ROYAL SOCIETY

OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Pb---X (X = N, S, 1) tetrel bonding interactions in
Pb(i) complexes: X-ray characterization, Hirshfeld
surfaces and DFT calculationst

i '.) Check for updates ‘

Cite this: CrystEngComm, 2018, 20,
2812

Ghodrat Mahmoudi, @ *? Saikat Kumar Seth, @ °° Antonio Bauza, @°¢
Fedor I. Zubkov, @¢ Atash V. Gurbanov, ©¢ Jonathan White, @9
Vladimir Stilinovi¢,” Thomas Doert @' and Antonio Frontera @ *©

Four new Pb(i) complexes of nicotinoylhydrazone and picolinoylhydrazone-based ligands and three differ-
ent anionic co-ligands (acetate, thiocyanate and iodide) have been synthesized and characterized by struc-
tural, analytical and spectroscopic methods. The ligands coordinate to the Pb(i) metal center in a tridentate
fashion via two nitrogen and one oxygen donor atoms either in mono-deprotonated or in neutral forms.
Single-crystal X-ray crystallography reveals that the molecular complexes aggregate into larger entities
depending upon the anion coordinated to the metal centre. The Pb(i) center is hemidirectionally coordi-
nated and, consequently, it is sterically ideal for establishing tetrel bonding interactions. Consequently, in
the crystal structures of all the complexes, the Pb participates in short contacts with nitrogen, iodide or sul-
phur atoms. These contacts are shorter than the sums of the van der Waals radii and larger than the sums
of the covalent radii, therefore they can be defined as non-covalent tetrel bonding interactions. They inter-
connect the covalently bonded units (monomers or dimers) into supramolecular assemblies (1D infinite
chains and 3D structures). Hirshfeld surface analysis and fingerprint plots have been used to analyse the
contribution of contacts involving the Pb atom. We have analysed the interesting supramolecular assem-
blies observed in the solid state of all four complexes by means of DFT calculations and characterized
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1. Introduction

The investigation of metal-organic frameworks (MOFs) is con-
tinuously increasing the interest of chemists working in solid-
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them using Bader's theory of atoms-in-molecules.

state chemistry, crystal engineering and material chemistry
because of their promising applications in multidisciplinary
fields like photoluminescence and electronics, magnetism,
gas absorption, and many others." The properties of MOFs
can be adjusted by the utilization of different ligands,> metal
centres with different coordination characteristics,® and coun-
ter ions.* Notably, it is possible to modulate their properties
using supramolecular interactions.’

Obviously, hydrogen bonding interactions are the most
commonly used force for the construction and/or modifica-
tion of MOFs. However, other specific non-covalent interac-
tions like highly directional halogen bonding interactions are
becoming prominent players in this field.® In addition to
halogen atoms, electron-deficient regions are also present in
covalently bonded heavier atoms of groups IV to VII, which
are located at the extension of the covalent bond.” The size
and positive electrostatic potential at the c-holes increase
with the increasing electron-withdrawing nature of the cova-
lently bonded group and with the polarizability of the atom
on which the oc-hole is formed. Therefore, the strongest
c-hole interactions occur in those complexes where a heavy
atom of groups IV to VII is covalently bonded to electronega-
tive ones. This type of o-hole interaction has been widely

This journal is © The Royal Society of Chemistry 2018
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described for groups IV to VII (chalcogen, pnicogen and
halogen bonding interactions), however those of group IV
(tetrel interactions) are less common,® It has been shown that
they can be markedly strong, in particular with Sn and Pb,
the metallic members of the group. In this regard, we have
reported the design and synthesis of lead(n) supramolecular
metal-organic frameworks (SMOFs) based on covalent and
non-covalent tetrel bonding interactions.’ In the solid state,
non-covalent 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 a
hemidirectionally coordinated lead center occur with high
probability and with predictable geometries, thus playing an
important role in the solid-state chemistry of lead.”* More-
over, we have also shown that concurrent non-covalent tetrel
bonding, agostic interactions and chelate ring-chelate ring
stacking interactions control the supramolecular architectures
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)methylene)-
isonicotinohydrazide ligand."®

Taking advantage of this understanding, herein we report
the synthesis and X-ray characterization of four new Pb(u)
complexes with nicotinoylhydrazone and picolinoylhydrazone-
based ligands and different anions (acetate, thiocyanate and
iodide) as co-ligands (see Scheme 1). Interestingly, in all
complexes, Pb(u) presents a hemidirectional coordination
pattern, thus presenting a clear void in the distribution of
the bonds to the ligands. This facilitates the approach of
electron donors and their participation in the non-covalent
tetrel bonding interactions. These forces along with hydrogen
bonding and =n-stacking interactions control the supramolecu-
lar architectures observed in their solid state architecture.
The nature of the tetrel bonds in all the four structures was
studied by DFT calculations and molecular electrostatic
potential (MEP) calculations, which showed the presence of
the c-hole in the Pb atom and the considerable strength of
these interactions.

2. Experimental
2.1 Syntheses

The schematic presentation of the ligands used is depicted in
Scheme 1. Due to the insolubility of these compounds in
most of the common solvents employed, we failed to crystal-
lize the materials as single crystals, rather than polycrystal-
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Scheme 1 Ligands used in this work.
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line powders. A possible future solution to our inability to
grow single-crystals is the use of very interesting and unusual
glassware for the reaction/crystallization apparatus (branched
tube, see Scheme S11) which was recently developed by us,"*
and that the syntheses were performed in it. The detailed
synthesis of complex (1) is described here. The rest of the
complexes were synthesized using the same procedure,
mixing equimolar quantities of the appropriate PbX, salts (X
= CH;3COO, 1, with HL' and X = CH;COO, SCN with HL?).

Synthesis of [Pb(L')(CH;COO0)] (1). Pb(CH;COO), and HL"
(0.164 g, 0.5 mmol; 0.113 g, 0.5 mmol) were placed in the
main arm of the branched tube. Methanol or ethanol (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 (see Scheme S1t). After 4
days, crystals of (1) that were isolated in the cooler arm were
filtered off, washed with acetone and ether, and dried in air.

Synthesis of 2-3. These compounds were prepared in the
same way as 1. To prepare 2, we used Pbl,, and HL' (0.230 g,
0.5 mmol; 0.113 g, 0.5 mmol) and methanol (15 ml) as the
solvent. For 3, Pb(CH3COO), (0.164 g, 0.5 mmol) and KSCN
(0.097 g, 1.0 mmol) with HL* (0.113 g, 0.5 mmol) and ethanol
(15 ml) as the solvent were used. For 4, we used Pb(SCN),
and HL? (0.162 g, 0.5 mmol; 0.113 g, 0.5 mmol) and ethanol
(15 ml) as the solvent. For more information, see our pub-
lished paper.™

[Pb(L")(CH;COO)] (1). The isolated yield was 72%. Anal.
caled. (found) for C,4H;,N,O3;Pb; C, 34.21 (34.01); H, 2.46
(2.51); N, 11.40 (11.60)%. IR (cm™*) selected bands: ¥ = CH b
(oop): 667 (m) and 779 (m); COOst: 1385 (s); CCst: 1460 (m);
C=N st: 1499 and 1579 (m); CH st: 3007 (w) cm™".

[Pb(HLY)(1),], (2). The isolated yield was 87%. Anal. calcd.
(found) for C;,H,,I,N,OPb; C, 25.72 (25.91); H, 1.80 (1.75); N,
10.00 (10.15)%. IR (cm™) selected bands: ¥ = CH b (oop): 697
(m) and 769 (m); CCst: 1436 (m); C=N st: 1529 and 1589
(m); C-O st (ligand) 1635; CH st: 2925 (w) cm .

[Pb,(L*)(CH;COO0)(SCN),], (3). The isolated yield was 85%.
Anal. caled. (found) for C;6H;,N¢O3Pb,S,; C, 23.58 (23.61); H,
1.48 (1.58); N, 10.31 (10.42)%. IR (cm™") selected bands: v =
CH b (oop): 632 (m) and 749 (m); COOst: 1352 (s); CCst: 1463
(m); C=N st: 1506 and 1561 (m); SCN: 2012 and 2055; CH st:
2855 (w) cm ™",

[Pb(HL?),(SCN),](C,H5OH) (4). The isolated yield was 85%.
Anal. caled. (found) for C,gH,¢N;0O3PbS,; C, 40.92 (40.71); H,
3.19 (3.28); N, 17.04 (17.22)%. IR (cm™) selected bands: v =
CH b (oop): 685 (m) and 742 (m); CCst: 1466 (m); C=N st:
1525 and 1580 (m); C=O st (ligand) 1650; SCN: 2036 and
2067; CH st: 2926 (w); NH: 3213 (m) cm ™.

2.2 Crystallographic analyses

Single crystals of (1-4, see Scheme 2) suitable for X-ray analy-
sis were selected and crystallographic data were collected on
an Xcalibur 2 for (1), a Bruker-AXS Kappa Apex II for (2), a
SuperNova (Dual, Cu at zero, Atlas) (3), or a Bruker APEX-II
CCD (4) diffractometer using MoKo. radiation (1 = 0.71073 A)
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Scheme 2 Compounds 1-4 synthesized in this work.

in the ®-scan mode. The detector frames were integrated by
using the program SAINT,'” and the empirical absorption
corrections were performed using the SADABS program.’® All
the structures were solved by direct methods and refined by
the full matrix least-squares procedures in SHELXTL.'* All
non-hydrogen atoms were refined with anisotropic displace-
ment parameters, whereas the hydrogen atoms were placed
in calculated positions, when possible, and given isotropic U
values that are 1.2 times that of the atom to which they are

Table 1 Crystal data and structure refinement parameters for (1-4)
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bonded. The materials for publication were prepared using
the SHELXTL,"* PLATON"® and DIAMOND 3.1 (ref. 16) pro-
grams. Further details regarding data collection and structure
refinement are given in Table 1. The structure of 4 exhibits
large displacement ellipsoids in the solvent (the ethanol mol-
ecule) and to a lesser degree in the anions. The attempts to
model these as structural disorder failed to provide more rea-
sonable structural models. The positions of the hydrogen
atoms bonded to the nitrogen could not be satisfactorily re-
fined, and were placed on calculated positions.

2.3 Hirshfeld surface analysis

Molecular Hirshfeld surfaces'” " in the crystal structure are

constructed based on the electron distribution calculated as
the sum of spherical atom electron densities.”® For a given
crystal structure and set of spherical atomic electron densi-
ties, the Hirshfeld surface is unique.>" The normalized con-
tact distance (dyorm) based on d,. (distance from the point to
the nearest nucleus external to the surface), d; (distance to
the nearest nucleus internal to the surface) and the vdW radii
of the atom, given by eqn (1) enables the identification of the
regions of particular importance to the intermolecular inter-
actions.'” The combination of d. and d; in the form of a 2D
fingerprint plot>* provides a summary of the intermolecular
contacts in the crystal."” The Hirshfeld surfaces are mapped

Structure 1 2 3 4

Empirical formula C,5H,4NgOgPb, C1,H;0I,N,0,Pb, C,6H12NgO3PD,S, C,gH,6N;1003Pb, S,

Formula weight 982.95 687.23 814.82 821.90

Temperature (K) 100(2) 170(2) 130.0(1) 293(2)

Wavelength (A) 0.71073 0.71073 0.71073 0.71073

Crystal system Monoclinic Triclinic Triclinic Monoclinic

Space group P2,/c P1 P1 P2,/c

a, b, c(A) 7.4785(2), 21.4405(5), 6.674(6), 7.898(7), 8.5997(9), 10.9376(7), 15.4161(5), 13.7171(5),
9.0220(2) 16.7940(15) 11.7938(12) 14.9481(5)

a, B,y () 90, 94.218(2), 90 82.614(5), 81.440(5), 72.684(7), 80.451(9), 90, 94.944(3), 90

65.269(5) 82.758(7)

Volume (A%) 1442.69(6) 792.99(13) 1040.90(17) 3149.23(19)

Z/density (calc.) (Mg m™) 2/2.263 2/2.878 2/2.600 4/1.733

Absorption coefficient (mm™) 11.713 14.53 16.384 5.537

F(000) 920 612 740 1608

Crystal size (mms) 0.33 x 0.17 x 0.09 0.089 x 0.056 x 0.051 0.3829 x 0.1692 x 0.1349  0.41 x 0.27 x 0.19

0 range for data collection 2.89 to 31.00 2.46 to 26.99 2.978 to 26.998 3.935 to 26.998

Limiting indices -10<h <10 -8<h=<8 -10<h <10 -15<h=<19
-31<k<30 -10<k<9 -13 <k<13 -10 < k<17
-12<1<13 21<l<21 -15<1<15 -19<1<19

Completeness to 6 (%) 99.7 98.8 99.9 98.2

Absorption correction Semi-empirical from Semi-empirical from Semi-empirical from Semi-empirical from
equivalents equivalents equivalents equivalents

Max. and min. transmission 0.36 and 0.09 0.534 and 0.746 0.170 and 0.034 —

Refinement method Full-matrix least-squares Full-matrix least-squares  Full-matrix least-squares  Full-matrix least-squares
on F? on F? on F? on F?

Data/parameters 4582/203 3413/182 4469/263 6750/399

Goodness-of-fit on F? 1.043 1.11 1.042 0.845

Final R indices [I > 20(I)]

R indices (all data)

Largest diff. peak and hole (e A)
CCDC no

R, = 0.018, WR, = 0.042
R; = 0.0226, R, = 0.043
1.719 and -0.586

1588614 1588615

2814 | CrysttngComm, 2018, 20, 2812-2821

R, = 0.0897, WR,, = 0.2154
R; = 0.1228, wR, = 0.2394
10.83 and -1.99

R, = 0.0249, WR, = 0.0555
R; = 0.0285, wR,, = 0.0574
1.552 and -1.936
1588616

R, = 0.0291, wR,, = 0.0559
R, = 0.05660, WR, = 0.0580
0.783 and -0.621

1588617

This journal is © The Royal Society of Chemistry 2018
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using dnorm, and the 2D fingerprint plots presented in this
paper were generated using CrystalExplorer 3.1.>

d — rvdw d —r vdw

A e M (1)
norm ” vdw ” vdw

i ¢

2.4 Theoretical methods

The geometries of the complexes included in this study were
computed at the M06-2X/def2-TZVP level of theory using the
crystallographic coordinates within the TURBOMOLE pro-
gram.>® The advantage of the M06-2X functional is the cor-
rect description of the intermediate-range van der Waals
interaction, due to the inclusion of the kinetic energy density,
which helps to identify weak non-covalent bonds as those
reported herein. The basis set superposition error for the cal-
culation of interaction energies has been corrected using the
counterpoise method.”> The “atoms-in-molecules” (AIM)*®
analysis of the electron density has been performed at the
same level of theory using the AIMAIl program.>’

3. Results and discussion

Structural description of 1-4 focusing on the tetrel bonding
interactions

The molecular views of the asymmetric unit of the title Pb
compounds (1-4) are depicted in Fig. 1 with an atom num-
bering scheme. These structures exhibit hydrogen bonds and
n-n stacking interactions (Tables S1 and S2f). The self-
assemblies of the title structures are described in detail in
the ESI.f We are particularly interested in exploring the less
studied tetrel bonding interactions. These interactions are

View Article Online
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present in the four structures reported herein and are impor-
tant in the formation of supramolecular assemblies in their
solid state.

Compound 1 crystallizes in the P2,/c space group where
Pb(u) is five-coordinated, in a distorted tetragonal-pyramid
fashion, by the O1, N2 and N4 atoms of the ligands and both
the O atoms of the acetate co-ligand. A two-dimensional (2D)
assembly in the (101) plane is generated through the combi-
nation of two types of C-H---O hydrogen bonds and Pb---N
tetrel bonds, as detailed in Fig. Sla (see the ESIT). In Fig. 2,
we represent a self-assembled dimer extracted from the 2D
plane that is characterized by the presence of two symmetri-
cally equivalent Pb--'N tetrel bonds [2.940(2) A]. The Pb---N
distance is longer than the sum of the covalent radii (2.17 A)
and shorter than the sum of the van der Waals radii (3>_Ryaw
= 3.57 A), thus confirming the non-covalent nature of this
interaction that is further analysed below.

Compound 2 has a crystallographic inversion center at
the midpoint and thus it contains two symmetry related
[PbHL'I,] units. In the solid state of this compound, infinite
1D columns, along the [100] direction, are formed, which are
governed by the formation of I---Pb tetrel bonds with a sepa-
ration distance of 3.575(4) A. This distance is considerably
shorter than Y Ryqw = 4.00 A and also much longer that the
sum of the covalent radii (2.85 A), thus confirming the non-
covalent nature of the interaction (see Fig. 3). The solid-state
structure of 2 is further stabilized through a combination of
N-H:--'I, C-H---O, and C-H:-‘I bonds and n-rn stacking inter-
actions as detailed in Fig. S2 and Tables S1 and S2 in the
ESL{

Complex 3 crystallizes in the triclinic space group P1 and
features a centrosymmetric acetate bridged tetranuclear Pb

Fig. 1 Central atom environments (ORTEP drawing) with an atom numbering scheme of (1-4) (a-d respectively). The solvent molecules and
hydrogen atoms are omitted for clarity. For compound (3), the atoms labelled with * are generated at the equivalent position (-x, -y, 1 - z). The

thermal ellipsoids are drawn at the 25% probability level.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Self-assembled dimer generated through Pb---N tetrel bonds
and C-H--O hydrogen bonds in (1). Distances are in A. The symmetry
operation used to generate equivalent atoms (* = -x, -y, 1 - 2).

moiety. The Schiff base ligand coordinates two Pb ijons (Pb1
and Pb2) and the acetate oxygen atoms O2 and O3. The
tetranuclear molecular moiety is generated by the acetate
bridges. Interestingly, in compound 3, two different tetrel
bonding interactions are established (see Fig. 4) in the solid
state, thus confirming the ability of the Pb(u) atom to par-
ticipate in o-hole interactions. One tetrel bond is formed
between the S(5) atom of the N-coordinated pseudohalide li-
gand and the Pb(2) atom characterized by an interatomic
distance of 3.022(2) A, which is in between the sum of the
covalent and vdW radii (2.51 and 3.82 A, respectively). The
second tetrel bond is established between the N(5) atom of
the S-coordinated pseudohalide anion and the Pb(2) metal
center with an interatomic distance of 2.978(4) A, which is
considerably longer than the sum of the covalent radii
(2.17 A) and slightly shorter than the sum of the van der

Pb--|

tetrel bond

Fig. 3 Perspective view of the infinite 1D column generated through
Pb---| tetrel bonds in (2). Distances are in A. The symmetry operation
used to generate equivalent atoms (* = —x, 1 -y, 2-z; #=1-x,1-y,
2-z,@=1+xy, 2).

2816 | CrysttngComm, 2018, 20, 2812-2821
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Pb---N tetrel bonds / Pb---S tetrel bonds

Fig. 4 The self-assembled dimer generated through Pb---N tetrel bonds
in (3). Distances are in A. The symmetry operation used to generate
equivalentatoms (*=-x, -y, 1-z;#=1+x,y,z,@=1-x,-y,1-2).

Waals radii (Y Ryaw = 3.57 A). Both tetrel bonding interac-
tions are responsible for the formation of the self-assembled
dimer shown in Fig. 4. Moreover, the solid-state structure of
compound 3 also exhibits C-H-:-S and C-H---O bonds, and
n-n stacking that generate 2D layers as further discussed in
the ESL}

Finally, compound 4 crystallizes in the monoclinic P2,/c
space group with a hepta-coordination of the Pb(u) metal cen-
ter (see Fig. 1d). This compound also exhibits two types of
tetrel bonding interactions in the solid state as depicted in
Fig. 5. One involves the non-coordinated counter-anion
(SCN") that is located at 3.275(2) A from the Pb. The second
tetrel bond (Pb---N interaction, 3.419 A) is responsible for the
formation of the self-assembled dimer shown in Fig. 4 along
with the n-n stacking interactions, which is described in Fig.
S4 (ESIY).

Hirshfeld surface analysis

The Hirshfeld surfaces of the title compounds (1-4) are illus-
trated in Fig. S5 (ESIf), which shows surfaces that have been

-

Pb---N tetrel bond

Pb---S tetrel bond 4
@s*
Fig. 5 Self-assembled dimer generated through Pb---N/S tetrel bonds

in (4). Distances are in A. The symmetry operation used to generate
equivalentatoms (* =1-x,1-y, 2 - 2).

This journal is © The Royal Society of Chemistry 2018
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mapped over dyom [-0.355 to 1.565 A in (1); -0.376 to 1.324 A
in (2), —0.523 to 1.369 A in (3) and -0.533 to 1.236 A (4)]. The
dominant intermolecular interactions are evident by the cir-
cular depressions on the d,,m surface of the structures (Fig.
S5, ESIT). We are particularly interested to explore the contri-
butions of the (Pb--N, Pb---I, and Pb---S) tetrel bonds that
are involved within the structures and appear as spikes in the
fingerprint plots (Fig. 6). The interactions in between the Pb
and N atoms have a clear signature by the spikes in the do-
nor and acceptor regions of the decomposed fingerprint plot
with d. + d; =~ 2.963 A, d. + d; = 2.942 A and d. + d; ~ 3.448 A
for (1), (2) and (4) respectively (Fig. 3). In complex (3), the
Pb---N interaction has been evidenced in the region d. + d; =
2.672 A whereas its N---Pb counterpart is located at d. + d; =
2.987 A (see the 2nd column of Fig. 6). This is only due to the
variation in the Pb-- N interaction (3.9%) with N---Pb (0.8%).
The breakdown of the fingerprint plot shows that the Pb---N/
N---Pb interactions comprise only 4.7%, 3.6%, 4.7% and
0.9% of the total Hirshfeld surface of the molecules in (1-4),
respectively (Table S3, ESIT). The spikes in the region d; + d.
~ 3.602 A designate the tetrel bonds between the Pb and I
atoms in complex (2) (3rd column of Fig. 6). The percentages
of contribution of these interactions to the relative Hirshfeld
surface areas reveal a noticeable involvement of the Pb---I/
I---Pb interactions (3.2%) out of which their Pb---I and I---Pb

LB R, 32%.

U A ’:14’:#;‘;%;"&77%2%4 "L PBS/S b, 0.7%d
Fig. 6 Fingerprint plots of (1-4): Full (left) and resolved into tetrel
bonds [Pb---N (middle) and Pb---S (right)] showing the percentages of
contacts contributing to the total Hirshfeld surface area of the
molecules.
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counterparts comprise 1.7% and 1.5% of the surface area in
(2). The percentages of contribution corresponding to the
Pb---S/S---Pb interactions in (3) and (4) are very different. The
spikes in the regions d. + d; ~ 2.981 A and d. + d; ~ 3.042 A
are due to their Pb---S and S---Pb counterparts which contrib-
ute 1.6% and 0.5% to the total Hirshfeld surface area in (3).
In complex (4), there is no signature about the S---Pb coun-
terpart (0.0% contribution) and the only spike available in
the region d. + d; ~ 3.312 A designate the Pb--'S interaction
which contributes 0.7% only to the total Hirshfeld surface
area (Fig. S6, ESI{). The decomposed dom, surfaces have
been mapped to identify and to visualize the contribution of
tetrel bonds involved within the structures (1-4) (Fig. S6,
ESIY).

Theoretical study

We have focused the theoretical study to the comparison of
the energetic features of the different tetrel bonding interac-
tions observed in the crystal packing of compounds 1-4 de-
scribed above. In Fig. 7a, we represent a dimer found in the
X-ray solid-state structure of compound 1 that is formed by a
combination of C-H---O hydrogen bonds and Pb--'N tetrel
bonding interactions (see black dashed lines). These interac-
tions play a key role in the formation of the supramolecular
network highlighted in Fig. Sla.f We have represented in
Fig. 7b the MEP surface of compound 1, and the presence of
a strong c-hole (+30 kcal mol™) in the Pb atom at the exten-
sion of the O-Pb bond can be observed. The electrostatic po-
tential at the N atom of the pyridine is negative (-44.5 kcal
mol ™), thus indicating that the tetrel bond is electrostatically
very favourable. In fact, it is more favourable than H-bonding
since the MEP value at the H atom is negligible. We have
computed the interaction energy of this dimer (see Fig. 7c),
which is large and negative (AE; = -20.7 keal mol™") due to
the formation of two symmetrically equivalent tetrel bonds
and also two C-H:--O H-bonds. We have used Bader's theory
of atoms in molecules®® to characterize the interactions. The
existence of a bond critical point (CP) and bond path
connecting two atoms is a clear evidence of interaction, since
it indicates that the electron density is accumulated between
the nuclei that are linked by the associated atomic interac-
tion line.”® In Fig. 7c, we represent the distribution of CPs
and bond paths of the dimer and it shows that H-bonds are
characterized by a bond CP (red sphere) and a bond path
connecting the H atoms to the O atoms (pgcp = 0.0135 a.u.).
Moreover, the Pb--'N tetrel bonding interaction is character-
ized by a bond CP and a bond path interconnecting the N
and Pb atoms (ppcp = 0.0189 a.u.). The value of p at the bond
CP that characterized the tetrel bond is larger than that at
the H-bond, indicating that the tetrel bond is stronger, which
is in agreement with the MEP analysis.

For compound 2, we have studied theoretically the inter-
esting 1D supramolecular polymeric chain (see Fig. 3) that is
formed in the solid-state by evaluating the interaction energy
of a dimeric model extracted from the X-ray structure. In
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Pb---N tetrel bond

o-hole

—44.5 kcal/mol +30 kcal/mol

(©

~0.0 —33kcal/mol

AE1 =-20.7 kcal/mol

Fig. 7 (a) Tetrel bonded dimer from the crystal packing of 1. Distances
are in A. (b) MEP surface (isosurface = 0.001 a.u.) of compound 1. MEP
values at selected points of the surface are indicated. A theoretical
model used to evaluate the binding energy. (c) AIM distribution of
bond and ring critical points (red and yellow spheres, respectively) and
bond paths for the dimer of 1. The values of p(r) at the bond CPs are
given in italics.

order to examine the nucleophilic and electrophilic regions
in compound 2 and rationalize the donor-acceptor interac-
tions, we have first computed the MEP surface (see Fig. 8a). A
c-hole is also observed in this compound at the extension of
the I-Pb bond, however, the MEP value (+24 kcal mol™) is
considerably smaller than that computed for compound 1
(+30 kecal mol™) thus anticipating a weaker tetrel bonding
interaction. Moreover, the MEP value at the I atom is also
smaller in terms of absolute value than that at the pyridine N
atom in 1. As a consequence, the interaction energy com-
puted for the tetrel bonded complex is modest (AE, = -5.8
keal mol™). We have used the AIM analysis and distribution
of CPs to confirm the existence of the Pb--I tetrel bond (see
Fig. 8b). Each o-hole interaction is characterized by the pres-
ence of a bond CP (p = 0.0134 a.u.) and a bond path inter-
connecting the I and Pb atoms (see Fig. 8b). The value of p at
the bond CP is smaller in 2 than in 1, which is in agreement
with the weaker interaction energy.
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+70 kcal/mol

$0.0134

AE2 = -5.8 kcal/mol

Fig. 8 (a) MEP surface (isosurface = 0.001 a.u.) of compound 2. MEP
values at selected points of the surface are indicated. A theoretical
model used to evaluate the binding energy. (b) AIM distribution of
bond and ring critical points (red and yellow spheres, respectively) and
bond paths for the dimer of 2. The values of p(r) at the bond CPs are
given in italics.

For compound 3, we have studied theoretically the inter-
esting 1D supramolecular polymeric chain (see Fig. 4) that it
is formed in the solid state. We have evaluated the interac-
tion energy of the dimeric model extracted from the X-ray
structure where six concurrent tetrel bonds are formed (see
Fig. 9a). The four N'--Pb tetrel bonds are represented in red
(two of them are intramolecular; the Pb---N distance is 2.96
A). In these interactions, the SCN ligand is coordinated to the
Pb atom by the S atom (coordination bond) which establishes
the tetrel bonding interaction (non-covalent bond) by the N
end of the pseudohalide. In the S---Pb tetrel bonds (blue
dashed lines), the pseudohalide is coordinated to the Pb
atom at the N end. The interaction energy of this dimer is
very large (AE; = —68.8 kcal mol™), thus confirming the im-
portance of this interaction governing the solid state architec-
ture of compound 3. We have also carried out the AIM analy-
sis in this dimer and highlighted a partial view of the
distribution in Fig. 9b. All the tetrel bonds are characterized
by a bond CP and bond path connecting the Pb atoms to the
N/S atom (pgcp = 0.0175-0.0182 a.u.). These large values of p
at the bond CPs are consistent with the strong binding en-
ergy of the self-assembled dimer.

This journal is © The Royal Society of Chemistry 2018
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(a)

Pb-NtetreI bond o Ppb---S tetrel bond

Fig. 9 (a) The dimer formed in the crystal packing of 3. (b) The AIM
distribution of the bond and ring critical points (red and yellow
spheres, respectively) and bond paths corresponding to the Pb---S/N
interactions. The values of p(r) (in a.u.) at the bond CPs are given in
italics.

Finally, in compound 4, we have studied theoretically the
charge-assisted tetrel bonding interaction between the outer-
sphere thiocyanate and the Pb(n) complex (see Fig. 5). We
have first computed the MEP surface (see Fig. 10a), and a
strong c-hole is observed at the extension of the N-Pb bond
(+75 keal mol™). This strong c-hole is due to the total charge
of +1 of this moiety. Consequently, the interaction energy
computed for the tetrel bonded complex with the SCN™ coun-
terion is very large (AE, = -64.9 kcal mol™) for a single tetrel
bond. We have used the AIM analysis and distribution of CPs
to confirm the existence of the S:--Pb tetrel bond (see
Fig. 10b). The c-hole interaction is characterized by the pres-
ence of a bond CP (p = 0.0193 a.u.) and a bond path inter-
connecting the S and Pb atoms (see Fig. 10b). The value of p
at the bond CP is very large, which is in agreement with the
strong (charge-assisted) interaction energy.

In Table 2, we gather the charge electron density and the
Laplacian and ellipticity values [p(r), V>s(r) and ¢, respectively]
at the bond CPs that characterize the non-covalent
H-bonding interactions described above and labelled in
Fig. 7-10. The value of p(r) can be related to the strength of
the interaction.>® The density values at the bond CPs reveal
that the Pb---S interaction in 4 is the strongest one which is
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(a)

o-hole

+75 kcal/mol

AE4 = —64.9 kcal/mol

Fig. 10 (a) MEP surface (isosurface = 0.001 a.u.) of compound 4. MEP
values at selected points of the surface are indicated. A theoretical
model used to evaluate the binding energy. (b) AIM distribution of the
bond and ring critical points (red and yellow spheres, respectively) and
bond paths for the tetrel bonded complex 4. The values of p(r) at the
bond CPs are given in italics.

Table 2 AIM parameters (p, V2 and ¢, a.u.) at the bond CPs (see Fig. 7-
10 for labelling) at the M06-2X/def2.TZVP level of theory

CP label, Compd 10* x p 10* x V% 10> x &
CP1 (Pb--N), 1 1.88 4.75 12.1
CP2 (H+-0), 1 1.35 4.14 3.72
CP3 (Pb--1), 2 1.34 2.53 0.99
CP4 (Pb--N), 3 1.79 28.9 7.64
CP5 (Pb--N), 3 1.75 31.9 6.89
CP6 (Pb---S), 3 1.82 4.16 1.10
CP7 (Pb---S), 4 1.93 4.18 0.25
CP8 (H---0), 4 1.05 4.12 9.01

in agreement with its large interaction energy. Moreover, the
values of p(r) in compounds 3 and 1 that characterize the
tetrel bonds are also large, which are in line with the strong
tetrel bonding interactions computed in these complexes. Fi-
nally, complex 2 presents and corresponds to the weakest
complex (AE, = -5.8 kecal mol ™).

4. Concluding remarks

In conclusion, we report the syntheses and structural character-
ization of four new Pb*" complexes with nicotinoylhydrazone
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and picolinoylhydrazone-based ligands. All the compounds 1-4
exhibit relevant Pb---X (X = N, S, I) tetrel bonding interactions
in the solid state which have been described and characterized
using DFT calculations. The energies associated with the inter-
actions have also been evaluated using DFT calculations. In
general, the non-covalent Pb---X interactions range from mod-
erate to strong depending on the Pb** environment. The
electrostatic effects, as shown by the MEP analysis, are very im-
portant to describe this interaction. Finally, the results in-
cluded herein reveal that non-covalent tetrel bonding interac-
tions are crucial to understand the solid-state architecture of
organic-inorganic =~ materials  systems  that contain
hemidirectionally coordinated Pb®" metal centers and organic
aromatic molecules.
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