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In this study, the selective oxidation of aromatic aldehydes has been investigated using Ru(VI) as a catalyst and
hexacyanoferrate (III) as a cooxidant in an alkaline medium. The reaction order with respect to the oxidant and
the aromatic aldehyde is complex while the reaction order with respect to Ru(VI) is one. The proposed mech-
anism presents two catalytic cycles for the two active species of the catalyst. In each cycle, Ru(VI) species forms a
complex with the anion of hydrated benzaldehyde which decomposes to form benzoic acid. The function of

hexacyanoferrate(III) is the regeneration of catalyst species. A quantitative structure-activity relationship was
analyzed using the Hammett equation for decomposition complex step. This analysis showed that deactivating
groups in para- position enhances this process.

1. Introduction

The oxidation of aromatic aldehydes, such as benzaldehyde, in a
basic medium, is a reaction of great interest within organic chemistry
since their oxidation products, e.g. benzoic acid and its derivatives, are
used as precursors in the pharmaceutical and chemical industries. These
acids are commonly used as preservatives and/or flavoring agents in
food, cosmetics, hygiene, and pharmaceutical products. They are also
employed as additives, nucleating agents, intermediates, stabilizers,
and/or catalysts in the refrigerant, solvent, photography, plastic, textile,
pesticide, paper, and dye industries [1]. Approximately 90 % of com-
mercial benzoic acid is used as an intermediate product for nylon pro-
duction. Moreover, benzoic acid and its derivatives are found naturally
in plant and animal tissues, and they can also be generated in fermented
products through microbial metabolism.

At room temperature, benzaldehyde is a colorless liquid with a very
distinctive odor that imparts the aroma of bitter almonds, for example. It
is poorly soluble in water (3 g/L), leading to low reactivity in this

medium. However, it is well known that benzaldehyde derivatives are
oxidized to benzoic acid in the presence of oxidants like oxygen [2],
hexacyanoferrate (III) [3], or peroxynitrite [4].

In contrast to prior research that has primarily focused on the outer-
sphere reduction of hexacyanoferrate(III) by aliphatic and aromatic al-
dehydes in alkaline conditions [3], our study introduces an innovative
perspective by thoroughly investigating this reaction employing a Ru
(VI) catalyst in the oxidation process of aromatic aldehydes.

The selective oxidation of organic compounds by transition metal
ions, including Ru(IIl), Ru(IV), and Ru(VI), in the presence of cooxidants
like hexacyanoferrate (III), has attracted considerable attention in
alkaline media. The presence of Ru(VI) favors the oxidation process
since this metal can change its coordination number and oxidation
states, preventing the oxidation of certain sensitive bonds through the
formation of intermediate complexes [5].

Particularly, the ruthenate anion, [Ru04)%, a species capable of
acting as two electron oxidant in an alkaline medium, is also used as a
catalyst with different cooxidants due to its selectivity, making it
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increasingly important and necessary in the oxidation of organic com-
pounds [6,7].

The use of Ru(VI) represents the future of synthetic chemistry
perfectly suited to green chemistry. This type of catalysts reduces the
formation of residues in addition to having a high selectivity in the re-
actions involved. On the other hand, ruthenium oxides present a low
toxicity level [8,9]. In this way, the production of dangerous compounds
is minimized. In addition, some Ru(VI)-catalyzed reactions occur under
milder conditions, which reduces energy consumption and their envi-
ronmental impact [10].

In the present work, a new mechanism that takes in account all al-
dehydes’ equilibria in basic medium, has been proposed in order to
justify all the experimental data. This research presents valuable insights
into the knowledge of this type of reactions, which opens new possi-
bilities for the development of more efficient and environmentally
friendly oxidation methods.

2. Material and methods
2.1. Reagents

All the reagents used were purchased from Sigma-Aldrich with the
quality “for analysis”, except ruthenate that was synthesized as
described below. The selected benzaldehydes were: benzaldehyde
(BZH), 4-hydroxybenzaldehyde (p-HBZH), 4-methoxybenzaldehyde (p-
MoxBZH) and 4-nitrobenzaldehyde (p-NBZH). The cooxidant used was
potassium hexacyanoferrate(III) ([Fe(CN)G]B’), and sodium hydroxide
(NaOH) and sodium perchlorate (NaClO4). All the solutions were pre-
pared with double-distilled water.

2.2. Synthesis of Ru (VI) catalyst (sodium ruthenate)

Step 1: Synthesis Ru(VIII) was carried out according to the experi-
mental procedure described by Sandrine Rup et al. [11] NalO4 and RuO,
were mixed in water and this solution was stirred for 60 min until
complete dissolution. Later CCl4 was added to the reaction to extract
RuOy4. The organic phase presents a bright yellow color due to Ru(VIII)
species.

Step 2: Synthesis of ruthenate anion [Ru04]2’; to the previous
organic phase, NaOH 1 M was added and the mixture was left in
agitation at 25 °C for 20 min to obtain [Ru04]2’ present in the aqueous
phase (orange color). This process was repeated three times to improve
the ruthenate yield. The aqueous phase with Ru(VI) was left in agitation
for 24 h at 25 °C. Subsequently, the absorption spectrum of Ru(VI) was
measured by diluting 2 ml of the solution with 1 M NaOH to a final
volume of 10 ml. The exact concentration of [Ru04]2’ was calculated
from the absorbance at A = 465 nm (¢ = 1820 mol ! em™1) [12]. The
purity of the solution was confirmed by the absorbance ratio A465/A3gs.
This ratio is the ratio between Ru(VI) and Ru(VII), taking into account
that pure ruthenate corresponds to a value of 2.07 [13].

The ruthenate anion [Ru04]2’ is obtained as a product of the
reduction of RuOy4 in a basic medium (reaction (1)), through the per-
ruthenate species [RuO4]~ via reaction (2) [12,14,15].

4RuO4 +40H —4[RuO4]” +2H,0 + O, (€D)]

4[Ru0,)” +40H —4[Ru0,)"™ +2H,0 + 0, @)

The alkaline solutions containing [Ru04]2_ are not stable for
extended periods due to reaction (3), which produces Ru(VII) and Ru(IV)
[7]. Therefore, the control spectrum was conducted daily to monitor the
concentration of the ruthenate anion. If the absorbance ratio falls below
two, the ruthenate species will be freshly prepared.

3[RuO,*™ + (2 + x)Hy0=2[RuO,)” + RuO,-xH,0 + 40H~ .
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2.3. Procedure and measurements

2.3.1. Kinetic study

A spectrophotometric technique was employed to monitor the con-
trol chemical species, potassium hexacyanoferrate(III), [Fe(CN)G]S’, by
using a Shimadzu UV-160 UV-Vis-NIR Spectrophotometer (Kyoto,
Japan). The concentration of [Fe(CN)é]S' was measured at the absorp-
tion maximum wavelength (A = 420 nm) using a molar absorptivity of
£= (975.52 + 0.02) M~! cm™L. The temperature of the solution was
controlled by an external water circulation system connected to a
Selecta Ultraterm S-383 thermostat, with a constant temperature of
(25.0 £ 0.5) °C.

The experimental procedure was the following one:

Two solutions (A and B) were prepared and mixed by 50 %. Solution
A contains the benzaldehyde derivative and NaClOj4, used to control the
ionic strength of the solution. Solution B contains hexacyanoferrate(III)
and [RuO4]2’ in diluted NaOH and NaClOy. In each kinetic experiment,
pH (12.3) was monitored using a pH meter (Crison micropH 2000,
Barcelona, Spain). Table 1 shows the concentrations of all species used
in the experimental procedure.

All experiments were performed in presence and absence of Ru(VI)
and were repeated five times under the same experimental conditions to
ensure the reproducibility of the study.

2.4. Kinetic analysis

The experimental data were analyzed using the initial rate method
which avoids problems as: interferences from reaction products, self-
decomposition of reactants, inhibition or autocatalysis effects or the
presence of competitive reactions.

To obtain the initial reaction rate (vo) of each experiment, the
method described by Fernandez et al. [16]. This method consists of
adjusting all the experimental absorbance (A)-time data corresponding
to one experiment to a fourth-degree polynomial, A = a + bt + c£® + dt®
+ et. Considering the Lambert-Beer law, the first derivative of this
obtained equation yields b. The initial rate is then obtained by simply
dividing by the extinction coefficient (¢) and the optical pathlength (I =
1 cm) (Equation (4)).

The experimental values obtained in this kinetic study represent the
arithmetic mean of the results from five independent experiments car-
ried out under the same experimental conditions. The associated errors
are the standard deviation of the mean.

Vo = —

3. Results

To obtain the experimental rate equation, the influence of substrate
concentrations, oxidant, catalyst, and ionic strength has been evaluated.
The obtained results are presented in the following sections. The initial
rate data used for the kinetic analysis is the difference between the
initial reaction rate obtained in the presence of catalyst and that of direct
oxidation by [Fe(CN)G]S’ without catalyst. The average contribution of
the uncatalyzed reaction was ~15 %. For example, for benzaldehyde
(1.00 x 1072 M) and [Fe(CN)G]?” (1.20 x 103 M), with an ionic
strength of 0.5 M, the initial rate of the catalyzed reaction was (2.75 +
0.03) x 10”7 M/s, while for the reaction without the catalyst, vo was

Table 1
Concentrations used in the experimental procedure.

[[Fe(CN)61* 1 (M) [Ru(VD)] (M)
(0.60-2.00) x 1073

[R-BZH] (M) [NaClO4] (M)

(1.00-5.00) x 1073 3.00 x 107° 0.5
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(4.24 4+ 0.01) x 1078 M/s, then the initial rate used will be (2.33 &
0.04) x 10~ M/s.

In the following sections, p-hydroxybenzaldehyde (p-HBZH) was
chosen as example to present the experimental results, the rest of the
studied aldehydes are included in the supporting information.

3.1. Influence of substrate concentrations on reaction rate

To analyze this effect, a series of experiments were programmed
whose concentration of p-HBZH was varied, keeping constant pH, ionic
strength, and temperature. The dependence of vy with the substrate
concentration shown in Fig. 1. It can be observed that for all concen-
trations of oxidant [Fe(CN)6]3’, the initial reaction rate increases when
the p-HBZH concentration, [p-HBZH], increases, tending to the
maximum/constant v corresponding to a zero reaction order.

The best fit of the experimental data was obtained for the rational
Equation (5).

A[R — BZH)|

~ B+ C[R— BZH] ®)

Yo
Table 2 shows the parameters A, B, and C for p-HBZH. In principle,
these parameters should depend on [[Fe(CN)s]g_], [Ru(VD], pH, I and
temperature.
The supporting information includes additional figures and tables
depicting the influence of the initial reaction rate on the concentration
of all substituted aldehydes studied in this work.

3.2. Influence of hexacyanoferrate (III) concentration on the initial
reaction rate

To perform this analysis, a series of experiments were carried out
where only the [Fe(CN)6]3’ concentration was varied keeping the
concentrations of NaOH (0.15 M), Ru(VI) (3.00 x 10°° M), ionic
strength (0.5 M), and temperature (25 °C) constant. The results are
shown in Fig. 2.

The mathematical expression that interprets the observed depen-

dence of v on [Fe(CN)6]3’ is given by equation (6).
A[[Fe(CN), 1>
, = Al ] ©)
B+ C[[Fe(CN)y]"]

Parameters A, B, and C should depend on the substrate concentra-
tion, [R-BZH], [Ru(VI)], pH, I and temperature. In Fig. 2, it can be seen

16 -
& [[Fe(CN)J*] =2.00x102 M
14| A [Fe(CN)J?] =1.60x10° M o
T v [[Fe(CN)J*] =1.20x103 M -
o [[Fe(CN).J*] =8.00x10% M * ;
12 = [[Fe(CN).J*] =6.00x104 M v ¢ &
* =
10 - e
v : °
z N A gy
s - )/ A o .
5 o
= A o T
5 o w
/,’ . o2 3
4 ,/
24
0 T T T T T
0 1 2 3 4 5

[p-HBZH] x 10° (M)

Fig. 1. Influence of substrate concentrations on the initial reaction rate.
Experimental conditions: [Ru(VI)] = 3.00 x 10°°M; 1= 0.5M; T = 25 °C; pH
=12.3.
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Table 2
Experimental parameters for the mathematical fit.

[[Fe(CN)]*71 x 10° M A (M/s%) B x 107*(M/s?) Cx107(s®
0.60 2.15 £ 0.01 3.27 £ 0.02 2.12 £ 0.03
0.80 4.06 £+ 0.03 4.14 + 0.03 3.70 £ 0.03
1.20 9.77 £ 0.02 8.05 + 0.01 7.66 £ 0.03
1.60 1.75 £ 0.003 1.20 £+ 0.02 1.18 + 0.03
2.00 1.83 + 0.01 1.27 + 0.01 1.16 + 0.03

Experimental conditions: [Ru(VI)] = 3.00 x 10’6M; I1=05M; T=25°C; pH=
12.3.

189 4 [p-HBZH] =5.00x103 M
4 [p-HBZH] =4.00x10 M
144 v [p-HBZH] =3.00x10% M
e [p-HBZH] =2.00x10° M
121 = [p-HBZH] =1.00x10° M - g
'S FEN e
4 —&
g 1 . 8
£ ol ' e
= 8- v
N S A o
- 4 P
X
o 6- <
n-
4 ° '
A
2 -
0+ v T T T T T T T 1
0.0 05 10 15 20

[[Fe(CN)s]*] x 10° (M)

Fig. 2. Influence of hexacyanoferrate concentration on the initial reaction rate.
Experimental conditions: [Ru(VI)] = 3.00 x 107°M; I=0.5M; T = 25 °C; pH
=12.3.

that, for each concentration of p-hydroxybenzaldehyde, [[Fe(CN)G]B’]
increases. The initial reaction rate increases until it reaches a constant
value. This variation can be fitted to the mathematical expression given
by equation (6). The fitting parameters A, B, and C are summarized in
Table 3.

The supporting information contains additional figures and tables
illustrating the influence of hexacyanoferrate(IlI) concentration on the
initial reaction rate for different substituted aldehydes. The respective
parameters A, B, and C are also tabulated in the SI for each R-BZH.

3.3. Influence of Ru (VI) concentration on the initial reaction rate

In this case, a series of experiments were carried out in which the
concentration of ruthenate was varied, while the concentrations of R-
BZH, [Fe(CN)6]3’, and NaOH were kept constant. In this case, the initial
rate in absence of catalyst has not been subtracted. The ionic strength
(0.5 M) and temperature were also maintained constant. The experi-
mental data are shown in Table 4 for p-HBZH. The stated experimental

Table 3
Experimental reagent concentrations and the fitting parameters to Eq. (6).

[p-HBZH] x 10° M A (M/s%) B x 10~*(M/s?) Cx107%s™?
1.00 6.13 + 0.03 5.13 + 0.03 4.80 + 0.03
2.00 5.39 + 0.01 9.26 + 0.003 0.01 + 0.01
3.00 3.25 + 0.02 4.94 +0.02 0.01 + 0.01
4.00 1.64 + 0.02 0.77 + 0.01 0.95 + 0.02
5.00 3.10 £ 0.3 1.45 + 0.1 1.51 + 0.02

Experimental conditions: [Ru(VI)] = 3.00 x 107°M;1=0.5M; T = 25 °C; pH=
12.3.
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Table 4
Influence of Ru(VI) on the initial rate.
[Ru (VD)] x 10° 0.75 1.50 3.00 3.75 4.60
o)
Vo X 107 232 £+ 4.57 + 7.30 £ 10.28 + 11.40 +
M-s™) 0.01 0.03 0.02 0.02 0.01

Experimental Conditions: [BZH] = 3.00 x 1073 M; [[Fe(CN)e]®>"]1 = 8.00 x
107*M; 1= 0.5 M; T = 25 °C; pH = 12.3.

Table 5
Initial rates obtained at different ionic strengths.

(v 1.0 0.8 0.5 0.1

Vo x 107 (M/s) 7.89 + 0.03 7.32 £0.01 7.79 £ 0.02 7.40 + 0.02

Experimental Conditions: [BZH] = 3.00 x 1073 M; [[Fe(CN)s]>"]1 = 8.00 x
10~*M; [Ru(VD)] = 3.00 x 107°M; T = 25 °C; pH = 12.3.

uncertainties in v represent the standard deviation of the arithmetic
mean from five independent experiments.

A linear relationship between vy and the concentration of catalyst
was observed for all R-BZH (Equation (7)).

vo = a+b[Ru(VI)] @

In this example, the y-intercept, a, is (2.87 + 1.89) x 1078 M/s, and
the slope, b, is (0.266 + 0.006) s~ L. The obtained value for the y-inter-
cept is in excellent agreement with v, for the uncatalyzed oxidation
reaction. This implies that the reaction order with respect to Ru(VI) is
one.

3.4. Influence of the ionic strenght on the initial reaction rate

The effect of ionic strength on the kinetic coefficients depends on the
magnitude and sign of the charges of the reactants [17]. No effect of
ionic strength on vy was observed in this work, “at least” one of the
species involved in the rate limiting step is neutral. Table 5 shows the
initial rate values obtained at different ionic strength values.

3.5. Solvent isotope effect

In order to determine if the water molecule is involved in the reac-
tion, the isotopic kinetic effect of the solvent has been analyzed using 50
% H0/D20 mixtures [18]. For p-HBZH it has been observed that the
initial rate in the absence of deuterated water is (7.79 + 0.02) x 107
M/s, while in the presence of D,0 vgp was (8.10 + 0.05) x 1077 M/s.
The vo/vgp ratio of 0.95, which indicates that the water molecule does
not influence in the oxidation reaction of R-BZH.

3.6. Products determination

The oxidation products were identified using 'H NMR in 25 experi-
ments carried out under kinetic conditions: [BZH] = 3.00 x 1073 M,
[[Fe(CN)6]*>71 = 1.20 x 107> M, I = 0.5 M, pH = 12.3, at 25 °C. The
reaction was stopped after 15 min, acidulated, and the organic products
were extracted with diethyl ether. The organic phase was dried with
magnesium sulfate, filtered, and then the solvent was evaporated. In
addition to benzaldehyde, the presence of benzoic acid was detected as
reaction product. The comparison of the 'H NMR spectrum obtained
from the liquid fraction vs. the 'H NMR spectrum of benzoic acid and
benzaldehyde are presented in the supporting information.

4. Discussion
To justify all the experimental results, a reaction mechanism is

proposed where the acid-base equilibria of the catalyst (8) and (9) were
considered.

Table 6

Percentages for each aldehydic hydration stage.
Compounds R-BZH HydR-BZH HydR-BZH™
p-NBZH 27.76 4.72 67.52
BZH 97.11 1.07 1.83
p-MoxBZH 99.23 0.61 0.16
p-HBZH 99.50 0.48 0.02

K,
[RuO.)*™ + OH™ = [RuO,(OH)|*~ (8)
K2 .
[RuO4(OH) "™ + OH™ = [RuO4(OH),|" 9)

In order to obtain the experimental reaction rate, the active catalyst
species must be [RuO4]2’ and [RuO4(OH)]3’. Moreover, the hydration
equilibria of the substrate R-BZH, (reactions (10) and (11)) has to be
considered. In basic medium, the ionic hydrated species can be oxidized
via equilibrium (11).

0 OH
H
/©)L +H,0 Ks /@%T—ﬁ (10)
R R

(R-BZH) (HydR-BZH)
Q
OH (@)
K H
@ﬁt on ~—= /©/i)\H (1)
R R
(HydR-BZH) (HydR-BZH)

Taking into account our experimental conditions and the equilibrium
constants given by McClelland et al. [19,20], the distribution of the
different species in the reaction mixture can be evaluated. The values of
Ks and K4 for each benzaldehyde derivative can be found in the sup-
porting information. As shown in Table 6, all studied benzaldehydes are
present in their carbonyl form except for p-nitrobenzaldehyde (p-NBZH),
which is in its anionic hydrated form.

The first active species of the catalyst, [Ru04]2’, forms the activated
complex [C;]13~ through reaction (12). This complex decomposes pro-
ducing the reduced catalyst species [Ru03(OH)]3’ and the corre-
sponding carboxylic acid.

9

O

OH' + Ruo> <foe &1 (12)
R ks
(HydR-BZH")

(0]

k OH

i —= d + [RuO(OH)* (13)
R
(P)

Moreover, the second active species of the catalyst, [RuO3(OH)]3’,
regenerates [Ru04]2’ by reaction with hexacyanoferrate(III) through
reactions (14)—-(16) [21].

[RuOs(OH) |~ + [Fe(CN)g | 5 [RuOs (OH)] + [Fe(CN), | (14)
[RuO5(OH) >~ + [Fe(CN)¢ | —[Ru05(OH) | + [Fe(CN)¢ |* (15)
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[RuOs(OH)|™ + OH™ —[Ru0,*~ + H,0 16)

The same reaction scheme is applicable to [Ru03(OH)]3* which
forms the activated complex [C2]4_ (see scheme 1). Scheme 1 depicts
both catalytic cycles and a proposal for the structure of the activated
complexes [C1]3’ and [C2]4’. For simplicity, both catalytic forms are
assumed to have the same reactivity. Therefore, the rate constant ks will
be equal to kg and successively (see on the supporting information) [22].
This simplification has been made using Hammond’s postulate, which
states that two species with similar energies during the course of a re-
action will have the same structure and similar reactivities [23,24].

Based on the proposed mechanism, the rate equation for the disap-

[ [Fe(CN)ﬁﬂ

2kskoks K {[Fe(CN)G} 3"} [R — BZH],[Ru(VD)],

Journal of Molecular Liquids 393 (2024) 123580

pearance of hexacyanoferrate(Ill) can be expressed according to equa-
tion (17).

HUPE(CNDIT] i rao (08 Fe(CN),

+ 2ky[[RuO; (OH), "] [Fe(CN)] "] an

At a fixed concentration of hydroxyl ions and at constant tempera-
ture, equation (17) can be rewritten as a function of the first active
catalyst species as shown in equation (18). In the supplementary mate-
rial, the complete deduction of the rate equation can be found.

dt

B ksksKa[R — BZH], + ks (ks + ko) KyKc[[Fe(CN) "] + kskyKy [[Fe(CN)ﬁf'}[R — BZH],

O oH O
\Ru/
O/ \OH
2[Fe(CN)g]*
(0] oH O z
%
O/ \OH
OH- o OH o
%
H20 O/ \O
OH"
H,0 \Ru /o
o/ \o
OH"
O\Ru /o
O/ \OH
2[Fe(CN)g]™= o\\\\Ru /o
7\

18

4-
o}
/©)\0H
R
(P)
OH OH r|*
o)
N/

1
@]

R
(HydR-BZH")

(S}

(P)

Scheme 1. Catalytic Cycle.
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Table 7

Obtained rate constant kg for the investigated aldehydes and the ¢ parameter.
Aldehyde ke (s™1) 6 [26]
p-NBZH 2.21 £ 0.03 0.78
BZH 0.85 + 0.01 0.00
p-MoxBZH (8.06 + 0.02) x 1072 —0.27
p-HBZH (9.73 £ 0.01) x 1073 —0.92

Experimental conditions: [Ru(VI)] = 3.00 x 107°M;1=0.5M; T = 25 °C; pH=
12.3.

1.0

0.54

BZH . p-NBZH
0.0 [ | 3

-054
-1.04 ™

- p-MoxBZH
-1.54

log(ker.sz+KeszH)

p-HBZH

254

T y T . T e T 5 T " T ¥ T L T ¢ T . T Y 1
-10 -08 -06 -04 -02 00 02 04 06 08 1.0
o

Fig. 3. Plot of Hammett equation for ke from Table 7.

Where Kj, Kp and K¢ are given by Egs. (19)-(21), respectively.

K =K|[OH] + 1 19
Kp = K;K[OH ] + K, [OH] + 1 (20
Kc = 1+K; +K;K,[OH ] 21)

Therefore, this theoretical rate equation (18) justifies the experi-
mental results of this work where it has been observed that the reaction
order with respect to the catalyst, in this case Ru(VI) is one, while the
reaction order with respect to [Fe(CN)6]3_ and the substrate changes
from one to zero.

Taking into account, the proposed mechanism as well as the obtained
results, the rate constant ke, which is related to the decomposition of
complex [C1]3’, was determined for each aldehyde (see Table 7). To
analyze the influence of the substituents on kg, the reactivity-structure
correlation was analyzed using Hammett equation (22) [25].

log (]M> =op (22)
kBZH

Table 7 shows the complex decomposition constant, ke, together
with the Hammett parameter ¢ [26]. In this table, it can be observed that
kg decreases as ¢ decreases.

Fig. 3 shows the Hammett plot given by equation (22). From the linear
regression of the data in Table 7, the obtained Hammett parameter p was
(1.43 £ 0.01). A positive p value implies that the generation of a
negative charge or the loss of a positive charge in the activated complex.
In other words, benzaldehyde derivatives with electron-donating sub-
stituents react more slowly than the parent benzaldehyde and much
slower than those with electron-withdrawing substituents.
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5. Conclusions

To deepen in the knowledge of the oxidation mechanisms, a
comprehensive kinetic study was conducted, focusing on the reactions
that involve hexacyanoferrate (III) as economical cooxidant, Ru(VI) as
catalyst, and benzaldehyde derivatives as organic substrates. This Ru
(VD)-catalyzed process has never been described in bibliography.

In this work, a non-linear relationship between the reaction rate and
the concentration of the oxidant and substrate was found implying a
complex partial reaction order. These orders change from one to zero
reaching a maximum constant initial rate. In contrast, the reaction order
with respect Ru(VI) is one. Radhakrishnamurti et al., who used Ru(IIl) as
catalyst, concluded that the reaction order with respect to the substrate
was also complex, however with respect to hexacyanoferrate(IlI) was
one [27]. A comparison of reaction rate values for the same experi-
mental conditions reveals that the values obtained in this work are
higher, indicating that Ru(IV) serves as a more efficient oxidant than Ru
(IID). Furthermore, Ru(III) is a one-electron oxidant [28] which leads to
the appearance of free radicals and therefore a greater amount of un-
wanted reaction byproducts. This fact does not occur in the case of Ru
(VI), making it a better catalyst.

The proposed mechanism for the Ru(VI)-catalyzed reaction of
benzaldehyde derivatives involves the formation of two activated
complexes between the anionic hydrated substrate species and the
active species of the catalyst. These complexes decompose to form
benzoic acid and Ru(IV). The formed Ru(IV) regenerates the active Ru
(VD) species. The role of hexacyanoferrate (III) is the regeneration of the
catalyst. The theoretical equation obtained from the reaction mecha-
nism, closely match the experimental rate equation, providing strong
evidence for the validity of the proposed mechanism.

The positive value of the Hammett parameter p implies that the
presence of electron-donating substituents in benzaldehyde derivatives
leads to slower reaction rates compared to benzaldehyde and those with
electron-withdrawing substituents. Thus, when deactivating groups are
placed in para position the decomposition of the complexes increases,
and the yield in benzoic acid increases too.

This study holds great significance in organic chemistry, particularly
for benzaldehyde derivatives, benzoic acid and their industrial appli-
cations. The combination of Ru(VI) catalyst and hexacyanoferrate(III) as
a cooxidant provide economic and environmental advantages, making it
an attractive option for various industries. On the other hand, must be
considered that Ru(VI) is very selective because it only oxidizes certain
organic bonds.

The knowledge of kinetics and mechanism in this oxidation process
opens new possibilities for developing more efficient and eco-friendly
oxidation methods, with potential implications in pharmaceuticals,
chemicals, and other fields that rely on oxidation reactions.
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