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ARTICLE INFO ABSTRACT

Keywords: Four lead(II) complexes, [Pb(HL)Cly] (1), [Pb(HL)2(NO3)2] (2), [PbL(NO2)] (3) and [PbL(NCS)(H20)]-H20
Lead(1D (4-H0), were synthesized from PbX. salts and the ligand N'-benzoylpyrazine-2-carbohydrazonamide (HL).
Hydrazone Spectroscopic characterization confirmed that complexes 1 and 2 contain the neutral ligand (HL), while 3 and
S;’::::Sl;tlon polymer 4.H,0 feature its deprotonated form (L). In all structures, the Pb2* center is N,N',0-chelated by the ligand. Bond
Crystal structure length analysis revealed the longest Pb-N/O bonds in 2 due to coordination of two neutral HL ligands, whereas
X-ray the deprotonated L™ in 3 and 4-H»O resulted in shorter Pb-Njmine and Pb—Ocarbonyl bonds. Secondary Pb---X tetrel

DFT bonds (X = CI, N, O, S) form in complexes 1, 3, and 4-H;0 due to coordination sphere gaps, leading to supra-
molecular 1D chains (1, 4-H20) or a 2D sheet (3). These assemblies are further stabilized by extensive hydrogen
bonding and =---m stacking interactions. The nature of the tetrel bonds was investigated using MEP surface
analysis, dimerization energy calculations, and quantum chemical tools (QTAIM, NCIplot). Electron localization
function (ELF) and Laplacian maps differentiated tetrel bonds from primary coordination bonds, and the energy
contributions of coexisting tetrel and hydrogen bonds were quantified.

asymmetric ligand environments [1-6]. Furthermore, tetrel bonding
interactions, which are noncovalent forces arising from the electrophilic

1. Introduction

The coordination chemistry of the lead(II) cation (Pb%") attracts
considerable research interest due to its unique combination of prop-
erties. Its exceptionally large ionic radius and remarkably flexible range
of attainable coordination numbers (often from 4 to 10) provide diverse
structural possibilities. Critically, the stereochemically active 6s lone
electron pair inherent to Pb2" frequently induces significant distortions
within its coordination sphere, leading to non-ideal geometries and
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region on the Pb atom, are increasingly recognized as pivotal drivers in
the self-assembly processes of the Pb2*-based coordination polymers,
significantly influencing their final architecture [7-12]. Consequently,
the structural diversity observed in the Pb?-derived coordination com-
pounds arises from a complex interplay of factors: the nature of the
organic ligands, the identity and influence of counterions, and the syn-
ergistic emergence of various supramolecular interactions, including
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tetrel bonding, hydrogen bonding, n---n stacking, etc., alongside the
primary coordination bonds [10,13-16]. Notably, chelating ligands
derived from hydrazones, containing N-donor rings, represent a versa-
tile class, capable of binding metal centers like Pb?" through their ni-
trogen atoms alongside other donor sites.

The concept of coordination polymers, extended structures formed
by the linkage of metal centers via bridging ligands, has evolved
significantly since its inception nearly nine decades ago with cyanide-
based inorganic materials [17]. A pivotal shift occurred roughly 65
years ago with the first report of a coordination polymer constructed
using an organic bridging ligand [18], paving the way for immense
structural and functional diversity. The field has experienced acceler-
ated growth over the last three decades, marked prominently by the
emergence and explosive development of metal-organic frameworks
(MOFs), a highly porous subclass of coordination polymers first
described around 30 years ago [19,20]. Fundamentally, coordination
polymers are characterized by their repeating coordination motifs,
where metal cations or polynuclear clusters (nodes) are interconnected
by multidentate organic ligands (linkers) to form extended architec-
tures. These can manifest as one-dimensional (1D) chains, two-
dimensional (2D) layers or networks, or three-dimensional (3D)
frameworks [21], each with distinct properties and potential
applications.

Designing effective ligands is paramount in the targeted synthesis of
coordination polymers. Poly-N-donor molecules, ligands featuring
multiple nitrogen donor atoms, remain one of the most prevalent and
successful strategies for constructing robust coordination polymers [22].
Additionally, the Schiff base motif, characterized by an imine (azome-
thine) group -C=N-, serves as an exceptionally versatile and adaptable
structural unit for the coordination polymer formation, offering syn-
thetic tunability, diverse coordination possibilities, and potential sites
for supramolecular interactions [23]. Recognizing the strengths of both
approaches, the strategic integration of a Schiff base fragment with N-
donor heterocyclic rings within a single ligand molecule presents a
powerful dual-functionality approach. This combination leverages the
chelating/stabilizing ability of the Schiff base and the directional
bridging potential of the N-donor sites, offering enhanced control over
network topology. Achieving such controlled assembly necessitates the
use of reliable and well-understood synthetic “tools” — methodologies
and ligand systems that are operationally accessible yet capable of
yielding the desired and predictable architectures.

Beyond primary coordination bonds, exploiting noncovalent in-
teractions is a highly effective strategy for directing the formation of
extended supramolecular architectures or stabilizing specific coordina-
tion polymer conformations. In this context, tetrel bonding, particularly
involving the electrophilic Pb center as the tetrel bond donor, has
emerged as a potent and designable supramolecular synthon for con-
structing and stabilizing intricate structures. Our own studies have
focused extensively on elucidating the coordination behavior of Pb2*,
with a specific emphasis on understanding and utilizing the synergy
between conventional coordination bonds and tetrel bonding in-
teractions for the deliberate construction of extended coordination
polymers and intricate supramolecular assemblies [9-12,24-49].

In this work, we have strategically targeted the coordination chem-
istry arising from the interaction of a specifically prepared N'-benzoyl-
pyrazine-2-carbohydrazonamide (HL) [50] with a variety of salts PbX,
(X = Cl7, NO3, SCN") or a mixture of salts Pb(NO3), and NaNO,. This
ligand HL, featuring multiple potential donor sites, including pyrazine
nitrogens, hydrazone functionalities, and carbonyl oxygen, was selected
for its anticipated capacity to act as a versatile polydentate chelator and
bridging unit, capable of engaging the Pb%" ions in complex coordina-
tion modes. Following the synthesis under the applied conditions, the
novel coordination compounds isolated from these reactions were sub-
jected to comprehensive structural characterization. Initial insights into
their chemical composition and bonding were obtained through FTIR
spectroscopy, which probed key functional groups and coordination-
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induced shifts. Solution-state behavior and ligand environment were
further elucidated by 'H NMR spectroscopy in DMSO-de. Critically, the
crystal structures of the isolated complexes were elucidated using single-
crystal X-ray diffraction, providing unambiguous evidence of the mo-
lecular architecture, metal coordination sphere geometry and overall
supramolecular organization within the crystalline solids. This work
also provides a comprehensive theoretical analysis of the Pb---X tetrel
bonds present in the solid-state structures of complexes 1, 3 and 4. We
employed density functional theory (DFT) to compute dimerization
energies and characterize the nature of these interactions using molec-
ular electrostatic potential (MEP) surfaces, quantum theory of atoms in
molecules (QTAIM), and Non-Covalent Interaction (NClplot) index an-
alyses. The contribution of the tetrel bonds was also compared to that of
the coordination bonds using 2D maps of the electron localization
function (ELF) and the Laplacian of the electron density. For systems
where hydrogen bonds co-exist with tetrel bonds, we estimated the
relative energetic contribution of each by calculating the potential en-
ergy density at the respective bond critical points.

2. Experimental
2.1. Materials and physical measurements

All reagents and solvents were commercially available and used
without further purification. The FTIR spectra were obtained with a
BRUKER IFS-66v spectrometer. The 'H NMR spectra in DMSO-dg were
recorded with a Bruker DPX FT/NMR-400 spectrometer. Microanalyses
were performed using a LECO-elemental analyzer.

2.2. Synthesis

A solution of PbX,, where X = Cl~, NO3 or SCN™ (22.2, 26.5 and
25.9 mg, respectively; 0.08 mmol) or a mixture of Pb(NO3)3 (26.5 g,
0.08 mmol) and NaNO; (11.0 mg, 0.16 mmol) in distilled water (2 mL)
was added to a solution of HL (19.3 mg, 0.08 mmol) in methanol (25
mL). The resulting mixture was stirred for 1 h and left undisturbed for
slow evaporation under ambient conditions, yielding crystals suitable
for single-crystal X-ray analysis after several days.

[Pb(HL)Cl»] (1). Orange needle-like crystals. Yield: 12.5 mg (30 %).
'H NMR, 6: 7.06 (br. s, 2H, NHy), 7.50 (t, 3Ji i = 7.3 Hz, 2H, m-H, Ph),
7.56 (t, 2Juu = 7.3 Hz, 1H, p-H, Ph), 7.89 (d, *Jyu = 7.4 Hz, 2H, o-H,
Ph), 8.68 (br. s, 1H, 6-H, pyrazine), 8.73 (br. s, 1H, 5-H, pyrazine), 9.34
(br. s, 1H, 3-H, pyrazine), 10.33 (s, 1H) ppm. Anal. calc. for
C12H11CIoNsOPD (519.36): C 27.75, H 2.13 and N 13.48 %; found: C
27.88, H 2.08 and N 13.57 %.

[Pb(HL)5(NO3)2] (2). Yellow block-like crystals. Yield: 14.3 mg (44
%). H NMR, é&: 7.25-7.76 (m, 5H, m-H + p-H + NHj, Ph + NH), 7.93
(br. s, 2H, o-H, Ph), 8.75 (br. s, 1H, 6-H, pyrazine), 8.81 (br. s, 1H, 5-H,
pyrazine), 9.37 (br. s, 1H, 3-H, pyrazine), 10.55 (s, 1H) ppm. Anal. calc.
for Cy4H25N1208Pb (813.71): C 35.43, H 2.73 and N 20.66 %; found: C
35.36, H 2.69 and N 20.74 %.

[PbL(NO>)] (3). Orange pat-like crystals. Yield: 13.8 mg (35 %). H
NMR, &: 7.33-7.48 (m, 3H, m-H + p-H, Ph), 7.70 (br. s, 2H, NHy),
8.19-8.33 (m, 2H, o-H, Ph), 8.90 (br. s, 1H, 6-H, pyrazine), 8.98 (d, 4JH,
u = 2.5 Hz, 1H, 5-H, pyrazine), 9.48 (d, 4JH,H = 1.5 Hz, 1H, 3-H, pyr-
azine) ppm. Anal. calc. for C12H19NgO3Pb (493.45): C 29.21, H 2.04 and
N 17.03 %; found: C 29.30, H 2.09 and N 16.95 %.

[PbL(SCN)H;0] -H;0 (4-H50). Yellow needle-like crystals. Yield:
23.4 mg (54 %). H NMR, §: 7.38-7.46 (m, 3H, m-H + p-H, Ph), 7.80 (br.
s, 2H, NH3), 8.26-8.32 (m, 2H, o-H, Ph), 8.92-8.98 (m, 1H, 6-H, pyr-
azine), 9.01 (d, “Jy i = 2.4 Hz, 1H, 5-H, pyrazine), 9.51 (d, “Juu = 1.5
Hz, 1H, 3-H, pyrazine) ppm. Anal. calc. for C;3H;4NgO3PbS (541.55): C
28.83, H 2.61 and N 15.52 %; found: C 28.72, H 2.65 and N 15.47 %.
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2.3. Crystal structure

The X-ray diffraction data were collected at 100(2) K on a Bruker
APEX-II CCD diffractometer (Mo-Ka, A = 0.71073 108, graphite mono-
chromator). The data were processed with APEX2 [51] and corrected for
absorption using SADABS [52]. The structure was solved by direct
methods using the program SHELXS-97 [53] and refined by the full-
matrix least-squares technique using SHELXL-2013 [53]. All non-hy-
drogen atoms were refined with anisotropic displacement parameters
and the hydrogen atoms were placed at calculated positions. CCDC
2483437-2483440 contain the supplementary crystallographic data.
These data can be obtained free of charge via https://www.ccdc.cam.ac.
uk/structures 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.

Crystal data for 1. C12H;;CloNsOPb, M; = 519.35, triclinic, space
group P1, a = 7.8814(10) A, b = 9.0983(11) A, ¢ = 11.0235(14) A, a =
67.180(5)°, B = 89.534(5)°, y = 88.812(5)°, V = 728.44(16) A%, Z=2, p
=2.368¢g cm 3, u(Mo-Ka) =11.952 mm ™}, reflections: 72368 collected,
8216 unique, Rj,; = 0.056, Ri(all) = 0.0169, wRy(all) = 0.0352, S =
1.045.

Crystal data for 2. Cy4H25N120gPb, M; = 813.72, monoclinic, space
group C2/c, a = 13.4000(8), b = 14.653(1), ¢ = 15.5343(10) A, g =
112.619(2)°, V = 2815.6(3) A3, Z = 4, p = 1.920 g em 3, p(Mo-Ka) =
6.064 mm_l, reflections: 101259 collected, 4294 unique, Ri,; = 0.054,
R;(all) = 0.0131, wRy(all) = 0.0304, S = 1.082.

Crystal data for 3. C;2H;0NgO3sPb, M; = 493.45, monoclinic, space
group P2:/n, a = 9.0062(4), b = 16.0716(8), ¢ = 9.6479(5) [o\, V=
1362.65(12) A%, Z = 4, p = 2.405 g cm™>, y(Mo-Ka) = 12.405 mm ™},
reflections: 87313 collected, 4159 unique, Rj,y = 0.069, Ry(all) =
0.0362, wRy(all) = 0.0657, S = 1.060.

Crystal data for 4-H,0. C13H;5NgO3PbS;, M, = 541.55, triclinic,
space group P1, a = 7.1636(3) A, b = 10.6628(4) A, c = 11.3512(4) A, a
=104.567(2)°, B = 91.260(2)°, y = 107.331(1)°, V = 796.66(5) A%, Z =
2, p = 2.258 g cm 3, u(Mo-Ka) = 10.746 mm?, reflections: 98669
collected, 9013 unique, Rj,; = 0.069, Ri(all) = 0.0224, wRy(all) =

H
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0.0394, S = 1.043.
2.4. Theoretical methods

The geometries of the complexes were optimized based on their
crystallographic coordinates using the PBE0-D4/def2-TZVP level of
theory [54-56]. All calculations were carried out with the TURBOMOLE
7.7 software package [57]. Electron density analysis was performed
using the “atoms-in-molecules” (AIM) method [58]. This analysis, along
with the computation of electron density vs. electrostatic potential plots,
2D reduced density gradient (RDG) [59] and 2D electron localization
function (ELF) [60] plots, was conducted using the Multiwfn program
[61]. The visualization of the QTAIM analysis was generated with VMD
software [62]. To further characterize the interactions, the Laplacian of
the electron density (V2p) was decomposed into its three principal ei-
genvalues (A, A2, A3). The sign of the second eigenvalue, Ay, is used to
distinguish between different types of interactions. Specifically, a
negative Ay value (Ay < 0) indicates an attractive bonding interaction,
while a positive value (A, > 0) signifies a non-bonding or repulsive
interaction.

3. Results and discussion

An aqueous solution of PbX, (X = Cl7, NO3, SCN") or a mixture of
salts Pb(NO3), and NaNO, was reacted with a methanolic solution of HL,
yielding orange or yellow crystals of new coordination compounds
[Pb(HL)CI] (1), [Pb(HL)2(NO3)2]  (2), [PbL(NO2)] and
[PbL(NCS)(H20)]-H20 (4-H0) after standing undisturbed under
ambient conditions (Scheme 1). Notably, the isolated crystals of all the
complexes were suitable for a single crystal X-ray diffraction analysis;
thus, no recrystallization was required. The formation of the resulting
complexes was supported by the elemental analysis data and their
structures were further characterized by the means of the FTIR and 'H
NMR spectroscopy. The crystal structures were revealed by single crystal
X-ray diffraction. Interestingly, the parent organic ligand is involved in
its neutral form in complexes 1 and 2, while complexes 3 and 4-H,0
contain the deprotonated form L (Scheme 1). Thus, we can tentatively

HL
|MeOH
le0|2, H,0 le(NOg,), H,0 le(Nos)2 + 2NaNO,, H,0 lpb(SCN)z, H,0
| |
N o)
L\fN\\F*lo//o g 8\\ O //N\\\Pb///o //N\\\Pb///o H,0
/\ o=Ng,_ P “SN=0 /' \ /\
ci cl 9)/ ?Q?/ 0y, .0 _c=N O-H
0 N7 N H

[Pb(HL)CI;] (1) |

|
N/Nﬁ)\/N
|
H

H/N\H

[Pb(HL)2(NO5)2] (2)

[PbL(NO,)] (3) [PbL(NCS)(H,0)]+H,0 (4+H,0)

Scheme 1. Synthesis of the title complexes.
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conclude that the presence of the Pb>*-NO3 and Pb?>"-NCS™ systems
induce the deprotonation of HL under the applied synthetic conditions.

The FTIR spectra of the obtained complexes each contain a set of
bands from about 2900 cm ™! to 3550 em ™, which correspond to CH and
NH,, vibrations (Fig. 1). This range of the IR spectra of complexes 1 and 2
are further complicated by the presence of bands for the amide NH
group, while in the spectrum of complex 4-H,0 the bands for both the
coordinated and crystal water molecules also contribute to the same
range (Fig. 1). The NH; group is also shown in the spectra of the title
complexes with the bands at about 670-710 cm ™! due to out-of-plane
N-H bending (Fig. 1). The spectra of complexes 2 and 3 exhibit an
intense band at 1290 and 1360 cm ™}, corresponding to the NO3 and
NO3 anions, respectively (Fig. 1). The spectrum of complex 4-H,0 ex-
hibits an intense band at 2040 cm_l, which is characteristic for the
isothiocyanate CN group (Fig. 1). Furthermore, the libration and
bending bands of the water molecules are shown in the spectrum of
complex 4-H,O as two broad profiles at about 500-700 and
1550-1650 cm ', respectively (Fig. 1). Finally, the band for the
carbonyl group is found in the spectra of complexes 1 and 2 at about
1670-1675 cm ™}, while the same band in the spectra of complexes 3 and
4.H,0 was found at about 1620 cm ! (Fig. 1). This band in the spectra of
the former two complexes is about 30-35 cm™! shifted to higher
wavenumbers, while in the spectra of the latter two complexes is about
20-25 cm ! shifted to lower wavenumbers in comparison to that in the
spectrum of the parent ligand HL [50]. This, obviously, is explained by
the neutral and deprotonated forms of the organic ligand in the struc-
tures of complexes 1 and 2, and 3 and 4-H0, respectively.

The 'H NMR spectrum of complex 1 in DMSO-dg (Fig. 2) is very
similar to that of the parent ligand HL, recorded in the same solvent
[50]. In particular, the spectrum of complex 1 contains two triplets at
7.50 and 7.56 ppm, and one doublet at 7.89 ppm, corresponding to the
m-, p- and o-H atoms of the phenyl group, while the pyrazine hydrogens
were shown as three broad singlets at 8.68, 7.73 and 9.34 ppm, corre-
sponding to the 6-, 5- and 3-H atoms (Fig. 2). The NH, and NH hydro-
gens were found in the spectrum of complex 1 as broad and narrow
singlets at 7.06 and 10.33 ppm, respectively (Fig. 2). The 'H NMR
spectrum of complex 2 recorded in the same solvent is similar to that of
complex 1; however, all the signals are significantly broadened (Fig. 2).

Complex 4-H,0

Complex 3

Complex 2

Complex 1

3600 3400 3200 3000 2100 1900 1700 1500 1300 1100 900 700 500
Wavenumber (cm™)

Fig. 1. The FTIR spectra of the title complexes.
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Complex 4-H,0

;

Complex 3

1
:

|
I

Complex 2

!

_A.‘

Complex 1
) 96 93 90 84 8.

1(;.8 10.5 X . 8:7 I 1 7.8 7.5 7.2 6.9
8y (ppm)

Fig. 2. The 'H NMR spectra of the title complexes recorded in DMSO-ds.

Furthermore, the signals for the phenyl m- and p-H atoms are signifi-
cantly overlapped with the signal for the NH, hydrogens (Fig. 2). The 'H
NMR spectra of complexes 3 and 4-H,0 obtained in DMSO-dg are very
similar but exhibit clear differences. In particular, the m- and p-H atoms
were found in the spectra as a multiplet at 7.33-7.48 ppm, while the o-H
atoms were shown as a multiplet at 8.19-8.33 ppm (Fig. 2). The pyrazine
hydrogens were observed in the spectra as a broad singlet or a miltiplet
at 8.90-8.98 ppm, and as two doublets at 8.98-9.01 and 9.48-9.51 ppm
(Fig. 2). The NHy hydrogens were revealed in the spectra as a broad
singlet at 7.70-7.80 ppm (Fig. 2). Notably, no signal for the amide NH
hydrogen atom was found in the spectra of complexes 3 and 4-H,0, thus,
testifying to the deprotonated form of the organic ligand in their
structures.

Thus, comparison of the FTIR and 'H NMR spectra of the discussed
complexes with those of the parent ligand HL [50] supports the for-
mation of complex 1-4-H50.

The crystal structures of complexes 1 and 4-H,O were solved in
triclinic space group P1, while the structures of complexes 2 and 3 were
solved in monoclinic space groups C2/c and P2;/n, respectively. The
asymmetric units of 1-3 contain one Pb?* cation, one ligand HL (in 1
and 2) or L (in 3), and two chlorine or one nitrate or one nitrite anions.
The asymmetric unit of 4-H3O contains one Pb?" cation, one ligand L,
one isothiocyanate anion, one coordinated and one crystal water mol-
ecules. The Pb?* cation in the structures of all complexes is N,N’,0-
chelated either by the ligand HL or L through the pyrazine and imine
nitrogen atoms, and the carbonyl oxygen atom (Fig. 3). The Pb-Npyrazine,
Pb—Nimine and Pb—Ocarbonyl bonds are about 2.64, 2.51 and 2.46 A in thf:
crystal structure of complex 1. The former bond is about 0.05-0.06 A
longer, while the latter two bonds are about 0.10-0.13 and 0.06-0.15 A
shorter in the crystal structures of complexes 3 and 4-H,O (Table 1).
Notably, the same bonds in the crystal structure of 2 are the longest
within the whole series of the studied complexes, and of about 2.85, 2.64
and 2.55 A, respectively (Table 1). All these trends are explained by the
neutral and deprotonated forms of the organic ligands in the structures
of 1 and 2, and 3 and 4-H;0, respectively. Furthermore, the longest
Pb-N and Pb-O coordination bonds in the structure of complex 2 is due
to coordination of two organic ligands HL, while the other three com-
plexes comprise only one ligand HL or one ligand L.
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Fig. 3. Top (top) and side (bottom) views of the molecular structures of complexes 1-4 (from left to right). The minor occupancy of one of the NO; oxygen atoms is
shown in pink. Colour code: H = black, C = gold, N = blue, O = red, Cl = green, S = yellow, Pb = magenta. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 1
Selected bond lengths (A) in the crystal structures of the title complexes.®
Bond Length Type Bond Length Type

Complex 1

Pb1-N11 2.6415(12) Covalent Pb1-Cl2 3.2705 (6) Covalent
Pb1-N12 2.5070(13) Covalent Pb1...Cl1#! 3.4178(6) Tetrel
Pb1-01 2.4632(11) Covalent Pb1...C12%2 3.2705 (6) Tetrel
Pb1-Cl1 2.9162(5) Covalent

Complex 2

Pb1-N11 2.8465(15) Covalent Pb1-011 2.7399(10) Covalent
Pb1-N12 2.6376(13) Covalent Pb1.-013%3 3.2051 (12) Tetrel
Pb1-01 2.5533(12) Covalent

Complex 3

Pb1-N11 2.699(4) Covalent Pb1-012B 2.702(8) Covalent
Pb1-N12 2.377(4) Covalent Pb1..-N13#4 3.234(4) Tetrel
Pb1-01 2.312(3) Covalent Pb1..-N15%° 3.657(5) Tetrel
Pb1-011 2.432(4) Covalent Pb1.--012A%6 2.955(8) Tetrel

Pb1-012A 2.676(8) Covalent

Complex 4-H>0

Pb1-N11 2.6852(13) Covalent Pb1-02 2.8986(13) Covalent
Pb1-N12 2.4056(14) Covalent Pb1.--N13%! 3.0466(14) Tetrel
Pb1-N1 2.4358(15) Covalent Pb1---N16%! 3.5248(15) Tetrel
Pb1-01 2.3979(11) Covalent Pb1...81%7 3.3377(5) Tetrel

4 Symmetry codes: #12-x,2-y, -2 #21-x,2-Yy, -2 #31-x,y,1/2 -2, #4x,y,1 + 2, #51/2-x, -1/2+y,1/2 -2, #6 1 -x,1-y, 1 -2, #71-x,1 -y, —2.

The Pb-Cl bond lengths in the structure of complex 1 differ signifi-
cantly. While one bone is about 2.92 A, the second bond is about 0.35 A
longer (Table 1). It should be noted that one of the nitrite oxygen atoms
in the structure of complex 3 is disordered over two positions with a
ratio of 51.8 % to 48.2 %. The Pb-O bond lengths formed with the nitrite
oxygen atoms are about 2.43 and 2.68-2.70 A, indicating the chelating
nitrito nature. The nitrate anions in the structure of complex 2 are co-
ordinated in an anisobidentate manner as evidenced from the criteria
reported previously [63], yielding two additional Pb-O tetrel bonds.
Particularly, the Ad values are about 0.47 A and the Ad values are about
22°. In the structure of complex 4-H20, the Pb-NCS bond length is
similar to those formed with the imine nitrogen and carbonyl oxygen
atoms, and of about 2.44 1?\, while the Pb-O bond length formed with the
coordinated water molecule is the longest among the coordination
bonds and of about 2.90 A (Table 1). The monodentate N-coordination
mode of the isothiocyanate anion revealed the Pb-N-C and N=C=S
bond angles of about 131 and 179°, indicating a linear structure of this
anion (Fig. 3). Interestingly, the angles formed by the mean planes of the
pyrazine and phenyl rings are about 17.8, 3.2, 21.4 and 2.3° in the
structures of complexes 1-4-H»0, respectively. This indicate an almost
planar structure of the ligand L in complex 4-H0, while the ligands HL

and L are somewhat deviated from planarity in the structures of com-
plexes 1 and 3, mainly due to a rotation of the phenyl ring (Fig. 3).
However, while the angle between the mean planes formed by the
pyrazine and phenyl rings is also impoverished in complex 2, the ligand
HL is markedly deviated from planarity due to a distorted chelate
backbone (Fig. 3).

The covalent bonds in the structures of complexes 1, 3 and 4-H,0 are
collected on an almost quarter (in 3) or on an almost half (in 1 and
4-H,0) of the globe of the coordination sphere yielding a large gap in the
coordination spheres of the metal cations (Fig. 3). This gap enables a
close approach of the two chlorine atoms from two adjacent molecules
in the structure of complex 1, yielding two Pb---Cl tetrel bonds; one
amide and one pyrazine nitrogen atoms, and one of the nitrite oxygen
atoms from three neighboring molecules in the structure of complex 3,
yielding two Pb---N and one Pb---O tetrel bonds; one amide and one
amine nitrogen atoms from an adjacent molecule, and one isothiocya-
nate sulfur atom from the second molecule in the structure of complex
4-H,0, yielding two Pb---N and one Pb---S tetrel bonds. Considering all
the covalent and tetrel bonds, the coordination sphere in the structures
of complexes 1-4-H50 is described as seven NyOCly, ten N4Og, eight
N4O4 and eight N5O,S environments, respectively. According to the
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N13*

Fig. 4. Coordination environments in the structures of complexes 1-4 (from left to right), constructed through the Pb-N, Pb-O and Pb-Cl coordination bonds, and

Pb---N, Pb---O, Pb---Cl and Pb---S tetrel bonds.

Fig. 5. Supramolecular aggregates in the structures of complexes 1 (top-left), 2 (top-right), 3 (bottom-left) and 4-H,0 (bottom-right), constructed through the Pb---N,
Pb---O, Pb---Cl and Pb---S tetrel bonds; N-H---N, N-H:--O, N-H--Cl, O-H:--N, O-H---O and O-H---S hydrogen bonds; and =--1 interactions. CH hydrogen atoms were
omitted for clarity. Colour code: H = black, C = gold, N = blue, O = red, Cl = green, S = yellow, Pb = magenta; Pb---N, Pb---O, Pb---Cl and Pb---S tetrel bonds = cyan
dashed line; N-H---N, N-H.--O, N-H---Cl, O-H--:N, O-H---O and O-H--S hydrogen bonds = pink dashed line; x---1 interactions = yellow dashed line. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

SHAPE software terminology [64], these polyhedra were found to be
close to the capped trigonal prism in complex 1, metabidiminished
icosahedron J62 in complex 2, triangular dodecahedron or square
antiprism in complex 3, and triangular dodecahedron or square anti-
prism or Johnson gyrobifastigium J26 in complex 4-H,0 (Fig. 4).

The formation of tetrel bonds leads to a 1D supramolecular chain in
the structures of complexes 1 and 4-H50, and a 2D supramolecular sheet
in the structure of complex 3 (Fig. 5). Furthermore, all the reported
complexes are characterized by te formation of extended structures due
to a rich variety of hydrogen bonds formed with the participation of the
NH; and NH hydrogens and chlorine atoms, or nitrate and nitrite oxygen
atoms in complexes 1-3 (Fig. 5, Table 2). In complex 4-Hy0, the
hydrogen atoms of the NHj, coordinated and crystal water molecules
form hydrogen atoms with the carbonyl and crystal water oxygen atoms,
and isothiocyanate nitrogen and sulfur atoms (Fig. 5, Table 2).

The supramolecular structures of the title complexes are reinforced
by =---n interactions formed between the pyrazine and phenyl rings
(Fig. 5, Table 3). The structures of complexes 1 and 2 are further sta-
bilized by n---n interactions formed between the phenyl rings (Fig. 5,
Table 3).

The crystal structures of complexes 1, 3 and 4 reveal the crucial role
of tetrel bonds in their supramolecular assembly. To provide a deeper

understanding of these non-covalent interactions, we performed a
detailed theoretical analysis based on the experimental geometries.

In complex 1, the most negative MEP is located at the ClI anion
(—52.0 kcal/mol), followed by the carbonyl oxygen atom (—21.9 kcal/
mol) and the pyrazine free nitrogen atom (—15.7 kcal/mol) (Fig. 6). The
positive regions are most pronounced at the hydrogen atoms, with the
highest MEP values located at the NHy hydrogen atoms (84.7 and 69.0
kcal/mol) (Fig. 6). The MEP is also positive over the pyrazine ring (18.1
kcal/mol) and neutral (0.0 kcal/mol) over the phenyl ring (Fig. 6). The
MEP surface around the Pb atom reveals two regions of positive po-
tential at the molecular plane, with values of 31.2 and 15.6 kcal/mol
(Fig. 6). The strongest of these is likely influenced by the proximity of
the pyrazine C-H bond (Fig. 6). This MEP distribution aligns well with
the supramolecular aggregate observed in the crystal structure of 1.

For complex 3, the minimum MEP is found at the nitrite oxygen atom
(—54.0 kcal/mol), followed by the carbonyl oxygen atom (—39.5 kcal/
mol) (Fig. 6). The anionic nature of the organic ligand in 3, unlike that in
1, results in a large negative potential over the phenyl ring (—17.6 kcal/
mol), while the potential over the pyrazine ring is positive (32.2 kcal/
mol) (Fig. 6), a condition that facilitates x---1 interaction. The MEP at the
free pyrazine nitrogen atom is negative (—15.7 kcal/mol). The MEP
maxima are located at the NH, hydrogen atoms (59.6 and 36.4 kcal/
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Hydrogen bond lengths (A) and angles (°) in the crystal structures of the title complexes.

D-H--A d(D-H) d(H--A) d(D---A) «(DHA) Symmetry code
Complex 1
N13-H13A---Cl1 0.79 2.80 3.5808(14) 173 2-x,1-y, -z
N16-H16A---CI2 0.86 2.34 3.1705 (13) 163 x,-1+y2
N16-H16B---Cl1 0.87 2.29 3.1370 (13) 164 2-x,1-y, -2
Complex 2
N13-H13A---011 0.84 2.04 2.8718(16) 172 1-x, -y, —2
N16-H16A---011 0.94 2.43 3.1153 (17) 130 1-x, -y, —2
N16-H16A---012 0.94 2.06 2.9638(18) 161 1-x, -y, —2
N16-H16B--013 0.78 2.28 2.935(2) 142 1/2+x,1/2+y,2
Complex 3
N16-H16A---011 0.93 2.08 2.979(6) 162 -x,1-y, -2z
Complex 4-H>0
N16-H16A:--N1 0.90 2.44 3.159(2) 138 x,1+yz2
N16-H16B--03 0.83 2.03 2.8270(19) 160 x1l+y -1+z2
02-H2A---03 0.82 2.06 2.8622(18) 167 x,y, —1+z
02-H2B---S1 0.86 2.55 3.3933(16) 167 2-x,1-y, -2
03-H3A--N15 0.84 1.99 2.8361(18) 176 1-x,1-y, -2
03-H3B---01 0.82 2.02 2.8155(18) 163 1-x,1-y,1-2

mol) (Fig. 6). The MEP at the Pb atom shows three regions of high
positive potential or c-holes: one perpendicular to the ligand molecular
plane (22.6 kcal/mol) and two within the plane (27.6 and 18.2 kcal/
mol) (Fig. 6). As with complex 1, the largest ¢-hole is influenced by the
nearby pyrazine C-H bond.

In complex 4, the MEP minimum is at the thiocyanate anion (—40.8
kcal/mol), followed by the carbonyl oxygen atom (—37.0 kcal/mol) and
the pyrazine nitrogen atom (—20.7 kcal/mol) (Fig. 6). The phenyl ring
also shows a negative potential (—18.8 kcal/mol), while the pyrazine
ring is positive (20.7 kcal/mol) (Fig. 6), a pattern that facilitates n---n
interaction. The MEP maxima is located at the hydrogen atoms of the
coordinated water molecule (61.5 kcal/mol), followed by the NHj
hydrogen atoms (56.5 and 35.1 kcal/mol). Similar to complex 3, the Pb
atom in 4 exhibits three preferential regions of positive potential: the
most positive is perpendicular to the ligand plane (35.8 kcal/mol), with
other positive regions at the molecular plane (30.1 and 25.7 kcal/mol)
(Fig. 6).

Overall, the MEP analysis confirms the presence of strong hydrogen
bond donor and acceptor sites within these complexes as well as
electron-deficient and electron-rich aromatic rings that can participate
in charge-assisted =---n interactions. Critically, the MEP around the Pb
atom is found to be highly anisotropic, with distinct regions of positive
potential (c-holes), making it well-suited for engaging in tetrel bonding
interactions.

Two self-assembled tetrel bonded dimers in the structure of complex
1 were examined using the QTAIM/NCIplot analysis. The dominant

Table 3

dimer in the solid state, with a total dimerization energy of —26.5 kcal/
mol, is characterized by a prominent Pb---Cl tetrel bond, identified by a
bond critical point and a corresponding bond path (Fig. 7). Additionally,
the analysis reveals two ancillary C-H---Cl hydrogen bonds which also
contribute to the dimer's formation (Fig. 7). Using the NCIplot analysis,
all interactions were further characterized by green, disk-shaped
reduced density gradient isosurfaces, which discloses their attractive
nature (Fig. 7). The energetic contribution of these hydrogen bonds was
estimated using the potential energy density (V(r)) at the bond critical
point, following the relationship E = 0.5 V proposed by Espinosa et al.
[65]. The hydrogen bonds contribute only —4.0 kcal/mol to the total
energy, confirming that the tetrel bond is the dominant interaction in
this dimer (Fig. 7). A second self-assembled tetrel-bonded dimer has a
significantly smaller dimerization energy of —12.9 kcal/mol (Fig. 7). In
this dimer, each Pb atom forms a bifurcated contact, interacting not only
with a Cl atom but also with the carbonyl oxygen atom (Fig. 7). These
interactions are confirmed by the presence of bond critical points and
bond paths, which are also characteristic of bifurcated Pb---Cl/O con-
tacts (Fig. 7). The lower dimerization energy of this dimer is in good
agreement with the MEP analysis, which showed a significantly less
positive c-hole adjacent to the oxygen atom, indicating a weaker
interaction compared to the Pb---Cl bond in the other dimer that used the
o-hole adjacent to the C-H bond.

The self-assembled dimer of complex 3 is held together by a single
Pb---N tetrel bond as indicated by the presence of a bond critical point
and a bond path connecting the Pb atom to a pyrazine nitrogen atom of a

n---m interaction lengths (A) and angles (°) in the crystal structures of the title complexes.

Cg(D Cg() d[Cg(D---Cg(N] a B y Slippage Symmetry code
Complex 1
Pyrazine Phenyl 3.8233(10) 17.80(7) 28.5 10.7 1.822 2-x,1-y, -2
Phenyl Pyrazine 3.8233(10) 17.80(7) 10.7 28.5 0.708 2-x,1-y, -z
Phenyl Phenyl 3.6288(10) 0.00(7) 223 223 1.377 2-x,1-y,1-2
Complex 2
Pyrazine Phenyl 3.9207(9) 3.16(7) 28.0 30.6 1.840 1-x, -y, -2
Phenyl Pyrazine 3.9207(9) 3.16(7) 30.6 28.0 1.996 1-x, -y, —2
Phenyl Phenyl 3.7594(9) 0.00(7) 22.4 22.4 1.430 1/2-x,1/2 -y, —2
Complex 3
Pyrazine Phenyl 4.062(4) 21.4(3) 20.5 40.1 1-x,1-y, -2
Phenyl Pyrazine 4.062(4) 21.4(3) 40.1 20.5 1-x1-y, -2
Complex 4-H,0
Pyrazine Phenyl 3.6872(9) 2.27(7) 28.8 26.9 1.774 1-x,2-y, -2
Phenyl Pyrazine 3.6871(9) 2.27(7) 26.9 28.8 1.667 1-x,2-y, -2
Pyrazine Phenyl 3.5657(9) 2.27(7) 24.5 23.9 1.476 2-x,2-y, -2
Phenyl Pyrazine 3.5658(9) 2.27(7) 23.9 24.4 1.442 2-x,2-y,—=2




G. Mahmoudi et al.

-55 I

Inorganic Chemistry Communications 185 (2026) 116058

-2l kealfrol T 62

Fig. 6. The MEP surfaces of complexes 1 (left), 3 (middle) and 4 (right). The MEP values at selected points of the surfaces are indicated in kcal/mol. In the lower
panels, amplification of the MEP surfaces around the Pb-atoms are shown. In these amplifications, narrow MEP scales were used: +32 kcal/mol (left) +27 kcal/mol

(middle) and + 40 kcal/mol (right).

Erora = —26.5 kcal/mol
Ecy..q = —4.0 kcal/mol

Erora = —7.7 kcal/mol
EC—H~~~N + EC—H"-O = _1.9 kca|/m0|

Erora = —49.9 kcal/mol
Eoi..0 =—25.8 kcal/mol

Fig. 7. The QTAIM/NClIplot analysis of two self-assembled tetrel-bonded dimers of complexes 1 (top), 3 (bottom-left) and 4 (bottom-right). Bond critical points and
bond paths are shown as small red spheres and orange lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

neighboring molecule (Fig. 7). This central tetrel bond is flanked by two
hydrogen bonds, yielding the total dimerization energy for this
arrangement of —7.7 kcal/mol (Fig. 7). This value is significantly
smaller compared to the dimers of complex 1, which is attributed to two
factors: the presence of only a single tetrel bond in the dimer of 3, and
the lower nucleophilicity of the pyrazine nitrogen atom compared to the
chlorine atoms in 1 (Fig. 7). The energetic contribution of the two
flanking hydrogen bonds was calculated to be —1.9 kcal/mol, confirm-
ing that the Pb---N tetrel bond is the dominant interaction stabilizing this
dimer.

The self-assembled dimer of complex 4 is further facilitated by two
crystal water molecules (Fig. 7). As anticipated by the blue colour of the
reduced density gradient isosurfaces from the NCIPlot, the water mol-
ecules form strong hydrogen bonds, which play a crucial role in the
dimer's formation. The assembly is stabilized by a combination of two

Pb---S tetrel bonds and four strong O-H---O hydrogen bonds (Fig. 7). The
total formation energy of this dimer is very large, measuring —49.9 kcal/
mol. The contribution of the hydrogen bonds was estimated to be —25.8
kcal/mol by recomputing the assembly without the water molecules and
taking the difference. This indicates that in this specific supramolecular
arrangement, the hydrogen bonds are slightly stronger than the tetrel
bonds, highlighting their significant role in stabilizing the extended
structure.

To further analyze the nature of the tetrel bonds, combined 2D plots
of the Laplacian of density (V2p) and 2D RDG maps were utilized for two
model systems of 1 and 4. This approach helps to distinguish between
covalent and noncovalent interactions. Additionally, the 2D ELF map
was used to highlight the nucleophilic and electrophilic regions within
the dimer. The 2D V2p maps for both complexes 1 and 4 show positive
values between the Pb and Cl/S atoms (Fig. 8). This is consistent with
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Fig. 8. The ELF (left) and Laplacian/RDG (left) maps for the [Pb1---C12], dimer
of complex 1 (top) and for the [Pbl---S1], dimer of complex 4. Bond critical
points and bond paths are shown as small red spheres and brown lines,
respectively. The red-orange region in the ELF maps indicates electron locali-
zation, while the Laplacian maps show regions of electron concentration (solid
line contours) and depletion (dashed line contours). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

both coordination (Pb-Cl2) and tetrel bonds (Pb---C12#?) in 1, and for
the Pb1---S1*7 tetrel bonds in 4. However, the 2D RDG maps provide a
clear distinction: only the elongated Pb---Cl tetrel bond in 1 and the
Pb.--S tetrel bond in 4 show blue isocontours (Fig. 8), which are char-
acteristic of non-covalent interactions. The bond critical points and bond
paths align with the zero-flux boundaries between the Pb and Cl/S
atoms, where RDG values approach zero. The 2D ELF map further
clarifies the nature of the bonds. It shows high electron localization at
the negative belt of the chlorine atom and the lone pairs of the sulfur
atom, while the Pb atom shows an electrophilic character. The ELF
values indicate that the coordination bonds, particularly the Pb1-N12
and Pb-Cl2 bonds, are higher than those of the tetrel bonds (Table 4),
reflecting greater electron localization and sharing in the coordination
bonds.

The QTAIM and ELF parameters (Table 4) confirm the classification
of the Pb1-N12 and Pb1-CI2 bonds as pure coordination bonds and the
Pb1---C12#2 and Pb1---S1*7 interactions as non-covalent tetrel bonds.
This is supported by several key parameters for the tetrel bonds,
including an electron density (p(r)) value of less than 0.020 a.u. and
small positive Vzp values (Table 4). For these tetrel bonds, the absolute
value of the potential energy density (|V(r)|) is approximately equal to
the kinetic energy density (G(r)) at the bond critical points, which is a
hallmark of non-covalent interactions (Table 4). A comparative analysis
of the obtained data reveals significant differences between the
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coordination and tetrel bonds (Table 4). The coordination bonds exhibit
markedly higher values for p(r), Vzp, V(r), G(r) and the second eigen-
value of the Hessian matrix (Ay). The total energy density (H(r)) is
negative for the coordination bonds, indicating a greater degree of
covalency. Finally, the negative A, values across all bonds confirm the
presence of attractive forces, with larger values for the coordination
bonds reflecting their much stronger nature.

4. Conclusions

In this work, new lead(II) coordination compounds, [Pb(HL)Cl,] (1),
[Pb(HL)2(NOs3)2] (2), [PBL(NO2)] (3) and [PbL(NCS)(H20)]-H20
(4-H30), were synthesized by reacting aqueous solutions of PbX, (X =
Cl~, NO3, SCN™) or a Pb(NO3), and NaNO, mixture with a methanolic
solution of N'-benzoylpyrazine-2-carbohydrazonamide (HL). The
resulting orange or yellow crystals were suitable for single-crystal X-ray
diffraction without recrystallization.

Elemental analysis, FTIR and 'H NMR spectroscopy confirmed the
complexes' formation and structures. Complexes 1 and 2 contain the
neutral ligand HL, while complexes 3 and 4-H,O contain the deproto-
nated form L, suggesting Pb>"-NO3 and Pb?>*-NCS~ systems induce HL
deprotonation. FTIR spectra confirmed this: complexes 1 and 2 showed a
carbonyl band around 1670-1675 cm™!, which is shifted to higher
wavenumbers, while complexes 3 and 4-H;0 showed it around 1620
cm ™!, which is shifted to lower wavenumbers in comparison to that in
the free parent ligand HL. The 'H NMR spectra supported the ligand
forms in the reported complexes. Particularly, the spectra of complexes
1 and 2 showed signals for the amide NH hydrogen, while the same
signal was absent in the spectra of complexes 3 and 4-HO.

In all complexes, the Pb2* cation is N,N,0-chelated by the corre-
sponding organic ligand's pyrazine and imine nitrogen, and carbonyl
oxygen atoms. Bond length analysis revealed that the Pb-Npyrazine,
Pb—Nimine and Pb—Ocarbonyl bonds are the longest in complex 2, which
contains two neutral HL ligands. Complex 1 shows intermediate lengths,
while complexes 3 and 4-H,0, both containing deprotonated ligand L,
have shorter Pb-Njmine and Pb—Ocarbonyl bonds. A significant difference
of ~0.35 A exist in the Pb-Cl bond lengths in complex 1.

Complex 3 features a disordered nitrite oxygen and chelating nitrito
coordination. The nitrate anions in complex 2 are coordinated anisobi-
dentately. Complex 4-H;0 shows a monodentate N-bound isothiocya-
nate anion and a long Pb-O water bond of ~2.90 A. Large gaps in the
coordination spheres of complexes 1, 3 and 4-H,0 enable the formation
of Pb---X tetrel bonds (X = CI, N, O, S) with adjacent molecules.
Combining covalent and tetrel bonds, the coordination environments
are described as NyOCly for 1, N4Og for 2, N4O4 for 3 and N5O,S for
4-H,0. These tetrel bonds create 1D supramolecular chains in the
structures of complexes 1 and 4-H50 or a 2D sheet in the structure of
complex 3. All complexes form extended structures through hydrogen
bonds involving NH; and NH groups and a variety of acceptor atoms.
Pyrazine-phenyl n---n interactions further stabilize all structures, sup-
plemented by phenyl-phenyl interactions in complexes 1 and 2.

The MEP surface analysis showed that the Pb atom has an anisotropic
charge distribution, with distinct regions of positive potential (c-holes)
that are well-suited for forming tetrel bonds. This analysis also identified
key hydrogen bond donor and acceptor sites, and aromatic rings capable
of m---m interactions. Dimerization energy calculations and QTAIM/
NCIplot analyses confirmed the presence of strong attractive Pb---X

Table 4
QTAIM and ELF values (a.u.) for the specified bond critical points (BCPs) in complexes 1 and 4.
Complex BCP p(r) G(r) V(1) H(r) v ELF A2
1 Pb1-N12 0.0463 0.0387 —0.0433 —0.0046 0.1360 0.1644 —0.0493
Pbl---Cl2 0.0410 0.0280 —0.0320 —0.0049 0.0926 0.2002 —0.0344
4 Pb1..-CI2#2 0.0163 0.0095 —0.0087 0.0008 0.0414 0.0894 —0.0109
Pb1..-81%7 0.0164 0.0080 —0.0078 0.0002 0.0328 0.1257 —0.0115
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tetrel bonds (X = Cl, N, S) as a primary driving force for supramolecular
assembly. For the dimers of complexes 1 and 3, the tetrel bonds were
found to be the dominant interactions, despite the presence of ancillary
hydrogen bonds. In the tetramer of complex 4, however, the strong O-
H---O hydrogen bonds contributed a significant portion of the total
stabilization energy, making them slightly stronger than the tetrel
bonds. Finally, the 2D ELF and Laplacian maps distinguished the non-
covalent character of the tetrel bonds from the more covalent nature
of the primary Pb-N and Pb-O coordination bonds, supported by quan-
titative QTAIM data showing much higher electron density and cova-
lency for the coordination bonds. These theoretical findings complement
the experimental data by providing a comprehensive understanding of
the complex interplay of forces that dictate the crystal packing in these
materials.

Ultimately, we believe that this research provides valuable insights
for the ongoing quest in coordination chemistry and crystal engineering
to identify and strategically employ both primary and auxiliary ligands.
The detailed structural and supramolecular findings presented here,
encompassing diverse coordination environments, ligand deprotonation
effects, anion interactions and the deliberate formation of tetrel bonds,
offer concrete design principles and empirical data. These will directly
aid researchers in the rational design and successful construction of
novel coordination polymers and extended architectures with targeted
properties.
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