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Theoretical and experimental investigation of
anticancer activities of an acyclic and symmetrical
compartmental Schiff base ligand and its Co(u),
Cu(n) and Zn(1) complexes¥
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A compartmental Schiff base ligand, 2,2’-((((((2-hydroxypropane-1,3-diyl)bis(oxy))bis(2,1-phenylene))
bis(methylene))bis(azanylylidene))bis(methanylylidene))bis(4-bromophenol) (H3L5") and its complexes with
cobalt(i), copper(i) and zinc(i) including, [Co(HLE] (1), [Cux(LE)(u-1,3-OAc)l-MeOH (2) and [Zn(HLE] (3)
were prepared using template synthesis and characterised by elemental analysis, FT-IR and 'H NMR
spectroscopies and single-crystal X-ray diffraction. In the structure of complexes 1 and 3 the metal atom
has a MN,O, environment with tetrahedral geometry while complex 2 has a binuclear structure with
a MNO,4 environment and square planar geometry around the copper atom. The ability of all compounds
to interact with the nine biomacromolecules (BRAF kinase, CatB, DNA gyrase, HDAC7, rHA, RNR, TrxR,
TS and Top |l) are investigated by docking calculations. For examination of the docking results, the in
vitro activities of eight compounds against the human leukemia cell line K562 was investigated by
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1. Introduction

Schiff base compounds attract considerable interest due to their
wide range of applications including as catalysts,' photovol-
taic materials," chemosensors,™ anti-corrosion agents” and
OLED materials.® Schiff base ligands and their complexes show
interesting pharmacological effects such as antimicrobial,’
antitumor,'>"* antibacterial,"” antifungal,’* antioxidative," and
urease inhibitory*** activities. The cleavage of plasmid DNA by
Schiff base complexes has been well-reported.**"”

“Department of Chemistry, Payame Noor University, 19395-4697 Tehran, 1. R. Iran.
E-mail: saghatforoush@gmail.com; I_saghatf@pnu.ac.ir; Fax: +98 4436332556; Tel:
+98 4436332344

*Department of Inorganic Chemistry, Faculty of Chemistry, University of Tabriz, Tabriz
51666-14766, 1. R. Iran

‘Inorganic Chemistry Department, Faculty of Chemistry, Urmia University, 57561-
51818, Urmia, I. R. Iran

“Department of Immunology, Faculty of Microbiology, Urmia University, 57561-51818,
Urmia, I. R. Iran

‘MacDiarmid Institute for Advanced Materials and Nanotechnology, Massey
University, Palmerston North, New Zealand

JEaStCHEM School of Chemistry, University of St Andrews, St Andrews, Fife, UK, KY16
9ST

+ Electronic supplementary information (ESI) available. CCDC 1828806-1828808
respectively for complexes 1-3 contain the supplementary crystallographic data
for this paper. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c8ra07463a

This journal is © The Royal Society of Chemistry 2018

evaluation of ICsq values and mode of cell death (apoptosis).

Compartmental Schiff bases, obtained by the condensation
of salicylaldehyde or salicylaldehyde derivatives with diamines,
have two cavities of different dimensions."®?* Thus, these types
of ligands can bind with one or two metal centers, enabling the
successful synthesis of homo- and/or heteronuclear metal
complexes with interesting stereochemistry.>****>*> Complexes
derived from compartmental ligands have been widely studied
over the last decades especially due to their applications as
models of different metalloproteins.”*>*

In order to extend the chemistry of the compartmental Schiff
base compounds, in this work, the synthesis of a new ligand,
2,2"-((((((2-hydroxypropane-1,3-diyl)bis(oxy))bis(2,1-phenylene))
bis(methylene))bis(azanylylidene))bis(methanylylidene))bis(4-
bromophenol) (H;L®, Scheme 1) and its complexes with
cobalt(m), copper(n) and zine(u), [Co(HL™)] (1), [Cu,(L®)(n-1,3-
OAc)]-MeOH (2), [Zn(HL®)] (3) are described, along with the
characterization and theoretical studies.

In addition to the expected biological properties of the Schiff
base compounds,**** binding the cobalt, copper and zinc atoms
to this unit make these complexes a good prospect for biologi-
cally active compounds®*~° (31-35 for zinc, 36-40 for cobalt, 41—
45 for copper). For the study of the biological activities of new
ligand (H;L®") and its complexes 1-3, docking calculations were
run to investigate the possibility of interaction between these
compounds with nine protein targets, including: BRAF kinase,
cathepsin B (CatB), DNA gyrase, histone deacetylase (HDAC?7),
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OH HO

X: Br (H;LBr), NO, (H;LN%?)

Scheme 1 Structure of the two synthesized ligands (HsLN2, HzL®").

recombinant human albumin (rHA), ribonucleotide reductases
(RNR), thioredoxin reductase (TrxR), thymidylate synthase (TS),
topoisomerase II (Top II).*"** These proteins were used in this
project either due to their reported roles in the cancer growth or
as transport agents that affect drug pharmacokinetic properties
(e.g., THA). Also, DNA gyrase was included to study the possi-
bility of anticancer properties of the compounds also acting as
antimalarial agents.>® Experimental investigations on the anti-
cancer potential of all titled compounds, mode of cell death and

Table 1 Crystal data and structure refinement for complexes 1-3
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apoptosis on the K562 cell lines were performed. The K562 cell
line is a pluripotent precursor cell that is positive for the Phil-
adelphia (Ph) chromosome and was originally derived from
a patient with human chronic myelogenous leukemia (CML) at
the terminal stage of last crisis; this cell line is non-adherent
and rounded, highly undifferentiated with an active prolifera-
tive capacity and the inhibition of apoptosis.*

2. Experimental
2.1 Materials and instrumentation

All starting chemicals and solvents were reagent or analytical
grade and used as received. The infrared spectra of KBr pellets
in the range 4000-400 cm ' were recorded with a FT-IR
Shimadzu-IRprestige-21 spectrometer. The 'H NMR spectra
were recorded on Bruker Avance 400 instrument; chemical
shifts ¢ are given in parts per million, relative to TMS as an
internal standard. The carbon, hydrogen and nitrogen contents
were determined in a Perkin-Elmer 2400 elemental analyzer.
The melting points were determined with an Electrothermal
9100 electrically heated apparatus.

2.1.1 Synthesis of 2,2’-((((((2-hydroxypropane-1,3-diyl)
bis(oxy))bis(2,1-phenylene))bis(methylene))bis(azanylylidene))
bis(methanylylidene))bis(4-bromophenol) (H;L®). A solution of
0.402 g (2 mmol) of 5-bromo-2-hydroxybenzaldehyde, dissolved
in methanol (20 mL), was added to a stirring solution of 0.302 g
(1 mmol) of ((propane-1,3-diylbis(oxy))bis(2,1-phenylene))
dimethanamine (prepared according to the literature)® in the

Complex 1 Complex 2 Complex 3
Empirical formula C31H,6Br,CoN,O5 C3,H,5Br,Cu,N,05 C3,H,6Br,N,05Zn
Formula weight, g mol ! 725.29 792.43 731.73
Crystal size, mm? 0.27 x 0.10 x 0.06 0.69 x 0.37 x 0.08 0.22 x 0.10 x 0.07
Temperature, K 173 436 163
Crystal system Triclinic Monoclinic Triclinic
Space group P1 P24/n P1
Unit cell dimensions (A, ©)
A 7.1465(5) 14.8266(10) 7.1537(6)
B 8.5993(6) 12.0316(9) 8.5883(6)
C 24.5966(17) 18.820(3) 24.6179(17)
A 93.136(7) 90.000 92.958(7)
B 96.008(7) 96.213(7) 96.172(7)
r 106.846(7) 90.000 106.824(7)
Volume, A 1433.01(18) 3337.6(6) 1433.90(19)
zZ 2 4 2
Calculated density, g cm ™ 1.681 1.577 1.695
Absorption coefficient, mm ™" 8.33 4.70 4.82
F(000), e 726 1572 732
6 range for data collection (°) 6.5-72.1 6.9-72.0 6.5-72.0

h, k, [ ranges

—8§=h=8,-10=k=9,

-29=1[=30
Reflections collected/independent/R;,. 19872/5360/0.081
Data/ref. parameters 5360/371
Goodness-of-fit on F* 1.15

Final R indexes [I > = 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole, e A~

35626 | RSC Adv., 2018, 8, 35625-35639

R, = 0.081, WR, = 0.204
Ry = 0.104, wR, = 0.241
0.63/—1.09

—18<h=14,-14 < k = 14,
—18=1=22
27771/6330/0.081

6330/436

1.11

R, = 0.075, WR, = 0.197

Ry = 0.093, WR, = 0.231
1.33/-1.70

—8§=h=5,-10=<k = 10,
—30=1=<30
18870/5287/0.076

5287/371

1.09

R, = 0.085, WR, = 0.213

R, = 0.125, WR, = 0.265
0.73/—1.00

This journal is © The Royal Society of Chemistry 2018
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Table 2 Selected bond length (A) and angles (°) for complexes 1-3 with estimated standard deviations in parentheses
1 2 3
Distances Co1-N1 1.984(6) Cul-N2 1.957(6) Zn1-N1 1.994(6)
Co1-N2 1.986(7) Cu1-01 2.510(6) Zn1-N2 2.006(7)
Co1-04 1.916(4) Cu1-03 1.937(5) Zn1-04 1.937(4)
Co1-05 1.917(5) Cu1-05 1.912(5) Zn1-05 1.920(5)
Cu1-0202 2.000(5)
Cu2-03 1.923(5)
Cul-Cu2 3.155(1)
Cu2- 0201 2.052(5)
Angles 05-Co1-N1 113.1(2) 05-Cul-N2 91.6(2) N1-Zn1-N2 124.0(2)
05-Co1-N2 96.0(2) 05-Cu1-01 116.3(2) N1-Zn1-O4 94.0(2)
05-Co1-04 112.9(2) 05-Cu1-0202 151.9(2) N1-Zn1-05 114.0(2)
C4-C3-C28 123.8(7) 05-Cu1-03 91.1(2) N2-Zn1-05 97.4(2)
C10-C11-C26 123.3(6) Cu1-03-Cu2 109.6(2) 04-Zn1-05 111.4(2)
0201-C200-0202 125.9(7)
Table 3 Hydrogen bonds dimensions (A and °) in complexes 1-3
D-H---A d(D-H) d(H---A) <(DHA) d(D---A) Symmetry code on A atom
1 C(26)-H(26) -0(3) 0.950 2.493 147.4 3.332(9) —1+x,,z
O(3)-H(3):--0(4) 0.840 1.914 150.9 2.679(7) 1+x,1+y,2
2 C(17)-H(17)---0(4) 0.930 2.417 138.4 3.17(1) 2-x1-y, -2
0(300)-H(300)---0(202) 0.820 2.168 167.7 2.97(1) —-1+x,),2
3 C(26)-H(26) --0(3) 0.950 2.451 149.7 3.31(1) 1+x,9,2

same solvent (20 mL). The reaction mixture was heated under
reflux for 4 hours to produce an oily compound which was died
by rotary evaporation and then in air. Yield: 0.395 g, 59%. Anal.
caled for C;H,gBr,N,O5 (668.38): C, 55.71; H, 4.22; N, 4.19.
Found: C, 55.92; H, 4.25; N, 4.25%. IR (KBr, cm ™~ '): 3406 s (v O-
H), 3066 m (v C-H)*', 2931 m (v, CH, and/or v C-H), 2878 m (v,
CH,), 1635 s (v C=N), 1478 s and 1601 m (v C=C?"), 1451 m (5,
CH,), 1370 m (65 CH,), 1250 s (55 C-O-C)*™" 1119 m (v; C-O-
C)*"r 1038 s (v C-N). "H NMR (400 MHz, CDCl;, ppm, Hz): § =

9.8 (s, 2H, OH"""°Y) 8.3 5, 2H, C'H, 6.6-7.6 m, 14H, CH™", 4.9 s,
1H, OHA'°h°! 4.8 s, 4H, C°H, 4.5 m, 1H, C°H, 4.2 d, 4H, C°H.

2.1.2 Synthesis of [Co(HL®")] (1). ((Propane-1,3-diylbis(oxy))
bis(2,1-phenylene))dimethanamine (0.302 g, 1 mmol) was dis-
solved in methanol (10 mL) on heating with successive addition
of a methanolic solution (10 mL) of 5-bromo-2-
hydroxybenzaldehyde (0.33 g, 2 mmol) and Co(OAc),4H,0
(0.25 g, 1 mmol). The reaction mixtures were stirred for 4 h
under reflux and allowed to stand at room temperature.

Fig.1 ORTEP diagram of the molecular structure of 1. The ellipsoids are drawn at the 20% probability level. The hydrogen atoms were deleted for

clarity.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Packing of 1, showing the -t stacking interactions. Each CoN,O, unit is shown as tetrahedron.
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Scheme 2 Coordinated bond lengths average for all cobalt (a) and zinc (b) complexes containing the presented moiety.

Obtained solids were collected by filtration, washed with
methanol, and dried in air. The precipitates were recrystallized
in mixture of chloroform and methanol and after a few days
crystals suitable for X-ray data analysis were obtained from this
solution. Yield: 0.35 g, 49%; mp 265 °C decomposed. Anal. calcd
for C3,H,¢Br,CoN,O5 (725.29): C, 51.34; H, 3.61; N, 3.86. Found:
C,51.47; H, 3.69; N, 3.82%. IR (KBr, cm ™ *): 3415 m (v O-H), 3070
m (v C-H)", 2920 m (v,s CH, and/or » C-H), 2875 m (v5 CH,),
1608 s (v C=N), 1478 s and 1520 m (v C=C?"), 1419 m (d,; CH,),

m0<t<05
mTt=05

m05<t<1

0%

Fig. 3 Pie chart, the percentage of different geometries around the
cobalt atom among the analogues of the complex 1. Geometry for 74
values lower than the 0.5 is tetrahedron and higher than the 0.5 is
square plane.

35628 | RSC Adv., 2018, 8, 35625-35639

1370 m (6; CH,), 1249 m (v, C-O-C)*™", 1120 m (v, C-O-
C)Fther 1037 m (v C-N).

2.1.3 Synthesis of [Cu,(L®")(p-1,3-OAc)]-MeOH (2). The
procedure for synthesis of 2 was similar to 1 except that the
Co(OAc),-4H,0 was replaced by Cu(OAc),-4H,O (0.25 g, 1
mmol). Yield: 0.44 g, 56%; mp 233 °C decomposed. Anal. calcd
for Cs;H,sBr,Cu,N,05 (792.43): C, 46.99; H, 3.18; N, 3.54.
Found: C, 46.82; H, 3.17; N, 3.55%. IR (KBr, cm~'): 3426 m (v O-
H), 3120 w (v C-H)¥", 2930 w (v, CH, and/or v C-H), 2875 w (v
CH,), 1631 s (55 COO), 1605 m (¥ C=N), 1493 m and 1562 m (v
C=C?), 1454 s (0,5 CH,), 1389 m (63 CH,), 1319 m (v COO),
1242 m (v, C-0-C)*"", 1119 m (v, C-0-C)*"", 1026 m (v C-N),
646 m (6 OCO).

2.1.4 Synthesis of [Zn(HL™)] (3). The procedure for synthesis
of 3 was similar to 1 except that the Co(OAc),-4H,0 was replaced
by Zn(OAc),-2H,0 (0.22 g, 1 mmol). Yield: 0.37 g, 51%; mp 290 °C
decomposed. Anal. caled for Cs;H,¢Br,N,05Zn (731.73): C, 50.88;
H, 3.58; N, 3.83. Found: C, 50.96; H, 3.60; N, 3.90%. IR (KBr, cm ")
3426 m (v O-H), 3071 w (v C-H)*, 2916 w (v, CH, and/or » C-H),
2850 w (v CH,), 1620 s (v C=N), 1496 m and 1520 m (v C=C™),
1458 s (8,5 CH,), 1389 m (8s CH,), 1250 m (v, C-O-C)*™°", 1119 w
(vs C-0-C)™M", 1034 m (v C-N). 'H NMR (400 MHz, DMSO-
de, ppm, Hz): 6 = 8.3 5, 2H, CH, 6.3-7.4 m, 14H, CH™, 4.8 s, 1H,
OHM°l 4 5 m, 1H, C*H, 4.2 d, 4H, C°H, 4.1 s, 4H, C°H.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 ORTEP diagram of the molecular structure of 2. The ellipsoids
are drawn at the 20% probability level.

2.2 Crystal structure determination

Crystals were mounted on a glass fibre using perfluoropolyether
oil and the sample cooled to the required temperature in
a stream of cold nitrogen. The diffraction data of complexes 1-3
were collected on a Rigaku Spider diffractometer equipped with
a MicroMax MMO007 rotating anode generator, Cu,, radiation (2
= 1.54178 A), high-flux Osmic multilayer mirror optics, and

View Article Online

RSC Advances

a curved image-plate detector. The data were integrated, scaled
and averaged with FS Process. In the case of complexes 4-6, data
were collected on a Bruker Kappa diffractometer with graphite
monochromated Mo-K,, (1 = 0.71073 A). After data collection, in
each case an empirical absorption correction was applied. The
structures were then solved by direct methods and refined on all
F?. In all cases non-hydrogen atoms were refined with aniso-
tropic thermal parameters; hydrogen atoms were included in
calculated positions and refined with isotropic thermal
parameters which were ca. 1.2x (aromatic CH) or 1.5x (Me,
CH,, OH) the equivalent isotropic thermal parameters of their
parent carbon atoms. The data were corrected for Lorentz and
polarization effects. The programs used in this work are Bruker
Saint Plus, including X-RED and X-Shape for data reduction and
absorption correction, and the SHELX and OLEX program
suites.”® Diagrams of the molecular structure and unit cell were
created using Ortep-1II°*7** and Diamond* software. Details of
crystal data, data collection, structure solutions and refine-
ments are given in Table 1. Selected bond lengths and angles of
complexes are listed in Table 2 and hydrogen bond geometries
in Table 3.

2.3 Computational details

All structures were optimized with the Gaussian 09 software®
and calculated for an isolated molecule using Density Func-
tional Theory (DFT)** at the B3LYP/LanL2DZ level of theory as
well as for NBO analysis. Cif files of the complexes were used as
input file for theoretical calculations.

2.4 Docking details

The pdb files 4r5y, 3ai8, 5cdn, 3c0z, 2bx8, 1peo, 3qfa, 1njb, 4gth
for the nine receptors, BRAF kinase, cathepsin B (CatB), DNA
gyrase, histone deacetylase (HDAC7), recombinant human

Table 4 All coordination modes of the acetato ligand with copper atom

Cu Cu

Cu Cu
(0 0 (0] 0
Coordination \
modes
HYS HYS
N H N H
H H
(0] u-0
Cu
Cu=<—0x -O—>Cu
Coordination
modes
H
H
(v-O,u-0) 0;0

This journal is © The Royal Society of Chemistry 2018
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(n-O,p-0)
0%

Fig. 5 Pie chart, the percentage of different coordination modes of the acetato ligand among the complexes of the copper.

albumin (rHA), ribonucleotide reductases (RNR), thioredoxin
reductase (TrxR), thymidylate synthase (TS), topoisomerase II
(Top 1I), respectively, used in this research were obtained from
the Protein Data Bank (pdb).®* The obtained full version of
Genetic Optimisation for Ligand Docking (GOLD) 5.5 (ref. 63)
was used for the docking. The Hermes visualizer in the GOLD
Suite was used to further prepare the structures and the
receptors for docking. The optimized H;L®" ligand and also cif
file of the complexes 1-3 were used for docking studies. The
region of interest used for Gold docking was defined as all the
protein residues within the 6 A of the reference ligand “A” that
accompanied the downloaded protein. All free water molecules
in the structure of the proteins were deleted before docking.
Default values of all other parameters were used and the

complexes were submitted to 10 genetic algorithm runs using
the GOLDScore fitness function.

2.5 Biological evaluation

2.5.1 Materials. Fetal bovine serum (FBS), propidium
iodide and (PI), acridine orange (AO) 3-(4, 5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) was obtained
from Sigma Aldrich. RPMI-1640 medium was obtained from
Gibco (UK). Dimethyl sulfoxide (DMSO) was obtained from
Merck. Fluorescent studies were done by fluorescent micro-
scope (OLYMPUS, USA).

2.5.2 Cell culture and treatments. Human leukemia cell
line K562 and its adriamycin-selected multidrug resistant
subline K562/ADM were obtained from the Pasteur Institute of

Fig. 6 ORTEP diagram of the molecular structure of 3. The ellipsoids are drawn at the 20% probability level. The hydrogen atoms were deleted

for clarity.

35630 | RSC Adv., 2018, 8, 35625-35639
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Fig. 7 Packing of 3, showing the m—m stacking and hydrogen bonds. Each ZnN,O, unit is shown as tetrahedron.

m0<1<0.5
mTt=0.5

HosS<t<1

Fig. 8 Pie chart, the percentage of different geometries around the
zinc atom among the analogues of the complex 3. Geometry for t
values lower than the 0.5 is square pyramid and higher than the 0.5 is
trigonal bi pyramid.

Iran. All the cell lines were grown in RPMI 1640 medium con-
taining 10% bovine serum (FBS) and 100 U mL ™" penicillin and
100 pg streptomycin (BIOCERA) at 37 °C in a humidified 5%
CO, incubator. To maintain MDR phenotype, 1 mg L™ adria-
mycin was added to K562/ADM cultures and maintained in the
drug-free medium for at least two weeks before being used.
Compounds were dissolved in 180 pL of DMSO for in vitro
assays.

2.5.3 The MTT assay. Cells were cultured at a density of 1 x
10%/100 uL in a 96-well plate and allowed to attach overnight.
After the incubation with the testing chemicals for 48 h and

72 h, the cells were treated with the solution of MTT (5 mg
mL ") at 37 °C for 4 h. The absorbance was measured at 498 nm
using a microplate reader (Multiskan Spectrum, Thermo
Scientific). The inhibition rates were calculated on a plate-by-
plate basis for the test wells. The ICs, values were calculated
based on the inhibitory rate curves using Bliss' method.

2.5.4 AO/PI staining assay. Briefly, after treatment for 24 h
with compounds, K562 cells were harvested, centrifuged at
400 rpm for 10 min and washed in PBS. Then 1 mL were incu-
bated in the dark with AO (10 pL) and PI (10 L) for 15 min. After
mixing the suspension with a solution of AO/PI, analysis was
performed under a fluorescence microscope. While a green
fluorescence showed apoptosis, a red colored nucleus indicated
necrotic cells.

3. Results and discussion

Two Schiff base ligand were made in one-pot syntheses by
condensation of 5-bromo-2-hydroxybenzaldehyde with diamine
precursors in a 2 : 1 molar ratio. Three complexes 1-3 have been
synthesized by template condensation of mentioned aldehyde
and diamine at the presence of the M(OAc), (M: Co (1), Cu (2),
Zn (3)). The complexes are air-stable and soluble in DMSO.

3.1 Spectroscopic characterization

In the IR spectrum of the H;L®, a broad absorption band at
above 3400 cm ' due to the vibration of the alcoholic unit

Table 57— stacking interactions dimensions (A and °) in complexes 1 and 3

Centroid-centroid Angle between

distance the planes Perpendicular distance Slippage Type
1 3.883 8.65 — — Intra
3.697 8.65 — — Inter
3 3.881 9.68 — — Intra
3.700 9.68 — — Inter
3.749 6.37 — — Intra
3.673 6.37 — — Inter

This journal is © The Royal Society of Chemistry 2018
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Fig.9 Variation diagram of total intermolecular interactions energy (E) for complexes 1-3 with increasing the number of surrounding molecules.

Table 6 The NBO analysis results for the complexes 2 and 3 and HsL5". The values are the total of charge on the similar atoms. The values of
parentheses show the variation of charge on the atoms after coordination

C co* H H%¢ N N2 o oNoz  QUAc Br Metal
H,L®" —2.75 — 7.08 — —0.93 — —3.49 — — 0.09 —
Complex2  —2.44 (+0.31) 0.17  5.56 (—1.52) 0.71  —1.11(-0.18) — —3.30 (+0.19) — —1.46  0.06 (—0.03) 1.81
Complex 3  —2.46 (+0.29) — 6.03 (—1.05) — —1.33 (—0.40) — —3.75 (-0.26) — — 0.06 (—0.03)  1.45

which is shifted to the higher frequencies (9-20 cm™') after
complexation in 1-3. The weak peaks at above and below the
3000 cm ™' are compatible with the aromatic and aliphatic
moieties in the structure of the all compounds, respectively. The
v (C=N) peak in the complexes shifted to the lower frequencies
(4-30 cm™'), confirming the coordination of this unit to the
metal centers. In the spectra of the all structures, the frequen-
cies near 1250 and 1100 cm ™' which can be assigned to the
asymmetric and symmetric stretching vibrations of the ether
group revealed that the etheric oxygen site in these structures.

In the FT-IR spectrum of 2, three bands near 1640, 1320 and
650 cm ™! were assigned to the v,, (COO), v (COO) and 6 (OCO)
respectively, confirming the presence of the acetato ligand. The
differences between asymmetric (v,) and symmetric (vy)
stretching of the acetate group (A) can reveal its coordination
type. In monodentate complexes, A values are much greater
than the acetate salt (164 cm™ ') while in bidentate complexes
these values are significantly less than the acetate salt.***> The A
value for 2 is 312 cm ™" suggests pseudo-monodentate coordi-
nation, which is consistent with the literature structure.®®

To interpret the NMR spectra, some carbon atoms of the
ligands are marked in Scheme 1. In the NMR spectrum of
ligand, the signal of the phenolic hydrogen atoms is observed at

35632 | RSC Adv., 2018, 8, 35625-35639

the lowest magnetic field and was not observed in the spectra of
the 3, confirming the deprotonation of them during the
complexation process. In the downfield region, there are other
signals that can be assigned to the aromatic and imine protons.
The aliphatic protons are observed at the range of 4-5 ppm.

3.2 Description of the crystal structures

3.2.1 Crystal structure of [Co(HL®")] (1). In this structure
(Fig. 1), the cobalt atom is coordinated by two nitrogen and two
oxygen atoms of the HL®" with coordination number of four.
The tetracoordinate geometry of cobalt atom can adopt either
a tetrahedral or a square planar configuration. To determine the
geometry of such structures, the formula of Hakimi et al.*” was
applied in which the angular structural parameter (t4q) is rep-
resented as the index of tetragonality. The parameter t4q = (fmax

Omin)/90, where 60p,.x and 6, are the maximum and
minimum bond angles, respectively. An ideal square plane will
have 0,.x = 180° and 0,i, = 90°, and therefore 744 = 1, but an
ideal tetrahedron will have 6,,,, = 109.28°, ,in = 109.28° and
therefore t;q = 0. The 74 value is calculated to be 0.33 in 1,
indicating a propensity to a tetrahedral geometry (Fig. 1 and 2).
Analysis of the CSD database revealed that the common
geometry for analogues of 1 (structures containing the base

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Optimized structure of the H3L®" ligand.
Table 7 The calculated fitness values for the complexes 1-3 and HzL®"

BRAF-kinase CatB DNA-gyrase HDAC?7 rHA RNR TrxR TS Top II
H3LBr 70.96 50.46 62.70 78.53 71.85 60.63 84.75 73.37 75.66
H3LNO2 68.99 50.14 54.82 70.64 70.40 68.56 83.28 76.29 71.07
Complex 1 34.52 27.07 44.94 28.77 27.44 39.93 15.21 58.54 53.01
Complex 2 59.63 35.38 17.23 44.31 6.76 42.29 54.29 62.61 24.13
Complex 3 33.99 32.74 29.81 9.54 33.34 34.14 0.00 55.23 45.03

presented in Scheme 2(a)) is tetrahedral geometry (56%, Fig. 3)
as observed in 1. The Co-O and Co-N bond lengths average in 1
(1.917 and 1.985 A, respectively) are slightly longer than the CSD
average (1.877 and 1.940 A for the Co-O and Co-N, respectively,
Scheme 2).

In the structure of the complex, the ligand is tetradentate
and forms two six-membered and one 14-membered chelate
ring. The formation of a 14-membered chelate ring around the
cobalt atom is very rare and there is only one example among
the CSD complexes (in this search, the 14-membered chelate
ring formed by macrocyclic ligands were omitted).®® One six-
membered chelate ring is planar (with rms value of 0.033 A
for the N, atom) while another is the non-planar (with rms value
of 0.139 A for the Col atom). The difference between planarity
of the chelate rings can be attributed to the coordinated bond
angles of these rings.

3.2.2 Crystal structures of [Cu,(L®)(11-1,3-OAc)]-MeOH (2).
In the binuclear structure of 2 (Fig. 4), each copper atom has
CuNO, environment and is coordinated by one oxygen atom of
the acetato ligand, one oxygen atom of the deprotonated phenol
moiety, one oxygen atom of the ether group and one oxygen
atom of the deprotonated alcoholic group of the ligand along
with the one nitrogen atom of the imine site with coordination
number of five. A penta-coordinate geometry of 2, may adopt

This journal is © The Royal Society of Chemistry 2018

either a square pyramidal or a trigonal bipyramidal structure
which is determined by applying the formula of Addison
et al.*7*° The angular structural parameter, t (1 = (6 — «)/60,
where « and § are the two largest angles at the copper atom
with 8 = «), was calculated to be 0.07 and 0.39, respectively for
Cul and Cu2 atoms indicating a distorted square-pyramidal
geometry. Among the four Cu-O bond lengths, the Cu-O*™*"
bond length is longer than the other bonds.

In the crystal structures of the 2, one acetate ligand acts as
bridge between two copper atoms. For comparing the coordina-
tion mode of the acetato ligand in 2 with CSD analogues,
a structural survey was carried out and results presented in Table
4. These data reveal that eight different coordination modes have
been reported for copper complexes containing the acetato
ligand. Among these coordination modes, the “O;0” mode (Table
4) is the most observed ones (48%, Fig. 5) in which the acetato
unit acts as O,-donor and bridges two metal centers. This coor-
dination mode also observed in the 2. The monodentate mode of
“0O” is the second most common among the CSD analogues (27%,
Fig. 5). In another comparison, the percentage of bridged and
non-bridged structures was calculated. These data revealed that
the acetato unit commonly forms a bridged structure (59%) with
copper atoms. In most cases this ligand is coordinated toward
copper atom without forming the chelate ring (84%).

RSC Adv., 2018, 8, 35625-35639 | 35633
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Fig. 11 Docking study results, showing the interaction between HzL®" and BRAF kinase protein.

Y

Fig. 12 Docking study results, showing the interaction between complex 1 and BRAF kinase protein.
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Table 8 Concentrations of ligands (HsLN°? and HsL®) and their
complexes 1-3 that induced a 50% decrease in K562 cell survival
(expressed as ICso (ng mL™Y). The compounds were incubated with
cells for 24, 48 and 72 h. ICsp values are expressed as the mean + SD
determined from three independent experiments

Compounds 24 h 48 h 72 h

H;L* 22.00 £ 0.51 22.03 £ 0.43 21.87 £ 0.21
Complex 1 11.56 £ 0.13 10.71 £ 0.26 11.52 £ 0.10
Complex 2 13.92 £ 0.42 13.17 £ 0.50 13.35 £ 0.32
Complex 3 14.58 £ 0.33 15.67 £ 0.37 16.36 £ 0.32

The H;L®" ligand precursor is triply deprotonated and hep-
tadentate and form four six-membered and two five-membered
chelate rings. The deprotonated alcoholic moiety of ligands is
bridging two copper atoms.

3.2.3 Crystal structures of [Zn(HL™)] (3). X-ray analysis of
the complex 3 (Fig. 6), reveals that ZnN,O, environment for zinc
atom and coordination number of four. In these structures, the
Tgq Value is calculated to be 0.33 for 3, indicating a tetrahedral
geometry (Fig. 6 and 7). The CSD database reveals that the
common geometry between analogues of the complex 3 (with
base presented in Scheme 2(b)), is tetrahedral geometry (Fig. 8)
which is the expected geometry for d'® complexes. The Zn-N
and Zn-O bond lengths average in complex 3 (2.000 and 1.929 A,
respectively) are comparable with the CSD average (Scheme
2(b)).

In this complex, the ligand acts as tetradentate and forms
two six-membered and one 14-membered chelate ring. The
formation of 14-membered chelate ring around the zinc atom is
very rare and there is only one example for such structure” (in
this search, the 14-memberd chelate ring formed by macrocyclic
ligands were omitted). One six-membered chelate ring is planar
(with rms value of 0.027 A for the C4 and C28 atoms) while
another is the non-planar (with rms value of 0.139 A for the Zn1
atom).

3.2.4 Crystal network interactions. In the crystal network of
the compounds (Fig. 2 and 7) intermolecular C-H---O and
O-H---O (except 3) hydrogen bonds link adjacent complexes. In
this way the oxygen atoms participate in hydrogen bonding as
proton donors and acceptors at the same time while the carbon
atoms participate as proton donors.

In addition to the hydrogen bonds, the crystal networks of
the compounds (1, 3) are further stabilized by inter and intra
molecular 7-m stacking interactions (Table 5) between
aromatic rings’*”* (Fig. 2 and 7). H;L®" ligand has two arms
and each arm contains one terminal and one middle aromatic
ring. In 1 and 3 the arms of ligand are twisted to form m-m
stacking interactions between the terminal phenyl of one arm
with the middle aromatic group on the other arm. The
formation of these types of the intra molecular w-m stacking
interactions may be affecting the coordination geometry in
these ligands.

Total intermolecular interaction energy for one molecule of
the complexes 1-3 were calculated using Mercury” and its
CSD-materials tool.®>”* For this, the sum of the intermolecular
interactions energy in a molecular packing shell containing

This journal is © The Royal Society of Chemistry 2018
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100 molecules” around the one molecule of 1-3 were calcu-
lated to be —390.23, —561.05 (complex 2), —44.96 (MeOH in
the 2) and —420.68 k] mol ™' (Fig. 9), respectively, confirming
that 2 is more stabilized in the solid state by its network
interactions than the others.” Also comparing the energy level
of interactions for one molecule of 2 with the trapped meth-
anol molecule in the crystal network of 2 showed that one
molecule of 2 is more stabilized than the methanol molecule
by inter molecular interactions. In 1, 89% of the total energy
equates to the interactions with its fourteen closest neigh-
boring molecules in ranges of 7.147-13.965 A distances
(Fig. 9). This value for the same condition for complexes 2 and
3 is 65 (complex 2), 96 (MeOH in the complex 2) and 89%.

3.3 Theoretical studies

To study the charge distribution before and after complexation,
an NBO analysis was done on the free H;L®" ligand and its
copper and zinc complexes (Table 6). For this study all struc-
tures were optimized before NBO analysis (Fig. 10, H;L®"). The
results reveal that the calculated charge on the metal atom
(+0.91 and +1.45 for copper and zinc atoms, respectively) is
lower than the formal charge (+2) owing to the electron dona-
tion of ligand during the complexation. The charge on the
copper atom is decreased more than the zinc atom which can be
attributed to the three step deprotonation (L*7) of the ligand in
coordination toward copper atom while in zinc complex the
ligand act as HL>". Also the total charge on the acetato ligand is
calculated to be —0.58 for 2, showing the electron donation of
this ligand to the copper atom and may be another reason for
the lower charge on the copper compared to the zinc atom.
Based on the calculated total charge values, the charge of the
carbon atoms of complexes is more positive than that of the free
ligand, whilst the total charge of the hydrogen and nitrogen
atoms is more negative than respect to the free ligands. This
observation reveals that the carbon atoms play an important
role in electron donation toward metal atom and decreasing the
charge of them.

In the structures of the optimized 2°, t was calculated to be
0.08, indicating a square-pyramidal geometry with negligible
distortion respect to the solid state result. Similarly to the X-ray
results, the Cu-O"™" bond length is longer than the other
bonds. For the optimized structure of the 3°P", the 74, value is
calculated to be 0.34, indicating an incline to a tetrahedral
geometry similarly to the solid state result.

3.4 Docking studies

For predicting and comparison the biological activates of the
ligand and complexes, interactions of these compounds with
nine macromolecule receptors using Gold** docking software
was studied. The Gold docking results are reported in terms of
the values of fitness which means the higher the fitness the
better the docked interaction of the compounds.® The results of
the docking presented in this work is the best binding results
out of the favorably ten predicted by Gold.

The general features from the Gold docking prediction
(Table 7) show that all studied structures can be consider as

RSC Adv., 2018, 8, 35625-35639 | 35635
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Table 9 Morphological changes of K562 cells after 48 h treatment with ICsq concentrations of HzL®" and complexes 1-3. The cells were stained
with acridine orange and propidium iodide and examined by fluorescence microscope. The presence of early and late apoptosis along with the
necrosis of K562 cells could be seen. (a) HsL®', (b) complex 1, (c) complex 2, (d) complex 3
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biologically active compounds. The best predicted target for the
H;L"" is TrxR, while for the complexes is TS. The docking result
of the interaction between H;L® and complex 1 with BRAF
kinase protein is shown in the Fig. 11 and 12, respectively.

3.5 Biological screening

We evaluated the in vitro cytotoxicity of H;LP" ligand and its
complexes with cobalt, copper and zinc on the human cancer
cell line K562. Results are expressed as the ICs, values and are
summarized in Table 8. The MTT assay showed that tested
compounds exerted significant cytotoxic effects against K562
cell lines. For the studied compounds, the cytotoxic effects of
the complexes are higher than the free ligand; showing that the
biologically activities of these ligands are increased by binding
to a metal center. The order of the cytotoxicity activity for
different metal centers is Co > Cu > Zn.

We also investigated the type of cell death induced by
compounds in K562 cells, based on the analysis of morpho-
logical characteristics of the cells after the double staining of
cells with acridine orange (AO) and propidium iodide (PI) by
fluorescence microscopy. Morphological features of apoptosis
such as chromatin condensation, nuclear fragmentation and
alterations in the size and the shape of cells were observed after
48 h treatment with ICs, concentrations of the compounds.
Also, the features of late apoptosis were clearly expressed; the
DNA was fragmented and stained orange and red. As shown in
Table 9, the percentage of early apoptotic cells after treatment
with complex 3 for 48 h is higher than the other compounds
(48%). Among the four tested compounds, the ability of
complexes 1 and 2 to induce secondary apoptosis (33%) and
necrosis (53%) in K562 cells is significant.

4. Conclusion

Four compartmental Schiff compounds, 2,2/-((((((2-hydroxypropane-
1,3-diyl)bis(oxy))bis(2,1-phenylene))bis(methylene))bis(azanylylidene))
bis(methanylylidene))bis(4-bromophenol) (H;L*), [Co(HL™)] (1),
[Cun(L®)(1-1,3-OAc)]- MeOH (2), [Zn(HLP)] (3), were prepared, their
spectral (IR, "H NMR) and structural (single crystal X-ray diffraction)
properties were investigated. In the complexes of 1 and 3, the metal
atom has tetrahedral geometry. The ligand molecule in theses struc-
ture forms two six-membered and one 14-membered chelate rings
which is very rare among the CSD database. In the complex of 2 the
copper atom has a square pyramidal geometty. In this structure, HL®
and acetato ligands bridge two copper atoms to form a binuclear
structure. Among the different coordination modes of the acetate
ligand which is coordinated to the copper atom, the “O;0” mode is
the most observed ones (48%) which is observed mode in 2. Based on
these data, the acetato ligand commonly forms a bridged (59%) and
non-chelated (84%) structures with copper atom.

In addition to the hydrogen bonds in the crystal network of
the complexes, there are mw-m stacking interactions between
aromatic rings, showing the high ability of these molecules to
interact with neighboring units and making them good choice
to docking studies. The docking studies on the eight synthe-
sized compounds revealed that these compounds might be

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

biologically active by interacting with the nine bio-
macromolecules (BRAF kinase, CatB, DNA gyrase, HDAC7, rHA,
RNR, TrxR, TS and Top II). The best predicted targets for the free
ligand is TrxR, while for the complexes is TS. The biological
assay of the compounds on the human cancer cell line K562
confirmed the docking results. For the studied compounds, the
cytotoxic effects of the complexes are higher than the free ligand
with order of the cytotoxicity activity Co > Cu > Zn. Among the
compounds, the complexes 1-3 can induce the secondary
apoptosis (33%), necrosis (53%) and early apoptosis (48%) in
K562 cells better than the others, respectively. The NBO analysis
of the compounds revealed that among the hydrogen, carbon,
nitrogen and oxygen atoms of the coordinated ligand, the
carbon atoms act as electron donor and decrease the charge of
the metal atom.
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