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Abstract: Herein we report the synthesis and detailed structural characterization of
two new centrosymmetric dinuclear coordination compounds of Pb(II) [PbyLo(NCS)4] (1)
and [PbyL,(NO3)4]-2MeOH (2), using the organic ligand 1,2-diphenyl-1,2-bis((methyl(pyridin-
2-yl)methylene)hydrazono)ethane (L). In both complexes, each subunit [PbLX; (X = NO; or NCS)]
adopts a quasi-aromatic Mobius metal chelate structure. Each ligand L is coordinated in a tetradentate
coordination mode to Pb(Il), yielding the 127 electron chelate ring via two pyridyl-imine units.
In compound (1), the coordination sphere is completed by one disordered N,S-coordinated thiocyanate
anion and two p 1-bridging N-coordinated thiocyanate anions. In compound (2), the coordination
sphere of Pb(II) is completed by two monodentate and two bidentate nitrato ligands (two of them
acting as bridging ligands). Crystal packing of both compounds is stabilized by intermolecular
hydrogen bonds, intra- and intermolecular C-H---7t interactions. The Hirshfeld molecular surfaces of
(1) and (2) demonstrate that their packing is dominated by C-H---O/N/S interactions as well as by far
less favored H---H contacts.

Keywords: Pb(II) complexes; noncovalent interactions; hirshfeld surface analysis; DFT calculations

1. Introduction

The development of new ligands capable of trapping Pb(Il) is of continuous interest [1].
The rich and versatile coordination chemistry of Pb(Il) is related to its large size in combination
with the presence of a 6s® electron pair, which can remain inert or stereoactive [2]. In fact,
the coordination number usually ranges from four to nine. This extraordinary versatility has been
exploited for the preparation of a variety of hybrid inorganic-organic polymers and complexes [3-5].
In spite of the negative implications of lead related to health and environmental issues, it is used for
the production of materials with interesting properties like semiconductors, NLO (non-linear optical)
and ferroelectric materials [6].

In supramolecular chemistry, hemi-directionally coordinated complexes of Pb(Il) have been
utilized to construct a variety of supramolecular assemblies based on tetrel bonding interactions [7-9]
and metal organic frameworks (MOFs) [10].

In the present work, the tetradentate 1,2-diphenyl-1,2-bis((methyl(pyridin-2-yl)methylene)-
hydrazono) ethane Ny-ligand has been used to prepare and X-ray which characterizes two new
dinuclear lead(Il) complexes (see Scheme 1): [Pby(L)2(SCN)4] (1) and [Pby(L)2(NO3)2]2MeOH (2).
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Moreover, supramolecular assemblies have been studied using Hirshfeld surface analyses and
rationalized using molecular electrostatic potential (MEP) surface calculations. In these complexes
the conventional coordination number is n > 7 and consequently holodirected coordination mode
is observed.
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Scheme 1. Synthesis of complexes [Pb,Ly(NCS)4] (1) and [PbyLy(NO3)4] (2).

In both structures each PbLX; subunit adopts a quasi-aromatic Mobius metal chelate structure
which has been discussed in the literature [11-16]. Particularly, the complexation ability of L and other
related Ng—tetradentate ligands to yield complexes with a quasi-aromatic Mobius topology has been
extensively analyzed [17-25]. The complexes reported herein further demonstrate that quasi-aromatic
structures with a Mobius topology are feasible for the Pb(II) metal center. The 127 electron chelate
ring of the PbL fragment (see Scheme 1) is a Mobius object and therefore aromatic, as previously
demonstrated in several works [19,21,26].

2. Materials and Methods

2.1. Reagents

All reactants were used as received without further purification. The ligand was synthesized
following the protocol available in the literature [26].

2.2. Crystallography

Single crystal X-ray diffraction data was collected at 293(2)K by using a Bruker APEX-II CCD
diffractometer (Bruker, Karlsruhe, Germany) with MoK« radiation (A = 0.71073 A). The Bruker
SAINT [27] program was used for data reduction and absorption correction was performed through
the multi-scan method [28]. The title structures were solved by direct method through the program
SHELXS-14 [29] and then refined by SHELXL-18 [30]. The calculations were performed using the
programs WinGX V2014.1 [31] and PLATON [32]. The details of crystal data and structure refinement
factors are included in Table 1. CCDC 2005501-2005502 contain the crystallographic data.
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Table 1. Crystal data and structure refinement parameters for compounds (1) and (2).

Structure (W)) ()

Empirical formula C60H48N16Pb254 C57H52N16013Pb2
Formula Weight 1535.76 1583.52
Temperature (K) 100(2) 100(2)
Wavelength (A) 0.71073 0.71073

Crystal system Triclinic Triclinic
space group P-1 P-1
a, b, c(A) 9.2815(7), 10.4330(8), 16.3791(11) 10.0664(6),11.0250(7),14.1786(10)
B,y (°) 81.444(3), 74.809(3), 78.168(4) 105.444(3), 95.245(3), 104.866(3)
Volume (A%) 1490.51(19) 1444.27(16)
Z | Density (calc.) (Mg/m?3) 1/1.711 1/1.821
Absorption coefficient (mm™1) 5.834 5.901
F(000) 748 774
Crystal size (mm?) 0.45 x 0.40 x 0.20 0.45 % 0.25 x 0.11
0 range for data collection 2.274 to 25.342 1.512 to 26.242
Completeness to 0 (%) 99.8 98.9
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents
Max. and min. transmission 0.362 and 0.154 0.552 and 0.165
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F?
Data/parameters 5442/382 5905/416
Goodness-of - fit on F2 1.028 1.051
Final R indices [1 > 20(I)] Ry =0.0283, wR; = 0.0581 Ry =0.0265, wR, = 0.0529
R indices (all data) Ry =0.0337, wR; = 0.0600 Ry =0.0323, wR, = 0.0548
Largest diff. peak and hole (e.A73) 1.279 and -1.814 1.127 and -1.132

Ry = LIFoHFll/L[Fol, wRy = [LA(Fo*FA)2/ L w(Fo2)H?, w = 1/{0*(Fo?) + (aP)* + bP}, where a = 0.0212 and
b =2.5138 for (1) and a = 0.0238 and b = 0.8790 for (2). P = (F,2 + 2F.2)/3 for both structures.

2.3. Other Physical Measurements

Microanalyses were performed using a Heraeus CHN-O-Rapid analyser (Heraeus, Hanau, Germany).
The FTIR spectra were recorded on a Bruker Tensor 27 FTIR spectrometer (Bruker, Karlsruhe, Germany).

2.4. Synthesis

Complexes were synthesized using a methodology consisting of the utilization of a branched
tube as described in the literature [26]. A suspension of L (0.222 g) and Pb(NCS), or Pb(NO3),
(0.162 and 0.166 g, respectively; 0.5 mmol) was placed in the main arm of a branched tube. EtOH or
MeOH (15 mL) was carefully added to fill the arms. The tube was sealed and immersed in an oil bath at
60 °C while the branched arm was kept at ambient temperature. After about one week, X-ray suitable
single crystals of the corresponding complex were formed in the cooler arm of the tube. Crystals were
isolated by filtration.

2.4.1. [PbyLy(NCS)s)] (1)

Yield: 0.245 g (64% based on Pb). FTIR, v: 1590 (C=N), 2061 (NCS), 2922 (CH) cm~. Anal. Calc.
for C3HosNgPbS, (768.13): C 46.92, H 3.15 and N 14.95; found: C 47.11, H 3.28 and N 15.02%.

Yield: 0.310 g (80% based on Pb). FTIR, v: 1589 (C=N), 1384 (N-0), 2982 (CH) cm~!. Anal. Calc.
for CogH»4NgOgPb (776.16): C 43.35, H 3.12 and N 14.44; found: C 43.11, H 3.21 and N 14.32%.

2.5. Hirshfeld Surface Analysis

The molecular Hirshfeld surface [33-35] depends on the molecular electron distribution. By using
Equation (1), the normalized contact distance (dy,0r) is calculated by identifying both internal and
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external intermolecular contacts simultaneously [36]. d; and d, are the distances from the point to

the nearest nucleus internal and external to the surface respectively. 7% and ,°*“ are the internal

and external van der Waals (vdW) radii. The 2D fingerprint plot [3-40] provides all intermolecular

contacts that are involved in the crystal structures. The Hirshfeld surfaces were calculated by using the

program CrystalExplorer [41].

d; — podw d., — podw
i e e

eq 1)

dnorm =
r;}dw rgdw

2.6. Theoretical Methods

Gaussian-16 program [42] was used to carry out the DFT calculations. The PBE1PBE-D3/def2-TZVP
level of theory [43-46] was employed for computing the molecular electrostatic potential (MEP) using the
crystallographic coordinates. The 0.001 a.u. isosurface was used for plotting the MEP.

3. Results and Discussion

3.1. Synthetic Considerations

The reaction of a suspension of either Pb(NCS), or Pb(NO3),with L in a branched tube apparatus
at 60 °C in MeOH yields dinuclear discrete complexes (1) and (2) in moderate to good yields,
as represented in Scheme 1.

3.2. Structural Description

Complex (1) crystallizes in the triclinic space group P-1 with half of the dinuclear complex in
the asymmetric unit, as represented in Figure 1. Each metal center is seven-coordinated by two
pyridyl-imine units of the parent ligand L, one disordered terminal thiocyanate anion and two bridging
N-coordinated thiocyanate anions. The S(1), C(30) and N(8) atoms of the terminal thiocyanate anion
are disordered over two sets of sites with refined occupancies 0.880(7) and 0.120(7). Each L exhibits a
it-coordination mode towards Pb(II). The Pb-Npy distances are slightly longer than the Pb-Njmine
ones within the same pyridyl-imine fragment (see Table 2).

Figure 1. View of the asymmetric unit of compound (1) with a partial atom numbering scheme.
Hydrogen atoms are omitted for clarity. The unlabeled counterpart is generated through the symmetry
operation. Thermal ellipsoids are drawn at the 30% probability level.
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Table 2. Selected (A) and bond angles (°) for compounds (1) and (2) as determined by X-ray diffraction.

Complex-(1)

Pb(1)-N(1) 2.629(4) Pb(1)-N(6) 2.657(3)
Pb(1)-N(2) 2.645(3) Pb(1)-N(7) 2.615(4)
Pb(1)-N(5) 2.745(3) Pb(1)-S(1) 2.756(2)

O(1)-Pb(1)-N(3) 60.39(9) O(1)-Pb(1)-O(7) 142.78(7)
O(1)-Pb(1)-N(4)  11535(9)  N(3)-Pb(1)-0(7)  117.30(7)
N(3)-Pb(1)-N(4) 57.86(9) N(4)-Pb(1)-O(7) 84.17(6)
Complex-(2)
Pb(1)-N(1) 2.720(3)
Pb(1)-N(5) 2.763(3)

Pb(1)-O(1) 2.614(3)
Pb(1)-0(3) 2.621(3)
Pb(1)-N(2) 2.670(3)
O(1)-Pb(1)-0(3)  48.61(8)  N(2)-Pb(1)-N(1)  59.79(9)
O(1)-Pb(1)-N(2)  757809)  O(1)-Pb(1)-N(5)  130.88(9)
O@B)-Pb(1)-N(2)  81.639)  O@3)-Pb(1)-N(G)  90.89(9)
O(1)-Pb(1)-N(1)  709309)  N(2)-Pb(1)-N(5)  71.13(8)
O@3)-Pb(1)-N(1)  114.8609)  N(1)-Pb(1)-N(5)  118.16(8)

Compound (1) exhibits C-H-~-N and C-H--S unconventional hydrogen-bonding contacts
(see Table 3) and C-H:--m interactions (see Table 4). The unconventional H-bonds involve (see Figure 2)
the thiocianate group as H-bond acceptor and C-H donors belonging to the methyl or pyridine
groups. The acidity of the H-atoms that participate in the H-bonding interactions is enhanced due to
the coordination of the ligand (L) to the Pb(II) metal center, as further analyzed below. The C-H:-n
interactions are represented in Figure 3, where one carbon atom C(2) of the pyridine ring is in contact
with the centroid of another pyridine ring (N6/C24-C28) at (1 + X, y, z) by leading the molecules to
propagate along the [100] direction. Moreover, one methyl hydrogen atom (C23-H23) interacts with
the centroid of the aryl ring (C16-C21) of the partner molecule at (—x, 2 -y, 1 — z). This interconnection
of the parallel chains leads to the formation of a supramolecular assembly in the (101) plane as depicted
in Figure 3.

Table 3. Relevant hydrogen bonding parameters of compounds (1) and (2).

D-H--A D-H H-A DA D-H--A Symmetry
Compound (1)
C27-H27---52 095 294 3.716(5) 139 1-x2-y,-z
C7-H7C--N8 098 264  3.56(2) 158 x,1+yz
Compound (2)
07-H71--0O3 0.84 204 2.849(8) 162 —
C1-H1--O5 095 226 3.041(5) 139 -x,1-y, -z
C3-H3--02 095 257 3.451(5 153 -1+x9y,z
C4-H4--O7 095 240 3.218(9) 144 -1+xy,z
C7-H7B--N3 098 255 3.373(5) 141 -x,1-y,1-z
C7-H7C--N3 098 230 2755(5) 107 —
C12-H12.-O1 095 247  3.102(6) 124 x,~-1+yz
C15-H15B--07 140 240 3.574(9) 139 —

C21-H21--O4 095 257 3.243(5) 128 -1-x,-y, -z
C23-H23C-~-N4 098 239  2.789(5) 104 —
C29-H29---O4 095 241 3.161(5) 136 -x,1-y, -z
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Table 4. Geometrical parameters (A, ©) for C-H--7t interactions.

Y-X---Cg(D) X--Cg Y-Cg Y-X-Cg X-Perp Symmetry
Compound (1)

C(2)-H(2)--Cg(2) 296 357005 123 2.89 1+xyz
C(23)-H(23C)~Cg(d) 298  3.560(5) 119 2.73 > 7: B y 1
Compound (2)

C(28)-H(28)--Cg(18) 296  3.413(4) 110 2.80 1+xyz
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Figure 3. Self-assembled supramolecular framework in (1) in (101) plane through C-H---rt interactions.

Compound (1): Cg(2) and Cg(4) are the centroids of the rings generated through the atoms
(N6/C24-C28) and (C16-C21), respectively. Compound (2): Cg(18) is the centroid of the ring generated
through the atoms (N1/C1-C5).
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Complex (2) crystallizes in the triclinic space group P-1 with half of the complex and one lattice
MeOH molecule in the asymmetric unit (Figure 4). Each metal center is nine-coordinated by two
pyridyl-imine units of the parent ligand L, two types of bidentate nitrate anions (one terminal and
one bridging ligand) and one monodentate nitrato bridging ligand. The ORTEP view of complex
(2) is included in Figure 4 and, as noticed, the bond lengths and bond angles are in normal range
(Table 2) and are comparable with related structures reported earlier [2,9]. The carbon atoms (C11-C15)
of one phenyl ring are disordered over two sets of sites and refined with half-occupancies.

Figure 4. View of the asymmetric unit of compound (2) with partial atom numbering scheme.
Hydrogen atoms are omitted for clarity. The unlabeled counterpart is generated through the symmetry
operation. Thermal ellipsoids are drawn at the 30% probability level.

In the solid-state, compound (2) is stabilized through weak C-H---O and C-H---N unconventional
hydrogen bonds and C-H:--minteractions (Tables 3 and 4). In one substructure, the aryl ring carbon atom
C21 interacts with the nitrate oxygen atom O4 at (-1 — x, —y, —z); therefore, forming a centrosymmetric
dimeric ring centered at (1/2, 0, 0) (see Figure 5). These dimeric rings lead the molecules to propagate
along the [010] direction. These parallel chains are further interconnected through the C7-H7B---N3
hydrogen bonds by generating another centrosymmetric dimer centered at (0, %, %). The interconnection
of these two centrosymmetric dimeric rings generates a supramolecular framework in the (011)
plane (see Figure 5).

Figure 5. Two-dimensional framework generated through C-H:--O and C-H:--N hydrogen bonds in the (011) plane.
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In another substructure, compound (2) generates a network in the (110) plane through weak
C-H:--O bonds where C3-H3 and C12-H12 groups acts as donors to the O2 and O1 atoms at (-1 + X,
y, z) and (x, -1 +y, z), respectively (Figure 6 and Table 3). The pyridine ring via the C28-H28 group
acts as a donor to the centroid of another pyridine ring of the partner molecule at (1 + X, y, z) to build
another network in (2) (see Figure 7 and Table 4).

Figure 6. Supramolecular self-assembly generated through weak C-H--O hydrogen bonds in the (110) plane.

~ 7~ P S
J <

Lo

Figure 7. Perspective view of the supramolecular network through C-H---7 interactions in (2).

3.3. Hirshfeld Surface

We have examined the Hirshfeld surfaces to quantify the contribution of noncovalent interactions
in the crystal packing. In the present study, we have evaluated the contacts that are responsible in
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building the supramolecular assemblies. The symmetry-generated counterparts of the structures were
not included in the Hirshfeld surface calculations. The Hirshfeld surface of compounds (1) and (2)
are mapped over dyoy, in Figure 8 (in the ranges (—0.3775 to 1.6794 A)in (1) and (-0.5624 to 1.3287 A)
in (2)) and fragment patches (0.000 to 25.000 A in (1) and 0.000 to 29.000 A in (2), respectively).
The dyorm surfaces (Figure 8a,b) have been plotted based on the normalized function d; and d, using a
white, red and blue color scheme. The circular deep red spots that are noticeable on the d,o;,, surface
of both compounds are due to the coordination bonds, since the symmetrically generated counterparts
(see Figures 1 and 4) have not been included in the calculation. The nearest neighbor coordination
environment of the molecules is identified from the color patches on the Hirshfeld surface based on
their closeness to adjacent molecules. Therefore, the fragment patches show the appropriate approach
for the identification of the nearest neighboring coordination environment of compounds (1) and (2)
(see Figure 8c,d).

(a)

(d)

Figure 8. Hirshfeld surfaces mapped with dyorm ((a) and (b)) and Fragment patches ((c) and (d))
for compounds (1) and (2), respectively.

The scattered points of the fingerprint plots (Figures 9 and 10) evidence all interactions involved
within the structures. The long coordination bonds (Pb---N/N---Pb) and (Pb---O/O---Pb) are characterized
in the fingerprint plots of (1) and (2), respectively. In (2), the (Pb--O/O---Pb) contacts contributed
1.7% to the total surface area of (2), whereas compound (1) contributed 1.9% due to (Pb--N/N---Pb)
interaction (See Figures 9 and 10). In (2), (O---H/H---O) interaction comprises 28.5%, whereas compound
(1) contributed 17.8% (S---H/H---S) interactions. The N---H/H---N interactions for both compounds are
verified by two distinct spikes on the fingerprint plot (see Figures 9 and 10). The contribution of
C.--H/H---C contacts is higher in compound (1) compared to compound (2), and for both structures the
C--H contact contributed more than its H---C counterpart. Moreover, the wings on the fingerprint plot
of both structures designate the presence of C-H:--rt interaction. The total C---H/H:--C contacts comprise
29.2% and 22.1% in compounds (1) and (2), respectively. All other contacts that are involved within the
structures of the title compounds are quantified accordingly and are included in Figures 9 and 10.
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Figure 9. Full and decomposed fingerprint plots corresponding to various contacts involved within the
structure of compound (1).
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Figure 10. Full and decomposed fingerprint plots corresponding to various contacts involved within
the structure of compound (2).
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3.4. Mep Surface Analysis

In order to rationalize the noncovalent interactions described above in the crystal packing of
compounds (1) and (2), the molecular electrostatic potential (MEP) surfaces have been computed for
both compounds using the asymmetric unit. The MEP surface of compound (1) is shown in Figure 11,
and it shows that the most negative MEP is located at the negative belt around the S-atom of the
N-coordinated thiocyanate ligand (see Figure 11a). The MEP at the extension of the C=S bond is
significantly smaller (in absolute value) than that at the belt. The MEP value at the N-atom of the
S-coordinated thiocyanate ligand is slightly smaller (=52 kcal/mol). The most positive MEP value is
located at the aromatic H-atoms of the Pb(II)-coordinated pyridine ring (+35 kcal/mol) due to inductive
effects. The MEP value over the aromatic phenyl ring is slightly negative (—4 kcal/mol). The MEP values
are also positive at the H-atoms of the methyl group and the phenyl rings. The formation of dinuclear
centrosymmetric dimers, as observed in the X-ray structure, is favored electrostatically since the MEP
value at the Pb(Il) atom is positive (+10 kcal/mol) and negative at the N-atom of the thiocyanate ligand
(—49 kcal/mol). In addition, the formation of the supramolecular H-bonded self-assembled dimers
in (1) shown in Figure 2 strongly agrees with the MEP surface analysis, since the H-bond acceptors
(S and N-atoms of the anionic ligands) correspond to the atoms bearing the most negative MEP values.
Moreover, the H-bond donors are either an aromatic H-atom of the coordinated pyridine ring (in the
C-H--S H-bond) or an H-atom of the methyl group (in the C-H---N H-bond) that correspond to the
regions where the MEP value is maximum.

Figure 11. Molecular electrostatic potential (MEP) surface (isosurface 0.001 a.u.) of the two sides (a)
and (b) of compound (1) at the PBE1PBE-D3/def2-TZVP. The MEP values at selected points of the
surface are given in kcal/mol.

The MEP surface of compound (2) is shown in Figure 12, showing that the most negative MEP
is located at the equatorial nitrato ligand (—60 kcal/mol). The MEP at the O-atom of the axial nitrato
ligand is slightly smaller in absolute value (=55 kcal/mol). Similarly to compound (1), the most positive
MEP value is located at the aromatic H-atoms of the Pb(II)-coordinated pyridine ring (+32 kcal/mol),
due to the enhancement of their acidity upon complexation. The MEP value over the aromatic phenyl
ring is slightly negative (-1 kcal/mol), and positive over the coordinated pyridine ligand (+8 kcal/mol).
The MEP values are also positive at the H-atoms of the methyl group (+23 kcal/mol) and the phenyl
rings (+21 kcal/mol). The formation of the dinuclear centrosymmetric dimer, as observed in the
X-ray structure, is more favored electrostatically than that in (1) since the MEP value at the Pb(II)
atom is more positive (+22 kcal/mol), and at the O-atom of the nitrato ligand (—49 kcal/mol) more
negative than those of compound (1) (see Figure 11). Moreover, the formation of the two-dimensional
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network in compound (2) generated through C-H--O hydrogen bonds in the (011) plane (see Figure 5)
also agrees well with the MEP surface of (2), since the H-bond acceptor is the most negative O-atom.
The C-H--N bonds that are also formed in the 2D layer are expected to be weaker, since the MEP value
at the non-coordinated N-atom of the ligand is only —5 kcal/mol (see Figure 11a). This is also in good
agreement with the Hirshfeld surface analysis of (2), since the quantification of the contribution of the
O---H/H---O contacts is 28.5% and the contribution of the N-H/H-N contacts is only 7.4%.

+21

Figure 12. MEP surface (isosurface 0.001 a.u.) of the two sides (a) and (b) of compound (2) at the
PBE1PBE-D3/def2-TZVP. The MEP values at selected points of the surface are given in kcal/mol.

4. Concluding Remarks

The protocol to synthesize two new dinuclear Pb(Il) coordination compounds involving
1,2-diphenyl-1,2-bis((methyl(pyridin-2-yl)methylene)hydrazono)ethane ligand and SCN~ and NO3z~
counter anions is reported in this manuscript. Both complexes were characterized in the solid
state by X-ray diffraction. The crystal packing of both compounds is dominated by C-H--O,N,S
noncovalent interactions, which is further evidenced by the Hirshfeld surface analysis and rationalized
using the MEP surface analysis. The latter demonstrates that the most electron rich regions of the
complexes that correspond to the anionic coligands are the most electron poor to the aromatic H-atoms,
thus favoring the C-H---O,N,S H-bonds. Moreover, although the ligand presents an extended aromatic
surface (composed by four aromatic rings) m—m interactions are not observed. Interestingly, C-H---n
interactions seem to dominate the crystal packing in both compounds (1) and (2).
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