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The reaction of hexa-aquamolybdenum (i) with O, in p-toluenesulphonic acid (Hpts) solutions, / =
2.0 M [Li(pts)], gives the di-p-oxo-molybdenum(v) ion [Mo,0,(H,0),]?* as product: 2Mo®** + O, +

2H,0 — Mo,0,2" + 4H*. Use of isotopically labelled O, followed by i.r. spectroscopy on the
isolated Mo,0,.2* has demonstrated that at least some *®0O is taken up in the pi-oxo-positions. With
Mo®* in large excess an intense yellow intermediate MoO,Mo®* (or a related form) with a peak at
395 nm (e = 2300 M~ cm™) is observed. At 25 °C stopped-flow studies on the decay of this
intermediate give rate constants ks, which can be expressed as in equation (i). The various
constants are as defined in equations (ii)—(iv), where values indicated are for 2.0 M Hpts.

KKk, [Mo**]?

ks(obs) = 1+ K.I[MO:H] + K.IKZ[MO:H]Z (')

Mo** + 0, = Mo0,;*"
Mo0,** + Mo** — MoO,Mo%’

MoO,Mo** + 2H,0 —— Mo0,0,2* + 4H*

(K, 360 M)  (ii)
(K, 535 M) (iii)

(k, 0.2357) (iv)

Estimates of rate constants for reactions (ii) and (iii) were obtained from studies on the formation
of MoO,Mo®*. All parameters were further refined by an iterative fitting procedure using the
program KINSIM for multi-step reactions. The values of k, (180 M~'s™) and k, (42 M~ s™") are in
excess of previous substitution rate constants for Mo**. With O, in excess of Mo** (0.72 x 10~
M) there was no evidence for MoO,Mo®*, and an alternative route for conversion of MoO,**

to Mo,0,.2*, which is first order in MoO,** (k, = 0.037 s') was identified. In the refinement this
step was included alongside (ii)—(iv). The reactions of MoO,Mo®* (k,) and M0oQ,** (k,) exhibit
[H*]™" dependences consistent with an increase in hydrolysis of the metal ion.

Reactions of dioxygen with transition-metal ions in solution
continue to attract much attention because of their fundamental
importance and relevance to chemical and biological pro-
cesses.! Although outer-sphere oxidations have been identified,?
in many cases the products are consistent with inner-sphere
processes.> Extensive studies on the reactions of cobalt(i)
complexes with O, have led to the identification of 1:1 adducts
formulated as Co™-O,", as well as 2:1 p-peroxo-cobalt(im)
products of the kind CoO,Co**.>* Other studies on the
reaction of O, with single-electron reductants such as Cr",*
Rul 226 Fell 7 and Cu' ® have been carried out. In contrast, very
little is known about reactions in which the metal undergoes a
two-electron change.® The reaction of hexa-aquamolybdenum-
(i) with O, provides an example of this kind. Earlier work has
demonstrated that the molybdenum(v) aqua-dimer Mo,0,**
is the final product,'® and that further oxidation to MoV is
slow.1!-12 The reaction raises questions as to whether inter-
mediates having co-ordinated O, and/or O,2~ are formed,
and whether Mo'V is implicated as an intermediate. The only
stable aqua-ion of MoV is the trimer Mo,0,**,'3 a form which
is not always readily accessible.!* Monomeric and dimeric
aquamolybdenum(iv) ions have yet to be identified and may
only exist as transients. Any additional information concerning
the substitution properties of [Mo(H,0)¢]** is also of
interest. ' !-!® The studies described are in aqueous acidic media,

t Non-S.1I. unit employed: M = mol dm™.

pH < 1, under which condition we choose to refer to the
aquamolybdenum(in) ion as Mo?*™.

Experimental

Materials—Hexa-aquamolybdenum(i) was obtained by
aquation of hexachloromolybdate(ir), K;[MoCls] (Climax
Molybdenum), under rigorous air-free conditions as already
described.!°:1¢ Since Mo'™ is known to react with perchlorate,!?
p-toluenesulphonic acid, Hpts (Sigma Chemicals), was used.
The reaction mixture resulting from the aquation of K-
[MoCl,] was chromatographed on an ice-cooled Dowex 50W-
X8 column to separate the hexa-aqua Mo?** ion from Mo,0,%*
and other impurities. The desired product (ca. 0.06 M) was
eluted with Hpts (2.0 M) using Teflon needles and rigorous O,-
free conditions. Absorption peaks for Mo** at 310 nm (g 23.2
M-!cm!)and 380 nm (g 14.1 M~! cm™!) were in agreement with
earlier work.!” The concentration of H* in solutions of Mo3*
was determined by exchanging the metal ion for H* on an ion-
exchange column and titrating the total [H *] against standard
NaOH.

The concentration of O, in an oxygen-saturated 2.0 M Hpts
solution was obtained by the method of Stone and Eichel-
berger.'® This involved addition of Cr?*, and determination of
the unreacted excess iodometrically by a procedure involving
addition of iodate. At 25 °C the solubility of O, in 2.0 M Hpts is


http://dx.doi.org/10.1039/DT9860000157

158

(1.05 + 0.05) x 10~ M, which compares with a value of 1.41 x
103 M in H,0 at 25 °C.1°

Lithium p-toluenesulphonate was prepared by neutralisation
of the acid with lithium carbonate (Koch-Light), followed by
recrystallisation.

A solution of aqua Mo,0,2* in 2 M Hpts,'® and crystalline
samples of the barium salt of [Mo,0,(C,0,),(H,0),]*"
and the di-p-sulphido-analogue [Mo,0,S,(C,0,),(H,0),]%",
were prepared by procedures similar to those already des-
cribed.2®2! Cylinder O, gas and > 902, '80O-labelled O, (both
from B.O.C. Ltd.) were used without further purification.

Products and Stoicheiometry.—These were established by an-
alysis of u.v.—visible spectra. The M0,0,2" ion has absorption
peaksat295nm (s = 3 550M~'cm!)and 384 nm (¢ = 103M™!
cm™'), both ¢ values being per dimer.'? With [O,] = (1.3—
9.8) x 10* M and [Mo**] = (0.036—19.2) x 10> M at
[H*] = 2.00 M, Mo,0,2" is the sole molybdenum product,
and the [Mo0,0,2*]/[0O,] ratio of 1.03 + 0.05 (six determin-
ations) is in accord with a reactant stoicheiometry of 2:1 as in
equation (1). On bubbling O, gas through Mo3* at higher

2Mo* + O, + 2H,0 — Mo,0,2* + 4H* (1)

concentrations (2.3 x 1072 M) in 2.0 M Hpts, conditions not
appropriate to the kinetic studies, ca. 10%, of the molybdenum
product was present as the molybdenum(1v) aqua-ion M0o;0,**
(peak at 505 nm, & per Mo = 56 M~! cm™1).22

Spectrum of Intermediate—Preliminary studies revealed that
there was a build-up of an intermediate with an intense
absorption band at 395 nm. For the conditions investigated it
was found that formation of the intermediate was most
extensive at high [H*] (2.0 M) and high [Mo3*] (1.9 x 102
M). The shape of the spectrum (Figure 1) was obtained by using
[0,] =53 x 10* M and [Mo3*] = 1.2 x 10> M both at
[H*] = 2.0 M on the stopped-flow at 25 °C, and varying the
wavelength for each point. From the KINSIM fits described
below a value for € at 395 nm of 2 300 + 50 M~! cm™* per dimer
was determined.

Product Analysis using Isotopically Labelled Oxygen—

Evidence for the incorporation of oxygen in the Mo,0,2"
product was sought by isotopic labelling in which 80, was

40f

-1
)

«w

o

b

-1

10g,;(E/M cm

~N
o
T

300 400 500
Alnm

Figure 1. Spectra of the intermediate (——) and the aquamolybdenum(v)
ion Mo,0,%* (- —-) formed in the reaction of Mo** (12.3 x 107> M)
with O, (5.3 x 10~* M) at 25 °C, in 2.0 M Hpts. The spectrum of the
intermediate was determined (point by point) using stopped-flow
mixing, and the € at the peak position represents a lower limit
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reacted with Mo®*, and the Mo,0,2* product examined for
80 incorporation. Two identical experiments were carried out
in which solutions of °0O, and 80, were reacted with Mo3*
using an Mo**:0, ratio of 5:1. The reaction product was
loaded onto a deaerated Dowex 50W-X8 column (7 x 0.8 cm),
and the Mo,0,2* separated from unreacted Mo** under
rigorously air-free conditions. Solutions of Mo,0,2* obtained
were diluted to 0.1 M acid and re-adsorbed onto a Dowex S0W-
X2 column (7 x 1.0 cm). The column was washed with 0.1 M
HCl and the Mo,0,%* eluted with 2 M HCL I the
concentration of Mo,0,2* from the first column was <0.1 M,
the procedure was repeated a third time. To a solution of
Mo,0,2%*, ca. 0.1 M in dimer and 20 M in [H*), sodium
oxalate (0.5 g) was added and the pH adjusted to 1.5. The
barium salt of the oxalatomolybdenum(v) complex was
obtained by careful addition of solid BaCl,. Barium oxalate
impurity (if any) was removed by recrystallisation from aqueous
NH,CIl. The structure of the oxalato-complex [Mo,0,(C,-
0,),(H,0),]> has been established and is as illustrated.'® The

Nl O\J'/)
™o 1

same procedure was used for the isolation of products from both
the 80, and !0, reactions. The oxalato-complexes were
characterised by i.r. spectroscopy in the 1 000—350 cm™! region
using KBr discs.

Unfortunately both p-oxo- and oxalate ligands give bands in
the 800—700 cm™ region of interest. To help make assignments
the barium salt of [M0,0,S,(C,0,),(H,0),]?>~ was isolated
by adopting the procedure described for the caesium salt.2! It
has been confirmed from crystallography 2! that the latter has
two p-sulphido- and no p-oxo-ligands. From Figure 2 the band
at 790 cm™! for both the M0,0,%* and M0,0,S,2" derivatives
is attributed to oxalate ligand-centred vibrations. Comparison
of the 0, and '80, products demonstrates that the 120 label
does at least partially occur in the bridging position. The
occurrence of the oxalate band in the region of interest
precludes any quantitative analyses of the spectrum. The need
to observe kinetic conditions in which the amount of dissolved
O, was low (<5.2 x 10* M) limited detailed investigation of
complexes other than with oxalate. Nevertheless the reduction
in the relative intensity of the band at 780 cm™' and
enhancement of the intensity at 735 cm™! (Figure 2), with a shift
to a peak at 720 cm™ in the case of the 80, product, is of
interest. Any incorporation of the 80, label in the terminal
oxo-position would have escaped our detection because of the
time delay involved in the precipitation of the oxalato-complex.
Exchange of 180 in the terminal oxo-position with solvent is
known to occur within a few minutes at 4°C.232* The
observation of the *80 label in the bridging oxygen position
supports other evidence that an intermediate containing co-
ordinated O, is formed.

Kinetics—The reaction of Mo®* with O, was studied at
25°C,I = 2.05 + 0.05M [Li(pts)],[H*] = 1.00—2.00 M, with
[Mo**] = (1.5—19.2) x 10~ M in 10-fold excess of [0,] =
(1.5—5.3) x 10* M. Kinetic effects attributed to pts~ com-
plexing with Mo?** (ref. 17) are not apparent in the fast stopped-
flow [IrCl¢]?~ oxidation of Mo3*,'7 and do not appear to be
influential in the present study. It would appear that any pts~
complex present initially is not replenished sufficiently rapidly
to affect the kinetics of the faster redox reactions. The formation
of the intermediate, which required up to ca. 30 s depending on
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Figure 2. Lr. spectra of molybdenum(v) oxalato-complexes (a)
[M00,8,(C,04),(H,0),]*, (8) [Mo0,04(C,04),(H,0),)*, and
(¢) [M0,0,(C,0,),(H,0),]* from an experiment using '*0,. Bands
in the 800—700 cm™! range for (a) are diagnostic of oxalate, and in (b)
and (c) for the p-oxo-ligand. Additional bands in this same region for
(¢) provide evidence for incorporation of 80 in the p-oxo-positions

concentrations, was monitored at 395 nm, Figure 1. Decay of
the intermediate was incident before complete formation could
be observed. A standard consecutive reaction treatment 2° of the
kind A—— B—— C was used to obtain estimates of rate
constants for processes leading to the formation of the
intermediate.

At 295 nm and 25 °C absorbance changes for the conversion
of the intermediate, formula MoO,Mo®* (or a closely related
form), to Mo,0,%* are small, and independent monitoring of
Mo,0,%"* formation was not possible.

Some runs with O, in excess were also carried out.

Instruments.—Perkin-Elmer 554 and Lambda 5 u.v.-visible
spectrophotometers and a Dionex D110 stopped-flow spectro-
photometer were used. Infrared spectra were recorded on a
Perkin-Elmer 598 spectrometer. The transfer of 180, into small
vessels was carried out on a vacuum line.

Treatment of Data—Parameters were first obtained for
graphical methods using a least-squares treatment. Further
refinement was achieved by use of the KINSIM simulation
program 2¢ obtained from Professor Frieden at the University
of Washington, St. Louis, Missouri, and implemented on a VAX
11/780 computer. Manual iteration of the input parameters K|,
K,, ks, k,, and ¢ for the intermediate at 395 nm were employed
to fit a simulated reaction profile to the experimentally obtained
data. The best fit was obtained by minimising the sum of the
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Table 1. Rate constants &y, , and estimates of &, , for the third and
second stages respectively of the reaction of Mo3* with O,, (1.5—
53) x 10* M at 25°C, I =205+ 005 M [Li(pts)], using a
consecutive reaction treatment

[H*] 103[M03+] k3lobs.l k2(obs.)
M st

2.00 19.2 0.205 0.89
20 14.6 0.199 0.68
1.1 14.6 0.330 0.68
2.0 10.6 0.184 0.56
1.5 10.6 0.243 0.58
1.0 10.6 0.270 0.62
20 7.1 0.169 0.39
20 7.0 0.158 0.49
1.5 7.0 0.182 0.40
1.0 70 0.261 0.44
20 6.1 0.154 0.35
20 6.0 0.158 0.35
20 39 0.127 0.26
20 29 0.104 0.21
1.0 29 0.139 0.27
0.75 29 0.182 0.31
20 20 0.070 0.173
1.5 20 0.088 0.187
1.0 20 0.084 0.187
20 1.5 0.053 0.157
20 1.2 0.031

20 0.6 0.011

A395
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Figure 3. Identification of three stages in the reaction of Mo3*
(10.6 x 107> M) with O, (5.3 x 10 M) at 25°C, in 20 M Hpts.
Absorbance changes at 395 nm are shown (path length 1.67 cm). The
inset illustrates the first two stages leading to the formation of the
intermediate, and the main figure the formation and decay of the
intermediate

squares of the residual between simulated and experimental
data. The spread of acceptable values was used to determine
errors in the input parameters.

Results
At 25 °C with Mo>" in large excess three stages were observed
using the stopped-flow method, Figure 3. Formation of an
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Figure 4. The reaction of O, with Mo3* (reactant in excess) in 2.0 M
Hpts. Variation of rate constants kj s, (25 °C) for the decay of the
intermediate with increasing [Mo>*]
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Figure 5. The dependence of Z, the left-hand side of equation (6), on
[Mo3*] for the reaction of O, with Mo3™* (reactant in excess) at 25 °C
in 2.0 M Hpts. Procedure for the determination of K, and K, using
measured K3, and k5 from Figure 4

intense yellow intermediate (Figure 1) is observed prior to
formation of Mo,0,%"*. First-order kinetic plots for the decay
of the intermediate at 395 nm gave kj.), Table 1. No
dependence on O, was observed. Once linearity is established
such plots are linear to >90% completion of reaction. The
variation of k3, , With [Mo**] in 2 M Hpts is illustrated in
Figure 4. Consistent with three stages and the formation of an
intermediate the mechanism in equations (2)—(4) is proposed.
In this sequence k, is preceded by two relatively fast equilibria
K, and K,. Consideration of these three steps gives expression
(5). At high [Mo>*], ks, approaches an upper limit of
0.23 + 0.01 s™! (Figure 4) equal to k5. A number of tests of the
rate equation (5) were carried out. On rearranging (5), equation
(6) is obtained. A linear graph is obtained by plotting the left-
hand side (Z) against [Mo?>*], Figure 5. From the slope and
intercept we obtain K, = 395 + 15 M! and K, = 494 + 15
ML If the term in unity on the lower line of equation (5) is
ignored then K, cancels, and a plot of k3, calculated using
this modified equation and known parameters against [Mo3*],
although lying close to the experimentally derived curve in
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Table 2. Estimates of rate constants k, s, and k,,,,, at 25 °C for the
first and second stages of the reaction of Mo** with O,, (1.5—
5.3) x 10~* M, using a consecutive reaction treatment, I = 2.05 + 0.05
M {Li(pts)]

[H*] 103[Mo**] k 3(0bs.) K 2(0bs.y
M s!
20 19.2 1.37 3.9
2.0 14.6 0.75 37
1.1 14.6 0.83 32
20 10.6 0.94 31
1.5 10.6 0.75 23
1.0 10.6 092 2.6
20 7.0 0.69 2.1
1.5 7.0 0.73 23
1.0 7.0 0.78 23
2.0 5.4 0.52 1.87
1.5 54 0.42 1.63
1.0 5.4 0.36 2.15
20 39 0.52 144
2.0 20 0.22 0.89
1.5 20 043 094
1.0 20 0.26 0.87
10
205
2
Ny
1 1

0 10 20
103 (Mo /M

Figure 6. The dependence of k, ., (25 °C) for the second stage of the
reaction of O, with Mo3* (reactant in excess) on [Mo**Jat[H*] =
2.0 (), 1.5(A), and 1.0 M (O), I = 2.0 M [Li(pts)]

Figure 4, gives no inflexion at low [Mo?>*] close to the origin. It
is clear that K, contributes most to the rate law at the smaller
[Mo3*] values. In order to generate precisely the shape in
Figure 4 a value of K, in the range 300—500 M~! is required.

Mo®* + 0, === MoO,?" @
MoO,3** + Mo3* :::" MoO,Mo®* 3)
MoO,Mo®~* h, product 4)

K, K,ky[Mo®*]?

ks = T3 RM0™ ] + KK Mo 2 O

ki[Mo3+]2 1 1
2 M 3+q2 - . M 3+ 6
k3(obs.) [ ¢ ] KIKZ * KZ [ © ] ( )
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Figure 7. The dependence of k3, , (25 °C) on [H* ]! for the reaction of
O, with Mo?®* (reactant in excess) with 103 [Mo3*] = 2.0(¥),2.9 (W),
54 (A), 7.0 (@), 10.6 (x), and 14.7 M (§), I = 2.0 M [Li(pts)]

Estimates of k, and k_, were obtained by applying a
consecutive treatment 2 for A —— B —— C to the second and
third stages of reaction (Figure 3). This gave k;,,, (as already
considered) and k,,,, respectively, Table 1. As can be seen
from Figure 6, k., exhibits a linear dependence on [Mo**].
The existence of an intercept (k_,) suggests equilibration
kinetics, equation (7). No dependence on [H*] is indicated,

kaobs) = k[Mo**] + k_, @)

and from a least-squares fit of all k,,, values k, = 40.5 + 1.8
M-!stand k2 = 0.125 + 0.015s™'. From the ratio of the two
rate constants K, is 324 + 60 M, which is less than the value
(494 M-') obtained from the more reliable approach using
equation (6).

Estimates of k, and k_, were obtained from a similar non-
rigorous consecutive treatment of absorbance changes for the
first two stages of reaction, Table 2. For this procedure, the
maximum absorbance of the intermediate in each individual run
was taken as A4,,. The values of k., were more scattered (up
to twice as big) compared to those in Table 1, and gave k, =
525+ 72 M st and k_, = 023 + 0075 s!. From their
ratio K, is 228 + 145 M™!. There was also some scatter of
kyobs, but again a first-order dependence on [Mo**] and
equilibration kinetics as in equation (7) were indicated. No
dependence on [H*] was apparent and from a least-squares fit
k, =180 + 14 M s!and k_; = 0.76 + 0.13 57!, from which
K, =237 + TOM.

Whereas for equilibria (2) and (3) no [H*] dependences are
indicated for the [H*] range 1.0—2.0 M investigated, ks,
exhibits an [H* ]! dependence which at constant [Mo3*] can
be expressed as in equation (8), Figure 7. Both @ and b are
dependent on [Mo3*] as in equation (5).

k3(obs.) =a+ b [H+]—l (8)
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Table 3. First-order constants, k4, ,» at 25 °C for the O, oxidation of
M9“' (O, in excess) obtained at A = 295 nm, 7 = 2.05 + 005 M
[Li(pts)]

[H*] 104[0,] 104[Mo3*) 10%k 40ps.)

M s1
20 2.1 0.36 2.1
2.0 3.5 0.72 3.7
1.0 35 0.72 4.8
0.73 35 0.72 5.1
20 49 0.72 44
1.5 49 0.72 5.3
1.0 49 0.72 6.1
20 7.0 0.72 6.1
20 9.8 143 8.8
20 9.8 0.72 8.4
20 9.8 0.36 7.7

Table 4. Comparison of parameters obtained by (A) a graphic method
and (B) a fit of data by KINSIM at 25 °C, I = 2.05 + 0.05 M [Li(pts)]

Parameter Method (A) Method (B)
KM 395 + 15* 420 + 30
k, /Mgt 180 + 14 180 + 7
k_,/s! 0.76 + 0.13 047 + 0.02
KM 494 + 15* 540 + 30
koM™ st 405 + 1.8 42 +3
k_,/s! 0.125 + 0.115 0.08 + 0.02
kyfs! 023 + 0.01* 023 + 0.003
kyfs! 0.021 + 0.002 0.037 + 0.005
* 2.0 M Hpts runs only.
sl (3
.
"o
3
x 4}F o
=]
AL 1
0 4 8
10°10,1 /M

Figure 8. The dependence of rate constants k,,, (25°C) for the
reaction of Mo3* with O, (reactant in excess) on the concentration of
0O,, I = 2.0 M [Li(pts)]

Finally, the reaction was studied with O, in large excess.
Because of the relatively low solubility of O,, small con-
centrations of Mo3* had to be used. There was no evidence for
any build-up of intermediate at 395 nm, which for the maximum
[Mo?3*] might have resulted in an absorbance as high as 0.3 if
all the [Mo3*] had been converted to MoO,Mo®*. The
formation of M0,0,2* was monitored at 295 nm. A first-order
dependence on [O,] was indicated, Figure 8, with little or no
dependence of k4., on [Mo?*]. A reaction sequence (9) and
(10) is consistent with the rate law (11), from which it follows
that ke, = k4K [O,]. The slope in Figure 8 gives kK| =
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Figure 9. The variation of absorbance at 395 nm with time for the
reaction of Mo?* (14.6 x 103 M) with O, (2.62 x 10~* M) at 25°C in
20 M Hpts, I = 20 M. Experimental changes (——), simulated
changes including k, (— —-), and simulated changes excluding k4 (+« - )
are shown

84 + 04 M 5! and hence, using K, from Table 4, k, =
0.021 + 0.002 5! in 20 M Hpts. From the [H*] variation
(0.73—2.0 M), Table 3, k, exhibits a dependence on [H*]'.
This we fitted to an equation of the form (12). From data at
[Mo?**] =072 x 10* M and [0,] =35x 10* M, ¢ =
0.021 + 0.003 s ! and 4 = 0.012 + 0.003 M s™!.

Mo®* + O, == M0O,** ©)
MoO,3* LN product (10)

d[Mo,0,2*]/dt = k,K,[Mo3*][0,] mn
ke =c+ d[H*]! (12)

The evaluation of k,, K, and K, by graphical methods, and of
approximate values of k,, k_;, and k,, k_, using a standard
consecutive reaction treatment, was followed by the application
of the KINSIM program?® to obtain a refinement of all
parameters. The program was applied to runs at 25 °C with
103[Mo3*] = 14.6, 10.6, 7.0, and 2.9 M and 10*[0,] = 2.62,
5.25, 420, and 2.8 M respectively at [H*] = 2.0 M, Figure 9.
The fit of data at higher concentrations of Mo** was excellent,
but at lower [Mo3*] the fit was less satisfactory due to the
smaller (less than pseudo-first-order) excess of Mo3*. A
comparison of both sets of parameters is made in Table 4, where
the KINSIM values are the ones which should be considered
henceforth. Better fits were obtained with the inclusion of k, for
runs with Mo3* in excess, Figure 9. Runs in which [H*] was
varied were also tested. Satisfactory fits were obtained with &,
k_y, k,, and k_, independent of [H*] (which we regard as
established) but other solutions were possible, and the method
was not sufficiently sensitive to enable a further refinement of
data.

Discussion

The observation of three kinetic stages in the reaction of Mo3*
with O,, along with the finding that 80 is incorporated into the
p-oxo-bridging positions of the Mo,0,2* product, supports a
reaction sequence (2)-—(4). In this scheme a 1:1 adduct is first
formed which proceeds via an intensely coloured dimeric
intermediate through to M0,0,%*. Two inner-sphere reactions
are involved, and bridging of the two Mo3* ions by the O, is
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supported by 80 incorporation into the Mo,0,2*. Contribu-
tions from alternative reaction paths involving formation of
Mo' and O, in a single-electron outer-sphere process, or a
two-electron change giving MoY and O,2-, are regarded as
unlikely because of difficulties associated with the formation of
monomeric Mo"™ and Mo". Furthermore, retention of the
Mo,0,%* to O, stoicheiometry in equation (1) (1.03:1) does
not suggest any significant contribution from these reactions.
Moreover, the single-electron oxidant VOZ2* (reduction
potential 0.36 V) reacts only slowly with Mo3*, rate constant
1 x 10* M~ s7%,'7 and it would be surprising therefore if O, as
a one-electron oxidant (—0.32 V for the O,/HO, couple??)
were to react with Mo3* in an outer-sphere process at a rate
constant of 180 M~ s71. Neither is adduct formation in a ‘dead-
end’ type mechanism with redox proceeding by an outer-sphere
route supported by the above observations.

Kinetic studies (25 °C) on 1:1 substitution reactions of Mo3*
with NCS™ (rate constant 0.27 M~ s7), CI~ (0.0046 M1 s 1),
and HC,0,” (049 M™! s!) have been reported.!®'5 No
dependence on [H*]™! is observed and it has been concluded
that the mechanism is 7,.'®'5 Rate constants obtained for the
reaction of Mo** with O, (180 M~! s™') and for M0oO,** with
Mo?* (40.5 M~ s"!) are also independent of [H * ],and widen the
range of values, consistent with an I, process. Whether it is
appropriate to consider a mechanism in which O, interacts at
an octahedral face of the Mo3* (4°) ion with retention of a
seven-co-ordinate product is not clear. Rapid processes which
may have some of these features include the reaction of aliphatic
radicals with V2*.28 Reactions of O, with ruthenium(i)
complexes have now been shown to be outer-sphere.??

The absence of an [H*] dependence for the 1:1 and 2:1
equilibration steps (2) and (3), [H*] = 1.0—2.0 M, is highly
relevant in considering possible structures for the two
intermediates. In aqueous solution HO, is known to have a pk,
0f 4.88,%2% and the pK, of HO, bound to Co™ has been estimated
as — 1.3° Taking due note of the latter an unprotonated bent co-
ordinated superoxide is proposed for the 1:1 adduct. The
second stage (3) can then understandably proceed without
involvement of H* yielding the intensely coloured p-peroxo-
binuclear intermediate. If alternatively the 1:1 adduct is
formally represented as Mo¥-O,?~ with sideways bonding of
the O,?” to the metal (a structure which is common for 4°
transition metals *!), again the peroxide would not be expected
to be protonated. Another possibility in view of the difficulty in
generating monomeric Mo is that the 1:1 adduct should be
viewed as Mo®*-0,, with no significant transfer of charge. As
yet, however, there are no established structures of this kind.

When O, is in excess no evidence for the MoQ,Mo®*
intermediate was obtained. In particular the first-order
dependences on [Mo®*] and [O,] observed suggest that the
intermediate MoO,>* does not proceed via MoO,Mo®* to the
final product. Decomposition of MoO,** to mononuclear MoV
in the rate-determining step is presumably followed by rapid
dimerisation to give the Mo", product. We note that &, is only
an order of magnitude slower than &, for solutions 2.0 M in
Hpts. For runs with Mo3* in excess, KINSIM does give a better
fit with the incorporation of k,. Conversely, from the small
variation of k,, , with [Mo?*] (Table 3) it is possible that k,
makes small contributions to ks, - The full mechanism should
therefore include reaction (10) alongside (2)—(4).
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