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282, 291 nm (« 29 200, 35 300, 28 300). The vinyl protons showed the 
same pattern in the 1H NMR spectrum as LTE4 dimethyl ester. Anal. 
(C25H41NOsS) C, H, N, S. (5R,6R) Isomer: [a20

D +7.9° (c 0.47, 
dioxane). Anal. (C25H4;NOsS) C, H, N. 

Desulfurization of the (55,65) material gave a lactone with a positive 
rotation. 

Hydrolysis with potassium hydroxide in aqueous methanol and puri­
fication by reverse phase chromatography as before yielded the mono-
potassium salt: UV max (methanol) 270, 279.5, 290 nm. Assuming an 
t 280, 42 000, this material contained 85% LTE4 equivalent. 

(5S)-5-Hydroxyeicosanoic Acid Lactone (22). A solution of the di­
methyl ester (5R.6S isomer, 1 g) in ethanol (30 mL) containing Raney 
nickel (5 mL, aqueous slurry) was stirred at room temperature for 2 h, 
filtered, and concentrated. The residue was dissolved in ethyl acetate (25 
mL), dried (MgSO4), stirred for 5 min with a palladium catalyst (5% on 
carbon, 500 mg), and filtered free of solids. The ethyl acetate solution 
was then treated with more of the same catalyst and hydrogenated at 
room temperature and pressure until the uptake of hydrogen stopped. 
The solids were then removed and the mixture was concentrated and the 
residue treated with base as in the case of 16. The crude hydroxy acid 
was dissolved in dichloromethane (50 mL), treated with trifluoroacetic 
acid (0.1 mL), left at room temperature for 1 h, and then washed 
(Na2CO3, brine), dried (MgSO4), and concentrated. Purification of the 
residue by HPLC (4:1 hexane-ethyl acetate) gave the total lactone 
fraction (100 mg). This material was dissolved in heptane and subjected 
to flash chromatography to yield the pure lactone (98.3 mg). This second 
purification step is needed to remove impurities carried over by the 
reagent grade hexane used in the HPLC purification: mp 52-56°; Ia]20D 
-26° (c 2.07, dioxane). Anal. (C20H38O2) C, H. 

To estimate the optical purity of the lactone, the above sample was 
converted to the orthoester mixture as before. GLC indicated a 93:7 
mixture of orthoesters. 

Homo-LTE4 Dimethyl Ester. The bromide 21 (14 g, 50 mmol) was 
converted into the salt as before and allowed to react with the aldehyde 
7c (14 g, 97 mmol, freshly distilled) as before to yield the pure cis-cp-
oxide (2.4 g, 14%), a mixed fraction (1.5 g, mainly trans), and the pure 
trans-epoxide (4.9 g, 28%): UV max (hexane) 261, 273, 284 nm (e 
27 300, 34 100, 25 200); 1H NMR (CCl4) d 6.48 (dd, 1, J = 15, 11 Hz, 
H-9),6.32 (dd, 1,7 = 15, 11 Hz, H-8), 5.54 (d, 1 ,7= 15 Hz, H-10), 
5.42 (dd, 1 ,7= 15, 8 Hz, H-7), 3.62 (s, 3, OCH3), 3.22 (m, 2, H-13), 
2.99 (dd, 7 = 8, 2 Hz, H-6), 2.72 (m, 2, H-5). Anal. (C22H30O3) C, H. 
Hydrogenation of this material (4.9 g, 14.3 mmol) in hexane (100 mL) 
followed by HPLC yielded the pure tetraene (1.7 g, 34%). The 1H NMR 
(C6D6) showed the same features as in the case for racemic 2. This 
epoxide (1.7 g, 4.9 mmol) was added to L-cysteine methyl ester (from the 
hydrochloride 1.7 g) in a mixture of methanol (8 mL) and water (2 mL) 
at pH 9 (triethylamine) and left at room temperature for 4 h. The 
solvents were then removed in vacuo and the residue was partitioned 
between ethyl acetate and water, and the crude cysteine derivatives were 

Slow-reacting substance of anaphylaxis (SRS, SRS-A) is, along 
with histamine and certain chemotactic peptides, an important 

then purified by HPLC (5% methanol in 1:1 hexane-ethyl acetate). 
(6RJS) isomer (0.8 g): [a]10

D -12.6° (c 1.725, dioxane); UV max 
(ethanol) 272, 281, 290 nm (e 26500, 32600, 26400). Anal. (C26-
H43NO5S) C, H, N, S. (65,7.R) Isomer (0.65 g): [a]20

D +39.2° (c 2.42, 
dioxane); UV max (ethanol) 271, 281, 290 nm (f 29 100, 36000, 29 100); 
1H NMR (CDCl3) a 6.54 (dd, 1 ,7= 14, 11 Hz, H-4), 6.28 (m, 1,7 = 
14 Hz, H-2), 6.20 (m, 1, 7 = 14 Hz, H-3), 6.03 (ddt, 1 , 7 = 1 1 , 2 Hz, 
H-5), 5.64 (dd, 1,7= 14, 10 Hz, H-I), 3.76 and 3.67 (2 s, 6, CO2CH3), 
2.95 (m, 2, H-7), 2.84 (ddd, 2, 7 = 12, 8, 5 Hz, SCH2-). Anal. (C26-
H43NO5S) C, H, N, S. 

Nor-LTE4 Dimethyl Ester. The bromide 21 (20 g, 71.7 mmol) was 
converted into the sulfonium salt and allowed to react with the aldehyde 
7b (25 g, 216 mmol, freshly distilled) as before. Purification by HPLC 
(2% triethylamine in 3:1 hexane-ether) gave the pure m-epoxide (3.4 
g, 15%) and the r/w«-epoxide (8.6 g, 37%). Crystallization of the trans 
isomer from hexane gave the analytical sample: mp 46-48°; UV max 
(hexane) 262, 272, 284 nm (c 34300, 44000, 36200); 1H NMR (CDCl3) 
5 6.55 and 6.40 (2 dd, 2, 7 = 14.5, 11 Hz, H-2 and H-3), 5.61 (d, 1,7 
= 14.5 Hz, H-4), 5.45 (dd, 1,7= 14.5, 8 Hz, H-I), 3.69 (s, 3, CO2CH3), 
3.29 (s, 2, H-7), 3.15 (dd, 1. 7 = 8, 2 Hz, H-3), 2.92 (dt, 7 = 6, 2 Hz, 
H-2). Anal. (C20H26O3) C, H. 

Hydrogenation of the trans-epoxide (8 g, 25.5 mmol) in hexane (150 
mL) as before yielded the desired tetraene (3.5 g, 43%) after HPLC 
purification (2% triethylamine in 5% ethyl acetate-hexane): 1 H N M R 
(C6D6) 5 6.55 (dd, 1 ,7= 15, 11 Hz, H-4), 6.33 (dd, 1 ,7= 15, 11 Hz, 
H-2), 6.09 (dd, 1,7= 15, 11 Hz, H-3), 6.03 (t, 1,7= 11 Hz, H-5), 5.5 
(m, 3, H-6, H-8, and H-9), 5.28 (dd, 1 ,7= 15, 8 Hz, H-I), 3.33 (s, 3, 
CO2CH3), 3.0 (m, 2, H-7), 2.96 (dd, 1, 7 = 8, 2 Hz, H-3), 2.7 (dt, 1, 
7 = 8, 2 Hz, H-2). Anal. (C20H30O3) C, H. 

Cysteine methyl ester hydrochloride (2.4 g) was converted to the free 
amine in aqueous methanol as before and then allowed to react with the 
trans-epoxide (2.35 g, 7.4 mmol) for 1 h at room temperature. Workup 
as before and purification by HPLC (3% methanol in 1:1 hexane-ethyl 
acetate) yielded the pure (4J?,55) isomer (1 g) and the (45,5.R) isomer 
(1.25 g). The (45,5.R) diastereomer was contaminated by the 7-lactone 
which could be removed by repeated HPLC purification. (4R.5S) Iso­
mer; [a]20

D -19.5° (c 3.07, dioxane). Anal. (C 2 4 H 3 9 NO 5 S)CH 1 N. 
S. (45,5i?) Isomer: [a]20

D+27° (c 3.14, dioxane). Anal. (C24H„N-
O5S) C, H, N, S. 

Acknowledgment. We thank the personnel of the Physical 
Chemistry Department, Hoffmann-La Roche Inc., Nutley, NJ , 
for carrying out most of the spectral and all of the microanalytical 
determinations. Special thanks go to Dr. Ann Welton and Herman 
Crowley from the Department of Pharmacology II at Hoff­
mann-La Roche Inc., for the biological support. The authors also 
thank Dr. Beverly A. Pawson for her encouragement and en­
thusiasm throughout this work. 

mediator of asthma and other conditions of hypersensitivity.' This 
factor has been isolated from a variety of mammalian cells upon 
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Abstract: A "chiral-pool" approach was employed to synthesize various leukotrienes (slow-reacting substance of anaphylaxis, 
SRS-A) enantiospecifically. The pivotal (S,S)-trans-epoxy alcohol 9 was prepared by efficient and facile routes starting from 
erythorbic acid (Z)-araboascorbic acid, 13). This epoxide could also be produced starting from D-glucose. The epimeric 
(S,R)-cis-epoxide 38 was obtained utilizing L-tartaric acid as the chiral starting material. Elaboration of 9 into leukotriene 
A4 methyl ester (5) and the potassium salts of leukotrienes C4 (4a), D4 (4b), and E4 (4c) was accomplished by standard methods. 
These salts exhibited potent contractile activities in the in vitro guinea pig lieum assay. Reduction of 14,15-dehydroleukotriene 
A4 methyl ester (44) with tritium gas gave [14,15-3H2]-5 and subsequently the dimethyl ester of [14,15-3H2]leukotriene E4 

having a high specific activity of 40 Ci/mmol. 
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antigen (SRS-A) or chemical (SRS) challenge and is now known 
to be composed of a family of potent bronchoconstricting pep-
tidolipids whose effects are slower in onset but stronger and longer 
in duration than those of histamine. 

While the existence of SRS-A has been known for over 40 years, 
it was not until 1979 that the characterization of this extremely 
unstable spasmogenic factor as a family of arachidonic acid 
metabolites was achieved, largely through the efforts of Samu-
elsson and co-workers. Thus far, three compounds named leu-
kotriene C4 (LTC4, 4a), leukotriene D4 (LTD4, 4b), and leuko-
triene E4 (LTE4, 4c) have been fully characterized and shown to 
be the components of SRS-A.2 This new and structurally in­
triguing class of substances thus joins the prostaglandins, throm­
boxanes, and prostacyclin as metabolites of arachidonic acid 
(eicosanoids) whose biochemical and physiological significance 
is immense. The structural elucidation of the leukotrienes has 
therefore led to an explosion in synthetic, biochemical, and 
pharmacological research1"3 in both academic and industrial in­
stitutions, the ultimate goals of which are novel and improved 
treatments for serious afflictions such as bronchial asthma and 
related conditions of hypersensitivity. 

Whereas the prostaglandins, thromboxanes, and prostacyclin 
originate by way of the cyclooxygenase pathway of arachidonic 
acid metabolism, the leukotrienes are formed via the lipoxygenase 
mode as shown in Scheme I.2 Thus arachidonic acid (1) is 
released from phospholipids and undergoes addition of oxygen 
mediated by the enzyme ^-lipoxygenase affording the (5S)-
hydroperoxide 2. Dehydration of the latter intermediate (pre­
sumably enzymatically mediated and initiated by loss of a proton 
at C-IO) produces the pivotal and extremely unstable epoxy acid 
3 (LTA4) having the absolute configuration and olefin geometry 
depicted. Enzymatic hydration of LTA4 yields a 
(5S,12/?,6Z,8£,10£,14Z) diol tetraene known as LTB4 which is 
a potent chemotactic factor for leukocytes thought to be involved 
in inflammatory processes.2d On the other hand, glutathione-5-
transferase converts LTA4 stereo- and regiospecifically to the 
conjugate 4a (LTC4). Further enzymatic processes transform 4a 
into the Cys-Gly adduct 4b (LTD4) and the cysteine derivative 
4c (LTE4). This sequence of events can occur, for example, in 
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Corey, E. J.; Clark, D. A.; Goto, G.; Marfat, A.; Mioskowski, C; Samuelsson, 
B.; Hammarstrom, S. Ibid. 1980,102, 1436-1439. (c) Corey, E. J.; Barton, 
A. E.; Clark, D. A. Ibid. 1980, 102, 4278-4279. (d) Corey, E. J.; Marfat, 
A.; Goto, G.; Brion, F. Ibid. 1980, 7984-7985. (e) Rosenberger, M.; Neukom, 
C. Ibid. 1980,102, 5426-5427. Rosenberger, M.; Neukom, C; Aig, E. Ibid. 
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the lung mast cell of a sensitized individual upon exposure to an 
antigen, and the leukotrienes (SRS-A) thus released (IgE-de-
pendent) are thought to contribute significantly to constriction 
of the peripheral airways of the lung during an allergic asthmatic 
episode. In addition, the leukotrienes have been shown to induce 
increased vascular permeability and plasma leakage. 

In view of the obvious importance of this class of compounds, 
we, as well as many other groups of workers,3 sought synthetic 
access to the leukotrienes. Our main goal was to provide a reliable 
supply of the pure, natural LT's. With these materials in hand, 
the establishment and maintenance of pharmacological assays 
designed to detect novel bronchopulmonary agents such as SRS-A 
antagonists and synthesis inhibitors would be facilitated. 
Hopefully, the synthetic methodology developed would be ap­
plicable to the preparation of isotopically labeled LT's for use in 
the development of radioimmunoassay procedures4 and for receptor 
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binding studies. Also, LT analogues could be designed to probe 
structure-activity relationships,5 and, conceivably, modification 
of various structural features could lead to compounds possessing 
SRS-A antagonist properties. 

Synthetic Strategy 

We selected as our key intermediate the methyl ester of LTA4 

(5) which we hoped to assemble utilizing a chiral, convergent 
strategy involving bond dissections as shown in Scheme II. During 
the early stages of our work, Corey and co-workers disclosed a 
synthesis of LTC4 proceeding by way of 5.3b Their approach, very 
similar in concept to that which we had envisioned, involved 
construction of the epoxy aldehyde 8 in enantiomerically pure form 
and its elaboration into 5 via a cis stereoselective Wittig reaction 
of the derived Cu-dienal 7 with C9-phosphorane 6. The epoxide 
8 was also a key synthon in our strategic planning aimed at 5. 
We anticipated that 8 could be prepared from an inexpensive and 
readily available member of the "chiral pool",6 probably a car­
bohydrate. 

In fact, the (5S,6R)-trans-epoxy aldehyde 8 is readily produced 
from carbohydrates. Corey and co-workers started with a pentose 
derivative, 2,3,5-tribenzoyi-D-ribose,3b while groups at Merck3"'0 

and Fisons3q employed 2-deoxy-D-ribose. This key epoxide can 
also be obtained by asymmetric epoxidation of chiral olefin3™1 or 
achiral allylic alcohol precursors, most notably using the Sharpless 
process.7 

It was our plan to produce 8 starting with a tetrose derivative, 
specifically, 2,3-0-isopropylidene-D-erythrose (11), to which three 
carbon atoms would be appended. This, in fact, was a viable 
approach and our results were disclosed in preliminary form in 

(4) (a) Levine, L.; Morgan, R. A.; Lewis, R. A.; Austen, K. F.; Clark, D. 
A.; Marfat, A.; Corey, E. J. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 
7692-7696. (b) Young, R. N.; Kakushima, M.; Rokach, J. Prostaglandins 
1982, ZJ, 603-613. 

(5) Cf. fa) Drazen, J. M.; Lewis, R. A.; Austen, K. F.; Toda, M.; Brion, 
F.; Marfat, A.; Corey, E. J. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 
3195-3198. (b) Lewis, R. A.; Drazen, J. M.; Austen, K. F.; Toda, M.; Brion, 
F.; Marfat, A.; Corey, E. J. Ibid. 1981, 78, 4579-4583. (c) Baker, S. R.; Boot, 
J. R.; Jamieson, W. B.; Osborne, D. J.; Sweatman, W. J. F. Biochem. Biophys. 
Res. Commun. 1981, 103, 1258-1264. (d) Tsai, B. S.; Bernstein, P.; Macia, 
R. A.; Conaty, J.; Krell, R. D. Prostaglandins 1982, 23, 489-506. (e) Young, 
R. N.; Coombs, W.; Guindon, Y.; Rokach, J,; Ethier, D.; Hall, R. Tetrahedron 
Lett. 1981, 22, 4933-4936. 

(6) (a) Seebach, D.; Hungerbuhler, E. In "Modern Synthetic Methods 
1980"; Scheffold, R., Ed.; Salle and Sauerlander: Frankfurt/Aarau, 1980; 
pp 91-171. (b) Vasella, A. Ibid., pp 173-267. (c) Fischli, A. Ibid., pp 
269-350. (d) Hanessian, S. Ace. Chem. Res. 1979, 12, 159-165. (e) Fra-
ser-Reid, B.; Anderson, R. C. Prog. Chem. Org. Nat. Prod. 1980, 1-61. (f) 
Cohen, N. "Abstracts of Papers", 183rd National Meeting of the American 
Chemical Society, Las Vegas, Nev., March 28-April 2, 1982; American 
Chemical Society, Washington, D.C., 1982; ORGN 135. 

(7) (a) Rossiter, B. E.; Katsuki, T.; Sharpless, B. J. Am. Chem. Soc. 1981, 
103, 464-465. (b) Corev, E. J.; Hashimoto, S.; Barton, A. E. Ibid. 1981,103, 
721-722. 

1980.8 We present herein the details of our synthetic route to 
8 and related compounds, and the elaboration of these interme­
diates to leukotrienes C4, D4, and E4. In addition, the synthesis 
of LTE4 dimethyl ester labeled with tritium at C-14 and C-15 
is described. 

Synthesis of (5S,6S)-Epoxide 9 from Erythorbic Acid 

Retrosynthetic analysis of aldehyde 8 led, via the corresponding 
alcohol 9,3b to the lactone toluenesulfonate 10 in which all three 
hydroxyl functions have been distinguished. It was our expectation 
that methanolysis of 10 would afford 9 via lactone opening and 
subsequent epoxide formation with inversion at C-6. Since the 
erythro lactone was required, reasonable precursors appeared to 
be 2,3-O-isopropylidene-D-erythrose (11) or the corresponding 
lactone (17, Scheme III). Several multistep syntheses of these 
latter compounds were available starting from carbohydrates 
including L-rhamnose,9 D-ribose,10 D-ribonolactone," potassium 
D-glucuronate,12 D-glucose,13 and D-arabinose.14 In addition, 
lactone 15, has been prepared by optical resolution of the racemic 
form15 and, very recently by asymmetric total synthesis.16 All 
of these approaches were unattractive in that relatively low overall 
yields were reported or a large number of individual stages and 
purifications were required. A more appealing starting material 
appeared to be erythorbic acid (13; D-araboascorbic acid, iso-
ascorbic acid),17 an inexpensive and readily available oxidized C6 

carbohydrate (the epimer of L-ascorbic acid18), used primarily 
as a food preservative. 

In 1939, Weidenhagen and Wegner17 described a synthesis of 
hydrazide lactone 16 by treatment of 13 with p-toluenediazonium 
bisulfate. This interesting process, in which oxalic acid is extruded 
from 13, probably involves the intermediacy of adduct 14 and its 
collapse to 16 as indicated. Upon treatment with boiling water, 

(8) Cohen, N.; Banner, B. L.; Lopresti, R. J. Tetrahedron Lett. 1980, 21, 
4163-4166. 

(9) Baxter, J. N.; Perlin, A. S. Can. J. Chem. 1960, 38, 2217-2225. 
(10) Hardegger, E.; Kreis, K.; Khadem, H. E. HeIv. Chim. Acta, 1951, 

34, 2343-2348. 
(11) Mitchell, D. L. Can. J. Chem. 1963, 41, 214-217. 
(12) Gorin, P. A. J.; Perlin, A. S. Can. J. Chem. 1956, 34, 693-700. 
(13) (a) Perlin, A. S.; Brice, C. Can. J. Chem. 1955, 33, 1216-1221. (b) 

MacDonald, D. L.; Crum, J. D.; Barker, R. J. Am. Chem. Soc. 1958, 80, 
3379-3381. (c) Barker, R.; MacDonald, D. L. Ibid. 1960, 82, 2301-2303. 

(14) Ballou, C. E. J. Am. Chem. Soc. 1957, 79, 165-166. 
(15) (a) Glattfeld, J. W. E.; Forbrich, L. R. J. Am. Chem. Soc. 1934, 56, 

1209-1210. (b) Jelinek, V. C; Upson, F. W. Ibid. 1938, 60, 355-357. 
(16) Mukaiyama, T.: Yamaguchi, M.; Kato, J. Chem. Lett. 1981, 

1505-1508. 
(17) Weidenhagen, R.; Wegner, H. Chem. Ber. 1939, 72, 2010-2020. 
(18) Recently, L-ascorbic acid (vitamin C) has itself been employed as a 

precursor to (-R)-glycerol acetonide, a synthetically useful C3-chiral building 
block: (a) Jung, M. E.; Shaw, T. J. J. Am. Chem. Soc. 1980,102, 6304-6311. 
(b) Takano, S.; Hirotoshi, N.; Ogasawara, K.; Heterocycles, 1982. 19, 
327-328. 
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16 readily afforded D-erythronolactone (15) which gave the 
acetonide lactone 17 in standard fashion." After modification 
of this sequence to facilitate scale-up, we were able to obtain 17 
in 30% overall yield. 

A much more efficacious route to 17 involves oxidation of 13 
with alkaline hydrogen peroxide in the manner that Isbell and 
Frush20 obtained L-threonic acid from L-ascorbic acid. Their 
oxidation procedure was modified and, after acidification, a 
mixture of the desired lactone 15 and oxalic acid was produced. 
While the diol can be isolated at this stage if desired, direct 
exposure of the mixture to 2,2-dimethoxypropane-p-toluenesulfonic 
acid19 gave 17 in 60-70% overall yield. We believe this is the most 
expeditious route to 15 and 17 presently available. The per­
oxide-mediated extrusion of oxalic acid from 13 most likely in­
volves the indicated fragmentation of intermediate 12, derived 
from attack of peroxide anion on dehydroerythorbic acid (cf. 14). 

Our approach might be considered uneconomical in that we 
are eliminating as oxalic acid, two carbons of our six-carbon "chiral 
pool" starting material only to subsequently add three carbons 
(see below). The loss is minimal, however, since the carbon atoms 
discarded bear no chirality and are already in a highly oxidized 
and therefore essentially useless state. 

Diisobutylaluminum hydride reduction of 17," in dichloro-
methane at -78 0C, furnished, in 90% yield, the D-erythrose 
derivative 11. By means of these processes, this lactol, our key 
chiral building block,21 was readily available in quantities of 
hundreds of grams. 

We had initially hoped to introduce the required propionic acid 
moiety (C-l-C-3 of 9) directly via a Wittig reaction of lactol 11 
with the known22 (3-carboxypropyl)triphenylphosphonium brom­
ide. Unfortunately, all attempts to effect this coupling were 
unsuccessful. In contrast, the phosphorane derived from acetal 
phosphonium salt 1823 (Scheme IV) smoothly condensed with 11 
giving, after benzoylation of the intermediate primary alcohol, 
the Z-unsaturated bis-acetal ester 19a in excess of 70% yield. 
Catalytic hydrogenation then furnished 20a. No epimerization 
was detected throughout this sequence. 

We now addressed the problem of adjusting the oxidation state 
at C-I. While selective hydrolytic liberation of the protected 
aldehyde, in the presence of the isopropylidene moiety, and sub­
sequent oxidation did not appear to be a viable approach, the 
studies of Deslongchamps24 involving acetal oxidations with ozone 
provided us with an attractive alternative. Thus exposure of 20a 
to ozone at -70 0C smoothly gave the hydroxypropyl ester 21a. 
In a crucial transformation, aqueous trifluoroacetic acid treatment 
of 21a afforded the beautifully crystalline erythro-hyAroxy lactone 
22a, in 70% yield. In this process, the hydroxyl functions at C-5 
and C-6 are differentiated by lactone formation selectively lib­
erating the C-6 OH for conversion into a leaving group. 

Although the toluenesulfonate derivative of 22a formed only 
sluggishly, the corresponding methanesulfonate 23 (cf. 10) could 
be obtained in nearly quantitative yield under standard condi­
tions.25 Having our key intermediate in hand, we were now ready 
to test the epoxide synthesis. We were pleased to find that 
treatment of 23 with sodium methoxide or methanolic potassium 
carbonate readily provided the desired epoxide 9. No isomeric 
epoxides could be detected in the crude reaction mixture. A 
sample of 9 prepared in this way was converted to the (/J)-MTPA 
derivative. Examination of the 1H NMR spectrum of this epoxy 
diester revealed no diastereomeric impurity, thus indicating that 

(19) Ireland, R. E.; Wilcox, C. S.; Thaisrivongs, S. / . Org. Chem. 1978, 
43, 786-787. 

(20) Isbell, H. S.; Frush, H. L. Carbohydr. Res. 1979, 72, 301-304. 
(21) It should be noted that 2,3-CMsopropylidene-L-erythrose (ent-\ 1) has 

been employed as the starting material in an enantioselective synthesis of 
(+)-(155)-prostaglandin A2: Stork, G.; Raucher, S. / . Am. Chem. Soc. 1976, 
98, 1583-1584. 

(22) Corey, H. S., Jr.; McCormick, J. R. D.; Swensen, W. E. J. Am. Chem. 
Soc. 1964, 86, 1884-1885. 

(23) Stowell, J. C; Keith, D. R. Synthesis 1979, 132-133. 
(24) Deslongchamps, P.; Atlani, P.; Frehel, D.; Malaval, A.; Moreau, C. 

Can. J. Chem. 1974, 52, 3651-3664. 
(25) Crossland, R. K.; Servis, K. L. / . Org. Chem. 1970, 35, 3195-3196. 
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our epoxy alcohol was essentially enantiomerically pure.26 

Subsequently, we found that protection of the primary alcohol 
throughout the preceding sequence as the benzoyl derivative was 
unnecessary, and the scheme could be shortened by the elimination 
of one step as follows. Tosylation of the initial product obtained 
by Wittig reaction of 11 and 18 gave the olefinic bis-acetal 19b 
which, upon catalytic hydrogenation, afforded 20b. This tosylate 
smoothly underwent ozone oxidation24 yielding ester 21b. In 
analogy with the benzoyl derivative, tosylate 21b produced the 
desired erythro-hydroxy lactone 22b, again a nicely crystalline 
intermediate, upon hydrolysis in aqueous trifluoroacetic acid. The 
initial product arising from methanolysis of 22b was the terminal 
epoxide 243^ which could be isolated if desired; however, exposure 
to a catalytic amount of methoxide caused isomerization to the 
desired, thermodynamically preferred, disubstituted epoxide 9.3n,° 
It should be noted that conversion of 24 to 9 involves stereo­
chemical inversion at C-6. 

Synthesis of Epoxide 9 from D-GIucose 
We also investigated the synthesis of the key C7-epoxide 9 

utilizing D-glucose as the "chiral pool" starting material (Scheme 
V). Following literature procedures,13c'27 4,6-0-ethylidene-D-
glucose (25a) was oxidatively degraded to the dimer27 of 2,4-O 
ethylidene-D-erythrose (26a). Freshly prepared monomeric 26a27 

was then subjected to a sequence similar to those described above 
involving, initially, Wittig reaction with excess phosphorane derived 
from salt 18. Mesylation of the crude product gave 27. While 
not crucial to the synthetic plan, it is interesting to note that the 
olefinic linkage produced by this Wittig reaction possesses the E 
geometry, a result due to the effect of the /3-alkoxy function being 
situated in a position which allows equilibration of the phospho-
betaine intermediate. Catalytic hydrogenation of 27 gave bis-
acetal 28 which was selectively oxidized to ester 29 with ozone 
at -78 0C.24 Under these conditions, we found no evidence for 
oxidation of the trisubstituted dioxane ring. 

Hydrolysis of 29 in aqueous trifluoroacetic acid gave the lactone 
30 along with many other products. Alternative hydrolysis con­
ditions failed to provide improved results. Treatment of crude 
30 with methanolic potassium carbonate afforded, after chro­
matographic separation, 9 identical with the epoxide produced 
starting from erythorbic acid. Unfortunately, the overall yield 
of 9 produced by the sequence shown in Scheme V is unsatisfactory 
and we do not consider this scheme to be competitive with those 
described earlier. 

(26) We are grateful to Professor K. B. Sharpless and Dr. T. Katsuki for 
providing us with the details of this 1HNMR analysis as it was applied to 
epoxide 9 produced by asymmetric epoxidation,7* and for comparison spectra, 
see the Experimental Section. For MTPA derivatives see: Dale, J. A.; Dull, 
D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 2543-2549. 

(27) Hauske, J. R.; Rapoport, H. J. Org. Chem. 1979, 44, 2472-2476. 
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Reasoning that our relatively poor results were associated with 
the stability of the ethylidene acetal moiety in 29 toward hy­
drolysis, we re-investigated this sequence starting with 4,6-0-
isopropylidene-D-glucose (25b).28 Periodate degradation of 25b 
gave a dimer of the desired erythrose derivative 26b which, un­
fortunately, could not be cleaved to the monomer27 and induced 
to undergo Wittig reactions. On the other hand, equilibration 
of this dimer with p-toluenesulfonic acid29 provided an alternative 
source of our original chiral building block, lactol 11. 

Synthesis of (5S,6/?)-Epoxide 38 from L-Tartaric Acid 

We also sought access to the epimeric (5S,6R)-cis-epoxide 38 
(Scheme VI) in order to study certain structure-activity rela­
tionships in the leukotriene series (i.e., to prepare and evaluate 
6-epileukotrienes3n,3°). During the course of our work, publications 
appeared disclosing syntheses of 38 starting from D-mannose30 

and 2-deoxy-D-ribose.3n 

By analogy with our approach to 9, synthesis of 38 required 
methanolysis of a /ftreo-lactone sulfonate such as 37. We hoped 
that such threo intermediates could be obtained by stereochemical 
inversion at C-6 in our readily available erythro-lactcme 22a. In 
this manner, both stereochemical series would derive from the same 
"chiral pool" starting material, erythorbic acid. Thus far, we have 
been unable to effect this double inversion route from 22a to 38; 
however, we have succeeded in securing the cw-epoxide starting 
from another readily available chiral starting material, namely, 
L-tartaric acid.6a 

L-(+)-Diethyl tartrate was converted to 2,3-O-iso-
propylidene-L-threitol by known procedures.31 Treatment of this 
diol with 1 equiv of benzoyl chloride in pyridine gave the monoester 
31 in 45% yield along with diester and starting diol. The latter 
materials could be separated by chromatography and recycled. 
Swern oxidation32 of 31 provided aldehyde 32 which was trans­
formed into diester 35 as described above for the erythro series, 
via intermediates 33 and 34. Hydrolysis of 35 in aqueous tri-
fluoroacetic acid afforded the crystalline threo-hydroxy lactone 
36. Exposure of the corresponding mesylate 37 to methanolic 
potassium carbonate gave the desired cis-epoxide 38 which was 
clearly distinguishable spectrally and chromatographically from 
9. 

Since the synthesis and biological evaluation of 6-epi-LTC4 and 
6-epj'-LTD4 were disclosed just prior to the completion of our own 
studies,30 we have not elaborated 38 into such leukotrienes. 
Nonetheless, the route shown in Scheme VI is a reasonably facile 

(28) (a) Wolfrom, M. L.; Diwadkar, A. B.; Gelas, J.; Horton, D. Carbo-
hydr. Res. 1974, 35, 87-96. (b) Gelas, J.; Horton, D. Heterocycles 1981,16, 
1587-1601. 

(29) (a) Baggett, N.; Buck, K. W.; Foster, A. B.; Rees. B. H.; Webber, 
J. M. J. Chem. Soc. C 1966, 212-215. (b) Van Cleve, J. W.; Rist, C. E. 
Carbohydr. Res. 1967, 4, 82-90. (c) Westerlund, E. Ibid. 1981, 89, 334-337. 

(30) Corey, E. J.; Goto, G. Tetrahedron Lett. 1980, 21, 3463-3466. 
(31) (a) Townsend, J. M.; Blount, J. F.; Sun, R. C; Zawoiski, S.; Valen­

tine, D., Jr. J. Org. Chem. 1980, 45, 2995-2999. (b) Murrer, B. A.; Brown, 
J. M.; Chaloner, P. A.; Nicholson, P. N.; Parker, D. Synthesis, 1979, 350-352. 

(32) Mancuso, A. J.; Huang, S.-L.; Swern, D. J. Org. Chem. 1978, 43, 
2480-2482. 

n-C.H. COOCH3 

one if LT analogues in the 6-epimeric series are desired. 

Synthesis of Leukotrienes 
Conversion of the now readily available epoxy alcohol 9 to the 

leukotrienes was carried out basically as described by Corey and 
co-workers.3b Collins oxidation3M3 of 9 on a 0.5-0.6 mol scale 
provided aldehyde 8 in 60-70% yield. In addition, some dimeric 
ester was isolated from the crude oxidation product during LC 
purification (see Experimental Section). Aldehyde 8 exhibited 
a great tendency to hydrate, and only carefully prepared samples 
yielded compatible spectral and optical properties.3" 

Homologation of 8 to the key epoxy dienal 7 proved quite 
troublesome. Application of the Wollenberg reagent 3934 as 
described by the Harvard group,3b in our hands, gave 7 in only 
5-7% yield on a 0.1-0.2 mol scale, along with substantial amounts 
of intractable material. Of the alternative schemes available 
including treatment of 8 with 2 equiv of stabilized phosphorane 
4Q3n,35 o r j e q u j v 0f 4j3r,36 (Scheme VII), the latter proved most 
serviceable. Thus iodine equilibration of the initial Wittig product 
from 8 and 413r afforded 7 in 75% overall yield. 

The final Wittig coupling3b of 7 with C9-phosphorane 6 provided 
leukotriene A4 methyl ester (5) as a low-melting solid, in 64-67% 
yield, after purification by flash chromatography37 or HPLC. It 
was most convenient to prepare the required phosphonium salt 
43d3a by starting from commercially available 3-nonyn-1 -ol (42a) 
via the Lindlar hydrogenation product Z alcohol 43a38 and the 
corresponding tosylate 43b and iodide 43c. 

Exposure of 5 to glutathione in aqueous methanol containing 
triethylamine3b gave the monomethyl ester of leukotriene C4. This 
material was saponified (KOH), and the resulting dipotassium 
salt OfLTC4 (4a) was purified by reverse phase chromatography. 
The hygroscopic, sensitive solid so obtained (UV max 280 nm) 
was analyzed by reverse-phase LC which revealed a purity of at 
least 95%. The potassium salts of LTD4 (4b) and LTE4 (4c) were 
prepared in a similar manner by treatment of epoxide 5 with 
L-cysteinylglycine39,40 and L-cysteine methyl ester hydrochloride, 

(33) Collins, J. C; Hess, W. W.; Frank, F. J. Tetrahedron Lett. 1968, 
3363-3366. 

(34) Wollenberg, R. H. Tetrahedron Lett. 1978, 717-720. 
(35) Trippett, S.; Walker, D. M. J. Chem. Soc. 1961, 1266-1272. 
(36) (a) Berenguer, M. J.; Castells, J.; Galard, R. M.; Moreno-Mafias, M. 

Tetrahedron Lett. 1971, 495-496. (b) Berenguer, M. J.; Castells, J.; Fer­
nandez, J.; Galard, R. M. Ibid. 1971, 493-494. 

(37) Still, W. C; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925. 
(38) Paul, R.; Tchelitcheff, S. Bull. Soc. Chim. Fr. 1956, 869-875. 
(39) We found the unprotected dipeptide to be superior to L-/V-trifluoro-

acetylcysteinylglycine methyl ester employed previously.3' When the latter 
derivative was utilized, the LTD4 salt contained substantial amounts of an 
impurity, presumably the l l -£ isomer (RPLC analysis). The problem of 
11-Z- to 11-£ isomerization has been addressed; see: Atrache, V.; Sok, D.-E.; 
Pai, J.-K.; Sih, C. J. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 1523-1526. 

(40) Greenstein, J. P.; Winitz, M. "Chemistry of the Amino Acids"; Wiley: 
New York, 1961, Vol. 2, p 1246. 
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respectively, in the presence of triethylamine. Saponification of 
the adducts so obtained followed by reverse-phase chromatography 
afforded the purified salts which were found to be at least 95% 
isomerically pure by RPLC analysis. 

Our synthetic leukotriene samples exhibited potent spasmogenic 
activity. Thus in the in vitro guinea pig ileum assay,41 EC50 values 
of 1 X IO"10, 3 X 10"10, and 6 x 1(T9 M were observed for 4a 
dipotassium salt, 4b dipotassium salt, and 4c monopotassium salt, 
respectively. The contractions induced by these materials were 
blocked by the standard SRS-A antagonist FPL55712.44 

Synthesis of Tritium-Labeled Leukotrienes 
For the purpose of establishing a radioimmunoassay for leu­

kotrienes,4 we required materials labeled with tritium. Given the 
inherent instability of these substances, severe constraints were 
placed on our strategic planning. In particular, a minimum 
number of radiochemical steps and rapid purification methods 
were required. After several unsuccessful alternatives were ex­
plored, we selected 14,15-dehydro-LTA4 methyl ester (44) 
(Scheme VII) as the substrate into which tritium would be in­
troduced.42 This material was prepared by Wittig reaction of 
epoxy dienal 7 with acetylenic phosphonium salt 42d. The latter 
intermediate was obtained in straightforward fashion starting from 
42a, via tosylate 42b and iodide 42c. 

The reduction of 44 was carried out on a 0.18 mmol scale using 
10 Ci of carrier-free tritium gas and Lindlar catalyst. The product 
([14,15-3H2]-5) was rapidly isolated and purified by HPLC prior 
to dilution with unlabeled 5 and conversion to [14,15-3H2]-LTE4 

dimethyl ester by treatment with L-cysteine methyl ester-tri-
ethylamine. The adduct was again rapidly purified by reverse-
phase HPLC, and the pure product (UV max 280 nm, 40 Ci/ 
mmol) was stored in dilute methanol or aqueous methanol, at -80 
0C, under argon. Under these conditions, [14,15-3H2J-LTE4 

dimethyl ester shows minimal chemical or radiolytic decomposition 
after 2 months. Samples of the labeled diester, which is not 
biologically active, were saponified just prior to use. 

Conclusions 
The synthetic approaches to optically pure leukotriene synthons 

described above have proven effective for preparing a variety of 
important substances. In particular, the routes to epoxy alcohol 
9 from erythorbic acid have been useful not only for the production 
of the leukotrienes themselves, but also for the synthesis of iso-
topically labeled materials and analogues possessing interesting 
biological activities.43 These latter compounds will be the subjects 
of forthcoming reports. 

Experimental Section 
General. All reactions except hydrogenations were carried out under 

an atmosphere of argon. The "usual workup" involved three extractions 
with the specified solvent. Organic extracts were then combined, washed 
with saturated brine, dried over anhydrous MgSO4, filtered, and con­
centrated under water aspirator pressure. Residues were dried to con­
stant weight under high vacuum or water aspirator pressure in the case 
of volatile materials. Unless otherwise noted, column chromatography 
was performed using EM Silica Gel 60 (0.063-0.2 mm). Thin layer 
chromatography (TLC) was performed using EM Silica Gel 60F-254 
precoated plates. Spots were detected with UV light and/or phospho-
molybdic acid and eerie sulfate sprays followed by heating. Melting 
points were determined on a Thomas-Hoover capillary apparatus and are 
uncorrected. 1H NMR spectra (100 or 200 MHz) were obtained in 
CDCl3 solution unless otherwise noted. Chemical shifts are reported 

(41) (a) Orange, R. P.; Austen, K. F. Adv. Immunol. 1969, 10, 105-144. 
(b) Welton, A. F.; Crowley, H. J.; Miller, D. A.; Yaremko, B. Prostaglandins 
1981, 21, 287-296. 

(42) Liu, Y.-Y.; Thorn, E.; Liebman, A. A. Abstracts of the International 
Symposium on the Synthesis and Applications of Isotopically Labelled Com­
pounds, Kansas City, MO, June 6-11, 1980, p 105. 

(43) (a) Cohen, N.; Rosenberger, M.; Aig, E.; Banner, B. L.; Lovey, A. 
J.; Weber, G. "Abstracts of Papers"; 182nd National Meeting of the American 
Chemical Society, New York, Aug 23-28, 1981; American Chemical Society: 
Washington, D.C., 1981; MEDI 63. (b) Cohen, N.; Banner, B. L.; Lopresti, 
R. J., unpublished results. 

(44) Appleton, R. A.; Bantick, J. R.; Chamberlain, T. R.; Hardern, D. N.; 
Lee, T. B.; Pratt, A. D. J. Med. Chem. 1977, 20, 371-379. 

relative to Me4Si as an internal standard. Infrared spectra were obtained 
in CHCl3 solution. 

(-)-(3R-cis )-Mono(tetrahydro-4-hydroxv-2-oxo-3-furanyl) Ester 2-
(4-Methylphenyl)hydrazide of Ethanedioic Acid (16). In a 3-L, three 
necked, round-bottomed flask equipped with an air-driven Teflon paddle 
stirrer, thermometer, and dropping funnel was placed 500 mL of deion-
ized H2O. With stirring, 53.5 mL (98.44 g, 0.96 mol) of reagent grade 
concentrated H2SO4 was added. The temperature rose to ca. 40 0C. A 
53.5-g (0.5 mol) portion of ground p-toluidine was added with good 
stirring at this temperature, and within a few minutes a dark yellow 
solution resulted. The solution was then cooled in an ice bath and the 
sulfate precipitated. To the well-stirred, dense slurry, at 3 0C, was added 
a solution of 35 g (0.507 mol) of NaNO2 in 63 mL of deionized H2O 
dropwise, over a 25-min period, with the internal temperature kept at 3-8 
0C. The resulting diazonium salt solution was stirred at 2-5 0C for 30 
min whereupon a solution of 75.5 g (0.429 mol) of D-(-)-araboascorbic 
acid (13) in 500 mL of deionized H2O was added dropwise over a 30-min 
period, at ca. 4-5 0C, with rapid stirring. An orange color formed along 
with gummy brown material which impeded stirring somewhat. After 
the addition was complete, the mixture was slowly warmed to room 
temperature with a water bath and then stirred for 3 h at room tem­
perature during which time a yellow solid formed. The resulting yellow 
slurry was filtered with suction and washed with 700 mL of deionized 
H2O in small portions. The solid was then washed with 200 mL of 
ice-cold 2B ethanol in small portions. The damp filter cake was refluxed 
in 1 L of 2B ethanol in a 3-L, one-necked, round-bottomed flask for 15 
min. The slurry was allowed to cool to room temperature and kept at 
room temperature overnight. The slurry was filtered with suction and 
the solid was washed with 250 mL of ice-cold 2B ethanol in small por­
tions. After the solid was dried at 45 0C using water aspirator pressure 
and then high vacuum, there was obtained 70.0 g (55.5%) of the hy-
drazide lactone 16 as an off-white solid, mp 182-184 0C dec, [a]25

D 
-59.3° (c 0.5, EtOH) (lit.17 mp 177 0C, [a]20

D -62.8° (c 0.53, EtOH)). 
(-)-(3R-cis)-Dihydro-3,4-dihydroxy-2(3//)-furanone (D-Erythrono-

lactone) (15). A. From 16. In a 2-L, one-necked, round-bottomed flask 
equipped with a reflux condenser, magnetic stirring bar, and heating 
mantle, a slurry of 69.9 g (0.238 mol) of the hydrazide 16 in 700 mL of 
deionized H2O was heated to reflux under argon, with magnetic stirring, 
and refluxed for 50 min. The resulting yellow solution was cooled in an 
ice bath with stirring to produce a dense precipitate. At ca. 5 0C, the 
solid (oxalic acid tolyl hydrazide) was filtered with suction and washed 
with 250 mL of deionized H2O in small portions. The combined filtrate 
and washings were extracted with 3 X 200 mL of ethyl acetate. The 
ethyl acetate layers were discarded. The aqueous layer was concentrated 
at 50 0C using water aspirator pressure, and the resulting oil was dried 
at 40 0C under high vacuum. The residue (which had crystallized on 
seeding) was taken up in 500 mL of ethyl acetate at reflux and filtered 
hot through Celite with suction to remove the small amount of insolubles 
present. The filter cake was washed with ca. 25 mL of hot ethyl acetate. 
The filtrate was allowed to cool to room temperature and refrigerated 
overnight at ca. 5 0C. The crystals were filtered with suction and washed 
with ca. 75 mL of cold ethyl acetate in small portions. After the crystals 
were dried under high vacuum at room temperature, there was obtained 
20.7 g (73.7%) of the desired dihydroxy lactone 15 as colorless needles, 
mp 97.5-99 0C, [a]"D -72.07° (c 0.487, H2O) (lit.17 mp 104-105 0C, 
H20D - 73.2° (c 0.533, H2O)). 

B. By Alkaline Peroxide Oxidation of 13. A 2.72-g (15.45 mmol) 
sample of 13 was oxidized20 with 8 mL (80 mmol) of 30% aqueous 
hydrogen peroxide and 4.24 g (40 mmol) of anhydrous sodium carbonate 
in 50 mL of water using the procedure described in detail below for the 
preparation of 17. The dry solid residue obtained after Norit decom­
position of excess peroxide, acidification (30 mL of 3 N HCl), and 
removal of water, containing 15, oxalic acid, and sodium chloride, was 
treated with 25 mL of ethyl acetate, and the mixture was boiled on a 
steam bath for several minutes. The hot solution was decanted and the 
extraction was repeated with 10 mL of fresh ethyl acetate. The ethyl 
acetate extracts were combined and cooled to 0 0C. The precipitate was 
filtered with suction, washed with cold ethyl acetate, and dried under high 
vacuum. There was obtained 1.23 g (67.5%) of lactone diol 15 as col­
orless needles, [a]25

D -71.64° (c 0.53, H2O). 
(-)-(3a/?-cfe)-Dihydro-2,2-dimethylfuro[3,4-(/]-l,3-dioxol-4(3a//)-one 

(2,3-O-Isopropylidene-D-erythronolactone) (17). A. From Diol 15. A 
mixture of 20.6 g (0.174 mol) of dihydroxy lactone 15, 155 mL of 
reagent-grade acetone, 310 mL of 2,2-dimethoxypropane, and 0.35 g of 
p-toluenesulfonic acid monohydrate was stirred at room temperature for 
6 h. The resulting pale yellow solution was treated with 3.5 mL of 
concentrated ammonium hydroxide solution. A slight precipitate formed. 
The mixture was concentrated under water aspirator pessure and the 
resulting solid was dissolved in 600 mL of ether. To the near solution 
was added 25 g of anhydrous magnesium sulfate and the slurry was 
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stirred for 5 min. It was then filtered through Celite with suction, and 
the filter cake was washed with 200 mL of ether in small portions. 
Solvent removal afforded 29.8 g of a yellow solid. This material was 
dissolved in 200 mL of boiling ether to give a clear solution. At room 
temperature, 300 mL of hexane was added to produce an immediate 
precipitate. The slurry was refrigerated for 2 h, then filtered with suction, 
and the solid was washed with 200 mL of hexane in small portions. After 
drying under high vacuum at 35 0C, there was obtained 21.1 g (76.6%) 
of the desired acetonide lactone 17 as an off-white solid, mp 66-68 0C, 
H 2 5

D -122.05° (c 1.03, H2O) (lit.11 mp 68-68.5 0C, [a]20
D-112° (c 1.5, 

H2O)). 

B, Directly from 13. A solution of 35.2 g (0.20 mol) of 13 (D-iso-
ascorbic acid) in 500 mL of deionized H2O was stirred with ice-bath 
cooling while 42.4 g (0.40 mol) of anhydrous, powdered sodium carbo­
nate was added, cautiously, in small portions (CO2 evolution). The 
resulting yellow solution was stirred with ice-bath cooling while 44 mL 
(0.45 mol) of 31.3% by weight aqueous hydrogen peroxide was added 
dropwise over a 10-min period. The internal temperature rose from 6 
to 17 °C. The solution was stirred for 5 min with ice-bath cooling during 
which time the internal temperature continued to rise to 23 °C. The flask 
was now immersed in an oil bath preequilibrated to 40 0C and the 
solution was stirred for 30 min. An 8-g quantity of Norit A was added 
to decompose the excess peroxide and the mixture was heated on a steam 
bath with occasional swirling for 30 min, at which point gas evolution 
had essentially ceased and a negative starch-iodide test was observed. 
The hot mixture was filtered with suction on a Celite pad, and the filter 
cake was washed with a total of 100 mL of deionized H2O in several 
small portions. The combined filtrate and washes were acidified to pH 
1 by the cautions (CO2 evolution!) addition of 150 mL (0.9 mol) of 6 N 
aqueous hydrochloric acid, in portions. The acidic solution was concen­
trated at 40-50 0C (aspirator pressure), using a rotary evaporator. The 
residue was dried at 40-50 °C (high vacuum) giving 84 g of a colorless, 
solid residue containing the dihydroxy lactone 15, oxalic acid, and sodium 
chloride. To this material was added 175 mL of reagent grade acetone 
followed by 50 g of anhydrous, powdered magnesium sulfate. The 
mixture was stirred as 350 mL (2.85 mol) of 2,2-dimethoxypropane was 
added in one portion. To the mixture was added 0.42 g (2.2 mmol) of 
/j-toluenesulfonic acid monohydrate at room temperature. The slurry was 
stirred at room temperature for 16 h. At the end of this time, 20 mL 
(0.3 mol) of concentrated ammonium hydroxide was added all at once. 
The mixture became quite dense and a mild exotherm was noted. After 
being stirred for a few minutes, the slurry was diluted with 500 mL of 
anhydrous ether and then filtered with suction. The solids were washed 
thoroughly with ether. After the combined filtrate and washes were 
concentrated on a rotary evaporator at aspirator pressure, and the residue 
was dried at 45 0C (high vacuum), there was obtained 32.8 g of a 
pale-yellow solid. This material was dissolved in 250 mL of boiling 
anhydrous ether. Some insoluble material was present. A 10-g portion 
of anhydrous, powdered magnesium sulfate was added and the mixture 
was filtered, with suction, through a pad of Celite. The filter cake was 
washed thoroughly with ether. The volume of the combined ether filtrate 
and washes was reduced to approximately 225 mL, and, when all of the 
solid had been redissolved by warming to reflux on a steam bath, 330 mL 
of hexane was added to the clear solution. An instantaneous, dense 
precipitate resulted. The mixture was stored at 0 0C for 2.5 h, then 
filtered with suction. The solid was washed with hexane and dried under 
high vacuum, at 40-50 0C, to constant weight. There was obtained 22.6 
g (71.5%) of 17 as a colorless solid, mp 64-65 0C, [a]25

D -120.15° (c 
1, H2O). This material was homogeneous on TLC analysis (1:3 hex-
ane-ethyl acetate). 

(-)-[3a/t-(3aa,6aa)]-Tetrahydro-2,2-dimethylfuro[3,4-(/]-l,3-dioxol-
4-ol (2,3-O-Isopropylidene-D-erythrose) (11). A. From Lactone 17. A 
solution of 25 g (0.158 mol) of lactone 17 in 435 mL of dichloromethane 
was stirred rapidly at -72 0C (dry ice-acetone bath), while 125 mL 
(0.184 mol) of a 24.8% solution of diisobutylaluminum hydride in toluene 
was added dropwise over a 35-min period. The reaction mixture was 
stirred for 3.5 h at -72 °C, then cautiously decomposed (gas evolution) 
by the dropwise addition of 32 mL of methanol with continued cooling 
from the dry ice-acetone bath. The mixture was then slowly poured into 
a cold (ice bath), mechanically stirred mixture of 375 mL of water and 
875 mL of ethyl acetate. To the resulting mixture was then added 350 
mL of 1.5 N aqueous sulfuric acid while the pH was monitored with a 
pH meter. The final pH was 2.95. The mixture was transferred to a 
separatory funnel whereupon the layers were separated. The aqueous 
phase was extracted three times with ethyl acetate. The organic layers 
were combined and washed with 375 mL of saturated aqueous sodium 
bicarbonate solution. The bicarbonate wash was back-extracted once 
with ethyl acetate. Completion of the workup in the usual manner gave 
22.8 g (90.2%) of lactol 11 as a colorless oil, [<*]25

D -77.03° (c 2.09, 
CHCl3). This material crystallized on standing at 0 0C but was used 

without further purification (lit.19 mp 30-32.5 0C, [a]25
D -79.3° (r 0.925, 

CHCl3)). TLC analysis (1:1 toluene-ethyl acetate) gave a single spot 
of slightly smaller Rf than the starting lactone. 

B. From 4,6-O-Isopropylidene-D-glucose (25b). To a stirred solution 
of 6.7 g (31 mmol) of sodium metaperiodate in 60 mL of water cooled 
to 7 0C, was added a solution of 3.4 g (15.5 mmol) of 25b28a in 20 mL 
of water, over a 5-min period. The pH was maintained at ca. 4.0 by the 
addition of 3 N aqueous sodium hydroxide. After the addition was 
complete, the mixture was stirred for 15 min at 5-10 0C while continuing 
to maintain a pH of 4. The pH was then raised to 6.5 by the addition 
of 3 N NaOH and the slurry was concentrated at 50 °C (water aspirator 
pressure). The residue was dried under high vacuum and then stirred 
for 0.5 h with 200 mL of ethyl acetate after the addition of some an­
hydrous magnesium sulfate. The solids were filtered and the filtrate was 
concentrated. The solid residue (1.9 g) was chromatographed on 50 g 
of silica gel. Elution with 1:3 hexane-ethyl acetate gave 1.2 g (48.4%) 
of a colorless solid. The 'H NMR spectrum of this material indicated 
it to be a mixture of dimeric forms of aldehyde 26b. Only a trace of 
monomeric aldehyde was discernible in the IR and 1H NMR spectra. 

A solution of 394 mg (1.23 mmol) of this material and 50 mg of 
p-toluenesulfonic acid monohydrate, in 1 mL of anhydrous A^V-di-
methylformamide, was stirred for 1 h and kept at room temperature for 
5 days.29a The solution was diluted with 15 mL of dichloromethane and 
treated with 0.5 g of anhydrous sodium bicarbonate. After stirring for 
1 h, the solids were filtered and washed with dichloromethane. The 
filtrate and washes were combined and concentrated under reduced 
pressure. The oily residue was chromatographed on 50 g of silica gel. 
Elution with 2:1 hexane-ethyl acetate gave 111 mg (28.2%) of lactol 11 
whose 1H NMR spectrum and TLC mobility were identical with those 
of the lactol prepared as in part A above. 

(+)-(4R-cjs)(Z)-2,2-Dimethyl-5-[3-(l,3-dioxan-2-yl)-l-propenyl]-
l,3-dioxolane-4-methanol Benzoate (19a). To a stirred slurry of 129.9 
g (0.284 mol) of phosphonium salt 1823 in 325 mL of dry tetrahydro-
furan, at -25 °C (dry ice-acetone bath), was added, dropwise, 177.5 mL 
(0.284 mol) of 1.6 M /i-butyllithium in hexane over a 15-min period. The 
addition funnel was rinsed with 25 mL of dry THF. The mixture turned 
yellow at first and then brown and was stirred for 20 min at ca. -25 0C. 
To the resulting phosphorane mixture there was now added a solution 
of 22.7 g (0.142 mol) of crude lactol 11 in 150 mL of dry THF, dropwise, 
over a 30-min period, at -25 0C. The addition funnel was rinsed with 
25 mL of dry THF. The yellow-orange mixture was stirred at -25 °C 
for 30 min, then warmed to room temperature and stirred for an addi­
tional 1.5 h. After being cautiously treated dropwise with 21 mL of 
water, the tan mixture was transferred to a separatory funnel containing 
560 mL of water and 700 mL of ether. The organic layer was separated 
and the aqueous phase was extracted three times with ether. Completion 
of the usual workup gave 68.7 g of an oily solid. This material was 
dissolved in 200 mL of dry pyridine and the solution was stirred with 
ice-bath cooling (5 0C) while 19.8 mL (24 g, 0.17 mol) of benzoyl 
chloride was added dropwise. The separation of a solid occurred. The 
mixture was stirred for 3 h at 5 0C, then poured into 1100 mL of satu­
rated aqueous sodium bicarbonate solution and extracted four times with 
ether. The organic extracts were processed in the usual manner giving 
94.0 g of an oily solid. This material was treated with a solution of 66 
mL of toluene and 190 mL of hexane. The resulting slurry was suction 
filtered and the solid cake of triphenylphosphine oxide was washed with 
30 mL of cold 2.9:1 hexane-toluene. The filtrate and wash were com­
bined and concentrated under water aspirator pressure and then high 
vacuum giving 54.2 g of a red oil. This material was chromatographed 
in two approximately equal portions on columns of 500 g of silica gel 
packed in toluene. Elution with 19:1, 9:1, and 4:1 toluene-ethyl acetate 
gave a total of 40.8 g (79.3%) of pure (TLC, «/0.5, 1:1 toluene-ethyl 
acetate) ester 19a as a viscous, yellow oil. The analytical specimen was 
obtained from a separate experiment and exhibited bp 135-140 0C (bath 
temperature) (0.03 mm), [a]25

D +48.68° (c 1.03, CHCl3): NMR 8.07 
(m, 2, aromatic), 7.70-7.30 (m, 3, aromatic), 5.73, 5.65 (2 m, 2, /(cis) 
= 11 Hz, CH=CH) , 5.08 (dd, 1, J = 6, 7 Hz, OCHO), 4.60-3.90 (m, 
6, 2 x CH OfCH2O, OCHCHO, CZZ2OCOC6H5), 3.19 (m, 2, 2 X CH 
of CH2O), 2.43 (t, 2, J = 5.5 Hz 1 CH 2 C=) , 2.30-1.70, 1.29 (2 m, 2, 2 
X CH of CH2), 1.50, 1.39 ppm (2 s, 6, (CH3)2C). 

Anal. Calcd for C20H26O6: C, 66.28; H, 7.23. Found: C, 66.36; H, 
7.11. 

(+)-(4K-c/s)-2,2-Dimethyl-5-[3-(l,3-dioxan-2-yl)propyl]-l,3-di-
oxolane-4-methanol Benzoate (20a). A mixture of 40.8 g (0.113 mol) 
of unsaturated acetal ester 19a, 0.7 g (3.08 mmol) of platinum oxide, and 
600 mL of ethyl acetate was stirred in an atmosphere of hydrogen, at 
room temperature, for 6 h at the end of which time gas uptake had 
ceased. A total of 2976 mL of hydrogen was taken up (2979 mL theory). 
The catalyst was removed by suction filtration of the reaction mixture 
through a pad of Celite. The filtrate was concentrated on a rotary 
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evaporator at water aspirator pressure, then high vacuum, to give 42.0 
g (ca. 100%) of 20a as a viscous, pale-yellow oil, containing a trace of 
solvent. This material was used without further purification. The ana­
lytical specimen obtained from a separate experiment exhibited bp 
130-140 0 C (bath temperature) (0.01 mm), [a]"D +15.18° (c 1.05, 
CHCl3): IR 1720 cm"1 (ester C = O ) . 

Anal. Calcd for C20H28O6: C, 65.92; H, 7.74. Found: C, 65.60; H, 
7.79. 

(+)-(4S-c/s)-2,2-Dimethyl-5-[(benzoyloxy)methyl]-l,3-dioxolane-4-
butanoic Acid 3-Hydroxypropyl Ester (21a). A solution of 17.5 g (0.048 
mol) of acetal ester 20a in 300 mL of ethyl acetate was stirred and cooled 
to -70 0C (dry ice-acetone bath), whereupon ozone gas in oxygen was 
passed in for 5 h (Welsbach Ozonator). The resulting solution was 
purged with argon, at -70 0C, until the blue color had disappeared. After 
being warmed to room temperature, the solution was washed with satu­
rated aqueous sodium bicarbonate solution, and workup was completed 
in the usual manner giving 17.9 g of crude 21a as a pale-yellow oil. This 
material was chromatographed on 400 g of silica gel packed in toluene. 
Elution with 9:1, 4:1, 2:1, 3:2, and 1:1 toluene-ethyl acetate afforded 12.7 
g (69.4%) of pure 21a (TLC Rf 0.4, 1:1 toluene-ethyl acetate) as a 
pale-yellow oil. The analytical specimen of 21a obtained from a separate 
experiment exhibited [a]25

D +11.48° (c 1, CHCl3): IR 3620, 3520 
(OH), 1720 cm"1 (ester C=O) ; NMR 8.04 (m, 2, aromatic), 7.70-7.30 
(m, 3, aromatic), 4.50-4.10 (m, 4, OCHCHO, CZi2OCOC6H5), 4.19 (t, 
2, 7 = 6 Hz, CH 2OC=O), 3.65 (t, 2, 7 = 5.5 Hz, CH2OH), 2.50-2.20 
(m, 3, OH, CH 2 C=O), 2.00-1.50 (m, 6, 3 X CH2), 1.45, 1.35 ppm (2 
s, 6, (CH3)2C). 

Anal. Calcd for C20H28O7: C, 63.14; H, 7.42. Found: C, 63.26; H, 
7.69. 

(+)-[S(«*)]-6-[2-[(Benzoyloxy)-l-bydroxy]ethyl]tetrahydro-2f/-
pyran-2-one (22a). In a flask equipped with a magnetic stirring bar was 
placed 3.0 g (7.89 mmol) of diester 21a. The flask was immersed in an 
ice bath, and, when the sample was well chilled, 30 mL of ice-cold 9:1 
trifluoroacetic acid-water solution was added. The stirring bar became 
free to stir within a few seconds of the addition of the acid and the 
resulting solution was stirred at 0 °C for 3.5 h, then cautiously (foaming) 
added to a stirred, cold (0-5 0C) mixture of 750 mL of saturated aqueous 
sodium bicarbonate solution and 150 mL of ethyl acetate. The mixture 
was stirred for an additional 5 min, then transferred to a separatory 
funnel and worked up in the usual manner. There was obtained 2.7 g 
of an oil which crystallized to an off-white solid. This material was 
triturated with 40 mL of ether and the mixture refluxed for 40 min. The 
slurry was cooled to room temperature, refrigerated overnight (0 °C), 
and then kept at -20 0 C for 3 h. The solid was filtered with suction, 
washed with some cold (-20 0C) ether, and dried under high vacuum 
giving 1.5 g (71.9%) of hydroxy lactone ester as a colorless solid, mp 
89.5-91 0 C (homogeneous on TLC analysis; Rf0.25, 1:3 toluene-ethyl 
acetate). Lactone 22a can be recrystallized by dissolution in one part 
of ethyl acetate, adding four parts of ether, seeding, and storing the 
mixture at -20 0 C overnight. The analytical specimen obtained from a 
separate experiment exhibited mp 90.5-91.5 °C, [a]25

D +34.78° (c 1, 
CHCl3): IR 3605, 3460 (OH), 1725 cm"1 (lactone, ester C=O) ; NMR 
8.05 (m, 2, aromatic), 7.70-7.30 (m, 3, aromatic), 4.70-4.30 (m, 3, 
CHOC=O, CH2OC=O), 4.10 (dt, 1, 7 = 5.5 Hz, CHOH), 3.30-2.80 
(m, 1, OH), 2.80-2.20 (m, 2, CH 2 C=O), 2.20-1.50 (m, 4, (CH2)2). 

Anal. Calcd for C14H16O5: C, 63.63; H, 6.10. Found: C, 63.94; H, 
6.10. 

(+)-(4/?-cis)(Z)-2,2-Dimethyl-5-[3-(l,3-dioxan-2-yl)-l-propenyl]-
l,3-dioxolane-4-methanoI 4-MethylbenzenesuIfonate (19b). A Wittig 
reaction between lactol 11 (4.0 g, 25 mmol) and phosphonium salt 18" 
(22.9 g, 50 mmol) was carried out as described above for the preparation 
of 19a. There was obtained 9.1 g of crude, oily product. A 3.2-g sample 
of this material was dissolved in 25 mL of dry pyridine, and the solution 
was stirred with ice-bath cooling while 2.3 g (12.1 mmol) of p-toluene-
sulfonyl chloride was added in one portion. The resulting mixture was 
stirred at 0-5 °C for 5 h, then poured into a mixture of 200 mL of 
saturated aqueous sodium bicarbonate solution and 200 mL of ether. 
After being stirred for 20 min, the mixture was worked up with ether in 
the usual manner, giving 5.7 g of crude product as a yellow oil. Chro­
matography of this material on 200 g of silica gel afforded 1.6 g (44.2%) 
of tosylate 19b (eluted with 4:1 toluene-ethyl acetate) as a viscous, 
pale-yellow oil, [ a ] " D +62.37° (c 1, CHCl3): NMR 7.81 (d, 2, 7 = 8 
Hz, aromatic), 7.35 (d, 2, 7 = 8 Hz, aromatic), 5.70 (dt, 1, J = 7, 11 
Hz, =CHCH 2 ) , 5.42 (dd, 1, 7 = 8, 11 Hz, = C H C H ) , 4.98 (dd, 1,7 = 
7, 8 Hz, =CCHO) , 4.54 (t, 1 , 7 = 5 Hz, OCHO), 4.25-3.50 (m, 7, 2 
X CH2O, CH2OTs, CHO), 2.37 (dd, 2, 7 = 4.5, 7 Hz, CH 2 CH=), 
2.20-1.85 (m, 1,CH of CH2), 1.40-1.10 (m, 1,CH OfCH2), 1.36, 1.32 
ppm (2 s, 6, (CHj)2C). 

Anal. Calcd for C20H28O7S: C, 58.24; H, 6.84. Found: C, 58.60; 
H, 6.87. 

(+)-(4«-cis)-2,2-Dimethyl-5-[3-(l,3-dioxan-2-yl)propyl]-l,3-di-
oxolane-4-methanol 4-MethyIbenzenesulfonate (20b). A 1.55-g (3.76 
mmol) sample of olefinic tosylate 19b was hydrogenated over 50 mg of 
prereduced platinum oxide, in 30 mL of ethyl acetate, at room temper­
ature and atmospheric pressure. A total of 90 mL of hydrogen was taken 
up over 1.5 h. The catalyst was filtered and the filtrate concentrated 
under reduced pressure. The residue (1.6 g) was chromatographed on 
50 g of silica gel. Elution with 4:1 and 2:1 toluene-ethyl acetate gave 
1.5 g (96.4%) of tosylate 20b as a pale-yellow oil, [a]25

D +27.30° (c 0.86, 
CHCl3). 

Anal. Calcd for C20H30O7S: C, 57.95; H, 7.30. Found: C, 58.27; 
H, 7.44. 

(+)-(4S-c/s)-2,2-Dimethyl-5-[[[(4-methylphenyI)sulfonyl]oxy]-
methyl]-l,3-dioxoIane-4-butanoic Acid 3-Hydroxypropyl Ester (21b). A 
3.2-g (7.28 mmol) sample of crude bis-acetal 20b was ozonized in 60 mL 
of ethyl acetate, for 2 h, at -70 0C, as described above for the preparation 
of 21a. Chromatography of the crude product (3.4 g) on 100 g of silica 
gel afforded 2.1 g (67.1%) of ester 21b (eluted with 1:1 toluene-ethyl 
acetate) as a pale-yellow oil, [a]25

D +20.40° (c 0.98, CHCl3): IR 3630 
(OH), 1727 (ester C=O) , 1370, 1177 cm"1 (SO2). 

Anal. Calcd for C20H30O8S: C, 55.80; H, 7.02. Found: C, 56.35; 
H, 6.93. 

(+)-[S(/?*)]-6-[2-[(4-Methylphenyl)sulfonyloxy]-l-hydroxyethyl]-
tetrahydro-2H-pyran-2-one (22b). A 2.0-g (4.65 mmol) sample of ester 
tosylate 21b was hydrolyzed with 20 mL of ice-cold 9:1 trifluoroacetic 
acid-water as described above for the preparation of 22a. The crude 
crystalline product (2.1 g) was chromatographed on 150 g of silica gel. 
Elution with 1:1 toluene-ethyl acetate gave 0.8 g (54.8%) of pure (TLC) 
lactone 22b as a colorless solid. A sample of this material was recrys­
tallized from ethyl acetate-ether affording colorless crystals, mp 95-96 
0 C, H 2 5

D +30.98° (c 1.08, CHCl3): IR 3615 (OH), 1737 (lactone 
C=O) , 1177, 1365 cm"1 (SO2); NMR 7.81 (d, 2,J = 8.5 Hz, aromatic), 
7.37 (d, 2,J= 8.5 Hz, aromatic), 4.40-3.80 (m, 4, OCHCHO, CH2O), 
2.90-2.20 (m, 3, CH 2C=O, OH), 2.46 (s, 3, CH3C6H4SO2), 2.18-1.50 
ppm (m, 4, (CH2)2). 

Anal. Calcd for C14H18O6S: C, 53.49; H, 5.77. Found: C, 53.71; 
H, 5.68. 

(+)-(S,/?)-i-Hydroxyoxiranepentanoic Acid Methyl Ester (24). A 
solution of 197 mg (0.627 mmol) of hydroxy tosylate lactone 22b in 3 
mL of dry methanol was stirred with ice-bath cooling while 113.7 mg 
(0.823 mmol) of anhydrous potassium carbonate was added. The slurry, 
which thickened as the reaction proceeded, was stirred at 0-5 0C for 4 
h, then diluted with dichloromethane, treated with saturated brine, and 
worked up with dichloromethane in the usual manner. The oily residue 
(92.6 mg) was chromatographed on 10 g of silica gel. Elution with 1:3 
toluene-ethyl acetate afforded 79.2 mg (72.6%) of epoxide 24 as a 
pale-yellow liquid, [a]25

D +19.64° (c 1, CHCl3). TLC analysis indicated 
that this material was homogeneous and slightly less polar than the 
isomeric epoxide 9: IR 3570 (OH), 1735 cm"1 (ester C=O); NMR 3.80 
(m, 1, CHOH), 3.68 (s, 3, CO2CH3), 3.01 (q, 1,7 = 3 Hz, CHO), 2.77 
(m, 2, CH2O), 2.40 (m, 2, CH 2C=O), 1.97 (d, 1, J = 2 Hz, OH), 
1.95-1.50 ppm (m, 4, (CH2)2). 

Anal. Calcd for C8H14O4: C, 55.16; H, 8.10. Found: C, 55.13; H, 
8.06. 

(2«,4S,5«)(£)-4-[3-(l,3-Dioxan-2-yl)-l-propenyl]-2-methyl-l,3-di-
oxan-5-ol Methanesulfonate (27). To a stirred slurry of 11.2 g (24.5 
mmol) of phosphonium salt 18 in 20 mL of anhydrous tetrahydrofuran 
at -30 0 C was added 15.4 mL (24.6 mmol) of 1.6 M n-butyllithium in 
hexane, over a 3-min period. The yellow-orange mixture was stirred for 
25 min at -30 °C, and then a solution of 1.6 g (10.96 mmol) of freshly 
prepared, monomeric 26a27 in 10 mL of tetrahydrofuran was added over 
2 min. After being stirred at -30 °C for 20 min, the yellow mixture was 
allowed to warm to room temperature and stirred for 2.5 h. The mixture 
was decomposed with 1 mL of water, then poured into brine, and worked 
up with ether in the usual manner giving 4.7 g of a yellow semisolid. This 
material was dissolved in 65 mL of dichloromethane. The solution was 
stirred with ice-bath cooling while 3.2 mL (23 mmol) of triethylamine 
was added followed by 1.5 mL (19.4 mmol) of methanesulfonyl chloride. 
The mixture was stirred at 0-5 0C for 45 min, then poured into a stirred 
mixture of 150 mL of cold, saturated sodium bicarbonate solution and 
75 mL of dichloromethane. After being stirred for 5 min, the mixture 
was worked up with dichloromethane in the usual manner giving 6.1 g 
of a semisolid. This material was chromatographed on 50 g of silica gel. 
Elution with 4:1 toluene-ethyl acetate afforded 2.8 g (79.3%) of mesylate 
acetal 27 as a pale-yellow oil; NMR 5.92 (dt, 1, J = 6.5, 15 Hz, 
CH 2 CH=), 5.55 (dd, 1 ,7= 6.5, 15 Hz, CHCH=) , 4.75 (q, 1, 7 = 5 
Hz, CHCH3), 4.62 (t, 1 , 7 = 5 Hz, OCHO), 4.50-3.40 (m, 8, 3 x CH2, 
2 X CH), 2.99 (s, 3, SO2CH3), 2.42 (dd, 2, 7 = 5, 6.5 Hz, CH 2 CH=), 
2.04 (m, 1, CH2), 1.33 (m, 1, CH2), 1.34 ppm (d, 3, 7 = 5 Hz, CH3CH). 
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(-)-(2/?,4S,5R)-4-[3-(l,3-Dioxan-2-yl)propyl]-2-methyl-l,3-dioxan-
5-ol Methanesulfonate (28). Hydrogenation of 2.8 g (8.7 mmol) of 
olefinic mesylate 27 over 100 mg of prereduced platinum oxide, in 25 mL 
of ethyl acetate was carried out as described above for the preparations 
of 20a,b. There was obtained 2.8 g of 28 as an oil. Chromatography on 
50 g of silica gel gave 2.15 g (76.3%) of pale-yellow, oily 28 (eluted with 
2:1 toluene-ethyl acetate). The analytical specimen was obtained sim­
ilarly from a separate experiment, [a]25

D -41.22° (c 1.04, CHCl3). 
Anal. Calcd for C13H24O7S: C, 48.13; H, 7.46; S, 9.88. Found: C, 

48.32; H, 7.50; S, 9.85. 
(-)-(2/?,4S,5^)-2-Methyl-5-[(methylsulfonyl)oxy]-l,3-dioxane-4-bu-

tanoic Acid 3-Hydroxypropyl Ester (29). A 2.1-g (6.48 mmol) sample 
of bis-acetal mesylate 28 was ozonized, at -70 0C, in 40 mL of ethyl 
acetate, for 3 h, as described above for the preparations of 21a,b. The 
crude product (2.2 g) was purified by HPLC (1:3 toluene-ethyl acetate) 
giving 1.2 g (54.5%) of pure (TLC, fy0.3, 1:3 toluene-ethyl acetate) 
ester 29 as a pale-yellow oil, [a]25

D -35.85° (c 0.88, CHCl3): IR 3630 
(OH), 1727 (ester C = O ) , 1367, 1168 cm"1 (SO2). 

Anal. Calcd for C13H24O8S: C, 45.87; H, 7.11; S, 9.42. Found: C, 
45.96; H, 6.87; S, 9.61. 

(-)-(S,S-fra/is)-3-(HydroxymethyI)oxiranebutanoic Acid Methyl 
Ester (9). A. From Lactone 22a. A solution of 4.4 g (16.7 mmol) of 
hydroxy lactone ester 22a in 100 mL of methylene chloride was cooled 
in an ice-salt bath, to ca. -5 0C with stirring, whereupon 3.7 mL (26.6 
mmol) of triethylamine was added; then 1.7 mL (21.9 mmol) of meth-
anesulfonyl chloride was added over a 1-min period at ca. -5 °C, and the 
reaction mixture was stirred for 45 min as the temperature was slowly 
allowed to rise to 0 0C. The reaction mixture was added to 75 mL of 
ice-cold 1 N aqueous sulfuric acid and the mixture worked up with 
dichloromethane in the usual manner (the combined organic extracts 
were additionally washed with saturated aqueous sodium bicarbonate 
solution). There was obtained 5.9 g of mesylate 23 as a pale-yellow gum 
(TLC, Rf 0.6, 1:3 toluene-ethyl acetate): NMR 3.09 ppm (s, 3, 
CH3SO2). 

A solution of this mesylate in 60 mL of anhydrous methanol was 
cooled to 3 0C in an ice bath, with stirring, whereupon 2.6 g (18.8 mmol) 
of anhydrous potassium carbonate was added. The slurry, which thick­
ened as the reaction proceeded, was stirred at ca. 3-5 °C for 7.5 h, at 
which point TLC indicated that reaction was complete. (The formation 
of epoxide 9 must be followed by TLC (Rf 0.25, 1:3 toluene-ethyl ace­
tate) to ensure that the starting material (Rf 0.6) and an intermediate 
hydroxy mesylate (Rf 0.2) are absent. Because of the heterogeneity of 
the reaction mixture, the times required for complete epoxide formation 
have varied. Efficient stirring is important.) The mixture was diluted 
with dichloromethane and poured into saturated brine. Workup with 
dichloromethane in the usual manner gave 6.1 g of a yellow liquid con­
sisting of epoxy alcohol 9 and methyl benzoate. This material was 
chromatographed on 50 g of silica gel packed in toluene. Elution with 
1:3 toluene-ethyl acetate afforded 2.3 g (79.3%) of 9 as a pale-yellow 
liquid. A sample of this material was evaporatively distilled (essentially 
quantitative recovery), giving a colorless liquid, bp 85-95 0C (bath tem­
perature) (0.1 mm), [a]25

D -32.89° (c 0.33, CHCl3) (lit.30 [a]ls
D -37.4° 

(c 0.27, CHCl3)). We have observed rotations in various runs in the 
range of-25 to -35° for this epoxide: NMR 3.66 (s, 3, CO2CH3), 3.59, 
3.86 (2 m, 2, CW,OH), 2.91 (m, 2, epoxide CH), 2.37 (t, 2,J= 6.5 Hz, 
CW2CO2CH3), 2.19 (t, 1, J = 6 Hz. OH (exchangeable with D2O)), 1.69 
ppm (m, 4. (CH2I2); IR 3600 (OH), 1735 cm"1 (ester C=O) . 

A 57.2-mg (0.33 mmol) sample of epoxide 9 ([a]25
D -29.77° (c 0.27, 

CHCl3)) was esterified with 344.4 mg of (+)-MTPA chloride in 1.5 mL 
of dry pyridine, for 22 h at room temperature. Quenching with water 
and extractive workup (ether) gave 129 mg of diester as a yellow oil: 
NMR 4.55 (dd, 1 , / = 12. 4 Hz, CH of CH2OC=O), 4.22 ppm (dd, 1, 
J = 12, 6 Hz, CH of CH2OC=O). In the spectrum of diester obtained 
from (+)-MTPA chloride and racemic 9 (spectrum provided by Drs. K. 
B. Sharpless and T. Katsuki26), the doublet of doublets centered at 4.55 
ppm is resolved into two doublets of doublets. No such resolution could 
be discerned in the spectra of the MTPA derivatives of our optically 
active epoxy alcohol samples, even those having as low an optica! rotation 
as -24.92°. We conclude from these results that the rotation of 9 is very 
sensitive to minor chemical impurities and not a reliable indicator of 
enantiomeric purity. 

B. From Lactone 22b. To a stirred solution of 197.6 mg (0.629 mmol) 
of lactone 22b in 2 mL of anhydrous methanol was added 0.47 mL (0.752 
mmol) of 1.6 M methanolic sodium methoxide. The resulting solution 
was stirred at room temperature for 4 days. TLC analysis (1:3 tolu­
ene-ethyl acetate) revealed a rapid conversion to epoxide 24 (see above) 
followed by a slow isomerization to 9. The solution was poured into ether 
and brine and worked up with ether in the usual manner. The crude 
product was chromatographed on 10 g of silica gel. Elution with 1:3 
toluene-ethyl acetate gave 37 mg (33.8%) of epoxide 9 as a pale-yellow 

liquid, [a]2 s
D -34.65° (c 0.32, CHCl3). The 1H NMR spectrum was 

identical with that of the material produced as in part A above. 
C. From Mesylate Acetal 29. A 712-mg (2.09 mmol) sample of 

mesylate acetal 29 was hydrolyzed in 9 mL of 9:1 trifluoroacetic acid-
water, at 0-5 0C, for 5.5 h, as described above for the preparations of 
22a,b. There was obtained 622 mg of an oily, crude product containing 
the lactone 30. This material was dissolved in 8 mL of anhydrous 
methanol, and the solution was stirred with ice-bath cooling as 457 mg 
(3.31 mmol) of anhydrous potassium carbonate was added. After being 
stirred at 0-5 0C for 5.5 h, the thick slurry was poured into a mixture 
of brine and ethyl acetate and worked up with ethyl acetate in the usual 
manner. The crude, oily product (238 mg) was chromatographed on 20 
g of silica gel. Elution with 1:3 toluene-ethyl acetate gave 105 mg (29%) 
of epoxide 9 as a pale-yellow liquid. Evaporative distillation provided an 
essentially quantitative recovery of a colorless liquid, bp 125-135 0C 
(bath temperature) (0.45 mm), [a]2 5

p -34.32° (c 1.77, CHCl3). The IR 
and 1H NMR spectra of this material were identical with those of the 
epoxide produced as in parts A and B above. 

In a separate experiment, the crude product (321 mg) from tri­
fluoroacetic acid hydrolysis of 413 mg (1.21 mmol) of 29 (carried out 
as described above) was chromatographed on 50 g of silica gel. Elution 
with 1:3 toluene-ethyl acetate gave 56 mg (19.4%) of pure (TLC, Rf 0.2, 
1:3 toluene-ethyl acetate) hydroxy mesyloxy lactone 30 as a colorless oil: 
IR 3620 (OH), 1738 (lactone C=O) , 1178 cm"1 (SO2); NMR 4.90-4.40 
(m, 2, OCHCHO), 3.97 (d, 2, J = 5 Hz, CH2O), 3.17 (s, 3, SO2CH3), 
2.90-2.25 (m, 3, CH2, OH), 2.20-1.60 ppm (m, 4, (CH2)2). 

(-)-(SvS)-2,2-Dimethyl-l,3-dioxolane-4,5-dimethanol Monobenzoate 
(31). A solution of 16.2 g (0.1 mol) of 2,3-0-isopropylidene-L-threitol31 

in 32.5 mL of anhydrous pyridine was stirred with ice-bath cooling while 
11.6 mL (14.04 g, 0.1 mol) of benzoyl chloride was added in a steady 
stream, from a pipet. A dense precipitate rapidly formed. The resulting 
slurry was stirred with ice-bath cooling for 15 min, then stored at 0 °C 
for 2 h. The mixture was diluted with 250 mL of ether and rapidly 
filtered with suction. The solids were washed rapidly several times with 
ether. The filtrate and washes were combined, washed with a solution 
of 10 mL of saturated aqueous potassium carbonate and 50 mL of brine, 
dried (anhydrous MgSO4), filtered, and concentrated in vacuo. The oily 
residue (26.5 g) was chromatographed on 500 g of silica gel. Elution with 
9:1 toluene-ethyl acetate gave 10.2 g (27.6%) of dibenzoate as a colorless 
solid. Elution with 4:1 and 1:1 toluene-ethyl acetate afforded 11.8 g 
(44.4%) of monoester 31 as a viscous, pale-yellow oil. Elution with ethyl 
acetate gave 3.3 g (20.4%) of recovered diol. The analytical specimen 
of 31 was obtained in a separate experiment by evaporative distillation, 
as a colorless oil, bp 123-127 0 C (bath temperature) (0.05 mm), [a]25

D 

-7.50° (c 1.17, CHCl3): IR 3600 (OH), 1720 cm"1 (ester C=O); NMR 
8.02 (m, 2, aromatic), 7.45 (m, 3, aromatic), 4.45 (m, 2, CW2OCOPh), 
4.24 (m, 1, CW2OH), 4.02 (m, 1, CW2OH), 3.78 (m, 2, OCHCHO), 2.24 
(br s, 1, OH), 1.44 ppm (s, 6, (CH3)2C). 

Anal. Calcd for C14H18O5: C, 63.15; H, 6.81. Found: C, 63.30; H, 
6.55. 

(+)-(4R-fraiis)-5-[(Benzoyloxy)methyl]-2,2-dirnethyl-l,3-dioxolane-
4-carboxaldehyde (32). A solution of 0.33 mL (3.78 mmol) of oxalyl 
chloride in 8.25 mL of dry dichloromethane was stirred and cooled to -60 
°C while a solution of 0.56 mL (7.90 mmol) of dry dimethyl sulfoxide 
in 3.3 mL of dichloromethane was added dropwise. After the resulting 
mixture had been stirred for 2 min at -60 0C, a solution of 790 mg (2.97 
mmol) of hydroxy ester 31 in 3.3 mL of dichloromethane was added 
dropwise. The mixture was stirred for 15 min at -55 °C; then 2.3 mL 
of triethylamine was added. The mixture was stirred at -60 °C for 5 
min; then the cooling bath was removed. Stirring was continued for 45 
min before the reaction was quenched by the addition of 25 mL of H2O. 
Workup with dichloromethane in the usual manner gave 892 mg of a 
yellow, oily product which was chromatographed on 50 g of silica gel. 
Elution with 2:1 and 1:1 toluene-ethyl acetate afforded aldehyde 32 as 
an oil which was evaporatively distilled. There was obtained 508 mg 
(64.8%) of a colorless oil, bp 107-109 0C (bath temperature) (0.05 mm), 
[a]2S

D +17.1° (c 2.03, CHCl3): NMR 9.81 (d, 1, / = 1 Hz, HC=O) , 
1.50 (s, 3, CH3), 1.44 ppm (s, 3, CH3). 

Anal. Calcd for C14H16O5: C. 63.63; H, 6.10. Found: C, 63.93; H, 
6.21. 

(-)-(4S-rrans)(Z)-2,2-Dimethyl-5-[3-(l,3-dioxan-2-yI)-l-propenylJ-
l,3-dioxolane-4-methanol Benzoate (33). A Wittig reaction between 
aldehyde 32 (5.7 g, 21.6 mmol) and phosphonium salt 1823 (10.8 g, 23.6 
mmol) was carried out as described above for the preparation of 19a 
(23.7 mmol of H-butyllithium). The crude oily product obtained by 
extractive workup (ether) was treated with hexane which led to the 
precipitation of triphenylphosphine oxide. The mixture was filtered with 
suction and the solids were washed thoroughly with hexane. Concen­
tration of the combined filtrate and washes in vacuo left 6.8 g of a yellow-
oil which was chromatographed on 300 g of silica gel. Elution with 4:1 



3670 J. Am. Chem. Soc, Vol. 105, No. 11, 1983 Cohen et al. 

toluene-ethyl acetate gave 3.67 g (46.9%) of pure (TLC, /J/ 0.5, 1:1 
toluene-ethyl acetate) bis-acetal ester 33 as a yellow oil. A sample was 
evaporatively distilled giving a colorless oil, bp 168-170 0 C (bath tem­
perature) (0.05 mm), [a]25

D -32.84° (c 0.95, CHCl3): NMR 8.06 (m, 
2, aromatic), 7.70-7.30 (m, 3, aromatic), 5.81 (dt. 1, J = 7, 11 Hz, 
=CHCH 2 ) , 5.57 (m, 1, = C H C H ) , 4.74 (t, 1, 7 = 8 Hz, OCHO), 
4.65-3.95 (m, 6, 2 X CH of CH2, OCHCHO, CH 2OC=O), 3.68 (m, 
2, 2 X CH OfCH2), 2.46 (m, 2, CH 2C=), 2.30-1.75 (m, 1, CH of CH2), 
1.45 (s, 6, (CHj)2C), 1.30-1.10 ppm (m, 1, CH of CH2). 

Anal. Calcd for C20H26O6: C, 66.28; H, 7.23. Found: C, 66.22; H, 
7.42. 

(-)-(4S-rraiis)-2,2-Dimethyl-5-[3-(l,3-dioxan-2-yl)propyl]-l,3-di-
oxolane-4-methanol Benzoate (34). Hydrogenation of 337 mg (0.93 
mmol) of 33 over 50 mg of prereduced platinum oxide, in 18 mL of ethyl 
acetate, was carried out as described above for the preparation of 20a,b. 
The crude product was chromatographed on 17 g of silica gel. Elution 
with 9:1 and 4:1 toluene-ethyl acetate afforded 332 mg (98.2%) of bis-
acetal ester 34 as a colorless oil, [a]25

D -16.23° (c 2.12, CHCl3). 
Anal. Calcd for C20H28O6: C, 65.92; H, 7.74. Found: C, 65.89; H, 

7.70. 
(-)-(4S-frans)-5-[(Benzoyloxy)methyl}-2,2-dimethyl-l,3-dioxolane-4-

butanoic Acid 3-Hydroxypropyl Ester (35). A 308-mg (0.846 mmol) 
sample of bis-acetal 34 was ozonized for 2.67 h, at -70 0C, in 10 mL of 
ethyl acetate, as described above for the preparation of 21a,b and 29. 
Chromatography of the crude product on 13 g of silica gel afforded 194 
mg (60.3%) of diester 35 (eluted with 2:1 toluene-ethyl acetate) as a 
colorless oil, [a]25

D-13.96° (c 1.92, CHCl3). 
Anal. Calcd for C20H28O7: C, 63.14; H, 7.42. Found: C, 63.36; H, 

7.60. 
(+)-[S(S*)]-6-[2-[(Benzoyloxy)-l-hydroxy]ethyl]tetrahydro-2H-

pyran-2-one (36). A 1.16-g (3.05 mmol) sample of diester 35 was hy-
drolyzed in 10 mL of 9:1 trifluoroacetic acid-water, at 0-5 0C, for 2.5 
h, and worked up as described above for the preparations of 22a,b. The 
crude, crystalline product (753 mg) was chromatographed on 25 g of 
silica gel. Elution with 1:1 toluene-ethyl acetate gave 494 mg (61.3%) 
of pure (TLC) lactone 36 as a colorless solid. A sample was recrystal-
lized from ethyl acetate-ether giving the analytical specimen as a col­
orless solid, mp 104.5-106 0 C (mmp with 22a 79-87 0C), [a]25

D 

+30.68° (c 1.00, CHCl3): IR 3580 (OH), 1725 cm'1 (ester, lactone 
C = O ) ; NMR 8.05 (m, 2, aromatic), 7.70-7.30 (m, 3, aromatic), 
4.60-4.30 (m, 3, CHOC=O, CH 2OC=O), 4.01 (t, 1, J = 4 Hz, 
CHOH), 3.29 (d, 1, 7 = 6 Hz, OH), 2.80-2.25 (m, 2, CH 2 C=O), 
2.25-1.70 ppm (m, 4, (CH2)2). 

Anal. Calcd for C14H16O5: C, 63.63; H, 6.10. Found: C, 63.57; H, 
6.26. 

(+)-(SJt-cis )-3-(Hydroxymethyl)oxiranebutanoic Acid Methyl Ester 
(38). A 322-mg (1.22 mmol) sample of hydroxy lactone 36 was con­
verted into the mesylate 37 as described above for the conversion of 22a 
to 23. The crude mesylate (406 mg), in 5.4 mL of dry methanol, was 
stirred with 177 mg (1.28 mmol) of anhydrous potassium carbonate, at 
0-5 °C, for 2.5 h. The slurry was poured into brine and worked up with 
ether in the usual manner. The crude, oily product (313 mg) was 
chromatographed on 15 g of silica gel. Elution with ether followed by 
evaporative distillation afforded 120 mg (56.5%) of epoxide 38 as a 
colorless liquid, bp 95-97 0 C (bath temperature) (0.05 mm), [<*]"D 

+2.12° (c0.52, CHCl3): IR 3615, 3515-3460 (OH), 1737 cm"1 (ester 
C=O) ; NMR 3.74 (m, 2, CH2OH), 3.67 (s, 3, CO2CH3), 3.14, 3.00 (2 
d of t, 2, /(vie) = 4 Hz, epoxide CH), 2.54 (m, 1, OH), 2.39 (t, 2, 7 = 
6.5 Hz, CH2CO2CH3), 1.70 ppm (m, 4, (CH2)2). 

Anal. Calcd for C8H14O4: C, 55.16; H, 8.10. Found: C, 54.93; H, 
8.33. 

On GC analysis (HP 571OA, 1 M X 4 mm i.d., 5% SP 300 on Su-
pelcoport 100/120, 125 0C isothermal, 30 mL/min), epoxide 38 exhib­
ited a retention time of 62.3 min; epoxide 9, 52.4 min. 

(+)-(S,fl-/rans)-3-Formyloxiranebutanoic Acid Methyl Ester (8). A 
solution of 116 mL of pyridine in 4 L of reagent grade dichloromethane 
was stirred and cooled to 10-15 0C while 64 g (0.64 mol) of chromium 
trioxide (dried under high vacuum over P2O5) was added in portions, over 
5-10 min. The ice bath was removed and the mixture was stirred for 1 
h. The dark brown-orange suspension was again cooled to 15 0C and a 
solution of 19.3 g (0.11 mol) of epoxy alcohol 9 in 80 mL of dichloro­
methane was added dropwise over a 15-20-min period. After completion 
of the addition, the cooling bath was removed and the mixture was stirred 
for 1 h as the temperature rose from 15 0C to room temperature. The 
mixture was filtered through Celite and the residual chromium salts were 
washed with dichloromethane (2 X 250 mL). The combined filtrate and 
washes were concentrated in vacuo to a volume of ca. 200 mL and then 
diluted with 1 L of 1:1 hexane-ethyl acetate. The mixture was filtered 
through Celite and the filtrate was concentrated in vacuo to a volume of 
ca. 50 mL, diluted with 250 mL of 1:1 hexane-ethyl acetate and again 

filtered. Solvent removal left a pale-yellow liquid which was purified by 
HPLC (two silica gel columns; 2:1 hexane-ethyl acetate). There was 
obtained 13.3 g (69.7%) of epoxy aldehyde 8 as a pale-yellow liquid, 
[a]25,, +74.9° (c 0.27, CHCl3) (lit.3b [«]»„ +68.6° (c0.31, CHCl3); lit.3" 
M25D +81° (c 0.8, CDCl3)): NMR 9.00 (d, 1, J = 6.5 Hz, HC=O) , 
3.14 ppm (dd, 1,7 = 2,6.5 Hz, OCHCHO). 

A more polar impurity isolated during the HPLC separation (1.4 g, 
7.4%) was the dimeric ester i: NMR 4.47 (dd, 1, 7 = 2, 6 Hz, CH of 

CH2O), 4.02 (dd, 1,7 = 3.5, 6 Hz, CH of CH2O), 3.68 (s, 6, 2 X 
CO2CH3), 3.28 (d, 1, 7 = 1 Hz, CHO), 3.15 (m, 1, CHO), 3.01 (m, 1, 
CHO), 2.89 (m, 1, CHO), 2.37 (2t, 4, 2 X CH 2 C=O), 2.00-1.40 ppm 
(m, 8, 4 X CH2). 

Anal. Calcd for C16H24O8: C, 55.81; H, 7.03. Found: C, 55.51; H, 
6.89. 

(-)-(2S,3S,l£,3£:)-3-(5-Oxo-l,3-pentadienyl)oxiranebutanoic Acid 
Methyl Ester (7). A. Using the Method of Corey et al.3b A solution of 
84.5 g (0.22 mol) of l-tri(n-butylstannyl)-4-ethoxybutadiene34 in 1 L of 
anhydrous tetrahydrofuran was stirred at -78 0C (dry ice-acetone bath) 
while 148 mL (0.236 mol) of 1.6 M n-butyllithium in hexane was added 
dropwise. After the mixture was stirred at -78 0 C for 1 h, a solution of 
33 g (0.192 mol) of crude epoxy aldehyde 8 in 100 mL of tetrahydrofuran 
was slowly added (dropwise). Cooling to -78 0 C was maintained while 
the mixture was stirred for an additional 1.75 h at which point the 
temperature was allowed to rise to -50 0C and 500 mL of saturated 
aqueous sodium bicarbonate was added. After being warmed to 0 0C1 

the mixture was worked up with ether in the usual manner giving a 
two-phase residue. The upper layer of tetrabutyltin was separated and 
discarded. The lower layer was dried under high vacuum, then dissolved 
in 300 mL of dichloromethane. With stirring and cooling to -40 to -50 
0C, 27.3 g (0.27 mol) of triethylamine was added followed immediately 
by 26.3 g (0.23 mol) of methanesulfonyl chloride. The mixture was 
stirred at ca. -45 °C for 20 min, then treated with 500 mL of pH 7 buffer 
solution. After being warmed to 0 0C, the mixture was worked up with 
dichloromethane in the usual manner. The residual yellow oil was treated 
with ether and an insoluble yellow gum was removed by filtration of the 
ether solution through Celite. The filtrate was concentrated in vacuo and 
the residue was purified by HPLC (3:1 hexane-ethyl acetate), giving 2.12 
g (4.9%) of epoxy dienal 7 as a yellow crystalline solid. A sample was 
recrystallized from ether-hexane, giving colorless crystals, mp 58-59 0C, 
[a]25

D -35.34° (c 2.04, CHCl3): UV (EtOH) 276 nm (e 35 000) (lit.3b 

mp 36 0C, [a]25
D -27.3° (c 1.97, CHCl3); UV (EtOH) 273 nm (< 

27 000); lit.3" [a]25
D -35° (c 2.7, CHCl3), lit.3' mp 57.5-58.5 0C, [a]20

D 

-31° (c 1.98, CHCl3)); NMR 9.59 (d, 1, 7 = 8 Hz, HC=O) , 7.11 (dd, 
1,7 = 10, 15 Hz, C3-H), 6.64 (dd, 1,7 = 10, 15 Hz, C2-H), 6.16 (dd, 
1 , 7 = 8 , 15 Hz, C4-H), 5.98 (dd, 1,7 = 7.5, 15 Hz, C r H ) , 3.68 (s, 3, 
CO2CH3), 3.24 (dd, 1 , 7 = 2 , 7.5 Hz, OCHCH=) , 2.97 (dt, 1 , 7 = 2 , 
6 Hz, OCHCH2), 2.40 (d, 2 ,7 = 6 Hz, CH2C=O), 2.05-1.50 ppm (m, 
4, (CH2)2). 

Anal. Calcd for C12H16O4: C, 64.27; H, 7.19. Found: C, 63.84; H, 
7.09. 

B. Using the Method of Emest et al.3r A solution of 10.6 g (32.1 
mmol) of ylide 4136 (freshly prepared, recrystallized from CH3CN) in 
100 mL of dichloromethane, at room temperature, was treated with a 
solution of 4.6 g (26.7 mmol) of epoxide 8 in 40 mL of dichloromethane 
over ca. 15 min. The mixture was stirred at room temperature for 1 h. 
At the end of this time, 150 mL of 2:1 hexane-ethyl acetate was added 
and the mixture was filtered through a 50-mL plug of silica gel (deac­
tivated by being packed in 1:1 hexane-ethyl acetate). The filtrate was 
concentrated in vacuo yielding a mixture of aldehyde isomers and tri-
phenylphosphine oxide. This material was dissolved in 200 mL of di­
chloromethane containing 200 mg of iodine, and the resulting solution 
was kept at room temperature for 2.5 h. The isomerization can be 
followed by TLC (silica gel, 2:1 ether-hexane; the reported solvent sys­
tem3' failed to resolve the isomers in our hands). The solution was 
washed with aqueous sodium thiosulfate, then dried, and concentrated 
in vacuo. The solid residue was extracted by digestion-decantation with 
two 100-mL portions of 2:1 hexane-ethyl acetate, and the extracts were 
combined and concentrated in vacuo to give 5.5 g of crude 7. Crystal­
lization from ether-hexane afforded 4.05 g (67.7%) of the pure E,E 
dienal, mp 57-58 °C. The mother liquor residue was reexposed to iodine 
and purified by HPLC (deactivated silica gel,3* 2:1 hexane-ether) to yield 
an additional 0.47 g of pure 7 (total yield 75.5%) after crystallization. 
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(Z)-(3-Nonen-l-yl)triphenylphosphonium Iodide (43d). A mixture of 
5.08 g (36.2 mmol) of 3-nonyn-l-ol (42a) (Farchan; redistilled, bp 63 0C 
(0.2 mm)), 160 mg of 5% Lindlar catalyst, 0.3 mL of synthetic quinoline, 
and 50 mL of hexane was stirred in an atmosphere of hydrogen for 75 
min at which point gas uptake essentially ceased. The total uptake of 
hydrogen was 905 mL (905 mL theory). The mixture was suction fil­
tered through Celite and the filter cake was washed thoroughly with 
hexane. The hexane filtrate and washes were combined, washed with 10 
mL of 3 N aqueous HCl and 10 mL of saturated brine, then dried over 
anhydrous magnesium sulfate, filtered, and concentrated at aspirator 
pressure to give an oily residue. This material was evaporatively distilled 
affording 4.96 g (96.4%) of (Z)-3-nonen-l-ol (43a) as a colorless oil, bp 
92-97 0C (bath temperature) (1 mm) (lit.38 bp 107-109 0 C (20 mm)). 
GC analysis (HP 402, 6-ft, 20% Carbowax column, 150 0C isothermal) 
revealed a purity of 99.7%. Under these conditions, the olefin product 
exhibits a retention time of 8.7 min; the starting acetylene, 13.1 min. To 
a stirred solution of 4.9 g (34.4 mmol) of this alcohol in 100 mL of 
anhydrous pyridine, at 0-5 0C (ice bath), there was added in one portion 
13.24 g (69.4 mmol) of p-toluenesulfonyl chloride. The mixture was 
stirred at 0-5 0 C for 1.5 h during which time separation of a solid 
occurred and then stored at 0 0C for 23 h. With stirring, the resulting 
mixture was slowly poured into 1.37 ml. of cold 1.5 N aqueous HCl. The 
mixture was worked up with ether in the usual manner giving 9.9 g 
(97.1%) of (Z)-3-nonen-l-yl tosylate (43b) as an oil which was used 
without further purification. The following reactions were carried out 
in amber-colored flasks and worked up in a darkened room because of 
the light sensitivity of iodide 43c. A mixture of this tosylate (33.4 mmol), 
10 g (66.7 mmol) of sodium iodide, and 40 mL of acetone was stirred 
at room temperature for 67 h. The resulting brown mixture was poured 
into 500 mL of water and worked up with ether in the usual manner (the 
ether extracts were additionally washed with 12% aqueous sodium bi­
sulfite solution). There was obtained 8.0 g (95%) of (Z)-l-iodo-3-nonene 
(43c) as a colorless oil which was used immediately. A solution of this 
iodide (31.7 mmol) and 8.3 g (31.6 mmol) of triphenylphosphine in 50 
mL of benzene was stirred and heated in an 80 0C oil bath for 43 h. The 
reaction mixture was cooled to room temperature and the phosphonium 
salt separated as an oil. The benzene layer was removed using a pipet 
and discarded. To the residue was added 30 mL of ether and the mixture 
was shaken vigorously. Upon standing, two layers formed and the upper 
(ether) layer was removed and discarded. This washing process was 
repeated with 30 mL of fresh ether. The residue was dissolved in 75 mL 
of dichloromethane and the solution was concentrated under water as­
pirator pressure to yield a thick oil. This material was dried under high 
vacuum at 55 °C for 22 h giving 11.2 g of salt 43d as a viscous oil which 
crystallized slowly. The overall yield from 3-nonyn-l-ol was 61.3%. This 
salt retains solvents tenaciously and should be thoroughly dried before 
use. A sample was recrystallized twice from methyl acetate, giving a 
colorless solid, mp 86.5 0C (lit.3a mp 89-90 0C). 

(3-Nonyn-l-yl)triphenylphosphonium Iodide (42d). A 2-g (14.3 mmol) 
sample of 3-nonyn-l-ol (42a) was converted into the iodide 42c (1.9 g, 
53.1%) via tosylate 42b, essentially as described above for the preparation 
of 43c from 43a. A mixture of this iodide (7.6 mmol) and 2.2 g (8.4 
mmol) of triphenylphosphine in 10 mL of benzene was stirred and heated 
at 80 0C for 2 days. The reaction mixture was concentrated and the 
residue purified by column chromatography on silica gel using a gradient 
elution of ethyl acetate to 5% methanol in ethyl acetate. There was 
obtained 2.5 g (64%) of salt 42d as a colorless oil which could be re-
crystallized from tetrahydrofuran-ether, giving a solid, mp 97-100 0C. 

Anal. Calcd for C27H30IP: C, 63.29; H, 5.90; P, 6.04; I. 24.77. 
Found: C, 63.47; H, 5.76; P, 6.18; I, 24.97. 

(-)-(2S,3S,l£,3£,5Z,8Z)-3-(l,3,5,8-Tetradecatetraenyl)oxirane-
butanoic Acid Methyl Ester (Leukotriene A4 Methyl Ester) (5). The 
method of Corey et al.3b was employed. A solution of 5.14 g (10 mmol) 
of phosphonium salt 43d in 60 mL of anhydrous tetrahydrofuran was 
stirred at -78 "C (dry ice-acetone bath) as 6.25 mL (10 mmol) of 1.6 
M n-butyllithium in hexane was added dropwise. Stirring at -78 0C was 
continued for 20 min whereupon 20.8 mL of hexamethylphosphoric 
triamide was added followed by 1.98 g (8.84 mmol) of epoxy dienal 7. 
After being stirred at -78 0C for 15 min, the mixture was allowed to 
warm to 0 0C and 100 mL of water was added. Rapid workup with ether 
in the usual manner gave a residue which was triturated in 300 mL of 
hexane. Removal of the solid triphenylphosphine oxide by suction fil­
tration and concentrataion of the filtrate in vacuo afforded a yellow oil. 
Flash chromatography37 of this material on silica gel, eluting with 3:1 
hexane-ethyl acetate containing 2% triethylamine, gave 1.895 g (64.5%) 
of leukotriene A4 methyl ester (5) as a nearly colorless solid. LC analysis 
revealed a purity of 96.1%. A sample was recrystallized from cold hexane 
giving crystals, mp 24-28 0C, [a]25

D -30.58° (c 0.28, cyclohexane): UV 
(MeOH) 270 (<; 34 550), 279 (49 170), 290 nm (36 520) (lit.3" yellow oil; 
[a]25

D -21.9° (c 0.32, cyclohexane); UV (MeOH) 269, 278 (40000), 289 

nm); lit.3" [a]D -27° (c 0.8, cyclohexane); lit.3r mp 28-32 0C; UV 
(MeOH) 270 (c 43900), 278 (56700), 290 nm (43 100)); NMR (C6D6) 
7.06 (dd, 1 , / = 12, 14Hz 1 =CH) . 6.35 (dd, 1,7= 12, 16 Hz 1 =CH) . 
6.20-5.95 (m, 2, 2 x = C H ) , 5.60-5.40 (m, 3, 3 x = C H ) , 5.31 (dd, i. 
J = 8, 15 Hz, =C77CHO), 3.35 (s, 3, CO2CH3), 3.05-2.90 (m. 3, CHO 
and = C C H 2 C = ) , 2.56 (dt, 1, J = 2, 5.5 Hz, CHO), 2.08 (t, 2J = 7.5 
Hz, CH2C=O). 2.05 (m, 2. CH2C=), 1.61 (quintet, 2. J = 8 Hz, CH2), 
1.50-1.10 (m, 8, 4 X CH2), 0.88 ppm (t, 3, J = 6 Hz, CZZ3CH2); mass 
spectrum mjz 332 (M+). 

In a subsequent experiment carried out on a 20-mmol scale, the Wittig 
reaction was allowed to proceed for only 5 min at -70 0C: the reaction 
mixture was then immediately treated with 4:1 hexane-ethyl acetate. 
The mixture was washed five times with water, once with brine, dried 
(Na2SO4), filtered, and concentrated in vacuo. The residue was digested 
with 100 mL of hexane and the hexane solution was concentrated in 
vacuo to yield 6.6 g of crude 5. This material was purified by HPLC 
(deactivated silica gel,3e 95:5 hexane-ethyl acetate containing 1% tri­
ethylamine) giving the major component (4.65 g) as a solid. Recrys-
tallization from hexane provided pure 5 (4.5 g, 67%'), mp 34-35 0C, 
M22D -38.6° (c 3.66, dioxane). The 1H NMR spectrum of this material 
(200 MHz) was virtually identical with that of the racemic form.3'' 
Epoxide 5 should be stored at -80 0C, in the dark, under argon. 

(2S',3S,l£>3E,5Z)-3-(l,3,5-Tetradecatrieii-8-yny!)oxiranebutanoie 
Acid Methyl Ester (14,15-Dehydroleukotriene A4 Methyl Ester) (44). A 
solution of 384 mg (0.75 mmol) of phosphonium salt 42d in 20 mL of 
tetrahydrofuran was treated with 0.35 mL (0.84 mmol) of A-BuLi (2.4 
M in hexane), at -78 0C. After being stirred for 20 min. the mixture 
was treated with 1 mL of hexamethylphosphoric triamide. Stirring was 
continued for another 5 min whereupon 168 mg (0.75 mmol) of dienal 
ester 7 was added. After 20 min at -78 0C, the reaction mixture was 
allowed to warm to 0 0C in 1.0 h and then quenched with H2O. The 
solution was saturated with sodium chloride. The product was isolated 
rapidly by the usual extractive workup (ether) and chromatographed on 
a Lobar EM prepacked silica gel column (size B, predeactivated with 
methanol) with hexane-ethyl acetate-triethylamine (3:1:0.2). The yield 
of crude 44 was 106 mg as a yellow oil. A sample of this material was 
further purified by HPLC on a Waters /u-Porasil analytical column 
eluting with hexane-ethyl acetate-triethylamine (100:0.7:0.7) at a rate 
of 1 mL/min. The retention time of 44 was 1 5 min. Pure 44 was 
obtained as a solid, mp 32 0C: UV (CH3OH) 266, 276 (e 59 000), 287 
nm; NMR 6.45 (m, 2, 2 x C H = ) , 6.21, 6.05 (2 m, 2, 2 x C H = ) , 5.46, 
5.41 (2 m, 2, 2 X CH=) , 3.68 (s, 3, CO2CH3), 3.15 (m, L=CHCZZO), 
3.06 (m, 2. C=CCZZ2CH=), 2.86 (m, 1. CHXZZO), 2.38 (t, IJ = 3.5 
Hz 1CH 2C=O), 2.14 (m, 2, CH2C=C), 1.79, 1.65. 1.47, 1.34 (4m, 10, 
5 x CH2), 0.89 ppm (t, 3, J = 3 Hz, CZZ3CH2). 

[8,9-3H2]-(2S,3S,l£,3E,5Z,8Z)-3-(l,3,5,8-Tetradecatetraenyl)oxi-
ranebutanoic Acid Methyl Ester ([14,15-3H2]-Leukotriene A4 Methyl 
Ester). A solution of 60 mg (0.18 mmol) of 44 in 15 mL of hexane was 
reduced under vacuum with 10 Ci (0.167 mo!) of tritium gas over 60 nig 
of Lindlar catalyst (pretreated with 3% lead acetate). The mixture was 
stirred at room temperature for 1 h, and then unreacted tritium gas was 
removed from the system. The catalyst was filtered off and volatile 
components were removed by high-vacuum transfer at -180 "C. The 
residue was dissolved in 2 mL of hexane-ethyl acetate-triethylamine 
(9:1:0.2) and purified rapidly on a Lobar prepacked EM silica gel column 
(size A, predeactivated with methanol). The column was eluted with the 
same solvent mixture. Combination of the appropriate fractions gave 
crude product which was purified again by HPLC on a Waters ^-Porasi! 
analytical column using hexane-ethyl acetate-triethylamine 
(100:0.7:0.7), at 1 mL/min. A total of 13 mg (0.04 mmol, 2.8 Ci) of 
[14,15-3H2J-LTA4 methyl ester was isolated with a retention time of 12 
min. The yield was 24%. 

[14,15-3H2]-Leukotriene E4 Dimethyl Ester. L-Cysteine methyl ester 
hydrochloride (100 mg, 0.74 mmol) was dissolved in 1 mL of a water-
methanol mixture (30:5), and the solution was adjusted to pH 8.5 with 
triethylamine. This solution was then added to a mixture of 13 mg (0.04 
mmol) of [14,15-3H2]-LTA4 methy! ester and 6 mg (0.018 mmol) of 
nonlabeled LTA4 methyl ester. The mixture was stirred at room tem­
perature overnight. The solvents were removed in vacuo, 25 ml. of water 
was added to the residue, and the product was extracted with ether (3 
X 25 mL). The combined ether extracts were dried over MgSO4 and 
freed of solvent to give 2.8 Ci of crude [14,15-3H2]-LTE4 dimethyl ester. 
A sample of 100 mCi was purified rapidly by HPLC, and the rest was 
stored in 20% water/methanol at -80 °C to prevent decomposition. On 
a Waters jit-B°ndapak reversed-phase analytical column. [14,15-3H2I-
LTE4 dimethyl ester was isolated at a retention time of 15 min. The 
column was eluted with 20% water in methanol at 1 mL/min. The best 
fraction was concentrated to cloudiness and then extracted with ether. 
The combined ether extracts were dried over MgSO4 and evaporated to 
give 18.7 mCi of pure product. Other fractions were discarded because 



3672 J. Am. Chem. Soc. 1983, 105, 3672-3679 

of fast decomposition. TLC analysis of the product on a silica gel plate 
(pretreated with hexane-ethyl acetate-triethylamine (9:1:0.2) and eluted 
with ethyl acetate) indicated the product to be 99% pure: UV (MeOH) 
270,280 (40000), 290 nm. The specific activity (determination of mass 
by UV) was 39.6 Ci/mmol. 

<5S,6U,7£,9£,nZ,14Z)-6-<S-L-Cysteinylglyrinyl)-5-hydroxy-
7,9,11,14-eicosatetraenoic Acid Dipotassium Salt (Leukotriene D4 (4b) 
Dipotassium Salt). Cysteinylglycine40 (1 g, ca. 4.5 mmol; this material 
contained 1 equiv of lithium chloride) was dissolved in 10 mL of 6:1 
methanol-water containing 1.5 mL of triethylamine. To the resulting 
solution was added 1 g (3 mmol) of LTA4 methyl ester (5). After being 
stirred at room temperature for 18 h, the solution was diluted with 50 
mL of water and most of the methanol was removed in vacuo, at 45 0C. 
The aqueous residue was freeze-dried. The residue was dissolved in water 
(30 mL), containing hydroquinone (10 mg), at 10 0C, and the solution 
was treated with aqueous KOH solution (600 mg in 10 mL). After 5 min 
at room temperature, water (50 mL) was added, the pH was adjusted 
to 9 with 0.5 N phosphoric acid, and the mixture was freeze-dried. The 
residue was dissolved in water and applied to a C18-silica gel reverse-phase 
chromatography column (30 X 2 cm) packed in water. Elution with 
water removed the potassium phosphate while 7:3 methanol-water eluted 
the desired material (monitored by UV). Removal of methanol from the 
appropriate fractions in vacuo and freeze-drying of the aqueous residue 
gave 700 mg (40%) of LTD4 dipotassium salt as a solid: UV (CH3OH) 
268 (« 39400), 280 (48 700), 292 nm (36800). RPLC analysis (30 cm 
X 4 mm i.d. Waters C,8-silica gel; 65% CH3OH, 35% pH 5.6 NH4OAc; 
280 nm) of this material revealed a purity of at least 94%. This salt was 
stored at -80 0C under argon, in the dark. 

(5S,6J?,7E,9E,llZ,14Z)-6-(S-Glutathionyl)-5-hydroxy-7,9,ll,14-
eicosatetraenoic Acid Dipotassium Salt (Leukotriene C4 (4a) Dipotassium 
Salt). Glutathione (2 g, 6.5 mmol) was dissolved in 30 mL of 9:1 
methanol-water, and the pH of the solution was adjusted to 8 by the 
addition of triethylamine. LTA4 methyl ester (5, 1.5 g, 4.5 mmol) was 
added and the resulting mixture was stirred for 2 h at room temperature, 
then concentrated in vacuo. Flash chromatography37 of the residue on 
silica gel (150 mL; CH3OH-CH2Cl2-concd. NH4OH 10:10:1) yielded 
1.02 g of the adduct after concentration in vacuo and freeze-drying of 
the appropriate fractions (monitored by UV). This material was dis­
solved in 30 mL of water; the solution was treated with aqueous KOH 
solution (1 g in 10 mL) and allowed to stand at room temperature for 
15 min. The pH of the solution was brought to 9 by the addition of 0.5 
N phosphoric acid. The mixture was freeze-dried and the residue was 
digested with methanol. The insoluble solids were removed by filtration 
and the filtrate was evaporated in vacuo. The residue was desalted as 
described in the preceding experiment (30 X 2 cm C18-silica gel RP 
column) giving 700 mg (21.2%) of LTC4 dipotassium salt as a colorless 
solid: UV (CH3OH) 268 (<• 39000), 280 (49400), 291 nm (40000). 
Analysis of this material by RPLC (30-cm Waters Ci8-silica gel; 65% 
CH3OH, 35% pH 5.6 NH4OAc; 280 nm) revealed a purity of at least 

The Na+,K+-ATPase [EC 3.6.1.3] inhibitor L-681,110 is 
produced by Streptomyces species MA-5038 and was isolated by 

95%. This salt was stored at -80 0C, in the dark, under argon. 
Anal. Calcd for C30H44K2N3O6S^2O: C, 46.60; H, 6.78; N, 5.43; 

K, 10.09. Found: C, 46.82; H, 6.51; N, 5.67; K, 10.14. 
(5S,6fl,7£,9£,112,14Z)-6-(S-L-CysteinyL)-5-hydroxy- 7,9,11,14-

eicosatetraenoic Acid Monopotassium Salt (Leukotriene E4 (4c) Mono-
potassium Salt). L-Cysteine methyl ester hydrochloride (2 g, 11.6 mmol) 
was dissolved in 20 mL of 6:1 methanol-water, and the solution was 
treated with triethylamine until pH 9 was reached. To this solution was 
added 2 g (6.0 mmol) of LTA4 methyl ester (5), and after 1 h at room 
temperature the methanol was evaporated in vacuo. The residue was 
worked up with ethyl acetate in the usual manner, giving crude LTE4 
dimethyl ester. This material was purified by HPLC (deactivated silica 
gel,3e one column, 1:1 hexane-ethyl acetate containing 3% CH3OH), 
giving 2.65 g (94%) of pure diester. The spectral characteristics of this 
material were identical with those of material prepared by an alternative 
route.30 A solution of this diester (5.57 mmol) in 20 mL of methanol was 
cooled to 5 0C, treated with KOH solution (2.5 g in 15 mL of H2O), and 
stirred at room temperature for 15 min. Water (50 mL) was added and 
the solution was adjusted to pH 9 by the addition of 0.5 N phosphoric 
acid. /i-Butyl alcohol (20 mL) was added and the organic solvents were 
evaporated in vacuo to yield a clear aqueous solution which was freeze-
dried. The residue was digested with methanol (3 X 20 mL) and the 
methanol extracts were combined and concentrated in vacuo. The residue 
was dissolved in water and applied to a 30 X 2 cm RP column of C,8-
silica gel. Desalting was carried out as described above. Elution with 
1:4 CH3OH-H2O and 4:1 CH3OH-H2O gave two fractions (0.4 g and 
1.8 g, respectively) after freeze-drying, both of which exhibited the 
characteristic leukotriene UV chromophore. The major fraction (less 
polar material—monopotassium salt) was at least 96% pure as deter­
mined by RPLC (same conditions as for LTC4 and LTD4): UV (CH3-
OH) 270 (e 40000), 280 (49400), 291 nm (40000). In several runs, 
microanalytical data indicated that the more polar material was the 
dipotassium salt and the less polar material was the monopotassium salt 
bis-hydrate. The 1.8 g obtained corresponds to a 62% yield based on a 
molecular weight of 513 for the latter species. This salt was stored at 
-80 0C, in the dark, under argon. 
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solvent extraction of the mycelta.1 Besides inhibiting ATPase 
from dog kidney or porcine cerebral cortex, the major component 
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Abstract: Structure proposals for the major component A1 of the Na+,K+-ATPaSe (EC 3.6.1.3; from porcine cerebral cortex 
or dog kidney) inhibitor L-681,110 and two minor components A2 and B1 (see Figure 4) are presented on the basis of spectroscopic 
evidence. They represent a new class of 16-membered macrocyclic lactones and are of considerable biological interest in that 
component A1 also has comparable activity to the potent anthelmintic avermectins in stimulating GABA release from rat brain 
synaptosomes. Stereochemical assignments around the tetrahydropyran ring were deduced on the basis of spin-spin coupling 
constants. 
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