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The equilibrium coefficient, K, for the reaction [PdCL,]*~ + RR'SO & [Pd(RR’SO)CI3]~ + CI™, has
been determined for dimethylsulfoxide, tetramethylensulfoxide, and phenylmethylsulfoxide and found
to be 67, 46 and 8.8 respectively at 25°C, ¢ = 1.0 in 95:5 methanol-water. Values for the equilibrium
constants for the dimethylsulfoxide complex are also reported at other ionic strengths. The equilibrium
constants for the second stage, [Pd(Me,SO)Cl3]~ + Me;SO # trans-[ Pd(Me,S0),Cl;] + C17, has been
determined for dimethylsulfoxide only, K; = 2.5 x 1072 at 25°C (4 not controlled). The causes of the
mutual destabilisation of two dimethylsulfoxides are discussed.

INTRODUCTION

Sulfoxides are ambident ligands with the ability to bond through sulfur or oxygen. With the
“soft” or “class b” metals such as palladium and platinum, there is a strong preference for
S-bonding as indicated by solid state infrared and X-ray diffraction and solution n.m.r.
studies.! In sterically hindered systems it is possible to find the sulfoxide bound to Pd or Pt
through the oxygen. In many respects sulfoxides seem to be unusual ligands. The S-sulfoxide
exerts a moderately strong trans-effect but is a weak nucleophile; their nucleophilicity seems
to be remarkably sensitive to charge and to steric effects and mutual labilisation of two
sulfoxides in the cis position can be considerable.? Since these phenomena are kinetic in
origin it is of interest to see the extent to which these features also enter into equilibrium
studies so as to separate ground state contributions from those of the transition state.
In this paper we report the results of a study of the reaction

[PdCL)?~ + RR'SO & [PARR’SO)Cl,]~ + CI- (1)

1To whom correspondence should be addressed.
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together with the second stage of the reaction with Me,SO,

[Pd(Me,SO)Cl,]~ + Me,SO # trans-[ Pd(Me,SO),Cl,] + Ci- 2)

EXPERIMENTAL

Reagents

K,PdCl, (Engelhart) was used as obtained and the sulfoxides were purchased from Aldrich
and purified before use. Trans-[Pd(Me,SO),Cl,] was prepared according to the methods
reported in the literature.’

Measurements

The equilibrium quotients were determined spectrophotometrically in methanol containing
5% by volume of water at 25°C. Excess chloride, added as LiCl, was used to suppress
hydrolysis, prevent any significant contribution from higher sulfoxide complexes and to
maintain constant ionic strength. Absorbance measurements were made with a Varian-Cary
219 double beam spectrophotometer. Preliminary studies proved that [PdCl,]2~/LiCl solu-
tions obeyed Beer’s law, as did the sulfoxide solutions. Solutions containing the required
quantities of reagents were made up from standard solutions and allowed to reach thermal
and chemical equilibrium in the spectrophotometer cell before the spectrum was measured.
Accurate absorbancies were obtained at the wavelengths chosen for the subsequent analyses.

Treatment of the data

Under conditions where only two palladium species are present in significant quantities
(justified in the following section) we can write the equilibrium coefficients for the reaction
(1) in the form A + R# x, as

K =x/(Ag — x) (Rg — x) 3

where A = [A,— x], R = [Ry — x], Ry = Ly/ Y, x = [PA(RR'SO)Cl5].0, Ag = [PdCIZ ],
[PdCI")., + [PA(RR'SO)Cl3]l,, Yo = [Cl7lo= [Cl7],q since [CIT), »A, and L,
[RR'SO],.

For reason of convenience we used the following expression:

K* = 1/K, = (Aq = x) (Rg ~ x)x 4
Solving the quadratic equation (4) gives
x = H(K* + Ag + Rg) — [(K* + Ag + R)? — 4AR]Y) ©)
The absorbance at the chosen wavelength, D, is given by
D =¢,Aq+ x(ep — €4) (6)

where ¢, and ey are the molar extinction coefficients for [PdC],]?~ and [ PA(RR'SO)Cl,]~ at
the chosen wavelength respectively. Using known values for ¢, (independently determined)
and A, values of K* and ¢5 were obtained using a non-linear regression programme, which
is described elsewhere,!* with D and R, as variables. It must be remembered thatK, = 1/K*.
In the second stage, again under conditions where only two palladium species were
present, i.e. trans-{ Pd(Me,SO),Cl,] and [Pd(Me,SO)Cl;}~, we used the same programme
with R§ = Yg¢/L3 and D as variables (L8 = [Me,SO), = [Me,SO],, since L§ > Aq, Ay =
[trans-Pd(Me,SO),CL, ), and Yq = [CI-]o). In this case K, = 1/K’ where K’ refers to the
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equilibrium:

trans-[ Pd(Me,SO),Cl,] + Cl~ & [Pd(Me,SO)Cl,]~ + Me,SO

RESULTS

The Equilibria [PdCI,J%~ + RR'SO = [Pd(RR'SO)Cl})~ + CI-, K,

If the spectra of a series of solutions with a constant initial concentration of {PdC1,])?~ and a
varying ratio of Ry = [RR'SO],/[C1-]yare superimposed, many pass through an isosbestic
point (at 463 nm when RR'SO = Me,SO). Slight departures appear at higher sulfoxide and
low chloride concentrations, consistent with the formation of higher sulfoxide complexes.
Sufficient chloride was added to suppress solvolysis when no sulfoxide was present and the
spectrum of this solution also passes through the isosbestic point. This, coupled with the fact
that the absorbance change is consistent with a dependence on the first power of [RR'SO], is
clear evidence that the equilibrium being studied is given by Eq. (1). Only the data from
those spectra that pass exactly through the isosbestic point were used in the analyses for K;.
Equilibrium (1) will exhibit a primary salt effect and must therefore be studied at constant
ionic strength. However, the concentrations of Cl~ required to prevent solvolysis on the one
hand and restrict the formation of higher complexes on the other, are high enough to be in a
region where secondary salt effects, resulting from the replacement of C1- by ClO% for
example, are appreciable. For this reason the ionic strength was held constant by LiCl and Y,
could not be varied in any study. K; was determined at 4 = 1.0 for all sulfoxides and in the
case of Me,SO other sets of data at 4 = 2.0 and 0.514 were determined in order to see the
effect of ionic strength and also to see whether 5 was independent of u and Y. Values of D
at 400 nm as a function of L, are given in Table I and the values of K, and ¢ obtained from a
nonlinear regression analysis are collected in Table II. In view of the criticism® of spec-
trophotometric investigations of equilibria by linear relationships such as those of Benesi and
Hildebrand® and Brown’ it is pleasing to note that treatment of the data in Table I by these
methods gives very satisfactory agreement for K, and, where relevant, for ez as well.

The Equilibrium [ Pd(Me,SO)Cl,)~ + Me,SO 2 trans-[ Pd(Me,S0),Cl,] + CI-, K.

In the presence of lower concentrations of chloride and the higher concentrations of sulfox-
ide the equilibrium associated with the addition of the second sulfoxide becomes measur-
able. The reaction was studied in the case of dimethylsulfoxide only. It was necessary to use
conditions where Lj »[complex] and, in order to be able to use the same program for
calculating the data it was convenient to provide the palladium complex as trans-
[Pd(Me,SO),Cl,] and to analyse the dependence of D on Rj in terms of K, for the
equilibrium

trans-[ Pd(Me,S0),Cl,] + CI- # [Pd(Me,SO),Cl-] + Me,SO, K’

Clearly, in order to obtain K' (the equilibrium constant for the addition of the second
sulfoxide) it is necessary to use the relationship K,K' = 1.

The charge types do not change in this equilibrium and so it is not expected to exhibit a
primary salt effect. Consequently, no effort was made to maintain a constant ionic strength
and LiCl was varied without any compensating addition of LiClO,. The spectra of solutions
of trans-[Pd(Me,SO),Cl,] in 95:5 MeOH:H,0 were studied in the presence of varying
amounts of Me,SO and LiCl. At moderately high Me,SO the spectra converged as [Cl~] was
reduced and this was taken to be that of trans{ Pd(Me,SO),Cl,]. Values of ¢, were taken
from this spectrum. Keeping L{ constant and varying Y gave a series of spectra with two
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TABLE 1
Measured parameters for the reaction [PdCl¢])2~ + RR'SO 5 [ Pd(RR'SO)Cl;]~ + CI™
Ag Yo Lo D

RR'SO = Me,SO 1.07 x 103 0.9925 2.99 x 10™! 0.641
1.07 x 1073 0.9925 1.02 x 107! 0.589
1.07 x 1073 0.9925 8.12 x 1072 0.579
1.07 x 1073 0.9925 5.10 x 1072 0.527
1.07 x 1073 0.9925 3.00 x 1072 0.454
1.07 x 1073 0.9925 1.00 x 1072 0.293
1.07 x 1073 0.9925 8.00 x 1073 0.264
1.07 x 1073 0.9925 5.00 x 1073 0.189
1.07 x 1073 0.9925 4.00 x 1073 0.171
1.07 x 1073 0.9925 3.00 x 1073 0.136
1.07 x 1073 0.9925 2.00 x 1073 0.117

RR’'SO = (CH,),SO 1.05 x 1073 0.999 362 x 107! 0.766
1.05 x 103 0.999 1.81 x 107! 0.724
1.05 x 1073 0.999 1.00 x 10} 0.682
1.07 x 1073 0.993 8.00 x 10~2 0.655
1.07 x 1073 0.993 5.00 x 1072 0.580
1.07 x 1073 0.993 3.00 x 1072 0.487
1.07 x 1073 0.993 1.00 x 102 0.283
1.07 x 1073 0.993 8.00 x 1073 0.247
1.07 x 1072 0.993 5.00 x 1073 0.186
1.07 x 1073 0.993 4.00 x 1073 0.159
1.07 x 103 0.993 3.00 x 1073 0.132
1.07 x 1073 0.993 2.00 x 1073 0.103

RR'SO = Ph(Me)SO 1.05 x 1073 0.999 1.297 0.808
1.05 x 1073 0.999 1.037 0.795
1.05 x 1073 0.999 7.78 x 10! 0.771
1.05 x 1073 0.999 6.62 x 107! 0.751
1.05 x 1072 0.999 3.89 x 107! 0.680
1.05 x 1073 0.999 1.94 x 107! 0.536
1.07 x 103 0.993 1.00 x 107! 0.449
1.07 x 1073 0.993 8.00 x 1072 0.395
1.07 x 1073 0.993 5.00 x 1072 0.293
1.07 x 1073 0.993 3.00 x 1072 0.208
1.07 x 1073 0.993 1.00 x 1072 0.105
1.07 x 103 0.993 8.00 x 1073 0.092
1.07 x 1073 0.993 5.00 x 1073 0.070
1.07 x 1073 0.993 4.00 x 1073 0.065
1.07 x 1073 0.993 3.00 x 1073 0.057
1.07 x 1073 0.993 2.00 x 1073 0.055

TABLE II

Measured values for the extinction coefficients and the equilibrium
constants for the reactions [PdCl1{~] + RR'SO # [Pd(RR'SO)Cl; ]
+ C17 at 400 nm

RR'SO €A €8 K
Me,SO 40+ 2 628+ 6 67+2
(CH,)(SO 40+ 2 765 + 3 460+ 0.5
Ph(Me)SO 40+ 2 827+ 7 88+ 0.3
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TABLE III
Measured parameters for the reaction trans-{Pd(Me,SO),Cl,] + CI- &
[Pd(Me;SO)Cl3]~ + Me>SO and measured values for the extinction coefficients
and the equilibrium constant, at 400 and 380 nm

Ay R§ = Y3/L§ Do D3g0
7.7 x 1074 50 x10°! 0.495 0.518
4.0 x 107! 0.495 0.521
2.5 x 107! 0.500 0.525
1.5 x 107! 0.505 0.530
5.0 x 1072 0.530 0.571
40 x 1072 0.539 0.582
2.5 x10°2 0.562 0.613
1.5 x 1072 0.575 0.638
7.5 x 1073 0.601 0.673
5.0 x 1073 0.614 0.691
25 x1073 0.630 0.711
400 nm: sc=822+4 6g=630x4 K'=40x3
380 nm: 6c=930%3 ep=655*6 K'=39=+3

isosbestic points. At very low value of Yj these isosbestic points were lost as a result of
solvolysis. Data for the subsequent analysis were only taken from those spectra that passed
through the isosbestic points. As [LiCl] is increased the spectra converge at the same final
spectrum as found on the PdCl}~ + Me,SO study.

The data for the dependence of D on Rj is given in Table IIL In this case data at 380 and
400 nm were used. Both give the same values for K', 39 + 3 and 40 * 3, and it is important
to note that the value of ¢g at 400 nm determined in this way, 630 * 4 m.mol.cm~2, agrees
very well with that determined starting from PdCl2", 628 + 6 m.mol.cm~2. This is further
evidence that the second equilibrium is indeed being studied in these experiments.

DISCUSSION

At constant ionic strength (¢ = 1.0) the equilibrium coefficients for reaction (1) decrease
along the sequence, dimethylsulfoxide (65) > tetramethylenesulfoxide (46) > phenyl-
methylsulfoxide (8.4). If the difference in complex forming ability was due to changes in the
a-donor ability of sulfur, resulting from the changing inductive effects of the substituents, it
would have been predicted that tetramethylenesulfoxide (—Z¢* = 0.18%) > dimethyl-
sulfoxide (—Zo* = 0) > phenylmethylsulfoxide (—Zs* = —0.6), and so the inversion of
results for the first two sulfoxides is slightly surprising. Steric hindrance, which is thought to
be important in the behaviour of sulfoxides,! might have accounted for the lower value of the
phenylmethylsulfoxide but there is little difference between Me,SO and (CH,),SO; if any-
thing the latter offers less hindrance. Steric effects therefore predict the same sequence as
inductive effects. It is possible that the relatively small differences arise from the change in
the n-electron density on the sulfur, with hyperconjugation from the methyl group as a major
factor. However, it is rash to place too much emphasis on electronic effects when the
differences are so small.

The most significant observation in this work is the very large difference between the first
and second “successive stability constants” (bearing in mind that chloride, and not solvent, is
being displaced by the sulfoxide), log K, = 1.81; log K; = —1.60. A purely statistical model
would predict much smaller differences and the charge effects would narrow the gap still
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further. For example, the equilibrium coefficients for the solvolysis of [ PdCl,}?~, [PdCl,]?~
+ H,0 & [PdCI;(H,0)]- + CI-, log K, = —2.6; [PdCl,(H,0)]~ + H,0 = [PdCl,(H,0),]
+ Ci7, log K; = —2.5° are almost identical and the reactions are of the same charge type as
those under discussion. Until now, quantitative studies of the unusual coordinating pro-
perties of sulfoxides were all kinetic in nature and there is always a temptation to use the
transition state as a means of explaining effects that are not manifest in the ground state.
These equilibrium studies indicate that the mutual destabilisation of two sulfoxides is also
present in the ground state. As already pointed out by Elding!® there are many similarities
between ethene and dimethylsulfoxide in reactions involving them and Pt or Pd. A moder-
ately strong trans-effect for dmso!! accompanied by a negligible frans-influence!? is associ-
ated with a poor nucleophilicity.? The equilibrium coefficients for the reaction, [PtCI2~] +
olefin = [Pt(olefin)Cl3] + Cl~ in water was determined many years ago!? but, as in the
case of the platinum sulfoxide complexes, there was no indication of the binding of a second
olefin. (The analogous Pd(II) reactions are complicated by subsequent reactions of the
olefin). Trans-bis-(olefin) complexes of Pt(Il) have not been yet reported and the formation
of the cis-bis-(olefin) complexes generally requires a chelating diolefin. All of this would
suggest that the difference between the first and second equilibrium coefficients for the
displacement of chloride from PtCl2~ (and by analogy, those for the corresponding Pd(II)
reactions) is at least as marked as in the case of displacement of chloride from PdCl%- by
Me,SO. The behaviour of the olefins is generally rationalized in terms of the importance of
r-bonding in their interactions with the d® metal ions. The bis-(dimethylsulfoxide)dichloro-
palladium(1I) complex is known to be frans in the solid state'* and there is no evidence to
suggest that it isomerizes in aqueous solution. In any case, if the cis isomer was more stable
than the trans. and the second equilibrium coefficient referred to the formation of the cis-bis
complex, then the effect would be further intensified since the formation coefficient for the
trans isomer would have to be even smaller than that reported.

It is well known that sulfoxide complexes are sensitive to steric hindrance. The
[Pd(Me,SO),J?* cation has two S-bonded and two O-bonded sulfoxides because of the
strain,!5 the stable [Pt(RR'SO),Cl,] isomers are cis and when R and R’ are not bulky but
trans when it is (e.g. R = R’ = isopropyl).!> However, in spite of the large amount of
structural data now available, there is little evidence for any ground state n-bonding or of a
measurable trans influence. With the exceptions of the case mentioned above the Pt (or Pd)
is always bound directly to the sulfur atom and there is no evidence for sideways interaction
with the $=O bond. The M—S—=O bond angle is not far from tetrahedral!216-2! ryling
out the possibility of interaction of the a* orbital of the S=O bond (as in M—C=0
complexes). The mutual labilisation of cis sulfoxides is not matched by any indication of
ground-state repulsion!” and there are no indications of unusually close non-bonding interac-
tions or distorted angles at the metal in the cis-[Pt(Me,SO),Cl,}, although the Pt-S distances
in this complex (2.244 and 2.229 A) are somewhat larger than that observed in the
[Pt(Me,SO)Cl,]~ anion (2.193 A)!!. This, however, may be a charge effect since the Pt-S
distances in other neutral mono sulfoxide complexes of the type trans-[ Pt(R,SO)(am)Cl,]
are all in the region (2.22 to 2.23 A).'®!° The unusually long PtS bonds in cis-
[Pt(Me,SO),(C¢Hs),1(2.315 and 2.324 A) are probably due to the trans-influence of the
phenyl groups.

In summary, there is no doubt that when more than one suifoxide is present in a Pt(II)
or Pd(II) complex there is a mutual destabilisation and labilisation. Although this effect is
clearly manifest in the equilibria, there is no structural evidence that clearly points to any
steric or n-bonding ground state effect.
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