crystals

Article

Synthesis, X-ray, Hirshfeld, and AIM Studies on Zn(II) and
Cd(II) Complexes with Pyridine Ligands

Mezna Saleh Altowyan 119, Eman M. Fathalla ?, Dalia Hawas 2, Jérg H. Albering 3, Assem Barakat 4,
Morsy A. M. Abu-Youssef 2%, Saied M. Soliman %*(, Taher S. Kassem > and Ahmed M. A. Badr >

check for
updates

Citation: Altowyan, M.S.;

Fathalla, E.M.; Hawas, D.;

Albering, ].H.; Barakat, A.;
Abu-Youssef, M.A.M.; Soliman, S.M.;
Kassem, T.S.; Badr, A.M.A. Synthesis,
X-ray, Hirshfeld, and AIM Studies on
Zn(II) and Cd(IT) Complexes with
Pyridine Ligands. Crystals 2022, 12,
590. https://doi.org/10.3390/
cryst12050590

Academic Editor: Ulli Englert

Received: 29 March 2022
Accepted: 20 April 2022
Published: 22 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, College of Science, Princess Nourah bint Abdulrahman University,
P.O. Box 84428, Riyadh 11671, Saudi Arabia; msaltowyan@pnu.edu.sa

Department of Chemistry, Faculty of Science, Alexandria University, P.O. Box 426, Ibrahimia,
Alexandria 21321, Egypt; Eman.nomeir@alexu.edu.eg (E.M.E.); daliah_207@hotmail.com (D.H.);
taher.kassem.2011@gmail.com (T.S.K.); ahmed_badr@alexu.edu.eg (A.M.A.B.)

Graz University of Technology, Mandellstr. 11/III, A-8010 Graz, Austria; joerg.albering@tugraz.at
Department of Chemistry, College of Science, King Saud University, P.O. Box 2455,

Riyadh 11451, Saudi Arabia; ambarakat@ksu.edu.sa

*  Correspondence: Morsy5@AlexU.edu.eg (M.A.M.A.-Y.); saied1soliman@yahoo.com or
saeed.soliman@alexu.edu.eg (5.M.S.)

Abstract: The synthesis and crystal structures of three heteroleptic complexes of Zn(II) and Cd(II)
with pyridine ligands (ethyl nicotinate (EtNic), N,N-diethylnicotinamide (DiEtNA), and 2-amino-5-
picoline (2Ampic) are presented. The complex [Zn(EtNic),Cl,] (1) showed a distorted tetrahedral
coordination geometry with two EtNic ligand units and two chloride ions as monodentate ligands.
Complexes [Zn(DiEtNA)(H0)4(SO4)]-H,0 (2) and [Cd(OAc)2(2Ampic),] (3) had hexa-coordinated
Zn(II) and Cd(IT) centers. In the former, the Zn(II) was coordinated with three different monodentate
ligands, which were DiEtNA, H,O, and SO42~. In 3, the Cd(Il) ion was coordinated with two
bidentate acetate ions and two monodentate 2Ampic ligand units. The supramolecular structures of
the three complexes were elucidated using Hirshfeld analysis. In 1, the most important interactions
that governed the molecular packing were O---H (15.5-15.6%), Cl---H (13.6-13.8%), Cl---C (6.3%), and
C---H (10.3-10.6%) contacts. For complexes 2 and 3, the H---H, O---H, and C---H contacts dominated.
Their percentages were 50.2%, 41.2%, and 7.1%, respectively, for 2 and 57.1%, 19.6%, and 15.2%,
respectively, for 3. Only in complex 3, weak -7 stacking interactions between the stacked pyridines
were found. The Zn(Il) natural charges were calculated using the DFT method to be 0.8775, 1.0559,
and 1.2193 for complexes 1-3, respectively. A predominant closed-shell character for the Zn—Cl,
Zn-N, Zn-0O, Cd-O, and Cd-N bonds was also concluded from an atoms in molecules (AIM) study.

Keywords: cadmium(Il); zinc(II); pyridine-type ligand; Hirshfeld; intermolecular interactions; X-ray

1. Introduction

Metallosupramolecular complexes are currently attracting a lot of attention because of
their diverse uses in different applications, such as gas storage, optics, catalysis, electronic
conductivity, and magnetism [1-25]. Non-covalent interactions, namely aromatic 7- - - 7t
stacking and H-bonding interactions, are important for the construction of supramolecular
structures from the self-assembly of diverse components [26-32]. These interactions, along
with van der Waals forces, play important roles in a variety of domains, including crystal
engineering, inorganic chemistry, biochemistry, and others [33-36].

Different metal ions have various characteristics and different modes of coordination,
which represent important factors in determining the molecular and supramolecular struc-
tures of complexes. For instance, metal ions with d!° configurations, such as Zn(II) and
Cd(II), when reacting with organic ligands, frequently exhibit several coordination num-
bers [37-40]. With their spherical d1o configuration, these metal ions show rather spherical
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and non-selective coordination, with coordination numbers simply governed by the size of
the metal ion and the ligands. Because of their structural flexibility and their significance as
luminescent materials and in ligand exchange chromatography, this category of complexes
has received a lot of attention [41-45]. In addition, complexes of Zn(Il) have interesting
biological applications [46]. Among neutral aromatic N-donor ligands, pyridine derivatives
are important ligands [47] for constructing various coordination compounds [48-53] with
diverse applications [54-56]. These compounds can be used to treat brain illnesses and
neurological diseases and are also used as an anesthetic, anti-inflammatory, and anti-cancer
agent [57]. Additionally, the nature of the small anion has a significant impact on the
complex’s structure [58-63]. Hence, combining metal ions with nitrogen donor ligands and
a small anionic oxygen donor could be a way to synthesize new heteroleptic complexes.

In this work, new Zn(Il) and Cd(Il) complexes with the pyridine derivatives
(Figure 1) ethyl nicotinate (EtNic), N,N-diethylnicotinamide (DiEtNA), and 2-amino-5-
picoline (2Ampic) were synthesized, and their supramolecular structures were character-
ized using X-ray single-crystal structure and Hirshfeld analyses. The charge distribution
and bonding were studied using DFT-based natural charge calculations and the atoms in
molecules (AIM) method.
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Figure 1. Structures of the studied ligands EtNic [64-66], DiEtNA [67-70] and 2Ampic [71-73].

2. Materials and Methods
2.1. Materials and Physical Measurements

All chemicals and reagents used were of analytical grade and were used without
additional purification, as received from Sigma-Aldrich Chemical Company Inc. (St. Louis,
MO, USA). CHN analysis was performed using a PerkinElmer 2400 Elemental Analyzer
(PerkinElmer Inc., Waltham, MA, USA). The metal content was measured with a Shimadzu
atomic absorption spectrophotometer (AA-7000 series, Shimadzu, Ltd., Kyoto, Japan).

2.2. Synthesis of Complexes 1-3

A similar procedure was used to prepare the three complexes. An aqueous solution of
the metal salt was mixed with an ethanolic solution of the functional ligand. The resulting
clear solution was left for slow evaporation at room temperature for a couple of days. After
a week, colorless crystals of the target compounds suitable for X-ray analysis were obtained.

2.2.1. [Zn(EtNic),Cl,] (1)

Complex 1 was prepared by mixing a 10 mL aqueous solution of ZnCl, (13.6 mg,
0.1 mmol) with a 10 mL ethanolic solution of EtNic (30.2 mg, 0.2 mmol). C1H18C1,N,O4Zn:
Yield: 85%; Anal. Calc.: C, 43.81; H, 4.14; N, 6.39; Zn, 14.91%. Found: C, 43.50; H, 4.06;
N, 6.25; Zn, 14.79%.

2.2.2. [Zn(DiEtNA)(H,0)4(SO4)]-H,0 (2)

Complex 2 was prepared by mixing equimolar amounts of a 10 mL aqueous solution
of ZnSO,4.7H,0 (28.8 mg, 0.1 mmol) with a 10 mL ethanolic solution of DiEtNA (17.8 mg,
0.1 mmol). C190Hp4N»>O19SZn: Yield: 79%; Anal. Calc.: C,27.95; H, 5.63; N, 6.52; Zn, 15.22%.
Found: C, 27.74; H, 5.54; N, 6.39; Zn, 15.05%.
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2.2.3. [CA(OAQ)(2Ampic)2] (3)

Complex 3 was prepared by mixing a 10 mL aqueous solution of Cd(OAc); (23.0 mg,
0.1 mmol) with a 10 mL ethanolic solution of 2Ampic (21.6 mg, 0.2 mmol). C;6H2pCd N4Oy:
Yield: 81%; Anal. Calc.: C, 43.01; H, 4.96; Cd, 25.16; N, 12.54%. Found: C, 42.72; H, 4.85; Cd,
25.06; N, 12.33%

2.3. Crystal Structure Determination

The crystal structure determinations for complexes 1-3 are described in method S1
and Table S1 (Supporting Materials) [74,75].

2.4. Hirshfeld Surface Analysis

The Crystal Explorer Ver. 3.1 [76] program was used to construct the Hirshfeld surfaces
and determine the 2D fingerprint plot for the studied complexes [77,78].

2.5. DFT Calculations

All DFT computations were performed using Gaussian 09 software [79]. Natural
charge calculations [80] were performed at the MPW1PW91 [81] level combined with cc-
PVTZ and cc-PVTZ-PP basis sets for nonmetal and metal atoms, respectively [82,83]. Atoms
in molecules (AIM) parameters were calculated [84] using the Multiwfn program [85].

3. Results and Discussion
3.1. X-ray Structure Description
3.1.1. Structure of [Zn(EtNic),Cl,]; 1

The X-ray structure of the heteroleptic Zn(II) complex 1 is shown in Figure 2. The
complex crystallized in the monoclinic crystal system and P2; /c space group. The unit cell
parameters were a = 14.1940(9) A, b = 19.8380(11) A, ¢ = 14.3957(9), A and p = 111.432(3)°.
The view of the unit cell of 1 along the ac plane is shown in Figure S1 (Supporting Materials).
The asymmetric unit comprised two [Zn(EtNic)2Cl>] formula units. The Zn(II) was coor-
dinated with two EtNic molecules via the ring N-atom and two chloride ions. The Zn-N
distances were marginally different (2.057(3)-2.061(3) A), and the same is true for the
Zn—Cl bonds (2.221(1)-2.226(1) A). The N-Zn-N and Cl-Zn-Cl angles were in the ranges of
110.68(13)-110.84(13)° and 129.13(4)-129.46(4)°, respectively (Table 1). Hence, Zn(Il) was
tetra-coordinated with a distorted tetrahedral coordination environment, which is expected
for a small size metal ion with a spherical d'° configuration.

Figure 2. The asymmetric unit of the [Zn(EtNic),Cl,] complex.
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Table 1. The important geometric parameters (A, °) in complex 1.

Bond Distance Bond Distance
Zn1-N4 2.057(3) Zn2-N2 2.059(3)
Zn1-N3 2.057(3) Zn2-N1 2.061(3)
Zn1-Cl1 2.222(1) Zn2-CI3 2.2221(1)
Zn1-CI12 2.224(1) Zn2-Cl4 2.226(1)

Bonds Angle Bonds Angle

N4-Zn1-N3 110.84(13) N2-Zn2-N1 110.68(13)
N4-Zn1-Cl1 103.87(8) N2-Zn2-Cl13 104.85(8)
N3-Zn1-Cl1 104.79(9) N1-Zn2-Cl3 105.46(9)
N4-Zn1-Cl2 103.58(8) N2-Zn2-Cl4 102.29(9)
N3-Zn1-Cl2 103.84(8) N1-Zn2-Cl4 103.91(8)
Cl1-Zn1-CI2 129.46(4) Cl3-Zn2-Cl4 129.13(4)

The supramolecular structure of 1 is controlled by weak non-classical C-H---O interac-
tions between the protons from the CH; group in the ester moiety of one molecule with
the oxygen atom of the carbonyl group in the ester moiety of another molecule. As can be
seen from the packing scheme shown in Figure 3, the C7-H7A---O5 and C31-H31B---O4
interactions form a wave-like chain along the a-direction. The hydrogen bond parameters
are depicted in Table S2 (Supporting Materials). The H7A-.-O5 and H31B---O4 distances
were 2.58 and 2.55 A, respectively. In addition, the corresponding donor-acceptor distances
were 3.076(5) and 3.055(6) A, respectively.

Figure 3. Wave-like packing of 1 along the ab plane.

3.1.2. Structure of [Zn(DiEtNA)(H>0)4(SO4)]1-H,0; 2

The X-ray structure of 2 also revealed a heteroleptic Zn(II) complex, but in this
case, the Zn(Il) was hexa-coordinated (Figure 4). This complex crystallized in the or-
thorhombic crystal system and P2;2;2; space group. The unit cell parameters were
a=76541(3) A, b =9.9244(4), A and ¢ = 23.1526(10) A. The asymmetric unit comprised
one [Zn(DiEtNA)(H20)4(SO4)1-H,O formula unit. The view of the unit cell of 2 along the
ac plane is shown in Figure S2 (Supporting Materials). In this complex, the Zn(II) was
hexa-coordinated to only one bulky DiEtNA organic ligand; five small ligands, which
were the four water molecules; and one sulfate anion, all acting as monodentate ligands.
The structure of this complex comprised one crystal water, which was not a part of the
coordination sphere but contributed significantly to the molecular packing of this com-
plex. Among the five Zn-O interactions, the longest zinc-to-oxygen distance was Zn1-O9
(2.1284(10) A), which occurred with the weakly coordinated sulfate anion. By contrast, the
Zn1-0O4 bond, which occurred between the Zn(Il) ion and the water molecule trans to the
Zn1-09 bond, was the shortest (2.0657(11) A). Additionally, the distance between the Zn(II)
and the heterocyclic nitrogen of DiEtNA was 2.1388(12) A. In addition, the bond angles
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inside the coordination sphere deviated from the ideal values of 180 and 90° for the trans
and cis bonds, respectively (Table 2). The angles between the trans bonds ranged from
174.37(4)° (0O4-Zn1-09) to 177.53(5)° (O3-Zn1-02), while the angles between the cis bonds
were in the range of 83.99(4)° (05-Zn1-09) to 92.91(4)° (O4-Zn1-N1). The distance between
the Zn(II) ion and the oxygen of the crystal water was 4.325(3) A, which is too long to be a
bond. Hence, the fifth water molecule was a part of the outer sphere.

7
~e

Figure 4. The asymmetric unit of [Zn(DiEtNA)(H;0)4(SO4)]1-H,0 (2). The disorder of one of the
ethyl groups was refined as Part 1 (59.7%) and Part 2 (40.3%).

Table 2. The important geometric parameters (A, °) in complex 2.

Bond Distance Bond Distance
Zn1-O4 2.0657(11) Zn1-02 2.1146(11)
Zn1-0O3 2.0796(11) Zn1-09 2.1284(10)
Zn1-0O5 2.1012(11) Zn1-N1 2.1388(12)

Bonds Angle Bonds Angle

04-Zn1-03 92.35(4) 05-Zn1-09 83.99(4)
04-Zn1-O5 90.56(5) 02-Zn1-09 92.84(4)
03-Zn1-0O5 92.27(5) 04-Zn1-N1 92.91(4)
04-Zn1-02 85.66(4) 03-Zn1-N1 89.26(5)
03-Zn1-02 177.53(5) 05-Zn1-N1 176.15(5)
05-Zn1-02 89.20(5) 02-Zn1-N1 89.39(5)
04-Zn1-09 174.37(4) 09-Zn1-N1 92.50(4)
03-Zn1-09 89.28(4)

In contrast to 1, the supramolecular structure of 2 was controlled by several strong
O-H---O hydrogen bonds (Table 3). The coordinated and crystal water molecules acted as
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hydrogen bond donors, while the oxygen atoms from the amide group, the coordinated
sulfate ion, and the crystal water were the hydrogen bond acceptors. In addition, the
structure was found to be stabilized by some intramolecular O---H interactions. The intra-
and intermolecular hydrogen bonds are shown in Figure 5A as turquoise and red dotted
lines, respectively, while the 3D packing structure is shown in Figure 5B.

Table 3. Hydrogen bond parameters (A, °) in 2.

D-H---A d(D-H) d(H---A) d(D---A) <(DHA) Symm. Code
02-H2A---09 0.86(2) 1.90(2) 2.7561(15) 173(2) —x,~1/2+y1/2 -z
02-H2B---07 0.845(16) 1.996(17) 2.7789(14) 153.7(18)
03-H3A---06 0.82(2) 1.93(2) 2.7429(15) 176(2) 1+xyz
03-H3B---08 0.83(2) 2.002) 2.8216(15) 170(2) —x1/2+y1/2—z
O4-H4A---07 0.831(16) 1.829(16) 2.6591(15) 177(2) 1+x,y,2
O4-H4B:--06 0.82(2) 1.91(2) 2.7266(14) 170(3) —x,~1/2+y1/2 —z
05-H5A---08 0.81(2) 2.32(2) 2.9958(16) 141(2)

O5-H5B---010 0.77(3) 1.92(3) 2.680(2) 174(3)
010-H10A---0O1 0.77(2) 1.97(3) 2.734(3) 178(3) 1-x-1/2+y1/2 -2z
010-H10B---O8 0.81(3) 2.09(3) 2.8874(19) 169(4) 1+x,y,z

C1-H1---07 0.95 2.54 3.3586(18) 144

C2-H2---01 0.95 2.35 3.2622(19) 160 -1+ X,Y,Z

C3-H3---01 0.95 2.58 3.260(2) 129 -1/2+x,3/2 —y,—z

C5-H5---04 0.95 2.53 3.0950(18) 118

B
H10B i—)
a
»~\

Figure 5. Intra- and intermolecular contacts (A) through O-H---O hydrogen bonds and packing of 2
along the ac plane (B).

3.1.3. Structure of [Cd(OAc)2(2Ampic);]; 3

The X-ray structure of the [Cd(OAc)2(2Ampic),;] complex 3 is shown in Figure 6. This
compound crystallized in the monoclinic crystal system and P2; /n space group. The unit
cell parameters were a = 8.4025(4) A, b = 17.1565(15) A, ¢ = 12.9867(9) A, and B = 94.661(3)°.
The view of the unit cell of 3 along the bc plane is shown in Figure S3 (Supporting Materials).
In this complex, the large Cd(II) ion was hexa-coordinated with the heterocyclic nitrogen
atom of the two bulky 2Ampic molecules, which acted as the monodentate ligand. In
addition, the Cd(II) was coordinated with four oxygen atoms from two bidentate acetate
ions. The Cd1-N1 and Cd1-N2 distances were 2.3210(8) and 2.2723(8) A, respectively, while
the N1-Cd1-N2 angle was 93.39(3)°, indicating that the two pyridine ligand units are located
cis to one another. On the other hand, the acetate group of the lower atom numbering
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had different Cd-to-O distances. The Cd1-O1 and Cd1-O2 distances were 2.2993(7) and
2.4484(7) A, respectively. The other acetate group had two almost equidistant Cd-O bonds,
for which the Cd1-O3 and Cd1-O4 distances were 2.3813(8) and 2.3356(7) A, respectively.
The bite angles of the two acetate groups were 55.08(2) and 55.67(3)°, respectively (Table 4).
Because of the small bite angles of the two acetate groups, one could consider that the two
acetate ions are also located cis to each other.

Figure 6. The asymmetric unit of [Cd(OAc),(2Ampic);] (3).

Table 4. The important geometric parameters (A, °) in complex 3.

Bond Distance Bond Distance
Cd1-N2 2.2723(8) Cd1-04 2.3356(7)
Cdi1-01 2.2993(7) Cd1-03 2.3813(8)
Cd1-N1 2.3210(8) Cd1-02 2.4484(7)

Bonds Angle Bonds Angle
N2-Cd1-0O1 150.61(3) N1-Cd1-0O3 150.41(3)
N2-Cd1-N1 93.39(3) 04-Cd1-03 55.67(3)
01-Cd1-N1 91.69(3) N2-Cd1-02 96.04(2)
N2-Cd1-0O4 101.74(3) 01-Cd1-02 55.08(2)
01-Cd1-04 106.61(3) N1-Cd1-02 108.94(3)
N1-Cd1-O4 95.09(3) 04-Cd1-02 149.13(3)
N2-Cd1-03 96.88(3) 03-Cd1-02 97.50(3)
01-Cd1-03 92.77(3)

The supramolecular structure of 3 is controlled by a complicated set of classical (N-
H---O) and non-classical (C-H:--O) hydrogen bonding interactions (Table 5). The molecular
structure of 3 is stabilized by the intramolecular N3-H3A.--O4 and N4-H4D---O2 hydrogen
bonds, which are shown in Figure 7A as turquoise dotted lines, while the intermolecular
hydrogen bonds are shown in the same figure as red dotted lines. The 3D packing structure
of complex 3 is shown along the ab plane in Figure 7B.
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Table 5. Hydrogen bond parameters (A, °) in 3.

D-H---A d(D-H) d(H:--A) d(D---A) <(DHA) Symm. Code

N3-H3A---O4 0.845(16) 2.102(16) 2.9333(12) 167.6(16)

N3-H3B---02 0.862(15) 2.151(15) 3.0047(11) 70.9(15) —1+xyz

N4-H4D---02 0.827(17) 2.188(17) 3.0046(11) 169.4(15)

N4-H4E---O1 0.839(16) 2.097(16) 2.9181(12) 165.9(15) 1/2+x1/2 —y1/2+z2
C7-H7---O3 0.95 2.55 3.2791(13) 134 2-x1-y2-z
C8-H8:--01 0.95 2.56 3.3046(13) 135 1/2+x1/2 —y1/2+z

C10-H10C---O4 0.98 2.56 3.4072(14) 145 1-x1-y2-z

C13-H13:--0O3 0.95 2.57 3.3091(12) 135 -1/2+x1/2 —y1/2+z

Figure 7. The intra- and intermolecular contacts (A) and packing scheme via O-H:--O hydrogen
bonds along ab plane (B) of 3.

3.2. Hirshfeld Surface Analysis

The use of Hirshfeld surface analysis to describe the intermolecular interactions that
affect the molecule packing in crystals has been shown to be very effective [86]. In this
context, various contacts in the crystal structures of the investigated complexes were
quantitatively evaluated using Hirshfeld calculations. For complex 1, the single-crystal
X-ray structure showed the presence of two [Zn(EtNic),Cl] units per asymmetric formula
(Zn1 and Zn2 units), so there are two sets of results for this crystal structure (Table 6).
It is clear that the types of interactions, as well as their percentages in both units, were
nearly identical, and the most predominant contacts in both units were H:---H, O---H, Cl---H,
C---H, and CI.--C (Table 6). Their percentages were 43.8%, 15.6%, 13.6%, 10.6%, and 6.3%,
respectively, for the Zn1 unit and 44.0%, 15.5%, 13.8%, 10.3%, and 6.3%, respectively, for
the Zn2 unit.

Table 6. Different contacts and their percentages in complex 1.

Contact Zn1 Unit Zn2 Unit
Zn---N 0.5 0.5
Zn---C 1.1 1.1
Cl---N 15 15
Cl---O 1.1 1.1
Cl---C 6.3 6.3
Cl---H 13.6 13.8
N---C 2.3 2.3
N---H 0.8 0.7
O---0 0.2 0.2
O---C 2.2 2.2
O---H 15.6 15.5

C.--C 0.4 0.4
C.--H 10.6 10.3
H---H 43.8 44
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The decomposed dnorm maps and fingerprint plots strongly show that O---H, Cl---H,
Cl---C, and C---H are the most important interactions that govern the molecular packing
of 1. The appearance of these contacts as red spots in the dnorm maps and relatively sharp
spikes in the fingerprint plots (Figure 8) reveal the importance of these short contacts in the
crystal stability of this complex. The contact distances of all the short contacts are listed
in Table 7.

OH ‘ dnorm

10 1.0]
08 08
06 7 os d
“UFUFTU T TT T TF 27U 77 7% 76 75 L 1
L Il Jat ek e ey e T e e
2ald Ck--C 28d, C+H

UG UF TU T2 TX 16 T8 2U 27 2% 26 Z% O URTU 1T T TE T8I0 7T A n‘n‘l

Figure 8. The fingerprint plots (left) and dnorm maps (right) of the short contacts in complex 1.

Table 7. The distances of all short contacts in 1.

Contact Distance (A) Contact Distance(A)
O4---H31B 2.520 Cl3---C25 3.337
O5---H7A 2.533 Cl4---C29 3.406
Cl4---H29 2.799 Cl4---C17 3.264

Cl1---C9 3.349 C16---H19 2.734

Cl2---C1 3.270 C24---H11 2.604

CI2---C13 3.396




Crystals

2022, 12, 590

10 of 17

For complex 2, there was disorder in one of the two ethyl groups attached to the amide
moiety. As a result, there were two disordered parts, which differed in the orientation of
this ethyl group (Figure 4). The fingerprint plot of the two parts was dominated by H---H,
O---H, and C---H contacts. The contributions of these contacts to the overall surface were
50.2%, 41.1%, and 7.0%, respectively, for part 1 and 50.2%, 41.2%, and 7.1% for part 2. The
other interactions had a negligible effect on the Hirshfeld surface in both forms (Figure S4;
Supporting Materials). The dnorm maps of the two parts showed that the most important
contacts were the polar O---H interactions, which appeared as large intense red spots and
sharp spikes in the fingerprint plot, indicating short contacts (Figure 9). The distances of
these short contacts are listed in Table 8. The main difference between the results of the two
disordered parts is the presence of two extra red spots corresponding to the O10---H31C
interaction (2.558 A) only for part 2 (Figure 9).

334
26
24
22
20
s
16
14
12
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Figure 9. The fingerprint plots and dnorm maps related to O---H contacts in 2. The solid black arrows
refer to the extra O10 ... H31C interactions that exist in part 2.

Table 8. The short O---H contacts in complex 2.

Contact Distance (A) Contact Distance(A)
Ol... H3 2.502 O7 ... H4A 1.677
O1... H10A 1.751 O8 ... H3B 1.851
O1... H2 2.230 O8 ... H10B 1.918
O6 ... H3A 1.762 09... H2A 1.779
O6 ... H4B 1.754 010... H31C 2.558

There was another difference between the two disordered parts of complex 2. In
part 2, there was one short H---H contact (H14B---H31C) which was not found in part 1.
The interaction distance of this contact was 2.167 A. The steep spikes that occurred in the
fingerprint plot of part 2 and the red spot in the corresponding dnorm map were additional
evidence of the importance of the H---H contacts in part 2 of complex 2 (Figure 10).
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Figure 10. The fingerprint plots and dnorm maps related to H---H contacts in 2. The solid black arrows
refer to the extra H14B---H31C interactions that exist in part 2.

For complex 3, the H---H, O---H, and H:--C contacts dominated the crystal struc-
ture, with 57.1%, 16.9%, and 15.2% contributions, respectively. In addition, there were
some minor contributions from N---H, C:--C, N---C, and O---C interactions (Figure S5;
Supporting Materials). The strong polar O---H interactions appeared as large intense red
spots on the dnorm map and sharp spikes in the fingerprint plot (Figure 11). The most
important O---H interactions occurred between oxygen atoms of the acetate moiety as the
hydrogen bond acceptor, with the N-H protons of the amino group as the hydrogen bond
donor (Figure 11A). The corresponding O---H contact distances were 1.933 A (N4-H4E---O1)
and 2.005 A (N3-H3B---O2). Other O---H interactions, such as C7-H7---O3 (2.458 A),
C8-H8---0O1 (2.472 A), C13-H13---O3 (2.473 A), and C10-H10C---O4 (2.474 A) occurred
with the C-H protons of the picoline moiety as the hydrogen bond donor (Figure 11B).

d.

U6 U8 TU 17 T4 16 18 20 27 7% 26 2%

Figure 11. The FP plot and dnorm maps showing the different N-H:--O (A) and C-H:--O (B) interac-
tions in complex 3.

In addition, it is important to note the presence of complementary red/blue triangles
in the shape index map and the green flat area in the curvedness map. Both indicated the
presence of 7-m stacking interactions between the nearly parallel stacked pyridine rings
(Figure 12). The C5---C7 (3.507 A) is the shortest distance between the stacked pyridine
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rings. This distance was slightly longer than twice that of the vdWs radii (3.40 A) of the
carbon atoms, indicating a relatively weak m-7 stacking interaction.

Figure 12. Red/blue triangles in shape index (left) and flat green surface in curvedness (right)
revealed the presence of 7-7t stacking interaction in 3.

3.3. Natural Charge Distribution

In metal-organic complexes, the interaction between a metal ion and ligand groups
causes considerable changes in their charges as a result of the partial electron density
transfer from the ligand (Lewis base) to the metal ion (Lewis acid). The results of their
natural charges are listed in Table 9. The calculated natural charges at the central metal ion
were 0.8775, 1.0559, and 1.2193 for complexes 1-3, respectively. All values were notably
different from the formal charge of +2 for the isolated metal ion. In complex 1, the C1~
and EtNic ligands transferred 0.406 e and 0.155 e (average values), respectively. In the case
of complex 2, the organic ligand (DiEtNA) and the weakly coordinating anion (SO4%~)
transferred lower electron densities of 0.131 and 0.271 e, respectively, to the Zn(II) compared
with 1. In addition, the four coordinated water molecules transferred a net of 0.5421 e to
the Zn(Il) ion. In complex 3, the amounts of electrons transferred from each 2Ampic and
OAc™ fragments were 0.1242 and 0.2661 e, respectively. Hence, the net electron densities
transferred from the ligand groups to the central metal ion were 1.1226, 0.9441, and 0.78071 e
for complexes 1, 2, and 3, respectively. The highest value was found in complex 1, probably
because of the presence of the strongly coordinating C1~ anion.

Table 9. Charge analysis in complexes 1, 2, and 3.

Moiety 1 (Zn1 Unit) 1 (Zn2 Unit) Moiety 2 Moiety 3
Zn 0.8775 0.8773 Zn 1.0559 Cd 1.2193
2CI~ —1.1873 —1.187 SO4%~ —1.7287 20Ac™ —1.4678 2
2(EtNic) 0.3099 @ 0.3097 DiEtNA 0.1307 2(2Ampic) 0.2484 2
4H,0 0.54212

2 Average value.

3.4. The Atoms in Molecules (AIM) Studies

According to the AIM approach [87-90], each bond has a bond path and a bond
critical point [91]. We calculated the AIM parameters of each coordinate bond at its BCP
(Table S3 (Supplementary data)). According to the literature, the degree of the electron
density function (p) at BCP can express the strength of the bond [91]. It is clear that all
bonds hadan electron density (p) smaller than 0.1 a.u., and the Laplacian (VZ2p) had positive
values; this clearly revealed the predominant closed-shell character of the Zn-Cl, Zn-N,
Zn-0, Cd-O, and Cd-N bonds, which agrees with their spherical coordination environment,
indicating that no specific coordination is preferred and only size determines the number
of ligands [92-94]. In addition, large p and V2p values indicate that the structure has a
high level of local stability [95,96]. As clearly seen in Table S3 (Supplementary data), these
parameters were higher for the Zn-N interactions in complex 1 than those in 2, which agrees
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with the shorter Zn-N bonds in the former compared with the latter [97]. Similarly, there
are clear inverse correlations between these parameters and Zn-O distances (Figure 13). On
the other hand, the quantities of total energy density (H(r)) [98] were near zero, indicating
very well that all coordinate bonds have low covalent characters.
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Figure 13. Correlation between the AIM parameters and Zn-O distances.

4. Conclusions

The molecular and supramolecular structures of three heteroleptic complexes of
Zn(II) and Cd(II) metal ions with pyridine-type ligands were discussed. The compounds
[Zn(EtNic),Cl,]; 1, [Zn(DiEtNA)(H20)4(SO4)]1-H>0; 2, and [CA(OAc)2(2Ampic),]; 3 were
synthesized by the self-assembly of the corresponding metal(II) salt and the functional
pyridine ligand in water—ethanol as solvents. Their single-crystal X-ray structures were
determined and analyzed using Hirshfeld analysis. It was found that the Zn(Il) was tetra-
coordinated in 1 with a distorted tetrahedral coordination environment, while the Zn(II)
and Cd(II) were hexa-coordinated in complexes 2 and 3, respectively. In all complexes, the
pyridine ligands were monodentate N-donors via the heterocyclic nitrogen atom. Hirsh-
feld analysis was used to elucidate the different intermolecular interactions that govern
the molecular packing in the studied complexes. DFT calculations of the natural charges
predicted decreases in the Zn(Il) and Cd(II) natural charges as a consequence of the inter-
actions with the ligand groups. In addition, atoms in molecules (AIM) parameters were
used to investigate the nature of the Zn-Cl, Zn-N, Zn-O, Cd-O, and Cd-N coordination
interactions. Hence, no specific coordination is preferred, and only size determines the
number of ligands around the metal ion.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst12050590/s1, Table S1: Crystallographic details of complexes
1-3. Table S2: Hydrogen bond parameters (A, °) in 1. Table S3: AIM topology parameters (a.u.) at
bond critical points (BCPs) as well as the bond distances of the coordinated bonds in complexes 1, 2,
and 3. Figure S1: View of the unit cell of 1 along the ac plane. Figure S2: View of the unit cell of 2
along the ac plane. Figure S3: View of the unit cell of 3 along the bc plane. Figure S4: Distribution of
all contacts in complexes 1 and 2. Figure S5: Intermolecular interactions in 3 and their percentages.
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