-one (18). The crude product 

was purified by flash chromatography on silica gel eluting with 41 petroleum ether/ ether to obtain 4.68 g of 

18 (82% yield). IR (neat): v 2961, 1737, 1252, 1098.833 cm- l. tH Nh4R: 6 (CHC13) 4.35 (dt, lH, Jd = 1.9, Jr 

= 6.4). 2.45 (AB, 2H, J = 18.7), 2.28 (d, lH, J = 6.3), 1.77-1.63 (m, 1H). 1.54 (hept, lH, J = 7.0), 1.27 (s, 

3H), 1.12 (s, 3H), 0.92 (s, 3H), 0.80 (d, 3H, J = 6.9). 0.79 (d, 3H, J = 6.9), 0.76 (s. 3H). 0.74 (s, 3H), 0.00 (s, 

6H). 13C NMR: 6 (CHC13) 221.88 (GO), 67.27 (CH-OSi), 58.93 (CH2), 50.39 (CH), 49.52 (C), 44.63 
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(CHz), 36.25 (C), 33.94 (CH3), 28.93 (CH3), 27.38 (CH3), 25.00 (C), 20.14 (CH3), 20.07 (CH3), 18.80 

(CH), 18.64 (CH3). -2.54 (CH3). -3.12 (CH3). 

Anal. Calcd for Ct8H3402Si: C, 69.62; H, 11.04. Found: C, 69.75; H, 11.13. 

l,~~methyl-c&-M~~yclo[3.20lhep$m-6~~~-~o~ (19). Tetrabutylammonium fluoride (18.7 mL 

of 1M solution in THF) was added to a stirred solution of compound 18 (2.64 g, 8.52 mmol) in THF (25 mL). 

After 5 h at ambient temperature the reaction was quenched into a saturated aqueous solution of NH&l and 

was extracted twice with ether. The organic phase was washed with brine, filtered, dried (Na$O4) and 

evaporated under reduced pressure. The crude product was purified by flash chromatography on silica gel 

eludng with 7:3 petroleum ether/ ether to obtain the free acohol 19 (1.20 g, 83% yield) as an oil. IR (liquid 

ti): v 3456,2926, 1731 cm-t. lH NMR: 6 4.35 (dt, IH, Jd = 1.9, J, = 6.4). 2.45 (AB, 2H, J = 18.7). 2.28 (d, 

lH, J = 6.3). 2.12 (dd, 1H. J = 6.4), 2.00 (bs, 1H. OH), 1.77-1.63 (m, lH), 1.30 (s. 3H), 1.15 (s, 3H), 0.93 (s, 

3H). 

Anal. Cakd for Ct$It602: C, 71.39; H, 9.59. Found: C, 71.34; H, 9.51. 

2~,~~methyl-3-oxa~~-~cyclo[4.2OJ~-~~~-~o~ (20). To a solution of 19 (1.60 g, 9.52 

mmol) in dry CHC13 (80 mL) was added anhydrous NaHCO3 (1.92 g. 22.84 mmol). m-CPBA (4.12 g of 

commercial 50% m-CPBA, 23.80 mmol) was dissolved in CHCl3 (60 mL) and the chloroformic phase was 

slowly dropped. The reaction mixture was stirred in the dark at ambient temperature for 7 h. After addition of 

10 96 Na2SO3 (10 mL) the reaction mixture w& extracted with CH2Cl2 and the organic layer was washed with 

saturated NaHCO3 solution. Purification of the crude product by tlash column chromatography eluting with 

ether gave 20 (1.28 g, 73% yield) as a white solid: mp 42-44”C. IR (KBr): v 3428, 2957, 1699 cm-t. 

*H NMR: 6 4.60 (df 1H. Jd = 4.6, Jt = 7.6), 3.50 (bs, lH, OH), 2.53 (AB, 2H, J = 18.7), 2.43-2.25 (m, 2H). 

1.87-1.72 (m. lH), 1.62 (s, 3H), 1.38 (s, 3H), 1.28 (s. 3H). t3C NMR: 6 176.80 (C=G),173.83, 83.20, 65.26, 

51.36.43.97.42.40, 33.33, 30.09, 27.07. 

Anal. Calcd for Ct,$it603: C, 65.19; H, 8.75. Found: C. 65.11; H, 8.69. 

~~do-Mmethylthexylsilylo~2~~~~~yl-~~~~-bicyd~4.2.O]~~n~ne (21). To a solution 

of 18 (0.23 g. 0.7 mmol) in CH&GGH (2 mL) were added sodium acetate (0.41 g, 5 mmol) and 30% H202 

(0.015 mL, 5 mmol). After standing four days at room temperature in the dark, to the reaction mixture was 

added a solution of NaHS03 (2.52 g in 7 mL of water). The mixture was then extracted with CHCl3 and the 

organic layer was washed with saturated NaHC03. -cation of the crude product by flash chromatography 

(petroleum ether : ether = 7 : 3) afforded 21 (60 mg, 25% yield) as a clear oil. IR (film): v 2958, 1742, 1253. 

1047,834 cm-l. lH NMR: 4.58 (dt, lH, Jd=5.1. Jt=7.7), 2.50 (AB system, 2H. JAB=17.1), 2.15-2.32 (m, 2H), 

1.58 (s. 3H),1.54-1.92 (m, 2H), 1.35 (s, 3H), 1.28 (s, 3H), 0.86 (d, 6H), 0.80 (d. 6H). 0.07 (2.~ 6H). 

Anal. Calcd. forCt8HM03Si: C, 66.21; H, 10.49. Found: C, 66.29; H, 10.47. 
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