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Abstract—The 17b-hydroxysteroid dehydrogenases (17b-HSDs) modulate the biological potency of estrogens and androgens by
interconversion of inactive 17-keto-steroids and their active 17b-hydroxy- counterparts. We have shown previously that flavonoids
are potentially useful lead compounds for developing inhibitors of 17b-HSDs. In this paper, we describe the synthesis and biochem-
ical evaluation of structurally analogous inhibitors, the trans-cinnamic acid esters and related compounds. Additionally, quantita-
tive structure–activity relationship (QSAR) and modelling studies were performed to rationalize the results and to suggest further
optimization. The results stress the importance of a hydrogen bond with Asn154 and hydrophobic interactions with the aromatic
side chain of Tyr212 for optimal molecular recognition.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Steroid hormones have important roles in the aetiology
of hormone-dependent diseases, such as breast, prostate
and endometrial cancer, disorders of reproduction and
neuronal diseases.1 They act via specific receptors that
can activate gene transcription. The occupancy of the
steroid hormone receptors is regulated mainly by
hydroxysteroid dehydrogenases, which convert steroids
at positions 3, 11, 17, and 20 of the steroid core, thereby
acting as molecular switches.1 The 17b-hydroxysteroid
dehydrogenases (17b-HSDs) modulate the biological
potencies of estrogens and androgens by converting
inactive 17-keto-steroids into their active 17b-hydroxy-
forms (such as estradiol, testosterone, and dihydrotes-
tosterone), or vice versa, using NAD(P)H or NAD(P)+,
respectively (Fig. 1). Fourteen different mammalian 17b-
HSDs have been described, that belong to the protein
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superfamilies of short-chain dehydrogenases/reductases
(SDRs) or aldo-keto reductases (AKRs).2,3

Flavonoids are polyphenolic compounds that possess
estrogenic activity and have been isolated from a wide
variety of plants. They are abundant in soy products,
a major component of the Asian diet. The incidence of
breast, prostate and endometrial cancers is much lower
in Asia than in Northern Europe and USA, and it has
been suggested that flavonoids could have a major im-
pact on the development of hormone-dependent forms
of cancer.4–6 Flavonoids comprise flavones, flavanols,
flavanones, isoflavones, and chalcones,7 which can have
antiviral, anti-inflammatory, antimutagenic and anticar-
cinogenic activities.8 The influence of flavonoids has
been studied on steroid metabolizing enzymes. They
inhibit aromatase, sulfatase, sulfotransferase, 5a-reduc-
tase, 3b-HSD D5/D4 isomerase, 11b-HSD type 1 and
type 2 and 17b-HSDs.8–14 Flavonoids have been shown
to inhibit human 17b-HSD types 1, 2, 3, and 5,15–22

as well as 17b-HSD from the fungus Cochliobolus
lunatus (17b-HSDcl), a model enzyme of the SDR
superfamily.23
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Figure 1. Reactions catalyzed by 17b-hydroxysteroid dehydrogenases.
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Over the last decade, considerable attention has been
devoted to the search for inhibitors of type 1 17b-
HSD, which is a very promising target for the develop-
ment of new drugs for treating breast cancer.22

Flavonoids are thus potentially useful lead compounds
for developing inhibitors of 17b-HSDs. Their biosynthe-
sis in plants proceeds via trans-cinnamic acid and related
phenolic acids like caffeic acid, ferulic acid and chloro-
genic acid.24 We have therefore focused on the synthesis
and biochemical evaluation of trans-cinnamic acid esters
and related compounds, since their structures are similar
to those of flavones and chalcones. We have synthesized
an initial series of trans-cinnamic acid esters and couma-
rin-3-carboxylates of general formulae of I and II,
respectively (Fig. 2), and have reported in a preliminary
communication that some of these compounds inhibit
fungal 17b-HSD.25

In the present study, we describe the synthesis and inhib-
itory activities of a more extended series of 17b-HSDcl
inhibitors. Additionally, a quantitative structure–activi-
ty relationship (QSAR) study was performed on the
complete series of flavonoids26 and related compounds
synthesized in our laboratory, providing important
information for rapid optimization of lead candidates.
Docking studies were also used to model 17b-HSDcl–
ligand interactions, to rationalize the results of the
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Figure 2. Design of synthetic inhibitors of 17b-HSDs (Ar, aromatic;
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QSAR analyses and to suggest further directions for
the design of new inhibitors.
2. Results and discussion

2.1. Synthesis

Target compounds of general formulae I and II (Fig. 2)
were synthesized from the corresponding carboxylic
acids and alcohols or phenols. For the formation of an
ester bond, we used DCC27 or BOP28 mediated esterifi-
cation, which both gave satisfactory yields.

2.2. Biological evaluations

To evaluate the inhibitory potentials towards human
type 1 17b-HSD of the compounds reported in this
study, we screened their activity on 17b-HSD from the
fungus Cochliobolus lunatus (17b-HSDcl).29 This readily
available fungal enzyme allows preliminary screening of
compounds in a rapid and low-cost spectrophotometric
assay, while the inhibitor testing with human 17b-HSD
is based on use of more demanding radioactive
ligands.30,31 We have recently shown that the flavonoids
inhibit 17b-HSDcl.23 The structural features of these fla-
vonoids are similar to those reported for phytoestrogen
inhibitors of human type 1 17b-HSD, suggesting that
fungal 17b-HSD can be used as a model enzyme for
the human isoform 1.23 We have confirmed this hypoth-
esis by a superposition and docking study (Section 2.4),
which provides further evidence that the active sites of
both of these enzymes share significant similarity.

2.3. QSAR model and its interpretation

Molecular descriptors collected from the derived QSAR
equations are summarized in Table 1. The best QSAR
model, according to the r2, s2, F test, and rcv

2 values
for the oxidative reaction, was obtained with a combina-
tion of one geometric and three quantum-chemical
descriptors. The QSAR model describing the inhibition
of the reductive reaction consists of quantum-chemical
descriptors only.

Eq. 1 presents the best QSAR model for the oxidation
direction. The resulting correlation between experimental
Table 1. Specification of descriptors used in the derived 4-parameter

QSAR models, along with the t test values for all of the descriptors

(g—geometrical, q—quantum-chemical descriptors)

Descriptor Definition t-test

Eq. 1. Inhibition of oxidation pathway

D1 Min. exchange energy for a C–H bondq 5.21

D2 Min. e–n attraction for a C–O bondq 4.01

D3 Principal moment of inertia A/# of atomsg �2.94

D4 Max bond order of a H atomq 4.59

Eq. 2. Inhibition of reduction pathway

D5 Max electroph. react. index for an O atomq 6.76

D6 Min. exchange energy for a C–H bondq 4.31

D7 Min. atomic state energy for a C atomq �4.27

D8 Max 1-electron react. index for a C atomq 3.16
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and calculated biological activities for all of the treated
compounds is summarized in Table 2. A detailed
analysis of Table 2 reveals that the model obtained is
able to predict almost all of the inhibitory activities
within one order of magnitude for compounds compris-
ing the training set. It is of note that the model (Eq. 1)
consists of only orthogonal descriptors, as shown in
Table 3.

logð1=IC50Þ ¼ ð1:75� 101 � 3:62Þ �D1

þ ð1:51� 10�1 � 3:76� 10�2Þ �D2

� ð4:18� 102 � 1:42� 102Þ �D3

� ð7:41� 101 � 1:61� 101Þ �D4

� ð7:42� 101 � 2:59� 101Þ ð1Þ
N = 33, r = 0.867, F = 21.11, s2 = 0.5073, rcv

2 ¼ 0:6302

The most important test of the model is its ability to cor-
rectly predict the biological activities of compounds in
the external validation set that were not included in
the QSAR model development.32 In Table 2, all of the
structures in the corresponding external validation set
are indicated by an asterisk. The results are presented
graphically in Figure 3.

Analysis of the information content of the descriptors
allows further conclusions to be drawn. The most
important descriptor is the minimum exchange energy
for a C–H bond. This energy reflects the change in the
Fermi correlation energy between the two electrons
localized on the C and H atoms. It can be significant
in determining the conformational changes of the mole-
cule and its spin properties. The principal moment of
inertia A (D3) is a geometric descriptor that characteriz-
es the mass distribution in the molecule. Examination of
the structures in Table 2 reveals that several aromatic
centres are present in both chemical subtypes. The aro-
matic regions of the molecules can be considered to con-
tribute significantly to the binding affinity through
hydrophobic interactions.

Eq. 2 shows the QSAR model derived for the inhibition
of reduction. The resulting statistical characteristics of
this model are good, with prediction ability even slightly
better than in the case of Eq. 1. Values of experimental
and calculated inhibitory activities are summarized in
Table 2. The correlation matrix presented in Table 3
indicates that Eq. 2 is comprised of orthogonal descrip-
tors only.

logð1=IC50Þ ¼ ð2:39� 102 � 3:54� 101Þ �D5

þ ð1:22� 101 � 2:85Þ �D6

� ð2:32� 5:43� 10�1Þ �D7

þ ð5:19� 101 � 1:64Þ �D8

� ð1:71� 102 � 5:36� 101Þ ð2Þ
N = 30, r = 0.885, F = 22.79, s2 = 0.3508, rcv

2 ¼ 0:6942

The predictive power of the second QSAR model (Eq. 2,
Fig. 4) was evaluated with an external validation set,
which comprised the six molecules underlined in
Table 2.

The QSAR models developed exhibit a reasonable abil-
ity to predict biological activity. Six out of seven com-
pounds in the external prediction set for the oxidation
direction, and five out of six compounds for the reduc-
tion direction are predicted within one order of magni-
tude. Compounds 11 and 24, however, were somewhat
less accurately predicted, with errors of 2.4 and 1.6 log
units, respectively.

2.4. Proposed binding modes of flavones and trans-
cinnamic acid esters in the type 1 17b-HSD and
17b-HSDcl active site

Flexible docking experiments were carried out to identi-
fy the possible binding modes of the trans-cinnamic acid
esters and flavone type inhibitors into the 17b-HSDcl
active site.33 As in our previous molecular docking stud-
ies of flavone type inhibitors, it was necessary to use a
homology built model34 of 17b-HSDcl, supported by
preliminary crystallographic data,35 with added coen-
zyme NADPH, since inhibitory activities were deter-
mined using this enzyme.23 Sequence identity between
the 17b-HSDcl and human type 1 17b-HSD is relatively
low.23 However, despite low sequence homology of 25–
30% between the different types of 17b-HSDs, the en-
zymes of the SDR family share a very common protein
fold with several conserved motifs.36 As shown in Figure
5, the positions of the catalytical residues in fungal 17b-
HSD (Tyr167, Ser153, and Lys171) are conserved with
the positions of the catalytical triad of 17b-HSD type
1 (Tyr155, Ser142, and Lys159) (RMS = 0.66). The sec-
ondary structures of the b sheets and helix delineating
the inhibitor binding site (red and green ribbons repre-
sent the protein backbone) are remarkably similar.
Two hydrogen bonds between the 3-hydroxyl group
and the 4-carbonyl of inhibitor 1 and Asn154 are shown,
along with the Tyr212 residue of 17b-HSDcl. These two
residues which appear crucial for binding of inhibitors in
the fungal enzyme active site could be matched by their
counterparts Arg258 and Tyr218 of human type 1 17b-
HSD enzyme. Also, the cofactor NADP in both en-
zymes occupies the same position (shown in part in
Fig. 5).

In principle, the results of the docking studies are depen-
dent on the oxidation state of the coenzyme. However,
as in our previous studies, we found that the binding
mode of the inhibitors did not change significantly if dif-
ferent charges were assigned to the coenzyme, in the
inhibition of both oxidation and reduction pathways.23

Therefore, the binding mode in this study was evaluated
for the coenzyme in the oxidation state, as determined
experimentally.

The representative docked conformation of flavone type
inhibitor 1 is depicted in Figure 5. A relatively uniform
binding mode and similar conformations were observed
on superimposing the 30 docked conformations with
lowest energy of binding to the enzyme active site. The
carbonyl oxygen and a ring hydroxyl group of 1 both



Table 2. Summary of calculated and experimental (Eqs. 1 and 2.) biological activities (D represents the difference between the two) of non-steroidal

inhibitors of 17b-hydroxysteroid dehydrogenase (oxidation and reduction directions) in log scale along with the original IC50 values

Compound Structure IC50 (lM)oxidn logcalcd (1/IC50)oxidn logexp. (1/IC50)oxidn Doxidn

IC50 (lM)redn logcalcd (1/IC50)redn logexp. (1/IC50)redn Dredn

1

O

O

OH

0.4 6.131 6.398 �0.267

1.2 5.878 5.921 �0.043

2

O

O

OH

OH

0.6 6.068 6.222 �0.154

6.0 5.596 5.222 0.374

3

O

OOMe

0.7 4.857 6.155 �1.298

2.0 4.429 5.698 �1.269

4

O

O

HO

OH

0.9 5.680 6.046 �0.366

7.4 5.060 5.131 �0.071

5*

O

OOH

1.0 5.646 6.000 �0.354

4.8 5.018 5.319 �0.301

6

O

O

1.3 5.616 5.886 �0.270

8.0 4.679 5.096 �0.417

7

O

O

OH

OH

OH

OH

OH 2.0 6.065 5.698 0.367

7.7 5.659 5.113 0.546

8

O

O

OH

OH

OH

OH

2.5 6.119 5.602 0.517

3.9 5.453 5.409 0.044

9

O

O

OH

OH

OH

2.9 5.988 5.538 0.450

54.0 4.928 4.268 0.660

(continued on next page)
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Table 2 (continued)

Compound Structure IC50 (lM)oxidn logcalcd (1/IC50)oxidn logexp. (1/IC50)oxidn Doxidn

IC50 (lM)redn logcalcd (1/IC50)redn logexp. (1/IC50)redn Dredn

10

HO

O OH

O O

3.2 4.672 5.495 �0.823

2.8 5.265 5.553 �0.288

11*

OMe

O

O

OH

OH

7.3 2.891 5.267 �2.376

11.5 4.246 4.939 �0.693

12*

O

O

OH

OH

OH

OH 10.5 5.889 4.978 0.911

20.0 4.831 4.699 0.132

13

O

O

OH

15.0 5.725 4.824 0.901

50.0 4.734 4.301 0.433

14

O

O

OH

OH

OH

17.3 3.619 4.762 �1.143

31.8 3.526 4.498 �0.972

15

OH

O

O

OH

OH

225.0 3.754 3.648 0.106

56.0 4.287 4.252 0.035

16

O

O

227.0 3.462 3.644 �0.182

273.0 3.567 3.564 0.003

17

OH

O

O

OH

301.0 3.868 3.521 0.347

408.0 4.271 3.389 0.882

18

OO

>3000 2.956 2.523 0.433

>3000 3.179 2.523 0.656

(continued on next page)
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Table 2 (continued)

Compound Structure IC50 (lM)oxidn logcalcd (1/IC50)oxidn logexp. (1/IC50)oxidn Doxidn

IC50 (lM)redn logcalcd (1/IC50)redn logexp. (1/IC50)redn Dredn

19

OMe

OMe

O

O

OMe

14.0 4.318 4.854 �0.536

>3000 — 2.523 —

20

OH

OH

OM

OMe

O

O

OM

48.0 4.303 4.319 �0.016

>3000 2.629 2.523 0.106

21 N

O

O

O

O

10.0 3.679 5.000 �1.321

>3000 2.963 2.523 0.440

22

O

OMe

OMe

O

O

O

OMe

>3000 2.156 2.523 �0.367

>3000 2.302 2.523 �0.221

23 N

OO

O

O

O

O

>3000 2.814 2.523 0.291

>3000 2.603 2.523 0.080

24 N

O
O

O

O

O

O

5.0 3.673 2.523 1.150

90.0 4.162 2.523 1.639

25 N

O

O

O

O

10.0 4.990 5.301 �0.311

470.2 3.767 4.046 �0.279

26
O

O

>3000 5.117 5.000 0.117

>3000 3.227 3.328 �0.101

27

OMeO

OMe

OMe
O

O

O

O

>3000 2.799 2.523 0.277

NA — NA —

(continued on next page)
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Table 2 (continued)

Compound Structure IC50 (lM)oxidn logcalcd (1/IC50)oxidn logexp. (1/IC50)oxidn Doxidn

IC50 (lM)redn logcalcd (1/IC50)redn logexp. (1/IC50)redn Dredn

28

O N

O

O

O

O

O

>3000 2.911 2.523 0.388

NA — NA —

29 O

O

0.7 5.147 6.155 �1.008

7.3 3.808 5.137 �1.329

30
O

O

26.0 4.446 4.585 �0.139

310.0 3.462 3.509 �0.047

31
O

O

O

130.0 5.387 3.886 1.501

>3000 2.574 2.523 0.051

32
O

O
CN

13.0 4.459 4.886 �0.427

>3000 — 2.523 —

33* O

CH3N
H

O

O

400.0 2.929 3.398 �0.469

1500 2.768 2.824 �0.056

34
O

O

OMe
135.0 4.046 3.870 0.176

>3000 3.230 2.523 0.707

35

CH3

O

N
H

O

O
6

2500 2.838 2.602 0.236

2500 2.767 2.602 0.165

36
O

O

>3000 3.388 2.523 0.865

>3000 3.356 2.523 0.833

(continued on next page)
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Table 2 (continued)

Compound Structure IC50 (lM)oxidn logcalcd (1/IC50)oxidn logexp. (1/IC50)oxidn Doxidn

IC50 (lM)redn logcalcd (1/IC50)redn logexp. (1/IC50)redn Dredn

37

O

O

O

O

2.7 — 5.569 —

7.6 — 5.119 —

38*

N

O

O

O

O

OMe

MeO

MeO
57.4 4.077 4.241 �0.164

283.7 3.768 3.547 0.221

39*
O

O

OMe

MeO

MeO

63.9 4.166 4.194 �0.028

25.9 3.738 4.586 �0.849

40*
O

O

OMe

MeO

MeO

10.8 4.367 4.967 �0.600

144 3.729 3.842 �0.113

41
O

O

OMe

MeO

MeO

159.5 4.298 3.797 0.501

>3000 3.110 2.523 0.587

Underlined (reduction path) and asterisk-marked (oxidation path) compounds constitute the corresponding external prediction (validation) sets.

NA, not available.
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Figure 3. Correlation between experimental inhibitory activities of

non-steroidal inhibitors of 17b-hydroxysteroid dehydrogenase (oxida-

tion reaction) and those predicted by Eq. 1.

Table 3. Correlation matrices for the descriptors presented in Eqs. 1

and 2

Eq. 1

D1 D2 D3 D4

D1 1

D2 0.2112 1

D3 0.2961 �0.0973 1

D4 �0.1155 �0.0429 �0.2358 1

Eq. 2

D5 D6 D7 D8

D5 1

D6 0.0497 1

D7 0.3991 0.2578 1

D8 �0.0497 0.1299 0.2991 1
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form stable hydrogen bonds with Asn154. The p–p
interaction between the benzene ring B of the flavone
1 and Tyr212 makes a major contribution to the bind-
ing. Analysis of the enzyme–inhibitor complex high-
lights other amino-acid residues in the active site that
can form hydrophobic interactions, such as Val161
and Ala269. This underlines that favourable interplay
between properly oriented hydrogen bonds and elements
in the structure that form hydrophobic interactions is
crucial for optimal molecular recognition. A similar



Figure 7. Comparison of the binding modes of flavone type inhibitor 1

(red) and trans-cinnamic acid ester 29 (yellow).
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Figure 5. Representative conformation of 1 in the active site of 17b-

HSDcl (green) and type 1 17b-HSD (red). Residues Arg258 and

Tyr212 of the human enzyme are marked in italic. Cofactor NADP is

shown just in part for clarity.

Figure 6. Conformation of 29 in the active site of 17b-HSDcl. The

hydrogen bond between the carbonyl of the inhibitor and Asn154 is

shown, together with the amino-acid residues of the 17b-HSDcl active

site that form hydrophobic interactions.
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binding mode was observed during our previous studies
that used a more simplified docking approach.23 Ring B
is positioned slightly differently with respect to the con-
formation of flavonoids described previously.23 Howev-
er, the energy difference for torsion angle rotation is
relatively low.

A similar situation is seen for the trans-cinnamic acid es-
ter 29. The conformations proposed by the FlexX
molecular docking tool are strikingly uniform with re-
spect to the RMS between the conformers. At the same
time, their position in the active site points to a signifi-
cant interaction—a hydrogen bond between Asn154
and the ester carbonyl oxygen. In addition, the hydro-
phobic and p–p interactions between the phenyl B rings
of compound 29 and Tyr212 also contribute to the opti-
mal binding pattern proposed in Figure 6. The amino-
acid residues of the catalytic triad, Tyr167, Ser153,
and Lys171, are adjacent to the binding site of the inhib-
itors in our series.

The superposition of compounds 1 and 29 in the 17b-
HSDcl active site is outlined in Figure 7. Compound 1
forms two hydrogen bonds, although its inhibitory
activity is only slightly higher than that measured for
compound 29.
3. Conclusions

Based on the flavonoid inhibitors of 17b-HSDcl, a series
of structurally related cinnamates and coumarin-3-carb-
oxylates were designed, synthesized and evaluated for
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their inhibitory activities. QSAR models for both oxida-
tive and reductive reactions catalyzed by 17b-HSDcl
were developed, and the experimental inhibitory activi-
ties show the importance of the binding of the carbonyl
group on the chromone and cinnamoyl moieties, as well
as hydrophobic structural elements. These results are
further supported by the studies of docking into the
17b-HSDcl active site, which stress the importance of
a putative hydrogen bond to Asn154 and hydrophobic
interactions with the aromatic side chain of Tyr212 for
optimal molecular recognition. As the 17b-HSD from
the fungus Cochliobolus lunatus may serve as a model en-
zyme for the human type 1 17b-HSD, the most strongly
inhibitory compounds described in this study represent
promising hits for the development of inhibitors of hu-
man enzyme.
4. Experimental

4.1. Chemistry

All chemicals were obtained from commercial sources
(Acros, Aldrich, Fluka, Merck, Jannsen, and Sigma)
and used without further purification. Solvents were
used without purification or drying, unless otherwise
stated. Reactions were monitored using analytical TLC
plates (Merck, silica gel 60 F254) with rhodamin G6 or
sulfuric acid staining. Silica gel grade 60 (70–230 mesh,
Merck) was used for column chromatography. NMR
spectra were obtained on a Bruker Avance DPX 300
instrument. 1H NMR were recorded at 300.13 MHz
with tetramethylsilane as an internal standard. Mass
spectra were obtained with a VG-Analytical Autospec
Q mass spectrometer with EI or FAB ionization (MS
Centre, Jožef Stefan Institute, Ljubljana). IR spectra
were recorded on a Perkin-Elmer FTIR 1600 spectro-
meter. Elemental analyses were carried out by the
Department of Organic Chemistry, Faculty of Chemis-
try and Chemical Technology, Ljubljana, on a Perkin-
Elmer elemental analyzer 240 C. Melting points were
determined using a Reichert hot-stage microscope and
are uncorrected.

4.2. General method for esterification using DCC (method
A)

To a stirred solution of the appropriate acid (5 mmol)
and alcohol (5.5 mmol) in dichloromethane (25 mL),
DCC (5.5 mmol) and DMAP (0.5 mmol) were added.
After 24 h stirring at room temperature, the reaction
mixture was filtered and the solution washed with 10%
citric acid (2· 20 ml), water (15 ml), and brine (30 ml),
dried over anhydrous sodium sulfate, filtered and con-
centrated under reduced pressure. The crude product
was purified by column chromatography or crystallized
from the appropriate solvent.

4.3. General method for esterification using BOP reagent
(method B)

To a stirred solution of the appropriate acid (5 mmol)
and alcohol (5.5 mmol) in dichloromethane (25 ml),
BOP (6 mmol) and triethylamine (20 mmol) were added.
After 24 h stirring at room temperature, dichlorometh-
ane was removed under reduced pressure and ethyl ace-
tate (80 ml) was added to the residual reaction mixture.
The resulting solution was washed with 10% citric acid
(2· 40 ml), 10% solution of NaHCO3 (3· 40 ml), water
(40 ml) and brine (2· 40 ml), dried over anhydrous sodi-
um sulfate, filtered and concentrated under reduced
pressure. The crude product was purified by column
chromatography or crystallized from the appropriate
solvent.

4.3.1. (E)-3,4,5-Trimethoxybenzyl cinnamate (19). This
compound was prepared from trans-cinnamic acid and
(3,4,5-trimethoxyphenyl)methanol by method B, and
crystallized from hexane as white needles. Yield 13%;
mp 85–86 �C; IR (KBr): mmax 2936, 2834, 1710, 1638,
1593, 1508, 1423, 1332, 1245, 1124, 971, and 858 cm�1;
1H NMR (300 MHz, DMSO-d6): d (ppm) 3.87 (s, 3H,
OCH3), 3.90 (s, 6H, 2· OCH3), 5.20 (s, 2H, CH2),
6.51 (d, J = 16.0 Hz, 1H, CH@CH–CO), 6.66 (s, 2H,
aromatic), 7.38–7.45 (m, 3H, aromatic), 7.50–7.75 (m,
2H, aromatic), 7.76 (d, J = 16.0 Hz, 1H, CH@CH–
CO); FAB MS m/z 328 (M+H)+; Anal. Calcd for
C19H20O5Æ0.33H2O: C, 68.25; H, 6.23. Found: C,
68.35; H, 6.21.

4.3.2. (E)-3,4,5-Trimethoxybenzyl 3-(3,4-dihydroxy phen-
yl) acrylate (20). This compound was prepared from (E)-
3-(3,4-dihydroxyphenyl)acrylic acid and (3,4,5-trimeth-
oxyphenyl)methanol by method B, as a yellow solid.
Yield 18%; mp 98–99 �C; IR (KBr): mmax 2940, 1595,
1511, 1466, 1357, 1240, 1132, 1004, 929, 827, and
734 cm�1; 1H NMR (300 MHz, DMSO-d6): d (ppm)
3.75 (s, 6H, 2· OCH3), 3.80 (s, 3H, OCH3), 5.48 (s,
2H, CH2), 6.48 (s, 2H, aromatic), 7.16 (d, J = 15.8 Hz,
1H, CH@CH–CO), 7.29–7.41 (m, 3H, aromatic), 7.98
(d, J = 15.8 Hz, 1H, CH@CH–CO); EI MS m/z 360
(M). Anal. Calcd for C19H20O7Æ0.75H2O: C, 61.04; H,
5.80. Found: C, 60.80; H, 5.49.

4.3.3. (E)-(1,3-Dioxoisoindolin-2-yl)methyl 3-(3,4,5-tri-
methoxyphenyl)acrylate (21). This compound was pre-
pared from trans-cinnamic acid and 2-(hydroxy-
methyl)isoindoline-1,3-dione by method B, and
crystallized from hexane as a white solid. Yield 12%;
mp 146–147 �C; IR (KBr): mmax 2974, 1728, 1633,
1434, 1304, 1136, 976, 856, 711, and 616 cm�1; 1H
NMR (300 MHz, DMSO-d6): d (ppm) 5.89 (s, 2H,
CH2), 6.42 (d, J = 16.0 Hz, 1H, CH@CH–CO), 7.35–
7.43 (m, 3H, aromatic), 7.50–7.56 (m, 2H, aromatic),
7.74 (d, J = 16.0 Hz, 1H, CH@CH–CO), 7.80–7.86 (m,
2H, aromatic), 7.95–8.05 (m, 2H, aromatic); FAB MS
m/z 308 (M+H)+; Anal. Calcd for C18H13NO4: C,
70.36; H, 4.23; N, 4.56. Found: C, 70.03; H, 4.23; N,
4.52.

4.3.4. 3,4,5-Trimethoxybenzyl 2-oxo-2H-chromene-3-car-
boxylate (22). This compound was prepared from 2-oxo-
2H-chromene-3-carboxylic acid and (3,4,5-trimethoxy-
phenyl)methanol by method B, and recrystallized from
ethyl acetate as a reddish-white solid. Yield 49%; mp
145–146 �C; IR (KBr): mmax 2937, 1741, 1709, 1612,
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1566, 1509, 1457, 1372, 1307, 1128, 1008, 793, and
584 cm�1; 1H NMR (300 MHz, DMSO-d6): d (ppm)
3.86 (s, 3H, OCH3), 3.96 (s, 6H, 2· OCH3), 5.36 (s,
2H, CH2), 6.78 (s, 2H, aromatic), 7.25–7.32 (m, 2H, aro-
matic), 7.60–7.66 (m, 2H, aromatic), 8.48 (s, 1H,
CH@C); FAB MS m/z 370 (M+H)+; Anal. Calcd for
C20H18O7: C, 64.86; H, 4.86. Found: C, 64.75; H, 4.91.

4.3.5. (1,3-Dioxoisoindolin-2-yl)methyl 2-oxo-2H-chro-
mene-3-carboxylate (23). This compound was prepared
from 2-oxo-2H-chromene-3-carboxylic acid and 2-
(hydroxymethyl)isoindoline-1,3-dione by method B,
and crystallized from hexane as a white solid. Yield
52%; mp 240–243 �C; IR (KBr): mmax 3052, 1759, 1717,
1612, 1563, 1409, 1301, 1243, 969, and 770 cm�1; 1H
NMR (300 MHz, DMSO-d6): d (ppm) 6.00 (s, 2H,
CH2), 7.25–7.40 (m, 2H, aromatic), 7.55–7.72 (m, 2H,
aromatic), 7.78–7.88 (m, 2H, aromatic), 7.92–8.05 (m,
2H, aromatic), 8.53 (s, 1H, CH@C); EI MS m/z 349
(M); Anal. Calcd for C19H11NO6Æ0.25H2O: C, 64.50;
H, 3.28; N, 3.96. Found: C, 64.31; H, 3.10; N, 4.09.

4.3.6. 2-(1,3-Dioxoisoindolin-2-yl)ethyl 2-oxo-2H-chro-
mene-3-carboxylate (24). This compound was prepared
from 2-oxo-2H-chromene-3-carboxylic acid and 2-(2-
hydroxyethyl)isoindoline-1,3-dione by method B, as a
white solid. Yield 10%; mp 193–196 �C; IR (KBr): mmax

3082, 2961, 1763, 1714, 1608, 1567, 1427, 1245, 1017,
and 722 cm�1; 1H NMR (300 MHz, CDCl3): d (ppm)
4.10 (t, J = 5.3 Hz, 2H, CH2N), 4.60 (t, J = 5.3 Hz,
2H, OCH2), 7.31–7.38 (m, 2H, aromatic), 7.61–7.67
(m, 2H, aromatic), 7.71–7.76 (m, 2H, aromatic), 7.84–
7.89 (m, 2H, aromatic), 8.55 (s, 1H, CH@C); EI MS
m/z 363 (M); Anal. Calcd for C20H13NO6: C, 66.10; H,
3.58; N, 3.86. Found: C, 66.46; H, 3.29; N, 3.70.

4.3.7. (E)-2-(1,3-Dioxoisoindolin-2-yl) ethyl cinnamate
(25). This compound was prepared from trans-cinnamic
acid and 2-(2-hydroxyethyl) isoindoline-1,3-dione by
method A, as a white solid. Yield 45%; mp 115–
118 �C; IR (KBr): mmax 2929, 2119, 1777, 1708, 1627,
1428, 1392, 1320, 1255, 1202, 1067, 1016, 866, and
723 cm�1 ; 1H NMR (300 MHz, CDCl3): d (ppm) 4.07
(t, J = 5.3 Hz, 2H, CH2), 4.47 (t, J = 5.3 Hz, 2H,
CH2), 6.39 (d, J = 15.8 Hz, 1H, CH@CH–CO), 7.34–
7.43 (m, 3H, aromatic), 7.47–7.57 (m, 2H, aromatic),
7.68 (d, J = 15.8 Hz, 1H, CH@CH–CO), 7.72–7.78 (m,
2H, aromatic), 7.84–7.93 (m, 2H, aromatic); FAB MS
m/z 322 (M+H)+; Anal. Calcd for C19H15NO4Æ0.25H2O:
C, 70.04; H, 4.79; N, 4.30. Found: C, 70.20; H, 5.25; N,
4.59.

4.3.8. (E)-1-Naphthyl cinnamate (26). This compound
was prepared from trans-cinnamic acid and 1-naphthol
by method A, as a brown solid. Yield 20%; mp 105–
108 �C; IR (KBr): mmax 3042, 1723, 1629, 1449, 1310,
1134, 1014, 865, 767, and 684 cm�1; 1H NMR
(300 MHz, CDCl3): d (ppm) 6.84 (d, J = 16.0 Hz, 1H,
CH@CH–CO), 7.34–7.39 (m, 1H, aromatic), 7.44–7.51
(m, 3H, aromatic), 7.51–7.58 (m, 3H, aromatic), 7.63–
7.71 (m, 2H, aromatic), 7.79 (d, J = 8.3 Hz, 1H, aromat-
ic), 7.88–7.99 (m, 2H, aromatic), 7.99–8.06 (d,
J = 16.0 Hz, 1H, CH@CH–CO); FAB MS m/z 275
(M+H)+; Anal. Calcd for C19H14O2: C, 83.19; H, 5.14.
Found: C, 83.31; H, 5.35.

4.3.9. 3,4,5-Trimethoxybenzyl 2-(benzo[d][1,3] dioxol-6-
yl)acetate (27). This compound was prepared from 2-
(benzo[d][1,3]dioxol-5-yl)acetic acid and (3,4,5-trimeth-
oxyphenyl)methanol by method B, as a colourless oil.
Yield 10%; IR (KBr): mmax 2490, 1734, 1593, 1491,
1446, 1333, 1247, 1129, 1038, 929, and 812 cm�1; 1H
NMR (300 MHz, CDCl3): d (ppm) 3.60 (s, 2H, CH2–
CO), 3.85 (s, 9H, 3· OCH3), 5.10 (s, 2H, O–CH2),
5.95 (s, 2H, O–CH2–O) 6.50 (s, 2H, aromatic), 6.75–
6.77 (m, 2H, aromatic), 6.82 (s, 1H, aromatic); EI MS
m/z 360 (M); Anal. Calcd for C19H20O7Æ0.75H2O: C,
61.04; H, 5.80. Found: C, 60.87; H, 5.60.

4.3.10. (1,3-Dioxoisoindolin-2-yl)methyl 2-(benzo-
[d][1,3]dioxol-6-yl)acetate (28). This compound was pre-
pared from 2-(benzo[d][1,3]dioxol-5-yl)acetic acid and
2-(hydroxymethyl)isoindoline-1,3-dione by method B,
and crystallized from ethyl acetate as a white solid. Yield
40%; mp 126–129 �C; IR (KBr): mmax 3483, 2914, 1784,
1715, 1492, 1405, 1240, 1131, 978, 800, and 724 cm�1;
1H NMR (300 MHz, CDCl3): d (ppm) 3.55 (s, 2H,
CH2–CO), 5.75 (s, 2H, CH2–N), 5.95 (s, 2H, O–CH2–
O), 6.67–6.80 (m, 3H, aromatic), 7.76–7.84 (m, 2H, aro-
matic), 7.90–7.98 (m, 2H, aromatic); EI MS m/z 339
(M); Anal. Calcd for C18H13NO6: C, 63.70; H, 3.83;
N, 4.13. Found: C, 63.35; H, 3.98; N, 4.38.

4.3.11. (E)-Benzyl cinnamate (29). This compound was
prepared from trans-cinnamic acid and benzyl alcohol
by method A, as white crystals. Yield 79%; mp 33–
35 �C, (lit.37 mp 33–33.5 �C); IR (KBr): mmax 3029
1709, 1638, 1495, 1450, 1372, 1312, 1161, 981, 905,
755, 697, and 527 cm�1; 1H NMR (300 MHz, CDCl3):
d (ppm) 5.32 (s, 2H, CH2), 6.55 (d, J = 16.0 Hz, 1H,
CH@CH–CO), 7.35–7.51 (m, 8H, aromatic), 7.52–7.60
(m, 2H, aromatic), 7.80 (d, J = 16.0 Hz, 1H, CH@CH–
CO); FAB MS m/z 239 (M+H)+.

4.3.12. (E)-Phenyl cinnamate (30). This compound was
prepared from trans-cinnamic acid and phenol by meth-
od A, as slightly yellow crystals. Yield 75%; mp 72–
75 �C, (lit.38 mp 73.5–75.5 �C); IR (KBr): mmax 3435,
2117, 1726, 1639, 1484, 1450, 1307, 1206, 1146, 970,
762, 680, and 552 cm�1; 1H NMR (300 MHz, CDCl3):
d (ppm) 6.67 (d, J = 16.0 Hz, 1H, CH@CH–CO), 7.17–
7.32 (m, 3H, aromatic), 7.39–7.51 (m, 5H, aromatic),
7.58–7.66 (m, 2H, aromatic), 7.90 (d, J = 16.0 Hz, 1H,
CH@CH–CO); FAB MS m/z 225 (M+H)+.

4.3.13. (E)-3-Phenoxyphenyl cinnamate (31). This com-
pound was prepared from trans-cinnamic acid and (3-
phenoxyphenyl)methanol by method B, as white crys-
tals. Yield 84%; mp 48–51 �C; IR (KBr): mmax 3038,
2942, 1713, 1638, 1583, 1484, 1450, 1378, 1312, 1250,
1218, 1166, 1074, 982, 804, 749, and 686 cm�1; 1H
NMR (300 MHz, CDCl3): d (ppm) 5.53 (s, 2H, CH2),
6.52 (d, J = 16.0 Hz, 1H, CH@CH–CO), 6.96–7.21
(m, 6H, aromatic), 7.31–7.46 (m, 6H, aromatic),
7.50–7.60 (m, 2H, aromatic), 7.76 (d, J = 16.0 Hz,
1H, CH@CH–CO); FAB MS m/z 331 (M+H)+; Anal.
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Calcd for C22H18O3: C, 79.98; H, 5.49. Found: C,
80.42; H, 5.69.

4.3.14. (E)-4-Cyanophenyl cinnamate (32). This com-
pound was prepared from trans-cinnamic acid and 4-
cyanophenol by method B, as slightly yellow crystals.
Yield 77%; mp 102–105 �C; IR (KBr): mmax 3062,
2232, 1744, 1632, 1496, 1307, 1220, 1127, 965; 762,
548 cm�1; 1H NMR (300 MHz, CDCl3): d (ppm)
6.64 (d, J = 16.0 Hz, 1H, CH@CH–CO), 7.31–7.39
(m, 2H, aromatic), 7.42–7.52 (m, 3H, aromatic),
7.58–7.67 (m, 2H, aromatic), 7.70–7.79 (m, 2H, aro-
matic), 7.92 (d, J = 16.0 Hz, 1H, CH@CH–CO);
FAB MS m/z 250 (M+H)+; Anal. Calcd for
C16H11NO2: C, 77.10; H, 4.45; N, 5.62. Found: C,
77.01; H, 4.79; N, 5.39.

4.3.15. (E)-4-Acetamidophenyl cinnamate (33). This com-
pound was prepared from trans-cinnamic acid and N-
(4-hydroxyphenyl)acetamide by method B, as yellow
crystals. Yield 61%; mp 196–199 �C, (lit.39 mp 200–
201 �C); IR (KBr): mmax 3357, 1720, 1676, 1638, 1545,
1408, 1316, 1154, 980, 857, 768, and 682 cm�1; 1H
NMR (300 MHz, CDCl3): d (ppm) 2.20 (s, 3H, CH3),
6.64 (d, J = 15.8 Hz, 1H, CH@CH–CO), 7.15 (d,
J = 9.0 Hz, 2H, aromatic), 7.32 (s, 1H, NH), 7.41–7.49
(m, 3H, aromatic), 7.50–7.66 (m, 4H, aromatic), 7.89
(d, J = 15.8 Hz, 1H, CH@CH–CO); FAB MS m/z 282
(M+H)+.

4.3.16. (E)-3-Methoxyphenyl cinnamate (34). This com-
pound was prepared from trans-cinnamic acid and
3-methoxyphenol by method A, as an oil.40 Yield
79%; IR (KBr): mmax 2931, 2117, 1731, 1636 1608,
1592, 1490, 1450, 1309, 1265, 1201, 1141, 978, and
765 cm�1; 1H NMR (300 MHz, CDCl3): d (ppm)
3.84 (s, 3H, Ar–O–CH3), 6.65 (d, J = 15.8 Hz, 1H,
CH@CH–CO), 6.72–6.87 (m, 3H, aromatic), 7.26–
7.49 (m, 4H, aromatic), 7.51–7.66 (m, 2H, aromatic),
7.90 (d, J = 15.8 Hz, 1H, CH@CH–CO); EI MS m/z
254 (M).

4.3.17. (E)-4-(Octanamido)phenyl cinnamate (35). This
compound was prepared from trans-cinnamic acid and
N-(4-hydroxyphenyl)octanamide by method A, as white
crystals. Yield 56%; mp 127–130 �C; IR (KBr): mmax

3361, 3062, 2921, 1717, 1679, 1636, 1537, 1408, 1316,
1196, 989, 979, 859, 765, and 680 cm�1; 1H NMR
(300 MHz, CDCl3): d (ppm) 0.91 (t, J = 6.6 Hz 3H,
CH3), 1.16–1.50 (m, 10H, 5· CH2), 2.37 (t, J = 2.4 Hz,
2H, CO–CH2), 6.64 (d, J = 16.0 Hz, 1H, CH@CH–
CO), 7.10–7.19 (m, 2H, aromatic), 7.22 (s, 1H, NH),
7.39–7.65 (m, 7H, aromatic), 7.89 (d, J = 16.0 Hz, 1H,
CH@CH–CO); FAB MS m/z 366 (M+H)+; Anal. Calcd
for C23H27NO3: C, 75.59; H, 7.45; N, 3.83. Found: C,
75.66; H, 7.71; N, 4.01.

4.3.18. (E)-Cyclohexyl cinnamate (36). This compound
was prepared from trans-cinnamic acid and cyclohexa-
nol by method A, as a colourless oil.41 Yield 77%; IR
(KBr): mmax 2936, 2858, 2118, 1709, 1638, 1450, 1174,
1017, and 768 cm�1; 1H NMR (300 MHz, CDCl3): d
(ppm) 1.05–2.10 (m, 11H, cyclohexyl) 6.46 (d,
J = 16.0 Hz, 1H, CH@CH–CO), 7.34–7.60 (m, 5H, aro-
matic), 7.69 (d, J = 16.0 Hz, 1H, CH@CH–CO); FAB
MS m/z 231 (M+H)+.

4.3.19. Benzyl 2-oxo-2H-chromene-3-carboxylate (37).
This compound was prepared from 2-oxo-2H-chro-
mene-3-carboxylic acid and benzyl alcohol by method
A, as white crystals. Yield 70%; mp 88–91 �C (lit.42 mp
not given); IR (KBr): mmax 3053, 1760, 1698, 1619,
1568, 1455, 1307, 1215, 1001, 770, 641 cm�1; 1H NMR
(300 MHz, CDCl3): d (ppm) 5.42 (s, 2H, CH2), 7.26–
7.70 (m, 9H, aromatic), 8.57 (s, 1H, CH@C); FAB MS
m/z 281 (M+H)+.

4.3.20. (E)-2-(1,3-Dioxoisoindolin-2-yl)ethyl 3-(3,4,5-tri-
methoxyphenyl)acrylate (38). This compound was pre-
pared from (E)-3-(3,4,5-trimethoxyphenyl)acrylic acid
and 2-(2-hydroxyethyl) isoindoline-1,3-dione by method
B, as white crystals. Yield 75%; mp 118–120 �C; IR
(KBr): mmax 2928, 2830, 1774, 1717, 1590, 1510, 1394,
1338, 1243, 1130, 1014, 840, and 720 cm�1; 1H NMR
(300 MHz, DMSO-d6): d (ppm) 3.89 (s, 9H, 3·
OCH3), 4.07 (t, J = 5.5 Hz, 2H, CH2), 4.47 (t,
J = 5.5 Hz, 2H, CH2), 6.30 (d, J = 15.8 Hz, 1H,
CH@CH–CO), 6.75 (s, 2H, aromatic), 7.59 (d,
J = 15.8 Hz, 1H, CH@CH–CO), 7.72–7.78 (m, 2H, aro-
matic), 7.85–7.94 (m, 2H, aromatic); FAB MS m/z 412
(M+H)+; Anal. Calcd for C22H21NO7: C, 64.23; H,
5.15; N, 3.40. Found: C, 64.20; H, 5.32; N, 3.54.

4.3.21. (E)-Phenyl 3-(3,4,5-trimethoxyphenyl) acrylate
(39). This compound was prepared from (E)-3-(3,4,5-tri-
methoxyphenyl)acrylic acid and phenol by method B, as
white crystals. Yield 63%; mp 95–97 �C; IR (KBr): mmax

2937, 2836, 1725, 1581, 1508, 1456, 1417, 1340, 1240,
1184, 1127, 972, 931, 833, 725, and 640 cm�1; 1H
NMR (300 MHz, DMSO-d6): d (ppm) 3.70 (s, 3H,
OCH3), 3.80 (s, 6H, 2· OCH3), 6.91 (d, J = 16.2 Hz,
1H, CH@CH–CO), 7.12–7.32 (m, 2H, aromatic), 7.42–
7.51 (m, 5H, aromatic), 7.81 (d, J = 16.2 Hz, 1H,
CH@CH–CO); FAB MS m/z 315 (M+H)+; Anal. Calcd
for C18H18O5: C, 68.78; H, 5.77. Found: C, 68.43; H,
6.07.

4.3.22. (E)-Benzyl 3-(3,4,5-trimethoxyphenyl) acrylate
(40). This compound was prepared from (E)-3-(3,4,5-tri-
methoxyphenyl)acrylic acid and benzyl alcohol by meth-
od B, as yellowish white crystals. Yield 68%; mp 88–
89 �C, (lit.43 87–89 �C); IR (KBr): mmax 2958, 1704,
1638, 1582, 1505, 1418, 1275, 1128, 1002, 827, 756,
691, and 620 cm�1; 1H NMR (300 MHz, DMSO-d6): d
(ppm) 3.69 (s, 3H, OCH3), 3.81 (s, 6H, 2· OCH3),
6.72 (d, J = 16.2 Hz, 1H, CH@CH–CO), 7.09 (s, 2H,
aromatic), 7.47–7.56 (m, 5H, aromatic), 7.63 (d,
J = 16.2 Hz, 1H, CH@CH–CO); FAB MS m/z 329
(M+H)+.

4.3.23. (E)-1-Naphthyl 3-(3,4,5-trimethoxy phenyl) acry-
late (41). This compound was prepared from (E)-3-
(3,4,5-trimethoxyphenyl)acrylic acid and 1-naphthol by
method B, as brownish white crystals. Yield 55%; mp
131–134 �C; IR (KBr): mmax 1707, 1579, 1503, 1418,
1339, 1225, 1120, 990, 835, and 780 cm�1; 1H NMR
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(300 MHz, DMSO-d6): d (ppm) 3.74 (s, 3H, OCH3), 3.86
(s, 6H, 2· OCH3), 7.10 (d, J = 15.9 Hz, 1H, CH@CH–
CO), 7.24 (s, 2H, aromatic), 7.40 (d, J = 6.6 Hz, 1H,
aromatic), 7.55–7.66 (m, 3H, aromatic), 7.87–7.90 (m,
2H, aromatic), 7.93 (d, J = 15.9 Hz, 1H, CH@CH–
CO), 7.93–8.03 (m, 1H, aromatic); FAB MS m/z 365
(M+H)+; Anal. Calcd for C22H20O5Æ0.25H2O: C,
71.63; H, 5.60. Found: C, 71.84; H, 5.65.

4.4. Construction of a QSAR model

Three-dimensional structures of the molecules in the
data set were generated by SPARTAN 5.0 software.44

After initial crude minimization, a multiple conforma-
tional search was performed using the Monte Carlo
method, in connection with simulated annealing. These
geometries were imported into the MOPAC program
package.45 The AM1 semi-empirical approach was used
and the effect of solvation was taken into account. We
analyzed the resulting conformers, and the structures
with the corresponding lowest solvation energies were
used for quantum-chemical descriptors’s calculation by
the CODESSA program package.46,47

CODESSA (comprehensive descriptors for structural and
statistical analysis) is a multipurpose program for devel-
oping quantitative structure–activity structure–property
relationships (QSARs/QSPRs). It provides various meth-
ods for statistical analysis of experimental data, such as
linear and non-linear regression, principal component
analysis (PCA) and non-linear iterative partial least
squares (NIPALS). A set of 640 molecular descriptors de-
rived from geometrical and quantum-chemical informa-
tion was generated for each molecular structure.

The measurements of inhibitory activity against fungal
17b-hydroxysteroid dehydrogenase were conducted for
41 and 39 compounds for the directions of oxidation
and reduction, respectively. The IC50 values for com-
pounds 27 and 28 for the inhibition of reduction were
not available. Compound 37 appeared to be an outlier
(its cross-validated residual �3 was more than 3*RMS
error prediction value) in all constructed QSAR models
and was therefore not included in the QSAR model.
Thirteen out of 39 compounds determined for the reduc-
tion direction were inactive and their inhibitory activi-
ties were set to an arbitrary IC50 of 3000 lM. In order
to address the question of arbitrarily chosen upper limit
for the inactive compounds, we have also performed the
following experiment (for oxidation and reduction part
of the reaction): in a series of inactive compounds the
value 3 mM (value on a log scale is 2.568) was substitut-
ed for 1 mmol (value on a log scale is 3) and the best lin-
ear model sought for. The variation of the final model
obtained was negligible. Thus, it was shown no signifi-
cant error was introduced by using arbitrarily chosen
value of 3 mM for the upper limit of concentration of
inactive compounds and simultaneously assuring that
the binding to the enzyme is marginal.

To develop meaningful QSAR models that could be val-
idated on an independent set of ligands, we randomly
divided our initial sets of 40 (oxidation direction) and
36 (reduction direction) compounds into four subsets.
Different combinations of three subsets consisting of
11 (oxidation) or 10 (reduction) were used as training
and test sets (33 or 30 molecules). The remaining seven
compounds in the case of oxidation and six compounds
in the case of reduction comprised external prediction
(validation) sets. Similarly, from the set of inactive mol-
ecules, two (24 and 34) were selected at random and
placed in the external prediction set for subsequent val-
idation of the oxidation model. Analoguosly, two inac-
tive molecules (19 and 32) were randomly selected and
excluded in the building of the reductive QSAR model.
The compounds were distributed into these three sets
in a completely random fashion thus ensuring indepen-
dent external validation.

We were careful to limit the number of inactives to <1/3
of the total number of compounds in the data set. We
believe that the prediction ability of the model which
was carefully designed and is based on the division of
the data set into training, test and external prediction
(validation) set is useful.

QSAR models were developed following a standard pro-
cedure. First, a training set was used to obtain four
molecular descriptors present in the QSAR equation
by the best multiple linear regression (BMLR) algo-
rithm. In this procedure, the orthogonal descriptors
are added to the model, successively starting with the
best pair of descriptors in the first step. In the next step,
descriptor triples were chosen that obeyed Fisher criteri-
on F at a given probability level (a detailed description
can be found in Ref. 46).

Furthermore, another subset (11 or 10 compounds) was
added, and with previously determined descriptors, a
new QSAR model was calculated using the multiple lin-
ear regression (MLR) procedure. Finally, a cross-vali-
dated correlation coefficient rcv

2 (CV-LOO) was
calculated on a joint set. The procedure was repeated
twice, and the model with the highest value of rcv

2 was
finally accepted.

The BMLR algorithm was used because of it can be
used to obtain QSAR equations, which consist solely
of orthogonal descriptors with inter-descriptor correla-
tions less than 0.4000.48 By setting the parameters of
the BMLR procedure appropriately (max r2 for orthog-
onal scales = 0.25, and max r2 for collinear
scales = 0.25), the resulting equations consisted of
orthogonal descriptors with no overlap of information.

4.5. Molecular docking into the active site

The FlexX molecular docking tool incorporated into a
Sybyl framework was used for this evaluation.49 The
substrate androstenedione included in the homology
model was taken as a reference structure and the area
10 Å around it was considered as the active site. The po-
tent flavone 1 and trans-cinnamic acid ester 29 were cho-
sen as representative structures. The proposed 30
binding modes of the docked inhibitors were evaluated
using RMS as a tool to explore relative structural
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differences between proposed binding modes. The
graphical representations of the proposed binding posi-
tions of molecules 1 and 29 were obtained using Insight
II molecular modelling environment.50

The human 17b-HSD1 enzyme was obtained from the
Brookhaven database of protein structures (PDB code:
1A27).

4.6. Inhibition studies

Compounds were tested for their inhibitory activities to-
wards homogeneous recombinant 17b-HSDcl. 17b-
HSDcl catalyzes oxidation of 4-estrene-17b-ol-3-one to
4-estrene-3,17-dione in the presence of NADP+, and
reduction of 4-estrene-3,17-dione to 4-estrene-17b-ol-3-
one in the presence of coenzyme NADPH. The reaction
was followed spectrophotometrically by measuring the
difference in NADPH absorbance (ek340 = 6270 M�1

cm�1) in the absence and presence of the com-
pounds.23,25 Assays were carried out in a 0.6-ml volume
in 100 mM phosphate buffer (pH 8.0) containing 1%
DMSO as co-solvent, as described previously.23,25 The
concentrations of substrate and coenzyme were
100 lM each, and the compounds were tested from
0.01 to 100 lM; the enzyme was 0.5 lM. Initial veloci-
ties of enzymatic reactions in the absence (v0) or pres-
ence (vi) of inhibitor were measured. Percentage
inhibition (% inh.) was given by 100 � ((vi/v0) · 100).
IC50 values were determined graphically from plots of
% inh. versus log (inhibitor concn) using GraphPad
Prism Version 4.00 (GraphPad Software, Inc.). Control
experiments according to Shoichet’s methodology51 in
the presence of 0.01% (v/v) Triton X-100 were per-
formed for five selected compounds (24, 29, 30, 32,
and 37) that were active in high, medium and low micro-
molar IC50 range in order to exclude non-specific bind-
ing of inhibitors. No significant differences were found
when compared to measurements without Triton X-100.
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