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ABSTRACT

Four complexes, [CI(PPTA),Pb(.—CI),Pb(PPTA),CI] (1),
[Br(PPTA)Pb(u—Br):Pb(PPTA).Br]  (2), [I(PPTA)Pb(u—1),Pb(PPTA).I] (3) and
[(PPTA),Pb(NO3),] (4), of 5-phenyl-3-(pyridin-2-yl)-1,2,4-triazine (PPTA) were prepared
and identified by elemental analysis, FT-IR, *H NMR spectroscopy and single-crystal X-ray
diffraction. All the coordination modes of the 3-(pyridin-2-yl)-1,2,4-triazine-based ligands
were studied by CSD software for predicting the behavior of the PPTA ligand in the reaction
with metal ions. In the crystal structure of 1, the lead atom has a PbN4Cl; environment with a
distorted capped octahedral geometry. Complexes 2 and 3 are also dinuclear and isostructural
with 1. The lead atom in the crystal structure of complex 4 has a coordination number of
eight and a distorted cube geometry. The metal atom coordination spheres in all four
structures tend to be holodirected with a decreasing deviation in the series 1-3. The

thermodynamic stability of the isolated complexes and their charge distribution patterns were
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studied by DFT and NBO analysis. Theoretical studies reveal that the thermodynamic
stability for the optimized complex 1 is higher than those of the isostructural complexes 2 and

3.

Keywords: Lead(ll); Triazine; Dinuclear complex; Computational study; Coordination

chemistry

1. Introduction

Compounds containing 1,2,4-triazine moieties have been reported to possess a broad
spectrum of biological, pharmacological and medicinal properties, such as anti-HIV [1],
antitumor [2], enzyme inhibitor [3], DNA binding [4-6], anti-viral inhibitor [7], BSA-binding
[5,8], anti-inflammatory [9], analgesic [10], anti-cytokine[11], anti-hypertensive [12], anti-
malarial [13] and anti-epileptic [14] activities. This class of compounds has been used in metal
ion extraction and segregation processes [15,16], in "oxygen atom transfer"” reactions [17], as
optical chloride sensors [18], as agents for increasing the redox potentials of metal atoms
[19], as energetic materials [20], as reagent for the determination of metal ions in natural and
waste waters [21], in colorimetric analysis [21], as metal ion transfer agents across a liquid
interface [22] and for the construction of MOFs with different degrees of dimensionality
[23,24]. Non-linear optical (NLO) properties, CO, sorption and magnetic coupling [25] have
been reported for some derivatives of these compounds, as well as the enhancement of the
luminescence of lanthanides by coordination with these compounds [26] and ligand to metal
charge transfers (LMCT) [27]. These moieties can form bi- [28], tri- [29], tetra- [30] or hexa-
nuclear [31] complexes and coordination polymers [32, 33] and play an important role in

network stabilization by 7t- - -7 interactions [34].

In this work, the preparation, characterization, crystal structure and theoretical studies of

the complexes, [CI(PPTA),Pb(u—Cl),Pb(PPTA).CI] (1), [Br(PPTA)2Pb(1«—Br),Pb(PPTA).Br]
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(2), [I(PPTA):Pb(u—1),Pb(PPTA),I] (3) and [(PPTA)Pb(NO3),] (4), with 5-phenyl-3-

(pyridin-2-yl)-1,2,4-triazine (PPTA, Scheme 1), are described.
2. Experimental
2.1 Materials and Instrumentation

All starting chemicals and solvents were reagent or analytical grade and used as
received. The infrared spectra in the range 4000-400 cm™* were recorded on KBr pellets with
a FT-IR 8400-Shimadzu spectrometer. "H NMR spectra were recorded on a Bruker Avance
300 instrument; chemical shifts () are given in parts per million, relative to TMS as an
internal standard. The carbon, hydrogen and nitrogen contents were determined in a Thermo
Finnigan Flash Elemental Analyzer 1112 EA. The melting points were determined with a

Barnsted Electrothermal 9200 electrically heated apparatus.
2.1.1  Synthesis of 5-phenyl-3-(pyridin-2-yl)-1,2,4-triazine (PPTA)

The PPTA ligand was prepared as described in the literature [35] with some
modifications. Also, the spectral data of this ligand were not reported and are presented here.
1.36 g (10 mmol) of picolinohydrazonamide dissolved in EtOH (15 mL) was added to a
stirred solution of 1.34 g (10 mmol) of 2-oxo-2-phenylacetaldehyde in EtOH (15 mL). The
reaction mixture was refluxed for 5 h. All volatile components of the solution were removed
by rotary evaporation and the desired ligand extracted with 50 mL boiling water (five times)
and filtrated. Yield: 1.52 g, 65%; m. p.: 133 °C. Anal. Calcd for C14H10N4 (234.26): C, 71.78;
H, 4.30; N, 23.92. Found: C, 71.46; H, 4.33; N, 23.66%. IR (KBr, cm™"): 3054 w (v CHay),
1585 w and 1539 s (v C=N), 1510 s (v N=N), 1437 m (v C=C)a, 753 s and 684 m (y py). *H

NMR (300 MHz, DMSO-dg, ppm, Hz) 6: 10.13 (s, 1 H, C?H), 8.85-8.87 (d, 1 H, C"'H, J =



3.9), 8.54-8.57 (d, 1 H, C**H, J = 8.1), 8.44-8.47 (d, 2 H, C**H and C**H, J = 6.9), 8.05-8.10

(t, 1 H, C®H, J = 6.9), 7.65-7.67 (d with shoulder, 4 H, C°H, C'H, C°H and C*°H, J = 7.2).
2.1.2  Synthesis of [CI(PPTA).Pb(u—Cl),Pb(PPTA),CI] (1)

PPTA (0.05 g, 0.2 mmol) and PbCl, (0.06 g, 0.2 mmol) were placed in the large arms of
a branched tube. Ethanol and water in a ratio of (6:1) were carefully added to fill both arms.
The tube was then sealed and the ligand-containing arm was immersed in'a bath at 60 °C
while the other was maintained at ambient temperature [36]. After two days, yellow
precipitates were formed in the cooler arm and filtered off. The products were moved to the
large arms of a branched tube and the arms filled with water. After a week, the yellow
crystals that were deposited in the cooler arm were filtered off and dried in air. Yield: 0.034
g, 43%; m. p.: 230 °C. Anal. Calcd for CsgHsoCl4sN1gPb, (1493.22): C, 45.04; H, 2.70; N,
15.01. Found: C, 45.47; H, 2.73; N,15.35%. IR (KBr, cm™): 3057 w (v CHy), 1595 m and
1545 s (v C=N), 1511 s (v N=N), 1484 m (v C=C)a,, 758 s and 688 m (y py). *H NMR (300
MHz, DMSO-dg, ppm, Hz) §: 10.14 (s, 1 H, C?H), 8.86 (s with shoulder, 1 H, C*H), 8.55-
8.58 (d, 1 H, C*H, J = 7.8), 8.45-8.47 (d, 2 H, C**H and C'*H, J = 7.2), 8.06-8.11 (t, 1 H,

C®H, J = 8.1),7.66-7.68 ( d with shoulder, 4 H, C°H, C'H, C°H and C*°H, J = 6.6).
2.1.3 Synthesis of [Br(PPTA).Pb(u—Br),Pb(PPTA),Br] (2)

The procedure for the synthesis of 2 was similar to 1, except that PbCl, was replaced by
PbBr, (0.11 g, 0.3 mmol), 0.3 mmol of PPTA (0. 07 g) and in one step using a branched tube.
After two days, the yellow crystals that were deposited in the cooler arm were filtered off and
dried in air. Yield: 0.10 g, 84%; m. p.: 256 °C. Anal. Calcd for CsgH4oBrsNisPb, (1671.06):
C, 40.25; H, 2.41; N, 13.41. Found: C, 40.06; H, 2.37; N, 13.52%. IR (KBr, cm'): 3056 w (v

CHar), 1594 m and 1542 s (v C=N), 1511 s (v N=N), 1481 m (v C=C)a,, 758 s and 687 m (



py). *H NMR (300 MHz, DMSO-ds, ppm, Hz) 6: 10.13 (s, 1 H, C?H), 8.87-8.88 (d, 1 H,
CMH, J = 4.5), 8.54-8.57 (d, 1 H, C**H, J = 7.8), 8.43-8.45 (d, 2 H, C**H and C**H, J = 4.2),

8.05-8.10 (t, 1 H, C®H, J = 7.8), 7.66 (s with shoulder, 4 H, C°H, C'H, C°H and C'°H).
2.1.4  Synthesis of [I(PPTA)2Pb(u—1),Pb(PPTA).1] (3)

The procedure for the synthesis of 3 was similar to 2, except that PbBr, was replaced by
Pbl, (0.3 mmol, 0.14 g). Yellowish crystals were formed after two days in the cooler arm and
filtered. Yield: 0.04 g, 29%; m. p.: 256 °C. Anal. Calcd for CsgHaolaN1sPb, (1859.07): C,
36.18; H, 2.17; N, 12.06. Found: C, 35.98; H, 2.15; N, 12:12%. IR (KBr, cm"): 3052 w (v
CHar), 1590 m and 1542 s (v C=N), 1511 s (v N=N), 1475 m (v C=C),;, 757 s and 687 m (y
py). 'H NMR (300 MHz, DMSO-ds, ppm, Hz) &: 10.14 (s, 1 H, C°H), 8.86-8.88 (d, 1 H,
CH, J = 3.9), 8.55-8.58 (d, 1 H, C**H, J.= 7.3), 8.45-8.48 (d, 2 H, C*?H and C**H, J = 6.3),

8.06-8.11 (t, 1 H, C®H, J = 6.0), 7.63-7.70 (m, 4 H, C°H, C'H, C°H and C'°H).
2.1.5  Synthesis of [(PPTA).Pb(NO3),] (4)

The procedure for the synthesis of 4 was similar to 2, except that PbBr, was replaced by
Pb(NOs3), (0.3 mmol, 0.10 g). After three days, a precipitate was formed in the cooler arm
and filtered, then recrystallized from H,O/EtOH (1:1). Light pink crystals suitable for X-ray
diffraction studies were obtained by slow evaporation after three days. Yield: 0.10 g, 80%; m.
p.: 260 °C. Anal. Calcd for CygHzoN10O6Pb (799.73): C, 42.05; H, 2.52; N, 17.51. Found: C,
41.96; H, 2.51; N, 17.45%. IR (KBr, cm'): 3060 w (v CHar), 1600 m and 1542 s (v C=N),
1514 m (v N=N), 1483 m (v C=C)ar, 1404 s (v4 NO3), 1261 m (v1 NO3), 1091 m (v, NO3), 833
m (v NOs), 763 s and 691 m (y py). *H NMR (300 MHz, DMSO-ds, ppm, Hz) &: 10.15 (s, 1
H, CH), 8.85-8.87 (s with shoulder, 1 H, C*'H), 8.56-8.58 (d, 1 H, C**H, J = 7.8), 8.45-8.48
(d, 2 H, C**H and C*H, J = 7.8), 8.06-8.11 (t, 1 H, C®H, J = 7.8), 7.66-7.68 (m, 4 H, C°H,

C’H, C°H and C**H).



2.2 Crystal structure determination

Suitable crystals of 1-4 were selected in mineral oil and measured on Stoe IPDS-2T (1,
4) or Stoe IPDS (2, 3) diffractometers using graphite-monochromatized Mo-K« radiation, (A
=0.71073 A) at 180 or 213 K, respectively. Numerical absorption corrections were applied to
all data sets. The structures were solved by direct methods using SHELXS and refined with
SHELXL [37] using last squares minimisation. All non-hydrogen atoms were refined
anisotropically; hydrogen atoms were included in idealized positions. The molecular graphics
were drawn with ORTEP-I11 [38, 39], Mercury [40] and Diamond [41]. Crystallographic data
and details of the data collection and structure refinement, selected bond lengths and angles,

and hydrogen bond geometries are listed in Tables 1-3, respectively.
2.3 Computational details

All the structures were optimized with the Gaussian 09 software package [42] and
calculated for an isolated molecule using Density Functional Theory (DFT) [43] at the
B3LYP/LanL2DZ level of theory, including NBO analysis, and B3LYP/6-31+G was used for
a scan of the dihedral angle of PPTA. Cif files of complexes 1 and 2 were used as the input

files for the theoretical calculations.
3.  Results and Discussion

The reaction between PPTA and solutions of lead(Il) chloride, lead(I1) bromide, lead(Il)
iodide and lead(Il) nitrate in branched tubes provide complexes 1-4, respectively. The

complexes are air-stable and soluble in DMSO.

3.1 Spectroscopic characterization



In the IR spectra of the PPTA ligand and complexes 1-4, the relatively weak absorption
bands above 3000 cm™ are due to the C—H modes of the aromatic rings. Three bands in the
range 1500-1600 cm™ can be assigned to the vibrations of v(C=N)s; and v(N=N). In
complexes 1-4 these frequencies are shifted by about 1-15 cm™ to higher frequency compared

to those of the free ligand.

Four bands in the IR spectrum of complex 4 near 1404, 1261, 1091 and 833 cm * can be
assigned to vibrations of the coordinated nitrate groups (vibrations vs, v1, v, and vg). The
difference between the v4 and the v, peak positions is 143 cm™, which is typical for bidentate

nitrate coordination (monodentate nitrate coordination displays a lower splitting) [44,45].

To interpret the NMR spectra of the compounds, all the aromatic carbon atoms of the
PPTA ligand are marked in Scheme 1. The NMR spectra of all the compounds were recorded
in DMSO-ds and are consistent with the presence of the PPTA ligand. The *H NMR spectrum
of the ligand shows peaks in the range 6 7.65-10.13 ppm, confirming the aromatic property of
PPTA. A singlet peak at the lowest magnetic field was assigned to the only hydrogen atom of
the triazine ring. With increasing magnetic field, a doublet peak belonging to the hydrogen
atom of C*, the nearest atom to the nitrogen atom of the pyridine ring, is revealed. The peaks
belonging to the other hydrogen atoms of the pyridine ring appear in the range 6 8.47-8.57
ppm. The hydrogen atoms of the phenyl ring are observed at a higher magnetic field (&
7.65-8.10 ppm) than the triazine and pyridine ring hydrogen atoms. Comparing the *H NMR
spectra of complexes 1-4 with that of the ligand does not show any significant shift due to

complexation. A similar result was also observed in the IR spectroscopy studies.
3.2 Description of the crystal structures

3.21  Crystal structures of [CI(PPTA)2Pb(u—Cl),Pb(PPTA).CI] (1),

[Br(PPTA).Pb(u—Br),Pb(PPTA),Br] (2) and [I(PPTA).Pb(u—1),Pb(PPTA)I] (3)
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X-ray structure analysis of complexes of 1-3 revealed that these complexes are
isostructural molecules, thus a discussion about their structures is combined. In the crystal
structures of complexes 1-3 (Figure 1, for complex 1), the lead atom is coordinated by four
nitrogen atoms of two ligands and by three halide ions (chloride, bromide and iodide for 1-3,
respectively), with a coordination number seven and a distorted capped octahedral geometry
(Figure 2, for complex 1). Searching the Cambridge Structural Database (CSD) [46] revealed
that there is no example for lead atoms with PbN4Cl; (complex 1) and PbN4Br; (complex 2)
environments. The average of both Pb-N,, bond lengths (2.785 A for 1, 2.772 A for 2) is
slightly shorter than the average of the two Pb—Nyiazine bond lengths (2.817 A for 1, 2.784 A
for 2). A structural study of the literature data revealed that there is only one example for the
PbN4l3 environment, which has a polymeric structure with two bridging iodide ions between
the lead atoms [47]. The average Pb—Nyy and Po—lyrigging distances in 3 (2.755 and 3.354 A,
respectively) are larger than in the reported structure (2.617 and 3.244 A), while the Pb—

lterminal DONd length (3.050 A).is similar to this analogue (3.091 A).

In iodide complex 3, both Pb—Ny, as well as both Pb—Nuyiazine bond lengths are similar
(the differences of the Pb-Npy, and Pb-Nyiazine bond lengths are 0.03 and 0.07 A,
respectively). In contrast, in the chloride complex 1 there are significant differences. Both
Pb-Npy and both Pb—Niriazine distances differ by 0.22 and 0.19 A, respectively. In complex 2
the situation is intermediate (0.16 and 0.11 A, respectively, for the Pb-Np, and Pb—Nriazine
distance difference). This observation is typical for complexes of central atoms with lone
pairs. For heavier atoms (central atoms and donor atoms) the distortion is less pronounced
than for lighter atoms. The distortion is stronger in the chloride complex, only small or not
present in the iodide complex, and can be attributed to varying degrees of stereochemical
activity of the Pb?* lone pair. Based on these observations, we can conclude that the

holodirected character is increasing on going from complex 1 to complex 3.



There are two types of halide ligands in the crystal structures of 1-3, asymmetrically
bridging and terminally bound. A mean plane through all four halide ligands and two lead
atoms revealed that these atoms are not exactly co-planar (the r.m.s. deviation is 0.247, 0.204
and 0.076 A for Pb1, respectively for 1-3) but with the increasing ionic radius of the halide
ligands the lead atoms tend to lie in a plane with the halide ions. The bond lengths of the
asymmetrically bridging halides are significantly longer than for the terminal ones. Again, the
difference in bond lengths Pb1-X1 vs. Pb1-X1' (X = CI, Br, I) decreases from complex 1
(0.388 A) to 3 (0.196 A). Complexes 1-3 are centrosymmetric with a center of inversion at

the center of the Ph1/X1/Pb1'/X1' plane.

PPTA acts as bidentate ligand, forming five-membered chelate rings with the lead
atoms. The average of the dihedral angles between the pyridine and triazine rings in both
coordinated ligands in 1 is 8.17°, confirming that these rings are approximately coplanar. For
all coordinated 3-(pyridin-2-yl)-1,2,4-triazine-based ligands this value was determined to be
in the range 0.58-21.22°. 3-(Pyridin-2-yl)-1,2,4-triazine-based ligands can coordinate to
metal atoms in three ways, which are presented in Scheme 2. A study of this type of ligand
revealed that the coordination mode A (116 hits), which was observed in complexes 1-3, is
more common than the modes B (14 hits) and C (3 hits). A structural investigation of ligands
of mode B showed that most of them have another pyridine ring or O-donor groups on the
C1 atom of the triazine ring (Scheme 1) [26,28,48-51], thus they can form two chelate rings
and be more stable than in mode A. All three examples of coordination mode C are di- or

polynuclear [28,52,53].
3.2.2  Crystal structure of [(PPTA),Pb(NOs).] (4)

X-ray structure analysis of complex 4 (Figure 3) revealed that the geometry around the

lead atom is distorted cubic (Figure 4), by coordination of four nitrogen atoms belonging to



two PPTA ligands and four oxygen atoms of two nitrate ions. There are four examples for a
PbN4O4 environment in the CSD, in which the oxygen atoms belong to bidentate nitrate
ligands and all the nitrogen atoms are in aromatic rings. The average of bond lengths and
angles for these four complexes are presented in Scheme 3. The Pb—Np, and Pb—O bond
lengths of 4, on average 2.668 and 2.768 A respectively, are larger and shorter than those of
the CSD average, respectively. Comparing the bond angles of the chelate rings formed by the
nitrate ions with the CSD average revealed that the angles in 4 (45.97°) are about 1° larger. In
complex 4 the distortion from the complex being holodirected is evident (differences of 0.14
and 0.16 A, respectively, for the Pb—Npy and Pb—Nuiazine distances). A search through all the
lead complexes containing coordinated nitrate ions by CSD software was done, revealing that

the coordination mode of the nitrate ligands in 4 is common for lead(11) atoms (Figure 5).
3.2.3 Crystal network interactions

In the crystal network of 1, 2 and 3 (Figure 6, for complex 3) intermolecular C—H---N
and C-H---X (X = Cl, Br, I) hydrogen bonds appear between adjacent complexes. Among the
two uncoordinated nitrogen atoms of the triazine ring, the N1 atom (Scheme 1) participates in
hydrogen bonding while the other, N3, does not have any interactions. In this way, the
nitrogen ‘and halide ions act as proton acceptors whereas the carbon atoms participate in
hydrogen bonding as proton donors. In addition to hydrogen bonds, the crystal networks of 1-
3 are further stabilized by z—= stacking interactions between the aromatic rings of adjacent
ligands. In this pattern, the rings are not exactly on top of each other, the pyridine and triazine
rings of one ligand are close to the benzene and triazine rings on the adjacent ligand,
respectively. There are additional z—= interactions between the triazole ring (N2, N3, N4, C6,
C7, C8) and a phenyl group (C9—C14) of a symmetry equivalent ligand. In the crystal

network of complex 4 (Figure 7), the nitrogen atoms of the PPTA ligands do not participate
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in hydrogen bonding, while the oxygen atoms of the nitrate ions play an important role in
crystal network interactions. In this network, there are z—x interactions between two
symmetry equivalent ligands with some offset, e.g., C6---C13', 3.361(9), N4---C14' and

N4'.-.C14, 3.311(8) A.
3.3 Theoretical studies on PPTA and its complexes 1-3

An investigation of the CSD database revealed that the dihedral angle between the
triazine and pyridine rings is variable. For a theoretical study of this dihedral angle, the
geometrical coordinates of PPTA were optimized using the DFET method, then the energy
level of the free ligand for different dihedral angles was calculated in about 1800 scans
(Figure 8). The DFT calculations revealed that when the dihedral angle between the pyridine
and triazine rings is zero and the nitrogen atom of the pyridine ring (N4) is near to the N3
atom of the triazine ring (Scheme 1), the PPTA is in the most stable conformation. With
increasing dihedral angles, the energy level of the ligand is increased and maximum energy
corresponds to a dihedral angle of 91.7°. The energy barrier for rotation of the pyridine ring
about the Cpy—Cliazine bond and converting the two isomers is 5.2 kcal/mol (for isolated
molecules, not for the solid state). Studying the CSD entries revealed that both isomers have

been observed for uncoordinated 3-(pyridin-2-yl)-1,2,4-triazine-based ligands [54-58].

For comparing the energy level of the different halido dinuclear complexes, for one
isolated molecule, DFT calculations were performed. These data reveal that the
thermodynamic stability of the lead complex containing chloride ions and PPTA ligands
(—1945526 kcal/mol) is higher than that of the isostructural complexes containing bromide or

iodide ions (—1941050 and —1936574 kcal/mol for 2°™ and 3°%, respectively).

Similarly to the X-ray structure analysis results, in the optimized structures the

differences between both Pb—Npy (0.06 A) and both Pb—Nyiazine bond lengths (0.05 A) in the
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iodide complex (3°") is not considerable, while for the two others it is significant (0.19 and
0.08 A for 1, 0.18 and 0.12 A for 2°"") confirming the distorted holodirected environment

for complexes of 1°* and 2°" in their isolated form.

For studying the charge distribution before and after complexation, an NBO analysis was
done on the free PPTA molecule and its complexes (Table 4). The results reveal that the
calculated charge on the lead atom is about +1, lower than the formal charge (+2). Based on
the calculated charge average for the same atoms (Table 4) of the ligand and the complexes,
the charges on the coordinated atoms, N2 and N3 and also the non-coordinated N4 atom
(Scheme 1) become negative after coordination. The charges of the N1 (Scheme 1), hydrogen
and carbon atoms in the complexes are more positive than in the free ligand. In the
complexes, the LUMO is delocalized on the ligand, except the pyridine ring, while the
HOMO is delocalized on the metal center and halide ions, without any significant

participation of the ligand molecule (Table 5).
4. Conclusions

Complexes of 5-phenyl-3-(pyridin-2-yl)-1,2,4-triazine (PPTA), namely
[CI(PPTA)Pb(1~Cl),Pb(PPTA),CI] (1),  [Br(PPTA)Pb(u—Br),Pb(PPTA)Br]  (2),
[I(PPTA):Pb(u—T1),Pb(PPTA)I] (3) and [(PPTA).Pb(NOs).] (4), were synthesized and their
spectral (IR, *H NMR) and structural properties were investigated. In the crystal structure of
1, with C; symmetry, the lead atom is coordinated by four nitrogen atoms of two PPTA
ligands and three chloride ions in a distorted capped octahedral environment. Complexes 2
and 3 are isostructural to 1, with PbN4Br; and PbN4l3 environments, respectively. Based on
the differences between similar bond lengths around the lead atom, the coordination sphere of
1 and 2 is distorted holodirected, with increasing holodirected character from 1 to 3. The

coordination number of the lead(ll) atom in the crystal structure of 4 is eight, which is filled
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by four nitrogen atoms of two PPTA ligands and four oxygen atoms of two chelating nitrate
ions. The geometry around the lead atom in 4 is distorted cube-like and the arrangement of
the donor atoms is distorted holodirected. A structural study of 3-(pyridin-2-yl)-1,2,4-
triazine-based ligands revealed that these units have been observed in three coordination
modes and among them the formation of chelate rings by the N4,y and N24iazine atoms is the
most common. A theoretical study revealed that the chloride binuclear complexes of PbX; (X
= ClI, Br, 1) with PPTA are thermodynamically more stable than the other complexes. NBO
analysis shows that the charge on the N1, hydrogen and carbon atoms of PPTA and also the

halide ions becomes positive after coordination.

Appendix A. Supplementary data

CCDC 1534865, 1521988, 1521987 and 1521986 respectively for 1-4 complexes
contain the supplementary crystallographic data for this paper. These data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-

336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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Table 1. Crystal and structure refinement data for complexes 1-4.

Empirical formula
Formula weight, g
mol~*

Crystal size, mm®
Temperature, K
Crystal system
Space group

Unit cell dimensions
a, A

b,

c, A

o

S

1
o
1
o

Vs

Volume, A3

Z

Calculated density,
gem®
Absorption
coefficient, mm™
F(000), e

@ range for data
collection, deg

h, k, I ranges

Reflections
collected /
independent / R
Data / restraints /
parameters
Goodness-of-fit on
FZ

R1/wR2 (1 =2 4(l))
R1/wR2 (all data)
Largest diff. peak /
hole, e A

1
Cs6H4oClsN 6P,
1493.22

0.17 x 0.10 x 0.07
180

Monoclinic

12/a

14.1202(6)
14.3363(5)
26.2550(13)
90.00
97.358(3)
90.00
5271.1(4)

4

1.882

6.64

2880
2.0-28.0

-18<h<17,-18<k
<18,-34<1<34
35561/ 6060/ 0.045
6060/0/352

0.83

0.0175/0.0301

0.0301/0.0313
0.70/-1.04

2
CssH4oBraN16Pb;
1671.06

0.30 x 0.22 x 0.07
213

Monoclinic

12/a

14.2287(5)
14.7617(6)
26.3850(8)
90.00
98.236(4)
90.00
5484.7(3)
4

2.024
9.10

3168
2.4-27.6

~18<h<18-19<k
<19,-34<1<34
21242 /6073 / 0.043
6073/ 0/ 352

0.76

0.0217 /0.0335

0.0422/0.0354
0.64/-0.54

3
CssHaolaN16Pb,
1859.07

0.15 x 0.04 x 0.04
213

Monoclinic

12/a

14.1275(7)
15.0880(8)
27.3051(11)
90.00
99.715(5)
90.00
5736.8(5)

4

2.152
8.07

3456
2.6-28.0

~18<h<18,-19<k
<19,-35<1<31
22831/ 6743/ 0.050
6743/0/ 352

0.69

0.0278 /0.0481

0.0589/0.0511
1.00/-0.48

4
CZBHZONlOOGPb
799.73

0.35 x 0.05 x 0.02
180

Triclinic

Pl

8.8484(9)
9.7060(9)
16.6948(16)
76.683(7)
80.921(8)
85.109(8)
1376.0(2)

2

1.930

6.20

776
2.1-27.9

-10<h<11,-12<k
<12,-21<I<21
11669 /5916 / 0.049
5916/0/407

0.90

0.0322/0.0589

0.0516 / 0.0625
1.03/-1.47
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Table 2. Selected bond lengths (A) and angles (°) for complexes 1-4 with estimated standard deviations in

parentheses.
1 2 3 4
Pb1-CI1 2.8276(6) Pbl-Brl 3.0026(4) Pbl-Il 3.2556(8) Pbl-NI 2.599(3)
Pb1-Cl1' 3.2157(7) Pbl-Brl' 3.3057(4) Pbl-I1' 3.4516(6) Pbl1-N2 2.545(4)
Pb1-CI2 2.6636(9) Pbl-Br2 2.8157(6) Pbl-I2 3.0504(6) PbI-N5 2.736(4)
§ Pb1-N1 2674(2) PbI-NI 2.692(3)  Pbl-N1 2.770(5)  Pbl1-N6 2.708(5)
g Pb1-N2 2.722(2) PbI-N2 2.731(3)  Pbl-N2 2.781(5)  Pbl1-O1 2.873(4)
Pb1-N5 2.895(2)  Pbl-N5 2.851(3) Pbl-N5 2.740(5)  Pb1-03 2.697(4)
Pb1-N6 2.912(2) Pbl-N6 2.836(3) Pbl-N6 2.711(4)  Pbl-05 2.809(4)
Pb1-06 2.691(6)
Cl1-Pbl-Cl2  92.44(2) Brl-Pbl-Br2 92.77(2) I1-Pbl-I2 93.66(2) NI-Pbl-N2 63.2(1)
Cl1-Pbl-N1  86.79(5) Brl-Pbl-N1  86.74(7) I1-Pbl-N1 85.7(1) = NI-Pbl-N5 156.7(1)
Cl1-Pbl-N2  14347(5) Brl-Pbl-N2  143.34(6) I1-Pbl-N2 139.93(9) NI-Pbl-N6 105.6(1)
Cl1-Pbl1-N5  84.69(5) Brl-Pbl-N5 83.75(6) I1-Pbl-N5 85.03(9) NI-Pbl-O1 80.2(1)
% Cl1-Pbl-N6  134.17(5) Brl-Pbl-N6  134.09(6) I1-Pbl-N6 138.3(1) NI-Pb1-03 76.7(1)
< | cli-pbi-cit’ 79.64(2) Brl-Pbl-Brl' 81.09(1) @ I1-Pbl-I11' 81.12(1) NI-Pbl-05 79.2(1)
Pbl- CI1-Pbl' 100.36(2) Pbl-Brl-Pbl' 98.91(2)  Pbl-11-Pb' 98.88(1) NI1-Pbl-06 104.1(1)
O1-Pb1-03  45.9(1)
O1-Pb1-05  77.3(1)

i:0.5-x,1.5-y,15-z2
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Table 3. Hydrogen bonds dimensions (A and °) in complexes 1-4.

D-H-A

1 C(1)-H(1) -Cl(1)
C(2)-H(2)--Cl(2)
C(7)—H(7)"N(7)
C(21)-H(21)--N(3)
C(26)-H(26)--Cl(1)

2 C(1)-H(1) ~Br(1)
C(2)-H(2)-Br(2)
C(12)-H(12)- Br(2)
C(7)-H(7)~ N(7)
C(21)-H(21)~ N(3)
C(26)-H(26) Br(1)

3 C(L)-H(1) ~1(1)
C(2)-H(2)~1(2)
C(7)-H(7)"N(7)
C(21)-H(21)- N(3)
C(26)-H(26)-1(1)

4 C(1)-H(1)~0(1)
C(16)-H(16)--0(3)
C(18)-H(18)--0(3)
C(18)-H(18)--0(2)
C(28)-H(28)--0(1)
C(24)-H(24)-0(2)
C(2)-H(2)--0(4)
C(4)-H(4)--0(5)
C(14)-H(14)--0(5)
C(10)-H(10)--O(4)
C(7)-H(7)--0(4)

d(D-H) d(H---A) <(DHA)

0.949
0.951

0.951
0.950
0.950

0.940
0.941
0.940
0.940
0.941
0.940

0.940
0.938
0.940
0.938
0.940

0.950
0.949
0.950
0.950
0.950
0.950
0.950
0.951
0.950
0.950
0.950

2.823
2.7239

2.433
2.465
2.8390

2.926
2.8671
3.0338
2.543
2.516
2.8809

3.0955
3.1777
2.549
2.689
3.0121

2.544
2.520
2.585
2.656
2.632
2.371
2.464
2.573
2.514
2.557
2.432

137.0
132.6

134.6
133.6
163.4

138.3
1341
133.8
134.2
1335
163.7

138.7
140.5
137.4
1344
151.8

138.2
157.1
128.7
135.1
126.3
147.8
133.8
157.3
154.1
129.9
149.5

d(D---A)
3.576(3)
3.439(3)
3.227(3)
3.195(3)
3.759(3)

3.681(3)
3.587(4)
3.746(5)
3.269(5)
3.237(5)
3.792(5)

3.852(7)
3.947(7)
3.303(7)
3.411(7)
3.866(7)

3.312(6)
3.414(7)
3.264(6)
3.395(7)
3.286(7)
3.214(7)
3.196(6)
3.470(6)
3.394(7)
3.249(7)
3.287(7)

Symmetry code on A atom
05-x15-y15-z2
1-%x,05+y,15-z
05-x,y,1-z
0.5-%xy,1-z
-05+x,-05+y,—0.5+z

0.5-%x15-y15-z
1-x,05+y,15-2
1-x2-y,1-2
05-xy,1-z

0.5-%xy, 1=z
-05+x%x,-05+y,—05+z

0.5-x15-y,15-z2
1-%05+y,15-2
0.5-%xy,1-z
0.5-%xy,1-z
-05+x,-05+y,—05+z

X, Y,z
X, 1+y,z2
1-x1-y,-z
1-x1-y,-z
1-x1-y,-z
-1+Xx,Yy,12
X,—1+y,z
1-x-vy,1-z
1-x-vy,1-z
-1+Xx,y,2
-1+Xx,y,2
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Table 4. NBO analysis results for the PPTA ligand and its dinuclear 1°”'—3°" isolated complexes. Values are the

average of charge (AVG) on similar atoms (N atom labels according to Scheme 1).

AVG

Carbon Hydrogen™"® N1 N2 N3 N4 Halide  Metal

PPTA | -0.0591 0.2281 -0.2111 -0.2940 -0.4798 -0.4687 — —
107 —-0.0501 0.2294 -0.1781 -0.3055 -0.5160 -0.5307 -0.6942 1.2637
2o —-0.0491 0.2298 -0.1678 -0.3263 -0.5146 -0.5434 -0.6649 1.1814
3 —0.0478 0.2304 -0.1671 -0.3339 -0.5162 -0.5374 -0.6276 1.0891

20



Table 5. HOHO and LUMO orbitals for the optimized structures 1°"—3°",

LUMO

HOMO

[19%(v Ldd)ad“(rg—)ade(V Ldd)1d] [12(v Ldd)ad“(1—)ade(v Ldd)1]

[104v1dd)ade(10-")ad%(v Ldd)ID]
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Figure Captions

Scheme 1. 5-Phenyl-3-(pyridin-2-yl)-1,2,4-triazine (PPTA).

Scheme 2. Coordination modes of 3-(pyridin-2-yl)-1,2,4-triazine-based ligands.

Scheme 3. The CSD average of bond lengths and angles for complexes with the PON4O4

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

environment.

ORTEP diagram of the molecular structure of 1. The ellipsoids are drawn at the

35% probability level.

Distorted capped octahedral geometry around the lead atom in the crystal structure

of 1.

ORTEP diagram of the molecular structure of 4. The ellipsoids are drawn at the

35% probability level.

Distorted cube geometry around the lead atom in the crystal structure of 4.

Pie chart, the percentage of different coordination modes of nitrate ion among the

complexes of lead.

Packing of 3, showing hydrogen bonds. Each PbNyl3 unit is shown as a distorted
capped octahedron. Only the hydrogen atoms involved in hydrogen bonding are

shown.

Packing of 4, showing the hydrogen bonds. Each PbN4O, unit is shown as a

distorted cube. Only the hydrogen atoms involved in hydrogen bonding are shown.

Theoretical study (DFT) of the effect of the dihedral angle variation between

pyridine and triazine rings on the energy level of one isolated PPTA ligand.
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Figure 7.
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Four complexes of 5-phenyl-3-(pyridin-2-yl)-1,2,4-triazine (PPTA) including, namely
[CI(PPTA),Pb(u—Cl),Ph(PPTA).CI], [Br(PPTA),Pb(u—Br),Pb(PPTA),BI],
[I(PPTA),Pb(u—T),Pb(PPTA).I] and [(PPTA).Pb(NOs).], were prepared and their spectral.and
structural properties were investigated. The experimental data are compared with the

Cambridge Structural Database and theoretical results.
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