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Total syntheses of (+)-9,lO-syn-copalol(5), the pyrophosphate ester of which is a likely intermediate in the 
bioeynthesis of 9,lO-syn diterpenes, and ita 9,lO-anti isomer 39 are reported. Lithiation of (-)-(6R)-6,7-epoxygeranyl 
p-tolylsulfone (-)-lS or (f)-19 followed by alkylation with (E,Z)- and (E$)-8-bromo-9-(trimethylsily1)geranyl 
benzyl ethers (15a and 15b) and selective reductive cleavage of the toluenesulfonyl and benzyl groups afforded 
(2E,6E, lOE, 14R) - and (2E,6Z, lOE, 14R) - 14,15-epoxy- 19- (trimethylsily1)geranylgeraniols ( (-) -24a and (*)-26a). 
Lewis acid treatment of the benzoate and/or acetates of (-)-24a and (f)-26a effected efficient but almost 
stereorandom bicyclizations to 9,lO-syn- and 9,10-anti-labda-8(17),13(E)-diene-38,15dol eaters (27a,b and 28a,b) 
which were converted to (+)-g,lO-syn- and (+)-9,10-anti-copalol. 

The momilactones (e.g., momilactone A, 4),2 phyto- 
alexins of the rice plant,3 belong to a small group of tri- 
and tetracyclic diterpenes characterized by a syn stereo- 
chemical relationship between the C-9 H and C-10 CH3 
sub~tituents.~ It is reasonable to suppose that these 
9,lO-syn diterpenes are biosynthesized as shown in Scheme 
I by chair/boat cyclization of geranylgeranyl pyro- 
phosphate (1) to 9,lO-syn-copalyl pyrophosphate (2) fol- 
lowed by SN' cyclization to (9/3)-primara-7,15-diene (3) 
(Scheme I),4b35 in analogy with the usual biosynthetic 
pathway to the corresponding 9,lO-anti diterpenesa6 The 
8,lO-syn diterpenes such as aphidicolin presumably arise 
from 2 by C-9 - C-8 hydride shift following SN' cycliza- 
tion.'~~ 

Wickham and West have identified (9/3)-pimaradiene 3 
as one component of a mixture of five diterpene hydro- 
carbons produced by enzymatic cyclization of 1 in a crude 
cell-free enzyme extract from UV-elicited rice leaves! On 
the basis of bioassays using rice cell suspension cultures, 
Ren and West propose that soluble chitin fragments re- 
leased from fungal hyphae walls serve as biotic elicitors 
of the diterpene synthases for phytoalexin biosynthesis.1° 
The purpose of this research was to synthesize the pre- 
viously unknown 9,10-syn-copalol(6) in enantiomericdy 
pure form so that ita pyrophosphate 2 could be prepared 
for evaluation as an intermediate in the biosynthesis of 
9,lO-syn diterpenes such as 3. 

The synthetic plan is illustrated in Scheme 11. The 
decalin nucleus would be formed by Lewis acid-catalyzed 

(1) (a) Portions of this work were presented at  the following meetings 
of the American Chemical Society: National Convention, Atlanta, GA, 
April 1991; Great Lakes Regional Meeting, Dekalb, IL, June 1990. (b) 
Baaed in part on the PhD thesis of N. K. N. Yee, University of Illinois, 
Urbana-Champaign, 199 1. 

(2) (a) Kato, T.; Kabuto, C.; Sasaki, N.; Tsunagawa, M.; Aizawa, H.; 
Fujita, K.; Kato, Y.; Kitahara, Y. Tetrahedron Lett. 1973,39,3861. (b) 
Kato, T.; Tsunakawa, M.; Saaaki, N.; Aizawa, H.; Fujita, K.; Kitahara, 
Y.; Takahaahi, N. Phytochem. 1977,16,45. 

(3) (a) Cartwright, D. W.; Langcake, P.; Pryce, R. J.; Leworthy, D. P.; 
Ride, J. P. Phytochem. 1981,20,535. (b) Cartwright, D. W.; Langcake, 
P.; Pryce, R. J.; Leworthy, D. P. Nature 1977,267, 511. 

(4) (a) For leading references see the preceding paper. (b) Chu, M.; 
Coates, R. M. Preceding paper in this issue. 

(5) Jansen, B. J. M.; Schepers, G. C.; de Groot, A. Tetrahedron 1989, 

(6) West, C. A. In Biosynthesis ofzsoprenoid Compounds; Porter, J. 
W., Spurgeon, S. L., Eds.; Wiley: New York, 1981; Chapter I. 

(7) Dalziel, W.; Heap, B.; Stevenson, K. M.; Jarvis, J. A. J. J. Chem. 
Soc., Perkin Trans. I 1973, 2841-2851. 

(8) (a) Adams, M. R.; Bu'Lock, J. D. J. Chem. Soc., Chem. Commun. 
1975,389. (b) Ackland, M. J.; Gordon, J. F.; Hanson, J. R.; Yeoh, B. L.; 
Ratcliffe, A. H. J. Chem. SOC., Perkin Trans. 1 1988,1477 and references 
cited therein. 

(9) (a) Wickham, K. A.; West, C. A. Arch. Biochem. Biophys. 1992, 
293,320. (b) Wickham, K. A. Ph.D. Thesis, University of California, Los 
Angeles, 1988. 

(10) Ren, Y.-Y.; West, C. A. Plant Physiol., in press. 

45, 2113-2716. 
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cyclization" of (14S)-truns,cis,truns-epoxy triene 7 (Z = 
H) with a terminating silyl transfer to establish the exo- 
cyclic double bond.12-14 Although trm,cis dienes" usually 
cyclize stereospecifically to 9,lO-syn bicyclic products, the 

(11) For reviews and leading references on polyene cyclizations, see: 
(a) Bartlett, P. A. In Asymmetric Synthesis; Morrison, J. D., Eds.; Aca- 
demic Press: New York, 1984; Vol. 3, Chapter 5. (b) van Tamelen, E. 
E. Acc. Chem. Res. 1968, 1, 111; 1975, 8, 152. (c) Johnson, W. S. Acc. 
Chem. Res. 1968,1,1; Bioorg. Chem. 1976,5,51; Angew. Chem., Int. Ed. 
Engl. 1976,15,9. (d) Sutherland, J. K. Chem. SOC. Rev. 1980,9,265. (e) 
Goldsmith, D. J. Fortsch. Chem. Org. Natur. 1971, 29, 363. 

(12) For reviews see: (a) Fleming, I.; DunoguBs, J.; Smithers, R. Org. 
React. 1989,37, Chapter 2. (b) Majetich, G. Org. Synth.: Theory Appl. 
1989, 1, 173. 

(13) (a) Armstrong, R. J.; Weiler, L. Can. J. Chem. 1983,61,214; 2530. 
(b) Armstrong, R. J.; Harris, F. L.; Weiler, L. Can. J. Chem. 1982,60,673; 
1986,64,1002. (c) Armstrong, R. J.; Weiler, L. Can. J. Chem. 1986, 64, 
584. 

(14) (a) Johnson, W. S.; Lindell, S. D. Steele, J. J .  Am. Chem. SOC. 
1987,109,5852. (b) Guay, D.; Johnson, W. S.; Schubert, U. J. Org. Chem. 
1989, 54, 4731. (c) Johnson, W. S.; Elliott, J. D.; Hanson, G. J. J. Am. 
Chem. SOC. 1984,106, 1138. (d) Hatakeyama, S.; Numata, H.; Osanai, 
K.; Takano, S. J. Chem. Soc., Chem. Commun. 1989, 1893. 
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stereochemical outcome was uncertain since related si- 
lyl-terminated cyclizations occurred with minimal stereo- 
selectivity at C9/C-10.13e The compatibility of the epoxide 
with the reductive cleavage of the activating Z group and 
with the propoeed Biellmann coupling1s of 8 and 9 was also 
uncertain at the outset.I6 

In this paper we report the synthesis and cyclization of 
a trans,cis,trans-epoxy trienylsilane represented by 7 (Z 
= H) as well as its trans,trans,trans isomer. Total 
syntheses of 9,lO-syn- and 9,lO-anti-copalol ((+)-S and 
(+)-39) were completed by this approach. Preliminary 
evidence provided by our collaborators is mentioned in- 
dicating conversion of [%]-9,lO-syn-copalyl pyrophosphate 
(2) to [3H]-(9@)-pimeradiene (3) in chitin-elicited rice cell 
suspension c u l t u r e ~ . ~ ~ J ~  

Synthesis of Epoxy Trienylsilanes 
Cis-selective Horner-Emmons condensation16 of a- 

phosphono-@-silylpropionate 101"19 with aldehyde ll (KH, 
18-crown-6, THF, -78 "C) afforded a 3:l mixture (87%) 
of 12Eand 122 (Scheme III). Complementary selectivity 
(12E/122= 1:3,82%) was observed when the reaction was 
carried out by the usual procedure (NaH, THF, I%).~ The 
isomers were separated by chromatography and identified 
by the characteristic 'H NMR chemical shifts of the cis 
and trans ar,@-enoate vinyl protons (aH 12E, 5.64; 122, 
6.58).21 Aluminum hydride reduction (AlC13, LiAlH4, 

(15) (a) Biellmann, J.-F.; Ducep, J.-B. Org. React. k 2 ,  27, 1. 6) 
Altman, L. J.; Ash, L.; Msreon, S. Synthesis 1974, 129. 

(16) (a) An attempt to synthesize 7 (Z = H) via terminal hypo- 
brominabon of the corresponding tetraenyleilane (NBS, H20-THF, 0 OC, 
1 h) wae unsuccessful owing to bromodeeilation of the allylsilane. See: 
(b) van Tamelen, E. E.; Curphey, T. J. Tetrahedron Lett. 1962,121. (c) 
van Tamelen, E. E.; Nadeau, R. G. Bioorg. Chem. 1982,11,197 and ref 
13c. 

(17) Ren, Y.-Y.; West, C. A. Unpubliihed resulb. 
(18) (a) Nagaoka, H.; Kishi, Y. Tetrahedron 1981,37,3873; Schmid, 

G.; Fukuyama, T.; Akasaka, K.; Kishi, Y. J.  Am. Chem. SOC. 1979,101, 
259. (b) Still, W. C.; Gennari, C. Tetrahedron Lett. 1983,24,4405. (c) 
Marahall, J. A.; DeHoff, B. S.; Cleary, D. G. J. Org. Chem. 1986,51,1735. 

(19) (a) Kirschleger, B.; Queignec, R Synthesis 1986,926. (b) Giguere, 
R. J.; Duncan, S. M.; Bean, J. M.; Purvis, L. Tetrahedron Lett. 1988,29, 
6071. (c) Hoffmann, H. M. R.; Rabe, J. J. Org. Chem. 1986,50, 3849. 

(20) For review see: (a) Boutagy, J.; Thomas, R. Chem. Reu. 1974, 
74,87. (b) Wadsworth, W. S., Jr. Org. React. 1977,25,73. (c) Maryanoff, 
B. E.: Reitz, A. B. Chem. Reu. 1989,89, 901. 
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ether, 0 oC)n of the esters followed by mesylation (MsC1, 
Et3N, CH2C12, 0 0C)23 and bromide displacement (LiBr, 
DMF, 0 "C) afforded the isomeric allylic bromides 15a 
(87%) and 1Sb (80%). 

The scalemic epoxy sulfone component (-)-19 (= 8) was 
prepared from geranyl sulfone 1624 in four steps via 
asymmetric epoxidation (Scheme IV) Hydroxylation 
of the trans terminal methyl group by catalytic oxidation 
with selenium dioxide (tert-BuOOH, CH2C12, rt; NaBH4, 
EtOH, 0 0C)27 afforded 17 in 71% yield following chro- 
matography to remove -1-2% of the allylic isomer. 
Conversion of 16 to 17 was also carried out in three steps& 
via ozonolysis (O,, CH2C12, -78 "C; Me$; 61%),= Wittig 
reaction [CH3C(PPh3)C02Et, CH2C12, reflux; 93%], and 
aluminum hydride reduction (AlCl,, LiAlH,, ether, 0 "C; 
87%). 

Asymmetric epoxidation of 17 was best accomplished 
by the catalytic procedure [Ti(O-i-Pr),, t-BuOOH, (+)- 
diisopropyl tartrate, CH2C12, -23 "C; 89%]. The enan- 
tiomeric purity of (-I-& was 292% ee based on 'H NMR 
analyses of both the acetate derivative 18bZ6 in the pres- 
ence of Eu(hfc), and the Mosher ester29 of 18a. Super- 

(21) (a) Kinstle, T. H.; Mandanas, B. Y. Chem. Commun. 1968,1699. 
(b) Bottin-Strzalko, T.; Etemad-Moghadam, G.; Seyden-Penne, J.; Pouet, 
M.-J.; Simonnin, M.-P. Nouu. J. Chem. 1983, 7, 155. (c) Brouwer, H.; 
Stothers, J. B. Can. J.  Chem. 1972,50,601. 

(22) (a) Dilling, W. L.: Plepys, R. A. J.  Org. Chem. 1970,35,2971. (b) 
Bhalerao, U. T.; Plattner, J. J.; Rapoport, H. J. Am. Chem. SOC. 1970, 
92, 3429. (c) Coates, R. M.; Ley, D. A.; Cavender, P. L. J. Org. Chem. 
1978,43,4915. 

(23) Crossland, R. K.; Servis, K. L. J. Org. Chem. 1970, 35, 3195. 
(24) (a) Grieco, P. A.; Masaki, Y. J. Org. Chem. 1974, 39, 2135. (b) 

Eren, D.; Keinan, E. J. Am. Chem. SOC. 1988,110,4356. 
(25) (a) Kabuki, T.; Sharpless, K. B. J.  Am. Chem. SOC. 1980, 102, 

5974. (b) Gao, Y.; Hanson, R. M.; Klunder, J. M.; KO, S. Y.; Masamune, 
H.; Sharpless, K. B. J.  Am. Chem. SOC. 1987,109, 5765. 

(26) (a) Arm, C.; Pfander, H. Helo. Chim. Acta 1984, 67, 1540. (b) 
Eschenmoser, W.; Uebelhart, P.; Eugster, C. H. Helu. Chim. Acta 1983, 
66,82. (c) Tanis, S. P.; Chuang, Y.-H.; Head, D. B. J. Org. Chem. 1988, 
53,4929. 

(27) Umbreit, M. A.; Sharpless, K. B. J. Am. Chem. SOC. 1977, 99, 
5526. 

(28) (a) Stork, G.; Gregson, M.; Grieco, P. A. Tetrahedron Lett. 1969, 
1391. (b) van Tamelen, E. E.; McCurry, P.; Huber, U. R o c .  Natl. Acad. 
Sci., U.S.A. 1971,68, 1294. (c) Grieco, P. A.; Masaki, Y.; Boxler, D. J. 
Am. Chem. SOC. 1975,97,1597. 
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hydride reductionm of epoxy b y l a t e  18c (LiBEbH, THF, 
rt) afforded (-)-19 (65%), previously known in racemic 
form.24b 

The feasibility of the Biellmann coupling15 with epoxy 
sulfone 19 was initially demonstrated in model experiments 
(eq 1). Although lithiation of the related epoxygeranyl 

Yee and Coates 

21 22 
955 (91%) 

tert-butyl sulfide (19 with t-BUS in place of ArS02)  led to 
cyclization (3 h at  5 "Q31 the carbanion generated from 
(f)-1924b with n-butyllithium (3:l THF/HMPA, -78 
oC)15v32 was stable for 3 h at  -23 OC, judging by its clean 
deuteration with methanol-0-d ( 19-dl, 92%). Similarly, 
alkylation with geranyl bromide (-78 "C, 2 h and -23 OC, 
1 h) afforded 20 in 85% yield. 

A suitable procedure for selective reduction of the allylic 
sulfone in the presence of the epoxide was developed using 
20 as model substrate. Although epoxides are known to 
undergo reductive ring opening with lithium in alkyl- 
amines,= moderately chemoselective reductions of benzyl 
ethers in the presence of epoxides have been accomplished 
with sodium" and calcium% in liquid ammonia. Selective 
reduction of 20 was first achieved with magnesium in 
methanol (50 O C ,  4 h),3sv37 but the product proved to be 
a 7030 mixture of double bond isomers 21 and 22 (61%). 

Efficient and regioselective reductive desulfonylation of 
20 to 21 (91%, 21/22 ratio 955) was realized by heterog- 
enous reaction with lithium metal suspended in liquid 
ethyl amine/ether15b*33bi36 at -78 "C in the presence or 
absence of methanol as proton donor. Completion of the 
sulfone reduction was indicated by the blue color associ- 
ated with dissolved lithium which was then discharged 
quickly by adding 1-hexyne. Further model experiments 
showed that methanol should be omitted in order to ac- 
complish simultaneous regioselective cleavage of the benzyl 
group from geranyl benzyl ether.38 

The Biellmann couplings of (-)-19 with allylic bromide 
15a and of (f)-19 with 15b were conducted as described 

(29) Dale, J. A,; Dull, D. L.; Mosher, H. S. J.  Org. Chem. 1969, 34, 
2543. 

(30) (a) Kirehnamurthy, S.; Brown, H. C. J. Org. Chem. 1976,41,3064. 
(b) Holder, R. W.; Matturro, M. C. J. Org. Chem. 1977, 42, 2166. 

(31) Rautenstrauch, V. Chem. Commun. 1978,519. 
(32)  (a) Sato, K.; Miyamoto, 0.; Inoue, S.; Furusawa, F.; Matsuhashi, 

Y. Chem. Lett. 1983,725; Zbid. 1984,1105. (b) Sato, K.; Miyamoto, 0.; 
Inoue, S.; Matauhashi, Y.; Koyama, S.; Kaneko, T. J. Chem. SOC., Chem. 
Commun. 1986, 1761. 

(33) (a) Kaiser, E. M. Synthesis 1972, 391. (b) Hallsworth, A. S.; 
Henbeet, H. B. J. Chem. SOC. 1957,4604. (c) Brown, H. C.; Ikegami, S.; 
Kawakami, J. H. J. Org. Chem. 1970, 35, 3243. (d) Benkeser, R. A,; 
Rappa, A.; Wolsieffer, L. A. J.  Org. Chem. 1986,51, 3391. 

(34) Still, W. C.; Mobilio, D. J. Org. Chem. 1983, 48, 4785. 
(35) Hwu, J. R.; Chua, V.; Schroeder, J. E.; Barrans, R. E., Jr.; 

Khoudary, K. P.; Wang, N.; Wetzel, J. M. J.  Org. Chem. 1986,51,4731. 
(36) Brown, A. C.; Carpino, L. A. J.  Org. Chem. 1985,50, 1749. 
(37) Kiindig, E. P.; Cunningham, A. F., Jr. Tetrahedron 1988,44,6855. 
(38) In the presence of methanol, cleavage of the allylic C-O bond 

occurred, probably as a consequence of Birch reduction of the benzene 
ring of the benzyl ether. The alcohol proton donor is normally required 
for benzene ring reduction; we: Krapcho, A. P.; Bother-By, A. A. J. Am. 
Chem. SOC. 1959,81,3658. 
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above for the model reaction and provided epoxy trienyl 
sulfones 23 and 26 as mixtures of diastereomers in high 
yield (Scheme IV). Simultaneous cleavage of the allylic 
sulfones and benzyl ethers was effected by the optimized 
lithium-ethylamine reduction procedure to give epoxy 
trienyl silanes (-)-24a (84%) and (*)-26a (74%). GC 
anal- and 'H NMR spectra of the products revealed the 
presence of ca. 10% of the double bond isomer arising from 
conjugate r ed~c t i0n . l~~  These impurities were removed 
by chromatography of (-)-24a or the acetate (*)-26b on 
silver nitrate-impregnated silica gel or more readily by 
chromatography of benzoate (-)-24b on normal silica gel. 

Epoxide Cyclizations 
Cyclizations of the isomeric epoxy trienylsilanes as 

benzoate (24b) and acetate (24c and (*)-26b) derivatives 
were conducted by reaction with TiC14 (1.1 equiv) in di- 
chloromethane containing 2,6-di-tert-butylpyridine (1.5 
equiv)14b1c at -78 "C (Scheme V). After 5 min, 7 equiv each 
of triethylamine and methanol were added to neutralize 
the Lewis acid and to avoid release of HC1 which might 
cause isomerization of the exocyclic methylene groups or 
proto desilylation of the allylsilane groups in the mono- 
cyclic byproducts. 

Although the yields of bicyclic products were satisfactory 
(76% and 61%), they proved to be mixtures of 9,lO-syn 
and 9,lO-anti isomers 27 and 28 in 5545 (from 24b), 6535 
(from 24c), and 4852 (from 26b) proportions. Changes 
of the Lewis acid (SnC14 and BF3-OEQ, concentration 
(4-fold dilution) or temperature (-95 and -23 "C) did not 
alter appreciably the syn/anti and bicyclic/monocyclic 
ratios generated by cyclization of 24b and 24c. Small 
amounts of partially purified monocyclic byproducts were 
tentatively identified as 29a, 29b, 30, and 31 (2-3% each, 
total -10%) based on their 'H NMR spectra. Similar 
cyclohexenols and bridged ethers have been reported as 
products of polyene epoxide  cyclization^.^^ 

29e,R=H 30 
a b ,  R = TMS 

31 



Synthesis of (+)-9,10-syn- and (+)-9,lO-unti-Copalol 

Scheme VI 
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Small amounts of 9,lO-syn and 9,lO-anti benzoates 27a 
and 28a were isolated in pure form by preparative HPLC 
and were saponified to syn and anti labdadienol isomers 
(+)-6 and (+)-2&. The latter appears to be the enantiomer 
of the (-)-labdadienol isolated from the fruits of Osteo- 
phloeum platyspermum ( M y r i s t i ~ a c e a e ) ~ ~ ~ ~  based on the 
reasonably good agreement between their 'H and '3c NMR 
spectral data.42 The assignment of the syn and anti 
stereochemistry to diols 6 and 28c is based upon com- 
parisons of their 'H and '3c NMR spectral data with those 
of syn and anti copal01 (Table I). For example, the 
chemical shift difference between the exocyclic methylene 
protons (syn A b  = 0.18, anti A b  = 0.32) and the '3c NMR 
shifts for exocyclic methylene carbon (syn 8c = 109.6 f 0.2, 
anti aC = 106.5 f 0.2) appear to be reliable indicators of 
the sidechain stereochemistry. 

The mechanistic subtleties and variations of carboca- 
tion/ polyene cyclizations have been discussed extensively 
in the While the limited results from the 
present investigation do not warrant a detailed analysis 
of the mechanism, some comments about the efficiency 
and stereochemistry of these epoxide cyclizations seem 
appropriate. The increased yields of bicyclic products in 
the cyclizations of epoxy trienylsilanes 24b,c and 26b and 
related  compound^,'^ compared to those obtained from 
similar epoxy polyenes lacking the silyl terminator,"bJBC.39 
can be attributed to the enhanced nucleophilicity of the 
allylsilane double bond4 and the greater stability of the 

(39) (a) van Tamelen. E. E.: Storni. A.: Hessler. E. J.: Schwartz. M. A. . . . .  
Bioorg. Chem. 1982, 11, 133.' (b) v k  Tamelen; E. E.; Coates,'R. M. 
Bioorg. Chem. 1982,11,171. 

(40) Braz Fo, R.; de Carvalho, M. G.; Gottlieb, 0. R. Planta Medica 
1984, 53. 

(41) For a total synthesis of the corresponding carboxylic acid, see ref 
13c. 

(42) The chemical shifts for the 14 upfield resonances in the '% NMR 
spectrum of 280 agree with the reported values within +0.1 ppm. How- 
ever, significant difference are apparent in the data for the four olefinic 
carbons (la61 - 0.3, 0.8, 7.5, and 2.2 ppm). 

(43) (a) Harding, K. E. Bioorg. Chem. 1973,2,248. (b) Nishizawa, M.; 
Takenaka, H.; Hayashi, Y. J.  Am. Chem. SOC. 1986,107,522. (c) Snow- 
den, R. L.; Eichenberger, J.4.; Linder, s. M.; Sonnay, P.; Vial, C.; 
Schulte-Elte, K. H. J. Org. Chem. 1992,67,955-960. 
(44) (a) Mayr, H.; Schneider, R.; Schade, C.; Bartl, J.; Bederke, R. J. 

Am. Chem. SOC. 1990,112,4446. (b) Mayr, H.; Schneider, R.; Irrgang, 
B.; Schade, C. J. Am. Chem. SOC. 1990, 112, 4454. (c) Mayr, H.; 
Schneider, R.; Grabis, U. J. Am. Chem. SOC. 1990, 112, 4460. 
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&silyl c a r b o c a t i ~ n ~ ~ " ~  resulting from the bicyclization. 
Thus, the presence of the trimethylsilyl group increases 
the bicyclic/monocyclic product ratio from approximately 
0.53gb746 to 7 and 3 for 24 and 26, respectively. The less 
efficient bicyclization of the trans,trans,trans isomer 26 can 
be explained by a steric interaction between the cis-related 
carbon chain and the CH2SiMe3 group (R' = CHzCH2 - 
CHaiMeJ. It seem reasonable that this steric interaction 
which is not present in 24 might impede optimal alignment 
of the CH2-Si bond with the incipient carbocation at C8 
in the cyclization of 26, thus decreasing the rate of the 
allylsilane cyclization. 

The formation of comparable amounts of syn and anti 
bicyclic products from 24 and 26 indicates that the tran- 
sition states for the chairlboat and chairlchair cyclizations 
have similar energies (Scheme VI, 32A vs 32B). This 
contrasts sharply with the consistent bias favoring the 
chairlchair orientation in cyclizations of polyene epoxides 
lacking the silyl substituent." A possible explanation for 
the "equalization" of chair/boat and chair/chair transition 
states in the allylsilane cyclizations is partial or complete 
silicon bridging.46b*c The steric interactions in the tran- 
sition states leading to siliconium ions 33A and 33B should 
be quite different from those producing classical carbo- 
cations owing to the sp3 hybridization at C-8 and the 
proximity of the three methyl groups on silicon in the 
formerem For example, the chair/cha.ir siliconium ion 33B 
might be destabilized by a 1,3-diaxial interaction between 
C10-CH3 and C&CH2. However, similar steric interactions 
are present in the boat form also, and a more quantitative 
analysis and summation of steric interactions is unwar- 
ranted. 

syn - and anti-Copalols 
The 5545 mixture of bicyclic benzoates (27a + 28a) was 

oxidized (PCC, NaOAc, 4-A molecular sieves, CH2C12, rt, 
96% ) to keto benzoates 35 and 36 which were more readily 
separated by preparative HPLC (Scheme VII). Cate- 
cholborane reduction (THF, 0 OC and rt) of the respective 
tosylhydrazones followed by boro sulfinate elimination 

(45) The stabilizing effect of the &silyl substituent on a tertiary car- 
bocation has been estimated at 16-18 kcal/mol in the gas phase; see: (a) 
Li, X.; Stone, J. A. J. Am. Chem. SOC. 1989,111,5586. (b) Lambert, J. 
B. Tetrahedron 1990,46,2677. (c) Ibrahim, M. R.; Jorgensen, W. L. J.  
Am. Chem. Soc. 1989,111,819. (d) For a review on the steric influence 
of the trimethylsilyl group, see: Hwu, J. R.; Wang, N. Chem. Rev. 1989,, 
89, 1599-1615. 

(46) Exact comparisons with the earlier results are not warranted 
because of the significantly different conditions (solvent, temperature, 
catalyst, and presence or absence of proton scavenger) and the different 
allylic substituents (CH2R vs OAr). 

(47) For an example of a chair/boat cyclization, see: van Tamelen, E. 
E.; Murphy, J. W. J. Am. Chem. SOC. 1970,92,7204. 
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conformation with the C-9 sidechain axial (eq 2) is sup- 
ported by MM2 calculations which indicate a 6.6 kcal/mol 
enthalpy difference between the lowest energy chair/chair 
and chair/boat  conformer^.^' 

H I H  

Table I. 'I3 and 'e NMR Spectral Data" for 9,lO-syn- a n d  
9,lO-anti-Copal01 (( +)-5 and (+)-39) 

position syn anti syn anti 

6 g p s  6:"s 

1 1.05: 1.57 0.99,' 1.72 36.76 39.19 
2 1.45, 1.61 1.39, 1.57 19.15 21.89 
3 1.17: 1.38 1.16; 1.37 42.68 42.27 
4 33.21 33.71 
5 1.26 1.07f 45.78 55.63 
6 1.30, 1.59 1.30; 1.70 23.64 24.56 
7 2.06, 2.17h 1.96,' 2.38' 31.56 38.47 
8 149.20 148.74 
9 1.50 1.54 57.90 56.40 

10 38.00 39.77 
11 1.47, 1.62 1.45, 1.60 24.46 19.52 
12 1.74, 1.90 1.79, 2.15 38.15 38.55 
13 140.58 140.78 
14 5.4lk 5.38' 122.94 123.05 
15 4.15'" 4.15" 59.44 59.54 
16 1.67 1.65 16.52 16.49 
17 4-51; 4 .69  4.50,q 4.82' 109.44 106.38 
18 0.87 0.86 33.49 33.75 
19 0.80 0.79 22.15 21.86 
20 0.918 0.67 22.35 14.62 

'500 MHz and 125 MHz, respectively. Assignments are based 
upon APT, 'HJH COSY, and 'H-13C HETCOR spectra. For 
complicated and overlapping multiplets in the 'H NMR spectra, 
the midpoint is designated aa 6" The multiplicity and coupling 
constants (Hz) for the first order multiplets are given in the fol- 
lowing footnotes. *br d,  J = 13. J = 13, 4.0. dtd, J = 13, 3.0. 

J = 13, 4.0. fdd,  J = 13, 2.7. gqd, J = 13, 4.3. hbr  d,  J = 13. 
' td, J = 13, 5.2. jddd, J = 13, 4.3, 2.4. ktq, J = 7.0, 1.5. 'tq, J = 
7.0, 1.3. '"d, J = 7.0. "d, J = 6.9. Odd, J = 2.5, 1.5. Papp t, J = 
2.5. qbr d, J = 1.3. 'app q, J = 1.5. 

(Bu,NOAc, rt, 6 h) afforded benzoates 37 (78%) and 38 
(72%) which were saponified to 9,lO-syn- and 9,lO-anti- 
copalols ((+)-5 and (+)-39). The 'H NMR, 13C NMR, and 
MS of synthetic (+)-39 are identical to those of ent-copalol 
obtained from natural copalic acid from Brazilian copal 
r e ~ i n . ~ ~ ~ ~  

The 'H and '3c NMR spectral data and assignments for 
syn- and anti-copalol presented in Table I were obtained 
from APT, 'H-lH COSY, and 'H-13C HETCOR spectra. 
The logic sequence by which the NMR assignments for 
syn-copalol were deduced is given in the supplementary 
material. The '3c NMR assignments generally agree with 
those in the literaturem for similar bicyclic and tricyclic 
diterpenes, except for the reversal of assignments for C-2 

A few differences in the NMR spectra of the copal01 
isomers are noteworthy. The vinyl protons of the exocyclic 
methylene group appear as two doublets of doublets (aH 
4.51 and 4.69, J = 1.5 and 2.5 Hz) in the 'H NMR spec- 
trum of syn-copalol, but the same protons in the anti 
isomer are a doublet and a quartet (aH 4.50 and 4.82, J = 
1.3-1.5 Hz). The 'H and 13C signals for the C10-CH3 of 
syn-copalol(6~ 0.91 and 6~ 22.35) are both downfield from 
those of anti-copalol (aH 0.67 and aC 14.62). The upfield 
shifts of the 13C NMR peaks for the C-5 and C-7 carbons 
(A6c = -9.8 and -6.9 ppm) of syn-copalol are attributable 
to 7-shifts arising from 1,3-diaxial interactions of those 
carbons with the axial side chain at G9.m The implication 
that 9,lO-syn-copal01 exists predominantly in a chair/chair 

J = 1.0. 

and C-11. 

(48) (a) Nakano, T.; Djerassi, C. J. Org. Chem. 1961, 26, 167. (b) 
Cavender, P. L. Ph.D. Thesis, University of Illinois, Urbana, 1977. 

(49) For total syntheses of copalic acid ma manool, aee: (a) Ohloff, C. 
Liebigs Ann. Chem. 1958, 617, 134. (b) Fourrey, J.-L.; Polonsky, J.; 
Wenkert, E. Chem. Commun. 1969,714. (c) Manh, D. D. K.; Fetizon, M.; 
Kone, M. Tetrahedron 1975, 31, 1903. 

(50) Breitmaier, E.; Voelter, W. Carbon NMR Spectroscopy; VCH: 
Weinheim, 1987; (a) pp 330-333; (b) pp 187-189. 
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In recent collaborative experiments West and Ren have 
obtained preliminary evidence concerning the role of 
9,lO-syn-copalyl pyrophosphate (2) in diterpene biosyn- 
thesis." Incubation of [3H]-2 prepared in this laboratory 
with a cell-free enzyme extract from chitin-elicited rice 
suspension cells'O resulted in a 74-fold increase in the net 
incorporation of tritium radioactivity into the pimaradiene 
region of silver nitrate-impregnated silica gel TLC plates 
in comparison to that from nonelicited cells. Radio GC 
analysis52 of a similar pimaradiene fraction isolated by 
column chromatography on silver nitrate-impregnated 
silicic acid showed a major radioactivity peak (47% of total 
eluted counts) coincident with the mass peak of nonra- 
dioactive (g&pimaradiene (3) carrier.4b These and other 
experiments indicate that rice cells exposed to polymeric 
chitin generate (9@)-diterpene synthase activity and that 
9,lO-syn-copalyl pyrophosphate is an intermediate in the 
biosynthesis of 9/3-pimaradiene and presumably the mo- 
milactone phytoalexins. The preparation of [3H]-syn-co- 
palyl PP and the biochemical results will be reported 
e l s e ~ h e r e . ~ ~  

Experimental Section 
General Aspects. Melting points were determined in open- 

ended capillary tubes and are uncorrected. AU boilii points are 
uncorrected. 'H and 13C NMR spectra were recorded in CDCIS 
at 300 and 75 MHz, reapectively, unleaa otherwise specified. Some 
'H NMR multiplets are characterized by the term app (apparent). 
This refers only to their appearance and may be an oversim- 

(51) We are grateful to Mr. Raj Srinivaaan for carrying out the MM2 
computations using MACROMODEL Version 3.0 (C. W. Still, Columbia 
University, New York) running on a VAX station 3600. 

(52) Croteau, R B.; Satterwhite, D. M. J.  Chromotogr. 1990,500,349. 
We thank Professor Croteau and Mr. A. Koepp (Washington State 
University, Pullman, WA) for carrying out the radio GC analyses. 

(53) [%]-syn-Copalol was prepared by MnOz oxidation (hexane, 0 OC, 
4 h; -90%) and subsequent reduction with [sH]NaBH4 (absolute EtOH, 
rt, 1 h; 12.5 mCi, 113 mCi/mol). It was converted to [3H]-syn-copalyl PP 
via the allylic chloride (N-chlorosuccinimide, dimethyl eulfide, CH2C12, 
-23 "C, 15 min; 0 OC, 1 h) and displacement with (~BU,N)~OPP (CHFN, 
rt, 24 h) by adaption of literature procedures: Daviaeon, V. J.; Woodside, 
A. B.; Neal, T. R.; Stremler, K. E.; Muehlbacher, M.; Poulter, C. D. J. 
Org. Chem. 1986,51,4768. Daviaaon, V. J.; Zabriskie, T. M.; Poulter, C. 
D. Bioorg. Chem. 1986,14,46. The enzyme assays carried out by West 
and RenloJ7 were typically performed by adding 50 pL (5000 pmol, 5 X 
1 P  mol) of tritium-labeled substrates to a mixture of 100 & of HzO, 150 
rL of enzyme extra&, and 150 r L  of incubation buffer containing 5 mM 
MgCl, and 10 mM KHzPO+, pH = 7.0. The mixtures were incubated in 
a 30 OC water bath for 40 rmn. The reactions were quenched by addition 
of 1 mL of 1:3 (v/v) mixture of ethanol and hexane. The diterpene 
alcohols and hydrocarbons were isolated by extraction with hexane fol- 
lowed by chromatography on silicic acid, using hexane as eluant. The 
radioactivity associated with the hydrocarbon fraction waa measured by 
liquid scintillation counting. TLC on silver nitrate-impregnated silica gel 
plate waa ale0 used to determine the composition of hydrocarbon fraction. 
The combined extracts from the enzyme reaction mixture were applied 
to the origin of the TLC plate and developed with a 13:7 (v/v) mixture 
of hexane and benzene. Polar materials remained at  the origin and the 
hydrocarbon products migrated as a broad band to approximately 4-8 
cm from origin, which hae been referenced to sandararopimaradiene 
standard. Horizontal 1-cm-wide regions of silica gel were scraped from 
the TLC plate and placed into scintillation vials for counting. For further 
details concerning the pyrophosphate preparation and the results of the 
biochemical experiments, see: Yee, N. K. N. PhD thesis, University of 
Illinois, UrbanaChampaign, 1991. 
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plification. Preparative HPLC was carried out using an Ultrasil 
Si 1@gm (lo.@" x 25cm) column (Beckman Instruments, Inc.) 
and UV detection at  254 nm. GC analyses were carried out using 
a 30-m DB-J and 30-m RTX-5 fused silica capillary columns. 
Flph chromatcgraphp was performed on Woelm 32-64"  silica 
gel. The weights of the separated components are given in order 
of elution. Analytical TLC was conducted on Merck glass plates 
precoated with 0.25-mm silica gel 60 F-254. TLC plates were 
visualized with 5% phosphomolybdic acid reagent in 95% ethanol, 
iodine vapor, or UV light. AgN03-impregnated silica gel (15%, 
w/w) was prepared by adding silica gel (85 g) to a solution of 
AgN03 (15 g) in acetonitrile (400 mL), mixing well with a glass 
rod, and removing the solvent by rotary evaporation until the 
weight was close to -100 g. 
All reactions, except those performed in aqueous solvents, were 

carried out under Nz. Glassware used was dried at 120 OC for 
10 h or flame dried. Technical-grade hexane, pentane, and ethyl 
acetate used for column chromatography were distilled prior to 
use. Diethyl ether, THF, and DME were distilled from the sodium 
ketyl of benzophenone prior to use. Acetonitrile, CHpC1,, benzene, 
triethylamine, and HMPA were dried over CaH, and distilled prior 
to use. Molecular sieves were activated by heating at 160 OC for 
at  least 10 h under vacuum (0.05 mm), and DMSO, DMF, and 
pyridine were dried with activated 4A molecular sieves. All other 
reagenta and solvents were reagent grade and were used without 
further purification unless otherwise specified. 

Ethyl 3-(Trimethyleilyl)-2- (diet hy1phosphono)propanoat.e 
(10). NaH (5.60 g of a 60% oil dispersion, 0.14 mol) was washed 
with hexane (2 X 50 mL). A suspension of the oil-free NaH in 
600 mL of dry DME was mechanically stirred and cooled at  0 "C 
as a solution of 28.8 g (0.123 mol baaed on 96% purity) of triethyl 
phosphonoacetate in 20 mL of DME was added dropwise over 
5 min. After 1.5 h at  0 "C, the solution was heated to 65-70 "C, 
and (iodomethy1)trimethylsilane (Petrarch Systems, 28.7 g, 0.134 
mol) in 10 mL of DME was added. The solution was stirred and 
heated at 65-70 "C for 1.5 h, after which 5 mL of saturated NH4Cl 
solution was added to destroy the remaining hydride. The mixture 
was cooled to rt, and the solvent was evaporated. The residue 
was swirled with 150 mL of benzene, the suspended salts were 
filtered, and the filtrate was evaporated. The benzene-soluble 
material from three such benzene treatments was suspended in 
water (200 mL) and extracted with CH2ClZ (3 X 200 mL). The 
combined organic layers were dried (MgS04) and evaporated to 
give 25.6 g of the crude product. GC analysis (165 "C) indicated 
two  peak^ in a 1090 ratio. The residue was subjected to fractional 
distillation using a 0.6-cm X 6.0-cm Vigreux column, and four 
fractions were collected. The first two fractions (3.14 g, bp 75-85 
"C (0.5 mm)) were enriched in the minor component (5050 and 
37:63 ratios) which was identified as unreacted triethyl phos- 
phonoacetate. The third and fourth fractions (85-90 OC (0.5 mm)) 
amounted to 22.0 g (58%) of the known19 phosphonate 10 of 
98-99% purity by GC analysis. 13C NMR spectral data were 
previously reported.lgn Data: IR (neat) 2982, 1734, 1250, 1055, 
1026,850 cm-'; 'H NMR 6 -0.03 (a, 9 H, SiCH,), 1.00 (app dt, 
1 H, J = 18,2.4 Hz, CHAHBSi), 1.25 (t + m, 4 H, J = 7.2 Hz, CH, 

4 H, J = 6.9 Hz, 2 OCH,); MS (70 eV) m / e  (relative intensity) 

183 (17), 173 (20), 165 (loo), 73 (64), 55 (53), 45 (23). 
AnaL Calcd for Cl2HnO$Si: C, 46.43; H, 8.77; P, 9.98. Found 

C, 46.41; H, 8.58; P, 9.86. 
A dialkylated byproduct was formed in reactions run for longer 

times and/or higher temperature. It was isolated in pure form 
by preparative GC and was tentatively identified as ethyl 2- 
[ (trimethylsilyl)methyl]-2-(diethylphosphono)bu~noa~ on 
the basis of spectral data reported in the supplementary material. 

(E)-64 Benzyloxy)-4-methyl-4-hexenal(l l).22e Purification 
by flash chromatography on silica gel using 20% ethyl acetate 
in hexane as eluant gave 9.0 g (40%) as a colorless liquid. 

Ethyl (2E,6E)- and (22,6E)-8-(Benzyloxy)-6-methyl-2- 
[(trimethylsilyl)methyl]-2,6-octadienoate (12E and 122). 
Method A>* KH (7.81 g of a 35% oil dispersion, 68.2 mmol) was 

and CHAHBSi), 1.29 (t, 6 H, J 7.1, 2 CH3), 2.91 (ddd, 1 H, J 
= 22.5,12.9,2.4 Hz, CHP), 4.10 (q,2 H, J = 7.2, OCHZ), 4.15 (4, 

295 (M' - CH3,22), 267 (9), 237 (25), 221 (18), 210 (30), 193 (32), 

(54) Still, W. C.; Kahn, M.; Mitra, A. J.  Org. Chem. 1978, 43, 2923. 
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washed with dry THF (2 X 50 mL) under N2 To a mechanically 
stirred suspension of the oil-free KH in 600 mL of THF at 0 OC 
was added a solution of 20.0 g (95%,61.2 mmol) of phosphono 
ester 10 in 20 mL of THF dropwise over 10 min. After 1.5 h, the 
icewater bath was removed and 65.0 g (246 "01) of 18-crown-6 
was added. The solution was stirred and cooled at -78 OC as 14.7 
g (67.3 mmol) of aldehyde 11 in 10 mL of THF was added 
dropwise. After 6 h at -78 OC, the cooling bath was removed, and 
the flask was allowed to warm to rt over 30 min. A few drops 
of saturated NH4Cl solution were added to destroy any remaining 
KH. Most of the THF was evaporated under reduced preaaure, 
water (200 mL) was added, and the product was isolated by 
extraction with ether (3 X 200 mL). The combined ethereal 
extracts were washed with saturated NaCl (200 mL), dried 
(MgS04), and evaporated. Purification of the residue by flash 
chromatography, using 5% ethyl acetate in hexane as eluant, 
afforded 20.0 g (87%) of a 7525 mixture of 12Eand 122accordii 
to capillary GC analysis (200 "C). The TLC Rr values (10% 
EtOAc/hexane) were 0.35 and 0.31, respectively. The isomers 
(3-4 g) were separated by careful flash chromatography on a 900-g 
silica column (6.5 X 78 cm) using 10% ethyl acetate in hexane 
as eluant. The purity of each isomer was -99% by GC analysis: 
IR (neat, E/Z mixture) 2953,1707, 1670, 1496, 1452, 1271,852 
cm-'; 'H NMR 12ES -0.03 (a, 9 H, SiCH,), 1.29 (t, 3 H, J = 7.1 
Hz, OCH,CH3), 1.64 (a, 3 H, CH,), 1.72 (a, 2 H, SiCH,), 2.13 (t, 
2 H, J = 7.5 Hz, CHZCH,), 2.56 (9, 2 H, J = 7.4 Hz, CHZCHZ), 
4.02 (d, 2 H, J = 6.6 Hz, OCHZCH=), 4.17 (9, 2 H, J = 7.1 Hz, 
OCHZCH,), 4.50 ( ~ , 2  H, OCHzPh), 5.42 (t, 1 H, J = 6.3 HZ, -CW, 
5.64 (t, 1 H, J = 7.4 Hz, CH=), 7.26-7.35 (m, 5 H, aryl H); 122 
6 0.00 (a, 9 H, SiCH,), 1.27 (t, 3 H, J = 7.2 Hz, OCHzCH3), 1.66 
(a, 3 H, CH,), 1.81 (a, 2 H, CHai), 2.16-2.26 (m, 4 H, CH,CHz), 

6.58 (t, 1 H, J = 6.8 Hz, =CH), 7.26-7.35 (m, 5 H, aryl H). 
Anal. Calcd for CnHWO3Si (Z/Z-mixture): C, 70.54, H, 9.15. 

Found: C, 70.79; H, 9.05. 
Method B. A suspension of NaH (1.94 g of 50% oil dispersion, 

40.5 "01) in 280 mL of THF at 0 "C was stirred as 12.0 g (95%, 
36.8 mmol) of phosphono ester 10 in 5 mL of THF was added 
over 5 min. After 1.5 h, the icewater bath was removed, and the 
solution was warmed to rt. Aldehyde 11 (8.43 g, 38.7 mmol) in 
5 mL of THF was added dropwise during 5 min. The solution 
was stirred at  rt for 1 h. A few drops of saturated NH4Cl was 
added to destroy any remaining NaH. The product was isolated 
and purified as described above. The yield was 11.2 g (82%) of 
a 2575 mixture of 12E and 122. 
(2E,GE)-8-(Benzyloxy)-6-methyl-2-[ (trimethylsily1)- 

methyl]-2,6-octadien-l-o1 (13a). A literature procedure was 
A solution of 2.25 g (16.8 mmol) of AlCl, in 400 mL 

of dry diethyl ether was stirred and cooled at 0 "C as 2.02 g (95%, 
50.5 m o l )  of L W 4  was added. After 30 min at 0 OC, a solution 
of 4.20 g (11.2 "01) of 12Ein 5 mL of ether was added dropwise. 
The suspension was stirred at 0 "C for 5 h, after which water was 
added dropwise until the white solids were completely precipi- 
tated. The d t s  were removed by filtration, and the filtrate was 
poured into water (100 mL). The aqueous solution was extracted 
with ether (3 X 100 mL). The organic layers were combined and 
dried (MgS04). Evaporation of the solvent followed by Kuglerohr 
distillation at  200 OC (0.2 mm) afforded 3.39 g (91%) of 13a as 
a colorless oil: IR (neat) 3441,2951, 1454, 1246,1068,850 cm-'; 
'H NMR 6 0.00 (a, 9 H, SiCH,), 1.59 (a, 2 H, SiCH,), 1.64 (a, 3 

4.04 (d, 2 H, J = 6.6 Hz, =CHCH,O), 4.15 (q, 2 H, J = 7.1 Hz, 
OCHZCHJ, 4.51 ( ~ , 2  H, OCHflh), 5.43 (t, 1 H, J =  6.3 Hz,=CH), 

H, CH3), 2.05 (t, 2 H, J 7.2 Hz, CHZCH,), 2.20 (4, 2 H, J = 7.2 
Hz, CH&HzCH=), 3.98 (d, 2 H, J = 6.9 Hz, OCH,CH=), 4.01 
( ~ , 2  H, CHZOH), 4.50 ( ~ , 2  H, OCHzPh), 5.07 (t, 1 H, J = 7.4 Hz, 
CH=), 5.38 (t, 1 H, J = 6.5 Hz, CH=), 7.26-7.35 (m, 5 H, aryl 
H). 

Anal. Calcd for CpH320ai: C, 72.23; H, 9.70. Found C, 72.30; 
H, 9.70. 
(22,6E)-8-(Benzyloxy)-6-methyl-2-[ (trimethylsily1)- 

methyl]-2,6-octadien-l-ol (13b). Reduction of l22as  described 
above gave 5.02 g (93%) of 13b IR (neat) 3416,2951,1454,1363, 
1248,854 cm-'; 'H NMR 6 0.03 (a, 9 H, SiCHJ, 1.57 (a, 2 H, CHai), 
1.65 (a, 3 H, CHJ, 2.09 (br a, 4 H, CHzCHd, 3.93 (a, 2 H, CH,OH), 

(bra, 1 H, =CH), 5.40 (t, 1 H, J = 6.6 Hz, =CH), 7.26-7.36 (m, 
5 H, aryl H). 

4.02 (d, 2 H, J = 6.6 Hz, =CHCHz), 4.51 (8, 2 H, OCHzPh), 5.26 
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Anal. Calcd for C&1320#k C, 72.23; H, 9.70. Found C, 72.35; 
H, 9.78. 
(2E,6E)-8-(Benzyloxy)-6-methyl-2-[ (trimethylsily1)- 

methyl]-2,6-octadienyl Methaneeulfonate (14a). A literature 
procedure was used.23 A solution of 3.39 g (10.2 "01) of alcohol 
13a and 2.56 mL (1.86 g, 18.4 mmol) of freshly distilled tri- 
ethylamine in 50 mL of CH2C1, was stirred and cooled at  0 "C 
as a solution of 1.75 g (15.3 mmol) of freshly distilled methane- 
sulfonyl chloride in 14 mL of CHzClz was added. The resulting 
suspension was stirred at  0 "C for 1 h, diluted with 200 mL of 
CH2C12, and washed successively with 200 mL of water, 1 % HCl, 
and saturated NaC1. Drying (MgS04) and evaporation gave 4.11 
g (98%) of mesylate 14a as a colorless liquid, which was converted 
to the bromide without further purification: Et (neat) 2953,1454, 
1358, 1248, 925, 856 cm-'; 'H NMR 6 0.02 (8 ,  9 H, SiCH,), 1.58 
( s ,2  H, CHai), 1.65 (s ,3  H, CH3CR=), 2.09 (t, 2 H, J = 7.5 Hz, 
CH2CH,), 2.26 (9, 2 H, J = 7.5 Hz, CH&HZ), 2.99 (8, 3 H, 
OS02CH3), 4.02 (d, 2 H, J = 6.6 Hz, OCH2CH=), 4.50 (8,  2 H, 
OCHzPh), 4.67 (8,  2 H, CH20S02CH3), 5.33 (t, 1 H, J = 7.5 Hz, 
=CH), 5.41 (t, 1 H, J = 6.6 Hz, =CH), 7.27-7.35 (m, 5 H, aryl 
HI. 

Anal. Calcd for C21Hu04SSi: C, 61.42; H, 8.35. Found C, 
61.26; H, 8.35. 
(22,6E)-8-(Benzyloxy)-6-methy1-2-[ (trimethylsily1)- 

methyl]-2,6-octadienyl Methanesulfonate (14b). Yield 5.02 
g (90%). The purity was estimated to be greater than 95% by 
'H NMR spectroscopy 'H NMR (500 MHz) 6 0.06 (s,9 H, SiCHJ, 
1.62 ( 8 ,  2 H, CH2Si), 1.65 (8,  3 H, CH,), 2.09-2.14 (m, 4 H, 
CHzCH2), 2.96 (8, 3 H, OS02CH3), 4.03 (d, 2 H, J = 7.0 Hz, 

(t, 1 H, J = 6.5 Hz, =CH), 5.46 (t, 1 H, J = 6.3 Hz, =CH), 
7.26-7.35 (m, 5 H, aryl H). 
(2Z,6E)-8-(Benzyloxy)-l-bromo-6-methyl-2-[ (trimethyl- 

silyl)methyl]-2,6-octadiene (15a). A solution of 4.11 g (10.0 
mmol) of mesylate 14a in 50 mL of dry DMF was stirred at 0 "C 
as 2.23 g (25.7 mmol) of LiBr was added. The suspension was 
stirred at 0 "C for 2 h, diluted with 500 mL of pentane, washed 
with water (3 X 500 mL), and dried (MgS04). Evaporation of 
the solvent afforded 3.90 g (98%) of bromide 15a as a colorless 
oil. The purity was estimated to be greater than 95% by 'H NMR 
spectroscopy: IR (neat) 2953,2853,1454,1248,1203,1070,848 
cm-'; 'H NMR (200 MHz) 6 0.01 (8,  9 H, SiCH,), 1.61 (e,  2 H, 
CHzSi), 1.65 (8,  3 H, =CRCH3), 2.05-2.30 (m, CH2CH,), 3.93 (8, 
2 H, CH,Br), 4.02 (d, 2 H, J = 6.6 Hz, OCH2CH=), 4.50 (s, 2 H, 

Hz, =CH), 7.26-7.35 (m, 5 H, aryl H); HRCIMS calcd for Czo- 
HBIOSiBr (M+) 394.1327, found 394.1329. 
(2E,6E)-8-(Benzyloxy)-l-bromo-6-methyl-2-[ (trimethyl- 

silyl)methyl]-2,6-octadiene (15b). Yield 4.61 g (96%). The 
purity was estimated to be greater than 95% by 'H NMR spec- 
troscopy: IR (neat) 2951, 1452, 1363, 1248, 1167,852 cm-'; 'H 
NMR 6 0.04 (e, 9 H, SiCHJ, 1.64 (s,3 H, CHJ, 1.71 (s,2 H, CHai), 
2.08 (br 8, 4 H, CH2CH2), 3.94 (8 ,  2 H, CH,Br), 4.03 (d, 2 H, J 

Hz, =O, 5.48 (br 8, 1 H, =CH), 7.26-7.36 (m, 5 H, aryl H). 
(E)-3,7-Dimethyl-l-(4-methylbenzenesulfonyl)-2,6-octa- 

diene (16) was prepared by a literature procedure.24e Recrys- 
tallization with hexane gave 11.8 g (70%) of sulfone 16 as a 
crystalline solid, mp 44-45 "C. The spectral data for 16 agree 
with the literature values.24b 

(2E,6E)-3,7-Dimethyl- 1-( 4-methylbenzenesulfonyl)-2,6- 
octadien-8-01 (17). Method A.27 A suspension of 150 mg (1.35 
"01) of SeOz and 940 mg (6.81 m o l )  of salicylic acid in 25 mL 
of dry CHzClz was stirred at 0 "C as 27.3 mL (90%, 0.245 mmol) 
of tert-butyl hydroperoxide was added in one portion. After 10 
min, a solution of 19.0 g (65.1 mmol) of sulfone 16 in 25 mL of 
CHzClz was added at 0 "C over 30 min. The resulting mixture 
was stirred at  rt for 24 h. TLC showed that a small amount of 
starting material remained. The reaction mixture was diluted 
with 35 mL of benzene and then concentrated under reduced 
pressure. The residue was dissolved in 100 mL of ether, and the 
organic layer was washed with 10% aqueous KOH (4 X 25 mL), 
dried (MgSO,), and concentrated to give a yellow liquid. The 
residue was dissolved in 15 mL of acetic acid and stirred at 0 "C 
as 16 mL of dimethyl sulfide was added over 15 min. The cooling 
bath was removed and the resulting solution was stirred at rt for 

=CHCHz), 4.51 (8 ,  2 H, OCH2Ph), 4.55 (8,  2 H, CHZOMs), 5.41 

OCH2Ph), 5.19 (t, 1 H, J = 6.8 Hz, =CH), 5.42 (t, 1 H, J = 6.6 

= 6.9 Hz, =CHCHz), 4.51 (8, 2 H, OCHzPh), 5.41 (t, 1 H, J = 6.6 

Yee and Coates 

5 h. The solution was then cooled to 0 "C, neutralized with 20% 
aqueous K2CO3, and poured into 150 mL of ether. The organic 
layer was washed with 150 mL of water and 150 mL of saturated 
NaCl solution, dried (MgS04) and evaporated. A solution of the 
remaining yellow liquid in 50 mL of absolute ethanol was stirred 
at 0 "C as 25 g (65 mmol) of NaBH4 was added in three portions 
over 30 min. After an additional 15 min at  0 "C, 1 N HC1 was 
carefully added to destroy the remaining NaBH4. The solution 
was diluted with water (150 mL) and extracted with ether (3 X 
150 mL). The combined organic layers were washed with satu- 
rated NaCl solution (200 mL), dried (MgSOJ, and concentrated 
by rotary evaporation. Purification of the residue by flash 
chromatography, using 50% of ethyl acetate in hexane as eluant, 
gave 14.2 g (71%) of 17 as a colorless oil: IR (neat) 3514,2920, 
1597, 1302, 1147,817 cm-'; 'H NMR 6 1.41 (8,  3 H, CH3 (C-2)), 
1.66 ( 8 ,  3 H, CH, (C-711, 2.02-2.19 (m, 4 H, CH,CH,), 2.44 (8,  3 
H, ArCH3), 3.78 (d, 2 H, J = 8.1 Hz, CH2S0,), 3.99 (8, 2 H, 

Hz, =CH), 7.33 (d, 2 H, J = 8.1 Hz, aryl H), 7.74 (d, 2 H, J = 
8.1 Hz, aryl H). 

Anal. Calcd for C17H&3& C, 66.20; H, 7.84, S, 10.39. Found 
C, 66.21; H, 7.80; S, 10.47. 

Method B. Reduction of Ethyl (2E,GE)-2,6-Dimethyl- 
84 4-methylbenzenesulfonyl)-2,6-octadienoate (See Supple- 
mentary Material). The procedure described above for 13a gave 
8.50 g (87%) of 17. 

(-)- (2S,3S ,6E )-2,3-Epoxy-2,6-dimet hyl-8- (4-met hyl- 
benzenesulfonyl)-6-octen- 1-01 (18a). Method A. Catalytic 
Asymmetric Epoxidation."26" A suspension of 4 g of powdered, 
activated 4A molecular sieves in 80 mL of dry CH2Clz was stirred 
and cooled at -23 "C as 0.48 mL (535 mg, 2.28 mmol) of (+)- 
diisopropyl L-tartrate, 0.48 mL (458 mg, 1.61 mmol) of freshly 
distilled titanium(1V) isopropoxide, and 16.8 mL (3.0 M in 
2,2,44rimethylpentane, 50.4 mmol) of anhydrous tert-butyl hy- 
droperoxide were added in order. After 15 min at  -23 "C, 10.0 
g (32.5 mmol) of sulfone 17 in 20 mL of CHzClz was added over 
30 min. The resulting mixture was stirred at -23 "C for 3.5 h and 
then treated with 3.3 mL (1.0 M in CH2C12, 0.33 mmol) of tri- 
ethanolamine solution. The reaction mixture was stirred for 30 
min and then filtered through a pad of silica gel covered with 
Celite. The filter cake was washed with 600 mL of ether. The 
combined fdtratea were dried (MgSO4) and concentrated by rotary 
evaporation. Purification of the viscous residue by flash chro- 
matography, using 70% ethyl acetate in hexane as eluant, afforded 
9.40 g (89%) of the epoxide 18a as a colorless oil. The purity was 
estimated to be greater than 98% by 'H NMR spectroscopy: 

-3.56' (c  2.25, CH,Cl,); IR (neat) 3499,2926, 1597, 1450, 
1311, 816 cm-'; 'H NMR 6 1.28 (8,  3 H, CH3 (C-2)), 1.43 (8,  3 H, 
CH3 (C-6)), 1.64 (app q, J = 7.2 Hz, CH2CH,), 2.10-2.17 (sym- 
metric 8 lines, app AB of ABX, 2 H, CHzCH2CHO), 2.44 (s ,3  H, 
ArCH,), 3.00 (t, 1 H, J = 6.2 Hz, CH,CHO), 3.59 and 3.64 (AB 

Hz, aryl H), 7.74 (d, 2 H, J = 8.1 Hz, aryl H); HRFABMS calcd 
for Cl7HZ5O4S (M + H) 325.1473, found 325.1477. 

The enantiomeric purity of (-)-l8a was determined by 'H NMR 
spectroscopy with a chiral shift reagent.26 The acetates of (-)- 
and (*)-18a (see below) were prepared by reaction with acetic 
anhydride in pyridine at rt. The 'H NMR analysis involved 
sequential treatment of the acetate in C6Ds with a solution of 
Eu(hfc), and observation of the acetate CHB. Optimal resolution 
(6 3.52 and 3.57) was achieved with a solution of racemic acetate 
(5 mg) in 0.7 mL of C6D6 containing 8 mol % of Eu(hfc)* The 
ee was estimated to be 292% by integration of these two peaks 
in the 'H NMR spectrum. 

Method B. Peracid Epoxidation.24b The literature procedure 
afforded 4.31 g (82%) of (&)-Ma which had spectral properties 
identical to those of (-)-Ma. 

(-)-(2S ,3S ,6E)-2,3-Epoxy-2,6-dimethyl-8-(4-methyl- 
benzenesulfonyl)-6-octen-l-yl 4-methylbenzenesulfonate 
(18c) was prepared by a literature procedure.s6 A solution of 
9.00 g (27.8 mmol) of epoxy alcohol 18a and 6.8 mL (6.65 g, 84.1 

CHZOH), 5.19 (t, 1 H, J = 7.8 Hz, =CH), 5.34 (t, 1 H, J = 6.9 

dd, 2 H, JAB = 12.3 Hz, CHZOH), 3.79 (d, 2 H, J = 7.8 Hz, 
CHZSOZ), 5.24 (t, 1 H, J = 7.4 Hz, =CH), 7.33 (d, 2 H, J = 8.1 

(55) Kabalka, G. W.; Varma, M.; Varma, R. S.; Srivastava, P. C.; 
Knapp, F. F., Jr. J. Org. Chem. 1986,51, 2386. 



Synthesis of (+)-9,10-syn- and (+)-9,lO-anti-Copalol 

mmol) of pyridine in 28 mL of CHC13 (spectrophotometric grade) 
was stirred at 0 "C as 10.6 g (55.6 mmol) of p-toluenesulfonyl 
chloride was added in one portion. The solution was stirred at  
0 OC for 2.5 h after which time TLC indicated the reaction was 
completed. Water (100 mL) was added, and the product was 
extraded with CHC1, (3 x 100 mL). The combined extracts were 
dried (MgS0,) and concentrated to a viscous oil. Purification 
of the residue by flash chromatography, using 40% ethyl acetate 
in hexane as eluant, gave 13.0 g (98%) of 18c as a colorless oil. 
The purity was estimated to be greater than 98% by 'H NMR 
spectroscopy: [(Y]%D -12.1" (c 2.27, CHC13); IR (neat) 2972,1734, 
1597, 1450, 1242, 816 cm-'; 'H NMR 6 1.28 (s ,3  H, CH3 (C-a)), 
1.38 (s, 3 H, CH, (C-611, 1.52-1.61 (m, 2 H, CHzCHz), 2.03-2.23 
(symmetric 8 lines, app AB of ABX, 2 H, CHzCHzCHO), 2.44 (8, 

7.7 Hz, CH=), 7.33 (t, 4 H, J = 7.7 Hz, aryl H), 7.72 (d, 2 H, J 
= 8.1 Hz, aryl H), 7.78 (d, 2 H, J = 8.1 Hz, aryl H); HRFABMS 
calcd for C24H3106S2 (M + H) 479.1561, found 479.1567. 
(-)-(6S,2E)-6,7-Epoxy-3,7-dimethyl-1-(4-methyl~nzene- 

sulfonyl)-2-octene (19) was prepared by a literature procedure- 
with some modifications in the concentration, temperature, and 
time of reaction. A solution of 12.0 g (25.1 mmol) of tosylate 18c 
in 40 mL of THF was stirred and cooled at  0 "C as 50 mL (1.0 
M in THF, 50.0 mmol) of lithium triethylborohydride was added 
dropwise. After 15 min at 0 "C and 15 min at  rt a few drops of 
water were added to destroy the remaining hydride. The orga- 
noborane intermediate was oxidized by adding 20 mL of 3 M 
NaOH and 20 mL of 30% Hz02 The organic layer was separated, 
and the aqueous layer was extracted with ether (3 X 100 mL). 
The combined extracts were dried (MgSO,) and concentrated by 
rotary evaporation. Purification of the residue by flash chro- 
matography, using 30% ethyl acetate in hexane, gave 5.01 g (65%) 
of (-)-19 as a viscous oil, which was crystallized from ether at -20 
"C to give 4.43 g (57%) of (-)-19 as a crystalline solid: mp 34-35 
"C; [.IUD -4.05" (c 4.00, CHCl,); IR (neat) 2963,1699,1450,1244, 
1086, 817 cm-'; 'H NMR 6 1.25, 1.30 (2s, 6 H, 2 CH3), 1.38 (s ,3  
H, =CCH3), 1.50-1.61 (m, 2 H, CHzCHz), 2.05-2.25 (symmetric 
eight lines, app AB of ABX, 2 H, CH2CHz), 2.44 (s,3 H, ArCH3), 
2.66 (t, 1 H, J = 6.2 Hz, CHO), 3.79 (d, 2 H, J = 8.1 Hz, 
CHZSOzAr), 5.22 (t, 1 H, J = 8.1 Hz, =CH), 7.32 (d, 2 H, J = 8.1 
Hz, aryl H), 7.73 (d, 2 H, J = 8.1 Hz, aryl H). 

Anal. Calcd for Cl7HUO3S: C, 66.20; H, 7.84, S, 10.39. Found: 
C, 66.26; H, 7.86; S, 10.43. 

Racemic epoxy sulfone, (i)-l9, was prepared by m-CPBA 
oxidation of 16 according to a literature procedure.24b Purification 
as described for (-)-19 gave 4.31 g (82%) of (*)-19 as a glass. 
(6E,10E,14E)-2,3-Epoxy-2,6,10,15-tetramethy1-8-(4- 

methylbenzenesulfonyl)-6,10,14-hexadecatriene (20) was 
prepared according to a literature procedure.lh A solution of 1.43 
g (4.64 mmol) of epoxy sulfone (i)-19 in 28 mL of a 3:l (v/v) 
mixture of THF arid HMPA was stirred at -78 "C as 3.66 mL 
(1.28 M, 4.68 mmol) of n-BuLi in hexane was added. The mixture 
was kept at -78 "C for 15 min, warmed to -23 "C for 1 h, and 
then recooled to -78 OC. A solution of 1.01 g (4.67 mmol) of 
geranyl bromideM in 1 mL of THF was added. After 1 h at  -78 
"C and 1 h at -23 "C, the reaction was quenched at -23 "C by 
adding a few drops of methanol and warmed to rt. Water (20 
mL) was added, and the aqueous solution was extracted with ether 
(3 X 20 mL). The combined organic layers were dried (MgS0,) 
and concentrated under reduced pressure. Purification of the 
residue by flash chromatography, using 20% ethyl acetate in 
hexane as eluant, gave 1.75 g (85%) of the coupling product 20 
as a colorless oil, which was a mixture of diastereomers: IR (neat) 
2922,1597,1450,1300,1143,1086 cm-'; 'H NMR 6 1.24,1.25 (2s, 

2.42 (8, 3 H, ArCH3), 1.45-1.60 (m, 2 H, CHzCHz), 1.87-2.20 (m, 
5 H, CH2CHz), 2.25-2.40 (m, 1 H, CHzCHz), 2.61-2.88 (Pm, 2 H, 
CHzCHSO&), 3.71,3.72 (l:l, M, superimposed, 1 H, CHSO&), 
4.79-5.08 (m, 3 H, 3 CH=), 7.29 (d, 2 H, J = 7.8 Hz, aryl H), 7.69 
(d, 2 H, J = 7.8 Hz, aryl H). 

Anal. Calcd for CnH,03S C, 72.93; H, 9.07. Found C, 72.67; 
H, 9.10. 

6 H, 2 ArCH3), 2.76 (t, 1 H, J = 6.2 Hz, OCHCHZZ), 3.78 (d, 2 H, 
J = 7.8 Hz, CHzCH=), 3.92 (9, 2 H, CHZOTs), 5.20 (t, 1 H, J = 

6 H, 2 CH3), 1.29 ( ~ , 6  H, 2 =CCH3), 1.57,1.64 (L, 6 H, 2 =CCHs), 

(56) Mori, K.; Funaki, Y. Tetrahedron 1986,41, 2369. 
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(6E,10E,14E)-2,3-Epoxy-2,6,10,15-tetramethyl-6,10,14- 
hexademtriene (21). A solution of 428 mg (0.961 mmol) of epoxy 
sulfone 20 in 12 mL of ethylamine and 9 mL of ether was stirred 
and cooled at -78 "C as 132 mg (19.0 mmol) of lithium wire, cut 
in small pieces (-0.2 cm), was added. The suspension of lithium 
pieces in the clear ethereal ethylamine was vigorously stirred at 
-78 "C. After stirring for -45 min at -78 "C, a stable dark blue 
color persisted, and within seconds, the reaction was immediately 
stopped by adding 1-hexyne to discharge the blue color. The 
remaining lithium pieces were removed with a spatula at -78 "C, 
and the resulting yellow mixture was hydrolyzed by adding 
methanol until the yellow color disappeared. The mixture was 
allowed to warm to rt and concentrated by rotary evaporation. 
The gel-like residue was partitioned between ether (20 mL) and 
water (20 mL). The aqueous layer was extracted with ether (3 
X 20 mL). The combined extracts were dried (MgSO,) and 
evaporated under reduced pressure. Purification of the residue 
by flash chromatography, using 10% ether in hexane as eluant, 
gave 253 mg (91%) of epoxide (*)-21 as a colorless oil. 'H NMR 
and GC analyses indicated the presence of 5% of a byproduct 
(22) resulting from the conjugate reduction of the sulfonyl group: 
IR (neat) 2920,1448,1377,1321,1248,1120 cm-'; 'H NMR b 1.26, 

H, 2 =CCH ), 1.57-1.65 (m, 2 H, CHzCHz), 1.95-2.24 (m, 10 H, 
CHzCHz), 2.91 (t, 1 H, J = 6.3 Hz, OCH), 5.07-5.23 (m, 3 H, 3 
CH=). 

Anal. Calcd for CzJ-ISO: C, 82.69; H, 11.80. Found C, 82.70; 
H, 11.78. 
(9S,14S,2E,6E,lOE)- and (9R,14S,2E,6E,lOE)-l-(Ben- 

zyloxy)-14,15-epoxy-3,11,15-trimet hyl-9-(4-methylbenzene- 
sulfonyl)-7-[ (trimethylsilyl)methyl]-2,6,lO-hexadecatrienes 
(23). The procedure was similar to that described above for 20. 
A suspension of 7.01 g (22.8 mmol) of epoxy sulfone (-)-19 in 160 
mL of 3:l (v/v) mixture of THF and HMPA was stirred at  -78 
"C as 15.5 mL (1.47 M, 22.8 mmol) of n-BuLi in hexane was added. 
The reaction mixture became dark brown immediately. Stirring 
was continued for 15 min at -78 "C and 1 h at -23 OC before 
recooling to -78 "C. A solution of 9.45 g (23.9 mmol) of bromide 
15a in 5 mL of THF was added at -78 "C. After 2 h at -78 "C, 
and another 2 h at  -23 "C, a few drops of methanol were added, 
and the mixture was warmed to 25 "C. Water (200 mL) was 
added, and the aqueous layer was extracted with hexane (3 X 200 
mL). The combined organic layers were washed with water (3 
X 300 mL), dried (MgS04), and evaporated. Purification of the 
residue by flash chromatography, using 20% ethyl acetate in 
hexane as eluant, afforded 10.7 g (76%) of the coupling product 
23 as a colorless oil: IR (neat) 2955,1597, 1452, 1143, 1086,852 
cm-'; 'H NMR 6 -0.05 (s, 9 H, SiCH,), 1.24, 1.25 (2s,6 H, 2 CH,), 
1.30 (s,5 H, CH3 (C-11) and CHzSi), 1.44-1.57 (m, 2 H, CH,), 1.61 
(8,  3 H, =CCH3), 1.96-2.20 (m, 5 H, CH,), 2.42 (8,  3 H, ArCH,), 
2.38-2.48 (m, 1 H, CHJ, 2.60-2.68 (m, 2 H, CH,), 3.85, 3.86 (l:l, 
2M, superimposed, 1 H, J = 10.5 and 3.0 Hz, CHSO,Ar), 4.01 (d, 

H, J = 6.9 Hz, =CW, 5.01 (br d, 1 H, J = 12 Hz, =CHCHSO,Ar), 
5.37 (t, 1 H, J = 6.6 Hz, =CH), 7.26-7.36 (four peaks, 7 H, aryl 
H), 7.71 (d, 2 H, J = 8.1 Hz, aryl H). 

Anal. Calcd for C,H,04SSi: C, 71.34; H, 8.74; S, 5.15. Found 
71.42; H, 8.76; S, 5.03. 

(-)-( 14S,2E,6E,10E)-14,15-Epoxy-3,11,15-trimethyl-7- 
[ (trimethylsilyl)methyl]-2,6,lO-hexadecatrien-l-o1(24a). The 
reduction of sulfone 23 (5.00 g, 8.04 mmol) was carried out as 
described above for 21. Purification by flash chromatography, 
using 20% ethyl acetate in hexane as eluant, afforded 2.56 g (84%) 
of alcohol 24a. The 'H NMR spectrum indicated the presence 
of about 10% of a byproduct, resulting from the conjugate re- 
duction of the allylic sulfonyl group. The product was further 
purified in three portions by flash chromatography on 15% silver 
nitrateasilica gel (200 g/g), using 20% ethyl acetate in hexane as 
eluant to give 2.16 g (71%) of pure (-)-24a as a colorless oil. The 
purity was estimated to be greater than 98% by 'H NMR spec- 
troscopy: [alaD -2.23" (c 1.56, CHC1,); IR (neat) 3427,2955,1456, 
1379, 1246, 850 cm-'; 'H NMR 6 -0.02 (8,  9 H, SiCH,), 1.26, 1.30 
(2s, 6 H, 2 CH,), 1.44 (8, 2 H, CHzSi), 1.62, 1.66 (29, 6 H, 2 CH,), 
1.57-1.67 (m, 2 H, CH2CHz), 1.90-2.20 (m, 10 H, 3 CHzCHz), 2.71 

4.90 (t, 1 H, J = 6.8 Hz, =CH), 5.17 (t, 1 H, J = 6.3 Hz, =CH), 

1.30 ( 2 ~ ,  6 H, 2 CH3), 1.60 (9, 6 H, 2 =CCH3), 1.62, 1.68 ( 2 ~ ,  6 

2 H, J = 6.9 Hz, =CHCHzO), 4.50 (9, 2 H, OCHzPh), 4.96 (t, 1 

(t, 1 H, J = 6.3 Hz, CHZCHO), 4.13 (d, 2 H, J = 6.9 Hz, CHZOH), 
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5.41 (t, 1 H, J = 6.6 Hz, =CEO. 
Anal. Calcd for C23H4202Si: C, 72.95; H, 11.18. Found C, 

73.01; H, 11.15. 
The corresponding acetate of the byproduct reaulting from the 

conjugate reduction of the sulfonyl group was obtained in pure 
form after flash chromatography on 15% AgN0,-impregnated 
silica gel. The 'H NMR spectral data are as follows: 'H NMR 
S -0.01 (8,  9 H, SiCH,), 0.98 (d, 3 H, J = 6.6 Hz, CHCH,), 1.25, 
1.30 (as, 6 H, 2 CH,), 1.42 (8,  2 H, CHzSi), 1.35-1.56 (m, 4 H, 
CHZCHZ), 1.69 ( ~ , 3  H, 4 C H d ,  2.05 (s, 3 H, OCOCHd, 2.W2.18 
(m, 5 H, CHzCHz and CHCH,), 2.63 (d, 2 H, J = 3.9 Hz, = 
CHCHZC), 2.70 (t, 1 H, J = 6.0 Hz, CHZCHO), 4.57 (d, 2 H, J = 
6.6 Hz, CHZOAC), 4.94 (t, 1 H, J = 6.6 Hz, 4H), 5.25-5.27 
(unsymmetric 3 peaks, 2 H, CH=CH), 5.34 (t, 1 H, J = 6.8 Hz, 
=CH). 

(-)-( 148,2E,6E,lOE)- 14,15-Epoxy-3,11,15-trimethyl-7- 
[ (trimethylsily1)met hyl]-2,6,1O-hexadecatrienyl Benzoate 
(24b). A solution of 2.24 g (5.91 m o l )  of impure 248 (containing 
-10% of the 9,lO-double bond isomer) and 50 mg of 4-(di- 
methy1amino)pyridine in 8 mL of pyridine was stirred at rt as 
2.01 g (8.87 mmol) of benzoic anhydride was added. After 4 h 
at rt, TLC analysis indicated the reaction was completed and 
methanol (1 mL) was added to consume the excess anhydride. 
After 1 h, the solution was concentrated by rotary evaporation. 
Purification of the residue by flash chromatography, using 20% 
ether in hexane gave 2.73 g (96%) of 24b. If the 9,lO-double bond 
isomer byproduct was not separated as described above for 24a, 
its benzoate was separated from 24b in this step by careful flash 
chromatography on silica gel. In this case, another flash chro- 
matography on silica gel (200 g) was performed using 10% ether 
in hexane as eluant, afforded 1.78 g (62%) of 24b as a colorless 
oil while some mixed fractions were discarded: [a]24D -1.67' (c 
1.58, CHCI,); IR (neat) 2957, 1718, 1450, 1377, 1269, 848 cm-'; 
'H NMR S 4-02  (s,9 H, SiCH,), 1.25,1.30 (2s,6 H, 2 CH3), 1.44 
(s, 2 H, CHzSi), 1.58-1.70 (m, 2 H, CHzCHO), 1.62, 1.76 (2s,6 H, 
2 =CCH3), 1.95-2.20 (m, 10 H, CHzCHz), 2.70 (t, 1 H, J = 6.2 

H, J = 6.6 Hz, =CH), 5.18 (t, 1 H, J = 6.5 Hz, =CH), 5.47 (t, 
1 H, J = 7.1 Hz, =CH), 7.43 (t, 2 H, J = 7.7 Hz, aryl H), 7.55 
(t, 1 H, J = 7.4 Hz, aryl H), 8.05 (d, 2 H, J = 7.5 Hz, aryl H). 

Anal. Calcd for C&,O,Sk C, 74.64; H, 9.60. Found C, 74.50; 
H, 9.62. 

(-)-( 14S,2E,6E,10E)-14,15-Epoxy-3,1 l,lbtrimethy1-7- 
[(trimethylsilyl)methyl]-2,6,lO-hexadecatrienyl Acetate 
(24c). A solution of 100 mg (0.265 mmol) of alcohol 24a and 0.2 
mL (216 mg, 2.12 mmol) of acetic anhydride in 2 mL of pyridine 
was allowed to stir at rt overnight (-10 h). The solution was 
evaporated under reduced pressure (0.5 mm), water (10 mL) was 
added, and the aqueous layer was extracted with ether (3 X 10 
mL). The combined ethereal extracts were dried (MgS04) and 
evaporated. Purification of the residue by flash chromatography, 
using 10% ether in hexane as eluant, afforded 110 mg (99%) of 
acetate 24c as a colorless oil: IR (neat) 2953, 1741, 1448, 1365, 
1246, 848 cm-'; 'H NMR S -0.02 (8, 9 H, SiCH,), 1.45 (8, 2 H, 
CHZSi), 1.60 (s,6 H, 2CH3), 1.68, 1.69 (28, 6 H, 2 CH,), 2.05 (8,  
3 H, OCOCH,), 1.90-2.20 (m, 12 H, 3 CHzCH2), 4.58 (d, 2 H, J 

5.13 (2 overlapping t, 2 H, J = -7.0 Hz, 2 CH=), 5.34 (t, 1 H, 
J = 7.1 Hz, =CH). 

Anal. Calcd for Cz6HMOzSi: C, 74.20; H, 10.96. Found: C, 
74.27; H, 11.00. 

Compounds 25,26a, and 26b were prepared and purified as 
described above for 23, 24a, and 24c, respectively. 
(2E,6Z,1OE)-l-(Benzyloxy)-14,15-epoxy-3,11,15-tri- 

methyl-9-(4-methylbenzenesulfonyl)-7-[ (trimethylsily1)- 
methyl]-2,6,lO-hexadecatriene (25) was prepared from epoxy 
sulfone (*)-19 (2.14 g, 6.95 mmol) and bromide 15b (2.5 g, 6.33 
mmol) according to the procedure described above for 23. The 
yield was 3.31 g (84%) of 25 as a colorless oil: IR (neat) 2955, 
1653,1597,1452,1248,852 cm-'; 'H NMR 6 4.01 (8, 9 H, SiCH3), 
1.26, 1.27 (26, 6 H, 2 CH,), 1.30 (8,  5 H, CH3 02-11) and CHzSi), 
1.43-1.60 (m, 2 H, CHzCHzCHO), 1.60 (s,3 H, =CCHJ, 1.90-2.22 
(m, 7 H, =CCHz), 2.43 (8,  3 H, ArCH,), 2.65, 2.67 (l:l, two 
overlapping t, 1 H, J = 6.0 Hz, diastereomeric, OCHCHz), 2.75 
(br d, 1 H, J = 13.5 Hz, CHzCHSOzAr), 3.86 (br t, 1 H, J = 10.7 
Hz, CHSOZAr), 4.00 (d, 2 H, J = 6.6 Hz, OCH,CH=), 4.49 (8, 2 

Hz, CHZCHO), 4.83 (d, 2 H, J = 6.9 Hz, -CHCHzO), 4.91 (t, 1 

= 7.2 Hz, =CHCHzO), 4.89 (t, 1 H, J = 6.6 Hz, <H), 5.10 and 
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H, OCHzPh), 4.94 (br 8, 2 H, 2 CH=), 5.35 (t, 1 H, J = 6.3 Hz, 
=CH), 7.26-7.35 (m, 7 H, aryl H), 7.70 (d, 2 H, J = 8.1 Hz, aryl 
H). 

Anal. Calcd for C3,HM04SSi: C, 71.34; H, 8.74; S, 5.15. Found 
C, 71.27; H, 8.76; S, 5.05. 
(2E,6Z,10E)-14,15-Epoxy-3,11,15-trimethyl-7-[(tri- 

methylsilyl)methyl]-2,6,lO-hexadecatrien-l-ol(26a). The yield 
was 1.35 g (74%) of alcohol (f)-26a as a colorless oil after flash 
chromatcgraphy on 15% AgNO,-impregnalA silica gel: IR (neat) 
3426,2957,1450,1379,1248,856 cm-'; 'H NMR S 0.02 (s,9 H, 
SiCHd, 1.26, 1.30 (2s, 6 H, 2 CH,), 1.50 (s,2 H, CHzSi), 1.61,1.68 
(2s,6 H, 2 =CCH&, 1.59-1.66 (m, 2 H, CHzCHz), 1.90-1.95 (three 
peaks, 2 H, CHzCHz), 2.02-2.20 (m, 8 H, CH2CHz), 2.71 (t, 1 H, 

4.97 (br 8, 1 H, =CH), 5.15 (t, 1 H, J = 6.9 Hz, =CH), 5.41 (t, 
1 H, J = 6.9 Hz, =CH). 

Anal. Calcd for C,H420ai: C, 72.95; H, 11.18. Found: 72.66; 
H, 11.14. 
(2E,6Z,10E)-14,15-Epoxy-3,11,16-trimethyl-7-[ (tri- 

methylsilyl)methyl]-2,6,lO-hexadecatrienyl acetate (26b): 
yield 165 mg (99%); IR (neat) 2957,1740,1377,1246,1022,854 
cm-'; 'H NMR S 0.02 (s,9 H, SiCH,), 1.26, 1.30 (28, 6 H, 2 CH,), 
1.50 (s,2 H, CHzSi), 1.59-1.67 (m, 2 H, CHzCHz), 1.61, 1.70 (28, 
6 H, 2 =CCH3), 2.05 (8, 3 H, OCOCH3), 1.90-1.95, 2.03-2.20 (m, 

H, J = 6.9 Hz, =CHCHzO), 4.96 (br 8, 1 H, =CH), 5.15 (t, 1 H, 
J = 6.6 Hz, =CH), 5.34 (t, 1 H, J = 7.1 Hz, 4 H ) .  

Anal. Calcd for CZ5HMO3Si: C, 71.37; H, 10.54. Found: C, 
71.43; H, 10.07. 
(+)-3&Hydroxy-(9@H)- and (+)-3B-Hydroxylabda-8- 

(17),13(E)-dien-15-~1 Benzoates (27a and 28a). A solution of 
500 mg (1.04 mmol) of epoxy benzoate 24b and 297 mg (1.55 
"01) of 2,6-di-tert-butylpyridine in 20 mL of CHzClz was stirred 
at -78 OC as 1.14 mL (1.14 mmol) of 1.0 M TiC14 in CHzClz was 
added. After the solution was stirred at -78 OC for 5 min, the 
reaction was quenched at -78 "C by adding 1 mL of dry tri- 
ethylamine followed by 1 mL of methanol. The resulting solution 
was allowed to warm to rt and diluted with 1 % aqueous HCl(100 
mL). The aqueous layer was extracted with ether (3 X 100 mL). 
The combined organic extracts were dried (MgS04) and con- 
centrated under reduced pressure. Isolation of the bicyclic 
products 27a/28a by flash chromatography on silica gel (100 g), 
using 40% ether in hexane, led to the partial separation. The 
mixed fractions were combined and further purified by another 
flash chromatography on silica gel (100 8). The combined weight 
of the bicyclic products from these two chromatography sepa- 
rations was 324 mg (76%) (27a/28a = 5545). The analfical 
samples were obtained by preparative HPLC using 5% ethyl 
acetate in hexane as eluant. The retention times were approx- 
imately 45 min for 27a and 50 min for 28a. The purity of each 
separated isomer was estimated to be greater than 98% by 'H 
NMR spectroscopy: IR (neat, mixture) 3507,2943,1718,1653, 

=CCH,), 1.761.81 (m, 1 H), 1.92-1.98 (app td, 1 H), 2.00-2.08 
(app td, 1 H), 2.15-2.20 (app, dd, 1 H), 3.20-3.27 (m, 1 H, CHOH), 

(t, 2 H, J = 7.8 Hz, aryl H), 7.55 (t, 1 H, J = 7.0 Hz, aryl H), 8.05 

J = 6.2 Hz, OCHCHZ), 4.14 (d, 2 H, J = 6.9 Hz, ==CHCHzOH), 

10 H, CHZCHJ, 2.70 (t, 1 H, J = 6.2 Hz, OCHCHz), 4.59 (d, 2 

1450, 1271, 887 cm-'. 27a: [(u]%D +15.4' (C 0.805, CHC1.q); 'H 
NMR (500 MHz) 6 0.78,0.91, 1.00 ( 3 ~ ~ 9  H, 3CH3), 1.75 (8, 3 H, 

4.54 (8 , l  H, =CHz) ,  4.71 (t, 1 H, J = 2.0 Hz, =CH2), 4.84 (d, 2 
H, J 7.0 Hz, -CHCHzO), 5.45 (t, 1 H, J = 6.8 Hz, 4H), 7.44 

(d, 2 H, J = 7.5 Hz, aryl H). 28a: [ ( u ] ~ D  +12.3O (C 0.92, CHCl3); 
'H NMR (500 MHz) S 0.68, 0.76, 0.96 (38, 9 H, 3 CH,), 1.76 (8, 
3 H, =CCH3), 1.84-1.98 (m, 2 H), 2.15-2.23 (app dt, 1 H), 
2.37-2.42 (app br td, 1 H), 3.18-3.22 (m, 1 H, CHOH), 4.53 and 

(t, 1 H, J = 7.0 Hz, =CH), 7.44 (t, 2 H, J = 7.5 Hz, aryl H), 7.55 
(t, 1 H, J = 7.5 Hz, aryl H), 8.05 (d, 2 H, J = 7.5 Hz, aryl H); 
HREIMS calcd for Cz7H%O3 (M+, 27a/28a mixture) 410.2820, 
found 410.2816. 
In a different experiment, the monocyclic products were isolated 

by flash chromatography. The column was first eluted with 5% 
ether in hexane, and two nonpolar products 29b and 30 were 
obtained. Two polar components 31 and 29a were obtained later 
with 40% ether in hexane as eluant. The yield of 29b was 12 mg 
(-2%), and the 'H NMR spectrum indicated a purity of -80% 
owing to contamination by 30. Two trimethylsilyl groups are 
apparent in the 'H NMR spectrum. It was a 2:l mixture of the 

4.84 ( 2 ~ , 2  H, ==CHZ), 4.83 (d, 2 H, J 7.5 Hz, -CHCHZO), 5.43 
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tetrasubstituted and trisubstituted cyclic olefins. 3 0  yield 12 
mg (-3%, -95% purity); 'H NMR 6 -0.02 (s,9 H, SiCH,), 1.03, 
1.05, 1.34 (38, 9 H, 3 CH,), 1.44 (8 ,  2 H, SiCHz), 1.76 (8, 3 H, 

Hz, --CHCHzO), 4.89 (t, 1 H, J = 6.6 Hz, +H), 5.47 (t, 1 H, 
J = 6.9 Hz, +H), 7.43 (t, 2 H, J = 7.5 Hz, aryl H), 7.55 (t, 1 
H, J = 7.4 Hz, aryl H), 8.05 (d, 2 H, J = 6.9 Hz, aryl H). 31: yield 
7 mg (-2%, a 1:4 mixture of A3 and A4 isomers). The 'H NMR 
spectrum shows its purity was -90% from contamination by a 
small amount of bicyclic products. The spectral properties of the 
A' isomer are as follows: 'H NMR 6 1.01,1.06, 1.61 (3s,9 H, 3 

-CCH3), 3.72 (d, 1 H, J = 5.1 Hz, HCO), 4.84 (d, 2 H, J = 6.9 

CH3), 1.76 (8, 3 H, -CCH3), 3.49 (dd, 1 H, J 9.0 and 3.0 Hz, 
CHOH), 4.73, 4.76 (28, 2 H, = C H z ) ,  4.84 (d, 2 H, J = 7.5 Hz, 
CHCHZO), 5.45 (t, 1 H, J 7.5 Hz, =CH), 7.43 (t, 2 H, J = 7.5 
Hz, aryl H), 7.55 (t, 1 H, J = 7.2 Hz, aryl H), 8.05 (d, 2 H, J = 
7.5 Hz, aryl H). 29a: yield 11 mg (-3%). The purity was 
estimated to be -95% by 'H NMR spectroscopy: 'H NMR 6 
-0.02 (s,9 H, SiCHd, 0.81,1.07 (2s, 6 H, 2 CHJ, 1.55 (s,5 H, CH3 
and CHzSi), 1.76 (8, 3 H, =CCH3), 3.35 (dd, 1 H, J = 11.4 and 

1 H, J = 6.9 Hz, =CH), 5.47 (t, 1 H, J = 7.1 Hz, =CH), 7.43 (t, 
2 H, J = 7.7 Hz, aryl H), 7.55 (t, 1 H, J = 7.4 Hz, aryl H), 8.05 
(d, 2 H, J = 8.1 Hz, aryl H). 

(*)-3&Hydroxy-(9/3H)- and (*)-38-Hydroxylabda-8- 
(17),13(E)-dien-15-yl Acetates (27b and 28b). Cyclization 
of (2E,62,10E) Acetate 26b. Reaction of 26b (140 mg, 0.333 
mmol) as described above followed by flash chromatographic 
separation gave 71 mg (61%) of a 48.52 mixture bicyclic producta 
27b and 28b according to GC analysis. The yield of monocyclic 
products corresponding to 29a and 31 (R = Ac) was 26.4 mg (19%). 

(+)-(98H)-Labda-8( 17),13(E)-diene-38,1sdiol(6). A solution 
of 16 mg (0.039 "01) of benzoate 27a in 1 mL of 2% NaOH in 
methanol was stirred at rt for 1 h. Water (10 mL) was added, 
and the aqueous layer was extracted with ether (3 X 10 mL). The 
combined extracts were dried (MgSOJ and concentrated by rotary 
evaporation. Purification of the residue by flash chromatography, 
using 20% ethyl acetate in hexane, gave 12 mg (100%) of diol 
6 as a white solid. The purity was estimated to be greater than 
95% by 'H NMR spectroscopy: [.Iz4D +16.3' (c 0.60, CHCl,); 
IR (neat) 3346,2924,1460,1030,1007,885 cm-'; 'H NMR 6 0.77, 
0.91, 1.00 (3s,9 H, 3 CH,), 1.66 (s,3 H, =CCH3), 1.84-2.10 (m, 
2 H), 2.14-2.23 (2 br peaks, 1 H), 3.19-3.25 (br, s, 1 H, CHOH), 

5.40 (t, 1 H, J = 6.8 Hz, 4H); 13C NMR 6 15.56, 16.54, 22.40, 
23.14, 24.37, 27.63, 28.31, 30.90,34.26, 37.78, 38.01, 38.84, 45.00, 
57.47,59.29,79.16,109.88, 122.94, 140.38,148.43; MS (70 eV) m / e  
(relative intensity) 306.3 (M+, 3.50), 291.2 (20.09), 273.2 (32.65), 
255.2 (15.03), 203.2 (10.65), 190.2 (32.83), 175.1 (43.74), 161.1 
(14.80), 147.1 (29.38), 135.1 (l00.00), 121.1 (46.06), 107.1 (74.59), 
93.1 (64.74), 81.1 (71.70), 69.1 (46.09), 55.0 (55.57); HREIMS calcd 
for CJ-Ia02 (M+) 306.2558, found 306.2558. 

(+)-Labda-8( 17),13(E)-diene-3~,15-diol (28c). Hydrolysis 
of benzoate 28a (18 mg, 0.044 "01) as described above gave 12 
mg (100%) as a white solid. The purity was estimated to be 

CHCl,); [lit.'o for ent-28c [.Iz4D -30' (c 2.0, CHCl,)]; IR (neat) 
3298,2934,1444,1379, 1030,889 cm-'; 'H NMR 6 0.68,0.77,0.99 
(38, 9 H, 3 CHJ, 1.67 (8, 3 H, 4 C H 3 ) ,  1.96 (app td, 1 H, J = 
12.9 and 4.8 Hz), 2.10-2.22 (m, 1 H), 2.40 (AB of ABXY, 1 H, J 
= 12.6, 3.9, and 2.7 Hz), 3.24 (dd, 1 H, J = 12.0 and 4.5 Hz, 

H,=CH2),5.38(t,lH,J=6.9Hz,==CH);'~NMR614.50,15.39, 
16.35,21.89, 23.96,27.84, 28.27,37.04,38.14,38.32,39.09,39.33, 
54.56, 55.98,59.29,78.71,106.69,123.01,140.43,147.91; MS (70 
eV) m / e  (relative intensity) 306.3 (M+, 3.091, 291.2 (20.611, 273.2 
(32.12), 255.2 (13.27), 203.2 (9.02), 187.1 (10.32), 175.1 (14.30), 159.1 
(11.16), 147.1 (15.31), 135.1 (l00.00), 121.1 (27.46), 107.1 (54.18), 
93.1 (49.30),81.1 (53.14), 67.0 (30.92), 55.0 (41.99); HREIMS calcd 
for CZ0HaO2 (M+) 306.2558, found 306.2549. 

(-)-3-Oxu-(98H)- and (+)-3-Oxolabda-8( 17),13(E)-dien-l&yl 
Benzoates (36 and 36). A suspension of 207 mg (0.50 mmol) 
of epimeric alcohols 27a and 28a, 21 mg (0.25 "01) of anhydrous 
NaOAc, and 400 mg of crushed and dried 4A molecular sieves 
in 12 mL of CHzClz was stirred rapidly at rt as 163 mg (0.75 "01) 
of pyridinium chlorochromate was added. After the suspension 
was stirred for 2 h at rt, it was diluted with 5 mL of ether and 

3.9 Hz, CHOH), 4.83 (d, 2 H, J = 7.2 Hz, =CHCHzO), 4.91 (t, 

4.15 (d, 2 H, J 6.9 Hz, CHZOH), 4.53, 4.71 (28, 2 H, q C H 2 ) ,  

greater than 95% by 'H NMR spectro8copy [CY]%D +23.4' (c 0.65, 

CHOH), 4.14 (d, 2 H, J = 6.9 Hz, CHZOH), 4.53 and 4.85 ( 2 ~ , 2  
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stirred for 10 min. The suspension was fitered through a 5-g silica 
gel column covered with a layer of Celite. Elution with ether (50 
mL) followed by concentration afforded a pale green liquid. 
Purification of the residue by flash chromatography, using 10% 
ethyl acetate in hexane as eluant, gave 198 mg (96%) of epimeric 
ketones 35 and 36. The isomers were separated by preparative 
HPLC eluting with 2.5% ethyl acetate in hexane (36, tR = 50 min; 
36, t R  = 55 min). A total of 200 mg of ketone mixture in 3.5 mL 
of eluent was separated by -60 50-bL injections: IR (neat, 35 

1.74 (8, 3 H, =CCH3), 1.91-2.14 (app 2td, 2 H), 2.18-2.27 (2 br 
8, 1 H), 2.27-2.37 (app 2t, 1 H), 2.74 (td, 1 H, J = 14.7 and 5.7 

and 36 mktUN) 2943,1714,1450, 1271,1109,891 Cm-'. 3 5  [a]%D 
-1.23' (C 2.82, CHCld; 'H NMR 6 1.02,1.09,1.12 ( 3 ~ , 9  H, 3 CH3), 

Hz), 4.61 (8, 1 H, 4 H 2 ) ,  4.78 (t, 1 H, J = 2.0 Hz, =CHZ), 4.83 
(d, 2 H, J 6.9 Hz, =CHCH,O), 5.44 (t, 1 H, J = 6.9 Hz, = 
CHCHZO), 7.43 (t, 2 H, J 7.5 Hz, aryl H), 7.55 (t, 1 H, J = 7.4 
Hz, aryl H), 8.05 (d, 2 H, J = 7.2 Hz, aryl H). 36: [.Iz4~ +9.5' 
(C 2.80, CHC13); 'H NMR 6 0.85,1.00, 1.05 (38,9 H, 3CH3), 1.75 
(a, 3 H, =CCH3), 1.84-2.08 (m, 3 H), 2.13-2.26 (m, 1 H), 2.30-2.46 
(m, 2 H), 2.54-2.67 (eight peaks, 1 H), 4.59 (s, 1 H, =CH,), 4.82 

(t, 1 H, J = 7.4 Hz, aryl H), 8.03 (d, 2 H, J = 7.5 Hz, aryl H); 
HREIMS calcd for C27H3603 (M+) 408.2664, found 408.2656. 
(9/3H)-Labda-8(17),13(E)-dien-15-y1 Benzoate (37). The 

reactions were conducted as described below for the anti isomer 
(36 - 38). The yield was 81.2 mg (78%) of a colorless oil. The 
purity was estimated to be greater than 95% by 'H NMR spec- 
troscopy: IR (neat) 2939, 1718, 1645, 1450, 1269, 887 cm-'; 'H 

(d, 2 H, J = 6.9 Hz, =CHCHzO), 4.90 (8, 1 H, =CHZ), 5.43 (t, 
1 H, J = 6.9 Hz, =CHCHZ), 7.42 (t, 2 H, J = 7.5 Hz, aryl H), 7.54 

NMR 6 0.81, 0.87, 0.91 (38, 9 H, 3CH3), 1.76 (8 ,  3 H, =CCH3), 
4.52 (d, 1 H, J =  1.5 Hz, =CH2), 4.69 (t, 1 H, J = 2.3 Hz, =CHz), 
4.84 (d, 2 H, J = 6.9 Hz, =CHCH,O), 5.46 (t, 1 H, J = 7.5 Hz, 
=CH), 7.43 (t, 2 H, J = 7.7 Hz, aryl H), 7.55 (t, 1 H, J = 7.4 Hz, 
aryl H), 8.06 (d, 2 H, J = 7.2 Hz, aryl H). 

Labda-8( 17),13(E)-dien-15-yl Benzoate (38). The procedure 
was developed based on ones in the literat~re.~' A solution of 
112 mg (0.274 mmol) of ketone 36 in 2.8 mL of absolute ethanol 
in a 5-mL pear-shaped flask was stirred as 62 mg (0.333 mmol) 
of p-toluenesulfonylhydrazine was added at rt. The solution was 
heated at reflux for 5 h. TLC analysis indicated the reaction was 
completed. The solvent was removed with a stream of Nz and 
evacuation at 0.5 mm for 20 min. The remaining crystalline solid 
was used immediately without purification. 

To the above flask was added 0.6 mL of CHC13. The resulting 
solution was stirred at 0 'C as 0.55 mL (1.0 M, 0.55 mmol) of 
catecholborane in THF was added. After 1.5 h at 0 "C and 0.5 
h at rt, methanol (200 rL) was added to decompose any remaining 
hydride. The solution was stirred for 10 min before 248 mg (0.823 
mmol) of tetrabutylammonium acetate was added at rt. A few 
drops of CHC1, was added until all of the salt was dissolved. The 
solution was stirred at r t  for 6 h. TLC analysis indicated the 
reaction was completed. The solution was diluted with water (10 
mL), and the aqueous solution was extracted with ether (3 X 10 
mL). The combined extracts were dried (MgSO,) and concen- 
trated under reduced pressure. Purification of the residue by flash 
chromatography, using 5% ether in hexane as eluant, afforded 
78.2 mg (72%) of benzoate 38 as a colorless oil. The purity was 
estimated to be greater than 95% by 'H NMR spectroscopy IR 
(neat) 2939,1716,1641, 1450,1269,887 cm-'; 'H NMR 6 0.67,0.79, 
0.85 (38, 9 H, 3CH3), 1.76 (8,  3 H, =CCH3), 1.80-2.01 (m, 2 H), 
2.13-2.25 (m, 1 H)), 2.33-2.42 (app 2q, 1 H), 4.51 and 4.82 (28, 

J = 7.5 Hz, =CH), 7.43 (t, 2 H, J = 7.5 Hz, aryl H), 7.55 (t, 1 
H, J = 7.5 Hz, aryl H), 8.05 (d, 2 H, J = 7.2 Hz, aryl H). 

The hydrolyses of benzoates 37 and 38 to 5 and 39, respectively, 
were performed as described above for 27a - 6. The purities 
of 5 and 39 were estimated to be 295% from their 'H and 13C 
NMR spectra. 

(+)-(9@H)-Labda-8( 17),13( E)-dien- 15-01 (9,lO-syn -copalol, 
5): yield 51.4 mg (86%) as a colorless oil; [.]"D +17.7O (c 2.39, 
CHC1,); IR (neat) 3327,2936,1645,1458,1001,887 cm-'; 'H and 
'3c NMR date (see Table I); MS (70 eV) m / e  (relative intensity) 

2 H, =CHz), 4.84 (d, 2 H, J = 7.2 Hz, =CHCHzO), 5.43 (t, 1 H, 

(57) (a) Kabalka, G. W.; Baker, J. D., Jr. J. Org. Chem. 1975,40,1834. 
(b) Kabalka, G. W.; Baker, J. D., Jr.; Neal, G. W. J. Org. Chem. 1977,42, 
512. (c) Kabalka, G. W.; Chandler, J. H. Synth. Commun. 1979,9,275. 
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290 (M', 2.47), 275 (17.32), 257 (9.10), 205 (5.42), 192 (14.74), 177 
(29.12), 163 (7.85), 149 (24.61), 137 (65.40), 123 (38.29), 109 (47.97), 
95 (65.33), 81 (84.99), 69 (81.83), 55 (62.59), 41 (100.00); HREIMS 
calcd for CZ0Hu0 (M') 290.2609, found 290.2613. 
(+)-Labda-8(17),13(E)-dien-15-01 (copalol, 39): yield 27.2 

mg (92%) as a colorless oil. The IR, 'H NMR, I3C NMR (A6 5 
0.07 ppm), and mass spectra of (+)-39 are identical to those of 
ent-copalol((-)-39). Data for (+)-39 [a]2g + 2 9 P  (c 1.36, CHCld 
(lit.% [aID +30° (c 1.09, CHCl,)); IR (neat) 3300,2922,1643,1442, 
1387.997,887 cm-'; 'H and 13C NMR data (see Table I); MS (70 
eV) m/e (relative intensity) 290 (M', 2.97), 275 (19.22), 257 (10.31), 
205 (6.86), 191 (12.58), 177 (13.19), 161 (7.04), 149 (18.34), 137 
(71.78), 123 (44.58), 109 (50.21), 95 (73.41), 81 (95.38), 69 (83.81), 
55 (71.14),41 (100.00); HREIMS calcd for C a u O  (M') 290.2609, 
found 290.2613. 

(-)-Labda-8( 17),13(E)-dien-15-01 (ent-39). The reference 
sample of naturally derived ent-copalol was obtained by AlH3 
reduction of methyl copalate. The ester was prepared by CH2Nz 
eaterihtion of copalic acid isolated from Brazilian copal reain.M 

They are identical with those for synthetic (+)-39. 
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X-ray crystal structure of 3.2PhF and 'H NMR complexation studies in solution reveal the strong tendency 
of cavitand 3 to selectively bind aromatic guests in organic solution. The association constants (Ka) for eight 
1:l caviplexes formed in acetone-d8 were determined. The solvation effect is largely responsible for the relatively 
low Ka values observed. The orientation assumed by the guests inside the cavity is determined by dipole-dipole 
interactions between the h a t  and the guest; additional CH3-7r interactions are present in the case of 3.3(CH&CO. 
The modification of the structure of 3 by introducing a suitable and furtherly modifiable substituent allowed 
the synsesis of optically pure chiral cavitand 5. 'H NMR complexation studies of 5 in acetone-d, reveal that 
the CH20H group perching on top of the cavity rim affects the selectivity but not the orientation of the included 
aromatic guests for the 1:l caviplexes formed. 

The design of new molecular receptors, combining 
binding and orientation of neutral guests, requires the 
comprehension and modulation of the weak attractive 
forces responsible for molecular recognition phenomena.' 
Chirality and the presence of convergent functional groups 
are two further desirable features. 

Among others, cavitands, synthetic organic compounds 
with enforced concave surfaces of molecular dimensions,2 
are extremely interesting and versatile synthetic receptors. 
Some attractive features of cavitands have been previously 
reported: the presence of a tunable solvation-tempera- 
ture-driven equilibrium between a closed vaselike and an 
open kitelike form3 and their strong tendency to complex 
organic molecules in the solid state? in solution,5 and in 

the gas phase," with preference for aromatic guests. 
In this paper we report the X-ray crystal structure of 

3*2PhF, the synthesis of chiral cavitands 4 and 5 (Scheme 
I), and the complexation studies in organic solution of 3 
and 5 with aromatic guests. 

Results and Discussion 
Crystal Structure of 3-2PhF. The crystal and mo- 

lecular structure of 3.2PhF was determined by single- 
crystal X-ray diffraction methods. As shown in Figure 1, 
the conformation of the host molecule resembles that ob- 
served in the previously reported 3.3(CH3)&06 and in the 
analogue 6-2CH2C1,3 (Scheme I). A deep intramolecular 

(1) Diederich, F. Angew. Chem., Int .  Ed. Engl. 1988, 27, 362. 
(2) Cram, D. J. Science 1983,219, 1177. 
(3) Moran, J. R.; Karback, S.; Cram, D. J. J. Am. Chem. SOC. 1982,104, 

5826. Moran, J. R.; Ericson, J. L.; Dalcanale, E.; Bryant, J. A.; Knobler, 
C. B.; Cram, D. J. Ibid. 1991,113, 5707. 

0022-32631921 1957-4608$03.O0/0 

(4) Dalcanale, E.; Coetantini, G.; Soncini, P. J. Incl. Phenom. Mol. 

(5) Dalcanale, E.; Soncini, P.; Bacchilega, G.; Ugozzoli, F. J. Chem. 

(6) Vincenti, M.; Dalcanale, E.; Soncini, P.; Guglielmetti, G. J .  Am. 

Recognit. Chem. 1992, 13, 87. 

SOC., Chem. Commun. 1989,500. 

Chem. SOC. 1990, 112,445. 

0 1992 American Chemical Society 


