
... (5)

Indian Jo~rnal of ChemistryVol. 31 A,IOctober 1992. pp. 788-793

Kin~tics and mechanism of oxidation bymhal ions: Part XVI-Oxidation of
glyoxalate ion by alkaline

osmium tetroxide

Mintkshi Vishnoi. Aditya Prakash & Raj N Mehrotra*D partment of Chemistry, University of Jodhpur,
Jodhpur 342 005

RJceived 29 July 1991; revised 6 December 1991;
accepted 10 April 1992

The 'netics of oxidation of glyoxalate ion by alka
line os 'um (VIII) is studied with stopped-flow in the
presenc of excess of gIyoxalate ion. A linear correla
tion bet een (a) k;b~ and [OH-], and (b) kobs and
[CHO.C 0-] is observed where kobs is the observed
pseudo- rst order rate constant. The rate determining
step is t e decomposition of, probably, an inner sphere
complex [OsOJ(OHh(OH}zC.COOp- formed between
[OS04(0 }zF- and (OH}zCH.COO-. The formation of
the com lex is inferred by the rapid scanning of the
spectru of the reaction mixture. The kinetically de
ducted alue of the equilibrium constant Kh.' for the
deproto ation of the hydrated gIyoxalate ion at 2YC is
3.54 ± O. 4 dmJmol-l. Using this value of Kh.' the pK.
value of the gem-dial of gIyoxalate ion is calculated to
be 13.4 hich ij; in good agreement with the pK. value
of 13.6 r formaldehyde. The thermodynamic parame
ters and activation enthalpy and entropy values are re
ported.

Osmiu tetroxide is a powerful two-equivalent ox-
idant2 ving a redox potential of 0.85V for the
couple Os(VIII)/Os(VI)3. Its solution in
[OH-] 0.5 mol dm-3 is stable4 and has found ex
tensive se as a catalyst in the oxidation of organ
icS and organic6 compounds by hexacyanoferrate
(III) ion. The subject matter has been briefly re
viewed? The common mechanism of the catalysed
reaction is the formation of an Os(VIII)-substrate
com pIe which decomposes in the rate limiting
step to s(VI) and oxidation products of the sub
strate. s(VI) is then oxidized to Os(VIII) by two
equivale ts of hexacyanoferrate (III) ion in the fast
step.

The resent study was undertaken to verify the
two alt nate mechanisms A and B suggested in
the os urn (VIII)-catalyzed oxidation of glyoxal
ate ion ereafter represented by S) by hexacyano
ferrate ( II) in alkaline medium8 each of these lead
to the mmon rate law, Eq. (5), where k is the
composi e rate constant. The reactions (2) and (4)
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are followed by the reaction (6) which established
the catalytic cycle of Os(VIII)/Os(V~).

Mechanism A

S + Os(VIII) ;=X (1)

X+OH- -+(COO)~- + Os(VI) (rate limiting) (2)

Mechanism B

S+OH- ;=X* ... (3)

X* + Os(VIII) -+(COO)~ - + Os(VI) (rate limiting)
... (4)

- d[Fe(CN);-]= k[Os(VIII)][OH-][S]
dt

Os(VI) + 2Fe(CN)~- -+Os(VIII) + 2Fe(CN)~- (fast)
... (6)

where [Os04(OH)(OH2)t is the reactive osmium
(VIII) ,species.

The results of this study on the dependence of
the observed rate constant on [OH-] is contrary to
that observed by earlier workers8• Hence a differ
ent mechanism is proposed and the value of the
equilibrium constant Kha for reaction (3) is esti
mated and the values of the related thermodynam
ic parameters are e<;timated. Although the forma
tion of a complex between the reactive species of
osmium (VIII) and glyoxalic acid is supported by
the rapid scanning of the spectrum of the reaction
mixture, the inner-sphere nature of complex is
supported by the dependence of kobs on [OH-].

Experimental
The stock solution of sodium glyoxalate was

pI:epared by neutralising glyoxalic acid (Fluka, pu
rum) which was used as received. The stock solu
tions of potassium hydrogen phthalate (BDH, An
alaR) and sodium chloride (Sarabhai-M, GR) were
prepared by dissolution of the respective weighed
samples in doubly distilled water. A weighed sam
ple of osmium tetroxide was dissolved in a stan
dardised sodium hydroxide solution and stored in
a refrigerator. It was frequently standardised.

Stoichiometry and product study
Several reaction mixtures having different [osmi

um(VIII)] and [glyoxalate ion] (Os(VIII) was always
in excess) were prepared in 0.5 mol dm-3 sodium
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the same as in hexane indicating that it is still te
trahedral2.

Fig. I-The UV-visible spectra of aqueous osmic aCId, glyox
alate ion, and the mixture of the two at room temperature
( •••30"C). The spectra of the mixture taken soon after the mix
ing and some 15 minutes after superimposed indicating that
there is no reduction of OS04 dissolved in water.
104[OSO.]=6.0 mol dm-3; 103 [OHC.COO-]=6.0 mol dm-3
(-.-.-.-), and the reaction mixture (----) having the stated con-

centrations of Os(vm) and g1yxoalate ions
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A spectrum of 104[OsO 4]== 3.24 mol dm - 3 in
different NaOH concentrations shows the charac
teristic absorbance peak around 320 ± 5 nm for
solutions ~ 0.05 mol dm - 3 sodium hydroxide.
This is consistent with an earlier observation II that
alkaline OS04 solutions absorb strongly at 316
nm. The spectra, however, does not show any
maximum absorbance at 340 nm as reported by
Mohan and Gupta6a• Since these workers recorded

Aqueous reaction mixture
The spectra of the reaction niixture shows an

increase in the height of the trough which is shift
ed more towards 230 nm and the height of the
shoulder is slightly decreased. The spectrum of
reaction mixture is taken immediately and some
15 minutes after mixing. Since these two spectra
superimposed each other and did not show any
change in absorbance over this period of time; it is
concluded that osmic acid in aqueous solution
does not react with g1yoxalate ion.

The product was repeatedly extracted with
ether after the reaction was complete and the
reaction mixtures were acidified with hydrochloric
acid. The ether was evaporated and the liquid left
behind was treated with a saturated solution of

.::alcium sulphate to precipitate oxalic acid as cal
cium oxalate. The precipitate was washed, treated
with warm sulphuric acid ("'" 1 mol dm - 3) and fil
tered. The filtrate was treated with 50% hydroch
loric acid and granular zinc to reduce oxalic acid
to glycolic acid. The liquid was separated from the
unreacted zinc, concentrated and treated with 2,7
dihydroxynaphthalene. The mixture on keeping in
boiling water developed the characteristic red to
violet-red colour confirming the presence of gly
colic acid and thereby that of oxalic acid9•

Aqueous osmic acid
OS04 has a tetrahedral structurelO• It is moder

ately soluble in water2. The spectrum of aqueous
osmic acid has an absorbance maxima at 240 nm,
a shoulder at 280 nm and a trough around 220
nm. The absorption spectrum of OsO 4 in water is

Glyoxalate ion
The spectrum of glyoxalate ion (bottom most)

shows a maximum absorbance at 200 nm and
then there is no maximum absorbance between
200-400 nm; rather the absorbance beyond 250
nm and onwards is almost near the base line. This
means that the absorbance of glyoxalate ion in
this range is negligible.

Spectral studies
The UV-visible spectra of the solutions, de

scribed below, were recorded on a Shimadzu 240
UV-vis Graphicord spectrophotometer at room
temperature ( "'"30°C). These are shown in Fig. 1.

hydroxide together with corresponding blanks (no
glyoxalate ion was present). After a suitable time
interval (> 10 times of the half-life of the reac-

. tion), the excess unreacted [Os(VIII)] was estimat
ed from the difference in the absorbancies at 400

nm of the blank and the corresponding reaction
mixture. A [Os(VIII)]/ A [OHC.COO-] = 2.1±0.2
was found at room temperature. ·This ratio was la
ter confirmed by the spectrophotometric titration
of glyoxalate ion. Hence the stoichiometry of the
reaction is given in Eq. (7). The reaction of oxal
ate ion with Os(VIII) at 0.1 mol dm-3 [OH-] was
found to be slow enough to affect either the rate
or the stoichiometry of the reaction.

[OsOiOHhF- +OHC.COO- +OH--+
[Os02(OH)4F- + -OOC.COo-

,
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the spect~m beginning from 330 om and onw
ards, they probably missed the maximum absorb
ance at 32 nm.

Rapid sea
Becaus of the labile nature of the Os(VIII)-gly-

oxalate c mplex in alkaline solution, a rapid scan
of the sp ctrum of the reaction mixture was carri
ed out th the Union Giken 401 stopped-flow

~pectrop tometer attached to RA 415 rapid scan
attachme t. The rapid :;can covers 48 nm on eith
er side 0 the selected central wavelength which
was fixed at 360 nm. The rapid scan of alkaline
OS04 (04[Os(VIII)]= 5.5 mol dm-J in 0.2
mol dm - NaOH) and those of the reaction mix
tures ha .ng the same concentrations of sodium
hydroxid and OS04 are shown in Fig. 2. It is to
be noted that the osmium (VIII) solution has max
imum ab orbance at 325 nm. In the reaction mix
ture this peak is shifted. The shift, however, can
not be a cribed to the increasing [glyoxalate]. The

peak hei ht has, however, decreased with [glyoxal
ate]. The e scans are recorded between 52-102 ms
after mix ng. The gate time (time taken to scan 96
nm) was fixed at 50 ms and the temperature was
kept can. tant at 6°C.

Rate me surements
The inetics of the reaction is studied under

pseudo-f rst order conditions ([glyoxalate] ~
[OS04]) t constant ionic strength (1.0 mol dm-\
NaCl). nion Giken RA-401 stopped-flow spec
trophot eter, interfaced with RA-451 data acqui
sition sy tern, is used to follow the reaction at 325
nm. Ho ever, few runs are also studied at 400

om 12. Beers law is obeyed at this wavelength. The
rate constant obtained at 400 nm are in agreement
with those obtained at 325 nm. The reaction in

general is followed for more than three half-lives.
For a particular reaction condition at least 7-10
duplicate runs were studied and the mean kobs va
lues with standard deviations are reported in the
Tables.

The slope and intercept values of the linear
plots together with respective standard deviations
were computed by using a single linear regression
(SLR) computer program based on the method of
least squares. In general the value of r~ 0.997 was
obtained in most cases.

Results and discussion
The kinetic results can be summarised as fol-

lows:
(i) The invariance of pseudo-first order rate

constant kobs (41.7 ± 0.3s -I) over a twenty-fold
variation in the initial [OS04] (3.9 x 10-4

7.8x 1O-J) at [OH-]=O.l moldm-3 at 25°C is in
dicative of a first order dependence of the reac
tion in [Os(VIII)].

(ii) Effect of [OH-] on kobs is studied at various
temperatures over a tenfold variation in its initial
concentration. The results, Table 1, indicate that
kobs decreases with increase in [OH -] and the plot
between k';-b~ and [OH -], is linear with an intercept
on the rate ordinate. The respective values of the
intercepts and slopes at different temperatures are
in Table 1.

(iii) The linear plot between kobs and
[OHC.COO-] with zero intercept indicated that
the order in glyoxalate ion is one. The values of
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Fig. 2-1Pidscan spectra of [Os(VIIl)] and the reaction mixture in 0.2 mol dm .1 NaOH at (,'c. The spectrum of the reactionmixturc . as rec.orded between ?2-102 ms after mixing. 104 [Os(VIII)] = 5.5 mol dm 1 (spectrum I) and reaction mixtures having]()'[OIVIII)] = 5.5 mol dm -, and 103[OHe.COO-] = 5.0 (spectrum 2), 10.0 (spectrum 3) and 20.0 mol dm -1 (spectrum 4)
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[Os03(OHht + OHC.COO- ¢ [Complexj2-
... (11)

•

... (13)

... (12)

k'
H20 + [Complexj2- -+ [Os02(OH)3t

+ HOOC.COO-

k'l3'[OHC.COO-]

kobs= I+K2[OH-]

Equation (13) is consistent with the linearity of
the kobs versus [OHC.COO-] and ko;,,1 versus
[OH-] plots and the value of K2 could be ob
tained by the ratio slope/intercept of the later
plot. The evaluated value of K2 was found to be
much less than the experimentally determined va
lues6a at each temperature. This indicated that
some equilibrium other than that in (10) is needed.

Glyoxalic acid forms a gem-diol on hydration 18,

and so does the glyoxalate ionl9. Values of
16.5±2.5 (ref. 20) and 15.1 dm3mol-1 (ref. 21)
have been determined for the hydration constant,
Khydr as in reaction (14). Hence it is assumed that
the glyoxalate ion present in solution is almost
completely hydrated. The dianion can be formed
either by loss of a proton from the gem-diol or ad
dition of hydroxide to the aldehyde22. Hence reac
tion (15) is well established in an alkaline solution .

Khvd< .

OHC.COO- + H20 ¢ CH(OHhCOO- ... (14)

Now, there are two equilibria, (10) and (15),
that are affected by OH -. The consideration of
both the equilibria and that one of the reactants is
doubly charged, predicted by the effect of ionic
strength on the rate, requires the consideration of
the probability of the reaction between two pair,
viz., (i) [Os03(OHh]-, and -O(OH).HC.COO-, or
(ii) [Os04(OH)2j2- and (OH)zCHCOO-. The con
sideration of either of the pair should not result in
the pronounced effect of [OH-], as observed, due
to the compensatory effect of OH- on the rate
because the equilibrium reactions involving the
formation of the respective species are affected by
the OH- in the opposite directions. Hence equi-

In view of the simple kinetics and the observa
tion that kobsdecreased with increase in [OH-1 a
simple mechanism consisting of the reactions (10)
(12) comes to the mind. The rate law based on
these reactions, with the assumption that (1 +
K2[OH-])~ 13'[OHC.COO-] dictated by the first
order dependence in glyoxalate ion, is in the Eq.
(13).

K2

[Os03(OHh]- +OH- ¢ [Os03(OH)zF- + H20
... (10)

Temp.(°C)

[OW]

20253035
(moldm-3)

kobs

0.1

32.7±0.141.6±0.2 58.6±0.6 71.0±0.7

0.2

27.8±0.137.0±0.3 44.7±0.2 56.1 ±0.5

0.4

20.5±0.3 23.9±0.130.5 ±0.139.5 ±0.1
0.6

16.4±0.216.6 ± 0.4 23.4 ± 0.129.1 ±0.1

0.8

13.4±0.515.6±0.218.5 ± 0.3 23.6 ± 0.1

1.0

12.0±0.212.6±O.115.5 ±0.219.3 ± 0.3

103 (intc)

24.7±2.917.3 ± 2.411.4 ± 0.59.3±0.8

103 (slope)

61.8±5.8 60.7±2.6 53.0±0.9 41.8±1.4

.. . (9)

The value of KI determined by kinetic meth
odl4 is 302 dm3mol-l. Hence equilibrium (9) is
completely shifted to the right in alkali solutions
used here and therefore .any free concentration of
OsO 4 is negligible. The spectrophotometric esti
mation of K2 has resulted in the values 24 ± 4,
(ref. 6a) and 19.5 ± 3 dm3mol-1 (ref. 15) in solu
tions of 1 mol dm - 3ionic strength at 25°C.

Further, it has been pointed out that the heights
of the successive waves in polarogram of Os(VIII)
in both dilute and concentrated sodium hydroxide

(0.3 to 10 mol dm-3) solutionsl6 are in the ratio of
2:2:1 which is in conformity with the reduction
scheme: Os(VIll)-+Os(VI)-+Os(IV)-+Os(Ill) pro-
posed earlier17.

kob/[OHC.COO-] are almost constant (422± 16
dm3mol-1s -I at 25°C).

(iv) Under the conditions 103 [Os(VIll)]= 1.56,
[OH-]=O.1 and [OHC.COO-]=O.1 mol dm-3 at
25°C, kobs increases from 14.4 ± 0.2 to
41.6 ± 0.3 S-I when •.•.is increased from 0.2 to 1.0
mol dm - 3. Effect of ionic strength on kobsis given
by Eq. (8) due to Davies13.

log kobs= logko + 2AzaZbJIi./( 1 + JIi.) ... (8)

The slope value, 2.35 ± 0.04, of the linear plot be
tween logkobs and JIi./(1 +/Ii.) indicates that the
reactants are similarly charged, and probably one
of these carried two units of charges and the other
has an unit charge.

In an alkaline solution, there exist two equilibria
(9) and (10) with equilibrium constants KI and K2

respectively.
KJ

[Os02(OH)4]+ OH- ¢ [Os03(OH)3]- + H20

Table I-Dependence of kobs on the initial [OH-] at different
temperature. 103[Os(VIII)] = 1.56, [OHC.COO-] =0.1 and

1= 1.0 mol dm-3

il
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of disappearance of [Os(VIII)]in terms
(15)-(18)is givenby Eq. (19).

libria (to) land (15) cannot be considered togetherin the meclanism.

I

~I

t

... (24)

... (23)

kf}[OHC.COO-]
kohs= [_] ... (21)1+Kha OH

_1_= 1 .+ Kha[OH-] ... (22)
kobs kf}[OHC.COO-] kf}[OHC.COO-]

Kha
Slope= --

k~[OHC.COO-]
1

Intercept = k~[OHC.COO-]

From Eqs (23) and (24), one could obtain the
values of Kha at 20, 25, 30 and 35°C which are
2.52 ± 0.06, 3.54 ± 0.34, 4.65 ± 0.12 and
4.51 ±0.23 dm3mol- I respectively and the corre
sponding 11J-{J= 31± 3 kJ mol- I and
11,S-<>=112±4JK-\ mol-I. The positive value of
the entropy is consistent with the fact that the
transition state has smaller number of charges
than the reactants. This results in freeing of water
molecules from the hydration sphere of OH - and
(HOhCH.COO- ions.

Using the estimated value of Kha at 25°C, the
pKa (Ka = KhaKw) of the gem-diol of glyoxalate ion
is estimated to be 13.4 and considering that it is
obtained from the ratio of slope/intercept, it is in
fair agreement with the value 13 obtained spec
troscopically and 13.05 estimated kinetically. The
value is also in fair agreement with the pKa of
13.57 for acetaldehyde22,and 13.6 for formalde
hyden.

The oxidation of glyoxalate ion in alkaline solu
tion by deprotonated-amine Cu(III)-peptide com
plexl9 and Os(VllI) differ from each other both in
the kinetics and final oxidation product. The ob
served rate in Cu(IlI)-peptide complex oxidation
first increased up to 0.1 mol dm-3 of OH- and
then decreased. This is ascribed to the operation
of two acid-base pre-equilibria. One is the amine
deprotonation of Cu(I1I)-peptide and the other in
volved the formation of glyoxalate dianion. The
unhydrated glyoxalate ion is assumed to be the
reactive species.

The mechanism of the present redox reacton al
so involved two acid-hase pre-equilibria, repre·
scntcd by reactions (15) and (16), yet it differs
from Cu(III)-peptide complex oxidation in the de-

(1 + Kha[OH-j) ~ ~[OHC.COO- ] could be easily
made. With this inequality Eq: (20) is reduced to
Eq. (21). Equation (22) is the reciprocal of Eq.
(21). The slope and intercept values (Table 1) of
the linear plots between k';-b~and [OH-] are given
by Eqs (23) and (24) respectively.

kf}[OHC.COO-nOs(Vlll)1----------
1+ Kha[OH- j + f}[OHC.COO-

... (20)

-l40s(VI,m
dt

EqUatior: (19) could be written as Eq. (20)
where the concentrations are the initial analytical
concentrat ons.

the calculation of [Os04(OH)2F- at dif
-] in a 1.56 x 10- 3 mol dm ~3 solution

of OsO4 . dicated that there is not a pronounced
change in [Os04(OHhF- between 0.1 and 1.0
mol dm - 3 sodium hydroxide which changed from
1.10x 10- to 1.50 X 10-3 mol dm -3. Hence
[OS04(0 ~-]"'[OS04] and to a greater extent
could be nsidered as independent of [OH-~ For
a similar hange in sodium hydroxide the change
in [-0(0 )CH.COO- J is from 0.02 to 0.07
mol dm- 3 in a 0.1 mol dm- 3 glyoxalate solution
which is s .ficant. Hence, the equilibrium (10) is
not consi red, justified by the fact that K 2 ~ Kha,

and the uilibrium (15) has the mechanistic sig
nificance.

The fo~owing reactions are therefore considered to represent the most plausible mechanism of
the reactio

Kha

(OHhHC.~OO- +OH- ¢ -O(OH)HC.COO
... (15)

-d[O~
dt

f\

[Os04(OH 2F- + (OHhCH.COO- ¢
[003(OHh(OHhC.COOp-o ... (16)

k
[OS03(0 3(OHhC.COOP-~[OS02(OH)4F-

+ OOC.COO- ... (17)

O-+OH- fa~_00C.COO-+H20
... (18)

Now, it view of the s~mpl~ relation betw~en

k"t!s and [ H - J and the lmeanty of the plot be
tween ko and [OHC.Coo - j. which passes
through the origin, an assumption that

II I
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Table 2- The estimated values of kfl (dm3mol-1) from Eqs (23)
and (24) at differnt temperatures (±0.1°C) and the related

thermodynamic parameters

Temp. 10-3 kfl 10-3 k13 10-3 ~

(OC) (from Eq. 23) (from Eq. 24) (Mean value)

20 3.25±0.31 3.27±0.34 3.26±0.29

25 3.96±0.17 4.15±0.61 4.05±O.41

30 5.09 ± 0.39 5.10±0.22 5.1O±O.l5

35 7.18±0.24 7.24±0.66 7.21 ±0.44

/i;H=39±2 kJ mol-I /i;S= -112±7 JK-mol-I

pendence of the observed rate on [OH-]. The rate
decreased with increasing [OH-]. This is because
glyoxalate hydrated anion is the reactive species in
the present case and the formation of an inner
sphere complex between the osmium species
[Os04(OHhF- and glyoxalate anion. The complex
is considered 'inner-sphere' because H atom· of
glyoxalate anion has formed a hydroxyl group with
the oxygen atom of tetraoxodihydroxyosmium (VI
II) species. Equilibrium (16) helps to establish that
Az2 =2 as required by the slope value of the line
ar plot based on the Davies equation where
Az2 = {:I:z; (products)- :I:z? (reactants)}. This crite
ria has been discussed by Espenson24, and is
equally applicable to the mechanism based on the
assumption of the inner-sphere complex. Thus the
salt effect is a property of the rate law and not of
the reaction mechanism24.

The transfer of hydride ion as a result of C - H
fission in the glyoxalate ion to the oxidant species
in the rate determining step reduces the perosmate
ion to [Os02(OH)4F- and oxidises glyoxalate ion
to oxalic acid which is instantly converted to oxal
ate ion in alkaline medium. The fact that the oxi

dation of oxalate ion (devoid of the presence of
any C - H bond) is very slow, no change in the
absorbance was observed in the first few minutes
when solutions of Os(VIII) and oxalate ions were
mixed, supports the proposed C - H fission and
thereby hydr.ide transfer.

The values of kf3, calculated using Eq. (24) at
different tempetatures together with the mean va
lue, used for the calculation of enthalpy and en
tropy values, are in Table 2.
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