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Syntheses of 8-ethenyl-l-hydroxy-4-~-~-ribofuranosylbenzo[d]naphtho[ 1,2-b]pyran-6-one (1) and 8ethenyl- 
l-hydroxy-4(2'-deoxy-~-~-ribofuranosyl)benzo[d]naphtho[ 1,241pyran-6-0ne (2) have been accomplished. These 
two compounds are the first synthetic C-glycosides structurally related to the gilvocarcin, ravidomycin, and 
Chrysomycin antibiotic clans which poaseas the aglycon substituents (hydroxyl at C-1 and ethenyl at C-8) considered 
critical for the photolytic nicking of DNA. Anthracycline C-glycoside 1 waa prepared by a route involving Lewis 
acid-catalyzed C-glycosyl bond formation between the tetracyclic aglycon and 1,2,3,5tetra-O-aoetyI-~rib followed 
by construction of the aglycon 8-ethenyl substituent from the corresponding ethyl group by radical bromina- 
tion-dehydrobromination. Synthesis of C-glycoside 2 utilized a different, complementary procedure for C-glycosyl 
bond formation by palladium-mediated coupling of an iodoaglycon derivative with 1,4-anhydro-2-deoxy-3-0- 
(tert-butyldiphenylsilyl)-D-erythro-pent-l-enitol, a furanoid glycal designed to form only C-glycosyl bonds in 
this reaction. In the synthesis of 2, the 8-ethenyl substituent of the aglycon was installed prior to C-glycosyl 
bond formation since, in this case, attempted ethyl group bromination led instead to conversion of the carbohydrate 
moiety to a furan. 

Introduction 
The benzo[d]naphtho[l,2-b]pyran-6-one C-glycoside 

antibiotics,l ravidomycin? the gilvocarcins3 (toromycin? 
anandamycin6), and the chrysomycinss (virenomycin,' the 
albacarcins8), have attracted significant synthetic interest. 
Syntheses of the anthracyclic aglycon systemg and of 
(-)-methyl ravidosaminide,'O the carbohydrate portion of 
ravidomycin, have been accomplished. We have reported 
syntheses of C-glycosides possessing the benzo[d]- 
naphtho[ 1,241pyran-d-one aglycon characteristics of this 
antibiotic class.'l-" 

We now report syntheses of 8-ethenyl-l-hydroxy-4-/3-~- 
ribofuranosylbenzo[d]naphtho[ 1,2-b]pyran-6-one18 (1) and 
8-ethenyl-1-hydroxy-4- (2'-deoxy-~-~-ribofuranosyl)benzo- 
[d]naphtho[l,2-b]pyran-6-one (2), the first synthetic C- 
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HO 
glycosides which possess the aglycon structural features 
considered criticalgCJg for the photolytic nicking of 
DNA.l9sm In the synthesis of 1,16 the C-glycosyl bond was 
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formed by Lewis acid-catalyzed condensation of anthra- 
cyclic aglycon and glycone precursors.21" The synthesis 

(1) For reviews of the chemistry and biology of these and other C- 
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L. M. Tetrahedron 1983,39,599-605. 
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Antibiot. 1982,35, 1194-1201. 
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29, 884-892. 
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Patent 4,461,831, July 24, 1984; Chem. Abstr. 1985, 102, 4456a. 
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(d) Findlay, J. A.; Daljeet, A.; Murray, P. J.; Rej, R. N. Can. J. Chem. 
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D. J. Chem. SOC., chem. Commun. 1987,1528-1530. (f') Patten, A. D.; 
Nguyen, N. H.; Danishefsky, S. J. Org. Chem. 1988,53,1003-1007. (9) 
McKenzie, T. C.; Hassen, W.; Macdonald, S. J. F. Tetrahedron Lett. 1987, 
28,5435-5436. (h) McKenzie, T. C.; Hassen, W. Tetrahedron Lett. 1987, 
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of the closely related 2'-deoxy C-glycoside 2 was accom- 
plished by a completely different, complementary synthetic 
strategy involving as a key step a palladium-mediated 
coupling reaction'l of an iodo aglycon derivative with a 
glycal (1,Zunsaturated carbohydrate) to form the C- 
glycosyl bond in a regio- and stereospecific manner.16 

Results and Discussion 
8-Ethenyl-l-hydroxy-4-j3-~-ribofuranosylbnzo[ 4- 

naphtho[ l,%-b]pyran-6-one (1). Hurd and Bonner21 in 
the 1940s first reported Lewis acid-catalyzed glycosylation 
for preparation of aryl C-glycosides. This reaction is re- 
stricted to relatively electron-rich aglycone; nonetheless, 
this method of C-glycosyl bond formation has proved 

owing to ita inherent simplicity. We established 
in a preliminary study13 that 8-ethyl-1-methoxybenzo- 
[d]naphtho[ 1,241pyran-6-one (3a) possesses sufficient 
electron density to permit Lewis acid-catalyzed glycosy- 
lation using 1,2,3,5-tetra-O-acetyl-~-ribose~~ (4) in the 
presence of stannic chloride. This reaction yielded a 1:l 
mixture of a and j3 C-glycoside anomers 5a and 6a in a 
combined 60% isolated yield.13 Importantly, this suc- 
cessful Lewis acid-catalyzed coupling reaction also estab- 
lished that condensation occurred regiospecificdy at C-4 
of the aglycon; no C-glycosyl bond formation at  C-2 was 
detected. 

OR 
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4 with 3a, resulted in formation of a 1:l mixture of the 
corresponding /3 and a C-glycosides 5d and 6d. For syn- 
thetic purposes, this condensation reaction leading to 
C-glycosides 5 and 6 was superior to that employing 0- 
methyl aglycon 3aI3 in three respects. First, the yield of 
the stannic chloride catalyzed condensation reaction when 
3d was used as the aglycon precursor was higher (87% ) and 
second, because of more favorable solubility and chroma- 
tographic properties, anomers 5d and 6d were more readily 
separated. Most critically, however, treatment of these 
C-glycosides with fluoride ion readily removed the triiso- 
propylsilyl protective group from the aglycon C-1 hydroxyl 
without affecting the stereocenter a t  C-1' of the carbohy- 
drate moiety. 

Efforts to improve the stereoselectivity of the coupling 
reaction by changing Lewis acid catalyst, reaction solvent, 
or reaction temperature were unsuccessful. Careful mon- 
itoring of the course of the reaction revealed that the j3 
C-glycoside anomer (5d) forms first and, under the reaction 
conditions, undergoes equilibration with the a anomer (6d). 
The equilibrium, about 1:l at  room temperature, can be 
adjusted by carrying out the condensation at  lower tem- 
perature. At -40 OC the reaction takes several days but 
yields a ratio of 5d:6d of about 5:l; this ratio is achieved 
more readily by simply cooling the reaction mixture formed 
at room temperature to -40 OC. Unfortunately, attempts 
to use this procedure synthetically were not successful; we 
were not able to stabilize the reaction mixture with this 
ratio of C-glycoside products for isolation. However, in 
the current study focused on the preparation of j3 C- 
glycoside 1, we were able to achieve practical yields of key 
intermediate 5d of about 70% by reprocessing chromato- 
graphic fractions rich in the a-anomer 6d by exposure to 
stannic chloride which restored the 1:l equilibrium mixture 
of anomers. 

Following construction of the C-glycosyl bond in for- 
mation of 5d, attention was directed to conversion of the 
&ethyl substituent of the aglycon into a vinyl group. This 
conversion was accomplished during synthesis of the ag- 
lycon of gilvocarcin by a radical bromination-dehydro- 
bromination sequencesgc Bromination of 5d using N- 
bromosuccinimide (NBS) and catalytic benzoyl peroxide 
led to a complex mixture of products which, on the basis 
of lH NMR spectra, appeared to involve bromination of 
the triisopropylsilyl group. Therefore, 5d was desilylated 
using cesium fluoride, and the resulting phenolic group of 
the aglycon was acetylated (acetic anhydride/pyridine) to 
produce 5c. Treatment of 5c with NBS and catalytic 
benzoyl peroxide produced the desired benzylic bromina- 
tion product 7c in about 60% yield after chromatographic 
~epa ra t ion .~~  Dehydrobromination of 7c to introduce an 
8-vinyl substituent (8c) was accomplished catalytically 
using tetrakis(triphenylphosphine)palladium(O); we found 
this procedure to be preferable to base catalyzed dehy- 

(24) A second, highly unstable product was also isolated. Based on 
mass and NMR spectra, we have assigned structure 9 to this material. p& Br 
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(25) Farr, R. N.; Daves, G. D., Jr. J. Carbohydr. Chem. 1990, 9, 
653-660. 

(26) Gribble, G. W.; Ferguson, D. C. J. Chem. SOC., Chem. Commun. 
1975, 535-536. Evans, D. A.; Chapman, K. T.; Carreira, E. M. J. Am. 
Chem. SOC. 1988,110, 3560-3578. 
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Attempta to incorporate C-glycoside 5a into a synthetic 
sequence leading to 1 were unsuccessful because all con- 
ditions found which effected removal of the methyl group 
from the C-1 oxygen of the aglycon disrupted the stereo- 
chemistry of the anomeric center (C-1') of the ribofuranosyl 
moiety. As a result, a brief study was made of Lewis 
acid-catalyzed condensation reactions of ribose derivative 
423 with the corresponding phenolic aglycon (3b) and with 
the acetyl (3c) and triisopropylsilyl (3d) derivatives. No 
C-glycosyl product was isolated following treatment of a 
mixture of acetyl glycoside 4 and either 3b or 3c with 
stannic chloride. However, treatment of a mixture of 4 and 
3d with stannic chloride, like the similar condensation of 

(22) For recent examples of Lewis acid-catalyzed C-glycosylation and 
leading references to earlier uses, see: ref 13. Mataumoto, T.; Hosoya, 
T.; Suzuki, K. Tetrahedron Lett. 1990,31,4629-4632. Cai, M. S.; Qiu, 
D.-X. Synth. Commun. 1989, 19, 851-855. Rao, S. P.; Rao, K. V. B.; 
Otter, B. A.; Klein, R. S.; Ren, W.-Y. Tetrahedron Lett. 1988, 29, 
3537-3540. Herscovici, J.; Muleka, K.; Boumaiza, L.; Antonakis, K. J. 
Chem. SOC., Perkin Trans. I 1990, 1995-2009. Girgis, N. S.; Michael, M. 
A,; Smee, D. F.; Alaghamandan, H. A.; Robins, R. K.; Cottam, H. B. J. 
Med. Chem. 1990,33, 2750-2755. 

(23) Brown, G. B.; Davoll, J. A,; Low, B. A. Biochem. Prepr. 1955,4, 
70. 
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duces the vinyl substituent of the aglycon prior to palla- 
dium-mediated glycal-aglycon coupling and (b) uses an 
aglycon derivative with a readily removable substituent 
on the phenolic (C-1) oxygen. 

Aglycon Chemistry. A number of studies of the ag- 
lycon system were carried out in order to find an appro- 
priate derivative for palladium-mediated glycal-aglycon 
coup1ing.l1J6 8-Ethyl-l-methoxybenzo[d]naphtho[l,2-b]- 
pyran-6-0ne~~J~ (13) was brominated selectively at  C-4 
using NBS to yield 14,16 which was further brominated 
under radical conditions (NBS, benzoyl peroxide) a t  the 
benzylic carbon of the ethyl side chain (14 - 15). The 
phenolic oxygen of 15 was then 0-demethylated with boron 
tribromide, and the resulting hydroxyl was esterified using 
pivaloyl chloride and 4-(dimethylamino)pyridine to yield 
key intermediate 16. Alternatively, 16 was prepared from 
14 by changing the C-1 oxygen function prior to benzylic 
bromination; in both sequences excellent yields were 
achieved in all reactions. 

Derivative 16 was further transformed into the aglycon 
precursor (18) used for the palladium-mediated coupling 
reaction by (a) dehydrobromination of the bromoethyl side 
chain to an 8-vinyl substituent and (b) replacement of the 
4-bromo substituent by iodo. This latter change was 
necessary owing to the poor performance of bromo aglycon 
derivatives in palladium-catalyzed coupling reactions with 
enol ethers.16 Conversion of 16 to 18 was accomplished in 
either of two ways. Dehydrobromination of 16 was effected 
using catalytic tetrakis(triphenylphospine)palladium(O) in 
dimethylformamide to form 18 (74%) which underwent 
halogen exchange in the presence of cuprous iodide and 
potassium i~d ide '~?~ '  to yield 18 (76%). Alternatively, 16 
was converted directly to 18 in 54% yield by treatment 
with a mixture of cuprous and potassium iodides; in this 
reaction the nonhalogenated 8-vinyl derivativeg" was a side 
product. That aryl iodination prior to ethyl group halo- 
genation was inappropriate was shown using 8-ethyl-4- 
iodo-1-methoxybenzo [dlnaphtho [ 1,2-b]pyran-6-0ne'~ (lo), 
prepared from 14 by halogen exhange using cuprous and 
potassium iodides16 or from 139cJ3 by direct iodination 
using N-iodosuccinimide and an acid catalyst. Attempts 
to brominate the ethyl group of 10 under radical conditions 
led, instead, to deiodination; as a result iodination at  C-4 
was delayed until after ethyl group bromination had been 
accomplished. 

Glycal-Aglycon Coupling. The utility of a pivaloyl- 
protected aglycon derivative was established in a prelim- 
inary experiment. 8-Ethyl-4-iodo-l-(pivaloyloxy)benzo- 
[d]naphtho[ 1,2-b]pyran-6-one (19) was obtained from 14 
in three steps (demethylation with BBr3, pivaloylation, and 
halogen exchange with CUI and K12'). This aglycon de- 
rivative and 1,4-anhydro-2-deoxy-3-O-(tert-butyldi- 
phenylsilyl)-D-erythro-pent-l-enito1(20), a furanoid glycal 
specifically designed% for synthesis of P C-glycosides, were 
coupled using a catalytic portion of palladium acetate in 
dimethylformamide. This reaction effected regio- and 
stereospecific C-glycosyl bond f ~ r m a t i o n ' ~ J * ~ ~  yielding, 
after desilylation of the intermediate silylenol ether, 2'- 
deoxy-3'-keto C-glycoside 21 in 88% isolated yield. Ste- 
reospecific reduction of the keto group of 21 using sodium 
triaceto~yborohydride~~~~~ followed by removal of the pi- 
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I \  0 AcO OAc 

drobromination or dehydrobromination using lithium 
bromide and lithium carbonate.gC Completion of the 
synthesis of anthracycline C-glycoside 1 was accomplished 
by removal of the four acetyl groups of 8c using potassium 
carbonate in methanol. 

8-Ethenyl- 1-hydroxy-4-( 2 ' -deoxy-P-~-r ibo-  
furanosyl)benzo[d]naphtho[ l&b]pyran-6-one (2). In 
an earlier study16 involving in part palladium-catalyzed 
coupling reactions of 4-iodo-8-ethyl-l-methoxybenzo[d]- 
naphtho[ 1,2-b]pyran-6-one, we prepared C-glycoside 10 
which was used to determine whether, in the 2'-deoxy 
series, the 8-ethyl substituent of the aglycon can be de- 
hydrogenated to form a vinyl group. Unfortunately, 
treatment of 10 with NBS in the presence of benzoyl 
peroxide led to preferential reaction at  the sterically ac- 
cessible C- 11 carbohydrate c e n t ~ ~ ~ ~  yielding two unstable 
products assigned structures 11 and 12 on the basis of 
spectrometric data. This result and the previously noted 

0c 

AcO * 
0 1 0  

] E?oyl peroxide 

OCH, 
I 

Rd 12, R = AC 

inability to remove the phenolic methyl group of 10 and 
related C-glyco~ides'~ without disruption of the stereo- 
chemical integrity of the carbohydrate anomeric center led 
us to develop a synthetic approach to 2 which (a) intro- 

(27) Merkushev, E. B. Synthesis 1988,923-937. Suzuki, H.; Kondo, 
A.; Inouye, M.; Ogawa, T. Synthesis 1986, 121-122. 

(28) Daves, G. D., Jr.; Hallberg, A. Chem. Rev. 1989,89, 1433-1445. 
(29) Daves, G. D., Jr. In Advances in Metal-Organic Chemistry; 

Liebeskind, L. S., Ed.; JAI Press: Greenwich, CT, 1991; Vol. II, pp 59-99. 
(30) Daves, G. D., Jr. In Carbohydrates-Synthetic Methods and Ap- 

plications in Medicinal Chemistry; Suami, T., Hasegawa, A., Ogura, H., 
Eds.; Kodansha LM: Tokyo, in press. 
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9 
. n  . .- 

2 0  ’ ’ I 1. Pd(0Ac)p 
2. Bu4N*F I ? 

O’C%(CH3)3 

1. NaBH(OAc), 
2. NalMeOH I 21 

H? 

HO * 0 

0 Hd 
22 

Similarly, palladium-mediated coupling of iodo aglycon 
derivative 18 and glycal 2025 was accomplished and the 
synthesis of 4-(2’-deosy-~-~-ribofuranosyl)-8-ethenyl-l- 
hydroxybenzo[d]naphtho[l,2-b]pyran-6-one (2) was com- 
pleted in straightforward manner. Thus, the initially 
formed C-glycosyl intermediate 23 waa desilylated without 
isolation using tetra-n-butylammonium fluoride to  yield 
keto derivative 24. Stereospecific reduction of the keto 
group of 24 using sodium triacetoxybor~hydride~~,~~ fol- 
lowed by acetylation produced triester 25. The  ester 
groups of 25 were then removed to yield 2 (81% from 25). 

Conclusion 
Our current efforts have culminated in the synthesis of 

the first synthetic benzo [ d ]  naphtho [ 1,241 pyran-6-one 

2 4  1. NaBH(OAc), 
2. A q O ,  pyridine 

e 1 
II 
0 A d  

25 

C-glycosides which possess the aglycon structural features 
considered criticalgCJ9 for the photolytic nicking of 
DNA.lgp20 The Lewis acid and palladium-catalyzed cou- 
pling reactions offer complementary convergent syntheses 
of 2’-hydroxy and 2’-deoxy analogues. With the problems 
of protection and step ordering having been overcome, 
together with the recent improvements in the palladium- 
catalyzed syntheses of fl C - g l y c o s i d e ~ , ~ ~ J ~  concise routes 
to biologically important benzo[d]naphtho[l,2-b]pyran-6- 
one C-glycosides have been elucidated. 

Experimental Section” 
8-Et hyl- 1 - hydroxybenzo[ dlnapht ho[ 1 ,2- b Ipyran-6-one 

(3b). BBr3 (12 mL, 1.0 M in CH2C12) waa added slowly with 
stirring into a solution of 8-ethyl-l-methoxybenzo[d]naphtho- 
[1,2-b]pyran-6-one (3a)13 (1.0 g, 3.3 mmol) in 40 mL of CHzClz 
at room temperature. A bright yellow precipitate appeared w i t h  
10 min. TLC (benzeneethanol, 151) showed that reaction was 
complete in 90 min, at which time the reaction mixture was a clear 
brown solution. The reaction mixture was then added to a heated 
solution (50-60 “C) of ethanol and aqueous NaHCOs. The pre- 
cipitate which formed was fiitered and dried in an oven (110 “C) 
for 3 h to afford 0.92 g (97%) of 8-ethyl-l-hydroxybenzo[d]- 
naphtho[l,2-b]pyran-&one (3b) as a light beige solid mp 250-258 
O C  dec; MS m / z  290 (M’+); ‘H NMR (CDC13) S 1.25 (t, 3 H, J 
= 7.6 Hz, CH3), 2.77 (2 d, 2 H, benzylic), 7.02 (d, 1 H, J Z 3  = 7.6 
Hz, H-2), 7.48 (dd, 1 H, J3,4 = 9.0 Hz, H-3), 7.79 (d, 1 d, H-4), 

(d, 1 H, H-10); kRMS calcd for C19H14O3 290.0943, found 290.0946. 
8-Ethyl-1-[ (triisopropylsilyl)oxy]benzo[d]naphtho[ 1,2- 

bIpyran-6-one (3d). Triisopropylsilyl chloride (1.1 g, 5.7 “01) 
was added to a solution of 3b (1.01 g, 3.4 mmol) and imidazole 
(0.98 g, 10.4 mmol) in 9 mL of dimethylformamide (DMF). The 
reaction mixture was stirred at room temperature for 10 h. The 
white crystals which formed were fiitered at ice temperature and 
recrystallized from CHCl,/ethanol to yield 1.42 g (92%) of 8- 
ethyl-1-[ (triisopropylsilyl)oxylbenzo[d]naphtho[ 1,2-b]pyran-&one 
(3d): mp 169 “C; MS m/z  446 (Ma+); ‘H NMR (CDC13) 6 1.17 

7.81 (dd, 1 H, Je,lo = 8.3 Hz, H-9), 8.06 (d, 1 H, J11,12 = 9.0 Hz), 
8.10 (d, 1 H, J79 = 1.8 Hz, H-7), 8.23 (d, 1 H, J11,12 = 9.0 Hz), 8.37 

(31) For general procedures see ref 17. 
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(h, 3 H, isopropyl CH), 2.79 (2 d, 2 H, benzylic), 6.99 (d, 1 H, J2,3 
(d, 18 H, J = 7.5 Hz, CH3), 1.32 (t, 3 H, J = 7.6 Hz, CH3), 1.43 

= 7.6 Hz, H-2), 7.45 (dd, 1 H, H-3), 7.67 (dd, 1 H, Js,lo = 8.2 Hz, 
H-9), 8.04 (d, 1 H, J11,? = 9.0 Hz), 8.08 (d, 1 H, H-lo), 8.16 (d, 
1 H, J3,4 = 8.4 Hz, H-4), 8.19 (d, 1 H, J11,12 = 9.0 Hz), 8.26 (d, 1 
H, H-7); ‘3C NMR (CDCl3) 6 13.02 (CHa, 15.16 (CH), 18.06 (CHJ, 

(C-11, C-12), 121.08,122.07 (C-3), 125.41,127.23 (C-lo), 128.08, 
129.14 (C-7) 133.08, 135.06 (C-9), 145.12, 146.74, 151.99 (C-l), 

28.58 (benzylic), 113.41,114.01 (C-2), 114.74 (C-4), 118.13,119.20 

161.53 (C=O); HRMS calcd for C28H3403Si 446.2277, found 
446.2274. 

8-Ethyl-l-[ (triisopropylsilyl)oxy]-4-(2’,3’,5’-tri-O-acetyl- 
,9-~ribofuranosyl)benzo[d]naphtho[ l&b]pyranQ-one (5d) 
and 8-Ethyl-l-[ (triisopropylsilyl)oxy]-4-(2‘,3’,5’-tri-O - 
acetyl-a-D-ribofuranosyl)benzo[ d]naphtho[ 1,2-b]pyran-6- 
one (6d). To a stirred solution of 3d (1 g, 2.2 mmol) and 
1,2,3,5-tetra-O-acetyl-,9-~-ribofuran~~ (4) (3 g, 9.4 m o l )  in 80 
mL of 1,2-dichloroethane was added stannic chloride (20 mL of 
a 1 M solution in 1,Pdichloroethane). After 20 h at room tem- 
perature, the reaction mixture was partitioned between CH2Cl2 
and aqueous NaHC03 solution. The organic phase was separated, 
washed with water, and then concentrated. The resulting residue 
was separated by preparative TLC (CHC13-ethyl acetate, 1O: l )  
to yield unreacted 3d (0.03 g, 3%) and 5d (668 mg, 42%) as 
off-white crystals, mp 87-88 “C, and 6d (704 mg, 45%) as white 
crystals, mp 73-74 “C. 

For 5d: MS m/z 704 (M+); ‘H NMR (CDC1,) 6 1.19 (apparent 
t, 18 H, CHJ, 1.30 (t, 3 H, CHJ, 1.44 (h, 3 H, J = 7.6 HZ, isopropyl 
CH), 2.00, 2.19, 2.31 (3 s, 9 H, acetyl), 2.76 (2 d, 2 H, benzylic), 
4.48 (dd, 1 H, J5,,5r = 12.1 Hz, J4,,5, = 5.1 Hz, H-5’), 4.55 (dd, 1 
H, J4,,5, = 2.4 Hz, H-5’), 4.58 (ddd, 1 H, J3t,4t = 9.5 Hz, H-4’), 5.20 
(dd, 1 H, J2t,3, = 4.3 Hz, H-3’), 5.63 (d, 1 H, H-2’), 6.61 (s, 1 H, 
H-1’), 6.98 (d, 1 H, J2,3 = 8.3 Hz, H-2), 7.66 (dd, 1 H, Js,lo = 8.2 
Hz, 57,s = 1.4 Hz, H-9), 8.00 (d, 1 H, H-101, 8.08 (d, 1 H, J11,12 
= 9.0 Hz), 8.10 (d, 1 H, H-3), 8.16 (d, 1 H, H-7),8.30 (d, 1 H, J11,12 
= 9.0 Hz, H-12); HRMS calcd for C3sH48010Si 704.3013, found 
704.3026. 

For 6 d  MS m/z 704 (M+); lH NMR (CDC13) 6 1.16 (d, 18 H, 

isopropyl CH), 1.54, 2.05, 2.20 (3 s ,9  H, acetyl), 2.81 (2 d, 2 H, 

(dd, 1 H, J4,,5, = 2.9 Hz, H-5’),4.55 (m, 1 H, H-4’), 5.72 (dd, 1 H, 

J = 7.5 Hz, CH3), 1.33 (t, 3 H, CH3), 1.43 (h, 3 H, J = 7.5 Hz, 

benzylic), 4.37 (dd, 1 H, J4,,5, = 4.8 Hz, J5,,5, = 12.0 HZ, H-5’), 4.52 

J2’,3, = 4.8 Hz, Jy,4t 3.4 Hz, 
H-2’), 6.83 (d, 1 H, H-1’), 7.02 (d, 1 H, 57.3 = 8.2 Hz, H-2), 7.70 
(dd, 1 H, J7,g = 1.9 Hz, Js,lo = 8.0 Hz, H-9), 7.91 (d, 1 H, H-lo), 
8.05 (d. 1 H. Jii 19 = 8.1 Hz). 8.12 (d, 1 H, H-31.8.26 (8.1 H, H-7). 

7.7 Hz, H-3’), 6.37 (dd, 1 H, J1:p 
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tallized from CH2C~-ethanol to yield 371 mg (96%) of 5c as white 
crystals: mp 190 “C; MS m/z 590 (M+); ‘H NMR (CDC1,) S 1.32 
(t, 3 H, CH,), 2.00, 2.20, 2.32,2.49 (4 s, 12 H, acetyl), 2.79 (2 d, 
2 H, benzylic), 4.46 (dd, 1 H, H-5’),4.57 (dd, 1 H, J53,5f = 12.1 Hz, 
H-5’),4.60 (ddd, 1 H, J413t = 2.5,4.3 Hz, H-4’), 5.19 (dd, 1 H, Jy,4t 
= 9.4 Hz, H-3’), 5.65 (d, 1 H, J2,,3, = 4.3 Hz, H-2’), 6.62 (8, 1 H, 
H-l’), 7.73 (d, 1 H, H-21, 7.68 (dd, 1 H, H-91, 7.83 (d, 1 H, 511.12 
= 9.0 Hz), 8.08 (d, 1 H, Jg,lo = 8.2 Hz, H-lO), 8.09 (d, 1 H, J11,12 
= 9.0 Hz), 8.16 (d, 1 H, J,,g = 1.3 Hz, H-7), 8.22 (d, 1 H, J 2 , 3  = 
8.9 Hz, H-3); 13C NMR (CDCl3) 6 15.13 (CHJ, 20.46,20.91,21.04, 

C’-4), 82.42 (C-l’), 115.25, 118.42 (C-11), 118.99 (C-2), 120.23 
(C-12), 120.27, 122.28, 122.37 (C-lo), 125.23 (C-3), 128.48, 128.82 

21.18 (acetyl), 30.89 (benzylic), 62.71 (C-5’), 76.21, 76.60 (C-2’, 

(C-7), 132.40, 133.29,135.26 (C-9), 145.77,146.33, 159.99 (lactone 
C=O), 169.01,169.64,170.59,170.70 (acetyl c-0); HRMS calcd 
for C32H30011 590.1785, found 590.1781. 

l-Acetoxy-8-( l-bromoet hyl)-4-(2’,3’,5’-tri-O -aCetyl-fi-D- 
ribofuranosyl)benzo[ d]naphtho[ l&b]pyranJ-one (7c). A 
solution of 5c (162 mg, 0.27 mmol), NBS (63.5 mg, 0.36 mmol), 
and benzoyl peroxide (2 mg, 0.008 mmol) in 25 mL of CC14 was 
heated under reflux for 18 h. The solution was then evaporated 
to almost dryness and separated by preparative TLC (CH2Cl2- 
ethyl acetate, 101) to afford 118 mg (65%) of 7c Rf = 0.42 as a 
light yellow solid, mp 194-196 “C dec, and 52 mg (24%) of 924 
as a light brown solid. For 7c: MS m/z 607 (M - HOAc)+, 588 
(M - HBr)+; lH NMR (CDC13) S 2.12, 2.13 (each d, 3 H, J = 6.8 
He, CH,), 2.00, 2.21, 2.32, 2.49 (4 s, 12 H, acetyl), 4.47 (dd, 1 H, 

2.4,4.1 Hz, H-49, 5.19,5.20 (each dd, 1 H, J3c,41 = 9.3 Hz, H-3’), 
5.31 (2 d, 1 H, benzylic), 5.65 (d, 1 H, Jp,3. = 4.4 Hz, H-29, 6.56 
(8,  1 H, H-1’1, 7.32 (d, 1 H, H-2), 7.82,7.82 (each d, 1 H, J11,12 = 
9.0 Hz), 7.94 (apparent dt, 1 H, J = 3.3, 9.1 Hz), 8.03,8.04 (each 

(d, 1 H, J2,3 = 8.2 Hz, H-3), 8.33,8.36 (each d, 1 H, J7,9 = 2.0 Hz, 
H-7); 13C NMR (CDC13) 6 20.47, 20.93, 21.03, 21.19, 26.30, 26.36, 
47.30,62.66,69.23,76.15,76.59,82.36,114.62,118.69,119.37,120.14, 
120.30,120.37,122.12,123.06,123.11,125.48,127.77,127.91,128.79, 
133.39,133.96,134.14,134.53,144.34,144.37,146.27,147.95,159.38, 
169.65, 170.41, 170.58. 

For S2‘ ‘H NMR (CDC13) 6 2.06, 2.13, 2.15, 2.50 (each s, 3 H 
each, acetyls), 2.09 (d, 3 H, J = 6.9 Hz, CH,), 5.12 (8,  2 H, furan), 
5.25 (m, 1 H, benzylic), 6.74 (s, 1 H, furan), 7.38-8.32 (complex, 
7 H, aglycon). 
l-Acetoxy-8-ethenyl-4-(2‘,3’,5‘-tri- 0 -aoetyl-fi-D-ribo- 

furanosyl)benzo[d]naphtho[ 1,2-b]pyran-6-one (8c). A so- 
lution of 7c (85 mg, 0,144 mmol), tetrakis(tripheny1phosphine)- 
palladium(0) (30 mg, 0.026 mmol), and NaHCO, (47 mg, 0.56 
mmol) in 10 mL of CH3CN was stirred at room temperature for 
24 h. The solution was then evaporated to almost dryness, and 
the residue was separated by preparative TLC (CH2C12-ethyl 
acetate, 1O: l )  to yield 62 mg (73%) of 12c as colorless crystals: 
mp 186 OC; MS m/z 588 (M+); ‘H NMR (CDC13) 6 2.00,2.20, 
2.32, 2.49 (4 s, 12 H, acetyl) 4.46 (dd, 1 H, J4r5, = 2.3 Hz, J5t,5r = 
12.1 Hz, H-53, 4.70 (dd, 1 H, J41,5t = 4.4 Hz, k-59, 4.61 (ddd, 1 

J = 10.9, 17.5 Hz, vinyl), 7.35 (d, 1 H, H-21, 7.83 (d, 1 H, J l l , l 2  

H-5‘), 4.57 (dd, 1 H, J5t.5, = 7.9 Hz, H-5’),4.60 (ddd, 1 H, J4,,5, = 

d, 1 H, J11,12 = 9.0 Hz), 8.12 (d, 1 H, Js,lo = 8.2 Hz, H-lo), 8.21 

H, H-4’), 5.20 (d, 1 H, J39,4t = 9.5 Hz, H-3’), 5.66 (d, 1 H, Jp,3, = 
4.2 Hz, H-2’), 6.61 (8,  1 H, H-l’), 5.43, 5.93, 6.78 (d, d, dd, 3 H, 

= 9.3 Hz), 7.87 (dd, 1 H, H-9), 8.07 (d, 1 H, J11,12 = 9.3 Hz), 8.10 
(d, 1 H, Js,lo = 8.4 Hz, H-lo), 8.22 (d, 1 H, J2,3 = 8.2 Hz, H-3), 
8.29 (d, 1 H, J7,g = 1.7 HZ, H-7). 13C NMR (CDC13) S 20.48, 20.93, 

(C-2’, C-4’), 82.36 (C-1’), 114.77, 116.35, 118.45, 119.01, 120.03, 
21.06,21.20 (4 acetyl CH3), 62.71 (C-5’),69.27 (C-3’),76.21,76.62 

120.23,121.98,122.48, 125.22,127.50,128.46,132.30,133.15,133.55, 
134.88, 138.31, 146.19, 147.43, 159.63 (lactone C=O), 168.84, 
169.66, 170.59, 170.63 (4 acetyl C 4 ) ;  HRMS calcd 588.1630, 
found 588.1627. Anal. Calcd for C32H28011: C, 65.3; H, 4.80. 
Found C, 64.9; H, 4.55. 
8-Ethenyl-l-hydroxy-5-/3-~-ribofuranosylbenzo[ a]- 

naphtho[ 1,2-b]pyran-6-one (1). A mixture of 8c (55 mg, 0.09 
mmol) and K2C03 (50 mg, 0.4 mmol) in 25 mL of methanol was 
stirred at room temperature. The reaction was complete in 2 h 
as shown by TLC (ethyl acetate-ethanol, 201). Acetic acid (1 
mL) was then added, and the volatiles were removed in vacuo. 
Water (15 mL) was then added, and the resulting light yellow 
powder was collected by filtration to afford 34 mg (87%) of 1 as 
a light yellow solid MS @AB, matrix: thioglycerol/DMSO) m/z 

8.26 (d’l H, &1:;2-L 8.1 Hz);’&MS &cd for C3$IaO1$i 704.3013; 
found 704.3023. 

8-Ethyl-l-[ (triisopropylsilyl)oxy]-4-(2’,3’,5’-tri-0-acetyl- 
/3-D-ribofuranosyl)benzo[ d]naphtho[ 1,2-b]pyran-6-one (5d) 
from 6d. To a stirred solution of 6d (1.65 g, 2.3 mmol) in 30 mL 
of 1,2-dichloroethane was added stannic chloride (20 mL of a 1 
M solution in 1,2-dichloroethane). TLC indicated the presence 
of a 1:l mixture of 5d and 6d. The reaction mixture was then 
partitioned between CH2C12 and aqueous NaHC03. The organic 
layer was washed several times with water and then dried over 
Na2SOI. Volatiles were removed in vacuo, and the residue was 
separated by preparative TLC to afford 760 mg (46%) of 5d and 
795 mg (48%) of 6d which contained a small quantity of 5d. 

l-Acetoxy-8-ethy1-4-(2’,3’,5’-tri-O -acetyl-p-ribo- 
furanosyl)benzo[d]naphtho[l,2-b]pyran-6-one (5c). To a 
stirred solution of 5d (460 mg, 1 “01) and CsF (1.16 g, 7.6 mmol) 
in 30 mL of CH2Clz was added 18-crown-6 ether (300 mg, 0.88 
mmol). The solution changed from colorless to orange in a few 
seconds, while sonication was applied. The reaction was fiiished 
within 10 min (TLC), and then 5 mL of CH,OH was added to 
the reaction mixture. The solution was concentrated and applied 
to a silica gel column which was eluted with CH2C12-ethyl acetate 
(141) to remove CsF and crown ether. The isolated intermediate 
phenol was then dissolved in 4 mL of pyridine, and acetic an- 
hydride (560 mg, 5.5 mmol) was added. The reaction mixture 
was stirred at room temperature; after 16 h, TLC (CH2C12-ethyl 
acetate, 141) showed the reaction to be complete. Then 100 mL 
of CH2C12 was added, and the resulting solution was washed with 
water several times. The organic phase was dried over Na2S04 
and concentrated to dryness. The resulting residue was crys- 
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443 (M + Na)+, 385 (MH+ - 2H20), 279 (aglycon + H+, base peak); 

= 4.7 Hz, J3r,4t = 9.0 Hz, $39, 4.18 (ddd, 1 H, H-49, 4.36 (dd, 

(br s, 1 H, H-1’1, 6.15 (d, 1 H, J*= = 17.6 Hz, vinyl), 7.02 (dd, 
1 H, vinyl), 7.11 (d, 1 H, J 2 3  = 8.2 Hz, H-2),8.22 (dd, 1 H, J1,,3 
= 0.6 Hz, H-3),8.25 (dd, 1 k, Jl,9 = 1.8 Hz, Jg,lo = 8.5 Hz, H-91, 

‘H NMR (DMF-di) 6 3.88 (dd, 1 H, J4,,5, = 4.4 Hz, J5,,5, = 11.9 
Hz, H-5’)) 4.03 (dd, 1 H, J4, 2.0 HZ, H-5”),4.08 (dd, 1 H, Jy,y 

1 H, J1, = 0.8 Hz, H-2’), 5.50 (d, 1 H, Jd = 11.0 Hz, vinyl), 6.08 

8.30 (d, 1 H, Jl1,12 9.0 Hz, H-11,12), 8.41 (d, 1 H, H-7), 8.42 (d, 
1 H, H-11,12), 8.61 (d, 1 H, H-10); 13C NMR (DMF-di) 6 61.79 
(C-5‘), 69.71, 78.06, 82.78, 86.33, (C-1’,2’,3’,4’), 110.03, 114.97, 
116.80,118.79,120.15,120.29,122.50,124.16,126.72,127.18,127.29, 
128.51,133.33,135.30,135.65,138.78,147.87,153.01,162.70. Anal. 
Calcd for CuHm0r0.5H20 C, 67.1; H, 4.93. Found C, 66.7; H, 
4.82. 

Peracetylation of 1. 8-Ethenyl-l-hydroxy-4-,!?-~-ribo- 
furanosylbenzo[d]naphtho[l,2-b]pyran-6-one (1) (3.0 mg) and 
acetic anhydride (80 mg) in 1 mL of pyridine was kept for 24 h 
at room temperature. The reaction mixture was then evaporated, 
and the resulting residue was dissolved in CH2C12 and applied 
on a short silica gel column. Elution (CH2C12-ethyl acetate, 101) 
yielded 3 mg of white solid which exhibited a ‘H NMR spectrum 
indistinguishable from that of 8c. 

Radical Bromination of 4-[2’-Deoxy-3’,5’-Cli- 0 -acetyl-,!?+ 
ribo( =arabino)furanosyl]-8-ethyl-l-methoxybenzo[ d]- 
naphtho[l,2-b]pyran-6-0ne’~ (10). A solution of 10 (225 mg, 
0.45 mmol), NBS (103 mg, 0.58 mmol), and benzoyl peroxide (20 
mg) in 30 mL of CC14 was heated under reflux for 16 h. The 
solution was then evaporated to almost dryness and separated 
by preparative TLC (CHC13-ethyl acetate, 401) to afford 122 mg 
(60%) of 12 as a light yellow solid and 26 mg (14%) of 11 as a 
light yellow solid. For 12: ‘H NMFt (CDCl,) 6 1.23 (t, 3 H, CH3), 
2.10 (e, 3 H, acetyl), 2.81 (2 d, 2 H, benzylic), 4.03 (s,3 H, OCHS), 
5.15 (8, 2 H, H-5”5”), 6.70 (8,  1 H, H-29, 6.93 (m, 1 H, H-2), 
7.55-8.28 (complex, 6 H, H-3,7,9,10,11,12); MS (FAB, matrix: 
m-nitrobenzyl alcohol) m/z 521 (M+), 462 (M - OAc, base peak), 
382 (M - OAc, -Br). For 11: ‘H NMR (CDC13) 6 1.30 (t, 3 H, 
CH3), 2.85 (2 d, 2 H, benzylic), 4.10 (e, 3 H, OCH,), 4.62 (e, 2 H, 
H-5’,5’’), 6.60 (s, 1 H, H-23, 7.00-8.35 (complex, 7 H, aromatic). 

4-Bromo-8-( l-bromoethy1)-l-methoxybenzo[ dlnaphtho- 
[ 12-bIpyran-6-one (15). A solution of 4-bromo-8-ethyl-l- 
methoxybenzo[d]naphtho[ 1,2-b]pyran-6-0ne’~ (14) (2.25 g, 5.9 
mmol), NBS (1.07 g, 6 mmol), and benzoyl peroxide (300 mg) in 
200 mL of CCl, was heated under reflux for 2 h. Volatiles were 
removed in vacuo, and the residue was dissolved in CHC13 and 
separated by column chromatography followed by recrystallization 
from CHC1,-ethanol to give 2.31 g (85%) of 15 as off-white 
crystals: mp 212-214 OC; ‘H NMR (CDC13) 6 2.14 (3 H, d, J = 
7.0 Hz, CH,), 4.01 (3 H, s, ArOCH3), 5.34 (1 H, q, benzylic), 6.76 
(1 H, d, J2,3 = 8.4 Hz, H-2), 7.82 (1 H, d, 1 H, H-3), 7.98 (1 H, 
dd, J i , g  = 2.1 Hz, Jg,lo = 8.5 Hz, H-9), 8.07 (1 H, d, J11,12 = 9.1 
HZ), 8.22 (1 H, d, H-IO), 8.26 (1 H, d, H-11,12), 8.47 (1 H, d, H-7); 
13C NMR (CDCl3) 6 26.40, 47.44, 55.94, 106.74, 107.05, 114.69, 
119.15,119.24,121.07,122.37,123.14,124.96,127.85,128.37,133.88, 
134.60,134.88,144.32,154.60,159.80. Anal. Calcd for C&I140J3rg 
C, 52.0; H, 3.05. Found: C, 52.2; H, 2.81. 

4-Bromo-8-( l-bromoethy1)-l-hydroxybenzo[ dlnaphtho- 
[ 1,2-b]pyran-6-one. To a stirred solution of 4-bromo-8-(1- 
bromoethy1)-l-methoxybenzo[d]naphtho[ 1,2- blpyran-&one (15) 
(1.5 g, 3.25 mmol) in 200 mL of CH2C12 was added BBr3 (9.7 mL 
of a 1 M solution in CH2C12). A bright yellow precipitate appeared 
instantly. After 4 h the reaction mixture was a clear brown 
solution. The reaction mixture was then added dropwise to a 
solution of CH30H and water. The precipitate was collected by 
filtration to give 1.43 g (98%) of 4-bromo-8-(l-bromoethyl)-l- 
hydroxybenu,[d]naphtho[l,2-b]pyran-6-one as a beige solid mp 
228-231 OC dec; ‘H NMR (DMSO) 6 2.07 (3 H, d, J = 6.9 Hz, 
CHS), 5.74 (1 H, q, benzylic), 6.90 (1 H, d, J2,3 8.3 Hz, H-2), 7.75 
(1 H, d, H-3), 8.13 (1 H, dd, J i , g  = 1.9 Hz, Jg , iO 8.5 Hz, H-9), 
8.16 (1 H, d, Jll,l2 9.0 Hz), 8.36 (1 H, d, H-7), 8.37 (1 H, d, 
H-11,12), 8.53 (1 H, d, H-10); 13C NMR (DMSO) 6 26.01,49.06, 
103.58,111.21,114.54,119.22,119.69,120.36,121.60,124.08,127.23, 
127.33,134.10,134.48,135.03,144.41,145.92,153.09,159.13. Anal. 
Calcd for Cl&1203Br2: C, 50.9; H, 2.70. Found C, 51.2; H, 2.44. 

4-Bromo-8-( l-bromoethy1)-l-(trimethy1acetoxy)benzo- 
[d]naphtho[l,2-b]pyran-6-one (16). To an ice-cooled mixture 

of 4-bromo-8-(l-bromoethyl)-l-hydroxybenzo[d]naphtho[ 1,2-b]- 
pyran-6-one in 150 mL of toluene was added trimethylacetyl 
chloride (1.47 g, 12.mmol) and 4-(dimethylamino)pyridine (12 g, 
16 mmol). The reaction mixture was then brought to room 
temperature and stirred for 10 h Volatiles were removed in vacuo, 
and the residue was dissolved in CHC1, and separated by column 
chromatography followed by recrystallization from CHCl,-ethanol 
to give 3.81 g (88%) of 16 as off-white crystals: mp 187-189 “C; 

benzylic), 7.10 (1 H, d, J,, = 8.2 Hz, H-2), 7.80 (1 H, d, Jll,lz = 
‘H NMR (CDClJ 8 2.13 (3 H, d, J 7.0 Hz, CHJ, 5.31 (1 H, 9, 

9.1 Hz), 7.89 (1 H, d, H-3), 7.96 (1 H, dd, J,,g = 2.1 Hz, Jg , lo  = 
8.4 Hz, H-9), 8.10 (1 H, d, H-11,12), 8.15 (1 H, d, H-lo), 8.45 (1 
H, d, H-7); ’3C NMR (CDCl3) 6 26.38,27.29,40.60,47.30, 113.82, 
114.54,118.18,120.45,120.73,121.04,122.83,123.04,127.95,129.99, 
134.05,134.36,134.52,144.60,146.19,146.96,158.48,176.49. Anal. 
Calcd for CuHm04Brz: C, 54.2; H, 3.79. Found: C, 54.6; H, 3.70. 

4-Bromod-ethyl- l-(trimethylacetoxy )benzo[d]naphtho- 
[ 1,2-b]pyran-Cone. To a stirred solution of 4-bromo-&ethyl- 
l-methoxyben~o[d]naphtho[1,2-b]pyran-6-one~~ (14) (2.62 g, 6.8 
mmol) in 100 mL of CH2C12 was added BBr, (20.5 mL of a 1 M 
solution in CH2C12). A bright yellow precipitate appeared in- 
stantly. After 2 h the reaction mixture was a clear brown solution. 
The reaction mixture was then added dropwise to a solution of 
CH30H and water. The precipitate was collected by filtration 
and was sufficiently pure to be used in the following step. To 
an ice-cooled mixture of the dried precipitate in 150 mL of toluene 
was added trimethylacetyl chloride (1.23 g, 10.26 mmol). 4- 
(Dimethy1amino)pyridine (1.67 g, 13.68 mmol) was then added, 
and the reaction was brought to room temperature and stirred 
for 6 h. Volatiles were removed in vacuo, and the residue was 
dissolved in CHC13 and separated by column chromatography 
followed by recrystallization from CHCl,-ethanol to give 2.63 g 
(85%) of 4-bromo-8-ethyl-l-(trimethylacetoxy)benzo[d]- 
naphtho[l,2-b]pyran-6-one as off-white crystals: mp 195-197 OC; 

(2 H, q, benzylic), 7.06 (1 H, d, Jz,3 = 8.3 Hz, H-2), 7.67 (1 H, dd, 
‘H NMR (CDCl3) 6 1.31 (3 H, t, CH3), 1.48 (9 H, 8, t-Bu), 2.79 

J i , g  = 1.8 Hz, Jg.10 = 8.3 Hz, H-9), 7.76 (1 H, d, J11,12 = 9.1 Hz), 
7.88 (1 H, d, H-3), 8.05 (1 H, d, H-11,12), 8.22 (1 H, d, H-7); 13C 
NMR (CDCl3) 6 15.16, 27.28, 28.62,39.51, 113.65. 115.06,117.85, 
119.98,120.76,120.86,122.28,122.83,128.92,129.57,132.28,134.08, 
135.15, 145.95, 146.14, 146.29, 160.03, 177.14. Anal. Calcd for 
CZ4Hz1O4Br: C, 63.6, H, 4.67. Found: C, 63.2; H, 4.55. 

A solution of 4-bromo-&ethyl- 1- (trimethylacetoxy) benzo[d]- 
naphtho[l,2-b]pyran-d-one (1.2 g, 2.6 mmol), NBS (481 mg, 2.7 
mmol), and benzoyl peroxide (150 mg) in 100 mL of CCll was 
heated under reflux for 30 min. Volatiles were removed in vacuo, 
and the residue was dissolved in CHC13 and purified by column 
chromatography followed by recrystallization from CHC13-ethanol 
to give 1.24 g (88%) of 16 indistinguishable from that prepared 
by the previous method (see above). 

4-Bromo-8-et henyl- l-(tr imethylacetoxy) benzo[ d 1- 
naphtha[ 1,2-b]pyran-&one (17). A solution of 4-bromo-&(l- 
bromoethy1)-l-(trimethylacetoxy)benzo[d]naphtho[ 1,2- blpyran- 
6-one (16) (600 mg, 1.13 mmol), tetrakis(tripheny1phosphine)- 
palladium(0) (119 mg, 0.11 mmol), and NaHC03 (189 mg, 2.26 
mmol) in 20 mL of DMF was stirred at room temperature for 24 
h. Volatilea were removed in vacuo, and the residue was dissolved 
in CHC13 and separated by column chromatography followed by 
recrystallization from CHC13-ethanol to give 387 mg (76%) of 17 
as off-white crystals: mp 203-205 OC; ‘H NMR (CDC13) 6 1.50 

17.6 Hz), 6.78 (1 H, dd, vinyl), 7.06 (1 H, d, Jz,3 = 8.3 Hz, H-2), 
(9 H, 8, t-Bu), 5.42 (1 H, d, Jh = 11.0 Hz), 5.91 (1 H, d, Jb- = 

7.77 (1 H, d, J11,12 = 9.0 Hz), 7.83 (1 H, dd, Ji,g = 1.9 Hz, Jg,lo 
= 8.4 Hz, H-9), 7.85 (1 H, d, H-3), 8.06 (2 H, d, H-10, H-11,12), 
8.32 (1 H, d, H-7); 13C NMR (CDCld 6 27.14,39.81,113.92,114.64, 
116.82,117.88,120.80,121.21.122.78,124.44,127.64,129.21,132.32, 
133.54,135.00,138.55,142.25,145.36,147.24,159.61,176.41. Anal. 
Calcd for CaHlg04Br: C, 63.9; H, 4.24. Found C, 63.9; H, 4.31. 
8-Ethenyl-4-iodo-l-(trimethylacetoxy)benzo[ dlnaphtho- 

[ 1,2-b]pyran-6-one (18). From 16. A solution of 4-bromo-8- 
(l-bromoethyl)-l-(trimethylacetoxy)benzo[d]naphtho[ 1,241- 
pyran-6-one (16) (3.14 g, 5.90 mmol), CUI (8 g, 41 mmol), and KI 
(29.4 g, 177 mmol) in 300 mL of DMF was heated under reflux 
for 4 h. Volatiles were removed in vacuo, and CHC1, (500 mL) 
was then added. The reaction mixture was then fitered, and the 
fdtrate was washed with a saturated solution of d u m  thioeulfate. 



Synthetic C-Glycosides 

The organics were dried over Na2S04, the volatiles were removed 
in vacuo, and the residue was dissolved in CHC13 and purified 
by column chromatography followed by recrystallization from 
CHC13-ethanol to give 1.82 g (62%) of 18 as off-white crystals: 
mp 228-230 “C; ‘H NMR (CDCl,) 6 1.52 (9 H, s, t-Bu), 5.41 (1 

dd, vinyl), 6.89 (1 H, d, J2,3 = 7.9 Hz, H-2), 7.74 (1 H, d, Jl1,12 = 
H, d, Jk = 10.7 Hz), 5.92 (1 H, d, Je, = 17.5 Hz), 6.77 (1 H, 

9.0 Hz), 7.83 (1 H, dd, J7,g = 1.4 Hz, Jg , lo  = 8.3 Hz, H-9), 8.04 (1 
H, d, H-lo), 8.05 (1 H, d, H-11,12), 8.28 (1 H, d, H-3), 8.30 (1 H, 
d, H-7); 13C NMR (CDC13) 6 27.29, 39.56, 81.72, 114.34, 116.64, 
117.98,120.42,120.69, 121.13,122.51, 124.24,127.73,129.27,132.32, 
133.66,135.00,138.59, 142.27,145.48,147.20,159.52,176.41. Anal. 
Calcd for C2&lg041 C, 57.8; H, 3.84. Found C, 58.0; H, 3.73. 

From 17. A solution of 4-bromo-&ethenyl-l-(trimethylacet- 
oxy)benzo[d]naphtho[l,2-b]pyran-6-one (17) (304 mg, .67 mmol), 
CUI (512 mg, 2.7 mmol), and KI (1.2 g, 6.7 mmol) in 30 mL of 
DMF was heated under reflux for 1.5 h. The volatiles were 
removed in vacuo, and CHC13 (100 mL) was then added. The 
reaction mixture was filtered, and the filtrate was washed with 
a saturated solution of sodium thiosulfate. The organics were 
dried over Na2S04, the volatiles were removed in vacuo, and the 
residue was dissolved in CHC13 and purified by column chro- 
matography followed by recrystallization from CHC13-ethanol to 
give 255 mg (76%) of 18. 
8-Ethyl-4-iodo-l-(trimethylacetoxy)benzo[ dlnaphtho- 

[ 1,2-b]pyran-6-one (19). A solution of 4-bromo-b-ethyl-l-(tri- 
methylacetoxy)benzo[d]naphtho[l,2-b]pyran-6-one (2.4 g, 5.3 
mmol), CUI (5 g, 26.6 mmol), and KI (17.7 g, 106.4 mmol) in 150 
mL of DMF was heated under reflux for 1 h. Volatile8 were 
removed in vacuo, and CHC13 (200 mL) was then added. The 
reaction mixture was then filtered, and the filtrate was washed 
with a saturated solution of sodium thiosulfate. The organica were 
dried over Na2S04, the volatiles were removed in vacuo, and the 
residue was dissolved in CHC13 and separated by column chro- 
matography followed by recrystallization from CHCl3-ethano1 to 
give 1.89 g (71%) of 19 as off-white crystals: mp 208-209 OC; ‘H 

benzylic), 6.95 (1 H, d, J2 ,3  = 8.1 Hz, H-2), 7.63 (1 H, dd, J7,9 = 
NMR (CDCl3) 6 1.31 (3 H, t, J = 7.5 Hz, CH3), 2.78 (2 H, 9, 

1.9 Hz, Jg , lo  = 8.3 Hz, H-9),7.72 (1 H, d, J l l , l z  = 9.1 Hz), 7.98 (1 
H, d, H-lo), 8.03 (1 H, d, H-11,12), 8.17 (1 H, d, H-7), 8.27 (1 H, 
d, H-3); ‘3C NMR (CDClJ 6 15.12,27.27,28.57,39.52,81.63,114.55, 
117.76,120.44,120.84,122.24,124.21,128.79,129.02,132.19,135.09, 
142.09, 145.13, 145.80, 147.16, 159.69, 176.41. Anal. Calcd for 

8-Ethyl-4-(8-~-glycero -pentofuran-3’-ulos- l’-yl)-l-(trb 
methylacetoxy)benzo[ d]naphtho[ 12-blpyrand-one (21). To 
a stirred solution of 8-ethyl-4-iodo-l-(trimethylacetoxy)benzo- 
[d]naphtho[l,2-b]pyran-6-one (19) (750 mg, 1.5 mmol), 1,4- 
anhydro- 2-deoxy- 3- 0- [ (1,l -dimethylethyl)diphenylsilyl] -D- 
erythro-pent-l-enit~l~~ (20) (637 mg, 1.8 mmol), sodium acetate 
(123 mg, 1.5 mmol), and tributylamine (71 pL, 0.3 mmol) in 25 
mL of DMF was added palladium acetate (34 mg, 0.15 mmol). 
The reaction mixture was stirred for 6 h at which time acetic acid 
(2 mL) and a 1 M solution of tetrabutylammonium fluoride in 
tetrahydrofuran (THF) (1 mL) were added. The volatiles were 
removed in vacuo, and the residue was dissolved in CHCl,, fdtered 
through Celite, and purified by column chromatography followed 
by recrystallization from CHC13-ethanol to give 644 mg (88%) 
of 21 as white needles: mp 208-210 OC; ‘H NMR (CDC13) 6 1.31 

= 10.0 Hz, J2,u,yp = 18.6 Hz, H-2’a), 2.80 (2 H, q, benzylic), 3.63 
(1 H, dd, Jlt,ztp = 6.2 Hz, H-2’@), 4.06 (2 H, m, H-5’,5”), 4.28 (1 

C24H21041 C, 57.6; H, 4.23. Found: C, 57.6; H, 4.10. 

(3 H, t, J = 7.6 Hz, CH3), 2.27 (1 H, dd, OH), 2.37 (1 H, dd, Jl,pu 

H, dd, J4,,5t = 3.8 Hz, J4,,5” = 3.9 Hz, H-4’), 6.57 (1 H, dd, H-1’), 
7.29 (1 H, d, J Z J  8.2 Hz, H-2), 7.68 (1 H, dd, J7.9 = 1.7 Hz, Jg , lo  
= 8.3 Hz, H-9), 7.78 (1 H, d, J11,12 = 9.0 Hz), 8.04 (1 H, d, H-3), 
8.17 (1 H, d, H-lo), 8.19 (1 H, d, H-7); ”C NMR (CDClJ 6 15.13, 
27.29,28.59,39.49,46.20,61.74,75.90,82.00,114.78,118.25,119.57, 
119.97,120.22,122.13,122.37,124.30,128.49,128.82,132.59,135.38, 
135.40, 145.89,146.32,147.17,160.33,176.74, 214.31. Anal. Calcd 
for CzsHze07; C, 71.3; H, 5.78. Found C, 71.1; H, 5.68. 

4-[ 2’-Deoxy-8-~-ribo( =arabino)furanosyl]-8-ethyl-l- 
hydroxybenzo[ d]naphtho[ 1,2-b]pyran-6-one (22). To a so- 
lution of 8-ethyl-4-(@-~-glycero-pentofuran-3’-ulos-l’-yl)-l-(tri- 
methylacetoxy)benzo[d]naphtho[l,2-b]pyran-6-one (21) (78 mg, 
0.16 mmol) in 5 mL of DMF and 2 mL of acetic acid was added 
sodium triacetoxyborohydride (47 mg, 0.22 mmol). After 10 min, 
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volatiles were removed in vacuo and the residue was dissolved 
in 5 mL of CHC1,. The solution was then passed through a short 
column of silica gel, the volatiles were removed in vacuo, and 
methanol (20 mL) was added. A small piece of metallic sodium 
(ca. 1 mg) was added to the white suspension. The reaction 
mixture was a clear yellow solution after 15 min, at which time 
the reaction was complete based on TLC. Acetic acid (1 mL) and 
water (15 mL) were added, and the resulting precipitate was 
collected to afford 59 mg (91%) of 22 as an off white powder: mp 
216-218 OC dec; ‘H NMR (DMSO-de) 6 1.25 (3 H, t, J = 7.6 Hz, 
CH3), 1-90 (1 H, ddd, Jit,,p = 6.9 Hz, J2ta,yp = 13.0 Hz, H-2’@), 
2.72 (1 H, ddd, J1t,ya = 7.0 Hz, H-~’LY), 2.79 (2 H, 9, benzylic), 3.64 
(1 H, dd, J4,,5, = 5.4 Hz, JStfi,, = 11.5 Hz, H-5’), 3.69 (1 H, dd, J4tfin 

H, dd, H-l’), 6.97 (1 H, d, 52.3 = 8.2 Hz, H-2), 7.85 (1 H, dd, J7,g 

8, H-7), 8.16 (1 H, d, J11,12 = 9.0 Hz), 8.29 (1 H, d, H-11,12), 8.44 
(1 H, d, H-10); 13C NMR (DMSO-d,) 6 16.00,28.50,44.50,62.49, 

= 3.7 Hz, H-5”),3.80 (1 H, m, H-4’),4.03 (1 H, m, H-3’),6.28 (1 

= 1.3 Hz, Jg,lo = 8.3 Hz, H-9), 7.94 (1 H, d, H-3), 8.12 (1 H, br 

71.09, 77.75, 86.80, 110.27, 114.84, 119.10, 119.92, 120.51, 122.14, 
124.03,125.83,126.51,128.44,131.59,133.56,136.22,145.95,147.86, 
152.64,160.65. Anal. Calcd for CIHP06: C, 70.9; H, 5.46. Found 
C, 70.5; H, 5.36. 

8-Ethenyl-4-(@-~-glycem -pentofuran-3’-ulos-l’-yl)- l-(tri- 
methylacetoxy)benzo[ d]naphtho[ 1,2-b]pyran-6-one (24). To 
a stirred solution of 8-ethenyl-4-iodo-l-(trimethylacetoxy)- 
benzo[d]naphtho[l,2-b]pyran-6-one (18) (350 mg, 0.7 mmol), 
1,4-anhydro-2-deoxy-3-0-[ ( 1,l-dimethylethyl)diphenylsilyl]-D- 
erythro-pent-l-enito126 (20) (299 mg, 0.84 mmol), sodium acetate 
(58 mg, 0.7 mmol), and tributylamine (33 pL, 0.14 “01) in 8 mL 
of DMF was added palladium acetate (16 mg, 0.07 “01). The 
reaction mixture was stirred for 10 h, at which time acetic acid 
(1 mL) and a 1 M solution of tetrabutylammonium fluoride in 
THF (0.5 mL) were then added. The volatiles were removed in 
vacuo, and the residue was dissolved in CHCl,, filtered through 
Celite, and purified by column chromatography followed by re- 
crystallization from CHC13-ethanol to give 191 mg (56%) of 24 
as yellow needles: mp 232-234 OC; ‘H NMR (CDC13) 6 1.50 (9 

3.65 (1 H, dd, Jl,,yp = 6.2 Hz, H-2’@), 4.08 (2 H, br, H-5”5”), 4.29 

6.82 (1 H, dd, vinyl), 7.33 (1 H, d,J2,3 = 8.2 Hz, H-2), 7.82 (1 H, 

8.08 (1 H, d, H-11,12), 8.12 (1 H, d, H-10),8.20 (1 H, d, H-3), 8.37 

81.97, 114.63, 116.78,118.49, 119.86,120.02,120.54, 122.19,122.68, 
124.48,127.76,128.76,132.63,134.06,134.96,135.51,138.68,146.40, 
147.53,160.16,176.75,214.25. Anal. Calcd for c&~07-0.5Hz0 
C, 70.3; H, 5.49. Found C, 70.2; H, 5.14. 

4 4  2’-Deoxy-3’,5’-diacetyl-@-~-ribo( =arabino) furanosyll- 
8-et henyl- 1-(trimethylacetoxy)benzo[ dlnapht  hot 1,2-b 1- 
pyran-6-one (25). To a solution of 8-ethenyl-4-(@-~-glycero- 
pentofuran-3’-ulos- 1 ’-yl) - 1- (trimethylacetoxy) benzo [ dlnaphtho- 
[1,24]pyran-&one (24) (140 mg, 0.29 “01) in 5 mL of DMF and 
2 mL of acetic acid was added sodium triacetoxyborohydride (122 
mg, 0.58 mmol). After 10 min, acetaldehyde (1 mL) was added, 
and the reaction was stirred for an additional 5 min. The volatiles 
were removed in vacuo, and the residue was dissolved in pyridine 
(50 mL). Acetic anhydride (4 mL) was added, and the reaction 
was stirred overnight. The volatiles were removed in vacuo, and 
the residue was dissolved in CHC13 and purified by column 
chromatography followed by recrystallization from CHC13-ehol 
to give 152 mg (92%) of 25 as off-white crystals: mp 162-163 OC; 

9.8 Hz, JyaSp = 13.7 Hz, J2u,3r = 5.9 Hz, H-2’42.12 (3 H, s, ~ A c ) ,  

(1 H, m, H-4’),4.50 (1 H, dd, J4,6” = 4.1 Hz, H-5’9, 5.28 (1 H, m, 
H-39, 5.46 (1 H, d, Jh = 11.0 HZ), 5.97 (1 H, d, J- = 17.6 Hz), 
6.54 (1 H, dd, H-l’), 6.85 (1 H, dd, vinyl), 7.32 (1 H, d, J2 ,3  = 8.2 

H, 8, t-Bu), 2.40 (1 H, dd, JypU = 10.0 HZ, JyuZp = 18.6 HZ, H-~‘(Y), 

(1 H, dd, J4,,5, = 3.8 Hz, J4*,5,* = 3.9 Hz, H-4’), 5.43 (1 H, d, J k  
= 10.9 Hz), 5.94 (1 H, d, Je, = 17.6 Hz), 6.60 (1 H, dd, H-l’), 

d, 511 12 = 9.0 HZ), 7.91 (1 H, dd, 5 7 9  = 1.9 Hz, Jg , lo  = 8.4 HZ, H-9), 

(1 H, d, H-7); ‘3C NMR (CDClJ 6 27.32,39.61,46.23,61.78,75.94, 

‘H NMR (CDC13) 6 1.52 (9 H, 8, t-Bu), 2.01 (1 H, ddd, Jlty. = 

2.30 (3 H, 8 ,  OAC), 3.11 (1 H, ddd, J1:yp = 5.3 Hz, J y p 3  = 1.9 Hz, 
H-Z’P), 4.36 (1 H, dd, J4*,5t = 4.1 Hz, J5*,5u =L 11.1 Hz, H-5’), 4.47 

Hz, H-Z), 7.82 (1 H, d, J11,12 = 9.0 Hz), 7.91 (1 H, dd, J7 .g  = 1.9 
Hz, Jg, lo  8.4 HZ, H-9), 8.09 (1 H, d, H-11,12), 8.11 (1 H, d, H-3), 
8.16 (1 H, d, H-lo), 8.40 (1 H, d, H-7); 13C NMR (CDClJ 6 20.94, 
21.26,27.32, 39.51,41.80,64.35,76.47,79.14,81.27,114.44, 116.58, 
118.38,119.83,119.84,120.66,122.19,122.64,124.15,127.71,128.73, 
132.49,134.21,135.06,136.42. 138.50,146.05,147.86,160.06,170.86, 
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171,23,176.82. Anal. Calcdfor CBHa0$ C, 69.2; H, 5.63. Found: Hz), 6.08 (1 H, d, Jew = 17.6 Hz), 6.27 (1 H, dd, H-l’), 6.90 (1 

4-[2’-Deoxy-B-~-ribo(=arabino)furanos~ll-8-ethenyl-l- 8.06 (1 H, br d, = 8.3 Hz, H-9h8.12 (1 H, d, J11,12 = 9.0 Hz), 
hydroxybenzo[d]naphtho[l,2-b]pyran-6-one (2). To a solu- 8.22 (2 H, br, H-7, H-11,12), 8.40 (1 H,d, H-10); ’% NMR 
tion of 4- [2‘-deoxy-3’,5’-diacetyl-fi-~-ribo( =arabino)furanosyl]- (DMSO-dJ 6 44.15,62.21,71.05,77.73,86.39,110.27,114.53,117.45, 
8-ethenyl-1-(trimethylacetoxy)benzo[d]naphtho[l,2-b]pyran-6-one 118.94,119.97,120.47,121.84,124.08,125.72,126.40,127.27,131.27, 
(25) (80 mg, 0.14 “01) in 10 mL of methanol wm added metallic 133.05, 134.73, 135.51,138.47,147.81,152.27,160.61. Anal. Calcd 
sodium (3 mg). The suspension was then stirred for 3 h, at which for C24H200s-0.5H20 C, 69.7; H, 5.12. Found: C, 69.8; H, 5.09. 
time the reaction mixture was a clear yellow solution. Acetic acid 
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New synthetic sequences are described for 17fi-hydroxy-lfi,2fi- and -la,2a-epoxyestr-4-en-3-one, which are 
putative intermediates in the metabolism of estradiol to the 2,3- and 3,4-catecholestrogen, as well as the synthetic 
precursors of choice for these catechols. 

The potent activity of estradiol (1) as a female hormone 
has been known for nearly 60 years. Its use in estrogen 
replacement therapy in menopausal women has been ac- 
companied by reports of increased risk of cancer,l and 
despite intensive research especially in recent years, no 
firm connection between the biosynthesis, molecular 
structure, or catabolism of estradiol and carcinogenic ev- 
ents a t  the molecular level has yet been established. In 
1980 we suggested2” that phenolic arene oxides such as 2 
and 3 (or their enone tautomers) might be intermediates 
in the well-known catabolism of estradiol to the catechols 
2-hydroxyestradiol (4) and 4-hydroxyestradiol (5). Such 

HO R1@OH “.fp Ho Qp 0 

0 6 fB*2BIpOxY o@ 8 4e,w..poxy 

RZ 

1 R , = R ~ = H  2 9 
4 R, = O H ,  R2 = H 
6 R, = H, R2 = -OH 

phenolic arene oxides might also serve as carcinogenic 
electrophiles in analogy with the dihydrodiol epoxides 
derived from polycyclic aromatic hydrocarbons. During 
investigations designed to test this hypothesis, we devel- 
oped syntheses of four epoxy enones 6-9: which are 
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Scheme I. First Synthesis of Epoxy Enone 6 
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stereoisomeric tautomers of dienol epoxides 2 and 3. 
Recently, our attention has focused on epoxy enones 6 and 
7, because 6 was found to accumulate in estradiol-metab- 
olizing MCF-7 cell cultures under conditions where epoxide 
hydrolysis is inhibited? In this paper we report improved 
new syntheses of 6 and 7. The ease with which such epoxy 
enones can be aromatized to catechols makes these routes 
also the pathways of choice for synthesis of estrogen-free 
catechol estrogens 4 and 5. 
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