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The rate law for the formation of MoO(0H)(0J2- from Mo(V1) and H202 is rate = kf[Mo(VI)] [HzO,] at [H+] I 0.0030 M. 
The values of kl at 25 OC and I = 0.10 M are (6.7 f 0.3) X lo', (2.0 f 0.1) X lo', and 8.6 f 0.8 M-I s-l in 0.0030 M HCIO,, 
at pH 4.0 (acetic acid, acetate buffer), and at pH 7.0 (MOPS buffer), respectively. The value of kf for W0(OH)(O2),- is 3.0 
f 0.4 M-l s-l at pH 7.0. At [Ht] 2 0.10 M, the rate law is second order with respect to H202 for the formation of M 0 0 ( 0 ~ ) ~ ;  
the transition from a first- to a second-order peroxide dependence was observed at 0.0090 and 0.014 M H+. Formation constants 
were determined at pH 4.0 and 6.1-7.8 for MoO(OH)(O,); and pH 6.1-7.7 for WO(OH)(O,),. The formation of an intermediate 
tentatively formulated as M(VI)-(O:-)-Fe(III) was detected in the iron(I1) systems. The formation kinetics of the intermediate 
and iron(II1) for the Mo(V1) system were determined at an isosbestic at 255 nm and obey the following rate expression: 

S - ~ ) [ H ~ O ~ J )  at 25 OC. A partial spectrum and the first-order decay kinetics of the intermediate were determined for the Mo(V1) 
system. The rate law for the reaction of WO(OH)(O,), and EuZt in 0.0050 M HCIO,, at I = 0.10 M, and at 25 OC is -d[H,OZ]/dt 
= [Eu2+J{((2.8 f 0.4) X lo4 M-I s-I )[WO(OH)(O,),-] + (1.9 f 0.1 M-l s-I)[H2O2]). The Mo(V1) system is complicated by 
competitive reduction of traces of uncomplexed Mo(V1). Second-order rate constants for the Eu2+ reduction of MoO(O,),, 
MoO(OH)(O,);, and Mo(V1) were derived from the kinetic data. The ratio &{0,-Eu(II)~/&(H202-Eu(II)J was determined to 
be ca. 3 X 104. The rate laws for the dithionite systems were half-order with respect to [S20t-], consistent with SO; as the reactive 
reductant. Second-order rate constants (M-I s-I) for the reduction of WO(OH)(O,),-, Mo0(OH)(02)<, and H,O, by SOT were 
8.0 X lo5, 1.7 X IO', and 2.9 X lo3, respectively, at 25 OC and pH 7.0. Second-order rate constants (M-I s-I) for the reduction 
of Mo(VI), M 0 0 ( 0 ~ ) ~  + MoO(OH)(O~)~-, and H2O2 by the methyl viologen radical cation at 25 OC in 0.010 M HClO, were 
determined to be (2.9 f 0.1) X lo5, (6 f 1)  X lo4, and 3.0 f 0.2, respectively. The rate enhancements for the oxo diperoxo 
complexes of Mo(V1) and W(V1) relative to hydrogen peroxide are substantial (60-13000) and fall within the range observed 
previously for several reductants that undergo oxygen atom transfer from peroxide. We propose that all the present substrates 
react by an inner-sphere, one-electron reduction of the peroxo ligand to produce a hydroxyl radical intermediate. The hydroxyl 
radical can oxidize the remaining peroxo ligand in the oxo diperoxo complex to form a superoxo Mo(V1) or W(V1) intermediate, 
which is rapidly reduced to peroxide by the reductant. We also conclude that Mo(V1) and W(V1) are versatile catalysts for 
reduction of hydrogen peroxide at least over the pH range 0-7. 

-d[H,O,]/dt = [Fe2+]{((2.8 f 0.1) X lo4 M-I s-I )[M00(02)2] + ((5.6 f 0.2) X lo4 M-I s-I )[MoO(OH)(O,)<] + (63 1 M-' 

Introduction 
Molybdenum(V1) rapidly combines with hydrogen peroxide in 

acidic, aqueous solution to form an oxo diperoxo complex with 
a large formation c0nstant.l There is substantial evidence that 
the structure of this complex is pentagonal bipyramidal, with an 
apical oxo and two v2 equatorial peroxo ligands;*J we will write 
the complex M o O ( O ~ ) ~ ( H ~ O ) ~  as M 0 0 ( 0 ~ ) ~ ,  and its hydrolyzed 
form (pK, = 1.85) MoO(OH)(O~)~(H~O)-  as MoO(OH)(O,)y. 
Tungsten(V1) forms an analogous but more acidic complex (pK, 
= 0.1); quantitative data for its rate of formation and formation 
constant are not available due to complexities in the chemistry 
of tungsten(V1) in acidic s ~ l u t i o n . ~  

We have found that these oxo diperoxo complexes are orders 
of magnitude more reactive as oxygen atom transfer reagents 
toward a variety of substrates than is hydrogen pe r~x ide .~ .~  The 
source of the oxygen atom has been established as peroxidic with 
both (thio1ato)- and (sulfenato)cobalt(III) substrates by oxygen-18 
tracer  experiment^.^ The reactions are strictly catalytic with 
respect to Mo(V1) and W(V1) provided sufficient hydrogen 
peroxide is present to maintain them as the oxo diperoxo com- 
plexes. 

We have examined the redox reactions of the oxo diperoxo 
complexes from pH 0 to pH 7. Aside from hydrolysis as men- 
tioned above, no new species have been detected over this wide 
range. This conclusion is drawn in part from equilibrium studies 
at  pH 4.0 for the Mo(V1) system and from pH 6.1 to pH 7.8 for 
both Mo(V1) and W(V1). In addition, we have extended the 
earlier studies on the formation kinetics of oxodiperoxo- 
molybdenum(V1) to weakly acidic and neutral media. 

In the present study, we have employed the substrates iron(II), 
europium(II), dithionite ion, and the methyl viologen radical cation 
(MV"). These ions usually function as one-electron reducing 
agents, and with the exception of europium(II), the kinetics of 
their reactions with hydrogen peroxide have been reported.69 
Masarwa et al. have proposed that one-electron reductions of 
hydrogen peroxide must proceed by an inner-sphere mechanisrn.'O 
The obvious extension to the oxo diperoxo complexes is the re- 
quirement of inner-sphere pathways for both oxygen atom transfer 
and one-electron reductions. It is therefore of interest to see 
whether marked activation of peroxide is operative toward the 
latter substrates as well. 

The "Fenton-lie" chemistry of the oxo diperoxo complexes may 
differ from that found for hydrogen peroxide with respect to the 
fate of the hydroxyl radical presumably formed as an intermediate. 
If it escapes the complex, then the two systems are virtually 
identical except for differences in reaction rates. However, the 
hydroxyl radical may instead be "caged" in the group 6, do metal 
ion compi'ex. If so, oxidation of the remaining peroxo ligand to 
form a superoxo complex is a possibility. This speculative superoxo 
complex would be expected to be very reactive toward the sub- 
strate. The results of the present study, especially with iron(I1) 
as the reductant, provide some evidence that this intricate chem- 
istry in fact does play a role in the one-electron reductions of the 
oxo diperoxo complexes. 
Experimental Section 
Reagents. The preparation and analysis of solutions of molybdenum- 

(VI), tungsten(VI), H202, LiCIO,, and Fe(C104), have been described 
previous1y.l." Sodium dithionite (Fluka Chemie, -97%), methyl 

(1) Lydon, J. D.; Schwane, L. M.; Thompson, R. C. Inorg. Chem. 1987, 
26, 2606. 

(2) Stomberg, R. Acra Chem. Scand., Ser. A 1988, A42, 284. 
(3) Dengel, A. C.; Griffith, W. P.; Powell, R. D.; Skapski, A. C. J.  Chem. 

SOC., Dalron Trans. 1987, 991. 
(4) Ghiron, A. F.; Thompson, R. C. Inorg. Chem. 1988, 27, 4766. 
(5) Monzyk, M.; Thompson, R. C. Unpublished observations, 1988. 

(6) Po, H. N.; Sutin, N. Inorg. Chem. 1968, 7 ,  261. 
(7) Creutz, C.; Sutin, N. Inorg. Chem. 1974, 13, 2041. 
(8) Levey, G.; Rieger, A. L.; Edwards, J. 0. J.  Org. Chem. 1981,46, 1255. 
(9) Levey, G.; Ebbesen, T. W. J. Phys. Chem. 1983, 87, 829. 

(10) Masanva, M.; Cohen, H.; Meyerstein, D.; Hickman, D. L.; Bakac, A.; 
Espenson, J. H. J .  Am. Chem. SOC. 1988, 110,4293. 
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Reduction of Oxo Diperoxo Complexes of Mo and W 

Table 1. Conditional Formation Constants for the Oxo Diperoxo 
Complexes of Mo(V1) and W(V1) at 25 OC in Various Buffer 
Systemsa 

1 OdKdMo(VI)J, 1 OdKd W(VI)], 
PH buffer M-2 M-2 

7.77 EPPS 0.86 f 0.17 
7.74 MOPS 0.99 f 0.07 1.2 f 0.1 
7.68 HEPES 1.2 f 0.3 
7.14 phosphate 1.6 f 0.3 1.1 f 0.3 
7.13 MOPS 4.0 f 0.3 2.9 f 0.6 
7.13 HEPES 2.3 f 0.5 
6.60 MES 8.6 f 0.7 
6.12 MES 22 f 5 16 f 2 
6.12b MES 14 f 4 
6.12c MES 1 5 f 6  
4 . e  acetate 600 f 300 

'Conditions: [Mo(VI)ltOt or [W(VI)lW = 8.00 X IO-' M, [H2O2I0 
= (0.16-3.03) X M, and [buffer],, = 0.010 M unless otherwise 
indicated. Kf is defined as [oxo diperoxo complexl/([M(VI)] [H202]2), 
and entries and uncertainties are average values and deviations, re- 
spectively, of four to six independent determinations. [W(VI)],,,, = 
1.0 X lP M. c[W(VI)]lot = 1.2 X lo4 M. dConditions: [Mo(VI)lm 
= (1.08-4.43) X lo4 M, [H2O2lO = (1.00-6.00) X lo4 M, [buffer], 
= 0.010 M, [KNOJ = 0.10 M. Value of Kf is an average of 24 inde- 
pendent determinations. 

viologen dichloride hydrate (Aldrich), and the biological buffers MOPS, 
MES, HEPES, and EPPS (Aldrich) were used as received. Triflic acid 
was purified by vacuum distillation. 

All other chemicals were of reagent grade and were used as supplied. 
Deionized water was distilled twice before use; the last distillation was 
from alkaline permanganate. 

Analytical procedures. Solutions of Eu(CIO,)~ and Eu(CF,SO$~ were 
prepared by reduction of Eu(II1) with amalgamated zinc under nitrogen 
or argon and were assayed spectrophotometrically (e = 642 M-I cm-I at 
320 nm).I2 Solutions of Na2S204 were prepared under anaerobic con- 
ditions; concentrations were calculated by spectral measurements at 350 
nm (c = 1.0 X lo3 M-' cm-I ). This extinction coefficient is in agreement 
with that previously re~0rted.I~ Reduction of MV2' over amalgamated 
zinc, under anaerobic conditions, was allowed to proceed to about 30% 
completion; the MV+ formed was assayed at 605 nm (c = 1.7 X IO4 M-l 

Solutions were prepared in water and then mixed with acidic 
solutions of the oxidant on the stopped-flow instrument to minimize 
problems with instability of MV+ in acidic solutions. Solutions of O2 
were prepared by saturation with either pure oxygen or air, and con- 
centrations were estimated by means of Henry's law. 

Determination of the Formation Constants of MoO(OH)(O2)T and 
WO(0H)(O2);. The procedures used have been described previou~ly.l*~ 
The decomposition of hydrogen peroxide in the biological buffers around 
pH 7 was significant, and as a result the total peroxide concentration at 
the time of the spectral measurements (310 and 256 nm for the Mo(V1) 
and W(V1) systems, respectively) was determined by iodometric titration. 

Kinetic Studies. A Durrum D- 110 stopped-flow spectrophotometer 
was used in the kinetic studies. Each kinetic experiment was repeated 
until three consecutive traces were superimposable. The data were usu- 
ally collected by use of a Nicolet 3091 digital oscilloscope equipped with 
a bubble memory that allowed collection of multiple runs. The plungers 
for the drive and stop syringes were fitted with O-rings to provide tight 
fits for the anaerobic experiments. Details of the multimixing accessory 
have been described previ~usly.'~ 

The kinetics of the H202-Fe2+ reaction under conditions appropriate 
to our experiments with the oxo diperoxo complexes (excess [H202], 25 
OC, and I = 1.0 M maintained by use of LiCIO,) were measured by 
following the formation of Fe(II1) at 280 nm. The rate expression -d- 
[H202]/dt 7 63 * 1 M-' s-I [H20,] [Fe2'] was determined. The value 
of the acid-independent, second-order rate constant is somewhat larger 
than determined previously with [Fe2'] in large excess (53 M-I s-I).l1 

In agreement with other reports, we found that Fe(I1) is unreactive 
toward Mo(V1) in acidic solutions with [H+] I 1.0 M.I5 
Results 

Conditional Formation Constants and Formation Kinetics of the 
Oxo Diperoxo Complexes at Low Acidities. Our previous studies 
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Table 11. Kinetic Results for the Formation of the 
Oxodiperoxomolybdenum(V1) Complex at 25 OC in Weakly Acidic 
Solution' 

1O3[H+1 9 1 03[H20210, ~ ~ [ M o ( V I ) I O ~  k,bs,b 1 O % d  [H202Ipv, M M M S-I M-1 s-l 

14.0 2.00 1.50 27.9 
14.0 1 .oo 1.50 6.99 
14.0 0.60 0.75 3.36 
9.0 4.00 0.75 91.8 

9.0 2.00 0.75 28.5 
9.0 1 .oo 0.75 9.66 
9.0 0.75 0.75 5.60 
3.0 10.0 3.00 6L7 6.46 
3.0 5.00 3.00 33.7 7.17 
3.0 2.00 3.00 11.2 6.59 

9.0 3.00 0.75 62.2 

6.7 f 0.3 (av) 
0.10c 10.0 2.00 2Oq 2.05 

0.1oc 6.00 2.00 1 1 . ~  2 .0~  
0.1oc 8.00 2.00 15.9 2.04 

0.1w 5.00 2.00 9.21 1.92 
0.10c 4.00 2.00 7.36 1.94 

2.0 f 0.1 (av) 
'Monitored at 310 nm. Ionic strength maintained at 0.10 M with 

use of NaC1, unless otherwise indicated. Values are slopes of plots of 
-In (A, - A)  vs time. <pH adjusted to 4.0 with acetate buffer; [buff- 
er],,, = 0.010 M. Ionic strength maintained at 0.10 M with use of 
KN03. 

were confined to Mo(V1) in strongly acidic solutions (0.10-1.00 
M H+). We have summarized in Table I the values of Kf, defined 
as [oxo diperoxo complex]([Mo(VI)] [HZO,lZ), determined at  pH 
4.0 in acetate-acetic acid buffer and from pH 6.1 to pH 7.9 by 
use of the buffers MES, MOPS, HEPES, EPPS, and phosphate. 
Values for the oxodiperoxotungsten(V1) complex were measured 
in the near-neutral region where monomeric tungstate ion is the 
principal uncomplexed tungsten(V1) species.I6 Complexities in 
the chemistry of tungsten(V1) preclude equilibrium studies in more 
acidic solutions. 

Only in the case of phosphate was spectral evidence obtained 
for complexation of the oxo diperoxo complexes by the buffer. 
We note that the values of the formation constant determined in 
phosphate buffer were diminished from those obtained in the 
weakly complexing or noncomplexing buffer systems" at  the same 
pH. The spectrum of oxodiperoxomolybdenum(V1) measured in 
acetate buffer was identical with that of MOO(OH)(O~)~-  de- 
termined previously in the absence of buffers. We conclude that, 
with the exception of phosphate, the conditional formation con- 
stants listed in Table I refer to the formation of the hydrolyzed 
forms of the oxo diperoxo complexes of Mo(V1) and W(V1). The 
reason for the large uncertainties in the values stems principally 
from experimental difficulties in determining very large formation 
constants by spectrophotometry. This problem was especially 
manifest at  pH 4 where the values of Kf is ca. 6 X lo8 M-* for 
the Mo(V1) complex. 

The rate of formation of oxohydroxodiperoxomolybdenum(V1) 
was measured at  0.014 M H+, 0.0090 M H+, 0.0030 M H+, pH 
4.0, and pH 6.5-7.5; only the higher pH range was used for the 
W(V1) analogue. The experiments were performed with sufficient 
excess H202 to ensure essentially complete complexation of the 
Mo(V1) or W(V1) at  equilibrium, based on the conditional for- 
mation constants. Plots of -In (A, - A) vs time were linear for 
at least 3 half-lives. The slopes of these pseudo-first-order plots, 
/cobs, and the experimental conditions are summarized in Tables 
I1 and 111. At a given acidity plots of log kobs vs log [H202]sv, 
where [H2O2Iav = [H2Ozlo - [Mo(VI)lo or [W(VI)l0, were linear. 
The slopes of these plots were (for Mo(V1)) 1.66, 1.59, 1.00, 1.08, 

(12) Muralidharan, S.; Espenson, J. H. Inorg. Chem. 1984, 23, 636. 
(1 3) Dixon, M. Biochim. Biophys. Acta 1971, 226, 241. 
(14) Bourke, G. C. M.; Thompson, R. C. Inorg. Chem. 1988, 26, 903. 
(15) Millan, C.; Diebler, H. J .  Chem. SOC., Dalton Truns. 1988, 2397. 

(16) Cruywagen, J. J.; van der Merwe, I. F. J. J .  Chem. Soc., Dulron Truns. 
1987, 1701. 

(17) Good, N. E.; Winget, G. D.; Winter, W.; Connolly, T. N.; Izawa, S.; 
Singh, R. M. M. Biochemistry 1966, 5, 467. 



3940 Inorganic Chemistry, Vol. 28, No. 21, 1989 Schwane and Thompson 

Table 111. Kinetic Results for the Formation of the Oxo Hydroxo 
Diperoxo Complexes of Mo(V1) and W(V1) in Neutral Solution" 

T? [H20210, koblMO(VI)t,b ~OblW(VI)I,b 
pH OC M S-1 S-I 

7.00 25.0 0.0100 0.069 
7.0OC 25.0 0.0100 0.074 
7.00 25.0 0.0200 0.153 0.046 
7.OOc 25.0 0.0200 0.155 
7.00 25.0 0.0500 0.401 0.131 

7.00 25.0 0.100 0.881 0.33, 
7.OOc 25.0 0.100 0.943 
7.00 25.0 0.200 1.84 0.64, 

7.00 25.0 0.280 2.63 0.789 

7.OOc 25.0 0.0500 0.446 

7.0OC 25.0 0.200 2.01 

7.00 25.0 0.400 1.4, 
6.50d 25.0 0.100 l , l o  O.6ZO 
6.50e 25.0 0.100 1.2, 0.426 
7.50' 25.0 0.100 0.856 0.292 

7.00 19.4 0.200 1.19 0.483 
7.00 14.5 0.100 0.430 0.17, 
7.00 14.5 0.200 0.858 0.337 
7.00 10.0 0,100 0.297 

7.00 19.4 0.100 0.565 0.219 

7.00 10.0 0.200 0.620 
"Monitored at 310 (Mo(V1)) or 300 nm (W(V1)). Conditions: 

M, [buffer (MOPS)It0, = 0.010 M, ionic strength maintained at 0.10 
M by use of NaCl unless otherwise indicated. bValues are slopes of 
plots of -In (A, - A )  vs time. CIonic strength maintained with KNO,. 

[Mo(VI)]o = (1.00-3.00) X lo-' M, [W(VI)]o = (3.00-6.00) X lo-' 

[buffer (MES)],, = 0.020 M. e [Buffer (MOPS)It0, = 0.020 M. 

and 1.09 at  0.014 M H+, 0.0090 M H+, 0.0030 M H+, pH 4.0, 
and pH 7.0, respectively, and (for W(V1)) 1.12 at  pH 7.0. These 
results indicate that the formation rate law is principally first-order 
with respect to hydrogen peroxide at  acidities 40.003 M. We 
do not understand why the apparent order is slightly greater than 
unity in all the buffered media, but exactly unity a t  0.0030 M 
H+. In our previous study, we reported a second-order dependence 
with respect to hydrogen peroxide in the acidity range 0.10-1.00 
M H+. The transition from first to second-order dependence is 
observed at  0.0090 and 0.014 M H+ under our experimental 
conditions. Possible reasons for this unusual behavior will be 
proposed in the Discussion Section. 

Test of Beer's Law for the Oxo Wperoxo Complexes of Mo(VI) 
and W(V1). A crystal structure of K2Mo2Ol1.4H20 showed a 
dimeric structure for oxodiperoxomolybdenum(VI), in which two 
[(H,O)(O,),MoO] units were bridged by an oxo ligand in the 
equatorial plane.18 We therefore tested for possible dimerization 
in solution by spectrophotometry, under conditions of sufficient 
excess [H202] such that >99% of the Mo(V1) or W(V1) was 
complexed. Experiments were conducted at  1.0 and 9.3 X lo4 
M H+ with Mo(V1) (where M00(0J2 and MoO(OH)(02), are 
the predominant forms, respectively), and a t  0.75 M H+ wlth 
W(V1) (where equal amounts of W0(02) ,  and W0(OH)(O2)y 
are present). Beer's law was obeyed at  370 nm over the con- 
centration range 0.0020-0.040 M Mo(V1); it was impractical to 
extend the range any higher. In addition, spectral scans over the 
limited wavelength range available due to increasing absorbance 
by the excess H20, in the near-UV region revealed no unusual 
features. Beer's law was obeyed for [W(VI)] to 0.020 M at both 
295 and 310 nm, but monotonic deviations were observed from 
0.020 to 0.040 M W(V1). We conclude that rather high con- 
centrations of the oxo diperoxo complexes can be used without 
interference from dimerization, especially in the case of Mo(V1). 

Kinetic Studies of the Oxidation of Iron(II) by the Oxo Diperoxo 
Complexes of Mo(VI) and W(VI). Preliminary experiments 
revealed the formation and decay of an absorbing intermediate. 
A partial spectrum of the intermediate formed in the Mo(V1) 
system is presented in Figure 1. Corrections were applied for 
the absorbance due to M00(0 , )~ ;  spectral interference from the 

(18) Stomberg, R. Acta Chem. Scand. 1968, 22, 1076. 

O.Oo0 
320 330 340 350 360 370 

Wavelength (nm) 
Figure 1. Partial spectrum of the intermediate formed during the oxi- 
dation of iron(I1) by oxodiperoxomolybdenum(V1). Absorbance due to 
M00(02), has been subtracted. Conditions: [Mo(VI)lo = 8.00 X 
M, [H20,], = 8.00 X lo-' M, [Fe(II)lo = 8.00 X lo4 M, [HCI04] = 
1.0 M, T = 25 OC. 

Table IV. Kinetic Results for the Formation of the Intermediate 
Produced in the Oxidation of Iron(I1) by 
Oxodiperoxomolybdenum( VI)" 

[H'l, IOSIMo(VI)Io, 1o3[H2021o, kobs! 1O4h,E 

1 .oo 2.50 8.00 2.42 2.84 
1 .oo 8.00 8.00 5.84 3.04 
1 .ood 8.00 8.00 5.68 2.78 
1 .oo 8.00 16.0 6.45 2.93 
1 .OOd 8.00 16.0 6.71 2.98 

0.40 2.50 8.00 2.40 2.80 
0.40 5.00 8.00 3.80 2.80 
0.40 8.00 8.00 5.35 2.73 

0.10 2.50 8.00 2.42 2.83 
0.10 5.00 8.00 4.11 3.12 

0.050 2.50 8.00 2.92 3.83 
0.050 5.00 8.00 4.98 3.98 
0.050 8.00 9.00 7.58 4.12 

0.020 2.50 8.00 3.33 4.66 
0.020 5.00 8.00 5.79 4.80 
0.020 8.00 8.00 8.25 4.54 

"Monitored at 255 nm. Conditions: [Fe2'Io = (1.00-1.50) X lo4 
M, ionic strength maintained at 1.0 M with use of LiCIO,, T = 25.0 
O C .  bValues are slopes of plots of -In (A, - A) vs time. CDetermined 
by use of eq 2. dValues determined on a different day and with dif- 
ferent stock solutions. 

other reagents is negligible from 320 to 360 nm under the ex- 
perimental conditions. The Mo(V1) was maintained as the oxo 
diperoxo complex during the redox reaction due to its very rapid 
formation rate. 

Only a monotonic increase in absorbance was observed under 
comparable experimental conditions over the wavelength range 
250-280 nm, where iron(II1) is highly absorbing. Linear plots 
of -In (A, - A) vs time were obtained, but the variation of the 
slopes with reactant concentrations was consistent with a rea- 
sonable rate expression only at  255 nm. This behavior suggests 
that an isosbestic between the intermediate and the iron(II1) 
product occurs at  255 nm, provided the formation and decay of 
the intermediate obey pseudo-first-order kinetics under the ex- 
perimental  condition^.'^ If we accept for the moment that this 

M M M S-I M-l s-l 

2.9 f 0.1 (av) 

2.8 f 0.1 (av) 

3.0 f 0.2 (av) 

4.0 f 0.2 (av) 

4.7 f 0.2 (av) 

F)  Espkon,  J. H. Chemical Kinetics and Reaction Mechanisms; 
McGraw-Hill: New York, 1981; pp 65-71. 
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Table V. Kinetic Results for the Decomposition of the Intermediate 
Formed in the Oxidation of Iron(I1) by the 
Oxodiperoxomolybdenum( VI) Complex" 

IH+L 104[Fe(II)l~, 104[Mo(VI)l~, .. - -  
- M- M M tkx, ms kd,b s-l 
1 .ow 0.50 1 .oo 1 4 0 f  20 8 f 2 
1 .ooc 0.50 2.00 1 1 0 f  20 6 f  2 
1 .ooc  0.50 4.00 8 0 f 2 0  5 f 2  
1 .oo 1-00 1 .oo 150f 20 7 f 2 
1 .oo 1 .oo 2.00 11Of20 6 f  1 
1 .oo 1 .oo 4.00 8 0 f 2 0  5 & 2  
1 .oo 1 .oo 6.00 6 0 f 2 0  6 f 3  
1 .oo 4.00 0.50 200 f 20 6 f 1 
1 .oo 4.00 0.80 160f  20 7 f 2 
1 .oo 8.00 0.80 140f 20 9 f 2 

0.40 4.00 0.50 130f  15 14f 3 
0.40 4.00 0.80 125 f 15 11 f 2 
0.40 8.00 0.80 1 1 O f  15 14f  3 

0.10 4.00 0.50 70f  10 3 5 f 7  
0.10 4.00 0.80 65 f 10 32 f 7 
0.10 8.00 0.80 70 f 10 29 * 7 

0.050 4.00 0.50 60 f 10 40 f 9 
0.050 4.00 0.80 50 f 10 42 f 9 
0.050 8.00 0.80 55  k 10 36 f 10 

Monitored at 340 nm unless otherwise indicted. Conditions: [H2- 
O2lO = 8.00 X lo-' M, ionic strength maintained at 1.0 M with use of 
LiC104, T = 25 OC. bDetermined by use of eq 3. cMonitored at 310 
nm. 

interpretation is correct, then the slopes of the kinetic plots (kob) 
correspond to the pseudo-first-order rate constants for the for- 
mation of the intermediate and iron(II1). The values of kobs 
determined in this study and the experimental conditions are 
summarized in Table IV. 

The simplest rate expression for the formation kinetics is given 
in eq 1. The second term takes into account the formation of 

-d[H202]/dt = '/2d[Fe(III)]/dt = 
k4[ox0diperoxomo1ybdenum(VI)] [Fe(II)] + k5[H202] [Fe(II)] 

(1) 

iron(II1) by the known reaction of Fe2+ and H202. Values of k4 
can be calculated from our experimental data by means of eq 2, 

7 f 1 (av) 

13 f 2 (av) 

32 f 3 (av) 

39 & 5 (av) 

k4 (kob - ~~~[H~O~la~~/~~[M~(V~)ltot~ (2) 

with [H2O2Iav = [H20210 - 2[Mo(V1)ltot - [Fe(II)lo/4. We have 
determined independently the value of k5 (63 M-' 9') appropriate 
to our experimental conditions, as summarized in the Experimental 
Section, since the contribution of the H202 pathway is 12-42%. 

The resulting values of k4 are listed in the last column of Table 
IV. The consistent values at  a given acidity over a modest range 
of [Mo(VI)] and [H202] provide significant support for our kinetic 
interpretation. A small increase in the rate parameter is observed 
at  acidities below 0.10 M. 

We were unable to find experimental conditions where the decay 
of the intermediate was free of kinetic interference from its 
formation rate. A further complication in determining the decay 
kinetics is uncertainty in the yield of the intermediate. As a result, 
we settled for the technique of estimating the time at  which a 
maximum in the absorbance of the intermediate as measured at  
340 nm occurred (fmax) over a range of experimental conditions. 
The values obtained are summarized in Table V. It can be shown 
that eq 3 holds if both the formation and decay kinetics obey 

tmax = (kd/kf)/(kd - kf) (3) 
pseudo-first-order kinetics.19 In this expression kf takes into 
account all pathways for the oxidation of iron(II), which we have 
calculated for each experiment by the relationship k f  = 2k4- 
[Mo(VI)], + 2k5[H202],, and kd is the first-order decay constant 
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Table VI. Kinetic Results for the Oxidation of Europium(I1) by 
Dioxveen and Hvdrorren Peroxide at 25 OC in Acidic Solution" 

2.00 0.10 3.66 2.2, 
6.00 0.10 2.50 2.26 
2.00 0.0050 4.21 2.05 
6.00 0.0050 4.17 1 .go 
6.00 0.0050 4.30 1 .go 

1 .28 0.10 5.74 5.7 

6.31 0.10 1.53 5.7 

6.2, 0.0050 0.913 5.9 

1.28 0.10 6.56 6.2 
6.28 0.10 2.58 6.2 

1.28 0.0050 0.630 6.1 
6.2, 0.0050 0.462 6.2 

"Monitored at 320 nm. Ionic strength maintained at 0.10 M by use 
of LiC104. bDefined in eq 4. Values are obtained from the slopes of 
plots of -In ( A  - Am),  where k6 = slope/(2([H20& - [Eu(II)]o/4)). 
'Defined in eq 5 .  Values are obtained from the slopes of plots of In 
( [ 0 2 l /  tEu(II)I), where k7 = (slo~e)/(2[0210 - [E~(II)IOI. 

for the intermediate. The values of kd thus obtained are listed 
in the last column of Table V. In spite of the substantial un- 
certainties, the consistent values obtained at  a given acidity over 
a wide range of reactant concentrations provide strong support 
for the kinetic interpretation and establish that the decay of the 
intermediate follows first-order kinetics. It is important to note 
also that values obtained at  310 nm are indistinguishable from 
those measured at  340 nm. The decay constant increases with 
decreasing acidity, a feature that will become important in the 
speculation about the identity of the intermediate (vide infra). 

We attempted to isolate the decay kinetics by means of quite 
different experimental conditions, in which [Fe2+Io = 0.020 M, 
[H2O2Io = 5.0 X lo4 M, [Mo(VI)], = 1.5 X M, [HC104] 
= 0.10 M, and I = 1.0 M. However, little if any intermediate 
was observed at  310 nm. While this line of investigation was not 
pursued, one possible explanation is that the decay rate of the 
intermediate is enhanced by the excess iron(I1) under these 
conditions. 

Studies of the iron(II)-oxodiperoxotungsten(VI) system were 
less successful. An intermediate is definitely formed with an 
absorption maximum at lower wavelength than that for the ox- 
odiperoxomolybdenum(V1) system; we were unable to determine 
the exact position due to spectral interference from the iron(II1) 
product(s). We were also unable to locate an isosbestic between 
the intermediate and iron(III), although qualitatively the rate of 
formation of the intermediate in the W(V1) system is somewhat 
more rapid than that determined for Mo(V1). 

Kinetic Studies of the Oxidation of Europium(I1) by the Oxo 
Diperoxo Complexes of Mo(VI) and W(V1). Europium(I1) in 
acidic solution reacts rapidly with dissolved dioxygen but rather 
slowly with hydrogen peroxide. The rates of these reactions were 
examined briefly by monitoring the disappearance of europium(I1) 
at its 320 nm absorption maximum. Plots of -In ( A  - A,) vs time 
were linear for at least 80% of the total reaction when the [H202] 
was present in large excess. The data are consistent with the rate 
expression given in eq 4 values of the second-order rate constants 
k6 and the experimental conditions are summarized in Table VI. 

-d[H2OJ/dt = -j/,d[Eu(II)]/dt = ~ ~ [ H ~ O ~ ] [ E U ( I I ) ]  (4) 

The dioxygen system was studied with either oxygen or euro- 
pium(I1) in excess. Second-order rate plots, under the assumption 
of the stoichiometry A[Eu2']/A[02] = 2.00, were linear for greater 
than 90% of total reaction. This behavior is in agreement with 
the rate expression given in eq 5 ,  and values of the rate parameter 
k7 are given in Table VI. 

-d[OJ/dt = -l/zd[E~(II)]/dt = k,[O2][Eu(II)] ( 5 )  

The oxidation of europium(I1) by the oxo diperoxo complexes 
of Mo(V1) and W(V1) was also monitored at  320 nm. Sufficient 
excess [H202] was used to ensure greater than 99% complexation 
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Qualitatively, this is consistent with a rapid loss of Eu(I1) to form 
a weakly absorbing monomeric Mo(V) species, which then di- 
merizes to the known, highly absorbing M o ~ O ~ ~ + . ~ ~  We also 
monitored the system at 410 nm where a monomeric Mo(V) 
species stable only in concentrated HCl has an absorption max- 
imum, but the absorptivity of M%Ot+ is Here a rapid 
increase in absorbance followed by a slower decrease was observed, 
but the apparent rates of the two processes did not match those 
observed at 295 nm. The Mo(V1)-Eu(I1) system is obviously quite 
complex, and it would require considerable effort to sort out the 
mechanistic details. Nevertheless, it is safe to conclude that Eu(I1) 
reduces Mo(V1) very rapidly and that the rate of this reaction 
appears to be somewhat faster in 0.0050 M H+ than in 0.10 M 
H+. 

We were able to demonstrate directly that any reduced forms 
of molybdenum formed by the Mo(V1)-Eu(I1) reaction are re- 
oxidized to the hexavalent state extremely rapidly by hydrogen 
peroxide. Multimixing, stopped-flow techniques were used in 
which the first mixing yielded initial concentrations of Mo(V1) 
and Eu(I1) of 0.30 mM in 0.10 M triflic acid at  25 OC. This 
reaction mixture was "aged" for 60 ms, a time period sufficient 
for nearly complete reaction, and then mixed with an equal volume 
of 2.0 mM H202 in 0.10 M triflic acid. The kinetic traces then 
observed at  295 and 400 nm were consistent with the formation 
of oxodiperoxomolybdenum(V1) from Mo(V1) and Hz02. This 
demonstrates that under the experimental conditions the reduced 
form or forms of molybdenum react with hydrogen peroxide at  
rates too fast to be measured by stopped-flow methods. 

The values of kind for the oxidation of europium(I1) by oxo- 
diperoxotungsten(V1) show considerable scatter and if anything 
slightly increase with increasing [H202]@ We do not know the 
rate of formation of the W(V1) complex under these acidic 
conditions, but the linearity of the pseudo-first-order rate plots 
suggest that the W(V1) is maintained as the reactive oxo diperoxo 
complex as does the result where the [W(VI)]o/[Eu(II)]o ratio 
was 0.50 rather than 0.050. Other studies suggest that W(V1) 
is generally more difficult to reduce than is M O ( V I ) . ~ ~  We 
conclude that the rate expression given in eq 7 adequately cor- 
relates our limited data under the experimental conditions specified 
in Table VIII. 

-d[H202] /d t  = ((2.8 f 0.4) X lo4 M-Is-' ) X  

[WO(OH)(02)2-1 m2+1 + k6[H2021 [EuZ+l (7) 
Kinetic Studies of the Oxidation of Dithionite Ion by the Oxo 

Diperoxo Complexes of Mo(V1) and W(V1). The rate law for 
the S2042--H202 reaction in phosphate buffer at pH 6.5 has been 
reported to be first-order in hydrogen peroxide and half-order with 
respect to dithionite.' We have repeated some of the experiments, 
and obtained linear plots of ( A  - A_)1/2  vs time under the con- 
ditions summarized in Table IX. The values of the three- 
halves-order rate constants, k8, are in excellent agreement with 
the literature value of 0.096 M-'12 s-l. The kinetics plots obtained 
with substitution of MES and MOPS buffers for phosphate 
showed some curvature, but the values of k8 were similar. We 
decided to investigate the corresponding reactions of the oxo 
diperoxo complexes of Mo(V1) and W(V1) in the presence of the 
noncomplexing buffers. We determined independently that di- 
thionite is unreactive toward MOO," and W042- in a near-neutral 
solution, at least on the stopped-flow time scale. The experimental 
conditions and values of k9, as defined in eq 8, are also listed in 

(8) 
kg = 12kotx/(2t3d1'2 - k8[H202IavI/ [Mo(VI) or W(VUI0 

Table VII. Kinetic Results for the Oxidation of EuroDium(I1) bv the . . . .  
Oxodiperoxomolybdenum(V1) Complex" 
[H+l, 1 04[Mo(VI)lo, 1 03[ H2O2I0. 1 04[Eu(II) lo, kob! 1 O-,kZndrc 

M M M M s-I M-l s-I 

0.10 
0.1od 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10d 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 
0.0050 

0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
1 .oo 
2.50 
1 .oo 
2.50 
2.50 
2.50 
0.500 
0.500 
0.500 
0.500 
0.500 
1 .oo 
0.500 
0.500 
0.500 
0.500 
1 .oo 

1.40 
1.40 
1.50 
1.50 
1.60 
2.00 
2.50 
3.00 
3.00 
3.00 
3.00 
6.00 
6.00 

12.0 
50.0 
0.500 
0.700 
0.800 
1.38 
1.50 
1.50 
1.57 
1.75 
2.00 
3.00 
3.00 

1.46 
2.09 
1.35 
2.53 
0.87 
3.63 
2.65 
3.10 
1.93 
3.40 
2.63 
2.03 
3.42 
2.53 
3.60 
0.80 
I .oo 
0.80 
4.10 
4.35 
4.14 
4.10 
3.72 
3.90 
4.51 
4.04 

0.566 
0.491 
0.487 
0.453 
0.438 
0.366 
0.300 
0.268 
0.290 
0.519 
1.46 
0.496 
1.04 
0.912 
0.908 
0.521 
0.485 
0.469 
0.337 
0.331 
0.659 
0.335 
0.324 
0.3 17 
0.314 
0.596 

"Monitored at 320 nm. Conditions: ionic strength maintained at 
0.10 M with use of LiC104 and T = 25.0 OC. *Values are slopes of 
plots of -In ( A  - A,) vs time. 'Determined by use of eq 6. dTriflic 
acid used instead of perchloric acid. 

Table VIII. Kinetic Results for the Oxidation of Europium(I1) by 
the Oxodioeroxotunnsten(V1) ComDlex" 

.. .. 

1 .oo 0.0100 2.00 0.452 2.07 
1 .oo 0.0300 2.00 0.645 2.64 
1 .oo 0.0300 1.50 0.635 2.59 

10.0 0.0300 2.00 4.89 2.39 
1 .oo 0.0600 1.50 0.774 2.70 
1 .oo 0.100 2.00 1.01 3.08 
1 .oo 0.250 2.00 1.66 3.4, 

"Monitored at 320 nm. Conditions: 0.0050 M HC104, ionic 
strength maintained at 0.10 M with the use of LiC104, and T = 25.0 
OC. *Values are slopes of plots of -In ( A  - A,) vs time. 'Determined 
by the use of eq 6. 

of the metal ion under equilibrium conditions. Plots of -In ( A  
- A,)  vs time were linear for at  least 85% of total reaction. The 
slopes of these plots, kob, and the experimental conditions for the 
Mo(V1) and W(V1) systems are presented in Table VI1 and Table 
VIII, respectively. The values of the second-order rate constant 
ktd, as defined by eq 6, are presented in the last column of these 

kZnd = (kob - 2kS[H2021a,)/12[Mo(vI) or w(vI)lOl (6)  

tables. A clear trend toward decreasing values of kind with in- 
creasing excess [H2O2lo is seen for the Mo(V1) system in 0.10 
M H+; the effect is barely discernible for the low acid runs except 
at  the lowest concentrations of hydrogen peroxide. A possible 
reason is that traces of uncomplexed Mo(V1) react rapidly with 
Eu( 11), and the reduced molybdenum species is rapidly oxidized 
by hydiogen peroxide back to Mo(V1). We therefore briefly 
examined the Mo(V1)-Eu(I1) system independently under similar 
experimental conditions by monitoring formation of Mo(V) and 
disappearance of Eu(I1) at 295 nm, an absorption maximum for 
the known stable form of Mo(V), M02042+.20 We observed a 
very rapid decrease in absorbance followed by a slower increase. 

(20) Sasaki, Y . ;  Sykes, A. G. J .  Chem. SOC., Dalton Trans. 1974, 1468. 

(21) Paffett. M. T.; Anson, F. C. Inorg. Chem. 1981, 20, 3967. 
(22) Haight, G. P. J .  Inorg. Nucl. Chem. 1962, 24, 663. 
(23) Kim, C.; Murrnann, R. K. Inorg. Chem. 1984, 23, 263. 
(24) Kim, C.; Murmann, R. K.; Schlernper, E. 0. Transition Met. Chem. 

( Weinheim, Ger.) 1984, 9, 260. 
(25) See, for example, Ooi et al. (Ooi, B.; Petrou, A. L.; Sykes, A. G. Inorg. 

Chem. 1988,27,3626), in which the conclusion that W(IV) and W(V) 
are much stronger reducing agents than their molybdenum analogues 
is presented. 
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Table IX. Kinetic Results for the Oxidation of Dithionite Ion by Hydrogen Peroxide and the Oxo Diperoxo Complexes of Mo(V1) and W(V1) at 
25 O c a  

PH buffer 102[H202]o, M IO'MO(VI)]O, M lO'[W(VI)]O, M kob,) s-I k8,C M".5 s-I kg,d M"" s-' 

6.5 
6.5 
6.5 
6.5 
7.0 
7.0 
7.5 
7.5 
6.5 
6.5 
6.5 

7.0 
7.0 
7.0 

7.0 
7.0 
7.0 

7.5 
7.5 
7.5 

phosphate 
phosphate 
MES 
MES 
MOPS 
MOPS 
MOPS 
MOPS 
MES 
MES 
MES 

MOPS 
MOPS 
MOPS 

MOPS 
MOPS 
MOPS 

MOPS 
MOPS 
MOPS 

9.00 

9.00 
18.0 

18.0 
12.5 
25.0 

18.0 
9.00 

1 .oo 
1 .oo 
2.00 

1 .oo 
1 .oo 
2.00 

1 .oo 
2.50 
2.50 

1 .oo 
1 .00 
2.00 

1.50 
3.00 
3.00 

1 .oo 
3.00 
3.00 

1 .OO 
3.00 
3.00 

0.196 
0.369 
0.240 
0.539 
0.326 
0.572 
0.228 
0.408 
0.0409 
0.0628 
0.074 

0.0402 
0.0678 
0.0835 

3.00 0.226 
3.00 0.280 
6.00 0.438 

0.0408 
0.0551 
0.0800 

0.096 
0.091 
0.12 
0.12 
0.12 
0.10 
0.1 1 
0.10 

4.1 
5.4 
2.9 
4 f 1 (av) 
7.0 
6.5 
5.1 
6 1 (av) 

30 
32 
28 
30 * 2 (av) 
7.7 
4.9 
5.4 
6 * 1 (av) 

'Monitored at 350 nm. Conditions: [Na2S204 = (4.0-6.0) X lo-' M, [buffer],, = 0.010 M, ionic strength maintained at 0.10 M with use of 
KN03. *Values are slopes of plots of -(A - A.)1j2 vs time. ck8 = 2kob/([H202]av (~SJO) ' /~) .  dDetermined by use of eq 8. 

Table X Kinetic Results for the Oxidation of Viologen Radical Cation by Hydrogen Peroxide, Molybdenum(VI), and the 
Oxodiperoxomolybdenum(V1) Complex at 25 OC' 
lO'[MV+]o, M 103[H@210, M 1O'[Mo(VI)lo, M kob! s-l klO: M-I s-I 10-5kll,d M-I s-* 1O4kI2: M-I s-l 

0.66 50.0 0.162 3.2 
0.92 50.0 0.150 3.0 
1.2 50.0 0.145 2.9 
0.92 I .oo 30.0 3.0 
2.3 1 .oo 26.8 2.7 
2.3 1.20 35.4 2.9 
1.9 0.250 0.500 3.53 7.1 
3.3 0.500 0.500 4.17 8.3 
0.62 3.50 3.50 18.8 5.4 
0.77 3.50 3.50 23.8 6.8 
0.97 3.50 3.50 18.5 5.3 
1.3 3.50 3.50 18.9 5.4 
1.9 3.50 3.50 20.0 5.7 
2.9 3.50 3.50 24.8 7.1 
3.0 3.50 3.50 25.2 7.2 
0.59 5.00 3.50 14.1 4.0 
2.1 5.00 3.40 18.2 5.2 
3.4 5.00 3.50 16.3 4.7 

6.0 1.1 (av) 
'Monitored at 605 nm. [HClO,] = 0.010 M. *Values are slopes of plots of -In (A - A,) vs time. = kob/[H202]1v. dkl l  = kob/[Mo(VI)],, 

where [Mo(VI)],,. = [Mo(VI)lo - [MV'+l0/2. 'Determined by use of eq 11. 

Table IX, where k& is the slope of the -(A - vs time plots 
and e = 1.0 X lo3 M-' cm-I for dithionite a t  350 nm. 

The half-order rate plots were linear for a t  least 80% of the 
total reaction for the W(V1) system a t  pH 7.0 (MOPS) and for 
the Mo(V1) system a t  pH 7.5 (MOPS). Curvature in the plots 
was observed with Mo(V1) at pH 6.5 (MES) and pH 7.0 (MOPS). 
Significant scatter was observed for the values of k9 in all cases. 
Nevertheless, the data are in approximate agreement with the 
general rate expression given in eq 9. 

-d[H,O,]/dt = -d[SzO,z-]/dr = 
[Sz04z-]~/2(k9[o~o diperoxo complex] + k,[H,O,]) (9) 

Kinetic Studies of the Oxidation of the Methyl Viologen Radical 
Cation with the Oxo Diperoxo Complex of Mo(VI). The oxidation 
of the methyl viologen radical cation, M V ,  by hydrogen peroxide 
has been studied previou~ly .~*~ We briefly reinvestigated this 

reaction. Plots of -In (A -A, )  vs time were linear to 80% of total 
reaction; the slopes of these plots, kOb, and the experimental 
conditions are summarized in Table X. The second-order rate 
constants klo are in good agreement with the literature values. 
We have assumed, based on the previous study, that the stoi- 
chiometry of the reaction is 1:l. 

We found that Mo(V1) in 0.010 M HC104 rapidly oxidizes 
MY+. The results of this brief investigation are also given in Table 
X, and are consistent with the rate expression given in eq 10, with 
the value of (2.9 f 0.2) X lo5 M-' s-l for kl l  at 25 O C .  

-d[MV*+]/dt = k,,[MV*+][Mo(VI)] (10) 

The experimental conditions and kinetic results for the oxidation 
of MV'+ by the oxo diperoxo complex of Mo(V1) are presented 
in Table X. While plots of -In (A - A,) vs time were linear to 
approximately 80% of total reaction, there was a severe curvature 
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in the direction of increasing reaction rate past this point. The 
values of the second-order rate constant kI2 were obtained from 
the slopes of the kinetic plots, kok, by use of eq 11. The values 

(11) 
of kI2  listed in the last column of Table X show considerable 
scatter. We have assumed that the contribution of the reaction 
of traces of uncomplexed Mo(V1) with MV’+ is negligible under 
the experimental conditions employed due to the small values of 
the ratio k l l  [Mo(VI)] /k12[oxodiperoxomolybdenum(VI)]. 
Discussion 
Our previous study of the formation constants for oxodiper- 

oxomolybdenum(V1) was limited to the acidity range 0.10-1.0 
M H+; the results were consistent with eq 12.I We can use eq 
HMo03+ + 2H202 MOO(O,)~ + H+ + 2 H 2 0  K2:l (12) 

12 to estimate the values of the conditional formation constants 
at  pH 4 and 7 by taking into account the speciation of monomeric 
molyWenum(V1) among HM003+, Moo3, HMoO;, and MOO:- 
and the hydrolysis of While this is a gross 
extrapolation, it is interesting that the calculated values agree with 
the experimental values listed in Table I to within a factor of 2. 
We consider this result as strong evidence that M 0 0 ( 0 ~ ) ~  and 
MoO(OH)(O,),- are the principal oxodiperoxomolybdenum(V1) 
species over the entire acidic to neutral region. In addition, the 
linear Beer’s law behavior indicates that dimerization is unim- 
portant up to at  least 0.040 M Mo(V1). In basic media other 
forms must become important since it is well established that the 
tetraperoxo species M o ( O ~ ) ~ ~ -  predominates in strongly basic 
s o l ~ t i o n . ~ ~ ~ ~ ~  

We were also able to measure the conditional formation con- 
stants for W0(0H)(02)2-  from pH 6.1 to pH 7.7. This was 
possible because the oligomerization of W(V1) that occurs in more 
acidic media is negligible.I6 The values of Kf listed in Table I 
are virtually identical with those for Mo(V1) within the substantial 
experimental uncertainty. 

The rate law for the formation of oxodiperoxomolybdenum(V1) 
is unusual in that the dependence on hydrogen peroxide is sec- 
ond-order at  [H+] 1 0 . 1  M but first-order at  [H+] 5 0.003 M. 
The simplest interpretation is that entry of the second peroxide 
is rate determining in the former case, but entry of the first 
peroxide is limiting in the latter case. Presumably, in all cases, 
a monoperoxomolybdenum(V1) intermediate present at  low 
concentration is involved. It is very difficult and probably not 
worthwhile to devise a “mechanism” that would cover the entire 
pH region examined due to considerable complexities in the 
acid-base chemistry of molybdenum(V1). However, in the 
transition acidity region where the order with respect to hydrogen 
peroxide is between 1 and 2, the principal molybdenum(V1) species 
is Moo3. We therefore suggest that in this transition region the 
rate of dissociation of peroxide from the monoperoxo- 
molybdenum(V1) intermediate drops sharply with decreasing 
acidity. This could arise if the intermediate is weakly acidic, with 
a pK, comparable to that of M 0 0 ( 0 ~ ) ~ .  Mild support for this 
suggesting comes from the fact that Moo3  is weakly basic 
(pK~omnation = -0.85) whereas M 0 0 ( 0 ~ ) ~  is weakly acidic (pK, 
= 1.9). It is also possible that the rate of gain of the second 
peroxide ligand by the monoperoxo intermediate is strongly pH 
dependent in the transition acidity region, but it seems unlikely 
to use that this is the principal reason for the change in order with 
respect to hydrogen peroxide. 

The second-order rate constants for the formation of the oxo 
hydroxo diperoxo complexes of Mo(V1) and W(V1) in neutral 

k12 = {kok - k10[H20~1av)/[Mo(VI)lo 

Schwane and Thompson 

solution, calculated from the data in Table I11 (8.6 f 0.8 and 3.0 
f 0.4 M-’ s-I at pH 7.0 and 25 OC, respectively), show that the 
Mo(V1) complex forms slightly faster than its W(V1) counterpart. 
We also note that these formation rates where tetrahedral Mo(V1) 
and W(V1) species predominate are very much slower than those 
in acidic solution where octahedral forms are dominant. This 
would be anticipated since the geometry of the oxo diperoxo 
complexes is more nearly octahedral. 

Our kinetic study of the reduction of oxodiperoxo- 
molybdenum(V1) by iron(I1) revealed the formation of an in- 
termediate. The kinetic data summarized in Table IV demonstrate 
that oxodiperoxomolybdenum(V1) is much more reactive than is 
hydrogen peroxide toward iron(I1). The small dependence on 
acidity is consistent with eq 13, where at 25 OC the rate constants 

-d[H2021 /df = [FeZ+1(k4n[M00(02)21 + 
~ ~ ~ [ M O O ( O H ) ( ~ Z ) Z - ]  + k5[HzOz]) (13) 

k4,,, k4,,, and k5 have the values (2.8 f 0.1) X lo4, (5.6 f 0.2) 
X lo4, and 63 f 1 M-’ s-l, respectively. 

The formulation of the intermediate is difficult, in that no 
known species will account for the experimental data. For ex- 
ample, it is not Fe(OH)2Fe4+, which dissociates with a rate and 
a [H+] dependence that are different from those ~ b s e r v e d . ~ ~ * ~ ~  
Nor is the intermediate a peroxoiron(II1) complex, which has a 
different spectrum and dissociates much more rapidly.”?” These 
observations coupled with the fact that a different species is formed 
in the Mo(V1) and W(V1) systems lead us to tentatively formulate 
the intermediate as a peroxo-bridged iron(II1)-molybdenum(V1) 
or -tungsten(VI) species. We account for its formation and decay 
as shown in eq 14-20 for the Mo(V1) system, where Mo-2:l is 

Fe2+ + H202 - FeOH2+ + ‘OH k5 (14a) 

FeOH2+ + H+ - Fe3+ + H20 fast (14b) 

Fez+ + *OH - Fe3+ + OH- fast (15) 

Fe2+ + Mo-2: 1 - FeOH2+ + ‘OH + Mo- 1 : 1 kl  (1 6) 
Mo-1:1 + H202 - Mo-2:l + H 2 0  fast (17) 

Fe2+ + M0-2:l - Fe3+ + IMo k12 (18) 

I,, + Fez+ - IMo,Fc fast (19) 

IMo,Fc - Fe3+ + Mo-2:l kd (20) 

either M 0 0 ( 0 ~ ) ~  or MoO(OH)(O,),-, Mo-1:1 is a monoper- 
oxomolybdenum(V1) species, IMo is a superoxomolybdenum(V1) 
species, and IM0,+ is the observed intermediate. 

Reaction 14a occurs due to the excess [H202] present in the 
experiments, and is proposed to produce free hydroxyl radicals.34 
Reaction 15 is known to be very rapid (k,g > lo8 M-I s - I ) . ~ ~  
Reaction 16 is included since the yield of the intermediate is not 
known. However, we know that the yield is not quantitative since 
the concentration of the oxodiperoxomolybdenum(V1) complex 
cannot change appreciably during the experiments according to 
the observed rate expression. The experimental conditions were 
designed such that the formation rate of oxodiperoxo- 
molybdenumVI) is rapid relative to the redox rate; therefore, 
reaction 17 would be rapid. The intermediate 1~~ formed in 
reaction 18 is proposed to be a superoxomolybdenum(V1) complex 
that is formed by the rapid reaction of a caged ‘OH radical 
(formed via the inner-sphere, F$+-MOO(O~)~ redox reaction) with 
the remaining peroxo ligand. It is known that the reaction of H202 
and ‘OH to form H02’ is rapid36 and that strong oxidants can 
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Chem. 1976, 38, 2033. 
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1987, 2149. 
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oxidize coordinated peroxo ligands to coordinated superoxide.14 
The formation of the observed intermediate occurs in reaction 19 
via a rapid, inner-sphere reduction of the superoxo ligand by 
iron(I1). The reaction of HO; and Fe2+ is known to be rapid 
(k = 1.2 X lo6 M-' s-l), to be inner sphere, and to produce a 
peroxoiron(II1) complex that loses the peroxo ligand rapidly (k 
= 1.8 X lo3 s-1).33,34 Iron(I1) is also known to react rapidly with 
"superoxotitanium(1V)" (Ti023+ or TiO(H02')2+),37 with a sec- 
ond-order rate constant of 1.8 X lo5 M-' s-l,I4 and with super- 
oxochromium(II1) ((3022') with a rate constant of 2.5 X 104 M-' 
s-lS3* The latter rate constants are comparable to those observed 
for the Fe2+-Mo0(02)2 reaction, and we have to assume that 
reaction 19 is more rapid. In neither of the previous studies was 
an intermediate containing Fe(II1) detected, but instead the 
formation of peroxotitanium(1V) and peroxochromium(II1) was 
found. The titanium(1V) system was monitored by observing the 
formation of peroxotitanium(1V) at 410 nm, where an intermediate 
analogous to IMuIO,Fc may have a similar extinction coefficient; 
alternatively, the intermediate may simply dissociate rapidly. The 
chromium(II1) system was monitored in the UV region; we suggest 
that an iron(II1)-peroxo-chromium(II1) species may not have 
been detected due to the large excess of iron(I1) present in the 
reaction mixtures. We also do not observe appreciable formation 
of an intermediate in the Mo(V1) system if large excesses of 
iron(I1) are present. In any case, the dissociation of our proposed 
intermediate IMo,Fc is shown in reaction 20. It is not clear how 
to predict the acid dependence of this reactionsimple, monomeric 
Fe(II1) complexes often show an inverse acid independe~~ce,'~ but 
oxo- and hydroxo-bridged Fe(II1) dimers have an acid-dependent 
term.32 The values of kd are somewhat greater than that for 
FeC12+ or Fe(OH)2Fe4+ but substantially less than that for per- 
oxoiron( 111) .31-35,39 

The experimentally determined rate constant k4 for the oxo- 
diperoxomolybdenum(V1) system is equal to kll  + k12 in this 
scheme. 

An analogous scheme could be formulated for oxodiperoxo- 
tungsten(V1). It would be anticipated that the intermediate would 
have a different spectrum, as is observed, and that its absorption 
maximum would lie at a lower wavelength based on the spectra 
of the oxo diperoxo complexes (the maxima for W0(02)2  and 
M 0 0 ( 0 ~ ) ~  occur at 256 and 310 nm, respectively).' 

The reaction scheme is admittedly speculative, but we are 
unable to suggest an alternative one that correlates the considerable 
experimental observations as well. 

Hydrogen peroxide is frequently invoked as an intermediate 
in low concentration in reductions of dioxygen. In many cases, 
the reduction of hydrogen peroxide is much slower than that of 
dioxygen, and H202 can accumulate depending on the experi- 
mental conditions. An important example is the commercial 
production of hydrogen peroxide by the autoxidation of 2- 
ethylanthrahydroquinoLa Similar examples with simple metal 
ions are scarce,41 but our data (summarized in Table VI) dem- 
onstrate that europium(I1) reacts much more rapidly with di- 
oxygen than with hydrogen peroxide (k7/k6  z 3 X lo4). 

The kinetic results for the europium(I1)-oxodiperoxo- 
molybdenum(V1) system, summarized in Table VII, demonstrate 
more complicated behavior than just parallel paths involving 
hydrogen peroxide and the complex as oxidants. We can account 
for the variation of the rate constant k2,,,, by including the reaction 
of Mo(V1) with Eu(II), which we have shown to be very rapid. 
A plausible reaction scheme is outlined in eq 21-28, where Mo-2:1, 
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IMo, and Mo-1:1 are as defined for the iron(I1) system and Mod 
is the reduced form of molybdenum, presumably monomeric 
Mo(V). 

Eu2+ + H202 + EuOH2+ + 'OH k6 (21a) 

EuOHZ+ + H+ - Eu3+ + H 2 0  fast (21b) 

Eu2+ + *OH - Eu3+ + OH- fast (22) 

Eu" + Mo-2~1 + Eu3+ + IMo k13 (23) 

Eu2+ + IMo + Eu3+ + M0-1:l fast (24) 

Mo-1~1 * Mo(V1) + H202 k16, k-16 (26) 

Eu2+ + Mo(V1) -+ Eu3+ + M o ~  k14 (27) 

Mord + H 2 0 2  - Mo(V1) + 'OH fast (28) 

Mo-1~1 + H202 M0-2~1 + H20 kls, k-1s (25) 

This scheme is consistent with the observation that values of 
kznd (see Table VII) in 0.0050 M H+ are reasonably constant 
except at very low [H202]. First, the Mo-1:1 formed in eq 24 
would be rapidly converted to Mo-2: 1 since entry of the first 
peroxide ligand is rate determining at  this acidity. Second, the 
equilibrium [Mo(VI)] is very low due to the large value of Kf (ca. 
2.4 X lo8 M-2). As a result, contributions from eq 27 are quite 
small except at very low [H202], and we can safely assign a value 
for k13 of 3.0 X lo3 M-' s-I. 

In 0.10 M H+, entry of the second peroxide is rate determining 
in the formation of M 0 0 ( 0 ~ ) ~ ,  and as a result, the steady-state 
[Mo(VI)] should be greater than dictated by equilibrium con- 
siderations alone. Equation 29 can be derived, where values of 

k2nd = k13 + k14((kr + ~~S[EU~'I,)/(~~[H~O~I~)J (29) 

k, = k-15 and kr = k-16k15/k16 are available from our previous 
study.' The values of kM determined in 0.10 M H+ were analyzed 
according to this equation by a nonlinear least-squares adjustment. 
The resulting values of k13 and k14 are (1.8 f 0.2) X lo3 M-' s-l 
and (9.2 f 1.9) X lo4 M-I s-I. However, the data were correlated 
at least as well by the simpler expression given in eq 30, with k13 

kZnd = k13 + k14/~Kf[H20212) (30) 

= (1.9 f 0.1) X lo3 M-l s-l and k14 = (2.6 f 0.2) X lo5 M-ls-l. 
This expression would be anticipated if the [Mo(VI)] were de- 
termined solely by the equilibrium parameters. Possibly a peroxide 
ligand has been gained by the superoxo intermediate IMw In any 
case, the value k13 = 1.9 X lo3 M-' s-l appears to be reliable. 

These results indicate that MoO(OH)(O~)~-  is slightly more 
reactive toward Eu2+ than is M 0 0 ( 0 ~ ) ~ ;  the same ordering was 
seen with Fez+. 

The tungsten(V1) system was much more straightforward, 
presumably due to the lack of reaction between W(V1) and Eu(I1). 
Oxohydroxodiperoxotungsten(V1) is -9X more reactive than its 
Mo(V1) analogue. 

Dithionite reactions exhibit a variety of rate laws depending 
on whether S20,", SO2-, or both are the active reductants. Sutin 
and Creutz' report a half-order dependence on [S2042-] with the 
oxidant H202, as we find with MoO(OH)(O~)~-  and WO(0- 
H)(02)2- in neutral solution. The reaction scheme shown in eq 
31-34 is consistent with the rate law summarized in eq 9. 

S2042- 2S02- KD, fast (31) 

s02- + H202 --* products kHIOl (32) 

SO2- + MoO(OH)(O~)~-  - products kMo (33) 

SOz- + W0(0H)(02)2-  - products kw (34) 

Values of kH2O2,. kMo, and kw can be calculated from the rate 
constants summarized in Table IX by use of the expression k = 
(k8 or k,) /&'I2. With a value for KD of 1.4 X lo4 M$2 the rate 

(42) Lambeth, D. 0.; Palmer, G. J .  Biol. Chem. 1973, 248, 6095. 
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We have assembled in Table XI the available second-order rate 
constants for the reduction of H202, MoO(OJ2, MoO(OH)(O,),, 
WO(0H)(O2)f, and O2 by Fez+, E d + ,  SO,, and MV". The 
reactivity of the peroxo complexes is much greater than that of 
hydrogen peroxide. Values of the ratio k(oxo diperoxo com- 
plex)/k(H202) range from 59 to 1.3 X I@, and lie within the range 
observed for several reductants that undergo oxygen atom transfer 
from peroxide. The principal rate difference between the two types 
of substrates is that the hydrolyzed oxo diperoxo complexes are 
slightly more reactive than the neutral species for the one-electron 
metal ion reductants, whereas the opposite was found with all the 
oxygen atom acceptors examined. We have proposed inner-sphere 
reduction of coordinated peroxide in the present systems. It is 
possible in the case of EuZ+ that reduction of the Mo(V1) in the 
complex occurs instead, followed by rapid oxidation by peroxide. 
We do not favor this interpretation because the reactivity pattern 
of the various oxo diperoxo complexes is the same as that with 
other reductants. 

It is clear that the reducing strength of the substrate is not a 
major determinant in the reactivity of the oxo diperoxo complexes, 
a feature well substantiated by the results with Fe2+ and Eu2+. 
What continues to puzzle us is why the coordinated peroxide is 
strongly activated in oxo diperoxo complexes of Mo(V1) and 
W(VI), but is deactivated in peroxotitanium(IV), for example. 
The 0-0 bond distances and stretching frequencies in the v2- 
bonded peroxo complexes are very similar to those in hydrogen 
per0xide.2.~ We believe that the oxo diperoxo configuration is the 
principal factor, although at the present time this is simply an 
empirical correlation. We are examining this feature with va- 
nadium(V), which forms both oxo peroxo and oxo diperoxo 
complexes in solution. We anticipate that the latter will be much 
more reactive as an oxidant. 

Our results demonstrate that Mo(V1) and W(VI) are versatile 
catalysts for activating peroxide toward reduction from pH 0 to 
pH 7 in aqueous solution. Aside from hydrolysis, we have not 
detected any structural changes in the oxo diperoxo complexes 
over this pH range. However, the formation constants and for- 
mation rates vary significantly with pH, and these features must 
be taken into consideration in devising experimental conditions 
in which the metal ions are strictly catalytic. 
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Table XI. Summary of Kinetic Results for the Reduction of 
Hydrogen Peroxide, Oxodiperoxomolybdenum(VI), 
Oxodiperoxotungsten(VI), and Dioxygen at 25 O c a  

second-order rate constants, M-' s-I 
oxidant Fe2+ Eu2+ S0,- MV+ 

H202 63 2.1 2.9 X lo3 3.0 
M00(02)2 2.8 x 104 1.9 x 103 

MOO(OH)(O,),- 5.6 x 104 3.0 x 103 1.7 x 105 
w o ( o H ) ( o z ) <  2.8 x 104 8.0 x 105 
0 2  C 6.0 x 104 >io*d 7.7 x i o * e  

(6 X 

"Rate constants are in terms of the rate law -d[H202]/dt = k[re- 
ductant] [oxidant], and the values are from this study unless otherwise 
indicated. bMeasured only at 0.010 M H+, where [MoO(OH)(02),] 
= 1 . 4 [ M 0 0 ( 0 ~ ) ~ ] .  CThe rate law is -d[Fe(II)]/dt = (1.8 X lo3 M-2 
~ - ~ ) [ F e ( I 1 ) ] ~ [ 0 ~ ] ;  see ref 45. dReference 7. eReference 46. 

constants are (M-I s-I) 2.9 X IO3, 1.7 X IO5, and 8.0 X IO5, 
respectively. The order of reactivities of the peroxo oxidants is 
the same as we have seen for a number of substrates. 

The products of reactions 32-34 have not been identified, al- 
though sulfite and/or bisulfite are likely candidates, depending 
on the pH. It is also not clear whether the reactions are outer 
sphere, as is often proposed to be the case with SO2-, or inner 
sphere?' We favor the latter given the large rate constants and 
the probable requirement of inner-sphere reductions of peroxide 
if they proceed by one-electron steps. If this is correct, there are 
two reasonable fates for the 'OH radical produced. It can either 
react with the newly formed sulfur(1V) species, a reaction known 
to be very rapid," or it can form a superoxo complex as we have 
proposed in the iron(I1) and europium(I1) systems. 

Oxodiperoxomolybdenum(V1) was also found to be much more 
reactive toward the methyl viologen radical cation than is hydrogen 
peroxide. In the latter system it has been proposed that hydrogen 
peroxide is hydrogen bonded to the MV'+ ion, and the 'OH radical 
formed from the one-electron redox reaction does not escape the 
solvent cage of the newly formed MV2+ ion. Rather, it reacts in 
the solvent cage to form an intermediate that decays to products 
that have not been chara~ter ized .~ .~  With oxodiperoxo- 
molybdenum(V1) similar chemistry may occur, although the 
peroxo ligand would not be bonded to MV'+ except in the tran- 
sition state. Alternatively, a superoxo complex may again be 
produced as a reactive intermediate. 
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