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GRAPHICAL ABSTRACT

The optimized structure of [Cu(INAP)(Hist)(H>0),].
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ABSTRACT

Three mixed complexes having formula [Cu(INAP)L(H,0),] where INAP = deprotonated isonitrosoace-
tophenone and L = deprotonated amino acid such as histidine, phenylalanine and tryptophan have been
synthesized. They have also been characterized using elemental analyses, molar conductance, UV-Vis, IR
and ESR spectra. The value of molar conductance indicates them to be non-electrolytes. The spectral stud-
ies support the binding of the ligands with two N and two O donor sites to the copper (II) ion, giving an
arrangement of N,O, donor groups. Density Functional Theory (DFT) calculations were applied to evalu-
ate the cis and trans coordination modes of the two water molecules. The trans form was shown to be
energetically more stable than the cis one.

The ESR data indicate that the covalent character of the metal-ligand bonding in the copper (II) com-
plexes increases on going from histidine to phenylalanine to tryptophan.

The electrochemical behavior of the copper (II) complexes was determined by cyclic voltammetry
which shows that the chelate structure and electron donating effects of the ligands substituent are
among the factors influencing the redox potentials of the complexes.

The antimicrobial activities of the complexes were evaluated against several pathogenic microorgan-
isms to assess their antimicrobial potentials. The copper complexes were found to be more active against
Gram-positive than Gram-negative bacteria.
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Furthermore, the antioxidant efficiencies of the metal complexes were determined by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity. The antioxidant activity of the complexes indicates
their moderate scavenging activity against the radical DPPH.

© 2014 Published by Elsevier B.V.

Introduction

Metal ions are currently known to be required for normal bio-
logical functions in humans. Among these metals, copper is one
of many trace elements required for good health. It plays an impor-
tant role in many biological oxidation-reduction reactions and is
also a component of many proteins [1].

Copper complexes have attracted great deal of attention the last
years due to their therapeutic applications as antimicrobial and
antioxidant.

They have also been widely used in clinic applications as
enzymes inhibitors [2], antiviral [3-5], antibacterial [6,7] and anti-
cancer [8-12].

The variety of chemical structure of copper complexes gives a
wide range of possibilities in synthesis of compounds with
different specificities. Pharmacologic properties of complexes
can depend on the properties of either metal or ligand or both
[13].

The study of ternary complexes involving an oxime as the pri-
mary ligand, various amino acids as the secondary one can serve
as useful models for gaining a better understanding of enzyme-
metal-ion-substrate complexes, which play an important role in
metalloenzyme catalysed biochemical reactions [14].

Ternary complexes of oxygen-donor ligands have attracted
much interest as they can display exceptionally high stability.

Considerable attention has been paid to the chemistry of oxi-
mes which are becoming increasingly important as analytical and
antimicrobial reagents.

Amino acids are essential building of many biological molecules
and play key roles in several neurochemical response mechanisms,
such as memory, appetite control and pain transmission [15].

Histidine is an essential amino acid and has a positively charged
imidazole functional group. It is a precursor for histamine and car-
nosine biosynthesis [16,17]. Its imidazole side group containing
two nitrogen atoms can participate in the metal-ligand
coordination.

Phenylalanine is essential to many functions and is one of the
few amino acids that can directly affect brain chemistry by cross-
ing the blood-brain barrier [18].

Tryptophan is an important and frequently used material in the
chemicals synthesis of a range of pharmaceuticals. It cannot be
synthesized in the human body and thus must be obtained from
food or supplements. It is a precursor of the vital neurotransmitter,
serotonin, tryptophan levels in the body regulate moods and sleep
[19,20].

Isonitrosoacetophenone (HINAP) (Fig. 1) is expected to behave
as potential ambidentate ligands. It forms stable chelates with
transition metal ions showing a variety of structural features. It
can coordinate either through nitrogen or oxygen atom. While

Fig. 1. Structure of isonitrosoacetophenone (HINAP).

the binary complexes of HINAP with transition metal ions are
known and their use in the catalysts has been reported, its uses
in the formation of ternary transition metal complexes has not
been reported so far.

For the present study, we report the synthesis and the charac-
terization of ternary copper (II) complexes with amino acids and
oxime. For this, we have chosen a-amino acids, abbreviated in gen-
eral as HL (where H is the dissociable carboxylic proton) and iso-
nitrosoacetophenone. The a-amino acids are known to bind to
metal ion via dissociation of the acidic proton as bidentate N,O-
donor forming five-membered chelate rings [14].

The synthesized complexes have been studied electrochemi-
cally. In view of the above points, we have also extended our inves-
tigations to antifungal and antibacterial properties of these ternary
Cu (II) complexes.

Free radicals play an important role in the inflammatory pro-
cess. They are an integral part of human metabolism [21,22].
Antioxidant compounds play an important role as a health-pro-
tecting factor. Scientific evidence suggests that antioxidants
reduce the risk for chronic diseases including cancer and heart
disease. Compounds with possible antioxidant properties could
play crucial role against inflammation, lead to potentially effec-
tive drugs and may protect organism against free radical damage
[23].

The main characteristic of an antioxidant is its ability to trap
free radicals. These free radicals can initiate degenerative disease.
So, antioxidant compounds defend the organisms against free rad-
ical damage and then help the human body to reduce oxidative
damage [24].

The aims of our study is to examine in vitro, the capacity of
the ternary complexes of oxime and amino acids to scavenge
the form of RS such as 2,2-diphenyl-1-picrylhydrazyl (DPPH)
[25].

An attempt to gain a better insight on the molecular structure of
the studied copper complexes, theoretical calculations using the
DFT computation technique for the optimized geometries of the
compounds have been used to define the electronic configuration
and to explain the spectroscopic and electrochemical properties
of the molecules. The final aim and the expectation of this work
is to have information if these complexes may be of potential bio-
logical importance.

Experimental
Reagents and apparatus

All the chemical reagents and solvents used in the preparations
were Fluka p.a. products and used without further purification.

The elemental microanalysis was carried out by the Laboratoire
de Chimie de Coordination, CNRS, Toulouse (France).

Melting points were measured using a Biichi 512 digital melting
point apparatus.

Conductivity measurements were carried out using 10> M
solution in ethanol on a SELECTA CD 2005 apparatus employing a
calibrated dip-type cell at 25 °C.

The IR spectra were recorded on Perkin Elmer FT-IR Spectrom-
eter Spectrum-One Model, in the range 4000-400 cm™!, using
KBr discs.
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The electronic absorption spectra in ethanol solution were
recorded on a UV-Visible JASCO V 560 spectrophotometer using
quartz cells, in the UV and Visible range, 1100-200 nm.

X Band EPR spectra were taken on an Elexys E500 Bruker spec-
trometer in frozen solution.

Cyclic voltammograms were obtained using PG210 VOLTA Lab.
The working, counter and reference electrodes were, respectively, a
platinum wire, a platinum foil and SCE (saturated calomel elec-
trode). The SCE was separated from the test solution by a bridge
filled with the solvent and supporting electrolyte which was
tetrabutylammonium perchlorate (TBAP). The inert gas used was
nitrogen. The ionic strength is 1 mol L.

Coulometric measurements were made using a double circular
platinum net as working electrode. The auxiliary and reference
electrodes, the blank electrolyte solution and the inert gas were
the same as in voltammetric measurements. The temperature in
all the experiments was 25.0 £ 0.1 °C.

Biological studies

Microorganisms and culture conditions
The growth inhibitory activity of the chemical matter was
tested against six bacteria [Escherichia coli (ATCC 4157), Staphylo-
coccus aureus (ATCC 6538), Streptococcus pyogenes (ATCC 12358),
Proteus mirabilis (ATCC 49565), Pseudomonas aeruginosa (ATCC
9027), Bacillus subtilis (ATCC 9372)] and one yeast Candida albicans
(ATCC 24433). The antimicrobial and antifungal activities of the
ligands and their metal complexes were determined using the
agar-disc diffusion method as will be described below. Mueller-
Hinton agar (MHA) and Sabouraud dextrose agar (SDA) were used
to test the sensitivity of the bacteria and the yeast. The MHA and
SDA, sterilized and cooled to 45-50 °C, were distributed into sterile
Petri dishes [26]. The bacteria were first incubated at 37 °C for 24 h
in nutrient agar, MHA and when melted poured into plastic Petri
dishes. The yeast was incubated in Sabouraud dextrose agar at
25 °C for 48 h. The cultures of the bacteria and yeast were injected
into the Petri dishes (9 cm) in the amount of 0.1 mL. The com-
pounds were dissolved at a concentration of 10 mg/mL in DMSO.
Controls were performed for each bacteria strain and the yeast,
where 0.1 mL of the pure solvent was inoculated into the well. The
mean value obtained for three individual replicates was used to
calculate the zone of growth inhibition of each sample.
Sulfamethoxazole (SMX) and Ampicillin were used as a
standard reference in the case of bacteria while ketoconazole,
Amphotericine B were used as a standard antifungal Ref. [27].
The results were read by measuring the diameters of the inhibi-
tion zones in millimeter.

Antioxidant study

Antioxidant properties of ternary complexes of copper (II) were
determined spectrophotometrically in one test. Radical scavenging
2,2-diphenyl-1-picrylhydrazyl radical (DPPH) has a violet coloring,
the intensity of which decreases in the presence of antioxidant pro-
portionally to the ability to “sweep of” free radicals by the tested
compound.

DPPH is characterized as a stable free radical due to the delocal-
ization of the spare electron over the molecule. The delocalization
gives rise to a deep violet color characterized by an absorption
band at 517 nm.

When the odd electron of DPPH becomes paired off, the absorp-
tion decreases significantly.

Hence, more rapidly the absorbance decrease, the more potent
is the antioxidant activity of the compound. The hydrogen atom or
electron donation ability of the compound was measured from the
bleaching of the purple-colored methanol solution of DPPH.

Absorption

0 10 20 30 40 50 60 70 80
[Trolox](mM)

Fig. 2. Calibration curve for DPPH absorption.

The sample of complexes (0.1 mL) were mixed with 3.9 mL of
methanolic solution containing DPPH radicals (6.34 x 10~ mol/L).
The mixture was shaken vigorously and left in the dark until stable
absorption value was obtained. The reduction of the DPPH radical
was measured by monitoring continuously the decrease of absorp-
tion at 517 nm. DPPH scavenging effect was calculated as percent-
age of DPPH discoloration using the equation [28]:

% Scavenging effect = [(Apppn — As)]/Appen] x 100

where Ag is the absorbance of the solution when the sample has
been added and DPPH is the absorbance of the DPPH solution.
Results are expressed in mmol trolox equivalents/L. All the tests
were replicated thrice.

The following calibration curve of the absorption of DPPH was
plotted, it will be used to estimate the antioxidant power of the
ligands and the copper complexes which will be expressed in
trolox equivalent (see Fig. 2).

Synthesis of the complexes

The mixed-ligand copper(ll) complexes were prepared from
copper(Il) chloride, HINAP and various amino acids such as histi-
dine, phenylalanine and tryptophan as described below.

To a green-colored ethanolic (50 mL) solution of copper (II)
chloride dihydrated (17.04 mg, 5 mmol) was added an ethanolic
(50 mL) solution of HINAP (745 mg, 5 mmol).

The mixture was stirred and kept in a water bath at 50 °C for
30 min, during which time the mixture turned dark green. To this
was added 1:1 aqueous ethanolic (50 mL) solution of the amino
acid (5 mmol) the mixture (1:1:1 M proportion) was refluxed for
4 h, when a green to brown colored solid precipitated.

The mixture was cooled and the solid was filtered, washed with
ice-cold water followed by ice-cold ethanol. The complexes thus
prepared were dried under vacuum.

Computational details

Quantum Chemical calculations were performed with GAUSS-
IAN 03 program packaged [29]. The geometry of the complexes
was optimized using Density Functional Theory (DFT). All theoret-
ical calculations were carried out at gradient corrected DFT using
Becke’s three parameter hybrid method and the Lee-Yang-Parr
correlation functional B3LYP [30] combined with LANL2DZ basis
set [31].

The studied forms of complexes were characterized as minima
(no imaginary frequency) in their potential energy surface through
harmonic frequency analysis and their vibration spectra were ana-
lyzed using GABEDIT software [32].
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Table 1
Characteristic and analytical data of copper complexes.
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Compound Color Yield (%) Mp (°C) Elemental analysis (%) found (calc.) Conductance in ethanol
-1 2 -1
cu C H N (Q " cm”mol ™)
[Cu(INAP)(Hist)(H20)3] Brown 68 190 15.19 36.98 3.95 12.29 2.4
(14.84) (35.99) (3.73) (13.1)
[Cu(INAP)(Phen)(H,0),] Green 54 163 14.25 54.32 4.26 7.45 34
(14.47) (54.89) (3.72) (7.44)
[Cu(INAP)(Tryp)(H20),] Green 50 210 13.85 50.42 4.59 9.19 5
(13.20) (51.13) (4.77) (9.55)

Mp: melting point.

Results and discussion
Analytical data of metal complexes

The mixed complexes of copper (II) with isonitrosoacetophe-
none and amino acids were synthesized in 1:1:1 M proportion.

Where INAP and HL represent deprotonated isonitrosoacetope-
none and amino acids, respectively. All the complexes are brown to
dark green in color and are in general, non-hygroscopic solids,
insoluble in water but soluble in common organic solvents such
as ethanol, methanol, DMSO, and DMF. The non-electrolyte nature
of the complexes was confirmed by the low molar conductance
values measured at 25°C in 10> M ethanol solution [33]. The
physical properties and analytical data of the complexes are sum-
marized in Table 1. The copper complexes were obtained as pow-
ders and attempts to obtain single crystal suitable for X-ray
determination were unsuccessful.

Infrared spectra

The most important assignments IR bands are shown in Table 2.
The ligands coordination sites which are involved in bonding with
the metal ions have been determined by careful comparison of the
infrared absorption spectra of the complexes with those of the par-
ent ligands. The vibrational assignments were carried out with
support DFT calculations using the B3LYP method with LANN2DZ
basis set. The experimental and theoretical FT-IR spectra of Cu-
INAP-Phen are given in Fig. 3, while the corresponding frequencies
along with the assignments are tabulated in Table 2.

The IR spectra of amino acids exhibited significant features in
V(NH3) and v(COO—) regions. The stretching vibration v(NH3) is
observed in the range 3015-3067 cm™~'. The corresponding theo-
retical values of this vibration are in the region 2982-3100 cm™'.
The §(NH3) band, which is a characteristic for the zwitter ion, dis-
appeared in the spectra of the complexes. The v(NH3) stretching
vibration shifts to the lower regions in the spectra of the com-
plexes. This may indicates that the NH, group must be involved
in coordination. A broad band of v(OH) group in the IR spectra of
the oxime is observed at 3290 cm™!. This band is absent in the
spectra of copper complexes, suggesting the deprotonation of the
HINAP.

The bands with medium intensity observed in the range 3441-
3495 cm~! of the copper complexes are attributed to v(OH) of
coordinated water. The bands at 810-861 and 610-613 cm™! are
assigned to p{H,0) and p,(H,0) [34]. Calculated value of this
absorption band is in the range 3431-3478 cm~!. The strong
absorption band at 1677 cm™! is assigned to the coupled vibration
of C=0 stretching of the oxime [35]. In the copper complexes, this
vibration is shifted to the lower regions by 11-55 cm™! indicating
the formation of a bond between the metal ion and the C=0 group
[36], while the theoretical values are established in the range
1644-1664 cm™! as calculated by B3LYP method. The medium

band observed around 1593 cm™! in the oxime is due to the vibra-
tion of C=N stretching vibration. The red shift of this band appears
in the region of 1516-1546 cm™! after complexation [37]. The cal-
culated vibrational frequencies were found in the range 1499-
1546 cm™'. This indicates that the oxime acts as a bidentate anion
and that the coordination is both through the nitrogen donor atom
of the azomethine group and the oxygen of the carbonyl group. The
N — O stretching vibration appears in the range 1213-1230 cm™!
in the Cu(Il) complexes [36,38,39]. The computed wavenumber
for this vibration is in the region 1221-1259 cm™.

Complementary evidence of the bonding is also shown by the
fact that new bands of medium intensity in the IR spectra of the
complexes appear at 510-523 cm~' and 483-433 cm ™! assigned
to v(M—0) and v(M—N) stretching vibrations. The calculated
v(M—0) and v(M—N) modes were found in the region 520-
537 cm~' and 427-453 cm~!, respectively. In general, the absorp-
tion frequencies obtained from experiment and theory are in good
agreement.

Electronic spectra

The electronic absorption spectra of Cu(Il) chelates recorded in
ethanol solution show three prominent bands or shoulders in the
range 26,315-38,461 cm™! which are due to the intraligand transi-
tions (n -» ©" and  — ©') [40].

Cu (II) mixed complexes reveal a large band in the 12,578-
14,326 cm~! region and one shoulder in the range 19,047-
21,052 cm™'. The large band is assigned to 2B;; — By, and the
shoulder is attributed to the transition ?B;; — *E4 assuming pseudo
octahedral stereochemistry for all Cu (II) complexes [41].

The magnetic moments are equal to 2.06, 1.93 and 1.66 B.M.
respectively for [Cu(INAP)(Hist)(H20),], [Cu(INAP)(Phen)(H,0);]
and [Cu(INAP)(Tryp)(H,0),] which are close to the spin only value
for the unpaired electron. Effective moments were calculated from
room temperature magnetic susceptibilities and using diamagnetic
corrections from the literature [42,43]. These values are within the
ranges reported for a distorted octahedral substituted six-coordi-
nate Cu (II) with two dianionic ligands and two water molecules
[43]. The results of Table 3 show that tryptophan causes a higher
crystal field than phenylalanine and histidine. The order of crystal
field is Hist < Phen < Tryp.

The oscillator strengths for the observed bands in the UV-Vis
spectra are approximately evaluated, assuming bands as Gaussian
curves, using the following expression:

fobs = 4-61079 * Emax - AU1/2 (Cmil)

€max 1S the molar extinction coefficient, U is the wavenumber and
AU, is the bandwidth at half height.

Theoretical wavelengths (1) and oscillators’ strengths of the
electronic transitions were calculated by the TDDFT method at
the UB3LYP/LanL2DZ level.
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The oscillators’ strengths of the two observed transitions in cop-
per (II) complexes, are very small (< 0.01). It is characteristic of spin
allowed and symmetry forbidden d-d transitions.

We can also notice that there is a reasonable agreement
between the experimental and calculated values of wavelengths
and oscillator strengths. The variation of these parameters is the
same for the three complexes.

The experimental and calculated results of UV-Vis spectral data
were compared in Table 3.

ESR spectroscopy

ESR spectra of Cu (II) complexes were recorded on X band at a
frequency range of 9.4-9.5 GHz at 173 K temperature in frozen
DMSO glass. The ESR spectra of the complexes are of an anisotropic
type for mononuclear species with axial symmetry. The g, and g,
parameters are summarized in Table 4. The trend g;<g, <g.
(2.00023) observed in these complexes shows that the unpaired
electron is in the d,?,? orbital of copper(Il) [44]. This suggest distor-
tion in the Cu (II) complexes from Op symmetry to D4, symmetry.
They also show that g, =2.32-2.39 which is in conformity with
the presence of mixed copper-nitrogen and copper-oxygen bonds
in these chelates [45].

The ESR spectra of the copper complexes exhibit a set of four
hyperfine lines corresponding to the interaction of the electron of
the Cu ion with its nuclear spin I, = 3/2. The values of g, and g,
are characteristic of an N,04 arrangement [46]. The quotient
g)//A;, measures the distortion from planarity [47,48]. The
distortion from the plane increases with increasing g, values and
decreasing A, values. The lowering of Aj, values of the complexes
reflects a lower symmetry for the complexes.

Indeed, according to DFT calculations this could be explained by
the increase of the dihedral angles (N2—Cul—05—C29) and
(N3—Cu1—N2—C13) on going from histidine to tryptophan (see
Table 5).

These dihedral angles are formed by two metal-ligand bonds
which are significant of the deformation of the copper coordination
sphere. The larger the variation of dihedral angle is, the greater dis-
tortion will be.

In the complexes the parameter g, is well resolved unlike the
g.. The g,, value for the complexes is greater than 2 indicating
covalent nature of the metal-ligand bond. The value of g
decreases on going from histidine to tryptophan. So, to have a bet-
ter understanding of the nature of the metal-ligand bonding in
these complexes, various bonding parameters have been evaluated
from the low temperature ESR spectra. The in-plane ¢ bonding (o)
and of the in-plane & bonding (%) were estimated for each mono-
meric species by using the following expressions, where A repre-
sents the one electron spin-orbit coupling constant for the free

ion, equal to —828 cm™ .

Ly

1V \ r \ B3LYP

T T T T T T T T T T v T J T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (ecm™?)

Fig. 3. Experimental and theoretical FT-IR spectra of Cu-INAP-Phen.

Table 3
Wavelengths (1), oscillators strengths (f) and d-d electronic transitions of the studied
complexes.

Jexp® (NM)  faxp” Je (nm)  find d-d Electronic transitions

[Cu(INAP)(Hist)(H0)]

795 00034 790 0.0058  bag (dyy) = big (dyz_y2)
525 00032 568 0.0037 e (dys dyz) = big (dya_y2)
[Cu(INAP)(Phen)(H,0)s]

740 00009 784 00022  byg (dyy) — big (dyo_y2)
510 00014 571 00039 e (dyy, dyz) = big (dya_y2)
[Cu(INAP)(Tryp)(H20)]

698 00017 739 0.0030  byg (dyy) = brg (dxa_y2)
475 00035 569 0.0040  eg (dy, dyz) = big (dya_y2)

@ Jexp = €xperimental wavelength.

b fexp = experimental oscillator strength.
¢ Jtn = theoretical wavelength.

4 fin = theoretical oscillator strength.

A 3
2 _ 1Y _ het _
% =5036" (g, —2.0023) + 5 (g, —2.0023) + 0.04
2 B AE,y
B=-(g, 2.0023)820“

The theoretical ESR parameters are evaluated by DFT calcula-
tions for comparison with the experimental ones (see Table 4).

The values of bonding parameters evaluated from ESR spectra
are in reasonable agreement with those calculated by DFT. We also
notice that the theoretical values of g, and g, decrease in the same
order than the experimental ones.

By examining the trend of the o and the $? values obtained, it
can be seen that the covalent character in the mixed copper (II)

Table 2
Relevant IR data (cm™") of the ligands and the complexes..
Compound v(O—H) V(NH3).s V(C=0) V(CO0—),s Vv(COO0—) V(C=N) V(N—0) v(M—0) v(M—N)
HINAP 3291s - 1677s - - 1593 m 1238s - -
Histidine 3439m 3015m - 1587s 1414m - - - -
Phenylalanine 3465s 3067m - 1560s 1409m - - - -
Tryptophan 3404s 3039m - 1591s 1414m - - - -
[Cu(INAP)(Hist)(H20),] 3441s 2924s 1658s 1596m 1387m 1516m 1230m 523w 461w
(3431) (2936) (1664) (1546) (1259) (537) (428)
[Cu(INAP)(Phen)(H,0);] 3445s 2913s 1666s 1595m 1383m 1546s 1227m 514w 486w
(3461) (2949) (1661) (1533) (1226) (520) (427)
[Cu(INAP)(Tryp)(H20),] 3495s 2921s 1622s 1594s 1379m 1519m 1213s 510w 433w
(3478) (2952) (1644) (1499) (1221) (525) (453)

Found: experimental (calc.): calculated by DFT s = strong, m = medium, w = weak.
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Table 4
ESR parameters of Cu (II) complexes.
Complex g gL Ay (107) glAy o i
Cu-INAP-Hist 2.392 2.082 118 202 0.787 0.830
(2.46) (2.21) (87) (282) (0.780) (0.729)
Cu-INAP-Phen 2.345 2.075 120 195 0.747 0.813
(2.13) (1.92) (89) (239) (0.745) (0.660)
Cu-INAP-Tryp 2325 2.066 128 181 0.735 0.811
(1.99) (1.90) (104) (191) (0.749) (0.538)

Found: experimental (calc.): calculated by DFT.

Table 5
Calculated bond distances (A), angles (°) and dihedral angles (°) of the copper (II)
complexes computed using B3LYP/LANL2DZ.

Parameters Complexes

Cu-INAP-Hist Cu-INAP-Phen Cu-INAP-Tryp
Bond length (A)
Cul—N2 2.019 2.020 2.030
Cul—N3 2.048 2.013 2.012
Cul—04 1.975 1.995 2.006
Cul—05 2.282 2.048 2.054
Cul—06(H,0) 2.114 2214 2.426
Cul—07(H,0) 2.353 2.275 2.498
Bond angles (°)
N2—Cul—N3 99.96 95.38 95.82
N2—Cu1—04 83.00 81.98 83.25
N2—Cu1—05 172.66 161.19 171.52
N3—Cul1—05 90.91 80.51 80.52
N3—Cul1—-04 173.64 175.44 176.39
04—Cu1—-05 96.62 100.79 99.93
04—Cu1—06 84.48 61.55 71.59
05—Cul1—-06 112.04 100.25 90.71
07—Cul—N2 95.70 108.12 104.95
07—Cul—N3 94.36 106.87 109.86
07—Cul1—06 152.78 168.90 175.16
Dihedral angles (°)
N2—Cu1—05—C29 -157.99 -79.29 —64.42
N3—Cul1—N2—C13 144.59 151.46 163.08
H8—06—Cu1—04 -122.58 —136.66 —148.69
H11—07—Cul—N2 173.53 136.21 159.34
014—C12—04—Cul -179.62 -178.6 -177.34
C29—05—Cu1—04 -74.62 -176.13 -175.86
C41—C29—05—Cul -14.98 —-0.52 -0.32

complexes with the amino acids should increase in the order of
hist < phen < tryp. This order satisfactorily correlates with electron
density at the nitrogen donor atom which shows the same trend.

Geometry optimization

Selected bond distances, angles and dihedral angles for the
three complexes are listed in Table 5. On the basis of the results
obtained by spectroscopic investigations (FTIR, UV-Vis and ESR)
of these complexes, we suggest that the ligands are coordinated
in a deprotonated form, through oxygen and nitrogen atoms lead-
ing to neutral complexes.

Indeed, according to the DFT study, the Cu(Il) adopts a distorted
octahedral geometry, where INAP acts as a bidentate ligand
through both the imine nitrogen and carbonyl oxygen
[Cul—N3=2.048-2.012A and Cul—05=2.282-2.048 A]. The
amino acid also acts as a bidentate ligand through carboxylate
oxygen and nitrogen of NH, [Cul—04=1.975-2.006A and
Cu—N2 =2.019-2.030 A]. The ligands give a square planar arrange-
ment of N,O, donor groups around the copper ion. The other axial
sites being occupied by water molecules.

In all complexes, the Cu—04 bond length is shorter than the
Cu1—O05 bond length indicating that the coordination ability of
carboxylate oxygen is stronger than that of carbonyl oxygen of
INAP. It is also noticed from the DFT data, the distance of Cu—N2
to be shorter than that of Cu—N3. Hence, the coordination ability
of nitrogen atom of C=N is weaker than that of N atom of NH,
[49]. Two aqua (O6H, and O7H;) molecules are lying in the molec-
ular plane in trans position with a bond angle of (152.78-175.16°).
The 07=Cu1=06 angles deviate from linearity (180°) indicating a
distortion in the basal plane. The bond lengths of Cu1=06 and
Cul1=07 increase on going from histidine to tryptophan. Axial
elongation can easily be explained in terms of the Jahn-Teller dis-
tortion observed in most octahedral Cu(Il) [50]. The values of Mul-
liken charges show the cationic property of Cu while the atoms of
the ligands surrounding the metal show an anionic property
(Table 6).

The charge of Cu decreases from Cu-INAP-Tryp to Cu-INAP-Hist.
Copper complexes with histidine has the highest charge of
Mulliken compared with the two other forms, this can be explain
by the presence of three atoms of nitrogen in the amino acid (see
Table 6).

A view of the optimized structure of Cu-INAP-Hist complex and
its atom numbering are shown in Fig. 4. Indeed, it was found that
the trans-copper(Il) complexes are more stable energetically than
cis-copper(Il) complexes. The difference of energy AE between
cis and trans is=12.8 kcal/mol for [Cu(INAP)(Hist)(H,0),],
41.16 kcal/mol for [Cu(INAP)(Phen)(H,0),] and 141 kcal/mol for
[Cu(INAP)(Tryp)(H;0);] [51]. Values of the HOMO-LUMO energy
separation, the gap, estimated for the copper complexes are equal
to 1.91 eV, 2.56eV and 2.67 eV respectively for [Cu(INAP)(Hist)
(H20),], [Cu(INAP)(Phen)(H,0),] and [Cu(INAP)(Tryp)(H,0),].
Thus, the greater the energy gap is, the higher the stability is. So,
[Cu(INAP)(Tryp)(H;0),] is the more stable complex because it
possesses the highest energy gap. According to what has been
reported in the literature, binary copper complex with the trypto-
phan is the most stable one according to the value of formation
constant compared to copper complexes with histidine and with
phenylalanine [52]. The latter increases in the order Hist < Phen <
Tryp. Thus, we can predict that the stability of the ternary copper
complexes increases in the same order.

Table 6
Dipole moments and Mulliken charges.
Parameters Complexes
Cu-INAP-Hist Cu-INAP-Phen Cu-INAP-Tryp
Dipole moment (Db) 8.55 6.36 5.28
Mulliken charges Cu: 0.547 Cu: 0.478 Cu: 0.429
N2: —0.688 N2: —0.693 N2: —0.702
N3: —-0.043 N3: -0.072 N3: —0.066
04: -0.420 04: -0.494 04: —0.496
05: -0.375 05: —0.398 05: —0.399
06: —0.759 06: —0.765 06: —-0.721
07: -0.816 07: —0.699 07: -0.707




260 N. Tidjani-Rahmouni et al. /Journal of Molecular Structure 1075 (2014) 254-263

Fig. 4. The optimized structure of [Cu(INAP)(Hist)(H,0),].
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Fig. 5. Cyclic voltammograms of (a) CuCl, (b) Cu-INAP-Tryp complex in DMSO
(0.1 M TBAP); scan rate = 10 mV/s, (inset: behavior of CuCl,).

Electrochemistry

The electrochemical profiles of the ligands of amino acids and
isonitrosoacetophenone and their complexes were studied in
DMSO by cyclic voltammetry from +1.5 to —1.5V (vs. SCE). The
electrochemical experiments were done at room temperature
(25 °C).

Coulometric analysis indicates that each of the processes
involves a one-electron transfer.

Cyclic voltammogram of CuCl, shows two irreversible reduction
processes at —0.32 V assigned to the couple Cull/Cul and —0.96 V
attributed to Cul/Cu and a single anodic peak at +0.64 V without
any associated cathodic response. The anodic wave at 0.92V is

Table 7
Electrochemical data for the reduction of the ligands, CuCl, and the Cu(Il) complexes®
in 0.1 M TBAP in DMSO.

Compounds Epc (V) Epa (V) AE (mV)
HINAP -0.524 - -
—-0.756 —0.554 202
Histidine —0.466 - -
Phenylalanine -0.532 - -
Tryptophan —0.549 - -
CuCl, -0.320 0.140 460
—0.960 —-0.380 560
[Cu(INAP)(Hist)(H,0)3] 0.365 0.425 60
—0.482 -0.299 183
[Cu(INAP)(Phen)(H,0),] 0.360 0.414 54
—0.540 -0.343 197
[Cu(INAP)(Tryp)(H20)a] 0.227 0417 19
—0.647 -0.360 287

3 Solute concentration=10"3M, scan rate=10mV/s; Epc and Epa are the
cathodic and the anodic peak potentials respectively; AE = Epa — Epc.

observed in all the cyclic voltammograms of the ligands, it can
be attributed to an irreversible oxidation process (Fig. 5).

The electrochemical data on the reduction of the complexes at a
sweep rate of 10 mV s~ ! are given in Table 7.

The reduction voltammograms of the histidine, phenylalanine
and tryptophan display one cathodic peak located at —0.466,
—0.542, —0.549 respectively. The cyclic voltammogram of isonitr-
osoacetophenone (HINAP) shows reduction signals at the cathodic
potential peak Epc; = —0.524 V and Epc,; = —0.756 V, attributed to
the insaturation of the ligand.

By comparing the cyclic voltammograms of complexes to those
of the ligands and that of the CuCl,, 6H,0 taken as reference, the
reduction process should correspond to Cu (II/I). The metal cen-
tered reduction for all the copper complexes shows an irreversible
electron transfer [53]. Further, the reduction waves given by the
voltammograms with the cathodic scan are of medium intensity.

The more negative cathodic potentials for the Cu (II)/Cu(I)
couple of complexes are seen in the order of Tryptophan <
Phenylalanine < Histidine, that correlates with the steric and
electronic effects of the R group of the amino acid. Finally, an
increase of the electron density on the copper increases the
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Table 8
Results of antibacterial activity screening of ligands and copper complexes.*

Compound Inhibition zone diameter (mm)
S. aureus S. pyogenes B. subtillis E. coli P. aeruginosa P. mirabilis C. albicans

HINAP 14 13 11 12 - 13 -
Histidine 10 - - 14 - 11 -
Phenylalanine 16 - - 20 11 13 -
Tryptophan 19 - - 18 12 14 -
Cu-INAP-Hist 12 11 - 12 12 - 17
Cu-INAP-Phen 14 14 13 12 14 - 18
Cu-INAP-Tryp 15 17 18 13 16 24 26
Sulfamethoxazol 28 Nt 29 36 - Nt -
Ampicillin 11 12 Nt 08 Nt - -
Ketoconazol - - - - - - 38
Amphotericin B - - - - - - 29

Nt not tested, (-) no activity.

2 Where INAP represent isonitrosoacetophenone and Hist, Phen and Tryp represent deprotonated histidine, phenylalanine and tryptophan, respectively.

difficulty of reducing the metal center and stabilize the high oxida-
tion state for the metal ion [54,55]. We also note that the power of
ligand field increases on going from histidine to phenylalanine to
tryptophan.

This results may be correlated with the HOMO and LUMO ener-
gies. The study of frontier orbital and the geometrical parameters
show that for the complex Cu-INAP-Tryp, unlike the other com-
plexes, the LUMO is mainly located on the INAP and moves
towards on the metal (see Fig. 5). This makes the access of foreign
electron to metal orbitals, difficult. This proves that the structure of
the complex depending on the nature of the ligand surrounding the
center metal, affects the electrochemical behavior of complex and
consequently the reduction and oxidizing of the metal center. The
[Cu(INAP)(Tryp)(H,0),] owns the lowest reduction potential which
is in a good agreement with the highest value of the LUMO. LUMO
of Cu-INAP-Hist has the lowest energy value, so it is the most
stable one. It means that the complex Cu-INAP-Hist will be more
easily reduced as it has the larger electron affinity. We could also
relate the reduction potential to HOMO since it is partially filled
in the case of copper which has d° electronic configuration, so
the HOMO could accept one electron. Reduction potential Epc
shifts towards more negatives values on going from histidine to
tryptophan.

The HOMO measures the electron donating ability to donate an
electron, LUMO as an electron acceptor represent the ability to
obtain an electron.

Thus, the larger the Eyonmo iS, the greater the electron donating
capacity will be, and the smaller the Ejynmo is, the smaller the resis-
tance to accept electrons will be [51].

Antibacterial activity
The mixed copper (II) complexes were investigated for their

microbial activity against pathogenic bacterial and fungal species
using disc diffusion method. The results of the bacterial screening

Table 9

Results of antioxidant activity of ligands, copper (II) and complexes.
Compounds Trolox eq. AA%
HINAP 129.62 16
Histidine 130.6 19
Phenylalanine 132.65 224
Tryptophan 136.7 23
CuCl,-6H,0 105 16.8
Cu-INAP-His 70 19.35
Cu-INAP-Phe 130 21
Cu-INAP-Tryp 182 24.5
Chlorogenic acid 51 17

AA%: antioxidant activity (%), trolox eq.: trolox equivalent.

of the synthesized compounds are recorded in Table 8. No growth
inhibition was observed for DMSO and copper chloride salt.

The primary ligand, HINAP, and the amino acids have moderate
activity with S. aureus, P. mirabilis and E. coli and are more active in
comparison with S. pyogenes and B. subtilis. Therefore, copper(II)
complexes exhibit a good activity with S. pyogenes and B. subtilis,
among Gram-positive and Gram-negative bacteria studied.
Cu-INAP-Tryp showed more activity than Cu-INAP-Hist and
Cu-INAP-Phen against in all tested microorganisms. It is clearly
observed that the copper complexes are very active against the
fungus C. albicans.

The mixed complexes of tryptophan exhibit the most higher
activity than those of histidine and even those with phenylalanine.

This would suggest that chelation could facilitate the ability of
the complex to cross a cell membrane and can be explained on
the basis of Tweedy’s chelation theory [56].

On chelation the polarity of the metal ion will be reduced
because of the partial sharing of the positive charge of the metal
with the donor groups present in the ligand. Further, it increases
the delocalization of m-electron over the whole chelating space
[57,58].

This increases the lipophilic character of the metal chelates and
favors its permeation through the lipoid layer of the bacterial
membranes. We conclude that complexation increases the antimi-
crobial activity. This result is correlated by the DFT calculations.
The HOMO-LUMO energy separation can be used to predict reac-
tivity of the studied compounds. The theoretical analysis of the
energy gap (AE) of these compounds showed direct correlation
with their antimicrobial activity since the latter increases along
with the increase of the energy gap.

The dipole moment in a molecule, which results from non-
uniform distribution of charges on the various atoms in a molecule,
is another electronic parameter (see Table 6). Thus, the high values
of dipole moment of complexes decrease clearly the antimicrobial
activity. In our studied complexes the copper complex with the
tryptophan possesses the higher antimicrobial activity since it
has the lowest dipole moment [51].

Antioxidant activity

The antioxidant activity of Cu(ll) complexes was measured in
terms of their hydrogen donating or radical scavenging ability by
UV-Vis spectrophotometer using the stable 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH) (Table 9).

DPPH radicals are stable free radicals and in the presence of
molecules capable of donating H atoms, its radical character is
neutralized. This is visually noticeable as the color changes from
purple to yellow. When complexes as antioxidant donate protons
to this radical, the initial absorbance of DPPH solution decreases.
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HOMO of [Cu(INAP)(Hist)(H,0),]
(-6.10eV)

LUMO of [Cu(INAP)(Hist)(H,0),]
(-4.19 eV)

HOMO of [Cu(INAP)(Phen)(H,0),]
(-6.09 eV)

LUMO of Cu(INAP)(Phen)(H,0),]
(-3.53 eV)

HOMO of [Cu(INAP)(Tryp)(H,0)]
(-5.58 eV)

LUMO of [Cu(INAP)(Tryp)(H,0),]
(-2.91eV)

Fig. 6. Frontier molecular orbitals, HOMO and LUMO of the studied complexes.

All the Cu (II) complexes are less active than the free ligands
against DPPH. Nevertheless, the antioxidant activity increases on
going from histidine to tryptophan. The complex with tryptophan
shows the higher antioxidant activity, this can be explain on the
basis of the indole, the aromatic heterocycle that terminates the
tryptophan side chain, which is both electron rich and posses an
H-bond donor [59,60]. This results are correlated with DFT calcula-
tions of the HOMO and the LUMO.

For the Cu-INAP-Tryp the HOMO is localized on the tryptophan
whereas the LUMO density covers completely the oxygen atoms in
particular that bonded to the atom of nitrogen (N3) and the phenyl
ring of INAP (Fig. 6). Hence copper complex with tryptophan
is more efficient donator compound than Cu-INAP-His and
Cu-INAP-Phe.

Conclusion

Cu(Il) complexes with amino acids and isonitrosoacetophenone
have been prepared and characterized with various spectroscopic
techniques. The ternary complexes isolated are monomeric and

non-electrolytes. The IR study reveals that the ligands behave as
a bidentate ON donor. The electronic absorption spectra show that
the ligand field is decreasing from Cu-INAP-Tryp complex to the
Cu-INAP-Hist complex. This can be explained by the presence of
the indole group which is both electron rich aromatic compound
and possesses and H-bond donor. The electron donor effect of
indole group is greater than that of imidazole one of histidine.

The DFT calculations established the optimized structure and
revealed that the trans-copper (1) complexes are more stable ener-
getically than cis-copper(Il). In order to study vibrational and ESR
spectroscopy, electrochemical behavior and biological activities
of the copper(Il) complex, the theoretical calculations were suc-
cessfully performed by using DFT with the B3LYP/LANL2DZ level.
The calculated data were in good agreement with the observed
ones.

The ESR spectral data of copper complexes indicate that the
complexes have an axial symmetry. The electrochemical behavior
shows that the potential redox shift towards more negative values
on going from histidine to tryptophan.
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The biological activities reveal that the copper complexes have
a moderate antibacterial activity but an important antifungal
activity.

The antioxidant activity is moderate for all copper complexes,
therefore the Cu-INAP-Tryp complex shows the better antioxidant
activity because of the facility of tryptophan to donate electrons in
order to reduce free radicals.
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