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'H NMR (CDCI,) 6 3.80 (m, 2 H), 3.26 (m, 1 H),  2.05 (m, 1 H), 1.77 
(m, H),  1.53-1.25 (m, 17 H),  1.01 (d, J = 6.6 Hz, 3 H), 0.86 (t, J = 
6 Hz, 3 H); "C NMR (CDCI,) 86.0, 66.6, 39.0, 34.8, 34.4, 31.9, 29.9, 
29.7, 29.6, 29.5, 26.6, 22.7, 17.3, 14.1; HRMS calcd for CI4H2*0 - H+ 
21 1.2062, found 21 1.2053. 

The major (trans) stereoisomer could not be effectively separated from 
the minor product, cis-6. The ratio between them was therefore esti- 
mated from the relative sizes of the 13C signals at 66.6 and 86.0 ppm and 
the much smaller signals at 66.7 and 81.8 ppm. The latter signals cor- 
responded to carbon resonances present in the spectrum of 6 prepared 
from 14b. 

Also prepared in this manner was 8: IR (neat) 2922, 2853, 1464, 912 
cm-I; 'H NMR (CDCI,) 6 5.64 (m, 1 H), 5.04 (m, 2 H) ,  3.84 (m, 2 H), 
3.43 (m, 1 H), 2.35 (m, I H), 2.10 (m, 1 H), 1.77-1.25 (m, 17 H), 0.87 
(t, J = 6 Hz, 3 H);  I3C NMR (CDCI,) 139.1, 115.5, 83.7, 67.0, 49.8, 
33.9, 33.2, 31.9, 29.7, 29.5, 29.3, 26.47, 22.7, 14.1 (one peak, probably 
29.7, 29.5, or 29.3, corresponds to two carbon resonances); HRMS calcd 
for C I ~ H 2 , O  224.2140, found 224.2140. (Note: Occasionally the green 
color of LN faded partway through the reaction, perhaps due to reaction 
of the excess LN with the Teflon-covered stirring bar. In these cases an 
additional portion of LN was added, after which the reactions proceeded 
normally.) 

2-n-Hexyl-4-methyl-N-butylpyrrolidine (IO). 4-(n-Butylamino)-l- 
decane was prepared, at 0 "C in Et20,  by the reaction of the appropriate 
imine with allylmagnesium bromide and purified by Kugelrohr distilla- 
tion (75 "C, 5 mm): IR (neat) 2957, 2924,2856, 1466 cm-I; 'H NMR 
(CDCI,) 6 5.76 (m, 1 H), 5.05 (m, 2 H), 2.54 (m, 2 H),  2.19 (m, 4 H), 
1.25 (m, 12 H), 0.87 (m. 6 H); 13C NMR (CDCI,) 6 135.8, 116.8, 56.9, 
46.7, 38.3, 33.9, 32.4, 31.7, 29.4, 25.6, 22.5, 20.4, 13.9, 13.8. Anal. 
Calcd for Cl4HZ9N: C, 79.55; H, 13.83; N, 6.63. Found: C, 79.20; H, 
13.69; N, 6.53. 

A solution of the above-prepared amine (402 mg, 1.9 mmol) in 5 mL 
of toluene was treated with PhSH (212 kL, 2.1 mmol), paraformaldehyde 
(74 mg, 2.4 mmol), and a few crystals of 4,4'-methylenebis(2,6-di-tert- 
butylphenol). The mixture was stirred overnight at 100 "C. The volatiles 
were removed under reduced pressure, leaving the crude N,S-acetal 9: 
'H NMR (CDCI,) 6 7.48-7.17 (m, 5 H), 5.77 (m, 1 H), 4.97 (m, 2 H), 
4.58 (s, 2 H), 2.69-2.53 (m, 4 H), 2.11 (m, 2 H), 1.27 (m, 12 H),  0.85 

The N,S-acetal9 was taken up in 10 mL of T H F  and added to 11 mL 
of 0.5 M LN in THF at  0 "C. After 1.5 h at 0 "C, the mixture was 
poured into dilute HCI and the nonbasic material was removed by E t 2 0  
extraction. The solution was basified with NaOH and then extracted 
with CH2CI2. The organic extracts were dried (K2CO3) and concen- 
trated, and the product was purified on silica gel with a 0-3% gradient 
of methanolic ammonia in CHIC], to give 10 (143 mg, 56% for two 
steps): IR (neat) 2957, 2928, 2859, 1458 cm-I; 'H NMR (CDCI,) 6 2.73 
(m. 1 H),  2.32-1.98 (m, 4 H),  1.45-1.24 (m, 17 H),  1.00 (d, J = 6 Hz, 
3 H),  0.85 (m, 6 H); I3C NMR (CDC13) 6 6.66, 61.0, 54.3, 40.2, 33.5, 
31.8, 30.2, 29.9, 29.5, 26.7, 22.5, 20.8, 20.7, 14.0, 13.9; HRMS calcd for 

(m, 6 H). 

CISHJIN 225.2456, found 225.2451. 
Sigmatropic Rearrangements of 11, 13a,b. These reactions were 

carried out by using the same reductive-lithiation protocol employed for 
5 and 7. The rearrangements were allowed to proceed for 1.5 h at 0 OC. 
Workup and product isolation was performed as in the case of 6 and 8. 
The resulting alcohols were identified by comparison with authentic 
samples prepared by using established methods (see ref 6). 

Amines 16 and 17. N,S-Acetal 15 was prepared in the same manner 
as was 9 from allyl heptylamine (bp 170 "C/5 mm): IR (neat) 2955, 
2928,2855,742,690 cm-I; 'H  NMR (CDCI,) 6 7.45 (m, 2 H) ,  7.25 (m, 
3 H), 5.73 (m, 1 H),  5.05 (m, 2 H),  4.55 (s, 2 H),  3.16 (d, J = 6 Hz, 
2 H),  2.54 (t, J = 6 Hz, 2 H), 1.21 (m, 10 H) ,  0.87 (t, J = 6 Hz, 6 H); 
"C NMR (CDCI,) 6 138.5, 135.2, 132.3, 128.6, 126.2, 117.7, 63.9, 55.9, 
52.0, 31.7, 29.0, 27.2, 27.1, 22.5, 14.0. Anal. Calcd for CI7H2,NS: C, 
73.58; H, 9.81; N, 5.05; S, 11.55. Found: C, 73.48; H, 9.90; N, 5.14; 
S, 11.68. 

A solution of 0.5 M LN in THF (10 mL) was cooled to 0 "C and a 
solution of 15 (280 g, 1.0 mmol) in 5 mL of THF was added slowly. 
After stirring for 2 h, the reaction was worked up in the manner described 
for the cyclization leading to 10. Purification of the products on silica 
gel (eluting with 3% methanolic ammonia in CH2CI2) gave 17 and 16 
(130 mg, 76%). Their ratio was determined to be 4:l by NMR. (The 
minor product 16 was identified by comparison with a nearly pure sample 
prepared by quenching a reaction similar to the above but conducted at 
-78 "C immediately after reductive lithiation). 17: IR (neat) 'H NMR 
(CDCI,) 6 5.76 (m, 1 H) ,  5.04 (m, 2 H), 2.60 (t, J = 6 Hz, 2 H),  2.52 
(t, J = 6 Hz, 2 H), 2.19 (m, 2 H),  1.20 (m. 11 H), 0.79 (t, J = 6 Hz, 
3 H). 16: IR (neat) 2955,2928,916, 1458 cm-I; 'H NMR (CDCI,) 6 
5.82 (m, 1 H),  5.15 (m, 2 H),  2.95 (d, J = 6 Hz, 2 H), 2.28 (t,  J = 7 
Hz, 2 H),  2.17 (s, 3 H), 1.48-1.25 (m, I O  H),  0.85 (t, J = 6 Hz, 3 H) .  
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Abstract: The first total synthesis of (+) -ohin  (l), the naturally occurring enantiomer of the aglycon of olivomycin A, is 
described. The synthesis is highly stereoselective, featuring the reaction of (y-methoxyally1)boronate 21 with chiral aldehyde 
17 and the addition of lithiodivinylcuprate to unsaturated aldehyde 40 as  the key diastereoselective transformations. The 
anthracenone nucleus of 1 was constructed beginning with the coupling of unsaturated ester 42 and phthalide 46. The vinyl 
unit of naphthoate 48 was oxidized to the acetic ester appendage in 53, and then the final C-C bond of anthracenone 54 was 
established by a Dieckmann cyclization. The C(2') hydroxyl group of 57 was oxidized to the necessary side-chain carbonyl 
function, and then the C(2) hydroxyl group was introduced stereoselectively by the mCPBA epoxidation of the mono TBDMS 
enol ether prepared from 58. All five acid-labile protecting groups were removed in a single operation to complete the synthesis. 

Olivin (1) is t h e  aglycon of olivomycin A (2), a member of the  
aureolic acid family of ant i tumor antibiotics.2 Also included in 

this group a r e  the  chromomycins a n d  the  mithramycins  [e.g., 
aureolic acid (4)]. Several of these antibiotics have undergone 
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successful clinical trials as anticancer d r ~ g s . ~ . ~  Olivomycin A 
has been used in the Soviet Union for the treatment of testicular 
and tonsilar tumors, while chromomycin A, (3) and aureolic acid 
(4) have been approved for clinical use in Japan  and the United 
States ,  respectively. These compounds a re  inhibitors of DNA- 
dependent RNA polymerase,” but the exact site of binding to DNA 
is still ~ n c l e a r . ~  T h e  binding to DNA affects both normal and 
cancerous cells, resulting in acute  toxicity and side effects such 
a s  anorexia,  internal bleeding, and  anemia  among others.2 
Consequently, the development of synthetic routes to analogues 
with improved therapeutic efficacy is highly desirable. 
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T h e  total synthesis of the aureolic acid antibiotics has been the 
focus of attention of several research  group^.^ T h e  bulk of the 
work thus far has been devoted to the synthesis of olivin. Weinreb 
reported a synthesis of racemic tri-0-methylolivin ( 5 )  in 1984,6 
and 2 years later Franck reported a n  efficient total synthesis of 
the natural  enantiomer of 5.’ Several additional reports have 

( I )  Current address: Indiana University. 
(2) (a) Remers, W. A. The Chemistry of Antitumor Antibiotics; Wiley- 

Interscience: New York, 1979; Chapter 3. (b) Skarbek, J. D.; Speedie, M. 
K. In Antitumor Compounds of Natural Origin: Chemistry and Biochem- 
istry; Aszalos, A,, Ed.; CRC Press: Boca Raton, FL, 1981; Chapter 5. 

(3) (a) Pettit, G. R. Biosynthetic Products for  Cancer Chemotherapy; 
Plenum Press: New York, 1977; Vol. I ,  p 143. (b) USA.-U.S.S.R. Mon- 
ograph Methods of Development of New Anticancer Drugs. NCI Monograph 
45, DHEW Publication No. (NIH) 76-1037, 1977. 

(4) Dervan has reported that the site of binding is in the minor groove of 
DNA: Van Dyke, M. W.; Dervan, P. B. Biochemistry 1983, 22, 2373. 
However, a conflicting report identifies the major groove of DNA as the 
binding site: Keniry, M. A,; Brown, S. C.; Berman, E.; Shafer, R. H. Bio- 
chemistry 1987, 26, 1058. 

(5) For a review, see: Franck, R.  W.; Weinreb, S. M. In Studies in 
Natural Products Chemistry; Alta-Ur-Rahman, T. I., Ed.; Elsevier: Am- 
sterdam, in press. We thank Dr. Weinreb for making a copy available to us 
prior to publication. 

(6) (a) Dodd, J. H.; Starrett, J. E., Jr.; Weinreb, S. M. J .  Am.  Chem. SOC. 
1984, 106, 181 I .  For earlier synthetic studies, see: (b) Dodd, J. H.; Gari- 
gipati, R. S.; Weinreb, S. M. J .  Org. Chem. 1982, 47, 4045. (c) Dodd, J. H.; 
Weinreb, S. M. Tetrahedron Lett. 1979, 3593. (d) Hatch, R. P.; Shringar- 
pure, J.; Weinreb, S. M. J .  Org. Chem. 1978, 43, 4172. 

appeared describing studies related to the synthesis of the an-  
thracenone nucleus and  the carbohydrate-l ike side chain.* W e  
have completed the first synthesis of olivin in the naturally oc- 
curring enantiomeric form and provide here a full account of this 
work.9 

Synthetic Considerations 
Our strategy called for the carbohydrate-like side chain of olivin 

to be assembled in the form of a differentially protected D-fucose 
derivative 7, the resident chirality of which would be used to induce 
the correct stereochemistry a t  C(3) of 6 in a subsequent C-C bond 
forming reaction. Because the C(3)  side chain of 1 would be 

Synthetic Strategy 

H O  
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OR 
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u 
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carried through a major portion of the synthesis, we decided to 
mask the potentially sensitive C(2’) carbonyl unit as a n  alcohol 
derivative in 7. The anthracenone nucleus of 1 would be assembled 
from 6 by an  a romat ic  annulation sequence, the specific tactics 
for which would depend on the functionality X and Y .6b,10 T h e  
critical final steps of the synthesis would involve introduction of 
a hydroxyl group a t  C(2 )  followed by deprotection. T h e  hy- 
droxylation step was not regarded to be strategically significant 

(7) (a) Franck, R. W.; Bhat, V.; Subramaniam, C. S. J .  Am. Chem. Soc. 
1986, 108, 2455. For earlier synthetic studies, see: (b) Datta, S. C.; Franck, 
R. W.; Noire, P. D. J .  Org. Chem. 1984, 49, 2785. (c) Franck, R. W.; 
Subramaniam, C. S.; John, T. V.;  Blount, J. F. Tetrahedron Lett. 1984, 25, 
2439. (d) Franck, R. W.; John, T. V. J .  Org. Chem. 1983, 48, 3269. (e) 
Franck, R. W.; John, T. V.; Olejniczak, K.; Blount, J. F. J .  Am.  Chem. SOC. 
1982,104, 1106. (0 Franck, R. W.; John, T. V. J .  Org. Chem. 1980,45, 1170. 

(8) (a) Thiem, J.; Wessel, H. P. Liebigs Ann. Chem. 1981, 2216. (b) 
Kraus, G. A.; Hagen, M. D. J .  Org. Chem. 1983, 48, 3265. (c) Rama Rao, 
A. V.; Dhar, T. G. M.; Gujar, M. K.; Yadav, J .  S. Indian J .  Chem. 1986, 25B, 
999. (d) Petersen, G. A.; Kunng, F.-A,; McCallum, S.; Wulff, W. D. Tet- 
rahedron Lett. 1987, 28, 138 1 .  

(9) (a) Roush, W. R.; Michaelides, M. R.; Tai, D. F.; Chong, W. K. M. 
J .  Am. Chem. Soc. 1987, 109, 7575. (b) Roush, W. R.; Harris, D. J. ;  Lesur, 
B. M. Tetrahedron Lett. 1983, 24, 2227. (c) For a discussion of the olivin 
synthesis in the context of the olivomycin A project as a whole, see: Roush, 
W. R. In Strategies and Tactics in Organic Synthesis; Academic Press: New 
York, 1989; Vol. 2, p 323. 

(10) (a) Hauser, F. M.; Rhee, R. P. J .  Org. Chem. 1978, 43, 178. (b) 
Wildeman, J.; Borgen, P. C.; Pluim, H.; Rouwette, P. H. F. M.; van Leusen, 
A. M. Tetrahedron Lett. 1978, 2213. (c) Broom, N. J. P.; Sammes, P. G. 
J .  Chem. Soc., Perkin Trans. I 1981, 465. 
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since the C(2)  center is trans to the C(3)  side chain, a relationship 
we presumed could be controlled by either kinetic or thermody- 
namic experimental conditions. I t  seemed prudent, however, to 
design the synthesis such that acid-labile protecting groups would 
be used with all advanced intermediates,  since olivin and  chro- 
momycinone (the aglycon of the chromomycins) are  known to be 
base sensitive.2b 

Synthesis of the D-Fucose Derivative 7 
At  the inception of this synthesis, D-galaCtOSe appeared to  be 

an  ideal start ing material  because each of the six carbon a toms 
and  four chiral  centers mapped directly into 7 and only the hy- 
droxyl group a t  C ( 6 )  would need to be removed." Thus ,  com- 
mercially available P-D-galactopyranoside (8) was converted into 
9 by using slight modifications of a two-step literature procedure,'* 
and  then 9 was elaborated to D-fucose derivative 7 by using the 
nine-step sequence summar ized  in Scheme I; a more detailed 
discussion of this sequence appears elsewhere.9c 

Although the desired subgoal had been reached, we were not 
satisfied with what had been accomplished. First of all, this 
synthesis required 11 steps from D-galactose and was not nearly 
so efficient as we would have liked (14% yield overall from 8). 
Second, no new chemistry had been developed. And, finally, the 
brutally harsh conditions14 required for the conversion of 13 to 
14 precluded the use of more desirable protecting groups for 
C(3) -OH (e.g., silyl ethers).  Intermediates containing C(3)- 
T B D M S  ethers ultimately were used in completing this synthesis. 

These shortcomings prompted us to begin exploratory studies 
of diastereoselective approaches for the synthesis of carbohy- 
drate-l ike molecules from acyclic precursors. T h e  idea tha t  
carbohydrates could be constructed via the reaction of a n  allyl 
ether anion and an a-alkoxy aldehyde was particularly attractive. 
For this approach to be successful, however, it would be necessary 
to control (i) the regioselectivity of the reaction of the allyl ether 
anion,15 (ii) the syn (threo) or anti  (erythro) relationship a t  C(3)  
and C(4)  generated in concert with the new C-C bond, and  (iii) 
the diastereofacial selectivity of the addition of the allyl ether anion 
to the electrophilic chiral  aldehyde [e.g., C(3)-C(4) relative to 
~ ( 5 1 1 .  

OR' RO OR' 

Roush et al. 

Solutions to issues i and  ii were available by virtue of studies 
by Hoffmann and W u t s  on  the reactions of (y-alkoxyally1)bor- 
onates with achiral Relatively little information 

( 1  1 )  Reviews of the use of chiral pool precursors: (a) Hanessian, S. ,  Total 
Synthesis of Natural Products: The 'Chiron" Approach; Pergamon Press: 
Oxford, 1983. (b) Scott, J. W. In Asymmetric Synthesis; Morrison, J. D., 
Scott, J. W., Eds.; Academic Press: New York, 1983; Vol. 4, p I .  

(12) Bernet, B.; Vasella, A. Helu. Chim. Acta 1979, 62, 2411. 
( 1  3) (a) Auge, C.; David, S.;  Veyrieres, A. J .  Chem. Soc., Chem. Commun. 

1976, 375. (b) Nashed, N. A. Carbohydr. Res. 1978, 60, 200. 
(14) Zinner, H.; Ernst, B.; Kreienbring, F. Chem. Eer. 1962, 821. At- 

tempts to use milder conditions for the conversion of 13 to 14 were less 
successful. Some cleavage of the benzyl ether was also observed. 

(1  5 )  (1  -Alkoxyallyl)lithiums react with electrophiles preferentially at the 
y position, so use of a metal additive [e&, (RO),BX] to reverse the regios- 
electivity would be necessary: (a) Evans, D. A,; Andrews, G. C.; Buckwalter, 
B. J .  Am.  Chem. SOC. 1974, 96, 5560. (b) Still, W. C.; MacDonald, T. L. 
Ibid. 1974, 96, 5561. 

( 1  6) For reviews of the diastereoselective addition of allylmetal compounds 
to aldehydes, see: (a) Hoffmann, R. W. Angew. Chem., In?. Ed. Engl. 1982, 
21, 5 5 5 .  (b) Yamamoto. Y.; Maruyama, K. Heterocycles 1982, 18, 357. 

(17 )  (a) Hoffmann, R. W.; Kemper, B. Tetrahedron Lett. 1982, 23, 845; 
1981, 22, 5263. (b) Wuts, P. G. M.; Bigelow, S .  S .  J .  Org. Chem. 1982, 47, 
2498. (c) Hoffmann, R. W.; Kemper, B.; Metternich, R.; Lehmeier, T. 
Liebigs Ann. Chem. 1985, 2246. 

(18)  For other (7-alkoxyallyl)metal reagents, see: (a) Keck, G. E.; Abbott, 
D. E.; Wiley, M. R. Tetrahedron Lett. 1987, 28, 139. (b) Koreeda, M.; 
Tanaka, Y. Zbid. 1987, 28, 143. (c) Tamao, K.; Nakajo, E.; Ito, Y. J .  Org. 
Chem. 1987, 52, 957. (d) Yamamoto, Y.; Saito, Y.; Maruyama, K. J .  Or- 
ganomet. Chem. 1985,292,311. (e) Yamaguchi, M.; Mukaiyama, T. Chem. 
Lett. 1982, 237; 1981, 1005; 1979, 1279. ( f )  Koreeda, M.; Tanaka, Y .  J .  
Chem. Soc., Chem. Commun. 1982, 845. (9 )  Brown, H. C.; Jadhav, P. K.; 
Bhat, K. S .  J .  Am.  Chem. SOC. 1988, 110, 1535. 

was available in 1982 when our studies were initiated, however, 
regarding the stereochemistry of such reactions with chiral al- 
dehydes. Hoffmann had reported several examples of reactions 
of (E) -  and (Z)-crotylboronates with chiral aldehydes such a s  
2-methylbutanal, but the best diastereofacial selectivity that  had 
been reported was only 83:17.19 In  fact, the  reaction of 2- 
methylbutanal and (Z)-crotylboronate, the closest analogy to the 
reaction we hoped to achieve, provided the 3,4-syn-4,5-anti dia- 
stereomer with only 70:30 ~ e l e c t i v i t y . ' ~  

Aldehyde 17 was prepared by a four-step synthesis from L- 
threonine (ca. 50% yield ~ v e r a l l ) ~ ~ ~ ~ ~  and  was treated with the 
known reagent 1817a3C in CH2C12. This reaction was relatively slow 
and required 24-48 h a t  room temperature to go to completion. 
I t  was, however, extremely selective and provided homoallyl alcohol 
19 in 70% yield with greater than  95% diastereoselectivity. T h e  
stereochemistry of 19 was quickly verified as the desired 3,4-syn 
(threo)-4,5-anti (erythro) diastereomer by conversion to 7 and 
20, both of which had already been prepared from D-galactose. 

( 1 8 )  e 1) C,H,CH,Br. NaH 

CH& 23% 3, O H  2) 03, MeS MeOH. WorkuD -20°C. 

1 7  70% 1 9  

7 70% from 19 2 0  

Cornforth transition Felkin-Ahn transition iI state, favored state, dislavored 

T h e  stereochemistry of 19 is superficially consistent with the 
reaction of 17 and 18 proceeding by way of a Felkin-Ahn tran- 
sition state, as suggested in our preliminary account.9b O n  the 
basis of our results with the reactions of 17 and D-glyceraldehyde 
acetonide with the pinacol ( E ) -  and (2)-crotylboronates (methyl 
replacing methoxyl in 18) however, we now believe the reaction 
of 17 and 18 proceeds by way of the Cornforth transition s ta te  
since a serious nonbonded interaction exists between the (2)- 
methoxyl substi tuent and  the C(3 )  substituents of 17 in the 
Felkin-Ahn ar rangement .  A detailed discussion of these argu-  
ments is presented elsewhere.21 

T h e  synthesis of 7 is relatively brief (seven steps from L- 
threonine) and considerably more efficient (25% overall) than the 
D-galactose-based synthesis. O n e  problem, however, concerned 
the preparation of 18 which, in our hands,  was low yielding, 
tedious, and not readily amenable to s ~ a l e - u p . l ~ ~ . ~  These problems 
were solved by using dimethyl [ (Z)-y-methoxyallyl]boronate (21), 
which is extremely easy to  generate and use in situ.17b,22 This 
modified procedure provided 19 in slightly higher yield (75-83%) 
than the method involving 18 and was used for all large-scale work. 

Introduction of the C( 3) Stereocenter in Olivin Precursors 
T h e  next stage of the synthesis involved devising a diastereo- 

selective method for introducing the C(3 )  stereocenter in inter- 
mediates suitably functionalized for elaboration to olivin. O u r  
original intention was to proceed by way of a cyclohexenone 

~ ~~~ 

(19) Hoffmann, R. W.; Zeiss, H. J.; Ladner, W.; Tabche, S .  Chem. Ber. 

(20) Servi, S .  J .  Org. Chem. 1985, 50, 5865. 
(21) Roush, W. R.; Adam, M. A,; Walts, A. E.; Harris, D. J .  J .  Am.  

(22) Fujita, K.; Schlosser, M. Helu. Chim. Acta 1982, 65,  1258. 

1982, 115, 2357. 

Chem. Soc. 1986, 108, 3422. 
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A successful 1,4-addition reaction was realized when 23 was 
treated with excess divinylcuprate in a n  E t 2 0 ,  Me,S, and T H F  
solvent mixture.29 Only one product (26) was detected by N M R  
analysis of the crude reaction product, but a second diastereomer 
(27) was isolated in low yield by chromatography. Similar results 
were subsequently achieved with enone 25. Interestingly, the 
stereochemistry of this reaction is insensitive to the geometry of 
the enone [compare results with 23(E) and 24(Z)], an  important 
observation since mixtures of enone and enoate isomers frequently 
are  obtained in the reactions of carbohydrate-derived aldehydes 
and stabilized phosphoranes (Ph ,P=CHCOR) .  

1. n-BuLi,  TMEDA, 
(2.2 equiv) 

- 0 ~ 8  THF. -78°C 

2 1  (2,2 equiv) 2. WOMeh -78°C 
(2.2 equiv) 

(1 equiv) 23°C 
75.83% 

i t  
O H  M e  

1 9  

intermediate tha t  would be prepared by a n  aldol cyclization of 
6 (X = Me,  Y = H) .  The  critical steps in the synthesis of 6 thus 
would involve a Wittig olefination to a$-unsaturated methyl 
ketone followed by a diastereoselective 1,4-addition of an  acet-  
aldehyde e q u i ~ a l e n t . ~ ~  

Relatively little was known about the diastereoselectivity of the 
1,4-additions of organometallic reagents to y-alkoxy-a,P-unsat- 
urated carbonyl systems when this research was initiated. Isobe 
had reported several examples of highly diastereoselective additions 
of alkyllithium reagents to y-alkoxy-Lu-trimethyIsilyl-a,P-unsat- 
urated sulfones tha t  apparently proceed by way of chelated in- 
t e r m e d i a t e ~ , ~ ~  and Nicolaou had shown that dimethallylcuprate 
reacted with carbohydrate-derived enoates with very high selec- 
tivity that also could be rationalized by invoking chelated reaction 
 intermediate^.,^ These  results were very interesting for our 
purposes since the stereochemical relationship between C(3)  and 
C(4 )  of 22 is exactly that  needed for C(3 )  and C(1')  of 6 (X = 
Me,  Y = H ) .  On the other hand, it was unclear a s  to the gen- 
erality of this process, since Ziegler reported that  the stereo- 
chemistry of the Nicolaou cuprate reaction is completely reversed 
when Bu2CuLi is used.26 

? 

cheiate controlled 
pathway?? 

c 

0 

Attempts  to condense enone 23 (prepared from 14) and di- 
allylcuprate were u n s u ~ c e s s f u l , ~ ~  and when CH,=CHCH,MgBr  
and CuBr-Me2S were employed only products of 1,2-addition were 
detected. W e  also briefly examined the applicability of the Sakurai 
reaction to this problem.28 N o  reaction occurred when enone 23 
was treated with 1-2 equiv of TiCI4 and allyltrimethylsilane a t  
-78 "C.  W e  assumed tha t  the Lewis acid was binding prefer- 
entially to the ethereal or carbonate  carbonyl oxygen atoms, 
thereby precluding reaction a t  the enone. When a much greater 
excess of reagents was used (5 equiv each), a mixture of products 
was obtained including compounds resulting from 1,2-carbonyl 
addition and benzyl ether cleavage. 

(23) A n  alternative strategy for constructing the desired cyclohexenone 
intermediate via Diels-Alder methodology is discussed in ref 9c. 

(24) Isobe, M.; Kitamura, M.; Goto, T. Tetrahedron Let f .  1979, 3465; 
1980, 21, 4727. 

(25) (a) Nicolaou, K. C.; Pavia, M. R.; Seitz, S. P. J. Am. Chem. Soc. 
1981, 103, 1224; Tetrahedron Left .  1979, 2327. (b) See also: Nicolaou, K. 
C.; Pavia, M. R.; Seitz, S. P. J. Am. Chem. SOC. 1982, 104, 2027. (c) Tatsuta, 
K.; Amemiya, Y . ;  Kanemura, Y.; Kinoshita, M. Tetrahedron Lett. 1981, 22, 
3997. 

(26) Ziegler, F. E.; Gilligan, P. J .  J. Org. Chem. 1981, 46, 3874. 
(27) House, H. 0.; Wilkins, J .  M. J. Org. Chem. 1978, 43, 2443. 
(28) Hosomi, A.; Sakurai, H. J. Am.  Chem. SOC. 1977, 99, 1673. 

0 0 0 

2 6  98 2 2 7  
8 9 %  2 3 I E )  

0 

96 4 

OB21 6 5 46 

24 

0 2 5  2 8  

The stereochemistry of adducts 26-28 was assigned following 
conversion to bicyclic ketals 32 and 33. Thus, treatment of 26 
and 27 with N a O H  in aqueous dioxane afforded diols 29 and 30, 
which cyclized under acidic conditions to give bicyclic ketals 31 
and 33. Best results were obtained by using FeCI, in CH2C12.30 
Ketal 31, which was also obtained directly from 28 upon exposure 
to 98:2 T F A - H 2 0  (77% yield), was converted to 32 by hydro- 
genolysis and acylation in order to ensure first-order behavior of 
the H(4) -H(5)  and H(5)-H(6)  spin systems. T h e  presence of 
w coupling (J4,6 = 1.7 Hz)  in 32 and its absence in 33, together 
with the presence of two large coupling constants for H(4 )  in 33 
(J3 ,4  = 10.2 Hz ,  J4,5 = 7.5 Hz;  in addition, J5,6 = 0 Hz)  versus 
very small values in 32 (J3 ,4  = 0 H z ,  J4,5 = 3.5 H z ,  and  J5,6 = 
1.7 Hz) enables the conformations and stereochemistry of 32 and 
33 to be assigned a s  indicated in the accompanying diagrams. 

... - 
2 6  2 9  80% 31, R % CHsCH2 

R' i B I I  
32. R = El. I? i Ac 0 

as above 

L O  
hi. 
3 3  2 7  30 

These results clearly showed that  26 and 28 possess the wrong 
stereochemistry a t  C(3)  for use in this approach to olivin since 
cyclohexenone 35 would be produced if  a bond were constructed 
between C(4a )  and C(9a )  of 28 (olivin numbering).  I t  was ap-  
parent,  however, t ha t  1,4-adducts 34 prepared from enoate 20 
could be used if the roles of the vinyl and acetic ester appendages 
in subsequent C-C bond forming reactions were reversed. Tha t  
is, reduction of the ester unit in 34 to the corresponding aldehyde 
followed by a Wittig olefination would give 36. The unsaturated 
ester unit would provide a handle for constructing the naphthalene 
core of the aglycon, while the vinyl appendage would contribute 
C(2 )  of the natural  product skeleton. 

T h e  stereochemistry of the reactions of vinylcuprates with 
enoates such as 20 proved to be the same as with enones 23 and 
25.29a,31 For example, the reaction of either 20a or 20b and 

(29) (a) Roush, W. R.;  Lesur, B. M. Tetrahedron Lett. 1983, 24, 2231 
(b) House, H. 0.; Chu, C. Y.; Wilkins, J .  M.; Umen, M. J .  J .  Org. Chem. 
1975, 40, 1460. 

(30) Singh, P. P.; Gharia, M. M.; Dasgupta, F.; Srivastava, H. C. Tefra- 
hedron Lett. 1977, 439. 
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( C H 2 = C H ) z C u ( C N ) L i 2 3 4  to this problem. Efforts t o  prepare 
36 directly by the addition of vinylcuprates to the corresponding 
diene esters also were unpromising. 

A highly effective solution to this phase of the synthesis ulti- 
mately was achieved by using unsaturated aldehyde 40 as  the 
electrophilic component in this reaction.35 The  greater reactivity 
of the enal permitted this step to be performed a t  -78 "C ,  con- 
ditions under which (CH,=CH),CuLi was stable. This reaction 
is highly stereoselective (a single diastereomer was observed), high 
yielding (>84-91%), and highly reproducible. T h e  reaction is 
successful if performed in the absence of TMS-CI, albeit somewhat 
lower yielding ( 7 5 7 ~ ) . ~ ~  Here again, the stereoselectivity was not 
influenced by the isomeric purity of 40, which was used in most 
cases a s  a mixture of olefin isomers. 

P 
o"c+o 

-P P 

1 )  TBDMS OTI. lulidins -P 2) 0,. MeOH. -20°C. 
+O menPPh,P 

TBOMS 
0, OR 3) Ph,P=CHC02Me. CH,CI, 

4 )  DIBAL-H. Et@ -78°C 

55.60% overall 
19. R = H 5 )  PCC. CH,CI, 40 I4 . <  !E) (91 
39, R = TBDMS 

* O  

H,C-CH:,CuLi TMS-CI o H c f i o  Ph3P-CHCOIMe. CH,CI, 

64 . 91% 
TBDMS from 40 M O O &  TBDMS 0, 

E:,O THF, 76'C 

4 2  L 2) 1 I Bu,NF PCC, CH& wJ.43 
Hz., OM' 

T h e  stereochemistry of 1,4-adduct 41 was assigned following 
conversion to lactone 43. In particular, the multiplicity of H ( 4 )  
(br  t, J = 2 Hz)  and the diaxial coupling constant ( J  = 10 H z )  
between H ( 3 )  and H(2,,) a r e  uniquely consistent with this 
structure.  

Aldehyde 40 was synthesized from 19 in excellent overall yield 
via a sequence involving (i) protection of the free alcohol a s  the 
T B D M S  ether 39 (82%), (ii) ozonolysis to the corresponding 
aldehyde, (iii) Wittig olefination to give a,P-unsaturated ester 37 
(70%), and (iv) reduction of 37 to the allylic alcohol followed by 
P C C  oxidation (90%). Preparation of 40 directly from 39 by using 
Ph ,P=CHCHO in the olefination step was less efficient (up  to 
55% following recycle of recovered saturated aldehyde), as some 
dienal (6-25%) was also produced. This method, however, pro- 
vided (E)-40 as  a single olefin isomer. 

I t  is interesting that  the stereochemical outcome of the vi- 
nylcuprate additions to enones 23 and 25, enoates 20 and 37, and 
enal 40 a re  the same. I n  each case it is consistent with addition 
of the organometallic reagent anti  to the allylic C - 0  bond from 
a rotamer in which the smallest allylic substituent, H, lies in the 
plane of the C-C double bond. W e  describe this a s  a "vinylogous 
Felkin-type addition" to reflect the absence of chelation in the  
reaction transition s ta te  and  to emphasize the role tha t  stereoe- 
lectronics presumably play.37,38 T h e  alternative allylic rotamer 

28, R = Me 
34, R I OEt. OMe 

R = OEt, OMe 20, R 5 OEl, OMe Me 
b 

25, R i Me 

35, Wrong Stereochemistry 36, Correct Stereochemistry -1 F] 
( C H 2 = C H ) z C u L i  a t  -35 OC yielded 34a and 34b as 1O:l mixtures 
of C(3)  epimers. Here  again the stereochemistry of the reaction 
was independent of the enoate  olefin geometry.29a 

While this reaction appeared to solve the C(3)  stereochemical 
problem, it was unsatisfactory for two reasons. First, the yield 
of 34 was highly variable (0-75%) and  very poor results were 
obtained on a t tempted  scale-up. Second, the benzyl ether pro- 
tecting group, an  artifact of the original galactose-based synthesis 
of aldehyde 7, was unattractive for later stages of the synthesis. 
In a parallel series of experiments, therefore, T B D M S  ether 37 
was prepared (vide infra). While 37 also displayed useful 
diastereoselectivity ( > I  0:I) in the reaction with (CH2=CH)zCuLi ,  
37 was even less reactive than  20 and the best yield of 38 ever 
obtained was 33%. 

O M e  O <  

R O , C d ' o  
(CH,=CH),CuLi 

0 0 Z l  El@ Me,S, THF, -35'C 

OMe 0% 

1) DIBAL-H, Et,O M e O I C V  
2) PH,P=CHCO,Me, CH2CI, OBZl 

50% (moptimized) 
3 6  

O M e  05 OMe O<, 

(CH,=CHj,CuLi Me,,,* 

T B D M S  
o\ Et,O, Me$? THF. -35°C 

M e 0 , C M  

T B D M S  
o\ 

37 38 ( > l o  1 )  

The poor reactivity of 20 and 37 as cuprate acceptors29b together 
with the sensitivity of the vinylcuprate toward O2 and Cu2+ im- 
purities presumably contributed to these poor results. T h e  reagent 
rapidly decomposed (visual evidence) when the reactions were 
attempted a t  temperatures above -35 OC, and enoates 20/37 were 
too unreactive for the experiments to be performed a t  temperatures 
below -40 OC. Poor results also were obtained in initial at tempts 
to apply ( C H , = C H ) , C U L ~ - B F ~ , ~ ~  C H , = C H C U - B F , , ~ ~  and 

(31) The assignment of stereochemistry to the enoate adducts rests on the 
correlation of ii, the major product of vinylcuprate addition to i, with tertiary 
alcohol iii, which was also prepared from enone adduct 26 [(i) ethylene glycol, 
p-TsOH, CbH6; (ii) NaOH, H20,  dioxane; (iii) 2,2-dimethoxypropane, p- 
TsOH; (iv) MeMgCI, Et20; 51% overall yield]. 

LBz1 I -35% 65% 

OMe O$ 

M e  

".*, o MeMgBr, THF 

6 7% 
Me0,C OB'' 

M e  on 
I1 iil 

(32) Smith, A.  B., 111; Jerris, P. J .  J .  Am. Chem. Sot. 1981, 103, 194. 
(33) Yamamoto, Y . ;  Maruyama, K. J .  Am. Chem. Sot. 1978, 100, 3240. 

(34) Lipshutz, B. H.; Kozlowski, J. A,; Parker, D. A,; Nguyen, S. L.; 
McCarthy, K. E. J .  Organomet. Chem. 1985, 285, 437. 

(35) For studies of the reactions of enals and organocuprates, see: (a) Liu, 
H. J.; Browne, E. N. C. Can. J .  Chem. 1978, 56, 306. (b) Chuit, C.; Foulon, 
J. P.; Normant, J .  F. Tetrahedron 1981, 37, 1385. 

(36) For recent studies on the use of TMS-CI in organocuprate conjugate 
additions, see: (a) Corey, E. J.; Boaz, N. W. Tetrahedron Lett .  1985, 26, 
6015, 6019. (b) Alexakis, A,; Berlan, J.; Besace, Y. Ibid. 1986, 27, 1047. (c) 
Horiguchi, Y . ;  Matsuzawa, S.; Nakamura, E.; Kuwajima, I .  Ibid. 1986, 27, 
4025. (d) Nakamura, E.; Matsuzawa, S.; Horiguchi, Y.; Kuwajima, I .  Ibid. 
1986, 27, 4029. 

(37) (a) Che'rest, M.; Felkin, H.; Prudent, N. Tetrahedron Lett. 1968, 
2199. (b) Ahn, N. T.; Eisenstein, 0. Nouu. J .  Chim. 1977, 1, 61. 

(38) This transition-state paradigm differs from the Felkin transition state 
for carbonyl addition in that C = C  is aligned with the smaller (H) rather than 
the larger (R) substituent. The mechanism of the vinylcuprate conjugate 
additions is also undoubtedly different from a carbonyl addition. See, for 
example: (a) Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6015; 
1984, 25, 3063. (b) Hallnemo, B.; Ullenius, C. Ibid. 1986, 27, 395, and 
references therein. 
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vinylogous 
Felkin-type addition 

R '  = Me, OMe, H 
- 

Y 
Me0 ?Me 

Rk 
(H,C=CH)~CULI  

R*~', +R 

2 0  Y 
0 

in which R eclipses the double bond is undoubtedly disfavored 
for steric reasons and is especially bad when the double bond is 
( Z ) .  While we recognize that  the allylic rotamer we invoke is 
reflective of the energetically favored ground-state conformation 
and  may not actually be the reactive species in the transition 
state,39 this picture is consistent with our observation tha t  both 
olefin isomers of enone 23, enoate 20, and e n a l 4 0  give rise to the 
same (anti) diastereomer in the 1,4-addition reactions. Additional 
examples have been published that are  consistent with this 
T h e  only organometall ic 1,4-addition reactions that  deviate 
markedly from the results reported here involve allylic c u p r a t e ~ , 2 ~ , ~ ~  
allyllithium reagents,25c~26~40a and  the additions of RCu-BF3 to 
( Z ) - e n o a t e ~ . ~ ~  In  each of these cases, the diastereoselectivity is 
consistent with a chelated reaction pathway (vide supra).  Further 
experimentation is clearly called for to resolve the differences that 
exist, for example, in the behavior of allylic vs vinylic cuprates.  

Completion of the Olivin Synthesis 
With a highly selective and efficient solution to the major 

stereochemical issues in hand, we turned to the problem of the 
construction of the anthracenone nucleus of 1.  Given the func- 
tionality established in intermediate 42, we intended to proceed 
by synthesizing naphthoate 4 8  before the final ring was closed. 
Of several methods that were considered (and explored),% the only 
one that proved useful in this context was the phthalide annulation 
protocol reported originally by Sammes.loc 

Thus ,  phthalide 46  was prepared by a four-step sequence 
start ing from methyl 3,5-dihydro~ybenzoate.~' As a test of this 
procedure, phthalide 4 6  was treated with L D A  in T H F  a t  -40 
O C  and the resulting lithium anion condensed with methyl cro- 
tonate (excess) to give a n  intermediate hydroxytetralone tha t  
smoothly aromatized upon exposure to methanesulfonyl chloride 
( 1  . I  equiv based on 46) and E t3N (65% yield of naphthoate 47).  
W e  did not use the aromatization conditions described by Sammes 
( C F 3 C 0 2 H  or BF3-Et20), 'OC since we were concerned that  the 
acid-labile protecting groups of 46 and enoate 42  might not survive. 
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amounts. This reaction provided naphthoate 48  in 30-35% yield 
together with 5-10% of the corresponding phenolic mesylate 49. 
Numerous attempts to improve this reaction by modifying the base, 
solvent, and  reaction stoichiometry have been unsuccessful. 
At tempts  to regenerate phenol 48  from mesylate 49  were also 
unsuccessful. Although the efficiency of this step was considerably 
lower than  we had hoped for, sufficient quantit ies of 4 8  were 
prepared to complete the synthesis. 

I/ I I/ I 
83% 

4 5  
BOMO 

4 4  

2) LtAsH, THF 

BOMO H O  ai*io 

3 co, 2) CH,CH=CHCO,Me WCO~M~ 
4 1  H,O' w o W p  BOMO 3) MSCl Et& CH2C12 8 0 ~ 0  

4 6  65% 4 7  5' "% 

T h e  same protocol was used for the coupling of phthalide 46  
and enoate 42, with the exception that they were used in equimolar 

~ ~ ~~~ ~~ 

(39) For cases in which stereoselectivity is dependent on the double bond 
geometry, see: Yamamoto, Y . ;  Nishii, S.; Ibuka, T. J .  Chem. Soc., Chem. 
Commun. 1987, 464. 

(40) (a) Lenord, J.; Ryan, G. Tetrahedron Lett. 1987,28, 2525. (b) Cha, 
J .  K.; Lewis, S.  C. Ibid. 1984, 25, 5263. (c) Salomon, R. G.; Miller, D. B.; 
Raychaudhuri, S. R.; Avasthi, K.; Lal, K.; Levison, B. S .  J .  Am. Chem. SOC. 
1984, 106, 8296. (d) Heathcock, C. H.; Kiyooka, S.; Blumenkopf, T. A. J .  
Org. Chem. 1984, 49, 4214; 1986, 51, 3252. 

(41) The corresponding bis-MOM and dimethyl ethers have been prepared 
by related procedures: (a) Townsend, C. A,; Davis, S. G.; Christensen, S. B.; 
Link, J. C.; Lewis, C. P. J .  Am. Chem. Sot. 1981, 10.3, 6885. (b) Noire, P. 
D.; Franck, R. W. Synthesis 1980, 882. 

( 4 6 )  

BOMO 
c 

LDA, THF, -78'C 
T B D M S  2) CH,SO,CI, Et3N 

Me0,C 

30 - 35% 4 2  

48, R = H 
49, R = Ms 

Protection of 48 by treatment with BOM-CI and N a H  in D M F  
proceeded smoothly to provide the fully protected naphthoate 50 
in 91% yield (Scheme 11). The vinyl appendage was then oxidized 
via a hydroboration sequence with 9-BBN to give alcohol 51, which 
was oxidized to aldehyde 5 2  by using a Swern procedure.42 
Fur ther  oxidation of the aldehyde 5 2  to diester 53 proved to be 
nontrivial, as a variety of s tandard  procedures for the oxidation 
of aldehydes to carboxylic acids, including P D C  in D M F ,  Jones' 
reagent,  m C P B A ,  and  AgC03-Celite were very inefficient. 
Fortunately,  use of Masamune 's  recently introduced method 
(KMn04, KH2P04)43  followed by CH,N,  esterification provided 
53 in excellent yield (90%). 

The  final C-C bond was established by a Dieckmann cycli- 
zation. Thus,  treatment of 53 with excess of KO'Bu in benzene 
at room temperature afforded the corresponding P-keto ester. 
Subsequent exposure of the crude product to 0.4 M N a O H  in 
aqueous E t O H  a t  reflux for 2 h effected decarbomethoxylation, 
thereby providing anthracenone 54  in 60% overall yield. If longer 
reaction periods were employed phenol 55, along with other side 

B O M O W  9 0 

TBDMS 
0, / /  

BOMO O H  0 

5 5  

5 6  

products resulting from air oxidation of 55, was isolated in variable 
amounts. Products arising from clevage of the C(9) B O M  group 
were also the major products if the Dieckmann cyclization was 

(42) Mancuso, A. J.; Swern, D. Synthesis 1981, 165. 
(43) Abiko, A.; Roberts, J. C.; Takemasa, T.; Masamune, S. Tetrahedron 

Lett. 1986, 27, 4531. 
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Scheme I1 

48, R = H 5 1  
50, R = BOM 

1) KMnO,, 'BuOH 
5% KHZPOI DMSO, (COCI), 

90% 
- 

2) C H z b  
90% 

BOM 
5 2  

1) KO'Bu, C,H,, 23°C BoMO 
c 

'TBDMS 2) NaOH, EOH, A 
60% BOMO 0. 0 

BOM 
5 3  

\ 
BOM 

5 4  

Scheme 111 

1) Bu,NF, THF BOMO 
c 

2) DMSO, (COCI), 

84% \ 
BOM BOM 

54, R = TBDMS 5 8  

57, R = H  

1) TBDMS-OTf, Et3N 'OM' MeOH, H' ion exchange 

2) MCPBA, Na,HPO, 90% 
CHZCI,, -20°C BOMO 0 0 

62% from 54 'BOM 
5 9  

HO ,.OH 

H O  HO 0 

olivin (1) 

carried out  a t  reflux. T h e  sensitivity of the C(9)  B O M  group is 
attr ibuted to  the conformation indicated in 56 t ha t  places the 
C (  15)-0 bond parallel to the aromatic r - sys tem and effectively 
activates the C(9)  phenol as a leaving group. This conformation 
is favorable a s  it alleviates steric interactions between the C- 
( 9 ) - O B O M  unit and the flanking C ( 8 ) - O B O M  and the C ( l )  
ketone functionality. I t  should be noted further that  attempts to 
affect  an  anionic cyclization of aldehyde ester 52 were not suc- 
cessful. 

Next ,  the side-chain T B D M S  ether of 54 was cleaved by 
t rea tment  with B u 4 N F  in THF (93%) and then the resulting 
hydroxyl group of 57 was oxidized to  the C(2') ketone in 58 via 
a s tandard  Swern procedure (90%)42 (Scheme H I ) .  Diketone 
58 is very similar t o  a n  intermediate in Frank's synthesis of tri- 
0-methylolivin ( 5 ) ,  and our efforts to convert 58 to 59 closely 
paralleled this earlier Selective conversion of the C (  1) 

synthetic natural 

[a10 +53" [a]D +56" 
m.p. 139-1 4 1  "C 

(c 0 .04 ,  EOH) 

m.p. 137-1 39°C 

(c 0.06, EtOH) 

carbonyl to the corresponding T B D M S  enol ether was smoothly 
accomplished according to  Mander 's  method,44 thereby sett ing 
the stage for the oxidative introduction of the C(2) hydroxyl group. 
Initial at tempts using both catalytic and stoichiometric amounts 
of generated a multi tude of products. Mixtures of 
products also were obtained when we first at tempted a Rubottom 
oxidation using mCPBA.46 When  this reaction was performed 
in the presence of solid N a 2 H P 0 4  as buffer a t  -20 OC, however, 
protected olivin 59 was obtained in 76% overall yield. The  success 
of this last step was also dependent on the purity of the T B D M S  

(44) Mander, L. N.; Sethi, S .  P. Tetrahedron Leu.  1984, 25, 5953. 
(45) McCormick, J. P.; Tomasik, W.; Johnson, M .  W. Tetrahedron Le t t .  

1981, 22, 607. 
(46) (a) Rubottom, G. M.; Gruber, J .  M. J .  Org. Chem. 1978, 43, 1599. 

(b) Rubottom, G. M.; Vazquez, M .  A,; Pelegrina, D. R.  Tefrahedron L e f f .  
1974, 4319. 
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enol ether,  and  it proved necessary to filter this intermediate 
through silica gel before exposure to mCPBA.  

T h e  final step in the synthesis was the deprotection of 59. All 
protecting groups were chosen to be acid labile in order to avoid 
use of basic conditions to which olivin is known to be  unstable.2b 
Olivin is, however, stable to  relatively vigorous acidic conditions 
(e.g., 0.1 N M e O H ,  H 2 S 0 4 ,  reflux, 3 h or 2 M HCI, M e O H ,  23 
0C).47 Initial a t tempts  to deprotect 59 by using p - T s O H  in 
M e O H  were disappointing a s  even af ter  4 days only a small  
amount  of olivin was obtained. T h e  major compound produced 
under these conditions is what we believe to be the C(8)-C(9) 
methylene acetal. Formation of this intermediate was troublesome 
because bisphenolic methylene acetals a r e  among the most 
acid-stable protecting groups.48 An additional complication was 
the anticipated difficulty of isolating olivin. Olivin, present in 
very small amounts, could not be separated from Et,NH+-p-TsO- 
(Et ,N was used to quench the reaction; we were reluctant to 
subject small  samples to a n  extractive workup owing to the po- 
tential  water solubility of olivin) even af ter  repeated chromato- 
graphic purification. Attempted deprotection of 59 with BCI, a t  
-78 O C  results in extensive decomposition. T h e  reaction of 
chromomycinone, the C(7)-methylated analogue of olivin, with 
BCI, has previously been reported to result in cleavage of the 
methyl ether.49 

Fortunately use of a n  acidic ion-exchange resin solved these 
problems. Thus,  all five protecting groups were removed very 
efficiently (90%) by treatment of 59 with Dowex 50W-X8 H+ 
resin in M e O H  a t  room temperature for 5-6 days. Removal of 
the resin by filtration followed by crystallization of the crude 
product from ether-hexane provided synthetic olivin [mp 139-141 
"C; + 53' (c 0.04, E tOH)] ,  which by all the usual criteria 
was identical with a n  authentic sample [mp 137-139 "c; [.]*'D 
+ 56" ( c  0.05, E t O H ) ]  prepared by acidic methanolysis of ol- 
ivomycin A.47b I t  is noteworthy tha t  olivin, both synthetic and 
natural ,  decomposed rapidly even upon storage a t  -20 "C,  pre- 
sumably due  to air oxidation. T h e  measurement of the optical 
rotation proved to be indicative of the rapid rate of decomposition. 
For example, a crystalline sample that was stored for 2 weeks had 
a rotation of [0]25D -20' ( c  0.04, EtOH), with the sign reversed 
relative to olivin. Examination of this material by T L C  revealed 
tha t  a mixture of materials had formed. I t  is recommended, 
therefore, that  intermediates be stored a t  the stage of 59 if syn- 
thetic olivin is to be used in glycosidation studies. 

In summary ,  a highly stereoselective synthesis of the natural  
enantiomer of olivin has been accomplished. Future  reports will 
detail our progress toward completion of a synthesis of olivomycin 
A.  

Experimental Section 
D-gahcto-3-Methoxyhept- I-ene-4,5,6-triol5,6-Cyclohexyl Ketal (19). 

A mixture of TMEDA (19.6 g, 160 mmol) in 100 mL of T H F  at -78 
OC was treated successively with 80 mL of n-BuLi (2.0 M solution in 
hexane, 160 mmol) and 11.5 g (160 mmol) of methyl allyl ether. The 
resulting yellow solution was stirred at  -78 OC for 1 h and then treated 
with 27.5 g (160 mmol) of freshly distilled fluorodimethoxyborane. The 
reaction mixture was allowed to warm over 1 h to 0 OC, stirred at  this 
temperature for another hour, and then recooled to -78 'C. A solution 
of 13.0 g (70 mmol) of aldehyde 17 in 5 mL of dry T H F  was then added, 
and the resulting mixture was allowed to warm slowly to 23 OC. After 
being stirred overnight, the reaction mixture was poured into saturated 
aqueous NH,CI solution and extracted with CH2CI2. The organic layer 
was dried (MgSO,), concentrated in vacuo, and purified by flash chro- 
matography (silica gel, 20% ether-hexane) to afford 27.0 g (75%) of 19 
as white needles: RJ0.15 (20% ether-hexane); mp 61-62 OC; 

(47) (a) Berlin, Y. A,; Esipov, S. E.; Kolosov, M. M.; Shemyakin, M. M. 
Tetrahedron Left. 1966, 1431. (b) Berlin, Y. A,; Esipov, S. E.; Kolosov, M. 
M.; Shemyakin, M. M.; Brazhnikova, M. G. Tetrahedron Left. 1964, 1323. 
These authors report mp 189-191 O C  and [aIzSD +60.5' (c 0.5, EtOH) for 
natural olivin. (c) Berlin, Y. A,; Esipov, S. E.; Kiseleva, 0. A,; Kolosov, M .  
M. Khimiya Prirodnykh Soedinenii 1967, 3, 331. 

(48) Greene, T. W. Protective Groups in Organic Synthesis; Wiley-In- 
terscience: N e w  York, 1981. 

(49) Miyamoto, M.; Morita, K.; Kawamatsu, Y.; Kawashima, K.; Naka- 
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nishi, K. Tetrahedron 1967, 23, 41 1 .  
(50) Still, W. C.; Kahn, M.; Mitra, A. J .  Org. Chem. 1978, 43, 2923. 

+32.0° (c 0.30, CH2C12); 'H N M R  (250 MHz, CDCI,) 6 5.81 (ddd, J 
= 2.3, 6.1, 12.2 Hz, 1 H), 5.34 (d, J = 2.3 Hz, 1 H), 5.30 (d, J = 12.2 
Hz, 1 H),4.11 (m, 1 H), 3 . 7 8 ( d d , J =  2 .9 ,7 .2Hz,  1 H), 3 . 5 8 ( t , J =  
7.7 Hz, 1 H),  3.45 (dt, J = 2.9, 7.7 Hz, 1 H), 3.33 (s, 3 H) ,  2.30 (d, J 
= 7.7 Hz, 1 H), 1.68-1.43 (m, 10 H), 1.34 (d, J = 7.4 Hz, 3 H); IR 
(CH2C12) 3560, 2920, 1450, 1370, 11  10, 1095, 940 cm-I; mass spectrum 
m/e 256 (parent ion). Anal. Calcd for C14H2404: C,  65.60; H, 9.44. 
Found: C ,  65.45; H,  9.35. 

Ethyl ~-ga/acto-5-(Benzyloxy)-6,7-dihydroxy-4-methoxyoct-2(~)- 
enoate 6,7-Cyclohexyl Ketal (20) .  To a stirred suspension of NaH 
(hexane washed; 339 mg of a 50% by weight dispersion in oil, 7.0 mmol) 
in DME (10 mL) was added dropwise a solution of alcohol 19 (0.90 g, 
3.5 mmol) in  DME (25 mL). The resulting orange suspension was 
heated to reflux for 30 min, treated with benzyl bromide (0.84 mL, 7.0 
mmol, 2 equiv), refluxed for another 30 min, and then allowed to cool 
to 23 OC. The mixture was partitioned between E t 2 0  (50 mL) and 
saturated aqueous NH4C1 (50 mL). The aqueous layer was separated 
and extracted with E t 2 0  (25 mL). The combined ethereal layers were 
washed with brine (35 mL), diluted with CH2C12 (100 mL), dried over 
Na,S04, and evaporated to give a yellow-orange oil that was purified by 
Kugelrohr distillation. The desired benzyl ether was isolated as a pale 
yellow oil: 1.16 g (95% yield); bp 140-146 OC (1.7 Torr); [ a ] 2 S D  +2.2 
( c  0.78, CH2C12); 'H  NMR (250 MHz, CDCI,) 6 7.93-7.65 (m, 5 H) ,  
5 . 3 2 ( d , J = 1 5 . 6 H z . l  H ) , 5 . 2 7 ( d , J = 9 . 2 H z , I H ) , 4 . 7 2 ( d , J = I I . l  
Hz,lH),4.58(d,J=ll.lHz,lH),4.04(m,lH),3.78(m,2H),3.52 
(dd, J = 3.6, 6.4 Hz, 1 H), 3.32 (s, 3 H), 1.93-1.48 (m, 10 H), 1.28 (d, 
J = 6.0 Hz, 3 H) ;  1R (neat) 2950, 2890, 1445, 1360, 1275, 1160, 1090 
cm-'; mass spectrum m/e  346 (parent ion). 

A -20 "C solution of the benzyl ether (300 mg, 0.79 mmol) and a drop 
of 0.1% Sudan 111 in dry CH2C12 (10 mL) was treated with a stream of 
ozone (0.9 mmol/min) until no color remained. The reaction mixture 
was allowed to warm to room temperature, and the ozonide was carefully 
quenched by dropwise addition of Me2S (10 mL). After 6.5 h at  room 
temperature, the solution was concentrated in vacuo to a red oil, which 
was further dried by concentration from benzene. Crude D-fucose de- 
rivative 7 so obtained was used directly in the next step without purifi- 
cation: 'H NMR (270 MHz, CDC1,) d 9.85 (s, 1 H), 7.45-7.22 (m, 5 
H), 4.58 (d, J = 11.5 Hz, 1 H), 4.46 (d, J = 11.5 Hz, 1 H), 4.05 (m, 
1 H) ,  3.95-3.75 (m, 3 H), 3.58 (s, 3 H), 1.72-1.53 (m, 10 H), 1.32 (d, 
J = 5.5 Hz, 1 H). 

To a suspension of KH (0.14 g of a 35% by weight dispersion, 1.2 
mmol) in T H F  (5 mL) at  0 O C  was added a solution of diisopropyl 
[(ethoxycarbonyl)methyl]phosphonate (496 mg, 1.96 mmol) in T H F  (5 
mL). After 1 h at 0 O C ,  the red solution was cooled to -78 "C and added 
via cannula to a -78 OC solution of the above aldehyde in T H F  (15 mL). 
The mixture was allowed to warm slowly to room temperature overnight. 
The reaction was quenched with saturated aqueous NH,CI (20 mL) and 
extracted into Et20 (3 X 15 mL). The combined ethereal layers were 
washed with 1 M NaOH (2 X 15 mL) and brine (3 X 10 mL) and dried 
over Na2S04. After removal of solvent in vacuo the residue was purified 
by flash chromatography (silica gel, 20% ether-hexane) to yield 270 mg 
(68%) of (E)-a,@-unsaturated ester 20 as a single olefin isomer. Enoate 
20 so obtained was in all respects identical with material prepared from 
diol 14 (Scheme I): R ~ 0 . 2 6  (20% ether-hexane); [ a I 2 ' D  +21.5O (c 0.77, 
CH2C12); 'H  NMR (270 MHz, CDCI,) 6 7.40-7.25 (m, 5 H), 6.99 (dd, 
J = 5.6, 15.7 Hz, 1 H), 6.12 (dd, J = 1.6, 15.7 Hz, 1 H), 4.67 (d, J = 
l l . O H z , 1 H ) , 4 . 5 3 ( d , J = l l . O H z , l H ) , 4 . 2 5 ( q , J = 7 . 3 H z , 2 H ) ,  
4.09-3.98 (m, 2 H), 3.76 (t, J = 7.7 Hz, 1 H), 3.52 (dd, J = 3.2, 7.7 Hz, 
1 H), 3.40 (s, 3 H), 1.70-1.20 (m, 10 H), 1.32 (t, J = 7.3 Hz, 3 H), 1.30 
(d, J = 7.7 Hz, 3 H); IR (neat) 2935, 2850, 1720, 1450, 1365, 1275, 
1165, 1100 cm-l; mass spectrum m / e  418 (parent ion). Anal. Calcd for 
C2,H3,06: C, 68.87; H ,  8.18. Found: C, 68.88; H,  8.48. 

D-gdacto -6-(Benzyloxy)-7,8-dihydroxy-5-methoxynon~3(~)-en-2-one 
7,s-Cyclohexyl Ketal ( 2 5 ) .  A -20 "C solution of the benzyl ether pre- 
pared from 19 (2.0 g, 5.77 mmol) and a catalytic amount of Sudan I11 
in CH2C12 (25 mL) was treated with a stream of ozone until no color 
remained. Triphenylphosphine (2.0 g, 7.6 mmol) was then added, and 
the mixture was allowed to warm to 23 OC over a period of 30 min. This 
solution was then treated with 1-(triphenylphosphoranylidene)-2- 
propanone (3.7 g, 11.5 mmol) and benzoic acid (50 mg). After a reaction 
time of 24 h, the mixture was partitioned between saturated aqueous 
NaHCO, and CH2C12. The organic layer was washed with saturated 
aqueous NH,CI, dried over Na2S0,, and concentrated in vacuo. The 
crude product was purified by flash chromatography (silica gel, 15% 
EtOAc-hexane), giving 1.45 g (65%) of geometrically pure enone (E)-25: 
RJ 0.18 (15% EtOAc-hexane); [a]250 +25.9O (c 1.20, CH2C1,); IH 
NMR (250 MHz, CDC1,) 6 7.40-7.20 (m. 5 H), 6.79 (dd, J = 6.4, 17.0 
Hz, 1 H), 6.33 (dd, J = 1.0, 17.0 Hz, 1 H), 4.67 (d, J = 10.5 Hz, 1 H), 
4.58 (d, J =  10.5 Hz, 1 H), 4.12-3.99 (m,  2 H), 3.78 (t ,  J = 7.8 Hz, 1 
H), 3.56 (dd, J = 3.5, 7.8 Hz, 1 H), 3.41 (s, 3 H), 2.26 (s, 3 H), 
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1.78-1.50 (m, I O  H), 1.33 (d, J = 7.8 Hz, 3 H); IR (neat) 2945, 2865, 
1680, 1625, 1445, 1355, 1265, 975, 940 cm-l; mass spectrum m / e  388 
(parent ion). 

Reaction of Enone 23 with (H2C=CH),CuLi: Synthesis of 4(R),5- 
(S),6(R),7(S),8(R ) -64  Benzyloxy)-5-methoxy-7,8-dihydroxy-4-vinyl- 
nonan-2-one 7,8-Carbonate (26). To a -65 OC solution of CuBr-Me2S 
(0.20 g, 0.99 mmol) in  ether ( 5  mL) and Me2S ( 5  mL) was added 
vinyllithium ( 5  mL, 0.36 M in THF, 1.8 mmol). The mixture was stirred 
at -65 to -70 OC for 0.75 h and then treated with a solution of enone 
23(E) (0.15 g, 0.45 mmol) in ether (5 mL). After being stirred at -65 
OC for 1 h and an additional 0.5 h at  -45 OC, the reaction mixture was 
poured into a cold mixture of ether and saturated aqueous NH4C1. 
Aqueous NH,OH was then added, and the resulting mixture was stirred 
until a homogeneous organic phase and a dark blue aqueous layer were 
obtained. The two layers were separated, and the aqueous phase was 
further extracted with ether. The combined organic extracts were washed 
with brine, dried over MgSO,, concentrated, and purified by column 
chromatography (silica gel, 40% EtOAc-hexane) to provide 140 mg 
(86%) of 26 and 3 mg (2%) of 27. 

A sample of 24(Z) (39 mg, 0.12 mmol) was treated with divinyl- 
cuprate as described for 23(E). The reaction afforded 26 mg (65%) of 
26 and 1.5 mg (3%) of 27 following chromatographic purification. 

Data for 26: R10.25 (30% EtOAc-hexane); [a]2SD -15.6' (c 1.01, 
CH2C12); 'H NMR (270 MHz, CDCI,) 6 7.45-7.30 (m, 5 H), 5.76 (ddd, 
J = 8.6, 10.6, 17.0 Hz, 1 H), 5.3-5.08 (m, 2 H), 4.74 (d, J = 11.0 Hz, 
1 H), 4.66 (d, J = 11.0 Hz, 1 H), 4.65 (m, 1 H), 4.35 (dd, J = 5.4, 5.4 
Hz, I H), 3.80 (dd, J = 3.5, 5.9 Hz, 1 H), 3.23 (dd, J = 3.4, 7.8 Hz, 
1 H), 3.09 (m, 1 H), 2.74 (dd, J = 4.9, 16.6 Hz, 1 H), 2.53 (dd, J = 8.3, 

3060, 2920, 1800, 1710, 1635, 1495, 1450, 1370, 1360 cm". Anal. 
Calcd for C2,,H2,,06: C, 66.27; H,  7.23. Found: C, 66.04; H,  7.32. 

Data for 27: R, 0.35 (30% EtOAc-hexane); [aIZSD +23.2 (c 0.41, 
CHZCI,); 'H NMR (270 MHz, CDCI,) 6 7.42-7.30 (m, 5 H), 5.80 (ddd, 
J = 8.7, 10.1, 17.5 Hz, 1 H), 5.15 (m, 2 H), 4.93 (dq, J = 6.4, 6.4 Hz, 
1 H), 4.70 (s, 2 H), 4.36 (dd, J = 2.4, 5.3 Hz, 1 H), 3.84 (dd, J = 2.4, 
7.4 Hz, 1 H), 3.44 (s, 3 H), 3.21 (dd, J = 3.0, 7.4 Hz, 1 H),  2.90 (dd, 
J = 7 . 7 ,  17.1 Hz, I H),2.75(m, 1 H),2.51 (dd, J = 4 . 4 ,  17.1 Hz, I H), 
2.12 (s, 3 H), 1.55 (d, J = 6.4 Hz, 3 H). 

Reaction of Enone 25 and (H2C=CH),CuLi: Synthesis of 4(R),5- 
(S),6(R ),7(S),8(R )-6-(Benzyloxy)-5-methoxy-7,8-dihydroxy-4-vinyl- 
nonan-2-one 7,8-Cyclohexyl Ketal (28). To a -55 OC suspension of 
CuBr-Me,S (1.53 g, 7.5 mmol) in E t 2 0  (IO mL) and Me2S (10 mL) was 
added vinyllithium (8.3 mL, 1.80 M in THF,  14.9 mmol) over a period 
of 0.5 h. This mixture was treated with a solution of enone 25 (1.44 g, 
3.7 mmol) in EtzO (40 mL) and stirred at -50 to -30 OC for 1 h. The 
reaction was worked up by the procedure described for the preparation 
of 26 from 23(E). The crude product was purified by column chroma- 
tography (silica gel, 8-1 5% EtOAc-hexane) to yield 1.04 g of 28 (68% 
yield) plus a very small amount of the C(3) epimer: R, 0.54 (40% 
EtOAc-hexane); [aI2'D -24.5' (c 1.1 I ,  CH2C12); 'H N M R  (250 MHz, 
CDCI,) 6 7.56-7.25 (m. 5 H), 5.73 (ddd, J = 8.6, 10.3, 18.8 Hz, 1 H), 
5.11 (d , J=10 .3Hz ,1H) ,5 .06 (d , J=18 .8Hz , lH) ,4 .70 (d , J=11 .2  
Hz, 1 H), 4.62 (d, J = 11.2 Hz, 1 H), 4.07 (m, 1 H), 3.76 (t, J = 6.1 
Hz, 1 H), 3.57 (dd, J = 2.7, 6.1 Hz, 1 H), 3.49 (s, 3 H), 3.12 (dq, J =  
2.7, 6.1 Hz, 1 H), 2.76 (dd, J = 5.0, 15.9 Hz, 1 H), 2.51 (dd, J = 8.6, 
15.9Hz,1H),2.12(s,3H),1.82-1.47(m,10H),1.34(d,J=6.1Hz, 
3 H); IR (neat) 2885, 2810, 1715, 1440, 1355, 1270, 1090, cm-I; mass 
spectrum m / e  416 (parent ion). 

Stereochemical Assignment for 26: Preparation of Bicyclic Ketal 31. 
A 0 OC solution of 26 (80 mg, 0.22 mmol) in water (0.3 mL) and dioxane 
(0.3 mL) was treated with 0.5 M aqueous NaOH (1 mL). The resulting 
mixture was stirred for 1 h, then neutralized with 5 N HCI, and parti- 
tioned between CHCI, and H20 .  The organic layer was dried over 
MgSO,, filtered, and concentrated in vacuo to afford 73 mg (quantitative 
yield) of diol 29, which was used in the following step without any further 
purification: 'H N M R  (250 MHz, CDC1,) 6 7.42-7.30 (m, 5 H), 5.77 
(m, 1 H), 5.04 (m, 2 H), 4.66 (s, 2 H), 3.97 (m, 1 H), 3.70-3.60 (m, 2 
H), 3.42 (s, 3 H), 3.45 (m, 1 H), 3.1 1 (m, 1 H), 3.00 (m, 1 H), 2.75 (dd, 
J=5.5,16.2Hz,lH),2.50(dd,J=8.1,15.8Hz,1H),2.23(m,lH), 
2 . 1 1 ( s , 3 H ) , l . 2 4 ( d , J = 6 . 8 H z , 3 H ) .  

A solution of diol 29 (61 mg, 0.19 mmol) in CH2CI2 (2 mL) con- 
taining FeC1, (20 mg) was stirred at room temperature for 20 min. The 
mixture was then diluted with saturated aqueous NaHC03 and extracted 
with CH2C12. The extracts were dried over MgSO,, filtered, and con- 
centrated to give the crude product that was purified via preparative TLC 
(1 5% EtOAc-hexane) giving 48 mg (84%) of ketal 31: R, 0.65 (20% 
EtOAc-hexane); 'H NMR (250 MHz, CDCI,) 6 7.45-7.25 (m, 5 H), 
5.97 (ddd, J = 8.0, 9.9, 17.0 Hz, 1 H), 5.12 (d, J = 17.0 Hz, 1 H), 5.03 
(d, J = 9.9 Hz, 1 H), 4.67 (s, 2 H), 4.30 (dq, J = 2.3, 6.3 Hz, 1 H), 4.17 
(dd, J = 1.6, 3.5 Hz, 1 H), 3.53 (dd, J = 1.6, 3.5 Hz, 1 H), 3.46 (m, 1 

16.6 Hz, 1 H), 2.13 ( s ,  3 H), 1.46 (d, J = 6.0 Hz, 3 H); IR (CH2CI2) 
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H ) , 3 . 3 4 ( ~ , 3 H ) , 2 . 9 7 ( m , I  H ) , 2 . 1 0 ( d d , J =  11.0,14.6Hz,1 H),1.85 
(dd, J = 5.3, 14.6 Hz, 1 H), 1.48 (s, 3 H), 1.18 (d, J = 6.3 Hz, 1 H); 
IR (CH2C12) 3070, 3030, 1450, 1375, 1230, 1200, 1030 cm-'; mass 
spectrum m / e  318 (parent ion). 

Preparation of Ketal 31 from 28. Cyclohexyl ketal 28 (830 mg, 2.0 
mmol) was dissolved in a 98:2 mixture of TFA-H20 (10 mL) at  0 "C. 
After 45 min the resultant yellow solution was carefully poured into 
saturated aqueous NaHCO, (200 mL) and extracted with Et20  (3 X 30 
mL). The combined ethereal layers were diluted with CH2C12 (50 mL), 
dried over Na2S04, and evaporated to give a green oil. Pure ketal 31 was 
obtained after two successive flash column chromatographic separations, 
with 5% EtOAc-benzene and CH2CI2, respectively. In this manner, 460 
mg (77% yield) of 31 was isolated as a pale yellow oil. 

Bicyclic Ketal 32. A mixture of 31 (37 mg, 0.12 mmol), 20% Pd- 
(OH),/C(8 mg) and absolute EtOH (2 mL) was shaken under a hy- 
drogen atmosphere (40 psi) for 3.5 h. After the catalyst was removed 
via filtration through Celite, the filtrate was concentrated to give 28 mg 
(98%) of the corresponding alcohol: R,0.30 (20% EtOAc-hexane); mp 
95.5-96.5 OC; [a]25D +65.9" (c 0.47, CH2C12); 'H  NMR (250 MHz, 
CDCI,) 6 4.35 (dq, J = 3.9, 6.0 Hz, 1 H), 4.12 (m, 1 H), 3.82 (m, 1 H), 
3.42 (s, 3 H), 3.41 (m, 1 H), 2.38 (m, 1 H), 1.99-1.68 (m, 3 H), 1.48 
(s, 3 H), 1.42-1.36 (m, 2 H), 1.24 (d, J = 6.1 Hz, 3 H), 0.92 (t, J = 7.3 
Hz, 3 H);  IR 3570, 2930, 1750, 1600, 1460, 1375 cm-'; mass spectrum 
m / e  230 (parent ion). 

A mixture of the above alcohol (9 mg, 0.04 mmol), Ac20 (0.1 mL), 
and pyridine (0.1 mL) was stirred at  23 OC for 5.5 h. After removal of 
all volatile materials, the residue was purified by preparative TLC ( 1  5% 
EtOAc-hexane) to give 7 mg (65%) of acetate 32: Rf 0.57 (20% Et- 
OAc-hexane); 'H NMR (250 MHz, CDCI,) 6 5.06 (dq, J = 1.7, 3.5 Hz, 
1 H,  Hs), 4.40 (dq, J = 2.3, 6.3 Hz, I H), 4.08 (m, 1 H, H6), 3.42 (s, 
3 H), 3.33 ( d d , J  = 1.7, 3.5 Hz, 1 H,  H,), 2.13 (s, 3 H), 2.10-1.75 (m, 
3 H), 1.50 (s, 3 H), 1.39 (d, J = 6.3 Hz, 3 H), 1.48-1.15 (m, 2 H). 0.9 
(t, J = 7.4 Hz, 3 H). 

Structure Proof for 27: Preparation of Bicyclic Ketal 33. A sample 
of 27 (6.8 mg, 0.02 mmol) was hydrolyzed to diol 30 as described for the 
preparation of 33. The diol underwent intramolecular ketalization upon 
treatment with FeCI, in CH2C12 to give 3.0 mg (50%) of ketal 39 fol- 
lowing chromatographic purification: &OS6 (20% EtOAc-hexane); 'H  
N M R  (250 MHz, CDCI,) 6 7.40-7.28 (m, 5 H), 5.75 (ddd, J = 8.5, 
10.2, 17.1 Hz, 1 H), 5.07-5.00 (m, 2 H), 4.72 (d, J = 11.7 Hz, 1 H), 
4.61 ( d , J =  11.7 Hz, 1 H), 4.15 ( d q , J =  3.0, 6.1 Hz, 1 H), 4.02 (d, J 

(dd, J = 7.5, 10.2 Hz, 1 H, H4), 2.56 (m, 1 H), 1.82 (dd, J = 3.4, 14.2 
Hz, 1 H), 1.68 (m, 1 H), 1.45 (s, 3 H), 1.16 (d, J = 6.1 Hz, 3 H); mass 
spectrum m / e  318 (parent ion). 

D-galacto -3-Methoxy-4-[(tert-butyldimethylsilyl)oxy]hept- l-ene-5,6- 
diol 5,6-Cyclohexyl Ketal (39). To a solution of 25.6 g (100 mmol) of 
alcohol 19 and 26.8 mL (250 mmol) of 2,6-lutidine in 150 mL of dry 
CH2CIZ was added 31.7 mL (120 mmol) of TBDMS-OTf. After being 
stirred at room temperature overnight, the solvent was removed in vacuo 
and the residue was purified by flash chromatography (silica gel, 10% 
ether-hexane) to afford 30.2 g (82%) of 39: R,0.38 (10% ether-hexane); 

1 H), 5.23 (m, 2 H), 4.14 (dq, J = 7.2, 7.2 Hz, 1 H), 3.82 (dd, J = 5.6, 
7.2 Hz, 1 H), 3.67 (dd, J = 5.6, 7.6 Hz, 1 H), 3.47 (t, J = 7.6 Hz, 1 H), 
3.24 (s, 3 H), 1.56 (s, 10 H), 1.27 (d, J = 7.2 Hz, 3 H), 0.88 (s, 9 H), 
0.07 (s, 6 H); IR (CHCI,) 3000, 2915, 2850, 1470, 1460, 1445, 1360, 
1250 cm-'; high-resolution mass spectrum for C2,H,,O,Si calcd 
370.2539, found 370.2538. Anal. Calcd for C20Hp804Si: C, 64.82; H,  
10.33. Found: C,  64.84; H,  10.56. 

Methyl ~-galac~o-4-Methoxy-6,7-dihydroxy-5-[(tert-butyldimethyl- 
silyl)oxy~ct-2(E)-enoate 6,7-Cyclohexyl Ketal (37). Ozone was bubbled 
into a -20 OC solution of 39 (11 g, 30 mmol) in MeOH (200 mL), and 
the reaction was monitored by TLC. Upon consumption of all starting 
material, triphenylphosphine (8 g, 30 mmol) was added. The resulting 
mixture was stirred for 1 h at -20 OC and then allowed to warm to room 
temperature over a period of 2 h. MeOH was then removed, and the 
crude product was filtered through a short silica gel column using CH2C12 
as eluent. The filtrate was concentrated in vacuo and the crude aldehyde 
[R,O.17 (10% ether-hexane); [a]22D f4.6O (c 0.5, CHCI,); ' H  NMR 
(250 MHz, CDC1,) 6 9.65 (d, J = 1.9 Hz, 1 H), 4.08 (m, 1 H), 3.94 (dd, 
J = 5.0, 7.0 Hz, 1 H), 3.64 (t, J = 7.0 Hz, 1 H), 3.57 (dd, J = 2.0, 5.0 
Hz, 1 H), 3.42 (s, 3 H), 1.6-1.4 (br, 10 H), 1.30 (d, J = 2.0 Hz, 3 H), 
0.86 (s, 9 H), 0.06 (s, 3 H), 0.05 (s, 3 H); IR (CDC13) 2940, 2860, 2250, 
1730, 1445, 1365 cm"; mass spectrum m / e  372 (parent ion); high-res- 
olution mass spectrum for C19H360SSi calcd 372.2332, found 372.23351 
was redissolved in CH2C12 (100 mL) and treated with methyl (tri- 
pheny1phosphoranylidine)acetate (1 5 g, 45 mmol). The mixture was 
stirred overnight at room temperature and then concentrated in vacuo. 
The residue was purified by column chromatography (silica gel, 20% 

= 2.9 Hz, 1 H, H6), 3.50 ( s ,  3 H), 3.46 (d, J = 7.5 Hz, 1 H, Hs), 3.37 

[a]22D +1.8' (C 1.7, CHC13); 'H N M R  (250 MHz, CDCI,) 6 5.81 (m, 
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ether-hexane) to yield 8.9 g (70% for two steps) of 37 as a -4:l mixture 
of ( E ) -  and (Z)-olefin isomers. For preparative purposes this mixture 
was not separated. A sample of 37(E) was purified for characterization 
purposes: Rf0.48 (20% ether-hexane); [ci]25D +7.4' (c 1.0, CHCl,); 'H 
N M R  (250 MHz, CDCI,) 6 6.86 (dd, J = 5.8, 15.8 Hz, 1 H), 6.00 (d, 
J = 15.8 Hz, 1 H), 4.07 (m, 1 H), 3.75 (m, 5 H),  3.61 (dd, J = 5.6, 7.2 
Hz, 1 H), 3.30 (s, 3 H), 1.61-1.40 (br, I O  H), 1.28 (d, J = 6.0 Hz, 3 
H), 0.87 (s, 9 H), 0.55 (s, 6 H); IR (CHCI,) 3005, 2930, 2850, 1720, 
1470, 1460, 1450, 1435, 1280, 1250 cm-'; mass spectrum m/e 428 
(parent ion), 385 (13), 299 (25), 281 (25), 273 (20), 255 (62), 241 (44), 
201 (20), 155 (100); high-resolution mass spectrum for C22H400,Si calcd 
428.2595, found 428.2597. Anal. Calcd for C22H4006Si: c, 61.64; H, 
9.41. Found: C,  61.62; H, 9.32. 

~-ga/acto -4-Methoxy-6,7-dihydroxy-5-[( tert-butyldimethylsilyl)oxy]- 
oct-2(E)-enal 6,7-Cyclohexyl Ketal (40). To a -78 'C solution of a 
mixture of cis and trans unsaturated esters 37 (9.5 g, 22.0 mmol) in dry 
ether (80 mL) was added DIBAL-H (60 mL, 1 M in THF,  60 mmol). 
The mixture was stirred for 1 h ,  MeOH (50 mL) was added dropwise, 
and the resulting solution was slowly poured into cold (0 "C) 1 N HCI. 
The aqueous phase was extracted with CH2CI2, and the combined ex- 
tracts were dried over MgSO,. Filtration and removal of solvent afforded 
8.4 g (95%) of crude alcohol that was used without purification in the 
following reaction: Rf0.20 (20% ether-hexane); 'H N M R  (300 MHz, 
CDCI,) 6 5.84 (m,  1 H),  5.65 (m, 1 H), 4.20-4.05 (m, 3 H), 3.78 (t, J 
= 5.9 Hz, 1 H), 3.64 (dd, J = 5.0, 7.4 Hz, 1 H),  3.54 (t, J = 6.8 Hz, 
I H) ,  3.27 (s, 3 H) ,  1.57 (m, IO H), 1.29 (d, J = 6.3 Hz, 3 H), 0.90 (s, 
9 H), 0.09 (s, 6 H); IR (neat) 3420,2930,2850, 1470, 1460, 1450, 1360, 
1250 cm-l; mass spectrum m/e 400 (parent ion). Anal. Calcd for 
C2,H4005Si: C, 62.95; H,  10.07. Found: C ,  62.90; H ,  10.34. 

PCC ( 1  5 g, 69.0 mmol) was added to a solution of the above allylic 
alcohol (8.4 g, 21.0 mmol) in CH2CI2 (150 mL), and the reaction mixture 
was stirred at room temperature for 15 h. The mixture was then filtered, 
and the solids were washed with ether. The filtrate was concentrated, 
and crude 40 was directly purified by flash chromatography (silica gel, 
20% ethyl acetate-hexane) to give 7.5 g (90%) of aldehyde 40 as a 
mixture of olefin isomers. This mixture was used as such in the following 
experiment. 

Data for 40(E): Rf 0.45 (20% ether-hexane); [a]250 -4.2' (c 1.5, 
CHCI,); 'H  NMR (250 MHz, CDCI,) 6 9.61 (d, J = 7.9 Hz, 1 H), 6.80 
(dd, J = 6.0, 15.8 Hz, 1 H), 6.27 (dd, J = 7.0, 15.8 Hz, 1 H), 4.07 (m. 
I H), 3.87 (dt, J = 5.6, 6.6 Hz, 1 H), 3.79 (t, J = 5.8 Hz, 1 H),  3.58 
(t, J = 6.6 Hz, 1 H), 3.32 (s, 3 H) ,  1.56 (s, 10 H), 1.29 (d, J = 6.1 Hz, 
3 H), 0.87 (s, 9 H), 0.07 (s, 6 H); IR (CHCI,) 2940, 2860, 1680 cm-'; 
high-resolution mass spectrum for C2,H,,O5Si calcd 398.2489, found 
398.2490. 

Reaction of 40 with Divinylcuprate: Synthesis of 3(R),4(S),5(R),6- 
(S),7( R )-4-Methoxy-6,7-dihydroxy-5-[( tert-butyldimethylsilyl)oxy]-3- 
vinyloctanal 6,7-Cyclohexyl Ketal (41). To a -78 "C solution of CUI 
( I  .52 g, 8.0 mmol) in ether (60 mL) under argon were added vinyllithium 
( I O  mL, 2.2 M in THF,  22.0 mmol) and an additional I O  mL of THF.  
The mixture was allowed to warm to -35 to -40 "C, held at that tem- 
perature for 15 min, and then recooled to -78 "C. This mixture was then 
treated with TMS-C1 (0.3 mL, 2.3 mmol) followed by a solution of 
aldehyde 40 (1.0 g, 2.5 mmol) in ether (10 mL). The reaction mixture 
was stirred at -78 'C for 10 min and then poured into saturated aqueous 
NH&I solution. The resulting mixture was stirred for 2 h and then 
extracted with CH2CIz. The organic extracts were eluted (1:l ether- 
hexane) through a silica gel column and concentrated to afford 1.0 g 
(91%) of aldehyde 41, which was pure enough to be used in the next step 
without any further purification. Only a single stereoisomer of 41 was 
observed and comparable results were obtained whether isomerically pure 
(E)-40 or mixtures of enal olefin isomers were used: Rf0.65 ( 1 : l  eth- 
er-hexane); [ c i I z 5 D  -16.1' (c 1.20, CHCI,); 'H N M R  (250 MHz, 
CDCI,) 6 9.58 (t, J = 2.0 Hz, 1 H),  5.75 (m. 1 H),  5.07 (d, J = 7.4 Hz, 
1 H), 5.01 (s, 1 H), 4.04 (m, 1 H), 3.72 (dd, J = 3.7, 7.4 Hz, 1 H), 3.60 
(t, J = 7.0 Hz, 1 H), 3.32 (s, 3 H), 3.13 (dd, J = 3.7, 6.3 Hz, 1 H), 3.04 
(m,  1 H), 2.46 (m, 2 H), 1.49 (br, IO H), 1.27 (d, J = 6.1 Hz, 3 H), 0.84 
(s, 3 H), 0.05 (s, 3 H), 0.03 (s, 3 H); IR (CDCI,) 2950, 2840, 1730, 1640 
cm"; mass spectrum m/e (re1 intensity) 426 (parent ion, I ) ,  398 (5), 299 
( 2 5 ) ,  271 (30), 255 (35), 239 (44), 155 (91), 73 (100). 

Methyl 5(R),6(S),7(R),8(S),9(R)-6-Methoxy-8,9-dihydroxy-7- 
[(terl-butyldimethylsilyl)oxy]-5-vinyldec-2(~)-enoate 8,9-Cyclohexyl 
Ketal (42). A solution of aldehyde 41 (1.0 g, 2.3 mmol) and methyl 
(tripheny1phosphoranylidine)acetate ( 1  .O g, 3.0 mmol) in CH2C12 (IO 
mL) was stirred overnight at room temperature. Workup consisted of 
filtering the mixture through a silica gel column (100 g of silica gel, 1 : l  
ether-hexane) and removal of solvent in vacuo. This gave 1.1 g (91%) 
of 42(E) as a >9:1 mixture of olefin isomers: Rf0.70 (1:l ether-hexane); 
[ a ] 2 2 ~  +8.9' (c 3.7, CH2C12); 'H  NMR (250 MHz, CDCI,) 6 6.88 (m, 
1 H), 5.80 (d, J = 15.4 Hz, 1 H), 5.63 (m, 1 H), 5.03 (m, 2 H), 4.09 
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(m, 1 H),  3.80 (dd, J = 5.3, 6.3 Hz, 1 H), 3.70 (s, 3 H), 3.60 (t, J = 6.7 
Hz, 1 H),  3.43 (s, 3 H), 3.13 (t, J = 5.3 Hz, 1 H),  2.56 (m, 2 H),  2.25 
(m, 1 H), 1.56 (m, 10 H),  1.31 (d, J = 6.1 Hz, 3 H), 0.88 (5, 9 H), 0.09 
(s, 3 H), 0.07 (s, 3 H); IR (neat) 2930, 2850, 1725, 1655, 1470, 1460, 
1445, 1435, cm-'; mass spectrum m/e 482 (parent ion); high-resolution 
mass spectrum for C2,H4,06Si calcd 482.3064, found 482.3068. Anal. 
Calcd for C,,H,,O,Si: C,  64.69; H, 9.60. Found: C, 64.83; H, 9.48. 

Stereochemical Assignment for 41: Preparation of Lactone 43. To a 
solution of aldehyde 41 (10 mg, 0.023 mmol) in T H F  ( 1  mL) was added 
n-Bu,NF (8 drops, 1 M in THF).  After being stirred at room temper- 
ature for 1 h, the mixture was partitioned between water and CH2CI2. 
The organic layer was dried over MgS04, and the solvent was removed 
in vacuo. The crude alcohol so obtained was dissolved in CH2C12 (2 mL) 
and treated with excess PCC (120 mg, 0.56 mmol). The mixture was 
stirred at room temperature overnight and then filtered. The solvent was 
removed in vacuo, and the residue was directly purified by preparative 
TLC ( I : ]  ether-hexane) to afford 5 mg (70%) of lactone 43: Rf0.15 
(1:l  ether-hexane); [ci]22D -60' ( ~ 0 . 0 9 ,  CHCI,); 'H NMR (250 MHz, 
CDCI3)65.89(m,1H),5.17(d,J=1OHz,1 H ) , 5 . 1 5 ( d , J =  16.2Hz, 
1 H ) , 4 . 1 2 ( m , 2 H ) , 3 . 7 6 ( d d , J = 7 . 5 , 9 . 1  Hz.1 H ) , 3 . 6 7 ( b r t , J = 2  
Hz, H,), 3.53 (s, 3 H), 2.71 (dd, J = 10, I O  Hz, Ha,), 2.63 (m, H,), 2.50 
(br d, J = 10 Hz, H,,), 1.65 (m, 10 H), 1.45 (d, J = 7.0 Hz, 3 H) ;  IR 
(CHCI,) 2930, 2850, 1745, 1450, 1365 cm-'; mass spectrum m / e  312 
(parent ion). 

3,5-Bis[(benzyloxy)methoxy]benzyl Alcohol (44). To a 0 "C suspen- 
sion of NaH (5.5 g, 60% dispersion in oil, 137 mmol) in dry DMF (100 
mL) was added dropwise a solution of methyl 3,5-dihydroxybenzoate ( I O  
g, 59.6 mmol) in DMF (30 mL). After being stirred at 23 "C for 60 min, 
the mixture was treated with (benzy1oxy)methyl chloride (18.5 mL, 126 
mmol) and stirred for 30 min. The suspension was then poured into 
water, acidified with 1 N HCI, and extracted three times with benzene. 
The combined extracts were washed with brine, dried (K,CO,), and 
concentrated in  vacuo to give 21.9 g (90%) of protected benzoate which 
was used in the next step without purification: Rf0.54 ( 1 : l  ether-hex- 
ane); 'H  NMR (250 MHz, CDCI,) 6 7.45 (d, J = 2.9 Hz, 2 H), 7.36 
(m, I O  H) ,  7.03 (t, J = 2.9 Hz, 1 H), 5.33 (s, 4 H), 4.76 (s, 4 H), 3.93 
(s, 3 H); IR (neat) 3050,2940,2875, 1780, 1600, 1455, 1300, 1160, 1020 
cm-'; mass spectrum m/e 408 (parent ion). 

To a suspension of LiAIH4 (4.0 g, 105 mmol) in  T H F  (100 mL) was 
added dropwise a solution of the above benzoate (21.9 g, 53.7 mmol) in 
T H F  (50 mL). After being stirred at 23 ' C  for 2 h, the mixture was 
treated successively with 4 mL of water, 4 mL of 15% NaOH, and I O  
mL of water. The resulting suspension was filtered, and the filtrate was 
concentrated in vacuo. The residue was purified by column chroma- 
tography (silica gel, 40% ethyl acetate-hexane) to afford 18.5 g (90%) 
of 44: R10.40 (2:l ether-hexane); ' H  NMR (250 MHz, CDCI,) 6 7.34 
(m, 10 H), 6.77 (s, 3 H), 5.29 (s, 4 H), 4.73 (s, 4 H), 4.64 (s, 2 H), 1.75 
(s, 1 H); IR (neat) 3600-3150 (br), 3025,2790, 1600, 1455, 1170, 1080, 
1035 cm-'; mass spectrum m/e 381 (M + 1). Anal. Calcd for C2,H240,: 
C,  72.61; H,  6.36. Found: C, 72.60; H,  6.39. 

2-Bromo-3,5-bis[(benzyloxy)methoxy]benzyl Alcohol (45). To a so- 
lution of alcohol 44 (16.7 g, 43.8 mmol) in dry CHCI, (150 mL) was 
added recrystallized NBS (7.80 g, 43.8 mmol). The solution was heated 
at reflux for 90 min and then allowed to cool to room temperature. The 
mixture was diluted with freshly prepared saturated aqueous Na2S20,  
(200 mL), and the organic phase was washed with water (2 X 200 mL), 
dried over K,CO,, and concentrated. The residue was purified by column 
chromatography (silica gel, 30% ethyl acetate-hexane) to yield 16.7 g 
(83%) of the aryl bromide 45 as a low-melting, yellow solid: Rf0.29 ( I : ]  
ether-hexane); 'H NMR (250 MHz, CDCI,) 6 7.50-7.10 (m, I O  H), 
6.97 (m, 2 H), 5.38 (s, 2 H), 5.30 (s, 2 H) ,  4.87 (s, 2 H) ,  4.73 (s, 2 H), 
4.67 (d, J = 4.9 Hz, 1 H), 2.65 (s, 1 H); IR (CHCI,) 3400, 2890, 1585, 
1450, 1400, 1310, 1165, 1095, 1040, 1015 cm-I. 

5,7-Bis[(benzyloxy)methoxy]phtbalide (46). To a -78 'C solution of 
aryl bromide 45 (14.6 g, 32.0 mmol; azeotropically dried from toluene) 
in T H F  ( 1  50 mL) under nitrogen were added sequentially n-BuLi (16.0 
mL, 2.0 M in hexane, 32.0 mmol) and sec-BuLi (32.0 mL, 1.0 M in 
cyclohexane, 32.0 mmol). The resulting solution was stirred at -78 "C 
for 70 min. Dry C 0 2  gas was then bubbled through the orange anion 
solution for -2.5 h. The solution was allowed to warm to -20 "C and 
then to 23 "C overnight. The mixture was carefully diluted with water 
(20 mL), whereupon vigorous gas evolution occurred, then acidified with 
10% aqueous HC1 (20 mL), saturated with NaCI, and extracted with 
ether (2 X 150 mL). The combined extracts were dried (Na2S04) and 
concentrated. The residue was purified by flash chromatography (silica 
gel, 1:l  ether-hexane) to give 6.62 g (51%) of phthalide 46. On a 
IO-mmol scale the yield of 46 was 70%: Rf0.20 ( 1 : l  ether-hexane); mp 
82-83 'C; ' H  N M R  (250 MHz, CDCI,) b 7.50-7.24 (m, 10 H),  6.95 
(d, J = 1.5 Hz, 1 H), 6.79 (d, J = 1.5 Hz, 1 H), 5.49 (s, 2 H), 5.34 (s, 
2 H), 5.18 (s, 2 H), 4.80 (s, 2 H),  4.72 (s, 2 H); IR (KBr) 1765, 1610, 
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1485, 1450, 1385, 1340, 1315, 1285, 1235, 1210, 1175, 1155, 1090, 1045 
cm-’; mass spectrum m/e 406 (parent ion). Anal. Calcd for C24H2,06: 
C, 70.92; H, 5.46. Found: C, 70.88; H,  5.31. 
Methyl 6,8-Bis[(benzyloxy)methoxy]-l-hydroxy-3-[l’-[[2’(R),3’- 

( S  ),4’(R ),5’(S ),6’(R )]-3’-methoxy-5’,6’-[cyclohexylidenebis(oxy)]-4’- 
[ (tert-butyldimethylsilyl)oxy]-2’-vinylheptyl]]-2-naphthoate (48). A so- 
lution of LDA was prepared by the addition of n-BuLi (2.0 mL, 2.5 M 
in  hexane, 5.0 mmol) to diisopropylamine (0.5 mL, 3.5 mmol) in T H F  
(5 mL) at 0 OC. This solution was stirred for 15 min, then cooled to -40 
OC, and treated with a solution of phthalide 46 (406 mg, 1.0 mmol) in 
T H F  (4 mL), resulting in an orange-yellow color. Ten minutes later, a 
solution of enoate 42 (482 mg, 1.0 mmol) in T H F  (2 mL) was added 
dropwise over a period of 20 min. The red solution so obtained was 
stirred at -40 OC for another 20 min and then was diluted with saturated 
aqueous NH4CI. This mixture was extracted with CH2C12, dried over 
MgSO,, and concentrated in vacuo to give the crude hydroxytetralone. 
This material was dissolved in CH2C12 (40 mL) along with triethylamine 
(5 mL, 36 mmol). Methanesulfonyl chloride was then added dropwise 
until all the hydroxytetralone [R,0.19 ( 1 : l  ether-hexane)] was consumed 
as evidenced by TLC analysis. The mixture was then treated with 1 N 
HCI, extracted with CH2C12, dried over MgSO,, and concentrated. 
Purification of the residue by column chromatography (silica gel, 15-25% 
ether-hexane) afforded 62 mg of an unknown mixture, 342 mg (35%) 
of naphthol 48, and 105 mg (10%) of mesylate 49. 

R, 0.35 (1:l ether-hexane); [a]220 -15.0’ (c 2.0, 
CH2C12); ‘H N M R  (300 MHz, CDCI,) 6 10.17 (s, 1 H), 7.4-7.25 (m, 
lOH),6.95(~,2H),6.88(d,J=2.1Hz,1H),5.68(m,1H),5.45(~, 
2 H), 5.33 (s, 2 H), 4.90-4.68 (m, 6 H), 4.12 (m, 1 H), 3.97 (s, 3 H), 
3.92 (t, J = 5.6 Hz, 1 H), 3.70 (dd, J = 4.7, 6.8 Hz, 1 H), 3.48 (s, 3 H), 
3.25 (d, J = 9.6 Hz, 1 H), 3.12 (t. J = 4.8 Hz, 1 H), 2.64 (m, 2 H), 1.56 
(m,lOH),1.31(d,J=5.6Hz,3H),0.90(s,9H),0.ll(s,3H),0.07 
(s, 3 H); IR (CDCI,) 2940, 2860, 1715, 1660, 1625, 1610, 1590 cm-I; 
mass spectrum m/e (re1 intensity) 870 (parent ion, 2), 621 ( l ) ,  531 (2), 
479 (3), 155 (17), 91 (100). 

Data for 49: R/ 0.30 ( 1 : l  ether-hexane); IH NMR (300 MHz, 
CDC1,) 6 7.41-7.24 (m, 10 H), 7.06 (d, J = 2.6 Hz, 1 H), 7.03 (d, J = 
1.7 Hz, 1 H), 5.63 (m, 1 H), 5.45 (s, 2 H), 5.38 (s, 2 H), 4.87-4.65 (m, 
6 H), 4.12 (m, 1 H), 3.96 (s, 3 H), 3.88 (t, J = 6.0 Hz, 1 H), 3.68 (dd, 
J = 5.9, 7.8 Hz, 1 H), 3.48 (s, 3 H), 3.28 (dd, J = 3.0, 13.9 Hz, 1 H), 
3.13(s,3H),2.68(m,2H),1.56(m,10H),1.31(d,J=5.7Hz,3H), 
0.90 (s, 9 H), 0.10 (s, 3 H), 0.07 (s, 3 H).  
Methyl 3-[1’-[[2’(R),3’(S),4‘(R ),5’(S),6’(R )]-3’-Methoxy-5’,6’-[cy- 

clohexylidenebis(oxy)]-4’-[( tert -butyldimethylsilyl)oxy]-2’-vinylheptyl]]- 
1,6,8-tris[(benzyloxy)methoxy]-2-naphthoate (50). To I O  mL of dry 
T H F  containing 300 mg of NaH was added a solution of naphthol 48 
(800 mg, 0.92 mmol) in DMF (2 mL). The mixture was stirred at room 
temperature for 20 min, treated with (benzy1oxy)methyl chloride (1.5 
mL, 10.7 mmol) and stirred for an additional 1 h. The reaction was 
quenched with water and extracted with CH2CI2. The extracts were 
dried over MgSO,, filtered, and concentrated in vacuo to afford 820 mg 
(91%) of 50: Rf0.35 (2:l hexane-ether); [a]22D +6.8O (c 3.4, CH2C12); 
IH N M R  (250 MHz, CDCI,) 6 7.45-7.25 (m, 16 H), 7.03 (d, J = 2.0 
Hz, 1 H), 6.95 (d, J =  2.0 Hz, 1 H), 5.70 (m, 1 H), 5.36 (s, 2 H),  5.35 
(s, 2 H), 5.22 (s, 2 H), 4.9-4.7 (m, 8 H), 4.14 (m, 1 H), 3.98-3.87 (m, 
4 H), 3.72 (t, J = 5.6 Hz, 1 H), 3.49 (s, 3 H), 3.23-3.10 (m, 2 H), 
2.74-2.60 (m, 2 H), 1.7-1.5 (m, 10 H), 1.33 (d, J = 6.0 Hz, 3 H), 0.91 

1725, 1625, 1610, 1575 cm-I; mass spectrum m/e 990 (parent ion). 
Anal. Calcd for C58H74012Si: C, 70.35; H, 7.43. Found: C,  70.44; H, 
7.41. 
Methyl 3-[1’-[[2’(R),3’(S),4’(R),5’(S),6’(R)]-2’-[1”-(2”-Hydroxy- 

ethyl)]-3’-methoxy-5’,6’-[cyclohexylidenebis(oxy)]-4’-[ (tert-butyldi- 
methylsilyl)oxy]heptyl]]-l,6,8-tris[ (benzyloxy)methoxy]-2-naphthoate 
(51). Naphthoate 50 (418 mg, 0.42 mmol) was dissolved in THF (3 mL) 
under N,, cooled to 0 “C, and treated with 9-BBN (8.0 mL, 0.5 M in 
THF, 4.0 mmol). The mixture was allowed to warm slowly to 23 “ C  (0.5 
h), stirred for 2 h, recooled to 0 OC, and quenched with MeOH (3 mL). 
When gas evolution had subsided, 3 mL each of 3 M aqueous NaOH and 
30% aqueous H 2 0 2  was added simultaneously dropwise. The solution 
(containing a white precipitate) was allowed to warm to 23 “C and stirred 
for 2 h. Workup consisted of partitioning the mixture between water (50 
mL) and CH2CI2 (100 mL). The aqueous layer was further extracted 
with CH2Cl2 (100 mL), and the combined organic extracts were washed 
with aqueous Na2S203 and dried over Na2S04. After removal of solvent 
in vacuo the residue was purified by flash chromatography (silica gel, 
35% ethyl acetate-hexane) to give 423 mg (89%) of 51: R/0.46 (40% 
ethyl acetate-hexane); [ a ] 2 2 D  +2.0° (c 0.3, CHCI,); ’H N M R  (300 
MHz, CDCI,) 6 7.55-7.25 (m, 16 H), 7.03 (d, J = 2.0 Hz, 1 H), 6.96 
(d, J = 2.0 Hz, I H) ,  5.37 (s, 2 H), 5.35 (s, 2 H), 5.22 (s, 2 H) ,  4.76 
(s, 2 H), 4.75 (s, 2 H),  4.73 (s, 2 H), 4.16 (m, 1 H), 3.99-3.90 (m, 4 H), 

Data for 48: 

(s, 9 H), 0.12 ( s ,  3 H), 0.09 (s, 3 H);  IR (CDCI,) 2950, 2935, 2860, 

3.60 (dd. J = 4.0, 7.9 Hz, 1 H), 3.57-3.48 (m, 4 H), 3.13 (dd, J = 2.0, 
7.7 Hz, 1 H), 3.02 (dd, J = 4.0, 14.4 Hz, 1 H), 2.64 (dd, J = 10.0, 14.4 
Hz, 1 H), 2.18 (m, 1 H), 1.81-1.43 (m, 10 H), 1.33 (d, J = 5.8 Hz, 3 

2940, 2880, 1730, 1625, 1610, 1575 cm-l; mass spectrum m/e 1008 
(parent ion). 
Methyl 3-[1’-[[2’(R),V(S),4’(R ),5’(S),6’(R )]-3’-Methoxy-S’,6’-[cy- 

cIohexylidenebis(oxy)]-2’-( 2”-oxoethyl)-4‘-[( tert -butyldimethylsilyl)- 
oxy]heptyl]]-1,6,8-tris[(benzyloxy)methoxy]-2-naphthoate (52). DMSO 
(0.75 mL, 10.5 mmol) was added dropwise to a -78 “C solution of oxalyl 
chloride (0.5 mL, 5.7 mmol) in CH2CI2 (10 mL) under Ar. This mixture 
was stirred for I O  min and then a solution of alcohol 51 (400 mg, 0.39 
mmol) in CH2CI2 (5 mL) was added. The cloudy mixture was stirred 
at -78 OC for I O  min, treated with triethylamine (4 mL, 28.6 mmol), and 
then allowed to warm to room temperature. The resulting mixture was 
partitioned between water and CH2C12. The organic layer was separated, 
dried over Na2S04, and then concentrated. The residue was dissolved 
in ether and filtered through a Kimwipe plug. Removal of solvent in 
vacuo afforded 360 mg (90%) of aldehyde 52, which was used without 
purification in the subsequent reaction: R/ 0.82 (40% ethyl acetate- 
hexane); ’H NMR (250 MHz, CDCI,) 6 9.57 (s, 1 H) 7.4-7.24 (m. 16 
H), 7.04 (d, J = 2.0 Hz, 1 H), 6.79 (d, J = 2.0 Hz, 1 H), 5.37 (s, 2 H), 
5.36 (s, 2 H), 5.21 (m, 2 H), 4.77 (s, 2 H), 4.75 (s, 2 H), 4.73 (s, 2 H), 
4.17 (m. 1 H), 4.00 (dd, J = 4.4, 8.0 Hz, 1 H), 3.91 (s, 3 H), 3.68 (dd, 
J = 4.0, 7.5 Hz, 1 H), 3.49-3.43 (m. 4 H), 3.10 (t, J = 7.5 Hz, 1 H), 
2.70-2.30 (m. 4 H), 1.7-1.50 (m, I O  H), 1.36 (d, J = 6.2 Hz, 3 H), 0.91 
(s, 9 H), 0.12 (s, 3 H), 0.1 1 (s, 3 H);  IR (CDCI,) 2930, 1720, 1625, 
1607, 1580 cm-’. 
Methyl 3-[1’-[[2’(R),3’(S),4’(R),5’(S),6’(R)]-3’-Methoxy-5’,6’-[cy- 

clohexylidenebis(oxy)]-2’-[carbomethoxymethyl)-4’-[ (tert -butyldi- 
methylsilyl)oxy]heptyl]]-l,6,8-tris[ (benzyloxy)methoxy]-2-naphthoate 
(53). To a solution of aldehyde 52 (360 mg, 0.36 mmol) in DMF (2 mL) 
were sequentially added tert-butyl alcohol (8 mL), KMnO, (5 mL, 1 M 
aqueous solution), and KH2P04 (3 mL, 1.25 M aqueous solution). The 
mixture was stirred for 30 min, treated with 3 mL of saturated aqueous 
NaHSO,, and acidified to pH 2 with 0.1 N HCl. The clear solution was 
extracted with CH2C12, concentrated to -20 mL, and then treated with 
excess ethereal diazomethane. About 5 min later the solvent was re- 
moved in vacuo to give 325 mg (90%) of diester 53, which was used in 
the following experiments without any further purification: R/0.38 (20% 
ethyl acetate-hexane); [a]220 +12.5O (c 1.7, CHCI,); IH NMR (300 
MHz, CDCI,) 6 7.4-7.24 (m, 16 H), 7.03 (d, J = 2.6 Hz, 1 H), 6.97 (d, 
J = 2.6 Hz, 1 H), 5.36 (s, 2 H), 5.34 (s, 2 H), 5.21 (m, 2 H), 4.76 (s, 
2 H), 4.75 (s, 2 H), 4.73 (s, 2 H),  4.20 (m, 1 H), 4.01 (dd, J = 2.8, 8.8 
Hz, 1 H),  3.91 (s, 3 H), 3.66 (dd, J = 3.0, 7.5 Hz, 1 H), 3.53 (s, 3 H), 
3.44 (s, 3 H), 3.11-3.03 (m, 2 H), 2.60-2.23 (m, 4 H), 1.70-1.45 (m, 
I O  H), 1.33 (d, J = 6.4 Hz, 3 H), 0.91 (s, 9 H), 0.13 (s, 3 H), 0.11 (s, 
3 H);  IR (CDCI,) 2950, 2935, 1730, 1625, 1605, 1580 cm?; mass 
spectrum m/e 1036 (parent ion). Anal. Calcd for C59H760i4Si: C,  
68.31; H,  7.38. Found: C, 68.06; H,  7.52. 
3-[1’-[[1’(S),2’(R ),3’(S),4’(R)]-3’,4’-(Cyclohexylidenebis(oxy)]- 1’- 

methoxy-2’-[( tert -butyldimethylsilyl)oxy]pentyl]]-6,8,9-tris[ (benzyloxy)- 
methoxy]-1,2,3,4-tetrahydro-1(2H)-anthracenone (54). A solution of 
diester 53 (152 mg, 0.15 mmol) in dry benzene (9 mL) under N2 was 
treated with KO‘Bu (180 mg, 1.5 mmol). The resulting mixture was 
stirred at room temperature for 1.5 h, treated with saturated aqueous 
NH4CI, and extracted with CH2C12. The organic layer was washed with 
brine, dried over Na2S04, and concentrated to afford a P-keto ester as 
a mixture of diastereomers. The crude product was dissolved in 30 mL 
of absolute ethanol and 20 mL of 0.1 N NaOH. The mixture was heated 
to reflux for 2 h, then cooled to room temperature, poured into aqueous 
NH4C1, and extracted with CH2C12 (2 X 50 mL). The combined extracts 
were washed with brine, dried over Na2S04, and concentrated to afford 
crude 54. This material was purified by column chromatography (silica 
gel, 10% ethyl acetatehexane) to give 83 mg (60%) of 54: R10.44 (20% 
ethyl acetate-hexane); [a]22D +13.5O (c 0.17, CHCI,); ‘H N M R  (300 
MHz, CDClJ 6 7.40-7.24 (m, 16 H), 7.01 (d, J = 2.0 Hz, 1 H), 6.93 
(d, J = 2.0 Hz, 1 H), 5.38 (s, 2 H), 5.36 (s, 2 H), 5.25 (s, 2 H), 4.87 
(s, 2 H) ,  4.86 (s, 2 H), 4.75 (m, 2 H), 4.13 (m, 1 H), 3.90 (t, J = 5.5 
Hz, 1 H), 3.59 (t, J = 6.6 Hz, 1 H),  3.47 (s, 3 H), 3.15-2.94 (m,  3 H), 
2.63-2.45 (m. 2 H), 1.55 (s, 10 H), 1.30 (d, J = 5.6 Hz, 3 H), 0.89 (s, 
9 H), 0.1 1 (s, 3 H), 0.09 (s, 3 H); IR (CDCI,) 2940, 1675, 1620, 1565 
cm-I; mass spectrum m/e 946 (parent ion). 

3-[ l’-[[l’(S),Z’(R ),3’(S),4’(R )]-3’,4’-[Cyclohexylidenebis(oxy)]-2’- 
hydroxy-l’-methoxypentyl]]-6,8,9-tris[ (benzyloxy)methoxy]-1.2,3,4- 
tetrahydro-I(2H)-anthracenone (57). To a solution of 54 (68 mg, 0.071 
mmol) in  dry T H F  (3 mL) under Ar was added n-Bu,NF (0.25 mL, 1 
M in THF, 0.25 mmol). After being stirred at 23 OC for 1 h, the mixture 
was partitioned between water and CH,Cl2. The aqueous layer was 
further extracted with CH2C12, and the combined extracts were dried 

H), 0.96 (s, 9 H), 0.13 (s, 3 H), 0.06 ( s ,  3 H); IR (CDCI,) 3605, 3430, 
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over Na2S04. Removal of solvent in  vacuo, followed by column chro- 
matography (silica gel, 40% ethyl acetate-hexane) of the crude product, 
provided 54 mg (93%) of 57: Rf0.07 (20% ethyl acetate-hexane); [.]22D 
+41° (c 0.24, CHCI,); ‘H NMR (300 MHz, CDCI,) 6 7.40-7.24 (m, 
16 H), 7.01 (d, J = 2.0 Hz, 1 H), 6.93 (d, J = 2.0 Hz, 1 H), 5.38 (s, 2 
H), 5.36 (s, 2 H), 5.25 (m, 2 H), 4.86-4.71 (m, 6 H), 4.10 (m, 1 H), 3.58 
(s, 3 H), 3 54-3.40 (m, 2 H), 3.22 (d, J = 10.0 Hz, 1 H), 2.94 (m, 1 H), 
2.63 (d, J = 10.0 Hz, 1 H), 2.50 (m. 2 H), 2.21 (d, J = 7.0 Hz, 1 H), 
1.55 (m, I O  H), 1.38 (d, J = 5.6 Hz, 3 H); IR (CDCI,) 3650-3150 (br), 
2940, 1675, 1620, 1565 cm-’; mass spectrum m / e  832 (parent ion). 

3-1 l’[[ 1’(S),2’(R ),3’(S),4’(R )]-3’,4’-[Cyclohexylidenebis(oxy)]-l’- 
methoxy-2’-oxopentyl]]-6,8,9-tris[( benzyloxy)methoxy]-l,2,3,4-tetra- 
hydro-l(2H)-anthracenone (58). DMSO (0.07 mL, 1 .O mmol) was 
added dropwise to a -78 ‘C solution of oxalyl chloride (0.06 mL, 0.74 
mmol) in CH2CI2 (3 mL) under Ar. This solution was stirred for I O  min, 
and then a -78 OC solution of alcohol 57 (52 mg, 0.062 mmol) in CH2C12 
(1.5 mL) was added dropwise via cannula. The cloudy mixture was 
stirred at  -78 “ C  for 1.25 h, treated with triethylamine (0.21 mL, 1.48 
mmol), and then allowed to warm to -5 ‘C over 2 h. The resulting 
mixture was poured into water and extracted three times with CH2C12 
(3 X 30 mL).  The combined extracts were dried over Na2S04,  and the 
solvent was removed in vacuo. The residue was triturated three times 
with ether (3 X 15 mL), and the combined triturate was filtered through 
a Kimwipe plug and then concentrated. The residue was purified by 
column chromatography (silica gel, 1:l ether-hexane) to give 47 mg 
(91%) of diketone 58: Rf0.19 (1:l ether-hexane); [a]22D -33’ ( ~ 0 . 0 3 ,  
CHCI,); IH NMR (300 MHz, CDC1,) 6 7.40-7.24 (m, 16 H), 6.99 (d, 
J = 2.0 Hz, 1 H) ,  6.93 (d, J = 2.0 Hz, 1 H),  5.38 (s, 2 H), 5.36 (s, 2 
H), 5.23 (m,  2 H) ,  4.86-4.71 (m. 6 H) ,  4.10 (m, 3 H), 3.42 (s, 3 H), 
3.04-2.60 (m, 5 H), 1.55 (m, I O  H), 1.38 (d, J = 8.8 Hz, 3 H); IR 
(CDCI,) 2940, 1720, 1675, 1618, 1566 cm-l. 

3-[ 1’-[[ I’(S),Z’(R ),3’(S),4’(R )]-3’,4’-[Cyclohexylidenebis(oxy)]-l’- 
methoxy-2’-oxopentyl]]-6,8,9-tris[( benzyloxy)methoxy]-l,2,3,4-tetra- 
hydro-2-[(~eerl-butyIdimethylsilyl)oxy]-1(2H)-anthracenone, Protected 
Olivin 59. To a solution of diketone 58 (15.5 mg, 0.018 mmol) in dry 
CH2C12 (1.5 mL) under N2 were added sequentially Et3N (0.07 mL, 0.50 
mmol) and TBDMS-OTf (0.04 mL, 0.17 mmol). After being stirred for 
10 min, the reaction was diluted with CH2C12 and washed with saturated 
aqueous NaHC03.  The organic layer was dried over Na2S04 and con- 
centrated, and the residue was purified by column chromatography (silica 
gel, 50:50:1 ether-hexane-triethylamine). The silyl enol ether [Rf0.57 
( 1  : 1 ether-hexane)] so obtained was immediately dissolved in  CH2C12 
(1 mL), cooled to -20 ‘C, and treated successively with solid NaH2P04 
(46 mg, 0.32 mmol) and 97% mCPBA (46 mg, 0.32 mmol). The reaction 
mixture was stirred at -20 ‘C for 25 min and then quenched with a cold 
1:l mixture of saturated aqueous NaHSO, and NaHCO, solutions. The 
aqueous layer was further extracted with CH2C12, and the combined 
extracts were washed with saturated aqueous NaHCO, and dried over 
Na2S04. Purification of the crude product by column chromatography 
(silica gel, 15050: 1 hexane-ether-triethylamine) afforded 1 1.6 mg (76%) 
of protected ohvin 59: Rf0.55 (1:1 ether-hexane); [.]22D -35’ (c 0.15, 
CHCI,); ’ H  N M R  (300 MHz, CDCI,) 6 7.41-7.26 (m, 15 H), 7.22 (s, 

1 H),  6.99 (d, J = 2.4 Hz, 1 H), 6.95 (d, J = 2.4 Hz, 2 H) ,  5.41-5.39 
(m, 4 H), 5.31 (s, 2 H), 4.95-4.50 (m, 8 H), 4.10 (d, J = 8.9 Hz, 1 H), 
3.98 (m. 1 H), 3.41 (s, 3 H ) ,  3.32 (m, 1 H), 2.47-2.67 (m, 2 H), 1.61 
(m, I O  H), 1.40 (d, J = 5.8 Hz, 3 H), 1.03 (s, 9 H), 0.32 (s, 3 H), 0.12 
(s, 3 H); IR (CDCI,) 2940, 1715, 1700, 1620, 1565 cm-l; mass spectrum 
m / e  960 (parent ion). 

Synthetic Olivin ( 1 ) .  Protected olivin 59 (9.1 mg, 0.008 mmol) was 
dissolved in dry MeOH (2 mL) and treated with 20 mg of activated 
Dowex 50W-X8 resin. The resulting mixture was stirred at room tem- 
perature for 6 days. Workup consisted of filtering the suspension through 
a Kimwipe plug and removal of MeOH in vacuo. The residue was 
crystallized from hexane-ether to afford 3.1 mg (95%) of olivin as a 
yellow solid. The material so obtained was indistinguishable from natural 
olivin by all of the usual criteria: Rf 0.15 (94:5:1 CH2C12-MeOH- 
HCOOH); mp 139-141 ‘C; [.]22D 4-53’ ( ~ 0 . 0 4 ,  EtOH); IH NMR (300 
MHz,CD3CN)66.77(s,1H),6.50(d,J=1.1Hz,1H),6.34(d,J= 
1.1 Hz, 1 H), 4.72 (d, J = 2.2 Hz, 1 H), 4.39 (d, J = 11.4 Hz, 1 H), 
4.17-4.13 (m, 2 H), 3.36 (s, 3 H), 2.98-2.93 (m, 1 H) 2.69-2.53 (m, 2 
H), 1.20 (d, J = 7.0 Hz, 3 H); IR (CHCI,) 3500-3200 (br), 2920, 2850, 
1730, 1635 cm-I; mass spectrum m / e  406 (parent ion). 

Natural Olivin. A solution of olivomycin A (32.9 mg, 0.028 mmol) 
in 3 mL of 0.05 N methanolic HCI was refluxed under nitrogen for 4 h. 
After being cooled to room temperature, the reaction mixture was neu- 
tralized with Ag2C03. The resulting silver salts were filtered off, and 
the filtrate was concentrated in vacuo. The residue was then dissolved 
in  10 mL of water and extracted four times with EtOAc (4 X 5 mL). 
The combined extracts were concentrated to give a yellow oil which was 
crystallized from chloroform-ethan31-hexane. The yellow solid so ob- 
tained was further purified by column chromatography (silica gel, 94:5: 1 
CH2CI2-MeOH-HCOOH) to afford 0.7 mg of olivin that was recrys- 
tallized from ether-hexane. The yield of olivin could be increased if the 
mother liquor from the initial crystallization was subjected to additional 
purification: Rf0.15 (94:5:1 CH2CI2-MeOH-HCOOH); mp 136-139 
“C; +56O (c 0.07, EtOH); ‘H NMR (300 MHz, CD,CN) 6 6.77 
(s, 1 H), 6.50 (d, J = 1.1 Hz, 1 H), 6.34 (d, J = 1.1 Hz, 1 H), 4.72 (d, 
J = 2.2 Hz, 1 H), 4.39 (d, J = 11.4 Hz, 1 H), 4.17-4.13 (m, 2 H), 3.36 
(s, 3 H), 2.98-2.93 (m, 1 H) 2.69-2.53 (m, 2 H), 1.20 (d, J = 7.0 Hz, 
3 H); IR (CHCI,) 3500-3200 (br), 2920, 2850, 1730, 1635 cm-l; mass 
spectrum m / e  406 (parent ion). 
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Abstract: The [4 + 21 cycloaddition reaction of dibenzyl azodicarboxylate and glycals allows the stereoselective introduction 
of an amino function at  C-2 of a carbohydrate. Very good results were obtained with both furanoid and pyranoid glycals, 
except when triacetylglucal (TAG) was used as  the substrate. In some instances the course of the reaction was found to be 
concentration dependent. 

Recently, we reported a new and  efficient method for t h e  
preparation of 2 - a m i n o g l y ~ o s i d e s . ’ ~ ~  This  method combines the  
aminat ion and  glycosidation steps into a single strategy, the  key 

step being the highly stereoselective [4 + 21 cycloaddition reaction 
of dibenzyl azodicarboxylate and glycals (Scheme I). The  adducts 

Merck Frosst Canada Inc. (1 )  Fitzsimmons, B. J.; Leblanc, Y.; Rokach, J .  J .  Am. Chem. Sot. 1987, 
109, 285-286. f Merck Sharp & Dohme Research Laboratories. 

0002-7863/89/1511-2995$01.50/0 0 1989 American Chemical  Society 


