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The synthesis and crystal structure of the novel
heteropolymetallic aggregate [{Pt2(dppe)2(m3-S)2}2Cu]-
[PF6]2 2 and of its precursor [Pt2(dppe)2(m-S)2] 1 are
reported; 2 has been further characterized by EPR and
electronic spectroscopies and the hinged Pt2S2 rings in 1 and
2 have been rationalized by ab initio MP2 calculations.

The ability of [Pt2L4(m-S)2] (L = phosphine) to behave as a
metalloligand towards Lewis acids of p- and d-block elements is
well reflected in the literature by a wide range of homo- and
hetero-metallic aggregates with various nuclearities and struc-
tures.1 However, structural data in dimeric platinum sulfide
complexes are scarce and contradictory. The partially deter-
mined X-ray structure of [Pt2(PMe2Ph)4(m-S)2] shows a hinged
Pt2S2 ring (q = 121°),2 but the ring is strictly planar in
[Pt2(dppy)4(m-S)2] (dppy = 2-diphenylphosphanopyridine).3
Theoretical ab initio studies found a bent structure for the
[Pt2(PH3)4(m-S)2] complex.4 Stimulated by the difficulty of
stabilizating CuII in S4 environments, relevant for the study of
copper proteins, and based on the coordinative versatility of
[Pt2L4(m-S)2], we targeted the synthesis of a copper(ii) complex
containing four sulfide ligands. The only X-ray structure of a
heterometallic platinum sulfide aggregate, [{Pt2(PPh3)4(m3-
S)2}Cu(PPh3)]PF6,1a contains copper as CuI. The closest
precedents to copper(ii) complexes contain alkyl persulfide5

and disulfide6 ligands. We report the synthesis and X-ray
structure of [Pt2(dppe)2(m-S)2] 1 and pentametallic [Cu{Pt2-
(dppe)2(m3-S)2}2](PF6)2 2, MP2 ab initio calculations for the
[Pt2(H2PCH2CH2PH2)2(m-S)2] complex 3 that can be taken as a
model for 1, and spectroscopic and magnetic features of 2. 

The preparation of 1·2C6H6 from [PtCl2(dppe)] and an excess
of Na2S in benzene by a standard method7 led to a mixture of
products. 31P NMR measurements on aliquots of the reaction
mixture allowed the determination of a satisfactory
[PtCl2(dppe)] : Na2S : benzene ratio and of the appropriate
reaction time. Slow evaporation of the mother-liquor gave
orange crystals of 1·2C6H6 in ca. 90% yield,† whose structure‡
consists of neutral dinuclear molecules devoid of crystallo-
graphic symmetry elements (Fig. 1). Each molecule shows a
hinged Pt2S2 central ring (q = 140.2°) with the two platinum
atoms bridged by two sulfide anions, coordination being
completed by chelating dppe ligands. The geometries at the
individual Pt sites are approximately square planar.

To understand the preference for the bent structure of 1 we
have optimized complex 3 at the MP2 level§ yielding a hinged
structure with q = 118.8°. This result indicates the intrinsic
preference of 3 to adopt a bent structure and allows us to
disregard crystal packing effects as the cause for hinging. The
energy difference with respect to an optimized structure with a
fixed q = 180° is 30.1 kJ mol21 in favour of the former. This
energy difference between the bent and planar forms is small
enough for changes in the size of the terminal ligands to cause
significant variations in the dihedral angle. Thus, 3 is more
hinged (q = 118.8°) than 1 (140.2°) and a further increase in the

steric hindrance about P atoms, as happens in [Pt2(dppy)4(m-
S)2], leads to planarity. Optimization of 3 with a fixed q = 140°
gives an energy only 10.0 kJ mol21 above than that for
q = 118.8°. It is likely that the great coordinative versatility of
[Pt2L4(m-S)2] is due to the low energy cost associated with the
bending process. Moreover, this low energy cost would allow a
ring reversal process and thus a fluxional behaviour in
solution.11

Mixing Cu(PF6)2 with 1 (1 : 2 molar ratio) in methanol gave
rise to a dark solution that afforded red crystals of 2·0.5Et2O.‡
As shown in Fig. 2, the crystallographically non-symmetrical
cation [Cu{Pt2(dppe)2(m3-S)2}2]2+ comprises two {Pt2S2} but-
terflies linked through sulfur to the CuII ion. The long S···S
distance (3.1 Å) in each Pt2S2 moiety indicates the lack of a
disulfido bond. The deviations from square-planarity around all
platinum atoms are small and the hinge angles between PtS2P2
planes are 118.4 and 121.1°. There is a near-symmetrical
chelation of both disulfide metalloligands 1 to the CuII

centre. The distorted tetrahedral environment about the hetero-
metal is shown by the two acute S–Cu–S bite angles of ca. 83.6°
and by a torsion angle, w = 60°, between the two S–Cu–S
planes. Among the numerous geometries of the heterometal in
the environment of [Pt2L4(m-S)2] there is no example where the
former is tetrahedrally coordinated to two [Pt2L4(m-S)2] mole-
cules.

The EPR spectrum of 2 in CH2Cl2 solution displays a signal
at giso = 2.056. The hyperfine coupling constant to the copper
ion (I = 3/2) Aiso was determined to be 58.5 3 1024 cm21. The
spectrum of a powdered sample of 2, which consists of a nearly
axial signal with no appreciable changes either at room

Fig. 1 View of the structure of [Pt2(dppe)2(m-S)2] in 1 with hydrogen atoms
omitted, showing labelling of key atoms. Selected bond lengths (Å) and
angles (°) of the Pt2S2 ring: Pt(1)–S(2) 2.3412(12), Pt(1)–S(1) 2.3554(12),
S(1)–Pt(2) 2.3581(13), S(2)–Pt(2) 2.3437(12); S(2)–Pt(1)–S(1) 83.73(4),
Pt(1)–S(1)–Pt(2) 88.60(4), Pt(1)–S(2)–Pt(2) 89.28(4), S(2)–Pt(2)–S(1)
83.61(4).
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temperature or at 115 K, shows a partially good resolution of the
copper hyperfine splitting, probably brought about by magnetic
dilution afforded by the bulky phenyl groups of the dppe ligands
on the diamagnetic [Pt2(dppe)2(m-S)2] moieties. Simple first-
order spectral analysis yielded gz = 2.114, gy = 2.055 and
gx = 1.994, and Az = 124.4 3 1024, Ay = 37 3 1024 and
Ax = 36 3 1024 cm21. These results agree with the distorted
tetrahedral geometry and show that the heterometal is a
copper(ii) ion rather than copper(i) coordinated to a
[Pt2(dppe)2(m-S)2]+ radical moiety. The unpaired electron
resides in the dxy orbital of the metal centre (with sulfur donor-
atoms between the x and y axes).12 No evidence of delocaliza-
tion of the unpaired electron onto the platinum(ii) ions has been
found. Comparison of these features with EPR spectral patterns
of the blue copper sites13 indicates that gx,y and Ax,y are similar,
but those of the corresponding parallel parameters deviate
significantly. This can be attributed to the different nature of the
donor atoms bound to Cu and to the more flattened tetrahedral
geometry about this metal centre in the case of the [Cu{Pt2-
(dppe)2(m3-S)2}2]2+ cation.14

The electronic spectrum of 2 in acetonitrile solution shows a
very broad band with maximum intensity at n1 = 8550 cm21

(1170 mm, e = 740 dm3 mol21 cm21), a band at n2 = 17 700
cm21 (565 nm, e = 4400 dm3 mol21 cm21), and a very strong
absorption between 320 and 220 nm (e > 20 000 dm3 mol21

cm21). The position of n1 reveals that the distorted tetrahedral
geometry of the copper ion in complex 2 is preserved in solution
and compares well with the estimated value of 9800 cm21 for
the higher energy d–d band of a tetrahedral CuCl4 core with the
same degree of distortion (w = 61°) as 2.15 On the basis of an
idealized D2 symmetry the n1 band is assigned to the 2B1?

2A
(dz2 ? dxy) transition. Following the EPR behaviour, both the
position and the intensity of n2 are close to those of the
characteristic band of the blue copper sites appearing at ca. 600
nm in stellacyanin, plastocyanin and azurin proteins. Therefore,
n2 is assigned to a s(S) ? dxy(Cu) LMCT transition.13
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Notes and References

† 31P{1H} NMR [101.2 MHz, (CD3)2SO, 25 °C]: d 40.48 [t, 1J(PPt) 2696,
3J(PPt) 48 Hz]; 195Pt{1H} NMR [85.6 MHz, (CD3)2SO, 25 °C]: d24297.6
[t, 1J(PtP) 2721, 2J(PtPt) 784 Hz].
‡ 1·2C6H6: C64H60P4Pt2S2; M = 1407.3; monoclinic, space group P21/c;
a = 14.6661(9), b = 25.359(2), c = 15.0660(10) Å, b = 95.386(2)°;
U = 5578.6(6) Å3, Z = 4, Dc = 1.676 g cm23; Mo-Ka (l = 0.710 73
Å), m = 5.24 mm21; T = 160 K. 34 054 (12 524 unique, q < 28.5°,
Rint = 0.0337) data were collected on a Siemens SMART CCD, and were
corrected for absorption (SADABS, G. M. Sheldrick, University of
Göttingen, Germany, 1997), transmission 0.397–0.673. Refinement on F2

values of all data (G. M. Sheldrick, SHELXTL manual, Siemens Analytical
X-ray Instruments Inc., Madison WI, USA, 1994, version 5) gave
wR = {S[w(Fo

2 2 Fc
2)2]/S[w(Fo

2)2]}1/2 = 0.0796, conventional
R = 0.0338 for F values of 10 865 reflections with F2 > 2s(F2), S = 1.198
for 650 parameters. Residual electron density extrema are 1.57 and 21.69
e Å23.

2·0.5Et2O: C106H101CuF12O0.50P10Pt4S4; M = 2892.7; monoclinic,
space group C2; a = 33.9929(11), b = 13.6034(4), c = 23.4524(7) Å, b
= 90.374(2)°; U = 10844.6(6) Å3; Z = 4; Dc = 1.772 g cm23; m = 5.63
mm21; T = 160 K; 35 148 (19 241 unique, q < 28.7°, Rint = 0.0347) data,
transmission 0.490–0.810. Experimental and computational methods were
as above. wR = 0.0943, R = 0.0404 (18 847 F values), S = 1.263 for 1241
parameters. Residual electron density extrema are 1.72 and 21.72 e
Å23. CCDC 182/759.
§ Ab initio calculations were performed with the GAUSSIAN 94 series of
programs.8 Geometry optimizations were carried out at the second level of
the Möller–Plesset theory (MP2)9 with a basis set of valence double-z
quality for the metal atoms10a and valence double-z10b + d polarization
functions10c for the atoms attached to the metal. Effective core potentials
(ECP) were used to represent the innermost electrons of the metal atoms10a

as well as the electron core of the P and S atoms.10b A minimal basis set was
used for the H and C atoms of the H2PCH2CH2PH2 ligands.10d
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Fig. 2 The structure of the [Cu{Pt2(dppe)2(m3-S)2}2]2+ cation in 2 with key
atoms labelled. Selected bond lengths (Å) and angles (°) of the Cu{Pt2S2}2

core: Pt(1)–S(2) 2.355(2), Pt(1)–S(1) 2.375(3), S(1)–Pt(2) 2.362(2),
S(2)–Pt(2) 2.365(2), S(1)–Cu 2.320(2), S(2)–Cu 2.318(3), S(4)–Cu
2.303(3), S(3)–Cu 2.316(3), S(3)–Pt(4) 2.359(3), S(3)–Pt(3) 2.364(3),
S(4)–Pt(4) 2.366(2), S(4)–Pt(3) 2.372; S(2)–Pt(1)–S(1) 81.66(8), Pt(1)–
S(1)–Pt(2) 80.86(7), Pt(1)–S(2)–Pt(2) 81.20(7), S(2)–Pt(2)–S(1) 81.75(8),
S(2)–Cu–S(1) 83.65(8), S(4)–Cu–S(3) 83.54(9), S(3)–Pt(3)–S(4) 81.02(9),
Pt(3)–S(3)–Pt(4) 82.98(8), Pt(3)–S(4)–Pt(4) 82.65(8), S(3)–Pt(4)–S(4)
81.26(8).

598 Chem. Commun., 1998


