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Flavonoid Epoxides. Part 17.’ Stereospecif ic Synthesis and 
Acid-catalysed Rearrangement of Aurone Epoxides 

Brian A. Brady, Mary M. Healy, and W. Ivo O‘Sullivan 
Department of Chemistry, University College, Dublin 4, Ireland 

The configurations of 6-methoxyaurone epoxides were determined by direct epoxidation of the parent 
aurones (1 ) and (2) by m-chloroperbenzoic acid. trans-6-Methoxyaurone epoxide (3) was also synthe- 
sised indirectly through the intermediacy of the reduced ketone derivatives (4) and (5) of aurone (1) and 
aurone epoxide (3). rn-Chloroperbenzoic acid was found to be complementary to alkaline hydrogen 
peroxide as an epoxidation agent for various aurones. Coumarins (1 0) were obtained on acid-catalysed 
rearrangement of aurone epoxides (8). The chlorohydrin derivative (1 1 ) of aurone epoxide (3), on 
treatment with alkali, gave the corresponding flavonol (1 2). Reduced aurone epoxide (5) gave aurone 
( I )  on treatment with hydrochloric acid. 

Both trans- (1) and cis-6-methoxyaurones (2) *.t on treatment 
with alkaline hydrogen peroxide afforded the same aurone 
epoxide (3). That this epoxide has the trans-configuration is 
confirmed by stereospecific syntheses of the same epoxide 
from trans-6-methoxyaurone using m-chloroperbenzoic acid 
as outlined in Scheme 1. Epoxidation of olefins with peracids 
is known to proceed stereo~pecifically.~~~ 

Conjugation of the olefin bond with electron-withdrawing 
groups reduces the rate of epoxidation with the result that the 
olefin bond of a,P-unsaturated carbonyl compounds is often 
unreactive towards peracid reagents, and reaction at the 
carbonyl group (Baeyer-Villiger reaction) predominates? 
This difficulty may be overcome by the reduction of the 
carbonyl group prior to peracid epoxidation.’ Since initial 
attempts to epoxidise aurones directly by means of peracids 
were unsuccessful, we chose this latter approach for the 
stereospecific synthesis of aurone epoxides. 

In a previous report on the reduction of aurones by sodium 
borohydride, Holf and VystriEil obtained 2-benzofuryl aryl 
carbinols (6a) and (6b) from aurone and 4’-methoxyaurone, 
respectively, when the reduction was carried out in ethanol at 
reflux. In the present work, treatment of aurone (1) with 
sodium borohydride in methanol at room temperature 
afforded benzofuran-3-01 (4). Aurones (2) and (7b) were 
similarly reduced to give the corresponding benzofuran-3-01s. 
Among the peracids tried for, the epoxidation of benzofuran- 
3-01 (4), m-chloroperbenzoic acid was found to be the only one 
suitable. Other peracids used were perbenzoic acid, peracetic 
acid, and monoperphthalic acids. In the peracetic acid reaction, 
which was carried out in chloroform in the presence of sodium 
acetate, the product was benzofuranyl acetate (9), identical 
with an authentic sample prepared by direct acetylation of the 
alcohol (4) using a mixture of acetic acid-acetic anhydride or 
by means of acetic anhydride and pyridine. The mono- 
perphthalic acid reaction resulted in the oxidation of the 
benzofuranol (4) to the aurone (1). 

Oxidation of epoxide ( 5 )  in diethyl ether by means of 
manganese dioxide gave aurone epoxide (3), identical with the 
product of alkaline hydrogen peroxide epoxidation of aurone 
(l), thus confirming the trans-configuration of this epoxide. 
The use of chromium trioxide in pyridine or of N-bromo- 

t 2-Arylmethylenecoumaran-3-ones or 2-arylmethylenebenzo[b]- 
furan-3(2H)-ones; the aurone nomenclature will be used for 
convenience. The terms cis and trans prefixed to aurones (E- and 
2-isomers respectively) and aurone epoxides refer to the relative 
positions of the carbonyl and side-chain aryl groups. The aurone 
epoxides described in this paper are racemates. 

1 ii iii t 

Scheme 1. Reagents: i, H202, OH-, or m-CPBA; ii, NaBH,; iii, 
MnO,; iv, m-CPBA 

succinamide in acetone as the oxidising agents failed to yield 
the aurone epoxide (3). 

When it was found that 3-arylmethyleneflavanones were 
successfully epoxidised by m-chloroperbenzoic acid, the 
method was applied to aurones and found to be equally 
successful. Accordingly cis- and trans-6-methoxyaurones (2) 
and (1) gave the corresponding cis- and trans-aurone epoxides, 
thus further confirming the configurations of these compounds. 
Aurones (7a), (7b), (7c), and (7e) were also successfully 
epoxidised by m-chloroperbenzoic acid to give epoxides which 
were rearranged to give the corresponding coumarins (see 
below). It should be noted that aurones having a 4’-methoxy 
substituent, which were unreactive towards alkaline hydrogen 
peroxide,’ were epoxidised by m-chloroperbenzoic acid; thus 
these epoxidising agents are complementary to one another. 
These results are understandable considering that a 4’- 
methoxy group is expected to have a deactivating influence on 
the reactivity of the olefin bond towards the nucleophilic 
hydroperoxide ion and an activating influence on this bond 
towards the electrophilic peracid reagent. 

The rearrangement of several aurone epoxides by means of 
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Scheme 2. 

boron trifluoride-diethyl ether or of concentrated sulphuric 
acid into the corresponding 4-hydroxy-3-arylcoumarins was 
reported earlier.’O In the present work, aurone epoxides (8d) 
and (8e) were also found to rearrange on reaction with boron 
trifluoride-diethyl ether to give coumarins (10d) and (loe), 
respectively, in near quantitative yields. In addition coumarins 
(lOa), (lob), and (10c) were obtained from the crude products 
of peracid epoxidation of aurones (7a), (7b), and (7c), re- 
spectively. The yields of epoxides obtained in these latter 
epoxidation reactions were estimated from the amounts of 
coumarins obtained. 

Early in the work reported here, an attempt was made to 
form isomeric chlorohydrin derivatives of 6-methoxyaurone 
epoxide as a possible approach to the synthesis of the isomeric 
cis-6-methoxyaurone. With certain epoxides the stereo- 
chemistry of epoxide ring opening by hydrochloric acid can be 
controlled by the choice of solvent.6 For example, trans-3- 
benzylidenechromanone epoxides, on treatment with hydrogen 
chloride in ethanol, yielded the corresponding erythro- 
chlorohydrins, whereas with hydrogen chloride in benzene the 
rhreo-chlorohydrins were obtained.” The erythro-chloro- 
hydrins on cyclisation with base gave the original trans- 
epoxides, while the threo-chlorohydrins under the same 
conditions gave the corresponding cis-isomers. 

In the present work, however, only one chlorohydrin was 
isolated from the reaction of epoxide (3) with hydrochloric 
acid in ether, ethanol, or benzene. In each of these reactions 
the solvent was saturated with dry hydrochloric acid before 

R3 = OMe 
O M e ,  -naphthyl in place of C g H g R C  

Ph 

Scheme 3. 

the addition of the epoxide. When hydrogen chloride was 
added to a solution of epoxide (3) in diethyl ether to saturation 
point the product was 4-hydroxy-7-methoxy-3-phenyl- 
coumarin (10f). This compound was previously obtained by 
the rearrangement of the same epoxide by means of boron 
trifluoride-diethyl ether or of sulphuric acid.’O That the 
chlorohydrin (1 1) (Scheme 2) had the a-hydroxy-P-chloro 
rather than the a-chloro-P-hydroxy structure was shown when 
it did not liberate iodine from an acidified potassium iodide 
solution as would be expected from an a-halogenoketone,12 
and by the n.m.r. evidence of ring-chain tautomerism it 
exhibited (see below). Instead of the regeneration of epoxide 
(3) by ring closure of chlorohydrin (11) by base a rearrange- 
ment occurred with the formation of 7-methoxyflavonol (12) 
in high yield. The suggested mechanism for this reaction is 
outlined in Scheme 2. 

The n.m.r. spectrum of chlorohydrin (1 I), freshly prepared 
in deuteriochloroform, showed methoxy and methine signals 
at 6 3.92 and 5.19, respectively. When the spectrum was taken 
again after 60 h it showed two methoxy (6 38.4 and 3.92) 
and two methine (6 5.19 and 5.36) signals of approximately 
equal intensity in each case. The solvolysis products of aurone 
epoxide (3) give similar n.m.r. results and are attributed 
to equilibration, through an intermediate a-diketone (14), 
between the erythro- (13) and threo- (15) derivatives in each 
case (Scheme 3).13 Only a trace of the open-chain diketone 
tautomer (14) could be detected in some cases. The compounds, 
including chlorohydrin (11) and (13; X = Cl), crystallised in 
one isomeric form only. It is possible that erythro- and threo- 
isomers of chlorohydrin (1 1) were initially formed on reaction 
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of epoxide (3) with hydrochloric acid in ethanol or in benzene 
solutions, respectively, but that on crystallisation of the 
products, equilibration occurred in solution and subsequently 
crystals of only one isomeric form were produced. 

In attempts to prepare the chlorohydrin derivative (16) of 
epoxide ( 5 )  by its reaction with hydrogen chloride in diethyl 
ether or in ethanol, 6-methoxyaurone (1) only was obtained. A 
possible pathway for this reaction is outlined in Scheme 4. 

Experimental 
Reduction of Aurone (I).-Sodium borohydride (0.4 g) was 

added slowly to a solution of aurone (1) (1 g) in methanol 
(100 ml) at room temperature and kept at this temperature for 
2 h. The mixture was diluted with water and the precipitate 
was collected and crystallised from benzene-light petroleum 
to give white crystals of (Z)-2-benzylidene-6-rnethoxy-2,3- 
dihydrobenzo[b] furan-3-01 (4) (0.85 g), m.p. 128-129 "C 
(Found: C, 75.7; H, 5.5. C16H1403 requires C, 75.6; H, 5.5%); 
vmaX. 3 333 (OH) and 1 678 cm-' (olefin); 6 (CDC13) 7.86- 
7.63 (2 H, m, 2' and 6'-H), 7.52-7.20 (4 H, m, 3-', 4'-, 5'-, and 
4-H), 6.73-6.50 (2 H, m, 5- and 7-H), 5.97 (1 H, br s, a-H), 
5.67 (1 H, br d, J 9 Hz, 3-H; br s on addition of D20), 3.80 
(3 H, s, OMe), and 2.40 (1 H, br d, J 9 Hz, OH; D20 exch.). 

Reduction of Aurones (2) and (7b).-Aurone (2) was simil- 
arly reduced to give colourless needles of (Z)-2-benzylidene-6- 
methoxy-2,3-dihydrobenzo[b]furan-3-o1 (a%), m.p. 1 18- 
119 " c  (Found: C, 75.3; H, 5.8. Cl6HI4O3 requires C, 75.57; 
H, 5.55%); vmx. 3 367 cm-'. 

Aurone (7b) l4 was similarly reduced, but in dioxan- 
methanol (2 : 1) at 50 "C for 2 -h, to give (Z)-2-(4-methoxy- 
benzylidine)-5-methyl-2,3-dihydrobenzo[b]furan-3-ol (70%), 
m.p. 104-106°C (Found: C, 76.4; H, 6.15. Cl7HI6O3 
requires C, 76.10; H, 6.01%), vmx. 3 330 cm-'. 

Epoxidation of Benzofuran-3-01 (4).-rn-Chloroperbenzoic 
acid (1 g) in methylene dichloride (25 ml) was added to a well- 
stirred solution of benzofuran-3-01 (4) (1 g) in methylene 
dichloride (25 ml) at 0 "C during 20 min, and the mixture was 
stirred at this temperature for a further 20 min. It was then 
washed successively with 10% aqueous sodium sulphite, 10% 
aqueous sodium hydrogen carbonate, saturated aqueous 
sodium chloride, and water. The solid obtained on removal of 
the solvent from the dried methylene dichloride solution was 
washed with a small quantity of dry diethyl ether and then 
dissolved in acetone. Dropwise addition of water precipitated 
small white needles of (2)-2-benzylidene-dmethoxy-2,3- 
dihydrobenzo[b]furan-3-01 epoxide ( 5 )  * (0.41 g), m.p. 
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115-1 16 "C (Found: C, 71.65 ; H, 5.4. CI6Hl4O3 requires C, 
71.1 1 ; H, 5.190/,), vmX. 3 200 cm-' (OH). 

Reaction of Other Peracids with Benzofuran-3-01 (4).-(a) 
Peracetic acid. Benzofuran-3-01 (4) (3 g) was added to a 
solution of sodium acetate (0.05 g) and peracetic acid (15% in 
acetic acid; 3 ml) in chloroform and kept at room temperature 
overnight. The mixture was diluted with diethyl ether, washed 
with water and then with aqueous sodium thiosulphate. The 
oil obtained on removal of the dried solvent was dissolved in 
light petroleum (b.p. 60-80 "C) and left to evaporate slowly 
for one week. The solid which separated recrystallised from 
n-hexane in colourless needles (1.4 g) of 3-acetoxy-2-benzyl- 
idene-6-methoxy-2,3-dihydrobenzo[b]furan (9), m.p. 75- 
76 "C alone or when mixed with an authentic sample (see 
below). 

(b) Monoperphthalic acid. Benzofuran-4-01 (4) (2.5 g) in 
diethyl ether (50 ml) was added to a solution of mono- 
perphthalic acid (2 g) in ether (50 ml) and the mixture was 
kept at room temperature for 48 h. The solution was washed 
successively with water, sodium hydrogen carbonate, and 
water. The solid obtained on removal of the solvent from the 
dried solution crystallised from methanol in pale yellow 
plates of 6-methoxyaurone (I), m.p. and mixed m.p. 148- 
149 "C. 

Preparation of Benzofuranyl Acetate (9).-A mixture of 
benzofuran-3-01 (4) (1 g), acetic anhydride (4 ml), and acetic 
acid (4 ml) was heated on a steam-bath for 3 min and then 
poured, with vigorous stirring, onto crushed ice (10 g). The 
solid which separated crystallised from n-hexane in colourless 
needles of 3-acetoxy-2-benzylidene-6-methoxy-2,3-dihydro- 
benzo[b] furan (9) (0.9 g, 7773, m.p. 75-76 "C (Found: C, 
72.6; H, 5.3. CI8Hl6O4 requires C, 72.98; H, 5.4%), vmX. 
(Nujol) 1 730 cm-'. When the acetylation was carried out 
with acetic anhydride in pyridine at room temperature for 
17 h a 17% yield of acetate (9) was obtained. 

Oxidation of Benzofuranol Epoxide (5).-Epoxide ( 5 )  (0.1 g) 
was added to a freshly prepared suspension of manganese 
dioxide (1 g) in dry diethyl ether (10 ml). The mixture, which 
was warmed during the addition, was stirred at room tempera- 
ture for 4 h and then filtered. The solid obtained on removal 
of the solvent crystallised from chloroform-ligroin to give 
colourless needles of (Z)-2-benzylidene-6-methoxybenzo[b]- 
furan-3(2H)-one epoxide (3) (0.06 g), m.p. 104 "C alone or 
when mixed with an authentic sample.? 

Epoxidation of trans-Aurone (I).-A mixture of trans- 
aurone " (1) (1 g), rn-chloroperbenzoic acid (1 g), and dry 
benzene (100 ml) was heated under reflux for 1 h. The cooled 
solution was washed successively with sodium thiosulphate 
( 5 7 3 ,  sodium hydrogen carbonate ( 5 7 9 ,  and water, and was 
then dried (Drierite). Removal of the solvent yielded a pale 
yellow solid which crystallised from chloroform-ligroin in 
pale yellow plates of the starting trans-aurone (1) (0.4 g, 40%), 
m.p. and mixed m.p. 146-147 "C. 

The mother-liquor, on standing at 0 "C, deposited a pale 
yellow crystalline compound. Recrystallisation from chloro- 
form-ligroin afforded colourless plates of (Z)-2-benzylidene-6- 
methoxybenzo[b]furan-3(2H)-one epoxide (3) (0.4 g, 38%), 
m.p. and mixed m.p. 109 "C.7 

* Systematic name : 3-hydroxy-6-methoxy-3'-phenylspiro[benzo- 
[blfuran-2( 3H),2'-oxiran]. 

This compound crystallises in two modifications; m.p. 103 "C and 
m.p. 110 OC.' 
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Epoxidiztion of cis-Aurone (2).-cis-Aurone (2) (1 g) was 
similarly epoxidised. Crystallisation of the product from light 
petroleum (b.p. 80-100 "C) afforded yellow needles of 
starting cis-aurone (0.3 g, 30%), m.p. and mixed m.p. 136- 
137 "C. 

The mother-liquor, on standing, deposited colourless 
needles which, on recrystallisation from light petroleum (b.p. 
40-60 "C) containing a trace of acetone, afforded colourless 
fluffy needles of (E)-2-benzylidene-6-methoxybenzo[b J furan- 
3(2H)-one epoxide (0.4 g, 3979, m.p. 120-121 "C, vmx (KBr) 
1718 cm-'; 6 7.54 (1 H, d, J 8  Hz, 4-H), 7.44 (5 H, m, Ph), 
4.75 (1 H, s, a-H), and 3.92 (3 H, s, OMe). Since the micro- 
analytical figures deviated from the normal standards (Found : 

compound was further characterised by the formation of the 
derivative, 2-hydroxy-6-methoxy-2-(a-methoxybenzyl)benzo- 
[b]furan-3(2H)-one, prepared by the methanolysis of the 
oxiran ring; m.p. 134 "C alone or when mixed with an 
authentic ~amp1e.l~ 

C, 70.8; H, 4.8. Calc. for ClaH1204: C, 71.63; H, 4.51%), the 

Coumarin (10d) via Rearrangement of Epoxide (8d).-Boron 
trifluoride-diethyl ether (0.2 ml) was added to a solution of 
aurone epoxide (8d) (50 mg) in dry benzene (10 ml) at room 
temperature. After 10 min the solution was washed with water 
and extracted with aqueous sodium hydrogen carbonate (5%). 
Acidification of the alkaline extract gave a white precipitate 
which was collected and washed with water. Crystallisation of 
the solid from ethanol afforded colourless needles of 4- 
hydroxy-5,7-dimethoxy-3-phenylcoumarin (1Od) (40 mg, 50"/,), 
m.p. 204-205 "C (lit.,15 m.p. 204-205 "C). 

Coumarin (10e) via Rearrangement of Epoxide (8e).-Aurone 
epoxide (8e) (50 mg) was similarly rearranged to give colour- 
less needles (ethanol) of 4-hydroxy-7-methoxy-3-(2-naphthyl)- 
coumarin (lOe) (40 mg, 80%), m.p. 262 "C (decomp.) (Found: 
C, 75.2; H, 4.6. Calc. for C20H1404: C, 75.46; H, 4.43%). 

Epoxidation of Aurones with m-Chloroperbenzoic Acid 
followed by Boron Trifiuoride-Diethyl Ether Rearrangement to 
give Cournarins.-(a) Coumarin (10a). A mixture of aurone 
(7a) (1 g), rn-chloroperbenzoic acid (1 g), and dry benzene 
(150 ml) was heated under reflux for 40 min. The cooled 
solution was washed successively with sodium thiosulphate 
(579, sodium hydrogen carbonate (5%) and water, and then 
dried (MgS04). 

The dried benzene solution was treated with boron tri- 
fluoride-diethyl ether (3 ml), and kept at room temperature 
for 30 min. The solution was washed with water and extracted 
with sodium hydrogen carbonate (5%). The solid obtained on 
acidification of the alkaline extract was washed with water and 
crystallised from ethanol to give colourless needles of 4- 
hydroxy-3-(4-methoxyphenyl)coumarin (10a) (0.22 g, 2179, 
m.p. 239-240 "C (lit.,I6 m.p. 228-229") (Found: C, 71.95; 
H, 4.5. Calc. for C16H1204: C, 71.63; H, 4.51%). 

(b) Coltmarin (lob). Aurone (7b) (1 g) was similarly epox- 
idised; the product rearranged and was worked up to give 
colourless needles of 4-hydroxy-6-methyl-3-(4-methoxy- 
pheny1)coumarin (lob) (0.3 g, 29%), m.p. 213 "C (Found: 
C, 71.95; H, 5.25. Calc. for C17H1404: C, 72.33; H, 5.00%). 

(c) Coumarin (10c). Aurone (7c) (1 g) was similarly epox- 
idised; the product rearranged and was worked up to give 
colourless needles of 4-hydroxy-7-methoxy-3-(4-methoxy- 
pheny1)coumarin (1Oc) (0.37 g, 3573, m.p. 223-224 "C (1it.,l6 
m.p. 213-214 "C) (Found: C, 68.35; H, 4.7. Calc. for C17H14' 

(d) Cournarin (10e). Aurone (7e) (1 g) was similarly epox- 
idised; the product rearranged and was worked up to give 
colourless needles of 4-hydroxy-7-methoxy-3-(2-naphthyl)- 

0 5 :  C, 68.45; H, 4.73%). 

coumarin (1Oe) (0.28 g, 27%), m.p. 262 "C (decomp.) alone, or 
when mixed with an authentic sample (see above). 

2-( a-Chlorobenzyl)-2-hydroxy-6-methoxybenzo[b] furan- 
3(2H)-one (ll).-Aurone epoxide (3) (0.1 g) was added to 
absolute ethanol (20 ml) which had been previously saturated 
with anhydrous hydrogen chloride at 0 "C. The mixture was 
kept at 0 "C for 2 h and the solvent removed. The solid residue 
crystallised from benzene-ligroin in colourless needles of 
2-( a-chlorobenzyl)-2-hydroxy-6-methoxybenzo[b]furan-3(2H)- 
one (11) (0.097 g, 85%), m.p. 127-128 "C (Found: C, 63.4; 
H, 4.5; C1, 12.1. ClaH14C104 requires C, 63.02; H, 4.33; C1, 
11.64%); vmX. 3 275 cm-'; 6 (taken shortly after dissolution 
in CDC13) 7.72-7.50 (m, Ph and 4-H), 6.74-6.42 (m, 5- and 
7-H), 5.19 (s, a-H), and 3.92 (s, OMe). Signals at 6 5.36 and 
3.84, of ca. 20% the intensities of the signals at 5.19 and 3.92, 
respectively, in this spectrum, had ca. equal intensities with 
these when the spectrum was measured again after 60 h. 

Two similar experiments were carried out in which the 
solvents, instead of ethanol, were diethyl ether and benzene, 
both of which were saturated with anhydrous hydrogen 
chloride before the addition of the epoxide. The yields of 
chlorohydrin (1 1) were 70 and 68%, respectively. 

Coumarin (1 f).-A solution of 6-methoxyaurone epoxide 
(3) (0.1 g) in dry diethyl ether (20 ml) was saturated with 
anhydrous hydrogen chloride at 0 "C and the solution was 
kept at this temperature for 1 h. The solution was then washed 
with water and the solvent was removed from the dried 
solution to give a semi-solid which crystallised from benzene 
in needles of 4-hydroxy-7-met hoxy-3-phenylcoumarin (1 f) 
(0.08 g, 80%), m.p. 198-200 "C alone or when mixed with an 
authentic sample.l0 

7-MethoxyfZauanol(l2).-Aqueous sodium hydroxide (10%; 
25 ml) was added to a solution of chlorohydrin (1 1) (0.5 g) in 
acetone (25 ml). The mixture, which separated into two layers, 
was shaken for 15 min and the aqueous layer was removed. 
The solid obtained on concentration of the upper (aq. acetone) 
layer was treated with hydrochloric acid (lo%), and after 15 
min the solid was collected and recrystallised from ethanol 
to give pale yellow needles of 7-methoxyflavonol, m.p. 177- 
178 "C alone or when mixed with an authentic sample pre- 
pared by the method of Gowan et d .17  

Reaction of Benzofuran-3-01 Epoxide (5) with Hydrogen 
Chloride.-(a) Hydrogen chloride gas was passed through a 
solution of epoxide (5) (0.1 g) in diethyl ether (20 ml) at room 
temperature until the solution was saturated. The solid 
obtained on removal of the solvent crystallised from ethanol 
in pale yellow plates (0.081 g, 87%) of 6-methoxyaurone (l) ,  
m.p. 146-147°C alone or when mixed with an authentic 
sample. 

(b) Epoxide (5) (0.2 g) was added to absolute ethanol (15 ml) 
which had been previously saturated with hydrogen chloride 
gas at 0 "C and the solution was kept at this temperature for 
1 h. Work-up as in the previous experiment gave 6-methoxy- 
aurone (0.15 g, SO%), m.p. and mixed m.p. 146-147 "C. 
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