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Abstract

Metal coordination compounds derived from several closely related yet different multidentate reduced Schiff base ligands (obtained by reducing
the C=N bond in the Schiff bases formed by the condensation of aldehyde and various natural/unnatural amino acids) are discussed in terms of their
mode of binding and coordination to supramolecular network structures. These multidentate ligands have flexible backbone with hydrogen bond
donors and acceptors, and readily form metal complexes and coordination polymers with metal ions such as Cu(Il), Zn(II), and Ni(II). Various solid-
state metallasupramolecular network structures are delineated ranging from hydrogen-bonded linear polymers and helical coordination polymers,
2D sheets to 3D network architectures constructed via N-H- - -O, C=0- - -H-Ogyen;, O-H- - -0, N-H: - -O=C hydrogen bonds and C=0- - -,
C-H-: - -m, and 7 - - stacking interactions. This review gives an account of the observed structural diversity in relation to the role of different
donors and acceptors, aqua ligand and solvents, nature of the ligands and metal ions, coordination geometry around the metal ions and counter
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ions besides the experimental conditions such as temperature, pH, etc. in directing the formation of supramolecular structures in the solid state.
Some other related and interesting examples from the literature are also mentioned.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, significant progress has been achieved
in understanding the chemistry of transition metal complexes
with Schiff base ligands composed of salicylaldehyde or ana-
logues and a-amino acids [1]. Most of the model studies of
such metal complexes have focused upon various binding modes
of these ligands and the X-ray crystal structures of complexes
revealed that the Schiff base ligands mainly act as tridentate
moiety, coordinating through the phenolato oxygen, imine nitro-
gen, and carboxylate oxygen. The metal complexes containing
Schiff bases are the most fundamental chelating systems in coor-
dination chemistry [2]. Casella and Gullotti have shown that
Schiff bases formed by amino acids with non-polar side chains
and 2-formylpyridine were unstable with Zn(II) and Cu(Il), and
only imines of histidine or its methyl ester could be isolated in
reasonable purity [3]. The problems with ligand instability can
be overcome by reducing the C=N bond of the Schiff base to
give an amine, also known as Mannich base, and the reduced
Schiff bases are expected to generate much more interesting
coordination chemistry due to the confomationally flexible back-
bone. In this connection, several copper complexes with reduced
Schiff base ligands between salicylaldehyde and amino acids
were explored to serve as models for the intermediate species in
biological racemization and transamination reactions [4].

The reduced Schiff base ligands, N-(2-hydroxybenzyl)-
amino acids and N-(2-pyridylmethyl)-amino acids derived from
various substituted salicylaldehydes and 2-pyridinealdehyde
respectively, form a class of multidentate ligands with flexi-
ble backbone useful in constructing interesting supramolecular
structures. The successful construction of a variety of coordi-
nation polymeric structures mainly depends on the lability of
metal-ligand bonds in solution which allows for the breaking
and making of new bonds in solution. On the other hand, the
role of different donors and acceptors, aqua ligand and solvents,
nature of the ligands and metal ions, etc., besides the exper-
imental and crystallization conditions determines the type of
the complexes formed in the solid state particularly when there
are many species in equilibrium in solution. The direction of
alignment of these oligomeric species in a particular fashion
can be controlled to form interesting supramolecular structures
by incorporating hydrogen bond donors and acceptors at the
backbone of the ligands apart from the hydrogen bonding possi-
bilities from the lattice water, solvents and aqua ligands. In this
context, this review summarizes metal coordination chemistry
of natural/unnatural amino-acid based reduced Schiff base lig-
ands and, the structural diversity and the phenomena associated
with several solid-state metallasupramolecular network struc-
tures of the corresponding metal complexes. The role of various
weaker interactions (N-H- - -O, C=0- - -H-Ogvent, O-H- - -O,

N-H- - -O=C, hydrogen bonds and C=O-.-.m, C-H---m, and
- - - stacking interactions) is also discussed.

2. Reduced Schiff base ligands

The reduced Schiff base ligands discussed in this review
broadly fall into two groups viz. N-(2-hydroxybenzyl)-amino
acids (Fig. 1A) and N-(2-pyridylmethyl)-amino acids (Fig. 1B).
These ligands are obtained by reducing the C=N bond in the
Schiff base formed by the simple condensation of aldehydes with
amino acids. Compared to the Schiff bases, the corresponding
reduced Schiff bases are expected to be more stable and adapt-
able to form conformationally flexible 5- or 6-membered rings
upon complexation as they are not constrained to be planar. The
hydrogen atom on the secondary amine produced after the reduc-
tion of the azomethine (-CH=N-) fragment of the Schiff base is
expected to be significantly acidic due to metal ion coordination
to the amine N-atom. Hence this N-H proton can participate in
intermolecular hydrogen-bonding interactions (N-H- - -O), with
the carboxylate oxygen (C=O- - -H-N) in the amino acid side
arm, required for the supramolecular self-assembly of the build-
ing blocks. Also, the presence of chiral amino acid side arm in
the ligands helps to induce the chirality in the supramolecular
connectivity. Another major advantage of these ligands is the
effective involvement of carbonyl oxygen donor from the sim-
ple amino acid side arm in connecting the neighboring metal
centers via intermolecular coordination bonds to generate inter-
esting 2D and 3D coordination network structures. Further, these
ligands can also afford the choice of coordination environments
that determine the nature of metal ions that can be bound within
the closest proximity resulting in the dinuclear complexes.

Various supramolecular structures of transition metal com-
plexes obtained from these ligands are discussed in the following
sections.

3. Metallasupramolecular structures derived from
N-(2-hydroxybenzyl)-amino acid ligands

During the self-assembly process resulting in the formation
of hydrogen-bonded metal complexes or coordination poly-
mers, there is an advantage that both coordination bonds and,
perhaps, more predictable hydrogen bonds can be utilized in
constructing supramolecular structures. Furthermore, incorpo-
ration of hydrogen bond donors and acceptors at the backbone
of the ligands will assist in directing the alignment of coor-
dination polymers in a desired fashion to form interesting
multidimensional network structures. In this context, a variety of
multidentate reduced Schiff base ligands, N-(2-hydroxybenzyl)-
amino acids have been employed in the construction of
various hydrogen-bonded metal coordination polymeric struc-
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tures. The following sections deal with the formation of various
supramolecular structures from different monomeric, dimeric
and oligomeric units of metal complexes as building blocks and
the nature of reactants, experimental and crystallization condi-
tions. The role of strong N-H- - -O and O-H. - -O hydrogen bonds
involving aqua ligands, N-H and carboxylate groups is also
discussed.

3.1. Type 1: Monomer and dimer as the building blocks

N-(2-hydroxybenzyl)-amino acid ligands are known to give a
variety of complexes depending on the metal to ligand ratio. Of
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Fig. 1. Reduced Schiff base ligands (A) N-(2-hydroxybenzyl)-amino acids and (B) N-(2-pyridylmethyl)-amino acids.
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Fig. 1. (Continued).

trans fashion (as shown in Fig. 2a) which is further assisted by
complementary N-H- - -O bonds as well as O-H- - -O=C hydro-
gen bonds. This leads to 1D hydrogen-bonded polymers. The
two lattice water molecules, two aqua ligands and two carbonyl
oxygen atoms also form strong O-H---O bonds to generate

a 16-membered ring, creating 2D hydrogen-bonded sheets as
displayed in Fig. 2b. Similar coordination behavior has been
observed in a number of Cu(Il) complexes of these amino acid
derivatives, but there are minor variations due to coordination at
the axial positions.
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(a)

(0)

Fig. 2. (a) Ball and stick diagram of 1 showing the coordination environment. (b) A portion of the hydrogen-bonded sheet structure formed by 1.

For example, the packing in the centrosymmetric dimer
[Cuy(Sab),(H»0),]1 (2) is similar to that of 1 [5]. The dimer is
slip-stacked through weak Cu- - -O=C bonds complemented by
O-H- - -O hydrogen bonds to form 1D coordination polymer. The
amine H atom does not participate in the hydrogen bonding with
carboxylate O atom of carboxylate group. In the absence of two
lattice water molecules, unlike 1, these hydrogen-bonded poly-
mers interact with adjacent strands through carbonyl oxygen and
hydrogen atoms of the aqua ligand to form 2D hydrogen-bonded
sheets as shown below in Fig. 3.

On the other hand, in [Cu,(Styr)2(H20)]-2H, 0 (3) one Cu(Il)
center has an aqua ligand in the axial position and axial site in the
second Cu(Il) is occupied by the carboxylate oxygen from the

neighboring molecule to form a helical coordination polymer as
shown in Fig. 4 [5]. The coordination geometry is very similar
to 1 but the helical conformation is induced by the chiral ligand
with bulky substitution. The coordination polymers are further
supported by O-H- - -O and N-H- - -O hydrogen bonds in the
crystal structure.

The structure of [Cu,(Stryp)2(H20)] (4) is similar to that of
3 obtained with a chiral H,Stryp ligand in terms of the geometry
at the metal centers, connectivity, and conformation of the 1D
helical coordination polymers [5]. But the crystal packing is
slightly different in 4 as there is no lattice water in 4 unlike 3
and hence there is no contribution from the hydrogen bonding
from lattice water.

Fig. 3. A portion of the 2D hydrogen-bonded coordination polymer 2.
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Fig. 5. A view of a portion of 1D polymer in 5 showing the connectivity.

3.1.1. Metal complexes associated with supramolecular
isomerism

The phenomenon of supramolecular isomerism can be
expected from the conformationally flexible molecules owing
to the fact that the energy required to rotate the o-bonds
is comparable to the differences in lattice energy observed
between the isomers. The Cu(II) complexes of the ligand H,Sval
have provided such an opportunity to observe supramolecular
isomerism. The anhydrous [Cuy(Sval);] obtained by ther-
mal dehydration of [Cujy(Sval);(H;0)3], furnished different
supramolecular isomers when recrystallized from different sol-
vents.

The connectivity in [Cuz(Sval)2(H20)3], (8) is also very
similar to 3 and the repeating dimeric units generate a 1D coor-

dination polymer (Fig. 5). The aqua ligands further participate
in hydrogen bonding with N—H protons and carboxylato oxygen
atoms to provide a 2D network structure [6].

Dehydration of 5 followed by recrystallization from water
gives a new product, [Cuy(Sval);(H,0)]-2H;0 (6). Though both
have identical molecular formula and the chemical composi-
tion, the coordination environment at the metal centre and the
formation of the 1D polymer (Fig. 6) are not same and hence
the packing is different [6]. With two water molecules in the
lattice, 6 has 4 + 1 coordination geometry while 5 adopts 4 +2
coordination geometry and the differences in the coordination
sphere lead to the difference in packing of the 1D polymers.
Packing of 6 left no voids for any solvent molecule but 5 pro-
vided a cavity of 87 A3 which is about 3% of the unit cell

Fig. 6. A view of a portion of 1D polymer in 6 showing the connectivity.
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Fig. 7. A schematic diagram showing the formation of two different conformers by simple variation in the first coordination spheres of the building blocks.

volume. Further, the adjacent dimers are perpendicular to each
other in 5 whereas the parallel arrangement of dimers is found
in 6.

The conversion of 5 to 6 is schematically shown in Fig. 7 and
these two structures are supramolecular isomers [6].

Recrystallization of anhydrous 5 from 2-propanol gives
a 1D polymeric complex [Cuy(Sval)>(H,0)]-0.5C3H;0H (7)
having a structure very similar to 5 [6]. However, the asym-
metric unit consists of two crystallographically independent
dimers. The coordination geometry around the metal centre
is nearly the same as in 5 but conformations and bond dis-
tances are slightly different. Unlike S5 and 6, the two “extra”
water molecules are absent in 7 and hence instead of water
molecules, the N-H hydrogen atoms are utilized for hydrogen
bonding. The 1D polymer chains are arranged parallel to each
other and further cross-linked by strong N-H- - -O—-C hydro-
gen bonds to give a hydrogen-bonded 2D network. The water
molecules and the ligand carboxylate O atoms attached to Cu(II)
atoms are at the same side of the Cu;O; plane as in 6, which
leads to H-O-H- - -O hydrogen bonds. The 2-propanol solvent

molecules are partially trapped inside the lattice. The dimeric
building blocks 5-7 have several intramolecular C-H- - -O and
C-H-: - - interactions. Such interactions present in 7 are shown
in Fig. 8.

Distinct dimeric units are present in the asymmetric unit of
the complex [Cus(Sval)4(H20)2(C4H9OH)]-C4HoOH (8). The
connectivity and conformation are very similar to the earlier
example, except that 1-butanol replaces the aqua ligand which
occupies the trans position. Due to the coordination of Cu(Il)
to 1-butanol, though the packing of 7 and 8 are similar but the
building blocks are different, the repeating unit is not the dimer
but tetramer. In addition to the N-H- - -O interactions observed
in 7, two more H-O-H- - -O hydrogen bonds are formed between
the chains to generate a 2D hydrogen-bonded network [6]. These
structural studies revealed that 5§ and 6 serve as true examples
of structural supramolecular isomers having identical chemi-
cal formula but entirely different coordination geometry at the
metal centers and hence different packing structures as the coor-
dination spheres of Cu(Il) ions are also different due to water
molecules.

Fig. 8. A view showing the intramolecular C-H: - -O and C-H. - -7 bonds in 7.
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3.1.2. Solid state supramolecular structural
transformations induced by thermal dehydration

In order to rationally design and control the formation of
crystal structures, the strategies include the use of various
intermolecular forces, from weak van der Waals forces, hydro-
gen and covalent bonding to ionic interactions. Solid-state
supramolecular transformation of one structure into another
involves breaking and forming of bonds in more than one direc-
tion. It is possible to achieve structural transformations by fine
tuning the structure by modifying the components of the ligands
employed while controlling the non-covalent interactions [7].
In this connection, the crystal structures discussed in this sec-
tion exemplify the thermally induced structural transformations
associated with dehydration process.

By employing the ligand HpSala, a hydrogen-bonded heli-
cal coordination polymeric complex [Cuy(Sala);(H,0)] (9) was
synthesized [8a]. Upon thermal dehydration, the helical coordi-
nation polymeric structure of 9 transformed to a 3D coordination
network structure in [Cuy(Sala); ] (10). The basic dimeric struc-
ture of 9 remains intact but the conformation is entirely different
in the porous 3D network coordination polymer (Fig. 9) which
is obtained by the loss of a water molecule. This structural trans-
formation is irreversible. The conversion of 9 to 10 is the first
example of the use of a helical coordination polymer as the build-
ing block for a 3D coordination framework with chiral channels
and is only the second example where thermal dehydration leads
to change in network in the solid state.

The crystal structure of [Cuy(Sgly)>(H20)]-H,O (11) first
reported by Xu et al. [9], was reinvestigated in our laboratory
in detail [8b] and was found to be very similar to 9. The Cu(Il)
complex 11 crystallizes as a 1D helical coordination polymer
assembled from dimeric building blocks similar to 9, the major
difference being the presence of one more water molecule in the
crystal lattice. The complex 10 is obtained from 9 by thermal
dehydration at 90 °C. Although 9 and 11 have similar packing
of helical coordination polymers, a stable anhydrous complex of
the later could not be obtained. The anhydrous species rapidly

Fig. 9. A portion of the honeycomb-like repeating unit in 3D coordination
polymeric 10.

Fig. 10. A view showing the intermolecular C=O- - -7 interaction in 11.

gets rehydrated in the presence of air. This reversible hydra-
tion, unlike in 9, can be understood by the close examination of
the crystal structure. The carboxylate group and the phenyl ring
are almost parallel to each other and are separated by 3.35 A
in 11 and 3.65A in 9. This C=0-- .7 attractive interaction
between these two groups, shown in Fig. 10, appears to hold
back the carboxylate group to move closer to the aqua ligands
and prevents the formation of a new Cu—O bond upon thermal
dehydration in the solid-state. The topochemical transformation
in 9 can be accounted for by the absence of such an interac-
tion [8b]. This is the first time that a weak interaction such as
C=0- - - has been found to have profound influence, not only
on the hydrogen-bonding parameters, but also on the thermal
dehydration reactions.

[Zny(Sala)>(H20)2]-2H>0 (12) is another complex having
favorable conditions for a topochemical reaction [8c]. Like the
Cu(II) complex, coordination of the amine-N generates a new
chiral center in the hydrogen-bonded network. Self-assembly
of the dimer, sustained by O-H---O and N-H- - -O hydrogen
bonding, leads to the formation of honeycomb-like hydrogen-
bonded 3D network structure with the chiral channels all aligned
in one direction as shown in Fig. 11.

Anhydrous [Zn»(Sala);] (13) is obtained when all the water
molecules are removed by thermal dehydration of 12 and shows
a structure very similar to 10 [8c]. The channels are helical and
aligned in the same direction. The apical positions occupied by
the aqua ligands in 12 are replaced by the carboxylate O in 13. It
appears that formation of new Zn—Ocarboxylatey bond formation
is facilitated by both hydrogen-donor N-H groups and hydrogen
acceptors in the dinuclear complex. Hence these intermolecular
interactions stabilized both the hydrogen-bonded 3D network
and 3D coordination polymeric structures. This thermal dehy-
dration is irreversible and 13 cannot be rehydrated, probably
due to the formation of a stronger Zn—Ocarboxylate) bond. This is
the first example of a topochemical conversion of a hydrogen-
bonded supramolecular network to a coordination polymeric
structure. Incidentally 13 is isomorphous and isostructural to
10 [10].

It is possible to convert this irreversible structural trans-
formation into a reversible transformation by modifying the
components of the ligands. Reversible structural transformations
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Fig. 11. A view of 12 showing the presence of the chiral channels parallel to the b-axis.

are of immense interest for their potential application in molec-
ular switches. For a reversible transformation to be favored,
some changes have to be made in the ligands in order to fine
tune the structure and to control the non-covalent interactions.
In this connection, the 5-substituted HyMeSala and H,ClSala
ligands are employed for complexation with Zn(II) in the
presence of LiOH to obtain [Zn,(ClSala),(H>0),]-2H,0 (14)
and [Zny(MeSala)>(H20)2]-2H,0 (15) [10]. With the excep-
tion of the -methyl and -chloro substituents, both 14 and 15
are isomorphous and isostructural with 12. In these hydrogen-
bonded network structures, a honeycomb-like chiral cavity is

formed by six dinuclear units. The differential thermogravi-
metric (DTG) patterns of 14 and 15 are entirely different
from 12. While 12 is completely dehydrated below 110°C,
the dehydration is only up to 90% in 14 and 15. The remain-
ing water is lost at ~180°C in 14 and at ~220°C in 15. This
change in DTG behavior can be explained by the fact that the
bulky para-substituents occupy the channels in the lattice thus
hindering passage of water during thermal dehydration. How-
ever, the resulting anhydrous compounds can be regenerated
as hydrated compounds, 14 and 15 upon recrystallization from
water or aqueous MeOH as shown in Fig. 12. The reason for

R R
R Zn\°‘k /<
\‘ “H B 1
Y O Mot 07 My H /\0 07 No—2n
M| o [AO5L8TE 20 Mo L0
0] Zn Zn H 0] o Zn/ . H 0
- \O/ N, e N N
0 N +2H,0 0 ? N
Me Me
R R

Fig. 12. A scheme illustrating the reversible structural transformation from hydrogen-bonded network to covalent bonded network by thermal dehydration.
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the dehydrated compounds to become hydrated during crys-
tallization from aqueous solution has been attributed to the
repulsive interactions between the substituents and atoms in
the other parts of the 3D coordination network and the inter-
conversion of structures is driven to alleviate these repulsive
interactions.

3.1.3. 3D coordination polymer with star-like cavity

It may be noted that the connectivity observed in 3D struc-
tures of 10, 12-14 has diamondoid architecture. For a given
ligand with flexible conformation, the conversion of one struc-
ture to another may be possible by altering the conditions such as
pH, counter ions, solvent, temperature, concentration, time, etc.
In this section the role of the nature of solvents on the crystalliza-
tion of [Cuy(Scpl1)2(H20);2] containing a non-chiral H,Scpl1
ligand has been discussed, while highlighting the single pot
crystallization furnishing coordination and hydrogen-bonded
polymeric structures, and the star-like channels observed in
[Cup(Sepll)s].

Recrystallization of [Cuy(Scpll)2(H20)2] (16) obtained
from the reaction of HpScpll with Cu(OAc); in equimolar
ratio, from DMF/acetone solvent, furnishes rod-like bluish-
green crystals of [Cuy(Scpl1)2(H20)2]-2Me>,CO (17), along
with green cubic crystals of [Cuz(Scpl1)2]-H20 (18) [11]. The
dimeric building block, [Cu,(Scpl1);] in 18 assembles to form
a 3D coordination polymeric network structure in the space
group Ia3d (No. 230). The topology of connectivity can be
described in terms of a hexagonal diamondoid architecture. The
star-like channel, as shown in Fig. 13, is created by the packing
of molecules and has about 27% empty space in the crystal lattice
which is partially occupied by water molecules. When the DMF

Fig. 13. Star-like cavity in 18 viewed from threefold rotation axis.

solution is evaporated 16 is regenerated. Anhydrous 18 absorbs
moisture and this species shows identical thermal behavior to
that of 16 which may indicate that 16 and 18 have different
crystal structures and, perhaps the removal of aqua ligands can
be reversible as found in the previous examples. The hexagonal
diamondoid 3D network topology observed in 18, compared to
cubic diamondoid 3D network structures discussed in the previ-
ous sections, shows that it is often possible to generate different
yet closely related structures by replacing the substituents on the
amino acid side arm and by inducing conformational changes
on the flexible backbone of the reduced Schiff base ligands.

3.1.4. Hydrogen-bonded 1D coordination polymers
forming supramolecular networks

In this section, a series of dicopper(Il) complexes of
reduced Schiff base ligands derived from -CI, —Me, or
—OH substituted salicylaldehydes and aminocyclopentane/
cyclohexanecarboxylic acids and L-alanine are discussed. All
these complexes contain phenolato bridged dinuclear CuyO»
cores with Cu---Cu distance of ca 3 A. The crystal packing
of dimers resulted in the formation of various hydrogen-
bonded polymeric structures and the different crystal structures
described here exemplify the role of solvents and aqua ligands
in the formation of intermolecular hydrogen bonds in generating
interesting supramolecular networks.

Recrystallization of 16 from methanol gives [Cux(Scpll),
(MeOH),] (19) where the apical positions are occupied by
the methanol group in a trans fashion [12]. A 1D polymeric
structure in 19 is generated by MeOH- - -O=C and N-H: - -O=
C intermolecular hydrogen bonding. [Cuz(ClScpll),(DMF)
(H20)]-MeCN (20), [Cuz(MeScpl1)2(MeOH);]-2MeOH (21),
[Cua(CISch11)2(MeOH),]-2MeOH (22) and [Cuz(OHScpl1);
(H20)2] (23) are obtained from the respective HoClIScpll,
HoMeScpll, HClISchll (N-(2-hydroxy-5-chlorobenzyl)-1-
aminocyclohexanecarboxylic acid) and H;(OH)Scpll lig-
ands [12]. Complexes 19-23 display Cu(Il) centers with
distorted square pyramidal geometry. The common 1-
aminocyclopentanecaboxylate side arm of the ligands in 19-23
results in the formation of five-membered chelate rings. In
general, the apical sites of the dimeric Cu(II) centers with square-
pyramidal geometry are occupied by the solvent molecules in
an anti fashion. Packing of the dimeric units in 19-22 results in
a 1D hydrogen-bonded polymeric structures supported by inter-
molecular hydrogen bonds generated among amine H atoms,
solvent molecules and carboxylate oxygen atoms as well as weak
interactions of the neighboring carboxylate oxygen atoms with
each Cu(Il) ion; 21 and 22 are isomorphous but not isostructural.
However, packing in 23 is different resulting in the formation
of a 3D hydrogen-bonded network due to the additional inter-
molecular hydrogen bonds arising from the hydroxy group on
the phenyl ring with the aqua ligands and carboxylate oxygen
atoms, besides the hydrogen bonding from N-H hydrogen and
carboxylate oxygen. Hence the crystal packing and dimension-
ality of the supramolecular network, sustained by non-covalent
interactions such as hydrogen bonds, can be controlled by fine
tuning the ligand structure in terms of hydrogen bond donors
and acceptors.
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Fig. 14. A portion of the square-grid network connectivity in 24.

[{Cu2(Sch12);},Cuy(Sch12),(H,0),]-4H,0 (24) has three
independent dinuclear units [12] in the asymmetric unit. One of
the Cu(II) centers has an aqua ligand in the apical position and the
oxygen atom of the carboxylato group from this unit is bound to
another Cu(II) center. The lattice water and the carbonyl oxygen
participates in hydrogen bonding to produce a 2D coordination
polymeric structure and the inter-dimer connectivity leads to
the formation of a square-grid network structure as shown in
Fig. 14. Presence of strong inter-dimer antiferromagnetic cou-
pling is suggested by the variable-temperature magnetic studies
[12].

Square-planar geometry at the Cu(II) center is displayed by
[Cup(C1Sch12),]-2MeOH (25). Both the methanol molecules
are involved in hydrogen bonding with the amine nitrogen and
carboxylate oxygen atom to form a 1D polymeric structure [12]
as displayed in Fig. 15.

Recrystallization of [Cuy(Diala),(H20)72]-H2 O from DMSO/
acetone gives the dark-green dimer, [Cu;(Diala),(DMSO)
2]-2DMS0.2Me;,CO (26). In the solid-state structure, two of
the four DMSO molecules are bonded to the Cu(II) in the dimer
and the remaining two are hydrogen bonded to the amine hydro-
gen atoms. The bulkiness of the DMSO molecules causes them

to be disposed in anti fashion. This in turn results in the forma-
tion of a pseudo-center of inversion which is very unusual for
the complexes having chiral reduced Schiff-base ligands [12].
Acetone molecules fill the empty cavities between the parallel
strands formed by the complementary hydrogen bond between
the phenolic hydrogen and oxygen atoms of the carboxylate
group.

In[Cd(HSasp)(H20)2 ], (27) the seven coordinated Cd-center
is surrounded by tetradentate HSasp which bonds through phe-
nolate O, secondary amine N, one a-carboxylic O and one
B-carboxylic O [13]. The coordination geometry is completed
by two water molecules and bridging (3-carboxylic oxygen from
the neighboring unit to form a 1D zigzag chain. The a-carboxylic
group from the adjacent unit forms a hydrogen bond with the
N-H proton to give a 2D-layered structure.

3.1.5. Schiff base versus reduced Schiff base ligands: A
case study

Apart from the reduced Schiff base ligands with carboxy-
late donor group, their sulfonic acid analogues are expected not
only to improve the solubility in aqueous media but also form
interesting supramolecular architectures by modifying the con-

Fig. 15. A view of the 1D hydrogen-bonding network in the crystal structure of 25. Hydrogen atoms are omitted except those involved in hydrogen bond formation.
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Fig. 16. Schematic diagrams showing the connectivity in (a) 28 and (b) 29.

nectivity at the metal centers as well as the hydrogen bonding
pattern. In this context, dinuclear copper(Il) complexes of N-
(2-hydroxybenzyl)-aminomethane/ethanesulfonic acids in the
form of both Schiff base and reduced Schiff base ligands have
been employed. A striking difference observed is that the Schiff
bases HpSams and H;Saes furnished eight membered dicop-
per(Il) centers with the sulfonate group as bridging moiety
whereas the reduced Schiff bases HySam and HSae formed the
phenoxo bridged CuyO; cores. Herein, different structural fea-
tures between Schiff base and reduced Schiff base dicopper(Il)
complexes have been highlighted.

The change in complexation behavior that may occur by the
reduction of C=N bond in Schiff base species is illustrated by
the two Cu(Il) complexes, [Cuy(Saes)>(H,0),2]-2H,0 (28) and
[Cuz(Sae)2]-2H;0 (29) containing the Schiff base, Saes®™ and
the corresponding reduced Schiff base, respectively [14]. The
copper centers in 28 each assume a square pyramidal geome-
try with the apical positions occupied by a sulfonate oxygen
atoms thus forming a eight-membered sulfonato-bridged dinu-
clear complex (as shown in Fig. 16a); in addition to this, the Saes
dianion forms two six-membered rings. The dimers are packed
in the solid state to give a hydrogen-bonded 2D structure. Two
types of complementary hydrogen bonds are present: the first
one is between the phenoxo oxygen and one of the hydrogen
atoms of the aqua ligand from the adjacent dimer; the next one
is between the free oxygen atoms of the sulfonate group with
another hydrogen atom of the aqua ligand. In addition, the result-
ing 2D sheets are also supported by C—H- - -O hydrogen-bonding
interactions.

In 29, the Sae ligand with flexible backbone behaves like other
reduced Schiff-base ligands in terms of forming a phenolato-
bridged Cu(Il) dimer with CuyO» core (as shown in Fig. 16b).
The apical site on each Cu(Il) center is occupied by an oxy-
gen atom of the sulfonate group from the neighboring dimer.
This inter-dimer connectivity leads to the formation of a square-
grid network structure. The two axial oxygen atoms have trans
geometry due to the crystallographic center of inversion present
at the center of the Cu;O; ring. Interestingly the infinite 2D net-
work structure with (4,4) net formed in 29 is the first of its kind
observed in the Cu(Il) and Zn(IT) complexes containing reduced
Schiff-base ligands although these nets are ubiquitous in the
literature [15]. Recrystallization of 29 from strongly coordinat-
ing DMF leads to the formation of [Cu;(Sae)>(DMF);]-2DMF
(30). The axial sulfonate groups in 29 are replaced by DMF

molecules in 30 and hence a discrete dinuclear compound is
formed. Two more DMF molecules were found in the crystal lat-
tice. The crystal packing of 30 generates 2D hydrogen-bonded
polymeric structures with N-H- - -O hydrogen bonding between
one of the sulfonate oxygen and NH hydrogen atoms (Fig. 17).

[Fea(-OH)(-OAc)(S-Simd)>]-4H,O  (31) and [Fea (-
OH)(-OAc)(R-Simd);]-2H, O (32) are obtained by the reaction
of Fe(NO3)3-9H,0 in the presence of NaOAc with S-HpSimd
and R-H»Simd, respectively [16]. Both crystals are similar, but
due to the presence of an opposite chiral center in the ligand,
31 contains right-handed 1D helical channels with a diameter
of 7.3-9.8 A whereas 32 has a left-handed helical channels as
shown in Fig. 18. In the crystal structure of 31, the hexag-
onal channels are filled with water. The crystals of 32 have
identical but left-handed helices. This situation is very simi-
lar to that found by our group for [Cu,(D-Sala),(H>O)] and
[Cuy(L-Sala),(H,O)] [5]. A notable feature of the molecule is
the formation of a crescent moon shaped hydrophilic binding
site formed by lining up the hydroxo bridge (H-bond donor)
and all four oxygen atoms of the carboxylate oxygen (H-bond

Fig. 17. Hydrogen bond connectivity in 30.
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Fig. 18. Left and right handed helices of 31 and 32.

acceptor). The helical channels are formed by docking of dimers
on top of each other rotated by 60° and connected through
intermolecular hydrogen bonding between imidazole proton and
phenolate oxygen. The helical array of acidic protons together
with a hydrophilic cavity inside the channel has the potential to
influence binding and reaction inside the channel. Two differ-

ent types of H-bonded waters are present: (a) water inside the
channel and (b) one forming a bridge between two neighboring
31 species. As the waters inside the channel are loosely bound
compared to the other water, the former can be removed easily
as shown by the loss of water over two different temperature
ranges (<100 and 100-140°C) in 31 and 32; the channels can
be refilled.

3.1.6. Helical staircase coordination polymer hosting
helical water chain

Besides the ligands with an amino acid side arm having
simple carboxylate donor, the ligands with additional active
donor groups such as —COO™ in the side chain have dis-
played interesting intermolecular connectivity, as expected,
while generating several 1D coordination polymeric structures
in Cu(Il) and Ni(II) complexes. Interestingly, a Ni(Il) com-
plex, [(H20)> C {Ni(HSglu)(H20)2}1-H20 (33) derived from
N-(2-hydroxybenzyl)-L-glutamic acid (H3Sglu) displays anovel
helical staircase coordination polymeric structure encapsulat-
ing 1D helical water chain in the chiral helical channels [17].
Of the two carboxylate groups in the HSglu?~ ligand, one is
chelating intramolecularly, while the second carboxylate ion
coordinates to a neighboring Ni(II) atom to furnish staircase
coordination polymers. Although helical coordination polymers
are ubiquitous staircase polymers with channels are rare in coor-
dination polymer structures [18]. The octahedral coordination at
the Ni(II) centre is completed by two aqua ligands. Of the six
lattice water molecules present in the asymmetric unit, two of
the four inside the helical pore are hydrogen bonded to produce
a 1D helical polymer as shown in Fig. 19. Hydrogen bonding is
propagated by the other two water molecules via helical water
chain and aqua ligands. The two water molecules outside the
helical pore occupy empty space in the lattice.

Dehydration leads to the collapse of the single crystalline
nature as the free standing staircase polymers are not supported
by strong non-covalent interactions. It is well known that a chi-

Fig. 19. Side and top views of ‘helix inside a helix’ are shown. The helical hydrogen-bonded chain of water molecules fill the space inside the helical staircase

coordination polymer 33.
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ral ligand can often lead to the formation of helical structure
[18]. The presence of one or more non-chelating side arms in a
chiral ligand may provide the possibility for selective and com-
plementary aggregation of the metal complexes. Among various
metal complexes investigated, only the Ni(II) complex of the chi-
ral ligand H3Sglu, has been found to generate helical staircase
coordination polymer. The structure of the left-handed helical
coordination polymer, 33 encapsulating the hydrogen-bonded
helical stream of water molecules inside its helical cavity illus-
trates a novel cooperative assembly and recognition of water
molecules in the inorganic crystal host. These results may exem-
plify the maxim that the structural constraints operating on
orientation of water by its surroundings and vice versa can be
very significant.

In contrast to 33, Cu(Il) shows a square pyramidal geometry
and connectivity of the neighboring carboxylate oxygen atoms
with Cu(Il) centers results in a 1D zigzag coordination polymer
in the crystal structure of [Cu(HSglu)(H,O)]-H,O (34) [17]. The
fifth position is occupied by the aqua ligand. The structures of
33 and 34 derived from the same H3Sglu ligand serve as good
examples to demonstrate that the overall topology of the system
depends not only on the nature of the metal but also on the
coordination geometry around it.

3.1.7. Influence of cation on molecular assembly

Reaction of H,'BuGly with NayMoQO4-2H,0O in aque-
ous methanol gives [{Nas(H,0)4(p-H20),} C {M0,0s
(‘BuGly)2}2] (35) while in the presence of excess CsCl
[Cs2{Mo0,05('BuGly); }]-HO (36) is produced [19]. In 35
a rectangular Nag** cluster is formed which further binds to
six O atoms to form a NayOg cluster like a dicubane with two
extreme and opposite corners removed. The oxygen atoms of
cis-MoO, form hydrogen bonds with N—H protons to generate
hydrogen-bonded 1D chains. The chains further interact to form
a hydrogen-bonded 2D network. In 36, Cs* forms a 1D-helical
chain stabilized by carboxylate oxygen and Mo-O. In 35, water
is able to bridge two Na* ions whereas this is not observed in
36. For the same reason, an oxygen of the carboxylate group of
the ligand can bind to three Na* ions in 35, while it binds to
two Cs* in 36.

3.2. Type 2: Metal aggregates and oligomeric building
blocks

The asymmetric compartmental ligand, HyPipala, reacts
with Cu(OAc),-H,O to give the tetranuclear complex,
[Cuy(Pipala); (CH3COO)4]-2CH3CN-2H;0 (37). The structure
consists of two dinuclear units, in each unit the ligand acts as pen-
tadentate donor and bridges the Cu(Il) ions. The Cu(Il) centers
are further bridged by two acetate groups in a syn—syn man-
ner within the unit. The two dimeric units are bridged by the
carboxylate oxygen to form a centrosymmetric four-membered
ring (Fig. 20). Due to the constraints imposed by the piperazine
ring, which is present in a boat form, the Cu(Il) ions deviate
from ideal square pyramidal geometry to distorted octahedral
geometry [20].

Fig. 20. The structure of 37 showing the dinuclear units connected by the bridg-
ing carboxylate oxygen. Hydrogen atoms and solvent molecules are omitted.

Exemplifying that the reduced Schiff base ligands have the
potential for generating fascinating supramolecular network
structures, Ray et al. have reported an octameric Cu(II) complex
[Cug(Simd)gPy0]-Py-3MeOH-(C2Hs5)>,0 (38; Py=Pyridine),
with a novel capsule-like cavity capable of hosting pyridine
molecules by employing a tetradentate H,Simd ligand [21]. The
trapped pyridine molecules were held inside the cavity via an
interesting combination of hydrogen and coordination bonds as
described in the following section.

The octameric Cu(II) complex, 38 consists of two slightly
different cup-shaped tetrameric units [21]. The two cup-like
units form a capsule that is held together by eight hydrogen-
bonding interactions between the imidazole NH groups of one
tetramer and non-bonded carboxylate-oxygen atoms of the other
tetrameric unit. In both the tetrameric units, one side of the
square is effectively closed by the arrangement of the four-
phenolate rings from the ligands. Two pyridine molecules are
trapped side by side in the cup-shaped bottom unit by hydrogen

Fig. 21. Molecular structure of 38. Solvent molecules are omitted for clarity.
Adapted from Ref. [21] and reproduced with permission.
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bonding to the amine N atom of the ligand as shown in Fig. 21.
Four pyridine molecules bind to four Cu(Il) externally. Interest-
ingly, in the top half of the capsule unit, the trapped pyridines are
bonded to two of the Cu(Il) centers (instead of being involved
in hydrogen bonding as in the bottom half of the capsule). In
the bottom half of the capsule each Cu(Il) ions is bonded to a
pyridine externally but the top half two Cu(II) ions are bonded to
the pyridine molecules externally and the other two internally.
Thus the two halves exhibit contrasting binding with the guest
molecule. Such molecular cavities offer potential applications as
selective hosts for anion sensing, catalysis, selective recognition
and separation.

4. Metallasupramolecular structures derived from
N-(2-pyridyl)-amino acid ligands

The NNO coordination mode is quite common in biolog-
ical systems. The pyridine ring influences the basicity of the
amine group and the electronic structure of the ligand is different
from the 2-hydroxybenzyl ligand. One hidden coordination site
is the carbonyl oxygen, which may participate in weak hydrogen
bonding or may coordinate with metal centers from the neigh-
boring molecule to give rise to interesting connectivity and hence
network structure. The amine hydrogen and the oxygen in the

ligands are expected to form hydrogen bonds with the neigh-
boring molecules. The chiral center of the amino acid and the
diversity of the substituent groups from the amino acid side arm
are other factors that play a part in the assembly of fascinating
supramolecular structures.

4.1. Influence of cation and pH on metallacrown cations

Metallacrowns (MCs) with a variety of structural types can
also be obtained by the self-assembly of metal ions and the
reduced Schiff base ligands. In general, MCs are robust in solu-
tion and this property can be employed for exchange reactions
with metal ions and anions. The selectivity is determined not
only by the cavity size of the MC but also by the radii of the
ions used. This “host—guest” chemistry of Cu(Il) compounds
containing reduced Schiff base ligands that gives structurally
different MC cations in the presence and absence of Li* in the
cavity is illustrated here. The MC cations are very labile in our
system with Cu(II) ions and the pH of the solution also found to
play an important role.

Hphis reacts with Cu(ClO4);-6H,0 to form a 1D coordi-
nation polymeric species, [Cu(Hphis)(H>0)](ClO4)> (39) [22].
In the cation, the Cu(Il) center is five-coordinate, with the tri-
dentate phis ligand bonded in a mer fashion at the square base

Hphis + Cu(ClO.4),.6H,0 4

pH3 leOJ’EtOH

Fig. 22. pH dependent interconversion of 39—41.
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and the fourth position completed by a carboxylate oxygen
from the neighboring repeating unit. A water molecule at the
apex completes the distorted square pyramidal geometry at the
Cu(II) center. The second carboxylate oxygen atom participates
in intermolecular bonding to Cu(Il) which generates a 1D zigzag
polymeric structure.

When the potassium salt of phis reacted with
Cu(ClO4)2-:6H0 in a 1:1 molar ratio, dark blue crystals
of [Cuz(phis)3](ClO4)3-2H>0 (40) were isolated [22]. In the
structure of the trinuclear cation as shown in Fig. 22, each
Cu(Il) is surrounded by a phis ligand in a mer fashion, and the
donor atoms occupy the base of the square pyramid along with
another carboxylate oxygen from the neighboring cation. The
apical position of the distorted square pyramid is occupied by
the oxygen atoms of the carboxylate group of the neighboring
phis ligand. The oxygen atoms O(1) and O(3) are bridging
Cu(Il) atoms while O(2) and O(4) atoms are non-bonded.
This makes the cavity in the ring very small, and the shortest
distance, 3.03 A, is between O(1) and O(5). This [8-MC-3]
metallacrown cation is very unsymmetrical with Cu---Cu
distances, 3.86, 4.31, and 5.27 A. Such copper compounds
have been used as a structural model for the trinuclear site in
ascorbate oxidase from green zucchini [23].

The compound [(ClO4)Li C Cuz(phis)3](ClO4)3-3H,0 (41)
has been isolated when a molar equivalent of LiClO4 was added
to 40 [22]. The same compound could also be obtained from the
lithium salt of phis and Cu(ClO4),-6H>0 in a 1:1 molar ratio.
The crystal structure shows that the asymmetric unit consists of
the [(ClOg4)Li C Cug,(phis)g]3+ cation, three strongly hydrogen-
bonded lattice water molecules, and three perchlorate anions
interacting with the cations and lattice waters. The trinuclear
cation has the shape of a cone in which the phenyl rings are on
the same side as observed in 40. The N—H protons of the imida-
zole groups at the bottom are hydrogen bonded to oxygen atoms
of the three water molecules. The [Li C Cu3(phis)3]4+ cation
has an idealized C3 symmetry with three crystallographically

independent Cu(Il) centers. It is obvious that the [Cus (phis)3]3+
cation, [8-MC-3], has structurally reorganized to accommodate
a LiClO4. The pH dependent interconversion of 39—41 is sum-

marized in Fig. 22.

4.2. Influence of the nature of reactants on metallacrown
cations

In addition to the nature of the cations used and the pH of the
solution, the stoichiometry of the reactants also plays a vital part
in the formation of metallacrown cations. In this connection, the
reactivity of [Cu(pgly)2]-2H>O (42) under different conditions
is discussed here.

The reaction between Hpgly-HCl and Cu(ClO4),-6H,0 or
Cu(CH3COO),-H,0 in the molar ratio of 2:1 furnished dark
blue crystals of [Cu(pgly)2]-2H20 (42). Complex 42 has two
tridentate pgly ligands, each bonded to Cu(Il) in a facial manner
[24]. The molecule has a crystallographic inversion center at
Cu(I) in which the Cu(Il) has distorted octahedral geometry
with a trans-N40O; donor set. The N-H donor and C=0 acceptor
groups in the pgly ligand and water in the lattice participate in the
hydrogen bonding and form an interesting 2D sheet structure in
the be plane in which the hydrogen atoms from water molecules
bound to two different oxygen atoms and fill the empty space in
the lattice. The hydrogen bonds are considered to be of medium
strength because the D- - -A distances vary from 2.81 to 2.99 A.
Mononuclear Zn(pgly),-2H,0O (43) has a very similar structure
to that of the Cu(II) complex [25].

When 42 was reacted with an equivalent amount of
Cu(ClO4)2-6H70 in H;O-MeOH solution, dark blue hexagonal
crystals of [Cug(pgly)3(spgly)31(ClO4)6-9H,O (44) were iso-
lated. X-ray crystallographic analysis shows that the hexameric
cation consists of two crystallographically independent Cu(II)
atoms, a reduced Schiff base ligand (pgly) and, surprisingly, a
Schiff base ligand (spgly) in the asymmetric unit [24] as shown
in Fig. 23. Each tridentate ligand is bonded to Cu(Il) in a meridi-

Fig. 23. (a) Cyclohexane-like crown 44. (b) Top view showing the hexagon-shaped cavity in 44.
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anal geometry, forming two five membered rings, and the fourth
position of the square planar geometry at Cu(Il) is completed by
the oxygen atom of the carboxylate group from the neighbor-
ing ligand. The Schiff base and the reduced Schiff base ligands
are arranged alternatively in the hexanuclear cation, which has a
crystallographic threefold rotational symmetry. The differences
in the conformation of the backbone of the pgly and spgly lig-
ands are clearly established from the bond distances and angles.
The molecular hexamer is highly puckered in which the Cu(II)
centers form a “cyclohexane-like” ring where all the Schiff base
ligands are distributed on one face of the metallacyclic ring, and
the pgly ligands are on the other face forming a crown. Most of
the hexanuclear metallamacrocycles have their cavity filled with
another metal. Such rings with no metal in the cavities are rare
[26] which may be attributed to the crown-like geometry; how-
ever, the cation in 44 appears to be the first molecular hexamer
containing mixed ligands.

The reaction between Hpgly.HCl and Cu(ClO4),-6H,O
yielded [Cu(pgly)(H20)]ClO4 (45) instead of the expected
cyclic oligomer [24], although the stoichiometric ratio of the
ligand to metal is the same as used in the synthesis of 44.
Unfortunately, no crystal structure is available for 45; how-
ever, the difference between v,5(CO;7) and vg(CO,7) in the
IR spectrum has been successfully used to derive information
regarding bonding modes of carboxylate anions[27]. The Av
of 178cm™! indicated the bridging mode of the carboxylate
group in 45. On the basis of this information, the structure of 45
may be presumed to be a 1D polymer rather than a monomer.
Further, the electrospray ionization mass spectrometry (ESI-
MS) has been used to distinguish 44 from 45. The isolation
of metallamacrocycle cation 45 depends on the nature of the
reactants. Such dependency is unusual in metallasupramolecular
chemistry.

4.3. Influence of anions on 1D polymers

1D coordination polymers are the most commonly encoun-
tered species. Non-coordinating as well as coordinating counter
anions play an important role in the formation of such
supramolecular structures. Compared to the non-coordinating
anions, the coordinating anions have more impact on the poly-
meric structures, especially when the latter can also act as a
bridging ligand in addition to participating in metal coordination.
Sometimes, these anions can also help in hosting the water chains
via hydrogen bonding. In this section, the effect of some com-
mon anions on the conformation of 1D coordination polymers
is described.

Reaction of CuCl, with pgly and pala gives [Cu(pgly)
C1]-H,0 (46) and [Cu(pala)Cl1]-H>O (47), respectively [28]. In
both the cases Cu(Il) complexes have infinite 1D coordination
polymeric structures with zigzag conformation through unsym-
metrical Cl-Cu—Cl bridging and sustained by N-H..-O=C
interactions. These chains are further linked together through
weak C-H- - -Cl interactions. Hydrogen-bonded single stranded
water chains have been hosted by the hydrophilic channels pro-
vided by the carbonyl groups in the crystal packing as shown in
Fig. 24.

Fig. 24. Packing of single-stranded water chain in the hydrophilic pockets of
47.

In [Cu(pala)(CH3COO0)]-0.75H>0 (48) the pala ligand has
mer conformation and occupies the equatorial positions of the
square base [28]. The apical and the fourth equatorial posi-
tions of Cu(Il) are occupied by oxygen atoms of two bridging
acetate ligands to generate 1D AA A A spiral coordination poly-
meric chains which are aligned parallel and held together by
strong N-H- - -OH; hydrogen bonds. This spiral coordination
polymeric structure does not have water chains; instead it has a
single water molecule hydrogen bonded to the metal complex.
The NO3 ™ anion in [Zn(pgly)(NO3)] (49) coordinates Zn(II) as
a monodentate ligand and is not able to compete with the car-
bonyl oxygen of the pala ligand in the bridging ability to produce
azigzag 1D polymer [28] sustained by hydrogen bonds as shown
in Fig. 25. Such carbonyl oxygen bridging has usually led to the
formation of helical structures [29].

Colorless crystals of [Pb(pala)(ClO4)], (50) were obtained
when pala anion reacted with Pb(II) perchlorate [30]. In the
solid-state structure all the potential binding sites of the pala
ligand have been utilized. The Pb(II) atom is strongly bonded

Fig. 25. A portion of the packing diagram of 49.
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Fig. 26. (a) A Diagram showing the inter-strand interactions between helical
coordination chains of 50 and (b) a portion of the helical chain.

to the two N and one O atom of the same pala ligand and a
carbonyl oxygen of the neighboring ligand to yield a distorted
trigonal pyramidal geometry. The bonding between Pb(II) and
the neighboring carbonyl oxygen atom generates a 1D helical
polymer (Fig. 26a). The right-handed helical polymers are all
arranged parallel to the 2; screw axis with a pitch of 5.59 A
(equal to the unit cell length, a) as shown in Fig. 26b. The shape
of the helical chain is oval with approximate dimensions 2.26
(O- - -0) and 4.27 (Pb- - -Pb) A in the be plane. The helical poly-
mers are further stabilized by bridging ClO4~ anions and very
weak N—H- - -O hydrogen bonds (Dy. ..o 2.42 and 2.60 A). If the
Pb- - -O- - -Pb interactions from perchlorate anions are included
then the structure may well be described as a pillared-helical
structure. The corresponding nitrate derivative is also presumed
to have a similar helical structure with Pb- - -O(of nitrate) - - -Pb
scaffolding in the solid state.

4.4. Solvent dependent supramolecular assembly

As discussed earlier, the isolation of coordination polymeric
compounds with different connectivity pattern depends on vari-
ous factors, including the stoichiometry of the reactants, pH and
counter ions etc. The formation of supramolecular structures
also depends on the nature of solvents used. For instance, the
conversion of the metallacrown cation, [K(C104)3Cusz(pala)s]*,
into a 1D coordination polymer, [Cu(pala)(H,0)],"* discussed
below, has been found to be water dependent.

The reaction of Cu(ClO4),-6H,O with Hpala and KOH
in equimolar ratio in MeOH-MeCN gives a potassium-
ion incorporated tricopper metallamacrocyclic compound,
[K(C104)3Cuz(pala)3](Cl0O4) (51) [24]. The basic unit of the
cation consists of a trimer formed by cyclization of Cu(pala)
moieties where the pala ligand is coordinated to Cu(Il) in a
mer geometry. The exogenous oxygen of the carboxylate group
in the pala ligand is intramolecularly bonded to the fourth
position of the square base of the next Cu((Il) to provide a
N>O; donor set to the metal atom. The Cujz(pala); trimer has

Fig. 27. A view of the packing of metallamacrocycle, 51, in the solid-state.

an approximate noncrystallographic C3 symmetry, with all the
N-H protons on one side of the Cujz plane. A K* ion is found
above the Cus plane by 1.897 A and bonded to three oxygen
atoms of the [Cusz(pala)3]3* cation. The highly distorted pentag-
onal bipyramidal coordination geometry at K* ion is completed
by the oxygen atoms of three ClO4~ ions. The three perchlo-
rate ions further interact with the trimer through Cu- - -OClO3
bonds and medium N-H---O hydrogen bonds. In the solid-
state structure, these [K(CIO4)3Cus(pala)3]* units pack through
weak Cu—O,yia) bonding from the perchlorate oxygen atoms to
form an infinite 1D polymeric structure as shown in Fig. 27.
In other words, [K(CIO4)3]2_ units are sandwiched between
[Cus (pala)g]3+ alternatively. The Cu—QOyiy distances are in the
range 2.43(1)-2.58(1) A. One non-coordinating ClO4~ ion has
been found to fill the empty space in the lattice.

When the same reaction was repeated in the absence of
the K* ion in water, a 1D coordination polymeric compound,
[Cu(pala)(H>0)]CIO4 (52), resulted as the only isolable product
in moderate yield [24]. Further, two oxygen atoms of the C104~
anion are involved in weak N—H- - -O hydrogen bonding to the
N-H proton (do. . .1, 2.48(2) and 2.54(2) A) which accounts for
the highly ordered behavior of this anion in the crystal lattice.
It is interesting to note that dark blue 51 crystallized as a major
product from MeCN-MeOH-H;O solution after only 10 min of
stirring. Prolonged stirring of the reaction mixture resulted in the
formation of 52. It has been found that 52 is exclusively formed
in the aqueous solution, and the potassium ion has no influence
on the formation of final product, 52. It is one of the exam-
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Hpala + Cu(CIO,),.6H,0

Fig. 28. Solvent dependent formation of 51 and 52.

ples of solvent-dependent formation of supramolecular species
as depicted in Fig. 28.

4.5. Formation of cubane-like aggregate

Reaction of CoCly-6H,O with Hpgly in the presence of
KOH followed by oxidation with PbO, leads to the formation
of a tetranuclear cobalt(IIl) complex with the cubane Co4O4
core, [Cos(pgly)a(n3-0O)4] (83) (see Fig. 29) [31]. This com-
plex has four N—H- - -O intramolecular hydrogen-bonds between
the amino group on one of the four cobalt atoms and the car-
boxylate group on another cobalt atom. The four-membered
rings, Co—pu3—O-Co—p3—0, are approximately planar. The
Co—pu3—O—Co angles (93.8-97.3°) and the p3—O-Co—p3-O
angles (82.5-85.1°) are larger and smaller than the right angle,

Fig. 29. Cubane-like structure of 53.

respectively. The non-bonding Co—Co distances are in the range
of 2.77-2.87 A.

5. Ternary complexes

Although Sgly, Sala and Sbal anions are very good tridentate
ligands, in the presence of a co-ligand such as 2,2’-bipyridine
(2,2'-bpy), 4,4-bipyridine (4,4'-bpy) or 1,10-phenanthroline
(phen), the phenolato oxygen atoms of these tridentate ligands
may be protonated and/or freed from the metal centre depend-
ing on the pH of the solution employed. Thus they can act
as bidentate ligands, especially for Cu(Il), leading to the for-
mation of 2D or 3D frameworks. However, the uncoordinated
phenolic O atom has a choice concerning intermolecular hydro-
gen bonding. In order to further understand the coordination
behavior of the reduced Schiff bases in the presence of the
above mentioned nitrogen containing co-ligands, the ternary
Cu(Il) complexes of H,Sgly, HySala and H,Sbal ligands have
been studied. The important structural features are highlighted
below.

5.1. Complexes with 1,10-phenanthroline as co-ligand

Reaction of phen and H)Sgly, with Cu(CH3COO),-H,0
or Cu(ClO4);-6H,O in an equimolar ratio gives
[Cu(Sgly)(phen)]-2.75H>0 (54) and [Cu(HSgly)(phen)]ClO4
-1.5H>O (55), respectively [32]. In the presence of the phen
co-ligand the phenolic oxygen of the reduced Schiff base
does not participate in bridging. The monomeric units of
54 are held together by intermolecular hydrogen bonding
involving amine-H and carboxylate O atoms to form a 1D
hydrogen-bonded polymer. Monoprotonation of the ligand in
55 changed the coordination environment and the conformation
of the ligand at the metal center as shown in Fig. 30. The
phenolic ring is nearly aligned parallel to the phen ligand and



1046

R. Ganguly et al. / Coordination Chemistry Reviews 252 (2008) 1027-1050

54

Fig. 30. Packing of 54 and 55 through supramolecular interactions.

perpendicular to the carboxylate group. Due to - - -7 interac-
tion between the phenolate ring and phen, a shorter distance
than normal between Cu(Il) and phenolic O is observed. Both
the protons of the lattice water are involved in strong hydrogen
bonding with the protonated phenolic group to give a 1D
polymer.

The crystal structure of [Cu(HSala)(phen)]Cl04-0.625H,0
(56), is very similar to 55 and also shows intramolecular stack-
ing between coordinated phen and the phenolic ring of the ligand
[32]. But unlike 55, in 56 the perchlorate anions are not disor-
dered owing to the strong O-H---O and N-H-: - -O hydrogen
bonds to the phenolic and N-H protons.

When the co-ligand is added in more than the equimolar ratio,
[(phen)Cu(-Sgly)Cu(phen)>](ClO4)2-3H,0 (57), is obtained
[33] containing a dinuclear cation in which the [Cu(Sgly)phen]
moiety is bonded to the [Cu(phen);]** cation through an oxy-
gen atom of the carboxylate group of the ligand. Except for
the conformation of the ligand backbone, the [Cu(Sgly)phen]
moiety is very similar to 55; w- - -7 interactions between two
parallel phen ligands from the neighboring unit is observed in
the solid state. The conversion between the neutral, 55, and

(o}
= O
l Nl N
/\Cu/
/\O
54

55

protonated complex, 57 (as shown in Fig. 31) was also inves-
tigated. UV—vis spectral titration indicates the reversibility of
protonation in solution [33].

From a reaction mixture containing Cu(ClO4),-6H,O, phen,
N-(2-hydroxybenzyl)--alanine (HpSbal) and LiOH in the
ratio of 1:1:1:1, a 1D coordination polymer [Cuz(Sbal);
(phen)(H20)21(Cl04)7-3H,0 (58) and a hydrogen-bonded 1D
chain [Cu(H;Sbal), (phen)](Cl04); (59) were isolated in succes-
sive steps. When the ratio of the base was doubled, the neutral
monomer, [Cu(Sbal)(phen)]-2H,O (60) was obtained. Addition
of HC10Oy4 to 60 furnished 58 and 59, and this mixture can be con-
verted back to 60 by the addition of a base. This conversion of
monomer to two 1D-polymers was found to be reversible [33].
This conversion is schematically displayed in Fig. 32.

The fragments [Cup(Sbal);(H20)] and [Cu(phen)]* are
the building blocks of the 1D polymeric cation [Cu3(Sbal),
(phen)(H20)7]C104-3H,0 (58). Two tridentate dianionic lig-
ands with bridging phenolate groups form the basal plane of the
distorted square pyramidal geometry of the two Cu(Il) centers
of the dimer and the fifth apical position is occupied by water.
The two “free” carbonyl groups of the ligand further link the

NaOH

HCIOy4

Fig. 31. A scheme showing the interconversion of monomeric structures due to protonation.
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4 Cu(Cl04)2.6H50 + 4 Ho0 + 4 H,Sbal + phen + 4 LiOH

/ g%
1]
N e
SO
O\
""fU\NH

[Cus(Sbal)a(phen)](ClO4), +
58

4 HCIO,

o)

5 -0
60

-2 phen
-4 LiClOy4

[Cu(H2Sbal)2(phen))(ClO4)2

59

4 Base

Fig. 32. pH dependent formation of hydrogen-bonded and coordination polymers from 60.

“Cu(phen)” moieties to give a 1D polymer. The N—H protons are
weakly involved with the water molecules. Strong intramolecu-
lar hydrogen bonding is observed between one of the hydrogen
atoms of the aqua ligand with the carbonyl oxygen [33]. The oxy-
gen atoms of the carboxylate groups in 59 are bonded to Cu(Il)
ions in a cis manner. Amine deprotonates the carboxylic group
to form a zwitterion. The protons of the phenolic and of -NH,™*
groups along with the carbonyl oxygen atoms are involved in
extensive hydrogen bonding. One of the -NH,* hydrogen atoms
isinvolved in N-H- - -O bonding with the anion whereas the other
is intramolecularly bonded to phenolic and carboxylic groups.
The phenolic protons are also weakly hydrogen bonded to the
C=0 groups of the neighboring cations above to generate a 1D
AAAA... type spiral chain.

The presence of two lattice water molecules in 60 generates an
interesting solid-state structure and the 1D zigzag water chain,
as shown in Fig. 33, is sustained by hydrogen bonding to the
uncoordinated carbonyl oxygen atoms.

Though [Cu(H>Sab4),(phen)](ClO4), (61) [34] has connec-
tivity very similar to that of 59, the conformation of the ligand
backbone is different. Moreover, the N-H- - -O bonding patternis
also different, with the phenolic protons being bonded to anions.
In the dimer [Cuy(Sbal)(phen)3](NO3),-2.5H,0 (62) monomer
[Cu(Sbal)(phen)] is bonded to the cation [Cu(phen),]* through
the oxygen atom of the delocalized carboxylate group of the lig-
and. Though the geometric parameters of the [Cu(Sbal)(phen)]
fragment are similar to 59, the conformation of the ligand back-
bone is different. Unlike in 59, where the phenolic aromatic ring
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Fig. 33. Hydrogen-bonded 1D water chain hosted by 60.

is nearly in a plane with the phen ligand, in 62, it is perpendicular
to phen. The two phen ligands are bent towards each other with
an interplanar angle of 15.2°, showing the presence of strong
r- - - interactions. [Cuy(Sab4)(phen)3](Cl04)>-3H,0 (63) has
structure similar to 62.

An interesting 3D hydrogen-bonding network is gener-
ated by the five water molecules present in the zwitterion
[Cu(Sab4)(phen)(H20)]-5H,0 (64). In the mononuclear unit
Cu(ID) has a square pyramidal geometry with a N3O, donor set
but the fifth apical site is not occupied by the carboxylate oxygen
but by the aqua ligand. Complementary N-H- - -O=C hydrogen
bonds are present between pairs of 64 complexes. Second com-
plementary O-H- - -O bonding between the phenolic O and one
of the hydrogen atoms of the coordinated aqua ligand propagates
the 1D supramolecular assembly [34] as shown in Fig. 34. The
water molecules form an interesting tape-like structure.

5.2. Complexes with other co-ligands

In addition to phen, 2,2'-bpy is also a good bidentate ligand
which can block the coordination sites of metal ions to allow the
propagation of the polymer in a directional manner. Moreover,
4,4'-bpy, and to some extent 4-aminopyridine (4-H,Npy), are
very good rigid bridging ligands that may play an important role
in extending 1D chains to generate 3D frameworks. The change
in the framework caused by the introduction of a bridging ligand
can give rise to product with interesting magnetic properties in
the case of the coordination polymers of Cu(Il).

Reaction of Cu(Il) ions with H,Sgly and HjSala in the
presence of 2,2’-bpy gives [Cu(2,2"-bpy)(HSgly)]CI-2H, 0 (65)
and [Cu(2,2'-bpy)(HSala)][(NO3)-2H,0 (66). Both have similar
chain-like structure with Cu(Il) coordinated by the 2,2’-bpy aro-
matic N as well as by the amine-N and carboxylate O in the basal
plane [35]. The distorted octahedron is completed by phenolato
O and carboxylate O from a neighboring ligand. The bridging
carboxylate anion gives rise to a 1D helical coordination poly-
mer. The only notable difference between the two structures is
that, in 65 both left- and right-handed helical chains are present
whereas in 66 only single-helical chains exist in the solid. No
noticeable interactions were found between the strands.

A 3D chiral architecture is exhibited by [Cup(4,4'-
bpy)2(Sala);]-4.5H,0 (67). A (4,4) square grid structure with an
11 x 11 A dimension is formed by the [Cu(4,4’-bpy),]** cation
as shown in Fig. 35. In the mononuclear “anionic” fragment,
[Cu(Sala)z]z_, square planar Cu(II) has N,O, donor set from
the second ligand to give chirality to the fragment. The cationic
and the anionic layers are connected by the carbonyl oxygen of
the ligands to form a 3D supramolecular framework. The small
chiral channels resulting from the weak interaction between the
cation layers are filled with the water molecules [36].

The ladder shaped 1D chain is formed by the 4,4’-bpy which
bridges the binuclear unit [Zny(Sala);] in [Zny(Sala),(4,4'-
bpy)]-5H70 (68). A complicated 3D supramolecular framework
is formed by the hydrogen bonds connecting each dimer unit
with four other such units from different chains around it. Four
binuclear units also form an eight-membered ring that is not

Fig. 34. A view of 1D hydrogen bonding in 64.



R. Ganguly et al. / Coordination Chemistry Reviews 252 (2008) 1027-1050 1049

Fig. 35. The 2D grid-like layer formed by 67.

only connected by the 4,4’-bpy but also by hydrogen bonds.
In the similar complex, [Znz(Sala),(4-HoNpy)2]-2H> O (69) the
presence of two secondary amine protons along with two uncoor-
dinated carboxylic atoms makes it an ideal complex for extensive
hydrogen bonding. Unlike 68, in 69 the eight-membered square
rings formed by the four binuclear units are held by hydro-
gen bonds only through N-H- - -O bonds. Both H-bond donors
(-NH>) and acceptors (-COOH) present in the eight membered
ring further leads to a 2D supramolecular network by linking to
each other [37].

6. Conclusions

This contribution deals with the reduced Schiff base ligands,
derived from natural as well as unnatural amino acids, as a
class of multidentate ligands and discusses their mode of bind-
ing and coordination to different transition metal ions such as
Cu(ID), Zn(II), Ni(II), etc. Several types of metallasupramolec-
ular structures involving various metal complexes have been
encountered. The supramolecular aggregates are greatly influ-
enced by the coordination geometries around the metal centers as
defined by the ligands. Further, the observed structural diversity
has been attributed to the role of different donors and accep-
tors, aqua ligand and solvents, nature of the ligands and metal
ions, coordination geometry around the metal ions and counter
ions. The experimental conditions such as temperature and pH
have also influenced the formation of supramolecular struc-
tures in the solid state. The influence of the hydrogen atom on
the secondary amine of the reduced Schiff base ligands over
azomethine (-CH=N-) fragment of the Schiff base is exempli-
fied by its participation in strong hydrogen bonds (N-H- - -O-H
and N-H-.-O=C) that aided the construction of interesting
metallasupramolecules. Apart from this, the solid-state struc-
tures revealed various C=0- - -H-Ogglyent, O—H- - -O, hydrogen
bonds and C=0O---mw, C-H--.m, and m- - -7 stacking interac-

tions that are further sustained by hydrogen bonds via the amine
H-atom.

Utilization of reduced Schiff bases and fine tuning their
coordination modes by modifying their structure/backbone with
appropriate functional groups offers the possibility for them to
be used as simple, valuable and inexpensive bricks in the con-
struction of new supramolecular structures. It is the case that
chiral metal organic frameworks of diverse topologies and func-
tionalities can be designed via modular approach. Designing
chiral architectures from achiral molecular compounds repre-
sents a promising theme in materials science. However, the use of
simple and available chiral precursors as an alternative remains
another practical approach. The facile tunability of such molec-
ular building blocks should allow precise engineering of chiral
cavities and functionalities within these chiral porous metal
organic frameworks.

Besides conventional bench top synthetic methods, high
temperature hydrothermal or solvothermal approach might
open new avenues for making thermodynamically stable
multi-dimensional coordination polymeric architectures by the
judicious choice of ligands and metal ions. Finally, this review
gives an insight into the understanding of the coordination chem-
istry of reduced Schiff base ligands in terms of various factors
that should be considered for the design of coordination poly-
mers with specific properties and functions.
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