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Oxidative Homocoupling of Chiral 3-Arylpropanoic Acid
Derivatives. Application to Asymmetric Synthesis of Lignans
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The oxidative homocouplings of lithium enolates of (4S)-3-(3-arylpropanoyl)-4-isopropyl-2-oxazo-
lidinones and (4R,5S)-1-(3-arylpropanoyl)-3,4-dimethyl-5-phenyl-2-imidazolidinones gave the cor-
responding R,R-dimers stereoselectively with TiCl,, PhI(OAc),, or CuCl, as an oxidant. The
stereoselectivity can be explained by a radical coupling mechanism. Optically active dibenzylbu-
tyrolactone lignans, such as (—)-hinokinin and (—)-dimethylmatairesinol, and dibenzylbutanediol
lignans, such as (—)-dihydrocubebin and (—)-dimethylsecoisolariciresinol, were synthesized from
the major R,R-dimers. The oxidative coupling of (4R,5S)-1-(3-arylpropanoyl)-3,4-dimethyl-5-phenyl-
2-imidazolidinones with LDA—I, gave R,S-dimers mainly, and this result can be explained by an

SN2 mechanism.

Introduction

Dibenzylbutyrolactones, such as (—)-hinokinin and (—)-
enterolactone, and dibenzylbutanediols, such as (—)-
dihydrocubebin and (—)-enterodiol, are one of the classes
of lignans and attract considerable interest due to their
biological activities.! Recently, a number of strategies for
the asymmetric synthesis of these classes of lignans have
been reported.? Optically active 3,4-dibenzylsuccinic acids
are useful precursors of dibenzylbutyrolactone and diben-
zylbutanediol lignans (Scheme 1). Oxidative homocou-
pling of 3-phenylpropanoic acids is an effective method
for the synthesis of 3,4-dibenzylsuccinic acids.® We have
reported the first asymmetric synthesis of 3,4-dibenzyl-
succinic acids by the oxidative homocoupling of (4S)-3-
(3-arylpropanoyl)-4-isopropyl-2-oxazolidinones with LDA—
TiCl, and its application to the synthesis of (—)-hinokinin
(Scheme 2).# After that, Helmchen's group reported the
oxidative coupling of (4S,5R)-1-(3-arylpropanoyl)-3,4-
dimethyl-5-phenyl-2-imidazolidinones and the synthesis
of ent-hinokinin from the adducts.> Herein we report full
details of our study on the stereoselective oxidative
homocoupling of optically active 3-arylpropanoic acid
derivatives.®” We also present the asymmetric synthesis
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Results and Discussion

Oxidative Homocoupling of (4S)-3-(3-Arylpro-
panoyl)-4-isopropyl-2-oxazolidinones. We have al-
ready reported that the oxidative homocoupling of chiral
3-(arylacetyl)-2-oxazolidinones took place stereospecifi-

(7) The oxidative intramolecular coupling of chiral 4-oxoimidazoli-
dine derivatives of pimelic acid has been reported: Studer, A.;
Hintermann, T.; Seebach, D. Helv. Chim. Acta 1995, 78, 1185.
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Table 1. Oxidative Coupling of Chiral
3-(3-Arylpropanoyl)-2-oxazolidinones 1

O/\)k )k 1) LDA-THF | SN Néo
2) oxidant AF 2
R \
1 aR=H 2
b: R = 3,4-OCH,0
¢: R = 3,4-(OMe),
d: R =3-OMe
run 1 oxidant 2 % yield of 22 R,R:R,S of 2°
1 la TiCls 2a 67 85:15
2 la PhI(OAc), 2a 69 85:15
3 la CuCly® 2a 55 80:20
4 la 1,¢ 2a 38 57:43
5 1b TiCly 2b 55 85:15
6 1b PhI(OAc), 2b 69 78:22
7 1b CuCly* 2b 42 75:25
8 1c TiCly 2c 43 86:14
9 1c PhI(OAc), 2c 80 83:17
10 1c CuCly* 2c 51 78:22
11 1d TiCly 2d 71 87:13
12 1d PhI(OAc), 2d 81 85:15
13 1d CuCly* 2d 41 83:17

a Isolated yields.  Determined by *H NMR analysis. ¢ In the
presence of DMPU.

cally by treatment with an amine—TiCl, couple.*8 Un-
fortunately, 3-(3-arylpropanoyl)-2-oxazolidinones 1 did
not react with the amine—TiCl, couple probably due to
the low basicity of the amine. Therefore, LDA was
employed as a base in place of the amine to generate
lithium enolates of 1. The results of the oxidative
homocoupling of 1a—d with several LDA—oxidant couples
are shown in Table 1. The oxidative homocoupling of the
lithium enolates of (4S)-4-isopropyl-3-(3-phenylpropanoyl)-
2-oxazolidinone (1a) with TiCl, gave the dimer 2a in 67%
yield and R,R:R,S = 85:15 selectivity (run 1). A similar
result was obtained with PhI(OAc), as an oxidant (run
2). The reactions with CuCl, and I, proceeded in the
presence of DMPU as an additive, although the yields
and selectivities were low (runs 3 and 4). Aryl-substituted
substrates 1b—d were also subjected to the oxidative
homocoupling (runs 5—13). Generally, PhI(OAc), as an
oxidant gave the best yields of 2, while TiCl, resulted in
the best R,R-selectivities of 2. The absolute configurations
of the major isomers of 2b—d were determined to be R,R
by their transformation to the known compounds as
described below. The R,R-configuration of the major
isomer of 2a was assigned by the correlation of its H
NMR spectrum with those of (R,R)-2b—d.

Oxidative Homocoupling of (4R,5S)-1-(3-Aryl-
propanoyl)-3,4-dimethyl-5-phenyl-2-imidazolidi-
nones. Helmchen'’s group has reported that the LDA—
TiCl, couple gave the best results for the oxidative
homocoupling of (4S,5R)-3,4-dimethyl-1-(3-(3,4-methyl-
enedioxyphenyl)propanoyl)-5-phenyl-2-imidazolidi-
none.> We examined the oxidative coupling of (4R,5S)-
1-(3-arylpropanoyl)-3,4-dimethyl-5-phenyl-2-imidazolidi-
nones 3a—d with several LDA—oxidant couples, similarly
to the above-described reactions of 1. According to the
results summarized in Table 2, it was found that the
LDA—CuClI; or LDA-TICl, couple gave the best R,R-

(8) Kise, N.; Kumada, K.; Terao, Y.; Ueda, N. Tetrahedron 1998,
54, 2697.
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Table 2. Oxidative Coupling of Chiral
1-(3-Arylpropanoyl)-2-imidazolidinones 3

(0]
1) LDA
B J\NMe DA w J\
Lo \\_/ 2) oxidant P
R PR Me Ph
3
aR=H
b: R = 3,4-0CH,0
c: R = 3,4-(OMe),
d: R =3-OMe
run 3 oxidant 4 % yield of 22 R,R:R,S of 2P
1 3a TiCly 4a 55 >08:2
2 3a PhI(OAc); 4a 79 74:26
3 3a CuCly* 4a 52 >08:2
4 3a P 4a 76 40:60
5 3b TiCly 4b 52 84:16
6 3b PhI(OAC), 4b 82 74:26
7 3b CuCly® 4b 63 92:8
8 3b P 4b 80 30:70
9 3c TiCly 4c 43 87:13
10 3¢ PhI(OAc), 4c 78 81:19
11 3c  CuCly® 4c 52 88:12
12 3c I2¢ 4c 65 11:89
13 3d TiCly 4d 48 92:8
14 3d PhI(OAc), 4d 78 77:23
15 3d CuCly® 4d 45 92:8
16 3d 1,¢ 4d 57 25:75

a |solated yields. ® Determined by 'H NMR analysis. ¢ In the
presence of DMPU.
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selectivities and the LDA—PhI(OAc), couple afforded the
best yields of the adducts 4. It is noted that R,S-isomers
of 4 were formed mainly with the LDA—1; couple. In all
cases, the formation of S,S-isomers of 4 could not be
detected by 'H NMR spectra of the crude products. The
absolute configurations of (R,R)-4b—d were confirmed by
their transformation to the known compounds (vide
infra). The stereoconfiguration of (R,R)-4a was assigned
by the correlation of its *H NMR spectrum with those of
(R,R)-4b—d.

Reaction Mechanism of Oxidative Homocou-
pling. The R,R-selectivity in the oxidative homocouplings
of 1 and 3 can be explained by a radical coupling
mechanism?® (Scheme 3). It is well-known that the treat-
ment of 3-acyl-2-oxazolidinones or 1-acyl-2-imidazolidi-
nones with LDA affords Li-chelated (Z)-enolates.® In the
reaction of 1 or 3 with LDA—TICly, it is likely that the
initially formed lithium enolate (5, M = Li) is trans-

(9) Renaud, P.; Fox, M. A. J. Org. Chem. 1988, 53, 3745.
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formed to titanium enolate (5, M = TiCls).}* The metal-
chelated (Z)-enolate 5 is subsequently oxidized to radical
intermediate 6 by a single electron-transfer (SET) pro-
cess. The syn-Z-type radicals 6 couple each other at the
less hindered g side (si face) to give the R,R-isomer of 2
or 4 stereoselectively. It seems that the aryl group in the
radical intermediate 6 may inhibit the homocoupling at
the si face and decrease the R,R-selectivity. In fact, the
oxidative homocouplings of 8, less bulky substrates than
1 (Ar — H, Me), with LDA—-TICl, gave the dimer 9 with
>95% R,R-selectivity, higher than those in the reactions
of 1 (85—87% R,R-selectivity) (Scheme 4).

On the other hand, there is an alternative mechanism?®
for the oxidative homocoupling with LDA—1; (Scheme 5).
That is, iodide 7 is formed by the attack of iodine on the
radical 6 from the less hindered g side (si face), and then
the iodide 7 reacts with 5 at the si face to yield the R,S-
isomer of 2 or 4. The increase of R,S-selectivity in the
oxidative homocouplings of 1 and 3 with I, can be
explained by the Sy2 mechanism. The oxidative coupling
of 8a with LDA—1,, however, gave the dimer 9 with >95%
R,R-selectivity (Scheme 4). This result shows that the
radical coupling mechanism is predominant in the reac-
tion of 8a, since 8a is less bulky than 1 (Ar — H). Similar
high stereoselectivities have been reported in the oxida-
tive homocoupling of (4S,5R)-3,4-dimethyl-5-phenyl-1-
propanoyl-2-imidazolidinone with LDA—1,.5°

Kise et al.
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Synthesis of Dibenzylbutyrolactones. The R,R-
isomers of 2 were hydrolyzed with LiOOH in THF/H,0
to give (2R,3R)-2,3-dibenzylsuccinic acids (R,R)-10 (Scheme
6). The hydrolysis of the R,R-isomers of 4 with LiOH in
refluxing THF/H,O also afforded (R,R)-10. Naturally,
hydrolysis of the R,S-isomers of 2 and 4 gave meso-2,3-
dibenzylsuccinic acids meso-10. The treatment of (R,R)-
10b with Ac,O and the subsequent reduction of the
resultant anhydride with NaBH, in THF gave (—)-
hinokinin (11b)*? in 76% yield. (—)-Dimethylmatairesinol
(11¢)*®® and 11d* were prepared by the same method
from (R,R)-10c and (R,R)-10d, respectively. It has been
reported that the demethylation of 11d with BBr; gave
(—)-enterolactone (Ar in 11 = 3-C¢H,OH).*

Synthesis of Dibenzylbutanediols. The R,R-isomers
of 10 were transformed to (2R,3R)-2,3-dibenzylbutane-
diols (R,R)-12 by reduction with LiAlH, in refluxing THF
(Scheme 7). Alternatively, the treatment of the R,R-
isomers of 4 with LiBH, in THF afforded (R,R)-12. (—)-
Dihydrocubebin ((R,R)-12b)*® and (—)-dimethylsecoiso-
lariciresinol ((R,R)-12c)*® were obtained by these methods.
(—)-Dihydrocubebin ((R,R)-12b) can be transformed to

(10) (a) Evans, D. A. In Asymmetric Synthesis; Morrison, J. D., Ed.;
Academic Press: New York, 1984; Vol. I11, p 1. (b) Evans, D. A,; Bartoli,
J.; Shih, T. L. J. Am. Chem. Soc. 1981, 103, 2127. (c) Evans, D. A.;
Ennis, M. D.; Mathre, D. J. J. Am. Chem. Soc. 1982, 104, 1737. (d)
Cardillo, G.; D’Amico, A.; Orena, M.; Sandri, S. J. Org. Chem. 1988,
53, 2354.

(11) Reetz, M. T. Organotitanium Reagents in Organic Synthesis;
Springer-Verlag: Berlin, 1986.

(12) Hawworth, R. D.; Woodcock, D. J. Chem. Soc. 1938, 1985.

(13) Takaoka, D.; Takamatsu, N.; Saheki, Y.; Kono, K.; Nakaoka,
C.; Hiroi, M. Nippon Kagaku Kaishi 1975, 12, 2192; Chem. Abstr. 1976,
84, 71488Kk.

(14) Yoda, H.; Kitayama, H.; Katagiri, T.; Takabe, K. Tetrahedron
1992, 48, 3313.

(15) Batterbee, J. E.; Burden, R. S.; Crombie, L.; Whiting, D. A. J.
Chem. Soc. C 1969, 2470.
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Scheme 8
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(—)-dehydroxycubebin (13)'¢ and australobailignan-5 (14)Y
by the usual procedures (Scheme 8). The reductions of
the R,S-isomers of 4 and 10 yielded meso-2,3-dibenzylbu-
tanediols meso-12.

Conclusion

The oxidative homocouplings of (4S)-3-(3-arylpropanoyl)-
4-isopropyl-2-oxazolidinones 1 and (4R,5S)-1-(3-arylpro-
panoyl)-3,4-dimethyl-5-phenyl-2-imidazolidinones 3 with
LDA—oxidant couples exhibited high R,R-stereoselectivi-
ties. The choice of oxidant is TiCl, or Phl(OAc), for 1,
while it is TiCl, or CuCl; for 3. In the oxidative homo-
coupling of 3, the use of PhI(OAc), as an oxidant
increased the yields of the dimers, although the R,R-
selectivities somewhat decreased. In addition, the R,S-
dimers were formed preferentially from 3 using I, as an
oxidant. Enantiomerically pure dibenzylbutyrolactone
lignans, such as (—)-hinokinin and (—)-dimethylmataires-
inol, and dibenzylbutanediol lignans, such as (—)-dihy-
drocubebin and (—)-dimethylsecoisolariciresinol, were
synthesized from the major R,R-dimers.

Experimental Section

General Methods. Column chromatography was per-
formed on silica gel 60 (Merck). Tetrahydrofuran was distilled
from benzophenone ketyl.

Starting Materials. (4S)-3-(3-Arylpropanoyl)-4-isopropyl-
2-oxazolidinones 1 were prepared from (4S)-4-isopropyl-2-
oxazolidinones and 3-arylpropanoyl chlorides by the reported
methods.*® (4R,5S)-1-(3-Arylpropanoyl)-3,4-dimethyl-5-phenyl-
2-imidazolidinones 3 were obtained similarly from commer-
cially available (4S,5R)-1,5-dimethyl-4-phenyl-2-imidazolidi-
none. The products were purified by column chromatography
on silica gel or recrystallization from hexanes—ethyl acetate.

Oxidative Homocoupling of 1 (3) with LDA-TIiCl,. To
a solution of LDA (2.4 mmol) in hexane—THF (5 mL) was
added a solution of 1 (3) (2 mmol) in THF (5 mL) dropwise at
—78 °C. After the mixture was stirred for 15 min, TiCl, was
added (0.26 mL, 2.4 mmol) at this temperature. The temper-
ature was gradually raised to room temperature, and then the
dark blue solution was stirred for 24 h. The mixture was

(16) (a) Anjaneyulu, A. S. R.; Ramaiah, A.; Row: R.; Venkateswarlu,
R. Tetrahedron 1981, 37, 3641. (b) De Carvalho, M. G.; Yoshida, M;
Gottlieb, O. R.; Gottlieb, H. E. Phytochemistry 1987, 26, 265.

(17) (a) Taylor, W. C.; Ritchie, E.; Murphy, S. T. Aust. J. Chem. 1975,
28. 81. (b) Mahalanabis, K. K.; Mumtaz, M.; Snieckus, V. Tetrahedron
Lett. 1982, 23, 3975.

(18) (a) Gage, J. G.; Evans D. A. Organic Syntheses; Wiley: New
York, 1993; Collect. Vol. VIII, p 339. (b) Ager, D. J.; Allen, D. R.;
Schaad, D. R. Synthesis 1996, 1283.
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quenched with 1 M HCI (40 mL) and extracted with ether (3
x 20 mL). The R,R- and R,S-dimers of 2a, 2b, and 4a—d were
isolated by column chromatography on silica gel. The R,R-
dimer of 2c could be isolated by recrystallization of the
diastereomeric mixtures from hexanes—ethyl acetate. The R,R-
dimer of 2d was purified by the repetition of column chroma-
tography on silica gel. The R,S-dimers of 2c and 2d could not
be purified.

Oxidative homocoupling of 1 (3) with LDA—PhI(OAC),
was similarly performed using PhI(OAc), (0.78 g, 2.4 mmol)
in place of TiCl,. After addition of Phl(OAc),, the mixture was
stirred for 12 h at room temperature.

Oxidative Homocoupling of 1 (3) with LDA—CuCl,. To
a solution of LDA (2.4 mmol) in hexane—THF (5 mL) was
added a solution of 1 (3) (2.0 mmol) in THF (5 mL) dropwise
at —78 °C. After the solution was stirred for 15 min, CuCl,
(0.32 g, 2.4 mmol) and DMPU (0.5 mL) were added to the
mixture at this temperature successively. The mixture was
allowed to warm to room temperature, stirred for 12 h, and
then quenched with 1 M HCI (40 mL). The products were
isolated as described above.

Oxidative Homocoupling of 1 (3) with LDA—1,. To a
solution of LDA (2.4 mmol) in hexane—THF (5 mL) was added
a solution of 1 (3) (2.0 mmol) in THF (5 mL) dropwise at —78
°C. After the solution was stirred for 15 min, a solution of I,
(307 mg, 1.2 mmol) and DMPU (0.5 mL) in THF (5 mL) was
added to the mixture at this temperature. After being stirred
for a further 30 min, the mixture was allowed to warm to room
temperature, stirred for 6 h, and then quenched with 1 M HCI
(40 mL). The products were isolated as described above.

Hydrolysis of 2. To an ice-cooled solution of 2 (1 mmol) in
THF (5 mL) and H,0 (4 mL) was added LiOH-H,0O (0.17 g, 4
mmol) and 30% H,0, (1 mL) successively. The mixture was
stirred at room temperature. After the hydrolysis was complete
(12—24 h), the mixture was treated with 1.5 M Na,SO3 (4 mL)
at 0 °C and extracted with CH,CI; (3 x 5 mL). The aqueous
phase was acidified with 3 M HCI (pH < 2) and evaporated in
vacuo. The residue was extracted with CH,Cl, (30 mL). After
evaporation of CH,Cl,, the diacid 10 was obtained as a white
solid and recrystallized from hexanes—ethyl acetate (80—90%
yield).

Hydrolysis of 4. To a solution of 4 (1 mmol) in THF (5 mL)
and H,O (5 mL) was added LiOH-H,0 (0.21 g, 5 mmol). The
mixture was refluxed for 24—48 h until almost all of 4 was
consumed (checked by TLC). The diacid 10 was isolated as
described above (70—80% yield).

(1R,2R)-1,2-Bis[(3,4-methylenedioxyphenyl)methyl]e-
thane-1,2-dicarboxylic acid (10b): mp 172—174 °C, lit.*> mp
174—175 °C; [a]®p —12.0 (c 1.08, acetone), lit.*? [a]*’p —12.4
(c 1.032, acetone).

Synthesis of Dibenzylbutyrolactones 11. To (R,R)-10b
(200 mg, 0.52 mmol) was added Ac,O (4 mL) at 0 °C, and the
resulting mixture was stirred at 0 °C for 15 min. The mixture
was then cooled to — 70 °C and diluted with methanol (12 mL).
The solution was stirred below 0 °C for 10 min. The solvents
were then removed at reduced pressure to give a pale yellow
solid of acid anhydride. To an ice-cooled suspension of NaBH,
(20 mg, 0.53 mmol) in dry THF (2 mL) was slowly added the
crude acid anhydride in dry THF (2 mL). The ice bath was
removed, and stirring was continued for 1 h. The mixture was
acidified carefully with 1 N HCI (1 mL) and then stirred at
room temperature for 1 h. The solvents were removed under
reduced pressure. The residue was purified by column chro-
matography on silica gel (hexanes—ethyl acetate, 2:1) to yield
140 mg (0.40 mmol, 76%) of (—)-hinokinin 11b as a pale yellow
oil. (—)-Dimethylmatairesinol (11c) and 11d were obtained by
the same procedure in 64% and 70% vyields, respectively.

(—)-Hinokinin (11b): [a]*» —33.0 (¢ 0.63, CHCly), lit.*?
[a]*p —34.0 (c 0.981, CHClIy).

(—)-Dimethylmatairesinol (11c): mp 127-128 °C, lit.'3
mp 126—127 °C; [a]*°5 —33.6 (c 1.05, CHCls), lit.*® [0]*°5 —37.5
(c 1.00, CHCI3).

(3R,4R)-3,4-Bis[(3-methoxyphenyl)methyl]-3,4,5-trihy-
drofuran-2-one (11d): [a]*s —43.7 (c 1.50, CHCIy), lit.** [a]®p
—42.3 (c 0.98, CHCIs).
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Reduction of 10. To an ice-cooled solution of 10 (1 mmol)
in dry THF (10 mL) was added LAH (114 mg, 3 mmol), and
the suspension was refluxed for 12 h. After the usual workup,
the diol 12 was isolated by column chromatography on silica
gel (80—90% yield). (—)-Dihydroxycubebin ((R,R)-12b) and (—)-
dimethylsecoisolariciresinol ((R,R)-12c) were prepared by this
method.

Reduction of 4. To a solution of 4 (1 mmol) in dry THF
(10 mL) was added LiBH,4 (0.11 g, 5 mmol), and the mixture
was stirred at room temperature for 24—48 h until 4 was
completely consumed (checked by TLC). The mixture was
guenched with 1 M HCI (10 mL) and extracted with CH.Cl,
(3 x 10 mL). After evaporation of the solvent, the diol 12 was
isolated by column chromatography on silica gel (70—80%
yield). (—)-Dimethylsecoisolariciresinol ((R,R)-12c) was ob-
tained as a mixture with (4S,5R)-1,5-dimethyl-4-phenyl-2-
imidazolidinone. Therefore, (R,R)-12c was separated with the

Kise et al.

imidazolidinone as follows. After silylation of (R,R)-12c by the
treatment with tert-butyldimethylsilane and imidazole in
DMF, the disilylated (R,R)-12c was separated by silica gel
column chromatography and then desilylated with BusNF in
THF.

(—)-Dihydroxycubebin ((R,R)-12b): mp 102—104 °C, lit.*®
mp 104 °C; [a]®*p —35.1 (c 1.05, CHClIy), lit.*® [a]'98p —32.4 (c
3.3, CHCly).

(—)-Dimethylsecoisolariciresinol ((R,R)-12c): [a]®, —31.7
(c 1.02, CHCly), lit.*? [a]p —32.9 (CHCI3).

Supporting Information Available: Compound charac-
terization data. This material is available free of charge via
the Internet at http:/pubs.acs.org.
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