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Abstract—The kinetics of ruthenate ion catalysed oxidation of allyl alcohol. crotyl alcohol. cinnamy) alcohol and
propargyl alcohol by hexacyanoferrate(IIIj 1on in an aqueous alkaline media at constant ionic strength indicate no
dependence of rate on alkali concentration or ionic strength. The reaction shows first order dependence on
ruthenate ion and zero order in hexacyanoferrate(l1l) ion. The rate of the reaction increases with increase in
substrate concentration and shows Michaelis-Menten type of behaviour. The data suggests that the oxidation
proceeds via the formation of a complex between an alcohol molecule and ruthenate ion yielding corresponding
acids. The reaction has been studied at four different temperatures and thermodynamic parameters have been
computed. A plausible mechanism consistent with the experimental results is proposed.

Transition metal ions Ru(II1), Os(VIII) and Ru(VIID) with
co-oxidants, oxidise several organic compounds in acidic
as well as in alkaline media.*"* Such studies prompted us
to study the kinetics of Ru(VI) catalysed oxidation of
some primary and secondary alcohols® by hexacyano-
ferrate(IIl) ion in aqueous alkaline medium. On exten-
sion of our previous work we are reporting kinetics of
Ru(VI) catalysed oxidation of allyl, crotyl, cinnamyl and
Propargyl alcohols by alkaline hexacyanoferrate(IIl).
The ionic strength of the reaction mixture has been kept
constant by addition of sodium perchlorate because
pcrc’hlorale ion does not form complex with ruthenate
ion.

EXPERIMENTAL

The substrates allyl alcohol (May & Baker A. R), crotyl
alcoho! (E. Merck G. R.). cinnamyl alcohol (Bush-repacked G.
R.) and propargyl alcohol (Riedel A. G.) were redistilled before
use. Ruthenium dioxide (Johnson Matthey & Co. England) was
used for the preparation of sodium ruthenate and all other
chemicals used were BDH AnalaR grade.

The sodium ruthenate solution was prepared by the oxidation
of hydrated ruthenium dioxide with metaperiodate and reducing
thus produced ruthenium tetraoxide by the action of carbonate
free sodium hydroxide.” The purity of the solution of ruthenate
ion was checked by finding out the ratio of absorbance at 460 and
385 nam as 2.07 corresponding to pure ruthenate.’ The concen-
tration of ruthenate ion was determined by measuring the ab-
sorbance at 460nm, 1820cm™'M ' being its molar absorbity
coefficient, with the help of Beckman DU-2 model spectropho-
tometer.

The progress of the reaction was followed by measuring dis-
appearance of hexacyanoferrate(1l) with Spekol spectrophoto-
colorimeter at 420 am. In most of the cases the reaction was
followed upto S0-70% completion. The values obtained from
repeated runs were agree within 2-3%.

RESULTS AND DISCUSSION

The stoichiometric studies show that one molecule of
alcohol consumes four molecules of hexacyanofer-
rate(III). The reactions can be represented as follows:

RV
RCH,OH +4Fe(CN), '~ SCH" ——— RCOO
+4F¢(CN), *+4H,0
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where R stands for CH,=CH, HC=C, CH,CH=CH, and
C.H.CH=CH.

Products were isolated by solvent extraction
method. Each product has separately been identified by
paper chromatography. In all cases solvent was taken as
butanol saturated with ammonia. Paper stnp was then
allowed to dry, the paper was sprayed with bromophenol
blue solution in acetone and warmed for a short time to
accelerate the reaction with product. A yellow spot'®
confirms the presence of corresponding carboxylic acids.

The kinetics of oxidation of allyl alcohol, crotyl alco-
hol, cinnamy!l alcohol and propargyl alcohol by alkaline
hexacyanoferrate(Ill) using sodium ruthenate as a
homogeneous catalyst at constant ionic strength has been
followed at several initial concentrations of reactant. The
standard zero order rate constant (k,) presented in the
table averages two runs at least.

Figure 1 shows a typical zero order plot for each
alcohol. It is obvious from these plots that the reaction
velocity remains constant even upto 60-70% of the reac-
tion. Table | clearly indicates that zero order rate con-
stants (k,) are fairly constant but the value of k, is
slightly higher at higher concentration of hexacyanofer-
rate(IIT) ion which may be due to the small contribution
towards rate by the step (III) in the proposed
mechanism. It is quite evident from Fig. 2 that the rate is
directly proportional to ruthenate ion concentration, and
these graphs have unit slope which indicates that order is
unity with respect to ruthenate ion. The effect of vana-
tion of alcohol concentration on the velocity of the
reaction exhibits the Michaelis-Menten'' plots (Fig. 3),
i.c. an intercept is obtained on k, ' axis showing thereby
the complex formation between ruthenate ion and an
alcohol molecule.

Before proposing the oxidation scheme, it is worth-
while to discuss the probable species of Ru(VI). Elec-
tronic spectra studies have confirmed that lower oxida-
tion state of ruthenium exists in hydrated form but the
higher oxidation state are not strongly solvated.'’ There
is no evidence for addition of OH ion to 3d metal oxo
anions® but in case of reaction between perruthenate and
manganate ion'" in alkaline medium it was suggested that
one or more of the anions could possibly have hydroxide
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Fig. 1. [OH ] = $.0x 107" M, u = 0.26 M: (A) [crotyl alcohol] = 6.7 x 107" M, [Rw(VI)] = 15.1% 10 7 M: (B) (propargyl
akcohol] = 2.0 107° M. [RH(VD)) =10.0x 107" M; (C) [cinnamic alcohol) = $.0x 10 *M, [Ru(VD)]} = 15.8x 10 'M:

(D) [allyl akeohol] = 2.5x 107 M, [R(VD] = $.6x 107" M.

Table 1. Effect of hexacyanoferrate(III) on the rate of oxidation

(A)
[NaOH] = 5.0 x 10 * M, [Crotyl akohol] = 6.7x 107> M, {Ru(VD)) = 1.5x 107’ M
Temp. =25, u=0.26 M

(Fe(CN) ') x 10'M = 250 200 125 100 825 625 50 40
kX 10°M-min”' = 203 198 192 192 190 188 187 185
(B)

Temp. = 35°, s =0.26M .
[NaOH] = 5.0 x 10 * M (Propargyl alcohol) = 2.0x 10 * M [Ru(VD] = 10.0x 10" M

(F(CN)s "1 x 10°M = 250 200 125 100 830 666 SO0 40
k. x10°M-min '= 382 376 371 370 368 365 %S5 363
()

Temp. = 25°, u =026 M .
(N2OH] = 5.0 x 10 * M, [Cinnamic akohol] = 5.0x 10> M, [Re(VD)] = 15.8x 10 'M
(F(CN) Y x 10" M = 200 125 100 825 714 625 SO0 40
k:x 10°M, min '= 202 198 196 194 194 191 189 188
(D)
. Temp. =35, u =026 M

(NaOHJ = $.0x 10 M, [Allyl alcohol] = 2.5x 10 * M, [RW(VI)} = 5.6 x 10" M
{Fe(CN)X ) x 10°*M = 200 1250 100 825 714 625 SO0 40
k,x 10°M - min~' = SI1 500 497 $96 49.1 490 486 482

Tg 25° (d)
60
b3
©
=4
w 30
=
1 1 ] J
0 6 >4 48 64 80
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Fig. 2. [KyFe(CN)] = 12.5x 10 ‘M, [OH | =5.0x 10" M, yu = 0.26 M: (A) (propargyl alcohol = 1.0x 107 M; (B)
(crotyl alcohol] = 1.1x 107 M: (C) [cinnamic alcohol] = 5.0 x 10 * M; (D) (allyl akohol] = 1.0 x 107* M.

ion associated with them and coordination of OH ion (Complex)"’—;'—o RuO, - xH,0 + OR + Aldehyde (ii)

with per ruthenate upto lower extent has also been . MO
suggested by Syman and coworkers'* during the kinetic
study of decomposition of perruthenate ion in RuO; - x-H,0 + 2Fe(CN),* + 40H —~,
alkaline medium therefore during the kinetic study it can
be assumed that ruthenium(V1) remains as ruthenate ion, RuO,™? + 2Fe(CN)y ™ + (x + JH0 (iii)
ie. RUO( .

RCHO —— = __,RCO0 (iv)

K:
RuO, %+ S = (complex)? §)] RuVi) FeCNR) - CH
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Fig. 3. [KyFe(CN)] = 125x 10" M, [OH ) = S0x 107 M, u =

0.26 M: (A) [Ru(VD)) = 4.4 % 107" M; (B) [Rw(VD)] = 10.0x 107" M,
(C) [R(VD) = 2.4x 107" M; (D) [R(VD] = 15.1x 107" M.

where S stands for allyl alcohol, crotyl alcohol, cinnamyl
alcohol and propargy! alcohol and R stands for CH=CH,
CH,CH,=CH, C,H,-CH=CH and HC=C-groups.

The first step of proposed mechanism involves the
formation of complex between ruthenate ion and sub-
strate. The complex thus formed undergoes slow dis-
proportionation giving reduced form of ruthenium as
ruthenium dioxide, i.e. Ru(IV), and corresponding al-
dehyde. Ruthenium dioxide produced in step (II) is im-
mediately oxidised to ruthenate ion by hexacyanofer-
rate(III) and alkali. The separate experiments have been
carried out without addition of hexacyanoferrate(Ill), a
black precipitate was produced which is nothing but
ruthenium dioxide. This black precipitate was washed
several times with water and mixed with little amount of
alkaline hexacyanoferrate(II). Resulted solution was
capable of catalysing the oxidation of studied com-
pounds. Thus step (II) is justified in proposed
mechanism. The test tube experiments show that the
oxidation of aldehyde is very fast under experimental
conditions, therefore aldehyde produced in step (II) im-
mediately oxidised to corresponding acid in step (IV).
The product study also shows the production of acid.
Hence step (VI) proposed in above scheme is justified.

The rate of oxidation in terms of decreasing concen-
tration of hexacyanoferrate(IIl) can be written as

- dlm%l = k{(Complex)) . M

From the step (i) the concentration of complex is given
as
[(Complex) *] = K,[S)(RuO, ) b

The total concentration of ruthenate ion would be given

as
(RuO, 7)r = [(Complex)] * +[RuO, 7] 3

where T stands for total
On substituting the value of complex from eqn (2) in
eqn (3).

[Ru04 -2}1' = K.[S][RUO. 2] - [RUO4_z] (4)

_ [RuO. )

(RuO. 7] T+ K] %)
Now the rate expression in terms of total concen-

tration of ruthenate ion, considering the equation (1), (2)

and (5) can be written as

_ (d(Fe(CN).’") _, kK,[S][RuO, h ©)
dt 1+K|[S]

The rate law is consistent with the observed results
should be given in tetms of actual decrease in the con-
centration of hexacyanoferrate(IIl) and eqn (6) would be
written as

_d[Fe(CN)s"") _ 4kK,[S][RuO, *}+
dt TT1-K([S)

M

The factor “four™ in eqn (7) is introduced because
stoichiometric studies shows that four molecules of
hexacyanoferrate(Il]) are consumed by one molecule of
alcohol.

The rate expression (7) clearly explains the observed
experimental results, i.e. velocity is directly proportional
to ruthenate ion concentration, (Fig. 2) and also
Michaelis-Menten'' behaviour with respect to substrate
(Fig. 3). The rate expression (7) can be rearranged as

1 . 1 @)
4kK,[S)[RuO. )y 4k[RuO. }r

1.
Rate
where

_d(F(CN) ) o,
dt -

The value of K, (the formation constant of the com-
plex) and k (the disproportionation constant of the com-
plex) has been calculated with the help of graph (rate)™'
vs [Substrate] ' (Fig. 3). The values of K, and k are
given in Table 2. The value of K, has also been cal-
culated with the help of the slope of the graph-k, vs
[Ru(VD)] (Fig. 2). It is quite evident from Table 2 that the
value K, obtained from both plots are quite close to each
other which further supports the proposed mechanism.

Having obtained the value of k and K, for all four

Table 2.
Alcohol K, from K, k AE, AS* AG*
(Rate) 'vs  from (Rate) vs min ' Kkjimole Jidegree kiimole
substrate ' plot  [Ru(VD) plot
Allyl (259 60.0 58.1 238 610 -1203 94
Crotyl (259 40.0 459 10.0 572 -1297 9.5
P{owgyl (359 30.6 30.0 21.8 $74 -136.1 984
Cinnamyl (207 770 80.0 1.0 526 -1389 947
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Table 3. [KiFe(CN)) = 12.5x 107*M; [OH ) = 50X 107 M, u =0.26 M

(RUVDIx 10'M  k,x10°M-min"' kX 10°M-min '
(calculated) (observed)
[Allyl Akcohol)
x 10° M (259
5.0 44 31.2 319
1.2 44 184 187
0.83 44 13.8 134
1.0 22 1.7 17
1.0 6.56 229 29
[Crotyl Akohol)
x 107 M (259
L1 5.02 72 171
1.1 20.1 285 2.1
33 15.1 35.5 36.1
20 15.1 304 310
10 15.1 189 19.4
(Cinnamy! Alcohol)
x 10° M (207
1.00 237 271 79
0.2§ 27 10.1 10.7
0.8 19 6.3 6.2
05 316 25.2 249
0.8 §5.3 “2 432
[Propargyl Alcohol)
X l%ga;{ (359
5.0 10.0 53.0 S1.1
2.5 100 37.6 3.8
1.0 10.0 203 210
1.0 31 6.2 6.1
1.0 12.5 25.0 4.5
alcohols and substituting these values in rate expression REFERENCES
(7) for cach alcohol, the eqn (7) can be written as (for  'p  puivedi A part of work for the Ph.D. Thesis Allahabad
ally! alcohol). University (1981).

—[Fe(CN)s> ] _4x23.8 60{Ru0.*}+{ally! alcohol)
dt 1 + 60{allyl alcohol]
9

Similar expressions can also be written for rest of the
three alcohols. The validity of rate law (7) is further
verified by comparing the observed and calculated values
of the reaction rates from eqn (9). Five runs under
different experimental conditions have been examined
and corresponding values of the reaction rate from eqn
(9) have also been calculated for each alcohol and results
are given in Table 3.

It is now evident from Table 3 that the value of k,
observed and k, calculated are in close agreement (=
1.5%) which again supports the validity of eqn (7) and
hence the proposed mechanism.
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