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KINETICS AND MECHANISM OF Ru(lIT)-CATALYSED
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IN ACID MEDIUM

Susas C PaTl and P Subas C PATRO

Department of Chemistry, Berhampur University, Berhampur 760 007, India

(Received 2 September 1986; Accepted 27 April 1987)

Kinetics and mechanism of Ru(IIl) catalysed oxidation of some unsaturated
acids like fumaric acid, maleic acid and acrylic acid by trichloroisocyanuric
acid (TCCA) have been studied in aq. acetic-perchloric acid medium. The
reaction exhibits unit dependence each in TCCA and Ru(Ill). Zero order
dependence in fumaric acid and maleic acid and fractional dependence in
case of acrylic acid have been observed. The reaction is independent of
acidity. Addition of Cl- has no effect on the reaction rate. Various
Arrhenius parameters have been evaluated.
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INTRODUCTION

Ox1pATION of unsaturated acids using various oxidants has received considerable
attention. Oxidation of unsaturated acids by various oxidants like Ce(IV),!
Mn(VII), 2’34 chlorate,5 bromateé and PIA? has already been reported. Literature
survey reveals that TCCA has not been utilised extensively in the oxidation of
organic substrates. Tn continuation to our work on TCCA®? with various organic
substrates we now report our results on Ru(Ill)-catalysed oxidation of unsaturated
acids by TCCA in order to throw light in the mechanistic pathways involved
in the system in the present communication.

EXPERIMENTAL

All solid substrates were of AnalaR (BDH) grade and used after recrystallisation.
Acrylic acid was of AnalaR (BDH) sample and used after redistillation.
Trichloroisocyanuric acid (TCCA) was of AnalaR (Fluka) grade. RuCl; (Johnson
Mathey Chemicals, London) solution was standardised by the method of Horiuchi
et al1® Standard iodometric procedure!! was adopted and the progress of the
reaction was monitored by withdrawing 5.0ml of the reaction mixture at regular
intervals of time and quenching into acidified potassium iodide solution. The
liberated iodine was titrated against standard thiosulphate solution using starch as
an indicator.
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Kinetic Measurements

All reactions were followed iodometrically upto 70 per cent and rate constants
were calculated from the linear plots of log titre versus time. Duplicate kinetic
runs showed that the rates were reproducible to within — 5 per cent error.

RESULTS

The kinetics of Ru(IlI)-catalysed oxidation of unsaturated acids by trichloroiso-
cyanuric acid (TCCA) exhibits first order pattern upto 70 per cent. The rate
constants were calculated from the linear plots of log titre versus time.

Effect of Change in [TCCA] on the Reaction Rate

The effect of TCCA on the reaction rate was studied by changing the initial
[TCCA). The plots of log titre versus time (Fig. 1), for individual runs were linear.
The fair constancy in the rates in the range studied indicates a unit dependence of
[TCCA}, (Table I).

Effect of Change in [Substrate] on the Reaction Rate

The effect of change in [S] on the reaction kinetics was determined by varying
{S] in the range studied. The kops for all [S] was found to be almost constant
(Table II). However, in case of acrylic acid there is slight increase in kb, on
increasing [S.

Effect of Acidity

The reaction was carried out by changing the initial [H*] and the rate is
unaffected by increasing [H*]. This means that the reaction rate is independent
of acidity (Table III).

TapLE I
Effect of varying [TCCA] on the reaction rate
[S1 = 0.0005M, [HCIO,] = 0.01M, Solvent = 30 per cent HOAc (v/v),

[Ru (II)] = 6.12 x 10°M, Temp. = 35 °C.
Substrate 10 x [TCCAM 10* x k, sec™?
Fumaric acid 2.0 2.80
4.32 2.44
11.0 2.10
20.0 1.28
Maleic aicd 2.5 3.07
52 2.32
10.7 1.56
20.9 1.36
Acrylic acid 2.5 4.60
4.6 2.75
10.7 1.95

17.5 0.99
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TABLE I(A)

Effect of varying {TCCA]J on the reaction rate in the absence of NaClO,
[S] = 0.0005M, [HC10,] = 0.01M, Solvent = 30 per cent HOAc (v/v),

[Ru(IT)] = 6.12 X 10-°M, Temp. = 35 °C.
Substrate 10* x [TCCAIM 10* x k, sec™!
Maleic acid 2.5 3.07
5.2 2.32
10.7 1.56
20.9 1.36

Effect of varying [TCCA] on the reaction rate in the presence of NaClO,
[S] = 0.0005M, [HCIO,] = 0.01M, Solvent = 30 per cent HOAc (v/v),

[Ru(IID)] = 6.12 x 10*M, [NaClQ,] = 0.05M, Temp. = 35 °C.
Substrate 10* x [TCCAM 10* x k, sec™?
Maleic acid 3.08 2.04
5.38 1.70
10.50 1.40
TABLE I

Effect of varying [substrate] on the reaction rate
[TCCA] = 0.0005M, [HCIO,] = 0.01M, Solvent = 30 per cent HOAc (v/v),

[Ru(lID] = 6.12 x 10-*M, Temp. = 35 °C.
Substrate 10* x [SIM 104 X k, sec™!

Fumaric acid 5.0 2.4
50.0 2.50

100.0 2.52

200.0 2.52

400.0 245

Maleic acid 5.0 2.32
50.0 2.63

100.0 2.51

400.0 2.08

Acrylic acid 5.0 2.75
20.0 3.37

50.0 4.51

100.0 5.38

Effect of Change in [Ru(IIT)]

The effect of Ru(11I)-catalyst was studied at different [Ru(II)). Increase in
{Ru(Ill)] increases the reaction rate (Table 1V). The plots oflog kops vs. log
{Ru(II)] are linear with unit slopes (Fig. 2) confirming the unit dependence of
[Ru(III)] on the reaction rate,
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Fig. 1 log titre vs Time.
5] = 50 x 10*M [H+*] = 1.0 x 10—*M
[TCCA[ =50 x 10°*M HOAc = 30 per cent (V/v)
[Ru(III)] = 6.12 X 10-°*M Temp. = 35°C.
TABLE X
Effect of varying [HCIO,] on the reaction rate
{S] = 0.0005M, [TCCA] = 0.0005M, Solvent = 30 per cent HOAC (v/v),
[Rv(IID] = 6.12 x 10—°M, Temp. = 35°C.

Substrate - 10* x [HCIO,M 10* x k¢ sec™?

Fumaric acid 0.25 2.44
0.5 2.59

1.0 2.44

5.0 2.52

10.0 2.52

Maleic acid 0.2 2.23
0.5 2.33

1.0 2.32

5.0 1.57

Acrylic acid 0.2 248
1.0 2.75

5.0 2.90

10.0 2.95

Role of Solvent

In order to find out the role of solvent composition on the reaction rate, the
reaction was carried out at various solvent (HOAC-H;0) compositions. The kqns
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Fig. 2 log k, vs log [Ru(ID)].
[S] =50 x 10*M HOAC = 30 per cent (v/v)
{01 =50 x 10°'M Temp. = 35°C
{H+] = 1.0 x 10*M
TABLE 1V

Effect of varying [Ru(III)] on the reaction rate
[S] = 0.0005M, [TCCA] = 0.0005M, Solvent = 30 per cent HOAc (v/v),

[HCIO,] = 0.01M, Temp. = 35°C.
Substrate " 10* x [Ru(IID]M 10* X k, sec™?

Fumaric acid 6.12 2.44
9.18 3.72

12.24 5.23

18.36 1.57

24.48 10.39

Maleic acid 6.12 2.32
12.24 432

18.36 6.19

24.48 8.08

Acrylic acid 6.12 2,75
12.24 5.11

18.36 7.96

24.48 10.47

(Table V) indicates that the reaction rate is not sensitive to the change in dielectric
constant of the medium.
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Effect of [Cl-]

In order to investigate the role of added chloride ion to the system, the
reaction was carried out at different [Cl-] and the relative rates (Table VI) show
that the reaction rate is not affected by the change in [CI-]. This may be due to

the reason that HOCI is more active as an oxidant than molecular chlorine for
these olefinic systems.

Effect of Temperature

In order to investigate the effect of temperature and to evaluate the various
activation parameters, the reaction has been carried out at various temperature
(308 °K to 323 °K). Plots of log ko vs 1/T are found to be linear. The rate

TABLE V
Effect of varying percentage of acetic on the reuction rate

[S1 = 0.0005M, [TCCA] = 0.0005 M, [Ru(IID)] = 6.12 x 10—*M,

[HCIO,] = 0.01M, Temp. = 35°C.
Substrate 10* x ky sec™!
20%, 30% 40%; 50%
Fumaric acid 2.65 2.44 2.68 2.23
Maleic acid 2.55 2.32 2.25 2.09
Acrylic acid 2.45 2.75 2.56 2.40
TABLE VI

Effect of varying |KCI] on the reaction rate
[S] = 0.0005M, [TCCA] = 0.0005M, [Ru(Ill)] = 6.12 x 10~°M,

[HCIO,] = 0.01M, Solvent = 30 per cent HOAc (v/v) Temp. = 35°C.
Substrate 10®* x [KCIIM 10* x k, sec!

Fumaric acid 0.0 2.44
0.5 2.50

2.5 2.55

5.0 2.55

10.0 2.60

Maleic acid 0.0 2.32
0.5 2.33

10,0 2.39

50.0 2.59

100.0 2.85

Acrylic acid 0.0 2.75
5.0 3.26

10.0 3.20

50.0 3.29

100.0 3.12
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constants at different temperature are given in Table VII. The computed values
of various activation parameters have been recorded in Table VII. The plots of
logioA vs 14/Eas well as AH” ys AS™ area Iso linear. The lower logiA values
indicate that the rate is much lower than the calculated one from collision theory.
This shows that at least one of the following factors is at work :

(1) Endothermic formation of a complex prior to the reaction proper.

(2) The necessity for the ionisation of either or both of the reactants.

(3) Deactivation by solvent molecules.

(4) Stringent conditions of orientation or of internal phase of the reacting

molecules at the moment of impact.
(5) The existence of strong forces of repulsion.

TaBLE VII
Effect of varying temperature on the reaction rate

1.5] = 0.0005M, [O] = 0.0005M, [Ru(IIl)] = 6.12 x 10—°M,
[HCIO,] = 0(01M, Solvent = 30 per cent HOAc (v/v)

Substrate 10% x k, sec™?
35°C 40 °C 45 °C 50 °C
Fumaric acid 2.44 3.14 5.26 1.57
Maleic acid 2.33 2.79 3.10 4.38
Acrylic acid 2.75 3.57 4.60 6.77

Arrhenius activation parameters

Substrate E, AH#* —AS#
k J mol™? k J mol—? J k7! mol-? log,o A
Furmaric acid 60.5 56.6 130.5 6.4
Maleic acid 35.6 33.1 207.6 2.4
Acrylic acid 45.2 42.6 175.3 41
DiscussioN

The order with respect to TCCA in the Ru(III)-catalysed oxidation of unsaturated
acids is unity. However, an increase in [TCCA], results in a slight decrease in kobs
values, but the plots of log titre vs. time were perfectly linear. Such an observation
has been reported in the case of permanganate oxidation of unsaturated acids.23
The rates observed on changing of initial substrate concentration [S] indicate that
the order with respect to [S] in case of fumaric acid and maleic acid is zero. But in
the case of acrylic acid an increase in rate with an increase in [S] has been obser-
ved and this is attributed to fractional dependence of the substrate. The observed
zero order dependence in substrate and the unit dependence in Ru(IIl) -catalyst
establishes the formation of a rigid complex between the substrate and the
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catalyst. The formation of such a rigid complex is well supported by the observed
high negative entropy values. The complex once formed reacts with the oxidizing
species in a rate determining step to give products.

Cl H
[ . !

— /N\ — h O:C/ \CZO
0—? l— +H20 " 1—’ —L r!‘__Cl +HOCl
CI—N\C/N—CK cl \ﬁ/

! o
{TCCA) Scheme 1 {DCCAI
K,
Ru(Il +§ = C
K,
C; + HOCl = C;
ke
(0} -+ Product
Rate = k4 C;
C - K; C, [HOC]]
2 T T+ KCG [HOA]
c, — K RudDIS]
a+ k2 [S1)
KK, [Ru(I11)} [S] [HOC]]
C, — (A + K2 [S])
2 = 1 4 KK [Ru(IID] [S][HOCI]
(1 +K2[S])

K:Kz [Ru(iID)] [S] [HOCI]
(I + K2[S]) + K3Kz [Ru(IID)] [S] [HOCI

keR;K3 [Ru(lID)] [S] [HOCI]
Rate = G =% 157) T K>K; Ru(iiD] [5T[HOCT (1)

Kn, [TCCAlr
(DCCA ¥ Kny)

[HOC]) =

Substituting for [HOC]] in eqn. 1, the rate becomes,

keK3K; [Ru(IID)] [S] K», [TCCAr
= (DCCA 4 K»,)
1+ K [5] + Dok [Itlll)(gg}\[i IIK(: )[TCCA]T

_ ks K3 Kz [Ru(IID)] [S] K», [TCCA]r )
= (DCCA ¥ k) (i + Ka[S]) + KKz [Ru(IID)] [ST[TCCAJr Ky
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Assuming DCCA term in the denominator to be negligible, eqn. (2) becomes,

_ K kKK [Ru(IID] [S] [TCCAlr
= En(1 + K2 [S]) + Kn:KsK, [Ru(IID) [S] [TCCAIr

The above rate law explains all the kinetic orders observed.

In Case of Scheme 2

Assuming the involvement of Ru(V)7’12 as an active species a separate scheme
has been derived where Ru(V) complexes with the substrate. The complex breaks
in a fast step to give the product. Radhakrishnamurti et al6 have observed
similar results in case of Ru(Ill)-catalysed oxidation of unsaturated acids by
bromate.

3 'r
o=f’N\c=u _Kﬂ__. omc” Nc=0
a—n_ _t—a T E -t _h—ct THOY
~
N\ﬁ/ (|:|
0 ¢}
Scheme 2
(TCCA) (DCCA)

K/
Ru(IlT) 4- HOCl v Ru(V)

K’y
Ru(V) 4 S « Complex

Complex -k; Product
Rate = k’; [Complex]
= k'y K'3 [Ru(V) [S]
= k's K’s K’y [Ru (III)] [HOCI] [S]
[Ru(Ill)]r = [Ru(lI)] + Complex
= [Ru(lI)] + K3 [Ru(V)] [S]
= [Ru(IIl)] + K’; K’; [Ru(IIl)] [HOCI] [S]
= [Ru(lll] (1 + K’s X"z [HOCI] [S])
. [RudID]r
~ (1+ K5 K, [HOCI[S])

k's K's K’; [Ru(IID]z |HOCI] |S] -
(1 + KK 2 [HOCT [3])

K», [TCCAlr
(IDCCAT + K1)

[Ru(IID)]

Rate =

But, [HOC]] =
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Substituting for [HOCI] in the eqn. (3) the rate becomes,

K's K's K3 [Ru(IID)]r [S] Kay [TCCA]r

(IDCCA] + K», )

K3 K'2[S] K»; [TCCAlr
([DCCA] + Kn, )

K4 K's K’ Kny [Ru(IID]r [S] [TCCA]r .
=~ ([DCCA] + K», ) + K3 K2 [S) K»; [ICCAlr - (4)

Assuming [DCCA] term in the denominator to be negligible, eqn. (4), becomes,

k's K'3 K'3 Kny [Ru(II)]r [TCCAlr [S]
(Kr, + K3 K2 Kn; [TCCATr [S])

The above rate law explains all the kinetic orders obrerved.

In all the casses the final product is formic acid.
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