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Abslracf: Synthesis of podophyllotoxin derivatives based on an aryl radical cyclizarion of a-benzylidene-B-(o-bromobenzyl)r 
lactones 20 and 21 has been examined. Treatment of a mixture of the alcohols 18a and 18b (cu. 1:l). prepared from 6- 
bromopiperonal (10) in 7 steps, with methenesulfonyl chloride gave a cu. 3:l mixture of the chlorides 19a and l9b, which was 
treated with DBU to give the Q- and Q-a-beazylidene-y-lactoaes 20 and 21 in 64 and 22% yields, respectively. Thennolysis of 
the mixture of the sulfoxides 238 and 23b, prepared from 18a,b, afforded the E-isomer 21 as a major product. The Z- 
benzylidenelactone M when tnated with Bu$nH in the pnsence of AIBN gave the &&o-trig radical cyclization product, Q- 
deoxyisopicropodophyllin (24). and the S-exe-trig cyckation product 25 in 29 sod 49% yields, respectively. The E-isomex 21, 
however, gave only the 5~x0 cyclization product 25. On the other hand, treatment of 20 with PdCi2JPPhg)g gave 4)-y- 
apopicmpodophyllin (29) in 75% yield. Similar beabnent of 21 afforded no cyclixation product, but, ia the presence of sodium 
formate (IF source), gave the S-a0 cyckatioa product 25 in 84% yield. 

Podophyllotoxin (1) and related lignan lactones have received considemble attention due largely to their 

significant cytotoxic activities.’ In particular, etoposide (4), a semi-synthetic glucoside derived from epipodo- 

phyllotoxin (2), is currently used for the treatment of many types of human can~ers.~ A number of methods 

have so far been devised for the construction of this class of molecules and several efforts have culminated in 

the total synthesis of podophyllotoxin (1) and its derivatives.3*4 

l:X=OH,Y=H,R=Me 
2:X=H,Y-=OH,R=Me 
3:X=Y=H,R=Me 

One of the most frequently employed approaches to podophyllotoxins is based upon the tandem process that 

consists of successive treatment of the benzylic anions 5 with y-crotonolactone (6) and then with the aldehyde 

7.5 The resulting alcohols 8, when treated with acid, undergo an intramolecular aromatic substitution to give 

podophyllotoxin derivatives. This approach is particularly attractive in terms of the number of steps involved 

and the tranr-stereochemistry of the lactone ring of podophyllotoxins. A disadvantage of this procedure is that 

4173 





Synthesis of podophyllotoxin derivatives 4175 

10 ll:X=Y=SPb 14 15 
l2:xPosiMeJ.Y=cN 
13:X=OH,Y=CN 

0 0 
16 17 

18a:R’=H,R’=OH 
18b:R’=OH,R’=H 

19a:R1=H,R2=Cl 
19b:R’=Cl,R’=H 

l9a,b + 

18a,b - 

22a:R1=H,R2=SPb 

22b:R’=SPb,R’=H 

23a : R’ = H, R2 = S(O)F’h 

23b : R’ = S(O)Ph, R2 = H 

Scheme I 
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corresponding proton of 21 shifted down-field to 6 7.51 (d, .I = 1.6 Hz) due to the &shielding effect of the 

neighboring lactone carbonyl group. The following procedure enabled us to obtain the E- isomer 21 as a major 

product. Treatment of the mixture of the alcohols 18a and 18b with thiophenol in the presence ofHCl0, gave, 

in 94% yield, a mixture of the sulfiis 22a and 22b in a ratio of ca. 3:l. The mixture of 22a,b was then 

oxidized with m-CPBA and the resulting mixture of the sulfoxides 23a,b was heated in boiling CQ to give 

21 in 43% yield, along with a small quantity of the unchanged sulfoxide (probably 23b). The difficulty in 

obtaining the Z-isomer 20 from the sulfoxide 23b may be attributed to the eclipsed interaction between the 

trimethoxyphenyl group and the lactone carbonyl group in the transition state for the synclimination of sulfenic 

acid 

With the requisite a-benzylidene-v&tones 20 and 21 in hand, we then examined a cyclixation under the 

Bu&H-mediated conditions. Thus, when the Z-isomer 20 was treated with Bu&H in the presence of AIBN 

in boiling benzene, two cyclixation products 24 and 25 were obtained in 29 and 49% yields, respectively. The 

compound 24 (mp 203-204 “C) was identitied as (k)-deoxyisopicropodophyllin (lit. mp 203-204 0C,11 208- 

210 “@a) based on a comparison of the spectml data with those of an authentic sample. The structure of 25 
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was deduced by examination of the spectmscopic data: the IH NMR spectrum exhibited an AB quartet (J = 13.7 

Hz) at 6 2.96 and 3.23 due to the trimethoxyphenyl-substituted methylene group, and the t3C NMR specnum 

showed the presence of one quatemary carbon atom (C-4b) at 6 69.2. 

By contrast, the E-isomer 21 was found to give only the lactone 25 in 64% yield when treated with 

Bu3SnI-I and AIBN. 

It is generally recognized that the or&-falkenyl substituted aryl radicals cyclizc pref&rentially in a S-exe- 

tig manner rather than in a 6-e&-@ manner. l2 This is the case for the E-isomer 21 which gives exclusively 

the 5-exe cyclization prcduct 25. On the other hand, inspection of molecular models indicates that, in the 

transition state for the 5-exe cyclixation of the radical 26 derived from the Z-isomer 20, a severe steric 

repulsion between two aromatic rings becomes evident because they adopt a perpendicular form to each other as 

shown in Scheme II. Therefore, the 6-e&-trig cyclixation can compete with the 5-endo-nig cycbxation, giving 

the new radical 27. The convex attack of Bu3SnH on the radical center of 27 leads to the observed all cis 

product 24. The possibility that the radical 27 was formed by a neophyl rearrangementlti of the radical 28 

was excluded, since the same radical intermediate 28 formed from the E-isomer 21 led to only the lactone 25.. 

Our attention was next turned to the intramolecular Heck reactionI of 29 and 21. Thus, when the Z-isomer 

20 was heated in acetonitrile in the presence of Pd(OAc)2 (0.2 equiv.), PPh3 (0.4 equiv.), and triethylamine (1 

equiv.) at 120 ‘C for 3 h (entry 1 in Table 1). the cyclixation product 29 was obtained in 28% yield, along with 

the recovered starting material 20 (35%). The melting point (252-253 “C) and spectral properties of 29 were 

identical with those of (Itjrapopicropodophyllin (lit. mp 252-253 0C,14 251-254 “C‘@). The results obtained 

under various conditions by using K2CO3 as a base for the reaction are summarized in Table 1. The starting 

material 20 was consumed at 100 - 110 “C in either DMSO or DMP, but the yields of 29 were not improved 

(entries 2 and 3). The reaction at 90 ‘C in DMP was very sluggish (entry 4), whereas the addition of 1.2 equiv. 

OMe Oh 
20 29 

Table 1. Intramolecular Heck Reaction of 20. 

Tt?Ulp. Solvent 0C Time Yield, % 
h 29 20 

1 Pd(OAc)s 0.4 %N (1) CH,CN 120 3.0 28 36 

2 Pd(OAc), 0.4 K2C4 (2) DMSO 100 16.0 36 mace 

3 Pd(OAc)z 0.4 K2c03 (2) DMF 110 65 3.5 trace 

4 Pd(OAch 0.4 Kzco, (2) DMF 90 3.0 22 60 

5 Pd(OAch 1.2 KzC% (2) DMF 90 4.5 54 9 

6 PdClz(PPh3h 1.2 KzCo, (2) Dm 90 5.0 15 7 

a) 0.2 Ekpiv. wen used. 
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of PPh3 gave 29 in 54% yield after 4.5 h (entry 5). The best result was obtained by using PdQ(PPh& as a 

catalyst in the presence of 1.2 equiv. ofPPh3 in DMP at 90 ‘C: this gave 29 in 75% yield (conversion yitld: 

81%) along with a small quantity (7%) of the stertlng material 20. 

The E-isomer 21, however, resulted in the fonmation of a complex mixtme of products when subjected to 

the various Heck reaction conditions. 

A possible mechanism to account for the formation of 29 from 20 is shown in Scheme III. The oxidative 

coupling of the bromide 20 with zero-valent palladium gives the o-complex 30. which then undergoes the C-C 

bond coupling at the less hindered site of oleflnic bond in a syn-addition manner13 to give the new o-complex 

32 via the x-complex 31. Since a subsequent elimination of palladium and hydrogen atom must proceed in a 

syn-mode,13 the u-complex 32 would undergo isomerization to the diastereoisomeric 34 through the 

intermediacy of the en01 complex 33.15 This step is then followed by elimination of xem-valent palladium and 

hydrogen bromide to lead to 29. 

WO) 
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The differing behavior of 20 and 21 toward the palladium-catalyzed reaction may be explained by 

consideting the stemoclmmical mqulrements in the transition state for the formation of the o-complex of type 

32. The C-C bond coupling of the rr-complex 31 formed l?om 20 proceeds so as to form the l&runs u- 

complex 32 in which the trlmethoxyphenyl group occupies the relatively stable wi-equatorial conformation. 

However, the onresponding CC bond coupling of the rc-complex derived liom the E-isomer 21 must give the 

sterically disfavored 1.2~cis u-complex 35 in which the trhnethoxyphenyl group is @u&ulal. It can therefore 

be presumed that the E-isomer 21 gives the five-membered o-complex 36 and then decomposes under the 

reaction conditions employed, since it has no B-hydrogen atom requited for elimination of the palladium. 

Indeed treatment of 21 with Pd(OAch and K2CO3 in the presence of sodium formate (a hydride source) and 

TlOA@ in acetonitrile at 110 ‘C gave the lactom 25 in high yield (84%). 

(It)TApopicmpodophyllin (29) herein obtained has already been converted into (j+deoxypodophyllotoxin 

(3) by Yamaguchi and co-workera4a 

Finally, the compound 25 was tested for growth inhibitory etfects against various carcinoma cells such as 

Lu-99. LY-1, DLD-1, and P388 cell lines, but no remarkable effect was observed. 

Experimental 

Meling points are uncorrected IR spectra were recorded on a JASCO A-100 spectrophotometer. ‘H and 
t3C NMR spectra were measured on a JEOL JNM-PMX 60 or a Varian XL-300 spectrometer usin 
tetramethylsilane as an internal standard. Exact mass (MS) determinations were obtained on a Hitachi M-8 d 
instrument operating at 20 eV. All solvents for the Heck reaction were &gassed by fmexe-pumpthaw cycle 
pmcedme. Column chromatography was performed on silica gel 60 PFm (Nacalai Tesque) under pressure. 

2-(2-Bromo-4,5-methylenedioxyphenyl)-2-(trimethylsilyloxy)acetonitrile (12). To a 
solution of 6-bromoplpetonal (lop (5.0 g, 2.18 mmol) in CH,Cl, (50 ml) containing ZnI2 (5 mg) was added 
trimethylsilyl cyan& (3.49 ml, 2.62 mmol) at 0 ‘C, and the mixture was stirmd at the same temperatum for 30 
min and then at room temperahue for 5 min. Water (20 ml) was added to the reaction mixture and the organic 
layer was separated, drled (MgSO4). and concentrated in vacua to give 12 (7.08 g, 99%) as an oil: ‘H NMR 
(CDC13, 60 MHZ) 6 0.24 (9H, s), 5.60 (HI, s), 5.96 (2H, s), 6.92 (lH, s), 7.10 (lH, s). This compound 
was used immediately in the next stage. 

2-(2-Bromo-4,J-methylenedioxyphenyl)-2-hydroxyacetonitrile (13). To a solution of 12 (5.52 
g, 16.2 mmol) in THF (20 ml) was added 5% HCl(1 ml) at 0 ‘C and the mixtum was stirred at the same 
temperature for 1.5 h. Water (40 ml) was added to the reaction mixture and the whole was extracted with 
CH$$ The extract was dried (MgSO4) and concentrated in vucuo to give 13 (4.58 g, quant.) as colorless 
crystals: ‘H NMR (CDCl,, 60 MHZ) 6 4.00 (H-I, br s), 5.72 (lH, d, J = 5.5 Hz), 6.00 (2H; s), 6.96 (1H. s), 
7.15 (1H. s). This compound was used immediately in the next stage. 

2-(2-Bromo-4,S-meth~lenedioxyphenyl)-2-(l-ethoxyethoxy)acetonitrile (14). To a solution 
of 13 (3.0 g, 11.8 mmol) in ethyl vinyl ether (40 ml) was added 5% HCl (1.5 ml) and the mixture was heated 
under reflux for 5.5 h. After completion of the reaction, the whole was concentrated in vaaw and the residue 
was chromatographed on silica gel (hexane-AcOEt, 4: 1) to give 14 (3.11 g. 8 1%) as an oil: ‘H NMR (CDC13. 
60 MHz) 6 1.0-1.5 (6H, m), 3.3-3.8 (W, m). 4.7-5.2 (1H. m), 5.65 (1/2H. s), 5.76 (1/2Ii, s), 5.99 @I-I, s). 
6.97 (lH, s), 7.12 (lH, s). Anal. Calcd for C&It~BrN04*1/2H20: C, 46.31; H, 4.48; N, 4.15. Found: C, 
46.70; H, 4.32; N, 3.92. 

4-[2-Bromo-4,5-methylenedioxy-a-cyano-a-(l-ethoxyethoxy)ben2yl]dihydro-2(3~)- 
furanone (15). To a solution of LDA, prepared from diisopropylamine (0.47 ml, 3.36 mmol) and n- 
butyllithium (1.6 M in hexane, 2.15 ml, 3.36 mmol), in dry THF (7 ml) were added successively a solution of 
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14 (1.0 g, 3.05 mmol) in THF (5 ml), HMPA (0.53 ml, 3.05 mmol), and r_crotonolactone (7) (256 mg, 3.05 
mmol)at-78oC,and~mixhIlzwassdnedptdrc!~~mperatmefw2handthenat-60oCfor1h. A 
saturated NH&l sol&on (15 ml) was added and the whole was extracted with CI-i&. The exmct was dried 
(MgSO,) and concentrated in vapu. The residue was chromatographed on silica gel (hexane-AcOEt, 2~1) to 
give 15 (716 mg, 57%) as an oil: IR (CC&) v 1790 cm -l: ‘H NMR (CD@, 60 MHz) 8 0.8-1.6 (6H, m), 2.3- 
2.9 (2H, m), 3.2-3.8 (2H. m), 3.9-3.3 (4H, m). 6.0-6.15 @I-I, m), 7.1-7.2 (lH, m), 7.3-7.45 (lH, m). And. 
Calcd for C1,H1aBrNOs-H@ C, 47.45; H, 4.68; N. 3.26. Found: C, 47.84; H, 4.52; N. 3.28. 

4-(2-Bromo-4,5-meth IenedioxybenzoyQdihydro-2(3H)-furanone (16). To a solution of 15 
(1.14 3.63 mniol) in THF 5 ml) was added 3N HCl(6 ml), ,and the mixhue was stined at room temperzturc 

4 
I 

for 4. h. Ethyl ether (15 ml) was added to the ma&on mixture and the whole was nmmzlkd with saturated 
NaHCO, solution. Tk organic layer was separated, dried (MgSOJ, and concene.ted In vacm, and the residue 
was chmmatographed on silica’ gel (hexane-AcOEt, 2:1) to give 16 (757 mg, 88%): mp 121-123 Y! (from 
hexane-AcOEt): IR (CI-Q) v 1780.1690 cm .l; ‘H NMR (CDC!~.J, 60 MHz) 8 2.7-2.9 (2I-l. m). 4.3-4.6 (3H. 
m), 6.02 (2H, s), 6.90 (lH, s), 7.04 (lH, s). Anal. Calcd for C12H9Br05: C, 46.03; H, 2.90. Found: C, 
46.13; I-I, 2.88. 

4-(2-Bromo-4,5-methylenedioxybenzyl)dihydro-2(3~)-furanone (17). Triethylsilane (0.1 ml, 
0.64 mmol) was added to a solution of 16 (100 mg, 0.32 mmol) in trifluoroacetic acid (0.5 ml), and the 
mixtme was stirred overnight at 45 “C!. The reaction mixture was neutralized with saturated NaI-Iq solution 
and the whole was extracted with ethyl acetate. The extract was dried (MgSO4) and concentrated in vacw, and 
the residue was chromatographcd on silica gel (hexane-AcOEt, 2; 1) to give 17 (92 mg, 96%): mp 99- 100 ‘C 
(hexane-AcOEt); IR (CHC!l$ v 1770 cm- l; ‘H NMR (CDQ, 300 MHz) 6 2.32 (lH, dd, J = 17.6, 8.1 Hz), 
2.60 (lH, dd, J= 17.6, 8.0 Hz), 2.80-2.84 (2H, m), 2.86-2.99 (lH, m), 4.07 (lH, dd, J= 9.2, 6.1 Hz), 
4.34 (1H. dd, J = 9.2,6.9 Hz), 5.98 (W, s), 6.66 (lH, s), 7.01 (lH, s). Anal. Calcd for C12Hl,Br04: C, 
48.19; H, 3.71. Found: C, 48.15; H, 3.64. 

truns-4-(2-Bromo-4,S-methylenedioxybenzyl)-3-(3,4,5-trimethoxy-a-hydroxybenzyl)di- 
hydro-2(3H)-furanone (Ma and 18b). To a solution of LDA, prepared from diisopropylamine (0.2 
ml, 1.41 mmol) and n-butyllithium (1.6 M in hexane, 0.9 ml, 1.41 mmol), in dry THF (8 ml) was added a 
solution of 17 (382 mg, 1.28 mmol) at -78 OC. After 5 min. a solution of 3,4,5-trimethoxyhenzaldehyde (7) 
(251 mg, 1.28 mmol) m dry THF (2 ml) was added and the mixture was further stirred for 2 h. A saturated 
NH&l solution was added to the *action mixture and the whole was extracted with CI-i&. The extract was 
dried (MgS04) and concentrated, and the Fesidue was chromatographed on silica gel (hexane-AcOEt, 1: 1) to 
give a mixture of the three isomer 18a and the et-y&o isomer 18h (631 mg. quant.) as colorless crystals, 
whose ‘H NMR spectrum showed the r&o of 18a and 18b to he ca. 1:l: IR (mCl$ v 3520, 1755 cm-‘; ‘H 
NMR (CDCl,, 300 MHz) 6 1.55-1.70 (OSH, hr), 2.42-2.74 (4H, m), 2.87-3.00 (0:5H, m), 3.81, 3.83, 3.87 
(total 9H, both s), $94-4.16 (1.5H, m), 4.46 (0.5H, dd, J = 8.9,7.8 Hz), 4.81 (0.5H, d, J = 7.5 Hz, CHOH 
for 18a), 5.26 (0.5H, d, J= 2.0 Hz, CHOH for 18b). 5.95, 5.97 (1H. ABq, I = 1.5 Hz), 5.96 (lH, s), 6.29 
(0.5H, s), 6.41 (1.5H, s), 6.63 (lH, s), 6.79 (O.JH, s), 6.90 (0.5H, s). Anal. Calcd for C&HZ3BrOs: C, 
53.35; H, 4.68. Found: C, 53.77; H, 4.47. 

~runs-4-(2-Bromo-4,5-met~ylenedioxybenzyl)-3-(a-chloro-3,),5-trimethoxybenzyl)dihy- 
dro-2(3H)-fiu-anone (19a and 19b). Methanesulfonyl chloride (291 mg, 2.54 mmol) was added to a 
solution of the mixture of Ma and 18b (631 mg. 1.27 mmol) in U-I& (10 ml) containing triethylamine 
(0.35 ml, 2.54 mmol) at 0 OC, and the mixture was stirred at room temperature for 1 h. Watat (5 ml) was added 
to the reaction mixtme and the orgtic layer was separated and dried (MgQ). The solvent was evaporated off 
and the residue was chromatogiaphed on silica gel (hexane!AcOEt, 1:l) to give a mixture of the thrco isomer 
19a and the erytko isomer 19b (625 mg, 96%) as an oil, whose ‘H NMR spectmm showed the ratio of 19a 
and 19b to bc ca. 3:l: IR (CHC13) v 1765 cm-‘; ‘H NMR (CDC13,300 MHz) 6 2.58 (0.25I-k dd, J = 13.5.9.9 
Hz), 2.74 (OZH, dd, J = 13.5, 6.0 Hz), 2.82 (0.75H, dd, J = 13.2, 8.5 Hz), 2.91-3.13 (2.75H, m), 3.79 
(0.75H, dd, J = 9.3, 7.3 Hz), 3.81, 3.84, 3.85, 3.86, 3.87 (total 9H, both s), 3.90 (0.75H, dd, J = 9.3, 5.8 
Hz), 4.11 (0.25H, dd, J = 9.2, 3.8 Hz), 4.53 (0.25H, dd, J = 9.2, 7.8 I-i@, 5.30 (0.75H. d, J = 3.9 Hz, 
CHCl for 19a), 5.48 (0.25H, d, J = 2.6 Hz, CHCl for t9b). 5.98 (2H, s), 6.25 (0.25I-I, s), 6.47 (0.5H, s). 
6.64 (0.75H, s), 6.69 (1.5H, s), ‘6.79 (0.25H, s), 7.01 (0.75H, s). Exact MS m/z: Calcd for C&H22BrC107: 
512.0236. Found: 512.0244 

(Z)- and (E)-4-(2-Bromo-4,J-methylenedioxybenzyl)-3-(3,4,S-trimethoxybenzylidene)di- 
hydro-2(3lY)-fur&none (20 and 21). To a solution of the mixture of 19a and 19b (565 mg, 1.1 mmol) 
in ace&&rile (10 ml) was added DBU (167 mg, 1.1 mmol), and the mixture was stied at room temperature 
for 5 h. Water (20 ml) was added to the reaction mixture and the whole was extracted with CH&l~ The 
extract was dried (MgSOJ and concentrated in vacua, and the residue was chromatographed on silica gel 
(hexane-AcOEt. 2:l). The first eluate gave 20 (334 mg, 64%): mp 149-150 “C (from hexane-AcOEt): IR 
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(CHCl~) v 1740, 1630 cm-l; lH-NMR (CDC&, 300 MHz) 6 2.92 (H-I, dd, J = 13.9,9.0 Hz), 3.04 (19 dd, J 
= 13.9, 6.8 Hz), 3.41-3.52 (lH, m), 3.89 (9H, 8). 4.17 (lH, dd, J = 9.0. 3.5 Hz), 4.34 (HI, dd, J = 9.0,6.9 
Hz), 5.97, 5.98 (1H each, ABq, J 3: 1.8 Hz), 6.63 (1H. d, J = 1.7 Hz), 6.69 (HI, 8). 7.05 (lH, s), 7.26 (W, 
s). Anal. Calcd for C!&QiBrO,: C, 55.36; H, 4.43. Found: C, 55.07; H, 4.42. 

The second eluatc gave 21(115 mg, 22%): mp 156-157 ‘C (from hexane -AcOEt); IR (C!HCl$ v 1745, 
1645 cm-*; ‘H IUMR (CDQ, 300 MHz) i: 2.79 (lH, dd. J = 13.8, 8.8 -Hz), 3.00 (lH, dd, J = 13.8,6.6 Hz), 
3.86 (3H. s), 3.87 @I, a), 3.99-4.11 (lH;m), 4.27 (lH, dd, J = 9.2, 1.2 Hz), 4.40 (lH, dd, J = 9.2, 6.6 
Hz), 5.82, 5.89 (1H each, ABq, J = 1.4 Hz), 6.46 (U-I, s), 6.56 @I-I, s), 6.80 (H-I, s), 7.51 (1H. d, J = 1.6 
Hz). And. Calcd for C,.J-&,BrO,: C, 55.36; H. 4.43. Found: C, 55.27; H, 4.41. 

truns-4-(2-Bromo-4,5-methylenedioxybenzyl)-3-[3,4,5-trimethoxy-a-(phenylthio)benzyll- 
dihydro-2(361)-furanones (22a and 22b). To a solution of the mixture of 18a and 18b (42 mg, 0.08 
mmol) in ethyl acetate (1 ml) we& added successively thiophenol (0.02 ml, 0.16 mmol) and two drops of 
HClO,, and the mixture was stirred at room temperature for 5 h. Water (5 ml) was added to the reaction 
mixture and the organic layer was separated, dried (MgSOJ, and concentrated in vacua. The residue was 
chromatographed on silica gel (hexane-AcOEt) to give a mixture of the zhreo isomer 22a and the evrhro isomer 
22b (47 mg, 94%) as colorless crystals, whose ‘H NMR spectrum showed the ratio of 22a and 22b to be cu. 
3:l: IR (CHCl$ v 1760 cm-‘; ‘H NMR (C!DC& 300 MHz) : 2.59-2.80 (1.25H, m), 2.90-3.02 (2H, m), 3.11 
(0.75H. dd, J = 13.1, 6.5 Hz), 3.59 (0.75H, dd, .I = 9.0. 6.9 Hz), 3.78-3.87 (9.75H, m), 4.03 (0.25H, dd, J 
= 9.0, 3.8 Hz), 4.41 (OZH, J = 9.0,7.3 Hz), 4.56 (0.25H, d J = 3.5 Hz, XI-I for 22b), 4.82 (0.75H, d, J 
= 2.9 Hz, SCH for 22a), 5.96-5.98 @I-I, m), 6.34 (0.25H, s), 6.59 (0.5I-L s), 6.60 (0.75H. s), 6.70 (1.5H. 
s), 6.86 (0.25H, s), 6.99 (0.75H, s), 7.20-7.34 (5H, s). Anal. Calcd fM t.&H2,Br07S: C, 57.25; H. 4.63. 
Found: C, 56.98; H. 4.69. 

Preparation of 21 by Thermolysti of the Sulfoxides 23a and 23b. m-CPBA (146 mg, 0.68 
mmol) was added portionwise to a solution of the mixture of 22a and 22b (400 mg, 0.68 mmol) in C!Ii$ls (10 
ml) at 0 YZ, and the mixtme was stir& at ‘room temperature for 2 h. The reaction mixture was washed with 
saturated NaHCQ solution, dried (MgSO& and concentrated in vucuo. The residue containing the sulfoxides 
23a,b Was dissolved in CC& (5 ml) and the mixture was heated under reflux in the presence of a small quantity 
of K&J& for 1.5 h. The reaction mixture was washed with water, dried (MgSO,), and concentrated in vucuo, 
and the residue was chromate 

*Ea 
phed on silica gel (hexane-AcOEt, 2:l) to give 21 (140 mg, 43%). whose 

physical data were identical wr those of the compound obtained above from the chlorides 19a,b. 
Bu$nH-Mediated Reaction of 20. A mixture of BuJSnH (0.06 ml, 0.21 mmol) and AIBN (3 mg, 

0.019 mmol) in dry benzene (20 ml) was added dropwise to a boiling solution of 20 (90 mg, 0.19 mmol) in 
dry benzene (20 ml) over a period of 3 h, and the mixture was further refluxed for 30 min. The solvent was 
evaporated off, diethyl ether (5 ml) and 10% KF solution were added to the residue, and the mixture was stirred 
vigorously for 1 h. The organic layer was separated, dried (MgSO,), and concentrated in vacua, and the 
residue was chromatographed on silica gel (hexane-AcOEt. 21). The first eluate gave 4b,7,7a,8-tetrahydro-4b- 
(3,4,5-trimethoxybenzyl)-5H-furo[3’,4’:1,2]indeno[5,6-d]-l,3-dioxol-5-one (25) (37 mg, 49%): mp 69-70 “C 
(from diethyl ether); IR (CHClJ v 1760 cm- *; ‘H NMR (CDCl,, 300 Hz) 6 2.50 (IH, d, J = 16.2 Hz, one of 
H-8), 2.61 (lH, d, J = 16.2, 6.8 Hz, one of H-8), 2.96 (lH, d, J = 13.7 Hz), 3.09-3.18 (lH, m. B7a), 3.23 
(lH, d, J= 13.7 Hz), 3.68 (lH, dd, J = 9.1, 8.1 Hz, one of H-7), 3.74 (6H, s), 3.81 (3H, s), 4.35 (lH, t, J 
= 9.1 Hz, one of H-7). 5.97 (2H, s), 6.21 (2H, s), 6.61 (lH, s), 7.01 (lH, s); 13C NMR (C!DC!13, 75.4 MHz) 
6 35.8, 42.4, 43.1 (C-7a), 56.0, 60.2 (C-4b), 60.9, 101.5 (C-2), 104.4, 105.4, 106.6, 132.0, 133.9. 134.6, 
147.8, 148.8, 152.9, 178.6 (C-5); MS m/z 398 (M+), 181 (3,4,5-trimethoxybenzyl’). Anal. Calcd for 
&H22O7;‘C, 66.32; H, 5.38. FOUII~: C, 66.32; H, 5.57. 

The second eluate gave (f)-deoxyisopicropodophyllin (24) (21 mg, 29%): mp 203-204 “C (from hexane- 
CH,Cl$ (lit, mp 203-204 ‘Cl1 208-210 “es); IR (CI-R&) v 1765 cm-l; ‘H NMR (CDCl,, 300 MHz) 6 2.70 
(IH, dd, J = 15.7, 5.0 Hz), 2.97 (1H. dd, J = 15.6, 8.5 Hz), 3.10-3.25 (2H, m), 3.50 (lH, dd, J = 8.9,7.9 
Hz), 3.77 (6H. s), 3.83 (3H, s), 4.37-4.45 (2H, m), 5.96 (2H, s), 6.50 (2H, s), 6.65 (lH, s), 6.74 (lH, s). 

Bu$nH-Mediated Reaction of 21. A mixture of Bu,SnH (0.03 ml, 0.1 mmol) and AIBN (1 mg, 
0.009 mmol) in dry benzene (10 ml) was added dropwise to a boiling solution of 21 (43 mg. 0.09 mmol) in 
dry benzene (10 ml), and the mixture was refluxed for 11.5 h. A similar work-up to that described above for 
the reaction of 20 gave 25 (23 mg, 64%), whose physical data were identical with those of the compound 
obtained from 20. 

(f)-y-Apopicropodophyllin (29). A mixture of 20 (100 mg, 0.21 mmol), PdCl,(PPh,), (29 mg, 
0.04 mmol), PPh3 (66 mg, 0.25 mmol), and K&O3 (58 mg, 0.42 mmol) in DMF (2 ml) was heated at 90 OC 
for 5 h under an argon atmosphere. Water (IO ml) was added to the reaction mixture and the whole was 
extracted with CH&. The extract was dried (MgSO,) and concentrated, and the residue was 
chromatographed on silica gel (hexane-AcOEt, 1:l). The first eluate gave the starting material 20 (7 mg. 7%). 
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The second eluate gave 29 (62 mg, 755%): mp 252-253 “C‘(from hexane-CHsClz) (lit. mp 252-253 0C!,14 251- 
254 “t?s); IR (CHCls) v 1740 cm-‘; ‘H NMR (CDQ, 300 MHz) 1 2.82 (lH, dd, J = 14.9, 0.9 Hz), 2;94 
(IH, dd, J = 14.9, 6.6 I-Ix), 3.31-3.47 (lH, m), 3.84 @I-I, s), 3.92 (3H, s), 4.01 (H-I, t, J = 8.8 Hz), 4.70 
(lH, t, J = 8.8 I-Ix), 5.97 @I-I, s), 6.52 (3H, s), 6.79 (lH, 8). Anal. Calcd for &H,@,: C, 66.66, H, 5.09. 
Found: C, 66.40; I-I, 5.04. 

Formation of 25 by Heck Reedion of 21. A mixture of 21 (45 mg. 0.09 mmol), Pd(OAc)a (4 mg, 
0.02 mmol). PPhs (9 mg, 0.04 mmol), &CO, (25 mg, 0.19 mmol), TlOAc (49 mg, 0.19 mmol), sodium 
formate (9 mg. 0.14 mmol) in acetonitrile (1.5 ml) was heated in a sealed tube at 110 OC for 3 h. A similar 
work-up to that described above gave 25 (32 mg, 84%). 
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