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Copper( 11)-catalysed Oxidation of Hypophosphite by Peroxydisulphate in 
Perchloric Acid Solution 
By Ratan Swaroop and Y. K. Gupta," Department of Chemistry, University of Rajasthan, Jaipur, India 

The copper( 11)-catalysed oxidation of hypophosphite by peroxydisulphate in aqueous perchloric acid solution was 
measured in the presence of varying amounts of CuII (1 x 10-4-4 x 1 0 - 3 ~ )  in the range of hydrogen-ion con- 
centration of 0.01-0.8~ and a t  temperatures of 28, 35, and 40 "C. The rate law is (i) where & is the dissociation 

- d[S20a2-] = kK[CuI'] [S20s2-] [HSPOJ 
d t  [H+] + K d  f K[H,PO2] 

constant for hypophosphorous acid and k and K were found to be 54.8 f 2.4 (average) I mol-l min-l and 3.6 
respectively at  35 "C and p = 0.2M. Complex formation between Cuf+ and H,PO, is suggested. MnII decreases 
the rate of reaction and a limiting rate i s  obtained by increasing the concentration of MnII. Sulphate ion is without 
any effect, but hydrogen sulphate decreases the rate. The overall energy of activation was found to be 10.7 kcal 
mol-l. A chain mechanism has been suggested. The rate constant at  35 "C and energy of activation for the 
chain-initiating step were found to be 2.80 I mol-1 min-l  and 13.4 kcal mol- l  respectively. 

ALTHOUGH A& appears to be an universal catalyst in 
peroxydisulphate oxidations, CuII has this activity in 
only a few reactions. Catalysis by CuII has been re- 
ported in the oxidation of hydrazine,2 th i~sulphate ,~ .~  
~ x a l a t e , ~  A S I ~ , ~  and SbIII.' The catalytic activity of 
CuIT is shown in reactions where the substrate undergoes 
a two-electron change. Intermediate formation of CuI 
is an important feature of these oxidations. Catalysis 
by CuII appears to be connected also with the formation 
of reactive complexes with the substrates except in the 
oxidation of Sbm.7 Hypophosphite also is likely to 
form a complex with CuII and undergoes a two-electron 
change. The present paper reports a kinetic study of its 
oxidation. Ben-Zvi8 studied the kinetics of the un- 
catalysed oxidation and mentioned the catalysis by CuII 
without making any detailed kinetic study. 

EXPERIMENTAL 

Sodium hypophosphite, potassium peroxydisulphate, 
sodium sulphate, and sodium hydrogen sulphate were 
AnalaK. Copper sulphate was E. Merck G.R. grade and 
perchloric acid was 70% Riedel make. All other chemicals 
used were AnalaR. 

Sodium perchlorate solution was prepared by neutralizing 
perchloric acid with sodium hydrogen carbonate to pH 7. 

All solutions were prepared in redistilled water (second 
distillation from permanganate) . All glass vessels were 
Corning or Pyrex. 

Kinetic Procedure.-Measured quantities of sodium 
hypophosphite, copper sulphate, perchloric acid, sodium 
perchlorate, excess of sodium hydrogen sulphate (to main- 
tain an almost constant concentration during a run) and 
doubly distilled water were taken in a stoppered conical 

1 D. A. House, Chem. Rev., 1962, 62, 186. 
a A. P. Bhargava, R. Swaroop, and Y. K. Gupta, J .  Chem. 

8 C .  V. King and 0. F. Steinbach, J .  Amer. Chem. SOC., 1930, 

4 K. K. Chatterji, J. Indian Chem. SOC., 1968, 12, 833. 
6 J. I. Waters, J. Amer. Chem. SOC., 1969, 81, 1560. 
6 A. P. Bhargava and Y. K. Gupta, Bull. Chem. SOC. Japan, 

7 A. P. Bhargava, Y. K. Gupta, and K. S .  Gupta, J .  Inorg. 

SOC., 1970, 2183. 

52, 4779. 

1968, 41, 843. 

Nucleav Chem., 1969, 31, 777. 

flask and placed in a thermostatted water bath at  35 & 
0.1 "C unless mentioned otherwise. The reaction was 
started by adding temperature-equilibrated peroxydisul- 
phate solution. Aliquot portions ( 5  ml) withdrawn at  
intervals were analysed for peroxydisulphate iodometrically. 
The iodometric method was a combination and modifica- 
tion 2.9 of the methods of Frigerio lo and Szabo et aE.11 A 
blank for copper(I1) was also determined. The maximum 
error in the titration of the aliquot portions was h0.025 ml 
of thiosulphate which introduced an error of f 1-6% in the 
rate constants depending on the volume of the titrant. In 
most cases duplicate measurements were reproducible to 
f 5%. 

A slow reaction of iodine with hypophosphite 12 and 
phosphite 1, has been reported, but the acid concentrations 
employed were such that no reaction occurred during the 
time of titration. 

A reaction between copper chloride and hypophosphorous 
acid has also been reported,14 but only with large concen- 
trations of the reactants. Further, the reaction was 
found to be dependent on the chloride ion because it is 
very slow when copper sulphate is used instead of copper 
chloride. No reaction between Cu++ and hypophosphite 
was noticed. 

In a few cases where sodium perchlorate and perchloric 
acid were employed for investigating the ionic strength 
effects, a difficulty was encountered during the titration 
owing to the formation of a white turbidity of potassium 
perchlorate. In all such reactions for iodometric determin- 
ation, either the aliquot portions were sufficiently diluted 
before the addition of potassium iodide, or sodium iodide 
was used instead of the potassium salt, 

In acid solutions hypophosphite would exist partly as 
H3P02 and partly as H,PO,-, but hereafter hypophosphite 
has been used for the total analytical concentration of all 
such species. 

All reactions were studied in deaerated solutions. 

8 E. Ben-Zvi, Iniwg. Chem., 1967, 6,  1143,. 
9 R. Swaroop and Y .  K. Gupta, Indian J .  Chem., 1971, 9, 

10 N. H. Frigerio, Andy t .  Chem., 1963, 35, 412. 
11 2. G. Szabo, L. Csanyi, and H. Galiba, 2. analyt. Chem., 

1% A. D. Mitchell, J .  Chem. Sot., 1920,117, 1322; R. T. Jones 

13 A. D. Mitchell, J. Chem. Soc., 1923, 123, 2241. 
14 A. D. Mitchell, J. Chem. SOC., 1922, 121, 1624. 

361. 

1962, 135. 269. 

and E. H. Swift, Andy t .  Chem., 1963, 25, 1272. 
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RESULTS 

Stoicheiometry.-Hypophosphite, copper sulphate, and 
peroxydisulphate in perchloric acid solutions of different 
concentrations were kept a t  room temperature for 5-6 h. 
Excess of peroxydisulphate was estimated iodometrically 
as discussed earlier and excess of hypophosphite was esti- 
mated by the ceric sulphate method.16 The results conform - 
to the stoicheiometric equation (1) as found earlier for the 

with an intercept would be obtained. From the slope and 
the intercept of the line, Ka can be calculated. Such 
Plots a t  different temperatures are shown in Figure 3. The 

12 - 

S20,2- + H,PO, + H,O ---+ HaPo3 + 2HS0,- (1) 
uncatalysed reaction.s It was also apparent from these 8 -  

for the present kinetic study. Further oxidation of phos- E 
phite to phosphate also does not seem to occur and a few 

- results that CuII- catalysed decomposition of peroxydi- 
sulphate was insignificant under the conditions employed I c -  .- .- * 
kinetic runs under similar conditions proved this. 

I 

- 
0 

0) 2 2  
> 
Y 
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FIGURE 1 First-order plots in different perchloric acid solutions 
[S,O,2-] = 2.5 x l o - 3 ~ ;  [CuII] = 1 x 1 0 - 3 ~ ;  [NaHSO,] = 
0 . 0 6 ~ ;  [NaH,PO,] = 0 . 0 4 ~  (but in D, 0.06~) ; A, [HClO,] = 
O - ~ M ,  35 "C; B, [HClO,] = 0 . 4 ~ ~  35 "C;  C, [HCIO,] = 0 * 1 5 ~ ,  
35 "C; D, [HClO,] = O - O ~ M ,  40 "C 

Peroxydisulphate Dependence.-The concentration of 
peroxydisulphate was varied from 2.5 x ~O-,M to 5 x 1 0 - 3 ~  
at 0 . 2 5 ~  ionic strength and [HClO,] = 0.05~. The order 
with respect to peroxydisulphate was found to be unity. 
The pseudo-first-order rate constant k' with 0.MM-hypo- 
phosphite was 26.7 x min-l and 13.5 x loW3 min-l a t  
35 "C for 1 x lo-% and 5 x 10-3~ concentrations of CuII 
respectively. Some of these first-order plots are shown in 
Figure 1. 

Copper( 11) Dependence.-The concentration of copper 
sulphate was varied from 1 x ~O-*M to 4.5 x 10-3~1 and a 
plot of k' against concentration of CuII yielded a straight 
line passing through the origin as shown in Figure 2. 

Hypophosphite Dependence.-The concentration of hypo- 
phosphite was varied in the range of 7-5 x 10-,-6 x 1 0 - 3 ~  
and the order was not simple. The kinetic results were 
found to be in accord with equation (2a) a t  constant hydro- 
gen-ion concentration, and this reduces to equation (2b) at  
constant and excess of hypophosphite and constant [CuII]. 
k Is a rate constant and Ka is the apparent equilibrium 
constant for the complex formation between Cu++ and 
H,PO,. If 1/k' is plotted against 1/[H,PO2] a straight line 

( 2 4  
d[S2062-] - kK,[Cu1'] [S2O8'-] [H3P02] - - 

dt 1 + Ka[H,P021 
l5 D. N. Bernhart, Analyt. Chem., 1964, 26, 1798. 

103  [ cU19 
FIGURE 2 Plot of K' against [CuII]; [S,082-] = 0 . 0 0 3 ~ ;  

[NaH,PO,] = 0 . 0 4 ~ ;  [HClO,] = 0 . 0 5 ~ ;  [NaHSO,] = 0 . 0 6 ~ ;  
t = 35°C 

values of K,  were found to be 18.7, 16.7, and 18.6 respec- 
tively a t  28, 35, and 40 "C and at constant ionic strength 

of 0 . 2 0 ~  and [HClO,] = 0.05~. 
Hydrogen-ion Dependence.-Hydrogen-ion concentration 

was varied with perchloric acid and the ionic strength was 

10 I I I I I I 
0 2 0  L O  

IW P H$O,I-' 

FIGURE 3 Plots of l / k '  against 1/[NaH,P02] a t  different temper- 
atures; [S20,2-] = 2.6 x 1 0 - 3 ~ ;  [CuII] = 0 . 0 0 1 ~ ;  [HCIO,] = 
0 . 0 5 ~ ;  [NaHSO,] = 0 . 0 5 ~ ;  A, 28 "C; B, 35 " C ;  C. 40 "C 

adjusted by sodium perchlorate. The rate decreases by 
increasing the hydrogen-ion concentration. Suitable plots 
in Figure 4 show this behaviour. The equilibrium hydrogen- 
ion concentration was calculated after considering the dis- 
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TABLE 1 

Pseudo-first-order (K') and related (K) constants for the reaction between S20e2- and H3P02 in the presence of 
CulI with p = 0 . 2 5 ~  and [NaHSOJ = 0 . 0 5 ~  

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
2.5 
2-5 
2.5 
2-5 
2.6 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2-5 
2.5 
2.5 
2.5 
2-5 
2.5 
2-6 
2.5 
2.5 
2.5 
2-5 
3.0 
3-0 
3.0 
3-0 
3.0 
3.0 

2.5 
2.5 
2.5 
2.5 
2-5 
2.5 
2.5 
2.5 
2.5 
2.5 

4.0 
3.0 
2.0 
5.0 
4.0 
4.0 
4.0 
4-0 
4.0 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4-0 
4.0 
4-0 
4.0 
4.0 
4-0 
4-0 
4.0 
4-0 
4.0 
5.0 
4-0 
3-0 
2-0 
5.0 
4.0 
3.0 
2.0 
6.0 
5.0 
4.0 
3.0 
2.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4-0 
4.0 
4.0 
4.0 
4-0 
4.0 
4-0 
4.0 
4.0 

5.0 
3.0 
2.0 
4-0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

1.0 
1.0 
1-0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

4.6 
4.0 
3-5 
2.0 
0.8 
0.4 
0.25 
0.15 
0.10 
4-0 
3-0 
2-0 
1.0 
0.5 
0-3 
0.2 
0.1 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

102[H+]/M 
28 "C 

5-6 
5.5 
5.5 
5-5 

57.0 
47.2 
37.3 
27.6 
18.4 

35 "C 
5.5 
5.5 
5.5 
5.5 
6.5 
5.5 
5.6 
5.5 
5.5 
5.5 
5.5 
5.5 
6.6 
5.5 
5.5 
5.5 
5.5 

37.3 
37.3 
37.3 
37.3 
20.5 
20-5 
20-5 
20.5 
5.5 
5.5 
5-5 
5.5 
5.5 

76.8 
57.0 
37.3 
27.3 
18.4 
14.0 
9.5 
7.8 
6.2 
6.6 
2-75 

32.5 
23.0 
18.4 
9.5 
5.5 
2.5 

40 OC 
5.5 
5.5 
5.5 

47.2 
37.3 
27.6 
18.4 
9.05 
5.5 
3.38 

1 0 ~  - min-l 

15.4 
13.1 
9.67 

16.8 
6.5 
6.33 
7.48 
8.97 

10.4 

120 
106 
89.8 
52.9 
20.7 

9-80 
6-51 
3.85 
2-60 

106 
79.3 
52.9 
26.3 
11.8 
7.70 
4-61 
2-63 

15.3 
12.2 
9.89 
6.91 

20.0 
16.1 
13.4 

29-3 
27-6 
24.0 
19-6 
15.4 

9-98 

7-17 
9.21 

12.7 
13-8 
16.6 
17.8 
19.6 
21.2 
23.0 
23.5 
26.5 
12.7 
15.0 
17.3 
20.7 
25.3 
27.6 

26-7 
24.4 
19.4 
13-8 
16.1 
19.1 
22.3 
27.6 
30.6 
34.6 

36.6 
36.9 
36.3 
35.3 
33.9 
34.4 
36.3 
36.9 
34.5 

Av. 36.4 f 0.8 

69-8 
59.4 
67.5 
59.3 
68.1 
56.5 
68.4 
53.7 
58.3 
59.4 
59.2 
59.3 
56.6 
62.4 
57.6 
51.7 
56.7 
57.6 
54.4 
64.2 
64.6 
56.6 
52.9 
54.4 
65-6 
63.8 
55.0 
55.8 
52.2 
53.7 
61.5 
53.5 
56.5 
61.9 
52.2 
50.4 
51.6 
51.1 
52.8 
53.0 
64-3 
52-3 
51.9 
54-2 
52-0 
52-1 
53.5 

Av. 54.8 f 2.4 

70-6 
66.1 
69.0 
73-8 
74.3 
74.6 
72.1 
70.0 
69-6 
72.9 

Av. 71.3 f 2.3 
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sociation of hydrogen sulphate 16 ion and association l7 
of H,PO,- and H*. A plot of l/K' against 1/[H3P02] was 
also made at  different hydrogen-ion concentrations and from 
this the values of K,  were found to be 16-7, 10.0, and 6.7 at 
0.05, 0-20, and 0.38xl-[HC104] respectively. Table 1 shows 
all these results. 

Effect of Ionic Strength, Chloride, Hydrogen SulFhate, 
Sulphate, and Phosphite.-Ionic strength was varied with 
sodium perchlorate and there appeared to be no change in 
the rate. This also shows that perchlorate ion has no 
specific effect. The effect of sodium chloride was studied 
in view of its reported inhibiting effect in the oxidations of 
As1116 and SbIn 7 and its accelerating effect in case of 
hydrazine,2 but no such effect was found in the present 
investigation. An increase in the concentration of hydro- 
gen sulphate decreases the rate as shown in Table 2. Vari- 

TABLE 2 

Effect of hydrogen sulphate ion on the reaction between 
S2082- and H,PO, in the presence of CuII; [s2082-] = 
3 x [NaH,PO,] = 0 . 0 4 ~ ;  [CuII] = 1 x lo'-"; 
[HCIOl] = 0 . 0 5 ~ ;  t = 35 "C 

102[NaHS04]/~ 0.10 0.60 1-0 2.5 5.0 
104k'/min-l 3.34 3-27 2.96 2-53 2-37 

ation of sulphate ion from Addi- 
tion of sulphate ion results in the decrease of hydrogen ion 

to 0 . 2 ~  had no effect. 

I I I 1 1 
0 0-I, 0.8 

[H7 + K d  

FIGURE 4 Hydrogen-ion dependence of the rate a t  different 
temperatures; [s2Os2-] = 2-5 x 1 0 - 3 ~ ;  [NaH,PO,] = 0 . 0 4 ~ ;  
[CuII] = 0 . 0 0 1 ~ ;  [NaHSO,] = 0 . 0 5 ~ ;  A, 28 OC, Kd = 0.132; 
B, 35 "c, Kd = 0.124; c, 40 "c, K d  0.119 

and an increase of hydrogen sulphate ion. Although the 
two factors have opposing kinetic effects, their magnitudes 
are different and hence the effect of hydrogen sulphate ion 
remains unexplained. Phosphorous acid in the concentra- 
tion range 0.001-0.01~ had no effect on the rate. 

16 W. L. Marshall and E. V. Jones, J .  Phys.  Chem., 1966, 70, 
4028. 

17 J. H. Espenson and D. F. Dustin, Inorg. Chem., 1969, 8, 
1760. 

18 H. G. S. Sengar and Y. K. Gupta. Bull. Chern. So;. Japan, 
1968, 41, 1325. 

18 Y. K. Gupta, J. Indian Chem. SOC., 1959, 36, 643. 
20 A. P. Bhargava and Y. K. Gupta, 2. phys.  Chem., 1969, 

242, 327. 

Eflect of MnI1.-Mn1I has been reported to be an anti- 
catalyst in most oxidations by peroxydisulphate, both 
catalysed 6 ~ 7 ,  l8 and un~atalysed.l~~~O The rate decreases 
in the present case too. A plot of k' against l/[Mnl*] yields 
a straight line with an intercept as shown in Figure 5. 

6 

I I I I I I 

0 4 12 20 

FIGURE 5 Effect of MnII on the rate; [ s z08 ' - ]  = 0 . 0 0 3 ~ ;  
[NaH,PO,] = 0.04~; [CuII] = 0 . 0 0 1 ~ ;  [NaHSO,] = 0.06~; 

( I  dr M# I I 114-7 

[HClO,] = 0 . 0 5 ~ ;  A, 40 O C ;  B, 35 "C; C, 30.5 "C 

Effect of Scavengers.-Ally1 acetate and acrylamide are 
effective scavangers 21-23 for free radicals. The reaction was 
almost completely arrested by ca. @2~-acrylarnide or ally1 
acetate. Any possibility of a non-chain reaction is thus 
excluded. 

DISCUSSION 

An appreciable concentration of hypophosphorous acid 
would exist as H,PO,-. Because the present investiga- 
tion was made at lower acidities (O~O~--O.~M-HC~O,), 
account has to be made for the dissociation equilibrium 
(3). Espenson and Dustin l6 have reported a value of 

H,PO, 4 Kd H,PO,- +- H+ 
(3) 

0.135~ for Kd at 25 "C. The values at 28, 35, and 40 "C 
were calculated on the basis of AH = 1.6 kcal rnol-124 
and found to be 0.132, 0.124, and 0 . 1 1 9 ~  respectively. 

A literature survey reveals that CuII forms complexes 
with a number of reducing substances such as hydra- 
zinc,, thio~ulphate,~ oxalate,6 and As* in the Gun- 
catalysed oxidations by peroxydisulphate. Although 
the existence of a CuII-H,PO, complex is not certain in 
the absence of any circumstantial evidence, a probability 
for it exists in view of the ligand properties of hypo- 
phosphite exhibited with other metal ions. TlIII % and 

21 K. B. Wiberg, J. Amer. Chem. SOC., 1959, 81, 252. 
22 I. M. Kolthoff, E. J. Meehan, and E. M. Carr, J. Amer. 

23 D. L. Ball, M. M. Crutchfield, and J. 0. Edwards, J. Org. 

24 ' Stability Constants,' Chem. SOC. Special Publ., 1964, 

25 K. S. Gupta and Y. K. Gupta, J. Chem. SOL, 1970, 256. 

Chem. SOC.. 1953, 75, 1439. 

Chem., 1960, 25, 1599. 

No. 17. 
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Ce1V26 are said to form complexes with H3P02. A 
chromium(II1) 27 complex has also been characterised 
and the kinetics studied. Banerjees reported a com- 
plex formation between Fern and hypophosphite ion. 
Hypophosphorous acid is a monobasic acid of the formula 
HOPH20, in which the co-ordination number four for 
phosphorous is preserved. Considerable kinetic evidence 
has been noted for a second and more reactive form of 
the acid which plays an important role in a number of 
oxidation reactions 2D of hypophosphorous acid and also 
in exchange reaction.30 The rate-determining step in 
these reactions involves only hypophosphorous acid in 
which the structural rearrangement (4) is presumed. 
The complex with cupric ion may have the structures 

HOPH,O 4 (HO),PH (4) 

(H,O)SCull(OPHOH)+ or (H,0)3C~11(OPHz0)+ but since 
there is no specific evidence for one, a non-committal 
form [CurlH,PO&+ has been used. 

The nature of hypophosphite-dependence shows that a 
complex of CuII and H,PO, is the reactive species which 
undergoes oxidation. The chain mechanism (5)-( 10) 
can be suggested in view of the observed orders with 
respect to the different reactants. From the scheme 

K 

ka 

CU++ + H3P02 =+ CuH2P02+ + H+ (5) 

CuH,PO,+ + S,082-- 

H,P02* + S20,2----.t 

C U ~  + H,PO,a + SO4-* + (6) 

(7) 

k7 

H,P02+ + SO,-* + SO4,- 

(H2P02+ + H20 fastc H3P03 + H+) (8) 
k0 

CuH2P0,+ + SO4-*- 
CuII + Sod2- + H,PO,* (9) 

H,P02* + SO,-* H2P0,+ + SO,2- (10) 

of reactions (5)-(10) rate law (11) can be deduced, 

where [CuI1lT and [H,PO,lT are given by (12) and (13). 

26 S. K. Mishra and Y. K. Gupta, J .  Inorg. Nuclear Chem., 
1967, 29, 1643. 

27 J. H. Espenson and D. E. Binau, Inorg. Chem., 1966, 5, 
1365. 

98 S. Banerjee, Science and Culture, 1960, 16, 115; Chem. Abs., 
1961, 45, 2385. 

eg R. 0. Griffith and A. McKeown, Trans. Faraday Soc., 1934, 
SO, 630; R. 0. Griffith, A. McKeown, and R. P. Taylor, Trans. 
Faraday Soc., 1940, 36, 7 5 2 ;  P. Hayward and D. M. Yost, J .  
Amer. Chem. Soc., 1949, 71, 916. 

The concentration of CuOH+ would be too   mall^^^^^ andis 
not considered in (12). Similarly CuH2P0,+ can be neg- 
lected in comparison with H3P02 and H2P02- in equation 
(13). [CuII] and [H3P0.J of equation (2a) refer to the total 
analytical concentrations. A comparison would show 
that k is given by equation (14) and Ka by (15). Al- 
though copper catalysis is not apparent from the above 

(14) 

mechanism, the idea is implicit in equation (6). Copper- 
(11) may first oxidize H,PO, with the formation of CuI 
which is subsequently quickly oxidized by peroxydi- 
sulphate to CuII. The mechanism is similar to one 
postulated by Kornblum et aZ.= in the copper-catalysed 
oxidation of hypophosphorous acid by diazonium salts. 
CuII catalysis may also be explained by a CuI-CuII cycle 
in which Cur1 acts as an oxidant for a transient radical 
as suggested in copper-catalysed reactions of peroxidic 
compounds.34 Both these mechanisms are incorporated 
in a single step (6). 

The complex may also be formed by the interaction of 
Cu2+ and H2P02- as shown in (16). 

The rate law (17) easily follows and it is of the same form 
as (11) except that K = KI6&. The rate law (11) 

indicates that a plot of 1/k' against l/[H3POJ would be 
a straight line of slope equal to ([H+] + Kd)/(kK[Cun]) 
and with intercept equal to l/k[CuI1]. Such plots at 
different hydrogen-ion concentrations show the straight 
lines passing through the same point on the 1/k' axis, 
thus indicating that probably one type of complex is 
predominantly formed. The ratio of intercept to slope 
gives the values of Ka as in (18), where K is true equili- 
brium constant for the complex formation between Cu++ 

and H3P02. Again a plot of l/Ka against [H+] results 
in a straight line yielding K = 3.6 and Kd = 0.157. 
Kd is somewhat larger than reported,I6 but the order of 
magnitude is the same. A plot of 1/k' against [H+] + Kd 
also gives a straight line with an intercept (Figure 4) in 

30 W. A. Jenkins and D. M. Yost, J .  Inorg. Nuclear Chem., 
1969. 11, 297. 

32 J. A. Cranston and H. F. Brown, J .  Roy. Tech. College, 

33 N. Kornblum, G. D. Cooper, and J. E. Taylor, J .  Amer. 

34 H. 0. House, ' Modern Synthetic Reactions,' Benjamin, 

C. Berecki-Biedermann, Arkiv Kemi, 1955, 9, 176. 

Glasgou., 1937, 4, 32. 

Chem. SOL, 1960, 72, 3013. 

New York. 1966. 
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conformity with the rate expression (11). The fair 
constancy of column 6 of Table 1 at constant temperature 
and ionic strength strongly supports the suggested rate 
law. 

The values of k calculated from Figures 3 or 4 were 
found to be 36, 59, and 71 1 mol-1 min-l at 28, 35, and 
40 "C respectively. The agreement in the values ob- 
tained from different plots is remarkable. The values 
of K were found to be 3.5, 3.0, and 3.3 from Figure 3 at 
28, 35, and 40 "C respectively and from Figure 4 were 
3.3, 3.1, and 3.5. The agreement in the K values from 
Figures 3 and 4 is more than satisfactory particularly 
in view of the fact that considerable uncertainty (ca. 
5-10~0) is attached to the estimates of intercept-slope 
ratios. It is also obvious that K is almost independent 
of temperature. 

CulI catalysis in peroxydisulphate oxidations may be 
operative also through a CuII-CuI~ cycle with the 
transient formation of Cu3+ as postulated by Allen35 
in the oxidation of oxalate. A number of stable com- 
plex species 36-39 of CuIII are known, and hence step (6) 
may be composed of reactions (19) and (20). A case 

CuI1H2PO2+ + S2OS2- ---t 
Cu111H2P0,2+ + SO,-* + SO,2- (19) 

Cu111H2P0,2+ + CuII + H2P02* (20) 

closely related to the present reaction is the oxidation 
of phosphorous acid by AgII where Agm-Agl cycle 
operates with the disproportionation of Agn into AgIn 
and AgI. Such a disproportionation of CuII is not re- 
ported although that of CuI into Cuo and CuII is well 
known.4942 A possible participation by CuO has been 
suggested in the oxidation of propan-2-01.~ However, 
in addition to CuI-CuII or C U ~ ~ - - C U ~ ~ ~  cycle, the other 
feature of CuII catalysis is in the formation of the complex 
CuH,PO,+ which is more reactive than for the redox 

process. It is noteworthy that for the copper chloride- 
hypophosphite reaction (only with large concentrations 
of the reactants) also Mitchell l4 suggested a mechanism 
involving a complex formation between the reactants 
before the redox reaction. 

The role of MnII in peroxydisulphate oxidations has 
been much studied. The results of silver(1)-catalysed 
oxidations l* are revealing. The limiting value of the 
rate constant with increasing concentration of MnII was 
found to be almost equal to the rate constants for the 
oxidations of N2H4,43 Ce111,44 and other non-chain re- 
actions. In chain reactions these limiting values were 
found to be different. Anticatalytic role of MnII can 
be ascribed to the formation of MnIII by SO,-, and the 
latter does not participate in the chain mechanism. 
MnIII would oxidize the substrate, but no chains are 
propagated. With this explanation for the behaviour of 
MnII, the limiting value of the rate constant as shown by 
the intercept of Figure 5, would give the rate constant 
for the step (6) of the chain mechanism. The pseudo- 
first-order rate constants for step (6) and k6 were found 
to be 1-55 x 10" min-l, 1.25 x min-l, and 0.95 x 

min-l and 3.42 1 mol-l min-l, 2.80 1 mol-l min-l, 
and 2.16 1 mol-l rnin-l at 40, 35, and 30.8 "C respectively. 

Activation Energy.-If the first term of equation (11) 
is neglected, one obtains k = (k6k7k9/kl0)$. If E with 
proper suffixes refer to the energy of activation for 
different steps, equation (21) follows. The overall 

= i ( E 6  + E7 + E g  - (21) 

energy of activation, E,  was found to be 10.7 kcal 
mol-l and E6 was 13.4 kcal mol-l. Assuming zero activa- 
tion energy for the chain-breaking process (lo), we 
estimated (E, + E,) to be 8.0 kcal mol-l. 
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