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Abstract

A series of hydrazones, 2-cyano-N-(4-diethylamino-2-hydroxybenzylidene)acetohydrazide (1), N’-(5-bromo-2-hy-
droxy-3-methoxybenzylidene)-3-chlorobenzohydrazide monohydrate (2-H,0), N’-(2-hydroxy-3-methylbenzylidene)
-4-nitrobenzohydrazide (3), and N-(2-hydroxy-3-trifluoromethoxybenzylidene)-4-nitrobenzohydrazide (4), were pre-
pared and structurally characterized by elemental analysis, IR and '"H NMR spectra, and single crystal X-ray determina-
tion. Xanthine oxidase inhibitory activities of the compounds were studied. Among the compounds, 2-cyano-N"-(4-di-
ethylamino-2-hydroxybenzylidene)acetohydrazide shows the most effective activity. Docking simulation was performed
to insert the compounds into the crystal structure of xanthine oxidase at the active site to investigate the probable binding

modes.
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1. Introduction

Enzyme inhibitors can interact with enzymes and
block their activity towards natural substrates. The impor-
tance of enzyme inhibitors as drugs is enormous since
these molecules have been used for treating a number of
pathophysiological conditions.! Xanthine oxidase (XOj;
EC 1.17.3.2), a molybdenum hydroxylase, catalyses the hy-
droxylation of hypoxanthine and xanthine to yield uric
acid and superoxide anions. These superoxide anions have
been linked to post ischaemic tissue injury and edema as
well as to vascular permeability.2 XO can oxidize synthetic
purine drugs, such as antileukaemic 6-mercaptopurine,
with the loss of their pharmacological properties. XO has
also been linked to conditions such as hepatic and kidney
damage, atherosclerosis, chronic heart failure, hyperten-
sion and sickle-cell disease due to the production of reac-
tive oxygen species (ROS) alongside uric acid.? Then, con-
trol of the action of XO may help the therapy of some
diseases. Nowadays, the treatment of gout makes use of
allopurinol, a potent inhibitor of XO known for a long
time.* The mode of action of allopurinol involves the di-
rect coordination of its active metabolite, oxypurinol (al-

loxanthine), to the molybdenum centre in the active site of
the enzyme.> However, given its side effects, toxicity, and
its inability to prevent the formation of free radicals by the
enzyme,® the research on new XO inhibitors is needed. A
number of compounds with various types like carboxylic
acids and pyrimidines,” pyrimidinones and 3-cyano in-
doles,® amides,® pyrazoles,'? thiobarbiturates,'! hydrozin-
gerones,'? have been reported with XO inhibitory activi-
ties. Schiff bases have been of great interest in biological
chemistry for a long time.!* Leigh and co-workers have
reported some Schiff bases as novel XO inhibitors.'* How-
ever, the study on hydrazones is limited, and no rational
structure-activity relationships have been achieved so far.
As an extension of the work on the exploration of effective
XO inhibitors related to Schiff bases, in this paper, a series
of hydrazone type Schiff bases, 2-cyano-N*-(4-diethylami-
no-2-hydroxybenzylidene)acetohydrazide (1), N’-(5-bro-
mo-2-hydroxy-3-methoxybenzylidene)-3-chlorobenzo-
hydrazide = monohydrate  (2-H,0), N’-(2-hydroxy
-3-methylbenzylidene)-4-nitrobenzohydrazide (3), and
N’-(2-hydroxy-3-trifluoromethoxybenzylidene)-4-ni-
trobenzohydrazide (4), were synthesized and structurally
characterized. The XO inhibitory activities of the com-
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pounds were investigated from both experimental and
molecular docking study.

2. Experimental
2. 1. Materials and Methods

Starting materials, reagents and solvents with AR
grade were purchased from commercial suppliers and
used without further purification. Elemental analyses were
performed on a Perkin-Elmer 240C elemental analyzer. IR
spectra were recorded on a Jasco FT/IR-4000 spectrometer
as KBr pellets in the 4000-400 cm™! region. 'H NMR data
were recorded on a Bruker 300 MHz instrument. X-ray
diffraction was carried out on a Bruker SMART 1000 CCD
area diffractometer.

2. 2. General Method for the Synthesis of the
Compounds

The compounds were prepared according to the
literature method.!> Equimolar quantities (1.0 mmol each)
of hydrazide and aldehyde were dissolved in methanol (30
mL) and stirred at room temperature for 30 min to give
clear solution. X-ray quality single crystals were formed by
slow evaporation of the solution in air for a few days.

2-Cyano-N’-(4-diethylamino-2-hydroxybenzylidene)
acetohydrazide (1)

Yield: 0.22 g (82%). Mp 133-135 °C, IR (KBr, cm™) v
3195, 3143, 2066, 1649, 1466, 1395, 1323, 1264, 1127, 1074,
963, 859, 820, 748, 520. 'H NMR (300 MHz, DMSO-d;) §
10.97 (s, 1H, OH), 9.70 (s, 1H, NH), 9.62 (s, 1H, CH=N),
7.41(d, 1H, J = 9.0 Hz, ArH), 6.25 (d, 1H, ] = 9.0 Hz, ArH),
6.24 (s, 1H, ArH), 3.42 (m, 4H, CH,), 3.33 (s, 2H, CH,),
1.15 (t, 6H, J = 6.0 Hz, CH3). Anal. Calcd for C,;H,4N,O,:
C, 61.3; H, 6.6; N, 20.4; Found: C, 61.1; H, 6.7; N, 20.5%.

N’-(5-Bromo-2-hydroxy-3-methoxybenzylidene)-3-
chlorobenzohydrazide monohydrate (2-H,0)

Yield: 0.37 g (93%). Mp 221-223 °C, IR (KBr, cm™})
v 3430, 3195, 1668, 1629, 1518, 1401, 1342, 1244, 1127,
1081, 781, 709, 520. 'H NMR (300 MHz, DMSO-d;) §
12.20 (s, 1H, OH), 11.72 (s, 1H, NH), 8.64 (s, 1H, CH=N),
8.02 (s, 1H, ArH), 7.87 (d, 1H, J = 9.0 Hz, ArH), 7.68 (d,
1H, J = 9.0 Hz, ArH), 7.56 (t, 1H, J = 9.0 Hz, ArH), 7.41
(s, 1H, ArH), 7.19 (s, 1H, ArH), 3.83 (s, 3H, CHj3). Anal.
Calcd for C;5H,,BrCIN,O,: C, 44.9; H, 3.5; N, 7.0; Found:
C,44.7; H, 3.6; N, 6.8%.

N’-(2-Hydroxy-3-methylbenzylidene)-4-nitrobenzohy
drazide (3)

Yield: 0.26 g (86%). Mp 252-253 °C, IR (KBr, cm™})
v 3435, 3228, 1651, 1605, 1554, 1519, 1341, 1287, 1075,
853, 713, 627. 'H NMR (300 MHz, DMSO-dq) 8 12.67 (s,
1H, OH), 11.83 (s, 1H, NH), 8.60 (s, 1H, CH=N), 8.40 (d,

2H, J = 8.6 Hz, ArH), 8.19 (d, 2H, ] = 8.6 Hz, ArH), 7.32
(d, 1H,J=7.6 Hz, ArH), 7.25 (d, 1H, J = 7.2 Hz, ArH), 6.88
(t, 1H, J=7.5 Hz, ArH), 2.23 (s, 3H, CH3;). Anal. Calcd for
C;5sH13N304: C, 60.2; H, 4.4; N, 14.0. Found: C, 60.4; H,
4.3; N, 14.0%.

N’-(2-Hydroxy-3-trifluoromethoxybenzylidene)-4-
nitrobenzohydrazide (4)

Yield: 0.33 g (89%). Mp 245-247 °C, IR (KBr, cm™) v
3434, 3112, 1648, 1536, 1401, 1255, 1160, 1115, 1040, 862,
785, 710, 670. 'H NMR (300 MHz, DMSO-dg) & 12.15 (s,
1H, OH), 12.01 (s, 1H, NH), 8.71 (s, 1H, CH=N), 8.39 (d,
2H, ] =8.6 Hz, ArH), 8.18 (d, 2H, ] = 8.5 Hz, ArH), 7.67 (s,
1H, ArH),7.33 (d, 1H,J=9.0 Hz, ArH), 7.03 (d, 1H, = 8.9
Hz, ArH). Anal. Calcd for C;sH;(F3;N;0s5: C, 48.8; H, 2.7;
N, 11.4. Found: C, 48.7; H, 2.9; N, 11.5%.

2. 3. Measurement of the XO Inhibitory

Activity

The XO activities with xanthine as the substrate were
measured spectrophotometrically, based on the procedure
reported by L. D. Kong ef al., with modification.!® The ac-
tivity of xanthine oxidase is measured by uric acid forma-
tion monitored at 295 nm. The assay was performed in a
final volume of 1 mL 50 mM K,HPO, at pH 7.8 in a quartz
cuvette. The reaction mixture contains 200 mL of 84.8 mg/
mL xanthine in 50 mM K,HPO,, 50 mL of the various
concentrations tested compounds. The reaction is started
by addition of 66 mL 37.7 mU/mL xanthine oxidase. The
reaction is monitored for 6 min at 295 nm and the product
is expressed as mmol uric acid per minute. The reactions
kinetic were linear during these 6 min of monitoring.

2. 4. Docking Simulations

Molecular docking study of the compounds into
the 3D X-ray structure of XO (entry 1FIQ in the Protein
Data Bank) was carried out by using the AutoDock
version 4.2. First, AutoGrid component of the program
precalculates a 3D grid of interaction energies based
on the macromolecular target using the AMBER force
field. The cubic grid box of 60 x 70 x 60 A’ points in
x, y, and z direction with a spacing of 0.375 A and grid
maps were created representing the catalytic active
target site region where the native ligand was embedded.
Then automated docking studies were carried out to
evaluate the biding free energy of the inhibitor within the
macromolecules. The GALS search algorithm (genetic
algorithm with local search) was chosen to search for
the best conformers. The parameters were set using the
software ADT (AutoDockTools package, version 1.5.4)
on PC which is associated with AutoDock 4.2. Default
settings were used with an initial population of 100
randomly placed individuals, a maximum number of 2.5
x 10° energy evaluations, and a maximum number of 2.7
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x 10* generations. A mutation rate of 0.02 and a crossover
rate of 0.8 were chosen. Given the overall consideration of
the most favorable free energy of biding and the majority
cluster, the results were selected as the most probable
complex structures.

2. 5. Data Collection, Structural
Determination and Refinement

Diffraction intensities for the compounds were col-
lected at 298(2) K using a Bruker D8 VENTURE PHO-
TON diffractometer with Mo Ka radiation (A = 0.71073
A). The collected data were reduced using the SAINT pro-
gram,'” and multi-scan absorption corrections were per-
formed using the SADABS program.!® The structures were
solved by direct methods and refined against F2 by full-ma-
trix least-squares methods using the SHELXTL." All of
the non-hydrogen atoms were refined anisotropically. The
amino and water H atoms were located in difference Fou-
rier maps and refined isotropically, with N-H, O-H and
H---H distances restrained to 0.90(1), 0.85(1) and 1.37(2)
A, respectively. All other H atoms were placed in idealized
positions and constrained to ride on their parent atoms.
The crystallographic data for the compounds are summa-
rized in Table 1. Hydrogen bonding information is given
in Table 2.

3. Results and Discussion

3.1. Chemistry

The compounds were readily synthesized by reaction
of 1:1 molar ratio of aldehydes with primary amines in
methanol at room temperature (Scheme 1), with high
yields (over 90%) and purity. Single crystals suitable for
X-ray diffraction were obtained by slow evaporation of the
solutions containing the compounds in air. The com-
pounds have been characterized by elemental analyses and
IR spectra. Structures of the compounds were further con-
firmed by single crystal X-ray crystallography.
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Scheme 1. The synthesized hydrazones 1-4

Table 1. Crystallographic and experimental data for compounds 1-4.
Compound 1 2-H,0 3 4
Formula C4HsN,O, Cy5H,4BrCIN,0, C;5H;3N;0, C5H,oF3N;05
Mr 274.3 401.6 299.3 369.3
T (K) 298(2) 298(2) 298(2) 298(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/n P2,/c P2,/c
a (A) 12.582(3) 5.999(2) 11.158(1) 11.672(2)
b (A) 14.562(3) 14.323(2) 13.448(1) 15.011(3)
c(A) 8.389(2) 19.372(2) 9.278(1) 8.785(2)
a ()
B () 107.116(2) 96.624(2) 91.366(2) 94.744(3)
y (©)
V (A3 1469.0(6) 1653.3(5) 1391.8(2) 1533.9(5)
Z 4 4 4 4
D, (g cm™3) 1.240 1.614 1.428 1.599
i (Mo-Ka) (mm™) 0.086 2.668 0.106 0.145
F(000) 584 808 624 752
Reflections collected 11691 8041 13528 14416
Unique reflections 3213 3590 2582 2697
Observed reflections (I > 20(I)) 1345 1939 2146 1471
Parameters 187 219 204 241
Restraints 1 4 1 2
Goodness-of-fit on F? 0.999 0.999 1.055 1.028

Ry, wR, [ 2 26(D)]*
R;, wR, (all data)?
Large diff. peak and hole (eA3)

0.0548, 0.1269
0.1442, 0.1709
0.202, -0.139

0.0412, 0.0801
0.1059, 0.1006
0.315, -0.362

0.0424, 0.1142
0.0515,0.1216
0.186 and -0.146

0.0568, 0.1124
0.1358, 0.1427
0.331 and -0.284

R, = F, - FJF,, wR, = [X w(F,2 - F)/$ w(F, 2]\
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Table 2. Hydrogen bond distances (A) and bond angles (°) for the compounds.

D-H--A d(D-H) d(H--A) d(D--A) Angle
(D-H--A)

1

N3-H3--02%! 0.91(1) 1.98(2) 2.889(3) 172(2)
O1-H1.-N2 0.82 1.90 2.631(3) 147(2)
2.H,0

04-H4B--03* 0.84(1) 1.96(2) 2.754(3 158(4)
04-H4A--02% 0.84(1) 2.44(3) 3.070(4 133(3)
04-H4A--01% 0.84(1) 2.28(2) 3.042 150(4)
N2-H2.-04* 0.90(1) 1.96(2) 2.830(3) 162(4)
O1-H1.-N1 0.82 1.86 2.580(3) 145(3)
3

N2-H2.-02%5 0.90(1) 2.08(1) 2.920(2) 159(2)
O1-H1.-N1 0.82 1.94 2.654(2) 146

4

O1-H1.-N1 0.85(1) 1.91(2) 2.661(4) 150(4)
N2-H2.-02%6 0.90(1) 2.02(1) 2.900(3) 166(4)

Symmetry codes: #1) 2 —x, - 3,3 -z #2) 1 + x, -1 + y, z, #3) x, -1 + y, z; #4) 1/12 - x, 1/2 + y, 1/2

-z #5)x,1/2 -y, -1/2 + z; #6) x,3/2 - y, -1/2 + z.

3. 2. Structure Description of the Compounds

Figure 1 gives perspective view of compounds 1-4
with atomic labeling systems. X-ray crystallography
reveals that the compounds are similar benzohydrazone
derivatives. The asymmetric unit of compound 2-H,O
contains a benzohydrazone molecule and a water molecule
of crystallization, which is isostructural with the bromo-
containing hydrazone compound 3-bromo-N"-(5-bromo-
2-hydroxy-3-methoxybenzylidene)benzohydrazide mo-
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nohydrate,?’ and similar to N*-[(E)-5-bromo-2-hydroxy-
3-methoxybenzylidene]benzohydrazide monohydrate.?!
All the benzohydrazone molecules of the compounds
adopt E configuration with respect to the methylidene
units. The distances of the methylidene bonds, ranging
from 1.26 to 1.29 A, confirm them as typical double bonds.
The shorter distances of the C-N bonds and the longer
distances of the C=0 bonds for the -C(O)-NH- units
than usual, suggest the presence of conjugation effects
in the molecules. The remaining bond lengths in the

—
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Figure 1. A perspective view of the molecular structures of the compounds 1-4 with the atom labeling scheme. Thermal ellipsoids are drawn at the

30% probability level. Hydrogen bonds are shown as dashed lines.
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Figure 2. Molecular packing diagrams of the compounds 1-4. Hydrogen bonds are shown as dashed lines.

compounds are comparable to each other, and are within
normal values.?? The dihedral angles between the two
aromatic rings are 9.8(3)° for 2-H,0, 12.9(5)° for 3, and
14.9(3)° for 4. The crystal structures of the compounds
are stabilized by intermolecular hydrogen bonds (Table
2, Figure 2). As expected, the crystal packing structure
of compound 2-H,0 is also very similar to the similar
compounds mentioned above,!>14

In 'H NMR, the absence of NH, signals and the
appearance of a peak for NH proton in the region &

12.01-9.70 ppm and imine CH proton in the region ¢
9.62-8.60 ppm confirmed the synthesis of the hydrazones.
The aromatic proton signals were found in their respective
regions with different multiplicities, confirming their
relevant substitution pattern.

3.3. Pharmacology

The measurement of XO inhibitory activity was car-
ried out for three parallel times. The percents of inhibition
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at the concentration of 100 uM and ICs, values for the
compounds against XO are summarized in Table 3.

Table 3. Inhibition of XO by the tested materials.

Tested materials Percent of inhibition® IC54 (M)
1 74.0 £3.3 158+1.5
2 445+2.8 —

3 255+2.0 —

4 312+1.7 —
Allopurinol 80.7+4.3 87+23

b The concentration of the tested material is 100 uM.

Allopurinol was used as a reference with the percent
of inhibition of 80.7 + 4.3 and with ICs, value of 8.7 +
2.3 uM. Compound 1 shows the most effective activity
with the percent of inhibition of 74.0 £ 3.3 and with
ICso value of 15.8 + 1.5 uM. Although the number of
tested compounds is limited, some structural features,
important to the xanthine oxidase inhibitory effect, can
be inferred. The merely difference of compounds 3 and 4
is the substituent groups of the benzene rings, viz. CH; for
3 and OCF; for 4. As a result, the XO inhibitory activity
of 3 is less than 4. Detailed investigation of the structure-
activity relationship reveals that the presence of Cl and
Br substituent groups may contribute to the inhibition,
which is revealed by compound 2. These findings are
coherent with the results reported in the literature that the
presence of electron-withdrawing groups in the benzene
rings can enhance the activities,?* and also comparable
to that compounds with the presence of bulky ethyl
group have stronger activity than those bearing methyl
group.?* As a comparison, compound 1 has stronger
activity than the Schiff base copper complexes,'*® and
the OH and Br substituted hydrazone compounds,?® but
lower activity than N-(3-cyano-1H-indol-5/6-yl)-6-oxo-
1,6-dihydropyrimidine-4-carboxamides and 5-(6-oxo-
1,6-dihydropyrimidin-2-yl)-1H-indole-3-carbonitriles,®

N-(3-cyano-1-cyclopentyl-1H-indol-5-yl)-1H-benzo[d]
imidazole-5-carboxamide,” and the Cland CN substituted
hydrazone compounds.'4®

3. 4. Molecular Docking Study

In order to give an explanation and understanding of
potent inhibitory activity observed from the experiment,
molecular docking study was performed to investigate
the binding effects between the compound 1 and the
active sites of XO (entry 1FIQ in the Protein Data Bank).
Allopurinol was used to verify the model of docking, and
gave satisfactory results. Figure 3 is the binding model
for the compound 1 in the enzyme active site of XO. The
docking score is -7.12. As a comparison, the docking score
for Allopurinol is -6.27.

From the docking results, it can be seen that the
molecule of compound 1 is well filled in the active pocket
of XO. The molecule of 1 binds with the enzyme through
four hydrogen bonds with Ser876, Alal011 and Thr1010.
In addition, there exist hydrophobic interactions among
the compounds with the active sites of the enzyme. The
results of the molecular docking study could explain the
effective inhibitory activity of compound 1 on XO.

4. Conclusion

The present study reports the synthesis, crystal
structures and XO inhibitory activities of a series of
hydrazones. The compounds were characterized by
elemental analysis, IR and '"H NMR spectra, as well as
single crystal X-ray diffraction. Among the compounds,
2-cyano-N’-(4-diethylamino-2-hydroxybenzylidene)
acetohydrazide has effective XO inhibition with ICs, value
of 15.8 = 1.5 pM, which may be used as a potential XO
inhibitor, and deserves further study. The molecule of the
compound can be well filled and combined with hydrogen
bonds in the active pocket of XO.

Figure 3. 3D (left) and 2D (right) binding mode of 1 with the active site of XO. Hydrogen bonds are shown as dashed lines.
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Supplementary Material

CCDC - 892363 for 1, 892364 for 2-H,0, 1041580

for 3, and 1041581 for 4 contain the supplementary
crystallographic data for this article. These data can
be obtained free of charge at http://www.ccdc.cam.
ac.uk/const/retrieving.html or from the Cambridge
Crystallographic Data Centre (CCDC), 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk.
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Sintetizirali smo serijo hidrazonov: 2-ciano-N*-(4-dietilamino-2-hidroksibenziliden)acetohidrazid (1), N-(5-bro-

mo-2-hidroksi-3-metoksibenziliden)-3-klorobenzohidrazid  monohidrat

(2-H,0), N’-(2-hidroksi-3-metilbenzi-

liden)-4-nitrobenzohidrazid (3) in N™-(2-hidroksi-3-trifluorometoksibenziliden)-4-nitrobenzohidrazid (4). Pripravljene
spojine smo strukturno karakterizirali z elementno analizo, IR in 'H NMR spektroskopijo ter rentgensko difrakcijo na
monokristalu. Preucili smo tudi inhibitorno aktivnost proti ksantin oksidazi. Izmed vseh spojin se je 2-ciano-N’-(4-di-
etilamino-2-hidroksibenziliden)acetohidrazid izkazal kot najbolj u¢inkovit. Da bi ugotovili verjetne nacine vezave
preucevanih hidrazonov v aktivno mesto ksantin oksidaze, smo izvedli tudi molekulsko sidranje spojin v kristalno struk-

turo tega encima.
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