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a b s t r a c t

Molybdenum(VI) complexes composition [(l2-O)2(MoO2)2(H4L)2]�2A (where H4L = H4slmh; A = H2O (1),
pyridine (py, 2), 2-picoline (2-pic, 3), 3-picoline (3-pic, 4), 4-picoline (4-pic, 5)) have been isolated in solid
state from the reaction of MoO2(acac)2 and disalicylaldehyde malonoyldihydrazone in 1:1 M ratio in eth-
anol at higher temperature. The complexes have been synthesised and characterised by various physio-
chemical and spectroscopic studies. The structure of the molybdenum(VI) of all complexes has been
established by elemental analyses, electronic, IR, 1H NMR and CV spectral studies. The dihydrazone is
coordinated to the metal centres in keto enol form in all the complexes (1)–(5). The electronic spectra
of the complexes are dominated by strong charge transfer bands. All of the complexes involve six coor-
dinated molybdenum centre with octahedral arrangement of donor atoms.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Molybdenum has been found to be an important element in
biological systems. The significant enzymatic role of molybde-
num in biochemical reactions [1–3] specially in the oxidation
of aldehydes, purines and sulphides [4] induced the chemists
to use the molybdenum complexes as biomimetic catalysts in
the oxygenation of organic compounds [5,6]. In this light, molyb-
denum(VI) dioxo-complexes have been extremely investigated
[7–9] particularly with respect to the catalytic role of transferase
enzymes like nitrate reductase in which their active sites consist
of a cis-molybdenum dioxo moiety [10,11]. The ability of molyb-
denum to formation of stable complexes with oxygen-, nitrogen-
and sulphur-containing ligands led to development of molybde-
num Schiff base complexes which are efficient catalysts both
in homogeneous and heterogeneous reactions [12–15]. The activ-
ity of these complexes varied markedly with the type of ligands
and coordination sites [16]. The useful role of molybdenum is
not restricted to biological systems only, but it also plays impor-
tant roles in a variety of chemical reactions such as hydro-
desulphurisation, oxygen transfer reactions (e.g., olefin
Epoxidation [17]) and olefin metathesis [18]. The cis-dioxo
molybdenum compounds display catalytic activities [19], are
models for enzymes [20,21] and are very useful material precur-
sors [22]. Catalytic activity is frequently linked to coordinative
unsaturation and the active site in various molybdenum oxida-
tion catalyst are believed to contain coordinately unsaturated
molybdenum centres [23–25].

A survey of literature suggests that complexes of dihydrazones
derived from first series transition metal ions have been described
in some details, those of molybdenum have received scant atten-
tion only. Acyl-, aroyl- and pyridoylhydrazones containing amide,
azomethine, and phenol are polyfunctional ligands which react
with metal ions either in the keto or the enol form [26]. Although
a few complexes of metal ions with dihydrazones derived from
condensation of salicylaldehyde and acyl-, aroyl- and pyr-
idoyldihydrazines have been reported, work done on dihydrazones
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Fig. 1a. Skeleton of the ligand N,N0-bis(2-hydroxyphenyl) propanedionyl dihydra-
zone (H4slmh).
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containing active methylene functions and bulky phenol fragments
in their molecular skeleton is virtually absent [27–31]. In view of
the significant role played by molybdenum in biological systems
and as a catalyst in chemical reactions and virtual absence of work
on molybdenum complexes derived from the title ligand disalicyl-
dehyde malonoyldihydrazone (Fig. 1a) have been investigated. The
resulting products from such reactions have been characterised by
various techniques and spectroscopic studies and are reported in
the present article.
2. Experimental

Ammonium molybdate (NH4)6Mo6O24�4H2O, diethylmalonate
CH2(CO2Et)2, hydrazine hydrate (N2H4�H2O), salicylaldehyde
(C6H4(OH)CHO) were E-Merck or equivalent grade reagents. The li-
gand disalicylaldehyde malonoyldihydrazone was prepared in two
steps. In the Ist step, malonoyl-(H6mh) was prepared by reacting
diethylmalonate with hydrazine hydrate in 1:2 M ratio. In the sec-
ond step, malonoyl-dihydrazine thus obtained were allowed to re-
act with salicylaldehyde in 1:2.2 M ratio in ethanol which yielded
the ligand H4slmh(H4L), MoO2(acac)2 was prepared by a reported
method [32].

The reactions were carried out in open air and the ethanol
used as solvent is 95%. The estimation of molybdenum was done
by following the standard literature procedure [33]. Room tem-
perature magnetic susceptibility measurements were carried
out on Sherwood Scientific Magnetic susceptibility Balance
MBS-Auto. The molar conductance of the complexes at 10�3 M
dilution in DMSO solution were measured on Wayne Kerr Preci-
sion Component Analyser 6440B with a dip-type conductivity
cell at room temperature. Infrared spectra were recorded on Bo-
men A-8FT-IR Spectrophotometer in the range 4000–450 cm�1 in
KBr discs. The electronic spectra were recorded on a Perkin El-
mer Lamda 25 UV/Vis spectrophotometer using DMSO solution.
Table 1
Complexes, colour, decomposition point, elemental analysis, molar conductance, electro
malonoyldihydrazone.

Sl
no.

Complex and colour D.P
(�C)

Yield
(%)

Elemental analysis: found (ca

Mo C H

L H4slmh
White

223 75 – 60.37(60.00) 4

1 [(l2-O)2(MoO2)2(H4slmh)2]�2H2O
Yellow

>300 70 19.19(19.10) 40.84(40.64) 3

2 [(l2-O)2(MoO2)2(H4slmh)2]�2py
Yellow

>300 69 17.21(17.03) 46.56(46.90) 3

3 [(l2-O)2(MoO2)2(H4slmh)2]
�2(2-pic)2

Green

>300 72 16.75(16.62) 48.02(47.84) 4

4 [(l2-O)2(MoO2)2(H4slmh)2]�2(3-
pic)
Green

>300 65 16.89(16.62) 47.37(47.84) 4

5 [(l2-O)2(MoO2)2(H4slmh)2]�2(4-
pic)
Light Green

>300 68 16.96(16.62) 47.54(47.84) 4
The 1H NMR spectra were recorded on Varian EM 390 MHz in
DMSO-d6 using TMS as internal standard. The Cyclic Voltammet-
ric measurement of the complexes in DMSO (10�3 M) was done
using CH Instruments Electrochemical Analyser under nitrogen
atmosphere. The electrolytic cell comprises of 3-electrodes. The
working electrode was a glassy carbon disk from BAS and the
reference electrode was a aqueous SCE or Ag/AgCl separated
from the sample solution by a salt bridge, 0.1 M TBAP was used
as the supporting electrolyte.

3. Preparation of [(l2-O)2(MoO2)2(H4L)2]�2A (where H4L =
H4slmh: A = H2O (1), pyridine (2), 2-picoline (3), 3-picoline (4)
and 4-picoline (5))

In order to prepare the complex [(l2-O)2(MoO2)2(H4L)]�2A (1),
bis(acetylacetonato) dioxomolybdenum(VI) (1.06 g, 3.25 mmol)
in hot ethanol (25 mL) was mixed with H4slmh (1.00 g,
2.94 mmol) in hot ethanol (30 mL). The resulting reaction mix-
ture was stirred for about 15 min at 70 �C followed by refluxing
for 11/

2 h. The orange coloured precipitate so obtained was fil-
tered in hot condition and washed with ethanol, ether and dried
over CaCl2. Yield: 1.46 g.

The complexes (2)–(5) were also prepared essentially by the above
procedure by adding pyridine and pyridine bases to the solution ob-
tained by mixing MoO2(acac)2 and dihydrazone in 1.1:1 M ratio and
refluxing the reaction mixture for 11/

2 h. This precipitated yellow col-
oured precipitate, which was filtered in hot condition, washed with
ethanol, ether and dried over anhydrous calcium chloride.

4. Results and discussion

The characterisation data of the complexes have been given
Table 1. On the basis of various analytical data, the complexes
have been suggested to have stoichiometry [(l2-O)2(MoO2)2

(H4L)]�2A (where H4L = H4slmh: A = H2O (1), py (2), 2-pic (3),
3-pic (4) and 4-pic (5)). All of the complexes are yellow, green
and light green respectively. They are air stable and melt with
decomposition above 300 �C. All the complexes are completely
soluble in coordinating solvents like DMSO and DMF. They are
insoluble in water and other common organic solvents such as
ethanol, methanol, acetone, CHCl3, CCl4, ether and benzene. All
of the complexes are diamagnetic indicating the presence of
molybdenum in +6 oxidation state.

A consistent effort to crystallize the complexes either from sat-
urated solution or by diffusing into saturated solution in
CH3CN, DMSO and DMF in a closed system led to the precipitation
nic spectral bands (kmax (nm) for molybdenum(VI)) complexes of disalicylaldehyde

l)% Molar
conductance
(X�1 cm2 mol�1)

Electronic spectral
bands kmax (nm),
emax (dm3 cm�1 mol�1)

N

.71(4.74) 16.28(16.46) – 280(333367), 323(10267)

.65(3.61) 10.74(11.14) 0.5 290(27200), 324(20500), 404(3500)

.73(3.76) 12.29(12.43) 1.7 295(26400), 321(22600), 403(3100)

.00(4.02) 11.98(12.12) 3.2 294(31100), 320(26900), 405(2900)

.06(4.02) 12.38(12.12) 1.0 293(30700), 318(29604), 403(3050)

.05(4.02) 12.53(12.12) 0.8 293(29840), 324(20388), 404(2980)



Table 2
Structurally significant 1H NMR spectral data (in ppm) for molybdenum(VI) complexes derived from disalicylaldehyde malonoyldihydrazone.

Sl. no. Ligand/Complex ó-CH2 ó-phenyl ó-CH@N ó-(NH) ó-(OH) ó-C2H5OH ó(py/a/b/c)

L H4slmh 3.61(s) 6.65–7.77(m) 8.42(s) 10.03(s) 11.60(d, 82.5 Hz) – –
3.91(s) 8.28(s) 11.25(d, 82.5 Hz)

1 [(l2-O)2(MoO2)2(H4slmh)2]�2H2O 3.61(s) 6.65–7.71(m) 8.79(s) 11.05 11.75(d, 112.5 Hz) – –
3.91(s) 8.41(s) (d, 10 Hz) 12.17(d, 112.5 Hz)

11.43(ó-OH enol)

2 [(l2-O)2(MoO2)2(H4slmh)2]�2(py) 3.62(s) 6.70–7.70(m) 8.68(d, 53 Hz) 11.07(s) 11.90(d, 12 Hz) – 8.56(8.61)a

3.92(s) 8.34(d, 53 Hz) 10.03(s) 11.49(d, 12 Hz)
11.43(ó-OH enol)

3 [(l2-O)2(MoO2)2(H4slmh)2]�2(2-pic) 3.61(s) 6.89–7.70(m) 8.78(s) 11.06(s) 11.90(d, 30 Hz) – 8.44(8.48)a

3.92(s) 8.40(s) 11.03(s) 11.48(d, 30 Hz) 2.50(2.55)b

11.42(ó-OH enol)

4 [(l2-O)2(MoO2)2(H4slmh)2]�2(3-pic) 3.78(s) 6.75–7.73(m) 8.81(s) 11.05(s) 11.90(d, 42 Hz) – 8.42(8.43)a

3.99(s) 8.80(s) 10.02(s) 11.44(d, 42 Hz) 2.31(2.32)b

11.45(ó-OH enol)

5 [(l2-O)2(MoO2)2(H4slmh)2]�2(4-pic) 3.77(s) 6.65–7.80(m) 8.42(s) 11.04(s) 11.90(d, 22.5 Hz) – 8.79(8.60)a

3.92(s) 8.28(s) 11.0(s) 11.46(d, 22.5 Hz) 2.35(2.37)b

11.48(ó-OH enol)

a o-proton signal of py/2-pic/3-pic/4-pic.
b Methyl proton signal of 2-pic/3-pic/4-pic.
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of amorphous products. Such behaviour of the complexes with re-
gard to their crystallization prevented their analyses by X-ray
crystallography.

The complex (1) shows weight loss at 110 �C indicating the pos-
sibility of presence of water molecules in their lattice structure. On
the other hand, the remaining complexes do not show any weight
loss at this temperature ruling out the possibilities of presence of
coordinated water molecules to the metal centre. However, the
complexes (2)–(5) showed weight loss at 180 �C corresponding to
two py/2-pic/3-pic/4-pic molecule [34]. The expulsion of these do-
nor molecules at this temperature indicates that they are uncoor-
dinated to the metal centres.

4.1. Molar conductance

All of the complexes have molar conductance value in the re-
gion 0.5–3.2 X�1 cm2 mol�1 in DMSO solution at 10�3 M dilution.
These values are consistent with the non-electrolytic nature of
the complexes in this solvent [35].

4.2. Electronic spectra

The important electronic spectral bands for dihydrazone li-
gand and molybdenum complexes along with molar extinction
coefficients have been given in Table 1. The electronic spectra
of the complexes were recorded between 270 and 800 nm in
DMSO as the solvent. The free ligand shows band at 280 and
323 nm are assigned to arise due to intraligand p ? �p and
n ? �p transition due to �C@N and �C@O groups in the ligand
[36]. The band at �323 nm is considered as characteristic band
for salicylaldimine fraction of the ligand as has been observed
in monoacylhydrazones [37]. Since H4slmh is not expected to
be chromophoric in the visible region and the complexes (1)–
(5) are diamagnetic, these bands have been assigned as the li-
gand–metal charge transfer (LMCT) transition on the basis of
their high molar extinction coefficients. They may, most proba-
bly, be associated with a ligand–metal charge transfer originat-
ing from an electronic excitation from HOMO of phenolic
oxygen to LUMO of molybdenum [38].

4.3. Proton nuclear magnetic resonance spectroscopy

The 1H NMR spectra of the ligand and the molybdenum(VI)
complexes have been set out in Table 2. The 1H NMR of the
ligand and the complexes (4), (5) are shown in Figs. 5a, 5b,
2a, 2b, 3a, and 3b. The 1H NMR spectrum of H4slmh show
two doublets in the region d 11.25 and 11.60 along with a sin-
glet at 10.03 ppm downfield of TMS. These signals are assigned
to AOH protons and secondary-NH protons. Further, two sig-
nals are observed at d 8.28 and 8.42 ppm in 1H NMR spectra
of dihydrazone which owe their origin due to azomethine pro-
ton. A multiplet observed in the region d 6.65–7.77 ppm is as-
signed to aromatic protons. The methylene protons appear as
two singlets at d 3.61 and 3.91 ppm in the dihdyazone, indi-
cating keto-enol equilibrium in solution [39]. The signal at
3.61 ppm is attributed to methylene protons (ACH2A) that at
3.91 ppm is attributed to methane proton (@CHA). The appear-
ance of two signals in H4slmh and their positions are consis-
tant with the enolization of dihydrazone involving active
methylene protons. Thus, the enolization processes in H4slmh
involving active methylene and secondary ANH protons are
shown in Fig. 1b.

As it is evident from the structural formula of the dihydra-
zone Fig. 1a, there are only four types of phenyl protons, inter-
estingly, H4slmh shows seven signals in the region d 6.65–
7.77 ppm such features associated with aromatic protons suggest
that the two phenyl rings in H4slmh are in different planes. It is
imperative to mention that one phenyl ring in H4slmh is in
equatorial plane. The two proton signals observed for dihydra-
zone observed at d 11.25 and 11.60 ppm assigned to d OH pro-
tons appear in all of the complexes and possess essentially the
same features as those observed in the free ligand. However,
these signals are downfield shifted by 0.15–0.30 ppm in the
complexes. Such a shifting of these signals might arise either
due to co-ordination of protonated phenolic–OH groups or
involvement of these phenolic–OH groups in a new kind of
hydrogen bonding. The azomethine proton signals are downfield
shifted in all of the complexes by d 0.06–0.37 ppm. Such a
downfield shift of azomethine proton signal is caused by drain-
age of electron density from azomethine nitrogen atoms to the
metal centre [40,41]. In all the complexes the signals d-CH@N
appear as either two doublets or two singlet.

All of the complexes show an easily identifiable additional
resonance in the region d 8.42–8.56 ppm. These signals are
attributed to arise due to ortho-protons of pyridyl ring of pyri-
dine, 2-picoline, 3-picoline and 4-picoline molecules. The o-pro-
tons of pyridyl ring of free pyridine bases absorb at d 8.61, 8.48,
8.43 and 8.60 ppm, respectively. Further, a new signal appears in



Fig. 2a. 1H NMR Spectrum of [(l2-O)2(MoO2)2(H4slmh)2]�2(3-pic) (4) in DMSO-d6.
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Fig. 1b. Showing the enolization process in the ligand H4slmh involving active methylene and secondary –NH proton.
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the region d 2.31–2.50 ppm in all of the complexes which is as-
signed to methyl proton. The methyl proton signals appear at d
2.55, 2.32 and 2.37 ppm in free 2-picoline, 3-picoline and 4-pic-
oline molecules, respectively. A comparison of the position of o-
pyridyl protons and methyl protons in pyridine and substituted
pyridines in the complexes with their positions in the free pyr-
idines suggests that they are all upfield shifted in the complexes.
This upfield shift of pyridyl and methyl protons has been related
to non-coordination of pyridine and substituted pyridines to the
Mo centre.

Further, no additional signal is observed in the downfield re-
gion in the 1H NMR spectra of the complexes (1–5) which may
be assigned to 2-pyridyl proton of pyridine, 3-picoline and 4-pic-
oline molecules, respectively [42]. Rather upfield shift of the pyr-



Fig. 2b. 1H NMR Spectrum of [(l2-O)2(MoO2)2(H4slmh)2]�2(3-pic) (4) in DMSO-d6(Extended scale).

Fig. 3a. 1H NMR Spectrum of [(l2-O)2(MoO2)2(H4slmh)2]�2(4-pic) (5) in DMSO-d6.
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Fig. 3b. 1H NMR Spectrum of [(l2-O)2(MoO2)2(H4slmh)2]�2(4-pic) (5) in DMSO-d6 (Amplified Form).

Table 3
Structurally significant IR spectral data (in cm�1) for molybdenum(VI) complexes derived from disalicylaldehyde malonoyldihydrazone.

Sl.
no.

Ligand/complex tOH + NH tC@O tC@N Amide II + tCAO
Phenolic

tCAO tNAN tM@O tMAO
Phenolic

tMAO
Carbonyl

L H4slmh 3436m 1679vs 1619m 1566m 1268s 1036w – – –
3277m
3071m

1 [(l2-O)2(MoO2)2(H4slmh)2]�2H2O 3600–
3000

1679s 1613s 1553s 1268s – 917s 585s 466w

3277sbr 950s
3065s 764s

2 [(l2-O)2(MoO2)2(H4slmh)2]�2(py) 3423m 1679vs 1613vs 1553s 1268s 1043w 910vs 572m 459w
3283m 758s
3071m

3 [(l2-O)2(MoO2)2(H4slmh)2]�2(2-
pic)

3562ssh 1686s 1613vs 1560s 1268s 1036w 956m 579m 466w
3277m 917s
3071m 771s

4 [(l2-O)2(MoO2)2(H4slmh)2]�2(3-
pic)

3660msh 1679vs 1613vs 1560s 1268s 1036w 956m 579m 459w
3283m 917vs
3184m 771s
3065m

5 [(l2-O)2(MoO2)2(H4slmh)2]�2(4-
pic)

3283m 1679vs 1619vs 1560s 1268s 1043w 956m 579m 466w
3065m 923s

771s
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idyl and methyl protons of pyridine, 2-picoline, 3-picoline and 4-
picoline molecules is observed. This suggests the possibility of
presence of pyridine/2-picoline/3-picoline/4-picoline molecule
in the lattice of the complexes and further rules out the possibil-
ity of coordination of ring nitrogen atoms of these donor mole-
cules to the metal centre.



Table 4
The electrochemical parameters for the Molybdenum(VI) complexes of disalicylalde-
hyde malonoyldihydrazone.

Sl. no Complex Epa/V Epc/V DEp

1 [(l2-O)2(MoO2)2(H4slmh)2]�2H2O +0.06 �1.02 +1.08
2 [(l2-O)2(MoO2)2(H4slmh)2]�2(py) +0.44 �0.56 +1.00
3 [(l2-O)2(MoO2)2(H4slmh)2]�2(2-pic) �1.11 �1.56 +0.45

�0.40 �1.00 +0.6
+0.26 �0.23 +0.49

4 [(l2-O)2(MoO2)2(H4slmh)2]�2(3-pic) +0.59 �1.25 +1.84
5 [(l2-O)2(MoO2)2(H4slmh)2]�2(4-pic) �0.07 �0.43 +0.36

+1.08 +0.66 +0.42
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4.4. Infrared spectra

Structurally significant IR bands for the free ligand and their
molybdenum(VI) complexes have been set out in Table 3. The IR
spectra of the complexes (1) to (5) show a strong band in the re-
gion 3000–3600 cm�1 with a distinct band in the region 3184–
3277 cm�1 are assigned to stretching vibrations of phenolic –OH
and secondary ANH groups. The complex (1) shows weight loss
at 110 �C indicating presence of two water molecules in the lattice
structure of the complex. None of the complexes shows loss of
weight at 180 �C which suggests the absence of water molecules
in the coordination sphere of the complexes. However, the
complexes (2)–(5) show loss of weight corresponding to two
py/2-pic/3-pic/4-pic molecules at 190 �C. The loss of these donor
molecules at such a high temperature indicates that they are pres-
ent in the lattice structure of the complexes.

It is evident from Table 3 that the amide I band at 1679 cm�1 in
free dihydrazone is almost unshifted except in (3) ruling out the
possibility of coordination of ligand to the metal centre through
carbonyl oxygen atoms. Similar results have been established in
the dihydrazone metal complexes by Pelizzi and co-workers [43]
from X-ray crystallographic study and spectroscopic study as well.
The ligand shows single strong band 1619 cm�1 due to stretching
vibration of �C@N group. This band remains almost unshifted in
position in the complex (5) while shifts to lower frequency by
6 cm�1 in the remaining complexes. Such a behaviour of mC@N
band in the complexes as compared to its position in the uncoordi-
nated dihydrazone may be related to coordination of �C@N group
Fig. 4. Cyclic voltammogram of [(l2-O)2(M
to the metal centre. The unshifted position of mC@N band in the
complex (5) is due to difference of bonded species �C@N� � �H to
�C@N ? M and indicates that the strength of �C@N ? M band in
the complex is almost same as that of hydrogen bonding between
�C@N and OH group in the uncoordinated dihydrazone. The ligand
band appearing at 1268 cm�1 may be assigned to stretching vibra-
tion of phenolic (CAO) groups. This band remains unshifted in po-
sition in the complexes (1)–(5). From such a feature associated
with the phenolic (CAO) groups, we have reftrained from drawing
any conclusion regarding involvement of phenolic oxygen into
bonding or otherwise. However, the possibility of involvement of
new type of H-bonding involving phenolic–OH group cannot be ru-
led out.

The aromatic ring shows a weak absorption at 1600 cm�1, in the
present ligand, this band does not show its independent existence
and appears to merged with �C@N group vibration in the region
1619 (vs) cm�1. Moreover, in the complexes also it does not show
its independent existence, most probably, because of its overlap-
ping with either �C@N band or amide II band and t(CAO) phenolic
band. The region below 1200 cm�1 is not well defined for hydra-
zide derivatives and contains bands due to NAN, CAN, CAH bend-
ing modes. Eliminating the bands due to CAH in-plane
deformation in the region 1050–900 cm�1 in the ligand, a weak
band at 1036 cm�1 has been assigned to tNAN vibration. This band
either shifts to higher frequency or remains almost unaltered in the
complexes indicating involvement of only nitrogen atom of NAN
group in coordination. All of the complexes exhibit two medium
to strong bands in the region 956–910 cm�1. The presence of two
medium to strong bands in this region indicates the presence of
cis-MoO2+ grouping in these complexes. The complexes (1–5) show
a new strong band in the region 758–771 cm�1. It is imperative to
mention that uncoordinated ligand H4slmh also possesses a med-
ium intensity band at �758 cm�1, yet the intensity of the band in
the region 758–771 cm�1 in the complexes (1)–(5) is more than
that the band in corresponding free ligand. Hence, this band is as-
signed as arising from the asymmetric stretching (Mo2O) of a bent

Mo
O

Mo
bridging [44]. The appearance of this band as

low as in the region 758–771 cm�1 suggests that the bridging
Mo@O� � �Mo band in these complexes is quite strong. From the
above discussion, it is evident that the ligand co-ordinates to the
oO2)2(H4slmh)2]�2(2-pic) (3) in MSO.



Fig. 5a. 1H NMR Spectrum of the ligand in DMSO-d6 (Integrated form).
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metal ions in keto form as neutral bidentate ligand through azome-
thine nitrogen atoms only.

4.5. Low frequency IR

The low frequency IR of the complexes [(l2-O)2(MoO2)2

(H4slmh)2]2A (A = H2O (1), py (2), have been studied as representa-
tive examples in order to locate bands due to pyridine bases are
shown below.
Sl.
no
Complexes
 m(MAN)
(hydrazine)
Pyridine
vibration
1
 [(l2-O)2(MoO2)2(H4slmh)2]�2H2O
 341m
 405m

314m
2
 [(l2-O)2(MoO2)2(H4slmh)2]�2py
 343m
 397msh
The free pyridine bases show absorption bands at around 600
and �405 cm�1 [45] due to in-plane and out-of-plane ring defor-
mation modes, respectively. The band 405 cm�1 shifts to higher
frequencies upon complexation. In the present study, the com-
plexes show a new medium to weak intensity band in the region
397–405 cm�1. This band either appears almost at the same posi-
tion as in free pyridine or at lower position. This shows that the
pyridine is not coordinated to the metal centre rather present in
the lattice of the complexes. Moreover, these complexes do not
show any band in the region 200–300 cm�1 in which may be as-
signed to stretching vibration of m(MAN) vibration of coordinated
pyridine ruling out the possibility of coordination of pyridine mol-
ecules to the metal centres.
4.6. Cyclic voltammetry

The cyclic voltammograms of a 2 mM solution of the complexes
have been recorded at a scan rate of 100 mV/s by cyclic voltammo-
gram in DMSO solution due to their insolubility in non-coordinat-
ing organic solvents (CH3CN and CH2Cl2) with a 0.1 M tetra-n-butyl
ammonium perchlorate (TBAP) as a supporting electrolyte. The
complexes (1) shows a reductive wave at �1.02 V and the corre-
sponding oxidative wave is at +0.06 V with DEp of +1.08 V (shown
in Table 4). The ligand in the present study does not exhibit any re-
dox activity in the potential range�2.4 to +2.4. Hence, these reduc-
tive and oxidative waves are attributed to arise due to electron
transfer reactions centered on metal. Electrochemical studies on
several cis-dioxomolybdenum(VI) complexes derived from multid-
entate nitrogen and oxygen donor ligands have generally shown
irreversible or quasi-reversible behaviour. The high peak separa-
tion, most probably, results from a slow heterogeneous electron
exchange rate rather than from intervening heterogeneous
reactions. Accordingly, these reductive and oxidative waves are as-
signed to the following redox reaction.
½ðl2-OÞ2O2MoVIMoVIO2ðH4LÞ2� � 2H2O

þ e� ½ðl2-OÞ2O2MoVMoVIO2ðH4LÞ2�
� � 2H2O

The large separation between redox couples in complexes de-
rived from bridging ligands have been reported by McCleverty
et al. [46] in which it has been shown that the planarity and the
relative short metal–metal separation result in greater redox sepa-
ration (DE1/2). On the other hand, the 2-picoline complexes (3)
shows three reductive and correspondingly three oxidative waves



Fig. 5b. 1H NMR Spectrum of the ligand in DMSO-d6 (Amplified Form).
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Fig. 6. Tentative structure Mo(VI) complexes [(l2-O)2(MoO2)2(H4L)]�2A. Where
H4L = H4slmh; A = H2O (1), py (2), 2-pic (3), 3-pic (4) and 4-pic (5).
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(Fig. 4) since the ligand is inactive, it is quite plausible to suggests
that these oxidations are predominantly metal centred Mo(VI)/
Mo(V)/Mo(IV) couples.

These couples are assigned to stepwise reduction of the Mo(VI)/
Mo(VI) to Mo(IV)/Mo(V) and stepwise oxidation of the Mo(IV)/
Mo(V) to Mo(VI)/Mo(VI). The redox couples are assigned to the fol-
lowing electron transfer reactions.

½ðl2-OÞ2O2MoVIMoVIO2ðH4LÞ2� � 2ð2-picÞ

þ e� ½ðl2-OÞ2O2MoVIMoVO2ðH4LÞ2�
� � 2ð2-picÞ ðAÞ
½ðl2-OÞ2O2MoVIMoVO2ðH4LÞ2�
� � 2ð2-picÞ�

þ e� ½ðl2-OÞ2O2MoVMoVO2ðH4LÞ2�
2� � 2ð2-picÞ ðBÞ
½ðl2-OÞ2O2MoVMoVO2ðH4LÞ2�
2� � 2ð2-picÞ

þ e� ½ðl2-OÞ2O2MoIVMoVO2ðH4LÞ2�
3� � 2ð2-picÞ ðCÞ

All the three complexes undergo three irreversible one-electron
reductions which are successive Mo(VI)/Mo(V)/Mo(IV) couples.
The effect of the bridging ligand topology on the redox properties
can be seen in the reductive and oxidative behaviour of these
new complexes. However, the effect of the bridging ligand topol-
ogy on the redox properties can be seen to be opposite in the oxi-
dative behaviour of the complexes. However, it is difficult to
explain why variation of the bridging ligand has such an opposite
effect on the reductive and oxidative electrochemical behaviour.
The most likely explanation is that although the reductions and
oxidations are best described as formally metal-centred Mo(VI)/
Mo(V)/Mo(IV) couples [47], they are partly delocalized onto the
2-picoline molecule via a suitable p-symmetry orbital. There is,
therefore, sufficient 2-picoline centred character of the oxidations.
It is suggested that after the first electron transfer reaction (A) the
2-picoline molecule present in the lattice of the complexes enters
into the coordination sphere around the molybdenum atom, it par-
ticipates in redox reactivity by coordinating to the metal centre.

Further, the complexes (2) and (4) show only one reductive
wave at �0.56 and �1.25 V and corresponding oxidative waves
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at +0.44 and +0.59 V, respectively. These waves are assigned to the
following redox reactions.

½ðl2-OÞ2O2MoVIMoVIO2ðH4LÞ2� � 2A

þ e� ½ðl2-OÞ2O2MoVMoVIO2ðH4LÞ2A�� ðDÞ

D ¼ pyð2Þ; 3-picð4Þ

Complex (5) shows two reductive and two corresponding oxi-
dative waves. The essential features of these waves are that they
have large separation reductive and oxidative waves suggesting
that the high peak separation, most probably results from a slow
heterogeneous electron exchange rate rather than from interven-
ing heterogeneous reactions [48]. These waves are assigned to
the following redox reactions

½ðl2-OÞ2O2MoVIMoVIO2ðH4LÞ2� � 2A

þ e� ½ðl2-OÞ2O2MoVIMoVO2ðH4LÞ2A��A

½ðl2-OÞ2O2MoVIMoVO2ðH4LÞ2A��A

þ e� ½ðl2-OÞ2O2MoVMoVO2ðH4LÞ2ðAÞ2�
2�
5. Conclusion

From the experimental evidences presented and discussed
above that the ligand coordinates to the metal centre as a neutral
bidentate ligand in keto enol form in all of the complexes. In the
keto-enol form, the dihydrazone coordinate to the metal centre
through azomethine nitrogen atoms only while carbonyl oxygen
atoms remain free. The dihydrazone has anti-cis conformation in
all of the complexes. The metal centres in these complexes are

bonded to one another by bridging. In anti-cis con-

figuration both the azomethine nitrogen atoms are bonded to the
same metal centre while the carbonyl oxygen remain uncoordi-
nated. This introduces steric crowing in the molecule as a result
of which the coordinated dihydrazone molecule is bent in such a
way that one part remains in the equatorial plane while other
one attain axial position. All of the complexes are suggested to
have six coordinated distorted octahedral as shown in Fig. 6. The
pyridine bases remain uncoordinated to the metal centre which
is also supported by low frequency IR.
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