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Abstract

Two mononuclear complexes, [Cu(dach);(ClO4);] 1a and [Zn(dach);](ClO,), 2a, with
simple 1,2-diaminocyclohexane (dach) ligands were synthesized and characterized by elemental
analysis, UV-Vis, EPR and IR spectroscopy. The single crystal XRD of 1a and 2a shows that the
metal ion has octahedral and tetrahedral geometry, respectively. Both complexes bind with
phosphodiesters such as BNPP (bis(p-nitrophenyl)phosphate) and DPP (diphenylphosphate) and
their binding affinity was studied by electronic absorption spectroscopy. Complex 1a binds with
DPP with Ky,= 23 M and 2a shows Ky=1.15x% 10° M. Both complexes interact with BNPP to
result in [Cu(dach),(BNPP),] 3, [Zn(dach),(BNPP),] 4, respectively. These phosphate adducts
were well characterized by different spectroscopic techniques and single crystal XRD. The X-ray
structures confirm that complexes 3 and 4 are mononuclear with Cu(Il) and Zn(II) in octahedral
geometry provided by two bidentate dach ligands and two monodentate O donors from BNPP
moieties. The nuclease activity of 1a and 2a with supercoiled plasmid DNA pBR322 was
examined by gel electrophoresis, which reveals that complex la exhibits a significant DNA
cleavage activity via oxidative mechanism whereas the corresponding complex 2a did not cleave
the DNA. To understand the stereo chemical influence of the dach ligand on DNA cleavage
activity, copper and zinc complexes derived from enantiopure form of dach namely [Cu((R,R)-
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trans-dach),(ClO4);] 1b, [Cu((S,S)-trans-dach),(ClO4),] 1¢ & [Cu(cis-dach),(ClO4),] 1d and
[Zn((R,R)-trans-dach);](ClOy), 2b, [Zn((S,S)-trans-dach),](ClO4), 2¢ & [Zn(cis-dach),](ClOs),
2d were also investigated. All the Cu(Il) complexes oxidatively cleave pBR322 at 25 uM, out of
which complex 1b is remarkable to cleave up to 20% Form II and 80% Form III. The binding
affinity of these complexes with CT-DNA (Calf thymus-DNA) was studied by electronic
absorption spectroscopy and showed moderate to strong Ky values. Electrochemical analyses,
viscosity measurements and circular dichroism (CD) studies were carriedout to understand the
mode of binding with CT-DNA. The shift in AEp, E;» and Ipc values suggest that there is a
minor groove interaction existing between CT-DNA and copper complexes. The groove binding
is further supported by viscosity measurements and CD spectra.

Key words: 1,2-diaminocyclohexane, dach, mononuclear copper, Phosphodiesters, BNPP, DPP,

DNA cleavage.

1. Introduction

Mononuclear transition metal complexes are found to catalytically hydrolyze
biomolecules such as DNA and RNA and have been studied for almost 30 years.'™* Since DNA
and RNA contain phosphodiester bonds, binding, hydrolytic and oxidative cleavage of them play
a significant role in gene-targeted cancer therapy.” ® However, the phosphodiester bonds of DNA
are known to be very stable under physiological conditions and the half-life of DNA hydrolysis
in the absence of metal is estimated to be about 200 million years.” Therefore, DNA cleavage by
artificial nucleases under physiological conditions is a challenging topic. The DNA cleavage
mechanism is preceded either oxidatively or hydrolytically and is dependent on the central metal
atom and the ligand.®° The hydrolytic cleavage mechanism is preferred by redox-inactive metals

like zinc, magnesium and zirconium, whereas the oxidative cleavage mechanism is preferred by
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redox-active metals such as iron and copper. Several mononuclear Cu(Il) and Zn(II) complexes
have been the subject of intense investigation for DNA binding and cleavage studies. 1014 (I
was found to cleave oxidatively with higher affinity than any other divalent transition metal. !>
Our goal was to investigate the phosphodiester binding and DNA cleavage activity of
Cu(Il) and Zn(II) complexes with a simple 1,2-diaminocyclohexane (dach) bidentate ligand. The

1785 I this

ligand is chiral whose platinum analog oxaliplatin gained numerous attention.
connection, the literature also supports the importance of N-donor ligands and their metal
complexes as anticancer, antimicrobial and antibiofilm agents apart from their catalytic activity
in organic transformations.'” However, this simple ligand has not been employed for
phosphodiester binding and DNA cleavage studies especially with homoleptic mononuclear
copper and zinc complexes. Hence, we have synthesized mononuclear copper (1a-1d) and zinc
(2a-2d) complexes and examined their phosphodiester binding, DNA cleavage studies,
Electrochemical analyses, viscosity measurements and circular dichroism (CD) studies apart
from routine spectral studies. An important observation from the current study is the efficient
oxidative DNA cleavage activity of complex 1b and strong phosphodiester binding affinity of
complex 2a.
2. Results and Discussion
2.1. The ligand and its complexes

1,2-diaminocyclohexane (dach) is a simple bidentate ligand which is available in cis,
trans (R,R/S,S) or mixture of cis/trans forms. The complexation of racemic dach with metal salts,
Cu(Cl0O4),.6H,0 and Zn(ClO4),.6H,0 in a 2:1 ratio achieved the desired complexes 1a and 2a in

good yields as depicted in scheme 1. In order to obtain the enantiopure dach ligand,

commercially available cis/trans-dach was treated with L-(+) or D-(+)-Tartaric acid as reported
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in literature."® Their corresponding copper (1b-1d) and zinc (2b-2d) complexes were synthesized
similar to scheme 1. The complexes were characterized by elemental analysis, UV-Vis, IR, ESI-

MS, EPR (in case of 1a), '"H NMR and *C NMR spectra (in case of 2a).

Hy Ho

M(CIQy4), . 6H,O +
(CIO4)2 2 t, 2h N/ \N
Ha Ha

NH,
M = Cu, Zn cis/trans-dach M =Cu (1a), (87%)
. BNPP 50 °C,
MeOH | ™ CHCN | 7
2h 8 h
O,N NO,
i
ol_o
Hy Hy o4 BNPP P
Now, o N CHyCN e o M
e i
” N 50 °C, 7h N/ \ \N
2 He Ha C\) Ha
O/ﬁ\O
M = Zn (2a), (88%) 0
OoN

M=Cu (3), (62%)
=Zn(4), (51%)

Scheme 1. Synthesis of metal complexes 1a, 2a, 3 and 4.

The reaction of [Cu(dach),(ClOs);] 1a and [Zn(dach),](ClO4), 2a with BNPP in a 1:2
ratio resulted in  phosphodiester-bound complexes [Cu(dach)(BNPP),] 3 and
[Zn(dach),(BNPP);] 4 in moderate yield, respectively. These complexes are neutral and
characterized by routine spectroscopic techniques. They are air stable and soluble in common
organic solvents (la and 2a are soluble in water, acetonitrile and DMSO; 3 is soluble in
acetonitrile/water mixture, DMSO and 4 is soluble in methanol, ethanol and DMSO).

2.2. Crystal Structures of 2a, 3 and 4
Complexes 2a, 3 and 4 are structurally characterized by X-ray crystallography (Fig. 1),

whereas the crystal structure of the Cu(I) complex 1a has already been reported.'*® However,
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the synthetic procedure of complex 1a and the method of getting single crystals in the present
study are different from literature procedure (Refer: Experimental section). Single crystals of
complex 2a were obtained from methanol as colorless needles. Complexes 3 & 4 are crystallized
from the mixture of acetonitrile/water (1:1 v/v) as purple and pale yellow crystals. The
crystallographic details of 2a, 3 and 4 are summarized in Table 1. The crystal structures of 2a, 3
and 4 with the atom labelling scheme are shown in Fig. 1. Selected bond lengths and bond angles
around the metal center are provided in Table 2. In the above structures trans form of dach
ligands are coordinated to the metal.

The asymmetric unit in complex 2a is composed of one molecule, with in the molecule
inversion centre is present. It consists of [Zn(dach),]*" and two perchlorate ions. The Zn(Il) ion
in the complex 2a possesses tetrahedral geometry. The coordination is provided by two bidentate
amine nitrogens from dach ligands. There is no interaction with perchlorate ions to the metal.
The average Zn-N bond distance 2.017 A (Table 1) is an agreement with the values reported for
other Zn(II) diamine complexes.”’ Several hydrogen bonds between the hydrogen atoms on N(3),
and the perchlorate oxygens stabilize the structure. In addition, two molecules are linked by a
moderate hydrogen bonding interaction through the hydrogen on N(3) and O(1) with an N(3)-
H--O(1) bond length of 2.727 A and bond angle of ZN(3)-H-O(1) = 161.27°. The crystal
packing in this complex appears as two dimensional sheets like structure with perchlorates

placed between them via O---H-N interactions (Fig. 2a).
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4
Fig. 1. Crystal structures of 2a, 3 and 4 with the atom numbering scheme (30% probability
thermal ellipsoids). Hydrogen atoms are omitted for clarity. The N3, N4 and C7-C12 atoms of

ligands and perchlorate ion are disordered.

The asymmetric unit in complexes 3 and 4 is composed of one independent molecules
and inversion center is present with in the molecule. These complexes are mononuclear neutral
molecules with Cu(Il) and Zn(II) in O, geometry. The coordination is provided by two bidentate
amine nitrogens from the dach ligand and two monodentate oxygens from the BNPP moieties.
The amine nitrogen binds the metal along the equatorial plane and BNPP binds the metal along
the axial plane. The average Cu-N, Zn-N bond distances of 2.011 A and 2.108 A (Table 1) are in
agreement with the values reported for other Cu(Il), Zn(Il) diamine complexes.'**' The average
Zn-N bond length in 4 is slightly increased due to the strong coordination of BNPP to the metal

ion. The complex 3 contains moderately strong O---H-N hydrogen bond interactions, which are
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formed between the oxygen of BNPP with the hydrogen of the amines in the range 2.071-2.613
A, with a bond angle of 150.58°. The complex 4 contains moderate intermolecular hydrogen
bonds between the hydrogens on N(2) (amine), the oxygen of BNPP O(4) [bond length N(3)-
H--O(1) = 2.147 A, bond angle £N(3)-H-+O(1) = 145°] and hydrogens on C(cyclohexyl), the
oxygen of NO, from BNPP [C(5)-H--O(6) = 2.538 A, bond angle 2C(5)-H-O(6) = 150.90°]
which all stabilize the structure. The crystal packing in 3 and 4 are two dimensional sheets like

structure (Fig. 2b and 2c¢).

N g
9 XY
vie

(“-‘.
XD

Fig. 2. Illustration of the crystal packing in complexes (a) [Zn(dach);](ClO4), 2a, (b)
[Cu(dach),(BNPP);] 3 and (c¢) [Zn(dach),(BNPP),] 4.



Table 1

Crystallographic data for the complexes 2a, 3 and 4
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Parameters

2a

3

CCDC No
Molecular formula
Molecular weight
Crystal system
Space group, Z
a(A)

b (A)

c(A)

o (°)

B

v ()

V(A%
Temperature (K)
(A)

D. (mg/m3)
Reflections collected
Reflections used
F(000)

abs. coeff.,u (cm™)

No.of refined parameters
R¥[1>26()]

Rw"

Goodness —of-fit

868977
C12H25C1,ZnN4Og
492.65
Triclinic
P1,2
7.1131(3)
12.3658(8)
12.6629(8)
111.010(6)
95.419(5)
94.912(5)
1026.53(10)
293

0.7107
1.594
9666

5528

512

1.502

354

0.1281
0.1342
0.939

868978
C36H44CuNgO P2
970.28
Triclinic
P1,1
6.4876(10)
12.2250(2)
13.3630(2)
91.909(13)
98.916(13)
92.458(13)
1045.2(3)
298

0.7107
1.541
7629

4589

500

0.861

568

0.0708
0.1758
1.025

869026
C36H44ZnN3O 6P
972.12
Triclinic
P1,1
6.5343(3)
12.3708(6)
13.0811(7)
93.630(4)
97.837(4)
91.708(4)
1044.64(9)
298
0.7107
1.542
9666

5598

503

0.681

286
0.0588
0.1165
1.032
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Table 2
Selected bond distances (A) and bond angles (°) of [Zn(dach),](C104), 2a, [Cu(dach),(BNPP),]
3 and [Zn(dach),(BNPP),] 4

Complex 2a Complex 3 Complex 4
Bond length  (A)

Zn-N1 2.044 Cu-N1 2.033 Zn-N1 2.067
Zn-N2 2.001 Cu-N2 1.983 Zn-N2 2.149
Zn-N3 1.998 Cu-N3 2.006 Zn-N3 2.067
Zn-N4 2.026 Cu-N4 2.024 Zn-N4 2.149
Cu-Ol1 2.478 Zn-0O1 2.280
Cu-02 2.484 Zn-02 2.280

Bond angle (°)

N1-Zn-N2 85.99 N1-Cu-N2 85.08 N1-Zn-N2 82.08
N1-Zn-N3 122.42 N1-Cu-N3 96.27 N1-Zn-N3 97.93
N1-Zn-N4 113.85 NI1-Cu-N4 178.58 NI1-Zn-N4 180.00
N2-Zn-N3 126.93 N3-Cu-N2 84.52 N3-Zn-N4  82.08
N2-Zn-N4 123.91 N3-Cu-N4 178.42 N3-Zn-N2 180.00
N3-Zn-N4 87.19 0O1-Cu-N1 93.56 O1-Zn-N1 90.51
O1-Cu-N2 92.54 Ol-Zn-N2 9197
O1-Cu-N3 88.18 O1-Zn-N3 89.49
O1-Cu-N4 87.64 O1-Zn-N4 88.03

3. Spectral Characterization
All the Copper (1a-1d) and Zinc (2a-2d) complexes were characterized by analytical and
spectroscopic techniques. As representative examples 1a & 2a were chosen along with 3 and 4.
3.1. UV-Vis spectra

The UV-Vis spectra of complexes 1a, 2a, 3 and 4 at room temperature were measured in

the range 190-1100 nm and are shown in Fig. 3. The absorption spectra of 1a in acetonitrile and

3 in acetonitrile/water (1:1 v/v ratio) displayed a d-d transition at 546 nm (¢ = 92 M cm™) and

548 nm (¢ = 58.2 M cm™), respectively. These transitions are may be due to 2B1g—>2Eg
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transition of tetragonally distorted Cu(Il) in octahedral geometry.”*”® The dach ligand shows

weak ligand centered transitions at 290 nm (¢ = 0.5 M cm’l). The absorption spectrum of
complex 2a in acetonitrile displayed ligand centered transitions at 276 nm (€ = 16.4 M cm™),
whose molar extinction coefficient is comparable with free dach ligand [A = 290 nm; € = 0.5 M

cm™']. Complex 4 in methanol shows an intense absorption at 285 nm (€ = 4.06 x10* M cm™),

due to BNPP to Cu(Il) LMCT transition. The UV-Vis spectra of complexes 1b-1d & 2b-2d are

identical to that of complexes 1a & 2a respectively.

1.2 4

0.8

Absorbance

0.4 -

0.0

200 400 600 800
Wavelength (nm)

Fig. 3. Electronic absorption spectra of complexes 1a, 2a, 3 and 4 in different solvents {1a, 2a in
acetonitrile, 3 in acetonitrile/water (1:1 v/v) and 4 in methanol}.

3.2. Infrared spectra

The IR spectra of complexes 1a, 2a, 3 and 4 were recorded in the region 4000-400 cm™
at room temperature. All Complexes exhibit characteristic broad envelope at 3246-3369 cm’™
attributed to vnmz) coordinated to Cu and Zn centers.'* %’ The sharp bands at 2854-2949 cm'l,
are due to v(cuy) vibrations of the cyclohexyl ring. For complex 1a a broad intense band at 1088

cm™ and a weak band at 940 cm™ are observed which reveals that the perchlorate ion is

10
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coordinated to the metal. The X-ray structure of 1a,' where perchlorates are coordinated to
metal center supports this observation. For complex 2a, a broad intense band appeared at 1150
cm™ attributed to triply degenerate asymmetric stretching mode of the Td perchlorate anion,
which clearly indicates that the perchlorate ion is not in the coordination sphere.'” ?* Apart
from this, a sharp band at 628 cm™, due to triply degenerate asymmetric bending mode of the
perchlorate anion is observed in 1a and 2a. Complexes 3 and 4 displayed aromatic vc—¢ bands
in the region 1588-1592 cm’! and V(p=0) bands in the region 1257-1265 cm'l, as well as vp.o)
bands in the region 1024- 907 cm™ due to BNPP moieties.
3.3. EPR studies

The solution EPR spectra of Cu(Il) complexes 1a and 3 were recorded with a magnetic
field strength of 2000-4500 G (Fig. 4 and 5). The EPR spectrum of complex 1a revealed an
isotropic behavior with a broad signal indicating that the Cu(Il) ion displays an octahedral

geometry with gi;, = 2.071. Whereas at LNT shows g = 2.15 with distorted octahedral geometry.

T T T T T T T T T T T T
2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500
Gauss Gauss

(a) (b)

Fig. 4. EPR spectrum of [Cu(dach),(ClOs);], 1a at (a) RT and (b) LNT, scan range = 2000—4500
G, microwave frequency = 9.40715 GHz, mod. amplitude = 5 G.

The EPR spectrum of complex 3 revealed two signals at room temperature with g =

2.404 and g, = 2.071 and at LNT g = 2.186, g1 = 2.06; A; = 180 G respectively indicating that

11
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the Cu(Il) ion is in severe distorted octahedral geometry. The obtained g; and g values are

comparable with literature reports.”=>

T T T T T T T T T T T T
2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500

Gauss Gauss

(a) (b)

Fig. 5. EPR spectrum of [Cu(dach),(BNPP),] 3 at (a) RT and (b) LNT, scan range = 2000—-4500
G, microwave frequency = 9.40689 GHz, mod. amplitude =5 G.
4. Binding and Cleavage Studies
4.1. Phosphodiester Binding studies by Electronic Absorption Spectroscopy

The binding affinity of phosphodiesters with complexes 1a and 2a was studied by
electronic absorption spectroscopy. Since diphenylphosphate (DPP) is stable towards hydrolysis,

it was chosen for binding studies. In the absence of DPP, complex 1a shows a d-d transition at

Amax= 546 nm (€ =92 M! cm'l) and 2a shows a ligand centered transition band at Ap,= 276 nm

(€ = 16.4 M cm™). To an acetonitrile solution of 1a were added aliquots of DPP through a

micro-litre syringe. After each addition, the solution was stirred for 1 minute and the visible
spectrum was recorded (Fig. 6a). The color of the solution changed from purple to light yellow

and the absorbance of A= 546 nm decreased after every addition. A new band with A= 660
nm (€ = 69.5 M cm™) was observed which is postulated to be a DPP bound Cu(Il) complex

with an isobestic point of Ayax = 630 nm.

12
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2.0+ 104
(a) (b) 5
1.5- o
. =Pure Cu(ll) complex 1a
~1a+DPP
: N\ Z ° :
8101 <
(=} i
2 \ < 4 ,
<< y = mx+c
0.5- o m = 0.909 K,= 23:0.06 M"
" i ¢ =39.52896
1 o r'= 0.98725
;0,42 ( | ; ' '
; ] ; . : A ; :
o an a0 0.00 0.05 0.10 0.15 0.20 0.25
Wavelength (nm) {1/[DPP}} mM™

Fig. 6. (a) Electronic absorption spectral changes for the stepwise addition of DPP (25-200 pL,
0.45 M) to [Cu(dach),(ClO4),] 1a (18 mM) in acetonitrile, (b) Linear plot for the calculation of
intrinsic binding constant, K.

Similarly, the binding affinity of DPP to complex 2a was studied in acetonitrile (Fig. 7a).

The color of the solution changed from colorless to light yellow, with an intense absorption band
at Amax = 265 nm (€ = 8.7x 10° M™' cm™). This could be due to LMCT of DPP bound Cu(Il) and

Zn(Il) complex. The indirect support for the formation of DPP complexes can be taken from
single crystal X-ray structures of analogous BNPP complexes, 3 and 4 respectively.

The binding constant K;, was calculated from the plot of A¢/(A¢-A) against 1/[DPP]
which yields a straight line with the ratio of the intercept to the slope equal to binding
constant.”'* Ag and A denote the absorbance at a particular wavelength in the absence and in the
presence of DPP, respectively. The binding constants for 1a—1d and 2a—2d were calculated and
provided in the Table 3. The results indicate that the binding strength of complex 2a is much
stronger than that of complexes 1a—1d and 2b-2d. The k, values of Cu(Il) complexes are
comparable with the related DPP (diphenyl phosphate) (267 M), phosphodimethylphosphate

(211 M™") and HPNP (2-(hydroxypropyl)-p-nitrophenylphosphate) (190 M™") Cu(Il) complexes.*

13
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0.020 4
(b) ,
0.016
@ 00124
2 _
@ <
£ 3 '
= 0.008
2 <
<< "
. y=mx+c
0.004 - . c=9.787E-4 Ki =1152¢0.78 M"
m= 8.498E-4
r = 99.746
T T T T T ¥ T ¥ 1 0.000 T T I T 1
200 250 300 350 400 0 4 8 12 16 20
Wavelength (nm) {1/[DPP]) mM™*

Fig. 7. (a) Electronic absorption spectral changes for the stepwise addition of DPP (10-100 pL,
0.0125 M) to [Zn(dach);](ClO4), 2a (0.25 mM) in acetonitrile. (b) Linear plot for the calculation
of intrinsic binding constant, K.

4.2. DNA Binding Studies by UV-Vis spectroscopy

The binding ability of the complexes 1a—1d and 2a—-2d with CT-DNA were studied by
UV-Vis spectrophotometer as it is one of the most widely used methods to investigate the
interactions of metal complexes with DNA. The absorption titrations for complexes were
performed with changing the concentration of DNA from 0-10 uM, by keeping the complex
concentration constant (5 mM). The absorption intensity was kept on decreased upon each
addition of the DNA incase of copper complexes 1a—1d. The absorption was kept on increased
upon each addition of the DNA incase of zinc complexes 2a—2d. The absorption spectra of
complexes 1b and 2d in the absence and presence of CT-DNA were shown in Fig. 8a and 9a.
The binding constants for complexes with DNA were calculated from the following equation.”

[DNA]/|es-e = [DNA]/|ep-ed+1/Kyp|ep-€]

14
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Where, [DNA] represents the concentration of the DNA, ¢,, &, and ¢&; correspond to extinction

coefficient of partially bound DNA to complex, the extinction coefficient of the free complex

and the extinction coefficient of the fully bound complex to the DNA.

1.0

0.8+

0.6

Absorbance

0.4

0.25=
400

Pure Cu(ll) complex 1b

500 600 700
Wavelength (nm)

400+

Kp=3.6x 10 M

M4

4 6 8 10
[DNA] mM

Fig. 8. (a) Absorption spectral titration of complex 1b (5 mM) with CT-DNA (0-10 uM) (b) The
plot of [DNA]/(e,-¢r) Vs [DNA].
The binding constant K;, was calculated from the plot of [DNA]/e,-e¢ against [DNA]

which yields a straight line with the ratio of the slope to the intercept equal to binding constant.

The binding constants of complexes 1a—1d and 2a—2d were calculated, which are comparable

with literature reports,

1336 and illustrated in the Table 3.

1.0+

0.8

0.6+

Absorbance

044//

2d+ DNA

0.2 -I
0- 0 T ¥ T T —
200 225 250 275 300
Wavelength (nm)

18~ b

15+

12+

[DNAJ/(s,-)

Kp=16x103 M

6 8 10 12
[DNA] mM

15



RSC Advances Page 16 of 38

Fig. 9. (a) Absorption spectral titration of complex 2d (5 mM) with CT-DNA (0-10 uM) (b) The
plot of [DNA]/(e,-¢r) Vs [DNA].

4.3. Circular Dichroism Study

i ~ 1a
6 - — .1d
o o————>1b

= Free DNA
2a

CD Signal

—— CT DNA
CT DNA +1a
CTDNA +1b
CT DNA +1c
CT DNA +1d
CT DNA + 2a

' I N I ' I ' I ' 1
220 240 260 280 300 320
Wavelength (nm)

Fig. 10. CD spectra of CT DNA and its interaction with 1a-d and 2a where [complex]/[CT
DNA] = 0.5. All spectra were recorded at room temperature in Tris/HCI buffer, pH 7.4.

The circular dichroism spectroscopy is a powerful method for investigation of the interaction
between small molecules and DNA.>"*7® It is also used for the determination of the secondary
structural changes of DNA after binding with small molecules. The CD spectrum of CT-DNA
demonstrates a positive band at 277 nm due to base stacking and a negative band at 245 nm due
to helicity which are very sensitive to the DNA interaction with metal complexes. Small
molecules interacts with DNA through groove binding/electrostatic interaction to exhibit a slight
or no perturbation on the base stacking and helicity bands of DNA, while intercalation increases

the intensities of both the bands as a result of right-hand B form of DNA. Complexes 1a-1d and

16
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2a are incubated with DNA at 1/R= [Complex]/[DNA] = 0.5 and the CD spectrum were recorded
at room temperature in Tris/HCI buffer, pH 7.4. The spectra showed small changes in both
positive and negative bands (Fig. 10) with slight decrease and increase in band intensities,
suggesting that the interactions of complexes 1a-1d and 2a interrupts the CT-DNA helicity.

These results are in support of minor groove binding as shown in literature reports®*-*** 13"

4.4. Viscosity measurements

1,14 ®—1a

A-1b

—v—1c

1d

—H—2a
2
k7]
Q
[&]
0

z 1,0 '\;; o ! v — v
=
ke
9]
v

0.9 T T T T r T ! T ' T

0 1 2 3 4 5

R

Fig. 11. Effect of the complexes 1a-d and 2a on the viscosity of CT DNA. Measurements were
done in 10 mM Tris/HCI buffer, pH 7.4 and at 37 °C with [CT DNA] = 50 uM; R =
[complex]/[CT DNA]; Relative viscosity (n/n,) is plotted against R.

Viscosity measurement is one of the critical tests to find the mode of binding of DNA with small

molecules in solution.’”**

When metal complexes/small molecules interact with DNA via
intercalation, the viscosity of DNA increases significantly.””® In order to allow a suitable
comparison to the aforementioned experiments, the viscosity of CT DNA solutions was
measured at physiological temperature (37 °C) with varying concentrations of 1a-d and 2a. The
relative viscosity of CT DNA doesn’t show any significant changes when increasing the complex

concentration, which means that the complexes do not bind with CT DNA by intercalation (Fig

17
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11). Combined with the binding constants of la-1d and 2a, the result of the viscosity

measurements implies that the complexes bind with CT DNA via groove binding or electrostatic

40
mode.

4.5. Cyclic Voltammetric studies

The redox properties of the copper complexes, 1a-1d were investigated at pH 7.4 by
cyclic voltammetry in Tris-HCI buffer with Tetrabutylammonium perchlorate as the supporting
electrolyte. As a representative example, CV of complex 1a is given in Fig. 12. It displays a
quasi-reversible one-step reduction peak Epc (cathodic potential) at -0.568 V due to Cu(I1)/Cu(I)
and one oxidation peak Ea (anodic potential) at -0.087 V due to Cu(I)/Cu(Il). The obtained redox
potentials are comparable with mononuclear Cu(Il) amine complexes, [CuL(ClO4);] and

[CuLCl,] where L= N, N'-Bis(benzimidazole-2-ylethyl)-ethane-1,2-diamine. *!

—— Complex 1a
1a + DNA
1.54 0087 0043
1.0
Q::f 0.5
€
g
3 0.0
-0.51
-0.56 -
-1.0 ; - . . 0'4? . T " T
-0.8 -0.6 -0.4 -0.2 0.0
Potential, V

Fig. 12. Cyclic voltammogram of [Cu(dach),(ClOy);] 1a (~1 mM) in Tris-HCI buffer at pH 7.4.
[BusNClO4]= 10 mM; Potentials are referenced vs. Ag/AgCl; scan rate: 50 mVs™.
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When redox active metal complexes interact with DNA, cyclic voltammetric technique gives
valuable information regarding binding afﬁnity.42’25’44&’47d The cyclic voltammograms of the
complexes la-1d in the absence and presence of CT-DNA exhibit considerable shifts in the
anodic and cathodic peak potentials, indicating the binding interaction existing with DNA
(Fig.12, Table 3).

The shift in the value of the formal potential (AE®) was used to estimate the ratio of equilibrium
binding constants Kr/Ko. Bard and Carter described the model of interaction using the following
equation.®’

AE° = E,° —E¢° — 0.059 log(Kr/Ko)

Where E° and Ef° are the initial potentials of the bound and free complexes, respectively, and
Kr and Ko are binding constants for reduction and oxidation forms to the CT-DNA. The Kyx/Kyeq
values are 1.17, 1.04, 1.02 and 1.06 for 1a, 1b, 1c and 1d, respectively. The results suggest that
all Cu(Il) complexes exhibit similar binding affinity with CT-DNA via groove

binding/electrostatic interaction.**

Table 3: Cyclic Voltammetric Data of the complexes 1a-1d.

Co Redox Ipc (A) x 107 Epc (V) Ein (V) AEp (V) Kox/
mp couple Free | Bound | Free | Bound | Free | Bound | Free | Bound | Kiyq
lex

la | Cu(I)/Cu() |43 |e6.1 -0.56 |-0.49 |-0323 |-0.266 |0.473 |0.447 | 1.17
1b | Cu(I)/Cu(l) | 0.72 | 1.4 -0.603 | -0.586 | -0.318 |-0.356 |0.568 | 0.459 | 1.04
lc | Cu(I)/Cu(I) | 0.6 |0.73 -0.584 | -0.574 | -0.335 | -0.32 0.496 | 0.505 | 1.02
1d | Cu(D)/Cu() | 0.8 | 1.5 -0.591 | -0.564 | -0.332 |-0.326 |0.517 | 0.476 | 1.06

4.6. DNA cleavage studies

DNA cleavage studies were carried out in the absence and presence of ascorbate as a
reducing agent. For the Cu(Il) containing compound la redox chemistry is expected to be
involved in the cleavage process. In the case of the Zn(II) complex 2a, ascorbate was also added

in some samples for the sake of comparison. To assess the DNA cleavage ability of the
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complexes supercoiled (sc) pPBR322 DNA (Form I) was incubated with varying concentrations of

1a and 2a in Tris-HCI buffer (50 mM) at pH 7.4 for 2 h in the presence and absence of ascorbate.

a + + + + - - - - ascorbate

linear
supercoiled

100
Bl
80

70
oa
50
40

Degraded DNA[%]

30
20
10

Lane

M Lincar Plasmid DNA M Nicked plasmid DNA

Fig. 13. (a) Cleavage activity of 1a monitored by 1% agarose gel electrophoresis. Every lane
contained 0.2 pg plasmid DNA in 50 mM Tris-HCI buffer (pH 7.4). Lane 1: 1 mM ascorbate and
reference DNA; lane 2-4: 1 mM ascorbate+ 1a (6.3, 12.5 & 25 uM, respectively); lane 5-7: 1a
(6.3, 12.5 & 25 uM, respectively); lane 8: reference DNA. (b) Percentage of degraded DNA.

At 3.1-12.5 uM concentration and in the presence of ascorbate, 2a caused DNA damage
(Fig. 14, lanes 2-4) in the same range as the ascorbate containing control (lane 1), thus indicating
that the Zn(II) complex 2a does not cleave DNA under the conditions applied. In the absence of

20
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ascorbate, 2a does not cause any significant DNA cleavage either (Fig. 14). Although phosphate

binding was observed (see X-ray structure and UV/Vis results above), the complex is not able to

cleave DNA.

(3]
a

nickea

Degraded DNA [%]
i
(o]

Lane

B Nicked plasmid DNA

Fig. 14. (a) Cleavage activity of 2a monitored by 1% agarose gel electrophoresis. Every lane
contained 0.2 pg plasmid DNA in 50 mM Tris-HCI buffer (pH 7.4). Lane 1: 1 mM ascorbate and
reference DNA; lane 2-4: 1 mM ascorbate+ 2a (3.1, 6.3 & 12.5 uM, respectively); lane 5-7: 2a
(3.1, 6.3 & 12.5 uM, respectively); lane 8: reference DNA. (b) Percentage of degraded DNA.

In contrast to complex 2a, cleavage activity of la in the presence of ascorbate was
observed (Fig. 13). At 6.3 uM and 12.5 uM concentration, cleavage by complex 1a yields 1%

and 3% of linear plasmid DNA (Form III), whereas at a higher concentration of 25 pM, la
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produced complete cleavage of the supercoiled DNA into 67% of Form II (open circular/nicked)
and 33% of Form III (linear). Above 25 uM of 1a, the supercoiled DNA was cleaved into small
fragments, which led to the disappearance of the bands (not shown). In the absence of ascorbate,
1a did not cause any significant DNA cleavage (lanes 5-7).

It has to be taken into account that complex 1a contains dach as a diasteromeric mixture
of trans- and cis-dach. In order to investigate if the stereochemistry of the dach ligand had any
influence on the cleavage activity of the chiral DNA molecule, (R,R)-trans-(1b), (S,S)-trans-(1c)
and cis-dach (1d) Cu(Il) complexes were applied for DNA cleavage. As expected they do not
show significant cleavage in the absence of ascorbate, whereas at low concentrations in the
presence of ascorbate, these complexes show only slightly higher activity. In the presence of
ascorbate and at 25 uM, complex 1b produces complete cleavage of the supercoiled DNA into
20% of Form II and 80% of Form III. 1¢ produces 42% of Form II and 58% of Form III, whereas

the cleavage by 1d yields 49% of Form II and 51% of Form III. All results are summarized in

Table 4.
Table 4
Binding and DNA cleavage studies of the complexes 1a-1d and 2a-2d

S. Complex® DPP DNA DNA cleavage

No (kyM") (kyM')  Conc.uM  FormIl Form IIl
1 [Cu(cis/trans-dach),(Cl04),]1a 23 4.5x10° 25 67% 33%
2 [Cu((R,R)-trans-dach)»(C10y),] 1b 28 3.6 % 10° 25 20% 80%
3 [Cu((S,S)-trans-dach)»(C10,),] 1¢ 296  42x10* 25 42% 58%
4 [Cu(cis-dach)»(Cl0y),] 1d 61.7  1.6x10* 25 49% 51%
5 [Zn(cis/trans-dach),(ClO,),] 2a 1150 0.9 x 10° ; ; -
6 [Zn((R,R)-trans-dach),(C10y),] 2b 186 2.7 x 10* - - -
7 [Zn((S,S)-trans-dach),(Cl0y),] 2¢ 376 2.4x10° - . -
8 [Zn(cis-dach)»(C10,),] 2d 339 1.6x10° . . -

“cis/trans-dach=cis/trans-1,2-diaminocyclohexane,(R,R)-trans-dach=(R,R)-trans-1,2-diaminocyclo-hexane,
(S,S)-trans-dach= (S,S)-trans-1,2-diaminocyclohexane, cis-dach= cis-1,2-diaminocyclohexane.
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In comparison to established Cu(Il) based DNA cleaving agents, however, 1b represents
a very efficient DNA cleaver. A dach tryptophan Cu(Il) complex reported before required a ten-
fold concentration of metal complex to achieve comparable results in the presence of

17,44,45
ascorbate.!”**

Recently N. Kulak, et.al reported that Cu(Il) complexes of hetero substituted
cyclen ligand at 80 uM shows CT DNA cleavage up to 90% to that of only Form IL"" The
significant increase of activity for 1b, (R, R)-trans-dach Cu(Il) complex) might be due to
convenient interactions of this enantiomer with plasmid DNA indicating enantio selectivity for

the cleavage process. In the absence of ligand, DNA cleavage activity of simple copper(Il) salt,

Cu(Cl0O4),.6H,0 shows only 15% of form III under identical conditions.

4.7. Quenching studies.

In order to characterize the reactive oxygen species responsible for the DNA cleavage of
1a, different scavengers were used; tert-butanol and DMSO for hydroxyl radicals, sodium azide
(NaN3) for singlet oxygen, catalase for hydrogen peroxide, superoxide dismutase for superoxide
(Fig. 15).

The strongest quenching effect for the DNA cleavage when compared to the undisturbed
sample (lane 2) was observed in the presence of catalase (lane 6). From this it can be concluded
that hydrogen peroxide might be the reactive species responsible for DNA cleavage.28b’46’47
DMSO shows a weak quenching effect, whereas a very weak quenching effect was apparent in
the presence of tert-butanol and sodium azide. As a result, the involvement of hydroxyl radicals
and singlet oxygen as reactive species cannot be excluded. According to Sigman et al. H,O, can

be generated by reaction of Cu(I) with O,. Cu(]) itself is generated by reacting with a reducing

agent, here ascorbate.*®
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d + + + + + + + - ascorbate

Supercoiled DNA

H Linear Plasmid DNA

Degraded DNA [%]
wul
o

B Nicked plasmid DNA

Lane

Fig. 15. (a) Quenching effects of DNA cleavage by 1a monitored by 1% agarose gel
electrophoresis. Every lane contained 0.2 pg plasmid DNA. Lane 1-7 contained 1 mM ascorbate
and 0.25x PBS in 50 mM Tris-HCI buffer (pH 7.4). Lane 2-7 contained 25 uM of 1a. Lane 1:
reference DNA (negative control); lane 2: reference (positive control); lane 3: 200 mM tert-
BuOH; lane 4: 200 mM DMSO, lane 5: 10 mM NaN3; lane 6: 2.5 mg/mL catalase; lane 7: 5 units
of superoxide dismutase; lane 8: reference DNA. (b) Percentage of degraded DNA.

Similarly, the activity of complexes 1b—1d was quenched by hydrogen-peroxide
scavenging catalase. All other scavengers did not cause significant quenching effects of the DNA

cleavage (except for tert-BuOH in the case of 1¢, for which there is no plausible explanation).
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5. Conclusions

In conclusion, we have synthesized mononuclear complexes [Cu(dach),(ClO4),] 1a and
[Zn(dach),](ClO4), 2a with simple 1,2-diaminocyclohexane (cis/trans-dach) ligands incliding
stereo isomeric compounds with (R,R)-trans (1b, 2b), (S,S)-trans (1c, 2¢) and cis-dach (1d, 2d).
The complexes were thoroughly characterized by routine spectroscopic and single crystal XRD
techniques. The intrinsic binding constant values indicate that 2a binds more avidly to
phosphodiesters such as BNPP and DPP than 1a-1d and 2b-2d. CD spectral studies implies that
all complexes involved in groove binding with CT-DNA. Viscosity measurements suggest that
increasing complex concentration does not show any significant influence on the viscosity of
DNA. Cyclic voltammetric analyses reveal similar binding affinity of 1a-d with CT-DNA. All
these studies support for groove binding/electrostatic interaction with CT-DNA. The oxidative
DNA cleavage by complexes 1a-1d and 2a-2d with pBR322 DNA was evaluated by agarose gel
electrophoresis; noticeably, the complex 1b exhibits effective DNA cleavage at 25 uM very
efficiently up to 80% linear form. Our results suggest that complex 1b is effective DNA cleaver
compared to many mononuclear Cu(Il) complexes with N-donor ligands which act as DNA

cleaving agents at higher concentration.'’® "¢

The present study also supports for efficient
binding affinity of zinc complexes 2a-2d towards phosphodiesters.
6. Experimental Section
6.1. Materials

Cu(Il) and Zn(II) salts and other chemicals were commercially available (Aldrich and
Fluka) in high purity. Plasmid DNA pBR322 was purchased from Carl Roth GmbH. CT-DNA

was purchased from Aldrich. All reagent grade compounds were used without further

purification. Solvents were dried and distilled by standard procedures.*’
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6.2 Physical measurements

C, H, N analysis was performed on a Thermo Scientific FLASH 2000 Organic Elemental
Analyzer. Electronic absorption spectra were recorded on an UV-2450 Model instrument and
FT-IR spectra with KBr disks on a Shimadzu IR-470 spectrophotometer. NMR spectra were
recorded on a Bruker Avance-400 spectrometer. EPR spectra were obtained from a Varian E-112
X-band spectrophotometer. The CD spectra were measured with J-815 Cercular Dicroism
Spectrophotometer. The Viscosity measurements were carriedout with Ubbelohde Viscometer.
Electrochemical measurements were performed on Autolab type (PGSTAT 302N)
electrochemical analyzer. A cell equipped with a glassy carbon working electrode, a Pt-wire
auxiliary electrode and Ag/AgCl reference electrode. The complex solution was deoxygenated
by bubbling of high purity nitrogen. For the characterization of the synthesized compounds, mass
spectral data were measured with the device Agilent 6210 (ESI-TOF, 4 kV), from Agilent
Technologies.
6.3. DNA Binding Studies

Binding experiments were carried out by using UV-Vis spectrophotometer. All the
compounds were dissolved in the 10 mM Tri-HCI buffer (7.4 pH) and the concentration of the
DNA was determined from the UV absorption intensity at 260 nm with € = 6600 M'cm™.>° The
DNA solution in Tris-HCI buffer gave a ratio at 260 and 280 nm of about 1.8-1.9 which is
indicating that the CT-DNA was sufficiently free of protein. In this study, the DNA
concentration was increasing from 0-10 uM and complex concentration was kept constant.

6.4. Circular Dichroism Studies

26
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The CD spectra were measured with a continuous flow of nitrogen purging the
polarimeter at room temperature with 1 cm pathway cells. The CD spectra were run from 320 to
220 nm at 100 nm/min and the buffer background was subtracted automatically. Data were
recorded at 0.1 nm intervals. The CD spectrum of CT-DNA (100 uM) alone was recorded as the
control experiment. 50 pM of complexes (1la-1d and 2a-2d) concentration was used used for
recording the CD spectra.

6.5. Viscosity measurements

The viscosity of CT DNA solutions was measured at 37 + 0.1 °C using an Ubbelohde
viscometer. In order to detect the viscosity of the solution, 15 mL of 10 mM Tris/HCI buffered
solution and of 50 uM CT DNA was taken to the viscometer and a flow time reading was
obtained. An appropriate amount of one of the complexes la-1d or 2a was added to the
viscometer to give a certain ratio value while keeping the CT DNA concentration constant, and
the flow time was read. The flow times of samples were measured after the achievement of
thermal equilibrium (30 min). Each point measured was the average of five readings. The
obtained data were presented as relative viscosity n/n, versus R, where 1 is the reduced specific
viscosity of DNA in the presence of a complex and 1, is the reduced specific viscosity of CT
DNA alone.

6.6. Cyclic voltammetry

Electro chemical measurements were performed in a single compartmental cell. A cell
equipped with a glassy carbon working electrode, a Pt-wire auxiliary electrode and Ag/AgCl
reference electrode. The complex solution was deoxygenated by bubbling of high purity

nitrogen. All the measurements were carried out in Tris-HCI buffer with Tetrabutyl ammonium
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perchlorate as a supporting electrolyte at 25 °C. The Nernst equation was used to calculate the
ratio of equilibrium constants for the binding of Cu(I) and Cu(II) ions to DNA.*®
Ep° —Ef° — 0.059 log(Kr/Kop)

Where E,° and E° are the initial potentials of the bound and free complexes, respectively, and
Kr and K are binding constants for reduction and oxidation forms to the CT-DNA.
6.7. DNA cleavage experiments

The DNA cleavage experiments of the complexes 1a-1d and 2a-2d were performed with
0.2 ug DNA. Incubation of the samples were performed in 50 mM Tris-HCI buffer (pH 7.4) at
37 °C for 2 h. After incubation, DNA samples were run on horizontal agarose gels (1%)
containing ethidium bromide (2 pg/mL) in 0.5x TBE buffer for 2 h at 40 V. Quantization of
closed circular, nicked, and linear DNA was made via analysis of ethidium bromide containing
agarose gels by fluorescence imaging on a Bio-Rad Gel Doc EZ Imager. Data analysis was
performed with Image Lab 3.0 software. DNA was incubated at the same conditions as described
above in the presence of either 200 mM terz-butanol, 200 mM DMSO, 10 mM NaNjs, 2.5 mg/mL
catalase (from bovine liver, 2-5 units/uL) or 5 units/uL of superoxide dismutase. Addition of 2X
phosphate buffered saline (PBS) to all samples (except for the reference) was necessary because
catalase had to be pre-incubated at 37 °C in 1X PBS for 30 min. The resulting PBS concentration
in every incubation mixture amounts 0.25X altogether.
Cleavage experiments were conducted three times. In the bar diagrams the average of three
experiments is given, whereas the respective gel shown is one representative gel out of three.
6.8. Electronic absorption titration with DNA models

Absorption spectra were recorded on a UV-Vis spectrophotometer using 1 cm quartz

cuvettes. Absorption titrations were performed by keeping the concentration of the complex
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constant and by varying the concentration of DPP. While measuring the spectra, an equal amount
of DPP was added to the metal complex. The binding constant (K;,) for the binding of the
complex with DPP, was determined from the spectroscopic titration data using the Benesi-
Hildebrand equation, through plot of A¢/(A¢-A) against 1/[DPP] which yields a straight line with
the ratio of the intercept to the slope gave the value of the binding constant,”*** where A and A
denote the absorbance at a particular wavelength in the absence and in the presence of DPP,
respectively.

6.9. X-Ray crystallography

X-Ray crystallographic studies were carried out on an X calibur Oxford Diffraction Ltd.
with Mo-Kao radiation (A = 0.71073 A). Structure solution and refinement were performed with
SHELX-97.>> All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
generated according to stereochemistry and refined using riding model in SHELX-97. X-ray
crystal data were collected on Crystallographic data collection and refinement parameters are
shown in Table 2.

6.10. Synthesis of metal complexes

Safety Note: Caution! Metal complexes of perchlorate salts are potentially explosive and should
be handled with care.

6.10.1. Synthesis of [Cu(dach),(ClOy),] (1a)

To a solution of copper perchlorate hexahydrate (0.97 g, 2.62 mmol) in methanol (3 mL)
was added the solution of the ligand dach (cis/trans mixture) (0.6 g, 5.25 mmol) in the same
solvent (3 mL). A purple color precipitate that formed was stirred for 2 h, filtered and dried in
vacuo to yield 1a (1.37 g, 87%). X-ray quality crystals were obtained by slow evaporation of

solution of the complex 1a, in acetonitrile. The unit cell parameters of this crystal matches with
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that of reported one (19 a). Anal.Calcd. for C;,HpsCl,CuN4Og (490.82): C, 29.35; H, 5.75; N,
11.42. Found: C, 29.42; H, 5.70; N, 11.37%. UV-Vis (CH3;CN); Amax, 546 nm (g = 92 M cm™).
FT-IR (KBr, cm™): 3323, 3267, (vn.n, stretching); 2932, (ve., stretching); 1080 (bs), v(C10y).
ESI-MS: [Cu(dach),Cl04]" m/z = 390.1207, calcd = 390.1095; [Cu(dach)ClO,]" m/z = 275.9960,
caled = 275.9938.

6.10.2. Synthesis of copper complexes (1b-1d)

Complexes 1b-1d were synthesized by following the above procedure by using
copper perchlorate hexahydrate and appropriate enatio-pure-1,2-diaminocyclohexane to obtain
1b (81%), 1¢ (77%) and 1d (93%) yields. UV, IR, Elemental analysis and ESI-MS values of all
complexes are matching with complex 1a.

6.10.3. Synthesis of [Zn(dach),](ClOy); (2a)

To a solution of zinc perchlorate hexahydrate (0.3 g, 0.8 mmol) in methanol (3 mL), was
added the solution of the ligand dach (cis/trans mixture) (0.184 g, 1.6 mmol) in the same solvent
(3 mL). A white precipitate that formed was stirred for 2 h, filtered and dried in vacuo to yield 2a
(0.433 g, 88%). X-ray quality crystals were obtained by slow evaporation of solution of the
complex 2a, in methanol. Anal.Calcd. for C;,H,3C1,ZnN4Og (492.66): C, 29.95; H, 5.32; N,
11.47. Found: C, 29.90; H, 5.42; N, 11.52%. "H NMR (8, DMSO-dg, 400 MHz, 298 K): 2.09 (m,
2H), 1.19 (m, 4H), 1.92(m, 4H, NH,), 1.66 (m, 4H); *C NMR (5, DMSO-ds, 400 MHz): 24, 28,
60 (C-NH,) ppm. UV-Vis (CH3;CN; Amay, 276 nm (¢ =16.4, M cm™). FT-IR (KBr, cm™): 3363
(VNnp, stretching); 1010 (bs), v(ClO4, symmetric stretching); 1150 (s), v(ClO4, Asymmetric
stretching); 635 (s), v(ClO4, Asymmetric bending); 460 (s), v(ClO4, Asymmetric bending). ESI-
MS: [Zn(dach),C104] 'm/z = 391.1137, caled = 391.1091; [Zn(dach)ClO4] m/z = 276.9960, calcd

=276.9934.
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6.10.4. Synthesis of Zinc complexes (2b-2d)

Complexes 2b-2d were synthesized by following the above procedure by using zinc
perchlorate hexahydrate and appropriate enatio-pure-1,2-diaminocyclohexane to obtain 2b
(83%), 2¢ (80%) and 2d (91%) yields. UV, IR, Elemental analysis and ESI-MS values of all
complexes are matching with complex 2a.

6.10.5. Synthesis of [Cu(dach),(BNPP),] (3)

To a solution of copper complex 1a (0.05 g, 1.02 mmol) in acetonitrile (3 mL) was added
the solution of the ligand BNPP (0.073 g, 2.04 mmol) in the same solvent (3 mL). A white
precipitate that formed was stirred for 7 h at 50 °C, filtered and dried in vacuo to yield 3 (0.072
g, 63%). X-ray quality crystals were obtained by slow evaporation of solution of the complex 3,
in acetonitrile:water (1:1 ratio). Anal.Calcd. for C36H44CuP,;NgO16(970.28): C, 44.56; H, 4.57; N,
11.55. Found: C, 44.60; H, 4.52; N, 11.54%. UV-Vis (CH3CN; Amax, 548 nm (¢ = 58.2, M ecm™).
FT-IR (KBr, cm™): 3363 (vap, stretching); 1257 (vpo, stretching); 907 (vp.o, stretching); 1107-
1222 (vc.o, stretching).

6.10.6. Synthesis of [Zn(dach)(BNPP),] (4)

To a solution of zinc complex 2a (0.1 g, 0.2 mmol) in H;CCN/H,O (1:1 v/v), was added
the solution of BNPP (0.197 g, 0.4 mmol) in the same solvent. A white precipitate that formed
was stirred for 7 h at 50 °C, filtered and dried in vacuo to yield 4 (0.1 g, 51%). X-ray quality
crystals were obtained by slow evaporation of solution of the complex 4, in H;CCN/H,O (1:1
v/v). Anal.Calcd. for C36H44ZnP,;NgO16 (972.12): C, 44.48; H, 4.56; N, 11.52. Found: C, 44.51;
H, 4.59; N, 11.55%. "H NMR (8, DMSO-ds, 400 MHz, 298 K): 8.1-7.4 (m, aromatic C-H), 2.09
(m, 2H ), 1.19 (m, 4H), 1.66(m, 4H, NH,); >C NMR (8, DMSO-ds, 400 MHz): 24, 30, 62 (C-

NH,) ppm. UV-Vis (CH3CN; Amax, 285 nm (g = 40.6x10° M ¢cm™). FT-IR (KBr, cm™): 3363
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(VN-m, stretching); 1511 (vnog, bending); 3246 (ve—c.p, stretching); 1591 (ve=c, stretching); 1283

(VN0O2)- 1265 (Vp=0, stretching); 910 (vp.o, stretching); 1109-1219 (vc.o, stretching).
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Graphical Synopsis

Mononuclear Copper(Il) and Zinc(Il) complexes with simple bidentate ligand (1,2-
diaminocylohexane) were synthesized and characterized. They show binding affinity towards
phosphodiesters (DPP, BNPP) and CT- DNA. Cu(Il) complex with ascorbate as reductant
efficiently cleaves supercoiled DNA up to Form III at 25 uM under oxidative pathway.
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