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A new oxamato-bridged Ni''Cu""Ni"' species, [Ni(iprtacn)]>[Cu(pba)(H,0)o.s](BPhs)> (1),
(iprtacn = 1,4,7-triisopropyl-1,4,7-triazacyclononane; pba = 1,3-propylenebis(oxamato)) has
been synthesized and structurally as well as magnetically characterized. Complex 1 has a
discrete trinuclear Ni'"Cu!'Ni'! structure: Two nickel(II) ions are bridged by [Cu(pba)]*~ with
the macrocyclic ligand iprtacn a terminal ligand of nickel(Il). Fitting the magnetic data of 1 led
t0 gcu=2.16, gni=2.18, J=—112.5cm™!, D==+7.78cm™". The irregular spin state structure
and interaction of complex Iwith DNA are described here.

Keywords: Heterotrinuclear Ni''Cu™Ni'! complex; Magnetic properties; Irregular spin state;
Interaction with DNA

1. Introduction

Molecular magnetism has had rapid development in the last few years [1-3]. One of the
main challenges is the design of molecular ferromagnets; several approaches have been
proposed [4-6]. Particular emphasis has been placed on heterobimetallic complexes, and
much of this research has been directed toward transition metal clusters [7-11].
High-spin multiplicity in a polymetallic entity could be stabilized without imposing
ferromagnetic interactions between the nearest magnetic centers [12—16]. To achieve
this, two high local spins are aligned in the same direction due to antiferromagnetic
interactions with a small spin located between them. The small central spin polarizes the
two high terminal spins in a ferromagnetic-like fashion. In a linear trinuclear system
ABA, when the A-B interaction is antiferromagnetic, the ground state does not
have the lowest spin if 2S5>Sg+ 1/2, which is the so called irregular spin state.
This may lead to magnetic behavior with a minimum in the xu7 versus T plot.
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Below the minimum, the compound exhibits ferromagnetic-like behavior. Irregular spin
state has been achieved, for instance, in some Ni''Cu""Ni'' [12-16], Co"Cu''Co" [17],
Mn"Cu"Mn" [12-16, 18], and FeNi"Fe"" species [19]. To obtain the desired
topology, chemists have to design and synthesize a species with a special molecular
topology. In this paper, we reported the synthesis, magnetic and spectroscopic
properties of a new oxamato-bridged Ni'"Cu'"Ni"" species, [Ni(iprtacn)],
[Cu(pba)(H>0) 5](BPhy), (1). Interaction with DNA is also discussed here.

2. Experimental

2.1. General remarks

All the starting chemicals and solvents were of reagent grade and used as received
without further purification. The copper(II) precursors Na,[Cu(pba)]- 6H,O [20], and
macrocyclic ligand iprtacn [21], were prepared according to published procedures.
Elemental analyses for C, H and N were carried out on a Model 240 Perkin—Elmer
instrument. IR spectra were measured using KBr disks in a Bruker Tensor 27 FT-IR
spectrophotometer in the 400-4000 cm ™' region. Electronic spectra were measured with
a Jasci V-570 UV-Vis spectrophotometer in the 200-2000nm region in aqueous
solution. Variable-temperature magnetic susceptibility measurements were performed
on a SQUID MPMS XL-7 magnetometer in an applied magnetic field of 1 KG.
The experimental susceptibilities were corrected for diamagnetism of the constituent
atoms (Pascal’s tables) [22].

2.2. Synthesis

The species iprtacnNiCl, was synthesized acoording to the literature [10]. 0.0578 g
(0.15mmol) of Ni(iPrtacn)Cl, was dissolved in 20mL of methanol, then 0.0326¢g
(0.075mmol) of Na,[Cu(pba)]-6H,O was added as solid to the nickel solution and
stirred; after all the solid was dissolved, 0.0648 mg (0.15 mmol) of NaBPh, dissolved in
20mL of methanol was added to the previous solution dropwise. A blue precipitate
appeared, which was filtered, washed with methanol and dried under vacuum. Single
crystals were obtained by slow evaporation of an acetone solution of the powder
containing a small amount of CH3;CN. Yield of crystals 70%. Anal. Calcd for
Cg3H1]3B2CUN8 Ni206_5: C, 6526, H, 718, N, 7.38. Found: C, 6518, H, 745,
N, 7.33%. Main IR bands (KBr, cm™'): 3500-3200s (br), 3054s, 2979s, 1633vs, 1450s,
1397m, 1319m, 1230m, 1144s, 1063m, 961m, 735s, 705vs, 611m.

2.3. Crystal structure determination and refinement

A suitable crystal with dimension of 0.14 x 0.12 x 0.08 mm® for the complex was
selected and mounted on a Bruker Smart 1000 diffractometer with graphite
monochromated Mo-Ka radiation (A =0.71070 A) at 293(2) K. Diffraction data were
collected using w — 26 scans at room temperature. LP correction was applied to the
data. The structure was solved by direct methods using SHELXS-97 and refinement
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Table 1. Crystal data and structure refinement for the complex.

Empirical formula

Csg3H 13B,CuNgNi>Og 5

Formula weight 1553.42
Temperature (K) 293(2)
Wavelength (A) 0.71070

Crystal system, Space group
Unit cell dimensions (A, °)

Monoclinic, P2(1)/n

a 9.9140(19)

b 33.009(6)

¢ 14.156(3)

o 90

B 95.178(6)

y . 90
Volume (A7) 4613.8(15)
Z, Calculated density (Mgm ™) 4, 1.118
Absorption coefficient (mm~') 0.683
F(000) 1652
Crystal size (mm?) 0.14 x 0.12 x 0.08
6 range for data collection (°) 1.57 to 25.00
Limiting indices —11<h<ll, —=39<k <39,

—-l6<i/<16

Reflections collected/unique 34581/8113
R(int) 0.0430
Max. and min. transmission 0.960 and 0.847
Data/restraints/parameters 8113/90/543

Goodness-of-fit on F> 1.114

Final R indices [/>26([)] R, =0.0767, wR,=0.2379
R indices (all data) i R, =0.0881, wR, =0.2502
Largest diff. peak and hole (e A™%) 0.858 and —0.392

on F* was performed using SHELXL-97 by full-matrix least-squares procedure with
anisotropic thermal parameters for all non-hydrogen atoms [23]. Hydrogen atoms were
added theoretically and refined with riding model position parameters and isotropically
refined. The crystal data and refinement details are summarized in table 1.

3. Results and discussion

3.1. IR and electronic spectra

IR spectra of 1 exhibit a broad medium band at ca 3100-3500cm ™', which may be
assigned to the N-H group in iprtacn together with O—H group stretching mode
absorption in H,O molecules. The broad strong band between 1585 and 1634 cm ™' may
be attributed to the v._, vibrations of the oxamato group [24]. Additionally, abundant
absorption peaks in the region 700-740 cm ™' strongly argues in favor of the presence of
phenyl. The electronic absorption spectra of 1 were measured in aqueous solution.
Complex 1 exhibits a very intense band at 268 nm, assignable to charge-transfer
transitions in the Cu(II) chromophores and/or intraligand 7—z* interactions. Moreover,
in the visible region, complex 1 exhibits three broad bands: 621 nm
(e=110.7M 'em™"), 850nm (¢=16.5M 'cm™'), and 1187nm (¢=30.7M 'em™).
The band at 621 nm can be attributed to the envelope of two spin allowed d-d
transitions: “B,(Cu) — “B;(Cu) and 3A2g(Ni) — 3T1g(Ni). The band at 850 nm is due to
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Figure 1. (a) The drawing of iprtacn. (b) Thermal ellipsoid diagram of [Ni(iprtacn)],[Cu(pba) - 0.5H,0**.

3A2g(Ni)—>3T2g(Ni) transition of Ni(II), assuming an O, site symmetry for Ni(II).
While the band at 1187 nm is attributable to the transition of 3A2g(Ni) — lEg(Ni), which
is activated by an exchange mechanism [25, 26].

3.2. Description of the structure

A drawing of ligand and perspective view of the title complex is shown in figure 1 and
selected bond lengths and angles are listed in table 2. The complex, crystallized as
[Ni(iprtacn)],[Cu(pba)(H,0),.s](BPhy),, belongs to the monoclinic system. Two Ni(II)
atoms are bridged by [Cu(pba)]*~ iprtacn is a terminal ligand of Ni(II). The BPh, are
counterions. The group [Cu(pba)(H,0) 5] is disordered, and the occupying probability
of the water molecular is 50% coordinating to the Cul atom. The disorder on the group
[Cu(pba)(H,0)p5] was modelled simply by refining and subsequently fixing the
occupancy of the atoms. This atom had to be included in the refinement isotropically
due to strong correlations between S.O.F. and displacement parameters. The Cul(II)
atom displays a slightly distorted square-pyramidal geometry, with the N(4), N(95),
0(3), O(4) forming the basal plane and has an average distance of 2.151 A to the Cul
atom; O(5) occupies the axial position with a slightly longer distance of 2.356 A.
The deviation of Cul atom from the basal plane is 0.864 A. Ni is five-coordinate,
which is unique in Ni'"Cu'™Ni" system. Both terminal Ni(II) atoms are in a distorted
square-pyramidal geometry. Their basal planes are formed by two nitrogen atoms
(N(2), N(3)) from iprtacn and two oxygen atoms (O(1), O(2)) from the oxamato ligand.
The axial position is provided by the other nitrogen atom (N(1)) from the iprtacn ligand
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Table 2. Selected bond lengths (/DX) and angles (°) for the complex.

Ni(1)-0(2) 2.009(3) 0O(4)—Cu(1) 2.168(7)
Ni(1)-N(1) 2.049(4) N(4)-Cu(1) 2.108(9)
Ni(1)-0(1) 2.051(3) N(5)-Cu(1) 2.255(9)
Ni(1)-N(2) 2.087(3) 0(5)-Cu(l) 2.36(3)
0(3)-Cu(1) 2.071(8)
O(2)-Ni(1)-N(1) 115.85(14) C(42)-N(5)-Cu(1) 98.9(5)
O(2)-Ni(1)-0(1) 82.00(12) C(46)-N(5)-Cu(1) 101.5(5)
N(1)-Ni(1)-0(1) 96.31(13) 0(3)-Cu(1)-N(4) 79.6(3)
O(2)-Ni(1)-N(3) 155.69(14) 0(3)-Cu(1)-O(4) 84.8(3)
N(1)-Ni(1)-N(3) 88.46(13) N(4)-Cu(1)-0(4) 132.2(2)
O(1)-Ni(1)-N(3) 96.28(14) 0(3)-Cu(1)-N(5) 132.6(2)
0(2)-Ni(1)-N(2) 94.31(13) N(4)-Cu(1)-N(5) 82.8(3)
N(1)-Ni(1)-N(2) 87.57(14) O(4)-Cu(1)-N(5) 75.4(3)
O(1)-Ni(1)-N(2) 175.52(13) 0(3)-Cu(1)-0(5) 102.5(8)
N3)-Ni(1)-N(2) 86.03(15) N(4)-Cu(1)-0(5) 119.8(8)
C(40)-N(4)-Cu(1) 100.0(6) 0(4)-Cu(1)-0(5) 107.6(8)
C(44)-N(4)-Cu(1) 109.3(5) N(5)-Cu(1)-O(5) 124.3(8)
0 50 100 150 200 250 300 325
08 1 M 1 " 1 " L. 1 " 1 " 1

%y (em® mol™)

0.0

0 & . % L T
0 50 100 150 200 250 300
T(K)

Figure 2. Experimental and calculated variations of xy (<) and ymT (o) vs. T for complex 1.

which adopts the fac conformation for the two Ni(II) ions. The Ni(1)-Cu(1)-Ni(1A)
angle is 169.24°, and intramolecular separations between metal ions are
Cu(1)---Ni(1)=5.240 A and Cu(1)---Ni(1A)=5.234 A, respectively, compatible with
that of {[Ni(H,O)(dpt)],[-Cu(H,0)(opba)]}(ClO,), - H,O (Ni(1)-Cu(1)-Ni(2): 165.96°,
Ni(1)-Cu(1): 5.347 A, Cu(1)-Ni(2): 5.327 A) [16].

3.3. Magnetic properties

The magnetic susceptibility of 1 was measured in the temperature range 2-300K on a
SQUID MPMS XL-7 magnetometer. The xn and xy7 versus T plots are shown in
figure 2. The room temperature value for 7 (2.54 cm® mol ! K) is slightly higher than
expected for spin only (ym7'=2.38cm’mol ' K). Upon cooling, the yxmT value
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decreases smoothly reaching a minimum at ca 90K (xn 7 =2.04cm® mol~' K). Below
90K, the yxmT increases smoothly upon cooling further reaching a maximum with
xmT=2.16cm> mol~' K at 28 K. After this maximum, the xy; 7 value decreases slightly,
with yy7T'=1.36cm’mol ' K at 2 K. The spin-state is irregular, that is, the energy of
the low-lying states does not vary monotonically with spin. In the case in which the
interaction between Ni(II) and Cu(II) is antiferromagnetic, the ground state is a quartet,
above which there are two doublets, another quartet, and one sextuplet. Such magnetic
behavior at low temperature may be attributed to the zero-field splitting within the
quartet ground state. To simulate the experimental magnetic behavior, we used the
following spin Hamiltonian that includes the ZFS parameter D of the ground state,
where the ZFS is assumed to be axial for simplicity.

N ~ ~ ~ ~ ~ 1
H = —J(Sni1 - Scu + Snila - Scu) + D|:Szz - gS(S-i- 1)}

+ Bleni(Snit + Snita) + geuScul H

The expression of the parallel and perpendicular magnetic susceptibility deduced from
the Hamiltonian has already been shown described [13—15]. The increased yn T values
at low temperatures can be due to weak ferromagnetic coupling between the trinuclear
entities associated with structural parameters. Fitting the experimental data to the
expression leads to the parameters gc,=2.16, gni=2.18, J=-112.5 cm™ !,
D=+7.78cm™', the agreement factor R [R= > (Xobs — XCalcd)z/Z(XObs)z] =
2.74x107°. The magnetic properties are very similar with the complex
{[Ni(cth)],[u-Cu(Me,pba)]}(ClOy,), (gcu=2.10, gni=2.13, J=-99.4cm™ ",
D=483cm™") [14].

3.4. Spectroscopic discussion on DNA interaction

In order to investigate whether DNA was the biological target of the compound, its
interactions with Calf-thymus DNA (CT-DNA) were determined by UV-Vis and
Fluorescence spectroscopy. The binding of copper ions to DNA is well established as is
their ability to cleave DNA, particularly when Cu(Il) ions are complexed with certain
metal ion chelators. The concentration of CT-DNA per base was determined by
recording the UV-Vis absorption at 260 nm using the molar absorption coefficient of
6600 M~ cm™'. The UV-Vis absorbances at 260 and 280 nm of the CT-DNA solution
in Tris-Na,EDTA buffer gives a ratio of 1.87, indicating that the DNA was sufficiently
free of protein. The concentration of the compound was 4.0 x 107> M. The fluorescence
spectra were recorded at room temperature with excitation wavelength at 526 nm.
The experiment was carried out by titrating the compound (4.0 x 107> M) into samples
containing 1 x 107*M DNA and 2.5x 107°M EB. The absorption spectra of the
compound in the absence and presence of CT-DNA at various concentrations are given
in figure 3. Free iprtacn does not have absorption in the ultraviolet region because of
the high energy gap between LUMO and HOMO. However, nickel binding lowered the
gap causing the transition at 257 nm. All bands showed hypochromism with increasing
ratio of [DNA]/[compound], the LMCT band decreased about 40.5% in intensity when
the ratio increased from 0.0 to 0.6. The DNA—-EB system was used to further probe the
DNA binding of the compound. Ethidium bromide (EB) is an intercalator that gives a
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Figure 3. UV-Vis absorption spectra of the compound in 1:3 mixed solution of DMSO and Buffer
(buffer=10mM tris, ImM Na,EDTA, pH 7.50) with increasing concentration of CT-DNA.
The concentration of the compound is 4.0 x 107> M, r=[CT-DNA]/[compound] =0, 0.1,0.2,0.3,0.4, 0.5, 0.6.

Intensity (a.u.)

500 550 600 650 700 750
Wavelength (nm)

Figure 4. Fluorescence emission spectra (excited at 526 nm) of the EB-CTDNA system (2.5 x 107°M EB,
1 x 107*M DNA) in the absence (dotted line) and presence (solid line) of 1 (4.0 x 107> M, 2 uL per scan).

significant increase in fluorescence emission when bound to DNA and its displacement
from DNA results in decrease in fluorescence intensity [27]. Fluorescence titration
spectra are shown in figure 4. The emission intensity decreased with increase of
concentration of the compound, suggesting that the compound can replace EB from
CT-DNA and intercalate into the DNA double helix.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No. 624084. Copies of this
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information can be obtained free of charge from The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: +44 1223 336033; Email: deposit@ccdc.cam.ac.uk).
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