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Synthesis, characterization, thermal behavior, and DFT
aspects of some oxovanadium(IV) complexes involving

ONO-donor sugar Schiff bases
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(Received 24 April 2014; accepted 29 July 2014)

Seven new Schiff base complexes of oxovanadium(IV) of the general composition [VO(L)(H2O)],
where H2L = H2bmpph-gls, H2bumpph-gls, H2iso-vmpph-gls, H2pmpph-gls, H2iso-bumpph-gls,
H2ampph-gls, and H2vmpph-gls has been synthesized by the reaction of VOSO4·5H2O and the said
ligands in aqueous ethanol medium.

Seven new Schiff base complexes of oxovanadium(IV), [VO(L)(H2O)], where H2L = H2bmpph-gls,
H2bumpph-gls, H2iso-vmpph-gls, H2pmpph-gls, H2iso-bumpph-gls, H2ampph-gls, and H2vmpph-
gls, have been synthesized by the reaction of VOSO4·5H2O and the said ligands in aqueous ethanol.
The resulting complexes have been characterized on the basis of elemental analysis, vanadium deter-
mination, molar conductance, magnetic measurements, thermogravimetric (TG) analysis, infrared,
electronic mass, and electron spin resonance studies. The thermal decomposition processes of one
representative complex is discussed, and the order of reaction (n) and the activation energies (Ea)
have been calculated from TG and differential TG curves. Molecular geometry optimizations, molec-
ular surface electrostatic potentials, vibrational frequency calculations, bond lengths, bond angles
and dihedral angles, and natural atomic charges obtained by natural bond orbital and Mulliken popu-
lation analysis and calculations of molecular energies, highest occupied molecular orbital and lowest
unoccupied molecular orbital were performed with the Gaussian 09 software package using density
functional theory methods with Becke3–Lee–Yang–Parr (B3LYP) hybrid exchange–correlation func-
tional and the standard 6-311G(+) basis set for (ampph-glsH2) and LANL2DZ basis set for one of

Optimized structure of Complex [VO(ampph-gls)(H2O)]

*Corresponding author. Email: rcmaurya1@gmail.com

© 2014 Taylor & Francis

Journal of Coordination Chemistry, 2014
Vol. 67, No. 18, 3084–3106, http://dx.doi.org/10.1080/00958972.2014.959508

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

21
 0

9 
D

ec
em

be
r 

20
14

 

mailto:rcmaurya1@gmail.com
http://dx.doi.org/10.1080/00958972.2014.959508


its complexes, [VO(ampph-gls)(H2O)]. No imaginary frequency was found in the optimized model
compounds, and hence it ensures that the molecule is in the lowest point of the potential energy sur-
face, that is, an energy minimum. Finally calculated results were applied to simulate infrared spectra
which show good agreement with observed spectra. Based on experimental and theoretical data,
suitable square pyramidal structures have been proposed for these complexes.

Keywords: Oxovanadium(IV) complexes; ONO-donor amino sugar-based organic matrix; Bioinorganic;
Medicinal relevance; 3-D Molecular modeling

1. Introduction

The ability of sugars to sequester metals is of current interest in the possible development
of metal chelates for clinical use and as models for biologically important compounds
[1–6]. Amino sugars form Schiff base with salicylaldehyde and other aromatic aldehydes,
and only few reports of transition metal complexes of these ligands have been found [7].
Metal chelation could be a rational therapeutic approach for interdicting Alzheimer’s dis-
ease (AD) pathogenesis. Amyloid plaques are clusters of proteins and metal ions accumu-
lated between neurons (nerve cells) in Alzheimer’s patients’ brains. Enhancing the targeting
and efficacy of metal ion-chelating agents through sugar-appended ligand is a recent strat-
egy in the development of the next generation of metal chelators [8].

Vanadium is a trace but essential element with relevant biological properties and has
acquired special status among the biometals. Vanadium (IV and V) ions experience exten-
sive redox chemistry under physiological (pH 3–7) conditions [9–11]. Structural and/or
functional models for these enzymes, vanadate-dependent haloperoxidases and vanadium
nitrogenase, have also stimulated the coordination chemistry of vanadium [12]. Interest has
emerged in vanadium chemistry pertaining to its catalytic [13], antiparasitic [14], and
antihyperglycemic properties [15–19]. Vanadium Schiff base complexes due to various
structural models reported so far have received great attention. Four idealized geometries
have been explored in oxovanadium(IV) complexes, retaining the short V–O bond, octahe-
dral [20–22], square pyramidal [23], trigonal prismatic [24], or trigonal bipyramidal. The
last configuration is usually found only in protein complexes [25].

Pyrazolines are attractive drug scaffolding compounds with many biological applications
[26, 27] and have been reported to possess strong antibacterial, antihistaminic, and anti-
fungal activities [28, 29]. Their derivatives are present in a number of pharmacologically
active molecules. Changes in their structure have offered a high degree of diversity useful
for the development of new therapeutic agents having improved potency and less toxicity
[30, 31].

There are only a few publications on vanadium complexes with ligands containing
sugars [32], particularly the preparation of compounds in the solid state [33–38]. Sugars
or amino sugars have gained much interest for acting as non-toxic ligating compounds.
D-Glucosamine is known to promote the formation and repair of cartilage, and it has
been used in dietary supplements as a remedy for the treatment of osteoarthritis [39–41].
Vanadium along with other metals has been designated as tau marker in cerebrospinal
fluid in patients with AD [42, 43] and has also been reported as a chelating therapeutic
agent for the treatment of AD [44]. Its Schiff base complexes have pronounced DNA
binding [45]. Oxovanadium–sugar complexes are often too soluble or not stable enough
for complexes to be prepared. Introducing an anchoring group into a sugar molecule
enhances its coordinating behavior by several orders of magnitude [32]. Schiff base

ONO-donor sugar Schiff bases 3085
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compounds obtained by the reaction of 4-acyl-3-methyl-1-phenyl-2-pyrazolin-5-one and
α,D-glucosamine may be highly interesting compounds in this respect.

Thermal analysis techniques are extensively used in studying thermal behavior of metal
complexes [46–49]. Density functional theory (DFT) is a powerful method for predicting
the geometry of vanadium compounds [50, 51, 53, 54]. It is useful for investigation of large
molecules as well [55]. The Cartesian representations of theoretical force constants are usu-
ally computed at optimized geometry by assuming Cs point group symmetry. To show the
existence of intramolecular charge transfer (ICT) within molecular system, energies of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels and the molecular electrostatic surface potential (MESP) energy surface
studies are manipulated by DFT [56].

In view of the importance of vanadium compounds, ability of sugars to sequester metals
and various utilities of computational DFT studies, herein, we report the synthesis of some
amino sugar–Schiff base ligands (obtained by interaction of different acyl derivatives of
3-methyl-1phenyl-2-pyrazoline-5-one and glucosamine hydrochloride) (figure 1), along with
their oxovanadium(IV) complexes.

2. Experimental

2.1. Materials

Vanadyl sulfate pentahydrate, 3-methyl-1-phenyl-2-pyrazoline-5-one (Lancaster, UK),
D-glucosamine hydrochloride (Lancaster, UK), benzoyl chloride, acetyl chloride, propionyl
chloride, butyryl chloride (Thomas Baker Chemicals Limited, Mumbai), iso-butyryl
chloride (Merck), valeryl chloride, and iso-valeryl chloride (Lancaster, UK) were used as
supplied. All other chemicals used were of analytical grade.

2.2. Preparation of ligands

A solution of glucosamine hydrochloride (0.01 M) in 20 mL methanol–water (50%) is trea-
ted with 10 mL aqueous solution of sodium carbonate (0.01 M, 0.84 g), filtered if necessary.
To the filtrate the respective 4-acyl-3-methyl-1-phenyl-2-pyrazolin-5-one (0.01 M) was

Figure 1. Keto and enol forms of Schiff bases.

3086 R.C. Maurya et al.
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added and dissolved in 20 mL methanol. The resulting solution is refluxed with stirring for
4 h at 20–30 °C. The solution was kept cool overnight. The precipitate so obtained is
filtered with suction, washed several times with water and finally with methanol–water
(50%) and dried in vacuo.

2.3. Preparation of complexes

The vanadyl complexes were prepared by the addition of ethanolic solution of the ligands
(0.01 M, 10 mL) to a warm solution of VOSO4·5H2O (0.01M, 2.53 g) in ethanol (50%,
15 mL). The resulting solution was refluxed with stirring for 4 h. The desired complex was
filtered with suction, washed several times with 1 : 1 ethanol–water solution and dried in
vacuo.

2.4. Analysis

Carbon, hydrogen, and nitrogen were determined microanalytically at SAIF, Indian Institute
of Technology, Mumbai. The vanadium content of each of the complexes was determined as
follows. A 100 mg of the sample of the compound was placed in a silica crucible, decom-
posed by gentle heating and then 1–2 mL of concentrated HNO3was added 2–3 times. An
orangish mass (V2O5) was obtained after decomposing and complete drying. It was dissolved
in the minimum amount of dilute H2SO4, and the solution so obtained was diluted with
distilled water to 100 mL in a measuring flask. The vanadium content of each of the com-
plexes was determined volumetrically using decinormal KMnO4 solution as an oxidizing
agent in the presence of sulfurous acid. The amount of vanadium in the sample solution was
calculated using the standard [57] relationship: 1 mL of 0.1 N KMnO4 = 5.094 mg
vanadium.

3. Physical methods

The following physical methods were used to determine the structure of the ligand and their
resulting oxovanadium (IV) complexes. Solid-state IR spectra were recorded in KBr pellets
using PerkinElmer model 1620 FT-IR Spectrophotometer at IIT, Roorkee. Electronic spectra
were recorded using ATI Unicam UV-2-100 UV/Visible Spectrophotometer in our labora-
tory; EPR Spectra of the complexes were recorded at LNT at RSIC, IIT, Chennai. Thermo-
gravimetric (TG) analyses of the complexes were performed on a Perkin-Elmer (Pyris
Diamond) Thermoanalyzer at Institute Instrumentation Center, IIT, Roorkee. The C, H, and
N were determined at RSIC, IIT, Bombay.

4. Computational methods

In order to understand the vibrational properties and structural characteristics of the ligands
and complexes, the DFT calculation [58] with B3LYP/6-311+G and B3LYP/LANL2DZ
combinations have been used, respectively, and the observed bands are assigned based on
the results of normal coordinate analysis. The assignment of the calculated wave numbers

ONO-donor sugar Schiff bases 3087
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was aided by the animation option of Gauss View 5.0 graphical interface for Gaussian pro-
grams, which gives a visual presentation of the shape of the vibrational modes [59, 60].
The Cartesian representations of the theoretical force constants are usually computed at
optimized geometry by assuming Cs point group symmetry. The energies of the HOMO
and LUMO levels and the MESP energy surface studies were used for determining the exis-
tence of ICT [56].

To obtain a deeper understanding of the interaction between vanadium metal ion and O4

environment, ab initio total energy calculations within the DFT framework were carried out
for H2ampph-gls and one of the representative synthesized complexes. The optimized struc-
tures, vibrational frequencies, HOMO–LUMO, Mulliken charges, and natural bond orbital
(NBO) charges are presented and discussed. All the theoretical calculations manifested by
Gaussian 09 software package were performed at the Department of P.G. Studies and
Research in Chemistry and Pharmacy, RD University, Jabalpur, MP, India.

5. Results and discussion

The formation of the Schiff bases is consistent with the microanalytical data. The melting
points, colors, and yields are given in table 1, while the microanalytical data and important
infrared spectral bands of the ligands are given in table 2. The formation of the Schiff bases
is confirmed by the appearance of the azomethine peak at 1603–1633 cm−1 in infrared
spectra of all the ligands.

The oxovanadium(IV) complexes were prepared as per the reaction given below:

VOSO4 � 5H2Oþ H2L�!Ethanol;H2O
Reflux ½VO(L)(H2OÞ� þ 4H2Oþ H2SO4

where H2L = H2bmpph-gls, H2bummpph-gls, H2iso-vmpph-gls, H2pmpph-gls,
H2iso-bumpph-gls, H2ampph-gls, and H2vmpph-gls.

These complexes are air-stable, thermally stable, and their decomposition temperatures
are given in table 3. These are insoluble in most common organic solvents, but are fairly
soluble in DMF, DMSO, and acetonitrile. The formulation of these complexes is based on
their physicochemical and theoretical studies.

5.1. Infrared spectral studies

The important infrared spectral bands and their tentative assignments for the synthesized
ligands and complexes are given in tables 2 and 4, respectively. All the complexes exhibit a

Table 1. Some physical properties of synthesized ligands.

Ligand Empirical formula MW Color Decomposition temp. (°C)

H2bmpph-gls C23H25N3O6 439 Middle buff 160
H2bumpph-gls C20H27N3O6 405 Golden brown 160
H2iso-vmpph-gls C21H29N3O6 419 Sandstone 140
H2pmpph-gls C19H25N3O6 391 Middle buff 155
H2iso-bumpph-gls C20H27N3O6 405 Middle buff 140
H2ampph-gls C18H23N3O6 377 Golden brown 155
H2vmpph-gls C21H29N3O6 419 Canary yellow 158

3088 R.C. Maurya et al.
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strong band at 893–977 cm−1 which has been assigned to ν(V=O) [61], suggesting that
interaction of a V=O unit with another V=O unit is not possible, indicating the absence of a
–V=O…V=O– chain structure [62–64] in the present complexes. The Schiff bases used in
the present investigation may exist in the keto (I) and enol (II) forms (figure 1). However,
the appearance of a weak broad band at 3400–3500 cm−1 in all the ligands suggests that
they exist in enol form in the solid state. Hence, H2bmpph-gls, H2bumpph-gls,
H2iso-vmpph-gls, H2pmpph-gls, H2iso-bumpph-gls, H2ampph-gls, and H2vmpph-gls con-
tain four potential donor sites: (i) the ring nitrogen N1, (ii) the ring nitrogen N2, (iii) the
enolic oxygen (–OH), and (iv) the azomethine nitrogen. Moreover, the hydroxyl groups of
the glucosamine attached to C1 and C3 in the neighborhood of azomethine nitrogen may
also coordinate with the metal center. However, considering the planarity of the ligands, it
is unlikely that they could act as a hexadentate ligand towards a single metal. Hence, these
ligands seemed to be potentially tridentate through (i) enolic oxygen (–OH), (ii) azomethine
nitrogen, and (iii) C3 hydroxyl oxygen (glucosamine moiety). The coordination of the ring
nitrogen N1 is ruled out because of the presence of a bulky phenyl group attached to it. The
coordination of the ring nitrogen N2 is also ruled out because it lies opposite to the enolic
oxygen in the pyrazolone skeleton. The same argument may also be given to the non-partic-
ipation of C1-hydroxyl oxygen of the glucosamine part as it is also present at the opposite
side of the azomethine nitrogen.

The ligands under discussion show a sharp and strong band due to ν(C=N) of the azome-
thine group at 1603–1633 cm−1. The observed low energy shift of this band in the range
1594–1620 cm−1 in the complexes suggests the coordination of the azomethine nitrogen
[65]. The infrared spectra of all the Schiff bases show a medium band at 1140–1175 cm−1

assigned to ν(C–O) (enolic). In the spectra of the corresponding complexes, this band shifts
to higher wavenumber at 1163–1220 cm−1, suggesting coordination of the enolic oxygen
after deprotonation. The appearance of a broad band centered at 3450–3500 cm−1 suggests
the presence of coordinated water in these complexes.

Introduction of an anchoring group into a sugar molecule, which as a primary coordinat-
ing site may promote the deprotonation/coordination of the alcoholic hydroxyl groups, the
complex forming ability of the sugar derivative may be enhanced several orders of

Table 2. Analytical data and important IR spectral bands (cm−1) and their assignments.

Ligand (Empirical
formula) (MW)

Analysis, Found
(Calcd %)

ν(C=N)
(azomethine) ν(–OH)

ν(C–O)
(enolic)

ν(C=N)
(pyrazolone
skeleton)C H N

H2bmpph-gls 62.98 5.43 9.43 1611 3480 1140 1597
(C23H25N3O6) (439) (62.87) (5.69) (9.57)
H2bumpph-gls 59.49 6.75 10.13 1624 3585 1173(w) 1591
(C20H27N3O6) (405) (59.26) (6.67) (10.37)
H2iso-vmpph-gls 60.41 6.62 10.55 1630 3490 1175 1570
(C21H29N3O6) (419) (60.14) (6.92) (10.02)
H2pmpph-gls 58.18 6.61 10.42 1603 3400 1150 1572
(C19H25N3O6) (391) (58.31) (6.39) (10.74)
H2iso-bumpph-gls 59.61 6.45 10.82 1633 3500 1172 1590
(C20H27N3O6) (405) (59.26) (6.67) (10.37)
H2ampph-gls 57.52 6.20 11.56 1621 3480 1172 1589
(C18H23N3O6) (377) (57.29) (6.10) (11.14)
H2vmpph-gls 60.52 6.40 10.45 1628 3410 1150 1590
(C21H29N3O6) (419) (60.14) (6.92) (10.02)

ONO-donor sugar Schiff bases 3089

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

21
 0

9 
D

ec
em

be
r 

20
14

 



Ta
bl
e
3.

A
na
ly
tic
al

da
ta

an
d
so
m
e
ph
ys
ic
al

pr
op
er
tie
s
of

th
e
sy
nt
he
si
ze
d
co
m
pl
ex
es
.

C
om

pl
ex

(E
m
pi
ri
ca
l
fo
rm

ul
a)

M
ol
ec
ul
ar

w
ei
gh
t

F
ou
nd
/c
al
cu
la
te
d
(%

)

C
ol
or

D
ec
om

p.
Te
m
p.

(°
C
)

Λ
M
(Ω

−
1
cm

2
M

−
1
)

μ e
ff
(B
M
)

Y
ie
ld

(%
)

C
H

N
V

[V
O
(b
m
pp
h-
gl
s)
(H

2
O
)]

52
.5
6

4.
95

8.
22

9.
58

P
al
e
cr
ea
m

27
5

25
1.
70

48
(C

2
3
H
2
5
N
3
O
7
V
)
(5
21

.9
4)

(5
2.
87

)
(4
.7
8)

(8
.0
4)

(9
.7
6)

[V
O
(b
um

pp
h-
gl
s)
(H

2
O
)]

49
.4
0

5.
45

8.
28

10
.6
5

M
id
dl
e
bu

ff
20

5
20

1.
68

45
(C

2
0
H
2
7
N
3
O
7
V
)
(4
87

.9
4)

(4
9.
18

)
(5
.5
3)

(8
.6
0)

(1
0.
44

)
[V

O
(i
so
-v
m
pp

h-
gl
s)
(H

2
O
)]

50
.5
6

5.
41

8.
03

10
.5
7

R
aw

si
lk

25
0

36
1.
71

42
(C

2
1
H
2
9
N
3
O
7
V
)
(5
01

.9
4)

(5
0.
20

)
(5
.7
7)

(8
.3
6)

(1
0.
14

)
[V

O
(p
m
pp
h-
gl
s)
(H

2
O
)]

48
.4
2

5.
49

8.
53

10
.9
4

S
an
d
st
on

e
28

0
42

1.
69

44
(C

1
9
H
2
5
N
3
O
7
V
)
(4
73

.9
4)

(4
8.
10

)
(5
.2
7)

(8
.8
6)

(1
0.
74

)
[V

O
(i
so
-b
um

pp
h-
gl
s)
(H

2
O
)]

49
.5
3

5.
37

8.
28

10
.7
1

M
id
dl
e
bu

ff
15

0
48

1.
70

43
(C

2
0
H
2
7
N
3
O
7
V
)
(4
87

.9
4)

(4
9.
18

)
(5
.5
3)

(8
.6
0)

(1
0.
44

)
[V

O
(a
m
pp
h-
gl
s)
(H

2
O
)]

46
.4
9

5.
13

9.
31

11
.2
6

C
an
ar
y
ye
llo

w
31

5
41

1.
71

46
(C

1
8
H
2
3
N
3
O
7
V
)
(4
59

.9
4)

(4
6.
96

)
(5
.0
0)

(9
.1
3)

(1
1.
07
)

[V
O
(v
m
pp
h-
gl
s)
(H

2
O
)]

50
.0
1

5.
98

8.
72

10
.4
6

P
is
ta
ch
io

>
32

0
34

1.
71

38
(C

2
1
H
2
9
N
3
O
7
V
)
(5
01

.9
4)

(5
0.
20

)
(5
.7
7)

(8
.3
6)

(1
0.
14

)

3090 R.C. Maurya et al.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

21
 0

9 
D

ec
em

be
r 

20
14

 



Table 4. Some important IR spectral bands (cm−1) of the synthesized complexes.

Complex ν(V=O) ν(C=N) ν(C–O) ν(V–O) ν(V–N) (OH)

[VO(bmpph-gls)(H2O)] 900 1601 1163 470 420 3450
[VO(bumpph-gls)(H2O)] 893 1612 1173 450 (sharp) 437 3490
[VO(iso-vmpph-gls)(H2O)] 903 1605 1200 456 430 3500
[VO(pmpph-gls)(H2O)] 899 1594 1180 476 407 3500
[VO(iso-bumpph-gls)(H2O)] 970 1620 1173 (sharp) 488 450 3500
[VO(ampph-gls)(H2O)] 974 1611 1220 460 420 3500
[VO(vmpph-gls)(H2O)] 977 1607 1170 470 450 3480

Figure 2. IR spectrum of [VO(ampph-gls)(H2O)] (a) theoretical and (b) experimental.
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magnitude [66]. Schiff base ligands obtained by the reaction of D-glucosamine and 4-acyl-
3-methyl-1-phenyl-2-pyrazolin-5-one in the present investigation may be interesting ligands
in this respect. In view of the above discussion and considering the analytical data support-
ing 1 : 1 metal–ligand ratio, plus the square pyramidal geometry as evidenced by the
electronic spectral data (vide infra), it seems logical that the C3-alcoholic hydroxyl group of
the present ligands is coordinating to the metal center after deprotonation besides the
azomethine nitrogen and enolic oxygen as the donor sites. The molar conductance data with
respect to the non-electrolytic nature of the complex are also consistent with dibasic triden-
tate (ONO) nature of the present ligands. The infrared spectral data failed to explain the
coordination of the deprotonated C3-alcoholic hydroxyl group in all these complexes due to
the presence of a broad band at ~3500 cm−1 on account of three more free alcoholic
hydroxyl groups and also due to the presence of a coordinated water molecule in all the
complexes.

The DFT computational IR spectrum of one of the representative compounds [VO(amp-
ph-gls)(H2O)] shows close resemblance with the important spectral bands with that of corre-
sponding experimental spectral bands as shown in figure 2.

5.2. Conductance measurements

The observed molar conductances (20–48Ω−1 cm2M−1) in 10−3 molar DMF solutions of
these complexes, given in table 3, are consistent with the non-electrolytic nature of the com-
plexes. Such a non-zero molar conductance value for each of the complex in the present
study is most probably due to the strong donor capacity of DMF, which may lead to the dis-
placement of anionic ligand and change of electrolyte [67] type.

5.3. Magnetic measurements

The oxovanadium(IV) is a S = 1/2 system. The magnetically dilute oxovanadium(IV) com-
plexes usually exhibit magnetic moments to their spin-only value of 1.73 BM. At room
temperature, the observed value of the magnetic moments for the present complexes is in

Figure 3. ESR spectrum of [VO(bmpph-gls)(H2O)].
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the range 1.68–1.71 BM, as expected for a simple S = 1/2 paramagnet with a dxy based
ground state [67]. These data suggest that the complexes under this investigation are mono-
nuclear and paramagnetic [68].

5.4. ESR spectral studies

The X-band EPR spectra of 1 and 3 were recorded in frozen DMF solution without DPPH
at LNT. The spectra were recorded using the microwave frequencies 9.2 and 9.18 GHz,
respectively (figures 3 and 4). Each spectrum shows an eight-line pattern, characteristic of
an unpaired electron coupled with a vanadium nuclear spin (I = 7/2) revealing the hyperfine

Figure 4. ESR spectrum of [VO(iso-vmpph-gls)(H2O)].

Table 5. ESR spectral parameters of the complexes.

Compound A⊥ A║ Aav g⊥ g║ gav

[VO(bmpph-gls)(H2O)] 44 190 92.67 2.021 1.970 2.004
[VO(iso-vmpph-gls)(H2O)] 50 190 96.67 2.021 1.972 2.005

Table 6. Electronic spectral data of some complexes.

Complexes λmax (nm) (ε, LM−1 cm−1) Peak assignment

[VO(bmpph-gls)(H2O] 295(3441) Charge transfer transition
336(2543) Charge transfer transition
442(500) b2→a1*
625(50) b2→b1*

[VO(iso-vmpph-gls)(H2O] 295(3259) Charge transfer transition
306(3240) Charge transfer transition
317(3180) Charge transfer transition
443(375) b2→a1*
580(50) b2→b1*

[VO(vmpph-gls)(H2O)] 289(3139) Charge transfer transition
444(424) b2→a1*
575(40) b2→b1*
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splitting of the nucleus. This means that the unpaired electron is in the vicinity of I = 7/2 of
vanadium. The calculations of g⊥, g║, and gav values in each of the complexes are given in
table 5.

The g|| and g⊥ values in the two complexes mentioned in table 5 deviate from the free
ion value 2.0036, which suggests that the resulting complexes are covalent [67]. From the
values obtained for g⊥, g||, and gav, it is evident that the unpaired electron is present in dxy
orbital [69]. Moreover, the features like spin Hamiltonian parameters A⊥ and A|| values are
obtained from the spectra of these compounds. The respective values indicate monomeric
oxovanadium(IV) complexes [70] and hence the possibility of an octahedron is eradicated.
This clearly depicts that the compounds are trigonal pyramidal or square pyramidal.

5.5. Electronic spectral studies

The electronic spectra of 1, 3, and 7 were recorded in 10−3 M DMF solution. λmax of
electronic spectral peaks, their molar extinction coefficients, and tentative assignments are
given in table 6. Compound 1 displayed four spectral peaks at 295, 336, 442, and 625 nm.

Figure 5. Electronic spectrum of [VO(vmpph-gls)(H2O)].

Table 7. Selected geometrical parameters of [VO(ampph-gls)(H2O)].

Bond connectivity Length Bond connectivity Angle Bond connectivity Dihedral angle

V(14)–O(16) 2.218 N(11)–V(14)–O(15) 114.092 V(14)–N(11)–C(13)–C(27) −9.305
V(14)–O(15) 1.602 N(11)–V(14)–H(10) 81.750 V(14)–N(11)–C(13)–C(30) 167.566
V(14)–O(17) 2.045 N(11)–V(14)–O(17) 121.437 C(3)–N(11)–V(14)–O(10) −14.497
V(14)–O(10) 1.859 N(11)–V(14)–O(16) 99.024 C(3)–N(11)–V(14)–O(15) −119.464
V(14)–N–(11) 2.037 O(15)–V(14)–O(17) 124.458 C(3)–N(11)–V(14)–O(16) 139.555
C(13)–N(11) 2.6143 O(16)–V(14)–O(10) 154.340 C(3)–N(11)–V(14)–O(17) 61.758

O(16)–V(14)–O(17) 74.934 C(3)–N(11)–V(14)–H(45) −158.787
O(10)–V(14)–O(17) 82.774 C(13)–N(11)–V(14)–O(10) 158.822
O(15)–V(14)–O(16) 96.183 C(13)–N(11)–V(14)–O(15) 53.854

C(13)–N(11)–V(14)–O(16) −47.125
C(13)–N(11)–V(14)–O(17) −124.922
C(13)–N(11)–V(14)–H(45) 14.532
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The first two peaks of relatively higher molar extinction coefficients are due to charge trans-
fer transitions, while the remaining two peaks of lower extinction coefficients may be due
to b2→ a1* and b2→ b1* transitions, respectively. Compound 3 displayed three charge
transfer transitions and two d–d transitions, while compound 7 displayed one charge
transfer transition and two d–d transitions (figure 5). These transitions are in agreement with
the spectral data reported elsewhere and suggest square pyramidal geometry [71] for these
complexes.

5.6. Thermal analysis

TG analysis of one representative compound [VO(bmpph-gls)(H2O)] (MW = 521.94) was
performed on a PerkinElmer (Pyris Diamond) Thermoanalyzer at Institute Instrumentation
Center, IIT, Roorkee (Supplementary material). The TG curve was recorded from room tem-
perature up to 800 °C at a heating rate of 10 ° min−1 in nitrogen. The complex shows a
weight loss at 135 °C ,which corresponds to the loss of one coordinated water [(observed)
3.75/(calculated) 3.45%]. The TG curve shows another weight loss at 396 °C, which corre-
sponds to the loss of 3-OH groups present in the glucosamine moiety of the ligand

Figure 6. Optimized structure of [VO(ampph-gls)(H2O)].
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[(observed) 8.7/(calculated) 10.1%]. The TG curve shows a weight loss at 455 °C, corre-
sponding to the complete removal of glucosamine unit from the complex [(observed) 26.64/
(calculated) 27.4%]. The final residue attaining a constant weight [(observed) 51.26/(calcu-
lated) 40.73%] over 660 °C roughly corresponds to V2O5. TGA based thermodynamic and
kinetic evaluation has been given in Supplementary material.

5.7. Geometrical parameters

The various bond lengths, bond angles, and dihedral angles generated from the optimized
structure of one of the representative complexes, [VO(ampph-gls)(H2O)] using Gaussian 09
software are given in table 7. The computed bond lengths, such as V=O(oxo) (15), V–O
(enolic) (10), V–N (11), and V–O(water) (17), in the present complex are 1.602, 1.859,
2.037, and 2.045 Å, respectively. These results are comparable to the data reported else-
where [72, 73]. The significant computed bond angles in the complex, such as N(11)–V
(14)–O(10), (81.75°), O(16)–V(14)–O(17), (74.93°), O(10)–V(14)–O(17), (82.77°), O(15)–
V(14)–O(17), (124.458°), O(15)–V(14)–O(10), (106.972°), O(15)–V(14)–N(11),
(114.092°), and O(15)–V(14)–O(16), (96.18°), suggest the square pyramidal structure of the
complexes. The optimized structure of [VO(ampph-gls)(H2O)] is shown in figure 6.

Quantitatively, the angular structural parameter τ proposed by Addison et al. [74] may
also be used to distinguish between TB and SP structures, evaluated as

s ¼ b� a
60

where α and β are bond angles, O10–V14–O17 and N11–V14–O16, respectively, taking β ≥ α.
Here, β = 99.02 and α = 82.77.

For purely SP polyhedra, τ is 0 and for a perfect TB polyhedron τ is 1. Corman et al.
applied this parameter and described vanadyl complexes with 0 < τ < 0.5 as distorted SP,
while complexes with 0.5 < τ < 1 were considered as distorted TB [75]. Computationally, it
is found that τ = 0.271 for [VO(ampph-gls)(H2O)], confirming SP geometry.

5.8. Frontier molecular orbitals analysis

The HOMO is the orbital that primarily acts as an electron donor and the LUMO is the
orbital that largely acts as the electron acceptor, and the gap between HOMO and LUMO
characterizes the molecular stability [76, 77]. Four important molecular orbitals, second
highest [HOMO-1], and highest occupied MO’s [HOMO], the lowest [LUMO], and second
lowest unoccupied MO’s [LUMO+1], have been worked out for H2ampph-gls as −0.23730,
−0.16934, −0.06547, and −0.01903 a.u., respectively, and the energy gaps (ΔE) between
[HOMO–LUMO] and [HOMO-1–LUMO+1], for H2ampph-gls are −0.10387 and −0.21827
a.u., respectively. Similarly, [HOMO-1], [HOMO], [LUMO], and [LUMO+1] are worked

Table 8. Absolute electronegativity (χabs), absolute hardness (η), electrophilicity index (ω), and
global softness (S) of [VO(ampph-gls)(H2O)].

Compounds χabs η ω S

H2ampph-gls −0.11737 −0.05193 −129.98 −19.25
[VO(ampph-gls)(H2O)] −0.12809 −0.06214 −384.91 −16.09
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out for [VO(ampph)(gls)(H2O), and the observed energies in the same order are −0.21329,
−0.19023, −0.06595, and −0.04572 a.u., respectively, while the energy gaps between
[HOMO–LUMO] and [HOMO-1–LUMO+1] are −0.12428 and −0.16757 a.u., respectively.
The presence of one unpaired electron in the HOMO in the complex justifies that it is
paramagnetic with a singly occupied molecular orbital (SOMO).

Figure 7. HOMO–LUMO structure with energy-level diagram of [H2ampph-gls].
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The energy of the frontier orbitals for molecules in terms of ionization energy (IE)
and electron affinity (IA) of the H2ampph-gls and its complex from Koopmans’s theorem
[78] are:

�EHOMO ¼ IE (1)

�ELUMO ¼ EA (2)

Figure 8. HOMO–LUMO structure with energy-level diagram of [VO(ampph-gls)(H2O)].
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The absolute electronegativity (χabs) and absolute hardness (η) are related to IA and EA
[79] as given below:

vabs ¼ ðIEþ IAÞ=2 ¼ ðEHOMO þ ELUMOÞ=2 (3)

g ¼ ðIE� IAÞ=2 ¼ ðEHOMO � ELUMOÞ=2 (4)

Hard molecules have a large HOMO–LUMO gap and soft molecules have a small
HOMO–LUMO gap [80]. The absolute electronegativity (χabs) and absolute hardness (η) of
dehydroacetic acid and its complex calculated using equations (3) and (4) are provided in
table 8. There is a very short gap between HOMO and LUMO in its complex as compared
with ligands. The HOMO–LUMO structures with energy-level diagram of H2ampph-gls
and its complex are shown in figures 7 and 8, respectively.

Another important property related to the dipole moment and hardness is electrophilicity
index (ω) and global softness (S), shown in equation below. The values of ω and S are
given in table 8.

x ¼ l2=2g (5)

S ¼ 1=g (6)

5.9. Hyperpolarizability calculations

DFT has been used to calculate the dipole moment (μ), mean polarizability (α), and the total
first static hyperpolarizability (β0) [81, 82] for [VO(ampph-gls)(H2O)] in terms of x, y, and
z components from the following equations.

l ¼ ðl2x þ l2y þ l2zÞ1=2 (7)

a ¼ 1=3ðaxx þ ayy þ azzÞ (8)

Da ¼ ðaXX � aYYÞ2 þ ðaYY � aZZÞ2 þ ðaZZ � aXXÞ2
2

" #1=2

(9)

b0 ¼ ðb2x þ b2y þ b2zÞ1=2 (10)

and

bx ¼ bxxx þ bxyy þ bxzz

by ¼ byyy þ bxxy þ byzz

ONO-donor sugar Schiff bases 3099
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Table 9. Calculated all (μ, β, and α) components, (μ, α) total, and
(β0, Δα) of [VO(ampph-gls)(H2O)].

Dipole moment (μ) Hyperpolarizability (β)

μx 4.3940 βxxx 120.6982
μy 4.3691 βyyy 11.8355
μz 2.3093 βzzz 46.3724
μtotal 6.6128 βxxx 10.0508
Polarizability (α) βxxy −64.0494
αxx −170.7632 βxxz −152.4655
αyy −175.2481 βxzz 85.0393
αzz −182.9920 βyzz 4.0446
αxy 2.5752 βyyz 19.0255
αxz −8.7253 βxyz 22.7244
αyz −5.7772 β0 237.625
α total −176.3344
Δα 10.751

Note: αxx, αyy, and αzz are tensor components of polarizability: βiiz, βizi, and βzii
(i from x to z) are tensor components of hyperpolarizability: μx, μy, and μz are the
components of the dipole moment. α is the mean polarizability, Δα is the anisotropy
of polarizability, and β0 is the mean first hyperpolarizability.

Table 10. Data of Mulliken and NBO atomic charges of [VO(ampph-gls)(H2O)].

Atoms
NBO atomic

charges
Mulliken atomic

charges Atoms
NBO atomic

charges
Mulliken atomic

charges

1 C −0.083 0.076 29 O −0.524 −0.822
2 C 0.004 0.109 30 C −0.786 −0.679
3 C −0.095 −0.095 31 H 0.238 0.242
4 C −0.071 0.441 32 H 0.192 0.213
5 O −0.298 −0.648 33 H 0.243 0.210
6 C 0.008 0.072 34 H 0.408 0.517
7 O −0.578 −0.828 35 H 0.199 0.196
8 C −0.319 −0.056 36 H 0.188 0.192
9 O −0.478 −0.788 37 H 0.352 0.487
10 O −0.506 −0.669 38 H 0.484 0.555
11 N −0.481 −0.636 39 H 0.275 0.248
12 C 0.372 0.150 40 H 0.220 0.222
13 C 0.444 0.322 41 H 0.221 0.219
14 V 0.865 0.884 42 H 0.219 0.220
15 O −0.373 −0.391 43 H 0.272 0.244
16 O −0.405 −0.685 44 H 0.240 0.191
17 O −0.770 −0.903 45 H 0.302 0.240
18 C −0.268 −0.217 46 H 0.216 0.231
19 C −0.213 −0.198 47 H 0.226 0.235
20 C −0.237 −0.218 48 H 0.245 0.250
21 C −0.198 −0.206 49 H 0.385 0.508
22 C −0.346 −0.224 50 H 0.221 0.226
23 C −0.030 0.567 51 H 0.252 0.232
24 N −0.179 −0.292 52 H 0.221 0.227
25 N −0.129 −0.386 53 H 0.418 0.532
26 C 0.144 0.319 54 H 0.249 0.240
27 C −0.449 −0.428 55 H 0.222 0.229
28 C −0.736 −0.668
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bz ¼ bzzz þ bxxz þ byyz

(or)

b0 ¼ ½ðbxxx þ bxyy þ bxzzÞ2 þ ðbyyy þ byzz þ byxxÞ2 þ ðbzzz þ bzxx þ bzyyÞ2�1=2 (11)

The calculated electric dipole moment μ (Debye), isotropic polarizability, α (in a.u.),
anisotropy of the polarizability, Δα (in a.u.), and all hyperpolarizability (β) components (in
a.u.) values are given in table 9.

5.10. Atomic net charges

The natural atomic charges of [VO(ampph)(acac)(H2O)] obtained by NBO and Mulliken
population analysis [83] with B3LYP/LANL2DZ basis set are compared in table 10. The
comparison between Mulliken net charges and the atomic natural ones is not an easy task,
since the theoretical background of the two methods is very different. Looking at the results
there are surprising differences between the Mulliken and the NBO charges. The data indi-
cate that C2, C6, C12, C13, C18, C19, C20, C21, C22, C26, C27, C28, C30, and all hydrogens
bear positive charge in both NBO and Mulliken analyses. V14 also bears positive charge in
NBO analysis as well as in Mulliken analysis. The remaining atoms: C3, C8, C17, N11, N24,
and N25, and all oxygens, O5, O7, O9, O10, O16, O17 and O29, bear negative charges in both
analyses. These are clearly shown in the graphical representation of NBO and Mulliken
charges given in figure 9. The color range in the scale of positive and negative charges and
graphical representation for (a) Mulliken atomic charges and (b) NBO atomic charges of
the complex are shown in figure 10.

The definition of Mulliken charges is based on population analysis. The Mulliken popula-
tion analysis provides a partitioning of either the total charge density or an orbital density.
The number of electrons in the molecule (N) is the integral of the charge density over
space. N is partitioned for all atoms, considering also the overlap population. According to

Figure 9. Graphical representation of Mulliken and NBO atomic charges of [VO(ampph-gls)(H2O)].

ONO-donor sugar Schiff bases 3101

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

21
 0

9 
D

ec
em

be
r 

20
14

 



the theory, the overlap population of atoms A and B is divided between the two atoms in
half-to-half ratio. This is one weak point of the theory. The other weak point is its strong
dependence on the basis set applied. The atomic net charge is the difference between the
calculated number of electrons belonging to the atom in the complex and the number of
electrons of the isolated atom.

The natural atomic charge is based on the theory of the natural population analysis. The
analysis is carried out with NBO. They are linear combinations of the natural atomic orbi-
tals. The derivation of a valence shell atomic orbital (NAO) involves diagonalization of the
localized block of the full density matrix of a given molecule associated with basic func-
tions on that atom. A distinguishing feature of NAOs is that they meet the simultaneous
requirement of orthonormality and maximum occupancy. In a polyatomic molecule, the
NAOs mostly retain one-center character, and thus they are optimal for describing the
molecular electron density around each atomic center. Natural bond orbitals are linear
combinations of the NAOs of two bonded atoms. The natural population analysis satisfies
Pauli’s exclusion principle, and solves the basis set dependence problem of the Mulliken
population analysis [84].

Figure 10. Structure with color range of (a) Mulliken atomic charges and (b) NBO atomic charges of
[VO(ampph-gls)(H2O)].
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5.11. Molecular surface electrostatic potential of ligand and its complex

The molecular surface electrostatic potential (MSEP) surface diagram is used to understand
the reactive behavior of a molecule, in that negative regions can be regarded as nucleophilic
centers, whereas the positive regions are potential electrophilic sites. The molecular electro-
static potential surface [80] (figure 11) displays molecular shape, size, and electrostatic
potential values of H2appmh-gls and its vanadium complex. The MSEP map of H2appmh-
gls shows that the carbonyl and hydroxyl oxygens represent the most negative potential
region, while in the case of the complex, the coordination environment of four oxygens and
vanadium (central atom) is the region of most negative potential. The hydrogen and nitro-
gens in H2appmh-gls bear the region of maximum positive charge. The two hydrogens
attached to oxygen of the coordinated water are mostly electropositive. The predominance
of green region in the MSEP surfaces corresponds to a potential halfway between the two
extremes, red and dark blue color.

Figure 11. Molecular electrostatic potential MESP (a) [H2ampph-gls] and (b) [VO(ampph-gls)(H2O)] with color
range along with scale.
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6. Conclusion

From the overall structural elucidation of the newly synthesized class of amino sugar
Schiff bases, these compounds behave as dibasic tridentate ligands. The satisfactory
analytical data coupled with the studies presented suggest that the oxovanadium(IV)
complexes are [VO(L)(H2O)], where H2L = N-(4′-benzoylidene-3′-methyl-1′-phenyl-2′-
pyrazolin-5′-one)-glucosamine, N-(4′-butyrylidene-3′-methyl-1′-phenyl-2′-pyrazolin-5′-one)-
glucosamine, N-(3′-methyl-1′-phenyl-4′-iso-valerylidene-2′-pyrazolin-5′-one)-glucosamine,
N-(3′-methyl-1′-phenyl-4′-propionylidene-2′-pyrazolin-5′-one)-glucosamine, N-(4′-iso-butyry
lidene-3′-methyl-1′-phenyl-2′-pyrazolin-5′-one)-glucosamine, N-(4′-acetylidene-3′-methyl-1′-
phenyl-2′-pyrazolin-5′-one)-glucosamine, and N-(3′-methyl-1′-phenyl-4′-valerylidene-2′-pyr-
azolin-5′-one)-glucosamine. The SOMO (dxy) depicted computationally was found in best
fit with the EPR studies, and the DFT optimization together with theoretical/experimental
IR studies indicates that these complexes have square pyramidal structures. Thus, a new
class of oxovanadium(IV) coordination compounds have been investigated. These com-
plexes might prove useful further in photoluminescence studies and also be practiced as
new tools to investigate AD therapy.
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