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AURATE(ITI) IONS IN THE PRESENCE OF TETRAETHYLAMMONIUM
GCHLORIDE

ARNALDO PELOSO

C.N.R., Centro di Studio sulla Stabilith e Reattivita dei Composti di Coordinazione, Istituto
di Chimica Analitica, Universit?: di Padova (Italy)

Very little attention has so far been devoted to the rates and mechanisms
of oxidation of platinum(II} complexes. The work carried out in this field
has been confined 1o the study of the oxidation of some charged piatinum(Il})
complexes by platinum(IV) complexes [1], or, ocecasionally by other oxidiz-
ing reagents [2]. Moreover, only very few kinetic investigations have been
carried out on the oxidation of uncharged platinum(II) complezes although
they have been extensively studied with respect to nucleophilic substitution
reactions [2-—5]. As paxt of a systematic investigation on the oxidation reac-
tions of this kind of complex we report here the kinetics of the oxidation of
some platinum(II} complexes ([Pi(bipy)Cl, ], trans-[ Pt( AsEt,)2Clz ], trans-
[Pt(PEt,)2(R)Cl], R = Ci, CgHg, m-FCgHy, p-FCgHy, p-CICeH,, p-CH30CgHy)
in acetonitrile by tetrachloroaurate(IIl) ions in the presence of tetraethyl-
ammonium chloride. A constant ionic strength {0.1 M) has been obtained by
adding to the reacting mixtures the appropriate amount of tetraethylammo-
nium perchlorate which behaves as a strong electrolyte i in acetonitrile, as well
as the corresponding chloride {6, 7].

EXPERIMENTAL
Materials

Platinum(II) and platinum(IV} complexes were usually prepared following
the literature methods {8—12]. trans-[Pt(PEL,)2:(R)Cly}] (B = CgHg m-FCgH,,
p-FCgHy, p-ClCgH,, p-CHaOCgH,) were prepared by oxidation of the plati-
num(Il) complexes in CCl,; with chlorine. {Pt{bipy)Cl.] has been prepared by
oxidizing the corresponding platinum(II) complex in DMF with eithex Cl; or
hydrogen peroxide and hydrogen chloride and recovered by addition of water
to the reaction mixture. Hydrogen t,etrach,oroaurate(ITI } was used as 3-hy-
drate. Acetonitrile was purified by standard methods [13].
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Preparation of the reaction mixtures, stoichiometry of the reactions and
evaluation of the reaction rates

Stock solutions of platinum(II} complexes, Et,;NCI], Et,NCIO, and
HAuC),;.3H,0O were prepared by weight. The concentration of gold(IIl} was
then accurately determined spectrophotometrically, the molar extinction
coefficient of tetrachloroaurate(Ill) in acetonitrile at 322 nm being known
[14]. The reactions were started by mixing the appropriate volumes of
thermostatted sclutions of the reactants directiy in 1 cm silica cells main-
tained in the thermostatted cell compartment of an Optica CF4R recording
spectrophotometer. The reference cell contained tetraethylammonium salts
in the same concentration as that present in the reacting mixture, whereas
gold(II1) was some 10~ 3 M less concentrated. The concentration of Et,NCl
was varied in the range 1.00 X 1071 M — 2.00 X 10™2 M. The concentration
ranges of HAuCl, explored were as follows: 3.20 X 1073 — 1.60 X 10™* M
for trans-[Pt(PEty)s (m-FCgH,)CIT; 8.14 X 1073 — 2.85 3 1074 M for trans-
TPU{PEts)o{ p-ClCgH, )CIT and trans-{Pt{AsEt;),Cl,1; 3.06 X 1078 —

7.65 X 1074 M for trans-[Pt{PEt3)2Cl,]; 3.06 X 1072 — 3.20 X 107* M for
the other complexes. The concentration of the complexes was usually at least
10 times lower than that of HAuC],. At suitable time intervals the spectrum
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Fig. 1. Spectral changes during the reaction in acetonitrile at 50°C of trans-[Pt(AsEt3)q-
CTla] (5.4 X 1075 M) with HAuCl4 (3.14 X 10™4M) in the presence of Et{NCl
(1,00 x 10~ a1).
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of the reacting mixture was scanned over the range of wavelength 400—250 nm,
where high changes of absorbance were found to occur during the reaction
together with one or more isosbestic points (e.g. Fig. 1). The position of such
isoshestic points and the detailed analysis of the spectra of the reaction mix-
tures showed that all the reactions examined follow the stoichiometric eq. {1).
The composition of the gold(I) complex was inferred on the basis of the

known stability of AuCl7 in acetonitrile [14]. The reactions were found to go
to completion, in the pseudo-first-order conditions employed, following a
pseudo-first-order rate law. The rates were found to be unaffected by addition of
small amounts of water (up to 1%) to the reacting mixture. The pseudo-first-
order rate constants, &y, were determined from the slope of log (D—D..) or
log (D, —D,) against time, where D, and D.. are the absorbances of the react-
ing mixture at time ¢ and at the end of the reaction at a given wavelength. In:
some cases, when the reactions were extremely slow and decomposition of

the reaction products was possible, the value of D_, was not derived experi-
mentally and a value derived from faster reactions was used.

RESULTS AND DISCUSSION

All the platinum(II} complexes have been found to undergo oxidation to
platinum(IV) by tetrachloroaurate(iIl} ions, in the presence of chloride ions,
according to eq. (1) in which the uncharged ligands, L, maintain their mutual

[PtLo(R)Cl] + AuCly —+ [PtLy(R)Cl;] + AuClz (1)

position alsc in the reaction products. No elementary gold was formed in our
experimental conditions (see experimental section). The reactions were found
to go to completion and cbeyed a two term rate law. A third order rate term,
first order with respect to platinum(II}, to tetrachlorcaurate(Ill) and to
chloride, was found to operate in each case examined (e.g. Figs. 2 and 3). The
form of the other rate term which appears in the overall rate law equation is
different for the various platinum(il) coinplexes considered. In the case of
[Pt(bipy)Cl.] or trans-{Pt(AsEt;),Cl;] such a rate term is independent of
either gold(II1} or chloride concentrations, as shown by the fact that the
straight lines obtained on plotting k. towards chloride or gold(IIl} concen-
trations for several series of kinetic runs {e.g. Figs. 2(2) and 2{(c}) give the same
intercept. Therefore, the overall rate law operating in these cases is

rate = k4 [PtLs(R)CI] [AuCIT ] [CI] + k {PtLy(R)CI] (2)

When the triethylphosphine—platinum(II) derivatives are used the rate term
under discussion is found to depend alsc on the gold(I1I) concentration, as
shown by the occurrence of different intercepts obtained by plotting k5
against chloride concentration for a series of kinetic runs carried out using
different gold(lIIl) concentrations (e.g. Fig. 3(a)). Moreover, in these cases the
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oy is not linearly dependent on the gold{III) concentration (see, for example,-
Fig. 3(c)). Such behaviour cannot be related to changes of acidity arising from
changes in the concentration of hydrogen tetrachloroaurate(Ill). In fact,.
changes of hydrogen ion concentration are not seen to affect the rates. Thus,
the value of kg, for the oxidation of trans-[Pt(PEty)s (m-FCH{)C1] at 35°C
in the presence of CI™ (0.1 M) and AuCly (1.80 X 1073 M) is1.43 X 107 %571
for [H*]=1.80 X 1073 M;1.44 X 10~*s~! for [H" |- 4.38 X 103 M;

=laly

a0l
ra
30+ *
-

207
o

[+]

(a)

Kops =107 (S)

NEL, € «10° ¢mote 1}

'_g ap /
n: or o
9; g3 o/ (b)
g ~
W 2r e
o] ° " L

[auCL] <107 tmael™



99

501

a0

Keps % 10° (5T
b
0
T
L)

201

e

L /./
P

o : 5 ¥

[HauC,) = 107 tenote 1

Fig. 2. Oxidation of trons-[Pt{ AsEt3)2Clg] at 50°C. (a) Plots of kg, vs. the concentration
of Et.;NCI._EHAuCL;} =314 X 1073M (0), 2.20 X 103 M (@}, 1.57 X 1073 M (@),

9.40 X 107 % M (0}, 6.28 X 10" M (A), 4.70 X 10~ M (A), 3.14 x 104 M (O).

{b} Plot of the slopes in Fig. 2a vs the concentration of HAuCl,, .

(c) Plots of k,yg vs the concentration of HAuCl,. {Et NCI] = 5.00 x 162 M (»),

2.50 x 1072 M (0), 1.50 x 10—2M (@)

1.839 X 10~*s~1 for [H*} =6.95 X 103 M; 1.37 X 10~ *s~* for [H*] =
1.28 X 10 2 M. The kinetic results for the oxidation of the phosphine—plati-
num(II} complexes are best fitted by egn. (3} which becomes equal to rate
law (2} when [AuCly] > k.

— .~ RBs[PtLg(R)CI] [AuCl{]
rate = k3 [PtLo{(R)CIJ[AuCIF{CI] + (3)
B+ {AuCl]]

Valuer of k3, k, and k obtained in the single cases are reported in Table 1.

Rate laws (2) and (3) suggest that the oxidation of platinum(II) complexes
by tetrachloroaurate(Ill) ions follows two reaction pathways. We think that
the rate term k, is the consequence of a solvolytic reaction, involving the
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starting complex, of the type which is known to operate in the nuclecphilic -
substitution reactions of platinum(II) complexes. Of course, a solvent assisted
reaction path is expected to operate only when the oxidant is able to react
with the solvent-complex intermediate with a rate sufficient to compete

with the chloride ion. According to the above interpretation we have found

a value of k,; for the substitution reaction of trans-[Pt{AsEt;),Cl,] with
bromide very close to the value obtained for oxidation with gold(III} (see
Teble 1). We have also obtained some approximate values of k2, from nucleo-
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Fig. 3. Oxidation of trans-[Pt{PEt3)2 (p-CICGH:})Cl} at 50°C. {a) Plots of kgy, vs the con-
centration of EE.Z‘NCI' (HAuCl;] = 2.85 x 1073 M (0), 2.00 X 1073 (@), 1.14 X 1073 M
(®), 5.70 X 10—4M (0), 2.85 x 10— M (A).

{b} Plot of the slopes of Fig. 3a vs the concentration of HAuCl,.

{c} Plots of kg vs the concentration of HAuCl,, [Et,NC1] = 1.00 X 1071 M {0y,

7.00 X 107 2Af (9), 4.00 X 1072M (9}, 2.00 X 102 M (@),

philic substitution reactions of trans-[Pt(PEt;).(R)CI] (R = aryl group). In
these cases the reactions do not go to completion even when good nucleo-
philes such as iodide or thiourea are used in relatively high concentrations
(uo to 5 X 1072 M for I ) and the evaluation of &,,, was made by assuming
that the reactions go to completion and using only data relevant to the early
stages of the reactions.

The third order rate term, related to k3, implies an activated complex for
the rate determining step contzining a molecule of platinum(II} complex, one
tetrachloroaurate(I¥1) ion and one chloride ion. Thus, the overall reaction
mechanism for the reactions under consideration can be schematized as follows:

[PtL.(R)Cl] + AuCly + CI~ 3 [PtL,(R)Cls] + AuCly + CI~ (4a)
k, :
[PtL,(R)C1] + S == [PtL,(R) (S)]* + CI—. (4b)

. kl
[PtL;(R)(S)]* + AuCly + CI~ - [PtL,(R)Cl3] + AuCly +S (4¢)
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where eqns, {4b) and (4e¢) account for the solvent.assisted reaction path. The
related rate law, derived by using the stationary state model, is

rate = kg [PtL,(R)C1] [AuCl3 1 [CI™] + k’{PtL'f(R)C” {ASCI:] (5)
k_g/ky + [AuCly]

Equation (5) has the same form as that found experimentally with & = k. /k3.
It may be noticed that the actual occurrence of rate law (2) or (3) will depend
upon the value of %._ /&3 and, therefore, also upon the reactivity of chioride
towards the solvent-complex intermediate. Thus, the reason why the aryl
derivatives exhibit rate law (3) is to be regarded as a consequence of the high
reactivity of chloride towards such intermediates.

The third order pathway exhibits relatively low values of activation
enthalpy, the order of magnitude being that normally found in redox reac-
ticns involving a bridge mechanism. On the other hand, it also exhibits high
negative values of the entropy of activation which are probably due to the
formation of a fairly rigid bridged activated complex. Therefore, it may be
thought that redox step {4a) (and probably also step (4¢)) involves the forma-
tion of a bridged intermediate with a chloride ion simultaneously bonded to
platinum(II} and to gold(III). At least three different redox mechanisms in-
volving a bridged intermediate can account for redox step (4a). First of all it =
may be noticed that a third order rate term of the same form as that under
discussion has also been found to operate in the oxidation of platinum(ii)
derivatives by platinum(IV) complexes in the presence of chloride ions [1].

In these kind of reactions the reaction mechanism is thought to involve a fast
reversible formation of a five-coordinate adduct between platinum(il) and _
free chloride, followed by an atom-transfer redox step between the platinum-
(IV) complex and such a five-coordinate adduct. A similar mechanism could
operate even when the oxidizing agent is AuCly . In such a case the detailed
mechanism” would be as follows:

3 |
L L
e
,_/[ v ‘
L &

* A similar mechanism would also explain the redox step (4c) related to the solvent- .
assisted pathway, provided the redox step is followed by a fast substitution of the solvent
molecule by a vinloride fon.
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An alternative redox mechanism, which takes into account the well known
tendency of gold(III} to attain five-coordination [15,16], would involve the
_preliminary formation of a five-coordinate gold(I1l}, AuClZ—, which would
then interact with the initial platinum(Il) complex according to the following
mechanism

R cl R
L ci?* L
5 Fl.t/ . Cl.._Atu/ —_ s -------F-!t/ -------- cr — Ayl -—=
W | o | 7 I
ci < cl

(7a)

-5

—_— S —— Pt —(1"+ auCly » 2C1° P (RICLy « AuCiy - C17

L
ct

Finally, a redox mechanism which cannot be differentiated from the previous
ones on the basis of the rate law alone, is one which implies an attack of AuCly
on a chloride bonded to the starting platinum(II) complex as a first reversibie
step, followed by a fast nucleophilic aitack of chloride on the platinum(ll)
atom before the slow redox step

ct
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o — F'tLE(R]{S}CIi = AuCly » 2087 Ptlo{R}Cly » AUCE « CU

The reactivity towards direct oxidation, related to k23, of the complexes
examined is found to be 2 function of hoth the charged and uncharged ligands
bonded ta platinum(II} (see Table 1). We think that changes in the free energy
of these reactions accompanying changes of the ligands honded to platinum
are among the most important factors which give rise to the ohserved reactiv-
ity trend. It is a rather general observation that the free energies of activation
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of redox reactions involving very similar systems [17,18] are lower, and thus
the reactions are faster, when these are thermodynamically more favourable.
Thus, one can expect that the reactivity order will be parallel with the thermo-
dynamic ease of platinum(II} to be oxidized to platinum{IV}. According to
this hypothesis preliminary studies have shown that c¢is-{Pt(PEt;}2Cl,] under-
goes cxidation by AuCly much more slowly than the frans isomer which is
expected to exhibit a lower oxidation potential [19]. Thus, the reactivity
order AsEt; > PEt; would be the consequence of a greater stabilizing influence
on the higher oxidation state of a given central metal atom exhibited by
tertiary arsines with respect to tertiary phosphines [ 20—22]. In agreement
with the above considerations a reverse order of reactivity, i.e. AsEiy < PEt,,
has been previously found in the reduction of the related chlorocomplexes of
platinum{IV) by several reducing agents [2]. Finally, the higher reactivity ex-
hibited by triethylphosphine.complexes when R = ary! prcup with respect to

R = (I, can be tentatively assigned to the stronger ¢-donor ability of Ar— with
respect to C1™, which would lead to an increased electron density on platinum-
(II) which consequently would lose electrons more easily. On the other hand,
the negligible kinetic effect exhibited by the substituents in the aromautic ring
is an indication that only strong changes in the basicity of the ligands will lead
to appreciable changes of reactivity.
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