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bstract
Metal coordination compounds derived from several closely related yet different multidentate reduced Schiff base ligands (obtained by reducing
he 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
ode of binding and coordination to supramolecular network structures. These multidentate ligands have flexible backbone with hydrogen bond

onors and acceptors, and readily form metal complexes and coordination polymers with metal ions such as Cu(II), Zn(II), and Ni(II). Various solid-
tate metallasupramolecular network structures are delineated ranging from hydrogen-bonded linear polymers and helical coordination polymers,
D sheets to 3D network architectures constructed via N–H· · ·O, C O· · ·H–Osolvent, O–H· · ·O, N–H· · ·O C hydrogen bonds and C O· · ·�,
–H· · ·�, and �· · ·� stacking interactions. This review gives an account of the observed structural diversity in relation to the role of different
onors 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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ons besides the experimental conditions such as temperature, pH, etc. in directing the formation of supramolecular structures in the solid state.
ome other related and interesting examples from the literature are also mentioned.
2008 Elsevier B.V. All rights reserved.
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. Introduction

In the past decades, significant progress has been achieved
n understanding the chemistry of transition metal complexes
ith Schiff base ligands composed of salicylaldehyde or ana-

ogues and �-amino acids [1]. Most of the model studies of
uch metal complexes have focused upon various binding modes
f these ligands and the X-ray crystal structures of complexes
evealed that the Schiff base ligands mainly act as tridentate
oiety, coordinating through the phenolato oxygen, imine nitro-

en, and carboxylate oxygen. The metal complexes containing
chiff bases are the most fundamental chelating systems in coor-
ination chemistry [2]. Casella and Gullotti have shown that
chiff bases formed by amino acids with non-polar side chains
nd 2-formylpyridine were unstable with Zn(II) and Cu(II), and
nly imines of histidine or its methyl ester could be isolated in
easonable purity [3]. The problems with ligand instability can
e overcome by reducing the C N bond of the Schiff base to
ive an amine, also known as Mannich base, and the reduced
chiff bases are expected to generate much more interesting
oordination chemistry due to the confomationally flexible back-
one. In this connection, several copper complexes with reduced
chiff base ligands between salicylaldehyde and amino acids
ere explored to serve as models for the intermediate species in
iological racemization and transamination reactions [4].

The reduced Schiff base ligands, N-(2-hydroxybenzyl)-
mino acids and N-(2-pyridylmethyl)-amino acids derived from
arious substituted salicylaldehydes and 2-pyridinealdehyde
espectively, form a class of multidentate ligands with flexi-
le backbone useful in constructing interesting supramolecular
tructures. The successful construction of a variety of coordi-
ation polymeric structures mainly depends on the lability of
etal–ligand bonds in solution which allows for the breaking

nd making of new bonds in solution. On the other hand, the
ole of different donors and acceptors, aqua ligand and solvents,
ature of the ligands and metal ions, etc., besides the exper-
mental and crystallization conditions determines the type of
he complexes formed in the solid state particularly when there
re many species in equilibrium in solution. The direction of
lignment of these oligomeric species in a particular fashion
an be controlled to form interesting supramolecular structures
y incorporating hydrogen bond donors and acceptors at the
ackbone of the ligands apart from the hydrogen bonding possi-
ilities from the lattice water, solvents and aqua ligands. In this
ontext, this review summarizes metal coordination chemistry
f natural/unnatural amino-acid based reduced Schiff base lig-

nds and, the structural diversity and the phenomena associated
ith several solid-state metallasupramolecular network struc-

ures of the corresponding metal complexes. The role of various
eaker interactions (N–H· · ·O, C O· · ·H–Osolvent, O–H· · ·O,

m
m
a
v

rs; Thermal dehydration reactions; Helical structures; Self-assembly

–H· · ·O C, hydrogen bonds and C O· · ·�, C–H· · ·�, and
· · ·� stacking interactions) is also discussed.

. Reduced Schiff base ligands

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

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

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

During the self-assembly process resulting in the formation
f hydrogen-bonded metal complexes or coordination poly-
ers, there is an advantage that both coordination bonds and,

erhaps, more predictable hydrogen bonds can be utilized in
onstructing supramolecular structures. Furthermore, incorpo-
ation of hydrogen bond donors and acceptors at the backbone
f the ligands will assist in directing the alignment of coor-
ination polymers in a desired fashion to form interesting

ultidimensional network structures. In this context, a variety of
ultidentate reduced Schiff base ligands, N-(2-hydroxybenzyl)-

mino acids have been employed in the construction of
arious hydrogen-bonded metal coordination polymeric struc-
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ures. The following sections deal with the formation of various
upramolecular structures from different monomeric, dimeric
nd oligomeric units of metal complexes as building blocks and
he nature of reactants, experimental and crystallization condi-
ions. The role of strong N–H· · ·O and O–H· · ·O hydrogen bonds
nvolving aqua ligands, N–H and carboxylate groups is also
iscussed.
.1. Type 1: Monomer and dimer as the building blocks

N-(2-hydroxybenzyl)-amino acid ligands are known to give a
ariety of complexes depending on the metal to ligand ratio. Of

S
t
l
a

Fig. 1. Reduced Schiff base ligands (A) N-(2-hydroxybenzyl)
ry Reviews 252 (2008) 1027–1050 1029

hese 1:1 ratio mostly gives dinuclear complexes in which the
wo-phenolate oxygen atoms bridge two metal ions to furnish a

2O2 core. Apparently simple looking monomers and dimers
an give rise to very interesting supramolecular architectures in
he solid-state owning to the hydrogen bonding as exemplified
n the following sections.

Reaction of the Li salt of D, L–H2Sala with Cu(OAc)2·H2O
ives a centrosymmetric binuclear compound, [Cu2(D,L-

ala)2(H2O)2]·2H2O (1) with both D and L ligands coordinated

o the Cu(II) centers in a mer fashion through bridging pheno-
ate, carbonyl oxygen and the amine nitrogen atoms [5]. The
pical coordination sites are occupied by water molecules in

-amino acids and (B) N-(2-pyridylmethyl)-amino acids.
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Fig. 1.

rans fashion (as shown in Fig. 2a) which is further assisted by

omplementary N–H· · ·O bonds as well as O–H· · ·O C hydro-
en bonds. This leads to 1D hydrogen-bonded polymers. The
wo lattice water molecules, two aqua ligands and two carbonyl
xygen atoms also form strong O–H· · ·O bonds to generate

d
o
d
t

inued ).

16-membered ring, creating 2D hydrogen-bonded sheets as

isplayed in Fig. 2b. Similar coordination behavior has been
bserved in a number of Cu(II) complexes of these amino acid
erivatives, but there are minor variations due to coordination at
he axial positions.
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Fig. 2. (a) Ball and stick diagram of 1 showing the coordination enviro

For example, the packing in the centrosymmetric dimer
Cu2(Sab)2(H2O)2] (2) is similar to that of 1 [5]. The dimer is
lip-stacked through weak Cu· · ·O C bonds complemented by
–H· · ·O hydrogen bonds to form 1D coordination polymer. The

mine H atom does not participate in the hydrogen bonding with
arboxylate O atom of carboxylate group. In the absence of two
attice water molecules, unlike 1, these hydrogen-bonded poly-
ers interact with adjacent strands through carbonyl oxygen and

ydrogen atoms of the aqua ligand to form 2D hydrogen-bonded

heets as shown below in Fig. 3.

On the other hand, in [Cu2(Styr)2(H2O)]·2H2O (3) one Cu(II)
enter has an aqua ligand in the axial position and axial site in the
econd Cu(II) is occupied by the carboxylate oxygen from the

h
s
a
f

Fig. 3. A portion of the 2D hydrogen-
t. (b) A portion of the hydrogen-bonded sheet structure formed by 1.

eighboring molecule to form a helical coordination polymer as
hown in Fig. 4 [5]. The coordination geometry is very similar
o 1 but the helical conformation is induced by the chiral ligand
ith bulky substitution. The coordination polymers are further

upported by O–H· · ·O and N–H· · ·O hydrogen bonds in the
rystal structure.

The structure of [Cu2(Stryp)2(H2O)] (4) is similar to that of
obtained with a chiral H2Stryp ligand in terms of the geometry
t the metal centers, connectivity, and conformation of the 1D

elical coordination polymers [5]. But the crystal packing is
lightly different in 4 as there is no lattice water in 4 unlike 3
nd hence there is no contribution from the hydrogen bonding
rom lattice water.

bonded coordination polymer 2.
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Fig. 4. Helical coordination polymer formed by 3.
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Fig. 5. A view of a portion of 1D

.1.1. Metal complexes associated with supramolecular
somerism

The phenomenon of supramolecular isomerism can be
xpected from the conformationally flexible molecules owing
o the fact that the energy required to rotate the �-bonds
s comparable to the differences in lattice energy observed
etween the isomers. The Cu(II) complexes of the ligand H2Sval
ave provided such an opportunity to observe supramolecular
somerism. The anhydrous [Cu2(Sval)2] obtained by ther-
al dehydration of [Cu2(Sval)2(H2O)3], furnished different
upramolecular isomers when recrystallized from different sol-
ents.

The connectivity in [Cu2(Sval)2(H2O)3]n (5) is also very
imilar to 3 and the repeating dimeric units generate a 1D coor-

c
s
P
v

Fig. 6. A view of a portion of 1D polym
er in 5 showing the connectivity.

ination polymer (Fig. 5). The aqua ligands further participate
n hydrogen bonding with N–H protons and carboxylato oxygen
toms to provide a 2D network structure [6].

Dehydration of 5 followed by recrystallization from water
ives a new product, [Cu2(Sval)2(H2O)]·2H2O (6). Though both
ave identical molecular formula and the chemical composi-
ion, the coordination environment at the metal centre and the
ormation of the 1D polymer (Fig. 6) are not same and hence
he packing is different [6]. With two water molecules in the
attice, 6 has 4 + 1 coordination geometry while 5 adopts 4 + 2

oordination geometry and the differences in the coordination
phere lead to the difference in packing of the 1D polymers.
acking of 6 left no voids for any solvent molecule but 5 pro-
ided a cavity of 87 Å3 which is about 3% of the unit cell

er in 6 showing the connectivity.
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Fig. 7. A schematic diagram showing the formation of two different confor

olume. Further, the adjacent dimers are perpendicular to each
ther in 5 whereas the parallel arrangement of dimers is found
n 6.

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

Recrystallization of anhydrous 5 from 2-propanol gives
1D polymeric complex [Cu2(Sval)2(H2O)]·0.5C3H7OH (7)

aving a structure very similar to 5 [6]. However, the asym-
etric unit consists of two crystallographically independent

imers. The coordination geometry around the metal centre
s nearly the same as in 5 but conformations and bond dis-
ances are slightly different. Unlike 5 and 6, the two “extra”
ater molecules are absent in 7 and hence instead of water
olecules, the N–H hydrogen atoms are utilized for hydrogen

onding. The 1D polymer chains are arranged parallel to each
ther and further cross-linked by strong N–H· · ·O–C hydro-

en bonds to give a hydrogen-bonded 2D network. The water
olecules and the ligand carboxylate O atoms attached to Cu(II)

toms are at the same side of the Cu2O2 plane as in 6, which
eads to H–O–H· · ·O hydrogen bonds. The 2-propanol solvent

c
m
d
m

Fig. 8. A view showing the intramolecular
by simple variation in the first coordination spheres of the building blocks.

olecules are partially trapped inside the lattice. The dimeric
uilding blocks 5-7 have several intramolecular C–H· · ·O and
–H· · ·� interactions. Such interactions present in 7 are shown

n Fig. 8.
Distinct dimeric units are present in the asymmetric unit of

he complex [Cu4(Sval)4(H2O)2(C4H9OH)]·C4H9OH (8). The
onnectivity and conformation are very similar to the earlier
xample, except that 1-butanol replaces the aqua ligand which
ccupies the trans position. Due to the coordination of Cu(II)
o 1-butanol, though the packing of 7 and 8 are similar but the
uilding blocks are different, the repeating unit is not the dimer
ut tetramer. In addition to the N–H· · ·O interactions observed
n 7, two more H–O–H· · ·O hydrogen bonds are formed between
he chains to generate a 2D hydrogen-bonded network [6]. These
tructural studies revealed that 5 and 6 serve as true examples
f structural supramolecular isomers having identical chemi-

al formula but entirely different coordination geometry at the
etal centers and hence different packing structures as the coor-

ination spheres of Cu(II) ions are also different due to water
olecules.

C–H· · ·O and C–H· · ·� bonds in 7.
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.1.2. Solid state supramolecular structural
ransformations induced by thermal dehydration

In order to rationally design and control the formation of
rystal structures, the strategies include the use of various
ntermolecular forces, from weak van der Waals forces, hydro-
en and covalent bonding to ionic interactions. Solid-state
upramolecular transformation of one structure into another
nvolves breaking and forming of bonds in more than one direc-
ion. It is possible to achieve structural transformations by fine
uning the structure by modifying the components of the ligands
mployed while controlling the non-covalent interactions [7].
n this connection, the crystal structures discussed in this sec-
ion exemplify the thermally induced structural transformations
ssociated with dehydration process.

By employing the ligand H2Sala, a hydrogen-bonded heli-
al coordination polymeric complex [Cu2(Sala)2(H2O)] (9) was
ynthesized [8a]. Upon thermal dehydration, the helical coordi-
ation polymeric structure of 9 transformed to a 3D coordination
etwork structure in [Cu2(Sala)2] (10). The basic dimeric struc-
ure of 9 remains intact but the conformation is entirely different
n the porous 3D network coordination polymer (Fig. 9) which
s obtained by the loss of a water molecule. This structural trans-
ormation is irreversible. The conversion of 9 to 10 is the first
xample of the use of a helical coordination polymer as the build-
ng block for a 3D coordination framework with chiral channels
nd is only the second example where thermal dehydration leads
o change in network in the solid state.

The crystal structure of [Cu2(Sgly)2(H2O)]·H2O (11) first
eported by Xu et al. [9], was reinvestigated in our laboratory
n detail [8b] and was found to be very similar to 9. The Cu(II)
omplex 11 crystallizes as a 1D helical coordination polymer
ssembled from dimeric building blocks similar to 9, the major
ifference being the presence of one more water molecule in the
rystal lattice. The complex 10 is obtained from 9 by thermal

ehydration at 90 ◦C. Although 9 and 11 have similar packing
f helical coordination polymers, a stable anhydrous complex of
he later could not be obtained. The anhydrous species rapidly

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

o
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f
c

Fig. 10. A view showing the intermolecular C O· · ·� interaction in 11.

ets rehydrated in the presence of air. This reversible hydra-
ion, unlike in 9, can be understood by the close examination of
he crystal structure. The carboxylate group and the phenyl ring
re almost parallel to each other and are separated by 3.35 Å
n 11 and 3.65 Å in 9. This C O· · ·� attractive interaction
etween these two groups, shown in Fig. 10, appears to hold
ack the carboxylate group to move closer to the aqua ligands
nd prevents the formation of a new Cu–O bond upon thermal
ehydration in the solid-state. The topochemical transformation
n 9 can be accounted for by the absence of such an interac-
ion [8b]. This is the first time that a weak interaction such as

O· · ·� has been found to have profound influence, not only
n the hydrogen-bonding parameters, but also on the thermal
ehydration reactions.

[Zn2(Sala)2(H2O)2]·2H2O (12) is another complex having
avorable conditions for a topochemical reaction [8c]. Like the
u(II) complex, coordination of the amine-N generates a new
hiral center in the hydrogen-bonded network. Self-assembly
f the dimer, sustained by O–H· · ·O and N–H· · ·O hydrogen
onding, leads to the formation of honeycomb-like hydrogen-
onded 3D network structure with the chiral channels all aligned
n one direction as shown in Fig. 11.

Anhydrous [Zn2(Sala)2] (13) is obtained when all the water
olecules are removed by thermal dehydration of 12 and shows
structure very similar to 10 [8c]. The channels are helical and
ligned in the same direction. The apical positions occupied by
he aqua ligands in 12 are replaced by the carboxylate O in 13. It
ppears that formation of new Zn–O(carboxylate) bond formation
s facilitated by both hydrogen-donor N–H groups and hydrogen
cceptors in the dinuclear complex. Hence these intermolecular
nteractions stabilized both the hydrogen-bonded 3D network
nd 3D coordination polymeric structures. This thermal dehy-
ration is irreversible and 13 cannot be rehydrated, probably
ue to the formation of a stronger Zn–O(carboxylate) bond. This is
he first example of a topochemical conversion of a hydrogen-
onded supramolecular network to a coordination polymeric
tructure. Incidentally 13 is isomorphous and isostructural to

0 [10].

It is possible to convert this irreversible structural trans-
ormation into a reversible transformation by modifying the
omponents of the ligands. Reversible structural transformations
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Fig. 11. A view of 12 showing the presen

re of immense interest for their potential application in molec-
lar switches. For a reversible transformation to be favored,
ome changes have to be made in the ligands in order to fine
une the structure and to control the non-covalent interactions.
n this connection, the 5-substituted H2MeSala and H2ClSala
igands are employed for complexation with Zn(II) in the
resence of LiOH to obtain [Zn2(ClSala)2(H2O)2]·2H2O (14)

nd [Zn2(MeSala)2(H2O)2]·2H2O (15) [10]. With the excep-
ion of the -methyl and -chloro substituents, both 14 and 15
re isomorphous and isostructural with 12. In these hydrogen-
onded network structures, a honeycomb-like chiral cavity is

h
e
a
w

Fig. 12. A scheme illustrating the reversible structural transformation from hydro
the chiral channels parallel to the b-axis.

ormed by six dinuclear units. The differential thermogravi-
etric (DTG) patterns of 14 and 15 are entirely different

rom 12. While 12 is completely dehydrated below 110 ◦C,
he dehydration is only up to 90% in 14 and 15. The remain-
ng water is lost at ∼180 ◦C in 14 and at ∼220 ◦C in 15. This
hange in DTG behavior can be explained by the fact that the
ulky para-substituents occupy the channels in the lattice thus

indering passage of water during thermal dehydration. How-
ver, the resulting anhydrous compounds can be regenerated
s hydrated compounds, 14 and 15 upon recrystallization from
ater or aqueous MeOH as shown in Fig. 12. The reason for

gen-bonded network to covalent bonded network by thermal dehydration.



1 emist

t
t
r
t
c
i

3

t
l
t
p
I
t
l
c
p
[

f
r
g
w
d
a
g
d
s
o
w

s
m
t
c
b
d
c
o
y
a
o

3
f

r
–
c
t
c
o
b
d
i
i

(
t

036 R. Ganguly et al. / Coordination Ch

he dehydrated compounds to become hydrated during crys-
allization from aqueous solution has been attributed to the
epulsive interactions between the substituents and atoms in
he other parts of the 3D coordination network and the inter-
onversion of structures is driven to alleviate these repulsive
nteractions.

.1.3. 3D coordination polymer with star-like cavity
It may be noted that the connectivity observed in 3D struc-

ures of 10, 12–14 has diamondoid architecture. For a given
igand with flexible conformation, the conversion of one struc-
ure to another may be possible by altering the conditions such as
H, counter ions, solvent, temperature, concentration, time, etc.
n this section the role of the nature of solvents on the crystalliza-
ion of [Cu2(Scp11)2(H2O)2] containing a non-chiral H2Scp11
igand has been discussed, while highlighting the single pot
rystallization furnishing coordination and hydrogen-bonded
olymeric structures, and the star-like channels observed in
Cu2(Scp11)2].

Recrystallization of [Cu2(Scp11)2(H2O)2] (16) obtained
rom the reaction of H2Scp11 with Cu(OAc)2 in equimolar
atio, from DMF/acetone solvent, furnishes rod-like bluish-
reen crystals of [Cu2(Scp11)2(H2O)2]·2Me2CO (17), along
ith green cubic crystals of [Cu2(Scp11)2]·H2O (18) [11]. The
imeric building block, [Cu2(Scp11)2] in 18 assembles to form
3D coordination polymeric network structure in the space

roup Ia3̄d (No. 230). The topology of connectivity can be

escribed in terms of a hexagonal diamondoid architecture. The
tar-like channel, as shown in Fig. 13, is created by the packing
f molecules and has about 27% empty space in the crystal lattice
hich is partially occupied by water molecules. When the DMF

Fig. 13. Star-like cavity in 18 viewed from threefold rotation axis.
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olution is evaporated 16 is regenerated. Anhydrous 18 absorbs
oisture and this species shows identical thermal behavior to

hat of 16 which may indicate that 16 and 18 have different
rystal structures and, perhaps the removal of aqua ligands can
e reversible as found in the previous examples. The hexagonal
iamondoid 3D network topology observed in 18, compared to
ubic diamondoid 3D network structures discussed in the previ-
us sections, shows that it is often possible to generate different
et closely related structures by replacing the substituents on the
mino acid side arm and by inducing conformational changes
n the flexible backbone of the reduced Schiff base ligands.

.1.4. Hydrogen-bonded 1D coordination polymers
orming supramolecular networks

In this section, a series of dicopper(II) complexes of
educed Schiff base ligands derived from –Cl, –Me, or
OH substituted salicylaldehydes and aminocyclopentane/
yclohexanecarboxylic acids and L-alanine are discussed. All
hese complexes contain phenolato bridged dinuclear Cu2O2
ores with Cu· · ·Cu distance of ca 3 Å. The crystal packing
f dimers resulted in the formation of various hydrogen-
onded polymeric structures and the different crystal structures
escribed here exemplify the role of solvents and aqua ligands
n the formation of intermolecular hydrogen bonds in generating
nteresting supramolecular networks.

Recrystallization of 16 from methanol gives [Cu2(Scp11)2
MeOH)2] (19) where the apical positions are occupied by
he methanol group in a trans fashion [12]. A 1D polymeric
tructure in 19 is generated by MeOH· · ·O C and N–H· · ·O

intermolecular hydrogen bonding. [Cu2(ClScp11)2(DMF)
H2O)]·MeCN (20), [Cu2(MeScp11)2(MeOH)2]·2MeOH (21),
Cu2(ClSch11)2(MeOH)2]·2MeOH (22) and [Cu2(OHScp11)2
H2O)2] (23) are obtained from the respective H2ClScp11,

2MeScp11, H2ClSch11 (N-(2-hydroxy-5-chlorobenzyl)-1-
minocyclohexanecarboxylic acid) and H2(OH)Scp11 lig-
nds [12]. Complexes 19–23 display Cu(II) centers with
istorted square pyramidal geometry. The common 1-
minocyclopentanecaboxylate side arm of the ligands in 19–23
esults in the formation of five-membered chelate rings. In
eneral, the apical sites of the dimeric Cu(II) centers with square-
yramidal geometry are occupied by the solvent molecules in
n anti fashion. Packing of the dimeric units in 19–22 results in
1D hydrogen-bonded polymeric structures supported by inter-
olecular hydrogen bonds generated among amine H atoms,

olvent molecules and carboxylate oxygen atoms as well as weak
nteractions of the neighboring carboxylate oxygen atoms with
ach Cu(II) ion; 21 and 22 are isomorphous but not isostructural.
owever, packing in 23 is different resulting in the formation
f a 3D hydrogen-bonded network due to the additional inter-
olecular hydrogen bonds arising from the hydroxy group on

he phenyl ring with the aqua ligands and carboxylate oxygen
toms, besides the hydrogen bonding from N–H hydrogen and
arboxylate oxygen. Hence the crystal packing and dimension-

lity of the supramolecular network, sustained by non-covalent
nteractions such as hydrogen bonds, can be controlled by fine
uning the ligand structure in terms of hydrogen bond donors
nd acceptors.
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Fig. 14. A portion of the squa

[{Cu2(Sch12)2}2Cu2(Sch12)2(H2O)2]·4H2O (24) has three
ndependent dinuclear units [12] in the asymmetric unit. One of
he Cu(II) centers has an aqua ligand in the apical position and the
xygen atom of the carboxylato group from this unit is bound to
nother Cu(II) center. The lattice water and the carbonyl oxygen
articipates in hydrogen bonding to produce a 2D coordination
olymeric structure and the inter-dimer connectivity leads to
he formation of a square-grid network structure as shown in
ig. 14. Presence of strong inter-dimer antiferromagnetic cou-
ling is suggested by the variable-temperature magnetic studies
12].

Square-planar geometry at the Cu(II) center is displayed by
Cu2(ClSch12)2]·2MeOH (25). Both the methanol molecules
re involved in hydrogen bonding with the amine nitrogen and
arboxylate oxygen atom to form a 1D polymeric structure [12]
s displayed in Fig. 15.

Recrystallization of [Cu2(Diala)2(H2O)2]·H2O from DMSO/
cetone gives the dark-green dimer, [Cu2(Diala)2(DMSO)

]·2DMSO.2Me2CO (26). In the solid-state structure, two of
he four DMSO molecules are bonded to the Cu(II) in the dimer
nd the remaining two are hydrogen bonded to the amine hydro-
en atoms. The bulkiness of the DMSO molecules causes them

l
o
i

ig. 15. A view of the 1D hydrogen-bonding network in the crystal structure of 25. H
d network connectivity in 24.

o be disposed in anti fashion. This in turn results in the forma-
ion of a pseudo-center of inversion which is very unusual for
he complexes having chiral reduced Schiff-base ligands [12].
cetone molecules fill the empty cavities between the parallel

trands formed by the complementary hydrogen bond between
he phenolic hydrogen and oxygen atoms of the carboxylate
roup.

In [Cd(HSasp)(H2O)2]n (27) the seven coordinated Cd-center
s surrounded by tetradentate HSasp which bonds through phe-
olate O, secondary amine N, one �-carboxylic O and one
-carboxylic O [13]. The coordination geometry is completed
y two water molecules and bridging �-carboxylic oxygen from
he neighboring unit to form a 1D zigzag chain. The �-carboxylic
roup from the adjacent unit forms a hydrogen bond with the
–H proton to give a 2D-layered structure.

.1.5. Schiff base versus reduced Schiff base ligands: A
ase study
Apart from the reduced Schiff base ligands with carboxy-
ate donor group, their sulfonic acid analogues are expected not
nly to improve the solubility in aqueous media but also form
nteresting supramolecular architectures by modifying the con-

ydrogen atoms are omitted except those involved in hydrogen bond formation.
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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. 16. Schematic diagrams showi

ectivity at the metal centers as well as the hydrogen bonding
attern. In this context, dinuclear copper(II) complexes of N-
2-hydroxybenzyl)-aminomethane/ethanesulfonic acids in the
orm of both Schiff base and reduced Schiff base ligands have
een employed. A striking difference observed is that the Schiff
ases H2Sams and H2Saes furnished eight membered dicop-
er(II) centers with the sulfonate group as bridging moiety
hereas the reduced Schiff bases H2Sam and H2Sae formed the
henoxo bridged Cu2O2 cores. Herein, different structural fea-
ures between Schiff base and reduced Schiff base dicopper(II)
omplexes have been highlighted.

The change in complexation behavior that may occur by the
eduction of C N bond in Schiff base species is illustrated by
he two Cu(II) complexes, [Cu2(Saes)2(H2O)2]·2H2O (28) and
Cu2(Sae)2]·2H2O (29) containing the Schiff base, Saes2− and
he corresponding reduced Schiff base, respectively [14]. The
opper centers in 28 each assume a square pyramidal geome-
ry with the apical positions occupied by a sulfonate oxygen
toms thus forming a eight-membered sulfonato-bridged dinu-
lear complex (as shown in Fig. 16a); in addition to this, the Saes
ianion forms two six-membered rings. The dimers are packed
n the solid state to give a hydrogen-bonded 2D structure. Two
ypes of complementary hydrogen bonds are present: the first
ne is between the phenoxo oxygen and one of the hydrogen
toms of the aqua ligand from the adjacent dimer; the next one
s between the free oxygen atoms of the sulfonate group with
nother hydrogen atom of the aqua ligand. In addition, the result-
ng 2D sheets are also supported by C–H· · ·O hydrogen-bonding
nteractions.

In 29, the Sae ligand with flexible backbone behaves like other
educed Schiff-base ligands in terms of forming a phenolato-
ridged Cu(II) dimer with Cu2O2 core (as shown in Fig. 16b).
he apical site on each Cu(II) center is occupied by an oxy-
en atom of the sulfonate group from the neighboring dimer.
his inter-dimer connectivity leads to the formation of a square-
rid network structure. The two axial oxygen atoms have trans
eometry due to the crystallographic center of inversion present
t the center of the Cu2O2 ring. Interestingly the infinite 2D net-
ork structure with (4,4) net formed in 29 is the first of its kind
bserved in the Cu(II) and Zn(II) complexes containing reduced

chiff-base ligands although these nets are ubiquitous in the

iterature [15]. Recrystallization of 29 from strongly coordinat-
ng DMF leads to the formation of [Cu2(Sae)2(DMF)2]·2DMF
30). The axial sulfonate groups in 29 are replaced by DMF
e connectivity in (a) 28 and (b) 29.

olecules in 30 and hence a discrete dinuclear compound is
ormed. Two more DMF molecules were found in the crystal lat-
ice. The crystal packing of 30 generates 2D hydrogen-bonded
olymeric structures with N–H· · ·O hydrogen bonding between
ne of the sulfonate oxygen and NH hydrogen atoms (Fig. 17).

[Fe2(�-OH)(�-OAc)(S-Simd)2]·4H2O (31) and [Fe2(�-
H)(�-OAc)(R-Simd)2]·2H2O (32) are obtained by the reaction
f Fe(NO3)3·9H2O in the presence of NaOAc with S-H2Simd
nd R-H2Simd, respectively [16]. Both crystals are similar, but
ue to the presence of an opposite chiral center in the ligand,
1 contains right-handed 1D helical channels with a diameter
f 7.3–9.8 Å whereas 32 has a left-handed helical channels as
hown in Fig. 18. In the crystal structure of 31, the hexag-
nal channels are filled with water. The crystals of 32 have
dentical but left-handed helices. This situation is very simi-
ar to that found by our group for [Cu2(D-Sala)2(H2O)] and
Cu2(L-Sala)2(H2O)] [5]. A notable feature of the molecule is
Fig. 17. Hydrogen bond connectivity in 30.
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Fig. 18. Left and right handed helices of 31 and 32.

cceptor). The helical channels are formed by docking of dimers
n top of each other rotated by 60◦ and connected through

ntermolecular hydrogen bonding between imidazole proton and
henolate oxygen. The helical array of acidic protons together
ith a hydrophilic cavity inside the channel has the potential to

nfluence binding and reaction inside the channel. Two differ-

h

n
b

ig. 19. Side and top views of ‘helix inside a helix’ are shown. The helical hydrog
oordination polymer 33.
ry Reviews 252 (2008) 1027–1050 1039

nt types of H-bonded waters are present: (a) water inside the
hannel and (b) one forming a bridge between two neighboring
1 species. As the waters inside the channel are loosely bound
ompared to the other water, the former can be removed easily
s shown by the loss of water over two different temperature
anges (<100 and 100–140 ◦C) in 31 and 32; the channels can
e refilled.

.1.6. Helical staircase coordination polymer hosting
elical water chain

Besides the ligands with an amino acid side arm having
imple carboxylate donor, the ligands with additional active
onor groups such as –COO− in the side chain have dis-
layed interesting intermolecular connectivity, as expected,
hile generating several 1D coordination polymeric structures

n Cu(II) and Ni(II) complexes. Interestingly, a Ni(II) com-
lex, [(H2O)2 ⊂ {Ni(HSglu)(H2O)2}]·H2O (33) derived from
-(2-hydroxybenzyl)-L-glutamic acid (H3Sglu) displays a novel
elical staircase coordination polymeric structure encapsulat-
ng 1D helical water chain in the chiral helical channels [17].
f the two carboxylate groups in the HSglu2− ligand, one is

helating intramolecularly, while the second carboxylate ion
oordinates to a neighboring Ni(II) atom to furnish staircase
oordination polymers. Although helical coordination polymers
re ubiquitous staircase polymers with channels are rare in coor-
ination polymer structures [18]. The octahedral coordination at
he Ni(II) centre is completed by two aqua ligands. Of the six
attice water molecules present in the asymmetric unit, two of
he four inside the helical pore are hydrogen bonded to produce
1D helical polymer as shown in Fig. 19. Hydrogen bonding is
ropagated by the other two water molecules via helical water
hain and aqua ligands. The two water molecules outside the

elical pore occupy empty space in the lattice.

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

en-bonded chain of water molecules fill the space inside the helical staircase
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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
040 R. Ganguly et al. / Coordination Ch

al ligand can often lead to the formation of helical structure
18]. The presence of one or more non-chelating side arms in a
hiral ligand may provide the possibility for selective and com-
lementary aggregation of the metal complexes. Among various
etal complexes investigated, only the Ni(II) complex of the chi-

al ligand H3Sglu, has been found to generate helical staircase
oordination polymer. The structure of the left-handed helical
oordination polymer, 33 encapsulating the hydrogen-bonded
elical stream of water molecules inside its helical cavity illus-
rates a novel cooperative assembly and recognition of water
olecules in the inorganic crystal host. These results may exem-

lify the maxim that the structural constraints operating on
rientation of water by its surroundings and vice versa can be
ery significant.

In contrast to 33, Cu(II) shows a square pyramidal geometry
nd connectivity of the neighboring carboxylate oxygen atoms
ith Cu(II) centers results in a 1D zigzag coordination polymer

n the crystal structure of [Cu(HSglu)(H2O)]·H2O (34) [17]. The
fth position is occupied by the aqua ligand. The structures of
3 and 34 derived from the same H3Sglu ligand serve as good
xamples to demonstrate that the overall topology of the system
epends not only on the nature of the metal but also on the
oordination geometry around it.

.1.7. Influence of cation on molecular assembly
Reaction of H2

tBuGly with Na2MoO4·2H2O in aque-
us methanol gives [{Na4(H2O)4(�-H2O)2}⊂ {Mo2O5
tBuGly)2}2] (35) while in the presence of excess CsCl
Cs2{Mo2O5(tBuGly)2}]·H2O (36) is produced [19]. In 35
rectangular Na4

4+ cluster is formed which further binds to
ix O atoms to form a Na4O6 cluster like a dicubane with two
xtreme and opposite corners removed. The oxygen atoms of
is-MoO2 form hydrogen bonds with N–H protons to generate
ydrogen-bonded 1D chains. The chains further interact to form
hydrogen-bonded 2D network. In 36, Cs+ forms a 1D-helical

hain stabilized by carboxylate oxygen and Mo-O. In 35, water
s able to bridge two Na+ ions whereas this is not observed in
6. For the same reason, an oxygen of the carboxylate group of
he ligand can bind to three Na+ ions in 35, while it binds to
wo Cs+ in 36.

.2. Type 2: Metal aggregates and oligomeric building
locks

The asymmetric compartmental ligand, H2Pipala, reacts
ith Cu(OAc)2·H2O to give the tetranuclear complex,

Cu4(Pipala)2(CH3COO)4]·2CH3CN·2H2O (37). The structure
onsists of two dinuclear units, in each unit the ligand acts as pen-
adentate donor and bridges the Cu(II) ions. The Cu(II) centers
re further bridged by two acetate groups in a syn–syn man-
er within the unit. The two dimeric units are bridged by the
arboxylate oxygen to form a centrosymmetric four-membered

ing (Fig. 20). Due to the constraints imposed by the piperazine
ing, which is present in a boat form, the Cu(II) ions deviate
rom ideal square pyramidal geometry to distorted octahedral
eometry [20].

F
A

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

Exemplifying that the reduced Schiff base ligands have the
otential for generating fascinating supramolecular network
tructures, Ray et al. have reported an octameric Cu(II) complex
Cu8(Simd)8Py10]·Py·3MeOH·(C2H5)2O (38; Py = Pyridine),
ith a novel capsule-like cavity capable of hosting pyridine
olecules by employing a tetradentate H2Simd ligand [21]. The

rapped pyridine molecules were held inside the cavity via an
nteresting combination of hydrogen and coordination bonds as
escribed in the following section.

The octameric Cu(II) complex, 38 consists of two slightly
ifferent cup-shaped tetrameric units [21]. The two cup-like
nits form a capsule that is held together by eight hydrogen-
onding interactions between the imidazole NH groups of one
etramer and non-bonded carboxylate-oxygen atoms of the other
etrameric unit. In both the tetrameric units, one side of the
ig. 21. Molecular structure of 38. Solvent molecules are omitted for clarity.
dapted from Ref. [21] and reproduced with permission.
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onding to the amine N atom of the ligand as shown in Fig. 21.
our pyridine molecules bind to four Cu(II) externally. Interest-

ngly, in the top half of the capsule unit, the trapped pyridines are
onded to two of the Cu(II) centers (instead of being involved
n hydrogen bonding as in the bottom half of the capsule). In
he bottom half of the capsule each Cu(II) ions is bonded to a
yridine externally but the top half two Cu(II) ions are bonded to
he pyridine molecules externally and the other two internally.
hus the two halves exhibit contrasting binding with the guest
olecule. Such molecular cavities offer potential applications as

elective hosts for anion sensing, catalysis, selective recognition
nd separation.

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

The NNO coordination mode is quite common in biolog-
cal systems. The pyridine ring influences the basicity of the
mine group and the electronic structure of the ligand is different
rom the 2-hydroxybenzyl ligand. One hidden coordination site

s the carbonyl oxygen, which may participate in weak hydrogen
onding or may coordinate with metal centers from the neigh-
oring molecule to give rise to interesting connectivity and hence
etwork structure. The amine hydrogen and the oxygen in the

n
I
d

Fig. 22. pH dependent inter
ry Reviews 252 (2008) 1027–1050 1041

igands are expected to form hydrogen bonds with the neigh-
oring molecules. The chiral center of the amino acid and the
iversity of the substituent groups from the amino acid side arm
re other factors that play a part in the assembly of fascinating
upramolecular structures.

.1. Influence of cation and pH on metallacrown cations

Metallacrowns (MCs) with a variety of structural types can
lso be obtained by the self-assembly of metal ions and the
educed Schiff base ligands. In general, MCs are robust in solu-
ion and this property can be employed for exchange reactions
ith metal ions and anions. The selectivity is determined not
nly by the cavity size of the MC but also by the radii of the
ons used. This “host–guest” chemistry of Cu(II) compounds
ontaining reduced Schiff base ligands that gives structurally
ifferent MC cations in the presence and absence of Li+ in the
avity is illustrated here. The MC cations are very labile in our
ystem with Cu(II) ions and the pH of the solution also found to
lay an important role.
Hphis reacts with Cu(ClO4)2·6H2O to form a 1D coordi-
ation polymeric species, [Cu(Hphis)(H2O)](ClO4)2 (39) [22].
n the cation, the Cu(II) center is five-coordinate, with the tri-
entate phis ligand bonded in a mer fashion at the square base

conversion of 39–41.
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nd the fourth position completed by a carboxylate oxygen
rom the neighboring repeating unit. A water molecule at the
pex completes the distorted square pyramidal geometry at the
u(II) center. The second carboxylate oxygen atom participates

n intermolecular bonding to Cu(II) which generates a 1D zigzag
olymeric structure.

When the potassium salt of phis reacted with
u(ClO4)2·6H2O in a 1:1 molar ratio, dark blue crystals
f [Cu3(phis)3](ClO4)3·2H2O (40) were isolated [22]. In the
tructure of the trinuclear cation as shown in Fig. 22, each
u(II) is surrounded by a phis ligand in a mer fashion, and the
onor atoms occupy the base of the square pyramid along with
nother carboxylate oxygen from the neighboring cation. The
pical position of the distorted square pyramid is occupied by
he oxygen atoms of the carboxylate group of the neighboring
his ligand. The oxygen atoms O(1) and O(3) are bridging
u(II) atoms while O(2) and O(4) atoms are non-bonded.
his makes the cavity in the ring very small, and the shortest
istance, 3.03 Å, is between O(1) and O(5). This [8-MC-3]
etallacrown cation is very unsymmetrical with Cu· · ·Cu

istances, 3.86, 4.31, and 5.27 Å. Such copper compounds
ave been used as a structural model for the trinuclear site in
scorbate oxidase from green zucchini [23].

The compound [(ClO4)Li ⊂ Cu3(phis)3](ClO4)3·3H2O (41)
as been isolated when a molar equivalent of LiClO4 was added
o 40 [22]. The same compound could also be obtained from the
ithium salt of phis and Cu(ClO4)2·6H2O in a 1:1 molar ratio.
he crystal structure shows that the asymmetric unit consists of

he [(ClO4)Li ⊂ Cu3(phis)3]3+ cation, three strongly hydrogen-
onded lattice water molecules, and three perchlorate anions
nteracting with the cations and lattice waters. The trinuclear
ation has the shape of a cone in which the phenyl rings are on

he same side as observed in 40. The N–H protons of the imida-
ole groups at the bottom are hydrogen bonded to oxygen atoms
f the three water molecules. The [Li ⊂ Cu3(phis)3]4+ cation
as an idealized C3 symmetry with three crystallographically

c
a
S
i

Fig. 23. (a) Cyclohexane-like crown 44. (b) Top vie
ry Reviews 252 (2008) 1027–1050

ndependent Cu(II) centers. It is obvious that the [Cu3(phis)3]3+

ation, [8-MC-3], has structurally reorganized to accommodate
LiClO4. The pH dependent interconversion of 39–41 is sum-
arized in Fig. 22.

.2. Influence of the nature of reactants on metallacrown
ations

In addition to the nature of the cations used and the pH of the
olution, the stoichiometry of the reactants also plays a vital part
n the formation of metallacrown cations. In this connection, the
eactivity of [Cu(pgly)2]·2H2O (42) under different conditions
s discussed here.

The reaction between Hpgly·HCl and Cu(ClO4)2·6H2O or
u(CH3COO)2·H2O in the molar ratio of 2:1 furnished dark
lue crystals of [Cu(pgly)2]·2H2O (42). Complex 42 has two
ridentate pgly ligands, each bonded to Cu(II) in a facial manner
24]. The molecule has a crystallographic inversion center at
u(II) in which the Cu(II) has distorted octahedral geometry
ith a trans-N4O2 donor set. The N–H donor and C O acceptor
roups in the pgly ligand and water in the lattice participate in the
ydrogen bonding and form an interesting 2D sheet structure in
he bc plane in which the hydrogen atoms from water molecules
ound to two different oxygen atoms and fill the empty space in
he lattice. The hydrogen bonds are considered to be of medium
trength because the D· · ·A distances vary from 2.81 to 2.99 Å.

ononuclear Zn(pgly)2·2H2O (43) has a very similar structure
o that of the Cu(II) complex [25].

When 42 was reacted with an equivalent amount of
u(ClO4)2·6H2O in H2O–MeOH solution, dark blue hexagonal
rystals of [Cu6(pgly)3(spgly)3](ClO4)6·9H2O (44) were iso-
ated. X-ray crystallographic analysis shows that the hexameric

ation consists of two crystallographically independent Cu(II)
toms, a reduced Schiff base ligand (pgly) and, surprisingly, a
chiff base ligand (spgly) in the asymmetric unit [24] as shown

n Fig. 23. Each tridentate ligand is bonded to Cu(II) in a meridi-

w showing the hexagon-shaped cavity in 44.
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Colorless crystals of [Pb(pala)(ClO4)]n (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
R. Ganguly et al. / Coordination Ch

nal geometry, forming two five membered rings, and the fourth
osition of the square planar geometry at Cu(II) is completed by
he oxygen atom of the carboxylate group from the neighbor-
ng ligand. The Schiff base and the reduced Schiff base ligands
re arranged alternatively in the hexanuclear cation, which has a
rystallographic threefold rotational symmetry. The differences
n the conformation of the backbone of the pgly and spgly lig-
nds are clearly established from the bond distances and angles.
he molecular hexamer is highly puckered in which the Cu(II)
enters form a “cyclohexane-like” ring where all the Schiff base
igands are distributed on one face of the metallacyclic ring, and
he pgly ligands are on the other face forming a crown. Most of
he hexanuclear metallamacrocycles have their cavity filled with
nother metal. Such rings with no metal in the cavities are rare
26] which may be attributed to the crown-like geometry; how-
ver, the cation in 44 appears to be the first molecular hexamer
ontaining mixed ligands.

The reaction between Hpgly.HCl and Cu(ClO4)2·6H2O
ielded [Cu(pgly)(H2O)]ClO4 (45) instead of the expected
yclic oligomer [24], although the stoichiometric ratio of the
igand to metal is the same as used in the synthesis of 44.
nfortunately, no crystal structure is available for 45; how-

ver, the difference between νas(CO2
−) and νs(CO2

−) in the
R spectrum has been successfully used to derive information
egarding bonding modes of carboxylate anions[27]. The �ν

f 178 cm−1 indicated the bridging mode of the carboxylate
roup in 45. On the basis of this information, the structure of 45
ay be presumed to be a 1D polymer rather than a monomer.
urther, the electrospray ionization mass spectrometry (ESI-
S) has been used to distinguish 44 from 45. The isolation

f metallamacrocycle cation 45 depends on the nature of the
eactants. Such dependency is unusual in metallasupramolecular
hemistry.

.3. Influence of anions on 1D polymers

1D coordination polymers are the most commonly encoun-
ered species. Non-coordinating as well as coordinating counter
nions play an important role in the formation of such
upramolecular structures. Compared to the non-coordinating
nions, the coordinating anions have more impact on the poly-
eric structures, especially when the latter can also act as a

ridging ligand in addition to participating in metal coordination.
ometimes, these anions can also help in hosting the water chains
ia hydrogen bonding. In this section, the effect of some com-
on anions on the conformation of 1D coordination polymers

s described.
Reaction of CuCl2 with pgly and pala gives [Cu(pgly)

l]·H2O (46) and [Cu(pala)Cl]·H2O (47), respectively [28]. In
oth the cases Cu(II) complexes have infinite 1D coordination
olymeric structures with zigzag conformation through unsym-
etrical Cl–Cu–Cl bridging and sustained by N–H· · ·O C

nteractions. These chains are further linked together through

eak C–H· · ·Cl interactions. Hydrogen-bonded single stranded
ater chains have been hosted by the hydrophilic channels pro-
ided by the carbonyl groups in the crystal packing as shown in
ig. 24.
ig. 24. Packing of single-stranded water chain in the hydrophilic pockets of
7.

In [Cu(pala)(CH3COO)]·0.75H2O (48) the pala ligand has
er conformation and occupies the equatorial positions of the

quare base [28]. The apical and the fourth equatorial posi-
ions of Cu(II) are occupied by oxygen atoms of two bridging
cetate ligands to generate 1D ���� spiral coordination poly-
eric chains which are aligned parallel and held together by

trong N–H· · ·OH2 hydrogen bonds. This spiral coordination
olymeric structure does not have water chains; instead it has a
ingle water molecule hydrogen bonded to the metal complex.
he NO3

− anion in [Zn(pgly)(NO3)] (49) coordinates Zn(II) as
monodentate ligand and is not able to compete with the car-
onyl oxygen of the pala ligand in the bridging ability to produce
zigzag 1D polymer [28] sustained by hydrogen bonds as shown

n Fig. 25. Such carbonyl oxygen bridging has usually led to the
ormation of helical structures [29].
Fig. 25. A portion of the packing diagram of 49.
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ig. 26. (a) A Diagram showing the inter-strand interactions between helical
oordination chains of 50 and (b) a portion of the helical chain.

o the two N and one O atom of the same pala ligand and a
arbonyl oxygen of the neighboring ligand to yield a distorted
rigonal pyramidal geometry. The bonding between Pb(II) and
he neighboring carbonyl oxygen atom generates a 1D helical
olymer (Fig. 26a). The right-handed helical polymers are all
rranged parallel to the 21 screw axis with a pitch of 5.59 Å
equal to the unit cell length, a) as shown in Fig. 26b. The shape
f the helical chain is oval with approximate dimensions 2.26
O· · ·O) and 4.27 (Pb· · ·Pb) Å in the bc plane. The helical poly-
ers are further stabilized by bridging ClO4

− anions and very
eak N–H· · ·O hydrogen bonds (DH· · ·O 2.42 and 2.60 Å). If the
b· · ·O· · ·Pb interactions from perchlorate anions are included

hen the structure may well be described as a pillared-helical
tructure. The corresponding nitrate derivative is also presumed
o have a similar helical structure with Pb· · ·O(of nitrate) · · ·Pb
caffolding in the solid state.

.4. Solvent dependent supramolecular assembly

As discussed earlier, the isolation of coordination polymeric
ompounds with different connectivity pattern depends on vari-
us factors, including the stoichiometry of the reactants, pH and
ounter ions etc. The formation of supramolecular structures
lso depends on the nature of solvents used. For instance, the
onversion of the metallacrown cation, [K(ClO4)3Cu3(pala)3]+,
nto a 1D coordination polymer, [Cu(pala)(H2O)]n

n+ discussed
elow, has been found to be water dependent.

The reaction of Cu(ClO4)2·6H2O with Hpala and KOH
n equimolar ratio in MeOH–MeCN gives a potassium-
on incorporated tricopper metallamacrocyclic compound,
K(ClO4)3Cu3(pala)3](ClO4) (51) [24]. The basic unit of the
ation consists of a trimer formed by cyclization of Cu(pala)
oieties where the pala ligand is coordinated to Cu(II) in a

er geometry. The exogenous oxygen of the carboxylate group

n the pala ligand is intramolecularly bonded to the fourth
osition of the square base of the next Cu((II) to provide a
2O2 donor set to the metal atom. The Cu3(pala)3 trimer has

s
f
i
o

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

n approximate noncrystallographic C3 symmetry, with all the
–H protons on one side of the Cu3 plane. A K+ ion is found

bove the Cu3 plane by 1.897 Å and bonded to three oxygen
toms of the [Cu3(pala)3]3+ cation. The highly distorted pentag-
nal bipyramidal coordination geometry at K+ ion is completed
y the oxygen atoms of three ClO4

− ions. The three perchlo-
ate ions further interact with the trimer through Cu· · ·OClO3
onds and medium N–H· · ·O hydrogen bonds. In the solid-
tate structure, these [K(ClO4)3Cu3(pala)3]+ units pack through
eak Cu–Oaxial bonding from the perchlorate oxygen atoms to

orm an infinite 1D polymeric structure as shown in Fig. 27.
n other words, [K(ClO4)3]2− units are sandwiched between
Cu3(pala)3]3+ alternatively. The Cu–Oaxial distances are in the
ange 2.43(1)–2.58(1) Å. One non-coordinating ClO4

− ion has
een found to fill the empty space in the lattice.

When the same reaction was repeated in the absence of
he K+ ion in water, a 1D coordination polymeric compound,
Cu(pala)(H2O)]ClO4 (52), resulted as the only isolable product
n moderate yield [24]. Further, two oxygen atoms of the ClO4

−
nion are involved in weak N–H· · ·O hydrogen bonding to the
–H proton (dO· · ·H, 2.48(2) and 2.54(2) Å) which accounts for

he highly ordered behavior of this anion in the crystal lattice.
t is interesting to note that dark blue 51 crystallized as a major
roduct from MeCN–MeOH–H2O solution after only 10 min of
tirring. Prolonged stirring of the reaction mixture resulted in the

ormation of 52. It has been found that 52 is exclusively formed
n the aqueous solution, and the potassium ion has no influence
n the formation of final product, 52. It is one of the exam-
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Fig. 28. Solvent depend

les of solvent-dependent formation of supramolecular species
s depicted in Fig. 28.

.5. Formation of cubane-like aggregate

Reaction of CoCl2·6H2O with Hpgly in the presence of
OH followed by oxidation with PbO2 leads to the formation
f a tetranuclear cobalt(III) complex with the cubane Co4O4
ore, [Co4(pgly)4(�3-O)4] (53) (see Fig. 29) [31]. This com-
lex has four N–H· · ·O intramolecular hydrogen-bonds between
he amino group on one of the four cobalt atoms and the car-

oxylate group on another cobalt atom. The four-membered
ings, Co–�3–O–Co–�3–O, are approximately planar. The
o–�3–O–Co angles (93.8–97.3◦) and the �3–O–Co–�3–O
ngles (82.5–85.1◦) are larger and smaller than the right angle,

Fig. 29. Cubane-like structure of 53.
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ormation of 51 and 52.

espectively. The non-bonding Co–Co distances are in the range
f 2.77–2.87 Å.

. Ternary complexes

Although Sgly, Sala and Sbal anions are very good tridentate
igands, 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
ay be protonated and/or freed from the metal centre depend-

ng on the pH of the solution employed. Thus they can act
s bidentate ligands, especially for Cu(II), leading to the for-
ation of 2D or 3D frameworks. However, the uncoordinated

henolic O atom has a choice concerning intermolecular hydro-
en bonding. In order to further understand the coordination
ehavior of the reduced Schiff bases in the presence of the
bove mentioned nitrogen containing co-ligands, the ternary
u(II) complexes of H2Sgly, H2Sala and H2Sbal ligands have
een studied. The important structural features are highlighted
elow.

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

Reaction of phen and H2Sgly, with Cu(CH3COO)2·H2O
r Cu(ClO4)2·6H2O in an equimolar ratio gives
Cu(Sgly)(phen)]·2.75H2O (54) and [Cu(HSgly)(phen)]ClO4
1.5H2O (55), respectively [32]. In the presence of the phen
o-ligand the phenolic oxygen of the reduced Schiff base
oes not participate in bridging. The monomeric units of
4 are held together by intermolecular hydrogen bonding
nvolving amine-H and carboxylate O atoms to form a 1D

ydrogen-bonded polymer. Monoprotonation of the ligand in
5 changed the coordination environment and the conformation
f the ligand at the metal center as shown in Fig. 30. The
henolic ring is nearly aligned parallel to the phen ligand and
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Fig. 30. Packing of 54 and 55 t

erpendicular to the carboxylate group. Due to �· · ·� interac-
ion between the phenolate ring and phen, a shorter distance
han normal between Cu(II) and phenolic O is observed. Both
he protons of the lattice water are involved in strong hydrogen
onding with the protonated phenolic group to give a 1D
olymer.

The crystal structure of [Cu(HSala)(phen)]ClO4·0.625H2O
56), is very similar to 55 and also shows intramolecular stack-
ng between coordinated phen and the phenolic ring of the ligand
32]. But unlike 55, in 56 the perchlorate anions are not disor-
ered owing to the strong O–H· · ·O and N–H· · ·O hydrogen
onds to the phenolic and N–H protons.

When the co-ligand is added in more than the equimolar ratio,
(phen)Cu(�-Sgly)Cu(phen)2](ClO4)2·3H2O (57), is obtained
33] containing a dinuclear cation in which the [Cu(Sgly)phen]
oiety is bonded to the [Cu(phen)2]2+ cation through an oxy-

en atom of the carboxylate group of the ligand. Except for
he conformation of the ligand backbone, the [Cu(Sgly)phen]
oiety is very similar to 55; �· · ·� interactions between two
arallel phen ligands from the neighboring unit is observed in
he solid state. The conversion between the neutral, 55, and

d
o
T

Fig. 31. A scheme showing the interconversion o
h supramolecular interactions.

rotonated complex, 57 (as shown in Fig. 31) was also inves-
igated. UV–vis spectral titration indicates the reversibility of
rotonation in solution [33].

From a reaction mixture containing Cu(ClO4)2·6H2O, phen,
-(2-hydroxybenzyl)-�-alanine (H2Sbal) and LiOH in the

atio of 1:1:1:1, a 1D coordination polymer [Cu3(Sbal)2
phen)(H2O)2](ClO4)2·3H2O (58) and a hydrogen-bonded 1D
hain [Cu(H2Sbal)2(phen)](ClO4)2 (59) were isolated in succes-
ive steps. When the ratio of the base was doubled, the neutral
onomer, [Cu(Sbal)(phen)]·2H2O (60) was obtained. Addition

f HClO4 to 60 furnished 58 and 59, and this mixture can be con-
erted back to 60 by the addition of a base. This conversion of
onomer to two 1D-polymers was found to be reversible [33].
his conversion is schematically displayed in Fig. 32.

The fragments [Cu2(Sbal)2(H2O)2] and [Cu(phen)]+ are
he building blocks of the 1D polymeric cation [Cu3(Sbal)2
phen)(H2O)2]ClO4·3H2O (58). Two tridentate dianionic lig-
nds with bridging phenolate groups form the basal plane of the

istorted square pyramidal geometry of the two Cu(II) centers
f the dimer and the fifth apical position is occupied by water.
he two “free” carbonyl groups of the ligand further link the

f monomeric structures due to protonation.
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Fig. 32. pH dependent formation of hydrog

Cu(phen)” moieties to give a 1D polymer. The N–H protons are
eakly involved with the water molecules. Strong intramolecu-

ar hydrogen bonding is observed between one of the hydrogen
toms of the aqua ligand with the carbonyl oxygen [33]. The oxy-
en atoms of the carboxylate groups in 59 are bonded to Cu(II)
ons in a cis manner. Amine deprotonates the carboxylic group
o form a zwitterion. The protons of the phenolic and of –NH2

+

roups along with the carbonyl oxygen atoms are involved in
xtensive hydrogen bonding. One of the –NH2

+ hydrogen atoms
s involved in N–H· · ·O bonding with the anion whereas the other

s intramolecularly bonded to phenolic and carboxylic groups.
he phenolic protons are also weakly hydrogen bonded to the

O groups of the neighboring cations above to generate a 1D
���. . . type spiral chain.

t
a
f
b

nded and coordination polymers from 60.

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

Though [Cu(H2Sab4)2(phen)](ClO4)2 (61) [34] has connec-
ivity very similar to that of 59, the conformation of the ligand
ackbone is different. Moreover, the N–H· · ·O bonding pattern is
lso different, with the phenolic protons being bonded to anions.
n the dimer [Cu2(Sbal)(phen)3](NO3)2·2.5H2O (62) monomer
Cu(Sbal)(phen)] is bonded to the cation [Cu(phen)2]+ through

he oxygen atom of the delocalized carboxylate group of the lig-
nd. Though the geometric parameters of the [Cu(Sbal)(phen)]
ragment are similar to 59, the conformation of the ligand back-
one is different. Unlike in 59, where the phenolic aromatic ring
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Fig. 33. Hydrogen-bonde

s nearly in a plane with the phen ligand, in 62, it is perpendicular
o phen. The two phen ligands are bent towards each other with
n interplanar angle of 15.2◦, showing the presence of strong
· · ·� interactions. [Cu2(Sab4)(phen)3](ClO4)2·3H2O (63) has

tructure similar to 62.
An interesting 3D hydrogen-bonding network is gener-

ted by the five water molecules present in the zwitterion
Cu(Sab4)(phen)(H2O)]·5H2O (64). In the mononuclear unit
u(II) has a square pyramidal geometry with a N3O2 donor set
ut the fifth apical site is not occupied by the carboxylate oxygen
ut by the aqua ligand. Complementary N–H· · ·O C hydrogen
onds are present between pairs of 64 complexes. Second com-
lementary O–H· · ·O bonding between the phenolic O and one
f the hydrogen atoms of the coordinated aqua ligand propagates
he 1D supramolecular assembly [34] as shown in Fig. 34. The
ater molecules form an interesting tape-like structure.

.2. Complexes with other co-ligands

In addition to phen, 2,2′-bpy is also a good bidentate ligand
hich can block the coordination sites of metal ions to allow the
ropagation of the polymer in a directional manner. Moreover,
,4′-bpy, and to some extent 4-aminopyridine (4-H2Npy), are
ery good rigid bridging ligands that may play an important role

n extending 1D chains to generate 3D frameworks. The change
n the framework caused by the introduction of a bridging ligand
an give rise to product with interesting magnetic properties in
he case of the coordination polymers of Cu(II).

b
i
w
b

Fig. 34. A view of 1D hyd
ater chain hosted by 60.

Reaction of Cu(II) ions with H2Sgly and H2Sala in the
resence of 2,2′-bpy gives [Cu(2,2′-bpy)(HSgly)]Cl·2H2O (65)
nd [Cu(2,2′-bpy)(HSala)](NO3)·2H2O (66). Both have similar
hain-like structure with Cu(II) coordinated by the 2,2′-bpy aro-
atic N as well as by the amine-N and carboxylate O in the basal

lane [35]. The distorted octahedron is completed by phenolato
and carboxylate O from a neighboring ligand. The bridging

arboxylate anion gives rise to a 1D helical coordination poly-
er. The only notable difference between the two structures is

hat, in 65 both left- and right-handed helical chains are present
hereas in 66 only single-helical chains exist in the solid. No
oticeable interactions were found between the strands.

A 3D chiral architecture is exhibited by [Cu2(4,4′-
py)2(Sala)2]·4.5H2O (67). A (4,4) square grid structure with an
1 × 11 Å dimension is formed by the [Cu(4,4′-bpy)2]2+ cation
s shown in Fig. 35. In the mononuclear “anionic” fragment,
Cu(Sala)2]2−, square planar Cu(II) has N2O2 donor set from
he second ligand to give chirality to the fragment. The cationic
nd the anionic layers are connected by the carbonyl oxygen of
he ligands to form a 3D supramolecular framework. The small
hiral channels resulting from the weak interaction between the
ation layers are filled with the water molecules [36].

The ladder shaped 1D chain is formed by the 4,4′-bpy which
ridges the binuclear unit [Zn2(Sala)2] in [Zn2(Sala)2(4,4′-

py)]·5H2O (68). A complicated 3D supramolecular framework
s formed by the hydrogen bonds connecting each dimer unit
ith four other such units from different chains around it. Four
inuclear units also form an eight-membered ring that is not

rogen bonding in 64.
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Fig. 35. The 2D grid-like layer formed by 67.

nly connected by the 4,4′-bpy but also by hydrogen bonds.
n the similar complex, [Zn2(Sala)2(4-H2Npy)2]·2H2O (69) the
resence of two secondary amine protons along with two uncoor-
inated carboxylic atoms makes it an ideal complex for extensive
ydrogen bonding. Unlike 68, in 69 the eight-membered square
ings formed by the four binuclear units are held by hydro-
en bonds only through N–H· · ·O bonds. Both H-bond donors
–NH2) and acceptors (–COOH) present in the eight membered
ing further leads to a 2D supramolecular network by linking to
ach other [37].

. Conclusions

This contribution deals with the reduced Schiff base ligands,
erived from natural as well as unnatural amino acids, as a
lass of multidentate ligands and discusses their mode of bind-
ng and coordination to different transition metal ions such as
u(II), Zn(II), Ni(II), etc. Several types of metallasupramolec-
lar structures involving various metal complexes have been
ncountered. The supramolecular aggregates are greatly influ-
nced by the coordination geometries around the metal centers as
efined by the ligands. Further, the observed structural diversity
as been attributed to the role of different donors and accep-
ors, aqua ligand and solvents, nature of the ligands and metal
ons, coordination geometry around the metal ions and counter
ons. The experimental conditions such as temperature and pH
ave also influenced the formation of supramolecular struc-
ures in the solid state. The influence of the hydrogen atom on
he secondary amine of the reduced Schiff base ligands over
zomethine (–CH N–) fragment of the Schiff base is exempli-
ed by its participation in strong hydrogen bonds (N–H· · ·O–H

nd N–H· · ·O C) that aided the construction of interesting
etallasupramolecules. Apart from this, the solid-state struc-

ures revealed various C O· · ·H–Osolvent, O–H· · ·O, hydrogen
onds and C O· · ·�, C–H· · ·�, and �· · ·� stacking interac-
ry Reviews 252 (2008) 1027–1050 1049

ions that are further sustained by hydrogen bonds via the amine
-atom.
Utilization of reduced Schiff bases and fine tuning their

oordination modes by modifying their structure/backbone with
ppropriate functional groups offers the possibility for them to
e used as simple, valuable and inexpensive bricks in the con-
truction of new supramolecular structures. It is the case that
hiral metal organic frameworks of diverse topologies and func-
ionalities can be designed via modular approach. Designing
hiral architectures from achiral molecular compounds repre-
ents a promising theme in materials science. However, the use of
imple and available chiral precursors as an alternative remains
nother practical approach. The facile tunability of such molec-
lar building blocks should allow precise engineering of chiral
avities and functionalities within these chiral porous metal
rganic frameworks.

Besides conventional bench top synthetic methods, high
emperature hydrothermal or solvothermal approach might
pen new avenues for making thermodynamically stable
ulti-dimensional coordination polymeric architectures by the

udicious choice of ligands and metal ions. Finally, this review
ives an insight into the understanding of the coordination chem-
stry of reduced Schiff base ligands in terms of various factors
hat should be considered for the design of coordination poly-

ers with specific properties and functions.
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