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The sulphoxide complex of the K[Pt{RiS0)Cl3)
type proved to be similar in properties to Zeise’s salt
K[Pt(C,H,)Cls]. The cis- and trans-influence of di-
methylsulphoxide and its effect on the acid properties
of platinum(ll) aqua complexes are discussed in the
paper. Three instability constants of the [PtDMSOCI;]”
complex ion are determined. They are K, = (1.3+0.3)
X105 K, =6 x 1075, Ky=(2.84+0.5) x 1073,

In the last five years a number of investigations
carried out in our laboratory were devoted to dialkyl-
sulphoxide complexes of platinum metals.

The first member of the homologous series of di-
alkylsulphoxides — dimethylsulphoxide (DMSO) — is
a remarkable aprotic solvent. In its power to dissolve
organic and inorganic substances it is superior even
to water. At present, sulphoxides are used not only in
laboratory. They have found wide application in chemi-
cal engineering as well. Therefore, the investigation of
the state of metallic salts in sulphoxide solutions is not
only of theoretical but also of practical importance.

Cotton and coworkers' consider the properties of
dialkylsulphoxides to reflect three molecular structures
in equilibrium

+— -+
R,SO = R;5=0 <= R,5=0
The nature of the double bond S=0O depends mainly

+ - -+
on the o-bond S— O and the p,—d, back bond S «O.
The latter is formed by overlap of filled p, orbitals of
the oxygen atom and the corresponding vacant d, orbit-
als of the sulphur atom. Coordination of sulphoxide to
the positive metal ion through an oxygen atom must
weaken the p,—d, bond and hence decrease the SO
stretching frequency. In contrast, addition of a sulphur
atom from the sulphoxide molecule to the metal ion
should strengthen the p,—d, bond of the oxide atom
with sulphur and hence increase the S—O stretching
frequency.
At present, coordination sulphoxide compounds
have been studied for the majority of chemical ele-
ments. It has been found that sulphoxides are princi-

pally coordinated to metals through an oxygen atom.
In case of platinum metals — soft acids — coordination
occurs through a sulphur atom, as evidenced by IR
spectroscopy. Wayland and Schramm showed™? that
in the palladium complex [Pd(DMSO),](ClO4),
which they prepared palladium binds both S and O
atoms of sulphoxide. In the diisoamylsulphoxide com-
plex [Pd(1ACO),](BF,), all four sulphoxide mole-
cules are oxygen-coordinated.** In the rhodium com-
pounds [Rh(DMSO);Cl;] and [Rh(DMSO)sCl]
(Cl0,),%8 two sulphoxide molecules are sulphur-
coordinated and the others are oxygen-coordinated.

It was shown in our laboratory that in platinum
complexes  sulphur-coordinated dialkylsulphoxides
exhibit a strong trans-influence. In this respect they
resemble ethylene. Complex compounds of the K[Pt
(R;SO)Cl;] type proved to be similar in properties to
Zeise’s salt K[Pt(C;H4)Cl;]. The present paper is
primarily concerned with the investigation of proper-
ties of complex compounds of the K[Pt(R,SO)X;]
type.

The study of isotopic exchange of chlorine in com-
plex ions [Pt(R,SO)CL]", where R,SO = (CH,),SO
and (C;H;),SO, showed that one of the three intra-
sphere chloride ions is very labile.® ! Its isotopic ex-
change occurs at the speed of “zero” exchange
(Figure 1). One may suppose that the ion in question
is the chloride ion in trans-position to the sulphoxide
molecule. A similar picture was observed by Grinberg
and Kuzmina'! with Zeise's salt. In the [Pt(C,H,)

In{1-F)

20 t, min

Figure 1. Relationship between In(1-F) and time for isotopic
chlorine exchange in the complex ion [Pt{DMSO)Cl].
Complex concentration 1.66 x 1072M. [CI'] 4.98 x 107>M.
Temperature 25°
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Cl;]” complex the exchange of the chloride in the
trans-position to the ethylene was complete by “zero™
time.

It was shown by Grinberg and Kukushkin in 195
that the lability of ligands in platinum(Il) complcxes
depends not only upon the nature of the ligand in
trans-position but also upon the ligand in cis-position.
For example. ammonia in the [Pt(NH;)Cl;]” com-
plex ion causes an increase in the rate of replacement
of chlorine in cis-position as compared to replacement
rates in the [PtClL]*" complex ion. In our first paper
it was suggested that ligands with strong trans-influence
exhibit weak cis-influence and. on the contrary. ligands
with weak rrans-influence display strong cis-influcnce.’?
Later this assumption was confirmed by experimental
evidence, '

Sulphoxides proved to be an exception to this rule.
They display not only strong trans-influence but also
strong cis-influence. The rate of chlorine replacement
in complex ions on the Cl-P1=Cl coordination link is
much higher than that on the same coordination link
in any other complex. including [Pt(NH;)Cl;]".%"°
From the calculation of electronic structure of DMSO
molecules carried out in our laboratory’® by MO
LCAO-CNDO method (differential overlap being
completely neglected) it follows that the p, orbitals
of oxygen exhibit a marked donor power. The cis-
influence of sulphoxides in complex ions of the [Pt
(R2SO)CI;]™ type is likely to be due to the inter-
action of oxygen p, orbitals with the central atom
(Figure 2), owing to which the platinum—chloride bond
is labilized in cis-position.

Bromide complexes of platinum(1l) arc. as a rule,
more labile than chloride oncs. Therefore. in the
[PtDMSOBr;]” complex bromine ions both in cis-
and trans-position to sulphoxide are practically ex-
changed instantaneously.'®

Thus, coordinated dialkylsulphoxides labilise the
whole inner sphcre of platinum(Il) complexes.

In 1955 Leden and Chatt investigated equilibria in
aqueous solution of Zeise's salt. They estimated the
third instability constant of the [Pt(C,H4)Cl3]™ ion
(K3 =3.0 x 107) and. what is of particular signifi-
cance, the acid dissociation constant of the [Pt(C,Hy)
(H,0)Cl,] ion. The latter was found to be of the order
of 107%. From the point of view of the thcory of acid-
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Figure 2. Interaction of oxygen py orbitals with the central
atom.
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basic properties of complex compounds, this exception-
ally high value of the acid dissociation constant was at
that time unexpected. In fact, in the fifties it was believ-
ed that the acidic propertics of complex A depended
on: H — the field strength of the central ion defined
by the ion charge and its polarization properties; E —
charge of the complex ion; « — the degree of dissocia-
tion of RH molecules in free state; § — polarizability
of RH molecules:

A =1f(H.E.a.8)

In addition. the acidic properties of the intrasphere
ligand RH must depend on the properties of the ligand
in trans-position. It was believed that the acidie proper-
ties of the intrasphere group RH decrease with the
enhancement of the frans-influence of the ligand in
trans-position. "

Ethylene exhibits a very strong trans-influence. That
is why one could expect the acid dissociation constant
of trans-[PH{C,H4)(H,0)Cl,] to be close to the corre-
sponding constant for [Pt(H,O)Cl;]". which equals
K ~ 1077." Actually. it proved to be two orders higher
and closc to the constants for cis-[Pt(NH;)2(H,0),]**
(K, = 2.8 x 107°) and for trans-[Pt(NH;3)(H,0),]**
(K; = 4.8 x 107%). It should be noted that the last two
complexes are of cation type and their acidic proper-
ties are enhanced duc to the positive charge of the
complex ion. At present. the pronounced acidic proper-
tiecs of the [PYC.Hs)(H.0)Cl,] complex are ac-
counted for by the z-acceptor properties of ethylene.
The tormation ot a xr-dative platinum-ethylene bond
brings about an increase in the effective charge on the
central atom and enhancement of acidic properties of
the coordinated water molecule. The results of Leden
and Chatt'” were afterwards confirmed in a work?®
on [PtNH3}(CoH)(HO)]** where ethylene is also
in trans-position to the water molecule.

The acid dissociation constant for trans-[PtDMSO
(H,0)Cl,] was estimated.” It proved to be K =
(1.4£0.2) x 107

Thus, the acidic properties of the ethylene complex
[PUC,H4)H,0)Cl,]  and  the  dimethylsulphoxide
complex [PIDMSO(H,0)Cl,] are very close.

In aqueous solutions of K[PtDMSOCI,] salt there
are two equilibria:

[P{DMSO)CL] + H,O =
trans-[PIDMSO(H,0)Cl,] + CI"K; (D)

trans-|PtIDMSO(H,0)ClL] =H" +
trans-[PIDMSO(OH)CL|" K (1)

Since they arc interrelated, we can estimate the third
instability constant of the [PtDMSOCI;]" ion by deter-
mination of hydrogen ion concentration with change
in chlorine ion concentration.?? Estimation of the
constant was accomplished by titration of freshly pre-
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pared solutions of the complex with KCl solution and
simultaneous measurement of the pH:

k. = Cag(Cay + X)

3 C-Cyq
where C,, and C are concentrations of the aqua com-
plex and the starting complex corresponding to equi-
librium (1) and X is the concentration of the added
KCI. In accordance with equilibrium (I1) C,, equals
(H']®

Cag= ¢ +[H']

The value of K; for the [PtDMSOCL]™ complex is
equal to (2.8%0.5) x 107 K; for the [PtC;H,Cl3]
ion was determined under comparable conditions and
in analogous manner. It was found to be (3.7 4+0.5)
x 107* Thus, we see again that the dimethylsulphoxide
complex [PtDMSOCI;]™ is similar to the correspond-
ing ethylene compound [Pt(C,H4)Cl5].

An attempt was made to use a silver—silver chloride
electrode for investigation of equilibria in solution of
K[PtDMSOCI,]. The electrode is used provided there

is no chemical interaction between it and solution of

the complex. Leden and Chatt investigated cquilibria
in solution of Zeisc’s salt with the help of a silver—
silver chioride electrode. They noted that the ¢e.m.f. of
the circuit changes with time. which they attributed
to oxidation—reduction interaction between the plati-
num salt and the electrode. The limitation of the use
of a silver—silver chloride clectrode for investigation
of platinum and palladium complexes was shown
also. 2?2

Tentative experimental  evidence indicated that
slightly soluble silver salts are not formed with the
[PtIDMSOCI;]” complex ion. However, addition of
K[PtDMSOCI;] salt to potassium chloride solution of
certain concentration leads to diminished chloride con-
centrations, the deviation being the greater the higher
the chloride ion concentration.

For estimation of the stepwise constants we used
Bjerrum’s method.?® The equilibrium concentration
of chloride ions corresponding to K; of the [Pt
DMSOCL]™ complex (when i = 2.5) is rather high.
and under these conditions the error introduced by the
silver—silver chloride electrode is considerable. The
value of K; determined in this way proved to be onc
order of magnitude lower. When @ = 1.5, the equilib-
rium chloride concentration is equal to K,, but since
K, is much lower than Kj;, the electrode functioned
normally over the range of corresponding chloride ion
concentrations. In the same manner we estimated the
approximate value of K, = (5 + 8) X 107%.%® To check
the value obtained for K, we made also use of another
method for determining equilibrium concentrations of
components in solution of platinum salts taking into
consideration the acidic properties of aquacomplexes.?®
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When the K[PtDMSOCI;] complex is dissolved in
water, in addition to equilibria (1) and (Il) there are
established equilibria (111) and (1V):

[PIDMSO(H,0)Cl,] + H,0 =
[PIDMSO(H,0),Cl]* + CI" (Ka) (111

[PIDMSO(H,0),Cl]* = H* +
[PIDMSO(H,0)(OH)CI] (K acid) (IV)

Knowing the acid dissociation constants of [PtDMSO
(H,0)Cl;] and [PtDMSO(H,0),Cl]* aquacomplexes
and K; for the [PtIDMSOCL]™ ion one can calculate
the constant K, relating to equilibrium (111).

For the calculation it was necessary to determine the
equilibrium concentrations of platinum mono- and
diaqua complexes and the chloride ions. The procedure
used consisted in titration of a monoaqua complex
solution of known concentration with KCl solution
and simultaneous measurement of the pH. The determi-
nation of the pH was carried out, as before, with an
instrument of the LP-58 type at 25°C and ionic
strength ¢ = 0.5(KNQO;). Equilibrium was established
in 1-2 min. The calculations were made by the follow-
ing equations:

[ag][Cer — (Caq - [0a])]

K, =
Caq - [aq]

=107 (n

where |ag] is the equilibrium concentration of trans-
[PIDMSO(H,0)Cl,}; C¢ and C,, are the initial
chloride and monoaqua complex concentrations. The
equilibrium concentration [aq] was calculated from
cqn . IH*]“ — the active concentration of H* ions
obtained on dissociation of the monoaqua complex
was determined from [aq]:

[H*]a

Tax 107 T [l where K,
' =14x107° (2)
[Hi]d: “14]cxp_[l"i+]ii (3)

where |H " Jp, and [H7]4 are the active H' ion con-
centration determined experimentally and that of the
diaqua complex.

From [H*]q we calculated the equilibrium concen-
tration of the diaqua complex (equilibrium 1V):

lag] =

[PIDMSO(H,0),C1*] = PRTRT™] +[H"]q

\'VhCI'C Kucid(l) = 3] X ]0_4 * (4)
[Cr] = CCI_ (Caq“ [‘lQ]) +
[PIDMSO(H,0),Cl*]  (5)

* The second step of acid dissociation of the diaqua complex is
negligible, since K,cae) is four orders of magnitude lower.
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TABLE I. Estimation of K, for [PtDMSOCI;]; 4 =0.5(KNO,), t =25°C.

Ce x 10° Coq X 107 pH [H*]opx 104 [H'],x 10* [H*]gx 103 K, x 105
M M

3.99 4.99 3.65 2.44 1.71 7.3 5.9

7.95 4.97 3.91 123 1.68 1.5 6.3
9.90 4.95 3.97 1.07 0.96 0.9 7.0

average 6.10

Thus, the value K, obtained agrees very closely with that found with the use of a silver—silver chloride electrode.

K =
? [PIDMSO(H,0),C1* [ CI]

[PIDMSO(H,0)Cl,]” [PtDMSO(H,0). CI*]

(6)

K, was determined over a concentration range (3.9—
9.9) x 107*M of the added chloride. where the con-
centrations [H*]exp, [H*]a and [H*]4 are commensur-
able. The results of titrating 50 ml of solution of trans-
[PIDMSO(H,0)Cl;] (5 X 107 mole) and the esti-
mates of K, are listed in table .
When using the indicator silver—silver chloride elec-
trode we failed to determine K, since the chloride
concentration, corresponding to fi = 0.5, was beyond
the range of application of the method. It was only
found that K, <35 x 1075

For estimation of K, of the [PtDMSOCL]" com-
plex ion, a scnsitive potentiometric method*”*° per-
mitted determination of halide ions in concentrations
up to (1 +5)x 107°g/l. The procedure consists in
measuring the changes in the em.f. (4E) of a flow
concentration cell with two similar silver—silver halide
electrodes on replacement in the indicator semielement
of the reference solution containing no ions to be
determined by the analyzed solution with a halogenide
ion concentration C,. Within the range of low chloride
ion concentrations the dependencc of AE on C; is
linear. The concentration measured was determined
from equation C, = AE/K where K is the proportion-
ality factor obtained experimentally with the use of
standard solutions. The investigation was carried out
with an apparatus described earlier.?®

The constant K, was determined during the investi-
gation of the following equilibrium

[PIDMSO(H,0);]** + CI- =
[PIDMSO(H,0),Cl|* + H,0 (V)

It was found that the introduction of [PtDMSO
(H,0)3]*" ions (in concentrations from 5 to 20 mM)
into the solution exerts practically no influence on the
potential of the silver—silver chloride elcctrodc. This
can be accounted for by the fact that the rate of dif-
fusion of chloride ions from the continuously dissolv-
ing electrode (AgCl) into the laminar flow of solution
is much higher than the rate of interaction between

[PtDMSO(H,0);]** ion and CI". Therefore, the
chloride ions from the electrode have no time to cause
tangible changes in the system under investigation.
Platinum complex ions are found to be adsorbed on
the electrode surface. The adsorption somewhat in-
creases the time necessary for the potential to be estab-
lished but it has practically no influence on the results
of determination of chloride ions in solution. The K,
value was calculated from Bjerrum’s formation func-
tion (A = 0.5). For this, 1i was plotted against the equi-
librium chloride ion concentration. K; proved to equal
(1.3£0.3) x 1077

Thus, the successive instability constants of the
[PtDMSOCI;]” complex ion are: K;=(1.310.3) X
1075, K, = 6 X 1075, K3 = (2.8+£0.5) x 107

In conclusion we shall turn again to the comparison
of properties of dimethylsuiphoxide and ethylene as
ligands of platinum(1l) complexes. The comparison
of stability of Zeise's salt and its dimethylsulphoxide
analogue in aqueous solution shows their stabilities to
be close. The somewhat lower instability constant of
the [PtDMSOCI;]™ ion may be evidence of the some-
what higher effective positive charge on platinum(II)
in the sulphoxide complex. The comparison of acid
dissociation constants of [PtDMSO(H,0)Cl,] and
[Pt(C,;H4)(H,0)Cl,] also indicates that the effec-
tive charge in the sulphoxide complex is somewhat
higher than that in ethylene. The author together with
Baranovsky and Panina estimated the o-donor and
s-acceptor properties of these ligands from the overlap
integrals of DMSO and C,H, orbitals.** DMSO
proved to be both a better o-donor and a better x-ac-
ceptor than ethylene. This is in accord with experi-
mental evidence.
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