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Synthesis, characterization, and antibacterial evaluation of
copper(II) complexes supported by phenylacetic acid

derivatives, and diamine ligands
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Four copper(II) complexes were synthesized and their structures were determined by elemental anal-
ysis and single crystal X-ray diffraction analysis. Some of them show good antibacterial activity.

Four mixed-ligand complexes, [Cu3(cpa)6(pda)1] (1) (cpa = 4-chlorophenylacetic acid, pda = 1,2-
diaminopropane), [Cu3(fpa)6(tn)1] (2) (fpa = 4-fluorophenylacetic acid, tn = 1,3-diaminopropane),
[Cu3(cpa)6(en)1] (3) (cpa = 4-chlorophenylacetic acid, en = ethylenediamine), and [Cu3(fpa)6(pda)1]
(4) (fpa = 4-fluorophenylacetic acid, pda = 1,2-diaminopropane), were synthesized by reacting 4-
chlorophenylacetic acid or 4-fluorophenylacetic acid, the diamines, and metal salts. Their structures
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were determined by elemental analysis and single-crystal X-ray diffraction analysis. The antimicro-
bial activities for the metal complexes were evaluated against Escherichia coli, Pseudomonas putida,
Bacillus subtilis, and Bacillus cereus. The antimicrobial results indicated that the four synthesized
complexes displayed good inhibitory activity against E. coli and B. subtilis, and could be promising
antibacterial agents.

Keywords: Phenylacetic acid derivatives; Copper(II) complexes; Single-crystal X-ray analysis; Anti-
bacterial activity

1. Introduction

Phenylacetic acid is used in some perfumes, possessing a honey-like odor. It is used in pen-
icillin production, and also in plastic, textile, paper, insect repellent, pesticide, and cosmetic
industries [1]. Phenylacetic acid and its derivatives have attracted much interest for their
biological activities. Phenylacetic acid is an active auxin molecule, a type of plant hormone,
which plays an essential role in coordination of many growth and behavioral processes in
the plant life cycle [2, 3]. They also had antibacterial activity against micro-organisms such
as Escherichia coli and Bacillus subtilis [4, 5]. Halogenation of pharmacologically active
compounds has been a common method to increase their metabolic stability and lipophilic-
ity, which could lead to increased binding affinity to the receptor, channel, transporter, or
other protein target [6]. Transition metals exhibit different biological activities [7]. The anti-
bacterial effect of certain drugs could be enhanced when chelating to a metal [8]. For exam-
ple, copper complexes have excellent antibacterial activity, making them alternative
antibacterial therapeutic agents [9, 10].

Here we synthesized four mixed-ligand metal complexes, [Cu3(cpa)6(pda)1] (1),
[Cu3(fpa)(tn)1] (2), [Cu3(cpa)6(en)1] (3), and [(Cu3(fpa)6(pda)1] (4), using halogenated phen-
ylacetic acids as starting materials. Their structures were determined by elemental analysis
and single-crystal X-ray diffraction analysis. Their antimicrobial activities were evaluated
against four different bacteria, E. coli, Pseudomonas putida, B. subtilis, and Bacillus cereus.
The results suggest that some of them exhibit promising antimicrobial activity.

2. Experimental

2.1. General

All reagents, unless otherwise stated, were purchased as AR grade. Copper(II) perchlorate
hexahydrate was dried under vacuum prior to use. All other reagents were used as received.
Elemental analyses were conducted on a Perkin-Elmer 240C elemental analyzer, and their
structures were determined by single-crystal X-ray diffraction analysis.

2.2. Synthesis of 1–4

The synthesis of 1–4 was performed according to the literature procedures [11] with modifi-
cation. For 1, 4-chlorophenylacetic acid (1 mM, 0.171 g) and copper(II) perchlorate hexahy-
drate (0.5 mM, 0.185 g) were dissolved in concentrated ammonium solution (10 mL) and
the mixture was stirred for 15 min until a clear solution was obtained. Then, 1,2-propanedi-
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amine (0.5 mM, 0.037 g) was added to the above-mentioned solution. The mixture was stir-
red at room temperature for 20 min to give a clear blue solution, which was filtered off.
After keeping the solution in air for several days, blue-shaped crystals were formed at the
bottom of the vessel. The blue crystals were collected by filtration and washed with ethanol
three times and then air-dried. Yield: 0.128 g (32.5%). Compounds 2–4 were synthesized
using the same method as for 1. Their yields are 0.102 g (27%), 0.135 g (35%), and
0.165 g (44%), respectively. The synthetic route for 1 is shown in scheme 1.

2.3. X-ray crystallographic analysis

Single-crystal X-ray diffraction data were collected on a Bruker D-8 Venture diffractometer
at room temperature (293 K). The X-ray generator was operated at 50 kV and 35 mA using
Mo Kα radiation (λ = 0.71073 Å). The data were collected using the SMART software
package. The data were reduced by SAINT-PLUS, an empirical absorption correction was
applied using SADABS and XPREP was used to determine the space group. The crystal
structure was solved by direct methods using SIR92 and refined by full-matrix least-squares
using SHELXL97 [12, 13]. All non-hydrogen atoms were refined anisotropically and hydro-
gens were refined in the riding mode on their carrier atoms wherever applicable. Experi-
mental details for X-ray data collection of 1–4 are presented in table 1. Molecular structures
and the atomic numbering scheme of 1–4 are shown in figures 1–4, respectively.
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2.4. Antimicrobial activity

The antibacterial activities of the synthesized compounds were performed according to the
literature procedures [14] with modification. The antibacterial activities of the synthesized
compounds were tested against E. coli, P. putida, B. subtilis, and B. cereus using MH medium
(Mueller-Hinton medium: case in hydrolysate 17.5 g, soluble starch 1.5 g, beef extract 2.0 g,
distilled water 1000 mL). The inhibition (%) of the growth of different bacteria by the test
complexes were determined by a colorimetric method using the dye MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide) [15]. A stock solution of the synthesized
compound (50 μg mL−1) in DMSO was prepared and graded quantities of the test compounds
were incorporated in specified quantity of sterilized MH. A specified quantity of the medium
containing the test compound was poured into microtitration plates. Suspension of the micro-
organism was prepared to contain approximately 105 cfu mL−1 and applied to microtitration
plates with serially diluted compounds in DMSO to be tested and incubated at 37 °C for
E. coli and B. subtilis, and at 30 °C for P. putida, and B. cereus for 24 h. After the inhibitions
(%) of the growth of different bacteria were visually determined on each of the microtitration

Figure 1. ORTEP view of [Cu3(cpa)6(pda)1] (1) with atom labeling scheme. Thermal ellipsoids are shown at 30%
probability. Hydrogens have been omitted for clarity.

Copper(II) phenylacetate complexes 3523
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plates, 50 uL of phosphate buffered saline (PBS) 0.01 M L−1, pH 7.4: Na2HPO4·12H2O
2.9 g, KH2PO4 0.2 g, NaCl 8.0 g, KCl 0.2 g, distilled water 1000 mL] containing 2 mg mL−1

MTT was added to each well. Incubation was continued at room temperature for 4–5 h. The
content of each well was removed and 100 uL of isopropanol containing 5% 1 ML−1 HCl
was added to extract the dye. After 12 h of incubation at room temperature, the optical den-
sity was measured with a microplate reader at 550 nm. The inhibition (%) of the growth of
different bacteria by the test complexes are presented in table 2.

3. Results and discussion

3.1. Single-crystal X-ray diffraction analysis

Single-crystal X-ray diffraction analyses revealed all four complexes were asymmetric trinu-
clear units although different phenylacetic acid ligands and diamine ligands were employed

Figure 2. ORTEP view of [Cu3(fpa)6(tn)1] (2) with atom labeling scheme. Thermal ellipsoids are shown at 30%
probability. Hydrogens have been omitted for clarity.
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during the synthetic procedures. Selected bond lengths and angles for 1–4 are given in table
3, and the hydrogen-bonding geometry for 1–4 are shown in table 4. In all complexes, Cu1
and Cu3 were coordinated by five oxygens from their corresponding phenylacetic acid
ligands. Cu2 was coordinated by two nitrogens from the diamine ligands and two oxygens
from the phenylacetic acid ligands. According to Addison and Rao [16, 17], the distortion of
the square-pyramidal geometry toward trigonal bipyramidal can be described by geometrical
parameter τ = (β − α) / 60, where β and α are the two largest coordination angles; τ = 0 for
perfect square pyramidal and 1 for trigonal bipyramidal geometry. In this case, all copper ions
of all complexes adopt similar perfect square-pyramidal-based structures (τ = 0.5–0.7%).

Generally, the Cu–Laxial bond is longer than the Cu–Lequatorial bond in square-pyramidal
complexes, while the opposite is true in trigonal-bipyramidal geometry [18]. In 1 (figure 1),
Cu1–Lapical bond length is 2.147(5) Å and Cu1–Lbasal bond length ranges from 1.9459(16)
to 1.9832(19) Å. Cu3–Lapical bond length is 2.225(5) Å and Cu3–Lbasal bond length ranges
from 1.935(5) to 1.976(5) Å. The four basal atoms are very nearly coplanar with mean devi-
ation from plane of 0.0041 Å for Cu1 and 0.0029 Å for Cu3. Cu1 and Cu3 lie out of their
corresponding basal planes by 0.2011 and 0.2073 Å in the direction of their corresponding
axially bonded ligands. The 1,2-propanediamine chelated with the Cu2 center resulting in
the five-membered chelated ring N1–C27–C25–N2–Cu2. The five-membered chelate ring
in the complex is puckered so that the torsion angle of N1–C1–C2–N2 is 50.713°. The
five-membered ring has half-chair conformation with the puckering parameters [19, 20]
q2 = 0.422(8) Å and φ2 = 265.8(7)°.

In 2 (figure 2), Cu1–Lapical bond length is 2.1948(17) Å and Cu1–Lbasal bond length
ranges from 1.9459(16) to 1.9832(19) Å. Cu3–Lapical bond length is 2.1948(17) Å and
Cu3–Lbasal bond length ranges from 1.9459(16) to 1.9832(19) Å. The four basal atoms are

Figure 3. ORTEP view of [Cu3(cpa)6(en)1] (3) with atom labeling scheme. Thermal ellipsoids are shown at 30%
probability. Hydrogens have been omitted for clarity.
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also nearly coplanar with the mean deviation from plane of 0.0002 Å for Cu1 and 0.0001 Å
for Cu3. Cu1 and Cu3 lie out of their corresponding basal planes by 0.2005 and 0.2086 Å
in the direction of their corresponding axially bonded ligands. Cu2 is coordinated by two
nitrogens from 1,3-propanediamine ligand and two oxygens from the phenylacetic acid
ligands. The 1,3-propanediamine chelated with Cu2 center resulting in the six-membered
chelated ring N1–C25–C26–C27–N2–Cu2. The chelate rings formed have chair conforma-
tion with the puckering parameters, q2 = 0.304(6) Å, φ2 = 55.5(10)°, and φ3 = −0.236(5)°.
The puckering parameters z1, z2, and z3 are −0.0090, 0.0858, and −0.4685 Å, respectively.
The zi values describe a distance of a carbon from a CuN1N2-plane. Thus, it seems that the
chair is slightly skewed, because the z1 and z3 values are significantly different. The angles
Cu2–N1–C25 and Cu2–N2–C27 have values 123.1(4)° and 121.0(3)°, respectively. A plau-
sible explanation for the deviations described above may be hydrogen-bonding interactions
N1–H1B⋯O6 and N2–H2A⋯O8 with respect to the chelate ring.

In 3 (figure 3), Cu1–Lapical bond length is 2.134(3) Å and Cu1–Lbasal bond length
ranges from 1.956(4) to 1.964(4) Å. Cu3–Lapical bond length is 2.212(3) Å and Cu3–Lbasal

bond length ranges from 1.955(4) to 1.961(3) Å. The four basal atoms are very nearly
coplanar with mean deviation from plane of 0.0024 Å for Cu1 and 0.0012 Å for Cu(3).
Cu1 and Cu3 lie out of their corresponding basal planes by 0.1970 and 0.2045 Å in the
direction of their corresponding axially bonded ligands. Cu2 is coordinated by two nitro-
gens from the ethylenediamine and two oxygens from the phenylacetic acid ligands. The
ligand ethylenediamine chelated with Cu2 to result in the five-membered chelated ring

Figure 4. ORTEP view of [Cu3(fpa)6(pda)1] (4) with atom labeling scheme. Thermal ellipsoids are shown at 30%
probability. Hydrogens have been omitted for clarity.
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N1–C26–C25–N2–Cu2. The chelate rings formed by en have half-chair conformation with
the puckering parameters q2 = 0.429(6) Å and φ2 = 89.4(5)°. The mean Cu–N(amine) dis-
tance of 1.998 Å and bite angle N1–Cu2–N2 of 84.54(17)° are close to the corresponding
average values of the copper(II) complexes with ethylenediamine [21, 22]. The five-
membered chelate ring in the complex is puckered so that the torsion angle of N2–C25–
C2–N1 is −51.7(6)°. The distortion may be attributable to hydrogen-bonding interactions
N1–H1B⋯O6 and N2–H2A⋯O8 with respect to the chelate ring.

In 4 (figure 4), Cu1–Lapical bond length is 2.178(2) Å and Cu1–Lbasal bond length ranges
from 1.958(2) to 1.977(2) Å. Cu3–Lapical bond length is 2.117(2) Å and Cu3–Lbasal bond
length ranges from 1.954(3) to 1.973(2) Å. The four basal atoms are nearly coplanar with
the mean deviation from plane of 0.0017 Å for Cu1 and 0.0011 Å for Cu3. Cu1 and Cu3 lie
out of their corresponding basal plane by 0.2051 Å and 0.1997 Å in the direction of their
corresponding axially bonded ligands. Cu2 is coordinated by two nitrogens from the
1,2-propanediamine and two oxygens from the phenylacetic acid ligands. The 1,2-propane-
diamine chelated with the Cu2 center to result in the five-membered chelated ring N1–C27–
C25–N2–Cu2. The five-membered chelate ring in the complex is puckered so that the
torsion angle of N1–C27–C25–N2 is −44.31°. The chelate ring has half-chair conformation
with the puckering parameters, q2 = 0.349(5) Å and φ2 = 96.3(5)°.

Tricopper complex research is becoming more comprehensive and important. For exam-
ple, three triangular trinuclear copper(II) complexes bridged by carbonate have been synthe-
sized and structurally characterized by Huang and coworkers [23]. Carbonates originate
from atmospheric CO2 when the solutions are exposed to air for a long time. The copper(II)
centers are five-coordinate trigonal bipyramidal and square pyramidal as well as six-coordi-
nate octahedral [23]. In 2014, Mondal et al. reported the synthesis, characterization, and
crystal structure of a heteropentanuclear CuII3Tl

I
2 compound, which crystallizes in the

monoclinic crystal system within space group C2/c. Each of the two symmetry-related

Table 2. Inhibition (%) of the growth of different bacteria by 1–4.

Complex Final conc. (μgmL−1)

Bacteria

Gram-negative Gram-positive

P. putida E. coli B. cereus B. subtilis

100 – 83.91 – 43.66
1 50 – 77.83 – 8.52

25 – 73.76 – –
12.5 – 75.04 – –
100 – 82.41 – 30.07
50 – 75.35 – 12.66

2 25 – 74.09 – 1.83
12.5 – 70.67 – –
100 – 81.55 – 16.40
50 – 79.08 – –

3 25 – 76.10 – –
12.5 – 73.70 – –
100 – 90.50 – 22.87
50 – 80.24 – 4.89

4 25 – – – –
12.5 – – – –
100 96.61 98.17 97.50 94.92

Chloramphenicol 50 88.77 96.70 85.29 93.89
25 47.57 92.16 46.69 90.92
12.5 42.92 89.93 28.57 89.85
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Table 3. Selected bond distances (Å) and angles (°) for 1–4.

Complex 1
Cu1–O1 1.963(5) O1–Cu1–O2 90.2(2) O7–Cu2–N2 87.88(18)
Cu1–O3 1.973(6) O1–Cu1–O3 168.1(2) O7–Cu2–O7b 85.77(17)
Cu1–O(4) 1.964(6) O1–Cu1–O4 89.7(2) N1–Cu2–N2 84.5(2)
Cu1–O5 2.147(5) O1–Cu1–O5 99.32(19) N1–Cu2–O7b 174.3(2)
Cu2–O6 1.960(4) O2–Cu1–O3 89.3(2) N2–Cu2–O7b 89.7(2)
Cu2–O7 2.388(4) O2–Cu1–O4 168.5(2) O8–Cu3–O9 90.6(2)
Cu2–N1 1.990(6) O2–Cu1–O5 98.3(2) O8–Cu3–O10 90.4(2)
Cu2–O7b 1.973(5) O3–Cu1–O4 88.5(2) O8–Cu3–O11 101.2(2)
Cu3–O8 2.225(5) O3–Cu1–O5 92.51(19) O8–Cu3–O12 101.8(2)
Cu3–O9 1.964(5) O4–Cu1–O5 93.1(2) O9–Cu3–O10 89.8(2)
Cu3–O10 1.935(5) O6–Cu2–O7 90.05(17) O9–Cu3–O11 168.2(3)
Cu3–O11 1.976(5) O6–Cu2–N1 95.1(2) O9–Cu3–O12 88.5(2)
Cu3–O12 1.950(5) O6–Cu2–N2 177.9(2) O10–Cu3–O11 89.6(2)

O6–Cu2–O7b 90.6(2) O10–Cu3–O12 167.8(3)
O7–Cu2–N1 94.23(19) O11–Cu3–O12 89.5(2)

Complex 2
Cu1–O1 1.969(2) O1–Cu1–O2 87.48(11) O6–Cu2–N2 90.66(11)
Cu1–O2 1.958(3) O1–Cu1–O3 89.75(11) O6–Cu2–O7b 86.17(9)
Cu1–O3 1.976(3) O1–Cu1–O4 168.33(11) O7–Cu2–N1 87.16(11)
Cu1–O4 1.973(2) O1–Cu1–O5 93.01(10) O7–Cu2–N2 179.03(10)
Cu1–O5 2.120(3) O2–Cu1–O3 168.18(12) O7–Cu2–O7b 84.23(8)
Cu2–O6 1.965(2) O2–Cu1–O4 91.12(11) N1–Cu2–N2 93.80(12)
Cu2–O7 1.990(2) O2–Cu1–O5 100.93(11) N1–Cu2–O7b 89.46(10)
Cu2–N1 1.997(3) O3–Cu1–O4 89.29(11) N2–Cu2–O7b 95.85(10)
Cu2–N2 1.980(3) O3–Cu1–O5 90.69(11) O8–Cu3–O9 98.70(9)
Cu2–O7b 2.357(2) O4–Cu1–O5 98.63(10) O8–Cu3–O10 102.50(9)
Cu3–O8 2.185(2) O5–Cu2–O6 50.16(9) O8–Cu3–O11 89.69(9)
Cu3–O9 1.963(3) O5–Cu2–O7 96.71(8) O8–Cu3–O12 93.53(9)
Cu3–O10 1.963(2) O5–Cu2–N1 134.40(10) O9–Cu3–O10 89.87(11)
Cu3–O11 1.959(2) O5–Cu2–N2 82.56(10) O9–Cu3–O11 89.09(11)
Cu3–O12 1.973(2) O5–Cu2–O7b 136.14(7) O9–Cu3–O12 167.76(10)

O6–Cu2–O7 88.38(10) O10–Cu3–O11 167.79(10)
O6–Cu2–N1 174.05(12)

Complex 3
Cu1–O1 1.958(4) O1–Cu1–O2 88.74(18) O7–Cu2–N2 173.58(14)
Cu1–O2 1.964(4) O1–Cu1–O3 168.60(14) O7–Cu2–O7b 85.29(11)
Cu1–O3 1.956(4) O1–Cu1–O4 89.08(16) N1–Cu2–N2 84.54(17)
Cu1–O4 1.963(3) O1–Cu1–O5 93.77(14) N1–Cu2–O7b 87.99(14)
Cu1–O5 2.134(3) O2–Cu1–O3 89.55(17) N2–Cu2–O7b 96.60(13)
Cu2–O6 1.953(3) O2–Cu1–O4 168.27(14) O8–Cu3–O9 102.27(15)
Cu2–O7 1.967(3) O2–Cu1–O5 91.72(13) O8–Cu3–O10 88.99(15)
Cu2–N1 2.003(4) O3–Cu1–O4 90.32(16) O8–Cu3–O11 103.02(15)
Cu2–N2 1.992(4) O3–Cu1–O5 97.55(14) O8–Cu3–O12 89.62(15)
Cu2–O7b 2.374(3) O4–Cu1–O5 99.93(13) O9–Cu3–O10 89.57(17)
Cu3–O8 2.212(3) O6–Cu2–O7 89.55(14) O9–Cu3–O11 89.27(17)
Cu3–O9 1.961(3) O6–Cu2–N1 175.22(15) O9–Cu3–O12 168.08(19)
Cu3–O10 1.955(4) O6–Cu2–N2 96.66(16) O10–Cu3–O11 167.91(19)
Cu3–O11 1.957(4) O6–Cu2–O7b 87.28(11) O10–Cu3–O12 89.72(17)
Cu3–O12 1.957(3) O7–Cu2–N1 89.40(15) O11–Cu3–O12 88.94(17)

Complex 4
Cu1–O1 1.958(2) O1–Cu1–O2 87.23(10) O7–Cu2–O7b 85.19(8)
Cu1–O2 1.977(2) O1–Cu1–O3 168.06(10) O8–Cu2–N1 81.15(9)
Cu1–O3 1.960(2) O1–Cu1–O4 90.53(10) O8–Cu2–N2 131.01(10)
Cu1–O4 1.965(2) O1–Cu1–O5 102.50(9) O8–Cu2–O7b 137.81(7)
Cu1–O5 2.178(2) O2–Cu1–O3 90.79(10) N1–Cu2–N2 85.69(11)
Cu2–O6 1.953(2) O2–Cu1–O4 167.91(9) N1–Cu2–O7b 94.49(10)
Cu2–O7 1.968(2) O2–Cu1–O5 93.35(9) N2–Cu2–O7b 89.95(10)

(Continued)
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thallium(I) centers is located between a terminal and a common, central [CuIIL] by forming
bonds with four phenoxo and three ethoxy oxygens. This complex is the first example of a
thallium(I) system in imino-phenolate Schiff base family [24].

3.2. Antimicrobial activity

The growth response (% inhibition) of the bacteria was measured in the presence of four
synthesized complexes at several concentrations from 12.5 to 1000 μg mL−1. Among the
bacteria tested, the Gram-negative bacterium E. coli was the most susceptible strain, and
almost all the synthesized complexes inhibited its growth at four concentrations except for
4 at 25 and 12.5 μg mL−1.

Cu2–O8 2.792(2) O3–Cu1–O4 88.95(10) O8–Cu3–O9 92.04(10)
Cu2–N1 1.989(3) O3–Cu1–O5 89.37(9) O8–Cu3–O10 98.01(9)
Cu2–N2 1.998(3) O4–Cu1–O5 98.73(9) O8–Cu3–O11 93.54(10)
Cu2–O7b 2.333(2) O6–Cu2–O7 89.55(9) O8–Cu3–O12 99.65(10)
Cu3–O8 2.117(2) O6–Cu2–O8 51.43(8) O9–Cu3–O10 90.21(11)
Cu3–O9 1.959(3) O6–Cu2–N1 94.35(11) O9–Cu3–O11 88.71(11)
Cu3–O10 1.967(2) O6–Cu2–N2 177.48(11) O9–Cu3–O12 168.06(11)
Cu3–O11 1.973(2) O6–Cu2–O7b 87.53(9) O10–Cu3–O11 168.43(11)
Cu3–O12 1.954(3) O7–Cu2–O8 101.72(8) O10–Cu3–O12 90.53(11)

O7–Cu2–N11 76.07(10) O11–Cu3–O12 88.18(11)
O7–Cu2–N2 90.40(10)

Note: Symmetry transformations used to generate equivalent atoms: 1, O7b = 2 − x, −y, and 1 − z; 2, O7b = 1 − x, 2 − y, and −z;
3, O7b = −x, −y, and 1 − z; 4, O7b = 4 − x, 1 − y, and 2 − z.

Table 4. Hydrogen-bonding geometry (Å and °) for 1–4.

Bond Distance (D_A, Å) Angle (°) Symmetry code

Complex 1
N2–H2A⋯O6 3.162(6) 154 2 − x, −y, 1 − z
C6–H6⋯O8 3.451(11) 158 2 − x, 1 − y, 1 − z
C32–H32⋯O5 3.285(9) 143 2 − x, −y, 1 − z

Complex 2
N1–H1B⋯O6 3.030(4) 154 1 − x, 2 − y, −z
N2–H2A⋯O8 3.018(4) 149 1 − x, 2 − y, −z
C22–H22⋯F1 3.176(9) 144 1 + x, 1 + y, −1 + z

Complex 3
N1–H1B⋯O6 3.063(5) 153 −x, −y, 1− z
N2–H2A⋯O8 3.106(5) 141 −x, −y, 1− z
C5–H5⋯O8 3.396(7) 165 −x, −y, 1− z

Complex 4
N1–H1A⋯O5 3.016(4) 140 −x, 1 − y, 2 − z
N2–H2B⋯O6 3.113(4) 151 −x, 1 − y, 2 − z
C27–H27A⋯O2 3.244(5) 143 −x, 1 − y, 2 − z
C37–H37⋯F5 3.385(5) 152 −x, 1 − y, 1 − z
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Complexes 1–4 displayed potent activity with inhibition of 83.91, 82.41, 81.55, and
90.50% against E. coli at the final concentration of 100 μg mL−1, respectively, which were
comparable to the positive control chloramphenicol. Complexes 1–3 also exhibited signifi-
cant inhibition of 75.04, 70.67, and 73.70% against E. coli at the final concentration of
12.5 μg mL−1. Growth of B. subtilis was only partially inhibited by 1 (43.66% at a concen-
tration of 100 μg mL−1), 2 (30.07% at a concentration of 100 μg mL−1), 3 (16.40% at a con-
centration of 100 μg mL−1), and 4 (22.87% at a concentration of 100 μg mL−1),
respectively. The synthesized complexes failed to inhibit growth of the Gram-negative bac-
teria P. putida and the Gram-positive bacteria B. cereus at any concentration tested. These
different inhibition results may be influenced by the particular bacteria under investigation
as well as by differences in cellular penetration, distribution, metabolism, ejection from the
cell, and possible off-target effects. Further mechanism studies are being undertaken and
will be reported in due course.

4. Conclusion

In this study, we describe the synthesis and characterization of four copper(II) complexes
supported by phenylacetic acid and diamine ligands. Their structures were determined by
elemental analysis and single-crystal X-ray diffraction analysis. Each copper(II) adopts
square-pyramidal geometry and all crystallize in the triclinic space group P-1. Their antimi-
crobial activities were evaluated against four different bacteria, and the results demonstrated
that some of the complexes exhibit good antimicrobial activity. This work may stimulate an
interest in further development of the novel copper(II) complexes as potentially useful
antimicrobial agents.
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