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New iron(III) complexes have been utilized as catalysts for the oxidation of o-phenylenediamine to 2,3-
diaminophenazine in the presence H2O2. The effect of added exogenous anion like acetate, azide and cit-
rate, is found to inhibit the rate of reaction suggesting that one of the factors affecting the rate determin-
ing step is the loss of bound Cl�, NO3

� at the iron(III) centre, creating a vacant site and the concomitant
binding of exogenous anions or o-phenylenediamine.
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Iron(III) complexes of a potentially pentadentate ligand N2, N5-bis ((1H-benzo [d] imidazol-2-yl) methyl)
thiophene-2,5-dicarboxamide are synthesized with an exogenous anion X = Cl�, NO�3 . Mössbauer and EPR
spectroscopy indicates axially distorted complexes. These complexes were utilized for the oxidation of
o-phenylenediamine to 2,3-diaminophenazine in presence of H2O2. The initial rate of reaction is depen-
dent on the concentration of o-phenylenediamine as well as the iron(III) complex. Rates of reaction were
found to be at least five times higher for the Cl� bound complex. The effect of an added anion like acetate,
azide and citrate is found to inhibit the rate of reaction. This suggests that one of the factors affecting the
rate determining step is the binding of these anions on a vacant site at the iron(III) centre. The oxidation
of o-phenylenediamine to 2,3-diaminophenazine is reminiscent of the functioning of horse radish
peroxidase.

� 2012 Elsevier B.V. All rights reserved.
Introduction

Peroxidases catalyze the reduction of hydrogen peroxide pro-
duced as an intermediate during the reduction of molecular oxy-
ll rights reserved.

81; fax: +91 11 27666605.
).
gen in the process of respiration [1]. Horse radish peroxidase
(HRP) is an iron containing enzyme that belongs to the class of
peroxidases. In its catalytic cycle horse radish peroxidase binds
the peroxidyl group to the iron(III) center in the active site and re-
duces it to a water molecule, generating the oxo-ferryl form of
HRP. This species is then capable of oxidizing organic substrates
like phenols, amines and catechol amines [2]. HRP has been found
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to be extremely effective catalyst for the oxidation of o-phenylene-
diamine to 2,3-diaminophenazine [2–5], while other iron contain-
ing enzymes that catalyze this oxidation are methemoglobin [6]
hemoglobin [7] and cytochrome c [8].

Oxidation of o-phenylenediamine has been reported in the
presence of Co(II) salts occurring via l-peroxodicobalt(III) and
oxocobalt(IV) complex as intermediates [9] and cobaloxime(II)
derivatives have been used for the oxidation of o-phenylenedi-
amine by atmospheric oxygen at ambient temperature [10]. While
tris-oxalato complexes of Co(III), Mn(III) and Cu(II) have also been
reported for the oxidation of o-phenylenediamine to 2,3-diamino-
phenazine using resins support [11].

Potassium ferricyanide [12], iron tetrasulfopthalocynanine [13],
and iron(III) tetra-(N-methyl-4-pyridyl)-porphyrin [2], are few of
iron containing compounds reported for the oxidation of o-phenyl-
enediamine using hydrogen peroxide [12,13] and H2SO4 [2] as oxi-
dant. However non heme type iron(III) complexes that carry out
the oxidation of o-phenylenediamine are scarce. In view of this
we have synthesized new Fe(III) bis-benzimidazolyl diamide com-
plexes and utilized them for the oxidation of o-phenylenediamine,
in the presence of hydrogen peroxide. The effect of concentration
of substrate, catalyst and anion has been studied with a view to
gain insight into the mechanism of oxidation reaction.
2. Experimental

2.1. Analysis and physical measurements

Carbon, hydrogen, nitrogen and sulfur were estimated by using
the Elemental Analyzer VARIO EL III at USIC, University of Delhi,
Delhi. IR spectra were recorded in the solid state as KBr pellets
on a Perkin–Elmer FTIR-2000 spectrometer. Electronic spectra
were recorded in HPLC grade DMF on a Shimadzu 1601 spectro-
photometer in the region of 200–1100 nm. 1H NMR and 13C spectra
of ligand were recorded in d6-DMSO on a 400 MHz JEOL instrument
at the Department of Chemistry, University of Delhi, Delhi. ESI
mass spectra were recorded on a Agilent 6310 Ion Trap mass spec-
trometer in MeOH at INMAS, Defence Reasearch and Development
Organiszation, Delhi. Cyclic voltammetric studies were carried out
on a BAS CV 50 W electrochemical analysis system in dimethyl
sulfoxide (DMSO) at the Department of Chemistry, University of
Delhi, Delhi. Mössbauer spectra of Fe(III) complexes were obtained
using a 57Co in Rh source, mounted on a constant acceleration
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spectrometer WISSEL MB-550 at the GND University, Amritsar,
Punjab. The velocity scale was calibrated using a foil of natural
a-Fe spectrum.

2.2. Materials

All the Solvents used were of HPLC grade. 2,5-Thiophenedicarb-
oxylic acid was obtained from Aldrich. o-phenylenediamine was
obtained from Merck. All chemicals were obtained from commer-
cial sources and were used as received.

2.2.1. Synthesis of N2, N5-bis ((1H-benzo [d] imidazol-2-yl) methyl)
thiophene-2,5-dicarboxamide (L)

The ligand was prepared following the procedure reported by
Mathur et al. [14] and Vagg et al. [15]. Glycine benzimidazole dihy-
drochloride was prepared following the procedure reported by
Cescon and Day [16] (see Scheme 1).

A solution of glycine benzimidazole dihydrochloride (5.0 g,
22.7 mmol) and 2,5-thiophenedicarboxylic acid (1.95 g, 11.4 mmol)
in 20 ml pyridine was stirred for 5 min till a white precipitate was
obtained. Then, triphenyl phosphite (TPP) (6.38 ml, 22.7 mmol) was
added to the reaction mixture at a temperature of 50 �C and the
temperature was slowly raised to 80–85 �C. Within half an hour,
the precipitate redissolved and the clear solution was stirred for
30 h. The resulting orange brown solution was allowed to cool
and washed with saturated NaHCO3 solution in a separating funnel,
till no effervescence could be seen. Then, it was washed with water
2–3 times. Upon further washing with acetone, a white solid
precipitated. This was dried and washed with boiling methanol.
This recrystallized white product was filtered, washed with cold
water, dried in air and was analyzed for the composition
C22H18N6O2S�2H2O.

Yield: 72%, M.P.:284–285 �C.
Anal. Found (Calc.) (%): C = 56.3(56.6), H = 5.3(4.7),

N = 17.6(18.0), S = 7.3(6.8).
kmax (nm), [log e]: 284 [4.87], 277 [4.85].

2.3. Preparation of complexes

2.3.1. Synthesis of complex [FeLCl-2-]Cl
To the ligand L (100 mg, 0.232 mmol) dissolved in DMF was

added a methanolic solution (5 ml) of anhydrous FeCl3 (37.7 mg,
0.232 mmol). The reaction mixture was stirred for 4 h at room
temperature (30 �C) and then concentrated on a rotatory evapora-
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tor. A light brown colored product was obtained by adding cold
CH3CN and it was filtered and washed with MeOH/MeCN (1:5).

The product analyzed for the composition C22H18N6O2SFeCl3.2-
H2O, yield = 65%.

Anal. Found (Calc.) (%): C = 41.6(40.8), H = 4.1(3.8),
N = 13.1(12.9), S = 5.1(4.9).

kmax (nm) [log e] = 284 [4.55], 277 [4.53], 360 [3.21].
m/z = 132, 300, 431, 462.
2.3.2. Synthesis of complex [FeLNO-3-2-]NO-3-
The nitrate complex was prepared by a similar procedure as

above except that Fe (NO3)39H2O was used instead of FeCl3. The
product analyzed for the composition C22H18N9O11SFe�H2O,
yield = 80%.

Anal. Found (Calc.) (%): C = 38.4(38.2), H = 3.0(2.8), N = 17.9(18.2),
S = 4.6(4.6).

kmax (nm) [log e] = 284 [3.54], 277 [3.52].
m/z = 132, 300, 431, 542.
9.41(s,2H), 7.52-7.50(q,4H),7.16-7.14(q,4H), 
7.8(s,2H), 4.70-4.69(d,4H) 

(A)

(B)

Fig. 1. (a) 1H NMR of the ligand L
3. Result and discussion

3.1. Electronic spectroscopy

The UV Spectral data for the ligand and the complexes were ta-
ken in DMF. The ligand and complexes show bands in the region
281–274 nm. These bands are characteristics of the benzimidazole
group and arise from the p ? p⁄ transitions [17]. A charge transfer
band at 360 nm and at 354 nm is observed for the Cl� and NO�3
bound complexes and is assigned to the charge transfer X�? Fe
[18].
3.2. IR spectral properties

The ligand and its iron(III) complexes have characteristic IR
bands in the range 1630–1675 cm�1, 1545–1550 cm�1, 1425–
1445 cm�1. These are assigned to amide I (mC=O stretching) [19],
amide II (mC–N stretching) [20] and benzimidazole ring (mC=C-N=C
(b) 13C NMR of the ligand L.



Table 1
13C Chemical shift values for the ligand (L).

Chemical shift values Assignments

37.6 Aliphatic –CH2

114.8 C(4), C(7)
121.8 C(5), C(6)
128.8 C(12)
138.7 C(8), C(9)
143.0 C(13)
151.9 C(2)
161.1 Amide C

Fig. 5. (a) UV–VIS spectra of [Fe(L)(NO3)2]�NO3 + o-phenylenediamine (1:40), in
presence of H2O2 (a) o-pda (6.0 mM) (b) at 1 min on adding complex (0.15 mM) (c)
5 min (d) 10 min (e) 20 min (f) 25 min (g) 30 min (h) 40 min (i) 50 min (j) 60 min,
(b) UV–VIS spectra of [Fe(L)Cl2]�Cl + o-phenylenediamine (1:40), in presence of
H2O2 (a) o-phenylenediamine (6.8 mM) (b) at 1 min on adding complex (0.17 mM)
(c) 5 min (d) 10 min (e) 15 min (f) 20 min (g) 30 min (h) 40 min (i) 50 min.
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stretching) [21]. The benzene ring gave a peak in the range of 735–
745 cm�1. A very strong peak for the nitrate ion is observed at
1384 cm�1 in the nitrate complex and is assigned to mN–O stretch-
ing frequency [25a]. IR band appears at 1420, 1305 and
1008 cm�1. The separation of two highest bands is less (approx
100 cm�1), this is indicative of a monodentate nitrate anion.
[25b]. A broad band in the region 3300–3500 cm�1 in the ligand
and complexes assigned to OAH stretching. Shifts in the amide
band I, due to C@O group and in amide II band due to CAN group,
in the amide is indicative of the coordination of the ligand through
the carbonyl oxygen in the complexes. benzimidazole NAH and
amide NAH indicates the involvement of these groups either with
the solvent or with the exogenous anion ligand [14,18]. IR shift re-
ported in the text are similar to those of copper(II) complexes re-
ported earlier by us on similar bis-benzimidazole diamide
complexes. Several of our structural work on Cu(II) complexes with
similar bis-benzimidazole ligands confirm the coordination of
amide C@O and benzimidazole imine N, rather than amide NH;
the shift in the IR region for the present complexes are similar to
that found for copper(II) complexes reported [21–24].

3.3. 1H NMR spectroscopy

1H NMR of the ligand shows signals for aliphatic and aromatic
protons (Fig. 1a. A singlet is observed 9.41 ppm corresponding to
NAH amide proton. Benzene ring protons are observed as multi-
plets in the range 7.5–7.1 ppm characteristics of AA0 BB0 pattern.
The CH2 linked to benzimidazole group was observed at
4.70 ppm. The protons of thiophene ring are observed at 7.8 ppm.

13C NMR of the ligand peak show largest downfield shift for the
C of amide followed by C(2), C(13), C(8) and C(9), C(12), C(5) and
C(6), C(4) and C(7) and C(10) attached to amide –NH (Table 1,
Fig. 1b).

3.4. Cyclic voltammetry

The cyclic voltammograms of complexes were recorded in
DMSO solution with 0.1 M Tetrabutylammonium Perchlorate
(TBAP) as a supporting electrolyte. A three-electrode configuration
composed of Pt-disk working electrode, a Pt wire counter elec-
trode, and an Ag/AgNO3 reference electrode was used for measure-
ments. The reversible one electron Fc+/Fc (ferrocenium/ferrocene)
couple has an E1/2 of +75 mV vs. Ag/AgNO3 The cyclic voltammo-
grams display a quasi-reversible oxidation waves due to Fe(III)/
Fe(II) couple (Fig. 2a and b, Supplementary material). The E1/2 of
[Fe(L)Cl2]�Cl and [Fe(L)(NO3)2]�NO3 complexes are found to be
�267 mV and �144 mV, respectively. The value of E1/2 is more
cathodic for [Fe(L)Cl2]�Cl than [Fe(L)(NO3)2]�NO3 and confirms
retention of anions in the coordination sphere of Fe(III). This also
indicates that chloride anion stabilizes the iron(III) state in com-
parison to nitrate anion [26a].

3.5. Conductivity measurements

The molar conductivity values are measured in DMF. The values
are found to be 48.2 S cm2 mol�1 and 97.5 S cm2 mol�1 for
[Fe(L)Cl2]�Cl and [Fe(L)(NO3)2]�NO3, respectively. This indicates
that at least one anion (chloride/nitrate) is dissociated in solution
[26b].

3.6. EPR spectroscopy

The X-band EPR spectra of the Fe(III) complexes were recorded
at liquid nitrogen temperature in DMSO (Fig. 3a and b, Supplemen-
tary material). The [Fe(L)Cl2]�Cl complex gives a strong signal at
g � 4.3, with weaker signals at g � 5.4, g � 6.9. This is characteristic
of a rhombic complex undergoing an axial distortion, while [Fe(L)(-
NO3)2]�NO3 complex shows a strong signal at g = 2.4, and a weaker
signal at g = 1.7 representative of a six coordinated axially distorted
complex [27,28a].
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Fig. 6. (a) Effect of concentration of substrate on rate of reaction for [Fe(L)(-
NO3)2]�NO3-catalyzed oxidation of o-phenylenediamine, (b) effect of concentration
of catalyst on rate of reaction for [Fe(L)(NO3)2]�NO3-catalyzed oxidation of o-
phenylenediamine.
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3.7. Mössbauer spectroscopy

The 57Fe Mössbauer spectra of Fe(III) complexes were recorded
at 298 K. (Fig. 4a and b, Supplementary material). Both spectra dis-
play a single quadrupole-split doublet. Quadrupole splitting for
[Fe(L)Cl2]�Cl is 0.71 mm s�1 and isomeric shift is 0.31 mm s�1,
while for complex [Fe(L)(NO3)2]�NO3 quadrupole splitting and iso-
meric shift are 0.57 mm s�1 and 1.70 mm s�1. These parameters
indicate a non symmetrical charge distribution around the Fe(III)
center and the existence of distorted octahedral high spin Fe(III)
ions [26a,28b–f].

3.8. Mass spectroscopy

ESI Mass spectra have been taken in MeOH. Base peak was
found at 431 and is assigned to the intact ligand C22H18N6O2S + H+.
Fragment at 132 corresponds to benzimidazolyl ring: C8H7N2 + H+,
while fragment at 300 corresponds to: C22H18N6O2S-132. These are
mass peaks related to the ligand. Fragment related to the complex
[Fe(L)Cl2]�Cl is assigned at 462 and corresponds to [C22H18N6O2S-
FeCl3-132]. Fragment related to the complex [Fe(L)(NO3)2]�NO3 is
assigned at 542 and correspond to [C22H18N9O11SFe-132].

Tentative structure of complexes
On the basis of EPR, Mass, Conductivity measurements and

Mössbauer Spectra following tentative structure have been pro-
posed:
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4. Reactivity of [Fe(L)Cl2]�Cl and [Fe(L)(NO3)2]�NO3
4.1. Oxidation of o-phenylenediamine

o-Phenylenediamine oxidizes to form 2,3-diaminophenazine in
the presence of H2O2 (Scheme 2) [3,6]. Both the [Fe(L)X2]�X com-
plexes were utilized as catalyst to oxidize o-phenylenediamine in
NH2

NH2 N
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H
N

5,10-dihydrophenazine-2,3-
benzene-1,2-diamine

Catalyst

H2O2

Scheme 2. Reaction for the oxida
the presence of H2O2. Spectrophotometry was used to study the
kinetics of the oxidation reaction, for which the absorbance of
the reaction product 2,3-diaminophenazine at 425 nm was re-
corded with the time. The reaction is as follows.

4.2. General procedure

A 0.75 mM (5 ml) methanolic solution of iron(III) complex was
added to a methanolic solution of o-phenylenediamine, 29.7 mM
(5 ml) and H2O2, 5.8 mM (0.02 ml). One ml of this reaction mixture
is diluted to make 5 ml and absorption spectra were recorded with
time in the range 300–1100 nm at room temperature, for a period
of 60 min. A new band at 425–430 nm starts to increase which
confirms the formation of 2,3-diaminophenazine. Simultaneously
a new band at 725 nm also starts to form. A blank experiment (oxi-
dation of OPD with H2O2 without the Fe(III) complex) was also car-
ried out. No oxidation of o-phenylenediamine was found during a
60 min period.
N

N NH2

NH2

NH2

NH2
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oxidation

tion of o-phenylenediamine.
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To study the effect of anions like acetate, azide and citrate, the
sodium salts of these anions were added in comparable ratio to the
catalyst used, and effect of this on the rate of reaction, was studied.
4.3. Kinetic studies

The kinetic studies on the oxidation of o-phenylenediamine
were carried out by monitoring the increase in the characteristic
2,3-diaminophenazine absorption band at 425–430 nm as a func-
tion of time (Fig. 5a and b). The concentration of product formed
was calculated using the extinction coefficient of 2,3-diamino-
phenazine, e = 2.1 � 104 M�1 cm�1 [1]. To determine the depen-
dence of the rates on the substrate concentration, solutions of
the complex [Fe(L)X2]�X were treated with increasing amounts of
o-phenylenediamine. To determine the dependence of the rates
on the catalyst concentration, solutions of the o-phenylenediamine
were treated with increasing amounts of [Fe(L)X2].X, at least two
sets of data were taken (Figs. 6a,b and 7a,b). The graphs between
initial rates and concentration of o-phenylenediamine and Catalyst
were plotted (Figs. 8a,b and 9a,b). The initial rates of reactions for
the various sets are combined in Tables 2a, 2b and 3a, 3b). For the
pseudo first order dependence vs. substrate behaviour it has been
found that the kinetics follow a pseudo first order up to a ratio of
catalyst:substrate (1:30) beyond which if the concentration of
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the substrate is increased a saturation is observed. Thus it appears
that pseudo first order kinetics is followed only up to a cata-
lyst:substrate ratio of (1:30).

The optimum rate of reaction is found when the ratio between
catalysts and substrate is 1:40. The rate was 14.1 � 10�4

mM L�1 min�1 and 66.7 � 10�4 mM L�1 min�1 for the catalyst
[Fe(L)(NO3)2]�NO3 and [Fe(L)Cl2]�Cl, respectively. The reaction is
faster in the presence of complex [Fe(L)Cl2]�Cl. The initial rate of
reaction is found to be dependent on both the concentration of
o-phenylenediamine as well as the iron(III) complex, while keeping
the concentration of hydrogen peroxide constant at an optimum
molarity. Thus the oxidation reaction is a second order reaction
following the rate equation:

Rate ¼ k½o-phenylenediamine�½IronðIIIÞcomplex�
4.4. Formation of intermediate

When the complex [Fe(L)Cl2]�Cl is mixed with o-phenylenedi-
amine (1.12 mM and 45 mM), weak bands are generated at around
430 nm, 450 nm and 480 nm (Fig. 10). The presence of a weak band
at 430 nm suggests that small amount of 2,3-diaminophenazine is
formed even in the absence of the oxidant H2O2. The presence of
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Fig. 10. UV–VIS spectra of [Fe(L)Cl2]�Cl + o-phenylenediamine (1:40), in absence of
H2O2 (a) 30 min.

Table 2a
Kinetic data for the [Fe(L)(NO3)2]�NO3-catalyzed oxidation of o-phenylenediamine
(variation in concentration of OPDA).

S.
No.

Concentration of
[Fe(L)(NO3)2]�NO3

(mM)

Concentration of o-
phenylenediamine
(mM)

Initial rate of
reaction � 10�4

(mM L�1 min�1)

Ratio of
cata:sub

1 0.15 1.5 2.8 1:10
2 0.15 2.25 4.2 1:15
3 0.15 3.0 7.1 1:20
4 0.15 4.5 9.4 1:30
5 0.15 6.0 14.1 1:40
6 0.15 7.5 12.7 1:50

Table 2b
Kinetic data for the [Fe(L)(NO3)2]�NO3-catalyzed oxidation of o-phenylenediamine
(variation in concentration of catalyst).

S.
No.

Concentration of
[Fe(L)(NO3)2]�NO3

(mM)

Concentration of o-
phenylenediamine
(mM)

Initial rate of
reaction � 10�4

(mM L�1 min�1)

Ratio of
cata:sub

1 0.15 6.0 14.1 1:40
2 0.30 6.0 38.4 2:40
3 0.45 6.0 46.6 3:40
4 0.60 6.0 63.8 4:40
5 0.75 6.0 80.0 5:40

Table 3a
Kinetic data for the [Fe(L)Cl2]�Cl-catalyzed oxidation of o-phenylenediamine (varia-
tion in concentration of OPDA).

S.
No.

Concentration
of [Fe(L)Cl2]�Cl
(mM)

Concentration of o-
phenylenediamine
(mM)

Initial rate of
reaction � 10�4

(mM L�1 min�1)

Ratio of
cata.:sub

1 0.17 1.7 7.8 1:10
2 0.17 3.4 11.7 1:20
3 0.17 4.25 23.2 1:25
4 0.17 5.1 40.0 1:30
5 0.17 6.8 66.7 1:40

Table 3b
Kinetic data for the [Fe(L)Cl2].Cl-catalyzed oxidation of o-phenylenediamine (variation
in concentration of catalyst).

S.
No.

Concentration
of [Fe(L)Cl2]�Cl
(mM)

Concentration of o-
phenylenediamine
(mM)

Initial rate of
reaction � 10�4

(mM L�1 min�1)

Ratio of
cata.:sub

1 0.04 6.8 10.3 0.25:40
2 0.08 6.8 25.0 0.50:40
3 0.11 6.8 33.6 0.65:40
4 0.13 6.8 45.8 0.75:40
5 0.17 6.8 66.7 1:40

Table 4a
Kinetic data for the [Fe(L)(NO3)2]�NO3-catalyzed oxidation of o-phenylenediamine in
the presence of different anions.

S.
No.

Concentration
of anion (mM)

Type of anion Initial rate of
reaction � 10�4

(mM L�1 min�1)

Ratio b/w
cata. vs. subs.
and anion

1 – Without any
externally
added anion

14.1 1:40

2 0.15 Acetate ion 8.6 1:40:1
3 0.15 Azide ion 4.3 1:40:1
4 0.15 Citrate ion 1.0 1:40:1
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Fig. 11. (a) Effect of presence of external anions (acetate, azide, citrate) on rate of
reaction for [Fe(L)(NO3)2]�NO3-catalyzed oxidation of o-phenylenediamine, (b)
effect of presence of external anions (acetate, azide, citrate) on rate of reaction
for [Fe(L)Cl2]�Cl-catalyzed oxidation of o-phenylenediamine.

Table 4b
Kinetic data for the [Fe(L)Cl2]�Cl-catalyzed oxidation of o-phenylenediamine in the
presence of different anions.

S.
No.

Concentration
of anion (mM)

Type of anion Initial rate of
reaction � 10�4

(mM L�1 min�1)

Ratio b/w
cata. vs. subs.
and anion

1 – Without any
externally
added anion

66.7 1:40

2 0.17 Acetate ion 33.3 1:40:1
3 0.17 Azide ion 18.2 1:40:1
4 0.17 Citrate ion 9.8 1:40:1

Table 5
kinetic data for the [Fe(L)(NO3)2]�NO3-catalyzed oxidation of o-phenylenediamine
(role of H2O2).

S.
No.

Concentration of
[Fe(L)(NO3)2]�NO3

(mM)

Concentration
of OPDA (mM)

Concentration
of H2O2 (mM)

Initial rate of
reaction � 10�4

(mM L�1 min�1)

1 0.15 1.5 2.9 18.8
2 0.15 1.5 5.8 32.2
3 0.15 1.5 11.6 34.2
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Fig. 12. (a) Effect of Concentration of H2O2 on rate of reaction for [Fe(L)(-
NO3)2]�NO3-catalyzed oxidation of o-phenylenediamine, (b) concentration of H2O2

vs. initial rate of reaction for [Fe(L)(NO3)2]�NO3-catalyzed oxidation of o-
phenylenediamine.
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other new bands at 450, 480 nm are indicative of an interaction be-
tween o-phenylenediamine and the iron(III) complex. However on
the addition of H2O2 to the solution containing the iron(III) com-
plex and o-phenylenediamine, there is a rapid increase in the band
at 430 nm and simultaneously a new band generates at �725 nm.
The band at 725 nm has been attributed to the formation of an
intermediate related to o-phenylenediamine, which forms during
the oxidation reaction [29]. This band grows slowly, along with
the band at 430 nm. Thus the intermediate species at 725 nm, is
different from the species generated due to a weak interaction of
o-phenylenediamine and iron(III) complex.

4.5. Effect of presence of other anions

An experiment was carried out to check the effect of anions like
acetate, azide or citrate (added as sodium salts) on the rate of for-
mation of diaminophenazine (DAP). For this experiment the con-
centration of o-phenylenediamine and [Fe(L)(NO3)2]�NO3 was
kept at 6.0 mM, 0.15 mM and 6.8 mM, 0.17 mM in case of
[Fe(L)Cl2]�Cl as the catalyst. Different anions were added in such
amount so as to keep the ratio of anion to catalyst as 1:1. Addition
of different anions to the reaction mixture of o-phenylenediamine,
H2O2 and [Fe(L)(NO3)2]�NO3 or [Fe(L)Cl2]�Cl results in the inhibition
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of the formation of 2,3-diaminophenazine. The initial rate of reac-
tion decreases and the kinetic data is shown in Tables 4a and 4b
Fig. 11a and b. The order of quenching of the initial rate of reaction
is: acetate ion < azide ion < citrate ion. This order is same for both
of the catalysts. A experiment was conducted to ascertain whether
addition of different anions to the catalyst [Fe(L)Cl3] or [Fe(L)(-
NO3)3] in the absence of the substrate show any changes in the
UV–VIS spectra. It is found that addition of the anion acetate, azide
and citrate cause a shift in the UV band by 5–7 nm, suggesting that
binding of these anions occurs at the iron(III) centre. In the case of
the azide anion, addition causes a new shoulder to appear at
425 nm confirming the above.

4.6. Role of H2O2

The effect of varying the concentration of H2O2 on the initial
rate of reaction was also studied. For this the concentration of cat-
alyst (0.15 mM) and o-phenylenediamine (1.5 mM) was kept con-
stant and concentration of H2O2 was varied (Table 5). It is clear
from the Fig. 12a and b that as the concentration of H2O2 increases
(2.9 mM (0.01 ml), 5.8 mM (0.02 ml) and 11.6 mM (0.04 ml)) rate
of reaction increases, to an optimum value and than stabilizes. As
the volume of added aqueous H2O2 was very small hence it is as-
sumed that any displacement of anions by H2O molecules is insig-
nificant. The concentration of H2O2 is not included in the rate
equation because upon increasing the H2O2 molarity a optimum
rate is observed for a molarity up to 5.8 mM. The optimum molar-
ity of H2O2 has been fixed for each set of variation in catalyst/sub-
strate concentration. An experiment was conducted to ascertain
whether there may not be a direct interaction of the complex with
hydrogen peroxide (catalase activity). Thus the iron complex was
treated with H2O2 and a UV visible recorded. It was found that
no change takes place in either the charge transfer band nor the
UV bands of the ligands implying no change in the oxidation state
of the Iron centre in the complexes.
5. Conclusions

� Since the reduction potential of [Fe(L)Cl2]�Cl complex is more
cathodic than the [Fe(L)(NO3)2]�NO3 complex, it was expected
that the latter should be a better oxidizing agent, leading to
higher rates oxidation of o-phenylenediamine. However, it is
found that the rates of reaction are faster with [Fe(L)Cl2]�Cl than
[Fe(L)(NO3)2]�NO3.
� This suggests that the rate determining step is controlled by

other factors than thermodynamic oxidation potentials of the
complexes.
� Further we have looked at oxidation reaction in the presence of

anions (acetate, azide, and citrate). These anions have larger
binding constants to iron(III) than those reported for Cl� and
NO�3 .
� The rates were found to decrease in the order acetate ion < a-

zide ion < citrate ion.
� This suggests that one of the factor affecting the rate determin-

ing step is the binding of these anions at a vacant site on the
Fe3+ complexes, created by the loss of Cl�=NO�3 . The rate drops
because the anions compete with the binding of o-phenylenedi-
amine to the iron(III) center, and this is supported by UV visible
experiments.
� As there is a substantial effect of anion on the rate of reaction.

This implies a role for the Iron(III) centre in the oxidation of
o-phenylenediamine. This oxidation could be achieved by an
inner sphere electron transfer process between the iron(III) cen-
tre and the weakly bound o-phenylenediamine.
� In the reaction the H2O2 is consumed so the rate of reaction is
increased as the concentration of H2O2 is increased, up to an
optimum value.
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