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Abstract

Peroxidovanadium(V) and oxidovanadium(IV) compounds have been tested as peroxidase-similar compounds. Their catalytic
performance was tested on phenol red and pyrogallol substrates. Bromination kinetic studies revealed Michaelis-Menten behav-
ior with respect to phenol red for both complexes. Catalytic efficiency is ~ 10* M™' min~'. Both vanadium complexes showed the
capacity to oxidize pyrogallol, but only the oxidovanadium (IV) complex follows Michaelis-Menten kinetics with respect to this
substrate (K, = 1.05 x 10~ M). Peroxidovanadium(V) complex displayed a more complex mechanism, and further studies
became necessary to elucidate it. The structure-activity relationship was also assessed.
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Introduction

Peroxidases (EC 1.11.1.7) catalyze a diversity of chemical
reactions involving the reduction of peroxides and oxida-
tion of many phenolic substrates, metabolites, toxins, and
inorganic compounds. These oxidoreductases are distrib-
uted in nature in microbes, animals, and plants. In partic-
ular, our interest is focused on vanadium-dependent per-
oxidases (VHPOs) [1]. Some of them were structurally
well-characterized showing a similar active site in which
the vanadium(V) atom (vanadate anion) is bonded to ni-
trogen (from imidazole residue) and via hydrogen bond-
ing to an OH group of histidine and water molecules. This
active site is structurally modified under catalytic activity
when a peroxide anion coordinates at the equatorial posi-
tions (Scheme 1). These kinds of enzymes, called
haloperoxidases, are found in brown and red algae
(Ascophyllum nodosum, Corallina officinalis) and also in
fungi (Curvularia inaequalis) and received a great scien-
tific interest because of the biochemical ability to catalyze
in presence of H,O,, the oxidation of halides giving rise
to halogenated derivatives: X~ + H,O, + H" — RX +
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H,O (X = halogen). Despite its potential high efficiency,
industrial applications (pharmaceutical, biotechnological,
and environmental protection) are limited due to its low
physical stability and difficulty of production [2]. Because
of these limitations, scientists are further interested in the
development of model complexes. In this sense, vanadium
coordination complexes have been recognized as efficient
catalysts in several oxidation processes of industrial inter-
est including the known capacity of simulation of
haloperoxidases enzymes. Considering the presence of
the vanadium atom in the active site of these enzymes,
many oxidovanadium(V) and (IV) complexes having O
and N atoms in their coordination sphere have been tested
as models of this type of biological catalysts [3]. This
development can afford an industrial method for the ha-
logenation of several compounds without environmental
contamination and the limitations of the large-scale pro-
duction of enzymes. Moreover, the addition of a halogen
atom in drugs is a strategic route to improve bioavailabil-
ity and bioactivities. Our research group has been working
for several years in the chemistry of vanadium-derivatives
with functional organic ligands with the aim to develop
biomimetic compounds. In this communication, we pres-
ent results concerning the oxidovanadium(IV) and (V)
complexes having the ability to simulate peroxidases.
Their catalytic activities on bromination and oxidation of
different compounds are determined by UV/Vis spectros-
copy and the results are discussed based on the structural
differences and compared with previous reports. Catalytic
parameters were calculated with this objective.
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Scheme 1 General assumed active site of peroxidase enzyme and its
peroxo form

Materials and Methods

All the chemicals used were from analytical grade and used as
supplied. The peroxidovanadium(V) and oxidovanadium (IV)
complexes
([VO(0,)(C7H¢NO,)H,0].H,0=[VO(0O,)LH,0].H,0,
[VO(C;HgNO,),H,0]=[VOL,H,0]; with L=C;H¢NO,, 4-
aminobenzoate, respectively) were both synthesized accord-
ing to the literature [4]. The characterization of the catalysts
has been carried out using a Bruker IFS 66 FTIR-
spectrophotometer in the 4000400 cm ' frequency range.

Similar Peroxidase Activity
Bromoperoxidase Reaction

The assay was performed according to the procedure pub-
lished by Feng et al. [5]. The vanadium complexes were dis-
solved in DMF. The bromination activity experiments were
performed at 25 + 0.5 °C and pH 5.8 (NaH,PO4,—Na,HPO,
buffer). Reactions were initiated with the presence of phenol
red solution (20 uM), an aliquot of 30% H,O,, KBr 2 M,
phenol red (2.5-20 uM) and 24 pM of the vanadium com-
plexes. The spectral data recorded at 1-min intervals show the
gradual disappearance of the peak at 443 nm due to the loss of
phenol red and an increase in the absorbance of the peak at
592 nm due to the formation of the bromophenol blue product.

Catalytic Oxidation of Pyrogallol

The peroxidase-mimetic activity was determined using UV—
Vis spectrophotometry. The absorbance increase at 420 nm
(due to the formation of purpurogallin, € = 2640 M ™' cm ™)
was monitored during 180 min. The reaction was carried out
in phosphate buffer (1 M, pH 7). The steady-state kinetics
studies were performed by varying the concentration of pyro-
gallol (0.13-2 mM) while keeping a fixed concentration of
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H,0, (0.25 mM) and catalyst (V (IV) complex = 50 uM—
1.8 x 10 g; V(V) complex = 50 uM—1.35 x 10> g).

Evaluation of the Catalytic Parameters

A treatment based on the Michaelis-Menten model developed
for enzyme kinetics was performed. The values of the
Michaelis-binding constant (K,), maximum velocity (Viax),
and rate constant for dissociation of substrates (i.e., turnover
frequency, k.,) were calculated from the Lineweaver-Burk
graph (double reciprocal plot) of 1/rate versus 1/[S], using
the equation 1/V = (Kn/Vinax)(1/[S]) + 1/Vpax. A control reac-
tion carried out without the vanadium complex shows no
change in the absorbance at 590 nm. Triplicate determinations
were performed in all the experiments.

Results and Discussion

The mimicking of the bromoperoxidase activity was evaluated
according to the method proposed by Feng et al. [5]. In this
method, the effect of the complexes on the bromination of
phenol red (the organic substrate) is followed.

Phenol red + X~ + H,0, +H*
X = Br UV/Vis band : 592 nm (¢ = 14500 M " ecm™")

—Bromophenol blue + H,O

The addition of solutions of the vanadium complexes to the
standard reaction of bromide (phosphate buffer pH = 5.8)
containing phenol red produced a change in the color of the
solution from yellow to blue. This was observed in the elec-
tronic UV-Vis spectra as an increment of the 592-nm band
intensity (bromophenol blue product) and the corresponding
decrease of the 443-nm band intensity due to the consumption
of the phenol red (Fig. 1a, b, left). A control reaction was
carried out without the vanadium complexes and showed no
significant change in the absorbance at c.a. 590 nm (not
shown). At first, the effect of catalyst’s amount was evaluated
using higher or smaller concentrations, but the reactions
turned out to be too fast or without significant differences,
respectively. For that reason, a concentration of 24 uM of
the catalyst was employed for the peroxidovanadium(V) and
oxidovanadium(IV) complexes, and the reaction conditions
were optimized working at fixed temperature, concentration
of H,O, and pH of the reaction. The effect of phenol red
concentration was then evaluated (concentration range 5—7
to 20-30 uM).

The kinetic studies are shown in Fig. la, b, right. Both
reactions showed saturation kinetics, and the Michaelis-
Menten kinetics model was applied. The values of the
Michaelis-binding constant (K,,), maximum velocity (Vax),
the rate constant for dissociation of substrates (k.,), percent
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Fig. 1 Oxidative bromination of phenol red catalyzed by the vanadium
complexes (left: UV/Vis spectra: progression over time of the phenol red
and bromophenol blue product bands; right: Lineweaver-Burk graph: 1/V
= (Kn/Vinax)(1/[SD + 1/Viay)): a [VO(O,)LH,0].H,0, b VOL,H,O.

conversion of phenol red together with the turn over number
(TON) and the turn over frequency (TOF) are shown in
Table 1. Chemical structures of the complexes are shown in
Scheme 2. It is well known that K, is indicative of the enzyme
affinity toward its substrate and a lower value of K;,, means a
stronger affinity [10]. It can be seen that K, value is lower for
the oxidovanadium(IV) complex than for the
peroxidovanadium complex. The catalytic efficiency (ke
K.,) values are in the same order of magnitude for both com-
plexes. When a concentration of 10 M of phenol red is used,
this complex produced a higher percentage of the conversion
(85.1%) as well as TON (0.77) and TOF (4.65) value at
10 min of the reaction time (Table 1).

There are experimental evidence in the literature related
to metal coordination complexes, in particular, vanadium
derivatives and some copper complexes, but working un-
der different experimental conditions (KBr, phenol red,
and catalyst concentrations) and the solvent and the tem-
perature varied in each case [11, 12]. Different methodol-
ogies were employed, and different types of data were ob-
tained. Li et al. demonstrated the reactivity of scorpionate
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Spectral changes at 1-min intervals. Spectral data taken at pH = 5.8
(aqueous phosphate buffer), [KBr] = 2 M, [phenol red] = 5 to 20-30
uM, [VOL,H,0] = [VO(O,)LH,0].H,0 = 24 uM

oxidovanadium(IV)—carboxylate complexes showing only
the modifications observed in the UV/Vis spectra [13], and
similar studies were performed for oxidovanadiumpoly
(pyrazolyl)boratecarboxylate complexes [14] and a series
of oxidovanadium (IV) complexes containing poly
(pyrazolyl) borate and organic carboxylic acid as ligands
[15]. The literature also showed studies involving kinetic
data for copper [5, 16] and vanadium complexes [12,
17-21]. These data were achieved by changing the catalyst
concentration and obtaining linear plots in which the de-
pendence of the absorbance with the reaction time has been
graphed, and the reaction rate constant was calculated.
Other investigations displayed the rate of bromine transfer
for peroxidovanadium(V) [22] and peroxidotungsten(VI)
[23] complexes. For those reasons, a direct comparison
with these compounds is not appropriate. Due to these
differences, in this short communication, a comparative
analysis and discussion were focused on the reported K,
or K., values obtained by Michaelis-Menten model, and
the calculations were performed at different substrate
concentrations.
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Table 1
aminobenzoate anion

Kinetic parameters for bromination of phenol red and pyrogallol by vanadium complexes and related compounds. C;H¢NO;: 4-

Phenol red Vinax (M min™) K (M) keae (min™) ke Ken (M min )
[VO(0,)(C;H¢NO,)H,0]H,0 834+0.10x107° 329+0.05% 107 3.48 1.05 x 10* This work
Pentagonal pyramid

3Conversion (%) phenol red (uM) TON® TOF® (h 1)

81.6 7 0.52 3.10

80.5 10 0.69 4.15

80.0 15 1.30 7.81

745 20 1.34 8.05

Vinax (M min ') Kin (M) ke (min")  keo/Ky (M min™")
cis-[VO(C7HgNO,),H,0] 344 +0.04 x 107 1.35+0.02x 107 1.43 1.06 x 10* This work
Square pyramidal geometry

4Conversion (%) phenol red (uM) TON® TOF¢ (hﬁl)

89.2 5 0.31 1.84

85.1 10 0.77 4.65

71.6 15 1.02 6.14

63.1 20 122 7.29

28.1 30 122 732

Vinax (M min ") Ko (M) ke min™")  keo/Kn M min)
[Et;NH][VO5(sox-pydx)]" 439 %107 440 x 107 [6]
Square pyramidal geometry
[Cu(C4HsN,S),CL].2H,0™ 348 %107 134 x 1073 0.14 104.5 [7]
Planar geometry ]
[Cu(CsH;oN4S)SO4H,0]™ 6.45x10°° 1176 x 10°° 6.45 548 x 10° (7]
Square pyramidal geometry
Pyrogallol Vinax (M min 1) K., (M) ko (min ") koo Koy M min™")
cis-[VO(C;HgNO,),H,0] 3.55+0.05% 107 1.05+0.02 x 103 0.071 67.62 This work
Square pyramidal geometry

Purpurogallin (uM) at 40 min Pyrogallol (mM) TONP TOF® (h 1)

16.2 0.13 0.32 0.97

229 0.26 0.46 5.50

47.6 0.52 0.95 2.86

74.8 14 1.50 449

116 2.0 232 6.95

Vmax (M minil) Km (M) kcat (rninil) kcat/ Km (M_] minil)
PS-[VO (OMe)(hap-iah)* 3.87 x10°° 479%x10° [8]
Square pyramidal geometry
PS-[VO (sal-dahp)]** 920 x 1077 3.62 %107 [9]

Square pyramidal geometry.

# Percentage conversion of phenol red (average of three different trials using fresh catalyst each time)

®TON = Turn over number (number of moles of product/number of moles of catalyst)

°TOF = turn over frequency (h™' , moles of substrate converted per mole of catalyst per hour). Values calculated at 10 min of the time of the reaction for
phenol red and at 40 min for pyrogallol

" [ENH][VO5(sox-pydx)] = [CeH 6NI[VO(C1oH1oN4O,] using tetra-N-butylammonium bromide, data from ref [6]
“*Data for copper complexes were taken from ref [7]
#PS-[VO (OMe)(hap-iah) = polymer grafted oxidomethoxidovanadium(V) complex [8]
## PS-[VO (sal-dahp)]: polymer grafted oxidovanadium(IV) Schiff base complex derived from salicylaldehyde and 1,3-diamino-2-hydroxypropane [9]

It can be noted that the calculated K,,, values for the com-
plexes are similar to the calculated for dioxidovanadium(V)
complex derived from oxamohydrazide and pyridoxal
([EtzNH][VO,(sox-pydx)], Table 1) even though tetra-N-
butylammonium bromide instead KBr and a different pH
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value of the buffer were used [6]. Despite those differences,
the anionic part of the complex has a square pyramidal ge-
ometry with the vanadium(V) atom in a dioxidovanadium
unity in a similar structural arrangement to
oxidovanadium(IV) complex [4] (Table 1). Recently, we
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Scheme 2 Schematic (0]
representation of the structures of ..., " ________

the complexes: a [VO(O,)(4- L \I_~ (:)Hz
aminobenzoate)H,0].H,O0, b {
[VO(4-aminobenzoate),H,0], ¢
[VOy(sox-pydx)] , d [VO
(OMe)(hap-iah)], e [VO (sal-
dahp)], f
[CU(C4H5N28)2C12].2H20, and g
[Cu(CsH,oN4S)SO4H,0] (0]

—

(c) [VO,(sox-pydx)]’
L'= soxH-pydxH

(f) [Cu(C,H,N,S),C1,].2H,0
4
L*=(C,H,N,S),

studied two copper complexes with ligands derived from
methimazol in the same experimental conditions (Table 1)
[7]. It can be seen, in coincidence with the
dioxidovanadium(V) complex [6] that the most efficient
catalyst was the copper complex with square pyramidal ge-
ometry (higher k../K,). Possibly this geometry, irrespec-
tive of the ligands favors the catalysis of bromination of
phenol red. Nevertheless, further studies are still necessary
to elucidate all the variables that may influence the kinetic
behavior. Anyway, in this work, a high percentage of sub-
strate conversion was achieved in a very short time working
with the vanadium complexes which, in conjunction with
higher catalytic efficiencies, suggested that the compounds
behaved as good bromoperoxidase-mimics.

The efficiency to transform pyrogallol to purpurogallin was
chosen as an additional model reaction.

Pyrogallol + H,O, —Purpurogallin UV /Vis band

1420 nm (e =2640 M ' em ™)

To investigate the kinetic parameters of the complexes, the
time-dependent absorbance evolution at 420 nm in the pres-
ence of different concentrations of pyrogallol (0.13, 0.26,
0.525, 1.4, and 2 mM), and fixed concentrations of H,O,
and catalyst (50 pM) was evaluated. These experimental con-
ditions were found to be the best in order to get reproducible
data.

(d) [VO(OMe)(hap-iah)]
(e) [VO(sal-dahp)]

2 . _
L =H,hap-iah, Me=methanol L3=Hssal-ahp

(9) [Cu(C4H,,N,S)SO,H,0]
5
L’= C,H,,N,S

According to Michaelis-Menten kinetics model, it was not-
ed that the oxidovanadium(IV) complex follows saturation
kinetics. The reaction is first order at low-substrate
(pyrogallol) concentration (linear plot) while at higher con-
centrations of the catalyst became saturated with the substrate
and the reaction is zero order (Fig. 2a). Therefore, this com-
plex follows a Michaelis-Menten behavior towards pyrogallol
(Fig. 2b). On the contrary, this behavior was not observed for
the peroxidovanadium(V) complex, and in this case, it was not
possible to perform calculations of the kinetic parameters.
This complex is able to act on pyrogallol but, unfortunately,
the mechanism seemed to be more complex than a simple
Michaelis-Menten model.

For the oxidovanadium(IV) complex, the Lineweaver-
Burk plot (Fig. 2b) showed the following kinetic parameters:
Kin=1.05%x 10> M, Viax =3.55 x 10 * M x min "', Ky ¢ =
0.071 min ', and K /K = 67.62 M ' min~". Related to the
product, the best values were obtained for the lower pyrogallol
concentrations (0.13 and 0.26 mM) being a maximum of 60%
(180 min of the reaction time). In addition, the TON and TOF
values denote moderate activity considering that they were
calculated after 40 min of the start of the reaction.

Although to a lesser extent, the information in the literature
related to catalytic oxidation of pyrogallol by metal coordina-
tion complexes is varied (like for the phenol red substrate) and
does not allow us to make a direct comparison of the results.
For instance, the oxidation of pyrogallol red by H,O, in
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Fig. 2 Oxidative bromination of pyrogallol catalyzed by [VOL,H,0]. a
Abs vs time graph, increasing pyrogallol concentrations from 0.13 to 2
mM, b Lineweaver-Burk graph: 1/V = (Ku/Vinax)(1/[S]) + 1/Viax)-

presence of Mo(VI) (MoO3) has been studied with a fix-time
method, and the influences of the ionic strength and tempera-
ture were analyzed on the reaction rate [24] and also
dioxidomolybdenum (VI) complexes having tripodal
tetradentate ligands were investigated, and their activity were
compared with those of the transhydroxylases [25]. There are
examples of the determination of peroxidase activity for the
following complexes: a water-soluble cationic Fe(IIl)-porphy-
rin [26], dinuclear copper(Il) and cobalt(Il) complexes [27]
and 8-hydroxyquinoline-aluminum complex (for the detection
of pyrogallol in tomato) [28].

Comparison were afforded with the reported activities for
other oxidovanadium(V) [8] and (IV) [9] complexes (Table 1)
suggesting that cis-[VO(C7HgNO,),H,O] behaved as a better
catalyst than the polymers grafted oxidovanadium compounds
having a larger k., value hence implying a higher number of
molecules of substrate converted in product per minute.

Conclusions

Peroxidovanadium(V) and oxidovanadium(IV) metal com-
plexes bearing 4-aminobenzoate ligand have been tested as
peroxidase-similar compounds. Both complexes resulted ac-
tive as catalysts being capable to convert in an efficient man-
ner the organic substrate phenol red to bromophenol blue
(Kun~10"* M, kepe = 1.5-3.5 min ') with similar catalytic effi-
ciency. The efficiency to transform pyrogallol to purpurogallin
was also proved, but only the oxidovanadium(IV) complex
followed a Michaelis-Menten kinetics behavior respect to py-
rogallol. From the experimental data and the comparison with
other oxidovanadium compounds, a correlation of the
structure-activity was analyzed assuming a better catalytic be-
havior on phenol red for the square pyramidal geometry. The
activity of the structural related copper complex resulted
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Spectral data for: pyrogallol (0.13-2 mM), H,0, (0.25 mM),
[VOL,H,0] =50 uM, and pH =7

somehow greater. Oxidation of pyrogallol was better achieved
by the square pyramidal oxidovanadium(IV) complex in com-
parison to the polymer grafted square pyramidal
oxidovanadium(V).
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