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Abstract

Novel ligand platforms that promote reactivity are of long standing and continued interest in
coordination chemistry, with Schiff base ligands and their metal complexes representing one of the
most versatile and long standing topics of interest. The synthesis and structure of polydentate Schiff
bases and their metal complexes is fascinating, because it reveals a great richness of structural,
physico-chemical and catalytic properties. Given the simplicity and ease of access to multidentate
Schiff bases and their metal complexes, investigation of such compounds is essential to precise and
understand structure—property relationships in order to optimize and improve their use in a wide
range of fields, including catalysis, supramolecular chemistry, magnetism, electrochemistry,
nanoscience, energy materials, and biological applications. This review highlights the recent
developments of pentadentate, hexadentate, heptadentate and macrocyclic Schiff base ligands
containing various donor sets made of different combinations of N, O, S or P donor atoms and their
metal complexes (essentially mononuclear), as well as presenting synthetic methods and interesting
structures of complexes formed by first-to-third row transition metals (from group 4-12), main
group elements, lanthanides and actinides. This review is divided into three main sections, each of
them corresponding to one type of denticity of the Schiff base under consideration. Each category
is described with representative examples according to a periodic order, and emphasis is given to
the coordination aspects. Their catalytic, magnetic and biological properties are also outlined. This
review that contains 359 references should act as a source of information to researchers interested
to work in this domain and stimulate further investigation in this fascinating area of Schiff base

coordination compounds.
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1. Introduction

Schiff bases are named in honor of Hugo Schiff (1834-1915), the Italian-German chemist who
synthesized the first members of this class of products containing an azomethine (-HC=N-) or imine
(>C=N-) group in 1864 [1,2]. The classical synthesis reported by Schiff involved the condensation
of a carbonyl compound (aldehyde or ketone) with an primary amine under azeotropic distillation
[3]. In fact, this condensation is a reversible reaction, which generally needs the removal of the

generated water to balance the reaction to the right, via a carbinolamine intermediate, for high yields

(Fig. 1).
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Fig. 1 The general strategy to synthesize Schiff bases.

Schiff bases are among the most widely used organic compounds, exhibiting a broad range of
applications, such as intermediates in organic synthesis [4-7], chemosensors [8-10] and polymer
stabilisers [11-13], in food industry [14,15], as dye [16-18] and pigments[19-21], catalysis [22,23]
and others [24-26]. Schiff bases also present a broad range of biological activities[27-30] for which
the azomethine or imine group present in their structures, seems to play a critical role [31-33].

However, the precise mechanisms of action of the Schiff bases are not yet fully understood and,



therefore, continue to deserves further investigations [34,35]. On the other hand, Schiff bases have
also been extensively explored for the synthesis of covalent organic frameworks, comprising the
two- or three-dimensional porous crystalline structures via the covalent molecular assembly of
Schiff base interactions with the layer-by-layer method [36,37]. In addition, most of Schiff bases
have the fascinating abilities to coordinate with metallic ions to form their corresponding complexes
of main group, transition metal and lanthanide and actinides elements, with their properties being
significantly improved by coordinating to the metal ion [38-40]. This ability is due to their stereo-
electronic and flexible structures leading to highly versatile coordination compounds with a broad
scope of applications rranging from subterranean fluid flow tracking [41,42] to bioinorganic and
medicinal chemistry [43,44]. For instance, in the rational design of metal-based therapeutics, Meade
and co-workers developed a serries of N-heterocyclic cobalt(l11) Schiff base Complexes as potent
enzyme and transcription factor inhibitors [45]. The Co(lll) Schiff base derivatives of the long
known equatorial tetradentate ligand bis(acetylacetone)ethylenediimine (acacen) [46],
[Co(acacen)Lz]* (L = NHs, imidazoles) [47], inhibit histidine-containing proteins through
dissociative exchange of the labile axial ligands L. The subsequent irreversible interaction of Co(l11)
metal ion with specific histidine residues of a protein alters structure and causes inhibition.
Interestingly, the protein inhibitory action of a substitutionally inert Co(l11) Schiff base complex can
be externally triggered by light through photoinduced electron transfer from colloidal PbS quantum
dots [48], or a Ru(ll) bipyridyl moiety covalently attached to the Co(lll) complex [49], thus
demonstrating the promise of light-activatable inorganic therapeutic agents for pro-drug strategies,

utilizing redox-active metal centers.

During the last decade, considerable attention has focused on the development of Schiff
base metal complexes due to their electroluminescent properties [50], biological activities (such as
antiviral, antibacterial, antiapoptotic, antifungal, anti-inflammatory activities and as urease
inhibitors) [51-54]. Schiff base complexes show nonlinear optical (NLO) properties [55-57], DNA-
binding properties [58-61] and fluorescence properties [62-65]. They also found applications in
polymeric materials [66,67], sensors [26,68], organic photovoltaic materials [69], energy materials
[70], nuclear medicine [71] and as components of pharmaceutically active cocrystals [72]. Schiff

base complexes exhibit also remarkable catalytic activities for a wide variety of organic



transformations [73-87]. For instance, the use, efficiency, scope and recyclability of a Cu(ll)
complex featuring an unsymmetrical NO-tetradentate Schiff-base ligand and its covalently
poly(methyl) (methacrylate) (PMMA)-grafted counterpart were disclosed, for the first time, as
catalysts in the copper-catalyzed azides to alkynes cycloaddition (CuAAC) [88-90] for the
regioselective formation of a wide variety of 1,4-disubstituted 1,2,3-triazoles via “click” reactions

of organic azides and terminal alkynes [91].

Due to their highly modular synthesis allowing the control of the nature of donor atoms,
denticity and chelating ability, as well as their electronic and steric properties, Schiff bases appear
as “privileged ligands” [92,93] and, therefore, their metal complexes have been intensively studied
because of their specific and multiple physico-chemical and structural properties, including in
particular eminent catalytic activity, selectivity and stability, and this field has been the subject of
numerous reviews [74,93-98]. Those reviews mainly focused on complexes with tri- or tetradentate
Schiff base ligands and their applications. In contrast with the tremendous progress made in the field
of tridentate and especially tetradentate Schiff base ligands and their complexes, Schiff base
compounds with higher denticity (penta- to hepta-, or even octadentate) are much less developed.
Here we provide a review that covers the most significant developments in the penta-, hexa- , and
heptadentate Schiff bases and their metal complexes, summarizing advances from recent research
based, in general, on publications of the 21st century, with a special emphasis on their functional
materials properties and applications. The article is intended to introduce readers to the topic and to
report recent progress in this area. Rather than being fully comprehensive in scope, the main
objective is to give a general overview of the major structural characteristics of the type of systems
under consideration. The review is divided in three main sections. The first and most important one
is divided in four subsets: (i) Schiff bases containing N and O donors, (ii) macrocyclic Schiff bases,
(iii) P-containing Schiff bases and (iv) S-containing Schiff bases. This section is organized
according to the periodic order: from early to late transition metals (from group 4-12), main group
elements, lanthanides and actinides. The second section describes hexadentate Schiff bbases and
their complexes of Mn, Zn, Cd, Al, and of four lanthanides. The third section is devoted to
heptadentate Schiff bases and their complexes of Mo, Mn, Cd, four lanthanides and Th(IV). The

present review aims at gaining fundamental understanding and assists in the judicious design and



construction of flexible polydentate Schiff base compounds for material science, catalytic and

biological applications.

2. Pentadentate Schiff base ligands and their metal complexes
2.1. N,O-containing pentadentate Schiff base complexes

For this family of N,O-containing pentadentate ligands, the two most common types are by far those
containing N2O3z and N3O donor sets [99], even though Ns donor set is sometimes encountered
[100]. They have attracted wide attention due to their use in construction of octahedral 3d*-3d’
transition metal complexes exhibiting spin crossover phenomenon [101,102]. Particularly, when the
pentadentate ligand lies in octahedral complexes, the spin crossover behavior strongly depends on
the nature of the sixth simple small ligand [103]. Though plenty of pentadentate Schiff base ligands
and their metal complexes have been reported [95,104-115], the pentadentate Schiff base ligand and

their metal complexes are still rare and expected to be given more attention.

2.1.1. Pentadentate Schiff base Zr(IV) complexes

The zirconium ion of Schiff base Zr complexes are generally in oxidation state (1) due to its high
charge-to-size ratio (Z% = 22.22 e2m%) [116,117], and used for their catalytic properties. For
instance, the dinuclear stable light yellow Zr(I1V) complex 1 (Fig. 2) is synthesized by the ligand
exchange of Zr(acac)s with the pentadentate Schiff base ligand of N,N’-bis(3-salicyliden-
aminopropyl)amine, obtained by 1:3 condensation reaction of diethylenetriamine and
salicylaldehyde [118]. X-ray crystallography of 1 exhibits that each Zr(IV) metal center is seven
coordinated in a distorted pentagonal bipyramidal geometry, and that two monomeric units are
linked through a p-oxo bridge to form a centrosymmetric dinuclear structure. In addition, complex
1 has been used as a efficient catalyst in the reaction of indole condensation with a variety of
benzaldehyde derivatives under mild conditions (Fig. 2). It is worth mentioning that inspite of the
steric hindrance at Zr (I\VV) metal ion surrounded by seven donor atoms, complex 1 could still

catalyze indole condensation reaction leading to isolated yields of products up to 82%.
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Fig. 2 Condensation of indole with benzaldehyde compounds catalyzed by the Zr(1V) pentadentate

Schiff base complex 1. Reproduced with permission [118]. Copyright 2014 Elsevier B.V.

2.1.2. Pentadentate Schiff base V complexes

Oxovanadium(lV) Schiff base complexes derived from amino acids and aromatic o-
hydroxyaldehydes have gained considerable attention due to their wide use as model systems for
the studies of enzymes such as vanadate-dependent haloperoxidases and vanadium nitrogenases, as
well as enzyme-catalyzed reactions containing pyridoxal [119-126], thus creating a rich
bioinorganic and inorganic medical chemistry of vanadium complexes with potential therapeutic
applications that has been very recently reviewed [127]. Vanadium complexes of N,O-donor
Schiff base type ligands have also shown good catalytic activity for various organic reactions (e.g.
oxygen transfers and C-H activations) [128-130]. In 2013, Maurya’s group synthesized an
oxidovanadium(V) pentadentate Schiff base complex 2 by the reaction of [V'VO(acac).] and a
tribasic pentadentate ligand (derived from 2-hydroxyacetophenone and 1,3-diamino-2-
hydroxypropane) in methanol under aerobic conditions [131]. The vanadium center adopts a
distorted octahedral geometry with the N2Os-pentadentate ligand coordinated through the two O-
phenoxy, two N-imine and one Ohydroxyl atoms (Fig. 3). Then, complex 2 has been successfully
encapsulated into zeolite Y. The zeolite Y supported V complex 2 exhibits efficient catalytic

activities, with a good recycling ability, in the oxidation of styrene, methyl phenyl sulfide and



diphenyl sulfide with aqueous H»O> as an oxidant. In 2015, Back et al. reported on a rare example
of dinuclear vanadyl complex with mixed valences. the oxidovanadium (1\VV/V) compound 3 with a
N2Os-pentadentate Schiff base ligand synthesized by reaction of vanadyl(lV) bis-acetylacetonate
and the Schiff base formed by direct condensation of triethylenetetramine and pyridoxal [132]. In
the dinuclear complex 3 the vanadium centers are six-coordinated in a highly distorted octahedral
geometry (Fig. 3). Complex 3 was found to be a valence localized species. The mixed oxidation
state VO?*-VO?** has been confirmed in the solid phase by two different V=0 bond lengths (1.902

and 1.773 A) and in solution by electrochemical techniques.

Fig. 3 ORTEP plots of oxidovanadium(V) complex 2 (top) and dinuclear mixed-valence vanadyl
complex 3 (bottom). All non-hydrogen atoms are represented by their 30% probability ellipsoids.
Hydrogen atoms and solvates of crystallization for 3 are omitted for clarity. Reproduced with

permission [131] and [132], respectively. Copyright 2013 and 2015 Elsevier Ltd.

2.1.3. Pentadentate Schiff base Mo complexes



Schiff base complexes of oxo-molybdenum, particularly those of the type cis-MoO.(L)(L’) where
L stands for a dianionic tridentate ONO Schiff base ligand and L’ for a monodentate ligand or donor
solvent molecule, have been synthesised and studied in order to mimic the biological systems since
high-valent oxo-molybdenum units are found in the active sites of a majority of molybdenum-
containing enzymes [133]. Several reviews accounting of their synthesis, structure and reactivity
are available [134-137]. The applications of such cis-MoO2(ONO)-type complexes are mostly oxo
transfer reactions like epoxidation and sulfoxidation reactions. In 2014, Maurya and co-workers
have shown that in the products [MoO2(ONO-X)(L")] formed upon reaction between MoO2(acac)
and the potentially N2Os-pentadentate Schiff base ligands derived from 1,3-diamino-2-
hydroxypropane and 5-X-salicylaldehydes (X = H, 4; Cl, 5; Br, 6, " = H,O, DMSOQ), only one set
of phenolic oxygen and azomethine nitrogen atoms, along with the alcoholic oxygen atom of the
ligands coordinate to the molybdenum center [138]. This dianionic ONO tridentate coordination
mode of the pentadentate Schiff base ligand, leaving free from coordination the other set of phenolic
oxygen and azomethine nitrogen atoms of the ligand, was established in solution by IR and NMR
spectroscopy and in the solid state by X-ray diffraction analysis for the 5-bromo derivative 6 (Fig.
4). Interestingly, the three cis-dioxidomolybdenum(VI) complexes 4-6 catalyze the oxidative
bromination of styrene, thus presenting good functional models of haloperoxidases, and are also
good catalyst precursors for the oxidation of methyl phenyl sulfide, an activity shown by

molybdenum oxotransferases.

Fig. 4 ORTEP view of the complex [M0O2)(ONO-Br)(DMSO)] (6). Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at 30% probability. Reproduced with permission [138].

Copyright 2014 Elsevier Ltd.

Molybdenum complexes with five-coordinate pentadentate Schiff base ligands are scarce. The first



one [MoClz(N3O,-SB)] was briefly reported by Howe and co-workers in 1994 [139], and formulated
as a seven-coordinate molybdenum(1V) complex containing the doubly deprotonated pentadentate
2,6-diacetylpyridine-bis(4-methylbenzoylhydrazone) ligand (N3O2-SB) in the equatorial plane of
the complex. in 2017, Mironov et al. [140], prepared a similar heptacoordinated pentagonal
bipyramidal Mo(IV) complex 7, expected to be efficient Ising-spin building block for tailoring
single-molecule magnets (SMMs) [141-143]. Complex 7 was synthesized by the reaction of
(NHa)2[MoCls(H20)] with the pentadentate Schiff-base ligand (1,1°-(pyridine-2,6-diyl)bis(ethan-1-
yl-1-ylidene))dibenzohydrazine, formed by condensation of 2,6-diacetylpyridine with benzoic acid
hydrazide [140]. Complex 7 exhibits a slightly distorted pentagonal bipyramidal geometry with the
axial positions being occupied by the chloride ions (Fig. 5). The Schiff base ligand coordinates in a
N30.-pentadentate fashion in the equatorial plane of the complex and the five donor atoms of the
dianionic ligand form an planar pentagon (Fig. 5). Complex 7 is paramagnetic at room temperature
(S = 1) with large positive zero-field splitting (D = +50 cm™) and pronounced temperature-
independent paramagnetism. This work paves the way for 4d compounds with an odd number of

electrons that could present SMM behavior.

Fig. 5 ORTEP view of the heptacoordinated complex 7. Thermal ellipsoids are drawn at 50%

probability. Reproduced with permission [140]. Copyright 2017 The Royal Society of Chemistry.

2.1.4. Pentadentate Schiff base Mn(l1) complexes

Manganese is an essential biometal for all organisms, and of unique importance for oxygenic
photosynthetic organisms due to their role in the catalysis of water oxidation by photosystem Il

[144]. High-spin Mn(I1) is also of particular interest as a spin carrier because it contains the highest



possible number of unpaired electrons for a d transition metal ion [145], and as such has been
extensively used in the synthesis of low-dimensional materials that may show long-range
cooperative magnetic phenomena [146]. Pentadentate Schiff base ligands based on triazine scaffold
reacted with tetrahydrated manganese(ll) nitrate to form heptacoordinated cationic Mn(ll)
complexes. Complex 8 was prepared from the triazine-based ligand with only two hydrazone arms,
2-methoxy-4,6-bis(2-(pyridin-2-ylmethylene)hydrazinyl)-1,3,5-triazine [147], while the azido-
bridged derivative 9 was obtained from the tricompartmental Schiff base ligand 2,4,6-tris[{N-
methyl-N’-(pyridine-2-yl)methylidene}- hydrazino]-1,3,5-triazine, in the presence of sodium azide
[148]. Both compounds 8 and 9 feature a distorted pentagonal bipyramidal metal ion environment
(Fig. 6). The equatorial plane is formed by the [Mn(Ns)] set of atoms, one nitrogen of the triazine
and four others of the two chelate arms, with various neutral and anionic O- and N-containing
ligands in axial positions. Complex 8 showed good antibacterial and antifungal activities, and is
recommended to use as antifungal agents against the fungus Candida Albicans. In the binuclear
species 9, the magnetic coupling along the p-1,3-azido bridge was found to be weakly
antiferromagnetic (J = -1.72 cm'!), so that such a species can be viewed as a precursor to low-

dimensional magnetic materials.

Fig. 6 Molecular structures of cationic parts of Mn(ll) complexes with Ns-pentadentate triazine-

based Schiff base ligands: mononuclear complex 8 (top) and the azido-bridged bimetallic species 9



(bottom). Hydrogens, counter anions and solvent crystallization molecules are omitted for clarity.

Thermal ellipsoids are drawn at 60% probability.

2.1.5. Pentadentate Schiff base Fe(l11) complexes

Since the pionnering work of Cambi et al. in the early 1930s [149-151], who first revealed the
unusual magnetic properties of dithiocarbamato iron(111) complexes, a wide variety of Fe(ll1) spin
crossover systems have been extensively studied and reviewed [101,102,152-155]. In general, the
six-coordinate Fe(l111) complexes show spin crossover from the low-spin to high-spin state (S = 1/2
to S = 5/2), while five-coordinate Fe(l11) complexes show spin crossover from the intermediate state
(S =3/2to S =5/2) [156,157]. Moreover, the spin transition can be induced chemically (such as a
pH, solvate, ligand change) or physically (such as light irradiation, temperature, pressure) [152,158-
164]. A driving force for the exploration of these bistable materials is their potential applications in
different domains, such as sensors, visualization devices, data processing and storage, molecular
switches, signal amplification, and utilization in medicine as contrast agents [165-169]. Schiff base
Fe(l11) complexes, Owing to the cheap synthesis and easy modification of the stereoelectronics of
the ligands as well as the facile iron(lll) complexation, appeared as an appealing family of
coordination compounds to study in depth magnetic behaviour, spin states and spin crossover
properties [102-110,159]. For example, Kriger et al. took the advantage of utilizing N3O;
pentadentate ligands derived from condensation of asymmetric triamines with salicylaldehydes or
acetonaphthones to fine-tuning the spin crossover phenomenon in octahedral iron(I11) complexes of
the type [Fe(N3O2)X] [170,171]. The labile chloride ligand in the hexacoordinated [Fe(N3O2)Cl]
complex 10 (Fig. 7), where N3O stands for the pentadentate ligand obtained by Schiff condensation
of 5-bromo-2-hydroxybenzaldehyde with the asymmetric triamine, 1,6-diamino-4-azahexane,
H2N(CH2)sNH(CH.)2NHoa, in the 2:1 ratio, was readily substituted by a simple monodentate pseudo-
halide ligand (X = N3, NCO, NCS, NCSe, CN). The complexes that contain the thiocyanato or
selenocyanato ligand exhibit spin crossover, whereas the cyanido ligand stabilizes the low-spin (LS)

state, and the high-spin (HS) state is stabilized by weak-field ligands.



Fig. 7 Molecular structure of the octahedral Fe(lll) complex 10 (top), and its crystal packing
(bottom). Hydrogen atoms are omitted for clarity except for those involved in the hydrogen bonds
(dashed lines). Thermal ellipsoids are drawn at the 50% probability level. Reproduced with

permission [171]. Copyright 2015, Elsevier Ltd

For the Schiff-base dinuclear Fe(III) complexes, Boca’s group reported on a series of three ionic
compounds [{Fe(saldptm)}2(u2-bpyO2)](BPha). (11), [{Fe(BuMe-salpet) }2(u?-bpyO2)](BPhs), (12)
and [{Fe(saldpt)}2(u2-EtbpyO.)](BPhs), (13), where Hsaldptm = N,N’-(3,3’-dipropylmethyl-
amine)-bis(1-hydroxy-2-benzylidene), H:BuMe-salpet = N,N’-bis(1-hydroxy-2-benzyliden-3-
tertbutyl-5methyl)-1,6-diamino-4-azahexane, and Hasaldpt = N,N’-bis(1-hydroxy-2-benzylidene)-
1,7-diamino-4-azaheptane, whereas bpyO; and EtbpyO; abbreviate for the bridging bipyridine N-
oxide derivates 4,4’-bipyridine-N,N’-dioxide (bpyO.) and 4,4’-ethylenedipyridine-N,N’-dioxide
EtbpyO2) [172]. Complexes 11 and 13 adopt the trans(O,0) arrangement while 12 adopts the
cis(0,0) arrangement. The molecular structures of 12 and 13 are displayed in Fig. 8. The three
complexes have been found in high-spin state over the whole temperature region (20-293 K) by

Mdssbauer spectroscopy [172].



Fig. 8 Molecular structures of the cationic parts of the binuclear complexes [{Fe(BuMe-
salpet) }2(u?-bpyO,)](BPha), (12, top) and [{Fe(saldpt) }.(u?-EtbpyO,)](BPhs). (13 bottom) showing
the heteroatom numbering schemes. Hydrogen atoms, counteranions and crystallization solvents
are omitted for clarity. Thermal ellipsoids are drawn at 40% probability. Half units of complexes 12

and 13 were generated by symmetry operations -x, -y, -z.

For the heptanuclear Schiff-base Fe(ll)-Fe(lll)s system, Gembicky et al. synthesized a blue
homoheptametallic [Fe"{(CN)Fe'"'(L)}s]Cl. complex from high-spin (S=5/2) [Fe"'(L)CI] complex
and [Fe(CN)g]*. (L = N3O Schif base ligand of N,N'-bis(1-hydroxy-2-benzyliden)-1,7-diamino-4-
azaheptane). The magnetic susceptibility measurements and Mdssbauer spectra have confirmed this
system has twelve unpaired electrons (S=6) [173]. Three other cases of heptanuclear [Fe''(CN)s.
{Fe"'(L)}s]Cl2-nH20 complexes have been synthesized by assembling the mononuclear Fe(lll)
Schiff base complexes with [Fe(CN)e]* by Salitros’ group [174]. L represents the doubly
deprotonated N3O.-pentadentate Schiff base ligands: N,N’-bis(2-hydroxybenzylidene)-1,5-
diamino-3-azapentane, N,N’-bis(3-ethoxy-2-hydroxybenzylidene)-1,7-diamino-4-azaheptane, or

N,N’-bis(3-methoxy-2-hydroxybenzylidene)-1,6-diamino-3-azahexane. X-ray crystallography



showed that the complexes adopt a star-like architecture: the Fe(ll) ion is located at the very center,
and is linked through cyanide bridges to the six surrounding Fe(lll) fragments. Moreover, all six
Fe(111) coordination sites are high-spin (S = 5/2), while the very central Fe(ll) site is low-spin (S =

0).

2.1.6. Pentadentate Schiff base Co complexes

Cobalt complexes with pentadentate Schiff base ligands and their structural properties and reactivity
have been extensively investigated for their many applications such as oxygen activation, molecular
magnets, antifungal, antimicrobial and anticancer agents, and in catalysis [93,96,100,175-179]. In
2017, Pogany et al. used the dianionic pentadentate Schiff base ligands of the type N,N’-bis(2-
hydroxy-3-R-benzylidene)-1,6-diamino-3-azahexane (R = H, OCHs, OCH,CHzs), to synthesize
three new cobalt chloride complexes [Co(N302)Cl] 14-16 (Fig. 9) [180]. The crystal structure of the
three compounds showed a distorted tetragonal bipyramidal environment at the LS Co(lll) ion. A
reversible Co(III)/Co(Il) wave is observed in their cyclic voltammogram. Amirnasr’s group also
synthesized and characterized two kinds of Co(lll) complexes [Co(L')(amine)]BPhs and
CO(L?)(amine)]BPhs, with N3O-pentadentate Schiff base ligands obtained via the condensation of
2-hydroxynaphthaldehyde with diethylenetriamine (L) and dipropylenetriamine (L?), respectively
[181]. Two of them, [Co(LY)( pyrrolidine)]* (17) and [Co(L?)( 3-methylpyridine)]* (18) were
structurally characterized (Fig. 10). Both complexes exhibited distorted octahedral geometry around
the Co(l11) metal ion, with the three donor N atoms of the Schiff base ligand facially arranged in 17
and meridionally in 18. The authors found the redox potentials of the central Co®* exhibits a
relatively good correlation with the o-donor ability of the axial ligands. Furthermore, the
spectroscopic and electrochemical properties of these Schiff base Co(lll) complexes are also
impacted by the mutual steric hindrance between the ancillary ligands and the pentadentate Schiff
base [181]. For the pentadentate Schiff base Co(ll) complex, trans-diaqua{5,5’-[(E,E)-pyridine-2,6-
diylbis- (methylidynenitrilo)]bis-[pyrimidine-2,4(1H,3H)-dione]}cobalt(11)
bis(hexafluorophosphate)dihy- drate complex 19 has been synthesized, and characterized by Koz et
al. [182]. The single crystal X-ray diffraction show that Co(ll) is located at the center of the slightly

distorted pentagonal-bipyramidal geometry, being seven-coordinated with the two imine N atoms,



the pyridine N atom and two carbonyl O atoms of the uracil groups located in the equatorial plane,

and with the two water O-atoms located in the apical positions (Fig. 11).

Ccl1i

Fig. 9 Schematic representations of N3O pentadentate Co(l1l) Shiff base complexes 14 (top), 15

(middle), and 16 (bottom). Reproduced with permission [180] Copyright 2017, Elsevier B.V.



Fig. 10 ORTEP diagrams of complexes 17 (top) and 18 (bottom) with the atom labeling scheme.
The displacement ellipsoides are drawn at the 50% probability level. Reproduced with permission

[181]. Copyright 2011, Elsevier B.V.

Fig. 11 Molecular structure of 19, shown with 30% probability displacement ellipsoids and
illustrating the atom-numbering scheme. H atoms have been omitted for clarity and only major parts
of disordered fragments are shown. Reproduced with permission [182]. Copyright 2009, Elsevier

B.V.

2.1.7. Pentadentate Schiff base Ni(11) and Cu(ll complexes

Bandyopadhyay and co-workers reported the ionic bimetallic Ni(I1) complex 20 containing the p*3-



N3 bridge with a terminal azide [109]. The complex is readily obtained upon reaction of the nickel
hydrated perchlorate salts with the N3O, pentadentate Schiff base (2-hydroxybenzylidene)-1,7-
diamino-4-methyl-4- azaheptane in the presence of sodium azide (Fig. 12) [109] [Note of caution:
the use of all perchlorate salts is hazardous due to risk of explosion]. In 20, the two Ni(ll) ions adopt
a distorted octahedral geometry with [Ni(N4O2)] chromophore, and a dnini of 5.087 A. Low
temperature magnetic measurements established noticeable intradimer ferromagnetic interactions
(J = 6.5 cm). Bandyopadhyay et al. also prepared the mononuclear distorted square-pyramidal
Cu(Il) complex 21 of a N3O pentadentate Schiff base ligand (Fig. 12),via a one-pot templated
reaction involving the triamine N-(3-aminopropyl)-N-methylpropane-1,3-diamine,
hydroxybenzophenone and Cu(ClO4)2 - 2H20 in a 1:2:1 molar ratio [183]. In 2015, Charef et al.
also synthesized two kinds of nickel(Il) Schiff base complex 22 and copper(ll) Schiff base complex
23 from 2,2’-(((azanediylbis(propane-3,1-diyl))- bis(azanylylidene))bis(methanylylidene))diphenol
and the hydrated acetate salts of nickel(1l) and copper(ll), respectively [184]. In both complexes,
the metal ion attains a five-coordinate distorted trigonal bipyramidal geometry with a stereospecific
N3O chromophoric center (Fig. 13). In addition, complex 22 exhibits a high inhibition of the growth

of all bacterial strains (8 to 14 mm inhibition diameters).



Fig. 12 Molecular structures of the Ni(ll) complex 20 (top) and of the Cu(ll) complex 21 (bottom)
with their respective atom labeling scheme. Ydrogen atoms are omitted for clarity. Reproduced with

permission of refs. [109] and [183], respectively. Copyright 2012 and 2013, Elsevier B.V.



Fig. 13 Molecular structures of 22 (top) and 23 (bottom) showing the heteroatom numbering scheme.

Hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at 20% probability.

In 2006, Das and co-workers synthesized the tetrametallic complex [CusL2(CHsCOOQ)4] (25) by
reaction of copper acetate with the reduced pentadentate asymmetric compartmental ligand HaL
containing amino acid side arm 24 (Fig. 14). HyL is obtained by condensation of 5-bromo-2-
hydroxy-3-(4-methyl-piperazin-1-yl-methyl)-benzaldehyde and L-alanine, followed by in situ
reduction of the formed Schiff base with sodium borohydride [185]. The authors confirmed that the
tetranuclear complex 25 was a dimer of dinuclear Cu(ll) subunit by single crystal X-ray analysis, in

which the Cu(Il) centers had different geometries and the carboxylate acted as a bridge (Fig. 14).
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Fig. 14 Schematic representation of the reduced Schiff base 24 and molecular structure of the
complex [CusL2(CH3sCOO)4] (25). The tetranuclear species was generated by symmetry operation -

X, -y, -z expanded the short contact (Thermal ellipsoidal plot at 40% probability).

Plenty of polymeric copper complexes with Schiff base ligands have been assembled by molecular
subunits via H-H bonds, metal bonds and n—= stacking interactions [113,186-189], due to their
potential application in the fields of biological activities, metallosupramolecular chemistry and
molecular magnetic materials [190,191]. For example, Yardan et al. synthesized and structurally
characterized a novel polymeric zig-zag chain copper (1) complex from the monomeric unit 26 that
are linked together via bridging aliphatic oxygen atom of the pentadentate Schiff base ligand N,N’-
bis(4-methoxy-salyciliden)-2-hydroxy-1,3-diaminopropane (Fig. 15) [192]. They found the

polymeric zig-zag Cu(ll) chain forms 2D networks through hydrogen bonds. Moreover, an



antiferromagnetic Cu-Cu exchange has been found in the dimeric unit via the bridging oxygen atoms

(Curie constant = 0.49 cm3 K mol* and Weiss constant = -2.76 K).

Fig. 15 Molecular structure of monomeric Cu(ll) unit 26. Reproduced with permission [192].

Copyright 2014 Elsevier Ltd.

In 2000, de Castro and co-workers reported on the successful encapsulation of two copper(ll)
complexes with N3O-pentadentate Schiff base ligands in the supercages of zeolite NaxX [193].
Interestingly, the Cu(ll) Schiff base complexes were formed in situ by Schiff condensation of the
beforehand adsorbed copper(l1) acetylacetonate precursor with the appropriate aliphatic triamine.
Four years later, the two Cu(ll) Schiff base complexes were also entrapped into a pillared clay
derived from aluminum oxide pillaring oligomer and a Portuguese montmorilonite [194]. As a
consequence of the steric effects imposed by the porous structure, in both cases the encapsulated

complexes exhibit structural and electronic properties different from those of the free complexes.

2.1.8. Pentadentate Schiff base Zn(11) complexes

Pentadentate Schiff base Zn(ll) complexes are of particular importance due to their immense
biological properties (anticancer and antimicrobial activity) in human body and biological systems
[54,195-200]. For example, Tyula et al. synthesized two new ionic Schiff base Zn(ll) complexes,

[Zn(H2dapsc)(CH30H)2][ZnBr.Cly] (27) and [Zn(H2dapsc) (CH3OH)Br]Br.(CH3OH) (28) by 1:2



condensation of 2,6-diacetylpyridine and semicarbazide in the presence of zinc(ll) ion as template
agent [201]. In both complex cations, the seven-coordinate Zn(Il) center adopts a distorted
pentagonal bipyramidal geometry (Fig. 16). Thereinto, the pentadentate N3O, semicarbazone
(Hzdapsc) ligands are located at the equatorial plane and two CH3sOH ligands in 27, while one Br
and one CH3OH ligands in 28 are located at axial positions. The crystal structure and Hirshfeld
surface analysis showed that the Schiff base Zn(Il) complexes 27 and 28 are assembled into a 3D
supramolecular network by various intermolecular interactions such as H-H, H-Br, H-N, H-O, and

H-C bonds [201}

m
®:

Fig. 16 Molecular structures of 27 (top) and 28 (bottom) with the atomic numbering scheme.

Reproduced with permission [201]. Copyright 2017 Elsevier B.V.

The neutral Zn(Il) complex 29 with a N3O»-pentadentate Schiff base ligand has been synthesized
by reaction of 2,2’(((azanediylbis(propane-3,1-diyl))bis(azanylylidene))bis-
(methanylylidene))diphenol with Zn(OAc), [202]. From its X-ray diffraction study, the structure of
29 can be viewed as a quasi-square pyramid with the N(1)-N(2)-N(3)-O(2) base and O(1) at the

apex (Fig. 17). Furthermore, this complex has a strong fluorescence with a broad blue emission



around 442 nm, suggesting that this Zn(ll) Schiff base complex might be a good model for an

efficient light-induced charge-separation process [202].

Fig. 17 X-ray crystal structure of 29 showing the heteroatom numbering scheme. Only one of the
two symmetrically identical molecules contained in the unit cell is presented. Hydrogen atoms are

omitted for clarity. Thermal ellipsoids are drawn at 40% probability.

2.1.9. Pentadentate Schiff base Cd(11) complexes

Contrary to Zn(l1) ion that plays an important role in biological processes, Cd(ll), on the other hand,
is hazardous to human health and environments [203,204]. However, Cd(l1) complexes of Schiff
base ligands have been studied extensively because this second-row transition-metal ion is capable
of engaging high coordination numbers (e.g., penta- to octacoordination) owing to its d'° electronic
configuration and atomic size. Hence the formed Schiff base compounds that possess frramework
rigidity and high thermal stability, make up attractive molecular building blocks for engineering
molecular based materials [205-211]. Das et al. synthesized a mononuclear heptacoordinate Cd(11)
complex [Cd(L)(H20).](ClO4)2 (30), where L stands for the Ng donor hexadentate Schiff base 2,4-
bis [2-(pyridine-2-yImethylidene) hydrazinyl] pyrimidine [212]. This ligand behaves as a neutral
pentadentate Ns donor spanning itself in the equatorial plane of a pentagonal bipyramidal
arrangement, forming four five-membered chelate rings that encapsulate the divalent metal ion. The
two apically coordinated water molecules complete the seven-coordinate geometry (Fig. 18).

Neither the ligand nor its Cd(Il) complex are fluorescent.
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Fig. 18 Molecular structure of complex 30. Reproduced with permission [212]. Copyright 2013

Elsevier B.V.

In 2010, Ghosh’s group reported the preparation and characterization of two heptacoordinated 1-D
coordination  polymers of the type [Cd(L)(dca)]a(X)» [L= N,N’-(bis-(pyridin-2-
yl)benzylidene)diethylenetriamine; dca = dicyanamide; X = ClO4 (31), PFs (32)] [213]. X-ray
diffraction study revealed that in both compounds each Cd(ll) center adopts a distorted pentagonal
bipyramidal geometry with a Cd-N7 chromophore made of five N atoms of the neutral Ns-
pentadentate Schiff base ligand and one nitrile N atom of each p*® bridging dca (Fig. 19). Hydrogen
bondings with ClOsand PFs™ counteranions embedded among the polymeric chains resulted in 2-D
sheet structures. The coordination polymers have represented the reliability of combination of weak
non-covalent interactions and strong covalent bonds in crystal engineering. This contributes to
design functional materials at molecular level. In addition, both Cd(Il) complexes 31 and 32 show
intense fluorescence band at 570 and 566 nm, respectively, with lifetimes in the range 2.65-2.70

ns, in DMF solutions at room temperature.
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Fig. 19 ORTEP diagram of the cationic chain [Cd(L)(dca)]™* of the coordination polymers 31 and
32, with atom labeling scheme. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are

drawn at 20% probability. Reproduced with permission [213]. Copyright 2013 Elsevier B.V.

2.1.10. Pentadentate Schiff base Sn complexes

Organotin(lIV) complexes of Schiff bases are of great interest because they present a wide variety
of structural possibilities, catalytic activity, photophysical, non-linear optical and biological
properties. Extensive literature on those topics has been compiled in the two comprehensive reviews,
focusing upon their chemistry, Thermal behavior and biological applications, published byNath et
al. [214,215]. As far as pentadentate Schiff base ligands are concerned here, most of their
organotin(1VV) compounds have ligands with N3Oz donor atom set, mainly derived from 2:1 Schiff
condensation of salicylaldehyde or substituted salicylaldehydes and diethylenetriamine [216-219].
In such heptacoordinated complexes, the N3Oz-pentadentate Schiff base ligand coordinates to the
diorganotin(lVV) moiety in the equatorial plane of a pentagonal bipyramid. In 2016, Alvarado-
Rodriguez and coworkers synthesized two rare examples of dibutyltin(IV) complexes having
pentadentate Schiff base ligand containing the N,O3 donor atom set, Bu,SnL! (33) and Bu,SnL?
(34), by condensation of di-n-butyltin oxide with HoL! and H.L?, respectively [220]. The two
ligands that are structural isomers, were prepared by 2:1 Schiff condensation of salicylaldehyde and
bis-(2-aminophenyl)ether for H,L!, and 2-aminophenol with bis-(2-formylphenyl)ether for H,L2.
Molecular structures of both complexes 33 and 34 (Fig. 20) show a hepta-coordinate Sn(IV) center

in a pentagonal bipyramidal geometry, with the [N2Os] core occupying the pentagonal base. The



Sn-N iminic bond distances are shorter for Bu,SnL! where five-membered chelate rings were

formed than those observed in Bu,SnL? that displayed two six-membered rings.

Fig. 20 Molecular structures of the di-n-butyltin(1VV) complexes 33 (top) and 34 (bottom). Hydrogen
atoms and toluene solvent molecule in 34 have been omitted for clarity. Thermal ellipsoids are

drawn at 50% probability. Reproduced with permission [220] Copyright 2016 Elsevier B.V.

2.1.11. Pentadentate Schiff base Eu(l11) complexes

Europium(I11) complexes of Schiff base ligands have been studied extensively due to their
particularly attractive red luminescence derived from energy transfer processes between the Schiff
base ligands and Eu®* ion [221-224]. On the other hand, the excited luminescent Eu3* center is easily
quenched by water. Therefore, it is desirable that the use of suitable antenna can completely saturate
the coordination sphere of Eu®* ion to minimize/avoid non-radiative deactivations caused by water

molecules. For example, Two luminescent Eu(lll) complexes of N3O.-pentadentate Schiff base



ligands, Eu(DAPBH)2(NOs)3.2H,O (35) and Eu(DAPBH)(CH3:CH2OH)(SCN)s.H.O (36),
DAPBH= (1,1’-(pyridine-2,6-diyl)bis(ethan-1-yl-1-ylidene))dibenzohydrazide, have been
synthesized and structurally characterized by Gao et al. [225]. In complex 35, the molar ratio
Eu3*/DAPBH is of 1/2 with NOs™ not coordinated to Eu®* ion, while for 36 the molar ratio
Eu®*/DAPBH is 1/1 with the thiocyanates ligand strongly bounded to Eu®* center (Fig. 21). Both 35
and 36 emit in the red luminescence region of Eu®* ion, demonstrating that the pentadentate Schiff

base ligand is an efficient antenna for Eu* emission.

\
NIU T NI2)
NV N(}\
>R

\ \/
~i7 |

Fig. 21 Molecular structures of the ten-coordinate distorted bicapped tetragonal antiprismatic Eu(l1)
complex 35 (top) and of the nine-coordinate distorted monocapped tetragonal antiprismatic Eu(l11)
complex 36 (bottom). Hydrogen atoms, uncoordinated nitrate ions and lattice water molecules are

omitted for clarity. Reproduced with permission [225]. Copyright 2012 Elsevier B.V.

2.1.12. Pentadentate Schiff base UO, complexes

Actinide elements ( +5 or +6 oxidation states) usually form a typical MO2"™ ion, which is a linear
0O=M=0 structure. The equatorial coordination sites of MO;" varies from 3 to 6, because additional

ligands are only coordinated in the equatorial plane [226-228]. Much of the research dedicated to



developing a more complete understanding of uranyl, UO2(V1), the most environmentally available
oxidation state of uranium, is the result of an interest in sequestration and waste remediation as they
relate to its bioinorganic chemistry [229] and to the nuclear fuel industry [230]. Albeit the
pentadentate binding geometry offers a well-suited binding pocket to accommodate the larger
atomic radius of uranium, the chemistry of di-oxo uranyl cation UO,?* complexes of pentadentate
Schiff base ligands remained poorly explored. For instance, in 2015, Back’s group reported a new
dioxo-uranium (V1) complex of a N3O»-pentadentate Schiff base ligand 37 formed by reaction of
UO2(NO3)2.6H20 with a Schiff base ligand derived from 2:1 condensation reaction of pyridoxal and
triethylenetetramine [132]. The imidazolidine ring was found to play an key role in the pentagonal

bipyramidal geometry of the UO,?* cation (Fig. 22).

Fig. 22 Structural representation of complex 37. For greater clarity, solvates of crystallization and

hydrogen atoms are not shown. Reproduced with permission [132]. Copyright 2015 Elsevier B.V.

In 2016, three new dioxo-uranium complexes of N3O.-pentadentate s-triazine based Schiff base
ligands UO2(LY) (38), UO2(L?) (39) and UO,(L3) (40), have also been synthesized by reaction of
uranyl acetate or nitrate with the appropriate Schiff base proligands HoL*2[231]. L1, L? and L2 stand
for the doubly deprotonated forms of 2,4-Bis(2-hydroxybenzylidenehydrazino)-6-methoxy-s-
triazine, 2,4-Bis(2-hydroxy-3-methoxybenzylidenehydrazino)-6-methoxy-s-triazine and 2,4-Bis(2-
hydroxy-3-methoxybenzylidenehydrazino)-6-amino-s-triazine, respectively. X-ray diffraction
confirmed that the UO,?* ion is axially positioned and the U center is coordinated by two phenoxo
oxygen atoms and three nitrogen atoms (one from the s-triazine unit and two from the chelate arms)
in the equatorial plane to generate a pentagonal bipyramidal coordination environment (Fig. 23).

Fluorescence spectra of the three complexes showed maximum emission around 415 nm.



Fig. 23 Conformations of 38, 39 and 40 (from top). Angles of aromatic ring planes to equatorial
coordination planes are 8.3/7.8°(38), 26.1/7.9°(39), and 28.6/28.7°(40). Reproduced with permission

[231] Copyright 2016 Elsevier Ltd.

In 2017, Gorden and co-workers designed and synthesized, from the commercially available starting
material 2,6-pyridinedicarboxylic acid, two new expanded 2,6-bis[1-[(2-hydroxy-aryl)imino]ethyl]
pyridine ligands and their corresponding UO2(VI) complexes (aryl = 3,5-ditertbutylphenyl, 41;
napthyl, 42) [232]. The Schiff base ligands fully occupy the equatorial plane with the less strongly
coordinating pyridine occupying the fifth site of the pentagon. Consequently, the U(VI) ion adopts,

in both cases, a pentagonal bipyramidal coordination geometry (Fig. 24).



Fig. 24 Conformations of 41 (top) and 42 (bottom). Reproduced with permission [232] Copyright

2017 The Royal Society of Chemistry.

2.2. Macrocyclic pentadentate Schiff base ligands and their metal complexes

The interaction of macrocyclic pentadentate Schiff base ligands with metal ions has been the subject
of a range of studies due to their unique coordination and structural properties and their wide
application in bioinorganic chemistry as models of biomolecules and in modern chemical techniques
such as magnetic resonance imaging [233-241]. For instance, four new macrocyclic pentadentate
Schiff base Ni(ll) complexes of the type NiL'X; (X = Cl, 43; Br, 44; 1, 45, ClO4, 46) and three of
the type NiLX(CIO4) (X = ClI, 47; Br, 48; 1, 49) were synthesized by template reactions of
dialdehyde 2-[3-(2-formylphenoxy)-2-hydroxypropoxy]benzaldehyde and 1,3-diaminopropane in
the presence of Ni(IT) salts by Khandar’s group [242]. The 16-membered mixed-donor macrocyclic
Schiff base ligand L! incorporating a pendant alcohol function, 8,9,18,19-tetrahydro-7H,17H-
dibenzo[f,0][1,5,9,13] dioxadiazacyclohexadecin-18-ol, acts as a N2Os-pentadentate Schiff base
ligand. The anionic ligand X occupies the sixth coordination site of the distorted octahedral
environment around the nickel center (Fig. 25, top). Later on, the same group prepared a new series
of five Ni(ll) complexes of the type NiL?X, (X = Cl, 50; Br, 51; I, 52; NO3,53; ClOa4, 54) where L?

is the macrocyclic Schiff base ligand 8,9,18,19-tetrahydro-7H,17Hdibenzo[f,0][1,5,9,13]dioxadiaza



cyclohexadecine-8,18-diol, obtained by template condensation of 2-[3-(2-formylphenoxy)-2-
hydroxypropoxy]benzaldehyde and 1,3-diamino-2-propanol in the presence of NIX; hexahydrates
[243,244]. In all the five complexes 50-54, the potentially N,Os-hexadentate ligand L? behaves as a
pentadentate ligand, on oxygen of the alcohol function remaining free of coordination. Complexes

50-53 contain nickel(1l) in a distorted octahedral environment of N.OzX donor set (Fig. 25, bottom).

Fig. 25 Molecular structures of the cationic parts of complexes NiL!Br,-CH3;CN (44, top) and of
NiL?(NOs). (53, bottom). Hydrogen atoms, counteranions, solvent crystallization molecules are
omitted for clarity. Thermal ellipsoids are drawn at 40% and 20% probability for 44 and 53,

respectively.

In the field of macrocyclic pentadentate Schiff base Mn(l11) complexes, Decurtins and co-workers
synthesized the precursor [Mn"(L)CI.] where L stands for the N3O,-pentadentate macrocyclic Schiff
base ligand resulting from the 1:1 cyclocondensation of 2,6-Diacetylpyridine and 3,6-dioxaoctano-

1,8 diamine, and used it as building block to react with metallocyanide derivatives [M(CN),]™ (M



= Cr, Fe, Ni, Pd, Pt). As a result, eight cyano-bridged molecular assemblies, all containing the
[Mn"(L)(CN),]?* unit (55) (Fig. 26), have been obtained with a variety of structural topologies [245].
In 2016, A series of mononuclear Mn(Il) complexes of the macrocyclic pentadentate Schiff base
(15-pyN302(3,12,18-triaza-6,9-dioxabicyclo- [12.3.1]octadeca-1(18),14,16-triene)) with two
axially coordinated halido-/ pseudohalido coligands (X), of the thype [Mn(15-pyNs02)X2] (X = I,
56; N3, 57; NCS, 58) have been synthesized by Drahos et al. [246]. The single crystal X-ray analysis
of 56, 57 and 58 demonstrated that all of them have a distorted pentagonal-bipyramidal geometry
(Fig. 27). Furthermore, these complexes have potential ability to form supramolecular 1D chains

due to hydrogen bonds, non-covalent contacts and n-n stacking interactions [246].

, C56

Fig. 26 ORTEP representation (ellipsoids at 50% probability) of the molecular structure of the
[Mn"(L)(CN).]?* unit (55). Reproduced with permission [245]. Copyright 2005 American Chemical

Society.



Fig. 27 Molecular structures of [Mn(15-pyN3s0>)I] (56, top), [Mn(15-pyNs02)(Ns).] (57, middle),
and [Mn(15-pyNsO2)(NCS).] (58, bottom). Non-hydrogen atoms are drawn with thermal ellipsoids
at the 50% probability level. Only one of two (for 56) and three (for 58) crystallographically
independent molecules are shown for clarity. Reproduced with permission [246]. Copyright 2016

The Royal Society of Chemistry.

In 2017, Keypour and co-workers synthesized and structurally characterized the Mn(ll) (59) and
Zn(I1) (60) macrocyclic Schiff-base complexes by templated 1:1 cyclocondensation reaction of 2,2°-
(piperazine-1,4-diylbis(methylene))dianiline and 2,6-pyridinedicarbaldehyde in the presence of
Mn(11) and Zn(I1) perchlorate salts, respectively [247]. In both complexes 59 and 60, the metal(I1)

ions are in a seven-coordinate, distorted pentagonal planar environment, surrounded by five nitrogen



atoms from the macrocyclic ligand, with two monodentate perchlorate anions (in 59) and two water
molecules (in 60) occupying the axial positions (Fig. 28). The results of antibacterial studies indicate
that complex 59 has more activity than Tobramycin and Tetracycline (as standards) against B.
thuringiensis, S. saprophyticus and Pectobacterium sp bacteria. Complex 60 exhibits more cytotoxic
activity than doxorubicin as standard in U87 MG cell line [247]. The crystal structure of a six-
coordinate Zn(Il) complex 61 based on the 16-, membered pentaaza macrocycle derived from 1:1
cyclocondensation of 2,6-diacetylpyridine and N,N’-bis(3-aminopropyl)piperazine in the presence
of ZnBr,, was also reported by the same group [248]. In this case, the hexacoordinated metal center

adopts a slightly distorted pentagonal pyramidal geometry (Fig. 29).

Fig. 28 ORTEP representations of [MnL(ClOa)2] (59, top) and [ZnL(H20)2](ClO4). (60, bottom).
Displacement ellipsoids are drawn at the 50% probability level. The H atoms and counter ions (ClOx4)

for 60 are omitted for clarity. Reproduced with permission [247]. Copyright 2017 Elsevier Ltd.



C14

Fig. 29 Crystal structure of the cationic part of complex [ZnLBr]CIO4 (61) with atom numbering
scheme. All H atoms and the counter ion are omitted for clarity. Displacement ellipsoids are shown

at 30% probability level. Reproduced with permission [248]. Copyright 2009 Elsevier Ltd

2.3. P-containing pentadentate Schiff base Re complexes

Phosphorus-containing pentadentate Schiff base ligands are easily synthesized from the readily
available formylphosphines of the composition Phs.,P(2-C¢H4sCHO), (n = 1-3). As a result, these
Schiff base ligands usually contain additional donor atoms [249,250]. Despite the fact that P-
containing pentadentate ligand systems are perfectly suitable for the stabilization of [ReVN]?,
[ReVNPh]®* or [ReVO]3*cores, the corresponding Re complexes have wide applications in nuclear-
medical therapy with the B~ emitting isotopes %Re and ®®Re, there are only a few examples of
structurally well-characterized complexes [251-253]. For example, Abram’s group synthesized two
novel pentadentate Schiff base Re complexes 62 and 63 by reactions of PhP{CsHs-2-(CH:-

NH(CsHa-2-OH))}2 (HoL) with [NBus][ReOCl4] (Fig. 30) [254].

OH
H
N
PhP{é @) +  (NBug)[ReOCl4
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Fig. 30 Synthesis of [ReCI(L)] (62, left) and [ReO(HL)] (63, right). Reproduced with permission

[254]. Copyright 2009 American Chemical Society.

2.4. S-containing pentadentate Schiff base ligand and their metal complexes

Sulfur-containing Schiff base ligand and their metal complexes, where sulfur is a soft donor atom
in the backbone, have been the subject of a great deal of studies, mainly due to their interesting
physical and chemical properties, and wide application in bioinorganic and medicinal chemistry
[255-274]. In 2013, Dieng et al. synthesized two new polynuclear nickel(ll) complexes
[(NiL');]-CH3OH-4H,0 (64) and [Nis(H2L?)2(NOs);] (65) by reaction of pentadentate
salicylaldimine  acyclic ~ Schiff  base ligand  2-((2-(2-(2-hydroxybenzylideneamino)-
ethylthio)ethylimino)methyl)phenol (H.L') and its related hydrogenated derivative 2-((2-(2-(2-
hydroxybenzylamino)ethylthio)ethylamino)methyl)phenol (HsL2) with hydrated nitrate and
perchlorate nickel(Il) salts [275]. The geometry around the two metal ion of the dimer 64 and the
two peripheral Ni(ll) ions of the trimetallic species 65 can be described as slightly distorted
octahedral in a N2SO3 donor set environment . In both complexes, the nickel atoms are linked by
two bridging phenolate oxygens (Fig. 31). The magnetic data shows there is a moderate
antiferromagnetic interaction in complexes 64 (J = -66.4 + 0.6 cm™) and 65 (J =-11.12 + 0.3
cmt) via the phenoxo bridge. The dimeric double helical nickel(I1) complex 66 has been synthesized
from the reaction of 2,6-diacetylpyridine Schiff base of S-methyldithiocarbazate and nickel(ll)
acetate tetrahydrate by Mirza et al. [276]. Interestingly, the pyridine nitrogen atom acts as an unusual
bridging donor atom leading to six-coordinate Ni(ll) centers with a N4S, coordination cores (Fig.
32). On the other hand, in the same paper the authors showed that the helical dimeric copper(Il)
complex 67, obtained by reaction of copper acetate and 2,6-diacetylpyridine Schiff base of S-
benzyldithiocarbazate, does not contain any shared donor atoms [276]. Consequently, each Cu( I1)
ion in dimer 67 is five-coordinate, approximately square-pyramidal, sitting in an N3zS; donor

environment (Fig. 32).
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Fig. 31 Crystal structures of [(NiL)2]-CH30OH-4H0 (64, top) and [Nis(H2L?)2(NOs).] (65, bottom).

Reproduced with permission [275]. Copyright 2012 Elsevier B.V.




Fig. 32 Ball-and-stick view of the dimeric double helical Ni(1l) complex 66 (top) and of the dimeric
helical Cu(ll) complex 67 (bottom), where the two symmetry related ligands are differently coloured.
The twofold axis is aligned horizontally and the Cu ions are crystallographically identical.

Reproduced with permission [276]. Copyright 2014 Elsevier Ltd

The first pentacoordinate Pb(Il) complex with a pentagonal geometry, [Pb(H.DAPTsz-Me)] (68),
has been synthesized by reaction of the N3S,-pentadentate Schiff base proligand bis(4-Nmethylthio-
semicarbazone) 2,6-diacetylpyridine (HsDAPTsz-Me) with lead anode in an electrochemical cell,
by Bermejo’s group [277]. The five donor atoms of N3S; ligand coordinate exclusively to Pb(ll) ion
center due to inert pair effect (Fig. 33). Furthermore, using the same methodology with the
appropriate metal anode, they also prepared the heptacoordinated [Mn(H2DAPTsz-Me)(EtOH);]
complex 69 and the dimeric [Zn(H:DAPTsz-Me)]2-EtOH-2H,O complex 70 [278]. The
heptacoordinated Mn(ll) complex 69 shows a pentagonal bipyramidal structure, while the helical

zinc dimer 70 shows octahedral and tetrahedral environments for the metal centers (Fig. 33).



Fig. 33 Molecular structures of [Pb(H.DAPTsz-Me)] (68, top), [Mn(H2DAPTsz-Me)(EtOH),] (69,
middle), and [Zn(H:DAPTsz-Me)]..EtOH.2H,0 (70, bottom), showing the atomic numbering
scheme. Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms as well as
lattice EtOH and H,0 for 70 are omitted for clarity. Reproduced with permission [277]. Copyright

2005 The Royal Society of Chemistry.

Using the same kind of N3S;-pentadentate Schiff bases, de Sousa’s group prepared three seven-
coordinate diorganotin(lVV) complexes 71-73 by the reaction of 2,6-diacetylpyridine bis(S-
methyldithiocarbazate)] (H.dapmdtc) and 2,6-diacetylpyridine bis(S-benzyldithiocarbazate)]

(Hzdapbdtc) with MezSnCl; or Ph,SnCl, [278]. The X-ray structures demonstrated these complexes



exhibit a distorted pentagonal bipyramidal geometry, with organic groups in the apical positions and
the NsSz-pentadentate Schiff bases donor atoms occupying the equatorial plane (Fig. 34).
Homologous cationic zinc(ll) and cadmium(ll), and neutral diorgano- and dihalogeno-tin(1V)
pentagonal bipyramidal complexes of N3Sz-pentadentate Schiff base ligand have alsos been reported

by Ali and co-workers [279].

A NS
1

Fig. 34 Perspective views of [Me;Sn(dapmdtc)] (71, top), [MezSn(dapbdtc)] (72, middle), and
[PhzSn(dapbdtc)] (73, bottom), showing the atom numbering scheme. Reproduced with permission

[278]. Copyright 2006 Springer.

In 2015, Nguyen et al. reported the syntheses of novel NO.S-pentadentate
dialkylamino(thiocarbonyl)- benzamidine proligands (HsL, HsL-COzEt and HsL-CO2H) and their
reaction with [NBus][MOCI.] to form the corresponding rhenium(v) and technetium(V) complexes
[ReO(L)] (74), [TcO(L)] (75), [ReO(L-CO,Et)] (76), [TcO(L-COEL)] (77), [ReO(L-CO-H)] (78)
and [ReO(L-CO2-TG)] (79) [280]. The X-ray Structures have confirmed that the ligands are triply

deprotonated and fully occupy the remaining five coordination positions of the {MO3}3* cores in all



the complexes with the same N2O.S donor atom constellation (Fig. 35). In a “proof-of-principle”
reaction for possible bioconjugations, the complex 79 has been obtained from the reaction of 78,
having the —COH anchor group in its periphery, and triglycine ethyl ester (TG) in the presence of
N,N’-dicyclohexylcarbodiimide (DCC) and N-hydroxybenzotriazole (HOBT) in dry DMF at room
temperature. Imido rhenium(V) complexes of similar pentadentate
dialkylamino(thiocarbonyl)benzamidines ((HsL-Morph, HsL-Et), are also accessible [281]. The
molecular structure of [Re(NPh)(L-Morph)] (80) is presented in Fig. 35. On the other hand, the
ruthenium(l1l) complexes of cystamine-based disulfide pentadentate Schiff base ligands (L)
displaying the same mixed N,O,S donor set and derived from cystamine and 2-hydroxy-substituted
aromatic aldehydes, of the type [RuX(L)] (X = Cl, Br), exhibited efficient catalytic activities in the

transfer hydrogenation and N-alkylation of o-substituted anilines [282].

Fig. 35 Molecular structures of the oxo-Re(V) complex 76 (top) And of the phenylimido-
Re(V) complex 80 (bottom). Hydrogen atoms and the MeOH crystallization solvent for 76 are
omitted for clarity. Thermal ellipsoids are drawn at 30% and 20% probability for 76 and 80,

respectively.



Pentadentate Schiff base ligands containing both soft and hard donor atoms are a versatile class of
ligands, which are well-suited for the formation of stable complexes with many main group elements
and transition metals in various oxidation states. Mixing N, O and S, donors into Schiff base
compounds alters their steric and electronic properties, thus increasing their ability to form
complexes with a variety of metal ions as neutral, singly, doubly or triply deprotonated chelating
ligands, yielding both mono- and dinuclear complexes with interesting structural features.
thermodynamically stable and/or kinetically inert complexes of pentadentate ligand systems should

be of great interest for the development of new radiopharmaceuticals.

3. Hexadentate Schiff base ligands and their metal complexes.

Recent interests in the design, synthesis and characterization of hexadentate Schiff base ligands have
focused on the asymmetric property. Their metal complexes are expected to be applied in
asymmetric catalysis. For example, Constable et al. synthesized the enantiopure hexadentate ligands
(S)-81 and (R)-81 by the condensation of enantiopure (S)-(-)-1,1’-binaphthyl- 2,2’-diamine or (R)-
(+)-1,1’-binaphthyl-2,2’-diamine with two equivalents of 2,2’-bipyridine-6- carbaldehyde in dry
toluene [283]. In the presence of MeOH, the ligand (S,S,S)-82 has been obtained by
diastereoselective addition of (S)-81 and MeOH (Fig. 36), but this reaction is reversible and (S,S,S)-

82 is reverted to (S)-81 by eliminating MeOH, when dissolved in CH2Cl,, CHCI; or CH3CN.

MeOH/CH,Cl,
CHCI; or CH,CN

Fig. 36 The synthesis of 82.

3.1. Hexadentate Schiff base Mn(11), Zn (I1) and Cd(I1) complexes



Hexadentate Schiff base manganese(l11) complexes have attracted wide attention due to their high-
spin (HS) state and elongated octahedral geometry. They are also widely used for building molecular
magnets [284-288], or in extended assemblies [289], since the lengthened Mn(lll) units show
favorable magnetic anisotropy, with a D < 0 parameter for the zero-field-splitting Hamiltonian. For
example, Four six-coordinate mononuclear manganese(lll) Schiff base complex [Mn(5-MeO-sal-
N-1,5,8,12)]Y (Y =ClOy, 83a; BF4, 83b;NOs", 83c; CFsSOg37, 83d) where  5-MeO-sal-N-1,5,8,12
stands for the doubly deprotonated N4O»>-hexadentate Schiff base ligand obtained by 2:1
condensation of 5-methoxysalicylaldehyde and N,N’-bis(3-aminopropyl)ethylenediamine, have
been reported and investigated to determine the intramolecular ligand distortion, impact of counter
anion effects and intermolecular supramolecular structures on the spin crossover behavior by Wang

et al. (Fig. 37) [290].

¢ 7

Fig. 37 Molecular structure of the complex cation [Mn(5-MeO-sal-N-1,5,8,12)]* of 83a at 100 K.
Hydrogen atoms have been omitted for clarity. Reproduced with permission [290]. Copyright 2016

The Royal Society of Chemistry.

In 2008, Salehzadeh and co-workers first synthesized and characterized two new complexes,
[CdL22pyin(NO3)][CIO4] (84) and [MnLozpyiCI][CIO4] (85) that are mononuclear Cd(11) and Mn(ll)
complexes supported by the Ne-hexadentate unsymmetrically-substituted Schiff base ligand
LoopypCl (Fig. 38) [291]. These complexes were synthesized through the condensation of the

asymmetric tripodal tetraamine Loy with 2-pyridinecarboxaldehyde in the presence of



Cd(NOs3)2-4H,0 and MnCl,-4H,0, respectively, in the ratios 1:1:1 and 2 equiv. of NaClOa.
Interestingly, single crystal X-ray diffraction showed that complex 84 is formed as a distorted
dodecahedron eight-coordinate Cd(l1) ion, whereas 85 is a seven-coordinate compound in which the
Mn(I1) metal ion adopts a distorted pentagonal bipyramidal geometry. Their electronic spectra have

been explained on the basis of TD-DFT calculations.
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Fig. 38 Synthesis of the cadmium(ll) (84, top) and manganese(ll) (85, bottom) complexes supported

by the hexadentate Schiff base ligand LozpyCl.

The same year, neutral [Mn(HL)] (86), [Cd(H2L)] (87) and [Ni(H2L)] (88) complexes have been
synthesized by the reaction of a new symmetrical N2O,-hexadentate Schiff base ligand, 1,8-N-bis(3-
carboxy)disalicylidene-3,6-diazaoctane-1,8-diamine (HsL) with the corresponding metal acetate
salt, by Sarkar et al. [292]. These complexes are all pseudo-octahedral with some variations in their
configurations, confirmed by both theoretical calculations and X-ray crystal structure studies (Fig.
39). Moreover, these complexes are facilely engaged into the 1-D, 2-D and 3-D supramolecular
coordination networks by the —n stacking, C-H...n interactions and unusual H-bonding interactions.
In addition, the optical band gap (Egd) values of complexes 86 and 87 are of 2.30 and 2.57 eV,

respectively.



Fig. 39 ORTEP views of the Mn (86, top),Cd (87, middle), and Ni (88, bottom) complexes with
ellipsoids drawn at the 50% probability level. Reproduced with permission [292]. Copyright 2008

Elsevier Ltd.

In 2014, Golbedaghi et al. synthesized and characterized two new N2Os-hexadentate Schiff base
ligands and their four corresponding complexes: [Cd(H2L1)(NO3)]CIO4 (89), [Cd(H2L?)(NO3)]CIO4
(90), [Zn(H2LY](CIO4)2 (91) and [Zn(H2L?)](ClO4)2 (92), where H,L! and HL? stand for the Schiff
bases derived from 1:1 condensation of ethanol amine with 2-[2-(2-formyl phenoxy)ethoxy]
benzaldehyde and 2-[2-(3-formyl phenoxy)ethoxy] benzaldehyde, respectively [293]. The X-ray
crystal structure of complex 89 shows that it adopts a distorted dodecahedron geometry due to the

coordination of the N>O4 donor set of the Schiff base ligand and two oxygen atoms of the nitrate



anion to the eigth-coordinate Cd(Il) metal ion (Fig. 40).

Fig. 40 Molecular structure of [Cd(H.LY)(NO3)]CIO, (89). Hydrogen atoms and the perchlorate

anion are omitted for clarity. Reproduced with permission [293]. Copyright 2004 Elsevier B.V

Two neutral zinc complexes with N4Oz-hexadentate Schiff base ligand, ZnL! (93) and ZnL? (94)
have been prepared in a one-pot procedure by the reaction between triethylenetetramine,
salicylaldehyde or o-vanillin (3-methoxysalicylaldehyde), and zinc acetate by Chantarasiri et al.
[294]. X-ray analysis show that in 93 and 94, the six-coordinate Zn(l1) metal ion is coordinated by
for amine ligands and two phenolic oxygen atoms to form a distorted ZnN4O; octahedron, and that
both complexes have a bent-shaped conformation with the slope-plane moieties that contain

aromatic rings (Fig. 41).

Fig. 41 ORTEP diagram of ZnL? (94). Ellipsoids are drawn at 50% probability level. Reproduced

with permission [294]. Copyright 2004 Elsevier B.V.



3.2. Hexadentate Schiff base Al(111) complexes

In 2017, Xu et al. successfully synthesized the hexadentate Schiff base Al(111) complex 95 by the
reaction of aluminum alkyls with N,N’-bis(3,5-di-tert-butylsalicylidene)-2,2’-(ethylenedioxy)-
dianiline (H.L) [295]. The authors also proposed a formation mechanism (Fig.42). Firstly, an
aluminum ethyl complex [AIEtL] was formed by the reaction of AlEt; with 1 equiv. of HoL via
elimination of ethane, subsequently the intermediate aluminum hydride [AIHL] was obtained by the
ethylene elimination [296], and then the final product 95 was formed by the intramolecular
nucleophilic attack of intermediate [AIHL]’s Al-H at hexadentate Schiff base ligand’s imine carbon
atoms [297]. In addition, complex 95 shows excellent catalytic activity in the cycloaddition reaction

of CO; and various functionalized terminal epoxides (Eq. 1) [298].
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Fig. 42 Possible formation mechanism of complex 95. Reproduced with permission [295].

Copyright 2017 The Royal Society of Chemistry.
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3.3. Hexadentate Schiff base lanthanide(l11) complexes

Schiff base lanthanide complexes have attracted wide attention due to their applications in



luminescent probes, magnetic resonance imaging and magnetic materials [299-303]. For example,
Ghosh and co-workers synthesized a family of isostructural and isomorphous nonacoordinated
lanthanide(111) complexes of type [Ln(L)(NCS)s] (Ln = La, 96; Gd, 97; Th, 98; Dy, 99) by the
reaction  of  N-(1-pyridin-2-yl-phenylidene)-N’-[2-({2-[(1-pyridin-2-yl-phenylidene)amino]-
ethyl}amino)ethyl]ethane-1,2-diamine (L), lanthanide nitrates and ammonium thiocyanate in the
1:1:3 molar ratio [304]. Single crystal X-ray crystallography reveals all the complexes 96-99 have
a tricapped trigonal prismatic structure with a LnNg chromophore (Fig. 43). Following the Curie
Law, VT magnetic susceptibility measurements are in agreement with 4f7, 4f8 and 4f° configurations,

respectively, expected for an isolated, mononuclear Ln(l1) ion.

Fig. 43 20% Thermal ellipsoid plot of [La(L)(NCS)s] (96). Reproduced with permission [304].

Copyright 2010 Elsevier Ltd.

Owing to their great flexibility and multiple chelating points in the ligand framework, hexadentate
Schiff base ligands are also well suited tools to synthezise polynuclear metal complexes with
potential applications in various fields such as magnetic materials [305,306] or in the development

of novel chemotherapeutic Schiff bases and their metal complexes [307,308].

4. Heptadentate Schiff base ligands and their metal complexes

Over the two last decades, heptadentate Schiff base ligands and their metal complexes, such as
heptaaza Schiff base macrocyclic bis(pendant donor) manganese(l1) complexes, were found to have

a lot of specific applications such as synthetic ionophores [309,310], cyclic antibiotics [311-313],



anion receptors [314-316], and therapeutic reagents in chelation therapy [317,318]. They also can
be used in host-guest interactions [319]. For instance, Khanmohammadi et al. reported a new
manganese(ll) complex of an unsymmetrical heptaaza Schiff base macrocyclic ligand 100 (Fig. 44)
that has been prepared by template condensation between 2,6-diacetylpyridine and N, N, N’, N’-
tetrakis-(2-aminoethyl)propane-1,2- diamine in the presence of Mn(ll) ion in EtOH [320]. It was
also reported that complex 100 and its familiar symmetrical derivatives had more remarkable

inhibition zone on the culture of Escherichia coli and Staphylococcus aureus than standard drugs.
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Fig. 44 Template synthesis of the heptadentate Schiff base Mn(I11) complex 100 [320].

In 2009, Salehzadeh et al. reported an unexpected chelate-assisted C-C bond-forming reaction
during template condensation of the asymmetric bis(3-aminopropyl)-(2-aminoethyl) amine
derivative and 2-pyridinecarboxaldehyde in methanol solution, in the presence of Cd(ClO.), [321].
Two products were formed during this reaction: the expected condensation one 101, and 102 in
which the methylene group adjacent to the imine bond in the ethylene arm of the ligand has reacted
with an additional equivalent of 2-pyridinecarboxaldehyde. The presence of a rigid five-membered
chelate ring has been shown to be necessary to make this reaction to occur. Both compounds 101
and 102 have been structurally characterized by X-ray diffraction (Fig. 45). On the other hand,
Marshall-Roth and Brown synthesized an oxo-free NiOs-heptadentate Mo compound
[Mo(MeClamp)] (103), by the reaction of tris(2-(3’,5’-di-tert-butyl-2’-hydroxyphenyl)amino-4-
methylphenyl)amine (MeClampHs) and dioxomolybdenum(V1) bis(acetylacetonate) [322]. From its
X-ray diffraction study, the seven-coordinate molybdenum(V1), adopts a C3-symmetric, capped

octahedral structure with the triarylamine nitrogen supplying the capping ligand (Fig. 46).



Fig. 45 Molecular structures of unsymmetrically-substituted N7-heptadentate tripodal Schiff base
Cd(I1) complexes 101 (top) and 102 (bottom). Hydrogen atoms and perchlorate counterions are

omitted for clarity. Thermal elipsoids are drawn at 30% and 20% probability, respectively.

Fig. 46 50% thermal ellipsoid plot of the seven-coordinate Mo(VI) complex
[Mo(MeClamp)].3CsHs (103). Hydrogen atoms are omitted for clarity. Reproduced with permission

[322]. Copyright 2015 The Royal Society of Chemistry.



In fact, most heptadentate Schiff base metal complexes are lanthanides Ln(ll1) complexes, due to
lanthanide atom’s large size requiring large coordination numbers and predominantly ionic bonding.
Therefore, Ln(lll) complexes have been successfully applied for constructing various self-
assembled structures, in catalysis, for ion exchange, magnetism, gas adsorption and luminescence
[323-341]. For example, Blakemore et al. recently synthesized a series of f-block metal complexes
(Ln = Ce, 104; Nd, 105; Eu, 106 and Sm, 107) by the reaction of a tripodal ligand featuring three
appended pyrene moieties scaffold and Ln(N(SiMes)2)s in THF (Fig. 47) [342]. The lanthanide(l11)
ions are encapsulated within a heptadentate coordination environment. Moreover, these compounds
were readily immobilized on graphitic electrodes through the pyrene moieties. On the other hand, a
new heptadentate Schiff base Th(IV) complex [Th(HsL)(NOs)(MeO)].2NOz (108) has been
reported by Zhang et al. (Fig. 48) [343]. Deprotonation of imidazole nitrogen donors allows to form

either discrete heterometallic cages or supramolecular assemblies containing the tetravalent actinide

ion.
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Fig. 47 Synthesis of pyrene-decorated heptadentate ligand LPyrH3 of f-block element complexes
LPY"Ln (104-107) for surface immobilization studies. Reproduced with permission [342]. Copyright

2017 The Royal Society of Chemistry.



Fig. 48 Formation of Th(IV) metaloligands 108. Reproduced with permission 341 Copyright 2017

Elsevier Ltd.

5. Summary and outlook

The synthesis and structure of multidentate Schiff bases and their metal complexes is fascinating,
because it reveals a great richness of structural, physico-chemical and catalytic properties, as well
as playing an important role in the bioinorganic chemistry. Given the simplicity and ease of access
to multidentate Schiff bases and their metal complexes with multiple properties, the investigation
of multidentate Schiff base metal complexes is essential to precise and understand structure—
property relationships in order to optimize and improve their use in a wide range of applications.
This review focused on some background and recent progress in the synthesis of multidentate Schiff
bases and their mono-nuclear metal complexes, structural and physico-chemical properties (such as
spin crossover, catalysis etc). Some typical examples are discussed in detail, like pentadentate,
hexadentate, heptadentate and macrocyclic Schiff base ligands and their complexes of transition
metals, main group elements, lanthanides and actinides. Transition metals preferentially make
complexes with penta- and hexadentate Schiff base ligands, while most heptadentate Schiff base
metal complexes are lanthanide and actinide based complexes, owing to seven donor atoms and
enough of flexibility of ligand frameworks to comply with the steric demands of the metal
coordination. The synthesis of mononuclear metal complexes with octadentate Schiff base ligands
still remains a difficult challenge. The octadentate Schiff base ligands are, indeed, much more suited
to construct di-and multinuclear metal complexes [344-359]. This class of compounds that

represents a broad area of research has not been discussed in this review. Nevertheless, synergistic



substrate activation brought about by two or more adjacent metals in a complex in the course of a
reaction, especially catalytic reactions, is a difficult problem that continuously requires considerable

research efforts.
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