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Abstract: The role of ligand design is a serious criterion for forming metal complexes and their
stability, as well as the catalytic properties. This has been a hot topic for at least 30 years. Nine electronic
databases, including China National Knowledge Infrastructure (CNKI), Wan Fang Data, PubMed,
Science Direct, Scopus, Web of Science, Springer Link, Sci Finder, and Google Scholar were searched
from 2011 to 2023 and without language restrictions in this review. Based on the findings, the metal
complex formation depends on the structure, bonding, and ligand design. Its stability corresponds to the
ion's size and charge based on the hard and soft acid-base principle. Metal ions and complexes play
important roles in applying biological living systems.
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1. Introduction

Ligand design for the metal complex formation is important in catalysis, materials
synthesis, photochemistry, and biological systems [1]. It is based on the s, d, and f blocks
orbitals overlapping, and elements correspond to have different characteristics. The d-block
metal is more predominant than the other because of its variable oxidation state with a low-
lying orbital. Chelate and macrocyclic effects [2, 3] are rules for determining the stability of
metal complexes. lons decrease as the size of the chelate rings formed by open-chained
polyamine ligands increases from the 5 to 6-membered rings. The thermodynamic stability of
a metal complex with a cyclic polydentate ligand is more stable than the non-cyclic ligand.

Some inorganic elements produced in the metal complex formation, such as the
dioxygen molecule O that reacts with transition metals and its single or double bond in
dioxygen molecule Oz would be reduced [4]. Enzymatic catalyst-like protein, which is
connected to the peptide bonds, acts as a medium in the solvent. It reduces ionic attraction and
the repulsion forces to form a protein complex [5].

Besides, carbohydrates, sugars, and nucleic acids can act as ligands to form metal
complexes [6]. Since carbohydrates are very weak acids, they ionize free sugars. The metal
complex is formed by mono- and disaccharides in acidic solutions. If sugar molecules are
present in metal salts, these towards the cathode indicate the positive charge, resulting in
stabilizing the metal complexes cations. Nucleic acids such as adenosine and adenine have
different characteristics. They react with the alkali metal and alkaline earth metal ions to form
a stable metal complex because of the chelate effect on 3d transition metal ions.
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Several metal complexes have catalytic properties, including enzymes and redox
catalysis [7]. Enzyme catalysis such as Carbonic anhydrase and Carboxypeptidases. These are
the enzyme-containing Zn?*, which catalyzes the dehydration of the bicarbonate ion and the
hydration of CO2 and catalyzes the hydrolysis of the peptide bonds in a protein. Redox catalysis
is the energy conversion process that catalyzes oxidation and reduction, for example,
cytochromes and flavoproteins.

Thus, this review article aims to (i) discuss the processes of metal complex formation
and rules for determining the stability of the metal complex, (ii) explain the biological functions
of inorganic elements in the transport of dioxygen molecule O2 for enzymatic catalysis, (iii)
describe the interaction between metal ions and carbohydrates or sugars type ligands, and
nucleic acids, (iv) illustrate the role of inorganic elements in a biological system, e.g. enzymatic
and redox catalysis.

2. Materials and Methods

Nine electronic databases, including China National Knowledge Infrastructure (CNKI),
Wan Fang Data, PubMed, Science Direct, Scopus, Web of Science, Springer Link, Sci Finder,
and Google Scholar, were searched from 2011 to 2023 and without language restrictions. The
searched keywords include "Metal complex and Ligand", "Metal complex and Stability", etc.
All eligible studies are analyzed and summarized in this review.

3. Metal complexes and its stability

3.1. The formation of metal complexes.

Elements are metals in the periodic table's s, d, and f blocks, which have high electrical
and thermal conductivity because of their valance electrons and different oxidation states [8].
Metal ions are hard in s-block that interact with the small and hard donors such as O or N atoms
to form a complex. The complex of cations in Group 1 is heavier than the Group 2 metal formed
by the polydentate ligands. Monodentate ligands are weakly covalent bonded by the metal ions.
Crown ethers (18-crown-6) (Fig.1a) form a complex with the alkali metal ion. Bicyclic
cryptand ligands, 2.2.1 crypt (Fig. 1b), form a more stable metal complex. Group 2 metal ions
form a more stable metal complex than Group 1 since the size of Group 1 metal ions is larger,
and the alkali earth metal complex is in the order Ca?* > Mg?* > Sr?* > Ba?". D-block metals
form the most stable complexes because of their low-lying orbital with variable oxidation
states.
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Figure 1. a) Crown ethers (18-crown-6); b) bicyclic cryptand ligands, 2.2.1 crypt.
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3.1.1. Structure and bonding in metal complexes.

The metal complex is a central metal atom or ion surrounded by ligands. It is an ion or
molecule which is the combination of a Lewis acid (central metal atom) with Lewis bases
(ligands). Lewis base ligands are called donor atoms, and the Lewis acid in the metal complex
is called an acceptor atom (Fig. 2). The electron donor atom and acceptor atom have a positive
or negative formal charge, respectively [9].

Cof;q) +6NH,,, > [Co(NH3)6]§;q)

Figure 2. Example of Lewis acid and base for the metal complex formation.
3.2. Design of ligands.

Generally, two methods for designing ligands: Chelate, Macrocyclic rings, and Crown
ethers using NHs, CI-, and H20.

3.2.1. Chelate ring.

Coordination of a polydentate ligand from an ion to form 5 or 6-membered rings (Fig.
3a & 3b). The 6-membered ring is formed when it chelates to a metal ion. It is planar and is
stabilized by delocalized n-bondings. Ligands such as pyridine and oxalate produce the planar
chelate rings, interacting with the metal center. Small metal ions favor forming 6-membered
rings, and large metal ions favor forming 5-membered rings. The metal ion replaces a sp®
hybridized C atom in a 6-membered chelate ring. The bite angle is close to 109.5% and the M-
N bond length should be 160 pm, while the bite angle is 69° and the M-N bond length is 250
pm in a 5-membered chelate ring [10]. The stability complex of metal ions decreases as the
size of the chelate rings formed by open-chained polyamine ligands increases from the 5 to 6-
membered rings [11].

a) b)
Figure 3. Structure of a) 5-membered ring; b) 6-membered ring.

3.2.2. Macrocyclic ring.

Porphyrin (Fig. 4) is one of the cyclic polydentate ligands coordinated by the
macrocyclic ring. It is occurring in hemoglobin and myoglobin. The metal ion fits inside the
core, giving a planar, and occupies three cis positions to form an octahedral complex [12].

Figures 4. Structure of Porphyrin.
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3.2.3. Crown ethers.

It is a subclass of the cyclic polydentate ligands. They form complexes with alkaline
and alkaline earth metal ions, such as 15-crown-5 (Fig. 5a) and 18-crown-6 (Fig. 5b). Crown
ether can have up to ten oxygen atoms [13].
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Figures 5. Structure of a) 15-crown-5; b) 18-crown-6.

3.3. The stability of metal complexes.
3.3.1. Determination of stability constants.

There should be a known concentration of metal ion (M?*) and ligand (L) in the aqueous
solution. It only forms one coordination complex in the presence of a solution—the stability
constant for determining the concentration of uncomplexed M?*. The stability constant
becomes smaller when ligands are introduced, decreasing the values of the equilibrium constant
K [14].

3.3.2. lonic size and charge.

The stability of complexes in the non-d-block metal ions and their charge decrease with
increasing the cation size, e.g., Ca*" > Sr?* > Ba?*. The stability of ligands with similar size
ions increases when the ionic charge increases, e.g., Lit < Mg?* < AIF* [15].

3.3.3. Hard and soft metal centers.

The cations (Lewis acids) and ligands (Lewis bases) are classified as Hard or Soft. The
hard and soft acid-base principle (HSAB) determines the stability of a complex. The complex
formation between hard metal ions and ligands containing the donor atoms and the stability is:

F>CI>Br>|

However, the stability is conversely for the soft metal ions and ligands containing the

donor atoms,
F<Cl<Br<lI
Hard and soft acids describe the polarization of the metal ions.

Table 1. Comparison of hard and soft acids.

Properties Hard Soft
Size of ion Small Large
Charge density High Low
Polarizable Not easy Easy

Thus, Hard acids (Hard Metal cations) form complexes preferred with Hard bases (Hard
Ligands). Soft acids (Soft Metal cations) prefer soft bases (Soft Ligands) [16].
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4. Biological Functions of Inorganic Elements
4.1. Dioxygen molecule O,

Oxygen is a natural product. Dioxygen molecules are potentially reactive at high
concentrations in the earth's atmosphere, about 21%. It has a strongly oxidizing character,
which is partly reduced, and its highly reactive species are easily formed through catalysis by
transition metals such as Fe?*. The partially reduced oxygen intermediates are the reaction of
oxygen molecules in different stages with different pKa.

The unsaturated molecule O2 is o, © donor, or & acceptor ligand, and electron density is
transferred to the electro-positive metal. Dioxygen ligand acts as bridging ligands between
metal centers, contributing to the irreversibility of Oz coordination. The dioxygen ligand is
mainly bound singly or doubly in reduced form [17]. Thus, Hard acids (Hard Metal cations)
form complexes preferred with Hard bases (Hard Ligands). Soft acids (Soft Metal cations)
prefer soft bases (Soft Ligands) [16].

4.2. Enzymatic catalysis.

Proteins can act as enzymes, consisting of « -amino acids connected by the peptide
bonds. The function of carboxamide is to provide a poor metal coordination site. Solvents such
as N-methyl- or N, N-dimethylformamide with a high concentration of amide functions lead to
a high dielectric constant, and protein acts as a medium, thus reducing ionic attraction and the
repulsion forces within the protein and protein complexes [18].

5. Carbohydrates, Sugars Type Ligands, and Nucleic Acids

5.1. Sugar (small molecular carbohydrate) complexes.

Carbohydrates are very weak acids; the first acidity constants fall in the range of 10
to 102 mol dm. Several investigations have been published on the ionization of free sugars
(among them pentoses, hexoses, and sugar derivatives) and acyclic polyhydroxy alcohols.
There are some exceptional cases, e.g., it has been made the hydroxy group, which deprotonates
in the system. An OH group is the most acidic in glycopyranosides. The acidities of methyl
arabinose, ribose-, Xylo-, and lyxofuranosides comprise two groups. Trans-1,2-glycosides
have acidity constants 2 to 4 times larger than those of cis counterparts. A possible explanation
for this acidity difference is the stronger solvation of the 2-oxyanion than that of the neutral
hydroxy group, and a neighboring cis-methoxy group impedes solvation more effectively than
does the trans group. Each pair of anomers having the cis-1,2-configuration is the weaker acid.
Because of the low acidity of sugar molecules, the metal complexes formed by mono- and
disaccharides are usually weak in acidic and slightly alkaline solutions. This is the reason for
the lack of equilibrium data for such systems. Just the opposite can be said about complexes
formed with sugar acids or sugar derivatives containing stronger donor groups than the
alcoholic oxygens [19].

One of the first convincing pieces of evidence on the metal ion coordination of sugar
molecules stems found that in the presence of metal salts, some sugar molecules migrate, even
at pH ~7, toward the cathode, indicating the positive charge of the sugar-containing species in
the system. This behavior could be understood only by assuming that the neutral sugars
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coordinate metal ions, resulting in metal complex cations. The extent of migration could be
considered to be a rough measure of the complexity of ability [20].

The electrophoretic migration and the NMP spectra of some sugars were investigated
in the presence of calcium chloride. The results indicated a clear-out correlation between the
migration and the NMR shifts due to the presence of calcium ions in the case of sugars carrying
hydroxy oxygens in the axial-equatorial-axial sequence. Some other less pronounced but still
significant complexing groupings were also identified as a consequence of these investigations.
These results were confirmed in a large number of independent studies that showed the metal
ion-binding ability of sugar molecules is determined by the steric situation of their hydroxy
groups [21].

The complexing sites of monosaccharides in descending sequence of their strengths are
as follows:axial-equatorial-axial triol grouping on a six-membered ring > cis-cis triol grouping
on a five-membered ring > acyclic threo-threo triol grouping > acyclic threo pair adjacent to a
primary hydroxy group > acyclic erythro-threo triol grouping > cis diol grouping on a five-
membered ring > cis diol grouping on a six-membered ring > trans diol grouping on a Six-
membered ring [22].

In cyclic monosaccharides, no more than three hydroxy oxygens can coordinate to the
same metal ion, but in molecules containing more than one monosaccharide moiety,
complexing can occur at more than three oxygen atoms. Two monosaccharide moieties, o- b—
allopyranosyl ora- p—allopyranose, with an axial-equatorial-axial-sequence of hydroxy groups
and form a pentadentate complex with calcium ions [23].

5.2. Amino sugar complexes.

Amino sugars, which are the most abundant natural organic compounds, are known to
bind metal ions. The amino sugar complexes of copper(Il) usually have outstanding stability.
The complex formation of different metal ions was investigated using pH-metric titrations. The
stability constants of the metal complexes decreased in the sequence Cu?* > Pb?* > Zn?* > Ni%*
> Cd?** > Ca?" ~ Mg?*. The stabilities of the copper(ll) complexes increased in the above
sequence of ligands. Recent potentiometric and spectroscopic studies on the coordination
ability of b-mannosamine have shown that this amino sugar is a more effective ligand than p-
glucosamine or p-galactosamine. All monomeric amino sugars act as bidentate ligands, with
their amino group as a main donor toward metal ions. The second donor center devives from
one of the amino-sugar hydroxyl groups. e.g., 2-Amino-2-deoxy-D-gluconic acid forms
complexes with higher stability than those of D-glucosamine, owing to the presence of the
carboxylate group indicating the coordination of the latter oxygen in the system [24].

5.3. Adenosine complexes.

Alkali metal and alkaline earth metal ions do not interact with the basic part of
adenosine, whereas 3d transition metal ions form comparably stable complexes. Based on the
linear stability-basicity correlation for adenosine, Cu(ll) and Ni(ll) ions prefer N1 rather than
N7, but Zn(I1) ions can bind with both sites theoretically. However, the experimental results
showed that the microscopic log(K/M*) values of N1 and N7 coordination were 0.28 and 0.59
with Ni(Il) and 0.59 and 0.87 with Cu(ll). This is because the stability complexes were based
on m- and p-substituted pyridines. However, in adenosine, there is an amino group that is large
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in the ortho position. So steric hindrance plays an important role in adenosine binding with
Ni(ll) at the 6-amino group to form a complex; thus, N7 coordination is favored [25].

5.4. Adenine complexes.

A direct chelate formation of adenosine with 3d transition metal ions through hydrogen
bonding of the 6-amino group to the N7 atom is not possible. Since the chelate structure
complex- 1, N6-ethanoadenosine is several orders of magnitude more stable than those of the
purine riboside. The complexes of neutral adenine are more stable than those of adenosine,
most probably because of the availability of an additional binding site. N9 coordination of
adenine would form complexes with metal ions. Cu(ll) metal ion may display monodentate
binding to the N9 atom of either the adeninate ion, neutral (N7H) adenine, or the (N1H, N7H)
adeninium cation. The formation of a Ni(ll) complex of the adenine anion is abnormally slow.
It is assumed that the metal ion initially attacks neutral adenine, and the complex then
undergoes deprotonation. The rate-exterminating step is the ring closure to a bidentate chelate.
In addition, the initial hydrogen bonding of neutral adenine through the N1 atom to a water
molecule of the inner sphere of the Ni(ll) ion results in a misorientation [26].

6. Inorganic Elements of a living system

6.1. The biological roles of metal ions.

The chemistry of life involves at least twenty-five essential elements. There are another
nine elements that are required in relatively large quantities, called macronutrients in humans
[27, 28]. These elements are Na, K, Mg, Ca, S, P, Cl, Si, and Fe, while V, Cr, Mn, Co, Ni, Cu,
Zn, Mo, W, Se, and F are required in relatively small quantities. Some are toxic, such as
beryllium, thallium, and uranium, which are not used in the biochemical processes. These
metallic elements play a variety of roles in the living system, including:

0] Regulatory action is exercised by Na*, K*, Mg?* and Ca?*. The influx and rush

out of these ions through the cell member maintain the concentration gradients
and regulate the metabolism activity [29, 30].

(i) Structural role of calcium in bone, teeth, and blood clotting, which makes the
teeth and bone more rigid and initiates blood clotting in wounds in the presence
of metal ions [31, 32].

(iii)  Election transfer depends on metal-containing electron-transfer agents, such as
cytochromes, and ferredoxins (Fe) [33, 34].

(iv)  Metalloenzymes or Metallocoenzymes are involved in enzymatic activity,
depending on the presence of metal ions; both have the active site of the enzyme
or co-enzyme. Metallocoenzyme includes carbonic  anhydrase,
carboxypeptidase, and cytochrome P450 [35, 36].

(v) Oxygen carries the molecules from the lung to tissue used in oxidative processes
to generate energy, e.g., ATP. Oxygen carriers also contain metal ions that
provide the active sites for the Oz molecules. Typical oxygen carriers are
hemoglobin and myoglobin [37, 38].
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7. Conclusion

The metal complex formation depends on the structure, bonding, and ligand design. Its
stability corresponds to the ion's size and charge based on the hard and soft acid-base principle.
Dioxygen molecule Oz and enzymatic catalysis are the major biological functions of inorganic
elements. Carbohydrates, sugars-type ligands, and nucleic acids are commonly used to form
complexes. The biological roles of metal ions play important roles in the living system.
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