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A6LSLmf- Reaction between the optically active glyceraldehyde 

(1.7) carrying 2-olefin and Meldrum's acid furnished in one step the 

tricyclic adduct 3 with trans 516 ring juncture selectively under mild 

conditions by spontaneous condensation followed by the intramolecular 

Diels-Alder reaction. On the other hand, the E-olefin isomer (14, under 

the same conditions, furnished the isomeric adduct 4 with cjs 516 ring 

juncture selectively. The former gave a pair of the cis-fused bicyclic 

carbamates, (22) and (25). while the latter gave the trans-fused pair, 

(23) and (26). by the following transformations. Although these imply 

formal chiral route to the heferoyohimbine alkaloids, a new 

enantioselective route to a secoiridoid monoterpene. (-)-methyl elenolate 

(37), has also been developed. 

We report here remarkable diastereoselectivity directed by the configuration of the dienophile in 

intramolecular Diels-Alder reaction involving electron deficient neterodienes. In relation to our 

recent project using chiral glycerol building blocks,l we attempted to prepare two isomeric 



heterodiene substrates, 2Zand 2E, by condensing the isomeric chiral glyceraldehyde 

derivatives, I Z a n d  I E ,  with Meldrum's acid, respectively. In the light of the well-established 

precedents, especially, extensive work of the Tietze's group2 and our own obse~a t i ons ,~  we 

expected that 2Eand 2 2  would generate the trans-fused Diels-Alder adducts isomeric at the 

secondary methyl group. Upon the condensation, facile, concurrent condensation and 

cycloaddition did occur in highly selective fashion to give a single adduct in each case. 

However, it was found that both adducts were not isomeric at the secondary methyl group, but at 

the ring juncture: thus, 2Zcarrying Z-olefin afforded exclusively the trans-56adduct 3, whiie 

2Ecarrying E-olefin afforded exclusively the cis-516-adduct 4 (Scheme 1). 

& 

ej)\; F:>l - 
CHO 

R2 Ox" 

Scheme 1 

The starting glyceraidehydes I Z a n d  1 E were prepared, respectively, from diethyl (L)-tartrate 

(5) as outlined in Scheme 2. In these conversions, the former was prepared via oxidative 

cieavage of the benzylidene aceta14.5 (6) obtained from (5) by N-bromosuccinimide and the 

latter was prepared via reductive cleavage of the crotylidene acetal (11) obtained from (5) by 

diisobutylaiuminum hydride.5,"oth in highly regioselective fashions. 

When both of the aldehydes, (17) and ( 1 0 ,  were treated with Meldrum's acid7 smooth reaction 

took place at 0 "C - room temperature to give the corresponding adducts, 3 and 4, respectively. 

Although we could not determine the stereochemstry of each adduct at this point, the following 

conversions revealed that they were not isomeric at the secanda~y methyl group. but at the ring 
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juncture. Thus, refluxing both adducts in aqueous dioxane (2:l)  allowed concurrent deketaliz 

ation and decarboxylation to give the corresponding lactones (13a and b) which were 

convened into the corresponding olefin-alcohols (17a and b) by sequential debenzylation, 

tosylation, halogen substitution, and reductive ring cleavage. Employing the Mitsunobu 

r e a ~ t i o n , ~  the alcohols (17a and b) were converted into the corresponding lactams (20a: X=O 

and b: X=O), respectively. Lactams (20a: X=O and b: X=O) were then trans-formed to the 

corresponding diols (21a and b) by sequential hydride reduction, acylation, and hydroboration- 

oxidation. Oxidation of diols (21) with silver carbonate on Celite (Fetizon reagentp afforded the 

corresponding lactones (22 and 23). respectively. Diols (21). after monobenzoylation at the 

primary center, were subjected to the Mitsunobu reactions to give the dibenzoates which on 

hydrolysis afforded the corresponding inverted diols (24a and b).'O Oxidation of the diols (24a 

and b) with Fetizon reagent furnished the corresponding lactones (25 and 26). respectively. 01 

these four isomeric lactones (22, 23, 25, and 26), 25 originating from 1Zwas found to be 

identical in all respects, except the sign ol optical rotation, with that obtained from 3-acetyl- 

pyridine by Uskokovic and co-workers" via microbial chiral reduction as key step. 

Consequently, by correlating to 25, the structures of the remaining three other isomers as well 

as their progenitors, (3) and (4), could be deduced as shown. Thus, it was deduced that the 2- 

olefin (22) generated the adduct 3 with trans 516-ring juncture, while the E-olefin (2E) generated 

the adduct 4 with cis-516-ring juncture, both in highly diaselective fashions (Scheme 3). The 

stereochemical assignment could also be confirmed by X-ray crystallography of the crystalline 

intermediates 20a and 23 which well supported the deduced structures (Figures 1.2  and 

Tables 1,2). 
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The remarkable diastereoselectivity exerted by the dienophile configuration may be anributed to 

the steric interference between the dienophile moiety and the heterodiene moiety which directs 

exclusive formation of the trans-516-adduct 3 via the preferred transition state 2Za (exo) and the 

cis-516-adduct 4 via the preferred transition state 2Eb (endo) as shown in Scheme 1. Since 

the enantiomers of 25 has already been converted into a heteroyohimbine indole alkaloid by 

Uskokovic and co-workers,'la the present synthesis may be applicable to the synthesis of the 

same heteroyohimbine alkaloid as well as other heteroyohimbine alkaloids in natural forms 

using diethyl (D)-tartrate as starting material. 

In order to establish our own route to natural products, the adduct 4 was convened into the 

methyl ester (27) by methanolysis.7 Panial reduction of 27 could be accomplished selectively 

with lithium triethylborohydride to give the lactol (28) accompanied by the unreacted 27 the 

latter of which was readily separated and recycled. Although the conversion was low (ca. 30%), 

an overall yield of 80% was achieved by a recycling procedure.12 On sequential acid catalyzed 
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Figure 1. X-ray Structural Analysis of Compound (20a: X=O) 

Table 1. Crystal Data of Compound (20a: X=O) 

Crystal System : Monoclinic a=10.3856 (6) A 
Space Group : P21 b=10.6362 (7) A 
Mol. Formula : C9Hl5NO2 c=8.6970 (5) A 
Mot. Weight : 169.23 P=95.057 (5) A 
z : 4 v=956.95 (I 0) A3 

Dc : 1.175 g ~ m - ~  
(CU-K a) : 6.783 cm-' 

Data Collection and Analysis of Compound (20a: X=O) 

Final R value : 4.6% 

Size of Crystal : 0.4 x 0.4 x 0.3 mm 

Total Reflections : 1629 

X-ray Structural Analysis of Compound (23) 

Table 2. Crystal Data of Compound (23) 

Crystal System : Monoclinic a=9.0009 (9) A 
Space Group : ~ 2 1  b=8.1270 (1 O) A 
Moi. Formula : CliH17N04 c=8.6593 (7) A 
Mol. Weight : 227.26 P=114.365 (10) A 
z : 2 ~ ~ 7 7 . 0 2  (1 0) A3 

DC : 1.308 gcm-3 
(CU-K a) : 8.384 cm-1 

Data Collection and Analysis of Compound (23) 

Final R value : 4.6% 

Size of Crystal : 0.3 x 0.3 x 0.1 mm 

Total Reflections : 1009 



dehydration, debenzylation, and Swern oxidation,l3 28 provided the aldehyde (31) which was 

then converted to the lactol (33) via 32 by reductive cleavage. Oxidation of 33 with Fetizon 

reagent gave the lactone (34) which on rnethanolysis afforded an equilibrium mixture of the 

Scheme 4 

lactone (34) and the seco-ester (35). The mixture was sequentially neutralized, evaporated, 

and subjected to Swern oxidationl"n the same reaction flask to give the cis-aldehyde (36)"' 

(60%) and 34 (39%) which were separated by silica gel chromatography. 

Upon stirring with silica gel in methylene chloride, 36 readily isomerized to the thermodynami- 

cally more stable trans-epimer, a biologically active secoiridoid monoterpene, (-)-methyl 

elenolatels (37), in quantitative yield (Scheme 4). Since 37 has been converted into a hetero- 

yohimbine alkaloid, (-)-ajmalicine (Via), it also constitutes a formal enantioselective synthesis 

of this medicinally important natural product16 

The remarkable diastereoselectivity in the intramolecular hetero-Diels-Alder reaction found in 

the present investigation could be successfully applied to the enantioselective synthesis of other 

physiologically active natural products, such as heteroyohimbine alkaloids," lignans.18 and 

kainoid amino acid.19 
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EXPERIMENTAL SECTION 

All reactions except hydrogenation were carried out under argon. Ir spectra were measured with 

a JASCO A-102 spectrophotometer. 'H Nmr spectra were recorded on JEOL-MX60, JEOL- 

FX9OR and JEOL-JNM-GX5OO spectrometers. Ms spectra were measured with HitachikM52 and 

JEOL-O1SG-2 instruments. Optical rotations were measured with a JASCO-DIP-4 automatic 

polarimeter. 

(2S,3RlS)-l-Benzyloxy-3,4-epoxy-2-(2-propynyl)butane (7b) -- A suspension of 

the epoxide (7aI4 (41 1 mg, 2.12 mmol), benzyltriethylammonium chloride (323 mg, 1.42 mmol), 

and propargyl bromide (0.42 ml, 4.66 mmol) In benzene (5 ml) and 70% aq. NaOH (5 ml) was 

stirred vigorously at room temperature for 14 h. The mixture was extracted with ether and the 

extract was washed (H20, sat. NaCI), dried (MgS04), concentrated, and chromatographed 

(SO2, 20% ether-hexane) to give 7b (410 mg, 83%) as a colorless oil: [a]$5 -16.9' (c 1.18. 

CHC13). Ir (neat) v ,,,: 3250, 2100 cm-I; 'H nmr (CDCI3) 6 :  7.30 (5, 5H). 4.55 (s, 2H), 4.35 (d, 

2H, J=2.0 Hz), 3.26-3.77 (m, 2H). 2.90-3.27 (m, IH), 2.50-2.93 (m, 2H), 2.42 (t, l H ,  J=2.O Hz); ms 

(mh): 232 (M+), 91 (100%). Calcd for C14H1603: 232.1098. Found: 232.1076 (M+). Anal. 

Calcd for C14H1603: C 70.39, H 6.94. Found: C 70.51, H 6.78. 

(2S,3RlS)-l-Benzyloxy-3,4-isopropylidenedioxy-2-(2-propynyl)bulane (8a) 

A mixture of 7 b  (37.46 g, 0.16 mol) and BF3.Et20 (1.61 ml, 13.08 mmol) in acetone (180 ml) was 

stirred at 0 'C for 0.5 h and at room temperature for 2 h. The reaction mixture was then 

neutralized with aq. NaHC03 and concentrated in vacuo. The residue was extracted with ether 

and the extract was washed (sat. NaHC03, sat. NaCI), dried (MgS04), concentrated, and 

chromatographed (SOz, 17% AcOEt-hexane) to give 8a (44.44 g, 94%) as a colorless oil: [a]$= 

+1.25' ( ~ 0 . 9 6 ,  CHCI3). Ir (neat) v ,,: 3300, 2150 cm-1; 1H nmr (CDCI3) 6: 7.28 (5. 5H), 4.50 (s, 

2H), 4.38 (d, 2H, J=2.O HZ), 3.50-4.73 (m, 6H), 2.40 (t, lH ,  J=2.0 Hz), 1.40 (s, 3H), 1.35 (s, 3H); 

ms (mh): 290 (M+), 91 (100%). Calcd for C17H2204: 290.1517. Found: 290.1507 (M+). 

(2S,3RlS)-l-Benzyloxy-3,4-isopropylidenedioxy-2-(2-butynyl)butane (8b) -- 

TO a stirred solution of 8a (268 mg. 0.92 mmol) in THF (10 ml) was added NaH (60% wlw in oil, 

540 mg, 10.16 mmol) at 0 OC and, aner 10 min at the same temperature, Mel (1.74 ml, 27.72 

mmol) was added in one portion and the mixture was refluxed for 30 h. After cooling, the mixture 



was treated with sat. NaHC03 and extracted with Et20. The extract was washed (H20, 5% 

Na2S203, Sat. NaHCO3, sat. NaCI), dried (MgS04), concentrated, and chromatographed (302, 

10% AcOEt-hexane) to give 8b (279 mg, quant.) as a colorless oil: [a]$3 +0.3Z0 (c 1.23, CHC13). 

Ir (neat)v ,,,: 2250 cm-I; 'H nmr (CDCI3) 6: 7.27 (s. 5H). 4.52 (s, pH), 4.33 (q, ZH, J=20 Hz), 

3.48-4.55 (m, 6H), 1.82 (t, 3H. J=20 Hz), 1.40 (s, 3H). 1.33 (s, 3H): ms (mlz): 304 (M+), 91 

(100%). Calcd for ClsH2404: 304.1672. Found: 304.1650 (Mi). 

(2S,3RIS)-1-Benzyloxy-2-[2(Z)-butenyl]-3,4-dihydroxybutane (9) - A solution 

of 8b (9.37 g. 30.82 mmol) in ethanolic 1.5N H2S04 (100 mi) was heated at 70 'C for 3 h. After 

cooling, the mixture was neutralized with aq. NaHC03 and extracted with CH2CI2. The extract 

was washed (H20, sat. NaCI). dried (MgS04), and chromatographed (SO2, 3% MeOH-CHCI3) to 

give (2S.3RIS)-l-benzyloxy-2-(2-butynyl)-3,4-dihydroxybutane (9.10 g, quant.) as a colorless oil: 

[ a ] ~ ~ ~  -49.9" (c0.91. CHCI3). Ir (neat) v ,,,: 3430, 1080 cm-'; 1H nmr (CDCI3) 6: 7.28 (s, 5H). 

4.52 (s, ZH), 4.27 (q, 2H, A 2 0  Hz), 3.50-3.97 (m, 6H), 2.00-3.13 (brs, 2H. exchangeable with 

D20). 1.78 (t, 3H. J=2.O Hz); ms (mlz): 265 (M++l), 264 (Mt), 91 (100%). Calcd for C15H2104: 

265.1436. Found: 265.1438 (M++l). 

A solution of the diol (4.61 g, 17.45 mmol) in EtOH (100 ml) was hydrogenated over Lindlar 

catalyst (230 mg, purchased from Aldrich) under atmospheric pressure at room temperature for 3 

h and at 50 "C for 1 h. After removal of the catalyst by filtration, the filtrate was concentrated and 

chromatographed (Si02. 1% MeOH-CHCI3) to give 9 (4.45 g. 96%) as a colorless oil: [aIo23 

+31.3' (c  1.04. CHC13). Ir (neat) v ,,,: 3400 cm-1; I H  nmr (CDCI3) 6: 7.30 (s, 5H). 5.33-6.00 (m, 

2H). 4.55 (s, ZH), 4.12-4.33 (m, ZH), 3.33-4.00 (m, 6H), 2.77-3.07 (m, IH ,  exchangeable with 

DzO), 2.23-2.63 (m, l H .  exchangeable with D20), 1.70 (d, 3H, A7.5 Hz); ms (mh): 267 (M++1), 

91 (100%). Calcd forC15Hz304: 267.1591. Found: 267.1596 (M++1). 

Diethyl (2R,3R)-2,3-O-[(E)-Crotylidene]tartrate (10) -- A mixture of L-(+)-diethy1 

tartrate (527 g, 2.56 mmol). crotonaldehyde diethyl acetal (454 g, 3.24 mol) and pyridinium p 

toluenesulfonate (PPTS) (7.10 g, 28 mmol) in benzene (1.8 1) was refluxed for 14 h. After 

cooling, the mixture was washed (HzO, sat. NaHC03, sat. NaCI), dried (MgS04), concentrated, 

and distilled under vacuum to give 10 (469 g, 71%) as a pale yeliow oil: bp 110-120 DCi0.3 torr; 

[a]ol' -26.7' (c 1.21. CHC13). ir (neat) v ,,,: 1745 cm-1; 1H nmr (CDCI3) 6: 5.40-6.50 (m, 3H). 

4.77(d, lH ,  J=7.0Hz),4.67(d, lH ,  J=7.0Hz),4.28(q,4H, J=80Hz), 1.78(d,3H,J=6.0Hz),1.32 

(t, 6H, J=8.0 Hz); ms (mlz): 259 (M++l), 185 (100%). Calcd for C12H1906: 259.1180. Found 

259.1164 (M++l). Anal. Calcd for C~~HISOS: C 55.80,H 7.03. Found: C 55.76. H 6.71. 
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(2S,3S)-l-O-Benzyl-2,3-0-[(E)-crotylidene]threitol (11) - TO a stirred solution of 

10 (254 g, 0.98 mol) in MeOH (1.6 1) was added NaBH4 (55.8 g. 1.48 mol) poriionwise at 0 'C. 

After stirring at the same temperature for 3.5 h, the reaction mixture was extracted SucCeSSiVely 

with Et20 and CH2C12. The combined extracts were washed (sat. NaCI), dried (MgSOd), and 

concentrated to give the crude diol (129 g) as a colorless oil. This product was used without 

purification. Ir (neat) v ,,: 3400 cm-1; 'H nmr (CDC13 6: 4.80-6.47 (m, 3H), 3.25-4.30 (m, 6H), 

2.47-3.25 (br s, 2H, exchangeable with D20). 1.74 (d, 3H, k 6 . 0  Hz); ms (mlz): 174 (M+), 143 

(100%). 

To a stirred suspension of NaH (60% wlw in oil. 12.9 g, 0.32 mol, washed with hexane) in DMF 

(500 ml) was added dropwise the above diol (53.4 g, 0.31 mol) in THF (500 mi) at 0 "C and the 

mixture was kept stirring at 0 "C for 0.5 h and at room temperature for 1 h. The mixture was then 

cooled to -20 'C and BnBr (39.1 ml, 0.33 mol) in THF (40 ml) was added to the mixture. Alter 

stirring at 0 'C for 1 h and at room temperature for 1 h, sat. NaHC03 was added to the reaction 

mixture. The mixture was concentrated and the residue was extracted with Et2O. The extract 

was washed (sat. NaCI), dried (MgSO4), and chromatographed (Si02, 20% AcOEt-hexane) to 

give 11 (52.1 g, 42% from diester) as a colorless oil. Ir (neat) v ,,,: 3325 cm-1: 1H nmr (CDCI3) 

6: 7.37 (s, 5H), 5.23-6.37 (m, 3H), 4.60 (s, 2H), 3.40-4.37 (m, 6H), 2.10 (br s, 1H, exchangeable 

with D20), 1.78 (d, 3H, k 6 . 0  Hz); Ms (mh): 264 (M+), 91 (100%). Calcd for C I ~ H ~ ~ O ~ :  

264.1360. Found: 264.1343 (M+) Anal. Calcd for C15H2004: C 68.16, H 7.63. Found: C 

67.75, H 7.55. 

(2S,3S)-l-O-Benzyl-2-O-[(E)-2-butenyl]threitol (12) - To a stirred solution of 11 

(115.3 g, 0.44 mOl) in toluene (1400 ml) was added diisobutylaluminum hydnde (31 1 ml, 1.75 

mmol) at 0 "C and the stirring was continued at the same temperature for 1 h. 28% NHdOH, 

THF, and MeOH were added at 0 "C, and the mixture was stirred at room temperature for 15 

days. After filtration (Celite), the filtrate was concentrated and chromatographed (Si02, 25% 

AcOEt-hexane) to give 12 (86.3 g, 74%) as a colorless viscous oil: [a]$6 +12.7' (c 1.15. MeOH). 

Ir (neat) v ,,: 3420 cm-1; 1H nmr (CDC13) 6: 7.28 (s, 5H), 5.18-5.79 (m, 2H), 4.50 (s, 2H), 3.91- 

4.39 (m, ZH), 3.30-3.91 (m, 4H), 2.80 (s, 2H, exchangeable with D20), 1.68 (d, 3H, A6.0  Hz); ms 

(mh): 267 (M++l), 91 (100%). Calcd for C15H2304: 267.1597. Found: 267.1619 (M++l). 

Formation of the trans-Adduct (3) from the 2-Diol (9) - To a stirred solution of the 

I-1.2-diol (9) (8.85 g. 33.27 mmol) in MeOH (30 ml) was added a solution of aq. Na104 (7.48 g, 

34.93 mmol in H20 30 ml) dropwise at 0 "C and the reaction mixture was stirred at the same 



temperature for 0.5 h. The mixture was extracted with Et20 and the extract was washed (sat. 

NaCI), dried (MgS04), and concentrated below 20 "C to give the crude Z-giyceraidehyde (IZ) 

which was used without purification. A mixture of 12, Meldrum's acid (6.23 g, 43.25 mmol), and 

ethylenediamrnonium diacetate (240 mg, 1.33 mmol) in 2-propanol (100 ml) was stirred at room 

temperature for 3.5 h. After removal of the solvent, the residue was extracted with Et20. The 

extract was washed (H20, sat. NaHC03, sat. NaCI), dried (MgSOa), and concentrated to give the 

trans-adduct 3 (10.28 g) as a yellow oil. Since the product was too unstable to purify, the crude 

product was immediately used for the next reaction. 

Formation of  the  trans-Lactone (13a) f r o m  the trans-Adduct (3) - The above 3 

(10.28 g) was refluxed in aq. 1.4-dioxane (100 ml, 30%) for 19 h. After the mixture was extracted 

with Et20, the extract was washed (sat. NaHC03, sat. NaCI), dried (MgS04), concentrated. and 

chromatographed (Si02, 33% THF-hexane) to give the trans-lactone (13a) (6.14 g, 67%) as a 

colorless viscous oil which crystallized on standing. Recrystallization from Et20  gave colorless 

needles: mp 79.5-81.5 "C; [ a l p  -791" (c0.95, CHCI3). ir (Nujol) v ,,,: 1720 cm-1; l H  nmr 

(CDC13) 6: 7.27 (s, 5H). 4.46-5.26 (m. 1H). 4.53 (5, 2H), 3.30-4.30 (m. 5H), 2.10-3.07 (m, 3H). 

1.57-2.10 (m, l H ) ,  1.33 (d, 3H, J=7.0 Hz): ms (rnlz): 276 (M+), 91 (100%). Calcd tor C16H2104: 

277.1439. Found 277.1439 (M++1). Anal. Caicd for C1SH2004: C 69.54, H 7.30. Found: C 

69.29, H 7.52. In these conversions, a pait of the product 13a was transformed into the seco- 

acid which, however, was readily recovered and reverted to the lactone 13a on reflux in toiuene 

for 12 h in the presence of acatalytlc amount of PPTS. 

Formation of  the  cis-Adduct (4) f r o m  the E-Dial (12) - To a stirred solution of E- 

1.2-diol (12) (59.00 g, 0.22 mol) in MeOH (400 ml) was added a solution of aq. Nai04 (61.68 g, 

0.29 mol in Hz0  400 mi) dropwise at 0 'C and the reaction mixture was stirred at the same 

temperature for 3 h. After filtration (Celite), the filtrate was extracted with Et20. The extract was 

washed (sat. NaCi), dried (MgS04), and concentrated below 20 "C to give the crude E- 

glyceraidehyde ( 1 4  whlch was used without purification. A mixture of IE, Meldrum's acid 

(32.92 g, 0.23 mol), and ethylenediammonium diacetate (1.60 g. 8.87 mmol) in 2-propanol (500 

ml) was stirred at 0 "C for 2 h and at room temperature for 13 h . Atter removai of the solvent in 

vacuo, the residue was extracted with Et20. The extract was washed (sat. NaHCO,, sat. NaCI). 

dried (MgS04). and concentrated to give the crude adduct 4 (64.10 g). Since the product was 

too unstable to purify, the crude product was immediately used for the next reaction. 
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Formation of the cis-Lactone (13b) from the cis-Adduct (4) - The above 4 (64.10 

g) was refluxed in aq. 1 ,4-dioxane (600 ml, 33%) for 3.5 h. After removal of the solvent, the 

residue was extracted with Et20. The extract was washed (sat. NaHC03, sat. NaCI), dried 

(MgS04), concentrated, and chromatographed (SiOz. 25% AcOEt-hexane) to give cis-lactone 

(34.87 9, 57% overall from 12) as a colorless viscous oil which crystallized on standing. 

Recrystallization from Et20-hexane gave colorless needles: mp 49.5-50.0 "C; [a]oZ5 -93.0" (c 

1.00, CHCI3). Ir (Nujol) v ,,: 1745 cm-'; 'H nmr (CDCI3) 6: 7.29 (s, 5H), 4.56 (s, ZH), 3.29-4.30 

(m, 6H), 2.1 1-2.71 (m, 4H), 1.33 (d, 3H, J=6.9 Hz); ms (mlz): 227 (M++l), 91 (100%). Calcd for 

CISH2,O4: 277.1438. Found 277.141 1 (M++l). Anal. Calcd for C16Hz004: C 69.54, H 7.30. 

Found: C 69.29, H 7.52. 

(3R,4S,5S)-5-Hydroxy-4-hydroxymeihyl-3-vinylhexanoc Acid Lactone (17a) - 
- A  solution of the lactone (13a) (6.78 g, 21.06 mmol) in EtOH (70 ml) was hydrogenated over 

10% palladized-carbon (680 mg) with a catalytic amount of cow. HCI under atmospheric 

pressure at room temperature for 3 h. After removal of the catalyst by filtration, the filtrate was 

concentrated to give ethyl (3R,4S,5R)-5-hydroxy-4-hydroxymethyl-3-vinylhexanoate (5.18 g, 

quant.) by concurrent ethanolysis of 14a. Ir (neat) v ,,,: 3400, 1720 cm-1; 'H nmr (CDCI3) 6: 

4.13 (q, 2H, J=70 Hz), 3.27-4.37 (m, 6H), 1.67-3.07 (m, 6H, 2H exchangeable with D20), 1.23 (t, 

3H, J=7.0 Hz), 1 .I 7 (d, 3H, J=6.0 Hz); ms (miz): 201 (M+-31), 109 (100%). 

A mixture of the above seco-ester (417 mg, 1.79 mmol) and ptoluenesulfonyl chloride (586 mg, 

3.06 mmol) in pyridine (10 ml) was stirred at room temperature for 40 h. After removal of the 

solvent using a vacuum pump, the residue was extracted with Et20. The extract was washed 

(H20. 5% HCI, sat. NaHC03, sat. NaCI), dried (MgS04), concentrated, and chromatographed 

(302, 50% AcOEt-hexane) to give ethyl (3R.4S,5S)-5-hydroxy-4-(ptoluenesulfony~oxymethyl-3- 

vinylhexanoate (15a: seco-ethyl ester) (485 mg, 70%) as a colorless oil: [a]o28 -17.5O (c 0.84, 

CHC13). Ir (neat) v ,,: 3500, 1730 cm-'; 'H nmr (CDCI3) 6: 7.82 (d, 2H, A8.0 Hz), 7.32 (d, 2H, 

J=8.0 Hz), 4.13 (q, 2H, JM.0 Hz), 3.56-4.40 (m, 6H), 2.42 (s, 3H), 1.67-2.67 (m, 5H. 1H 

exchangeable with DzO), 1.25 (t, 3H, J=6.0 Hz), 1.13 (d, 3H, J=6.0 Hz); ms (mlz): 370 (M+-16). 

202 (1 00%). 

A mixture of the above tOSylate (1 08 rng. 0.22 mmoi) and Nal (259 mg. 1.73 mmol) in 2-butanone 

(2 ml) was refluxed for 17 h. After removal of the solvent, the residue was extracted with Et20. 

The extract was washed (HzO, 5% Na2S203, sat. NaCI), dried (MgS04), and concentrated to 

give the iodide (16a: seco-ethyl ester) (96 mg, 97%) as a colorless oil. Ir (neat) v ,,,: 3450. 



1725 cm-1; 'H nmr (CDCI3) 6: 4.20 (q, 2H. J=7.0 Hz), 3.10-4.47 (m, 6H), 1.77-2.77 (m, 5H. 1 H 

exchangeable with D20). 1.32 (t, 3H, J=7.0 Hz), 1.28 (d, 3H, J=6.0 Hz); ms (mlz): 343 (M++l), 

216 (100%). 

A suspension of the above iodide (4.14 g, 12.1 1 mmol) and activated zinc dust (3.96 g, 60.55 

mmol) in 95% aqueous EtOH (70 ml) was refluxed for 1.5 h. After removal of the solvent, the 

residue was extracted with CH2C12. The extract was washed (sat. NaCI), dried (MgS0.4, and 

concen-traled to give a mixture of the laclone (17a) and its seco-ester which was refluxed in 

toluene (60 ml) for 12 h. After removal of the solvent, the residue was chromatographed (SiOz, 

75% Et20-hexane) to give the desired trans-vinyl alcohol (17a) as a colorless oil accompanied 

by a minor amount of the inseparable isomeric by-product (ca. 5:l) generated by lactone 

exchange (1.64 g. 80% overall from 13a). Ir (neat) v ,,: 3450. 1720 cm-1; 1H nmr (CDCI,) 6: 

5.50-6.17 (m, 1H). 4.50-5.43 (m, 3.33H), 3.73 (d, 1.67 H, A7.0 Hz), 1.67-3.03 (m, 5H, 1H 

exchangeable with DzO), 1.40 (d, 2.51 H, J=7.0 Hz), 1.30 (d, 0.49 H, A6.0 Hz); ms (mlz): 171 

(M++I). 43 (100%). Calcd for C~HE,O~: 171.1019. Found: 171.1008 (M++l). Anal. Calcd for 

C9H14O3: C 63.51, H 8.29. Found: C 63.03, H 8.65. 

(4S,5R)-5-[(1S)-Hydroxyethyll-4-vinylpiperidin-2-one (20a: X=O) - A mixture 

of the above lactone (17a) (1.64 g, 9.64 mmol), triphenylphosphine (3.28 g, 12.53 mmol), and 

phthalimide (1.84 g. 12.53 mmol) in THF (50 ml) was stirred with diisopropyl azodicarboxylate 

(2.47 ml, 12.53 mmOl) at 0 "C for 0.5 h and at room temperature for 0.5 h. After removal of the 

Solvent, the residue was chromatographed (Si02, 67% Et2O-hexane) to give the imide (18a) 

(2.85 g )  In these conversion the contaminated secondary alcohol was decomposed 

presumably by prevailed elimination reaction. The imide (Ma) (61 mg. 0.204 mmol) was then 

refluxed with 90% hydrazine hydrate (20.4 mg. 0.41 mmol) in EtOH (2 ml) for 0.5 h. After 

removal of the Solvent, CHCI3 was added to the residue and the mixture was filtered. The filtrate 

was evaporated and chromatographed (Si02, 1% MeOH-CH2CI2) to give the lactam (20a: X=O) 

(30 mg, 84% Overall from the vinyl alcohol) as a colorless solid which was recrystallized from 

El20 to give colorless needles: mp 182.5-183.5 "C; [a]$3 114.9' (c0.94. MeOH). Ir (Nujoi) 

v ,,,: 3450, 3200. 1660 cm-'; 'H nmr (CDCI3, CD30D) 6: 6.90 (brs), 4.89-6.13 (m, 3H). 2.97- 

4.01 (m, 4 4 ,  2.30-2.93 (m, 3H), 1.53-2.23 (m, 1 H), 1.27 (d. 3H. J=7.0 Hz); ms (miz): 170 (M++l), 

169 (M+), 121 (100%). Calcd for CgH16N02: 170.1179. Found: 170.1166 (M++l). Anal. Calcd 

for C9H15N02: C 63.88. H 8.94, N 8.28. Found: C 63.75, H 9.07, N 8.12. 
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(3S,4S)-l-Carbomethoxy-4-[2-hydroxyeihyl)-3-[(lS)-hydroxyethyl]piperidine 

(21 a) - A mixture of 20a (X=O) (151 mg, 0.89 mmol) and LiAIH4 (170 mg, 4.47 mmol) in 

THF (4 ml) was refluxed for 16 h. After quenching the reaction by addition of 28% NH40H, the 

reaction mixture was filtered (Ceiite). The filtrate was concentrated to give the amine (20a: 

X=H2) (143 mg, 100%) as a colorless oil. Ir (neat) v ,,,: 3350, 3300, 1640 cm-1: 1H nrnr (CDCI3) 

6: 5.53-6.43 (m, 1H). 4.87-5.40 (m, 2H). 1.22 (d, 3H, J=6.0 Hz). 

A mixture of 20a (X=Hz) (770 mg, 4.97 mmol), Et3N (2.18 ml, 15.6 mmol), and CIC02Me (0.40 

mi, 5.20 mmol) in CHzCIz (20 ml) was stirred at room temperature for 0.5 h. The mixture was 

extracted with CHzCI2 and the extract was washed (5% aq. HCI, sat. NaHC03, sat. NaCI), dried 

(MgS04). and concentrated, and chromatographed (SO2. Et20-hexane 1 :1 vlv) to give the vinyl- 

carbamate (860 mg. 72%) as a colorless oil: [a]oZ4 -43.7' (c 1.06, CHCI3). Ir (neat) v ,,,: 3400, 

1670 cm-I; 'H nmr (CDC13) 6: 5.80-6.47 (m, lH ) ,  4.90-5.33 (m, 2H). 2.88-4.40 (m, 5H). 3.72 (s, 

3H). 2.37-2.88 (m, 1 H), 2.12 (br s, 1 H, exchangeable with D20). 1.46-2.03 (m, 3H). 1.23 (d, 3H, 

J=6.0 Hz); ms (mlz): 214 (M++1), 213 (M+), 88 (100%). Calcd for CIIHZOO~N: 214.1442. Found 

214.1417 (M++1). Anal. Calcd forCiiH1903N: C 61.94, H 8.98, N, 6.57. Found: C 61.66, H 

8.98. N 6.30. 

TO a stirred solution of the carbamate (827 mg, 3.88 mmol) in THF (20 mi) was added 0.5 M 

dicyciohexylborane in THF (19.41 ml, 9.71 mmol) and the reaction mixture was stirred at room 

temperature for 2.5 h. After cooling to 0 "C, MeOH (5.0 ml), 3N NaOH (3.4 mi), and 30% H202 

(3.3 ml) were added successively to the reaction mixture and the mixture was heated at 50 'C for 

1 h. After removal of the solvent, the residue was extracted with Et20 and the extract was 

washed (sat. NaCI), dried (MgS04), concentrated, and chromatographed (Si02, 3% MeOH-Et20) 

to give the diol (21a) (950 mg, quant.) as a colodess oil: [a]$4 -20.0" (c 1.30, MeOH). Ir (neat) 

v ,,,: 3400, 1675 cm-I; 'H nmr (CDCi3) 6: 3.70 (s, 3H), 2.97-4.20 (m, 7H), 2.37-2.93 (br s, 2H, 

exchangeable with D20). 1.30-2.33 (m, 6H), 1.30 (d, 3H, J=7.0 Hz); ms (mlz): 231 (M+), 88 

(100%). Calcd for CljH22N04: 232.1548. Found: 232.1538 (M++1). Anal. Calcd for 

CilHziN04: C 57.12, H 9.15. N 6.06. Found: C56.65, H 9.17, N 5.77. 

(3R,4R,5S)-5-Hydroxy-4-hydroxymethyl-3-vinylhexanoic Ac id  Lactone (17b) - 

The cislactone (13b) (6.51 g, 23.59 mmol) was hydrogenated over 10% paliadized carbon 

(610 mg) in EtOH (150 ml) containing a catalytic amount of conc. HCI under atmospheric 

pressure at room temperature for 5.5 h. After removal of the catalyst by filtration, the filtrate was 

concentrated to give the alcohol (14b) (4.20 9) as a colorless oil. Ir (neat) v ,,,: 3450, 1735 



cm-l; l H  nmr (CDCI,) 6: 3.33-4.63 (m, 6H), 1.83-2.87 (m, 5H, 2H exchangeable with DzO), 1.37 

(d. 3H. A6.0 Hz); ms (mlz): 187 (M++1). 81 (100%). A mixture of 14b (4.20 g) and p 

toluenesulfonyl chloride (5.95 g, 31.20 mmol) in pyridine (120 ml) was stirred at room 

temperature for 10 h. After removal of the solvent using a vacuum pump, the residue was 

extracted with Et20. The extract was washed (5% HCI, sat. NaHCO,, sat. NaCI), dned (MgS03, 

and concentrated to give the tosylate (15b) (6.94 g) as colorless needles which was used 

without purification. For the analytical purpose, a small amount of the product was purified by tlc 

(silica gel, AcOEt) followed by reclystallization (CHzCIz-EtzO) to give a pure sample: rnp 156- 

157 'C: [a]olB-81 .loQ (c 1.05. CHCI,). Ir (Nujol) v mar: 1740, 1355. 1180 cm-1; 1H nmr (CDCI3) 

6: 7.77 (d. 2H. J=10 Hz), 7.33 (d, 2H. J=lO Hz), 3.33-4.55 (6H, m). 2.13-2.90 (m, 7H), 1.33 (d, 

3H, J=6.0 Hz); rns (mlz): 341 (M++1), 155 (100%). Calcd fOrC16H2106S: 341.1057. Found: 

341.1016 (M++l). Anal. Calcd for Cl6HZ1O6S: C 56.46. H 5.92, S 9.42. Found: C 56.52. H 

6.05. S 9.65. A mixture of 15b (6.94 g) and sodium iodide (14.15 g, 94.36 mmol) in 2-butanone 

(150 ml) was refluxed for 12 h. After removal of the solvent, the residue was extracted with EtzO. 

The extract was washed (H20, 5% Na2S203, sat. NaCI), dned (MgS04). and concentrated to 

give the iodide (16b) (5.44 g) as colorless needles which were used without purification. 

Recrystallization (CH2CI2-Et20) gave an analytically pure sample: mp 125.5-126.5 'C; [a]@ 

-76.80' (c0.66, CHCI3). Ir (Nujol) v ,,,: 1720 cm-1; l H  nmr (CDCI,) 6: 3.40-4.57 (m, 4H), 3.23 

(d, 2H, J=7.0 Hz), 2.10-3.10 (m, 4H), 1.37 (d, 3H, J=7.0 Hz): ms (mlz): 297 (M++l), 296 (M+), 

155 (100%). Calcd for CgH13031: 295.9907. Found: 295.9907 (M+). Anal. Calcd for CgH13031: 

C 36.51, H 4.43. Found: C 36.67. H 4.50. 

A mixture of 16b (5.44 g) and activated zinc dust (1 1.62 g, 0.18 mol) in 95% aqueous EtOH (ZOO 

ml) was heated at 60 'C for 2 h, and at reflux for 0.5 h. After filtration (Celite), the filtrate was 

concentrated and chromatographed (Si02, Et20) to give the desired 17b as a colorless oil 

accompa-nied by the inseparable isomeric by-product generated by lactone exchange (2.90 g, 

72% overall from the benzyl ether). Ir (neat) v ,,,: 3450, 1740, 1640 cm-1; 'H nmr (CDCI,) 6: 

5.50-6.17(m, IH),4.87-5.30(m,2H),4.47(dq,0.6H, J=7.9,6.0Hz),4.11-4.39(m, 1.2H),3.94 

(dq, 0.4H, J=6.0, 3.6 Hz), 3.54-3.85 (m, 0.8H), 2.13-3.09 (m, 3H), 1.69-2.06 (m, lH), 1.61 (s, 1H, 

exchangeable with DzO), 1.40 (d, 1.2H, J=6.0 Hz). 1.24 (d, 1.8H, A6.0 Hz); ms (mh): 171 

(M++1). 43 (100%). Calcd for CgH1~03: 171.1021. Found: 171.1031. 

(4S,5S)-5-[(lS)-Hydroxyethyl]-4-vinylpiperidin-2-one (20b: X=O) - A mixture 

of the lactone (17b) (2.66 9, 15.65 mmol), triphenylphosphine (6.15 g, 23.47 rnmol), and phthal- 
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imide (3.45 g, 23.47 mmol) in THF (75 ml) was stirred with diisopropyl azodicarboxylate (4.62 ml, 

23.47 mmol) at 0 "C for 10 min and then at room temperature for 0.5 h. After removal of the 

solvent, the residue was chromatographed (Si02. 67% Et20-hexane) to give the imide ( lab) 

(3.90 g) which was then refluxed with 90% hydrazine hydrate (1.29 ml, 26.58 mmol) in EtOH (40 

ml) for 0.5 h. After removal of the solvent, CHCI3 was added to the residue and the mixture was 

filtered. The filtrate was evaporated and chromatographed (MPLC, Si02, 1% MeOH-CHzCi2) to 

give the lactam isomer (4S,5R,6R)-3-hydroxymethyl-6-methyl-4-vinylpiperidin-2-one (260 mg. 

10% overall from the lactone 17b from the contaminated lactone by-product) as the less polar 

fraction as a colorless viscous Oil: [aID22 -9.6- (c0.85, CHCI3). Ir (neat) v max: 3230. 1655 cm-1; 

'H nmr (CDCI3) 6: 5.63-6.63 (m, 3H), 4.87-5.43 (m, 2H), 3.47-4.50 (m, 3H), 1.73-3.27 (m, 4H), 

1.28 (d. 3H, J=7.0 Hz); ms (mh): 170 (M++l), 169 (M+), and the desired lactam (20b: X=O) 

(680 mg, 26% from the lactone (17b)) as the more polar fraction as colorless plates which was 

recrystallized from CHC13: mp 123-124.5 "C; [a1021 -93.6" (c 1.03, CHCi3). Ir (Nujol) v ,,,: 

3400. 3300, 1655 cm-'; 'H nmr (CDCI3) 6: 6.85-7.49 (br s, 1 H). 5.40-6.10 (m, 1 H), 4.90-5.40 (m. 

2H), 3.97 (dq, lH ,  J=6.6, 6.0 Hz), 2.91-3.73 (m, 3H), 1.56-2.90 (m, 4H), 1.18 (d, 3H, A6 .6  Hz); 

ms (mlz): 170 (M++l), 123 (100%). Calcd for CsHlsN02: 170.1 181. Found: 170.1776 (M++l). 

Anal. Calcd for CoH15NO: C 63.88, H 8.94, N 8.28. Found: C 63.73, H 9.16. N 8.28. 

(3R,4S)-l-Carbomethoxy-4-(2-hydroxyethyl)-3-[(lS)-hydroxyethyl]piperidine 

(21 b) - A mixture of the lactam (20b: X=O) (300 mg, 1.78 mmol) and LiAIH4 (202 rng, 

5.33 mmOl) in THF (7 ml) was refiuxed for 3 h. After quenching the reaction by addition of 28% 

NH40H, the reaction mixture was filtered (Celite). The filtrate was concentrated to give the 

arnine (20b: X=H2) (254 mg) as a colorless amorphous solid. Ir (neat) v ,,: 3330, 1645 cm-1; 

'H nmr (CDC13) 6: 5.40-6.10 (m, lH),  4.80-5.37 (m, ZH), 3.93 (dq, lH ,  J43.0, 4.0 Hz), 1.08 (d, 3H 

J=6.0 Hz), 0.70-3.63 (m, 10 Hz): ms (mlz): 155 (M+), 31 (100%). 

A mixture of 20b (X=H2) (254 mg), Ef3N (0.69 ml, 4.91 mmol), and CIC02Me (0.17 ml. 2.13 

mmol) in CHzCI2 (5 ml) was stirred at room temperature for 0.5 h. The mixture was extracted 

with CH2C12 and the extract was washed (5% aq. HCI, sat. NaHC03, sat. NaCI), dried (MgS04). 

and concentrated to give the vinyl-carbamate (340 mg) as a pale yellow oil. Ir (neat) v mex: 

3350, 1700 cm-'; 'H nmr (CDC13) 6: 4.87-5.10 (m, 3H), 3.68 (s, 3H), 3.57-4.50 (m, 3H), 1.25- 

3.30 (m, 8H), 1.97 (s, 1H. exchangeable with D20), 1.16 (d, 3H, J=7.0 Hz); ms (mlz): 213 (M+), 

89 (100%). 



TO a stirred solution of the carbamate (340 mg) in THF (8 ml) was added 0.5 M dicyclohexyl- 

borane in THF (8.38 ml, 4.19 mmol) and the reaction m~xture was stirred at room temperature for 

2.5 h. Afiercooling to 0 "6,  EtOH (3.3 ml), 3N NaOH (2.2 ml), and 30% Hz02 (2.3 ml) were 

added successively to the reaction mixture and the mixture was heated at 50 'C for 1 h. After 

removal of the solvent, the residue was extracted with Et20 and the extract was washed (sat. 

NaCI), concentrated, and chromatographed (Si02. 5% MeOH-CHCI3) to give the diol (21b) (405 

rng, 99% overall from 20b (X=Hz)) as a colorless viscous oii: [ a l ~ ~ l  -13.0" (c 0.63, MeOH). ir 

(neat) v ,,,: 3400, 1680 cm-l; 'H nmr (CDC13) 6: 3.34-4.24 (m. 5H), 3.64 (s. 3H), 2.54-3.31 (m, 

2H). 2.79 (5 ,  2H, exchangeable with D20), 0.84-2.17 (m, 6H), 1.22 (d, 3H, J=7.0 Hz); ms (miz): 

231 (M+). 89 (100%). Calcd for C l l H z 1 0 ~ N :  231.1469. Found: 231.1461 (M+). 

(3S,4S)-1-Carbomethoxy-3-[(lSJ-hydroxyethyl]piperidine-4-carboxylic Acid 

Lactone (22) - A suspension of 21a (39 mg, 0.17 mmol) and Fetizon reagent (200 mg) 

in benzene (3.5 ml) was azeotropically refluxed for 9.5 h. Afier removal of the reagent by 

flitration (Celite). the filtrate was concentrated to give the lactone (22) (19 mg. 50%) as a color- 

less viscous oil: [a]$6 -761" ( ~ 0 . 4 2 ,  MeOH). Ir (neat) v ,,,: 1730, 1695 cm-1; 'H nmr (CDC13) 

6: 3.75-4.83 (m, 3H), 3.75 (s, 3H), 2.07-3.40 (m, 4H), 1.45 (d, 3H. J&.0 Hz), 1.23-2.34 (rn, 4H); 

ms (mlz): 227 (M+), 140 (100%). Calcd forC11H17N04: 227.1156. Found: 211.1145 (M+). 

(3R,4S)-1-Carbomethoxy-4-(2-hydroxye1hyl)-3-I(1 S)-hydroxyethylJpiperidine 

(24a) - A mixture of the diol (21a) (145 mg. 0.63 mmol) and benzoyl chloride (0.09 mi. 

0.76 mmOl) in pyridine (5 ml) was stirred at room temperature for 35 h. Afier removal of the 

solvent undervacuum, the residue was extracted with Et20. The extract was washed (5% HCI, 

sat. NaHC03. sat. NaCI), dried (MgS04), and chromatographed (Si02, 80% Et20-hexane) to 

give (3S,4S)-4-(2-benzoyiouyethyl)-l-carbomethoxy-3-[(1S)-hydroxyethyl]piperidine (149 mg, 

71%, 83% based on the consumed starting material): [alo28 -15.3" (c0.98, CHCI3). Ir (neat) 

v ,,,: 3425, 1700 cm-7; 'H nmr (CDCI3) 6: 7.93-8.27 (m, ZH), 7.33-7.73 (m, 3H), 2.93-4.60 (m, 

7H), 3.70 (s, 3H), 2.43 (br s. l H ,  exchangeable with D20), 1.28 (d, 3H, A6 .0  Hz), 1.10-2.27 (m, 

6H): ms (mh):  335 (M+), 105 (100%). Calcd for Cl8HZ5NO5: 335.1732. Found: 335.1737 (M+). 

A mixture of the above benzoate (193 mg, 0.58 mrnol), tri-n-butylphosphine (0.57 ml. 2.30 

mmol), and benzoic acid (281 mg, 2.30 mmol) in THF (7 mi) was stirred with diisopropyl 

azodicarboxylate (0.45 ml. 2.30 mrnol) at 0 'C for 1 h and then at room temperature for 11 h. 

Afier removal of the soivent. the residue was chromatographed (SiOz, 67% Et20-hexane) to give 

the dibenzoate which was treated with K2C03 (400 mg) in MeOH (5 ml) at room temperature for 
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15 h followed by 3N NaOH (1.5 mi) at room temperature for 1.5 h with stirring. The mixture was 

extracted with CH2CI2 and the extract was washed (sat. NaCI), dried (MgSOd), and 

chromatographed (Si02, 67% Et20-hexane) lo give the elimination product, (45)-1-carbo- 

methoxy-3(Z)-ethylidene-4-(2-hydroxyethyl)piperidine (69 mg. 56%) as the less polar fraction as 

a colorless oil: [aIo25 -18.1" (c 1.89, MeOH). Ir (neat) v ,,: 3430, 1690 cm-1; 1H nmr (CDC13) 6: 

5.35 (q, lH ,  A9.0  Hz), 4.03 (br S, ZH), 3.70 (s, 3H), 3.40-3.93 (m, 4H), 2.13 (s, lH,  exchangeable 

with D20), 1.74 (d, 3H, A9.0 Hz), 1.00-2.67 (m, 5H); ms (mlz): 214 (M++i), 213 (M+), 168 

(100%). Calcd for CllHI9NO3: 213.1365, Found: 213.1368 (M+) and the desired diol (24a) 

(52 mg, 39%) as the more polar fraction as a colorless oil: [aID26 -1 8.0' (c 0.95. MeOH). Ir 

(neat) v ,,,: 3400. 1680 cm-1; 1H nmr (CDCI3) 6: 3.60 (s, 3H). 3.33 (br s, 2H, exchangeable with 

D20), 1.27 (d, 3H, J=6.0 Hz), 1 .10-4.07 (m, 13 H); ms (mlz): 231 (M+), 88 (100%). Calcd for 

C T ~ H ~ ~ N O ~ :  232.1547. Found: 232.1532 (M++l). 

(3R,4S)-1-Carbomethoxy-3-[(lS)-hydroxyethyl~piperidine-4-carboxyllc Acid 

Lactone (25) - A suspension of the above diol (24a) (51 mg, 0.22 rnmol) and Fetizon 

lactone 25 (34 mg, 68%) as colorless prisms (EtzO) whose spectral data (ir, nmr, and ms) were 

identical with those of the known antipode: mp 78581.5 "C (iit.11: mp 78-80 'C); [aID25 -36.2' 

(c0.68. MeOH) (lit.11: ( ~ 1 ~ 2 5  +32.2" (c 1 .O, MeOH)]. 

(3R,4S)-1-Carboxymethyl-3-[(lS)-hydroxyethyl]plperldine-4-carboxyllc Acid 

Lactone (23) - A suspension of 21b (410 mg. 1.78 mmol) and Fetizon reagent (1435 

mg) in benzene (15 ml) was azeotropicaiiy refluxed for 9.5 h. After filtration (Celite), the filtrate 

was concentrated to give crude 23 which on recrystallization (Et20) gave pure 23 (380 mg, 

94%) as coloriess needles: rnp 144-145 OC; [a]DZ2 t10.8" (c 1.02, MeOH). Ir (Nujol) v ,,,: 3400, 

1690 cm-1; 'H nmr (CDC13) 6: 3.93-4.43 (m, 2H), 4.08 (dq. lH,  J=6.4, t l  Hz), 3.68 (s, 3H), 1.40 

(d. 3H, J=6.4 Hz), 0.73-3.17 (m, 8H); ms (mlz): 228 (M++l), 227 (M+), 140 (100%). Calcd for 

C I I H ~ ~ O ~ N :  228.1234. Found: 228.1201 (M++l). Anal. Calcd forCllH17N04: C 58.13, H 7.54. 

N6.16. Found: C58.15.H7.65,N6.16. 

(3R,4S)-I-Carbomethoxy-4-(2-hydroxyethyl)-3-[(l R)-hydroxyethyllpiperidine 

(24b) - A mixture of 21b (254 mg, 1.10 mmoi) and benzoyl chloride (0.16 ml, 1.33 mmol) 

in pyridine (5 ml) was stirred at room temperature tor 23 h. After removal of the solvent using a 

vacuum pump, the residue was extracted with Et20. The extract was washed (5% HCI, sat. 

NaHC03, sat. NaCI), dried (MgSOa), and chromatographed (SiO2, 80% Et20-hexane) to give 



(3R.4~-4-(2-ben~oyloxyethyl)-1-carbomethoxy-3-[(1 S)-hydroxyethyllpiperidine (280 mg, 76%) 

as a colorless oil. Ir (neat) v ,,: 3425, 1695 cm-1; 1H nmr (CDCI3) 6 :  7.88-8.23 (m, 2H). 7.33- 

7.73 (m, 3H), 3.67-4.67 (m, 5H), 3.67 (s, 3H), 2.67-3.37 (m, 2H), 2.17 (s, 1 H, exchangeable with 

D@), 1.20 (d, 3H, J=60 Hz), 1.06-2.57 (m, 6H); ms (mlz): 336 (M++1), 335 (M+), 105 (100%). 

Calcd for C ~ ~ H Z ~ N O S :  335.1733. Found 335.1754 (M+). 

A mixture of the above benzoate (64 mg, 0.19 mmol), triphenylphosphine (55 mg, 0.21 mmol). 

and benzoic acid (26 mg, 0.21 mmol) was stirred with diisopropyl azodicarboxylate (0.04 ml, 

0.21 mmol) at room temperature for 2.5 h. Afler removal of the solvent, the residue was 

chromatographed (Si02) to give crude (3R.45)-3-[(I R)-benzoyloxyethyl]-4-(2-benzoyl0xy)-1. 

carbomethoxypipendine which was refluxed with 10% aq. NaOH in THF (50%, 3 ml) for 13 h 

Afler cooling, the mixture was extracted with CH2CI2 and the extract was washed (sat. NaCI), 

dried (MgSOn). and chromatographed (Si02, 10% MeOH-Etz0) to give 24b (40 mg, 69% overall 

from 21b) as a colorless oil: [ a l ~ 2 ~ - 1 . 6 ~  (c0.42, MeOH). Ir (neat) v ,,,: 3300, 1680 cm-l; 1H 

nmr (CDC13) 6: 3.57-4.37 (m, 5H), 3.70 (s, 3H), 2.67-3.33 (m, 4H, 2H exchangeable with D20), 

1.27 (d. 3H. J=6.0 Hz), 0.90-2.30 (m. 6H); ms (mlz): 232 (M++l), 231 (M+), 168 (100%). Calcd 

for CllH22N04: 232.1547. Found: 232.1530 (M++1). 

(3R,4S)-l-Carboxymethyl-3-[(lR)-hydroxyethyl]piperidine-4-carboxylic Acid 

Lactone (26) - A suspension of the diol (24b) (47 mg, 0.20 mmol) and Fetizon reagent 

(670 mg) in benzene (6 ml) was refluxed as described for the lactone (23) for 12 h. Aner 

filtration (Celite), the filtrate was concentrated and chromatographed (Si02. Et20) to give the 

lactone (30 mg, 65%) as a colorless oil: [a]# +41.7" (c 0.59, MeOH). Ir (neat) v ,,,: 1730. 

1695 cm-l; 'H nmr (CDCI3) 6: 4.69 (dq, 1 H. A6.6, 4.4 Hz), 3.91-4.47 (m, 2H), 3.69 (s, 3H), 1.20- 

2.94 (m, 8H), 1.30 (d, 3H. J=6.6 Hz); ms (mh): 228 (M++l), 227 (M+). 88 (100%). Calcd for 

Cl1Hl8NO4: 228.1235. Found: 228.1200 (M++1). 

Formation of the cis-Lactone Ester (27) from the E-Diol (12) - To a stirred 

solution of 12 (29.83 g, 0.1 1 mol) in MeOH (300 ml) was added Na104 (28.80 g, 0.14 mol) in 

Hz0 (200 ml) at 0 "C and the mixture was stirred at the same temperature for 2 h. Afler filtration 

(Celite), the filtrate was extracted with Et20. The extract was washed (sat. NaCI), dried (MgS04), 

and concentrated to give the aldehyde (IE) (26.09 g) as a pale yellow oil. A mixture of 1E 

(26.09 g), Meldrum's acid (16.14 g. 0.11 mol). and ethylenediammonium diacetate (403 mg, 

2.24 mmol) in MeOH (250 ml) was stirred at room temperature for 20 h. ARer removal of the 

solvent, the residue was extracted with Et20. The extract was washed (sat. NaHC03, sat. NaCI), 
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dried (MgSO& and evaporated to give the unstable adduct 4 (36.47 g) as a pale yellow oil 

which was refluxed in MeOH (300 ml) for 4.5 h. Alter removal of the solvent, the residue was 

extracted with Etz0. The extract was washed (sat. NaHCO3, sat. NaCI), dried (MgSOa), 

concentrated, and chromatographed (Si02, 50% AcOEt-hexane) to give the methyl ester (27) 

(18.53 g, 50% Overall) as a colorless viscor;s oil: [ a ] P  -57.30' (c 1.41. CHC13). Ir (neat) v ,,,: 

1740, 1730 cm-'; 'H nmr (CDC13) 6: 7.27 (5, SH), 4.52 (s, 2H), 3.68 (s, 3H), 3.40-4.47 (m, 7H), 

2.20-3.27 (m, 2H), 1.33 (d, 3H, A6.0 Hz); ms (mlz): 334 (M+), 91 (100%). Calcd for C18H2206: 

334.1415. Found: 334.1395 (M+). Anal. Calcd for C18H2206: C 64.65, H 6.63. Found: C 

64.64. H 6.47. 

(1 R,4S,8R,9S)-1-Benzyloxymethyl-7-carbomethoxy-4-methyl-4,5,8,9-ietrahydro- 

2,5-dioxaindane (29) - To a stirred solution of 27 (10.44 g, 31.26 mmol) in THF (400 

ml) was added LiEt3BH (1M in THF. 46.9 ml, 46.9 mmol) and the mixture was stirred at -70 'C 

for 1 hand at -30 'C for 1 h. Then another portion of LiEt3BH (1M in THF, 9.4 ml, 9.40 mmol) 

was added to the mixture. After stirring at -30 "C for 11 h, the mixture was quenched with 5% 

HCI (30 ml). The mixture was extracted (Et20), washed (sat. NaCI), dried (MgS04). 

concentrated, and chromatographed (SiOz, 50% AcOEt-hexane) to give a mixture of the lactol 

(28) and the starting 27. The mixture (10.03 g) in toluene (150 ml) was refluxed azeotropically 

with a catalytic amount of ptoluenesulfonic acid monohydrate for 1.5 h. Alter removal of the 

Solvent, the mixture was extracted with EtzO. The extract was washed (sat. NaHC03, sat. NaCI), 

dried (MgSOa), and chromatographed (Si02, 20.50% AcOEt-hexane) to give the recovered 27 

(6.77 g, 65%) and 29 (2.78 g, 28% 80% based on the consumed starting material) as a 

colorless viscous oil which was crystallized from Et20 and petr. ether to give colorless plates: 

mp 71.5-73.0 'C; [ a ] 0 ~ ~ - 6 1  .23' (c0.97, CHC13). Ir (neat) v max: 1700, 1625 cm-1; 1H nmr 

(CDClz) 8: 7.67 (s, t H), 7.20-7.50 (br s, 5H), 4.60 (s, 2H), 3.70-4.27 (m, SH), 4.07 (dd, 1 H, J=9, 6 

Hz), 3.66 (5, 3H), 2.93 (dd, 1 H, J=7, 7 Hz), 1.80-2.30 (m, t H), 1.40 (d, 3H, A 6  Hz); ms (rnlz): 318 

(M+), 197 (100%). Calcd fo rC l~H230~ :  319.1545. Found: 319.1515 (M++1). Anal. Calcd for 

C18Hzz05: C 67.91, H 6.97. Found: C 67.86, H, 6.87. 

(1 R,4S,8R,9S)-7-Carbomethoxy-l-hydroxymethyl-4-methyl-4,5,8,9-tetrahydro-2,5- 

dioxaindane (30) - A solution of 29 (522 mg. 1.64 mmol) in MeOH (15 ml) was hydro- 

genated over 10% palladized carbon (50 mg) containing a catalytic amount of cow. HCI under 

atmospheric pressure at room temperature for 45 min. After filtration (Ceiite), the filtrate was 

concentrated to give 30 (376 mg, quant.) as a colorless oil which was used without purification. 



For the analytical purpose a small amount of the product was purified by chromatography (Si02, 

80% EtzO-hexane) to give pure 30: [aJD -24.70' (c 1.07. CHCI,). ir (neat) v ,,: 3470. 1705, 

1630 cm-'; 'H nmr (CDCI3) 6: 7.73 (s, lH), 4.14 (dd, lH ,  J=9, 6 Hz), 3.50-4.10 (m, 5H), 2.80-3.20 

(m, 2H, l H  exchangeable with D20). 1.90-2.30 (m, 1 H), 1.43 (d, 3H. A7.5 Hz); ms (mlz): 229 

(M++l), 228 (M+), 197 (100%). Calcd for ClIHls05: 228.0998. Found 228.1005 (M+). Anal. 

Calcd for CllHte,05: C 57.88. H 7.07. Found: C 57.93, H 7.30. 

(1 R,4S,8R,9S)-7-Carbomethoxy-l-formyl-4-methyl-4,5,8,9-tetrahydro-2,5- 

dioxaindane (31) - To a stirred solution of oxalyl chloride (0.37 ml. 3.28 rnmol) in 

CHzC12 ( I5  rnl) was added DMSO (0.47 ml, 19.70 mmol) dropwise at -62 OC and, after 15 min, a 

Solution of 30 (376 mg, 1.64 mmol) in CHzC12 (18 ml) followed by, afler 30 min, Et3N (1.83 ml, 

13 mmol) were added at the same temperature. After raising gradually to mom temperature, 1% 

HCI was added to the mixture. The mixlure was extracted with Et20 and the extract was 

washed (sat. NaHC03, sat. NaCI), dried (MgS04), concentrated, and chromatographed (Si02, 

Et20) to give the aldehyde (31) (370 mg) as a yellow oil which was used without further 

purification. Ir (neat) v ,,,: 3350, 1725, 1695, 1665, 1625 cm-'; 1H nmr (CDCI3) 6: 9.78 (d, lH,  

J = l 7  Hz), 7.73 and 7.28 (each br s. total 1H). 3.77 and 3.73 (each s, total 3H), 3.62-4.46 (m, 

3H), 3.03-3.55 (m, lH), 1.84-2.36 (m, lH) ,  1.42 and 1.40 (each d, total 3H, each A6.9 Hz); ms 

(mh): 227 (M++l), 197 (1 00%). 

Reductive Cleavage of the Aldehyde (31) - TO a stirred solution of 31 (370 mg, 

1.64 mmoi) and conc. HCI (10 drops) in THF (10 ml) was added activated zinc dust (4.30 g) 

portionwise at room temperature for 1 h. After filtration (Celite), the filtrate was extracted with 

E l20 The extract was washed (sat. NaHC03, sat. NaCI), dried (MgS04), and chromatographed 

(SiO2, 25% EtzO-hexane) to give the lactol (33) (357 mg) as a colorless oil. Ir (neat) v ,,,: 

3425, 1700, 1630 cm-1; 1H nmr (CDCI3) 6: 5.23 (m, 0.4H), 4.82 (ddd, 0.6H, J=8.5, 6.8, 2.4 Hz), 

3.84-4.52 (m, 3H), 3.71 (s, 3H), 3.34 (d, lH ,  J=6.8 Hz, exchangeable with D20), 2.25-3.25 (m, 

3H), 1.96-2.46 (m, lH), 1.41 (d, 3H, J=6.2 Hz); ms (mlz): 229 (M++l), 288 (M+). 29 (100%). 

Calcd for C11Hls05: 228.1014. Found: 228.0994 (M+). Anal. Calcd for CllH1605: C 57.88. H 

7.07. Found: C 57.73, H 6.87. 

Oxidation of the Lactol (33) - A suspension of 33 (357 mg) and Fetizon reagent'(3.57 

g) in benzene (40 ml) was refluxed for 1 h. After filtration (Celite), the filtrate was concentrated 

and chmmatographed (Si02, AcOEt-hexane. 60%) to give the lactone (34) (304 mg 82% overall 

from 29) as a colorless solid which was recrystallized (Et20) to give colorless needles: mp 94.5- 
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95.5 OC; [aIo29-8.60° (c 1.09, CHCI3). Ir (neat) v ,,: 1740, 1700, 1630 cm-1; 1H nmr (CDC13) 6: 

7.61 (s, lH),4.46(dd, lH,  J=12,4.4Hz), 4.25(dd, l H ,  J=t2.4.4Hz),3.94(dq, lH,  J=9.4,6.1 

Hz), 3.74 (s, 3H), 3.11 (dd, l H ,  J=19. 6.7 Hz), 2.91-3.25 (m, IH), 2.36 (dd, l H ,  &19, 11 Hz), 

1.802.18 (m, tH), 1.43 (d, 3H, A6.1 Hz); ms (mlz): 227 (M++l), 226 (Mf), 167 (100%). Calcd 

for CllH1405: 226.0842. Found: 226.0855 (M+) Anal. Calcd for C1lH1405: C 58.40, H 6.24. 

Found: C 58.21, H 6.07. 

Sequential Methanolysis and Oxidation of the Lactone (34) - A mixture of the 

lactone (34) (46 mg, 0.20 mmol) and p-toluenesulfonic acid monohydrate (2 mg, 0.01 mmol) in 

MeOH (5 ml) was stirred at room temperature for 10 h. After adding Et3N (0.03 ml, 0.20 mmol), 

the mixture was evaporated and the residue containing the seco-ester in CHzC12 (5 ml) was 

added to a stirred solution of oxalyl chloride (0.07 ml, 0.61 mmol) and DMSO (0.09 ml, 1.22 

mmol) in CH2CI2 (2 ml) at 4 2  OC. After 30 min, the mixture was treated with Et3N (0.34 ml. 2.44 

mmol) at the same temperature and was gradually raised to room temperature. The mixture was 

treated with sat. NaHC03 and extracted with Et20. The extract was washed (sat. NaCI), dried 

(MgS04). concentrated, and chromatographed (Si02, Et20-hexane, 20% then 33%) to give a 

mixture of the aldehyde (36) and (-)-methyl elenolate (37) (31 mg, 60% 98% based on the 

consumed lactone) and the recovered lactone (34) (18 mg, 39%). 

(-)-Methyl Elenolate (37) - A solution of the mixture of 36 and 37 (31 mg, mmol) in 

CHzCIz (4 ml) was stirred with silica gel (600 mg) at room temperature for 4 h. After filtration the 

mixture was evaporated and chromatographed (Si02, Et20) to give (-)-methyl elenolate (37) (31 

mg, quant.) as a colorless oil: [a]$5 - t2t0 (c0.68, CHCI3) [lit.lSd: [aID -1 17.0' (CHCI3)]. 

Spectral data (ir, nmr, and ms) were identical with those of an authentic material.15c 
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