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’ INTRODUCTION

Vanadium plays a number of important roles in biological
systems,1 and in humans its complexes have shown promising
activity for the treatment of type II diabetes.2 Vanadium contain-
ing compounds can be used as orally available drugs suitable to
ameliorate most of the symptoms of diabetes: high blood sugar,
elevated lipid levels, and increasingly damaging secondary com-
plications, including heart disease, cataracts, kidney disease, and
peripheral neuropathy.3 Some chelated vanadium complexes
demonstrated superior activity over inorganic vanadium sources
through both in vivo and/or in vitro assays of biological
effectiveness.1,4 The first phase I5 and phase IIa6 clinical trials
of a designed vanadium complex were completed recently.
Although insulin mimetic effects of vanadium are well estab-
lished, there are still differences of opinion among researchers
regarding the mechanism of action leading to these effects. Possible
modesof action for insulinenhancing activityof vanadiumcompounds

are involved in multiple intracellular action, termed as “ensemble
mechanism”.7 The targets for vanadium in this mechanism include
protein tyrosine phosphatase (PTPase), phosphatidyl inositol-3-ki-
nase (PI3�K), glucose transporter (GLUT), protein kinaseB(PKB),
and cyclic nucleotide phosphodiesterase (PDE).8 In addition to
antidiabetic properties, many vanadium complexes are reported to
exhibit anticancer properties.9 Vanadium complexes are also known
for their antimicrobial10 and spermicidal11 activities.

Pyridoxal acts as a cofactor in enzymatically catalyzed trans-
amination12 as well as in many other biosynthetic processes such as
decarboxylation, racemization of amino acids, and dehydration of
serine and threonine.13 It is also known for its role in anticancer
activity.14 Pyridoxal isonicotinoyl hydrazone class of iron chelators
show promising activity as antiproliferative agents.15 Most of the
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ABSTRACT: A new Schiff base, [H4pydmedpt]2þ 3 2Cl
�,

derived from one of the forms of vitamin B6 has been synthe-
sized by condensation of pyridoxal hydrochloride with N,N-
bis[3-aminopropyl]-methylamine (medpt) and characterized
by analytical and spectroscopic methods. The molecular struc-
ture is calculated by density functional theory (DFT) proce-
dures, and the donor properties of each individual donor atom
are evaluated by calculation of the Fukui function. One pot
reaction of pyridoxal and medpt with vanadyl acetylacetonate
yields the brown complex [VIVO(H2pydmedpt)]2þ 3 2Cl

� 1,
which upon recrystallization from water crystallizes as
[VIVO(pydmedpt)] 3 5H2O 2. The compounds are character-
ized by analytical and spectroscopic methods, 2 being also characterized by single crystal X-ray diffraction. It displays a slightly
distorted octahedral geometry around the vanadium atom involving the coordination of Namine, two Nimine, and Ophenolato donors of
the ligand. One of the phenolato oxygen donors is positioned trans to the terminal O-oxido atom with relatively short V�Ophenolate

{2.041(3) Å} and long V�Ooxido {1.625(4) Å} bond distances when compared to other known compounds. The two different pKa

values (6.0 and 7.9) obtained for 1 are due to protonation of the pyridine ring nitrogen atoms having different basic characters, this
being also substantiated by theoretical calculation of the proton affinity of the O- and N- atoms of the molecule. The spin
Hamiltonian parameters are obtained from the electron paramagnetic resonance (EPR) spectra, but the Az value (ca. 155 �
10�4 cm�1) is lower than expected by applying the additivity rule for the present set of equatorial donor atoms (ca. 162�163 �
10�4 cm�1), this being attributed to the strong trans V�Ophenolate bond. The UV�vis transitions and EPR spectral parameters are
calculated by DFT procedures, and both the calculated electronic transitions and the hyperfine coupling constants agree well with
those experimentally observed. The inhibitory effect of 1 on FFA release and % glucose uptake determined with isolated rat
adipocyte cells gave IC50 and EC50 values lower than for VIVOSO4 and of the same order of magnitude of other reported insulin
enhancing vanadium compounds.



4350 dx.doi.org/10.1021/ic102412s |Inorg. Chem. 2011, 50, 4349–4361

Inorganic Chemistry ARTICLE

enzymatic reactions of pyridoxal have been reproduced by non-
enzymatic model reactions with pyridoxal and a suitable metal salt
acting as a catalyst via the formation of intermediate Schiff base
metal complex.16 Hence, metal complexes derived from pyridoxal
Schiff bases have been important for total understanding of the
mechanism of action of pyridoxal in vivo, and also for developing
bioactive compounds for therapeutic use such as anticancer agents.
Since vanadium complexes have anticancer activity of their own, a
compound of vanadium with a pyridoxal Schiff base is particularly
interesting in this regard. Several metal complexes of Schiff bases
derived from pyridoxal and amino acids have been reported.17

However, studies on metal complexes of Schiff bases derived from
pyridoxal and polyamines have been limited by the paucity of
authentic complexes, only a few examples being known.18

On the other hand medpt is a N-methylated derivative of a
naturally occurring polyamine, norspermidine, which is found in
some species of plants, bacteria, and algae.19 It exhibits significant
antitumor activity against L1210 leukemia, 3LL carcinoma, and
EL4 lymphoma in mice.20

Vanadium complexes with N, O donor atoms are known to
exhibit insulin enhancing properties.21 The vanadium picolinato22a,b

and dipicolinato22c complexes are known examples. Therefore, it is
relevant to investigate other vanadium complexes with pyridine
derivatives possessing N, O donors. Thus, the use of pyridoxal, a
pyridine derivative, as one of the building blocks of the ligand design
may be advantageous. In fact, it is not expected to yield toxic
metabolites, and additionally it may improve solubility of the final
complex. Hence, we decided to undertake the synthesis and
characterization of a new Schiff base containing the N3O2 binding
set, H4pydmedpt

2þ
3 2Cl

�, derived from the condensation of
pyridoxal and medpt, and of its oxidovanadium(IV) complex. The
pentadentate ligand was designed so that a strong phenolato oxygen
donor atom may take a position trans to the oxido group, which
itself is a rare arrangement of donors for oxidovanadium complexes.
Themolecular structure, acid�base and spectroscopic properties of
the complex, as well as its insulin enhancing activity, are described.
Theoretical calculations carried out for the ligand and the complex
support the measured spectroscopic properties. Besides its insulin
enhancing effect, which is similar to that of other reported
oxidovanadium(IV) compounds, the complex is also relevant
because of a few unusual structural characteristics.

’EXPERIMENTAL SECTION

General Procedures. Materials. N,N-bis[3-aminopropyl]methyla-
mine (medpt), vanadyl aceylacetonate {VIVO(acac)2}, and pyridoxal hydro-
chloride were purchased from Aldrich, Milwaukee, U.S.A.. All the other

chemicals used were of analytical grade, obtained from local suppliers.
Compoundmedptwas distilled in the presence of activated charcoal prior to
use, solvents were dried by standard procedures, and other chemicals were
used as received.

Characterization Procedures. Elemental analyses were obtained with
a Perkin-Elmer 2400 CHN/O Analyzer. Chloride was determined
colorimetrically by the mercuric chloroanilate method, and vanadium
was determined colorimetrically by hydrogen peroxide.23 IR spectra
were recorded as KBr pellets on a Perkin-Elmer FT-IR spectrometer
(Model: L 120-000A). The electronic spectra were recorded in metha-
nol on a Shimadzu UV-2401 PC spectrophotometer, and the 1H NMR
spectra were obtained on a Bruker DPX 300MHz spectrometer with the
common parameter settings. The electron paramagnetic resonance
(EPR) spectra were recorded with a Bruker ESP 300E X-band spectro-
meter at 77 K in methanol and dimethylsulfoxide (DMSO). The spin
Hamiltonian parameters were obtained by simulation of the spectra with
the computer program of Rockenbauer and Korecz.24

For studies of the properties of 1 in aqueous solution, it was dissolved
in H2O (3.00 mM) under argon (initial pH ∼4.5), and EPR and
electronic spectra were recorded after stepwise additions of KOH using
the above-mentioned instruments. No DMSO or ethylene-glycol was
added so that no changes in the composition of the solution occur
because of these solvents.

Cyclovoltammetric (CV) measurements were carried out with a
potentiostat-galvanostat M 273 (EG&G Princeton Applied Research,
U.S.A.) driven by M 270 software. A three-electrode cell was used,
consisting of a Pt working disk electrode (0.12 cm), Pt counter, and
saturated calomel reference electrode (SCE). CV measurements were
performed under nitrogen atmosphere at 27( 1 �C in 1.00mMaqueous
unbuffered solution of 1 containing KCl (0.10 M) as supporting
electrolyte with a scan rate of 100 mV/s. The pH of the solution was
5.0. The solution was purged with N2 gas for 5 min before the
experiments.

Conductance was measured in 1.00 mM aqueous solution using a
Systronic conductivity meter, type 304. The acid dissociation constants
of the complex (pKa values) were estimated by pH-potentiometric
titrations of 0.10 mM aqueous solution of the complex with 1 mM
carbonate-free standard NaOH solution. Measurements were carried
out at 25( 0.1 �C, at a constant ionic strength of 0.10 M KNO3, with a
Mettler Toledo DL-28 autotitrater. The reproducibility of the titration
points was within 0.005 pH units in the observed pH range: 5.0�9.0.

Single Crystal XRD. Single crystal X-ray diffraction data were collected
at 100 K with a Bruker SMART APEX CCD diffractometer using
graphite monochromatized Mo�KR radiation by j�ω scans. Data
reduction and cell refinement were performed by SAINT.25 Empirical
absorption corrections were applied using SADABS.26 The structure was
solved by direct method using SIR-9227 program and refined by full-
matrix least-squares on F2 using SHELXL-97.28 Publication material for
the complex was prepared by WinGX publication routines.29 The

Table 1. Crystallographic Data and Refinement Details for 2

empirical formula C23H41N5O10V β (deg) 78.122(5)
fw (g mol�1) 598.55 γ (deg) 65.821(5)

space group P1 cell volume (Å3) 1409.7(11)

Z 2 refl. collected 9276

temperature (K) 100 unique refl./I > 2σ(I) 6669/4815

d(calc) [g cm
�3] 1.410 no. of params/restr. 352/0

a (Å) 10.720(5) radiation MoKR 0.71069 (nm)

b (Å) 11.925(5) Ra/goodness of fit on F2 0.0777/1.128

c (Å) 12.354(5) wR2
b (I > 2σ(I)) 0.2881

R (deg) 84.378(5) resd. dens. [e/Å3] þ0.948/�1.602
aR= ∑||Fo| � |Fc||/∑|Fo|.

bwR2 =[∑w(Fo
2 � Fc

2)2/∑w(Fo
2)2]1/2.
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H atoms were all located in a difference map, but those attached to
carbon atoms were repositioned geometrically. All the non hydrogen
atoms were refined anisotropically. The crystallographic data and
refinement details are given in Table 1.
Theoretical Calculations. Theoretical calculations regarding struc-

ture optimization, Fukui function (fk
�) of the ligand and the gas phase

proton affinities, UV�vis transitions, EPR spectral parameters of the
complex were carried out with the Gaussian 03 software.30

The structure of the deprotonated ligand (pydmedpt2�) was opti-
mized at the B3LYP31 level of theory using a 6-31G(d)32 basis set under
the spin restricted closed cell condition. Vibrational frequency calcula-
tions were performed on the optimized structure under the same level of
theory; these calculations do not give any negative frequencies, con-
firmimg that the optimized structure represents a true local minimum in
the potential energy surface33; hence, the optimized structure should be
the lowest energy conformer. The functions fk

� were estimated from
single point calculations using the B3LYP31 method and 6-31G(d)32

basis set in spin restricted closed cell condition at the optimized
geometry, performed for N and (N�1) electron systems, where N is
the total number of electrons in the system. In a finite difference
approximation, fk

� of an atom k, in a molecule with N electrons, is
expressed by the equation fk

� = [qk(N) � qk(N�1)], where qk is the
electronic population of atom k.34 The qk values were calculated by
Mulliken population analysis (MPA).

The gas phase proton affinity (PAg), which is defined as the enthalpy
change during the protonation process in the gas phase, was calculated at all
possible sites of protonation in the complex. The PAg values were
determined by density functional theory (DFT) using Barone’s modified
Perdew�Wang 1991 exchange functional35 and Perdew and Wang’s 1991
gradient-corrected correlation functional36 with a 6-31G(d)32 basis set.

The EPR parameters of the complex were theoretically calculated using
coordinates from its single crystal X-ray structure. Calculations were
performed using BHandHLYP (Becke 50�50 method with LYP37 correla-
tion added) DFT hybrid methods with 6-311G and 6-311G(d,p)38

basis sets.
The absorption bands in the UV�vis spectrum of the complex in

methanolwere recorded and comparedwith the absorption bands predicted
by time-dependent DFT (TD-DFT) calculation using the B3LYP
method31 and 6-31G(d)32 basis set. The single crystal X-ray diffraction
data is used forDFTcalculations.The contributions of atomic orbitals to the
molecular orbitals were calculated by the Chemissian software.39

Insulin Enhancing Activity. The insulin enhancing property of the
complex was evaluated by both glucose uptake and inhibition of free
fatty acids (FFA) release assay in isolated rat adipocytes following the
protocol of Adachi and Sakurai.40 Male Wistar rats (7�8 weeks old)
weighing 80�160 g were obtained from local suppliers. Epididymal fat
pads were excised from male Wistar rats, anesthetized with ether, cut
into the appropriate pieces, and incubated in type IV collagenase in Krebs
Ringer Bicarbonate (KRB) buffer having pH 7.4, (120 mM NaCl,
1.27 mM CaCl2, 1.20 mM MgSO4, 4.75 mM KCl, 1.20 mM KH2PO4

and 24 mMNaHCO3) containing 2% BSA at 37 �C with gentle shaking
for one and half hour. The prepared cells were filtered through sterilized

cotton gauze and washed with KRB buffer. The cells count was 1.5�2.5
� 106 cells/mL, recorded in a hemacytometer after trypan blue staining.
Isolated rat adipocyte cells were first incubated at 37 �C for 30 min with
various concentrations (0.05 to 1.00 mM) of the complex, or VIVOSO4,
in KRB buffer containing 5.0 mM glucose. Adrenaline, 10 μM, was then
added to the cell solution, and the resulting solutions were incubated at
37 �C for 3 h. The reactions were frozen by soaking in ice water. Cells
were separated with a centrifuge at 3000 rpm for 10min at 4 �C. Glucose
concentrations were measured spectrophotometrically after treatment
with trichloroacetic acid and m-toluidine. FFA levels were estimated
spectrophotometrically by the method described by Itaya and Ui.41

Preparations. Preparation of [H4pydmedpt]2þ 3 2Cl
�. The ligand

was obtained by refluxing a solution of 0.50 mmol (0.10 g) pyridoxal
hydrochloride in 5mL of drymethanol containing 0.25mmol (0.04mL)
ofmedpt for 1 h (Scheme 1). The solvent was evaporated in vacuum, and
the residue was purified by elution through a neutral alumina column.
The Schiff base fraction was collected as a dark red colored viscous
liquid. Yield = 0.05 g (42%). Anal. Calcd. for C23H35Cl2N5O4: C, 53.49;
H, 6.83; N, 13.56; Cl, 13.73; Found: C, 53.81; H, 6.77; N, 13.42; Cl,
13.66; %. Selected IR peaks with tentative assignments (νmax/cm

�1):
3392 (O�H), 2957 (C�H), 1627 (CdN Schiff base coupled to the
aromatic ring), 1417 (C�N tertiary amine), 1018 (C�O phenol).
UV�vis absorptions: λmax(MeOH)/nm (ε/dm3 mol�1 cm�1) 221
(21200), 251 (10500), 287sh (4400), 339 (4500), 425sh (1200). 1H
NMR (DMSO-d6, δ/ppm): 1.4�2.4 (19H, m, CH2, Me), 4.6 (4H, s,
CH2 attched to OH), 5.2 (2H, s, OHaliphatic), 7.5 (2H, s, CH=N), 8.5 (2H, s,
Ph), 10.0 (2H, s, OHphenol).

Preparation of 1 and 2. Compound 1 was synthesized by refluxing a
mixture containing 0.50 mmol (0.10 g) of pyridoxal hydrochloride, 0.25
mmol (0.04 mL) of N,N-bis[3-aminopropyl]methylamine and 0.25
mmol (0.07 g) of VIVO(acac)2 in dry methanol for 3 h (Scheme 2). A
brown solid was isolated after addition of acetonitrile, which was
collected and recrystallized from a methanol acetonitrile mixture
(1:2). The purity of the isolated complex was checked by thin layer
chromatography (TLC). Yield = 0.05 g (37%). Important mass spectral
peaks: m/z 509.2 (100%) {[MþH]þ}, 255 (18%) {[Mþ2H]þ2}.
Selected IR peaks with possible assignments (νmax/cm

�1): 3356
(O�H), 1621 (CdN Schiff base coupled to the aromatic ring), 1418
(C�N tertiary amine), 1028 (C�O phenol), 907 (VdO), 448 (V�O
phenoxo), 379 (V�N). Anal. Calcd. for C23H33Cl2N5O5V (Compound 1):
C, 47.51; H, 5.72; N, 12.05; Cl, 12.20; V, 8.76% Found: C, 47.42; H,
5.63; N, 12.01; Cl, 12.34; V, 8.83%.

Single crystals of [VIVO(pydmedpt)] 3 5H2O 2, suitable for X-ray
diffraction, were obtained by slow evaporation of solvent from a solution
of 1 in water having a pH = 5.0. Yield = 15%.

’RESULTS AND DISCUSSION

Structure of pydmedpt2�. The ligand coordinates to vana-
dium after deprotonation of two phenolic hydrogen atoms. The
structure of the ligand (pydmedpt)2� obtained by DFT proce-
dures (gas phase) is given in Figure 1.

Scheme 1. Synthesis of the Schiff Base Ligand [H4pydmedpt]2þ 3 2Cl
�
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Selected bond lengths, bond angles and dihedral angles,
dihedral angles for (pydmedpt)2� are given Table 2. The
numbering scheme for the ligand is presented in Figure 1.
The two imine groups are in trans orientation in the optimized

gas phase structure of pydmedpt2� (Figure 1). The structures of
the isomers with one or both imine groups in cis orientation were
also optimized, under the same level of theory. The all trans
isomer of the ligand is more stable than its cis-trans or all cis
isomer; the differences in energy between the optimized isomeric
forms are 24.3 and 37.6 kcal mol�1, respectively. The imine
nitrogen and the phenolic oxygen atoms in this optimized trans
form are obviously not sterically oriented for chelation toward
the central vanadium atom. Hence, for complex formation, the
ligand in its deprotonated form is forced to undergo a structural
rearrangement to bind vanadium. The dihedral angles between
the pair of planes C2, C3, N2 and C4, N2, C3 and also the other

pair of planes between C16, N3, C15 and N3, C15, C14 in the
ligand undergo an angular flip in the complex. A similar structure
was obtained when optimization was performed in aqueous
solution; the structural parameters are given in Supporting
Information, Table S3.
Calculation of the Fukui Function. The condensed Fukui

function values fk
� may be used to identify the most suitable

atoms for electrophilic attack,42 and they were determined to
investigate the ligation properties of the donor atoms of the
deprotonated ligand pydmedpt2�. Selected fk

� values are given
in Table 3. The atom numbering scheme is the one used in
Figure 1.
According to the values of the Fukui functions presented in

Table 3, the Ophenolate donor atoms (O2, O3) may be anticipated
to be much stronger donor atoms than the aliphatic Oalcohol

atoms (O4, O5). The aliphatic Oalcohol atoms are adequately
placed for chelation in the ligand, but the phenolate oxygens
coordinate to vanadium in the actual complex. According to
Table 3 the Npyridine donors (N4, N5) are among the strongest
donor sites. However, they are not coordinated in the complex
since there are no suitable donor atoms in the ortho position to
give the possibility of a chelation effect. The tertiary nitrogen
atom, Namine (N1), which has a negative value of fk

�, may be
expected to be a very weak donor, yet its position in the ligand
forces it to coordinate to vanadium. In this particular situation
there is nothing which could significantly increase the relative
donor property of the tertiary nitrogen in the complex. There-
fore, the tertiary nitrogen is expected to continue as the weakest
donor, and thus the corresponding bond length to vanadium is
expected to be longer than those of the imine nitrogens. This
expectation is indeed confirmed by the molecular structure
determined by X-ray diffraction as the bond length between
vanadium and the tertiary nitrogen [2.224(4) Å] is significantly
longer than the distance between vanadium and the two Nimine

donors [2.086(4), 2.094(4) Å], thereby indicating a weak bond.

Scheme 2. Synthesis of Complex 1

Figure 1. Gas phase molecular structure of pydmedpt2� calculated by DFT (numbering of hydrogen atoms were omitted).

Table 2. Selected Bond Length (Å), Bond Angles (deg), and
Dihedral Angles (deg) for pydmedpt2�

Bond Lengths
N1�C12 1.455 N1�C1 1.463

N1�C13 1.468 N2�C4 1.296

N3�C16 1.297 O2�C6 1.262

O3�C18 1.262 C5�C6 1.458

C17�C18 1.458

Bond Angles
C1�N1�C13 113.7 N1�C1�C2 114.7

C3�N2�C4 117.7 C15�N3�C16 117.9

C5�C4�N2 127.6 N3�C16�C17 127.4

C12�N1�C13 113.2 C12�N1�C1 113.3

Dihedral Angles
C14�C15�N3-C16 126.5 C2�C3�N2-C4 �118.6
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Crystal Structure. Complex 2 was crystallized from the
aqueous solution of complex 1 upon slow evaporation of the
solvent. The compound changes its protonation state upon
formation of the crystal, and the Cl� anions initially present in
the solid isolated are not present in 2. The complex crystallizes as
[VIVO(pydmedpt)] 3 5H2O, with five water molecules per asym-
metric unit. The structure of the complex is shown in Figure 2,
and selected bond lengths and angles are given in Table 4.
The compound [VIVO(pydmedpt)] (Figure 2) corresponds

to a slightly distorted octahedral geometrical arrangement of
donor atoms around the vanadium center, involving the Ooxido

atom, one tertiary amine nitrogen donor (Namine), two Nimine

and two Ophenolate donors. One of the Ophenolate donors is bound
trans to the Ooxido, with a relatively short V�Ophenolate bond of
2.041(3) Å, when comparing with those expected for bonds trans
to the oxido group.
The distortion from an octahedral geometry because of the

terminal oxido group in oxidovanadium complexes may be
evaluated by (a) displacement of the vanadium atom from the
equatorial plane toward the oxido group (ΔD), and (b) elonga-
tion of the bond trans to the oxido group (ΔL).
The displacement of the vanadium atom toward the terminal

oxido group,ΔD, from the least-squares plane,43 defined here by
atoms O3, N3, N1, and N2 is only 0.17 Å. The V1�O2 bond
trans to the oxido group is elongated by only 0.067 Å as
compared to the other V�Ophenolato bond (V1�O3). This
displacement from the equatorial plane and the elongation of
the V�O bond trans to the terminal VdO group are small
compared to the usual values found for VIVO-complexes in the
literature44 (Table 5).
The relatively small difference between the V1�O2 and

V1�O3 bond distances, that is, to the trans and cis phenolato

oxygen atoms, and also the small value of ΔD makes [VIVO-
(pydmedpt)] closer to an octhedral geometry than most other
similar oxidovanadium complexes (Table 5). The amount of
elongation ΔL and other relevant data for [VIVO(pydmedpt)]
and a few selected complexes from the literature are given in
Table 5.
This tendency toward an octahedral geometry in 2 is most

likely caused by the mutual cancellation of the strong trans effect
of the oxido group and that of the Ophenolato donor, this resulting
in a weaker than normal VdO bond. Accordingly, the VdO
bond length [1.625(4) Å] is on the higher side compared to
reported literature values,44 and the VdO stretching frequency is
low (907 cm�1), reflecting the relatively weak nature of the
present VdO bond.
Octahedral oxidovanadium complexes in the presence of both

N- andO- donors often prefer theN- donor in trans position with
respect to Ooxido.

44 If the bond trans to Ooxido is strong, namely,
the present Ophenolato-V bond, it will tend to weaken both bonds
by trans effect from each other. As described, in [VIVO-
(pydmedpt)] a quite strong Ophenolato-V bond is established
trans to Ooxido, and to our knowledge only one similar example,
VIVO(SALIMH)2 3 3C2H5OH (Table 5), was reported.45 In this
compound the effect of mutual weakening also exists but is less
pronounced (Table 5). The reason for this unusual disposition of
donor atoms around the vanadium center in 2 is partly because
this arrangement facilitates the proximity of the two pyridine
rings. Thus, the destabilizing trans effect is compensated by the
establishment of π�π stacking interactions between the two
pyridine rings. In fact, the two pyridine rings are close to each
other, oriented at 30.78� and at a distance of 4.263 Å between
their centroids, indicating the existence of π�π stacking inter-
actions (Figure 2). This is also supported by the results of the
theoretical calculations, where considerable electron density was
found in occupied molecular orbitals (MOs) in between carbon
atoms C18, C19 of one of the pyridine rings, and carbon atoms
C6, C7 of the other ring (atom numbering scheme follows as in
Figure 2). A representation of these MOs is presented in
Figure 3.
The crystal is held by an intricate network of hydrogen bonds

involving five molecules of lattice water. The details of bond
distances and angles of hydrogen bonds and their diagrammatic
representations are given in Supporting Information, Table S1,
Figures S2, S3, and S4. Two primary alcohol atoms (O5, O4),
two pyridine nitrogen atoms (N5, N4), the Ooxido (O1), and one

Table 3. Selected fk
� Values Calculated for pydmedpt2�

atom O2 (Ophenolate) O3 (Ophenolate) O4 (Oalcohol) O5 (Oalcohol) N1 (Namine) N2 (Nimine) N3 (Nimine) N4 (Npyridine) N5 (Npyridine)

fk
� 0.0345 0.0395 0.0138 0.0149 �0.0026 0.0285 0.0285 0.0385 0.0447

Figure 2. Molecular structure and atom numbering scheme of 2, as 50%
thermal ellipsoids. The π�π stacking interactions between the aromatic
rings are shown by a double headed arrow. The hydrogen atoms are
omitted for clarity.

Table 4. Selected Bond Lengths (Å) and Bond Angles (deg)
for 2

bond lengths (Å) bond angles (deg)

V1�O1 1.625(4) O1�V1�O2 175.6(16)

V1�O2 2.041(3) O1�V1�N1 88.1(17)

V1�O3 1.974(4) O1�V1�N3 93.9(17)

V1�N1 2.224(4) O2�V1�N1 88.3(14)

V1�N2 2.086(4) O2�V1�N2 83.6(15)

V1�N3 2.094(4) O3�V1�N3 87.3(15)
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Ophenolate (O3) are involved in hydrogen bonding along with the
five water molecules. Interestingly, the second Ophenolate (O2)
does not take part in hydrogen bonding. The five water mol-
ecules are hydrogen bonded to each other forming a zigzag chain.
Among the five water molecules, OW3 is involved in H bonds to
four H atoms, while the rest are involved with three H atoms.
Each of these water chains are hydrogen bonded to six different
complex molecules. Again, each complex molecule is hydrogen
bonded to six such water chains.
Complex 2was optimized in the gas phase and also in aqueous

solution by DFTmethods; their structural parameters are almost
identical to those obtained by the X-ray diffraction method. The
details are given in the Supporting Information, Table S4.
Electrochemical Studies. The ligand solution is electroche-

mically inactive in the working potential region so all electro-
chemical changes observed are due to the vanadium center. The
cyclic voltammogram for complex 1 shows a quasi reversible
redox couple at peak potential ofþ0.45 andþ0.30 V attributed to
the V(IV)/V(V) couple50 and an irreversible change at �0.15 V
(Figure 4) due to the V(IV)/V(III) couple.51 The irreversibility
of the V(IV)/V(III) couple is in accordance with the reports in
the literature that reduction of vanadyl complexes to the trivalent
state are usually irreversible, because such reduction typically
entails loss of the vanadyl oxygen52 (Scheme 3).
Crans, observing that all compounds showing effectiveness as

insulin enhancing agents in vivo underwent irreversible aqueous
redox chemistry as determined by cyclic voltammetry, developed
the hypothesis that a vanadium compound with reversible redox
chemistry would not show effectiveness as an insulin enhancing
agent in vivo.53 According to this hypothesis, our compound has
good prospects to show insulin enhancing activity in vivo

Calculation of Protonation Sites of [VIVO(pydmedpt)].The
calculated proton affinity values (PAg) for the different proton-
ation sites are given in Table 6 (atom numbering as in Figure 2).
The calculated values are in the range 209.47 to 253.21 kcal
mol�1 as found in the literature.54 This analysis shows that the
two Npyridine atoms have the higher values of PAg. Hence, in the
complex in its dichloride form both pyridine nitrogen atoms will
be protonated. The small difference of the PAg between the N4
and N5 nitrogens (Table 6) arises because of the distinct relative
positions of the pyridine rings with that of the terminal VdO
group. Nitrogen N4 of the pyridine ring linked to the Ophenolato

trans to the VdO bond is more basic than nitrogen N5. Hence,
from the proton affinity values, the two pyridine nitrogen atoms

Table 5. Comparison of Distortion fromOctahedral Geometry Due to the Terminal Oxido Group in Several 6-Coordinated VIV/V

O-Complexes

complex ΔD (Å) ΔL (Å) VdO (Å) reference

VIVO(pydmedpt)] 3 5H2O 0.170 0.067 1.625(4) present work

VIVO(SALIMH)2 3 3C2H5OH
a 0.220 0.118 1.610 (4) 45

[VIVO(H2O)(5MeOpic)2] 3 3.5H2O
b 0.295 0.133 1.597(3) 46

VIVO(SalimRH)(acac)c 0.195 1.603(3) 47

[VIVO(dipic)(HMDCI)]�d 0.280; 0.269 1.599(1) 47

[VIVO(DMSO)5]I2
e 0.154 1.603 48

VVO(psal)(L2) 3H2O
f 0.280 0.273 1.576(3) 49

aHSALIMH= 4-(2-(salicylideneamino)ethyl)imidazole. b 5MeOpic =5-acetylpicolinic acid. c SalimRH =N-(o-hydroxyphenyl) histamine. dH2MDCI =
1-methyl-4,5-dicarboxyimidazole, dipic =2,6-pyridinedicarboxylic acid. eDMSO = dimethyl sulphoxide. f psal = salicylaldimine of 2-picolylamine.

Figure 3. Singly occupied molecular orbital (SOMO) of the molecular
structure calculated by the B3LYP method31 using a 6-31G(d)32

basis set. Figure 4. Cyclic voltammogram of 1.

Scheme 3. Possible Explanation of the Electrochemical Be-
havior of [VIVO(H2pydmedpt)]2þ, Assuming That the Ligand
Retains Its Protonation State in the Oxidation States
Considered

Table 6. Calculated Gas Phase Proton Affinities (kcal mol�1)
for Several Atoms of [VIVO(pydmedpt)]

protonation site O1 O2 O3 O4 O5 N5 N4

proton affinity value 225.76 224.42 232.50 211.65 209.47 250.97 253.21
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will have different basicity, as has been evidenced by the finding
of two different pKa values (see below).
Conductance and pKa of Complex 1. The molar conduc-

tance and pKa values obtained are given in Table 7.
The conductance data indicate the formation of 2:1 electrolyte

species in aqueous solution of 1. This again supports the
formulation of complex 1 as [VIVO(H2pydmedpt)]2þ 3 2Cl

�,
which in aqueous solution yields [VIVO(H2pydmedpt)]2þ and
two Cl� anions.
To check if the pKa values could be due to hydrolysis of

[VIVO(H2pydmedpt)]
2þ and equatorial binding of OH�,

[VIVO(H2pydmedpt)]
2þ

3 2Cl
� 1 was dissolved in water and

EPR and visible spectra of the solutions were recorded as a
function of pH. No indication of equatorial OH� binding was
found up to at least pH = 8.5; therefore the pKa values of 6.0 and
7.9 should be due to dissociation of the protons bound to the
Npyridine atoms of the pyridoxal ring.
The two pKa values estimated for complex 1 obtained from

titration of a solution of 1 with base indicate different environ-
ments for the two pyridine nitrogen atoms N4 and N5, resulting
in different basic characters. The Ophenolato trans to the oxido
group has a weaker VO bond, and the global negative charge
delocalized over the pyridine ring will be larger. Hence, the
nitrogen N4 of pyridine ring (Figure 2) should be more basic,
and a pKa of 7.9 can be assigned to it. This is supported by the
calculated PAg value of N4, which is 2.24 kcal mol�1 higher than
that of N5 (Table 7).
Kawabe et al. have demonstrated that the insulin enhancing

activity of some isomers of vanadyl amino acid complexes
increase with decreasing pKa of the amino acid.55 The first pKa

value of the complex is below the pKa value of these amino acid
complexes studied.
EPR Spectra. The X-band EPR spectra of the complex 1 in

both methanol and DMSO as solvents were recorded and are
presented in Figure 5. Figure 6 depicts EPR spectra of Complex 1
(3.00 mM) dissolved in H2O under argon (initial pH∼ 4.5), and

after stepwise additions of KOH; the corresponding spin Ha-
miltonian parameters are given in the Supporting Information,
Table S2. No DMSO or ethylene-glycol was added so that no
changes in solution occur because of these solvents.
The observation of the high-field region of the spectra of

Figure 5 indicate the presence of at least 3 distinct species in
solution when using MeOH, while in DMSO at least two distinct
species are detected. The spin Hamiltonian parameters deter-
mined by simulation of the experimental EPR spectra are
included in Table 8.
The major species, with Az 155�156.5� 10�4 cm�1, possibly

does not have axial symmetry, but because of the presence of
several species, rhombic distortions were not considered in the
simulation of spectra. The values of Az can be estimated using the
“additivity relationship” proposed by W€uthrich and Chasteen,56,57

with estimated accuracy of (1.5 � 10�4 cm�1. Taking the
contributions of each equatorial donor atom (Ophenolate ∼ 38.9,57

Table 7. Molar Conductance and pKa Values of Aqueous
Solutions of 1

Parameter value

molar conductance (S m2 mol�1) 0.0203

pKa1 6.0

pKa2 7.9

Figure 5. First derivative EPR spectra of frozen solutions of
[VIVO(H2pydmedpt)]

2þ
3 2Cl

� 1, (4.00 mM) (a) in MeOH; (b) in
DMSO. Amplified parts of the high field region of the same spectra are
also included to better visualize this part of the spectra.

Figure 6. First derivative EPR spectra (at 77 K) of [VIVO(H2py-
dmedpt)] 3 2Cl

� 1 (3.00 mM) dissolved in H2O under argon. As no
DMSO or ethylene-glycol was added, the EPR spectra shows rather
broad features. (a) fresh solution pH ∼ 4.47; (b)�(i): upon stepwise
additions of KOH; (b) pH ∼ 4.61; (c) pH ∼ 5.20; (d) pH ∼ 5.82; (e)
pH ∼ 6.57; (f) pH ∼ 7.40; (g) pH ∼ 8.50; (h) pH ∼ 9.40; (i) pH
∼ 10.10.

Table 8. Spin Hamiltonian Parameters Obtained from EPR
Spectraa

solvent |Ax, Ay| � 10�4 cm�1 gx, gy |Az| / � 10�4 cm�1 gz

MeOH 53 1.983 155.2 1.954

51 1.987 162.9 1.953

ca. 52 ca. 1.982 ca. 167 ca. 1.950

DMSO 53 1.982 156.4 1.951

53 1.980 165.2 1.950
aUnder axial symmetry Ax = Ay = A^ and Az = A ). Note that in the text
we used the values of |Ax|, |Ay|, |Az|, as usual in most texts.

Table 9. Theoretical and Experimental 51V Anisotropic Hy-
perfine Coupling Constants |Az|, |Ax|, or |Ay|

parameters |Az|, |

Ax|, or | Ay|

DFT calculation

BHandHLYP/6-311G

DFT calculation

BHandHLYP/

6-311G(d,p)

experimental

values

|Az| (�10�4 cm�1) 148.6 154.5 155.2�156.5

|A| (�10�4 cm�1) 47.9 62.7

|A| (�10�4 cm�1) 56.4 53.7 51�53
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Nimine∼ 41�42,1,58,59Namine∼40.1,57ODMSO∼41.9,18OMeOH∼
45.657), we find that for the expected equatorial donor set of
Ophenolate, Namine, and twoNimine, the value ofAz

est = (162�163)�
10�4 cm�1 is predicted, which does not agree with the experimental
value of (155�156.5) � 10�4 cm�1.
Many attempts to correctly predict the EPR parameters for

VIVO-complexes by theoretical calculations have been carried
out in the literature.60 The combination of the BHandHLYP
functional and 6-311g(d,p) basis set was reported to give the best
results in these type of calculations.61 We also carried out
theoretical calculations for [VIVO(pydmedpt)] by DFT proce-
dures, using (i) BHandHLYP37/6-311G38 and the (ii) BHand-
HLYP37/6-311G(d,p)38 levels. The calculated |Az| values
(Table 9) are lower than the |Az

est|, and those obtained by
BHandHLYP/6-311G(d,p) levels are closer to the experimental
one. Recently Garribba and co-workers62 rationalized this type of
anomalous behavior found for the Az of several V

IVO complexes,
explaining the decrease in the |Az| as due to the axial binding of
solventmolecules in a square pyramidal coordination environment,
and having its origin mainly in the |Aiso| term (Aiso, isotropic
contribution from the Fermi contact). Therefore, it is concluded
that for [VIVO(pydmedpt)] the axial binding of an Ophenolate

donor in complex 1 yields a decrease of about 7�8� 10�4 cm�1

in the measured |Az| as compared to that predicted by the
additivity rule.
In MeOH a second species is detected with Az = 162.9 �

10�4 cm�1. This agrees with the Az predicted for the binding set
(Ophenolate, Namine, 2 � Nimine)equatorial, and probably corre-
sponds to the complex with no axially bound Ophenolate (see
Scheme 4, B).
In MeOH a third EPR active species is also detected in small

concentration with an Az of∼167� 10�4 cm�1 which probably
corresponds to a partially hydrolyzed complex. In Scheme 4, one
possible structure (C) is represented, where one of the equatorial
donor atoms is substituted by a MeOH ligand. This corresponds
to a predicted56,57 increase in the Az value of about 4�6 �
10�4 cm�1 in satisfactory agreement with the increase in the Az

value obtained experimentally.
Since no DMSO or ethylene-glycol was added, the EPR

spectra in water show rather broad features; nevertheless, it is
clear that the overall pattern/features of the EPR active species
remain approximately the same upon adding KOH, no indication
of equatorial OH� binding up to at least pH = 8.5 [spectrum (g)]
being noticed, in agreement with the expected deprotonations
(pKa’s at ca. 6.0 and 7.9) being due to dissociation of the protons
bound to the pyridine nitrogens of the pyridoxal ring. The
changes observed in spectra (h) and (i), namely, the lower

intensity of the signal, are most probably due to oxidation of the
VIV- to VV-complexes. In almost all these spectra in water two
species are detected with Az of about 154.5 and 170 �
10�4 cm�1, exceptions being (h) and (i), where the low intensity
only allows to detect the signal at about 154.5� 10�4 cm�1. The
species with Az of about 163 � 10�4 cm�1 detected in MeOH
and DMSO is not detected in aqueous solution. Overall these
spectra confirm that the pattern of the EPR signals is preserved in
the pH range 4.5�10.0, the nature of the EPR active species
present being preserved, the bindingmodes of these being similar
to those observed in methanol.
UV�vis Spectra.The experimental and calculated λmax of bands

observed along with their assignments for [VIVO(pydmedpt)] are
presented in Table 10. The molecular orbitals involved in the
transitions, as calculated by DFT procedures, are shown in Figure 7.
The experimental electronic spectra for hexacoordinated

VIVO-complexes having a N,O coordination environment have
been interpreted either on the basis of d-d transitions involving
vanadium and/or on the basis of charge transfer bands or nfπ*
or πfπ* transitions from the ligand. Our present theoretical
calculations predict that each molecular orbital is formed by the
combination of a large number of atomic orbitals. There is no
clear dominant contributor to the molecular orbitals involved in
the transitions. To make the situation more complicated each
spectral band arises because of multiple transitions between the
molecular orbitals. Contributions of different atomic orbitals to
the molecular orbitals involved in transitions are given in Table 11.
From Table 11 it is clear that no atomic orbital has at least 25%
contribution to a molecular orbital. Therefore, in this particular case
the nature of the spectral bands cannot be expressed in terms of any

Scheme 4. Schematic Representation of the Binding Set of Complex 1 and of Other Possible Binding Modesa

aThe corresponding |Az| values (�104 cm�1) predictexd by the additivity rule56,57 are also included.

Table 10. Theoretical and Experimental Electronic UV-visi-
ble Transitions for [VIVO(pydmedpt)]a

experimental band/nm

(ε/dm3 mol�1 cm�1)

TD-DFT peak/nm

(osc. str. � 10 5) contributions

750 (30) 735 (10) HOMORfLUMOR

HOMORf(LUMOþ3)R
547 (60) 536 (40) HOMOβfLUMOβ

380 (1 300) 381 (440) (HOMO-4)βf(LUMOþ1)β
350 (1 500) 352 (700) (HOMO-2)Rf(LUMOþ2)R

(HOMO-2)β f(LUMO)β
a In VIVO-complexes the bands at about 750 nm are assigned to dxyfdxz,
dyz transitions, and those at about 550 nm to dxyfdx2�y2 transitions. As
mentioned in the text, from our calculations, it is not possible to confirm
these assignments in the case of [VIVO(pydmedpt)].
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specific dominant orbital contributor. The shapes of the molecular
orbitals (Figure 8) clearly demonstrate the absence of any major
contributor like d or π orbitals. However, from the representation
of the orbitals (Figure 7), it is clear that the aliphatic chain and
the Namine atom are least involved in the formation of molecular
orbitals responsible for electronic transitions. Themolecular orbitals

involved in UV�vis transitions are mainly located over the two
pyridine rings, the imino groups, the phenolato oxygens, and
vanadium.
The visible spectra in aqueous solution at different pH

show rather broad bands (see Supporting Information, Figure
S5), the spectral bands being less resolved than in MeOH,
as found with, for example, other VIV-Schiff base systems with

Figure 7. Most important molecular orbitals involved in electronic transitions of complex [VIVO(pydmedpt)].

Table 11. Major Contributions of Atomic Orbitals to the
Molecular Orbitals Involved in UV-visible Transitonsa

molecular orbital % Mulliken contribution of atomic orbitalsb

[contribution (atom type number-atomic orbital)]

HOMOR 08 (O 3-py), 07 (O 3-pz), 06

(C 21-pz), 06 (C 19-pz), 06 (V 1-dyz),

06 (V 1-dxy), 05 (C 17-pz)

HOMOβ 09 (O 3-pz), 07 (C 21-pz), 06 (C 19-pz)

(HOMO-4) β 11 (C 20-pz), 09 (C 17-pz), 07 (N 5-pz), 05 (N 3-pz)

(HOMO-2)R 12 (V 1-dxy), 09 (V 1-dyz)

(HOMO-2)β 11 (N 4-px), 05 (N 5-px)

LUMOR 08 (C 16-pz), 08 (N 3-pz)

(LUMOþ3)R 17 (V 1-dyz), 12 (V 1-dxy), 08 (O 1-py), 08 (V 1-dz2)

LUMOβ 10 (C 4-pz), 07 (N 2-pz)

(LUMOþ1)β 12 (C 16-pz), 10 (N 3-pz)

(LUMOþ2)R 16 (V 1-dx2�y2), 15 (V 1-dz2), 10 (V 1-dxz),

08 (V 1-dyz), 07 (O 1-px)
aOnly atomic orbitals having 5% or more contributions are listed;
contributions are calculated by theMulliken method. bAtom numbering
scheme as in Figure 2.

Figure 8. HOMORfLUMOR transition in [VIVO(pydmedpt)] is
shown as a representative case.

Figure 9. Dependence of % glucose uptake(9) and% inhibition of FFA
release (O) on the concentration of 1.

Table 12. Some Selected IC50 and EC50 values
a

compound IC50 EC50 reference

1 0.27 0.75 present work

VIVO(pa)2
b 0.73 0.61 40

VIVO(6mpa)2
c 0.60 0.71 40

VOIV�PYDd 0.62 66

VOIV-γ-PGAe 0.45 0.90 67

[VIVO(L1)(H2O)]
f 0.69 68

[VIVO(Hhpic-O,O)(Hhpic-O,N)

(H2O)] 3 3H2O
g

0.78 69

aThe values are presented in comparison to values of VIVOSO4, expressed as
1.00mM. bpa = picolinate. c 6mpa =6-methylpicolinate. dVO-PYD= bis(N-
methyl,N0-D-glucamine-dithiocarbamate)oxidovanadium. eVO-γ-PGA =
vanadyl-poly(c-glutamic acid). fL1 = N-(4-Imidazolylmethyl)iminodiace-
tate. gH2hpic =3-hydroxypyridine-2-carboxylic acid.
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N-salicylideneamino acidato ligands.18d,58 This may be partly
due to the formation of a small amount of the EPR-silent
[(VIVO)2(OH)5

�]n species,
63 which gives rise to strong ligand

to metal charge transfer bands. The pattern of the spectra in the
600�1000 nm range is more or less preserved up to pH ∼ 7.6,
but the absorbance decreases significantly for pH > 7.6, probably
because of oxidation of VIV- to VV-complexes, as also concluded
from the intensity of the corresponding EPR signals.
Insulin Enhancing Properties. The inhibitory action of the

complex on the FFA-release from isolated rat adipocytes treated
with epinephrine (adrenaline) was evaluated as percentage
inhibition with respect to control. The glucose-uptake enhancing
ability of the complex was evaluated, based on percentage de-
crease in the glucose concentrations in the medium with respect
to control. Here, control was the concentration of FFA or glucose
in the medium, in which cells were incubated containing
epinephrine, in the absence of VIVOSO4 or complex 1.
The dependence of % glucose uptake and % inhibition of FFA

release on concentration of the complex is shown in Figure 9.
The EC50 value, that is, the concentration of V

IVOSO4 or complex
at 50% glucose uptake, was found from the plot of log of concentra-
tion of vanadium compound against % glucose uptake, and by fitting
it with a four parameter log EC50 model.

64 The values were found to
be 0.39 ( 0.11 mM for 1 and 0.52 ( 0.16 mM for VIVOSO4. The
IC50 value, that is, the concentration giving 50% inhibition of free fatty
acid (FFA) release, was found in a similar way. The values in this case
are 0.12( 0.06 mM for 1 and 0.44( 0.19 mM for VIVOSO4. The
EC50 and IC50 values of some complexes reported in the literature
are given in Table 12. The values are presented in comparison to
values of VIVOSO4, expressed as 1.00 mM.
The amounts of FFA release against the concentration of solutions

containing VIVOSO4 and of 1 are shown in Figure 10. The figure
shows that complex 1 is a more potent inhibitor of FFA release when
compared to VIVOSO4, but at higher concentrations the difference
gradually decreases. Similarly, Figure 11 shows the concentration
dependence of glucose uptake for VIVOSO4 and 1. In the lower range
of concentrations, the one closer to biologically relevant conditions,
the complex is clearly more efficient than VIVOSO4.
The biological tests were carried out using water as solvent. It

was concluded from the above that [VIVO(H2pydmedpt)]
2þ has

pKa values of about 6.9 and 7.9, the deprotonation sites being the
pyridine nitrogens of the pyridoxal moiety. At pH 7.4, the pre-
dominant form of the complex is therefore [VIVO(Hpydmedpt)]þ,
but significant amounts of [VIVO(H2pydmedpt)]

2þ and [VIVO
(pydmedpt)] are also present. All the species in solutionmay further
significantly hydrolyze or, as revealed by the EPR and electronic
spectra in aqueous solution, even partly oxidize to VV-species.
VIVOSO4 is present mainly in the form of [(VIVO)2(OH)5

�]n at
pH ∼7.4, it may oxidize extensively, and at higher concentrations
VIVO(OH)2 may precipitate.

63 Moreover, both 1 and VIVO2þmay
bind to components of the KRB buffer, namely, to BSA.65 There-
fore, it is plausible that the reasonwhy1, and other insulin enhancing
complexes previously studied, gives better EC50 and IC50 than
VIVOSO4 in tests with cells, is mainly associated to the nature of the
dominant vanadium species present in solution, which differ from
those initially dissolved. In the present study it is [VIVO(Hpyd-
medpt)]þ in the case of 1 and [(VIVO)2(OH)5

�]n
63 in the case of

VIVOSO4, their binding to BSA possibly being also relevant. The
species found to be formed in methanol or DMSO may also be
relevant here. Once vanadium enters the cells it can bind the target
molecules for insulin enhancing activity of vanadium such as
PTPase, PI3�K, GLUT, PKB, and PDE. Whatever may be the
nature of the vanadium containing species responsible for the
biological effect observed, these experiments clearly show that the
EC50 and IC50 values of complex 1 are lower than for VIVOSO4,
thereby indicating that 1 is an insulin enhancing agent, at least
comparable to other complexes reported in the literature (Table 12)

’CONCLUSIONS

A new Schiff base ligand [H4pydmedpt]
2þ

3 2Cl
� derived from

pyridoxal and medpt was obtained and characterized by analytical
and spectroscopic methods. Its molecular structure was optimized
by DFT procedures and some properties evaluated, namely, the
donor properties of its potential donor atoms were estimated by the
calculation of the Fukui function.

The preparation and characterizationof the correspondingVIVO-
complex 1, formulated as [VIVO(H2pydmedpt)]

2þ
3 2Cl

�, proto-
nated at both Npyridine atoms, is described. The molecular struc-
ture of the nonprotonated version, [VIVO(pydmedpt)] 3 5H2O,

Figure 10. Inhibitory effects on FFA release of solutions of VIVOSO4

and 1 in the concentration range 0.05�1.00 mM. B is the blank, andC is
the control (in presence of epinephrine only).

Figure 11. Enhancing effect of solutions of VIVOSO4 and 1 on the
glucose uptake ability by cells. The concentration range tested was
0.05�1.00 mM.
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was determined by single-crystal X-ray diffraction. The design of
the ligand forced the binding of a phenolato group trans to the
oxido group, a rare arrangement of the donor set for oxidovana-
dium complexes. This particular arrangement of donors de-
creases the distortion effect of the oxido group on the
octrahedral geometry to the level not recorded so far, namely,
the vanadium atom is displaced by only 0.17 Å from the equatorial
leastsquares plane.

Spectroscopic studies, namely, EPR, confirmed the nature of the
major species present in solution as similar to the one isolated in the
solid state. Minor species were also detected in which one or two
donor atoms are dissociated from the coordination sphere as
originally present in the solid state. It was also found that the
measured |Az| value for the major species present is lower than
predicted from the additivity rule, this probably being because of the
strong V�Ophenolate bond trans to the Ooxido donor. Calculation of
the EPR parameters by theDFTprocedure as indicated byGarribba
and co-workers62 yielded a hyperfine coupling constant Az in
agreement with the experimental values, and confirming the
influence of the V�Ophenolate bond trans to the Ooxido donor on
the |Az| value, decreasing it by about 6�7 � 10�4 cm�1. A few
geometric characteristics and properties, such as π�π stacking
interactions between the pyridine rings, the basic character of the
twoNpyridine atoms, and UV�vis transitions could also be predicted
by theoretical methods. These explain the spectroscopic results and
support properties such as the two distinct pKa values observed for
[VIVO(H2pydmedpt)]

2þ in aqueous solution.
Experiments of % glucose uptake and inhibitory effects on

FFA release with isolated rat adipocyte cells clearly showed that
the EC50 and IC50 values of [V

IVO(H2pydmedpt)]2þ 3 2Cl
� are

lower than for VIVOSO4, and of the same order of magnitude of
several other established insulin enhancing complexes. Hence,
the complex reported in this study is considered to be a potent
insulin enhancing agent. In aqueous solution the species that
predominates at pH 7.4 is [VIVO(Hpydmedpt)]þ, but it is
possible that BSA-VIVO(pydmedpt) adducts are relevant for
the insulin enhancing properties observed in the experiments
with the adipocyte cells.
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