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The interaction of the potentially binucleating enaminoketone, ligand 3,11-diacetyl-2,12-dioxo-5,9-diazatri-
deca-3,11-diene, towards nickel(II), cobalt(II) and copper(II) ions yields square planar complexes. The
interaction of the complexes with ammonia, 1,2-diaminopropane, hydroxylamine and copper(II) acetylaceto-
nate has been investigated. The complexes have been characterized by elemental analyses, UV-vis and IR
spectroscopy, molar conductances, mass spectra, 1HNMR, D.T.A., magnetic and ESR measurements. The
molar conductances in DMF indicate that the complexes are non-ionic. Exposing nickel(II) complex (2)
in CD3OD/D2O (10%) to 60Co �-rays at 77K using a 0.2216Mradh�1 dose, yields a nickel(I), d9 species
with a dx2�y2 ground state. The spectrum shows that annealing above 77K leads to a low-spin, nickel(III),
d7 species with a dz2 ground state. The cobalt(II) complex (3) shows a spectrum with g? > gjj, indicating a
dz2 ground state; however, the copper(II) complex (4) shows a spectrum with gjj > g?, indicating a dx2�y2

ground state. The redox properties of the copper(II) complexes (4 and 13) are discussed.

Keywords: �-Diketones; Ni; Co; Cu

INTRODUCTION

The preparation and reactions of synthetic �-diketones and macrocyclic ligands have
been topics of growing importance in coordination chemistry. Metal complexes of
macrocyclic ligands are found to be stabilized thermodynamically and kinetically rela-
tive to those of corresponding acyclic complexes. Further, they can provide a specific
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geometrical environment for the bound metal ion and hence influence its physicochem-
ical properties. Condensation of N2O2 quadridentate ketoenamine metal complexes
with diamines yields tetraaza-macrocyclic metal complexes, which are used as model
compounds for active sites in enzymes comprising corrin or porphyrin moieties.
Also, various uses have been proposed for such complexes, including the selective
extraction of metal ions from solution and the production of novel catalysts for diverse
reactions such as the hydrolysis or oxidation of organic substrates [1–3].

Binuclear metal complexes are of interest in connection with spin exchange
and charge transfer between the metal ions and in the domain of metalloenzymes
and homogeneous catalyses. Binuclear copper(II) complexes obtained from the reaction
of aromatic diamines and salicylaldehyde or 2-hydroxynaphthaldehyde have been
synthesized and characterized [4]. The present study involves the preparation and
characterization of nickel(II), cobalt(II) and copper(II) complexes of 3,11-diacetyl-
2,12-dioxo-5,9-diazatrideca-3,11-diene and also, their reactivity towards ammonia,
1,2-diaminopropane, hydroxylamine and copper(II) acetylacetonate compounds.

EXPERIMENTAL

All chemicals and solvents were reagent grade commercial materials and used
as received. C, H and N analyses were determined at the Analytical Unit of Cairo
University, Egypt. Metal analyses were made on a Shimadzu AA-660 atomic absorp-
tion/flame emission spectrophotometer. All complexes were dried in vacuo over P2O5.
IR spectra (as KBr or CsBr pellets and as nujol mull) were recorded on a Perkin-
Elmer 681 spectrophotometer. Electronic spectra were recorded on a Perkin-Elmer
550 spectrometer. 1HNMR spectra were obtained on a Bruker AM 300MHz instru-
ment with Me4Si as internal reference. Mass spectra were recorded with a micromass
18B mass spectrometer. Magnetic susceptibilities were measured at 25�C by the
Gouy method with mercuric tetrathiocyanatocobaltate(II) as the magnetic susceptibil-
ity standard. Diamagnetic corrections were made using Pascal’s constant [5]. Magnetic
susceptibilities were measured at 25�C from the equation: �eff ¼ 798ð�mTÞ

1=2. Molar
conductances were measured on a tacussel-type CD6NG conductivity bridge using
10�3M DMF solutions. Differential thermal analysis (DTA) was carried out in air
(20–800�C) using a Shimadzu DT-30 thermal analyzer. Cyclic voltammetry was mea-
sured in 2� 10�3M DMF solution containing 0.1M as supporting electrolyte, using
a gold working electrode. All ESR measurements from 77K up to 300K were carried
out using a Varian E-109, X-band spectrometer (Leicester University, England).
Complex 2 was irradiated in a Vickrad 60Co source at 77K with dose rate
0.2216Mrad h�1. The spectrometer was calibrated using standard samples, such as
the stable radical, �,�-diphenyl �-picryl hydrazyl (DPPH) [6]. X-ray powder diffraction
patterns were carried out using a Shimadzu XD-3 diffractometer. TLC of all complexes
confirmed their purity.

Synthesis of the Compounds

3-(Ethoxyvinylidene)-2,4-pentanedione and Compound 1 were prepared according to
literature methods [7,8].
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Preparation of Complexes 2, 3 and 4

To the ligand (0.017mol) dissolved in ethanol (50 cm3) was added the appropriate salt
dissolved in ethanol (30 cm3): 4.2 g Ni(OAc)2 � 4H2O for Complex 2, 4.21 g
Co(OAc)2 � 4H2O for Complex 3; 3.4 g Cu(OAc)2 �H2O for Complex 4. The mixture
was heated at reflux for 1 h. On cooling to room temperature and reducing the
volume, a precipitate appeared which was filtered off, washed with ethanol and sub-
sequently dried over P2O5.

Preparation of Complexes 5, 6 and 7

In a 100-cm3 short-necked round-bottomed flask, Complex 2 (0.006mol) was taken
in ethanol (30 cm3) and to this was added 0.42 g 1,2-diaminopropane for Complex 5,
0.2 g NH4OH for Complex 6 or 0.57 g acetylacetone for Complex 7, each dissolved
in ethanol (20 cm3). The reaction mixture was heated under reflux for 3 h, then it
was cooled and coloured complexes were filtered off, washed with ethanol and dried
over P2O5.

Preparation of Complexes 8, 9 and 10

Hydroxylamine hydrochloride (0.01mol) was dissolved in pyridine (20 cm3) under
reflux on a water bath. To this solution was added 0.005mol of Complex 2, 3 or 4 in
ethanol (25 cm3) to give the corresponding Complex 8, 9 or 10, respectively. The mix-
ture was heated on a water bath for 5 h. The solution was cooled to room temperature
and the complexes were precipitated by addition of water, filtered off, washed with
water and ethanol and then dried over P2O5.

Preparation of Complexes 11, 12 and 13

To a boiling solution of appropriate salt (0.03mol) [Ni(OAc)2 � 4H2O, (8.0 g) for
Complex 11, Co(OAc)2 � 4H2O, (8.0 g) for Complex 12 and Cu(OAc)2 �H2O (6.4 g)
for Complex 13] and 3-(ethoxy-vinylidene)-2,4-pentanedione (10.0 g, 0.06mol) in etha-
nol (30 cm3) an ethanolic solution (20 cm3) of 1,3-diaminopropane (2.4 g, 0.03mol) was
added slowly with constant stirring. The mixture was boiled under reflux for 4 h. On
cooling, the complexes separated out. They were filtered off, washed with ethanol
and dried over P2O5.

Preparation of Complexes 14, 15 and 16

To a boiling solution of copper(II) acetylacetonate complex (0.005mol) in ethanol
(25 cm3), an ethanolic solution (30 cm3) of equimolar amounts of 8 for Complex 14,
9 for Complex 15 and 10 for Complex 16 was added slowly with constant stirring
and the mixture was boiled under reflux for 5 h. On cooling, the complexes separated
out. They were filtered off, washed with ethanol and dried over P2O5.
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RESULTS AND DISCUSSION

All the newly synthesized complexes [9,10] are coloured crystalline solids, stable in air
and not decomposing after prolonged storage (nine months). The complexes are soluble
in chloroform, acetonitrile, DMF and DMSO, moderately soluble in ethanol and
methanol and practically insoluble in carbon tetrachloride and benzene. The analytical
and physical data (Table I) and spectral data (Tables II and III) are compatible with the
supposed structures (Fig. 1). The elemental analyses were found to be in close agree-
ment with the calculated values for the assigned molecular formulas. The mass frag-
mentation spectral data of the compounds are consistent with the proposed
structures. The observation of the molecular ion allows an unambiguous identification.
The most intense m/z peaks of Compound 1 are listed in Table IV.

The molar conductances in DMF solution are in the 7.1–25.4��1 cm2mol�1 range
(Table I), commensurate with non-electrolytic behaviour [8,11] and consistent with
the expectation of a neutral complex formed by a dianionic ligand with a dipositive
metal ion.

The 1HNMR spectra of Compounds 1 and 8 in CD3Cl show the expected chemical
shifts. Strong resonances at 2.2 and 2.15, 2.4 and 2.26 ppm are ascribed to the protons
of terminal methyl groups (c) and (d) respectively (Fig. 1). Two further peaks at 3.4 and
2.31 (b), 7.8 and 7.72 ppm (a), are due to the protons of methylene and ethylene groups.
Another peak at 2.0 and 1.96 ppm (e) is assigned to the middle methylene group. The
spectra also shows resonances at 10.8 and 11.45 ppm (f ), due to the NH and NOH
groups [8,12]. However, Complex 7 gives resonances at 2.01 and 3.02 ppm due to
CH3 and CH2 protons of the acetylacetone molecule [13]. Complexes 11, 12 and 13

were prepared by reaction of 3-ethoxyvinylidene-2,4-pentandeione with 1,3-diamino-
propane in the presence of M(OAc)2 � nH2O, 2 : 1 : 1 ratios in ethanol [M¼Ni(II),
n¼ 4, 11; M¼Co(II), n¼ 4, 12; M¼Cu(II), n¼ 1, 13]. However, the other complexes
were prepared according to Scheme 1.

IR Spectra

Spectral data of the compounds are given in Table II. Compound 1 reveals intense
bands at 1657 and 1630 cm�1, assigned to the terminal and chelate carbonyl groups
[8,14]. Two �(NH) bands appear at 3475 and 3421 cm�1. Another band at 1575 cm�1

is assigned to the �(C¼C) vibration of aliphatic group [15]. Upon coordination the
chelate �(C¼O) of Compound 1 is shifted (Table II) in the Complexes 2, 3 and 4.
Such a pronounced downward shift (ca. 15 cm�1) in the �(C¼O) implies strong
metal–ligand bonding in the complexes under discussion [16]. The value of the terminal
�(C¼O) remains unaltered during complexation, thus ruling out the possibility of
coordination of the terminal carbonyl group to the metal ions. The strong, broad
band in the 3650–3075 cm�1 range confirms the presence of water in all the complexes
except 2, 5, 7 and 11. In addition, the disappearance of the two �(NH) bands (Table II)
except for Complexes 6, 12 and 13 is presumably due to the coordination to the metal
ion. The band observed in the 1590–1555 cm�1 range is assigned to �(C¼C) of the
aliphatic group. In Complex 5, the band due to chelate carbonyl groups (1615 cm�1)
disappeared and a new band was observed at 1603 cm�1, corresponding to the imino-
groups (Table II); the �(M–O) band also disappeared (570 cm�1) and a new band
was observed at 635 cm�1, which is assigned to �(M–N). These results are consistent
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TABLE I Analytical and physical data of the ligand and its metal(II) complexes

Comp. No./
Suggested formula

Color Yield
(%)

�eff

(BM)
M.P.
(�C)

Molar
conductance

Found (Calcd.) (%)

(��1 cm2mol�1) C H N M

1 [C15H22N2O4] yellow white 85 – 160 7.1 61.5 (61.5) 7.6 (7.4) 9.7 (9.5) –
2 [C15H20N2O4Ni] red 77 diamag. 203 11.6 51.2 (51.3) 5.8 (5.8) 8.0 (8.0) 16.6 (16.7)
3 [C15H20N2O2Co � 2H2O] brown 73 2.2 220 13.2 47.3 (47.1) 6.2 (6.3) 7.2 (7.3) 15.4 (15.5)
4 [C15H20N2O2Cu �H2O] greenish blue 80 1.82 210 16.2 45.8 (64.0) 5.9 (6.1) 6.8 (7.1) 16.0 (16.2)
5 [C18H26N4O2Ni] brown 78 diamag. 220 11.9 55.3 (55.5) 6.6 (6.7) 14.2 (14.4) 15.0 (15.2)
6 [C12H16N2O4Ni � 3½H2O] yellowish brown 72 diamag. 215 13.0 38.8 (38.5) 5.9 (6.1) 7.5 (7.4) 16.1 (15.8)
7 [C20H28N2O6Ni] yellowish green 79 2.83 230 16.1 53.1 (53.2) 6.3 (6.2) 5.9 (6.2) 12.9 (13.1)
8 [C15H22N4O4Ni �H2O] dark orange 72 diamag. 275 18.9 45.0 (45.1) 6.0 (6.0) 13.8 (14.0) 15.0 (14.8)
9 [C15H22N4O4Co �H2O] dark brown 75 2.1 293 22.6 44.9 (45.0) 6.0 (5.9) 13.9 (14.0) 14.9 (14.8)
10 [C15H22N4O4Cu �H2O] dark green 81 1.79 290 19.6 44.8 (44.6) 6.0 (5.9) 14.0 (13.9) 15.8 (15.6)
11 [C15H20N2O4Ni]n brown 80 diamag. 215 19.8 51.1 (51.1) 5.8 (5.9) 8.0 (7.9) 16.6 (16.7)
12 [C30H42N4O8Co �½H2O] green 80 2.0 205 23.0 54.8 (55.0) 6.7 (6.6) 8.7 (8.6) 9.1 (9.0)
13 [C30H42N4O8Cu � 2H2O] green 81 1.71 225 23.5 51.6 (51.8) 6.8 (6.8) 8.5 (8.3) 9.4 (9.3)

Ni Cu
14 [C25H36N4O8NiCu �H2O] green 78 1.91 227 21.2 40.8 (40.7) 5.8 (5.9) 8.4 (8.3) 8.7 (8.5) 9.5 (9.3)

Co Cu
15 [C25H36N4O8CoCu �H2O] violet 76 1.15 220 25.4 42.0 (41.8) 5.6 (5.8) 8.4 (8.5) 9.0 (8.9) 9.7 (9.5)
16 [C25H36N4O8Cu2 � 2H2O] blue 75 1.2 230 24.1 40.6 (40.5) 5.7 (5.9) 8.4 (8.2) 18.8 (18.5)

N
E
W

N
i(II),

C
o
(II)

A
N
D

C
u
(II)

C
O
M
P
L
E
X
E
S

5
1
3

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



with the formation of a macrocyclic complex. Complex 6 shows bands at 1630 and
1343 cm�1, assigned to �(C¼N) and �(C–O) groups respectively [15,16]. However,
Complexes 8, 9 and 10 show a band at 1655 cm�1, assigned to �(C¼O) of the terminal
group. Bands around 3395 cm�1 (Table II) are due to �(OH) of the oxime group. The
lowering of the �(OH) frequencies corresponds to hydrogen bonding of the oxime
group OH. Bands observed in the 1185–1168 and 932–925 cm�1 ranges are assigned
to �(NO) vibrations [17]. It is noteworthy that the chelate �(C¼O) band (Table II) dis-
appears with the appearance of a new band around 1556 cm�1 which is assigned to
�(C¼N) of the oxime group. The lowering of this band is associated with �(C¼N) of
the N-coordination oximato group. The locations of these bands are identical with
those reported for the metal(II) complexes of dioxime ligands [18,19]. In Complexes

TABLE II IR spectra (cm�1) of the ligand and its metal complexes

Comp.
No.

Assignment (cm�1)
�(H2O/H-bonding)

�(N–H)

�(C¼O) �(C¼N) �(C¼C) �(NO) �(MO) �(M–N)

1 3600–3100 1657 – 1575 – – –
3475, 3421 1630

2 – 1657 – 1572 – 570 630
1615

3 3620–3200 1657 – 1570 – 580 668
1618

4 3620–3250 1657 – 1570 – 550 620
1615

5 – 1655 1603 1570 – – 625
635

6 3625–3180 1650 1630 1590 – 535 655
3365, 3320

7 – 1655 – 1557 – 530 655
1645 570
1620
1615

8 3620–3210 1655 1556 1575 – 650 1168
3410 632 932

9 3600–3175 1655 1570 1575 – 662 1172
3400 645 930

10 3600–3180 1655 1580 1575 – 645 1185
3395 638 925

11 – 1657 – 1565 – 560 630
1615

12 3600–3280 1655 – 1565 – 580 670
3170–3275 1618

13 3625–3120 1657 – 1566 – 560 615
3260, 3170 1615

1610
14 3600–3200 1655 1550 1575 1290 595 615

1645 1560 952 550
1618 515
1615

15 3650–3075 1655 1548 1570 1283 545 615
1645 1555 961 520
1618
1615

16 3650–3150 1655 1538 1560 1275 557 660
1645 955 548
1620
1615
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14, 15 and 16, the bands due to the hydrogen bonds in Complexes 8, 9 and 10 disappear
completely, suggesting the cleavage of hydrogen bonds in the parent complexes. The
significant IR spectral bands in the binuclear complexes are 1550–1538 and 1290–
1275 cm�1 ranges, assigned to �(C¼N) of the oxime group and �(NO) stretches,
which are shifted from the original complexes, indicating that the dioxime oxygen
atoms have been coordinated to the copper(II) ion. Complexes 7, 14, 15 and 16 show
bands at 1655, 1645 and 1620, and 1618 and 1615 cm�1 (Table II), corresponding to
terminal C¼O groups and coordinated C¼O of acetyl groups [17,20–22]. The com-
plexes show bands in the 670–615 and 595–515 cm�1 ranges due to �(M–N) and
�(M–O) vibrations respectively [15,20,23]. If the molecular geometry of the ligand
does not allow formation of a stable ring involving the metal ion, then polymeric
Complex 11 is formed in the solid state [23,24].

Electronic Spectra

The electronic spectra of the compounds in nujol mull and chloroform solution
are summarized in Table III. The electronic spectrum of Compound 1 in chloroform
shows peaks at 323nm ð"¼ 2:8� 10�4m2mol�1

Þ and 236nm ð"¼ 3:0� 10�4m2mol�1
Þ,

TABLE III Electronic spectra of the ligand and its metal(II) complexes

Comp. No. Medium �max (nm)

1 DMF 323 nm ("¼ 284.7� 10�2m2mol�1)
CHCl3 236 nm ("¼ 292.6� 10�2m2mol�1)

2 N.M. 572, 480, 370
CHCl3 565, 465, 355

3 N.M. 495, 382, 320
CHCl3 470, 365, 310

4 N.M. 535, 450, 310
CHCl3 515, 425, 300

5 N.M. 550, 485, 350
CHCl3 540, 470, 340

6 N.M. 540, 470, 365
CHCl3 525, 460, 345

7 N.M. 650, 435, 330
CHCl3 615, 428, 310

8 N.M. 552, 465, 372
CHCl3 525, 432, 355

9 N.M. 530, 410, 365
CHCl3 515, 390, 328

10 N.M. 560, 495, 380
CHCl3 525, 472, 365

11 N.M. 570, 480, 350
CHCl3 555, 468, 335

12 N.M. 520, 415, 315
CHCl3 500, 390, 305

13 N.M. 625, 412, 351
CHCl3 605, 400, 335

14 N.M. 610, 550, 475, 350
CHCl3 595, 535, 465, 340

15 N.M. 640, 523, 410, 310
CHCl3 615, 505, 380, 300

16 N.M. 650, 580, 470, 360, 305
CHCl3 620, 560, 450, 340, 295

N.M.=nujol mull.
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ascribed to intramolecular electronic transitions. In nujol mull, nickel(II) Complexes 2,
5, 6, 8, 11 and 14 show there are well-defined bands in the 540–572, 465–485 and 350–
372 nm ranges; however, in chloroform, the peaks appear in the 525–565, 432–470 and
335–355 nm ranges, assigned to 1A1g !

1A2g,
1A1g !

1A1g and 1A1g !
1Eg transitions

respectively, consistent with square-planar geometry [21]. However, complex 7 in
nujol mull shows two well-defined bands at 650 and 435 nm. In chloroform, the
peaks appear at 615 and 428 nm assigned to the 3A2g !

3T2g ð�1Þ and
3A2g !

3T1g ð�2Þ
transitions respectively in an octahedral structure. The third d–d transition band (�3),
which may lie obscured by the more intense charge-transfer band is calculated theor-
etically to lie at 330 nm (nujol) and 310 nm (CHCl3). The �2/�1 value of 1.5 lies in the

FIGURE 1
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range expected for octahedral geometry [22,25]. The electronic spectra of cobalt(II)
Complexes 3, 9, 12 and 15 in nujol mull show three bands at 310–365, 382–415 and
495–530 nm; however, in chloroform the bands appear at 300–328, 365–390 and
470–515 nm. The first two are within the ligand, and the third transition is characteristic
of a square-planar environment and probably arises from the 2A1g transition with
configuration e4gb

2
2a1g [22,26]. The copper(II) Complexes 4 and 10 give three bands in

the nujol mull located at 310, 450, 535 and 380, 495, 560 nm. However, in chloroform,
the bands appear at 300, 425, 515 and 365, 472, 525 nm. The first band is within the
ligand and the other bands correspond to 2B1g !

2Eg and 2B1g !
2A1g transitions

respectively, assuming a square-planar configuration [27].
Complex 13 in nujol mull shows three bands at 351, 412 and 625 nm; however, in

chloroform the peaks appear at 335, 400 and 605 nm. The first two are within the
ligand and the third band corresponds to the 2B1g !

2 Eg transition of a copper(II)
ion in a tetragonally distorted octahedral geometry [28]. Complexes 14, 15 and 16

show an additional band in nujol mull at 610–650 nm; in chloroform it appears at

FIGURE 1 (continued).
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595–615 nm and is assigned to the 2B1g !
2 Eg transition in a tetragonally clongated

octahedron [28].

Magnetic Moments

The magnetic moments for the compounds are shown in Table I. Nickel(II) complexes
2, 5, 6, 8 and 11 are diamagnetic as expected for a square-planar geometry d8 system.
However, for Complex 7 the value of 2.83 BM shows octahedral geometry around the
nickel(II) ion. The cobalt(II) Complexes 3, 9 and 12 have values 2.2, 2.0 and 2.1 BM
respectively, indicating square-planar geometry [29]. The copper(II) Complexes 4 and
10 show values 1.82 and 1.79 BM respectively, corresponding to one unpaired electron
as expected for d9 square-planar copper(II) complexes [30]. However, complex 13 has a
value of 1.71 BM, confirming octahedral geometry [29]. Complexes 14, 15 and 16 have
values of 1.91, 1.15 and 1.2 BM respectively, as expected for the proposed structures.
The low moments of Complexes 15 and 16 may be the result of dimerization and
subsequent antiferromagnetic exchange between the metal(II) ions.

FIGURE 1 (continued).
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Differential Thermal Analysis

Because the IR spectra indicate the presence of water molecules, thermal analyses were
undertaken to ascertain their nature. DTA shows that all the complexes are thermally
stable up to 70�C, when dehydration begins. This is characterized by endothermic peaks
in the range 70–83�C, corresponding to the loss of hydrated water [31]. Complex 13

shows an exothermic peak at 208�C, corresponding to loss of coordinated water
[31,32]. The existence of an exothermic peak in the DTA curve at the same temperature
suggests that Complexes 3, 4, 6 and 12 all provide the same chemical environment [33].

FIGURE 1 (continued).
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The complexes also show an endothermic peak at 205–230�C, the melting points of the
complexes. The products are stable up to 485�C when the organic constituents of the
complexes start decomposing, finally leaving the metal oxide (485–580�C). The
D.T.A. data for the complexes are shown in Table V.

ESR Spectra

Nickel(II) Complex 2 has a diamagnetic, d8 structure, so ESR spectroscopy has not
been applied to the study of its electronic structure. In order to overcome this, the com-
plex was dissolved in CD3ODþD2O (10%) in liquid nitrogen and exposed to 60Co �-
rays at 77K using a 0.2216Mrad h�1 vicrad source for periods up to 5 h. Addition of an
electron to the d8 electronic configuration of the nickel(II) ion resulted in the formation
of a d9 nickel(I) complex. The signals detected from the spectrum is the gk(¼ 2.17) in the
low-field region and g?ð¼ 2:06Þ in the high-field region. In addition, the free radical

FIGURE 1 (continued).

TABLE IV Mass fragmentation spectrum of Compound 1

m/z Rel. abundance Assignment

43 100 [C2H3O]þ

98.5 60 [C2H6O2]
þ

127 100 [C6H8O2N]þ

196 21 [C10H16O2N2]
þ

208 100 [C11H16O2N2]
þ

251 90 [C12H19O3N3]
þ

294.7 100 [C15H21N2O4]
þ
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SCHEME 1.

TABLE V DTA peaks and their assignments for the complexes

Comp. No DTA peaks (�C) Assignments

Endo Exo

3 75 – Dehydration process
220 – M.P. of the complex
– 510 Decomposition of the complex

4 80 – Dehydration process
210 – M.P. of the complex
– 485 Decomposition of the complex

6 80 – Dehydration process
215 – M.P. of the complex
– 518 Decomposition of the complex

7 230 – M.P. of the complex
– 530 Decomposition of the complex

8 85 – Dehydration process
275 – M.P. of the complex
– 300 Braking of H-bonding
– 580 Decomposition of the complex

12 70 – Dehydration process
205 – M.P. of the complex
– 498 Decomposition of the complex

13 – 208 Thermal dissociation of coordinated water
225 – M.P. of the complex
– 500 Decomposition of the complex

14 83 – Dehydration process
227 – M.P. of the complex
– 540 Decomposition of the complex

15 82 – Dehydration process
220 – M.P. of the complex

538 Decomposition of the complex
16 80 – Dehydration process

230 – M.P. of the complex
540 Decomposition of the complex

NEW Ni(II), Co(II) AND Cu(II) COMPLEXES 521

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



signal of the solvent was observed at � 2.0. This spectrum has axial-type symmetry with
gjj > g? > 2:04, suggesting a dx2�y2 ground state [34,35], characteristic of square-planar
geometry [36] for a d9 nickel(I) complex. The complex was annealed above 77K by
decanting the liquid nitrogen from the dewar flask and continuously monitoring the
ESR spectra. Whenever significant changes were observed, the complex was recooled
to 77K for study. Analysis at 77K shows an axial-type spectrum with new features,
at gk(¼ 2.05) and g?ð¼ 2:12Þ; g? > gjj > 2:0. This observation is consistent with the
existence of a low-spin nickel(III), d7 system with the unpaired electron in the dz2 orbital
of a square-planar geometry [35,37]. The nickel(III) complex is formed by the reaction
of the nickel(II) complex with solvent radicals, e.g.

ðNi2þÞLþ
.OH ! ðNi3þÞLþ�OH

ðNi2þÞLþ
.R ! ðR�

Þ�ðNi3þÞL

The ESR spectra of solid Complex 3 at room temperature and 77K show a broad
signal, indicating that spin-exchange interactions take place between the cobalt(II)
ions [38]. The ESR spectrum of this complex in CD3OD/D2O (10%) at 77K is
characteristic of a low-spin monomeric species, with d7 configuration. The line
widths are anisotropic. The spectrum exhibits two features assigned to gk(¼ 2.03) and
g? ð¼ 2:29Þ, which are characteristic of square-planar geometry [39]; g? > gjj >
2:0023, indicating a dz2 ground state [40,41].

The ESR spectra of Complex 4 were recorded at both room and liquid nitrogen
temperatures. These spectra show marked broadening and loss of hyperfine splitting,
suggesting spin-exchange interactions between the copper(II) sites [42]. The shift of
the signal in the low-field region to a slightly lower value at 77K indicates stronger
metal–ligand bonding, consistent with a flattening of any tetrahedral distortion present
in this complex at room temperature [36]. However, in CD3OD/D2O (10%) at 77K, the
spectrum shows four lines in the low-field region and a broad line in the high-field
region with gk(¼ 2.18) and Ak(200G) with g?ð¼ 2:06Þ, (giso¼ 2.1) indicating a dx2�y2

ground state and an essentially square-planar geometry around the copper(II) ion
[43]. The gk/Ak value can be used to determine the stereochemistry of the copper(II)
complex [44]; the range reported for square-planar complexes is 105–135 cm�1 and
for tetrahedrally distorted complexes 150–250 cm�1. The gk/Ak value is 109 cm�1, in
the range expected for square-planar complexes. The g-values are related by the expres-
sion [32,44], G ¼ ðgk � 2Þ=ðg? � 2Þ; if G>4.0, local tetragonal axes are aligned parallel
or only slightly misaligned; if G<4.0, significant exchange coupling is present. In this
case the G value is 3.0, indicating that a spin-exchange interactions take place. The
gk-value in copper(II) complexes can be used as a measure of the covalent character
of the metal–ligand bond. If gk � 2.3, the environment is essentially ionic and gk<2.3
indicates covalent bond character. The gk value indicates covalent bond character in
this complex [45].

Electrochemistry

The redox properties of copper(II) Complexes 4 and 13 were examined by cyclic vol-
tammetry in dimethylformamide solutions containing 0.1M LiCl as supporting electro-
lyte at a gold electrode at scan rates varying from þ 0.4 to �1.50V. Complex 4 shows
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three reduction peaks at E0
Pc ¼ �0:41, E2

Pc ¼ �1:05 and E3
Pc ¼ �1:26V respectively, and

two oxidation peak at E1
Pa ¼ þ0:32 and E2

Pa ¼ þ0:05 V. The two reduction peaks
at �0.41 and �1.26V may be attributed to CuII/CuI and CuI/Cu redox processes re-
spectively, while the two oxidation peaks at þ 0.05 and þ 0.32V correspond to the
Cu/CuI and CuICuII redox processes respectively. The huge difference between EPc

and EPa in both cases suggests that a chemical change is occurring with electron trans-
fer, possibly a structural reorganization of the copper coordination sphere [46,47]. The
reduction peak at �1.05V can be attributed to reduction of the ligand itself. However,
the redox behaviour of the binuclear copper(II) Complex 13 has been investigated as a
2� 10�3M solution in dimethylformamide containing 0.1M LiCl at a gold electrode.
The behavior of this complex is typical of most binuclear complexes [42]. The scan
from þ 0.6 to � 0.6V shows two cathodic peaks at E1

Pc ¼ �0:046 and E2
Pc ¼ �0:32V

and two anodic peaks at E1
Pa ¼ þ0:31 and E2

Pa ¼ þ0:12V. These peaks can be assigned
to the following processes:

½CuIICuII� ����*)���

�0:046

þ0:31

½CuICuII� ����*)���

�0:32

þ0:12

½CuICuI�

However, the complete scan in the range of þ 0.4 to �1.7V shows four cathodic peaks
at E1

Pc ¼ �0:21, E2
Pc ¼ �0:47, E3

Pc ¼ �1:04 and E4
Pc ¼ �1:40V. The cathodic peaks at

�0.21, �0.47 and �1.40V could be assigned to [CuIICuII]/[CuICuII], [CuICuII]/[CuICuI]
and [CuICuI]/[Cu] redox processes, respectively [46,48], while the peak at � 1.40V could
be attributed to reduction of the ligand itself. Only one anodic peak at E1

Pa ¼ þ0:21V
was observed.

X-ray Diffraction

X-ray diffraction patterns were obtained for the ligand and its nickel complexes. The
ligand pattern has strong lines, indicating a high degree of crystallinity. Comparing
the patterns from the ligand and its complexes shows that the square-planar complexes
are more highly crystalline than the distorted octahedral complexes. This can be
inferred from the peak intensities [49]. The order of the degree of crystallinity is
1>11>6>2>8>14>7.
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