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In the oxidation of propane-1,3-diol, butane-1,4-diol, pentane-1,5-diol, 2-me-
thyl pentane-2,4-dio} and hexane-1,6-diol by alkaline hexacyanoferrate(IIl) us-
ing ruthenium(VIII) oxide as a homogeneous catalyst, the reaction velocity
shows direct proportionality with respect to ruthenium(VIIl) oxide concen-
trations. The reaction is directly proportional to hydroxide ions at their low
concentrations, it reaches upto a maximum and beyond which further addi-
tion of hydroxide ions retards the reaction velocity while in case of diols the
reaction rate, after showing direct proportionality with respect to the substrate
at its low concentrations, becomes independent with respect to diols at their
still higher concentrations. These results suggest that the transition complex
formed between ruthenium(VIII} oxide species and the diol molecule, decom-
poses in the slow step to give ruthenium(VIII) hydride species and a carboni-
um ion which in the subsequent steps give rise to the final oxidation products
by taking more of hexacyanoferrate(Ill). Thermodynamic parameters were
also calculated.

Key Words: Ruthenium(VIII) Oxide; Ru(VIII) Oxide-Catalysed Oxidation;
Diols; Alkaline Hexacyanoferrate(I1I)

Introduction

Osmium tetroxide, after extensively been used as a homogeneous catalyst! as
well as an oxidant, was replaced by ruthenium compounds due to its toxic na-
ture in acidic medium. Ruthenium(III) chloride catalysed oxidation of organic
compounds in acidic’ as well as in alkaline’ medium has been reported by
several workers. Recently, these catalysts have been replaced by ruthenium te-
troxide and its catalytic activity in acidic medium was first reported by Tandon
and Krishna.* Till now only scant work has been reported showing ruthenium
(VIII) oxide catalysis in the oxidation of organic compounds in alkaline medi-
um.>%7 To have a clearer picture of ruthenium{VII) oxide catalysis in the oxi-
dation of organic compounds the authors have studied the oxidation of pro-
pane-1,3-diol, butane-1,4-diol, pentane-1,5-diol, 2-methylpentane-2,4-diol and
hexane-1,6-diol by alkaline hexacyanoferrate(Ill) using ruthenium(VIII) oxide
as a homogeneous catalyst.
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Experimental

Stock solutions of propane-1,3-diol (KOCH-LIGHT ), butane-1,4-diol, hexane-
1,6-diol(BDH), pentane-1,5-diol and 2-methylpentane-2,4-diol(Fluka) were
prepared by direct weighing. Sodium hydroxide and potassium chloride were
of AR(BDH) grade. Solution of ruthenium(VIII) oxide was prepared in alkaline
solution. The final strengths of the catalyst and sodium hydroxide were kept
3.025x107*M and 0.135M respectively. Other chemicals: used were either
Analar or Chemically pure reagents. Temperature of the reaction was kept
constant with an accuracy of *0.1°C. Progress of the reaction was measured
at different intervals of time by estimating the amount of hexacyanoferrate(II)
produced by titrating it against a standard solution of ceric sulphate using fer-
roin as a redox indicator. In all, the kinetic runs diol was present in excess.

Results and Discussion

Ruthenium(VIII) oxide catalysed oxidation of aforesaid diols by alkaline hexa-
cyanoferrate(Ill) was studied at constant ionic strength of the medium under
the conditions where uncatalysed reaction was negligible.

In the kinetic measurements rate of the reaction is given in terms of the
initial —dc¢/dr values obtained from the particular runs and are shown in terms
of remaining hexacyanoferrate(Ill) concentrations per minute. The concentra-
tions mentioned in the tables are the initial concentrations of the reactants.
The obtained results were confirmed by studying all the individual sets in each
variation at two different concentrations of the reactants. Since it is not possible
and also not worthwhile to give all the results at two different concentrations
only k values calculated at both concentrations are given in Table IV. It was
observed that the change in the ionic strength of the medium does not affect
the reaction velocity hence, the effect of variation of ionic strength of the
medium has not been included.

Table 1 clearly shows constant ks and —d¢/dr values confirming zero or-
der kinetics with respect to hexacyanoferrate(Ill) concentrations. A slight in-
crease in the rate values, calculated from the initial slopes of the zero order
plots between remaining [hexacyanoferrate(IIl)] vs time, at higher hexacyano-
ferrate(Ill) concentrations might be due to the further oxidation of the inter-
mediate products via the uncatalysed route. Further oxidation of the inter-
mediate product is also quite clear from the zero order plots where zero order
rate constant values begin to increase after a certain stage of the reaction. It
has been shown in the oxidation of cyclopentanol that further oxidation of the
intermediate product proceeds only with alkaline hexacyanoferrate(Ill) and the
catalyst does not participate in the reaction® Further it is a well-known fact
that ruthenium is incapable of oxidising aldehydes (which is the intermediate
product in the present study) and the ketones which have no hydride ion.

The reaction follows first order kinetics with respect to substrate at its low
concentrations tending to become zero order at higher concentrations of the
substrate (Fig. 1).
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Fig 1 Plot showing the effect of variation of [Compd.] on the reaction rate at 30°C

Fig. 2 shows that the rate of the reaction follows first order kinetics with
respect to hydroxide ions at their low concentrations, it reaches upto a maxi-
mum and beyond which further addition of OH "~ ions retards the reaction ve-
locity.

Table II clearly shows that calculated first order rate constant k values
(where k= —dc¢/dt+=[RuQ,)) are practically constant confirming that the reac-
tion follows direct proportionality with respect to ruthenium(VII) oxide
concentrations.

The stoichiometry of the reaction  was studied by taking hexacyanoferr-
ate(IlI) in large excess as compared to diols in different ratios and the observ-
ations were made for a long period. The estimation of unconsumed hexacyano-
ferrate(IIl) by usual method showed that eight moles of the oxidant were re-
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Table 1
Effect of variation of (K Fe(CN),] on the reaction rate ar 30°C
(A)[Propane-1,3-diol] = 5.00 X 10~ °M, (B) [Butane- I ,4-diol][ = 2.00 x 10 ~*M, (C) [Pentane- 1,5-diol]
=2.50 %10 "°M, (D) {2-Methylpentane-2,4-diol]= 2.50 X 10~ ?M, (E} [Hexane-1,6-
diol]=1.50 x 10"°M

A B c D E
[NaOH|x 107 10.00 12.00 4.00 5.00 2,00
M
[RuO,|x 10¢ 1.210 1.815 1.210 3.630 1210
M
ux M 0.50 0.50 0.50 0.50 0.50
(K ;Fe(CN), ]  10° 100 200 300 400 500 600 800  10.00
M
4
(A) k,x 107 — 058 068 080 092 081 089  0.71
M-min
_ 3
derdrx 10 — 061 068 079 088 031 085 080
M-min
(B) kx10° Mmin~'  — 035 033 033 033 036 036 04l
e 3
derdrx 10 — 031 032 033 033 034 038 038
M-min
(©) kX10 memin © — 036 037 041 050 055 058 0.7
e i .
derdrx10 ~ 036 036 042 050 055 058 055
M-min '
D)k X10' Mmin | 034 029 041 041 043 044 049 050
_ . 4
derdrx1o 034 036 041 041 042 043 050 059
M-min
(E) kX 10° M'min ' — — 054 054 052 052 053 062

—d, 4
”f’;/iﬂ’_’f"’ — - 0.54 056 050 052 053 0.56

quired for the complete oxidation of one mole of organic substrate according
to the following equation:

HO-H,C- R-CH,0OH + 8Fg(CN)}~ + 80H—~HOOC- R-COOH + 8Fe(CN)¢~
+6H,0, (1)
where R=CH, for propane-1,3-diol
= CH,-CH,- for butane-1,4-diol etc.:

The corresponding acids were identified with the help of paper chroma-
tographic technique as well as by the spot test methods® and the final oxidation
products in case of propane-1,3-diol, butane-1,4-diol, pentane-1,5-diol, 2-me-
thyl pentane-2,4-diol and hexane-1,6-diol were found to be malonic acid, suc-
cinic acid, glutaric acid, acetic & formic acids and adipic acid respectively.
Rate of the reaction in different substrates was found to be in the order hex-
ane-1,6-diol = 2-methyl pentane-2,4-diol > pentane-1,5-diol > butane-1,4-diol >
propane-1,3-diol showing that the rate of oxidation increases with the addition
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Fig 2 Plot of graph showing the effect of variation of [OH ~] on the reaction rate at 30°C

of methyl group in the molecule. This sequence is also confirmed from the
thermodynamic parameters i.e., energy of activation (A E), entropy of activation
(AS) and free energy of activation (AF) which were calculated from the data
obtained at four different temperatures viz., 30°C, 35°C, 40°C and 45°C (Table
II). It is clear from the values of energy of activation that the formation of ac-
tivated complex is easy in diols having large structures. Similar trend is ob-
served with entropy values also. These values also confirm that similar me-
chanism is operative in the oxidation of all the aforesaid diols.
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Table I1
Effect of variation of | RuQ,} on reaction rate at 30°C
[K;Fe(CN)]=2.00x10"3*M, u=0.50 M

(A) [Propane-1,3-diol] = 5.00 X 10~ M [NaOH]=10.00 X 102 M

(B) [Butane-1,4-diol]=3.00 x 10~> M, [NaOH]=8.00 X 10" M

{C) [Pentane-1,5-diol}=2.50 x 1072 M, [NaOH]=4.00 x 10 2 M

(D) [2-Methylpentane-2 4-diol]=2.00 X 102 M, [NaOH]=4.00 x 10 * M

(E) [Hexane-1,6-diol]=2.00 x 1072 M, [NaOH]=1.00 x 10" M

[RuQ ] x 10°M Ka kg ke ky kg
0.24 0.54 — — — -
0.36 — 0.41 0.28 — 0.31
0.48 0.52 — — — -
0.61 — — — 0.10 —
0.73 0.51 — - — 0.30
0.84 _ 0.30 — — —
0.85 — — 0.24 — —
0.97 0.43 - — — —
1.21 0.52 0.24 — 0.10 —
145 0.47 — — — 0.34
1.57 — 0.25 — — —
1.69 — — 0.22 — —
1.82 — - — 0.10 —
1.93 — 0.25 — — 0.32
1.94 0.47 — — — —
2.04 . — 0.21 — .
2.42 0.46 0.24 — 0.10 0.34
302 — 0.25 0.22 0.10 0.34
3.63 - - 0.21 0.10 0.34
4.84 - — — 0.11 —
6.05 - — — 0.10 —
Table 111

Thermodynamic parameters for hexacyanoferrate (I1l) oxidation of diols

Compound AE% ASt AFt
kcalsmole ™! (en.) kcals.mole ™!

Propane-1,3-diol 11.52 —-67.65 32.34

11.52 —-67.78 32.39
Butarie-1,4-diol 11.30 —68.80 32.51
Pentane-1,5-diol 11.23 - 68.86 3243
2-Methylpentane-2,4-diol 10.30 -70.03 31.58
Hexane-1,6-diol 9.59 -70.04 31.16
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It has been confirmed from the electronic spectra studies that out of many
species RuO,(OH)3" is the only reactive and stable species of RuO, in alkaline
medium!*!? which is given by the following equilibrium.

K

RuO,+OH" = RuO,(OH)" . (2)
K

RuO,(OH)~ + OH~ = RuO,(OH)2" ..(3)

Connick and coworkers!® have reported that orange solution of potassium
ruthenate in approximately one molar sodium hydroxide does not precipitate
in more than one year. The spectrum of this solution was recorded with Beck-
man spectrophotometer model-26 attached with automatic recorder. The mo-
lar extinction coefficients corresponding to the two absorption maxima at 385
and 460 nm indicate the presence of species RuQ; (VII) and RuO;~(VI) in the
above aqueous solution as reported by Connick and Hurley also.'’ Further if a
known amount of ruthenium tetraoxide solution is treated with the standard
solution of hexacyanoferrate(Ill), the colour of ruthenium tetraoxide immedi-
ately disappears. The molar extinction coefficient of this solution correspond-
ing to the absorption maxima at 305-310 indicates the presence of RuO,(VIII).
Similar spectra at similar absorption maxima has been reported by Connick
and Hurley for ruthenium(VIIl) species.!” All these evidences beyond doubt
confirm that the reduced form of ruthenium is again oxidised to its original oc-
tavalent state by alkaline hexacyanoferrate(IH). Further the electronic spectra
studies’® of ruthenium tetroxide in alkaline solution indicate the presence of
RuO,(OH)}~ species. Thus one can safely assume that ruthenium tetroxide in
alkaline medium will remain as RuO,(OH);~ and only this form will act as a
homogeneous catalyst.

On the basis of the experimental results the following scheme for the oxi-
dation of diols can be described:

- -k -
RuO; {OH™) + OH 2 RuO H(OH)g (1)

0 2
oH 0 dcH R
" K
053“/=0 Reh, 0 s fo2ro 2 COHT (1)
Ho 7 bt
)

o H -
||/6~CH2‘R ! 0 H 2-
0=RJ =0 kK, 0=pi=0 +RTH OH._ U1T1)
wo” Slow > fil
0 HO/O
¢}
H ] 2- -
% 3 . 9 o?- R
O=Ry=0 [ +2Fe(CN) - i 4
i 5 20H —_— =RuZo | +2FelcN)’ & H20 (1v)
fast 20 6
o} L
OH OH

and RCHZOH:CHSC'H CHi(%- CM3 for 2-methyl pentane-2 4 diol

l',M3
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R+CH—OH+OH_—f;—t-'RCHO+H20 .. (V)
S
Int. Product.
[O]
RCHO —— RCOOH . (VD)
fast

Here R=HO-CH,-CH, for propane-1,3-diol
R=HO-CH,-CH,CH, for butane-1,4-diol
R=HO-CH,-CH,*CH," for pentane-1,5-diol
R=HO-CH,-CH,CH,-CH,-CH, for hexane-1,6-diol

OH OH
l |
and RCH,OH = CH; — CH — CH, — C— CH; for 2-methyl pentane-2,4-diol.
I
CH,

Thus according to the above scheme RuO,(OH);~ with the substrate
molecule forms complex C at this stage the hydride ion transfer takes place!* !
and this complex slowly decomposes into a ruthenium(VIII) hydride species
and a carbonium ion. In the subsequent fast steps, carbogium ion gives ulti-
mately the final oxidation products while ruthenium(VIII) hydride species gets
oxidised into the original RuO ,(OH)3 "~ species.

Verma et al’ have reported similar results in the oxidation of butane-1,2-
diol & butane-1,3-diol as well as in the oxidation of ethane-1,2-diol & pro-
pane-1,2-diol® under the similar conditions at different concentrations. They
also have supported the similar mechanistic steps. -

From this scheme at steady state condition the final rate law might be
given as

_d[Fe(CN)J"” _
= 2k(Cy] . (4)

= 2k k,K[Ru(VII)] A SJ[OH "]
k,+[OH J{k, K+ k_,K[OH |+ k,K[S]+ k_,} ... (5)

Eq. (5) clearly explains direct proportionality of the reaction rate with re-
spect to ruthenium(VII) oxide concentrations. Nature shown by the substrate
and OH ™ ions are also quite clear.

At very low concentrations of the substrate and OH ™ ions, the inequality
k,»>[OH J{k,K+ k_,K[OH™}+ k,K[S]+ k_,}
may be assumed to hold valid and eq. (5) reduces to
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_ d_[F___eﬁN): I K[Ru(vID)] {S[OH ], ... (6)

Eq. (6) clearly explains first order kinetics shown by the substrate and
hydroxide ions at their low concentrations as observed experimentally. Direct
proportionality of the reaction rate with respect to ruthenium(VIIl) oxide is
also quite clear. At higher concentrations of the substrate and hydroxide ions
the reverse inequality
k, <[OH" [k, K+ k_,K[OH" |+ k; K[S]+ k_,]

will hold good and in this case eq. (5) reduces to

_d[Fe(CN),J'™ _ 2k, k, K[Ru (VIII)] {S]
dt k,K+k_,K[OH |+ k,K[S]+k_,

A7)

Eq. (7) clearly explains zero order kinetics with respect to the substrate at
its higher concentrations. It also explains retardation due to OH™ ions at high-
er alkali concentrations. Direct proportionality of the reaction rate with respect
to ruthenium(VII) oxide concentrations even upto its many-fold variation is
also explained by this equation.
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Fig 3 A plot of graph inbetween 1/~ dc/dt versus 1/[compd.] from Fig. 1. Captions are same as in Fig, 1
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Table IV
Organic substrate Variation [S]x10* [OH|x10* kK, k, k,
M M
Propane-1,3-diol [OH] 5.00 — 0.3938 - -
variation 4.00 — 0.4007 — —
Substrate — 10.00 0.3938 143x10°° 275
variation - 16.00 0.4007 1.46%x10°% 275
Butane-1,4-diol [oH] 2.00 - 0.798 — —
variation 3.00 — 0.739 — —
Substrate — 12.00- 0.798 5.78x10°° 138
variation - 8.00 0.738 525%10° % 138
Pentane-1,5-diol |OH] 2.50 — 1.798 - -
variation 2.00 — 1.796 — —
[S] - 4.00 1.798 3911072 46
variation — 2.00 1.796 390x10°° 46
2-Methylpentane [OH] 2.50 - 1.08 - -
-2,4-diol variation 2.00 —~ 1.12 — —
[S] - 5.00 1.08 3.14x10°1 344
variation - 4.00 1.12 325%x10°7 344
Hexane-1,6-diol [OH] 1.50 — 0.348
variation 2.00 — 0.346
[S] - 2.00 0348  670x 1077 52

variation — 1.00 0.346 6.65x10°* 52
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For further verification the rate equation (5) might be rewritten as

1 1 kK+k_, .k, [OH]

Rate 2k Ru(VIIL)], 2k K,K[SIRu(VII)], " 2k K[S[Ru(VII)], -+ (8)

The validity of rate law (5) might be made by plotting 1/Rate vs, [OH ] and
1/Rate 1/[S]. The straight lines with positive intercepts at Y-axes clearly indic-
ate the validity of the rate law (5) and the proposed mechanism (Figs 3 and 4).

k,k, values were calculated from the slope of 1/Rate vs. [OH "] plots and
k, and k, values (also k, X k, values) were calculated from the intercept of
1/Rate vs 1/[8] plots and are given in Table IV at two different concentr-
ations. All the values calculated from different methods and at two different
concentrations are in very good agreement which finally confirms the validity
of the rate law (5) and hence the proposed mechanism.
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