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A B S T R A C T

The kinetics of reduction of N, N1-phenylenebis-(salicylideneiminato)cobalt (III), referred to as [Co(Salophen)]þ

by L-ascorbic acid (H2A) was studied in mixed aqueous medium (DMSO:H2O; 1:4 v/v) under pseudo-first-order
conditions at 33 � 1 �C, μ ¼ 0.1 mol dm�3 (NaCl) and λmax ¼ 470 nm. L-ascorbic acid was oxidized to dehy-
droascorbic acid with kinetics that was first order in both the [H2A] and [Co(Salophen)þ] and second-order
overall. The reaction involves two parallel reaction pathways; an acid-dependent and the inverse acid-
dependent pathways. The inverse acid pathway shows that there is a pre-equilibrium step before the rate
determining-step in which a proton is lost. The kinetics followed negative Brønsted–Debye salt effect. Evidence
was obtained for the presence of free radicals but none to support the formation of an intermediate complex of
significant stability during the reaction. Overall, the data obtained suggest an outer-sphere mechanism for the
reaction. A plausible mechanism is proposed.
1. Introduction

With the improvement of Cis-platin in recent years, the investigation
of the complexes of metal as compounds of anticancer has produces
favorable outcomes in the field of medicinal inorganic chemistry (Lip-
pert, 1999). The utilization of different inorganic complexes and other
organometallic compounds to treat different kind of ailments have been
comprehensively researched (Failes et al., 2007; Lippert, 1999). Litera-
ture review revealed that metal complexes are tumor compound delivery
agents, and some environmental factors (pH, light and redox process) can
trigger their activation (Graf and Lippard, 2012; Mari et al., 2015; Pizarro
et al., 2010; Renfrew, 2014; Yamamoto et al., 2012). Transition metal
complexes can increase the activity of cytochrome P450, an important
class of enzymes that catalyzes a wide variety of reactions such as oxygen
transfer to heteroatoms, epoxidation of olefins, hydroxylation of aro-
matic hydrocarbons and oxidation degradation of xenobiotics (Salava-
ti-niasari, 2006).

Recent investigations revealed that metal complexes such as PtIV,
RuIII, and CoIII (Bonnitcha et al., 2012; Graf and Lippard, 2012) produced
in large quantity has been reported to bio-reductively target solid
tumor-cancer in hypoxia environments (Blazevic et al., 2017; Webb and
. Abdulsalam).
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Walsby, 2013). The inability of CoII and other pro compounds to
bio-reductive tune reduction potential beyond lower end of range (-420
to -150mV) to pave way for the selective activation in solid-tumor hyp-
oxic environment (Denny, 2010; Failes et al., 2007; Kizaka-Kondoh et al.,
2003; Renfrew et al., 2013; Ware et al., 1997). Some researchers previ-
ously proposed and investigated the probability of tuning reduction po-
tential of metal complexes beyond large lower range (-420 to -150mV)
through structural alteration at ring para-position (Chiang et al., 2014,
2012; Clarke and Storr, 2016; Zhang et al., 2017). Their research lead to
the metal complexes of octahedral CoIII salen series. Moreover, some
group of investigators also proposed bi-reduction to CoIl and ligand
rearrangement and exchange respectively would dynamically free
pathway for axial location of cytotoxic ligands(Gust et al., 2004; Kianfar
and Khavasi, 2016).

Various metal complexes of salophen (bis(salicylidene)phenylenedi-
amine) type ligands find applications in the intercalation of DNA base
pairs and also used for potentiometric discoveries of basic anions existing
in biological and environmental systems (Yilmaz et al., 2017). Further-
more, Co(II)Salophen complexes were used for oxidation of water under
visible light irradiation, with tris(bipyridine)ruthenium (III) as the
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photosensitizer and persulphate as the sacrificial electron acceptor
(Pizzolato et al., 2013).

L-ascorbic acid (H2A) is well known for its reducing properties in
aqueous solutions. It can be oxidized by one electron to a radical state or
doubly oxidized to the stable form called dehydroascorbic acid. H2A is
special owing to the stability of its radical ion called “semidehydro-
ascorbate”, dehydro-ascorbate. However, being a good electron donor,
excess ascorbate in the presence of free metal ions cannot only promote
but also initiate free radical reactions (Jattinagoudar et al., 2013). H2A
has also been well-established as an antioxidant and a reliable redox
reagent and has attracted great interest from many scientists in the field
of life and physical sciences. This multifunction of H2A aroused series of
investigations on transition metal complexes oxidation, particularly
trivalent state (Salem and Gemeay, 1996). A compendium of the re-
actions of H2A has been published by Davies (1992). But in recent years,
the mode of action (mechanism) of physiological function (activities) has
becomes topic of discussion (Alioke et al., 2012). In order to understand
the mode of action of H2A complex, the kinetics of reduction of
[CoSalophen]þ, (Salophen ¼ Bis(Sali-cylidene)phenylenediamine) with
H2A was comprehensively carried out.

So far, various kinetics and mechanisms of Salophen complexes of
iron (Ibrahim et al., 2019a, 2019b; Subramaniam et al., 2014), cobalt
(Abdulsalam et al., 2020) and manganese (Jena et al., 2018) have been
recently reported. Herein, we report on the kinetic study andmechanisms
of reduction of N, N0-phenylenebis (salicyalideneiminato)cobalt (III)
complex ([Co(Salophen)]þ) by H2A in a mixed aqueous medium.

2. Materials and method

All the chemicals used for this study were of analytical grade and
were used without further purification. The rates of reactions were
studied by monitoring the reaction mixture as the absorbance decreases
with increasing reaction time at 470 nm on a SHERWOOD colorimeter
254. L-ascorbic (BDH) and sodium chloride salt (M&B) were used as a
reducing agent and to stabilize the strength of ions in the reaction me-
dium respectively. Also, 50 cm3 of DMSO was used to prepare DMSO-
H2O solution of ratio 1:4 (v/v). Cobalt (II) chloride hexahydrate, sali-
cyaldehyde, 1,2-phenylenediamine, chloroform, ethanol, H2O2, and
diethyl ether were all obtained from Merck. The Schiff base, Bis(salicy-
lidene)-1,2-phenylenediamine, (Salophen) and the complex, N,N0-phe-
nylenebis-(salicylideneiminato)cobalt (III), ([Co(Salophen)]þ) were
synthesized and characterized according to earlier published report
(Pizzolato et al., 2013; Abdulsalam et al., 2020). The complex structure is
revealed in Scheme 1 below.

The molar conductivity of [Co(Salophen)]Cl in H2O: DMSO is reliable
to 1:1 electrolytic ratio. The occurrence of [Fe(Salphen)]þ in DMSO-H2O
(ratio 1:4 v/v), [Fe (salen)]þ species in DMSO–H2O (ratio 4:1 v/v),
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Scheme 1. Structure

2

CH3CN–H2O in (ratio 1:1 v/v) and [Co(Salophen).H2O] in (H2O) solvent
systems have been reported previously (Ibrahim et al., 2019a; Liou and
Wang, 2000; Pizzolato et al., 2013; Subramaniam et al., 2014).
2.1. Kinetic measurement

Using the 254 SHERWOOD colorimeter model, the rate of reaction
was calculated by observing a reduction in absorbance of
[Co(Salophen)]þ at 470 nm. The concentration of Co(Salophen)þ was
maintained at 3 � 10�4 mol dm�3. With [H2A] of minimum 10-fold
excess over [Co(Salophen)þ] at 0.1 mol dm�3 of NaCl and 2.0 � 10�3

mol dm�3 of [Hþ] (HCl), kinetics investigations were followed under
pseudo first order conditions. The Graphs of log (At � A∞) against time
were made (where A∞ and At are the absorbance at the end of the re-
action and at time t, respectively), and pseudo-first-order rate constants
(k1), were determined from the slopes of the graphs. The second-order
rate constants (k2), were gotten from Eq. (1).

k2 ¼ k1=½H2A� (1)

Using HCl, the hydrogen ion concentration's effect on the reaction
rate was studied by changing the [Hþ] between (1.0–9.0) � 10�3 mol
dm�3, while both [Co(Salophen)þ] and [H2A] were kept constant at 3.0
� 10�4 mol dm�3 and 12.0 � 10�3 mol dm�3 respectively, at T ¼ 33 � 1
�C and μ ¼ 0.1 mol dm�3 (Idris et al., 2015). Moreover, keeping the
concentration of the reactants constant at 33 � 1 �C, the effect of
changing the ionic strength of the reaction on the rate was examined
between 0.04–0.18 mol dm�3. Also, for [X] ¼ 3.0–18.0 � 10�3 mol
dm�3, the effect of adding cation or anion ([X] ¼ Mg2þ or SO4

2-) on the
rate of reaction was studied at a fixed ionic strength, [Co(Salophen)þ]
and [H2A].
2.2. Stoichiometry, reaction products, and reaction monitoring

The stoichiometry of the reaction was control by spectrophotometric
titration utilizing the mole ratio technique. The stoichiometry was
assessed from a graph of absorbance against the mole ratio (Onu et al.,
2009).

The H2A oxidation product was determined quantitatively after
treating the reaction blend with pyrrole, in excess trichloroacetic acid
(Abiti et al., 2018). The reduction product of the cobalt (III) was observed
by the addition of a few drops of potassium thiocyanate in excess acetone
to the reaction product (Osunlaja et al., 2013). Under the laboratory
condition, the complex [Co(Salophen)]þ spectrum shows a significant
maximum at 470nm. The reaction can be monitored quantitatively since
product and reactant was not absorb at this region apart from the
H2A-complex.
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2.3. Spectroscopic, free radical study and activation parameters analysis

The complex spectrum, over a wavelength range of 400–700 nm, was
compared with that of the reactionmixture, to see whether there is a shift
in the wavelength of maximum absorption (λmax). A Michaelis–Menten
plot of 1/[H2A] against 1/k1 for the reaction, was examined. Free radical
was also investigated by adding acrylamide, after that excess methanol to
a partially reacted mixtures of [Co(Salophen)þ] and [H2A] (Ibrahim
et al., 2019b). Using the temperature of 306 K–333 K, the effect of
temperature on the reaction rate was investigated, by subjecting the
temperature dependence data to analyses with the aid of an Eyring graph
of 1/T against ln (k2/T) (Eq. (2)), at constant [H2A], [Co(Salophen)þ]
and ionic strength. Thermodynamic parameters were also examined.

ln
�
k2
T

�
¼ ln

�
kB
h

�
þ ΔSz

R
� ΔHz

R

�
1
T

�
(2)

3. Results and discussion

3.1. Oxidation state for cobalt outcome analysis

Cobalt (II), the reduction product of Cobalt (III) is confirmed as fol-
lows; at the completion of the reaction, potassium thiocyanate was added
and a blue solution was formed due to the formation of [Co(SCN)4]2‒.
This shows that the Co(III) in the complex has been reduced to Co(II) by
the H2A. However, to obtain the equation of balanced stoichiometry, it is
important to know the oxidation state of cobalt after reaction with the
reductant.
3.2. The reductant product and the stoichiometry

After mixing the reaction mixture with pyrrole in excess trichloro-
acetic acid, blue–green color was noticed, this confirms the ascorbic
acid's reductant product to be dehydroascorbic acid. Themole ratio of the
reaction was found to be 2:3 (Figure 1) and can be represented by Eq. (3):

2[Co(Salophen)]þ þ 3H2A þ O2 → 2[Co(Salophen)] þ 3A þ 2Hþ

þ 2H2O (3)

where A is dehydroascorbic acid.
A stoichiometry of 1:1 was reported in the reduction of [Fe(Saloph)2-

μ-dicarpy] with ascorbic acid (Ukoha et al., 2018), and oxidation of
l-ascorbic acid by pentaamminecobalt (III) ion (Dixon et al., 1995). Also,
a stoichiometry of 2:1 was reported in the oxidation of ascorbic acid by
hexacyanoferrate (III) (Jattinagoudar et al., 2013) and reduction of
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Figure 1. Plot of Absorbance against mole ratio for the reaction of
[Co(Salophen)]þ and H2A at [Co(Salophen)þ] ¼ 3.0 � 10�4 mol dm�3, [H2A] ¼
(0.5–7.0) � 10�4 mol dm�3, [Hþ] ¼ 2.0 � 10�3 mol dm�3, μ ¼ 0.1 mol dm�3, T
¼ 33 � 1 �C and λmax ¼ 470 nm.
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ethylenediamine tetraacetatocobaltate (III) ion by l-ascorbic acid (Abiti
et al., 2018).

3.3. Kinetic analysis

In the kinetic analysis, a graph of log (At � A∞) against time, gave a
straight line, implying that the reaction is first-order with respect to
[Co(Salophen)þ] (Figure 2). The order of the reaction with respect to
[H2A] was determined when log k1 was plotted against log [H2A]. The
slope was calculated to be 0.99 (Figure 3). For the different values of
[H2A], the second-order rate constant (k2) was fairly the same (Table 1).
With respect to the reactants, the reaction shows 2nd order total, and can
be signified by Eq. (4):

-d[Co(Salophen)þ]/dt ¼ k2 [Co(Salophen)
þ] [H2A] (4)

where k2 ¼ (2.42 � 0.07) dm3mol�1s�1

Similar second-order overall was previously reported in the reactions
of H2A by N, N1- salicylideneiminato iron (III) (Alioke et al., 2012),
hexacyanoferrate (III) (Jattinagoudar et al., 2013) and N, N1- ethylenebis
(salicylideneiminato) Mn(III) (Salem and Gemeay, 1996), respectively. A
fractional-order has also been reported in the reduction of [Fe(Saloph)
2-μ-dicarpy] by H2A (Ukoha et al., 2018).

The rate of the reaction was found to decrease with an increase in
[Hþ] (Table 1). Graph of k2 against [1/Hþ] gave a positive intercept
(Figure 4). This observation suggests that two parallel reaction pathways
are involved in the reaction; an acid-dependent and inverse acid-
dependent pathway. The inverse acid pathway shows that there was a
pre-equilibrium step before the rate determining-step in which a proton
is lost i.e. both the protonated and the deprotonated form of the reduc-
tant (H2A and HA�) are reactive at the rate-determining step (Gupta and
Gupta, 1984).

Acid dependence effect of this kind is represented by Eq. (5)

kH
þ ¼ a þ b [Hþ] �1 (5)

where ‘a’ ¼ 0.82 dm3mol-1 s�1 and ‘b’ ¼ 3.10 � 10�3 s�1.
The final rate scheme for the reaction is presented in Eq. (6)

�d½CoðSalophenÞþ�
dt

¼ �
aþ b½Hþ��1�½CoðSalophenÞþ�½H2A� (6)

Similar acid independent pathway has been reported in the reaction
of H2A by [Fe(Saloph)2-μ-dicarpy] complex (Ukoha et al., 2018) and
Ru(III) ion (Khan and Shukla, 1988) respectively.

The result in Table 1 revealed that differences in the ionic strength of
the reaction medium reduce the rate of reaction. A Graph of log k2 versus
√μ gave a slope of -1.1 (Figure 5), suggesting a negative Brønsted–Debye
salt effect. This infers that the reaction proceeds via an interaction
y = -0.01253x - 0.56061
R² = 0.98479
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Figure 2. Typical pseudo-first order plot for the reaction of [Co(Salophen)]þ

and H2A at [Co(Salophen)þ] ¼ 3.0 � 10�4 mol dm�3, H2A ¼ 12.0 � 10�3 mol
dm�3, [Hþ] ¼ 2.0 � 10�3 mol dm�3, μ ¼ 0.1 mol dm�3, T ¼ 33 � 1 �C and λmax

¼ 470 nm.
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Figure 3. Plot of logk1 against log [H2A] for the reaction of [Co(Salophen)]þ

and H2A at [Co(Salophen)þ] ¼ 3.0 � 10�4 mol dm�3, [Hþ] ¼ 2.0 � 10�3 mol
dm�3, μ ¼ 0.1 mol dm�3, T ¼ 33 � 1 �C and λmax ¼ 470 nm.
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between oppositely charged species (Co(Salophen)þ & HA�) at the rate-
determining step (Onu et al., 2009).

Also, added ion (SO4
2- or Mg2þ) into the reaction mixture was found to

increase the rate of reaction (Table 2). Ion catalysis is consistent with the
reaction occurring without bridging ligand participation, evidence in
support of the outer-sphere pathway of electron transfer (Ibrahim et al.,
2019a).

3.4. Spectroscopic analysis

When the spectrum of [Co(Salophen)þ] was compared with that of
the reaction mixture, no shift in the λmax (470nm) was observed
(Figure 6). This suggests that the participation of an intermediate com-
plex as the reaction is progressing is unlikely, evidence in support of an
outer-sphere mechanism (Ibrahim et al., 2019b). The linear slope
without an intercept observed in the Michaelis-Menten plot further
confirmed the absence of an intermediate complex with significant sta-
bility during the reaction (Figure 7) (Onu et al., 2009).
Table 1. Pseudo 1st order and 2nd order rate constants for the reaction of [Co(Salophen
and λmax ¼ 470nm.

103 [H2A] (mol dm�3) 103 [Hþ] (mol dm�3) μ (

3.00 2.00 0.1

6.00 2.00 0.1

9.00 2.00 0.1

12.00 2.00 0.1

15.00 2.00 0.1

18.00 2.00 0.1

21.50 2.00 0.1

24.00 2.00 0.1

12.00 2.00 0.0

12.00 2.00 0.0

12.00 2.00 0.0

12.00 2.00 0.1

12.00 2.00 0.1

12.00 2.00 0.1

12.00 2.00 0.1

12.00 2.00 0.1

12.00 1.00 0.1

12.00 2.00 0.1

12.00 3.00 0.1

12.00 4.00 0.1

12.00 5.00 0.1

12.00 6.00 0.1

12.00 7.00 0.1

12.00 8.00 0.1

12.00 9.00 0.1
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3.5. Free radical and activation parameters analysis

A gelatinous precipitate was observed when radical scavenger
(acrylamide) was added to a partially reacting mixture then excess
CH3OH, confirming the presence of free radicals in the reaction. The
result of temperature dependence on rate constant is shown in Table 3.
The values of activation parameters obtained from this research (ΔH* ¼
þ47.70 kJ mol�1, ΔS* ¼ -82.87 J mol�1 K�1) favor the electron transfer
process. The large negative value of entropy of activation (ΔS*) indicates
a more ordered transition state (Dixon et al., 1995).
3.6. Mechanism

Reaction schemes in Eqs. (7), (8), (9), and (10) was proposed base on
the results obtained from this research.

H2A⇌
K
Hþ þ HA� (7)

½CoðSalophenÞ�þ þHA� !k3
slow

½CoðSalophenÞ� þ HA⋅ (8)

½CoðSalophenÞ�þ þH2A !k4
slow

½CoðSalophenÞ� þHA⋅ þ Hþ (9)

H2Aþ 2HA⋅ þ O2 !k5
fast

3Aþ 2H2O (10)

Rate¼ k3½CoðSalophenÞþ�½HA�� þ k4½CoðSalophenÞþ�½H2A� (11)

From Equation (1)

½HA��¼K
½H2A�
½Hþ� (12)

Substitute Equation (12) in Equation (11)
)]þ and H2A reaction at [Co(Salophen)þ] ¼ 3.0 � 10�4 mol dm�3, T ¼ 33 � 1 �C

mol dm�3) 103k1 (s�1) k2 (dm3 mol�1 s�1)

0 7.44 2.48

0 14.66 2.44

0 21.18 2.35

0 28.86 2.40

0 34.91 2.33

0 42.13 2.34

0 50.96 2.43

0 60.98 2.54

4 38.88 3.24

6 33.39 2.78

8 31.48 2.62

0 28.95 2.41

2 27.48 2.29

4 26.39 2.20

6 23.56 1.96

8 21.42 1.78

0 46.81 3.90

0 28.86 2.40

0 25.86 2.16

0 19.80 1.65

0 15.94 1.33

0 14.33 1.19

0 13.40 1.12

0 12.01 1.00

0 11.06 0.92
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λmax ¼ 470 nm.

Table 2. Added ions effect on the rate of reaction of [Co(Salophen)]þ and H2A at
[Co(Salophen)þ] ¼ 3.0 � 10�4 mol dm�3, [H2A] ¼ 12.0 � 10�3 mol dm�3, [Hþ]
¼ 2.0 � 10�3 mol dm�3, μ ¼ 0.1 mol dm�3, T ¼ 33 � 1�C and λmax ¼ 470 nm.

[X] 103 [X] (mol dm�3) 102 k1 (s�1) k2 (dm3 mol�1s�1)

SO4
2- 0.0 2.89 2.40

3.0 3.10 2.58

6.0 3.38 2.82

9.0 3.62 3.01

12.0 3.87 3.22

15.0 4.09 3.41

18.0 4.35 3.62

Mg2þ 0.0 2.89 2.40

3.0 3.07 2.56

6.0 3.19 2.66

9.0 3.65 3.04

12.0 3.74 3.11

15.0 4.41 3.67

18.0 4.98 4.15
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Figure 6. Plot for spectrophotometric test for the reaction of [Co(Salophen)]þ

and H2A at [Co(Salophen)þ] ¼ 3.0 � 10�4 mol dm�3, [H2A] ¼ 12.0 � 10�3 mol
dm�3, [Hþ] ¼ 2.0 � 10�3 mol dm�3, μ ¼ 0.1 mol dm�3, T ¼ 33 � 1�C and λmax

¼ 470 nm.

0

20

40

60

80

100

120

140

160

0 50 100 150 200 250 300 350

1/
k 1

(s
)

1/[H2A] (dm3mol-1)

Figure 7. Michaelis-Menten plot for the reaction of [Co(Salophen)]þ and H2A at
[Co(Salophen)þ] ¼ 3.0 � 10�4 mol dm�3, [H2A] ¼ 12.0 � 10�3 mol dm�3, [Hþ]
¼ 2.0 � 10�3 mol dm�3, μ ¼ 0.1 mol dm�3, T ¼ 33 � 1�C, and λmax ¼ 470 nm.

Table 3. Temperature dependent rate constants and activation parameters for
the reaction of [Co(Salophen)] þ and H2A at [Co(Salophen)þ] ¼ 3.0 � 10�4 mol
dm�3, [H2A]¼ 12.0� 10�3 mol dm�3, [Hþ]¼ 2.0� 10�3 mol dm�3, μ¼ 0.1 mol
dm�3, T ¼ 33 � 1�C, and λmax ¼ 470 nm.

T, K 102 k1 (s�1) k2 (dm3mol�1s�1)

306 2.89 2.40

311 2.95 2.46

317 5.41 4.51

322 5.67 4.72

327 8.84 7.37

333 12.03 10.03

Activation Parameters
ΔHǂǂ ¼ þ47.70 kJ mol�1 ΔSǂǂ ¼ -82.87 J mol�1 K�1

ΔGǂǂ ¼ þ73.06 kJ mol�1 at 300K Ea ¼ þ50.24 kJ mol�1

S. Abdulsalam et al. Heliyon 6 (2020) e04621
Rate¼Kk3½CoðSalophenÞþ�½H2A�
½Hþ� þ k4½CoðSalophenÞþ�½H2A� (13)
Also, Rate ¼ k1 ([Co(Salophen)þ] [H2A]) (14)
5

where k1 ¼ k3 þ Kk4 [Hþ]�1

Eq. (14) is similar to the experimental rate law (Eq. (4)).

4. Conclusion

The kinetic study and mechanism of the reaction between
[Co(Salophen)þ] and H2A in a DMSO-Water medium (DMSO: H2O; 1:4)
revealed a 2:3 stoichiometry. The reaction is 1st order in both reactants
which gives second-order overall. The rate of the reaction revealed two



S. Abdulsalam et al. Heliyon 6 (2020) e04621
pathways and also showed a negative effect of Brønsted–Debye salt. Ki-
netic and spectroscopic studies revealed no proof for the formation of an
intermediate complex of significant stability during the reaction. Due to
these outcomes, an outer sphere mechanism was proposed as the plau-
sible pathway for the reaction.
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