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copper(II) complexes of pyridoxal hydrazones

Madan Mohan*, Niranjan K. Gupta, Munesh Kumar
Department of Chemistry, NR.E.C. College, Khurja 203131 (U.P.) (India)

Narendra K. Jha

Department of Chemistry, Indian Institute of Technology, Hauz Khas, New Delhi 110016 (India)

and William E. Antholine

National Biomedical ESR Center, Department of Radiology, Medical College of Wisconsin, Milwaukee, WI 53226 (USA)

(Received October 4, 1991; revised April 13, 1992)

Abstract

Some new binuclear copper(Il) complexes with pyridoxal benzoylhydrazone (PBH), pyridoxal o-hydroxylbenzoyl-
hydrazone (PHBH), pyridoxal picolinoylhydrazone (PPH), pyridoxal nicotinoylhydrazone (PNH), and pyridoxal
isonicotinoylhydrazone (PINH) have been synthesized and characterized by analytical, magnetic, spectral, ESR
and electrochemical methods. All the complexes exhibit normal magnetic moments at room temperature. The
variable temperature magnetic moments, however, indicate the presence of very weak intramolecular antiferro-
magnetic interactions (—2J =90 cm™') in between the copper(Il) centers in the complexes. The ESR spectral
data at 77 K are characteristic of binuclear Cu~Cu complexes and exhibit a seven-line pattern in the Jow field

g, region. The cyclic voltammograms of each complex showed two oxidation waves attributed to Cu,

I1,11 1LY

- Cu,

and Cu,™™ — Cu,™™ processes at significantly low potentials.

Introduction

The study of binuclear copper(II) complexes is a
subject of considerable current interest because of their
structural, magnetic, ESR and electrochemical prop-
erties and also as potential models for a number of
important biological systems containing couple sites
[1-13]. In general, systems of this sort are strongly
antiferromagnetically coupled and mixed-valence cop-
per(L,II) complexes are generated by one-electron re-
duction steps at negative potentials [5, 6] or copper(L1)
species by the transfer of two electrons at the same
negative potential [8, 12]. In a few cases, the electron
delocalization over a pair of copper ions was evidenced
by ESR spectroscopy [14].

Although the oxidation of copper(II) to copper(11I)
is known in many mononuclear tri- and tetrapeptide
complexes [15, 16], the characterization of binuclear
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copper(ILIIT) and -(XILIIT) is still very limited. Mandal
et al. have reported that the dicopper(ILII) complex
of a saturated macrocyclic ligand can be oxidized step-
wise to dicopper(ILIIT) and then to (IXLIIT) [9]. The
mixed valence species has been ‘spin-trapped’ even at
room temperature by ESR spectroscopy. One-electron
oxidation of the trinuclear copper(II) complex of pyr-
idine 2-carboxaldehyde oxime or isonitrosoketimines to
tricopper(1LILIII) species is also known [17]. Recently,
Koikawa et al. have reported the stepwise forma-
tion of binuclear copper(1LIII) and -(IILIH) species
from binuclear complexes of N-(2-hydroxyphenyl)-
salicylamide and homologues with a substituent on the
“2-hydroxyphenyl’ moiety by one-electron oxidation steps
at positive potentials [18]. Except for these, no examples
of synthetic binuclear copper(II) complexes with one-
electron oxidation steps are known.

Hydrazones formed by condensation of substituted
acid hydrazides with aromatic 2-hydroxyaldehydes, B-
diketones, and keto acids of the pyruvic acid type are
well known chelating agents [19]. The most studied
among them are the benzoylhydrazones of 2-hydroxy-
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aldehyde, which can form four types of coordination
with transition metal ions (I-IV).
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The reaction of VO(IV), Mn(1l), Fe(Ill), Fe(Il),
Co(1I), Ni(II) and Cu(IT)transition metal ions with the
benzoylhydrazones of salicylaldehyde, o-hydroxyaceto-
phenone, o-hydroxypropiophenone, o-hydroxybutyro-
phenone and 2-hydroxynapth-1-aldehyde in neutral or
weakly alkaline solution affords mainly complexes con-
taining the enol form of the ligands [20-23]. The variable-
temperature magnetic properties of the complexes con-
taining the deprotonated enol form of benzoylhydra-
zones indicate the presence of antiferromagnetic ex-
change interactions between the paramagnetic metal
ions [22, 23]. On the basis of IR and magnetic studies,
a dimeric structure V was suggested for Fe(III), VI for

IX X

Co(II) and Ni(11), VII for Cu(II) and VIII for VO(IV)
complexes.

The reaction of Ni(II) and Zn(11) acetate with salicyl-
aldehyde benzoylhydrazones yields the complexes con-
taining the enol form (I) and also the keto form (IV)
of the aroylhydrazones. The Zn(II) ion can form oc-
tahedral complexes (IX) with salicylaldehyde benzoy-
lhydrazone and a dinuclear complex with salicylaldehyde
o-hydroxybenzoylhydrazones [24]. The dinuclear struc-
ture X is stabilized due to the formation of an intra-
molecular H bonding in the enol form of the benzoy-
lhydrazones.

The coordination of aroylhydrazones in the keto form
has also been reported [22, 23]. The Mn(II) salt on
reaction with salicylaldehyde benzoylhydrazones and
salicylaldehyde o-hydroxybenzoylhydrazones in ethanol
affords the octahedral complexes with structure IX.

The reaction of copper(Il) chloride with salicyl-
aldehyde benzoylhydrazones affords the mononuclear
copper(Il) complex XI. The salicyloylhydrazones of
salicylaldehyde and o-hydroxyacetophenone also react
with copper(Il) chloride to form complexes of the type
Cu(HL)Cl-nH,O (n=0, 1) [24, 25]; an intcresting point
is that the hydroxyl group in the benzene ring of the
hydroxyl part is not involved in the coordination of the
metal. This paper describes, for the first time, the
characterization and clectrochcmical properties of bi-
nuclear copper(Il) complexes of pyridoxal hydrazones
(XII) undergoing two successive Cu(ll) — Cu(lI) ox-
idation-reduction processcs.
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Experimental

Physical measurement

The variable-temperature magnetic susceptibility data
were obtained in the temperature range 5-300 K by
using a vibrating sample magnetometer, operated at 5
kG. The magnetometer was calibrated with
CuS0,-5H,0, and a calibrated GaAs diode was used
for measuring the sample temperature and temperature
control. For all data, diamagnetic corrections were used
in the calculation of molar paramagnetic susceptibility
[26].

X-band electron paramagnetic resonance spectra
(»=9.1 GHz) in DMSO at liquid nitrogen temperature
were obtained with a Varian E-109 Century Series X-
band spectrometer located at the University of Wis-
consin, MI, USA. DPPH was used as a reference
material. Electronic absorption spectra were recorded
on a Cary model 14 spectrophotometer in DMF and
the IR spectra (Csl disk, 4000-200 cm™') on a Perkin-
Elmer 1430 spectrophotometer.

All electrochemical measurements were carried out
at room temperature in acetonitrile with 0.1 M tetra-
butylammonium perchlorate as the supporting electro-
lyte under a dinitrogen atmosphere with use of a PAR
model 175 universal programmer, model 377A cell
system. A three-electrode system (cyclic voltammetry)
was used in which the working electrode was a platinum
disk and the auxiliary electrode a platinum wire, with
a saturated calomel electrode (SCE) as a reference.
Constant-potential coulometry was performed with a
platinum mesh ‘flag’ working electrode, a platinum
mesh auxiliary electrode, and SCE reference electrode
using a PAR model 173 potentiostat and a PAR model
179 digital coulometer. Dilute solutions (c. 107> M)
of the complexes were used and potentials are ref-
erenced to the saturated calomel electrode. Potentials
are uncorrccted for the junction contributions.

Elemental analysis for C, H and N were carried out
on a Perkin-Elmer model 240C automatic instrument.
The metal was estimated according to a standard pro-
cedure.

Materials

Pyridoxal hydrochloride was purchased from Aldrich
Chemical Co., USA and used without further purifi-
cation. The other starting materials were purchased
from Sigma Chemical Company, St. Louis, USA and
also used without further purification. Organic solvents
were purified according to the published procedure
[27]. Benzoyl hydrazide, 2-hydroxybenzoyl hydrazide,
pyridinoyl hydrazide, nicotinoyl hydrazide and iso-
nicotinoyl hydrazide were synthesized according to the
reported methods [22-24].

Preparation of pyridoxal hydrazones

A solution of pyridoxal hydrochloride (1 mmol), in
its neutral form, in 30 ml of ethanol was heated under
reflux with constant stirring with a solution of appro-
priate hydrazide (1 mmol) in 20 ml of ethanol for about
30 min. After cooling, a yellow microcrystalline product
was obtained, which was filtered and washed with ether
and dried in vacuo over P,O..

Preparation of copper(Il) complexes

A solution of Cu(II)Cl,-2H,0 (5 mmol) in ethanol
(25 ml) was added to a hot solution of appropriate
pyridoxal hydrazone (5 mmol) and heated under reflux
for about 30 min. The resulting green solution was
concentrated on a rotary evaporator to 30 ml and
cooled. The microcrystals of the compound, which
separated from the solution, were filtered, washed with
ethanol and ether, and dried in vacuo over P,O..

Results and discussion

The IR spectra of solid pyridoxal benzoylhydrazone
(PBH), pyridoxal o-hydroxybenzoylhydrazone (PHBH),
pyridoxal picolinoylhydrazone (PPH), pyridoxal nico-
tinoylhydrazone (PNH) and pyridoxal isonicotinoyl-
hydrazone (PINH) exhibit »(N-H) and »(N-H") of
the pyridine ring absorption bands at c¢. 3350s and
3130m, and 2800mb ecm ™', respectively, whose proton-
ation has occurred due to the migration of the phenolic
OH group to the pyridine nitrogen, indicating that the
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TABLE 1. Analytical data of pyridoxal hydrazones and their copper(Il) complexes

Compound Color Found (%) Calc. (%)
C H N C H N

PBH yellow 63.32 5.20 14.78 63.15 5.26 14.73
PHBH yellow 59.78 5.00 13.98 59.80 4.98 13.95
PPH yellow 58.77 4.91 19.55 58.74 4.89 19.58
PNH yellow 58.72 4.90 19.61 58.74 4.89 19.58
PINH yellow 58.79 4.87 19.60 58.74 4.89 19.58
Cu,(PBH),Cl, green 46.94 3.67 10.89 46.99 3.65 10.96
Cu,(PHBH),Cl, brown 45.04 3.47 10.54 45.11 3.50 10.52
Cu,(PPH),Cl, green 43.77 3.40 14.55 43.75 3.38 14.58
Cu,(PNH),Cl, green 43.80 3.36 14.60 43.75 3.38 14.58
Cu,(PINH),Cl, green 43.73 3.38 14.62 43.75 3.38 14.58

TABLE 2. Selected IR spectral data of pyridoxal hydrazones and their copper(II) complexes

Compound v,(NH) »(NH) y(C=N) y(C—-0) o HCu-0) W Cu—-0) v(Cu—N)
"(C“<0>Cu) phenolic enolic

PBH 3350s 3130m 1630vs 1520s,
1280s

PHBH 3350s 3130w 1630vs 1518s,
1280s

PPH 3345s 3132w 1630s 1520m,
1280s

PNH 3345s 3130m 1625s 1515m,
1280s

PINH 3350s 3130m 1625vs 1520m,
1280s

Cu,(PBH),Cl, 1590s 1540s, 725m 440m 340m 410m
1300m

Cu,(PHBH),Cl, 1590s 1540s, 725m 435s 340m 410m
1300m

CU,(PPH),Cl, 1585s 1540m, 730s 435m 340m 415m
1300m

Cu,(PNH),Cl, 1585s 1545m, 725m 445m 340m 415m
1308m

Cu,(PINH),Cl, 1580s 1540s, 730s 440m 340m 410m
1310m

ligands exist in the keto form (I) in the solid state.
However, in solution and in the presence of some metal
ions the ligands may exist in equilibrium with the
tautomeric enol form (II). The tautomer II by the loss
of enolic proton may act as a charged tridentate ligand
coordinating through the phenolic oxygen, the azo-
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methine nitrogen and the carbonyl oxygen atoms. When
a hot ethanolic solution of the free ligands is heated

under reflux with a solution of copper(II) chloride in
ethanol in a 1:1 ratio, green microcrystalline solids of
the general formula Cu,(HL),Cl, (HL =anion of PBH,
PHBH, PPH, PNH or PINH) are obtained. The an-
alytical data are reported in Table 1. The complexes
are soluble in moderate polar and polar solvents but
decompose in water. The molar conductance of the
complexes in acetonitrile at ¢. 107* M at 27 °C are in
the range 230-250 ohm~' cm® mol™! indicating their
bi-univalent behavior in solution [30].

The assignment of some important IR bands of the
free ligands and their copper(II) complexes is reported
in Table 2. The phenolic »(C-O) stretching and bending
vibrations observed at c¢. 1520 and 1280 cm ™' in the
free ligands are displaced to higher frequency by c¢. 20
cm ™ in copper(Il) complexes. The upward shift of the



TABLE 3. Magnetic susceptibility data of the complexes
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Cu,(PBH),Cl, T (K) 297.5 275.0
—2J=97 cm™! Heg (1g) 1.73 1.72
p=0.0039 Xen X 10° 1257 1345
T (K) 90.0 75.0
Here (18) 1.38 1.22
Xem X 10° 2745 2481
T (K) 15.0 12.5
Het (1) 0.40 0.32
Xen X 10° 1341 900
Cu,(PHBH),Cl, T (K) 295.0 250.0
—2J=85 cm™! Hegr (1B) 1.78 1.76
p=0.0042 Xem X 10° 1342 1549
T (K) 47.5 350
Herr (18) 1.07 0.80
Xen X 10° 3013 2287
Cu,(PPH),Cl, T (K) 297.5 262.5
—2J=94 cm™! Mo (1B) 1.77 1.74
p=0.0038 Xem X 10° 1316 1442
T (K) 122.5 105.0
Her (13) 1.51 1.42
Xen X 10° 2327 2400
T (K) 30.0 17.5
Mo (1) 0.65 0.44
Xem X 10° 1760 1382
Cu,(PNH),Cl, T (K) 297.5 255.0
~2J=80 cm™! e (1B) 1.82 1.78
p=0.004 X X 10° 1392 1554
T (K) 45.0 325
Merr (1) 1.06 0.8
X X 10° 3000 2461
Cu,(PINH),Cl, T (K) 300.0 250.0
—2J=78 cm™! Her (15) 2.04 1.93
p=0.0045 Xen X 10° 1734 1862
T (K) 47.5 35.0
He (1t8) 1.01 0.85
X X 10° 2630 2580

250.0 230.0 197.5 150.0 115.0
1.7 1.70 1.67 1.60 1.49
1462 1571 1765 2133 2413
62.5 50.0 38.8 25.0 20.0
1.10 0.94 0.80 0.60 0.50
2420 2210 2602 1800 1562
7.5 4.2

0.21 0.12

667 429

195.0 150.0 107.0 90.0 67.5
1.70 1.64 1.53 1.42 1.22
1853 2241 2616 2722 2756
225 12.5 1.5 4.2

0.60 041 0.25 0.12

2007 1681 1042 428

225.0 195.0 177.6 150.0 140.0
1.72 1.69 1.67 1.61 1.58
1644 1831 1964 2160 2230
92.5 80.0 65.0 47.5 37.5
1.33 1.21 1.07 0.91 0.78
2390 2033 2200 2131 2028
10.0 15 4.2

0.32 0.24 0.13

1280 450

205.0 165.0 112.5 90.0 67.5
1.73 1.68 1.60 1.46 1.27
1825 2138 2844 2960 2987
20.0 12.5 10.0 7.5 4.2
0.60 0.32 0.20 0.12 0.13
2250 1600 1280 666 430
200.0 155.0 112.5 92.5 67.5
1.83 1.71 1.57 1.47 1.24
2093 2358 2738 2920 2847
275 15.0 10.0 42

0.69 0.49 0.34 0.13

2164 2000 1445 430

bands suggests the dimeric structure for the complexes
involving phenoxide bridging [31, 32]. The shift of the
bands towards higher frequency sides is probably con-
sistent with the increase in C-O bond strength for
extended delocalization of the m-system of the azine
moiety [33]. The dimeric nature of the Cu(II) complexes
is further confirmed by the appearance of a
o . S -

ML O>M ring vibration at c¢. 730 cm~' [34, 35]. A
broad band, observed at 2600 cm~' in the
Cu,(PHBH),Cl, complex is assigned to the {OH)
stretching vibration of the 2-hydroxybenzoyl moiety
which is involved in an intramolecular H bonding with
the azomethine nitrogen atom, stabilizing further the
dimeric structure. The Cu(II) complexes do not show
any characteristic bands of amino and amide groups,
indicating that the ligands are coordinating in the enolic
form [23].

The coordination of the azomethine nitrogen atom
to the Cu(Il) ion is indicated by the displacement of

the bands chiefly assigned to the »(C=N) and »(N—N)
stretching vibrations [36]. The spectra of the complexes
exhibit a downward displacement of »(C=N) from c.
1630 cm ! for ligands to ¢. 1590 cm™! and »(N—N)
from c. 980 cm ™' to ¢. 960 cm~'. The changes are
indicative of the coordination of the azomethine nitrogen
atom to the copper(Il) ion [37].

In the far-IR spectra, the Cu(Il) complexes show
bands at ¢. 440, ¢. 415 and c¢. 345 cm~! which are
assigned to »{Cu—O) phenolic, »(Cu-N) and »(Cu-0)
enolic vibrations, respectively [38].

In the UV region, the free ligands exhibit two multiple
bands, the first of which shows an absorption maximum
at c¢. 44.0 kK (log €=4.75) with a shoulder at c. 42.5
kK and the second maximum at ¢. 33.2 kK (log € =4.58)
with shoulders at c¢. 34.7 and ¢. 32.0 kK. The high
energy absorption bands are assigned to w— ¢* tran-
sitions and the three absorption bands are attributed
to w— #* transitions [33]. The high absorption by the
ligands masks any splitting of the bands and only slight
wavelength variations are observed in all copper(II)
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complexes. The spectra of the complexes are dominated
by the ligand absorption bands. In the visible region,
the complexes exhibit three absorption bands at c. 29.0,
c. 220 and c¢. 14.7 kK. The intense absorption band
at ¢. 29.0 kK (log e€=4.52) is assigned to the
Cu(Il) » ligand™* charge transfer transition, while the
bands at 14.7 kK (log €=2.62) and at ¢. 22.0 kK (log
€=2.53) are assigned to d—d transitions in a square
planar geometry [24]. The splitting of d orbitals in
square planar complexes has been discussed compre-
hensively by Nishida and Kida [39] in terms of the
effect of w-bonding with ligands. In general, the
copper(1l) complexes of strong m-acidic or w-neutral
ligands show a small d-d band splitting. The large
splitting of the d-d bands in the present complexes
indicates the strong w-basic character of ligands, and
hence can stabilize the higher oxidation state of the
metal ion.

The room temperature magnetic moments of the
copper(ll) complexes are very close to the spin-only
value for one unpaired electron and decrease slightly
with the variation of temperature down to 4.2 K,
indicating the presence of a weak intramolecular an-
tiferromagnetic interaction through the bridging phen-
oxide oxygen. The magnetic susceptibility data are
detailed in Table 3 and the y,, versus T and u.q versus
T plots for Cu,(PBH),Cl, complex are illustrated in
Fig. 1. The susceptibility for these complexes passes
through a maximum and then decreases. Such a behavior
is characteristic of antiferromagnetically coupled di-
copper(I1,IT) containing a small amount of paramagnetic
impurities. Thus, the values were fitted to the modified
Bleaney-Bowers expression (1), which gives the molar
paramagnetic susceptibility, x.., for a §,=5,=1/2, ex-
periencing an isotropic exchange interaction (spin Ham-
iltonian % = —2J/5,5,) [40]. In this equation the J is

Xm=NB>g*3kT1+1/3 exp(—~2/kT)] "' (1-p)
+[NB*g*/4kT)p+ N, §))

the energy separation between S=0 and S=1 states
of the binuclear complex and the other terms have
their usual meanings. The temperature-independent
paramagnetism for a binuclear complex, N,, was taken
as 120X 10~ ® cgsu/mol. Fitting the data to the equation
gives the solid lines in Fig. 1, which are characterized
by the J and g values listed in Table 3.

In DMSO at 77 K the complexes showed axial ESR
spectra and each g, component had shown a well
resolved seven-line hyperfine structure. A typical spec-
trum is illustrated in Fig. 2. Since the two copper centers
are in the +2 oxidation state, the presence of seven
equally spaced lines implies that the unpaired electrons
are interacting equally with two copper nuclei. For a
Cu—Cu dimer a seven-line pattern (1:2:3:4:3:2:1) is

20— 3.0
1.6
2
80
o
g
>
1.2 12
.
=N
2 J1s
£
0.8
04}
00L o , " 0.0

0 100
T (K)
Fig. 1. Temperature variations of the magnetic susceptibility and
magnetic moment of Cu,(PBH),Cl,. The solid line was calculated
from eqn. (1) with g=2.13, —2/=97 cm™ !, N,=120x107° cgsu
and p=0.0039.

expected. The observed intensities are qualitatively
consistent with the predicted ratio, the central line
being most intense. It is assumed that the center of
the pattern is at g=2.31 with a coupling of 75 G. In
addition, a weak ‘half-field line’, which is characteristic
of the Cu(11)-Cu(1l) dimer, is observed at about 1600
G. The observation of this band strongly suggests that
the hyperfine structure arises from a spin-triplet species.
At room temperature, the ESR spectral features re-
semble those of monomeric copper(IT) complexes with
8iso=2.13 and A, ., =75 G. The three-line superhyperfine
structure (A¥=12 G) on the high field line (Fig. 2,
spectrum D) is consistent with the tridentate O*-N*-O*
ligation.

The redox behavior of the complexes has been ex-
amined by recording cyclic voltammograms in aceton-
itrile. In general, two irreversible oxidation waves were
observed in each complex at positive potentials but no
wave at negative potential down to —2.0 V. When the
CV was recorded only for the first oxidation, the
voltammograms showed much improved reversibility.
Coulometric experiments at 0.4 V indicate an electric
current cquivalent to the transfer of an clectron. For
the second wave, however, we were not able to determine
the number of transferred electrons because of partial
decomposition upon electrolysis at 1.0 V. Since the
free ligands do not show any electrochemical waves up
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Fig. 2. X-band EPR spectrum of Cu,(PBH),Cl, complex in DMSO

(1 mM) at 77 K (A and B) and room temperature (C and D).

to +1.2 V, we assigned tentatively the two waves to
the oxidation processes Cu,™" — Cu,”™ and
Cu,'"™ — Cu,"™" respectively. It should, however, be
noted that both oxidation potentials are extremely low.
The facile oxidation to the dicopper(1L,IIT) and -(11LIII)
species can be ascribed to the strong donating ability
of the ligands, and this is in accordance with the

45

TABLE 4. Electrochemical data (in V vs. SCE)*® for the complexes

Complex Wave (1) Wave (2) AE
Ep,  Ep Epn

Cu,(PBH),Cl, 045 036 0.41 1.09 0.68

Cu,(PHBH),Cl, 0.40 0.33 0.37 1.06 0.69

Cuy(PPH),Cl, 038 030 034 105 0.71

Cu,(PNH),Cl, 042 031 0.36 1.07 0.71

Cu,(PINH),Cl, 042 034 0.38 1.06 0.68

*Scan rate 0.1 V s,

electronic spectral data described above. The results
are detailed in Table 4.

Conclusions

We have reported the preparation, characterization
and electrochemistry of the phenoxide bridged binuclear
copper(II) complexes of hydrazones. These complexes
represent the examplcs of binuclear copper(II) systems
that involve two successive one-electron oxidation steps
to produce Cu(II)-Cu(IIT) and Cu(1II)-Cu(IIl) species
at significantly low potentials.

Acknowledgements

This work was partially supported by a grant from
the Department of Science and Technology, New Delhi
110016, India and by the University of Wisconsin-
Milwaukee, WI 53206, USA.

References

1 R. Malkin and B. G. Malmstrom, Adv. Enzymol.,, 33 (1970)
177.

2 W. E. Hatfield, ACS Symp. Ser. No. 5, (1975) 108.

3 D. J. Hodgson, Prog. Inorg. Chem., 19 (1975) 173.

4 H.S. Mason, in K. T. Yasunoba, H. F. Mower and O. Hayaishi
(eds.), Iron and Copper Proteins, Plenum, New York, 1976.

5 R. R. Gange, C. A. Koval and T. J. Smith, J. Am. Chem.
Soc., 99 (1977) 8367; R. R. Gange, C. A. Koval, T. J. Smith
and M. C. Ciamolino, J. Am. Chem. Soc., 101 (1979) 4571;
R. R. Gange, L. M. Henling and T. J. Kistenmacher, Inorg.
Chem., 19 (1980) 1226; R. R. Gange, C. L. Spiro, T. J. Smith,
C. A. Hamann, W. R, Thies and A. K. Shiemke, J. Am.
Chem. Soc., 103 (1981) 4073.

6 A. W. Addison, Inorg. Nucl. Chem. Lett.,, 12 (1976) 899.

7 R. C. Long and D. N. Hendrickson, J. Am. Chem. Soc., 105
(1983) 1513.

8 S. K. Mandal and K. Nag, J. Chem. Soc., Dalton Trans., (1983)
2429; (1984) 2141; S. K. Mandal, B. Adhikary and K. Nag,
J. Chem. Soc., Dalton Trans., (1986) 1175.

9 S. K. Mandal, L. K. Thompson, K. Nag and J. P. Charland,
Inorg. Chem., 26 (1987) 1391.



46

10

11

12

13

14

15

16

17
18

19

20

21
22

23

M. M. Kuriya, M. Nakamura, H. Okawa and S. Kida, J.
Chem. Soc., Dalton Trans., (1982) 839.

T. Izumitani, M. Nakamura, H. Okawa and S. Kida, Buil
Chem. Soc., Jpn., 55 (1982) 2122.

J. P. Gisselbrecht, M. Gross, A. H. Alberts and J. M. Lehn,
Inorg. Chem., 19 (1980) 1386.

D. E. Fantom and R. L. Lintvedt, J. Am. Chem. Soc., 100
(1978) 6367; R. L. Lintvedt and L. S. Kramer, Inorg. Chem.,
22 (1983) 796; R. L. Lintvedt, B. A. Schoenfelner and K.
A. Rupp, Inorg. Chem., 25 (1986) 2704.

S. K. Mandal, L. K. Thompson, M. J. Newlands and E. 1.
Gabe, Inorg. Chem., 28 (1989) 3707, and refs. therein.

D. W. Margerum, K. L. Chellappa, F. P. Bossu and G. L.
Burce, J. Am. Chem. Soc., 97 (1975) 6894; F. P. Bossu, K.
L. Chellappa and D. W. Margerum, J. Am. Chem. Soc., 99
(1977) 2195.

T. A. Newbecker, S. T. Krisksey, Jr., K. L. Chellappa and
D. W. Margerum, Inorg. Chem., 18 (1979) 444.

D. Dutta and A. Chakravorty, Inorg. Chem., 22 (1983) 1611.
M. Koikawa, H. Okawa, N. Matsumoto, M. Gotoh, S. Kida
and T. Kohzuma, J. Chem. Soc., Dalton Trans., (1989) 2089.
V. A. Kogan, V. V. Zelentsov, N. V. Gerbeler and V. V.
Lukov, Russ. J. Inorg. Chem., 31 (1986) 1628.

N. S. Birandar and B. R. Havinale, Inorg. Chim. Acta, 17
(1976) 157.

A. Syamal and K. S. Kale, Indian J. Chem., 16 (1978) 46.
M. Mohan, N. S. Gupta, A. Kumar, M. Kumar and N. K.
Jha, Inorg. Chim. Acta, 135 (1987) 167.

M. Mohan, A. Kumar, M. Kumar and N. K. Jha, Inorg. Chim.
Acta, 136 (1987) 65.

24

25

26

27

28
29

30
31

32

33

34

35
36

37

38

39
40

M. Mohan, N. S. Gupta, M. P. Gupta, A. Kumar, M. Kumar
and N. K. Jha, Inorg. Chim. Acta, 152 (1988) 25.

M. A. Khattab, M. Tikry and J. Ebeid, Inorg. Nucl. Chem.
Lett, 43 (1981) 3009.

F. E. Mabbs and D. J. Machin, Magnetism and Transition
Metal Complexes, Chapman and Hali, London, 1961.

D. D. Perrin, W. L. F. Armarego and D. R. Perrin, Purification
of Laboratory Chemicals, Oxford, 2nd edn., 1980.

Y. Matsushima, Chem. Pharm. Bull, 16 (1968) 2143.

P. Domiano, A. Musatti, M. Nardelli, C. Pellizi and G.
Prediere, Transition Met. Chem., 4 (1979) 351.

W. J. Geary, Coord. Chem. Rev., 7 (1971) 81.

J. O. Miners, E. Sinn, R. B. Coles and C. M. Harris, J.
Chem. Soc., Dalton Trans., (1972) 1149.

R. J. Butcher, J. Jasinski, G. M. Mockler and E. Sinn, J.
Chem. Soc., Dalton Trans., (1976) 1099.

M. Mohan, J. P. Tandon and N. S. Gupta, Inorg. Chim. Acta,
111 (1986) 187.

D. J. Hewkin and W. P. Griffith, J. Chem. Soc. A, (1966)
472.

W. P. Griffith, J. Chem. Soc. A, (1969) 211.

P. Domiano, A. Musatti, M. Nardelli and C. Pelizzi, J. Chem.
Soc., Dalton Trans., (1975) 2357.

M. Mohan, P. Sharma and N. K. Jha, Inorg. Chim. Acta, 106
(1985) 117.

J. R. Ferraro, Low-Frequency Vibrations of Inorganic and
Coordination Compounds, Plenum, New York, 1971.

Y. Nishida and S. Kida, Coord. Chem. Rev., 27 (1979) 275.
B. Bleaney and K. D. Bowers, Proc. R. Soc. London, Ser. A,
213 (1952) 451.



