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The reaction of [Pt2(dppe)2(µ-S)2] 1, with metal complexes or metal salts gave different types of complexes depending
on the nature of the heterometal and of the stoichiometric ratios employed. Thus, a trinuclear complex of formula
[Pt(dppe){Pt2(dppe)2(µ3-S)2}]Cl2 2 and an apparently mixed PdxPt3-x product 3 have been prepared and characterised.
Alternatively, dissolution of 1 in chlorinated solvents affords 2 easily and 3 is formed from 1 with [PdCl2(dppe)]. The
pentanuclear complexes of formula [M{Pt2(dppe)2(µ3-S)2}2]X2 (M = Zn 4 or Cd 5, X = ClO4; M = Cd, X2 = [CdCl4]
5�; M = Hg, X2 = [PF6][HgCl4]0.5 6) have been obtained. The structures of complexes 2, 3, 4, 5, 5� and 6 have been
determined crystallographically. Complex 2 comprises three slightly distorted square-planar cis-PtP2S2 co-ordination
planes sharing two µ3-S ligands. X-Ray data and NMR studies in solution of different crops of crystals support that 3
is essentially a simple solid-solution mixture of pure complexes [Pd(dppe){Pt2(dppe)2(µ3-S)2}][BPh4]2 3� and [Pt(dppe)-
{Pd2(dppe)2(µ3-S)2}][BPh4]2 3� in variable proportions with at most a minor component of the homometallic complex
2. The structure of the cations of complexes 4, 5, 5� and 6 comprises two {Pt2S2} butterflies linked through sulfur to
the metal() ion, which shows a significantly distorted tetrahedral environment. All complexes have been fully
characterised by multinuclear NMR techniques and the corresponding parameters are reported.

Introduction
The significant number of known homo- and hetero-metallic
derivatives of [L2Pt(µ-S)2PtL2], L = phosphine, shows that this
species is one of the most effective metalloligands identified to
date. This can mainly be attributed to the geometric features of
the central Pt2S2 ring with a flexible hinge angle between the two
PtIIS2 planes, and to the ability of the bridging sulfide ligands to
co-ordinate additional metal ions. At the same time the wide
range of co-ordination environments offered by main group or
transition metals together with the nature of their accompany-
ing species, either ligands or counter ions, enhances the struc-
tural diversity of this family of derivatives. An extensive and
rigorous account on the synthesis, structures and reactivities of
aggregates containing the {M2S2} core (M = Pd or Pt) has
recently been provided by Fong and Hor.1 Derivatives of [L2-
Pt(µ-S)2PtL2] of known structure are summarised in Scheme 1,
which includes varied co-ordination geometries about the hetero-
metal: linear,2 angular,3 T-shaped,4 Y-shaped,5 tetrahedral,6

square-planar,7 square-pyramidal,5c,6b distorted trigonal pris-
matic 8 and others,9 and displays the ability of the [L2Pt(µ-S)2-
PtL2] metalloligand to function as a unidentate,2 bridging,4,9 or
chelating ligand.3,5–8

Despite the high number of derivatives based on the Pt(µ-S)2-
Pt core,2–10 the synthetic routes reported for complexes of
formula [L2Pt(µ-S)2PtL2] are not straightforward,1 often lead-
ing to mixtures of products, and reports on their crystal

† Supplementary data available: NMR spectra for complex 2. For direct
electronic access see http://www.rsc.org/suppdata/dt/1999/3103/, other-
wise available from BLDSC (No. SUP 57611, 2 pp.) or the RSC Library.
See Instructions for authors, 1999, Issue 1 (http://www.rsc.org/dalton).

structures are scarce. We note that synthesis of most of the
sulfide-bridged aggregates with the {M2S2} core has been
achieved using monodentate phosphines, especially PPh3, as a
terminal ligand in the [L2M(µ-S)2ML2] unit. Our group showed
the possibilities offered by the use of bidentate phosphines.
Indeed, we recently obtained significant yields of pure [Pt2-
(dppe)2(µ-S)2] by monitoring the reaction by means of 31P
NMR and determined its structure.11 This showed that the
central Pt2S2 ring is hinged in agreement with our previous
theoretical ab initio studies for the [Pt2(PH3)4(µ-S)2] complex.12

In addition, the preparation of [Pt2(dppe)2(µ-S)2] allowed the
synthesis and structure determination of pentanuclear
[Cu{Pt2(dppe)2(µ3-S)2}2]

2�, which constituted the first example
of an homoleptic copper() sulfide complex.11 No example
structurally characterised by X-ray diffraction where the hetero-
metal is tetrahedrally co-ordinated to two [L2Pt(µ-S)2PtL2]
molecules had previously been reported.

In this work we report on the synthesis and characterisation
of homo- and hetero-nuclear complexes derived from [Pt2-
(dppe)2(µ-S)2] 1. The crystalline nature of the trinuclear com-
plex [Pt(dppe){Pt2(dppe)2(µ-S)2}]Cl2 2 (i.e. [Pt3(dppe)3(µ3-S)2]-
Cl2) and the pentanuclear complexes [M{Pt2(dppe)2(µ-S)2}2]X2

(M = Zn 4 or Cd 5, X = ClO4; M = Cd, X2 = [CdCl4] 5�;
M = Hg, X2 = [PF6][HgCl4]0.5 6) has enabled us to determine
their molecular structures, which are preserved in solution
according to multinuclear 31P-{1H}, 195Pt-{1H}, 113Cd-{1H},
111Cd-{1H} and 199Hg-{1H} NMR data. The reaction of 1 with
[PdCl2(dppe)] afforded apparently a series of complexes of
formula [PdxPt3-x(dppe)3(µ3-S)2][BPh4]2 3, the values of x being
determined by the solubility of pure [Pd(dppe){Pt2(dppe)2-
(µ3-S)2}][BPh4]2 3� and [Pt(dppe){Pd2(dppe)2(µ3-S)2}][BPh4]2 3�
and the concentration of the reactants. Single-crystal diffraction
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Scheme 1

studies together with analytical and 31P-{1H} and 195Pt-{1H}
NMR data indicate that the cation of 3 is essentially a mixture
of those in 2, 3� and 3�.

Experimental
General remarks

Metal complexes of formula [MCl2(dppe)] were prepared
according to published methods, M = Pd 13 or Pt,14 with minor
modifications. The synthesis of complex 1 has been described.11

In the following preparations conventionally dried and
degassed solvents were used and the manipulations were carried
out under an atmosphere of pure dry nitrogen. CAUTION:
perchlorate salts of metal complexes with organic ligands are
potentially explosive.

Microanalyses were performed with a Carlo-Erba NA-1500
analyser. Infrared spectra in the range 4000–400 cm�1 were
recorded from KBr discs on a Perkin-Elmer 1710 spectro-
photometer, all NMR spectra in (CD3)2SO solution at room
temperature (31P-{1H}, 195Pt-{1H}, 113Cd-{1H} and 111Cd-{1H}
at 121.4, 64.2, 66.5 and 63.6 MHz) on a Varian UNITY300
spectrometer. Some 31P-{1H} NMR spectra have been recorded
at 101.2 MHz on a Bruker AM 250 MHz, and some 195Pt-{1H}
and 199Hg-{1H} on a Bruker AM-400 spectrometer at 85.6 and
71.6 MHz, respectively. The best 113Cd-{1H} and 111Cd-{1H}
NMR spectra were obtained at 44.4 and 42.4 MHz, respect-
ively, on a Bruker AM 200 MHz spectrometer. The 113Cd and
111Cd nuclei, I = 1/2, have similar abundance and neither is
especially difficult to observe; 113Cd is somewhat less abundant
(12.26%) but has ca. 10% more sensitivity, and 111Cd (12.75%)
has a resonance frequency very close to that of 195Pt, so that
both can be measured simultaneously without readjusting the
spectrometer probe. The 31P and 195Pt chemical shifts are relative
to external 85% H3PO4 and 0.1 mol dm�3 Na2PtCl6, respect-
ively, 113Cd and 111Cd to external 0.1 mol dm�3 Cd(NO3)2

aqueous solutions [δ(Cd(NO3)2) = δ(Cd(ClO4)2) � 12.7] and
199Hg to 1 mol dm�3 HgI2 as reference but the values given
are referenced to HgMe2 [δ(HgMe2) = δ(HgI2) � 3106].15 The
NMR spectra were simulated on a Pentium-200 computer using

the gNMR V4.0.1 program 16 which allows iteration from the
experimental spectra, considers all isotopomers and works very
well for species containing at most twelve NMR active nuclei.

Preparations

[Pt3(dppe)3(�3-S)2Cl2 2. To a solution of complex 1 (0.100 g,
0.08 mmol) in acetone (75 ml) solid [PtCl2(dppe)] (0.053 g, 0.08
mmol) was added with stirring. After 24 h the yellow solution
was concentrated to dryness affording the expected product
(Found: C, 38.20; H, 3.00; S, 2.45. Calc. for C78H72Cl2P6Pt3S2�
6CHCl3: C, 38.35; H, 3.00; S, 2.45%). Alternatively, complex 2
was obtained by slow evaporation of a solution of 1 in CHCl3

at room temperature. This second method yielded yellow
crystals, which were suitable for X-ray analysis.

[PdxPt3-x(dppe)3(�3-S)2][BPh4]2 3. To a solution of complex 1
(0.110 g, 0.09 mmol) in acetonitrile (50 ml) was added
[PdCl2(dppe)] (0.050 g, 0.09 mmol). After 24 h of stirring the
mixture became an almost clear solution. The stoichio-
metrically required amount of sodium tetraphenylborate (0.060
g, 0.18 mmol) was then added. The white solid formed, NaCl,
was filtered off and the filtrate allowed to stand at 4 �C for 12 h.
At this stage several crops of crystals were subsequently separ-
ated from the mother solution. Analytical data for the different
crops showed that the value of x in the formula of this material
was variable. A single crystal resulting from a middle crop was
chosen for X-ray diffraction.

[Zn{Pt2(dppe)2(�3-S)2}2][ClO4]2 4. A solution of Zn(ClO4)2

(0.027 g, 0.10 mmol) in 15 ml methanol was added to a solution
of complex 1 (0.220, 0.18 mmol) in the same solvent (100 ml).
After 30 min of stirring the resultant pale yellow solution was
concentrated. Addition of diethyl ether resulted in the appear-
ance of a white solid that was filtered off, washed with cold
methanol and dried. Yield 60% (Found: C, 43.55; H, 3.60; S,
4.70. Calc. for C104H96Cl2O8P8Pt4S4Zn: C, 45.15; H, 3.60; S,
4.65%). Recrystallisation of 4 in methanol gave rise to yellow
crystals adequate for X-ray diffraction. Alternatively, the
same cationic [Zn{Pt2(dppe)2(µ3-S)2}2]

2� species with [ZnCl4]
2-
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instead of ClO4
� counter ions was obtained by treating 1 with

ZnCl2 in the same solvent at an 1 :1 stoichiometric ratio.

[Cd{Pt2(dppe)2(�3-S)2}2][ClO4]2 5. By the same procedure as
that indicated for complex 4, a white solid separated from a
methanolic solution (100 ml) containing Cd(ClO4)2�6H2O
(0.034 g, 0.08 mmol) and 1 (0.195 g, 0.16 mmol). Yield 85%
(Found: C, 43.70; H, 3.45; S, 4.35. Calc. for C104H96CdCl2O8-
P8Pt4S4: C, 44.40; H, 3.45; S, 4.55%). Recrystallisation of 5 in
acetone allowed isolation of colourless X-ray quality crystals.

[Cd{Pt2(dppe)2(�3-S)2}2][CdCl4] 5�. By an analogous pro-
cedure, the reaction of CdCl2�2½H2O (0.046 g, 0.20 mmol) and
complex 1 (0.250 g, 0.20 mmol) in methanol (100 ml) afforded a
white solid. Yield: 75% (Found: C, 41.50; H, 3.50; S, 4.40. Calc.
for C52H48CdCl2P4Pt2S2: C, 43.50; H, 3.35; S, 4.45%). Recrystal-
lization of 5� in acetone afforded colourless single crystals.

[Hg{Pt2(dppe)2(�3-S)2}2][PF6][HgCl4]0.5 6. Solid HgCl2 (0.016
g, 0.06 mmol) was added to a solution of complex 1 (0.150 g,
0.11 mmol) in chloroform (50 ml) and the suspension stirred for
1 h. The salt KPF6 (0.022 g, 0.11 mmol) was then added to the
resultant yellow solution and the reaction mixture slowly evap-
orated in air and room temperature. After several days a micro-
crystalline orange solid was collected (Found: C, 39.95; H, 3.00;
S, 3.80. Calc. for C104H96Cl2F6Hg1.5P9Pt4S4: C, 41.30; H, 3.20;
S, 4.20%). Recrystallisation of 6 from acetone gave orange
crystals suitable for X-ray diffraction.

X-Ray crystallography

Crystals of complexes 2, 3, 5, 5� and 6 were examined on Bruker
AXS SMART CCD diffractometers. The small crystal size and

weak X-ray scattering of complex 4 made synchrotron data
collection necessary; a conventional Mo-Kα X-ray source was
used for the other complexes. Methods were as described previ-
ously.17,18 Semi-empirical absorption corrections were applied.
The structures were solved by direct methods, and were refined
on F2 values for all unique reflections. Disorder in phenyl rings
and anions was modelled with the aid of restraints on geometry
and displacement parameters. The disorder of Pt and Pd atoms
on common sites in the structure of compound 3 was freely
refined subject only to a total of one metal atom on each of the
three sites; no overall Pt :Pd ratio was assumed. The largest
residual electron density features (ranging from just over 1 e
Å�3 in compounds 1 and 2 to 4 e Å�3 in 6) were close to metal
atoms and disordered groups. Programs were standard manu-
facturers’ control and data processing software, together with
SHELXTL 19 and local programs. Crystal data are listed in
Table 6, together with other information on the data collection
and structure determination.

CCDC reference number 186/1559.
See http://www.rsc.org/suppdata/dt/1999/3103/ for crystallo-

graphic files in .cif format.

Results and discussion
Synthesis of the complexes

The procedures followed in the synthesis of compounds 2 to 6
are summarised in Scheme 2. The synthesis of the precursor
species, [Pt2(dppe)2(µ-S)2] 1, has been reported.11 It requires
careful monitoring of the reaction by 31P NMR in order to
achieve a pure product in a reasonable yield. This diplatinum
complex 1 is soluble in common organic solvents, but rapidly
converts into the triplatinum complex 2 when dissolved in
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chlorinated solvents. With the palladium analogue of 1 the ten-
dency to form the trinuclear species is significantly enhanced.20

This could well explain why the complexes of formula [Pd2L4-
(µ-S)2], L4 = 4 unidentate or 2 bidentate phosphine ligands, are
poorly characterised and its chemistry virtually unknown.21

The crystal structure of the triplatinum complex 2 shows the
presence of chloride counter ions. As this complex forms easily
by dissolving 1 in CHCl3 or CH2Cl2 the only possible source of
the chloride ions is the solvent molecules. This should involve
the attack of the nucleophilic sulfido bridges of 1 on the chlorin-
ated solvents, which act as electrophiles. The high nucleo-
philicity of the µ-thio ligands in [Pt2L4(µ-S)2] complexes, L4 = 4
unidentate or 2 bidentate phosphine ligands, towards halogen-
ated solvents is well estabished.1 Thus, it has been reported
that upon standing in CH2Cl2 complexes [Pt2L4(µ-S)2] give
rise either to [PtL2(SCH2Cl)2], L2 = dppf 22 or (PPh3)2,

10b or to
[PtL2(S2CH2)], L = dppy (dppy = 2-diphenylphosphanopyr-
idine).23 However, on the one hand in these cases formation of
the corresponding trinuclear derivatives was not described and
on the other we have not identified any secondary product
accompanying the trinuclear compound 2. These data seem
mutually complementary and suggest that dissolution of com-
plexes of formula [Pt2L4(µ-S)2] in chlorinated solvents leads to
formation of the [Pt3L6(µ3-S)2] trinuclear complexes together
with the products of alkylation at sulfur, viz. [PtL2(SCH2Cl)2]
or [PtL2(S2CH2)]. As an example, in the case of CH2Cl2 it seems
reasonable to propose the following sequence of reactions:

Probably, it is the solubility of each compound that determines
its separation from the reaction mixture. A mechanism for the
formation of various thiolato complexes from the disintegra-
tion of the {Pt2S2} core in CH2Cl2 has recently been proposed.1

However, in this mechanism the concomitant formation of
triplatinum species has not been considered. It is likely that the
presence of terminal bidentate phosphines makes the nucleo-
philic attack of the sulfide centre on solvent molecules more
difficult, thus preventing disintegration of the {Pt2S2} core.

Alternatively, the triplatinum complex 2 can be obtained
from 1 and [PtCl2(dppe)] in non-halogenated solvents. Interest-
ingly, none of the structurally known trinuclear [M3L6(µ3-S)2]
complexes, M = Ni,24 Pd25 or Pt,7d,e has been obtained from the

dinuclear [M2L4(µ-S)2] unit. By analogy with the synthesis of
the homonuclear Pt3 complex 2, it was expected that the reac-
tion of 1 with [PdCl2(dppe)] would produce the heteronuclear
Pt2Pd complex. However, this reaction apparently afforded a
range of products of formula [PdxPt3-x(dppe)3(µ3-S)2][BPh4]2 3,
x being in no case exactly equal to 1 (Scheme 2). This observ-
ation can be explained on the assumption that 3 is largely a
mixture of Pt3 2, PdPt2 3� and Pd2Pt 3�, and is in accord with
the fact that these pure complexes have different solubilities in
the reaction medium. Single-crystal X-ray analysis of a middle
crop of crystals of 3 gives x = 1.32 as one of the refinement
results. Moreover, 31P-{1H} and 195Pt-{1H} NMR data, dis-
cussed later, indicate that different solutions of 3 contain essen-
tially 2, 3� and 3�, those with higher content of Pt being the
most soluble.

The lack of structurally known pentanuclear aggregates of
formula [M{Pt2L4(µ-S)2}2]

2� with tetrahedral co-ordination
around M led us previously to the Cu2� derivative.11 To extend
this family to diamagnetic metal ions, the synthesis of the
analogues of Zn, Cd and Hg was undertaken. The reaction of 1
with the corresponding metal perchlorates in a 2 to 1 molar
ratio led to the expected pentanuclear complexes 4 and 5. How-
ever, the reaction of 1 with MCl2 in a 1 to 1 molar ratio afforded
the same [M{Pt2(dppe)2(µ-S)2}2]

2� cations with [MCl4]
2�

(M = Zn or Cd 5�) as counter ions instead of the trinuclear
[MCl2{Pt2(dppe)2(µ-S)2}] species. Adducts of this formula with
PPh3 instead of dppe ligands for M = Zn, Cd or Hg have been
obtained very recently.26 As found in the reaction of 1 with
ZnCl2 and CdCl2 in a 2 to 1 molar ratio, that with HgCl2 led
also to the pentanuclear complex 6, but in this case the charge
of two [Hg{Pt2(dppe)2(µ-S)2}2]

2� units is compensated by one
[HgCl4]

2� and two PF6
� anions. All these previous reactions

occurred not only in MeOH but also in other organic solvents
such as CH3CN or CHCl3.

Nuclear magnetic resonance data

In order to analyse the NMR data of complexes 2–6 it is
convenient to consider those of 1 first because it is their basic
structural entity. In 1, of known structure,11 both platinum
atoms are square planar with a dihedral angle of 140� between
their planes (Scheme 3). In this complex all the 31P as well as
all the 195Pt nuclei show the same chemical shift and thus have
become chemically equivalent in solution. However, neither the

Scheme 3
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Table 1 The 31P and 195Pt NMR parameters for complexes 1, 2, 3�, 3�, 4, 5 and 6

Compound δ(195Pt) δ(31P)

1JPt-P/
Hz

2JPt-Pt/
Hz

3JPt-P/
Hz

4JP-P/
Hz

2JPt-M/
Hz

3JP-M/
Hz

1
2
3�
3�
4
5
6

[Pt2(dppe)2S2]
[Pt3(dppe)3S2]

2�

[Pt2Pd(dppe)3S2]
2�

[PtPd2(dppe)3S2]
2�

[Zn{Pt2(dppe)2S2}2]
2�

[Cd{Pt2(dppe)2S2}2]
2�

[Hg{Pt2(dppe)2S2}2]
2�

�4298
�4571
�4538
�4510
�4578
�4467
�4376

40.5
38.3
40.5 a

42.4 a

37.0
38.3
39.6

2740
3248
3166
3131
3120
3062
3067

680
740
600

360
180
200

�44
�22
�23

�36
�32
�34

25
<10
<10
<10

10
10
10

345 b

460
15 b

40
a Refers to the phosphorus atoms bound to platinum. b Refers to 113Cd coupling constants.

31P nor the 195Pt nuclei are magnetically equivalent and thus the
total spin system is (AAIAIIAIII)XXI.

For complex 1 the experimental 31P and 195Pt NMR spectra
are shown in Fig. 1D and 1G, respectively. They can be inter-
preted with the aid of computer simulations. Initially, a first-

Fig. 1 The 31P-{1H} (bottom) and 195Pt-{1H} (top) NMR spectra for
complex 1, at 101.2 and 85.6 MHz, respectively: (A) 31P and (E) 195Pt
computer simulation with no 2JPt-Pt coupling; (B) 31P and (F) 195Pt com-
puter simulation including 2JPt-Pt coupling; (C) 31P computer simulation
including 4JP-P couplings; (D) 31P and (G) 195Pt experimental spectra.

order analysis of the 31P-{1H} spectrum (Fig. 1A) shows three
distinct regions: downfield and upfield satellites due to 1JPt-P

and a central signal including the singlet corresponding to the
phosphorus bonded to magnetically inactive platinum atoms
together with sidebands due to 3JPt-P. The upfield satellite is a
mirror image of the downfield, and the relative intensities of
these regions agree with the relative abundance of the iso-
topomers (PtPt 43.8; *PtPt 44.8; *Pt*Pt 11.4%). Second order
effects due to 2JPt-Pt coupling, which is only effective for the
*Pt*Pt isotopomer, give rise to new lines separated by 2JPt-Pt in
the downfield and upfield satellites (Fig. 1B). Consideration of
an additional 4JP-P coupling (4JPA-PAIII = 4JPAI-PAII and 4JPA-PAII =
4JPAI-PAIII) leads to a general broadening of the spectral line-
width. However, for complex 1 inclusion of these long-range
couplings is necessary to obtain a good fit between simulated
and experimental spectra (Fig. 1C and 1D). Furthermore, the
large 4JP-P value of 25 Hz found with arbitrary sign indicates a
significant interaction between 31P nuclei.

The 195Pt-{1H} spectrum of complex 1 is expected to consist
basically of a triplet of triplets due to 1JPt-P and 3JPt-P couplings
from the Pt*Pt isotopomer (Fig. 1E). Consideration of the
2JPt-Pt coupling from the less abundant isotopomer causes the
appearance of additional weak sidebands in all multiplets
(Fig. 1F) and allows a good match with the experimental
spectrum (Fig. 1G).

The directly deduced coupling constants together with the
found chemical shift values have been used for a full computer
simulation of the experimental spectra. Refinement of the
parameters, including the contributions from all isotopomers
leads to the final values given in Table 1.

The previous analysis of the 31P and 195Pt NMR data of
complex 1 facilitates that of the trinuclear complexes 2, 3� and
3�. Complex 2 (Scheme 3) can be described as a AAIAIIAIII-
AIVAVXXIXII spin system, where all 31P and 195Pt nuclei are
not magnetically equivalent but show a common chemical shift
value. In this complex, the presence of three platinum atoms
implies the existence of four possible isotopomers (PtPtPt 29.0;
PtPt*Pt 44.4; Pt*Pt*Pt 22.7; *Pt*Pt*Pt 3.9%).

The analysis and interpretation of the experimental 31P and
195Pt NMR spectra of complex 2 (SUP 57611) is complicated
by the second order effects appearing from virtual couplings
between all three platinum nuclei and from the 31P–31P coup-
lings through three or more bonds. The simulated and the
experimental spectra are in good concordance. However, the
linewidth does not allow a good resolution of the observed
signals and thus it has only been possible to obtain partial
results for the coupling constants (Table 1). In any case, the
broadening of the bands suggests an upper limit of ca.10 Hz for
4JP-P.

The 31P and 195Pt NMR spectra for complex 3 have allowed
determination of the reaction products obtained by treatment
of 1 with [PdCl2(dppe)] (Scheme 2). Discussion of these results
and comparison with X-ray data are given after the Molecular
structures sub-section. The NMR parameters of 3� and 3� are
given below (Table 7). Those required for comparison with the
other complexes are included in Table 1.
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Comparison of the coupling constants of the trinuclear
complexes 2, 3� and 3� with those of the dinuclear 1 indicates
that 1JPt-P increases while 3JPt-P and 4JP-P decrease. The values of
2JPt-Pt are significant in both 1 and 2, 3�, 3� and fall into the
observed range for non-bonded metal–metal atoms.7d,25 It
is noteworthy that the structures of dinuclear and trinuclear
species are strongly related, the main difference lying in the
dihedral angle between platinum co-ordination planes, which is
140� in 1 11 but reduces to 120� in 2, 3� and 3� (this work).

The pentanuclear complexes (3 in Scheme 3) should show
more complicated NMR spectra as a consequence of possible
interactions between the two {Pt2S2} entities and of the pres-
ence of an heterometal with active isotopes in significant
abundance as occurs in the cadmium (5 and 5�) and mercury (6)
complexes. To analyse the relevance of the former factor,
the zinc analogue 4 was synthesized and fully characterised by
X-ray diffraction data (see below) and NMR in solution.

Complex 4, whose complete spin system is AAIAIIAIII-
AIVAVAVIAVIIXXIXIIXIII (12 active nuclei), has six different iso-
topomers: PtPtZnPtPt 19.2; PtPtZnPt*Pt 39.4; PtPtZn*Pt*Pt
10.0; Pt*PtZnPt*Pt 20.0; Pt*PtZn*Pt*Pt 10.2 and *Pt*PtZn-
*Pt*Pt 1.3%. The experimental 31P-{1H} and 195Pt-{1H} NMR
spectra are shown in Fig. 2B and 2D, respectively. The
31P-{1H} spectrum is comparable to that for complex 1 with the
intense central signal due to the PtPtZnPtPt isotopomer, and
with downfield and upfield signals separated by 1JPt-P = 3120
Hz. Although the broadening of signals makes it difficult to
obtain the 3JPt-P coupling values, from the separation of the
weak sidebands the value of 2JPt-Pt = 360 Hz can be deduced. On
the other hand, the 195Pt-{1H} spectrum appears more resolved
than that of 31P-{1H} and confirms the previous coupling
constants with additional information on the value of the
3JPt-P coupling from the minor triplet separations. The negative
sign of 3JPt-P is clearly corroborated in the simulated spectrum

Fig. 2 The 31P-{1H} (bottom) and 195Pt-{1H} (top) NMR spectra for
complex 4, at 121.4 and 64.2 MHz, respectively: (A) 31P and (C) 195Pt
computer simulations; (B) 31P and (D) 195Pt experimental spectra,
respectively.

(Fig. 2C) by the relative intensity of the downfield and upfield
satellite triplets, since only this sign combination fits well to
the experimental spectrum (Fig. 2D). Both 31P and 195Pt NMR
spectra are insensitive to the choice of sign for 2JPt-Pt, and a
better fit occurs when a long range coupling (4JP-P = 10 Hz) is
included.

The good match between the simulated and experimental
spectra, particularly in the case of 195Pt NMR (Fig. 2C and
2D), does not require consideration of additional couplings
between {Pt2S2} entities. Accordingly, the complete spin system
(AAIAIIAIIIAIVAVAVIAVIIXXIXIIXIIIY) for the cadmium (5, 5�)
and mercury (6) analogues can be reduced to [AAIAIIAIII-
XXI]2Y by introducing the assumption that all couplings
between nuclei of different {Pt2S2} units, such as 4JPt-Pt, 

5JP-Pt

and 6JP-P, are effectively zero.
Both 113Cd-{1H} and 111Cd-{1H} NMR spectra of complexes

5 and 5� in solution, as a consequence of the relative abundance
of different isotopomers (Table 2), should be a nonet of nonets,
the first multiplet being due to coupling with the four platinum
nuclei (with a 2JPt-Cd separation and relative intensities 1, 16, 98,
292, 1021, 292, 98, 16, 1), and the second from long range coup-

Fig. 3 The 113Cd-{1H} (bottom) and 195Pt-{1H} (top) NMR spectra
for complex 5, at 44.4 and 64.2 MHz, respectively: (A) simulated and
(B) experimental cadmium spectra; (C) simulated and (D) experimental
platinum spectra.

Table 2 Relative abundance (%) of the twelve isotopomers of the
pentanuclear complexes 5, 5� and 6

Isotopomer X = Cd X = Hg

PtPtXPtPt
PtPt*XPtPt
PtPtXPt*Pt
PtPt*XPt*Pt
PtPtX*Pt*Pt
PtPt*X*Pt*Pt
Pt*PtXPt*Pt
Pt*Pt*XPt*Pt
Pt*PtX*Pt*Pt
Pt*Pt*X*Pt*Pt
*Pt*PtX*Pt*Pt
*Pt*Pt*X*Pt*Pt

14.8
5.0

29.6
9.9
7.4
2.5

14.8
4.9
7.4
2.5
0.9
0.3

16.4
3.4

32.7
6.6
8.2
1.7

16.4
3.4
8.2
1.7
1.0
0.2
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ling with the eight phosphorus nuclei (with a 3JCd-P separation
and relative intensities 1, 8, 28, 56, 70, 56, 28, 8, 1). Disregard-
ing the less intense bands the expected spectra should become
a quintet. For both 113Cd and 111Cd nuclei we have observed a
similar splitting of their resonance signal at about δ 501, which
consists of a quintet of septets (Fig. 3B) and shows the expected
relative intensities. From simulation the following coupling
constants have been deduced: 2J(113Cd-Pt) = 345, 3J(113Cd-P) =
15, 2J(111Cd-Pt) = 329 and 3J(111Cd-P) = 14.3 Hz. The coup-
ling constants involving 113Cd and 111Cd isotopes follow the
relation J113 = 1.0461 J111 in agreement with the literature.28

The experimental 199Hg NMR spectrum for complex 6 (Fig.
4B) shows a resonance at δ �922 and consists of a multiplet
similar to that observed for complexes 5 and 5�. The simulated
spectrum (Fig. 4A) allows determination of the 2JHg-Pt = 460
and 3JHg-P = 40 Hz coupling values.

The 31P and 195Pt NMR parameters of complexes 5, 5� and 6
given in Table 1 have been obtained through computer simu-
lation of the experimental data. The best fit has required con-
sideration not only of 2JPt-Pt but also of 2JPt-X (X = Cd or Hg).
For 5 the value of 2JPt-Pt = 180 Hz has been deduced from the
31P NMR spectrum and confirmed from the platinum spectrum,
on the basis of computer simulations with different 2JPt-Pt coup-
lings. Interestingly, the 2JPt-Cd ca. 340 Hz is similar to 2JPt-Pt

observed for complex 4. The Pt-Pt coupling has a significant
effect on satellite signals of the 31P NMR spectrum, while in the
195Pt NMR spectrum both 2JPt-Cd and 2JPt-Pt couplings produce
similar changes. Thus, both couplings can interfere if only first
order analysis was considered.

For complex 6 the 2JPt-Pt = 200 Hz deduced by simulation
of both 31P and 195Pt NMR spectra is also less than the
2JPt-Hg = 460 Hz. Fig. 4D and 4E show the experimental 195Pt
NMR spectra and Fig. 4C the simulated spectrum, which
corroborates the proposed final values (Table 1). Interpretation

Fig. 4 The 199Hg-{1H} (bottom) and 195Pt-{1H} (top) NMR spectra
for complex 6, at 71.6 and 64.2 MHz, respectively: (A) simulated and
(B) experimental mercury spectra; (C) simulated, (D) and (E) experi-
mental platinum spectra with different resolution enhancement Fourier
transform.

of the decrease in the Pt–Pt coupling when another significant
Pt–M coupling exists is not simple because of the structural
similarity among complexes 4, 5, 5� and 6.

The previous NMR data allow us to establish interesting
structure–spectroscopy correlations. The structure of the
dinuclear complex 1 is known 11 and that of the trinuclear 2, 3�
and 3� and pentanuclear complexes 4, 5, 5� and 6 is reported in
this work. A graphical representation of δ(31P) vs. δ(195Pt) gives
two straight lines depending on the nuclearity of the complexes
(Fig. 5). Thus, the pentanuclear family of complexes 4, 5, 5� and
6 defines that with the smaller slope and includes the precursor
species 1, while the trinuclear species 2, 3� and 3� determine a
second line. Similar correlations have been reported for series of
compounds and analysed through the paramagnetic term in
Ramsey’s equation.29 On the other hand, another correlation
between the 2JPt-Pt and 1JPt-P values is also observed. As shown
in Fig. 5, the only species with a dihedral angle of 140� differs
from the rest of the complexes, where this angle reduces to 120.
Interpretation of these observations is complicated by the
different factors contributing to both the chemical shifts and
the coupling constants. However, experimental data on these
systems may be of use in future studies on NMR data–structure
relationships.

Molecular structures

Complex 2 consists of discrete trinuclear [Pt3(dppe)3(µ3-S)2]
2�

cations (Fig. 6), Cl� anions and chloroform solvent molecules.
It is isostructural with its palladium analogue.20 The cation
has exact crystallographic C3 symmetry with an essentially D3h

Pt3S2 core. The central unit Pt3S2 consists of an equilateral tri-
angle of platinum atoms capped above and below by two sulfur
atoms thus describing a regular trigonal bipyramid. These two
triply bridging sulfido ligands lie equidistant, 1.532 Å above
and 1.531 Å below, the Pt3 plane. The Pt � � � Pt, S � � � S distances
and the dihedral angles between P2PtS2 planes are shown
in Table 5. Each platinum atom has square-planar co-
ordination (Table 3), distorted by a reduction of S–Pt–S and
P–Pt–P angles from ideal 90�, and by a twist of 11.2� between
the PtS2 and PtP2 planes.

Similar structures have been observed for P6M3S2 cores with
monodentate and chelating phosphine ligands, for M = Ni,24

Fig. 5 Graphical representation of δ(31P) vs. δ(195Pt) chemical shifts,
and 2JPt-Pt vs. 1JPt-P coupling constants, from Table 1, for all complexes.
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Pd,25 and Pt,7d,e including another complex containing the same
cation as 2;7e none of these has crystallographic C3 symmetry,
but deviations from the ideal symmetry are not great.

Complex 3 is a mixed metal Pd/Pt analogue of 2, but with
different counter ions (BPh4

�), and incorporating acetonitrile
solvent in the crystal structure. The main geometrical results for
the cation in 3 (Table 3) are essentially the same as those of 2 and
its all-Pd analogue,20 the two metals having the same atomic
radii. In contrast, they have very different atomic scattering
factors for X-rays, allowing a clear distinction between them in
an ordered structure, and a relatively precise determination of
the Pd :Pt occupancy ratio for each metal site in a substitution-
ally disordered structure. We find in the case of 3 that all
three metal sites in the cation, which has no crystallographic
symmetry, are disordered, but unequally so, with platinum
occupancies of 59.1(4), 44.8(4), and 64.6(5)%, giving an overall
formulation of Pd1.32Pt1.68 (56.2% Pt, 43.8% Pd) rather than
PdPt2 for the intended and expected trinuclear product. This
empirically determined “analysis” applies only to the particular
single crystal selected for X-ray diffraction study, these mixed-
metal products not necessarily being homogeneous. A few
heteronuclear PdPt complexes are known, in which Pd and Pt
occupy chemically equivalent positions; in all cases for which
crystal structures have been reported there is disorder of the
metal atom sites.26,30

In connection with the NMR studies, it was considered
particularly important to obtain a crystal structure of a Zn-
centred complex such as 4, and to demonstrate that the
complex cations of Zn, Cd, and Hg had analogous structures,
in order to have a reference compound with a magnetically
silent heterometal. Despite repeated attempts, only very small
and poorly diffracting crystals could be obtained, but these
were successfully studied with synchrotron radiation facilities.
Although the results are the least precise of all these struc-
tures (a reflection of the crystal quality rather than the syn-
chrotron data collection itself), they are more than adequate
for their purpose.

Fig. 6 The structure of the cation of complex 2, with the labeling of
independent atoms.

Table 3 Selected distances (Å) and angles (�) for complexes 2 and 3

2 3

M � � � M
M–S

M–P

S–M–S
P–M–P

3.1185(4)
2.3634(14)
2.3638(14)
2.2497(15)
2.2463(15)

80.76(6)
86.13(6)

3.0690(5), 3.2159(5), 3.0878(5)
2.3529(17), 2.3687(18), 2.3434(17)
2.3806(17), 2.3858(17), 2.3791(17)
2.2603(19), 2.2560(18), 2.2702(18)
2.2496(18), 2.2739(18), 2.2499(18)

80.73(6), 80.30(6), 80.95(6)
85.19(7), 85.81(7), 85.66(7)

Complexes 4, 5, 5� and 6 all contain [M{[Pt(dppe)]2(µ3-
S)2}2]

2� cations (M = Zn in 4, Cd in 5 and 5�, Hg in 6) together
with various anions; 5� also has solvent molecules (both acet-
one and water) present in the crystal structure. Complexes 4
and 5, both with ClO4

� anions, are isostructural. The cations
are all very similar (Fig. 7), consisting of two {Pt2S2} butterflies
linked through sulfur to the heterometal, Zn, Cd or Hg, which
shows a distorted tetrahedral co-ordination. They all have
essentially D2 (222) symmetry for the central core excluding C
and H atoms, one of these twofold rotation axes being crystal-
lographic for 4, 5, and 6. The detailed geometry around the
heterometal for 4, 5, 5� and 6 is given in Table 4.

The flexibility of 1 when acting as a metalloligand can be
inferred from the data collected in Table 5. In all the deriv-
atives of 1 there is a significant reduction of the dihedral
angle between PtS2 planes (θ) if compared with the unbound
metalloligand (140.2�). This decrease entails a concomitant
shortening of the Pt � � � Pt and smaller changes in the S � � � S
distances. Concerning the pentanuclear species, the high degree
of distortion from the ideal tetrahedral co-ordination about the
heterometal is surprising. We found a similar distortion around
CuII in the complex cation [Cu{[Pt(dppe)]2(µ3-S)2}2]

2�,11

but such a distortion is not to be expected for metals with d10

electronic configuration, as ZnII, CdII and HgII. In all cases, the
deviation from the regular tetrahedral geometry consists of a
reduction of two opposite S–M–S angles (involving the chelat-
ing metalloligands) and a substantial twist of these two S–M–S
planes away from the ideal 90� dihedral angle. This is shown
in Fig. 8 for complex 6 as a representative example of all the
pentanuclear species here reported. We do not have a ready

Fig. 7 Molecular structure of the cation of complex 6, with the label-
ing of independent atoms.

Fig. 8 Detail of the core of the cation of complex 6.
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Table 4 Selected distances (Å) and angles (�) for complexes 4, 5, 5� and 6

4 5 5� 6

M–S

Pt–S

Pt–P

S–M–S

S–Pt–S

P–Pt–P

2.412(6)
2.360(6)
2.374(7)
2.379(5)
2.356(6)
2.378(7)
2.243(7)
2.262(6)
2.268(9)
2.274(8)

81.8(3), 81.4(3)
114.0(2) × 2
137.7(2) × 2
82.9(2)
81.5(2)
85.7(3)
85.5(3)

2.561(2)
2.553(3)
2.367(2)
2.374(2)
2.367(2)
2.377(3)
2.230(2)
2.254(2)
2.246(3)
2.247(3)

77.36(12), 76.85(10)
117.14(7) × 2
140.09(7) × 2
84.36(8)
84.58(10)
86.10(9)
85.51(12)

2.579(2), 2.615(2)
2.555(2), 2.565(2)
2.366(2), 2.374(2)
2.382(2), 2.379(2)
2.382(2), 2.376(2)
2.370(2), 2.371(2)
2.245(2), 2.265(2)
2.260(2), 2.246(2)
2.254(2), 2.264(2)
2.244(2), 2.256(2)

75.55(7), 76.39(7)
113.96(7), 120.22(7)
143.59(8), 139.85(8)
84.09(7), 83.66(8)
83.69(7), 84.03(8)
85.15(8), 85.61(9)
85.45(9), 85.62(9)

2.599(2)
2.585(2)
2.373(2)
2.381(2)
2.367(2)
2.362(2)
2.242(2)
2.246(2)
2.259(2)
2.242(2)

75.62(6) × 2
117.57(9), 109.34(8)
147.96(2) × 2
83.93(7)
84.46(7)
86.98(8)
86.19(8)

Table 5 Structural parameters (distances in Å, angles in �) describing the M{Pt2S2} core in adducts of 1

Complex Pt � � � Pt S � � � S θ a M � � � Pt ω b

1 [Pt2(dppe)2(µ-S)2]
c

2 [Pt3(dppe)3(µ3-S)2]
2�

4 [Zn{Pt2(dppe)2(µ3-S)2}2]
2�

5 [Cd{Pt2(dppe)2(µ3-S)2}2]
2�

5� [Cd{Pt2(dppe)2(µ3-S)2}2]
2�

[Cu{Pt2(dppe)2(µ3-S)2}2]
2� d

6 [Hg{Pt2(dppe)2(µ3-S)2}2]
2�

3.292
3.119
3.083
3.109
3.126
3.089
3.148
3.257
3.072
3.129
3.125

3.134
3.062
3.144
3.090
3.184
3.192
3.175
3.174
3.093
3.076
3.178

140.2
120.0
119.8
120.2
123.1
126.0
125.9
134.4
118.4
121.1
125.3

—
3.119
3.129
3.096
3.236
3.198
3.295; 3.160
3.262; 3.096
3.059; 3.057
3.001; 3.076
3.153; 3.348

—
—
67.0

66.4

64.1

60.0

53.0
a Dihedral angle between two {PtS2} planes. b Dihedral angle between two {MS2} planes. c Ref. 11. d Ref. 20.

Table 6 Crystallographic data for complexes 2–6

Compound 2 3 4 5 5� 6 

Formula

M
Crystal system
Space group
a/Å
b/Å
c/Å
α/�
β/�
γ/�
U/Å3

Z
Dc/g cm�3

µ/mm�1

T/K
Data measured
R(F ) (‘observed’

data)
Rw(F2 ) (all data)
Data, parameters

C78H72Cl2P6Pt3S2�
6CHCl3

2631.7
Rhombohedral
R3̄c
18.0036(10)
18.0036(10)
105.495(6)

29613(3)
12
1.771
4.96
160
48922
0.0325 (5086)

0.0915
5749, 411

C126H112B2P6Pd1.32-
Pt1.68S2�MeCN
2407.4
Triclinic
P1̄
14.0572(9)
15.1519(9)
29.5450(19)
90.343(2)
99.877(2)
115.552(2)
5570.6(6)
2
1.435
2.49
160
35621
0.0624 (19221)

0.1300
24671, 1284

C104H96P8Pt4S4-
ZnCl2O8

2766.4
Orthorhombic
C2221

13.649(8)
33.654(19)
23.209(12)

10661(10)
4
1.724
5.75
160
24591
0.1052 (8358)

0.2295
10357, 593

C104H96CdCl2O8-
P8Pt4S4

2813.5
Orthorhombic
C2221

13.590(3)
33.847(6)
22.927(4)

10546(3)
4
1.772
5.79
160
28842
0.0485 (9640)

0.1028
12427, 591

C104H96Cd2Cl4P8-
Pt4S4�4Me2CO�2H2O
3137.1
Triclinic
P1̄
16.7851(8)
16.9057(8)
22.1911(10)
73.093(2)
86.300(2)
75.436(2)
5831.0(5)
2
1.787
5.46
160
42563
0.0533 (15645)

0.1105
26388, 1297

C104H96Cl2F6Hg1.5-
P9Pt4S4

3018.9
Tetragonal
P4̄21c
19.4566(7)
19.4566(7)
27.2440(10)

10313.5(6)
4
1.944
7.96
160
63816
0.0359 (10766)

0.0984
12245, 603

explanation for the twist angles (ω) found but they might be
related to phenyl–phenyl interactions between the two {Pt2S2}
units. In fact, the phenyl rings from the two sides of the cation
interlock quite nicely (Fig. 7), although they could probably
adapt fairly easily to a different twist angle leading to greater
distance between them.

The pentanuclear complexes 4, 5, 5�, 6 and their copper()
analogue are the first examples where the heterometal is tetra-

hedrally co-ordinated to four sulfides from two {Pt2S2} units.
The only other comparable complex with a M{Pt2S2}2 core is
[Pd{Pt2(PPh3)4(µ3-S)2}2]

2�. By contrast, it has an exactly centro-
symmetric, distorted square-planar palladium() co-ordination
in keeping with the d 8 configuration of the central metal.7c Simi-
lar to the palladium() complex, other pentanuclear arrays with
four µ3-S

2� ligands are found in [Ni{Ni2Cp2(µ3-S)2}2]
31 and in

[Ni{Pd2Cl(PPh3)3(µ3-S)2}2].
32
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Determination of the composition of the solid solution of overall
formula [PdxPt3-x(dppe)3(�3-S)2][BPh4]2 3 by NMR

The different composition of the crystalline solids isolated in
the reaction leading to complex 3, which was expected to afford
3�, finds an explanation from the analysis of the NMR spectra
in solution. These data show that the reaction occurs according
to two simultaneous pathways a and b (Scheme 4). Pathway a
leads to the expected trinuclear PdPt2 complex (3�) while b gives
rise to two trinuclear, Pt3 (2) and Pd2Pt (3�), species. This second

2 [(dppe)Pt(µ-S)2Pt(dppe)] � 2 [Pd(dppe)Cl2] � 4 NaBPh4

a b

2 [PdPt2(dppe)3(µ3-S)2][BPh4]2 3� [Pt3(dppe)3(µ-S)2][BPh4]2 2
� �

4 NaCl [Pd2Pt(dppe)3(µ3-S)2][BPh4]2 3�
�

4 NaCl

Scheme 4

Fig. 9 The 31P-{1H} (bottom) and 195Pt-{1H} (top) NMR spectra for
complex 3, at 101.2 and 85.6 MHz, respectively: (A) 31P and (E) 195Pt
computer simulation for complex 3�; (B) 31P and (F) 195Pt computer
simulation for 3�; (C) 31P and (G) 195Pt computer simulation for 2; (D)
31P and (H) 195Pt experimental spectra.

pathway can be explained by considering the ease of formation
of 2 from 1 in solution, which allows the reaction of the remain-
ing S2Pt(dppe) fragment with [PdCl2(dppe)] in a 1 :2 molar
ratio.

The 31P-{1H} NMR spectrum of a solution of subsequent
crops of the crystalline solid isolated from the reaction mixture
shows formation of 3�, but also that of 3� and 2. Assignment
of the peaks was essentially based on NMR data for pure
trinuclear 2 and its palladium analogue.20 As observed in Fig.
9D, the experimental 31P-{1H} NMR spectrum is the sum
in different proportions of three individual spectra. The first
one corresponds to complex 3� and shows two different 31P
resonances, with relative intensity 1 :2, at δ 49.5 (singlet) and
at 40.5 (triplet), which can be assigned to phosphorus bound
to palladium and platinum atoms, respectively (Fig. 9A).
The second NMR spectrum (Fig. 9B) also displays two 31P
signals, at δ 51.4 (singlet corresponding to (31P)Pd) and at 42.4
(triplet assigned to (31P)Pt), with relative intensity 2 :1, respect-
ively. These features allow us to assign this spectrum to complex
3�. Finally, the minor additional 31P resonances fit very well
with the presence of 2 in small proportion (Fig. 9C). The
31P NMR data for 3� and 3� are given in Table 7. The remain-
ing NMR parameters as well as those of 2 are included in
Table 1.

The relative intensities of the three previous components in
the experimental 31P NMR spectrum of complex 3 (Fig. 9D)
allow an estimation of the abundance of 2, 3� and 3� in the
crystalline product (Table 7) and thus show that 3� is predomin-
ant in the solid mixture while 3� and 2, particularly the latter,
form in small proportion. As, according to reaction pathway b,
2 and 3� should be in a 1 :1 ratio, it can be deduced that the
solubility of 2 is greater than that of 3�.

In order to corroborate the presence in solution of the
unexpected heterometallic complex 3�, the reaction of [Pd2-
(dppe)2(µ-S)2]

20 and [PtCl2(dppe)] was carried out. The NMR
study of the samples obtained in this reaction fully agreed with
data given in Table 7.

The 195Pt-{1H} NMR spectrum of complex 3 (Figure 9H)
confirms the coexistence of 3�, 3� and 2 in solution. The chem-
ical shift values for 3� and 3� as well as the different coupling
constants, which are in agreement with those found by 31P
NMR, are given in Table 1.

Based on the relative abundance of the three complexes
present in solution, the overall formulation for the [PdxPt3-x-
(dppe)3(µ3-S)2][BPh4]2 complex can easily be established. The
value found for x is very close to that calculated from the Pd :Pt
occupation ratio found for each metal site by X-ray diffraction.
The good concordance between NMR and X-ray data suggests
that 3 is basically a solid-solution mixture of heterotrinuclear
complexes. To our knowledge, this constitutes one of the few
examples where it has been possible to establish the exact nature
of polynuclear heterometallic PdPt complexes.30e,j

Conclusion
The results reported in this paper extend the knowledge on the
behaviour of the [Pt2(dppe)2(µ-S)2] metalloligand to metal ions
with preference for tetrahedral co-ordination. Different counter
ions and stoichiometric metalloligand to heterometal molar
ratios in different solvents have always led to the pentanuclear
[M{Pt2(dppe)2(µ3-S)2}2]

2� cations (M = Zn, Cd or Hg), which
are structurally similar and show a distorted tetrahedral co-
ordination around the heterometal.

In solution, the [Pt2(dppe)2(µ-S)2] metalloligand affords the
trinuclear [Pt3(dppe)3(µ3-S)2]

2� cation easily. We propose that
this expansion, Pt2 → Pt3, is due to the nucleophilic attack of
the bridging sulfur ligands on the halogenated solvents, which
involves the formation of undetected sulfur alkylation products.

In the presence of [PdCl2(dppe)], the [Pt2(dppe)2(µ-S)2]
metalloligand gives rise to a solid-solution mixture of the pure

http://dx.doi.org/10.1039/a903899j


J. Chem. Soc., Dalton Trans., 1999, 3103–3113 3113

Table 7 The 31P NMR parameters for complexes 3� and 3�

Composition (%)

Compound δ(31P)Pd δ(31P)Pt
1JPt-P/Hz

Intensity ratio
(P)Pd : (P)Pt

Solution
1 a

Solution
2 b

3� [Pt2Pd(dppe)3S2]
2�

3� [PtPd2(dppe)3S2]
2�

49.5
51.4

40.5 (t)
42.4 (t)

3166
3131

1 :2
2 :1

73.4
24.6

75.4
21.5

a Obtained from a first crop of crystals. The remaining percentage (2.0%) corresponds to complex 2. These data allow calculation of the overall
platinum (59.1%) and palladium (40.9%) content. b Obtained from a second crop of crystals. The remaining percentage (3.2%) corresponds to
complex 2. These data allow calculation of the overall platinum (60.5%) and palladium (39.4%) content.

trinuclear complexes [PdPt2(dppe)3(µ3-S)2]
2�, [PtPd2(dppe)3-

(µ3-S)2]
2� and [Pt3(dppe)3(µ3-S)2]

2�. All three complexes have
been extensively characterised by NMR spectroscopy, unam-
biguously confirming the genuine heteronuclear nature of the
mixed-metal cations. The composition of the solid as deduced
from NMR is in accordance with that calculated from X-ray
diffraction data.

The pentanuclear cations have also been fully characterised
by 31P, 195Pt, 111Cd, 113Cd and 199Hg NMR and interesting
NMR–structure correlations including the penta- and the tri-
nuclear complexes have been found.
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