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1. Introduction

The picolyl hydrazone ligands derived from picolonic acid hydrazide and o-pyridyle
ketone (L!, L? and L?), a-acetyl thiophene (L*), a-formyl or a-acetyl phenol (L and L®
respectively) and 2-hydroxy-1-naphthaldehyde (L”) react with equimolecular amount of
vanadyl sulfate in refluxing methanol to yield oxidovanadium (IV) complexes. The
structure of the obtained ligands and their oxidovanadium (IV) complexes were
characterized by various physicochemical techniques, viz. elemental analysis, molar
conductance, magnetic susceptibility measurements, thermal analysis (TGA & DTG), IR,
electronic absorption and ESR spectral studies. Cyclic voltammeteric behavior of the
complexes has also been discussed. Five-coordinate square-pyramidal structure was
proposed for all complexes. A monomeric nature was reported for complexes (2), (3), (6),
and (7), while dimeric structures were suggested for complexes (1), (4) and (5). The ability
of the complexes to catalyze the aerobic oxidation of catechol to the light absorbing o-
quinone has been investigated. The results obtained show that all complexes catalyze this
oxidation reaction and large variations in the rate were observed. Electrochemical data for
most complexes show that there is a linear relationship between their ability to oxidize
catechole and their E;, potentials. The most effective catalysts were those complexes
which exhibited E; , values approached to the E° value of the natural tyrosinase enzyme
isolated from mushroom, while those that largely deviated from that potential exhibited
lower oxidase catalytic activity. The probable mechanistic implications of the catalytic
oxidation reactions are discussed.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

dium (IV) compounds [4,5], its presence in vanadium
dependent haloperoxidases has particularly stimulated the

In recent years, vanadium chemistry has attracted
attention due to its interesting structural features and
biological relevance [1-3]. Applications of vanadium
compounds in medicine have focused their activity, in vitro
and in vivo, in the treatment, of insulin deficiency type I
diabetes, and insulin tolerance, type 2 diabetes. Besides the
insulin-like activity of oxidovanadium (V) and oxidovana-
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search for structural and functional models. Vanadium
haloperoxidases are enzymes capable of oxidizing halide by
hydrogen peroxide to hypohalous acids HOX [6,7].

The current catalytic interest in the high-valent
vanadium complexes arises from the presence of vanadi-
um in several metalloenzymes [8-10]. These complexes
have been considered as new versatile catalytic reagents
for a wide range of oxidation reactions, like oxidation of
olefins and allylic alcohols [11-14], benzene/alkylaro-
matic compounds [15,16], sulfides [17-19] and alcohols
[20-22]. These catalytic reactions have been performed
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chiefly in homogeneous conditions. The homogeneous
system has the advantage of the high rate of catalytic
reaction, whereas some disadvantages include the
difficulty in separation of the reaction product from the
catalyst.

In vanadium chemistry, the VO?* and VO*' motifs
have received considerable attention probably due to
their involvement in many vanadium-dependent
enzymes, Vviz., nitrogenases [23], haloperoxidases
[24,25], etc. In most vanadium oxidase models the
active site contains these two motifs are coordinated by
oxygen-nitrogen donor atoms. The strong affinity of
these two motifs towards O-, N-donor ligand is probably
due to their hard acidic nature and selective stabilization
of these two motifs depends upon the basicity of donor
atoms. Hydrazone ligands derived from the condensa-
tion of acid hydrazides with, a-pyridyle ketone, and
aromatic 2-hydroxy carbonyl compounds, are important
tridentate O-, N-donor ligands containing two interme-
diate basic groups viz., phenolic, amide groups (which
bind through their enol forms) and one neutral imine
moiety. These ligands are of particular interest because
they provide coordination environments which efficient-
ly stabilize different oxidation states of vanadium, while
still providing active sites capable of binding other
molecules [26].

However, to the best of our knowledge, the mononu-
clear oxidovanadium (IV) complexes derived from the
hydrazone ligands exhibiting catecholase-like activity
have not been reported. Herein we report the synthesis,
and structural characterization of some new oxidovana-
dium (IV) hydrazones (Schemes 1 and 2), subsequently
investigated as functional models of the catechol oxidase
enzyme.

2. Experimental
2.1. Materials

All chemical used were of analytical grade. The reported
hydrazone ligands were prepared according to the method
described elsewhere [27]. Catechol was purified by
recrystalization twice from diethyl ether.
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Scheme 1.

2.2. Physical measurements

The ir. spectra were recorded using KBr disks in the
4000-200 cm™! range on a Unicam SP200 spectrophotom-
eter. The electronic absorption spectra were obtained in
DMEF solution with a Shimadzu UV-240 spectrophotometer.
Magnetic moments were measured by Gouy’s method at
room temperature. ESR measurements of the polycrystal-
line samples at room temperature were made on a Varian E9
X-band spectrometer using a quartz Dewar vessel. All
spectra were calibrated with DPPH (g = 2.0027). The specific
conductance of the complexes was measured using freshly
prepared 10~ M solutions in electrochemically pure MeOH
or DMF at room temperature, using an YSI Model 32
conductance meter. The thermogravimetric measurements
were performed using a Shimadzu TG 50-Thermogravi-
metric analyzer in the 25-800 °C range and under an N,
atmosphere. Elemental analyses (C, H, and N) were carried
out at the Micro analytical Unit of Cairo University.

2.3. Electrochemical measurements

Cyclic voltammetric measurements were performed by a
computerized Electrochemical Trace Analyzer Model 273A-
PAR (Princeton Applied Research, Oak Ridge, TN, USA)
controlled via 270/250 PAR software was used for the cyclic
voltammetry measurements. The electrode assembly (Mod-
el 303A-PAR) incorporating of a micro-electrolysis cell of a
three electrode system comprising of a hanging mercury
drop electrode as a working electrode (area: 0.026 cm™'),an
Ag/AgCl/KCl; reference electrode and a platinum wire
counter electrode, was used. Stirring of the solution in the
micro-electrolysis cell was performed using a magnetic
stirrer (305-PAR) to provide the convective transport during
the preconcentration step. The whole measurements were
automated and controlled through the programming
capacity of the apparatus. The supporting electrolyte used
was 0.1 M n-BuyNClO,. The solvents used were sufficiently
pure and the concentration of the complexes was 0.001 M.

2.4. Synthesis of the oxidovanadium (IV) hydrazones

A hot methanolic solution (50cm?®) of the vanadyl
sulfate salt (0.01 M) was added to a boiling solution of the
hydrazone ligand (0.01 M) in a pure dry methanol (50 cm?)
with constant stirring and the reaction mixture was
refluxed for 2 h. The reaction mixture was then allowed
to stand at room temperature overnight, whereby a
microcrystalline product was formed. The resulting
colored precipitates were filtered off, washed several
times with cold methanol, ether and finally dried in
evacuated desiccators over CaO (yield 60-75%).

2.5. Catechol oxidase biomimetic catalytic activity

The catechol oxidase biomimetic catalytic activity of the
synthesized oxidovanadium (IV) complexes under atmo-
spheric air were followed spechtrophotometerically by
monitoring the increase in the o-quinone absorbance at
400 nm. DMF solution of the oxidovanadium (IV) complexes
1 ml(0.001 M)and 1 cm? solution of 4-tert-butyl catechol in
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Scheme 2.

DMF (0.1 M) were combined in a quartz cell at room
temperature in presence of 1cm® of Et;N (0.1 M). The
absorbance changes at 400 nm were recorded at different
time intervals. Formation of o-quinone was also detected by
thin layer chromatography technique using authentic
sample of o-quinone.

3. Results and discussion
3.1. General

The picolyl hydrazones ligands used in this study are
derived from Schiff base condensation in a 1:1 molar ratio
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Table 1

Molecular formulae, elemental analyses, and physical properties of oxidovanadium (IV) hydrazones.

Complex Color A Found (cacld.)
(' cm? mol™) %C %H %N %M

(1) [(VOL'),]S0,4 4H,0 Dark brown 97.89 39.82 (39.99) 3.75 (3.61) 15.44 (15.56) 14.03 (14.16)
(2) [(VOL?) H,0] SO4 H,0 Brown 60.41 36.29 (36.87) 4.13 (3.78) 12.80 (13.24) 12.54 (12.05)
(3) [VOL? H,0] SO, H,0 Pale green 61.80 44.33 (44.53) 3.87 (3.71) 11.35 (11.55) 09.97 (10.51)
(4) [(VOL*),] SO4 H,0 Green 150.16 38.68 (38.89) 3.89 (3.24) 10.68 (11.35) 13.25 (13.77)
(5) [(VOL®), SO4] H,0 Dark red 149.89 44.59 (44.79) 2.87 (3.15) 11.82 (12.06) 14.68 (14.64)
(6) [VOL® H,0] H,0 Yellowish brown 20.14 49.49(49.37) 4.53 (4.41) 12.55 (12.35) 14.25 (14.98)
(7) [VOL; H,0] Yellowish red 43.96 56.23 (56.93) 3.45 (3.63) 11.60 (11.73) 14.32 (14.23)

of the picolonic acid hydrazide with a-pyridyle ketone
(L', L2 and L3), a-acetyl thiophene (L*), a-formyl or a-
acetyl phenol (L®> and LS, respectively) in addition to 2-
hydroxy-1-naphthaldehyde (L”) as shown in Scheme 1.
This ligand system can act as a tridentate ligand, allowing
coordination in its neutral or mono- and dianionic form
due to the presence of the amide functionality which
permits a keto-enol equilibrium.

Interaction of vanadyl sulfate with the title ligands in
equimolar ratio in methanolic solution produces the
tetravalent five-coordinate oxidovanadium (IV) complexes
(1-7) in an appreciable yield. Chemical analysis and some
physical properties of the pure isolated oxidovanadium
(IV) complexes are listed in Table 1. The analytical results
demonstrate that all the complexes have (1:1) metal:li-
gand ratio. The pure solid chelates are various shades of
brown, except for complex (3) and (4) which are various
shades of green. The pure microcrystalline complexes are
freely soluble in DMF partially soluble in methanol (with
exception of complex (5), which is freely soluble) and
completely insoluble in water. The monomeric complexes
2 and 3 have electrical molar conductivities approaching
1:1 electrolytic behavior. Complexes (1) and (4) behave as
1:1 electrolytes with molar conductance values of 147.63 -
150.16 Q' cm?mol~!, suggesting that in the poorly
coordinating methanol solution the sulfate group is not
bound directly to the central oxidovanadium (IV)ion in the
five-coordinate dimeric structure. Based on the proposed
formulae (Scheme 2), it is expected that, the oxidovana-
dium (IV) centers can achieve their coordination saturation
by the binding to the polar groups (e.g., O) of the
neighboring ligand molecule. As indicated by the magnetic
studies, there seem to be an exchange interaction between
the metal ions. These results confirm the dimeric structure
of the complexes (1) and (4) in the solid state. On the other
hand, in DMF solution these complexes exhibit molar
conductance values (147.63 - 150.16 Q™! cm?mol™ ')
characteristic to 1:2 electrolytic behavior. Hence, we
propose that in the highly polar DMF solution the dimeric
structure is broken down and the oxidovanadium (IV)
centers can achieve the 5- or 6-coordinated structures by
the binding to solvent molecules. Concerning complex (5),
the low electrical conductance in the methanolic solution
indicates its non-electrolytic nature, while in DMF solution
it behaves as 1:2 electrolyte. However, the non-electrolytic
nature of the complex (5) in the poorly coordinating
methanol suggests that the sulfate group is participating in
the coordination sphere as a bridge in a dimeric structure
(Scheme 2). This conclusion is further supported by the

results of i.r. spectra and the magnetic moment measure-
ments. Accordingly, we suggest that a solvolysis reaction
takes place in the highly polar DMF solution as shown in
the following interactions:

[(VOL"),]SO4 + 2DMF = 2[VOL"DMF| " + S04*~,n = 10r4

[(vOL®) 504 + 2DMF =2[VOL® DMF| 5042

For complexes (6) and (7) the molar conductivities
obtained in DMF solution demonstrate that these com-
plexes are non-electrolytes with Ay, values lying in the
20.14-43.96 Q! cm? mol ! range.

3.2. Mode of bonding

Important vibration bands of the free ligands and their
oxidovanadium complexes, which are useful for deter-
mining the mode of coordination of the ligands, are given
in Table 2. The free picolyl hydrazones exhibit bands in the
region 3412-3541, 3189-3338 and 1664-1699cm™!
assigned to the intramolecular H-bonding vibration (O-
H---N), OH, NH and C=0 stretches, respectively [27]. These
bands disappear on complexation, indicating the transfor-
mation of carbonyl moiety to enolic moiety and conse-
quence replacement of the enolic hydrogen by the
oxidovanadium (IV) ion (complexes (1), (4), (6) and (7)).
A new band appearing in the 1247-1289 cm™! region in
the spectra of complexes (1), (4), (6) and (7)) was assigned
to the v(C-0) of the enolate mode [28,29]. The spectra of
complexes 2 and 3 display no changes of v(C=0) and v(N-
H) bands upon complex formation. This denotes that
coordination of the tridentate ligand L? and L may take
place through the two pyridine nitrogens and the nitrogen
atom of the Schiff base linkage (Scheme 2). As regards
complex (5) the v(N-H) band is almost unaffected by
complex formation, whereas the v(C=0) absorption band
is shifted by 24 cm~! to higher wave numbers indicating
the bonding of the ligand to the metal ion through the
carbonyl oxygen. For complexes (6) and (7) the coordina-
tion may take place through both the deprotonated
phenolate and enolate oxygens, in addition to the nitrogen
atom of the azomethine linkage. The band appearing at
1334-1343 cm™! for complexes (5) and (6) was assigned to
v(ph-0) [30]. In the spectra of the reported ligands the
characteristic bands of the pyridine ring are observed at
750-766 cm™~'. When the spectra of the complexes (4), (5),
(6) and (7) were compared to the free ligands, changes
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Table 2

The characteristic i.r. frequencies (cm™') of oxidovanadium (IV) hydrazones.
Compound v(OH) Vv(NH) v(C=0) vy(C=N) 3(py) v(M - 0) vM - N)
L! 3427 3293 1694 1576 761 - -
(1) - - - 1613 768 554 459
12 3541 3311 1699 1572 745 - -
2) - - - 1598 768 553 462
L3 3440 3301 1688 1632 761 - -
(3) - 3300 1687 1597 772 - 459
L 3412 3320 1695 1623 766 - -
(4) - - - 1597 766 558 458
L3 3539 3266 1678 1614 750 - -
(5) - 3265 1734 1602 753 515 445
LS 3649 3337 1696 1599 744 - -
(6) - 3338 1697 1598 755 535 467
L’ 3484 3189 1664 1580 739 - -
(7) 3437 - - 1604 752 512 440

Complex details are as listed in Table 1.

were not observed in the vibrations of the pyridine ring,
indicating that the nitrogen atom of the pyridine ring does
not take part in coordination. On the other hand for
complexes (1), (2) and (3), the characteristic in-plan ring
deformation bands of the pyridine ring shift to higher
energy revealing coordination of the pyridine ring N-atom
[31]. Coordination of the nitrogen atoms to V=02" ion is
further supported by the appearance of new absorption
band at 440-467 cm™~' range which are assigned to the
v(N-M)[32]. Thiophene stretching is observed at 775 cm™!
in the free ligand (L*). In complex (4) this band appears at
lower frequency at 765 cm™! confirming the involvement
of the thiophene sulfur in complex formation [33].

For all complexes the characteristic absorption band of
v(V=0?*) was observed in the 960-980 cm™! region. The
v(V-0) stretching mode which originated from interaction
of the tetravalent cation (VO?*) with carbonyl, enolate or
phenolate oxygen was observed in the lower frequency
region 512-558cm™! in the spectra of the reported
complexes [32].

For complexes (1), (4) and (5) the medium strong bands
present in the range 3450-3550 cm !, assignable to v(OH),
clearly confirm the presence of lattice water. Since
vibrational modes such as wagging, twisting and rocking
activated by coordination to the metal have not been found
in the expected ranges, it appears that coordinated water is
not present. These results are consistent with the
thermogravimetric studies, using TG and DTG techniques;
in fact this water is lost in the 70-125 °C range.

In the spectra of complexes (2), (3), (6) and (7) the
characteristic absorption of the coordinated water is
observed between 900-930, 790-800 and 660-675cm ™,
including the wagging, twisting and rocking vibrations [32].
This finding is further supported by the results of thermal
analysis.

For complexes (1) and (4) a dimeric structure is
expected, where interaction of oxidovanadium (IV) ion
with the free electron pairs of the oxygen atoms of a
neighboring complex molecules confers coordination
saturation in the five coordinate square-pyramidal confor-
mation. This mode of interaction has been identified
in analogues oxidovanadium (IV) hydrazones [34].
Complexes (1) and (4) have a new band in the region

833-845cm™! indicating V-0-V bridge vibrations [35].
The formation of V-0-V ridge is further supported from
the magnetic studies results.

The spectra of complexes (1), (2), (3) and (4) show
strong band at about 730-745cm™! and weak band at
about 1250-1264 cm™!, which indicates the ionic charac-
ter of SO,4 [32]. The appearance of new bands at 941(v;),
1155(v,) and 657(vs) cm™! in the spectrum of complex (5)
suggests the bidentate bridging nature of the sulfato group
of Cp, symmetry [32].

3.3. Electronic absorption spectra

The electronic absorption spectra of the title ligands
and their oxidovanadium (IV) complexes were recorded in
solution and the results obtained are given in Table 3. In
the low energy region the spectra of all complexes display
three low-intensity bands, the second of which is present
as a shoulder in the 16,949-18,348 cm™~! range. These
bands can be assigned to 2Byg — 2Exg, *Bag — 2B1g and ?Byg
— ZAlg transitions respectively [36]. According to Ballhau-
sen and others [37,38], these energy absorption bands are
assigned to the ligand field transitions: dyy — (dxz, dyz), dxy
— d>—,? and dy, — d;* corresponding to b,— e (v;), by—
bi* (vy) and b,— ay* (vs) transitions respectively [39].
These spectral characteristics suggest that the synthesized
oxidovanadium (IV) hydrazones are five-coordinate,
square-pyramidal structure [40]. Furthermore, in the high
energy region, the strong absorption band in the 33,222-
29,239 cm™! range of the free ligands is assignable to the n
—7r* transition originating from the azomethine linkage of
the Schiff-base moiety [41]. The position and intensity of
this band show dependence on the nature of the
substituents within the carbonyl imine moiety of the
ligands. The presence of the electron- donating group (CHs)
in L? shifts the n —x* transition to the higher energy
compared to the hydrogen atom in L!. In contrast the
electron-withdrawing phenyl group in L? induces a red
shift in the n —m* transition. This red shift can be
attributed to the increased conjugation effect [42]. The
absorption spectral data in Table 3 show that there is a
significant change in the energy of n —x* band on
complexation. The band maximum in the spectra of the
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Table 3

Elecronic absorption spectra (cm™') of oxidovanadium (IV) hydrazones.
Compound 2By — 2Eag 2Byy — 2Big 2Byg — 2Aig n —m*
L! 12,987 17,241 23,529 31,746
(1) 27,027
L? 13,072 18,181 25,000 33,222
2) 28,571
L2 12,903 16,949 22,522 29,239
(3) 25,641
L 13,037 17,271 24,570 30,769
(4) 27,777
L’ 13,055 17,391 23,809 31,847
(5) 27,397
LS 13,245 17,857 24,691 33,112
(6) 28,985
L’ 13,333 18,348 25,316 32,051
(7) 28,169

Complex details are as listed in Table 1.

chelates is shifted to lower frequencies relative to those in
the free ligands. This bathochromic shift may result from
the extended conjugation in the ligand forced by the
chelated metal ion.

The data in Table 3 reveal that the increasing energy
order of the n —m* bands of the reported oxidovanadium
(IV)  complexes: (2)>(6)>(7)>(4)>(5)>(1)>(3)
reflects the decreasing order of Lewis acidity of the central
V02" ion. This finding suggests that the strengths of the
metal-ligand equatorial bonds increase in the above order.
This trend may be attributed to the expected lower basicity
of the imine nitrogen atoms when phenyl group is bonded
to the carbon atom of the Schiff base linkage, as compared
with methyl group with its inductive (electron releasing)
effect.

3.4. Magnetic studies

Oxidovanadium (IV) ion belongs to the 3d' and S=1/2
system [43]. The observed magnetic moments of the
reported oxidovanadium (IV) complexes (2),(3),(6)and (7)
at room temperature lie in the 1.87-2.15 BM range,
corresponding to one unpaired electron and consistence
with the mononuclear monomeric structure of these
complexes. This result is in accord with the fact that the
spin-orbit coupling for oxidovanadium (IV) complexes is
positive and the magnetically diluted oxidovanadium (IV)
ion should exhibit magnetic moments very close to the
spin-only value, as expected for a simple S=1/2 paramag-
netic with dy, based ground state [44]. These normal
magnetic moments excluded any significant interaction
between neighboring oxidovanadium (IV) ions in the
polycrystalline state [44]. This fact is also supported by the
ESR spectral results (Table 4), which give G-values in the
range 4.039-4.328, [G=(g; - 2)/(g. - 2)]>4 [45]
According to Hathaway et al. if the G >4, the exchange
interaction is negligible, while G < 4 indicates considerable
exchange interaction in the solid complexes [45].

For the mononuclear complex (6) the magnetic
moment value (2.15 BM) is markedly higher than the
spin-only value for the magnetically dilute oxidovanadium
(IV) complexes. This positive deviation from the spin-only
value (1.73 BM) can be attributed to incomplete quenching

of the orbital contribution to the magnetic moment in
addition to the contribution from spin-orbit coupling [46].

The observed magnetic moment per metal ion in the
dimeric molecule of complexes (1) and (4) (Table 4) is
considerably less than the spin-only value for S=1/2
usually observed in the absence of any exchange interac-
tion. This lowering at room temperature reveals the
presence of antiferromagnetic spin-exchange interaction
between the two oxidovanadium (IV) centers through the
bridging oxygen atom of the tridentate hydrazone ligand
(Scheme 2). In the oxo-bridged complexes the two metal
atoms are drawn closer and a w-pathway for super-
exchange is expected. This should cause a quenching in the
magnetic moment. Considering the splitting pattern of
oxidovanadium (IV) the unpaired electron of the vanadyl
(IV) ion will be located in the ground state orbital d,, and
the energy order of the d orbital is dyx, (1)<dx,
dy, < d>—y? < dz* The oxygen atoms of the tridentate
mono basic hydrazones (L! and L*) act as bridges between
the two oxidovanadium (IV) ions. Since it is the dy®—?
orbital which faces the bridging oxygen atoms and since
this orbital does not carry the unpaired spin, the spin-spin
interaction cannot occur via the superexchange mecha-
nism. Indeed, the dimeric formulation brings the two dyy
orbitals of the oxidovanadium (IV) ions so close to each
other that the direct spin-spin interaction may proceed via
the o overlap of these two orbitals. The indirect -
pathway of superexchange through the d?-,*> (V) Pz (O)
d2—y? (V) overlap is expected to be weak since the dyy—,
d,*>—,? mixing will only occur in the high energy state [44].

Table 4
Magntic moments and esr pectral data of oxidovanadium (IV) hydra-
zones.

Complex g gL Sav G et (BM)
(1) 2212 2.055 2.107 3.854 2.24
(2) 2.235 2.055 2.115 4.273 1.93
(3) 2.255 2.061 2.126 4.180 1.88
(4) 2215 2.071 2.119 3.028 2.21
(5) 2311 2.077 2.155 4.039 3.40
(6) 2.277 2.064 2.135 4.328 2.15
(7) 2.219 2.053 2.108 4132 1.87

Complex details are as listed in Table 1.
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Although, the binuclear complexes (5) is magnetically
concentrated and it exhibits magnetic moment per
oxidovanadium (IV) ion in the dimeric molecule close to
the spin-only value of the magnetically dilute oxidovana-
dium (IV) complexes. This result indicates the absence of
any spin-spin interaction between the two oxidovana-
dium (IV) centers in this binuclear chelate in the solid state.
It is well known that for the magnetically concentrated
binuclear complex the antiferromagnetic interaction path
ways (direct metal-metal interaction or superexchange
interaction) are highly sensitive to the metal-metal
distance within the same molecule. A metal-metal
distance less than a 4A in the dimeric metal complex is
usually indicative of the presence of magnetic exchange
interaction [44]. In order to obtain further structural
information and due to the lack of X-ray and variable
temperature magnetic susceptibility measurements facili-
ties in our laboratory, the ESR spectra of the reported
oxidovanadium (IV) hydrazones were measured and the
V-V distance in the dimeric complexes (1), (4) and (5) was
determined. As well as, the magnetic exchange interaction
parameter, J, for the investigated dimeric complexes (1),
(4) and (5) was computed from the ESR measurements.

The X-band ESR spectra of the synthesized oxidovana-
dium (IV) complexes in the polycrystalline state have been
recorded at room temperature. A representative spectrum
is shown in Fig. 1. However, the spectra of complexes (1) -
(7) are anisotropic, having parallel and perpendicular
features (Fig. 1). The g, and g, values are computed from
the spectra using DPPH free radical as g-marker and the
results are given in Table 4. The ESR spectra are
interpretable in terms of an effective spin of S=1/2, and
1=7/2. The trend g, >g, >. (2.0023) observed for the
investigated complexes shows that the unpaired electron
of the d! (VO**)is located in the dy orbital and the spectral
features are characteristic of axially elongated square
pyramidal geometry [44]. These spectral features can be
assigned unambiguously to oxidovanadium (IV) ions in the
form of single and or pair ions by comparison with spectra
of such species in other matrices [47,48].

As indicated by the magnetic moment measurements
there seems to be no exchange interaction between the
oxidovanadium (IV)ions in the solid state of complexes (2),
(3), (5), (6), and (7). This fact is further confirmed by the
ESR spectral data which give G values in the range 4.039-
4.328 > 4.0 [49]. This fact reveals that these complexes are
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Fig. 1. ESR spectrum of oxidovanadium (IV) complex (1).

monomeric in nature and the metal-metal interactions are
absent. However, the monomeric or dimeric nature of the
reported oxidovanadium (IV) hydrazone complex mole-
cules can be distinguish by employing the ESR spectrosco-
py at room temperature. It is well-known that the ESR
spectrum of a pair is radically different from that of a single
ion, since at a certain distance between the two
oxidovanadium (IV) ions forming the pair, the coupling
between the two unpaired electrons becomes significant
and the system splits into a triplet state (S=1) and a singlet
state (S=0). Only the triplet state is paramagnetic giving in
ESR, two signals corresponding to allowed transitions
(AMs=1) and one signal corresponding to a forbidden
transition (AMs=2). Depending on the microwaves
frequency, the most visible EPR characterization of VO?*
pairs existence is the presence of weak signal at half
normal field intensity, produced by forbidden transition
[49]. The inter-ion distance in the pair, R, can be
determined [50], from the relative intensity I between
the signal observed at AMs =2 (forbidden transition) and
that obtained at AMs =1 (allowed transition):

1:A(9.1)2/(R6u2)

where A is a constant, Ris the inert ion distance in A and v is
the measuring microwave frequency in GHz.

When a pair signal is anisotropic with axial symmetry,
one can deduce directly the values d; and d, These
parameters are defined by:

dH =2D/gH ﬁ and dL=2D/gL /3

where D is the zero field splitting constant and § is the Bohr
magnetone. The average distance between the two oxidova-
nadium (IV) ions in the dimeric complexes (1), (4) and (5) can
be calculated from the zero - field splitting (D term) values by
using the equation [44]:

R3 = 3gH2 ﬁ2/2D

Also the ESR spectral results were employed to
calculate the exchange coupling constant J which mea-
sures the extent of the antiferromagnetism behavior of the
dimeric transition metal complexes. The relative intensity
(I) of absorption of the esr lines is related to J as [44]

I=1T (e[d/(kT)]/l +3 e[*]/(kT)])

The data in Table 4 demonstrate that, the magnetic
exchange interaction for the three dimeric complexes (1),
(4) and (5) seems to depend on the metal-metal distance,
i.e. the shorter the metal distance in the dimeric metal
complex the stronger is the antiferromagnetic interaction.
A comparison of the J values and the V-V distance (R) in the
dimeric complexes (1) (J=—148cm™!, D=0.0479cm,
R=3.97A),(4) J=-138cm~ ', D=0.0521cm~ ', R=3.94 A)
and (5) (J=—-97cm ', D=0.0339cm !, R=4.68 A) indi-
cates that the antiferromagnetic exchange interaction
increases with the decrease in the V-V distance. This
shows that the contribution to singlet-triplet separation
from a direct metal-metal bond is significant and the
exchange interaction occurs predominately through the
direct metal-metal interaction mechanism.
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All our efforts to grow crystals of these oxidovanadium
(IV) complexes suitable for X-ray structure determination
so far have been unsuccessful. However, based on the
composition of these complexes, their IR and electronic
spectra, conductivity measurements, magnetic studies
(vide supra), these complexes are proposed to have a
square-pyramidal environment, as shown in Scheme 2.
The plausible structure is further illustrated by the
following thermal studies.

3.5. Thermal studies

3.5.1. Thermogravimetric analysis (TGA-DTG)
Thermogravimetric analysis was employed to clarify the
nature of water content in the complex molecule. The
decomposition stages temperature ranges, maximum de-
composition peaks DTG,ax, percentage losses in mass, and
the assignment of decomposition moieties are given in
Appendix A: supplementary material (S1). Typical TG and
DTG plots for some complexes are given in Appendix A:
supplementary material (S2). The thremogravimetric curves
of complexes (1) - (7) are similar and show two stages of
decomposition within the temperature range of ambient
temperature to 670 °C. The first stage at 55-160 °C shows
the first dehydration process associated with the loss of one
to three molecules of water followed by the second stage at
160-240 °C temperature range, corresponding to loss of
remaining water molecules supporting the presence of
water bound in different ways: lattice and coordinated to
the VO?* ions. The number of these two kinds of water
molecules per mole of metal ion was calculated form the
weight loss observed for the complexes at these two
temperature ranges and the results are given in Appendix A:
supplementary materials. The second stage corresponds to
the complete removal of the organic portion in addition to
the counter ion SO42~, in successive decomposition steps
within the temperature range 240-670°C leaving the
metallic oxide (V,0s) as a residual. The observed overall
weight loss amounts (Appendix A: supplementary materi-
als) are in a good agreement with the calculated values
based on the suggested formulae of these complexes and
consistent with the thermal material decomposition and
elimination of the complex molecule contents.

3.5.2. Kinetic aspects

The kinetic activation parameters of the thermal
decomposition of the investigated oxidovanadium (IV)
complexes, are evaluated graphically by using the
Coats-Redfern method [51], and the results obtained are

given in Appendix A: supplementary material (S1). The
thermodynamic parameters of the TGA studies permit
coordinated and uncoordinated water molecules, to
distinguish. The TG curves of the reported complexes
demonstrated that, two thermal processes can be ob-
served: (a) dehydration and (b) pyrolytic decomposition.
The first and the second stages that take place in thermal
decomposition of the complexes (1) - (7) are assigned to
the dehydration processes of the outer sphere and the
coordinated water molecules. On comparing the activation
energy (E*) and the dehydration enthalpy (AH*) values
(Appendix A: supplementary material S2) of the first and
the second dehydration stage, the second stage shows
remarkable higher values. For all dehydrated complexes,
the thermodynamic parameters values of the pyrolytic
decomposition stage were found to be higher than that of
the dehydration stage which indicates that the rate of the
pyrolytic stage is lower than that of the dehydration stage.

3.6. Electrochemical studies

The electrochemistry of the synthesized oxidovana-
dium (IV) complexes was investigated as the redox
potential is an important parameter in the electron
transfer reactions we are studying. The redox potential
should be such as to permit the reoxidation of the reduced
oxovanadium centers by molecular oxygen to maintain the
catalytic cycle.

The redox properties of the investigated oxidovanadium
(IV) hydrazones were investigated in DMF solution (in a
nitrogen atmosphere) by cyclic voltammetry and the redox
processes are metal centered only (Table 5). Cyclic
voltammograms of the entire complexes (1 x 107>M)
exhibit a reversible oxidation and reversible reduction
peaks at the scanrate 100 mV s~ . All the complexes showed
well-defined waves in the range (E;,2) 0.0.372 to 0.507V
of the couple (VOV/VO™) versus Ag/AgCl. The redox
processes are reversible with peak-to-peak separation
(AE,) values ranging from 59 to 85 mV. The peak potentials
separation and the ratio of cathodic to anodic peak
current are close to unity consistent with one-electron
process. This indicates that the electron transfer is reversible
and the mass transfer is limited. The electrode processes
can be described by the following equation;

[Lvo“’} te= [Lvo'“}

The data in Table 5 reveal that the nature of substitution
on the Schiff- base linkage has a significant effect on E, of

Table 5
Electrochemical data (scan rate of 100 V/s) and catechol oxidase biomimetic catalytic activity of the oxidovanadium (II) hydrazones.
Complex Epe Epa AEp/mV i/iq Eqj2IV TR Kops x 103
(1) 0.344 0.402 59 1.18 0.372 23.99 56.79
(2) 0.464 0.549 85 1.17 0.507 12.98 30.64
(3) 0.408 0.478 70 1.13 0.443 6.35 14.86
(4) 0.416 0.499 83 1.02 0.457 17.36 41.0
(5) 0.329 0412 83 1.25 0.370 19.76 47.0
(6) 0.482 0.558 75 1.13 0.520 9.88 234
(7) 0.349 0.429 80 1.1 0.389 15.95 38.0

Complex details are as listed in Table 1.
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the reported complexes. The electron-withdrawing groups
stabilize the lower oxidation state V3* in the complex (3)
while the electron-donating group favor oxidation to V(™ in
the complex (2). This is possibly because the electron-
withdrawing phenyl ring makes the complex more posi-
tively charged and hence causes it to be more easily reduced.
Similarly the electron-donating groups as inductive or
mesomeric (CH3) make the complexes (2) and (6) less
positively charged and hence less easily reduced. On the
other hand the data in Table 5 demonstrated that, the
difference in the redox potential values of complexes (1)and
(4) is strongly related to the basicity of the donor atoms of
the coordination environment around the central oxidova-
nadium (IV) ion. The coordination chromofore of complex
(1) is NNOO while for complex (4) is NSOO, and the later
comprises the more basic sulfur donor. Thus, complexes
formed with donor atoms possessing a high electron density
(basicity) will show higher E; ;, values than that formed with
weaker bases. Cyclic voltammetry results of the reported
oxidovanadium (IV) complexes reveal a reduction potential
values in the range expected for the five-coordinated mono
oxidovanadium species on the basis of other members in
this series [40c,e,f,48,52,53]. The fact that the reduction is
completely reversible indicates that the five-coordinate
geometry is stable in both oxidation states, at least on the
cyclic voltammetry time scale [52,53].

3.7. Catechol oxidase biomimetic catalytic activity

The oxidase biomimetic catalytic reactivity of the
reported oxidovanadium (IV) complexes (1) - (7) towards
the aerobic oxidation of 4-tert-butylcatechole under
catalytic conditions was studied using electronic spectros-
copy by following the appearance of the absorption
maximum of the quinone at 400 nm over time. Some of
the obtained results are illustrated in Figs. 2 and 3, showing
the change in absorbance at 400 nm versus time for the
first 30 min. Also, the catalytic activities were evaluated
from the relation: [turn over rate (TR) = mole of o-quinone
produced per mole of catalyst per minute], by making use
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Fig. 2. Kinetic curves of the catalyzed oxidation of 4-tert-butylcatechol in
the presence of oxidovanadium (IV) complexes (1)-(7), monitored at
400 nm.
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Fig. 3. Spectral changes observed in the oxidation reaction of 4-tert-
butylcatechol catalyzed by complex (1).

of molar absorbance value of ¢=1200 M~! cm~! reported

by Munoz et al. [54]. The results obtained are presented in
Table 5 and it is clear that there are profound differences in
the ability of the complexes to catalyze the oxidation
reaction. There are a number of factors which need to be
considered in explaining the differences in the catalytic
properties of complexes (1)-(7). These include (a) the
electrochemical properties of the complexes, (b) the
geometry imposed by the ligands on the metal ion, (c)
the Lewis acidity of the oxidovanadium (IV) center created
by the donating properties of the primary hydrazone
ligands, (d) the basicity of the donor atoms and (e) the
steric features of the ligands. All of these factors will be
considered sequentially.

3.7.1. Electrochemical considerations

Electrochemistry was used to establish whether there is
a correlation between the redox potential and catecholase
biomimetic catalytic capabilities of the synthesized
oxidovanadium (IV) complexes. It should be noted that
the enzyme tyrosinase (catalyzes the aerobic oxidation of
catechole to the light absorbing o-quinone) isolated from
mushroom (Agaricus bisporus) has a reported value for E° of
0.36 V vs. the standard calomel reference [55]. It is obvious
however, that the enzyme has been able to balance
successfully the requirements of the different oxidation
states of the metal M™ = M® V* in performing its
catalytic tasks. The balance between ease of reduction of
oxidovanadium (IV) and subsequent reoxidation oxidova-
nadium (III) by molecular oxygen must be maintained for
efficient catalysis to occur. This would imply that a
window of E;j, values exists wherein effective catalysis
can take place. If the reduction potential is too negative,
reduction to oxididovanadium (III) be unattainable; on the
other hand, if the reduction potential is too positive, the
catalytic cycle would be short-circuited because once
reduced to V", the complexes would be unable to be
easily reoxidized to V") by 0.

A comparison of the E; , values for the seven complexes
studied with the observed catalytic properties yields a
number of interesting results. First, the four complexes (1),
(4), (5) and (7) with appreciable activity in the aerobic
oxidation of catechole have E;, values approaching the E°
value of the natural tyrosinase enzyme. On the other hand
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complex (6) exhibits E;, value that deviate from that
potential and consequently this leads to significant loss of
activity. This finding suggests that, within a certain range
of E;, values appreciable catalysis is possible, while
outside that range the drop off in rate is quite significant.

While our data do suggest an interdependency between
the catalytic properties of the complexes and their redox
potentials, it is clear that electronic effects do not totally
control the reactivity and that other factors are also at work
in the catalytic cycle. This is best illustrated by examining
the reactivity of complexes (3) and (4) which have virtually
identical reduction potentials but enormously different
rates of catalytic oxidation reaction. This finding is also
observed for other examples of copper(Il) complexes which
have essentially identical reduction potentials but drasti-
cally different catalytic properties [56].

3.7.2. Geometrical considerations

As shown in Table 5, the square-pyramidal complexes
(1)-(7) catalyze the aerobic oxidation reaction. Therefore,
the five-coordinate, square-pyramidal complexes (1)-(7)
are capable of serving as catalysts for oxidation reactions
so other factors must be responsible for the differences in
rate.

3.7.3. Basicity of the donor atoms

The third consideration in assessing the reactivity of
these complexes is the basicity of the donor atoms. This
feature will affect the Lewis acidity of the central
oxidovanadium (IV) and consequently the redox potentials
of the complexes by shifting the E , values of complexes. It
has been previously reported that the nature of the donor
atoms, the counter ion, or any bridging group bound to the
metal centers has an effect on the rate of catalysis [57,58].
In addition, it has been shown that electron transfer from
catechole to LM™ can begin only after catechol and the
LM™ species form an LM™ -catecholate intermediate [59].
Accordingly, the initiation step almost certainly involves
production of V3* by the interaction of oxidovanadium (IV)
complex with catechol. In this situation, the V3*/V** couple
is involved as a redox center. According to the mechanistic
hypothesis, the Lewis acidity of a oxidovanadium (IV)
center in the oxidovanadium (IV)-catecholate intermedi-
ate greatly affects the redox potential of the V3*/V*4* couple
and consequently degree of the catalytic reactivity. Thus,
an increase in the Lewis acidity of the oxidovanadium (II)
center in the [(VOL"),—catecholae] complex facilitates
electron transfer from the catecholate ring to the
oxidovanadium (IV) center. For (1) and (2) complexes,
the electronic absorption spectra exhibit a charge transfer
band assignable to n — 7* of the azomethine linkage of
the hydrazone ligands. The position and intensity of this
band show dependence on the type of substituents within
the carbonyl moiety of the imine ligands. The increasing
order of this energy ((2) > (1)) reflects the decreasing order
of the Lewis acidity of the oxidovanadium (IV) center
[27,60]. The presence of the electron-donating group (CHs)
in L? increases the Lewis basicity of the donor nitrogen
atoms and shifts the n — 7™ band of the C=N to higher
energy (Table 3). Thus, the Lewis acidity, as shown by the
C.T. n — 7" band energy, increases in the order: (1) >(2)

and the catalytic reactivity of these complexes follow the
same order. Consequently, in the [(VOL"),-catecholae]
intermediate, electron transfer from the catecholate ring
to the complex (1) center is assumed to be more favored
as compared with complex (2). In contrasting complexes
(5) with (6) it can be seen that this is the case. These data
are consistent with the premise that the basicity of
the donor atoms is one of the primary factors in
modulating the resultant electrochemical properties of
the complexes.

3.7.4. Steric features of the ligands

The data in Table 5 shows that oxidovanadium (IV)
center in the VOL® complex has a Lewis acidity value
greater than that of the (4). Although complexes (3) and (4)
have virtually identical redox potential (Table 5), but the
latter (4) is significantly more reactive. Since the electro-
chemical and the spectral results seem to minimize the
importance of electronic factors, we will consider the role
of the complexes structural features on their catalytic
reactivity properties. Our results point to the bulky ligand
environment provided by the L*> (which has extra phenyl
group on the Schiff base linkage as compared to L*) will
being responsible for the diminution of its rate of catalysis
compared to L* For these systems, it seems that as the
ligand becomes more crowded, the substrate is less able to
coordinate to the metal ion and, as a result, the catalytic
process is slowed down.

3.7.5. Suggested mechanism for the catalytic oxidation of
catechol

The possible mechanistic implications (Scheme 3)
whereby the oxidovanadium (IV) complexes catalyze the
oxidative transformation of catechol to the light absorbing
o—quinone presumably implies the following interactions:
(i) Formation of dioidxovanadium (IV)-catecholate inter-
mediate; such an intermediate is well known in analogous
oxidase model systems [27,60b,61]. (ii) The formation of
this intermediate was proposed previously as the rate-
determining step in the oxidation process, which under-
goes further fast reactions to the final oxidation product
and two M("~V* centers [61]. This was demonstrated by
the spectral changes with time (Supplementary data). The
absorption band at 756 nm, attributed to [(VO!V)L),-
catecholate] intermediate adduct, decreases while the
band at 400nm, due to the formation of o-quinone,
increases more rapidly with an isosbestic point at about
560 nm. The final spectrum of the system contains a band
at 400 nm characteristic of o-quinone and the 765 nm band
of the oxidovanadium (IV)-catecholate intermediate
adduct complex. This intermediate could be recognized
under intermolecular electron-transfer to the oxidized o-
quinone product and two oxidovanadium (III) centers. (iii)
Interaction of the generated oxidovanadium (III) species
with 0, to give cis- p-n': m! or a -pu-n?: m? peroxide
adduct [(LVO"),0,]. This process presumably involves the
transfer of an electron from the oxidovanadium (III) ion.
Previously reported studies involving catecholase function-
al models complexes catalyzing the oxidation of catechols
suggested the formation of dimeric species, in the rate-
determining step [60b,62]. Accordingly, the initiation step
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Scheme 3. Mechanism of the aerial oxidation of 4-tert-butylcatechol by oxidovandium (IV) picolyl hydrazones.

almost certainly involves production of oxidovanadium (IIT)
by the interaction of the oxidovanadium (IV) with catechol.
In this situation, the VO'V/VO™ couple is involved as a redox
center. (iv) Interaction between the more basic and highly
reactive catecholate radical and [(LVO'),0,] leads to the
formation of [catecholate (LVO'),0,] adduct. As a conse-
quence of these interactions, the resulting adduct [catecho-
late (LVO'Y),0,] undergoes rearrangement to give an
oxide anion, which remains coordinated to the oxidovana-
dium (IV) center. The protonation of 0>~ prior to its release
from the complex is required, because the oxide anion is

highly basic and thus too unstable to be released in its
unprotonated form. Thus, we suggest that the oxide
fragment rearranges to the hydroxide radical (HO) as a
result of the electrophilic attack by a proton on the highly
basic oxide anion bound to oxidovanadium (IV) provides the
HO™ radical. (v) Finally, this intermediate could be recog-
nized under further electrophilic attack by a proton on the
highly basic hydroxide anion bound to oxidovanadium (IV)
to the totally oxidized form o-quinone and two water
molecules as a by-product and regeneration of the catalyst
in its original active form (Scheme 3).
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4. Conclusion

The present study describes the syntheses and charac-
terization of a series of oxidovanadium (IV) complexes
with the tridentate picolyl hydrazones ligands. The
structural characterization of the synthesized compounds
was achieved by several physicochemical methods name-
ly, elemental analysis, thermal studies, magnetic, electro-
chemical and spectroscopic techniques. The reported
oxidovanadium (IV) complexes contain a five-coordinated
vanadium (IV) ion in an oxygen and nitrogen rich
environment in the square-pyramidal geometry. A mono-
meric nature was reported for complexes (2), (3), (6) and
(7) while dimeric structures were suggested for complexes
(1), (4) and (5). The catechol oxidase biomimetic catalytic
activity of the synthesized complexes has been investigat-
ed. The results obtained show that all the complexes
catalyze the aerobic oxidation of catechol to the corre-
sponding light absorbing o-quinone. The rate of catalysis
for the investigated oxidovanadium (IV) complexes is
linked to the redox potential of the couple V3*/V#* during
the catalytic cycle, the Lewis basicity of the donor atoms
and the steric features of the parent ligand. A substantial
retardation of reactivity is evident if either steric or
electronic factors are not optimal.

Appendix A. Supplementary data

Supplementary data (Tables S1 and S2) associated with
this article can be found, in the online version, at doi:10.1016/
j.crci.2011.11.009.
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