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Abstract

Our research focuses on synthesis of novel compounds which are expected
to be excellent donating compounds in coordination chemistry besides
synthesis of their complexes.

Four new hydrated monocationCu(ll) complexes with 1,3-
propylenediamine andl,2-ethylenediamine with chloro or bromo ligands
were prepared in acceptable yield. The complexes were spectrally
characterized by (IR, UV-visible, and TOF-MS) as well as by thermal
(TG/DTA) and elemental analysis. The three dimensional structure for
complexes 2,4were proved by X-ray diffraction studies, which show the
Cu(lDis coordinated by four nitrogen atoms of the base ligand and one
bromide ion or chloride ion. In the crystal structure, molecules are
connected through intermolecular dipole interactions of the type N---H...Br
and hydrogen bond N---H...O. Additionally, an intramolecular hydrogen
bond of the type C---H...Br is observed; these interactions lead to a three
dimensional architectural packing in the crystal structure. Hirschfeld
surfaces computational method was used to figure out the intercontacts in
the crystal structure, the data showed that intercontacts of the type H...H

(52.8 %), H...Br (32.7 %), H...O (12.4 %) and Br...0 (2.1 %) were
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observed and quantified. Antitumor activity of the desired complexes was
evaluated. The results revealed high antitumor activity against several types

of cancer cells.



Chapter One

Introduction



1.1 The aim

The aims of this study were:

s Four Cu (Il) complexes were prepared: five coordinated
monocationic-monohydrated-halo-Bis-propane-1,3-
diamine/Copper(ll) halide complexes.

,

% The desired complexes were characterized by several available spectral

L)

analysis techniques like: IR, UV-Visible, TG/DTA, EA, MS, CV, EDX,
and SEM.

s X-ray Single crystals diffraction was investigated to identify the
structural formulas of crystalline complexes 2 and 4

% ComputationalHirschfeld surface analysis ofcomplexes 2 and 4 were
carried out, in order to compare both theoretical and experimental
spectral analysis.

% The complexes were evaluated as DNA-binder as well as

L)

antitumoractivities.

1.2. Organometallic Chemistry:

Organometallic compounds, with their metal-carbon bonds, are placed at
the interface between classical organic and inorganic chemistry in dealing
with the interaction between inorganic metal species and organic molecules
[1-3]. The organometallic field has provided a series of important
conceptual insights, surprising structures, and useful catalysts both for
industrial processes and for organic synthesis. Many catalysts are capable

of very high levels of asymmetric induction in preferentially forming one
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enantiomer of a chiral product. The field is a beginning to make links with
biochemistry with the discovery of enzymes that carry out organometallic
catalysis [3-4]. Ideas drawn from organometallic chemistry have helped to
interpret the chemistry of metal and metal oxide surfaces, both key actors
in heterogeneous catalysis. The field is also creating links with the
chemistry of materials because organometallic and metal-organic
compounds are increasingly preferred as the precursors for depositing
materials on various substrates via thermal decomposition of the metal
compound. Nanoscience and nanotechnology are also benefiting with the
use of such compounds as the most common precursors for nanoparticles.
These small particles of a metal or alloy, with properties quite unlike the
bulk material, are finding more and more useful applications in electronic,
magnetic, or optical devices or in sensors [1-10].

Public concern for the environment has led to the rise of green chemistry,
with the object of minimizing both energy use and chemical waste in
industryand commerce. One strategy is atom economy in which reactions
are chosen that minimize the formation of by-products or unreacted starting
materials.

For example, rhodium or iridium-based catalysts directly convert MeOH
and CO to MeCOOH with no significant by products. Organometallic
catalysis is likely to be a key contributor when climate change becomes
severe enough to force government action to mandate the use of renewable
fuels [4-6]. The presence of d electrons in their valence shell distinguishes

the organometallic chemistry of the elements of groups 3-12 of the
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Periodic Table, the transition elements, from that of groups 1-2 and 12—18,
the main-group elements. Group 12, and to some extent also group 3, often
show greater resemblance to the main-group elements. Transition metal
ions can bind ligands (L) to give a coordination compound, or complex
MLn, as in the familiar aqua ions [M(OH2)6]2+ (M =V, Cr,Mn, Fe,Co, or
Ni). Organometallic chemistry is a subfield of coordination chemistry in
which the complex contains an M—CorM-H bond. Organometallic species
tend to be more covalent, and the metal is often more reduced, than in other
coordination compounds. Typical ligands that usually bind to metals in
their lower oxidation states are CO, alkenes, and arenes.. In this chapter we
review some fundamental ideas of coordination chemistry, which also

apply to organometallic complexes [1-15].

1.3 Stereochemistry:

The most common type of complex is MLg, which adopts an octahedral
coordination geometry (1.1) based on one of the Pythagorean regular

solids.

1.1 Octahedron



1.4 Chelate Effect

Other ligands can have more than one donor atom, each with its lone pair;
an example is ethylenediamine (H,N-CH,CH,-NH,), often abbreviated
“en”). Such ligands most commonly donate both lone pairs to the same
metal to give a ring compound, known as a chelate, from the Greek word
for “claw” (1.2). Chelate ligands may be bidentate, such as

ethylenediamine, or polydentate, such as 1.3 and 1.4

Sk
H,

N, | NH
"Co.
“ |
N NH,
H»
H>N
1.2
P N P e
/ (8] O \ _f;’ NH NH ~\
N 0’ 0~ ~N N~ 'NH NH T\
Y i
- 0 / N NH
N ___/
1.3 14
1.5 Why Copper?

Copper, a bio-essential element, plays an important role in biological

processes that involve electron transfer reactions.Actually,copper(ll)
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complexes with O, N, S have been widely studied and they are proved to be
good anticancer agents due to their strong binding affinity with DNA [2-14].
It has been demonstrated that copper assembles in tumors due to the selective
permeability of cancer cell membranes to copper compounds [2-11].
It is a very impoal in life, photosynthesis process, mitochondrial
respiratory, carbon and nitrogen rtant met metabolism, and oxidative stress

protection [14].

1.6. Previous Work

The interaction and reactions of metal complexes with DNA have long
been thesubject of intense investigation in relation to the development of
new reagents for bio- technology and medicine. Among the metal
complexes so far investigated, those of phenanthroline that have attracted
much attention for their various functions. It is well known that copper(ll)
complexes of 1,10-phenanthroline (phen) inhibit DNA or RNA polymerase
activities and induce strand scission of DNA in the presence of OHor thiol
[5-11]. The copper—phenanthroline complex cycles between Cu(ll) and
Cu(l) to catalyze the formation of activated oxygen species. In the course
of such reactions, a tetrahedral [Cu(phen) ] complex has been suggested to
bind non-intercalatively in the minor groove of the DNA.The substituents
on the phenanthroline ring influence the reactivity of the complexes with
DNA [5-7]. For example, the copper(l) complex of 2,9-dimethyl-1,10-
phenanthro line, [Cu(2,9-dmp) ], does not cleave DNA [5]. It has been also
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reported that some ternary complexes of [Cu(phen)]*? have an antitumor
activity [13].

Tris-phenanthroline metal complexes and their analogs have also attracted
much attention for the chiral recognition of DNA double helices with the
enantiomeric complexes and for the photochemical electron-transfer
reactions initiated by the complex bound to DNA [3-13].In the case of
[Ru(phen) ]*2 , both an intercalative and non-intercalative binding modes
have been proposed.

Although various binding structures have been proposedforthe
phenanthroline complexes on DNA, the geometrical part that DNA-fiber
electron paramagnetic resonance (EPR) ameters, that characterize the
binding mode of the complexes, have scarcely been reported. We have
shown that spectroscopy provides information on stereospecificity and
dynamic principal axes of the g-tensors relative to the DNA-double
properties of paramagnetic metal complexes bound to DNA [4,16-48]. One
can estimate the angles of the helical axis from the changes in the EPR line
shapes with the orientation of the DNA fibers in the magnetic field. The
temperature dependent EPR line shapes give information on the motion of

the complexes on DNA.

1.7 Novelty

1. Water soluble octahedral diaminecopper(ll) complexes were prepared

for the first time.
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2. Novel 3D structure of such Copper-ligands coordinate were analyzed by
XRD and compared by DFT optimized structures.
3. The antitumor activity of such complexes was developed depending on

their structures.



Chapter Two

Experimental part



2.1 Chemicals

2.1.1 Solvents

Table 2.1: Solvent'sName and Molecular Formula

10

Solvent name Chemical Formula | Molar Mass
1. Dichloromethane CHCl: 84.93g/mol
2. Hexane CeHia 86.17 g/mol
3. Ethanol CH3CH20OH 46.07 g/mol
4. Distilled water H20 18 g/mol
5.Tetrachloromethane CCl4 153.81 g/mol

2.1.2 Starting Materials

Other Reagent

Table 2.2 :Starting Material's Name, Molecular Formula and Molar

Mass

Chemical Material Name | Molecular Molar Mass | Physical State

Formula (gram/mole) at Room
Temp.

Copper(Il) Bromide CuBr2.4H>0O | 295.41 g/mol Solid

Tetrahydrate

Cu(ll) ChlorideDihydrate | CuCl2.2H.O | 170.48g/mole. | Solid

Propane-1,3-diamine CsH1oN2 74.13 g/mol Liquid

1,10 Phenanthroline C12HsN> 180.21 g/mol Solid

2,2'-Bipyridine Ci0HsN> 156.19 g/ mol | Solid

2.2 Equipments

1. X-Ray Diffractometer (Mysore University, India) was used to

determine the structure of crystalline compounds.

2. Perkin Elmer Spectrum 1000 FT-IR Spectrophotometer (An-Najah

National University, Palestine) wasused to obtain the spectra of

resulting ligands L, L, and their complexes 1-4.
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3. TU-1901 Double-Beam UV-Visible Spectrophotometer (An-Najah
National University, Palestine) was used to obtain the maximum
wavelength for Liand their complexes 1,2.

4. NMR BrukerAvance Il 400 Spectrometer at 298 K, with 5 mm
PABBO BB-1H TUBES, using CDCl; as a Solvent and TMS as
Internal Standard (chemical shift in 6 ppm) (Mysore University,
India) was used to obtain NMR spectra of resulting ligands L, L

5. TGA-7 PerkinElmer Thermogravimetric Analyzer (PerkinElmer Inc.,
Waltham, MA, USA) (Mysore University, India) was used to obtain
TG/DTG for Ly, L, and their complexes 1, 4.

6. Thin-Layer Chromatography using Merck Silica Gel 60 F254 Coated
Aluminum Plates (Mysore University, India) was used to determine
the purity of the ligands L, L.

7. EI-MS (Mysore University, India) was used to obtain the spectrum

for L;.

2.3 Synthesis

Procedure to prepare the desired complexes

Complexes 1-4 were synthesized, in 80-90% yields. The corresponding
hydrated CuX; salt (1 mmol) was dissolved in ethanol

(10 mL).To this solution,2mmol of propane-1,3-diamine or
ethylenediamine dissolved in distilled water (1 mL) were added. The
reaction mixture was left for ~ 10 min until appearance of deep blue color

solution. Solvent was then evaporated under reduced pressure and the solid
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residue was washed several times with alcohol and dichloromethane and
then was left to dry.
Complex 1
Yield 83%, m.p. = 165 °C. MS (m/z) 246.07 [M+]-Cl for
[CeH20CICUN,]CI. Calculated: C, 25.49; H, 7.13; N, 19.82. Found C, 25.34;
H, 7.15; N, 19.71%, (IR, vem%): 3375-3135 (Vin), 2925 (Ve.), 1555 (Vn-),
1175 (Vnc), 515 (Vcun). UV-Vis. in water: AmaxEmax/M™ cm? ): 250 nm
(1.25 x 103 ML) and 580 nm (3.10 x 102 M1L1).

Claia

o114

Complex 2

Yield 90%, m.p. = 185 °C. MS (m/z) 292.2 [M+]-Br for [CsH20BrCuN4]Br.
Calculated: C, 19.39; H, 5.42; N, 15.08. Found: C, 19.15; H, 5.21; N,
14.92%. (IR, vem™): 3380-3250 and 3160 (Vh-n), 2890 (vVc.n), 1565 (Vn-w),
1170 (vn-c), 508 (Vcun). UV-Vis. in water: AmaxEmax/M™ cm™ ): 255 nm
(1.20 x 10® ML) and 568 nm (2.90 x 10> M1L1).

Bri13

o14
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Complex 3
Yield 78%, m.p. = 178 °C. MS (m/z) 219[M+]-Cl for [C4H1sCICuN,4]CI.
Calculated: C, 25.49; H, 7.13; N, 19.82. Found C, 25.34; H, 7.15; N,
19.71%, (IR, vem): 3375-3135 (Vin), 2925 (Ver), 1555 (Vi) 1175 (Vi
c), 515 (Veun). UV-Vis. in water: Amaxema/M™* cm? ): 250 nm (1.25 x 103
ML) and 580 nm (3.10 x 102 M1L"Y).

Q3
= 1 N« 1\/) .’,,;‘. —
—/ \_'__“- \ \
X > /
, . I N1 \
\
Cch
Complex 4

Yield 90%, m.p. = 185 °C. MS (m/z) 263 [M+]-Br for [C4H1sBrCuN,]Br.
Calculated: C, 19.39; H, 5.42; N, 15.08. Found: C, 19.15; H, 5.21; N,
14.92%. (IR, vem™): 3380-3250 and 3160 (Vi-n), 2890 (Vcn), 1565 (Vn-n),
1170 (Vn-c), 508 (Veu-n). UV-Vis.in water: AmaxEmax/M™? cm?t ): 255 nm
(1.20 x 10® ML) and 568nm (2.90 x 10> M 1LY,
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2.4 Instruments

A TU-1901 double-beam UV-visible spectrophotometer was employed to
record the UV-visible spectra for complexes, whereas Infrared spectra (IR)
were recorded on a Perkin Elmer Spectrum 1000 FT-IR
Spectrophotometer. EI-MS data were obtained with the aid of a Finnigan
711A (8 kV) (PerkinElmer Inc., Waltham, MA, USA) instrument.
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)
for both complexes were accomplished by using a TGA-7 Perkin Elmer
thermogravimetric analyzer (Perkin Elmer Inc., Waltham, MA, USA).
Elemental analysis (C, H, and N) for complex 2 was performed out with
EuroVector EA3000 (C, H, and N) instrument, and the observed results
agreed with the calculated percentages to within = 0.4%. We carried out
Hirshfeld surface analysis for complex 2 using the program CRYSTAL
EXPLORER 3.1 [34].

2.4.1 Single Crystal X-ray Diffraction

By a slow evaporation of ethanol from ethanolic solution of the complex,
suitable crystal for X-ray diffraction measurements was collected. A blue-
prism single crystal of dimensions 0.27x0.28x0.26 mm of complex 2 was
selected for X-ray diffraction measurements. X-ray intensity data were
collected at a temperature of 293 K with the aid of a BrukerProteum 2 CCD
diffractometer equipped with an X-ray generator operating at 45 kV and 10
mA, using CuK, radiation of wavelength 1.54178A. Data was collected for

24 frames per set with different settings of ¢@(0° and 90°), keeping a scan
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width of 0.5°, exposure time of 2 s, sample to detector distance of 45.10
mm and 20value at 64.5°. A complete data set was processed using SAINT
PLUS [35]. Crystal structure was solved by direct methods and refined with
full-matrix least squares method by means of the F> SHELXS and SHELXL
programs [36]. Geometrical calculations were carried out using the
program PLATON [37], whereasthe molecular and packing diagrams were
generated with the aid of the software MERCURY [38]. Details of the

crystal structure and data refinement are given in Table 2.3.

Table 2.3 Crystallographic data and structure refinement parameters

for complex 2.

Empirical formula CsH22N4Br.OCu

Formula weight 389.61

Temperature 293(2) K

Wavelength 1.54178 A

Crystal system, space group Monoclinic, P2;/c

Unit cell dimensions a = 8.6858(5) An

Volume 1326.95(13) A3

Z, Calculated density 4,1.940 Mg/m?®

Absorption coefficient 9.230 mm™

F(000) 764

Crystal size 0.26 x 0.27 x 0.28 mm

Theta range for data collection | 5.3° to 64.5°

Limiting indices -7<h<10,-17<k<15,-12<1 <
Reflections collected / unique | 5668/ 2107 [R(int) = 0.039]
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 2021/0/128

Goodness-of-fit on F2 1.11

Largest diff. peak and hole 1.22 And —0.90¢. A3
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o14

Table 2.4: Bond lengths A and angles (°) for complex 2

Cul_N2 2011 (4) | N6—H6A 0.9000
Cul_N12 2020 (4) | N6_H6B 0.9000
Cul_N8 2051 (4) | N8_C9 1.489 (6)
Cul_N6 2.053 (4) | N8_HSA 0.9000
Cul_Br7 27089 (7) | N8—_HSB 0.9000
N2—C3 1478 (6) | C9_C10 1.499 (6)
N2 H2A 0.9000 C9—H9A 0.9700
N2—H2B 0.9000 C9__H9B 0.9700
C3—C4 1512 (6) | C10_Cl1 1511 (6)
C3—H3A 0.9700 C10__H10A 0.9700
C3—_H3B 0.9700 C10_H10B 0.9700
C4—C5 1517 (6) | C11_N12 1.487 (5)
C4—H4A 0.9700 C11_H11A 0.9700
C4—H4B 0.9700 C11_H11B 0.9700
C5—N6 1465 (7) | N12—H12A 0.9000
C5—H5A 0.9700 N12—H12B 0.9000
C5—H5B 0.9700

N2—_Cul_N12 179.01 (13) | C5_N6_H6A 106.6
N2—Cul—N8 8950 (15) | Cul_N6—_H6A 106.6
NI2—Cul— N8 | 90.18 (15) | C5_N6_H6B 106.6
N2—Cul—N6 90.30 (15) | Cul_N6—_H6B 106.6
NI2—Cul- N6 | 9052 (15) | HBA_N6_H6B 106.6
N8_Cul—N6 14354 (17) | C9_N8—Cul 118.3 (3)
N2—Cul—Br7 87.27 (9) | C9_N8_H8A 107.7
NI12—Cul—Br7 | 91.89 (10) | Cul N8 HS8A 107.7
N8—_Cul—Br7 101.87 (11) | C9_N8_HSB 107.7
N6—Cul—Br7 11454 (13) | Cul_N8_H8B 107.7
C3—N2—Cul 1168 (3) | HSA_N8_H8B 107.1
C3—N2__H2A 108.1 N8_C9—C10 1117 (4)
Cul_N2—H2A | 108.1 N8_—C9—HIA 109.3
C3—N2_H2B 108.1 C10—C9—H9A 109.3
Cul_N2—H2B | 108.1 N8_—C9—H9B 109.3
H2A—N2—H2B | 107.3 C10—C9_H9B 109.3
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N2—C3—C4 110.9 (4) H9A—C9—HIB 107.9
N2—C3—H3A 109.5 C9—C10—C11 1143 (4)
C4—C3—H3A 109.5 C9—C10—H10A 108.7
N2—C3—H3B 109.5 C11—C10—H10A 108.7
C4—C3—H3B 109.5 C9—C10—H10B 108.7
H3A—C3—H3B 108.1 C11—C10—H10B 108.7
C3—C4—C5 112.4 (4) H10A—C10—H10B | 107.6
C3—C4—H4A 109.1 N12—C11—C10 112.3 (3)
C5—C4—H4A 109.1 N12—C11—H11A | 109.1
C3—C4—H4B 109.1 C10—Cl11—HI11A 109.1
C5—C4—H4B 109.1 N12—C11—H11B 109.1
HAA—C4—H4B 107.9 C10—Cl11—H11B 109.1
N6—C5—C4 112.0 (4) H11A—C11—H11B | 107.9
N6—C5—H5A 109.2 Cl11—N12—Cul 116.6 (3)
C4—C5—H5A 109.2 Cl11—N12—H12A |108.1
N6—C5—H5B 109.2 Cul—N12—H12A | 108.1
C4—C5—H5B 109.2 Cl11—N12—H12B 108.1
H5A—C5—H5B 107.9 Cul—N12—H12B 108.1
C5—N6—Cul 122.8 (3) H12A—N12—H12B | 107.3
Table 2.5:Atomic displacement parameters (A?)
Ull U22 U33 U12 U13 U23
Cul (0.0085 (5) [0.0138 (4) |0.0168 (4) [-0.0003 (2)  |0.0040 (3) |-0.0014 (2)
N2 [0.0134 (19)(0.0140 (16) [0.0171 (17){0.0001 (14)  |0.0068 (15) {0.0005 (13)
C3 [0.007 (2) 0.021(2) [0.019(2) [-0.0006 (16) [0.0047 (18) [0.0019 (16)
C4 [0.012(2) 0.022(2) [0.026(2) |0.0004 (17) [0.008 (2)  |0.0035 (17)
C5 [0.015(3) [0.025(2) [0.034(3) 0.0032(19) [0.007 (2)  |-0.0006 (19)
N6 [0.018 (2) [0.030(2) |0.039 (3) [0.0026 (17)  |0.0076 (19) |-0.0139 (18)
Br7 (0.0154 (4) [0.0152 (3) |0.0147 (3) {-0.00021 (15) |0.0069 (2) {0.00247 (14)
N8 [0.014 (2) [0.0237 (19) [0.026 (2) |-0.0048 (16) |—0.0003 (17){0.0080 (15)
C9 [0.016 (2) 0.022(2) [0.024(2) [0.0060 (18)  [~0.0002 (19)[0.0004 (18)
C10(0.011 (2) 0.033(2) |0.017(2) |0.0027 (18)  [0.0021 (19) |0.0006 (17)
C11/0.007 (2) 0.022(2) [0.025(2) |-0.0028 (17) [0.0080 (19) |-0.0073 (18)
N12 [0.0075 (19)(0.0205 (17) [0.025 (2) |-0.0011 (14) 0.0072 (16) |-0.0079 (15)
Brl [0.0209 (4) (0.0247 (4) [0.0260 (4) [0.00193 (18) [0.0105 (3) |0.00446 (18)
014(0.029 (2) 0.047 (2) [0.045(2) |-0.0008 (18) [0.0075 (19) |—0.0094 (19)
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Table 2.6:Fractional atomic coordinates and isotropic or equivalent

isotropic displacement parameters (A?)

X Y Z Uise*™/Ueg
Cul |0.48187(8) | 0.62620(4) |0.19870(6) |0.0133 (3)
N2 | 0.2878 (4) 05477 (2) | 0.0956 (3) 0.0145 (7)
H2A | 0.3235 0.5073 0.0521 0.017*
H2B | 0.2564 0.5178 0.1530 0.017*
C3 |0.1389 (6) 05923 (3) | —0.0003 (4) | 0.0158 (9)
H3A | 0.0593 0.5477 —0.0512 0.019%
H3B | 0.1710 0.6275 ~0.0605 0.019*
C4 |0.0580 (6) 0.6519 (3) | 0.0687 (5) 0.0200 (10)
H4A | 0.0482 0.6196 0.1416 0.024*
H4B |—0.0537 0.6671 0.0080 0.024*
C5 |0.1563 (6) 07368 (3) | 0.1199 (5) 0.0253 (10)
H5A | 0.1693 0.7681 0.0475 0.030*
H5B | 0.0944 0.7750 0.1559 0.030*
N6 |0.3213 (5) 07188 (3) | 0.2215 (4) 0.0301 (10)
H6A | 0.3049 0.7035 0.2946 0.036*
H6B | 0.3764 0.7710 0.2390 0.036*
Br7 |053913(5) | 0.64427 (3) |—0.02482(4) |0.0148(2)
N8 | 0.6193 (5) 05150 (3) | 0.2812 (4) 0.0239 (9)
HSA |0.6217 0.5095 0.3632 0.029*
HSB | 0.5641 0.4674 0.2353 0.029*
C9 | 0.7944 (6) 0.5099 (3) | 0.2896 (5) 0.0230 (10)
HOA |0.7942 0.5100 0.2016 0.028*
H9B | 0.8442 0.4545 0.3317 0.028*
C10 |0.8973 (6) 0.5864 (3) | 0.3659 (4) 0.0213 (10)
H10A | 1.0127 0.5764 0.3782 0.026*
H10B | 0.8920 0.5876 0.4521 0.026*
Cll |0.8437 (5) 0.6762 (3) | 0.3017 (4) 0.0177 (9)
H11A|0.9269 0.7204 0.3487 0.021*
H11B | 0.8378 0.6737 0.2121 0.021*
N12 |0.6788 (4) 0.7043(2) | 0.3003 (4) 0.0174 (8)
H12A | 0.6574 0.7596 0.2666 0.021*
H12B | 0.6867 0.7073 0.3840 0.021*
Bri3 |0.73722(6) | 0.59257 (3) |0.65539 (5) | 0.0234 (3)
014 |0.3373(5) 0.6142 (3) | 0.4568 (4) 0.0423 (10)
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Table 2.7: Torsion angles in complex 2

Number Atom1 Atom?2 Atom3 | Atom4 | Torsion
1 N6 Cul N2 H2A 163.4

2 N6 Cul N2 H2B -80.7

3 N6 Cul N2 C3 41.3(3)
4 Br7 Cul N2 H2A 48.9

5 Br7 Cul N2 H2B 164.8

6 Br7 Cul N2 C3 -73.2(3)
7 N8 Cul N2 H2A -53

8 N8 Cul N2 H2B 62.9

9 N8 Cul N2 C3 -175.1(3)
10 N12 Cul N2 H2A 17

11 N12 Cul N2 H2B 133

12 N12 Cul N2 C3 -105(8)
13 N2 Cul N6 C5 -35.2(4)
14 N2 Cul N6 H6A 88.1

15 N2 Cul N6 H6B -158.4
16 Br7 Cul N6 C5 52.0(4)
17 Br7 Cul N6 H6A 175.2

18 Br7 Cul N6 H6B -71.3
19 N8 Cul N6 C5 -124.7(4)
20 N8 Cul N6 H6A -15

21 N8 Cul N6 H6B 112

22 N12 Cul N6 C5 144.3(4)
23 N12 Cul N6 H6A -92.5

24 N12 Cul N6 H6B 21.1

25 N2 Cul N8 HB8A -102.5
26 N2 Cul N8 H8B 12.6

27 N2 Cul N8 C9 135.0(4)
28 N6 Cul N8 HB8A -12.7
29 N6 Cul N8 H8B 102.5
30 N6 Cul N8 C9 -135.2(4)
31 Br7 Cul N8 HB8A 170.4
32 Br7 Cul N8 H8B -74.5
33 Br7 Cul N8 C9 47.9(4)
34 N12 Cul N8 HB8A 78.4

35 N12 Cul N8 H8B -166.4
36 N12 Cul N8 C9 -44.1(4)
37 N2 Cul N12 Cl1 -25(9)
38 N2 Cul N12 H12A 97

39 N2 Cul N12 H12B -147

40 N6 Cul N12 Cl1 -171.3(3)
41 N6 Cul N12 H12A -49.3
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42 NG Cul N12 HI2B | 66.7
43 Br7 Cul N12 C11 -56.7(3)
44 Br7 Cul N12 HI2A | 653
45 Br7 Cul N12 HI2B |-178.7
46 NS Cul N12 C11 45.2(3)
47 NS Cul N12 HI2A | 167.1
48 NS Cul N12 HI2B |-76.8
49 Cul N2 C3 H3A 173.2
50 Cul N2 C3 H3B 55.1
51 Cul N2 C3 C4 -65.9(4)
52 H2A N2 C3 H3A 51.2
53 H2A N2 C3 H3B .67

54 H2A N2 C3 C4 172.1
55 H2B N2 C3 H3A -64.7
56 H2B N2 C3 H3B 177.1
57 H2B N2 C3 C4 56.1
58 N2 C3 C4 Ha4A -46.9
59 N2 C3 C4 H4B -164.4
60 N2 C3 C4 c5 74.4(5)
61 H3A C3 C4 Ha4A 74

62 H3A C3 C4 H4B 435
63 H3A C3 C4 c5 -164.8
64 H3B C3 C4 Ha4A -167.8
65 H3B C3 C4 H4B 747
66 H3B C3 C4 c5 -46.5
67 C3 C4 C5 H5A 56.9
68 C3 C4 C5 H5B 174.8
69 C3 C4 C5 NG -64.1(5)
70 Ha4A C4 C5 H5A 178.1
71 Ha4A C4 C5 H5B 64

72 Ha4A C4 C5 NG 57.1
73 H4B C4 C5 H5A -64.3
74 H4B C4 C5 H5B 53.6
75 H4B C4 C5 NG 1747
76 C4 c5 NG Cul 49.5(5)
77 C4 c5 NG H6A 737
78 C4 c5 NG H6B 172.7
79 H5A c5 NG Cul 716
80 H5A c5 NG H6A 165.2
81 H5A c5 NG H6B 51.7
82 H5B c5 NG Cul 1705
83 H5B c5 NG H6A | 473
84 H5B c5 NG H6B -66.2
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85 Cul N8 C9 HOA  [-62.9
86 Cul N8 C9 H9B 179.1
87 Cul N8 C9 C10 58.2(5)
88 HSA N8 C9 HIA 174.6
89 HSA N8 C9 H9B 56.7
90 HSA N8 C9 C10 -64.3
91 HSB N8 C9 HOA  |595
92 HSB N8 C9 H9B 585
93 HSB N8 C9 C10 1795
94 NS C9 C10 HIOA | 172.9
95 NS C9 C10 HIOB |56

96 NS C9 C10 C11 -65.6(5)
97 HO9A C9 C10 HIOA |-66.1
98 HO9A C9 C10 HIOB | 177.1
99 HO9A C9 C10 C11 55.4
100 H9B C9 C10 HIOA |51.9
101 H9B C9 C10 HI0B | -65
102 H9B C9 C10 C11 1734
103 C9 C10 C11 HIIA |-170.3
104 C9 C10 C11 HI1IB |-52.6
105 C9 C10 C11 N12 68.6(5)
106 H10A C10 C11 HIIA |-4838
107 H10A C10 C11 HIIB |68.9
108 H10A C10 C11 N12 -169.9
109 H10B C10 C11 HIIA |68.1
110 H10B C10 C11 HIIB | -174.3
111 H10B C10 C11 N12 -53.1
112 C10 C11 N12 Cul -62.2(4)
113 C10 C11 N12 HI2A | 175.8
114 C10 C11 N12 HI2B |59.8
115 H11A C11 N12 Cul 176.6
116 H11A C11 N12 HI2A | 546
117 H11A C11 N12 HI2B |-61.4
118 H11B C11 N12 Cul 59

119 H11B C11 N12 HI2A | -63
120 H11B C11 N12 HI2B | -179
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Table 2.8: Crystal data and structure refinement for complex 4

Empirical formula C4H18Br.CuN4O
Formula weight 361.58
Temperature 293(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P121/n1

Unit cell dimensions

a = 6.4422(4) Ao=90°
b = 15.4116(9) Ap= 98.048(6)°
¢ = 12.0398(9) Ay = 90°

Volume 1183.59(13) A3

Z 4

Density (calculated) 2.029 Mg/m3
Absorption coefficient 8.567 mm-1

F(000) 708

Crystal size 0.3x0.2x 0.2 mm3

The range of data collection

3.15 t0 26.30°

Index ranges

-8<=h<=7,-19<=k<=17, -12<=I<=15

Reflections collected

5508

Independent reflections

2385 [R(int) = 0.0394]

Completeness to theta = 26.30° | 99.9%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.42392

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2385/1/115

Goodness-of-fit on F2

0.989

Final R indices [I1>2sigma(l)]

R1 =0.0422, wR2 = 0.0595

R indices (all data)

R1=0.0675, wR2 = 0.0661

Largest diff. peak and hole

0.683 and -0.649 e A




@

Bri

N1

Br2

Table 2.9: Atomic coordinates (x 104) and equivalent isotropic

displacement parameters (A2x 103) complex 4.

X y z U(eq)
Br(1) |1619(1) 2962(1) 5440(1) 43(1)
Cu(l) |-2556(1) |2723(1) 4123(1) 33(1)
Br(2) |-7531(1) |625(1) 2476(1) 55(1)
N(4) -1700(6) | 3296(2) 2772(3) 39(1)
N(3) -3323(6) | 3934(2) 4551(3) 41(1)
C(4) -2496(8) | 4190(3) 2704(4) 54(2)
C®3) -2311(9) | 4548(3) 3872(4) 55(2)
N(1) -3426(6) | 2159(2) 5483(3) 38(1)
0O(1) -6558(6) | 2657(2) 3051(3) 59(1)
N(2) -2122(6) | 1493(2) 3614(3) 39(1)
C(2) -1992(8) | 927(3) 4621(4) 49(1)
C(1) -3660(8) | 1219(3) 5298(4) 53(2)
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Bond Length (A)
Cu(D)-N(4) 1.996(3)
Cu(1)-N(1) 2.002(3)
Cu(1)-N(3) 2.017(3)
Cu(1)-N(2) 2.023(3)
N(4)-C(4) 1.468(5)
N(4)-H(4A) 0.9
N(4)-H(4D) 0.9
N(3)-C(3) 1.463(5)
N(3)-H(3A) 0.9
N(3)-H(3D) 0.9
C(4)-C(3) 1.500(6)
C(4)-H(4B) 0.97
C(4)-H(4C) 0.97
C(3)-H(3B) 0.97
C(3)-H(3C) 0.97
N(1)-C(1) 1.471(5)
N(1)-H(1A) 0.9
N(1)-H(1D) 0.9
O(1)-H(1) 0.93(4)
O(1)-H(2) 0.77(5)
N(2)-C(2) 1.487(5)
N(2)-H(2A) 0.9
N(2)-H(2D) 0.9
C(2)-C(1) 1.505(6)
C(2)-H(2B) 0.97
C(2)-H(2C) 0.97
C(1)-H(1B) 0.97
C(1)-H(1C) 0.97
N(4)-Cu(1)-N(1) 179.43(15)
N(4)-Cu(1)-N(3) 84.51(15)
N(1)-Cu(1)-N(3) 94.92(15)
N(4)-Cu(1)-N(2) 95.87(15)
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N(1)-Cu(1)-N(2) 84.69(15)
N(3)-Cu(1)-N(2) 173.64(15)
C(4)-N(4)-Cu(1) 109.0(3)
C(4)-N(4)-H(4A) 109.9
Cu(1)-N(4)-H(4A) |109.9
C(4)-N(4)-H(4D) 109.9
Cu(1)-N(4)-H@4D) |109.9
H(4A)-N(4)-H(4D) | 108.3
C(3)-N(3)-Cu(1) 108.1(3)
C(3)-N(3)-H(3A) 110.1
Cu(1)-N(3)-H(3A) | 110.1
C(3)-N(3)-H(3D) 110.1
Cu(1)-N(3)-H(3D) | 110.1
H(3A)-N(3)-H(3D) | 108.4
N(4)-C(4)-C(3) 108.2(4)
N(4)-C(4)-H(4B) 110.1
C(3)-C(4)-H(4B) 110.1
N(4)-C(4)-H(4C) 110.1
C(3)-C(4)-H(4C) 110.1
H(4B)-C(4)-H(4C) | 108.4
N(3)-C(3)-C(4) 107.6(4)
N(3)-C(3)-H(3B) 110.2
C(4)-C(3)-H(3B) 110.2
N(3)-C(3)-H(3C) 110.2
C(4)-C(3)-H(3C) 110.2
H(3B)-C(3)-H(3C) | 108.5
C(1)-N(1)-Cu(L) 109.8(2)
C(1)-N(1)-H(1A) 109.7
Cu(1)-N(1)-H(1A) | 109.7
C(1)-N(1)-H(1D) 109.7
Cu(1)-N(1)-H(1D) | 109.7
H(1A)-N(1)-H(1D) | 108.2
H(1)-0(1)-H(2) 108(4)
C(2)-N(2)-Cu(1) 107.3(3)
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C(2)-N(2)-H(2A) 110.2
Cu(l)-N(2)-H(2A) |110.2
C(2)-N(2)-H(2D) 110.2
Cu(1)-N(2)-H@2D) |110.2
H(2A)-N(2)-H(2D) | 108.5
N(2)-C(2)-C(1) 107.6(4)
N(2)-C(2)-H(2B) 110.2
C(1)-C(2)-H(2B) 110.2
N(2)-C(2)-H(2C) 110.2
C(1)-C(2)-H(2C) 110.2
H(2B)-C(2)-H(2C) | 108.5
N(1)-C(1)-C(2) 108.1(4)
N(1)-C(1)-H(1B) 110.1
C(2)-C(1)-H(1B) 110.1
N(1)-C(1)-H(1C) 110.1
C(2)-C(1)-H(1C) 110.1
H(1B)-C(1)-H(1C) | 108.4

Number | Atom1 | Atom2 | Atom3 | Atom4 | Torsion
1 Brl Cul N4 H4A |19.3

2 Brl Cul N4 H4D |138.3
3 Brl Cul N4 C4 -101.1(3)
4 N3 Cul N4 H4A | 108.2
5 N3 Cul N4 H4D |-132.8
6 N3 Cul N4 C4 -12.3(3)
7 N1 Cul N4 H4A | 113

8 N1 Cul N4 H4D |-128

9 N1 Cul N4 C4 -8(15)
10 01 Cul N4 H4A | -167.1
11 01 Cul N4 H4D | -48.1
12 01 Cul N4 C4 72.4(3)
13 N2 Cul N4 H4A | -78.2
14 N2 Cul N4 H4D |40.8
15 N2 Cul N4 C4 161.3(3)
16 Brl Cul N3 H3A |-163.1
17 Brl Cul N3 H3D |-43.6
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18 Bri |Cul |N3 [C3 [76.6(3)
19 N4 |Cul |N3 |H3A [1041
20 N4 [Cul |N3 |H3D |-1364
21 N4 |Cul |N3 [C3 [-16.2(3)
22 NI [Cul |[N3 [H3A [-75.9

23 NI |Cul |N3 |H3D |436

24 NI |Cul |N3 [C3 |[163.8(3)
25 Ol |Cul |N3 |H3A |146

26 Ol |Cul |N3 [H3D [1341
27 Ol |Cul |N3 |C3 [-105.7(3)
28 N2 |cul |N3 [H3A |10

29 N2 |Cul |[N3 |H3D |[130

30 N2 |cul |[N3 [C3 [-110(0)
31 Bri |Cul |Nl1 |HIA |[129

32 Bri |Cul |Nl |HID |1316
33 Bri |Cul |N1 |Cl |-107.8(3)
34 N4 |cul |[N1 |H1IA |[-81

35 N4 |[Cul |N1 |HID |38

36 N4 |Cul [Nl [Cl |159(15)
37 N3 |[Cul |[N1 |HIA |[-76

38 N3 |Cul |N1 |HID |[427

39 N3 |Cul |N1 |Cl |[163.3(3)
40 Ol |Cul |N1 [H1A |-1606
41 Ol |Cul [Nl |HID |-42

42 Ol |Cul |[N1 |[c1 [787(3)
43 N2 |cul [N1 |H1IA [1104
44 N2 |[Cul [Nl |HID [-1309
45 N2 |cul |N1 [Cl [-10.3(3)
46 Brl |Cul |01 |HL [-145(3)
47 Bri |Cul |0l |H2 |-34(4)
48 N4 |Cul |01 |[HLI |110(3)
49 N4 |Cul |01 |H2 [-139(4)
50 N3 |Cul |01 |H1 |[-165(3)
51 N3 |Cul |01 |H2 |-54(4)
52 NI |Cul |01 |HLI |-71(3)
53 NI |Cul |01 |H2 |41(9)
54 N2 |cul |01 |HI |14(3)
55 N2 [cul |01 [H2 [125(4)
56 Brli |Cul |N2 |H2A [-1713
57 Bri |Cul |N2 |H2D |-515




28

58 BrL |Cul |N2 |C2 |68.6(3)
59 N4 |Cul |N2 |H2A |-7738
60 N4 |Cul |N2 |H2D |42

61 N4 |Cul |N2 [C2 |[162.1(3)
62 N3 |[Cul |[N2 |H2A |15

63 N3 |[Cul |N2 |H2D |135

64 N3 |Cul |N2 |C2 |-105(1)
65 NI |Cul |N2 |H2A |102.1
66 NI |Cul |N2 |H2D |-1381
67 NI |Cul |N2 |C2 |-18.0(3)
68 Ol |Cul |N2 [H2A |11

69 Ol |Cul |N2 |H2D 1308
70 Ol |Cul |N2 [C2 [-109.0(3)
71 Cul |N4 |[C4 |H4B |-823
72 Cul |N4 |C4 |HAC |158.3
73 Cul |N4 |C4 |C3 |37.94)
74 HAA |N4 |C4 |H4B |157.2
75 H4A |N4 |C4 |H4C [377

76 H4A |N4 |c4 [C3 |-826
77 HAD |N4 |C4 |H4B |382

78 HAD |N4 |C4 |H4AC |-812
79 HAD |N4 |C4 |C3 | 1584
80 Cul |N3 |C3 |C4 |409(4)
81 Cul |N3 |C3 |H3B |-793
82 Cul |N3 |C3 |H3C |1611
83 H3A |N3 |C3 |C4 |-794
84 H3A |N3 |C3 |H3B |160.4
85 H3A |N3 |C3 |H3C |408

86 H3D |N3 |C3 |C4 |1612
87 H3ID |N3 |C3 |H3B |41

88 H3ID |N3 |C3 |H3C |-786
89 N4 |C4 |C3 |N3 |-52.3(5)
90 N4 |C4 |C3 |H3B |67.9

01 N4 |C4 |C3 |H3C |-172.6
92 H4B |C4 |C3 |N3  |679

93 H4B |C4 |C3 |H3B |-1719
04 H4B |C4 |C3 |H3C |-52.3
95 HAC |C4 |C3 |N3  |-172.7
96 HAC |C4 |C3 |H3B |-525
97 HAC |C4 |C3 |H3C |67.1
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98 Cul N1 C1 C2 36.3(4)
99 Cul N1 C1 H1B | -84
100 Cul N1 Cl H1C |156.6
101 H1IA | N1 Cl C2 -84.3
102 H1A | N1 C1 H1B |[1554
103 H1A | N1 C1 H1C |36

104 H1D | N1 C1 C2 156.9
105 H1D | N1 C1 H1B |36.7
106 H1D | N1 Cl H1C |-82.8
107 Cul N2 C2 H2B |-78
108 Cul N2 C2 H2C |1624
109 Cul N2 C2 C1 42.3(4)
110 H2A | N2 C2 H2B | 162
111 H2A | N2 C2 H2C 424
112 H2A | N2 C2 Cl -77.8
113 H2D | N2 C2 H2B |42.1
114 H2D | N2 C2 H2C |-77.6
115 H2D | N2 C2 C1 162.3
116 N2 C2 C1 N1 -52.1(5)
117 N2 C2 C1 H1B |68.2
118 N2 C2 Cl H1C |[-1725
119 H2B | C2 Cl N1 68.2
120 H2B | C2 C1 H1B |-171.5
121 H2B | C2 C1 H1C |-52.2
122 H2C |C2 C1 N1 -172.3
123 H2C |C2 C1 H1B |-51.9
124 H2C |C2 Cl HI1C |67.4
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Table 2.12: Anisotropic displacement parameters (A2 x103) for

complex 4

U1l u22 |u3s [u23 |u1ws |u1
Br(1) |30(1) 55(1) | 44(1) 1) |10 |4
Cu(l) |37(2) 32(1) [30(1) |-2(1) |9 |20
Br(2) |53(1) 64(1) |47(1) |8(1) |5() |-3(D)
N@4) |30(2) 56(3) |312) |5(2) |22 |-1(2)
N@G3) | 42(3) 202 372 [-122) |42 |32
C(4) |59(4) 48(3) |51(4) |16(3) |-5(3) |1(3)
C(3) |68(4) 303) |64(4) |03 |-6(3) |-2(3)
N(1) |32(2) 56(3) |25(2) |12 |12 |22
ol) |62(3) 69(3) |453) |1(2) |52 |-3(2)
NQ2) |42(3) 372) [383) |-8(2) |4 |32
C) |62(4) 333) |48(3) |5(2) |-63) [5(3)
C(l) |59(4) 57(4) |41(3) |173) |7(3) |-8(3)

Table 2.13: Hydrogen coordinates ( x 104) and isotropic displacement

parameters (A?x 10 3)for complex 4.

X y Z U(eq)
H(4A) | -293 3299 2820 47
H(4D) |-2224 3001 2150 47
H(3A) | -4723 4004 4425 49
H(3D) |-2884 4027 5285 49
H(4B) | -3950 4197 2359 65
H(4C) | -1687 4541 2251 65
H(3B) | -846 4619 4179 66
H(3C) |-2991 5110 3866 66
H(1A) | -2454 2261 6082 46
H(1D) | -4651 2386 5623 46
H(2A) | -3200 1329 3100 47
H(2D) | -932 1457 3305 47
H(2B) | -618 975 5064 59
H(2C) | -2219 326 4397 59
H(1B) | -5039 1090 4897 63
H(1C) | -3506 916 6012 63
H(1) |-6710(80) |2060(30) |2920(40) |79
H(2) |-7160(90) |2780(30) |3540(40) |79




Table 2.14: Torsion angles [°] for complex 4.
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N(1)-Cu(1)-N(4)-C(4) -8(16)
N(3)-Cu(1)-N(4)-C(4) -12.3(3)
N(2)-Cu(1)-N(4)-C(4) 161.3(3)
N(4)-Cu(1)-N(3)-C(3) -16.2(3)
N(1)-Cu(1)-N(3)-C(3) 163.8(3)
N(2)-Cu(1)-N(3)-C(3) -110.0(13)
Cu(1)-N(4)-C(4)-C(3) 38.0(5)
Cu(1)-N(3)-C(3)-C(4) 40.9(5)
N(4)-C(4)-C(3)-N(3) -52.4(5)
N(4)-Cu(1)-N(1)-C(1) 159(16)
N(3)-Cu(1)-N(1)-C(1) 163.4(3)
N(2)-Cu(1)-N(1)-C(1) -10.3(3)
N(4)-Cu(1)-N(2)-C(2) 162.1(3)
N(1)-Cu(1)-N(2)-C(2) -18.0(3)
N(3)-Cu(1)-N(2)-C(2) -104.8(13)
Cu(1)-N(2)-C(2)-C(1) 42.3(4)
Cu(1)-N(1)-C(1)-C(2) 36.3(4)
N(2)-C(2)-C(1)-N(1) -52.1(5)

Table 2.15: Hydrogen bonds for complex 4 [Aand °].

D-H..A d(D-H) |dH..A) |d(D..A) |<(DHA)
O(1)-H(1)...Br(2) 0.93(4) [2.334) |3.250(4) |172(5)
O(1)-H(2)..Br(l)#L | 0.77(5) |2.53(5) |3.289(3) | 166(6)
N(1)-H(1D)..Br(L)#1 | 0.9 2.54 3.417(4) |164.2
N(1)-H(1A)..O(L)#2 | 0.9 2.36 3.169(5) |149.1
N(4)-H(4D)...Br(1)#3 | 0.9 2.56 3.459(4) | 173.5

2.4.2 DNA binding

Experimental absorption titration spectra were carried out at pH 7.2 buffer
solution of a Tris—HCI [5 mMTris—HCI, 50 mMNacCl] and with a Cu(ll)
complex concentration of 5.0 x 10° M. CT-DNA concentrations were
varied between 0 and 1.0 x10* M by keeping the total volume of mixture

constant to 10.0 mL. The mixed solution of Cu(ll) and CT-DNA was
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allowed to equilibrate for 10 min at room temperature for each trial before

being subjected to absorption measurements [48-53].

2.4.3 Biological assays

2.4.3.1 Preparation of stock solutions

A solution was made by dissolving 20 mg of each complex in 20 mL of
Roswell Park Memorial Institutemedia (RPMI) supplemented with 1% non-
essential amino acid, 1% I-glutamine, 1% penicillin streptomycin, and 1%
amphotericin B. This solution has a concentration of 0.5 mg/mL and was

stored at 4 °C until needed.

2.4.3.2 Cell lines

Human colon cancer cells (HCT116, ATCC number: CCL-247, human,
from the epithelial tissue of the colon), human prostate cancer cells (PC3,
ATCC number: CRL-1435, human, from human prostate), and human liver
cancer cells (HepG2, ATCC number: HB-8065, human, from the epithelial
cells of the liver) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum, 1% non-essential amino
acid, 1% l-glutamine, 1% penicillin streptomycin and 1% amphotericin B.
All cell lines were incubated at 37 °C in a humidified atmosphere of 95%
air and 5% CO,, and the culture medium was changed at least twice a week
as needed. All chemicals employed were purchased from biological
commercial sources except for the amphotericin B and MTT reagent which

were obtained from SIGMA and cell lines purchased from ATCC, USA.
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2.4.3.3 Determination of cell viability

Cell viability was assayed by using the MTT method, which is based on the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) dye to purple formazan crystals by mitochondrial succinate
dehydrogenase enzyme in living cells (47). The cells were seeded into 96-
well plates at a density of 1 x 10 cells/well and allowed to incubate for 24
h. Cells were then incubated with increasing concentrations of test
compounds for another 24 h. At the end of each treatment period, 10 pL of
MTT (5 mg/mL in PBS) was added to each well and the microplate was
incubated at 37 °C for 4 h. The medium with MTT was removed and 100
uL of Dimethyl sulfoxide (DMSO) was added to each well to dissolve the
insoluble formazan crystals. Plates were incubated for 20 min at 37 °C and
optical densities were measured at 570 nm with a reference wavelength of
630 nm as a background using a spectrophotometer plate reader.

Cell viability was defined as a percentage of absorbance of treated cells to

the control.

2.4.3.4 In vitro cell growth inhibition assay (MTT assay)

Cells were seeded in 96-well plates at a concentration of 1 x 10 cells/well
in 100 pL of complete media and incubated for 24 at 37 °C ina 5 % CO;
atmosphere to allow for cell adhesion. Stock solutions (1 mg/mL) of
compounds 1 and 2 made in PBS were filter-sterilized, then were further
diluted by incomplete media for treatment against cell lines to achieve the

following concentration: 1, 0.5, 0.250, 0.125, 0.065, and 0.03125mg/mL. A
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100 pL solution of each compound was added to a 100 pL solution of fresh
medium in wells to give final concentrations of 1-0.03125 mg/mL. All
assays were performed in triplicates. A control group containing no drug
was run in each assay. After 24 h exposure of cells to compounds 1 and 2,
each well was carefully rinsed with 200 puLL of PBS buffer. Cytotoxicity
was assessed using MTT solutions (5 mg/mL) and 100 uL of fresh,
complete media which were added to each well. Following a four hour
incubation, the medium was removed and the purple formazan precipitated
in each well was sterilized in 100 uL. DMSO. Absorbance was measured by
means of a microplate reader (molecular device) at 570 nm and results are
expressed as ICsy values directly calculated from % viability (directly
proportional to metabolic active cell number). Percentage (%) viability was
calculated according to the following equation:

% viability = (OD in sample well/OD in control well) x 100% (OD =

optical density)
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Chapter Three
Results and Discussion
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3.1 Background

Propylenediamine is an excellent primary diaminecomplexing reagent and
acts as an N,N-bidentate ligand is capable of coordinating with most of
transition metal ions, including Cu(ll) [22,23]. Diamine-Cu(ll) complexes
were found to serve as catalysts under mild conditions [24,25]. In addition,
copper(ll) complexes containing polydiamine ligands have shown high
anti-cancer activity which may be due to their ability to inhibit DNA
synthesis [27-35]. Recently, we have investigated the spectroscopic and the
biological activity of  [Cu(dipn)(N-N)]Br,  with  [dipn =
dipropylenetriamine, N-N = ethylenediamine (en) and propylenediamine
(pm)] [23].

Although  copper complexes have important biological and
chemotherapeutic activities, little is known about mono-cationCu(ll)-
diamine complexes in the solid state X-ray single crystal analysis [29-34].
In view of the broad interest in this type of copper(ll) complexes, and
owing to their biological importance, we describe herein the preparation,
characterization, X-ray structure, and surface studies of new water soluble
mono-cation[CuX(N-N),]"*X"complexes (X" = CI- and Br). In addition, the
antitumor activity of the desired complexes against different cancer cell

lines has been investigated.
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3.2 Synthesis of aqua bromo-bis-(1,3-diamine)copper(ll) bromide

complexes 1-4

As shown in Scheme3.1, copper(ll) complexes, with the general formula
[CuX(N-N),]X, were prepared by reaction ofl,2-ethylenediamine/
1,3propane--diamine with a copper(ll) halide in an ethanol-water mixture
and in a 2:1 ligand -to-metal ratio. The complexes have been prepared, in
good yields, as water-soluble chloride and bromide salts, respectively.
Furthermore, these complexes were blue in color and the reactions that led
to their formation were highly exothermic. These newly synthesized

complexes were characterized by elemental and spectral analysis.
NH,

y X
2 H,
P
\Cu/
NH, THF/MW)) N/ \
H, N
X

4>
NH,
[NH

2

CuX,.2H,0

X =Cl (complex 1), Br (complex 2)

Scheme 3.1: Synthesis of complexes 1,2,3 and 4.
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3.3 Crystal structure determination and Hirshfeld surfaces analysis

Complex 2 contains a mononuclear copper(ll) complex mono-cation,
bromide ion (Br13), and a dehydrated water molecule (O14) as depicted in

Figure 3.2.

Br13

Figure 3.2: ORTEP diagram of complex 2 with thermal ellipsoids drawn at 50%
probability.

For this complex, the central Cu(ll) ion coordinates with four nitrogen
atoms (N2, N6, N8, and N12) and one bromide ion (Br7) and attains a
square pyramidal (CuN4Br) coordination geometry. An intramolecular
hydrogen bond C11---H11B...Br7 with a distance of 3.584 (4) A (angle
1279 is observed. Furthermore, the intermolecular hydrogen bonds N2---

H2A...Br7 (distance = 3.476 (3) A, angle = 155° and symmetry = 1-x,1-y, -
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7), N2---H2B...Br13 (distance = 3.533 (3) A, angle = 161° and symmetry =
1-x,1-y, -z), N6---H6B...Br7 (distance = 3.399 (4) A and angle = 130 9),
N8---H8B...Br7 (distance = 3.550 (4) A, angle = 154° and symmetry =
X,3/2-y, -1/2+7), N12---H12A...Br13 (distance = 3.569 (3) A, angle = 127°
and symmetry = x,3/2-y,1/2 -z) and N6---H6A...O14 (distance = 2.990 (6)
A, angle = 152° and symmetry = 1-x,1-y,1-z) connect the molecules in 3D

architecture (Figure3.3 along a, along b, along c) in the crystal packing.

Figure 3.3: Molecules packing viewed down along the a-, b-, and c-axis.
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Figure 3.4: ORTEP diagram of complex 4 with thermal ellipsoids drawn at 50%

probability.
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Figure 3.5: Above: Molecules packing viewed down along the a-, b-, and c-axis,down:

Molecules interactions viewed
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Displayed in Figure 3.6 is the Hirshfeld surface of compound 2. Hydrogen
bonds and other sufficient intercontactswere indicated by red spots over
whole molecule surface [40,41]. The dark-red one spots on the dn.m appear
as a result of the short interatomic contacts, whereas long interactions raise

as light-red spots.

Figure 3.6:Hirshfeld surface dnorm map visualizing the complex 2 intercontacts. Color

scale in between —0.18 au (blue) to 1.4 au (red).

The 2D Finger print plots over the Hirshfeld surfaces show the presence of
intercontacts H...H (52.8 %), H...Br (32.7 %), H...O (12.4 %) and Br...O
(2.1 %) (Figure 3.7). The major contribution, however, comes from H...H

whereas the least contribution arises from Br...O.
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Figure 3.7 Fingerprint of complex 2, (a) H...H, (b) H...Br, (c) H...O, (d) Br...O, and (e)

Full.
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Figure 3.8: Hirshfeld surface dnorm map visualizing the complex 2intercontacts. Color

scale in between —0.28 au (blue) to 1.21 au (red).
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3.4 Elemental analyses and mass spectrum

The mass spectrum and elemental analysis of the desired complexes are
consistent with their proposed molecular formula. As an example complex
2: Calc. for CgH0Bro,CuNg4: C, 19.39; H, 5.42; N, 15.08. Found: C, 19.15;
H, 5.21; N, 14.92%. TOF-MS of 2 is in agreement with its structure
showing [M*] = 292.2 m/z, (290.4 theoretical) as in Figure 3.10.

100 - 202.2
=
<
i
= 200.0
S50
204.4
280 2900 300 ms

Figure 3.10: TOF-MS spectrum of complex 2.
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3.5 FT-IR spectral analysis

The FT-IR of complexes showed similar behavior, IR of 1 and 2 are given
in Figure 3.11 IR spectra revealed strong absorption bands in 3300-3200
and 1650-1520 cm? assigned to vs/vas (N-H) and vp(N-H), respectively;
such bands are slightly shifted to lower wavenumbers, and are sharper than
those of the free primary diamine, indicating the coordination of the —NH,
groups with Cu(ll) center. The strong bands in the range 2950-2850 cm*
are attributed to the C-H stretching vibrations of sp® CH, groups in the

diamine ligand [43]. In addition, the band at 610-500 cm™ is assigned to

I m

V(cu-N) Vibrations [44,45].

Ivi=-
4 a)
100 -

99 -

T%

b)
98 «

97 -

96 -

95-

94 L ] v ] L ] - ] - L) = ¥ *
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’)

Figure 3.11 The FT-IR spectra of complex 1 a) and complex 2 b).



3.6 UV-Vis. spectral analysis
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Complexes 1 and 2 UV-Vis. spectra were recorded in distilled water at

room temperature. The complexes exhibited absorption bands at Amax = 250

nm (complex 1) and 255 nm (complex 2), as seen in Figure 3.12,

corresponding to z-z* transition. Additionally, the absorption bands at Amax

= 580(complex 1) and 568 nm (complex 2), in the blue color region are

due to the d-d electronic transition [29-33].

Abs.

2.0+

1.54

1.0+

0.5-

0.0-

Abs.

0.354
0.304
0.254
0.204
0.154
0.104
0.054

0.00

400

500 600 700 800

Wavelength (nm)

L]
200 300 400 500 600 700 80

Wavelength (nm)

Figure 3.12: UV-Visible spectra of 1 x 10* M: a)1, and b) 2in H.0 and at room

temperature.
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3.7 Solvatochromism

Solubility of the newly prepared complexes in polar solvents limits the
number of solvents which can be used to evaluate the solvatochromism
phenomena in these compounds. For this reason, we have used H,O, EtOH,
DMF, and DMSO in this investigation. Vis. Absorption spectra of complex
2 in selected solvents are seen in Figure 3.13. The visible spectra of this
complex in different solvents reveal absorption bands in the region 420-800
nm. Solvatochromic probes in such solvents are ascribed to strong expected

Jahn—Teller effect of copper(ll) ion (d®).

) H:0
0_4. max = 568 nm o H
| Amax =593 n N DMSO
n i max = 690 nm
@ - O F
< d)
0.2- ¢)
. b)
DMF
0.1- Amax = 650 nm
. a)
0.0-

400 500 600 700 800
Wavelength (nm)

Figure 3.13 Absorption spectra of 2in selected solvents.
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Bathochromic color changes shift was observed and is attributed to the
direct coordination of the polar solvent to the vacant sites of the Cu(ll)
center with different strengths, which is in agreement with the mechanism
of solvatochromism behavior of such complexes [46-48].Accordingly, the
visible bands chemical shift increases linearly with increasing the
Gutmann’s donor values (DN) of the solvent. The linear trend of AmaxOf

complex 2 against DN is presented in Figure 3.14.

700 y=9.5735x+401.23
R? = 0.9846 0

~
&
£ 650 0
o'
#
&
E
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0
0
550

VA C RS R N | T/ A |
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Figure 3.14 Dependence of Amax Of complex 2 on the solvent's Gutmann donor number

values.
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3.8 Thermogravimetric analyses

In the current investigation, we have performed thermal analyses
(TG/DTG) to collect information upon stability of complex 4. To perform
these measurements, the temperature was increased from 0 to 900 °C at a
heating rate of 10 °C min*. Displayed in Figure 3.15 are the resulting TGA

curves for complex 4.

120 0.2
100
Wit% g4
60

40

20

0 100 200 300 400 500 600 700 800 900
Temp. °C

Figure 3.15 TG/DTG thermal curve of complex 4 (TG is the thick solid line, other line
represents DTG).

Results from thermogravimetric analysis of the complex revealed the
occurrence of three consecutive mass losses; dehydration, organic ligand

pyrolysis, inorganic ligand de-structure to metal oxide residue formation.
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The first step which involved loss of uncoordinated water molecule was at
~ 100 °C. In the second decomposition stage, the diamine ligand was lost in
the temperature range of 200-280 °C to form CuBr, At higher
temperatures, the complex undergoes further decomposition that eventually
leads to production of copper(ll) oxide (CuQ); this stage takes place in the

temperature range of 580-620 °C.

3.9 CT-DNA binding

CT-DNA binding affinity of complexes (absorption titration)

UV visible absorption titration spectroscopy is one versatile methods to
estimate DNA-binding affinity [48]. The affinity of the complexes toward
CT-DNA was followed by UV-visible titrations in Tris—HCI buffer
solution. Typically, changes are expected inUV spectra of the desired
compound bydrug-DNA binding [51].Figure 3.16 showing the UV-Visible

spectra titration of complex 1 upon CT-DNA addition.
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Fig. 3.16: 5.0 x10° M of complex 1 UV-Vis. spectra interacted with a) 0, b)1.0 x 10 c)
5.0 x 10%, d)1.0 x 10° and €)1.0 x 10“*M (a—»€) [DNA] at RT. Plot of [DNA]/(ga — &f)

vS.[DNA] at Amax = 250 nm to determine the intrinsic binding constant K.

5x10° M of the complexes were treated with several DNA concentrations
ranging from 0 to 1 x 10* M in order to monitor the decrease in absorption
at Amax= 250nm, as seen in Figure 3.17. To evaluate the binding ability of
investigated complexes, Ky (intrinsic binding constant) for both complexes
was evaluated by observing the changes in Abs. vis. CT-DNA

concentrations by using the following equation [49-53]:
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[DNA] / (ga—&r) = [DNA] / (g — &) + 1/ Kp (€0 — &)

[DNA] is the concentrations of DNA in base pairs, &, €, and g, are the
free-, apparent-, and metal-bound-complex extinction coefficients,
respectively. Ky is the equilibrium binding constant (in M) of complex
binding to DNA. When plotting [DNA] / (e—¢f) vS [DNA], K, was obtained
from the ratio of the slope to intercept. Ky for complex 1 = 1.30 x 10* M
(as seen in Figure 3.16) and 1.15 x 10* M for complex 2. These results
are similar to those obtained by other researchers for Cu(ll) complexes[49-

53].

3.10 Proliferation assay

The MTT cell assay has been widely accepted as a reliable way to measure
the cell proliferation rate, and conversely when metabolic events lead to
apoptosis or necrosis [47]. Data obtained from the present study by the
MTT assay indicated that both complexes have inhibitory effects on the
growth of HCT116 colon, HepG2 liver, and PC-3 prostate cancer cells in a
dose-dependent manner. In addition, the cytotoxicity of these complexes
decreases in a time-dependent fashion. Furthermore, the ICs, values for
both complexes were found to be 31.25 pg/mL at 24 h of treatment. The
importance of such work lies in the possibility that the next generation of
metal complexes might be more efficacious as anticancer agents. However,
more detailed studies are required to establish the safety and efficacy of
these compounds and to have a structure-activity profile for these

complexes. Similarly, it is equally important to have an idea about their
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stability under biological conditions is required. These detailed
investigations could be helpful in designing more potent anticancer agents
for therapeutic uses. Furthermore, we performed survival studies where
cells were incubated, separately with complexes 1 and 2, and then washed
to remove the metal complexes. The cell survival was determined at
complex concentrations ranging from 1 to 0.03215mg/mL). At these
concentrations, complex 1 was able to kill 78, 82, 83, 84, 86, and 87% of

the HCT116 cells, respectively, as depicted in Figure 3.17.
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Figure 3.17.Inhibitory effects of complex 1 on the proliferation of HepG2 liver cancer

cells, PC3 and HCT 116.



56
On the other hand, complex 2 at the same concentrations was able to Kkill

78, 81, 82, 82, 83, and 84 % of the HCT116 cells, respectively, as shown in

Figure 3.18.
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Figure 3.18: Inhibitory effects of complex 2 on the proliferation of HepG2 liver cancer

cells, PC3, HCT 11.
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Chapter Four

Conclusions
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Four new mono-cation propane-1,3-diamines/Cu(ll) complexes were
prepared and characterized in goodyeilds. The structures of the complexes
were determined by several spectral and thermal measurements. Complex 2
demonstrated positive solvatochromism due to coordination of polar
solvent molecules with different DNA to the axial site of the Cu(ll) center.
The single crystal X-ray diffraction data for complex 2 showed that copper
ion is in a distorted square pyramid environment. The CT-DNA binding
and antitumor activities of the complexes were evaluated; results revealed
high CT-DNA binding and antitumor activity against several types of

cancer cells.

Supplementary material

Crystallographic data for complex 2 have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
number CCDC 1422015. Copies of this information may be obtained free

of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, fax: +44-1223-336033;

e-mail: deposit@ccdc.cam.ac.uk).
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