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trans- a,3-Dibenzyl- y-butyrolactone lignans were synthesized by stereoselective reduction of a-benzylidene-/5-
benzyl- y-butyrolactones using NaBH4—NiCl,. The reduction is found to proceed via conjugate addition of a hydride
to an a-benzylidene-£-benzyl- y-butyrolactone and the stereoselective protonation of the resulting metal enolate. The
stereoselectivity would be brought about by the conformational rigidity of the phenyl moiety of the a-benzyl group induced

by 1,3-allylic strain.

Lignans" of the trans-a,f3-dibenzyl- y-butyrolactone se-
ries 1 have attracted considerable interest because of their
intriguing biological activities (Fig. 1).? This series of lig-
nans have been synthesized based on the reactions involv-
ing benzylation of f-benzyl-y-butyrolactones,” reduction
of the dimer of cinnamic acid derivatives¥ and conjugate
addition of a benzyl anion to 2-butenolide.” Of these meth-
ods, benzylation of -benzyl-y-butyrolactones seems to be
the most concise one considering the easy accessibility of
the starting materials and the high stereoselectivity. In-
deed, enterolactone 1e,*2® jsolated from human females,
has been efficiently synthesized in a highly enantioselective
manner based on this method.’® However, the deficiency of
this method involves the troublesome handling of the un-
stable benzyl bromides having multi-oxygen substituents,
frequently observed in the naturally occurring lignans, on
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the benzene ring. In connection with our synthetic studies in
search of new compounds having interesting biological ac-
tivities from lignan derivatives,® we wish to report herein a
novel method for the synthesis of this series of lignans by the
diastereoselective reduction of the a-benzylidene-f-benzyl-
y-butyrolactones 3 based on the diastereoselectivity induced
by 1,3-allylic strain.

We have already reported that the attack of an oxygen
electrophile on the metal enolate of «,f-dibenzyl-y-butyro-
lactones 1 and 1’ takes place predominantly from the same
face as the -benzyl group due to the shielding effect of the
phenyl moiety of the a-benzyl group, which is induced by
1,3-allylic strain.” On the basis of this knowledge, we en-
visaged that the trans-a,ff-dibenzyl-y-butyrolactones would
be obtained stereoselectively by conjugate addition of a hy-
dride to 3 followed by electrophilic addition of a proton to
the resulting enolate 2 (Scheme 1). To estimate the diastereo-
selectivity in the electrophilic addition of a proton to 2, we
did the MO calculations of the computational transition mod-
els in this electrophilic addition reaction by using the MNDO
program for MOPAC and obtained the heat of formation of
the stable transition models A, B, C, and D. To simplify
the calculations, O~ Li* and the substituted phenyl moiety
were treated as —O~ and an unsubstituted phenyl moiety, re-
spectively. The stable transition models in the electrophilic
attack on the enolate from the upper face [structure A and
C], which would give the trans-isomer 1, are estimated to
be more stable than those from the lower face [structure B
and D], which would give the cis-isomer 1’. Especially, the
transition model A is about 2 kcal mol~! more stable than
the transition models B and D. These results indicate that
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the electrophilic attack of a proton on the metal enolate 2
would give 1 in about 92% diastereomeric excess (Fig. 2).
The obtained results encouraged us to examine our work-
ing hypothesis. Our experiment began with synthesis of the
a-benzylidene-3-benzyl-y-butyrolactone 3. Aldol reaction
of the lithium enolate generated from the f-benzyl-y-bu-
tyrolactone 4 and LDA with a substituted benzaldehyde in
THF at —78 °C gave a mixture of the two diastereomers (5).
Without isolation of 5, the crude 5 was acetylated with Ac,O
and EgN in the presence of a catalytic amount of DMAP
in THF at room temperature to afford 6 in good yields. On
treatment of 6 with two equivalents of NaH in THF at room
temperature, 3¥ was obtained in good yields (89—91% from
4): the stereoisomer of 3 [(Z)-isomer] was not formed in this
reaction (Scheme 2).

The reducing systems consisting of a metal hydride and
a transition metal halide have been used for reduction of
the C=C functionality of «,f-unsaturated carbonyl com-
pounds. Although sodium borohydride-transition metal

halide reagents have been widely used in reduction of vari-
ous organic functional groups, e.g., nitrile, nitro compound,
azide, hydroperoxide, and alkene, the reaction mechanism is
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still ambiguous. Pfaltz and co-workers, however, have re-
ported that sodium borohydride-CoCl, reagent reduced the
C=C functionality of «,f-unsaturated carbonyl compounds
in a 1,4-hydrogenation manner, that is, conjugate addition
of a hydride followed by protonation on the resulting metal
enolate.>'? On the basis of their proposal, we reduced 3
with sodium borohydride in the presence of the transition
metal halides such as CuCl,,'? CoCly,>'1%!? and NiCl,'%!?
(Table 1). Reduction of 3 with NaBH4—~CuCl,was first ex-
amined using 3a as a representative example. Thus, NaBH,
(4 equiv) was added portionwise to a solution of 3a and

C D
90.33 kcal/mol 90.72 kcal/mol
(1.70) (2.09)

1 9% : 4 1
Fig. 2. Heats of formation of the transition structure A—D.
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Table 1. Reduction of 3 with NaBH,-Transition Metal Chloride®

NaBH4—MCl, ,
— S51+1
THF—MeOH
0°c
Yield/%® Ratio
Entry Substrate M (1+1) 1)
1 3a Cu 93 85/159
2 3a Co 82 79/219
3 3a Ni 95 94/6°
4 3b Ni 89 93/79
5 3c Ni 92 97/39
6 3d Ni 90 92/8%
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Table 2.  Deuteration Study of 3a Using NaBD4—NiCl,/
THF-MeOH or NaBH4—NiCl,/THF-MeOD

NaBH, -NiCl,

W

-MeO :
3a THF-MeOD g) : . {)
( NaBD,-NiCl, ) o o)
THF-MeOH xY O xY O
1a 1'a
D incorporation/%® Yield/%® Ratio®
Reagent/Solvent X Y (1a+1'a) (1a/1’'a)
NaBD4—NiCl,/MeOH 72 11 93 93/7
NaBH4—NiCl;/MeOD 22 81 89 93/7

a) The reaction was carried out in THF-MeOH (4:1) at 0 °C.
b) Isolated yield. c) The ratio was determined by HPLC analysis.
d) The ratio was determined by 200 MHz 'H NMR analysis.

CuCl; (1 equiv) in THF-MeOH (4 : 1) at 0 °C. After stirring
for one hour at 0 °C, the black precipitate was filtered off
and the filtrate was concentrated in vacuo. A mixture of la
and the cis-isomer 1'a was obtained in 93% yield; the ra-
tio of 1a and 1’'a being 85 : 15, which was identified by the
HPLC analysis (Entry 1 in Table 1).'"¥ We next examined
the reduction of 3a with NaBH;—CoCl, and NaBH;—NiCl,.
In the case of NaBH4—CoCl,, both the yield and the stereo-
selectivity were significantly lowered (Entry 2). On the other
hand, the use of NaBH,—NiCl, heightened the yield to 95%
and the ratio of 1a and 1'a was greatly improved to 94:6
(Entry 3). In this reaction, there is a possibility that cis-di-
benzyllactone 1'a initially formed and then isomerized to 1a
under the reduction conditions. Thus, we examined whether
isomerization of 1’a to 1a occurred. Treatment of 1’a, which
was synthesized stereoselectively by hydrogenation of 3a
under a H, atmosphere (1 atm) in the presence of Pd on
charcoal, under the same reaction conditions resulted in re-
covery of 1’a in quantitative yield. These results indicate that
the reduction presumably proceeded via the stereoselective
protonation to the metal enolate 2 generated by conjugate
addition of a hydride to 3. The satisfactory results obtained
in the use of NaBH4—NiCl, prompted us to apply this system
to reduction of 3b—d. Almost the same chemical yield and
stereoselectivity were obtained in each case (Entries 4, 5, and
6).

To clarify the mechanism of the reduction by the use
of NaBH;—NiCl,, we examined the reduction of 3a in
both NaBD4—NiCl,/THF-MeOH and NaBH,-NiCl,/THF-
MeOD systems. The results were shown in Table 2. Reduc-
tion of 3a with NaBD4—NiCl,in THF-MeOH gave 1a and
1'a in 93% yield (1a:1'a=93:7) with 72% deuterium at the
B-position (X) and 11% deuterium at the a-position (Y).
On the other hand, reduction of 3a with NaBH,—NiCl, in
THF-MeOD gave 1a and 1'a in 89% yield (1a:1'a=93:7)
with 22% deuterium at the S-position (X) and 81% deu-
terium at the a-position (Y). These results indicate that the
hydride (deuteride) was mainly incorporated from NaBH,
(NaBDy) at the -position (X) and a proton (deuteron) from
MeOH (MeOD) at the a-position (Y).

a) Determined by 200 MHz 'HNMR. b) Isolated yield. c¢) De-
termined by HPLC analysis.

On the basis of the results described above, we concluded
that the reduction would proceed through the following two
steps: (a) addition of a hydride derived from the transient
metal hydride species to the benzylic position of the a-ben-
zylidene group leading to the metal enolate 2 and (b) follow-
ing stereoselective protonation on the metal enolate 2 which
takes place predominantly from the less hindered -face due
to the shielding effect of the phenyl moiety of the a-benzyl
group induced by 1,3-allylic strain.

As described above, we have developed a novel method
for the stereoselective synthesis of trans-a, 5 -dibenzyl-y-bu-
tyrolactones 1. The reaction is found to proceed via the con-
jugate addition of a hydride and the stereoselective proton-
ation of the resulting metal enolate 2; the stereoselectivity is
brought about by the conformational rigidity of the phenyl
moiety of the a-benzyl group induced by 1,3-allylic strain.
Because of the efficiency and simplicity, this method should
find wide application in the synthesis of this series and other
related series of lignans.

Experimental

General Considerations.  All melting points were measured
on a Yamato MP 21 and are uncorrected. IR spectra were obtained
using a Perkin-Elmer 1640 infrared spectrometer. 'HNMR (200
MHz) spectra were recorded on a Bruker AC-200 instrument using
Me,Si as the internal standard. J values are given in Hz. Mass
spectra were recorded at 70 eV (Hitachi M-2000A). HPLC analyses
were done with Shiseido Capcellpac C18 (SG 120, S-5pum, 4.6x 150
mm) and a flow rate of 0.5 mLmin~'. Column chromatography
was done with silica gel (Merck 7734 and 9385, Kiesel gel 60,
230—400 mesh). THF was dried over 4 A molecular sieves and
used without further purification. All other solvents were used as
received.

Computational Methods.  Semiempirical molecular orbital
calculations were done using MNDO Hamiltonian implemented in
MOPAC 5.0." Conformational analysis of the enolate was con-
ducted using the command SEARCH in SYBYL'® with TRIPOS
force field in the same manner as that previously reported. As
the starting structure of a computational transition model, a proton
atom (H) was put 2.5 A above or below the a-carbon (Cg) of
an enolate'” for each conformer so that the angle of H*---Cq=C 8
became 90°. Then only the distance of H---C4 was constrained
and the rest of the geometry was optimized.
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Synthesis of f-Benzyl-y-butyrolactones 4:  Typical Proce-
dure. To asolution of +-BuOK (67.6 g, 0.602 mol) in +-BuOH (600
em®) were added veratraldehyde (100 g, 0.602 mol) and dimethyl
succinate (80.9 cm®, 0.602 mol) below 40 °C. After stirring for 30
min, the mixture was poured into water and extracted with i-Pr,O.
The aqueous layer was acidified with concd HCI and extracted with
AcOEt. The organic layer was washed with water, then brine,
and dried over MgSO4. Evaporation of the solvent provided the
veratrylidene half ester as a yellowish solid, which was collected
by Et;O (94.0 g, 56%). The yellowish solid (75.0 g, 0.267 mol)
was suspended in MeOH (800 cm?) and stirred under nitrogen. To
this mixture was added 10% palladium on charcoal (4.0 g), and the
mixture was stirred under hydrogen at atmospheric pressure for 6
h. Filtration and evaporation gave the veratryl half ester as a white
solid, which was collected by Et,O (70.0 g, 93%). The potassium
salt was prepared by addition of ethanolic r~-BuOK (27.8 g, 0.248
mol in 600 cm® of EtOH) to a suspension of the veratryl half ester
in EtOH (600 cm®) until basic to phenolphthalein. Powdered anhy-
drous CaCl, (100 g, 0.90 mol) was dissolved in anhydrous EtOH
(800 cm®) and cooled to —10 °C. A solution of NaBHy (70.0 g,
1.85 mol) in the same solvent (1800 cm3) was added over 1 h, with
continual stirring for further 30 min at — 10 °C, followed by addition
of a solution of the potassium salt in EtOH over 1 h at —78 °C and
the mixture was stirred for 12 h at room temperature. The solvent
was evaporated, and the residue was dissolved in water and CHCl3.
The solution was acidified by concd HCl and refluxed for 30 min.
The cooled reaction mixture was separated, and the organic layer
was washed with water and brine, and dried over MgSO4. Evapo-
ration of the solvent provided lactone as a yellowish oil, which was
purified by silica-gel column chromatography using hexane/AcOEt
(1:1) as an eluent to afford 4a (58.2 g, 90%) as a colorless oil.

f-(3,4-Dimethoxybenzyl)- y-butyrolactone (4a). 47% yield
from veratraldehyde; IR (film) 1778 cm™'; 'HNMR (CDCl3) 6 =
2.29 (dd, 1H, J=6.5, 17.4 Hz), 2.61 (dd, 1H, J=7.8, 17.4 Hz),
2.65—2.98 (m, 3H), 3.87 (s, 3H), 3.88 (s, 3H), 4.04 (dd, 1H, J=5.6,
9.0 Hz), 4.34 (dd, 1H, J=6.6, 9.1 Hz), 6.67 (s, 1H), 6.69 (dd, 1H,
J=1.9, 7.9 Hz), 6.82 (d, 1H, J=7.9 Hz); MS m/z (rel intensity, %)
236 (M*; 57), 151 (100). Anal. Found: C, 67.92; H, 5.98%. Calcd
for C]3H1604: C, 68.10; H, 599%

The lactone 4b was synthesized by the same procedure described
above.

f-(3,4,5-Trimethoxybenzyl)- y-butyrolactone (4b). 59%
yield from 3,4, 5-trimethoxybenzaldehyde; mp 98—99 °C
(AcOEt-hexane); IR (KBr) 1711 cm™'; "HNMR (CDCl;) 6=2.30
(dd, 1H, J=6.5, 17.3 Hz), 2.64 (dd, 1H, J=7.9, 17.3 Hz), 2.68—2.98
(m, 3H), 3.83 (s, 3H), 3.85 (s, 6H), 4.06 (dd, 1H, J=5.6, 9.1 Hz),
4.36 (dd, 1H, J=6.6, 9.1 Hz), 6.36 (s, 2H); MS m/z (rel intensity,
%) 266 (M*; 50), 151 (73), 135 (100). Anal. Found: C, 63.08; H,
6.53%. Calcd for C14H50s: C, 63.15; H, 6.81%.

(E)- a-(3,4-Methylenedioxybenzylidene)- £ - (3,4-dimethoxy-
benzyl)- y-butyrolactone (3a). LDA (36.0 mmol) was prepared
by addition of butyllithium (1.6 M in hexane (M=mol dm™%), 225
cm®, 36.0 mmol) to a solution of diisopropylamine (5.05 cm®, 36.0
mmol) in THF (50 cm?) at —78 °C under nitrogen atmosphere. The
mixture was stirred for 20 min at 0 °C, and was recooled to —78 °C.
To the mixture was added dropwise 4a (7.08 g, 30 mmol) in THF
(20 cm®) at the same temperature. After 20 min, 3,4-methylenedi-
oxybenzaldehyde (4.50 g, 30 mmol) in THF (10 cm’) was added
to the mixture, and it was stirred for 1 h at the same temperature.
The mixture was quenched by addition of saturated aqueous am-
monium chloride. The organic layer was separated and the aqueous
layer was extracted with AcOEt. The combined organic layer was
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washed with water and brine, and dried over MgSQO4. Evaporation
of the solvent provided the crude product 5d as an oil. Without
isolation of 5a, the mixture was acetylated with acetic anhydride
(3.68 cm®, 39.0 mmol), triethylamine (5.44 cm®, 39.0 mmol) and
4-(dimethylamino)pyridine (0.37 g, 3 mmol) in THF (100 cm®)
at room temperature for Sh. The reaction mixture was poured
into water, and the aqueous layer was extracted with AcOEt. The
combined organic layer was washed with water and brine, and dried
over MgSO,. Evaporation of the solvent provided the acetylated
product 6a after purification by silica-gel column chromatography
using CHCI3/AcOEt (20: 1) as an eluent. The acetylated product
was dissolved in THF (100 cm®), and sodium hydride (2.40 g, 60
mmol) was added to the mixture portionwise at 0 °C. The mixture
was stirred at room temperature for 12 h, and it was quenched
with water, and acidified by 2 M HCl. The aqueous layer was
extracted with AcOEt, and the combined organic layer was washed
with water and brine, and dried over MgSQO4. Evaporation of the
solvent provided the exo-olefin 3a as a solid, which was collected
by EtzO (10.1 g, 92%); mp 95—96 °C (AcOEt-hexane); IR (KBr)
1738 cm™'; "HNMR (CDCls) 6=2.63 (dd, 1H, J=9.9, 14.2 Hz),
3.02 (dd, 1H, J=4.4, 14.2 Hz), 3.70—3.91 (m, 1H), 3.86 (s, 3H),
3.88 (s, 3H), 4.20—4.36 (m, 2H), 6.04 (s, 2H), 6.66—6.92 (m, 4H),
7.02—7.14 (m, 2H), 7.51 (d, 1H, J=1.8 Hz); MS m/z (rel intensity,
%) 368 (M*; 25), 217 (8), 151 (100). Anal. Found: C, 68.44; H,
5.29%. Caled for C21H200s: C, 68.47; H, 5.47%.

(E)-a-(3,4-Methylenedioxybenzylidene)-£-(3,4,5-trimethoxy-
benzyl)- y-butyrolactone (3b). Compound 3b (27.2 g, 91%) was
prepared from 4b (20.0 g, 75.2 mmol) in the same manner described
above: mp 140—141 °C (AcOEt-hexane); IR (KBr) 1747 cm™l;
"HNMR (CDCls) §=2.64 (dd, 1H, J=9.6, 14.0 Hz), 3.00 (dd, 1H,
J=4.8, 14.0 Hz), 3.70—3.92 (m, 1H), 3.81 (s, 3H), 3.85 (s, 6H),
4.27-—4.37 (m, 2H), 6.03 (s, 2H), 6.41 (s, 2H), 6.86 (d, 1H, J=5.8
Hz), 7.02—7.14 (m, 2H), 7.51 (d, 1H, J=1.7 Hz); MS m/z (rel
intensity, %) 398 (M*; 10), 181 (100). Anal. Found: C, 68.35; H,
5.43%. Calcd for C;oH»07: C, 66.32; H, 5.57%.

(E)- a-(3-Methoxy-4-benzyloxybenzylidene)- § - (3,4-dimeth-
oxybenzyl)-y-butyrolactone (3c). Compound 3¢ (9.12 g, 90%)
was prepared from 4a (5.20 g, 22.0 mmol) in the same manner
described above; mp 112—113 °C (AcOEt-hexane); IR (KBr)
1749 cm™'; "THNMR (CDCls) 6=2.64 (dd, 1H, J=10.3, 14.4 Hz),
3.09 (dd, 1H, J=4.0, 14.4 Hz), 3.72—3.94 (m, 1H), 3.84 (s, 3H),
3.86 (s, 3H), 3.91 (s, 3H), 4.27 (d, 2H, J=4.2 Hz), 5.22 (s, 2H),
6.66 (d, 1H, J=1.7 Hz), 6.73 (dd, 1H, J=1.8, 8.1 Hz), 6.81 (d, 1H,
J=8.1 Hz), 6.94 (d, 1H, J=8.2 Hz), 7.08—7.21 (m, 2H), 7.29—
7.49 (m, 5H), 7.53 (d, 1H, J=1.7 Hz); MS m/z (rel intensity, %) 460
(M*; 26), 309 (45), 151 (100), 91 (99). Anal. Found: C, 73.34; H,
6.02%. Calcd for CosH30¢: C, 73.03; H, 6.13%.

(E)- a-(3,4,5-Trimethoxybenzylidene)- £ - (3,4,5-trimethoxy-
benzyl)-y-butyrolactone (3d). Compound 3d (37.0 g, 83%) was
prepared from 4b (26.6 g, 100 mmol) in the same manner described
above: mp 110—111 °C (AcOEt-hexane) [Lit,*” mp 106—107 °C
(ethen)]; IR (KBr) 1751 cm™'; "HNMR (CDCls) 6=2.65 (dd, 1H,
J=10.3, 14.4 Hz), 3.10 (dd, 1H, J=4.4, 14.4 Hz), 3.78—3.91 (m,
1H), 3.82 (s, 3H), 3.83 (s, 6H), 3.89 (s, 6H), 3.91 (s, 3H), 4.25—
4.40 (m, 2H), 6.38 (s, 2H), 6.82 (s, 2H), 7.54 (d, 1H, J=1.8 Hz);
MS m/z (rel intensity, %) 444 (M*; 12), 263 (18), 181 (100). Anal.
Found: C, 64.70; H, 6.28%. Calcd for C4H2305: C, 64.85; H,
6.35%.

Reduction of a-Benzylidene-y-butyrolactones (3).  trans-
¢-(3,4-Methylenedioxybenzyl)-f -(3,4-dimethoxybenzyl)- y-bu-
tyrolactone (1a). To a solution of 3a (920 mg, 2.50 mmol)
and NiCl,-6H,0 (594 mg, 2.50 mmol) in THF (20 cm®)-MeOH
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(4 cm?) was added portionwise NaBH4 (378 mg, 10.0 mmol) with
vigorous stirring under a nitrogen atmosphere at 0 °C. After 1 h,
the insoluble materials were filtered off and the filtrate was concen-
trated in vacuo. The residue was dissolved in CHCIl; and washed
with 2 M HCI aq, water and brine, and dried over MgSO4. Evap-
oration of the solvent afforded the mixture of 1a and 1'a (880 mg,
95%) as a white solid: The ratio of 1a and 1'a being determined
by HPLC analysis (CH3CN : H,0=40: 60). trans-Dibenzyllactone
1a was purified by single recrystallization from AcOEt-hexane to
give pure 1a; mp 107—108 °C (AcOEt-hexane); IR (KBr) 1767
em™'; 'THNMR (CDCly) 6=2.37—2.73 (m, 4H), 2.85 (dd, 1H,
J=6.4,14.0 Hz), 2.97 (dd, 1H, J=4.9, 13.9 Hz), 3.83 (s, 3H), 3.86
(s, 3H), 3.88 (dd, 1H, J=7.0, 9.4 Hz), 4.15 (dd, 1H, J=6.8, 9.3 Hz),
5.90—5.99 (m, 2H), 6.48 (d, 1H, J=1.9 Hz), 6.52—6.61 (m, 1H),
6.57—6.67 (br. s, 2H), 6.69—6.83 (m, 2H); MS m/z (rel intensity,
%) 370 (M*; 42), 151 (72), 135 (100). Anal. Found: C, 67.82;
H, 5.81%. Calcd for C;H2,06: C, 68.10; H, 5.99%. Reduction
of 3a (920 mg, 2.50 mmol) in the presence of CuCl, - 2H,O or
CoCl,-6H;0 instead of NiCl,-6H,O was done in the same manner
described above to afford a mixture of 1a and 1'a [862 mg (93%),
765 mg (82%)], respectively. The ratio of 1a and 1’a was measured

by HPLC analysis (CH3CN : H,O=40: 60) of an unpurified reaction

mixture.

trans- - (3,4- Methylenedioxybenzyl)- §- (3,4, 5- trimethoxy-
benzyl)- y-butyrolactone (1b).  Reduction of 3b (995 mg, 2.50
mmol) was done in the same manner described above to furnish
a mixture of 1b and 1'b (890 mg, 89%). The ratio of 1b and
1'b was measured by HPLC analysis (CH;CN : H,0=40: 60) of
an unpurified reaction mixture. Pure 1b was obtained by single
recrystallization from AcOEt; mp 110—111 °C (AcOEt); IR (KBr)
1763 cm™'; 'THNMR (CDCls) §=2.41—2.68 (m, 4H), 2.85 (dd,
1H, J=6.3, 13.8 Hz), 2.99 (dd, 1H, J=4.6, 13.8 Hz), 3.82 (s, 9H),
3.90 (dd, 1H, J=6.8,9.2 Hz), 4.19 (dd, 1H, J=6.6, 9.4 Hz), 5.90—
5.98 (m, 2H), 6.20 (s, 2H), 6.58 (dd, 1H, J=1.6, 9.2 Hz), 6.61 (s,
1H), 6.72 (d, 1H, J=8.1 Hz); MS m/z (rel intensity, %) 400 (M"*;
92), 182 (100), 135 (93). Anal. Found: C, 65.95; H, 5.79%. Calcd
for C22H2407I C, 65.99; H, 6.04%.

trans- a-(3-Methoxy-4-benzyloxybenzyl)- §-(3,4-dimethoxy-
benzyl)-y-butyrolactone (1c). Reductionof 3¢ (1.15 g, 2.5 mmol)
was done in the same manner described above to furnish a mixture of
1cand 1'c (1.06 g, 92%). The ratio of 1c and 1'¢ was measured by
HPLC analysis (CH3CN : H;0=40:60) of an unpurified reaction
mixture. Pure lc was obtained by single recrystallization from
AcOEt-hexane; mp 94—95 °C (AcOEt-hexane); IR (KBr) 1769
cm™'; '"HNMR (CDCl3) 6=2.42—2.68 (m, 4H), 2.90—3.00 (m,
2H), 3.80 (s, 3H), 3.84 (s, 3H), 3.85 (s, 3H), 3.80—3.92 (m, 1H),
4.07—4.18 (m, 1H), 5.13 (s, 2H), 6.47 (d, 1H, J=1.9 Hz), 6.52
(dd, 1H, J=1.9, 8.1 Hz), 6.59 (dd, 1H, J=1.9, 8.1 Hz), 6.71 (d, 1H,
J=2.4Hz), 6.74 (d, 1H, J=9.4 Hz), 6.79 (d, 1H, /=8.2 Hz), 7.25—
7.48 (m, 5H); MS m/z (rel intensity, %) 462 (M™*; 70), 247 (20),
151 (77), 91 (100). Anal. Found: C, 72.44; H, 6.24%. Calcd for
Co3H3006: C, 72.71; H, 6.54%.

trans-a,f-Bis(3,4,5-trimethoxybenzyl)-y-butyrolactone (1d).
Reduction of 3d (1.11 g, 2.5 mmol) was carried out in the same
manner described above to furnish a mixture of 1d and 1'd (1.00 g,
90%). The ratio of 1d and 1'd was measured by 200 MHz "HNMR
analysis of an unpurified reaction mixture. Pure 1d was obtained
by single recrystallization from AcOEt; mp 91—92 °C (AcOEt)
[Lit,'" mp 87—90 °C (ether)]; IR (KBr) 1769 cm™'; 'HNMR
(CDCl3) 6=2.44—2.75 (m, 4H), 2.97 (br.d, 2H, J=5.5 Hz), 3.80
(s, 6H), 3.81 (s, 6H), 3.82 (s, 6H), 3.89 (dd, 1H, J=7.5, 9.4 Hz),
4.19 (dd, 1H, J=6.8, 9.3 Hz), 6.22 (s, 2H), 6.39 (s, 2H); MS m/z
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(rel intensity, %) 446 (M*; 75), 181 (100). Anal. Found: C, 64.38;
H, 6.80%. Calcd for C24H30s: C, 64.56; H, 6.77%.

cis-a-(3,4-Methylenedioxybenzyl)-f-(3,4-dimethoxybenzyl)-
y-butyrolactone (1'a).  The exo-olefin 3a (8.88 g, 24.1 mmol)
was dissolved in a mixture of THF (80 cm®) and MeOH (40 cm®),
and palladium on charcoal catalyst (10% Pd, 500 mg) was added.
The mixture was stirred under an H, atmosphere (1 atm, room
temperature) for 4 h followed by filtration and evaporation to give a
cis-dibenzyllactone 1'a (8.31 g, 93%) as a sole product: mp 103—
104 °C (AcOEt-hexane); IR (KBr) 1771 cm™'; "HNMR (CDCl3)
6=2.32(dd, 1H, J=12.3, 13.3 Hz), 2.59—2.78 (m, 1H), 2.76 (dd,
1H, J=10.3, 14.6 Hz), 2.93 (dd, 1H, J=9.8, 13.6 Hz), 2.98—3.12
(m, 1H), 3.23 (dd, 1H, J=4.7, 14.5 Hz), 3.84 (s, 3H), 3.85 (s, 3H),
3.96—4.13 (m, 2H), 5.96 (s, 2H), 6.53 (d, 1H, J=1.9 Hz), 6.61 (dd,
1H, J=1.9, 8.1 Hz), 6.70—6.85 (m, 4H); MS m/z (rel intensity, %)
370 (M*; 60), 151 (59), 135 (100). Anal. Found: C, 68.04; H,
5.79%. Calcd for C;1H2,06: C, 68.10; H, 5.99%.

Isomerization of cis-Dibenzyllactone (1'a) to trans-Dibenzyl-
lactone (1a). To a solution of 1’a (370 mg, 1.00 mmol) and
NiCl,-6H,0 (238 mg, 1.00 mmol) in THF (8 cm®*)-MeOH (1.5
cm’) was added portionwise NaBH4 (152 mg, 4.00 mmol) with
vigorous stirring under a nitrogen atmosphere at 0 °C. After 1 h,
insoluble materials were filtered off and the filtrate was concentrated
in vacuo. The residue was dissolved in CHCl; and washed with 2
M HCl aq, water and brine, and dried over MgSQO4. Evaporation of
the solvent afforded the crude product as a solid. The ratio of 1a
and 1'a was measured by HPLC analysis (CH;CN : H,0=40: 60)
of an unpurified reaction mixture.

Deuteration Study of a- Benzylidenelactone 3a with
NaBD4—NiCl, in THF-MeOH. To a solution of 3a (920 mg, 2.50
mmol) and NiCl, (324 mg, 2.50 mmol) in THF (20 cm*)-MeOH
(4 cm?) was added portionwise NaBDy (418 mg, 10.0 mmol) with
vigorous stirring under a nitrogen atmosphere at 0 °C. After 1
h, the insoluble materials were filtered off and the filtrate was
concentrated in vacuo. The residue was dissolved in CHCl3 and
washed with 2 M HCI aq, water, and brine, and dried over MgSOs.
Evaporation of the solvent afforded a mixture of 1a and 1’a (865
mg, 93%) as a solid, which was purified by recrystallization from
AcOEt-hexane. The ratio of 1a and 1’a was measured by HPLC
analysis (CH3CN : H;O=40: 60) and the ratio of the incorporation
of deuterium was measured by 200 MHz '"HNMR analysis of an
unpurified reaction mixture.

Deuteration Study of o- Benzylidenelactone 3a with
NaBH4—NiCl; in THF-MeOD. To a solution of 3a (920 mg, 2.50
mmol) and NiCl, (324 mg, 2.50 mmol) in THF (20 cm’)-MeOD
(4 cm®) was added portionwise NaBH. (378 mg, 10.0 mmol) with
vigorous stirring under a nitrogen atmosphere at 0 °C. After 1 h,
the insoluble materials were filtered off and the filtrate was concen-
trated in vacuo. The residue was dissolved in CHCl3 and washed
with 2 M HCI aq, water, and brine, and dried over MgSQO4. Evap-
oration of the solvent afforded the mixture of 1a and 1’a (830
mg, 89%) as a solid, which was purified by recrystallization from
AcOEt-hexane. The ratio of 1a and 1’a was measured by HPLC
analysis (CH3CN : H0=40:60) and the ratio of the incorporation
of deuterium was measured by 200 MHz 'HNMR analysis of an
unpurified reaction mixture.
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