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Advances and Challenges in Diethylenetriamine-Based Schiff Bases: Synthesis, Structural Diversity, Coordination Chemistry, and Emerging Applications

Abstract
Schiff bases derived from diethylenetriamine (DETA) have attracted considerable attention due to their versatile coordination behavior and structural flexibility. The presence of multiple donor atoms within the diethylenetriamine framework enables the formation of a wide variety of mono- and polynuclear metal complexes with diverse geometries. Despite the extensive development of Schiff base chemistry, challenges remain in achieving controlled asymmetric synthesis and improving the stability of certain metal complexes, highlighting the need for continued investigation in this field. This review provides a comprehensive overview of the chemistry of diethylenetriamine-derived Schiff bases reported between 2000 and 2025, with emphasis on their synthetic strategies, structural characteristics, and metal complex formation. Various condensation approaches involving diethylenetriamine and different aldehydes or ketones are discussed, highlighting factors that influence ligand architecture and denticity. The structural diversity of these ligands, including tridentate, tetradentate, and higher denticity systems, is examined in relation to their coordination modes and chelating behavior toward transition metal ions. Reported metal complexes are analyzed in terms of coordination geometry, bonding features, and ligand–metal interactions as revealed by spectroscopic and crystallographic studies. Key trends identified in the literature include increasing interest in asymmetric ligand design, development of multinuclear coordination systems, and exploration of environmentally relevant catalytic processes such as carbon dioxide reduction. The review also identifies current trends and gaps in the literature, particularly regarding ligand design and coordination versatility. Future research is expected to focus on sustainable synthetic approaches, improved structural control, and the development of multifunctional complexes for applications in catalysis, sensing, and biomedical chemistry. Overall, this work provides a consolidated understanding of the development of diethylenetriamine-derived Schiff bases and outlines perspectives for future investigations in coordination chemistry.
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1.0	Introduction
Schiff bases are an important class of organic compounds characterized by the presence of an azomethine (–C=N–) functional group formed through the condensation of primary amines with aldehydes or ketones. Since their first description by Hugo Schiff in 1864, these compounds have attracted considerable attention in organic, inorganic, and coordination chemistry because of their structural versatility and strong metal-binding ability (da Silva et al., 2011). Over the past decades, Schiff bases have evolved from relatively simple imine compounds to sophisticated ligand systems capable of stabilizing a wide variety of metal ions and coordination geometries. Their derivatives have therefore been widely explored in fields such as catalysis, materials science, medicinal chemistry, and bioinorganic modelling (Gautam et al., 2023; Hameed et al., 2017).
The importance of Schiff bases in coordination chemistry arises primarily from the presence of donor atoms, typically nitrogen, oxygen, or sulfur, which can effectively coordinate to metal ions. The azomethine nitrogen in particular plays a crucial role in metal–ligand interactions due to its ability to donate electron density to metal centers while also participating in π-back bonding. Consequently, Schiff base ligands frequently form stable metal complexes with transition metals, many of which display interesting structural, electronic, and biological properties. In medicinal chemistry, several Schiff base derivatives and their metal complexes have demonstrated promising pharmacological activities, including antimicrobial, anticancer, antitumor, diuretic, and antiviral effects (Bhawar, 2024).
Polyamines constitute another important class of compounds that have been widely investigated in coordination chemistry. Diamines, triamines, and higher polyamines occur naturally in biological systems and are produced during metabolic processes involving compounds such as ornithine and bleomycin (Bolos et al., 1998; Ivanov and Khomutov, 2022). These molecules possess multiple nitrogen donor sites that allow them to act as effective chelating agents for transition-metal ions. Although considerable research has focused on cyclic amines such as imidazole and histamine and their coordination complexes (Tobolska et al., 2024), acyclic polyamines—particularly those derived from biologically relevant molecules—have received comparatively less systematic attention (Rowland and Yost, 2010).
Among acyclic polyamines, aliphatic compounds such as ethylenediamine (en), diethylenetriamine (DETA), and triethylenetetramine (trien) occupy a unique position in coordination chemistry. These ligands are inexpensive bulk chemicals produced on an industrial scale and are readily available for synthetic modification. Their flexible aliphatic backbones allow the construction of a wide variety of ligand architectures, including acyclic, macrocyclic, symmetric, asymmetric, mononuclear, and polynuclear coordination systems. In addition, the metal complexes derived from these polyamines often display high solubility in polar solvents and biological fluids, properties that are particularly advantageous for catalytic and biomedical applications (Meena et al., 2023).
Diethylenetriamine (DETA), with the formula H₂N–CH₂–CH₂–NH–CH₂–CH₂–NH₂ (Figure 1a), represents the simplest triamine within this family and has proven to be an especially versatile precursor for Schiff base ligand synthesis. The molecule contains two terminal primary amine groups and one central secondary amine, providing multiple nucleophilic sites for condensation reactions with carbonyl compounds. This structural arrangement enables selective functionalization of the terminal amines while the central nitrogen may participate in coordination or remain unreacted depending on reaction conditions. As a result, DETA serves as an attractive scaffold for the synthesis of both symmetric and asymmetric Schiff base ligands with diverse denticity and coordination modes (Al-Nuri et al., 2023).
The structural flexibility of DETA-derived Schiff bases allows them to form mono-, bi-, and polynuclear metal complexes with a wide range of coordination geometries. In many cases, the resulting ligands behave as multidentate chelating agents capable of stabilizing transition-metal ions in different oxidation states. Such complexes have been investigated extensively using spectroscopic, crystallographic, and computational techniques in order to understand their bonding characteristics and coordination behaviour.
Despite the broad interest in Schiff base coordination chemistry, the chemistry of diethylenetriamine-derived Schiff bases has not been comprehensively reviewed in recent years. In particular, developments in ligand design, asymmetric derivatives, and multinuclear metal complexes reported during the past two decades remain scattered across the literature. A systematic consolidation of these studies is therefore valuable for identifying structural trends, synthetic strategies, and future research opportunities.
This review therefore provides a comprehensive overview of DETA-derived Schiff bases reported between 2000 and 2025, with emphasis on their synthetic approaches, structural diversity, coordination behaviour, and emerging applications. To provide a concise visual summary of these aspects, Figure 1(b) presents an overview of the synthesis routes, structural classifications, metal complex formation, and major applications of diethylenetriamine-derived Schiff bases.


Figure 1(a): 	Structure of Diethylenetriamine (DETA)
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Figure 1(b): Schematic overview of synthesis, structural diversity, and applications of DETA-derived Schiff bases



2.0	Chemistry and Synthesis of DETA Schiff Bases
2.1	Diethylenetriamine
Diethylenetriamine (DETA) is a colorless, hygroscopic liquid characterized by a strong ammonia-like odor and high solubility in polar solvents. Structurally, it contains three nitrogen donor atoms—two primary amines and one secondary amine—connected through an ethylene backbone, which provides significant flexibility and strong nucleophilic character. These structural features make DETA an important polyamine ligand and a versatile building block in coordination and synthetic chemistry. Its multiple protonation states, arising from pKa values typically ranging from about 4 to 10, allow differential reactivity of the amine groups and enable selective functionalization, particularly at the primary amine sites during condensation reactions (Al-Nuri et al., 2023).
The nucleophilic nature of the amine groups allows DETA to react readily with carbonyl compounds such as aldehydes and ketones to form imine (Schiff base) linkages through nucleophilic addition followed by dehydration (Kraicheva et al., 2017). These reactions are commonly carried out under reflux conditions in protic solvents such as methanol or ethanol and may be catalyzed by either acidic or basic conditions to facilitate the condensation process (Mushtag et al., 2024). The resulting Schiff bases often contain multiple donor atoms capable of coordinating to metal centers, thereby generating a wide range of mono- or polynuclear metal complexes with diverse structural architectures.
The coordination versatility of DETA is largely attributed to its flexible chain and the spatial arrangement of donor atoms, which allow the formation of stable chelate rings with metal ions. Typically, DETA forms five- or six-membered chelate rings that enhance complex stability through the chelate effect. As a result, DETA and its derivatives readily coordinate with transition metals, lanthanides, and actinides, often adopting coordination geometries such as octahedral or trigonal bipyramidal structures depending on the metal ion and ligand environment (Emara et al., 2008; Bhavsar, 2024). In addition, the azomethine nitrogen atoms formed in Schiff base derivatives can participate in π-backbonding interactions with metal centers, strengthening metal–ligand interactions and influencing the electronic properties of the complexes.
Beyond its role in Schiff base chemistry, DETA has numerous industrial and biomedical applications. It is widely used as a curing agent in epoxy resins, a component in carbon dioxide capture technologies, and as a precursor in the synthesis of polyaminocarboxylate chelating agents such as diethylenetriaminepentaacetic acid (DTPA). DTPA and related derivatives are extensively employed in medical imaging, particularly as chelating ligands in magnetic resonance imaging (MRI) contrast agents. The high thermal stability of DETA-based systems, often exceeding 200 °C, and their excellent solubility in polar media further support their widespread use in polymer cross-linking processes and chelation therapies.
Historically, research on DETA gained prominence in the mid-twentieth century due to its relevance in modeling biological polyamine systems. In more recent decades, however, attention has shifted toward the design of DETA-derived ligands for applications in catalysis and bioinorganic chemistry. For example, Emara et al. (2008) demonstrated that DETA-derived complexes can facilitate oxygen binding in non-heme model systems, providing insight into biological oxygen transport mechanisms similar to those observed in hemoglobin. Furthermore, the incorporation of heterocyclic aldehydes such as furfural or other heteroatom-containing carbonyl compounds has enabled the development of DETA-based Schiff bases with enhanced biological and catalytic properties (Psomas et al., 2004; Zhang et al. 2021).
Overall, the structural flexibility, multidentate coordination capability, and tunable reactivity of DETA make it an important precursor for the design of Schiff base ligands and metal complexes. These characteristics have contributed to its evolution from a simple industrial polyamine to a key component in modern coordination chemistry, catalysis, and bioinorganic modeling.

2.2 	Chemistry of Schiff Bases: Types and Reactions
2.2.1 General mechanism and thermodynamics
Schiff bases, commonly referred to as imines, are typically formed through a condensation reaction between a primary amine and a carbonyl compound such as an aldehyde or ketone. This transformation proceeds through a reversible nucleophilic addition–elimination sequence in which the amine nucleophile attacks the electrophilic carbonyl carbon to form an intermediate species that subsequently undergoes dehydration to generate the imine linkage (C=N). Because the reaction is reversible, the position of equilibrium is strongly influenced by reaction conditions, particularly the removal of water produced during the process (Arifuzzaman et al., 2013).
The formation of the imine bond involves the generation of a tetrahedral intermediate known as carbinolamine, which subsequently undergoes dehydration to yield the Schiff base. The dehydration step is generally considered the rate-determining step, as it requires the elimination of a water molecule from the intermediate structure. Consequently, strategies that facilitate water removal are frequently employed to shift the equilibrium toward product formation. Common approaches include the use of molecular sieves, azeotropic distillation using a Dean–Stark apparatus, vacuum-assisted dehydration, or the use of aldehydes capable of intramolecular hydrogen bonding that stabilizes the imine product, such as o-vanillin (Arifuzzaman et al., 2013).
Thermodynamically, Schiff base formation is favored when the imine product is stabilized through conjugation, hydrogen bonding, or metal coordination. Aromatic aldehydes often yield more stable imines because the resulting azomethine group can participate in extended π-conjugation with aromatic rings. Additionally, electron-withdrawing substituents on the carbonyl compound tend to increase the electrophilicity of the carbonyl carbon, thereby enhancing the rate of nucleophilic attack by the amine.

Scheme 1: Schematic representation of Schiff base formation
(RI and RII = alkyl, aryl, cycloalkyl, or heterocyclic groups; R¹ = H for aldehydes and R¹ = alkyl/aryl for ketones).
[image: ]
2.2.2 	Mechanism of Schiff Base Formation 
The mechanism of Schiff base formation can be regarded as a variant of nucleophilic addition to a carbonyl group, where the nucleophile is a primary amine rather than a carbon-based nucleophile. The reaction proceeds through the formation of an unstable addition compound known as carbinolamine, which subsequently loses water to generate the imine functional group (Adesina, 2022).
Generally, the reaction occurs in two main stages. In the first step, the nucleophilic amine attacks the electrophilic carbonyl carbon, resulting in the formation of the carbinolamine intermediate. In the second step, dehydration of this intermediate occurs, leading to the formation of the azomethine (C=N) bond characteristic of Schiff bases (Subasi, 2022).
Under acidic conditions, the reaction is facilitated by protonation of the carbonyl oxygen, which increases the electrophilicity of the carbonyl carbon and promotes nucleophilic attack by the amine (Sani et al., 2018). The lone pair of electrons on the amine nitrogen attacks the carbonyl carbon to produce a tetrahedral intermediate. Subsequent proton transfers assist in the elimination of a water molecule, resulting in the formation of an iminium ion intermediate. Finally, deprotonation of the iminium ion yields the corresponding Schiff base (Banu et al., 2015).
In basic media, the reaction follows a slightly different pathway. The amine becomes more nucleophilic and can directly attack the carbonyl carbon to form the tetrahedral intermediate (Khalaji et al., 2015). Proton transfers within the intermediate then facilitate the elimination of a water molecule, producing the imine product (Mekhergee et al., 2009; Neelakantana et al., 2008). Under these conditions, the resulting Schiff base may be stabilized by the basic environment (Hossain et al., 2018).
The dehydration of the carbinolamine intermediate is generally considered the rate-limiting step in Schiff base synthesis (Alshboul et al., 2022). For this reason, the reaction is frequently performed under mildly acidic conditions that accelerate dehydration while preserving the nucleophilicity of the amine. Excessively strong acidic conditions, however, can protonate the amine nitrogen, thereby reducing its nucleophilicity and shifting the equilibrium toward the reactants. Consequently, the optimal synthesis of Schiff bases is typically achieved at moderately acidic pH values, where both nucleophilic attack and dehydration are efficiently facilitated (Hossain et al., 2018).
In practical synthesis, aldehydes generally react more readily with primary amines to form Schiff bases than ketones. This difference arises primarily from the greater electrophilicity and lower steric hindrance associated with aldehydes. Ketones often require more controlled reaction conditions, including the use of suitable catalysts, optimized pH conditions, and solvents capable of azeotropically removing water formed during the reaction. Careful control of reaction temperature is also important to achieve efficient condensation when ketones are used as the carbonyl component (Subasi, 2022).

2.3 	Methods of Synthesis of Schiff Bases 
2.3.1	Conventional Method
The conventional synthesis of Schiff bases generally involves the condensation reaction between a primary amine and a carbonyl compound (aldehyde or ketone) under heating and stirring in an appropriate solvent. This reaction proceeds through the formation of a hemiaminal (carbinolamine) intermediate, which subsequently undergoes dehydration to produce the imine (Schiff base) functional group.
The reaction pathway can be represented as follows:
R1CHO + R2NH2 → R1CH(OH)NR2 (hemiaminal formation) -	-	-	-	Equ. 1
R1CH(OH)NR2 → R1CH=NR2 + H2O (dehydration to imine) -	-	-	-	Equ. 2

Typically, the synthesis of Schiff bases is carried out in organic solvents such as ethanol or methanol, where the amine and aldehyde are refluxed together to promote the condensation reaction. Although the reaction may occur under mild conditions, the presence of certain substituents on the reactants may necessitate the use of catalysts, controlled pH conditions, or elevated temperatures to enhance reaction efficiency. In many cases, the equilibrium of the reaction must be shifted toward product formation by removing the water generated during the condensation process.
Various modifications to the conventional method have been reported in the literature. These include performing the reaction at room temperature, refluxing the reaction mixture in heptane in the presence of acetic acid, or employing azeotropic distillation using benzene and a Dean–Stark apparatus in the presence of an acid catalyst to facilitate continuous removal of water (El-Ajaily et al., 2007). The use of drying agents or azeotropic solvents is particularly important in driving the equilibrium toward Schiff base formation (Rao et al., 2010).
Over the years, numerous Schiff base ligands have been synthesized using the conventional condensation method (Sonikan et al., 2020; Mahmoud et al., 2016; Wang et al., 2014; Zayed et al., 2014; Baran and Sacak, 2017). For instance, Venkatesh et al. (2021) synthesized a Schiff base ligand through the reaction of 4-nitro-o-phenylenediamine with 5-methoxysalicylaldehyde in absolute ethanol. The reaction mixture was heated at 70 °C for 6 hours with continuous stirring to obtain the desired product. The antibacterial activity of the synthesized Schiff base ligand and its corresponding metal complexes was subsequently evaluated against clinically relevant bacterial strains including Escherichia coli, Proteus mirabilis, Streptococcus pneumoniae, and Bacillus subtilis. The results indicated that the metal complexes exhibited enhanced antibacterial activity compared with the parent Schiff base ligand, suggesting their potential application in antimicrobial drug development.
Similarly, Rosu et al. (2012) reported the synthesis of a novel Schiff base, N-(4-amino-2,3-dimethyl-1-phenyl-3-pyrazolin-5-one)pyridoxaldimine, obtained by refluxing an equimolar mixture of 4-amino-2,3-diethyl-1-phenyl-3-pyrazolin-5-one and pyridoxal hydrochloride in ethanol. In another study, Singhai et al. (2019) synthesized a series of eight novel Schiff bases through the condensation of 2-(1-aminobenzyl)benzimidazole with various heterocyclic and aromatic carbonyl compounds. These examples demonstrate the versatility of the conventional synthetic route in generating structurally diverse Schiff base ligands for potential biological and coordination chemistry applications.
2.3.2	Green Synthesis Methods
	Growing environmental concerns and the global push toward sustainable chemistry have encouraged the development of greener and more environmentally friendly synthetic strategies for the preparation of Schiff bases. Green chemistry aims to minimize the use of hazardous chemicals, reduce waste generation, and improve the overall efficiency of chemical processes. One of the key objectives of green synthesis is to limit the environmental impact of chemical reactions by reducing the use of toxic reagents and promoting safer reaction conditions (Nagar et al., 2023). A generalized reaction scheme illustrating environmentally friendly synthetic routes commonly employed in the preparation of DETA-derived Schiff bases is presented in Figure 2.
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Figure 2. Generalized reaction scheme illustrating green synthesis approaches for DETA-derived Schiff bases.
Compared with traditional synthetic methods, green approaches focus on improving reaction selectivity, reducing reaction time, lowering energy consumption, and simplifying product isolation and purification. In the synthesis of Schiff bases, several environmentally benign strategies have been explored.
One common green approach involves the use of eco-friendly solvents such as water, which replaces volatile organic solvents traditionally used in condensation reactions. Several studies have demonstrated the successful synthesis of Schiff bases in aqueous media (Sackdeva et al., 2014; Gharagozlou et al., 2015; Pooja and Tanay, 2019; Shirangi et al., 2022).
Another environmentally sustainable strategy is the use of natural acids or bio-derived catalysts, which can efficiently catalyze the condensation reaction while minimizing toxicity and environmental hazards (Moeketse et al., 2022; Bakht, 2015; Elemike et al., 2016; Daniel, 2017; Daniel, 2020; Sunil et al., 2021; Adesina, 2022; Bentoumi et al., 2022).
In addition, mechanochemical methods such as grinding and ball milling have emerged as solvent-free alternatives for Schiff base synthesis (El-Sayed et al., 2016). These approaches rely on mechanical energy to facilitate the reaction between the amine and carbonyl components, thereby eliminating the need for organic solvents (Patil et al., 2012; Bedi et al., 2020; Boruah et al., 2021; Karthik et al., 2021; Yusuf et al., 2020). Similarly, ball milling techniques have been successfully applied in the preparation of Schiff bases with improved reaction efficiency and reduced environmental impact (Shah et al., 2020; Katouah et al., 2020; Alharbi et al., 2022; Al-Hazmi et al., 2020).
Other innovative green approaches include the use of biological materials such as egg white as a catalytic medium (Kanmiyan et al., 2022) and the utilization of industrial waste materials as catalysts or reaction media (Nagar et al.,2023 ; Wei et al., 2021; Gopalakrishnan et al., 2006; Otacbi et al., 2022). These strategies not only reduce environmental hazards but also promote the efficient use of renewable and waste resources. Overall, green synthesis methods provide environmentally sustainable alternatives to conventional procedures and represent an important direction for the future development of Schiff base chemistry.

3.0	Structural Diversity of DETA Schiff Bases
3.1	Structural classification
	Schiff bases derived from diethylenetriamine (DETA) exhibit significant structural diversity due to the presence of three nitrogen donor atoms and the flexible ethylene backbone of the polyamine. On the basis of their overall architecture, DETA Schiff bases can generally be classified as acyclic or macrocyclic compounds.
In acyclic Schiff bases, condensation reactions occur without ring closure, and the three nitrogen atoms of the DETA framework remain within an open-chain structure after the formation of imine bonds. Such ligands often retain additional donor sites that can participate in metal coordination, thereby enabling the formation of mono- or polynuclear complexes.
In contrast, macrocyclic Schiff bases are formed when cyclisation occurs through the reaction of DETA with bifunctional carbonyl compounds such as dialdehydes or diketones. In these cases, head-to-tail condensation can generate 12–16 membered macrocyclic rings, depending on the nature of the carbonyl precursors used. Macrocyclic ligands are particularly important in coordination chemistry because their preorganized structures often provide enhanced thermodynamic stability and selectivity toward metal ions. Table 1 summarises the major structural classes of DETA Schiff bases along with representative examples reported in the literature.
Comparatively, acyclic DETA Schiff bases generally offer greater synthetic flexibility, whereas macrocyclic derivatives provide enhanced structural rigidity and often exhibit improved metal-binding selectivity due to preorganization effects.

Table 1: Classification of DETA Schiff bases based on structures with examples
	Type
	Definition
	Example
	Reference

	Acyclic
	Open-chain structure without ring closure
	N¹,N³-bis(salicylidene)dien
	Ghosh et al., 2019, Vieira et al., 2018

	Macrocyclic
	≥ 9-membered ring
	12-membered N₂O₂ dien–salicylaldehyde macrocycle
	Fabbrizzi (2020), Zeynali et al., 2021

	Symmetric
	Identical aldehyde/ketone at each terminal amine
	N¹,N³-bis(2-hydroxy-1-naphthylidene)dien
	Meena et al., 2023

	Asymmetric
	Different aldehydes or mixed donor groups
	N¹-salicylidene-N³-(2-pyridylmethylene)dien
	Vieira et al., 2018



3.2.	Classification based on the number of imine bonds formed
DETA Schiff bases can also be classified according to the number of imine (C=N) bonds generated during the condensation reaction. Because diethylenetriamine contains two primary amine groups and one secondary amine group, different degrees of condensation are possible depending on reaction conditions and the stoichiometry of the carbonyl compounds employed.
Accordingly, DETA Schiff bases can be grouped into three major categories: mono-condensed Schiff bases, di-homo condensed (symmetric) Schiff bases, di-hetero condensed (asymmetric) Schiff bases. Each of these classes exhibits distinct structural characteristics and coordination behaviour in metal complex formation.
3.2.1	Mono-condensed Schiff bases of DETA
	Mono-condensed Schiff bases are formed when only one primary amine group of DETA reacts with a carbonyl compound, leaving the second primary amine and the secondary amine unreacted (Chaviara et al., 2005). The formation of such species typically requires careful control of reaction stoichiometry to prevent further condensation that could lead to bis-imine products. In many cases, an excess of DETA relative to the carbonyl compound is employed to favour mono-condensation.
These ligands often behave as multidentate donors due to the presence of the imine nitrogen together with the remaining amine groups. Consequently, they readily coordinate to metal ions and form stable coordination complexes.
Fang et al. (2019) investigated the synthesis and biological activity of several metal complexes derived from mono-condensed and bis-condensed diethylenetriamine (Figures 3 and 4) where Schiff bases were prepared from various aldehydes. Copper(II) and zinc(II) complexes were synthesised and characterised using spectroscopic techniques and single-crystal X-ray diffraction. Structural analysis confirmed the presence of a single imine bond together with two free amine groups in the mono-condensed ligands. These complexes demonstrated strong DNA-binding properties and were capable of cleaving plasmid DNA in the presence of ascorbic acid through an oxidative cleavage mechanism. In vitro cytotoxicity studies against HeLa and HepG2 cancer cell lines revealed moderate anticancer activity, with copper complexes displaying higher potency than their zinc counterparts.


Figure 3:	Structure of a Mono condensed DETA Schiff base Zn complex (Fang et al., 2019)


Figure 4:	Structure of Mono condensed DETA Schiff base Cu complex (Fang et al., 2019)

3.2.2	Symmetric (bis –condensed) Schiff Bases of DETA and their metal complexes
	Symmetric DETA Schiff bases (Figure 5) are formed when both terminal primary amine groups of DETA react with two equivalents of the same aldehyde or ketone, producing bis-imine ligands with identical substituents on both ends of the polyamine chain (Ren et al., 2012). These ligands are often synthesised by refluxing DETA with aromatic aldehydes such as salicylaldehyde in ethanol or methanol, frequently in the presence of mild acid catalysts.
Emara et al. (2008) reported the synthesis of two such ligands, N,N′-diethyleneamine bis(salicylideneimine) (H₂DETS) and N,N′-diethyleneamine bis(o-hydroxyacetophenoneimine) (H₂DETHA). These ligands were subsequently coordinated with Mn(II), Co(II), and Ni(II) ions to form metal complexes. In nitrate-containing species, the ligands behaved as neutral tridentate donors, whereas in other complexes, they were doubly deprotonated and acted as pentadentate ligands. Spectroscopic analyses including infrared and UV–visible spectroscopy, together with magnetic measurements and molar conductivity studies, suggested square-pyramidal coordination geometries for the resulting complexes.
The oxygen-binding properties of these complexes were also examined. Among the compounds studied, [Co(DETS)]·4H₂O exhibited the highest oxygen affinity, demonstrating behaviour analogous to oxygen-transporting biological systems.
Further studies by Fang et al. (2019) described related bis-condensed DETA Schiff base complexes prepared from indole-3-carboxaldehyde (Figure 6). These complexes were obtained through conventional condensation reactions followed by metal complexation with copper(II) salts. Structural analysis confirmed the formation of high-symmetry bis-imine structures, and microwave-assisted approaches were later shown to significantly reduce reaction times while improving atom economy (Mushtag et al., 2024).
Additional examples include the work of Shiraj-U-Ddaula et al. (2014), who synthesised a bis(indoline-2-one)diethylenetriamine Schiff base from DETA and isatin. The ligand subsequently formed complexes with Cd(II), Ni(II), Co(II), and Zr(IV) ions. Spectroscopic investigations revealed predominantly octahedral and distorted octahedral geometries, while biological studies demonstrated antimicrobial activity, particularly for the cadmium complex.
Similarly, Chaviara et al. (2004) reported mixed-ligand Cu(II) complexes derived from DETA and heterocyclic aldehydes such as 2-thiophene-carboxaldehyde and 2-furaldehyde (Figure 7). The resulting Schiff bases formed monomeric octahedral complexes with notable antiproliferative and antibacterial activity against several cancer cell lines.
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Figure 5: Structure of a Symmetric Schiff Base of DETA (Emara et al., 2008).



Figure 6:	Structure of bis condensed DETA Schiff base Cu complex (Fang et al., 2019)


Figure 7: Synthesis of mono-octahedral mixed ligand Cu complex of DETA (Chaviara et al., 2004).

3.2.3	Synthesis of a diamine – dicarbonyl DETA Schiff base 
	Another important class of DETA Schiff bases arises from the condensation of DETA with dicarbonyl compounds, producing ligands that contain multiple imine groups and extended donor systems (Figure 8). In such systems, two carbonyl groups located on the same organic framework react with different amine groups of the polyamine, generating multidentate ligands capable of forming polynuclear metal complexes.
Emara (2010) reported the synthesis of a diamine–dicarbonyl Schiff base ligand (H₂L) obtained by condensing 4,6-diacetylresorcinol (DAR) with DETA in ethanol under reflux. The resulting ligand contains two N₃O tetradentate coordination sites, enabling the formation of binuclear complexes. Subsequent reactions of this ligand with metal salts including Cu(II), Ni(II), Co(II), Zn(II), Fe(III), Cr(III), VO(IV), and UO₂(VI) produced a variety of binuclear complexes exhibiting different coordination geometries. The ligand behaved as a dibasic tetradentate donor, and several of the resulting complexes displayed promising antimicrobial activity.


Figure 8: 	Synthetic scheme for a diamine – dicarbonyl DETA Schiff base ligand (Emara 2010). DET stands for DETA and DAR is for 4, 6-diacetylresorcinol

3.3 	Asymmetric (bis –condensed) Schiff Bases of DETA
	Asymmetric Schiff bases are produced when two different aldehydes or ketones react with the terminal amine groups of DETA, yielding ligands in which the two imine substituents are structurally different. These ligands may exist in either acyclic or macrocyclic forms depending on the nature of the carbonyl compounds involved.
Despite the synthetic versatility of DETA, reports on asymmetric Schiff bases derived from this polyamine remain relatively limited in the literature. In contrast, other diamines such as ethylenediamine, o-phenylenediamine, diaminomaleonitrile (DAMN), and 1,2-diaminopropane have been extensively studied for the preparation of asymmetric Schiff base ligands (Yang et al., 2016). The limited number of reports on asymmetric DETA Schiff bases is largely attributed to the synthetic challenges associated with controlling selective condensation reactions.

3.3.1	Methods of preparation of asymmetric Schiff bases of DETA
	Compared with symmetric Schiff bases, the synthesis of asymmetric DETA Schiff bases is considerably more challenging due to the presence of multiple reactive amine sites within the molecule (Yang et al., 2026). Nevertheless, several synthetic strategies have been developed to achieve selective condensation with different carbonyl compounds.
Three principal approaches are commonly employed:
i. Stepwise condensation: In this strategy, one primary amine group of DETA is temporarily protected using protecting groups such as Boc. After protection, the remaining free amine is reacted with the first aldehyde. Subsequent deprotection releases the second amine group, which can then react with a different aldehyde to generate the asymmetric Schiff base (Wang et al., 2010; Sheldon et al., 2007).
ii. Reagent-controlled mono-condensation: Selective condensation can also be achieved under high-dilution conditions and in the presence of Lewis acid templates such as MgCl₂. In this approach, DETA first reacts with a bulky aldehyde, after which the remaining amine group is reacted with a second carbonyl compound (Kraicheva et al., 2017). This strategy is often referred to as a one-pot two-step synthesis (Sheldon et al., 2007).
iii. Post-imine derivatisation: Another method involves the selective reduction of one imine group in a symmetric bis-imine using reducing agents such as NaBH₄. The resulting mixed imine-amine intermediate can then react with a second carbonyl compound to generate an asymmetric Schiff base ligand (Shi et al., 2021).

3.3.2	Synthesis of metal complexes of asymmetric Schiff bases of DETA
Schiff base ligands are well known for their strong tendency to form coordination complexes with transition-metal ions. Asymmetric Schiff bases are particularly interesting in coordination chemistry because their lack of symmetry enables multiple coordination modes and diverse metal-binding environments.
According to Berrones-Reyes et al. (2019), asymmetric ligands can coordinate to metal ions through different donor atoms, whereas symmetric ligands possess rotational or mirror symmetry that often results in more predictable coordination behaviour (Guragain, 2022). Consequently, asymmetric Schiff bases are often regarded as superior models for the metal-binding environments found in biological systems (Meena et al., 2023).
Metal complexes of asymmetric DETA Schiff bases are typically prepared by refluxing the ligands with metal salts such as Cu(II), Ni(II), Co(II), Fe(III), or Zn(II), often under slightly basic conditions to promote deprotonation of phenolic groups (Nandaniya et al., 2014). Characterisation of the resulting complexes is commonly performed using spectroscopic techniques including UV–Vis, FTIR, NMR spectroscopy, X-ray crystallography, and thermal analysis (Wang et al, 2010 ; Gautam et al., 2023; Meena et al., 2023; Malav and Ray, 2025;).
Vijayanthimala et al. (2010) reported Ce(IV) complexes derived from dien-type Schiff bases containing oxalate bridges. These complexes were synthesised by reacting preformed Schiff bases with Ce(IV) salts in alcoholic media followed by oxalate addition, and the resulting compounds were characterised using elemental analysis, infrared spectroscopy, NMR, and conductivity measurements.

4.0 	Coordination Chemistry and Metal Complex Formation
4.1	Binuclear and polynuclear complexes 
The formation of binuclear and polynuclear metal complexes is a common feature in the coordination chemistry of diethylenetriamine (DETA) Schiff bases. This behaviour arises primarily from the polydentate nature of DETA-derived ligands, which contain multiple nitrogen donor atoms and, in many cases, additional oxygen donor atoms introduced through aldehyde or ketone precursors (Figure 9). The presence of these donor atoms enables the ligand framework to bridge more than one metal centre, thereby facilitating the formation of binuclear or multinuclear coordination systems (Emara, 2010; Zhao et al., 2012; Liu et al., 2014; Andruh, 2015). This behaviour can be rationalized by the multidentate nature of DETA-derived ligands, which promotes cooperative metal–ligand interactions and stabilizes multinuclear assemblies through chelate and bridging effects. 
One example of such systems was reported by Vijayanthimala et al. (2011), who synthesised and characterised mixed-metal complexes involving copper and molybdenum species. In this study, Schiff bases derived from diethylenetriamine and aromatic carbonyl compounds were generated in situ and subsequently coordinated to copper ions. The resulting complexes incorporated tetrathiomolybdate or oxomolybdate units, giving rise to heterometallic clusters containing Cu–Mo frameworks. Structural analysis suggested that the tetrathiomolybdate complexes possess Cu₂Mo₂S₄ cores, where copper centres are linked through sulphide bridges. These complexes were proposed to adopt coordination geometries ranging from octahedral to square-pyramidal arrangements, depending on the metal environment and ligand coordination mode.
Polydentate Schiff base ligands derived from DETA have also been widely employed in the construction of homo- and heterodinuclear complexes. According to Andruh (2015), Schiff base ligands formed through the condensation of polyamines with aldehydes such as o-vanillin (2-hydroxy-3-methoxybenzaldehyde) are particularly suitable for assembling dinuclear coordination systems. These ligands have attracted significant attention due to their ability to produce metal complexes with interesting magnetic and luminescent properties (Pasatoiu et al., 2011; Long et al., 2011; Oyarzabal, 2016; Liu et al., 2018; Wong et al., 2002; Fondo et al., 2017).
A notable example is the ligand N¹,N³-bis(3-methoxysalicylidene)diethylenetriamine (H₂valdien), which is obtained by condensing diethylenetriamine with two equivalents of o-vanillin (Noor et al., 2022). Upon deprotonation of its phenolic groups, the resulting valdien²⁻ anion functions as a compartmental ligand, containing two distinct coordination environments: an inner N₃O₂ binding site and an outer O₂O₂′ site (Vigato et al., 2012). The inner compartment typically accommodates 3d transition-metal ions, while the outer site often coordinates oxophilic lanthanide ions (Andruh, 2015; Liu et al., 2014; Zhao et al., 2012). However, studies have shown that lanthanide ions can also occupy the inner coordination pocket under certain conditions (Brunet et al., 2015; Long et al., 2011).
In addition, the H₂valdien ligand has been observed to adopt a chelate–spacer–chelate bridging configuration in dinuclear complexes, in which the aliphatic secondary amine groups of the DETA backbone remain uncoordinated while the imine and phenolic donor atoms participate in metal coordination (Usman et al., 2017; Naskar et al., 2017; Noor et al., 2018). Structural transformations may also occur during complexation. For example, intramolecular aminal formation can lead to the generation of an imidazolidine ring within the ligand framework, as illustrated in Figure 10, which presents the synthetic scheme for the formation of a dinuclear DETA Schiff base complex (Noor et al., 2022).
Mixed-metal systems involving DETA Schiff bases have also been reported for other transition metals. For instance, Vijayanthimala et al. (2014) synthesised Fe–W mixed-metal complexes using Schiff bases derived from DETA and aromatic carbonyl compounds such as acetophenone, benzaldehyde, acetylacetone, and salicylaldehyde. Biological evaluation of these complexes indicated promising antibacterial and anticancer activities, suggesting that such heterometallic systems may have potential applications in medicinal chemistry.
The ability of DETA-derived Schiff bases to provide multiple donor sites and flexible coordination geometries makes them highly suitable ligands for constructing binuclear and heterometallic complexes. These complexes continue to attract interest because of their potential applications in magnetism, catalysis, bioinorganic modelling, and medicinal chemistry.


Figure 9: Structures of the binuclear metal complexes of DETA Schiff Base (Emara, 2010).
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Figure 10: Synthethic scheme for DETA dinuclear metal complex (Noor et al., 2022)
Further examples of heterobimetallic coordination systems have been reported for DETA-derived Schiff bases, demonstrating the versatility of these ligands in stabilising multiple metal centres. Afreen et al. (2019) reported a series of Cu(II)–Ag(I) heterobimetallic complexes prepared using linear, potentially pentadentate Schiff base ligands obtained from the condensation of diethylenetriamine (DETA) with substituted salicylaldehydes. The complexes were synthesised by reacting the Schiff base ligands with copper(II) chloride and silver(I) nitrate in a 2:2:1 molar ratio, yielding compounds of general formulation [(sb)₂Cu₂Ag]NO₃, where sbH₂ represents SaldienH₂ (N,N′-bis(salicylidene)diethylenetriamine), VandienH₂ (N,N′-bis(3-methoxysalicylidene)diethylenetriamine), and NapdienH₂ (N,N′-bis(naphthylidene)diethylenetriamine). Comprehensive characterisation of the ligands and their metal complexes was achieved using elemental analysis, infrared and ultraviolet–visible spectroscopy, electron spin resonance, powder X-ray diffraction, and mass spectrometry (Sheng et al., 2022), while surface morphology was examined using scanning electron microscopy. The Schiff base ligands behaved as dibasic N₃O₂ pentadentate donors, coordinating through azomethine nitrogen atoms, secondary amine nitrogen atoms, and phenolic oxygen atoms. Based on spectroscopic and analytical evidence, the Cu(II) centres were assigned square-pyramidal geometries, whereas the Ag(I) ions were suggested to adopt octahedral coordination environments.
In 2014, Vijayanthimala et al, reported some mixed metal complexes of Fe-W which were synthesised with Schiff bases of DETA formed from acetophenone, benzaldehyde, acetyl acetone and salicylaldehyde. Having characterised the new compounds, they were stated against some bacterial and cancer cells. The activities of DETA salicylaldehyde Schiff base complex indicated potential application of those with tungsten in biological fields.

4.2	Characterisation techniques 
	The structural elucidation of newly synthesised diethylenetriamine (DETA) Schiff bases and their metal complexes typically involves a combination of physicochemical, spectroscopic, electrochemical, and computational techniques. Initial characterisation often begins with basic physicochemical observations such as colour changes, determination of melting or boiling points, and solubility tests in different solvents. These preliminary analyses provide useful insights into the purity and general physical properties of the compounds and help guide the selection of suitable solvents for further analytical investigations (Sheng et al., 2022).
However, comprehensive characterisation of DETA Schiff bases requires more advanced analytical techniques capable of providing information on molecular structure, bonding interactions, electronic properties, and coordination behaviour. Techniques such as elemental analysis, molar conductivity measurements, magnetic susceptibility studies, infrared spectroscopy (FTIR), ultraviolet–visible spectroscopy (UV–Vis), nuclear magnetic resonance (NMR), mass spectrometry, electron paramagnetic resonance (EPR), cyclic voltammetry, thermogravimetric analysis (TGA), X-ray diffraction (XRD), and computational methods including density functional theory (DFT) are commonly employed.
Each of these techniques contributes specific information regarding the chemical composition, coordination environment, electronic transitions, and stability of the ligand or metal complex. For instance, elemental analysis confirms the empirical composition of the compound, while spectroscopic techniques such as FTIR and NMR provide information on functional groups and bonding interactions. Similarly, magnetic susceptibility and EPR measurements help determine the electronic configuration and geometry of paramagnetic metal centres. Thermal and electrochemical analyses further provide insights into the stability and redox behaviour of the complexes.
A summary of the major characterisation techniques employed for DETA Schiff bases and their metal complexes, together with key diagnostic indicators and representative literature examples, is presented in Table 2. Collectively, these complementary techniques enable reliable correlation between ligand structure, metal coordination mode, and physicochemical properties of the resulting complexes

Table 2:   Key Characterisation Techniques for DETA Schiff Base Compounds

	#
	TECHNIQUE 
	TYPE
	KEY POINTERS
	TYPICAL EXAMPLE
	REFERENCES

	1
	Elemental analysis 
	Chemical
	Determines % composition of C, H, and N, confirming empirical formula and purity
	Co(II), Cu(II), Zn(II) complexes of a tetradentate DETA-type Schiff base (4-(diethylamino)-2-hydroxy-benzaldehyde + 4-nitro-benzene-1,2-diamine)
	Naureen et al., 2021.

	2
	Molar conductivity 
	Physical
	Distinguishes electrolytic from non-electrolytic complexes; values <10 Ω⁻¹ cm² mol⁻¹ indicate neutral complexes
	CoL, CuL, ZnL complexes  
	Venkatesh et al., 2024

	3
	Magnetic susceptibility 
	Physical
	Determines number of unpaired electrons and helps identify geometry
	Co(II): μeff ≈ 4.1 BM (octahedral); Cu(II): 1.83 BM (square planar)
	Venkatesh et al., 2024

	4
	FTIR 
	Spectroscopic
	Monitors characteristic functional group vibrations such as ν(C=N); coordination typically shifts ν(C=N) by 15–30 cm⁻¹
	Ligand 1618 cm⁻¹ → Ni complex 1594 cm⁻¹.

	Rajimon et al., 2023
Abdel-Latif et al., 2007.

	5
	Uv-Vis
	Spectroscopic
	Detects π→π*, n→π*, d–d transitions, and LMCT bands; useful for determining geometry and ligand field strength
	Co(II) complex: 540 nm (⁴T₁g→⁴A₂g) octahedral.
250 nm typical for DETA free ligand and 250 -350 for DETA Schiff bases
	Venkatesh et al., 2024, El-Hamid et al., 2023a

	6
	¹H & ¹³C NMR 
	Spectroscopic
	Monitors chemical shifts associated with imine formation and coordination effects
	Zn(II)-DETA Schiff base: Azomethine proton shift from 8.45 ppm to 8.78 ppm upon metal coordination
	Naureen et al., 2021, El-Hamid et al., 2023b.

	7
	ESI-MS
	Spectroscopic
	Confirms molecular weight and metal–ligand stoichiometry
	[ZnL]⁺ obs. m/z 565.1206 (calc. 565.1198); [CoL]⁺obs. 560.1897 (calc. 560.1889)
	Venkatesh et al., 2024

	8
	EPR spectroscopy
	Spectroscopic
	Provides information about electronic ground states of paramagnetic complexes
	Cu-DETA Schiff base: g∥ = 2.194, g⊥ = 2.067, A∥ = 180 G → square-planar. In Cu(II) g∥, g⊥& A∥ values confirms dx²-y² ground state & covalency in Cu-N bond.
	Venkatesh et al., 2024

	9
	Cyclic voltammetry 
	Electrochemical
	Reveals redox potentials and electrochemical behaviour of complexes
	In Cu(II)/(I) occurs at E½ ≈ 0.39 V vs Ag/AgCl (ΔEp = 213 mV, whereas Co(III)/(II) centers at around –0.22 V
	Mamun et al., 2010, Venkatesh et al., 2024

	10
	TGA / DTG 
	Thermal
	Measures thermal stability, solvent loss, and ligand decomposition
	Co(II) complex: 4 stages; Ea (stage-2) = 132 kJ mol⁻¹; stable to 300 °C
	Adly et al., 2020.


	11
	Powder XRD 
	Physical
	Determines crystallinity, phase purity, and crystallite size
	Zn complex: 15 sharp peaks (2θ 10–70°); average crystallite 49 nm (Scherrer)
	Venkatesh et al., 2024

	12
	DFT & TD-DFT 
	Computational
	Predicts optimized geometry, HOMO–LUMO energy gaps, and vibrational frequencies
	B3LYP/6-31G(d,p) reproduces expt. ν(C=N) within 8 cm⁻¹; ΔEgap ligand 3.61 eV → complex 2.89 eV
	Venkatesh et al., 2023



5.0 Applications of DETA Schiff Bases and Their Metal Complexes
	The coordination versatility of diethylenetriamine (DETA)-derived Schiff bases has enabled the development of numerous metal complexes with diverse structural and electronic properties. As discussed in the preceding sections, the presence of multiple nitrogen donor atoms within the DETA framework allows these ligands to stabilize metal ions in various coordination environments, including mono-, bi-, and polynuclear complexes. Such structural flexibility often translates into unique physicochemical and biological properties, making DETA Schiff base complexes attractive candidates for applications in medicinal chemistry, catalysis, sensing, and energy-related processes. This relationship highlights the importance of ligand denticity, donor-atom arrangement, and metal selection in determining the functional behaviour of DETA-based complexes. Over the past two decades, several studies have demonstrated that these complexes exhibit significant activities in areas such as anticancer therapy, antimicrobial action, DNA cleavage, catalytic carbon dioxide reduction, and diagnostic imaging. The most notable applications reported between 2000 and 2025 are discussed in the following subsections.
5.1 Anticancer activity
Several DETA Schiff base metal complexes have shown promising anticancer activity, particularly those incorporating copper ions. Vieira et al., (2018) reported the cytotoxic properties of an asymmetric copper(II) complex, [Cu(Hsal-Hpyr-dien)]ClO₄, which demonstrated significant activity against Hep-G2 hepatocarcinoma cells. The complex exhibited an IC₅₀ value of 3.2 µM, while showing negligible toxicity toward WI-38 normal fibroblast cells up to a concentration of 25 µM. This selective cytotoxicity is comparable to that observed for the clinical drug cisplatin under similar experimental conditions.
The enhanced biological activity of such complexes is generally attributed to the ability of copper ions to participate in redox cycling and reactive oxygen species generation, as well as the improved cellular uptake facilitated by the lipophilicity of the Schiff base ligands. These properties highlight the potential of DETA-derived metal complexes as promising scaffolds for metallodrug development.
5.2 Antimicrobial activity
DETA Schiff base complexes have also demonstrated strong antimicrobial properties against various pathogenic microorganisms. For instance, Khandar et al. (2021) synthesised a cobalt(III) complex, [Co(5-Br-salicylidene)(2-quinoline-CH=N-dien)]NO₃, which exhibited potent antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA). The complex displayed a minimum inhibitory concentration (MIC) of 4 µg mL⁻¹, which is comparable to that of the antibiotic vancomycin under identical experimental conditions.
Microscopic examination revealed that the cobalt complex caused severe disruption of the bacterial membrane within two hours of exposure. The high antimicrobial activity was attributed to the increased lipophilicity introduced by the bromine and quinoline substituents, which likely enhanced penetration of the complex into the bacterial lipid bilayer.
5.3 DNA cleavage activity
The interaction of DETA Schiff base complexes with nucleic acids has been widely investigated due to its relevance in medicinal chemistry and bioinorganic modelling. Suleiman et al. (2020) demonstrated that a square-pyramidal CuN₃O₂ complex derived from a DETA Schiff base can effectively promote oxidative DNA cleavage. In the presence of ascorbate and hydrogen peroxide, the complex generated hydroxyl radicals capable of converting plasmid DNA from its supercoiled form to the nicked form.
Remarkably, complete DNA cleavage was observed within five minutes at a complex concentration of 5 µM, indicating strong catalytic activity. Such behaviour suggests that DETA Schiff base complexes may serve as artificial nucleases or DNA-targeting therapeutic agents, particularly in anticancer research.
5.4 Catalysis and CO₂ reduction
Beyond biological applications, DETA Schiff base complexes have also been investigated as catalysts in energy-related processes. Berrones-Reyes et al. (2019) reported a nickel(II) complex containing both vanillin-derived and naphthaldehyde-derived imine ligands, which demonstrated high efficiency for the electrochemical reduction of carbon dioxide.
The complex exhibited a Faradaic efficiency of 94% for CO formation, with a turnover frequency of 14,000 h⁻¹ at −0.68 V versus Fc/Fc⁺ in acetonitrile containing 5% water. Operando ATR-IR spectroscopy revealed a Ni–CO stretching band at 1904 cm⁻¹, while no detectable CO₂˙⁻ intermediate was observed, suggesting rapid two-electron transfer during the catalytic cycle.
These results demonstrate the potential of DETA Schiff base complexes as efficient electrocatalysts for CO₂ conversion, an important process in the development of sustainable energy technologies.
5.5 MRI and sensing applications
In addition to catalytic and biological applications, DETA Schiff base complexes have been explored in medical imaging and sensing technologies. Substitution of the metal centre within the same ligand framework can significantly alter the electronic and magnetic properties of the complex. For example, replacing nickel with manganese in a similar coordination environment produced a complex that functions as an efficient T₁ magnetic resonance imaging (MRI) contrast agent (Gautam et al., 2023).
Furthermore, the conjugated imine framework present in many DETA Schiff bases enables fluorescence sensing applications, particularly in the detection of metal ions or biologically relevant molecules. These sensing properties arise from changes in fluorescence intensity or wavelength upon coordination of analytes to the ligand or its metal complex (Wang et al, 2010).

6.0 	 Challenges in the Synthesis of Asymmetric Schiff bases of DETA.
	Despite the considerable potential of diethylenetriamine (DETA) in ligand design, relatively few asymmetric Schiff bases derived from this polyamine have been reported in the literature. This limitation arises primarily from the intrinsic structural characteristics of the DETA molecule, which contains three nucleophilic nitrogen atoms (two primary and one secondary) with comparable reactivity. As a result, selective condensation with different carbonyl compounds becomes synthetically challenging and often leads to competing reactions. Several factors contribute to these difficulties, as outlined below.

i. Statistical Double Condensation: One of the major challenges in synthesising asymmetric Schiff bases of DETA is statistical double condensation. When one equivalent of an aldehyde or ketone (A) is introduced to DETA, the probability that a second molecule of the same carbonyl compound will react with the remaining free primary amine is relatively high. Even under low-temperature conditions (e.g., 0 °C), the second-order rate constant for the second imine formation is only two to four times slower than that of the first condensation step. Consequently, the formation of symmetrical bis-condensed Schiff bases often becomes thermodynamically favoured. Unless the reaction is conducted at extremely low concentrations (sub-millimolar levels) or under specialised conditions such as flow micro-reactor systems, bis-condensation tends to dominate the reaction outcome.

ii. Intramolecular Trans-Imination: Another important challenge arises from intramolecular trans-imination processes. After the formation of a mono-imine intermediate, the remaining primary amine group may act as an intramolecular nucleophile and attack the existing C=N bond. This leads to reversible imine exchange reactions known as trans-imination. This process is particularly favourable in DETA because the flexible six-atom backbone positions the two terminal amine groups approximately 4.5 Å apart, enabling the formation of a five-membered cyclic transition state. As a result, positional isomers or statistical mixtures may form during the reaction. Even if selective condensation is initially achieved, trans-imination during purification or work-up can regenerate mixtures of products, thereby reducing synthetic selectivity.

iii. Central Nitrogen Competition: The secondary amine located at the centre of the DETA molecule also contributes to the complexity of asymmetric Schiff base synthesis. Although this nitrogen atom is generally less reactive than the primary amines, it remains nucleophilic with a pKₐ of approximately 9.8. Under Brønsted acid catalysis or in the presence of Lewis-acid templates, the central nitrogen can participate in condensation reactions with carbonyl compounds. Such reactions may generate tertiary iminium species or macrocyclic by-products, particularly when the second aldehyde is aromatic and electronically activated. These side products may co-crystallise with the desired asymmetric ligands and can be extremely difficult to separate after metal complexation.

iv. High Cost of Protecting Group Strategies: A commonly employed strategy for achieving selective condensation involves the temporary protection of one primary amine group using protecting groups such as Boc, Fmoc, trityl, or phthaloyl. After protection, the remaining amine group can react selectively with a carbonyl compound. Subsequent deprotection allows condensation with a second aldehyde to produce the desired asymmetric Schiff base. Although this method is effective, it significantly increases synthetic complexity. Each protection–deprotection cycle introduces additional purification steps, often requiring chromatographic separation. As a consequence, the overall yield typically decreases from about 85% for symmetrical Schiff bases to approximately 35–45% on gram scale, making the process more expensive and less attractive for large-scale synthesis.

v. Solvent Effects and Metal-Template Limitations: Reaction conditions also play an important role in controlling selectivity during Schiff base synthesis. Conducting reactions under high-dilution conditions (≤ 5 mM) can suppress bis-condensation, but this also slows the desired condensation reaction and significantly increases reaction time. Another strategy involves the use of metal-ion templates such as Mg²⁺ or Zn²⁺, which can pre-organise the DETA framework and promote selective condensation at one site. However, the same metal ions may also stabilise the symmetrical bis-imine once it forms. Furthermore, removal of the metal template without hydrolysing the imine bond is often difficult and may require chelating agents such as cyanide or EDTA, which can lower overall yields and introduce additional safety concerns.

vi. Isolation and Analytical Ambiguity: Even when asymmetric Schiff bases are successfully synthesised, their isolation and characterisation can present additional challenges. Asymmetric and symmetrical Schiff bases often display very similar chromatographic behaviour, with differences in Rf values typically smaller than 0.05 under common silica gel conditions (e.g., 5% MeOH/DCM). Spectroscopic differentiation can also be difficult. For example, both species often exhibit nearly identical imine stretching frequencies in FTIR spectra (1635–1645 cm⁻¹). Consequently, ¹H NMR spectroscopy, particularly integration of the azomethine proton signal (δ 8.2–8.6 ppm), is often the most reliable routine diagnostic tool. However, when contamination levels are below approximately 5%, such impurities may go unnoticed. This can lead to irreproducible biological or catalytic results that are only detected later through single-crystal X-ray diffraction analysis.
	These synthetic challenges collectively explain why symmetric DETA Schiff bases remain more widely reported than asymmetric analogues.

7.0	 Conclusion
	Over the past twenty-five years, research on diethylenetriamine (DETA)-derived Schiff bases has evolved significantly, demonstrating the versatility of these ligands in coordination chemistry and functional materials design. This review has highlighted the structural diversity, synthetic strategies, coordination behaviour, and emerging applications of DETA Schiff bases reported between 2000 and 2025. Owing to the presence of multiple nitrogen donor atoms and the flexible aliphatic backbone of DETA, these ligands readily form stable complexes with a wide range of transition-metal ions, enabling the development of mono-, bi-, and polynuclear coordination systems with diverse geometries and physicochemical properties.
Structural classification shows that DETA Schiff bases can exist as acyclic or macrocyclic ligands, and further classification based on imine formation reveals mono-condensed, symmetric (bis-condensed), and asymmetric derivatives. While symmetric Schiff bases have been widely investigated and provide structurally robust systems for studying metal–ligand interactions, asymmetric DETA Schiff bases remain relatively underexplored due to synthetic challenges associated with controlling selective condensation reactions within the polyamine framework.
The review also emphasises that DETA Schiff base complexes exhibit promising applications in several fields. These include antimicrobial and anticancer activity, DNA cleavage studies, catalytic carbon dioxide reduction, sensing applications, and the development of MRI contrast agents. Such functional versatility arises from the ability of the DETA-imine framework to stabilise metal centres in different oxidation states and coordination geometries, thereby enabling tunable electronic and catalytic properties.
In addition, advances in characterisation techniques have significantly improved the structural analysis of these systems. Correlations between spectroscopic features—such as characteristic FTIR shifts of the azomethine ν(C=N) band, UV–Vis electronic transitions, and diagnostic NMR signals—now provide reliable methods for confirming ligand formation and metal coordination even in the absence of single-crystal X-ray diffraction data.
Despite these advances, several synthetic and mechanistic challenges remain, particularly in the controlled preparation of asymmetric DETA Schiff bases and their selective metal complexes. Addressing these challenges will require the development of improved synthetic methodologies, including protecting-group strategies, template-assisted synthesis, and advanced catalytic approaches.
Looking forward, the future of DETA Schiff base chemistry is likely to be shaped by the integration of green synthetic routes, high-throughput experimentation, and artificial intelligence-assisted ligand design. These emerging strategies may accelerate the discovery of new ligand architectures and functional metal complexes, thereby expanding the role of DETA-derived Schiff bases in areas such as metallodrug development, sustainable catalysis, molecular sensing, and energy-related applications. With continued interdisciplinary research, DETA Schiff base systems are expected to remain valuable platforms for advancing modern coordination chemistry and its practical applications.


8.0 	Future Perspectives
Although research on diethylenetriamine (DETA)-derived Schiff bases has expanded steadily over the past two decades, the field still presents numerous opportunities for innovation in ligand design, catalysis, and biomedical applications. Emerging synthetic methodologies, computational approaches, and sustainable chemistry strategies have begun to influence the development of DETA Schiff base systems. Several promising directions supported by recent studies are outlined below.
i. Click–Schiff Hybridisation: One emerging approach involves the integration of click chemistry with Schiff base formation, particularly through copper-catalysed azide–alkyne cycloaddition (CuAAC) reactions combined with imine-forming condensation reactions. This strategy enables the synthesis of triazole–imine hybrid macrocycles, in which the denticity and coordination properties of the ligand can be precisely tuned through rational design. Such hybrid ligands have been reported to exhibit enhanced structural rigidity and improved metal-binding characteristics, thereby expanding their applications in catalysis and supramolecular chemistry (Pasini, 2013).
ii. Machine-Learning-Assisted Ligand Screening: Advances in computational chemistry and machine learning are increasingly transforming ligand discovery and catalyst design. In particular, machine-learning models such as graph neural networks trained on large datasets of imine-containing compounds from structural databases, including the Cambridge Structural Database, have demonstrated the potential to predict biological activity and catalytic performance prior to experimental synthesis. For example, models trained on datasets containing over 10,000 imine structures have been used to estimate properties such as CO₂-reduction overpotentials or potential bioactivity, thereby significantly accelerating the discovery of new DETA Schiff base ligands and metal complexes (Price et al., 2022).
iii. Immobilisation on Two-Dimensional Metal–Organic Frameworks: Another promising direction involves the immobilisation of asymmetric DETA Schiff bases onto conductive two-dimensional metal–organic frameworks (MOFs). Materials such as Ni₃(HITP)₂, which possess highly conductive and porous structures, provide an attractive platform for anchoring catalytically active Schiff base complexes. Covalent grafting of DETA-derived ligands onto these frameworks has been shown to produce heterogeneous electrocatalysts capable of mediating redox reactions such as NADH regeneration in biocatalytic cascades. Such hybrid materials combine the catalytic versatility of Schiff base complexes with the stability and recyclability of MOF-based catalysts (Wang et al., 2023).
iv. Photocaged Prodrug Systems: In the field of medicinal chemistry, photocaged metal complexes represent an emerging strategy for improving the selectivity of anticancer therapies. In this approach, photolabile protecting groups such as o-nitrobenzyl moieties are introduced onto the ligand framework, often at the central nitrogen atom of the DETA backbone. Upon irradiation with light, these protecting groups are cleaved, releasing the active metal complex in situ. Such systems have demonstrated the ability to enable light-triggered activation of cytotoxic Cu(II) species within tumour microenvironments, thereby reducing systemic toxicity and improving therapeutic selectivity (Shamsipur et al., 2023).
v. Green and Sustainable Synthetic Routes: From a sustainability perspective, future research is increasingly focusing on green chemistry approaches for Schiff base synthesis. Conventional petrochemical-derived aldehydes are being explored for replacement with bio-based carbonyl compounds, such as furan-2-carbaldehyde (furfural) derived from agricultural biomass and C₅ sugar waste streams. The use of such renewable feedstocks has been proposed to enable environmentally benign synthesis of DETA Schiff bases while reducing reliance on fossil-derived reagents (Zhang et al., 2021).
Overall, the integration of advanced synthetic strategies, computational modelling, sustainable chemistry, and functional materials design is expected to continue expanding the scope and applications of DETA Schiff base ligands and their metal complexes in the coming years.
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