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1 INTRODUCTION

Tridentate ligands offer the possibility of control�
ling the stereochemistry of octahedral metal com�
plexes. When a symmetric tridentate ligand is coordi�
nated to a metal ion, there is only one possible stereoi�
somer. If symmetric tridentate bridging ligands are
used in the construction of multimetallic systems,
there is only one possible isomer for the whole multi�
metallic system. Furthermore, the whole complex is a
linear, rod�like system. This fixes the metal–metal
distance which is essential in understanding energy
and electron transfer. Tridentate bridged systems
therefore offer many advantages over bidentate
bridged systems where the metal–metal distance and
photophysical properties can vary depending on the
coordination of the ligands. Even though tridentate
ligands offer advantages in transition metal com�
plexes, there has been less work done with tridentate
ligands than with bidentate ligands [1–4].

Many different types of tridentate ligands which act
in different coordination modes, have been investi�
gated [5, 6]. 2,3,5,6�tetrakis(2�Pyridyl)pyrazine
(Tppz) and pyridine�2,6�dicarboxylic acid (known as
dipicolinic acid (H2Dipic) are two type of these tri�
dentate ligands.

1 The article is published in the original.

Tppz was synthesized more than 50 years ago [7].
The molecule has recently attracted interest for its role
as a building block in the construction of highly con�
jugated extended solids. The five heterocyclic rings
contain six nitrogen atoms which can act as Lewis
bases. Four of these (the pyridyl nitrogens) are very
mobile in relation to the other two, leading to a variety
of potential coordination modes. A number of
researchers have investigated transition metal com�
plexes of Tppz because of its application to supramo�
lecular materials with desirable photophysical or mag�
netic properties [8–10], sensors [5, 11, 12], molecular
wires [13], mixed�metal supramolecular [8], coordi�
nation polymers [14], biochemical and DNA binding
properties [15], and supramolecular films [16].

Until now, more than 40 Tppz complexes have been
structurally analysed by X�ray diffraction [17], and at
least eight kinds of coordination modes have been
characterized. These compounds involve mono�, di�,
and trinuclear metal complexes in various coordina�
tion modes [18–20]. Some of the various coordination
modes of Tppz are which illustrate its versatility as a
ligand and the possibilities that it offers for the con�
struction of supramolecular metal assemblies [21].
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H2Dipic was first discovered in a biological system
in 1936 and is now known to be a major component of
bacterial spores [22]. H2Dipic is used in a variety of
processes as an enzyme inhibitor, plant preservative
and food sanitizer [23]. Recent investigations of the
H2dipic exhibit that this acid prevents the oxidation of
low density lipoprotein, the substance, whose oxida�
tion is involved in the pathogenesis of arteriosclerosis
[24]. H2Dipic is a polar aromatic acid that is soluble in
organic and chlorinated solvents in the acidic form
and thus can penetrate lipid interfaces and be solubi�
lized in hydrophobic environments [25]. H2Dipic has
been studied extensively as a Lewis base. H2Dipic and
its anions (HDipic–, Dipic2–) have proved to be well
suited for the construction of multidimensional
frameworks, due to the presence of two adjacent O  of
carboxylate groups as substituents on the N�heterocy�
clic pyridine ring [23, 26]. Among the diversity of dip�
icolinic acid complexes known, potential applica�
tions, in fields of aqueous chemistry, catalysis, bio�
chemistry, as water�soluble drugs, antitumor activity,
magnetic materials, in bleaching, bactericidal compo�
sitions, development of more effective anti�HIV
agents and the design of insulin�mimetic agents [23,
26–29].

It is known that there are a range of different coor�
dination modes with possible monodentate [30],
bidentate [31, 32], tridentate [33, 34] or bridging
(polymeric, trimeric or dimeric) [35, 36] in transition

metal�dipicolinate complexes depending on whether
the divalent anionic Dipic (Dipic2–), protonated
anionic HDipic– or diprotonated H2Dipic forms are
coordinated to metal ions [37].

The work reported in this paper describes the syn�
thesis and characterization of new monomeric and
polymeric complexes of Cu(II) and Pb(II) with Tppz
ligand, [Cu(Tppz)(Dipic)] ⋅ 8H2O (I) and
[Pb2(Tppz)Cl4]n (II), respectively. At this point in
time, the only Tppz�H2Dipic [38] crystal structure
reported is that of [Fe(Tppz)2][(Dipic)2Fe]3 ⋅ H3O ⋅
11H2O. The asymmetric unit of
[FeII(Tppz)2][FeIII(Dipic)2]3 ⋅ H3O ⋅ 11H2O contains
one [FeII(Tppz)2]

2+ complex, three [FeIII(Dipic)2]
–

counterions, and 12 molecules of water disordered
over 23 crystallographic sites. There is no example of
crystal structure of mononuclear complex of Tppz�M�
Dipic.

EXPERIMENTAL

Materials and general methods. All reagents and
solvents used were of reagent grade. Elemental analy�
ses were performed by using a Heraeus CHN�O�
Rapid elemental analyzer. FT�IR spectrum was
recorded as KBr pellets on FT�IR JASCO 460 spec�
trophotometer and electronic spectra on a JASCO
7580 spectrophotometer. Cyclic voltammograms were
recorded by using a SAMA M�500Research Analyzer.
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Three electrodes were utilized in this system, a glassy
carbon disk working electrode (diameter 5 mm), a
platinum wire auxiliary electrode, and an Ag/AgCl
reference electrode. The platinum disk working elec�
trode was manually cleaned with 1�μm diamond pol�
ish prior to each scan. The supporting electrolyte, tet�
rabutylammonium hexafluorophosphate (TBAH),
was recrystallized twice from ethanol–water (1 : 1) and
vacuum�dried at 110°C overnight. DMSO was dis�
tilled over CaH2 and degassed under vacuum prior to
use in cyclic voltammetery. The solutions were deoxy�
genated by bubbling with Ar for 15 min. The proce�
dure performed at room temperature, and Ar atmo�
sphere was maintained over the solution during mea�
surements. Ferrocene (E° = 0.665 V versus NHE, ΔEp =
60 mV) was used as an internal reference [39]. The
range of potentials studied was between +1 and –2.2 V.

Synthesis of I. An aqueous solution of copper(II)
acetate monohydrate (0.199 g, 1 mmol) (10 mL) and
H2Dipic (0.170 g, 1 mmol) in methanol (10 mL) were
mixed and stirrered until a blue solution was obtained.
The solution was added to a boiling solution of Tppz
(100 mg, 1 mmol) in methanol (10 mL). The mixture
was stirred for 24 h at 50°C until a green solution was
obtained. After 3 days at room temperature, bright
green single crystals suitable for X�ray crystallography
were formed in a yield of 47%.

Synthesis of II. In a test tube, an acetone (4 mL)
solution of PbCl2 (56 mg, 0.2 mmol) was carefully lay�
ered on the top of a chloroform (4 mL) solution of
Tppz (39 mg, 0.1 mmol) using ethylene glycol (2 mL)
as an interlayer. After two weeks at room temperature,
bright yellow single crystals suitable for X�ray investi�
gation appeared at the boundary in a yield of 65%.

X�ray crystallography. The bright green single crys�
tals of I and bright yellow single crystals II were grown
by the slow evaporation of a 1 : 1 H2O–C2H5OH solu�
tion of the complex. Single�crystal X�ray diffraction
measurements of the complexes were carried out on a
Bruker Apex II, using graphite�monochromated
MoK

α
 radiation (λ = 0.71073 Å). Unit cell parameters

were determined by the least�squares calculations with
θ angles ranging from 2.35° to 30.63° for I or 2.17° to
28.42° for II. The structures were solved by direct and
Fourier methods and refined by full�matrix least�
squares methods based on F2 using the SHELXS�97
and SHELXL�97 programs [40] giving a final R1 =

For C31H35N7O12Cu

anal. calcd., %: C, 48.92; H, 4.60; N, 12.89.

Found, %: C, 48.75; H, 4.39; N, 12.71.

For C24H16N6Cl2Pb2

anal. calcd., %: C, 34.39; H, 1.91; N, 10.03.

Found, %: C, 34.45; H, 1.98; N, 10.27.

0.0442, wR2 = 0.1230 (for 5960 reflections with I >
2σ(I)) for I and R1 = 0.0147, wR2 = 0.0358 (for 3174
reflections with I > 2σ(I)) for II. All non�hydrogen
atoms were readily located and refined using anisotro�
pic thermal parameters. All hydrogen atom positions
were refined in the isotropic approximation in a riding
model with the Uiso(H) parameters equal to 1.5 Ueq(C)
for methyl groups and 1.2 Ueq(C) for other carbon
atoms, where U(C) are the equivalent thermal param�
eters of the atoms to which the corresponding H atoms
are bonded. The largest diffraction peak and hole on
the final difference�Fourier map were 0.557 and
⎯0.431 e Å–3 for I and 1.097 and –0.959 e Å–3 for II.
Further details of the structural analyses are given in
Table 1. The selected bond lengths and angles of com�
plexes I and II are listed in Table 2. Supplementary
material for structures I, II has been deposited with
the Cambridge Crystallographic Data Centre (nos.
874195 (I), 874319 (II); deposit@ccdc.cam.ac.uk or
http://www. ccdc.cam.ac.uk).

RESULTS AND DISCUSSION

There are three general classes of structures that
arise from tridentate�coordination mode of Tppz
ligand, including the [M(Tppz)], [M(Tppz)2], and
[M2(μ�Tppz)] structures. The simplest of these are the
[M(Tppz)] structures that involve coordination of one
monotridentate Tppz to a single metal, leaving the
other side free [41]. This binding mode is observed for
mononuclear Cu(II) complex I. Figure 1 shows the
coordination geometry of the ligands about the Cu2+

ion, that the metal ion Cu2+ is six�coordinated by one
Tppz and one H2Dipic ligands. The uncoordinated
water molecules have been omitted for clarity. Both
ligands are tridentate and the coordination sphere
around the copper is a distorted octahedral with the
N(1)Cu(1)N(3) and O(1)Cu(1)N(2) angles equal to
159.25(9)° and 109.27(8)°, respectively.

The pyridyl rings at the uncoordinated side of the
Tppz ligand are planar within experimental errors but
the Tppz ligand as a whole is far from being planar due
to the steric effects between the hydrogen atoms at the
3�pyridyl positions. Low energy conformations of
Tppz are predicted to have each pyridyl ring twisted
from coplanarity with the pyrazine by roughly 50°
[42–44]. For the coordinated side of the Tppz ligand,
the dihedral angle between the mean planes of the two
coordinated pyridyl rings is 5.92°, whereas that
between the two uncoordinated pyridyl rings is 49.98°.
It deserves to be noted that the uncoordinated N(5)
and N(7) pyridyl nitrogen atoms are slightly shifted up
and down from the respective pyrazine ring. Com�
pared with the Cu–N(pyridine) bonds (Cu–N(1)
2.025(2) and Cu–N(3) 2.032(2) Å), the Cu–N(pyra�
zine) bond (Cu–N(2) 1.950(2) Å) is significantly
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shorter. This behavior is probably caused by the stron�
ger π�accepting properties of the pyrazine ring.

Also in the complex I, the Cu2+ ion is coordinated
by the tridentate H2Dipic ligand through the two oxy�
gen atoms of two carboxylate groups and nitrogen
atom of pyridine ring. Two carboxylate oxygen atoms
(O(1) and O(2)) from Dipic2– and two nitrogen atoms
(N(1) and N(3)) of the pyridine rings of the Tppz
ligand comprise the equatorial plane while nitrogen
atoms of Dipic2– ligand N(4) and nitrogen atom N(2)
of the pyrazine ring of the Tppz ligand occupy the axial
positions. All the solvate water molecules and all the
carboxylate oxygens of the Dipic ligand are involved in

hydrogen bonding, which cause the stability of the
crystal structure (Fig. 2).

The complex II is a neutral and polymeric complex
in which the Tppz ligand in a bis�tridentate coordina�
tion mode together with chlorine atoms function in
bridging manner to link divalent lead ions and to form
two�dimensional polymeric structure (Fig. 3). The
structure of II contains a PbN3Cl4 sphere with a coor�
dination number of seven. One crystallographically
distinct lead atom is chelated by one side of Tppz
ligand with three heterocyclic nitrogen atoms of
pyridyl and pyrazine moieties (Pb(1)–N(1)
2.6210(19), Pb(1)–N(8) 2.8556(19), and Pb(1)–

Table 1. Crystallographic data and structure refinement summary for [Cu(Tppz)(Dipic)] ⋅ 8H2O (I) and [Pb2(Tppz)Cl4]n (II)

Parameter
Value

I II

Formula weight 761.20 472.31

Temperature, K 293(2) 150(2)

Crystal system Monoclinic Triclinic

Space group C2/c P

a, Å 35.421(3) 7.9534(4)

b, Å 8.422(6) 8.8682(5)

c, Å 22.824(8) 9.4245(5)

α, deg 90 93.422(2)

β, deg 101.69(2) 95.086(2)

γ, deg 90 96.707(2)

V, Å3 6668(5) 655.93(6)

Z 8 2

ρcalcd, mg/m3 1.517 2.391

Crystal size, mm 0.48 × 0.23 × 0.22 0.23 × 0.22 × 0.04 

Range of h, k, l –43 ≤ h ≤ 43, –10 ≤ k ≤ 10, –28 ≤ l ≤ 28 –10 ≤ h ≤ 10, –11 ≤ k ≤ 11, –12 ≤ l ≤ 12

F(000) 3064.0 434.0

θ Ranges, deg 2.35–30.63 2.17–28.42

Reflections collected 109810 10641

Independent reflections (Rint) 6546 (0.0410) 3255 (0.0248)

Data/restraints/parameters 6546/5/481 3174/0/163

Goodness�of�fit on F2 1.061 1.051

Final R indices R1 = 0.0442, wR2 = 0.1230 R1 = 0.0147, wR2 = 0.0358

R indices (all data) R1 = 0.0490, wR2 = 0.1311 R1 = 0.0151, wR2 = 0.0359

1
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N(11) 2.953(2) Å) and is coordinated by four chlorine
atoms (Pb(1)–Cl(1) 2.8141(6), Pb(1)–Cl(2)
3.0579(6), Pb(1)–Cl(1)ii 2.9890(7), and Pb(1)–Cl(2)i

2.7697(7) Å) (symmetry codes: i –x, –y, –z, ii 1 – x,
⎯y, –z). The N(8)Pb(1)N(1) and N(8)Pb(1)N(11)
angles equal to 58.98(6)° and 57.68(6)°, respectively,
indicated to the constraints imposed by 5�memberd
chelate ring of Tppz ligand (Fig. 4).

The chelation of Tppz ligand to Pb occurs in such a
way that the planarity of ligand is distorted by the rota�
tion of pyridyl rings with respect to pyrazine ring. The
angle between best planes of pyridyl and pyrazine
rings, which are 32.33° and 48.18° for each pyridyl
moiety, indicated that pyridyl rings is tilted from pyra�
zine ring to gain the adaptable direction in the coordi�
nation manner. A remarkable feature in the molecular
structure of complex I was the presence of Tppz ligand
as a bridging moiety between [PbCl2]n polymeric
chains which resulted in two�dimensional polymeric
structure. In addition, the crystal structure analysis
reveals that the molecular sheets of complex I involved
the hydrogen�bonded interactions from the bridging
Cl atoms of one layer to the C atoms from pyridyl rings
in a neighboring layer, which are C–H⋅⋅⋅Cl non�clas�
sical hydrogen bonds (C(4)⋅⋅⋅Cl(1) 3.682, C(4)–
H(4A)⋅⋅⋅Cl(1) 2.896 Å and C(3)⋅⋅⋅Cl(2) 3.649 Å,
C(3)–H(3A)⋅⋅⋅Cl(2) 2.865 Å) (Fig. 5). So the
complex I can be described as an extended three�
dimensional supramolecular structure via intermolec�
ular non�classical hydrogen bonds.

Data for the infrared spectra for Tppz, H2Dipic,
and complex were obtained as solid in KBr. Predomi�
nant vibrations for the free Tppz ligand are associated
with ν(C=C), ν(C=N), and ring stretching. The
reported separation between ν(C=C) and ν(C=N) is
closed to 20 cm–1 for polypyridyl ligands [45, 46], and
thus the observed vibrational absorption bands for
Tppz at 1592 and 1567 cm–1 may be due to either dif�
ferent ν(C=N) on the pyrazine and pyridine rings or
ν(C=C) and ν(C=N) with coincidental equivalence of
the different rings [46]. An intense band at 1393 cm–1 is
assigned to ring stretching of both pyrazine and pyri�
dine rings of Tppz. The FT–IR spectrum of I shows a
absorption pattern in 4000–400 cm–1 region similar to
Dipic and Tppz ligands.

The FT–IR bands of I were assigned by comparing
with the free Tppz values. This complex shows moder�
ately sharp absorptions at 1595, 1572, and 1395 cm–1

which is assigned to the stretching of coordinated Tppz
ligand. In both compounds, OH vibration of water
molecules gives broad bands at 3400–3600 cm–1. The
broadness of this band indicates the presence of
hydrogen bonds involving water molecules in both
complexes [45]. In all the complexes, the band due
to νas(COO–) was observed in the region 1675–

Table 2. Selected bond lengths (Å) and angles (deg) for I
and II*

Bond d, Å Bond d, Å

I II
Cu(1)–N(1) 2.025(2) Pb(1)–Cl(1) 2.8141(6)

Cu(1)–N(2) 1.950(2) Pb(1)–Cl(2) 3.0579(6)

Cu(1)–N(3) 2.032(2) Pb(1)–N(1) 2.6210(19)

Cu(1)–N(4) 1.997(2) Pb(1)–N(8) 2.8556(19)

Cu(1)–O(1) 2.357(2) Pb(1)–N(11) 2.953(2)

Cu(1)–O(2) 2.291(2) Pb(1)–Cl(2)i 2.7697(7)

Pb(1)–Cl(1)ii 2.9890(7)

Angle ω, deg Angle ω, deg

I II
N(2)Cu(1)N(4) 175.62(8) Cl(1)Pb(1)Cl(2) 88.98(2)

N(2)Cu(1)N(1) 79.66(8) Cl(1)Pb(1)N(1) 81.91(4)

N(4)Cu(1)N(1) 98.34(8) Cl(1)Pb(1)N(8) 134.35(5)

N(2)Cu(1)N(3) 79.67(8) Cl(1)Pb(1)N(11) 162.53(5)

N(4)Cu(1)N(3) 102.40(8) Cl(1)Pb(1)Cl(2)i 91.67(2)

N(1)Cu(1)N(3) 159.25(9) Cl(1)Pb(1)Cl(1)ii 79.92(2)

N(2)Cu(1)O(2) 99.92(8) Cl(2)Pb(1)N(1) 158.80(5)

N(4)Cu(1)O(2) 76.19(8) Cl(2)Pb(1)N(8) 135.65(4)

N(1)Cu(1)O(2) 92.06(8) Cl(2)Pb(1)N(11) 77.97(5)

N(3)Cu(1)O(2) 93.21(8) Cl(2)Pb(1)Cl(2)i 81.12(2)

N(4)Cu(1)O(1) 74.66(8) N(1) Pb(1)N(8) 58.98(6)

N(1)Cu(1)O(1) 93.90(8) Cl(2)iPb(1)N(1) 80.07(5)

N(3)Cu(1)O(1) 91.23(8) Cl(1)iiPb(1) N(1) 81.01(5)

O(2)Cu(1)O(1) 150.80(7) Cl(2)iPb(1)N(8) 102.69(4)

Cl(1)iiPb(1) N(8) 72.07(5)

Cl(1)iiPb(1)Cl(2)i 160.20(2)

* Symmetry codes: i –x, –y, –z, ii 1 – x, –y, –z.
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Fig. 1. View of the coordination environment of the Cu(II)
in I. The uncoordinated water molecules have been omit�
ted for clarity.
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1610 cm–1 and that due to νs(COO–) in the region
1352–1344 cm–1. A large difference of 327–307 cm–1

between νas and νs vibrations indicates a monodentate
coordination of the carboxylic group in all the com�
plexes [47]. The asymmetric and symmetric stretching
bands of the carboxylate group νas(COO–) are
observed at 1640 and 1473 cm–1, respectively, for I. An
intense band at 1393 cm–1 is assigned to ring stretching
of both the pyrazine and pyridine rings of Tppz. The
FT–IR bands of II were assigned by comparing with
the free Tppz values. Infrared spectra in KBr displayed
bands corresponding to ν(C=N) at ~1594 cm–1 and
bands around 286–332 cm–1 assignable to ν(M–Cl).
These values compare well with the reported FT–IR
bands in the Tppz complexes [45].

The electronic absorption spectroscopy of I was
found to be quite complicated due to the many possi�
ble transitions. It is possible to have Tppz π → π* and

n → π* transitions as well as ligand field (LF)  →

 MLCT (Cu → Tppz and/or Cu → Dipic) transi�
tions [48]. Absorption spectrum of complexes I and II
in DMSO displayed band at 268 and 245 nm, respec�
tively.

Cyclic voltammetry was performed on an acetoni�
trile solution of I with 0.1 M TBAH as a supporting
electrolyte (Fig. 6). The CV of H2Dipic shows two
overlapping irreversible reduction peaks at –1.36 and
–1.56 V which do not display associated oxidation
processes in the reverse scan, even at the highest scan
rate [49]. It should be mentioned that the electro�
chemical behavior of I is characterized by metal based
and ligand based reductions. The first irreversible two�
electron reduction (–0.77 V) is assigned as Cu(II/I),

t2g
6

(

eg
3
),

the second and third reductions (–1.11 and –1.46 V)
are assigned as Tppz0/– and Tppz–/–2. The Dipic ligand
shows an irreversible behavior at –1.62 V. The Tppz0/–

and Tppz–/–2 couples occur prior to the dipic due to
the larger π system of Tppz ligand as a result of the two

Fig. 2. Fragment of crystal packing (projection along
y crystal axis) of I. The hydrogen atoms uncoordinated
water molecules have been omitted for clarity.
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Fig. 4. A representation of coordination environment of
divalent lead atom in complex II.
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extra pyridyl rings on Tppz as well as the extra electron
accepting character of the pyrazine ring [50].
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