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A B S T R A C T

Heat shock protein 90 (Hsp90) is an emerging attractive target for the discovery of novel cancer

therapeutic agents. Docking methods are powerful in silico tools for lead generation and optimization. In

our mission to rationally develop novel effective small molecules against Hsp90, we predicted the

potency of our designed compounds by Sybyl surflex Geom X docking method. The results of the above

studies revealed that Schiff bases derived from 2,4-dihydroxy benzaldehyde/5-chloro-2,4-dihydroxy

benzaldehyde demonstrated effective binding with the protein. Subsequently, a few of them were

synthesized (1–10) and characterized by IR, 1HNMR and mass spectral analysis. The synthesized

molecules were evaluated for their potential to suppress Hsp90 ATPase activity by Malachite green

assay. The anticancer studies were performed by 3-(4,5-dimethythiazol- 2-yl)-2,5-diphenyl tetrazolium

bromide (MTT) assay method. The software generated results was in satisfactory agreement with the

evaluated biological activity.
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1. Introduction

Heat shock protein 90 (Hsp90) is a type of molecular chaperone
that plays a crucial role in the repair of diverse range of ‘‘client’’
proteins (defined as proteins whose level declines upon treatment
with Hsp90 inhibitor) involved in the development and progres-
sion of malignancy [1,2]. Therefore, compounds with an ability to
attenuate Hsp90 function is considered to be broad spectrum in
activity with reduced liability for acquired drug resistance [3]. The
function of Hsp90 is driven by hydrolysis of ATP to ADP in the N-
terminal domain of the protein followed by ATP/ADP exchange.
Blocking of this ATPase activity will lead to cessation of Hsp90
function [4,5]. Hence, majority of Hsp90 inhibitors developed so far
competitively dock to the N-terminal ATP binding pocket of the
protein [6].

The resorcinol moiety was found to be involved in prominent
hydrogen bonding and hydrophobic interactions with the amino
acid side chain belonging to the N-terminal ATP binding cleft of
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Hsp90 [7–9]. This was reflected in the SAR study of various
compounds tested for Hsp90 suppression potential wherein
analogues without the two hydroxyl groups were much less potent
in the binding assay [10–12]. Moreover, the resorcinol scaffold is
suggested to be devoid of any toxic side effects commonly associated
with other fragments like quinone, halopyrimidine, etc. [13].
Literature review on anticancer agents revealed that Schiff bases
(imines or azomethines) possess cytotoxic properties with no
concrete evidence of their mechanism of destroying the cancer cells
[14–22]. Studies further indicated that the aldehyde substituent of
azomethines were superior to the amine portion in exhibiting
cytotoxic effects [23]. Furthermore more recently, two imines used
as a precursor for azetdine ring synthesis have been reported to
moderately diminish Hsp90 activity [24]. In view of the fact that
dihydroxy phenyl group is an established template for Hsp90
inhibition and considering the significant anticancer activity
displayed by imines, we performed docking studies of a series of
Schiff bases of 2,4-dihydroxy benzaldehyde and 5-chloro-2,4-
dihydroxy benzaldehyde derivatives (Fig. 1). The ligands, which
fared well in the docking program were synthesized and character-
ized by IR, 1HNMR and mass spectroscopic studies. A colorimetric
assay (malachite green assay) was used to measure the extent of
Hsp90 ATPase activity inhibition by our synthesized compounds.
This assay determines the amount of free phosphate liberated due to
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Fig. 1. General structure of Schiff bases synthesized with numbering system used in

this report.

S. Dutta Gupta et al. / Biomedicine & Pharmacotherapy 68 (2014) 369–376370
ATP hydrolysis and is based on the reaction of phosphomolybdate
complex with malachite green. The synthesized molecules were
further screened for cytotoxic activity on PC3 prostate cancer cells.
The results of the above studies are presented in this paper.

2. Materials and methods

2.1. Molecular docking studies

The docking studies was carried out with Surflex Geom X
programme of Sybyl X-1.2 version softwares installed on Dell
Precision T-1500 workstation [Intel(R) Core(TM) i7 CPU 860 @
2.80 GHz 2.79 GHz; 12.0 GB RAM, 1 TB Hard disk]. Crystal structure
of Hsp90 was selected from the Protein Data Bank (PDB ID: 3EKR)
with a resolution of 2Å [25]. The protein preparation step involved
addition of hydrogen and removal of water molecules except 902,
903, 981 and 1026 [26,27]. These four water molecules were
revealed to be important for effective ligand-protein binding [27–
31]. The protein was energy minimized using conjugate mini-
mization technique of Powell [32]. The protomol (idealized active
site) was generated from hydrogen-containing protein mol2 file by
keeping the default parameters (threshold factor of 0.5Å and a
bloat of 0Å) [33,34]. The ligands were first drawn in Chem draw,
saved as mol files and then converted into SD file format by using
Schrodinger software (Maestro, 9.1 versions). The ligands were
then prepared for docking by first generating a clean 3D
conformation using Concord program which generates 20 con-
formations per structure [32,35]. This is followed by filtering
structures based on drug-likeness and docking them with the
prepared protein at the developed protomol [36].

2.2. Synthesis of compounds

The chemicals, reagents and solvents employed for synthesis
were procured from Hi-media Laboratories Private Limited, Merck
specialties Private Limited and SD fine-chem limited. The progress
of the reaction and purity was monitored by using TLC Silica gel 60
F254 aluminium sheets (Merck F254, Darmstadt, Germany) devel-
oped in mobile phase containing ethyl acetate and petroleum ether
(1:1). The melting point of the synthesized compounds was
determined by DRK Digital melting point apparatus. IR spectra
were recorded on Shimadzu IR-Affinity spectrometer using KBr
pellets. The 1HNMR spectra of the compounds synthesized were
acquired in deuterated DMSO on a Bruker ARX 400/300 MHz
(Bruker AG, Fallanden, Switzerland) instrument. Tetramethylsilane
was used as the internal standard and all chemical shift values
were expressed in parts per million (d, ppm). The mass spectra
were obtained from 6120 Quadrupole LC/MS mass spectrometer
using atmospheric pressure-electron spray ionization method
(Agilent Technologies, California, USA).

2.2.1. Synthesis of 2,4-dihydroxy benzaldehyde [37]

This was prepared according to a reported procedure (Fig. 2). A
two necked round bottom flask was charged with DMF (2.37 mL,
0.0306 mole) and acetonitrile (7 mL). This was followed by addition
of POCl3 (2.43 mL, 0.026 mole) drop wise to the reaction mixture by
maintaining the temperature between 22 8C to 28 8C. The reaction
was stirred at 22–28 8C for 1 h. The solution remains clear
throughout. Subsequently the reaction mixture was cooled in a
dry-ice bath to �15 to �17 8C and a solution of resorcinol (2.5 g,
0.022 mole) in acetonitrile (7 mL) was slowly added. Precipitation of
the Vilsmeier formamidinium phosporodichloridate salt occurs
during this addition. The reaction was stirred for an additional 2 h at
�15 to �17 8C and then at 28–32 8C for 1 h. The reaction was cooled
to 5 8C and after stirring for 1 h the product is isolated by filtration
and washed with cold acetonitrile. The intermediate salt was added
portion wise to a beaker containing water (62 mL) stirred at 40 8C.
The reaction was heated to 52 8C for 0.5 h, and then cooled. When the
temperature has reached 35 8C sodium thiosulfate solution (0.09 M,
1 mL) was added to discharge the resulting pink coloration. The
reaction was cooled to 5 8C and stirred for 2 h. The mixture was then
filtered; the white solid was washed with cold water and air dried for
2 h to obtain a white crystalline solid.

2.2.2. Synthesis of 5-chloro-2,4-dihydroxy benzaldehyde [38]

2, 4-dihydorxy benzaldehyde (3.5 g, 0.0253 mole) was dis-
solved in 100 mL of water and 24 mL of 4% sodium hydroxide
contained in a beaker. This solution is cooled to 20 8C and mixed
with 200 mL of sodium hypochlorite solution. The temperature
was maintained at 20 8C for 1 hour with occasional stirring. Upon
acidifying with HCl a light yellow precipitate of the product was
obtained. It was recrystallized from methanol/water to obtain pure
crystals of 5-chloro-2,4-dihydroxy benzaldehyde (Fig. 2).

2.2.3. Synthesis of 2,4-Dihydroxy benzaldehyde/5-chloro-2,4-

dihydroxy benzaldehyde derived Schiff base derivatives

2,4-dihydroxy benzaldehyde (0.5 g, 0.0036 mole)/5-chloro-2,4-
dihydroxy benzaldehyde (0.5 g, .0028 mole) and eqimolar concen-
tration of various aniline derivatives was transferred to a round
bottom flask containing absolute ethanol sufficient enough to
dissolve the added reagents. The reaction mixture was then refluxed
for 3 h (Fig. 2). The TLC was monitored until completion of the
reaction.Subsequentlywaterwas addedresulting intheformation of
colored solid, which was filtered and air dried. It was further
recrystallized from methanol to obtain the pure product. The general
structure of the ligands with the numbering system used in this work
is shown on Fig. 1 with detail of the exact structures given in Table 1.

2.3. HSP 90 ATPase inhibitory activity

The plasmid pRSETA encoded His6-tagged human Hsp90b
(hHsp90b) was a kind gift from Dr. Chrisostomos Prodromou,
University of Sussex, United Kingdom. Expression and purification
of the chaperone was achieved as described earlier [5]. ATPase
activity was measured following a modification of previously
reported procedure [39,40]. Briefly, 10 mg of pure hHsp90b was
incubated with the inhibitor to be tested (geldanamycin was used
as a standard drug) for 10 min at 20 8C in a buffer containing
50 mM Hepes at pH 7.5, 6 mM MgCl2, 20 mM KCl, and 1 mM ATP.
The reaction was stopped by the addition of two volumes of
malachite green reactive solution prepared as described by Harder
et al. [41]. After 25 min at room temperature, the absorbance at
630 nm was measured [42,43].

2.4. In vitro cell viability assay

The compounds were screened for their cytotoxicity on PC3
prostate cancer cells by adopting the MTT [3-(4, 5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide] based cell prolifera-
tion assay method [44,45]. The carcinoma cell lines were harvested



Fig. 2. General scheme of synthesis of Schiff bases.
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in RPMI1640 (Invitrogen)/10% fetal bovine serum (Gibco) medium
supplemented with 0.007% streptomycin and 0.002% penicillin.
The cells were then counted and incubated for 37 8C with 5% CO2 in
a 96 well microplates. When the cells reach 80% confluence, then
the test compounds and standard at concentration was added at
concentration ranging from 0.1 mM–5 mM. Cells incubated with
vehicle (DMSO) served as a control group. After 48 h incubation,
5 mL of MTT reagent along with 45 mL of phenol red and FBS free
DMEM was added to each well and the plates were incubated at
37 8C with 5% CO2 for 4 h. Subsequently, 50 mL of solubilization
buffer was added to each well to solubilize the colored formazan
crystals produced by the reduction of MTT. After 48 h, the optical
density was measured at 550 nm using spectrophotometer in a
microplate reader (Bio-Rad, USA). Geldanamycin was used as
standard reference compound [46].

3. Results and discussion

3.1. Molecular docking studies

The docking results revealed that ten compounds (1–10)
exhibited good docking score and interacted with amino acids
at the N-terminal ATP binding pocket of Hsp90 in a similar fashion.
The results of the ligand-protein binding studies are highlighted in



Table 1
Structure and docking results of the synthesized molecules.

Compound Structure Total score Crash Polar G score PMF score D score Chem score C score

1 4.38 �0.87 2.45 �127.66 �12.35 �93.58 �17.83 2

2 4.33 �1.00 2.37 �139.07 �17.64 �101.21 �19.74 2

3 5.03 �0.88 2.40 �102.50 �10.80 �95.976 �18.33 2

4 5.08 �1.19 2.37 �134.02 �13.06 �106.19 �18.50 2

5 4.84 �1.00 2.40 �129.17 �12.80 �98.51 �18.79 2

6 3.82 �0.82 2.40 �129.57 �15.37 �102.34 �18.53 2

7 5.19 �1.17 3.17 �173.18 �15.15 �103.17 �18.376 2

8 4.67 �1.02 2.45 �122.29 �11.24 �97.70 �17.12 2

9 5.23 �2.30 4.52 �181.29 �0.02 �20.19 �18.816 2

10 5.18 �1.06 1.25 �176.37 �11.21 �118.43 �20.69 2

C score: the consensus score: the sum of the number of ‘good’ results for each ligand in each scoring function. G score: it is based on hydrogen bonding, complex (ligand-protein),

and internal (ligand-ligand). PMF score: it is the free energies of interactions for protein-ligand atom pairs. D score: it is based on van der Waals interaction between protein and the

ligand. Chem score: it includes terms for hydrogen bonding, metal-ligand interaction, lipophilic contact and rotational entropy, along with an intercept term. Total score: total

output of all the scores. Crash: the ability of the compound to penetrate the active site of the protein. Polar: the polar interaction between the ligand and the protein.
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Table 1. Our designed molecules formed hydrogen bond contact
with Asp 93, Asn 51, Asn 106, Lys 58, Asp 54 and water molecule
902, 903 and 981. The compounds displayed hydrophobic
interaction with amino acid Phe 138, Val 186, Ile 91, Met 98,
Leu 48, Leu 107, Thr 184, Ala 55, Ile 96, Val 136 and Val 150. The
following hydrogen bond interaction was found to be common for
all the molecules:

� 20–OH group with Asn 51 and water molecule 903;
� two hydrogen bond contacts between 40–OH and Asp 93;
� one hydrogen bond between 40–OH and water molecule 902

(absent in 2 and 3).

Compound 9 with the highest docking score exhibited the
following additional hydrogen bond contacts:
� imine nitrogen with Thr 184 and water molecule 903;
� carboxylic oxygen with Lys 58, Asn 106 and water molecule

981.

Ligand 7, which ranked second in docking analysis formed
another hydrogen bond with Asp 54. The binding mode of the 9 is
depicted on Fig. 3a and b.

3.2. Synthesis

The series of Schiff bases derived from 2,4-dihydroxy benzal-
dehyde and 5-chloro 2,4-dihydroxy benzaldehyde were charac-
terized by melting point, Rf values, IR, 1HNMR and mass
spectroscopy. All the relevant data regarding characterization of
compounds is given Table 2.



Fig. 3. a: hydrogen bonding interaction (white bold line) of 9 (ball and stick model)

with amino acid residue (ball and stick model) and water moleule (ball and stick

model) of 3EKR protein; b: hydrophobic contact of ligand 9 (ball and stick model)

and HSP 90 protein (PDB ID: 3EKR). The spheres denote hydrophobic amino acids.
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The absence of the aldehydic carbonyl stretching bands and the
appearance of the characteristic azomethine bands between 1645–
1614 cm�1 confirmed the formation of the Schiff bases. The
broadness of the OH band observed between 3150–3641 cm�1

may be attributed to the intramolecular hydrogen bond between
CH N (imine nitrogen) and OH (phenolic) group [21,47]. Medium
intensity bands in the range of 1260–1178 cm�1 were also
observed due to the phenolic C–OH stretching vibrations. The
presence of additional bands between 1516 and 1427 cm�1 were
characteristic of C C bands of the aromatic rings. The chlorine
Table 2
Physical parameters of the compounds.

Compound Molecular weight Melting point ( 8C) 

1 282 170–172 

2 316 194–196 

3 255 181–183 

4 289 170–172 

5 247 225–228 

6 316 235–238 

7 263 200–201 

8 257 179–181 

9 291 248–251 

10 351 235–238 

a Determined in 50% ethylacetate/petroleum ether solvent system.
containing compounds (1,2 and 10) showed corresponding C–Cl
stretching bands between 1137–1033 cm�1.

The formation of the ligands by 1HNMR spectroscopy was
confirmed by the presence of an azomethine proton signal at 8.8–8.9
and absence of CHO proton signal at 9.8/9.9 assigned to the starting
material, 2,4-dihydroxy benzaldehyde/5-chloro 2,4-dihydroxy ben-
zaldehyde [24]. The signal corresponding to the 20-hydroxyl groups
was shifted downfield because of intramolecular hydrogen bonding
between it and the nitrogen of azomethine (OH–N C) [48]. In case of
S6 where there was no possibility for the OH group to form hydrogen
bond, the corresponding signal was shifted to upfield.

The mass spectra of the compounds displayed base peak at M+

and M++1 corresponding to their respective molecular weight. The
chlorine containing ligands exhibited two isotopic peaks at M+ and
(M+2)+ peak (percentage abundance ratio: 3:1) due to the isotopes
of chlorine.

3.2.1. Vilsmeier formamidinium phosphoro dichloridate salt

IR (KBr cm�1): 3022–2650 (OH, CH, P–OH stretching); 1643
(C N stretching); 1614, 1583, 1517, 1346 (P O stretching, free/
bonded and C–O stretching); 1109, 1076 (P–O–C stretching); 555,
528, 493 (P–Cl vibration).

3.2.2. 2,4-Dihydroxy benzaldehyde

IR (KBr cm�1): 3103 (OH– stretching); 3037 (C–H aromatic
stretching); 2848 (C–H stretching aldehyde); 1628 (C O stretch-
ing, aldehyde); 1496 (C C aromatic stretching); 1395 (C–H
bending aldehyde); 1228 (C–OH stretching). 1HNMR (DMSO,
400 MHz) d: 10.84 (s, 1H, OH); 10.83 (s, 1H, OH); 9.92 (s, 1H,
O CH); 7.51 (d, 1H, Ar-H, J = 8.8); 6.40 (dd, 1H, Ar-H, ABX;
JBA = 8.8 Hz, JBX = 2 Hz); 6.31 (d, 1H, Ar-H, JBX = 2 Hz). Mass (m/z):
137 (M-1)� (base peak).

3.2.3. 5-chloro-2,4-dihydroxy benzaldehyde

IR (KBr cm�1): 3331 (OH stretching); 3084 (C–H aromatic
stretching); 2898 (C–H stretching aldehyde); 1618 (C O, aldehyde
stretching); 1506, 1497 (C C aromatic stretching); 1228 (C–OH
stretching); 1033 (C–Cl stretching). 1HNMR (DMSO, 400 MHz) d:
11.68 (s, 1H, OH); 11.60 (s, 1H, OH); 9.83 (s, 1H, O CH); 7.56 (d, 1H,
Ar-H, J = 8.8 Hz); 6.69 (d, 1H, Ar-H, J = 8.4 Hz). Mass (m/z): 170.9
(M-1)?.

3.2.4. 4-((2,4-dichlorophenylimino)methyl)benzene-1,3-diol (1)

IR (KBr cm�1): 3650 (OH stretching); 3076 (aromatic C–H
stretching); 1614 (C N stretching); 1504 (C C aromatic stretch-
ing); 1253 (C–OH stretching); 1100 (C–Cl stretching). 1HNMR
(DMSO, 400 MHz) d: 13.34 (s, 1H, OH); 10.42 (s, 1H, OH); 8.87 (s,
1H, imine C–H); 7.61 (s, 1H, Ar-H); 7.51 (d, 1H, Ar-H, J = 2.4 Hz);
7.49 (d, 1H, Ar-H, J = 2.4 Hz); 7.45 (d, 1H, Ar-H, J = 8 Hz); 6.45 (dd,
1H, Ar-H, ABX; J = 8.4 Hz, J = 2.4 Hz); 6.32 (d, 1H, Ar-H, J = 1.6 Hz).
Mass (m/z): 280.1 (M-1)?.
Rf
a % Yield Color/physical state

0.62 65 Dark yellow crystals

0.69 59 Light yellow crystals

0.57 71 Orange crystals

0.69 70 Light orange crystals

0.70 57 Greenish yellow crystals

0.80 55 Yellow crystals

0.50 60 Yellowish green crystals

0.40 68 Yellow crystals

0.60 40 Reddish orange crystals

0.55 55 Yellowish orange crystals



Table 3
Biological data for Hsp90 inhibitorsa.

Compound ATPase activity IC50 (mM) MTT assay IC50 (mM) Compound ATPase activity IC50 (mM) MTT assay IC50 (mM)

1 2.3700 15.3400 7 16.36 10.59

2 0.0003 193.000 8 16.36 93.15

3 0.0004 15.6900 9 0.520 7.999

4 0.0600 16.8000 10 5.000 14.16

5 0.5700 17.7300 Geldanamycin 0.130 2.450

6 59.3400 9.1500

Hsp90: heat shock protein 90; MTT: 3-(4,5-dimethythiazol- 2-yl)-2,5-diphenyl tetrazolium bromide.
a Mean of three independent determinations.

Fig. 4. a: hydrogen bond contact (white bold line) of 2 (ball and stick model) with

amino acid residue (ball and stick model) and water molecule (ball and stick model)

of 3EKR protein; b: hydrophobic interaction of ligand 2 (ball and stick model) and

heat shock protein 90 protein (PDB ID: 3EKR). The spheres indicates hydrophobic

amino acids.
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3.2.5. 4-((2,4-dichlorophenylimino)methyl)-6-chlorobenzene-1,3-

diol (2)

IR (KBr cm�1): 3625 (OH– stretching); 3095 (aromatic C–H
stretching); 1616 (C N stretching); 1510, 1494 (C C aromatic
stretching); 1255 (C–OH stretching); 1050 (C–Cl stretching).
1HNMR (DMSO, 300 MHz). 1HNMR (DMSO, 300 MHz) d: 14.51
(s, 1H, OH); 11.20 (s, 1H, OH); 8.93 (s, 1H, imine C–H); 7.64 (s, 1H,
Ar-H); 7.51 (d, 1H, Ar-H, J = 2.4 Hz); 7.48 (d, 1H, Ar-H, J = 2.4 Hz);
7.42 (d, 1H, Ar-H, J = 8.6 Hz); 6.64 (d, 1H, Ar-H, J = 8.7 Hz). Mass (m/
z): 316.1 (M+).

3.2.6. 4-((4-amino benzophenone) methyl)benzene 1,3 diol (3)

IR (KBr cm�1): 3315 (OH stretching); 3062 (aromatic C–H
stretching); 1672 (C O stretching, ketone); 1633 (C N stretch-
ing); 1508, 1475 (C C aromatic stretching); 1200 (C–OH stretch-
ing); 1HNMR (DMSO, 400 MHz) d: 13.22 (s, 1H, OH); 10.38 (s, 1H,
OH); 8.86 (s, 1H, imine C–H); 8.02 (d, 2H, Ar-H, J = 5.6); 7.46 (m, 3H,
Ar-H); 6.43 (d, 1H, Ar-H, J = 6.4 Hz); 6.32 (s, 1H, Ar-H); 2.58 (s, 3H,
CH3). Mass (m/z): 256.1 (M+1)+.

3.2.7. 4-((4-amino benzophenone)methyl)6-chlorobenzene-1,3-diol

(4)

IR (KBr cm�1): 3641 (OH– stretching); 3059 (aromatic C–H
stretching); 1668 (C O stretching, ketone); 1640 (C Nstretching);
1510 (C C aromatic stretching); 1253 (C–OH stretching); 1037 (C–
Cl stretching). 1HNMR (DMSO, 400 MHz) d: 14.61 (s, 1H, OH);
11.14 (s, 1H, OH); 8.96 (s, 1H, imine C–H); 8.03–8.05 (m, 2H, Ar-H);
7.39–7.56 (m, 3H, Ar-H, J = 8.8 Hz); 6.58 (d, 1H, Ar-H, J = 8.4 Hz);
2.50 (s, 3H, CH3). Mass (m/z): 288 (M-1)?.

3.2.8. 4-chloro-6-((phenylimino)methyl)benzene-1,3-diol (5)

IR (KBr cm�1): 3600 (OH– stretching); 3037 (aromatic C-H
stretching); 1618 (C N stretching); 1516, 1448 (C C aromatic
stretching); 1257 (C–OH stretching); 1050 (C–Cl stretching).
1HNMR (DMSO, 300 MHz) d: 14.93 (s, 1H, OH); 11.01 (s, 1H,
OH); 8.88 (s, 1H, imine C–H); 7.33–7.47 (m, 4H, Ar-H, J = 8.6 Hz);
7.30 (d, 1H, Ar-H, J = 6 Hz); 7.25–7.28 (m, 1H, Ar-H); 6.53 (d, 1H, Ar-
H, J = 8.7 Hz). Mass (m/z): 248.2 (M+1)+.

3.2.9. 4-((2,3-dichlorophenylimino)methyl)-6-chlorobenzene-1,3-

diol (6)

IR (KBr cm�1): 3300 (OH– stretching); 3064 (aromatic C–H
stretching); 1616 (C N stretching); 1504 (C C aromatic stretch-
ing); 1257 (C–OH stretching); 1039 (C–Cl stretching). 1HNMR
(DMSO, 300 MHz) d: 14.45 (s, 1H, OH); 11.23 (s, 1H, OH); 8.91 (s,
1H, imine C–H); 7.50–7.59 (m, 2H, Ar-H); 7.39–7.45 (m, 2H, Ar-H);
6.64 (d, 1H, Ar-H, J = 8.7 Hz). Mass (m/z): 316 (M+).

3.2.10. 4-((4-hydroxyphenylimino)methyl)-6-chlorobenzene-1,3-

diol (7)

IR (KBr cm�1): 3741 (OH– stretching); 3130 (aromatic C–H
stretching); 1616 (C N stretching); 1514 (C C aromatic stretch-
ing); 1175 (C–OH stretching); 1122 (C–Cl stretching). 1HNMR
(DMSO, 400 MHz) d: 15.18 (s, 1H, OH); 10.82 (s, 1H, OH); 9.64
(s, 1H, OH); 8.80 (s, 1H, imine C–H); 7.31 (d, 1H, Ar-H, J = 4.4 Hz);
7.28–7.32 (m, 3H, Ar-H, J = 5.6 Hz); 6.81–6.85 (m, 2H, Ar-H); 6.51
(d, 1H, Ar-H, J = 8.8 Hz). Mass (m/z): 262.2 (M-1)?.

3.2.11. 4-(dihydroxy benzylidieneamino)benzoic acid (8)

IR (KBr cm�1): 3566 (OH– stretching, acid); 3425 (OH–
stretching, phenol); 3020 (aromatic C–H stretching); 1788 (C O
stretching, acid); 1645 (C N stretching); 1514, 1463 (C C
aromatic stretching); 1178 (C–OH stretching); 1HNMR (DMSO,
400 MHz) d: 13.2 (s, 1H, COOH); 11.59 (s, 1OH); 10.49 (s, 1OH);
8.85 (s, 1H, imine C–H); 7.98 (d, 2H, Ar-H, J = 8.4 Hz); 7.46 (d, 1H,
Ar-H, J = 8.8 Hz); 7.41 (d, 2H, Ar-H, J = 8.4 Hz); 6.41 (dd, 1H, Ar-H,
ABX; J = 8.4 Hz, J = 2 Hz); 6.32 (s, 1H, Ar-H). Mass (m/z): 258
(M+1)+.



Table 4
Predicted cell membrane permeability and partition coefficienta.

Compound Caco cell permeability MDCK cell permeability Log Po/w Compound Caco cell permeability MDCK cell permeability Log Po/w

1 796.268 2067.914 3.13 6 910.633 4350.274 3.475

2 908.924 5231.939 3.55 7 379.655 406.67 1.987

3 349.534 158.824 1.813 8 28.159 13.274 1.544

4 398.296 428.295 2.369 9 32.113 35.828 2.06

5 1150.91 1348.538 3.034 10 741.084 882.759 3.644

Caco cell: cell line derived from human colorectal carcinoma; MDCK cell: Madian-Darby canine kideney epithelial cells; Po/w: partition coefficient calculated for n-octanol/

water system.
a Schrodinger software’s QuickProp programme was employed for these calculations
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3.2.12. 4-(5-chloro 2,4- dihydroxy benzylideneamino)benzoic acid (9)

IR (KBr cm�1): 3566 (OH– stretching, acid); 3425 (OH–
stretching, phenol); 3150 (aromatic C–H stretching); 1681 (C O
stretching, acid); 1637 (C N stretching); 1516, 1429 (C C
aromatic stretching); 1197 (C–OH stretching); 1HNMR (DMSO,
300 MHz) d: 14.60 (s, 1H, COOH); 11.69 (s, 1H, OH); 11.16 (s, 1H,
OH); 9.83 (s, 1H, imine C–H); 8.00 (d, 2H, Ar-H, J = 8.0 Hz); 7.39 (d,
2H, Ar-H, J = 8.7); 6.70 (s, 1H, Ar-H); 6.56 (d, 1H, Ar-H, J = 6.9). Mass
(m/z): 291 (M-1)?.

3.2.13. 4-((2-benzoyl-4-chlorophenylimino)methyl)benzene-1,3-diol

(10)

IR (KBr cm�1): 3641 (OH stretching); 3068 (aromatic C–H
stretching); 1680 (C O stretching); 1629 (C N stretching imine);
1512, 1469 (C C aromatic stretching); 1197 (C–OH stretching);
1037 (C–Cl stretching). 1HNMR (DMSO, 300 MHz) d: 11.11 (s, 1H,
OH); 9.83 (s, 1H, OH); 8.83 (s, 1H, imine C–H); 7.77 (s, 1H, Ar-Hz);
7.66–7.75 (m, 1H, Ar-H); 7.52–7.63 (m, 3H, Ar-H); 7.31–7.36 (m,
1H, Ar-H); 7.18 (d, 1H, Ar-H, J = 6); 6.92 (d, 2H, Ar-H, J = 6); 6.70 (d,
1H, Ar-H, J = 6); 6.59 (d, 1H, Ar-H, J = 6). Mass (m/z): 350 (M-1)?.

3.3. HSP 90 ATPase inhibitory activity

The primary screening assay (malachite green assay) for
evaluating our drug design concept revealed that compound 2
(IC50 = 0.0003 mM) and 3 (IC50 = 0.0003 mM) are the most potent.
None of the other compounds in the series (IC50 range from 0.06-
59.34) could match the potency of 2 and 3 (Table 3). The
compounds, which fared well in docking studies (9 and 7)
demonstrated less inhibitory potential than the ones, which
scored less (2 and 3). This can be explained from the hydrogen
bonding interaction of the molecules in the catalytic site of the
protein. 9 and 7 demonstrated good docking results due to more
number of hydrogen bond contacts. This has been proved earlier
that excess hydrogen bond contact may not lead to increased
potency as some of the interactions may be detrimental for activity
and may possess agonistic potential. The most active compounds
(2 and 3) lack one ‘H’ bond interaction with water molecule 902
which is present in every molecule (Fig. 4a and b) This proves that
binding with water molecule 902 is not beneficial for this series of
compounds. This fact was further confirmed from the binding
interaction studies of 1 (non-chloro-analogue of 2) and 4 (chloro-
analogue of 3). Both 1 and 4 showed only one extra ‘H’ bond
interaction (with water molecule 902), which lead to a significant
decrease in their Hsp90 inhibition.

3.4. In vitro cell viability assay

The effects of the synthesized compounds on the growth of PC3
prostate cancer cell lines were tested under in vitro conditions and
the results are shown in Table 3. From the Table it is evident that
the potencies of the compounds (except 6 and 7) are significantly
less in antiproliferative assay compared to the in vitro binding
(malachite green) studies. The cell permeability properties of the
compounds predicted by QuikProp programme of Schrodinger
software was not able to account for the above activity difference
(Table 1 and Table 4). This observation may be attributed to multi
drug resistance-associated proteins MRP or Glutathione-S-trans-
ferase (GST) enzyme, which are overexpressed in PC3 cells and are
not clients of Hsp90 [49,50]. Further studies are required to
validate the proposed hypothesis. The lack of correlation between
the binding affinity of these compounds for Hsp90 and their
antiproliferative activity warrants further evaluation of these
compounds in other cancer cell lines. However a reverse
phenomenon was revealed for 6 and 7. They were found to be
less potent in malachite green assay as compared to the MTT assay.
Additional studies are necessary to explain the activity difference,
but partly could be attributed to their different mechanism of
inhibiting the growth of cancer cells.

4. Conclusion

In conclusion we have discovered Schiff bases of 2,4-dihydroxy
benzaldehyde/5-chloro-2,4-dihydroxy benzaldehyde as small
molecule Hsp90 inhibitors that display potential anticancer activity.
This study was guided by structure-based drug design which not
only revealed the amino acids (Asp 93, Asn 51 for hydrogen bond
interaction; Phe 138, Val 186, Ile 91, Met 98, Leu 48, Leu 107, Thr 184,
Ala 55, Ile 96, Val 136 and Val 150 for hydrophobic contact) and
water molecule (903) crucial for the protein inhibition but also
disclosed the ones not critical for activity (amino acid Thr 184, Lys 58
and water molecule 902). The outcome of the research work will
assist in fast and accurate discovery of novel dihydroxy phenyl Schiff
base Hsp90 inhibitors with improved efficacy. In future, we plan to
design and synthesize more compounds of this series and establish a
structure-activity relationship for them.
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