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Mechanism of Ru(III) Catalysis in Oxidation of Levulinic Acid
by Acidic Solution of N-Bromobenzamide
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Kinetic data observed in Ru(III) catalysed oxidation of levulinic
acid (LA) by N-bromobenzamide (NBB) in perchloric acid in the
presence of mercuric acetate as Br- scavenger have been reported.
The reaction shows first order at low [NBB] but zero order in higher
concentration range of NBB. First order in Ru(IIl) and zero order
in LA were observed. Positive effect of [H'] and negative effect of
addition of sodium perchlorate, potassium chloride and benzamide
was observed. A suitable mechanism in conformity with the
observed kinetics has been proposed.

INTRODUCTION

Although N-bromobenzamide (NBB)! has been, eariier, reported to be an
effective oxidant, but as yet no kinetic report is available on Ru(IIl) catalysed
oxidations with NBB as oxidant. Therefore, in the present communication, an
attempt has been made to investigate the kinetics and mechanism of oxidation of
levulinic acid by acidic solution of NBB using ruthenium(III) chloride as catalyst,
with an aim to identify the reactive species of NBB and Ru(III) chloride.

EXPERIMENTAL

Ru(III) chloride (Johnson and Matthey) solution was prepared by dissolving
its sample in 0.01 M HCI and was made up to one litre by maintaining 0.01 M
HCI concentration. Aqueous solution of levulinic acid, sodium perchlorate,
sodium thiosulphate, mercuric acetate, potassium chloride and benzamide, all of
E. Merck grade, were prepared by dissolving their samples in doubly distilled
water.

All reactants except NBB were mixed and thermostated at 35°C for thermal
equilibrium. A measured amount of NBB solution, also thermostated at the same
temperature, was rapidly added to the reaction mixture. The progress of ihe
reaction was monitored by estimating the amount of unconsumed [NBB] at
regular time intervals iodometrically.

RESULTS AND DISCUSSION

The kinetic data obtained for the oxidation of levulinic acid by acidic solution
of N-bromobenzamide in the presence of Ru(IIl) chloride as catalyst show first
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order in NBB at its low concentrations and first order tends to zero order at its
higher concentrations. The reaction shows zero order in levulinic acid but first
order kinetics is observed in Ru(III) (Table-1). The first order rate constant value
increases with increase in [H'] but decreases on increasing [NaClO,], [KCI] and
[Benzamide], showing positive effect of [H'] and negative effect of ionic strength
(W), [CI"] and [NBH] on the rate constant (Table-2). Addition of mercuric acetate
did not influence the reaction rate constant, which proves that it does not catalyse
the reaction and its involvement as oxidant is ruled out as the reaction does not
proceed with its presence and in absence of NBB under similar conditions. The
data at 30, 35, 40 and 45°C reported in Table 1 led to compute activation energy
which was found to be 15.20 kcal/mole.

TABLE-1
EFFECT OF [REACTANTS] ON REACTION RATE AT 35°C
UNLESS OTHERWISE STATED

[HCIO4] = 2.00 x 1072 M, [KCI] = 5.00 x 10" M, [Hg(OAc);] =4.50 x 107> M,
p=835%102M

[NBB] x 10°M [Levulinic Acid] x 10°M  [Ru(lI)] x 10° M (_Tdtc) x 10" mL™' 57!
1.00 1.00 1.00 1.62 (1.80%)
1.25 1.00 1.00 2.00 (1.82%
1.68 1.00 1.00 2.78 (1.85%
2.00 1.00 1.00 3.08 (1.71%
2.50 1.00 1.00 3.60 (1.64%)
4.00 1.00 1.00 5.44 (1.55%
1.00 2.00 1.00 1.68
1.00 3.00 1.00 1.60
1.00 4.00 1.00 1.66
1.00 4.50 1.00 1.64
1.00 5.60 1.00 1.65
1.00 1.00 1.00 1.80%

1.00 1.00 2.00 3.64°
1.00 1.00 3.00 5.382
1.00 1.00 4.00 6.88°
1.00 1.00 5.00 9.02°
1.00 1.00 6.00 10.62%
1.00° 1.00 1.00 1.29°
1.00° 1.00 1.00 2.62°
1.00¢ 1.00 1.00 3.93

a—k; x 10*s7", b — 30°C, ¢ — 40°C and d — 45°C.
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TABLE-2

EFFECT OF [H'], [C17], [NBH] AND IONIC STRENGTH (u) VARIATION ON
RATE CONSTANT AT 35°C

[Levulinic acid] = 1.00 x 1072, [Ru(Il)] = 1.00 x 1078, p = 8.35x 1072

[HCIO4] x 10> M 0.50 1.00 2.00 3.00 4.00 5.00
ki x 10%s7! 0.76 1.20 1.80 2.40 3.20 4.53

(NBB]=1.00x 10 M, [Hg(OAc),]=4.50x 10> M, [KCl]=1.00x107>M

[KCI] x 10*M 1.00 2.00 3.00 4.00 5.00 6.00

Ky x 1057 3.86 3.40 298 220 1.80 131

[NBB]=1.00x 10> M, [Hg(OAc)y]=4.50x 107> M, [HCIO4]=2.00x 10> M

Ionic Strength

(W) x 102 M 7.60 810 9.0 1060 1160  12.60
ki x 10%s™! 194 1.80 148 133 123 110

[NBB]=2.00x 10> M, [HCIO4]=2.00x 107> M, [KCI]=5.00x 1072M and
[Hg(OAc)] =2.00x 107 M

[NBH] x 10° M 0.00 0.20 0.60 1.00 1.50 2.00
ky x 10*s™! 1.94 161 124 1.00 0.71 0.45
[NBB] =2.00x 10> M, [HCIO4]=2.00x 1072M, [KCI]=5.00x 107> M and
[Hg(OAc)2]) = 2.00x 10> M

The complexes of platinum group metals are well known. Ru(III) chloride is
stable2 i3n hydrochloric acid and the following equilibrium has been reported to
exist.”

[RuClg)*™ + H,0 & [RuCls-H,0]%* + CI” (1)

The negative effect of addition of CI™ on the reaction rate suggests involvement
of [RuCls-H,0]% as cataiytic species in the reaction.

N-bromobenzamide may exist in the following equilibria in acidic medium
like N-bromoacetamide.* °

C¢HsCONHBr + H,0 = C4HsCONH, + HOBr @)
(NBH)
HOBr + H* = (H,OBr) 3)
or
C¢H;CONHB + H* = C;H,CONH,Br @
C4H,CONH,Br + H,0 = C4H;CONH, + H,0Br )

Thus in acidic medium, the reaction species,of N-bromgbenzamide may be
either NBB itself or protonated NBB i.e. (NBBH) or (H,OBr) or HOBr may be
involved in the oxidation as active species. Negative effect of benzamide neither
supports involverient of NBB as such nor protonated NBB as reactive species.
If HOBr is assumed as actual species then reaction should proceed even in the
absence of mineral acid contrary to our observation. Hence its involvement is
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also ruled out. Hence, the only choice left is to assume (HZOL;:r) as reactive species
as it gives the rate law which explains all the observed kinetic data. Thus under
the experimental conditions (H,OBr) is proposed as active species of NBB in the
presence of mercuric acetate as Br™ scavenger.

On the basis of above discussions and kinetic data the following reaction
scheme is suggested.

Reaction Scheme

K
[RuClg]* + H,0 = [RuClH,01> + CI” 1)
K,
NBB + H,0 = NBH + HOBr 2)
K, +
HOBr + H;0" = (H,0Br) + H,0 3)
. + K + _H._
[[RuCls-H,0]“ + (H,0Br) = [RuCls (_?<H ]7+H,0 4
K4
B
'Forward reaction is slowest step '
+ H._ fast 2+
[RuCls (_?<H ]”+ S — [RuCls-H,0]*" + Products (5)
Br

where S stands for levulinic acid. Considering steps (1-4) and on applying steady
state treatment to [RuCls-H,0]%, the rate of the reaction may be wrtiten in terms
of loss of [NBB] as eqn. (6).

~d[NBB] ____ k[Ru(UID][NBB](H] ©
dt k_,[CI"][NBH] + kK'[NBB][H']
where k= kl k4k2k3 and k'= k4k2k3

The rate law (6) explains all the experimental observations. Thus the mechanism
seems to be valid.
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