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MHz, D20/CDsOD) see table; 'BC NMR (101 MHz, D20, internal 
reference to CD30D at 6 49.0) d 173.8,169.5,166.3,155.5,151.9, 
142.2,133.9,128.3,115.6,102.6,89.2,84.1,75.2,73.1,70.2,56.6~ 
54.5,40.9,11.3; MS (FAB) m/z  517 (M + Na?, 495 (M + H+), 
3919 3% 295,237,207,179; exact m a  (FAB) cdcd for 

01672) and a high-resolution mass spectrometer (RR- 
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information is given on any current masthead page. 
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Reaction of the lithium polyaniom generated from o-hydroxyacetophenones 3a-I with Osilyloxylatd benzoates 
2a-d gave l-aryl-3-(2-hydro.yphenyl)-l,3-propanediones 48-11, which on treatment with acetic acid containing 
0.6% H2S04 a t  95-100 "C afforded hydroxylated flavones 6-18 in high yields (76-9296). 

Ring-A hydroxylated flavones are of current interest due 
to biological activities including inhibition of retroviral 
reverse  transcriptase^,^-^ protein-tyrosine kinases,b6 and 
serine/threonine kinases.' They possess anticance#*' and 
chemopreventative activities? and certain ring-A hy- 
droxylated flavones inhibit HIV-induced syncytium for- 
mation? Although a number of methods are available for 
the synthesis of flavones,*18 they are not ideal for the 
preparation of ring-A hydroxylated flavones because the 
phenolic hydroxyl groups of the intermediates are deriv- 
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Scheme I 
mMe 
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AH 
la, Rl = Rz = H 
lb ,  Rl  = OH, Rz = H 
IC, RI = R2 = OH 
Id, R 1 =  Rz = OMe 

2s. R l =  Rz = H 
2b, R1 = OSi(Me)rl-Bu, Rz = H 
2c, RI = Rz = OSi(Me)z-l-Bu 
2d. RI = Rz = OMe 

atized as esters or ethers that must eventually be cleaved 
to regenerate the hydroxyl groups. This often results in 
only partial deprotection of the phenolic hydroxyl groups, 
which lowers the overall yield and complicates the product 
isolation procedure. We ,recently communicated a way to 
avoid this problem by making the lithium polyanions of 
di- and trihydroxylated acetophenones using enough lith- 
ium bis(trimethylsily1)aide to deprotonate all of the 
phenolic hydroxyl groups and generate the lithium enolate 
of the ketone, followed by regioselective acylation of the 
carbon of the lithium enolate with an aroyl chloride to give 
a 8-diketone intermediate directly.l8 The present report 
documents an investigation of the extension of this 
methodolo in combination with tert-butyldimethylsilyl 
protectiong21 of the ring4 phenolic hydroxyls to the 
preparation of a variety of flavones bearing hydroxyl 
groups on both the A and C rings. The desired poly- 
hydroxylated flavones are produced in high yields, and 
tedious purifications are avoided. This methodology has 
resulted in improved syntheses of the naturally occurring 
flavones apigenin (9), luteolin (ll), and tricin (18). 

(19) Cudman, M ; * N G & ,  D. Tetmhedron Lett. ISSO, 31,6497. 
(20) Corey, E. J.; Venknwwarlu, A. J. Am. Chcm. Soc. 1972,91,6190. 
(21) Colvin, E. W. Chem. Soc. Reu. 1978, 7,36. 
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Table I. Physical Characteristics and Yields of Flavones 6-16 

RP 21 B I  

d o  

R' R5 Re yield, 46 mp, O C  (lit. mp, "C) 
H 86 270-271 (27O)ls 

fl w 

Rs 

compd R' R* RS 
6 H H H H H 
6 H H H H H OH 88 238-240 (237-240)= 
7 H H H H OH H 92 320-322 (318-321)% 
8 H H H OH H H 88 316-318 (316-316)lS 
9 H H H OH H OH 76 348-350 (348-350)'8 

10 OH H H H H H 79 246246 (246)" 
11 OH H H OH H OH 78 330-332 (330-331)" 
12 OH OH H H H H 81 300-302 (302)" 
13 OMe OMe H H H H 83 223-224 (223-224)n 
14 OMe OMe H H H OH 89 213-214 
15 OMe OMe H H OH H 91 218-220 
16 OMe OMe H OH H H 81 298-300 
17 OMe OMe OH OH H H 81 303-305 
18 OMe OMe H OH H OH 82 279-281 (276-279)08 

The required methyl 0-silyloxylated benzoates 2a-d 0.5% sulfuric acid in acetic acid at 95-100 "C for 1 h. 
were prepared by the reaction of the corresponding phenols Under these reaction conditions, the tert-butyldimethyl- 
la-d with tert-butyldimethylsilyl chloride in DMF in the silyl protecting groups were also cleaved to generate the 
presence of diisopropylethylamine (Scheme I). Subse- desired phenols. The overall yields of these hydroxylated 
quently, in the critical step in the process, 1 equiv of the flavones 6-18 were 76-92% (Table I). 
methyl 0-silyloxylated benzoates 2a-d were condensed Conditions were also sought for the preparation of fla- 
with the lithium polyanions generated from poly- vones with the tert-butyldimethylsilyl group intact. This 
hydroxylated acetophenones 3a-f to afford l-aryl-3-(2- could result in a way to synthesize flavones having a wider 
hydroxyphenyl)-l,3-propanediones 4a-n (Scheme 11). variety of substituents. A careful study utilizing p- 
Consistent with our earlier studies, 3, 4, and 5 equiv of toluenesulfonic acid in benzene at reflux and azeotropic 
lithium bis(trimethylsily1)amide were required as base for separation of water, treatment with glacial acetic acid at 
optimum yields of the diketones 4a-n when mono-, di-, different temperatures between 25 and 75 OC, reaction with 
and trihydroxyacetophenones 3a-f were employed as concentrated sulfuric acid below 0 OC, as well as other 
starting materials, respecti~ely.~~ Longer reaction times conditions always resulted in the formation of mixtures 
were required for these esters 2a-d as compared with the of hydroxyl protected and deproteded flavones or incom- 
acid chlorides utilized in the prior study.ls As revealed by plete cyclodehydration reactions. However, when a solu- 
TLC analyses of the reaction mixtures, 16-24 h were re- tion of 5 mmol of the l,&propanedione 4c was stirred in 
quired for the complete disappearance of the starting 10 mL of glacial acetic acid containing 5 drops of con- 
materials. The 'H NMR spectra of the intermediate di- 
ketones 4a-n revealed that they were mixtures of tau- 
tamers,= and they were subjectad to cyclodehydration with (26) Harborne, J. B. Phytochemistry 1068,7,1216. 

(26) Moldenhauer, F. Liebig'r Ann. lSML,lOO, 180. 
(27) Curhman, M.; Nagarathnam, D.; Burg, D. L.; W e n .  R. L. J.  

Med. Chem. 1991,34,798. 
(28) Lee, K.-H.; T h a ,  K.; Sumki, H.; Wu, R.-Y.; H m a ,  M.; 

Hall, I. H.; Hutmg, HX. ;  Ita, K.; Iida, T.; h i ,  J.-S. J.  Not. Prod. 1981, 
44,631. 

(22) Ayebe, 9.4.; Furuya, T. Tetrahedron Lett. 1980,21,2966. 
(23) Syed, I. 2.; Wheeler, T. 9. J.  Chem. Soc. 1986,1714. 
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centrated sulfuric acid for 30 min at room temperature, 
the silyl-protected flavone 19 was obtained as a single 
product in good yield. Utilizing these reaction conditions, 
the silyloxylated flavones 19-23 were obtained in 83-9270 
yields from the corresponding l,&propanediones 4. The 
flavone 25, bearing methoxy, acetoxy, and hydroxy sub- 
stituents, was prepared using the methods developed here 
(Scheme 111). Reaction of 22 with acetic anhydride in 
pyridine gave 24, which on subsequent treatment with 
tetra-n-butylammoniun fluoride in THF gave 25 in 92% 
yield from 22. 

In summary, the methodology reported here has resulted 
in improved syntheses of polyhydroxylated flavones, in- 
cluding the natural products apigenin @), luteolin (ll), and 
tricin (18). 

Experimental Section 
Microanalyses were performed a t  the Purdue Microanalysis 

Laboratory, and all values were within 0.4% of the calculated 
compositions. Solutions of lithium bis(trimethylsily1)amide in 
THF and tetra-n-butylammonium fluoride in THF were obtained 
from commercial sources. 

Methyl 4-[( tert-Butyldimethylsilyl)oxy]benzoate (2a). A 
solution of methyl 4-hydroxybenzoate (3.80 g, 25 mmol) in dry 
DMF (150 mL) under argon atmosphere was cooled to 0 OC, and 
to this was added NJV-diisopropylethylamine (6.50 g, 50 mmol) 
over 5 min. tert-Butyldimethylsilyl chloride (4.22 g, 28 mmol) 
was added over 30 min, and the reaction mixture was allowed to 
warm to room temperature over a period of 1 h. After 4 h, the 
reaction mixture was poured into ice water (500 mL) and extracted 
with ethyl ether (3 X 50 mL). The combined extracta were washed 
with brine (3 X 50 mL) and dried (Na2S04). Evaporation of 
solvents and drying of the residue at reduced pressure for 24 h 
gave methyl 4- [ ( t er t -buty ld imethy l s i ly l )o~]~~~  (6.46 g, 97%) 
as a single product. An analytical sample was prepared by pawing 
a solution of a small amount of 2a in hexane through a pad of 
neutral alumina: oil; 'H NMR (CDC13) 6 7.75 (d, J = 8.6 Hz, 2 
H), 6.86 (d, J = 8.6 Hz, 2 H), 3.86 (a, 3 H), 0.98 (a, 9 H), 0.16 (a, 
6 HI; CIMS (isobutane) m/z 267 (MH+, 100). Anal. Calcd for 
Cl4HnO3Si: C, 63.12; H, 8.32. Found: C, 63.42; H, 8.28. 

Methyl 3,4-Bie[ (tert -butyldimethylsilyl)oxy]benzoate 
(2b). This compound was prepared by utilizing the procedure 
described above with methyl 3,4-dihydroxybenzoate (4.20 g, 25 
mmol), NJV-diisopropylethylamine (13.0 g, 100 mmol), and 

8 
25 

tert-butyldimethylsilyl chloride (8.44 g, 56 mmol) in DMF (200 
mL) (9.50 g, 96%). The crude product was pure enough for 
subsequent reactions, and an analytical sample was prepared by 
crystallization from absolute ethanol: mp 46-47 OC; 'H NMR 
(CDClJ 6 7.52 (dd, 1 H), 7.42 (d, J = 2.1 Hz, 1 H), 6.90 (d, J = 
8.4 Hz, 1 H), 3.80 (a, 3 H), 0.96 (a, 18 H), 0.22 (a, 6 H), 0.19 (a, 
6 H); CIMS (isobutane) m/z 397 (MH+, 100). Anal. Calcd for 
CzoHBs04Siz: C, 60.56; H, 9.15. Found: C, 60.82; H, 9.37. 

Methyl 3,4$-Tris[ (tert -butyldimet hylsilyl)oxy]benzoate 
(2c). Reaction of methyl 3,4,5-trihydroxybenzoate (4.60 g, 25 
mmol) with tert-butyldimethylsilyl chloride (12.66 g, 84 mmol) 
in DMF (200 mL) in presence of Nfl-diiipropylethyhhe (19.5 
g, 150 mmol) gave methyl 3,4,5-tris[ (tert-butyldimethylsily1)- 
oxylbenzoate (2c, 12.23 g, 93%). An analytical sample was 
prepared by recrystallization from ethanol: mp 70-71 OC; 'H 

18 H), 0.23 (a, 12 H), 0.13 (e, 6 H); CIMS (isobutane) m/z 527 
(MH+, 100). Anal. Calcd for CzsHsoOsSi3: C, 59.26; H, 9.56. 
Found C, 59.44; H, 9.43. 

Methyl 44 (tert-Butyldimethylsilyl)oxy]-3,6-dimethoxy- 
benzoate (2d). Reaction of methyl 3,5-dimethoxy-4-hydroxy- 
benzoate (5.03 g, 25 mmol) with tett-butyldimethylailyl chloride 
(4.22 g, 28 mmol) in DMF (200 mL) in presence of N,N-diiso- 
propylethylamine (6.5 g, 50 "01) gave compound 2d (8.22 g, 
97%). An analytical sample was prepared by recrystallization 
from ethanol: mp 98-100 "C; 'H NMR (CDClJ 6 7.27 (a, 2 H), 
3.89 (a, 3 H), 3.85 (e, 6 H), 1.00 (a, 9 H), 0.14 (a, 6 H); CIMS 
(isobutane) m/z 327 (MH+, 100). Anal. Calcd for ClaHzeOsSi: 
C, 58.87; H, 8.03. Found C, 58.94; H, 8.26. 

Typical Experimental Procedure for the Preparation of 
Hydroxyflavones 6-18 2-(4-Hydroxyphenyl)-S-hydroxy- 
4R-benzopyran-4-one (6). A solution of LiHMDS in THF (1 
M, 40 mL, 40 mmol) was added to a well-stirred solution of 
2',6'-dihydroxyacetophenone (3b) (1.52 g, 10 mmol) in THF (50 
mL) under argon at -78 OC over 15 min. The reaction mixture 
was stirred at -78 OC for 1 h and at -10 OC for 2 h and was cooled 
again to -78 OC, and a solution of methyl a-[(tert-butyldi- 
methylsilyl)oxy]benzoate (%a, 2.66 g, 10 mmol) in THF (5 mL) 
was added in one portion. Stirring was continued at -78 OC for 
1 h and at room temperature for 16 h (until the disappearance 
of the starting material 3b as determined by lH NMR). The 
reaction mixture was poured into a mixture of ice (200 g) and 
concd HC1 (10 mL) and extracted with CHC13 (3 X 25 mL). 
Solvents were evaporated from the dried (NafiO,) extracts, and 
the residue was dried under vacuum for 24 h. The residue was 
mixed with glacial acetic acid (40 mL) and H2S04 (0.2 mL) and 

NMR (CDCl3) 6 7.21 ( ~ $ 2  H), 3.85 ( ~ , 3  H), 0.99 ( ~ , 9  H), 0.95 (8, 
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heated at  95-100 OC under an argon atmosphere for 1 h. About 
30 mL of acetic acid was distilled off at  reduced pressure, and 
the residue was poured into water (300 mL). The precipitated 
product was fiitered, washed with water, and dried. An analytical 
sample was prepared by recrystallization from acetone and hexane. 
Physical characteristics and yields of flavones 6 1 8  are summarized 
in Table 1. Compounds were prepared on a 10-mmol scale using 
3,4, and 5 equiv of lithium bis(trimethylsily1)amide for mono-, 
di-, and trihydroxy compounds respectively. 
2-(4-Hydroxy-3,5-dimethoxyphenyl)-5-hydroxy-4E7- 

benzopyran-4-one (14): 'H NMR (DMSO-d,) 6 12.82 (bs, 1 H, 
exchanges with DaO), 9.43 (bs, 1 H, exchanges with DzO), 7.66 
(dd, 1 H), 7.37 (8,  2 H), 7.23 (d, J = 8.7 Hz, 1 H), 7.14 (8,  1 H), 
6.79 (d, J = 8.7 Hz, 1 H), 3.88 (8,  6 H); CIMS (isobutane) m/z 
315 (MH', 100). Anal. Calcd for C1,Hl4O6: C, 64.97; H, 4.49. 
Found C, 65.03; H, 4.67. 

2-(4-Hydroxy-3,5-dimet hoxyp henyl)-6- hydroxy-4H- 
benzopyran-4-one (15): 'H NMR (DMSO-d,) 6 10.01 (bs, 1 H, 
exchanges with DzO), 9.22 (bs, 1 H, exchanges with DzO), 7.69 
(d, J = 8.9 Hz, 1 H), 7.34 (s, 2 H), 7.31 (d, J = 3.0 Hz, 1 H), 7.24 
(dd, 1 H), 6.99 (8,  1 H), 3.89 (s,6 H); CIMS (isobutane) m/z 315 
(MH+, 100). Anal. Calcd for C17H1406: C, 64.97; H, 4.49. Found 
C, 64.98; H, 4.52. 
2-(4-Hydroxy-3,5-dimethoxyphenyl)-7-hydroxy-4E7- 

benzopyran-4-one (16): 'H NMR (DMSO-d,) 6 10.74 (bs, 1 H, 
exchanges with DzO), 9.24 (bs, 1 H, exchanges with DzO), 7.88 
(d, J = 8.9 Hz, 1 H), 7.33 (s, 2 H), 7.05 (d, J = 3.0 Hz, 1 H), 6.93 
(e, 1 H), 6.91 (dd, 1 H), 3.89 (s,6 H); CIMS (isobutane) m/z 315 
(MH+, 100). Anal. Calcd for C17H1408: C, 64.97; H, 4.49. Found 
C, 65.21; H, 4.53. 

7,8-Dihydroxy-2-( 4-hydroxy-3,5-dimethoxyphenyl)-4H- 
benzopyran-4-one (17): 'H NMR (DMSO-d,) 6 10.22 (bs, 1 H, 
exchanges with DzO), 9.51 (bs, 1 H, exchanges with DzO), 9.25 
(bs, 1 H, exchanges with DzO), 7.47 (d, J = 8.7 Hz, 1 H), 7.34 (9, 
2 H), 6.97 ( d , J  = 8.7 Hz, 1 H),6.93 (8,  1 H), 3.91 (s,6 H); CIMS 
(isobutane) m / e  331 (MH+, 100). Anal. Calcd for C17H1407: C, 
61.82; H, 4.27. Found: C, 62.01; H, 4.51. 

General Procedure for the Preparation of Products 19-23. 
Concentrated HaO, (5 drops) was added to a well-stirred solution 
of l,&propanediones 4 (5 mmol) in glacial acetic acid (10 mL) 
at room temperature. After 30 min, the reaction mixture was kept 
at 0-5 OC for 2 h, and the product was filtered, washed with water, 
and dried under vacuum for 4 h. Analytical samples were prepared 
by recrystallization from ethanol. 

2-[ 44 (tert -But yldimet hylsilyl)oxy ]phenyl]-6- hydroxy- 
4H-benzopyran-4-one (19): 1.53 g; 83%; mp 333-335 "C; 'H 
NMR (DMSO-d,) 6 10.10 (bs, 1 H, exchanges with D20), 8.12 (d, 
J = 8.6 Hz, 2 H), 7.64 (d, J = 8.7 Hz, 1 H), 7.43 (d, J = 3.0 Hz, 
1 H), 7.37 (dd, 1 H), 7.15 (d, J = 8.6 Hz, 2 H), 6.97 (s, 1 H), 0.98 
(8,  9 H), 0.26 (8, 6 H); CIMS (isobutane) m/z 369 (MH+, 100). 
Anal. Calcd for Cz1HU04Si: C, 68.46; H, 6.56. Found: C, 68.52; 
H, 6.74. 
2-[4-[ (tert -Butyldimethylsilyl)oxy]phenyl]-7-hydroxy- 

4H-benzopyran-4-one (20): 1.68 g; 91%; mp 252-254 "C; 'H 
NMR (DMSO-d6) 6 10.91 (bs, 1 H, exchanges with DzO), 8.00 (d, 
J = 8.5 Hz, 2 H), 7.89 (d, J = 8.7 Hz, 1 H), 7.04 (d, J = 8.5 Hz, 
2 HI, 7.00 (8,  1 H), 6.94 (d, J = 8.7 Hz, 1 H), 6.81 (8 ,  1 H), 0.98 
(a, 9 H), 0.25 (8 ,  6 H); CIMS (isobutane) m/z 369 (MH+, 100). 
Anal. Calcd for CZ1HUO4Sk C, 68.45; H, 6.56. Found C, 68.39; 
H, 6.64. 
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2-[ 4 4  ( tert -Butyldimethylsilyl)oxy]-3,S-dimethoxy- 
phenyl]-6-hydroxy-4H-benzopyran-4-one (21): 1.88 g; 88%; 
mp 178-180 "C; 'H NMR (DMSO-de) 6 10.04 (bs, 1 H, exchanges 

7.27 (d, J = 3.0 Hz, 1 H), 7.05 (8,  1 H), 3.89 (8, 6 H), 0.99 (8, 9 
H), 0.14 (s,6 H); CIMS (isobutane) m/z 429 (MH+, 100). Anal. 
Calcd for CpHao6Sk C, 64.46; H, 6.59. Found C, 64.52; H, 6.58. 

2 4 4 4  (tert -Butyldimethylsilyl)oxy]-3,5-dimethoxy- 
phenyl]-7-hydroxy-4H-benzopyran-4-one (22): 1.97 g; 92%; 
mp 208-210 "C; 'H NMR (DMSO-ds) 6 10.77 (bs, 1 H, exchanges 

3.0 Hz, 1 HI, 6.98 (8,  1 H), 6.94 (dd, 1 H), 3.88 (s,6 HI, 0.98 (8,  
9 H), 0.13 (s,6 H); CIMS (isobutane) m/z 429 (MH+, 100). Anal. 
Calcd for CpHaO@ C, 64.46; H, 6.59. Found C, 64.27; H, 6.78. 

2-[ 4-[ (tert -Butyldimet hylsilyl)oxy]-3,5-dimet hoxy- 
phenyl]-7,8-dihydroxy-4H-benzopyran-4-one (23): 1.86 g; 
84%; mp 224-226 OC; 'H NMR (DMSO-d6) 6 10.23 (bs, 1 H, 
exchanges with DzO), 9.52 (bs, 1 H, exchanges with DzO), 7.42 
(8, 2 H), 7.06 (d, J = 8.7 Hz, 1 H), 6.96 (8,  1 H), 6.94 (d, J = 8.7 
Hz, 1 H), 3.88 (s,6 H), 0.99 (s,9 H), 0.13 (s,6 H); CIMS (isobutane) 
m/z  445 (MH+, 100). Anal. Calcd for C,Ha07Si: C, 62.14; H, 
6.35. Found: C, 62.33; H, 6.71. 

7-Acetoxy-2-[ 4 4  ( tert -butyldimet hylsilyl)oxy]-3,5-di- 
methoxyphenyl]-4H-benzopyran-4-one (24). Compound 22 
(0.888 g, 2 mmol) was mixed with acetic anhydride (5 mL) and 
pyridine (10 mL), and the mixture was stirred at room temperature 
for 3 h. Excess acetic anhydride and pyridine were removed at  
reduced preasure, and the residue was treated with water (20 mL). 
The solid formed was fdtered, washed with water, and dried (0.96 
g, 96%): mp 18Cb190 "C; 'H NMR (CDC13 6 8.26 (d, J = 8.7 Hz, 
1 H), 7.45 (d, J = 3.0 Hz, 1 H), 7.15 (dd, 1 H), 7.10 (s,2 H), 6.75 
(s, 1 H), 3.89 (s, 6 H), 2.37 (8, 3 H), 1.03 (8 ,  9 H), 0.17 (8, 6 H); 
CIMS (isobutane) m/z 471 (MH+, 100). Anal. Calcd for 
C2SH3007Sk C, 63.81; H, 6.43. Found: C, 63.72; H, 6.60. 

7-Acetoxy-2-( 4-hydroxy-3,5-dimet hoxypheny1)-4€€-benzo- 
pyran-4-one (25). A solution of tetra-n-butyhonium fluoride 
in THF (1 M, 3 mL, 3 "01) was added to a solution of compound 
24 (0.47 g, 1 mmol) in THF (10 mL), and the stirring was con- 
tinued for 15 min. THF was distilled off at  reduced pressure, 
and the residue was treated with water (25 mL). The product 
precipitated was filtered, washed with water, and dried (0.34 g, 
95.5%); mp 296-299 "C; 'H NMR (DMSO-dJ 6 9.92 (bs, 1 H, 
exchanges with DzO), 7.92 (d, J = 8.7 Hz, 1 H), 7.03 (8, 2 H), 6.88 
(d, J = 3.0 Hz, 1 H), 6.84 (dd, 1 H), 6.53 (8,  1 H), 3.87 (8,  6 H), 
2.39 (s,2 H); CIMS (isobutane) m/z 357 (MH+, 100). Anal. Calcd 
for ClsH1607: C, 64.04; H, 4.53. Found C, 64.28; H, 4.61. 
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