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Kinetics and Mechanism of the Oxidation of Hypophosphite
with NV-Chlorotoluene-p-sulphonamide (Chloramine T)
catalysed by Osmium(vin) in Alkaline Solution

Juzar Hussain, Som Kant Mishra and Preen Dutt Sharma”
Department of Chemistry, University of Rajasthan, Jaipur-302004, India

The kinetics of osmium(viil)-catalysed oxidation of hypophosphite, H,PO,~, with chloramine T (cat,
N-chlorotoluene-p-sulphamide) was studied by estimating the latter iodometrically. The rate law (i)
holds for [OH™] =0.02-0.142, [H,PO,”] =0.001-0.02, and [Os,,] =1 x 107° to 1 x 107* mol
dm= where K, is defined by equation (ii}, K, and K, are the equilibrium formation constants

>d[cat] _ k,K,[cat] [Os'""][H,PO, "] (i)
Todt 1+ K,JOH™] + K,[H,PO,"] + K,K,JOH"][H,PO,"]

[0s0,(0H),]~ + OH™ == [0s0,(0OH),]>~ + H,0 (if)

of complexes [0sO,(OH),(H,PO,)]1>~ and [0sO,(OH),(H,PO,)]*" respectively and the former
reacts with chloramine T. The values of k,, K,, K, and K, were calculated to be 16.6 + 0.5 dm?

mol™ s77,
spectively.

376 + 2, 175+ 6.0 and 130 + 5.0 dm® mol™" at 45°C and /=1.0 mol dm™3 re-

The kinetic study of the oxidation of hypophosphite with
chloramine T (cat, N-chlorotoluene-p-sulphonamide) is inter-
esting in view of the little known chemistry of hypophosphorous
acid in alkaline media.! The oxidation of hypophosphorous
acid with carboxylato-bound chromium(v) and reduction of
cobalt(im)-co-ordinated phosphite and hypophosphite with
[Ru(NH;)¢]?>", Eu?*, V2* and Cr?* have recently been
reported! in solutions. So far as the oxidation of hypophosphor-
ous acid in acidic media is concerned, a large number of
reactions® > exhibits rate independence of the concentration of
the substrate. However, reactions® in alkaline media do not
behave analogously. Nevertheless, studies with non-metallic
oxidants both in acidic and alkaline media are surprisingly
scanty.

Further, the alkaline chemistry of chloramine T is not well
defined despite a large volume of research in recent years.” The
reason is, probably, the slow reactions of the oxidant in alkaline
media. Moreover, osmium(vi) has frequently been employed
as a catalyst® '! in chloramine T reactions in alkaline media,
and its catalytic role is still not well established.

These observations prompted us to undertake a kinetic study
of the present reaction, with the following aims: to define more
precisely the chloramine T species which partake in the redox
system in alkaline media, and secondly, since chloramine T is
not expected to form an intermediate complex with hypo-
phosphite, to explore the other options that are available to the
substrate for oxidation in the presence of osmium(viir).

Experimental

Material —Solutions of chloramine T were prepared by
dissolving the sodium salt of N-chlorotoluene-p-sulphonamide
(E. Merck) in twice distilled water. These solutions were stored
in brown glass bottles blackened from the outside to eliminate
photochemical decomposition. They were standardized iodo-
metrically.!?''* The sodium salt of hypophosphorous acid

(Riedel) and NaOH (E. Merck) were used as received. Osmium
tetraoxide (Johnson Matthey) was dissolved in 0.5 mol dm™
NaOH and analysed iodometrically. Solutions of osmium(vii)
are quite stable!* >0.3 mol dm > in NaOH provided they are
kept refrigerated. Other chemicals were either of AnalaR or
guaranteed reagent grade.

Doubly distilled water was used throughout the study, the
second distillation being from alkaline permanganate solution
in an all-glass assembly. Corning glass vessels blackened from
the outside were employed for the reaction mixtures to ensure
the kinetics of the reaction was free from any photochemical
effects.

Spectrophotometric work was carried out on a UV spectro-
photometer. The solutions of Os¥™ show a broad maximum
between 320 and 360 nm. However, no change in spectrum was
observed for [OH "] > 0.1 mol dm™ and cat concentrations
ranging from 1.0 x 10~*t0 1.0 x 10~ mol dm™.

Procedure—The reaction vessels containing all ingredients
except chloramine T were immersed in a water-bath thermo-
statted at 45 + 0.1 °C unless stated otherwise. The reactions
were usually initiated by adding a known volume of chloramine
T solution to reaction mixtures containing all other reaction
components. However, the order of addition did not affect the
kinetics. The progress of the reaction was monitored by
estimating unreacted chloramine T iodometrically!2!3 at
different intervals of time. The iodine liberated by osmium(vii)
was accounted for in subsequent calculations of concentra-
tions.

The reported slow reaction’® between iodine and phosphor-
ous acid in acid concentration (=~ 1.0 mol dm3) employed
in iodometric analysis did not occur even over 1 h at
ambient temperature. Initial rates were computed by the
plane-mirror method.'® Pseudo-first-order rate constants were
also calculated wherever reaction conditions permitted.
Reproducibility was better than +6%.
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Results

Stoichiometric determinations were carried out for reactions
with excess of chloramine T (henceforth written as cat) over
hypophosphite. These reactions were allowed to proceed for
2-3 h at 50°C and the excess of cat was estimated
iodometrically. The results collected in Table 1 conform to
the stoichiometry as represented by equation (1) (R = p-
MeC,H,SO,).

RNCI~ + H,PO,” —:9, RNH, + HPO,> + HCl (1)

Chloramine T and Osmium(viil) Dependences—The con-
centration of chloramine T was varied in the range (5.0-
40.0) x 10* mol dm™ at constant concentrations of
[H,PO, ] =10 x 102, [Os™] =10 x 10*, [OH ] =
4.15 x 1072 and ionic strength (/) = 1.0 mol dm™> (adjusted
by the addition of sodium perchlorate). A plot of the initial rate
against the concentration of chloramine T yielded a straight line
passing through the origin. This indicates an order of one
with respect to the oxidant concentration. Pseudo-first-order
plots were also constructed for reactions where [cat] < 10
[H,PO, ™ ]. The rate constants calculated from these plots were
constant and independent of the initial concentrations of cat.

Similarly, the concentration of osmium(vii) was varied from
1.0 x 107° to 1.0 x 10~* mol dm™ at fixed concentrations of
[cat] = 3.0 x 1073, [H,PO, ] =50 x 103 and [OH ] =
4.15 x 1002 moldm™ at / = 1.0 mol dm™3. A plot of the initial

Table 1 Stoichiometric results for the reaction of chloramine T and
hypophosphite in the presence of osmium(vir) as catalyst in alkaline
media [Os""] = 1.0 x 10%, [OH ] = 4.15 x 102 and I = 1.0 mol
dm3 (adjusted with sodium perchlorate)

10°[cat] 10°[H,PO,"] 103[cat] consumed A[cat]/A[H,PO, ]
2
mol dm™?
3.0 2.0 1.9 0.95
4.0 2.0 1.85 0.93
5.0 3.0 2.80 093
6.0 4.0 3.85 0.96
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rate against the concentration of osmium(vin) also yielded a
straight line passing through the origin, indicating an order of
one with respect to the catalyst concentration.

Hypophosphite Dependence—The concentration of hypo-
phosphite was varied from 1.0 x 1073 to 2.0 x 102 mol dm™
at fixed concentrations of the other reaction components. The
rate initially increases and then tends to a limiting value with
increasing hypophosphite concentration. A plot of 1/k” versus
[H,PO, ] (k" is the observed second-order constant) yielded a
straight line with non-zero intercept at three different con-
centrations of hydroxide ion. Such behaviour conforms to the
empirical rate equation (2), where ¢’ and b’ are constants.

dfcat] _ a'[H,PO, J[Os""][cat]
dt 1+ »[H,PO, ]

)

Results are given in Table 2.

Hydroxide Ion Dependence.—The concentration of hydroxide
ion was varied from 0.02 to 0.1 mol dm at three different
hypophosphite concentrations and fixed concentrations of
other reaction ingredients at 7 = 1.0 mol dm (adjusted by the
addition of sodium perchlorate). The rate decreases with
increasing hydroxide concentration. A plot of 1/k" versus
[OH 7] yielded a straight line with non-zero intercept. Results
are collected in Table 2.

Effect of Toluene-p-sulphonamide~—The concentration of
toluene-p-sulphonamide when varied from 0.001 to 0.01 mol
dm™ at fixed concentrations of other reaction components
did not result in any change in rate. This observation rules
out the possibility of any equilibrium involving toluene-p-
sulphonamide preceded by the rate-determining step.

Effect of Chloride Ion—The concentration of chloride ion
was varied from 0.05 to 0.2 mol dm™3 at constant concentrations
of other reaction ingredients. However, the rate of the reaction
remained unchanged. It is worth noting that chloride ion
catalyses a large number of chloramine T reactions including
those with hypophosphite and phosphite in acidic media.!” This

Table 2 Observed and calculated values of k” in the osmium(vin)-catalysed oxidation of hypophosphite with cat. [cat] = 3.0 x 1073, [Os¥1] =

1.0 x 10-*and / = 1.0 moldm™3, 45 °C

(@) [OH"] = 0.022 mol dm™3

102[H,PO, " J/mol dm 3 0.1 02
k’/dm3 mol"! s7! {z:{’cﬂ' }i gj
(b) [OH™] = 0.042 mol dm™3
10[H,PO, ]/mol dm™ 0.1 —
k’/dm3 mol! s7* {Z;Fcﬂ. gg; B
(¢) [OH ] = 0.062 mol dm™3
10[H,PO,~ ]/mol dm™ 0.1 0.2
jdm® mol-*5° {an 3% 0
(d) 10°[H,PO, ] = 5.0 mol dm™?
102[OH " ]}/mol dm™3 2.2 3.2
k’/dm® mol™! s~ {i:f’cﬂ' j§ g’g
(€ 10°[H,PO, ] = 1.0mol dm3
102[OH ~}/mol dm™3 2.2 4.2
, 3 11 exptl. 6.3 42
K/dm”mol " s {calc. 62 46
(f) 10°[H,PO,~] = 2.0 mol dm-?
10°[OH " }/mol dm™ 2.2 4.2
, 3 11 exptl. 7.2 53
K'{dm? mol™ s {calc, 78 57

0.3 0.4 0.5 0.6 0.8 1.0 1.5 2.0
34 39 4.2 5.1 5.7 6.3 6.7 7.2
33 3.9 4.5 50 5.7 6.2 7.2 7.8

0.3 - 0.5 0.6 0.8 1.0 — 2.0
24 — 2.9 33 3.9 42 — 53
23 — 33 3.6 4.1 4.6 - 5.7
0.3 0.4 0.5 0.6 — 1.0 — 20
1.9 2.1 2.3 2.5 — 33 — 4.2
1.8 2.2 2.5 2.8 — 3.6 — 4.5
42 5.2 6.2 7.2 10.2
2.9 2.6 22 21 1.7
32 238 25 23 1.8

6.2 8.2 102 142
33 2.8 23 1.8

3.6 3.0 2.5 1.9
6.2 8.2 10.2 14.2
42 33 3.1 2.2
4.5 3.7 32 2.5

Calculated &’ values were obtained by substituting the values of the constants k; = 16.6 dm® mol™* s7%, K, = 37.6 dm® mol!, K, = 175 dm? mol !

and K3 = 130 dm® mol™’ at 45 °C in rate equation (15).
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difference in chloride-ion catalysis indicates that the reactive
species of cat in the two media are different.

Discussion
Chloramine T is reported'®!® to be a strong electrolyte in
aqueous solutions [equation (3)]. However, equilibria (4)-

RNCINa == RNCI~ + Na* 3)
RNCI~ + H* = RNHCI @)
2RNHCI = RNCI, + RNH, (5)
RNHCI + H,0 == HOCI + RNH, (6)
HOCl==0CI~ + H* %)

(7)'°722 have been reported in acidic media. In view of the fact
that the kinetic order with respect to [cat] is one, and the rate of
reaction is unaffected by toluene-p-sulphonamide, the equilibria
(5) and (6) do not exist. Equilibrium (7) conforms to hydroxide-
ion catalysis contrary to the hydroxide-ion dependence
observed in the reference reaction. If calculations based on the
decinormal solutions of cat made by Bishop and Jennings'® are
any guide, the concentration of RNHCI is negligibly small as
compared to that of RNCI™.

Chloride-ion catalysis” in reactions of cat has been explained
through an interaction of RNHCI and Cl~ producing an
intermediate RNHCI?* . - . CI3~. However, no such interaction
is known between RNCI ™ and C1.13

Thus the effect of C1~ on the rate of the reaction of cat and
substrate in acidic and alkaline media can be considered to be
important evidence in distinguishing between RNHCI and
RNCI ™ species. Apart from this effect, the rate of the reaction is
also retarded by hydroxide ion and if these two observations are
coupled with the first-order dependence with respect to [cat],
RNCI" is believed to be the only reactive species of cat.

Hypophosphorous acid is monobasic and as such H,PO, ™ is
the most likely species of the acid in alkaline media. This species
has also been considered to be reactive in other reactions.':®
Since the hydroxide-ion dependence is complex it cannot be
linked with hypophosphite in a similar way to that reported  in
the reaction of H;PO, with hexacyanoferrate(uir). The species
H,PO,> and HPO,? reported in the reaction?® of hypo-
phosphite with RuO,~ can also not be considered based on
similar arguments.

Osmium tetraoxide yields a red solution of [OsO,(OH),]*
in strongly alkaline solution.?* However, a dilute alkaline
solution of OsO, converts [OsO,(OH),}?>” into [0sO;-
(OH);]™ in agreement with the results reported by Sauerbrum
and Sandell.?®> Since the rate decreases with increasing
hydroxide-ton concentration, all the species subsequent to
[OsO5(OH);]™ must be less reactive. Furthermore, an intense
brown-red colour appeared in the reaction mixture on mixing
solutions of hypophosphite and osmium(vur) at <10 °C,
whereas mixtures of Os¥™ or H,PO,~ with cat did not yield
any colour change. The spectral analysis of the H,PO, ~-Os'!
system is too difficult. It is worth mentioning that chelate
formation between cat and osmium(viir) has been reported in
the oxidation of «-hydroxy acids® without adducing any kinetic
or spectral evidence. The kinetic results for the reference study,
however, do not support this observation.

Sisley and Jordan®® recently reported the complexation
between Co™(NH;); and H,PO,~ with the metal centre being
O- rather than P-bound. Moreover, both P-bound hydrogens
in H,P(O)OH are retained in the ligation, similar to singly
P-bound hydrogen in HP(O)(OH),. Thus the co-ordination to
Co'" leaves only one accessible acidic centre in phosphite and
none in hypophosphite. The reaction of Os"™ with P! in the
light of these observations is suspected to proceed through
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an oxygen-bridged intermediate arising from hypophosphite
rather than OsY™. If it is assumed that the loss of the OH~
group is affected in ligation by H,PO,™, a more complex
hydroxide-ion dependence should have been observed.

Thus considering the experimental observations, viz. first
order with respect to [cat] and [Os¥"] respectively, complex
dependence on [H,PO, ], and inverse dependence on hydrox-
ide-ion concentration, a reaction mechanism comprising steps
(8)—(12) can be suggested. The corresponding rate law is (13) or

[OsO4(OH),]~ + OH ™ —=
[0sO,(OH),]* + H,0 (8)

[OsO4(OH),]~ + H,PO,” —2=
[0sO,(OH);(H,PO,)]1* (9)

[0sO(OH),]* + H,PO,” ===

[0sO4(OH),(H,PO,)T*  (10)

[0sO4(OH);(H,PO,)]* + RNCI~ _ﬁk‘ﬁ”’

[0sO4(OH),]” + HPO,2" + RNH, + HCI (1)

[0sO,(OH),(H,P0O,)]* + RNCl~ —2

H,0

[0sO,(OH),]* + HPO,> + RNH, + HCl (12)

(14) where k' is the observed second-order rate constant. Since
the limiting rate is not attained even at higher concentrations of

dfcat]
— -
[cat][Os""[H,PO, 1(kK; + k,K,K;[OH])
1 + K,[OH"] + K,[H,PO,"] + K,;K3[OH ]J[H,PO, ]
(13)

K =
[(H,PO, J(k, K, + k,K,K5[OH "))

1+ K,[OH"] + K,[H,PO, ] + K,Ks[OH ][H,PO, ]
(14)

[OH "], the contribution of step (12) as compared to step (11)
can be neglected. This reduces rate law (14) to (15). A plot of

k' =
ki K,[H,PO, "]

1 + K,[OH ] + K,[H,PO, ] + K,K;[OH ][H,PO, ]
(15)

1/k" versus [H,PO, ]! yields a straight line with non-zero
intercept. The intercept and slope calculated from the plot are
equal to (K, + K, K;[OH ))/k K, and (1 + K,[OH™ ])/k,K,
respectively. Further plots of the intercept versus [OH™] and
slope versus [OH ] yielded the values of k&, and K| as 16.6
+ 0.05 dm® mol™! s7' and 37.6 + 2.0 dm® mol™ respectively.
However, K, agrees with the value reported®’ earlier (42.5
+ 6.0 dm® mol') under almost identical experimental
conditions. Further analysis of rate constants from equation
(15) was made by plotting 1/k’ versus [OH ] at three different
hypophosphite concentrations. The intercept and slope cal-
culated from the plot are equal to (1 + K,[H,PO, ™ ])/k,K,-
[H,PO, ] and (K, + K, K3;[H,PO, D/k,K,[H,PO, "] res-
pectively.

Further plots of the intercept versus [H,PO, ]! and slope
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- 2—
|/ %
—0§—OH, | +H,PO,” —0§—0,PH
b 2 2 2 ~ ' 2 2
2H,0| RNCI
|/ )
—Q3—OH, |+ HPO,% + RNH,
+ HCI
Scheme 1

versus [H,PO, ] gave straight lines. The values of K, and K
obtained from these plots were 175 + 6.0 and 130 + 5.0 dm?
mol! respectively at I = 1.0 mol dm™3 and 45 °C. Thus these
graphically derived values of k;, K, K, and K5 were substituted
in rate equation (15) to recalculate the values of k’. The
calculated and experimental values of k" collected in Table 2 are
in agreement, bearing in mind the complications encountered in
the system. Moreover, the presumption, made earlier, as to the
contribution of the second term in the numerator of rate law
(15) is justified in the light of the agreement between the
calculated and experimental values.

The visual and kinetic evidence substantiates the complexa-
tion between osmium(vin) and H,PO,~. However, the first
order dependence on [cat] indicates a ternary activated
complex comprising all three components, viz. Os'™, cat and
H,PO, . Such an activated complex, being highly bulky and
disorganized, ruptures upon the intramolecular electron
transfer from the substrate to the oxidant. The reaction events
can be represented as shown in Scheme 1. A similar pattern for
catalysis by [OsO,(OH),]? " species can also be envisaged. It
appears that the electron-deficient metal centre, being co-
ordinated through oxygen to the hypophosphite anion, exposes
the latter for external attack by RNCI™ in a preferential
manner.
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