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Abstract : An efficient regiochemical control in the synthesis of tetrahydrofurans was achieved by acid- 

catalyzed cyclization of hydroxy-selenides (10a) and (lla) which cyclize in the endo/exo mode and by 

hydroxy-sulfides (10e) and (llc) which cyclize in the exo mode. By cyclization of the relevant hydroxy- 

selenides, the C15-C20 fragment of (+)-Rolliniastatin 1 was obtained. Semiempiricai calculations (PM3) 

were used in rationalizing experimental results. © 1999 Elsevier Science Ltd. All rights reserved. 

Introduction 

Considerable effort has been devoted to the stereoselective synthesis of tetrahydrofuran derivatives. 1 Part of 

the reason for this originates from the interest in biologically active naturally occurring compounds which contain 

one or more substituted tetrahydrofurans. In fact a particularly challenging aspect of the synthesis of polyether 

antibiotics 1, and more recently of the Annonaceous acetogenins 2, is the stereocontrolled synthesis of substituted 

tetrahydrofurans. Despite the emergence of a number of novel approaches to these structures 1,3 the development 

of new methodologies continues. 

We were interested in exploring the possibility of constructing such tetrahydrofurans by cyclization of 

hydroxy-selenides 4 or hydroxy-sulfides. 3f By acid-catalyzed cyclization of hydroxy-selenides, obtained by 

epoxidation of homoallylic alcohols and subsequent epoxide ring opening with sodium phenyl selenide, we 

realized 5 the stereoselective synthesis of the telxahydrofuran containing fragment of (-)-nonactic acid and the 

pamamycins. In comparison with the hydroxy-selenides that were less investigated, the acid catalyzed cyclization 

of hydroxy-sulfides have been extensively studied by Warren's group. 3f,6 

Now we are interested in the behavior towards acids of the hydroxy-selenides and hydroxy-sulfides as 1 

where R 1 is a protecting group labile in the reaction conditions in order to study the regiochemical outcome of the 

cyclization. 

0040--4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved. 
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Two modes of cyclization are possible: i) stereoconvergent elimination of water to give 3 via the 

intermediate ion 2 (cyclization in the endo/exo 6f mode); ii) stereoconvergent elimination of water to give 4 via 2 

(cyclization in the exo mode) (R 1 = H). 
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Scheme 1 

Results and Discussion 

The hydroxy-selenides and the hydroxy-sulfides were prepared from the cis-homoallylic alcohol (8) which 

was obtained by hydrogenation of the alkyne (7) as showed in Scheme 2. Epoxidation using ter t-butyl  

hydroperoxide and VO(acac)2 gave the syn-hydroxy-epoxide (9) with useful stereoselectivity (95 : 5) with the 

configuration of the major epoxide being assigned by analogy with the literature. 7 Ring opening with sodium 

phenyl selenide gave a mixture (6 : 4) of the hydroxy-selenides (10a) and ( l l a )  which were separated by 

column chromatography. It was not determined which was which, however, when they were treated with a 

catalytic amount of perchloric acid, in dichloromethane at room temperature, they gave the same mixture of 

products. This implies the formation of the same intermediate, perhaps the selenonium ion (2). Two principal 

products were isolated besides a small amount of the cis-alken¢ (8) 8 (R l = H). 
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Reagents: i, BuLi, BF3.OEt2, THF, -78 °C, 78%; ii, H2, Lindlar, EtOH, rt, 98%; iii, t-Bu0OH, 
VO(acac)2, CH2C12, rt, 76%; iv, (PhSe)2, NaBH4, EtOH, rt, 80%; v, PhSNa, MeOH, rt, then 
TBAF, THF, 93%; vi, TBAF, THF, 95%. 

Scheme 2 
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These two products were identified as the 2,5-cis-disubstituted tetrahydrofurans (3a) (58%) and (3b) 

(17%); tetrahydrofuran (4a) was detected only in traces. Compound (3b) is simply formed by deprotection of 3=1 

in the reaction conditions. The structure of these products was proven by COSY spectrum of compound (12), 

obtained by reduction of compound (3b) with tributyltin hydride and AIBN, and the cis-geometry by NOESY 

spectrum. In this reaction the endo/exo attack takes place faster than the cleavage of the protecting group and the 

subsequent exo attack. 

In order to investigate which of the above cyclization processes takes place faster, we removed the 

protecting group (R 1 = H). Having seen that both hydroxy-selenides gave the same products, we directly used 

the mixture of (10b) and ( l ib )  for the reaction with the catalytic amount of perchloric acid. The reaction was 

very fast giving a mixture of products from which we could isolate after careful chromatography two major 

products that were identified as the tetrahydrofurans (3b) (attack in the endo/exo mode) and (4a) (attack in the 

exo mode) in almost the same yield. No regiocontrol was then observed. 

10a + 11a 

OR 1 

3a (58%) a: R '1 = TIPS 
3b(17%) b : R  I = H  

10b + 11b ~ + 

OH 
3b (33"/0) 

,,,oH 
10c ÷ 11c 

~Ph 

ii 

12 OH 

,~"OH 

SePh 

4a (37%) 

R = n-C41-~ 

4b (68%) 

Reagents: i, HC104, CH2CI 2, rt; ii, n-Bu3SnH, AIBN, benzene, reflux, 90%. 

Scheme 3 

The hydroxy-sulfides (Ilk) and (l lc)  were obtained by epoxide ring opening with sodium thiophenate and 

deprotection of the hydroxyl protecting group. Also in this case the mixture of regioisomers (ca. 6 : 4) was 

directly used for the cyclization step. The cyclization reaction was very clean giving only one product. The 

analytical and spectroscopic data were in accordance with the structure (4b). 

In contrast with the cyclization of the hydroxy-selenides (10b) and ( l ib) ,  in which no regiocontrol was 

observed, the cyclization of the hydroxy-sulfides gave an efficient regiocontrol (attack in the exo mode) allowing 

an efficient stereocontrolled synthesis of a 2,4-o'ans-tetrahydrofuran. 

These methodologies are now under application by us with the aim of synthesizing, in a stereocontrolled 

way, fragments of natural products. As the first example we are now reporting the synthesis, in racemic form, of 
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the monobenzyl-protected C15-C20 fragment of (+)-Rolliniastatin 1 (13) 9 which belongs to the Annonaceous 

acetogenins, a class of natural products with remarkable antitumor and pesticidal properties. 

OH 0~'~"0 

~ (+)-Rolliniastatin 13 

The benzylated propargylic alcohol (14) was allowed to react with the triisopropylsilyl-protected glycidol to 

yield the alkyne (15) which was hydrogenated to the cis-homoallylic alcohol (16). Epoxidation using tert-butyl 

hydroperoxide and VO(acac)2 gave the syn-hydroxy-epoxide (17) with good stereoselectivity (97 : 3). Ring 

opening with sodium phenyl selenide gave a mixture (ca. 6 : 4) of the hydroxy-selenides (18) and (19) which 

were treated with a catalytic amount of perchloric acid in dichloromethane at room temperature. 

However, in this case, the reaction was slower than the cyclization of the hydroxy-selenides (10a) and 

(lla).  A longer reaction time was necessary until the starting material disappeared giving a mixture of products 

from which it was POssible to isolate only the deprotected tetrahydrofuran (20) in 27% yield. Finally reduction 

with wibutyltin hydride and AIBN in refluxing benzene gave the expected tetrahydrofuran (21). 
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Reagents: i, BuLi, BF3.OEt 2, THF, -78 °C, 66%; ii, H2, Lindlar, EtOH, rt, 98%; iii, t-BuOOH, 
VO(acac)2, CH2C12, rt, 75%; iv, (PhSe)2, NaBH4, EtOH, rt, 92%; v, HC104, CH2C12, rt, 27%; 
vi, n-Bu3SnH, AIBN, benzene, reflux, 80%. 

Scheme 4 

In order to achieve more information about the different regiochemical control in the cyclization reaction of 

the hydroxy-selenides (10b) and ( l i b )  compared with the hydroxy-sulfides (10c) and ( l ie) ,  and the different 

yields in the cyclization reaction of the hydroxy-selenides (10a) and ( l la)  compared with the hydroxy-selenides 
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(18) and (19) we attempted to perform a quantum-mechanical study of the episulfonium or episelenonium ions 

A-F as model intermediates. Moreover we similarly studied also the episelenonium ion G as model for the 

cyclization when a branching is present in the ct position to the selenonium ring in order to compare this result 

with our previous findings. 4a 

P X R 
t'~) .,,.Ph A H S Me 
-X  B H Se Me 

D H Se n.Bu 
E TMS Se n-Bu 

A-G F TMS Se CH2(3Bn 
G H Se /-Pr 

Owing to the complexity of the systems involved, and in particular to the presence of Si, S and Se atoms, 

we chose to perform semiempirical calculations at the PM310 level, because this method is pararnetfized for the 

requested atoms and enough short CPU time is needed for calculations. 11 

Models A and B were studied for a preliminary conformational quest. These systems can be viewed as 

triple rotors with regard to the hydroxylated branch C(3)-C(2)-C(1). 

a 

c d 
Figure - Projections of the "all gauche" (a) and "all trans" (b) conformations and of the transition state for 
the attack in the endo /exo  mode (c) and in the exo mode (d) for model B, predicted on the basis of 
molecular modelling calculations. 
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For model A, among the other local minima, the most stable conformation is predicted to be an "a/i gauche" 

conformation, which is stabilized by the electrostatic interaction of the S atom with the O(1) and 0(2) oxygen 

atoms. A conformation "all trans" with respect to the C-C bonds, for which steric hindrances should be 

minimized, is predicted only 0.6 kcal/mol higher in energy than the latter. In both the conformations the two 

hydroxyl groups assume a gauche position. Moreover, two "apt for closure" conformations are predicted, one for 

the endo/exo closure and the other for the exo closure, which are respectively 2.3 kcal/mol and 2.0 kcal/mol over 

the "all trans'" conformation. 

For model B the "all gauche" conformation is found abnormally lower (about 9.9 kcal/mol) than the "all 

trans" and a Se-O(1) distance of 1.91 /~ is predicted, that is shorter than the C-Se bond distance of the 

episelenonium ring (about 2,02 ,~). By contrast no abnormal S-O distance had been predicted for model A. Thus 

we can argue that this result is probably an artifact of the method, due to an uncorrect parametrization, and so it 

has to be rejected as such. Finally two "apt for closure" conformations are predicted, respectively 2.1 kcal/mol 

for endo/exo closure and 3.5 kcal/mol for exo closure over the "all trans" minimum. 

On the basis of these findings we decided to optimize for the model systems C-G only the "all gauche" and 

the "all trans" conformations, in order to use them for the evaluation of the activation energies to be compared 

with experimental data. For F the presence of the bulky phenyl group near the selenium atom hampers a strong 

interaction with the hydroxylated branch, in such a way that the "all gauche" conformation assumes acceptable 

Se-O(1) distances and differs very little in energy from the "all trans" conformation. Moreover, PM3 predicts for 

C the latter to be the absolute energy minimum. Also for D, E and G the "all gauche" conformation shows a Se- 

O(1) distance shorter than the C-Se bond. Thus, data context seem to suggest that the "all trans" conformation, 

unless not necessarily being the absolute minimum conformation, is more suitable for a comparison with 

transition states than the controverse "'all gauche" conformation. 

For structures C, D and G two transition states I (attack in the endo/exo mode) and II  (attack in the exo mode) 

were modelled, related to the two different reaction products, while obviously only one transition state was 

modelled for E and F. Data are reported in the Table. 

Table. Calculated energies for models C-G and relative transition states for 
endo/exo or exo cyclization. 

TS 

I IC  
ID 

l i D  
IE 
IF 
I G  

I I G  

AH f 
kcal/mol 

95.72 

62.15 

-4.23 
-9.93 

71.21 

AHfTs 
kcal/mol 
117.34 

114.82 
81.53 

80.83 
12.69 
9.31 

91.01 

87.33 

AHfTs -AH f 
kcal/mol 

21.62 

19.10 
19.38 

18.68 
16.92 
19.24 
19.80 

16.12 

AHTSl - AHTslI 
kcal/mol 

+2.52 

+0.70 

+3.68 

PM3 correctly predicts the strong preference for I IC over IC (AHTsI - AHTsI! = +2.52 kcal/mol); it also 

predicts that l i D  is only slightly favoured over ID (AHTsI - AHTsu = +0.70 kcal/mol), in agreement with 

experimental product distribution. Taking the difference between the heats of formation of the "all trans" 
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conformation and of I or II  as an estimate of the activation energies, values predicted by PM3 appear in fair 

agreement with the experimental reaction rates, even if the entropic contribution has not been evaluated. 

Moreover, our data show the strong preference for I IG over IG (AHTsI - AHTsII = +3.68 kcal/mol) in full 

agreement with our results, 4a so showing that the branching in the ct position of the chain plays an important role 

for the regiochemical control of the cyclization. Finally the comparison between IE and IF shows a higher 

activation energy for the latter closure and this could be the reason for the low yield and the complex mixture of 

products obtained. 12 

Conclusion 

An efficient regiochemical control in the synthesis of tetrahydrofurans was achieved by acid-catalyzed 

cyclization of hydroxy-selenides or hydroxy-sulfides such as 1. Using hydroxy-selenides (10a) and ( l la )  

which have the primary hydroxyl group protected only the cyclization in the endolexo mode occurs. On the other 

hand hydroxy-sulfides (10c) and ( l lc)  cyclize only in the exo mode. By cyclization of the relevant hydroxy- 

selenides, the C15-C20 fragment of (+)-Rolliniastatin 1 was obtained, though in low yield. An explanation for 

this result is given. Further application of this strategy is in progress for the stereoselective synthesis of 

fragments of natural products. Finally, semiempirical calculations appear to have a fair predictive value and, if 

used with caution, may be helpful in rationalizing experimental results. 

Experimental Section 

Anhydrous solvents were distilled as follows: Tetrahydrofuran and diethyl ether were distilled under 

nitrogen from sodium benzophenone immediately prior to use. Dichloromethane was distilled under nitrogen 
from calcium hydride and used immediately. 1H-NMR and 13C-NMR spectra were recorded on a Bruker AC-E 

series 250 MHz or 200 MHz spectrometer. Flash chromatography was carried out using Macherey-Nagel silica 

gel (0.04 - 0.063 mm). Light petroleum refers to the fraction boiling in the range 40-60 °C. PM3 calculations 

were performed with the MOPAC93 program available from the CS Chem3D Pro TM package version 3.5 for 

Macintosh distribuited by Cambridge Soft Corporation. 

(+) (2R*)- l-(Triisopropylsilyloxy)non-4-yn-2-ol (7). 

Butyllithium (1.60 M in hexane; 12.8 mL, 20.55 mmol) was added dropwise to a solution of 1-hexyne 

(2.31 mL, 20.55 mmol) in anhydrous tetrahydrofuran (40 mL) at -78 °C. After 20 rain, BF3-Et20 (1.69 mL, 

13.7 mmol) was added followed, after 5 min, by a solution of glycidol (6) (3.15 g, 13.7 mmol) in anhydrous 

tetrahydrofuran (7 mL). After 2 h at -78 °C, sat aq NaHCO3 (15 mL) was added, the mixture allowed to warm to 

room temperature and added to water. The mixture was extracted with Et20 and the combined organic extracts 

were washed with brine and dried (Na2SO4). Concentration under reduced pressure gave an oil which was 
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separated by chromatography using light petroleum-Et20 (20/1) as eluent to give compound 7 as an oil (3.34 g, 

78%). IR (cm-1): 3440, 1455, 1245, 1115, 880. IH-NMR (250 MHz) (CDCI3) 5:0.89 (t, 3H, J = 7.0 Hz), 

1.06 (d, 18H, J -- 4.3 Hz, overlapped with 3H), 1.34-1.48 (m, 4H), 2.11-2.19 (m, 2H), 2.37-2.43 (m, 2H), 

2.56 (br s, 1H), 3.68-3.82 (m, 3H); 13C-NMR 5: 11.9, 13.6, 17.9, 18.4, 22.0, 23.4, 31.1, 66.0, 70.7, 75.7, 

82.6. Anal. Calcd for C18H3602Si : C, 69.17; H, 11.61. Found: C, 69.30; H, 11.64. 

(+)(Z, 2R*)-l-(Triisopropylsilyloxy)non-4-en-2-ol (8). 

A suspension of Lindlar catalyst (256 mg) in a solution of the alkyne (7) (2.56 g, 8.19 mmol) in ethanol (40 

mL) was stirred vigorously under hydrogen for 3 h. The mixture was filtered through Celite and the filtrate 

concentrated under reduced pressure. The residue was purified with a short column chromatography using light 

petroleum-Et20 (20/1) as eluent to give compound (8) as an oil (2.52 g, 98%). IR (cm-l): 3440, 1465, 1255, 

1114, 837. IH-NMR (250 MHz) (CDC13) 5:0.89 (t, 3H, J = 7.0 Hz), 1.06 (d, 18H, J = 4.5 Hz, overlapped 

with 3H), 1.30-1.36 (m, 4H), 2.00-2.08 (m, 2H), 2.25 (t, 2H, J = 5.8 Hz), 2.55 (d, 1H, J = 3.1 Hz), 3.54 

(dd, 1H, J = 10.8 and 7.9 Hz), 3.69-3.76 (m, 2H), 5.42-5.50 (m, 2H); 13C-NMR ~i: 11.9, 13.9, 17.9, 22.3, 

27.1, 31.0, 31.8, 67.0, 71.9, 124.6, 132.6. Anal. Calcd for C18H3802Si : C, 68.73; H, 12.18. Found: C, 

68.68; H, 12.20. 

(:t:)(2R*, 4S*, 5R*)-4,5-Epoxy-l-(triisopropylsilyloxy)nonan-2-ol (9). 

To a solution of 8 (1.00 g, 3.18 mmol) in anhydrous dichloromethane (30 mL) at 0 °C, VO(acac)2 (15 mg, 

0.056 mmol) was added, then tert-butyl  hydroperoxide (5.5 M in decane; 0.87 mL, 4.77 mmol) was added 

dropwise. The reaction mixture was stirred at 0 °C for 10 min then allowed to warm to room temperature. After 

18 h the reaction was quenched with sat aq sodium thiosulfate. The mixture was extracted with water, washed 

with brine and dried (Na2SO4), Concentration under reduced pressure gave an oil which was separated by 

chromatography using light petroleum-Et20 (5/1) as eluent to give compound (9) as an oil (799 mg, 76%). IR 

(cm-l): 3440, 1465, 1255, 1105, 837, 777. 1H-NMR (250 MHz) (CDC13) 8:0.90 (t, 3H, J = 6.8 Hz), 1.05 (d, 

18H, J = 4.4 Hz, overlapped with 3H), 1.34-1.54 (m, 6H), 1.62 (dt, 1H, J = 14.4 and 7.3 Hz), 1.80 (dt, 1H, J 

= 14.4 and 4.7 Hz), 2.71 (br s, 1H), 2.89-2.96 (m, 1H), 3.13 (dt, IH, J = 7.3 and 4.7 Hz), 3.65 (dd, 1H, J = 
9.7 and 7.0 Hz), 3.72 (dd, 1H, J -- 9.7 and 4.3 Hz), 3.88-3.94 (m, 1H); 13C-NMR 5:11.8, 14.0, 17.9, 22.6, 

27.5, 28.6, 31.1, 54.3, 56.5, 67.0, 70.6. Anal. Calcd for C18H3803Si : C, 65.40; H, 11.59. Found: C, 65.46; 

H, 11.61. 

Preparation of the Hydroxy Selenides (lOa) and (lla). 

Diphenyl diselenide (384 mg, 1.23 mmol) was dissolved in absolute ethanol (3.5 mL), sodium borohydride 
(128 mg, 3.38 mmol) was added in batches and the mixture was stirred until the bright yellow solution turned 

colorless. Compound (9) (727 mg, 2.20 mmol) was dissolved in absolute ethanol (2.7 mL) and added via 

cannula. The reaction mixture was stirred for 16 h then concentrated under reduced pressure. Dichloromethane 

was added and extracted with water. The organic phase was washed with brine and dried (Na2SO4). 

Concentration under reduced pressure gave an oil which was separated by chromatography using light pea'oleum- 
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Et20 (3/1) as eluent to give 225 mg and 460 mg as pure regioisomers and 177 mg of mixture of regioisomers as 

oils. 
Less polar regioisomer of the mixture (10a) and (lla): IR (cm-l): 3400, 1570, 1455, 1115, 880. IH-NMR 

(250 MHz) (CDCI3) 5:0.87 (t, 3H, J = 7.2 Hz), 1.04 (d, 18H, J = 4.3 Hz, overlapped with 3H), 1.24-1.86 (m, 

8H), 3.13 (br s, 2H), 3.50-3.68 (m, 3H), 3.86-3.95 (m, 2H), 7.23-7.26 (m, 3H), 7.52-7.56 (m, 2H); 13C- 

NMR 5: 11.8, 13.9, 17.9, 22.5, 30.4, 31.5, 36.4, 54.8, 67.2, 72.5, 73.6, 127.3, 129.0, 129.5, 134.3. Anal. 

Calcd for C24H4403SeSi : C, 59.11; H, 9.09. Found: C, 59.18; H, 9.11. 
More polar regioisomer of the mixture (10a) and (lla): IR (cm-l): 3380, 1570, 1455, 1110, 880. IH- 

NMR (250 MHz) (CDC13) 5:0.85 (t, 3H, J = 6.8 Hz), 1.06 (d, 18H, J = 4.2 Hz, overlapped with 3H), 1.16- 

1.74 (m, 7H), 1.84 (ddd, 1H, J = 14.7, 9.8 and 4.9 Hz), 2.76 (br s, 2H), 3.47-3.56 (m, 2H), 3.60-3.66 (m, 

1H), 3.70 (dd, 1H, J = 9.6 and 3.6 Hz), 4.06-4.13 (m, 1H), 7.25-7.29 (m, 3H), 7.59-7.63 (m, 2H); 13C-NMR 

5: 11.8, 13.9, 17.9, 22.6, 28.1, 34.4, 35.8, 52.2, 67.5, 70.7, 74.2, 127.5, 129.0, 129.1, 134.5. Anal. Calcd 

for C24H4403SeSi : C, 59.11; H, 9.09. Found: C, 59.20; H, 9.12. 

Deprotection of the Hydroxy Selenides (lOa) and (lla). 

A solution of tetrabutylammonium fluoride (643 mg, 2.46 mmol) in anhydrous tetrahydrofuran (2 mL) was 

added dropwise to a solution of the silyl ethers (10a) and (lla) (600 mg, 1.23 mmol) in tetrahydrofuran (2 mL) 

at 0 °C, and the mixture allowed to warm to room temperature and stirred for 18 h. The solution was concentrated 

under reduced pressure, then dissolved in Et20 and extracted with water. The organic phase was washed with 

brine and dried (Na2SO4). Concentration under reduced pressure gave an oil which was separated by 
chromatography using ethyl acetate as eluent to give compounds (10h) and ( l ib)  as oils (387 mg, 95%). IR 

(cm-l): 3330, 1580, 1477, 1466, 1437, 1047, 738. IH-NMR (200 MHz) (CDCI3) 5:0.83 (t, 3H, J = 6.9 Hz), 

1.13-1.95 (m, 8H), 3.18-3.48 (m, 2H), 3.51-3.72 (m, 2H), 3.76-4.00 (m, 1H), 4.57 (t, 1H, J = 4.7 Hz, OH), 

4.65 (d, 1H, J = 4.2 Hz, OH), 4.86 (d, 1H, J = 4.8 Hz, OH, major regioisomer), 5.01 (br s, 1H, OH, minor 

regioisomer), 7.20-7.39 (m, 3H), 7.48-7.62 (m, 2H). Anal. Calcd for C15H2403Se : C, 54.38; H, 7.30. Found: 
C, 54.46; H, 7.28. 

Procedure for the Cyclization of Hydroxy Selenides (10a) and (lla): 
(_+)(2R*, 3R*, 5R*)-2-butyl-3-phenylselanyl-5-triisopropyilsilyloxymethyl-tetrahydro- 
furan (3a) and (+_)(2R*, 3R*, 5R*)-2-butyl-5-hydroxymethyl-3-phenylselanyl-tetrahydro- 
furan (3b) 

To a solution of hydroxy selenides (10a) and ( l la)  (830 mg, 1.70 mmol) in anhydrous dichloromethane 

(40 mL) at room temperature were added three drops (15 laL) of HC104. The reaction mixture was vigorously 

stirred for 15 min then quenched with sat aq NaHCO3 and extracted with water. The organic phase was washed 

with brine and dried (Na2SO4). Concentration under reduced pressure gave an oil which was separated by 
chromatography using light petroleum-Et20 (30/1, then 1/1) as eluent to give compound (3a) (463 mg, 58%) and 
compound (3b) (90 mg, 17%) as oils. 

Compound (3a), IR (cm-l): 1575, 1460, 1250, 1110. IH-NMR (250 MHz) (CDCI3) 8:0.87 (t, 3H, J = 
6.4 Hz), 1.05 (d, 18H, J = 4.3 Hz, overlapped with 3H), 1.25-1.35 (m, 4H), 1.60-1.65 (m, 2H), 2.10 (dt, 1H, 
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J = 13.5 and 6.3 Hz), 2.43 (dt, 1H, J = 13.5 and 7.6 Hz), 3.66 (ddd, 1H, J = 10.4, 6.0 and 0.7 Hz), 3.76-3.88 
(m, 2H), 3.94-4.01 (m, 2H), 7.26-7.30 (m, 3H), 7.53-7.57 (m, 2H); 13C-NMR 5: 11.9, 14.0, 17.9, 22.6, 

28.7, 33.1, 36.7, 45.7, 66.3, 78.7, 81.9, 127.1, 129.0, 130.2, 133.6. Anal. Calcd for C24H4202SeSi : C, 

61.38; H, 9.01. Found: C, 61.44; H, 8.98. 

Compound (3b), IR (cm-1): 3380, 1575, 1470, 1430. 1H-NMR (250 MHz) (CDCI3) 5:1.17 (t, 3H, J -- 
6.8 Hz), 1.53-1.75 (m, 4H), 1.92-2.00 (m, 2H), 2.29 (ddd, IH, J = 13.7, 6.7 and 4.3 Hz), 2.55 (br s, 1H), 

2.75 (dt, 1H, J = 13.7 and 7.5 Hz), 3.90 (dd, 1H, J = 11.6 and 5.3 Hz), 4.04 (dd, 1H, J = 11.6 and 2.8 Hz), 
4.13-4.26 (m, 2H), 4.31-4.40 (m, 1H), 7.54-7.57 (m, 3H), 7.81-7.85 (m, 2H); 13C-NMR 5: 14.0, 22.6, 28.7, 

32.8, 35.6, 46.2, 64.8, 78.4, 82.3, 127.4, 129.1, 129.6, 134.0. Anal. Calcd for CISH2202Se : C, 57.51; H, 

7.08. Found: C, 57.57; H, 7.11. 

(+)(2R*, 3R*, 5R*)-2-butyl.5-hydroxymethyl-3-phenylselanyi-tetrahydrofuran (3b) and 
(+)(2S*, 4R*, l'S*)-4-hydroxy.2.(l'-phenylselanylpentyl)-tetrahydrofuran (4a) 

Following the procedure used to cyclize the compounds (10a) and (l la) ,  hydroxy selenides (10b) and 

( l i b )  (364 mg, 1.10 mmol) in dichloromethane (54 mL) and HCIO4 (3 drops) gave after careful 
chromatography, using light petroleum-Et20 (2/1) as eluent, compound (3b) (115 rag, 33%) and compound (4a) 
(128 mg, 37%) as oils. Compound (4a): IR (cm-l): 3400, 1580, 1477, 1465, 1435, 1070, 738. 1H-NMR (250 

MHz) (CDCI3) 5:0.88 (t, 3H, J = 7.2 Hz), 1.25-2.10 (m, 9H), 3.16-3.23 (m, 1H), 3.77 (d, 1H, J = 9.8 Hz), 

4.06 (dd, 1H, J = 9.8 and 4.1 Hz), 4.37 (ddd, 1H, J = 9.8, 6.2 and 3.8 Hz), 4.55 (m, 1H), 7.23-7.28 (m, 3H), 

7.53-7.57 (m, 2H); 13C-NMR 5: 13.9, 22.5, 30.2, 32.8, 39.3, 51.4, 72.7, 76.2, 80.3, 127.1, 128.9, 130.1, 

134.0. Anal. Calcd for CISH2202Se : C, 57.51; H, 7.08. Found: C, 57.45; H, 7.10. 

(+)(2R*, 5R*)-2-butyl-5.hydroxymethyl- tetrahydrofuran (12). 

A solution of compound (3b) (60 mg, 0.19 mmol) dissolved in anhydrous benzene (2 mL) was degassed 

for 15 min with argon, then tributyltin hydride (111 mg, 0.38 mmol) and 2,2'-azobisisobutyronitrile (cat.) were 

added and the mixture heated under reflux for 1 h before being cooled and concentrated under reduced pressure. 
The residue was chromatographed with light petroleum-Et20 (1/1 plus 1% triethylamine) to give 12 as an oil (27 

rag, 90%). IR (cm-l): 3390, 1466, 1380, 1043, 883. IH-NMR (250 MHz) (CDC13) 5:1.19 (t, 3H J -- 6.7 Hz), 

1.55-2.02 (m, 8H), 2.12-2.32 (m, 2H), 3.04 (t, 1H, J = 6.3 Hz, OH), 3.78 (dt, 1H, J = 11.3 and 5.9 Hz, 

CH2OH), 3.96 (ddd, 1H, J = 11.3, 6.3 and 3.5 Hz, CH2OH), 4.15 (m, 1H, H-5), 4.28 (m, 1H, H-2); 13C- 

NMR 5: 13.9, 22.6, 26.9, 28.2, 31.1, 35.4, 65.1, 79.2, 80.1. Anal. Calcd for C9H1802 : C, 68.31; H, 11.47. 

Found: 68.35; H, 11.48. 

Preparation of the Hydroxy Sulfides (10c) and (llc). 

To a solution of the epoxide (9) (984 mg, 2.98 mmol) in anhydrous methanol (1.8 mL) was added via 

cannula a solution of thiophenol/sodium thiophenate (1/1, 2.98 mmol) in anhydrous methanol (1.8 mL). The 
reaction mixture was stirred for 24 h then concentrated under reduced pressure. Dichloromethane (20 mL) was 
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added and extracted with water. The organic phase was washed with brine and dried (Na2SO4). Concentration 

under reduced pressure gave an oil which was used for the deprotection without purification. The residue (1.31 
g) was dissolved in anhydrous tetrahydrofuran (10 mL) and added via cannula to a solution of 

tetrabutylammonium fluoride (1.55 g, 5.96 mmol) in anhydrous tetrahydrofuran (10 mL) at 0 °C, and the mixture 

allowed to warm to room temperature and stirred for 18 h. The solution was concentrated under reduced 
pressure, then dissolved in Et20 and extracted with water. The organic phase was washed with brine and dried 
(Na2SO4). Concentration under reduced pressure gave a solid which was purified by chromatography using ethyl 
acetate as eluent to give compounds (10c) and (lie) as white cristals (788 mg, 93%); m.p.77-79 °C. IR (cm-l): 
3300, 1585, 1481, 1464, 1456, 1377, 1089, 1039,1012. IH-NMR (250 MHz) (DMSO-d6) 5:0.86 (t, 3H, J = 

6.9 Hz, major regioisomer), 0.99 (t, 3H, J = 7.2 Hz, minor regioisomer), 1.17-1.45 (m, 5H), 1.56-1.78 (m, 

3H), 3.20-3.46 (m, 2H), 3.53-3.65 (m, 2H), 3.78-3.86 (m, 1H), 4.60 (t, IH, J = 5.7 Hz, OH), 4.65 (d, 1H, J 

= 5.3 Hz, OH), 4.84 (d, 1H, J = 5.0 Hz, OH), 7.20-7.26 (m, 3H, minor regioisomer), 7.31-7.38 (m, 3H, 

major regioisomer), 7.42-7.49 (m, 2H). Anal. Calcd for C15H2403S : C, 63.35; H, 8.51. Found: C, 63.40; H, 
8.54. 

Cyclization of the Hydroxy Sulfides (10c) and (llc): 
(+)(2S*, 4R*, l'S*)-4-hydroxy-2.(l'.phenylsulfanylpentyl)-tetrahydrofuran (4b). 

To a solution of hydroxy sulfides (10c) and (1 lc) (316 mg, 1.11 mmol) in anhydrous dichloromethane (54 

mL) at room temperature were added three drops of HCIO4. The reaction mixture was vigorously stirred for 15 

min then quenched with sat aq NaHCO3 and extracted with water. The aqueous phase was extracted with ethyl 
acetate and the combined organic phase were washed with brine and dried (Na2SO4). Concentration under 
reduced pressure gave an oil which was separated by chromatography using light petroleum-Et20 (5/1, then 1/1, 

then ethyl acetate) as eluent to give compound (4b) as an oil (202 mg, 68%) and 44 mg of starting material. IR 

(cm-l): 3400, 1583, 1479, 1466, 1438, 1090, 1068, 742. IH-NMR (250 MHz) (CDCI3) 5:0.87 (t, 3H, J = 7.2 
Hz), 1.26-1.76 (m, 6H), 1.96-2.02 (m, 2H), 3.08 (br s 1H, OH, overlapped with 1H), 3.71, (d, 1H, J = 9.6 

Hz), 3.97 (dd, 1H, J = 9.6 and 4.1 Hz), 4.31-4.39 (m, 1H), 4.42-4.46 (m, 1H), 7.16-7.28 (m, 3H), 7.37-7.41 

(m, 2H); 13C-NMR 5: 13.8, 22.4, 29.2, 31.2, 38.0, 53.0, 72.1, 75.9, 79.7, 126.3, 128.7, 130.9, 135.9. Anal. 

Calcd for C15H2202S : C, 67.63; H, 8.32. Found: C, 67.45; H, 8.34. 

(+)(5R*)- 1-Benzyloxy-6-(tr i isopropylsi lyloxy)hex-2-yn.5-ol  (15). 

Butyllithium (1.60 M in hexane; 3.9 mL, 6.24 mmol) was added dropwise to a solution of the alkyne (14) 

(904 mg, 6.18 mmol) in anhydrous tetrahydrofuran (10 mL) at -78 °C. After 20 min, BF3-Et20 (0.76 mL, 6.18 

retool) was added followed, after 5 min, by a solution of glycidol (6) (950 g, 4.12 retool) in anhydrous 

tetrahydrofuran (10 mL). After 2 h at -78 °C, sat aq NaHCO3 (10 mL) was added, the mixture allowed to warm 

to room temperature and added to water. The mixture was extracted with Et20 and the combined organic extracts 
were washed with brine and dried (Na2SO4). Concentration under reduced pressure gave an oil which was 
separated by chromatography using light petroleum-Et20 (5/1) as eluent to give compound (15) as an oil (1.02 g, 
66%). IR (cm-1): 3440, 1462, 1354, 1118, 1070, 883. IH-NMR (200 MHz) (CDC13) 5:1.09 (d, 18H, J = 4.5 

Hz, overlapped with 3H), 2.46-2.55 (m, 2H), 3.00 (br s, IH), 3.62 (dd, 1H, J = 10.0 and 5.8 Hz), 3.69-3.85 
(m, 2H), 4.17 (s, 2H), 4.59 (s, 2H), 7.30-7.36 (m, 5H); 13C-NMR 5: 12.0, 18.0, 23.5, 57.7, 66.0, 70.4, 
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71.5, 78.1, 89.1, 127.8, 128.0, 128.4, 137.7. Anal. Calcd for C22H3603Si : C, 70.16; H, 9.63. Found: C, 
70.30; H, 9.64. 

(+)(Z, 5R*)-l-Benzyioxy-6-(tr i isopropylsi lyloxy)hex.2-en-5-ol  (16). 

A suspension of Lindlar catalyst (100 mg) in a solution of the alkyne (15) (920 mg, 2.44 mmol) in ethanol 

(25 mL) was stirred vigorously under hydrogen for 100 min. The mixture filtered through Celite and the filtrate 
concentrated under reduced pressure. The residue was purified with a short column chromatography using light 

petroleum-Et20 (5/1) as eluent to give compound (16) as an oil (905 mg, 98%). IR (cm-l): 3450, 1462, 1382, 

1112, 1070, 883. IH-NMR (200 MHz) (CDC13) /5:1.06 (d, 18H, J = 4.5 Hz, overlapped with 3H), 2.26 (t, 
2H, J = 6.1 Hz), 2.58 (d, 1H, 3.9 Hz, OH), 3.46 (dd, 1H, J = 9.7 and 6.6 Hz), 3.61 (dd, 1H, J = 9.7 and 3.9 

Hz), 3.60-3.70 (m, 1H), 4.07-4.09 (m, 2H), 4.53 (s, 2H), 5.66-5.79 (m, 2H), 7.30-7.36 (m, 5H); 13C-NMR 

~: 12.0, 18.0, 31.5, 65.6, 66.9, 71.5, 72.3, 127.6, 127.8, 128.3, 128.5, 129.2, 138.2. Anal, Calcd for 

C22H3803Si : C, 69.79; H, 10.12. Found: C, 69.81; H, 10.14. 

(_+)(2R*, 3S*, 5R*)-l-Benzyloxy-2,3-epoxy-6-(tr i isopropyisi lyloxy)hexan-5-ol  (17). 

To a solution of 16 (830 mg, 2.19 retool) in anhydrous dichloromethane (20 mL) at 0 °C, VO(acac)2 (15 
mg, 0.056 retool) was added, then tert-butyl hydroperoxide (5.5 M in de, cane; 0.60 mL, 3.30 mmol) was added 
dropwise. The reaction mixture was stirred at 0 °C for 10 rain then allowed to warm to room temperature. After 

20 h the reaction was quenched with sat aq sodium thiosulfate. The mixture was extracted with water, washed 

with brine and dried (Na2SO4). Concentration under reduced pressure gave an oil which was separated by 

chromatography using light petroleum-Et20 (5/1) as eluent to give compound (17) as an oil (648 rag, 75%). IR 

(cm-l): 3455, 1462, 1382, 1101, 1072, 883. IH-NMR (200 MHz) (CDCI3) /5:1.09 (d, 18H, J = 4.3 Hz, 

overlapped with 3H), 1.64-1.75 (m, 2H), 2.26 (br s, 1H), 3.19-3.25 (m, 2H), 3.49-3.88 (m, 4H), 3.80-3.95 
(m, 1H), 4.53 and 4.64 (d, each 1H, J = 12 Hz), 7.30-7.40 (m, 5H); 13C-NMR /5: 11.9, 17.9, 31.3, 53.3, 

54.5, 66.9, 68.2, 70.4, 73.4, 127.6, 127.8, 128.4, 137.8. Anal. Calcd for C22H3804Si : C, 66.96; H, 9.71. 

Found: C, 67.12; H, 9.75. 

Preparation of the Hydroxy Selenides (18) and (19). 

Diphcnyl diselenide (247 rag, 0.79 mmol) was dissolved in absolute ethanol (3.5 mL), sodium borohydride 
(77 rag, 2.03 mmol) was added in batches and the mixture was stirred until the bright yellow solution turned 
colorless. Compound (17) (510 mg, 1.29 mmol) was dissolved in absolute ethanol (2.5 mL) and added via 

cannula. The reaction mixture was stirred for 16 h then concentrated under reduced pressure. Dichloromethane 
was added and extracted with water. The organic phase was washed with brine and dried (Na2SO4). 
Concentration under reduced pressure gave an oil which was separated by chromatography using light petroleum- 

Et20 (2/1) as eluent to give compounds (18) and (19) (656 rag, 92%) as oil. IR (cm-1): 3420, 1580, 1462, 

1103, 1070, 883. IH-NMR (200 MHz) (CDC13) /5:1.06 (d, 18H, J = 4.1 Hz, overlapped with 3H), 1.77-1.88 

(m, 2H), 2.70 (br s, IH), 3,02 (br s, 1H), 3.47-3.74 (m, 5H), 3.90-4.00 (m, 1H), 4.01-4.13 (m, 1H), 4.43 
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(m, 2H), 7.20-7.30 (m, 8H), 7.53-7.65 (m, 2H). Anal. Calcd for C28H4404SeSi : C, 60.96; H, 8.04. Found: 

C, 61.18; H, 8.08. 

(:I:)(2R*, 3R*, 5R*)-2-Benzyloxymethyl.5-hydroxymethyl-3.phenylselanyl-tetrahydro- 
furan (20). 

To a solution of hydroxy selenides (18) and (19) (600 mg, 1.08 mmol) in anhydrous dichloromethane (54 

mL) at room temperature were added three drops of HCIO4. The reaction mixture was vigorously stirred for 80 

min then quenched with sat aq NaHCO3 and extracted with water. The organic phase was washed with brine and 

dried (Na2SO4). Concentration under reduced pressure gave an oil which was separated by chromatography 

using light petroleum-ethyl acetate (4/1) as eluent to give compound (20) (110 mg, 27%) as an oil. IR (cm-l): 
3425, 1577, 1477, 1454, 1437, 1091, 1072, 736. IH-NMR (250 MHz) (CDCI3) 8:2.14-2.41 (m, 2H), 2.77 

(br s, 1H), 3.57 (dd, 1H, J = 11.9 and 3.8 Hz), 3.74 (d, 2H, J = 4.1 Hz), 3.79-3.92 (m, 2H), 4.03-4.12 (m, 
1H), 4.29-4.39 (m, 1H), 4.52 and 4.59 (d, each 1H, J = 11.7 Hz), 7.26-7.38 (m, 8H), 7.51-7.56 (m, 2H); 

13C-NMR 8: 35.2, 43.3, 63.9, 72.2, 73.4, 79.2, 79.9, 127.3, 127.7, 128.0, 128.3, 129.1, 133.4, 133.7, 

137.5. Anal. Calcd for CI9H2203Se : C, 60.48; H, 5.88. Found: C, 60.36; H, 5.90. 

(+)(2R*, 5R*)-2-Benzyloxymethyl-5-hydroxymethyl-tetrahydrofuran (21). 

A solution of compound (20) (100 mg, 0.26 mmol) dissolved in anhydrous benzene (1.5 mL) was 

degassed for 15 min with argon, then tributyltin hydride (154 rag, 0.53 mmol) and 2,2'-azobisisobutyronilxile 

(cat.) were added and the mixture heated under reflux for 1 h before being cooled and concentrated under reduced 

pressure. The residue was chromatographed with light petroleum-ethyl acetate (2/1 plus 1% triethylamine) to give 

21 as an oil (46 mg, 80%). IR (cm-l): 3425, 1500, 1454, 1365, 1076, 738, 698. IH-NMR (250 MHz) (CDC13) 

8:1.80-2.00 (m, 4H), 2.61 (m, 1H, OH), 3.46 (dd, J = 10.0 and 4.8 Hz, 1H overlapped with 3.42-3.51 m, 

1H), 3.60 (dd, J = 10.0 and 3.7 Hz, 1H), 3.75 (ddd, J = 11.7, 4.7 and 3.0 Hz, 1H), 4.05-4.12 (m, 1H), 4.12- 

4.19 (m, 1H), 4.56 (s, 2H), 7.25-7.35 (m, 5H); 13C-NMR 8: 27.2, 28.2, 65.3, 72.4, 73.3, 78.6, 80.1, 127.6, 
128.2, 128.3, 137.8. Anal. Calcd for C13H1803 : C, 70.24; H, 8.16. Found: C, 70.35; H, 8.14. 
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