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The reduction of AuC14- by oxalate was studied for 
the acidity range 0.0 SpH 53.5, chloride concentra- 
tion range IF3 5 [Ct] 10.8M and total oxalate 
concentration SO.1 M at 25” C and l.OM ionic strength 
(perchlorate medium). Kinetic evidence for the parti- 
cipation of the species AuCIJ (OH,) and AuCl,(OH)- 
is provided. The kinetic indication that the Au(W) 
equilibria are influenced by the presence of oxalic acid 
is confirmed by spectrophotometric measurements. 
The rate of reduction of AuC14- by oxalic acid is 
neglectable when compared with that for the reduc- 
tion by bioxalate and oxalate ions. The suggested 
mechanism consists of substitution followed by redox 
reactions for which the reaction products are Au(I), 
Au(O) and C02. 

Introduction 

The kinetics of the hydrolysis reaction of Au&- 
during which species such as AuC13(0H2) and AuCI, 
(OH)- are formed, has been the topic of a number of 
papers’“. The proposed equilibrations led to a better 
understanding of the substitution mechanism of AuCI, 
by ethylenediamine’,‘, diethylenetriamine’ and a 
series of methyl substituted ethylenediamines”. The 
reactions between AuC&- and substituents thio- 
morpholine-3-one” and thiourea” are followed by 
redox reactions in which Au(I) species are produced. 
Kazakov et al.13 studied the thermal decomposition 
of the AuCl, -oxalate system and reported a mecha- 
nism consisting of a substitution reaction followed by a 
redox reaction. Only limited kinetic data was reported 
in this investigation. The photochemical decomposi- 
tion of the AuCl,--oxalate system at pH5 1 was 
recently investigated in our laboratory14. 

The complexity of the above-mentioned systems 
necessitates the study of the redox reaction of AuCI, 
by oxalate over a wide enough pH and [Cl-] range to 
distinguish between the decomposition kinetics of the 
various participating Au(III) and oxalate species. 

Experimental 

The test solutions comprised 1.5 x 1pM AuC&- 
in [total oxalate] 50.1 M (added as oxalic acid) and 
10-35[Cl-]50.8M (added as NaCI) at 0.05pH 
53.5. The acidities were obtained by additions of 
HCIO, and NaOH and measured with a Pye Unicam 
292 pH meter for pH> 1.0. The ionic strength of the 
test solutions was maintained at l.OM with NaC104. 
No buffer was added since oxalate solutions are self- 
buffering in the pH range concerned. Chemicals of 
analytical and reagent grade were used throughout the 
investigation. 

The reactions were performed in the thermostated 
cell compartment of a Zeiss PMQ II spectrophotome- 
ter, the temperature being controlled within 0.1’ C at 
25” C. The changes in absorbance were recorded for 
different time intervals depending on the pH, [total 
oxalate] and [Cl-] of the reaction mixture. The spectra 
were recorded on a Unicam SP 1800 spectrophotome- 
ter. The radiochemical analysis was effected by 
employing C’4-labelled oxalic acid and a liquid scintil- 
lation technique” to detect the radioactive carbon 
dioxide produced during the redox reaction. 

Results and Discussion 

Spectra of AuCb- were recorded for different [Cl-] 
at the various acidities chosen for this investigation. 
The spectra for pH 2.0 presented in Figure 1 are a 
typical example. The decrease in absorbance with 
decrease in [Cl-] is ascribed to the equilibria 

AuCb- + Hz0 % AuC13(OH2) + Cl- (A) 

AuCIX(OH& AuC&(OH)- + H+ (‘3) 

where KA = 0.95 x 10-‘M and KB = 0.25M at 25’ C 
and ionic strength 2.OM (ref. 6). The absorbances at 
313 nm lead to a value of [AuCb-] that agrees with 
the value calculated from the above equilibria. The 

I 



22 B. S. Maritz and R. van Eldik 

“It ,Waveleng,lh. nm , , 1 

355 340 325 310 295 260 

Figure 1. Spectra of AuCb- at pH 2.0. (AuCb-] = 1.5 x 10-4 M, 
Ionic strength = 1.0 M. a - [CT] = 1.0 M, b - [CT] = 0.1 M, 
c - [CT] = 0.01 M, d - [CT] = 0.005 M, e - [CT] = 0.001 M. 

spectrum for 1 .OM Cl- and pH ,2.0 is exactly the same 
as that obtained for l.OM HCl, in which it is known 
that all the Au(II1) species are present as AuC&. 
The extinction coefficient for AuC&- is, therefore, 
4.86x 103M-’ cm-’ in good agreement with reported 
values3*6. An isosbestic point is observed at 296 nm 
in agreement with previous observations3*‘. 

The observed first-order rate constants kobs for the 
absorbance decrease at 313 nm on addition of oxalate 
was calculated from the conventional plot of log(Af 
A,) versus t. These plots are linear for at least one 
half life. An excess of oxalate was maintained to ensure 
pseudo first-order conditions. Additional evidence for 
first-order behaviour is obtained from Table I, showing 
that kobs is independent of [AuC&-]. The rate con- 
stants for the various experimental conditions at 25’ C 
were all determined for [AuC&-] = 1.5 x 1pM and 
are summarized in Table II. The observed rate con- 
stant in absence of oxalate is neglectable when com- 

TABLE I. Observed Pseudo First-Order Rate Constant kOb6 as a 
Function of [AuCb-] at 25” C. 

pH = 2.5 

[AuCb-] x 104, M 
kobs x 104, set-’ 

[CT] = 0.1 M, [total oxalate] = 
0.055 M 

1.5 1.25 1.0 0.75 0.5 
8.08 8.25 7.97 8.13 7.5 

pared with the data in Table II. For 95% of the data, 
plots of kobs versus [total oxalate] are linear and 
without intercept at constant pH and [CT] (cc 
Figure 2). The data indicated by an asterisk (Table II) 
is not taken into consideration for the immediate dis- 
cussion since kobs versus [total oxalate] approaches a 
limiting value as illustrated in Figure 2. 

The remaining data conform to the equation 

k ohs = k[total oxalate] 

The values of the second-order rate constants k sum- 
marized in Table III, increase with a decrease in 
[H+] and [CT]. At a given pH a plot of k versus 
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Figure 2. k,,, verws [total oxalate] for various pH and [CT] 
at 25” C. 

TABLE II. Observed Pseudo First-Order Rate Constant kobs as a Function of pH, [CT] and [total oxalate] at 25” C. 

[total oxalate] 0.10 0.085 0.075 0.070 0.060 0.055 0.045 0.040 ‘0.035 0.030 0.025 0.015 0.005 
M 
PH WI kobs x lo4 (se&) 

0.0 0.1 0.41 0.36 0.30 0.23 0.16 0.10 ‘ 
0.01 1.34 1.13 0.93 0.84 0.61 0.41 
0.005 2.88 2.52 2.07 1.56 1.13 0.75 
0.002 5.50 4.71 3.82 3.40 2.46 1.52 
0.001 10.50 8.88 7.22 5.66 4.71 3.21 
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iota1 oxalate] 0.10 0.085 0.075 0.070 0.060 0.055 0.045 0.040 0.035 0.030 0.025 0.015 0.005 
M 
PH WI kobs x lo4 (set-‘) 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

0.8 
0.1 
0.01 
0.002 
0.001 
0.8 
0.1 
0.01 
0.002 
0.001 
0.8 
0.1 
0.01 
0.002 
0.001 
0.8 
0.1 
0.01 
0.002 
0.001 
0.8 
0.1 
0.01 
0.002 
0.001 
0.8 
0.1 
0.01 
0.005 
0.0025 
0.001 
0.8 
0.1 
0.05 
0.025 
0.015 
0.010 

0.95 0.82 0.65 
1.40 1.19 1.01 
4.71 4.16 3.46 

19.57 17.36 15.19 
34.81 30.21 25.86 

1.69 1.34 
2.74 2.13 

10.40 9.02 
35.00 30.39 
51.79 42.00 

3.66 3.20 
6.41 4.81 

14.43 11.78 
48.61 42.26 
50.95” 44.42’ 

6.27 4.89 
6.79 6.48 

22.65 17.63 
49.85a 46.82* 
64.16” 59.84” 

0.52 
0.81 
2.51 

13.20 
21.65 

5.94 
7.35 

23.85 
64.76 
60.79a 

8.52 
9.16 

26.65 
53.31 
66.63 
77.00a 
13.95 
16.17 
21.79 
32.08 
33.97 
46.82 

0.37 
0.50 
1.88 
9.62 

15.75 
0.98 
1.64 
6.95 

23.21 
33.97 

2.24 
3.85 
9.54 

33.00 
36.09a 

4.18 
4.73 

14.71 
46.20’ 
46.76” 

4.83 
5.89 

19.88 
66.63 
58.23” 

6.61 
7.91 

23.10 
45.29 
56.34 . 
69.30” 
11.66 
13.43 
19.91 
24.40 
27.07 
37.25 

3.74 
4.81 

14.08 
56.80 
51.71 

5.39 
6.01 

19.69 
32.21 
38.50 
58.23’ 

9.16 
11.00 
18.33 
19.91 
23.25 
31.78 

0.24 
0.44 
1.21 
6.41 

10.21 
0.61 
1.12 
4.65 

13.83 
23.24 

1.67 
3.04 
7.21 

18.43 
27.94 

2.77 
3.75 

10.41 
33.64 
38.50 

2.57 
4.01 
8.88 

38.50 
40.76 

3.53 
5.37 

12.21 
20.87 
34.65 
51.33a 

7.13 
8.55 

11.90 
16.82 
18.83 
26.25 

0.34 0.12 
0.51 0.20 
2.55 0.87 
7.40 2.79 

12.19 5.21 
0.92 0.58 
1.77 0.80 
3.98 1.80 

10.56 3.72 
16.34 6.56 

1.48 0.84 
2.02 0.62 
5.60 2.03 

19.91 7.21 
24.21 10.69 

1.82 0.87 
2.21 1.19 
5.77 2.00 

16.98 9.62 
28.63 11.55 

2.12 0.91 
4.03 1.66 
9.31 3.12 

14.68 6.06 
21.12 8.70 
33.97 15.07 

5.15 2.05 
6.27 2.55 
7.80 3.52 

11.62 4.39 
13.02 5.89 
18.43 8.21 

’ Values that are not included in the empirical rate law-see the discussion. 

TABLE III. Second-Order Rate Constant k as a Function of pH and [Cl-]. 

PH 0.0 0.5 
[CT], M k x 103, M-’ set-’ 

0.8 
0.1 
0.05 
0.025 
0.015 
0.01 
0.005 
0.0025 
0.002 
0.001 

0.95 
0.42 1.42 

- 

- 
1.40 4.78 
2.90 - 

- 
5.67 21.6 

10.6 36.6 

1.0 1.5 2.0 2.5 3.0 3.5 

2.20 5.33 8.89 10.9 14.9 27.1 
3.61 8.89 11.1 14.0 18.7 32.0 
- - - - 45.7 
- - - - - 60.0 
- - - - - 68.0 

14.7 21.0 31.4 41.6 52.3 93.3 
- - - 95.9 - 

- - - - 125 - 
47.9 67.8 110 150 - - 
72.7 100 141 170 248 - 
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Figure 3. k versus [Cl-r1 for various pH at 25°C. 

[Cl-j-’ is either linear with an intercept (pHS0.5) 
or initially linear and curved at higher [Cl-]-’ (pHZ 
1.0) as illustrated in Figure 3. The [Cl-] dependence 
of k can be expressed as 

k = kW-1 + kb 
[Cl-] + k, 

where k,, kb and k, are [H+] dependent constants. 
For the data at pHS0.5 [Cl-]+ k, and the rate law 
simplifies to 

k= k,+ & 

where k, is the intercept and kb the slope of the plot 
of k vusus [Cl-]-‘. This limiting form of the rate law 
is also applicable to the initial linear part of the plots 
at pHL 1.0. For these, k, may be determined from a 
curve-fitting procedure provided that k, and kb are 
known. The values of k,, kb and k, are summarized in 
Table IV. The validity of the empirical rate law was 
proven by recalculation of k using the data in Table IV. 
Figure 4 presents a logarithmic plot of the observed 

TABLE IV. Values of the Empirical Constants k,, kb and k, 
for Various pH. 

PH k, x lo3 kb x lo4 k, x IO“ 
M-’ set-’ se& M 

0.0 0.29 0.11 -a 

0.5 1.0 0.38 -a 

1.0 2.5 1.07 5.04 
1.5 6.0 1.60 6.62 
2.0 8.0 3.10 12.5 
2.5 10.0 4.45 16.7 
3.0 14.0 5.01 17.9 
3.5 23.0 10.0 31.8 

B k, cannot be determined experimentally since [CtJ % k, 
and k Versus [CT]-’ is without any curvature. 
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Figure 4. Relation between the experimental and calculated 
second-order rate constant k for all experimental conditions. 

versus the calculated values of the second-order rate 
constant k (pk = -logk). We conclude that the empiri- 
cal rate law provides a good description of the observed 
data. 

The suggested reaction mechanism combines equi- 
libria (A) and (B) and reactions (1) to (6): 

AuC14- + H&O4 K1’ ----+ AuC13(C204H)- + HCI 

AuCI,-+ HC20~-kl)l‘ AuCI,(C,O,H)-+ Ct I (1) 

AuCl.,- + C,0,2-= AuC&(C~O‘,)~- + Cl- I 

AuC13(0H,) + H2C204K21‘ 
AuClJ(C204H)- + H30+ ’ 

AuC13(0H2) + HC,O,% 
AuCI,(C,O,H)-+ HZ0 (2) 

AuC&(OH,) + C204& K2”’ l 

AuCI,(C,O,)” + H,O 

KS’ AuCI,(OH)-+ H2C204---+ 
AuC13(C204H)- + H,O ’ 

AuCI,(OH)- + HC204-= 
AuC&(C,O,H)-+ OH- ,(3) 

AuCI,(OH)- + C2042k3)11, 
AuC13(C204)= + OH- , 

AuC&(C20,H)- %AuC12(C204)-+ Hd (4) 

AuWGO,) 21L AuC12(C204)- + Cl- (5) 

AuCI,(C,O,)-A+ AuCI; + 2CO,(f) (6) 
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The reactions (l)-(6) include a series of substitu- 
tion reactions (l)-(3), followed by ring-closure (4) 
and (5) and a rapid two-electron transfer reaction (6). 
The ratedetermining steps are reactions (l)-(3) and 
k,+ kS, b> kr, kS, kJ. Three Au(II1) chloride and 
three oxalate species participate in the process. The 
theoretical rate law for the suggested mechanism is 

--&[Au(III)] = {kr[AuCb-] + kz[AuC13(OHz)] 
+ kJAuC&(OH)-]}[total oxalate] 

where kr, k2 and kJ are overall [H+] dependent rate 
constants, viz. 

kr = ki’ftiZox + kr”f uOx- + kr”‘f ox= 

k2 = kz’fH,on + b”f,,ox- + kz”‘fo,>- 

k3 = ks’fH,ox + k,“f uOx- + kJ”‘f oxz- 

In these expressions 
f H,On = fraction of total oxalate present as H&O4 

= ‘IK 
f HOn- = fraction of total oxalate present as HC,04 

= K,/[H+]K 
fox>- = fraction of total oxalate present as C204% 

= K,K,/[H+]’ K 

with 

and K,, K2 = dissociation constants for oxalic acid 
determined as 3.4~ 10-* and 5.4X 
1pM respectively at 2.5” C and ionic 
strength 1 .OM (perchlorate medium). 

Inclusion of the equilibria (A) and (B) in the theoreti- 
cal rate law leads to the expression 

+[Au(III)] = 

i 
k,[H+][Cl-] + k,K,[H+] + k3KAKB X 

[H+][Cl-] + K,[H+] + K,Ka ) 

[total Au(III)][total oxalate] 

Thus kobs = k[total oxalate] 

where k = k,[H+][Cl-] + k,K,[H+] + kJKAKB 
[H+][Cl-] + K,[H+] + K,Ka 

= k,WI + k&A + MLWtH+I~ 
W-1 + KA + KJWW+Il 

This expression is in agreement with the empirical rate 
law such that 

k, = k, 
kb = k2KA + {k3KAKa/[H+]) 

and k, = KA + {KAKB/[H+]} 

The above relations render k,, kb and k, [H+] de- 
pendent in agreement with Table IV. It follows from 

literature values of KA and Ka (ref. 6) that [CT]% 
KA + {KAKa/[H+]} at pHS0.5, so that a plot of k 
versus [Cl-j-’ should be linear and with an intercept. 
This limiting form is also valid for the initial linear 
part of the plots of k versus [Cry’ at pHB 1.0. 
Previous investigations 7,8,9 led to similar linear plots, 
the absence of any curvature being possibly due to the 
limited range in which the [Cl-] was varied. 

From a comparison of the empirical and theoretical 
rate laws it is possible to make certain deductions 
regarding the values of the equilibrium and rate con- 
stants. The values of k, in Table IV are the values 
for kl, the rate constant for the reaction of Au&- 
with the various oxalate species. A plot of ki versus 
pH clearly shows two inflections at pH - 1.4 and - 3.5. 
These values are in good agreement with the earlier 
reported pK values for oxalic acid determined by pH 
titration. From the equation 

k, = kl’f H>Ox + kl”f uOx. + kl”‘f,ox= 

k,‘, kl” and kl”’ can be calculated since ki is known 
for various pH17. The calculated values are kr’ - 0, kl” 
= 10 x 1(r3 and ki”’ = 27.6 x 10-J M-’ set-‘. The 
value of kl’ is neglectibly small as was previously 
reported13. A similar result was obtained for the 
reduction of AuBr,+- by oxalic acid16. The value for kl” 
at 2.5’ C is in very good agreement with the previously 
reported value of 4.98 x 1r3 M-’ set-’ at 20” C and 
25.8 x 1r3 M-’ set-’ at 40” C (ref. 13). The reaction 
involving oxalate (kt”‘) is considerably faster than 
that involving bioxalate (k,“), a feature also reported 
for the analogous reactions of AuBrd- (ref. 16). The 
ratio k,“‘/kr” approximately equals 3, which com- 
pares favourably with similar ratios reported for substi- 
tution reactions in which oxalate is the entering ligand17. 
The equilibrium constants KA and Ku can be cal- 
culated using the expression for k, and the values in 
Table IV under certain conditions. According to liter- 
ature Ka = 0.25M (ref. 6) such that KAKa/[Hf]+ 
KA at pH h 1.5, simplifying the expression for k, to k, 
= K,+Ka/[H+]. The factor KAKB was calculated from 
the latter, the values being summarized in Table V 
(column 3). A principal feature of these values is their 
pH dependence, which is ascribed to the role played 
by the oxalate system. Apparently the presence of 
oxalic acid causes the Au(II1) equilibria to shift in 
such way as to increase the value of K,Ka (see further 
discussion). A similar effect was observed for the 
reduction of Au&- by formic acid”. A possible expla- 
nation is the formation of an ion-pair between Cl- and 
the carboxylic acid, causing a decrease in the rate of 
the chloride anation reaction of AuC13(OH2) and an 
increase in the value of KA. The formation of such 
ion-pair was recently suggested for a similar system”. 
Having assumed that Ka should be independent of the 
presence of oxalic acid and that the effect on KA should 
reach a limit at pH 5 1.0 (pK of oxalic acid equals 
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TABLE V. Equilibrium and Rate Constants Calculated from the Kinetic Data. 

PH KA + K&B WA + k3 kz = k3 Equilibrium Data Determined Experimentally 
{K,K,/(H+]}, x lO’,M* {k3KAK,J M-’ set-’ M-’ set-” 
MB [H+]} x 104, K, + {KAKt,/ Experimental Conditions 

set-lb [H+]} x 10’ [Cl-], M [total oxalate], 
Md M 

0.0 1.80’ 3.60’ 0.11 - 0.061 1.24 0.001 0.07 
0.5 2.57’ 3.60’ 0.38 - 0.147 0.96 0.001 0.07 
1.0 5.04 3.608 1.07 - 0.212 2.98 0.001 0.075 
1.5 6.62 2.09 1.60 0.242 - 3.44 0.001 0.075 
2.0 12.5 1.2s 3.10 0.248 - 3.90 0.001 0.07 
2.5 16.7 0.53 4.45 0.266 - 7.59 0.001 0.07 
3.0 17.9 0.18 5.01 0.280 - 15.0 0.001 0.07 
3.5 31.8 0.10 10.0 0.314 - 47.4 0.01 0.07 

a Experimental values of k, in Table IV unless otherwise indicated. b Experimental values of kb in Table IV. ’ Calculated 
from kt,/k, when it is assumed that k2 = k3 (see discussion). d Equilibrium constants measured in the presence of oxalate 
(see discussion). e Calculated values of k, when it is assumed that KA = 1.44 x lo-’ M and KB = 0.25 M (ref. 6) 
(see discussion). ‘It is assumed that KAKB is a constant at pH s 1.0 (see discussion). B Calculated from k, when it is 
assumed that KB = 0.25 M (ref. 6) (see discussion) 

1.47 for the present system), we calculated the values 
of KAKB at pH Z 1.0 (cJ Table V) to predict values 
for k, at pH 0.0 and 0.5 since these could not be 
determined from the experimental data. Hence these 
assumptions enabled us to predict values for kz and k3 
at pH 5 1.0 (see further discussion). 

An attempt was made to measure the values of KA 
and Ka in the presence of oxalate at various pH. The 
absorbance versus time traces were recorded for various 
reaction mixtures as shown in Table V (last column). 
The back extrapolation to the point of mixing yielded 
a value for the absorbance of AuC& in the presence 
of oxalate at zero time. From the equation 

[AuC&-] = W+IP-1 
[H+][Cl-] + K,[H+] + KAKB 

x [total Au(III)] 

the value of KA + {KAKB/[H+]} was calculated as a 
function of pH. These values (Table V, column 7) 
show exactly the same tendency as the kinetically 
determined values of k, (Table V, column 2). The 
influence of oxalate is observed mainly at pH 5 2.0 
where oxalic acid is present in appreciable quantities. 
At pH > 2.5 a value of 0.15 x 1(r5 was obtained for 
KAKB in good agreement with values (determined in 
the absence of oxalate) reported in literature19zY5Y6. 
Apparently the presence of bioxalate and oxalate ion 
has no influence on the equilibrium, in line with the 
idea of ion-pair formation between CT and oxalic acid 
since such ion-pair formation will not occur between 
Cl- and bioxalate/oxalate ion. We conclude that the 
pH dependence of KAKB is mainly due to an interaction 
with oxalic acid. 

From the expression for kb and its values in Table IV, 
the rate constants kz and k3 can be calculated under 

certain conditions. Since kz and kJ are of the same magni- 
tude (see further discussion), it follows that kzKA 
-~ksK~Ka/[H+l at pHZ 1.5. The values of k, were 
calculated from kt,/k, at pHZ 1.5 and summarized in 
Table V (column 5). At pH 5 1.0 this simplification 
is not valid and the assumption is made that kz and k3 
are approximately equal. The values for k2 and k3 in this 
pH range cannot be calculated unless this assumption 
is made. An identical situation was reported for the 
anation of Co(NH3)s0HZ3+ and Cr(NH3)50H23+ by 
oxalate17, 19, in which the participation of CO(NH~)~ 
OH’+ and Cr(NH3)50H2+ respectively was not kineti- 
cally identifiable. The value of k3 (= k2) at pH s 1.0 
was once again calculated from kt,/k,. A plot of k3 as a 
function of pH is presented in Figure 5. Inflections are 
observed at pH -0.5 and -3.5, which corresponds 
satisfactorily with the pK values for AuC13(0H2) 
(pKa) and HC204- (pK,) respectively. We conclude 

Y 
PH 

I I 
0 LO w 3.0 

Figure 5. ka(kz) as a function of pH. 
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that the rate constants for the reactions of AuC13(OH2) 
with H&04 (k,‘), AuCl,(OH)- with HCz04 (ka”) 
and AuCl,(OH)- with CzOd2. (ka”‘) are approximately 
o.oS,O.2S and 0.35 M-’ set-’ respectively. These values 
suggest that the reactions involving the AuCla species 
(kz and k3) are much faster than those involving the 
AuC&- species (k,). This is attributed to the easier 
displacement of an OH-/OH* group than a chloride 
ion as reported for several analogous systems8p9Y10. 
Despite the assumption made to calculate k2 (= k3) at 
pH 5 1.0, the obtained value of ks” is in good agree- 
ment with that reported by Kazakov et al.13 We also 
note that the reactivity of the AuCl,(OH)- species is 
not as pH dependent as the AuC&- species. 

The substitution reactions (1) to (3) are followed by 
the ring-closure reactions (4) and (5) that are normally 
non rate-determining. Under certain extreme condi- 
tions the rate of the substitution process, which depends 
on [H+], [CI] and [total oxalate], may exceed that 
of the ring-closure reactions such that the latter become 
rate-determining. This is probably the case with the 
data indicated by an asterisk in Table II. The ring- 
closure is independent of [total oxalate] and k,,, verse 
[total oxalate] will approach a limiting value. This value 
should vary with pH since the rate of ring-closure for 
AuC13(C204H)- and AuC~~(C~O~)~ (i.e. k4 and k5) 
should differ to some extent. According to the values 
Of kobs in Table II, k4 - S x 1r3 set-’ and k5 - 7 x 1(r3 
set-’ at 25” C using an estimated pK value of -2.0 
(ref. 20) for AuC13(C204H)-. Such rapid ring-closure 
reactions have been reported for analogous systems7’ lo. 
An alternative explanation for the occurrence of a 
limiting value of k,,, is the possibility that the aqua- 
tion of AuCl, may become the rate-determining step 
under these conditions. In such case the reaction 
becomes less than first-order in oxalate. The rate of 
aquation of AuCl.,- is reported as 2.2 x 1(T2 set-’ in 
literature4, which is approximately three times faster 
than the highest values of kobs reported in Table II. 
Thus equilibrium is maintained throughout and our 
first explanation is favoured. 

The ring-closing steps are followed by a rapid two- 
electron transfer reaction (6) which is non rate- 
determining. The species AuCl; is suggested to be the 
reaction product, although the presence of Au(O) is not 
excluded. Other species such as Au(C,O4)- and AU 
(c204)23 may also be present in an excess of oxalate16. 

Kazakov et al.13 suggested a general mechanism of 
the type 

AuCl, + B 5 AuCI,B k AuCl; + OB 

where B is the reducing agent and OB the oxidised 
form of B. They stated that k,p k7 when B is oxa- 
late. Applied to this study, the intermediate AuCl,B 
is suggested to be AuClz(CzO4)-, which undergoes 
reduction prior to further substitution to produce 
species such as Au(C204);. A second substitution 
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TABLE VI. Radiochemical Results. 

pH = 2.5; [CT] = 0.1 M; [total oxalate] = 0.0005 M 
Temp = 25°C Cl4 = 1.0&i/20 ml test solution 

- 
Absorbance 
at 313 nm 0.67 0.58 0.48 0.41 0.32 
Count Rate’ 8.590 20900 44420 57400 77070 

a Recorded as counts/min. 

process usually produces a second “slower” reaction 
detectable from the pseudo first-order plots. This 
occurred for reactions with ethylenediamine’ and 
thiourea12 but was not observed for the present system. 

The CO2 produced in reaction (6) is instantly 
present when the reaction commences. Some radio- 
chemical results are summarized in Table VI, from 
which it follows that a linear relation exists between 
the absorbance decrease at 313 nm and the count rate 
obtained for the released C1402. Extrapolation to 
infinity where the absorbance is zero yields a count 
rate of 140,000. Experimentally an infinity value of 
185,000 was recorded. This difference is ascribed to 
partial reduction of Au(I) to Au(O) during which 
additional C1402 is produced. 
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