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An efficient and economical synthesis of the naturally occurring aromatase inhibitor abyssinone II was
performed. The synthesis features an optimized aromatic prenylation reaction in which an arylcopper
intermediate is reacted with prenyl bromide to afford a key intermediate that was converted to a prenylated
aromatic aldehyde. Condensation of the aldehyde with ano-hydroxyacetophenone under Claisen-Schmidt
conditions afforded a chalcone that was deprotected and cyclized in the presence of sodium acetate in refluxing
ethanol to afford (()-abyssinone II. The synthesis proved to be versatile enough to provide an array of
abyssinone II derivatives that were evaluated as aromatase inhibitors. Methylation of the 4′-hydroxyl group
of (()-abyssinone II resulted in a significant increase in aromatase inhibitory activity, and further smaller
increases in activity resulted from the methylation of the 7-hydroxyl group and removal of the prenyl side
chain. As a result of these structural changes, the most active flavanone of the series was 20 times more
potent than (()-abyssinone II (IC50 40.95µM).

Introduction

Breast cancer, the second leading cause of cancer deaths, is
the most commonly diagnosed cancer among postmenopausal
women. The World Health Organization has estimated that
more than 1.2 million people will be diagnosed with breast
cancer this year worldwide, including more than 180 000 in the
United States.1 The role of estrogens in the development of
breast cancer is well established, with the majority of post-
menopausal women having hormone receptor-positive tumors.2-4

One strategy for the treatment of these cancers is to decrease
estrogen production.5,6 Aromatase, a key cytochrome P450
enzyme, catalyzes the rate-limiting aromatization step for the
conversion of androgens (testosterone and androstenedione)
to estrogens (estradiol and estrone).7 This pathway is the
main source of estrogen in postmenopausal women. Because
estrogen production is the last step in the biosynthetic sequence
of steroid production, selective inhibition of aromatase would
not interfere with the production of other useful steroids, such
as adrenal corticoids. Therefore, aromatase inhibitors (AIsa)
have become attractive therapeutic agents in the treatment of
estrogen-dependent breast cancers.8-14 Additionally, a role for
estrogens in prostate neoplasia has been recently postulated.5,6

In the last two decades, several classes of steroidal and
nonsteroidal AIs such as aminoglutethimide and imidazole or
triazole derivatives have been designed.8-14 The first FDA-
approved AI, aminoglutethimide, has shown some clinical
benefit in breast cancer trials, but lack of selectivity and its weak
aromatase inhibitory activity has limited its usefulness.10 Other
AIs recently approved by the FDA include the nonsteroidals
anastrazole15 and letrozole,16 as well as the steroid exemestane17

that, like all AIs, inhibit the synthesis of estrogen in tissues
other than the ovaries and also causes several severe adverse
effects.

Besides the development of synthetic AIs, there is a continu-
ing search for new classes of natural products that inhibit
aromatase to discover novel breast cancer chemopreventive
agents. Prenylated flavonoids are of current interest due to their
unique structures and aromatase inhibitory activities. (2S)-
Abyssinone II, a naturally occurring prenylated flavonoid from
the Chinese medicinal plantBroussonetia papyrifera, has
recently become a focal point of our ongoing program for
isolation, structure elucidation, and biological investigation of
chemopreventive natural products.18-23 Previous results from
our group have shown significant inhibitory activity of (2S)-
abyssinone II(1) in the aromatase assay, with an IC50 of 0.37
µM observed using the radiometric method.23 Abyssinone II
was selected as one of the chemopreventive agents for further
studies under the Rapid Access to Preventive Intervention
Development (RAPID) program of the National Cancer Institute.
Recently, Moriarty et al. reported IC50 values of 0.6µM
(radiometric method) and 62µM (fluorimetric high throughput
method) of their synthetic racemic abyssinone II.24 The excellent
potency of abyssinone II and limited availability from natural
sources, as well as the recently reported low-yielding synthesis
by Moriarty et al.,24 prompted us to explore the development
of an efficient and economical synthetic route to racemic
abyssinone II that would allow access to large quantities for
testing in animal models.

In this article, we describe a practical synthesis and in vitro
biological evaluation of racemic abyssinone II and a series of
structurally analogous AIs, together with a discussion of their
structure-activity relationships. All of the new analogues were
tested in a CYP 19 (aromatase) inhibition assay to obtain a
preliminary biological profile of the series that will be useful
in the further design and development of flavonoid AIs.

Chemistry

A retrosynthetic analysis of (()-abyssinone is outlined in
Scheme 1. The key steps are the application of an aryl-allyl
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coupling reaction using an alkyl cuprate as a coupling reagent
to introduce the prenyl side chain and a Claisen-Schmidt
condensation and cyclization to produce the desired flavanone.

Our strategy toward efficient large scale synthesis of abys-
sinone II was based on the development of a practical procedure
to synthesize a key prenylated synthon. Aldehyde protection of
commercially available 3-bromo-4-hydroxybenzaldehyde (2a)25

with ethylene glycol under acidic conditions using a Dean-
Stark trap produced bromophenol3a26 in 95% yield, as shown
in Scheme 2. The phenol was then protected using methoxym-
ethylene chloride (MOMCl) andN,N-diisopropylethylamine
(DIPEA) in dry dichloromethane to afford compound4a26 in
94% yield. Several different approaches to aromatic prenylation,
including Pd-catalyzed Stille coupling,27 pi-allyl nickel bromide
complex mediated allylation,28 and allylation through aryl
cuprate,29,30 were performed as shown in Scheme 3 and Table
1. The prenylation step was very sensitive to modification of

the reaction parameters. The best yielding procedure was found
to use CuBr‚DMS reagent at 0°C to room temperature. After
a bromine-lithium exchange usingn-BuLi, followed by trans-
metallation with CuBr‚DMS, the resulting cuprate was treated
with prenyl bromide to afford the prenylated product. A number
of different phenol protecting groups were tested for the
prenylation step and it was found that the TBDMS-protected
compound failed to produce any prenylated products, possibly
due to steric hindrance. However, the MOM and methoxy ethers
were stable under the reaction conditions and prenylation
occurred in very high yield. Aldehydes5g34 and5h35 were also
synthesized in excellent yield, as shown in Scheme 4.

2,4-Dihydroxyacetophenone was regioselectively monopro-
tected on the nonhydrogen-bonded phenol using K2CO3 in dry
acetone and MOMCl at room temperature to provide acetophe-
none6a in 88% yield (Scheme 5). The corresponding monom-
ethyl ether6b was also obtained in 87% yield by reaction with
Me2SO4.

Condensation of5aand6aunder Claisen-Schmidt conditions
using 60% KOH in methanol provided the desired enone7a in
76% yield (Scheme 6). Deprotection of the MOM groups using
HCl in methanol at room temperature yielded chalcone7b in
95% yield. The subsequent cyclization was carried out with
NaOAc in 55% yield (96% based on recovered starting material)
in refluxing EtOH for 48 h to yield (()-abyssinone II(8b) as
a bright yellow solid. The1H NMR, 13C NMR, IR, and mass
spectral data of the synthetic product were consistent with those
reported for natural (2S)-abyssinone II.23 Several abyssinone II

Scheme 1.Retrosynthetic Analysis for the Synthesis of
Abyssinone II and Its Analogues

Scheme 2a

a Reagents and conditions: (i) (CH2OH)2, p-TsOH, Dean-Stark trap,
toluene, reflux, 24 h; (ii) MOMCI, DIPEA, CH2Cl2, rt; (iii) K 2CO3,
(CH3)2SO4, CH3COCH3, rt; (iv) DHP, CH2Cl2, p-TsOH, rt; (v) TBDMSCl,
imidazole, CH2Cl2.

Scheme 3

Table 1. Prenylation of Aromatic Compounds

starting
material reaction conditions product

yielda

(%)

2c KOH/MeOH, 3,3-dimethylallyl
bromide, rt31

5f 7

2c BF3‚OEt2, 3,3-dimethylallyl bromide, rt32 5f 4
2c BaO‚Al2O3, 3,3-dimethylallyl

bromide, rt33
5f 9

4b Pd(PPh3)4, tributyl(3-methyl-2-butenyl)tin,
100 ˚C27

5b 34b

4b Ni(COD)2, 3,3-dimethylallyl bromide, rt28 5b 8
4b t-BuLi, CuCN‚2LiCl, 3,3-dimethylallyl

bromide rt29
5b 45

4b BuLi, CuBr‚DMS, 3,3-dimethylallyl
bromide, 0 ˚C-rt30

5b 85

4a BuLi, CuBr‚DMS, 3,3-dimethylallyl
bromide, rt

5a 83

4c BuLi, CuBr‚DMS, 3,3-dimethylallyl
bromide, rt

5c 0

4d BuLi, CuBr‚DMS, 3,3-dimethylallyl
bromide, rt

5d 0

3b BuLi, CuBr‚DMS, 3,3-dimethylallyl
bromide,-78 ˚C

5e 10

a The yield was not optimized.b It was very difficult to remove tributyl
tin impurity from the product.
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analogues were designed based on initial biological results and
synthesized as outlined in Schemes 6 and 7.

During our initial attempts to synthesize (()-abyssinone II
(8b), the reaction of the acetophenone derivative6b with the
substituted aldehyde5b was carried out with lithium hexam-
ethyldisilazide (LiHMDS) in dry tetrahydrofuran (THF) instead
of KOH in methanol (Claisen-Schmidt conditions), followed
by neutralization with aqueous ammonium chloride. This
resulted in the isolation of the covalently hydrated chalcone9
instead of either the chalcone7b or the (()-abyssinone II(8b)
(Scheme 8).

Aromatase (CYP 19) Inhibitory Activity. An aromatase
inhibition assay was performed on synthetic racemic abyssinone
II and its various analogues, as described in the Experimental
Section. The IC50 values of compounds7a-7k, 8a-8k, and9
are reported in Table 2.

Our synthetic racemic abyssinone II8b was determined to
have an IC50 value of 40.95 ( 11.31 µM, whereas the
corresponding chalcone7b was inactive in aromatase inhibition
assays. All of the chalcone intermediates were inactive except
7d. The data reported in Table 2 support the hypothesis that
coordination of the carbonyl oxygen with the heme iron of the
CYP19 enzyme is responsible for the inhibitory activity. In the
chalcones, theortho-phenolic hydroxyl group hydrogen bonds
with the keto oxygen and hence reduces its affinity toward the
heme iron, leading to loss of aromatase inhibitory activity.

The 4′-methoxy analogue8d (IC50 ) 4.08( 2.10µM), the
7-methoxy derivative8f (IC50 ) 4.75( 0.61µM), and the 4′,7-
dimethoxy analogue8g (IC50 ) 3.67 ( 1.61 µM) were about
10 times more potent than racemic abyssinone II itself. To
analyze the influence of the 7-methoxy group on aromatase
inhibitory activity, the 7-unsubstituted analogue8h (IC50 )
12.10 ( 3.24 µM) was synthesized and evaluated. The IC50

value of this compound, compared to that of8d and8g, suggests
that electron-donating substituents in the 7 position increase
aromatase inhibitory activity in the flavanone series, perhaps
by increasing electron density on the carbonyl oxygen and thus
improving its ability to coordinate effectively the iron atom of
aromatase.

A previous study of the aromatase inhibitory activity of
nonprenylated flavanones reported that the presence of a 4′-
methoxy group decreases the aromatase inhibitory activity.36

The 4′-hydroxy8f and 4′-unsubstituted8i (IC50 ) 4.67( 2.15
µM) analogues were synthesized to determine if this would also

be true with the prenylated flavanones. Both of them showed
similar aromatase inhibitory activity compared to8g. The
insignificant contribution of the 4′-methoxy group in8g to the
enzyme inhibitory activity can be expected because, as opposed
to the 7-methoxy group, it is not conjugated with the carbonyl
oxygen.

The nonprenylated flavanone8j was synthesized to investigate
the influence of prenyl substitution on aromatase inhibition.
Surprisingly,8j (IC50 ) 1.86 ( 0.37 µM) was slightly more
active than its prenylated analogue8g (IC50 ) 3.67( 1.61µM),
suggesting that prenyl substitution in this series actually has a
weakly negative effect on the aromatase inhibitory activity.

Conclusion

An efficient total synthesis of (()-abyssinone II and a series
of abyssinone II-based flavonoid AIs has been successfully
carried out. A detailed study of aromatic prenylation provided
the foundation of this synthesis. Interestingly, all the flavanone
analogues reported here (8a, 8c-8k) show human aromatase
inhibitory activity that is superior to that of the racemic form
of the parent natural product, abyssinone II. Methylation of the
two phenols and elimination of the prenyl group of abyssinone
II resulted in the most active compound in the series8j.

Experimental Section

NMR spectra were determined at 300 MHz (1H) and 75 MHz
(13C) in CDCl3 using CHCl3 as internal standard. Flash chroma-
tography was performed with 230-400 mesh silica gel. TLC was
carried out using commercially available precoated glass silica gel
plates of 250µm thickness. Melting points are uncorrected. Unless
otherwise stated, chemicals and solvents were of reagent grade and
used as obtained from commercial sources without further purifica-
tion. THF and diethyl ether were freshly distilled from sodium/
benzophenone ketyl radical prior to use. Benzene was distilled from
phosphorus pentoxide and acetone was freshly distilled from
potassium carbonate prior to use.

2-Bromo-4-(1,3-dioxolan-2-yl)phenol (3a).Compound3a was
isolated as a crystalline solid in 95% yield using a literature
procedure, as described in reference 26.

2-[3-Bromo-4-(methoxymethoxy)phenyl]-1,3-dioxolane (4a).
Compound4a was isolated as a colorless liquid in 94% yield
according to literature procedure, as described in reference 26.

2-(3-Bromo-4-methoxyphenyl)-1,3-dioxolane (4b).Compound
4b was isolated as colorless oil in 91% yield according to literature
procedure, as described in reference 25.

General Prenylation Procedure to Synthesize Compounds
5a-5d. Diprotected bromo compound (6.9 mmol) was dissolved
in benzene (18 mL) and anhydrous ether (36 mL) and ground 5 Å
molecular sieves (1.0 g) were added. After a dropwise addition of
n-BuLi (3.2 mL, 2.5 M in hexanes, 8.0 mmol) at 0°C, the reaction
mixture was stirred for another 30 min at room temperature, and
then solid CuBr‚DMS (700 mg, 3.5 mmol) was added carefully
while cooling the reaction mixture on an ice water bath. The reaction
mixture was allowed to stir for 60 min at room temperature and
then prenyl bromide (1.0 mL, 8.3 mmol) was added. After the
reaction mixture was stirred for 5 h, it was quenched by the addition
of saturated NH4Cl (10 mL), followed by addition of 1 N HCl (10
mL), and the mixture was stirred for 20 min. The aqueous layer
was extracted with ether and the ether extract was washed with
20% aqueous acetic acid (20 mL) and then concentrated in vacuo.
Most of the ketal converted to aldehyde during this process. The
initial oil was dissolved in CH2Cl2 (15 mL), SiO2 (1.0 g) was added,
and the mixture was stirred for 30 min at room temperature for
complete ketal deprotection. The solvent was removed and the solid
was chromatographed on a silica gel column (2× 12 in., containing
140 g of SiO2, particle size 40-63 µm), eluting with 25% ethyl
acetate in hexanes, to afford prenylated aldehyde as a light yellow
oil.

Scheme 4a

a Reagents and conditions: (i) K2CO3, Me2CO, Me2SO4, room temper-
ature or (ii) K2CO3, Me2CO, prenyl bromide, room temperature.

Scheme 5a

a Reagents and conditions: (i) K2CO3, Me2CO, MOMCI, room temper-
ature; (ii) K2CO3, Me2CO, Me2SO4, room temperature.
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4-(Methoxymethoxy)-3-(3-methylbut-2-enyl)benzaldehyde (5a).
The compound was isolated as clear light yellow oil in 83% yield.
Rf ) 0.58 (25% EtOAc-hexanes); IR (neat) 2912, 1689, 1599,
1494, 1255, 1151 cm-1; 1H NMR (300 MHz, CDCl3) δ 9.83 (s, 1
H), 7.64 (m, 2 H), 7.14 (d,J ) 9.3 Hz, 1 H), 5.26 (s, 2 H), 5.25
(m, 1 H), 3.45 (s, 3 H), 3.34 (d,J ) 7.2 Hz, 2 H), 1.72 (s, 3 H),
1.69 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 191.2, 159.8, 133.4,
131.5, 130.6, 130.3, 130.2, 121.3, 113.1, 93.9, 56.2, 28.5, 25.8,
17.7; EIMS (m/z, rel intensity) 234 (M+, 17), 202 (100), 187 (62),
173 (36), 159 (56), 91 (27); HRMSm/z calcd for C14H18O3,
234.1256; found, 234.1255.

4-Methoxy-3-(3-methylbut-2-enyl)benzaldehyde (5b).The com-
pound was isolated as clear light yellow oil in 85% yield.Rf )
0.62 (25% EtOAc-hexanes); IR (neat) 2966, 2914, 2733, 1687,
1599, 1579, 1497, 1441, 1255, 1160 cm-1; 1H NMR (CDCl3) δ
9.79 (s, 1 H), 7.63 (m, 2 H), 6.87 (d,J ) 8.4 Hz, 1 H), 5.24 (t,J
) 7.2 Hz, 2 H), 3.85 (s, 3 H), 3.28 (d,J ) 1.2 Hz, 2 H), 1.70 (s,
3 H), 1.65 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 190.9, 162.2,
133.3, 130.8, 130.5, 130.0, 129.4, 121.1, 114.1, 55.5, 28.0, 25.6,
17.6; HRMSm/z calcd for C13H16O2, 204.1150; found, 204.1149.

4-Methoxybenzaldehyde (5g).Compound5g was isolated as a
colorless solid in 90% yield according to the literature procedure,
as described in reference 34.

4-(3-Methylbut-2-enyloxy)benzaldehyde (5h).Compound5h
was isolated as a colorless liquid in 92% yield according to the
literature procedure, as described in reference 35.

1-[2-Hydroxy-4-(methoxymethoxy)phenyl]ethanone (6a).A
mixture of 2,4-dihydroxy acetophenone (2.0 g, 13.2 mmol) and
oven-dried potassium carbonate (4.0 g, 30.0 mmol) in dry acetone
(30 mL) was stirred for 10 min. MOMCl (1.62 mL, 17.2 mmol)
was added dropwise to the reaction mixture, and the mixture was
stirred at room temperature for 24 h. Solvent was evaporated under
reduced pressure and water (25 mL) was added. The mixture was
extracted with chloroform (3× 100 mL) and the organic phase

Scheme 6a

a Reagents and conditions: (i) 60% aq KOH (w/v)/MeOH, room temperature, 24-36 h; (ii) HCl, MeOH, room temperature, 18-24 h; (iii) NaOAc,
EtOH, reflux, 24-48 h.

Scheme 7a

a Reagents and conditions: (i) 60% aq KOH (w/v)/MeOH, room
temperature, 24-36 h; (ii) NaOAc, EtOH, reflux, 24-48 h.

Scheme 8a

a Reagents and conditions: (i) LiHMDS, THF,-20 °C to room
temperature; (ii) aq NH4Cl.

2802 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 12 Maiti et al.



was dried over Na2SO4 and evaporated under reduced pressure.
The residue was column chromatographed on silica gel eluting with
20% ethyl acetate in hexanes to afford acetophenone6a (2.2 g,
87% yield) as a very low melting solid.Rf ) 0.51 (25% EtOAc-
hexanes); mp 38-39 °C; IR (KBr) 2959, 2829, 1632, 1579, 1504,
1367, 1262, 1142 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.59 (d,J
) 8.7 Hz, 1 H), 6.51 (m, 2 H), 5.15 (s, 2 H), 3.42 (s, 3 H), 2.51 (s,
3 H); 13C NMR (75 MHz, CDCl3) δ 202.6, 164.7, 163.4, 132.3,
114.6, 108.0, 103.6, 93.8, 56.2, 26.1; EIMS (m/z, rel intensity) 196
(M+, 100), 181 (6), 164 (9), 151 (32), 137 (24).

1-(2-Hydroxy-4-methoxyphenyl)ethanone (6b).Compound6b
was prepared in 88% yield as a crystalline solid using the procedure
described in reference 37.

General Procedure for the Synthesis of Chalcones 7a, 7c, 7e,
and 7g-7k. A solution of 60% aqueous KOH (1.5 mL) was added
dropwise to a well-stirred mixture of acetophenone6 (1.0 mmol)
and aldehyde5 (1.0 mmol) at room temperature. After 24-36 h,
the pH of the reaction mixture was brought back to 7.0 by the
careful addition of 1 N HCl solution (∼5 mL). The aqueous layer
was extracted with ethyl acetate, washed with brine, dried (Na2-
SO4), and then concentrated in vacuo. The residue was column
chromatographed on silica gel, eluting with 15% ethyl acetate in
hexanes, to afford chalcones7 in high yield.

1-[2-Hydroxy-4-(methoxymethoxy)phenyl]-3-(4-[meth-
oxymethoxy)-3-(3-methylbut-2-enylphenyl]prop-2-en-1-one (7a).
The compound was isolated as a yellow semisolid in 76% yield.
Rf ) 0.26 (15% EtOAc-hexanes); IR (neat) 2910, 1634, 1571,
1497, 1359, 1242, 1151, 1077, 997 cm-1; 1H NMR (300 MHz,
CDCl3) δ 7.84 (dd,J ) 12.3, 3.3 Hz, 2 H), 7.44 (m, 3 H), 7.07 (d,
J ) 9.0 Hz, 1 H), 6.60 (m, 2 H), 5.28 (t,J ) 7.2 Hz, 1 H), 5.22 (s,
2 H), 5.19 (s, 2 H), 3.45 (s, 6 H), 3.34 (d,J ) 7.2 Hz, 2 H), 1.73
(s, 3 H), 1.72 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 192.0, 166.0,
163.3, 157.1, 144.7, 133.0, 131.3, 130.1, 128.0, 127.8, 121.8, 117.8,
114.9, 113.7, 108.0, 103.8, 93.9, 56.3, 56.1, 28.6, 25.7, 17.8; EIMS
(m/z, rel intensity) 412 (M+, 81), 380 (12), 367 (16), 219 (67), 187
(100), 181 (55), 151 (36), 69 (45); HRMSm/z calcd for C24H28O6,
412.1886; found, 412.2884. Anal. (C24H28O6‚1.75H2O) C, H.

1-[2-Hydroxy-4-(methoxymethoxy)phenyl]-3-[4-methoxy-3-(3-
methylbut-2-enyl)phenyl]prop-2-en-1-one (7c).The compound
was isolated as yellow solid in 65% yield: mp 53-55 °C; Rf )
0.52 (20% EtOAc-hexanes); IR (neat) 2912, 2837, 1682, 1634,
1568, 1502, 1361, 1255, 1233, 1155, 1079, 999 cm-1; 1H NMR
(300 MHz, CDCl3) δ 7.84 (d,J ) 5.8 Hz, 1 H), 7.80 (s, 1 H), 7.46
(dd,J ) 9.0, 2.4 Hz, 1 H), 7.42 (d,J ) 5.1 Hz, 1 H), 7.38 (s, 1 H),
6.85 (d,J ) 8.4 Hz, 1 H), 6.60 (d,J ) 2.1 Hz, 1 H), 6.56 (dd,J

) 8.7, 2.1 Hz, 1 H), 5.27 (t,J ) 6.9 Hz, 1 H), 5.19 (s, 2 H), 3.85
(s, 3 H), 3.46 (s, 3 H), 3.31 (d,J ) 7.2 Hz, 2 H), 1.74 (s, 3 H),
1.70 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 191.9, 166.0, 163.2,
159.6, 144.9, 133.0, 131.1, 130.7, 129.6, 128.3, 126.9, 121.6, 117.1,
114.9, 110.2, 107.9, 103.8, 93.8, 56.2, 55.4, 28.3, 25.7, 17.7; CIMS
(m/z, rel intensity) 383 (MH+, 100), 351 (12), 327 (17), 229 (30),
181 (51), 151 (11); HRMSm/zcalcd for C23H26O5, 382.1780; found,
382.1783. Anal. (C23H26O5‚1.0H2O) C, H.

1-(2-Hydroxy-4-methoxyphenyl)-3-[4-(methoxymethoxy)-3-(3-
methylbut-2-enyl)phenyl]prop-2-en-1-one (7e).The compound
was isolated as yellow semisolid in 80% yield.Rf ) 0.55 (25%
EtOAc-hexanes); IR (neat) 2923, 2853, 1634, 1578, 1497, 1363,
1221, 1152, 1129, 1078 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.83
(d, J ) 7.2 Hz, 2 H), 7.42 (m, 3 H), 7.06 (d,J ) 8.4 Hz, 1 H),
6.47 (d,J ) 2.7 Hz, 1 H), 6.44 (d,J ) 2.4 Hz, 1 H), 5.29 (t,J )
6.9 Hz, 1 H), 5.23 (s, 2 H), 3.82 (s, 3 H), 3.45 (s, 3 H), 3.33 (d,J
) 7.2 Hz, 2 H), 1.73 (s, 3 H), 1.71 (s, 3 H);13C NMR (75 MHz,
CDCl3) δ 191.9, 166.5, 165.9, 157.0, 144.6, 133.0, 131.3, 131.1,
130.1, 128.1, 127.8, 121.8, 117.9, 114.1, 113.7, 107.6, 101.0, 94.0,
56.1, 55.5, 28.7, 25.8, 17.8; EIMS (m/z, rel intensity) 382 (M+,
44), 350 (7), 337 (11), 219 (30), 187 (52), 151 (100), 69 (83);
HRMS m/z calcd for C23H26O5, 382.1780; found, 382.1779. Anal.
(C23H26O5‚0.5H2O) C, H.

1-(2-Hydroxy-4-methoxyphenyl)-3-[4-methoxy-3-(3-methylbut-
2-enyl)phenyl]prop-2-en-1-one(7g). The compound was isolated
as yellow solid in 75% yield: mp 82-84 °C; Rf ) 0.48 (25%
EtOAc-hexanes); IR (neat) 2964, 2944, 1633, 1567, 1504, 1442,
1362, 1252, 1219, 1128, 1121 cm-1; 1H NMR (300 MHz, CDCl3)
δ 7.83 (d,J ) 8.7 Hz, 1 H), 7.79 (d,J ) 2.1 Hz, 1 H), 7.47 (dd,
J ) 8.1, 2.1 Hz, 1 H), 7.42 (d,J ) 4.8 Hz, 1 H), 7.39 (d,J ) 8.7
Hz, 1 H), 6.85 (d,J ) 9.0 Hz, 1 H), 6.48 (d,J ) 2.4 Hz, 1 H),
6.44 (d,J ) 2.4 Hz, 1 H), 5.27 (t,J ) 7.2 Hz, 1 H), 3.85 (s, 3 H),
3.83 (s, 3 H), 3.31 (d,J ) 7.2 Hz, 2 H), 1.74 (s, 3 H), 1.70 (s, 3
H); 13C NMR (75 MHz, CDCl3) δ 191.9, 166.5, 165.9, 159.6, 144.8,
133.1, 131.0, 130.8, 129.6, 128.3, 127.1, 121.7, 117.3, 110.3, 107.5,
106.4, 101.0, 55.563, 55.527, 28.4, 25.8, 17.8; EIMS (m/z, rel
intensity) 352 (M+, 100), 321 (25), 283 (14), 202 (18), 189 (100),
115 (18), 69 (35); HRMSm/zcalcd for C22H24O4, 352.1675; found,
324.1675. Anal. (C22H24O4‚3.0H2O) C, H.

1-(2-Hydroxyphenyl)-3-[4-methoxy-3-(3-methylbut-2-enyl)-
phenyl]prop-2-en-1-one (7h).The compound was isolated as
yellow solid in 55% yield: mp 74-76 °C; Rf ) 0.5 (15% EtOAc-
hexanes); IR (neat) 3428, 2934, 1714, 1661, 1497, 1416, 1391,
1256, 1103 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.90 (d,J ) 5.4
Hz, 1 H), 7.84 (s, 1 H), 7.50 (m, 3 H), 7.43 (s, 1 H), 6.99 (d,J )
8.1 Hz, 1 H), 6.91 (t,J ) 7.5 Hz, 1 H), 6.85 (d,J ) 8.4 Hz, 1 H),
5.28 (t,J ) 7.2 Hz, 1 H), 3.86 (s, 3 H), 3.31 (d,J ) 7.2 Hz, 2 H),
1.74 (s, 3 H), 1.70 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 193.7,
163.5, 159.9, 145.9, 136.0, 133.2, 130.9, 129.8, 129.5, 128.5, 126.9,
121.6, 120.1, 118.7, 117.1, 110.3, 55.5, 28.4, 25.8, 17.8; EIMS (m/
z, rel intensity) 322 (M+, 35), 291 (10), 253 (14), 189 (34), 171
(12), 147 (31), 121 (89), 115 (24), 69 (100); HRMSm/z calcd for
C21H22O3, 322.1569; found, 322.1575. Anal. (C21H22O3‚0.25H2O)
C, H.

1-(2-Hydroxy-4-methoxyphenyl)-3-[3-(3-methylbut-2-enyl)-
phenyl]prop-2-en-1-one (7i).The compound was isolated as yellow
semisolid in 81% yield.Rf ) 0.5 (15% EtOAc-hexanes); IR (neat)
3420, 2964, 1634, 1574, 1505, 1441, 1359, 1260, 1233, 1127 cm-1;
1H NMR (300 MHz, CDCl3) δ 7.82 (m, 2 H), 7.47 (m, 3 H), 7.30
(t, J ) 7.5 Hz, 1 H), 7.21 (d,J ) 8.7 Hz, 1 H), 6.47 (d,J ) 2.1
Hz, 1 H), 6.44 (s, 1 H), 5.31 (t,J ) 6.0 Hz, 1 H), 3.82 (s, 3 H),
3.35 (d,J ) 7.2 Hz, 2 H), 1.74 (s, 3 H), 1.71 (s, 3 H);13C NMR
(75 MHz, CDCl3) δ 191.8, 166.6, 166.1, 144.7, 142.6, 134.7, 133.2,
131.2, 130.8, 128.9, 128.6, 125.8, 122.5, 120.0, 114.0, 107.7, 101.0,
55.5, 34.1, 25.7, 17.8; EIMS (m/z, rel intensity) 322 (M+, 74), 305
(6), 253 (22), 177 (100), 151 (77), 115 (18), 95 (18), 69 (24); HRMS
m/zcalcd for C21H22O3, 322.1569; found, 322.1567. Anal. (C21H22O3‚
1.25H2O) C, H.

1-(2-Hydroxy-4-methoxyphenyl)-3-(4-methoxyphenyl)prop-2-
en-1-one (7j). The compound was isolated as a bright yellow
crystalline solid in 85% yield: mp 106-108 °C; Rf ) 0.52 (15%

Table 2. Inhibition of Aromatase by Abyssinone II and Its Analogues

cmpd IC50 (µM)

7a >242.4
8a 13.95( 6.09
7b >308.3
8b 40.95( 11.31
7c >261.5
8c 7.67( 3.27
7d 82.94( 44.27
8d 4.08( 2.10
7e >261.5
8e 25.14( 6.38
7f >295.5
8f 4.75( 0.61
7g >283.75
8g 3.67( 1.61
7h >310.17
8h 12.10( 3.24
7i >310.2
8i 4.67( 2.15
7j >351.7
8j 1.86( 0.37
7k >271.4
8k 28.65( 7.96
9 54.67( 11.93

aminoglutethimide 0.27
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EtOAc-hexanes); IR (KBr) 3002, 2956, 2935, 2832, 1632, 1569,
1510, 1442, 1365, 1283, 1258, 1220, 1171, 1128 cm-1; 1H NMR
(300 MHz, CDCl3) δ 7.81 (m, 2 H), 7.58 (m, 2 H), 7.43 (d,J )
15.3 Hz, 1 H), 6.91 (m, 2 H), 3.83 (s, 3 H), 3.82 (s, 3 H);13C
NMR (75 MHz, CDCl3) δ 191.8, 166.5, 165.9, 161.7, 144.2, 131.0,
130.3, 127.4, 117.7, 114.4, 114.1, 107.5, 101.0, 55.5, 55.4; ESIMS
(m/z, rel intensity) 285 (MH+, 100), 267 (1), 239 (1), 160 (10),
151 (14), 150 (9); HRMSm/zcalcd for C17H16O4, 284.1049; found,
284.1047. Anal. (C17H16O4) C, H.

1-(2-Hydroxy-4-methoxyphenyl)-3-[4-(3-methylbut-2-enylox-
y)phenyl]prop-2-en-1-one (7k).The compound was isolated as a
bright yellow crystalline solid in 80% yield: mp 95-97 °C; Rf )
0.5 (15% EtOAc-hexanes); IR (KBr) 3052, 2917, 2849, 1633,
1604, 1578, 1566, 1508, 1363, 1264, 1219, 1172, 1128, 1019 cm-1;
1H NMR (300 MHz, CDCl3) δ 7.82 (m, 2 H), 7.57 (m, 2 H), 7.44
(d, J ) 15.6 Hz, 1 H), 6.93 (m, 2 H), 6.44 (m, 2 H), 5.46 (m, 1 H),
4.53 (d,J ) 6.6 Hz, 2 H), 3.82 (s, 3 H), 1.78 (s, 3 H), 1.73 (s, 3
H); 13C NMR (75 MHz, CDCl3) δ 191.8, 166.5, 165.9, 161.1, 144.3,
138.8, 131.0, 130.3, 127.3, 119.0, 117.6, 115.0, 114.0, 107.5, 101.0,
64.9, 55.5, 25.8, 18.2; ESIMS (m/z, rel intensity) 339 (MH+, 100),
271 (30), 215 (7), 151 (1); HRMSm/zcalcd for C17H16O4, 284.1049;
found, 284.1047. Anal. (C17H16O4) C, H.

General Procedure for Deprotection of the MOM Group
from Chalcones to Synthesize 7b, 7d, and 7f.Concd HCl (0.25
mL/MOM group) was added to a solution of chalcone (1 mmol) in
methanol (10 mL) at room temperature, and the reaction mixture
was stirred for 18-24 h until disappearance of starting material
occurred. The solvent was evaporated under reduced pressure, and
the residue was column chromatographed on silica gel, eluting with
25% ethyl acetate in hexanes, to afford flavanone in high yield.

1-(2,4-Dihydroxyphenyl)-3-[4-hydroxy-3-(3-methylbut-2-enyl)-
phenyl]-prop-2-en-1-one (7b).The compound was isolated as a
bright reddish-yellow crystalline solid in 95% yield: mp 167-
168 °C; Rf ) 0.47 (25% EtOAc-hexanes); IR (KBr) 3302, 2966,
2925, 1625, 1501, 1365, 1227, 1132 cm-1; 1H NMR (300 MHz,
CD3OD) δ 7.86 (d,J ) 9.3 Hz, 1 H), 7.67 (d,J ) 14.7 Hz, 1 H),
7.47 (d,J ) 14.7 Hz, 1 H), 7.34 (dd,J ) 2.4, 8.4, 1 H), 7.33 (m,
1 H), 6.72 (d,J ) 8.1 Hz, 1 H), 6.32 (dd,J ) 8.7, 2.7 Hz, 1 H),
6.18 (d,J ) 2.1, 1 H), 5.24 (t,J ) 7.2 Hz, 1 H), 3.22 (m, 2 H),
1.658 (s, 3 H), 1.654 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 192.2,
166.0, 163.1, 157.0, 145.1, 135.3, 132.0, 131.0, 128.3, 127.7, 121.0,
117.2, 116.2, 114.1, 108.0, 103.6, 29.4, 25.7, 17.9, 14.0; EIMS (m/
z, rel intensity) 324 (M+, 46), 268 (8), 188 (20), 175 (100), 137
(77), 69 (34); HRMSm/z calcd for C20H20O4, 324.1362; found,
324.1357. Anal. (C20H20O4‚0.25H2O) C, H.

1-(2,4-Dihydroxyphenyl)-3-[4-methoxy-3-(3-methylbut-2-enyl)-
phenyl]prop-2-en-1-one (7d).The compound was isolated as light
yellow solid in 85% yield.Rf ) 0.45 (25% EtOAc-hexanes); mp
166-168°C; IR (KBr) 3306, 2928, 1630, 1601, 1564, 1500, 1370,
1255, 1230, 1141 cm-1; 1H NMR (300 MHz, (CD3)2CO) δ 9.51
(s, 1 H), 8.07 (d,J ) 8.4 Hz, 1 H), 7.78 (m, 4 H), 7.02 (d,J ) 8.4
Hz, 1 H), 6.44 (d,J ) 8.7 Hz, 1 H), 6.34 (dd,J ) 3.0, 16.2 Hz, 1
H), 5.30 (t,J ) 7.2 Hz, 1 H), 3.89 (s, 3 H), 3.33 (d,J ) 7.2 Hz,
2 H), 1.72 (s, 3 H), 1.70 (s, 3 H);13C NMR (75 MHz, (CD3)2CO)
δ 192.5, 167.3, 165.8, 160.4, 145.0, 134.1, 133.0, 132.6, 131.1,
130.6, 129.4, 127.9, 122.9, 118.4, 114.2, 111.3, 108.4, 103.5, 55.7,
25.6, 17.6; negative ESIMS (m/z, rel intensity) 337 (M- H+, 100);
positive ESIMS (m/z, rel intensity) 339 (MH+, 79), 322 (100);
HRESIMS m/z calcd for C21H23O4, 339.1591; found, 339.1591.
Anal. (C21H22O4‚2.25H2O) C, H.

3-[4-Hydroxy-3-(3-methylbut-2-enyl)phenyl]-1-(2-hydroxy-4-
methoxyphenyl)prop-2-en-1-one (7f).The compound was isolated
as a yellow solid in 89% yield: mp 80-82 °C; Rf ) 0.34 (20%
EtOAc-hexanes); IR (neat) 3317, 2923, 2852, 1628, 1571, 1504,
1365, 1242, 1154, 1129 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.83
(d, J ) 3.9 Hz, 1 H), 7.78 (m, 1 H), 7.41 (m, 3 H), 6.82 (d,J ) 8.1
Hz, 1 H), 6.47 (d,J ) 2.7 Hz, 1 H), 6.44 (br s, 1 H), 5.51 (s, 1 H),
5.30 (t,J ) 7.2 Hz, 1 H), 3.82 (s, 3 H), 3.36 (d,J ) 6.6 Hz, 2 H),
1.775 (s, 3 H), 1.772 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 191.9,
166.5, 165.9, 156.9, 144.6, 136.4, 135.7, 130.9, 128.3, 127.4, 121.0,
117.5, 116.3, 114.1, 107.6, 106.4, 101.0, 55.5, 29.7, 25.8, 17.9;

EIMS (m/z, rel intensity) 338 (M+, 53), 282 (9), 165 (100), 151
(100), 133 (27), 69 (34); HRMSm/zcalcd for C21H22O4, 338.1518;
found, 338.1513. Anal. (C21H22O4‚3.1H2O) C, H.

General Procedure for the Synthesis of Flavanones 8a-8k.
Chalcones7a-7k (0.2 mmol) and sodium acetate (2.0 mmol) were
heated in refluxing ethanol (2 mL) for 24-48 h. The mixture was
then allowed to cool to room temperature and poured into ice water
(10 mL) and extracted with CH2Cl2 (3 × 10 mL). The combined
organic phase was washed with brine, dried over Na2SO4, and then
concentrated in vacuo. The residue was column chromatographed
on silica gel, eluting with 15-25% ethyl acetate in hexanes, to
afford flavanones8a-8k.

7-(Methoxymethoxy)-2-[4-(methoxymethoxy)-3-(3-methylbut-
2-enyl)phenyl]-chroman-4-one (8a).The compound was isolated
as a clear light yellow oil in 45% (isolated) and 91% (based on
recovered starting material) yield.Rf ) 0.25 (15% EtOAc-
hexanes); IR (neat) 2931, 1682, 1608, 1573, 1496, 1447, 1360,
1247, 1153, 1130, 1079 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.85
(d, J ) 8.7 Hz, 1 H), 7.24 (m, 2 H), 7.09 (d,J ) 8.1 Hz, 1 H),
6.68 (m, 2 H), 5.39 (dd,J ) 13.5, 2.7 Hz, 1 H), 5.31 (t,J ) 7.2
Hz, 1 H), 5.21 (s, 2 H), 5.18 (s, 2 H), 3.47 (s, 3 H), 3.46 (s, 3 H),
3.36 (d,J ) 7.2 Hz, 2 H), 3.03 (dd,J ) 13.5, 3.3 Hz, 1 H), 2.78
(dd,J ) 16.8, 2.7 Hz, 1 H), 1.73 (s, 3 H), 1.71 (s, 3 H);13C NMR
(75 MHz, CDCl3) δ 191.1, 163.5, 163.3, 155.2, 132.8, 131.6, 131.2,
128.7, 127.7, 125.0, 122.0, 115.6, 113.8, 111.0, 103.6, 94.2, 94.0,
79.8, 56.3, 56.0, 44.1, 28.7, 25.8, 17.8; EIMS (m/z, rel intensity)
412 (M+, 59), 380 (37), 335 (4), 219 (48), 187 (100), 151 (19),
115 (12), 69 (22); HRMSm/zcalcd for C24H28O6, 412.1886; found,
412.1876. Anal. (C24H28O4‚1.5H2O) C, H.

7-Hydroxy-2-[4-hydroxy-3-(3-methylbut-2-enyl)phenyl]chro-
man-4-one [(()-Abyssinone II, 8b]. The compound was isolated
as a bright yellow crystalline solid in 55% (isolated) and 96% (based
on recovered starting material) yield: mp 76-78 °C; Rf ) 0.47
(25% EtOAc-hexanes); IR (KBr) 3301, 1927, 1599, 1504, 1367,
1237, 1128, 1028 cm-1; 1H NMR (300 MHz, CD3OD) δ 7.68 (d,
J ) 8.7 Hz, 1 H), 7.13 (m, 2 H), 6.76 (d,J ) 8.7 Hz, 1 H), 6.48
(dd, J ) 2.3, 8.7 Hz, 1 H), 6.33 (d,J ) 2.3 Hz, 1 H), 5.35 (dd,J
) 2.8, 13.4 Hz, 1 H), 5.31 (t,J ) 7.2 Hz, 1 H), 3.29 (d,J ) 7.2
Hz, 2 H), 3.02 (dd,J ) 3.7, 13.4 Hz, 1 H), 2.67 (dd,J ) 2.9, 16.9
Hz, 1 H), 1.72 (s, 3 H), 1.70 (s, 3 H);13C NMR (75 MHz, CD3-
OD) δ 193.5, 166.7, 165.5, 156.5, 133.1, 131.1, 129.8, 129.4, 128.9,
126.1, 123.7, 115.6, 114.9, 111.6, 103.8, 81.1, 44.9, 29.3, 25.9,
17.8; EIMS (m/z, rel intensity) 324 (M+, 53), 307 (15), 255 (10),
189 (6), 175 (100), 137 (87), 69 (49); HRMSm/z calcd for
C20H20O4, 324.1362; found, 324.1353. Anal. (C20H20O4‚0.6H2O)
C, H.

2-[4-Methoxy-3-(3-methylbut-2-enyl)phenyl]-7-(meth-
oxymethoxy)chroman-4-one (8c).The compound was isolated as
a clear light yellow oil in 45% (isolated) and 89% (based on
recovered starting material) yield.Rf ) 0.5 (20% EtOAc-hexanes);
IR (neat) 2962, 1683, 1610, 1574, 1503, 1446, 1333, 1251, 1154,
1128, 1081 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.87 (d,J ) 8.7
Hz, 1 H), 7.26 (m, 2 H), 6.88 (d,J ) 8.1 Hz, 1 H), 6.89 (m, 2 H),
5.39 (dd,J ) 13.8, 2.7 Hz, 1 H), 5.31 (t,J ) 6.0 Hz, 1 H), 5.19
(s, 2 H), 3.85 (s, 3 H), 3.47 (s, 3 H), 3.34 (d,J ) 6.9 Hz, 2 H),
3.06 (dd,J ) 13.8, 3.3 Hz, 1 H), 2.78 (dd,J ) 14.4, 2.7 Hz, 1 H),
1.75 (s, 3 H), 1.71 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 191.1,
163.5, 163.3, 157.6, 132.8, 130.5, 130.3, 128.8, 127.4, 125.0, 121.9,
115.5, 110.9, 110.1, 103.5, 93.9, 79.9, 56.3, 55.4, 44.1, 28.4, 25.7,
17.7; EIMS (m/z, rel intensity) 382 (M+, 100), 351 (26), 337 (13),
207 (15), 202 (29), 189 (85), 147 (28), 115 (29), 91 (32), 69 (26),
55(15); HRMSm/zcalcd for C23H26O5, 382.1780; found, 382.1781.
Anal. (C23H26O5) C, H.

7-Hydroxy-2-[4-methoxy-3-(3-methylbut-2-enyl)phenyl]chro-
man-4-one (8d).The compound was isolated as a light yellow oil
in 30% (isolated) and 90% (based on recovered starting material)
yield. Rf ) 0.44 (25% EtOAc-hexanes); IR (neat) 3218, 2963,
2927, 1660, 1600, 1504, 1463, 1330, 1257, 1157, 1122 cm-1; 1H
NMR (300 MHz, CDCl3) δ 7.83 (d,J ) 8.7 Hz, 1 H), 7.23 (dd,J
) 8.4, 2.1 Hz, 1 H), 7.21 (d,J ) 2.4 Hz, 1 H), 6.85 (d,J ) 8.4
Hz, 1 H), 6.52 (dd,J ) 7.2, 1.2 Hz, 1 H), 6.44 (d,J ) 2.1 Hz, 1
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H), 5.35 (dd,J ) 13.2, 2.7 Hz, 1 H), 5.26 (t,J ) 7.2 Hz, 1 H),
3.82 (s, 3 H), 3.32 (d,J ) 7.2 Hz, 2 H), 3.06 (dd,J ) 13.2, 3.9
Hz, 1 H), 2.77 (dd,J ) 17.1, 3.0 Hz, 1 H), 1.71 (s, 3 H), 1.68 (s,
3 H); 13C NMR (75 MHz, CDCl3) δ 190.3, 167.4, 163.9, 157.7,
132.9, 130.6, 130.2, 129.3, 127.5, 125.1, 121.8, 118.1, 110.2, 103.4,
79.8, 55.4, 28.4, 25.8, 17.7; EIMS (m/z, rel intensity) 338 (M+,
100), 307 (20), 269 (17), 189 (76), 137 (51), 115 (25), 69 (23);
HRMS m/z calcd for C21H22O4, 338.1518; found, 338.1522. Anal.
(C21H22O4‚3.25H2O) C, H.

7-Methoxy-2-[4-(methoxymethoxy)-3-(3-methylbut-2-enyl)-
phenyl]chroman-4-one (8e).The compound was isolated as a clear
light yellow oil in 50% (isolated) and 97% (based on recovered
starting material) yield.Rf ) 0.53 (25% EtOAc-hexanes); IR (neat)
2911, 1686, 1610, 1574, 1503, 1446, 1374, 1332, 1292, 1250, 1154,
1128 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.84 (d,J ) 9.3 Hz, 1
H), 7.23 (m, 2 H), 7.07 (d,J ) 8.4 Hz, 1 H), 6.57 (dd,J ) 8.7, 2.7
Hz, 1 H), 6.44 (d,J ) 2.4 Hz, 1 H), 5.36 (dd,J ) 13.2, 3.0 Hz, 1
H), 5.27 (t,J ) 7.8 Hz, 1 H), 5.20 (s, 2 H), 3.80 (s, 3 H), 3.45 (s,
3 H), 3.34 (d,J ) 7.2 Hz, 2 H), 3.03 (dd,J ) 13.2, 3.6 Hz, 1 H),
2.75 (dd,J ) 17.1, 3.3 Hz, 1 H), 1.70 (s, 3 H), 1.69 (s, 3 H);13C
NMR (75 MHz, CDCl3) δ 190.9, 166.1, 163.6, 155.2, 132.8, 131.6,
131.2, 128.7, 127.7, 125.0, 122.0, 114.7, 113.8, 110.1, 100.8, 94.2,
79.9, 55.9, 55.6, 44.1, 28.7, 25.8, 17.8; positive ESIMS (m/z, rel
intensity) 383 (MH+, 100), 351 (15), 283 (16), 214 (10), 150 (14);
HRMS m/z calcd for C23H26O5, 382.1780; found, 382.1778. Anal.
(C23H26O5‚0.25H2O) C, H.

2-[4-Hydroxy-3-(3-methylbut-2-enyl)phenyl]-7-methoxychro-
man-4-one (8f).The compound was isolated as a yellow semisolid
in 40% (isolated) and 88% (based on recovered starting material)
yield. Rf ) 0.31 (20% EtOAc-hexanes); IR (neat) 3338, 2924,
1663, 1605, 1573, 1508, 1443, 1364, 1335, 1260, 1159, 1115 cm-1;
1H NMR (300 MHz, CDCl3) δ 7.84 (m, 1 H), 7.37 (m, 2 H), 6.84
(m, 1 H), 6.57 (dd,J ) 8.7, 2.1 Hz, 1 H), 6.45 (m, 1 H), 5.82 (s,
1 H), 5.31 (m, 2 H), 3.79 (s, 3 H), 3.45 (s, 3 H), 3.35 (d,J ) 6.6
Hz, 2 H), 3.03 (dd,J ) 13.8, 3.3 Hz, 1 H), 2.76 (dd,J ) 16.8, 2.7
Hz, 1 H), 1.75 (s, 3 H), 1.74 (s, 3 H);13C NMR (75 MHz, CDCl3)
δ 190.7, 166.4, 163.0, 155.4, 132.7, 131.6, 130.7, 128.6, 126.1,
122.4, 116.3, 106.9, 101.3, 80.4, 56.1, 45.7, 26.3, 17.5; CIMS (m/
z, rel intensity) 339 (MH+, 73), 327 (9), 299 (24), 215 (15), 177
(76), 151 (38), 123 (11); HRMSm/zcalcd for C21H22O4, 338.1518;
found, 338.1520. Anal. (C21H22O4‚0.3H2O) C, H.

7-Methoxy-2-[4-methoxy-3-(3-methylbut-2-enyl)phenyl]chro-
man-4-one (8g).The compound was isolated as a clear light yellow
oil in 56% (isolated) and 99% (based on recovered starting material)
yield. Rf ) 0.47 (20% EtOAc-hexanes); IR (neat) 3341, 2924,
2851, 1679, 1607, 1499, 1443, 1334, 1254, 1159 cm-1; 1H NMR
(300 MHz, CDCl3) δ 7.83 (d,J ) 8.7 Hz, 1 H), 7.23 (dd,J ) 8.4,
2.1 Hz, 1 H), 7.19 (d,J ) 2.4 Hz, 1 H), 6.85 (d,J ) 8.1 Hz, 1 H),
6.58 (dd,J ) 8.7, 2.7 Hz, 1 H), 6.45 (d,J ) 2.4 Hz, 1 H), 5.37
(dd, J ) 13.8, 3.0 Hz, 1 H), 5.27 (t,J ) 7.2 Hz, 1 H), 3.82 (s, 3
H), 3.79 (s, 3 H), 3.31 (d,J ) 7.5 Hz, 2 H), 3.03 (dd,J ) 13.5, 3.3
Hz, 1 H), 2.75 (dd,J ) 17.1, 2.7 Hz, 1 H), 1.71 (s, 3 H), 1.68 (s,
3 H); 13C NMR (75 MHz, CDCl3) δ 190.9, 166.0, 163.6, 157.6,
132.8, 130.5, 130.3, 128.6, 127.5, 125.0, 121.9, 114.7, 110.1, 100.8,
79.9, 55.4, 44.2, 28.4, 25.8, 17.7; EIMS (m/z, rel intensity) 352
(M+, 73), 321 (21), 283 (11), 202 (25), 189 (100), 151 (55), 115
(22), 69 (17); HRMSm/z calcd for C22H24O4, 352.1675; found,
352.1676. Anal. (C22H24O4‚3.0H2O) C, H.

2-[4-Methoxy-3-(3-methylbut-2-enyl)phenyl]chroman-4-one
(8h). The compound was isolated as a clear light yellow oil in 65%
(isolated) and 97% (based on recovered starting material) yield.Rf

) 0.49 (15% EtOAc-hexanes); IR (neat) 2975, 1689, 1606, 1577,
1500, 1464, 1305, 1254, 1223, 1148, 1119 cm-1; 1H NMR (300
MHz, CDCl3) δ 7.92 (d,J ) 8.7 Hz, 1 H), 7.32 (m, 4 H), 7.15 (d,
J ) 7.2 Hz, 1 H), 6.56 (dd,J ) 8.7, 2.1 Hz, 1 H), 6.49 (s, 1 H),
5.39 (dd,J ) 13.2, 2.7 Hz, 1 H), 5.28 (t,J ) 7.2 Hz, 1 H), 5.20
(s, 2 H), 3.78 (s, 3 H), 3.33 (d,J ) 7.2 Hz, 2 H), 3.01 (dd,J )
13.8, 2.7 Hz, 1 H), 2.76 (dd,J ) 16.5, 2.1 Hz, 1 H), 1.71 (s, 3 H),
1.68 (s, 3 H);13C NMR (75 MHz, CDCl3) δ 192.4, 161.8, 157.6,
136.0, 132.9, 130.5, 130.2, 127.5, 126.9, 125.0, 121.9, 121.3, 120.8,
118.1, 110.1, 79.5, 55.4, 44.3, 28.4 25.7, 17.7; EIMS (m/z, rel

intensity) 322 (M+, 73), 267 (10), 253 (23), 189 (46), 147 (72),
121 (100), 92 (60), 65 (36), 55 (21). Anal. (C21H22O3) C, H.

7-Methoxy-2-[3-(3-methylbut-2-enyl)phenyl]chroman-4-one
(8i). The compound was isolated as a clear very light yellow oil in
55% (isolated) and 95% based on recovered starting material) yield.
Rf ) 0.48 (15% EtOAc-hexanes); IR (neat) 2923, 1683, 1607,
1574, 1442, 1259, 1158, 1113 cm-1; 1H NMR (300 MHz, CDCl3)
δ 7.82 (d,J ) 8.7 Hz, 1 H), 7.32 (m, 4 H), 7.15 (d,J ) 7.2 Hz,
1 H), 6.56 (dd,J ) 8.7, 2.1 Hz, 1 H), 6.49 (s, 1 H), 5.39 (dd,J )
13.2, 2.7 Hz, 1 H), 5.28 (t,J ) 7.2 Hz, 1 H), 5.20 (s, 2 H), 3.78
(s, 3 H), 3.33 (d,J ) 7.2 Hz, 2 H), 3.01 (dd,J ) 13.8, 2.7 Hz, 1
H), 2.76 (dd,J ) 16.5, 2.1 Hz, 1 H), 1.71 (s, 3 H), 1.68 (s, 3 H);
13C NMR (75 MHz, CDCl3) δ 190.6, 166.0, 163.5, 142.5, 138.7,
132.9, 128.8, 128.5, 126.2, 123.5, 122.6, 114.7, 110.1, 100.8, 80.1,
55.6, 44.2, 34.2, 25.7, 16.9; EIMS (m/z, rel intensity) 322 (M+,
88), 253 (29), 177 (100), 151 (77), 122 (55), 107 (53), 69 (71), 55
(73); HRMSm/z calcd for C21H22O3, 322.1569; found, 322.1571;
Anal. (C21H22O3‚0.2H2O) C, H.

7-Methoxy-2-(4-methoxyphenyl)chroman-4-one (8j).The com-
pound was isolated as a yellow solid in 65% (isolated) and 99%
(based on recovered starting material) yield: mp 79-81 °C; Rf )
0.5 (15% EtOAc-hexanes); IR (neat) 3003, 2961, 1680, 1609,
1574, 1515, 1444, 1275, 1257, 1158, 1113 cm-1; 1H NMR (300
MHz, CDCl3) δ 7.83 (d,J ) 8.7 Hz, 1 H), 7.36 (m, 2 H), 6.92 (m,
2 H), 6.57 (dd,J ) 8.7, 2.7 Hz, 1 H), 6.44 (d,J ) 2.4 Hz, 1 H),
5.37 (d,J ) 13.8, 3.3 Hz, 1 H), 3.79 (s, 3 H), 3.78 (s, 3 H), 3.01
(dd, J ) 13.2, 3.3 Hz, 1 H), 2.76 (dd,J ) 17.1, 3.0 Hz, 1 H);13C
NMR (75 MHz, CDCl3) δ 190.7, 166.0, 163.5, 159.8, 130.7, 128.6,
127.7, 114.7, 114.1, 110.1, 100.8, 79.7, 55.5, 55.3, 44.0; EIMS (m/
z, rel intensity) 284 (M+, 80), 269 (7), 177 (13), 134 (100), 121
(53), 108 (9), 91 (24); HRMSm/z calcd for C17H16O4, 284.1049;
found, 284.1051. Anal. (C17H16O4) C, H.

7-Methoxy-2-[4-(3-methylbut-2-enyloxy)phenyl]chroman-4-
one (8k).The compound was isolated as a solid in 50% (isolated)
and 88% (based on recovered starting material) yield: mp 108-
110 °C; Rf ) 0.31 (25% EtOAc-hexanes); IR (neat) 2917, 1723,
1680, 1609, 1513, 1444, 1385, 1257, 1158, 1113 cm-1; 1H NMR
(300 MHz, CDCl3) δ 7.83 (d,J ) 8.7 Hz, 1 H), 7.36 (m, 2 H),
6.93 (m, 2 H), 6.57 (dd,J ) 8.7, 2.1 Hz, 1 H), 6.44 (d,J ) 2.1 Hz,
1 H), 5.46 (m, 1 H), 5.37 (dd,J ) 13.2, 2.7 Hz, 1 H), 4.50 (d,J
) 6.6 Hz, 2 H), 3.79 (s, 3 H), 3.03 (dd,J ) 13.8, 3.9 Hz, 1 H),
2.76 (dd,J ) 17.1, 3.3 Hz, 1 H), 1.77 (s, 3 H), 1.72 (s, 3 H);13C
NMR (75 MHz, CDCl3) δ 190.8, 166.1, 163.5, 159.1, 138.4, 130.6,
128.6, 127.6, 119.3, 114.8, 110.1, 100.8, 79.7, 64.7, 55.5, 44.0,
25.8, 18.1; CIMS (m/z, rel intensity) 339 (MH+, 100), 299 (5), 271
(30), 215 (6), 177 (32), 151 (6); HRMSm/z calcd for C21H22O4,
338.1518; found, 338.1522. Anal. (C21H22O4) C, H.

3-Hydroxy-1-(2-hydroxy-4-methoxyphenyl)-3-[4-methoxy-3-
(3-methylbut-2-enyl)phenyl]propan-1-one (9). A solution of
LiHMDS in THF (1 M, 7.2 mL, 7.2 mmol) was added to a well-
stirred solution of acetophenone6b (500 mg, 3.0 mmol) in THF
(15 mL) under argon at-78 °C. The reaction mixture was stirred
at -78 °C for 1 h and at-10 °C for 2 h and was cooled again to
-78 °C, and a solution of aldehyde5b (615 mg, 3.0 mmol) in
THF (2 mL) was added in one portion. Stirring was continued at
-78 °C for 30 min and then the cooling bath was removed and the
reaction mixture was stirred at room temperature. Stirring was
continued for 24 h and the reaction mixture was quenched by the
addition of saturated NH4Cl (10 mL). The aqueous layer was
extracted with ethyl acetate, washed with brine, dried (Na2SO4),
and then concentrated in vacuo. The residue was column chro-
matographed on silica gel, eluting with 50% ethyl acetate in
hexanes, to afford compound15as a clear oil (430 mg, 39% yield).
Rf ) 0.27 (50% EtOAc-hexanes); IR (neat) 1631 cm-1; 1H NMR
(500 MHz, CDCl3) δ 12.67 (s, 1 H), 7.65 (d,J ) 10.0 Hz, 1 H),
7.20 (m, 2 H), 6.88 (d,J ) 5.0 Hz, 1 H), 6.44 (m, 2 H), 5.31 (t,J
) 2.7 Hz, 1 H), 5.28 (dd,J ) 8.3, 1.2 Hz, 1 H), 3.83 (s, 6 H), 3.33
(m, 4 H), 1.79 (s, 3 H), 1.77 (s, 3 H);13C NMR (75 MHz, CDCl3)
δ 203.7, 166.5, 165.6, 157.0, 134.8, 132.6, 131.9, 130.4, 127.0,
124.4, 122.4, 113.7, 110.3, 108.0, 101.0, 70.0, 55.7, 55.6, 46.8,
28.7, 25.9, 17.9; EIMS (m/z, rel intensity) 370 (M+, 1), 352 (5),
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321 (1), 218 (10), 203 (12), 189 (9), 135 (12), 108 (15), 91 (32),
69 (100), 43 (60); negative ion ESIMS (m/z, rel intensity) 369
[(M - H)-]; HRMS calcd for C22H26O5, 370.1780; found, 370.1783.
Anal. (C22H28O5) C, H.

Assay for Inhibition of Aromatase Activity. The synthetic (()-
abyssinone II and (()-analogues were tested for aromatase
inhibition. Aromatase inhibition is quantified by measuring the
fluorescent intensity of fluorescein, the hydrolysis product of
dibenzylfluorescein, by aromatase. In brief, the test substance (10
µL) is preincubated with the NADPH regenerating system (90µL
of 2.6 mM NADP+, 7.6 mM glucose 6-phosphate, 0.8 U/mL
glucose 6-phosphate dehydrogenase, 13.9 mM MgCl2, and 1 mg/
mL albumin in 50 mM potassium phosphate, pH 7.4)
for 10 min at 37°C before 100µL of the enzyme and substrate
mixture [80 µL/mL enzyme (CYP19, BD Biosciences, San Jose,
CA), 0.4µM dibenzylfluorescein, and 4 mg/mL albumin in 50 mM
potassium phosphate, pH 7.4] are added. Then, the reaction mixture
is incubated for 30 min at 37°C to allow aromatase to generate
the product and quenched with 75µL of 2 N NaOH.
After the reaction is terminated, shaking for 5 min followed by
an incubation for 2 h at 37°C enhances the noise/background
ratio, and fluorescence is measured at 485 nm (excitation) and
530 nm (emission). Three independent experiments were per-
formed in duplicate, and the average values were used to construct
the dose-response curves. At least four concentrations of each
test substance were used, and the IC50 values were calculated
(Table 2).
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