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Abstract Two new square-planar Ni(II) complexes,

[NiL1(NCS)] (1) and [NiL2(N3)] (2) have been synthesized

with the unsymmetrical tridentate Schiff base ligands

[(CH3)2NCH2CH2N=C(CH3)CH=C(OH)(C6H5)], L1H, derived

from benzoylacetone and 2-dimethylaminoethylamine and

[(CH3CH2)2NCH2CH2N=C(CH3)CH=C(OH)(C6H5)], L2H,

derived from benzoylacetone and 2-diethylaminoethylamine,

respectively. The complexes have been characterized by

elemental analysis, FT-IR, UV-Vis spectroscopy, electro-

chemical and thermal methods (where applicable).

Structures have been established by the single-crystal

X-ray diffraction technique which reveals the discrete

nature of the complexes in which the metal centers adopt a

distorted square planar geometry. Coordination environ-

ments of the metal ions in the complexes are satisfied with

two different unsymmetrical Schiff base ligands having

similar N2O donor sets and a terminal pseudohalide anion

(thiocyanate for 1 and azide for 2).

Introduction

Multidentate Schiff base ligands play an important role in

the development of coordination chemistry as they readily

form complexes, which have reasonable stability, with

most of the transition metal ions [1–3]. These Schiff base

transition metal complexes have been of great interest for

many years [4] due to their important roles in catalysis and

enzymatic reactions, magnetism, and enhanced efficiency

as therapeutic agents [5, 6]. They are once again topical in

connection with self-assembling cluster complexes [7].

Metal complexes of Schiff bases derived from aromatic

carbonyl compounds have been widely studied in connec-

tion with metalloprotein models because of the versatility

of their steric and electronic properties, which can be

modified by selecting the suitable amine precursors and

ring substituents [8]. They are also known for their sig-

nificant biological activities such as photosynthesis and

transport of oxygen in mammalian and other respiratory

systems [9, 10]. Transition metal complexes with oxygen

and nitrogen donor Schiff bases are of particular interest

[11, 12] for their ability to possess unusual configurations,

structural lability and their sensitivity to molecular envi-

ronments [13]. Amongst them, the enduring popularity of

tridentate Schiff bases stems from the ease with which they

can be synthesized, their versatility and their wide-ranging

complexing ability [14]. Symmetrical Schiff base ligands,

usually obtained by the condensation of a symmetrical

diamine with two molecules of aldehyde/ketone providing

identical moieties on each side of the diamine, have sym-

metrical electronic and steric contributions in the complex.

However, unsymmetrical Schiff base ligands, usually

obtained by an unsymmetrical combination of aldehydes/

ketones with the diamine, allow for tuning of both elec-

tronic properties and steric effects on one side and/or the

other side of the complex. Thus, the performance of

unsymmetrical Schiff base catalysts may be maximised.

Also, unsymmetrical Schiff bases are very important as

they can bind one, two or more metal centers, involving
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various coordination modes, and allow successful synthesis

of homo and/or heteronuclear metal complexes with

interesting stereochemistries [15–18].

On the other hand, the chemistry of nickel complexes

with multidentate Schiff base ligands has attracted atten-

tion because this metal can exhibit several oxidation states.

Such complexes play an important role in bioinorganic

chemistry and redox enzyme systems, and may provide the

basis of models for active sites of biological systems or act

as catalysts [19, 20]. Pseudohalides, especially azide,

thiocyanate and cyanate, are useful as coligands for their

versatile coordination modes in the formation of mono-, di-

or poly-nuclear complexes [21]. However, it has been

demonstrated that the azido group inhibits enzymatic

reactions [22, 23]. Thus, the investigation of nickel–azide

complexes recently has had special importance in under-

standing the role of the metal ion in biological reactions.

We have previously reported work on L1H in one

mononuclear Ni(II) complex [24] and in di- and poly-

nuclear Cu(II) complexes [25], with L2H in three mononu-

clear Cu(II) complexes [24, 26], and also with various other

tridentate Schiff base ligands in the presence of coordinating

NNN-, SCN- and OCN- anions in mononuclear Ni(II)

complexes [19]. Here we discuss the coordination behavior

of two unsymmetrical tridentate N2O donor ligands from the

Schiff bases L1H and L2H (Scheme 1) in combination with

pseudohalides (thiocyanate and azide) towards Ni(II) cen-

ters. This paper describes the synthesis, elemental analyses,

spectroscopic studies, crystal structures, thermal and

electrochemical investigations of two new mononuclear

complexes [NiL1(NCS)] (1) and [NiL2(N3)] (2) in which the

pseudohalides display terminal bonding mode.

Experimental

Materials

All the chemicals and solvents used for the synthesis

were of reagent grade. 2-dimethylaminoethylamine (Fluka,

Germany), 2-diethylaminoethylamine, benzoylacetone,

sodium azide, sodium thiocyanate, nickel(II) acetate tetra-

hydrate, and Ni(ClO4)2 � 6H2O (Sigma-Aldrich, USA) were

used as received without further purification.

Caution! Azido compounds of metal ions are potentially

explosive especially in presence of organic ligands. Though

no difficulties have been encountered during the preparation

and characterization of our complexes, only a small amount

of materials should be prepared and handled with care.

Physical measurements

Elemental analyses (C, H and N) were performed on a

Perkin-Elmer 2400 II elemental analyzer. Nickel was

analysed by atomic absorption with a Hitachi Z-8200

atomic absorption spectrophotometer. The infrared spectra

of the complexes were recorded on a Perkin-Elmer RX I

FT-IR spectrophotometer with KBr pellets in the range of

4,000–200 cm-1. The electronic spectra were measured on

a Perkin-Elmer Lambda 40 (UV–Vis) spectrophotometer in

dichloromethane. Electrochemical studies were performed

on a CH 600A cyclic voltammeter instrument using

acetonitrile as solvent. Thermal analyses were carried out

at a heating rate of 10 �C/min with a Mettler-Toledo Star

TGA/SDTA-851e thermal analyzer system in a dynamic

atmosphere of N2 (flow rate 30 ml/min) in an alumina

crucible for the range 25–350 �C.

Preparation of the ligands and complexes

Synthesis of the Schiff base L1H

CH3ð Þ2NCH2CH2N=C CH3ð ÞCH=C OHð Þ C6H5ð Þ
� �

The proligand L1H was prepared by refluxing benzoylace-

tone (0.811 g, 5 mmol) and 2-dimethylaminoethylamine

(0.545 ml, 5 mmol) in 50 ml of methanol for half an hour.

The resulting yellow solution containing the tridentate

Schiff base was used without further purification.

Synthesis of the Schiff base L2H

CH3CH2ð Þ2NCH2CH2N=C CH3ð ÞCH=C OHð Þ C6H5ð Þ
� �

The proligand L2H was prepared by the same procedure as

used for L1H except that 2-diethylaminoethylamine was

used instead of 2-dimethylaminoethylamine. Benzoylace-

tone (0.811 g, 5 mmol) was refluxed with 2-diethylamino-

ethylamine (0.711 ml, 5 mmol) in 50 ml of methanol for
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Scheme 1 Synthetic scheme of Schiff bases
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half an hour. The resulting mixture gave a yellow solution

containing the tridentate Schiff base and was used without

further purification.

Synthesis of the complex [NiL1(NCS)] (1)

To a methanolic solution (30 ml) of nickel(II) acetate

tetrahydrate (0.248 g, 1 mmol), 10 ml methanolic solution

of L1H (1 mmol) was added followed by the slow addition,

with constant stirring, of 5 ml aqueous solution of sodium

thiocyanate (0.081 g, 1 mmol). The mixture was stirred for

10 min and filtered. The filtrate was kept undisturbed at 5 �C

in a refrigerator for four days. Red crystals of 1 suitable for

X-ray diffraction were obtained on slow evaporation of the

solvent. Crystals were isolated by filtration and air-dried.

Yield: 65% with respect to the metal substrate. Anal.: Calc.

for [C15H19N3NiOS]: C, 51.76; H, 5.50; N, 12.07; Ni, 16.86.

Found: C, 51.72; H, 5.52; N, 12.05; Ni, 16.85%.

Synthesis of the complex [NiL2(N3)] (2)

10 ml solution of L2H (1 mmol) was added to 30 ml

methanolic solution of Ni(ClO4)2 � 6H2O (0.365 g,

1 mmol), followed by mixing, with constant stirring for

10 min, with 10 ml of an aqueous solution of sodium azide

(0.065 g, 1 mmol). This mixture was filtered and the fil-

trate was kept at room temperature for 3 days yielding deep

red crystals of 2 suitable for X-ray diffraction. Crystals

were isolated by filtration and air-dried. Yield: 68% with

respect to metal substrate. Anal.: Calc. for [C16H23N5NiO]:

C, 53.37; H, 6.44; N, 19.45; Ni, 16.30. Found: C, 53.30; H,

6.42; N, 19.43; Ni, 16.29%.

Crystal structure determination and refinement

A deep red rectangular block shaped crystal of 1 was fixed

on a glass fibre with epoxy resin and mounted on a

Nonius CAD4 diffractometer equipped with scintillation

counter and graphite monochromatized Mo-Ka radiation

(k = 0.71069 Å). The deep red prism crystal of 2 was

mounted in oil on a glass fibre and fixed in the cold nitrogen

stream on an Oxford Xcalibur-3 CCD diffractometer

equipped with graphite monochromatized Mo-Ka radiation.

Structures of both the complexes were determined by the

direct methods routines in the SHELXS program [27] and

refined by full-matrix least squares methods, on F2s, in

SHELXL [27]. The non-hydrogen atoms were refined with

anisotropic thermal parameters. Hydrogen atoms were

included in idealised positions and their Uisovalues were set

to ride on the Ueq values of the parent carbon atoms. The

crystallographic data and the refinement results are listed in

Table 1. All graphical works has been done using ORTEP

[28] program.

Results and discussion

Infrared spectra

The solid-state FT-IR spectra of 1 and 2 are fully consistent

with their structural data as revealed from X-ray studies.

The weak-broad bands in the region 3250–3350 cm-1 due

to the hydrogen bonded OH group in the free Schiff bases

are absent from the IR spectra of 1 and 2, indicating the

coordination of enolic oxygen atoms of the Schiff bases to

the metal centers. The strong m(C=N) bands in the range of

1617–1611 cm-1, observed for the free Schiff bases are

shifted slightly towards lower frequencies (*1603 cm-1)

indicating the coordination of azomethine nitrogen atom

with the metal centers [29]. Coordination of the ligands is

further substantiated by the bands at 459 and 462 cm-1,

assignable to m(Ni–N) observed for 1 and 2, respectively, and

at 360 and 358 cm-1, assignable to m(Ni–O) stretching fre-

quencies. The m(CN) absorption at 2103 cm-1 as a single

peak for 1 suggests the presence of an N-coordinated ter-

minal NCS group, and ma(NNN) at 2021 cm-1 as a single

peak for 2 indicates the presence of a terminal azide ion

[30].

Electronic spectra

The electronic spectra of 1 and 2 were recorded in aceto-

nitrile solvent. Each spectrum consists of two low energy

bands. Bands at 425 and 330 nm for 1, and 421 and

322 nm for 2, correspond to the d–d transition in square-

planar nickel complexes [31].

Electrochemical studies

Electron transfer properties of the complexes were studied at

room temperature using acetonitrile as solvent, a platinum

electrode, a scan rate of 50 mVs-1 and tetrabutylammonium

perchlorate as supporting electrolyte. The cyclic voltam-

mograms of 1 and 2 show irreversible oxidative responses

at ?0.97 and ?0.94 V, respectively due to Ni(II)-Ni(III)

conversion, and indicate that the Ni(III) species is unstable

and undergoes rapid decomposition in both complexes.

Thermal analysis

The thermal decomposition trace of 1 has been recorded.

The thermal study of 2 was not carried out in order to avoid

potential explosion of azide. The TGA experiment of 1

indicates that this is stable up to *195 �C and then begins

to lose the Schiff base in two steps between 195–240 and

240–330 �C. The intermediates could not be identified due

to their immediate transformation but total mass loss cor-

responds to one equivalent of Schiff base. Further
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decomposition finally leads to a black residue of nickel(II)

oxide.

Description of the crystal structures of 1 and 2

The crystal structures of 1 and 2, with the atom num-

bering schemes, are shown in Figs. 1 and 2, respectively.

Selected bond lengths and angles for both complexes are

given in Table 2. Each complex consists of one Ni(II)

ion, one pseudohalide ligand, and one tridentate Schiff

base anion ligand. The central Ni(II) ion displays a dis-

torted square planar geometry in both complexes. The

four coordination sites of 1 are occupied by a N2O donor

set of the unsymmetrical Schiff base L1 and the N-atom

of a terminal thiocyanate ion; complex 2 is similarly

coordinated by the unsymmetrical Schiff base L2 and the

N-atom of a terminal azide ion. Distortion of the ideal

square-planar geometry in each case is evident from the

bond distances, bond angles, and the deviations of the

metal ions from the mean square-planes. The coordination

bond lengths in 2 are longer than corresponding lengths in

1, resulting, in part, from the greater steric demand of the

two ethyl substituents on N(7) in 2, compared to the two

methyl substituents in 1. In each complex, the Ni-N(7)

bond length (to the amino N-atom) is significantly longer

than the other coordination bonds. There is considerable

deviation of the cisoid and transoid angles from the ideal

90� and 180� values in both complexes. Deviations of the

central Ni(II) ion from the least-squares planes through

O(1), N(4), N(7), and N(8) for 1 and 2 are 0.040(2) and

0.0525(7) Å, respectively. The NCS- and NNN- ions in

1 and 2 remain almost linear, but coordination to the

metal ion shows much greater deviation from linearity in

2 than in 1. The NNN- ligand in 2 is bent away from the

ethyl groups and slightly out of the coordination plane. In

both complexes, the phenyl ring remains almost coplanar

with the coordination plane due to some conjugation with

the pseudo aromatic system present.

The principal intermolecular contacts in both com-

pounds appear to be C–H���p interactions. In 1, the C(31)-

H(31c) bond is directed towards the centre of the C(11–16)

ring of an adjacent molecule and these contacts link mol-

ecules in pairs about centres of symmetry; also, the C(71)-

H(71b) bond points from the opposite side to one end of the

Table 1 Crystallographic and

refinement data for 1 and 2
1 2

Empirical formula C15H19N3NiOS C16H23N5NiO

Formula weight 348.1 360.1

Temperature (K) 293(2) 140(1)

Crystal system Monoclinic Monoclinic

Space group P21/a (equivalent to no. 14) P21 (no. 4)

Unit cell parameters: a (Å) 20.775(3) 7.6153(6)

b (Å) 11.883(2) 10.5744(10)

c (Å) 6.690(2) 10.4013(9)

a (�) 90 90

b (�) 96.54(2) 101.889(7)

c (�) 90 90

V (Å3) 1640.8(7) 819.62(12)

Z 4 2

Calculated density (Mg/m3) 1.409 1.459

Absorption coefficient (l/mm-1) 1.311 1.195

F(000) 728 380

Crystal size (mm) 0.26 9 0.12 9 0.05 0.30 9 0.24 9 0.09

h Range for data collection (�) 2.0–25.0 3.8–30.0

Reflections collected 4034 13328

Independent reflections 2867 [Rint = 0.021] 4737 [Rint = 0.039]

Observed reflections [I [ 2r(I)] 1685 4378

R indices (all data) R1 = 0.077, wR2 = 0.085 R1 = 0.026, wR2 = 0.051

Final R indices [I [ 2r(I)] R1 = 0.038, wR2 = 0.068 R1 = 0.023, wR2 = 0.050

Goodness-of-fit on F2 1.026 0.990

Absolute structure parameter, x – -0.004(7)

Largest diffraction peak and hole (e.Å-3) 0.24 and -0.22 0.28 and -0.22
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C(11–16) ring and links molecules around a twofold-screw

symmetry axis parallel to the b axis. In compound 2,

C(31)–H(31a)���C(11–16) contacts link molecules by

translation along the a axis, and the methylene C(71)–

H(71b) bond makes close contact with a neighbouring

chelate ring and thus forms chains along a 21 symmetry

axis parallel to the b axis.

A comparison of 1 and 2 with our previously reported

Cu(II) and Ni(II) complexes [24] indicates that the differ-

ences in bond distances, bond angles, and in the deviations

of the metal ions from the mean square-planes between 1

and 2 arise not only from the presence of more bulky ethyl

substituents in 2 compared to the less-steric methyl sub-

stituents in 1, but also from electronic effects of the Schiff

base ligands and metal ion; the alignment and mode of

bonding of the pseudohalogens, also play important roles.

Conclusion

In this paper, we have reported two new square-planar

Ni(II) complexes with unsymmetrical tridentate Schiff base

ligands having N2O donor sets. Fourfold coordination is

completed in each complex by a monodentate pseudohalide

ligand. Both complexes have been characterized by micro-

analytical, spectral, electrochemical and thermal methods.

Structural characterizations by single-crystal diffraction

analysis have also been discussed. Structural analyses

Fig. 1 View of 1, with atom

numbering scheme;

displacement ellipsoids are

drawn at the 50% probability

level (There is disorder in the

ethylene bridge; this has been

resolved, as shown, with

alternative sites C(6a) and

C(6b), but the corresponding

alternative sites for the methyl

atoms C(71) and C(72) have not

been located)

Fig. 2 View of 2, with atom

numbering scheme;

displacement ellipsoids are

drawn at the 50% probability

level
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reveal that a combined effect of the steric and electronic

nature of the ligands and metal ion, in addition to the

alignment and the bonding mode of the pseudohalogens,

control the stability of the complexes.

Supplementary data

CCDC-699998 (1) and 699999 (2) contain the supple-

mentary crystallographic data for this paper. These data

may be obtained free of charge at www.ccdc.cam.ac.uk [or

from Cambridge Crystallographic Data Center, 12, Union

Road, Cambridge CB2 1EZ, UK; Fax: ?44 1223 336 033;

e-mail: deposit@ccdc.cam.ac.uk].
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