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Two novel Schiff base ligands, 2,2'-((pentane-2,4-diylidene)bis(azanylylidene))bis(4-chlorophenol) and 2,2'-
((pentane-2,4-diylidene)bis(azanylylidene))bis(4-methylphenol) were prepared by condensation reaction of acety-
lacetone with 2-amino-4-chlorophenol and 2-amino-4-methylphenol, respectively. Mononuclear Cu(II) complex of
each ligand was also synthesized. These compounds were characterized by elemental analyses, inductively coupled
plasma optical emission spectrometry, the Fourier transform infrared spectra, UV-Vis, molar conductivity, and
magnetic susceptibility measurements. The ligands have been further characterized by 'H- and *C-NMR. The
results suggest that the metal complexes of the ligands have a metal:ligand ratio of 1:1 and the Cu(II) ions are co-
ordinated by the phenolic oxygen atoms and imine nitrogen atoms of the ligands. Moreover, the quantum chemical
calculations of the compounds have been performed using the density functional theory. It has been found that
the calculated spectroscopic values are in a good agreement with experimental data.
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1. Introduction

The Schiff bases are considered as an important class
of organic compounds which have numerous applications
in biological fields [1]. These applications of the Schiff
bases have generated a great deal of interest in metal
complexes. The Schiff base derived transition metal com-
plexes are one of the most adaptable and thoroughly
studied systems [2, 3| applied in clinical [4] and ana-
lytical fields [5]. Some of the Schiff base complexes are
used as model molecules for biological oxygen carrier sys-
tems [6]. Tetradentate Schiff base complexes are well
known to form stable complexes, where the coordination
takes place through the NoOy donor set [7-9]. Quantum
chemical calculations give crucial information to con-
tribute a full description on spectroscopic, energetic, and
molecular properties of the Schiff bases. Studies on this
field are still being studied by many researchers [10-12].

In the present work, the synthesis and characteriza-
tion of two novel Schiff bases and their mononuclear
Cu(IT) complexes were described and molecular geome-
tries were fully optimized by using DFT/B3LYP method
with 6-311++G(d,p) basis set. Vibrational wavenum-
bers, isotropic chemical shifts (*H- and 13C-NMR), elec-
tronic transition absorption wavelengths, highest occu-
pied (HOMOs) and lowest unoccupied (LUMOs) molec-
ular orbitals analyses and molecular electrostatic poten-
tial (MEP) properties of the synthesized molecules were
also calculated.

*corresponding author; e-mail: bulentdede@sdu.edu.tr

2. Experimental

All chemicals used were of high purity grade and were
used without further purification.

2.1. Physical measurements

T'H- and "C-NMR spectra were recorded on a JEOL
NMR-400 MHz spectrometer using CDCl3 as the solvent
and tetramethylsilane (TMS) as an internal standard.
The IR spectra of the ligands and metal complexes were
recorded in KBr pellets using a Shimadzu IRPrestige-21
FTIR spectrophotometer in the range of 4000-400 cm™!.
The electronic spectra of the compounds were recorded
in dry ethanol, on a PG T80+ double-beam spectropho-
tometer. Elemental analyses were performed in a LECO
932 CHNS analyzer and inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) analyses were done
on a Perkin Elmer Optima 5300 DV ICP-OES spectro-
meter. Molar conductance measurements were made in
N, N-dimethylformamide at room temperature using a
Optic Ivymen System conductivity meter. Melting points
of the compounds were measured using an Electrother-
mal model TA 9100. The magnetic moment values were
carried out from a Sherwood Scientific Magnetic Suscep-
tibility Balance (model MX1) at room temperature.

2.2. Synthesis of ligands (HoL' and HyL?)

2-amino-4-chloro phenol or 2-amino-4-methyl phenol
(10 mmol) was dissolved in methanol (20 ml) and added
to a solution of acetylacetone (5 mmol) in 20 ml of
methanol. The reaction mixture was refluxed for 3 h
and left overnight at 25°C. The precipitate was filtered
off, washed several times with methanol and finally dried
in desiccator over P3Os.

(256)
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2.3. Synthesis of Cu(Il) Schiff base complezes
(CuL! (Hy0) and CuL?(H0))

The complexes were prepared by adding an ethanol so-
lution (20 ml) of Cu(Il) acetate (1 mmol) to a 1 mmol
ligand [HaoL! or HoL?| dissolved in 20 ml of ethanol. The
mixture was refluxed for 2 h. The complexes were pre-
cipitated after cooling. The solid complexes were filtered,
washed with ethanol and diethyl ether and finally dried
in a desiccator over P5O5.

2.4. Computational methods

Gaussian 09 [13] and GaussView 5.0.9 [14] software
package were used for theoretical calculations and molec-
ular visualizations. Geometry optimizations and fre-
quency calculations were performed using density func-
tional theory (DFT) method at the B3LYP level using
basis set 6-311++G(d,p). UV-Vis spectra and electronic
properties like HOMO and LUMO energies were deter-
mined by time dependent DFT (TD-DFT) method at
the B3LYP level with same basis set. 'H- and *C-NMR
shielding constants were calculated by applying gauge-
invariant atomic orbital (GIAO) method.

3. Results and discussion

The Schiff base ligands were synthesized from the con-
densation of the respective aromatic amines with acety-
lacetone in a molar ratio of 2:1. The synthesis reactions
of the ligands HoL' and HyL? were given in Fig. 1 and
Fig. 2.

NH; OH OH
] 1 > —_— /©[ j@\
M 2 cl N N cl
: JX

H,L!

Fig. 1. Synthesis reaction of the ligand HoL!.
NH OH OH
M +2 /©/ ) X
M
H,L?
Fig. 2. Synthesis reaction of the ligand HoL2.

N3O units were available in the structure of the lig-
ands for the coordination to the Cu(II) ions. Mononu-
clear metal complexes of tetradentate Schiff base ligands
were precipitated by the addition of metal salts of Cu(II)
to the solution of the ligands dissolved in ethanol. The
metal:ligand ratio was found to be 1:1 by elemental anal-
yses and ICP-OES. Analytical results of the ligands and
their complexes were listed in Table I.

TABLE I

Physical properties and elemental analysis of the ligands
HoL' — #1, HoL? — #2 and their Cu(II) complexes
Cul}(H20) — #3, CuL?*(H20) — #4. Ay — molar
conductivity [cm?/Q mol].

terf| 40| Color |MP: Yield Analysis calc./(meas.)
sl | [°C]| %] | € | H | N | Cu
41| - ~ yellow| 165 | 82 58.14 | 4.59 | 7.98 3
(58.45) | (4.67) | (7.74)
.52 .14 .
#2| - — |yellow| 188 | 78 3.5 7 9.03 -
(73.83) | (7.29) | (9.28)
43| 1.85| 15 | green | 270 | 65 47.40 | 3.74 | 6.50 | 14.75
(47.21) | (3.64) | (6.76) | (14.53)
#4|1.71| 12 | green | 261 | 76 58.52 | 5.69 | 7.18 | 16.30
(58.36) | (5.58) | (7.37) | (16.61)

3.1. YH- and '3 C-NMR spectra

The 'H- and ¥*C-NMR spectra of the ligands recorded
in CDCl;3 were given in Figs. 3-6, while the spectral data
were presented in Tables IT and III, respectively.
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Fig. 3. Experimental "H-NMR spectrum of the HpL'.
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Fig. 4. Experimental "H-NMR spectrum of the HpL?.
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Fig. 5. Experimental **C-NMR spectrum of the HoL*.
Fig. 6. Experimental **C-NMR spectrum of the HpL2.
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TABLE II

Experimental and theoretical 'H-NMR spectral data of
the Schiff base ligands [ppm].

O-H C-Harom C-Hauipn
oxp. | 92 [ 690723 | 417(-CHy-)(5,2H)
" | (s,2H) | (m6H) | 2.04(-CHs)(s,6H)
1.13(-CHa-) (s,2H)
the | 483 | 685729 | L
1465 | 680721 | LO2CCH2)(s,2H)
exp. (s.2H) | (m,6H) 2.32(Ar-CHs)(s,6H)
4 2.12(-CHs)(s,6H)
4.09(-CH,-) (s,2H)
th. | 4.49 | 6.71-7.27 | 3.06(Ar-CHs)(s,6H)
2.19(-CHs)(s,6H)

TABLE III

Experimental and theoretical **C-NMR spectral data of
the Schiff base ligands [ppm].

Cimine Carom Caliph

52.38(-CHy-)

.| 1724 118.48-154.
” exp 72.43 8.48-154.76 19.82(-CHs)
54.32(-CHa-)

th. 173.72 | 122.28-156.
73.7 8-156.95 24.53(-CHs)
51.75(-CHy-)
exp. | 172.15 | 117.69-150.13 | 24.86(Ar-CHs)
19.63(-CHs)

2

# 53.79(-CHa-)
th. 170.56 | 120.99-151.55 | 25.34(Ar-CHs)
22.79(-CHs)

The 'H-NMR spectra of the ligands HoL! and H,L?
showed D3O exchangeable two protons at 4.92 and 4.65
due to the phenolic protons [15]. The C-H protons of
the aromatic groups were observed in 6.80-7.23 ppm
range as multiplet peaks. The chemical shifts for the
methylene protons of acetylacetone in the ligands were
recorded at 4.17 and 4.02 ppm for the H,L!' and HyL?,
respectively. Furthermore, signals observed in the 2.04—
2.32 ppm range are attributable to the methyl group pro-
tons of the ligands.

In the '3C-NMR spectra of the ligands the signals at
about 172 ppm are attributed to the imine carbon atom
which also confirms the structure of ligands [16]. All
the signals in the 117.69-154.76 ppm range are assigned
to the carbon atoms of the aromatic rings. Aliphatic
carbons are found in their expected region.

'H- and NMR 'C-NMR chemical shift calculations
were performed by using B3LYP functional with 6-
311++G(d,p) basis sets in CDCl3 solution and given in
Figs. 7-10. The molecular geometries of the ligand HyL!
and HyL? were optimized prior to the calculation of the-
oretical chemical shifts. The GTAO [17, 18] method was
used to define isotropic nuclear magnetic shielding ten-
sors. The isotropic shielding values were used to calculate
the isotropic chemical shifts with respect to tetramethyl-
silane (TMS). As can be seen from Table IT and Table III,

Gorgulu

experimental and theoretical results are quite compati-
ble.
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Fig. 7. Calculated 'H-NMR spectrum of the HoL!.
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Fig. 8. Calculated 'H-NMR spectrum of the Ho1.2.
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Fig. 9. Calculated BC-NMR spectrum of the HoLL.
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Fig. 10. Calculated *C-NMR spectrum of the HoL2.

3.2. FT-IR spectra

The IR spectra of the free Schiff base ligands and their
mononuclear Cu(II) complexes were carried out in the
range 4000-400 cm~! and the FT-IR spectra of the lig-
ands are given in Figs. 11 and 12. Furthermore, IR
spectra of the ligands HoL' and HyL? were calculated
at the B3LYP/6-311++G(d,p) level. Calculated spec-
tra of the ligands are given in Figs. 13 and 14 and sig-
nificant vibrational wavenumbers were selected. Theo-
retically obtained vibrational frequencies are generally

80
%T ]
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40

20
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4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
FTIR Measurement 1/cm

Fig. 11. Experimental FT-IR spectrum of the HpL?'.
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Fig. 12. Experimental FT-IR spectrum of the HyL?2.

higher than the experimental ones, if they are unscaled.
The reason for the higher frequencies may be the system-
atic errors, exclusion of anharmonicity, partially involved
correlation energy and trimmed basis sets [19]. There-
fore, values of 0.983 and 0.958 were used for frequencies
lower and higher than 1700 cm ™, respectively, for scaling
the calculated values with B3LYP/6-311++G(d,p) basis

set [20, 21].
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Fig. 13. Calculated FT-IR spectrum of the HoL!.
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Fig. 14. Calculated FT-IR spectrum of the HoL?.

The most important experimental and calculated IR
spectral bands of the compounds are listed in Table IV.
Both of the ligands HoL' and HsL2 show broad bands at
3354 and 3316 cm ™! region assigned to the stretching vi-
brations of phenolic O-H group [22]. The corresponding
calculated values are 3462 and 3423 cm™'. The phe-
nolic O—H vibrations of the ligands disappeared in the
IR spectra of the Cu(II) complexes indicated that the
phenolic protons were separated upon complex formation
and bonded to the Cu(II). Furthermore, O-H stretching
vibrations of hydrated water molecule in the complexes
appeared at about 3500 cm~!. C-O stretching vibra-
tions for the synthesized ligands are recorded at 1258 and
1261 cm ™! for the ligand HoL! and HyL?, respectively.
The same vibrations appear in the theoretical calcula-
tions at 1265 and 1267 cm™'. In the IR spectra of the

metal complexes, C—O stretching vibrations are shifted
to lower frequencies and this further confirms that the
oxygen atom of the phenol is coordinated to the metal
ion. The strong stretching bands at about 1600 cm™!
due to the imine groups of the free ligands are shifted
to lower frequencies after the complex formation which
indicates the coordination of imine nitrogen atom to the
Cu(II) ion [23]. Coordination of the metal and ligand
in the complexes is also supported by the appearance of
new bands about 520 and 430 cm ™! which are assigned
to v(M-0O) and v(M-N), respectively.

TABLE IV

Selected experimental and theoretical significant bands in
the IR spectra of the the Schiff base ligands and their com-
plexes (theoretical vibrational wavenumbers are scaled).

v(O-H)|v(C=N)|v(C-0)|v(C-Cl)|v(M-O)|v(M-N)
1 exp.| 3354b | 1600s | 1258s | 775m - -
th. | 3462 1608 1265 764
49 exp.| 3316b | 1598s | 1261s - - -
th. | 3423 1605 1267 - -
#3 3547b | 1581m | 1233m | 773m | 524w | 428w
#4 3517b | 1584m | 1226m - 519w | 434w

s: strong, m: medium, w: weak, b: broad

3.8. UV-Vis measurements

Maximum absorption bands in the electronic spectra
of the ligands and their Cu(II) complexes are given in Ta-
ble V. Calculated electronic transition absorption wave-
lengths for the ligands HoLL' and H,L? are also presented
in Table V. Peaks at about 290 nm in the UV-Vis spec-

TABLE V

Experimental (calculated) UV-Vis absorption band
data [nm| of the Schiff base ligands and their com-
plexes [nm].

I S I S "> Charge dod
(benzene) | (imine) transfer
1 exp. 292 302 313 - -
th. 295 309 316 - -
4o exp. 294 307 318 - -
th. 297 312 322 - -
#3 293 287 345 462 547
#4 295 290 351 441 556

tra of the ligands were attributed to m — 7* transitions
of the benzene and these bands were not significantly af-
fected by complexation. Obtained electronic transitions
at 302 and 307 nm resulting from calculation correspond
to experimental peak at 309 and 312 nm which are as-
signed m — 7* transitions of imine group for HoL! and
H,L2, respectively. These peaks were shifted to a shorter
wavelength significantly after chelation. These shifts can
be attributed to the coordination of the nitrogen atom
of the imine group with the Cu(II) ion. This coordi-
nation mode is further supported by shifting the peak
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at 313 nm for HoL! (calc. 316 nm) and 318 nm for
HyL?(cale. 322 nm) to a longer wavelength which were
attributed to the n — 7* transitions.

Another difference observed in the electronic spectra
of the synthesized Cu(II) complexes, compared to the
spectra of the corresponding free ligands, were associated
with the appearance of a broad low intensity band at
about 550 nm. These bands are attributed to the d —
d transitions of the Cu(II) ions. The appearances of a
strong band at 462 and 441 nm were assigned to charge
transfer bands.

3.4. Molar conductance

The molar conductance of the complexes is useful for
proposing their formulae. Conductivity measurements
were carried out in 1072 M N, N-dimethylformamide so-
lutions at room temperature. The measured molar con-
ductance values for the synthesized complexes are 15
and 12 Q7! em? mol ™! for Cul!(H,0) and Cul?(H,0),
respectively, which indicated that complexes are non-
electrolytes [24].

3.5. Magnetic studies

The room temperature magnetic moment measure-
ments of the complexes (Table I) showed that both of
the Cu(II) complexes are paramagnetic. The measured
magnetic moments of the CuL!(H,0) and CuL?(H,0)
were obtained as 1.85 and 1.71 B.M., respectively. It was
found that acquired magnetic moment values of the com-
plexes are quiet close to the values expected. The Cu(II)
complexes fit a spin value of 1.73 B.M. which is consistent
with an octahedral or square pyramidal geometry.

3.6. Computational details

The ground state optimizations of the ligands H,L!
and HyL? were performed using DFT with Becke-
3-Lee-Yang-Parr (B3LYP) exchange-correlation func-
tion [25, 26] in combination with 6-311++G(d,p) basis
set. Optimized structures are shown in Figs. 15 and 16.
Calculated single bond length for C10-N6 was 1.417 A.
The double bond length for C4-N7 and C2-N6 in the
imine group of HyL2 were found as 1.289 and 1.292 A

Fig. 15.
L.

Optimized geometry and atomic numbering of

Fig. 16.
HoL2.
while C2-N14 and C7-N15 double bonds in HsL! were
found as 1.289 and 1.285 A, respectively. It was found
that calculated double bond lengths are shorter than sin-

gle bond lengths as expected.

Moreover, the calculated value of the C2-N14-C16—
C17 and C7-N15-C28-C29 dihedral angle between ben-
zene and acetylacetone moiety for HoL! were found as
62.28° and 63.17°, respectively. In addition to this
148.62° and 36.87° were observed for C10-C11-N6-
C2 and C15-C16-N7-C4 dihedral angle in ligand HaL?
which indicates that benzene and acetylacetone moiety
were not on the same plane.

Molecular electrostatic potentials of the synthesized
Schiff base ligands were calculated by using B3LYP/6-
3114++G(d,p). The plots of MEP of title compounds are
displayed in Figs. 17 and 18 which shows the electrostatic
potential at the surfaces. As it is known, MEP diagram
provides a visual method to understand the relative po-
larity of the molecule besides red and blue color parts
represent the area of negative and positive electrostatic
potential, respectively.

Optimized geometry and atomic numbering of

Fig. 17. Molecular electrostatic potential surface of
H,L.

As can be seen from Figs. 17 and 18, the region around
phenolic oxygen atoms represents the most negative po-
tential region (red) and the region around the hydrogen
atom attached to the oxygen atom represents the max-
imum positive charge (blue) in ligand HoL! and HyL2.
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Fig. 18.
H,L2.

Molecular electrostatic potential surface of

But the negative potential area around the oxygen atom
of HoL? was slightly intense and more than HoL'. The
active sites of the free ligands are on the oxygen atom of
phenol and partially nitrogen atom of imine group. This
situation is the critical reason why ligands bound to the
Cu(II) ion via oxygen and nitrogen atoms. On the other
hand, light green region in the molecular electrostatic
potential surfaces corresponds to a potential halfway be-
tween the two extremes red and dark blue colour.

The HOMO and LUMO of the Hy,L' and H,L? were
computed in the gaseous phase using B3LYP method
with 6-311++G (d,p) basis set. The surface plots of
HOMO and LUMO are shown in Fig. 19 and 20.

LUMO
E=-1.165

AE=4.778

HOMO
=-5.943

Fig. 19.
values are given in eV).

Frontier molecular orbitals of HoL' (energy

Basically, HOMO describes the electron donating abil-
ity and LUMO describes the electron accepting ability
of a molecule. The energy gap between the HOMO
and LUMO determines the chemical stability of a

LUMO
E=-1.468

AE=4.233

HOMO
E=-5.701

9

Fig. 20. Frontier molecular orbitals of HoL? (energy
values are given in eV).

molecule [27] and also explains the charge transfer inter-
actions within the molecule. HOMO-LUMO energy gap
for HoL' and HyL? were found as 4.778 and 4.233 eV,
respectively. According to the HOMO-LUMO energy
gap, ligand H,L2 was softer than H,L! molecule. More-
over, the ligand HyL? with the lower HOMO-LUMO
gap causes the molecule to have lower stability and be-
comes more reactive. When two molecules are compared
in terms of stability and electronic distribution, ligand
H,L' seems more stable and has uniformly distributed
electronic charges than HyL2. This may be due to the
existence of chloride atom in HsL! which balance the
electronegativity of phenolic oxygen atom in para posi-
tion resulting in a more stable molecule.

4. Conclusion

We prepared and characterized two novel Schiff base
ligands and their mononuclear Cu(II) complexes. From
the elemental analyses, stoichiometric and spectroscopic
studies discussed above, ligands have been shown to act
as a tetradentate which coordinate through the nitrogen
atom of the imine groups and oxygen atom of the phenol
groups (Fig. 21). Furthermore, molecular geometries of

OH,
O, 0]

N
N/ \N

X

Fig. 21. Proposed structure for the complexes of HoL!
and HoL2.

(HsC)CI CI(CH3)
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the synthesized ligands were optimized and vibrational
frequencies '"H-NMR and '3C-NMR spectra, electronic
transition absorption wavelengths of the title molecules
were calculated by using the DFT/B3LYP method with
the 6-311++G(d,p) basis set found in good agreement
with that of the experimental results. Chloride atom in
ligand HoL' makes a difference between two ligands in
terms of stability and reactivity which is revealed by the
theoretical studies.
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