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On the importance of tetrel bonding interactions
in lead() complexes with (iso)nicotinohydrazide
based ligands and several anionsf

Ghodrat Mahmoudi,*® Antonio Bauza,® Mojtaba Amini,? Elies Molins,© Joel T. Mague®

and Antonio Frontera*®

Four Pb(i) complexes of (iso)nicotinohydrazide-based ligands and different anionic coligands (azide,
nitrate, acetate and iodide) have been synthesized and characterized by structural, analytical and spectro-
scopic methods. The mono-deprotonated or neutral forms of the ligands coordinate in a tridentate

fashion via two nitrogen and one oxygen donor atoms to the Pb. Single-crystal X-ray crystallography
showed that the molecular complexes can aggregate into larger entities depending upon the anion co-
ordinated to the metal centre. In all four complexes the lead center is hemidirectionally coordinated and,

consequently, it is sterically ideal for establishing tetrel bonding interactions. In the crystal structures of all

complexes, the lead atoms participate in short contacts with nitrogen atoms. These contacts are shorter
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1. Introduction

Metal-organic frameworks (MOFs) are continuously attracting
the attention of chemists working in crystal engineering, solid-
state and materials chemistry due to their promising appli-
cations in multidisciplinary fields like photoluminescence and
electronics, magnetism, gas absorption, and many others."
Nowadays, it is possible to modify and tune the properties of
MOFs by using different ligands,> metal centres with different
coordination behaviour,’ and counter ions.* More importantly,
it is also possible to modulate their properties using supra-
molecular interactions.”

Apart from the widely used hydrogen bonding interactions
for the construction/modification of MOFS, other specific non-
covalent interactions like o-hole interactions, especially
halogen bonds, are becoming prominent players.® Halogens,
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than the sums of the van der Waals radii and larger than the sums of the covalent radii. The tetrel bonding
interactions interconnect the covalently bonded units (monomers or dimers) into supramolecular assem-
blies (chains and 3D structures). We have analysed the interesting supramolecular assemblies observed in
the solid state of all four complexes by means of DFT calculations.

however, are not the only atoms susceptible to formation of
c-holes.” Electron-deficient regions are also present on co-
valently bonded heavier atoms of groups IV to VII and are
located in the extension of the covalent bond. The size and
electron deficiency of c-holes increases with increasing elec-
tron-withdrawing nature of the covalently bonded group and
with the polarizability of the atom on which the c-hole is
formed. The strongest c-hole interactions occur in systems
where a heavy atom of groups IV to VII is covalently bonded to
electronegative ones. Although o-hole interactions have been
widely described for groups VI (chalcogen interaction) and
V (pnictogen interaction), those of group IV (tetrel interaction)
are scarce,® However, it has been shown that they can be mark-
edly strong, in particular with Sn and Pb, the metallic
members of the group. Previously some of us have reported
the design and synthesis of lead(u) metal-organic frameworks
(MOFs) based on covalent and noncovalent tetrel bonding.’
In these MOFs, Pb---S and Pb---N noncovalent tetrel bonds
interconnect the covalently bonded units into supramolecular
assemblies. A combined DFT study and a statistical survey of
the Cambridge Structural Database (CSD) revealed that tetrel
bonds with hemidirectionally coordinated lead occur with
high probability and with predictable geometries, thus playing
an important role in the solid-state chemistry of lead. More-
over, we have recently shown that concurrent noncovalent
tetrel bonding, agostic interactions and chelate ring-chelate

This journal is © The Royal Society of Chemistry 2016
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ring stacking interactions control the supramolecular architec-
tures and organometallic frameworks observed in the solid
state architecture of hemidirectionally coordinated PbX, salts
(X = Cl, NO,, I and SCN) to the N'-(phenyl(pyridin-2-yl)methyl-
ene)-isonicotinohydrazide ligand."°

Taking advantage of this understanding, herein we report
the synthesis and X-ray characterization of four new Pb(u) com-
plexes with (iso)nicotinohydrazide-based ligands and different
anions (azide, nitrate, acetate and iodine) as coligands (see
Scheme 1). Interestingly, in all complexes the Pb(u) is hemi-
directionally coordinated and participates in noncovalent tetrel
bonding interactions. These forces along with stacking inter-
actions control the supramolecular architectures and organo-
metallic frameworks observed in their solid state architecture.
In line with previous reports, the Pb** shows a tendency to
establish an unusual coordination mode in which the Pb*" ion
has a clear void in the distribution of bonds to the ligands
(hemidirectional coordination)."* Such void in the coordination
sphere facilitates the approach of electron donors to the c-hole
of the Pb*" enabling the formation of a strong tetrel bond with
a more predictable geometry. The nature of the tetrel bonds in
all four structures was studied by DFT calculations, which
showed the presence of the o-hole at the Pb atom and the con-
siderable strength of these interactions.

2. Experimental

2.1. Materials and methods

All reagents used in these studies were obtained from commer-
cial sources and used as received. The ligands HL', HL?> and
HL? were prepared using the procedure previously described.'?
Briefly, they were obtained by the condensation of either
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2-acetylpyridine or 2-formylpyridine with (iso)nicotinohydra-
zide in ethanol solution. Recrystallization from aqueous EtOH
afforded pure ligands in >80% yield.

Elemental analyses were carried out using an Elemental
Vario EL III instrument and FT-IR spectra were recorded on a
Bruker Tensor 27 FT-IR spectrometer with KBr disks in the
range 4000-400 cm™'. Caution! Lead and its compounds are
Only a small amount of these materials should be pre-
pared and handled with care.

toxic.'

2.2. Synthesis of [Pb,(L"),(N3),] (1)

To a magnetically stirred solution of 2-formyl-pyridyl-nicoti-
noylhydrazone (0.113 g, 0.5 mmol) in ethanol, was added an
aqueous solution of PbCl, (0.138 g, 0.5 mmol) and NaNj
(0.0325 g, 0.5 mmol) in portions. The resulting reaction
mixture was left unperturbed for slow evaporation of the
solvent. After 7 days, crystals of 1 were obtained. Yield: 70%
(0.0166 g). Anal. Calc. for C1,HoN,OPb (1): C, 30.4; H, 1.9;
N, 20.7. Found: C, 31.0; H, 2.0; N, 21.8%. IR (KBr cm )
selected bands: v = CH b (oop): 669 (m) and 775 (m); CH b:
1317 (m); CCst: 1458 (m); C=N st: 1495 and 1584 (m); C-O st
(Ligand) 1646; N-NN st: 2012 (s); CH st: 3067 (w), and OH st:
3448 (w) em™.

2.3. Synthesis of [Pb,(HL>),(NO3),] (2) and [Pb(HL)L,] (3)

Compounds 2-3 were prepared similarly using the same stoi-
chiometry and reaction condition except that 2-acetyl-pyridyl-
nicotinoylhydrazone (0.120 g, 0.5 mmol) instead of 2-formyl-
pyridyl-nicotinoylhydrazone and Pb(NOj3), (0.165 g, 0.1 mmol),
PbI, (0.230 g, 0.5 mmol), instead of PbCl, was used.

Compound 2. Yield: 80% (0.228 ¢g). Anal. Calc.
C13H1oNgO,Pb (2): C, 27.3; H, 2.1; N, 14.7. Found: C, 31.0;
H, 2.0; N, 21.8%. IR (KBr cm ') selected bands: v = CH b (oop):
696 (m) and 776 (m); CH b: 1351 (m); O-NO, st: 11382 (s);
C=N st: 1467 and 1589 (m); C-O st (Ligand) 1634; CH st:
3073 (w), NH st: 3205 (w) and OH st: 3431 (w) cm™".

Compound 3. Yield: 60% (0.137 g). Anal. Calc. for
C1,HoN,OPb (3): C, 22.3; H, 1.7; N, 8.0. Found: C, 22.0; H, 1.9;
N, 8.1%. IR (KBr cm ') selected bands: v = CH b (0op): 662 (m)
and 777 (m); CH b: 1325 (m); CCst: 1461 (m); C=N st: 1501
and 1582 (m); C-O st (Ligand) 1649; CH st: 3043 (w), NH st:
3219 (w) and OH st: 3446 (w) cm™".

2.4. Synthesis of [Pb(L*)(OAc)] (4)

Compound 4 was prepared similarly using the same stoichio-
metry and reaction condition except that 2-acetyl-pyridyl-iso-
nicotinoylhydrazone (0.120 g, 0.5 mmol) instead of 2-formyl-
pyridyl-nicotinoylhydrazone and Pb(CH;COO),-3H,0 (0.165 g,
0.1 mmol) instead of PbCl, was used.

Compound 4. Yield: 84% (0.212 g). Anal. Calc.
C1sH4N,O;Pb (4): C, 35.6; H, 2.8; N, 11.1. Found: C, 36.0;
H, 3.0; N, 11.3%. IR (KBr cm™ ") selected bands: v = CH b (oop):
664 (m) and 786 (m); CH b: 1326 (m); CCst: 1457 (m); C=N st:
1507 and 1573 (m); C-O st (Ligand) 1648; O-CO st: 1742 (s);
CH st: 3096 (w), and OH st: 3446 (w) cm™".
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2.5. X-ray crystallography

A single crystal of compound 1, suitable for X-ray analysis, was
used for intensity data collection on a Nonius Kappa CCD
FR590 diffractometer with mirror-monochromatized Mo-Ka
radiation (1 = 0.71073 A). The data set for compound 2 was col-
lected on a Bruker Smart APEX CCD diffractometer using
graphite-monochromated Mo-Ka radiation (4 = 0.71073 A). The
data set for compound 3 and 4 were collected on a Bruker AXS
diffractometer with mirror-monochromatized Mo-Ka radiation
(A =0.71073 A). All data collections were performed at different
temperatures (100-300 K). The structures of all compounds
were determined by direct methods and refined by full-matrix
least-squares procedures using the SHELXTL package.'* All the
hydrogen atoms were fixed in calculated positions except those
that were detected in the Fourier map. The molecular structure
plots were prepared with Mercury.'®> The details of the crystal
parameters, data collection and refinements for all the com-
plexes are summarized in Table 1. Tables S1-S4 (ESI{) contain
the coordination bond distances and angles of the structures
reported. Further details are available from the Cambridge
Crystallographic Centre with quotation numbers CCDC
1474989 and 1480033-1480035.

2.6. Theoretical methods

The geometries of the complexes included in this study were
computed at the BP86-D3/def2-TZVP level of theory using the
crystallographic  coordinates within the TURBOMOLE
program.'® This level of theory that includes the latest avail-
able dispersion correction (D3) is adequate for studying non-
covalent interactions dominated by dispersion effects like
n-stacking. The basis set superposition error for the calculation
of interaction energies has been corrected using the counter-

Table 1 Crystal data and structure refinements for compounds 1-4
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poise method."” The “atoms-in-molecules” (AIM)"® analysis of
the electron density has been performed at the same level of
theory using the AIMAII program.*®

3. Results and discussion

3.1. Synthesis and spectroscopy

The compounds have been synthesized as described in the
Experimental section and the reaction pathways are sketched
in Scheme 1.

The ligands are expected to exhibit keto-enol tautomerism,
and the amide proton can be dissociated through enolization,
as observed in compounds 1 and 4. The IR spectrum of the
ligands exhibits two bands in the regions 3205 and 1660 cm ™"
due to y(N-H) and ¢(C=0) stretching, respectively. The free
ligand amide N-H and C=O stretching vibrations are not
observed in the IR spectrum of compounds 1 and 4, but these
compounds exhibit a strong absorption band at
1630-1640 cm ™, not observed in the free ligand, which is due
to the conjugated C=N-N=C-O moiety. Therefore in these
compounds the deprotonated ligands are in the enolate form.
By contrast the IR spectra of 2 and 3, where the amide N-atom
is not deprotonated, exhibit both the amide and C=O
vibrations and there is no peak characteristic of the deproto-
nated ligand.

3.2. Crystal structures of 1-4

[Pb,(LY)5(N3),] (1). Complex 1 crystallizes in the triclinic P1
space group and consists of a dinuclear metallacycle complex
molecule (Fig. 1) with the asymmetric unit containing one-half
of the metallacycle unit. Significant structural parameters are

Compound 1 2 3 4
Formula C,4H,gN;,0,Pb, Cy6H,4N1,0,,Pb, C13H,,1,N,OPb C15H,,N,0,Pb
Fw 948.92 1142.96 701.26 505.49
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P1 P1 P2,/n P2,/n
a(A) 5.834(7) 9.0862(4) 8.0385(12) 7.4569(15)
b (A) 8.133(4) 9.3122(4) 16.069(2) 13.319(3)
c(A) 14.800(4) 11.5175(5) 13.0637(19) 15.894(4)
a () 85.65(4) 84.905(1) 90 90
B(°) 81.87(10) 72.809(1) 97.536(4) 98.541(7)
r(©) 70.41(7) 62.775(1) 90 90
Vv (A%) 654.6(9) 826.61(6) 1672.9(4) 1561.1(6)
Temp (K) 293(2) 100(2) 179(2) 300(2)

1 1 4 4
D, (g em™) 2.412 2.063 2.784 2.151
4 (mm™) 12.892 10.259 13.779 10.827
No. reflections 2859 14331 3641 9580
Reflecs I> 206(I) 2383 3973 2857 2718
Rine 0.0438 0.0196 0.0332 0.0308
F(000) 442 540 1256 952
R, (I> 20(D) 0.055 0.0198 0.0507 0.0560
WwR (all data) 0.1073 0.0484 0.0731 0.0704
GOF 1.084 1.079 1.046 1.060

Ry = Y[|Fo| = |Fel X Fo|], wRy = {{ZW(|1Fo” = F Y[ Zw(Fe" 2.
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Fig.1 X-ray molecular structure of 1 with the atom numbering
scheme.

given in Table S1.f The structure of the molecule shows that
each mononegative ligand (L') binds to the Pb(u) center via
N,N,0-donor atoms, resulting in two five membered chelate
rings. The other two coordination sites around Pb(u) are occu-
pied by the axial azide ligand and the pyridine N atom of the
other nicotinohydrazide ligand, thus generating the metalla-
cycle. It is also worth stressing that the bonding parameters
are in good agreement with the coordinating pattern of a
C—=N-N=C-O moiety via the enolate form: C6-N6 [1.27(1) A],
N6-N7 [1.36(1) A], N7-C7 [1.32(1) A] and C7-07 [1.28(1)] bond
distances.

In the crystal structure of 1 the Pb*" ion is fivefold-co-
ordinated by four atoms of the chelating ligands L' (N1, N6,
N9%, and O1; i = —x, 2 — J, 2 — 2), and a nitrogen atom (N1A) of
the azido ligand. All bonds are basically concentrated on one
hemisphere of the coordination sphere, thus leaving a large
gap on the Pb>" ion, which enables close approach of a second
azide nitrogen atom (N3A) from the adjacent complex. These
Pb1---N3A contacts further interconnect the metallacycles into
a polymeric chain in the solid state (Fig. 2).

[Pb,(HL?),(NO3),] (2). Complex 2 crystallizes in the triclinic
P1 space group and consists of a dinuclear metallacycle
complex molecule (Fig. 3) with the asymmetric unit containing
one-half of the metallacycle unit. Significant structural para-
meters are given in Table S2.1 The structure of the molecule
(Fig. 3) shows that each neutral ligand (HL?) binds to the Pb()
center via N,N,O-donor atoms resulting in two five membered
chelate rings. The other three coordination sites around Pb(i)
are occupied by one bidentate and two bridging nitrato
ligands forming the metallacycle. The bonding parameters are
in good agreement with the coordinating pattern of a C=N-

.

’ tetrel bonds

Fig. 2 Chains in the crystal structure of 1. Tetrel bonds Pb---N are
shown as dashed lines. Distance in A.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Perspective view of the molecular structure of 2 with the atom
numbering scheme.

NH-C—=0 moiety: C6-N2 [1.288(5) A], N2-N3 [1.386(4) A],
N3-C8 [1.354(5) A] and C8-07 [1.234(3) A] bond distances.

In the crystal structure of 2 the Pb>" ion is sevenfold-co-
ordinated by three atoms of the chelating ligands HL* (N1, N2
and 07), and four oxygen atoms of the nitrato ligands (01, 02,
o4'and 06,ii=2 —x,1 — ¥, —z). Remarkably, all seven coordi-
nation bonds are concentrated on one hemisphere of the
coordination sphere, thus leaving a large gap on the Pb>" ion,
which enables close approach of the nitrogen atom (N4) of the
uncoordinated pyridine ring of the ligand belonging to a
neighbouring complex. These Pb1---N6 contacts interconnect
the metallacycles into a polymeric chain in the solid state
(Fig. 4).

[Pb(HL*)I,] (3). Complex 3 crystallizes in the monoclinic
P2,/n space group and consists of a mononuclear complex
molecule (Fig. 5). Significant structural parameters are given
in Table S3.1 The structure of the molecule (Fig. 3) shows that
the neutral ligand (HL*) binds to the Pb(u) center via N,N,O-
donor atoms, resulting in two five membered chelate rings.
The other two coordination sites around Pb(iu) are occupied by
the iodide ligands. The bonding parameters are in good agree-
ment with the coordinating pattern of a C=N-NH-C=O
moiety: C2-N2 [1.271(9) A], N2-N1 [1.389(9) A], N1-C1
[1.366(9) A] and C1-O1 [1.212(8) A] bond distances.

In the crystal structure of 3 the Pb** ion is fivefold-co-
ordinated by three atoms of the chelating ligands HL* (N1, N3
and O1), and two iodide counterions. Clearly, all five coordi-

Fig. 4 Chains in the crystal structure of 2. Tetrel bonds Pb---N are
shown as dashed lines. Distance in A.

Dalton Trans., 2016, 45, 10708-10716 | 10711
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Fig. 5 Perspective view of the molecular structure of 3 with the atom
numbering scheme.

nation bonds are concentrated on less than one hemisphere of
the coordination sphere, thus leaving a large gap on the Pb>"
ion, which enables close approach of the nitrogen atom (N4)
of the uncoordinated pyridine ring of the ligand belonging to
a neighbouring complex. These Pb1---N4 tetrel bonding con-
tacts control the formation of self-assembled dimers (see
Fig. 6) in the solid state structure. The coordination bonds and
the noncovalent Pb1---N4 contact fulfil one half of the coordi-
nation sphere. The other hemisphere is used to establish
chelate ring---m stacking interactions that connect and propa-
gate the self-assembled dimers in the solid state (see Fig. 6)
interactions.

[Pb(L*)(OAc)] (4). Complex 4 crystallizes in the monoclinic
P2,/n space group and consists of a mononuclear complex
molecule (Fig. 7). Significant structural parameters are given
in Table S4.7 The structure of the molecule (Fig. 7) shows that
the anionic ligand (L?) binds to the Pb(i) center via N,N,O-
donor atoms, resulting in two five membered chelate rings.
The other coordination site around Pb(u) is occupied by the
O atom of the acetate co-ligand. The bonding parameters are
in good agreement with the coordinating pattern of a C=N-
N=C-O moiety via the enolate form: C4-N1 [1.300(10) A], N2-
N4 [1.391(9) A], N4-C5 [1.320(10) A] and C5-03 [1.290(10) A]
bond distances.

In the crystal structure of 4 the Pb>" ion is only fourfold-co-
ordinated by three atoms of the chelating ligands L’ (N1, N3
and 03), and one atom (O1) from the acetate. Clearly, all four
coordination bonds are concentrated on less than one hemi-

Fig. 6 Self-assembled dimers observed in the crystal structure of 3.
Tetrel bonds Pb---N and chelate ring---n interactions are shown as
dashed lines. Distance in A.

10712 | Dalton Trans., 2016, 45, 10708-10716
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Fig. 7 Perspective view of the molecular structure of 4 with the atom
numbering scheme.

sphere of the coordination sphere, thus leaving a large gap on
the Pb** ion, which enables a close interaction with the nitro-
gen atom (N5) of the uncoordinated pyridine ring of the ligand
belonging to another complex. Moreover, opposite to the axial
acetate ligand this compound forms a self-assembled
n-stacked supramolecular complex. The antiparallel arrange-
ment of the complexes allows the formation of two symmetri-
cally related n—x interactions between the coordinated pyridine
ring of one ligand and the uncoordinated pyridine ring of the
other ligand. This self-assembled dimer establishes four equi-
valent Pb1-:-N5 tetrel bonding contacts, two as donor and two
as acceptor (see Fig. 8) controlling the final 3D architecture of
this compound in solid state structure.

In addition to the tetrel bonding and stacking interactions
described above for compounds 1-4, H-bonding interactions
are also important, especially in complexes with neutral
ligands (2 and 3). This is due to the presence of the highly
acidic CONH amide proton. The coordination of the amide
oxygen atom of the ligand to Pb>" dramatically increases the
H-bond donor ability of the amide proton. Consequently both
compounds present N-H---X (X = O, I) interactions that govern
the formation of relevant supramolecular assemblies
(1D chains) in their solid state structures, as depicted in Fig. 9.

Fig. 8 Self-assembled dimer observed in the crystal structure of 4 and
its interaction with neighbouring molecules. Tetrel bonds Pb---N and
n---m interactions are shown as dashed lines. Distances in A.

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 N-H---O/I H-bonded chains in the crystal structure of 2 (a) and 3 (b).
H-bonds are shown as dashed lines. Distances in A.

3.3. Theoretical study of the supramolecular assemblies

We have focused the theoretical study on the analysis of the
remarkable supramolecular assemblies observed in the solid
state of complexes 1-4, directing our attention to the more
unconventional, tetrel bonding and stacking interactions. Par-
ticularly in compounds 1 and 2 we have analysed the Pb---N
interactions that have a prominent role in the formation of
infinite 1D chains in the solid state. Moreover, in compounds
3 and 4 we have analysed the combination of n-stacking inter-
actions (chelate-r in 3 and n—= in 4) and tetrel bonding inter-
actions that control the formation of self-assembled dimers.

In order to analyse the donor-acceptor properties of the
Pb(u) complexes ligand (in both enolate and neutral forms), we
have computed the molecular electrostatic potential (MEP)
surface of compound 1 (enolate) and 3 (neutral), which are
represented in Fig. 10 and 11. In the MEP surface of com-
pound 1 the most positive part corresponds to the metal
center and, unexpectedly, the most negative part is located at
the N atom of the pyridine instead of the N;~ ligand, thus
explaining the formation of the dinuclear metallacycle in 1. In
complex 4, where the ligand is also in the enolate form does
not form the metallacycle due to the different directionality of
the pyridine N-atom (para). An interesting aspect of the MEP
surface is that the MEP values over the pyridine ring centers
present opposite signs (see Fig. 10b). Therefore the enolate
form of the ligand is well prepared to form strong n—m inter-
actions (electrostatically assisted) between the coordinated and
uncoordinated pyridine rings, as observed in 4 (see Fig. 8).

The MEP surface of a complex having the neutral form of
the ligand is shown in Fig. 11. It exhibits significant differ-
ences with respect to the enolate form. First, the most positive

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 MEP plotted onto the van der Waals surface [close (a) and
Z-clipped (b)] of a half of compound 1 computed at the BP86/def2-SVP
level of theory. The MEP values at selected points of the surface are
indicated.

kecal/mol
—45 _50

+70

Fig. 11 MEP plotted onto the van der Waals surface (Z-clipped) of
compound 3 computed at the BP86/def2-SVP level of theory. The MEP
values at selected points of the surface are indicated.

value is located on the amide N-H and the most negative in
the iodide ligand, thus explaining the formation of H-bonded
chains in the solid state. Another significant difference is the
behaviour regarding the MEP values over the pyridine rings,
since both are positive. Finally, the MEP value on the metal
center is positive and that at the uncoordinated pyridine
N-atom is negative and smaller in absolute value than the one

Dalton Trans., 2016, 45, 10708-10716 | 10713
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observed for the enolate form. The directionality of the lone
pair of the uncoordinated pyridine and the Pb c-hole is ideal
for the formation of self-assembled dimers as observed in the
solid state of 3 (see Fig. 6).

An energetic DFT study was undertaken to examine more
closely the nature of the Pb---N interactions observed in the
structures of 1-4. In 1 we analysed the Pb1..-N3A contacts
responsible for interconnection of the metallacycles into infi-
nite chains (see Fig. 2). The interaction energy (Fig. 12a) is
large and negative (AE; = —40.4 keal mol™") and thus indicates
a very strong binding motif in the crystal structure. Similarly,
in compound 2 we have evaluated the Pb1.---N6 contacts
responsible for interconnection of the metallacycles into infi-
nite chains (Fig. 4). In this complex the interaction energy is
considerably less negative (AE, = —19.8 kcal mol™"), indicating
a weaker binding. This is likely due to a combination of two
factors. First, there is an additional n-stacking interaction in
the dimer of 1 that also contributes to the stabilization of the
assembly. Secondly, in compound 1 the ligand is in the
enolate form, thus favouring the tetrel bonding interaction as
anticipated by the MEP analysis. In fact, each Pb>" metal
center is coordinated to three nitrato ligands in 2 that reduce
the tetrel bonding donor ability of the Pb atom. Following the

(@)

AE1 = —40.4 keal/mol 1

AE2 = -19.8 kcal/mol

()

.

O AE3 = -26.7 kcal/mol

Fig. 12 Interaction energies of tetrel bonded dimers of compounds 1 (a),
2 (b) and 3 (c) computed at the BP86-D3/def2-SVP level of theory.
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same reasoning, the interaction energy of the dimer observed
in the solid state of compound 3 (neutral ligand) exhibits an
interaction energy (AE; = —26.7 kcal mol ™) that is smaller in
absolute value than that of compound 1 (enolate form, AE,),
but larger than AE, (compound 2). The latter is due to the
different coordination environment of the Pb, which is co-
ordinated to two iodido ligands in 3 and to three nitrato
ligands in 2, thus decreasing the Pb Lewis acidity in 2 and,
consequently, decreasing the Pb---N strength.

In compound 4 we have focused the theoretical study on
the computation of the energy of the interactions responsible
for the formation of the supramolecular assembly shown in
Fig. 8, which are the antiparallel n-r stacking interaction and
the tetrel bonding. The results are gathered in Fig. 13. The
interaction energy of the antiparallel p-stacking is very large
(AE; = —29.0 keal mol™") in agreement with the MEP study
that shows opposite signs for the MEP values over the co-
ordinated and uncoordinated pyridine rings. Consequently
these electrostatically enhanced n'-n~ complexes are very
strong binding motifs in the crystal structure. Finally, the
interaction energy of the tetrel bond (AEs5 = —10.5 keal mol™)
is modest compared to the half of AE, (also enolate form, see
Fig. 12a). This is likely due to the additional n-n interaction
observed in the solid state of 1 that also contributes to AE;.

Finally, we have used the Bader’s theory of “atoms in mole-
cules”, which provides an unambiguous definition of chemical
bonding, to further describe the noncovalent tetrel bonding
interactions described above. The AIM theory has been effec-
tively utilized to characterize a great variety of interactions.®

In Fig. 14 we show the AIM analysis of the tetrel bonding
complex (a) and the self-assembled z-stacked dimer of com-
pound 4 (the AIM analyses of compounds 1-3 are included in
the ESI, Fig. S1-S31). The Pb---N interaction is confirmed by
the presence of a bond CP and a bond path connecting the N
atom of pyridine to the Pb atom. It can be also observed two
intermolecular H bonds involving two aromatic C-H bonds as
acceptors. The density at the bond CP that characterizes the
tetrel bond is larger than those observed for the H-bonds, indi-
cating that it is the strongest interaction.

Regarding the n-stacked dimer (Fig. 14b) It can be observed
that the n'-n"~ interactions are characterized by the presence of
several bond (red spheres), ring (red spheres) and cage (green
spheres) critical points (CPs). Basically, two bond CPs connect

(a)

\

AE4 = -29.0 kcal/mol AEs = -10.5 kcal/mol

Fig. 13 Interaction energies of rn-stacked (a) and tetrel bonded (b)
dimers of compound 4 (computed at the BP86-D3/def2-TZVP level of
theory).
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------- -

(b)

Pb---N interactions

Fig. 14 AIM analyses of two dimers of complex 4. Bond, ring and cage
critical points are represented by red, yellow and green spheres, respect-
ively. The bond paths connecting bond critical points are also rep-
resented by dashed lines. The value of p(r) at the bond CPs is given for
some interactions in a.u.

the carbon atoms of one pyridine to two carbon atoms of the
other pyridine. The n-n complex is further characterized by
additional CPs that connect the chelate rings. As a conse-
quence of this complicated distribution of bond CPs, several
ring and cage CPs are also generated upon complexation due
to the formation of supramolecular ring and cages. Remark-
ably, the AIM reveals the existence of two Pb---N contacts that
explain the large interaction energy obtained for this dimer (in
addition to the electrostatically enhanced n'-n~ interactions,
see 13a). The value of the Laplacian of the charge density com-
puted at the bond critical points in both assemblies is positive,
as is common in closed-shell interactions.

4. Conclusions

In conclusion, we report the syntheses and structural charac-
terization of four new Pb*" complexes with (iso)nicotinohydra-
zide-based ligands All compounds 1-4 exhibit relevant tetrel
bonding interactions in the solid state that have been
described and characterized using DFT calculations. The ener-
gies associated with the interactions have been computed
using DFT calculations. In general, these noncovalent Pb---N

This journal is © The Royal Society of Chemistry 2016
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interactions are strong due to electrostatic effects, as shown by
the MEP analysis. Our results might be important to under-
stand the solid state architecture of organic-inorganic
materials systems that contain hemidirectionally coordinated
Pb”>* metal centers and organic aromatic molecules.
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