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Kinetics and Mechanism of the Reduction of Thiocyanato-, Azido-, and
Isothiocyanato-penta-amminecobalt(i) by Hexa-ammineruthenium(n),
Tris(ethylenediamine)ruthenium(n), and Tris(2,2’'-bipyridyl)chromium(u)
in Aqueous Solutions

By A. Adegite,”T M. Dosumu, and J. Folorunso Ojo, Department of Chemistry, University of Ife, lle-Ife, Nigeria

The kinetics of reduction of [Co{NH;)5X]%*+ (X = SCN, N3, or NCS) by [Ru(NHj;)s]%* and [Ru(en);]?* (en =
ethylenediamine) in aqueous solutions have been investigated. All the reactions foliow second-order rate equations,
and the kinetic parameters obtained at 25 °C, / = 0.20 mol dm~3, and [H*] = 0.10 mol dm~2 are as follows: [Ru-
(NH3)6]3*, ksox = 379 £ 7, ky, = 1.82 £0.10, kyeg =0.74 £ 0.06 dm? mol-1 s~1, AHgent = 6.4 £ 0.2 kcal mol-1,
ASgent = ~(25.3£1.0) cal K- mol-1, AHy,t=9.4 £ 0.8 kcal mol-1, ASy,% = —(25.9 £ 2.6) cal K-!' mol-t,
AHyxest =149 £ 0.7 kcal mol=1, ASyest = —(9.5 £1.8) cal K- mol~1; [Ru(en)s]%*, kgox = 45.3 4.0, ky, =
0.26 = 0.01, kyes = 0.15 = 0.02 dm? mol-1 s-1; [Cr(bipy),;]2+ (bipy = 2.2'-bipyridyl), kgcx == 7.0 x 10% dm?
mol-1s-1, The small ky, : kycs ratios for these reactions confirm that they proceed by the outer-sphere mech-
anism. The kgen @ Ky, ratio is generally higher for reactions of the outer-sphere mechanism than for reactions of
the inner-sphere type in which the bridging ligands are only [SCN]-, [N3]~, and [NCS]-. This mechanism-
dependent reactivity pattern is attributed to the fact that in outer-sphere reactions the sole determinant of the
‘reactivity pattern is AG®, while the crucial factor in inner-sphere reactions is the relative stability of the precursor
complexes. Additional confirmatory evidence for this conclusion stems from the excellent correlation obtained
when Marcus’ theory is employed to compare the rates of reduction of some penta-ammineanionocobalt(iii)
complexes by [Cr(bipy)]2+ and [Ru(NH;)¢]2+.

IN the kinetic investigations of the reduction of penta-
amminecobalt(i11) complexes by metal aqua-ions, mech-
anistic classification into the inner- or outer-sphere type
has often been based on the relative rates of reduction
of the azido- and the isothiocyanato-complexes.t? Such
rate comparisons have been extended 3¢ to the thio-
cyanato-complex, and the reactivity order for almost all
the aqua-ions is Agcy > Ay, > kxcs. This reactivity
order has been attributed to a combination of three
possible factors,® viz.: (a) free-energy changes in the
reactions; (b) changes in the stability of the precursor
complexes as the bridging ligand changes; (c) the greater
ease of stretching the Co—S compared to the Co—N bond
in the precursor complexes. The relative importance of
each factor is unknown. Moreover, the much higher
reactivity of S-bonded cobalt complexes towards such
aqua-ions has also been attributed to the special electron-
mediating ability of a sulphur bound to a cobalt centre.57

As a means of assessing, at least qualitatively, the
importance of (b) in relation to the other factors, the
reactivity order for the reduction of such complexes by
[Ru(NHj)e],2* [Ru(en);]?* (en = ethylenediamine), and
[Cr(bipy)s]2* (bipy = 2,2’-bipyridyl) has now been
investigated. These complexes have been shown,
through the retention of their co-ordination integrity
during the electron-transfer process, and from other
evidence, to be good examples of outer-sphere reducing
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agents.®9 Since precursor-complex formation in such
reactions does not entail bond formation, it is presumed
that the ambiguity of adjacent or remote attack of the
ambidentate bridging ligand does not further complicate
the interpretation of the results obtained.

EXPERIMENTAL

Materials. [Co(NH,),(SCN)]Cl,*1.5H,0, [Co(NH,),-
(N,)][C1O4],, and [Co(NH,);(NCS)]Cl, were prepared, puri-
fied, and characterised by means of their u.v.-visible spectra
as reported in the literature.l®'? Tris(ethylenediamine)-
ruthenium(m) was prepared by zinc-amalgam reduction
of tris(ethylenediamine)ruthenium(rr) tetrachlorozinc-
ate(rr), a procedure first adopted by Meyer ¥ and {fully
reported by Elsbernd and Beattie.!* The complex [Ru-
(en),]2* prepared by this method gave identical spectral
characteristics with those reported by these workers, viz.
well defined shoulders at 370 and 304 nm (¢ 120 and 1 000
dm? mol™ cm™) respectively. We also tried the method of
Allen and Senoff * for the preparation of [Ru(en),]Cl,.
The products obtained gave low absorption coefficients
(45 and 140 dm?® mol™ cm™ respectively) at these wave-
lengths, and had no reducing properties, at least as shown in
the reactions with the penta-ammineaniono-complexes
used in this work. A commercial sample of [Ru(NH,)¢]Cl
(Johnson Matthey), from which [Ru(NH,).]?* was prepared
by zinc-amalgam reduction, was first purified by dissolving
it (1 g) in 107 mol dm™ HCl (40 cm?), filtering off solid
impurities, cooling the filtrate to 0 °C, and adding an equal
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volume of chilled concentrated HCl. The resulting preci-
pitate was filtered off and recrystallised at least twice from
1073 mol dm™ HCl. The final pure product was dried in air.
The concentrations of the penta-amminecobalt(i)
complexes were determined from their measured absorb-
ances and the reported 19712 absorption co-efficients at the
absorbance peaks: [Co(NHy),(SCN)]?*, 2. 288, ¢ 15 600;
[Co(NH,)5(Ng)1%*, A, 302, ¢ 7830; [Co(NH,),(NCS)J2*,
306 nm, ¢ 1 541 dm® mol™ cm™. The concentrations
of the [Ru(NH,),]?* and [Ru(en),]?* ions were determined
by the addition of excess of acidic iron(111) solution, com-
plexing the Fell formed with 1,10-phenanthroline (phen)
solution in potassium hydrogenphthalate 1¢ and measuring
the absorbance of the resulting [Fe(phen),j?* at 510 nm
where the absorption co-efficient is 11 000 dm?® mol™ cm™.
Kinetics—All the reactions with [Ru(NH,),]?* and
[Ru(en),]2* were followed by conventional techniques using
a Unicam SP 500 spectrophotometer. The cell compart-
ments were well thermostatted by circulating water from a
water-bath regulated to the desired temperature which was
maintained constant to within +0.1 °C. The rates of the
reactions were monitored by following absorbance decreases
at selected wavelengths where the cobalt(imr) complexes
absorb much more intensely than either Rulf or Rulll, The
wavelengths used were 288, 498, and 516 nm for the thio-
cyanato-, isothiocyanato-, and azido-complexesrespectively.
In all the runs, [Ru(NH,),]?" and [Ru(en),]?* were in such
large excesses that pseudo-first-order conditions in the
cobalt(11r1) complexes prevailed throughout the courses of
the reactions. Since perchlorate ion is known to easily
oxidise Rull to Rull! {#, for [Ru(NH,),]** + [ClO,]  is ca.
3.0 x 104 dm?® mol? s1 at 25 °C and I = 0.62 mol dm™},
HCI-LiCl was used to maintain the ionic strength at 0.20
mol dm™. However, lithium perchlorate was employed in
some of the runs with [Co(NH,);(N,)]** when the effects of
chloride ions were investigated. All the solutions were
thoroughly freed from air by passing argon which had been
previously scrubbed in chromium(1r) towers.

RESULTS

Stoicheiometry.—It was shown from spectrophotometric
determinations of the concentrations of the complexes in
the visible region that, for the thiocyanato- and isothio-
cyanato-complexes, 1 mol of the ruthenium(i1) complex
reacts with 1 mol of the cobalt(1ir) complex, but 1 mol
of the azido-complex reacts with 1.6 mol of {Ru(INH,)4]%".
The latter result agrees with the earlier stoicheiometric
results of Endicott and Taube,® and is explained in terms
of the subsequent reaction of the liberated [N}~ with
[Ru(NH,)¢]2* according to equation (1).

2[Ru(NH,)]** + 4[N,]~ + 6H* —»
2[Ru(NH,)J** + 5N, + 2NH, (1)

Reactions.—[Ru(NH,) 2" + [Co(NH,);X]2* (X = SCN,
N,, or NCS). The rate data obtained were analysed on the
assumption that these reactions are first order in [Ru-
(NH,)¢2*] and first order in the cobalt(i1r) concentration.
This assumption was shown to be valid from the linearity
of pseudo-first-order plots to more than 909, completion of
reaction [the ruthenium(mr) complex was always present
in large excess]. The independence of the second-order
rate constants of the ruthenium(11) complex concentration

16 J. R. Pladziewcz, T. J. Meyer, J. A. Broomhead, and H.
Taube, Inorg. Chem., 1973, 12, 639.
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confirms that the reaction is also first order in [Ru-
(NH,)s2*]. Consequently, rate equation (2) was employed to
—d[Co(NH,);X2*]/dt =

kx{Ru(NH,)4*"][Co(NH,;)X**]  (2)

analyse all the data, and values of kx under different kinetic
conditions are presented in Tables 1—3.

TagLE 1
Rate constants for the [Ru(NH,)]2t + [Co(NH,)4(SCN)J2*
reaction at [Co(NH,),(SCN)?*] = 3.0 x 10%—8.0 X
107, I = 0.20, and [H*] = 0.10 mol dm™

0. 103 Ru(NH,)4%*] ksoN
°C moldm™3 dm3 mol1s™

25.0 2.01 381.9

2.68 365.2

4.02 385.2

5.36 375.2

17.0 2.18 259.9

4.02 280.7

5.36 272.1

6.70 271.5

21.5 1.88 324.6

2.50 332.3

3.75 343.7

5.00 335.1

29.0 3.00 437.5

4.50 429.5

9.00 433.8

12.00 438.2

TABLE 2

Rate constants for the [Ru(NH,),]2t + [Co(NH,);(N,)]2*
reaction at I = 0.2 and [Co(NH,);(N,;)?*] = 1.5 X
104—2.5 X 104 mol dm™

0. 103 Ru(NH,),*] [H+] kny
°C moldm™ mol dm™ dm?® mol1s™1
25.0 1.6 0.10 1.86
2.4 0.10 1.69
3.2 0.10 1.88
3.92 0.10 1.76
4.80 0.10 1.86
1.60 0.02 1.63
2.67 0.04 1.61
3.20 0.15 1.61
3.20 0.20 0.75
12.0 4.51 0.10 0.71
3.76 0.10 0.61
18.5 1.53 0.10 1.15
2.29 0.10 1.28
3.05 0.10 1.29
4.58 0.10 1.04
32.0 1.02 0.10 2.56
1.55 0.10 2.25
2.04 0.10 2.31
2.16 0.10 2.47
3.06 0.10 2.46
3.16 0.10 2.21
[ a
moldm™3
25.0 3.20 0.04 0.68
3.20 0.10 1.61
3.20 0.24 2.17
3.20 0.40 2.83
3.20 0.50 3.37
[CI-] ®
Mol dnr®
25.0 2.40 0.2 3.20
2.40 0.3 3.49
2.40 0.4 3.19
2.40 0.5 3.39¢

a Adjusted with LiCl.

5 =05 mol dm™® (Li[ClO,] +
LiCl).

¢ Solution contained only HCl and LiCl, no Li[ClQ,]}.


http://dx.doi.org/10.1039/DT9770000630

632

TaBLE 3
Rate constants for the [Ru(NH,)4)2t + [Co(NH,),(NCS)]}2*

reaction at [Co(NH,);(NCS)?*] = 1.8 x 10%—2.6 x
10, [H*] = 0.10, and I = 0.20 mol dm™

0 10°[Ru(NH,)**] kxes
°C moldm™2 dm3 molts™!

11.0 2.24 0.22

3.73 0.16

4.48 0.21

20.5 2.26 0.38

3.01 0.40

3.76 0.39

4.51 0.44

25.0 1.49 0.74

1.87 0.78

2.24 0.86

2.99 0.68

3.73 0.64

32.0 1.47 1.13

1.84 1.39

211 1.31

2.57 1.15

Although Endicott and Taube showed & that the [Ru-
(NH,)]2" + [Co(NH,);X]2* reaction is complicated by the
subsequent reaction of the free [IN,]~ with [Ru(INH,)¢]2t to
give N,, NH;, and [Ru(NH,)¢]**, the amount of the hexa-
ammine consumed in this side reaction is so insignificant
that the pseudo-first-order condition, viz. [Ru(NH,)2*], ~
[Ru(NH,)42*),, remains valid throughout the course of the
reactions. Moreover, our kinetic analysis is unaffected by
this side reaction because we monitored the course of the
reaction by following the decrease in the absorbance of the
cobalt(111) complex as a function of time and the side re-
action of free [N,]” and [Ru(NH,)¢]?t is at least 20 times
faster than the reduction of [Co(NH,);(N,)]?* by the
[Ru(NH,)e]*".

The effect of changes in chloride and hydrogen-ion con-
centrations and in ionic strength on the reduction of the
azido-complex was also investigated. The rate constant
ky, was insensitive to changes in the concentration of these
ions in the range investigated, but increased with increasing
ionic strength as expected since both reactant ions are
positively charged. The effect of ionic strength was not
quantitatively analysed because it is not relevant to the
theme of our investigation, but was examined in order to
allow for a greater variation in the range of chloride con-
centrations while determining the effect of chloride. Our
results give the following values for 2x at 25 °C, I = 0.2 mol
dm™ (LiCl), and [H*] = 0.10 mol dm™: kg = 379 4 7,
ky, = 1.82 £ 0.10, and kyxcg = 0.74 4= 0.06 dm? mol™ s72,

From plots of log kx/T against 1/T, activation parameters
were determined as follows: AHgon' = 6.4 4 0.2 kcal

mol™?, ASgnt = —(25.3 4 1.0) cal K mol™, AHy! =
9.4 + 0.8 kcal mol™, ASNE = —(25.9 + 2.6) cal K™ mol?,
AHyegt = 14.9 £ 0.7 keal mol™?, and ASycst = —(9.5 +

1.8) cal K™ mol™.* Our rate constants for the reduction
of [Co(NH,);(N;)]2t compare reasonably well with the
approximate value of 1.2 dm?3 mol™ s™ obtained by Endicott
and Taube.?

[Co(NH,);X]?" + [Ru(en);]>*. These reactions also
followed a second-order rate equation under conditions
similar to those of the reactions of [Ru(NH,)¢]?* and values
of the rate constants at / = 0.2 moldm™, 25 °C, and [H*] =
0.10 mol dm™ are as follows: Agony = 45.3 4+ 4.0, &y, =

* Throughout this paper: 1 cal = 4.184 J.
17 P, C. Ford, Co-ordination Chem, Rev., 1970, 5, 75.
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0.26 4+ 0.01, and Aygs = 0.15 4+ 0.02 dm?® mol?t s.
Details of the individual rate constants obtained are in
Table 4.

TABLE 4

Rate constants for the reduction of [Co(NH,),X]*" (X =
SCN, N;, or NCS) by [Ru(en),]?* at I = 0.20 and
[H*] = 0.10 mol dm™ and 25 °C

10%[Ru(en)42+] 10¢[Co(NH,),X?+] k
X mol dm™3 moldm™3 dm?® mol™s™!
SCN 0.6 0.05 49.9
0.7 0.05 42.6
) 0.9 0.05 42.6
N, 25.0 2.7 0.28
30. 2.7 0.25
40.0 2.16 0.26
NCS 28.0 3.0 0.12
40.0 3.0 0.17
60.0 3.0 0.16

[Co(NH,);(SCN))2t 4 [Cr(bipy),]?*. The rate of this
reaction was too fast for the stopped-flow spectrophotometer
under pseudo-first-order conditions. At low concentrations
(ca. 107 mol dm™ of each reactant), after repeated attempts,
we estimated the rate constant of the reaction to be
>7.0 x 10% dm3 mol™? st at 25 °C and I = 0.2 mol dm™3,
The traces of the rate curves obtained from the oscilloscopes
at such fast scanning speeds were extremely noisy, and also
showed that a reasonable proportion of the reaction had
occurred during the mixing of the reactant solutions prior to
their arrival at the observation chamber of the equipment.

DISCUSSION

The substitution characteristics 17 of the two ruthen-
ium complexes employed in this work, and the obtained
rate data (Bredgox > Rsun.), lead to the unequivocal
conclusion that the reductions of the cobalt(111) com-
plexes by [Ru(NH,)s1?* and [Ru(en)3]?* proceed by the
outer-sphere mechanism. The low values for the ratio
Ry, Bncs {{Ru(NH,)e]%%, 2.5; [Ru(en)g}?*, 1.7} provide
additional evidence for this conclusion. The above
ratios are at least 10% times lower than values obtained
for the reduction of these cobalt(111) complexes by aqua-
ions, which have been shown to proceed by the inner-
sphere mechanism.® As in the previously reported
reactions of the aqua-ions, the observed reactivity order
obtained for these outer-sphere reducing ions is also
Rsox > kx, > Enes. For purposes of comparison, rate
ratios for all such related systems are presented in
Table 5.

Two prominent qualitative differences are evident in
Table 5. (1) The ratio ky,: Axcs is very large (>103)
for all reactions proceeding by the inner-sphere mechan-
ism, and these are mostly reactions of the aqua-ions.
The exceptions to this generalisation are: (z) [CrX]?* 4
U3+ reactions where either [OH]~ and/or X~ acts as a
bridging ligand; 18 (42) V2* 4 [Co(NH,),X]?* reactions
which, although proceeding by the inner-sphere mechan-
ism, have their rates determined by the rate of formation
of the precursor complex 41® rather than by the electron
transfer within the complex, and therefore the rate is

18 R.T. Wang and J. H. Espenson, J. Amer. Chem. Soc., 1971,
93, 1629.
18 N. Sutin, Accounts Chem. Res., 1968, 1, 255,
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TABLE 5

Relative rates of the reactions of thiocyanato-, azido-, and isothiocyanato-complexes with some reducing ions at 25 °C

Reaction¢ kaon Ry,
[CrX]2+ 4+ Cr2t 280 000 4 300
[CrX]2+ 4 Vet 182 000
[CrX]2+ + U+ 38 461 188
[Co(NH,)sX]2 + Cr2+ 4 200 16 000

10 000 16 000
+ Eu?t 62 000 3 860
+ Vet 100 43
-+ Fet+ 40 000 3 000
4 Us+ 44 000
+ Tid+ 2 460 000 390 000
+ [Co{CN))*~ 100 < 1 250 1.6
+ [Cr(bipy)s]2* 172 4.0
+ [Ru(NHy)g)2+ 512 2.5
+ [Ru(en),}2+ 302 1.7

7 X = SCN, N,, or NCS.

5i.s. = Inner sphere, o.s. = outer sphere.

Exos ksonlkn, Mechanism ? Ref,
1 6.4 i.s. 3,19
1 i.s. 3,19
1c 204 i.s. 18
14 0.25 i.s. 5,9
1e 0.625 i.s. 5
1 16 i.s. 6
1 25 i.s. 4,9
1 13.3 i.s. 4,2
1 i.s. f
1 6.3 i.s. g
1 62.5 < 1250 1.s. 5, h
1 43 0.S. 7,9
1 200 0.5, i
1 178 0.s. 7

¢ Bridging ligands are either [OH]~ or [OH]~ and X-.

4 The precursor complex is formed by adjacent attack on S in the thiocyanato-complex. ¢ The precursor complex is formed by

remote attack on N in the thiocyanato-complex.
Adegite and J. F. Ojo, Inorg. Chem., 1977, in the press: J. P.
Nakamura, J. Amer. Chem. Soc., 1963, 85, 26117,  This work.

not very sensitive to the nature of X~; and (4) the
{Co(CN)g}3~ + [Co(NH,4);X]?" reaction where the stabi-
lity of the final product has an important influence on
the overall rate of the redox reaction. (2) The ratio
kecx by, 1s much smaller for reactions of the inner-
sphere type than for reactions of the outer-sphere
mechanism, the only exceptions, and for the same
reasons, being (7}—(¢7) noted in (1) above.

The reactivity order observed for the inner-sphere
reduction of the thiocyanato-, isothiocyanato-, and
azido-cobalt(111) ammine complexes by aqua-ions has
been rationalised on the basis of the effect of the relative
stability of the precursor complexes on the energetics of
the activation processes.%¢ In addition, the concept of
Pearson’s hard acids 2 has also been invoked %€ to
explain the preferences of the metal ions for the N or S
end of the ambidentate bridging ligands in the formation
of these precursor complexes. However, when discussing
the behaviour of the outer-sphere reducing ions, solace
cannot be found in these explanations because there are
no bonds formed in the precursor complexes.

As in many other outer-sphere redox reactions, the
dominant factor in the observed reactivity pattern
seems to be the free energy, i.e. AG®, of the reactions.?!-22
The ratio ksox : £n, is ca. 200 for the reductions of the
cobalt(1r1) complexes by both [Ru(en),)** and [Ru-
(NH,)ei2*. From purely thermodynamic consider-
ations, this implies that the Co-S bond is ca. 4 x 10?
times weaker than the Co-N bond in these penta-
amminecobalt(1i1) complexes. The relative bond
strengths obtained from our kinetic data are consistent
with the factor 5 x 10% in the Cr''-S and Crl-N
bond strengths obtained 35 from kinetic studies of the
isomerisation of [Cr(SCN)]?2* to the more stable [Cr-
(NCS)?*. Additional evidence in support of a free-
energy—-dependent reactivity pattern is the good cor-
relation obtained when Marcus theory is employed to

20 R. G. Pearson, f. Amer. Chem. Soc., 1963, 85, 3533; Science,
1965, 151, 172.

2L R. A. Marcus, J. Phys. Chem., 1963, 87, 853; Ann. Rev.
Phys. Chem., 1964, 15, 155.

FR. T. Wang and J. H. Espenson, J. Amer. Chem. Soc., 1971, 93, 380.

7 A,

Birk, ibid., 1975, 14, 1724. * J. P. Candlin, J. Halpern, and S.

compare the rates of reduction of some penta-ammine-
cobalt(111) complexes by [Ru(NH,).1%" and [Cr(bipy),]%",
both these ions being generally accepted as outer-
sphere reductants. For this purpose, the modified

80

log ¥ {ICr(bipylaf}

] L I
=20 0 20 40
tog & {[RU{NH,)¢] 2+

"log-log plot of the specific rates of outer-sphere reduction of some

penta-amminecobalt(it1) complexes [Co(NH;);X] by [Ru-
(NH,)¢)** and [Cr(bipy);]**. Rate constants for the [Cr-
(bipy),)*t reactions are from ref. 9, and for [Ru(NH;)¢]2* the
values are from ref. 8 and this work. The value plotted for the
[Cr(bipy)s)®+ + [Co(NH,);(SCN)]?+ reaction is the lower limit
of the estimated rate constant

form of the Marcus #* equation, (3), is employed. Pre-
cedent for this type of comparison is found in the

log k{[Cr(bipy)s]*'} = alog A{Ru(NHy)e]*'} + & (3)

studies of Guenther and Linck,2 Chen and Gould,®

22 . P. Rillema, J. F. Endicott, aud R. C. Patel, J. Amer.
Chem. Soc., 1972, 94, 394.

23 P, R. Guenther and R. G. Linck, J. Amer. Chem. Soc., 1969,
91, 3769.

24 ], C. Chen and E. S. Gould, J. Amer. Chem. Soc., 1973, 95,
5539.
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and Hutchital et a/.,25 and, more recently, Hand ¢t al.26
applied this semiquantitative approach to the reduction
of up-superoxo-bis[penta-amminecobalt(i11)] by some
aqua-ions and [Ru(NH,)s]?*. It is expected that, if a
common mechanism exists in the reactions of the two
reductants under consideration with the common
oxidants, a linear plot, of unit gradient, should be
obtained if equation (3} is applied to the rate data.??
A plot of the data available for the reactions of [Cr-
(bipy)s]>* and [Ru(NHg)e]?* with some cobalt(111)
ammine complexes gave a satisfactory linear correlation
[equation (4)] of gradient 0.83 4 0.09 which is quite
close to unity. The most significant deviation from the

log {[Cr(bipy);]**} =
0.83 log k{[Ru(NH,)g]**} + 4.19 (4)

plot is that of the reduction of the hydroxo-complex,
which tends to suggest that this reaction might not be
of the same mechanism for both reductants (Figure 1).

This good correlation based on Marcus’ correlation

25 D. H. Huchital, N. Sutin, and B. Warnqvist, Inorg. Chem.,
1967, 6, 838.

J.C.S. Dalton

of rates, with AG®, and the previous deduction of the
relative strengths of the Co-S and Co-N bonds from
purely thermodynamic considerations, confirm that the
observed reactivity patterns in these outer-sphere
reactions are a reflection of the thermodynamic pro-
perties of the systems, and that the special electron-
mediating ability associated 7 with the Co-S bond in
inner-sphere reactions is unimportant in the present
reactions. The activation enthalpies for the [Ru-
(NH,)q]?* reactions follow the observed order of reactivity,
kson > kn, > knos, showing that differences in the
rates are manifested in the magnitudes of AH*. There
is no apparent reason why ASycs' should be more
favourable than the activation entropies for the other
complexes.
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