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ABSTRACT

In this study, a short review covering the years 2009-2021 was made about the proton transfer salts
obtained from the reaction of pyridine-acids, which are accepted as suitable proton donors, and
piperazines, which are proton acceptors, and their metal complexes and mixed ligand metal
complexes. In some complexes studied, both initial ion pairs bind to the metal, while in others they
contain only one of the cationic and anionic moieties as ligands.
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1. INTRODUCTION

Heterocyclic compounds have a large range of uses in industry and various areas of chemistry [1].
Piperazine among heterocyclic rings containing nitrogen atoms has different application areas such as
materials, agricultural chemicals and pharmaceutical chemistry. Studies have shown that piperazine
and its derivatives have the following biological activities: anti-fungal [2], anti-depressant [3], anti-
malarial [4], anti-migraine [5], anti-diabetic [6], anti-aggregating [7], anti-tumor [8, 9], anti-
inflammatory [10], anti-obesity [11], and cardio-vascular [12]. As piperazine derivatives have many
biological applications, there is an increasing interest in the synthesis of these compounds. In recent
years, reaction mechanisms based on the proton transfer system were used in the preparation of metal
complexes [13-15] The very different geometries of the complexes are due to the coordinated
covalent bonds between metals (transition, lanthanide and main group) and ligands. Supramolecular
metal compounds, called metal-organic frameworks (MOF) [16], can be obtained from the formation
of supramolecular proton transfer salts from a good proton donor-acceptor system and their reaction
with s, p, d block and even f block metals. Supramolecular structures contain intramolecular or
intermolecular interactions as O-H---O, O-H---N, N-H---O, N-H---N [17-19]. Pyridine carboxylic
acids, which are found in natural products like alkaloids, coenzymes and vitamins, have great
importance in medicinal chemistry due to their various physiological properties [20]. It has been
reported that pyridine-2,4-dicarboxylic acid protects certain enzymes from heat inactivation [21],
while 2,5- and 2,6-pyridinedicarboxylic acids activate or inhibit certain metalloenzymes [22, 23].
Pyridine dicarboxylates are among the most versatile ligands known, containing different functional
groups that can coordinate to metal atoms.
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This study aims to describe the reactions of piperazine and its derivatives with pyridine-di carboxylic
acids, the synthesis of their metal complexes and their spectral and structural properties. In this work,
proton transfer salts and their complexes and mixed ligand complexes obtained from piperazines and
pyridine-dicarboxylic acids between 2009-2021 are presented. The pyridine-dicarboxylic acids for
proton donors are: pyridine-2,3-dicarboxylic acid (Py-2,3-H,Dc), pyridine-2,5-dicarboxylic acid (Py-
2,5-H,Dc) and pyridine-2,6-dicarboxylic acid (Py-2,6-H,Dc). Bases used as proton acceptors are:
Piperazine (Ppz), 2-(piperazin-1-yl)ethanol (HOEtPpz) and 2-piperazin-1-yl-ethanamine (PpzEa).

2. SYNTHESIS

The metal complexes reported in this study were synthesized either from the proton transfer salt
formed by pyridine dicarboxylic acids and piperazines, or from mixed-ligands under hydrothermal
conditions.

2.1. Proton Transfer Reaction

The reaction or reaction mechanism in which a proton (H") is separated from one species such as an
acid and accepted by another species such as a base is called a proton transfer reaction. The stability
of proton transfer types relies on many agents, such as the attractive and repulsive forces of opposite
charges, the nature of the solvent, the geometry and topology of the acid and base. In the preparation
of an effective ion pair that forms the components of the proton transfer salt and accelerates the
formation of the metal complex, it may be useful to consider the following aspects [24-26] i.
Selection of functional acids and bases that can act as polydentate ligands in the formation of
complexes, ii. Selection of donors and acceptors sensitive to intermolecular H-bonding and =-rt
stacking, iii. Selection of convenient acceptors and donors, taking into account the acidity and basicity
constants, to ensure exact H-transfer. Proton transfer salts and their metal compound are of biological
interest to chemists [27, 28].

2.2. Hydrothermal Synthesis

The synthesis of substances in a closed heated solution above ambient pressure and temperature is
called hydrothermal synthesis. Hydrothermal method, which is a liquid phase preparation technology,
has been developing rapidly in recent years [29]. It includes the development of new synthetical
methods and techniques for the preparation of new materials. Hydrothermal technology is used in
many branches of science such as earth science, materials science, physics, metallurgy, biology and
chemistry [30-33]. Hydrothermal in situ ligand synthesis, such as hydrolation or decarboxylation of
carboxyl groups, has become a very important method in the synthesis of organic ligands and their
metal complexes, and in coordination engineering. This method is very useful for the synthesis of
MOFs that are difficult to obtain at room conditions. Many coordination polymers synthesized by this
method have been reported in the literature [16-19, 34-36].

2.3. Pyridine-dicarboxylic Acids

The isomers of pyridine-dicarboxylic acid (2,3-, 2,4-, 2,5-, 2,6-, 3,4- and 3,5-dicarboxylic acid)
(Figure 1) have different coordination patterns with transition metals [37,38], main group elements
[39, 40], and inner transition elements [41-43].
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Figure 1. Isomers of pyridine-dicarboxylic acid.

2.3.1. Pyridine-2,3-dicarboxylic acid (Py-2,3-H,Dc)
Py-2,3-H,Dc (Figure la) can be highly neurotoxin and cell death may occur as a result of
overstimulation of nerve cells. Brain toxicity caused by quinolinic acid has been associated with
diseases such as autism, depression, dementia, stroke, Alzheimer's, and schizophrenia [44]. Different

coordination modes of Py-2,3-HDc and Py-2,3-Dc*

anions with various metal ions have been

reported in the literature. The presence of versatile and different coordination motifs of Py-2,3- H,Dc
is quite remarkable in the construction of polymeric structures [45]. The different binding modes of
the Py-2,3-Dc? ion allow it to act as a monodentate, tridentate, tetradentate, and quintuple ligand [46,

47] (Figure 2).
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Figure 2. Coordination forms of (a) Py-2,3-HDc" anion (b) Py-2,3-H,Dc? anion.

2.3.1.1. Proton transfer salt, (H,Ppz)**(Py-2,3-HDc), (1) and its metal complexes 2 and 3
The proton transfer salt 1 (Figure 3), (H.Ppz)**(Py-2,3-Dc),’, was prepared from the Py-2,3-H,Dc and

Ppz [48].
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Figure 3. Synthesis of (H,Ppz)®*(Py-2,3-HDc), (1).

The fact that Py-2,3-H,Dc has variable and different coordination motifs makes it interesting in terms
of forming polymeric architecture. Polymeric MOF compounds {(H,Ppz)[Mn(Py-2,3-
Dc),]-7.75H,0%}, (2), and {(H,Ppz)[Hg4Clyo]}n (3) [49] (Figure 4) were obtained from the proton
transfer salt, (H,Ppz)(Py-2,3-HDc), (1), with corresponding metal salts. The analyses, space groups
and crystal systems of the compounds 1-4 are given in Table 1.
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Figure 4. The structures of compounds 2 and 3.

Table 1. The analyses, space groups and crystal systems of the compounds 1-4.

Ref.  Analyses Proton Transfer Salts and Space  Crystal
No Complexes Group  system
48 X-ray (H,Ppz)**(Py-2,3-HDc), (1) P2,/c Monoclinic

49 NMR, IR and X-ray {(H,Ppz)[Mn(Py-2,3-Dc),]- 7.75H,0}, P2i/c Monoclinic
NMR, IR and X-ray 2)
49 {(H2Ppz)[Hg4Clyo]}n (3) calc Monoclinic

52 X-ray (H,Ppz)**(Py-2,3-Dc)*. CH3OH (4) P2,/n  Monoclinic
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The molecular structure of the Mn(11) (2) complex (Figure Al) includes two distinct Mn?* ions, each
located at the middle of a parallel 1-D chain. One of the Mn** ions (Mn1) binds to the O1, N1, O5 and
N2 atoms of the two Py-2,3-Dc? ligands and to the O4 and 08 atoms of the other two Py-2,3-Dc?*
ligands, forming the six-coordinated structure. The other Mn?** ion (Mn2) binds to the 09, N3, 013
and N4 atoms of the two Py-2,3-Dc? ligands and to the 012 and O16 atoms of the other two Py-2,3-
Dc” ligands to form the six coordinated structure. The bond angles of 01-Mn1-O5 and O9—Mn2—
013 are 164.9 (1)° and 163.8 (1)°, respectively. These values show that the bond angles around both
Mn®" ijons deviate from linearity and have a distorted octahedral geometry. When the Hg(Il) (3)
compound is compared with the Zn(Il) [50] and Cd(Il) [51] complexes, it is seen that it has a different
structure. In the Zn(Il) compound, two Py-2,3-Dc? ligands are coordinated to the metal, while
H,Ppz** remains as a complementary ion. The Cd?* ion is coordinated by three aqua and a Py-2,3-Dc*
ligand, while the H,Ppz** cation is absent in the structure. It was found that the Hg(l1) (3) compound,
in which an endless network of chlorine and mercury atoms balanced with H,Ppz**cation fragments,
has a different structure compared to 2, Zn(l1) and Cd(I1) (Figure 5).

Figure 5. Coordination medium of Hg** ions in the Hg-Cl network of {(H,Ppz)[HgsCl:o]}n (3),
H,Ppz** is omitted.

2.3.1.2. Proton transfer salt (H,Ppz)**(Py-2,3-Dc)*. CH;OH (4)

The moieties in the proton transfer salt, (H,Ppz)®*(Py-2,3-Dc)*-CH;OH (4) [52] (Figure 6) obtained
from the reaction of Ppz and Py-2,3-H,Dc in methanol form the 3-D structure by connecting with H-
bonds O-H---O, N-H---O and C-H---O. The asymmetric unit of proton transfer salt (4) has one
(H,Ppz)* cation, one (Py-2,3-Dc)? anion and one CH;OH with two H-bonds.
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Figure 6. Synthesis of proton transfer salt, (H,Ppz)( Py-2,3-Dc)-MeOH (4).

The C-O- - and C-H-- & stackings are observed between the C6—02 and N1/C1-C5 ring (3.5240 (9)
A) and between the C12-H1A and N1/C1-C5 ring (2,791 (1) A) [52], respectively (Figure 7).

Figure 7. The C—H- - & stacking of (4).

2.3.2. Pyridine-2,5-dicarboxylic acid (Py-2,5- H,Dc) and it’s complexes (5-13)

Py-2,5-H,Dc (Figure 1c) is known as isosicomeronic acid. Py-2,5-HDc” and Py-2,5-Dc? anions are
versatile ligands coordinated to transition metals with nitrogen and four oxygen atoms, and numerous
polymeric complexes of these have been reported. [53-55]. The coordination forms of Py-2,5-H,Dc
are shown in Figure 8. It has been stated that derivatives of Py-2,5-H,Dc show inhibitory effect
against hepatitis B virus [56], and metal complexes have many applications such as enzyme inhibition
[57], antibacterial activity [58], magnetism [59], catalysis [60], surface chemistry [61], aqueous
solution chemistry [62]. Since 2009, proton transfer salts of Py-2,5-H,Dc and metal complexes
obtained from these salts have not been encountered. The complexes (5-13) of Py-2,5-H,Dc in the
literature are metal complexes obtained under hydrothermal conditions with mixed ligands. The
analyses, space groups and crystal systems of the compounds 5-13 are given in Table 2.
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Figure 8. Coordination forms of Py-2,5-H,Dc.
Table 2. The analyses, space groups and crystal systems of the mixed ligand complexes 5-13.
Ref. Analyses Complexes Space  Crystal
No Group system

63 X-ray, UV, IR, TGA, [Co(Py-2,5-Dc),(H,0)]:(Ppz)-2H,0},(5) P2./c Monoclinic
Elemental analysis

64 UV, SPS, X-ray [Ni(Py-2,5-Dc),(HPpz),]-H,0 (6) C2/c Monoclinic

66 X-ray, PXRD, IR, [Ce(Py-2,5-Dc)(Ppz)i2(H,0)] P2,/c Monoclinic
TGA, FESEM, (7)
Elemental analysis

66 X-ray, PXRD, IR, [Pr(Py-2,5-Dc)(Ppz)y2(H.0)] (8) P2,/c Monoclinic
TGA, FESEM,

Elemental analysis
69 X-ray, PXRD, IR, {(H.Ppz)[Mn(Py-2,5-Dc),(H,0)]-2H,0} P2,/c Monoclinic
uv, TGA and (9)
photoluminescence
measurements
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70 IR, PXRD, SEM, {(H.Ppz)[ZnysFeys(Py-2,5- - -
TGA and EDX Dc)y(H,0)]-2H,0} (10)
elemental  mapping
analysis.

70 X-ray {(H,Ppz)[Fe(Py-2,5-Dc),(H,0)]-2H,0} P2,/c Monoclinic

(11)

71 IR, PXRD, SEM, {(H.Ppz)[CoysFess(Py-2,5- - -
TGA and EDX Dc)y(H,0)]-2H,0} (12)
elemental  mapping
analysis.

72 IR, PXRD, SEM, {(H.Ppz)[Zni3C0,3(Py-2,5- - -
TGA and EDX Dc),(H,0)]-2H,0} (13)
elemental  mapping
analysis

2.3.2.1. Mixed-ligand complex [Co(Py-2,5-Dc),(H,0)]-(Ppz)-2H,0}, (5)

The asymmetric unit of hidrothermally synthesized complex, [Co(Py-2,5-Dc),(H,0)]-(Ppz)-2H,0},
(5) [63], consists of a Co(ll) cation, two Py-2,5-Dc*, an aqua ligand, two lattice water and an
uncoordinated Ppz. The Py-2,5-Dc® moieties bind to Co(ll) ions in two different ways. In the first of
these, the nitrogen atom of the Py-2,5-Dc? and one oxygen atom of the neighboring carboxylate group
coordinate to a Co(ll) ion and the other carboxylate group to the other Co?* ion. In the second, the
neighboring carboxylate group and a nitrogen atom coordinate to a Co?* ion, while the other
carboxylate group does not participate in the coordination. In its crystal structure, initially, Co(ll) ions
bind to Py-2,5-Dc? groups, forming a 1-D chain along the b-axis (Figure A2a). Next, the 1-D chains
are linked by H-bonds between the coordinated H,O molecules and the uncoordinated carboxylate
oxygen atoms of the two Py-2,5-Dc* rings along the c-axis and an H-bonded 2-D structure is created
in the bc plane (Figure A2b).

2.3.2.2. Mixed-ligand complex [Ni(Py-2,5-Dc),(HPpz),]-H,O (6)

The mononuclear [Ni(Py-2,5-Dc),(HPpz),]-H,O (6) with six coordinated, distorted octahedral
geometry, was hydrothermally obtained [64]. The compound contains a Ni?* cation, two Py-2,5-Dc?*
anions, two HPpz®* cations, and a lattice H,O molecule (Figure A3). The Ni?* cation was coordinated
to O1, O1A, N1 and N1A atoms of two Py-2,5-Dc® anions in equatorial plane and to N2 and N2A
atoms of HPpz" cation in axial positions. Although the bond lengths of Ni-N (2.0398(14) and
2.2033(15) A) and Ni-O (2.0664(13) A) are slightly longer than those reported for Py-2,5-Dc-Ni
complexes, they are still within normal limits [61]. The C-O bond lengths of the two Py-2,5-Dc*
ligands are 1.274(2), 1.234(2), 1.256(2) and 1.244(2) A, indicating that the both carboxylic groups are
deprotonated. In HPpz* fragment, one of the N-atoms coordinates to the Ni(ll) ion, while the other N-
atom is protonated and turns into NH?* [65]. The compound forms a network within a 3-D
supramolecule through intermolecular N-H---O H-bonds.

2.3.23. Mixed-ligand complexes [Ce(Py-2,5-Dc)(Ppz)y2(H,0)] (7) and [Pr(Py-2,5-
Dc)(Ppz)12(H20] (8)

The solution of Ln(NO3)3.6H,0, (Ln = Ce and Pr), Py-2,5-H,Dc and Ppz in H,O (5 mL) with the
molar ratio of 1:3:1 was heated at 160 °C. After 3 days the yellow [Ce(Py-2,5-Dc)(Ppz).,(H.0)] (7)
(Ppz = 2,5-piperazinedicarboxylic acid) and the green [Pr(Py-2,5-Dc)(Ppz)12(H,O)] (8) complexes
were obtained [66]. A ligand was synthesized in the presence of piperazine and pyridine-2,5-
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dicarboxylic acid by hydrothermal in situ ligand synthesis method such as hydrolation or
decarboxylation of carboxyl groups, where ligand synthesis is rarely observed [67, 68]. Both of the
carboxy! groups of the Py-2,5-Dc? ligand were separated and bound to the 2- and 5-positions of the
piperazine ring, producing 2,5-piperazinedicarboxylic acid. The coordination polymers 7 and 8
formed by bridging mixed ligands are isostructural have interesting 3-D frameworks. 3-D structure of
8 is shown in Figure A4. In complexes 7 and 8 the coordination number of both Pr and Ce atoms are
nine. Each asymmetric unit of compounds (7 and 8) includes one metal ion, half of Ppz, one Py-2,5-
Dc?, and one aqua ligand. The geometry of the Pr(lIl) and Ce(lll) ions are monocapped square-
antiprism [66].

2.3.2.4. Mixed-ligand complex {(H,Ppz)[Mn(Py-2,5-Dc),(H,0)]-2H,0} (9)

Hidrothermally =~ synthesized  metal-organic  coordination  polymer  {(H,Ppz)[Mn(Py-2,5-
Dc),(H,0)]-2H,0} (9) [69] is soluble in water. The asymmetric unit of the Mn(l1) complex contains
one Mn(ll) ion, two Py-2,5-Dc* ligands, one H,Ppz** cation, one water molecule, and two
uncoordinated water molecules (Figure A5). The Mn®* ion binds to both carboxylate oxygen atoms of
one of the two Py-2,5-Dc? ligands, while it coordinates to only one carboxylate oxygen of the other
Py-2,5-Dc? ligand. It also binds to one water molecule and the nitrogen atoms of both Py-2,5-Dc?*
ligands. Thus, there are a total of six coordinated groups around the Mn*? ion. The avarege bond
lengths of Mn—O and Mn-N are 2.17 and 2.25 A, repectively. The bond angles of O-Mn-O/N-Mn-N
are in the range 75.49(7)-172.89(7)°. H-bond interaction was formed between the hydrogens of the
coordinated H,O molecule (H1A and H1B) and the O(3) and O(8) atoms of the two Py-2,5-Dc¢?
ligands. 2-D structures connected by two lattice water molecules and Ppz** cation via N-H---O and
O-H---0 H-bond interactions form a 3-D supramolecular structure [69].

2.3.2.5. Mixed-ligand  complexes  {(H,Ppz)[ZnyszFeys(Py-2,5-Dc),(H,0)]-:2H,0}  (10),
{(H:Ppz)[Fe(Py-2,5-Dc),(H,0)]-2H,0} (11), {(H.Ppz)[Coy;sFeys(Py-2,5-De)y(H.0)]-2H,0} (12)
and {(H2Ppz)[Zn;3Co,3(Py-2,5-Dc), (H,0)]-2H,0} (13)

The isostructural Fe compound, {(H.Ppz)[Fe(Py-2,5-Dc),(H,0)]-2H,0} (11), with hydrothermally
obtained mixed metal coordination polymers {(H,Ppz)[Zn;Fe,3(Py-2,5-Dc),(H,0)]-2H,0} [70] (10)
and {(H,Ppz)[CoysFe,s(Py-2,5-Dc),(H,0)]-2H,0} [71] (12) was synthesized to confirm the
structures of these mixed metal compounds (10 and 12). Heterobimetallic coordination polymer (12)
has been used as the sole source precursor for the synthesis of nano-sized CoFe,O, by thermal
decomposition [71]. Also, to confirm the structure of MOF compound, {(H,Ppz)[Zn13C0y5(Py-2,5-
Dc), (H,0)]-2H,0} (13) [72], the isostructural Co complex {(H,Ppz)[Co(Py-2,5-Dc),(H,0)]-2H,0}
(5) [63] was used. Decomposition of 13 at 400 °C results in nano-size ZnCo0,0,4 [72].

2.3.3. Pyridine 2,6-dicarboxylic acid (Py-2,6-H,Dc)

Py-2,6-H,Dc (Figure 1d) which coordinates to the metal with N and O donor atoms and is known as
dipicolinic acid, is a pyridine dicarboxylic acid that has been extensively studied because of its various
coordination motifs. Py-2,6-H,Dc and Ppz form a good binary system as proton donor-acceptor. Many
ion pairs were reported from the reaction of Py-2,6-H,Dc with different amines [73-75] and
piperazines with different acids [48, 76, 77]. The coordination chemistry of Py-2,6-H,Dc attracts more
attention because it is a convenient ligand for the preperation of pharmacologically active compounds
due to its low toxicity, different biological properties and amphiphilic nature [78,79]. It has been
reported that metal ions have stronger interaction with target molecules and show more antimicrobial
activity than free ligand [80]. Py-2,6-H,Dc has a wide variety of coordination modes [81, 82] and it
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can coordinate to metal as a monodentate, bidentate, tridentate and bridging ligand as shown in Figure
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Figure 9. Versatile coordination forms of Py-2,6-H,Dc.
2.3.3.1. Proton transfer salts and metal complexes
The analyses, space groups and crystal systems of proton transfer salts (14, 17 and 22) and their metal
complexes (15 and 16, 18-21 and 23-26) are given in Table 3.

Table 3. The analyses, space groups and crystal systems of 14-26.

Ref.  Analyses Proton  Transfer Salts and Space  Crystal
No Complexes Group  system
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83 X-ray, NMR, IR, and (H,Ppz)(Py-2,6-Dc) (14) Pbcn Orthorhombic
elemental analysis

84 X-ray, NMR, IR, and (H,Ppz)[Cd(pydc),]-6H,0 (15) P1 Triclinic
elemental analysis

87 X-ray, NMR, IR, and (H,Ppz)[Sh,(Py-2,6-Dc),]-2H,0 (16) P1 Triclinic

elemental analysis
89 X-ray and elemental (H,Ppz),s(Py-2,6-Dc H);-:3.7H,0 C2/c Monoclinic

analysis @an

89 X-ray, NMR, IR, and (H,Ppz)[Zr(Py-2,6-Dc);]-8H,0 (18) P1 Triclinic
elemental analys

89 X-ray, NMR, IR, and (H,Ppz)[Ce(Py-2,6-Dc)s]-8H,0 (19) P1 Triclinic
elemental analys

91 X-ray, IR and elemental (H,Ppz)[Sr(Py-2,6-Dc),(H,0),]n- P2:/n Monoclinic
analysis -4H,0 (20)

91 X-ray, IR and elemental [Ce(Py-2,6-Dc),(H,0),]n-4H,0 (21) P2,/c Monoclinic
analysis

97 NMR, IR and UV-Vis (HOEtH,Ppz)**(Py-2,6-HDc), (22) - -
and elemental analysis

97 X-ray, NMR, IR and UV-  (H,Ppz)[Cu(Py-2,6-Dc),]-6H,0 (23) P2,/c Monoclinic
Vis, TG and elemental
analyses

98 X-ray, NMR, IR and UV- (H,Ppz)[Co(Py-2,6-Dc),]-6H,0 (24) P2,/c Monoclinic
Vis, TG and elemental
analyses

98 X-ray, NMR, IR and UV- (H,Ppz)[Ni(Py-2,6-Dc),]-6H,0 (25) P2,/c Monoclinic
Vis, TG and elemental
analyses

98 X-ray, NMR, IR and UV-  (H,Ppz)[Zn(Py-2,6-Dc),]-6H,0 (26)  P2,/c Monoclinic
Vis, TG and elemental
analyses

2.3.3.1.1. Proton transfer salt (H,Ppz)**(Py-2,6-Dc)* (14) and metal complexes 15 and 16
The proton transfer salt 14 reported in the literature was obtained [83] from a 1:1 molar ratio of a
mixture of Py-2,6-H,Dc and piperazine in THF (Figure 10).

o) O
N HO ¥ -0
+ N E—— N
% \_/ % \_/
N N+ _
H HO H, O
Ppz 0 14 O

Py-2,6-H,Dc

Figure 10. Synthesis of compound 14.
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The compound (H,Ppz)[Cd(Py-2,6-Dc),]-6H,O (15) [84] (Figure 11) was synthesized from the
proton transfer salt (14) [83] .

— O —_
N o o<
/ \ \\\\ I,'l
N-—Cd----N 6H0
«2 S— /II \\\ \ /
B d o
2 L
o i
15 o

Figure 11. Structures of 15 and 16.

In this complex, there are six uncoordinated water molecules that form hydrogen bonds with both
(H,Ppz)** and [Cd(Py-2,6-Dc),]* ions with a piperazinium ion as the counter ion. Complexes of metal
ions Zn(I1) [85] and Hg(l1) [86], which are in the same group as Cd(lIl), obtained from the same proton
transfer salt (H,Ppz)*(Py-2,6-Dc)* (14) have the same coordination environment. An increase in the
order of Hg(ll) > Cd(ll) > Zn(Il) was observed when the M—O bond lengths of the compounds were
compared. It was found that the M—N bond in the Zn(1l) complex was shorter than the others, but the
Hg-N bond was also unexpectedly shorter than the Cd—N bond. In the anionic part of the complex, the
N1°-Cd1-N1 angle was measured as 174.05(5) A and it was observed that it deviated from linearity.
It is understood that the two (Py-2,6-Dc)? rings are not perpendicular to each other since the torsion
angles of 03’-Cd-03-C7 and 03°-Cd-02-C6 are 105.52(9)° and 96.32(9)°, respectively. These data
showed that the geometry of the complex is distorted octahedral around the six-coordinate Cd(ll) ion
(Figure 12).

'L | \

Figure 12. Molecular structure of (H,Ppz)[Cd(Py-2,6-Dc),]-6H,0 (15).
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The compound (H,Ppz)[Sh,(Py-2,6-Dc),]-2H,0 (16) [87] (Figure 11) was synthesized by the reaction
of proton transfer compound 14 with the related metal salt. The ‘H NMR spectrum of
(H,Ppz)[Sh,(Py-2,6-Dc),]-2H,0 (16) exhibits two sets of peaks: signals at 3.33 ppm and at 8.42-8.25
ppm were attributed to the protons of (H,Ppz)** and (Py-2,6-Dc)* moieties, respectively. Two of the
four Py-2,6-Dc? anions in the binuclear Sh(lll) complex bind to a metal center as tridentate and the
other two as bidentate ligands to the other metal center. The angle between the N1/C2-C6 and
N2/C9-C13 rings is 86.56°, indicating that the two Py-2,6-Dc® groups attached to the each metal
center are nearly perpendicular to each other. From the crystallographic data, it is seen that the Sb1-
N1(2.393(3) A) and Sb1-O3A (2.464(3) A) bonds are longer than the others (2.088(2)-2.282(3) A).
The bond angles around the Sb(lll) ion show the distorted trigonal bipyramid in which the O1 and O3
atoms lie in the axial position. Compared with the similar complex of Bi(lll) ion, {(H,Ppz)[Bi»(Py-
2,6-Dc)4(H,0)]-H,0},, which is in the same group as Sb(lll), it was determined that Sb—N bond
lengths were slightly shorter than Bi—N bond lengths, and Sb—O bond lengths were longer than Bi-O
[88].

2.3.3.1.2. Proton transfer salt (H,Ppz), 5(Py-2,6-HDc)3-3.7H,0, (17) and it’s complexes 18-21
Pale yellow proton transfer salt 17, (H,Ppz),5(Py-2,6-HDc);-3.7H,0, was synthesized by the reaction
of Py-2,6-H,Dc and Ppz in THF [89] (Figure 13).

\
_ ) 2

Hy\2" ) 0 0 H,
N N

N .3.7H,0 -8 H,0

\ / <
i HO b
215 o /3 z d i

17 o)
M = Zr(IV) (18) and Ce(IV) (19)

Figure 13. Proton transfer salt 17 and it’s complexes 18 and 19.

Only one of the hydrogens of the carboxylic acid was removed in complex 17. The asymmetric units
of the proton transfer salt 17 have three Py-2,6-Dc? rings and one and a half H,Ppz ions to balance the
charge. The strongest H-bond was observed as O1C-HIC:--O3B (2.4700(14)A) in the crystal
structure of proton transfer salt 17. In the molecular structure of 17, n—r stacking was also observed as
an intermolecular interaction between aromatic rings with the distance of 3.669(8) A (Figure A6). The
nine coordinated complexes Zr(IV) (18) and Ce(lV) (19) (Figure 13) were synthesized from the
proton transfer salt 17 [89]. The asymmetric unit of complexes (H.Ppz)[Zr(Py-2,6-Dc);]-8H,0O (18)
and (H,Ppz)[Ce(Py-2,6-Dc);]-8H,0 (19) contains three Py-2,6-Dc* ions as tridentate ligands, one
H,Ppz #* and eight-uncoordinated H,0. The Zr(1V) and Ce(1V) ions in each complex bind to the three
N and six O atoms of the three Py-2,6-Dc? ligands [89]. In the molecular structure of 18 (Figure 14)
the Zr-O (01, 03, 05, 07, 09, 011) bond lengths are very close to each other and the Zr—N bond
lengths are almost equal. The sum of the N1-Zr-N2, N2-Zr—N3 and N3-Zr-N1 bond angles is
360.00(8)°, indicating that the Zr(IV) ion is in the center of the N1-N2—N3 plane. When the crystal
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structure of 18 is compared with (HPyDa),[Zr(Py-2,6-Dc)s]-5H,0 (PyDa = pyridine-2,6-diaminge)
[90], it is seen that the bond lengths and bond angles surrounding the Zr(IV) ion are similar in both
complexes. In the crystal structure of 18, inter and intramolecular N-H---O, O-H---O, and C-H---O
H-bonds have values ranging from 2.718(3) to 3.464(4) A.

Figure 14. Molecular structure of 18.

The geometry of (H,Ppz)[Ce(Py-2,6-Dc);]-8H,0 (19) is a distorted three-headed triangular prism with
six oxygen atoms and three caps on its faces. The Ce(IV) complex has intramolecular and
intermolecular H-bonds in its crystal structure, N-H---O, O-H---O, and C-H---O, with values ranging
from 2.711(5) to 3.448(5) A [89]. Complexes (H,Ppz)[Sr(Py-2,6-Dc),(H,0),In-4H,0 (20) and
[Ce(Py-2,6-Dc),(H,0),],-4H,0 (21) were obtained [91] from the proton transfer salt 17 [89]. These
complexes show characteristic bands in their IR spectra. The bands observed in the range of 3600—
3200 cm™ belong to the C—H, N—H and O-H stretching vibrations originating from the piperazine
cation, pyridine-2,6-dicarboxylate and lattice water molecules [92]. Asymmetrical and symmetrical
carboxylate vibrations were observed at 1680-1700 cm™ and 1580 cm™, respectively. A Av value of
120 cm™ for complexes 20 and 21 indicates polybinding of the carboxylate to the metal [93]. In Sr(Il)
compound, the Sr(Il) ion is binded to one oxygen atom of the bridge Py-2,6-Dc* ion, two water
molecules, and four oxygens and two nitrogens of two pyridine-2,6-dicarboxylates [91].
Intermolecular H-bonds and Sr-Py-2,6-Dc-Sr distances of 20 are of great importance in the formation
of its 2-D supramolecular structure. The chair-form piperazine cations are very good H-bond donors
and also act as complementary ions [94-96]. The [Ce(Py-2,6-Dc),(H,0),],-4H,0 (21) complex has a
3-D polymeric structure. The Ce(IV) ion is coordinated to the four oxygens and two nitrogens of the
two Py-2,6-Dc? anion, two oxygen atoms of the two H,0O molecules, and the one oxygen atom of the
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Py-2,6-Dc® ion [91] (Figure 15). Sr(11) and Ce(IV) ions both have a distorted tricapped trigonal
prism geometry.

Figure 15. Polymeric structure of [Ce(Py-2,6-Dc),(H,0),]n-4H,0 (21).

2.3.3.1.3. Proton transfer salt (HOEtH,Ppz)**(Py-2,6-HDc), (22) and it’s complexes (23-26)
Proton transfer salt (HOEtH,Ppz)**(Py-2,6-HDc), (22) (HOEt H,Ppz = 1-(2-hydroxyethyl)piperazine-
1,4-dium) was obtained by the reaction of HOEtPpz and Py-2,6-H,Dc [97] (Figure 16).

OH OH

H HO 0 H o 0 O -
N ‘s N\ y NH HI\}\ )
o)

HOEtPpz Py-2,6-H,Dc 22
Figure 16. Synthesis of (HOEtH,Ppz)?*(Py-2,6-HDc), (22).

'H NMR spectrum of proton transfer salt (22) displayed signals at 3.35, 3.60 and 3.95 ppm for
H,HOEtPpz** and at 8.35 and 8.57 ppm for Py-2,6-HDc™ fragments.

Complexes of proton transfer salt 22 (HOEtH,Ppz)[M(Py-2,6-Dc),]-6H,0 (M = Cu(ll) (23), Co(ll)

(24), Ni(l1) (25) and Zn(11) (26)) consist of a HOEtH,Ppz®* cation as a complementary ion, two Py-
2,6-Dc? anions as tridentate ligands and six uncoordinated water molecules (Figure 17) [97, 98].
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N, 0 H, oo ©
- M = Cu(II) (23), Co(II) (24),

Ni(II) (25) and Zn(1I) (26)
Figure 17. Synthesis of complexes 23-26.

In crystal structure of Cu(ll) (23) complex (Figure A7), O1-Cu-04 and O7—Cu—O6 trans angles are
low value as 156.3(3)° and 155.6(3)°, respectively. Despite, the N1-Cu—N2 trans angle is 174.0(3)°,
closer to 180°. The dihedral angle between the planes of the two Py-2,6-Dc? rings is 87.1°, indicating
that the two Py-2,6-Dc? ligands are perpendicular to each other [97]. Cu—N and Cu—O bond lengths of
are in agreement with similar Cu(ll) compounds [99,100] The deviating from linearity bond angles
around M(II) ions containing trans-donor atoms are 75.75(6)°-152.61(5)° for Co(Il) (24), 77.73(5)°-
156.39(5)° for Ni(II) (25) and 74.75(5)°-152.63(4)° for Zn(Il) (26). These values indicate that the
ideal octahedral geometry is distorted due to the binding of Py-2,6-Dc? ions to M(l1) ions as tridentate
ligands (Figure A7). M—N and M—O bonds are within normal ranges for complexes 24-26 [98].

2.3.3.2. Mixed ligand complexes (27-36) of Py-2,6-H,Dc

The mixed ligand complexes (27-36) of Py-2,6-H,Dc with various metals as p-, d- and f-blocks were
synthesized. The analyses, space groups and crystal systems of mixed-ligand complexes (27-36) are
given in Table 4.

Table 4. The analyses, space groups and crystal systems of mixed-ligand complexes 27-36.

Ref.  Analyses Complexes Space  Crystal
No Group system
101 X-ray [(H,Ppz)[Co(Py-2,6-Dc),]-4H,0 (27) P2,/n  Monoclinic
103  X-ray, IR, NMR, UV- (HPpzEa)[Bi,(Py-2,6-Dc)3(HPy-2,6- P2,/c  Monoclinic
Vis, TGA and elemental Dc)(H,0),]-5H,0 (28)
analysis

104 ICP, IR, TGA, X-ray, (HyPpz),[Cey(Py-2,6-Dc)4(H,0)]n (29) P1 Triclinic
PXRD and elemental
analysis

104 ICP, IR, TGA, X-ray, (H,Ppz),[Pr; (Py-2,6-Dc)s(H,0),]n (30) P1 Triclinic
PXRD and elemental
analysis

104 ICP, IR, TGA, X-ray, (H,Ppz),[Eu, (Py-2,6-Dc)4(H,0),]n (31) P1 Triclinic
PXRD and elemental
analysis

105 ICP, IR, TGA, X-ray, (HyPpz),[Smy(Py-2,6-Dc),4(H,0),]n(32) P1 Triclinic
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PXRD and elemental
analysis
109 IR, TGA, X-ray, and (H,Ppz)s[Th,(Py-2,6-Dc)e]-15H, (33) P3
elemental analysis
110 IR, TGA, X-ray, and (H,Ppz)[Ce,(Py-2,6-Dc)4(H,0),]-H,0 P1 Triclinic
elemental analysis (34)

111  ICPOES, IR, TGA, X- (HyPpz),[Lax(Py-2,6-Dc)4(H,0).], (35) P1 Triclinic
ray, PXRD and
elemental analysis

111  ICPOES, IR, TGA, X- (HyPpz),[Nd,(Py-2,6-Dc)s(H,0),],(36) P1 Triclinic
ray, PXRD and
elemental analysis

2.3.3.2.1. Mixed-ligand complex [(H,Ppz)[Co(Py-2,6-Dc),]-4H,0 (27)

After mixing the aqueous solution of Co(NO3),.6H,0 (2 mmol) and Py-2,6- H,Dc (4 mmol) at room
temperature for 45 minutes, an aqueous solution of piperazine (Ppz) (4 mmol) was added to this
solution and the mixture was stirred for 4 h at 100 °C. The crystals of [(H,Ppz)[Co(Py-2,6-
Dc)2]-4H,0 (27) were obtained by evaporation of the solution at room conditions [101]. In the Co(ll)
complex, the piperazindium cation was found to be in the chair conformation. The Co(ll) ion, which
has a distorted octahedral geometry, is coordinated to the two nitrogens and four oxygens of the two
Py-2,6-Dc? rings (Figure 18).

o Q o112

s

Figure 18. Molecular structure of [(H,Ppz)[Co(Py-2,6-Dc),]-4H,0 (27).

2.3.3.2.2. Mixed-ligand complex (HPpzEa)[Bi,(Py-2,6-Dc);(HPy-2,6-Dc)(H,0),]-5H,0 (28)

Due to the large size of the Bi** ions, most Bi(lll) compounds have a coordination number greater
than six [102]. In dimeric complex (HPpzEa)[Bi,(Py-2,6-Dc)s(HPy-2,6-Dc)(H,0),]-5H,0 (28) (PpzEa
= 2-piperazin-1-ylethanamine) Bi*" has eight coordinated [103] (Figure 19).
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Figure 19. Structure of Bi(lll) compound (28).

The asymmetric unit of 28 which obtained by hydrothermal method has two different bismuth ions,
both Bi** cations bind to five oxygens and two nitrogens of three different Py-2,6-Dc 2 anions and one
oxygen of an aqua ligand.

2.3.3.2.3. Mixed-ligand complexes Ce(111) (29), Pr(l11) (30) and Eu(l1l) (31)

Hydrothermally obtained three metal-organic frameworks containing lanthanide metals Ce(ll1) (29),
Pr(ll) (30) and Eu(lll) (31), formulated as (H,Ppz),[Lny(Py-2,6-Dc)4(H,0),], are isomorphous
[104]. The structures of complexes occur [Lny(Py-2,6-Dc)4(H,0),]* anionic chains with {H,Ppz}**
moiety occupying the interchain areas. The chains occur binuclear [Ln,(Py-2,6-Dc)s(H,0),]*
structural constituents connected by O,0'-bridges of carboxylate fragments. In binuclear complexes,
each of the lanthanide ions binds to five oxygens of the carboxylate groups of four Py-2,6-Dc? rings,
two nitrogens, and two oxygens of the water ligands, forming a nine-coordinate structure.

2.3.3.2.4. Mixed-ligand complex (H,Ppz),[Sm(Py-2,6-Dc)4(H,0).], (32)

The asymmetric unit of the hidrothermally synthesized MOF complex (H,Ppz),[Sm,(Py-2,6-
Dc)4(H,0),] (32) contains the Sm(I11) ion bonded to N and O atoms of the two Py-2,6-Dc* and the a
H,0 ligand. It also contains half of the protonated piperazinium cation [105] (Figure 20a). The ladder
structure in which pyridine-2,6-dicarboxylate is coordinated to the Sm(lll) ion has been reported for
the first time. The complementary piperazine cation is attached to the Sm(lll) ladder by strong H-
bonds. Also, there is an H-bond between one of the oxygens (O3) of the carboxylate groups and the
coordinated water molecule (Figure 20b).
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(b)
Figure 20. (a) Asymmetric unit of 32 (b) 3-D network of 32.

The IR spectrum of the compound exhibits the bands at 3426 cm™ for v(N-H) vibrations of
complementary ion H,Ppz®* and at 3247 cm™ for v(O-H) vibrations of coordinate H,O [106]. Free
ligand and the Sm(I11) complex showed v(C=0) stretching vibrations at 1688 cm™ and 1622 cm™,
respectively. This shift indicates that the oxygen atom of the carbonyl group is coordinated to the
Sm(l11) ion. The bands observed at 764 cm™ for the v(Sm-O) vibration and at 433 cm™ for the v(Sm-
N) vibration indicate that the O- and N-atoms of the Py-2,6-Dc* ligand are coordinated to the Sm(l11)
ion [107, 108].

2.3.3.2.5. Mixed-ligand complex (H,Ppz)s[Th,(Py-2,6-Dc)s]- 15H,0 (33)

Hydrothermally synthesized Th(ll1l) complex [109], (H,Ppz)s[Thy(Py-2,6-Dc)s]-15H,0 (33), has an
interesting structure because it contains 1-D water chains consisting of (H,O),, clusters. The complex
is expanded into a 3-D supramolecular network structure via H-bonds by n—= stacking interactions.
Besides the Tb(II1) ion, the asymmetric unit of the complex consists of a Py-2,6-Dc¢* ion as ligand,
one half of the H,Ppz** cation as a counter ion, and five lattice water molecules (Figure 21a). The
Tb(I11) center is coordinated with three N and six O atoms from the three Py-2,6-Dc*” ligands and has
a slightly distorted tricapped trigonal prismatic geometry (Figure 21b).
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Figure 21. (a) Binding pattern of Th1 in complex 33 (b) Distorted tricapped trigonal prism image of
Th1 in complex 33.

2.3.3.2.6. Mixed-ligand complex (H,Ppz)[Ce,(Py-2,6-Dc)4(H,0)4]-H,O (34)

The binuclear unit of (H,Ppz)[Ce,(Py-2,6-Dc),(H,0)4]-H,O (34) consists of Ce(lll) cations bridged
with two dipic anions [110] (Figure 22). In complex, Ce** ion is nine coordinated. The H-bonds in the
molecular structure of the complex connect the binuclear units, piperazine and water molecules in a 3-
D architecture.

L
Figure 22. The asymmetric unit of (H,Ppz)[Ce,(Py-2,6-Dc)4(H,0),]-(H,O) (34).

2.3.3.2.7. Mixed-ligand complexes (H,Ppz),[La,(Py-2,6-Dc)4(H,0).], (35) and (H,Ppz).[Nd,(Py-
2,6-Dc)4(H20).], (36)

Two Ln-MOFs obtained by the hydrothermal method, (H,Ppz).[La,(Py-2,6-Dc)4(H,0).], (35) and
(HoPpz),[Nd,(Py-2,6-Dc)4(H,0),], (36) contains the Py-2,6-Dc® anion and water molecules as ligands
and exists as a complementary ion [111]. The asymmetric unit of complexes contain one Ln(lll) ion,
two Py-2,6-Dc? fragments, an aqua ligand and half of the uncoordinated piperazine ring. Geometry of
complexes is distorted mono-capped square antiprism with four oxygen atoms on one face (O(1),
0(2), O(5) and O(7)) and four nitrogen atoms on the opposite face (N(2), O(3), O(5) and O(9))
(Figure 23).
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N1

Figure 23. (a) Mono-capped square antiprism coordination geometry of La(lll) (35) and (b) Nd(III)
(36) ions.

3. CONCLUSIONS

In this short review, proton transfer salts and their complexes and mixed-ligand complexes obtained
from pyridine-dicarboxylic acids and piperazines between 2009 and 2021 were investigated. Between
these years, proton transfer salts and metal complexes obtained from the reaction of pyridine-2,4-, 3,4-
and 3,5-dicarboxylic acids with piperazines were not encountered. In the examination, it was seen that
Py-2,6-H,Dc was used the most, followed by Py-2,5-H,Dc. It was observed that piperazine was used
mostly, as a base in the reactions, but its derivatives were used very little. Here in, metal ions of
proton transfer salts and mixed ligand metal complexes include s-, p-, and mostly d- and f-block
metals. It has been determined that H-bonding has an important contribution to the stabilization of the
3-D networks formed in the molecular structures of the compounds studied.
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APPENDICES

Figure Al. Polymeric chains of Mn?* complex (2)
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Figure A2. (a) The 1-D infinite chain of 5 along b-axis. (b) The 2-D H-bonded layer of 5 on bc plane
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Figure A4. 3-D structure of compound 8
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Figure A5. The asymmetric unit of {(H,Ppz)[Mn(Py-2,5-Dc),(H,0)]-2H,0}(9)
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Figure A6. Molecular structure of complexes (a) for 23, (b) for 24, (c) for 25 and (d) for 26
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