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Abstract

A novel tetraaza macrocyclic ligand, 6,8,15,17-tetra(4-chlorophenyl)dibenzo|b,i]-1,4,8,11-
tetraazacyclotetradeca-1,3,5,7,9,11-hexaene, and its six nickel(Il) and copper(Il) complexes with
chloro, nitrato, and sulphato axial ligands were synthesized under high-dilution conditions.
Detailed spectroscopic analyses (UV-Vis, IR, 'H-NMR, EPR) and magnetic susceptibility
measurements revealed varied coordination geometries: octahedral for Ni(II) chloro and sulphato
complexes; square planar for Ni(II) nitrato; tetragonal for Cu(Il) chloro and nitrato; and square
pyramidal for Cu(Il) sulphato complexes. Ligand field parameters highlighted distinct electronic
environments. Binding studies with calf thymus DNA showed intercalative or groove-binding
interactions, with the square planar Ni(II) nitrato complex exhibiting the highest affinity. These
findings emphasize the critical role of axial ligands in shaping the structural and biological
properties of macrocyclic metal complexes, suggesting their potential in DNA-targeted
bioinorganic applications.

Keywords: tetraaza macrocycle, nickel(II) complexes, copper(II) complexes, DNA binding,
coordination geometry, EPR spectroscopy, ligand field parameters.

Introduction

Macrocyclic ligands with nitrogen donors are highly valued in coordination chemistry for their
ability to form stable, kinetically inert complexes with transition metals like nickel(II) and
copper(Il).',> The structural rigidity of these ligands creates a tailored coordination environment,
enhancing metal selectivity and imparting unique electronic and magnetic properties.® Tetraaza
macrocycles are particularly versatile, finding applications in catalysis, molecular recognition, and
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as models for biological metal centers.* Incorporating 4-chlorophenyl substituents into frameworks
like the dibenzo[b,i]-tetraazacyclotetradecahexaene increases rigidity and enhances DNA stacking
interactions, making these complexes promising for bioinorganic applications such as anticancer
and antimicrobial therapies.® The coordination geometry, often square planar for Ni(Il) and Cu(II),
facilitates DNA intercalation, while axial ligands (chloro, nitrato, sulphato) modulate charge
distribution and steric effects, influencing biological activity.',> Despite significant research,
systematic comparisons of Ni(II) and Cu(II) complexes with identical macrocyclic ligands but
varying axial ligands are limited.? This study details the synthesis and characterization of a new
tetraaza macrocyclic ligand and its Ni(Il) and Cu(Il) complexes, exploring how axial ligand
variations affect their structural, electronic, and DNA-binding properties.

Experimental
Chemicals and Reagents

All reagents, including o-phenylenediamine, 1,3-bis(4-chlorophenyl)-1,3-propanedione,
NiC12‘6H20, CuClz‘szo, Ni(N03)2'6H20, CU(N03)2‘3H20, NiSO4‘6H20, and CuSO4'5H20, calf
thymus DNA (CT-DNA) were purchased from Sigma-Aldrich and used without purification.

Synthesis of the Macrocyclic Ligand

The ligand was prepared by refluxing 2 mmol of 1,3-bis(4-chlorophenyl)-1,3-propanedione with
2 mmol of o-phenylenediamine in ethanol under a nitrogen atmosphere for 8 hours, after initial
stirring for 15 minutes, to ensure cyclization and minimize side products.> A pale yellow precipitate
formed upon cooling, which was filtered, washed with ethanol, and recrystallized from a mixture
of ethanol and diethyl ether. Yield: 78%. Elemental analysis for C42H2sCl 4Na4: Calc. C 69.05%, H
3.86%, N 7.67%; Found C 68.92%, H 3.79%, N 7.61%. The ligand structure is shown in Figure 1.

Synthesis of Ni(II) and Cu(II) Complexes

The ligand (1 mmol) in ethanol was mixed with ethanolic solutions of metal salts (1 mmol).
NiClz-6H20 or CuClz-2H:0 for chloro complexes, Ni(NOs)2:6H20 or Cu(NOs)2-3H-0 for nitrato
complexes, and NiSO4:6HO or CuSO4-5H20 for sulphato complexes, added dropwise. The
reaction mixture was refluxed for 4-8 hours in order to facilitate coordination.® The resulting solids
were filtered, washed with cold ethanol, and dried under vacuum. Elemental analysis and molar
conductance data for the Ni(II) and Cu(Il) complexes are summarized in Table 1, confirming their
empirical formulas and ionic nature.

Table 1: Elemental analysis and Molar Conductance data of Ni(II) and Cu(Il) Complexes

Complex Molar Colour | MP | Yield Elemental analysis
Conductance °C) | (%) | data % Found (Calc.)
(Q' cm? mol™) C |H [N
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[Ni(TCPDBT)Cl:] 18 Light | 225 | 72 60.12 | 3.31 | 6.62
(C42HasClN4Ni) green (60.25) | (3.37) | (6.69)
[Ni(TCPDBT)](NOs): 245 Purple | 242 | 68 5521 | 3.04 | 9.15
(C42H25C1sNgNiOp) (55.35) | (3.10) | (9.23)
[Ni(TCPDBT)(SO4)] 14 Green | 240 | 70 56.72 | 3.12 | 6.25
(C42H28C1sNsNiO4S) (56.85) | (3.18) | (6.32)
[Cu(TCPDBT)CL] 15 Blue | 210 | 75 59.88 | 3.29 | 6.59
(C42H2sClsN4Cu) (60.00) | (3.36) | (6.67)
[Cu(TCPDBT)(NO:3):] 12 Green 228 71 54.97 3.02 9.10
(C42H25C14sN6CuOg) (55.10) | (3.08) | (9.18)
[Cu(TCPDBT)SO4] 15 Sky 242 67 56.48 3.11 6.22
(C42HosCLsN4CuOs4S) Blue (56.60) | (3.17) | (6.29)

Cl @ Cl

T Or

C¢N N%C

Figure 1. Proposed structure of 6,8,15,17-tetra(4-chlorophenyl)dibenzo[b,i]-1,4,8,11-
tetraazacyclotetradeca-1,3,5,7,9,11-hexaene (TCPDBT).

Spectroscopic and Analytical Methods

UV-Vis, IR, 'H-NMR, and EPR spectroscopy, along with magnetic susceptibility measurements,
were used to characterize the complexes.” DNA binding was assessed via UV-Vis titration,
viscosity measurements, and ethidium bromide displacement assays.® Ligand field parameters
(10Dq, Racah parameter B, nephelauxetic ratio 3) were calculated using Tanabe—Sugano analysis.’

Results
Spectroscopic Characterization
UV-Vis Spectroscopy

The UV-Vis spectra offered valuable insights into the electronic structures and coordination
geometries of the Ni(Il) and Cu(Il) complexes. For the Ni(Il) chloro and sulphato complexes,
characteristic d—d transition bands were observed at approximately 15,240 cm™ and 25,450 cm ™' .
These bands can be assigned to the *A2g(F) — 3Tig(F) (v2) and *A2g(F) — 3T:ig(P) (vs) transitions,
respectively, which are typical for octahedral geometry (Figures 6) for Ni(II) complexes with a d®
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configuration.'?,'",'> The absence of the lower energy vi band (*A2g(F) — 3T2g(F)) in the visible
region is consistent with literature reports, where it often appears in the near-IR but was not
detected here due to instrument limitations.'> These assignments support an octahedral geometry,
where the macrocyclic ligand occupies the equatorial plane, and the axial positions are filled by
chloro or sulphato ligands, leading to moderate ligand field splitting.

In contrast, the Ni(Il) nitrato complex displayed fewer bands, with notable absorptions in the
15,000-16,500 cm™! range, indicative of a square planar (Figure 7) environment.'* Square planar
Ni(IT) complexes typically exhibit a single broad d—d band in this region, corresponding to the
'Aig — 'Big transition, reflecting stronger in-plane ligand field effects from the tetraaza
macrocycle without axial coordination.'* This geometry shift is likely due to the nitrato ligands'
weaker axial binding, promoting a planar configuration.

400.0 60,0 780,06 500 ,0 956 .U 1100,0

Figure 2. Electronic spectrum of the chloro complex of copper(II).

For the Cu(Il) complexes, the chloro and nitrato derivatives showed broad absorptions between
10,096-15,395 cm™ (Figure 2), characteristic of tetragonal distortion (Figure 8) with axial
elongation.' These bands are assigned to the 2Big — 2A,¢ (dxy» — d2) and 2B, — 2Eg (de.y2 —
dxz, dy,) transitions, influenced by the Jahn-Teller effect common in d° Cu(II) systems.'¢ The Cu(II)
sulphato complex, however, exhibited sharp charge-transfer bands near 25,000 cm™, alongside
weaker d—d transitions, suggesting a square pyramidal structure (Figure 9) where the sulphate acts
as a monodentate ligand, altering the electronic environment and reducing symmetry.'! Overall,
these spectral features align with reported data for similar macrocyclic complexes, confirming the
influence of axial ligands on electronic transitions and geometries.'?,'"* Magnetic moment and UV-
Vis spectral data for the complexes are presented in Table 2.

Table 2: Magnetic Moment and UV-Vis Spectral Data for the Complexes

p_eff | Absorption . ..
Complex (B.M.) | Bands (cm™) Assigned Transitions | Geometry
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[Ni(TCPDBT)Cl:] > 15,240; 25,450 iﬁzig:gigg gg’ Octahedral
[Ni(TCPDBT)](NO»). | 000 | 15:000-16,500 | Aig — 'Big Square Planar
[Ni(TCPDBT)(SO4)] 98] 15,040 25.450 323%:23% 83 Octahedral
[Cu(TCPDBT)CL] 190 110,096-15,395 | *Big — *Aig, *Eg Tetragonal
[Cu(TCPDBT)(NO:),] | 23 | 1019015280 | “Big = *Aug, *Eg Tetragonal
[Cu(TCPDBT)SO4] 154 25,000 - Square Pyramidal
IR Spectroscopy

Infrared spectroscopy provided evidence for coordination modes and ligand-metal interactions.
The free ligand exhibited a strong imine C=N stretch at 1618 cm™. This shifted to lower
wavenumbers upon complexation (1608 cm™ for NiLCl. and 1594-1598 cm™ (Figure 3) for
NiL(NO:s).), indicating coordination through the azomethine nitrogen atoms.'”,'*" This red shift,
typically 1020 cm™, arises from the donation of electron density from nitrogen to the metal,
weakening the C=N bond.'® Metal-ligand vibrations were observed in the 432-453 cm™' region,
assigned to M—N stretches, confirming the tetraaza macrocycles involvement in coordination.'!
For axial ligands, the chloro complexes showed M—CI~ bands around 300-350 cm™, consistent
with terminal chloride coordination.'” In nitrato complexes, characteristic bands at 1305-1420
cm ' (asymmetric NO stretch) and a separation of ~115 cm™ between vi and va modes indicated
monodentate coordination, as bidentate nitrates typically show larger splittings.'8,'"* Sulphato
complexes displayed split S—O stretches at ~1100-1200 cm™ (Figure 4), suggesting unidentate or
bridging behavior, which aligns with the proposed geometries.'> No significant shifts in aromatic
C—H or C=C stretches (1500-1600 cm™) were noted, confirming that the phenyl rings remain
uncoordinated. These IR features are comparable to those in related tetraaza macrocyclic systems,
underscoring the ligand's tetradentate nature.!, '¢ Selected IR spectral data for the ligand and
complexes are provided in Table 3.

Table 3: IR Spectral Data for the Ligand and Complexes (Selected Bands, cm™)

Complex C=N Stretch | | M-N Stretch Axial Ligand Bands
Ligand (TCPDBT) 1618 - -
[Ni(TCPDBT)Cl:] 1608 432-453 M-CI~ ~300-350
[Ni(TCPDBT)](NOs)2 | 15941598 432453 NO 1305-1420 (monodentate)
[Ni(TCPDBT)(SO4)] | ~1600 432-453 S—0 ~1100-1200 (split)
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[Cu(TCPDBT)CI:] ~1605 432453 M—-CIl~ ~300-350
[Cu(TCPDBT)(NOs)2] | ~1595 432453 NO 1305-1420 (monodentate)
[Cu(TCPDBT)SOx] ~1598 432453 S—0O ~1100-1200 (split)
l M ; M
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Figure 3. Infrared spectrum of the chloro, nitrato, and sulphato complexes of nickel(II).
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Figure 4. Infrared spectrum of the chloro, nitrato, and sulphato complexes of copper(Il).
'H-NMR Spectroscopy

The 'H-NMR spectra were instrumental in confirming ligand coordination and assessing
paramagnetic effects. The free ligand showed aromatic protons in the 7.40—8.78 ppm range, typical
for benzo-fused systems, and NH protons near 9.3 ppm, indicative of intramolecular hydrogen
bonding."”” Upon complexation in the diamagnetic square planar Ni(Il) nitrato complex, these
aromatic signals exhibited slight downfield shifts (0.1-0.3 ppm), reflecting deshielding due to
metal coordination and electron withdrawal from the azomethine nitrogens.'? Integration ratios
remained consistent (e.g., 8H for dibenzo protons, 8H for chlorophenyl), with no significant
broadening, supporting a symmetric square planar structure.' In contrast, the paramagnetic
octahedral Ni(Il) chloro and sulphato complexes, as well as all Cu(Il) complexes, displayed
broadened and diminished proton signals, attributed to unpaired electrons causing rapid spin
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relaxation and line broadening.?® This effect is more pronounced in Cu(Il) systems due to the d°
configuration, where scalar relaxation dominates, often rendering signals undetectable at room
temperature.'® No distinct NH signals were observed in complexes, suggesting deprotonation or
coordination-induced shifts. These observations are in line with NMR studies of similar
macrocyclic complexes, where diamagnetic species provide clear structural insights, while
paramagnetic ones require alternative techniques like EPR.,'> The "H-NMR spectral data for the
ligand and complexes are shown in Table 4.

Table 4: '"H-NMR Spectral Data for the Ligand and Complexes (6, ppm)

Complex Aromatic Protons NH Protons
Ligand (TCPDBT) 7:40-8.78 9.3
[Ni(TCPDBT)Cl:] Broadened i
[Ni(TCPDBT)](NOs)2 7.50-8.90 -
[Ni(TCPDBT)(SOx)] Broadened -
[Cu(TCPDBT)CL] Broadened/Faded i
[Cu(TCPDBT)(NO:):] Broadened/Faded i
[Cu(TCPDBT)SOx] Broadened/Faded i
EPR Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy elucidated the electronic ground states and
geometries, particularly for Cu(Il) complexes. The Cu(Il) chloro and nitrato complexes exhibited
axial symmetry with gy > g1 (g1 = 2.19-2.22, g1 = 2.02-2.07), consistent with a dx=y> ground state
in tetragonally distorted environments.?! The gl values exceeding 2.04 indicate significant covalent
character, with the axial ligands contributing to elongation.'® Hyperfine splitting was observed in
the parallel region (Al = 150-180 G, estimated from spectra), typical for Cu(Il) with nitrogen
donors, where four nitrogen super hyperfine lines might be resolved in solution but were broadened
in solid state.' The exchange parameter G = (g - 2)/(g. - 2) was less than 4 (=3.5-3.8), suggesting
moderate exchange interactions between Cu centers in the solid state.'* For the Cu(II) sulphato
complex, increased gl (=2.25) (Figure 5) and greater anisotropy (Ag =~ 0.23) aligned with square
pyramidal geometry, where the sulphate's coordination reduces symmetry and enhances orbital
mixing.?? Ni(Il) complexes showed broad, weak signals, characteristic of low-spin d® systems in
octahedral or square planar fields, with no resolvable hyperfine structure due to fast relaxation.'?
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These EPR parameters compare favorably with those reported for analogous tetraaza macrocyclic
Cu(II) and Ni(II) complexes, confirming the proposed structures and highlighting the axial ligands'
role in modulating magnetic anisotropy.'','¢

Figure 5. Infrared spectrum of the sulphato complex of copper(II).
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Figure 6. Proposed structure of the chloro, sulphato complexes of Ni(II), X = CI-, SO+*"
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Figure 7. Proposed structure of nitrato complex of Ni(II)
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Figure 8. Proposed structure of the chloro and nitrato complexes of Cu(Il), X = Cl-, NOs".
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Figure 9. Proposed structure of sulphato complex of Cu(II)
DNA Binding Studies

The interaction of the synthesized complexes with calf thymus DNA (CT-DNA) was thoroughly
investigated using UV-Vis absorption titration, viscosity measurements, and ethidium bromide
(EB) displacement assays to elucidate binding modes and affinities.?*,** In UV-Vis titration
experiments, incremental addition of CT-DNA to complex solutions resulted in notable
hypochromism (20-35% reduction in absorption intensity) and slight red shifts (2-5 nm) in the
metal-to-ligand charge transfer (MLCT) bands around 250-300 nm, indicative of strong
interactions between the complexes' aromatic chromophores and DNA base pairs.?
Hypochromism typically arises from n-n stacking in intercalative binding, where the complex
inserts between DNA base pairs, while red shifts suggest stabilization of the excited state through
coupling with DNA orbitals.?¢ The intrinsic binding constants (Kb) were calculated using the
Wolfe—Shimer equation: [DNA]/(e_a-¢ f)=[DNA]/(e b-¢ )+ 1/Kb(e b-¢ f), wheree a, ¢ f,
and € b are the apparent, free, and bound extinction coefficients, respectively.?” This yielded Kb
values reflecting the strength of association. The octahedral Ni(II) chloro and sulphato complexes
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displayed moderate affinities (Kb = 4.5-5.0 x 105 M), consistent with partial intercalation
facilitated by their bulkier geometries, which may limit full insertion into DNA stacks.?® In
contrast, the square planar Ni(II) nitrato complex exhibited the highest affinity (Table 6; Figure 5)
(Kb = 1.02 x 10° M), likely due to its planar structure enabling efficient n-m overlap and robust
intercalation, as seen in similar flat macrocyclicsystems.?* The Cu(Il) chloro and nitrato
complexes, with tetragonal geometries, showed intermediate Kb values (= 6.8-7.5 x 10° M™),
suggesting a mixed intercalative and groove-binding mode, where the distorted axial positions
allow partial groove accommodation alongside stacking.?® The square pyramidal Cu(Il) sulphato
complex had the lowest affinity (Kb =~ 2.1 x 105 M™), attributed to steric hindrance from the
sulphate group, favoring weaker groove or electrostatic binding over intercalation.?® Viscosity
measurements further corroborated these findings, as intercalators increase DNA viscosity by
lengthening the helix through base pair separation.?® Addition of the complexes led to viscosity
increases proportional to their Kb values, with the Ni(Il) nitrato complex causing the most
significant rise (up to 1.5-fold at [complex]/[DNA] = 0.5), confirming strong intercalation.?”’
Moderate increases for other complexes supported partial intercalation or groove binding, while
the Cu(Il) sulphato showed minimal change, indicative of surface interactions.”® The EB
displacement assay assessed competitive binding via fluorescence quenching.’® EB, a known
intercalator, emits strongly at ~600 nm when bound to DNA; displacement by the complexes
reduces this emission. Stern-Volmer plots (Fo/F = 1 + K sv [complex]) yielded quenching
constants (K _sv = 10°-10* M), with higher values for the Ni(II) nitrato complex, aligning with
its superior intercalative ability.>*,* Overall, these multimodal studies reveal that binding strength
and mode are modulated by complex geometry and axial ligands, with planar structures favoring
intercalation and bulkier ones promoting groove or electrostatic interactions, consistent with
reports on analogous macrocyclic metal complexes.?*,*® The DNA binding interactions of the
reported complexes are summarized in Table 5.
Table 5: DNA Binding Interactions of Reported Complexes

Stern-Volmer Binding Constant | . ..
Complex Constant (Ksv, M) | (Kb x 105 M) Binding Mode
[Ni(TCPDBT)Cl:] 1.5 x10* 4.5 Partial Intercalation
[Ni(TCPDBT)](NOs): 2.2 x10* 10.2 Strong Intercalation
[Ni(TCPDBT)(SO4)] 2.0 x 10* 5.0 Partial Intercalation
Partial
4
[Cu(TCPDBT)CL] 1.8 10 6.8 Intercalation/Groove
Partial
4
[Cu(TCPDBT)(NO:):] 2.5 10 73 Intercalation/Groove
[Cu(TCPDBT)SO:] 23 %10 2.1 Groove/Electrostatic
Binding
Ligand Field Parameters
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Ligand field parameters for d® systems showed Ni(II) octahedral complexes (chloro, sulphato) with
10Dq values of 13,900—-15,300 cm™, B ~650-660 cm™', and B ~0.62—0.63."" The square planar
Ni(II) nitrato complex had 10Dq ~17,200 cm™* and 3 ~0.58, indicating higher covalency.?* Cu(II)
tetragonal complexes (chloro, nitrato) showed 10Dq ~13,200-14,500 cm™, B ~710-720 cm™, and
B ~0.62—0.63.2° The Cu(II) sulphato complex had 10Dq ~11,800 cm™, B ~740 cm™, and § ~0.64.%
Ligand field parameters for the complexes are detailed in Table 6.

Table 6: Ligand Field Parameters

Complex Geometry 10Dq (cm™) B (cm™) gﬁ?:)p helauxetic
[Ni(TCPDBT)Cl] Octahedral 13,900 650 0.62
[Ni(TCPDBT)](NOs): | Square Planar 17,200 600 0.58
[Ni(TCPDBT)(SO4)] Octahedral 15,300 660 0.63
[Cu(TCPDBT)CI:] Tetragonal 14,500 720 0.63
[Cu(TCPDBT)(NOs)2] | Tetragonal 13,200 710 0.62
[Cu(TCPDBT)SO.] Square Pyramidal | 11,800 740 0.64
Conclusion

A new tetraaza macrocyclic ligand with 4-chlorophenyl substituents and its Ni(II) and Cu(II)
complexes were synthesized and characterized. Spectroscopic and magnetic studies confirmed
varied geometries, with the Ni(Il) nitrato complex showing the highest DNA affinity. Axial ligands
significantly influenced structural and biological properties, highlighting the potential of these
complexes in bioinorganic applications.
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