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erythro and threo Preferential Aldol Condensation of Potassium Enolate
from y-Butyrolactone with Alkoxybenzaldehyde
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(—)-Podorhizol (1) was stereoselectively synthesized by
erythro preferential aldol condensation of 3,4,5-trimethoxy-
benzaldehyde with potassium enolate from (+)-(R)-3-
(3,4-methylenedioxybenzyl)-4-butanolide (2) (erythro:
threo=85:15). Erythro selectivity was observed in the aldol
condensation of many alkoxybenzaldehydes with potassi-
um enolate from (+)-y-butyrolactone 2. However, benzal-
dehydes having methoxy groups at both the 2 and 6 posi-
tions gave threo selectivity in the aldol condensation with
potassium enolate from (+)-y-butyrolactone 2.

lignan; y-butyrolactone; dibenzyl-y-buty-
rolactone; podorhizol; aldol condensation
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Our interest in (—)-podorhizol (1), which has the
erythro relationship between the -benzylic position (S)
and a-position of y-butyrolactone (S), led us to explore
the erythro selective aldol condensation between (+)-
(R)-3-(3,4-methylenedioxybenzyl)-4-butanolide 2)?
and 3,4,5-trimethoxybenzaldehyde (Fig.). It is known
that the «,f-dibenzyl-y-butyrolactone type of lignan
could offer interesting biological activity,” so stereoselec-
tive synthesis of this type of lignan is important.

(*)-Podorhizol has been synthesized by an aldol con-
densation between (=x)-p-butyrolactone 2 and 3,4,5-
trimethoxybenzaldehyde by using lithium bis(trimethyl-
silyl)amide, giving both erythro and threo products in
the ratio of 1:1.9 It has been shown that the preference
for stereoselectivity in an aldol condensation depended
on metal enolates.” In our experiment, the erythro and
threo preference in the aldol condensation was exam-
ined by using lithium enolate and potassium enolate
from (+)-y-butyrolactone 2. This report describes the
erythro and threo selective aldol condensation of potassi-
um enolate from (+)-y-butyrolactone 2 with many
alkoxybenzaldehydes, including 3,4,5-trimethoxybenzal-
dehyde.

Materials and Methods

All melting point (mp) data are uncorrected. NMR
data were measured by a JNM-EX400 spectrometer.
EIMS and FABMS data were measured with Hitachi M-
80B and JEOL HX-110 spectrometers, respectively, and
optical rotation was evaluated with HORIBA SEPA-
200 equipment. The silica gel used was Wakogel C-300
(Wako, 200-300 mesh).
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Fig.

Aldol condensation with lithium diisopropylamide
(LDA). To a solution of diisopropylamine (0.17 ml,
1.20 mmol) in the solvent (4 ml) was added n-butyllithi-
um (0.78 ml, 1.54 M in hexane, 1.20 mmol) at —10°C.
After 15min at —10°C, the solution was cooled to
—75°C, and then a solution of (+)-y-butyrolactone 2
(0.21 g, 1.00 mmol) in the solvent (3 ml) was added. Af-
ter 30 min at —75°C, a solution of each benzaldehyde
(1.00 mmol) in the solvent (6 ml) was added. The reac-
tion solution was stirred at —75°C for 1 h before adding
a saturated aqueous NH,Cl solution and ethyl acetate.
The organic solution was separated, washed with brine,
and dried (Na,SO,). Concentration followed by silica
gel column chromatography gave the aldol product.

Aldol condensation with potassium diisopropylamide
(KDA). To a suspension of diisopropylamine (0.17 ml,
1.20 mmol) and potassium fert-butoxide (0.13 g, 1.20
mmol) in the solvent (4 ml) was added n-butyllithium
(0.78 ml, 1.54 M in hexane, 1.20 mmol) at —10°C. After
15 min at —10°C, the solution was cooled to —75°C,
and then a solution of (+)-y-butyrolactone 2 (0.22 g,
1.00 mmol) in the solvent (3 ml) was added. After 30
min at —75°C, a solution of each benzaldehyde (1.00
mmol) in the solvent (6 ml) was added. The reaction so-
lution was stirred at —75°C for 1 h before adding a satu-
rated aqueous NH,Cl solution and ethyl acetate. The or-
ganic solution was separated, washed with brine, and
dried (Na,SO,). Concentration followed by silica gel
column chromatography gave the aldol product.
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Aldol condensation with lithium bis(trimethylsilyl)
amide (LHMDS) or potassium bis(trimethylsilylyamide
(KHMDS). To a solvent (4ml) containing lithium
bis(trimethylsilyl)amide (0.12ml, 1 M in hexane, 0.12
mmol) or potassium bis(trimethylsilyl)amide (0.24 ml,
0.5 M in toluene, 0.12 mmol) was added a solution of
(+)-y-butyrolactone 2 (0.22 g, 1.00 mmol) in the solvent
(3 ml) at —75°C. After 30 min at —75°C, a solution of
each benzaldehyde (1.00 mmol) in the solvent (6 ml) was
added. The reaction solution was stirred at —75°C for
1 h before adding a saturated aqueous NH,Cl solution
and ethyl acetate. The organic solution was separated,
washed with brine, and dried (Na,SO,). Concentration
followed by silica gel column chromatography gave the
aldol product.

(—)-Podorhizol (1). The erythro ((—)-podorhizol (1))
and threo isomers were separated by silica gel column
chromatography (CH;OH/CHCl;=1/99). Erythro 1,
mp 123-125°C (diisopropyl ether), ref. 1, 125-126°C;
[]¥= —56.00 (¢ 0.50, CHCl;), ref. 1, [a]¥=—51.80 (c
1.04, CHCI;). NMR dy (CDCL): 2.27 (1H, dd, J=13.8,
8.1 Hz), 2.47 (1H, dd, /=13.8, 7.8 Hz), 2.63 (1H, dd,
J=35.9, 2.9Hz, 3-H), 2.75 (1H, d, /J=4.9Hz, OH),
2.81 (1H, m), 3.83 (9H, s), 3.97 (1H, dd, /=8.8, 5.9 Hz),
4.38 (1H, dd, /=38.8, 8.8 Hz), 5.27 (1H, dd, /=4.9,2.9
Hz, ArCHOH), 5.90 (1H, d, /J=1.5Hz), 5.94 (1H, d,
J=1.5Hz), 6.23 (1H, d, J=1.5Hz), 6.31 (1H, dd,
J=17.8, 1.5 Hz), 6.48 (2H, s), 6.59 (1H, d, J=7.8 Hz).
threo-1, mp 110-111°C (diisopropyl ether), ref. 4, 113~
115°C; [a]¥=—21.33 (c 1.13, CHCL). NMR 4
(CDCl;): 2.16 (1H, dd, J=13.7, 4.9 Hz), 2.23 (1H, dd,
J=13.7, 9.3 Hz), 2.46 (1H, m), 2.61 (1H, dd, J=7.8,
7.8 Hz, 3-H), 3.84 (3H, s), 3.88 (6H, s), 3.90 (1H, dd,
J=28.8, 8.8 Hz), 4.06 (1H, s), 4.16 (1H, dd, /=8.8, 8.8
Hz), 4.80 (1H, d, /J=7.8 Hz, ArCHOH), 5.91 (2H, s),
6.33-6.37 (2H, m), 6.65 (2H, s), 6.65-6.69 (1H, m).

(3S, 4R)-3-[(IS and I1R)-1-Hydroxy-1-(2,3,4-trime-
thoxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)
dihydro-2(3H)-furanone (3). The erythro and threo
isomers were separated by silica gel column chro-
matography (CH3;0H/CHCL:=1/99). 1S-erythro-3,
colorless oil, [a]®=—82.08 (c 0.13, CHCL). NMR &4
(CDCly): 2.24 (1H, dd, J=13.9, 6.4 Hz), 2.29 (1H, dd,
J=13.9, 8.3 Hz), 2.75-2.85 (3H, m), 3.83 (3H, s), 3.84-
3.89 (1H, m), 3.87 (3H, s), 3.90 (3H, s), 4.21 (1H, dd,
J=8.8, 7.8 Hz), 5.51 (1H, br. s, d by D,O exchange,
J=2.0Hz, ArCHOH), 5.89 (2H, s), 6.34 (1H, d,
J=1.5Hz), 6.37 (1H, dd, /=7.8, 1.5 Hz), 6.62 (1H, d,
J=7.8Hz), 6.71 (1H, d, J=8.5Hz), 7.21 (1H, d,
J=8.5Hz). NMR J¢c (CDCl;): 36.62, 38.91, 50.78,
55.95, 60.72, 67.22, 67.30, 72.13, 100.89, 106.91,
108.10, 108.65, 120.57, 121.44, 126.34, 131.88, 141.72,
146.13, 147.69, 150.01, 153.50, 178.30. IR vy (CHCL;):
1763 cm™!. HRMS (FAB) m/z (M+Na*): calcd. for
C,H,OsNa, 439.1368; found, 439.1368. 1R-threo-3,
colorless oil, [o]¥= —46.87 (¢ 0.06, CHCl;). NMR dy
(CDCly): 2.13-2.17 (2H, m), 2.59-2.66 (2H, m), 3.84
(1H, dd, /=9.0, 9.0 Hz), 3.86 (6H, s), 3.95 (3H, s), 4.19
(1H, dd, J=9.0, 7.6 Hz), 4.31 (1H, s), 5.12 (1H, d,
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J=8.3 Hz, ArCHOH), 5.90 (2H, s), 6.38 (1H, dd,
J=17.8, 2.0 Hz), 6.39 (1H, d, J=2.0 Hz), 6.64 (1H, d,
J=7.8Hz), 6.73 (14, d, J=8.8Hz), 7.16 (1H, d,
J=8.8 Hz). NMR 4. (CDCl;): 38.21, 39.68, 51.20,
55.97, 60.81, 68.64, 68.74, 72.07, 100.93, 107.90,
108.26, 108.61, 121.28, 122.17, 126.13, 131.63, 141.95,
146.27, 147.82, 151.22, 153.67, 179.62. IR vy (CHCl,):
1754 cm™!. HRMS (FAB) m/z (M+Na™"): calcd. for
C,H,,0O5Na, 439.1368; found, 439.1367.

(38, 4R)-3-[(1S and IR)-1-Hydroxy-1-(2,4,5-trime-
thoxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)-
dihydro-2(3H)-furanone (4). The erythro and threo
isomers were separated by silica gel column chro-
matography (CH;O0H/CHCl;=1/99). 1S-erythro-4,
colorless oil, [a]®= —55.55 (¢ 0.05, CHCl;). NMR Jy
(CDCly): 2.22 (1H, dd, J=13.8, 6.8 Hz), 2.33 (1H, dd,
J=13.8, 8.5 Hz), 2.80 (1H, m), 2.88 (1H, dd, J=17.1,
2.9Hz, 3-H), 3.76 (3H, s), 3.85 (1H, dd, /=8.3, 3.4
Hz), 3.89 (6H, s), 4.28 (1H, dd, J=8.3, 8.3 Hz), 5.53
(1H, d, /J=2.9 Hz, ArCHOH), 5.89 (2H, s), 6.28 (1H,
s), 6.29 (1H, d, J=7.3 Hz), 6.41 (1H, s), 6.58 (1H, d,
J=7.3Hz), 7.10 (1H, s). NMR Jc (CDClL): 36.55,
39.17, 49.97, 55.69, 56.10, 56.76, 67.29, 72.31, 96.71,
100.85, 108.01, 108.73, 110.54, 120.25, 121.40, 131.78,
143.08, 146.00, 147.56, 149.00, 149.58, 178.61. IR vpu
(CHCL): 1759 cm™!. HRMS (FAB) m/z (M™*): calcd.
for C»nH» 05, 416.1471; found, 416.1473. 1R-threo-4,
colorless oil, [o]f= —32.25 (c 0.06, CHCL;). NMR dy4
(CDCl,): 2.18-2.20 (2H, m), 2.56 (1H, dd, J=8.3, 8.3
Hz, 3-H), 2.66 (1H, m), 3.84 (3H, s), 3.84-3.89 (1H, m),
3.85 (3H, s), 3.89 (3H, s), 4.22 (1H, dd, J=9.3, 7.8 Hz),
5.27 (1H, d, J=8.3 Hz, ArCHOH), 5.92 (2H, s), 6.30
(1H, s), 6.34 (1H, d, /J=7.8 Hz), 6.54 (1H, s), 6.64 (1H,
d, J=7.8 Hz), 7.00 (1H, s). NMR J¢ (CDCl;): 38.33,
39.44, 51.39, 56.10, 56.37, 56.59, 67.50, 72.12, 97.19,
100.99, 108.12, 108.49, 110.66, 120.12, 121.34, 131.63,
143.82, 146.23, 147.80, 149.49, 150.60, 179.46. IR vy
(CHCL): 1752 cm™!. HRMS (FAB) m/z (M*): calcd.
for C;H140s, 416.1471; found, 416.1472.

(38, 4R)-3-[(1S and IR)-1-Hydroxy-1-(2,4,6-trime-
thoxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)-
dihydro-2(3H)-furanone (5). The erythro and threo
isomers were separated by silica gel column chro-
matography (20% ethyl acetate/benzene). 1S-erythro-5,
colorless oil, [o]®= —39.47 (¢ 0.23, CHCl;). NMR Jy
(CDClL): 2.56 2H, d, J=7.8 Hz), 2.72 (1H, dd, J=5.7,
5.4 Hz, 3-H), 2.92 (1H, m), 3.79 (6H, s), 3.80 (3H, s),
3.94 (1H, dd, /=8.8, 4.6 Hz), 4.26 (1H, dd, /=38.8, 7.3
Hz), 4.55 (1H, d, /=10.7, OH), 5.44 (1H, dd, J=10.7,
5.4 Hz, ArCHOH), 5.91 (2H, s), 6.10 2H, s), 6.44 (1H,
s), 6.45 (1H, d, J=7.3 Hz), 6.70 (1H, d, J=7.3 Hz).
NMR dJc (CDCl): 38.38, 39.38, 51.14, 55.24, 55.65,
67.57, 67.68, 71.45, 90.95, 100.88, 107.98, 108.35,
108.79, 121.74, 132.03, 146.07, 147.65, 158.24, 160.81,
177.21. IR Vo (CHCL): 1765 cm™'. HRMS (FAB) m/z
(M+Na™): calcd. for CpH,O3Na, 439.1368; found,
439.1366. 1R-threo-5, colorless oil, [a]f=—62.50 (¢
0.03, CHCL;). NMR dy (CDCl): 2.35-2.48 (3H, m),
2.95 (1H, dd, J=9.3, 4.6 Hz, 3-H), 3.77 (6H, s), 3.81
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(3H, s), 3.95 (1H, dd, J=9.0, 4.2 Hz), 4.15 (1H, br. s),
4.34 (1H, dd, J=9.0, 6.6 Hz), 5.27 (1H, d, /=9.3 Hz,
ArCHOH), 5.90 (2H, d, /=1.0 Hz), 6.10 (2H, s), 6.27
(1H, d, J=1.5 Hz), 6.35 (1H, dd, J=17.8, 1.5 Hz), 6.62
(1H, d, J=7.8 Hz). NMR Jc (CDCl;): 38.66, 40.48,
49.61, 55.28, 55.72, 66.52, 71.69, 90.97, 100.84, 107.99,
108.60, 121.58, 132.01, 146.02, 147.61, 158.76, 161.12,
178.13. IR vpay (CHCL): 1763 cn ™', HRMS (FAB) m/z
(M+Na™*): caled. for CnH,0sNa, 439.1368; found,
439.1366.

(38, 4R)-3-[(1S and IR)-I-Hydroxy-1-(2,3-dimeth-
oxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)di-
hydro-2(3H )-furanone (6). The erythro and threo
isomers were separated by silica gel column chro-
matography (CH;OH/CHCL=1/99). 1S-erythro-6,
colorless oil, [a]®= —108.57 (¢ 0.70, CHCl;). NMR Jy
(CDCl,): 2.10 (1H, dd, J=13.6, 5.4 Hz), 2.21 (1H, dd,
J=13.6, 9.5 Hz), 2.83 (1H, m), 2.90 (1H, dd, J=8.1,
1.4 Hz, 3-H), 3.84 (1H, dd, J=8.5, 8.5 Hz), 3.86 (6H,
s), 4.18 (1H, dd, J=8.5, 8.5 Hz), 5.60 (1H, d, /J=1.4
Hz, ArCHOH), 5.89 (2H, s), 6.33 (1H, d, J=7.8 Hz),
6.34 (1H, s), 6.61 (1H, d, J=7.8 Hz), 6.88 (1H, d,
J=7.8Hz), 7.12 (1H, dd, J=7.8, 7.8 Hz), 7.18 (1H, d,
J=7.8Hz). NMR J¢ (CDCl;): 36.55, 38.99, 50.68,
55.66, 60.50, 67.18, 72.06, 100.81, 108.14, 108.70,
111.99, 118.03, 121.35, 124.06, 132.00, 134.26, 145.21,
146.07, 147.62, 152.28, 178.25. IR vu (CHCl;): 1761
cm™!. HRMS (ED) m/z (M"): caled. for CyH»O5,
386.1364; found, 386.1360. 1R-threo-6, colorless oil,
[]®=—31.70 (c 0.41, CHCl;). NMR Jy (CDCl): 2.00
(1H, dd, J=13.8, 4.6 Hz), 2.08 (1H, dd, J=13.8, 9.3
Hz), 2.60-2.70 (1H, m), 2.61 (1H, dd, J=38.3, 8.3 Hz, 3-
H), 3.84 (1H, dd, J=38.8, 8.8 Hz), 3.88 (6H, s), 4.18
(1H, dd, J=8.8, 7.8 Hz), 4.27-4.45 (1H, br.), 5.23 (1H,
d, J=8.3 Hz, ArCHOH), 5.90 (2H, s), 6.33 (1H, d,
J=7.8 Hz), 6.34 (1H, s), 6.64 (1H, dd, J=6.6, 1.7 Hz),
6.90 (1H, dd, J=17.3, 2.4 Hz), 7.07-7.14 (2H, m). NMR
dc (CDCl;): 38.14, 39.52, 51.05, 55.76, 61.04, 68.61,
72.16, 100.86, 108.22, 108.76, 112.17, 119.19, 121.36,
124.66, 131.68, 133.80, 146.18, 146.40, 147.73, 152.57,
179.71. IR vVuax (CHCL): 1761 cm™!. HRMS (EI) m/z
(M™): caled. for C;;H 04, 386.1364; found, 386.1361.

(38, 4R)-3-1(1S and IR)-1-Hydroxy-1-(2,4-dimeth-
oxyphenyl)methyl} - 4 - (3,4 - methylenedioxybenzyl)di-
hydro-2(3H)-furanone (7). The erythro and threo
isomers were separated by silica gel column chro-
matography (CH;OH/CHCl;=1/99). 1S-erythro-1,
colorless crystals, mp 119-120°C (MeOH), [o]¥=
—98.93 (c 0.37, CHCl;). NMR Jy (CDCl): 2.21 (1H,
dd, J=13.7, 7.3 Hz), 2.35 (1H, dd, J=13.7, 7.8 Hz),
2.77 (1H, m), 2.86 (1H, dd, J=6.8, 2.9 Hz, 3-H), 3.72
(3H, s), 3.81 (3H, s), 3.91 (1H, dd, /=38.8, 5.9 Hz), 4.31
(1H, dd, J=38.8, 8.8 Hz), 5.50 (1H, d, J=2.9 Hz, Ar-
CHOH), 5.89 (2H, d, J=2.4 Hz), 6.22 (1H, d, J=2.0
Hz), 6.30 (1H, dd, J=7.8, 2.4 Hz), 6.32 (1H, d, J=2.4
Hz), 6.51 (1H, dd, J=38.3, 2.0 Hz), 6.58 (1H, d, /=7.8
Hz), 7.40 (1H, d, J=8.3 Hz). NMR ¢ (CDCl;): 36.45,
39.31, 49.66, 55.03, 55.26, 67.57, 72.47, 98.18, 100.86,
103.70, 107.78, 108.59, 121.49, 121.54, 126.68, 131.75,
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145.97, 147.55, 156.33, 160.44, 178.69. IR vy (CHCl;):
1761 cm™!. Anal. Found: C, 65.09; H, 5.63%. Calcd.
for C,iH»,04: C, 65.28; H, 5.74%. 1 R-threo-1, colorless
oil, [a]P= —14.28 (¢ 0.07, CHCL;). NMR Jy (CDCL):
2.15-2.26 2H, m), 2.55-2.70 (2H, m), 3.81 (3H, s), 3.83
(3H, s), 3.85 (1H, dd, J=9.0, 8.3 Hz), 4.07 (1H, br. s),
4.19 (1H, dd, J=9.0, 7.8 Hz), 5.20 (1H, d, J=7.3 Hz,
ArCHOH), 5.91 (2H, s), 6.33 (1H, s), 6.33 (1H, d,
J=17.8Hz), 6.47 (1H, d, J=2.4Hz), 6.54 (1H, dd,
J=8.3, 2.4 Hz), 6.65 (1H, d, /J=7.8 Hz), 7.37 (1H, d,
J=8.3Hz). NMR dc (CDCL): 38.29, 39.79, 51.13,
55.36, 68.27, 71.93, 98.45, 100.93, 104.91, 108.24,
108.58, 121.16, 121.32, 128.61, 131.79, 146.21, 147.78,
157.45, 160.74, 179.25. IR vug (CHCL): 1757 cm™L.
HRMS (EI) m/z M*): caled. for C; H», 04, 386.1364;
found, 386.1353.

(3S, 4R)-3-[(1S and IR)-1-Hydroxy-1-(2,5-dimeth-
oxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)di-
hydro-2(3H)-furanone (8). The erythro and threo
isomers were separated by silica gel column chro-
matography (CH;O0H/CH,Cl,=1/99). 1S-erythro-8,
colorless oil, [e]f=—67.39 (c 1.83, CHCl;). NMR 6y
(CDCl3): 2.15 (1H, dd, J=13.8, 6.6 Hz), 2.29 (1H, dd,
J=13.8, 8.3 Hz), 2.66 (1H, br. s), 2.81 (1H, m), 2.92
(1H, dd, J=7.3,2.9Hz, 3-H), 3.73 (3H, s), 3.81 (3H, s),
3.90 (1H, dd, J=8.7, 6.6 Hz), 4.29 (1H, dd, /=8.7, 8.7
Hz), 5.56 (1H, d, J=2.9 Hz, ArCH OH), 5.89 (2H, d,
J=1.0Hz), 6.25 (1H, s), 6.28 (1H, d, /J=7.8 Hz), 6.58
(1H, d, /J=7.8 Hz), 6.70 (1H, d, J=6.8 Hz), 6.77 (1H,
dd, /=38.8, 2.9 Hz), 7.15 (1H, d, /=2.9 Hz). NMR Jd¢
(CDCl): 36.36, 39.10, 49.47, 55.46, 55.81, 67.40, 72.29,
100.81, 107.98, 108.71, 110.80, 112.66, 112.84, 121.46,
130.07, 131.79, 146.01, 147.55, 149.57, 153.77, 178.53.
IR Vmax (CHCl3): 1759 cm™!. HRMS (EI) m/z (M*):
caled. for Cy H» 04, 386.1364; found, 386.1360. 1R-
threo-8, colorless oil, [a]®= —34.83 (c 0.89, CHCL).
NMR Jy (CDCL): 2.13-2.20 (2H, m), 2.59 (1H, dd,
J=1.8, 7.8 Hz, 3-H), 2.67 (1H, m), 3.78 (3H, s), 3.82
(3H, s), 3.86 (1H, dd, J=8.8, 8.3 Hz), 4.18 (1H, dd,
J=8.8, 7.8 Hz), 5.29 (1H, d, J=7.8 Hz, ArCH OH),
5.91 (2H, s), 6.31 (1H, s), 6.33 (1H, d, J=7.8 Hz), 6.65
(1H, d, J=7.8 Hz), 6.82 (1H, dd, J=9.3, 2.9 Hz), 6.86
(1H, d, /J=9.3 Hz), 7.06 (1H, d, J=2.9 Hz). NMR Jc
(CDCl): 38.28, 39.48, 51.30, 55.69, 56.14, 67.87, 72.08,
100.93, 108.20, 108.55, 111.93, 112.99, 114.34, 121.31,
129.69, 131.71, 146.21, 147.76, 150.45, 154.17, 179.21.
IR Vmax (CHCL): 1752cm™!. HRMS (EI) m/z (M*):
calcd. for C; H»O4, 386.1364; found, 386.1359.

(38, 4R)-3-[(1S and IR)-1-Hydroxy-1-(2,6-dimeth-
oxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)di-
hydro-2(3H)-furanone (9). The erythro and threo
isomers were separated by silica gel column chro-
matography (10% ethyl acetate/benzene). 1S-erythro-9,
colorless oil, [a]¥= —31.74 (¢ 0.06, CHCl;). NMR dJy
(CDCl): 2.54 2H, d, J=7.8 Hz), 2.75 (1H, dd, J=5.9,
5.9 Hz, 3-H), 2.97 (1H, m), 3.83 (6H, s), 3.94 (1H, dd,
J=9.0, 5.1 Hz), 4.26 (1H, dd, J=9.0, 7.6 Hz), 4.60-
4.80 (1H, br.), 5.54 (1H, d, J=5.9 Hz, ArCHOH), 5.92
(2H, s), 6.43-6.44 (2H, m), 6.56 (2H, d, J=8.3 Hz),
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6.60 (1H, d, /=8.3 Hz), 7.21 (1H, dd, /=38.3, 8.3 Hz).
NMR J¢ (CDCly): 38.28, 39.23, 50.95, 55.72, 67.66,
71.32, 100.86, 104.30, 108.07, 108.84, 115.73, 121.71,
129.22, 131.99, 146.09, 147.66, 157.57, 177.04. IR vy
(CHCl;): 1767 cm™!'. HRMS (EI) m/z (M*): calcd. for
C21H»,05, 386.1364; found, 386.1372. 1 R-threo-9, color-
less oil, [a]¥=—70.17 (¢ 0.11, CHCL;). NMR &y
(CDCly): 2.37 (1H, dd, J=11.2, 5.9 Hz), 2.44 (1H, m),
2.49 (1H, dd, J=11.2, 7.3 Hz), 2.94 (1H, dd, J=38.8,
4.6 Hz, 3-H), 3.79 (6H, s), 3.95 (1H, dd, J=9.0, 4.2
Hz), 4.36 (1H, dd, J=9.0, 6.6 Hz), 5.37 (1H, d, J=8.8
Hz, ArCHOH), 5.90 (2H, s), 6.27 (1H, d, J=1.5 Hz),
6.33 (1H, dd, J=7.8, 1.5 Hz), 6.56 (2H, d, J=28.8 Hz),
6.62 (1H, d, J=7.8 Hz), 7.23 (1H, dd, J=38.8, 8.8 Hz).
NMR Jc (CDCl3): 38.65, 40.45, 49.67, 55.80, 66.89,
66.94, 71.71, 100.83, 104.38, 108.09, 108.67, 115.87,
121.58, 128.30, 129.57, 131.98, 146.05, 147.61, 157.99,
177.82. IR vpa (CHCL:): 1767 cm ™. HRMS (EI) m/z
M) caled. for CyHa 07, 386.1364; found, 386.1370.

(35, 4R)-3-1(1S and IR)-1-Hydroxy-1-(3,4-dimeth-
oxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)di-
hydro-2(3H )-furanone (10). The erythro and threo
isomers were separated by silica gel column chro-
matography (CH:OH/CHCl;=1/99). 1S-erythro-10,
colorless oil, [a]®= —58.56 (c 1.14, CHCl;). NMR 6y
(CDCL): 2.26 (1H, dd, J=13.7, 7.8 Hz), 2.43 (1H, dd,
J=13.7, 7.8 Hz), 2.61 (1H, dd, J=6.4, 2.9 Hz, 3-H),
2.71(1H,d, J=4.4Hz,OH), 2.80 (1H, m), 3.81 (3H, s),
3.88 (3H, s), 3.94 (1H, dd, J=8.6, 5.4 Hz), 4.33 (1H,
dd, J=38.3, 8.3 Hz), 5.28 (1H, dd, J=4.4, 2.9 Hz, Ar-
CHOH), 5.89 (1H, d, J=1.5Hz), 592 (1H, d, J=1.5
Hz), 6.22 (1H, s), 6.32 (1H, d, J=7.8 Hz), 6.59 (1H, d,
J=7.8 Hz), 6.67 (1H, s), 6.83 (1H, d, J=8.3 Hz), 6.89
(1H, d, J=8.3 Hz). NMR J¢ (CDCl;): 36.32, 39.31,
52.69, 55.69, 55.80, 71.95, 72.72, 101.04, 107.87,
108.20, 108.51, 110.84, 117.20, 121.53, 131.42, 133.38,
146.18, 147.74, 148.47, 149.03, 178.36. IR vy (CHCL3):
1759 cm™'. HRMS (El) m/z (M™*): caled. for CyH»Os,
386.1364; found, 386.1359. 1R-threo-10, colorless oil,
[a]f=—41.15 (c 0.49, CHCl;). NMR 4 (CDCl;): 2.10
(1H, dd, J=13.7, 5.4 Hz), 2.17 (1H, dd, J=13.7, 9.8
Hz), 2.46 (1H, m), 2.60 (1H, dd, J=8.3, 8.3 Hz, 3-H),
3.88 (1H, dd, /=9.0, 9.0 Hz), 3.89 (3H, s), 3.90 3H, s),
4.13 (1H, dd, J=9.0, 8.1 Hz), 4.81 (1H, d, /J=8.3 Hz,
ArCHOH), 591 (1H, d, J=1.5Hz), 5.92 (1H, d,
J=1.5Hz), 6.32 (1H, s), 6.34 (1H, dd, J=7.8, 2.0 Hz),
6.65 (1H, d, /=7.8 Hz), 6.88 (1H, d, /=8.3 Hz), 6.93-
6.97 (2H, m). NMR Jc (CDCl;): 38.14, 39.80, 51.44,
55.90, 55.91, 71.90, 74.41, 101.00, 108.23, 108.56,
109.26, 110.81, 119.12, 121.35, 131.41, 132.58, 146.33,
147.84, 149.33, 149.50, 179.00. IR v, (CHCL): 1754
cm™'. HRMS (EI) m/z (M*): caled. for Cy HxnOs,
386.1364; found, 386.1360.

(38, 4R)-3-[(1S and IR)-I-Hydroxy-1-(3,5-dimeth-
oxyphenyl)methyl] - 4 - (3,4 - methylenedioxybenzyl)di-
hydro-2(3H )-furanone (11). The erythro and threo
isomers were separated by silica gel column chro-
matography (10% ethyl acetate/benzene). 1S-erythro-
11, colorless oil, [a]f= —77.73 (¢ 1.42, CHCl;). NMR
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ou (CDCl,): 2.24 (1H, dd, J=13.7, 7.8 Hz), 2.40 (1H,
dd, J=13.7, 8.3 Hz), 2.61 (1H, dd, J=6.3, 2.9 Hz, 3-
H), 2.68 (1H, d, J=4.4Hz, OH), 2.83 (1H, m), 3.76
(6H, s), 3.93 (1H, dd, J=8.9, 5.9 Hz), 4.33 (1H, dd,
J=8.9, 8.9Hz), 5.29 (1H, dd, J=4.4, 2.9Hz, Ar-
CHOH), 5.90 (1H, d, /J=1.5Hz), 5.91 (1H, d, J=1.5
Hz), 6.27 (1H, d, J/=2.0 Hz), 6.31-6.34 (2H, m), 6.46
(2H, d, J=2.5Hz), 6.59 (1H, d, J=7.8 Hz). NMR ¢
(CDCls): 36.21, 39.30, 52.51, 55.28, 71.90, 72.69, 99.61,
100.93, 103.13, 107.96, 108.64, 121.52, 131.56, 143.44,
146.17, 147.67, 160.97, 178.22. IR vu. (CHCL;): 1761
cm". HRMS (EI) m/z (M+): caled. for C21H2207,
386.1364; found, 386.1368. 1R-threo-11, colorless oil,
[a]®= —43.47 (¢ 1.50, CHCL;). NMR Jy (CDCl): 2.12
(1H, dd, J=13.9, 5.1 Hz), 2.17 (1H, dd, J=13.9, 9.3
Hz), 2.47 (1H, m), 2.58 (1H, dd, J=8.3, 8.3 Hz, 3-H),
3.80 (6H, s), 3.88 (1H, dd, J=8.3, 8.3 Hz), 4.10 (1H,
br. s), 4.13 (1H, dd, J=38.3, 8.3 Hz), 4.79 (1H, d,
J=8.3 Hz, ArCH OH), 5.91 (2H, s), 6.35-6.36 (2H, m),
6.43 (1H, d, J=2.0Hz), 6.58 (2H, d, J=2.0 Hz), 6.66
(1H, d, J=8.3 Hz). NMR dJ¢ (CDCl;): 38.10, 39.77,
51.24, 55.38, 71.95, 74.60, 100.45, 100.98, 104.59,
108.26, 108.68, 121.37, 131.54, 142.33, 146.32, 147.83,
161.15, 178.93. IR vuo (CHCL3): 1754 cm ™. HRMS (EI)
m/z (M*): caled. for CyHy0O;, 386.1364; found,
386.1369.

3,4,5-Tribenzyloxybenzaldehyde (12). After a reac-
tion mixture of methyl gallate (10.0 g, 0.054 mol) and
K,CO; (44.7 g, 0.32 mol) in acetone was stirred at room
temperature for 20 min, benzyl bromide (20.2 ml, 0.17
mol) was added, and then the resulting reaction mixture
was stirred at 70°C for 16 h before filtration. The filtrate
was concentrated, and the residue was dissolved in
dichloromethane and H,O. The organic solution was
separated, washed with brine, and dried (Na,SO,). Con-
centration followed by recrystallization from di-
isopropyl ether gave methyl 3,4,5-tribenzyloxybenzoate
(21.8 g, 0.048 mol, 89%) as colorless crystals, mp 96—
98°C. NMR dy (CDCl;): 3.88 (3H, s), 5.11 (2H, s), 5.12
(2H, s), 5.13 (2H, s), 7.24-7.25 (4H, m), 7.37-7.42
(13H, m). To an ice-cooled suspension of lithium alumi-
num hydride (1.36 g, 0.036 mmol) in tetrahydrofuran
(20 ml) was added a solution of methyl 3,4,5-tribenzyl-
oxybenzoate (21.8 g, 0.048 mol) in tetrahydrofuran (200
ml). After the reaction mixture was stirred at 0°C for
1.5 h, a saturated aqueous MgSO, solution and K,CO;
were added, and then the mixture was stirred at room
temperature for 1h. Filtration, concentration of the
filtrate, and recrystallization from ethyl acetate gave
3,4,5-tribenzyloxybenzyl alcohol (8.04 g, 0.019 mmol,
40%) as colorless crystals, mp 112-114°C. NMR Jy
(CDCl,): 4.56 (2H, br. s), 5.04 (2H, s), 5.10 (4H, s), 6.66
(2H, s), 7.25-7.26 (4H, m), 7.31-7.38 (6H, m), 7.41-
7.43 (5H, m). A reaction mixture of 3,4,5-tribenzyl-
oxybenzyl alcohol (2.00 g, 4.69 mmol), pyridinium chlo-
rochromate (1.11g, 5.15mmol), and 4A molecular
sieves (0.3 g) in dichloromethane (20 ml) was stirred at
room temperature for 15 h before adding of ether. After
filtration, the filtrate was concentrated. Silica gel
column chromatography (ethyl acetate/hexane=1/3)
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followed by recrystallization from diisopropyl ether
gave 12 (1.36 g, 3.20 mmol, 68%) as colorless crystals,
mp 105-107°C. NMR Jy (CDClL): 5.16 (6H, s), 7.18
(2H, s), 7.25-7.27 (4H, m), 7.33-7.43 (11H, m), 9.80
(1H, ). IR Vg (CHCL): 1692 cm ™!, Anal. Found: C,
79.08; H, 5.84%. Caled. for CyiH,404: C, 79.23; H,
5.70%.

(38, 4R)-3-[(I1S and  1IR)-1-(3,4,5-Tribenzyloxy-
phenyl)-1-hydroxymethyl|-4-(3,4-methylenedioxyben-
zyDdihydro-2(3H )-furanone (13). 1S-erythro-13. [«]¥
= —41.90 (¢ 0.53, CHCIl;). NMR Jy (CDCl3): 2.07 (1H,
dd, J=13.8, 7.8 Hz), 2.24 (1H, dd, J=13.8, 7.6 Hz),
2.49 (1H, dd, J=6.1, 2.7 Hz, 3-H), 2.57-2.61 (2H, m),
3.87 (1H, dd, /=38.8, 5.9 Hz), 4.26 (1H, dd, /=38.8, 8.8
Hz), 5.05 (6H, s), 5.20 (1H, d, /J=2.7 Hz, ArCH OH),
5.81 (1H, d, J=1.5Hz), 5.86 (1H, d, /J=1.5 Hz), 6.11
(1H, d, J=1.5Hz), 6.23 (1H, dd, /=7.8, 1.5 Hz), 6.51
(2H, s), 6.58 (IH, d, J=7.8 Hz), 7.20-7.25 (4H, m),
7.30-7.44 (11H, m). NMR édc (CDCl;): 36.07, 39.14,
52.54,70.95, 71.08, 71.83, 72.74, 75.02, 101.08, 104.51,
107.80, 108.54, 121.49, 127.39, 127.46, 127.78, 127.90,
128.10, 128.50, 131.32, 136.33, 136.96, 137.74, 146.21,
152.74, 178.22. IR vga (CHCL): 1759 cm™!. HRMS
(FAB) m/z (M™): caled. for CyHj0;, 644.2410;
found, 644.2404. 1R-threo-13. [a]¥= —22.05 (c 0.14,
CHCL;). NMR Jy (CDCl;): 1.83-1.90 (2H, m), 2.24
(1H, m), 2.42 (1H, dd, J=8.3, 8.3 Hz, 3-H), 3.77 (1H,
dd, J=9.3, 9.3 Hz), 3.98 (1H, dd, /=9.3, 9.3 Hz), 4.06
(1H, s), 4.67 (1H, d, J=8.3 Hz, ArCH OH), 5.07 (2H,
d, J=2.0Hz), 5.11 (2H, s), 5.13 (2H, s), 5.88 (1H, d,
J=1.0Hz), 5.89 (1H, d, J=1.0 Hz), 6.24 (1H, s), 6.26
(1H, d, J=1.5 Hz), 6.62-6.65 3H, m), 7.16-7.21 (3H,
m), 7.29-7.47 (12H, m). NMR Jc (CDCl;): 37.89, 39.39,
51.35, 71.09, 71.88, 74.50, 75.04, 101.01, 106.16,
108.21, 108.64, 121.38, 127.39, 127.84, 127.90, 128.53,
128.66, 131.31, 135.32, 136.93, 137.52, 138.24, 146.31,
147.83, 152.97, 178.95. IR vy (CHCL;): 1752 cm™.
HRMS (FAB) m/z (M%): caled. for C4Hs6Os,
644.2410; found, 644.2415.

3 - Benzyloxy - 4,5 - diphenylmethylenedioxybenzalde-
hyde (14). To an ice-cooled suspension of lithium alumi-
num hydride (0.17 g, 4.48 mmol) in tetrahydrofuran
(10 ml) was added a solution of methyl 3-benzyloxy-4,5-
diphenylmethylenedioxybenzoate® (2.00 g, 4.56 mmol)
in tetrahydrofuran (20 ml). The reaction mixture was
stirred in an ice bath for 1 h before adding a saturated
aqueous MgSO, solution and K,COj;. After stirring at
room temperature for 1 h, the mixture was filtered, and
then the filtrate was concentrated. The residue was ap-
plied to silica gel column chromatography (ethyl
acetate/hexane=1/3) to give 3-benzyloxy-4,5-diphenyl-
methylenedioxybenzyl alcohol (1.51g, 3.68 mmol,
81%) as a colorless oil. NMR dy (CDCl3): 4.50 (2H, d,
J=5.4Hz), 5.23 (2H, s), 6.56 (1H, s), 6.60 (1H, s),
7.30-7.42 (11H, m), 7.56-7.58 (4H, m). A reaction mix-
ture of 3-benzyloxy-4,5-diphenylmethylenedioxybenzyl
alcohol (1.21g, 2.95 mmol), pyridinium chlorochro-
mate (3.18 g, 14.8 mmol), and 4A molecular sieves (0.5
g) in dichloromethane (150 ml) was stirred at room tem-
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perature for 1.5 h before adding ether. After filtration,
the filtrate was concentrated. The residue was applied to
silica gel column chromatography (10% ethyl acetate/
hexane) to give 14 (1.08 g, 2.64 mmol, 89%) as colorless
crystals, mp 115-117°C (diisopropyl ether). NMR dy
(CDClL): 5.26 (2H, s), 7.11 (1H, d, J=1.5Hz), 7.14
(1H, d, J=1.5 Hz), 7.32-7.43 (11H, m), 7.55-7.57 (4H,
m), 9.72 (1H, s). IR v (CHCl3): 1690 cm™!. Anal.
Found: C, 79.12; H, 5.03%. Calcd. for C;;H0s4: C,
79.40; H, 4.94%.

(38, 4R)-3-[(IS and  IR)-1-(3-Benzyloxy-4,5-di-
phenylmethylenedioxyphenyl)-1-hydroxymethyl]-4-(3,4-
methylenedioxybenzyl)dihydro-2(3H )-furanone (15).
1S-erythro-15. [o]¥ = —43.14 (¢ 0.39, CHCl;). NMR Jy
(CDCL): 2.15 (1H, dd, J=13.7, 7.3 Hz), 2.27 (1H, dd,
J=13.7, 8.5 Hz), 2.50 (1H, dd, J=6.4, 2.9 Hz, 3-H),
2.56 (1H, d, J=4.9Hz, OH), 2.72 (1H, m), 3.87 (1H,
dd, J=8.8, 5.9 Hz), 4.24 (1H, dd, /=8.8, 8.8 Hz), 5.16
(1H, dd, J=4.9, 2.9 Hz, ArCHOH), 5.17 (2H, s), 5.79
(2H, s), 6.24 (1H, d, J=7.8 Hz), 6.27 (1H, s), 6.40 (1H,
s), 6.49 (1H, d, J=8.3 Hz), 6.61 (1H, s), 7.25-7.40
(11H, m), 7.40-7.58 (4H, m). NMR Jc (CDCl;): 36.25,
39.15, 52.64, 71.58, 71.75, 72.48, 99.90, 100.88, 107.52,
108.05, 108.72, 117.56, 121.47, 126.35, 127.57, 128.01,
128.20, 128.23, 128.51, 129.10, 129.12, 131.53, 134.87,
135.43, 136.80, 139.92, 140.06, 142.33, 146.17, 147.69,
148.95, 178.06. IR vg. (CHCL): 1761 cm™'. HRMS
(FAB) m/z (M*): caled. for CiH;O:, 628.2097;
found, 628.2098. 1R-threo-15. [o]d= —63.32 (c 0.76,
CHCL). NMR Jy (CDCL): 1.76 (1H, dd, J=14.2, 4.3
Hz), 2.00 (1H, dd, J=14.2, 4.9 Hz), 2.34 (1H, m), 2.45
(1H, dd, J=8.3, 8.3 Hz, 3-H), 3.80 (1H, dd, J=8.3,
8.3 Hz), 4.04 (1H, s, OH), 4.05 (1H, dd, J=8.3, 8.3
Hz), 4.68 (1H, d, J=8.3 Hz, ArCHOH), 5.23 (1H, d,
J=12.2Hz), 5.27 (1H, d, J=12.2 Hz), 5.89 (2H, 5s),
6.24 (1H, d, J=7.8 Hz), 6.30 (1H, s), 6.59 (1H, d,
J=8.3 Hz), 6.64 (2H, d, J=10.3 Hz), 7.25-7.40 (11H,
m), 7.54-7.56 (4H, m). NMR Jc (CDCl;): 38.01, 39.73,
51.49, 71.73, 71.88, 74.48, 100.94, 101.28, 108.28,
108.68, 109.14, 117.77, 121.35, 126.35, 126.37, 127.57,
128.01, 128.19, 128.22, 128.52, 129.12, 129.16, 131.48,
134.38, 135.71, 136.83, 139.74, 139.84, 142.49, 146.27,
147.78, 148.99, 178.92. IR vuax (CHCl): 1755cm™.
HRMS (FAB) m/z (M7™): caled. for CiH;Os,
628.2097; found, 628.2097.

2,4,5-Tribenzyloxybenzaldehyde (16). After a mixture
of protocatechualdehyde (25.0 g, 0.18 mol) and K,CO;
(100 g, 0.72 mol) in acetone (400 ml) was stirred at room
temperature for 1 h, benzyl bromide (47.4 ml, 0.40 mol)
was added. The reaction mixture was stirred at room
temperature for 16 h and filtered. After the filtrate was
concentrated, the residue was dissolved in dichloro-
methane and H,O. The organic solution was separated,
washed with brine, and dried (Na,SO,). Concentration
followed by recrystallization from benzene/hexane=1/
1 gave 3,4-dibenzyloxybenzaldehyde (45.3 g, 0.14 mol,
78%) as colorless crystals, mp 90-92°C. NMR dJy
(CDCh): 5.27 2H, s), 5.28 (2H, s), 7.20-7.52 (13H, m),
9.85 (1H, s). After a mixture of m-chloroperbenzoic
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acid (4.83 g, 0.028 mol) and KF? (2.73 g, 0.047 mol) in
dichloromethane (200 ml) was stirred at room tempera-
ture for 1h, 3,4-dibenzyloxybenzaldehyde (5.94¢g,
0.018 mol) was added at 0°C. The reaction mixture was
stirred at room temperature for 2 h before filtration. Af-
ter the filtrate was concentrated, a 1 N aqueous NaOH so-
lution was added to the residue. The reaction mixture
was stirred at room temperature for 1 h before adding a
1 N aqueous HCl solution and dichloromethane. The or-
ganic solution was separated, successively washed with a
saturated aqueous NaHCO; solution and brine, and
dried (Na,SO,). Concentration followed by recrystalliza-
tion from diisopropyl ether gave 3,4-dibenzyloxyphenol
(2.24 g, 0.0073 mol, 41%) as colorless crystals, mp 102-
104°C. NMR Jy (CDCly): 4.73 (1H, br. s), 5.05 (2H, s),
5.09 (2H, s), 6.28 (1H, dd, J=8.3, 2.4 Hz), 6.48 (1H, d,
J=2.4Hz), 6.78 (1H, d, /=8.3 Hz), 7.25-7.37 (TH, m),
7.40-7.43 (3H, m). To an ice-cooled suspension of sodi-
um hydride (0.17 g, 60% in oil, 4.25 mmol) in N,N-
dimethylformamide (2 ml) was added a solution of
3,4-dibenzyloxyphenol (1.0g, 3.26 mmol) in N,N-
dimethylformamide (10 ml). After the reaction mixture
was stirred at room temperature for 1 h, H,O and ethyl
acetate were added. The organic solution was separated,
washed with brine, and dried (Na,SO,). Concentration
followed by silica gel column chromatography (ethyl
acetate/hexane=1/9) gave 1,3,4-tribenzyloxybenzene
(1.08 g, 2.72 mmol, 83%) as a colorless oil. NMR Jy
(CDCl): 4.95 (2H, s), 5.07 (2H, s), 5.11 (2H, s), 6.45
(1H, dd, J=8.8, 2.9), 6.64 (1H, d, J=2.9 Hz), 6.85
(1H, d, J=8.8 Hz), 7.28-7.41 (15H, m). To a mixture of
N, N-dimethylformamide (0.33 ml, 4.26 mmol) and
phosphorus oxichloride (0.40 ml, 4.29 mmol) was added
1,3,4-tribenzyloxybenzene (1.05g, 2.65 mmol). The
reaction mixture was stirred at 70°C for 16 h and then
poured into an ice-cooled solution of sodium acetate
(32 g) in H,O (100 ml). After the mixture was extracted
with ethyl acetate, the ethyl acetate solution was separat-
ed, washed with brine, and dried (Na,SO,). Concentra-
tion followed by recrystallization from ethanol gave 16
(0.80 g, 1.88 mmol, 71%) as colorless crystals, mp 130-
132°C. NMR dy (CDClL): 5.05 (2H, s), 5.11 (2H, s),
5.17 (2H, s), 6.57 (1H, s), 7.25-7.44 (16H, m), 10.33
(1H, s). IR v (CHCL): 1667 cm™!. Anal. Found: C,
79.45; H, 5.85%. Calcd. for C;3H»O04 C, 79.22; H,
5.69%.

(38, 4R)-3-[(IS and IR)-1-(2,4,5-Tribenzyloxyph-
enyl)-1-hydroxymethyl]-4-(3,4-methylenedioxybenzyl)
dihydro-2(3H)-furanone (17). 1S-erythro-17. [a]®=
—40.00 (c 0.20, CHCl;3). NMR 6y (CDCl;): 2.14 (1H,
dd, J=13.7, 7.3 Hz), 2.21 (1H, dd, J=13.7, 8.3 Hz),
2.64 (1H, m), 2.84 (1H, dd, /=6.8, 2.9 Hz, 3-H), 3.84
(1H, dd, J=8.3, 6.1 Hz), 4.22 (1H, dd, J=38.3, 8.3 Hz),
4.87 (2H, s), 5.10 2H, d, J=3.9Hz), 5.13 (2H, d,
J=49Hz), 5.55 (1H, d, J=2.9 Hz, ArCHOH), 5.85
(1H, d, J=1.5 Hz), 5.86 (1H, d, J=1.5 Hz), 6.16 (1H,
s), 6.17 (1H, d, J=7.8 Hz), 6.49 (1H, s), 6.51 (1H, d,
J=7.8 Hz), 7.18 (1H, s), 7.26-7.40 (14H, m), 7.47 (1H,
d, J=7.3 Hz). NMR J¢ (CDCl;): 36.25, 39.01, 49.82,
67.39, 70.43, 71.82, 72.29, 72.39, 100.82, 101.90,
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107.96, 108.80, 114.77, 121.47, 122.11, 126.92, 127.43,
127.68, 127.80, 127.91, 127.98, 128.43, 128.50, 128.65,
131.69, 136.60, 137.00, 137.51, 143.15, 145.96, 147.51,
148.93, 149.10, 178.34. IR v (CHCL): 1763 cn™!.
HRMS (FAB) m/z (M%): caled. for CyuHj0s,
644.2410; found, 644.2407. 1 R-threo-17. [a]¥= —17.64
(c 0.51, CHCIL;). NMR Jy (CDCl3): 1.94 2H, d, J=7.8
Hz), 2.41 (1H, dd, /=38.8, 8.8 Hz, 3-H), 2.51 (1H, m),
3.76 (1H, dd, J=38.8, 8.8 Hz), 4.07 (1H, dd, /=8.8, 7.8
Hz), 4.15 (1H, d, J=2.0Hz, OH), 4.92 (IH, d,
J=11.7Hz), 4.97 (1H, d, J=11.7Hz), 5.09 (1H, d,
J=11.7Hz), 5.12 2H, s), 5.14 (1H, d, J=11.7 Hz),
5.24 (1H, dd, J=38.8, 2.0 Hz, ArCH OH), 5.88 (1H, d,
J=1.5Hz), 5.90 (1H, d, J=1.5 Hz), 6.21 (1H, s), 6.23
(1H, d, J=7.8 Hz), 6.60 (1H, d, J=6.4 Hz), 6.61 (1H,
s), 7.08 (1H, s), 7.26-7.39 (13H, m), 7.43 (2H, d,
J=7.3Hz). NMR Jc (CDCl;): 38.23, 39.33, 51.49,
67.26, 71.71, 71.73, 71.85, 72.08, 100.97, 102.48,
108.10, 108.47, 114.89, 121.26, 127.37, 127.54, 127.59,
127.78, 127.91, 128.24, 128.43, 128.48, 128.72, 131.68,
136.59, 136.87, 137.32, 143.82, 146.20, 147.78, 149.27,
150.22, 179.44. IR v (CHClL): 1754 cm™!. HRMS
(FAB) m/z (M*): caled. for CuHiOs, 644.2410;
found, 644.2415.

4,5-Dibenzyloxy-2-methoxybenzaldehyde (18). A mix-
ture of 3,4-dibenzyloxyphenol (5.60 g, 0.018 mol) and
K,CO; (5.05 g, 0.037 mol) in acetone (150 ml) was stirred
at room temperature for 1 h before adding dimethyl sul-
fate (1.90 ml, 0.020 mol). The reaction mixture was
stirred at room temperature for 17 h, and then filtered.
After the filtrate was concentrated, the residue was dis-
solved in ethyl acetate and H,O. The organic solution
was separated, washed with brine, and dried (Na,SO,).
Concentration followed by silica gel column chro-
matography (1% ethyl acetate/benzene) gave 1,2-diben-
zyloxy-4-methoxybenzene (5.88 g, 0.018 mol, 100%) as
a colorless oil. NMR dy (CDCl;): 3.70 (3H, s), 5.07 (2H,
s), 5.11 (2H, s), 6.37 (1H, dd, /=38.3, 2.9 Hz), 6.56 (1H,
d, J=2.9 Hz), 6.85 (1H, d, /J=8.3 Hz), 7.22-7.37 (7TH,
m), 7.40-7.44 (3H, m). To a mixture of N, N-dimethyl-
formamide (2.40 ml, 0.031 mol) and phosphorus oxi-
chloride (2.89ml, 0.031 mol) was added 1,2-diben-
zyloxy-4-methoxybenzene (5.80g, 0.018 mol). The
reaction mixture was stirred at 70°C for 16 h and then
poured into an ice-cooled solution of sodium acetate
(32 g) in H,O (100 ml). After the mixture was extracted
with ethyl acetate, the ethyl acetate solution was separat-
ed, washed with brine, and dried (Na,SO,). Concentra-
tion followed by recrystallization from ethanol gave 18
(3.67 g, 0.011 mol, 61%) as colorless crystals, mp 88-
89°C. NMR dy (CDCl;): 3.81 (3H, s), 5.11 (2H, s), 5.24
(2H, s), 6.52 (1H, s), 7.25-7.39 (8H, m), 7.43-7.44 (3H,
m), 10.27 (1H, s). IR Vmex (CHCl3): 1667 cm™'. Anal.
Found: C, 75.84; H, 5.87%. Calcd. for C»H04: C,
75.84; H, 5.79%.

(3S, 4R)-3-[(1S and IR)-1-(4,5-Dibenzyloxy-2-meth-
oxyphenyl)- 1-hydroxymethyl}-4-(3,4-methylenedioxy-
benzyl)dihydro-2(3H )-furanone (19). 1S-erythro-19.
[a]®=—32.08 (¢ 0.37, CHCL;). NMR &y (CDCl5): 2.16
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(1H, dd, J=13.7, 7.3 Hz), 2.26 (1H, dd, J=13.7, 7.8
Hz), 2.47-2.60 (1H, br.), 2.61 (1H, m), 2.81 (1H, dd,
J=6.4, 2.4Hz, 3-H), 3.62 (3H, s), 3.87 (1H, dd,
J=8.8, 6.3 Hz), 4.26 (1H, dd, J=38.8, 8.8 Hz), 5.09-
5.18 4H, m), 5.46 (1H, d, J=2.4 Hz, ArCH OH), 5.86
(1H, d, J=1.2 Hz), 5.87 (1H, d, J=1.2 Hz), 6.16 (1H,
d, J=2.0 Hz), 6.19 (1H, dd, J=8.0, 2.0 Hz), 6.41 (1H,
s), 6.54 (1H, d, J=8.0 Hz), 7.17 (1H, s), 7.25-7.36 (7H,
m), 7.42-7.47 (3H, m). NMR dc (CDCl;): 36.28, 39.05,
49.60, 55.43, 67.42, 71.93, 72.38, 72.56, 100.30, 100.82,
107.93, 108.83, 115.09, 121.54, 127.48, 127.71, 127.79,
127.93, 128.30, 128.41, 128.49, 131.64, 137.08, 137.56,
142.76, 145.96, 147.50, 149.16, 150.15, 178.57. IR vy
(CHClLy): 1759 cm™!. HRMS (FAB) m/z (M™): calcd.
for C33H;3,0s, 568.2097; found, 568.2093. 1R-threo-19.
[]®=—9.36 (c 4.91, CHCL;). NMR Jy (CDCly): 1.93-
2.02 (2H, m), 2.43 (1H, dd, J=8.8, 8.8 Hz, 3-H), 2.52
(1H, m), 3.73 (3H, s), 3.79 (1H, dd, J/=8.8, 8.8 Hz),
4.13 (1H, dd, J=8.8, 7.8 Hz), 5.07 (1H, d, J=12.5 Hz),
5.14 (1H, d, J=12.5Hz), 5.16 (2H, s), 5.20 (1H, d,
J=8.8 Hz, ArCHOH), 5.90 (2H, d, J=1.5Hz), 6.24
(1H, d, J=2.0 Hz), 6.27 (1H, dd, J=7.8, 2.0 Hz), 6.55
(1H, s), 6.63 (1H, d, J=7.8 Hz), 7.08 (1H, s), 7.25-7.36
(7H, m), 7.39-7.44 (3H, m). NMR J¢ (CDClL): 38.26,
39.37, 51.36, 56.26, 67.41, 71.83, 72.01, 72.09, 100.94,
108.15, 108.46, 115.32, 121.22, 121.26, 127.44, 127.62,
127.76, 127.91, 128.41, 128.46, 131.75, 136.90, 137.35,
143.43, 146.19, 147.76, 149.45, 151.12, 179.45. IR vuu
(CHClL3): 1754 cm™'. HRMS (FAB) m/z (M*): calcd.
for C3;H1,0s, 568.2097; found, 568.2091.

4,5 - Dibenzyloxy - 2 - methoxymethoxybenzaldehyde
(20). After a reaction mixture of 3,4-dibenzyloxyphenol
(5.30 g, 0.017 mol), pulverized KOH (1.91 g, 0.034 mol),
and 18-crown-6 (0.90 g, 3.43 mol) in acetonitrile (150
ml) was stirred at room temperature for 1h, chlo-
romethyl methyl ether (1.42 ml, 0.019 mol) was added.
The reaction mixture was stirred at room temperature
for 17 h before adding H,O and ethyl acetate. The or-
ganic solution was separated, washed with brine, and
dried (Na,SO,). Concentration followed by silica gel
column chromatography (10% ethyl acetate/hexane)
gave 1,2-dibenzyloxy-4-methoxymethoxybenzene (5.88
g, 0.017 mol, 100%) as a colorless oil. NMR &y (CDCL):
3.44 (3H, s), 5.06 (2H, s), 5.08 (2H, s), 5.13 (2H, ), 6.54
(1H, dd, /=38.8, 2.4 Hz), 6.70 (1H, d, J=2.4 Hz), 6.85
(1H, d, J=8.8 Hz), 7.24-7.37 (6H, m), 7.41-7.45 (4H,
m). To a mixture of N, N-dimethylformamide (1.90 ml,
0.025 mol) and phosphorus oxichloride (2.40 ml, 0.026
mol) was added 1,2-dibenzyloxy-4-methoxymethoxyben-
zene (5.37g, 0.015mol). The reaction mixture was
stirred at 70°C for 16 h and then poured into an ice-
cooled solution of sodium acetate (16 g) in H,O (50 ml).
After the mixture was extracted with ethyl acetate, the
ethyl acetate solution was separated, washed with brine,
and dried (Na,SQ,). Concentration followed by silica
gel column chromatography (10% ethyl acetate/hexa-
ne) gave 20 (5.37 g, 0.014 mol, 93%) as a colorless oil.
NMR dy (CDCl;): 3.48 (3H, s), 5.12 (2H, s), 5.16 (2H,
s), 5.22 (2H, s), 6.84 (1H, s), 7.30-7.37 (7H, m), 7.41-
7.45 (4H, m), 10.29 (1H, s). IR vpa (CHCL;): 1669 cm ™!,
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Anal. Found: C, 72.87; H, 5.90%. Calcd. for C»H,,Os:
C, 73.00; H, 5.86%.

(38, 4R)-3-[(1S and IR)-1-(4,5-Dibenzyloxy-2-meth-
oxymethoxy-phenyl)-1-hydroxymethyll-4-(3,4-methy-
lenedioxybenzyl)dihydro-2(3H )-furanone (21). 18-
erythro-21. [a]¥=—48.29 (¢ 0.35, CHClL;). NMR dy
(CDCl,): 2.15 (1H, dd, J=13.8, 7.6 Hz), 2.27 (1H, dd,
J=13.8, 7.8 Hz), 2.49 (IH, d, J=3.5Hz, OH), 2.63
(1H, m), 2.77 (1H, dd, J=6.6, 2.7 Hz, 3-H), 3.39 (3H,
s), 3.87 (1H, dd, J=38.8, 5.9 Hz), 4.27 (1H, dd, /=38.8,
8.8 Hz), 4.96 (1H, d, J=6.8 Hz), 4.98 (1H, d, J=6.8
Hz), 5.09-5.18 (4H, m), 5.50 (1H, dd, J=3.5, 2.7 Hz,
ArCHOH), 5.86 (2H, d, /J=1.0 Hz), 6.14 (1H, s), 6.17
(1H, d, /=7.8 Hz), 6.52 (1H, d, J=7.8 Hz), 6.73 (1H,
s), 7.16 (1H, s), 7.25-7.36 (6H, m), 7.43-7.48 (4H, m).
NMR dc (CDCl;): 36.08, 39.09, 49.95, 56.04, 67.30,
71.47, 72.29, 72.45, 95.05, 100.84, 103.30, 108.02,
108.78, 114.33, 121.48, 122.03, 127.49, 127.54, 127.58,
127.66, 127.80, 127.90, 128.44, 131.54, 136.91, 137.53,
143.67, 146.01, 147.99, 149.08, 178.47. IR vy (CHCl3):
1760 cm™!. Anal. Found: C, 69.79; H, 5.70%. Calcd.
for C3sH3,Oo: C, 70.22; H, 5.72%. 1R-threo-21. [a]¥
=-—12.98 (¢ 0.31, CHCl;). NMR dy (CDCl;): 1.87 (1H,
dd, J=13.7, 5.4 Hz), 1.93 (1H, dd, J=13.7, 9.3 Hz),
2.40 (1H, dd, J=28.8, 8.8 Hz, 3-H), 2.50 (1H, m), 3.44
(3H, s), 3.80 (1H, dd, J=8.8, 8.8 Hz), 4.13 (1H, dd,
J=38.8, 8.3 Hz), 4.16 (1H, s), 5.05 (2H, s), 5.06 (2H, s),
5.15 (2H, s), 5.22 (1H, d, /=8.8 Hz, ArCH OH), 5.89
(1H, d, /=1.5Hz), 5.90 (1H, d, J=1.5 Hz), 6.25 (1H,
s), 6.26 (1H, d, /=7.8 Hz), 6.62 (1H, d, J=8.3 Hz),
6.84 (1H, s), 7.05 (1H, s), 7.24-7.36 (6H, m), 7.41-7.69
(4H, m). NMR dc (CDCL): 38.31, 39.41, 51.47, 56.31,
67.27, 71.37, 71.72, 72.17, 96.11, 100.96, 103.89,
108.14, 108.51, 114.45, 121.25, 121.71, 127.49, 127.54,
127.77, 127.87, 128.44, 131.70, 136.75, 137.30, 144.34,
146.22, 147.78, 149.06, 149.38, 179.56. IR vy, (CHCl,):
1752 cm™!. Anal. Found: C, 69.56; H, 5.71%. Calcd.
for C3sH140s: C, 70.22; H, 5.72%.

Results and Discussion

(+)-y-Butyrolactone 2? was prepared from L-glutam-
ic acid via (S)-4-hydroxymethyl-4-butanolide® (99%ee
by Mosher’s method®). To examine the erythro or threo
preference, the aldol condensation of (+)-y-butyrolac-
tone 2 with alkoxybenzaldehydes, using a lithium or
potassium base, was tried.

The erythro and threo isomers of the aldol products
were determined by the coupling constant between the
p-benzylic proton (Hb) and «o-proton (Ha) of y-
butyrolactone.!”? The typical coupling constant between
Ha and Hb of erythro isomer is 2-4 Hz and that of the
threo isomer is 6-9 Hz, because the Ha-Hb relationship
of the erythro isomer is axial-equatorial and that of the
threo isomer is diaxial due to the formation of a hydro-
gen bond between hydrogen of the benzylic hydroxy
group and oxygen of the carbonyl group. The ratio of
the erythro and threo isomer was determined by 400
MHz 'H-NMR.

Table 1 shows the erythro and threo ratio of the aldol
product in the reaction of (+)-y-butyrolactone 2 with
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3,4,5-trimethoxybenzaldehyde. The lithium enolate did
not show erythro and threo selectivity (entries a and ¢),
whereas employing the potassium enolate led to the
preferential production of the erythro isomer (entries b
and d) which has the same stereochemistry as that of
natural (—)-podorhizol. As can be seen from a compari-
son of potassium diisopropylamide with potassium
bis(trimethylsilyl)amide, the bulky potassium base is
available to preferentially produce the erythro isomer.
The erythro and threo isomers were separated by silica
gel column chromatography to afford pure (—)-
podorhizol (1). The 'H-NMR spectral data agree with
these of the literature.?

Table 2 shows the effect of the solvent on erythro and

Table 1.
(+)-y-Butyrolactone 2 with 3,4,5-Trimethoxybenzaldehyde,
LDA, KDA, LHMDS, and KHMDS

Erythro and Threo Selectivity in the Aldol Condensation of
Using

o -
< o + CHOQOMe —_—
o
o OMe
(+)-2 1
Entry Base Erythro (podorhizol): threo Yield (%)
a LDA 45:55 55
b KDA 63:37 76
C LHMDS 53:47 80
d KHMDS 85:15 80

S. YAMAUCHI et al.

threo selectivity. In the reaction with potassium
bis(trimethylsilyl)amide in the presence of hexamethyl-
phosphoramide (HMPA), the stereoselectivity remained
in favor of the erythro product (entries a and b). The
erythro preference also remained by the change of sol-
vent to ethylene glycol dimethyl ether (DME), toluene,
or hexane from tetrahydrofuran (entries c, d, and e). It
seems that the stercoselectivity was decreased a little by
adding HMPA or hexane. The stereoselectivity in the al-
dol condensation with the lithium enolate was not in-
creased by changing the solvent or adding HMPA (en-
tries f, g, and h).

Table 3 shows the erythro and threo selectivity of the
aldol condensation between (+)-lactone 2 and 2,3,4-
trimethoxybenzaldehyde, 2,4,5-trimethoxybenzaldehyde
or 2,4,6-trimethoxybenzaldehyde when using lithium
bis(trimethylsilyl)amide or potassium bis(trimethylsilyl)-
amide. The stereoselectivity was reduced by employing
the lithium base. Although the aldol condensation of
3,4,5-trimethoxybenzaldehyde (Table 2), 2,3,4-trime-
thoxybenzaldehyde, and 2,4,5-trimethoxybenzaldehyde
gave erythro selectivity, threo selectivity was observed in
the aldol condensation of 2,4,6-trimethoxybenzalde-
hyde when using potassium bis(trimethylsilyl)amide.

To clarify the relationship between the stereoselectivi-
ty of this aldol condensation and the positions of the
methoxy groups in benzaldehyde, six dimethoxybenzal-
dehydes were tested in the aldol condensation with (+)-
y-butyrolactone 2 (Table 4). The aldol condensation of
2,6-dimethoxybenzaldehyde with potassium bis(trime-
thylsilyl)amide preferentially gave the threo product.
On the other hand, the stereoselectivity of the other alde-

Table 2. Effect of Solvent on the Erythro and Threo Selectivity in the Aldol Condensation of (+ )-y-Butyrolactone 2 with 3,4,5-Trimethoxyben-

zaldehyde
Entry Base Solvent Additive Erythro (podorhizol): threo Yield (%)
a KHMDS THF HMPA (2.0 eq.) 68:32 43
b KHMDS THF HMPA (5.0 eq.) 69:31 39
c KHMDS toluene 76:24 93
d KHMDS DME 80:20 92
e KHMDS THF:hexane=2:1 70:30 65
f LDA THF HMPA (2.0 eq.) 50:50 60
g LDA DME 56:44 51
h LHMDS toluene 50:50 67

Table 3. Erythro and Threo Selectivity in the Aldol Condensation of (+)-y-Butyrolactone 2 with 2,3,4- 2,4,5-, and 2,4,6-Trimethoxybenzalde-

hyde, Using LHMDS and KHMDS

(RF>

o}

4 ° + ArCHO

Bas o
ase < e}

o THF, -75°C ©
o ih HO™} H Yo

"I

Ar
3: Ar = 2,3 ,4-trimethoxyphenyl

(+)-2 4: Ar = 2,4,5-trimethoxyphenyl
5: Ar = 2,4,6-trimethoxyphenyl
3 4 5
Base
Erythro:threo Yield (%) Erythro:threo Yield (%) Erythro:threo Yield (%)
LHMDS 60:40 9% 75:25 82 47:53 93
KHMDS 78:22 94 82:18 77 13:87 77
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Table 4. Erythro and Threo Selectivity in the Aldol Condensation of (+)-p-Butyrolactone 2 with Dimethoxybenzaldehydes, Using LHMDS

and KHMDS
H H
o v 0. z
{ b + ArCHO —= » ( o
o THF, 75°C 07~
) )
1h Ar
6: Ar = 2,3-dimethoxyphenyl
(+)-2 T: Ar = 2 4-dimethoxyphenyl
8: Ar = 2,5-dimethoxyphenyl
9: Ar = 2,6-dimethoxyphenyl
10: Ar = 3,4-dimethoxyphenyl
11: Ar = 3,5-dimethoxyphenyl
[ 7 8
Base S — — - S
Erythro:threo Yield (%) Erythro:threo Yield (%) Erythro:threo Yield (%)
LHMDS 64:36 97 72:28 95 59:41 96
KHMDS 74:26 73 96:4 86 78:22 79
9 10 11
Base
Erythro:threo Yield (%) Erythro:threo Yield (%) Erythro:threo Yield (%)
LHMDS 37:63 76 54:46 97 49:51 84
KHMDS 22:78 73 82:18 91 66:34 92
Table 5. Stereoselectivity in the Aldol Condensation of (+)-y- oxybenzaldehyde (erythro:threo=96:4).

Butyrolactone 2 with Miscellaneous Benzaldehydes 12, 14, 16, 18, and
20, Using KHMDS

o 0
KHMDS
< ° + ArICHO ———— < Q
o} THF,-75°C ©
o 1h Ho[ H Y%

(3"
(1=

)2 Ar
Ar ArCHO Aldol product Erythro:threo Yield (%)
OBn
‘Q“" 12 13 75:25 44
0Bn
0Bn
o 14 15 67:33 68
ot
Ph
BnO,
QOBH 16 17 88:12 68
OBn
MeO,
@‘OBn 18 19 83:17 67
0Bn
MOMO,
86:14 63

0OBn

hydes with potassium bis(trimethylsilyl)amide was in
favor of erythro products. It was found that the
presence of methoxy groups at both the 2 and 6 posi-
tions of benzaldehyde caused threo selectivity. Higher
stereoselectivity was shown by the potassium enolate
than the lithium enolate. The highest erythro selectivity
was achieved in the aldol condensation of 2,4-dimeth-

Finally, miscellaneous protected benzaldehydes 12,
14, 16, 18, and 20 was subjected to aldol condensation
with the potassium enolate of (+)-y-butyrolactone 2 pre-
pared by potassium bis(trimethylsilyl)amide (Table 5).
In all cases, erythro selectivity was observed.

It was found that the stereoselectivity of the aldol con-
densation of alkoxybenzaldehydes with the potassium
enolate prepared from (+)-y-butyrolactone 2 and potas-
sium bis(trimethylsilyl)amide favored erythro products
(erythro:threo=66:34-96:4), except for the aldol con-
densation with 2,4,6-trimethoxybenzaldehyde and 2,6-
dimethoxybenzaldehyde, which preferencially gave the
threo product (erythro:threo=22:78-13:87). In this ex-
periment, (—)-podorhizol (1) was erythro-selectively ob-
tained (erythro:threo=285:15).
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