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Kinetics of Ru(III) chloride catalysed oxidation of chalcone and some substituted chalcones by acid bromate have
been studied in acetic acid-sulphuric acid medium in the temperature range 303-318 K. The reaction is first order each
in [chalcone] and [Ru(III)] and zero order each in [H +] and [BrO.)]. The rate increases with increase in the percentage of
acetic acid and the plot of log ko versus liD is linear with a positive slope indicating the positive ion-dipole nature of
the reaction. The order of reactivities of various substituted chalcones with substituents in phenyl ring is: p-CH) > mCH3 > H > p-Cl > m-N02 > p-N02• A radical mechanism involving the chalcone and Ru(III) in the slow step followed
by oxidation of Ru(II) by BrO) to Ru(III) in the fast step is proposed.

The use of transition metal ions, viz. Os(Vllf),
Ru(III), Ru(VIII) and Ir(III) either alone or as homogeneous catalysts in the oxidation of several organic compounds by various oxidants is of recent interest. The mechanism of catalysis depends upon the
nature of the substrate, oxidant and other experimental conditions. Most of Os(VIJl)/Ru(III) catalysed oxidations follow a two-electron path except
in few cases 1 •
We have recently reported the oxidation of phenyl
styryl ketone (PSK) by acid bromate and proposed
an ionic mechanism/. Addition of traces of Ru(III)
to PSK-bromate system increased the rate considerably and the catalysed reaction gave a positive test
for free radicals in contrast to the uncatalysed one.
This change of mechanism from ionic to radical
prompted us to investigate thoroughly the kinetics
of Ru(III)-catalysed oxidation of PSKs by acid
bromate.
Materials and Methods
Acetic acid was purified and used. PSKs were prepared by standard methods". Ruthenium(III) chloride solution was prepared from RuCl3 (Johnson
Mathew) is per standard procedurev'. All the reactions were carried out under pseudo-first order conditions using ten-fold excess of substrate over the
oxidant and the reactions were carried out in aqueous acetic acid-sulphuric acid medium. The progress of the reaction was followed by estimating unreacted bromate iodometrically at regular time intervals. Mercuric acetate was added to the reaction
to prevent the formation of bromine. The oxidation
products were identified as benzoic acid and phenylacetaldehyde",
36

Results
The results of the catalysed reaction under the
conditions where the uncatalysed reaction is negligible can be summarised as follows:
(i) The reaction was zero order in [BrOi] as revealed by the linear' plots of [BrOi] versus time.
This was further confirmed by repeating it at different [BrOi]. The plots in this case were all parallel
(Fig.lA).
(ii) The plot of log ko versus log [PSK] was linear
with unit slope indicating first order dependence on
[PSK] (Fig. IB). This was found to be true for all the
substrates. Further the values k 1 ( = ko/[S]) were almost identical confirming the first order dependence in [substrate].
(iii) The plot of II ko versus I/[PSK] was linear
with no intercept on Y-axis indicating no complex
formation or formation of highly unstable complex
involving PSK (Fig. ID).
(iv) The reaction rate increased considerably in
the presence of Ru (III). For instance, under the conditions: [BrOi] = 3.20 x 10 - 3 mol dm - 3; [Ru (III)]
= 4.00 x 10-6 mol dm-3; [PSK] = 3.20 x 10-2 mol
dm-3; [H2S04] = 0.5 mol dm >'; [HgfO'Ac), == 0.01
mol dm" '; [HOAc] = 60.0% (v/v); temp. = 303 K,
the rates for uncatalysed (calculated by the extrapolation of the linear plot of - d[BrOi]/ dt versus
[Ru(lll)]) and Rutlll) catalysed reactions were
1.50 x 10-8 mol dm -3 min-I and 31.2 x 10-8 mol
dm -3 min -I respectively. The order in [Ru(III)] was
unity as revealed by the slope of the linear plot of log
ko versus log [Ru(lll)] (Fig. l C), The reciprocal plot
of II ko versus lIIRu(III)] was also linear passing
through the origin.
(v) The order in [H +], changed from two in the
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Fig. I-(A) Plot of log ko versus log [Br03] ([PSK] = 3.10 x 10-2 mol dm ":'; [Ru(III)] = 4.00 x 10-6 mol dm ":'; [H2S04] = 0.50 mol
dm-3; [HOAc] = 80% (v/v); [Bg(OAch] = 0.10 mol dm-3; temp. = 303 K). (B) Plot of log ko versus log [PSK] ([PSK] = 1.80 x 10-2
to 5.40 X 10-2 mol dm -3; Other conditions are same as in IA). (C) Plot of log ko versus log [Ru(III)] ([Ru(III)] = 2.00 x 10-6 to
14.00 X 10-6 mol dm-3) and (D) Plot of 1/ ko versus l/[PSK].

uncatalysed reaction to zero in the catalysed reaction. For example,
under
the conditions:
[BrOi] = 0.003 mol dm-3, [PSK]=0.03 mol dm-3,
[Ru(III)] = 3.5 x 10-6 mol dm-3, [Hg(OAc)2] = 0.10
mol dm-3, solvent = 60% (v/v) and temp.=303 K,
k, x 103 remained constant at 1.05 ± 0.05 min - I
when [H +] was changed from 0.3 to 1.2 mol dm - 3.
(vi) The first order rate constants (k1 x 105) in 50,
60, 70 and 80% aq. acetic acid were 0.499, 0.771,
0.987 and 1.750 respectively. A plot oflog k, versus
liD was linear with a positive slope indicating positive ion-dipole nature of the reaction 7. Similar trend
was observed in the uncatalysed reaction also.
(vii) The values of first order rate constants were
same at different concentrations of KCI (0.001 to
0.005 mol dm-3) and NaCl04 (0.025 to 0.10 mol
dm-3).
(viii) Polymerisation was observed when acrylonitrile was added to the reaction system indicating the
presence of free radicals. Polymerisation experiments were conducted with acrylonitrile as the
monomer in presence of (a) Ru(III)-PSK, (b) Br(V)PSK, (c) Br(V). alone, (d) Ru(III) alone, and (e)

BrOi -Ru(III)-PSK systems, It was observed that
polymerisation of acrylonitrile occured only in the
case of Ru(III)-PSK and BrOi -Ru(III)-PSK systems
indicating the presence of radicals in these systems.
Discussion
Mechanism of rate law
The first order dependence each in [Ru(III)] and
[PSK] and zero order dependence each in [BrOi]
and [H +] indicate that the rate-determining step involves attack on PSK by Ru(III). The reciprocal
plots of 1I ko versus 1I [PSK] or 1I ko versus
1/[Ru(III)] are linear without any intercept on 1/ ko
axis indicating that neither PSK nor Ru (III) is involved in any sort of complex formation. Even if
complex formation were there, the complex formed
was expected to be highly unstable. The zero order
dependence of rate on [BrOi], indicates that it is
Ru (III) that attacks the PSK molecule in the rate-determining step. There are two reaction sites in PSK
molecule, i.e. > C = C < and > C = O. Ruthenium(III) is known to attack both > C = C < and
> C = 0 (ref. 8). However, when these two groups
.17
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Table 1- Effect of Substituents in Both the Rings of
PSK on Rate of Oxidation
[Br03] = 0.003 mol dm-3; [PSK] = 0.02 mol drn ":':
[Ru(III)] = 4.00 x 10-6 mol dm-3; [HOAc] = 80.0% (v/v);
temp. = 302K
Substrate

k, x 105

Substrate

(min-I)
PSK
*3-CH3 PSK
*3-N02 PSK

1.52
3.26
0.305

"Substituents in acetophe~one

3-CH3 PSK
3-N02 PSK

k,

X

105

(min-I)

2.52
0.450

ring.

1989

Table 2-Activation Parameters for Ru(Ill)-catalysed
Oxidation of PSKs by Acid Bromate
[Br03] = 0.003 mol dm-3; [PSK] = 0.020 mol dm":
[Ru(III)] = 4.02 x 10-6 mol dm -3; [HOAc] = 80.0% (v/v);
temp.
Substrate

38

309 K; [H2S04]
Eexp

= 0.500

/!"H'

mol dm - 3

/!"G'

/!"S'
(JKdeg-l)

76.6
76.8
77.1
78.2
78.5
79.8
80.9

-119.7
-102.6
-91.3
-42.0
-37.9
31.0
42.4

(min-I)
(kl mol-I)
2.90
2.62
2.32
1.56
1.37
0.890
0.525

P-CH3
m-CH3
H
p-C1
m-CI
m-NOz
p-NOz

are present together in a molecule especially in conjugation, it is not known which group is attacked
preferentially. This point is resolved by studying the
effect of substituents on the rate in both the phenyl
rings of PSK. The effect of substituents in acetophenone moiety on rate is found to be more pronounced than that of substituents in benzaldehyde
ring (Table 1). One reason for this could be the
proximity of the substituents in acetophenone ring
to reaction site, viz. > C = O. If the attack is at
> C = C <, a reverse trend should have been observed. This clearly shows that > C = 0 is the site of
attack. This point is further confirmed by the formation of C6H5COOH and C6H5CH2CHO as products of oxidation. The other point of interest is to
determine the nature of reactive species of Ru(III)
chloride. Ruthenium(III) chloride exists in various
forms in dilute HCI and it becomes exceedingly difficult to decide which species is involved in the ratedeterming step. Connick and Fine? on the basis of
spectroscopic data showed the existence of the following species of Ru(III) in aqueous solution:
[RU(Cl)5H20j2-, [Ru(CI)4(H20)2t, [RuCI3(H20)3]'
[RUC!2(H20 )4] + and [Ru(H20 )6P+. Of all these species only [Ru(H20)6P+ is present in large proportion and is probably the reactive species 10.
Based on the above experimental observations
the probable mechanism is given in Scheme 1.
The change-over of mechanism from ionic in uncatalysed reaction to free radical in the catalysed
reaction is supported by the following evidences:
(i) The p-value for the uncatalysed reactiopn is
-1.10 while in Ru(III) catalysed reaction it is
-0.60.
(ii) Addition of a vinyl monomer induces polymerisation in the Ru (III) catalysed reaction.
(iii) The rate of reaction is independent of [H +]
and [BrO;] in Ru(III) catalysed reaction unlike the
uncatalysed reaction.
(iv) No induction period is observed at different
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422
47.7
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67.8
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Scheme 1

[bromate] indicating oxidation of Ru(lII) by Br(V) to
Ru(V), and Ru(V) thus oxidising chalcone in the
slow step following the same kinetics is ruled out.
The rate law for Scheme 1 can be written as
- d[Br03]! dt

=

kH[PSK][Ru(III)]

which explains well all the observed experimental
results.
The effect of substituent on rate was studied by
taking chalcone and six substituted chalcones and
the reactivities followed the order: P-CH3> mCH3 > H > p-Cl > m-Cl> m-N02 > p-N02 (Table
2). From this it is clear that electron releasing groups
increase the rate and vice versa.
Activation parameters for all the reaction are recorded in Table 2. The results show that the reactions having the highest rates have the lowest activation energy and vice versa suggesting that the reactions are enthalpy-controlled. Constancy in 1'1 G'
values for all the PSKs studied indicate that prob-
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ably a similar mechanism is operative in all the
cases.
References
1 Radhakrishnamurti P S & Pati S N, Indian] Chern,
(1980) 980.
2 Narasimha Char P, Sondu S, Sethuram B & Navaneeth
T, Indian] Chern, 26A (1987) 749.
3 Kohler E P, Organic synthesis, Col. Vol. I edited by H
man & A H Blatt (John Wiley, New York) 1956,78.
4 Houriuchi, Yoshizo, Ichijyo & Osarnu, Chem Abst,
(1970) 50624.

19A
Rao
Gil72

5 Radhakrishnamurti P S & Sarangi L D, Indian] Chern, 19A
(1980) 1124.
6 Sondu S, Sethuram B & Navaneeth Rao T, Indian] Chern,
19A (1980) 880.
7 Venkatasubramanian N,] Sci Ind Res, 20B (1961) 541.
8 Lee D G & Vanden Engh M, Oxidation in organic chemistry
(Part B) edited by S Walter and Trahenovsky (Academic
Press, New York) Chap. IV, pp 183 (1973).
9 ConnickDA&
FineF A,] Am chem Soc, 82 (1960) 4187.
10 ConnickDA&FineF

A,JAmchemSoc,

83 (1963) 3414.

11 PeterR Wells, Chem Rev, 63 (1963) 171.

39

