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Kinetic Studies of the Complexation of Oxalate to  Hexa-aquairidium(II1) 

Marion R .  McMahon, Alison McKenzie, and David T. Richens * 
Department of Chemistry, University of Stirling, Stirling FK9 4LA 

A kinetic study of the oxalate anation of hexa-aquairidium(iii) perchlorate in HCI0,-NaCIO, 
solution, I = 1.5 rnol dm-3 (NaCIO,), is reported. The acidity dependence ([  H '1 = 0.1 4 - 1 .OO rnol 
dm-3) is consistent with the existence of  two parallel pathways involving anation by  both H,C,O, 
and HC,O,-. Rate constants (25  "C) and activation parameters for the t w o  paths are: H2C,04, k, = 
(1.3 
HC,O,-, k, = (7.2 1.2) x 1 O+ s-I, AH: = 108 3: 7 kJ mol-', AS:  = + 20.3 22.4 J K-' mol-'. 
Ion-pair association of  HC,O,- is small as expected and a temperature-independent value of 1 .O 
dm3 mol-I has been assumed for its association constant in evaluating the k, path, although this 
does not affect the overall conclusions reached. Widely differing activation parameters are seen for 
the two paths suggesting that different mechanisms may operate. Anation by HC,O,- is discussed 
in terms of an ion-pair interchange mechanism. However, anation by H,C,O, is suggested to 
involve a concerted mechanism in which replacement of  the aqua ligands is achieved in the rate- 
determining step without Ir-OH, bond cleavage, similar to that thought to operate in the 
corresponding anation reaction of  [Co( NH3),(OH,)I3+. The results highlight the first successfully 
monitored anation reaction of [lr(OH,),J3+ and are discussed with respect to anation of 
[Rh(OH,)J3+ and in the context of anation by  both H,C20, and HC,O,- of  trivalent aqua metal 
ions in general. 

0.2) x 10" dm3 mot-' s-l, A H :  = 73.1 5 4.6 kJ mol-l, A S !  = -94.1 f 13.9 J K-l mol-l; and 

Hexa-aquairidium(rI1) perchlorate was first characterised by 
Beutler and Gamsjager in 1976 and its hexa-aqua structure has 
since been verified.2 These workers later reported first and 
second acid dissociation constants (pK, values) of 4.37 and 5.20 
respectively in I = 1.0 mol dmP3 (NaClO,) at 25 "C. Since then 
few, if any, kinetic studies of successfully monitored anation 
reactions (including the fundamental process of water ex- 
change) have been reported. Hexa-aquairidium(II1) is probably 
the most inert transition-metal hexa-aqua ion yet ~ b t a i n e d . ~  
Attempts at measuring the water exchange in perchloric acid 
solutions by an oxygen-18 isotopic dilution method in sealed 
tubes at 120 "C were impaired by sporadic oxidation to give 
purple solutions containing iridium(Iv), probably as a result of 
reactions with perchlorate ion at these high temperatures. 
Separate studies have shown that these purple iridium(1v) 
solutions contain dimeric oxygen-bridged species.' Further- 
more, anation of [Ir(OH2),]3' (1 mmol dm-3) by both C1- and 
Br- ions (3.7 mol dm-j) could not be detected following 
monitoring at 40 "C over 10-15 d.4 It is not yet clear whether 
this reflects an immeasurably slow rate of halide anation at these 
concentrations or an extremely small formation constant for the 
halogenoaqua complex reflecting a relatively large aquation 
rate. Similar studies with thiocyanate are impaired by the 
competing acid decomposition of thiocyanate at the elevated 
temperatures and prolonged reaction times needed. Oxalato 
complexes of iridium(m) have however been characterised since 
the early 1900s and both bis and tris complexes are known.'-' 
Furthermore, the complexes absorb strongly in the U.V. region 
thus lending themselves potentially towards monitoring of the 
anation process. 

We report herein the results from a kinetic study of the suc- 
cessfully monitored oxalate anation reaction of [Ir(OH,),] + 

under conditions which give the diaquabis(oxa1ato) complex, 
[Ir(OH2)2(C204)2] -, as product. The results are discussed in 
terms of possible mechanisms and in relation to anation studies 
of [Rh(OH,),I3 + and to other oxalate-anation reactions with 
trivalent aqua metal ions. 

Experimental 
Preparation of Reactants.-Perchloric acid solutions of hexa- 

aquairidium(n1) perchlorate were prepared by hydrolysis of 
either samples of Na2[IrC16]*6H20 or Na3[IrC1,]*12H20 
(Johnson Matthey) in solutions of sodium hydroxide (0.1 mol 
dm-3) as described previously. ' v 3  Following precipitation of 
[Ir(OH)3(OH2)3], solutions were purified by Dowex ion- 
exchange chromatography (50W X2 column). Elution with 2.0 
mol dm-3 HC104 gave stock solutions (0.03 mol dm-3 in 1r1*') 
with peak maxima at 267 (36.4) and 313 nm (E 32.5 dm3 mol-' 
cm-') (ratio 1.12). The lower E value for the peak at 267 nm 
reported here represents an improvement in purity following 
the column treatment. Solutions were stored under an argon 
atmosphere at - 18 "C to prevent sporadic oxidation to oligo- 
meric products. Freshly columned solutions of [Ir(OH2)6]3+ 
were used for the kinetic runs where possible. Oxalic acid 
dihydrate, perchloric acid (70%), and sodium perchlorate (all 
BDH Analar) were used as supplied. Solutions of sodium per- 
chlorate and [Ir(0H2)J3 + (background acidity) were stan- 
dardised by exchange onto a column of Amberlite IR 120 resin 
(H+ form) followed by titration of the liberated H + .  Potassium 
tris(oxalato)iridate(m) tetrahydrate was prepared by the modi- 
fied method of Delepine ' as recently reported by Milburn and 
co-workers.* Solutions in water possessed a peak maximum at 
286 nm ( E  = 4080 dm3 mol-I cm-') in agreement with the 
literature value. 

Kinetic Studies.-Absorbance increases below 400 nm were 
observed following addition of an excess of oxalic acid to 
solutions of [Ir(OH2),]3+ in perchloric acid over 1-d periods 
at 70°C. Runs were followed over 1-week periods at the 
maximum observed change in absorbance at 254 nm in 1.0-cm 
quartz cells using a Perkin-Elmer Lambda 5G model u.v.- 
visible recording spectrophotometer with electronic thermostat- 
ting and auto cell-change facilities. The temperature was 
controlled to kO.1 "C. The ionic strength was kept constant 
throughout at 1.5 mol dm-3 with sodium perchlorate. Runs were 
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Figure 1. U.v.-visible spectra for solutions of oxalato iridium(II1) 
species: (. . * .) [Ir(C,0,)3]3- in water at pH 7; (- - - -) [Ir(OH,),- 
(C,O,),]- in 1.0 rnol dm-3 HCIO,; (-) solution following mixing 
of [Ir(OH,)6]3' with a 10-fold excess of oxalic acid in 1.00 rnol dm-3 
HCIO,; and (--) a simulation of the same mixture 

followed with either total oxalate or [Ir(OH2)J3+ concentra- 
tion in at least 10-fold excess to permit first-order kinetics. 
Where stable infinity absorbance readings were obtained, plots 
of absorbance changes, In(A, - At), against time ( t )  were linear 
to three half-lives in all cases. Frequently, however, varying and 
unstable infinity readings were obtained accompanied by some 
detectable formation of a faint purple colour due to iridium(rv) 
over the long reaction times and high temperatures ( > 40 "C) 
employed, even when conducted in an argon atmosphere. Since 
first-order kinetics is operative this problem was overcome by 
analysing only the initial 2-3 half-lives of reaction using the 
method of Kezdy and Swinbourne." In the cases of runs at 
temperatures < 60 "C, this was a necessity due to the extremely 
long reaction times needed (weeks) to attain infinity readings. In 
all cases, good linear plots of the absorbance at time t against 
that at time ( t  + At) were obtained for At values up to one half- 
life as required. First-order rate constants (kobs,/s-') were 
obtained from evaluation of ln(slope)/At. Satisfactory 
agreement ( f 10%) was found for kobs. values so determined 
compared with those from the slopes of In(A, - A,) against r 
where this was possible. The first acid dissociation constant, 
K,', for oxalic acid [equation (l)] was taken as 0.076 mol dm-3 

V l  

H2C204 HC204-  + H +  

by an extrapolation of existing data '' to the conditions used 
here. It was assumed to have a negligible temperature 
dependence in the range studied, consistent with recent 
findings.', The value of Ka2 for oxalic acid (2.5 x 10-4 mol 
dmP3) suggested that in the range of acidity used (0.14 - 1.00 
mol dm-3) the amounts of C204,- are small and can probably 
be neglected. The total oxalate concentration can thus be 
represented by equation (2). 

[Total oxalate] = [H2C,04] + [HC204-] (2) 

Table 1. Pseudo-first-rate constants for oxalate anation of hexa- 
aquairidium(II1) perchlorate, [H'] = 1.00, I = 1.5 mol dm-3 (NaClO,) 

102[Total oxalate] 103 r1r1111 
0J0C mol dm-3 
50.0 0.50 0.50 

1 .OO 1 .00 
2.00 2.00 
3.00 3.00 

70.0 0.50 
0.05 
1 .00 
1.50 
2.00 
0.05 
3.00 
0.05 

80.0 0.01 
0.02 
0.025 
0.02 
0.035 
0.02 
0.045 
0.02 
0.50 

0.50 
5.00 
1 .00 
1.50 
2.00 

20.0 
3.00 
30.0 

1 .00 
2.00 
2.50 
3.00 
3.50 
4.00 
4.50 
5.00 
0.50 

106kobs./S-' 
1.41 
1.19 
2.66 
3.18 

3.69 
4.61 
7.68 

10.7 
14.4 
15.6 
20.3 
20.8 

1.90 
3.49 
4.02 
5.22 
6.48 
7.19 
7.73 
8.28 
8.70 

c 
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Figure 2. First-order rate constants for runs followed at 254 nm, [H'] 
= 1.0 mol dm-3, with either total oxalate (M, e, A) or iridium(Ii1) 
(0, 0) in 2 10-fold excess: (a) 80, (b) 70, and (c) 50 "C 

Product Analysis.-The u.v.-visible spectrum of absorbance 
infinity solutions following reaction of an excess of oxalic acid 
with [Ir(OH2),13+ at 70 "C ([H+] = 1.0 mol dm-3) showed a 
single maximum at 260 nm ( E  = 1 600 dm3 mol-' cm-') clearly 
not consistent with formation of the tris chelated product 
(maximum expected at 286 nm, E = 4 100 dm3 mol-' cm-'; 
Figure 1). However, this solution, following dilution to 0.01 rnol 
dm-3 in H', passed straight down a column of Dowex 50W X2 
cation-exchange resin with no detectable retention of any 
iridium-containing material (by Zinser and Page ' iridium 
analysis). It was concluded therefore that an anionic product 
was formed. Finally, an identical absorption spectrum to 
that from this solution was obtained from a solution of 
[Ir(C204)3]3- in 1.0 mol dmP3 perchloric acid at  70 "C for 1 d. 
Subsequent precipitation of the liberated oxalate and titration 
with permanganate established the loss of one oxalate ligand 
per complex. It was concluded that the product of the anation 
reaction under these conditions was the diaquabis(oxa1ato) 
complex, [Ir(OH2)2(C204)2] -, presumed to be a mixture of cis 
and trans isomers. 
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Table 2. Pseudo-first-order rate constants for oxalate anation of hexa-aquairidium(n1) perchlorate as a function of acidity, I = 1.5 mol dm-3 
(NaCIO,). Total oxalate in 2 10-fold excess over Ir"' (number of runs averaged in parentheses) 

102[Total oxalate] CH'I 
~ , / " C  mol dm-3 1 o6 kobs,/S-' 
40.0 2.00 0.35 1.10 

2.00 0.55 0.83 
2.00 0.75 0.86 
2.00 1 .00 0.87 

50.0 

60.0 

1 .OO 0.14 2.40 
2.00 0.40 2.9 1 
2.00 0.70 3.70 
2.00 1 .OO 3.19 

1 .00 0.14 3.68 
2.00 0.40 11.6 
2.00 0.70 8.36 
2.00 1 .OO 7.79 

102[Total oxalate] 
%/OC mol dm-3 
70.0 0.50 

0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 

CH '1 
1 O6kobs./s-' 

0.15 5.60 (2) 
0.20 5.56 (2) 
0.30 5.28 (3) 
0.40 4.32 
0.50 4.67 (3) 
0.60 3.77 
0.70 4.40 
0.80 3.75 
0.90 3.73 

80.0 0.50 0.14 15.9 
0.50 0.30 12.4 
0.50 0.70 10.2 
0.50 1 .00 8.69 

Results 
The linearity of pseudo-first-order plots over three half-lives 
suggests only one rate-determining process. Since no rapid 
absorbance changes were observed (Figure 1) following mixing 
of solutions of oxalic acid and [Ir(OH,)6]3+, it was concluded 
that rate-determining entry of the first oxalate ligand is relevant. 
Chelation as the rate-determining step was discounted owing to 
the observed dependence of the rate on the concentration of 
either total oxalate or [Ir(OH,),]3' when present in 10-fold 
excess (Figure 2). It was concluded that chelation and sub- 
sequent entry of the second oxalate ligand are relatively rapid 
processes succeeding rate-determining entry of the first mono- 
dentate oxalate ligand. Pseudo-first-order rate constants (kobs.) 
are listed in Table 1 as a function of reactant concentration and 
temperature ([H'] = 1.0 mol dm-3) and in Table 2 as a 
function of both temperature and acidity. 

The values of kobs, show an inverse dependence on acidity in 
the range used. However, closer analysis of the dependence 
shows it not to be consistent with the presence of simple [H 'I-' 
terms. Plots of kobs. against [H+]-' show marked curvature 
and it was quickly apparent that the major contributor to the 
observed H + dependence was the deprotonation of oxalic acid 
with a value of K,' x [H+]. The observed dependence was 
successfully fitted by a least-squares treatment to a rate law 
whereby anation by both H,C,04 and HC204-  contributed.* 
With the total oxalate concentration in 10-fold excess, the rate 
law (3) was obtained. Rate constants k ,  (dm3 mol-' s-') and k, 

- d[Ir(OH2),3 +]/dl 
[I r( 0 H 2)iF = kobs. = 

(s-l) represent the two parallel anation pathways and K2 (dm3 
mol-') is the ion-pair association constant for the formation of 
[Ir(OH,)6]3+, HC2O4-. As can be seen from Figure 2, the 
dependence of kobs, on reactant concentration shows almost 
negligible curvature for concentrations up to 0.03 mol dn r3  
(highest studied). Ion-pair association is therefore small, under 
these conditions with oxalic acid as the major species in 
solution, K,[HC,O,] 4 1, and equation (3) can be simplified 

* Fits to the rate equation kobs. = kK,'[Total oxalate]/(K,' + [H']) 
involving HC,O,- as the sole reactant were not consistent with the 
dependence on acidity or the known value of Ka'(H2C20,). 

/ 

0.2 0.4 0.6 0.8 1.0 
[ H'] /mol drn-3 

Figure 3. Acidity dependence for runs followed at 254 nm with total 
oxalate in 2 10-fold excess over Ir"' at 80 (O), 70 (a), 60 (m), 50 (0), 
and 40 "C (A) 

to (4). The lack of 

-d[Ir(OH2),3']/dt 

appreciable ion-pair association is also 

consistent with no detectable rapid absorbance changes (Figure 
1) following mixing and with behaviour to be expected at 
such ionic strengths. Similarly, little association between 
[Ir(OH,)6]3+ and H2C204 can be assumed from the data. The 
slight amount of curvature is too small to allow an estimate of 
K,. However, a value between 0.5 and 2.0 dm3 mol-' would be 
in agreement with those found for a number of other 3 + /1- 
anation reactions including those of HC204-  under similar 
conditions.",'4 Equation (4) can be written as ( 5 )  in terms of 
the total concentration of oxalate according to (2) with kobs. 
and Ka'(H,C,04) defined as before. Consistent with equation 
(5) ,  plots Of kobs.([Hf] + Ka')/[Total OXalate] or [Ir(OH2)63+] 

-d[Ir(oH,)63']/dt 
= kobs. = 

CIr(OH2)63 '1 

( 5 )  
(k,[H+] + k,K,K,')[Total oxalate] 

K,' + [Hf] 
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Table 3. Temperature dependence of oxalate anation rate constants for 
hexa-aquairidium(n1) perchlorate, Z = 1.5 mol dm-3 (NaClO,) 

0J"C 104k,/dm3 mol-' ssl 104k, *IS-' 

40.0 0.47 0.46 
50.0 1.52 3.08 
60.0 3.69 8.76 
70.0 6.30 24.7 
80.0 14.1 67.6 

* K2 assumed to have a value of 1.0 dm3 mol-' (independent of 
temperature). 

against [H'] are linear and data for five temperatures covering 
the range 40-80°C are shown in Figure 3. If a reasonable 
value for K ,  of 1.0 dm3 mol-' (independent of temperature) is 
assumed consistent with the previously reported values,' ' this 
allows evaluation of both k ,  and k ,  as a function of tempera- 
ture. Least-squares fits to the Eyring equation gave: k ,  (25 "C) 
= (1.3 0.2) x lC5 dm3 mol-' s-', A H !  = 73.1 f 4.6 kJ 
mol-', AS! = -94.1 f 13.9 J K-' mol-'; and k ,  (25 "C) = 
(7.2 & 1.2) x lo-, s-', A H ;  = 108 f 7 kJ mol-', AS; = 
+20.3 & 22.4 J K-' mol-' (Table 3). 

Discussion 
Oxalate anation of hexa-aquariridium(rrr) perchlorate has been 
observed to proceed by pathways involving both H,C,O, and 
HC 04-. Under the conditions used ([H+] = 0.14-1.00 mol 

complex, [1r(OH2),(C2O4),] -, with no evidence for further 
anation to give the tris(oxa1ato) product. The instability of 
H,[Ir(C,O,),] with respect to acid-catalysed displacement of 
one oxalate ligand is in fact well d~cumen ted .~~ '  Attempts at 
its synthesis by heating suspensions of Ir,O,.nH,O in oxalic 
acid solutions resulted only in the isolation of bis(oxa1ato) 
products.' The observed relatively rapid and irreversible 
acid-catalysed aquation of [Ir(C,O,),]'- to give bis(oxa1ato) 
products ( f +  M 12 h, 50 "C, [H'] = 1.0 mol dm-') contrasts 
with the much slower corresponding aquation of [Rh(C,O,),]'- 
( l+  - 47 h, 50 "C, 0.97 mol dm-' H +  15). The detection of an 
appreciable kinetic isotope effect ('H us. ,H) on the rhodium(rrr) 
reaction is evidence in support of a rapid protonation step 
followed by rate-determining loss of the protonated oxalate 
ligand. The faster aquation for Ir"' could reflect an enhanced 
basicity of the oxalate ligands or of the complex as a whole 
towards likewise protonation but this remains to be proved. 

A preliminary investigation into oxalate anation on 
[Rh(OH,),]'+ at 70 "C has allowed the detection of appreci- 
able amounts of the tris(oxa1ato) complex as a kinetically 
significant product consistent with its much slower and 
reversible acid-catalysed aquation.* The ion [Ir(C204)3]3-, as 
with [Rh(C,04),13-, is much more stable towards aquation at 
higher pH and solutions of K,[Ir(C,O,),] are reported not to 
racemise in boiling water at pH 7 over 1-h periods.', In short, 
acid-catalysed aquation seems to have elevated importance for 
[Ir(c204)31 '-- 

dm- 5 ), the only detectable product is the diaquabis(oxa1ato) 

* Absorbance us. time plots (400 nm) following mixing of solutions of 
[Rh(OH2)J3+ ( 2  x mol dm-3) with a 10-fold excess of oxalic acid 
at 70 "C are noticeably biphasic with equilibration occurring in the 
second stage to give amounts of the tris(oxalato)rhodate(iII) complex 
depending on acidity. Above [Hf] = 2.00 mol dm-3, formation of the 
tris complex is retarded and only a single kinetic stage to give the bis 
complex is relevant. At lower acidities an equilibrium mixture of the two 
complexes is present. Full kinetic details will be reported subsequently 
in a separate paper. 

Water exchange in [Rh(OH,),l3+ is known to proceed 
through a dominant conjugate-base-assisted mechanism pre- 
sumed strongly dissociative with the monohydroxo form lo3 
times more reactive than the aqua ion.'7 Pathways involving 
[Rh(OH)I2+ also dominate anation by both C1- and Br- ions 
on [Rh(OH,),]' + with the mechanism proposed involving rate- 
determining dissociation of an aqua ligand.' * The dominating 
H +  dependence involving the oxalate ligand in the present 
anation studies makes difficult an accurate assessment of a 
similar involvement of [1r(OH)l2 +, particularly if only a partial 
involvement is relevant. Certainly a dominant contribution 
from this species is not suggested from the acidity dependence 
[additional H +  terms would appear in the denominator of 
equation (5)]. 

Oxalate anation involving both H2C204  and HC,O,- has 
been observed for a number of mixed aqua-amine complexes of 
Co"'. With ~is-[Co(en),(OH,),]~+ (en = ethylenediamine) 
and cis-[Co(t n), (OH ,),I ' + (tn = t rimet h ylenediamine) an 
ion-pair interchange mechanism for both anating species has 
been proposed.''720 The faster rates observed with tn uersus en 
as ligand were interpreted in terms of a facilitation by the larger 
chelate ring towards dissociative loss of aqua ligand.,' The 
large ion-pair association constants observed for the tn complex 
(1.7 dm3 mol-', H,C204; 11.5 dm' mol-', HC,O,-) were ex- 
plained by strong hydrogen bonding with the cis diaqua ligands, 
facilitated by the cis conformation of the chelating amine ring.20 
However, with monoaqua complexes such as [Co(NH,),- 
(OH,)]'+ and ~is-[Co(en),(NH,)(0H,)]~+, a feature of the 
oxalate-anation reactions is the markedly differing activation 
parameters for the H,C204 and HC204-  pathways and much 
lower ion-pair association constants. 14,,' For [Co(NH,),- 
(OH,)]", Van Eldik and Harris l 4  proposed a mechanism for 
anation by H2C204 involving a four-centred transition state 
leading to anation by oxalate without involving Co-OH, bond 
cleavage. Such a consideration arose from the low A H %  value 
(57.3 kJ mol-I), similar to that observed in the CO, addition 
process,22 and the large and negative A S %  value (- 150.6 J K-' 
mol-'). Consistent with this, Taube and co-workers 23 had 
earlier observed C-0 bond cleavage during the reverse process, 
namely acid-catalysed aquation of [CO(NH,),(HC,O,)]~ + 

(normal Co-0 bond cleavage is observed at higher pH). 
Furthermore, recent oxygen-18 labelling studies of the base 
hydrolysis of cis-[Co(en),(C,O,)] + have demonstrated 24 that 
pathways exist even in alkaline solution which involve attack by 
OH-  on carbon leading to C0-C2O4 bond cleavage without 
Co-0 bond rupture. Anation by HC204-  of [Co(NH,),- 
(OH,)]'+ was envisaged to proceed by the expected dissoci- 
ative interchange mechani~rn. '~ 

For the present study, a similar set of differing activation 
parameters for anation by H,C,O4 and HC,O,- of 
[Jr(OH,),]3+ is observed which lends strong support to a 
similar interpretation. As for [Co(NH,),(OH,)]' +, anation by 
H2C204 is characterised by a relatively low A H f  value and 
highly negative A S %  value when compared with the pathway 
involving HC204- .  The proposal of a similar concerted 
transition state for anation by H,C,O4 (Scheme) not involving 
Ir-OH, bond rupture cannot therefore be discounted and 
remains a likely mechanism. Additionally such a mechanism 
would not involve necessarily a dominating contribution from 
[Ir(0H)l2 + in agreement with what is observed. For anation by 
HC,O,-, the data lend support to an ion-pair interchange 
mechanism as proposed for [Co(NH,),(OH,)]'+. Lack of 
conjugate-base involvement is harder to rationalise here. How- 
ever, such an involvement is unlikely to play a dominant role for 
anation of [Co(NH,),(OH,)]' + in acidic solution and, given 
the similar activation parameters to the present system, involve- 
ment of [Ir(OH)12+ need not necessarily be invoked. As listed 
in Table 4, at 40 "C, rate constants for oxalate anation of 
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Table 4. Rate constants and activation parameters for anation of trivalent cations by H2C204 and HC204- 

Complex Anating species 105k (40 "C)/s-' AH*/kJ mol-' AS*/J K-' mol-' 
CI~(OH,) , I~+ H2C204 4.68 " 73.1 - 94.1 

CCO(NH3),(OH2)13 + H2C204 2.03 a 57.3 - 150.6' 
HC204- 1.94 93.7 - 37.6 

c i s - [ C ~ ( e n ) , ( N H , ) ( o H ~ ) ] ~ + ~  H2C204 0.54" 95.8 - 37.6 

HC204- 4.60 108 + 20.3 

HC204-  1.76 108.8 + 12.6 

a Units of dm3 mol-' s-'. I = 1.00 mol drn-j. Ref. 14. Ref. 21. 

kl , 
H O  

3. 
0 
+c 

* 
/ 'OH 

+ H20 
fast 

___) (HzO)51r-0 
\ 

H 

fast, -H' 

H2C 2'4 I 
fast, HC204- t 

Scheme. Possible mechanisms involved in anation by oxalate species of hexa-aquairdium(m) perchlorate in perchloric acid solution 

[Ir(OH,)6]3 + are only a factor of 2 greater than for [Co(NH,),- 
(OH2)I3 +. Water exchange in [CO(NH,),(OH,)]~' is slow but 
easily observed [k, ,  (25 "C) = 5.7 x 1e6 s-~].~, A similar 
order of magnitude for water exchange in [Ir(OH2)6]3+ does 
not however seem relevant from preliminary measurements per- 
formed recently in CF,S03H solutions.* Values much less than 
1C6 s-l at 25 "C are relevant, indeed it is already clear that 
oxalate anation proceeds with a rate that far exceeds that of 
water exchange which lends further support to the mechanisms 
proposed. 

The question remains however as to why anation of 
[Ir(OH,)6]3+ by C1- and Br- ions cannot be detected. 
Iridium(m) being much softer than Rh"' or Co"' may be 
expected to have a lower affinity for such anions. An increas- 
ingly likely possibility is that halide anation of [Ir(OH,),13 '- is 
much less extensive due to a very small equilibration constant 
reflecting a high aquation rate for the monohalogeno complex. 
This would however seem to be in conflict with the behaviour of 
the halogenopenta-amines of Ir"' and Rh"' in which the 
equilibrium position of a mixture of the complexes [M(NH3)5- 
(OH,)]X, and [M(NH,),X]X, (X = C1, Br or I) lies well over 

* An oxygen- 17 n.m.r. study is underway using samples of [Ir(O' 'H2)J- 
[CF,SO,], in aqueous CF,SO,H solution which are stable at elevated 
temperatures (> 100 "C) and the prolonged reaction times needed for 
measurement of the water-exchange process. Preliminary results indi- 
cate k,, values much less than s-' (25OC) (D. T. Richens, D. 
Zbinden, L. Helm, and A. E. Merbach, unpublished work). 

in favour of the halogeno co-ordinated product in all casesz6 
The situation for a bidentate chelating ligand such as oxalate is 
somewhat different with the observed stability of [Ir(OH,),- 
(C204),] - towards acid-catalysed aquation probably reflecting 
an extremely slow aquation rate responsible for driving the 
anation reaction through to the observed product. Conversely, 
as already suggested, the measurable anation rate for oxalate 
may be due to a favourable mechanism operating for sub- 
stitution perhaps unique to oxalate as incoming ligand. 

Aquation of [IrCl6I3- proceeding as far as [Ir(OH,),Cl,] + 

has been claimed.27 The aquation behaviour of the unknown 
ion [Ir(OH,),C1]2+ has therefore yet to be addressed. In this 
context, it should be noted that C1- anation of [Rh(0H,),J3+ 
proceeds to give [Rh(OH2)4C12]+ in a single step with Cl- 
labilisation of the trans-aqua ligand in [Rh(OH2)5C1]2 + 

(never isolated) thought to be responsible.' Further studies 
aimed at isolating and assessing the solution chemistry of 
[Ir(OH2)5C1]2f would be of interest. 

In conclusion, the present findings highlight the first success- 
fully monitored anation reaction of hexa-aquairidium(II1) using 
oxalate as ligand. Formation of the bis(oxa1ato) complex and 
not the tris complex occurs under the conditions employed. 
Anation is observed involving both H2C204 and HC204- as 
incoming ligands. The activation parameters for the two path- 
ways suggest different mechanisms operating for each which 
may be unique to oxalate in facilitating detectable anation of 
Ir"' in this case. Anation by H2C204 is thought to proceed 
through a concerted mechanism without involving Ir-OH, 
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bond cleavage. A similar mechanism is thought to occur with 
[CO(NH,),(OH,)]~+ and may be common to a number of 
other M(OH,),~H,C,O, anation reactions. Such processes may 
be more akin to the complexing nature of oxalate as a ligand 
rather than to the nature of the inert trivalent metal centre. 

The results of an on-going study to measure the rate and 
mechanism of water exchange for [Ir(OH,)6]3f and of the 
corresponding anation reaction of [Rh(OH2),l3 + with oxalate 
(to be reported subsequently) remain of interest in the context of 
the present findings. 
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