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ABSTRACT

The mixed-ligand complexes, [Cu(bipy). (4-methylimidazole-5-carboxaldehyde)(ClO,),
(1) and Cu(bipy),(indole-3-carboxaldehyde)](ClO,), (2) were synthesized and
characterized by employing elemental analyses, metal analyses, infrared and UV-Vis
spectroscopy, room temperature magnetic susceptibility measurements, conductivity
measurements and theoretical studies. The elemental and metal analyses show good
agreement which support the formulation for the prepared complexes while the infrared
spectroscopy revealed the coordination through both the nitrogen atom of the imidazole
ring and the oxygen atom of the aldehyde group for (1). In complex(2), the coordination
was through the oxygen atom only. The electronic transitions observed in the UV-Vis
region show the various intraligand transitions and the d-d transitions at 14,347cm’ with
a shoulder at 11,115 cm™ for (1) and for (2) the bands are 13,642 cm™ and 11,494 cm™.
The magnetic moments 1.44B.M (1) and 1.34B.M (2) show antiferromagnetic properties
of the complexes. From the theoretical studies, the Binding energies (Stabilization
Energies) are found to be -33.85 (-466.46) kcal/mol and -32.73 ( -465.17) kcal/mol for
(1) and (2) respectively. Therefore, the theoretical calculations corroborated the
formation of a six —coordinate complex in (1) and a five —coordinate geometry around the
Cu ion in (2). The conductivity measurement revealed that the complexes are 1:2

electrolytes.

Introduction

Copper imidazole complexes chemistry has been of
considerable interest due to the fact that imidazole as a ligand
and the copper ion as the central metal both have biological
importance [1, 2]. These biological importance include the
roles played by them in a number of metalloproteins, in
processes such as electron transfer, oxidation, dioxygen
transport, the deactivation of toxic intermediates of O, in
reduction and the biological nitrogen cycle [1,3,4]. They also
have significant activities in proteins such as azurins, amine
oxidase, oxygen binding hemocyanins [3]. The varieties of
roles played by copper proteins depend entirely on the
interactions between the ligands and or solvent molecules
attached to the copper center [4] and also on the redox
properties exhibited by that copper center [4]. A number of
geometrical arrangements have been reported for these
compounds which ranges from three as observed in the
plastocyanin and five as in azurin [4]. Heteroleptic copper(ll)
complexes involving a ligand with imidazole ligand as a co-
ligand with their structural properties investigated have been
extensively studied due to their structural diversity [3,5-8].

Another important class of nitrogen donor ligand that has
received much attention is indole and its derivatives which are
widely utilized in making perfumes, dyes, agrochemicals [9].
A number of drug molecules and biologically active
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compounds are known to contain the indole ring system [10].
This class of compound has been studied to possess some
biological properties such as antibacterial, antitumour,
antitubercular and analgesic activities [9,10]. Indole and its
derivatives have been studied extensively in the form of their
Schiff base complexes with their biological activities
investigated [10-15].

Herein, we report the synthesis, characterization and
theoretical studies of the mixed ligand complexes of
Cu(bipy),(CIO,), with  4-methyimidazole-5-carboxaldehyde
(1) and indole-3-carboxaldehyde (2).

Experimental
Materials and method
Reagents
2,2>-bipyridine, copper perchlorate hexahydrate, 4-

methylimidazole-5-carboxaldehyde, indole-3-carboxaldehyde,
and other reagents were purchased from Aldrich Chemical
Co., and were used without further purification. Bis-(2,2’-
bipyridine) copper perchlorate, Cu(bipy),(CIO,), was
synthesized according to Literature [16].
Synthesis of [Cu(bipy),(4-methylimidazole-5-
?a)rboxaldehyde)](C|04)2,{[CU(CloHsNz)z(CsHeNzo)](Cl04)2
1

176 mg (1.6 mmole)  4-methylimidazole  -5-
carboxaldehyde was added to a 100 mL acetonitrile solution of
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920 mg (1.6mmole) Cu(bipy)2(ClO,).. The blue solution
obtained immediately was stirred for 24h after which it was
filtered by gravity and kept on the bench for crystallization.

After 5days, the blue precipitate obtained was filtered by
gravity, washed with acetonitrile and then dried in the
dessicator over Calcium chloride. Yield: 983 mg, 87 %Anal.
Caled for [Cu(bipy),(CsHgN,O)I(CIO,), (%)C, 43.81; H, 3.24
N, 12.27; Cu, 9.28. Found: C, 43.94; H, 3.22; N, 12.20, Cu,
9.26. ATRIRv/cm?: 1061lvs, 768m (ClO,), 1666 s (C=0O),
1605 v(C=N), 1251 m v;,((C-N), 3440 br (N-H), 419 m (M-
0), 625 m (M-N). pg4 144 BM. (at 300 K). UV-Vis
(CH,CN)A o Jemrl: 33333, 32,362, 27,248,  14,347br,
11,115sh. A\,(CH,CN): 171 mho cnm? mol? (1:2 electrolyte).
Synthesis of [Cu(bipy),(indole-3-carboxaldehyde)](CIO,),.{
[Cu(C1oHsN,)2(CoH,NO)](CIO,), }(2)
To a solution of 0.69 g (1.2 mmole) [Cu(bipy),](CIO,), in 100
mL acetonitrile, 1.2 mmole (0.17 g) indole-3-carboxaldehyde
was added and the light - blue colored solution obtained was
stirred for 24 h. The resulting clear solution was filtered by
gravity and was kept on the bench for crystallization to take
place. After five days, the blue precipitates obtained were
filtered by suction and dried in the dessicator over calcium
chloride. Every attempt to get the single crystals of the
compound failed with the formation of the [Cu(bipy),](CIO,),
starting complex crystals. Yield: 0.66 g (75 %). Elemental
analysis: Anal. Calcd for [Cu(bipy)2(CsH,NO)](CIO,). (%):
C, 48.35; H, 3.22; N, 9.73; Cu, 8.83. Found: C, 50.00; H, 3.48;
N, 9.69; Cu, 843. ATRIR v/cml: 1634 (C=0), 1604 v(C=N),
1244 v,;,,(C-N), 3446 (N-H), 3079 (C-H aromatic), 411 (M-
0), 1087 (vs), 772 (m) (CIO,). ps 1.34 B.M. (at 297 K).UV-
Vis (CH,CN) 2, Jcml: 32,258, 27,247, 13,642, 11,494 sh.
Apm(CH,CN): 333 mho cm? molt (1:2 electrolyte).
Physical measurements

CHN analyses were carried out by Atlantic Microlab,
Atlanta GA. Electronic spectra were recorded on a Genesys
10 UV-Visible Spectrophotometer. Infrared spectra were
recorded on a Perkin - Elmer PE 100 spectrometer with an
Attenuated Total Reflectance (ATR) window. The room
temperature magnetic susceptibility measurements were
recorded using Sherwood Scientific magnetic susceptibility
balance MSB MK1. The diamagnetic correction evaluated
from Pascal’s constant. Conductance measurements of ca. 103
M solutions of the complexes in CH,CN were measured using
a Jenway 4310 Conductivity meter. The percentage metal was
determined by the employment of complexometric titration
using EDTA [17].
Quantum Chemical Calculations

The optimized structures of [Cu(bipy),(CsHsN,0)I** (1)
and [Cu(bipy),(CoH,NO)]** (2) complexes were modeled
using Spartan program (Spartan 10) implemented on an Intel
core i3-2350M computer. The two complexes (1) and (2) were
modeled based on the spectroscopic interpretations. Therefore
in the case of (2), other possibilities involving O and N atoms
of indole-3-carboxaldehyde in ligand-metal bonds were
considered; hence the three possible coordination modes of 2
(i.e. (2a), (2b) and (2c)) were modeled to determine their
thermodynamic stabilities as shown in Fig. 1. The
optimization and frequency calculations for the complexes
were performed using Density Functional theory (DFT) level
based on the preliminary conformational search on all the
molecules with MMFF method with Monte Carlo search
algorithm [18]. Density functional theory (DFT) calculations
were performed with the hybrid B3LYP exchange and
correlation functional [19,20] and 6-31G (d) basis set but all
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attempt to optimize complex (2c¢) failed; thus it is not
discussed. All calculations were carried out without symmetry

restriction.
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Figure 1. Schematic structures of the studied complexes.

Results and Discussion

The copper(ll) mixed-ligand complexes were obtained by
constant stirring (24 h) of a mixture of the starting complex
Cu(bipy),(CIO,), with 4-methylimidazole-5-carboxaldehyde
to give (1) and with indole-3-carboxaldehyde to obtain (2).
The blue compounds obtained at high yields gave satisfactory
results from both the microanalyses and metal analyses data.
The infrared spectra of complex (1) show characteristic
absorption band of the imidazole v(N-H) at 3440 cmr? [ 2, 21,
22] and the calculated value was found to be 3602 cm?, the
v(C=N) imidazole was at 1605 cm™ [21,22-24] and 1570 cnr
1 respectively for the experimental and theoretical values
which indicate the coordination to the metal center through the
imine nitrogen of imidazole. The v(C=0) observed at 1666
cnv! for the experimental value [ 9,25-27] and at 1746 cm!
from the theoretical studies is an indication of the
participation of the carbonyl in the formation of the mixed-
ligand complex The Vnn (C-N) stretching frequency of this
complex was at 1251cm® which is in agreement with similar
compounds reported [ 9,26,27] while the calculated value is
1275 cml. The absorption bands at 2923cm? and 2858cm!
were attributed to v(C-H) stretching frequencies [25] of the
methyl group in the spectrum of the complex but was
calculated to be 3063 cm while that of the imidazole ring is
in the region 3290-3209 cm! . The v(Cu-O) and v(Cu-N) were
observed at 419 cm?® and 625 cm! respectively [9,26,27]
these were calculated to be 423 and 649 cm? respectively. For
complex (2), v(N-H) was observed at 3446 cm! [2,22] and
was calculated to be 3615 cm! (2b). The v(C=N) of the
indole-3-carboxaldehyde appeared at 1604 cm! while the
v(C=0) of this complex is at 1634cm™ which indicate the use
of the oxygen atom of the carbonyl group in the formation of
the mixed-ligand complex [9,25-27]. As mentioned in the
computational methodology, three complexes were modeled
for compound (2) in which only (2a) and (2b) were optimized.
The v(C=N) calculated are 1618 cm? and 1621 cm for (2a)
and 1519 and 1623 cm! for (2b) (Table 1). Also, v(C=0)
stretching frequencies calculated are found to be 1762 cm'!
and 1657 cmr! for (2a) and (2b) respectively which indicate
that the v(C=0) of the complex (2b) agrees with the
experimental value suggesting (2b) to be the synthesized
complex; thus coordination is through the carbonyl oxygen
of the indole-3-carboxaldehyde. The absorption band at 1244
cm! which was assignable to the v, ,(C-N) of the five-
membered ring of the indole-3-carbo>alde$1yde [9,26, 27] was
calculated to be 1287 cmr! and 1251 cm® for (2a) and (2b)
respectively.
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Table 1. Selected vibration frequencies for the complexes (1) and (2).
Complex | Experimental Calculated
-NH | C=N | C=0 | C-N | C-H Cu-N | Cu-O NH C=N C=0 | C-N C-H Cu-N | Cu-O
Q) 3440 | 1605 | 1666 | 1251 | 2923, | 625 419 3602 | 1570 1746 | 1275 3290-3209 649 | 423
2858 (C-H) 3167-
3063 (CH3)
3446 | 1604 | 1634 | 1244 | 3079 | - 411 2a) | - 1618, 1762 | 1287, 3284-3198 652,
1621 1304 (C-H) 675
2997 (CH of
Carbonyl)
(2b) | 3615 | 1519, 1657 | 1251, 3291-3196 645, 424
1623 1307 (C-H) 648
3039 (CH of
Carbonyl)

The visible region of the electronic spectra for complex (1)
displayed two bands at 14,347cm™ and 11,115cm™ these are
attributed to the d-d transitions of tetragonally distorted
octahedral geometry around the Cu?* ion [28,29]. The high
energy transitions observed 33,333cm™ with a shoulder at
32,365cmare assignable to the n2imigazole— Cu(ll) transition [
2,29, 30]. In complex (2), the visible region displayed a high -
energy, high- intensity peak at 13,643cmattributed to d,;~ dy,
— d.? transition and the shoulder at 11,49cm ™ assigned to
the low-energy transition d,>—d,>-y* of the five-coordinate
copper(ll) geometry [5, 31,32].

The magnetic moments of the two complexes were
observed at 1.44 B.M. for (1) and 1.34 B.M for (2). These low
values for the magnetic moments are attributed to
antiferromagnetic properties present in the complexes [5].

The calculated molecular parameters such as total energy,
HOMO, LUMO, dipole moment, binding energy and
stabilization energy for the complexes are displayed in Table
2. Total energies for complexes (1), (2a) and (2b) are -
3009.60(au), -3107.18(au) and -3107.88 (au) respectively,
these show that complex (2b) is thermodynamically more
stable by 437.44 kcal/mol than complex (2a). To evaluate the
effect of 4-methylimidazole-5-carboxaldehyde and indole-3-
carboxaldehyde on complexes (1) and (2) respectively, the
binding energy (BE) and the stabilization energy (Stab.E) are
calculated from the energy involved in the dissociation
processes as shown in equations gl) and (2) [33,34]:

Binding energy (B.E) =E[CuX,L]** - E[CuX,]** -E L (1)
Stabilization energy (Stab.E) = E[CuX,L]** - E(Cu** + 2X +
D— @ ,

where X = 2,2 -bipyridine and L = 4-methylimidazole-5-
carboxaldehyde or indole-3-carboxaldehyde and E = energy of
each species.

The calculations of the binding energies as well the
stabilization energies are carried out on the complexions only
for the ground states. The B.E and Stab.E for compound (1)
are -33.85 kcal/mol and -466.46 kcal/mol respectively. For the
compound (2), the B.E and Stab.E are 404.94 kcal/mol and -
27.73 kcal/mol for (2a), and -32.73 kcal/mol and -465.17
kcal/mol for (2b) respectively.

The results of the thermodynamic stability, binding and
stabilization energies suggest that compound (2b) would be
more probable/favorable to exist when compared to (2a)

which agrees with the experimentally proposed coordinated
atom for the complex (2).

The HOMO, LUMO and HOMO-LUMO band gap
energies calculated at DFT are -12.33 eV, -7.59 eV and 4.74
eV for compound (1); -11.45 eV, -10.06 eV and 1.39 eV for
complex (2a) and -10.68 eV, -7.68 eV and 3.00 eV for (2b).

Table 2. Molecular parameters calculated for the

complexes at DFT lewel.

Parameters 1) (2a) (2b)
Total Energy (au) | -3009.59995 | -3107.17919 -3107.87630
Rel Energy - 437.44 0.00
(kcal/mol)

HOMO (eV) -12.33 -11.45 -10.68
LUMO (eV) -7.59 -10.06 -7.68
Band gap (eV) 474 1.39 3.00
Dipole Moment 4.59 7.36 419
(Debye)

Stab.E (kcal/mol) | -466.46 -27.73 -465.17
B.E (kcal/mol) -33.85 404.94 -32.51
Mullikan charge

(e) -0.641 -0.634 -0.655
N1 -0.595 -0.591 -0.617
N2 -0.621 -0.626 -0.649
N3 -0.642 -0.632 -0.639
N4 -0.597 -0.656 -0.651
N5 -0.576 - -

N6 -0.430 -0.364 -0.548
o1 1.000 0.930 0.971
Cul

The band gap energy of complex is related to the
thermodynamic stability, compounds with higher values of
HOMO-LUMO band gap energies are more
thermodynamically stable and hence compound (2b) will be
thermodynamically feasible compared to (2a). The HOMOs
revealed that the m-electrons of the system dwell mainly on
one unit of 2,2’-bipyridine ligands for (1) and on indole-3-
carboxaldehyde for (2) (Fig.2). The LUMOs are spread over
the 2,2’-bipyridines in the two complexes.

This shows that in these Cu(ll) complexes, the
unoccupied molecular orbitals are located on 2,2’-bipyridine
moiety.

The dipole moment (D.M) and solvation energy (S.E) are
some important parameters to be considered in solute-solvent
interactions, therefore D.M and S.E calculated show that
compounds (1) and (2b) may exhibit more complex-solvent
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interactions. The electronic charges on nitrogen atoms
involved in the coordination and Cu(ll) show transfer of
charges (electrons) form nitrogen atoms to the Cu(ll) ion. The
electronic charges on O1, N5 and Cu(ll) ion are -0.364 e, -
0.656e and 0.930e for compound (2a); -0.548e, -0.651 e and
0.971e for compound (2b) respectively as shown in Table 2,
suggesting that O1 not N5 was involved in the coordination in
compound (2), thus complex (2b) is actually synthesized
complex
Geometries of the Cu(ll) complexes
The selected calculated geometries for the modeled complexes
at B3LYP/6-31G* are displayed in Table 3.
Conclusion

[Cu(bipy)2(CsHeN20)](CIO4), 1) and
[Cu(bipy).(CoH7NO)I(CIO,), (2) complexes were synthesized
and successfully characterized. Complex (1), a six- coordinate
octahedral complex obtained by the participation of both the
nitrogen atom and the oxygen atom of the 4-methylimidazole-
5-carboxaldehyde to form a bond to the central Cu®* ion. The
data from the theoretical studies was in support of the
involvement of both the nitrogen atom and the oxygen of the
carbonyl group in the formation of the six-coordinate

Optimized Structure

1)

(2a)

(2b)

HOMO
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geometry. On the other hand, complex (2) which was obtained
by the reaction of Cu(bipy),(ClO,), with indole-3-
carboxaldehyde is a five- coordinate copper(ll) complex from
the data obtained from the UV-Visible spectrum. The
theoretical studies supported this coordination number for the
complex  The calculated thermodynamic stability, binding
and stabilization energies reveal that carbonyl oxygen atom
(not nitrogen atom) of the indole-3-carboxaldehyde was
involved in coordination to the copper ion in the complex (2).
Furthermore, The CHN analyses coupled with copper(ll) ion
content determination were used in formulating the molecular
formula of the complexes. The infrared, electronic spectra in
conjunction with room temperature magnetic susceptibility
measurements corroborated the molecular formula.
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