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Initial State and Transition State Effects in the Mercury(i1)-catalysed 
Aquation of Chlorotransition-metal Complexes in Binary Aqueous Solvent 
M ixtu res 

By Michael J. Blandamer, John Burgess," and Robert I. Haines, Chemistry Department, University of 
Leicester, Leicester LE1 7RH 

Rate constants are reported for the mercury( 1 1 )  -catalysed equation of the [Co( NH3) 5CI] 2+, trans- [Co(en),C12]+, 
and [ReCI,] 2- ions in water-rich methanol-, ethanol-, t-butyl alcohol-, ethylene glycol-, glycerol-, dioxan-, and 
acetonitrile-water mixtures. The observed reactivity trends are discussed and, as far as possible, analysed into 
initial- and transition-state components from estimated single-ion Gibbs free energies of transfer. In connec- 
tion wi th this analysis the solubilities of the tetraphenylborates of mercury(l1) and of caesium in several binary 
aqueous solvent mixtures are also reported. 

THERE have been many attempts to analyse reactivity 
trends in mixed aqueous solvents or in series of non- 
aqueous solvents into initial-state and transition-state 
components, and thus relate such trends to measured or 
proposed solvation changes for the initial and transition 
states. Thus for the solvolysis of t-butyl chloride in 
ethanol-water mixtures this has been achieved (for A H )  
by measuring enthalpies of solution and enthalpies of 
activation.1 A thorough analysis of the reactions of 
tetra-alkyltin compounds with mercury(I1) halides in 
several solvent media (for AG, AH, and AS) has been 
carried out by Abraham and his co-workers.2 In these 
reactions i t  was found that reactivity trends were 
dominated by initial-state effects3 In general, solvation 
changes in the initial state can be as important as those 
in the transition state, and in some cases more important. 
In the Menschutkin reaction of triniethylamine with 
methyl iodide again the changes of rate with solvent 
composition appear to be due predominantly to changes 
in reactant s ~ l v a t i o n . ~  Such analyses of rate trends 
have been rare for transition-metal complexes, although 
a recent study of the reaction of [Pt(bipy)Cl,] (bipy = 
2,2'-bipyridyl) with thiourea in aqueous dioxan and in 
aqueous tetrahydrofuran showed that yet again initial- 
state solvation effects were much more important than 
transition-state solvation effects5 In all these cases the 
analysis of solvent effects is straightforward in that the 
reactants are uncharged and hence their enthalpies, 
entropies, and Gibbs free energies of transfer can be 
determined directly. In  reactions involving ionic re- 
actants analogous analyses of solvent effects on re- 
activities are rendered more difficult by the impossibility 
of determining absolute thermodynamic transfer para- 
meters for single ions. Hence discussions of such re- 
actions as those of the [Fe(bipy),I2+ cation with hydroxide 
ion or with cyanide or of [Re(CO),I] with 
cyanide ion,* are complicated by the necessity of making 
suitable assumptions in order to estimate such quantities 
as Gibbs free energies of transfer of cyanide or of 
hydroxide ion from water into binary aqueous mixtures. 
Of course exactly the same applies to the [Fe(bipy),I2' 
cation in the above example, or to the cis-[Co(en),Cl,]+ 
(en = ethylenediamine) cation in studies of solvent 
effects on its dissociative solvolysis.s Nevertheless 

analyses of solvent effects on reactivity of these last 
reactions have proved informative, and we were en- 
couraged to attempt similar treatments for other types 
of bimolecular inorganic reactions, for example sub- 
stitution at  square-planar ds complexes and metal-ion- 
catalysed aquation of halogenotransition-metal com- 
plexes. Metal-ion-catalysed aquations of carboxylato- 
transition-metal complexes lo provide another potential 
series of reactions for investigation and analysis in this 
manner. 

The main aim of the present paper is to examine 
solvent effects on the initial state and transition state for 
mercury(I1)-catalysed aquation of several chlorotran- 
sition-metal complexes. In pursuance of this objective 
we have undertaken kinetic studies on such reactions, 
and solubility studies on compounds containing the 
reactant ions, in a variety of solvent mixtures. We have 
also determined solubilities of some ancillary compounds, 
where such data are needed here in estimating single-ion 
values. For some series of solvent mixtures there are 
insufficient basic data on simple compounds and ions for 
us to carry out the desired analysis. When such data 
become available it will be possible to complete the 
analysis of solvent effects on our mercury(I1)-catalysed 
reactions, given the kinetic and solubility results included 
in this paper. 

RESULTS 

Kinetics.-All runs were conducted under acidic con- 
ditions so that the mercury(I1) was all present in the form 
Hg2 (aq), and not [Hg(OH)]+(aq) or polynuclear hydroxo- 
species. The pK, of Hg2+(aq) probably lies between 2.4 
and 3.7 in aqueous solution, slightly lower in mixed aqueous 
media.ll Therefore the pH values of our reaction mixtures 
were kept well below 2 (c j .  Experimental section and Table 
captions). All runs were carried out with the mercury(I1) 
present in considerable excess; in all cases the concen- 
tration of the transition-metal complex ion decreased 
according to a first-order pattern [equation ( l ) ]  for a t  least 
three half-lives. 

- d[comples]/dt = Kol,s.[co~iiplex] (1 )  

Observed first-order rate constants ; equation ( I ) ]  
for the reactions of the [ReC1,I3-, [CO(NH,),C~]~', and trans- 
[Co(en),Cl,]+ ions with mercury(II), in large escess, are 
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TABLE 1 
Observed first-order rate constants, Kobs.,  and derived second-order rate constants, k,, for mercury(r1)-catalysed aquation 

of the [ReC1,I2-, [Co(NH,),C1I2+, and truns-[Co(en),Cl,]+ ions in binary aqueous mixtures, at 298.2 K 
[Hg2+] /mol dm-3 

Solvent 

( a )  For [ReC1,]2- b 

Water 
1 o\ 
::)% methanol 
40 

40 

40 

40 

!!}yo dioxan 

40 

40 
(b) For [ C O ( N H ~ ) ~ C ~ ] ~ +  

Water 

:!}% methanol 
40 

40 

!!}% t-butyl alcohol 
40 

40 

40 

acetonitrile 
40 

(c) For trans-[Co(en),Cl,]+ d 

Water 
40% t-butyl alcohol 
40% acetonitrile 

r- A_-- 

0.003 0.005 0.010 0.015 0.022 
103kObs. IS-' 

7- -A__ -, k,/dm3 mol-1 s-1 

0.061 
0.108 
0.32 
0.69 
1.90 

0.14 
0.40 
1.07 
4.4 

0.19 
0.50 
1.9 
4.7 

0.16 
0.21 
0.34 
0.45 

0.27 
1.41 
3.2 
5.0 

0.18 
0.61 
2.2 
5.5 

0.106 
0.190 
0.54 
1.06 
3.1 

0.22 
0.67 
1.86 
7.3 

0.31 
0.65 
3.0 
7.9 

0.27 
0.36 
0.57 
0.78 

0.44 
2.2 
5.5 
6.5 

0.40 
0.93 
3.6 
9.2 

0.49 
0.47 
0.52 
0.53 
0.57 

0.49 
0.53 
0.57 
0.61 

0.57 
0.67 
0.80 
0.99 

0.43 
0.46 
0.45 
0.47 

0.40 
0.39 
0.42 
0.40 

0.41 
0.35 
0.32 
0.25 

0.21 
0.39 
1.07 
2.3 
6.2 

0.45 
1.35 
3.6 

14.8 

0.62 
1.70 
6.1 

15.6 

0.54 
0.72 
1.14 
1.54 

0.89 
4.6 

11.0 
17.0 

0.60 
1.91 
7.4 

18.2 

0.95 
0.97 
1.07 
1 0 9  
1.12 

0.98 
1.10 
1.18 
1.26 

1.08 
1.28 
1.68 
2.04 

0.89 
0.85 
0.92 
0.99 

0.85 
0.73 
0.73 
0.79 

0.78 
0.73 
0.65 
0.58 

[Hg2+]/mol ~ l m - ~  

0.31 
0.58 
1.61 
3.5 
9.2 

0.68 
2.02 
5.5 

22 

0.93 
2.5 
9.1 

24 

0.80 
1.08 
1.72 
2.3 

1.33 
6.8 

16.6 
26 

0.87 
2.9 

11.1 
27 

1.47 
1.45 
1.52 
1.63 
1.70 

1.50 
1.66 
1.71 
1.85 

1.69 
2.01 
2.41 
2.88 

1.29 
1.40 
1.41 
1.47 

1.17 
1.22 
1.23 
1.36 

1.20 
1.02 
0.95 
0.80 

1.91 
1.93 
2.09 
2.15 
2.27 

1.95 
2.21 
2.32 
2.51 

2.22 
2.61 
3.3 
4.1 

1.75 
1.71 
1.82 
2.06 

1.66 
1.51 
1.42 
1.63 

1.53 
1.37 
1.31 
1.12 

0.021 
0.039 
0.107 
0.23 
0.61 

0.046 
0.135 
0.36 
1.49 

0.062 
0.176 
0.60 
1.57 

0.053 
0.072 
0.114 
0.155 

0.088 
0.46 
1.12 
1.78 

0.054 
0.196 
0.75 
1.80 

0.095 
0.096 
0.102 
0.106 
0.112 

0.097 
0.113 
0.121 
0.128 

0.110 
0.130 
0.163 
0.203 

0.087 
0.090 
0.092 
0.098 

0.082 
0.077 
0.075 
0.081 

0.080 
0.070 
0.064 
0.055 

0.004 0.00s 0.012 0.016 0.020 
103kObj./~-1 

, 
1.13 2.1 3.3 4.6 5.5 0.28 
1.62 3.4 5.6 7.4 0.49 
0.75 1.48 2.5 3.6 4.4 0.24 

a Solvent compositions by volume before mixing. Initial [ReCl,,-] = lop4, [HClO,] = 0.025, 1 = 0.040 mol dmP3 (Mg[ClO,],). 
Initial [trans-Co(en),C1,+] = lop3, [HClO,] c Initial [Co(NH,),C12+] = 5 x lo-,, [HClO,] = 0.20, 1 = 0.24 mol dm-3 (Mg[ClO,],). 

= 0.03, I = 0.10 mol dm-3 (Mg[ClO,],). 
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recorded in Tables 1 and 2. The dependence of Kobs. on 
mercury(I1) concentration is illustrated, for the [ReC1,I2- 
anion, in Figure 1. Similar plots are obtained for the 
cobalt(II1) complexes. Over the concentration range 
studied, the rate law is thus that shown in equation (2).  

- d[complex]/dt = k[complex] [Hg"] (2) 

The reaction sequence for reactions of this type is set out in 
equation (3).  Here the binuclear species M-X-Hg may be 

a transient intermediate, possibly of such short lifetime that 
it approximates to a transition state, or it may have a 
lifetime sufficiently long to have kinetic consequences. 
The rate laws corresponding to these cases are shown in 
equations (4) and ( 5 )  respectively. Figure 1 and Table 1 
indicate that the mercury(I1)-catalysed aquations of the 
[ ReC1,I2-, [Co( NH,) Jl] ,+, and trans-[Co(en),Cl,] + ions 
follow equation (4) rather than (5 ) ,  at least at  the relatively 
low mercury(I1) concentrations employed in our study. 
The absence of intermediates of significant concentration 

TABLE 2 
Observed first-order rate constants, kobs., and derived 

second-order rate constants, k ,  = kObs./[Hg2+], for mer- 
cury(I1)-catalysed aquation of the trans-[Co(en),Cl,]+ 
cation in binary aqueous mixtures, a t  298.2 I<. Initial 
[complex] = lo-,, initial [Hg2+] = lo-,, [HClO,] = 
0.03, and I = 0.053 mol dm-3 (Mg[ClO,],) 

Solvent 103kobrr./s-l k,/dm3 md-' s-1 
Water 3.50 0.35 

3.85 0.39 
20 yo methanol 4.04 0.40 
30 3.61 0.38 

4.14 0.41 1 o\ 
lo} 

4.40 0.44 
::}yo ethanol 3.99 0.40 
401 3.57 0.36 

10) 3.60 0.36 f: }% ethylene glycol 3.26 
2.94 

0.33 
0.29 

401 2.42 0.24 

3.37 0.34 
3.12 0.31 

30 Yo glycerol 2.54 0.25 
40 "3 2.06 0.21 

1 0) 3.56 0.36 
i~ }?A acetonitrile 2.55 

1.99 
0.26 
0.26 

40) 1.31 0.13 

and lifetime is supported by the observation of isosbestic 
points in repeat-scan spectra of runs. Thus there is a 
clear isosbestic point a t  260 nm for the reaction of [ReC1,I2- 
with Hg2+(aq). Values of k ,  [equation (4)], computed for 
least-mean-squares plots of kobs. against [Hg2+], are quoted 
in Table 1. I t  may be added that these plots all pass 
through the origin; there is no kinetic evidence for a sig- 
nificant parallel mercury (11)-independent solvolysis path. 

- d[comples]/dt = k,[complex] [Hg2+] (4) 

The products of the mercury(I1)-catalysed aquations of 
the cobalt(II1) complexes are the respective aquocobalt(II1) 
complexes. For the mercury(I1)-catalysed aquation of the 
[ReC1,I2- anion the final rhenium-containing product was 
the [ReOJ- anion, here as in the uncatalysed aquation of 

FIGURE 1 Dependence of the observed first-order rate constant, 
kobe., for catalysed aquation of the [ReC1,]2- anion on mercury- 
(11) concentration at 298.2 K. Solvents: (a)  water ( y  scale 
expanded 10 times) ; (b) 40% methanol; (c) 30% acetonitrile; 
(d)  30% dioxan; and (e )  40% ethanol 

the [ReC1,I2- and [ReBr,12- anions.', As discussed in our 
earlier paper on the uncatalysed aquation, present know- 
ledge of the solution chemistry of rhenium is insufficient to 
allow us to elucidate the full reaction sequence, but the 
rate-determining step both in the uncatalysed and in the 
mercury(I1)-catalysed aquation must involve the loss of the 
first halide ion from the hexahalogeno-anion. Oxidation of 
rhenium(1v) to rhenium(vI1) , relatively rapidly by dissolved 
oxygen, occurs in a subsequent step involving an aquo- 
halogeno-intermediate or even the as-yet-uncharacterised 
Re4+(aq) cation. 

For truns-[Co(en),Cl,J+ it was confirmed that plots of 
Kobs. us. [Hg2+] were linear in water, in 40% t-butyl alcohol, 
and in 40% acetonitrile (respective k ,  values in Table 1) .  
For other solvent mixtures K ,  values were determined 
simply as Kobs./[Hg2+] at  one mercury(I1) concentration 
(Table 2). 

SoZubiZities.-Solubilities of niercury(I1) tetraphenyl- 
borate, caesium tetraphenylborate, and t r i s (  1,lO-phen- 
anthroline)iron(rI) hexachlororhenate in water and in some 
binary aqueous mixtures at  298.2 K are reported in Table 3. 
In order to prevent complications from the hydrolysis 
Hg2+(aq) === [Hg(OH)]+(aq) + H+(aq) solubilities were 
measured in lo-, mol dm-3 perchloric acid. I t  was necessary 
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to keep the acid strength as low as possible and to equilibrate 
the mixtures quickly in order to prevent significant de- 
composition of the tetraphenylborate anion.13 

TABLE 3 
Solubilities (S)  of Hg[BPh,],, Cs[BPh,], and [Fe(phen),]- 
[ReCl,] in binary aqueous solvent mixtures at 298.2 K 

Hg[BPh,], Cs[BPh,] [ReCl,] 
CFe(phen),l 

105S/m~l 104S/m~l 106S/mol 
Solvent * d m-3 d rn-, d mW3 

Water 5.09 1.00 5.1 
1 o\ 5.20 1.87 8.0 
::)yo methanol 
40 

5.80 2.17 10.6 
6.65 3.33 18.0 
6.70 3.67 26.0 

1 o> 5.25 2.10 

::}% ethanol 5.70 3.17 
7.25 4.5 

401 10.7 5.8 

1 o> 5.35 
6.85 )yo t-butyl alcohol 

40J 14.6 

:: }% acetonitrile 21.7 
15.5 

401 19.2 
* Solvent compositions by volume before mixing. 

DISCUSSION 

Mercury(I1) is generally the best metal-ion catalyst for 
halogeno-complexes, apart from fluoro-derivatives. Its 
catalytic properties are compared with those of the next 
most effective catalyst, TP+(aq), in Table 4. Mercury(I1) 
is also to be preferred to thallium(II1) in the light of the 
oxidising properties of the latter. It should be men- 
tioned here that mercury(11) is a catalyst for the aquation 
of a variety of compounds. In  particular i t  catalyses 

TABLE 4 

Relative effectiveness of Hg2+(aq) and T13+(aq) as aquation 
catalysts for chlorotransition-metal complexes, ex- 
pressed as the ratio of the second-order rate constants, 
k,(Hg2+)/k2(TP+), under comparable conditions 

Complex k,(Hg2+)/k,(T13+) Ref. 
[ ReC18]2- 8.7 20 

16.2 U 
11.8 14,16, b 

[Co(NH3) 5C1I '+ 
czs-[Co(en),Cl,]+ 
trans-[Co(en),Cl,] + 8.41 
0 I.  V. Kozhevnikov and E. S. Rudakov, Inorg. Nuclear 

C h e w  Letters, 1972, 8, 571. F. Basolo and R. G. Pearson, 
' Mechanisms of Inorganic Reactions,' 2nd edn., Wiley. New 
York, 1967. 

the aquation of acetonitrile; we are able to use aceto- 
nitrile as a cosolvent in our investigation as mercury(I1) 
catalysis of our complexes is much faster than its 
catalysis of acetonitrile hydr01ysis.l~ 

The relative effects of different cosolvents on the 
mercury(1r)-catalysed aquation of the [Recl6l2- anion 
are illustrated in Figure 2, where k ,  is shown as a function 
of x,, the mole fraction of the organic cosolvent. This 
diagram resembles the analogous plot for the reaction of 
the [Fe(bipy)J2+ cation with cyanide ion.6 

There is a striking difference between the solvent 
sensitivities of our three mercury(I1)-catalysed aquations. 
Thus k ,  for the [Co(NH,),C1I2+ complex is only ca. 1.25 
times greater in 40% ethanol than in water, whereas k,  
for the [ReCl6I2- anion is 75 times larger in 40% ethanol 
than in water. At this stage of our discussion this 
difference can be qualitatively ascribed to the difference 
between reactant charge products; it will be analysed in 
detail towards the end of this paper. The importance of 
charge product in determining solvent sensitivities of 
substitution rates has long been recognised, as, for 
instance, in Ingold's discussion of organic s~bs t i tu t i0n . l~  

Grunwald-Winstein analyses l6 of solvent dependences 
of rates of substitution reactions have proved useful in 
the classification and mechanism diagnosis both of 
organic 17 and of inorganic lR reactions. Good cor- 

1-5 

- 
I 

In 
I '- 1.0 
E 
E 
0 

0 
\ 

aN 

0.5 

X 2  

FIGURE 2 Variation of the second-order rate constant, k,, for 
mercury(r1)-catalysed aquation of the [ReC18]2- anion at 298.2 K 
with mole fraction organic component, x,; (n), t-butyl 
alcohol; (A), ethanol; (+), acetonitrile; ( O ) ,  methanol: 
(A) ,  ethylene glycol 

relations of logarithms of rate constants with solvent Y 
values (defined from relative rates of S N 1  solvolysis of 
t-butyl chloride 16) are expected for dissociative solvo- 
lyses of organic and inorganic halides; they are also 
sometimes found for bimolecular reactions. Thus we 
have found that second-order rate constants for the 
reaction of the [ F e ( b i ~ y ) ~ ] ~ +  cation with cyanide ion, and 
for mercury(r1)-catalysed aquation of the [Co(NH,),C1I2+ 
and [Rh(NH3),C1I2+ cations, correlate tolerably well with 
solvent Y values, with slopes (m) of the respective plots 
being ca. -1.0 to -1.1,' -0.35, and -0.25 (ref. 19) 
respectively. For the iron(I1) complex the cosolvents 
included methanol, ethanol, acetone, and dioxan ; for 
these cobalt(II1) and rhodium(II1) complexes, rate con- 
stants were only determined over the short solvent range 
0-25y0 ethanol. Grunwald-Winstein plots of our 
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present results for mercury(I1)-catalysed aquation of the 
[ReCl6I2- and [Co(NH,),C1I2+ ions are shown in Figure 3. 
The degree of correlation, and the curvature of the best 
correlation line, are similar for [ReC1J2- + Hg2+ to 
[Fe(bipy),I2+ + CN-. However, the high sensitivity 
of the former reaction to solvent variation is reflected in 
an rn value of -1.7 for water-rich mixtures. Our 
present results for the mercury(I1)-catalysed aquation of 
the [Co(NI-&),C1I2+ cation, relating both to more co- 
solvents and to a greater composition range than our 
earlier study,19 now suggest an m value of ca. -0.2 for 
this reaction. A Grunwald-Winstein plot for the 

1 1 1 I 

2.0 2.5 3-0 
m- 

FIGURE 3 Grunwald-Winstein plots of decadic logarithms of 
second-order rate constants, k,, for the mercury(I1)-cataiysed 
aquation of the [ReCI,12- anion (0) and the [CO(NH,),C~]~+ cation 
(+) against solvent Y values, for binary aqueous mixtures and 
water 

mercury(I1)-catalysed aquation of the trans-[Co(en),Cl,] + 

cation shows markedly less correlation than for the other 
two complexes. 

We have found that there is a close correlation between 
the kinetic parameter 6mAGr (i.e. the medium effect, 
6,, on the activation Gibbs function AGJ) and the excess 
Gibbs free energy of mixing, GE, of the solvent mixture 
for the (dissociative) solvolysis of t-butyl chloride, 
aquation of the [Fe(5N02.-phen),12+ cation (5NO,-phen = 
5-nitr0-1,20-phenanthroline),~~ and substitution at 
pentacyanoiron(I1) complexes [Fe(CN),L]3-,20 for re- 
action in ‘ typically aqueous ’ (ITSE/ > [PI) binary 
aqueous solvent mixtures. There is a tolerable cor- 
relation of 6,AGX with G E  for the second-order mercury- 
(11)-catalysed aquation of the [ReCl6I2- anion in the 
‘ typically aqueous ’ solvent mixtures we have used, 
viz. methanol-, ethanol-, and t-butyl alcohol-water, 

although the plot for t-butyl alcohol deviates from those 
for the other two alcohols beyond a mole fraction of 
cn. 0.09 t-butyl alcohol. 

A recent examination 21 of the endostatic analysis of 
activation parameters 22 has identified certain problems 
of definition with reference to endostatic conditions. 
Consequently we have not extended our previous 
application of this model approach to the systems 
reported here. Rather we have attempted to determine 
explicitly the solvent effects on initial and transition 
states, as set out in the paragraphs which follow. 

Both the Grunwald-Winstein analysis and the com- 
parison with excess Gibbs free energies of mixing concern 
just reaction rates, and thus include both initial- and 
transition-state solvation contributions. To separate 
these we need to establish solvent effects on the initial 
states, arnpe(i.S.), and on reactivity, and thence by 
arithmetic obtain the t ransition-st at e contribution, 
G,pe(t.s.) [equation (S)]. We have 6,AGZ values for all 

three second-order mercury(I1)-catalysed reactions in 
several series of binary aqueous mixtures. We shall 
now derive such values of &pe (reactants) as we can, so 
that we can calculate 6mpe(t.s.) for at least some solvent 
mixtures and thus compare initial-state and transition- 
state solvation effects in determining reactivity trends. 
The most difficult and contentious aspect of establishing 
Gmpe(ions) is the splitting of whole-salt values into single- 
ion contributions. There are a variety of ways of doing 
this, which unfortunately do not always give consistent 
results when they can be compared directly. The two 
commonest approaches are to estimate srnpe(ion) for 
one ion, and thence derive ampe values for all other ions 
from appropriate experimental ampe (salt) values, and to 
assume that 6mpe values for a selected cation and a 
selected anion are equal. We shall use Wells’s version 
of the first approach, which involves Born calculations 
on the transfer of the proton,24 and versions of the latter 
approach in which it is assumed that the thermodynamic 
transfer parameters for large and allegedly lightly 
solvated anions and cations are equal [e.g.  6mpe(PPhg+ or 
NR4+) = 8 m ~ ~ ( B P h , - ) ] . ~ ~  I t  is unfortunate that the 
latter attractive approach, much used recently for single 
solvents, has been used very little in work and calcu- 
lations on the properties of ions in binary aqueous 
mixtures. 

ampe(Hg2+) .-Estimates of values for 6mpe( Hg2+) from 
water into 1 0 4 0 ~ 0  methanol can be obtained from our 
solubility results (Table 3) and appropriate literature 
data, as shown in Table 5. Agreement between 
&,pe(Hg2+) values derived by different routes for 
ethanol-water mixtures is not good (columns VII 
and VIII of Table 5 have to agree fairly well as their 
underlying assumptions are almost identical). The 
assumption Gmpe(BPh4-) = 0, after Abraham’s hypo- 
thesis of Gn,pe(NMe4+) = 0,2G gives a very different set of 
results (cf. column IV of Table 5), is less attractive, and 
is therefore not used in deriving 6mpe(Hg2+) values in 

(6) 8mAGJ = 6mpe(t.s.) - G,,pe(i.s.) 
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Table 5.  Our values of 6,p*(Hg2+) for transfer into 
methanol-water mixtures are compared with selected 
8,pe(ion) values in Table 6. The surprising feature of 
this comparison is that  the trend for Hg2+ is similar to 
that for K+ and for halides, and in the opposite direction 
to that for the more closely related ' soft ' 27 cations Cd2+ 

methanol-water mixtures where direct comparison is 
possible. The Gibbs free energy of transfer, or ampe 
value, for the hexachlororhenate(1v) anion becomes more 
positive as the solvent mixture contains more of the 
organic component. This is the expected behaviour; 
8,,pe(ReC162-) ca. 6 kJ mol-1 for 30% methanol (Table 7) ,  

TABLE 5 
Gibbs free energies of transfer, ampe, of mercury(I1) and caesium tetraphenylborates, and of the ions Cs+, Hg2+, and BPh,-, 

at 298.2 K (molar scale) * 
&+*/k J mol-l 

BPh,- Hg2+ 
Cs+ r.---------h 7 r-------h----7 

Cosolvent yo (v/v) I1 111 I V  V V I  VI I  VITI TX 
HIZ[y,I  z CsPPh4I 

Methanol 10 - 0.15 - 3.10 -0.38 - 2.72 3.2 
20 - 0.97 - 3.84 - 0.08 --3.76 3.9 
30 - 1.99 - 5.97 t 0 . 4 2  -6.39 6.6 
40 - 2.05 - 6.44 + 1.05 - 7.49 6.9 

Ethanol 10 -0.23 -3.68 +0.67 - 4.35 - 1.8 - 1.0 6.0 3.2 1.8 
20 - 0.84 -5.72 + 1.38 - 7.10 -3.6 - 2.2 9.3 6.4 3.6 
30 - 2.63 - 7.46 $- 2.09 - 9.55 - 6.9 - 3.6 11.4 11.2 4.6 
40 -5.49 -8.73 f2.93 -11.05 -11.3 -5.0 16.1 17.1 4.5 

* Sources: I and I1 calculated from Table 4 solubilities; 111 from ref. 24; I V  from I1  and 111; V from ref. 24; VI estimated 
assuming G,p*(AsPh,+) = G,pe(BPh4), ref. 25; VII  from I and IV;  VII I  from 1 and V ;  IX from I and VI.  

and Ag+. It should be added here that all the values in 
Table 6 have been derived by the use of very similar 
 assumption^.^^ At least our smpe(Hg2+) values (columns 
VII and VIII of Table 5 )  are of the same sign for 
methanol-water and for ethanol-water mixtures and, as 
expected, increase more rapidly with increasing pro- 
portion of organic cosolvent in the latter series of 
mixtures. 

8mpe(ReC1,2-).-Two routes have been used to 

whereas ampe(C1-) ca. 4 kJ mol-l for the same solvent 
mixture .7 

were obtained directly from published solubilities of the 
chloride salt of this complex cation 30 and published 
values for 8mpe(Cl-).24 The chemical potential of this 
cobalt(II1) complex cation increases rapidly as the 
proportion of ethanol in ethanol-water mixtures in- 
creases; 6,pe[Co(NH3),Cl2+] * = 2.0, 3.6, 7.0, and 9.6 

ampg [CO (N H3),C12+] .-Values of 8mpe [CO (N H3) jC12 +I 

TABLE 6 

Comparison of S,pe(Hg2+) values with other 8,pe(ion) values for transfer from water into aqueous methanol, a t  298.2 K. 
Values are taken from ref. 24, and are in kJ mol-l (mole fraction scale except where indicated otherwise) 

% Methanol 
h 

407 

3.9 * 6.6 * 6.9 * 

r 
VIV 10 20 30 

Ion w/jv fH* 16.5 25.3 34.5 

2.1 2.6 4.6 4.9 Hge+ 
% (w/w) Methanol 

10 20 30 33.4 40 43.1 50 
Ba2+ 0.13 -0.01 - 1.55 
Cd2+ - 0.50 - 1.01 - 3.28 
ZnZ+ -0.77 -1.46 -2.11 
I< + 0.46 0.68 1.05 1.10 0.81 

1.27 2.69 6.24 8.59 
Ag+ 
c1- 

-0.10 -0.38 - 0.99 - 1.76 

* Molar scale, from Table 5, column VII.  

estimate values for 8,p9(ReC.1,2-). One set of values has 
been obtained directly from published solubilities of 
caesium hexachlororhenate( 1v) 28 and published esti- 
mates of B,P~(CS+).~~ The second set of values was 
obtained by a slightly more tortuous route, from the 
solubilities of [Fe(phen),][ReCl,] (Table 3). The re- 
quired values of Gmpe[Fe(phen)32+] were calculated from 
known solubilities of [Fe(phen),] [ClO,], and published 
estimates of 8mpe(C104-).24 The two sets of values for 
8,p*(ReC1,2-) are listed in Table 7 ;  they agree well for 

kJ mol-l a t  298.2 K for transfer from water to 10, 20, 
30, and 40% (v/v) ethanol. 

8mpe[trans-Co(en),Cl,+].--I;rom published solubilities 
of trans-[Co(en),Cl,] [ClO,] 31 and estimates of ampe- 
(Clod-) 24 it is possible to estimate that 8,pe[trans- 
Co(en),Cl,+] * is 0.1, 0.5, 0.7, and 0.6 kJ mol-l a t  298.2 K 
for transfer from water to 10, 20, 30, and 40% (v/v) 
ethanol. These values may be compared with 6,pefcis- 
Co(en),Cl,+] = 12.5 kJ mol-l for transfer from water to 

* Molar scale. 
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pure ethanol.32 The smaller change of chemical potential 
with solvent composition for trans-[Co(en),Cl,]+ than for 
[Co(NH3),C1I2+ (cf. above) is reasonable from a simple 
electrostatic viewpoint. 

Initial- and Transition-state Efects.-Having obtained 
values of Bmpe for the reactants (initial state), we can 

TABLE 7 
Values for 6,pe(ReCl,2-), molar scale, estiiriated by the two 

routes described in the text a 
8,pe(ReC16z-)/k J mol-' 

Solvent I I1 
Methanol 

2.8 1.8 
5 .5  3.7 

5 .0  6.7 
8 .6  7 .9  

10% 
20% 
30% 
40 Yo 

10% 
20% 

Ethanol 
0.7 
2.8 

3 0 O/" 2.6 
40% 5.2  

a Column I values derived via solubilities of the caesium salt, 
Solvent column I1 via solubilities of the [Fe(phen),12+ salt. 

compositions aEe by volume before mixing. 

now combine these with values of B,AG'+ calculated from 
the appropriate rate constants using normal transition- 
state kinetic theory to obtain values of smp'+, the transfer 
function for the transition state. These calculations and 
results are summarised in Table 8, for all three mercury- 
(11)-catalysed aquations in water-ethanol mixtures. 

TABLE 8 

Gibbs free energies of transfer of the initial (is.) and tran- 
sition states (t.s.) and Gibbs activation free energies of 
transfer for mercury(I1)-catalysed aquation of the 
[ ReCI,] 2-, [Co( NH,) &112+, and trans- [Co(en) 2C12]+ ions, 
a t  298.2 K, in ethanol-water mixtures. The values 
given are for transfer from water; units are kJ mol-1 

yo (v/v) Ethanol 
r 

10 20 30 40 
~mp"(Hg2+) 3.2 6 .4  11.2 17.1 

(a) For [ReC1,I2- 
8,pe(ReCl,,2-) 0.7  1.6 2.6 5 .2  
6,pe (i . s. ) 3 . 9  8 . 0  13.8 22.3 
8,AGt -2.0 -4 .7  -7 .1  -10.6 
b w t  1.9 3.3 6.7 11.7 

(b )  For [Co(NH,),C1I2+ 
G,pe[Co (NH,) 5C12+] 2.0 3.6 7.0 9.6 
a m p (  i . s. ) 5.2  10.0 18.2 26.7 
6,AGr -0 .1  -0.4 -0 .6  -0.7 
a m p t  5 .3  10.4 18.8 27.4 

(c) For trans - [Co( en) zC1z] + 

8,p~[1~ans-Co(en)~Cl~+] 0.1 0 .5  0.7 0.6 
8,p (i . s . ) 3 . 3  6 . 9  11.9 17.7 
8,AGr -0 .4  -0 .6  - 0 . 3  -0.1 
ampt 3.7 7.5 12.2 17.8 

In the reaction with the [ReC1J2- anion, the marked 
increase in rate with increasing ethanol proportion can be 
ascribed to the much greater destabilisation of the initial 
state (charges +2 and -2 separately) than of the 
transition state (electrically neutral overall) [Figure 4(a)]. 

The much smaller variations in rate constants with 
solvent composition for the mercury(I1)-catalysed aqua- 
tions of the two cationic cobalt(II1) complexes arise from 
near compensation of initial- and transition-state 
chemical-potential variations [Figure 4(b)]. Figure 5 

20 

1 

I 

FIGURE 4 Analysis of solvent effects on reactivity into initial- 
and transition-state contributions for mercury(I1)-catalysed 
aquation of (a) [ReC1,I2- and (b) [CO(NH,),C~]~+ in ethanol- 
water mixtures. The plots show the dependence of transfer 
parameters on solvent composition for the individual reactants 
(- - 0 - -), the initial state (-- 0 -), the Gibbs free energy 
of activation (- x -), and the transition state (- 0 -) 

presents a comparable analysis for solvolysis of the cis- 
[Co(en),C12] + cation in various non-aqueous s0lvents.3~ 
Here the rate represents a relatively small difference 
between initial- and transition-state effects, with both 
these effects closely paralleling the solvent effect on 

Conclusions.-In the previous paragraphs we have 
shown a significant difference in behaviour between the 
reaction of [ReC1,I2- on the one hand, and of [Co- 
(NH3),C1I2+ and trans-[Co(en),Cl,]+ on the other, with 
mercury(I1). We have shown how the observed re- 
activity trends can be explained in terms of initial- and 

&.L*(Cl-). 
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transition-state chemical potentials, themselves deter- 
mined by solvation changes. What is disappointing is 
that our analysis can only be carried out in one series of 
solvent mixtures, ethanol-water, for all three reactions. 
This restriction is imposed by the paucity of single-ion 
parameters for aqueous mixtures. When more data in 
this area eventually become available it will be possible 

zoc 

I 
I I I 

dmf MeOH dmso tms 
Analysis of solvent effects on reactivity into initial- 

and transition-state contributions for solvolysis of the cis- 
[Co(en),Cl,]+ cation in dimethylformamide (dmf), methanol 
(MeOH), dimethyl sulphoxide (dmso) , and tetramethylene sul- 
phone (tms). The plots show transfer parameters from water 
into these solvents for the cobalt(II1) complex (O) ,  the Gibbs 
free energy of activation ( x ), and the transition state (0). The 
dashed line shows the Gibbs free energies of transfer of chlor- 
ide (shifted by 17 kJ mol-1 for convenience) for comparison 

to analyse more of our kinetic data and tcst the generality 
of our preliminary conclusions. 

We have restricted our present investigation to 
mercury(I1) catalysis. A variety of cations can catalyse 
aquation of halogenometal complexes. For example, 
thallium( 111) and cadmium(I1) as well as mercury(I1) 
catalyse aquation of the [ReC1,I2- anion ; thallium(II1) 
catalyses the equation of many chlorocobalt (111) com- 
plexes.= Such ions as  silver(^),^^  copper(^^),^^ iron(11),~' 
cadmium(II), and lead@) 38 can also act as catalysts for 
aquation of chloro-, bromo-, and thiocyanato-complexes. 
These ions are, of course, ineffective as catalysts for 
aquation of fluoro-complexes, where compounds of 
aluminium(m), thorium(Iv), or zirconium(1v) 39 are more 
suitable; the ' hard and soft acids and bases ' collation 
approach 27 provides a good guide in this area. 

FIGURE 5 

EXPERIMENTAL 

The salts K2[ReC16],40 [CO(NH,),C~]C~,,~~ and trans- 
[C~(en),Cl,]Cl,~~ were prepared by published methods. 
Methanol was treated with magnesium and iodine and re- 
distilled before use.43 1 ,.Q-Dioxan was freed from peroxides 
by passing down an alumina column, and was then distilled. 
Other solvents were AnalaR materials, used as received. 
Mercury(I1) perchlorate and nitrate were purchased from 
K & K Laboratories and from B.D.H. respectively, and 
used as received. Mercury(I1) solutions were prepared 
freshly each day to avoid any formation of polynuclear 

mercury species; they were made up in aqueous acid. 
Kinetic runs were carried out in the thermostatted cell 
compartment of a Unicam SP 800A recording spectrophoto- 
meter, at  wavelengths corresponding to maximum absorp- 
tion of the respective complexes. Reaction conditions are 
specified in the respective Table headings. 

We thank the Royal Society for a Grant-in-aid for the 
purchase of the spectrophotometer used for this investig- 
ation, Dr. B. G. Cox for helpful correspondence on single-ion 
parameters in binary aqueous mixtures, Professor R. D. 
Gillard for useful discussion of the instability of tetraphenyl- 
borates in acid solution, and Dr. E. Waghorne for providing 
preliminary kinetic results on the decomposition of tetra- 
phen ylborate. 

[8/1747 Received, 6th October, 19781 

REFERENCES 
* E. M. Arnett, W. G. Bentrude, and P. McC. Duggleby, 

mer. Chem. Soc., 1965, 87, 2048 and refs. therein. 
J *  

' Inorganic Reaction Mechanisms,' ed. J .  Burgess, Chem. 
SOC. Specialist Periodical Report, London, 1971, vol. 1, pp. 
112-113; 1972, vol. 2, pp. 111-112. 

M. H. Abraham, G. F. Johnston, J .  F. C. Oliver, and J .  A. 
Richards, Chem. Comm., 1969, 930; M. H. Abraham, J .  Chem. 
SOC. ( A ) ,  1971, 1061. 

M. H. Abraham, Chem. Comm.,  1969, 1307. 
M. J. Blandamer, J .  Burgess, and J .  G. Chambers, J . C . S .  

Dalton, 1977, 60. 
M. J .  Blandamer, J .  Burgess, J .  G. Chambers, R. I. Haines, 

and H. E. Marshall, J . C . S .  Dalton, 1977, 165. 
M. J. Blandamer, J .  Burgess, and J .  G. Chambers, J . C . S .  

Dalton, 1976, 606. 
8 M. J .  Blandamer, J .  Burgess, S. J .  Cartwright, and M. 

Dupree, J . C . S .  Dalton, 1976, 1158. 
g U. Mayer, Pure A p p l .  Chem., 1975, 41, 291. 

lo See, for example, H. Kelm, H. Stieger, and G. M. Harris, 
2. phys.  Chem. (Frankfurt), 1969, 67, 98; L. Goswami, S. Sarkar, 
and D. Banerjea, 2. anorg. Chem., 1977, 435, 301; A. C. Dash, 
R. K. Nanda, and H. K. Patnaik, Transition Metal Chem., 1977, 
2, 183; A. C. Dash; J .  Inorg. Nuclear Chem., 1978, 40, 132. 

l1 J .  Burgess, Metal Ions in Solution,' Ellis Horwood, 
Chichester, 1978, ch. 9 and refs. therein. 

l2 J. Burgess, R. D. Peacock, and A. M. Petric, J . C . S .  Dalton, 
1973, 902. 

13 B. G. Cox, R. D. Gillard, and W. E. Waghorne, personal 
communications. 

l4 Y. K. Sze and D. E. Irish, Canad. J .  Chem., 1975, 53, 427. 
l6 C. K .  Ingold, ' Structure and Mechanism in Organic Chemis- 

try,' Cornell University Press, New York, 1953, pp. 345-350 and 
refs. therein. 

16 E. Grunwald and S. Winstein, J .  Amer. Chem. Soc., 1948, 
70, 846. 

l7 See, for example, P. R. Wells, Chem. Rev., 1963, 63, 171; 
' Linear Free Energy Relationships,' Academic Press, London, 
1968, ch. 4 ;  J.  E. Leffler and E. Grunwald, ' Rates and Equilibria 
of Organic Reactions,' Wiley, New York, 1963. 

See, for example, ' Inorganic Reaction Mechanisms,' ed. 
J. Burgess, Chem. Soc. Specialist Periodical Report, London, 1971, 

pp. 322-323; ed. A. McAuley, 1976, vol. 4, pp. 242-243. 
1@ M. J.  Blandamer, J .  Burgess, and R. I. Haines, J . C . S .  

Dalton, 1976, 385. 
20 M. J .  Blandamer, J .  Burgess, and R. I. Haines, J . C . S .  

Dalton, 1976, 1293. 
21 G. L. Bertrand and T. F. Fagley, J .  Amer. Chem. Soc., 1976, 

98, 7944. 
22 E. Grunwald and A. Effio, J ,  Amer. Chem. Soc., 1974, 96, 

423. 
z3 M. J .  Blandamer, J. Burgess, and M. Dupree, J.C.S .  Dalton, 

1977, 63. 
24 C. F. Wells, J . C . S .  Faraday I ,  1973, 984; 1974, 694; D. 

Bax, C. L. de Ligny, and A. G. Remijnse, Rec. Trav.  chim., 1972, 
91, 965. 

26 B. G. Cox, Ann.  Refiorts ( A ) ,  1974, 249; B. G. Cox, G. W. 

V O ~ .  1, pp. 202-203; 1972, V O ~ .  2, pp, 150-151; 1974, V O ~ .  3, 

Hedwig, A. J. Parker, and D. $V..Watts, Austral. J .  Chem., 1974, 
27, 477. 

http://dx.doi.org/10.1039/DT9800000607


615 
26 M. H. Abraham, J . C . S .  Faraday I ,  1973, 1375. 
27 ‘ Hard and Soft Acids and Bases,’ ed. R. G. Pearson, Dowden, 

Hutchinson, and Ross, Stroudsburg, Pa., 1973. 
28 J .  Burgess, N. Morton, and J. C. McGowan, J . C . S .  Dalton, 

1977, 1775. 
29 F. M. Van Meter and H. M. Neumann, J .  Amer.  Chem. Soc., 

1976, 98, 1382. 
30 E. M. Strel’tsova, N. K. Markova, and G. A. Krestov, Izvest. 

Vyssh. Uchebn. Zaved. Khim.  Tekhnol., 1973, 16, 694; Russ. J .  
Phys.  Chem., 1974, 48, 2244. 

31 E. M. Strel’tsova, N. K. Markova, and G. A. Krestov, Russ. 
J .  Phys.  Chem., 1974, 48, 992; 1976, 50, 264. 

32 W. R. Fitzgerald, A. J .  Parker, and D. W. Watts, J .  Amer.  
Chem. Soc., 1968, 90, 5744; U. Mayer, Pure A p p l .  Chem., 1975, 
41, 291. 

33 J .  Burgess and S. J .  Cartwright, J . C . S .  Dalton, 1976, 1561. 
34 For example, S. F. Chan and S. L. Tan, J .  Inorg. Nuclear 

Chem., 1976, 38, 2161. 

35 S. W. Foong, B. Kipling, and A. G. Sykes, J .  Chem. SOC. ( A ) ,  
1971, 118; B. S. Dawson and D. A. House, Inorg. Chem., 1977, 
16, 1354; G. C .  Lalor and H. Miller, J. Inorg. Nuclear Chem., 
1978, 40, 305. 

36 A. C. Dash, R. K. Nanda, and S. K. Mohapatra, J.C.S. 
Dalton, 1975, 897. 

37 K. Kumari. S. Prakash, K. S. Dwivedi, and R. Singh, 
Chem. Abs. ,  1977, 87, 29623j. 

N. Ise, M. Ishikawa, Y. Tanigushi, and K. Suzuki, J .  
Polym. Sci., Polym. Lett. Edn. ,  1976, 14, 667. 

3g J. Burgess, R. D. Peacock, and J. H. Rogers, unpublished 
work. 

40 R. Colton, ‘ The Chemistry of Rhenium and Technetium,’ 
Interscience, New York, 1965, p. 76. 

41 G. G. Schlessinger, Inorg. Synth., 1967, 9, 160. 
42 J .  C. Bailar, Inorg. Synth., 194fi, 2, 222. 
43 A. J. Gordon and R. A. Ford, 

Wiley, New York, 1972, pp. 429-437. 
The Chemist’s Companion,’ 

http://dx.doi.org/10.1039/DT9800000607

