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Introduction 
The stereoselective formation of 0-glycosides of podo- 

phyllum lignans 1-3 is an important topic in carbohydrate 
chemistry since a number of these derivatives, including 
etoposide (4) and teniposide (5): are clinically useful in 
the treatment of small-cell lung cancer: testicular cancer? 

M e 0  OMc 

I R, = H  R, = O H  R3 = Me 
2 R, =OH; & = H  & = Me 
3 R, =OH; & = R, =H 

4 R - M e  

S R =  

and leukemia.5 The formation of the 0-glycosidic linkage 
in these compounds can be ac~omplished~~~ by two different 
strategies (Scheme I). The first one6 (Scheme I, path a) 
is a Koenigs-Knorr-like coupling of a glucose derivative, 
bearing a good leaving group at the anomeric carbon, with 
the hydroxy group of the lignan aglycon. The reaction 
involves the attack of the hydroxy group of the aglycon 

t Sicor S.p.A. 
(1) Following Kuhn'e suggestion,7. we used the term "glycoeidation" 

to defme the synthesis of a glycoside, in which the glycosyloxy group is 
transferred to the carbonium ion of the aglycone. 
(2) (a) Ieeell, B. F.; Crwke, S. T. Cancer Treat. Reu. 1979,6107. (b) 

Amol, A. M.; Whitehow, J. M. A. Lancet 1981,2,912. (c) Stahelin, H.; 
von Wartburg, A. hog .  Drug Res. 1989,33, 169. (d) Henwood, J. M.; 
Brogden, R. N. Drugs 1990,39,438. (e) Stahelin, H.; von Wartburg, A. 
Cancer Res. 1991,51,5. (0 Kadow, J. F.; Tun, M. M.; Crosswell, A. R.; 
Roee, W. C.; Vyae, D. M.; Doyle, T. W. Bioorg. Med. Chem. Lett. 1992, 
2, 17. 

(3) Aisner, J.; Whitacre, M. Y.; Budman, D. R.; Propert, K.; Straws, 
G.; Vanecho, D. A.; Perry, M. Cancer Chem. Pharmacol. 1992,29,435. 
(4) Price, B. A.; Petem, N. H. Eur. J .  Cancer 1992,28,615. 
(5) (a) Stadtmaueer,E. A.;Caileth,P. A,; Gale,R. P.Leuk. Res. 1989, 

13,639. (b)Boetrom,B.;Weisdorf,D.J.;Kim,T.;Kemey,J.H.;Ramsay, 
N. K. C. Bone Marrow Troneplant. 1990,5,83. 

(6) (a) Kuhn, M.; von Wartburg, A. Helu. Chim. Acta 1968,51,163. 
(b) Nudelman, A.; Herzig, J.; Keinan, E.; Weiner, B. 2.; Sterling, J. Eur. 
Pat. 226202,1987. (c) Haehunoto, S.; Honda, T.; Ikegami, 5. Tetrahedron 
Lett. 1991,32, 1653. 

(7) (a) Kuhn, M.; von Wartburg, A. Helu. Chim. Acta 1968,51,1631. 
(b) Kuhn, M.; von Wartburg, A. Hela Chim. Acta 1969, 52, 948. (c) 
Kuhn, M.; Keller-Jwlen, C.; Rem, J.; von Wartburg, A. Can. Pat. 956939, 
1974. (d) Saito, H.; Yoehiwa,  H.; Niehimura, Y .; Kondo, S.; Takeuchi, 
T.; Umezawa, H. Chem. P h r m .  Bull. 1986,34,3733,3741. (e) Saito, H.; 
Nhhimwa,Y.;Kondo, S.;Umeznwa,H. ChemLett. 1987,799. (0 Kolar, 
C.; Moldenhauer, H.; Kneibl, G. J. Carbohydr. Chem. 1990,9,571. (g) 
Kolar, C.; Dehmel, K.; Wolf, H. Carbohydr. Res. 1990,206,219. (h) Allevi, 
P.: Anastasia. M.: Ciuffreda. P.: Sanv~to, A. M.: Macdonald, P. Tetra- 
hedron Lett..l992, 39,4831: . 
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path a path b 

on the carboxonium ion formed at the anomeric center of 
the glycosyl donor under the reaction conditions. 

In this case, the anomeric configuration of the O-glu- 
coside obtained is independent of that of the glycosyl donor 
and depends principally upon the ability of the protective 
group at position 2 of the glycopyranose ring to provide 
anchimeric assistance to the formed glucopyranoxonium 
ion. The stereochemistry at C-4 of the aglycon portion of 
the resulting glycoside is that of the starting lignan. 

The second approach7 (Scheme I, path b) ,  first intro- 
duced by KuhnP involves stereocontrolled attack of a 
free anomeric hydroxyl group of a glycopyranose derivative 
on the less-hindered j3 side of a benzylic cation generated 
at C-4 of the aglycon by a Lewis acid. 

In this case, the stereochemistry of the formed glucosidic 
linkage is highly dependent upon the anomeric configu- 
ration of the glucopyranose donor, and the stereochemistry 
at C-4 of the resulting glycoside is independent of that of 
the starting lignan aglycone. 

The latter method appears to be more useful in the 
synthesis of etoposide and ita congeners, which all possess 
a 0 configuration both at the anomeric carbon and the 
benzylic carbon of the aglycon m~iety.~a The problem 
with this method is the accessibility of glucopyranose 
donors with the required 0 configuration and high anomeric 
purity. 

In fact, only 2,3,4,6-tetra-O-acetyl-j3-D-glucopyranose is 
easily obtainable from the commercially available la- 
bromo derivative by the action of HzO and AgzCOa under 
controlled reaction conditions;8 the preparation of other 
j3-glucopyranosyl derivatives is more complex. The prep- 
aration of the pure j3 anomer of 2,3,4,6-tetra-O-benzyl- 
glucopyranose has not been reported, and the preparations 
of j3 anomers of 2,&protected 4,6-0-ethylideneglucopy- 
ranoses, which are useful for the synthesis of etoposide 
since they already possess the acetalic function of the target 
molecule, involve multistep procedures.7c~e*f These pro- 
cedures require, in the final step, hydrogenolytic regen- 
eration of the j3-anomeric hydroxy group from a benzyl or 
carbobenzyloxy derivative, with the risk of partial ano- 
merization of the 8-anomer under the reaction 

In this paper, we report a new Kuhn-like method for the 
stereoselective j3-0-glucosidation of podophyllotoxin lig- 
nans and ita application to a simple synthesis of etoposide. 
The route uses 10-0-trimethylsilyl derivatives of glucopy- 
ranosides 6-8, which are not susceptible to anomerization 
in solvents and are easily obtainablegJ0 in anomerically 
pure j3 form by simple silylation of readily available 
anomeric mixtures of 1-0-unprotected sugars. 

(8) McCloskey, C. M.; Coleman, G. H. Organic Syntheses; Wiley: New 

(9) Birkofer, L.; Ritter, A.; Bentz, F. Chem. Ber. 1964,97,2196. 
(10) Tietze, L. F.; Fischer, R.; Guder, H. J. Synthesis 1982,946. 

York, 1955; Collect. Vol. 3, p 434. 
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Table 1. Results of 0-Glucosidation Reactions 

9 R, = Rz =R3 = Ac; Q = Me 
11 R, =Rz = R3 = k, % = H 
13 R, =E = R, = Bn; R = Me 

OMe 

10 R , =  Ac; Rz = Me 
12 R, = Ac; Rz = H 
14 R l =  Bn; Rz = Me 
16 R, =By Rz = H  

Results and Discussion 
1-0-trimethylsilylated sugars have already been em- 

ployed as useful glycosyl donors in Koenigs-Knorr-like 
0-glycosylations of silylated phenolsll and silylated al- 
cohols12 and in the formation of 0-glycosides with 1,l'- 
diacetal structurea,'3 including 1,l'-coupled disaccharides1% 
and iridoid glucosides.lM 

In the Koenigs-Knorr-like reactions, 0-glycosylation 
proceeds via an intermediate carbonium ion at  the 
anomeric center of the sugar, which suffers a nucleophilic 
attack by the aglycon. The stereochemistry at the 
anomeric center of the formed 0-glycosides is dependent 
on the nature of the 2-0-protecting group of the glycosyl 
donor, the reaction conditions, and the thermodynamic 
stability of the two anomers. 

In the case of 1,l'-diacetalglycosides, complete retention 
of configuration at the anomeric center is observed under 
controlled reaction conditions, regardless of the nature of 
the 2-0-protecting group of the glucosyl donor. This 
observation suggests that the reaction proceeds through 
an oxonium ion at the acetal carbon of the aglycon; the 
oxonium ion undergoes attack by the oxygen atom of the 
trimethylsilyloxy group of the sugar. 

Considering the benzylic nature of the alcoholic group 
of lignans 1-3 and the easy transformation of the alcohol 
into a benzylic carbonium ion, we decided to explore the 
possibility of utilizing 18-0-trimethylsilylated sugars in a 
Kuhn-like synthesis of biologically active lignan 8-0- 
glucosides. The easy access to anomerically pure 18-0- 
(trimethylsily1)glucopyranosyl derivatives circumvents the 
difficulties connected with preparing anomerically pure 
8-glucopyranoses containing a free anomeric hydroxyl 
group. 

(11) Tietze, L. F.; Fischer, R.; Guder, H. J. Tetrahedron Lett. 1982, 
23, 4661. 

(12) (a) Nashed, E. M.; Glaudemans, C. P. J. J. Org. Chem. 1989,54, 
6116. (b) Mukaiyama, T.; Mataubara, K. Chem. Lett. 1992,1041. 

(13) (a) Klemer, A.;Buhe, E.; Kutz, R.; Chahin, 5.; Kleefeldt,L. Liebigs 
Ann. Chem. 1970, 739,185. (b) Tietze, L. F.; Fischer, R. Tetrahedron 
Lett. 1981,22,3239. (c) Tietze, L. F.; Fiecher, R. Angew. Chem. Znt. Ed. 
Engl. 1981,20,969. (d) Tietze, L. F.; Fischer, R. Angew. Chem. Znt. Ed. 
Engl. 1983, 22, 902. 

I@-0- conditions products 
silylated (catelyet," (yie1d);b 

entry sugar lignan temp,time) ratio @:& 

a 6 1 A, -20 "C, 2 h 9 + 10 (80); 955 

C 6 2 A, -20 "C, 2 h 9 + 10 (77); 965 

e 6 3 A, -20 "C, 2.5 h 11 + 12 (75); 923 

g 7 1 B, -70 OC, 3.5 h 13 + 14 (75); 955 
h 7 1 B, -20 "C, 0.5 h 13 + 14 (78); 35:65 
i 7 1 A, -20 "C, 2.5 h 13 + 14 (75); 4060 
1 7 2 B, -70 "C, 3.5 h 13 + 14 (76); 965 
m 7 2 B, -20 OC, 0.5 h 13 + 14 (80); 4060 
n 7 2 A, -20 OC, 2.5 h 13 + 14 (76); 4258 
0 7 3 B, -70 "C, 4.5 h 15 + 16 (77); 97:3 
P 7 3 B, -20 "C, 1 h 15 + 16 (80); 4258 
9 7 3 A, -20 "C, 3 h 15 + 16 (78); 4 8 5 2  

b 6 1 A, 20 "C, 0.3 h 9 + 10 (80); a60 

d 6 2 A, 20 O C ,  0.3 h 9 + 10 (82); 4258 

f 6 3 A, 20 OC, 0.5 h 11 + 12 (76); U 6 6  

a Catalyst A BFssEhO, 3 equiv. Catalyst B TMSOTf, 1 equiv. * Yields of the 0-glucosidic mixture after flash chromatography. 

We first studied the BFrEhO-catalyzed reactions of 
podophyllotoxin (1) and epipodophyllotoxin (2) with 1-0- 
(trimethylsilyl)-2,3,4,6-tetra-O-acetyl-8-~-glucop~anose 
(6)g (anomeric purity >98% by lH NMR at  500 MHz; 
prepared in high yield by direct silylation of an anomeric 
mixture (70:30 alp) of 2,3,4,6-tetra-0-acetyl-D-glucopy- 
ranose).14 

Both 0-glycosidations occurred in high yields affording 
similar mixtures of epipodophyllotoxin glucosides 9 and 
10, both of which possess 8 stereochemistry in C-4. 
However, the ratio of anomers 9 and 10 was quite 
dependent upon reaction temperature; in fact, at -20 OC, 
the 8-0-glucoside was obtained with very high stereose- 
lection from both substrates, whereas higher temperatures 
led to increasing percentages of the a-anomer. At 20 "C, 
the a-anomer was the major product (see Table I, entries 
a-d), probably because of temperature dependent partial 
anomerization of the sugar prior to glucosidation in the 
presence of the Lewis acid. 

Comparable redults were obtained with 4'-demethyl- 
epipodophyllotoxin (3) (see Table I, entries e and f), which 
possesses a free phenolic group. This result is remarkable 
since, in principle, the phenolic group could react with the 
carbonium ion formed at C-4 of the aglycon and/or with 
the glucosyl donor, as has been reported for silylated 
phenols.ll However, these side reactions did not occur to 
any significant extent under our reaction conditions. 

The 0-glucosidation of the same aglycones, 1-3 with 
1-0-(trimethyleilyl)-2,3,4,6-tetra-O- benzyl-@-D-glucopy- 
ranose (7) (anomeric purity >98% by lH NMR at 500 
MHz), obtainablelo by silylation of commercially available 
2,3,4,6-tetra-O-benzyl-~-glucopyranose (9010 alp ano- 
meric mixture), occurred in similar high yields and 
stereoselectivity when trimethylsilyl trifluoromethane- 
sulfonate (TMSOTf) was used at -70 OC in place of 
BFrEt20 (see Table I, entries g, 1 and 0). 

At -20 "C, BFrEhO catalyzes the reaction with poor 
alp selectivity (see Table I, entries i, n, and q), and, a t  
lower temperatures, excessively long reaction times are 
required. 

This 0-glucosidation method was then applied to a new 
and efficient synthesis of the antitumor agent etoposide 
(4) by means of a reaction between 1-0-(trimethylsily1)- 

Determined by HPLC. 

(14) Fiandor, J.; Garcia-Lopez, M. T.; De las Heras, F. G.; Mendez- 
Castrillon, P. P. Synthesis 1985, 1121. 
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different from those observed for picropodophyllotoxin 
(J2,3 

In conclusion, our results show that lg-O-(trimethyl- 
silyl)glucosides, easily obtainable in anomerically pure 
form from anomeric mixture of 1-0-unprotected sugars, 
provide a new, simple, and convenient approach to the 
glucosidation of podophyllum lignans including the clin- 
ically useful antitumor agent etoposide. 

9.0 Hz, 5 3 ~ 1  = 6.0 and 1.5 Hz). 
4,6-0-ethylidene-2,3-di-O-(dichloroacetyl)-~-~-glucopy- 
ranose (8) and lignan 3, which has an unprotected phenolic 
gro~p.7h 

Silylated sugar 8 was prepared in an high anomeric 
purity (>98% by 'H NMR at 500 MHz) from 4,6-0- 
ethylidene-~-glucopyranose~~ in 70% overall yield. The 
preparation of 8 required the perchloroacetylation (Clz- 
CHCOC1-pyridine) of the free hydroxyl groups, selective 
hydrolysis (by simple treatment with methanol) of the 
anomeric hydroxyl to afford an anomeric mixture (a/8 
7030; lH NMR at 500 MHz) of the corresponding 2,3- 
di-0-dichloroacetates, and silylation of the mixture with 
chlorotrimethylsilane and triethylamine in dichlo- 
romethane. Compound 8 was obtained in pure 8 form by 
crystallization of the crude reaction mixture. 

0-Glucosidation of lignan 3 with silylated sugar 8 in the 
presence of BFs*EtzO at -20 OC resulted in the formation 
of the corresponding 8-0-glucoside (17). 

Since the reaction was performed without protecting 
the phenolic group of 3, the quenching conditions were 
critical. It was necessary to pour the reaction mixture 
into ice-cold water under vigorous agitation without any 
previous neutralization of the Lewis acid with organic or 
mineral bases. In the presence of base, the formation of 
undesired byproduds was observed. 

Regeneration of the alcoholic groups in positions 2 and 
3 of the glycosidic moiety of 17 by simple methanolysis, 
in presence of zinc acetate at reflux for 90 min, completed 
the synthesis; etoposide (4) was obtained in 70% total 
yield from lignan 3. 

The stereochemistries of compounds 9, 10, and 13-17 
were deducted from the examination of their 1H NMR 
spectra at 500 MHz. In particular, the configuration at 
the anomeric center of each product was assigned on the 
basis of the value of the coupling constant between the 
anomeric proton and the adjacent glucosidic one. In fact, 
for the glucopyranosic rings in 4 C ~  conformation (as evident 
from the values of the coupling constants of the other 
glucosidic protons), a high value for this coupling constant 
(7-10 Hz) indicates an axial-axial relationship between 
these protons, characteristic of a 8-configuration of the 
glucosidic bond; a low value (2-4 Hz) indicates an 
equatorial-axial relationship, characteristic of an a-0- 
glucoside. 

The configuration at C-4 of each compound was de- 
termined from the value of the coupling constant between 
the H-3 and H-4 protons. In fact, because of the rigidity 
conferred on the system by the 2,3-trans fusion,l6 these 
protons in the 415 isomers are in an axial-equatorial 
relationship (J = 3.5 Hz), whereas in the 4a isomers they 
have an axial-axial geometry (J  = 9.5-10.0 Hz).I7 

The observed coupling constants between the proton at 
C-3 and the adjacent protons at C-2 and C-11 (J2,3 = 14.0 
Hz, J3,11 = 10.5 and 7.5-8.0 Hz) show that in no case did 
epimerization of the lactonic function occur to afford 
picropodophyllotoxin analogues. In fact, the values are 
typica118JD for the podophyllotoxin series and are quite 

(16) Barker, R.; MacDonald D. L. J. Am. Chem. SOC. 1969,82,2301. 
(16) Foraey, 9. P.; Rqjapakea, D.; Taylor, N. J.; Rodrigo, R. J. Org. 

Chem. 1989,54,4280. 
(17! Lee, K. H.; Imakura, Y.; Haruna, M.; Beers, 5. A.; Thurston, L. 

S.; Du, H. J.; Chen, C. H.; Liu, S. Y.; Cheng, Y. C. J. Not. Prod. 1989, 
52,606. 

(18) Jardine, I.; Strife, R. J.; Kozlowaki, J. J. Med. Chem. 1982, 25, 
1077. 

(191 Glineki, M. B.;Freed, J. C.;Durst, T. J. Org. Chem. 1987,52,2749. 

Experimental Section 
General. All melting points are uncorrected. 'H NMR spedra 

were recorded on a Bruker AM-500 instrument in CDCl, and are 
reported in 6 units relative to CHCl, fixed at  7.24 ppm. Optical 
rotations were recorded with a Perkin-Elmer 141 spectropola- 
rimeter, [a]'D values are given in degrees. TLC was performed 
on precoated silica gel G plates (Merck, HF,); spots were 
visualized by spraying with 70% sulfuric acid and heating. 
Column chromatographies were performed by Still's method 
(flash chromatography)." 

HPLC analyses were performed on a Jasco twinkle pump 
system and on a Uvidec 100 11. The analyses were carried out 
on a reverse-phase Lichroaorb (3-18 column (3 pm; 4 X 250 mm; 
Merck), with the solvent mixtures reported; the flow rate was 1 
mL min-l, and detection was performed at  254 nm. 

Usual workup refers to washing the organic layer with water, 
drying it over NazSO4, and evaporating the solvent under reduced 
pressure. 

Materials. Podophyllotoxin (1) (99%) was obtained from 
Aldrich Chemical Co. Epipodophyllotoxin (2),21 4'-demethyl- 
epipodophyllotoxin (3),= l-O-(trimethylsily1)-2,3,4,6-tetra-O- 
benzyl-@-D-glucopyranranose (7),'O 2,3,4,6-tetra-O-acetyl-~-glucopy- 
ranose,14 and 4,6-0-ethylidene-~-glucopyranw~~ were synthesized 
as described in the literature. 

Preparation of l-O(Trimethylsily1)-2~,4,6-tetra- Oacetyl- 
B-D-glucopyranose (6). To a stirred solution of 2,3,4,6-tetra- 
O-aCetyl-D-glUCOp~OSe14 (34.8 g, 0.1 mol, anomeric mixture 
a/@, 7030) in dichloromethane (130 mL) containing triethylamine 
(20.8 mL, 0.15 mol) was added chlorotrimethylsilane (15.2 mL, 
0.12 mol) dropwise at  room temperature. After being stirred for 
2 h, the mixture was filtered through a pad of Celite and worked 
up to afforda residue that was cryatallid to afford silyl derivative 
6 in 85% yield as a single ('H NMR, 500 MHz) &anomer: mp 
104-105 'C (from diisopropyl ether); [cYIasD -7.1' (CHCl,, c 1) 
[lit.ISb mp 104.7 'c; [aI2O~ -6.8' (CHCb, c 111; 'H NMR (500 
MHz) 6 0.12 (a, 9 H, Si-CHS), 1.96,1.98,1.99, and 2.03 (4 X s,12 
H, 4 X OCOCHa), 3.67 (ddd, J = 2.1,5.6,9.8 Hz, 1 H, H-5),4.09 
(dd, J 3: 2.1, 12.6 Hz, 1 H, H-6a), 4.17 (dd, J = 5.6, 12.6 Hz, 1 
H, H-6b), 4.71 (d, J 7.7 Hz, 1 H, H-11, 4.87 (dd, J = 7.7, 9.8 
Hz, 1 H, H-2), 5.01 (dd, J = 9.8, 9.8 Hz, 1 H, H-4), 5.15 (dd, J 
= 9.8, 9.8 Hz, 1 H, H-3). Solutions of 6 in CHCl, or CHzClz 
showed unchanged optical rotations after 6 days standing at 25 
'C. 

Preparation of 1 - 0 (Trimet hylsilyl)-4,6- Get hylidena2,3- 
di-0-(dichloroacety1)-B-D-glucopyranose (8). A solution of 
dichloroacetyl chloride (31.7 mL, 0.33 mol) in dichloromethane 
(50 mL) was added dropwise to a stirred suspension of 4,6-0- 
ethylidene-D-glucopyranose (20.6 g, 0.1 mol, anomeric mixture 
a/@, W10) in dichloromethane (400 mL) containingpyridine (55 
mL) at  -20 'C. The mixture was stirred for 2 h at  0 'C and then 
was poured into an ice-cold solution of HCl(500 mL, 1.3 M). The 
organic layer was washed with an aqueous NaHCOs solution and 
water and dried. 

[Evaporation of an aliquot of this solution gave crude 4,6-0- 
ethylidene-1,2,3-tri-O-(dichloroacetyl)-a-~-glucopyranose, as a 
syrup, with a high anomeric purity (>97 % ): 'H NMR (600 MHz) 

1 H, H-6a), 3.63 (dd, J = 9.8,9.8 Hz, 1 H, H-4), 3.95 (ddd, J = 
6 1.32 (d, J = 5.0 Hz, 3 H, CHsCH), 3.54 (dd, J 10.5, 10.5 Hz, 

4.9,9.8,10.5H~,lH,H-5),4.18(dd,J=4.9,10.5H~,lH,H-6b), 

(20) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978,43, 2923. 
(21) Hartwell, J. L.; Schrecker, A. W. J. Am. Chem. SOC. 1981, 73, 

(22) Kuhn, M.; Keller-Juslen, C.; von Wartburg, A. Helu. Chim. Acto 
2909. 

1969,52,944. 
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4.71 (q, J 5.0 Hz, 1 H, CHsCH), 5.24 (dd, J = 4.2,9.8 HI, 1 H, 
H-2), 5.61 (dd, J =  9.8,9.8 Hz, 1 H, H-3), 5.86 ( ~ $ 1  H, Cl2CHCO), 
5.94 (8 , l  H, C12CHCO), 6.03 ( ~ , 1  H, Cl2CHCO), 6.41 (d, J 4.2 
Hz, 1 H, H-l).] 

The bulk of the solution was treated with methanol (60 mL) 
and stirred at 20 OC for 20 h. After this time, usual workup 
afforded crude 4,6-0-ethylidene-2,3-di-O-(dichloroacetyl)-D-g1~- 
copyranose (36.4 g) as an anomeric mixture (a/@, 7030); ita 'H 
NMR (500 MHz) spectrum showed signale for the a-anomer at 
b 1.31 (d, J = 5.0Hz, 3 H, CHaCH), 3.51-3.55 (overlapping, 2 H, 
H-6aandH-4),4.06(ddd, J=5.0,9.5,9.5Hz,lH,H-5),4.13(dd, 
J = 5.0,10.5 Hz, 1 H, H-6b), 4.69 (9, J 5.0 Hz, 1 H, CHsCH), 
4.98 (dd, J =  3.5,9.5H~, 1 H, H-2), 5.50 (d, J =  3.5 Hz, 1 H, H-l), 
5.64 (dd, J 9.5,9.5 Hz, 1 H, H-3), 5.93 ( ~ , l  H, C12CHCO), 5.94 
(8, 1 H, C12CHCO). Signals attributable to the fl-anomer were 
observed at 6 1.30 (d, J = 5.0 Hz, 3 H, CHsCH), 3.46 (ddd, J = 
5.0,9.5,9.5 Hz, 1 H, H-5), 3.56-3.60 (overlapping, 2 H, H-6a and 
H-4), 4.21 (dd, J 5.0 Hz, 
1 H, CHsCH), 4.89 (d, J = 8.0 Hz, 1 H, H-l), 5.00 (dd, J = 8.0, 
9.5 Hz, 1 H, H-2), 5.37 (dd, J = 9.5, 9.5 Hz, 1 H, H-3), 5.92 (8,  
1 H, C12CHCO), 5.93 (8, 1 H, C12CHCO). 

5.0,10.5 Hz, 1 H, H-6b), 4.68 (9, J 

The crude anomeric sugar mixture obtained was dissolved in 
dichloromethane (200 mL) containing triethylamine (22.2 mL, 
0.16 mol), and chlorotrimethylsilane (15.2 mL, 0.12 mol) in 
dichloromethane (50 mL) was added dropwise at room temper- 
ature. After stirring at room temperature for 2 h, the mixture 
was filtered through a pad of Celite and worked up to afford, 
after crystallization silyl derivative 8 (34.9 g, 70% yield from 
4,6-0-ethylidene-~-glucopyranose) as a single ('H NMR, 500 
MHz) &anomer: mp 115-116 OC; (from hexane-diisopropyl 
ether); [a]% -34.2' (CHCb, c 1); 1H NMR (600 MHz) b 0.13 (8,  
9 H, SiCHa), 1.29 (d, J = 5.0 Hz, 3 H, CHsCH), 3.41 (ddd, J = 

3.57 (dd, J = 9.5,lO.O Hz, 1 H, H-6a), 4.16 (dd, J = 5.0,lO.O Hz, 
5.0, 9.5,9.5 Hz, 1 H, H-5),3.54 (dd, J 9.5,9.5 Hz, 1 H, H-41, 

1 H, H-6b), 4.67 (9, J 5.0 Hz, 1 H, CHsCH), 4.85 (d, J = 7.5 
Hz, 1 H, H-1), 4.99 (dd, J 7.5, 9.5 Hz, 1 H, H-2), 5.32 (dd, J 
= 9.5, 9.5 Hz, 1 H, H-3), 5.89 (8, 1 H, Cl&HCO), 5.91 (8, 1 H, 
C12CHCO). Anal. Calcd for ClaH220&iClr: C, 36.02; H, 4.43. 
Found C, 36.15; H, 4.37. 

General Procedure for 0-Glucosidation. To a cooled (see 
Table I for temperature), stirred mixture of la-0-trimethylsi- 
lylated sugar 6 or (5.2 mmol) and lignan 1,2, or 3 (4 mmol) in 
dichloromethane (100 mL for lignan 1 or 2; 300 mL for lignan 31, 
an acid catalyst (1.47 mL, 12 mmol, of BFaaEhO or 0.77 mL, 4 
mmol, of TMSOTf) was added under argon. The resulting 
mixture was then stirred for the time required at the appropriate 
temperature (see Table I). Then the reaction mixture was worked 
up to afford, after f b h  'Chromatography (eluting with dichlo- 
romethane-acetone 1OOAQ v/v for compounds 9-12 and 1 W 3  
v/v for compounds 13-16), the 0-glucosidic fraction. 

(i) 1-0-(Trimethylsilyl)-2,3,4,6-tetra-0-acetyl-~-~-glucopyra- 
nose (6) and podophyllotoxin (1) or epipodophyllotoxin (2) 
afforded an 0-glucosidic mixture of 4-(2,3,4,6-tetra-O-acetyl-@- 
D-glucopyranosyl)epipodophyllotoxin (9) and 4-(2,3,4,6-tetra-O- 
acetyl-cY-D-glucopyranayl)epipodophyllotoxin (10) (reaction con- 
ditions and yields are reported in Table I). 

Compound 9: mp 201-203 'C (from MeOH); [a]% -59.1' 
(CHCb, c 1) [lit.'.mp 202-204 'C; [a]2%-58.9' (CHCb, c 0.612)l; 
HPLC, t~ 26.3 min (eluting system CH~CN-ACOH-H~O 57:1:72 
v/v/v). 

Compound 1 0  mp 239-241 'c (from MeOH); [cY]"D +49.5' 
(CHC18,c 1) [lit.'.] mp238-241 'C; [a]2%+48.7' (CHCb,c0.565)1; 
HPLC, t~ 24.5 min (eluting system CH~CN-ACOH-H~O 57:1:72 
v/v/v). 

(ii) Compound 6 and 4'-demethylepipodophyllotoxin (3) 
afforded an 0-glucosidic mixture of 4-(2,3,4,6-tetra-O-acetyl-P- 
~glucopyranayl~-4'demethylepipodophyll~xin (11) and 4-(2,3,- 
4,6-tetra-0-acetyl-a-~-glucopyranosyl)-4'-demethylepipodophyl- 
lotoxin (12) (reaction conditions and yields are reported in Table 
I). 

Compound 11: mp 224-226 'C (from MeOH); [a]% -62.8' 
(CHCL c 1) [lit.%mp 228-230 'C; [a ]~-63 .8 '  (CHC&,c 1.019)l; 
HPLC, t~ 29.2 min (eluting system CHaCN-AcOH-H20 45:1:72 
v/v/v). 

Notes 

Compound 12, a glass, showa the same physicochemical 
properties described previously;% HPLC, t~ 26.4 min (eluting 
system CHSCN-ACOH-H~O 451:72 v/v/v). 

(it0 l-0-(Trimethylsilyl)-2,3,4,6-tetra-0-be~yl-~-~-glucopy- 
ranose (7) and podophyllotoxin (1) or epipodophyllotoxin (2) 
afforded an 0-glucosidic mixture of 4-(2,3,4,6-tetra-O-bnzyl- 
8-D-glucopyranoey1)epipodophyllotoxin (13) and 4-(2,3,4,6-tetra- 
0-benzyl-cY-D-glucopyanosyl)epipodophyllotoxin (14) (reaction 
conditions and yields are reported in Table I), which were 
separable by column chromatography (eluting with hexane- 
AcOEt, 65:35 v/v). 

Compound 13 an amorphous solid, [a]% -29.4' (CHCb, c 
1); HPLC, t~ 15.6 min (eluting system MeOH-HgO W10 v/v). 
Anal. Calcd for C&mOls: C, 71.78; H, 6.02. Found C, 71.91; 
H, 5.95. 

Compound 1 4  mp 186186 "C (from MeOH); [a]% +30.8' 
(CHCls, c 1); HPLC, t~ 14.8 min (eluting MeOH-H20 W10 v/v). 
Anal. Calcd for CdIMO1s: C, 71.78; H, 6.02. Found C, 71.59; 
H, 6.15. 

(iv) Compound 7 and 4'-demethylepipodophyllotoxin (3) 
afforded an 0-glucosidic mixture of 4-(2,3,4,6-tetra-O-benzyl- 
j3-~-glucopyranosyl)-4'-demethylepipodophyllotoxin (18) and 
4(2,3,4,6-tetra-O- benzyl-a-D-glucopyranosyl)-4'-demethylepi- 
podophylloxotin (16) (reaction conditions and yields are reported 
in Table I), which were separable by column chromatography 
eluting with hexane-AcOEt 5050 v/v). 

Compound 1 6  an amorphous solid, [a]% -20.7' (CHCb, c 
1); HPLC, t~ 27.9 min (eluting system MeOH-HzO a 1 4  v/v). 
Anal. Calcd for CMHUO18: C, 71.57; H, 5.90. Found C, 71.45; 
H, 5.82. 

Compound 16: mp 166167 'c (from MeOH); [a]"D +28.8' 
(CHCb, c 1); HPLC, t~ 26.7 min (eluting system MeOH-H20 
a 1 4  v/v). Anal. Calcd for CaaHUOla: C, 71.57; H, 5.90. Found 
C, 71.62; H, 5.79. 

Synthesis of Etoposide (4). BFrEh0 (0.92 L, 7.5 mol) was 
added to a stirred suspension of lignan 3 (1.0 kg, 2.5 mol) and 
lj3-0-trimethylsidylai.8d sugar 8 (1.5 kg, 3 mol) in dichloromethane 
(100 L), at -20 'C, under nitrogen. The mixture was stirred for 
8 h at -20 "C and then for 30 min at -10 OC. The reaction mixture 
was then rapidly poured into ice-cold water (100 L) and worked 
up to afford the crude 4-(4,6-0-ethylidene-2,3-di-O-(dichloro- 
acetyl)-/3-~-glucopyran~l)-4'-demethylepipodophyllotoxin ( 17), 
which was directly used in the next step. 

[An analytical sample of compound 17 was obtained by 
chromatographic purification (silica gel): mp 243-244 OC (from 
ethyl acetate); [a]% -66.5' (CHCls, c 1). Anal. Calcd for 

Crude compound 17 in methanol (15 L) containing zinc acetate 
dihydrate (0.9 kg, 4.1 mol) was refluxed for 90 min. The resulting 
suspension was concentrated under reduced pressure to a 7 L 
final volume and then diluted with H2O (10 L), dichloromethane 
(20 L), and acetic acid (0.5 L). Usual workup and crystallization 
afforded etoposide (4) (1.03 kg, 70% yield): mp 261-263 "C dec 
(crystallized fiist from ethyl acetate and then from ethanol); 

(CHCb, c 111. 'H NMR spectrum was identical with that 
reported.= 

CwHsaOisC4: C, 48.91; H, 3.98. Found: C, 48.69; H, 4.01.1 

[CY]% -108' (CHCb, C 1) Ilit." mp 254-256 'C; [ala0D -109.6' 
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