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Abstract—Treatment of CuCl with BujPH in hexane afforded a colourless crystalline material which was
characterized as [{CuCl(Bu;PH)},] (1) by an X-ray diffraction study. The reaction of 1 with [Ru;(CO);,] in
refluxing toluene leads to a mixture of products containing the electron-rich chloro-bridged cluster
[Ru;{CO)¢(u-PBu)(u-Cl); (BusPH)] (2) besides the electron-precise complexes [Ru;(CO),(u-H)
(u-PBuj), (u-C1)] (3) and [Ru; (CO)q (u-H), (13 -PBu’) (But PH)] (4), respectively. No cluster expansion products
were observed, therefore, the copper complex acts merely as phosphine and chloride transfer reagent. The
molecular structures of the metal clusters 2 and 3 were determined by means of single-crystal X-ray structure

analyses. © 1997 Elsevier Science Ltd

Keywords: copper ; ruthenium ; carbonyl ; cluster ; phosphido-bridged ; chloro-bridged ; crystal structure.

Complexes containing heteronuclear metal-metal
bonds are of constant interest in view of site-selective
reactivity and synergetic effects in catalytic reactions.
Previously, we reported a new synthetic route to het-
eronuclear metal clusters by using oxidative addition
reactions of metal halide complexes containing
secondary phosphine ligands to neutral metal
carbonyl compounds. Thus, the thermolysis of [IrCl
(Bu;PH);] with [Ru(CO);;] in toluene occurs
under cluster expansion and affords the butterfly
configured cluster [Ru;Ir(CO);(u-H),(u-PBu}),
(Bu,PH) (u;-CD)] [1]. This method works also for the
analogous [RhC1(Bu;PH);], and in this way the tetra-
metal cluster [Ru;Rh(CO),(u;-H) (u-PBu}),(Bu;PH)
(u-C1),] is obtained [2]. At present, we are interested
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in an expansion of this reaction principle to other
transition metal complexes containing 3d metals.
For this purpose we prepared the copper complex
[{CuCl(Bu}PH)},] (1), and during the course of
cluster expansion studies we investigated the reaction
of 1 with [Ru,(CO),,]. In this paper we report the
synthesis and structural characterization of two novel
triruthenium clusters, namely [Ru;(CO)¢(u-PBuj)
(u-C); (BuzPH)] (2) and [Ru; (CO);(u-H)(u-PBuy),
(u-C1)] (3), which have been obtained in the reac-
tion mentioned before.

RESULTS AND DISCUSSION

Preparation and  structural
[{CuCi(Bu;PH)}.] (1)

characterization of

Treatment of equimolar amounts of Bu;PH with
solid CuCl in hexane afforded immediately a colour-
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less solution from which colourless crystals could be
obtained by cooling to —30°C. Elemental analysis
and the mass spectrum were consistent with the for-
mulation of the compound as 1: 1 complex. In the 'H
NMR spectrum of this complex a doublet for the
equivalent protons of the Bu' groups at ¢ 1.28 (d,
3Jen = 13.9 Hz) and a doublet for the P-H group at
3.65 (d, Jpy = 297.9 Hz) were observed. The *'P{'H}
NMR spectrum exhibits a broad singlet at & 21.89
(C¢Dy). This value lies close to the chemical shift for
the free ligand (Bu5PH: 6 19.9 [3]). Such an obser-
vation is rare but not unusual, for instance
[0s5(CO),,(Bu;PH),] shows a similar effect (6 21.46
[4]). Moreover, two aspects confirm the coordination
of the phosphine : the high value of the PH coupling
constant observed in the proton NMR spectrum
(ButPH : Jpy = 197 Hz [5]) and the line broadening
of the signal observed in the *P{'H} NMR spectrum
which is interpreted due to the high quadrupol
moment of the copper, see for instance Ref. [6].

The mass spectrum of this material contains only
the molecular ion peak for the monomeric unit
(m/z = 244). For Cu' complexes with the composition
[CuXL] (X = Halogen, L = phosphine) the tetra-
meric ‘cubane’ structure was found to be the most
common in the solid state, although an open ‘chair’
or (‘step’) structure was also observed in several cases
[7]. Moreover, in the case of very bulky phosphines
the ‘chair’ form tends to break into smaller units,
as observed for the halide-bridged dimer
[{CuCI(PCys,)},] [8]. Studies on complexes containing
secondary phosphines are known [9], however, there
is no X-ray structural information hitherto on such
systems.

Therefore, determination of the structure of our 1 : 1
complex by a single-crystal X-ray diffraction study
became desirable. Suitable crystals for a structure
analysis were grown by slow cooling of hexane solu-
tion to —30°C. The results of the X-ray diffraction
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Fig. 1. The molecular structure of [{CuCl(BujPH)},] (1).

study showed that the complex possesses the usually
observed cubane-type tetrameric structure. Figure 1
shows the molecular structure of [{CuCl(Bu}PH)},]
(1) while selected interatomic distances and angles are
givenin Table 1. The complex crystallizes from hexane
in the triclinic space group PT (No. 2) with two
molecules in the unit cell. Closely related molecules
are, for instance [{CuCI(PEt;)},] [10] and
[{CuBr (PBu})},] [11], while the analogous chloro
species of the latter complex was not structurally char-
acterized. Compound 1 possesses a Cu,Cl, core of
nearly 7, symmetry. The tetrameric units are sep-
arated by normal Van der Waals distances and there
are no significant intermolecular contacts. The
Cu- - Cu separations (av. 3.294 A) are comparable
with those in [{CuCI(PEty)},] (av. 3.211(2) A). This
suggests for 1-—like for the analogous systems—that
there are no appreciable Cu- - - Cu interactions. The
Cl---Cl distances of 3.464 A [CI(1)---CI(3)] and

Table 1. Selected bond lengths (A) and (°) for 1

Cu(H)-CI(1) 2.382(1)
Cu(1)-C1(2) 2.532(2)
Cu(2)-CK(1) 2.473(1)
Cu(2)-Cl(2) 2.400(1)
Cu(3)-CI3) 2.464(2)
Cu(3)-CI(4) 2.444(2)
Cu(4)-CI(3) 2.400(2)
Cu(4)-Cl(4) 2.473(2)
Cu(1)-P(1) 2.193(1)
CI(1)---CI(3) 3.464

CI(1)-Cu(1)-C1(2) 95.2(1)
CI(2)-Cu(2)-CI(1) 96.3(1)
CI(3)-Cu(3)-Cl(4) 96.8(1)
CI(3)-Cu(4)-Cl(4) 97.8(1)
CI(1)-Cu(1)-P(1) 127.2(1)

Cl(2)—-Cu(1)-P(1) 114.3(1)

Cu(2)-P(2) 2.189(2)
Cu(3)-P(3) 2.187(2)
Cu(4)-P(4) 2.194(2)
Cu(l) -+ Cu(2) 3.282
Cu(l)--- Cu(3) 3.266
Cu(l) - Cu(4) 3.377
Cu(2)---Cu(3) 3.231
Cu(2) - Cu(4) 3.368
Cu(3) - Cu(4) 3.238
Cl2)---Cl(4) 3.539
CI(1)=Cu(2)-P(2) 117.5(1)
CL(2)~Cu(2)-P(2) 126.1(1)
CI(3)-Cu(3)-P(3) 119.9(1)
CI(4)-Cu(3)-P(3) 119.3()
CI(3)-Cu(4)-P(4) 128.9(1)

Cl(4)-Cu(4)-P4) 114.3(1)




Reaction of [{CuCl(BujPH)},] with [Ru;(CO),,]

3.539 A [CL(2) - - - CI(4)] are slightly shorter than the
expected sum of the van der Waals radii of two Cl
atoms (3.60 A). The Cu—Cl bond lengths (av. 2.454 A)
are in good agreement with those in [{CuCl(PEt;)},]
(2.438(1) A). A slight elongation in the Cu-P dis-
tances compared to the latter is observed (2.191(2) A
in 1 vs 2.176(2) A) probably caused by the higher
sterical demands of the Bu’ substituents. Furthermore,
the average Cu-P distance agrees better with that
found in the tetrameric copper(I) phosphide
[{Cu(PBu5)},] (2.209(5) A [12]).

Reaction of [{CuCl(BuyPH)},] with [Ru;(CO),;]

The thermolysis reaction of 1 with [Ru;(CO),,] in
refluxing toluene (2h) leads, under deposition of
metallic copper, to a mixture of products contain-
ing the new homonuclear metal clusters
[Ru;(CO)6 (u-PBu3)(u-Cl); (Bu;PH)] (2, 35%) and
[Ru;(CO); (u-PBus) (u-H)(u-Ch] (3, 23%), respec-
tively, besides the known complex [Ru;(CO),
(u-H), (45-PBu’)(Bu,PH)] (4, 20%) (Scheme 1).
No cluster expansion products could be detected,
therefore, complex 1 acts only as phosphine and
chloride transfer reagent in this reaction. Com-
pounds 2 and 3 were purified by filtration of hex-
ane/diethylether mixtures down alumina and sub-
sequent fractional crystallization from hexane. The
complexes 2 and 3 were fully characterized by mic-
roanalyses, spectroscopic means (IR, NMR and MS),
and by single-crystal X-ray analyses (vide infra).
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The infrared spectrum of 2 contains only absorption
bands in the region characteristic of terminal carbonyl
groups. The '"H NMR spectrum of this compound
shows signals corresponding to phosphine and pho-
sphido ligands in a ratio of 1:1 (see Experimental).
No signals corresponding to hydride resonances in the
high field region could be detected. In accordance with
the proton NMR data, the *'P{'H}NMR spectrum
exhibits a signal at & 288.03 (d, 2Jpp = 7.6 Hz) indi-
cating a phosphido group bridging a metal-metal
bond and a corresponding signal at & 45.52 (d,
*Jpp = 7.6 Hz) for a terminal bound phosphine. In the
mass spectrum of 2 only the [M-CO]™* peak could be
detected (m/z = 841) and fragments resulting from
successive carbonyl loss.

The infrared spectrum of 3 exhibits only v(CO)
absorption bands in the region characteristic of ter-
minal carbonyl ligands. The '"H NMR spectrum of
this complex contains signals corresponding to two
phosphido ligands in a ratio of 1:1, while the Bu'
substituents show four different doublets, i.¢., they are
all chemically inequivalent. Furthermore, a resonance
signal at 6 —16.37 was observed (dd, *Jpy = 25.0 Hz,
2Jpn = 14.5 Hz). This signal can be assigned to the
bridging hydride ligand found during the X-ray analy-
sis (vide infra). The *P{'"H} NMR spectrum of 3
shows a doublet at § 270.25 and a pertinent doublet at
8 241.36 (*Jpp = 116.4 Hz) indicating two chemically
non-equivalent phosphido ligands bridging metal-
metal bonds. The mass spectrum of 3 exhibits the
molecular ion peak at m/z = 826 and fragments result-
ing from successive loss of carbonyl groups.

[{CuCI(Bu',PH)Y},] (1)
[Ru;(CO),,)

Ru(CO), (2)

(CO),(Bu',PH)

Cl

(C0); Ri —————— Ru(CO), (3)

Bu', !’§ Ru}Z l! Bu',

(COx,

Hl Rue—"
(CO),

7
AN

(CO); Ru —|—7T (CO)(Bu',PH) (¢)

Scheme. 1.
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Fig. 2. The molecular structure of [Ru,(CO), (u-PBuj)
(u-Cl);(BuyPH)] (2).

The analytical data and the molecular structure of
the third product of this reaction, identified as the
metal cluster 4, were described in an earlier paper [1].

H.-C. Béttcher et al.

The molecular structure of [Ru;(CO)s (u-PBub)
(u-C, (BuzPH)] (2)

Compound 2 crystallizes in the triclinic space group
PT with eight molecules in the unit cell. In the asym-
metric unit four crystallographically independent mol-
ecules (A-D) are found (see packing scheme in Fig.
3). The molecular structure of 2 is shown in Fig. 2;
selected bond lengths and angles for one molecule
(molecule A) are summarized in Table 2.

While the metal cores of the molecules A-D are
equal within the standard deviations, these molecules
differ in rotation of the terminal phosphine ligand
around the Ru(1)-P(1) axis. This rotation is well
documented in the different torsion angles Ru(2)-
Ru(1)-P(1)-C(7) ; Ru(2)-Ru(1)-P(1)-C(11) ; Ru(3)-
Ru(1)-P(1)-C(7); Ru(3)-Ru(1)}-P(1)-C(11), (see
Table 3).

Compound 2 consists of a triangular triruthenium
core, while each Ru—Ru edge is supported by a chloro
ligand. Additionally, the Ru(2)—Ru(3) bond is
bridged by a phosphido group and the Ru(l) bears a
phosphine ligand. Electron counting reveals this clus-
ter to be a 50-electron species. On the basis of the 18-
electron rule, a metal triangle possessing 50 cluster
valence electrons (c.v.e.) would be expected to exhibit
an open geometry with only two metal-metal bonds.
In fact, two Ru-Ru bonds in 2 are slightly elongated

Fig. 3. Packing scheme of [Ru,;(CO)(u-PBu5) (u-Cl); (Buy PH)] (2) in the crystal.
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Table 2. Selected bond lengths (A) and angles (°) for 2 (molecule A)

Ru(1)-Ru(2) 2.997(2) Ru(1)-CI(1) 2.442(3)

Ru(1)-Ru(3) 3.016(2) Ru(2)-CI(1) 2.448(3)

Ru(2)-Ru(3) 2.835(2) Ru(2)-Cl(2) 2.417(5)

Ru(1)-P(1) 2.419(4) Ru(3)-ClI(2) 2.419(5)

Ru(2)-P(2) 2.334(3) Ru(1)-ClI(3) 2.441(3)

Ru(3)-P(2) 2.318(3) Ru(3)-Ci(3) 2.442(3)

Ru(1)-C(1) 1.860(14) Ru(2)-C(4) 1.879(14)

Ru(1)-C(2) 1.844(14) Ru(3)-C(5) 1.837(13)

Ru(2)-C(3) 1.806(15) Ru(3)-C(6) 1.860(12)

Ru(1)-Ru(2)-Ru(3) 62.2(1) P(2)-Ru(3)-Ru(1) 102.7(1)

Ru(2)-Ru(3)-Ru(l) 61.5(1) P(2)-Ru(2)-Ru(l) 102.8(1)

Ru(2)-Ru(1)-Ru(3) 56.3(1) Ru(1)-CI(1)-Ru(2) 75.6(1)

P(1)-Ru(1)-Ru(2) 148.3(1) Ru(1)-CI(3)-Ru(3) 76.3(1)

P(1)-Ru(1)-Ru(3) 138.6(1) Ru(2)-Cl(2)-Ru(3) 71.8(1)

Cl(2)-Ru(2)-P(2) 86.8(2) Cl(2)-Ru(2)-Ru(1) 85.2(1)

Ru(2)-P(2)-Ru(3) 75.1(1) Cl1(2)-Ru(3)-Ru(1) 84.7(1)

Table 3. Selected torsion angles (°) for 2

Torsion angles A B C D
Ru(2)-Ru(1)-P(1)-C(7) —113.49(47) —137.32(45) —145.33(36) —114.19(38)
Ru(2)-Ru(1)-P(1)-C(11) 26.11(54) 82.79(50) 74.76(44) 77.81(40)
Ru(3)-Ru(1)-P(1)-C(7) 142.76(46) 114.23(46) 106.87(38) 108.75(40)
Ru(3)-Ru()-P(1)-C(11) —77.63(51) —25.67(53) —33.04(46) —32.26(43)

[Ru(1)-Ru(2) = 2.997(2), Ru(1)-Ru(3) = 3.016(2)
Al, however, the third [Ru(2)-Ru(3) = 2.835(2) A]
lies in the range expected for Ru—Ru single bonds
(2.70-2.95 A [13]). The shortening of the latter is
caused due to the doubly-bridged nature of this bond.
Therefore, the slightly expanded metal framework of 2
is indicative of an excess of electrons, and this trimetal
cluster can be considered as an electron-rich species.
Recently, the class of electron-rich clusters received
more attention, and only few examples of such tri-
nuclear complexes are known [14]. The average values
of the metal-metal distances are 3.011(2) and 3.039(2)
A, respectively, for the longer, and 2.855(2) A for the
shorter ones. By inspection of these Ru~Ru distances
[av. 2.968(2) A], all the intermetallic distances in 2 are
short enough to be considered as bonding inter-
actions.

The molecular structure of complex 2 is related to
that of the 50-electron cluster [Ru;(CO),(u-PPh,),(u-
CI) [15]. Compared to 2, in the latter two chloride-
bridges are substituted formally by two phosphido
bridges, and the third Ru center bears only carbonyl
ligands. Even two elongated Ru-Ru distances were
determined for this compound [3.2222(7) and
3.1288(8) A}, however, the doubly-bridged Ru—Ru
bond was found to be longer than in 2 (2.9293(8) A).
The chloro bridges in 2 are symmetrically arranged
(see Table 2), whereas the phosphido-bridge is slightly
asymmetric (i.e. Ru(2)-P(2), 2.334 (3); Ru(3)-P(2),

2.318(3) A). Following Ru—Cl distances were found
(average on all eight molecules): Ru(1)-CI(1),
2.449(3); Ru(2)-Cl(1); 2.461(3); Ru(1)-CI(3),
2.442(3); Ru3)-Cl(3), 2.450(3); Ru(2)-Cl(2),
2.456(5) ; Ru(3)-CI(2), 2.400(5) A. These values are
in accordance with the Ru—Cl bond length observed
for the 50e-cluster [Ru;(CO),(u-PPh,);(u-Cl)] men-
tioned before (Ru(1)-Cl(1), 2.453(2); Ru(2)-Cl(1),
2.450(1) A [15]).

The molecular  structure of
(u-PBu3), (u-CD] 3)

[Ru;(CO), (u-H)

The molecular structure of complex 3 is shown in
Fig. 4, selected bond lengths and angles are sum-
marized in Table 4. The compound crystallizes from
hexane/diethylether in the triclinic space group PI
with two molecules in the unit cell.

The metal cluster 3 consists of a triangle of
ruthenium atoms with the Ru{1)-Ru(3) and Ru(1)-
Ru(2) edges bridged by PBu} groups and the Ru(2)-
Ru(3) edge bridged by a chloro ligand. Additionally,
the Ru(1)-Ru(3) edge is bridged by a hydrido ligand
which have been found during the refinement by
difference fourier analysis. Two nearly similar Ru-
Ru distances [Ru(1)-Ru(2), 3.001(1) ; Ru(2)-Ru(3),
2.963(1) A] were determined, whereas the doubly-
bridged Ru(1)—Ru(3) bond was found to be 2.787(1)
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Table 4. Selected bond lengths (A) and angles (°) for 3

Ru(1)-Ru(2) 3.001(1)
Ru(2)-Ru(3) 2.963(1)
Ru(1)-Ru(3) 2.787(1)
Ru(1)-P(1) 2.371(1)
Ru(3)-P(1) 2.310(1)
Ru(1)-P(2) 2.360(1)
Ru(1)-C(1) 1.899(3)
Ru(1)-C(2) 1.855(3)
Ru(2)-C(3) 1.947(3)
Ru(3)-Ru(1)-Ru(2) 61.5(1)
Ru(1)-Ru(2)-Ru(3) 55.7(1)
Ru(2)-Ru(3)-Ru(l) 62.8(1)
P(1)-Ru(1)-P(2) 151.9(1)
Ru(3)-P(1)-Ru(1) 73.1(1)
Ru(1)-P(2)-Ru(2) 77.3(1)
Ru(2)-Cl-Ru(3) 73.8(1)
Ru(1)-H(1)-Ru(3) 101.44(3)

Ru(2)-P(2) 2.443(1)
Ru(2)-Cl 2.451(1)
Ru(3)-Cl 2.482(1)
Ru(1)-H(1) 1.738(5)
Ru(3)-H(1) 1.860(5)
Ru(2)-C(4) 1.9233)
Ru(2)-C(5) 1.879(3)
Ru(3)-C(6) 1.866(3)
Ru(3)-C(7) 1.880(3)
Ru(2)-Ru(3)-H(1) 77.59(3)
Ru(2)-Ru(1)-H(1) 78.07(3)
Ru(1)-Ru(2)-Cl 94.4(1)
Ru(2)-Ru(3)-P(1) 105.5(1)
Ru(2)-Ru(1)-P(1) 102.8(1)
Ru(1)-Ru(3)-Cl 99.3(1)
Ru(3)-Ru(1)-P(2) 99.9(1)
Ru(3)-Ru(2)-P(2) 93.3(1)
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(02)
Fig. 4. The molecular structure of [Ru;(CO),(u-H)
(1-PBu3), (u-Cl)] (3).

A. The phosphido bridges and the hydrido bridge
are asymmetrically arranged [Ru(1)-P(1), 2.371(1);
Ru(3)-P(1), 2.310(1) and Ru(l)-P(2), 2.360(1);
Ru(2)-P(2), 2.443(1) and Ru(l)-H(1), 1.738(5);
Ru(3)-H(1), 1.860(5) A]. On the contrary, the chloro
bridge is nearly symmetric with distances Ru(2)-
Cl = 2.451(1) and Ru(3)-Cl = 2.482(1) A. Seven car-
bonyl ligands complete the coordination sphere of the
metal cluster core, three are attached to Ru(2), two to
Ru(1) and Ru(3), respectively.

The molecular structure of complex 3 is related to
that of [Ru;(CO),(u-H)(u-PPh,);] (5) [16, 17], merely
one diorganophosphido bridge is formally substituted
towards a bridging chloro ligand. A comparison of
structure 3 with that of 5 shows a good agreement of
the metal-metal bond lengths, e.g. the hydrido sup-
ported Ru—Ru bond in 5 (doubly-bridged) is shorter

than the other two Ru—Ru distances (2.807(1) vs
2.971(1) and 2.999(1) A, average on the two crys-
tallographically-independent molecules [17]). As in 3,
the hydrido bridge in 5 is also asymmetrically
arranged [Ru(1)-H, 1.738(5); Ru(3)-H, 1.860(5) A
in 3 vs Ru(3)-H, 1.79; Ru(2)-H, 1.84 A in 5]. The
Ru—Cl bond lengths found in molecule 3 (Table 3)
are in good agreement with those observed for 2 and
[Ru;(CO)(u-PPh,);(u-CD)] (vide supra). By electron
counting, the trimetal cluster 3 possess 48 c.v.e. and
exhibits an electronically saturated species.

EXPERIMENTAL
General considerations

All manipulations were performed under oxygen-
free argon using conventional Schlenk techniques.
Solvents were dried over molecular sieves or sodium/
benzophenone ketyl and were distilled under argon
prior to use. Starting materials were either com-
mercially available or prepared according to literature
procedures. IR spectra were obtained using a Mattson
5000 instrument. '"H NMR and *'P{'"H} NMR spectra
were recorded on a Bruker AC 200 spectrometer (‘*H
at 200.1 MHz, referenced to Me,Si; P NMR at 80.1
MHz, referenced to 85% H,PO, aq). The mass spectra
were obtained on a Hitachi Perkin—Elmer RMU 6,
Nermag R30-10 instrument. The elemental analyses
were performed by the Analytisches Laboratorium
des Pharmazeutischen Institutes, Martin-Luther-
Universitdt Halle-Wittenberg.

Synthesis of [{CuCl(Bu,PH)},] (1)

Solid CuCl (990 mg, 10 mmol) was stirred in 50 cm?
hexane and BujPH (1460 mg, 10 mmol) was added.
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Immediately a colourless solution was obtained which
was stirred for 1 h at room temperature. About half
the solvent was removed in vacuo and the solution
cooled to —30°C overnight. During this period
colourless needles deposited. These were filtered off,
washed with a small amount cold hexane and dried in
vacuo. Yield : ca 2080 mg, (85%). Found: C, 39.4, H,
7.7,Cl, 144, P, 12.3; Calc. for CgH,,CICuP; C, 39.2,
H, 7.8, Cl, 14.5, P, 12.6%. '"H NMR (C,D;): 6 1.28
(d, *Jpy = 13.9 Hz, 18H, PBu}), 3.65 (d, Jpi = 297.9
Hz, 1H, BuiPH); *'P{'"H} NMR (C,Dy): J 21.89 (s,
br); MS: 244, M* (monomer), 208 [M —Cl}*.

Synthesis of complexes [Ru;(CO)¢(u-PBub)(u-Cl),
(Bu;PH)] (2) and [Rus(CO);(u-H) (u-PBuy),
(#-Ch1 (3)

A mixture of [Ru;(CO),,] (1278 mg, 2 mmol) and
[{CuCl(Bu;PH)},] (1952 mg, 2 mmol) was heated in
toluene (40 cm?) under reflux for 2 h. After cooling to
room temperature and removal of the solvent, the
residue was extracted three times with 20 cm?® hexane.
The volume of the combined extracts was reduced to

10 cm? in vacuo and passed down on alumina (3 x 10
cm). An orange band containing complexes 2, 3 and
4 with a mixture of hexane/diethylether (3 : 1) as eluent
was obtained. These compounds were separated by
fractional crystallization from hexane at —30°C.
Yield : 609 mg 2 (35%), 380 mg 3 (23%), 305 mg 4
(20%), based on [Ru,(CO),,].

Analytical data for 2. Found: C, 304, H, 4.5, Cl,
11.6, P, 7.4; Calc. for C,,H;,C1,0,P,Ru,; C, 304, H,
4.3,CL 12.2,P, 7.1%. IR (KBr pellet, cm™") : v(CO) :
2037(w), 2002(vs), 1949(s). '"H NMR (C,Dy): J 4.84
(d, Joy = 343.2 Hz, 1H, Bu;PH), 1.37 (d, *Jpy = 14.2
Hz, 18H, u-PBu,), 1.22 (d, *Jpy = 14.6 Hz, 18H,
Bu,PH). *'P {'H} NMR (C.D,): § 288.03 (d,
3Jpp = 7.6 Hz, u-PBuj), 45.52 (d, *Jpp = 7.6 Hz,
HPBu)). MS: 841 [M-CO]*, 805 [M-CO, -CI]*, 777
[M-2CO, -Cl}*, 749 [M-3CO, -Cl]*, 721 [M-4CO, -
CI]*, 693 [M-5CO, -Cl]*, 665 [M-6CO, CI]*.

Analytical data for 3. Found: C, 33.4; H, 4.4; Cl,
42, P, 7.3; Calc. for C;3H;,ClO,P,Ru;; C, 334, H,
4.5,Cl, 4.3, P, 7.5%. IR (KBr pellet, cm™"): v(CO):
2065 (m), 2003 (vs), 1954(m). 'H NMR (C(D,):
1.46 (d, 9H, 3Jpy = 14.6 Hz, u-PBu), 1.40 (d, 9H,
3Jpy = 14.0 Hz, p-PBub), 1.31 (4, 9H, *Jpy = 14.3 Hz,

Table 5. Crystal data and details of X-ray analyses for complexes 1, 2 and 3

Complex 1 2 3

Embpirical formula C3,H,,CLCu,P, C,,H,,Cl,04P,Ru, C,;H,,ClO,P,Ru,

Formula weight 980.85 869.05 826.15

Crystal habit prisms needles prisms

Temperature R.T. R.T. R.T.

Wavelength (A) 0.71073 0.71073 0.71073

Crystal system triclinic triclinic triclinic

Space group P1 P1 P

Unit cell dimensions a=12.237(3) a = 8.984(4) a = 8.758(3) (A)
b = 13.508(3) b =21.124(9) b =11.941(4) (A)
¢ =15975(3) ¢ =34.542) c = 15.829(5) (A)
o = 86.69(2) o = 85.03(4) o = 99.45(3)°
B =178.59(2) 5 =82.92(4) B =96.52(3)°
y = 72.52(2) y = 81.60(3) y = 106.57(3)°

v (AY 2469.0(8) 6419(5) 1542.4(8)

V4 2 8 2

Density (calculated) (g/cm®) 1.250 1.796 1.779

Absorption coefficient (mm™') 2.062 1.775 1.677

F(000) 922 3432 820

0 range for data collection (°) 2.39-25 1.79-22.50 2.89-28

Index ranges —16<h<16 —10<h <10, —10<h< 10
-17<k <17 -4l —14<1<15
-21<h<19 -39<k<39 —-20<h <20

Reflections collected 17911 53572 13294

Independent reflections 8178 15959 6792

Refinement method Full-matrix least-squares on F*

Data/restraints/parameters 8178/0/413 15957/0/1297 6792/0/473

Goodness-of-fit on F* 1.015 1.031 1.058

Final R indices [1 > 20(1)] R1 =0.0461 R1 = 0.0508 R1 = 0.0260
wR2 =0.1115 wR2 = 0.1301 wR2 = 0.0639

R indices (all data) R1 =0.0881 R1 = 0.0887 R1 =0.0335
wR2 = 0.1326 wR2 =0.1513 wR2 = 0.0675

Largest diff. peak and hole (A ) 0.554/—0.326 1.650/—1.363 0.809/—0.577
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u-PBuY), 1.28 (d, 9H, *Jey = 13.7 Hz, u-PBuj),
—16.37 (dd, 1H, 2Jpy = 25.0 Hz, *Jpy = 14.5 Hz, p-
H). *P {'H} NMR (C,Dy): 6 270.25 (d, 2Jep = 116.4
Hz, u-PBu3), 241.36 (d, *Jpp = 116.4 Hz, u-PBuy).
MS: 826 [M]*, 798 [M-CO}*, 770 {M-2CO]*, 742
[M-3CO]*, 714 [M-4CO]™*, 686 [M-5CO]™*, 658 [M-
6COJ ", 630 [M-7CO]*, 594 [M-7CO, -CI]*.
Analytical data for 4. See Ref. [1].

X-ray crystal structure determinations of 1,2 and 3

Crystal data, data collection and refinement par-
ameters are summarized in Table 5. Crystals of 1, 2
and 3, respectively, suitable for X-ray diffraction stud-
ies were grown by slow diffusion of hexane into
CH,CI, solutions. For data collection at room tem-
perature the diffractometer Stoe-IPDS was used. 200
frames were taken with a rotation of 1°. Cell refine-
ment was carried out with 2000 reflections. The struc-
tures were solved by direct methods (SHELXS-86)
and refined on F?> (SHELXL-93) [18]. Full details of
the structure determinations have been deposited at
the Fachinformationszentrum Karlsruhe, Gesellsch-
aft fiir wissenschaftlich-technische Information mbH,
D-76344 Eggenstein-Leopoldshafen, Germany, from
where this material may be ordered on quoting the
full literature citation and the reference number CSD
391052 (1), CSD 391053 (2) and CSD 391054 (3).

CONCLUSION

The copper complex [{CuCl(Bu;PH)},] (1) has
been prepared and the crystal structure of this com-
pound determined by means of X-ray diffraction
methods. 1 represents the first structurally charac-
terized tetrameric ‘cubane’-like type [Cu,Cl,L,] where
L is a secondary phosphine. The thermolysis reaction
of 1 with [Ru;(CO),,] in refluxing toluene afforded the
two novel triruthenium clusters [Ru;(CO)4(u-PBu})
(u-CD); (Bu;PH)] (2) and [Ru,(CO),{(p-H)(u-PBuj)
(1-C1)] (3). Their crystal structures have been deter-
mined by single-crystal X-ray structure analyses. 2
exhibits one of the rare known electron-rich trimetal
clusters containing 50 cluster valence electrons. A
slight elongation of the metal-metal bonds in this
molecule was observed, however, these intermetallic
distances are short enough to be considered as bond-
ing interactions. A triruthenium cluster containing
chloro, phosphido and hydrido ligands on the same

H.-C. Béttcher et al.

metal core, as found therein in the molecular structure
of 3, was described for the first time.

Acknowledgements—We thank the Deutsche Forschungs-
gemeinschaft and the Fonds der Chemischen Industrie for
financial support and the Degussa AG for a generous loan
of RuCl; x H,0.

REFERENCES

1. Bottcher, H.-C., Graf, M. and Merzweiler, K., J.
Organomet. Chem., in press.

2. Bottcher, H.-C., Graf, M. and Merzweiler, K., J.
Organomet. Chem., in press.

3. Rithner, C. D. and Bushweller, C. H., J. Am.
Chem. Soc. 1985, 107, 7823.

4. Arif, A. M., Bright, T. A., Heaton, D. E., Jones,
R. A. and Nunn, C. M., Polyhedron, 1990, 13,
1573.

5. Kosolapoff, G. M. and Maier, L., Org. Phos-
phorus Comp. 1972, 1, 1.

6. Delavaux, B., Chaudret, B., Dahan, F. and Poil-
blanc, R., J. Organomet. Chem. 1986, 317, 69.

7. Hathaway, B. J., in Comprehensive Coordination
Chemistry, eds, G. Wilkinson, R. D. Gillard, J.
A. McCleverty. Pergamon Press, Oxford, 1987,
Vol. 5, Chap. 5, p. 533.

8. Churchill, M. R. and Rotella, F. R., Inorg. Chem.
1979, 18, 166.

9. Abel, E. W., McLean, R. A. N. and Sabherwal,
I. H., J. Chem. Soc. A 1969, 133.

10. Churchill, M. R, DeBoer, B. G. and Mendak, S.
1., Inorg. Chem. 1975, 14, 2041.

11. Goel, R. G. and Beauchamp, A. L., Inorg. Chem.
1983, 22, 395.

12. Cowley, A. H., Giolando, D. M., Jones, R. A.,
Nunn, C. M. and Power, J. M., J. Chem. Soc.,
Chem. Commun. 1988, 208.

13. Sappa, E., Tiripicchio, A., Toogood, G. E. and
Carty, A. J., Prog. Inorg. Chem. 1987, 35, 407.

14. Corrigan, J. F., Dinardo, M., Doherty, S.,
Hogarth, G., Sun, Y., Taylor, N. J. and Carty, A.
J., Organometallics 1994, 13, 3572 and references
cited therein.

15. Cabeza,J. A, Lahoz, F.J. and Martin, A., Organ-
ometallics 1992, 11, 2754.

16. Bullock, L. M, Field, J. S., Haines, R. J., Minsh-
all, E., Moore, M. H., Smit, D. N. and Steer, L.
M., J. Organomet. Chem. 1990, 381, 429.

17. Rosen, R. P., Geoffroy, G. L., Bueno, C., Chur-
chil, M. R. and Ortega, R. P., J. Organomet.
Chem. 1983, 254, 89.

18. Sheldrick, G. M., SHELXS-86, SHELXL-93,
Programs for Crystal Structure Determination.
University of Goéttingen.



