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Abstract Four copper(II) complexes containing Schiff

base and reduced Schiff base ligands derived from pyri-

dine-2-aldehyde and amino acid containing carboxylate

and sulfonate functional groups (N-(2-pyridylmethylene)-

amino acid and N-(2-pyridylmethyl)-amino acid, (amino

acids = b-alanine and aminoethanesulfonic acid) namely,

[Cu(Pbals)(H2O)2]ClO4�H2O 1, [Cu(Pbal)(ClO4)(H2O)] 2,

[Cu2(Paes)2(ClO4)2]�2H2O 3, and [Cu(Pae)(H2O)]�ClO4�
H2O 4 have been synthesized and characterized. The

structural features of carboxylate and sulfonate donor

groups have been elucidated. These copper(II) complexes

demonstrate different coordination behaviour of the car-

boxylate and sulfonate groups. Carboxylate groups in

complexes 1 and 2 bridge the metal centers and facilitate

the formation of 1D helical coordination polymeric struc-

tures. In compound 3, the sulfonate groups bridge the metal

centers to form a discrete dinuclear complex. In 4, the

sulfonate groups link the neighbouring metal centers to

form a 1D coordination polymeric structure.

Keywords Schiff base ligands � Reduced Schiff base

ligands � X-ray crystal structure � Coordination polymers

Introduction

In the past decades, extensive research has been devoted in

the construction of coordination polymers with diverse

topologies. They have potential applications in gas storage,

separation, catalysis, magnetism, and sensing [1–5]. Of

these, the carboxylate containing ligands have been shown

to be excellent for the construction of multidimensional

polymers [6–8]. Whereas, studies on sulfonates as building

blocks for multidimensional networks are rather scarce in

the literature as sulfonate anions are generally considered

to be weakly coordinating compared to carboxylates and

phosphates. Nonetheless, ligands containing sulfonate

groups can be employed for the construction of extended

networks with a combination of alkali or alkaline earth

metal cations [9, 10]. Several transition and lanthanide

complexes containing monodentate and bridging sulfonate

groups have been reported in literature [11–13]. In some

cases, the sulfonate containing ligands have been utilized

in the construction of metal organic frameworks in

which the uncoordinated sulfonate groups can functional-

ize the pore surface for sorption and separation applications

[14–16].

As part of our ongoing studies on metal complexes of

reduced Schiff base ligands formed between salicylalde-

hyde and amino acids, we have shown that such ligands can

function as tridentate ligands, capable of forming dinuclear

unit through bridging phenoxo moiety. Furthermore, the

reduced Schiff base ligands are more stable and flexible for

coordination upon reduction of their C=N bonds [17, 18].

Previously, we demonstrated that dinuclear Cu(II) com-

plexes of N-(2-hydroxybenzyl)-amino methane/ethane

sulfonic acid as both Schiff base and reduced Schiff base

ligands form distinct structures and show Catecholase

activity. A striking difference between the Schiff base and
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reduced Schiff base complexes is that the former furnished

eight membered ring containing dicopper(II) centers and

the sulfonate group acting as a bridging moiety while the

later formed the phenoxo bridged Cu2O2 cores [19]. Hence,

it was interesting to further investigate the coordination

chemistry of the carboxylate and the sulfonate donor group

containing Schiff base and reduced Schiff base complexes.

Apart from this, amino ethane sulfonic acid which is also

known as taurine, a sulfur containing amino acid, is

important with respect to various physiological functions.

Taurine acts as antioxidant, intracellular osmolyte, mem-

brane stabilizer as well as a neurotransmitter. It may be

essential for human infants, and is routinely added to most

infant formulas [20]. The studies of complexes of sulphur-

containing derivatives have stemmed from their antiviral,

anticancer and antibacterial activities.

On the other hand, while N-(2-hydroxybenzyl)-amino

acids have been extensively investigated, pyridyl based

amino acid derivatives are not well explored. To date, there

are only a few publications available on the complexes of

N-(2-pyridylmethyl)-amino acid reported by us and others.

This ligand system has been shown to generate interesting

supramolecular architectures. We have shown that Cu(II)

complexes of N-(2-pyridymethyl)-amino acids such as

glycine, L-alanine and L-histidine display metallocrown

structures [21, 22]. Furthermore, Cu(II), Zn(II), and Pb(II)

complexes of N-(2-pyridymethyl)-glycine/alanine exhibit

coordination polymeric structures. The influence of anions

on the conformation of 1D coordination polymers includ-

ing zigzag, spiral, and helical systems has been exemplified

[23]. Studies by other researchers on similar ligand systems

derived from glycine, L-alanine and aminoethanesulfonic

acid also disclose fascinating structures, including discrete,

[24–27] cubane-like [28, 29] and coordination polymeric

structures [30, 31]. Recently, Cu(II) complexes of N-(2-

pyridylmethyl)-aspartic acid (H2Pasp) have been found to

be helical coordination polymers through carboxylate

bridging [32].

Driven by these findings, we were motivated to further

study carboxylate- and sulfonate- groups containing Schiff

bases and reduced Schiff bases of N-(2-pyridymethyl)-

amino acid ligand system. Herein, we report the synthesis,

characterization, and solid-state structures of Cu(II) com-

plexes of Schiff base and reduced Schiff base containing

pyridyl-based carboxylate and sulfonate groups.

Results and discussion

Synthesis and physical characterization

The Schiff base ligands were synthesized by Mannich

condensation of pyridine-2-aldehyde, and b-alanine and

amino ethane sulfonic acid, respectively, while the reduced

Schiff base ligands were obtained by the reduction of the

Schiff base with sodium borohydride. Scheme 1 displays

the chemical structures of the ligands investigated in this

study. The Schiff base ligands were freshly prepared and

directly employed for in situ complexation due to their

inherent instability while the reduced Schiff base ligands

were isolated as their acetic acid salts. The Cu(II) com-

plexes, [Cu(Pbals)(H2O)2]�ClO4�H2O 1, [Cu(Pbal)(ClO4)

(H2O)] 2, [Cu2(Paes)2(ClO4)2]�2H2O 3, and [Cu(Pae)(H2O)]�
ClO4�H2O 4 were been synthesized and characterized. Slow

evaporation or vapor diffusion of the reaction mixture

afforded single crystals of compounds 1–3 directly,

whereas single crystals of 4, [Cu(pae)(DMF)(H2O)]�ClO4

4a were obtained with a different solution mixture, as

described in the experimental section.

In all of these complexes, the IR absorption bands near

3,450 cm-1 indicate the stretching due to water molecules.

The C=N stretching frequencies are observed around 1,620

and 1,651 cm-1, respectively, in complexes 1 and 3 indi-

cate characteristic bands due to Schiff base ligand. On the

contrary, sharp peaks observed at *3,230 cm-1 in com-

plexes 2 and 4 are corresponding with the absorption of N–

H bond. These results were further confirmed by the

reduction of the C=N bond in the ligand. Furthermore, in 1

and 2, the absorption bands around 1,585 and 1,617 cm-1,

respectively, correspond to the asymmetric vibrational

mode of the carboxylate group [tas(COO-)]. The bands

around 1,444 cm-1 are due to the symmetric stretching

vibrational mode of the carboxylate group [ts(COO-)]. In

this context, the Dt values observed in complexes 1 and 2

are lower than 200 cm-1, suggesting a bridging mode for

the carboxylate group [33]. Whereas, the absorption bands

found in 3 and 4 in the range of 1,050–1,386 cm-1 are

attributed to the fundamental and split t3 S–O stretching

modes [34].

The UV–Vis spectra for all the complexes showed

absorption bands in the range of 692–703 nm and this may

be attributed to d–d transitions. Strong absorption bands at
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Scheme 1 Schiff base and reduced Schiff base ligands
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256–289 nm may be due to O ? Cu LMCT. The N ? Cu

LMCT, which are usually around 350 nm were not

observed due to the overlapping with the strong and broad

O ? Cu peak [35]. The solid-state UV–Vis spectra of the

complexes do not differ much in solution and in the Nujol

mull, suggesting that the coordination and geometry of

complexes observed in the solid state are retained in

solution. Nonetheless, the LMCT bands are broad in the

Nujol mull spectra.

The structural behaviour of all the complexes in meth-

anol solution has been investigated by electrospray ioni-

zation mass spectroscopy (ESI–MS). The major peaks of

the complexes can be assigned to their Cu:ligand 1:1 spe-

cies with solvents.

Description of crystal structures

The solid-state structures of complexes 1–4a were deter-

mined by X-ray crystallographic techniques. Selected

hydrogen bond parameters are given in Table 1. The

ligands are coordinated to their Cu(II) centers via using a

tridentate mode through the pyridyl, amine/imine and

carboxylate/sulfonate groups. It is worthwhile noting that

in all of these complexes, the carboxylate and sulfonate

bridge the metal centers to form a coordination polymers or

a dinuclear cluster.

[Cu(Pbals)(H2O)2]�ClO4�H2O 1

The asymmetric unit of 1 contains a Cu(II) center with a

slightly distorted octahedral geometry as illustrated in Fig. 1.

The structure is analogous to that of the previously reported

[Cu(Pbal)(H2O)2]�ClO4�H2O with differences in the bond

distances and the bond angles. In this context, the octahedral

geometry around the copper ion is completed by a Schiff base

HPbals ligand occupying the equatorial positions in a mer

fashion via coordination through pyridyl N (Cu(1)–N(1) =

2.004(2) Å), an amine N (Cu(1)–N(2) = 1.967(2) Å), a

carboxylate O (Cu(1)–O(1) = 1.969(2) Å) along with

the neighboring carbonyl O (Cu(1)–O(2) = 1.976(2) Å)

while two aqua ligands (Cu(1)–O(2S) = 2.639(3) Å and

Cu(1)–O(3S) = 2.280(3) Å) occupy the axial sites. In this

context, the C=N distance, 1.268(4) Å confirms the integrity

of the Schiff base ligand. Furthermore, Cu1 deviates 0.082 Å

from the C=N–C plane, confirming the planarity of the Schiff

base complex.

The carboxylate group facilitates the formation of a 1D

coordination polymer by bridging the Cu(II) centers. The

connectivity in the copper center generates a 1D coordi-

nation polymer along the b-axis. As expected, the poly-

meric strands are further supported by hydrogen bonding

between aqua ligands and carboxylate O (O2S–H2SA���O1)

groups. In this polymeric structure, 1 displays helical

conformation in which both left and right handed helices

Table 1 Selected hydrogen

bond parameters for complexes

1–4a

D–H d(D–H) d(D���A) d(H���A) \DHA A (symmetry)

Compound 1

O1S–H1SA 0.76(3) 2.924(3) 2.19(3) 162(4) O2 (x, � - y, � ? z)

O1S–H1SB 0.77(3) 2.786(4) 2.04(3) 163(3) O2S (-x, � ? y, � - z)

O2S–H2SA 0.75(3) 2.743(3) 2.05(3) 154(3) O1 (-x, � ? y, � - z)

O3–H3A 0.75(3) 2.752(4) 2.00(3) 172(4) O1S (x, -1 ? y, z)

O3–H3B 0.75(3) 3.039(5) 2.32(3) 160(4) O6 (x, � - y, � ? z)

O2S–H2SB 0.76(3) 2.843(5) 2.08(3) 174(4) O4

Compound 2

O1S–H1A 0.90(4) 2.856(5) 2.01(4) 157(4) O1 (1 - x, � ? y, � - z)

O1S–H1B 0.91(5) 2.701(7) 1.91(6) 144(5) O4

N2–H2A 0.92 3.010(1) 2.32 131 O3A

N2–H2A 0.92 3.077(7) 2.24 150 O4

Compound 3

O4–H1O 0.78(4) 2.728(4) 2.01(4) 154(4) O8A (x, 1 - y, -� ? z)

O4–H2O 0.82(4) 2.701(2) 1.89(4) 168(4) O2 (� - x, -� ? y, � - z)

Compound 4a

N2–H2 N 0.91(3) 3.109(4) 2.30(3) 149(3) O8

O4–H4A 0.88(2) 2.773(3) 1.91(2) 171(3) O2 (3/2 - x, � ? y, 3/2 - z)

O4–H4B 0.85(2) 2.716(3) 1.88(2) 166(3) O2 (x, 1 ? y, z)
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are present in the lattice as shown in Fig. 2a. But the he-

licity is not well pronounced. Furthermore, both aqua

ligands are involved in complementary hydrogen bonding

interactions with the adjacent carboxylate, lattice water and

perchlorate anion. As shown in Fig. 2b, aqua ligands are

linked through lattice water molecules to form a trimeric

water cluster. According to the theoretical calculations, the

water trimers are more stable in cyclic form with the

average O���O distances in the range of 2.799–2.927 Å

[36–38]. However, the acyclic water trimer observed here

is uncommon [39, 40]. The hydrogen-bonded O���O dis-

tances are shorter (O3���O1S, 2.752 Å; O1S���O2S,

2.786 Å) and while O3���O2S distance (3.794 Å) is more

the sum of the van der Waals radii [41]. The water trimer is

bent in a ‘‘L’’ shape with \O3–O1S–O2S angle of 86.5�.

These water trimers are also linked to the adjacent coor-

dination polymeric chain as shown in Fig. 2c. Table 1

contains the selected hydrogen bond parameters for 1.

[Cu(Pbal)(ClO4)(H2O)] 2

Figure 3 displays a ball-and-stick diagram of 2. The

deprotonated reduced Schiff base anion Pbal coordinates to

the Cu(II) center in a mer-fashion as in 1. The Cu(II) center

adopts distorted octahedral geometry in which a pyridyl N

(Cu(1)–N(1) = 1.983(3) Å), an amine N (Cu(1)–N(2) =

1.984(3) Å), a carboxylate O (Cu(1)–O(1) = 1.953(2) Å)

and a neighboring carbonyl O (Cu(1)–O(2) = 1.955(2) Å)

comprise the equatorial plane while an aqua ligand (Cu(1)–

O(1S) = 2.765(4) Å) and a perchlorate O (Cu(1)–O(6) =

2.577(6) Å) occupy the axial positions. The C–N distance

of 1.472(4) Å and the positioning of Cu(I) away from the

C–N–C plane by 1.417 Å confirm the reduction of the C=N

bond in the Schiff base ligand and non-planarity of the

complex as compared to 1. It is noticeable that despite the

non-coordinating nature, the perchlorate is loosely coor-

dinated to the metal center in this case. This differs from

the reported Cu(II) complex of HPala in which the per-

chlorate anion is non-coordinated atom but is involved in

weak N–H���O hydrogen bonding and results in a highly

ordered behavior of the anion in the crystal lattice [22].

Fig. 1 A perspective view shows the coordination geometry at Cu(II)

and connectivity present in the coordination polymeric cation in 1

Fig. 2 a Left and right handed helical coordination polymeric chains

in 1; b polymeric chains in 1 showing the (H2O)3 cluster; c hydrogen

bonding interactions of the (H2O)3 cluster with polymeric strands

Fig. 3 A perspective view showing the coordination geometry of

Cu(II) and the connectivity in 2
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The metal center is connected to the carbonyl O of

neighboring ligand to form a 1D helical coordination

polymer along b-axis. Similar to 1, both left and right

handed helices are present in the crystal lattice. Figure 4a

shows the presence of helicity in the 1D polymeric chain of

2. Along the strand, one of the hydrogen atoms of a aqua

ligand is involved in O–H���O bonding with O2. The other

hydrogen atom of the aqua ligand and the N–H proton are

hydrogen-bonded to an oxygen atom of the perchlorate

ligand (Fig. 4b). Since the perchlorate O atoms are disor-

dered, their hydrogen bonding behaviour is not elaborated

further here. Table 1 summarizes the hydrogen bond

parameters for 2.

In this context, complexes 1 and 2 are similar to each

other in terms of their tridentate coordination and crystal

packing. Both K and D helices are present in the crystal

lattice in the centrosymmetric space group P21/c. It is noted

that both aqua ligands occupy axial positions in 1 while one

of the aqua ligands is replaced by a perchlorate anion in 2.

This results in a difference in the hydrogen bonding

interactions in each complex.

[Cu2(Paes)2(ClO4)2]�2H2O 3

A ball-and-stick diagram of 3 is displayed in Fig. 5. The

asymmetric unit of dimeric 3 contains a Cu(II) center with

distorted octahedral geometry. At the Cu(II) center, the

equatorial plane is occupied by a pyridyl N (Cu(1)–N(1) =

2.016(2) Å), an imine N (Cu(1)–N(2) = 1.969(2) Å), an O

from a neighboring sulfonate group (Cu(1)–O(3) = 2.252(1)

Å) and an aqua ligand (Cu(1)–O(4) = 1.956(2) Å). The axial

positions are occupied by a sulfonate O (Cu(1)–O(1) =

1.986(1) Å) and one of the O atoms from the perchlorate

anion (Cu(1)–O(6) = 2.566(2) Å). The bond parameters of

the Schiff base ligand demonstrated the characteristic nature

in 3, in which the C=N distance is 1.273(3) Å and Cu1 only

deviates from the plane of the C=N–C sequence by 0.018 Å.

Though the chain lengths of HPbals and HPaes ligands

are comparable, the presence of carboxylate and sulfonate

functional groups has resulted in a significant difference in

the coordination behavior. Differing from 1 in which the

presence of the carboxylate donor group resulted display-

ing in a 1D coordination polymer in 1, the sulfonate group

in 3 gave rise to a discrete dinuclear structure. The dinu-

clear core forms an interesting eight membered ring con-

sisting of Cu1, O1, S1, O3, Cu1A, O1A, S1A, and O3A

with a Cu���Cu non-bonded distance of 4.575 Å. This

observation is similar to that reported for the Cu(II) com-

plexes of Schiff base [42] and reduced Schiff base [43]

ligands containing phenolate groups.

Complementary hydrogen bonding formation between

the hydrogen atoms of the aqua ligand O4, sulfonate O2

and one of the oxygen atoms of the perchlorate anion O8

generated a 2D hydrogen-bonded network in the bc-plane.

Figure 6 displays the packing of 3 that shows a portion of

Fig. 4 a A portion of the 1D coordination polymeric chain of 2.

Perchlorate anions are omitted for clarity; b a portion of 2D

hydrogen-bonded structure in 2 viewed along the a-axis

Fig. 5 A ball-and-stick diagram of 3

Fig. 6 A portion of the 2D grid hydrogen-bonded network in 3
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the 2D grid formed by the hydrogen-bonded interactions. It

can be clearly seen that there are two types of grid with

different size and shape. Hydrogen bond parameters for 3

are tabulated in Table 1.

[Cu(Pae)(DMF)(H2O)]�ClO4 4a

A perspective view of 4a is shown in Fig. 7. In this com-

plex, the Pae ligand displays fac-geometry which is dif-

ferent from the other structures 1–3. The Cu(II) center has

an octahedral geometry with a pyridyl N (Cu(1)–N(1) =

1.987(3) Å), an amine N (Cu(1)–N(2) = 2.014(3) Å), an O

atom of DMF molecule (Cu(1)–O(5) = 1.957(2) Å) and an

aqua ligand (Cu(1)–O(4) = 2.026(2) Å) constituting the

equatorial plane, while the axial positions are occupied by

a sulfonate O (Cu(1)–O(1) = 2.327(2) Å) as well as a

sulfonate O from the neighboring strand (Cu(1)–O(3) =

2.467(2) Å). In this case, the DMF molecule is involved in

coordination through its amide O atom. In contrast to the

planar Schiff base complex 3, here the 4a is non-planar in

which Cu1 is deviates 1.526 Å from the C–N–C plane and

the C–N distance is 1.480(4) Å.

The sulfonate O bridges the Cu(II) atoms to form a 1D

coordination polymer along the b-axis as shown in Fig. 8a.

Notably, the oxygen atoms of the perchlorate anions are

involved in hydrogen bonding to the N–H proton (N2–

H2N���O8), which leads them to be highly ordered in the

crystal lattice. Thus, the perchlorates are arranged close to

the polymeric strand by intermolecular hydrogen bonds.

This observation is quite similar to the reported Cu(II)

complex of Pala in which two oxygen atoms of the per-

chlorate are weakly hydrogen-bonded to the N–H proton

[22]. Interestingly, the aqua ligands O4 are hydrogen-bonded

to sulfonate O2 atoms of two different 1D coordination

polymeric strands as displayed in Fig. 8b. Hence, 4a fur-

nished a 2D hydrogen-bonded ladder structure. In this con-

text, it is noted that a 2D coordination polymer of Cu(II) Pae

and azide has been reported recently [31]. Table 1 contains

selected hydrogen bond parameters for 4a.

Conclusion

Copper(II) complexes of Schiff base and reduced Schiff

base ligands derived from pyridine-2-aldehyde and amino

acids have been synthesized and structurally characterized.

The influence of carboxylate versus sulfonate groups in

Cu(II) complexation has been investigated. In 1 and 2, the

tridentate ligand is coordinated in a mer conformation and

the carbonyl oxygen in the carboxylate group bridges the

neighboring metal centers to form a 1D helical coordina-

tion polymers. Both left and right handed helices are

present in the lattice. Surprisingly, the coordination of

sulfonate ligands in 3 and 4a were found to be entirely

different. Complex 3 furnished a eight membered dicopper

center with the sulfonate group bridging the Cu(II) atoms

whereas 4a possessed a 1D coordination polymeric struc-

ture. This is attributed to the fact that the reduction of the

rigid C=N bond has resulted in flexibility to the ligand

which is likely to be reflected by the construction of a

coordination polymer. This study has thus exemplifies the
Fig. 7 Ball-and-stick diagram of 4a. The perchlorate anion is omitted

for clarity

Fig. 8 a A portion of the 1D coordination polymer in 4a showing

intermolecular interactions; b hydrogen bonds between polymeric

chains in 4a
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role of sulfonate as well as flexible ligand backbone in the

construction of coordination polymers [44].

Experimental

Materials

All chemicals were purchased from Aldrich and used

without further purification. Reagents used for the physical

measurements were of spectroscopic grade.

Physical measurements

The elemental analyses were performed in the microana-

lytical laboratory, Department of Chemistry, National

University of Singapore. 1H NMR and 13C NMR spectra

were recorded on a Bruker ACF 300FT-NMR spectrometer

operating in the quadrature mode at 300 MHz. Infrared

spectra (KBr pellet) were recorded using an FTS165

Bio-Rad FTIR spectrophotometer in the range of

4,000–400 cm-1. ESI mass spectra were recorded on a

Finnigan MAT LCQ mass spectrometer using the syringe

pump method. Solvent present in the compounds was

determined using an SDT 2960 TGA thermal analyzer with

a heating rate of 5 �C min-1 from room temperature to

200 �C in a N2 atmosphere using a 5–10 mg sample per

run. The electronic transmittance spectral data were

recorded on a Shimadzu UV-2501 PC UV–Vis spectro-

photometer in the wavelength of 200–800 nm using Nujol

mulls and in MeOH solution.

Synthesis of ligands

All the ligands have been synthesized by Mannich con-

densation of pyridine-2-aldehyde and the corresponding

amino acids following by reduction of the C=N bond. The

synthetic procedures of the ligands are similar. Pyridine-2-

aldehyde (1.07 g, 10 mmol) in MeOH (10 mL) was added

to a solution of the corresponding amino acid (10 mmol) in

H2O (10 mL) containing NaOH (0.40 g, 10 mmol). The

yellow solution was stirred for 30 min at room temperature

prior to cooling in ice bath. NaBH4 (0.45 g, 12 mmol) was

added to reduce the intermediate Schiff base. The solution

was stirred for another 1 h before acidified with acetic acid

to pH 4. Then the solvent was evaporated to dryness and

methanol was added to extract the product. Excess of Et2O

was added to get the yellowish precipitate. The precipitate

was filtered under nitrogen and dried under vacuum. Owing

to the hygroscopic nature, isolation of analytical pure

ligand was not possible in our hands, therefore exact yield

and consistent elemental analysis results could not be

obtained. Nonetheless, all the ligands have been isolated as

acetic acid salts and characterized by 1H NMR and
13C NMR to elucidate the chemical structure.

N-(2-pyridylmethyl)-b-alanine (HPbal)

1H NMR (D2O, ppm): d 8.58 (d, 1H, Py), 7.91 (dt, 2H, Py),

7.45–7.54 (m, 2H, Py), 4.39 (s, 2H, –CH2NH), 3.30 (t, 2H,

–NHCH2), 2.61 (t, 2H, –CH2COOH). 13C NMR (D2O,

ppm): d 180.61 (–COOH), 152.84, 152.1, 141.20, 127.19,

126.78 (Py), 53.63 (–CH2NH), 47.00 (–CH2NH), 34.94

(–CH2COOH).

N-(2-pyridylmethyl)-amino ethane sulfonic acid (Hpae)

1H NMR (D2O, ppm): d 8.63 (d, 1H, Py), 7.95 (dt, 2H, Py),

7.49–7.57 (m, 2H, Py), 4.45 (s, 2H, –CH2NH), 3.56 (t, 2H,

–CH2SO3H), 3.35 (t, 2H, –NHCH2). 13C NMR (D2O,

ppm): d 153.15, 152.05, 141.19, 127.08, 126.62 (Py), 54.06

(–CH2NH), 49.54 (–CH2SO3H), 45.65 (–CH2NH).

Synthesis of complexes

Caution! Perchlorate salts are potentially explosive. Care

must be exercised while handling although we have not

encountered any unpleasant situation.

[Cu(Pbals)(H2O)2]ClO4�H2O 1

Pyridine-2-aldehyde (0.054 g, 0.5 mmol) in MeOH (2 mL)

was added to a solution of b-alanine (0.045 g, 0.5 mmol) in

H2O (2 mL) containing NaOH (0.02 g, 0.5 mmol). The

yellow solution was stirred for 30 min. Copper perchlorate

hexahydrate (0.185 g, 0.5 mmol) in MeOH (2 mL) was

added to the solution to facilitate in situ complexation. The

mixture was stirred for 30 min and filtered. The block-like

blue crystals were obtained from the filtrate and then

dried in air. Yield: 0.13 g, (74%). Anal. Calcd. for

C9H11N2O7ClCu (358.19): C, 30.18; H, 3.10; N, 7.82;

found: C, 30.66; H, 3.18; N, 7.57%. IR (KBr, cm-1): t(OH)

3455; t(C=N) 1620; tas(COO-) 1585; tas(COO-) 1443.

Calcd. TG weight loss for 1 H2O 4.8%; found 4.9%. ESI–

MS [Cu(Pbals)(H2O)2]? 271.8. UV–Vis (kmax (nm),

e(M-1 cm-1)): (methanol) LMCT, 289(1550); d–d transi-

tion, 703(90); (Nujol mull) LMCT, 679; d–d transition,

295.

[Cu(Pbal)(ClO4)(H2O)] 2

To a solution of Hpbal (0.09 g, 0.5 mmol) in MeOH

(5 mL), Cu(ClO4)2�6H2O (0.185 g, 0.5 mmol) in MeOH

(5 mL) was added. The mixture was stirred for 30 min and

filtered. Block-like blue crystals were obtained from the

J Incl Phenom Macrocycl Chem (2011) 71:557–566 563

123



filtrate by slow evaporation. Yield: 0.05 g, (25%). Anal.

Calcd for C9H13N2O8ClCu (376.21): C, 28.73; H, 3.48; N,

7.45; found: C, 28.31; H, 3.52; N, 7.30%. IR (KBr, cm-1):

t(OH) 3518; t(N–H) 3249; tas(COO-) 1617; ts(COO-)

1445. Calcd. TG weight loss for 1 H2O 5.0%; found 5.0%.

ESI–MS [Cu(Pbal)(CH3OH)]? 273.7. UV–Vis (kmax (nm),

e(M-1 cm-1)): (methanol) LMCT, 256(4760); d–d transi-

tion, 693(690); (Nujol mull) LMCT, 723; d–d transition,

251.

[Cu2(Paes)2(ClO4)2]�2H2O 3

Pyridine-2-aldehyde (0.054 g, 0.5 mmol) in MeOH (2 mL)

was added to a solution of amino ethane sulfonic acid

(0.063 g, 0.5 mmol) in H2O (2 mL) containing NaOH

(0.02 g, 0.5 mmol). The yellow solution was stirred

for 30 min. Copper perchlorate hexahydrate (0.185 g,

0.5 mmol) in MeOH (2 mL) was added to the solution to

facilitate in situ complexation. The mixture was stirred for

30 min and filtered. Vapor diffusion of Et2O into the fil-

trate afforded rod-like green crystals. Yield: 0.14 g, (35%).

Anal. Calcd. for C16H22N4S2O16Cl2Cu2 (788.50): C, 24.37;

H, 2.81; N, 7.11; S, 8.13; found: C, 24.18; H, 2.62; N, 6.91;

S, 7.97%. IR (KBr, cm-1): t(OH) 3470; t(C=N) 1651;

t(SO3
-) 1386, 1072. Calcd. TG weight loss for 2 H2O

4.6%; found 4.9%. ESI–MS [Cu(Paes)(CH3OH)]? 307.8.

UV–Vis (kmax (nm), e(M-1 cm-1)): (methanol) LMCT,

287(16210); d–d transition, 692(290); (Nujol mull) LMCT,

704; d–d transition, 292.

[Cu(Pae)(H2O)]ClO4�H2O 4

To a solution of Hpae (0.11 g, 0.5 mmol) in MeOH

(3 mL), Cu(ClO4)2�6H2O (0.185 g, 0.5 mmol) in MeOH

(3 mL) was added. The blue precipitate obtained after

stirring for 1 h was filtered off, wash with MeOH (2 mL),

Et2O (10 mL) and then dried under vacuum. Yield: 0.16 g,

(70%). Anal. Calcd. for C8H15N2S2O9ClCu (414.28): C,

23.19; H, 3.65; N, 6.76; S, 7.74; found: C, 23.92; H, 3.39;

N, 6.85; S, 7.50%. IR (KBr, cm-1): t(OH) 3449; t(NH)

3227; t(SO3
-) 1233, 1178, 1050. Calcd. TG weight loss for

2 H2O 8.7%; found 8.4%. ESI–MS [Cu(Pae)(CH3OH)]?

309.6. UV–Vis (kmax (nm), e(M-1 cm-1)): (methanol)

LMCT, 257(5920); d–d transition, 700(55); (Nujol mull)

LMCT, 254; d–d transition, 692.

Single crystal of 4 were obtained as [Cu(pae)(DMF)

(H2O)]�ClO4 4a by slow evaporation of the reaction mixture

from methanol and DMF. Anal. Calcd. for C11H18N3SO8

ClCu (469.36): C, 28.15; H, 4.29; N, 8.95; S, 6.33; found: C,

27.93; H, 4.32; N, 8.76; S, 6.88.

X-ray crystallography

Single crystals X-ray diffraction measurements were car-

ried out on a Bruker AXS APEX CCD diffractometer. Unit

cell dimensions were obtained with least-squares refine-

ments, and all structures were solved by direct methods.

The program SMART was used for collecting frames of

data, indexing reflections and determination of lattice

Table 2 Crystal data and

structure refinement details for

complexes 1–4a

a R1 = R||Fo| - |Fc||/R|Fo|
b wR2 = [Rw(Fo

2 - Fc
2)2/

Rw(Fo
2)2]1/2

1 2 3 4a
Formula C9H15ClCuN2O9 C9H13ClCuN2O7 C8H11ClCuN2O8S C11H20ClCuN3O9S

M 394.22 360.20 394.24 469.35

T (K) 223 (2) 223 (2) 223 (2) 223 (2)

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic

Space group P21/c P21/c C2/c P21/n

a (Å) 12.8651 (14) 12.2902 (9) 24.4452 (13) 13.2480 (17)

b (Å) 7.4508 (8) 7.7560 (6) 9.0530 (5) 6.6691 (9)

c (Å) 15.8758 (18) 14.4409 (10) 13.0236 (7) 20.339 (3)

b (�) 101.305 (2) 109.410 (2) 111.5390 (10) 96.461 (3)

V (Å3) 1492.3 (3) 1298.31 (16) 2680.9(3) 1785.6 (4)

Z 4 4 8 4

l (mm-1) 1.689 1.921 2.026 1.541

Dcalc (mg m-3) 1.755 1.843 1.954 1.746

Reflections collected 7239 7539 9173 12036

Independent reflections 2146 2417 3068 4103

Rint 0.0203 0.0254 0.0309 0.0405

Goodness-of-fit on F2 1.084 1.057 1.048 1.055

Final R [I [ 2r (I)], R1
a 0.0315 0.0363 0.0300 0.0473

wR2
b 0.0843 0.0896 0.0776 0.1170
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parameters. SAINT [45] for integration of intensity of

reflections and scaling; SADABS [46] was used for

empirical absorption correction and SHELXTL [47] was

used for space group determination, structure solution and

least-squares refinements on F2. Selected crystallographic

data and refinement details are displayed in Table 2. All

the C–H hydrogen atoms were placed in their appropriate

calculated positions using riding models. All the non-

hydrogen atoms except the oxygen of the perchlorate were

refined anisotropically. Soft constraint option SADI was

used to make Cl–O distances in the perchlorate anions

equal. All the hydrogen atoms of the water molecules were

located. In complexes 1, 3 and 4a, all the oxygen atoms of

perchlorate anions were resolved with full occupancy. In 3,

the disordered oxygen atoms in perchlorate anion were

resolved in 0.5 occupancy.

Supplementary material

CCDC 825096–825099 contain the supplementary crys-

tallographic data in CIF format for 1–4a. These data can be

obtained free of charge at www.ccdc.cam.ac.uk/conts/

retrieving.html [or from the Cambridge Crystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;

fax: (international) ?44-1223/336-033; e-mail: deposit@

ccdc.cam.ac.uk].
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