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Abstract Protonation plays an important role in the
redox reactions. We observed this leading role during
the reduction of [Fem(phen)z(CN)z]Jr by FcCOMe and
FcCHOHMe. The kinetic data showed that the reaction(s)
followed a complex kinetics due to the formation of pro-
tonated acetylferrocene (FcC*OHMe), and or, protonated
a-methylferrocenemethanol (FcCHO™H,Me) in aqueous
dioxane (80% v/v). Our results helped us to conclude that
the reactions were completed in three phases. An overall
zeroth order was observed in the first phase of the reactions.
In the second phase, the kinetic data showed an overall sec-
ond order reaction. The third phase was a complex phase
where the rate of redox reactions and the insolubility of the
neutral product ([FeH(phen)z(CN)z]) competed with each
other. We studied the effect of different factors to identify
the reacting entities, which take part in the rate-determining
step of each reaction in the second phase. Consequently, we
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determined the effects of selected factors upon the observed
pseudo-first order rate constant(s) (k') of each reaction.
The value of k', increased upon addition of protons in the
reaction mixture in case of FcCOMe, and it decreased dur-
ing the oxidation of FcCHOHMe. Meanwhile, upon enhanc-
ing the ionic strength, we observed an increase in &'y, for
FcCOMe, and no change in the value of k', during the
reaction of FCCHOHMe. However, a decrease in k'y,, was
noticed upon increasing the dielectric constant of the reac-
tion mixture when the reductant was FcCOMe, and no effect
was observed in case of FEFCHOHMe. Together, these results
suggested oxidation of FcC*OHMe and FcCHOHMe in the
slow-step, and FcCOMe and FcCHO™H,Me during the fast-
step. We refined our results by estimating the thermody-
namic parameters of activation. The low values of activation
energy and enthalpy of activation confirmed that the reduc-
tion of [Fem(phen)z(CN)z]Jr hardly depends upon tempera-
ture when the reducing agent is FcCOMe. The outcomes jus-
tified that the rate of reaction depends upon the unsaturated
FcC*OHMe. This intermediate species contain a ‘carbonium
ion’, which is very reactive and energetic. We obtained com-
paratively high values of the activation energy and enthalpy
of activation for the reaction between [Fem(phen)z(CN)z]Jr
and FcCHOHMe. The results show that FcCHOHMe is a
saturated and stable compound that leads the slow-step and
controls the rate of reaction.
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Introduction

Redox reaction(s) proceeds through the donation of
electron(s) and its acceptance between the participant reac-
tants. Either of the two, i.e., electron releasing (oxidation)
or electron withdrawing (reduction) capacity of a reactant,
depends upon the condition(s) in which the specific reaction
takes place (Khattak et al. 2008; Khattak 2011; Khattak et al.
2016; Summer et al. 2016). There are several such factors
that affect the reduction—oxidation tendency of the chemi-
cal species and alter the reaction mechanism consequently
than the one, which we expect (Khattak et al. 2008). The
capability of electron withdrawing nature of any chemical
entity is termed as, “reduction potential” and denoted by
E, ). Out of a number of factors, the reduction potential of
any chemical species may vary with the nature of a solvent
and the electrolyte itself or a supporting electrolyte present
in the vicinity (Connelly and Geiger 1996). The mechanistic
paths in an electron exchange process may thus get altered
by changing the solvent medium (water, organic solvent or
their mixture). Through studying the chemical kinetics and
evaluating activation parameters, it is possible to identify
the major reaction pathway. Kinetic studies are therefore
important to determine the rates of different reactions and to
propose the rate law in the view of results regarding crucial
reactions.

A few studies describe the reduction of dicyanobis(phen)
iron(IIl) (E,,, 800 mV) by reducing agents of biological
importance such as ascorbic acid, hydroquinone, catechol,
sulfatoiron and rusticyanin (Pelizzetti et al. 1978; Blake
et al. 1991; Takagi et al. 1995; Matsumoto et al. 1997).
These studies propose an outer-sphere mechanism for all
of these reactions and estimates activation parameters for
some of them. The applications of ferrocene and its deriva-
tives in medicine and agriculture drew our attention. Their
effects as antifungal, antiparasitic, anticancer, antibacterial
and use as biosensors have been reported in medicinal chem-
istry (Saleem et al. 2015; Patra and Gasser 2017; Realista
et al. 2017). However, they have been specified as agro-
chemicals and chemosensors in agriculture (Floris 2015).
The reduction potentials of acetylferrocene and a number
of other derivatives of ferrocene in acetonitrile were deter-
mined by titrimetric analysis through oxidation with Cu(Il)
(Quirk and Kratochvil 1970). Studies on the kinetics of the
redox reactions between some ferrocene derivatives have
also been published, and an outer-sphere mechanism has
been suggested (Pladziewicz and Espenson 1973). Although
the data are comprehensive, the study is inadequate with
respect to acetylferrocene (E,,, 740 mV). The data pertain-
ing to the reactions of acetylferrocene mainly emphasize
upon the synthesis of its derivatives, its role as a catalyst
in the electrocatalytic oxidation of N-acetyl-L-cysteine and
sulfite at a glassy carbon electrode, and its electrochemical
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characteristics (Sasaki and Pittman 1973; Baciocchi et al.
1993; Xu et al. 1994; Jong et al. 1999; Gao et al. 2005a, b;
Casas et al. 2007). Meanwhile, a few reports highlight the
importance and use of ferrocene-containing alcohols includ-
ing a-methylferrocenemethanol (E,,, 204 mV) in chemo-
therapy (Osella et al. 2000; Shago et al. 2007).

There are limited reports which approach the detailed
kinetic and mechanistic analyses of the redox reactions of
FcCOMe and FcCHOHMe by other transition metals or
their complexes. The spectrophotometric investigations are
rare, however. We studied the kinetics and determined the
thermodynamic aspect of the reduction of dicyanobis(phen)
iron(IIT) by acetylferrocene and a-methylferrocenemethanol
in the mixed solvent system (aqueous dioxane).

Experimental

We used analar grade materials; 1,4-dioxane (Merck), 1,10-phen-
anthroline monohydrate (Merck), nitric acid (65% extra pure,
Merck), potassium nitrate (Merck), ferrous ammonium sulfate
hexahydrate (BDH), potassium cyanide (Scharlau), acetylfer-
rocene 95% (Acros Organics), and a-methylferrocenemethanol
95-97% (Acros Organics). We synthesized and purified the
nitrate salt of dicyanobis(phen)iron(IIl) by applying the reported
procedures (Schilt 1960; Khattak 2011).

The spectral characterization of the compounds was per-
formed on a Shimadzu UV-160A UV/Vis spectrophotometer
in UV/Vis region. The Carlo Erba 1106 elemental analyser
was used to carry out elemental analysis. The IKA Com-
bimag RCH assembly was used to heat and stir the solu-
tions. Two pH meters of different companies were used to
measure the pH of the solutions. One of them was Mettler
Toledo MP-220 basic pH/mV/°C meter, and the other one
was HANNA HI 8314 membrane pH meter equipped with
SCHOTT pH-electrode Blueline 25PH (pH 0-14/— 5 to +
80 °C/Gel). The temperature of the solutions was maintained
by Haake KT 33 water bath.

A home-built rapid reaction monitoring system was used
to acquire kinetic data. The instrumental assembly consisted
of a Spectronic 21 (Milton Roy Company), Vernier LabPro®,
and a desktop computer. We used Logger Pro 3.2 software.
We mixed the solutions manually in a 3 mL cuvette with
the help of disposable syringes (10 mL). All solutions were
mixed in the cuvette except reducing or oxidizing agent prior
to starting the reaction(s). The setup was maintained in such
a way that the syringe without needle was inserted into the
cuvette through which the top of the cuvette was completely
covered. After starting the data acquisition, the plunge was
pushed to withdraw the remaining reactant (1-1.5 mL) into
the cuvette at once, and to start the reaction. This produced a
graph of absorbance versus time. We recorded the formation
of [Fe''(phen),(CN),] at 530 nm.
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The reactions were studied under the condition of
pseudo-first order. The concentration of FcCOMe, and, or
FcCHOHMe was always in excess over [FeIH(phen)z(CN)z]+.
The kinetic data showed that the reduction of
[Fe'"'(phen),(CN),]* by FcCOMe and FcCHOHMe com-
pleted in three phases (Figures S1-S2, supplementary data).
The first phase involved approximately 30 and 51 percent frac-
tion of the reaction of FcCOMe and FcCHOHMe, respec-
tively. The reaction(s) followed zeroth order with respect to
[Fe''(phen),(CN),]* and FcCOMe, and or, F"CHOHMe. The
reaction(s) was/were overall second order in the second phase;
first order with respect to each of the oxidizing and the reduc-
ing agent. The third phase was a complex phase, where two
different processes competed with each other and affected the
results in that phase. We recorded an increase in absorbance
along time considering the large value of the molar absorp-
tivity (&, M~' cm™) of [Fe'l(phen),(CN),] as compared to its
oxidized form [Fe(phen),(CN),]*. This helped us to follow
the reactions spectrophotometrically by using a low concen-
tration range (0.05-0.15 mM) of [Fe''(phen),(CN),]*. Con-
sidering this range, the excess concentration of FcCOMe and
FcCHOHMe to maintain pseudo-first order condition, was
also in a range of 0.08—1.88 mM. Through these arrange-
ments, we were able to study the reactions in 80% aqueous
dioxane mixture without any interference such as precipita-
tion of either of the organometallic compounds, FcCOMe or
FcCHOHMEe, and [Fem(phen)z(CN)z]Jr in aqueous dioxane
medium. However, we observed precipitates of the neutral
[Fe'(phen),(CN),] in the end of the reaction(s) as the con-
centration of the product ([Fe''(phen),(CN),]) reached its
maximum value with respect to time. After filtration and
spectrophotometric analysis, we observed the similar spec-
trum of [FeH(phen)z(CN)z] with consistent wavelength maxi-
mum to the reported one (Schilt 1960). The spectra confirmed
the precipitates to be [Fe''(phen),(CN),], which is one of the
products of each reaction. This decrease in the solubility of
[FeH(phen)z(CN ),] in aqueous dioxane made the measure-
ments complicated at the end of the reactions because of the
competition of the rate of redox reaction(s) with the rate of
decrease in the solubility of [Fe'l(phen),(CN),]. Consequently,
the absorbance was changed (decreased) along time and we
did not observe the data that continue fitting the integrated
rate law of first order in the third phase, correctly. A straight
line was monitored in the second phase of the reaction that
started bending in the third phase with again straight line
character to the end of the reactions, but with a low value
of the slope. This confirms our observations. We mentioned
average values (average of 3—6) of the rate constants. This is
noteworthy that we have determined the pseudo-first order
rate constant (k' /s ") by integration method. We also evalu-
ated the zeroth order kinetic data by integrated rate equations,
but, we have used the value of slope (e b k,,/s™") instead of

zero order rate constant (k,, /M s~1). The symbol & represents

molar absorptivity (M cm)~! of dicyanobis(phen)iron(Il) and
b denotes path length of the cuvette (1 cm). This reduces the
slope to (& ky,y/s™"), where molar absorptivity is a constant
and it does not affect the zero order rate constant.
Following equations were used to evaluate the rate
constants.
Under pseudo-first order condition:

[Fe(phen),(CN),]* < FcCOMe or FcCHOHMe.

As we know, for a zero order reaction or the first phase
of the reaction,

d[Fe" (phen),(CN),|
Rate =
dr
=k, [Fem(phen)z(CN);]O[FcCOMe/FcCHOHMe]O,
(H
[Fel"(phen)z(CN)zr(( [FcCOMe/FcCHOHMe]
.. @)
k,[FcCOMe/FcCHOHMe] =k, ,
d|Fe" (phen),(CN), | - 10 3
< = kqps [Fe" (phen),(CN) |, 3)
d[Fe" (phen),(CN),]
= k. dt, 4
I 0 obs ( )
[Fe"'(phen),(CN)3 |
[Fe"'(phen),(CN)J | ’ =1
[Fe"(phen),(CN), ], ' ®)
d[Fe" (phen),(CN),| = kg, / dr,
[Fe" (phen),(CN), ], 0

[Fe"(phen),(CN), |, — [Fe'(phen),(CN), |, = kypyts ©)

[FeII (phen)z(CN)Z] 0= 0 (initial concentration of the product)

[Fe'(phen),(CN), |, = ket 7)
where
kyps = k;[FcCOMe/FcCHOHMe]", )
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[FcCOMe/FcCHOHMe] = 1

. ®)
kobs = kl ’

According to Beer-Lambert law:
Absorbance = ebc
If we consider our reactions and formation of the product

([FeH(phen)z(CN)z]) along time, then, we obtain following
equation:

[Absorbance], I

———— = [Fe((phem),(CN), . ©)
b = 1 cm 10
[Absorbance], I (o
———— = [Fe'(phem),(CN), ],

After comparing and solving Egs. (7, 8) and (10), we get
Eq. (11) as follows:
[Absorbance],

= [FeH(phen)z(CNb]t = kgt = kyt ()

[Absorbance], = €kt = €kt

We obtained straight line(s) when absorbance at time
point ‘" was plotted against time, according to Eq. (11). The
line(s) pass(es) origin and yielded value(s) of the slope. The
slope of the plot(s) was the product of molar absorptivity and
zero order rate constant with a dimension (s~!) similar to that
of the pseudo-first order rate constant. However, in certain
cases, small discrepancy from passing through the origin rep-
resented deviation or experimental error.

Meanwhile, for the first order reaction or the second phase
of the reaction(s), we derived following resulting equation and
interpreted our data accordingly:

d[Fe" (phen),(CN),]
Rate = ”
= k, [Fe" (phen),(CN)} | [FcCOMe/FcCHOHMe],
(12)
[FeHI(phen)z(CN)zr(( [FcCOMe/FcCHOHMe]
.. (13)

ky[FcCOMe/FcCHOHMEe] = k’

obs?
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d|Fe" (phen),(CN)
| dt i = k!, . [Fe" (phen),(CN); | (1

As we know that the consumption of [FCIII(phen)z(CN)2]+
is equal to the formation of [Fe"(phen)z(CN)z]; therefore,
Eq. (14) is solved to Eq. (17) as follows:

[FeHI(phen)z(CN);] = [Fen(phen)z(CN)z]

d[Fe' (phen),(CN),|
[FeIII (phen)2 (CN);] oo

— 1/

d[Fe" (phen),(CN),]
[Fe"(phen),(CN),| ™ (15)

[Fe"(phen),(CN), ], -
d|Fe" (phen),(CN), ] _

=K d
[Fe"!(phen),(CN),| °"SO/ g

[Fe" (phen), (CN), ],

In [Fe" (phen),(CN),|, — In [Fe"(phen),(CN), |, = K/, .1
(16)
As we know that in the second phase of the reaction, we

have an initial concentration of the product in the reaction mix-
ture at zero time point in this phase. Hence,

In [Fe'(phen),(CN), ], # 0
[Fe'(phen), (CN),]

n =
[Fel(phen),(CN), |,

a7

/
obs™?

In [Fe'(phen),(CN), ], = In [Fe' (phen),(CN),| | + k., 7.

18
13)

where
k' = k,[FcCOMe/FcCHOHMe]

obs
This is important to specify here that according to Eq. (17),
under pseudo-first order condition, the value of the observed
pseudo-first order rate constant should not change with
increasing or decreasing the concentration of the reactant, Fe'™
complex, that was not in excess. Considering and implement-
ing Beer—Lambert law on Eq. (18), we get Eq. (19):

[absorbance], K
eb eb obs

In [absorbance], — Ineb = (In [absorbance], — Ineb) + k!,

[absorbance],,
=1In

In [absorbance], — In b = In [absorbance], — Ineb + k(’)bst

In [absorbance], = In [absorbance], + k!,

19)
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According to Eq. (19), if a graph is drawn between In
absorbance at time point ‘¢’ versus time, this should be a
straight line with an intercept (In absorbance at zero time
point) and a slope (pseudo-first order rate constant, k'y, ).
We obtained the values of k', from our data by implement-
ing Eq. (19).

Results and discussion
Kinetic parameters

In order to study the kinetics of the reaction(s), we deter-
mined the effects of reactants and different parameters on
the rate constants in each phase. The plots (Figures S3-S4,
supplementary data) of absorbance versus time, according
to Egs. (11) and (19) provided the values of the zeroth order
kinetic data (e k) and the observed pseudo-first order
rate constant (k'y). The linear plots for each experiment
show an initial zeroth order and next a first order with
respect to [Fem(phen)z(CN)Q]Jr in the first phase and sec-
ond phase of the reaction(s), respectively. The values of &
ko and k' did not change by varying the concentration
of [FeHI(phen)z(CN)z]Jr in the reaction mixture keeping
all other parameters constant (Fig. 1). This behavior justi-
fied appropriateness of the composition(s) of the reaction
mixture(s) for pseudo-first order condition.

We did not observe any change in the value of ‘e k.,
when the concentration of FcCOMe or FcCHOHMe
was increased in the reaction mixture at constant
[Fem(phen)z(CN);] and other parameters. However,
the value of k', increased in each case, FcCOMe or
FcCHOHMe. The rising nature of the values of k', was

obs

different with respect to FcCOMe or FcCHOHMe. In case

Fig. 1 Kinetic data with 3

of FcCHOHMe, a linear plot was observed with an inter-
cept and a positive slope (Fig. 2). The results are in accord-
ance with Eqgs. (8) and (13). According to Egs. (8) and (13),
we must obtain an intercept equivalent to k; or zero order
rate constant and a slope equivalent to &, or an overall sec-
ond order rate constant (first order with respect to each of
[Fem(phen)z(CN)z]+ and FcCHOHMe), respectively. Our
data and results highlight a zeroth order in the first phase of
the reaction and a first order in the second phase of the reac-
tion with respect to FCCHOHMe. We observed an ascending
curvature when k', was plotted against the concentration of
FcCOMe (Fig. 2) with an intercept. The intercept provides
the value of the zero order rate constant (k) for the reaction
between [Fem(phen)z(CN)z]+ and FcCOMe, and confirms
the first phase of the reaction. The ascending curvature indi-
cated that although the value of k', increases with increas-
ing concentration of FcCOMe, there is a certain reactant
in the reaction mixture that acts as the limiting reactant.
The curvature became bent at the higher concentrations of
FcCOMe and the increase in the value of k', was compara-
tively slower than that at the lower concentrations. This may
be because of the protonation of the carbonyl group in the
organometallic compound, FcCOMe.

Protonation is the well-known character of the carbonyl
group, and in 80% aqueous dioxane there must be a limited
concentration of the protons in the reaction medium. The
phenomenon of autoionization and autoionization constants
of different solvents and their mixtures are mentioned in
detail in Khattak (2011). At the higher concentrations of the
compound, the carbonyl group is frequently available for the
protonation, but under the limited concentration of protons
the expected concentration of protonated or conjugate acid
of acetylferrocene remains limited because of the equilib-
rium between protonated and non-protonated FcCOMe. In

respect to [Fe"(phen),(CN)}]
in 80% aqueous dioxane. The
experimental conditions were 'e)
maintained at 0.18 mM (ionic
strength, 1), 304 + 0.5 K (for
FcCOMe) and 291 + 0.5 K (for =
FcCHOHMe). The circle and
triangle represent the effect of
variation in the concentration of
[Fe™(phen),(CN),]* on & k,
(triangle), and k' (circle) at
1.3 mM [FcCOMe]. The square
and dash show the impact on

€ kop; square, k' ; dash, at

1.3 mM [FcCHOHMe]

- 3.75

K obs

0.04

0.1 0.16
[Fell(phen),(CN),"] , mM
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Fig. 2 Effect of [FcCOMe] 6

5.5

and [FcCHOHMe] on (¢ k,
triangle, &' p; circle) and (e kg
square, k'.;; dash), respectively,

obs> y =1.380 + 0.026x + 2.613 £ 0.03
R?=0.999

in 80% aqueous dioxane. The

experimental parameters were

0.08 mM [Fe(phen),(CN)31,

0.18 mM (I), 304 + 0.5 K (for <
FcCOMe) and 291 + 0.5 K %]
(for FcCHOHMe). The circle o
and dash mention k', at 1:1 3
concentration ratio between f
oxidizing and reducing agents

Fig. 3 Effect of protons on the 4
rate constants (& ky; trian-
gle, k' circle) of FecCOMe, OG
and (& kgp,; square, Ky

dash) of FcCHOHMe. The |l O
experimental conditions were ©
maintained at 5.1 mM (I),

0.08 mM ([Fe"(phen),(CN)3])
and 0.75 mM ([FcCOMe] or
[FcCHOHMe])

€ kobs (3_1)
N

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —OoF}57

— 1.7

order to justify our observations and results, we studied the
effect of variation in the concentration of protons on the
rate constants, ‘e k., and ‘k’y,” of each reaction. We main-
tained the experimental conditions at the concentration ratio
of [Fe(phen),(CN)3] < FcCOMe or FcCHOHMe < [H*]
via adding aqueous HNO; and keeping all other parameters
constant. In case of the reduction of [Fem(phen)z(CN)z]Jr by
FcCOMe the value of k', enhanced by enriching the reac-
tion mixture with protons, and decreased on the other way
in the case of the reaction of FECHOHMe. The zeroth order
rate constant remained unaffected in each case, which jus-
tified an initial zeroth order with respect to the oxidizing
and the reducing agents in the first phase of the reactions.
The results are illustrated in Fig. 3. The variation of k'

@ Springer

with respect to the concentration of protons in the reaction
mixture is the confirmation of participation of the proto-
nated acetylferrocene and a-methylferrocenemethanol
in the mechanisms of electron transfer. The bending cur-
vatures, which become almost constant and do not show
further increase or decrease at the higher concentration
of protons demonstrate FcCOMe or FcCHOHMe as the
limiting reactants in the reaction mixture. The increasing
value of k', in case of FcCOMe confirms the formation
of protonated acetylferrocene or conjugate acid of acetyl-
ferrocene, FcCTOHMe, and its participation to reduce
[Fem(phen)z(CN ),1* through first order kinetics in the sec-
ond phase of the reaction. Meanwhile, the decrease in the

value of k', helps to identify the formation of protonated



Chem. Pap. (2018) 72:883-893

889

methylferrocenemethanol, FCCHO+H2Me, and its oxidation
during the reaction. Our observations and results showed
the key role of protonation of the reacting entities in the
electron transfer processes, and also the probabilities of
the changes of the mechanistic pathways by involvement
of the protonated species. This facet is prominent in acetyl-
ferrocene (FcCOMe) and a-methylferrocenemethanol
(FcCHOHMe), and plays a leading role in the redox reac-
tions of these organometallic compounds. We probed our
target reactions in aqueous dioxane. This co-solvent system
facilitates hydrogen bonding and produces acidic character
in the medium. This decreases the pH and provides a base
for the protonation of FcCOMe and FcCHOHMe at oxygen
atom. The protons bind to the electron-rich oxygen atoms,
and produce monopositive protonated compounds such as
FcCO*HMe and FcCHO*H,Me. The protonated acetylfer-
rocene is stabilized by resonance, and yields an unsaturated
compound with a carbonium atom, FcC*OHMe. We further
refined our results to differentiate and identify those species
among protonated and non-protonated, which take part in
the rate-determining step of each reaction. This refinement
of the results was carried out by studying the effects of ionic
strength and dielectric constant on the observed rate con-
stants (‘e kg, and ‘k’,”) considering the transition state
theory of reactions in solution.

Effect of ionic strength and dielectric constant

The effect of ionic strength (I) on the rate constants in
the first and second phase of the reactions was stud-
ied by varying ionic strength of the medium (80% aque-
ous dioxane) through potassium nitrate (KNO;) at
[Fe'"'(phen),(CN)}] < FcCOMe or FECHOHMe, keeping

other parameters constant. The value of the rate constants ‘e
k.ps remained unchanged upon increasing the ionic strength
for each reaction. During the reaction of FcCOMe, the value
of k', increased with increasing ionic strength and it was
unaffected during the reaction of FECCHOHMe. The data
were analyzed by implementing following equation of tran-
sition state theory:

log K, = loghe®! 4+ 24z,2,V/1 (20)

obs

Different terms in Eq. (20) carry different meanings. For
example, log k', is the base 10 log of the observed pseudo-
first order rate constant; A is the Debye—Hiickel constant and
it depends upon the dielectric constant of the medium and
temperature; z,z is the product of the charges, which takes
part in the rate-determining step, and, log k’g{fsal is the base
10 log of the observed pseudo-first order rate constant at
zero ionic strength or ideal condition. The results are shown
in Fig. 4. When we drew ¢ k, versus \/ I, we did not observe
any impact of ionic strength on the rate constant in the first
phase of each reaction, which confirmed zeroth order kinet-
ics with respect to the oxidizing and reducing agent in this
phase of the reactions. The plot of log k', against \/ lis
a straight line with a zero slope in case of FcCHOHMe,
and, it is a straight line with a positive value of the slope in
case of FcCOMe. These patterns of the graphs in the sec-
ond phase of the reactions are very helpful to differentiate
among the species, protonated and non-protonated FcCOMe/
FcCHOHMe, which are taking part in the fast-step and the
rate-determining or slow-step. The positive value of the
slope indicates participation of protonated acetylferrocene
(FcCO™HMe) in the slow- or rate-determining step of the
reaction because the charge product of the reacting entities

Fig. 4 Effect of ionic strength 12
on the rate constants (g ky; tri- \/I (m M ) AFcCOMe
angle, k' ,; circle) of FcCOMe, OFcCHOHMe
and (e ky,; square, k' ; dash) 6 20 34
of FcCHOHMe in 80% aqueous 4 L 0.8 OFcCOMe
dioxane. The experimental - + -
conditions were maintained at y 0'91_1())( 96%444 FcCHOHMe
0.08 mM ([Fe™(phen),(CN)31) Y
and 0.75 mM ([FcCOMe] or ”
[FcCHOHMe]) e 2
I -
80244 =6==-r=---- —=comeeeoees = 055 ¢
[2]
o
N AN AA A A A =
w Og OO0 0O 0 O
0 T 0.3
6 20 34
VI (mM172)
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in the rate-determining step yields positive value, + 1 from
[Fe(phen),(CN),]* and + 1 from FcCOTHMe. However,
non-protonated acetylferrocene (FcCOMe) is oxidized in
the fast-step of the reaction between [Fem(phen)z(CN)z]+
and FcCOMe. The neutral effect of ionic strength upon
k', identified and justified participation of non-protonated
FcCHOHMe in the slow- or rate-determining step because
the charge product + 1 from [FeIH(phen)z(CN)z]+ and O from
FcCHOHMe gives an overall zero term in Eq. (20), whilst
that of protonated FcCHO*H,Me in the fast-step of the reac-
tion between [Fem(phen)z(CN)z]Jr and FcCHOHMe.

The effect of dielectric constant according to the follow-
ing formulation (21) of the transition state theory confirmed
our results, which we obtained on the basis of ionic strength.

7425€>

logk/i = In ko + @1

Areye rykT

In Eq. (21), In k"9 and In k, refer to the natural loga-
rithm of the observed pseudo-first order rate constant at zero
ionic strength and the natural logarithm of the observed
pseudo-first order rate constant at infinite dielectric constant,
respectively. z,z5 is the product of the charges participat-
ing in the rate-determining step; e is the electron charge; g
is the vacuum permittivity; ¢, is the dielectric constant of
the medium; ry is the distance between the charges in the
activated complex; k is Boltzmann constant and 7 is Kelvin
temperature.

We decreased the dielectric constant of the medium
by increasing % volume of dioxane in water from 90% to
50% aqueous dioxane. We determined the values of ‘e ky,
and k', under ideal condition or the condition when the
ionic strength was zero for each reaction with the help of

Eq. (20). The values ‘e k" and k'’ were drawn against

s

Fig. 5 Effect of dielectric

the reciprocal of the dielectric constant of the medium
according to Eq. (21) for the data obtained for each reac-
tion. The results are displayed in Fig. 5. The value of ¢
k.ps did not change with a decreasing dielectric constant as
was supposed due to the zeroth order kinetics in the first
phase of each reaction. We obtained a straight line with a
negative slope when we plotted the natural logarithm of
the observed pseudo-first order rate constant at zero ionic
strength against the reciprocal of the dielectric constant
for the reaction of FcCOMe. The negative slope confirms
oxidation of the monopositive FcCO*HMe by monoposi-
tive [Fe'(phen),(CN),]* in the rate-determining step. This
further explained the oxidation of neutral FcCOMe by
[Fe''(phen),(CN),]" during the fast-step. We observed a
straight line with a zero slope, in other words, no effect,
while we drew a graph between the natural logarithm of
the observed pseudo-first order rate constant at zero ionic
strength and the reciprocal of the dielectric constant for the
reaction between FCCHOHMe and [FelIl(phen)z(CN)2]+. A
zero slope means one of the reacting entities carries a zero
charge, and that is why the multiplication product of the last
term in Eq. (21) appears to be zero. These results affirmed
oxidation of the neutral FFCHOHMe by [Fe"(phen),(CN),]*
in the slow-step and the monopositive FcCHO"H,Me by
[Fe(phen),(CN),]" in the fast-step (zero order phase).

Thermodynamic parameters of activation

The reactions were probed at different temperatures to
evaluate the thermodynamic parameters of activation. The
temperature change did not affect the values of ¢ k., of
the two reactions (Fig. 6a). The figure of k', increased in
both cases. The activation energy ‘E,’ and ‘A’ factor of the

redox reactions were estimated from the values of the slope

1/g, AFcCOMe
constant on the rate constants
(& ke triangle, k' p,; circle) of 0.012 0.022 0.032 OFcCHOHMe
FcCOMe, and (¢ k; square, ’ ' :
Ky, dash) of FecCHOHMe. 3 1 1.4 OFcCOMe
The experimental conditions e - R - - W mmmmmmmmm e mmm e = -
were maintained at 0.08 mM FcCHOHMe
([Fe™(phen),(CN)31) and
0.75 mM ([FcCOMe] or
[FcCHOHMe])) deal '
Skobs 1 -5 h A B 08 ln k(;tl;ieal
O
y =-39.795x + 1.5931
R2? =0.9986
0 T 0.2
0.012 0.022 0.032
1/
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Fig. 6 Plot a represents the 3
effect of temperature on € kp;
dash, of FcCOMe, and ¢ k;
circle, of FECHOHMe. Plot b
shows the fitting of Arrhenius :
and Eyring equations, where —
triangle and circle correspond b)
to FcCOMe, and, square and -
dash to FecCHOHMe. The % 1.5 0O e} 'e) O O @)
experimental conditions X7 —_ — — = =
were maintained at 0.08 mM w = —
([Fe"'(phen),(CN)31) and
0.75 mM ([FcCOMe] or '
[FcCHOHMe]) A
0 ' T .
275 300 325
T,K
1.8 -3.8
=-3.329x + 12.723
O R? = 0.999
L Q y =-3.039x + 6.053 | } 'x
— R? = 0.999 =
T S I
o @£
21.15 - - 44 o
(o)
X y =-1.062x - 0.831 \:3
\Cl Rz =10.997 (¢}
= x
y =-1.372x + 5.908 £
R2=0.999
O . 5 T T '5
3 3.35 3.7
1/T, (103 K)-*
and intercept, respectively, by drawing a graph of, /n k', Table 1 Thermodynamic parameters of activation
versus 1/T, according to the Ar.rhemus equation (F}g. §b). FeCOMe FeCHOHMe
The values of the thermodynamic parameters of activation,
such as enthalpy and entropy of activation (AH?, AS*) were ~ Ex (kJ mol™) 11.41 27.7
determined by plotting, In (', /T) against 1/7, according A ™ 369 337,055
to the Eyring equation (Fig. 6b). The Gibbs energy of acti- ~ AH” (kJ mol™) 8.83 25.3
vation (AG”) was then calculated by employing equation, ~ AS” (I mol”' K™) —204.45 - 147
AG* = AH" — TAS”. These estimated figures of E,, A, AH, AG” (kJ mol™) 70.6 at 302 K 69.7 at 302 K

AS* and AG” are displayed in Table 1.

The redox reaction between [Fe!"(phen),(CN),]* and
FcCOMe, and or, FcCHOHMEe has been classified as endo-
thermic. The value of the enthalpy of activation (AH") and
Gibbs free energy of activation (AG") have numerals with
a + sign. The rate(s) of reaction(s) increased upon increas-
ing the temperature in the phase where it follows an overall
second order kinetics.

The electrostatic terms, in the equation of the rate con-
stant based upon the transition state theory, predict the
nature of the involved charges and the solvent interaction
with the species participating in the reaction while form-
ing the activated complex. A smaller value of AH" with a
loss of entropy AS* (larger —ve numeral) suggests that the
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reacting entities carry like charges, which demonstrates a
characteristic associative mechanism. However, a reverse
case, the +ve contribution to AH" with a gain in entropy
AS* (smaller —ve numeral) is observed for unlike charges
with an associative mechanism.

A close examination of the thermodynamic parameters
of activation (Table 1) helps to demonstrate small E ,, AH*
and —ve AS* value(s) to be a characteristic representative
of an associative mechanism in case of acetylferrocene.
The reaction was hardly dependent upon temperature.
This provides a strong support to the electron-donating
facet of [FcC*OHMe] in the rate-determining or slow-
step. It has already been discussed that the unsaturated
protonated acetylferrocene is highly energetic and reac-
tive. It means that the monopositive species needs small
quanta of energy to cross the barrier of activation energy
to yield products. We observed this in our study. A low
value of the enthalpy of activation reinforces our findings.
Contrary to that, we observed the normal and reasonable
values of E,, AH* and -ve AS* during the oxidation of
a-methylferrocenemethanol because of the participation
of saturated and stable species [FcCHOHMe] in the rate-
determining step.

Conclusions

The results obtained from the kinetic data and its ther-
modynamic aspect refer to the existence of equilibrium
between protonated and unprotonated acetylferrocene,
and also a-methylferrocenemethanol. The unprotonated
and protonated species of these compounds take part
in the electron transfer process, and donate electron to
[Fe'(phen),(CN),]™. Protonation of FcCOMe generates
conjugate acid, FcCTOHMe, in acidic medium (Arnett
and Bushick 1962; Rubalcava and Thomson 1963). Our
investigation highlights the vital role of OH group of
either FcCTOHMe or FcCHOHMEe in the oxidation of
FcCOMe and FcCHOHMe. This study evinces that the
rate of reaction of the subject compounds is controlled by
OH (hydroxyl)-containing compounds such as saturated
a-methylferrocenemethanol or unsaturated conjugate acid
of acetylferrocene. This brings us to the conclusion that
the protonation of these compounds changes their reac-
tivity in chemical and biochemical processes either par-
tially or completely, leading to significant changes in the
mechanism.
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