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Abstract

The diruthenium compounds [Ru,(u-CH, )(p-COYCO) L) 3-CsHj),] (L =CO
or NCMe) react under mild conditions with the platinum reagents [Pt(C,H,),(PR;)]
(R = cyclo-C H,, or Pr') to give tri- and tetra-nuclear cluster compounds [Ru , Pt( u-
CH,)(p-CONCO), (PR, )(n-Cs Hys) 5 1 [Ru, Pty (p-H)Y(p ,-CH)Y p-COXCO) (PR 1) ,(71-
CsHy), o and [Ru, P, (p-H), (p,-O)(p-CO)Y, (PR 1), (n-C Hy),]. The structures of
the complexes [Ru, Pt(pu-CH, {(u-CO)CO), {P(cyclo-CoH, ) }(n-CsH; ) 1, [Ru,Pto-
(1-H)(-CH)(p-COXCO) 5 (PPr}) 5 (1-CsHy ), ). ‘and [Ru;Pty(p-H) o ps-CHp-CO) -
(PPr3;),(n-CsHj),] have been established by X-ray diffraction. The first compound
has a structure based on an Ru,Pt triangle, with one Ru~Pt bond bridged by a
methylene group and the other by a carbonyl ligand. The Ru—-Ru—Pt-Pt ring in the
second complex has a CO group bridging the Pt—Pt bond and a hydrido ligand
bridging one of the two Ru-Pt bonds. The ring is capped by the CH group; the first
example of this mode of bonding for a methylidyne fragment in a metal cluster. The
carbido complex has a Ru-Pt—Ru-Pt metal core which is folded about the two
platinum atoms, but the separation of these atoms (3.132(1) A) suggests littie or no
direct metal-metal bonding. The Ru~C-Ru arrangement is nearly linear (175.4(5)°).
Each Ru-Pt bond in the metal ring is alternately bridged either by a carbonyl or a
hydrido ligand. The NMR spectra ('H, "*C-{'"H}, *'P-('H}. or '"Pt-{'H}) of the
new complexes are reported and discussed.

The discovery [1] of the compounds [Pt(cod),] (cod = cycloocta-1,5-diene),
[Pt(C,H,;),]), and [Pt(C,H,),(PR;)] (R =alkyl or aryl) opened the way to the
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synthesis of a variety of “mixed-metal’ carbonyls containing platinum bonded to
other transition elements [2]. The platinum reagents readily react either with
electronically saturated or with unsaturated metal carbonyl complexes with incorpo-
ration of Pt atoms or PYPR;) fragments into the metal core of the clusters
produced. Representative examples of such syntheses include those of [Os,Pt{u-
H),(CO),,{P(cyclo-C,H,,); }}[3a], [N(PPh;),][Fe, Pt,(u-H) u-CO),(CO)(PPh;),]
[3b], [Os,Pt,(u-H),(CO),(PPh;),] [3c], [Re,Pt(u-H),(CO),(PPh.)] [4], [Rh, Pt(u-
CO),(1-CsMes), ] [5], [Ir;Pts(p-CO)(CO)(n-CsMes)s] [6] and  [W,Pt,(p-
CCH Me-4)(u-CCH, Me-4),(p-CONXCO);(1-CsHy ) 4] [7]

Some years after we first introduced this methodology [8], we investigated the
reaction between the methylidyne compound [Os,(p-H) p,-CHY(CO),,] and
[Pt(C,H ), {P(cyclo-C. H, ), }], with the object of preparing an Os;Pt carbonyl
cluster containing a bridging CH ligand [9]. However, the reaction did not afford
the anticipated p-methylidyne triosmium-platinum complex, but instead yielded two
‘mixed-metal’ carbido-carbonyl clusters [Os;Pt(u-H),(p -CYCO),,{P(cyclo-
CeHyka ) (D and [OsyPty(u-H),(ps-Cx(p-CONCO)o{Plcyclo-CoHy )5 },] (1D
Moreover, it was also found that the methoxymethylidyne complex [Os,(u-H)(u-
COMe)CO),,] reacted with the platinum reagent to yield a carbido-carbonyl
compound [Pt,0s,(u-H)(15-C) p-OMe)( u-CONCO)y{ P(cyclo-C . H, )5 )] (11T).

Carbido-carbonyl metal cluster compounds are well estabhished species [10,11].
Indeed, the first complex of this type to be discovered [Fe,(u-C)YCO),s] was
structurally characterised by X-ray diffraction over twenty vyears ago [12]. Several of
the known homopolynuclear metal-carbido compounds result from heating carbonyls
of low metal nuclearity in high boiling solvents, under which condition it 1s believed
that two CO ligands combine to give a p-C group, with release of a molecule of
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CO,. In more recent times the synthesis of ‘mixed-metal’ carbido-carbonyl clusters
has been addressed, and species of this kind have been obtained via two routes.
Anionic homopolynuclear metal species such as [Fes(p5-C)CO),,1>~ or [Rug(pe-
C)(CO),,]*~ react with a variety of transition metal complexes containing labile
ligands, affording either anionic or neutral heteronuclear metal-carbido clusters, e.g.
[Fe Ir(it-C)(CO)y4(cod)] ™ [13] or [RugCu,(pe-CHCO),,(NCMe),] [14]. Alterna-
tively, treatment of the ketenylidene triiron cluster [N(PPh;),],[Fe;(u;-CCO)CO),]
with certain electrophilic transition metal reagents gives a range of mixed-metal
carbido carbonyl compounds, e.g. [N(PPh;),],[WFe;(u,-C)CO),;] or [N(PPh;),]
[Fe;Rh3(p-CY(CO) 5] [15].

The syntheses employing [N(PPh;),],[Fe,(x;-CCO)CO),} are relevant to the
preparation of the compounds I and II since these species can also be obtained by
treating the ketenylidene complex [Os;(p-H),(p;-CCO)YCO)y] with [PHC,H,),{P-
(cyclo-CgH )5 )] [9]. Indeed, [Os;(u-H)(u;-CHYCO),] is a tautomer of [Osy(p-
H),(p;,-CCOYCO),] and so in using the former as a reagent for preparing I and II,
it is possible that the latter is an intermediate. Nevertheless, the reactions leading to
compounds I-III show that the p-CX (X = H, CO or OMe) groups present in the
triosmium carbonyl complexes can be transformed into p-C ligands as a result of
attack by the nucleophilic Pt{P(cyclo-C;H,,),} fragment. This represents an inter-
esting synthetic route to heteropolynuclear metal carbido-carbonyl compounds, and
one which may be capable of extension to other systems.

In this paper we report reactions between the diruthenium compounds [Ru, (-
CH, )(p-COXCO)L)7-CsH,),] (L = CO (IVa) or NCMe (1Vb)) and the platinum
reagents [Pt(C,H,),(PR3)} (R = cyclo-C H,, or Pr'). These studies were carried out
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to establish whether P{(PR ;) fragments would add to the diruthenium species to
afford cluster compounds, and whether in the products methylidyne or carbido
ligands would be formed by degradation of the p-methylene ligands in IV [16].

Results and discussion

Treatment of a diethyl ether solution of IVa with [Pt(C,H,),{P(cyclo-C{H,,);}]
in the same solvent at room temperature afforded a mixture of the purple crystalline
complex [Ru, Pt(u-CH, )(p-CO)CO),{P(cyclo-C,H;,); }(n-CsHs ), ] (Va) (ca. 70%),
and the yellow orange crystalline complex [Ru,Pt,(u-H)(p,-CH)(p-CO)CO),{P-
(cyclo-C¢H; )5 }2(n-CsHs),] (VIa) (ca. 5%). The two products were readily sep-
arated by column chromatography on alumina. A similar reaction between
[Pt(C,H,),(PPr;)] and 1Va gave the two compounds [Ru,Pt(u-CH, }(p-CO)CO),-
(PPr3)}(n-CsHs),] (Vb)Y and [Ru,Pt,(p-H)(p ,-CHY(p-COYCO) (PPr3)(n-CsHy), ]
(VIb). Data characterising complexes V and VI are listed in Tables 1 and 2, but
discussion of the spectroscopic properties is deferred until the results of single-crystal
X-ray diffraction studies on compounds Va and VIb are described.

The molecular structure of Va is shown in Fig. 1, and selected inter-atomic
distances are listed in Table 3. The core of the molecule consists of a triangle of
metal atoms (Ru(1)-Ru(2) 2.813(2), Ru(1)-Pt 2.609(1), Ru(2)-Pt 2.613(1) A) with
one of the Ru—Pt edges bridged by a CO ligand (Ru-C(2)-O(2) 132(1),
Pt—C(2)-0(2) 148°), and the other by a CH, group (Ru(1)-C(1) 2.07(1), Pt—C(1)
2.05(1) A). The platinum atom carries the phosphine ligand (Pt-P 2.288(3) A), as
expected, and each ruthenium atom is ligated by a terminal CO group and a C;H;
ring. The two C;H; and the two CO ligands are, respectively, transoid to each other
about the Ru-Ru bond. The latter is similar in length to the two metal-metal
linkages in the triruthenium compound [Ru,(CO)g(n-C;Hs),] (2.889(1) /g&) which
has a linear array of three metal atoms with no bridging ligands [17]. In contrast, the
Ru-Ru separations are shorter in the precursor [Va (2.707(1) A) and in other
related diruthenium compounds with bridging groups [18]. This is in accord with the
general property that metal-metal bonds which have bridging ligands are shorter
than those that are not bridged, unless a pu-H group is involved, in which case the
trend is reversed.

The Ru-Pt distances in Va are appreciably shorter than those found for such
connectivities (range 2.707-2.858 /D\) in other ruthenium-platinum clusters in which
the metal-metal bonds are also spanned by bridging groups [19,20]. The u-CH, and
u-CO ligands in Va bridge their respective Ru—Pt bonds in an essentially symmetri-
cal manner.

The molecular structure of VIb is shown in Fig. 2, and selected internuclear
distances and angles are given in Table 4. The novelty of the structure, with its CH
fragment bridging a ring of four metal atoms, is immediately apparent. The
Ru(1)-Ru(2) distance (2.809(1) A) is very similar to the corresponding distance in
Va. The Ru(1)-Pt(2) separation (2.820(1) ;\) is perceptibly longer than Ru(2)-Pt(1)
(2.803(1) A), as expected, since the former is bridged by the hydrido ligand. The
latter was located in a final electron density difference map, and its presence was
clearly revealed by NMR data discussed below. The Pt—Pt vector (2.662(1) A) 1s
bridged by a CO ligand (Pt—-C-0O ca. 139°). Like VIb, the complex [RuPt,(u-
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Fig. 1. The molecular structure of [Ru,Pt(p-CH, ) u-CONCO),{P(cyclo-C¢H;1)5(1-CsHs),] (Va) show-

ing the crystallographic numbering scheme.

CO0),(CO),(PMePh, ),] also contains a R;PPt(u-CO)PtPR ; fragment and the Pt—Pt
distance (2.647(2) A) is very similar [19,20].

Although VIb, like Va, contains an Ru,(CO),(n-CsH,), unit the disposition of
the ligands about the Ru-Ru bond is different. In VIb the C;H; rings adopt a
cisoid arrangement, and although C(3)O(3) is essentially terminally bound to Ru(2),

Table 3

Selected internuclear distances (;\) and angles (°) for [Ru,Pt(p-CH, ) p-CONCO){P(CsH1)1 )} (-
CsHy),] (Va), with estimated standard deviations in parentheses

Pt—-Ru(1)
Pt-P
Pt-C(2)
Ru(1)-C(1)
Ru(2)-C(2)
C(2)-0(2)
C(4)-04)

Ru(1)-Pt-Ru(2)
Ru(2)-P1—P
Ru(2)-P1-C(1)
Ru(1)-Pt-C(2)
P-Pt-C(2)
Pt-Ru(1)-Ru(2)
Ru(2)-Ru(1)-C(1)
Ru(2)-Ru(1)~C(3)
Pt-Ru(2)-Ru(1)
Ru(1)-Ru(2)-C(2)
Ru(1)-Ru(2)-C(4)
Pt-C(1)-Ru(1)
Pt-C(2)-0(2)
Ru(1)~-C(3)-0(3)

2.609(1)
2.288(3)
1.94(1)
2.07(1)
2.10(1)
1.20(1)
1.16(1)

65.2(1)
148.4(1)
94.9(4)
116.3(3)
97.6(3)
57.5(1)
107.6(3)
84.2(4)
57.3(1)
103.2(3)
86.3(4)
78.5(4)
148(1)
175(1)

Pt—Ru(2)
Pt-C(1)
Ru(1)-Ru(2)
Ru(1)-C(3)
Ru(2)-C(4)
C(3)-0(3)

Ru(1)-Pt-P
Ru(1)-Pt-C(1)
P-Pt-C(1)
Ru(2)-Pt-C(2)
C(1)-Pt-C(2)
Pt—Ru(1)-C(1)
Pt-Ru(1)-C(3)
C(1)-Ru(1)-C(3)
Pt-Ru(2)-C(2)
Pt- Ru(2)-C(4)
C(2)-Ru(2)-C(4)
Pt-C(2)-Ru(2)
Ru(2)-C(2)-0(2)
Ru(2)-C(4)-O(4)

2.613(1)
2.05(1)
2.813(2)
1.80(1)
1.85(1)
1.18(1)

145.9(1)
$1.0(3)
94.9(4)
52.6(3)

166.6(5)
50.4(3)
88.6(3)
88.1(5)
47.03)
93.2(4)
86.6(5)
80.4(4)

132(1)

175(1)
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Fig. 2. The molecular structure of [Ru, Pt, (p-H)(p ,-CHY p-COXCO); (PPr;) :(n-CsHs) , ] (VIb) showing
the crystallographic numbering scheme.

the C(4)O(4) group semi-bridges the Ru—Ru bond (Ru(1)-C(4)-0(4) 163(2)°). The
P(cyclo-C H,,), groups ligate the Pt atoms, as expected.

Interest centres on the p,-CH ligand which spans the metal ring with C-M (Ru
or Pt) distances in the range 2.07-2.18 A. The ring is non-planar (Fig. 3), with Pt(1)
deviating by 0.594 A from the plane defined by Pt(2), Ru(1). and Ru(2). The torsion
angle P(1)-Pt(1)-Pt(2)-P(2) is 8.8°. The hydrogen atom of the CH group was
located in the X-ray study, and its presence was clearly revealed in the NMR spectra
discussed below. Although the H(1)-C(1)~M (Ru or Pt) angles have large e.s.d.’s.
and are thus imprecise, it is evident that the C-H bond points away from the ring of
four metal atoms. There is thus an analogy with a C(1) fragment located on the
fourfold symmetry axis of the (100) surface plane of a body-centred cubic metal.
The structure is to our knowledge unique, and contrasts with that of [Fe,(u-H)(p -
CH)CO),,] which has an agostic C-H — Fe interaction with the Fe, core adopting a
butterfly configuration [21]. In the iron compound the C-H fragment formally
contributes five electrons to a 62 valence electron cluster, whereas in VIb the C-H
group contributes three electrons to a 60 valence electron cluster.

Fig. 3. Molecular structure of VIb showing the geometry of the p,-CRu,Pt, core. The Pr' substituents of
P(1) and P(2) have been omitted for clarity.
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Table 4

Selected internuclear distances (A) and angles (°) for [RuZPtz(p-H)(y4-CH)(y»CO)(CO)2(PPr3‘)z(n-
CsHjs),] (VIb), with estimated standard deviations in parentheses

Pt(1)-Pt(2) 2.662(1) Pt(1)-Ru(2) 2.803(1)
Pt(1)-P(1) 2.248(3) PY1-C(1) 2.18(1)
Pt(1}-C(2) 2.003(9) P{2)-Ru(1) 2.820(1)
PW2)-H 1.9(1) PY2)-P(2) 2.275(2)
Py2)-C(1) 2.122(8) Pt(2)-C(2) 2.04(1)
Ru(1)-Ru(2) 2.809(1) Ru(1)-H 1.60(9)
Ru(1)-C(1) 2.07(2) Ru(1)-C(4) 1.83(2)
Ru(2)-C(1) 2.04(1) Ru(2)-C(3) 1.86(1)
C(1)-H(1) 1.0(1) C(2)-0(2) 1.15(1)
C(3)-0(3) 1.16(1) C(4)-0(4) 1.16¢3)
Pt(2)-Pt(1)-Ru(2) 85.9(1) PY(2)-Py(1)-P(1) 147.6(1)
Ru(2)-Py1)-P(1) 123.2(1) P(2)-Py1)~C(1) 50.8(2)
Ru(2)-Py(1)-C(1) 46.4(3) P(1)-Py(1)-C(1) 160.6(2)
Pt(2)-Pt(1)~C(2) 49.5(3) Ru(2)-Py(1)-C(2) 135.3(3)
P(1)-Pt(1)-C(2) 99.6(3) C(1)-Py1)-C(2) 95.8(4)
Pt(1)-Pt(2)-Ru(1) 95.6(1) Pi(1)-Pt2)~H 127(3)
Ru(1)-Pt(2)-H 33(3) Pt(1)-Pt(2)-P(2) 141.6(1)
Ru(1)-Py(2)-P(2) 120.2(1) H-Pt(2)-P(2) 87(3)
Pt(1)-Pt(2)-C(1) 52.6(3) Ru(1)-Py(2)-C(1) 47.1(3)
H-Pt(2)-C(1) 80(3) P(2)-P(2)-C(1) 165.7(3)
P1(1)-P1(2)-C(2) 48.2(2) Ru(1)-Pt(2)-C(2) 142.9(2)
H-Pt(2)-C(2) 175(3) P(2)-Pt(2)-C(2) 96.9(2)
C(1)-P(2)-C(2) 96.3(4) P1(2)-Ru(1)-Ru(2) 82.9(1)
Py2)~Ru(1)-H 41(4) Ru(2)-Ru(1)-H 119(4)
P1(2)-Ru(1)-C(1) 48.5(2) Ru(2)-Ru(1)-C(1) 46.5(3)
H-Ru(1)-C(1) 89(4) P((2)-Ru(1)-C(4) 94.8(7)
Ru(2)-Ru(1)-C(4) 67.8(5) H-Ru(1)-C(4) 91(4)
C(1)~Ru(1)-C(4) 102.4(7) Pt(1)-Ru(2)~ Ru(1) 92.7(1)
Pt(1)-Ru(2)-C(1) 50.4(3) Ru(1)-Ru(2)-C(1) 47.4(3)
Pt(1)-Ru(2)-C(3) 68.7(5) Ru(1)-Ru(2)-C(3) 97.4(4)
C(1)-Ru(2)-C(3) 97.4(5) Pt(2)-H-Ru(1) 107(5)
Py(1)-C(1)-Py(2) 76.6(3) Pi(1)-C(1)-Ru(l) 145.8(5)
Pt(2)-C(1)-Ru(1) 84.4(4) P1({1)~C(1)-Ru(2) 83.2(4)
Pi(2)-C(1)-Ru(2) 126.8(5) Ru(1)-C(1)-Ru(2) 86.0(5)
Pt(1)-C(1)-H(1) 107(7) P1(2)-C(1)-H(1) 98(5)
Ru(D)-C(1)-H(1) 104(6) Ru(2)-C(1)-H(1) 135(5)
Pt(1)-C(2)-Pt(2) 82.3(4) Pt(1)-C(2)-0(2) 138.7(8)
Py(2)-C(2)-0(2) 139.0(7) Ru(2)-C(3)-0(3) 174(1)
Ru(1)-C(4)-0(4) 163(2)

Having established the molecular structures of Va and VIb, the spectroscopic
properties of the pairs of compounds V and VI are readily interpretable. Both of the
complexes V show three CO stretching bands in their IR spectra, and the absorption
at lowest frequency (Va 1799, Vb 1800 ¢cm™') may be ascribed to the p-CO ligand.
In the '"H NMR spectra, the resonances of the p-CH, groups (8 7.85 (Va) and 7.93
(Vb)) occur as broad multiplets with ' Pt-'H coupling (18 Hz). Resonances in the
PC-{'"H} NMR spectra (8 142.8 (Va) and 142.9 ppm (Vb)) are also diagnostic for
the u-CH, ligand. These assignments are confirmed by the association of large
195Pt-13C couplings with these signals (Table 2).
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In the IR spectra of the compounds VI there are three CO stretching bands, as
expected (Table 1), with the observed frequencies corresponding to terminally
bound, semi-bridging, and bridging groups, as found in the X-ray diffraction study
on VIb. The NMR spectra (‘'H, "C-{'"H}, "'P-{'H}. and '""Pt-{'H}) (Table 2) of
complexes Vla and VIb are also in agreement with the structure found for VIb in
the crystal. The non-equivalent Py(PR ;) fragments give rise to two *'P and two '**Pt
resonances. The 'H spectra show high-field signals (8§ —12.61 (Vla) and —12.51
(VIb)) for the p-H ligands. These occur as a doublet of doublets due 10 coupling
with the non-equivalent PR, groups. Moreover, both signals show two sets of 'Pt
satellite peaks, as expected.

The 'H and *C resonances for the p,-CH ligand are of interest. The 'H peaks.
occur at 14.87 (VIa) and 14.89 ppm (VIb), and each signal shows *'P and !"*Pt
couplings to the two non-equivalent Py(PR ;) groups. In the *C-{'H} NMR spectra
resonances of the p,-C nuclei occur at § 248.9 (VIa) and 248.1 ppm (VIb), each
signal being a doublet of doublets (J(PC) ca. 35 and 45 Hz). Moreover, the
spectrum of VIb was of such quality that two sets of 'Pt satellite peaks (J(PtC)
262 and 192 Hz) were seen, in accord with the presence of the two non-equivalent
platinum atoms. In a fully coupled '*C NMR spectrum of VIb the p,-C resonance
was a doublet ({J(CH) 140 Hz), confirming the assignment. In this *C spectrum the
peak for the p-CO ligand at § 236.2 ppm was also a doublet (2J(HC) 17 Hz).

The reactions leading to the compounds V revealed that the u-CH, group in IVa
can migrate so as to span a Ru-Pt bond in the trimetal species V. Moreover,
addition of Pt(PR ,) fragments to the trimetal compounds results in a degradation of
the u-CH, ligand to give the p,~-CH and p-H groups found in the tetranuclear metal
complexes VI. Reactions between the compound [Ru, (p-CH, X p-CO)YCOYNCMe)-
(n-CsHy),]1 (IVb) and the reagents [Pt(C,H,),(PR;)] (R = cyclo-C,H,, or Pr')
were next investigated. It was thought, that release of the labile acetonitrile ligand
from the diruthenium complex would lead to coordinatively unsaturated metal
cluster intermediates, thereby facilitating C-H activation of species containing CH,
or CH fragments.

Treatment of IVb with the reagents [Pt(C,H,),(PR;)] gave a mixture of the
methylidyne compounds VI and the carbido-carbonyl tetranuclear metal clusters
[Ru, Pt,(u-H),(p4-O)(p-CO), (PR ), (p-CsHs),] (R =cyelo-C H,, (VIla) or Pr'
(VIIb)). Only a trace of the compounds V were formed in these reactions. Data for
the complexes VII are given in Tables 1 and 2, but the precise nature of these
products was only established by an X-ray diffraction study on VilIb.

The results of the X-ray study are summarised in Table 5, and two views of the
molecule, which has an approximate (non-crystallographic) two-fold axis of symme-
try, are given in Figs. 4 and 5. The carbido ligand bridges the four metal atoms
(Ru(1)-C 1.890(8), Ru(2)-C 1.903(8), Pt(1)-C 2.092(9), and Pt(2)-C 2.08(1) A), but
the Pt - - - Pt separation (3.132(1) A) implies little or no direct metal-metal bonding.
Carbonyl groups bridge the Ru(1)-Pt(1) and Ru(2)-Pi(2) connectivities. Potential
energy minimisation calculations [22] indicated low energy hydride sites bridging
the Ru(1)-Py(2) and Ru(2)-Pt(1) vectors. The disposition of the carbido ligand is
best revealed by Fig. 5, which emphasises the near linearity of the Ru(1)-C--Ru(2)
(175.4(5)°) arrangement, and the non-planarity of the metal atoms. The angle
between the Pt(1)Py2)Ru(l) and P«1)Py(2)Ru(2) planes is 111°, and the
P(1)Pt(1)Pt(2)P(2) torsion angle is 42.2°.
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Table 5

Selected internuclear distances (;\) and angles (°) for [Ru, Pt, (p-H), (p,-C) p-CO), (PPr3i )2(n-CsHjs),]
(VIIb), with estimated standard deviations in parentheses

Pi(1)...P(2) 3.132(1) Pi(1)-Ru(1) 2.707(1)
Pt(1)-Ru(2) 2.850(1) Pt(1)-P(1) 2,264(3)
Pt(1)-C 2.092(9) Pt(1)-C(1) 2.008(9)
Pt(2)-Ru(1) 2.858(1) Pt(2)-Ru(2) 2.707(1)
Pt(2)-P(2) 2.272(3) Pt(2)-C 2.08(1)
Pt(2)-C(2) 2.008(9) Ru(1)-C 1.890(8)
Ru(1)~-C(1) 2.06(1) Ru(2)-C 1.903(8)
Ru(2)-C(2) 2.041) C(1H-0(1) 1.18(1)
C(2)-02) 1.19(1)

P1(2)-Pt(1)-Ru(1) 58.1(1) Pt(2)-Pt(1)- Ru(2) 53.6(1)
Ru(1)-Pt(1)-Ru(2) 85.9(1) Pt(2)~Pt(1)-P(1) 137.1Q1)
Ru(1)-Py(1)-P(1) 149.6(1) Ru(2)-Pt(1)-P(1) 124.4(1)
P1(2)-P1(1)-C 41.2(3) Ru(1)-Pt(1)-C 4.1(2)
Ru(2)-Pt(1)-C 41.9(2) P(1)-Pt(1)-C 166.3(2)
Pt(2)-Pt(1)-C(1) 90.4(3) Ru(1)-Py1)-C 49.0(3)
Ru(2)-Pt(1)-C(1) 134.4(3) P(1)-Py1)-C(1) 100.8(3)
C-Py(1)-C(1) 92.9(4) Pt(1)-Pt(2)-Ru(1) 53.5(1)
Pt(1)-Pt(2)-Ru(2) 57.9(1) Ru(1)-Pt(2)-Ru(2) $5.8(1)
Pt(1)-Pt(2)-P(2) 141.4(1) Ru(1)-Pt(2)-P(2) 125.4(1)
Ru(2)-Pt(2)-P(2) 148.5(1) Pt(1)-P1(2)-C 41.5(2)
Ru(1)-Pt(2)-C 41.3(2) Ru(2)-Pt(2)-C 44.52)
P(2)-Pt(2)-C 165.8(2) Pt(1)-P1(2)-C(2) 88.2(3)
Ru(1)-Pt(2)-C(2) 133.2(3) Ru(2)-Pt(2)-C(2) 48.4(3)
P(2)-Pt(2)-C(2) 101.2(3) C-P1(2)-C(2) 92.6(4)
Pt(1)-Ru(1)-Pt(2) 68.4(1) Pt(1)-Ru(1)-C 50.4(3)
Pt(2)-Ru(1)-C 46.6(3) Pt(1)-Ru(1)-C(1) 47.5(2)
Pt(2)-Ru(1)-C(1) 97.6(3) C-Ru(1)-CQ1) 97.7(4)
Pt(1)-Ru(2)-Pr(2) 68.6(1) Pt(1)-Ru(2)-C 47.2(3)
Pt(2)-Ru(2)-C 50.0(3) Pt(1)-Ru(2)-C(2) 95.9(3)
Pt(2)-Ru(2)—-C(2) 47.52) C-Ru(2)-C(2) 97.2(4)
Pt(1)-C-Pt(2) 97.4(4) Pt(1)-C-Ru(1) 85.5(4)
Pt(2)-C-Ru(1) 92.0(3) Pt(1)-C-Ru(2) 90.9(3)
Pt(2)-C-Ru(2) 85.5(4) Ru(1)-C-Ru(2) 175.4(5)
Pt(1)-C(1)-Ru(1) 83.5(4) Pt(1)-C(1)-O(1) 139.1(7)
Ru(1)-C(1)-0(1) 137.3(7) Pt(2)-Ru(2)-C(2) 84.1(4)
Pt(2)-C(2)-0(2) 139.2(8) Ru(2)-C(2)-0(2) 136.7(7)

Although folded along the Pt - - - Pt vector, the metal core of VIIb does not have
a butterfly geometry in the usual sense as there is no discernible platinum—platinum
bond (see above). In contrast, the ‘mixed-metal’ carbido clusters [N(PPh;),][Fe;-
Rh(p ,-C)(CO),,] and [N(PPh,), J[Fe;Mn(u ,~C)(CO),;] [15b], and the homonuclear
cluster [Fe,(p,-C)(CO),;] [23] have conventional butterfly configurations. It is also
interesting to compare the structure of VIIb with that of compound I which has a
‘spiked triangle’ configuration for the metal core [9].

The spectroscopic data for VIIa and VIIb are completely consistent with the solid
state structure established for the latter. In the IR spectrum of both species two
bands are seen in the bridging carbonyl region (Table 1). The '"TH NMR spectra of
Vl1la and VIIb show high-field resonances for the u-H ligands, each signal appearing
as a doublet due to *'P-'H coupling (Table 2). Two sets of '*’ Pt satellite peaks are
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Fig. 4. The molecular structure of [Ru,Pt,(p-H) (1 4C)(p-CO), (PPri),(n-CsHj), ] (VIIb) showing the
crystallographic numbering scheme.

observed, with the stronger '**Pt—"H coupling (ca. 600 Hz) of magnitude compara-
ble with the values found for similar coupling in the 'H NMR spectra of the
complexes VI. As a consequence of the two-fold symmetry of the compounds VII,
the Pt(PR ) groups are equivalent, and hence only one *'P and one ' Pt resonance
is observed in the NMR spectra of these nuclei. The " C-{'H} NMR spectra display
peaks for the p,-C ligands at 8 438.9 (VIla) and 439.5 ppm (VI1b). The spectrum of
VIIb was of sufficient quality for the p,-C signal to be observed as a triplet (J(PC)
23 Hz) with one set of ' Pt satellite peaks (J(PtC) 104 Hz).

The results described in this paper, and previously [9]. illustrate a synthetic route
to carbido-carbonyl metal clusters involving metal-promoted hydride removal from
p-methylene and p-methylidyne ligands. Moreover, the reactions are clearly relevant
to Fischer-Tropsch chemistry [24-26].

fp
[
Fig. 5. Molecular structure of VI1Ib showing the geometry of the u,~CRu,Pt, core. The Pr' substituents
on P(1) and P(2), and the hydrido ligands bridging Pt{(1)-Ru(2) and Pt(2)-Ru(l) have been omitted for
clarity.
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Experimental

All experiments were carried out under nitrogen, using Schlenk tube techniques.
Light petroleum refers to that fraction of b.p. 40-60° C. The compounds [Pt(cod},]
[27), [PY(C,H,),(PR3)] (R =cyclo-CiH;, or Pr') [28], and [Ru,(p-CH,)(p-
CO)COXL)n-CsH,),] (L = CO or NCMe) [29] were obtained by methods previ-
ously described. Chromatography columns were of alumina (Brockman, Activity II).
NMR spectra were measured with JEOL INM FX90Q, GX270 and GX400 spec-
trometers. IR spectra were recorded with Nicolet 10-MX and 5Z-DX spectropho-
tometers.

Synthesis of the ruthenium-platinum complexes

(i) A cold (0°C) ethylene-saturated light petroleum (50 cm’) solution of
[Pt(C,H,),{P(CsH,,);}] (3.24 mmol) was prepared in situ from [Pt(cod),] (1.33 g,
3.24 mmol), and P(C,H ;)5 (0.91 g, 3.24 mmol) [28]. The solution was transferred
(ethylene pressure) via a flexible steel cannula to a Schlenk tube containing 1Va
(0.70 g, 1.62 mmol). Solvent was removed in vacuo and replaced by Et,O (40 cm®),
and the mixture ws stirred for 30 h at room temperature. Solvent was removed in
vacuo, and the residue was dissolved in light petroleum (ca. 15 cm®) and chromato-
graphed (2.5 X 20 cm column). Elution with light petroleum/CH,CI, (5:1) gave a
purple fraction which after removal of solvent in vacuo yielded purple crystals of
[Ru, Pt(p-CH, )(u-COXCO),{P(CsH,,); H{n-CsH),] (Va) (1.01 g). Further elution
of the column with light petroleum/CH,Cl, (1/1) separated two yellow bands. The
first to be eluted contained unreacted 1Va, while the second, following removal of
solvent in vacuo, afforded yellow-orange crystals of [Ru,Pt,(p-H)p,-CH)(g-
COXCO),{P(C,Hy,)3)5(n-CsHy), ] (VIa) (0.1 g).

(11) In a similar procedure, [Pt(C,H,),(PPr;)] (1.09 mmol) and IVa (0.23 g, 0.054
mmol) in Et,O (30 cm’), after stirring for ca. 30 h at room temperature, gave purple
crystals of [Ru,Pt(p-CH,)(p-CO)CO),(PPr;)}(9-CsHs),] (Vb) (0.29 g) and yellow
crystals of [Ru, Pt, (p-H)(u ,-CH)( p-CO)CO), (PPri),(n-CsHy),] (VIb) (0.048 g).

(iti) A cold (0°C) ethylene-saturated light petroleum (50 cm®) solution of
{P(C,H,),{P(C;H,,)5}] (1.12 mmol) was prepared from [Pt(cod),] (0.46 g, 1.12
mmol) and P(C,H,;); (0.32 g, 1.12 mmol), and transferred to a Schlenk tube
containing IVb (0.26 g, 0.56 mmol). Solvent was removed in vacuo, and the residue
was dissolved in Et,0 (40 cm®). The suspension was stirred for 48 h at room
temperature. Solvent was removed in vacuo, and the residue was dissolved in light
petroleum (ca. 20 cm’) and chromatographed. Elution with light petroleum / CH,Cl,
(5:1) removed a trace of purple Va. Further elution with light petroleum,/CH,Cl,
(2:1) separated two yellow fractions. The first to be eluted gave, after removal of
solvent in vacuo, yellow crystals of [Ru,Pt,(p-H), (p,-C)(p-CO),{P(CcH )3 )5 (-
C,H,),] (VIIa) (0.34 g). The second yellow eluate afforded, after removal of
solvent, yellow orange crystals of VIa (0.62 g).

(iv) In a similar manner, the reaction between [Pt(C,H,),(PPr;)] (1.09 mmol)
and IVb (0.23 g, 0.54 mmol) gave a trace of Vb, and the compounds [Ru,Pt,(p-
H),(1,-C)(p-CO),(PPr}), (1-Cs Hy) ] (VIIb) (0.25 g) and VIb (0.037 g).

Crystal structure determinations
Data were collected using Nicolet P2, or P3 diffractometers (293 K, Mo-K
X-radiation, graphite monochromator, A 0 71069 A). The data were corrected for



476

Lorentz, polarisation and X-ray absorption effects. The structures were solved by
conventional heavy atom or direct methods, and successive difference Fourier
syntheses were used to locate all non-hydrogen atoms. Final refinements by
blocked-cascade least squares were performed on a Data General ‘Eclipse’ computer
with the SHELXTL system of programs [30]. Scattering factors with corrections for

Table 6

Atomic positional parameters (fractional coordinates x 10*) for compound Va with estimated standard
deviations in parentheses

Atom x ¥ z

Pt 3577() 2201(1) 2557(1)
Ru(l) 5894(1) 2951(1) 2282(1)
Ru(2) 4007(1) 3147(1) 1114(1)
P 2256(2) 1191(2) 3389(2)
D 5168(9) 2003(10) 3216(7)
C(2) 2272(10) 2684(10) 1868(8)
O(2) 1124(8) 2781(9) 1784(7)
C3) 6538(10) 1662(10) 1377(8)
O(3) 7026(9) 800(8) 827(7)
C(4) 3469(11) 4570(10) 1908(8)
O(4) 3089(9) 5481(7) 2355(7
C(11) 6256(11) 4790(8) 2371(8)
C(12) 7495 4078 2046
C(13) 7711 3572 2800
C(14) 6606 3972 3591
C(15) 5707 4725 3326
C(2D) 3497(15) 3341(13) =277
C(22) 3313 2233 - 216
C(23) 4578 1667 —216
C(24) 5543 2425 —276
C(25) 4875 3460 - 314
C(31) 920(8) 65%(8) 2772(6)
C(32) 1412(10) - 102(10) 1755(7)
C(33) 236(12) ~283(12) 1233(8)
C(34) —893(12) —-733(12) 1811(10)
C(35) —1350(11) 3(11) 28309
C(36) —190(10) 189(10) 3344(8)
C(41) 3245(8) 35(7) 3667(6)
C(42) 2517(10) ~625(10) 4318(8)
C(43) 3507(11) —1390(10) 4611(9)
C(44) 4433(12) —2188(9) 3735(9)
C(45) 5122(11) —1541(10) 3083(8)
C(46) 4154(11) —766(9) 2775(7
C(51) 1329(9) 2036(8) 4587(6)
C(52) 345(11) 2981(9) 4516(7)
C(53 —453(11) 3649(10) 5508(8)
C(54) 472(12) 4099(10) 6170(8)
C(55) 1464(11) 3174(11) 6255(7)
C(56) 2249(10) 2497(9) 5265(7)
O(60) 0 5000 0
C(60) - 885(28) 3738(23) —1062(16)

C(61) - 281(33) 4364(32) —625(32)
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Table 7

Atomic positional parameters (fractional coordinates X 10*) for compound VIb with estimated standard
deviations in parentheses

Atom X y z

Pi(1) 1670(1) 1613(1) 2434(1)
Pt(2) 3369(1) 2750(1) 2925(1)
Ru(1) 3279(1) 3273(1) 1584(1)
Ru(2) 1881(1) 1795(1) 1129(1)
P(1) 698(2) 520(2) 2673(1)
P(2) 4899(2) 3089(2) 3917(1)
cQ) 2074(8) 2705(6) 1896(5)
C(2) 2509(8) 2068(6) 3415(5)
0(2) 2514(6) 1977(5) 3974(4)
()] 2896(11) 97T 169%(7)
0(3) 3521(8) 432(6) 2003(6)
C(4) 4047(15) 2315(9) 1463(10)
O4) 4722(11) 1869%(7) 1383(9)
(1) 2261(14) 4339(10) 870(10)
cQ12) 2992(16) 4027(9) 616(7)
c(13) 4032(14) 4231(10) 1074(11)
C(14) 3912(15) 4638(8) 1647(8)
C(15) 2826(16) 4706(8) 1519%(9)
C(21) 1182(11) 2013(9) --52(6)
C(22) 442(13) 2380(11) 225(7)
C(23) 45(12) 1674(15) 524(8)
C(24) 561(15) 928(12) 437(7)
C(25) 1267(12) 1117(9) 67(6)
C(31)y 2667(11) —283(9) 3617(8)
C(32) 1493(11) 29(7) 3543(6)
C(33) 871(15) —696(11) 3801(8)
C(34) —416(12) 1540(8) 3359(8)
C(35) —631(9) 907(T) 2722(7)
C(36) —1371(11) 1338(11) 2020(9)
C(37 —686(11) —1000(8) 2031(8)
C(38) 191(10) —351(7) 1978(7)
C(39) 1135(11) —840(8) 1896(8)
C(41) 6174(11) 2530(8) 5364(6)
C(42) 5222(9) 2287(7) 4654(5)
C(43) 5352(13) 1368(7) 4424(7)
C(44) 6539(14) 2523(10) 3449(11)
C(45) 6185(9) 3304(7) 3727(7)
C(46) 7163(10) 3774(12) 4321(7)
C(47m) 3683(10) 4012(8) 4557(7)
C(48) 4632(8) 4131(6) 4295(5)
C(49) 4347(12) 4843(7) 3747(7)

anomalous dispersion were taken from ref. 31. Atom coordinates are given in Tables
6-8.

Full listings of bond distances and angles, and thermal parameters have been
deposited with the Cambridge Crystallographic Data Centre, University Chemical
Laboratory, Lensfield Road, Cambridge CB2 1EW. Structure factors are available
from the authors.
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Table 8

Atomic positional parameters (fractional coordinates X 104) for compound VI1Ib with estimated standard
deviations in parentheses

Atom x ¥ z

Pt(1) 3701(1) 3804(1) 2340(1)
Pt(2) 3715(1) 1673(1) 1797(1)
Ru(1) 6058(1) 2079(1) 2345(1)
Ru(2) 3062(1) 3608(1) 446(1)
P 2322(3) 5069(2) 3102(2)
P(2) 3269(3) 128(2) 2427(2)
C 4615(9) 2838(7) 1358(6)
c(n 5188(10) 2898(8) 3403(7)
O(1) 5477(8) 2866(6) 4222(5)
C2) 2006(10) 2602(8) 928(7)
O(2) 909(7) 2588(7) 749(7)
Cell 8055(10) 2330(10) 2370(8)
C(12) 8081(10) 1534(10) 3254(8)
C(13) 7974(11) 632(10) 2988(9)
C(14) 7903(10) 846(10) 1937(9)
C(15) 7975(12) 1864(11) 1580(8)
C21) 2043(12) S210¢10) —658(7)
C(22) 1484(12) 4525(10) —867(7)
C(23) 2516(13) 3634(10) —1073%(7)
C(24) 3787(13) 3755(11) —1044(7)
C(25) 3459(13) 4782(10) -~ 788(T)
C(31) S2(14) 7184(10) 2606(9)
C(32) 1170(10) 6300(8) 2205(7)
C(33) 1905(14) 6809(10) 1392(8)
C(34) 2418(14) 6115(11) 4653(10)
C(35) 3266(11) 5437(8) 3962(7)
C(36) 4283(14) 5921(11) 3465(10)
C(37) 1901(13) 3555(9) 4691(7)
C(38) 1128(11) 4573(8) 3876(7)
C(39) 172(12) 4305(10) 3249(%)
C(41) 1695(15) 1128(11) 38539
C42) 1765(10) 350(8) 39T
C(43) 1617(12) —=712(9) 37828
C(44) 1344(12) —116(11) 1179¢9}
C(4s5) 2864(11) —523(9) 1302(7)
C(46) 3736(15) —407(11) 610(9)
C47) 5065(12) —736(10) 41118
C(48) 4684(11) —1028(8) 32097
C(49) 5957(12) ~1392(11) 2627(11)

Structure determination of [Ru, Pt(u-CH, )(p-CONCO){P(C H,, ), ¥n-CiHs )] (Vay

Crystals of Va were grown [rom dicthyl ether at —20° C as black parallelepipeds
(crystal dimensions ca. 0.02 X 0.15 x 0.08 mm). Of the 5846 data collected (0-24
scans, 28 < 50°, weak reflections were not collected for 26 > 40°). 4150 unique
data had F > 4¢(F), and only these were used for structure solution and refine-
ment. An empirical absorption correction was applied using a method based upon
azimuthal scan data.

Crysial data for Va. C,,H,sO5PPtRu, - 3(C,H,,0), M = 943.0. triclinic, space
group Pl, a 10215(4), b 12.381(4). ¢ 14.484(4) A, « 103.54(3). B 79.74(3). vy
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85.44(3)°, U 1738(1) A%, Z=2, D, 1.80 g cm™?, F(000) =926, p(Mo-K,) 49.8
cm” !,

The asymmetric unit contains half a molecule of diethyl ether, the oxygen atom
of which lies at (0, 0.5, 0). All non-hydrogen atoms were refined with anisotropic
thermal parameters. All non-solvent hydrogen atoms were included in calculated
positions (C~H 0.96 A) with fixed isotropic thermal parameters ca. 1.2 X Usquiv. ©f
the parent carbon atoms. The cyclopentadienyl ring systems were treated as rigid
groups (C-C 1.42 A). Final R =0.041 (R’ = 0.038) with a weighting scheme of the
form w™!'={g?(F) + 0.00034 | F{?*]. The final electron density difference synthesis
showed no peaks > 1.10 or < —0.76 eA~>.

Structure determination of [Ru,Pt,(u-H)(n ,-CH)(n-CO)NCO),(PPr}),(n-CsHs),]
(VIb)

Crystals of VIb were grown from dichloromethane/light petroleum mixtures as
orange plates (crystal dimensions ca. 0.075 X 0.14 X 0.18 mm with well developed
faces of the types (0,0, 1),(0,0, 1),(1,1,0),(1,1,0), (1,1, 0), (1, 1, 0)). Of the 7411
data collected (8-20 scans, 28 < 50°), 5122 unique data had F > 4e(F), and only
these were used for structure solution and refinement. The data were corrected for
X-ray absorption effects by an analytical method using crystal faces.

Crystal data for VIb. Cy,H;,O;P,Pt,Ru,, M =1141.1, monoclinic, space group
P2, /¢, a 12.833(2), b 15.270(2), ¢ 20.486(4) A, B 112.71(1)°, U 3703(1) A®, Z =4,
D, 2.05 g cm?, F(000) = 2176, p(Mo-K,) 85.1 cm™ ..

All non-hydrogen atoms were refined with anisotropic thermal parameters. The
p-H and p,~CH hydrogen atoms were located in a final difference map and were
refined with fixed isotropic thermal parameters of 0.05 and 0.038 A? respectively.
The refined p-H position agreed well with the results of a potential energy
minimisation calculation {22]. All other hydrogen atoms were included in calculated
positions (C—H 0.96 A) with either fixed isotropic thermal parameters ca. 1.2 X Usquiv.
of the parent carbon atoms (CHMe, and 7-CsH;), or a common refined isotropic
thermal parameter (CH Me,). Final R = 0.041 (R’ = 0.038) with a weighting scheme
of the form w™!={[6?(F)+ 0.00046| F | *]. The fmal electron density difference
synthesis showed no peaks > 1.6 or < —1.4 eA ™3,

Structure determination of [Ru, Pt,(u-H), (1t -C)u-CO),(PPr})>(n-CsHs),] (VIIb)

Crystals of VIIb were grown from dichloromethane/light petroleumn mixtures as
orange plates (crystal dimensions ca. 0.40 X 0.15 X 0.25 mm). Of the 4377 data
collected (Wyckoff w-scans, 26 < 42°), 3282 unique data had F = 40(F), and only
these were used for structure solution and refinement. The data were corrected for
X-ray absorption effects by an empirical method based upon azimuthal scan data.

Crystal data for VIIb. C3H,0,P,Pt;Ru,, M =1113.0, triclinic, space group
P1, a 10.471(2), b 13.476(3), ¢ 14. 038(4) A a 76.51(2), B 88.56(2), y 68.74(2)°, U
1791(1) A%, Z=2, D, 2.06 g cm™ >, F(000) = 1060, p(Mo-K,) 87.9 cm™".

All non-hydrogen atoms were refined with anisotropic thermal parameters. The
u-H hydrogen atom positions shown in Fig. 4 were determined using a potential
energy minimisation program [22], but these atoms were not included in the
refinement (calculated coordinates: H(1) 0229 0.441, 0.136: H(2) 0.537, 0.097,
0.253; Pt-H and Ru-H separations of ca. 1.85 A were used in the calculations). All
other hydrogen atoms were included in calculated positions (C-H 0.96 A) with
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either fixed isotropic thermal parameters ca. 1.2 X U, ;, of the parent carbon atoms
(CHMe, and 7-C,Hy), or a common refined isotropic thermal parameter (CHMe, ).
Final R = 0.029 (R’ = 0.029) with a weighting scheme of the form w ' =[¢*(F) +
0.00045| F |*]. The final electron density difference synthesis showed no peaks
>0.93 or —0.83 eA ™"
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