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--The kinetics of ruthcnate ion crralysed oxidaIion of ally1 alcohol. crocyl alcohol. cinnamyl alcohol and 
propargyl alcohol by hexacyanoferraIdlll~ ion in an aqueous alkaline media a1 consIan ionic strength ir&aIc no 
dependence of rate on alkali concentration OT ionic strength. The reaction shows first order dependence on 
ru~hcna~c ion and zero order in hcxacyanofcrratefllD ion. The rate of the reaction increases with increase in 
substraIc concentration and shows Michaelis-Menten type of behaviour. The data suggests that the oxidation 
proceeds via the formation of a compkx beIween an alcohol rnolecuk and rurhcnate ion yielding corresponding 
acids. The reacrion has been studied a1 four different Iemperatures and Ihermodynamic paramr~crs have been 
compared. A plausible mechanism conrirrcnf wiIh the experimental resubs is proposed. 

Transition metal ions Ru(Ill). Os(VIII) and Ru(VIIf) with 
co-oxidants, oxidix 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- 
ferratdlII) ion in aqueous alkaline medium. On exten- 
sion of our previous work we are reporting kinetics of 
Ru(VI) catalyxd oxidation of allyl, crotyl, cinnamyl and 
Propargyl alcohols by alkaline hexacyanoferratc(II1). 
The ionic strength of the reaction mixture has been kept 
constant by addition of sodium perchlorate because 
perchlorate ion does not form complex with ruthenate 
ion.’ 

The ~ubslrala ally1 alcohol (May & Baker A. R.). crotyl 
alcohol fE. Merck G. R.J. cinnamyl alcohol (Bush-repacked G. 
R.) and propargyl alcohol (Riedcl A. G.) were redirtilkd hefort 
UK. Ruthenium dioxide (Johnson MaIIhey 8 Co. Fnglmd) was 
used for the preparation of sodium ruthenate and all other 
chemicals used were BDH AnalaR grade. 

The sodium ~lknale solution was prepared by Ihc oxidation 
of hydraled ruthenium dioxide wiIh metaperiodate and reducing 
thus produced ruthenium tctraoxidc by Ihc action of carbonate 
free sodium hydroxide.’ The puriry of the solution of ~~hcnale 
iOn was checked by finding out the ratio of absorbance a1 460 and 
385nm as 2.07 conesponding 10 pure ~IltenaIc.~ The cc4rcen- 
Iralion of ~Ihenate ion was determined by measuring the ab 
sorbancc at Wnm. IRZOcm- M ’ being its molar absorbily 
coeltkicnt. with the help of Beckman DLL! &I spectropho- 
IomcIcr. 

The progress of the rcacrion was fdlowed by measuring dis- 
appearance of hexacyanofcrrateflll) with Spekol spectrophoto- 
cobrinvetcr a1 420nm In mos1 of the cases the reaction was 
followed up10 XL?O% compktion. The vrluer obtained from 
repealed runs were agree wiIhin 2-J%. 

The stoichiometric studies show that one molecule of 
alcohol consumes four molecules of hexacyanofer- 
r&(111). The reactions can be represented as follows: 

RCH,OH + 4Fe(CN), ’ - SCH- - ““(v” RCO6 

+ QFe(CN), ’ +4H20 

where R stands for CH#ZH. HC=C. CH,CH=CH. and 
CJLCH=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 strip 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 ally1 alcohol, crotyl alco- 
hol. cinnamyl alcohol and propargyl alcohol by alkaline 
hexacyanoferrate(ll1) 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 6&7% of the reac- 
tion. Table I ckarly indicates that zero order rate con- 
stants (k,) arc fairly constant but the value of k, is 
slightly higher at higher concentration of hexacyanofer- 
rate(llI) 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. ? that the rate is 
directly proportional to ruthtnate ion concentration, and 
these graphs have unit slope which indicates that order is 
unity with respect to ruthenate ion. The effect of varia- 
tion of alcohol concentration on the velocity of the 
reaction exhibits the Michaelis-Menten” plots (Fig. 3). 
i.e. an intercept is obtained on k,“’ sxis showing thereby 
the complex formation between ruthenatc ion and an 
alcohol molecule. 

Before proposing the oxidation scheme, it is worth- 
while to discuss the probable species of Ru(Vl). Ekc- 
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 0x0 
anions’ but in case of reaction between perruthenate and 
manganatc ion” in alkaline medium it was suggested that 
one or more of the anions could possibly have hydroxide 
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Fig. I. [OH ] = 5.0 x IO’* M. ~1 - 0.26 M: (A) lcrotyl alcohol] - 6.7 x IO-’ M. IRuW)] = 15.1 x 10 ” M: (R) [~rwoYl 
ak&l] - 2.0x IO-‘M. [Ru(Vl)] - 10.0x IO-‘M; (C) [cinnamic dddl - 5.0x IO ‘M. IWWI - 15.8~ IO ‘M: 

(D) [ally1 alcohol] = 2.5 x IO-’ M, [RuWDl - 5.6~ IO-‘M. 

Table I. E&I of hexacyuwfcmtc(lIl) on rhc rate d oxidation 

(4 
[NaOH] = !.O x IO ” M, [Crotyl akohol] - 6.7 x IO-’ M. IRWDI - I.5 X IO-’ M 

Temp. - 25’. p - 0.26 M 

[FdCNk-‘1 x IO’M = 25.0 X.0 12.5 10.0 8.25 6.25 5.0 4.0 
k,x ldM.min-‘- 20.3 19.8 19.2 19.2 19.0 18.8 18.7 18.5 

(B) 
Temp. - 35’. p - 0.26 M 

[NaOHJ - 5.0 x IO ’ M [Propar& dcohdl - 2.0 x lo ’ M [RIJO] = 10.0 x IO-’ M 

[F&Z&’ ‘1 x IO’ M = 25.0 20.0 12.5 10.0 8.30 6.66 S.0 4.0 
k,x 106M.min ‘= 38.2 37.6 37.1 37.0 36.8 X.5 36.5 36.3 

(C) 
- 25”. JI - 0.26 M 

[NaOH] - 5.0 x IO ’ hi. [Cinzi?P;kohol] = 5.0x IO-‘H [RI&W] = 15.8 x IO ’ W 
[Fc(CNb 5 x IO” M - 20.0 12.5 10.0 8.25’ i.14 6.2S 5.0 4.d 
k? x lo’ M. min ’ = 20.2 19.8 19.6 19.4 19.4 19.1 18.9 18.8 

(D] 

fNaOH] - 5.0 x lo : M. 
Temp. - 35’. JA = 0.26 M 

[AllyI alcohol] - 2.J x IO ’ M. [Ru(VI)] - 5.6 x IO-’ M 
[F&Z&-‘I x lO”‘M - 20.0 I2.W 10.0 8.25 7.14 6.S 5.0 4.0 
k, x IO’ M. min-’ - Sl.1 50.0 49.7 59.6 49.1 49.0 48.6 48.2 

F~. 2. [K,Fc(CN),] - I2 5 x IO ‘ M, [OH I = 5.0 x IO ” M. ,, = 0.26M: (A) [propqyl alcold - 1.0 x IO-* M; (8) 
[crotyl plc&ol] = I.1 x IO-’ M; (C) [cinnamic alcohol] - 5.0 x IO ‘M: (D) (ally1 akoboll - 1.0x tO-‘M. 

ion associated with them and coordination of Ofi ion (Complex)“‘L Ru02. xH20 + OR A Aklehyde (iii 
with per ruthenate upto lower extent has also been sbr 

suggested by Syman and coworkers” during the kinetic 
. H?o 

study of decomposition of perruthenate ion in ,“I 

alkaline medium therefore during the kinetic study it can 
RuO>.x.H,O t ZFe(CNk-“+4OH - 

be assumed that ruthenium(W) remains as ruthenate ion. 
i.e. RuO, ‘. 

RuO,-‘+ ZFe(CN)r-‘+ (x + 2)HB (iii) 

RuO,-‘+ Ss (complex)“’ 
I.., 

(1) 
RCHO 

“u(“1) $WcNb-’ CH 
b RCod (iv) 
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[ suBstmta1-‘r IO-‘M- 

Fu. 3. [K,F&fi] - 12.5 x lo-’ M. [OH-l - S.0 x lO-2 M. p - 
0.26 M: (A) mu(W)) - 4.4 x IO-’ M; (B) [Ru(VDl - 10.0 x IO- M, 

(0 [R&VI)] - 2.4 x IO-’ M; (D) [RUN)] = 15.1 x IO-’ M. 

where S stands for ally1 alcohol, crotyl alcohol, cinnamyl 
alcohol and propargyl alcohol and R stands for CHAH. 
CH,CH&_H. C+H,.CH=CH and HC=C-groups. 

The fht step of proposed mechanism involves the 
formation of complex between ruthenate ion and sub 
s&ate. 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 ruthcnate ion by hcxacyanofer- 
rate(II1) and alkali. The separate experiments have been 
carried out without addition of hexacyanoferrateUII), 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 hcxacyanoferrate(IIr). Resulted solution was 
capabk 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(III) can be written as 

‘1 dIfWN)e 
dt 

= Ir((Complex)] -2. (1) 

From the step (i) the concentration of compkx is given 
as 

[(Complex) ‘1 = K,[S][RuO.-7 (2) 

The total concentration of ~thenate ion would be given 

as 

[RuO, TIT = [(Complex)1 ’ + NO. ? (3) 

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

eqn (3). 

[RuO, .)T = K,[SI[RuO. ? - IRuO.-~I (4) 

(RuO, q=!+$. 
1 

Now the rate expression in terms of total concen- 
tration of ruthcnate ion, considering the equation (1). (2) 
and (5) can be written as 

_ [d(Fe(CNL’-1 = kK,[Sl[RuOa % 
dt I+K,[S] ’ (6) 

The rate law is consistent with the observed results 
should be given in te?ms of actual decrease in the con- 
centration of hexacyanofemrte(II1) and eqn (6) would be 
written as 

_ d[Fe(CN),‘-j = QWSI~RUO~ ‘IT 
dt I +K,[Sl ’ (’ 

The factor “four” in eqn (7) is introduced because 
stoichiometric studies shows that four molecules of 
hexacyanofcrrate(II1) 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” bchaviour with respect to substrate 
(Fig. 3). The rate expression (7) can be rearranged as 

I I I 
&=4kKI[S][R~0.-?~t4Lr(RuOl (8) 

where 

d[Fe(CNk. ‘] _ Rate = k 
dt 

I. 

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(VI)] (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 tht value of k and K, for all four 

Tabk2. 

AlCohol K, from RI k 
(Rate)-’ vs 

SE, AS. Lw 
from (Rate) vs min ’ kjlmok J/degree kjlmok 

substrate ’ plot IRWDl plot 

AJIYI (259 60.0 58. I 23.8 61.0 - 120.3 97.4 
Crotyl (253 40.0 45s 10.0 31.2 - 129.7 96.5 
Proprgyl(359 30.6 30.0 21.8 514 - 136.1 98.4 

Cinnunyl(2fPl 77.0 80.0 7.0 52.6 -1389 947 
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Table 3. [K,Fc(CN),,l = 12.5 x IO-’ hi; [OH-] - 5.0 X IO-’ M. CI - 0.26 M 

[Ru(VD] x IO’ M k, x lo’M.mia-’ 
bkulalcd) 

LX IO’M.min ’ 
~~~~) 

[Ally1 Akdboll 
x IO’ M (25”) 

5.0 

A:: 
1.0 
1.0 

[Crotyl Akohol] 
xIdM(25”) 

I.1 
I.1 
3.3 
2.0 
I.0 

[Cinnamyl Akohd) 
xldM(2CP) 

I.00 
O.Lc 
O.! 
0.5 
0.5 

[Prygyl Alcobl] 
x IO M (357 

5.0 
2.5 
1.0 
1.0 
I.0 

4.4 
4.4 
4.4 
2.2 
6.56 

5.02 
20.1 
15.1 
IS.1 
15.1 

23.1 27.1 
23.1 IO.1 
1.9 6.3 

31.6 25.2 
55.3 44.2 

10.0 53.0 
10.0 37.6 
10.0 m.3 
3.1 6.2 

12.5 211.0 

31.2 
18.4 
13.8 
7.7 

22.9 

22 
35:5 
30.4 
18.9 

31.9 
18.7 
13.4 

1.1 
22_9 

1.11 
28.1 
36.1 
31.0 
19.4 

n.9 
10.1 
6.2 

24.9 
43.2 

51.1 
36.8 
21.0 

2::: 

alcohols and substituti~ these values in rate expression 
(7) for each alcohol, the eqn (7) can be written as (for 
ally1 alcohol). 

- (Fc(CN)a’ ] = 4 x 23.8 x 60IRuO.-)MaIl~l akohol) 
dt I + 6o(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 cqn (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 Riven in Table 3. 

It is now evident from Tabk 3 that tht value of k, 
observed and k. calculated are in close agreement (2 
I.594) which again supports the validity of eqn (7) and 
hence the proposed mechanism. 
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