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Abstract — We developed a new comparative model in order to better understand the structure~function relationships of the active
site in human aromatase. Thus, we undertook the comparative inhibition of human and equine aromatases with new compounds. In
fact, equine aromatase represents the only easy and available mammalian membrane-bound enzyme model, besides the human one,
which is biochemically purified, well characterized and cloned. During the course of our work concerning the synthesis and screening
of new drugs on human and equine aromatases, we identified two new indane derivatives which inhibited the human enzyme (ICs, =
3.5 pM and 5.9 uM) strongly and selectively while they were much less active on the equine one (ICs, > 10 uM). The hitherto known
aromatase inhibitors, such as 4-hydroxyandrostenedione (4-OHA) and some other indane-related derivatives, are equally efficient on
both human and equine enzymes. In this work, using a theoretical 3D model of aromatase, we have explained the human selectivity of
the new described compounds as due to the specific differences between the primary structure of both active sites in human
and equine enzymes. These results could allow synthesis of a new family of compounds that are much more potent and selective

aromatase inhibitors. © Elsevier, Paris
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1. Introduction

The aromatase enzyme complex, responsible for the
conversion of androgen to estrogen, is formed by the
specific cytochrome P450 aromatase (P450,.,,) and an
ubiquitous flavoprotein NADPH cytochrome P450
reductase. It is involved in reproduction, development,
sexual differentiation and behaviour, in some brain
functions, as well as in the growth of hormone-
dependent cancers [1]. In the search for new leads for
inhibition of estrogen biosynthesis by P450,,,, 2-aryl-
methylenindan-1-ones have recently been evaluated
with regard to this enzyme {2, 3]. This is important for
the treatment of some breast cancers. Today, a lot of
inhibitors have already been studied [4]. The first and
second generation of aromatase inhibitors, like the
nonsteroidal aminoglutethimide [5] and the steroidal
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substrate analogue 4-OHA [6], are presently the major
clinically available inhibitors. However, a third gene-
ration of potent non-steroidal aromatase inhibitors
have been developed more recently including letro-
zole, vorozole and anastrozole [7, 8, 9]. But, because
of the results obtained in vivo, the need for clinical
drugs with increased specificity, clinical efficiency
and tolerability remains a challenge in the develop-
ment of new compounds [10, 11]. Improvement of
new drugs may be realized by screening of molecules
derived from already known inhibitors or natural
substrates of aromatase, but also with greater preci-
sion by taking into consideration our understanding of
the enzyme structure. Actually, the model of the
human membrane-bound aromatase has been deduced
from comparative sequence homology studies with
identified structures of soluble bacterial cytochrome
P450 which have been crystallized [12-14]. These
comparisons show only 17% identity between
P450,,, and P450BM3 [15]. The active site was also
studied by site-directed mutagenesis coupled with
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analysis of the binding characteristics of human
aromatase inhibitors {15]. To increase our knowledge
of the aromatase structure and consequently to obtain
improved inhibitors, it is crucial that new comparative
models be developed. Thus, we have used equine
testicular aromatase which presents 78% primary
structure identity with the human enzyme [16]. This
enzyme, responsible for elevated estrogen concentra-
tions in the adult stallion, is the only easy and avail-
able mammalian membrane-bound model, besides the
human one, which is biochemically purified, well
characterized and cloned [16-23]. Biochemically, it
presents very good similarities with the human
enzyme, but also some noticeable differences such as
19-norandrogens aromatization [24]. Moreover, when
comparing the primary structure of both enzymes, it
appeared that there were only a few crucial non-
conservative changes in the active site domain [16]
which may be responsible for their enzymatic specifi-
cities. The aim of this work was to screen new indane
derivatives with human placental aromatase and to
compare their potencies with the equine testicular one.
By taking into account data from both models, it may
be possible to provide further details concerning the
model of the mammalian active site; this will in turn
clarify the design of the new inhibitors.

2. Chemistry

We previously described the one-pot synthesis of
methoxy-3-trifluoroacetylaminoindan-1-ones 7-9 start-
ing from methoxybenzaldehydes 1-3 via 3-amino-3-
(methoxyphenyl)propionic acids 4-6 by means of
refluxing in trifluoroacetic acid and its anhydride [25]
(figure 1).

Treatment of an ethanolic solution of 7, 8 or 9 with
a 5 N aqueous sodium hydroxide solution gave a
mixture to which was then added 1.5 equivalent of
arylcarboxaldehyde (figure 2). After stirring for 2 h at
room temperature, 2-arylmethylene-3-trifluoroacetyl
aminoindan-1-ones 10-16 were precipitated from the
reaction mixture by addition of dilute aqueous hydro-
chloric solution.

The E-configuration of 10-16 was determined by
IH-NMR analysis which exhibited vinyl-H singlets
between 7.49 and 7.61 ppm, in accordance with the
literature [26] and with the deshielding effect of the
indane carbonyl group. In order to prove this configu-
ration, we carried out partial isomerization of 14-(F)
into 14-(Z) by UV irradiation according to a method
(figure 3) previously reported [3]. 'H-NMR analysis
of the mixture showed a shielded vinyl-H singlet at
7.06 ppm for the Z-form (7.61 ppm for the correspond-
ing E-form).

Alkaline hydrolysis of the trifluoroacetamido group
of 10-16 did not take place and only led to degrada-
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Figure 1. Synthesis of compounds 7-9.

tion products. However, by prolonging reaction for
24 h the aldol condensation of 7-9 with an arylcar-
boxaldehyde, free bases 17-21 were precipitated from
the reaction mixture by addition of water.

The 'H-TH COSY-NMR spectra of 17-21 did not
exhibit either vinyl-H or H-3 signals but a CH, signal
between 3.45 and 3.61 ppm. These data were in favor
of the rearranged 3-amino-2-arylmethylinden-1-ones
17-21 in which the exo double bond migrated inside
the indane ring.

3. Biological results on human aromatase

We have screened twelve newly synthesized indane
derivatives for their human aromatase inhibitory acti-
vities (numbered 10-21, figure 2). We evidenced two
molecules, 19 (MR 20814) and 21 (MR 20818),
that show an 82% inhibition of aromatase activity at
15 UM (figure 4A). This is comparable to the effect of
compound 22 [3]. The ICy, values (table I) with
human aromatase are equivalent between compounds
19,21 and 22: 3.5+ 1.2 uM, 59 £ 0.7 uM and 5.2 +
2.7 uM, respectively. These values are in the same
order of magnitude as for 4-OHA (0.5 = 0.3 uM),
known as a specific steroidal aromatase inhibitor. All
these ICs, values evidence inhibitory potencies 20—
50 times greater than aminoglutethimide [5]. But in
comparison letrozole, vorozole and anastrozole are
respectively around 200, 1000, and 5000 times more
potent inhibitors [7-9]. However, the best 1C,, does
not always correspond to the best specific inhibition in
vivo [11]. Moreover, results reported on figure 5 show
that the indane derivatives, as well as 4-OHA, pre-
sented a competitive inhibition. Corresponding K;
values are summarized in rable Il. The K/K, ratio
values, which represent the relative inhibition potency
for an inhibitor, were evaluated (table II). They reveal
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Figure 2. Different compounds used in this study.

that compounds 19 and 21 are quite potent inhibitors
for human aromatase (K/K,, of 6.7 + 0.6 and 17.0 +
2.2 with 19 and 21 respectively), in the same order of
magnitude as for 4-OHA (1.6 + 0.7) and compound 22
(6.9 £ 0.4). In order to better understand the mecha-
nism of this inhibition, we have studied the inactiva-
tion of this enzyme by compounds 19, 21 and 22 in
comparison to 4-OHA which is known to be an inacti-
vator [27]. Figure 6 shows that indane derivatives are
not inactivators and that these compounds did not
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exhibit a covalent-type interaction with the active site.
The interaction between a cytochrome P450 and its
substrate can be further characterized by spectral
studies [28]. A type II-spectrum, with minimal absor-
bance at 390 nm and maximal absorbance at 420 nm,
is considered as specific for an interaction between a
nitrogen atom of the molecule and the heme iron of
the cytochrome, whereas a type I-spectrum (inverted
absorbance for 4-OHA for instance [28]) is observed
when this type of interaction is absent. All the tested
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Figure 4. Inhibitions of human (A) and equine (B) aroma-
tases by compounds 19 and 21 in comparison with 4-OHA
and 22. Aromatase activity in microsomes was evaluated by
measuring 3H,O released from 200 nM [18, 2B-3H] andros-
tenedione at 37 °C during 15 min, in the presence of inhibi-
tors 19 and 21 and of controls 22 and 4-OHA. The concen-
trations used ranged from 0 to 15 uM. The inhibition of
aromatase in human placental (16 pug) and equine testicular
microsomes (20 pug) was performed in the presence of
60 uM NADPH,H+. Blank was realized without adding
NADPH,H+. The results are expressed as % to a standard
control which was incubated with NADPH,H+ and without
inhibitor, and are the mean of triplicate values + SD; SD is
sometimes not visible at the scale.

Table I. Aromatase inhibition with different indane deriva-
tives used in this study. Compounds 10-18 and 20, not indi-
cated in this table, did not show inhibition at the highest
concentration tested (15 uM). 4-OHA values are given for
comparison.

Compound 1Cs, (UM)
Human aromatase Equine aromatase
19 35+12 > 10
21 59x0.7 > 10
22 52x27 73x1.8
4-OHA 05+03 0.6+0.3

compounds 19, 21 and 22 show a type II-spectrum
with the human aromatase (figure 7 and data not
shown). A molecular modelling study was also carried
out to compare the 3D structure of 19 and 22 (3D
structure of 21 was similar to 19, see below).

4. Biological results on equine aromatase

In order to better understand the active site of the
human aromatase by comparing it to other species, we
have tested the indane derivatives on the equine
enzyme (figure 4B). The 1C; values (table I) observed
with the same compounds are relatively different from
the human one (> 10 uM for 19 and 21), except with
compound 22 and 4-OHA which are in the same range
(7.3 £ 1.8 uM and 0.6 + 0.3 uM respectively). Such
differences, with inhibitors observed with two very
comparable mammalian enzymes, suggest conforma-
tional differences in their active sites. Furthermore,
although compounds 19 and 21 presented a competi-
tive inhibition (figure 8), they are weak inhibitors of
equine aromatase as was reflected by their high K/K
ratio values (100.0 = 6.4 and 93.4 + 9.3 for 19 and 21
respectively) whereas the ratio values observed for
compound 22 (20.9 + 0.4) and 4-OHA (1.1 = 0.0) are
similar to those obtained with the human enzyme
(table II). All our results taken together show that the
affinities of our compounds are different for the two
enzymes and indicate that some of these molecules
interact differently with the active site. Finally, our
results concerning the specific differences between
these two mammalian aromatases were reinforced by
the differential interaction between 19 and equine
aromatase which was characterized by a type I-spec-
trum (figure 7) in contrast to the type II-spectrum
observed with the human one. These results verified



A [Androstenedione]
| §mM

o 14mM
A 260M
0O 50nM
e 12mM

1{Aromatase Activity
(min mg/pmole)

0 100 300 500

B [Androstenedione]
© 8aM

0030 4+ n 14 aM
A 260M
® 50nM
O 102nM

11Aromatese Activity
(min. mgfpmole)

T T 1 1
250 500 750 1000

& -

Inhibitor (nM)

Figure 5. Kinetic inhibition studies with compounds 19 (A)
and 21 (B) on human aromatase. Aromatase activity was
evaluated by incubating 4 ug placental microsomes with
[1B,2B-3H] androstenedione (8-102 nM) and with 0 to
500 nM compound 19 (A) or 0 to 1000 nM compound 21
(B) at 37 °C during 10 min. X; were determined graphically
by using Dixon-plots. Results are expressed as pmol estro-
gen formed/min*mg microsomal proteins and are the mean
of triplicate values + SD.

our hypothesis concerning a differential position of 19
inside the active site between human and equine
aromatases. This outcome could be explained by
primary structural differences of both active sites
which could be responsible for biochemical specifici-
ties of human and equine aromatases [29]. Keeping
these data in mind, a 3D molecular model of human
aromatase was built to see if the known model could
provide an explanation for these results.
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5. Examination of a 3D model for compound 19
and for the P450,,,,, active site

Compound 19 was built with standard bond lengths
and angles using the program UNICHEM version 3.0
(Cray research) and a molecular dynamic calculation
was carried out. We were particulary interested by the
evolution of the distance in compound 19 between the
nitrogen of the pyridin group and the oxygen of the
keto group or the nitrogen of the amino group during
the simulation (figures 9 and 10). The average
distance during the simulation between the oxygen
and the nitrogen of the pyridin group was 6.4 A with a
standard deviation of 0.51 A. This distance was close
(figure 11 for one conformer), for several conformers,
to the distance between these two atoms for 22 (7.2 A
for the E-isomer). The first observation could explain
the pharmacological result which shows the identical
affinities of 19 and 22 towards human aromatase
(figure 4A and table II).

For the distance_between the two nitrogens, the
average was 5.4 with a standard deviation of
0.56 A. The function of the nitrogen group could not
be explained wih these first results. However, a mole-
cular modelling study previously carried out on 3-
alkyl-3(4-pyridyl)piperidine-2,6-dione [30] enabled us
to make an hypothesis. With these compounds, a
distance between the two nitrogens of 5.4 A, for the
R-isomer, was observed. Moreover, in this study, the
alkylation at the glutarimide nitrogen led to deriva-
tives whose aromatase inhibitory activity increased
with chain length. They postulated that this nitrogen
occupies the area corresponding to C(4) of the steroid,
where there is evidence of an extrahydrophobic
pocket. On the basis of the same postulate, we could
envisage that the amino group also occupies the
entrance of the area corresponding to the extrahydro-
phobic pocket.

Several studies have been carried out by other
groups on human aromatase models [31-33]. These
models, with mutation studies, revealed the impor-
tance of several residues for human aromatase [15]
and particulary the role of D309, T310, K473 or H475
in the catalytic mechanism. We used this model to try
to explain our results and particulary the differences
in behaviour of 19 between human and equine aroma-
tases. It could be interesting to obtain new information
on the residues involved in the binding site.

In the Prosa program, as described in a recent
publication [15], the model seems to exhibit a poor
quality in the 150-250 region. However, we could try
to collect some information on this model. The model
of equine aromatase was then derived taking into
account the slightly different primary structure [16].
To explain the differences of activity and behaviour of
19 towards the human and equine aromatases, we
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Table II. Kinetic values of inhibitions of human and equine aromatases by indane derivatives and 4-OHA. K,, values with
androstenedione were 13 and 6 nM for the human and equine enzymes respectively.

Compound Human Equine

K; (nM) Ki/K, K; (nM) K/K,,
19 86.2+7.8 6.7+0.6 577.7+36.9 100.0 £6.4
21 2195 +28.5 17.0+2.2 539.7 +53.9 93.4+9.3
22 88.9+4.6 6904 1205 +2.1 209+04
4-OHA 20.2 + 8.8 1.6 +0.7 6.3+0.0 1.1+0.0

provide two explanations. One explanation could be a
possible disulfide bond between C320-C467 for
equine aromatase (there is no disulfide bond in human
aromatase which has F320 instead of C320). This
disulfide bond with C320 on helix I (figure 12) could
lead to a difference of conformation of the binding
pocket between human and equine aromatases.

The other explanation could be a difference of
aminoacid residues, at the level of the binding site,
between human and equine aromatases. Indeed, a type
II-spectrum was observed for human enzyme with 19
and a type I-spectrum for the equine one. Previously,
an hypothesis was made regarding a possible disposi-
tion of the aminogroup of 19 at the entrance of the
extrahydrophobic pocket. This extrahydrophobic
pocket was supposed to be formed by a gap between
the loop K473-L477 and helix B’. In this position, the
aminogroup of 19 is close to D309. Near D309,
presence of H475 and K473 was observed. This
complexation of D309 with H475 and/or K473 could
disfavor the interaction between D309 and the amino-
group of 19, and could thus allow this compound to
get close to the heme (figure 12 and 13). At the oppo-
site side, in equine aromatase, H475 is replaced by
N475 and this could lead to the formation of an
‘acidic’ pocket with D309, N475 and D476. In this
case, the aminogroup of 19 could interact with this
pocket leading to a different disposition of 19 in the
active site (figure 14). The distance between the pyri-
dyl group of 19 and iron could increase by more than
3"A. This new position could explain the differences
of spectrum and activity between the two enzymes.
This hypothesis could be confirmed by the fact that
compound 22, without amino group, has a type
II-spectrum for the two enzymes and a low difference
of activity with an ICs, of 5.2 = 2.7 uM for human
aromatase and of 7.3 + 1.8 uM for equine aromatase.
Another explanation can also be proposed. The coor-
dination of the pyridyl group to the iron atom is stron-
ger compared to the hydrogen bound in the active site.

The type I spectrum observed for 19 with the equine
enzyme could be thus due to an adverse steric or elec-
trostatic interaction with a surrounding residue, which
could lead to a modification of the heme chelating
binding mode. Site directed mutagenesis studies are
now in progress to ascertain the binding site confor-
mation of this crucial enzyme.

6. Conclusion

Among twelve molecules tested in this screening
program, we have demonstrated that two molecules,
compounds 19 (MR 20814) and 21 (MR 20818), were
good inhibitors of human aromatase in comparison to
22 and 4-OHA, used as controls, whereas they weakly
inhibited the equine enzyme. These differences are
very interesting and shed a new light on the conforma-
tion of the active site in mammalian aromatase. This
will in turn allow development of new more potent
human aromatase inhibitors, which will provide also a
better understanding of the active site of aromatase
and the position of inhibitors within the enzyme (see
molecular modelling study).

7. Experimental protocols
7.1. Materials

All chemical products were obtained from Sigma
(St Quentin Fallavier, France), [1B,2B-3H]-androstenedione
from Dupont NEN (Les Ulis, France), Coomassie brilliant blue
G-250 dye from BioRad (Ivry/Seine, France), and solvents
from Carlo Erba (Val de Reuil, France) and sds (Peypin,
France).

7.2. Preparation of microsomes
Human placental and equine testicular microsomes were

prepared as described previously [19]. In each instance we took
the tissue presenting high specific aromatase activity. Fresh
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Figure 6. Effects of preincubation times of different
compounds on human (A) and equine (B) aromatase activi-
ties in comparison with 4-OHA. 16 g of microsomes from
human placenta (A) or equine testis (B) were incubated
with 10 uM compounds 19, 21, 22 or 4-OHA and 60 pM
NADPH,H+ at 25 °C during 0-30 min. The compound 22
and 4-OHA were used as controls. Incubations were stop-
ped by adding a charcoal/dextran mixture (2%:1%) and
after centrifugation, aromatase activity was assayed with
300 uL of the aqueous phase. Results are expressed as % to
a standard control which was incubated with NADPH H+
and without inhibitor and are the mean of triplicate values
+ SD. Compounds 19, 21 and 22 do not appear to be inacti-
vators.
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Figure 7. Spectral studies of interactions between
compound 19 and the active sites of human and equine
aromatases. Absorbance from 350 to 500 nm of microsomal
proteins (1.5 mg) with 100 uM of compound 19 was measu-
red at 37 °C. The spectra of the microsomes alone and of
compound 19 alone were subtracted from the spectrum
measured during the incubation between microsomes and
the molecule. Results are representative from one of six
experiments showing similar profiles.

tissue washed with 0.50 M KClI was first homogenized in
50 mM phosphate buffer pH 7.5 containing 0.25 M sucrose,
1 mM DTT, and 4 uM androstenedione in order to preserve the
enzyme active site and then centrifuged at 20 000 g. The super-
natant was further ultracentrifuged at 100 000 g. The final
pellet was dissolved in the same buffer containing 20% glyce-
rol, 1 mM DTT, 0.2 mM EDTA-4 Na, 4 uM androstenedione,
and stored at —80 °C until use. Protein concentration was
evaluated according to Bradford [34] using bovine serum
albumin as standard, and Coomassie brilliant blue as dye-
reagent.

7.3. Inhibition studies

Aromatase activity was evaluated by measuring 3H,O
released from 200 nM [1j,23-3H]-androstenedione (a 2 uM
substrate solution was prepared by adding 3.5 nmol of tritiated
androstenedione, specific activity 1554 GBg/mmol, to
76.5 nmol nonradioactive androstenedione in 40 mL final
volum of ethanol) at 37 °C during 15 min according to
Thompson and Siiteri [35] in the presence of various inhibitors
from O to 15 pM. Reactions with microsomes (16 and 20 pug of
human and equine microsomal proteins respectively for deter-
mination of ICs, values) were initiated by adding 60 uM
NADPH,H* to a final volume of 0.5 mL and stopped by adding
1 mL of chloroform. Steroids were then extracted by incuba-
tion with a charcoal/dextran solution (7%:1.5%) and the radio-
activity of the aqueous phase was measured as previously
described [19]. Control incubation was realized by incubating
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Figure 8. Dixon representation of kinetic inhibitions with
19 (A) and 21 (B) on equine aromatase. A: testicular micro-
somes (4 pg) were incubated with 6 to 24 nM [1B,2p-3H]
androstenedione and with 0 to 600 nM of compound 19 at
37 °C during 8 min. B: testicular microsomes (4 pg) were
incubated with 12 to 100 nM [1j,2B-3H] androstenedione
and with 0 to 1000 nM of compound 21 at 37 °C during
8 min. Results are expressed as pmol estrogen formed/min
mg microsomal proteins and are the mean of triplicate
values + SD.

microsomes, substrate and inhibitors without NADPH,H+
under the same conditions. The results were the mean of tripli-
cate experiments + SD and were expressed as pmol estrogen
formed/min.mg microsomal proteins.

7.4. Kinetic studies
Concentration range for inhibitors and substrate were

respectively 0-1000 and 6-102 nM. Aromatase activity was
evaluated by incubating 4 pg of microsomal protein with
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Figure 9. Evolution of the distance between oxygen and
nitrogen (pyridin group) atoms during the simulation for
compound 19 (see experimental protocols).

substrate and various inhibitors at 37 °C during 10 min for
human aromatase or 8 min for the equine enzyme (these times
have been determined to evaluate aromatase activity at the
exponential portion of the Michaelis—Menten plot). X, and K,
values were determined graphically by using respectively
Lineweaver—Burk and Dixon representations.

7.5. Inactivation studies

Inactivation studies were carried out on 16 pg of microsomal
proteins by testing different incubation times (0 to 30 min) at
25 °C with 10 uM inhibitors and 60 UM NADPH,H* in 0.1 M
Na-phosphate buffer, pH 7.5, containing 0.5 M sucrose as
previously described [22]. Incubations were stopped by adding
a charcoal/dextran mixture (2%:1%) and after centrifugation,
aromatase activity was assayed with 300 uL of the aqueous
phase and labelled androstenedione as described above.

7.6. Spectral studies

Absorbance of microsomal proteins (1.5 mg) in 1.5 mL of
50 mM Tris-Maleate, pH 7.4, was measured with a KONTRON-
UVIKON 860 spectrophotometer. Difference absorption spec-
tra were recorded at 37 °C over 350-500 nm after addition of
100 pM of each inhibitor diluted in ethanol (16 puL). The spec-
trum of ethanol was comparable to the baseline (350500 nm).
The spectra of the microsomes alone and of the molecule alone
were subtracted from the spectrum of the incubation of micro-
somes with the molecule.
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gen atoms (see figure 11) during the simulation for
compound 19 (see Experimental protocols).

7.7. Molecular modelling

The molecular dynamic calculations were run by using the
semi-empirical program MNDO94 (UNICHEM version 3.0,
Cray research) on a CRAY J916. The forces on the particles are
computed by calculating the negative gradient of the energy.
The atomic motion is simulated by integrating the classical

Figure 11. One conformer of compound 19 obtained during
the simulation in a conformation close to compound 22.
Nitrogen atoms are indicated by asterisks.
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Newtonian equation using these forces. The gradients are
computed analytically to increase speed and accuracy. The
simulations were carried out firstly during 20 picoseconds and
then 50 picoseconds at 300 K with a time step of 1 femto-
second. The velocities were rescaled every 100 steps. A
Maxwell Boltzman distribution was applied for the initial velo-
cities. AM1 was chosen as Hamiltonian. A microcanonical
ensemble (constant energy) molecular dynamic simulation was
performed. The total energy less atomic energy during the
simulation was ~146.3 eV + 0.14 eV with a kinetic energy of
1.08 eV +0.10eV.

A model of human aromatase was built in our laboratory
following the recent work of Graham-Lorence et al. [33]. The
initial alignment of cytochrome P450BM3 and aromatase was
taken with the alignment of the previous work. Main chain
coordinates for the core regions were taken from the cyto-
chrome P450BM3 structure. Main chain coordinates for the
loops were taken from a loop data base search. Refinement of
the structure involved energy minimizations using AMBER 4.0
[36]. The final structure was analyzed with Procheck [37] and
Prosa program [38].

7.8. Chemistry

General methods: Melting points were taken on a Kofler
bank and are uncorrected. IR spectra were recorded on a
Mattson 1000 FTIR apparatus and only noteworthy absorptions
(reciprocal centimeters) are listed. NMR spectra were recorded
on a Jeol Lambda 400 spectrometer in DMSO-d; solution using
TMS as an internal standard. Chemical shift is reported in ppm
downfield (8) from TMS.

759. 1. (E)-2-Arylmethylene-3-triflucroacetylaminovindan-1-ones
10-16

General method: A 5 N aqueous sodium hydroxide solution
(3 mL) was added to a solution of 3-trifluoroacetylaminoindan-
1-one 7-9 (0.006 mol) in ethanol (4 mL). Arylcarboxaldehyde
(0.009 mol) was then added to the reaction mixture which was
stirred at room temperature for 2 h. 2-Arylmethylene-3-
trifluoroacetylaminoindan-1-ones 10~16 were precipitated from
the solution by addition of a 10% aqueous hydrochloric acid
solution. The precipitates were filtered, washed with water
(15 mL), dried and recrystallized to give the E-form of 10-16

7.8.2.  (E)-2-(3-Methoxybenzylidene)-3-trifluoroacetylamino-
5,6,7-trimethoxyindan-1-one 10

Colorless crystals (62%); m.p. 192 °C (ether); IR (KBr)
3250 (NH), 1705, 1680 (CO); TH NMR (DMSO-d;) 9.96 (1H,
d, J = 6 Hz, NH), 7.50 (1H, s, vinyl-H), 7.33 (1H, t, J = 8.0 Hz,
H-5", 7.16 (2H, d, J = 2.9 Hz, H-2' and H-6"), 7.00 (1H, d, J =
8.3 Hz, H-4"), 6.84 (1H, s, H-4), 6.48 (1H, d, J = 6 Hz, H-3),
3.98 (3H, s, OCH,), 3.90 (3H, s, OCH,), 3.78 (3H, s, OCH,),
3.77 (3H, s, OCH,); Found: C, 58.81; H, 4.29; N, 3.07; Calc.
for C,,H,NOGF;: C, 58.54, H; 4.47; N, 3.10.

7.8.3. (E)-2-(3,4-Dimethoxybenzylidene)-5-methoxy-3-trifluoro-
acetylaminoindan-1-one 11

Yellow crystals (62%); m.p. 219 °C (propan-2-ol/ethanol
80:20); IR (KBr) 3210 (NH), 1705, 1675 (CO); 'H NMR
(DMSO-dy) 10.08 (1H, br s, NH), 7.78 (1H, d, J = 7.8 Hz,
H-7), 7.55 (1H, s, vinyl-H), 7.10 (5H, m, H-6, H-4, H-2', H-5'
and H-6"), 6.54 (1H, d, J = 6 Hz, H-3), 3.88 (3H, s, OCH,),
3.82 (3H, s, OCH,), 3.79 (3H, s, OCH,); Found: C, 59.71,
H, 4;1; N, 3.19; Calc. for C;;H;sNOsF;: C, 59.86, H; 4.31;
N, 3.32.
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Figure 12. Model structure of human P450,,,,, with compound 19 in the active site. The entrance of the substrate access chan-
nel is indicated in purple. The area corresponding to D309, K473 and H475-D476 is indicated in blue, while the positions of
residues 320 and 467 corresponding to the possible disulfide bond for equine aromatase are indicated in pink. Compound 19 is
represented in the center over the developed heme structure. The representation includes residues after the membrane-spanning

domain from 69 to 496.

7.8.4. (E)-5,6-Dimethoxy-2-(3,4-dimethoxybenzylidene)-3-
trifluoroacetylaminoindan-1-one 12

Yellow crystals (47%); m.p. > 260 °C (ethanol); IR (KBr)
3280 (NH), 1700, 1680 (CO); 'H NMR (DMSO-d,) 10.02 (1H,
br s, NH), 7.51 (1H, s, vinyl-H), 7.2 (3H, m, H-7, H-2' and
H-5", 7.01 (2H, m, H-4 and H-6"), 6.46 (1H, m, H-3), 3.87 (6H,
s, 2 OCHy), 3.79 (3H, s, OCHj3), 3.81 (3H, s, OCH,); Found:
C, 58.80; H, 4.41; N, 2.98; Calc. for C,,H,)NOGF;: C, 58.54, H;
4.47;N, 3.10. -

7.8.5. (E)-3-Trifluoroacetylamino-3,4,5-trimethoxy-2-(3,4,5-
trimethoxybenzyliden)indan-1-one 13

Yellow crystals (65%); m.p. 190 °C (ethanol); IR (KBr)
3200 (NH), 1700, 1680 (CO); TH NMR (DMSO-d;) 10.00 (1H,
d, J =6 Hz, NH), 7.49 (1H, s, vinyl-H), 6.92 (2H, m, H-5" and
H-6", 6.85 (1H, s, H-4), 6.51 (1H, d, J = 6 Hz, H-3), 3.98 (3H,

s, OCH,;), 3.90 (3H, s, OCH,), 3.81 (3H, s, OCHs;), 3.77 (3H, s,
OCH,), 3.69 (3H, s, OCH,); Found: C, 56.37; H, 4.56; N, 2.61;
Calc. for C,,H,NOGF;: C, 56.36, H; 4.73; N, 2.74.

7.8.6. (E)-5-Methoxy-2-(pyridin-3-ylmethylene)-3-trifluoroace-
tylaminoindan-1-one 14

Colorless crystals (75%); m.p. 212 °C (propan-2-ol); IR
(KBr) 3160 (NH), 1690, 1625 (CO); 'H NMR (DMSO-d;)
10.04 (1H, br s, NH), 8.82 (1H, s, H-2"), 8.57 (1H, m, H-6"),
7.96 (1H, m, H-4"), 7.80 (1H, d, J = 7.8 Hz, H-7), 7.61 (1H, s,
vinyl-H), 7.44 (1H, m, H-5), 7.18 (1H, d, J = 7.8 Hz, H-6),
7.00 (1H, s, H-4), 6.58 (1H, s, H-3), 3.91 (3H, s, OCH,);
13C NMR (DMSO-d;) 189.10 (C-1), 165.61 (C-5), 156.73
(CO), 152.92 (C-27), 151.39 (C-6"), 150.19 (C-7a), 143.86
(C-3", 136.80 (C-4), 130.84 (C-a), 130.11 (C-3a), 129.33
(C-2), 125.52 (C-7), 123.34 (C-5"), 117.28 (C-6), 115.79 (CF,),
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Figure 13. Hypothetical position of compound 19 in the
active site of human P450,,,. The distances between the
nitrogen of the pyridin group and the iron of heme and
between the two nitrogens of compound 19 are indicated
in A. Some of the positioned residues (124 to 309) are indi-
cated.

108.79 (C-4), 56.05 (OCHj;), 48.90 (C-3); Found: C, 59.39; H,
3.58; N, 7.68; Calc. for C;gH;N,O;F;: C, 59.67, H; 3.62; N,
7.73.

7.8.7.  (E)-5,6-Dimethoxy-2-(pyridin-3-ylmethylene)-3-trifluo-
roacetylaminoindan-1-one 15

Yellow crystals (64%); m.p. > 260 °C (propan-2-ol/ethanol
60:40); IR (KBr) 3150 (NH), 1695, 1630 (CO); 'H NMR
(DMSO-d,) 999 (1H, d, J = 6.3 Hz, NH), 8.81 (IH, s, H-2),
8.60 (1H, d, J = 4.4 Hz, H-6), 7.94 (1H, d, J = 7.8 Hz, H-4),
7.58 (1H, s, vinyl-H), 7.46 (1H, dd, J = 7.8 Hz, J = 4.4 Hz,
H-5), 7.27 (1H, s, H-7), 7.00 (1H, s, H-4), 6.43 (1H, m, H-3),
391 (3H, s, OCHj;), 3.88 (3H, s, OCH;); Found: C, 57.98; H,
3.72; N, 6.95; Calc. for C(H,sN,O,F;: C, 58.17, H; 3.85; N,
7.14.

7.8.8.  (E)-5,6-Dimethoxy-2-(pyridin-4-ylmethylene)-3-trifluo-
roacetylaminoindan-1-one 16

Yellow crystals (65%); m.p. > 260 °C (propan-2-ol/methanol
60:40); IR (KBr) 3150 (NH), 1700, 1685 (CO); 'H NMR
(DMSO-dg) 9.96 (1H, br s, NH), 8.61 (2H, d, J = 4.9 Hz, H-2'
and H-6", 7.52 (3H, m, H-3', H-4' and vinyl-H), 7.30 (1H, s,
H-7), 7.01 (1H, s, H-4), 6.55 (1H, m, H-3), 3.90 (3H, s, OCH,),
3.88 (3H, s, OCH,); Found: C, 57.91; H, 391; N, 7.17; Calc.
for C)oHsN,O,F;: C, 58.17, H; 3.85; N, 7.14.

7.8.9. 3-Amino-2-arylmethylinden-1-ones 17-21

General method: A 5 N aqueous sodium hydroxide solution
(3 mL) was added to a solution of 3-trifluoroacetylaminoindan-
1-one 7-9 (0.006 mol) in ethanol (4 mL). Arylcarboxaldehyde
(0.009 mol) was then added to the reaction mixture which

Figure 14. Hypothetical position of compound 19 in the
active site of equine P450,,,. The distances between
compound 19, the ‘acidic pocket’ and the heme group
are indicated in A. Some residues (309, 475, 476) are posi-
tioned.

was stirred at room temperature for 24 h. Addition of water
(100 mL) gave a precipitate which was filtered, washed with
water (15 mL), dried and recrystallized to give 17-21.

7.8.10. 3-Amino-5-methoxy-2-(pyridin-3-ylmethyl)inden-1-one
17

Yellow crystals (40%); m.p. 220 °C (propan-2-ol); IR (KBr)
3360-3300 (NH,), 1640 (CO); 'H NMR (DMSO-d,) 8.47 (1H,
s, H-2"), 8.32 (1H, m, H-6), 7.59 (3H, m, NH, and H-4"), 7.22
(2H, m, H-4 and H-5"), 7.12 (1H, d, J = 7.8 Hz, H-7), 6.73 (1H,
d, J/ = 7.8 Hz, H-6), 3.79 (3H, s, OCH;), 3.50 (2H, s, CH,);
Found: C, 71.73; H, 5.58; N, 10.33; Cale. for C,;H;,N,O,: C,
72.17, H; 5.30; N, 10.52.

7.8.11. 3-Amino-2-(pyridin-3-ylmethyl)-5,6,7-trimethoxyinden-
l-one 18

Yellow crystals (60%); m.p. 220 °C (ether); IR (KBr)
3360-3300 (NH,), 1640 (CO); 'H NMR (DMSO-d,) 8.46 (1H,
s, H-2, 8.36 (1H, m, H-6"), 7.55 (3H, m, NH, and H-4"), 7.24
(2H, m, H-4 and H-5"), 390 (3H, s, OCH,), 3.83 (3H, s,
OCHjy), 3.67 (3H, s, OCH;), 3.45 (2H, s, CH,); Found: C,
66.18; H, 5.61; N, 8.63; Calc. for C,;H,(N,O,: C, 66.25, H;
5.56; N, 8.58.

7.8.12. 3-Amino-5-methoxy-2-(pyridin-4-ylmethyl)inden-I1-one
19

Orange crystals (56%); m.p. 218 °C (ether); IR (KBr)
3360-3300 (NH,), 1640 (CO); 'H NMR (CDCl,) 8.40 (2H, m,
H-2' and H-6"), 7.74 (2H, s, NH,), 7.23 (3H, m, H-4, H-3' and
H-5Y, 7.14 (1H, d, J = 7.8 Hz, H-7), 6.75 (1H, dd, J = 7.8 Hz,
J = 2 Hz, H-6), 3.79 (3H, s, OCH;), 3.61 (2H, s, CH,);
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13C NMR (CDCl;) 191.25 (C-1), 162.45 (C-5), 161.58 (C-4"),
150.66 (C-7a), 149.69 (C-2' and C-6'), 141.50 (C-2), 127.83
(C-3a), 124.04 (C-4), 120.72 (C-7), 111.78 (C-6), 107.77 (C-3'
and C-5"), 102.24 (C-3), 56.00 (OCH,), 26.36 (CH,); MS m/e
267 (M, 22%), 266 (M-H, 100%); Found: C, 71.93; H, 5.21; N,
10.24; Calc. for C,H,,N,0,: C, 72.17, H; 5.30; N, 10.52.

7.8.13. 3-Amino-5,6-dimethoxy-2-(pyridin-4-ylmethyl)inden-1-
one 20

Red crystals (56%); m.p. 212 °C (propan-2-ol); IR (KBr)
3400-3200 (NH,), 1640 (CO); 'H NMR (DMSO-d;) 8.40 (2H,
d, J = 5.2 Hz, H-2' and H-6'), 7.66 (2H, s, NH,), 7.38 (1H, s,
H-6), 7.25 (2H, m, H-3' and H-5"), 6.90 (1H, s, H-4), 3.80 (3H,
s, OCH,), 3.78 (3H, s, OCHj;), 3.51 (2H, s, CH,); Found: C,
69.01; H, 5.32; N, 9.48; Calc. for C;;H;x\N,O;: C, 68.91, H;
5.40; N, 9.45.

7.8.14. 3-Amino-2-(pyridin-4-ylmethyl)-5,6,7-trimethoxyinden-
1-one 21

Orange crystals (50%); m.p. 218 °C (ether); IR (KBr)
3360-3300 (NH,), 1640 (CO); 'H NMR (DMSO-d,) 8.39 (2H,
m, H-2' and H-6"), 7.59 (2H, s, NH,), 7.26 (1H, s, H-4), 7.20
(2H, m, H-3' and H-5", 3.90 (3H, s, OCH;), 3.84 (3H, s,
OCH;), 3.67 (3H, s, OCH,), 3.46 (2H, s, CH,); Found: C,
66.32; H, 5.59; N, 8.61; Calc. for C;sH;sN,0,: C, 66.25, H;
5.56; N, 8.58.
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