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Mononuclear and dinuclear copper(II) complexes [Cu2(μ-nap)4(3-pic)2] (1) and [Cu(nap)2(H2O)(4-
pic)2] (2) have been synthesized in the presence of 3-picoline and 4-picoline. Two complexes were
characterized by FT-IR, UV–vis spectroscopic methods and their thermal stabilities were determined
by TG/DTA/DTG techniques. The crystal structures of 1 and 2 were established by X-ray analysis.
X-ray structure analysis has shown that copper(II) has a distorted square-pyramidal geometry. Na-
proxenate is a bridging ligand in 1 and monodentate in 2. Two complexes have shown catalytic
activity on oxidation of 3,5-di-tert-butylcatechol to 3,5-di-tert-butylquinone exhibiting saturation
kinetics at high substrate concentrations. The complexes were also screened for antimicrobial activ-
ity against pathogenic bacteria and fungi. The complexes exhibited antimicrobial activity against
Entrococcus faecalis and Candida albicans.
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1. Introduction

Nonsteroidal antiinflammatory drugs (NSAIDs) demonstrate analgesic, antiinflammatory,
and antipyretic properties and are used for pain and inflammation. NSAIDs have a role on
the activity of certain antitumor drugs [1, 2]. Several studies have shown that the influences
of NSAIDs are essentially based on inhibition of cyclooxygenase. Cyclooxygenase converts
the arachidonic acid into prostaglandins, prostacyclin, and thromboxane [3, 4], but the
mechanisms have not been clearly explained. Salicylate derivatives, phenylalkanoic acids,
oxicams, anthranilic acids, sulfonamides, and furanones are the basic forms of NSAIDs [5].
Naproxen (=Hnap), which relates to the NSAIDs group of phenylalkanoic acids, is (+)-6-
methoxy-α-methyl-2-naphthalene acetic acid. In the literature, the crystal structures of metal
complexes of naproxen, for example copper(II) [6–9], cobalt(II) [10], zinc(II) [11],
cadmium(II) [12], and ruthenium(II, III) [2], have been reported. NSAIDs with copper(II)
complexes have been studied because they are more active than their parent drugs [5, 13].

Copper(II) plays a role in differing biological processes such as electron transfer, oxida-
tion, and dioxygen transport [14, 15] and varied enzymatic reactions, such as catechol
oxidase [16–26] activity. Catechol oxidase enzyme, which exists in nature in plants, insects,
and crustaceans, plays an important role in disease resistance in higher plants [27]. The
catechol oxidase reaction is of importance and used in medical diagnosis [28]. Catechol
oxidaze catalyzes the two-electron oxidation of catechols in the presence of oxygen to the
corresponding quinones [18]. Catalytic activity of complex for the oxidation of 3,5-di-tert-
butylcatechol to the corresponding quinone in methanol has been studied by UV–Vis spec-
troscopy (figure 1). Several mononuclear and binuclear copper complexes with nitrogen and
oxygen donors display major catecholase activity [21, 29–31]. The mechanism of catechol
oxidation by the natural enzyme, as proposed by Krebs and co-authors, was studied [32].

In the current study, we report the synthesis, structural characterization, catechol oxidase,
and antimicrobial activities of copper(II) complexes with naproxenate in the presence of
3-picoline (3-pic) and 4-picoline (4-pic) (figure 2).

2. Experimental setup

2.1. Materials

Naproxen and other chemicals and solvents used in this study were of high purity
(Aldrich or Sigma chemicals) and were used without purification. Infrared spectra of the
complexes were recorded with a Thermo Nicolet 6700 FT-IR spectrophotometer from
4000 to 450 cm−1 and at a resolution of 0.5 cm−1 by using KBr pellets. UV–vis spectra

Figure 1. Oxidation of 3,5-di-tert-butylcatechol by 1 and 2.
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were recorded on a PG 80+ UV–vis spectrophotometer from 200 to 900 nm in methanol.
C, H, and N elemental analyses were performed on a LECO CHNS-932 elemental
analyzer. TG and DTA curves were scanned using a PRIS Diamond TG/DTG apparatus
in static air (heating rate: 10 °C min−1, platinum crucibles, mass ~10 mg, and temperature
range: 30–1000 °C). The powder X-ray diffraction (PXRD) patterns of final solid products
in thermal analysis studies were taken at ambient temperatures using a PANalytical Empy-
rean diffractometer using Ni-filtered CuKα radiation (l = 1.54050 Å; 45 kV and 40 mA).

2.2. Synthesis

2.2.1. [Cu2(μ-nap)4(3-pic)2] (1). Potassium hydroxide (0.4 mM, 22 mg) was added to a
methanol solution (15 mL) of naproxen (0.4 mM, 92 mg) and the solution was stirred
for 1 h at 50 °C. 3-pic (98 μL, 0.6 mM) was added into ethanol solution (10 mL) of
CuSO4·5H2O (0.04 g, 0.2 mM) and stirred for 30 min. at 50 °C. Then, the first solution was
added to the second solution. X-ray quality green crystals of [Cu2(μ-nap)4(3-pic)2] were
obtained by slow evaporation of the solution at room temperature within a few days. Yield:
80%; microanalytical data for [C68H66N2O12Cu2]: Found: C, 66.48; H, 5.30; N, 2.21%;
calcd: C, 66.32; H, 5.34; N, 2.28%.

2.2.2. [Cu(nap)2(H2O)(4-pic)2] (2). Complex 2 was prepared in a similar way to 1 with
the use of 4-pic (98 μL, 0.6 mM) instead of 3-pic. X-ray quality blue crystals of [Cu
(nap)2(H2O)(4-pic)2] were obtained by slow evaporation of the solution at room temperature
after one week. Yield: 85%; microanalytical data for [C40H42N2O7Cu]: Found: C, 66.12; H,
5.85; N, 3.88%; calcd: C, 66.09; H, 5.78; N, 3.85%.

2.3. X-ray crystallography

Diffraction measurements were performed at 296 K on a STOE IPDS II diffractometer using
graphite monochromated Mo-Kα radiation. Crystals of C68H66N2O12Cu2 and
C40H42N2O7Cu have approximate dimensions of 0.480 × 0.347 × 0.110 mm and 0.610 ×
0.233 × 0.040 mm, respectively. A summary of the key crystallographic information is given
in table 1. Data collection: Stoe X-AREA [33]. Cell refinement: Stoe X-AREA [33]. Data
reduction: Stoe X-RED [33]. The structure was solved by direct methods using SHELXS-
97 [34] and anisotropic displacement parameters were applied to nonhydrogen atoms in a
full-matrix least-squares refinement based on F2 using SHELXL-97 [34]. All hydrogens

Figure 2. Molecular structure of naproxen (a), 3-picoline (b), and 4-picoline (c).
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attached to carbon were positioned geometrically and refined by a riding model assigning
Uiso equal to 1.2 times that of attached atoms; remaining hydrogens were located from the
Fourier difference map.

2.4. Catechol oxidase activity

The catalytic oxidation of 3,5-di-tert-butylcatechol (DTBCH2) by copper complexes was
evaluated in dioxygen-saturated methanol at room temperature. The reaction was monitored
spectrophotometrically by choosing the strongest absorbance. Because 3,5-di-tert-butylqui-
none (3,5-DTBQ) is stable and has a strong absorption at 395 nm, the initial reaction rate
was determined from the slope of the trace at 395 nm in the first 1 min. of the reaction.
While the initial rate was being determined, different ratios of complex and substrate were
studied. The minimum complex to substrate rate was 1 : 5 and the maximum complex to
substrate rate was 1 : 50. Km, Vmax, and kcat values were determined by Lineweaver–Burk
plots and the Michaelis–Menten equation.

2.5. Antimicrobial assays

The potential antimicrobial effects of the Cu(II) complexes were investigated by microdilu-
tion method against five Gram-positive bacteria, Bacillus cereus (ATCC 7064), Entrococcus
faecalis (ATCC 15753), Listeria monocytogenes (ATCC 19114), Staphylococcus aureus
(ATCC 6538), and Methicillin Resistant S. aureus MRSA (ATCC 43300); three Gram-nega-
tive bacteria Salmonella typhi (CCM 5445), Escherichia coli (ATCC 35218), and

Table 1. Crystal data and structure refinement parameters for 1 and 2.

1 2

Empirical formula C68H66N2O12Cu2 C40H42N2O7Cu
Formula weight 1230.31 726.30
Temperature (K) 296 296
Wavelength (Å) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21 P21
Unit cell dimensions
a (Å) 16.2796(4) 16.4555(14)
b (Å) 10.3629(4) 5.7365(3)
c (Å) 18.7360(5) 19.2458(15)
α (°) 90 90
β (°) 110.082(2) 101.461(7)
γ (°) 90 90
V (Å)3 2968.66(16) 1780.5(2)
Z 4 2
Absorption coefficient (mm−1) 0.782 0.666
Dcalcd (mg m−3) 1.3764(1) 1.355
Crystal size (mm) 0.480; 0.347; 0.110 0.610; 0.233; 0.040
Theta range for data collection (°) 1.43; 28.06 1.49; 28.07
Measured reflections 28588 14582
Independent reflections 9358 3411
Absorption correction Integrationa Integrationa

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Final R indices [F2 > 2σ(F2)] 0.0537 0.0929
Goodness-of-fit on F2 0.958 0.987

aStoe and Cie (2002) [35].
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Pseudomonas aeruginosa (ATCC 27853); and one yeast Candida albicans (ATCC 10231).
The complexes were dissolved in DMSO to a final concentration of 4096 μg mL−1 and then
sterilized by filtration using 0.20 μm Millipore. Negative controls were prepared by using
DMSO. Vancomycin, ciprofloxacin, and Amphotericine B were used as positive reference
standards. The minimum inhibitor concentration (MIC, μg mL−1) value was determined as
the lowest concentration at which the growth of micro-organisms was not observed. All
experiments were performed in duplicate and confirmed by three separate experiments. The
antibacterial activity assays of all compounds were performed according to the Clinical and
Laboratory Standards Institute protocols [35]. The antifungal activities of all compounds
were evaluated according to the National Committee for Clinical Laboratory Standards
[36]. The bacteria were incubated in Muller Hinton Broth (Oxoid) at 37 °C for 24 h. The
yeast was incubated in RPMI-1640 medium (Biological Industries) at 35 °C for 48 h.

3. Results and discussion

3.1. Crystal structure of 1

The molecular structure of 1 is shown in figure 3 and selected bond distances and angles
are listed in table 2. In [Cu2(μ-nap)4(3-pic)2] (1), four deprotonated naproxenates (nap) are
in bridging mode and nap ligands connect two adjacent copper(II) ions via eight carboxyl-
ate oxygens from four nap ligands.

Cu1(II) and Cu2(II) are five-coordinate with distorted square-pyramidal geometry, with
both coppers surrounded by four nap ligands and one 3-picoline. The structural distortion
index tau (τ) was calculated as 0.125 for Cu1 and 0.118 for Cu2, clearly suggesting a dis-
torted square-pyramidal geometry for 1 (τ = a – b/60, where a and b correspond to the two
angles showing a tendency to linearity). The τ-values of square-based-pyramidal and trigo-
nal-bipyramidal extremes are 0 and 1, respectively [37].

Intermolecular hydrogen bond between hydrogen of methoxy of nap and oxygen of
methoxy of nap is given in table 3 (figure 4).

Figure 3. ORTEP III diagram and atom numbering scheme of 1. Displacement ellipsoids are drawn at the 20%
probability level.
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Based on the experimental data, 1 is isostructural to [Cu2(nap)4(DMSO)2] [9] and is
expected to be isostructural to [Cu2(nap)4(H2O)2] [6].

Cu–N3-pic bond distances are 2.164(3) and 2.180(3) Å, slightly longer than [Cu(bba)2
(3-pic)2] (1.999(2) Å) [38], [cis-Cu(p-hydroxybenzoate)2(3-picoline)2] (1.99(2) Å) [39], and
[Cu(2-Cl-5-FC7H3O2)2(3-pic)2(H2O)2] (2.009(4) Å) [40], where 2-Cl-5-FC7H3O2 is
2-chloro-5-fluorobenzoate.

Cu–Onap bond distances range from 1.935(3) to 2.029(3) Å, similar with a corresponding
value in [Cu(nap)2(bipy)]H2O (1.9435(16)−2.5810(16) Å) [6], [Cu(nap)2(phen)]H2O (1.943
(2)−2.577(2) Å) [6] and [Cu(Nap)2(3-pym)2]n (1.9434(2)−1.9535(2) Å) [7], where bipy,
phen, and 3-pym are 2,2′-bipyridine, 1,10-phenanthroline, and 3-pyridinemethanol,
respectively.

3.2. Crystal structure of 2

The molecular structure of 2 is shown in figure 5, and selected bond distances and angles
are listed in table 2. The complex is mononuclear and Cu(II) ion is square pyramidal,

Table 2. Selected bond distances (Å) and angles (°) for 1 and 2.

1
Cu1–N1 2.180(3) Cu2–N2 2.164(3)
Cu1–O2 1.991(3) Cu2–O1 1.951(3)
Cu1–O4 1.961(3) Cu2–O3 1.996(3)
Cu1–O7 1.994(3) Cu2–O8 1.935(3)
Cu1–O4 1.961(3) Cu2–O9 2.028(3)
O4–Cu1–O10 170.36(11) O8–Cu2–O1 168.89(11)
O4–Cu1–O2 88.09(12) O8–Cu2–O3 88.73(13)
O2–Cu1–O10 87.30(12) O1–Cu2–O3 86.67(14)
O4–Cu1–O7 91.36(13) O8–Cu2–O9 92.65(13)
O7–Cu1–O10 90.57(13) O1–Cu2–O9 88.61(14)
O7–Cu1–O2 162.86(10) O3–Cu2–O9 161.79(10)
O7–Cu1–N1 86.60(10) O8–Cu2–N2 94.08(11)
O10–Cu1–N1 102.52(10) O9–Cu2–N2 87.82(10)
2
Cu1–N1 2.062(9) Cu1–O4 1.961(8)
Cu1–N2 2.017(8) Cu1–O2 2.423(9)
Cu1–O1 2.002(8)
O1–Cu1–N1 91.6(3) N1–Cu1–N2 175.9(4)
O4–Cu1–N1 88.6(4) O4–Cu1–O7 95.5(3)
O1–Cu1–N2 88.5(3) O1–Cu1–O7 96.4(3)
O4–Cu1–N2 90.5(3) O7–Cu1–N2 93.2(3)
O4–Cu1–O1 168.1(3) O7–Cu1–N1 90.9(3)

Table 3. Hydrogen-bonding geometries for 1 and 2 (Å, °).

D–H···A D–H H···A D···A D–H···A

1
C68–H68A···O11i 0.96 2.51 3.464(6) 157
2
O7–HB···O2 0.86 2.01(10) 2.665(12) 132(9)
O7–HA···O1ii 0.86 2.33(8) 3.017(11) 139(10)
C7–H7···O4iii 0.93 2.48 3.183(13) 132
C29–H29B···O5ii 0.96 2.57 3.510(19) 165

Symmetry codes: (i) 3-x,1/2+y,1-z; (ii) x,1+y,z; (iii) x,-1+y,z

Copper(II) naproxenato complexes 675
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coordinated to two oxygens of a pair of monodentate nap anions, two nitrogens from pyri-
dine from a pair of neutral 4-pic, and one oxygen of water. The structural distortion index
tau (τ) was calculated as 0.13 and the τ-value is suitable of square pyramidal.

Intramolecular O7–HB···O2 hydrogen bond between O–H of water and carboxyl oxygen
of nap occurs. Adjacent complex units are connected via intermolecular O7–H7A···O1 ((i):
x, y + 1, z) hydrogen bonds between O–H group of the aqua ligand and carboxyl oxygen of
nap, C7–H7···O4 ((ii): x, y − 1, z) hydrogen bond between the phenyl group of 4-pic and
carboxyl oxygen of nap, and C29–H29B···O5 ((i): x, y + 1, z) hydrogen bond between the
methoxy group of nap and the carboxyl oxygen of nap (figure 6; table 3).

Complex 2 is isostructural to [Cu(nap)2(py)2(H2O)] [8]. In [Cu(nap)2(py)2(H2O)],
coordination geometry of copper(II) is square pyramidal. N(1) and N(2) of the two

Figure 4. A crystal packing diagram of 1.

Figure 5. ORTEP III diagram and atom numbering scheme of 2. Displacement ellipsoids are drawn at the 20%
probability level.
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pyridines and one carboxylate oxygen from each of the two nap ligands form the basal
plane of a square pyramidal with a water at its apex.

Cu–N4-pic bond distances are 2.017(8)–2.062(9) Å, which are slightly longer than the
corresponding in [Cu(bba)2(4-pic)2] (1.997(15) Å) [41], [Cu(dipic)(4-picoline)]n (1.920(15)
and 1.890(11) Å) [42], [Cu(pmpa)(4-methylpyridine)(H2O)](H2O)(ClO4) (1.986(4) Å) [43],
[Cu(PEPA)(4-methylpyridine)(H2O)](ClO4) (2.001(4) Å) [44], and [CuBr(C9H16N2Si)]4
(2.013 Å) [45]. But Cu–N4-pic bond distances are slightly shorter than in [Cu2(3-ClC2

H4COO)(4-pic)] (2.170(2) Å) [46] and where (H2dipic), pmpa, PEPA, (3-ClC2H4COO), and
(C9H16N2Si) are pyridine-2,6-dicarboxylic acid, N-(2-picolyl)picolinamide, N-(2-pyridyleth-
yl)picolinamide, 3-chloropropionato, and trimethylsilyl-(4-methylpyridine-2-yl)amin,
respectively.

3.3. FT-IR spectra

The band assignments of naproxen and copper(II) nap complexes with 3-pic or 4-pic are
listed in table 4. Examination of the FT-IR spectra of 1 demonstrated loss of carboxylic
ν(OH) stretching (3490–2800 cm−1) due to deprotonation of naproxen. A broad functional

Figure 6. A crystal packing diagram of 2.

Table 4. Selected IR spectral dataa for the Hnap ligand, 1 and 2.

Hnap 1 2

υCOOH(OH) 3250m – –
υaqua(OH) – – 3446sb
υaro(CH) 3003w 3062w 3064w
υalf(CH) 2975–2938w 2972–2936w 2986–2963w
υ(COOH) 1728 – –
υasym(COO

−) – 1604s 1591s
υsym(COO

−) – 1398s 1380s

Notes: w, weak; m, medium; s, strong; vs, very strong; sb, strong broad.
aFrequencies in cm−1.

Copper(II) naproxenato complexes 677
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group region indicates that water participated in coordination in 2. The band at 3446 cm−1

corresponds to O–H stretching vibrations of water. The stretching peaks of both aromatic
and aliphatic ν(CH) bonds of nap, 3-pic, and 4-pic are between 3062 and 2936 cm−1. In the
FT-IR spectrum of Hnap, the carbonyl of ν(COOH) at 1728 cm−1 disappeared in the corre-
sponding metal complexs spectra. The FT-IR spectrums of 1 and 2 showed νasym(COO

−) at
1604 and 1591 cm−1, νsym(COO

−) at 1398 and 1380 cm−1. The positions of these frequen-
cies and the separation between them, Δν of 206 and 211 cm−1, are in the range expected
for bridging and monodentate carboxylate, respectively. Medium intensity band at
1214 cm−1 may be assigned to υ(C–O–C) asymmetric stretching while weak band at
1031 cm−1 is assigned to υ(C–O–C) symmetric stretch of nap. The band under 600 cm−1 in
the complexes may be attributed to metal–oxygen and metal–nitrogen stretches.

3.4. Thermal analysis

The thermal behavior of 1 was followed to 900 °C in static air, showing decomposition in
two steps. The first from 30–177 °C corresponds to the removal of two coordinated 3-pic
with the endothermic DTA signal at 161 °C (DTGmax 161 °C). The observed mass loss of
13.00% agrees with the calculated mass loss of 15.12%. Degradation of four nap ligands
take place in the second step (177–455 °C, DTGmax 248, 375 °C, DTA 243, 280, and
375 °C) with a mass loss of 74.00% (calcd 74.84%). The total observed mass loss of
87.00% agrees well with the calculated mass loss of 89.96% and the final decomposition
product, CuO, was identified by PXRD with comparison of corresponding spectra obtained
under the same conditions for the pure oxide.

Thermal decomposition of 2 occurs in two steps. The first at 30–173 °C is assigned to
the loss of one water and two 4-pic ligands with a mass loss of 27.00% and a calculated
value of 28.08%. An endothermic peak occurs in DTA at 122 °C (DTGmax 122, 146 °C).
The second step between 173 and 461 °C corresponds to the loss of two nap ligands, repre-
senting a mass loss of 63.01% with a calculated value of 63.40%. (DTGmax 267, 534 °C).
The final thermal product, CuO, was identified by PXRD (the total observed mass loss of
90.01%, calculated mass loss of 91.48%). The main diffraction peaks of final solid products
are at 32.50, 35.55, 38.58, and 48.92(2θ) with distances of 2.76, 2.53, 2.33, and 1.86 Å,
respectively, in agreement with the XRPD data of pure CuO.

3.5. Catechol oxidase activity

To gain deeper insight into the various parameters that determine copper-mediated substrate
oxidations and bimetallic reactivity both in natural metalloenzymes and in synthetic ana-
logs, quite a number of mono and dinuclear copper(II) complexes have been investigated as
biomimetic catalysts for catechol oxidation [47–53]. Among the different catechols used in
catechol oxidase model studies, DTBCH2 is the most widely used substrate due to its low
redox potential for the quinone–catechol couple, which facilitates its oxidation to the corre-
sponding quinone (3,5-DTBQ), and to the presence of bulky substituents, that slow further
oxidation reactions such as ring opening [54–56]. The two-electron oxidation of DTBCH2

to quinone was investigated since this is the reaction that the copper-containing enzyme cat-
echol oxidase catalyzes. There are a number of factors that need to be considered, such as
electrochemical properties, the geometry imposed by the ligands on the metal, the nature of
any exogenous donors, the basicity of the donor, and steric features of the ligands [17, 57].
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To compare the difference between mononuclear and dinuclear complexes, we have studied
our copper complexes for catecholase activity, using the changes in the electronic spectrum
after the addition of DTBCH2 substrate [57].

The catalytic oxidation of DTBCH2 shows that both dinuclear 1 and mononuclear 2
showed catechol oxidase activity at room temperature in methanol. The experimental stud-
ies showed that dinuclear complexes have better activity than mononuclear complexes
because this mechanism requires two metal ions in close proximity [58]. The Cu···Cu dis-
tance in dinuclear copper complexes needs to be less than 5 Å [17, 18] for effective electron
transfer during the catalytic process to exhibit catecholase activity. In our study, the Cu···Cu
distance is 2.69 Å. Time-dependent increase in quinone absorbance is displayed in figure 7.
In that study, 10−4 M complex and 4 × 10−3 M substrate were stirred at equal volumes and
quinone formation was determined by UV–vis spectrophotometer at 395 nm.

The kinetic study was performed by the initial rate method by monitoring the absorption
at 395 nm for the first 1 min. Constant concentration of complex and different concentration
of substrate were prepared (complex: 10−4 M, substrate: 5–10–15–20–30–40–50 × 10−4 M).
At low concentrations of DTBCH2, a first-order dependence of the substrate concentration
was observed and saturation kinetics were found at high substrate concentrations [56, 59].
The kinetic parameters (table 5) were determined by using the Michaelis–Menten equation
(figure 8) and a Lineweaver–Burk plot (figure 9).

The turnover number for catechol oxidase enzyme is 8.255 × 106 h−1. Both dinuclear and
mononuclear copper(II) complexes displayed much less turnover number, but these results
are quite comparable to those reported [56, 57, 60–63].

Figure 7. UV–Vis spectra (300–550 nm) of 1 (a) and 2 (b) (1 × 10−4 M in CH3OH); DTBCH2 (4 × 10−3 M in
CH3OH).

Table 5. Km, Vmax, and kcat values for complexes.

Vmax (Ms−1) Km (M) kcat (h
−1)

[Cu2(μ-nap)4(3-pic)2] 4.26 × 10−6 1.45 × 10−4 153.36
[Cu(nap)2(H2O)(4-pic)2] 2.24 × 10−6 1.1 × 10−4 80.64
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3.6. Antimicrobial activity

The in vitro antimicrobial properties of the compounds against Gram-positive bacteria
and yeast are presented in table 6. Among the tested micro-organisms, E. faecalis and

Figure 8. Dependence of the reaction rates on the DTBCH2 concentrations for the oxidation reaction catalyzed by
1 (a) and 2 (b). The reaction was performed in methanol at room temperature.

Figure 9. Lineweaver–Burk plot for catalysis by 1 (a) and 2 (b).

Table 6. Antimicrobial activities of the compounds evaluated by
MIC (μg mL−1).

Compounds E. feacalis C. albicans

[Cu2(μ-nap)4(3-pic)2] 256 128
[Cu(nap)2(H2O)(4-pic)2] 256 128
Naproxen 512 256
CuSO4 >1024 >1024
3-Picoline 512 256
4-Picoline 512 256
DMSO 512 256
Vancomycine 2 –
Amphotericine B – 0.0625
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C. albicans appear to be the most sensitive strains with MIC values of 256 and 128 μg
mL−1, respectively. However, [Cu2(μ-nap)4(3-pic)2] and [Cu(nap)2(H2O)(4-pic)2] were
inactive against the other micro-organisms (MIC values > 512 μg mL−1). One strain of yeast
C. albicans (ATCC 10231) was more sensitive than the others. Antimicrobial activities of
the complexes were higher than the drug molecules in the absence of copper. These results
have good agreement with similar studies available in the literature [64–67].

4. Conclusions

Two copper(II) naproxenato complexes with 3-pic and 4-pic have been synthesized and
characterized by elemental analyses, FT-IR, thermal analyses, and X-ray diffraction. X-ray
crystal structure analysis demonstrated that 1 is dinuclear and 2 is mononuclear. The com-
plexes have square-pyramidal geometry. Nap ligands bridge in 1 and are monodentate in 2.
Thermal stability of 1 and 2 are up to 161 and 122 °C, respectively, before the onset of
decomposition. Catechol oxidase activities of 1 and 2 using DTBCH2 as substrate in metha-
nol showed good catechol oxidase activity. Biological assays showed antimicrobial activity
of the complexes against C. albicans and E. faecalis.

Supplementary material

Supplementary data CCDC-946001 and CCDC-946002 contain the supplementary crystal-
lographic data for 1 and 2, respectively. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223 336 033; or
E-mail: deposit@ccdc.cam.ac.uk.
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