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Abstract

The binuclear platinum complex [Pt,(1-S)(u-dppm)(n'-dppm),] (1), dppm=Ph,PCH,PPh,, can act as a tridentate
ligand in forming homonuclear and heteronuclear cluster cations. Thus, 1 reacted with square planar complexes
of formula [PtCIRL,], L,=(SMe,), or 1,5-cyclooctadiene (cod), to form the corresponding trinuclear clusters
[Pt:R(p3-S)(n-dppm),;] " CI~ (R=Me (2), Ph (3), CH,Cl (4), Cl (5)), with [PdCL,(PhCN),] to form [Pt,PdCl(u,-
S)(u-dppm)3][CH] (6), with [Rh(-C1)(CO), or [Tr(1-CI)(CO)sl; to form [Pt;M(CO)(a-S)(u-dppm)s}[Cl} (M=Rh
(7), Ir (8)), with the d'° metal compounds CuCl, AgNO; and [AuCIl(SMe,)] to give [Pt,M{u,-S)(p-dppm)s]*
(M=Cu (9), Ag (10), Au (11)), and with Hg(NO,), to yield [Pt,M(u,-SMe)(CO)(p-dppm);}**. Complexes 7 and
8 each reached with excess iodomethane to yield [Pt,M(us-SMe)(CO)(u-dppm),;JI, (M=Rh (16), Ir (17)) and
with AgBF, to give [Ptz(y,yS)(CO)(,ug-AgC])(;,L-dppm)a]BF4 (M=Rh (19), Ir (20)). The complexes 2—-8 are shown
to be fluxional with respect to inversion at sulfur, whereas 9-12 are not; the inversion has a lower activation
energy for 7 and 8 than for 2-6 and this is attributed to stabilization of the planar transition state by thc carbonyl
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ligand. The structure of 11 has been confirmed by an X-ray structure determination.

Introduction

The ligands bis(diphenylphosphino)methane (dppm)
and sulfide each tend to bridge between late transition
metals and so stabilize binuclear and cluster complexes
with weak or absent metal-metal bonding [1-6]. Com-
plexes with higher nuclearity can be built up system-
atically by reactions in which complexes containing
M(n'-dppm) or M,(u,-S) groups act as ligands to a
second metal M’ to give MM'(u-dppm) or MM’ (u;-
S) groups [1-6]. The complex [Pt (u-S)(u-dppm)(n’-
dppm),] (1) contains both of the above functional groups
and is easily prepared by reaction of [Pt,(u-dppm),]
with carbonyl sulfide [7]. Complex 1 can act either as
an 8-clectron or 6-electron ligand, using in each case
the lone pair on two 7'-dppm ligands and either 2 or
1 lone pair from the u-S group [7]. This paper reports
the more general chemistry of 1 as a 6-electron ligand
in forming homonuclear and heteronuclear complexes
containing Pt,(us-S) or Pt,;M(us-S) cores, M=Rh, Ir,
Pd, Cu, Ag or Au. All of these complexes undergo
inversion at the u,-S center at a rate amenable to
study by NMR, and the factors influencing the ease
of inversion are discussed. A preliminary account of
parts of this work has already been published [8].
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Results

Synthesis and characterization of triplatinum complexes

The binuclear platinum complex 1 reacted with a
series of square planar complexes of the general formula
[PtCIRL,], where R=Me, Ph, CH,Cl or Cl and

=(SMe,), or 1,5-cyclooctadiene (cod), to form the
trinuclear clusters [Pt;R(u3-S)(u-dppm);]*Cl™, as
shown in Scheme 1. In these reactions, complex 1 acts
as a tridentate ligand in displacing 2L+Cl~ from
[PtCIRL,]. Since the synthetic methods and NMR data
are similar for all the triplatinum derivatives, only one
example is chosen for a detailed discussion. The NMR
data are recorded in Tables 1-3.

Complex 1 reacted easily with trans-[PtCIMe(SMe.,),]
in acetone solution to give [Pt;Me(u;-S){(u-dppm);][Cl]
(2), which was isolated as a yellow solid in almost
quantitative yield. The cation is very similar to known
cluster cations such as [Pt;H(us-S)(u-dppm),]™, and
so characterization was straightforward, based on the
rich 'H, *'P and Pt NMR spectra [9-11].

The '"H NMR spectrum of 2 contained a PtMe signal
at 8= —0.46, which appeared as a triplet of triplets
due to PH coupling, with *J(PH) and °J(PH) values of
7 and 2 Hz, respectively. Satellites due to coupling to
platinum were also observed with J(PtH) = 66 Hz. Two
resonances were observed for the P,CH, protons of
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TABLE 1. '"H NMR data and AG* values for Pt; and Pt;M clusters
Complex 8 P,CH*H® T. Av AG*™ P,CH*H* T. Av AG™
(ppm) O (Hz) (kI mol™") 3 O (Hz) (kJ mol™")
J(PH) 3J(PtH) {ppm)
(Hz) (Hz)
2 4.0 4 41 20 68 51 5.4 -30 70 49
3 4.1 4 40 -20 112 50 53 -20 68 51
5 3.9 4 40 -2 232 52 5.5 -2 206 52
6 4.1 4 -5 85 54 5.5 0 276 52
7 4.2 4 —60 103 42 5.6 —50 320 42
8 43 4 —50 91 44 5.6 —45 105 43
TABLE 2. *P{'"H} NMR data for Pt, and Pt,M clusters
Complex & (P*)  J(P°P) Y(PP?) & (P*)  J(P°PY) J(P°P™) U(PtP) (PP?) & (P) U(PtPY) J(PtPY) Y(PtPt)
(ppm)  (Hz) (Hz) (ppm)  (Hz) (Hz) (Hz) (Hz) (ppm)  (Hz) (Hz) (Hz)
a 25.2 2992 50 27 170 3110 222 —-127 3887 ~80 2620
2 254 7 3060 1.7 20 170 3080 210 —12.6 3840 ~80 2842
3 202 8 3040 -32 17 180 3080 170 —11.7 3840 ~80 2890
4 231 8 3100 1.9 20 170 3080 190 —~11.6 3860 ~80 2920
5 200 7 2780 1.6 21 168 3060 170 -12.5 3872 ~80 2761
6 208 5 48 25 163 3042 150 -93 3848 ~78 2770
7 269 7 130 42 32 170 3080 170 -93 3920 ~68 2485
8 176 9 13 25 160 3124 180 -10.2 4000 ~60 2519
9 —-20.4 165 70 180 3280 200 —~10.8 3840 -120 2842
10 -107 400¢ 164 70 170 3300 210 —11.9 3560 ~80 2355
11 24.5 171 70 178 3343 186 —132 3634 ~89 3146
12 17.2 4460° 171 70 190 3180 170 ~108 3720 ~80 2665
*Data for [PtyH(us-S)(u-dppm)sj*.  °J(RhP). c<U(AgP). “U(HgP).



TABLE 3. **Pt{'"H} NMR data for Pt, and Pt,M clusters
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Complex 5 (P1) J(PtP,) 5 (PtY) LJ(P1°P®) 2J(P1°P®) J(Pt°P°) ZJ(PL°P°) J(PtPY)
(ppm) (Hz) (ppm) (Hz) (Hz) (Hz) (Hz) (Hz)
a —3181 2992 -3172 3110 3887 2620
2 —2991 3060 —3199 3080 210 3840 —80 2840
3 —2833 3050 —3206 3080 180 3850 —80 2890
4 —2645 3100 —3250 3100 170 3860 —80 2910
5 —2533 2780 —3318 3070 160 3870 —80 2760
6 —3123 3050 150 3850 —70 2770
7 —3173 3100 170 3930 —60 2480
8 —3193 3130 180 4000 -70 2520
10 —3098 3300 210 3560 —80 2360
11 —3418 3340 190 3630 -90 3120

*Data for [Pt;H(u;-S)(p-dppm)s}*.

the dppm ligands. A broad triplet at 6=4.1 ppm is
assigned to the P,CH®H® protons of the two dppm
ligands which bridge non-bonded platinum centres,
while a multiplet resonance at §=5.4 is due to P,CH°H"
protons of the third dppm ligand. Since the H*H® and
H°H“ protons should be inequivalent in 2, the complex
must be fluxional. Rapid inversion at sulfur, with a
planar Pt;Me(u;-S) intermediate, leads to apparent
equivalence and will be discussed below.

The *'P{'H} NMR spectrum of 2 is depicted in Fig.
1 and is assigned by analogy with related clusters (Table
2) [9-11]. In addition to the expected PP and PtP
couplings, it is also possible to determine 'J(PtPt) =2842
Hz for the Pt—Pt bond, since the P signal is accompanied
by 5Pt satellites due to the isotopomer with two '**Pt
nuclei. The 'Pt-"**Pt couplings observed for other
Pt(I) complexes with Pt-Pt bonds are in the range
2400-9100 hz [12].

The '*Pt{'"H} NMR spectrum of 2 contained two
resonances. A doublet of doublets is due to the
platinum(I) centers and a triplet is due to the plati-
num(II) center. Correlation of J(PtP) values obtained
from the *'P and Pt NMR spectra confirms the
assignments. It is clear from the data given in Tables

T T T T
30 20 0 [} -10 -20 &/ppm

Fig. 1. The P NMR spectrum of cation 2.

1 and 2 that the clusters 2-5 have very similar
structures,

Synthesis and characterization of Pt,M clusters with
M=Pd(ll), Rh(l) or Ir(])

Heteronuclear clusters with similar structures to 2-5
were prepared by reaction of 1 with other d® metal
complexes. Thus one of the first known Pt,Pd clusters
[Pt,PACl(p5-S)(-dppm);|[CI] (6a) was prepared by re-
action of 1 with [PdCL,(PhCN),] and isolated as a stable
orange solid (Scheme 1) [4, 8, 13]. The chloride salt
6a could be converted by a simple anion exchange
reaction, using NH,PF; in methanol, to the hexafluo-
rophosphate salt 6b.

Similarly, reaction of 1 with [Rh(u-Cl)(CO),], or
[Ir(u-CI)(CO),], gave the Pt,Rh and PtIr clusters
[Pt,M(CO)(ps-S)(-dppm)s][Cl] (M=Rh (7a), Ir (8))
(Scheme 1). The reaction forming 7a was complete
within 30 min but the reaction forming 8 required 4
h for completion. Cluster 8 was air-sensitive but was
stable when kept under an inert atmosphere.

The products 6-8 were readily characterized by their
NMR spectra (Tables 1 and 2). For example, the *'P{'H}
NMR spectra of 6a and 6b were essentially identical.
Each contained three resonances, of which two displayed
1J(PtP) couplings and one did not. The PdP resonance
was therefore assigned easily; the absence of long-range
195pt satellites for this signal suggests the lack of any
interaction between the palladium and the two platinum
centers.

The *'P{*H} NMR spectrum of 7a is shown in Fig.
2. The two upfield signals at 6= —9.3 and 4.22, each
with YJ(PtP) couplings, were assigned to the PtP° and
PtP® phosphorus nuclei, respectively. These resonances
have similar patterns to those of 2 (Fig. 1). The signal
at 6=27.0 appears as a multiplet due to coupling to
PP couplings but an additional doublet splitting is clearly
due to 'J(**RhP). The *Pt{"H} NMR spectrum of 7
is depicted in Fig. 3. As expected there was a single
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Fig. 3. The *Pt NMR spectrum of 7. The RhPt coupling constant
is shown.

resonance, and all couplings ‘J(PtP), *J(PtP) were re-
solved. In addition, a doublet splitting due to the
coupling J(RhPt) was readily identified. The presence
of the carbonyl ligand in 7a was confirmed by the IR
spectrum, which contained a peak due to the terminal
carbonyl with »(CO)=1973 cm ™. In order to establish

the ionic nature of 7a, the hexafluorophosphate salt
7b was prepared. Its NMR spectra were identical to
those of 7a. Complex 8 was characterized in a similar
way. All the d® complexes were fluxional, undergoing
rapid inversion at the sulfide ligand (Table 1).

Synthesis of Pt,M clusters with M =Cu(l), Ag(I), Au(l)
or Hg(Il)

Complex 1 reacted easily with the d'® metal com-
pounds CuCl, AgNO,, [AuCI(SMe,)] and Hg(NO,), to
yield trinuclear complexes 9-12 according to Scheme
2. The products were characterized by NMR, MS and
elemental analysis. Since the NMR spectra for these
clusters are similar, as an example, only the spectra
of the Pt,Au cluster 11 will be discussed in detail. The
3P{'H} NMR data for the other clusters are recorded
in Table 2. The '"H NMR spectrum of 11 contained
four complex resonances at §=3.7, 5.4, 5.8 and 6.5
with an intensity ratio of 2:1:2:1 due to the four types
of chemically inequivalent P,CH, protons. A decoupling
experiment showed that the signals at §=3.7 and 5.8
and those at 6=5.4 and 6.5 ppm were coupled to each
other. Hence, the former two resonances must be due
to the H* and H® nuclei, while the latter two signals
are assigned to the H® and H® protons. The presence
of four signals for the methylene protons indicates that
11 does not undergo inversion at the sulfide.

The *'P{'"H} NMR spectrum of 11 is shown in Fig.
4. The assignment of the three resonances was straight-
forward. The singlet at 6= —13.2, with J(PtP) and
2J(PtP) values of 3634 and —80 Hz, respectively, is
due to the P° nuclei of the dppm ligand which bridges
the two platinum centres and the negative value for
2J(PtP¢) suggests that the platinum centres are bonded
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Fig. 5. The *Pt NMR spectrum of complex 11.

to each other. Analysis of this signal gives a value for
1J(PtPt)= 3146 Hz, thus confirming the presence of a
Pt-Pt bond. The two multiplet signals at §=17.2 and
24.5 are assigned to P and P* nuclei, respectively. The
assignment is clear since only the P® resonance has
satellites due to J(PtP) coupling.

The *Pt{'"H} NMR spectrum of 11 is shown in Fig.
5. This spectrum appears as a triplet, since ‘J(PtP®)
and 'J(PtP°) are approximately equal, of multiplet res-
onance at 6= —3418 ppm. Analysis of this resonance
gives values of 'J(Pt-P) and J(PtP), which agree with
the values obtained from the *'P{"H} NMR spectrum.

The NMR data described above show that the struc-
ture of complex 11 contains a Pt,Au triangle whose
edges are bridged by dppm ligands and that the two
platinum atoms are bonded to each other. However,
since gold(I) usually prefers linear geometry with co-
ordination number two, there is some question about
whether the sulfide ligand is coordinated to gold [14,
15]. In order to answer this question, an X-ray structure
determination was carried out. The crystal decomposed
in the X-ray beam and the structure was disordercd.
As a result of these problems, the structure is not
precise but the geometry of the cation, which is the
issue of chemical interest, is clear.

The inner coordination sphere of the cation
[PtoAu(p;-S)(u-dppm);]™, is illustrated in Fig. 6, and
selected bond distances and bond angles are recorded
in Table 4. The three metal atoms in 11 define a
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Fig. 6. A view of the structure of complex cation 11.

TABLE 4. Selected bond distances and angles for [Pt,Au(u;-
S)(k-dppm)s]*

Bond distances

Au-Ptl 3.259(2) Pt1-P4 2.250(10)
Au-Pt2 3.113(2) P12-S 2.301(8)
Au-$ 2.621(8) Pt2-P5 2.275(9)
Au-P1 2.326(9) Pt12-P6 2.245(9)
Au-P2 2.354(10) P1-P5 3.10(1)
Pt1-Pt2 2.615(2) P2-P4 3.19(1)
Pt1-S 2.292(8) P3-P6 3.03(1)
Pt1-P3 2.253(9)

Bond angles

Ptl1-Au-Pt2 48.41(4) Au-Pt2-Ptl 68.72
Pt1-Au-§ 44.2(2) Au-Pt2-§ 55.5(2)
Ptl1-Au-P1 133.0(2) Au-Pt2-P5 91.1(2)
Ptl1-Au-P2 79.0(2) Au-Pt2-P6 115.2(2)
P12-Au-S 46.4(2) Pt1-P12-S 55.1(2)
Pt2-Au-P1 85.6(2) Pt1-P12-P5 156.9(2)
Pt2-Au-P2 127.2(2) Pt1-Pt2-P6 95.7(3)
S-Au-P1 113.3(3) S-Pt2-P5 104.6(3)
S-Au-P2 101.7(3) S-Pt2-P6 150.7(3)
P1-Au-P2 143.9(3) P5-Pt2-P6 103.2(3)
Au-Pt1-Pr2 62.87(5) Au-S-Pt1 82.9(3)
Au-Pt1-§ 53.0(2) Au-S-Pt2 78.1(2)
Au-Pt1-P3 121.2(2) Pt1-S-Pt2 69.4(2)
Au-Pt1-P4 96.7(3) Au-P1-P5 90.5(3)
Pt2-Pt1-§ 55.5(2) Au-P2-P4 96.5(4)
P12-Pt1-P3 94.3(3) P11-P3-P6 85.1(3)
Pt2-Pt1-P4 154.5(2) Pt1-P4-P2 82.1(3)
S-Pt1-P3 149.4(3) Pt2-P5-P1 86.7(3)
S-Pt1-P4 100.7(3) Pt2-P6-P3 84.1(3)
P3-Pt1-P4 110.0(3)

triangle. The Pt(1)-Pt(2) distance of 2.615(2) A is in
the range expected for a single bond {3]. While the
Pt(1)-Au distance of 3.259(2) A is definitely out of
the range normally associated with platinum-gold bonds,
the Pt(2)-Au distance of 3.113(2) A is just on the limit
of those distances which have been associated with
weak metal-metal bonding in clusters, and those mol-
ecules where weak gold-gold interactions have been
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invoked [14-16]. For example, the average gold-gold
bond distancc in [(AuPPh;);S][PF], which is believed
to have weak gold—gold bonding, is 3.175(3) A [16].
For 11, it is likely that the short Pt-Au distance arises
as a consequence of the presence of u-dppm bridges
and not due to metal-metal bonding.

The average Pt-S bond distance in 11 has a normal
value of 2.296(8) A but the Au-S distance of 2.621(8)
A is longer than distances normally associated with
Au-S bonds in linear gold complexes. For example, in
complexes where the only bonds to gold are from sulfur,
the bond lengths are in the range 2.28-2.30 A [15-17).
In linear complexes when the gold is bonded to a p,-
S ligand, the bond lengths are longer and vary from
2.30 to 2.34 A [14-16]. There are no examples of linear
gold complexes in which the Au-S bonds exceed 2.41
A [14-16]. Although the Au-S distance of 2.621(8) A
is long, the P(1)-Au-P(2) angle of 143.9(3)° clearly
shows a deviation from linearity. With S-Au-P(1) and
S-Au-P(2) angles of 113.3(3) and 101.7(3)°, the gold
center has distorted trigonal planar geometry and
gold-sulfur bonding is clearly indicated.

Gold(1) and mercury(Il) have less tendency to in-
crease their coordination number beyond two than do
copper(I) and silver(I) [17]. Since the gold center in
11 is trigonal planar and since the NMR data for the
Cu, Ag and Hg analogs 9, 10 and 12 are similar to
those of 11, it is reasonable to assume that the d'°
metal centres in all these complexes are also three-
coordinate.

p3-S inversion in Pt; and Pt,M complexes

The 'H NMR spectra of the Pt,M complexes 2-8,
inwhich M is a d® metal ion, contain only two resonances
in 2:1 intensity ratio for the P,CH, protons of the dppm
ligands. Due to the presence of a u,-S bridge, it is not
possible for the Pt,M(u-dppm); units to have a plane
of symmetry containing the PCP atoms of a dppm ligand
and, therefore, each of the methylene proton resonances
would be expected to appear as an AB quartet due
to the non-equivalence of the P,CH*H® and P,CH°H
protons. A variable temperature 'H NMR study has
been carried out for all these clusters. In all cases, as
the temperature is lowered, the P,CH, signals broaden
and finally split into the expected AB quartets. Clearly,
these complexes are fluxional and undergo rapid in-
version of the Pt,M(u5-S) unit to generate an effective
plane of symmetry containing the Pt,M(u;-S)(u-PCP),
atoms at room tempcrature (eqn. (1)) as previously
shown for [Pt;H(u,-S)(u-dppm);]* and related com-
plexes [9-11].
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The activation energies, AG *, for inversion were
calculated by applying the Eyring equation and are
listed in Table 1. These are comparable to values
reported in the literature for similar complexes. It
appears that the AG? values for the homonuclear
clusters, 2-5, and the mixed platinum-palladium com-
plex, 6, are almost independent of the frans-influence
of the R group or the substitution of platinum for
palladium, in contrast to sulfur inversions in dialkyl
sulfide or alkanethiolate complexes [18]. It is possible
that weakening of the M-S bond trans to R should
reduce the activation energy to inversion [18], but that
the longer M-S bond causes more strain in the bridging
dppm ligands in the transition state and that these two
effects cancel out. However, significantly lower AG #
values are observed for 7 and 8 which contain the good
mr-acceptor carbonyl ligand on rhodium or iridium (Table
1). This observation may be understood in terms of
stabilization of the transition state in sulfur inversion
by overlap of the empty =* orbitals of the CO ligand
with the filled d,, and p,, orbitals of the metal and the
sulfide ligand as shown in 13 (eqn. (2}). Such stabilization
of trigonal planar sulfur by #-donation to carbonyl is
not possible for the Pt; and Pt,Pd clusters 2-5 and
hence higher activation energies for sulfur inversion
are observed.
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The complexes 9-12 are not fluxional implying that
there is a significantly higher activation to inversion.
This difference can be attributed to the trigonal planar
geometry of the d'® metal atom. For the u,-S inversion
to occur, there has to be a planar transition state and
this would require either a distortion of the geometry
to T-shaped with trans phosphorus donors (structure
14) or to a significant increasc in angle strain of the



w#-dppm ligands (structure 15) or a combination of both
effects (eqn. (3)). The most common distance between
the two phosphorus atoms of a u-dppm ligand is ~3
A and the P...P distances for the u-dppm ligands in
11 are 3.09 and 3.19 A. The AG* for sulfur inversion
via either structure 14 or 15 is therefore expected to
be high. It is also noted that the chemical shifts for
the P,CH; protons in 9-12 are considerably different
from those for 2-8, perhaps due to the difference in
geometry of the d® and d'° metal centres which affects
the conformation of the bridging dppm ligands.
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Reactions of Pt; and Pt,;M clusters

The u,-S ligand in the complexes 2-12 still has one
lone pair of electrons and so could act as a nucleophile
or as a donor to another metal atom. The Pt,Rh and
Pt,Ir complexes 7a and 8 each reacted with excess
iodomethane to yield stable complexes characterized
as [Pt,M(u;-SMe)(CO)(u-dppm);]I, (16 and 17)
(Scheme 3). These complexes were readily characterized
by their spectroscopic properties.

For example, the "TH NMR spectrum of 17 contained
a triplet signal due to the SMe protons at §=1.78,
with broad '**Pt satellites. The P,CH, protons appeared
as two sets of AB quartets in the region §=4.3-5.8,
showing that inversion at sulfur is no longer possible.
The *'P{'"H} NMR spectrum contained the expected
three resonances and data are given in ‘Experimental’.
The IR spectrum confirmed the presence of the terminal
carbonyl, »(CO)}=2047 cm~!, and the mass spectrum
gave a peak envelope at m/z=1937, which corresponds
to the molecular weight of the cation. The loss of the
carbonyl and methyl groups is indicated by peaks at
1909 and 1893, respectively. Finally, the elemental
analysis indicates that the counterions are 1.

The complexes §, 7a and 8 were treated with AgBF,
with the intention of forming AgCl and the BF,~ salts
of the complexes. However, very little AgCl was pre-
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cipitated and the analytical data showed that AgCl was
incorporated into the products. It was originally believed
[8] that the AgCl was complexed by the p*-S ligand
as in 18 but, following the characterization of a similar
complex cation [Pts(1s-S)(AuPPh(p5-AgCl (-
dppm);]™ [19], the products are now believed to be
19 and 20 (Scheme 3). Data for 20 will be discussed.

The *'P{’H} NMR spectrum of 20 contained the
expected three signals (‘Experimental’) and the 'H
NMR spectrum contained two sets of AB quartets,
indicating that inversion at sulfur does not occur. These
data can be interpreted in terms of either structure
18 or 20. The ***Pt{'H} NMR spectrum of 20 contained
a single resonance, which displayed the expected cou-
plings to *'P and '”Rh and an extra doublet splitting
assigned as 'J(AgPt)=400 Hz. The resonance was too
broad to give resolved '*°Pt-'"’Ag and **Pt-'"Ag cou-
plings, but the coupling lies in the range of known
J(PtAg) couplings of 190-680 Hz [20-22]. This leads
to the conclusion that structure 20 is correct, since 18
would surely give a lower coupling *J(PtAg).

It is interesting that methyl iodide reacts with the
nucleophilic sulfide but that AgCl adds to the Pt,M
atoms. There are now many examples of stable com-
plexes in which electrophilic silver(I) adds to electron-
rich platinum complexes [23].

Experimental

The complex [Pt,(u-S)(n-dppm)(n'-dppm),] was pre-
pared as described previously [7].
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[Pt;Me(u5-S)(u-dppm);][Cl]

To a solution of [Pt,(p-S)(u-dppm)(n'-dppm),] (0.06
mmol) in acetone (5 mi) was added trans-[Pt-
ClMe(SMe,),] (0.06 mmol) in acetone (5 ml). The
reaction mixture was stirred for 30 min after which
time the volume of the solution was reduced. Pentane
(10 ml) was added and the product was precipitated
as a yellow solid. This was separated, washed several
times with pentane (10 ml) and dried in vacuo. Yield
95%; m.p. 206 °C dec. Anal. Calc. for C,HgoCIPPt,S:
C, 47.3; H, 4.2. Found: C, 47.3; H, 4.0%. MS: m/z =1785
P-CY, 1770 (P—Cl, Ph).

The following were prepared similarly.

[Pt;Ph(ps-S)(u-dppm);][Cl]  from  trans-[PtCIPh-
(SMe,),]: yield 90%; m.p. 205 °C dec. Anal. Calc. for
CsH,,CIP.Pt,S: C, 51.6; H, 3.8. Found: C, 50.9; H,
4.0%. MS: m/z=1848 (P—Cl), 1771 (P—Cl, Ph).

[Pts(CHLCl)(15-S)(p-dppm)s][Cl]  from  [PtCl-
(CH,Cl)(cod)]; yield 90%; m.p. 220 °C dec. Anal. Calc.
for C,HgClPPt,S: C, 49.2; H, 3.7. Found: 48.9; H,
4.1%. MS: m/z=1820 (P—Cl).

[PtsCl(£5-S)(p-dppm);][Cl]  from [PtClL(SMe,),];
yield 80%; m.p. 210 °C dec. Anal. Calc. for
C,sH CLPPt,S: C, 48.9; H, 3.6. Found: C, 48.7; H,
3.7%. MS: m/z=1806 (P~Cl).

[Pt;PdCl(n3-S)(u-dppm); ] [Cl]

To a solution of [Pt,(u-S)(u-dppm)(n'-dppm),] (45
mg, 0.03 mmol) in acetone (5 ml) was added
[PACL(NCPh),] (11 mg, 0.03 mmol). An immediate
reaction led to a color change from yellow to orange.
The mixture was stirred for 30 min. After reducing the
volume and addition of pentane (10 ml), orange mi-
crocrystals of the product were obtained. These were
further washed with pentane (10 ml) and dried in vacuo
Yield 96%; m.p. 220 °C dec. Anal. Calc. for
C,sHCLP,PdPt,S: C, 51.4; H, 3.8. Found: C, 50.8; H,
3.7%. MS: m/z1717 (P—Cl), 1682 (P—-2Cl).

[Pt:RR(CO)(ps-S)(u-dppm); ] [Cl]

This was prepared in a similar way from [Rh(CO),(u-
C1)], (7 mg, 0.02 mmol) in acetone (3 ml), and isolated
as an orange microcrystalline product. Yield 85%; m.p.
240 °C dec. Anal. Calc. for C,;HCIOP,Pt,RhS: C,
52.4; H, 3.8. Found: C, 51.5; H, 4.0%. MS: m/z=1742
(P), 1706 (P—Cl) 1678 (P—-Cl, CO). IR: (CO)=1973
cm~ L

[Pt:1r(CO)(p5-S)(n-dppm) ;] [Cl]

This was prepared in a similar way from a suspension
of [Ir(CO)s(u-Cl)], (10 mg, 0.01 mmol) in acetone (3
ml) for 3 h, and isolated as a yellow solid. Yield 90%;
m.p. 265 °C dec. Anal. Calc. for C,HgCIOPIrPt,S:
C, 49.8; H, 3.6. Found: C, 48.9; H, 3.8%. MS: m/z = 1831

(P), 1796 (P—Cl), 1766 (P—Cl, CO). IR: »(CO)=1970
cm™ 1.

[Pt Cu(ps-S)(u-dppm);] [Cl]

A suspension of CuCl (2 mg, 0.02 mmol) in CH,Cl,
(3 ml) was added to a solution of [Pt,(u-S)(u-dppm)(n’-
dppm),] (36 mg, 0.02 mmol) in acetone (5 ml). The
mixture was stirred for 1 h giving a homogeneous
solution. The volume of the solution was reduced and
addition of pentane (10 ml) gave the product as a
yellow microcrystalline solid. Yield 80%; m.p. 234 °C
dec. Anal. Calc. for C,sHCICuPPt,S: C, 53.8; H, 3.9.
Found: C, 53.6; H, 3.9%. MS: m/z=1638 (P—Cl). 'H
NMR (in ds-benzene): § (ppm) = 2.26 [m, 2H, P,CH*H"],
3.34 [m, 1H, P,CH°HY], 4.01 [m, 2H, P,CH*H"], 4.6
[m, 1H, P,CHH], 6.9-7.3 [m, 60H, Ph].

[Pt.Ag(15-S) (p-dppm) ,][NO; ]

This was prepared in a similar way from Ag NO;
and isolated as a yellow microcrystalline solid. Yield
80%; m.p. 240 °C dec. Anal. Calc. for
C,sHeAgNO,P(Pt,S: C, 51.6; H, 3.8. Found: C, 50.8;
H, 4.0%. MS: m/z=1683 (P—NO;). '"H NMR (in
CDCly): 6 (ppm)=2.34 [m, 2H, P,CH*H"], 3.75 [m,
2H, P,CH*H"], 4.25 [m, 1H, ¥(PH) = 12 Hz, P,CHH"],
5.94 [m, 1H, P,CH°HY], 6.9-7.3 [m, 60H, Ph].

[Pt,Au(ps-S)(u-dppm) s ]Cl]

This was prepared similarly from [AuCl(SMe.,)]. Yield
80%; m.p. 240 °C dec. Anal. Calc. for C;sHgAuCIPPt,S:
C,49.8; H, 3.7. Found: C, 49.1; H, 3.7%. MS: m/z= 1772
(P—Cl). '"H NMR (in d¢-acetone): 8 (ppm)=2.45 [m,
2H, P,CH*H"], 4.38 [m, 1H, ¥(HH) = 12 Hz, P,CH*H?],
4.82 [m, 2H, *)(HH)=12 Hz, P,CH*H"], 6.12 [m, 1H,
P,CH°HY], 6.9-7.3 [m, 60H, Ph].

[Pt Hg(15-S) (-dppm) ;] (NO3)

This was prepared similarly from Hg(NO,),-H,O.
Yield 81%; m.p. 275 °C dec. Anal. Calc. for
C,sH N.HgO(P.Pt.S: C, 47.4; H, 3.5; N, 1.4. Found:
C, 47.5; H, 3.6; N, 1.3%. MS: m/z=1776 (P—2NO;).
'H NMR: §=2.95, 3.99, 4.21, 5.89 [each m, 2H, CH,P,].

[Pt PdCl(ps-S)(u-dppm); ] [PFs]

A solution of the chloride salt in acetone was added
dropwise to a saturated solution of NH,PF in methanol
(5 ml). The product precipitated and was isolated by
filtration and washed with water (10 ml) to remove
excess NH,PF,. The remaining orange solid was washed
with pentane (10 ml) and dried under vacuum. Anal.
Calc. for C,;HCIF.P-PdPt,S: C, 48.4; H, 3.6. Found:
C, 47.9; H, 3.7%.



[Pt;Rh(CO)(1e5S)(u-dppm) ;] [PFs]

This was prepared by a similar procedure. Yield 70%;
m.p. 260 °C dec. Anal. Calc. for C,iHgFsOP,SPt,Rh:
C, 49.3; H, 3.6. Found: C, 48.6; H, 3.8%.

[Pt2Rh(CO)(p5-SMe)(p-dppm);][1]

To a solution of [Pt,Rh(CO)(u5-S)(u-dppm),][Cl]
(50 mg, 0.03 mmol) in acetone (5 ml) was added Mel
(40 mg, 0.3 mmol). The mixture was stirred for 2 h.
Solvent was removed in vacuo. The oily residue was
dissolved in acetone (3 ml) and the product was pre-
cipitated by addition of pentane (10 ml). The product
was collected, washed with pentane (15 ml) and
dried. Yield 66%; m.p. 270 °C. Anal. Calc. for
C,;Hg,OPPt,RES: C, 46.8; H, 3.5. Found: C, 45.9;
H, 3.8%. MS: m/z=1960 (P —Me), 1932 (P —Me, CO),
1804 (P—Me, CO, I). IR: »(CO)=1948 cm ™. '"H NMR
(in dg-acetone): & (ppm) = 1.92 [m, 3H, “J(PH) = 6, MeS],
3.60 [m, 2H, P,CH*H"], 3.81 [m, 2H, P,CH*H®], 4.88
[m, 1H, P,CH°HY], 4.92 [m, 1H, P,CH°H"], 6.90—-7.27
[m, 60H, Ph]. *P{'H} NMR (in dsacetone): &
(ppm)= —8.8 [br s, 2P, J(PtP)=3850 Hz, P°], —3.2
[t, 2P, J(PP)=17, °J(P°P*)=175 Y(PtP)=3100,
2J(PtP)=150 Hz, P*], 20.9 [d of m, 2P, J(RhP)=116
Hz, P?].

[PtIr(CO)(us-SMe)(p-dppm);][1]

This was prepared in a similar way. Yield 65%; m.p.
280 °C dec. Anal. Calc. for C,;Hg,LIrOP.Pt,S: C, 44.8;
H, 3.4. found: C, 44.3; H, 3.4%. MS: m/z=1937 (P-1),
1909 (P—1, CO), 1894 (P -1, CO, Me). IR: {CO) = 2046
cm~ . 'H NMR (in de-acetone): & (ppm)=1.78 [t, 3H,
*J(PtH)=48, “J(PH)=6 Hz, MeS], 3.61 [m, 2H,
P,CH*H’], 3.92 [m, 2H, P,CH°H®], 432 [m, 1H,
P,CHHY], 5.8 [m, 1H, P,CH°H’], 6.9-7.3 [m, 60 H,
Ph]. *'P{'"H} NMR (in ds-acetone): § (ppm)= —18.1
[m, 2P, P?], —10.4 [m, 2P, 'J(PtP)=3925 Hz, P°], — 1.9
[m, 2P, J(PtP)=3150, 'J(PtP) =125, *J(PP)=175 Hz,
P*].

[Pt;Cl(15-S) (15-AgCl) (u-dppm); J[BF ]

To a solution of [Pt;Cl(g5-S)(u-dppm),}[Cl] (40 mg,
0.02 mmol) in acetone (5 ml) was added AgBF, (4 mg,
0.02 mmol) in the absence of light. An immediate
reaction was evident from the color change. The mixture
was stirred for 30 min. The volume of the solution was
reduced and addition of pentane (10 ml) resulted in
the precipitation of the product as a yellow micro-
crystalline solid. The product was washed with pentane
(10 ml) and dried in vacuo. Yield 50%; m.p. 260 °C
dec. Anal. Calc. for C,sHgAgBCLF,P.Pt,S: C, 44.2; H,
3.3. Found: C, 44.0; H, 3.1%. '"H NMR (in ds-acetone):
8 (ppm)=4.04 [m, 2H, P,CH*H"], 4.12 [m, 2H,
P,CH*H®], 5.76 [m, 1H, P,CH°HY], 5.90 [m, 1H,
P,CH°HY), 6.9-73. [m, 60H, Ph]. **P{'H} NMR (in d,-
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acetone): & (ppm)= —11.1 [s, 2P, J(PtP)=3700 Hz,
P<], 11.0 [t, 2P, Z(PP) =20, 3J(PP) = 170, 'J(PtP) =3150,
2J(PtP)=170 Hz, P*], 25.9 [t, J(PtP)=2600 Hz, P*].

[PtRh(CO)(1155)(15-A8Cl)(n-dppm) ;] [BF ]

This was prepared in a similar way. Yield 65%; m.p.
270 °C dec. Anal. Calc. for C,H AgBCIF,OP.Pt,RhS:
C,47.1; H, 3.4. Found: C, 46.5; H, 3.1%. MS: m/z=1849
(P—BF,). IR: »(C0)=1970 cm~*. 'H NMR (in d,-
acetone): 8(ppm)=3.92 [m, 2H, P,CH*H"], 4.42 [m,
2H, P,CH*H"], 5.02 [m, 1H, P,CH°HY], 5.98 [m, 1H,
P,CH°H"], 6.9-7.3 [m, 60H, Ph]. **P{'H} NMR (in d-
acetone): & (ppm)=-93 [t, 2H, Z(PP)=7,
1J(PtP)=3700, J(PtP)=—80 Hz, P], 11.1 [m, 2H,
1J(PtP) = 3100, 2/(PtP) =195, JJ(PP) =145 Hz, P*], 31.8
[m, 2H, J(RhP)=120 Hz, P*]. **Pt{'"H} NMR (in ds-
acetone): & (ppm)= —2896 [m, YJ(PtP)=3700,
1J(PtP)=3100, J(PtRh) =120, }J(PtAg) =380 Hz|.

[Pt Ir(CO)(15-S) (ns5-AgCl) (u-dppm) ;] [BE, ]

This was prepared in a similar way. Yield 54%; m.p.
260 °C dec. Anal. Calc. for C;sHgAgBCIF,IrOP.P1,S:
C, 45.1; H, 3.3. Found: C, 45.2; H, 3.24%. MS: m/
z=1903 (P—BF,, Cl). '"H NMR (in ds-acetone): &
(ppm) =4.08 [m, 2H, P,CH*H"], 4.46 [m, 2H, P,CH*H"],
5.46 [m, 2H, P,CH°H?], 6.9 7.3 [m, 60H, Ph]. *'P{'H}
NMR (in ds-acetone): & (ppm)=-—10.1 [s, 2P,
J(PtP)=4000 Hz, P¢], 11.2 [m, 2P, YJ(PtP)=3100,
’J(PtP) =140, *J(PP) =160 Hz, P*], 19.1 [m, 2P, P?].

X-ray analysis of [Pt,Au(usS)(u-dppm);][Cl]

Transparent yellow crystals were grown by slow evap-
oration of a solution in acetone. Since the crystals lost
solvent when exposed to air, a suitable crystal was
coated with epoxy glue. Weissenberg and Precession
photography revealed triclinic symmetry. The density
was determined by neutral buoyancy in pentane and
1,2-dibromoethane. The density measurement and NMR
data indicated that the crystal contained acetone solvent
of crystallization.

The single crystal chosen for data collection was
coated with epoxy and transferred to an Enraf-Nonius
CADA4F diffractometer. The orientation matrix and cell
dimensions were determined at 15 < 6 <20 from 20 high
angle reflections. Crystal data and experimental details
are found in Table 5 and atom coordinates are listed
in Table 6. Intensity data were collected by the 6-26
scan technique at room temperature and @ scans of
several intense reflections were recorded both before
and after data collection. Background, and Lorentz and
polarization corrections were applied. The data were
corrected for absorption to give 6855 unique reflections.

The structure of the cation was solved in space group
P1, No. 2, by Patterson and Fourier methods. The Pt,
Au, P, S and Cl atoms were assigned anisotropic thermal
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TABLE 5. Summary of X-ray structure determination for [Pt,Au(us-S)(u-dppm),;]Cl

Compound; My
Crystal system; space group
Cell dimensions

a (&)

b (A)

¢ (A)

a (%)

B ()

v ()
Cell volume (A%; Z
D (g cm™3): obs.; calc.
Monochromator
Radiation; wavelength (A)
Crystal dimensions (mm)
No. data; No. standards collected
Corrections
Decay; absorption correction
Absorption coefficient (mm™')
No. unique data
R, R,

CrsHgCISPAUPL, - C;HO; 1866.85
triclinic; P1

11.913(2)

27.870(6)

11.158(2)

92.01(1)

95.21(1)

88.87(2)

3687(2); 2

1.76(1); 1.73

graphite

Mo, A(Mo Ka) 0.71073
0.12x0.16 x0.25

7334; 152

Lorentz and polarization
yes; Gaussian

6.04

6855

0.083, 0.109

TABLE 6. Selected atomic positional and thermal parameters®

trality) and the acetone of solvation.

between the second chlorine anion (required for neu-

Atom x y z Uy or U
(A
Au 3491(1) 2715.1(5) 1395(1) 393(5) Acknowledgement
Ptl 4823(1) 1753.0(5) 509(1) 295(4)
IS)Q gggég; ggg'(g()s) :2‘7128; 22(1)8; We thank NSERC (Canada) for financial support.
P1 3806(8) 3531(3) 1248(8) 33(3)
P2 2798(8) 2137(4) 2615(8) 38(3)
P3 6597(8) 1582(3) 1269(8) 37(3)
P4 3627(8) 1219(4) 1132(9) 40(3) References
PS5 5073(8) 3328(3) —1025(8) 31(3)
i I BT ‘l‘gi’(g) 386) 1 RJ. Puddephatt, Chem. Soc. Rev., (1983) 99.
2 740233 215213 17023; 3'5293 2 B. Chaudret, B. Delavaux and R. Poilblanc, Coord. Chem.
Cc3 494(3) 375(1) 32(3) 3.509) Rev., 86 (1988) 191.

*The positional and thermal parameters for the metals are given
by x 10" and those for the chiorine, sulfur and phosphorus atoms
are given by x10* and X 10° respectively. The positional and
thermal parameters for the remaining carbon atoms are given
by x10° and x10% respectively. °Ug= 3 23,Ua%a*a, a,.

parameters and the C atoms were left isotropic. Partial
refinement by block-diagonal least-squares on F, min-
imizing the function Sw(|F,|—|F|)? where the weight
w is given by 4|F,|/d*(F,)? reduced R, and R, to 0.083
and 0.109, respectively. At this point the connectivity
of the cation was determined and a Fourier difference
map contained a peak assigned to a chloride anion at
the centre of inversion of the cell. Several other peaks
were present in the Fourier map, but a good model
could not be obtained. Disorder is assumed to occur
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