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Mechanistic Aspects of Ru(III) Catalyzed Oxidation of
Cyclopentanol by Chloramine-T in Acidic Medium
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The kinetics of Ru(IlIl) catalyzed oxidation of cyclopentanol by
chloramine-T has been investigated in acidic medium. The reaction
shows first order kinetics with respect to cyclopentanol, chloramine-
T, H* and Ru(lIl). There is insignificant effect of ionic strength,
PTS and KCl on the reaction rate. The dielectric constant of the
medium has positive effect. Elevation of temperature increases the
rate of reaction in oxidation of cyclopentanol. A mechanism con-
sistent with the above kinetic results has been suggested.
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INTRODUCTION

Less widely used but potent oxidant chloramine-T with high redox patential
(Eeq = 1.138 V at pH 0.65) has been used in kinetic studies involving it as an
oxidant both in acidic as well as in alkaline media'™. Catalyzed oxidation of
cycloalcohols is reported in a few papers® > but Ru(Ill) catalyzed oxidation of
cyclopentanol by chloramine-T has not been reported till today. Thus the use of
catalytic amount of ruthenium(III) chloride®’ prompted us to investigate the
kinetics and mechanism of ruthenium(III) catalyzed oxidation of cyclopentanol
by chloramine-T.

EXPERIMENTAL

All chemicals were of AR grade and doubly distilled water was used
throughout. The stock solution of chloramine-T (CAT) (E. Merk) was prepared
by dissolving its weighed amount in doubly distilled water and its strength was
checked by estimating it iodometrically using starch as indicator. Ruthenium(III)
chloride (Johnson Matthey) solution was prepared by dissolving the sample in
hydrochloric acid of known strength®.

All the kinetic measurements were carried out at constant temperature
(£ 0.1°C). The reaction was initiated by rapid addition of chloramine-T (CAT) to
the reaction mixture, containing appropriate quantities of cyclopentanol, perchlo-
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ric acid, Ru(IIl) chloride and water and mixing them by vigorous shaking. The
progress of the reaction was monitored by estimating the amount of unconsumed
CAT at regular time intervals iodometrically.

RESULTS AND DISCUSSION

The kinetics of cyclopentanol was investigated at several initial concentrations
of the reactants (Table-1). First order dependence in CAT was followed at all
initial concentrations of CAT. The order in substrate (cyclopentanol) computed
from the slope of log k; us. log [substrate] (Fig. 1) was found to be approximately
one. This established that the reaction follows first order kinetics with respect to
cyclopentanol. The rate of reaction was found to be highly influenced by [Ru(III)].
It was observed that with increasing [Ru(Ill)] the first order rate constant
increased linearly (Table-1) which proves first order dependence on [Ru(III)].
From the plot of —dc/dt vs [H'] it is clear that the reaction is also first order with
respect to [H'].

TABLE-1

EFFECT OF VARIATICN OF [H'], [CAT], CYCLOPENTANOL
AND CATALYST ON REACTION RATE CONSTANT, AT

T =35°C, KCl = 5.00 x 102 mol dm™
[Cyclopentanol] x 10> [CAT]x 10° [HCIO4] x 10? [Ru(lI)] x 10° [~dc/dt] x 107 ki x 10*

(mol dm™) (moldm™) (moldm™) (moldm™) (moldm™) ™)
5.00 0.80 125 2.64 2.40 3.64
5.00 1.00 1.25 2.64 2.90 370
5.00 1.32 1.25 2.64 4.15 3.67
5.00 2.00 1.25 2.64 6.40 3.64
5.00 2.80 1.25 2.64 9.18 3.67
5.00 4.00 1.25 2.64 13.50 3.62
330 1.00 1.25 2.64 2.00 2.56
2.00 1.00 1.25 2.64 1.25 1.60
1.50 1.00 1.25 2.64 0.88 112
1.00 1.00 1.25 2.64 0.60 0.77
0.50 1.00 1.25 2.64 0.32 041
5.00 1.00 1.25 0.66 0.72 092
5.00 100 . 125 132 1.40 1.78
5.00 1.00 1.25 1.98 2.10 2.68
5.00 1.00 1.25 330 3.58 456
5.00 1.00 1.00 3.96 426 542
5.00 1.00 1.00 2.64 232 295
5.00 1.00 1.60 2.64 372 474
5.00 1.00 2.00 2.64 4.64 591
5.00 1.00 3.00 2.64 6.92 8.82

5.00 1.00 4.50 2.64 10.41 13.26
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Fig. I: Plot of k; vs. [cyclopentanol] at 35°C)
1.25x 1072 mol dm™, [CAT] = 1.00x 107> mol dm™
2.64 x 107 mol dm™ [KCI] = 5.00x 1072 mol dm™

[HCIO,]
[Ru(II)!

It is also seen that on variation of ionic strength, p-toluene sulphamide (PTS)
and KClI the rate of reaction does not change (Table-2), showing negligible effect
of these.

Stoichiometry and Product Analysis

The reaction mixture containing a known excess of [chloramine-T] over
[cyclopentanol] was kept in the presence of HC1O4 and ruthenium(III) at 35°C
for 72 h. Estimation of the unreacted chloramine-T showed that one mole of
cyclopentanol consumes one mole of chloramine-T. The presence of correspond-
ing cycloketones was confirmed by spot tests and also through
dinitrophynylhydrazine (DNP) derivatives’.

‘szCHz Ru(IlyH* (szCH b e
CHOH + RNNaCl ———, Z>co +RNH, + Na* + Cl
CH,CH;, CH,CH;
R = P'CH3C6H4802.

Mechanism

The reactive species of chloramine-T in acidic medium is given by considering
the dissociation of chloramine-T as'® !!

RNCINa = RNCI™ + Na*
(CAT) (CAT™Y
where R = CH;C¢H,SO»
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TABLE-2
EFFECT OF IONIC STRENGTH, CHLORIDE ION, PTS AND TEMPERATURE.
CAT =2.80x10">mol dm™, [Cyclopentanol] = 5.00 x 107 mol dm™
[HCIO4] = 1.25 x 1072 mol dm™>, [Ru(IN)] = 2.64 x 10 mol dm™
Temp. 1°“‘°:'§%%g‘h [KCx 102 [PTS]x 1(3)3 k; X l107
©°C) ( n“‘ol am) (mol dm™>) (mol dm™3) ™
35°C 625 0.00 0.00 367
8.25 0.00 0.00 348
11.25 0.00 0.00 3.60
15.25 0.00 0.00 . 358
20.25 0.00 0.00 3.70
25.25 0.00 0.00 3.62
35°C 625 0.00 1.00 3.00
625 0.00 2.00 3.12
625 0.00 3.00 3.08
625 0.00 4.00 292
625 0.00 5.00 301
35°C 6.25 1.00 0.00 3.70
625 2.00 0.00 3.67
625 3.00 0.00 372
625 14,00 0.00 363
6.25 6.00 0.00 362
30°C 625 0.00 0.00 2.46
40°C 625 0.00 0.00 520
45°C 625 0.00 0.00 7.86
TABLE-3
THERMODYNAMIC PARAMETERS
Ea AH* As* AG*
(kJ mol™!) log A (kJ mol ™) (UK ' mol™) (kJ mol™!)
64.28 7.46 61.72 2526 69.50

In acidic medium, CAT™~ would take up the proton to form RNHCI as given
below:

RNCI™ + H' === RNHCI
(CATY) (CAT)
In addition to above, i.e., CAT a part of CAT" is also expected to form
dichlorosulphonamide ( DCS) and free p-toluene sulphonamide (PTS) as

2CAT" + 2H* === RNCl, + RNH,
(DCS) (PTS)
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Following equilibrium may also exit in acidic media.

2RNHCIl == RNCl, + RNH,
(CAT) (DCS)  (PTS)

RNCl, + H,0 = RNHCI + HOCI
RNHCI + H,0 = RNH, + HOC

Thus in the acidified solution of chloramine-T, the possible oxidizing species
are RNHCI, RNCl,, HOCI and CAT as such. If RNCl, were to be reactive species,
the rate law would require second order dependence on CAT, which is contrary
to the experimental observation. If HOCI were to be reactive species, a first order
retardation of the rate by added PTS would be expected which is again contrary
to the observed zero effect. Further if RNHCI were to be reactive species then
fractional order with respect to PTS would be required which is also contrary to
observed zero effect of PTS. Hence in view of above description CAT itself may
be taken as real reactive species of chloramine-T. Sometimes CAT ™ is also taken
as reactive species with CAT.

The following steps are suggested for the oxidation of cyclopentanol under the
experimental conditions. Here S stands for cyclopentanol and (CAT ") has been
used for CAT as CAT exists in solution as (CAT ).

k;
S+H = SH' @i)
k.,
k;
[RuClg)* + SH' == (, (ii)
k_, Complex
kd
(CAT") + C; ——— > [RuCIgH)*™ + Product (iii)
slow and rate
determining step
§ Fast
[RuClHJ*™ + (CAT") =, [RuClg]*™ + PTS + HOBr (iv)

where (CAT") represents CH;C¢H,SO,NCI". The rate of the reaction may be
determined in term of rate of loss of [CAT] as given below:

-AEH -k [eaTICy M

On applying steady state approximation to [C;] we have from steps (ii) and
(iii),
_dIcy]

@ 0 =k, [RuClg]*” [SH*] - k_, [C,] - k4[CAT][C,]

or [C,1(k_, + k[CAT]) = k,[RuClg]*” [SH']

_ ky[RuClg)*” [SH']
ko, +ky[CAT]

(Ci] @
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On comparing equations (1) and (2), we have v
_ d[CAT] _ kekyRuClgJ* [SH')[CAT']
dt k_, + k4[CAT™]

Again applying steady state approximation to {SH'] we have from steps (i)
and (u) as given below:

3

d[iH l_0=k J[SIH'] - k_, [SH'] -k, [SH*][RuCIGP'
' k;[SI[H']
H = — °
o [S ] k—l + k2[RUC|6]3- (4)
By comparing egns. (3) and (4), we have
_dICAT] _ _kikoky[S] [CAT J[RuClg]* e )
dt (k_; + k[RuClg]*)(k_, + k[CAT 1y
On assuming k_, > kq[CAT] and k_; > k,[RuCl¢]>” we have
_ dICAT] _ kikokg[CAT J[SI[H'J{RuCl}*” ©
dt (k- (k=)
Since, [CAT ] = [CAT],
- LA g K CATISIH IRUCI ™
here K, = L] dK,= L3
where K, = K an z_k_2'

The rate law (7) explains first order dependence on chlromine-T, cyclo-
pentanol, medium (H') and Ru(III). From the above rate law, it is also clear that
there is no effect of p-toluene sulphonamide (PTS) and KCl.
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