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Effect of Added Sodium Acetate. Three samples of salt 
T1-Br (18 mg), each admixed with a different quantity of sodium 
acetate (0.31, 3.1, and 31 mg; 0.1, 1, and 10 equiv, respectively) 
were dissolved in 95:5 HOAc/MeCN (3 mL). The ampules were 
sealed and held at 76 "C for 27 days (648 h). Workup of the 
reactions (see above) showed only two products by GC, bromide 
B1-Br and acetate B1-OAc. The latter comprised 14%, 34%, and 
87% of the product for the three respective acetate concentrations. 

Four samples of salt T3-Br (18 mg) and silver acetate (6.5 mg), 
each admixed with a different quantity of sodium acetate (0.031, 
3.1, and 31 mg; 0, 0.1, 1, and 10 equiv., respectively), were dissolved 
in 7525 HOAc/MeCN (3 mL). The ampules were sealed and held 
at 76 "C for 5.5 h. Workup as before showed only bromide B3-Br 
and acetate B3-OAc. The latter comprised 13 f 3% of the product 
in every case. 

The UV spectra of salt T2-Br (5 X lo-' M) was taken in 75:25 
HOAc/MeCN A, 252 nm (log t 4.03). Addition of 1 or 10 equiv 

of sodium acetate showed A,, 252 nm in each caae, with log c 
4.03 and 4.01, respectively. 
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4-Exo-tet cyclization gives the alkoxyoxetane of the taxol C/D ring fragment if the tertiary alcohol is protected. 
Cycloaddition of dichloroketene and 1-[ (tert-butyldimethylsilyl)oxy]-2-methylcyclohex-2-ene, a model for the 
allylic ether 6, succeeds in the presence of DME. The synthesis of the A ring fragment relies on the Diels-Alder 
reaction of 1-ethoxy-3- [ (trimethylsilyl)oxy] -2-methyl-l,3-butadiene with ethyl (E)-2-acetoxyacrylate and the axial 
conjugate addition of a vinyl Normant reagent. 

Mutual kinetic resolution' in the aldol reaction of a 
cyclobutanone enolate2 makes it possible in principle to 
couple A and C/D ring precursors 1 and 2 of the taxol 
skeleton for a convergent approach3 to taxol4v6 (Scheme I). 
This strategy complements the photochemical route out- 
lined recently.6 Our earliest experiments2 were carried 
out with structurally simplified racemic A ring (aldehyde) 
and C/D ring (enolate) partners and gave within the limits 
of detection ('H NMR at  300 MHz) only a single diaste- 
reomer in the aldol coupling reaction; efforts directed at 
generating fully functionalized A and C/D ring precursors 
are described herein. Model studies for generating the 
alkoxyoxetane unit7 in the C/D ring precursor 2 and 
carrying out the [2 + 21 cycloaddition of dichloroketene* 
with an allyic ether precede the synthesis of complete A 
ring fragment. 

Since 6 can aromatize with the formal loss of two water 
molecules, the alkoxyoxetane 8, at  a lower oxidation level, 
became the target of the model study. Using a ketone at  
C-4 (taxol numbering) as a precursor to the alkoxyoxetane 
unit was viewed a possible structural simplification. 

As the first step in elaborating 3-methyl-2-cyclohexen- 
1-one, the methodology of Rubottomg afforded the ketol 

' University of Missouri-Columbia. 
*Reed College. 
8 Present address: Department of Chemistry, Barnard College, 

New York, NY 10027. 
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9 (73% overall). Conversion of the ketol tert-butyldi- 
methylsilyl ether 10 (obtained from 9 in quantitative yield 

~~ 

(1) Heathcock, C. H.; Pirrung, M. C.; Lampe, 3.; Buse, CT.; Young, 

(2) Clark, G. R.; Lin, J.; Nikaido, M. Tetrahedron Lett. 1984, 25, 
S. D. J .  Org. Chem. 1981, 46, 2290-2300. 

2645-2648. 
(3) Hendrickson, J. B. J. Am. Chem. SOC. 1977,99,5439. Bertz, S. H. 

J. Am. Chem. SOC. 1982,104, 5801-5803. 
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"Reagents (a) (1) LDA, Me3SiC1, (2) MCPBA, (3) n-Bu,NF; (b) 
t-BuMezSiC1, imidazole; (c) MezSCH,; (d) (1) Me3SiCH,MgC1, (2) 
oxalic acid. 
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a Reagents and conditions: (a) OsO,, N-methylmorpholine N-  
oxide; (b) MsCl, pyridine; (c) n-Bu,NF; (d) MOMCI, Et,N(i-Pr); 
(e) n-Bu,NF, THF,  25 OC; (0 n-Bu,NF, THF,  reflux; (9) NaH, 
ether, reflux. 

by using tert-butyldimethylchlorosilane and imidazole in 
N,N-dimethylformamide'O) to the epoxide 11 with di- 

(4) Wani, M. C.; Taylor, H. L.; Wall, M. E.; Coggon, p.; McPhail, A. 
T. J. Am. Chem. SOC. 1971, 93, 2325-2327. 

(5) For other synthetic approaches to the taxane ring system, see: 
Kato, T.; Takayanagi, H.; Suzuki, T.; Uyehara, T. Tetrahedron Lett. 
1978, 1201-1204. Kitagawa, I.; Shibuya, H.; Fujioka, H.; Kejiwara, A,; 
Tsujii, S.; Yamamoto, Y.; Takagi, A. Chem. Lett. 1980, 1001-1004. In- 
ouye, Y.; Fukaya, C.; Kakisawa, H. Bull. Chem. SOC. Jpn. 1981, 54, 
1117-1125. Martin, S. F.; White, J. B.; Wagner, R. J. Org. Chem. 1982, 
47,319C-3192. Trost, B. M.; Heimstra, H. J.  Am. Chem. SOC. 1982,104, 
886-887. Sakan, K.; Craven, B. M. J.  Am. Chem. SOC. 1983, 105, 
3732-3734. Shea, K. J.; Davis, P. D. Angew. Chem., Int. Ed. Engl. 1983, 
22, 419-420. Brown, P. S.; Jenkins, P. R.; Fawcett, J.; Russell, D. R. J .  
Chem. SOC., Chem. Commun. 1984,253-255. Holton, R. A. J.  Am. Chem. 
SOC. 1984, 106, 5731-5732. Neh, H.; Blechert, S.; Schnick, W.; Jansen, 
M. Angew. Chem., Int. Ed. Engl. 1984,23,905-906. Andriamialisoa, R. 
A.; Fetizon, M.; Hanna, I.; Pascard, C.; Prange, T. Tetrahedron 1984,40, 
4285-4295. Nagaoka, H.; Ohsawa, K.; Takata, T.; Yamada, Y. Tetrahe- 
dron Lett. 1984,25, 5389-5392. Trost, B. M.; Fray, J. Tetrahedron Lett. 
1984,25,4605-4608. Swindell, C. S.; deSolms, S. J. Tetrahedron Lett. 
1984,25,3801-3804. Begley, M. J.; Jackson, C. B.; Pattenden, G. Tet- 
rahedron Lett. 1985,26, 3397-3400. Kojima, T.; Inouye, Y.; Kakisawa, 
H. Chem. Lett. 1985, 323-326. Berkowitz, W. F.; Perumattam, J.; 
Amarasekara, A. Tetrahedron Lett. 1985, 26, 3665-3668. 

(6) Berkowitz, W. F.; Amarasekara, A. S.; Perumattam, J. J. J. Org. 
Chem. 1987,51, 1119-1124. 

(7) For other approaches to the tax01 C/D ring fragment, see: Ber- 
kowitz, W. R.; Amarasekara, A. S. Tetrahedron Lett. 1985,26,3663-3664. 
Swindell, C. S.; Britcher, S. F. J. Org. Chem. 1986,51, 793-797. 

(8). Brady, W. T. Tetrahedron 1981, 37, 2949-2966 and references 
therein. 

(9) Rubottom, G. M.; Gruber, J. M. J. Org. Chem. 1977,42, 1051-1056. 
Rubottom, G. M.; Gruber, J .  M. J.  Org. Chem. 1978, 43, 1599-1602. 

(10) Corey, E. J.; Venkateswarlu, A. J .  Am. Chem. SOC. 1972, 94, 
6190-6191. 
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"Reagents and conditions: (a) SeO,, dioxane, water, reflux 3 h; 
(b) C13COCl, Zn-Cu, DME, ether. 

methylsulfonium methylidell (Scheme 11) would provide 
the correct oxidation level at the three contiguous carbon 
atoms bearing oxygen. The manipulation of functionality 
and stereochemistry could then be examined. However, 
all attempts to produce 11 resulted instead in the isolation 
of the tertiary allylic alcohol 12, resulting formally from 
ring opening of the epoxide by water with allylic rear- 
rangement. 

Peterson olefination12 of the silylated keto1 10 cleanly 
led to the diene 13 (72% overall). In this process, [(tri- 
methylsilyl)methyl]magnesium chloride added smoothly 
to the ketone of 10. Surprisingly, the elimination of tri- 
methylsilanol proceeded rapidly under acidic (oxalic acid 
as catalyst in anhydrous methanol) but not a t  all under 
basic (potassium hydride in tetrahydrofuran) conditions. 

Osmylation of 13 should give a 1,2-diol, although regio- 
and stereochemical questions remained. Exposure of the 
diene to osmium tetroxide (generated by using N- 
methylmorpholine N-oxide and a catalytic amount of os- 
mium tetroxide in acetone)I3 produced a mixture of ste- 
reoisomers of 15 and 16 (2.3:l 15/16, 63%) (Scheme 111). 

Although 15 and 16 were chromatographically separable, 
the stereoisomers of 15 were not, so 15 as a mixture of 
stereoisomers was carried forward. Selective mesylation 
(methanesulfonyl chloride in pyridine;14 95%) afforded the 
primary mesylate 17 as a mixture of stereoisomers. 

Following a strategy similar to that outlined recently,6 
attempted formation of the 2-hydroxyoxetane by tetra-n- 
butylammonium fluoride-mediated desilylation1° of the C-5 
tert-butyldimethylsilyl ether gave instead the allylic alcohol 
12 (39%), presumably because deprotonation of the ter- 
tiary hydroxyl by fluoride leads to the putative ep- 
oxide 11 (Scheme 11). Protection of the tertiary allylic 

(11) Corey, E. J.; Chaykovsky, M. J. Am. Chem. Soc. 1965, 87, 
1353-1364. 

(12) Peterson, D. J.  J .  Org. Chem. 1968, 33, 780-784. Ager, D. J.  

(13) Van Rheenen, F.; Kelly, R. C.: Cha, D. Y. Tetrahedron Lett. 1976, 
Synthesis 1984, 384-398. 

1353-1364. 
(12) Peterson, D. J.  J .  Org. Chem. 1968, 33, 780-784. Ager, D. J.  

(13) Van Rheenen, F.; Kelly, R. C.: Cha, D. Y. Tetrahedron Lett. 1976, 
Synthesis 1984, 384-398. 

1973-1976. 
(14) Fieser, L. F.; Fieser, M. Reagents for  Organic Synthesis; Wiley: 

New York, 1967; Vol. 1, D 662. 
(15) Yakobson, G. G.; Akhmetova, N. E. Synthesis 1983, 169-184. 
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alcohol as the methoxymethyl ether to give 18 (chloro- 
methyl methyl ether in diisopropy1ethylamine;l6 94%) and 
then desilylation (tetra-n-butylammonium fluoride) in 
refluxing tetrahydrofuran produced the desired oxetane 
8 (60%) along with the unchanged 19@ (27%). Although 
desilylation (tetra-n-butylammonium fluoride in tetra- 
hydrofuran) a t  room temperature gave the alcohol 19 as 
a mixture of stereoisomers (go%), subsequent deproton- 
ation (sodium hydride in tetrahydrofuran) also afforded 
8 (56%). 

Starting with 3-methyl-2-cyclohexen-l-one, this sequence 
provided the desired alkoxyoxetane in 5% yield after 10 
steps. The 4-exo-tet17Js cyclization succeeded only when 
the tertiary allylic alcohol was protected, a result in 
agreement with the findings of Berkowitz.6 

The alkoxyoxetane 8 was treated with selenium dioxide 
in refluxing aqueous dioxanelg to investigate allylic oxi- 
dation as a means of introducing the oxygen atom at  C-7 
(taxol numbering). However, the allylic oxidation gave the 
aldehyde 20 (38%) rather than the enone 21 (Scheme IV). 

We attribute this observation to torsional factors.20 In 
a single-crystal X-ray diffraction study, an oxetane dis- 
played a dihedral angle (the angle between the planes 
defiied by 01, C2, C3 and 01, C4, C3; oxetane numbering) 
of 16°.21 Therefore, fusion to a cyclohexane (which nor- 
mally displays a 60" dihedral angle between equatorial and 
axial substituents) puckers the oxetane (i.e., would like to 
increase the dihedral angle from about 16" to 60"; note that 
the oxetane and cyclohexane dihedral angles are defined 
differently). At  the minimum, partial double-bond char- 
acter is developing between C-7 and C-8 (taxol numbering) 
in the transition state for selininic acid formation during 
allylic oxidation at  C-7, and that may be expected to 
pucker the cis-fused oxetane even further (as it would the 
saturated ring in cis-fused 1,4,4a,5,6,7,8,8a-octahydro- 
naphthalenez0). To avoid this geometrical change, allylic 
oxidation occurs at the exocyclic position. 

The final sequence anticipated in the formation of the 
C/D ring fragment 2 is the [2 + 21 cycloaddition of the 
olefin 6, bearing two allylic ether substituents, with di- 
chloroketene.22 Ample precedent indicates that the 
product of the reaction should result from a Claisen re- 
arrangement.23 However, a recent paper describes the 

J .  Org. Chem., Vol. 52, No. 17, 1987 3747 

(16) Stork, G.; Takahashi, T. J .  Am. Chem. SOC. 1977,99,1275-1276. 
(17) Baldwin, 3. E. J .  Chem. Soc., Chem. Commun. 1976, 734-736. 

Baldwin, J. E.; Cutting, J.; Dupont, W.; Kruse, L.; Silberman, L.; Thomas, 
R. J. Chem. SOC., Chem. Commun. 1976, 736-738. Baldwin, J. E. J .  
Chem. SOC., Chem. Commun. 1976, 738-790. 

(18) Roskowski, A.; Tarbell, D. S. J. Org. Chem. 1961,26,2255-2263. 
(19) Wiberg, K. B.; Nielson, S. D. J. Org. Chem. 1964,29,3353-3361. 
(20) (a) Cis-fused decahydronaphthalene-2-one prefers to lose a proton 

from C1 rather than C3 during enolization. This is usually attributed to 
the reflex 

effect. In the cis-fused octahydronaphthalene, the double bond from C2 
to C3 causes the fully saturated 6-membered ring to pucker while the 
double bond from C1 to C2 causes the fully saturated 6-membered ring 
to flatten. Since the puckering distortion is more energetically costly than 
the flattening distortion, the double bond from C1 to C2 is preferred when 
the octahydronaphthalene is cis-fused.20b (b) Akhrem, A. A.; Titov, Yu. 
A. Total Steroid Synthesis; Hazzard, B. J., Translater; Plenum: New 
York, 1970; pp 45-50. 

(21) Holan, G.; Kowala, C.; Wunderlich, J. A. J.  Chem. Soc., Chem. 
Commun. 1973, 34. 

(22) Krepski, L. R.; Hassner, A. J. Org. Chem. 1978, 43, 2879-2882. 
(23) Malherbe, R.; Bellus, D. Helu. Chim. Acta 1978, 61, 3096-4000. 

Malherbe, R.; Rosini, G.; Spineti, G. G.; Forestri, E.; Pradella, G. J .  Org. 
Chem. 1981, 46, 2228-2230. Malherbe, R.; Rist, G.; Bellus, D. J. Org. 
Chem. 1983,48,860-869. Vedejs, E.; Buchanan, R. A. J.  Org. Chem. 1984, 
49, 1840-1841. 
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'Reagents and conditions: (a) NaOEt, EtOH; (b) HCl; (c) 
EtOH, TsOH; (d) Me3SiC1, Et3N, ZnClz, petroleum ether; (e) NaO, 
EhO; (f) acetyl chloride, E g o ;  (9) hydroquinone, 180 "C; (h) LAH, 
THF. 

Scheme VI" 

30 31 32 

OSsMe, 0 0 

33 34 24 

' Reagents and conditions: (a) 2,2-dimethoxypropane, TsOH, 
DMF; (b) MnOz, CHzClz; (c) Me2S-CuBr, vinylmagnesium brom- 
ide (2 equiv), HMPA, Me3SiC1, THF; (d) PhChzNMe3+F, MeI, 
THF, 4-A molecular sieves; (e) ozone, methanol, MezS. 

cycloaddition of dichloroketene, generated by the reaction 
of trichloroacetyl chloride in refluxing ether with zinc- 
copper couple, to an allylic ether in the presence of 1,2- 
dimetho~yethane.~~ In our hands, this procedure suc- 
ceeded (30%) with the model allylic silyl ether 22 as a 
substrate, and products resulting from the Claisen rear- 
rangement were not observed (Scheme IV). 

The desired C/D ring fragment is regarded as syn- 
thetically accessible in light of these results. Our finding 
that the alkoxyoxetane can be produced by a 4-exo-tet 
cyclization if the tertiary alcohol is protected is consonant 
with the reports of Be rkowi t~ .~ ,~  The necessary [2 + 21 
cycloaddition of dichloroketene with an allylic ether occurs 
when the reductive dehalogenation of trichloroacetyl 
chloride is carried out in the presence of 1,2-dimethoxy- 
ethane. 

A convergent synthesis of taxol (5), which joins the A 
and C/D ring precursors 1 and 2, must correctly situate 
the chiral centers a t  C1 and C8. Our strategy is to relate 
C8 to C11 in an aldol reaction (1 + 2 - 3; X = OH, Y = 
HI, and C1 to C11 in annulating the B ring (3 - 4; X, Y 
= bond). Having C10 axial to ring A would maximize the 
possibility of this annulation. These requirements are met 
in 24 (Scheme IV), whose rigidity derives from a trans- 
fused dioxadecalin and whose relative stereochemistry 
results from the axial conjugate addition of a vinyl Nor- 
mant reagent25,26 to an enone. 

(24) Johnston, B. D.; Slessor, K. N.; Oelschlager, A. C. J. Org. Chem. 
1985,50, 114-117. 
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The Diels-Alder reaction of 1-ethoxy-&[ (trimethyl- 
silyl)oxy]-2-methyl-l,3-butadiene with ethyl (E)-2-acet- 
oxyacrylate afforded the A ring skeleton. Formylation of 
2-butanoneZ7 and treatment of the cy-formyl ketone with 
ethanol and p-toluenesulfonic acid (Scheme V) produced 
the desired vinylogous ester 25 (52%),28 and silylation 
using the method of Danishefsky gave the desired l-eth- 
oxy-3- [ (trimethylsilyl)oxy]-2-methyl- 1,3- butadiene (26) 
(68%).29 A similar diene has been made and used by 
Ibuka et al.30 and also Danishefsky et 

The known d i e n ~ p h i l e ~ ~  ethyl (E)-2-acetoxyacrylate 
(28)= was produced by the formylation of ethyl acetate and 
acetylation of the sodium salt of the cy-formyl ester 27 using 
acetyl chloride. On occasion, the distilled ethyl acetoxy- 
acrylate was an E / Z  mixture, and isomerization using 
traces of acetic acid and hydroquinone at  150 "C afforded 
the pure E isomer. 

Heating excess neat diene 26 with neat dienophile 28 at  
180 "C and removing the excess, volatile diene under 
vacuum at  80 "C gives the Diels-Alder adduct 29 in 85% 
yield as a 1:l mixture of endo and exo adducts. Surpris- 
ingly, this reaction proceeds more rapidly than the elim- 
ination of acetic acid. Reduction using excess lithium 
aluminum hydride, following the procedure of Fraser- 
Reid,33 gives the triol 30 (56%). 

The stereochemical ambiguity introduced in the Diels- 
Alder reaction has now been removed, and the rigidity of 
the ring can be established by the creation of a trans-fused 
dioxadecalin. To this end, the triol 30 was treated with 
2,2-dimethoxypropane and p-toluenesulfonic acid in N,N- 
dimethylformamide to give the acetonide 31 (80%). The 
stage for 1,4-addition was set by oxidizing the remaining 
allylic alcohol with manganese dioxide34 to the enone 32 
(89%; Scheme VI). 

Copper-catalyzed addition of vinylmagnesium bromide% 
followed by the addition of hexamethylphosphoric triamide 
and methyl i ~ d i d e ~ ~ J ~  gave the desired 1,Caddition and 

Lin et al. 

methylation. The stereochemistry of the addition, 2:l 
equatorial/axial, was tentatively attributed to reversible 
addition. The product mixture would then reflect the 
thermodynamic stabilities of the intermediate enolates 
rather than the activation energies of the transition states, 
and so the equatorial isomer would be preferred. The 
requirement of in situ methylation following the conjugate 
addition of a vinyl Normant reagent demands that the 
intermediate enolate be stable, since the methylation is 
slow. However, Ley and co-workers26a reported the se- 
quential axial conjugate addition of a vinyl Normant 
reagent and the trapping of the resulting enolate using 
monomeric formaldehyde, which should be a reactive 
trapping agent. Therefore, the addition and methylation 
steps were isolated so that a more rapid trapping protocol 
could be used. 

The copper-catalyzed 1,Caddition of vinylmagnesium 
bromide was followed by trapping the enolated with 
chlorotrimethylsilane in the presence of hexamethyl- 
phosphoric triamide. Analysis of the stereochemistry at  
this point proved impractical since no analytical method 
for separating the stereoisomers, either chromatographi- 
cally or spectroscopically, was found. However, methyla- 
tion of the silyl ether with methyl iodide and benzyltri- 
methylammonium fluoride by the method of Kuwajima 
and Nakamura% gave rigid products, and the two stereo- 
isomers were clearly distinguishable by lH NMR at  60 
MHz. Product mixtures were typically 1:l equatorial/ 
axial. However, after much experimentation it was dis- 
covered that adding vinylmagnesium bromide (4 equiv) in 
tetrahydrofuran to a solution of copper(1) bromide-di- 
methyl sulfide complex (2 equiv) in tetrahydrofuran, 
stirring 20 min at -78 OC, and adding chlorotrimethylsilane 
(5 equiv) and hexamethylphosphoric triamide (2 equiv) 
gave a reagent25~s~37 that added axially to the enone 32 (1 
equiv). The crude weight recovery (in this case 93%) is 
typically very good; isolated yields following methylation 
are in the 50450% range for the two steps. Although the 
true cause for the stereochemical outcome remains un- 
proven because the fate of the remaining product is un- 
known, this is a respectable method for placing a qua- 
ternary center in the pentasubstituted cyclohexane ring. 
The resulting silyl enol ether was methylated by the 
methodology of Nakamura and K ~ w a j i m a ~ ~  (53% , or 49% 
overall for the two steps) and ozonolysis completed the 
synthesis of the desired A ring precursor. 

In summary, the stereochemical problem was solved by 
the axial conjugate addition of a vinyl Normant reagentZ5vB 
after removal of the stereochemical relationship introduced 
in the Diels-Alder reaction. The aldehyde was reliably 
produced by ozonolysis. 

Experimental Section 
General Procedures. Tetrahydrofuran (THF), diethyl ether, 

and  1,2-dimethoxyethane (DME) were distilled from the  blue 
benzophenone radical anion under nitrogen. Methylene chloride 
(CH2C12), acetonitrile (CH,CN), NJV-dimethylformamide (DMF), 
dimethyl sulfoxide (Me2SO), dimethyl sulfide (Me2@, benzene, 
xylenes, pentane, hexanes, triethylamine, diisopropylamine, di- 
isopropylethylamine, and pyridine were distilled from calcium 
hydride and stored over 3-A molecular sieves under nitrogen. 
Methanol was distilled from magnesium methoxide, acetone from 
anhydrous potassium carbonate, and methanesulfonyl chloride 
from calcium hydride. Chlorotrimethylsilane (distilled from 
calcium hydride) and methyl iodide were freshly distilled just prior 
t o  use. Hexamethylphosphoric triamide (HMPA) was distilled 
under reduced pressure from sodium and stored over activated 

(26) For 1,4-addition of alkylcuprataa in the presence of chlorotri- 
methylsilane or chlorotrimethylsilane/hexamethylphosphoric triamide, 
see: (a) Alexakis, A.; Berlan, J.; Besace, Y. Tetrahedron Lett. 1986, 
1047-1050. (b) Chuit, C.; Foulon, J. P.; Normant, J. F. Tetrahedron 1981, 
37, 1385-89. (c) Chuit, C.; Foulon, J. P.; Normant, J. F. Tetrahedron 

(26) (a) For the stereoepecific 1,kaddition of vinylmagnesium cuprates 
see: Ley, Steven V.; Neuhaw, D.; Simpkina, N. S.; Whittle, A. J. J.  Chem. 
Soc., Perkin Trans. 1 i982, 2157-2162. (b) For the stereospecific 1,4- 
addition of vinyllithium cuprates, see: (a) Corey, E. J.; Boaz, N. W. 
Tetrahedron Lett. 1985, 26, 6015-6018. (b) Corey, E. J.; Boaz, N. W. 
Tetrahedron Lett. 1985,26, 6019-6022. 

(27) Diels, 0.; Pflaumer, K. Chem. Ber. 1916,49, 158-164. 
(28) Sugasawa, S.; Yamada, SA.; Narahaski, M. J.  Pharm. SOC. Jpn. 

(29) (a) Danishefsky, S.; Yan, C.-F.; Singh, R. K.; Gammill, R. B.; 
McCurry, P. M., Jr.; Fritsch, N.; Clardy, J. J. Am. Chem. SOC. 1979,101, 
7001-7008. (b) Danishefsky, S.; Kitahara, T. J. Am. Chem. SOC. 1974, 
96, 7807-7808. 

(30) For the utilization of this diene in Diels-Alder reactions, see: (a) 
Ibuka, T.; Ito, Y.; Mori, Y.; Aoyama, T.; Inubushi, Y. Synth. Commun. 
1977, 7, 131-136. (b) Reference 15a. 

(31) For the use of ethyl (E)-%acetoxyacrylate as a dienophile, see: (a) 
Ranganathan, S.; Ranganathan, D.; Mehrota, A. K. Synthesis 1976, 
620-621. (b) Blancou, H.; Casadevde, E. Tetrahedron 1976,32,2907. 

(32) (a) Wislicenus, W. Chem. Ber. 1887,20,2930-2934; (b) vonPech- 
man, H. Chem. Ber. 1892,25, 1040-1054. 

(33) Fraser-Reid, B.; Rahman, M.-d. A.; Kelly, D. R.; Srivastava, R. 
M. J .  Org. Chem. 1984,49, 1835-1837. 

(34) (a) Fatiadi, A. J.  Synthesis 1976,133. (b) Stork, G.; Tomasz, M. 
J.  Am. Chem. SOC. 1964,86,471-478. (c) Fraser-Reid, B.; Walker, D. L.; 
Tam, S. Y.-K.; Holder, N. L. Can. J .  Chem. 1973,51,3950-3954. 

(35) House, 0.; Chu, C.-Y.; Phillips, W. V.; Sayer, T. S. B.; Yau, C.-C. 
J .  Org. Chem. 1977,42, 1709-1717. 

(36) (a) Boeckman, R. K., Jr. J.  Org. Chem. 1973,38,4450-4452. (b) 
Posner, G. H.; Lentz, C. M. Tetrahedron Lett. 1977, 33, 3215-3218. 

(37) (a) Stork, G.; Hudrlik, P. F. J. Am. Chem. SOC. 1968, 90, 
4462-4464. (b) Stork, G.; Hudrlik, P. F. J.  Am. Chem. SOC. 1968, 90, 

1980,36, 2305-2310. 

1981, 71, 1345-49. 

4464-4465. 
(38) Kuwajima, I.; Nakamura, E.; Shimizu, M. J. Am. Chem. SOC. 

1982,104, 1025-1030. 



Convergence with Mutual Kinetic Resolution 

3-A molecular sieves. Tetra-n-butylammonium fluoride in tet- 
rahydrofuran (Aldrich) was dried over activated 4-A molecular 
sieves for 12 h before use. Benzyltrimethylammonium fluoride 
was prepared according to the procedure of Kuwajima and Na- 
k a m ~ r a , ~  and stored under nitrogen in a Schlenck tube. When 
prepared in large quantities, it takes several days to thoroughly 
dry the salt at 50 "C (0.025 mmHg) with a liquid nitrogen cooled 
trap. Stirring the viscous residue at 12-14-h intervals facilitates 
the drying process, perhaps by breaking up a surface film. E. 
Merck silica gel 60 of 0.040-0.063-mm mesh size was used for 
column chromatography. The 'H NMR spectra were recorded 
on a Varian EM-360 or a JEOL FX-SOQ NMR spectrometer. The 
CHC1, contaminant in CDC1, or tetramethylsilane was used as 
an internal standard. The 13C NMR spectra were recorded on 
a JEOL FX-9OQ spectrometer a t  22.5 MHz. Chemical shifts for 
both 'H and 13C NMR spectra are expressed in parts per million 
downfield from tetramethylsilane (6). The infrared spectra were 
recorded on a Beckman Model IR-10 or a Perkin-Elmer Model 
599 spectrophotometer and were calibrated with a polystyrene 
standard. 

6-Hydroxy-3-met hyl-2-c yclohexen- 1 -one (9). Following the 
procedure of RubottomQ to a solution of diisopropylamine (1.35 
mL, 9.6 mmol, 1.1 equiv) in THF (20 mL) under nitrogen at -24 
"C was added n-butyllithium (7.3 mL of a 1.35 M solution in 
hexane, 9.9 mmol, 1.1 equiv). After 10 min, enone 7 (1.0 mL, 8.8 
mmol, 1.0 equiv) was added dropwise, and the reaction mixture 
was allowed to stir for 10 min. Then chlorotrimethylsilane (2.35 
mL, 18.5 mmol, 2.1 equiv) was quickly added. After it was stirred 
for 2.5 h at 25 "C, the solution was diluted with pentane (30 mL) 
and was washed with a cold, saturated aqueous solution of sodium 
bicarbonate (10 mL). The organic layer was dried over anhydrous 
sodium sulfate. Filtration and removal of the solvents in vacuo 
afforded the crude enol silyl ether. To a prestirred (20 min a t  
25 "C, then cooled to -25 "C) solution of m-chloroperoxybenzoic 
acid (1.85 g of 90% MCPBA, 9.7 mmol, 1.1 equiv) in hexanes (100 
mL) at -25 "C was added the entire crude enol silyl ether in 
hexanes (5  mL) over 8 min. After it was stirred for 1 h at 25 "C, 
the reaction mixture was filtered, the volatile materials were 
removed in vacuo, and the residue was triturated with pentane. 
The resulting solution was concentrated under reduced pressure, 
and methylene chloride (137 mL) and tetra-n-butylammonium 
fluoride (11 mL of a 1.0 M solution in THF, 11.0 mmol, 1.2 equiv) 
were added at 0 "C. After 2 h of stirring a t  25 "C, the reaction 
mixture was washed successively with a saturated aqueous solution 
of sodium bicarbonate (25 mL), a 5% aqueous solution of hy- 
drochloric acid (25 mL), and a saturated aqueous solution of 
sodium bicarbonate (25 mL). The resulting organic phase was 
dried, filtered, and concentrated in vacuo, and the residue was 
purified by column chromatography (5:1, v/v, hexanes/EtOAc) 
using silica gel (20 g) to yield 9 0.81 g, 73%; IR (neat) 3480,2950, 
1660, 1630, 1100, 880, 860, 800 cm-'; 'H NMR (CDCl,) 6 5.73 (s, 
1 H), 3.93 (dd, J = 5.6, 13.2 Hz, 1 H), 3.68 (s, 1 H), 2.49-1.53 (m, 
7 H including s at 1.82); 13C NMR (CDCl,) 6 199.39,163.95,123.30, 
71.67, 30.63, 30.24, 23.81; mass spectrum, mle (relative intensity) 

83 (8.8), 126 (13.1, M'). 
3-Methyl-6-[ (tert-butyldimethylsilyl)oxy]-2-cyclohexen- 

1-one (10). To a solution of 7 (717 mg, 5.7 mmol, 1.0 equiv) and 
imidazole (1.18 g, 17.3 mmol, 3.0 equiv) in DMF (19 mL) at 0 "C 
was added tert-butyldimethylchlorosilane (1.12 g, 7.4 mmol, 1.3 
equiv). After it was stirred overnight at 25 "C, the reaction 
mixture was diluted with pentane (30 mL) and water (10 mL), 
and after separation of the layers, the aqueous layer was extracted 
with pentane (30 mL). The combined organic layers were dried 
and concentrated in vacuo. Chromatography of the residue (301, 
v/v, hexanes/EtOAc) on silica gel (20 g) yielded 1 0  1.36 g 100%; 
IR (neat) 2950, 1690, 1280, 1160, 1140 cm-'; 'H NMR (CDCl,) 
6 5.81 (s, 1 H), 4.09 (dd, J = 5.9, 9.8 Hz, 1 H), 2.53-1.76 (m, 7 H 
including s at 1.94), 0.90 (s, 9 H), 0.16 (s ,  3 H), 0.08 (s, 3 H); 13C 
NMR (CDC13) 6 198.02, 161.48, 125.06, 73.16, 31.94, 29.98, 25.69, 

3-Methyl-l-methylene-6-[ (tert-butyldimethylsilyl)oxy]- 
2-cyclohexene (13). Into a solution of 10 (1.4 g, 5.8 mmol, 1.0 
equiv) in THF (36 mL) under nitrogen was added [(trimethyl- 
silyl)methyl]magnesium chloride (36 mL of a 1.0 M solution in 
ether, 36.0 mmol, 6.2 equiv) over 11 min. After it was stirred for 

27 (33.8), 38 (23.8), 53 (8.1), 54 (30.6), 82 (100, Mt - CH*HOH), 

23.87, 18.34, -4.55, -5.52. 
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12 h at ambient temperature, the reaction mixture was quenched 
with a cold, saturated aqueous solution of ammonium chloride 
(25 mL) and washed with three 40-mL portions of ether. The 
combined organic layers were dried, filtered, and concentrated 
under reduced pressure to yield the crude diastereomeric tertiary 
alcohols (2.2 g). A portion (428 mg, 1.3 mmol, 1.0 equiv) was 
dissolved in anhydrous methanol (5 mL), and a catalytic amount 
of oxalic acid was added to the solution at 0 OC. After 50 min 
of stirring a t  25 "C, a saturated aqueous solution of sodium 
bicarbonate was added at 0 "C until the solution was basic. The 
volatile material was removed in vacuo, and the residue was 
diluted with ether (30 mL) and washed with one 5-mL portion 
of a saturated aqueous solution of sodium bicarbonate. The 
aqueous phase was washed with two 20-mL portions of ether, and 
the organic layers were combined, dried, filtered, and concentrated 
under reduced pressure. Chromatography of the residual oil on 
silica gel (12 g) using hexanes afforded pure 13: 0.19 g; IR (neat) 
2960,2950,2940,1650,1260,1120, 1080,950,940,900,890,860, 
840 cm-'; 'H NMR (CDC13) 6 5.89 (a, 1 H), 4.98 (s, 1 H), 4.75 (8 ,  

1 H), 4.38-4.11 (m, 1 H), 2.29-1.56 (m, 7 H including s at 1.76), 
0.95 (8 ,  9 H), 0.12 (s, 6 H); 13C NMR (CDCI,) 6 146.65, 137.54, 

Osmylation of 13. Into a solution of N-methylmorpholine 
N-oxide monohydrate (246 mg, 1.8 mmol, 1.0 equiv) and osmium 
tetroxide (4.5 mL of a 0.02 M solution in tert-butyl alcohol, 0.09 
mmol, 0.05 equiv) in water (2 mL) and acetone (12 mL) a t  0 "C 
was added a solution of 13 (432 mg, 1.8 mmo1,l.O equiv) in acetone 
(5 mL) over 3 min. After 5 h of stirring and warming to 25 "C, 
a slurry of sodium thiosulfate (319 mg) and florid (1.2 g) in water 
was added. After 30 min, the mixture was filtered, the volatile 
material was removed under reduced pressure, and the residue 
was diluted with brine (15 mL) and extracted with three 20-mL 
portions of ethyl acetate. The combined organic layen were dried, 
filtered, and concentrated under reduced pressure, and chro- 
matography of the residue on silica gel (15 g) using hexane/ethyl 
acetate (5:1, v/v) yielded the less polar 15 and the more polar 16. 
1 5  215 mg, 44%; IR (neat) 3430,2925,1680,1250 cm-'; 'H NMR 
(CDC13) 6 5.23 and 5.04 (both s, 1 H), 4.17-3.66 (m, 2 H), 3.44-2.72 
(m, 3 H), 2.12-1.40 (m, 7 H including s at 1-60), 0.84 (s,9 H), 0.06 
(s,6 H); 13C NMR (CDCl,) 6 139.56, 138.52, 123.37, 122.65, 76.80, 
72.32, 71.60, 69.72, 67.05, 66.53, 28.62, 28.42, 27.97, 27.06, 25.69, 
23.22, 22.90,17.82, -4.29, -4.81, -5.07. 1 6  94 mg, 19%; IR (CHCl,) 
3560, 2925, 1270 cm-'; 'H NMR (CDCl,) 6 5.04 (s, 1 H), 4.98 (s, 
1 H), 4.44-4.27 (m, 1 H), 4.09 (s, 1 H), 2.64 (br s, 2 H), 1.88-1.46 
(m, 4 H), 1.23 (s,3 H), 0.87 (s,9 H), 0.04 (s, 6 H); 13C NMR (CDClJ 
6 149.90,109.32,76.80,73.16,71.67, 32.52,31.61,25.69,25.17,18.08, 
-4.94, -5.07; mass spectrum, mle (relative intensity) 73 (11.2), 
75 (53.0), 81 (10.4), 95 (31.3), 97 (9.7), 105 (41.8), 122 (10.4), 123 
(22.4), 140 (25.4), 157 (8.2, M+ - t-BuSiMe2), 179 (39.6), 180 (6.7), 
197 (lOO.O), 198 (16.4), 201 (9.7), 215 (8.2, M+ - C(CH&), 240 (2.5), 

Mesylation of 15. Into a solution of 15 (249 mg, 0.92 mmol, 
1.0 equiv) in pyridine (9 mL) at 0 "C was added slowly meth- 
anesulfonyl chloride (0.09 mL, 1.2 mmol, 1.3 equiv), and the 
resulting solution was allowed to stand for 48 h a t  0 "C. The 
reaction mixture was diluted with methylene chloride (30 mL) 
and washed successively with three 10-mL portions of a 10% 
aqueous solution of hydrochloric acid, one 10-mL portion of a 
saturated aqueous solution of sodium bicarbonate, and one 10-mL 
portion of brine. The organic phase was dried, filtered, and 
concentrated under reduced pressure to give crude 17: 305 mg, 
95%; IR (neat) 3350,2920,1270 cm-l; 'H NMR (CDCl,) 6 5.38 
and 5.19 (s, 1 H), 4.32 and 4.16 (AB quartet, J = 10.2 Hz, 2 H), 
4.03 (s, 1 H), 3.89-3.64 (m, 1 H), 3.02 and 3.01 (both s, 3 H), 
2.09-1.49 (m, 7 H including s a t  1.68), 0.88 and 0.85 (both s, 9 
H), 0.11, 0.08, and 0.07 (3 s ,  6 H); I3C NMR (CDC13) 6 140.41, 
121.29, 120.12, 74.20, 72.38, 71.80,69.26, 37.40, 28.55, 27.06, 26.67, 

Protection of 17. Into a solution of crude 17 (305 mg, 0.87 
mmol, 1.0 equiv) in diisopropylethylamine (1.2 mL, 6.9 mmol, 7.9 
equiv) at 0 "C was added chloromethyl methyl ether (0.33 mL, 
4.3 mmol, 5.0 equiv). After being stirred at room temperature 
for 14 h, the reaction mixture was diluted with ether (30 mL) and 
washed successively with saturated aqueous sodium bicarbonate 
(10 mL) and brine (10 mL). Drying, filtering, and concentrating 
in vacuo afforded crude 18: 322 mg, 94%; IR (neat) 2920,1660, 

124.02, 107.63, 70.37, 32.52, 29.33, 25.95, 23.29, 18.34, -4.68. 

254 (3.2, M+ - H,O), 272 (0.15, M'). 

25.69, 23.29, 17.89, -4.22, -4.55, -5.07. 
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1420,1340,1240,1160 cm-'; 'H NMR (CDCl,) 6 5.35 and 5.16 (both 
s, 1 H), 4.84 and 4.65 (one AB quartet, J = 7.1 Hz) and 4.77 and 
4.56 (second AB quartet, J = 7.1 Hz, combined 2 H), 4.31-4.12 
(m, 2 H), 3.97-3.73 (m, 1 H), 3.34 and 3.33 (both s, 3 H), 3.01 and 
2.99 (both s, 3 H), 2.18-1.47 (m, 7 H including s at 1.73), 0.88 and 

6 143.33, 119.40, 116.93, 92.61, 91.83, 77.52, 76.35, 72.64, 71.80, 
70.30, 69.91, 55.54, 55.15, 37.40, 29.14, 26.99, 26.47, 25.76, 23.55, 
20.49, 18.02, -4.35, -5.07; mass spectrum, m / e  (relative intensity) 
46 (25.0), 73 (14.5), 75 (17.8), 81 (85.5), 89 (28.9), 91 (65.8), 93 (17.8), 
95 (14.5), 101 (9.2), 105 (64.5), 106 (13.2), 107 (12.5), 109 (10.5), 
119 (11.8), 123 (23.7), 127 (47.4), 129 (43.4), 153 (21.7), 179 (13.8), 

(9.9), 254 (9.2, 285 - OCH,), 285 (8.4, M+- CHzOMs), 333 (1.4, 

Desilylation of 18 under Reflux. To a solution of 18 (322 
mg, 0.82 mmol, 1.0 equiv) in THF (14 mL) was added tetra-n- 
butylammonium fluoride (3.2 mL of a 1.0 M solution in tetra- 
hydrofuran, 3.2 mmol, 3.9 equiv). After being stirred for 15 min, 
the reaction mixture was heated under reflux for 15 min, diluted 
with ether (60 mL), and washed with saturated aqueous sodium 
bicarbonate (10 mL). Thin-layer chromatographic analysis of the 
residue following drying, filtering, and concentration in vacuo 
revealed two products. After column chromatography (hexanes; 
then 1090, v/v, ethyl acetate/hexanes; then 5050, v/v, ethyl 
acetate/hexanes) using silica gel (15 g) the polar compound (61.6 
mg, 27%) was found to be 19P and the less polar compound the 
desired oxetane 8. 198: 'H NMR (CDCI,) 6 5.26 (s, 1 H), 4.78 
and 4.51 (AB quartet, J = 7.1 Hz, 2 H), 4.36-3.97 (m, 3 H), 
3.70-3.40 (m, 1 H), 3.27 (s, 3 H), 2.93 (s, 3 H), 2.20-1.39 (m, 7 H 
including s at 1.67); 13C NMR (CDC1,) 6 145.41, 118.16, 91.96, 
75.83,71.15,68.61,55.48,36.94, 29.53,26.21, 23.35; massspectrum, 
m / e  (relative intensity) 43 (14.2), 45 (83.8), 79 (11.8), 81 (32.4), 
93 (16.9), 95 (18.9), 109 (45.9), 123 (18.2), 127 (12.6), 139 (100.0), 

OCHz0CH3), 279 (1.4), 280 (0.3, M+). 8: 90 mg, 60%; IR (neat) 
2930, 1260, 1010 cm-'; 'H NMR (CDCl,) 6 5.42 (8 ,  1 H), 5.01 (s, 
1 H), 4.77 and 4.49 (AB quartet, J = 6.8 Hz, 2 H), 4.65 and 4.10 
(AB quartet, J = 5.4 Hz, 2 H), 3.40 (s, 3 H), 2.20-1.70 (m, 7 H 
including s at 1.84); 13C NMR (CDCl,) 6 140.86, 120.51, 92.28, 
86.17, 81.49,73.03, 55.34,24.65, 24.20, 23.35; mass spectrum, m / e  
(relative intensity) 45 (100.0, CHzOCH3), 81 (15.3), 95 (16.6), 105 

0.85 (both S, 9 H), 0.09,0.08, 0.07 (3 8, 6 H); "C NMR (CDCl,) 

197 (100.0,254 - C(CH,),), 198 (15.8), 209 (21.1), 211 (11.8), 237 

M+ - OCHzOCH&, 335 (2.2), 394 (0.05 M'). 

140 (10.3), 141 (10.4), 171 (17.6, M+ - CHZOMs), 219 (1.4, M+ - 

(10.3), 109 (9.4), 123 (50.0, M+ - OCHZOCHJ, 125 (11.2),137 (13.21, 
154 (32.6, M+ - CHZO), 155 (20.1). 
Reaction of 64 ( tert -Butyldimethylsilyl)oxy]- l-methyl- 

cyclohex-1-ene with Dichloroketene. A solution of 6-[(tert- 
butyldimethylsilyl)oxy]-l-methylcyclohex-l-ene39 (502 mg, 2.2 
mmol, 1.0 equiv; prepared by NaBH4/CeC13 reductionq0 of the 
2-methy1-2-cyclohe~en-l-one~~ and then silylation'O) in ether (2 
mL) was added via syringe to a suspension of zinc-copper couplezz 
(221 mg, 3.4 mmol, 1.5 equiv) in ether (4.4 mL) and 1,2-di- 
methoxyethane (1.1 mL). Then freshly distilled trichloroacetyl 
chloridez (0.35 mL, 3.1 mmol, 1.4 equiv) was added. The mixture 
was heated under reflux for 48 h and then cooled to room tem- 
perature. Dilution with pentane (30 mL) afforded an organic 
phase that was washed with a saturated aqueous solution of 
sodium bicarbonate (10 mL). The resulting organic phase was 
dried, filtered, and concentrated in vacuo, and the residue was 
subjected to column chromatography on silica gel (15 g) to give 
recovered starting material (51 mg, 9.3%) and a clear, colorless 
oil (221 mg, 29.5%) that solidified on standing to give a white 
crystalline solid IR (neat) 2950,2870,1810,1460,1260,1110 cm-'; 
'H NMR (CDCl,) b 3.92-3.51 (m, 2 H), 2.10-1.20 (m, 9 H including 
s a t  1.50), 0.90 (s, 9 H), 0.08 (s, 6 H). 
4@,6a-Dihydroxy-Sa-( hydroxymethy1)-1-methylcyclohex- 

1-ene and 4P,G@-Dihydroxy-3a-( hydroxymethy1)-1-methyl- 
cyclohex-1-ene (30). A mixture of l-ethoxy-3-[(trimethyl- 
silyl)oxy]-2-methyl-1,3-butadienen~~~zs~30 (10.1 g, 50.5 mmol, 1.6 
equiv), ethyl (E)-3-acetoxya~rylate~~~~ (5.0 g, 31.6 mmo1,l.O equiv), 

Lin e t  al. 

and hydroquinone (35 mg, 0.32 mmol, 0.01 equiv) was placed under 
nitrogen. The pale yellow solution was heated at 180-185 "C for 
1.5 h, at which time 'H NMR spectroscopy showed the complete 
disappearance of ethyl (E)-3-acetoxyacrylate. The volatile ma- 
terials were removed in vacuo (0.025 mm) at 70 "C. The residue 
(9.6 g, 85 % ) was 2-methyl-3a-ethoxy-4a-carbethoxy-5~-acetoxy- 
1- [ (trimethylsilyl)oxy]-1-cyclohexene and 2-methyl-3P-ethoxy- 
4a-carbethoxy-5@acetoxy-l-[ (trimethylsily1)oxyl-1-cyclohexene 
(29), as indicated by spectral data: IR (neat) 2990,2921,2900, 
1730, 1678,1638,1454,1386,1330,1267,1223,1105,1063,889, 
800, 780 cm-'; 'H NMR (60 MHz, CDCl,) 6 5.63-4.63 (m, 1 H), 
4.43-3.80 (m, 3 H including a quartet a t  4.13), 3.77-3.13 (m, 2 
H), 3.07-1.83 (m, 6 H including s a t  1.93), 1.73-0.87 (m, 9 H 
including br s at 1.52 and t a t  1.20), 0.10 (s,9 H). The entire crude 
residue (9.6 g, 26.8 mmol, 1.0 equiv) in tetrahydrofuran (9 mL) 
was added dropwise to a solution of lithium aluminum hydride. 
(8.2 g, 215.8 mmol, 8 equiv) in tetrahydrofuran (80 mL) at 0 "C,19 
protected by a calcium chloride guard tube. After 30 min a t  0 
"C, the reaction was stirred at room temperature for 18 h. The 
reaction was cooled to 0 "C, and ethyl acetate (60 mL) was added 
slowly, followed by water (41 mL). The slurry was stirred at room 
temperature for 30 min and then filtered through a sintered glass 
funnel, and the filtrate was concentrated under reduced pressure. 
Chromatography of the crude residue on silica gel (25 g) with 1% 
methanol in ethyl acetate and then 5% methanol in ethyl acetate 
gave 2.4 g (56%) of a mixture of l-methyl-3a-(hydroxy- 
methyl)-4~,6a-dihydroxy-l-cyclohexene and l-methyl-3a-(hy- 
droxymethyl)-4~,6~-dihydroxy-l-cyclohexene (30): IR (neat) 3300, 
2920,1450,1380,1300,1085,1045,910 cm-'; 'H NMR (60 MHz, 
pyridine-d,) 6 6.53-5.03 (m, 5 H), 4.83-3.77 (m, 4 H), 3.20-1.77 
(m, 5 H including br s at 2.10). 
7a-Hydroxy-2,2,6-trimethyl-4aP,7,8,8aa-tetrahydro-4.H - 

1,3-benzodioxin and 7P-Hydroxy-2,2,6-trimethyl- 
4a~,7,8,8aa-tetrahydro-4H-l,3-benzodioxin (31). To a mixture 
of l-methyl-3a-(hydroxymethyl)-4~,6a-dihydroxy-l-cyclohexene 
and l-methyl-3a-(hydrox~ethyl)-4~,6~-dihydro~-l-~clohexene 
(30,2.4 g, 15.2 mmol, 1.0 equiv) in NJ-dimethylformamide (30 
mL) and 2,2-dimethoxypropane (18 mL, 146.6 mmol, 9.6 equiv) 
was added p-toluenesulfonic acid (57 mg, 0.30 mmol,0.02 equiv). 
The reaction mixture was stirred a t  room temperature for 1 h, 
diluted with methylene chloride (150 mL), and washed with two 
30-mL portions of a saturated aqueous solution of sodium bi- 
carbonate and then one 30-mL portion of brine. The organic phase 
was dried over anhydrous sodium sulfate and concentrated in 
vacuo, first at 15 mm and then at 0.025 mm. The crude residue 
was subjected to chromatography on silica gel (25 g) with 25% 
ethyl acetate in hexanes and then 40% ethyl acetate in hexanes 
to give 2.4 g (80%) of a mixture of 7a-hydroxy-2,2,6-trimethyl- 
4a@,7,8,8aa-tetrahydro-4H-1,3-benzodioxin and 7P-hydroxy- 
2,2,6-trimethyl-4a~,7,8,8aa-tetrahydro-~-l,3-benzodioxin (31): 
IR (neat) 3385, 3010, 2965, 2890, 1457, 1398, 1387, 1291, 1264, 
1220,1184,1092,1042,995,975,945,921,895,858,818,794 cm-'; 
'H NMR (60 MHz, CDC1,) 6 5.02 (br s, 1 H), 4.53-3.20 (m, 4 H), 
2.60-1.60 (m, 7 H including br s at 1.73), 1.45 (s, 3 H), 1.40 (s, 
3 H). 
2,2,6-Trimethyl-4aP,7,8,8aa-tetrahydro-4H -1,3-benzo- 

dioxin-7-one (32). A solution of a mixture of 7a-hydroxy- 
2,2,6-trimethyl-4a~,7,8,8aa-tetrahydro-4H-l,3-benzodioxin and 
7P-hydroxy-2,2,6-trimethyl-4ap,7,8,8aa-tetrahydro-4H- 1,3- 
benzodioxin (31; 1.7 g, 8.6 mmol, 1.0 equiv) and activated man- 
ganese dioxideu (8.5 g, 9.8 mmol,11.4 equiv) in methylene chloride 
(43 mL) was stirred at room temperature for 9 h. The black slurry 
was filtered through Celite and concentrated in vacuo to give 1.5 
g (89%) of 2,2,6-trimethyl-4ap,7,8,8aa-tetrahydro-4H-l,3-benzo- 
dioxin-7-one (32): mp 97-99 "C; IR (CHCL,) 3010, 2895, 1670, 
1399,1372,1294,1270,1220,1190,1155,1115,1067,982,922,895 
cm-'; 'H NMR (90 MHz, CDCI,) 6 6.24 (br s, 1 H), 4.24-3.52 (m, 
3 H), 3.00-2.24 [m, 3 H including 2.76 (dd, J = 5.1,16.3 Hz) and 
2.39 (dd, J = 12.4, 16.3 Hz)], 1.75 (br s, 3 H), 1.45 (s, 3 H), 1.40 
(8 ,  3 H). Anal. Calcd for CllH1603: C, 67.32; H, 8.22. Found: 
C, 66.95; H, 8.07. Following careful chromatography, a small 
amount of the cis-fused enone 2,2,6-trimethyl-4a&7,8,8aP-tetra- 
hydro-4H-1,3-benzodioxin-7-one could be isolated and charac- 
terized: IR (CHC1,) 3005,2900,1670,1399,1385,1295,1245,1218, 
1180,1160,1105, 1041,1005,992,948,925,870 cm-'; 'H NMR 
(90 MHz, CDCl,) 6 6.42 (br s, 1 H), 4.50 (m, 1 H), 4.20 (dd, J = 

(39) Detty, M. R.; Seidler, M. D. J. Org. Chem. 1981,46, 1283-1292. 
(40) Gemal, A. L.: Luche, J.-L. J. Am. Chem. SOC. 1981, 103, 

5454-5459. 
(41) Wamhoff, E. W.; Martin, D. G.; Johnson, W. S. In Organic 

Syntheses; Rabjohn, N., Ed.; Wiley: New York, 1963; Collect. Vol. IV, 
pp 162-166. 

5454-5459. 
(41) Wamhoff, E. W.; Martin, D. G.; Johnson, W. S. In Organic 

Syntheses; Rabjohn, N., Ed.; Wiley: New York, 1963; Collect. Vol. IV, 
pp 162-166. 
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3.4,12.0 Hz, 1 H), 3.83 (dd, J = 1.7, 12.0 Hz, 1 H), 2.74-2.18 (m, 
3 H), 1.79 (br s, 3 H), 1.42 (8, 3 H), 1.25 (s, 3 H). 
2,2,6,6-Tetramethyl-5cr-vinyl-4aa,5,6,7,8,8aa-hexahydro- 

4H-1,3-benzodioxin-?-one and 2,2,6,6-Tetramethyl-50- 
vinyL4aj3,5,6,7,8,8aa- hexahydro-4H- 1,3-benzodioxin-7-one. 
To purified cuprous iodide (1.6 g, 8.4 mmol, 1.1 equiv) in ether 
(39 mL) a t  -50 "C under nitrogen was added dropwise vinyl- 
magnesium bromide (12.6 mL of a 1.35 M solution in tetra- 
hydrofuran, 17 mmol, 2.2 equiv).26p26 The slurry was warmed to 
-30 "C over 20 min and then stirred a t  -30 "C for 15 min. The 
light brown slurry was cooled to -50 "C and 2,2,6-trimethyl- 
4a~,7,8,8a~-tetrahydro-4H-1,3-benzodioxin-7-one (32; 1.5 g, 7.7 
mmol, 1.0 equiv) in ether (20 mL) was added dropwise. The 
reaction was stirred a t  -50 "C for 30 min. Then chlorotri- 
methylsilane (2 mL, 15.8 mmol, 2.0 equiv) was added, followed 
by hexamethylphosphoric triamide (1.3 mL, 7.5 mmol, 1 equiv).,' 
The bath was allowed to warm slowly to room temperature over 
12 h. The reaction mixture was diluted with hexanes (120 mL), 
stirred at room temperature for 10 min, and then filtered through 
Celite. The filtrate was concentrated in vacuo, the residue was 
triturated with hexanes, and the supernatant was dried with 
anhydrous sodium sulfate. Concentration in vacuo gave 2.0 g 
(88%) of crude 2,2,6-trimethyl-7-[ (trimethylsilyl)oxy]-5-vinyl- 
4a&5,8,8aa-tetrahydro-4H-l,3-benzodioxin: 'H NMR (60 MHz, 
CDClJ 6 6.08-4.75 (m, 3 H), 4.42-3.28 (m, 3 H), 2.82-1.12 (m, 
13 H including 2 s at 1.47 and 1.40), 0.18 (s,9 H). The compound 
was immediately methylated. 

Following the procedure of Kuwajima and N a k a m ~ r a , ~ ~  a 
suspension of benzyltrimethylammonium fluoride (1.7 g, 10.2 
mmol, 1.5 equiv) and activated 4-A molecular sieves (8.9 g) in 
tetrahydrofuran (14 mL) was stirred at room temperature under 
nitrogen for 18 h. To this was added methyl iodide (4.3 mL, 69 
mmol, 10 equiv) followed by 2,2,6-trimethyl-7-[ (trimethylsily1)- 
oxy]-5-vinyl-4@,5,8,8aa-tetrahydro-4H-l,3-benzodioxin (2.0 g, 6.8 
mmol, 1.0 equiv) in tetrahydrofuran (10 mL). The slurry was 
stirred at room temperature for 24 h and then filtered through 
Celite and evaporated in vacuo. The residue was immediately 
subjected to chromatography on silica gel (40 g) with 5% ethyl 
acetate in hexanes and 10% ethyl acetate in hexanes to give 1.08 
g (59%) of 2,2,6,6-tetramethyl-5a-vinyl-4ap,5,6,7,8,8aa-hexa- 
hydro-4H-1,3-benzodioxin-7-one and 2,2,6,6-tetramethyl-5P- 
vinyl-4a~,5,6,7,8,8aa-hexahydro-4H-1,3-benzodioxin-7-one as a 
1:l mixture of diastereomers, not separable by chromatography: 
'H NMR (60 MHz, CDCl,) 6 6.07-4.70 (m, 3 H), 4.33-3.23 (m, 
3 H), 3.07-1.57 (m, 4 H), 1.41 (s, 6 H), 1.33 (s) and 1.10 (s) and 
0.99 (s) and 0.94 (s, combined 6 H). 
5a-Formyl-2,2,6,6-tetramethyl-4aP,5,6,7,8,8aa-hexahydro- 

4H-1,3-benzodioxin-7-one and 5@-Formyl-2,2,6,6-tetra- 
methyl-4ap,5,6,7,8,8aa-hexahydro-4H- 1,3-benzodioxin-7-one. 
Ozone was passed into a solution of 2,2,6,6-tetramethyl-5a- 
vinyl-4a~,5,6,7,8,8a~-hexahydro-4H-1,3-benzodioxin-7-one and 
2,2,6,6-tetramethyl-5P-vinyl-4ap,5,6,7,8,8aa-hexahydro-4H-l,3- 
benzodioxin-7-one (874 mg, 3.67 mmol, 1.0 equiv) in dry methanol 
(92 mL) a t  -78 "C for 25 min. The excess ozone was dispersed 
by bubbling oxygen through the solution until the blue color had 
disappeared. Then at -78 "C dimethyl sulfide (5 mL) was added. 
The reaction was stirred at room temperature for 7 h. The volatile 
material was removed in vacuo, and the residue was chromato- 
graphed on silica gel (45 g) with 15% ethyl acetate in hexanes 
and then 20% ethyl acetate in hexanes. From this was isolated 
73 mg (8%) of recovered 2,2,6,6-tetramethyl-5a-vinyl- 
4~,5,6,7,8,8aa-hexahydro-41,3-benzodioxin-7-one (34) and 260 
mg (30%) of 5P-formyl-2,2,6,6-tetramethyl-4ap,5,6,7,8,8aa-hexa- 
hydro-4H-1,3-benzodioxin-7-one: IR (CHCl,) 3015, 2965, 2895, 
1715,1480,1403,1295,1223,1195,1156,1117,1065,985,901,890, 
767, 717 cm-I; lH NMR (60 MHz, CDC1,) 6 9.18 (d, J = 3.6 Hz, 
1 H), 4.10-3.27 (m, 3 H), 3.03-2.23 (m, 3 H), 2.06 (dd, J = 3.7, 
12.0 Hz, 1 H), 1.43 (s, 6 H), 1.24 (s, 3 H), 1.21 (s, 3 H); 'H NMR 
(60 MHz, benzene-d,) 6 9.15 (d, J = 3.6 Hz, 1 H), 3.97-2.90 (m, 
3 H), 2.67-1.77 (m, 3 H), 1.47 (8) and 1.43 (dd, J = 3.6, 12.0 Hz,* 
combined 4 H), 1.18 (s, 3 H), 1.04 (s, 3 H), 0.68 (s, 3 H). Also 
isolated was 270 mg (31 %) of 5a-formyl-2,2,6,6-tetramethyl- 
4a~,5,6,7,8,8aa-hexahydro-4H-1,3-benzodioxin-7-one (24): mp 

1270,1215,1190,1150,1108,1065,1032,981,895,850,792,732 
cm-'; 'H NMR (60 MHz, CDClJ 6 9.88 (d, J = 4 Hz, 1 H), 

112-113.5 "C; IR (CHClJ 3010,2960,2895,1710,1470,1400,1296, 
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4.67-3.05 (m, 3 H), 3.00-2.27 (m, 4 H), 1.42 (s, 6 H), 1.37 (8, 3 H), 
1.10 (s,3 H); 'H NMR (60 MHz, benzene-d6) 6 9.13 (d, J = 4 Hz, 
1 H), 4.40-3.20 (m, 3 H), 2.90-2.00 (m, 3 H), 1.88 (t, J = 4 Hz,* 
1 H), 1.43 (s, 3 H), 1.17 (s, 3 H), 0.90 (s, 3 H), 0.73 (s, 3 H). Anal. 
Calcd for C13HmO4: C, 64.98; H, 8.39. Found: C, 64.64; H, 8.48. 
Irradiating the aldehyde hydrogen atom and observing the starred 
resonance resulted in a collapse to a doublet with J = 12 Hz for 
the equatorial isomer and a doublet with J = 4 Hz for the axial 
isomer. 
Axial l,4-Addition of Vinyl. 2,2,6,6-Tetramethyl-5~ 

vinyl-4a@,5,6,7,8,8aa-hexahydro-4H- 1,3-benzodioxin-7-one 
(34). To dimethyl sulfide-copper bromide complex (2.09 g, 10.2 
mmol, 2.0 equiv) in THF (26 mL) at -75 "C under nitrogen was 
added dropwise over a period of 20 min a solution of vinyl- 
magnesium bromide [16 mL of a 1.25 M solution in THF, 20.4 
mmol, 4.0 equiv, that had been diluted with THF (10 mL)].25*26 
The resulting heterogeneous brown-green solution was stirred at 
-75 "C for 20 min. Then a solution of chlorotrimethylsilane (3.2 
mL, 25.5 mmol, 5.0 equiv) and HMPA (1.8 mL, 10.2 mmol, 2.0 
equiv) in THF (10 mL) was added over a period of 4 min. This 
was immediately followed by a solution of 2,2,6-trimethyl- 
4a~,7,8,8aa-tetrahydro-4H-1,3-benzodioxin-7-one (32; 1.0 g, 5.1 
mmol, 1.0 equiv) in THF (10 mL). The reaction was stirred at 
-75 "C, and the bath was allowed to warm slowly to room tem- 
perature.42 After being stirred for 18 h, the reaction mixture was 
diluted with hexanes (200 mL) and filtered through Celite. The 
filtrate waa concentrated under reduced pressure, the residue was 
triturated with hexanes, and the supernatant was dried over 
anhydrous sodium sulfate. Filtration and evaporation of the 
supernatant under reduced pressure gave 1.41 g (93%) of 2,2,6- 
trimethyl-7- [ (trimethylsilyl)oxy]-5a-vinyl-4a~,5,8,8aa-tetra- 
hydro-4H-1,3-benzodioxin (33): 'H NMR (60 MHz, CDCl,) 6 
5.80-4.70 (m, 3 H), 4.37-3.47 (m, 3 H), 2.77-1.30 (m, 4 H), 1.50 
(br s) and 1.43 (s) and 1.38 (s, combined 9 H), 0.18 (8 ,  9 H). 
Following the procedure of Kuwajima and N a k a m ~ r a , ~ ~  a sus- 
pension of benzyltrimethylammonium fluoride (1.17 g, 7.0 mmol, 
1.6 equiv) and activated 4-1\ molecular sieves (6.7 g) in THF (10 
mL) was stirred under nitrogen at room temperature for 4 h. Then 
methyl iodide (2.7 mL, 42.9 mmol, 10 equiv) was added, followed 
by 2,2,6-trimethyl-7- [ (trimethylsilyl)oxy]-5a-vinyl-4a~,5,8,8aa- 
tetrahydro-4H-1,3-benzodioxin (33; 1.27 g, 4.29 mmol, 1.0 equiv) 
in THF (10 mL). The reaction mixture was stirred at room 
temperature for 15 h and then filtered through Celite and con- 
centrated under reduced pressure. Chromatography of the residue 
on silica gel (40 g) with 2% ethyl acetate in hexanes, 5% ethyl 
acetate in hexanes, and finally 10% ethyl acetate in hexanes gave 
538 mg (53%) of 2,2,6,6-tetramethyl-5a-vinyl-4a@,5,6,7,8,8aa- 
hexahydro-4H-1,3-benzodioxin-7-one (34): mp 90-92 "C; IR 

1150, 1102, 1060, 1030,960,890,875 cm-'; 'H NMR (90 MHz, 
CDC1,) 6 5.68-4.80 (m, 3 H), 4.24-3.60 (m, 3 H), 2.96-1.96 (m, 
4 H), 1.36 (s, 6 H), 1.29 (s, 3 H), 0.90 (s, 3 H). Anal. Calcd for 
C14H2203: C, 70.55; H, 9.30. Found: C, 70.45; H, 9.38. 
5a-Formyl-2,2,6,6-tetramet hyl-4aP,5,6,7,8,8aa-hexahydro- 

4H-l,3-benzodioxin-7-one (24). A solution of 2,2,6,6-tetra- 
methyl-5a-vinyl-4a~,5,6,7,8,8acr-hexahydro-4H-1,3-benzodioxin- 
7-one (34; 113.5 mg, 0.48 mmol) in dry methanol (10 mL) at -75 
"C was treated with ozone for 15 min. The blue color was dis- 
persed by a flow of oxygen, and dimethyl sulfide (1.0 mL) was 
added dropwise at -75 "C. The reaction was then stirred at room 
temperature for 7 h and then concentrated under reduced 
pressure. Chromatography on silica gel (15 g) with 15% ethyl 
acetate in hexanes and then 20% ethyl acetate in hexanes gave 
61.6 mg (54%; 69% based on starting olefin not recovered) of pure 
5a-formyl-2,2,6,6-tetramethyl-4a~,5,6,7,8,8aa-hexahydro-~-l,3- 
benzodioxin-7-one (24) whose spectral properties were identical 
with those of the sample reported above. 
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The chemical synthesis of a 26-residue atrial natriuretic peptide is reported where the assembly was carried 
out by using a solid-phase fragment based approach. This methodology allowed the production of the quantities 
necessary for safety assessment and clinical studies. A detailed description of the strategy, synthesis, purification, 
and associated problems is presented. 

Introduction 
Recently, a number of related peptides have been iso- 

lated from mammalian heart tissue which possess ex- 
tremely potent vasorelaxant and diuretic pr0perties.l 
These peptides are released from granules in the atrium 
in response to various stimuli, and they are thought to be 
a key factor in the control of water-electrolyte balance. 
Although the individual peptides have been given various 
names, they are generically known as atrial natriuretic 
facto&) (ANF) or atrial natriuretic peptides(s). Despite 
the problems associated with isolation from tissue con- 
taining very small amounts of active material, several 
groups of investigators were able to characterize several 
peptides of varying length from rat tissue which all dis- 
played complete sequence homology with a central "core" 
region, but with varying numbers of residues at the N- and 
C-termini.lw Almost all of the isolated peptides are active 
as natriuretic agents but display varying potencies. Most 
of these compounds also cause the relaxation of intestinal 
and vascular smooth muscle. We became interested in 
synthesizing larger amounts of one of the most potent of 
these peptides in order to fully determine its biological, 
chemical, and physical properties, as well as its possible 
use in a clinical setting. The 26-residue peptide 1 (rat ANF 
(8-33)) was chosen as our target, because it contained the 
minimum sequence necessary for full potency in the var- 
ious tissues mentioned above. 

Synthesis 
Upon examination of 1 (numbering of the residues is 

based upon the longest ANF (33 amino acids) isolated at  
the Clinical Research Institute in 1983),lb approaches to 

(1) (a) Needleman, P.; Greenwald, J. E. New Engl. J.  Med. 1986,314, 
828-834. (b) Seidah, N. G.; Lazure, C.; Chretien, M.; Thibault, G.; Garcia, 
R.; Cantin, M.; Genest, J.; Nutt, R. F.; Brady, S. F.; Lyle, T. A.; Paleveda, 
W. J.; Colton, C. D.; Ciccarone, T. M.; Veber, D. F. R o c .  Natl. Acad. Sci. 
U S A .  1984,81,2640-2644. (c) Currie, M. G.; Geller, D. M.; Cole, B. R.; 
Boylan, J. G.; Yu-Sheng, W.; Holmberg, S. W.; Needleman, P. Science 
(Washington, D.C.) 1983,221, 71-73. (d) Flynn, T. G.; de Bold, M. L.; 
de Bold, A. J. Biochem. Biophys. Res. Commun. 1983, 117, 859-865. 
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its synthesis as well as problems that might be encountered 
are evident. The well-known synthetic problems2 asso- 
ciated with arginine (Arg), aspartic acid (Asp), and tyrosine 
(Tyr) had to be considered for all possible syntheses and 
will be discussed in detail. The presence of several glycine 
(Gly) residues spaced throughout the sequence made a 
fragment condensation strategy worth consideration, since 
carboxyl activation of C-terminal Gly fragments could not 
lead to the problems of racemization frequently encoun- 
tered in fragment  coupling^.^ Fragment based syntheses 
rely on the assembly of several smaller peptides of high 
purity to provide the target peptide free of impurities that 
can arise in longer sequences made by the stepwise solid- 
phase method and that can be very difficult to remove. 

Our first successful synthesis made use of minimally 
protected fragments that were coupled in solution by using 
the azide m e t h ~ d . ~  However, in order to meet the ever 
increasing demand for material needed for safety evalua- 
tion and clinical testing, we required a more efficient route 
that was capable of yielding gram amounts of the peptide 
1 in high purity. We then decided to evaluate an approach 
that involved the coupling of fully protected fragments 
onto a solid support to provide the full ANF sequence in 
the protected resin bound form 2 shown in Scheme I. In 
theory, this strategy could afford multigram amounts of 
resin bound peptide, which could then be processed to 
yield high purity material without extensive purification. 

The route illustrated in Scheme I requires substantial 
amounts of the fragments 3,4, and 5 in high purity, as well 
as the C-terminal resin-bound octapeptide 6. It seemed 
likely that the fragments could be synthesized by the 

(2) (a) Bodanazky, M.; Martinez, J. Synthesis 1981,333-356. (b) Tam, 
J. P.; Heath, W. F.; Merrifield, R. B. J. Am. Chem. SOC. 1983, 105, 
64424455. 

(3) Yajima, H.; Kieo, Y. Chem. Pharm. Bull. 1974, 1087-1094. Pe- 
droeo, E.; Grandas. A.; S a r a l e d  M. A.; Giralt, E.: Granier, C.; Van 
Reitschoten, J. Tetrahedron 1382,38, 1183-1192. 

(4) (a) Nutt, R. F.; Brady, S. F.; Lyle, T. A.; Colton, C. D.; Paleveda, 
W. J.; Ciccarone, T. M.; Veber, D. F. Pept., Proc. 18th Eur. Pept .  Sym- 
pos., 1984 1985, 513-516. (b) Nutt, R. F.; Brady, S. F.; Lyle, T. A.; 
Ciccarone, T. M.; Paleveda, W. J.; Colton, C. D.; Veber, D. F.; Winquist, 
R. J. Protides Biol. Fluids 1986,34,55-58. 
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