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the rate.

ANADIUM(V) has been investigated as an
V oxidizing agent for many organic and in-

organic substrates. The oxidation of methy!
ethyl ketone (MEK) by alkaline hexacyanoferrate-
(III} ion®, chloramine-T? and Cr(VI)® has been
investigated, but no detailed kinetic study has so
far bcen made of its oxidation by V(V). The
results of a detailed study of the oxidation of MEK
by WN(V) are presented here.

Materials and Methods

MEX was distilled and its purity checked by
GLG. Ammonium metavanadate (AR, Hungary)
dissglved in dil. H,SO, was used for the prepara-
tion|of V(V) solutions. The rate of the reaction was
followed by quenching an aliquot of the reaction
mix{ure in a measured excess of ferrous ammonium-
sulphate and back titrating the unreacted Fe?*
agaipst standard dichromate wusing N-phenyl-
anthranilic acid as the indicator. All the experi-
menfts were conducted at 30°+4 0-1° unless otherwise
stated.

Stoichiometry and product analysis — The stoi-
chiometry of the reaction was determined by kecping
reaction mixtures containing excess of V(V) until
the reaction was complete and then determining
the junreacted V(V). The stoichiometry is found
to he 2 g ions of V(V) te one mole of the ketone.
The|presence of formic acid after distillation of the
reaction mixture was indicated by GLC. Carbon
dioyide was not one of the products.

Results and Discussion

Uking a 20-100 fold excess of MEK in comparison
with V(V), the reaction was found tc be pseudo-
firs§f order in V(V) (Fig. 1). There is very little
variation in the pseudo first-order rate constants
caleplated for the different sets of experiments,
indipating that first-crder rate constants are in-
dependent of the initial [V(V)].

The order in MEK was found to be one by keeping
the linitial V(V) concentration constant and chang-
ing | the ketone concentration, the latter being
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The oxidation of methyl ethyl ketone (MEK) by V(V) in the presence of sulphuric or perchloric
acid, is first order each in MEK, V(V) and the acid, the reaction being slower in the former acid.
NaClO, has practically no effect on the rate, NaHSO, increases the rate and Na,SO, decreases
The proposed mechanism involves a free radical intermediate, whose presence has
been established by induced polymerization of acrylonitrile,

always in excess. When the logarithm of the rate
constants arc plotted against log [MEK], a linear
plot with a slopc of unity is obtained (Fig. 2A),
indicating first order in MEK. This kinetics is
observed when [MEK] is varied from 0-8 to 1-5M
and [V(V)] from 1-5x102 to 5-0x102M. With
higher and lower concentrations, there is some
deviation. The rate increases with increase -in
[H,SO,]. Due to the difficulties in maintaining
the ionic strength constant in H,S0,, HCIO, was
used instead of H,SO,; and NaClO, was added to
keep the ionic strength constant. A plot of log &; vs
log [HCIO,] gave a slope of 0-99 showing first order
dependence in acid (Fig. 2B).

Effect of added salts — Change in ionic strength
by the addition of NaClO, has negligible effect on
the rate of the reaction (Table 1). Sodium bisul-
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Fig. 1 — First order plots with respect to V(V)
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Fig. 2 — (A) First order plots with respect to MEK. (B) First
order dependence in acid

phate when added under constant ionic strength
(NaClO, was added to k=ep the ionic strength con-
stant) showed incrcase in the rate whereas Na,SO,
is found to decrease the rate (Table 2).

Comparison of rates in HCIO, and H,SO,— In
1M acid, the rate is similar in both acids. At
higher concentrations, the reaction is faster in HCIO,
indicating that in HCIO, a more active form of the
oxidizing agent is present (Table 3). Similar results
have been obtained by Mehrotra® in the oxidation
of 2-hydroxy-2-methylpropanoic acid by V(V).

Acid catalysis — The fact that the rate increases
with increase in HCIO, at constant ionic strength
clearly shows that the reaction is acid-catalysed.
The plots of log k; vs —H, were reasonably linear
in the case of H,50, and HClO,. The values of
—H, are those given by Paul and Long'. The
slopes of the linear plots are much less than unity
being 0-5 and 0:6 in H,SO, and HCIO, respectively
(Fig. 3). These results are comparable to the results
reported by Mehrotra for the oxidation of citric
acid by V(V)i .

Littler and Waters® have shown that a dependence
of log k, on H, the Hammett acidity function,
rather than a dependence on [HgO*'] can be taken
as an indication for the formation of a cyclic transi-
tion state. In the present case, there is a depen-

TaBLE 1 — EFFECT OF ADDITION OF NaClQ; oN THE
REACTION RATE

[MEK]=1-0M; [V(V)]=119x102M;  [H,SO,]=20M;
temp. 30°; ionic strength was not kept constant

[NaClOg], M 0 0-2 0-4 07 0-85 1-0

kyx10% min~t 2-82 2-55 2:60 2-53 2-75 2:36

Correlation 0995 0-997 0997 0-999 0-997 0-995
coeff.

TABLE 2 — EFFECT OF ADDITION OF SALTS UNDER
ConsTANT IOoNIC STRENGTH

(@) [V(V)]=2-05x102M; [MEK]=1-0M; [H,SO.]=2-0M;

temp.=30°
[NaHSOQ,], M O 03 05 06 07 0-8
[NaClOg], M 1.0 07 05 0-4 0-3 0-2
k%103, min! 292 304 334 352 363 376
Correl. coeff. 0-999 0-999 0999 0999 0999 0-999
(b) [V(V)]=2-01 x102M; [MEK]=10M; [H,S0,]=2-0M;
temp.=30°
[Na,S0,], M 0 02 0-4 0-6 0-8 1-0
[NaClO,}, M 3-0 24 1-8 1-2 1-6 0
kyx10% min! 428  3-61 323 265 226 199
Correl. coeff.. 0997 0999 0999 0999 1-:000 1-000

TABLE 3 — COMPARISON OF THE RATES OF THE REACTION
AT THE SAME CONCENTRATION oF HCIO, aND H,SO,.

{[V(V)]=142x102M; [MEK]=1M; temp.=30°

[Acid] H,S0, HCIO,
M
kyx 103 Correl. kyx 108 Correl.
min-1 coeff. min™? coeff.
1-2 1-62 0-992 1-33 0-975
21 2-27 0-998 2:43 0-998
30 3-89 1-000 4-81 0-995
39 5-51 0-999 8-90 0-999
4-8 9-75 0-999 13-97 0-999
57 16-98 0-999 20-25 0-996
o
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Fig. 3 — Plots of rate constants versus acidity (H,) functions
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dence of log %, on H, and hence the formation of
a complex of the type (I) may be envisaged. The
negative value of the gross entropy of activation
may bejconsidered to support this idea.

According to Bunnet!3, the plots of log (k+H,)
against |log am,o are generally linear and the slopes
define 4 parameter w. A w value of —2-5 to 0
indicates non-participation of water in the transi-
tion state, a value between 4-1:2 and --3-3 indicates
that wqter acts as a nucleophile and a value >3-3
indicates that water acts as a proton transfer agent.
In the present case, the plots of —(log A -+H,)
vs —log am,o were not linear in the entire acid range
used. Up to 3M HCIO, the slope of the Bunnet
plot was nearly 10 indicating that water may be
acting jas a proton transfer agent. At [HCIO,]
>-3M, the w values ¢btained from the linear plots
were 30 for H,SO, and 3-8 for HCIO, (Fig. 3).
Such berderline values do not permit a clear-cut
assignment of a role for water.

Intermediates — Induced polymerization of acrylo-
nitrile |during the reaction between V(V) and
MEK 4nd the absence of polymerization of the
monomer by V(V) or MEK indicated the formation
of a frde radical intermediate.

The UV spectrum of the reaction mixture showed
a very|small optical exaltation around 240 nm
indicating som= complex formation. A plot of
1/kops vs 1/[MEK] at constant V(V) was linear with
a small intercept on the Y-axis, offering kinetic
support] for complex formation (Fig. 4).

Thermodynamic parameters — The orders in V(V),
MEK and HCIO, are indepsndent of temperature
in the tange of 30° to 50°. The pscudo first-order
rate comstant (Rg,) is calculated by conducting the
reaction at temperatures of 30°, 35°, 40°, 45° and
50°. TFrom the slope of the plot of log k., against
1/T thd energy of activation is found to be 166
+ 03 kcal/mole. The values of AG' and ASt are
21-5 kepl/mole and —16-5 e.u. respectively. Rops is
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actually a product of a rate constant and two equili-
brium constants.

Reactive V(V) species — The dlfference in the
rates betwzcn the reactions for the same acid con-
centrations of H,S0O, and HCIO, indicates the
presence of two different active species in these
acids.

Though V(V) is amphoteric it exists as a cation
in solutions of acidity greater than 0-05M1°. The
marked colour of the H,SO, solutions of V(V)
suggests that one HSO; ion may be incorporated
in the active species? as shown in Egs. (1) and (2).

VO}+4-H,0+H* = V(OH)2* (1)
V(OH)3*4-HSO0;< V(OH),HSO} ..(2)

Sincz the rates are different in HCIO, and H,SO,
and increase with increase in H,S0,, the reactive
speci s may contain the sulphate or bisulphate group.
The sulphate complex is not a probable active
species since addition of sulphate ion decreases
the rate. So V(OH),HSO} can be the reactive
V(V) species in H,S0, medium. In HCIO, no such
complex formation is probable since NaClO,, when
added, causes ncgligible effect or decreases the rate
slightly and hence V(OH)2* may be the active
oxidant in HCIO,.

Mechanisim — In oxidation reactions ketones can
react either directly or through the enol form.
Oxidation rates faster than the rate of enolization
have been observed with cobaltic®15, cericl®1¢ and
manganic salts!® as oxidants, indicating that the
ketones react directly. All of these oxidants under-
go one-electron reduction and the reaction takes
place through a free radical mechanism. Oxidation
involving enol intermediate is proposed for thallic,
mercuric and permanganate salts!? and for manga-
nic pyrophosphatci®. In all these cases, the
formation of the enol is the rate determining step
and the reactions arc therefore zero order in the
oxidant with the rates of oxidations and enoliza-
tions being equal. An unambiguous indication of
the form in which the ketone reacts can be obtained
only when the rate of oxidation is greater than the
rate of ecnolization. Bromination of ketone is
considered to take place through an enol inter-
mediate®. In the present system the rate of enoliza-
tion measured by bromination is much greater than
the rate of oxidation. Under identical experi-
mental conditions, the bromination is over within
2 min whereas oxidation takes around 400 min
for completion.

Since the enolization is very rapid, the ketone
could be reacting through an enol intermediate
under the experimental conditions. The enol-V(V)
complex may be subsequently disintegrating to
give the products. However, a direct attack of
V(V) species on the ketone and the subsequent
decomposition of the ketone-V(V) complex cannot
be ignored. In the absence of zero order Kkinetics
with respect to the oxidant, it is immaterial which
form of the substrate is considered as taking part
in the reaction.

One may visualize the reaction as taking place
through the formation of an intermediate complex
between the ketone and the V(V) species in an
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equilibrium step followed by its rapid transforma-
tion to give the products (Scheme 1)

K,y
VO3 +H,0+H*=V(OH)2*

...(3a)
VO*+H,0 +H2804£§7(0H)3HSOI ...(3b)
V(OH)3HSO;;+MEK$ Complex ..(4)
Complex —k’—> Radical intermediate-}V(VI) «..{5)

sl
ow fast

Radical intermediate+ V(V)—products+V(VI) ...(6)
Scheme 1

It is assumed that V(OH)%" and V(OH),HSO;
are the respective active species in perchloric and
sulphuric acids!? respectively.

Rate = ky[complex]
= kyK,[MEK][V(OH),HSO}]
= hyK,K] [MEK][VO3][H,S0,]
Substituting for [V(V)]z and [VO;],
Rate — kK, Ki[MEK]H,SO0,][V(V)]+ )
1+K3[H,50,]+ KK [MEK|[H,SO,] ™
At constant [V(V)]r,
kK, K\ [MEK][H,S0,] 9)
1+ K{[H,S0,] -+ KK, MEK][H,SO,]
1 1 1 1 1
Sl = ...(10
ks [MEK] {k3K2K{[H2504] + k3K2}+ ky 10
A plot of the reciprocal of observed rate constant
(kobs) against 1/(MEK) was linear with a slope=321
and an intercept=7-32.
If K] is very small compared to %K,

(7

kobs =

I S T R,
k3K2K1[H2504] k3K2 k3K2K1 [H2SO4] o

1 1 1 1
Foms — [MEK] £ R, K\[H;50, T 7, -+ (12)

From the slope and intercept values, k3 and K,K;
are calculated to be equal to 0-137 and 1-14 X102
respectively, the [H,SO,] being 2M.

Since in the denominator of expression (9), com-
pared to (1) Ki and K,K] are found to be sufficiently
small, to be neglected.
kobs:k3K2Ki[MEK][H2504]
and at constant concentration of the acid,

Robs = k:;KzKJI.[MEK]
= F'[MEK]

A plot of ks vs [MEK] should be linear passing
through the origin (Fig. 4).

ky value (0-137) calculated from the value of the
intercept of the plot of 1/k.s vs 1/[MEK]{(Eq. 10)
when [H,SO,] is kept constant at 2M} agrees well
with that calculated from the plot of &gy vs [MEK]
(Eq. 13, k3=0-143). By using the slope and inter-
cept of these two plots, K; value is calculated and
is found to be equal to 1-28 X102 which is seen to
be negligible compared to the calculated value of
kyK,=0-125, supporting the line of argument
proposed.

..(13)
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