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with Hexachloroiridate(IV) and pg-Hyperoxo-bis[pentaammine-
cobalt(III)] Ions in Aqueous Media
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Kinctics of outer-sphere oxidations of [Mo}O,(hedta)(H,O)]~ (1) (Hzhedta= N-(2-hydroxyethyl)ethylene-
diamine-N,N’,N’-triacetic acid) with [Ir'VClg]?~ ([H*¥]=10-%4—0.10 M (1 M=1 mol dm~2); ionic strength,
I=0.1 M (adjusted with LiClO,); 25—45 °C) and with [(NH,);Co™(u-O,)) Co™(NH,)1*+ ([H+]=0.01—0.30
M; I=0.1 and 2.0 M; 10—30 °C), were studied under pseudo-first-order conditions (the reductant in large ex-
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cess).

The following reaction scheme is consistent with the observed rate laws:

1 === [Mo!O, (hedta) (OH)J*- (2) + H+

()

k
1 + [Ir'VCl]*- — (Mo"MoV"Y) + [IriICl,]3-

»

k
2 + [IrIVCl ]~ —— (Mo"Mo"Y) + [IrICl]3~

Kip
1 + [u-O§)5+ —= IP(a) (ion-pair)

Kip
2 4 [u-O ]+ ——= IP(b) (ion-pair)

ke(

IP(b) N (MoYMo"Y) + [u-O¢-]4+

fast
(Mo"MoVY) + oxidant —— 2(Mo(VI)).

At 25°C and I=0.1 M, K,, k@), k@), Kira)> Kipw), and ko) are 7.9x10-1 M, 23 M~1s-1, 1.11x 10* M~1s-1,
40.5 M1, 1046 M-, and 2.56 s~1, respectively. Activation parameters for the k) path are AH*=38+8k]J

mol-! and AS*=—254+29J K1 mol-2.

and the corresponding activation parameters are AH*=67+8 kJ mol-! and AS*=—34+29 J K- mol-%
The results are compared with the oxidation reactions of other

oxidation of 2 is ca. 10* times as fast as that of 1.
Mo} O,2+-complexes.

Redox reactions of molybdenum(V) complexes are
attracting interest not only of coordination chemists
but also of biochemists because of their importance
in biochemical studies and biomimetic approach to
complex catalysis.)) We reported the kinetics of ox-
idations of two molybdenum(V) complexes contain-
ing di-p-oxo-bis[oxomolybdenum(V)] (Mo:O,?+) core,
[Mo1O,(edta)]>~ (H,edta=ethylenediaminetetraacetic
acid) and [MojO,H,0),]**+, with [(NH,);Co™ (-
0,))Co™(NH;);]%+ in aqueous perchloric acid solu-
tion,? and of [MoiO,(pdta)]*~ (H,pdta=propylene-
diaminetetraacetic acid) with [(en),Co™(u-NH,,0,(7)-
Co™(en),]*+ (en=ethylenediamine) in aqueous solu-
tion at pH 4.6.3 Sykes and his co-workers studied
the oxidation of edta and aqua complexes of the molyb-
denum(V) dimer with [Fe™(phen);]®* (phen=1,10-
phenanthroline) and with [Ir'VClg]?- in aqueous per-
chloric acid solution.%:%) All these reactions proceeded
via the outer-sphere mechanism. The rate of oxida-
tion of [MoiO,(edta)]?~ with these one-clectron ox-
idants is of first-order with respect to the concentra-
tion of [MoiO,(edta)]>~ and of the oxidant at 1.0
and 20M (1 M=1moldm-%) of ionic strength I,
and is independent of [H*] (0.01-—0.5 M).2:4)

The rate of the predominant pathway for the ox-
idation of [Mo30,(H,0),]?t is, on the contrary,
independent of the concentration of the oxidant and
reciprocally dependent on [H*].2:3 The proposed
mechanism involves a rate-determining cleavage of one
of the oxo bridges in [MojO,(OH)(H,0),_,]* to

The product ko) Kipw)Ka is 7.35x 102571 at 25 °C and I=2.0 M,

The

give a single-bridged molybdenum(V) dimer prior to
electron-transfer.25

The ligand environment including the presence of
aqua ligands should play an important role in deter-
mining the pattern of oxidation mechanism. In order
to clarify the factors controlling the oxidation mech-
anism, we have extended our study to the oxidation
of [Mo:O,(hedta)( H,0)]~ (Hzhedta=N-(2-hydroxy-
ethyl)ethylenediamine-N,N’, N'-triacetic acid),® which
is structurally similar to [Mo3O,(edta)]?~ but has no
coordinated water molecule. Kinetics of the oxida-
tion of the hedta complex with [Ir'VClg]%-, [(NHjg),-
Co™(4-0,) Co(NH,),]*, and _[(en),Co™(s-NH,
0, Co™(en),]*+ are discussed in this paper.

Experimental

Materials. Sodium aqua-u(N,N’)-N-(2-hydroxyeth-
yl)-ethylenediamine-N, N’, N’-triacetato - di - u-oxo - bis[oxomo-
lybdate(V)] dihydrate, Na[MojO,(hedta)(H,0)]-2H,0,%
p-hyperoxo-bis[pentaamminecobalt(III)] perchlorate dihy-
drate,  [(NHg)5Co™(p-Oy))Co™(NH,);](ClO,)5- 2H,0,
and u-amido - 4 -hyperoxo - bis[bis(ethylenediamine)cobalt-
(III)] chloride trihydrate, [(en),Co™(u-NH,,0,)Col-
(en),]Cl,-3H,0,” were prepared by the known methods.
Sodium hexachloroiridate(IV) hexahydrate, Na,[Ir!VClg]-
6H,0O (Johnson Matthey Chemical Limited), was used with-
out further purification. Aqueous solution of lithium per-
chlorate was prepared as described previously.?

Kinetic Runs. All the kinetic runs were carried out
under pseudo-first-order condition with the molybdenum(V)
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complex in at least ten fold excess to the oxidant. The
oxidation with [Ir!VClg]?3~ was studied by the stopped-flow
method. The decrease in the concentration of [IrVCl]2-
was followed by using its absorption peak at 487 nm (e=
4070 Mt cm™1).9 The rate of oxidation with [(NH,);CoI-
(u-O43 ) Co™(NH;)s]%+ was markedly affected by the ionic
strength of aqueous solution. The conventional spectro-
photometry and the stopped-flow method were used for
reactions at /=2.0 and 0.1 M, respectively. The decrease
in the concentration of [(NHj);Co'(1-O,(9))ColI(NH,),]5+
was followed by using its absorption peak at 670 nm (¢=
832 M1cm1).® The rate of oxidation with [(en),Colll-
(u-NH,,0,)Co*(en),]*+ was followed by the stopped-
flow method by using its absorption peak at 690 nm (e==
485 M1 cm~*).” Errors for the activation parameters were
determined by the least squares treatment with a confidence
level 0.95.

Measurements. A Hitachi 124 spectrophotometer with
a Hitachi recorder QPD-34 and a Union-Giken RA-401
stopped-flow spectrophotometer were used for kinetic mea-
surement. The acid dissociation constant of [Mo]O,(hedta)-
(H,0)]~ was determined by the pH titration with a Model
E300B pH meter of Metrohm Herisau, which was stand-
ardized against perchloric acid solutions in 2.0 and 0.1 M
LiClO, to find the concentration rather than the activity
of hydrogen ions.

Results

Preliminary Studies. The binuclear complex anion
[Mo:O,(hedta) (H,O)]~ undergoes acid hydrolysis in
aqueous perchloric acid solution ([H+]>0.5 M).® The
complex is oxidized with [Ir'Clg]?-, [(NH,),Co™(u-
0,7)Co™(NHy);]%+, and  [(en);Co™ (#-NH,,0,()-
Co™(en),]*t in aqueous solution. The u-hyperoxo
complex [(NH,);Co™(u-O,(7)Co™(NH,;);]%+ decom-
poses slowly in aqueous solutions containing less than
0.01 M H+.» The other two oxidants are stable over
the pH range 1—5.8. Stoichiometries of the oxida-
tion with [Ir'VClg]*~ and with [(NH,);Co™(u-O,))-
Co'™(NH,);]°+ were determined in 0.01 M perchloric
acid solution at 25 °C. Solutions were prepared to
contain 2 to 10 fold excess (in molar ratio of the com-
plex ions) of the oxidant to the molybdenum complex
(ca. 5x102M). The amount of unreacted oxidant
was estimated as soon as the redox reaction was com-
pleted, so that the error caused by the slow decom-
position of the oxidant was minimized. Two moles
of both oxidants are consumed per one mole of the
molybdenum complex. The overall reaction can be
written similarly to that of the oxidation of [MojO,-
(edta)]?— with these oxidants.2:4)

[Mo}O, (hedta) (H;0)]- + 2[IriVCl ]~ ——
24Mo(VI)” + “HEDTA” -+ 2[IrMCl]?- (1)
[Mo}O, (hedta) (H;0)]~
+ 2[(NH,),Col(4-O§) Colt(NH,) ]+ —>
2¢“Mo(VI)” + “HEDTA” + 4“Co(II)”
+ 20, + 20NH,*. 3
Here, “Mo(VI)” and “Co(II)” represent Mo(VI) and
Co(II) species, respectively, present in the solution,
whose structures are not specified. “HEDTA” re-

presents variously protonated forms of the ligand which
would possibly coordinate to Mo(VI) and/or Co(II)
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under the given conditions.

Kinetics of the Oxidation with [Ir'VClg]?~. This
was studied at 7/=0.1 M for most runs and at 25—45
°C. First-order plots log(OD,—ODw) vs. ¢ gave ex-
cellent straight lines up to almost completion of the
reaction, where OD, stands for the absorbance at
487nm at time ¢ The first-order rate constant,
Kobsa» Was not affected by the concentration of [Ir!V-
Clg]*~ (hereafter [Ir'V]) (1.89x10-5—9.90x 105 M)
at [H*]=0.1 and 10-51M. Values of £, at a
given [H*] are proportional to the concentration of
[MoIOy(hedta)(H,O)]~ (hereafter [Mo,]) (5.22%
10-4—4.28 103 M), and expressed by Eq. 3. The

—d[Ir'V]/dt = kopeqa[IrV] = &,[Mo,][Ir1V] 3)

dependence of £; on [H*]-1 ([H+]=0.01—0.10 M) is
given in Fig. 1. The plot gives a straight line with
a small intercept (Fig. 1(a)), as formulated by Eq. 4.

ky = ks + kg[H*] (4)

Values of k, and £, are 45+17 M—15s—1 and 16.5%+0.4
s7t at 25°C, and 58+32 M-1s1 and 27.7+0.7s1
at 35 °C, respectively.

The £, value increases further in lower [H*] regions
to reach a limiting value (£,) at about [H*]=10-%5
M (Fig. 1(b)). Values of £, at [H+¥]=10-51 M are
2.22x10%, 2.95x10%, 4.08 x 104, 4.83 x 104, and 6.86 X
10t M—1s~1 at 25, 30, 35, 40, and 45 °C, respectively.
Activation parameters are AH*=38+8 k] mol-! and
AS*=—29%+29 J K1mol-l. The effect of ionic
strength was briefly investigated; £, values at I=0.5
and 1.0 M at [Ht]=10-%1M are 3.42 x 10* and 4.23 X
10* Mt s, respectively, at 25 °C.

Kinetics of the Oxidation with [(NH,);Co™ (-0, )-
Co™(NH, )15+ at Ionic Strength 2.0 M. This was
studied at 10—30 °C and [H*]=0.01—0.30 M. First-
order plots, log(OD,’) vs. ¢, were linear to more than
909, of the course of reaction for most runs, where
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Fig. 1. The dependence of second-order rate con-

stants, k;, on [H+*]~! for the oxidation of [Mo}O,-

(hedta) (H,O)]~ with [Ir'VClg]2~ at I=0.1 M (LiClO,),

(a) in aqueous perchloric acid solutions and (b) in

acetate buffer solutions.
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OD,’ stands for the absorbance at 670 nm at time
t. The first-order rate constant, £, was not af-
fected by the concentration of [(NHg);Co™(u-O,()-
Co™(NHj;);]5+ (hereafter [4-O,]) ((2.96—8.05) X
10+ M). First-order plot at [H*]=0.3 M was not
linear, probably due to acid hydrolysis of the oxidant,®
and £, was obtained from the initial part of the
plot.

The k., value depends linearly on [Mo,] at a
given [H+] (Fig. 2), and is reciprocally dependent
on [H+] at given concentrations of the reactants (Fig.
3). The rate law is expressed by Eq. 5. Values of

—d[p-O§7]/dt = kopsalu-O5] = ks[H+*]-[Mo,][4-O57]

®)
ks are 3.17x 1072, 6.39x 102, 0.100, 0.147, and 0.222
st at 10.5, 16.0, 22.0, 25.5, and 30.0 °C, respectively.
Activation parameters are AH*=67+8 k] mol-* and
AS*=—38+29 J K-1 mol-1.

Kinetics of the Oxidation with [(NH,)zCo™(p-0,))-
Co™(NH,);15+ at Ionic Strength 0.1 M. This was

2

kobsd /1072 7

5
Moyl /103 M

Fig. 2. The dependence of k,pa on [MojO,(hedta)-
(HzO)-] for the oxidation of [Mo]O,(hedta)(H,0)]-
with '[(NH,);Col(4-0, ) Colll(NH,),]5* in 0.1 M
HCIO, solution at 25 °C and I=2.0 M. [p-O,0]=
5.21x10* (@) and 2.96x10*M (A).
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Fig. 3. The dependence of ky,sq/[Mo,] on [H*]?! for
the oxidation of [Mo]O,(hedta)(H,0)]- with

[(NH,)sCo™(u-O, ) Co™(NHj); 15+ at 25 °C and I=
20M with [Mo]] in large excess.
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studied at 25 and 30.6 °C and [H*]=0.02—0.10 M.
First-order plots deviated from straight lines for the
initial part of the reaction for ca. 1s regardless of
reactant concentrations and of [H*]. The first-order
rate constant (k,,.,) was obtained from the linear
part of the plot. The dependence of £k, on [Mo,]
at a given [H*] was not linear (Fig. 4), but plot of
kopsq™t vs. [Mo,]~1 gave a straight line with a positive
intercept at each [H+]. Therefore, £,,,, can be ex-
pressed by Eq. 6 at a given [H*]. Values of x and

Kobsa™l = % + J[Mozl—l (6)

y were obtained from 52 kinetic runs and their de-
pendences on [H*] are shown in Figs. 5 and 6.
Kinetics of the Oxidation with [(en),Co™ (u-NHy, 0, )-
Co'(en ) )4+, This was studied briefly at [Ht]=
10-51 and 1058 M, I=0.1 M and at 25 °C. First-
order plots gave good straight lines up to almost com-
pletion of the reaction. The £, values for [Mo,]=
1.04x103*M at [H*]=10-%1 and 10-3-8 M are 11.1
and 11.6s71, respectively, suggesting that the de-
pendence on [H*] is negligible in this [H*] range.
The dependence of k., on [Mo,] ([Mo,]=5.19x
10~4—3.11 X 10 M; [oxidant]=9.24x10-5 M) con-

H*]/m

0.02

0.03

0.05
0.07
0.08

0

° [Mog] /1073 M

Fig. 4. The dependence of kopsq on [Mo]O,(hedta)-
(H,0)~] for the oxidation of [Mo]O,(hedta)(H,0)]~
with [(NH;);Co™(u-0, ) Co™(NH;);]5+ at I=0.1 M
in aqueous perchlorate media (HCIO,LiClIO,) at
25°C and [p-0,]=3.0x 10— M.

30.6°C

—

0 005 0.10

[H'1/M
Fig. 5. The dependence of x on [H*] for the oxidation
of [Mo]O,(hedta)(H,O)]- with [(NH;);Co(u-
0, ) Co'(NH,);]°+ at [=0.1 M.
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Fig. 6. The dependence of y! on [H+*]! for the

oxidation of [Mo]O,(hedta)(H,0)]~ with [(NH,);-

Co™(4-0,())Co™(NH,);]3+ at I=0.1 M.

formed to the rate law (6). Values of x and y at
[H+]=10"%1M are (1.7£0.6) x10-2s and (7.9%£0.6)
X 1073 M1, respectively.

Effect of Added Halide Ions. The effect of added
chloride and bromide ions was studied with [(NHj),-
Co™(u-0,)Co™(NH,;);]°+ as oxidant at given con-
centrations of the reactants (Table 1). The pseudo-
first-order rate constant becomes smaller on addition
of halide ions. Various conditions shown in the foot-
note of Table 1 do not seem to change the degree
of influence by the halide ions.

The pK, Value of [Mo:0,(hedta)(H,0)]~. Val-
ues of pK, of this complex are 3.10 and 3.25 at 25
°C and I=0.1 and 2.0 M, respectively. The latter
value was carefully determined, since it is clearly
different from our previously determined value (3.02);%
the value should therefore be revised to 3.25. At
35°C pK, is 3.18 (/=0.1 M).

[Mo}O, (hedta) (H,0)]- + [Ir'VClg]2~

=

[Mo}O, (hedta) (OH)]2- + [IrIVClg]2-

Rate law (7) is obtained for this mechanism. A
d[Ir1V]/ds
= {2(k @y [H+] + Kok ) [Mo, ] [Ir1V]} /(K + [HH]) - (7)

comparison with the experimental rate law (4) indi-
cates that k) and K.kwe) correspond to £y/2 and £4/2,
respectively, under the condition K@) «[H*]. The
term k) should correspond to £,/2, since k@[HT]
is negligible as compared with K.kw at [H+]<K,.
The K, values determined by the pH titration and
the observed k4 values give k) as 1.04x 10* and 2.09 x
10¢ M-ts1 at 25 and 35 °C, respectively. These
values are in excellent agreement with the experi-
mentally obtained £,/2 values at given temperatures.
Also the pK, values (3.13 and 3.17 at 25 and 35 °C,
respectively) calculated from the observed values of
ks and k, are in good agreement with those deter-
mined by the pH titration. These facts support the
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TaAaBLE 1. THE EFFECT OF HALIDE IONS ON THE RATE
OF OXIDATION OF [Mo]O,(hedta) (H,O)]~ witn
[(NH,);Cot™ (4-O§~) Col'(NH;);]°+ aT 25 °C®

Halide ion (X-) [X-]/M Kopsa/10% s
cl- 0 6.700)
0.1 6.350
0.5 4.37%
0.5 4.000
0.5 4.020
0.5 4.029
Br- 0.5 4.460

a) I=2.0 M (LiClOy), [H+]=0.10M (HCIO,), [Mo,]
=5x10-3 M, [u-O{?]1=5x10-¢ M. b) The u-hyperoxo
complex solution containing lithium halide was mixed
with the molybdenum solution to cause the electron
transfer to start. c—e) The u-hyperoxo complex solu-
tion was mixed with the molybdenum complex solution
containing lithium chloride to cause the electron transfer
reaction to start, Lithium chloride was added to the
molybdenum complex solution ¢) 40 m, d) 220 m, and
€) 345 m before the redox reagents were mixed.

Discussion

Interpretation of Kinetic Data. None of the three
oxidants is likely to be protonated or deprotonated
in the pH range employed. Therefore, the pH de-
pendence of the oxidation rate should be interpreted
by considering the protonation-deprotonation equi-
librium of the reductant. A consideration similar to
those for the oxidation24 of [Mo:O,(edta)]?~ sug-
gests that the oxidation of the first molybdenum(V)
ion in the dimer is the rate-determining step, which
is followed by a rapid oxidation of the second molyb-
denum(V) ion.

The Oxidation with [Ir''Clg]?—: Kinetic data were
most reasonably interpreted in terms of the following
mechanism.

k@
—

“Mo"VMoV?” + [IriiCl ]3-

kay
—_—

“Mo"Mo"™ + [Ir™iCl,]3-

proposed mechanism. Activation parameters for £,/2
must correspond to those for ke (AH*=38+8Kk]
mol™!, AS*=—42+29 J K1mol1). Those for ke
were not obtained because of big uncertainty in £,
values.

The  Oxidation with [(NH;);Co™(p-0,0))Co-
(NH,) ]5+: The marked influence of ionic strength
upon the rate suggests the importance of electrostatic
interaction of the charged redox couple. The kinetics
can be more precisely discussed at lower ionic strengths
where such an interaction is expected to be stronger.

The observed rate law at I=0.1 M (Eq. 6) is con-
sistent with a mechanism involving an ion-pair for-
mation prior to electron transfer. Thus, the following
mechanism is considered.’® The terms Kire and
Kipwy stand for the ion-pair formation constants for
the original complex and its conjugate base, respec-
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Kipca: ko>
[Mo}O,L(H,0)]- + [#-O§7]* == [Mo0,0,L(H,0)---4-02]+ —

K“

K ” (IP(a))

’:a (85

Kip
[Mo}O,L(OH) 2~ + [u-O{ 1% —= [Mo,0,L(OH)-.. -0 3+ ——2»

tively, 13~ is hedta3—, and ke and kew) are the rate
constants for the electron transfer within the ion-
pairs, IP(a) and IP(b), respectively. The following
rate law is derived for this mechanism. Thus, k.,
is expressed by Eq. 9. The terms x and y in Eq. 6

d[p-0{7]
T

_ 2{ke (@) K1p () [H*] 4 Ko (0 K1p ) Ko } [M0,] [-O5]
K, + [H*] 4 {K1p (2) [H*] + K1p 5y Ko } [Moy]

2{ke (a) Kip (a) [H+] + ke (b) Kip (b) Ka} [Moz]
Ko+ [H*] + {Krp ) [H*] + K1p 5y Ko } [Mo,]

are expressed by Eqs. 10 and 11, respectively. Since
K,«[H+*], Eq. 11 is rearranged to Eq. 12. A plot

% = {Kip () [H*] + Krp (o) Ko }/2{Fe (2) K1p (2 [H*]

+ke ) Kip o) Ka} (10
= (Kot [H*])/2{ko ) Kip ) [H*] + ko iy Kir iy Ko} (11)
I = 2{ke)Kip(n + ko) Kip ) Ko [H*] 1} (12)

of experimental y~! against [H*]-! gives a straight
line without intercept (Fig. 6). This fact suggests
that ke Kirw is negligible as compared with ko) X
Kipy Ko [H+] 1 and x is rewritten to Eq. 13. A plot

% = {Kip o) [H*1/2k0 i) Kre ) Ka} + 1/(2k0)) (13)

of x against [H*] gives a straight line (Fig. 5). All
the parameters are obtained as follows by use of the
K, value (7.9x 10 M) at /=0.1 M and 25 °C: Kip)=
40.5 M1, Kipw)=1046 M1, fkomy not observed, and
koe)y=2.56 571 at 25 °C; Kip)=30 M-, Kipry=1100
M1, ko) not observed, and kemy=4.3s1 at 35 °C.
These values are subject to nearly 509, uncertainty
because of such a complicated analysis. No further
trials for obtaining their temperature dependence were
made. Nevertheless, the results provide additional ex-
ample of first-order rate constant for the electron
transfer within an ion-pair.23:11,12)

For the reaction at I=2.0 M, the following assump-
tions are required to obtain a rate law which is of a
form similar to the experimentally obtained rate law,
Eq. 5: (i) the third term in the denominator of Eq.
9 is negligible (reasonable since the ion-pair formation
at higher ionic strengths is expected to be less sig-
nificant); (ii) ke XKirw is negligible as compared
with ko) Kip@) Ka[H+]-1 (this relation is experimentally
derived at I=0.1 M (vide supra)); (iii) K, is negligible
as compared with [H*] (experimental condition).
Under these assumptions Eq. 9 is simplified to Eq. 14.

Kobsa = 2ke(b)KXP(b)Ka[H+]_1[M°2] (14)

The product kem)KipmyKa is 7.35x10-2s-1 at 25.5

°C, thus kew)Kipw) is estimated to be 2.97 x 104 M-1
s7! by use of the pK, value (3.25).

The Oxidation with [(en)yCo™(u-NH,,0,7) )Co'-

(en)g]**: The molybdenum(V) dimer is present al-

®

)

kobsd =

(IP(b))

most entirely in the conjugate base form, [MojO,-
(hedta) (OH)]?>~, at [H+]=10-51 and 10-5# M. The
following scheme is consistent with the kinetic behavior
of the system (Eq. 6). The following rate law 15

Kipce
[Mo}O, (hedta) (OH)]2- + [1-NH,, 0] —= IP(c)

ka <)
—— products

is derived for this mechanism. A comparison of Eq.
15 with Eq. 6 leads to the values Kip()=210+90

Kobsa = 2k, (c) Kip () [M02]/{ 1+ Kpp (e) [Moz]} ( 15)

M- and fke()=304+10s"1 at J=0.1 M and at 25 °C.

Ion-pair Formation Constants. The ion-pair for-
mation constant between [(NH,),Co™(u-O,()Co™-
(NH);)51>+ and [MojO,(hedta)(OH)]2~ at I=0.1 M
(1046 M1 at 25°C) is ca. 4 times bigger than that
between the #-O,(7) complex and [Mo}O,(edta)]?~
(270 M1 at 40 °C).2> The electronic charge may be
more localized in [Mo}O,(hedta)(OH)]?~ than in the
more symmetrical edta complex. Such a locarization
would produce a more negatively charged site within
the complex anion, at which the ion-pair formation
would be more extensive.

Reaction Mechanism. Present reactions must pro-
ceed via the outer-sphere mechanism for the follow-
ing reasons. The oxidation of [MoiO,(edta)]?~ with
[Ir'"Clg]2~ and with  [(NH;);Co™(u-O,))Co-
(NH,;);]°* are believed to occur by the outer-sphere
mechanism, since these oxidants are unable to coor-
dinate to the molybdenum(V) unless the edta ligand
is partially displaced.?%:13) The present hedta com-
plex has a coordinated water, for which the oxidant
can substitute. The remarkable increase in the rate
of oxidation on changing from [Mo:O,(hedta)(H,0)]~
to its conjugate base, [MoiO,(hedta)(OH)]?~, does
not support the inner-sphere mechanism, however,
since the OH- ligand is more strongly coordinated
than H,O and should be less easily dissociated from
the metal ion.'® There seems to be no example
that u-hyperoxo-dicobalt(III) complexes behave as
inner-sphere oxidants.36)

The Marcus theory predicts that when a series of
oxidants are reduced by two different reductants via
the outer-sphere process, ratio of the two rate con-
stants should be similar for all members of the se-
Such ratios are often used as a diagnostic
criterion for assigning redox reactions involving chro-
mium(II), vanadium(II), ef. as proceeding by an
outer-sphere mechanism.!® Ratios of the oxidation
rate of [MoiO,(hedta)(OH)]?~ to that of [MojO,-
(edta)]?~  (kneatatomfkeata) are listed in Table 2.
Ratios for the two oppositely charged oxidants are
within one order of magnitude, and can be taken
as an evidence for the outer-sphere mechanism for the
present reactions,

ries.17,18)
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TABLE 2. RATIOS OF THE RATE CONSTANT FOR THE
OXIDATION OF [Mo]O,(hedta) (OH)]?~ (knedta(om)
TO THAT OF [Mo]O,(edta)]?*~ (Koqra) WITH THE
GIVEN OXIDANT AT 25 °C

Oxidant M gzgezogfs't;l:: Eneata(om /Keara

[IrTVClg]2- 1.0 second-order? 3.9x103

[p-O5+= 0.1 first-order (k,)® 9.8x103
2.0 second-order 29.7x103

(keK1p)®

a) [u-Of]% = [(NHy)sCol (4-057) Col(NH,),J*+. b)
The kneasacom value at 7=0.1 M was estimated from
those at I=0.1 and 2.0 M, to be 3.9x10¢ M-1s-1 «c)
The ko4 values at 25°C were calculated from the
activation parameters in Ref. 2, to be 2.60x10-%s!
and 8.81x10-3M-1s1! at I=0.1 and 2.0 M, respec-
tively.

Ratio of the first-order rate constants £, for the
oxidation with [(NHj),Co™(u-O,))Co™(NH,);]5+ at
I=0.1 M is ca. 3 times smaller than that of £, K, at
I=2.0 M, where £, and K, values cannot be obtained
separately. The difference in K;p values should be
responsible for such a difference in the ratios. This
fact indicates that electrostatic interactions should sig-
nificantly affect the ratio of the redox rates which
are usually obtained as a product of £k, and K.

Comparison with Other Reactions. Rate of the Reac-
tion: The second-order rate constants of the oxida-
tions of MoiO,**-complexes with [Ir'VCl )%, [Fe''-
(phen)s]®+, [(NH,);Co™(s-O,)) Co™(NHy);]*+, and
[(en),Co™(1-NH,,0,))Co™(en),]¢+ are summarized
in Table 3. The following sequence is given for the
decrease in oxidation rate. This sequence suggests

[Mo}O, (hedta) (OH)]2- > [Mo}O, (hedta) (H,0)]-
> [Mo30,(edta)]*~ > [Mo30,(H;0),]**
([Mo30,(0OH) (H;O),—,]* must be more reactive than
[Mo} O, (hedta) (H,0)]~)
that the total charge of the complex is not important
in determining the rate. The two hydroxo complexes

are significantly more reactive than thier conjugate acids.
A possible interpretation may be that the stronger
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Lewis base, the hydroxide, makes the metal ion more
negative and more electron donating. Outer-sphere
oxidations of [VI(H,0).]*+,2) [VVO(H,0),]*,2)
[VIYO(pmida) (H,0)] (Hypmida= N-(2-pyridylmethyl)-

iminodiacetic acid),?? [V'O(nta)(H,0)]- (Hjnta
=nitrilotriacetic acid),?®» and [Ti™(H,O)g]3t 23,29
with various oxidants exhibit predominant rate-

terms proportional to [H*]-1. The products in all
of these reactions are mono- or dioxo metal ions;
the number of oxo ligands increases and protons are
reliesed on the oxidation. Such a structural require-
ment was claimed to be responsible for the higher
reactivity of conjugate bases of these complexes.?)
A similar interpretation may be applied to the ox-
idation of Mo;O,%*-complexes, although the rate-
determining electron-transfer gives a mixed valence
(V, VI) dimer as an immediate product, the struc-
ture of which is not known.

Activation Parameters: Table 4 shows that AH* for
[Mo:O,(hedta) (OH)]?~ is significantly smaller than
that for [Mo]O,(edta)]?~ whenever a common ox-
idant is used. The big difference in oxidation rate
between these two complexes seems to be due to the
difference in AH™ rather than AS™.

The activation entropy for a given molybdenum(V)
complex is more positive and the activation enthalpy
is bigger for the oxidation with [(NHg),Co™(u-O,())-
Co™(NH,),]5+ than those for the oxidation with
[Ir'Clg]?~. Such differences can be explained in
terms of the change in solvation accompanied by the
encounter complex formation from the separated re-
actants. Negative AS* for redox reactions between
reactants with charges of the same sign were claimed
to be largely the result of the charge concentration
on encounter complex formation, which causes sub-
stantial mutual ordering of the solvated water mol-
ecules.? On the other hand, the positive entropy
brought about on the encounter complex (ion-pair)
formation between oppositely charged reactants,21t)
may be attributed to the weakening of solute-solvent
interaction by the partial compensation of charges
in the ion-pair. The change in AH* with the charge
of oxidant is more difficult to explain. The contri-
butions of AH* and AS* to the rate constant seem

TABLE 3. A COMPARISON OF SECOND-ORDER RATE CONSTANTS/M~!s~1 AT 25°C FOR THE OXIDATIONS
OF SOME Mo}O,2+-COMPLEXES WITH FOUR OXIDANTS

Oxidants
Mo} O,**+-complexes Ref.
[IrIVCl6]2— [Fert (phen)3]3+ [/1-O§‘)]5+ a) U,_Nﬂz’og—)]4+ b)

[Mo}O,(edta)]2~ 6.69 1.9x10% 9 8.8x10-3 49 2,4
[Mo]O,(pdta)]2- 1.87x10-19 3

[Mo} O, (hedta) (OH)]?~ 1.1x10¢ 2.62x10% ® 6.30x10% ® This work
[Mo}O,(hedta) (H,O)]~ 2.3x10tD 5x10-2 This work
[Mo30,(OH) (H,0),—,]* 26 < ebsh 3000 < ebsb) (Not observed)d 2,5
[Mo]O,(H,0),]%+ 5.7x10-2 9 1.6x10t (Not observed)? 2,5

a) [(NH,);Co™(u-O57) Co™(NHy);]°+.

from the activation parameters in Ref. 2.

b) [(en)yCo ™ (y-NH,,0{)Co(en),]4+.
e) I=2.0M. f) I=0.2M.
reasonable assumption that the acid-dissociation constant of [Mo}O,(H,0),]?* is less than 10-2 M.

c¢) I=1.0M. d) Calculated
g) I=0.1M. h) Estimated on the
i) For these

reactions, significant part of the redox reaction proceeds via a pathway independent of the oxidant concentra-
tion.® j) The oxidation rate is independent of the concentration of the y-hyperoxo complex.?
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TaBLE 4. ACTIVATION PARAMETERS FOR THE OXIDATION OF THE GOMPLEXES WITH Mo}O,2+-CORE
Oxidant ™M AH?*/k] mol— AS*/J] K-t mol-! Ref.

[IrtvClg]2- [MoiO,(edta)]2~ 1.0 56+ 1 —42+ 4 4
[Mo}; O, (hedta) (OH)]%~ 0.1 38+ 8 —29+429 This work

[4-O75+®  [Mo}O,(edta)]?~ 0.1® 118417 76146 2
[Mo3;0,(edta)]?*- 2.0 111+ 3 88+13 2
[Mo} O, (hedta) (OH)]*~ 2.0 80+13 551442 This work

a) [(NH,);ColI(y-O§)Co™(NH,);]°+. b) For the first-order rate constant of the electron-transfer within the ion-

pair.

c) In evaluating AH* and AS*, it is assumed that AH° and AS° for K, are —8—-15k]J mol-! and —80

——100 J K- mol-1, respectively, which were estimated from the K, data at 25 and 35 °C as given in the text.

to compensate each other. Such a relationship is
more clearly observed for the oxidations of [VVO-
(pmida)(OH)]~ and [VVO(nta)(OH)]?~ with [Ir'V-
Cl]2~ and [(en),Co™(u-NH,,0,(7)Co™(en),]4+ (iso-
kinetic relationship is observed).?? This fact suggests
that the factors controlling AH* must be closely
related to those controlling AS*. Therefore, the solva-
tion state of the encounter complex would be important
in determining AH*. Activation enthalpy is smaller
for redox reactions involving more solvated encounter
complexes, and is larger for reactions between op-
positely charged reactants which form less solvated
encounter complexes.??)

Reaction Pattern: Existence of a rate-term independ-
ent of the oxidant concentration is the characteristic
feature of the oxidation of [MojO,(OH)(H,0),_;1*
with the three oxidants in Table 3.2% The cleavage
of one of the two oxo-bridges to give a single-bridged
species was claimed to be the rate-determining step,
the OH~ ligand being responsible for the bridge
cleavage.?? Chloride ions were found to catalyze
markedly the oxidation of [MolO,(H,0),]>* with
[(NH,) ;Co™ (4-O,))Co™(NH,);13+.  The chloride
ion was reckoned to substitute for the coordinated
water and facilitate the bridge cleavage.? Such a
mechanism is not plausible for the present reaction,
since the rate formulae misses the term independent
of the oxidant concentration and the positive catalytic
effect by the halide ion was not observed. [Mo3O,-
(H,0),12+ and [Mo3;O,(hedta)(H,0)]~ are oxidized
mainly zia their conjugate bases, but mechanism is
different. The present work stresses that the rate and
mechanism of oxidations of the complexes with
MoiO,2*-core depend significantly on the ligand en-
vironment.
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