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Solvent Effects on the Initial and Transition States for the Reaction of 2,2’- 
Bipyridyldichloroplatinum(ll) with Thiourea in Aqueous Dioxan and in 
Aqueous Tetra hydrof urant 
By Michael J. Blandamer, John Burgess,* and John G. Chambers, Department of Chemistry, University of 

Rates of reaction of 2,2’-bipyridyldichloroplatinum(ii) with thiourea are reported for a series of water-I ,4-dioxan and 
water-tetrahydrofuran solvent mixtures, a t  293.2 and 298.2 K respectively. From an analysis of these kinetic results 
and data or1 the solubilities of the reactants, it is demonstrated that initial-state solvation changes play a pre- 
dominant role in determining the reactivity trends for this reaction in the solvent mixtures studied. 

Leicester, Leicester LEI 7RH 

IT is possible to estimate the relative importance of sol- 
vent effects on the initial and transition states in deter- 
mining kinetic parameters for a reaction from knowledge of 
the solvation of the reactants and kinetic data. A de- 
tailed analysis of reactions of tetra-alkyltin compounds 
with mercury(I1) chloride in methanol-water solvent 
mixtures showed that the large changes in reaction rates 
with change in solvent compos$ion could be ascribed 
almost entirely to changes in reactant so1vation.l A 
similar conclusion was reached concerning the I’vIenschut- 
kin reaction of trimethylamine with methyl iodide,2 and 
the solvolysis of t-butyl chloride in water-rich  mixture^.^ 
On the other hand, in demetallation of tetra-alkyl-lead 
compounds with iodine, solvent effects in the transition 
state are of comparable importance to solvent effects in 
the initial state in determining reactivity.* 

The extension of such an analysis of solvent effects on 
reactivities to transition-metal complexes is often diffi- 
cult. In  particular, since most of the reactions of interest 
involve charged species one usually has to face the prob- 
lem of estimating solvation characteristics for single ions. 
One way round this difficulty is to examine the difference 
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between the reactivity trends for two similar complexes 
of identical charge, as in the aquation of the substituted 
tris( 1 ,lo-phenanthroline) complexes [Fe(5NO2-phen)J2* 
and [Fe(4,7Me,-phen),I2+ in water-t-butyl alcohol mix- 
t u r e ~ . ~  But to obtain information on one specific re- 
action it is necessary to estimate the thermodynamic 
solvation parameters involved, which can be done with a 
greater or lesser degree of confidence depending on the 
circumstances. This approach has been used with some 
success for the reaction of the [Fe(bipy),I2+ (bipy = 2,2‘- 
bipyridyl) cation with cyanide ion in several series of 
mixed aqueous solvents.6 In  this case the effects of 
changing the solvent composition on the chemical po- 
tential of the large iron(@ complex are likely to be much 
less than those on the chemical potential of the small 
cyanide ion. Indeed the small variation in rates of the 
dissociative 7 aquation of iron(I1) complexes with sol- 
vent composition 6,8 is consistent with small solvent 
effects on the chemical potentials of these cations. The 
variation in chemical potential of the cyanide ion with 
solvent composition can be estimated with some confi- 
dence via that for chloride and has been found to be 
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the dominant factor in determining reactivity variations 
for the reaction of the [Fe(bipy)J2+ cation with cyanide 
ion.6 It is instructive here to compare the large vari- 
ation in reactivity with solvent composition for this 
associative reaction with the small variation for the dis- 
sociative interchange reaction of Fe3+(aq) with thio- 
cyanate.lO For the latter reaction the large increase 
in the chemical potential of the thiocyanate anion on 
transfer from water to dimethyl sulphoxide is not re- 
flected in a large increase in the rate of reaction. In 

Unicam SP 800A recording spectrophotometer. Solubilities 
of the platinum complex were determined by equilibrating 
an excess of it with solvent mixtures of appropriate com- 
position, and then estimating the concentration of dissolved 
complex spectrophotometrically by monitoring optical 
densities a t  310 and 380 nm. 

RESULTS 

Kinetics.-Runs were conducted with thiourea in large 
excess, under which conditions all the runs followed first- 
order kinetics over a t  least three half-lives. There was an 

TABLE 1 
Average first-order rate constants, kobs., and derived first- and second-order rate constants k ,  and k ,  [defined by equation 

(2) of text], for the reaction of [PtC12(bipy)] with thiourea in water + 
x2 tetrahydrofuran) a t  298.2 K 

x2 = 0.510 

2-2 = 0.200 

[thiourea]/mol dm-5 0.026 
1O3kOba./s1 4.6 

[thiourea]/mol dm-3 0.025 
1O3k0b8./S-' 12 

X, = 0.143 
[thiourea]/mol dm-3 0.010 
103kob~./S-1 6.8 

[thiourea]/mol dm-3 0.0033 
103kob,./~-l 6.3 

X %  = 0.098 

0.050 
9.1 

0.036 
15 

0.020 
16 

0.0100 
16 

principle the analysis of solvent effects on initial and 
transition states should be more satisfactory for reactions 
of uncharged metal complexes. For instance the reac- 
tion of rhenium pentacarbonyl iodide, [Re(CO),I], with 
cyanide ion should be more amenable to  this type of 
analysis than that of the [Fe(bipy)J2+ cation with cyanide 
ion. Unfortunately our efforts to separate solvent effects 
on the reaction of [Re(CO),I] with cyanide ion into initial- 
and transition-state contributions foundered on the large 
uncertainties in the chemical potentials of the cyanide 
ion in the organic-rich solvent mixtures in which the 
kinetics could be monitored.ll 

Obviously, therefore, a satisfactory t ransition-met al 
complex system will consist of an uncharged complex and 
an uncharged entering ligand, with both kinetic para- 
meters and solubilities (or other sources of information 
concerning the dependence of chemical potential on 
solvent composition) measurable over a suitable range 
of solvent mixtures. Platinum(I1) chemistry seems a 
likely source of suitable reactions. In the present 
paper we report an analysis of solvent effects on reactivity 
for the substitution (1) f tu  = thiourea), in water- 
dioxan and in water-tetrahydrofuran mixtures. We 
suggest that here changes in reactivities are determined 
mainly by reactant solvation effects. 

[PtCl,(bipy)] + tu --j [PtCl(bipy)(tu)]+ + Cl- (1) 

EXPERIMENTAL 

2,2'-Bipyridyldichloroplatinum (11) was prepared by the 
published method.12 Kinetic runs were carried out in 10- 
mm silica cells in the thermostatted cell compartment of a 

0.075 
13.4 

0.050 
19 

0.030 
21 

0.0133 
18 

tetrahydrofuran solvent mixtures (mole fraction 

l O 3 k 1 p  k2/dm3 m o P  s-1 

} ca. 1 0.20 & 0.01 0.100 
19.6 

} ca. 2 0.32 f. 0.02 

} ca. 1 0.71 f 0.04 

} ca. 2 1.27 & 0.13 

0.070 
25 

0.040 
29 

0.0167 
24 

isosbestic point at  360 nrn in all the solvent mixtures. Rate 
constants were computed from absorbances at  310 and 380 
nm, corresponding to the appearance of the product and 
disappearance of the starting complex respectively. For a 
given run, identical rate constants were obtained from ab- 
sorbance changes at  the two wavelengths. 

Computed first-order rate constants, kobs., for the reaction 
in water-tetrahydrofuran mixtures a t  298.2 K are reported 
in Table 1. These results are consistent with the usual 
two-term rate law for substitution a t  square-planar com- 
plexes, equation (2). Values of iz, and k ,  for each solvent 
mixture are also given in Table 1. The k, values in Table 1 

-d[PtCl2(bipy)I/dt = (A1 + k2Ctul"tCl,(biPY)l (2) 

are subject to considerable uncertainty as this path makes 
only a small contribution to the overall reaction at  the 
thiourea concentrations used. We are concerned with the 
associative k ,  path, so the small k ,  values are hereafter ig- 
nored. The k ,  terms for the reaction in water-dioxan make 
an even smaller contribution to overall bobs. values under the 
conditions used; k ,  values for the reaction in these solvent 
mixtures were therefore obtained directly by dividing by 
the concentration of thiourea (0.010 mol dm-3). These k ,  
values for the reaction in water-tetrahydrofuran are listed 
in Table 2. 

Solubilities.-The measured solubilities of [PtCl,(bipy)] in 
water-dioxan mixtures a t  293.2 K and in water-tetrahydro- 
furan mixtures at.298.2 K are reported in Table 2. 

Transfer Functions.-A key consideration in this study 
was the calculation of transfer quantities describing the 

10 D. H. Devia and D. W. Watts, Inorg. Chim. Acta, 1973, 1, 
691. 
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TABLE 2 

Solubilities (S) of [PtCl,(bipy)] , second-order rate constants (K,) for the reaction of [PtCl,(bipy)] with thiourea, and transfer 
functions 6,pe and 6,AGX for reactants and reaction, in mixed aqueous solvents containing mole fraction x2 of organic 
component. For each of the two series of solvent mixtures the transfer parameters refer to transfer from themixture 
of lowest x2 (L$ text) 

Dioxan (293.2 K) 
x2 0.050 0.083 0.124 0.175 0.241 

1O5S[PtCl2(b;py)] /mol dm-3 7.0 9.3 16.7 29.3 40.2 

k2/dm3 mol-l s-l 2.5 2.0 1.35 0.90 0.50 

Tetrahydrofuran (298.2 K) 
x2 0.097 0.143 0.200 0.510 

Gmpe(tu)/k J mol-l 0 - 0.052 -0.097 -0.181 -0.199 

Smp*[PtC12 (bipy) ] / k J mol-1 0 -0.71 -2.16 - 3.55 -4.33 
CG,pe(reactants) /k J mol-1 0 -0.76 - 2.26 -3.73 - 4.53 

G,AGt/k J mol-l 0 3-0.54 + 1.50 +2.49 + 3.93 

G,p*(tu)/k J mol-l 0 -0.66 - 1.20 -2.06 

8,pe[PtCl4(bipy)]/k J mol-1 0 -0.16 - 1.70 -2.67 
10% [PtCl,( bipy)] /mol dm-3 3 1 33 61 90 

ZG,p*(reactants)/k J mol-l 0 - 0.82 -2.90 -4.73 
k2/dm3 mol-l s-l 1.27 0.70 0.27 0.20 
G,AGt/k J mol-l 0 + 1.48 + 3.83 $4.61 

change in chemical potential of the complex and thiourea in 
their solution standard states, S,p*, as the composition of 
the liquid mixture was altered. Thus, for example, with ref- 
erence to thiourea, G,p*(tu) in equation (3) represents the 
change in chemical potential in the solution standard state 
on going from a mixture where the mole fraction of water 
is x,' to another mixture of mole fractionx,. Similar ex- 
pressions can be written for the platinum complex and trans- 

S&(tu) = pe(tu,xl) - p(tU,xl') (3) 

ition state. It follows that the change in the activation 
Gibbs function, 8,AGX [equation (4)] is given by equation 

8,AGZ = AGl(x1) - AGX(x1') (4) 

(5). Values of 6,AGl can be obtained from the rate con- 
stants for.reaction in the two mixtures, k@,) and k ( ~ , ' ) ,  

8,AGZ = 8,px - ampe (complex) - 8,pe(tu) ( 5 )  

using equation (6). 

8,AGl = --RT In k(x,)/k(x,')  (6) 
In most studies the reference system corresponds to the 

situation where xl' = 1, e.g. solubilities in the mixtures are 
compared with those in water. However, the solubility 
of the platinum complex in water was too low for satisfactory 
spectrophotometric determination of rate constants for 
reaction with thiourea. We therefore had to calculate the 
transfer functions using as our reference an aqueous mixture. 
For both water-tetrahydrofuran and -dioxan, we report in 
Table 2 these functions with reference to the most water- 
rich solvent mixture in each case. Thus for water-tetra- 
hydrofuran mixtures x,' = 0.913, [cf. equations (3) and (4)], 
and for water-dioxan mixtures, xl' = 0.950 (Table 2), so 
that the 8, functions indicate the effect of changing x1 rela- 
tive to the mol fraction x,' of the reference system. 

The transfer functions 6,p*(complex) .for the platinum 
complex were calculated from measured solubilities. The 
related functions for thiourea in water-dioxan mixtures were 
calculated from published s01ubilities.l~ Treiner and 
Tzias 14 reported values of dpe(tu)/dx, for eight water- 
tetrahydrofuran mixtures over the range 0.4902 < x, < 
0.9866 a t  298 K. The value of dpe(tu)/dx, at x,  = 1 was 
calculated by fitting the dependence of dp(tu)/dx, on x1 over 

18 E. Angelescu and F. Cornea, Ann. Univ. C.I.  Parkon 
Bucuresti, Ser. Stiint. Nut., 1967, 15, 87. 

the range 0.9412 < x1 < 0.9866 to equation (7) using a least- 
squares technique. In the same computer program (FOR- 
TRAN for a Cyber 72 computer), the computed value of 

dpe(tu) = u + bx, + CX,' ( 7) 
dp*(tu)/dx, a t  x, = 1 was combined with the values of this 

/----- ---  - /r-- r' 

-5c- 
Variation of chemical potentials of the reactants and the tran- 

sition state for the reaction of [PtCl,(bipy)] with thiourea, in 
(a) water-dioxan at 293.2 K and (b)  water-tetrahydrofuran at 
298.2 K: (a) Z8,pe(reactants) ; ( A) GmAG'; (0) G,p*(tu) ; 

quantity a t  other mol fractions to evaluate the required 
transfer functions 8,pe(tu), equation (3), using a numerical 
integration technique. 

DISCUSSION 

( A) Lpe(pt1') 

The solubilities both of [PtCl,(bipy)] and of thiourea 
increase as the proportion of the non-aqueous component 

l4 C. Treiner and P. Tzias, J .  Solution Chem., 1975,4, 471. 
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increases, both in water-dioxan and in water-tetrahydro- 
furan mixtures. The rate of the reaction between 
[PtCl,(bipy)] and thiourea decreases as the proportion of 
non-aqueous component increases in both series of solvent 
mixtures. The relations between these observations are 
indicated in Table 2 and in the Figure. Both the Table 
2 values and the Figure show that the major factor de- 
termining reaction rates in these systems is the change in 
chemical potential of the react ants, C S,p* (reac tan t s) in 
Table 2. Solvent effects on the chemical potential of 
the transition state are of less importance. In the water- 
dioxan mixtures we have studied, the change in chemical 
potential with solvent composition is much greater for 
[PtCl,(bipy)j than for thiourea, hence it is the variation 
in solvation of the complex which is the most important 

factor in controlling reaction rates. In the water- 
tetrahydrofuran mixtures, which incidentally cover a 
much wider range of solvent composition, solvation 
effects on the chemical potentials both of the platinum 
complex and of the thiourea make significant contribu- 
tions to reactivity variation. The predominant role 
played by initial-state solvation in the reaction of [PtCl,- 
(bipy)] with thiourea here is analogous to that in reac- 
tions of tetra-alkyltin compounds with mercury(1r) 
chloride and in the Menschutkin reaction of trimethyl- 
amine with methyl iodide. 
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