KINETICS AND MECHANISM OF REDUCTION OF [(FE(SALOPH))z-p-
DICARPY] COMPLEX BY L-ASCORBIC ACID IN ACID MEDIUM 3
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Abstract:

The kinetics and mechanism of the reduction of iron(l1l) dimer, [(Fe(saloph))2-p-dicarpy] by L-ascorbic acid

(H2A), in perchloric acid has been studied spectrophotometrically at Amax = 424 nm. The stoichiometric studies
showed that 1 mole of H2A is oxidized for every mole of [(Fe(saloph))2-pu-dicarpy] reduced. Under pseudo-first
order conditions of concentrations of [H2A] >> [(Fe(saloph)).-p-dicarpy], the order with respect to [(Fe(saloph))2-
p-dicarpy] is unity and half-order with respect to Hz2A as plot of logkobs versus log[reductant] showed linearity to
about 85% extent of reaction. Second order rate constant (k2) were determined as the ratio of kobs to [H2A] and was
found to be fairly constant. Reaction rate was inversely dependent on acid concentration and rate increased with
increase in ionic strength of reaction system. Also, increase in dielectric constant of the reaction medium (D)

decreased rate of reaction and addition of CH3COO-, SO i_ , Nog or CI- catalyzed the rate of reaction. Activation

parameters evaluated gave Ea = 14.805, AH* = 12.122 kJmol?! and AS* = -268.86 JK'mol. The rates are
consistent with mechanism involving the formation of free radicals and precursor complex prior to electron
transfer. Michaelis-Menten plot of 1/kebs versus 1/[reductant] was linear with positive intercept for the system. The

rate law is given as;

d (Fez-p f“ca”’y“” = (ks + KaKiki[H*]?) [Fes-p-dicarpy*][H2A]. The reduction of

[{Fe(saloph)}zp-dicarpy] by HzA is rationalized in terms of ion-pair complex formation with outer sphere

character.
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Introduction

Many studies had been devoted to the chemistry of iron and
its compounds mainly due to its physiological applications in
biological systems. Iron-saloph complexes exhibit interesting
structural, catalytical, electronic, optical, magnetic and bio-
active properties (Kennedy et al., 1987; Dusek et al., 1992;
Prakash et al., 2011; Atiga et al., 2015). Complexes of the
composition [Fe(saloph)2L] with L = 2,5-pyridinedicarboxylic
acid, acetylenedicarboxylic acid and 1,3,5-
benzenetricarboxylic acid (Kopel et al., 1998) and other
derivatives has been synthesized and characterized. The

properties of the p-oxo-bridged iron  complexes,
[{Fe(salen)}20] (salenH2 = N,N’-bis(salicylidene)
ethylenediamine) and [{Fe(saloph)}20] (salophH: =

bis(salicylidene)-o-phenylenediamine), and their properties
and X-ray studies are mentioned in many works (Ashmawy et
al., 1991; Kopel et al., 1998).

Recent interest in the studies of the electron transfer reactions
of salen and saloph iron(lll) bridged complexes have
increased greatly. This could revolve around their
resemblance to porphyrins and also to enhance understanding
of their biomimetic action mode of closely related complexes
in biological systems.

The electron transfer reactions of dinuclear iron(lll) ion,
[Fe20]*, with L-ascorbic acid (Ukoha and lyun, 2002), have
been reported. Interest in the reactions of L-ascorbic acid
continues to be keen and has caught the attention of
researchers. Due principally to its major role as an antioxidant
and other physiological significance (Birch and Parket, 1974),
numerous studies on its oxidation by transition metal
complexes had been undertaken. Its electron transfer reactions
with iron(I1l) complex, hexacyanoferrate(Ill) has been
reported and an outer-sphere electron transfer has been
proposed as its mechanistic pathway (Leal et al., 1993).
Oxo-bridged, p-bipyridyl-bridged, salen-bridged, p-adipic
acid-bridged iron(lll) complexes has been synthesized,
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characterized and kinetic data documented as regards their
electron transfer behaviour with L-ascorbic acid and thiols
(Ukoha and Iyun, 2002; Alioke et al., 2012; Atiga et al.,
2013). Apart from reported work on the synthesis and
characterization of [(Fe(saloph))2-p-dicarpy] (Kopel et al.,
1998), there is no documented work on the electron transfer
reactions of the iron(lll) dimer, [(Fe(saloph))2-p-dicarpy].
Therefore, there is need to carry out Kinetic investigations on
this dimer and develop mechanisms for their electron transfer
behaviour with reducing agents as information gathered will
add to knowledge and enhance understanding as to the action
mode of related complexes in biological systems.

Materials and Methods

Preparation of N,N’-bis(salicylidene)-o-phenylenediamine
(saloph)

N, N’-bis(salicylidene)-o-phenylenediamine hereafter referred
as saloph, was prepared, purified and characterized following
the methods of Liu et al., (2007) with little modification. The
reaction occurs in the ratio of 2:1 (salicyladehyde : o-
phenylenediamine). Salicyladehyde (0.1 mole, 10.47 cm?) was
transferred into a reflux flask and 0.05 mole (5.407 g) of o-
phenylenediamine dissolved in 25 cm?® ethanol was added.
This was gradually poured into the reflux flask and more
solvent added. The mixture was refluxed for 2.5 h at 50°C. It
was cooled, the precipitate collected by filtration, washed with
ethanol and recrystallized using 3: 1 (ethanol:DMSO)
mixture. The crystals were later filtered and air dried at room
temperature.

Preparation of [{Fe(saloph}2(2,5-pyridine dicarboxylic acid)]
[{Fe(saloph}2(2,5-pyridinedicarboxylic ~ acid)]  hereafter

denoted as [{Fe(saloph}2(2,5-dicarpy)] was prepared, purified
and characterized following the method of Kopel et al. (1998).
Firstly, [{Fe(saloph}20] was prepared by adding concentrated
solution of NH4OH to stirred hot ethanol solution of
Fe(saloph)ClI in a beaker until it was alkaline (pH 10.02). The
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alkalinity was measured with a PHS-25 Precision pH meter
(Lida Instrument) which was calibrated before use.
[{Fe(saloph}20] (1 mmol (0.7644 g) was suspended into hot
butanol (40 cm®) in a reflux flask and solution of 2,5-pyridine
dicarboxylic acid (0.1 g, 0.6 mmol) in butanol (10 cm?) was
added while stirring it. The reaction mixture was then boiled
under reflux for 3 h, cooled, the precipitate filtered, washed
with butanol and dried with anhydrous Na2SO4 for 24 h.
Preparation of standard solutions
[{Fe(saloph}2(2,5-dicarpy)]

[{Fe(saloph}2(2,5-dicarpy)] (oxidant) was prepared by
dissolving 0.0018 g of the synthesized product in 2 cm?
dimethylsulphoxide (DMSO) to make a stock solution of
0.001 mole dm. Fresh solutions were prepared daily for the
kinetic studies.

L-ascorbic acid hereafter denoted as H2A and all other
reagents were of analytical grade and were used as supplied.
Standard solutions were prepared in deionised water and 75-
Series Single beam UV-Visible spectrophotometer was used
in recording absorbances of solutions.

Kinetic measurements

The rate of reaction of the iron(lll) dimer with H2A was
studied by monitoring the decrease in the absorbance of the
complex at 424 nm in which all other species in the reaction
medium at this wavelength were found to have any significant
interference. Kinetic measurements were carried out under
pseudo-first order conditions, with H2A in at least 100 fold
excess over the oxidant by following the rate of change of
absorbance of the reaction mixture. lonic strength, I = 1.0 x
10 mole dm? (NaClO4) as well as the hydrogen ion
concentrations, [H*] = 1.0 x 10 mole dm of the medium
was maintained constant at 29.0°C. Under such conditions,
kinetic curves were exponential and rate constant obtained
from logarithmic plot of the absorbance differences In(A¢ -
Av) versus time and the slope gave the pseudo-first order rate
constant based on the relation in Equation (1).

IN(At- Ax) = IN(A0- Ax) - Kobst «.eveeeevnanene (1)

where: Atand A» represents the absorbances at time ‘t” and
infinity respectively and kobs is pseudo-first order rate
constant.

Spectrophotometric titration was used to determine the
stoichiometry of the oxidation of L-ascorbic acid by
[{Fe(saloph}2(2,5-dicarpy)]. The final absorbance, A, were
measured at 424 nm for series of solutions containing a
constant concentration of iron(lll) dimer, [H*], ionic strength
and varied concentrations of H2A between 1.0 x 10 — 8.0 x
10 mole dmat 29.0°C.

The intervention of free radicals generated during the
reduction of [{Fe(saloph}2(2,5-dicarpy)] by H2A was
investigated. This was detected by monitoring gel formation
by adding a free radical scavenger, acrylamide, in a partially
reacted reaction mixture in excess methanol.

Results and Discussion

Stoichiometry

The result from the plots of A. against mole ratio
(H2A/[(Fe(saloph))2-p-dicarpy]) of the stoichiometric studies
showed that one mole of [(Fe(saloph))2-p-dicarpy] is reduced
per mole of H2A oxidised. The results are consistent with
equation (2);

[(Fe(saloph))2-p-dicarpy] + H2A —[(Fe(saloph)).-p-dicarpy]®
+A+2H*
(A = dehydroascorbic acid).

Some redox reactions of ascorbic acid had been reported
where dehydroascorbic acid is the major organic product of
the reaction. L-ascorbic acid reacts with N,N’-
ethylenebis(salicylideneiminato)Mn(l11) complex (Salem and
Gemeay, 1996), oxo-bridged diruthenium(l11), [Ru20]** (lyun

et al, 1995), N,N’-salicylideneiminatoiron(lll) complex
(Alioke et al, 2012) resulted in the formation of
dehydroascorbic acid.

Reaction order

Under pseudo-first order conditions of [H2A] >>
[(Fe(saloph)).-p-dicarpy], the kinetic studies done showed
linearity of above 85% extent of reaction indicating first order
dependence of rate on [{Fe(saloph}2(2,5-dicarpy)]. It also
suggests no inhibition of the reaction by the products for this
extent of reaction. This was obtained from the pseudo-first
order plots of I n (At - Ax) versus time. The plot of log Kobs
against log [H2A] was linear with a slope of 0.46 (Fig. 1),
indicating half order dependence of rate on [H2A] . Second
order rate constants, k2, were determined as the ratio of Kobs to
[H2A] and were found to be fairly constant at 0.104 + 0.02
dm3mol-s? (Table 1).

Table 1: Pseudo-first order and second order rate
constants for the reaction of [(Fe(saloph))2-pu-dicarpy] and
L-ascorbic acid (Hz2A) at [(Fe(saloph))2-p-dicarpy] = 1.0 x
10° mole dm3, T = 29°C and Amax = 424 nm

3 10°[H] 10°[1] .

10 [HZAL (mole dm3)  (mole dm3) 10 !f"bs . ke o
(mole dm™) (HCIOY) (NaClO,) (sY)  (dm’mole?s™)
4.0 1.0 1.0 5.182 0.129
6.0 1.0 1.0 6.476 0.108
7.0 1.0 1.0 7.692 0.109
8.0 1.0 1.0 8.536 0.108
10.0 1.0 1.0 8.928 0.089
12.0 1.0 1.0 9.375 0.078

FUW Trends in Science & Technology Journal, www.ftstjournal.com

Most reactions of Fe(lll) complexes with H2A have been
reported to exhibit first order dependence of rate on [H2A]
(Kimuira et al., 1982 replace; Ukoha, 1999). Reduction of
Co(Il) (Lawal, 1997) and Ru20* (lyun et al., 1995), also
showed first order dependence on [H2A].

The observed half order dependence is not so common and
could point to a more complex regime of H2A than hitherto
thought of. The overall rate law can be written as equation (3)
based on the above results.
—d[(Fe(saloph)), — u—dicarpy] _

dt

k2[(Fe(saloph))2-p-

dicarpy] [H2A]Y2

-2.8 -2.6 -2.4 -2.2 -2

y =0.456x - 2.1491
R?=0.9566

log kobs

Fig. 1: Plot of log kobs versus log[H2A] for [(Fe(saloph))z-p-
dicarpy] - H2A Reaction

Acid dependence on reaction rate

The effect of acid concentration, [H*], on the [(Fe(saloph))2-
p-dicarpy] - H2A system was investigated in the acid (HCIO4)
concentration range of 1 x 104 < [H*] < 80 x 10 mole dm3
while maintaining oxidant, reductant concentration and other
parameters constant, showed decrease with increase in [H*] in
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the rate of reaction as shown in Table 2. The plot of kz versus
1 (Fig. 2) were linear with a positive intercept that fits
[H']
into Equation (4).
1
[H7]
where: a=1.2 x 102dm®mol-istand b= 2.0 x 10° s at [H*] =
1.0 x 10* — 80.0 x 10* mole dm3, 1 = 1.0 x 10** mole dm3

(NaClOa), [H2A] = 10.0 x 10* mole dm3, [(Fe(saloph))2-pi-
dicarpy] = 1.0x10°> mole dm= and T = 29.0°C

kz=a+b

Table 2: Effect of [H*] on reaction rate of [(Fe(saloph))z-p-
dicarpy] - (H2A) at [(Fe(saloph))z-p-dicarpy] = 1.0 x 10°
mole dm3, T = 29°C and Amax = 424 nm

107[H] 10°[1]
10°[H.A . a 10%Kops k
(mol[a dZmL) (mole dm?) (mole dm) (s‘lfs]b (dm3méle‘15'1)
(HCIO,)  (NaClO,)
10.0 1.0 1.0 8.859 0.088
10.0 5.0 1.0 5.000 0.050
10.0 10.0 1.0 3.500 0.035
10.0 20.0 1.0 2.273 0.027
10.0 50.0 1.0 1.448 0.014
10.0 80.0 1.0 1.105 0.011
0.06 -
0.05 - y = 2E-05x + 0.012
iy
= 0.04 -
©°
£0.03 -
£
T 0.02 -
>
0.01 -
0 T T T T |
0 500 1000 1500 2000 2500
[H+]-1, dm3mol-1

Fig. 2: Plot of k2 versus [H*]? for the oxidation of H2A by
[{Fe(saloph)}zp-dicarpy]

This same behaviour (inverse acid dependence) had been
observed for the redox reactions of H2A with [Co(CN)sH20]3*
(Dixon et al., 1995), Ru20** (lyun et al., 1995) and Fe:0*
(Ukoha and lyun, 2002).

The observed inverse acid dependence within the acid
concentration range investigated is very much associated with
a deprotonation step that occurs in most redox reactions of
ascorbic acid as a structural requirement of electron transfer
for H2A. Ascorbic acid being a weak dibasic acid, dissociate
with pki and pkz of 4.03 and 11.3 respectively at 25°C (lyun
et al., 1995).

Ky

H2A HA + H* pki =4.03

Ko

HA AT +H* pka=11.3

H2A species are dominant in strongly acid medium (0<pH<1),
HA- in dilute acid medium (2.5<pH<5.5) and A% species at
lower acid concentration (pH > 6), respectively are the
reactive species of ascorbic acid (Soni et al., 2012).

At the range (1.0 — 80.0 x 10 mole dm) of [H*] used and
the fact that a plot of ka2 versus [H*]" was linear with intercept

suggest that H2A and HA" are the reactive species operating in
this system.

Effect of ionic strength, dielectric constant and added
anions

For [(Fe(saloph))z-p-dicarpy] - ascorbic acid system, ionic
strength of the reaction media were varied (1.0 — 150.0 x 10’
mole dm), while maintaining other parameters constant
(Table 3). Within 1.0 — 5.0 x 103 mole dm range of ionic
strength, reaction rate decreased, from 10.0 — 150.0 x 107
mole dm3, there is no significant increase. The decrease from
1.0 — 5.0 x 10 mole dm range implies interaction of cation
and anion at the rate determining step while the observed
decrease from 10.0 — 150.0 x 10° mole dm is indicating
interaction between cation and cation.

Table 3: Effect of varying ionic strength of the reaction
medium at [(Fe(saloph)).-p-dicarpy] = 1.0 x 10°° mole dm
3, T = 29°C and hmax = 424 nm

3 10°[H1] 10°[1] 4

10 [HZAL (mole dm?) (mole dm) 10 !f"bs 5 ko et

(mole dm™) (HCIO,) (NaClO,) (sY)  (dmPmole?s™)
10.0 1.0 1.0 8.859 0.089
10.0 1.0 5.0 6.024 0.060
10.0 1.0 10.0 6.579 0.066
10.0 1.0 40.0 6.818 0.068
10.0 1.0 100.0 7.023 0.070
10.0 1.0 150.0 7.143 0.071
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However, the reduction of [(Fe(saloph))z-p-dicarpy] by
ascorbic acid showed a decrease in rate of reaction as the
dielectric constant decreased from 79.43 - 76.42
(DMSO/H20) at [H*] = 1.0 x 10* mole dm (HCIO4), T =
29.0°C, and | = 1x10-® mole dm (NaClOs).

This result is indicating that the reaction is occurring between
reactants of different charges. The values obtained from
varying ionic strength and dielectric constant, D, could be
pointing to more than one route for this reaction (Gupta and
Gupta, 1981; Iyun et al., 1995; Ukoha, 1999).

Addition of various concentrations of CH3COO-, SO 1217 and

Cl-ions gradually increased reaction rate. Anion catalysis has
been noted to be characteristic of outer-sphere reaction
(Przystas and Sutin, 1973). Also, since ion-pair complex
possess no formal charge, interaction with added ions would
not be ruled out, thus, suggesting the reaction might have
proceeded via ion-pair outer sphere route (lyun et al., 1995;
Ukoha and Iyun, 2002).

The reduction of Fe(lll) complex ion to Fe(ll) as the product
was confirmed by reacting the completely reacted mixture
with  freshly prepared potassium hexacyanoferrate(lIl)
(K3[Fe(CN)s]) gave deep-blue-green colour indicating the
presence of Fe(ll).

Gel formation is confirming the participation of free radicals
in the reaction as test using acrylamide in excess methanol
was positive. It has been documented that mononuclear Fe(l11)
species in aqueous solution react with H2A via free radical
intermediates (Kimuira et al., 1982). Spectrophotometric data
obtained by scanning the reaction mixture as reaction
progressed did not show any shift in wavelength of absorption
pointing to absence of formation of intermediate complex
prior to electron transfer. This does not also rule out its
existence, since there may be no build-up of this intermediate.
Effect of temperature

Temperature dependence on the rate of reaction of
[{Fe(saloph)}2p-dicarpy]  with  L-ascorbic acid  was
investigated at varying temperature range within 35 — 63°C
while other parameters were kept constant. The rate was
observed to increase as temperature increased as reported in
Table 4.
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Table 4: Temperature dependence on rate of reactions of
[(Fe(saloph))2-p-dicarpy] with H2A at [(Fe(saloph))z-p-
dicarpy] = 1.0 x 105 mole dm3, [H2A] = 2.0 x 10 mole dm
3, while other parameters were kept constant at Amax = 424
nm

Temperature  10* log 10°
Reductant (K) Koo (57) (K T) Ink, S
HA 308 5417 -5.7547 -1.3063  3.2467
313 6.086 -5.7112 -1.1897 3.1948
323 7.015 -5.6631 -1.0478  3.0959
333 8.148 -5.6113 -0.8979  3.0030
336 9.091 -5.5677 -0.7885 2.9761
Based on Eyring Equation (5)
logho®s = |ogh + 23 4" 5)
T h  2303R 2303RT

where kobs = temperature dependent rate constant, k =
Boltzmann’s constant, h = Planck’s constant, AS* = entropy
of activation, AH* = enthalpy of activation and T =
temperature. From the plot of log(keps/T) versus 1/T
constructed, activation parameters, AH* and AS*, were
determined from slope and intercept. Also, from Arrhenius
plot of Inkz versus 1/T, activation energy (Ea) was evaluated.

Activation parameters, Ea, AH* and AS* evaluated from the
slope and intercept of Eyring plot gave 14.805 kJmol, 12.122
kJmol? and -268.86 JKmol* respectively. Similar results
have been reported by other researchers. Ukoha and co-
workers (2015) reported the inner sphere path of the reduction
of [(Fe(salen))2adi] by dithionite ion and observed AH* =
10.94 kJmol?* and AS* = -291.20 JK* molL. Also, the outer
sphere reaction mechanism of the oxidation of L-ascorbic acid
by pentaammineaquacobalt(l1l) ion in aqueous solution had
activation parameters; AH* = 105 = 11 kJmol* and AS* = 93
+ 45 JK*mol (Dixon et al., 1995).

In this study, the negative entropy value (-268.86 JK-*mol) is
implicative of well ordered transition state and which
indicates formation of ion pair complex of outer sphere
character prior to electron transfer. Also, due to high solvation
and saturation of the iron(I11) dimer, it suggests the dimer is
inert to substitution. The relatively high Ea and AH* values
support the slow rate of reaction (.10 s) observed. This is
indicative of a reaction requiring high energy to attain
transition state.

Michealis-Menten plot of 1/kobs against 1/[H2A] was linear
with positive intercept on the y-axis. This is generally
believed to promote inner sphere character.

Reaction mechanism

Based on the observed inverse acid dependence, anion
catalysis, free radical participation, and positive intercept of
Michealis-Menten plot, a plausible mechanism has been
proposed to account for the kinetic data generated for this
system.

Ka
HA —e HA +H*

K
L [Fe,-dicarpy*, HA]

Ky

[Fe,p-dicarpy]**+ HA-

[Fe,p-dicarpy*, HAT] [Fe,u-dicarpy]® + HA*

slow

k
;, [Fe,p-dicarpy]?* + H* + A
fast

[Fe,p-dicarpy]®* + HA*
Ky _
— > [Fe,p-dicarpy*, HAT + H*
slow

[Fe,p-dicarpy]** + H,A

[Feqidicarpy®, HA] B0 2FE2 4+ H 4 A oot 11
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Equations (8 and 10) are the rate determining step, the rate
—d[[Fe, — u—dicarpy]*]

dt
=Kiki[Fez-p-dicarpy**][HA] + ks[Fez-p-dicarpy*] [H2A]
2)

equation can be written as;

N ¢ & )\

Substituting equation (13) into Equation (12),

—d[[Fe, — u—dicarpy]*] =KaKaki [H, Al [Fe-p-
dt [H*]

dicarpy**] +ks[H2A][Fez-p-dicarpy*] .....(14)

Rearranging,
—d[[Fe, — u—dicarpy]*

dt
dicarpy*] [H2A]

"l (ks + KaKiki[H*]Y) [Fea-p-
e (15)

Equation (15) agrees with Equation (4) where ks =a = 1.2 x
102 dm3mol-st and KaKiki =b=2.0 x 105 s%.

Based on the mechanism, the inverse acid dependence is
consistent with Equation (6). Positive polymerization test is
rationalized by the formation and participation of free radicals
in Equation (8).

Conclusion

The kinetics of the reduction of [{Fe(saloph)}2p-dicarpy] by
[H2A] in perchloric acid medium has been investigated. 1:1
stoichiometry has been established for the reaction. The
reaction kinetics exhibits reciprocal dependence on acid,
anion catalysis and free radical participation, correspond
reasonably well to the rate law and proposed mechanism.

On the strength of these experimental observations, the
proposed ion-pair complex formation with outer sphere
pathway is plausible.
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