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Efficient Asymmetric Syntheses of Naturally Occurring Lignan Lactones
Using Catalytic Asymmetric Hydrogenation as a Key Reaction'!
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Abstract: Optically pure (R)-arylmethylsuccinic acid mono-methyl esters were obtained
efficiently by using the catalytic asymmetric hydrogenation of arylidenesuccinic acid mono-
esters with a rhodium(I) complex of a chiral bisphosphine, (45,55)-MOD-DIOP.
Asymmetric total syntheses of some naturally occurring lignans, (+)-collinusin, (-)-
deoxypodophyllotoxin, and (+)-neoisostegane, were achieved via several steps from (R)-y-
butyrolactones as key intermediates obtained by the reduction of (R)-arylmethylsuccinic acid
mono-methyl esters.

INTRODUCTION

Naturally occurring lignans possessing various types of structures have attracted much interests on
account of their broad range of biological activities.2 Lignan lactones such as podophyllotoxin (1),
epipodophyllotoxin (2), deoxypodophyllotoxin (3), collinusin (6), steganacin (7), and neoisostegane (8) are
known to show cytotoxic activities (Fig. 1).2 In these days, etoposide (4) and teniposide (5), which are
derived from natural podophyllotoxin (1), are utilized as anti-cancer drugs.3 Although there have been
numerous types of syntheses of racemic lignans,# only a few asymmetric total syntheses of these compounds
have appeared in the literatures, and moreover, traditional methods do not seem to be convenient for the
simple and large scale preparation of optically pure lignans due to the necessity of a stoichiometric amount of
chiral sources and/or multi-step sequences.

One of the most efficient methods for the synthesis of optically active compounds is a catalytic
asymmetric synthesis from prochiral starting materials.5 In our recent studies on the development of efficient
chiral bisphosphine ligands for asymmetric hydrogenations, we prepared several efficient ligands on the basis
of our design concept.” Among them, a modified DIOP, (4R,5R)-4,5-bis[bis(4'-methoxy-3',5'-dimethyl-
phenyl)phosphinomethyl]-2,2-dimethyl-1,3-dioxolane, abbreviated as (4R,5R)-MOD-DIOP (9), was revealed
to show high enantioselectivity in the rhodium(l)-catalyzed asymmetric hydrogenation of itaconic acid and its
derivatives (Scheme 1), and the hydrogenation products could be easily purified as optically pure forms.

+ Dedicated to Professor Shun-ichi Yamada on the occasion of his 77th birthday.
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Our strategy for the asymmetric total synthesis of naturally occurring lignans was based on the
asymmetric hydrogenation of arylmethylenesuccinic acid mono-esters, followed by chemoselective reduction
of the ester group yielding optically active B-arylmethyl-y-butyrolactones, which were known to be useful key-
intermediates for the synthesis of optically pure lignans via a—acylation or o—alkylation. In our previous
communications, we have already reported the syntheses of several optically pure lignans.%-11 In this paper,
we wish to describe in detail the catalytic asymmetric synthesis of optically pure (R)-arylmethylsuccinic acid
mono-methy] esters, their conversion to (R)-B-arylmethyl-y-butyrolactones, and the asymmetric total syntheses
of several naturally occurring lignan lactones such as (+)-collinusin (6), (-)-deoxypodophyllotoxin (3), and
(+)-neoisostegane (8) using the y-butyrolactones as the key intermediates.



Syntheses of naturally occurring lignan lactones 1795

RESULTS AND DISCUSSION

Synthesis of (R)-B-arylmethyl-y-butyrolactones

In our previous paper, it was revealed that the catalytic asymmetric hydrogenation of arylidenesuccinic
acid mono-methyl esters using (4R,5R)-MOD-DIOP (9)-rhodium(I) complex gave (S)-arylmethylsuccinic acid
mono-methyl esters,® which are the synthetic intermediates for "non-natural” antipode of lignans. In order to
synthesize naturally occurring lignan lactones bearing R-configuration, the antipode, (45,55)-MOD-DIOP
(12), was prepared from (-)-2,3-O-isopropylidene-D-threitol (10) by the route shown in Scheme 2.

:K >( OTs o >( PAr,

) o) Z\—PAr.
H i OTs G 2
10 11 12 Me
Ar= OMe
Reagents: a) TsCl/ pyridine,
b) Bis(4-methoxy-3,5-dimethylphenyl)phosphine, n-BulLi/ THF Me
Scheme 2

Synthetic route of (R)-B-arylmethyl-y-butyrolactones is shown in Scheme 3. The starting materials,
arylidenesuccinic acid mono-methyl esters (13, 14, 15) were easily obtained by Stobbe condensation of
dimethyl succinate and the corresponding substituted benzaldehydes.12 The asymmetric hydrogenation of 13,
14, and 15 was carried out in methanol at 30 °C for 40 h under 1 atm of hydrogen pressure in the presence of
triethylamine using the neutral rhodium(I) complex of (45,55)-MOD-DIOP(12) (molar ratio; substrate to the
rhodium(I) complex = 500) prepared just prior to use by mixing [Rh(1,5-cyclooctadiene)Cl], and MOD-DIOP
(12) in methanol. As the results are summarized in Table 1, all the reactions gave R-products (16, 17, 18) in
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Table 1. Asymmetric hydrogenation of arylidenesuccinic acid mono-methyl
esters (13,14,15) with Rh(I)-(45,55)-MOD-DIOP (12)

Substrate Convn /4% Product
Ar [alo e.e./%") Confign
o]
r +27.2°(22°C)
13 o@— 100 16 (c210, methanol) 93 R
MeO,
14 +23.8° (23°C)
Meo @ 100 17 (£1.47, ethanol) 94 R
MeQ,

15 100 18 +26.2° (23°C)
HO‘G_ (€127, methanol) > R

a) Determined by THNMR analysis. b) Determined by HPLC analysis of its morpholine amide derivative,
N\
O_ ,NCOCH,CH(CH,Ar)CO,Me , on Chiraicel OC (Daicel) (isopropy! aicohol / hexane = 1/1).

high optical purity (>93% e.e.) and quantitative chemical yields. The hydrogenation could be also carried out
even in larger molar ratios of substrate to the catalyst (2000-5000) under a hydrogen pressure of 5 atm at 30-50
oC, resulting in similar or slightly lower optical yields. Optically pure (R)-arylmethylsuccinic acid mono-
methyl esters (16, 17, 18) were easily obtained by a single recrystallization of the products from isopropyl
ether. The optically pure half-esters (16, 17) were converted to (R)-arylmethyl-y-butyrolactones (19, 20) in
high yields by the chemoselective reduction of the ester group with calcium borohydride according to the
procedure reported by Brown.!3

Synthesis of (+)-collinusin

(+)-Collinusin is one of the chemical constituents of Cleistanthus collinus (Roxb.), a highly poisonous
plant.14 The structure was determined to be 6 by its chemical transformations and spectral datald or by a
racemic synthesis from a cinnamyl phenylpropiolate,'6 but the absolute configuration of C-3 was not clarified.
Since most of natural lignan lactones have R-configuration at the B-position, we planed to synthesize the

Reagents. a) LDA, HMPA, 3,4-CH(0)2CsHaCOOCOOEL /THF,
b) HCl/ MeOH

Scheme 4
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optically pure collinusin bearing R-configuration at C-3 starting from optically pure (R)-y-butyrolactone (20)
via a-acylation followed by dehydrative ring-closure.

Our synthetic route of natural collinusin is shown in Scheme 4. The lactone (20) was treated with
lithium diisopropylamide (LDA) in tetrahydrofuran (THF) in the presence of hexamethylphosphoramide
(HMPA), yielding the lithium enolate, which was allowed to react with a mixed anhydride prepared from
piperonylic acid and ethy! chloroformate. After the reaction mixture was quenched with aqueous ammonium
chloride, a-piperonylated lactone (21) was isolated in 70% yield by column chromatography. Dehydrative
ring-closure of 21 was achieved by heating with methanolic hydrogen chloride, affording (+)-collinusin (6) in
63% yield after purification by recrystallization from acetone. Its melting point (192.5-193.5 ©C) and optical
rotation value ([&t]p25 +134.20 (¢ 1.01, chloroform)) were in good agreement with the reported values for the
natural (+)-collinusin (mp 196 °C, [a]p +132.480 (¢ 2.04, chloroform)).14 In its 1H NMR spectra, signals of
the methoxy groups and the methylenedioxy group were observed as two singlets at 8 3.68 and 3.93 and as
two doublets at & 6.02 and 6.04, respectively, and the other signals were also attributed to the structure. Its
IR spectra showed an absorption at 1750 cm-1 characteristic to the carbonyl group of a.,f-unsaturated lactone.
Thus the asymmetric total synthesis of natural (+)-collinusin was achieved, and the absolute configuration of
C-3 was determined tobe R .

Synthesis of (-)-deoxypodophyllotoxin

(-)-Deoxypodophyllotoxin (3) was isolated from some different sources, Anthriscus sylvestris,17
Hernandia ovigera Linn (or Hernandia peltata Meissn.),!8 and Juniperus silicicola,'® and named anthricin,
hernandion, and silicicolin, respectively. The structure of silicicolin was confirmed by Hartwell and co-
workers.2? These three compounds were found to be the same?! and designated as (-)-deoxypodophyllotoxin
(3) in relation to podophyllotoxin. (-)-Deoxypodophyllotoxin and podophyllotoxin are well known to have
strong cytotoxic activity.2 Among numerous semi-synthetic derivatives of natural podophyllotoxin, glycoside
derivatives of epipodophyllotoxin were found to have lower toxicity against to normal cells, and now
etoposide (4) and teniposide (5) are widely utilized as unique anti-cancer drugs.3

Although numerous elegant syntheses of podophyllotoxin and its derivatives have been reported, 22
most of them are racemic ones, and very few asymmetric total syntheses of these compounds are known; for
example, the synthesis involving diastercoselective addition of aryllithium to arene-containing chiral
oxazoline23 and the enantioselective synthesis involving conjugated addition on chiral butenolide.?4

Our synthetic strategy of (-)-deoxypodophyllotoxin (3) was based on the asymmetric hydrogenation,
followed by reductive lactonization, acylation, and dehydrative ring-closure to afford y-apopicropodophyllin
(23) in a similar way as used for the synthesis of (+)-collinusin (6). In podophyllotoxin and its derivatives,
1,2-cis and 2,3-trans stereorelationship is crucially important for exhibiting cytotoxic activity, and how to
construct the stereorelationship is a major problem in their total synthesis. The catalytic hydrogenation of
racemic 23 was well-known to yield the racemic isodeoxypicropodophyllin (25) of all-cis configurations,?’
and a modified method involving electroreduction of racemic 23 was reported to afford rac-
deoxypicropodophyllin,26 which was convertible to 3 by metal enolation and succeeding kinetic controlled
protonation.2’” More recently, Yamaguchi and co-workers developed another convenient method for
construction of 1,2-cis and 2,3-trans configurations involving saponification of similar racemic 3,4-
dihydronaphthalene lactones, followed by catalytic hydrogenation.28 Since (-)-deoxypodophyllotoxin (3) 1s
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microbially convertible to (-)-epipodophyllotoxin (2),29 the development of the method for the asymmetric
synthesis of 3 implies the formal total synthesis of etoposide (4) and teniposide (5).

Our synthetic route of 3 is outlined in Scheme 5. In a simlar manner as described for the synthesis of
(+)-collinusin (6), the lactone (19) was acylated with 3,4,5-trimethoxybenzoyl chloride to give (+)-
podorhizon (22) in 70% yield, followed by dehydrative ring-closure to afford (+)-y-apopicropodophyllin (23)
in 80% yield. Saponification of 23 with sodium hydroxide followed by acidification gave (-)-y-
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Reagents. a) 3,4,5-(Me0)3CgH2COCH, LDA, HMPA/THF; b) HCI/MeOH;
¢) NaOH/H20-MeOH; d) Hy, 5%Pd-C/EtOH; d) DCC/CHCIg

Scheme 5

apopodophyllic acid (24) in 64% yield. Catalytic hydrogenation of 24 using 5% palladium on carbon under
20 atm of hydrogen pressure gave an oily product, which was directly lactonized with N,N'-
dicyclohexylcarbodiimide (DCC) in chloroform, affording a mixture of two lactones. The mixture was
separated by preparative thin layer chromatography (PTLC), followed by recrystallization from ethanol, giving
3 and (+)-deoxyisopicropodophyllin (28) in 37% and 25% yields, respectively. (-)-Deoxypodophyllotoxin
(3) thus obtained showed a melting point 168-170 °C and an optical rotation value [c]p28 -113.4° (¢ 0.50,
chloroform), both of which were in good agreement with those of natural deoxypodophyllotoxin [mp 168-169
°C,2l mp 167-168°C,30 [a}p20 -115° (¢ 0.5, chloroform),?! [@]p23 -116° (¢ 2, chloroform)?%). The 'H
NMR data including two singlets at & 3.75 and 3.81 (methoxy groups) and two doublets at 8 5.93 and 5.95 (a
methylenedioxy group) perfectly match with those of authentic naturally occurring (-)-deoxypodophyllotoxin.
This was the first successful asymmetric total synthesis of (-)-deoxypodophyllotoxin using catalytic
asymmetric hydrogenation as a key reaction.

Synthesis of (+)-neoisostegane
(+)-Neoisostegane (8) was isolated by Robin3! and Sneden32 from Steganotaenia araliaceae (Apiaceae)
as one of the chemical constituents having some cytotoxity. The structure was elucidated to be a new type of a
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bisbenzocyclooctadiene lignan lactone from its 'H and 13C NMR spectra and by chemical correlation with
known steganes. Furthermore, Robin and co-workers reported the total synthesis of racemic 8 and its analogs
via intramolecular non-oxidative biaryl coupling with ruthenium(IV) tetrakis(trifluoroacetate),33 and the
structure of neoisostegane was definitely determined to have M*,6R*,7R*-configuration. However, the
absolute configuration was not clarified. In connection with natural bisbenzocyclooctadiene lignan synthess,
optically active stegane, steganacin and steganone were synthesized by Koga et al.34 35 or Meyers36 via multi-
steps from L-glutamic acid or via a biaryl coupling of a chiral aromatic oxazoline.
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Reagents: a) 2,3,4-(Me0)3CsH2CH,Br, LDA, HMPA/THF;
b) TTFA, BF30Ety, CF3CO,H/CHLCl

Scheme 6

Our synthetic route of 8 essentially similar to the Robin's is shown in Scheme 6. The lactone (20) was
lithiated with LDA, and allowed to react with 2,3,4-trimethoxybenzyl bromide, affording o, B-dibenzyl lactone
(26) as a syrup in 96% yield after purification by column chromatography. Non-oxidative coupling of 26 was
carried out with thallium(III) trifluoroacetate (TTFA) in the presence of boron trifluoride etherate. Purification
by column chromatography and recrystallization from isopropyl ether gave (+)-neoisostegane (8) as prisms,
mp 156-157 °C, {a]p!9 +107.7° (¢ 0.51, chloroform) in 48% yield.

The product (8) showed a melting point and an optical rotation value different from the reported values
(mp 71-74 °C, [a]p20 +65£5° (¢ 0.35, chloroform)).3! However, the NMR data were in good agreement
with those of natural neoisostegane reported by Robin;3! the coupling constant between the proton on C-6 (8
2.22) and the proton on C-7 (6 2.02) was 12.8 Hz, both the coupling constant between the proton on C-6 and
the proton on C-5 (8 2.57) and the coupling constant between the proton on C-7 and the proton on C-8 (8
3.68) were 0 Hz, and the other IH NMR signals and 13C NMR data were also consistent with the structure.
The elemental analysis of our product also established the molecular formula (C23H2607) consistent with 8.
By inquiry to Prof. Robin, we were informed that the sample obtained from the natural source in a very small
quantity was regarded to contain fatty materials as impurities. Thus, the physical data of our product was
considered as the true ones of natural (+)-neoisostegane (8), and the absolute configuration was determined to
be (M,6R,7R).

CONCLUSION

Efficient asymmetric total syntheses of naturally occurring lignan lactones such as (+)-collinusin, (-)-
deoxypodophyllotoxin, and (+)-neoisostegane were achieved using the catalytic asymmetric hydrogenation of
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arylidenesuccinic acid derivatives with the rhodium(I) complex of a chiral bisphosphine, (45,55)-MOD-DIOP,
in the key step, and the absolute configurations of naturally occurring (+)-collinusin and (+)-neoisostegane
were determined to be R-forms. Our method has provided a new efficient procedure for synthesizing several
types of optically pure lignans. A remarkable feature of this method is that a large amount of optically pure key

intermediates are easily obtainable with a very small amount of chiral source, (4S,55)-MOD-DIOP (molar
ratios of substrate to catalyst = 500~5000) under mild reaction conditions (under 1~5 atm of hydrogen

pressure at rt~50 °C).
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EXPERIMENTAL SECTION

General Method. All melting points and boiling points are uncorrected. IR spectra were recorded on a
JASCO A-202 spectrometer. The NMR spectrometers used in this study were as follows; the H and 13C
NMR spectra were measured with a Hitachi R-24 (60 MHz), a JEOL FX-90Q (90 MHz), or a JEOL GX-270
(270 MHz) spectrometer using tetramethylsilane as an internal standard. Optical rotations were measured with
a JASCO DIP-370 digital polarimeter. Chiral HPLC analysis for the determination of enantiometric excess
was carried out with a JASCO HPLC assembly consisting of a JASCO 880-PU solvent delivery system, a
JASCO 880-50 degasser, and a JASCO 875-UV/VIS detector (at 254 nm), equipped with a Labchart 180
integrator using a chiral stationary phase column, Chiraicel OC (Daicel) employing hexane/isopropy! alcohol as
the solvent system. Column chromatography was carried out on silica gel (Wakogel C-200, 100-200 mesh or
Silica gel 60, 70-230 mesh, Merck). Precoated silica gel in PTLC was Kieselgel 60 Fas4, Merck.

Materials. All solvents and reagents were obtained commercially in high purity, and were used without
further purification unless indicated. Arylidenesuccinic acid mono-methyl esters were prepared by the
condensations of dimethyl succinate with the corresponding substituted benzaldehydes catalyzed by sodium
methoxide or lithium methoxide, and were purified by recrystallization. 13: mp 137-139 oC (water-ethanol).
14: mp 141-142 oC (water-ethanol). 15: mp 141-142 oC (water). Bis(4-methoxy-3,5-dimethylphenyl)-
phosphine (bp 210-215 ©C / 2 mmHg / bulb-to-bulb) was prepared according to the method reported in our
previous paper.®

(45,55)-4,5-Bis(p-toluenesulfonyloxymethyl)-2,2-dimethyl-1,3-dioxolane (11). This
compound was prepared by the literature procedure.?? (-)-2,3-O-Isopropylidene-D-threitol (2.05 g, 12.6
mmol) was dissolved in dry pyridine (30 ml), and cooled to -15 ©C. To the solution with stirring was added in
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three portions p-toluenesulfonyl chloride (9.50 g, 49.8 mmol). After stirring overnight at -15 °C, water (50
ml) was added, and the mixture was warmed up to room temperature. White solid precipitates were collected
by filtration, washed with water, and dried ir vacuo. Recrystallization from ethanol gave 11 as needles (5.43
g, 91%), mp 91-92 °C, [a]p27 +12.2° (¢ 4.00, chloroform) [Lit.,37 the antipode, mp 91.5-92.5 °C, [a]p20 -
12.4° (¢ 3.2, chloroform)].

(45,55)-4,5-Bis[bis(4'-methoxy-3',5'-dimethylphenyl)phosphinomethyl]-2,2-dimethyl-
1,3-dioxolane [(4S8,55)-MOD-DIOP, (12)]. To a solution of bis(4-methoxy-3,5-dimethylphenyl)-
phosphine$ (1.02 g, 3.4 mmol) in dry THF (15 ml) was added n-butyllithium (1.6 M in n-hexane solution,
2.1 ml, 3.4 mmol) at -30 °C under an argon atmosphere, and the resulting yellow solution was stirred for 30
min. To the solution was added slowly a solution of 11 (423 mg, 0.90 mmol) in dry THF (15 ml). After
stirring for 1 h, the solution was allowed to warm to room temperature, and evaporated in vacuo. The residue
was extracted twice with benzene. The combined extracts were washed with water and saturated aqueous
NaCl, dried over anhydrous MgSO4, and evaporated in vacuo. The resulting viscous oil was purified by
column chromatography (benzene/ethyl acetate, 9:1) to give 12 (371 mg, 56%) as a white solid.
Recrystallization from ethanol gave needles, mp 128.5-129.5 °C, [a]p27 -14.49 (¢ 1.02, benzene). Anal.
Calcd for C43Hs606P7: C, 70.67; H, 7.72. Found: C, 70.35; H, 7.63. 1H NMR (CDCl3) &: 1.36 (6H, s),
2.24 (24H, s), 2.00-2.45 (4H, m), 3.68 (12H, s), 3.50-3.95 (2H, m), 7.08 (8H, dd, J=3.4, 7.6 Hz).

Asymmetric hydrogenation of arylidenesuccinic acid mono-methyl esters (13, 14, 15).
General procedure. A solution of a neutral rhodium(I) complex catalyst was prepared by mixing [Rh(1,5-
cyclooctadiene)Cl]2 (obtained from Kanto Chemical Co., Inc.) (1.0 mg, 2x10-3 mmol) and (4S,55)-MQD-
DIOP (12) (3.5 mg, 4.8x10-3 mmol) in degassed methanol (1 ml) under an argon atmosphere. To a solution
of arylidenesuccinic acid mono-methyl ester (13,14, or 15) (2.0 mmol) and triethylamine (202 mg, 2.0
mmol) in degassed methanol (3 ml) was added the above solution of the rhodium(I) complex catalyst. The
hydrogenation was carried out under 1 atm of hydrogen pressure at 30 °C for 40 h. After the reaction was
completed, the reaction mixture was evaporated ir vacuo. The conversion rate was determined by *H NMR
analysis. The evaporation residue was dissolved in aqueous NaOH (0.5 M, 4 ml), and extracted with
dichloromethane to remove the catalyst. The aqueous layer was acidified with dil. HCI, and extracted twice
with ether and the combined extracts were dried over anhydrous MgSO4. Evaporation of the solvent gave the
hydrogenation products in quantitative yields. The absolute configurations of the products were determined by
comparing their optical rotation values with the reported ones. The optical punties of the hydrogenation
products were measured by HPLC analysis of their mono-morpholine amide derivatives on a chiral column,
Chiralcel OC (Daicel), using isopropy! alcohol-hexane (1:1) as the eluent with a flow rate of 1 ml/min. The
mono-morpholine amide dervatives were prepared as follows. To a solution of the hydrogenation product
(0.5 mmol) 1n dichloromethane (1.5 ml) were added at 0 °C N,N'-dicyclohexylcarbodiimide (103 mg, 0.5
mmol) and, 15 min later, morpholine (44 mg, 0.5 mmol). After the reaction mixture was stirred for 1 h, the
solvent was removed by evaporation. To the resulting residue was added ethyl acetate (10 ml), and insoluble
materials were filtered off. Evaporation of the solvent gave the mono-morpholine amide derivatives for the
HPLC analysis.
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Optically pure (R)-arylmethylsuccinic acid mono-methyl esters (16, 17, 18). Recrystallization
of the hydrogenation products from isopropyl ether gave pure esters (16,17,18) as white solid in about 80%
yields. Their optical purities were determined to be >99% ee by HPLC analysis of their corresponding mono-
morpholine amide derivatives. 16: mp 101-102 °C, [&]p23 +28.40 (c 2.01, methanol) [Lit.,13 mp 102-104
oC, [alp20 +30.40 (¢ 2, methanol)]. 17: mp 99-100 °C, [a]p23 +26.10 (¢ 1 23, ethanol) [Lit.,38 mp 99-
101.5 °C, [a]p +27° (¢ 1.2, ethanol) 18: mp 99-99.5 oC, [o]p20 +28.10 (¢ 1.28, methanol) [Lit.,3¥ mp
97.5-100.5 oC, {alp +29° (¢ 1.2, methanol)].

(R)-B-Arylmethyl-y-butyrolactones (19, 20). The optically pure succinic acid mono-methyl ester (16
or 17) (5.0 mmol) was dissolved in methanol (2.5 ml), and cooled in an ice bath with stirring. To the solution
was added dropwise aqueous KOH (2 M, 2.5 ml), and the mixture was stirred for 15 min. After evaporation
of the solvent, the resulting solid was dissolved in ethanol (30 ml) and cooled in an ice bath. To the stirred
solution was added powdered calcium chloride (1.39 g, 12.6 mmol). After stirring for 15 min, a suspension
of sodium borohydride (0.76 g, 20.0 mmol) and KOH (0.12 g) in ethanol (10 ml) was added, and the
suspended mixture was stirred for 3 h at room temperature. Then the reaction mixture was cooled in an ice
bath, and acidified (to pH 1) with dil. HCl. After stirring for 30 min, the mixture was evaporated in vacuo,
and the residue was extracted several times with dichloromethane. The combined extracts were washed with a
small amount of saturated brine, and dried over MgSO4. After evaporation of the solvent, an oily residue was
purified by column chromatography (toluene-ethyl acetate, 4:1) to give the corresponding lactone as an oil.
19: 97% yield, [a]p25 +4.8° (¢ 1.19, chloroform) [Lit.,!3 [a]p20 +4.87° (¢ 0.87, chloroform)]. IR (KBr):
1778 cm-1 (C=0). H NMR (CDCl3) &: 2.13-2.93 (5H, m), 3.75-4.42 (2H, m), 5.73 (2H, s), 6.30-6.73
(3H, m). 20: 95% vyield, [o]p2! +6.20 (¢ 1.23, chloroform) {Lit.,38 [a]p +8° (c 2.69, chloroform)]. IR
(KBr): 1780 cm-! (C=0). H NMR (CDCl3) &: 2.21-3.01 (5H, m), 3.80 (6H, s), 3.90-4.47 (2H, m), 6.47-
6.80 (3H, m).

(2R,3R)-3-(3',4'-Dimethoxybenzyl)-2-(3',4'-methylenedioxybenzoyl)-4-butanclide (21).
A solution of diisopropylamine (688 mg, 6.6 mmol) in dry THF (21 ml) was chilled to -60 °C under an argon
atmosphere. To the solution were added dropwise n-butyllithium (1.6 M in hexane, 4.2 ml, 6.6 mmol),
successively HMPA (1.18 g, 6.6 mmol), and, 10 min later, a solution of 20 (709 mg, 3.0 mmol) in THF (3
ml). The mixture was stirred at -60 °C for 30 min. To the reaction mixture was added a mixed anhydride (857
mg, 3.6 mmol), prepared from piperonylic acid and ethyl chloroformate, and the whole was stirred at -60 °C
for 1 h. The reaction mixture was quenched with saturated aqueous NH4Cl (30 ml), and extracted twice with
ethyl acetate. The combined extracts were washed with dil. HCI, water, and saturated brine, and dried over
anhydrous MgSQ4. After removal of the solvent, the residue was purified by column chromatography
(toluene-ethyl acetate, 4:1) to give 21 (810 mg, 70%) as a white solid, mp 122-123 oC (ethanol), [a]p24
+73.49 (c 1.08, chloroform). Anal. Calcd for Co1Hp007: C, 65.61; H, 5 24. Found: C, 65.88; H, 5.24. IR
(KBn): 1760 cm-1 (C=0). 'H NMR (CDCl3) §: 2.75 and 2.85 (1H, 1H, dd, J=8, 14 Hz), 3.03-3.40 (1H, m),
3.80 (3H, s), 3.85 (3H, s), 4.13 (1H, dd, J=5.5, 9 Hz), 420 (1H, d, J=6 Hz), 4.52 (1H, dd, J=7, 9 Hz),
6.27-7.39 (6H, m).

(+)-Collinusin (6). The butanolide (21) (250 mg, 0.65 mmol) was heated under reflux for 30 min in
methanol (30 ml) saturated with dry HCl. After evaporation of the solvent, the residue was treated with
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saturated aqueous NaHCO3 (30 ml) and extracted twice with chloroform. The combined extracts were washed
with saturated brine, dried over anhydrous MgSO4, and evaporated. The residue was recrystallized from
ethanol to give 6 (130 mg) as needles. The mother liquor was condensed and purified by column
chromatography (toluene-ethy! acetate, 4:1) gave additional 6 (20 mg). The total yield was 63%, mp 192.5-
193.5 oC, [a]p25 +134.29 (¢ 1.01, chloroform). Anal. Calcd for C1H1806: C, 68.84; H, 4.97. Found: C,
68.57; H, 5.00. 1H NMR (CDCl3) 8. 2.80 (1H, t, J=15 Hz), 2.94 (1H, dd, J=15, 7 Hz), 3.41 (1H, m), 3.68
(3H, s), 3.93 (3H, s), 4.01 (1H, t, J=8.8 Hz), 4.70 (1H, t, J=8.8 Hz), 6.02 (1H, d, J=1.5 Hz), 6.04 (1H, d,
J=1.5 Hz), 6.56 (1H, s), 6.78 (1H, s), 6.75-6.95 (3H, m).

(+)-Podorhizon (22). In a similar procedure for the synthesis of 21 except for the use of 3,4,5-
trimethoxybenzoy! chloride (1.34 g, 5.81 mmol) as an acylating reagent, 19 (1.07 g, 4.8 mmol) was
converted to 22 in 70% yield. Colorless needles, mp 129-130 ©C (ethanol), [a:]p26 +79.6° (¢ 0.68,
chloroform) [Lit.,*0 mp 129-130 °C, [a]p21 +79.5° (c 0.588, chloroform); Lit.,4! mp 131-132 °C, [a]p
+78.80 (¢ 0.57, chloroform)]. The spectral data were in good agreement with the reported data,40-42

(+)-y-Apopicropodophyllin (23). In the same procedure for the synthesis of 6, the compound 23 was
synthesized in 80% yield by the reaction of 22 with methanolic HCl. Colorless needles, mp 285-286 °C
(ethanol) (Lit.,*3 racemate, mp 250.1-251.0 °C), [a]p27 +112.8° (c 0.63, chloroform). IR (KBr): 1750 cm-!
(C=0), 1650 cm1(C=C). 'H NMR (CDCl3) 8: 2.80 (1H, t, J=15 Hz), 2.85-3.13 (1H, m), 3.15-3.60 (1H,
m), 3.83 (6H, s), 3.92 (3H, s), 3.85-4.12 (1H, m), 4.67 (1H, t, J=15 Hz), 5.93 (2H, s), 6.50 (3H, s), 6.75
(1H, s).

(-)-(y)-Apopodophyllic acid (24). To a solution of NaOH (464 mg, 11.6 mmol) in 50% aqueous
ethanol (3.8 ml) was added 23 (450 mg, 1.14 mmol) and the mixture was heated under reflux for 15 min.
After addition of hot water (20 ml), the mixture was cooled in an ice bath, and acidified with 2M HCl. The
mixture was extracted with chloroform, washed with saturated aqueous NaCl, and dried over anhydrous
MgS04. After removal of the solvent, the resulting solid was recrystallized from water-ethanol to give 24
(303 mg, 64%) as felt-like colorless needles, mp 284-285 °C (Lit.,43 racemate, mp 251 °C), [o]lp24 -24.7° (c
0.65, chloroform). IR (KBr): 3300 cm-! (OH), 1690 cm-1 (C=0). 1H NMR (CDCl3) &: 2.63-3.18 (3H, m),
3.5-3.9 (2H, m), 3.75 (€H, s), 3.82 (3H, s), 5.2 (2H, br s), 5.82 (2H, s), 6.22 (1H, s), 6.28 (2H, s), 6.60
(1H, s).

(-)-Deoxypodophyllotoxin (3). The catalytic hydrogenation of 24 (178 mg, 0.43 mmol) was carried
out with 5% palladium on carbon (35 mg) in ethanol (15 mi) under 20 atm of hydrogen pressure for 20 h at
room temperature. After filtration of the catalyst, the filtrate was evaporated in vacuo and the residue was
dissolved in chloroform (50 ml). To the solution was added DCC (168 mg, 0.81 mmol) and the mixture was
stirred at room temperature for 2.5 h. After removal of the solvent, the residue was elaborately purified by
PTLC (three times) (toluene-ethyl acetate, 4:1) to give 3 (63 mg, 37%) and (-)-deoxyisopicropodophyllin (25)
(43 mg, 25%). 3: mp 168-170 °C, [a]p28 -113.4° (c 0.50, chloroform). [Lit.,2! mp 168-169°C, [a]p20 -
1159 (c 0.50, chloroform), Lit.,30 mp 167-168 °C, {a]p23 -1160° (¢ 2, chloroform)]. Anal. Calcd for
C22H2207: C, 66.32; H, 5.57. Found: C, 66.29; H, 5.55. IR (KBr): 1768 cm-1 (C=0). 'H NMR (CDCl3)
8: 2.63-2.84 (3H, m), 3.00-3.14 (1H, m), 3.75 (6H, s), 3.81 (3H, s), 3.92 (1H, pseudo t, J=9.3 Hz), 4.46
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(1H, dd, J=8.4, 6.2 Hz), 5.93 (1H, d, J=1.5 Hz), 5.95 (1H, d, J=1.5 Hz), 6.35 (2H, s), 6.52 (1H, s), 6.67
(1H, s). 25: mp 203.5-205.5 °C, [a]p26 +117° (¢ 0.53, chloroform) [Lit.,44 the antipode, mp 202.3-203.2
°C, («]p20-114° (¢ 0.51, chloroform); Lit.45 the racemate, mp 198-199 oC]. The spectral data of 2§ were in
good agreement with the reported data.45

(+)-(2R,3R)-3-(3',4'-Dimethoxybenzyl)-2-(2',3',4'-trimethoxybenzyl)-4-butanolide (26).
The lactone (20) (473 mg, 2.0 mmol) was treated with 2,3,4-trimethoxybenzyl bromide (627 mg, 2.4 mmol)
in a similar manner for the synthesis of 21. The crude product was purified by column chromatography
(toluene-ethyl acetate, 4:1-3:1) to afford 26 (803 mg, 96%) as a syrup. Although the racemic 26 was reported
10 be a solid of mp 113.5-114.5 °C, a syrup 26 thus obtained was regarded to be pure by !H NMR and used
without further purification in the next step. [x]p22 -48.6° (¢ 1.23, chloroform). !H NMR §&: 2.35 and 2.67
(1H, 1H, dd, dd, J=13, 9 Hz), 2.46-2.70 (2H, m), 2.84 and 3.16 (1H, 1H, dd, dd, J=13, 5 Hz), 3.83 (3H,
s), 3.84 (6H, s), 3.86 (3H, s), 3.91 (3H, s), 3.87-3.98 (1H, m), 4.11 (1H, dd, J=9, 7 Hz), 6.54-6.62 (3H,
m), 6.73 (1H, d, J=8.8 Hz), 6.89 (1H, d, J=8.4 Hz).

(+)-Neoisostegane (8). The butanolide 26 (208 mg, 0.50 mmol) was dissolved in dichloromethane (2
ml), and chilled to -20 °C. To the solution were added a solution of TTFA in trifluoroacetic acid (0.8 M, 0.75
ml, 0.60 mmol) and boron trifluoride etherate (85 mg, 0.6 mmol). The mixture was stirred for 3 h, and
poured into water (S ml), and extracted twice with dichloromethane. The combined extracts were washed with
water, saturated aqueous NaHCO3, and saturated brine, and dried over anhydrous MgSQa. After evaporation
of the solvent, the residue was purified by column chromatography (toluene-ethyl acetate, 4:1). Recrystallized
from isopropyl ether gave 8 (100 mg, 48%) as prisms, mp 156-157 °C, [a]p19 +107.70 (¢ 0.51,
chloroform). Anal. Calcd for Co3H2607: C, 66.65; H, 6.32. Found: C, 66.50; H. 6.43. IR (KBr): 1776 cm!
(C=0). 1H NMR (CDCl3) 8: 1.91 (1H, dd, J=13.2, 9.2 Hz, Hg,), 2.02 (1H, dd, J=12.8, 9.2 Hz, Hy), 2.22
(1H, dddd, J=12.8, 11.4, 9.9, 6.6 Hz, Hg), 2.41 (1H, dd, J=13.2, 9.9 Hz, Hsp), 2.67 (1H, d, J]=13.2 Hz,
Hso), 3.68 (1H, d, J=13.2 He, Hgg), 3.78 (1H, dd, J=11.4, 8.4 Hz, H,3p), 3.85 (3H, s, CH30), 3.88 (3H,
s, CH30), 3.93 (6H, s, 2xCH30), 3.96 (3H, s, CH30), 4.38 (1H, dd, J=8.4, 6.6 Hz, H;3q), 6.51 (1H, s,
Hyj), 6.69 (1H, s, Hy), 6.72 (1H, s, Hy). 13C NMR (CDCl3) 8: 24.1 (1), 34.2 (1), 46.8 (d), 49.7 (d), 56.1
(q), 60.8 (), 61.1 (q), 69.9 (1), 109.7 (d), 112.1 (d), 114.0 (d), 126.6 (s}, 130.9 (s), 132.4 (s), 136.1 (s),
141.9 (s), 147.3 (s), 148.9 (s), 150.6 (s), 151.5 (s), 176.2 (s).
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