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Summary 

[Pt3Au2(~-CI)(~-S02)2(PCy,),(P{ p-C,H,F},),](PF,) has been synthesised from 
]Pt,Au(p-Cl)(p-SO,),(PCy,),(P{ P-C,H,F)~)I and [AuClO’{ p-C,H,F},)l in the 
presence of TlPF,. The compound has been characterised as a trigonal-bipyramidal 
cluster, with gold atoms occupying the apical sites, on the basis of ‘lP{ ‘H} and 
195Pt{ ‘H} NMR spectroscopy and a single crystal X-ray crystallographic analysis. 

Introduction 

Until recently no examples of platinum-gold cluster compounds had been 
structurally characterised, although a large number of heteronuclear clusters of 
other Group VIII metals and gold are known, thus raising doubts about the stability 
of cluster compounds containing Pt-Au bonds. Mingos and Wardle, in a study of 
the chemistry of the triangufo-triplatinum clusters [Pt3(p-X)3(PCy3)3] (X = CO or 
SO,), demonstrated that they are sufficiently nucleophilic to react with [AuCl(PCy,)], 
in the presence of TlPF,, to give the 54-electron tetrahedral clusters [Pt,Au( ,u- 
X),(PCy,),](PF,) in high yield [1,2]. In addition. the sulphur-dioxide cluster was 
found to react readily with [AuCl(P{ p-C,H,F},)] in the absence of TIPFb, to give 
the 56-electron tetrahedral cluster [PtJAu(~-C1)(~-S02)Z(PCy3)3(P{ p-C,H,F},)] 
(1) [2]. Subsequently Mingos and Gilmour have reported the synthesis and structure 
of the 56-electron tetranuclear cluster [Pt ZA~2(CNCRH9)4(PPh3)4](PF6)Z, which 
has a butterfly geometry [3], and Braunstein and co-workers have synthesised the 
triangulo-cluster [Pt(AuPPh,),Cl(PEt 3)2](CF3S03) [4]. 

Mingos and Wardle [5] found that no further reaction occurred between the 
54-electron cluster [Pt,Au(p-CO),(PCy,),]+ and [AuCl(PCy,)] even in the presence 
of TlPF,. The 56-electron cluster [Pt,Au(p-Cl)(p-SO,),(PCy,),(P{ p-C,H,F},)] (1) 
is neutral and has an extra electron pair occupying the relatively high lying a2 
HOMO [6] which should render the cluster more nucleophilic. This paper describes 
the reaction of this cluster with [Au(PR,)]‘. 
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Results and discussion 
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Fig. 2. (a) Observed and (b) calculated ‘=Pt{‘H} NMR spectra for [Pt,Au2(~-cl)(~~-SO,),- 
(PCY~)~(P(P-C,H,F),)>lPFe (2). 

TABLE 1 

OBSERVED CHEMICAL SHIFTS AND COUPLING CONSTANTS FOR THE COMPLEX 
[Pt,Au*(~-Cl)(~-SO,),(PCy,),(P( p-C,H,F},),](PF,) (2) DERIVED FROM THE ‘lP( IH} AND 
‘95Pt{ ‘H) NMR SPECTRA 

PA PB PC pt, ptI3 

6 (PPm) 37.1 21.4 23.6 ~ 390X.7 - 5245.1 

J (Hz) 

PC. 
PI? 
PA, 

Pt, 
Pt,! 

pt, 

190.0 
132.5 
121.0 
” 
0 

Pt,, 

190.0 
132.5 

5158.0 
(1 

Pt, PA 

190.0 0.0 
4640.0 37.2 

147.9 26.9 

PA, 

0.0 
37.2 

P, 

0.0 

” The value of the Pt-Pt coupling constant was not measurable from the experimental observations. 
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TABLE 3 

SELECTED MOLECULAR DIMENSIONS FOR [PtlAuZ( ~-C1)(~-S0,)(PCy3)3(I’( p-C,H4- 
F),)L](PF6) (2) (with estimated standard deviations in parentheses) 

Pt(l)-Pt(2) 
Pt(l)pPt(3) 
Pt(l)-Au(l) 
Pt(l)-Au(Z) 
Pt(2)-Pt(3) 
Pt(Z)-Au(l) 
Pt(2)-Au(2) 
Pt(3)-Au(l) 
Pt(3)kAu(2) 
Pt(l)-P(1) 
Pt(l)gl(l) 
Pt(l)-S(1) 
Pt(2)-P(2) 
PQ-Cl(l) 
Pt(2)-S(2) 
Pt(3)-P(3) 
Pt(3)-S(l) 
Pt(3)-S(2) 
Au(l)-P(4) 
AU(~)-P(5) 

S(l)-O(3) 
W-O(4) 
W-W) 
%2)-O(2) 

2.887(2) 
2.888(2) 
2.803(2) 
2.776(2) 
2.884(2) 
2.775(2) 
2.772(2) 
2.801(2) 
2.784(2) 
2.311(8) 
2.319(8) 
2.311(X) 
2.305(X) 
2.344(8) 
2.321(9) 
2.320(7) 
2.329(8) 
2.325(g) 
2.243(9) 
2.249(9) 
1.23(3) 
1.53(3) 
1.27(3) 
1.49(3) 

Pt(3)-Pt(l)-Pt(2) 
Au(l)-Pt(l)pPt(‘) 
Au(l)pPt(l)pPt(3) 
Au(2)-Pt(l)-Pt(3) 
Au(‘)-Pt(l)mPt(3) 
Au(Z)-Pt(l)kAu(l) 
Pt(3)-Pt(2)-Pt(l) 
Au(l)-Pt(2)-Pt(1) 
Au(l)-Pt(2)-Pt(3) 
AuQbPt(Z)-Pt( 1) 
AU(~)-Pt(2)-Pt(3) 
Au(2)-Pt(Z)bAu(l) 
Pt(Z)-Pt(3)kPt(l) 
Au(l)-Pt(3)-Pt(1) 
Au(l)pPt(3)kPt(Z) 
Au@-Pt(3)-Pt(l) 
Au(Z)-Pt(3)-Pt(2) 
Au(Z)kI’t(3)kAu( 1) 
Pt(‘)pAu(l)-Pt(1) 
Pt(3)-Au(l)-Pt(l) 
Pt(3)-Au(l)-Pt(2) 
Pt(3)-Au(Z)kPt(l) 
Pt(?)-Au(Z)pPt(l) 
Pt(3)pAu(Z)pPt(7) 
S(l)-Pt(l)-Cl(l) 
P(l)-P@-Cl(l) 
P(l)-Pt(l)-S(1) 
S(2)-Pt(2)-Cl(l) 
P(2)-PtQWl(l) 
P(2)-PtQpS(2) 
S(l)-Pt(3)-S(2) 
P(3)-P0-S(1) 
P(3)-Pt(3)-S(2) 
Pt(l)kS(l)-Pt(3) 
Pt(Z)kS(2)-Pt(3) 
Pt(l)-Cl(l)-Pt(2) 
O(3)-S(l)-O(4) 
O(l)-W-O(2) 

59.92(4) 
58.36(5) 
58.95(4) 
5X.59(4) 
58.X3(4) 

106.27(6) 
60.07(4) 
59.32(5) 
59.31(5) 
58.70(4) 
5X.92(4) 

107.14(6) 
60.01(4) 
59.01(4) 
58.42(5) 
58.57(4) 
5X.54(4) 

106.11(5) 
62.32(S) 
62.04(4) 
62.28(5) 
62.60(4) 
62.60(4) 
62.54(4) 

163.7(3) 
97.9(3) 
98.4(3) 

163.1(3) 
98.6(3) 
98.6(3) 

162.6(3) 
99.1(3) 
98.3(3) 
77.0(2) 
76.7(3) 
76.5(2) 

119.3(20) 
118.9(18) 

195Pt{ ‘H} NMR spectra are given in Table 1. In order to fully characterise this 
novel platinum-gold cluster, and confirm its trigonal-bipyramidal geometry, a single 
crystal X-ray crystallographic analysis was undertaken. 

The relevant details of the crystallographic study are given in Table 2. Selected 
intramolecular bond lengths and angles are given in Table 3 and fractional coordi- 
nates for the non-hydrogen atoms in Table 4. The structure of the molecule is 
illustrated in Fig. 3. 



Discussion of the crystal structure 

a ’ (3) 

The introduction of the bridging chloride ligand stabilises the (1; orbital of the 
triangular, tetrahedral and trigonal-bipyramidal ciusters. and ,wupaticw of this 
orbital. which is slightly metaL nletal antibonding. leads to ;i \vcahening of the 
plati~~,J,~platinunl bonds. Since the [Au( PR,)] fragment does not h:t\e ;~ny frontier 
orbitals of u, svmmetry. tht: occupation of this orbital ha\ little effect OII :he Pt Au _ 

bonding, and the Pt- .4u htnd length\ arc esentially unaffzctd hv the electron 

CmJnt. 

The Pt- Au bonding in the cluster 2 is best described in terms of it five-centre 
two-electron bond. The interaction of the o1 orbital of the Pt (Au tetrahedron with 
the [Au(PR,)] fragment leads to reduced Pt -Pt bonding character in the resulting 
molecular orbital. and consequently lower overlap populatic)n :~nd longer bonds 
than in 1. This analysis is consistent with the presence of 6X \,alcncc clrctrom in 2. 

Since in both [Pt,(IL1-S<)2),!P(.‘yl)3] (81 XJd [Pt,,4u(~,-S(),)1(P(‘!:)j]’ [?I the 

sulphur dioxide ligands can be substituted by chloride. the reaction of [Me,N]Cl 
with [Pt,Au,(~-CI)(~-SOz)_(PCy,),(P1 ,v-C‘,H,FJ,)~](P~:~) (2) w:l.\ studied. It W;IS 
posible that the complex jPt,Au2(~-~l),(~-SOI)(PCq: },(P{ P-C’!,H~F!~ ):] \vould 
result, which would be ii derivative of the 46electron triangle [Pt ;(~-C’l)Il(~- 
SO,)(PCy,),]’ Trifr,?guk,-triplatinurn clusters \vith high e!ectron county Lirr atabi- 
lised by the presence of capping ligands, c’.g, the 4X-clectrnn cnmplc~ [Pt 1( p :- 
S)2(PMePh2),]” [9]. R ,t’ eaC eon of [Me,N]C’I \\ith 2 In cli~illoron:eth~llIr icd to ;I 
slow cotour change from dark ttr light orange. On wapor-;ltiori of ~~rivunt ;tnd 
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TABLE 4 

FINAL FRACTIONAL ATOMIC COORDINATES ( x 104) AND ISOTROPIC TEMPERATURE 

FACTORS (p\z ~10~) FOR [Pt,Au,(p-Cl)(p-SO,),(PCy,),(P( p-C,H,F),),](PF,) (2) (with estimated 

standard deviations in parentheses) 

Atom X Y z fJ 11” 

W) 
PVJ 
W) 
Au(l) 
AU(~) 
P(l) 
P(2) 
P(3) 

P(4) 

P(5) 

Cl(l) 

S(l) 

S(2) 

O(l) 

O(2) 

O(3) 

O(4) 

O(5) 

O(6) 
C(110) 

C(111) 

C(112) 

C(113) 

C(114) 

C(115) 

C(120 

C(121) 

C(122) 

C(123) 

C(124) 

C(125) 

C(130) 

C(131) 

C(132) 

C(133) 

C(134) 

C(135) 

C(210) 

C(211) 

C(212) 

C(213) 

C(214) 

C(215) 

C(514) 

C(515) 

F(51) 
C(520) 

C(521) 

C(522) 

C(523) 

C(524) 

569.1(8) 

2558.4(g) 

1049.4(9) 

1980(l) 

833(l) 

- 532(6) 

4199(6) 

610(6) 

2517(6) 

255(6) 

1926(6) 

- 478(7) 

2693(6) 

2836(22) 

3323(20) 

- 1219(26) 

- 630(22) 

2447(27) 

1708(27) 

- 1570(19) 

- 1065(19) 

- 1875(22) 

- 2634(21) 

- 3110(20) 

- 2287(23) 

120(21) 

816(25) 

1507(25) 

853(34) 

117(30) 

- 577(20) 

- 1221(21) 

- 2030(25) 

~ 2639(23) 

- 1911(32) 

~ 1103(30) 

- 493(20) 

4268(20) 

3912(26) 

4062(28) 

3386(27) 

3681(27) 

3578(26) 

- 917(14) 

~ 763(13) 

- 471(17) 

1124(12) 

1181(13) 

1842(13) 

2442(13) 

2390(12) 

2523.2(8) 

3695.5(9) 

4583.0(S) 

4145(l) 

3058(l) 

1069(6) 

3848(6) 

5983(6) 

4694(6) 

2493(6) 

2020( 6) 

3427(6) 

5303(6) 

5460(22) 

6094(20) 

3104(25) 

3696(22) 

1966(27) 

1239(27) 

242(19) 

20(24) 

- 731(21) 

- 251(22) 

38(28) 

763(21) 

209(19) 

616(22) 

7(30) 
- 1124(29) 

- 1513(24) 

~ 903(20) 

1362(21) 

428(20) 

785(29) 

1462(33) 

2392(25) 

2045(25) 

3271(19) 

3805(21) 

3357(23) 

2222(23) 

1669(21) 

2138(20) 

- 422(18) 

590(18) 

- 1819(25) 

3147(15) 

2675(15) 

3217(16) 

4234(16) 

4711(15) 

7212.2(4) 

7723.5(5) 

7640.0(5) 

6882.0(5) 

8165.9(5) 

6737(3) 

7963(3) 

7765(3) 

6231(3) 

8810(3) 

7343(4) 

7225(3) 

8037(4) 

8475(11) 

7785(10) 

7433(12) 

6744(11) 

6916(13) 

7600(13) 

7050(g) 

7483(10) 

7725(11) 

7875(9) 

7455(11) 

7206(11) 

6538(9) 

6171(12) 

6105(17) 

5954(15) 

6306(15) 

6353(12) 

6265(g) 

5951(11) 

5602(13) 

5306(11) 

5624(14) 

5974(12) 

8493(9) 

8886(10) 

9322(10) 

9246(11) 

8838(11) 

8401(10) 

9033(5) 

9028(5) 

8800(6) 

9320(7) 

9701(8) 

10102(g) 

10118(7) 

9738(7) 

342 

360 

345 

566 

498 

423 

398 

418 

440 

420 

553 

465 

499 

550(80) 

491(74) 

739(96) 

620(83) 

380(94) 

368(93) 

393(73) 

761(114) 

689(104) 

528(87) 

976(143) 

723(109 

524(86) 

797(118) 

1386(207) 

1357(201) 

1161(169) 

739(111) 

534(87) 

833(123) 

1091(159) 

1393(208) 

1169(171) 

855(126) 

494(82) 

759(114) 

925(136) 

905(133) 

827(123) 

874(128) 

861(127) 

861(126) 

1579(123) 

425(76) 

628(98) 

928(137) 

778(116) 

669(102) 

(cominued) 
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extraction of the residue with benzene a light orange solid was isolated and 
identified as 1 by IR and 31P IH} NMR spectroscopy. This interesting reaction is { 
similar to the degradation processes observed in gold cluster chemistry. for example: 

L4%Wh3h13 + I--= [Au,I,(PPh,),] [lOI 

Experimental 

Reactions were routinely carried out using standard Schlenk line procedures 
under an atmosphere of pure, dry N, and using dry 02-free solvents. Microanalyses 
were carried out by Mr M. Gascoyne and his staff of this laboratory. Infra-red 
spectra were recorded using a Perkin-Elmer 1710 FT spectrometer. 3’P{ ‘H} and 
lysPt{ ‘H} NMR spectra were recorded using a Bruker AM-250 spectrometer 
operating at 101.26 MHz using TMP (trimethylphosphate) as the external standard, 
and at 53.55 MHz using Na,PtCl, as the external standard respectively. Tetrameth- 
ylammonium chloride was used as purchased from BDH Chemicals Ltd. 

[Pt,Au(p-Cl)(p-So,),(PCy,),(P{ P-C,H,F}~)] [2] (0.20 g. 0.095 mmol) was dis- 
solved in benzene (15 cm3) and [AuCl(P{ P-C,H,F}~)] [ll] (0.052 g, 0.095 mmol) 
was added with stirring. TIPF, (0.3 g, 0.86 mmol) was added and vigorous stirring 
continued for 2 h, after which time a yellow-orange solid had formed. The solid was 
isolated and recrystallised from CH,ClJhexane to give mustard-yellow crystals of 
[PtjAu1(p-Cl)(p-SOZ)z(PCy3)3(P{ p-C,H,F},),](PF,) (2) in 74% yield. (Found: C, 
39.7; H, 4.72. C,,H,23AuClF,,0,P,Pt,S, talc: C, 39.2; H, 4.4%). 

Reaction of 2 with tetramethylammonium chloride 
[Pt3Au2(~-Cl)(~-S02)2(PCy3)3(P{ p-C,H,F},)J(PF,) (0.1 g) was dissolved in 

CH,Cl, (10 cm3) and excess tetramethylammonium chloride added. On stirring for 
6 h the colour of the solution had changed from yellow-orange to bright orange. 
Removal of solvent in vacua and recrystallisation of the resulting solid from 
benzene/ethanol gave 1 in 90% yield, identified by ‘lP{ ‘H} NMR spectroscopy. 

Crystal structure determination 
Mustard yellow crystals of [Pt3AuZ(~-Cl)(~-S02)2(PCy3)3(P{ p-C,H,F},)2]- 

(PF,) were grown by slow diffusion of hexane into a dichloromethane solution. They 
were found to be stable in air and to loss of solvent of crystallisation and. a single 
crystal (dimensions 0.20 x 0.13 x 0.10 mm) was mounted in a 0.7 mm Lindemann 
tube. Details of the data collection are given in Table 2. The structure was solved 
using Direct Methods (MULTAN) for the metal atoms (Pt and Au) and Fourier 
Methods for the remaining atoms using atomic scattering factors including anoma- 
lous scattering factors from reference [2]. 

The bridging SO, and Cl units in the complex were found to be disordered 
around the equatorial plane, similar to the situation found in the X-ray analysis of 
1, which crystallised in the space group P2,/n [2]. The occupancies of the oxygen 
atoms attached to the equatorial bridging atoms were refined; the refinement 
converged with occupancies for the oxygens on the sulphur atoms of 0.75, and on 



the chlorine atom of 0.50. The isotropic temperature factors of these oxygen atoms 
were then refined satisfactorily. The large differences in the S-4 bond lengthx 
observed in both of these clusters can be attributed to the fact that the disorder 
between the Cl and S atoms has not been completely resolved. 

In addition. the [PF,] counterion was found to be disordered over t&-c-~ crystclllo- 
graphic sites. This was dealt tvith in a similar manner and the anisotropic tempera- 
ture factors were found to refine satisfactorily with occupancies <\I 0.5 11~ ctich site. 

A table of thermal factors ,jnd :I list 3f observed and calculated struc~ture factors 
are available from the authors. 
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