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Chapter 1 

1.1 Dihydroclerodin, Structure, Nomenclature 

Dihydroclerodin (1) is a natural diterpene (C20) which belongs to the family of clerodanes, 

a subclass of the diterpenes. It has been first isolated from the Caryopteris divaricata and many 

years later from the Scutelaria discolor2 and the Ajuga parviflora3. The name of the family of 

clerodanes is derived from clerodin (3) which was isolated from the Indian Bath tree 

(Clerodendron infortunatum) and characterized by Barton et al. in 1961.4 The nomenclature of 

clerodanes is confusing because a mistake was made in the determination of the absolute 

stereochemistry of a bromolactone derived from clerodin (3), and this compound was published5 

as its enantiomer. The revision of its absolute stereochemistry6 has led to the nomenclature; neo-

clerodanes for those compounds with the same absolute stereochemistry as clerodin (3) and ent-

neo-clerodanes for those compounds enantiomeric to clerodin (3). A further classification of the 

clerodanes has led to a division in cis- and ^rara-clerodanes, depending on the stereochemistry of 

the decalin ring junction. 

figure l . l7 

O \OAc 
OAc 

clerodin (3) neo-frans-clerodane enf-neo-frans-clerodane neo-c/s-clerodane 
skeleton skeleton skeleton 

Hosozawa, S.; Kato, N.; Munakata, K. Phytochemistry 1973,12, 1833-1834. 

Ohno, A.; Kizu, H.; Tomimori, T. Chem. Pharm. Bull. 1996, 44, 1540-1545. 

Beauchamp, P. S.; Bottini, A. T.; Caselles, M. C ; Dev, V.; Hope, H.; Larter, M.; Lee, G.; Mathela, C. S.; 

Melkani, A. B.; Millar, P. D.; Miyatake, M.; Pant, A. K.; Raffel, R. J.; Sharma, V. K.; Wyatt, D. 

Phytochemistry 1996, 43, 827-834. 

Barton, D. H. R. C , H. T.; Cross, A. D.; Jackman, L. M.; Martin-Smith, M. J. Chem. Soc. 1961, 5061-5073. 

Paul, I. C ; Hamor, T. A.; Monteath Robertson, J. J. Chem. Soc. 1962,4133-4145. 

(a) Harada, N.; Uda, H. J. Am. Chem. Soc. 1978, 700, 8022-8024. (b) Rogers, D.; Unal, G. G.; Williams, D. 

J.; Ley, S. V.; Sim, G. A.; Joshi, B. S.; Ravindranath, K. R. J. Chem. Soc, Chem. Comm. 1979, 97. 

Throughout this thesis the clerodane numbering according to figure 1.1 will be used in all discussions. 
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The biosynthesis of clerodanes starts with geranylgeranyl pyrophosphate (4), which is 

first cyclized to an enf-labdane skeleton. In the ent-labdane carbocation 5 a number of hydride 

and methyl shifts then leads to the trans- and cw-clerodanes.8 The fr-ans-clerodanes can be 

formed by a concerted migration of H9, C20, H5 and C19 or via a stepwise process in which first 

a concerted migration of H9, C20 and H5 takes place, leaving a carbocation at C5, followed by a 

shift of C19 at the end of the pathway. Via a similar stepwise process the cw-clerodanes can be 

formed, when CI8 migrates in the last step. The pathways depicted in scheme 1.1 explain the 

configuration of the majority of the clerodanes. 

scheme 1.1 

OPP 

trans-neo-
clerodane 

1.2 Antifeedant 

Of the relatively few clerodanes that were tested for biological activity, many were found 

to possess interesting activities, which vary from antifeedant to antiviral, antitumor, antibiotic, 

antipeptic ulcer, and piscicidal activity.9 Probably the best known is the insect antifeedant 

activity, an activity of the clerodanes that stops insects from eating the plant without killing the 

insect directly. Dihydroclerodin is found to possess a high insect antifeedant activity against the 

Egyptian cotton leafworm (Spodoptera littoralis),10 larvae of the tobacco cut leafworm 

(Spodoptera litura), and larvae of the African armyworm {Spodoptera exempta). Recently an 

extensive review about the antifeedant activities of clerodanes has been written by klein 

Wilson, S. R.; Neubert, L. A.; Huffman, J. C. / . Am. Chem. Soc. 1976, 98, 3669-3674. 

Merrit, A. T.; Ley, S. V. Nat. Prod. Reports 1992, 9, 243-287. 

Blaney, W. M.; Simmonds, M. S. J.; Ley, S. V.; Jones, P. S. Entomol. Exp. Appl. 1988, 46, 267-274. 

(a) Hozokawa, S.; Kato, N.; Munakata, K. Agric. Biol. Chem. 1974, 38, 823-826; (b) Hozokawa, S.; Kato, N.; 

Munakata, K.; Chen, Y. L. Agric. Biol. Chem. 1974, 38, 1045-1048. 
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Gebbinck.12 In the table below the antifeedant activity of several clerodanes possessing a 

hexahydrofuro[2,3-Z>]furan moiety as in structure A and C (figure 1.2) is depicted. For 

comparison with similar structures possessing an unsaturated furofuran moiety, the activities of 

clerodanes with structure B are also shown in the table. The activity of clerodanes with a 

hexahydrofiiro[2,3-Z?]furan moiety is comparable to that of their 14,15-unsaturated analogs. 

figure 1.2 
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12 (a) klein Gebbinck, A. E. PhD thesis, Wageningen University, 1999; (b) klein Gebbinck, A. E.; B. J. M. 

Jansen; de Groot, A. to be published in Phytochemistry. 
13 Bremner, P. D.; Simmonds, M. S. J.; Blaney, W. M ; Veitch, N. C. Phytochemistry 1998, 47, 1227-1232. 
14 Belles, X.; Camps, F.; Coll, J.; Piulachs, M. D. J. Chem. Ecol. 1985,11, 1439-1445. 
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(a) structure A figure 1.2; (b) structure B figure 1.2; (c) structure C figure 1.2; (d) test A activities against 

larvae of the Egyptian cotton leafworm (Spodoptera littoralis) measured in a two-choice feeding assays; 

(e) concentrations are in ppm12 (f) Al is Antifeedant Index12 (g) test B activities against larvae of the fall 

armyworm (Spodoptera frugiperda) measured in a two-choice feeding assays; (h) test C activities against 

larvae of the African armyworm (Spodoptera exempta) measured in a two-choice feeding assays; (i) test 

D activities against larvae of the tobacco cut leafworm (Spodoptera litura) measured in a two-choice 

feeding assays; (j) test E activities against larvae of the cotton bollworm (Heliothis amigera) measured in a 

two-choice feeding assay 

Cole, M. D.; Anderson, J. C ; Blaney, W. M.; Fellows, L. L.; Ley, S. V.; Sheppard, R. N.; Simmonds, M. S. J. 

Phytochemistry 1990, 29, 1793-1796. 

Rodriguez, B.; Delatorre, M. C ; Rodriguez, B.; Bruno, M ; Piozzi, F.; Savona, G.; Simmonds, M. S. J.; 

Blaney, W. M ; Perales, A. Phytochemistry 1993, 33, 309-315. 
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1.3 Synthesis of clerodanes 

During the last two decades a number of clerodanes has been synthesized, starting with 

the synthesis of annonene in 1979.17 Since 198718 also optically active clerodanes have been 

synthesized. The clerodanes syntheses can be divided into two main groups; cis- and trans-

clerodanes. In this review, the total syntheses of trans- and cw-clerodanes starting from 198919 

will be discussed. 

7>a«$-clerodanes, a synthesis survey 

In 1992 Piers et al.20 reported the total synthesis of optically active (-)-kolavenol (18) and 

(-)-agelasine B (21) starting from cyclohexanone 8. A conjugate addition of trimethylstannyl 

cuprate to cyclohexanone 8, followed by capturing the copper enolate with methyl iodide gave a 

cyclohexanone, which was converted into enone 9 by oxidation with DDQ of the kinetic 

trimethyl silyl ether. Now the carbon atoms for the second ring were introduced by a conjugate 

addition of cuprate 10. Ring closure was carried out by converting the chloride into a iodide, 

which then easily underwent an intramolecular nucleophilic substitution reaction by the enolate to 

give cw-decalin 11. Reduction of the carbonyl group and the trimethylstannyl function with 

Li/NH3 gave alcohol 12. Oxidation of the hydroxyl group followed by equilibration with sodium 

methoxide at C8 and CIO gave the trans-decalom 13. ' A nitrile was introduced at C9 by an 

addition of tosylmethyl isocyanide to the carbonyl group and the second substituent at C9 was 

introduced by a-alkylation of this nitrile to give 14. Reduction of the nitrile group by DIBALH 

gave an aldehyde which was reduced by a Wolf-Kishner reaction to a methyl group. The MOM 

group was removed by Me2BBr, and during this reaction the exocyclic double bond partly 

isomerized to the endocyclic position. Complete isomerization of the exocyclic double bond to 

the endocyclic position was accomplished by treatment with acid. The introduction of 16 via a 

Pd(dba)2 and triphenylarsine catalyzed coupling reaction proceeded in high yield to give 17. 

Removal of the silyl protecting group yielded (-)-kolavenol (18). Treatment of the silyl ether 17 

with Pri3PBr2 gave the allylic bromide. Alkylation of adenine 19 with the allylic bromide at Nl 

gave the desired salt 20 besides the product obtained by alkylation at N2. Separation of these two 

isomers, followed by electrochemical deprotection of the N-methoxy group finally led to (-)-

agelasine B (21). 

Takahashi, S.; Kusumi, T.; Kakisawa, H. Chem. Lett. 1979, 515-518. 

Lio, H.; Monden, M ; Okada, K.; Tokoroyama, T. J. Chem. Soc, Chem. Commun. 1987, 358-359. 

For older reviews see:(a) Vader, J. PhD thesis , Wageningen Agricultural University, 1989; (b) Luteijn, J. M. 

PhD thesis, Wageningen Agricultural University, 1982; (c) de Groot, A.; van Beek, T. A. Reel. Trav. Chim. 

Pays-Bos 1987, 106, 1-18; (d) Sarma, A. S. / . Scientific & Ind. Res. 1987, 46,492-504; (e) Tokoroyama, T. 

Yuki Gosei Kagaku Kyokaishi 1993, 51, 1164-1177 (in Japanese). 

Piers, E.; Roberge, J. Y. Tetrahedron Lett. 1992, 33, 6923-6926. 

Piers, E.; Roberge, J. Y. Tetrahedron Lett. 1991, 32, 5219-5222. 
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In 1994 Hagiwara et al. synthesized the antibacterial clerodane, 16-hydroxycleroda-

3,13(14)Z-dien-15,16-olide (31) starting from the optically active diketone 22 which could be 

obtained in 99% optical purity using D-P-phenylanaline as a catalyst in the Robinson annulation. 

Protection of the carbonyl group at C6, followed by reduction of the enone system with Li/NH3 

and capturing of the enolate with allylbromide gave 23 with the desired stereochemistry at CIO 

and C9.23 Ozonolysis of the double bond followed by reduction gave a diol. The hydroxyl group 

at C8 was oxidized again after protection of the primary alcohol in the side chain to yield 24. 

Hagiwara used a lengthy nine step procedure to achieve the introduction of an equatorial methyl 

Hagiwara, H.; Inome, K.; Uda, H. J. Chem. Soc, Perkin Trans. 71995, 757-764. 

Hagiwara, H.; Uda, H. J. Org. Chem. 1988, 53, 2308-2311. 
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group at C8. First ketone 24 was converted to enone 25 by introduction of a phenylselenyl group, 

followed by oxidation and elimination. Addition of methyllithium, followed by oxidative 

rearrangement yielded the transposed enone 26. Now the enone was reduced with Li/NH3, but 

this reduction was not completely selective and gave a mixture of the a- and P-methyl group at 

C8, which had to be separated. The desired ketone was reduced and the resulting alcohol was 

converted into the xantogenate ester. This xantogenate ester was then reduced with tributyltin 

hydride to yield 27. In my opinion a much shorter route is possible when ketone 24 will be 

submitted to a Wittig olefination, followed by a Pd/C catalyzed reduction to give the desired 

stereochemistry at C8 as is shown in the synthesis of (-)-ilimaquinone (scheme 1.4).24 

Deprotection of the carbonyl group in 27 was not selective and the hydroxyl group in the side 

chain had to be protected again as its silyl ether. Methyllithium was added to the carbonyl group, 

followed by elimination of the tertiary hydroxyl group with thionyl chloride to yield a mixture of 

double bond isomers. Refluxing in xylene with a catalytic amount of iodine was necessary to 

isomerize the obtained mixture completely into compound 28. After deprotection of the primary 

hydroxyl group, a Swern oxidation gave aldehyde 29. Addition of 3-furyllithium to this aldehyde 

gave, in high yield, a mixture of alcohols. This mixture of alcohols was converted into their 

acetates, and reductive removal of these acetates with Li/NH3 yielded annonene 30. 

Photochemical oxidation of the furan moiety to a y-hydroxybutenolide gave 16-hydroxycleroda-

3,13(14)Z-dien-15,16-olide (31). 

scheme 1.3 

22 

10)MeLi 
11)Cr03 

2) Li/NH3, 
allylBr O ' Q 

TIPSO. 

3 ) 0 3 

4) LiAIH4 

5) TIPSCI 
6) Jones 

TIPSO TIPSO. 

23 

12) Li, NH3 

13)LiAIH4 

14) BuLi, CS2, Mel 
15)Bu3SnH, AIBN 

24 

TIPSO 

7) LDA, TMSCI 
8) PhSeCI 
9) H202 

25 

16)p-TsOH, H20. 
17)TIPS0Tf 
18)MeLi 
19)S0CI2, Py 
20) l2, A 

'TIPSO, 

28 

24 Bruner, S. D.; Radeke, H.; Tallarico, J. A.; Snapper, M. L. J. Org. Chem. 1995, 60, 1114-1115. 
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scheme 1.3 (continued) 

21)TBAF 
22) DMSO, 

(COCI)2 

H 23) 3-furyllithium 
H \ " ' .. 24)Ac20 

25) Li/NH3 

29 30 

' iSo 26) 0 2 , Rose Bengal, / \ H ^ < ^ 0 » > 
tungsten lamp 

31 

In the same year Bruner et al.24 reported the total synthesis of (-)-ilimaquinone (37) 

which is a sesquiterpene quinone, but resembles the ewf-neo-clerodane structure. In this total 

synthesis they started with the enantiomer 32 of the diketone used by Hagiwara (scheme 1.3). 

The carbonyl group at C4 is selectively reduced with NaBH4. Then the upper part of the 

sesquiterpene is introduced by a substitution reaction on benzylbromide 33 by the lithium enolate 

obtained by reduction of the enone with Li/NH3. In this reaction the desired configurations at C9 

and CIO were obtained. The carbonyl group at C8 in 34 was submitted to a Wittig olefination, 

and the thus obtained exocyclic double bond at C8 was reduced with hydrogen by a Pt02 

catalyzed reduction into the desired P-methyl group. Oxidation of the hydroxyl group at C4, 

followed by a Wittig olefination reaction gave the exocyclic double bond. Oxidation by eerie 

ammonium nitrate of the benzyl group in 36 yielded the chloromethoxyquinone that could be 

converted to (-)-ilimaquinone (37) by a palladium mediated exchange of the chloride by a 

hydroxyl group. 
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Also in 1995, Goldsmith et al.25 succeeded in the total synthesis of ajugarin IV (48) and 

annonene (54), using the Diels-Alder approach that was published earlier in studies towards the 

synthesis of ajugarin I.26 In ajugarin IV the C19 is not oxidized which made the synthesis less 

complicated. A trans-decalin system 40 was obtained after a Diels-Alder reaction between 38 and 

39 and isomerization at CIO. Hydrolysis of the acetate and acidic treatment yielded a methoxy 

acetal at C6. The desired configuration at C8 was obtained after a Pd/C catalyzed reduction of the 

C7-C8 double bond. A Wittig olefination at C9 afforded the exocyclic double bond at C9, which 

gave aldehyde 42 after hydroboration, followed by oxidation. After allylation at C9 from the 

desired p-side, the aldehyde was reduced by a Wolf-Kishner reaction to a methyl group. The 

C12-C13 double bond was ozonolyzed, and after reduction and mesylation transformed into the 

thiophenyl ether 43. The methoxy acetal was hydrolyzed, and the resulting ketone was reduced to 

diol 44. After oxidation of the sulfide, a series of reactions was performed to invert the 

configuration at C4. The primary hydroxyl group at CI8 was tosylated and eliminated under 

basic conditions to yield an exocyclic double bond. The hydroxyl group at C6 was protected 

before the double bond was treated with disiamylborane to the hydroxymethyl group with the 

desired configuration at C4. This hydroxyl group was protected as its silyl ether. Now the 

finishing of the side chain was undertaken by performing a Michael addition to 46 and 

subsequent elimination of the phenylsulfonyl group to give 47. The phenylsulfonyl group was 

reductively removed to finish the synthesis of the side chain. The construction of the correct 

functional groups in the lower part of the molecule was performed next. Deprotection and 

Goldsmith, D. J.; Deshpande, R. Synlett 1995, 495-497. 

Goldsmith, D. J.; Srouji, G.; Kwong, C. J. Org. Chem. 1978, 43, 3182-3188. 
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oxidation of the hydroxyl group at CI8 yielded an aldehyde. The hydroxyl group at C6 was 

deprotected and acetylated. Now the aldehyde was further oxidized to an acid and esterified with 

diazomethane to yield ajugarin IV. In the last steps of this synthesis no hemiacetal formation was 

mentioned, as is described figure 1.3, which is somewhat surprising since in the synthesis 

reported in this thesis (chapter 5) this hemiacetal formation proved to be very rapid.27 

figure 1.3 
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8) LDA, allylBr 
9) N2H4, KOH 
10) 0 3 , LiAIH4 

11)MsCI 
12)PhSNa 

2) NaOH 
3) p-TsOH 
4) H2, Pd/C 
5) Ph3P=CH2 

"OMe 

6) BH3.Me2S 
7) Cr03.Py 

15) m-CPBA 
16) TsCI, 

DABCO 
17) MOMCI 

PhS02 

18) disiamylborane 
19)TBDMSCI 
20) LDA, 

PhOS 

PhS02 

21) Na, Hg 
P 22)p-TsOH 

23) PDC 
24) p-TsOH 
25) Ac20 
26) Cr03 

27) CH2N2 

OMOM /is OMOM 

45 TBDMSO 4 7 

ajugarin IV 

M„^A °Ac 
MeO N Q 

48 

The lack of an experimental part and yields in the publication about the synthesis of ajugarin IV and annonene 

by Goldsmith is a shortcoming. 
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For the synthesis of annonene (54) (scheme 1.6) a modified procedure was followed 

starting from aldehyde 42. This aldehyde was cc-allylated and reduced by a Wolf-Kishner 

reduction at 210°C, which also caused opening and reduction of the methoxy acetal to yield 

compound 49. After ozonolysis of the double bond and protection of the hydroxyl group, 3-

furyllithium was added to the aldehyde to give alcohol 51. The allylic hydroxyl group was 

mesylated and eliminated under basic conditions, and the formed double bond was reduced to 

give 52. Now the hydroxyl at C18 was deprotected and mesylated, followed by elimination under 

basic conditions to yield an exocyclic double bond. Isomerization to the endo position by acidic 

treatment yielded annonene (54). 

scheme 1.6 
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,28 
Xiang et al. published the total synthesis of clerocidin, a clerodane with a challenging 

structure in the upper part. For the construction of the decalin part they followed the route of 

Takahashi.17 The insertion of CI 8 was achieved by treatment of the enol triflate with tributyltin 

hydride under a CO atmosphere and Pd(0) catalysis to obtain the oc,P-unsaturated aldehyde 56. 

The aldehyde was reduced to a hydroxyl group and protected as its p-methoxybenzyl ether. After 

removal of the silyl protecting group at C12 this hydroxyl group was oxidized to give aldehyde 

57. The upper part of the molecule is now constructed via a novel enantioselective Brown 

homoallenyl boration of 57 with 58 to yield 59. In this reaction a diastereomeric excess of 71% 

was obtained. A Sharpless asymmetric epoxidation and protection of the C12 hydroxyl group as 

its silyl ether gave 60. Deprotection of the hydroxyl group at CI8, followed by oxidation with 

PCC to an aldehyde yielded 61. Dihydroxylation of the terminal olefin gave a mixture of diols 62, 

which was oxidized by Swern's method to an oc-keto aldehyde, and in situ desilylation of the C12 

Xiang, A. X.; Watson, D. A.; Ling, T. T.; Theodorakis, E. A. J. Org. Chem. 1998, 63, 6774-6775. 
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hydroxyl group, gave rise to the cyclized product 63 upon methanolic workup. Dissolving of 63 

in methylene chloride and evaporation of the solvent gave clerocidin (64). 

scheme 1.7 
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Recently, Watanabe et al. published the total synthesis of (-)-tanabalin (76) starting 

from (-)-citronellol (65), which was converted into lactone 66 following standard procedures. 

Alkylation of the enolate of lactone 66, first with methyl iodide and then with prenyl bromide, 

gave the desired configuration at C9. Reductive opening of lactone 67 gave an aldehyde which, 

after protection of the hydroxyl group, was submitted to a Wittig olefination to yield 69. Removal 

of the silyl protecting group and substitution of the resulting hydroxyl group with a bromide, 

followed by substitution of the bromide with a iodide gave 70. Now the key step of this approach, 

an elegant tandem intramolecular alkylation-intramolecular Robinson annulation, yielded decalin 

72. In this one pot reaction a frans-decalin, with an oxidized C19, C18, and C2, was obtained in 

good yield. Reduction of the carbonyl group at C2 and conversion of the resulting hydroxyl group 

Watanabe, H.; Onoda, T.; Kitahara, T. Tetrahedron Lett. 1999, 40, 2545-2548. 
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into its thiocarbamate followed by treatment with tributyltin hydride yielded a methylene at C2. 

Acid hydrolysis of the methoxy acetal followed by reduction gave diol 74. Oxidation with 

Fetizon reagent gave the ring closed y-lactone. Selective ozonolysis of the double bond, followed 

by addition of dimethylsulfide gave aldehyde 75, which was submitted to an addition of 3-

furyllithium. Separation of the 1:1 mixture at C12 and subsequent acetylation of the desired 

diastereoisomer gave (-)-tanabalin (74). 

^ 
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scheme 1.8 
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Cis-clerodanes, a synthesis survey 

The C5 epimer of annonene, the cw-clerodane 15,16-epoxy-cw-clero-3,13(16),14-triene 

(88), was synthesized by Tokoroyama et a/.30 The decalin system was obtained via a Diels-Alder 

reaction of 77 and 78.31 Reduction of the anhydride function yielded diol 79, which upon 

treatment with tosyl chloride cyclized to a tetrahydrofuranyl moiety. The chloride was then 

substituted in situ with sodium iodide, and subsequently substituted with sodium cyanide to give 

nitrile 80. Selective allylic oxidation on the C4 position could be accomplished in a moderate 

yield of 30-50% using SeC>2. The obtained hydroxyl group was further oxidized to give enone 81. 

Catalytic reduction with palladium and hydrogen yielded a trans-dccalm system. Opening of the 

tetrahydrofuranyl ring by hydroiodic acid and concomitant hydrolysis of the cyano group gave 

lactone 82. Reduction of the iodide gave the methyl group at C8. Angular methylation at C5 was 

achieved in good yield, after protection of the C3 position as a butylthiomethylene group, by 

using a large excess of potassium t-pentyloxide and methyl iodide. This methylation only gave 

the cis fused decalin system. Deprotection of C3 by alkaline hydrolysis, and protection of the 

carbonyl group at C4 yielded lactone 84. Addition of 3-furyllithium to the lactone, followed by 

immediate reduction gave a diol, which was acetylated to give 85. Reductive removal of the 

acetate group at CI2, followed by oxidation of the C20 hydroxyl group gave aldehyde 86. 

Reduction of the aldehyde, and deprotection of the carbonyl group at C4 yielded ketone 87. 

Olefination of this carbonyl group was achieved by the use of Nozaki's reagent and after 

isomerization of the exocyclic double bond the cw-clerodane 88 was obtained. The synthesis of 

compound 89 was published earlier by Tokoroyama et al.n and was mentioned as a suitable 

starting material for a shorter synthesis of 88. 

scheme 1.9 
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30 Tokoroyama, T.; Kanazawa, R.; Yamamoto, S.; Kamikawa, T.; Suenaga, H.; Miyabe, M. Bull. Chem. Soc. 

Jpn. 199,0, 63, 1720-1728. 
31 Tokoroyama, T.; Matsuo, K.; Kubota, T. Tetrahedron 1978, 34, 1907-1913. 
32 Tokoroyama, T.; Tsukamoto, M.; Asada, T.; Lio, H. Tetrahedron Lett. 1987,28, 6645-6648. 
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In 1995 Piers et a/.33 reported the total synthesis of (-)-agelasine A (99), in which they 

used the cw-decalin system 12 mentioned in scheme 1.2. Oxidation of the hydroxyl group in 12 

yielded ketone 90 (scheme 1.10). Addition of trimethylsilyl chloromethyl lithium to this decalone 

gave a Cl l epimeric mixture of epoxides without epimerization of the configuration at CIO. 

These epoxides were opened with BF3«etherate to a mixture of aldehydes, and these aldehydes 

were converted to a mixture of nitriles 92 via dehydration of their oximes. The two nitriles (a and 

P) were separated, and separately treated with a base followed by addition of alkyliodide 93. In 

both alkylations compound 94 was obtained but for abstraction of the P proton at C9 the 

potassium variant of LDA was necessary to obtain good results. The reduction of the nitrile to a 

methyl group was performed by reduction with DIBALH to an aldehyde, followed by conversion 

into a hydrazone and heating in the presence of potassium hydroxide. In this reaction a mixture of 

the protected and deprotected hydroxyl group together with a mixture of the exo- and endocyclic 

double bond isomers 95 were obtained. Treatment of this mixture with PPTS, to remove the 

MOM group completely, followed by treatment with anhydrous p-TsOH to isomerize the 

exocyclic double bond to the endo position, gave alcohol 96 in 74% overall yield from 94. 

Finishing of the synthesis of (-)-agelasine A (99) was carried out in a similar manner as for the 

synthesis of (-)-agelasine B (21) in scheme 1.2. 

Piers, E.; Breau, M. L.; Han, Y.; Plourde, G. L.; Yeh, W.-L. J. Chem. Soc, Perkin Trans. 11995, 963-966. 
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Liao et al.34 reported the synthesis of (±)-(13E)-2-oxo-5a-cw-17a,20a-cleroda-3,13-dien-

15-oic acid (111), a clerodane isolated by Avila et al.35 Oxidation of phenol 100 in the presence 

of 101 gave an intermediate acetal, which contained the diene and dienophile, that underwent a 

Diels-Alder reaction to the tricyclic compound 102. Reductive opening of the methoxy acetal was 

achieved by Sml2, and the obtained hydroxyl group was protected as its benzyl ether. Addition of 

trans-1-propenyllithium in the presence of MgBr2 gave almost selectively the endo adduct 104. 
Treatment of this alcohol with potassium hydride gave via an anionic oxy-cope rearrangement the 

m-decalin 105. Removal of the benzyl group and reduction of the C6-C7 double bond, could not 

be achieved in one step. Therefore first the benzyl ether was reduced and protected as its acetate. 

Now catalytic reduction with platinum and hydrogen, followed by oxidation of some overreduced 

product gave ketone 106. Protection of the carbonyl group at C2, followed by hydrolysis of the 

acetate, and oxidation of the hydroxyl group yielded an aldehyde at CI 1. A Wittig olefination to 

this aldehyde yielded compound 108. Hydroboration of the double bond, and a consecutive 

palladium catalyzed cross-coupling reaction gave the complete clerodane skeleton 110. The 

Lee, T.-H.; Liao, C.-C. Tetrahedron Lett. 1996, 57, 6869-6872. 

Avila, D.; Medina, J. D. Phytochemistry 1991, 30, 3474-3475. 
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carbonyl group at C2 was hydrolyzed and selectively converted to a silylenol ether. Bromination 

of this silylenol ether, followed by dehydrobromination gave the desired enone. In the last step 

the ethyl ester was hydrolyzed to give the cw-clerodane acid 111, but its 'H and 13C-NMR spectra 

were different from the natural product that was proposed by Avila. For further proof the acid 

111 was converted again to its ethyl ester and this structure was elucidated by X-ray diffraction as 

being the ester of 111. This means that the structure of the product found by Avila should be 

revised. 
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In 1998 Liao et al.36 reported the synthesis of cw-clerodane 123 possessing the most 

common decalin skeleton in cw-clerodanes. A similar approach as described in scheme 1.11 was 

used. The intermolecular Diels-Alder led to the configuration at C9 and C8 as is depicted in 

compound 105, but instead an intramolecular Diels-Alder would lead to the opposite 

configuration at C9 and C8. The intramolecular Diels-Alder product 115 was obtained in good 

yield by a Diels-Alder reaction of methyl triglate (114) and the masked o-benzoquinone 113, 
which was stabilized by a bromo substituent. The bromide was removed with tributyltin hydride, 

and the resulting compound was reduced to a diol, and protected as its diacetate. Acid hydrolysis 

Liu, W.-C; Liao, C.-C. Synlett 1998, 912-914. 
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of the methoxy acetal yielded ketone 116. The oc-keto acetate was reduced by Sml2, and the 

second acetate was hydrolyzed, and the hydroxyl group was protected with benzyl bromide to 

give 117. Addition of propenyllithium gave the endo adduct 119, and an anionic oxy-Cope 

rearrangement yielded the cw-decalin 120. In contrast to the reduction of compound 105, now the 

reduction of the benzyl protecting group and the C6-C7 double bond could be achieved in one 

step. The finishing of the synthesis was achieved in the similar way as in scheme 1.11 to obtain 

the cw-clerodane acid 123. 
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Liu et al?1 reported the synthesis of (±)-6(3-acetoxy-2-oxokolavenool (134) starting with 

the Diels-Alder of dienone 12638 and frans-piperylene (127). Mono protected diketone 124 was 

treated with base, followed by alkylation with methyl bromo acetate at C9. Reduction of the 

methyl ester in the side chain and the carbonyl group at C8 gave a diol. The primary alcohol in 

the side chain was selectively protected with a benzyl group. Now the enol ether was hydrolyzed 

by hydrochloric acid, and subsequent dehydration gave enone 125. The methyl ester at C5 was 

introduced by formation of an enolate with LDA followed by addition of methylcyanoformate. 

Liu, H.-J.; Shia, K.-S. Tetrahedron 1998, 54, 13449-13458. 

Liu, H. J.; Shia, K. S.; Han, Y.; Wang, Y. Synlett 1995, 545-546. 
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Treatment of this compound with phenylselenium chloride in pyridine and subsequent oxidation 

of the phenylselenyl group, followed by elimination gave dienone 126. A Diels-Alder of 126 and 

127 occurred from the less hindered side opposite to the benzyl protected side chain to give the 

cw-decalin 128. The methyl group at C8 was introduced by a conjugate addition, and in the same 

flask L1AIH4 was added to reduce the methyl ester while the carbonyl group was still protected as 

its enolate. Mesylation of the primary hydroxyl group at CI9, and treatment of this mesylate with 

Nal and zinc gave cyclopropanol 129. Opening of the cyclopropane ring yielded ketone 130. 
Reduction of the carbonyl group, and reductive cleavage of the benzyl ether gave a diol which 

could be selectively oxidized to aldehyde 131. A Wittig olefination by methoxy enol ether 132, 
followed by hydrolysis of the methoxy enol ether yielded ketone 133. Addition of 

vinylmagnesium bromide to the carbonyl group gave an inseparable 1:1 mixture of diols. 

Photooxygenation of the C2-C3 double bond and in the same flask acetylation yielded the desired 

cw-clerodane 134 and its C13 epimer, which could be separated by high performance liquid 

chromatography (HPLC). 
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1.4 The strategy in the synthesis of dihydroclerodin, and the scope of this thesis 

The total synthesis of clerodane insect antifeedants is a topic in our research group for a 

long time. In 1982 Luteijn et al. attempted the synthesis of ajugarin I which ultimately ended in 

the synthesis of 4-epi-ajugarin I.39 In 1989 Vader et al. studied the synthesis of the furofuran part, 

as well as the decalin part, of clerodanes like clerodin.40 In our strategy towards the synthesis of 

dihydroclerodin we have chosen to accomplish the coupling of the upper part and the decalin in 

an early stage of the total synthesis, for two reasons. The early introduction of the 

hexahydrofuro[2,3-6]furan moiety gives the opportunity to study the stereochemistry at C9, CI 1, 

CI 3, and CI 6 in an early stage of the synthesis, so if necessary other routes can be chosen. This is 

especially important for the stereochemistry at Cl l , because it is known that when this 

configuration is correct, the configurations at C13 and C16 can be adjusted relatively easy. 

Second, because it was assumed that the hexahydrofuro[2,3-6]furan moiety would be resistant to 

probably all the reaction conditions that will be necessary in the later stages of the synthesis. 

Another important feature in our strategy was the use of R-(-)-carvone as a homochiral starting 

material. This would give the opportunity to synthesize an optically active clerodane. From 

previous work in our laboratories was known that a conjugate addition of a methyl group at C8 

could be captured as its silyl enol ether 135. This enol ether was studied for the introduction of 

functional groups at C9 that can be converted into side chains as encountered in clerodanes. The 

results of these studies are described in chapter 2. 

135 R-(-)-carvone (2) 

The coupling of the hexahydrofuro[2,3-6]furan moiety, can result in a mixture of 

diastereoisomers especially when racemic fragments are used. However, the synthesis of an 

optically active hexahydrofuro[2,3-Z>]furan fragment seemed possible starting from butylester 

145-(3S) which could be obtained in high optical purity using an enzymatic transesterification 

reaction developed by Franssen et al. in our group.41 Several other methods for the synthesis of 

hexahydrofuro[2,3-£]furan moiety were investigated as well, and these studies are described in 

chapter 3. 

39 (a) Luteijn, J. M. PhD thesis, Wageningen Agricultural University, 1982; (b) Luteijn, J. M.; de Groot, A. 

Tetrahedron Lett. 1982, 23, 3421-3424. 
40 Vader, J. PhD thesis, Wageningen Agricultural University, 1989. 
41 Franssen, M. C. R.; Jongejan, H.; Kooijman, H.; Spek, A. L.; Nuno, L. F. L.; Mondril, N. L. F. L. C ; 

Dossantos, P. M. A. C. B.; de Groot, A. Tetrahedron Asymm. 1996, 7, 497-510. 
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scheme 1.15 
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The synthesis of an optically active decalone seemed possible starting from R-(-)-carvone 

(2) which possesses the desired absolute configuration for the synthesis of dihydroclerodin. For 

the synthesis of a decalin system two reaction sequences were investigated. The first reaction 

sequence consists of the annulation of carvone followed by the introduction of the methyl group 

at C8 and the side chain at C9 (scheme 1.16). The second method starts with the introduction of 

the methyl group at C8 and the side chain at C9, followed by the annulation of the second ring. In 

the second approach the substituents are introduced first which results in a heavily substituted 

cyclohexanone. It was expected that the annulation of these compounds would be more difficult 

and would need special attention. Both approaches could lead to decalone 141 and they will be 

described in chapter 4. 

scheme 1.16 

MeO•)) 

TMSO. 

R-(-)-carvone (2) 

142 135 
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Starting from compound 141 several ways for the construction of ketone 143 and 144 can 

be imagined but none of them could be investigated since enone 141 was not obtained, despite 

several attempts which are also described in chapter 4. 

The isopropenyl in carvone has two functions, first as a chiral handle during the 

introduction of the methyl group at C8 and the side chain at C9, and second as a protecting group 

for a carbonyl function (at C6) or a double bond.42 A second possibility for the construction of 

enone 144 can be found starting from ketone 142. Ozonolysis of ketone 142, followed by a 

Criegee rearrangement could give enone 146,43 which offers several possibilities for the 

construction of decalin 144. All these possibilities have to lead to the correct stereochemistry at 

CIO. To achieve the correct stereochemistry, two reaction sequences have been investigated, 

which will be described in chapter 5. 

scheme 1.17 

141 

146 142 

A conjugate addition to enone 144 and trapping of the enolate with formaldehyde should 

give the desired functionalities and stereochemistry at C5.44 Reduction of the carbonyl group at 

C6 and acetylation should give diacetate 147. In the last part of the synthesis the introduction of 

the epoxide at C4 has to be accomplished. In earlier studies it was shown that epoxide formation 

via epoxidation of an exocyclic double bond at C4 gave a mixture in favor of the undesired 

epoxide.39'44 Addition of an oxidizing reagent leads to a preferential approach from the P-side, 

therefore we assumed that the addition of bromine to this double bond would also come from the 

(a) Verstegen-Haaksma, A. A.; Swarts, H. J.; Jansen, B. J. M.; de Groot, A. Tetrahedron 1994, 50, 10095-

10106; (b) Schreiber, S. L.; Liew, W.-F. Tetrahedron Lett. 1983, 24, 2363-2366. 

Schreiber, S. L. J. Am. Chem. Soc. 1980,102, 6165-6166. 

Jones, P. S.; Ley, S. V.; Simpkins, N. S.; Whittle, A. J. Tetrahedron 1986, 42, 6519-6534. 
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p-side. Using this stereoselectivity we reasoned that bromination of 148, followed by reduction 

would give bromohydrine 149 that by treatment with a base could be transformed into the desired 

epoxide. Another approach involved the ozonolysis of the exocyclic double bond at C4 into 

ketone 150. This carbonyl could then be subjected to a Corey epoxidation, which probably would 

take place from the p-side, to yield the desired epoxide of dihydroclerodin. The synthesis of 

enone 144, the introduction of the substituents at C4, C5 and their final transformation into 

dihydroclerodin is described in chapter 5. 

scheme 1.18 
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Enantioselective synthesis of highly 
functionalized cyclohexanones starting from 

R-(-)-carvone45 

dihydroclerodin (1) R-(-)-carvone (2) 

Meulemans, T. M.; Stork, G. A.; Jansen, B. J. M.; de Groot, A. Tetrahedron Lett. 1998, 39, 6565-6568. 
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2.1 Introduction46 

Copper (I) catalyzed conjugate addition of methylmagnesium iodide to enones leads to 
enolates that can be captured as their silyl enol ethers and a catalyzed Mukaiyama aldol reaction 
then allows the clean introduction of a second substituent. When these two reactions are applied 
to one of the enantiomers of carvone, highly functionalized chiral cyclohexanones are obtained 
that are excellent starting compounds for the total synthesis of enantiomerically pure natural 
products.47'48 Carvone is especially useful in such total syntheses because the isopropenyl group 
determines the stereochemistry of the 1,4-conjugate addition and the stereochemical outcome of 
the Mukaiyama aldol reaction. In this way the configurations at C2 and C3 in the carvone derived 
intermediates are fixed, and the isopropenyl group can then be removed without further 
consequences for the stereochemical integrity of the compound. This isopropenyl group can be 
transformed by ozonolysis into a hydroxyl group,49 an acetate,49 a double bond,50 or a carbonyl 
group51 for further functionalization of the cyclohexane ring. 

Using this strategy, it is possible to make useful synthons for the total synthesis of 
clerodanes. Not only the highly functionalized ring B of clerodanes can be constructed in a few 
reaction steps (see scheme 2.1) but starting from R-(-)- or S-(+)-carvone both types of natural 
occurring clerodanes can be obtained without the necessity of separation of enantiomers. We 
investigated several examples of copper (I) catalyzed conjugate additions of methylmagnesium 
iodide to R-(-)-carvone, followed by trapping of the enolate as its trimethylsilyl enol ether and 
the subsequent introduction of a functionalized side chain via a Lewis acid catalyzed Mukaiyama 
aldol reaction. 

2.2 Synthesis of highly functionalized cyclohexanones 

The efficiency of trityl perchlorate (TrC104)
52 or trityl hexachloroantimonate (TrCl6Sb)53 

as a catalyst for the Mukaiyama aldol reaction has been published in the literature,54'55'56 but to 

our knowledge this Mukaiyama addition never has been used for the preparation of highly 

substituted cyclohexanones. In Table 2.1 several functional groups are mentioned that were 

introduced using a standard procedure with T1-CIO4 as a Lewis acid catalyst. 

Throughout this thesis the clerodane numbering according to figure 1.1 will be used in all discussions. 
47 Murai, A.; Tanimoto, N.; Sakamoto, N.; Masamune, T. J. Am. Chem. Soc. 1988,110, 1985-1986. 
48 Verstegen-Haaksma, A. A.; Swarts, H. J.; Jansen, B. J. M ; de Groot, A. Tetrahedron 1994, 50, 10073-10082. 
49 Schreiber, S. L.; Liew, W.-F. Tetrahedron Lett. 1983, 24, 2363-2366. 
50 Schreiber, S. L. J. Am. Chem. Soc. 1980,102, 6165-6166. 
51 Swarts, H. J.; Verstegen-Haaksma, A. A.; Jansen, B. J. M.; de Groot, A. Tetrahedron 1994, JO, 10083-10094. 
52 This catalyst can easily and cheaply be prepared (ref 59) and can be stored at 20°C for only a few weeks. 
53 This catalyst is for sale and can be stored at 5°C for months. 
54 Mukaiyama, T.; Kobayashi, S.; Murakami, M. Chem. Lett. 1984, 1759-1762. 
55 Marczak, S.; Michalak, K.; Urbanczyk-Lipkowska, Z.; Wicha, J. J. Org. Chem. 1998, 63, 2218-2223. 
56 Baranovsky, A. V.; Jansen, B. J. M.; Meulemans, T. M.; de Groot, A. Tetrahedron 1998, 54, 5623-5634. 
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scheme 2.1 

TMSO. 
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R. o° 

6 \6Ac 
2 135 142,157-164 1 

(a) MeMgl, CuBr-Me2S, TMSCI; (b) TrCI04, reagent (table 2.1) 

OAc 

table 2.1 

Entry Reagent Product 

R 

Reaction 

time 

Isolated 

Yield 

H2CO (g) TMSOCH2- 157 20min 71% a 

r )—OMe 
151 

A, 
158 

20min 75% 

MeO 
)—OMe 

MeO 151 
MeO 

OMe 

S 159 
72 h 49% 

-OMe 
~S 152 160 

20min 
90% 

96%b 

PhS 
CI 

153 ~ < 

SPh 

161 
4 h 

40%c 

86%d 

r y~oMe 
^ ^ 154 

°: o-

162 7:3 163 

20min 80% 

, 0 - ^ Q 
OMe 

156 
78 h 75% 

(a) quenched with Et3N; (b) ZnCI2, CH2CI2, 0°C; (c) RT; (d) i) CH2CI2, SnCI4, -78°C, ii) silica, Et3N. 

The products were obtained in good yield but adaptations of the general procedure proved 

to be necessary to get high yields. In entry 1 the product was captured as its silyl ether by adding 

triethylamine to the cold solution. The reactions in entry 2 and 4 were surprisingly fast probably 

due to the relatively high stability of the intermediate carbocation. For entry 5 and 6 mixtures of 

threo and erythro isomers were found. For entry 3, 5 and 7 the reactions were rather slow 
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probably due to steric hindrance. After two days at -78°C only 10% of compound 161 was 

formed in entry 5. By raising the temperature to room temperature the conversion was complete 

after 4 hours, but in low yield. The use of SnCU gave a better yield of 86%. In entry 7 racemic 2-

methoxy-hexahydro-furo[2,3-fe]furan was used, so in principle the formation of eight 

diastereoisomers is possible. To our surprise only two were formed in a one to one mixture. 

Compound 164 could be completely separated from its diastereoisomer 142 by crystallization 

from diisopropyl ether. Compound 142 was obtained as an oil after evaporation of the solvent. 

The diastereoselectivity of the Mukaiyama reaction in entry 7 can be explained by an 

approach of the silylenol ether to the less hindered convex side of both enantiomers of the 

hexahydrofuro[2,3-6]furan cation, which leads to the formation of diastereoisomers 142 and 164 
(scheme 2.2). In an approach of the silylenol ether to the concave side of the hexahydrofuro[2,3-

6]furan cation, serious steric hindrance would be developed between the substituents on the 

silylenol ether and C14 and C15 of the hexahydrofuro[2,3-&]furan moiety, and for this reason the 

diastereoisomers 142a and 164a are not formed. 

scheme 2.2 

TMSCT) 

The structure of 164 was determined by X-ray crystallography, but for the oily 142 

some transformations had to be performed to obtain a crystalline product suitable for X-ray 

X-ray crystallography was performed by Veldman, N.; Menzer, S.; Spek, A. L. Bijvoet Center for 
Biomolecular Research, Department of Crystal and Structural Chemistry, Utrecht University. 
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analysis. First the mixture of the two diastereoisomers was treated at -78°C with Li-selectride. In 

this reaction only ketone 142 was reduced to give alcohol 165, but ketone 164 was unaffected 

even at room temperature. This big difference in reactivity was also observed in the reduction of 

the diastereomeric mixture of 162 and 163. The configuration at CIO is nicely shown by 

treatment of the obtained alcohol with a trace of acid, which gives the ether 167 in quantitative 

yield.58 Alternatively, elimination of this hydroxyl group could be achieved by transforming it to 

the mesylate, followed by treatment with LiBr and LizCOs in DMF at 100°C, to give crystalline 

166 in 37% overall yield. Structure elucidation by X-ray crystallography showed that 166 had the 

desired natural stereochemistry at C8, C9, CI 1, C13, and C16.57 

scheme 2.3 
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(a) i) Li-selectride, ii) H202; (b) HBr; (c) MsCI, pyridine; (d) LiBr, Li2C03. 

2.4 Conclusions 

The enantioselective synthesis of highly functionalized cyclohexanones starting from 

R-(-)-carvone, following the procedure described in this chapter, can be achieved in good yield 

with different substituents. The introduction of the hexahydrofuro[2,3-6]furan moiety is 

remarkably diastereoselective, and can serve as a good starting point for the synthesis of 

dihydroclerodin. The absolute stereochemistry in compound 142 is the same as in 

dihydroclerodin as was determinated by X-ray crystallography. 

Reduction of ketone 162, followed by acid treatment yielded a similar ether bridge (see experimental). 
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2.4 Experimental 

General: All reagents were purchased from Aldrich or Across, except for carvone which 

was a generous gift of Quest International, and were used without further purification unless 

otherwise stated. Melting points are uncorrected, NMR experiments were conducted with Bruker 

AC-E 200 or DPX 400 instruments; signals are reported in ppm (8). HRMS data were obtained 

with a Finnigan MAT 95 spectrometer. Optical rotations were measured with a Perkin-Elmer 241 

polarimeter. Solvents were freshly distilled by common practice. Product solutions were dried 

over MgSC>4 prior to evaporation of the solvent under reduced pressure by using a rotary 

evaporator. For flash chromatography, Merck Kieselgel silica 60 (230-400 Mesh ASTM) was 

used with mixtures of ethyl acetate and petroleum ether bp 40-60°C as eluens (10% EA/PE 

means 10 volume percent of ethyl acetate in petroleum ether). Reactions were monitored by GC 

with a DB-17 column (30 m x 0.25 mm i.d.) or by TLC on silica gel plates and visualization of 

compounds was accomplished by UV detection and by spraying with basic KMnC>4 or by acidic 

anisaldehyde solution. Ozone was generated by a Fisher ozone generator 502. 

(((3i?,5/?)-5-Isopropenyl-2,3-dimethyH-cyclohexen-l-yl)oxy)(trimethyl)silane(135). 

To a mechanically stirred solution of CuBr«Me2S (3.68 g, 17.9 mmol), HMPA (50 mL, 285 

mmol), and dry THF (400 mL) at -60°C, was added freshly prepared MeMgl (150 mL, 3M 

solution in ether), and stirred for 1 h. After this period R-(-)-carvone (2) (42.0 g, 280 mmol), and 

trimethylsilylchloride (60 g, 553 mmol) were added at -78°C, and stirring was continued for an 

additional 6 h at this temperature, followed by addition of Et3N (55 mL). Stirring was continued 

for an additional 1 h while the temperature rose to rt. After this period water (500 mL) was added. 

The aqueous phase was extracted three times with ether. The combined organic layers were 

washed with brine, dried, and evaporated. The residue was filtered over a short column of silica 

to give 135 (58.6 g, 246 mmol, 88%) as a colorless oil. lU NMR (CDC13, 200 MHz) 5 0.16 (s, 

9H), 0.99 (d,J= 8.2 Hz, 3H), 1.51 (m, 2H), 1.53 (s, 3H), 1.73 (s, 3H), 1.98 (m, 2H), 2.18 (m, 

1H), 2.39 (m, 1H), 4.71 (m, 2H). 13C NMR (CDC13, 50 MHz) 8 0.6 (q, 3C), 14.6 (q), 19.6 (q), 

20.7 (q), 33.5 (d), 35.1 (t), 35.7 (t), 37.1 (d), 108.6 (t), 115.9 (s), 142.4 (s), 149.4 (s). IR vmax 

(neat) 3082,1684,1644, 1251, 1188 cm"1. [a]20
D + 72.7 (c 2.7, CHC13). 

(2J?,3/?,5J?)-5-Isopropenyl-2^-dimethyl-2-(((trimethylsilyl)oxy)methyl)cyclohexanone(157). 

To a stirred solution of 135 (0.95 g, 4.0 mmol) in CH2C12 (20 mL) at -78°C, was added dropwise 

triphenylmethyl perchlorate59 (0.16 g, 0.4 mmol) dissolved in CH2CI2 (15 mL). Then dried 

(CaCb ) formaldehyde gas, prepared by heating paraformaldehyde under a flow of N2 at 180°C, 

was purged through the stirred solution for 10 min. After this period the reaction was quenched 

by addition of Et3N (0.5 g, 5.0 mmol), followed by addition of a saturated aqueous NaHC03 

solution (10 mL). The aqueous phase was extracted three times with CH2CI2. The combined 

organic layers were washed with brine, dried, and evaporated. The remaining oil was purified by 

59 Dauben, H. J.; Honnen, L. R.; Harmon, K. M. J. Org. Chem. 1960, 25, 1442-1445. 
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flash chromatography (5% EA/PE) to give 157 (0.76 g, 2.8 mmol, 71%) as a colorless oil. !H 

NMR (CDC13, 200 MHz) 8 0.02 (s, 9H), 0.84 (d, / = 7.2 Hz, 3H), 0.89 (s, 3H), 1.58 (m, 1H), 1.69 

(s, 3H), 1.92 (m, 1H), 2.10-2.54 (m, 4H), 3.59 {A, J =9.1 Hz, 1H), 3.69 {A, J =9.1 Hz, 1H), 4.65 

(bs, 1H), 4.72 (m, 1H). 13C NMR (CDC13, 50 MHz) 8 -0.7 (q, 3C), 15.9 (q), 16.3 (q), 21.1 (q), 

33.0 (t), 33.5 (d), 40.2 (d), 43.4 (t), 53.7 (s), 67.2 (t), 110.1 (t), 147.4 (s), 214.2 (s). 

(2l?,3.R,5.R)-2-(l^-Dioxolan-2-yl)-5-isopropenyl-2,3-dimethylcyclohexaiione(158). 

To a stirred solution of 2-methoxy-[l,3]dioxolan (10.5g, 101 mmol) and 135 (23.0 g, 96.6 mmol) 

CH2CI2 (50 mL) at -78°C, was added dropwise triphenylmethyl perchlorate (0.99 g, 2.89 mmol) 

dissolved in CH2CI2 (60 mL). The reaction mixture was stirred for 20 min at -78°C. (Samples for 

monitoring the reaction were diluted using ether with Et3N). After this period the reaction was 

quenched by addition of a saturated aqueous NaHC03 solution (150 mL). The aqueous phase was 

extracted three times with CH2CI2. The combined organic layers were washed with brine, dried, 

and evaporated. The remaining oil was distilled (140°C, 0.05 mmHg) to give 158 (17.2 g, 72.5 

mmol, 75%) as a colorless oil. 'H NMR (CDC13, 200 MHz) 8 0.90 (d, J = 7.2 Hz, 3H), 0.96 (s, 

3H), 1.59 (m, 1H), 1.72 (s, 3H), 2.16 (m, 1H), 2.30-2.62 (m, 4H), 3.91 (m, 4H), 4.73 (s, 1H), 4.76 

(m, 1H), 5.35 (s, 1H). 13C NMR (CDC13, 50 MHz) 8 12.6 (q), 16.6 (q), 20.6 (q), 33.4 (t), 36.2 (d), 

40.8 (d), 44.7 (t), 56.4 (s), 65.2 (t), 65.6 (t), 105.1 (d), 109.8 (t), 147.6 (s), 211.6 (s). IR vmax 

(neat) 3081,1710,1645,1089 cm"1. 

(2/?,3^,5^)-2-(Dimethoxymethyl)-5-isopropenyl-2,3-dimethylcyclohexanone (159). 

To a stirred solution of trimethyl orthoformate (0.5 lg, 4.8 mmol) and 135 (0.95 g, 4.0 mmol) 

CH2CI2 (35 mL) at -78°C, was added dropwise triphenylmethyl perchlorate (0.16 g, 0.48 mmol) 

dissolved in CH2CI2 (20 mL). The reaction mixture was stirred for 72 h at -78°C. After this 

period the reaction was quenched by addition of a saturated aqueous NaHCC>3 solution (20 mL). 

The aqueous phase was extracted three times with CH2CI2. The combined organic layers were 

washed with brine, dried, and evaporated. The remaining oil was purified by flash 

chromatography (20% EA/PE) to give 159 (0.47 g, 1.96 mmol, 49%) as a colorless oil. 'H NMR 

(CDCI3, 200 MHz) 8 0.85 (d, J= 7.2 Hz, 3H), 0.97 (s, 3H), 1.46 (m, 1H), 1.76 (s, 3H), 2.02 (ddd, 

J= 18.6, 10.8, 4.5 Hz, 1H), 2.23-2.62 (m, 4H), 3.41 (s, 3H), 3.57 (s, 3H), 4.57 (s, 2H), 4.63 (bs, 

1H). 13C NMR (CDCI3, 50 MHz) 8 12.9 (q), 16.2 (q), 20.8 (q), 33.5 (t), 34.9 (d), 40.6 (d), 44.1 

(t), 57.7 (d), 58.0 (s), 59.7 (d), 108.9 (d), 109.7 (t), 147.6 (s), 211.8 (s). 

(2.S',3/?,5«)-2-(l,3-Dithiolan-2-yl)-5-isopropenyl-2,3-dimethylcyclohexanone(160). 

a) A suspension of ZnCk (2.0 g, 15 mmol) in toluene was dried under Dean Stark condition for 4 

h. This suspension was cooled and then added to a stirred mixture of 135 (7.13 g, 30 mmol), and 

2-ethoxy-l,3-dithiolan60 (4.5 g, 30 mmol) in CH2CI2 at 0°C. Stirring was continued for 4 h. After 

this period the reaction was quenched by addition of Et3N (5 mL), followed by a saturated 

aqueous NaHCCh solution (50 mL). The aqueous phase was extracted three times with CH2CI2. 

60 a) PhD thesis Sicherer-Roetman, A., Wageningen Agricultural University, 1984; b) Tanimoto, S.; Miyake, T.; 
Okano, M. Bull. Inst. Chem. Res. 1977, 55, 276-281. 
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The combined organic layers were washed with brine, dried, and evaporated. The remaining solid 

was recrystallized from pentane to give 160 (7.8 g, 28.9 mmol, 96%) as white crystals, mp 38.0°-

38.5°C. 'H NMR (CDC13, 200 MHz) 8 0.92 (d, J = 7.2 Hz, 3H), 1.11 (s, 3H), 1.57 (m, 1H), 1.72 

(s, 3H), 2.08-2.67 (m, 7H), 3.20 (m, 2H), 4.75 (m, 2H), 5.38 (s, 1H). 13C NMR (CDCI3, 50 MHz) 

5 13.7 (q), 16.9 (q), 20.6 (q), 32.8 (t), 38.9 (t), 39.5 (t), 40.6 (d), 41.0 (d), 43.2 (t), 57.5 (s), 59.1 

(d), 109.9 (t), 147.1 (s), 211.9 (s). 

b) To a stirred solution of 2-ethoxy-l,3-dithiolan (0.73 g, 4.4 mmol) and 135 (0.95 g, 4.0 mmol) 

CH2CI2 (30 mL) at -78°C, was added dropwise triphenylmethyl perchlorate (16 g, 0.40 mmol) 

dissolved in CH2CI2 (15 mL). The reaction mixture was stirred for 20 min at -78°C. After this 

period the reaction was quenched by addition of a saturated aqueous NaHCCh solution (25 mL). 

The aqueous phase was extracted three times with CH2CI2. The combined organic layers were 

washed with brine, dried, and evaporated. The remaining oil was purified by flash 

chromatography (20% EA/PE) to give 160 (0.97 g, 3.59 mmol, 90%) as white crystals. 

(25'^,5/f)-5-Isopropenyl-2,3-dimethyl-2-((r)-l-(phenylsulfanyl)ethyl)cyclohexanone(161). 

To a stirred solution of 135 (1.0 g, 4.4 mmol), and ((l-chloroethyl)sulfanyl)benzene (0.8 g, 4.4 

mmol) in dry CH2C12 (20 mL) at -78°C was added SnCl4 (0.52 mL, 4.4 mmol). Stirring was 

continued for 15 min, followed by addition of Et3N (5 mL) and silica (10 g). After this period the 

reaction mixture was filtered, and the filter was washed extensively with CH2CI2. The CH2CI2 

was evaporated to yield 161 (1.15 g, 3.8 mmol, 86%) as a mixture of two diastereoisomers (7:3). 

The mixture was separated by flash chromatography (20% EA/PE) the major isomer was 

obtained pure. 'H NMR (CDCI3, 200 MHz) 8 0.84 (d, J= 7.3 Hz, 3H), 0.97 (s, 3H), 1.07 (d, J = 

6.9 Hz, 3H), 1.48 (m, 1H), 1.64 (s, 3H), 1.96 (ddd, / = 13.9, 13.9, 4.3 Hz, 1H), 2.27 (m, 2H), 2.50 

(m, 1H), 2.79 (m, 1H), 3.74 (q, J= 6.7 Hz, 1H), 4.63 (bs, 1H), 4.69 (bs, 1H), 7.15-7.43 (m, 5H). 
13C NMR (CDCI3, 50 MHz) 8 13.6 (q), 16.2 (q), 18.0 (q), 20.7 (q), 32.6 (t), 37.1 (d), 41.0 (d), 

43.3 (t), 50.2 (d), 56.6 (s), 109.8 (t), 127.4 (d), 129.2 (d, 2C), 132.9 (d, 2C), 135 6 (s), 147.4 (s), 

213.6 (s). MS m/z (relative intensity) 302 (32), 137 (100), 123 (16), 109 (39), 83 (35), 55 (22), 41 

(14). HRMS calcd for Ci9H26OS (M+) 302.1704, found 302.1710 (o=0.0964 mmu). 

2-Methoxytetrahydrofuran(155).61 

To a well stirred solution of 2,3-dihydrofuran (35 g, 500 mmol) and dry MeOH (15.5 g, 500 

mmol) in CH2CI2 (50 mL) at 0°C was added one drop of trimethylsilyliodide. (The reaction is 

very exothermic without solvent the reaction mixture will explode.) The reaction is finished 

immediately (by GC, column 50°C), and the solvent is evaporated carefully, followed by 

distillation at atmospheric pressure bp 103°-105°C to give 155 (33.7 g, 331 mmol, 66%). 'H 

NMR (CDCI3, 200 MHz) 8 1.85 (m,4H), 3.28 (s, 3H), 3.83 (m, 2H), 4.95 (dd, J = 3.8, 1.6 Hz, 

1H). 

61 This compound is also for sale but expensive. 
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