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Reactions between Tetrachlorogold(iii) Ions and N-Cyclohexykhio- 
benzamide 
By Alan J. Hall and Derek P. N. Satchell," Department of Chemistry, King's College, Strand, London 
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Kinetic and spectroscopic evidence i s  presented which shows that in aqueous solution tetrachlorogold(lll) ions 
and N-cyclohexylthiobenzamide (S) interact sroicheiometrically to form the I : 1 complexes [AuCI,(OH) ( S ) ] O ,  
[AuCI,(H,O) ( S ) ] + ,  [AuCl,(S)l0, and [AUCI,(S)]~-. The complexes are in rapid equilibrium and their relative 
concentrations depend upon the free chloride and hydrogen ion concentrations. All the complexes decompose, 
probably via a slow reaction wi th water, to give the O-amide and gold sulphide. In this decomposition [AuCI,(S)12- 
is the most reactive and the addition of chloride ions to  a reaction mixture can therefore provide catalysis based on 
the conversion of a four- to a six-co-ordinated species. A possible explanation is  given. 

FEW studies exist of the interactions between thio- 
amides and gold compounds. For aqueous acid solu- 
tions there is evidence that relatively stable complexes 
between thiobenzamide and gold species are formed and 
in aqueous alkaline solution the decomposition of related 
complexes has been observed.2 We now report on the 
reactions between tetrachlorogold(II1) ions and N- 
cyclohexylthiobenzamide in aqueous perchloric acid. 

EXPERIMENTAL 

Materials.-N-Cyclohexylthiobenzamide was a previous 
sample., Ethanol, perchloric acid, and sodium chloride and 
perchlorate were all of AnalaR grade. Sodium tetrachloro- 
gold(m) was the B.D.H. reagent grade material. The 
thioamide was used as a stock solution in ethanol and all 
reaction mixtures contained 2 yo (v/v) ethanol., 

U.U. Spectral Changes and Cornfilex Formation.--The 
equilibria (1) have been established 4 9 5  for gold chloride 
species in aqueous acid solution. They are set up rapidly 
with h' ca. lo-, mol 1-1 and K ,  ca. 0.63 at 25". The spectra 

K HZO, Ka 
[AuC1,]- -+ H20 & [AUC~,(H,O)]~ + C1- 

[AuCl,(OH)]- + H,Of + C1- (1) 

of [AuCl,j- and of [AUC~,(H,O)]~ are very similar (Figure 1) , 
cSIO being 4200 for the former and 4700 for the latter. When 

+ K1 
[ A u C l e l -  + P h C S N H R  [AuCL, S=C, 

both the chloride and hydrogen ion concentrations are low, 
equilibria (1) lie to the right; the spectrum of [AuCl,(OH)]- 
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has no maximum a t  310 nm (Figure 1). At any chosen 
acidity ( 2 1 . 0 ~ )  and chloride ion concentration (YO. 1 ~ )  
the addition of N-cyclohexylthiobenzamide leads to the 
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FIGURE 1 Spectra of gold complexes (104[AuClp] 1 . 0 ~ ;  
solvent, 2% (v/v) EtOH-H,O; S = PhCSNHC,H,,}: a, 
[AuCl,(OH)]-; b, [AuClJ-; c, [AUCI,(H,O)]~; d, [AuCl,- 
(OH) (S)Io; e, [AuCl,(H,O) (S)]+; f, [AuCl,(S)]O 

rapid formation of 1 : 1 complexes with the gold species by 
displacement of chloride. The spectra of the complexes 
formed with [AuClJ- (i.e. at high [H,O+] and [Cl-1) and 
with [AuCl,(OH)]- (i.e. a t  low [H30+] and [Cl-1) are also 
shown in Figure 1. By making measurements, along lines 
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previously d e ~ c r i b e d , ~ ? ~  a t  325 nm, where N-cyclohexyl- 
thiobenzamide absorbs only slightly, it  is possible to show 
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that under all conditions the interactions are 1 : 1 and effec- 
tively stoicheiometric. The spectral observations as a 
whole indicate the existence of equilibria (2) in which Kl is 
very large. When [CI-] 2 0 .  IM further small spectral changes 
are seen which suggest that complex (11) is possibly being 
converted into another species. For complexes (I) and (11), 
~310 = 13 200 and 12 600 respectively. Complex (Ia) has 
no maximum near 310 nm. Measurements at, or near, 
310 nm, using a series of solutions of different hydrogen ion 
concentrations in the range 10-3-3 x 1 0 - 2 ~ ,  permit the 
calculation of pK, for the acid dissociation (I) Y== (Ia) ; we 
find pK, 1.55 & 0.05 at 25". 

All the complexes decompose to the 0-amide; this rela- 
tively slow decomposition does not prevent accurate ob- 
servation of the initial complex formation. 

Pvoducts.-Preparative scale experiments, using various 
concentration conditions, show that the S-amide-gold 
complexes decompose to give the corresponding 0-amide 
and (normally) Au2S, in high (>goyo) yield. In reaction 
mixtures containing a large excess of the tetrachlorogold(II1) 
ion more than the stoicheionietric quantity of this species 
is consumed and the inorganic product under these condi- 
tions is uncertain. 

Kinetic A rvangements.-The rate of disappearance of the 
(total) 1 : 1 complex was measured spectroscopically at 310 
nm, using various free tetrachlorogold(m), chloride, and 
perchloric acid concentrations. In all runs [A~Cl,-]stoi,h 
>[PhCSNHR],, so that the whole of the S-amide was 
present as 1 : 1 complex. All runs were a t  25' and at a 
constant ionic strength of 2 . 5 ~  maintained by sodium per- 
chlorate. The loss of 1 : 1 complex was an accurately first- 
order process over two half-lives and the observed first-order 
rate constant, Kobs, was calculated from the slope of the plot 
of log (D-Doo) against time. Values of kobs (Table) were 
reproducible to within 5 5 % .  The reaction mixtures re- 
mained homogeneous throughout all runs, gold sulphide 
being eventually precipitated in some cases. 

RESULTS AND DISCUSSION 

The results in the Table show (i) that kobs is unaffected 
by the presence of free tetrachlorogold(II1) ions, (ii) that 

rapidly established equilibria (Z), which explain most of 
the spectroscopic measurements, are extended as in (3) to 
include the hexa-co-ordinated gold complex (111). It is 

Effects of hydrogen, tetrachlorogold(m), and chloride 
ion concentrations 

1O5[PhCSNHRlo 5 . 0 ~ ;  temperature 25'; ionic strength 2 . 5 0 ~ ;  

(i) Effect of hydrogen ion concentration (1O4[AuC1,-] 3 . 0 ~ )  

(a) [CI-] 0.00 

hob,, = observed first-order rate constant 

103[H30+]/~ 0.18 0.91 1.82 9.12 91.2 916 
102kob,/min-1 5.32 5.44 5.51 5.50 5.42 5.60 

1O2[H3O+j/~ 0.00 9.12 45.8 91.6 
1O2kOb,/min-l 1.92 2.10 2.10 2.02 

(b) [Cl-] 0 . 0 4 ~  

(C) [Cl-] 1 . o o M  
10SIH,O+]/M 0.18 0.91 458 916 
1O2kOb,/min-l 1.71 1.80 1.62 1.80 

(ii) Effect of tetrachlorogold(m) ion concentration ([W,O*] 
0 . 4 6 ~ ;  [Cl-] 2.0M) 

lO5[AuC1;-]/~ 5.0 10 15 20 30 
10kob,/min-l 1.62 1.81 1.80 1.72 1.74 

(iii) Effect of chloride ion concentration ([H3Q+] 0.46~; 
1O4[AuC1,-] 3.0111) 

102kob,/min-1 2.90 2.88 2.70 2.49 2.30 1.82 1.40 

1O2kOb,/min-l 1.09 0.905 0.690 
rc1-w 0.02 0.04 0.10 0.15 0.20 0.30 0.40 
lO2kob,/min-l 0.690 0.898 2.01 2.67 4.04 5.11 8.20 
[Cl-I /M 0.60 9.00 1.00 1.20 1.50 1.75 
1O2kOb,/min-1 11.8 14.6 15.5 16.1 16.9 17.0 

104[c1-]/M 0.00 0.20 0.50 0.80 1.20 2.40 4.00 

104[c1-]/M 8.00 20.0 40.0 

assumed that complexes (I), (Ia), (11), and (111) can all 
lead to the 0-arnide via slow reactions in which water 
attacks the thiocarbonyl carbon atom. 

It is evident from (i) that only complexes containing 
one gold atom are involved in the slow process. That is 

H2011 

bobs is effectively independent of the hydrogen ion con- 
centration at  all chloride ion concentrations, and (iii) 
that, at a fixed value of [H,O+], as [Cl-] rises from 0.0 to 
3 . 0 ~ ~  kobs first falls and then rises again, its value 
eventually levelling-out when [Cl-] 7 2 . 0 ~  (Figure 2). 
These kinetic results can be nicely rationalised if the 

compatible with the proposed scheme. Fact (ii) shows 
that the dissociation of the water proton in (I), to give 
(Ia), which occurs a t  low chloride and hydrogen ion 
concentrations, has little effect on kobs. The reactivities 
of (I) and (Ia) towards decomposition to the 0-amide are 
therefore taken to be similar. That seems possible. 
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When [H,O+] = 0 . 4 6 ~  the concentration of (Ia) is 
negligible a t  all values of [Cl-] and the predicted rate 
equation is therefore (4), where kI ,  Kn, and K I I I  are the 
gseudo-first order rate constants for the reactions of 

(i l  Low concentrations (ii) High concentrations 

0.0 0.0 L 1.0 o.oY 1.0 I 2.0 I 
2.0 0.0 

lo3 [cl-] / M  rcc-I /M 
FIGURE 2 Effect of chloride ion concentration on hoba at 25": 

105[S-amide]i,itial 5.0111; lO4[AuC1p]-initjal 3 . 0 ~  ; [H,O+] 
0 . 4 6 ~ ;  ionic strength 2 . 5 ~  

water with complexes (I), (11), and (111), respectively. 
Using the equilibrium constants defined by equation (3) 

it can be shown that kobs = (k&, + kI1[C1-] + k111K3- 

[C1-I3)/(K, + [Cl-] + K3[C1-]3). This expression with 
102k1 = 3.2 min-l, 103k11 = 6.0 min-l, KIII = 0.18 min-l, 
104K2 = 2.0 mol l-l, and K3 = 5.4 moF2 l2 leads to values 
of kobs represented by the continuous lines in Figure 2. 
The proposed scheme is clearly in good agreement with 
the effects of changes in [Cl-1. The kinetic evidence for 
the existence of (111) is to that extent strong. The 
principal reactant a t  high chloride ion concentrations is 
thus probably (111). 

Previous evidence 's8 (largely spectroscopic) for hexa- 
co-ordinate gold is not compelling, except in work on 

7 C. M. Harris, S. E. Livingstone, and I. H. Reese, Austral. J .  
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Chew., 1957, 10, 282. 

chelated complexe~.~ However, a recent kinetic study lo 

of the conversion of [Au(bipy)X,)+ into [AuX4I2- (where 
X = C1- or Br-) strongly suggests the intermediacy of 
complexes similar t o  (111). As noted in the Experimen- 
tal section, the spectral changes at  high chloride ion con- 
centrations are suggestive of further complexation of (11) , 
but alone are insufficient to identify (111). There is no 
evidence for a penta-co-ordinate species in either the 
present, or the previous,l0 kinetic study. 

We tentatively attribute the relative reactivities of the 
complexes [i.e. (111) > (I) > (11)] to the slow step being 
an attack on the thiocarbonyl carbon atom by outer- 
sphere water molecules hydrogen-bonded to the other 
resident ligands, e.g. (IV) . We suggest this process could 
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be easier in (I) than in (11), owing to one resident ligand 
being water already, and appreciably easier in (111) than 
in (11) owing to the hexa-co-ordination which will make 
the relevant intramolecular collisions more likely. The 
details of the steps following the slow step can only be 
guessed at. Whatever the true explanation of the rela- 
tively great reactivity of (111), it is clear that high 
chloride ion concentrations provide a catalysis of the 
present decomposition. This type of catalysis via hexa- 
co-ordinated ligands may well be relevant to the reactions 
of other square planar complexes. 
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