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Abstract

We report the synthesis, characterization and biological activities of the compounds
[CuL(o-phen)] (1) and [CuL(Imz)] (2), (H.L =0-HOCsH,C(H)=NCzH,OH-0, 0-phen
= 1,10-phenanthroline, and Imz = imidazole). Both the compounds 1 and 2 have been
characterized by X-ray crystallography. A four-line EPR pattern originating from the
interaction of the unpaired electron with the central **°Cu nucleus (1 = 3/2) with A,
values of 7.3 and 8.5 mT, respectively for 1 and 2 in DMF at RT suggests their
monomeric nature in solution. These compounds undergo irreversible oxidation-
reduction. Biological studies show intercalative DNA binding and remarkable cell

cytotoxicity as well as anticancer activity. 1Cs, values of 1 and 2 for the human lung

cancer A549 cell line (0.67 and 0.59 M, respectively) and for the breast cancer MCF7

cell line (6.30 and 8.88 M, respectively) are found to be very promising. Compounds

1 and 2 appear to be more potent for the human lung cancer A549 cell line than some
anticancer drugs tested for this cell line. Most importantly, 1 and 2 are found to be
remarkably less toxic for the human lung embryonic normal cell line L132 as evident

from the cell viabilities in presence of these two compounds.

Keywords: Cu(ll) complex; EPR and electronic spectra; DNA binding; MTT assay;

Cytotoxicity and anticancer activity
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1. Introduction

To explore the possibility of finding new metallodrugs that may serve as anticancer

agents [1 13], there have been increasing efforts in recent years to search for or design

and develop metal complexes that show DNA binding property, nucleic acid cleavage
activity as well as cytotoxicity. It is known that the nature of the ligand present in the
metallodrugs plays a critical role in binding of the metal complex to DNA [14] which
IS an important target for anticancer drugs and also the metal ion may play an
important role in the efficacy of the metal complex as a drug. For example, Cu(ll)
being a redox active metal ion'may promote transformation of DNA or protein through
an oxidative pathway. Very recently we have reported [15] a few Cu(Il)/Zn(1l)
complexes with a carbohydrazone ligand along with 1,10-phenanthroline as a coligand
which were found to be very promising and appeared to be more potent than some
anticancer drugs tested for the human lung cancer A549 cell line and for the breast
cancer MCF7 cell line as revealed from their I1Cs values. In our continuing effort in
finding metal complexes with suitable donor ligands with additional heterocyclic N-
donors [15, 16], that are capable of effectively binding to DNA, we have synthesized
two Cu(ll) complexes, one five-coordinate and another four-coordinate, containing the
Schiff base ligand N-salicylidene-o-aminophenol (H,L = 0-HOC¢H,C(H)=NCsH,OH-

0) and 1,10-phenanthroline or imidazole as the coligand. Here, we report their spectral
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(UV-visible, IR, and EPR) and electrochemical behavior as well as their biological
activities such as DNA binding, cytotoxicity and anticancer activity.

2. Results and discussion

We have studied the reaction of Cu(OAc), H,O with the Schiff base N-salicylidene-o-
aminophenol (0-HOC¢H,C(H)=NC¢H;OH-0) in methanol in presence of either 1,10-
phenanthroline or imidazole as the coligand to prepare the complexes 1 and 2,

respectively as shown in Scheme 1.

CHO H,N EtOH
+ —_—
OH HO =N OH

OH

Cu(OAc), | CH3OH CH,0H | CU(OAc)
o-phenanthroline Imidazole

Scheme 1. Synthesis of the ligand and the complexes.

The IR spectrum of the free Schiff base ligand clearly displays the v(C=N) band at
1630 cm® [17]. This is found to be shifted to 1608 cm* in the IR spectra of both the

complexes (figures not shown) indicating the coordination of the imine N to the metal



ion, apart from the deprotonation and coordination of both the phenolate O . This is

confirmed from the crystal structures of both 1 and 2.

These are moderately soluble in methanol and acetonitrile but readily soluble in DMF
and DMSO. The ESI-MS spectra (in the positive-ion mode) for these complexes have
been recorded in CH3;CN and the results are presented in Fig. S1 and Fig. S2
(Supplementary material). Complex 1 showed peaks at m/z 454.30 [M]" and m/z
491.30 [(M+K)-2H]" while compound 2 showed peaks at m/z 343.01 [M]" and m/z
344.81 [M+2H]", respectively.

The electronic spectra of these two compounds in the visible region look very similar
(Figs. S3 and S4 of the Supplementary material), but the intensities of the bands are
found to be widely different. Compound 1 displays a weak broad d-d band centered

around 650 nm (g = 144.9 M‘em™) while compound 2 displays the weak ligand filed

band centered 565 nm (e = 45.4 M'cm™). Apart from the weak ligand field transition

[15, 16], compound 1 exhibits strong LMCT in the visible region. The charge transfer
band at 434 nm (e = 10284 M'cm™) for 1 containing 1,10-phenanthroline as the
coligand is found to be highly intense compared to that at 440 nm (¢ = 221.9 M'em™)
for 2 with imidazole as the coligand. Also the overall intensity for all the bands for 1 is

much higher than that for 2, showing the differences in their electronic structures.

2.1. Crystal structures of [CuL(o-phen)] 3.5H,0 (1)and [CuL(Imz)] (2)

The structure of 1 and 2 have been determined by X-ray crystallography. Fig. 1 shows
the ORTEP representation of the molecule of 1 with 40% probability ellipsoids [18].

The crystal for 1 is indexed in monoclinic system with space group C2/c and lattice



parameters a = 21.070(3) A, b = 20.629(3) A, ¢ = 14.1300(16) A, 0=90", 0 =
128.704(3) ', y =90 [ The bond length and bond angles are given in Table S1 of the

Supplementary material.

Fig. 1. (A) ORTEP diagram of the compound 1 and (B) packing of the molecules in
the unit cell. Bond lengths [A] and angles [°] for 1: N(1)-Cu(1) = 2.287(5); N(2)-
Cu(1) =2.016(5); N(3)-Cu(1) = 1.904(12); N(3)-Cu(l) =1.981(17); O(1)-Cu(1) =
1.915(4); O(2)-Cu(1) = 1.933(4); N(3)-Cu(1)-O(1) = 100.8(5); N(3)-Cu(1)-O(2) =

78.2(5); O(1)-Cu(1)-0(2) = 162.51(18); O(1)-Cu(1)-N(3") = 76.5(6); O(2)-Cu(1)-N(3)



= 101.9(6); N(3)-Cu(1)-N(2) = 167.6(4); O(L)-Cu(1)-N(2) = 91.41(17); O(2)-Cu(L)-
N(2) = 90.85(19); N(3")-Cu(1)-N(2) = 167.2(6); N(3)-Cu(L)-N(1) = 97.7(3); O(L)-
Cu(1)-N(L) = 100.14(16); O(2)-Cu(1)-N(L) = 97.29(17); N(3')-Cu(1)-N(1) = 100.0(4):

N(2)-Cu(1)-N(1) = 77.79(18).

The Cu atom is five-coordinated. The geometry of coordination is approximately
square pyramidal with OIN302N2 atoms forming the basal plane for Cul. The apical
N(1)-Cu(1) bond length is found to be much longer (2.287(5) A) than the other two
Cu-N distances (N(2)-Cu(1) = 2.016(5) and N(3)-Cu(1) =1.904(12)). All the
hydrogens could be located in the difference Fourier map. However, it was decided to
fix the hydrogens at geometrically meaningful positions. These atoms were refined by
riding model. The packing of molecules in the unit cell shows water molecules
mediated H-bonding interactions stabilizing the lattice. Compound 2, on the other
hand, crystallizes in orthorhombic system with space group Pca2; and lattice
parameters a = 9.3659(6) A, b = 17.4585(11) A, ¢ = 18.1049(13) A, a =90 , 1 =90 ,
y =90 . Thebond length and bond angles are given in Table S2 of the Supplementary
material.

Fig. 2 shows the ORTEP representation of the molecule with 40% probability
ellipsoids [18] and the packing of the molecules. There are two molecules in the
asymmetric unit. Cu atoms of both molecules (Cul and Cu2) have near square-planar
coordination with two nitrogen atoms trans- to each other, one imine N of the Schiff

base ligand and the tertiary N of the imidazole, and two phenolate O of the Schiff base

ligand. The Cu(1)-N(2) bond length is slightly longer than that with imine N(1). As



expected, Cu(1)-O(1) is found to be longer than Cu(1)-O(2) bond length showing the
difference in formation of five-membered ring for the former versus six-membered
ring in the latter case. The bond angles clearly show the molecule is not completely
planar. The mean plane calculation of the basal square plane coordination shows the
coordinating N and O atoms to have small tetrahedral distortion (from the ideal square
plane). The packing of molecules in the unit cell shows imidazole mediated H-bonding

interactions as well as the intermolecular -stacking interactions of aromatic rings of

the Schiff base are operating in stabilizing the lattice.




Fig. 2. (A) ORTEP diagram of the compound 2 and (B) packing of the molecules in
the unit cell. Bond lengths [A] and angles [°] for 2: N(1)-Cu(1) = 1.943(11); N(2)-
Cu(l) = 1.953(7); O(1)-Cu(l) = 1.927(6); O(2)-Cu(l) = 1.890(7); N(4)-Cu(2) =
1.926(9); N(5)-Cu(2) = 1.965(7), O(3)-Cu(2) = 1.932(6); O(4)-Cu(2) = 1.888(6);
0(2)-Cu(1)-O(1) = 169.6(3); O(2)-Cu(1)-N(1) = 94.7(4); O(1)-Cu(1)-N(1) = 84.4(3);

0(2)-Cu(1)-N(2) = 89.9(3); O(1)-Cu(1)-N(2) = 92.3(3): N(L)-Cu(1)-N(2) = 171.3(4).

2.2. EPR results

The EPR spectra at X-band frequency for the compounds 1 and 2 in powder state as
well as in DMF solution were recorded at room temperature (RT), and the DMF
frozen glass spectra were recorded at liquid nitrogen temperature (LNT) and are
shown in Fig. 3. In general, both the compounds containing Cu(ll) as the central metal
ion display strong spectra since they are EPR sensitive with its characteristic g-values
and hyperfine splitting in the frozen state and at RT when the solid compounds are
dissolved in DMF medium. It is noteworthy that RT spectra of both solids (Figs. 3a
and b) exhibit-excessively broad lines for reasons of strong dipolar interactions
between the adjacent Cu(ll) centres as indicated by the nature of packing in Figs. 1
and 2 above. The EPR of their DMF solutions as shown in Figs. 3c and d are nothing
but a simple 4-line spectra due to 1=3/2 from ®®Cu nuclei with no exhibition of
resolution from the two different isotopes but with a strong m, dependent line width.
The isotropic g —value for compounds 1 and 2 are 2.1 and 2.085 with the respective
isotropic hyperfine splitting 7.3 and 8.5 mT as shown in Table 1. These values are

characteristic of approximately planar or tetragonal crystal field environment.



10

The most notable results, however, come from their frozen solution spectra indicating
their differences in structure where the compound 1 is axial in character and 2 has a
rhombic symmetry. The axial character of compound 1 is confirmed by the
observation of only two anisotropic g-values viz. g = 2.21 and g+ =2.09 (Fig. 3e)
along with the resolved hyperfine parallel component (Aj) due to ***Cu and with no
resolution of the same in the perpendicular section due to A+ being less than its line
width. This justifies the crystallographic prediction of its axial character with the
planar unit of Cu(O1N302N2) along with the long apical bond of N(1)-Cu(1). On the
other hand, the EPR of compound 2 ( Fig.3f) is clearly rhombic in nature with g,; =
2.21 , g2, = 2.09, and g33 = 1.97 with g,, Working out to 2.09, very close to that of gis,
being 2.085 which again justifies the rhombic character of the molecule as recognized
by crystallography. Similar anisotropy is noted in the corresponding hyperfine
values, A;; = 19.9 mT, A,,= 7.0 mT , and Azz < line width, an average of which
makes A, =~ 9.62 mT with the assumption of Az = 2.0 mT (less than the line width)
which is fairly close to the observed A, of 8.5 mT. The g, values calculated from
the corresponding polycrystalline values at RT slightly differ from those of g,,
observed for the DMF frozen solution suggesting that DMF may have played a minor
role in disturbing the ligand environment of the molecule when brought into solution.
However, it is gratifying to see that EPR conforms to the crystallographic structures of
both compounds, one being axial and the other being rhombic in their character. All

observed EPR parameters are presented in Table 1.
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Fig. 3. X-band EPR spectra of the compounds.(a)-(b) are RT spectra for 1-2 powder

samples, (c)-(d)

are RT solution spectra for 1-2 in DMF, and (e)-(f) are LNT frozen glass spectra for 1-

2 in DMF, respectively.

Table 1. EPR parameters for compounds 1 and 2 derived from the spectra at RT and

LNT.
Compound/state/temp. v (GHz) | g value HFS values
(mT)
1- DMF frozen glass at | 9.138 gp=221 A =20.67
LNT gL =2.09 A < linewidth
1- DMF solution at RT 0.434 g =211 A, =7.30
App = 4.4
to 3.9mT
1- Powder at RT 9.447 gp=214 Not resolved




gL=2.06
2- DMF frozen glass at 9.137 0, =221 A,, =19.99
LNT Oy ~2.09 |A,~7.0

O = 1.97 | A < linewidth
2- DMF solution at RT 9.433 g =2.085 | A, =850

App = 4.6 to

4.13mT
2- Powder at RT 0.448 g1 =211 Not resolved

o = 2.07

Os3 = 2.05

2.3. DNA binding studies

DNA binding studies were performed using UV-Vis spectroscopy. Electronic
absorption titration experiments were performed with incremental amounts of calf

thymus DNA (CT-DNA) in 10 mM Tris—HCI buffer (pH 7.54) by keeping the

12

individual complex concentration constant at 2.5 10 M. Absorption spectrum of the

complex 1 and 2 in the absence and presence of CT-DNA has been shown in Fig. 4.
On addition of CT-DNA both the complexes show a decrease in molar absorptivity
(hypochromism of 47.5% for 1 and 82.5 % for 2) of the = — x* absorption band
indicating strong binding of the complexes to DNA. These changes are typical of

complexes that bind to DNA by intercalation mode, which involves strong stacking
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interaction between aromatic chromophore and the DNA base pairs [19]. To determine
the quantitative comparison of the DNA binding ability, we determined the intrinsic
binding constant, Ky, of the complexes for binding with calf thymus (CT-DNA) by

using the following Eq. (1).

[DNA] _ [DNA] 1
Gom ) (55 EKulzy—p) @)

where, [DNA] is the concentration of CT-DNA used, and &,, & and g, correspond to
apparent extinction coefficients for the complex i.e., Abs/[complex] in the presence of
DNA, in the

absence of DNA and to fully bound DNA, respectively. A plot of [DNA]/(e, — &)
Versus

[DNA] yields a slope = 1/(g, — &), and the intercept = 1/Ky(e, — &), respectively. The
binding constant Ky is calculated from the ratio of the slope to the intercept. The K,

values are 1.53 10° M* for 1 (R* = 0.99770 for 12 points) and 3.13 10° M* for 2 (R®

=0.99867 for 9 points), respectively. These values are comparable to that reported for
a classical intercalator such as ethidium bromide (K, = 1.40 x 10° M%) in 25 mM Tris-
HCI buffer (pH 7.33) [20]. The high percentage (82.5 %) of hypochromism and the
higher K, value for 2 compared to 1 indicates its higher binding propensity which
arises due to the four coordinate square planar structure of 2, which allows the
intercalating ligand to insert into the DNA base pair effectively [21-22], and this

enhanced stacking interaction results in increased binding ability. It is to be noted that
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Ky, of this neutral complex 2 is higher than that for the reported four coordinate
cationic compound [Cu(pabt)(Imz)]CIO,4 containing imidazole along with the chelating

NNS donor ligand [16]. Table S3 (Supplementary material) shows a comparison of K,

values with some more analogous compounds reported in literature.

A 30 B 25
cnoIU 54
# Es S a4
254 Te 2.0 4 £ sl
2.0 Z° 2 N
0 1.5 -L o

0 10 20 30 40
[DNA] X106 M

T T T
10 15 20 3

[DHA]x108 M

1.0 4

Absorbance
on
Absorbance

051 ¥

T T T T T 1 0.0 4 ——
T T T T T —r—r
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Fig. 4. (A) Change in electronic absorption spectra of 1 [2.5 10“ M] upon titration
with CT-DNA (040 uM) dissolved in 10 mM Tris—HCI buffer (pH 7.54). (B) Change
in electronic absorption spectra of 2 [2.5 10 M] upon titration with CT-DNA (0-25

uM) dissolved in 10 mM Tris—HCI buffer (pH 7.54). Arrow shows the decrease in
absorbance with respect to an increase in the concentration of CT-DNA. The figure in
inset shows the linear fit of [DNA]/(e; — & ) versus [DNA]. The binding constant (Ky)
was calculated using the Eqg. (1).

2.4. Viscosity measurements

As supporting evidence to the spectroscopic analyses of DNA intercalation exhibited
by both the compounds, viscosity measurements on CT-DNA by varying the
concentration of added complex were also conducted. Normally it is observed that the

relative viscosity of CT-DNA solution increases on interaction with substrates that
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bind by intercalative mode. This is because insertion of metal complex between the
DNA base pairs causes the base pairs to separate which increases the overall length of
DNA, thus resulting in an increase in viscosity of DNA. The effect of addition of
increasing amount of complex 1 and 2 on the relative viscosity depicted in Fig. 5
shows steady increase in the viscosity of the DNA which clearly suggests intercalative
mode of binding of the complexes to DNA. It is also to be noted that the increase in
viscosity is more pronounced in case of 2. The results support the spectral studies

which suggest that complex 2 binds more strongly to CT-DNA.

2.0

-@- 1+CTDNA
0 [I}- 2 + CTDNA

1.0 e N L E | I S R
0.0 0.2 0.4 0.6 0.8 1.0 1.2
[Complex]/[DNA]
Fig. 5. Effect.of increasing amount of complex 1 (red circles) and 2 (green squares) on

the relative viscosity of CT-DNA (100 uM) at room temperature in 10 mM Tris.HCI

buffer (pH7.46).

2.5. Results on biological activity
2.5.1. Cytotoxicity
The cytotoxicity profiling of the compounds 1 and 2 were evaluated by MTT assay

using A549 lung cancer cell line, MCF7 breast cancer cell line, L132 human lung
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embryonic normal cell line and human keratinocyte HaCaT normal cell line. The cell
viability was determined by the reduction of yellow MTT into purple formazan
product by the enzymatic activity of mitochondrial dehydrogenase in the live cells. A
concentration dependent effect on the cell viability was observed (Fig. 6) for both
cancerous cell lines (MCF7 and A549) as well as normal cell lines (HaCaT, L132).
Results indicate that even at as low concentration as 0.25 pM, both the compounds 1
and 2 are found to be toxic to A549 cells as indicated from their respective cell
viability of 88% and 67%, while toxicity is comparatively much less in normal cells
HaCaT at the same dose (cell viability is 97% for 1 and 91% for 2), and almost no
toxicity was observed for L132 lung normal cells that were treated with 0.25 uM of 1
and 2 (Fig. 6). The viability of A549 cells treated with 0.5 uM of 1 and 2 falls to 69.5
% and 54%, respectively, as compared to cell viability of 93% in case of L132 cells
treated with same dose of 1 or 2. Also 1 shows similar results in normal cell HaCaT as
indicated by 91% cell viability at 0.5 uM dose. Similar observation were found when
A549 cells were treated with 1 uM dose of 1 and 2, cell viability was reduced to 38%
for both.compounds, whereas the compounds appear to be much less toxic to L132
normal cells showing cell viability of 78% and 86%, respectively, on treatment with 1
uM dose of 1 and 2. Though cell viability seems fairly moderate (50%) when normal
HaCaT cells are treated with 1 uM dose of 1, compound 2 proved to be highly toxic to
HaCaT cells at the same 1 uM dose. Again remarkable difference in cell viability is
observed when compared the effect of the 2.5, 5 and 10 uM dose of compounds 1 and
2 on lung cancer A549 cell lines versus L132 lung normal cells (Fig. 6). In MCF7 cell

line, compound 1 is found to be more toxic than 2 for the entire concentration range
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tested, but found to be much less toxic as compared to that for A549 cells. However,

both 1 and 2 are found to be very toxic toward HaCaT cells for their concentrations of

2.5 uM and higher, but at 1.0 uM concentration, 1 is found to be remarkably less toxic

than 2 as revealed from their cell viabilities of 49.5% and 14.1% for 1 and 2,

respectively (Fig. 6).
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Fig. 6. MTT assay for the compounds 1 and 2. Panel A. A549 cell line, panel B.

MCEF7 cell line, panel C. L132 cell line, and panel D. HaCaT cell line.

The plot of cell viability versus concentrations of the compounds 1 and 2 for all these

cell lines is shown in Fig. S5 (Supplementary material). The I1Cs, values for 1 and 2
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calculated from this plot for both the cancer cell lines A549 and MCF7 and for the two

normal cell lines are presented in Table 2.

Table 2. 1Cs, values for the compounds 1and 2 calculated from the plot of cell

viability versus concentration in the MTT assay.

Cell line ICso (ULM) for
Compd. 1 | Compd.
2
A549 0.67 0.59
MCF 7 6.30 8.88
L132 7.60 8.95
HaCaT 0.99 0.60

It is to be noted here that the 1Csy values for A549 cells are better than the 1C5, value
reported for cisplatin (4.13 puM for A549). On the other hand, the ICs, values for 1 and
2 for MCF7 cell line are found to be slightly higher than that reported for cisplatin
(3.92 uM for MCF7) and much lower than that reported for carboplatin (36.65 uM for
MCF7) [3c]. It is to be noted here that recently we have reported [15] a few
Cu(1h/Zn(11) complexes with a carbohydrazone ligand along with 1,10-phenanthroline
as a coligand which were found to be very promising anticancer agents tested for the
human lung cancer A549 cell line and for the breast cancer MCF7 cell line as revealed
from their 1Csq values. However, those Cu(ll) compounds were found to be very toxic
for the normal L132 and HaCaT cell lines also [15]. In contrast, the two compounds

under present study are found to be much less toxic toward normal L132 cell lines,
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suggesting their suitability as anticancer agents specifically for human lung cancer

A549 cell line.

In order to assess the significance of our results, the 1Cs, values and K, values of both
1 and 2 have been compared with those of some recently reported copper (I1)
complexes for A549 and MCF7 cell lines and presented in Table S4 of the
Spplementary material. The comparison reveals that 1 and 2 exhibit higher value of
intrinsic binding constant K, as well as exhibits better cytotoxic response in A549 cell
line (as indicated by their lower 1Cs, values) than most of the reported copper
complexes. Two of the Cu complexes reported by Nagababu and coworkers [1a] show
similar low 1Cxvalues in A549 cell line, however, these complexes are reported to be
cytotoxic toward both cancerous and normal cell lines. Cu(ll) complexes reported by
Lu et. al [3c] do exhibit lower 1Cs, values in A549 as well as MCF7 cell lines,
however, they havenot reported cytotoxic effect on any normal cell line. The
complexes 1 and 2 .in this study have been tested in both cancerous and noncancerous
cell lines-and showed remarkable difference in cytotoxicity in lung cancer A549 cell
line as compared to human lung normal cell line L132, suggesting their potential to
serve as anticancer therapeutic agents. To compare the relative antiproliferative effect
of 1 and 2 on cancerous versus normal cells, their therapeutic index (TI) has been
calculated from the ratio of the ICs, values of the complexes in normal cells to that in

cancer cells and has been presented in supporting information Table S5.
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2.5.2. Dual-Fluorescence Viability: AO/PI Dual Staining assay for A549 and L132
cells

This dual staining assay using the fluorescence microscopy is used to analyze the
induction of cell apoptosis in presence of the compounds 1 and 2, with the help of
acridine orange (AO) and propidium iodide (PI) nucleic acid binding dyes. AO is
permeable to both live and dead cells, staining all nucleated cells to generate green
fluorescence. On the other hand, PI1 enters only in dead, dying, and necrotic nucleated
cells with compromised membranes and stains them all generating red fluorescence.
But when cells are stained with both AO and PI together, all dead nucleated cells
fluoresce red and all live nucleated cells fluoresce green due to Forster resonance
energy transfer (FRET). The following marphological changes were observed (Figs. 7
and 8) in the treated cells using this staining method: (a) the viable cells with highly
organized nuclei fluoresce green as seen from all the control in Figs. 7 and 8; (b) early

apoptotic cells with-nuclear condensation, that emit orange-green fluorescence,

observed in the treatment with 2.5 and 5 M concentrations of the respective

compounds; (c) late apoptotic cells with highly condensed or fragmented chromatin

and fluoresce orange to red, observed in the treatment with 2.5and 5 M
concentrations of the respective compounds; and (d) necrotic cells fluoresce red with
no indication of chromatin fragmentation as clearly evident (Figs. 7 and 8) in the
cases of A549 cells treated with 5 M of each of 1 and 2, while such red fluorescence
is not observed for L132 (Figs. 7 and 8) cells with 1-5 M concentrations for 1 and 2

suggesting no or very little DNA damage at these concentrations. These results are
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consistent with the cell viability observed from their MTT assay (Fig. 6), confirming
the marked differences in the cell death in A549 and L132 cells treated with both 1
and 2, and these morphological changes indicate that both the complexes might have

induced cell death via both apoptosis and necrosis [3e, 23].

A549

L132

CContRL T T T
Fig. 7. AO/PI staining results for compound 1 with A549 and L132 cell lines. Scale

bar: 250 m.

A549 ]

L132

Control
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Fig. 8. AO/PI staining results for compound 2 with A549 and L132 cell lines. Scale

bar: 250 m.

It is to be pointed out here that though the DNA binding experiments carried out in
vitro showed that the two compounds under study are capable of DNA intercalation, it
does not imply that the cell apoptosis observed are originating from this intercalation,
because it will largely depend on the structural integrity of these complexes after
entering the cell membrane. Though this possibility cannot be completely ruled out at
this stage, there could be other possibilities that they may undergo reduction to Cu(l)
in the reducing environment after enteringthe cell membrane [23e-h] followed by
ligand dissociation (as reflected from their electrochemical behavior) and may, in turn,
either interact with proteasome [2d] causing apoptosis or may combine with dioxygen
generating reactive oxygen species (ROS) which may cause oxidative cleavage of
DNA polynucleotide chains leading to apoptosis [1b]. This could be the reason for
these two compounds behave differently from other reported compounds [1b, c]. It
should be mentioned here in this context that cancer cells are more sensitive to
proteasome inhibition than normal cells [1b], at the same time it is also true that
cancer cells in general have increased levels of reactive oxygen species (ROS)
compared to normal cells. Thus, it is equally probable that the generated Cu(l) species
with a changed ligand environment may either cause proteasome inhibition leading to
cell death or escalate the level of ROS to a toxic level that results in oxidative stress-
induced cell death. This is the most plausible explanation we can give with the

currently available experimental evidences.
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It is to be noted here that the cytotoxicity study of the free Schiff base ligand N-
salicylidene-o-aminophenol was also carried out using the human lung cancer A549
cell line with different concentrations (2.5 uM, 5 uM, 7.5 uM and 10 uM) of the free
ligand for 24 hours. No cell death was observed with 2.5 uM concentration of the free
ligand. The cell viabilities were found to be nearly 96.5 % with 5 uM, 95.5 % with 7.5
UM and about 91 % with 10 uM of the free ligand, respectively (Fig. S6,
Supplementary material), suggesting that the free ligand is capable of causing about 9-
10% cell death in the presence of 10 uM concentration of the free ligand. Thus, the
toxicity observed for the compounds 1 and 2 (e.g., with the concentrations 5 uM and
10 puM, respectively) may have some small contribution from the free Schiff base
ligand, provided the compounds undergo ligand dissociation after entering the cell
membrane, otherwise the observed toxicity should be accounted for the complex as a

whole.

2.6. Electrochemical results

The electrochemical behaviour of compounds 1and 2 have been studied in DMF
containing 0.1 M [N(n-Bu)4]ClO, at a platinum working electrode using cyclic
voltammetry (CV) in dinitrogen atmosphere. The cyclic voltammetric behaviour of
both the compounds are found to be independent of scan directions, and yield
oxidation and reduction peaks almost in similar positions irrespective of the scan

direction (Fig. 9, panels A and B for 1, and panels C and D for 2, respectively). For an

initial negative scan compound 1 shows (Fig. 9) a broad reduction wave near 1.25V,

reversal of this scan yields three successive oxidations waves at 0.78, +0.839 and
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+1.17 V, respectively, further reversal of the scan yields reduction waves at +0.73 and

+0.08 V, when scanned within 1.5 to +1.5 V. Compound 2 shows a broad reduction
wave near 1.53 V (versus Ag/AgCl), a weak oxidation peak at 1.20 V followed by

another oxidation peak near 0.0832 V is observed on scan reversal. Further positive

scan shows oxidation wave near +0.88 V, reversal of this scan yielded three successive
reduction waves at +1.26, +0.778 and +0.3168 V, respectively. The reduction peak at

0.0832 V is coupled to the oxidation wave at +0.3168 V indicating a quasi-reversible

redox process. Thus the absence of any reversible or nearly reversible Cu(11)/Cu(l)
redox couple in the cyclic voltammograms of these complexes suggests that they
undergo irreversible oxidation and reduction involving both metal center and ligand
center, and any of them does not retain the same geometry in both these oxidation
states as it is known that only a reversible or nearly reversible Cu(11)/Cu(l) redox
couple retain almost same geometry in both these oxidation states because the redox
potentials of Cu(I1)/Cu(l) systems depend on the relative thermodynamic stabilities of

the two oxidation states in a given ligand environment [16, 17].
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Fig. 9. Cyclic voltammogram of the compounds (1.25 x 10~ mol L™") in DMF
containing 0.1 M [N(n-Bu),]ClOy at a scan rate of 100 mV s'. Panels A and B for 1,

panels C and D for 2, for initial negative and positive scans, respectively.

3. Conclusions
Both the compounds efficiently bind to DNA by intercalation mode with binding

constants1.53 10° M'and 3.13 10°> M*, respectively, as revealed from their DNA

binding study with calf thymus DNA. The compounds 1 and 2 exhibit in vitro
cytotoxicity against human breast cancer MCF7 cell line and human lung cancer A549
cell line and they are found to be highly potent for A549 cell line in particular as
revealed from their 1Csy values. At the same time they are found to be much less toxic

for the L132 human lung embryonic normal cell line. AO/PI dual staining results
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strongly suggest the induction of both apoptotic and necrotic cell death pathways for
the anticancer activity of these complexes.

4. Experimental

4.1. Chemicals

o-Aminophenol, imidazole and salicylaldehyde were obtained from Aldrich. Calf
thymus DNA was obtained from Sigma-Aldrich (USA), N,N-dimethylformamide
(DMF, GR), absolute ethanol, methanol (GR), DMSO, 1,10-phenanthroline

monohydrate and Cu(OAc), H,O (GR) were obtained from Merck.

4.2. Preparation of N-salicylidene-o-aminophenol (H,L). This Schiff base of o-
aminophenol and salicylaldehyde was prepared following the reported method [16b].
Yield 75%. Anal. Calc. for C13H;NO,: C,73.22; H, 5.20; N, 6.56. Found: C, 73.12;
H, 5.21; N, 6.54%.

4.3. Preparation of the complexes

4.3.1. [CuL(o-phen)] (1). 1,10-phenanthroline (o-phen) monohydrate (0.398 g, 0.002

mol) in methanol (10 mL) was slowly added to a solution of Cu(OAc), H,O (0.399 g,

0.002 mol)-in methanol (20 mL, 23 °C) during 30 min with stirring at room
temperature. Then this reaction mixture was slowly added to a solution of N-
(salicyldene)-o-aminophenol (0.426 g, 0.002 mol) in methanol (30 mL, ~ 25 °C)
during 30 min with stirring at RT. A dark blue compound separated from the solution.
The solid was filtered, washed well with methanol, then with water and finally again
with methanol and dried in vacuo. This compound was recrystallized from
CH3;OH:CH3CN (1:1) at RT while suitable single crystals were obtained. This

compound has been characterized by X-ray crystallography. This is to be noted here
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that on long standing (or in vacuum) these crystals lose their water of crystallization
and become amorphous. Anal. Calc. for C,sH,;N;O,Cu: C, 65.99; H, 3.77; N, 9.24.
Found: C, 66.01; H, 3.80; N, 9.23%. ESI-MS in CH;CN: m/z 454.30 [M]", m/z 491.30

[(M+K)-2H]".

4.3.2. [CuL(Im2)] (2). Imidazole (0.136 g, 0.002 mol) in methanol (10 mL) was slowly
added to a solution of Cu(OAc), H,0 (0.398 g, 0.002 mol) in methanol (20 mL, ~5

°C) during 20 min with stirring at room temperature (~ 23 °C) while a dark blue
solution was obtained. Then this solution was slowly added to a solution of N-
(salicyldene)-o-aminophenol (0.426 g, 0.002 mol) in methanol (30 mL, ~ 25 °C)
during 30 min with stirring at RT. A green compound separated from the solution. The
solid was filtered, washed well with-methanol and dried in vacuo. This compound was
recrystallized from CH3;CN:CH3;OH (1 : 1) at RT while suitable single crystals were
obtained. This compound has also been characterized by X-ray crystallography.

Anal. Calc. for C45H,3N50,Cu: C, 56.05; H, 3.82; N, 12.26. Found: C, 56.01; H, 3.87;

N, 12.31%. ESI-MS in CH,CN: m/z 343.01 [M]*, m/z 344.81 [M+2H]".

4.4. Physical measurements

Microanalyses (C, H, N) were performed in a Perkin-Elmer 240C elemental analyzer.
Mass spectra were recorded on a Perkin ElImer (USA) Flexer SQ 300 MS Mass
Spectrometer operating in ESI mode. Infrared spectra were measured with a Shimadzu
IR Affinity - 1 FT-IR spectrometer using KBr pellet. Electronic absorption spectra

were recorded on a Jasco V-570 UV/VIS/NIR spectrophotometer using a pair of
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matched quartz cell of path length of 1 cm. Electron paramagnetic resonance spectra
were recorded on a JEOL, Japan Model: JES - FA200 ESR spectrometer with X and Q
band. Room temperature solution EPR spectra were recorded using an aqueous cell
and frozen glass spectra were recorded in liquid nitrogen using a quartz dewer.
Electrochemical measurements were done with the help of a Bioanalytical system CV-
27 electrochemical analyzer and a BAS model X-Y recorder at 298K under dinitrogen.
A standard three electrode cell consisting of a platinum working electrode, a platinum
auxiliary electrode and a Ag/AgCI reference electrode was used. Tetrabutylammonium

perchlorate ([N(n-Bu),]CIO,4) was used as supporting electrolyte.

4.5. X-ray crystallography

4.5.1. [CuL(o-phen)] 3.5H,0 (1)and [CuL(Imz)] (2)

Blue crystals of complex 1 were obtained from the slow evaporation of a methanol-
acetonitrile (1:1) solution of 1 at room temperature while green crystals for 2 were
obtained from the slow evaporation of a methanol-acetonitrile (2:1) solution of 2 at
room temperature. A blue crystal of 1 with approximate size of 0.35 [J 0.25 (1 0.20
mm or a green crystal of 2 with approximate size of 0.4 [1 0.2 [1 0.2 mm was mounted
on a Bruker Axs Kappa Apex2 diffractometer equipped with graphite-monochromated
[Mo K[, 0 = 0.71073 A] radiation. The unit cell parameters (Table 3) were
determined by the method of difference vectors using reflections scanned from three
different zones of the reciprocal lattice. The intensity data were measured using  and
¢ scan with frame width of 0.5". The frames integration and data reduction were

performed using Bruker SAINT-Plus (Version 7.06a) software [24]. The multi-scan
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absorption corrections were applied to the data using SADABS software. The crystal
of 1 is indexed in monoclinic system with space group C 2/c and lattice parameters a =
21.070(3) A, b= 20.629(3) A, ¢ = 14.1300(16) A, @ =90, [1=128.704(3) ', y =
90 . On the other hand, the crystal of 2 is indexed in orthorhombic system with space
group 'P c a 2," and lattice parameters a = 9.3659(6) A, b = 17.4585(11) A, ¢ =
18.1049(13) A, 0 =90, [1=90", y=90".

SIR-92 program [25] was used for solving the structure. Structure was refined using
SHELXL-2014 (Sheldrick, 2014) program [26]. Successive difference fourier map
showed the positions of all hydrogen atoms. However, the hydrogen positions were
geometrically fixed and refined through riding model. The full matrix structure
refinement was carried out through minimization of the functionY (W(F%, [ F%))?,
where w = [0 [J(F%,)+(0.1406P)*] *for 1 and w = [0 [1(F%,) + (0.0449P)° +
1.2789P] * for 2, and P = (F?, + 2F%)/3, F?, is the measured intensity (i.e., intensity
observed) and F? is the intensity calculated. The final residual factors were R = 0.06
and wR = 0.2326 for 1 and R = 0.05 and wR = 0.1452 for 2, respectively. The largest
difference map peak was 0.605 e/A® for 1 and the largest difference map peak was

1.193 e/A3 for 2.

Table 3. Crystal data and structure refinement for complexes 1 and 2.

Empirical formula CosH24CUN30O5 5 C16H13CuN;3O,

Formula weight 518.01 342.83



Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

0.200 x 0.200 mm3

Theta range for data collection

Index ranges

11<=h<=11, -22<=k<=22,

23<=[<=23

Reflections collected

293(2) K
0.71073 A
monoclinic

'C 2/c’
a=21.070(3) A
b =20.629(3) A
¢ =14.1300(16) A
[0=90°

[10]= 128.704(3)°
1 =90°
4792.9(10) A3

8
1.436 Mg/m3

0.955 mm-1

2144

0.350 x 0.250 x 0.200 mm3

1.749 10 24.974°

30

293(2) K
0.71073 A
orthorhombic
'‘Pca?2;
a=9.3659(6) A
b =17.4585(11) A
c =18.1049(13) A
[ =90°
0 =90°
[1=90°
2960.4(3) A3
8

1.538 Mg/m®

1.485 mm™

1400

0.400 x

1.166 to 26.997°

-24<=h<=24, -24<=k<=24, -16<=I<=15 -

29447

46020



Independent reflections
Completeness to theta
100 %

Absorption correction

empirical from

equivalents

Max. and min. transmission

Refinement method
matrix least-squares on F?

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
0.0478, wR2 =0.1150

R indices (all-data)

0.0865, wR2 =0.1452

Extinction coefficient

Largest diff. peak and hole

31

4207 [R(int) = 0.0860] 6456 [R(int) = 0.0639]

=24.974° 99.8% = 25.242°
Semi-empirical from equivalents Semi-
0.78 and 0.65 0.78 and 0.65
Full-matrix least-squares on F2 Full-
4207 /45 | 352 6456 / 76 / 398

0.995 1.101
R1=10.0646, wR2 =0.1742 R1=
R1=0.1366, wR2 = 0.2326 R1=
n/a n/a

0.605 and -0.839 e.A-3  1.193 and -0.683 e.A™®

4.6. Methods for biological activity

4.6.1. DNA binding studies
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Electronic spectra of the compounds 1 and 2 were recorded using a Jasco V-570
UV/VIS/NIR spectrophotometer with incremental amounts of calf thymus DNA (CT-
DNA) in order to get the binding constant for these compounds. The titration
experiments were performed by keeping the complex concentration constant and by
varying the concentration of ct-DNA from 0 to 40 uM in 10 mM Tris—HCI buffer (pH

7.54).

4.6.2. Cytotoxicity studies

4.6.2.1. Cell culture and treatment

The human lung cancer cell line A549, breast cancer cell line MCF7, normal human
keratinocyte HaCaT cells and human lung embryonic L132 cells were purchased from
NCCS Pune. These cell lines were cultured in T-25 mm NUNC cell culture flasks
with  DMEM high glucose medium with 10% Fetal Bovine Serum (GIBCO
performance plus grade, US origin) that was supplemented with penicillin (100
units/ml), streptomycin (100 pg/ml) gentamycin 50ug/mL and amphotericin B (2.5
ug/ml) at 37°C (5% CO, and 95 % Oy in a CO; incubator. Then these cells were sub
cultured after they had reached 70-80 % confluence by trypsinization and used for

further experimental purpose.

4.6.2.2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

To evaluate the cytotoxicity of compounds 1 and 2, MTT assay was performed on the

above mentioned cancer and normal cell lines. Cell viability was determined by the
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reduction of yellow MTT into purple formazan product by the enzymatic activity of
mitochondrial dehydrogenase in the live cells following the method of Mabley et al.

[27]. The cells were plated on 96 well plates at a density of 4 10* per well and treated

with complexes 1 and 2 as described at varying concentrations (starting from 0.25uM
to 10uM) was added with DMEM culture medium containing 10%FCS. MTT assay
was carried out in triplicates. The cells were examined after 24 h-incubation under
phase contrast microscope and observed the cells morphology and photographed using
Leica systems. Then, the medium was removed and the cells were treated with 0.5
mg/ml of MTT (Thiazolyl Blue Tetrazolium Bromide salt) in 1X PBS (150uL/well)
and incubated for 4 h in a CO, incubator. After 4 h incubation with MTT solution, the
solution was removed and blue colored formazan crystal was solubilized with 200 pL
DMSO. The absorbance was measured at 570 nm using BioRad ELISA plate reader.
The cytotoxicity of the free Schiff base ligand N-salicylidene-o-aminophenol was also
studied using the human lung cancer A549 cell line with different concentrations (2.5

UM, 5 uM, 7.5 ptMand 10 uM) of the free ligand.

4.6.2.3. Cellular morphology assessment. Acridine orange (AO)/ Propidium iodide

(PI) dual staining

A549 cells and L132 cells that were plated in 6-well plates at a density of 5x10* were
allowed to grow at 37°C in a humidified CO, incubator until they were 70-80%
confluent. Then these cells were treated with different concentrations of complexes 1

and 2 (1, 2.5 and 5 uM) for 24 h. The culture medium was aspirated from each well
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and cells were gently rinsed with PBS twice at room temperature. Equal volumes of
cells from control and metal complex treated were stained with 1 pg/mL of acridine
orange and propidium iodide and incubated in the dark for 30 min, then viewed with
Leica fluorescence microscope.
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Appendix A. Supplementary material

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, numbers are CCDC 1584059 for compound
1 and CCDC 1584060 for compound 2, respectively. These data can be obtained free

of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
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compounds 1 and 2. Fig. S3. Electronic spectrum of compound 1. Fig.S4. Electronic
spectrum of 2 in CH3;OH at room temperature. Fig. S5. Plot of cell viability versus

concentrations of the compounds 1 and 2. Fig. S6. Cell viability for the-human lung

cancer A549 cell line without (control) and with5 M, 7.5 M and 10 M of the free

Schiff base ligand N-salicylidene-o-aminophenol after 24 hincubation time. Tables S1
and S2. Bond lengths and bond angles of compounds 1 and 2, respectively. Table S3.
Binding constants of 1, 2 and some similar reported compounds. Table S4.
Comparison of 1Cg, values of 1 and 2 with'some recently reported Cu(ll) complexes.

Table S5. Therapeutic index (TI = 1Cg, in normal cell/ 1Csq in cancer cell) of 1 and 2.
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Graphical abstract

A549
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L1132

= Contral | T T
Two Cu(ll) complexes containing the N-salicylidene-o-aminophenol ligand and 1,10-
phenantroline or imidazole as a coligand display remarkable cytotoxicity against the
human lung cancer A549 cell line as well as the breast cancer MCF7 cell line as

evident from the MTT assay. AO/PI dual staining assay for A549 cells suggests cell

death via both apoptosis and necrosis for their anticancer activity.

Highlights
Copper(Il) complexes show intercalative DNA binding.
Show remarkable cytotoxicity for the lung cancer A549 cell line.
Also show significant cytotoxicity for the breast cancer MCF7 cell line.
Remarkably low toxic toward L132 human lung embryonic normal cell line.

In vitro AO/PI dual staining suggests cell death via both apoptosis and necrosis

pathway for the anticancer activity.
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Figure Captions

Scheme 1. Synthesis of the ligand and the complexes.

Fig. 1. (A) ORTEP diagram of the compound 1 and (B) packing of the molecules in
the unit cell. Bond lengths [A] and angles [°] for 1: N(1)-Cu(1) = 2.287(5); N(2)-
Cu(l) =2.016(5); N(3)-Cu(l) = 1.904(12); N(3)-Cu(1) = 1.981(17); O(1)-Cu(l) =
1.915(4); O(2)-Cu(1) = 1.933(4); N(3)-Cu(1)-O(1) = 100.8(5); N(3)-Cu(1)-0(2) =
78.2(5); O(1)-Cu(1)-0(2) = 162.51(18); O(1)-Cu(1)-N(3) = 76.5(6); O(2)-Cu(1)-N(3)
= 101.9(6); N(3)-Cu(1)-N(2) = 167.6(4); O(1)-Cu(1)-N(2) = 91.41(17); O(2)-Cu(1)-
N(2) = 90.85(19); N(3)-Cu(1)-N(2) = 167.2(6); N(3)-Cu(1)-N(1) = 97.7(3); O(1)-
Cu(1)-N(1) = 100.14(16); O(2)-Cu(L)-N(1) = 97.29(17); N(3')-Cu(1)-N(L) = 100.0(4);

N(2)-Cu(1)-N(1) = 77.79(18).

Fig. 2. (A) ORTEP diagram of the compound 2 and (B) packing of the molecules in
the unit cell. Bond lengths [A] and angles [°] for 2: N(1)-Cu(1) = 1.943(11); N(2)-
Cu(l) = 1.953(7); O(1)-Cu(l) = 1.927(6); O(2)-Cu(l) = 1.890(7); N(4)-Cu(2) =
1.926(9); N(5)-Cu(2) = 1.965(7), O(3)-Cu(2) = 1.932(6); O(4)-Cu(2) = 1.888(6);
0(2)-Cu(1)-O(1) = 169.6(3); O(2)-Cu(1)-N(1) = 94.7(4); O(1)-Cu(1)-N(1) = 84.4(3);

0(2)-Cu(1)-N(2) = 89.9(3): O(1)-Cu(1)-N(2) = 92.3(3); N(L)-Cu(1)-N(2) = 171.3(4).

Fig. 3. X-band EPR spectra of the compounds. (a)-(b) are RT spectra for 1-2 powder

samples, (c)-(d)
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are RT solution spectra for 1-2 in DMF, and (e)-(f) are LNT frozen glass spectra for 1-

2 in DMF, respectively.

Fig. 4. (A) Change in electronic absorption spectra of 1 [2.5 10“ M] upon titration
with CT-DNA (040 uM) dissolved in 10 mM Tris—HCI buffer (pH 7.54)..(B) Change
in electronic absorption spectra of 2 [2.5 10* M] upon titration with CT-DNA (0-25
uM) dissolved in 10 mM Tris—HCI buffer (pH 7.54). Arrow shows the decrease in
absorbance with respect to an increase in the concentration of CT-DNA. The figure in
inset shows the linear fit of [DNA]/(e; — & ) versus [DNA]. The binding constant (Ky)

was calculated using the Eqg. (1).

Fig. 5. Effect of increasing amount of complex 1 (red circles) and 2 (green squares) on
the relative viscosity of CT-DNA/(100 uM) at room temperature in 10 mM Tris.HCI

buffer (pH7.46).

Fig. 6. MTT assay for the compounds 1 and 2. Panel A. A549 cell line, panel B.

MCF7 cell line, panel C. L132 cell line, and panel D. HaCaT cell line.

Fig. 7. AO/PI staining results for compound 1 with A549 and L132 cell lines. Scale

bar: 250 m.

Fig. 8. AO/PI staining results for compound 2 with A549 and L132 cell lines. Scale

bar: 250 m.



Fig. 9. Cyclic voltammogram of the compounds (1.25 x 10~ mol L™") in DMF
containing 0.1 M [N(n-Bu),]CIO, at a scan rate of 100 mV s . Panels A and B for 1,

panels C and D for 2, for initial negative and positive scans, respectively.

Appendix A. Supplementary material

Manjuri K. Koley et al. Inorg. Chim. Acta
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Fig. S1. ESI-MS: m/z 454.30 [M]", 491.30 [(M+K)-2H]".
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Fig. S2. ESI-MS: m/z 343.01 [M]", 344.81 [M+2H]".
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Fig. S5. Plot of cell viability versus concentrations of the compounds 1 and 2: panel A.

A549 cell line, panel B. MCF7 cell line, panel C. L132 cell line, and panel D. HaCaT

cell line.
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Fig. S6. Cell viability without (control) and with5 M, 7.5 M, and 10 M of the free

Schiff base ligand N-salicylidene-o-aminophenol for the human lung cancer A549 cell

line after 24 h incubation time.

Table S1. Bond lengths [A] and angles [°] for compound 1.

C(1)-N(1) 1.319(7)
C(1)-C(2) 1.374(9)
C(1)-H(1) 0.9300

C(2)-C(3) 1.368(9)

C(2)-H(2) 0.9300



C(3)-C(4)
C(3)-H(3)
C(4)-C(12)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(11)
C(7)-C(8)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-N(2)
C(10)-H(10)
C(11)-N(2)
C(11)-C(12)
C(12)-N(1)
C(13)-0(1)
C(13)-C(14)
C(13)-C(18)

C(14)-C(15)

1.385(8)
0.9300

1.397(8)
1.416(9)
1.340(9)
0.9300

1.415(9)
0.9300

1.400(8)
1.413(8)
1.345(9)
0.9300

1:381(9)
0.9300

1.339(7)
0.9300

1.347(7)
1.458(8)
1.350(7)
1.311(7)
1.409(8)
1.420(9)

1.381(9)

50



C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-N(3)
C(19)-N(3)
C(19)-H(19)
N(3)-C(20)
N(3)-Cu(1)
C(19)-N(3)
C(19)-C(20)
C(19')-H(19)
N(3)-Cu(1)
C(20)-C(25)
C(20)-C(21)
C(21)-C(22)
C(21)-H(21)
C(22)-C(23)

C(22)-H(22)

0.9300
1.367(9)
0.9300
1.344(9)
0.9300
1.410(9)
0.9300
1.396(17)
1.548(18)
1.31(3)
0.9300
1.480(14)
1.904(12)
1.22(4)
1.46(2)
0.9300
1.981(17)
1.393(9)
1.408(10)
1.367(10)
0.9300
1.387(10)

0.9300

o1



C(23)-C(24)
C(23)-H(23)
C(24)-C(25)
C(24)-H(24)
C(25)-0(2)
N(1)-Cu(1)
N(2)-Cu(1)
O(1)-Cu(1)
0(2)-Cu(1)
0(3)-H(3A)

0(3)-H(3B)

N(1)-C(1)-C(2)
N(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(3)-C(4)-C(12)

C(3)-C(4)-C(5)

1.375(10)
0.9300
1.396(8)
0.9300
1.309(8)
2.287(5)
2.016(5)
1.915(4)
1.933(4)
0.88(3)

0.86(3)

124.9(6)
1175
1175
117.8(6)
121.1
121.1
120.0(6)
120.0
120.0
117.5(6)

123.2(6)
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C(12)-C(4)-C(5)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(11)-C(7)-C(8)
C(11)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
N(2)-C(10)-C(9)
N(2)-C(10)-H(10)
C(9)-C(10)-H(10)
N(2)-C(11)-C(7)
N(2)-C(11)-C(12)
C(7)-C(11)-C(12)

N(1)-C(12)-C(4)

119.3(6)
120.9(6)
119.6
119.6
122.2(6)
118.9
118.9
116.4(6)
119.4(6)
124.2(6)
119.9(6)
120.0
120.0
119.9(7)
120.1
120.1
122.7(6)
118.6
118.6
123.5(5)
118.1(5)
118.4(5)

122.9(5)
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N(1)-C(12)-C(11)

C(4)-C(12)-C(11)

0(1)-C(13)-C(14)

0(1)-C(13)-C(18)

C(14)-C(13)-C(18)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)=H(17)
C(18)-C(17)-H(17)
C(19)-C(18)-C(17)
C(19)-C(18)-C(13)
C(17)-C(18)-C(13)
C(17)-C(18)-N(3)

C(13)-C(18)-N(3)

N(3)-C(19)-C(18)

117.2(5)
119.8(5)
121.1(6)
122.4(6)
116.5(6)
120.4(6)
119.8
119.8
122.6(6)
118.7
118.7
118.7(7)
120.7
120.7
121.7(7)
119.2
119.2
107.4(8)
132.2(8)
120.2(6)
140.4(10)
99.3(9)

121.3(14)
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N(3)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-N(3)-C(20)
C(19)-N(3)-Cu(1)
C(20)-N(3)-Cu(1)
N(3')-C(19)-C(20)
N(3")-C(19')-H(19")
C(20)-C(19')-H(19)
C(19)-N(3)-C(18)
C(19')-N(3)-Cu(1)
C(18)-N(3)-Cu(1)
C(25)-C(20)-C(21)
C(25)-C(20)-C(19)
C(21)-C(20)-C(19')
C(25)-C(20)-N(3)
C(21)-C(20)-N(3)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)

C(24)-C(23)-C(22)

119.3
119.3
117.8(12)
122.0(13)
120.2(10)
114.6(19)
122.7
122.7
115.8(17)
123.6(18)
120.6(12)
120.3(7)
140.6(11)
98.7(11)
103.7(8)
136.0(9)
121.2(7)
119.4
119.4
118.5(7)
120.7
120.7

120.9(7)
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C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
0(2)-C(25)-C(20)
0(2)-C(25)-C(24)
C(20)-C(25)-C(24)
C(1)-N(1)-C(12)
C(1)-N(1)-Cu(1)
C(12)-N(1)-Cu(1)
C(10)-N(2)-C(11)
C(10)-N(2)-Cu(1)
C(11)-N(2)-Cu(1)
C(13)-0(1)-Cu(1)
C(25)-0(2)-Cu(1)
N(3)-Cu(1)-0(1)
N(3)-Cu(1)-0(2)
O(1)-Cu(1)-0(2)
O(1)-Cu(1)-N(3)
0(2)-Cu(1)-N(3)
N(3)-Cu(1)-N(2)

O(1)-Cu(1)-N(2)

119.5
119.5
121.6(7)
119.2
119.2
120.0(6)
122.5(7)
117.4(7)
116.8(5)
134.1(4)
109.1(3)
117.5(5)
124.7(4)
117.7(4)
120.3(4)
117.4(4)
100.8(5)
78.2(5)
162.51(18)
76.5(6)
101.9(6)
167.6(4)

91.41(17)
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0(2)-Cu(1)-N(2)  90.85(19)
N(3)-Cu(1)-N(@2)  167.2(6)
N@3)-Cu(1)-N(1)  97.7(3)
O(1)-Cu(1)-N(1)  100.14(16)
0(2)-Cu()-N(1)  97.29(17)
N(3)-Cu(1)-N(1)  100.0(4)
N(2)-Cu(1)-N(1)  77.79(18)

H(3A)-O(3)-H(3B) 106(4)

Symmetry transformations used to generate equivalent atoms:

#1 Xx,-y,z-1/2

Table S2. Bond lengths [A] and angles [°] for compound 2.

C(1)-0(1) 1.319(11)
C(1)-C(6) 1.386(13)
C(1)-C(2) 1.397(13)
C(2)-C(3) 1.363(13)
C(2)-HQ) 0.9300
C(3)-C(4) 1.381(14)
C(3)-H(3) 0.9300
C(4)-C(5) 1.360(14)
C(4)-H(4) 0.9300



C(5)-C(6)
C(5)-H(5)
C(6)-N(1)
C(7)-N(1)
C(7)-C(8)
C(7)-H(7)
C(8)-C(13)
C(8)-C(9)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-0(2)
C(14)-N(2)
C(14)-N(3)
C(14)-H(14)
C(15)-N(3)
C(15)-C(16)

C(15)-H(15)

1.369(12)
0.9300
1.443(15)
1.234(12)
1.418(17)
0.9300
1.401(16)
1.405(16)
1.342(18)
0.9300
1.356(18)
0.9300
1.357(17)
0.9300
1.405(16)
0.9300
1.296(14)
1.316(13)
1.327(16)
0.9300
1.340(14)
1.345(18)

0.9300
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C(16)-N(2)
C(16)-H(16)
N(1)-Cu(1)
N(2)-Cu(1)
N(3)-H(3A)
O(1)-Cu(1)
0(2)-Cu(1)
C(17)-0(3)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)
C(22)-N(4)
C(23)-N(4)
C(23)-C(24)
C(23)-H(23)

C(24)-C(25)

1.377(14)
0.9300
1.943(11)
1.953(7)
0.8600
1.927(6)
1.890(7)
1.335(11)
1.380(15)
1.404(15)
1.380(15)
0.9300
1.376(18)
0.9300
1.397(17)
0.9300
1.359(13)
0.9300
1.414(14)
1.264(11)
1.441(17)
0.9300

1.399(16)
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C(24)-C(29)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26)
C(27)-C(28)
C(27)-H(27)
C(28)-C(29)
C(28)-H(28)
C(29)-0(4)
C(30)-N(6)
C(30)-N(5)
C(30)-H(30)
C(31)-C(32)
C(31)-N(6)
C(31)-H(31)
C(32)-N(5)
C(32)-H(32)
N(4)-Cu(2)
N(5)-Cu(2)
N(6)-H(6)
0(3)-Cu(2)

O(4)-Cu(2)

1.407(15)
1.377(19)
0.9300
1.376(18)
0.9300
1.362(19)
0.9300
1.390(16)
0.9300
1.301(13)
1.295(16)
1.301(13)
0:9300
1.320(18)
1.364(14)
0.9300
1.343(14)
0.9300
1.926(9)
1.965(7)
0.8600
1.932(6)

1.888(6)
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O(1)-C(1)-C(6)
0(1)-C(1)-C(2)
C(6)-C(1)-C(2)
C(3)-C(2)-C(2)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(3)
C(6)-C(5)-H(5)
C(5)-C(6)-C(1)
C(5)-C(6)-N(1)
C(1)-C(6)-N(1)
N(1)-C(7)-C(8)
N(1)-C(7)-H(7)
C(8)-C(7)-H(7)

C(13)-C(8)-C(9)

119.5(8)
121.6(10)
118.9(10)
119.6(12)
120.2
120.2
121.2(11)
119.4
119.4
119.1(11)
1205
12055
121.2(12)
119.4
119.4
120.0(10)
127.2(11)
112.8(8)
126.3(11)
116.8
116.8

118.9(11)
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C(13)-C(8)-C(7)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
0(2)-C(13)-C(8)
0(2)-C(13)-C(12)
C(8)-C(13)-C(12)
N(2)-C(14)-N(3)
N(2)-C(14)-H(14)
N(3)-C(14)-H(14)
N(3)-C(15)-C(16)
N(3)-C(15)-H(15)

C(16)-C(15)-H(15)

124.1(12)
117.1(11)
122.0(12)
119.0
119.0
120.7(13)
119.6
119.6
118.5(12)
120.7
120.7
124.1(12)
118.0
118.0
124.5(10)
119.7(11)
115.8(12)
110.7(14)
124.7
124.7
106.6(9)
126.7

126.7
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C(15)-C(16)-N(2)
C(15)-C(16)-H(16)
N(2)-C(16)-H(16)
C(7)-N(1)-C(6)
C(7)-N(1)-Cu(1)
C(6)-N(1)-Cu(1)
C(14)-N(2)-C(16)
C(14)-N(2)-Cu(1)
C(16)-N(2)-Cu(1)
C(14)-N(3)-C(15)
C(14)-N(3)-H(3A)
C(15)-N(3)-H(3A)
C(1)-0(1)-Cu(l)
C(13)-0(2)-Cu(1)
0(2)-Cu(1)-0(1)
0(2)-Cu(1)-N(1)
O(1)-Cu(1)-N(1)
0(2)-Cu(1)-N(2)
O(1)-Cu(1)-N(2)
N(1)-Cu(1)-N(2)
0(3)-C(17)-C(18)
0(3)-C(17)-C(22)

C(18)-C(17)-C(22)

108.9(9)
125.5
125.5
125.0(10)
124.4(7)
110.5(8)
105.4(10)
125.2(9)
129.3(7)
108.4(10)
125.8
125.8
112.4(6)
125.4(7)
169.6(3)
94.7(4)
84.4(3)
89.9(3)
92.3(3)
171.3(4)
122.1(10)
118.4(9)

119.6(10)
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C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-N(4)

C(17)-C(22)-N(4)

N(4)-C(23)-C(24)

N(4)-C(23)-H(23)

C(24)-C(23)-H(23)
C(25)-C(24)-C(29)
C(25)-C(24)-C(23)
C(29)-C(24)-C(23)
C(26)-C(25)-C(24)

C(26)-C(25)-H(25)

121.0(12)
119.5
119.5
118.9(12)
120.6
120.6
120.7(12)
119.6
119.6
120.2(13)
119.9
119.9
119:6(10)
127.6(11)
112.8(8)
125.1(11)
117.4
117.4
120.0(11)
115.8(11)
124.2(11)
120.5(13)

119.7
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C(24)-C(25)-H(25)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27)
C(26)-C(27)-H(27)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28)
C(29)-C(28)-H(28)
0(4)-C(29)-C(28)
0(4)-C(29)-C(24)
C(28)-C(29)-C(24)
N(6)-C(30)-N(5)
N(6)-C(30)-H(30)
N(5)-C(30)-H(30)
C(32)-C(31)-N(6)
C(32)-C(31)-H(31)
N(6)-C(31)-H(31)
C(31)-C(32)-N(5)
C(31)-C(32)-H(32)
N(5)-C(32)-H(32)

C(23)-N(4)-C(22)

119.7
118.6(13)
120.7
120.7
122.1(12)
119.0
119.0
120.7(13)
119.7
119.7
118.0(11)
124.0(10)
118.0(12)
113.6(14)
123.2
123.2
106.6(10)
126.7
126.7
110.1(9)
125.0
125.0

122.9(9)
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C(23)-N(4)-Cu(2)
C(22)-N(4)-Cu(2)
C(30)-N(5)-C(32)
C(30)-N(5)-Cu(2)
C(32)-N(5)-Cu(2)
C(30)-N(6)-C(31)
C(30)-N(6)-H(6)
C(31)-N(6)-H(6)
C(17)-0(3)-Cu(2)
C(29)-0(4)-Cu(2)
0(4)-Cu(2)-N(4)
0(4)-Cu(2)-0(3)
N(4)-Cu(2)-0(3)
0(4)-Cu(2)-N(5)
N(4)-Cu(2)-N(5)

0(3)-Cu(2)-N(5)

124.9(6)
112.2(7)
104.2(10)
126.0(9)
129.7(7)
105.4(10)
127.3
127.3
112.1(6)
126.2(7)
95.1(4)
170.7(3)
84:3(3)
90.1(3)
171.3(4)

91.7(3)

Symmetry transformations used to generate equivalent atoms:

Table S3. Binding constants of 1, 2 and some similar reported compounds.
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Complex Ky (MY Ref.
1 1.53 10° This work
2 3.13 10° This work

[Cu(pabt)(OH,)]CIO,

1.47 x 10° [16]

[Cu(pabt)(Imz)]CIO,

2.03 x 10° [16]

[Cu(pabt)(N-Melmz)]CIO, 2.09 x 10° [16]

Table S4. Comparison of 1Csq values of 1.and 2 with some recently reported Cu(ll)

complexes.
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1Cs0 (uM)
Complex [Ref.] Type of complex Ky (M) A549 | MCF
7
1 [This study] Cu(Il) with N-salicylidene-o- 1.53 10° 0.67 |6.30
2 [This study] aminophenol and 1,10- 313 10° |059 |8.88
phenanthroline or imidazole

[Cu(o-phen)HL] [Ref. 15] Cu(ll) containing carbohydrazone |1.18 10° 0.44 |2.70
[Cu(o-phen)LCu(OAC)] and 1,10- phenanthroline 126 10° 022 [4.10
[Ref. 15] Hsl = o-

[Cu(o-phen)LCu(OAC)] HOCegH,C(H)=N NH C(OH)=N N= 553 105 [4.80 |3.60
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[Ref. 15]

C(H) C¢H4OH-0, 0-phen = 1,10-

phenanthroline

[Cu(TT-PIP),(H,0)] (ClO,), | Cu(ll) polypyridyl complexes 3.1 10° 1.5
[Ref. 1a] IP = imidazophenanthroline
[Cu(PYIP),(H,O)](CIOy), 5.2 10° 38.20
[Ref. 1a]
[Cu(CN-PIP);(H,0)] 6.3 10° 71.8
(ClO,), [Ref. 1]
[Cu(PIP),(H,0)](CIOy), 2.2 10 0.6
[Ref. 1a]
[Cu(L)CIJ(CIO,) [Ref.3c] |ternary Cu(ll) complexes 357 10° 0.9 0.46
[Cu(L)Br,] [Ref. 3c] L= (2-((quinolin-8- 345 10° 043 [0.46
ylimino)methyl)pyridine))
[Cu(itpy)(NO3)(H20)](NOg) | Cu(ll) imidazole terpyridine Kb,=4.23 0.81
.2H,0 [Ref. 4e] complexes 10% (Glsp)
(itpy = imidazole terpyridine) Kb, = 5.92
10°
[Cu(Itpy)(CIO4)(H0)]( Kb;=2.01 0.64
ClO,) [Ref. 4¢e] 10* (Glsp)
Kb, =
3.21 10
[Cu(tpy)(CID),] [Ref. 22Db] Cu(IDterpyridine complexes not studied | 37.5
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[Cu(tpy)(NO3),(H,0)] [Ref. | tpy = terpyridine not studied |40.4
22Db] ptpy = pyridine terpyridine

[Cu(ptpy)Cl,].H,O.HCI not studied |41.2
[Ref. 22b]

[Cu(itpy)(dmp)](NO3),] Cu(ll) complexes with substituted | 3.3 10° 76
[Ref. 4f] terpyridine ligand

[Cu(ptpy)(dmp)](NO>),] (itpy = imidazole terpyridine, ptpy. 2.3 10° 71

[Ref. 4f]

= pyridine terpyridine, dmp =

dimethyl phenanthroline)

Table S5. Therapeutic index (T1 =1Cg, in normal cell/ 1Csq in cancer cell) of 1 and 2.

L132 HaCaT
Complex | A549 | MCF | A549 | MCF7
7
1 113 | 1.2 1.5 0.2
2 152 |1.0 1.0 0.1
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Graphical abstract

A549

,,,,,,,,

 L132

it 1 uM & ";" T S5uM
Two Cu(ll) complexes containing the N-salicylidene-o-aminophenol ligand and 1,10-
phenantroline or imidazole as a coligand display remarkable cytotoxicity against the
human lung cancer A549 cell line as well as the breast cancer MCF7 cell line as
evident from the MTT assay. AO/PI dual staining assay for A549 cells suggests cell

death via both apoptosis and necrosis for their anticancer activity.



Highlights
Copper(Il).complexes show intercalative DNA binding.
Show remarkable cytotoxicity for the lung cancer A549 cell line.
Also show significant cytotoxicity for the breast cancer MCF7 cell line.
Remarkably low toxic toward L132 human lung embryonic normal cell line.

In vitro AO/PI dual staining suggests cell death via both apoptosis and necrosis

pathway for the anticancer activity.
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ACCEPTED MANUSCRIPT

Table 1. EPR parameters for compounds 1 and 2 derived from the spectra at RT and

LNT.



Compound/state/temp. v (GHz) | g value HFS values
(mT)
1- DMF frozen glass at | 9.138 gj=221 A| =20.67
LNT gL=2.09 A < linewidth
1- DMF solution at RT 9.434 g =211 Ao = 7.30
App=4.4
to 3.9mT
1- Powder at RT 9.447 gj=214 Not resolved
gL =2.06
2- DMF frozen glass at 9.137 0, =2.21 A;; =19.99
LNT Oy 22.09 |[A,=7.0
Oxx = 1.97 Ay < linewidth
2- DMF solution at RT 9.433 g =2.085 |Aji=8.50
App = 4.6 t0
413 mT
2- Powder at RT 0.448 g1 =211 Not resolved
02 = 2.07

033 = 2.05
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Table 2. I1Cs, values for the compounds 1and 2 calculated from the plot of cell

viability versus concentration inthe MTT assay.

Cell line ICso (LM) for

Compd. | Compd. 2

1

A549 0.67 0.59

MCE7 |6.30 8.88

L132 7.60 8.95

HaCaT |0.99 0.60
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Table 3. Crystal data and structure refinement for complexes 1 and 2.

Empirical formula C25H24CUN3Os5 50 C16H13CUN3O;

Formula weight 518.01 342.83
Temperature 293(2) K 293(2) K
Wavelength 0.71073 A 0.71073 A

Crystal system monoclinic orthorhombic



Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0.200 x 0.200 mm3
Theta range for-data collection
Index ranges

11<=h<=11, -22<=k<=22,

23<=1<=23

Reflections collected
Independent reflections
Completeness to theta

100 %

=24.974°

'C 2/c'
a=21.070(3) A

b =20.629(3) A

¢ = 14.1300(16) A
0= 90°

0= 128.704(3)°
1=90°
4792.9(10) A3

8
1.436 Mg/m3

0.955 mm-1

2144

0.350 x 0.250 x 0.200 mm3

1.749 to 24.974°
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'‘Pca?2l
a=9.3659(6) A
b =17.4585(11) A
¢ =18.1049(13) A

0 =90°
1=90°

[1=90°
2960.4(3) A3
8

1.538 Mg/m®

1.485 mm™

1400

0.400 x

1.166 to 26.997°

-24<=h<=24, -24<=k<=24, -16<=I<=15 -

29447

46020

4207 [R(int) = 0.0860] 6456 [R(int) = 0.0639]

99.8 %

= 25.242°



Absorption correction

empirical from

equivalents

Max. and min. transmission

Refinement method
matrix least-squares on F2

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
0.0478, wR2 =0.1150

R indices (all data)

0.0865, wR2 = 0.1452

Extinction coefficient

Largest diff. peak and hole
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Semi-empirical from equivalents Semi-
0.78 and 0.65 0.78 and 0.65
Full-matrix least-squares on F2 Full-
4207 / 45/ 352 6456 / 76 / 398
0.995 1.101
R1=0.0646, wR2 =0.1742 R1=
R1 =0.1366, wR2 = 0.2326 R1=
n/a n/a

0.605 and -0.839 e.A-3  1.193 and -0.683 e.A™




