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Abstract—Spectrophotometric studies of the kinetics of oxidation of 2-methylpropan-1-ol and 2-butanol by
an alkaline solution of osmium tetroxide have been reported. A first-order dependence to osmium tetroxide
was observed. A first-order dependence to both 2-methylpropan-1-ol and alkali at low concentration tends
to zero order at higher concentrations. In the case of 2-butanol, first-order kinetics is exhibited with respect to
2-butanol but first-order kinetics observed at lower concentrations of aikali decrease at higher concentrations.
A negligible ionic strength effect of the medium was observed. Activation parameters have been computed. A
suitable mechanism in conformity with our kinetic observations has been suggested.

Very little data are reported on Os(VIII) as an
independent oxidant,!~® although it has been widely
used as a catalyst.>'3 Recently some attempts have
been made on kinetic studies of Os(VIII) oxidation of
some substrates'!7 but the literature on kinetic
investigations of oxidation of reducing substances by
Os(VIII) is scanty. This paper reports the kinetics and
mechanism of oxidation of 2-methylpropan-1-ol and
2-butanol by osmium tetroxide in alkaline media.

EXPERIMENTAL

Materials and methods. All the reagents used were of highest
purity available. B.D.H. (A.R.) samples of 2-methylpropan-1-
ol and 2-BuOH were used, all other reagents were of A.R.
grade. Triple distilled water was used throughout the course of
the reaction and the soln of OsO, (Johnson and Matthey)
was prepared by dissolving OsO, (1 g) in 393.4 ml of KOH
aq (0.05 M).

The reaction was initiated by adding a known volume of
O8O, to requisitc volumes of the substrate and NaOH
maintained at the desired temp (+0.1°).

Osmate ion absorbs strongly in the visible region at 400 nm
(8 = 400). The kinetics of the reaction were followed by
spectrophotometric estimation of unconsumed OsO, using a
Beckman spectrophotometer model 26 with an auto recorder.

Stoichiometry and product analysis. Different sets of
experiments were carried out with varying OsO, substrate
ratios. Spectrophotometric estimation of unconsumed OsO,
in each set indicated consumption of 2 and 4 mol of OsO,
per mol -oxidation of 2-methylpropan-1-o0l and 2-BuOH,
respectively. Isobutyric acid was idontified as an end product
in the oxidation of 2-methylpropan-1-o0] while propionic and
formic acids were characterized spectrophotometrically as
end products in the oxidation of 2-BuOH. Stoichiometric Eqs
(1) and (2) may, accordingly be written as

RCH,OH + 2030, +40H~
= RCOOH +2[0s0,(OH),1*~ (1)
CH,(CH) group in the
H,

where, R represents the

2-methylpropan-1-ol molecule.
CH,CH,CHOHCH, +40s0,+ 100H™ +H,0
~»4[0s0,(OH),]*~ + CH,CH,COO~ +HCOO~. (2)

* Author to whom correspondence should be addressed.

RESULTS AND DISCUSSION

The kinetic observations covering a wider range of
reactant concentrations and showing complicated
features of the reactions are summarized in Tables 1 and
2 and Fig 1. First-order kinetics with respect to
osmium tetroxide were observed at all initial
concentrations of osmium tetroxide (Table 1). The first-
order constants (k,,) were obtained on dividing
(—dA/dt) values (obtained from the slopes of
unconsumed OsO, vs time plots) by [OsO,] at which
the slopes were taken. The kinetic data collected at
various temperatures show a marked effect of
temperature on the rate. The energy and entropy of
activation were found as 8.08 K cal mol ~ ! and —26.96
e.u., respectively (2-methylpropan-1-ol) and 13.91 K
cal mol~! and —15.61 e.u., respectively (2-butanol).

Table 2 records the kinetic results at various

Table 1. Effect of varying [OsO ] and temperature on reaction
rate

[S]=200x10"2M [NaOH] = 2.00x 10-2 M

[0sO.] x 10° M Kope X 10% 571
1.00t 9.58*
1.34¢ 9.42
1.60t 1052
2,00 9.50°
2.50¢ 10.00*
3.34¢ 1040
4.00t 9.51°
1.00t 631°
1.00t 7.76¢
1.00+ 12.59¢
1.003 24.86*
1.34% 23.62°
1.673 23.56°
2.503 2371°
337% 24.90*
4.00% 24.23¢
1.003 10.40°
1.003 15158
1.003 33.88*

T [2-methylpropan-1-ol}: a at 35°; b at 27°; c at 31°; d
at 40°.
$[2-butanol]: e at 37.5°; fat 27°; g at 31°; h at 41°,
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Table 2. Effect of varying [substrate] and [NaOH] on reaction rate

Kote
10%, [substrate] or[OH "]
[Substrate] x 10*(M) [NaOH]x10* (M) k., x10*(s"Y) (mol~ts™})
1.00* 1.25 5.12% 5.12
1.25* 1.25 6.68° 534
2.00* 125 10.04® 5.02
2.50 1.25 11.60° 4.67
334 125 14.96° 449
4.00* 125 16.08° 4.02
5.00* 125 19.78% 396
1.25* 0.66 7.09¢ 10.75
1.25* 0.83 7.89° 9.51
1.25* 1.11 8.88° 8.00
1.25* 1.66 9.66° 5.82
1.25* 2.50 10.68° 427
1.25* 333 10.24¢ 3.07
1.25* © 5.00 10.84¢ 217
1.00° 1.25 944 944
1.66° 1.25 14.30 8.61
2.50¢ 1.25 2254 9.00
334¢ 125 3127 9.34
5.00° 1.25 41.75 8.35
10.00¢ 125 82.30 823
1.25¢ 1.00 10.89 10.89
1.25¢ 125 12.57 10.06
1.25¢ 1.66 15.12 9.11
1.25¢ 250 18.42 137
1.25¢ 3.30 23.67 7.10
1.25¢ 5.00 26.67 5.13
1.25¢ 7.50 33.00 440
1.25¢ 10.00 36.56 3.66

* [2-methylpropan-i-ol], [0s0,] = 1.00x 10~3 M.
b At 36°.

At 37°.
¢[2-butanol], [0sO,] = 2.00 x 10~3 M, at 37.5°.

concentrations of alcohols and hydroxyl ions. The
trend in shifting of order from first to zero is obvious
from the constant values of k, (second-order constant) -
up to a certain limit of concentration of either
2-methylpropan-1-ol or hydroxyl ions and beyond
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Fig. 1. (A) Effect of varying [2-MP-1-0l] on reaction rate at

36°:[0s0,] = 1.00x 107> M, [OH™] = 1.25x 10”2 M. (B)

Effect of varying [OH "] on reaction rate at 37°: [0sO,]

= 1.00x 1073 M, [2-MP-1-o0l] = 1.25x 102 M. (C) Plot of

(0,17 vs [2-MP-1-0l]"! at 36°: [0sO,] = 1.00x 10”3 M
and [OH" ] = 1.25x10"* M.

which k, values show a decreasing trend (last column of
Table 2), while constancy of k, values clearly indicates
first-order kinetics in 2-butanol. At constant [sub-
strate] a plot of 1/v, (where g, is the initial velocity in
terms of —d[0s0,]/ds) against 1,TOH ] was linear
making an intercept on the 1/v, axis, which confirms the
existence of octahedral complexes of osmium tetroxide.
Addition of acrylonitrile to the reaction mixtures did
not influence the rate of the reactions, which rules out
the possibility of a free radical mechanism in the present
case.
Octahedral complexes of the form trans
[0sO(OH™),]>” and [OsO(OH™)(H,0)] are
reported by Griffith.!® The latter species is involved in
step (i) of the proposed reaction scheme. The real
reactive species formed by osmium tetroxide is
[OsO,(OH),;1* " and the equilibrium lies entirely in
itsfavour.!® In alkaline medium Os(VIII)does not exist
as 0sO,, which is confirmed by the formation?® of
[0sO(OH"),]*" with OH" ions.

In the light of the above statements and the kinetic
results collected on the systems, the oxidation
mechanism proposed is given as

[0sO.(OH™XH,0)]"
<)

K
+OH™ =[0s0(OH");]*~ +H,0

(C2) ®
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[OsO(OH"),J*~ +S
.L_l* X (intermediate or complex) (ii)
slow
(&Y

where S represents 2-methylpropan-1-ol or 2-butanol.

X 2 [050,(OH),J*~ +products. (i)

slowest and rate determining step

Step (ii) is slow but not as slow as step (jii) which is the
rate determining step. The total [Os(VIII)] may be
obtained from Eq. (3) on the basis of the above
proposed scheme

[Os(VIID)]yom = [C114+[C.]1+[Cal &)

The final rate law in terms of the rate of consumption

of [0sO,] may be derived by considering the

equilibrium conditions for steps (i) and (ii) and solving

in terms of total [Os(VIII)] with the help of Eq.(3). Thus

the rate law obtained is given by Eq. (4)

—d[0s0,] _ nk;K,K;[Os(VIIN}reu[OH"][S]
dt 1+K,[OH ]+ K,K,[S][OH"]

@

where n represents the number of mol of OsO,
consumed by per mol of substrate, or

—d[0s0,]  nk,K,K,[Os(VII) e [OH ] [S]
dt 1+K,OHJ{1+K,[S}}

In the case of 2-butanol, Eq. (5) may be changed to Eq.
(6) with the assumption K,[S] « 1
—d[0sO,] _ nk,K;K,[Os(VIID 1o [OH][S]
de 1+K,[OH7] )
©

Rate law (6) conforms to the observed kinetics. At low
[OH], 1 » K;[OH "] holds good and rate law (7)
is obtained
—d[0s0,]
dt

= nk K K,[Os(VIID ]y [OH ] [S].

M
At higher [OH 7], the inequality 1 >»> K,fOH™] is not
strictly maintained and hence the order in OH ~ shows
the decreasing trend. The value of kK, K, obtained
from the slope of the curve (obtained from the plot of
1/v, against 1/{OH"]) is 1.02 x 10° which is sensibly
nearer to its value of 0.92 x 103 calculated from Eq. (7).
In the case of 2-methylpropan-1-ol, the inequality
1+ K,K,[S]J[OH"]» K,[OH~] holds good and
thus Eq. (8) is obtained from Eq. (4)

—d[0sO,] _ nk, K, K,[Os(VII]rom[OH ] [S]
dr 1+ K,K,[S][OH"] '

@®
Rate law (8) fully explains the observed kinetics. At low
[S] and [OH ], the inequality 1 » K, K,[S]{OH™]

n7

holds good and Eq. (9) results which explains first-order
kinetics in OH™ ions and 2-methylpropan-i-ol at
low concentrations

~d[0sO,]

de

= nkiK,K,[O0s(VIID}r[SI[OH"]. (9)
At higher [OH™] and ([S] the inequality
K,K,[S][OH™] » 1 holds good and Eq. (8)is reduced
to Eq. (10), which explains zero-order kinetics in
hydroxyl ions and 2-methylpropan-1-ol at higher
concentrations

—d[0sO,

T < k(ORI s

The value of k, K, K, calculated from the slope of the
plot (between 1/v, against 1/[S] at constant [OH ™))
was found to be 2.18 x 10° which agrees well with its
value of 2.08 x 10° obtained from the slope of the plot
(between the rate and [S] at constant {OH™]). The
closeness in k,K, K, values obtained from Eqs (8) and
(9)confirms the proposed mechanism. The formation of
[0sO,(OH),]*" in step (iii) is supported by the fact?*
that Os(VI) exists as [OsO,(OH),]? . The suggested
mechanism is only known to apply during the initial
period and could be different in the latter stages.

(10)
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