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Four complexes, [Cu(cmpa)(Hpdbl)] � 2H2O (1), [Cd(cmpa)2] � 2.5H2O (2), [Cu(cmpa)2] � 2.5H2O
(3), and [Pb(cmpa)2] � 2.5H2O (4), have been synthesized and characterized based on the
pyrazole ligand (Hcmpa¼ 3-chloro-6-(3,5-dimethy-1-yl)picolinic acid, H2pdbl¼pyridine-2,6-
dicarboxylic acid). Complexes 1–4 showed 3-D supramolecular architectures that are connected
through hydrogen bonds and aromatic �–� interactions. Preliminary antibacterial activities of
the complexes indicated selective inhibition for the tested strains. The electrochemistry of 1–4
was studied by cyclic voltammetry in DMSO using a glassy carbon working electrode.

Keywords: Pyrazole; Electrochemistry; Crystal structure; Supramolecular

1. Introduction

The design and synthesis of extended frameworks via supramolecular interactions are of
interest [1–5]. In particular, hydrogen bonding has been exploited for molecular
recognition associated with the biological activity and for engineering of molecular
solids. Progress has been made in the construction of organic building blocks into 1-D,
2-D, and 3-D hydrogen bonding architectures. The use of metal complexes as building
blocks to assemble multi-dimensional frameworks by hydrogen bonding also attracted
recent attention, since the resulting products often exhibit desirable electronic,
magnetic, or inclusion behavior.

Pyrazole-derived ligands have been extensively studied [6–10] as monodentate and
exobidentate and their nitrogens coordinate as both anionic and neutral groups [11–13].
It is essential to study syntheses and crystal structures of complexes formed by pyrazole
systematically to understand the factors that influence the formation and structure of
such complexes. Such studies may lead to functional materials and also provide
theoretical foundations for supramolecular chemistry and crystal engineering [14].
Carboxylate ligands bind to metal ions to form coordination polymers and are also
capable of functioning as hydrogen bond donor or acceptors [15]. Water is important
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for hydrogen bond networks, especially for the morphologies of water clusters
in diverse chemical environments. Water clusters including tetramers [16], hexamers
[17], octamers [18], and decamers [19] have been structurally characterized; hydrogen-
bonding interaction and their fluctuations are key to the formation of water clusters
[20, 21]. We report the coordination of hydroxyl derivatives of picolinic acid toward
late 3d-block metals, [Cu(cmpa)(Hpdbl)] � 2H2O (1), [Cd(cmpa)2] � 2.5H2O (2),
[Cu(cmpa)2] � 2.5H2O (3), and [Pb(cmpa)2] � 2.5H2O (4).

2. Experimental

2.1. Materials and analyses

All reagents and solvents were used directly as supplied commercially, except that
Hcmpa was prepared. Elemental analyses (C, H, and N) were determined with a Perkin-
Elmer model 240�C automatic instrument. Infrared spectra on KBr pellets were
performed on a BRUKER EQUINOX-55 spectrometer from 4000 to 400 cm�1.
1H NMR spectra were recorded using an INOVA-300 MHZ. Mass spectra were
obtained with a JEOL HX-110 HF double focusing spectrometer operating in the
positive ion detection mode.

2.2. Syntheses of the ligand and complexes

2.2.1. Hcmpa. Hcmpa was prepared by a modified literature method for the
preparation of 3-isobutyl-5-pyrazolecarboxylic acid [22].

2.2.2. [Cu(cmpa)(Hpdbl)] E 2H2O (1). A mixture of Hcmpa (25.1mg, 0.1mmol),
CuSO4 � 5H2O (24.8mg, 0.1mmol), 10mL H2O, and pyridine-2,6-dicarboxylic acid
(H2pdbl) was sealed in a 25mL Teflon-lined stainless steel container, which was heated
to 150�C for 48 h after cooling to room temperature at a rate of 5�Ch�1; well-shaped
brown block crystals of 1 suitable for X-ray diffraction were obtained. The crystals were
isolated, washed with alcohol three times, and dried in a vacuum desiccator using silica
gel (yield 75%). Elemental analysis Calcd (%) for C18H16ClCuN4O8: C, 41.95; H, 3.13;
N, 10.87; O, 24.84; Found (%): C, 41.80; H, 3.15; N, 10.90; O, 24.65.

2.2.3. [Cd(cmpa)2] E 2.5H2O (2). A mixture of Hcmpa (25.1mg, 0.1mmol), CdCl2
(18.38mg, 0.1mmol), and 10mL water–ethanol (1 : 1) was sealed in a 25mL Teflon-
lined stainless steel container, which was heated to 150�C for 48 h. Slow cooling of the
reaction mixture to room temperature gave colorless block crystals in 60% yield.
Elemental analysis Calcd (%) for C22H23CdCl2N6O6.5: C, 40.11; H, 3.52; N, 12.76; O,
15.79; Found (%): C, 40.05; H, 3.56; N, 12.68; O, 15.76.

2.2.4. [Cu(cmpa)2] E 2.5H2O (3). A mixture of Hcmpa (25.1mg, 0.1mmol),
CuSO4 � 5H2O (24.8mg, 0.1mmol), and 10mL water–ethanol (1 : 1) was sealed in a
25mL Teflon-lined stainless steel container, which was heated to 150�C for 48 h.
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Slow cooling of the reaction mixture to room temperature gave light-yellow block
crystals in 60% yield. Anal. Calcd (%) for CuC22H23Cl2N6O6.5: C, 49.67; H, 4.55; N,
15.80. Found (%): C, 49.62; H, 4.50; N, 15.02.

2.2.5. [Pb(cmpa)2] E 2.5H2O (4). A mixture of Hcmpa (25.1mg, 0.1mmol), PbCl2
(27.8mg, 0.1mmol), and 10mL water–ethanol (1 : 1) was sealed in a 25mL Teflon-lined
stainless steel container, which was heated to 150�C for 48 h. Slow cooling of the
reaction mixture to room temperature gave light-yellow block crystals in 60% yield.
Elemental analysis Calcd (%) for C22H23Cl2N6O6.50Pb: C, 35.06; H, 3.08; N, 11.15;
O, 13.80; Found (%): C, 35.16; H, 3.05; N, 11.05; O, 13.70.

2.3. X-ray crystallography

Diffraction experiments for 1–4 were carried out with Mo-Ka radiation using a
BRUKER SMART APEX CCD diffractometer at 293K. The structures were solved by
direct methods and refined with full-matrix least-squares on F 2 using SHELXS-97 and
SHELXL-97 [23]. All non-hydrogen atoms were refined anisotropically. A summary of
the crystallographic data and structure refinements is shown in table 1, selected bond
lengths and angles of the complexes are listed in table 2, and hydrogen bond geometries
are given in table 3.

3. Results and discussion

3.1. Crystal structures of 1–4

ORTEP-3 view of the molecular structure of 1 is depicted in figure 1(a) and its crystal
structure in figure 2(a). The selected molecular geometry parameters are listed in table 2
and hydrogen bond geometry are listed in table 3.

The copper(II) in 1 is coordinated by one Hcmpa and one H2pdbl, both bound in a
bidentate N,O-chelate, forming two five-membered chelate rings. The geometry around
this copper(II) can be described as a distorted octahedral environment. The dihedral
angle between the least squares calculated planes through the pyridine ring (N1/C2/C3/
C4/C5/C6) and the corresponding six-membered pyridine ring (N4/C13/C14/C15/C16/
C17) is 84.0(4)�.

Analysis of the crystal packing of 1 reveals the existence of multiple intermolecular
O–H � � �O hydrogen bonds between mononuclear subunits and lattice water molecules
(figure 2a) forming a 2-D, hydrogen-bonded sheet parallel to the (101) plane. In this
sheet, the two interstitial water molecules connect three complex molecules, the
carboxyl oxygen (O6) which does not coordinate to the Cu(II) center is a hydrogen
bond acceptor towards O8 (disordered over two distinct sites with occupancy factors of
0.666 and 0.334, respectively) of one of the water molecules; one of the H atom of O8 in
turn binds with the second water molecule, each hydrogen of both water molecules acts
as a hydrogen bond donor towards the two carboxyl O2 and O6 of a neighboring
complex. The last remaining water H atom (H7f) makes the connection to the third
complex connected by the two water molecules (figure 2a). The 2-D sheets are also
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assembled in the (101) direction by � � � �� stacking interaction [24] between the pyridine
rings defined by atoms N1/C2/C3/C4/C5/C6 (centroid–centroid distance 3.636 Å,
dihedral angle 0�). There is one more � � � �� stacking interaction between the pyridine
rings defined by atoms N4/C13/C14/C15/C16/C17 (centroid–centroid distance 3.600 Å,
dihedral angle 0�) as viewed from figure 3(a). ORTEP-3 view of the molecular structure
of 2 is depicted in figure 1(b) and its crystal structure in figure 2(b). The selected
molecular geometry parameters are listed in table 2 and hydrogen bond geometry in
table 3.

Cadmium(II) in 2 is six-coordinate with four nitrogens and two oxygens derived from
the tridentate Hcmpa in a distorted octahedral environment. In the crystal structure, the
oxygens form intermolecular hydrogen bonds involving the solvate waters, two waters,
and Hcmpa via intermolecular O–H� � �O hydrogen bonds. A great number of hydrogen
contacts link the complex into a 3-D network (figure 2b). The �� � �� stacking
interaction between the pyridine rings also contribute to the formation of the structure
with the centroid–centroid distance 3.5544(3) Å (figure 3b). The dihedral angle between

Table 2. Selected bond lengths (Å) and angles (�) for 1–4.

1

Cu(1)–N(1) 1.932(3) N(4)–Cu(1)–N(3) 105.57(13)
Cu(1)–O(1) 1.991(3) N(1)–Cu(1)–O(5) 113.87(13)
Cu(1)–N(4) 2.009(3) O(1)–Cu(1)–O(5) 93.46(15)
Cu(1)–N(3) 2.044(3) N(4)–Cu(1)–O(5) 76.11(13)
Cu(1)–O(5) 2.303(3) N(3)–Cu(1)–O(5) 92.17(14)
Cu(1)–O(3) 2.436(3) N(1)–Cu(1)–O(3) 96.88(11)
N(1)–Cu(1)–O(1) 80.92(12) O(1)–Cu(1)–O(3) 91.42(12)
N(1)–Cu(1)–N(4) 169.23(13) N(4)–Cu(1)–O(3) 73.24(12)
O(1)–Cu(1)–N(4) 94.81(12) N(3)–Cu(1)–O(3) 93.71(12)
N(1)–Cu(1)–N(3) 78.88(12) O(5)–Cu(1)–O(3) 149.25(12)
O(1)–Cu(1)–N(3) 159.61(12)

2

Cd(1)–O(1) 2.260(4) N(3)–Cd(1)–N(3)#1 93.3(2)
Cd(1)–N(3) 2.306(5) O(1)–Cd(1)–N(1)#1 101.31(14)
Cd(1)–N(1) 2.339(4) O(1)–Cd(1)–N(1) 70.45(15)
O(1)–Cd(1)–O(1)#1 92.3(2) N(3)–Cd(1)–N(1)#1 120.78(15)
O(1)–Cd(1)–N(3) 137.90(14) N(3)–Cd(1)–N(1) 68.02(16)
O(1)#1–Cd(1)–N(3) 102.08(16) N(1)#1–Cd(1)–N(1) 168.5(2)
O(1)–Cd(1)–N(3)#1 102.08(16) O(1)#1–Cd(1)–N(1) 101.31(14)
N(3)#1–Cd(1)–N(1) 120.78(15)

3

Cu(1)–N(1) 2.076(3) N(1)–Cu(1)–O(1) 76.55(12)
Cu(1)–O(1) 2.096(3) O(1)#2–Cu(1)–O(1) 93.4(2)
Cu(1)–N(3) 2.134(4) N(1)#2–Cu(1)–N(3)#2 74.41(13)
N(1)#2–Cu(1)–N(1) 167.5(2) N(1)–Cu(1)–N(3)#2 115.10(13)
N(1)#2–Cu(1)–O(1)#2 76.55(12) O(1)#2–Cu(1)–N(3)#2 149.96(12)

4

Pb(1)–O(1) 2.241(3) O(1)–Pb(1)–N(1)#3 100.85(12)
Pb(1)–N(3) 2.279(4) N(3)#3–Pb(1)–N(1)#3 68.86(12)
Pb(1)–N(1) 2.303(3) N(3)–Pb(1)–N(1)#3 119.65(12)
O(1)#3–Pb(1)–O(1) 92.2(2) O(1)#3–Pb(1)–N(1) 100.85(12)
O(1)–Pb(1)–N(3)#3 101.37(13) O(1)–Pb(1)–N(1) 71.16(12)
O(1)#3–Pb(1)–N(3) 101.37(13) N(3)#3–Pb(1)–N(1) 119.65(12)
O(1)–Pb(1)–N(3) 139.48(12) N(3)–Pb(1)–N(1) 68.86(12)
N(3)#3–Pb(1)–N(3) 92.70(19) N(1)#3–Pb(1)–N(1) 168.86(17)

Symmetry transformations used to generate equivalent atoms. #1: �xþ1, y, �zþ 1/2, #2: �xþ 1, y, �zþ 1/2, #3: �xþ 2, y,
�zþ 3/2.
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Figure 1. The coordinate geometry of 1–4.

Table 3. Hydrogen-bonding geometries for 1–4.

D–H � � �A Symmetry code D–H (Å) H � � �A (Å) D � � �A (Å) D–H � � �A (�)

1

O7–H7F � � �O6_a 0.850 1.725 2.574 176.09
O7–H7F � � �O60_b 0.850 2.125 2.877 147.21
O7–H7G � � �O2 xþ 1, y, z 0.850 1.878 2.726 175.86
O8–H8C_a � � �O7 x, y, z� 1 0.850 2.230 3.042 159.69
O8–H8D_a � � �O7 �xþ 1,�yþ 2, �zþ 1 0.850 1.881 2.688 157.98
O80–H80C_b � � �O5 0.850 2.277 2.957 137.09
O80–H80D_b � � �O60_b 0.850 1.861 2.545 136.40

2

O3–H3A � � �O2 x, y, zþ 1 0.850 2.184 3.033 176.57
O3–H3B � � �O2 �xþ 1, y, �zþ 1 0.850 2.025 2.873 175.78
O4–H4A � � �O3 �xþ 1, �yþ 1, �zþ 1 0.850 1.607 2.456 176.69

3

O3–H3A � � �O2 x, y� 1, z 0.850 1.966 2.810 171.60
O3–H3B � � �O2 �xþ 1, �yþ 1, �z 0.850 2.068 2.912 171.93
O4–H4 � � �O3 0.850 1.759 2.609 178.69

4

O3–H3A � � �O20_b �xþ 3/2, yþ 1/2, �zþ 3/2 0.850 1.965 2.803 168.83
O3–H3A � � �O2_a �xþ 3/2, yþ 1/2,�zþ 3/2 0.850 2.117 2.964 174.65
O3–H3B � � �O2_a x� 1/2,�yþ 1/2, z� 1/2 0.850 1.947 2.796 175.65
O3–H3B � � �O20_b x� 1/2,�yþ 1/2, z� 1/2 0.850 2.294 3.125 165.76
O4–H4A � � �O3 0.850 1.742 2.592 179.21

Oxygen atoms of some water molecules are divided into part a and b due to disorder.
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the least squares planes through the pyridine ring (N1/C2/C3/C4/C5/C6) and the
corresponding five-membered chelate ring (Cd1/N1/N2/N3/C6) is 1.98�.

ORTEP-3 views of the molecular structures of 3 and 4 are depicted in figure 1(c)
and (d). The selected molecular geometry parameters are listed in table 2 and hydrogen
bond geometry in table 3.

The coordination environment in 3 and 4 is similar to 2 with both Cu and Pb six
coordinate by four oxygens and two nitrogens.

The crystal packing of 3 and 4 reveals the existence of multiple intermolecular
O–H� � �O hydrogen bonds between the mononuclear subunits and the lattice water

Figure 2. A view of the crystal packing of 1–4 showing the O–H � � �O hydrogen bonds. Displacement
ellipsoids are drawn at the 50% probability level and the hydrogen bonds are indicated by dashed lines.

Figure 3. The � � � �� stacking interactions of 1–4.
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molecules (figure 2c and d), forming a 3-D hydrogen bonded sheet perpendicular to
the c-axis of the structure. In the sheet two interstitial water molecules connect three
complexes with each other. The O4 of one water molecule is a double hydrogen donor
toward O3, and each hydrogen of O3 is a hydrogen bond donor towards the two
carboxyl oxygens O2 and its symmetry equivalent of a neighboring complex, leading to
a 3-D supramolecular structure. The carboxylate that is a hydrogen acceptor towards
both waters via O1 and O2 exhibits a delocalized � system with nearly identical C–O
distances. Also, the �� � �� stacking interaction between the pyridine rings contribute to
the formation of the structure with the centroid–centroid distance 3.599 Å for 3 and
3.557 Å for 4 (figure 3c and d).

3.2. Vibrational spectroscopy

The IR spectra of all four complexes are similar, indicating similar structures. Table 4
summarizes the characteristic bands observed for the ligand and its metal complexes.
The IR spectrum of the free ligand shows strong bands at 1730 and 1565 cm�1, which
can be assigned as �(C¼O) and �(C¼N), respectively. In the complexes, these bands
shift upfield by 24–83 cm�1 for �(C¼O) and 20–39 cm�1 for �(C¼N). In each case, the
shift suggests that the relevant oxygen and nitrogen of the ligand coordinated to the
metal [25]. The bands centered at 3365–3487 cm�1 can be attributed to lattice water
molecules in agreement with the crystal structures of the complexes. The absorption
bands assigned to the M–O and M–N stretching frequencies of the complexes were
observed at 550–590 cm�1 and 423–435 cm�1, respectively [26–28].

These results indicate that the ligands coordinate to metal via oxygen of the carboxyl
and nitrogen of the pyridine or pyrazole.

3.3. Electrochemistry

The cyclic voltammetric measurement of 1 and 3 was carried out in dimethylsulfoxide at
25�C under a nitrogen atmosphere using glassy carbon as the working electrode and at
a scan rate of 100mV s�1. The cyclic voltammograms of 1 and 3 are shown in figure 4.
In the potential range of 1 to �1.5V, 3 displays one couple of oxidation/reduction
peaks (figure 4a), which corresponds to Cu(II)/Cu(I) [29–32]. Electric potentials of
cathode and anode are Epc¼�0.118V and Epa¼ 0.024V with E1/2¼�0.047V. From
DE (�0.142V) and Ipc/Ipa (0.92), the electron transfer is quasi-reversible. Complex 1

displays quasi-reversible reaction with one couple of oxidation/reduction peaks in the
potential range of 0.4 to �0.6V (figure 4b), which corresponds to Cu(II)/Cu(I); electric

Table 4. Characteristic IR bands (cm�1) of the ligands and their complexes.

Compounds �(O–H) �(C¼O) �(C¼N) �(C–N) �(M–O) �(M–N)

HCMPA 3440 1730 1565 1234
Cu(cmpa)(pdbl) � 2H2O 3385 1706 1545 1225 422 520
Cd(cmpa)2 � 2H2O 3438 1647 1533 1247 422 503
Cu(cmpa)2 � 2H2O 3365 1688 1529 1226 418 507
Pb(cmpa)2 � 2H2O 3487 1675 1526 1250 415 506
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potentials of cathode and anode are Epc¼�0.6479V and Epa¼�0.1214V with
E1/2¼�0.3846V. Due to the electron-withdrawing nature of the chloro substituent,
3 displays an anodic shift.

3.4. Antibacterial activity

The antibacterial activity of pyrazole complexes were tested against Bacillus,
Staphylococcus, Escherichia, Salmonella, and Yeast. The microdilution broth method
was used to determine the antibacterial activity (table 5) [33]. The ligand and complexes
possess a broad spectrum of activity against the tested bacteria at MIC values between
76 and 660 mgmL�1 with Pb(II) and Cd(II) complexes more active than Cu(II)
complexes.

Supplementary material

Crystallographic data (excluding structure factors) for the structure in this article have
been deposited with the Cambridge Crystallographic Data Centre as supplementary

Figure 4. Cyclic voltammograms of 1 and 3, scan rate (100mv s�1).

Table 5. Zones of inhibitions of pyrazole complexes against five different bacteria.

Compound
Bacillus Staphylococcus Escherichia Salmonella Yeast
WD WD WD WD WD

Cu(cmpa)(pdbl) � 2H2O þ þþþ þþþ þþþ þþþ

Cd(cmpa)2 � 2H2O þþþ þþþ þþþ þ þþþ

Cu(cmpa)2 � 2H2O þþ þþþ þþþ þþþ þþþ

Pb(cmpa)2 � 2H2O þþ þþþ þþþ þþþ þþþ

0 � � � � �

N � � � � �

MIC: minimum inhibitory concentration; þþþ: bacterial appearance time longer than 40 h (strong activity); þþ: bacterial
appearance time longer than 32 h (middle strong activity); þ: bacterial appearance time longer than 22 h (common activity);
�: bacterial appearance time shorter than 22 h (no activity); 0: water blank without bacterium; N: solvent blank.
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publications CCDC 721369-721372 for 1–4, respectively. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: 441223-336-033; Email: deposit@ccdc.cam.ac.uk).
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