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Abstract

Three tetranuclear clusters [Ru,H (CO), (PPh,)] (1), [Ru,H,(CO),,(PPh,)] (2) and [Ru,ItH(CO),,(PPh,)] (3) were formed in the
reaction of [I{CO)CI(PPh,),] and Na[Ru,H(CO), ] in tetrahydrofuran. Complexes 1-3 were characterized by IR and 'H and *'P NMR,
and the structure of the clusters was confirmed by single crystal X-ray analysis. In 2 and 3 one of the carbonyls bridges between two
ruthenium atoms; otherwise the compounds contain only terminal carbonyls.
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1. Introduction

The chemistry of tetranuclear ruthenium cluster com-
pounds has been extensively investigated during the last
30 years. The preparation of [Ru,H (CO),,] was first
reported in 1966 [1,2] and its triphenylphosphine and
trimethylphosphite mono-substituted derivatives were
published in 1971 [3,4]. The mono-substituted PPh,
derivative has been characterized spectroscopically [3],
but there is no report of the crystal structure. However,
the corresponding crystal structure of [Ru,H (CO),,-
{P(OMe)}] [5] is known and the structures of [Ru,H,-
(CO),,] [1,2,6,7] and [Ru,H (CO),,(PPh,),] [3,7.8]
have been determined by X-ray diffraction.

The tetranuclear ruthenium cluster [Ru,H,(CO),;]
was synthesized in 1968 [6,9], and later its structure was
characterized crystallographically [10]. Tetranuclear
ruthenium clusters are also known for two anionic
structures: [Ru,H(CO),,]~ [11] and [Ru,H,(CO),,I*~
[12). The first of these has been characterized crystallo-
graphically.

In this work, [I{CO)CI(PPh,), ] was allowed to react
with Na[Ru,H(CO),,] in THF. Two tetranuclear Ru
clusters. [Ru,H ,(CO),,(PPh,)] (1) and [Ru,H,(CO),,-
(PPh;)] (2), and some mixed-metal tetranuclear clusters
were formed. The ruthenium clusters were characterized
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by X-ray crystallography, and by "H and *'P NMR and
IR spectroscopy. The structure of 2 contains a bridging
carbonyl ligand.

2. Results and discussion

The reactions of [Ir(CO)CI(PPh,),] and
Na[Ru,H(CO),,] in different solvents produce complex
mixtures of Ru—Ir mixed-metal clusters and Ru, clus-
ters. Characterization of the mixed-metal species is in
progress [13]. In the present paper we describe only the
reaction and products in THF, where the Ru, species
were most abundant.

2.1. Spectroscopic data and solid state structure of
[Ru,H,(CO), (PPh,)] (1)

The crystal structure of 1 is shown in Fig. 1. With
minor variations, the same geometry, with three termi-
nal CO /phosphine ligands on each Ru atom, is found in
the clusters of [Ru,H,(CO),,] [7], [Ru,H,(CO),,-
(PPh;),][7] and [Ru,H ,(CO), ,(P(OMe),}] [5]. Selected
bond lengths and angles of 1 are summarized in Table
1. The average bond distances and bond angles of 1 are
compared with those of two other clusters with Ru,
metal core in Table 2. The clusters have almost the
same Ru-Ru bond distances. The metal-carbon bond
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Fig. 1. The molecular structure of [Ru,H,(CO), (PPh;)] (1) with the
atom labelling scheme. The hydrogen atoms p.,-bonded to the Ru—Ru
edges were not located by X-ray methods, and all other hydrogen
atoms have been omitted for clarity. The thermal ellipsoids are drawn
at 35% probability level.

lengths are slightly longer in 1 and [Ru,H,(CO),,] than
in [Ru,H,(CO),,(PPh,),]. The room-temperature 'H
NMR spectrum of 1 exhibits one sharp hydr1de reso-
nance at & — 17.3ppm, which is split by the *J(P~H)
coupling (4.1 Hz). This can be assigned to the Ru(.,-
H)Ru bridging hydrogen atoms, which are equivalent.
The 'H NMR spectrum of 1 has also been reported
earlier [3]. The room-temperature *' P{'H} NMR spec-
trum of 1 shows resonance at & +38.7ppm, which is
typical of a shift to a cluster of the PPh, ligand.

The four cluster hydrogen atoms were not located
directly, but a consideration of the orientation of the
carbonyl ligands and the Ru—Ru bond lengths suggests
that the edges Ru(1)-Ru(2), Ru(1)-Ru(3), Ru(2)-Ru(4)
and Ru(3)-Ru(4) are bridged by the hydrogen atoms.
The non-bridged Ru(1)-Ru(4) and Ru(2)-Ru(3) edges
are shorter (av. 2.793 A) than the bridged ones (av.
2.935A). In [Ru,H(CO),,] the corresponding Ru-Ru
bond distances are 2.786 and 2.950 A [7 in
[Ru,H,(CO),,(PPh,),] 2.775 and 2.965 A [8] or 2.772
and 2.966 A [7], and in [Ru,H(CO), {P(OMe);}] 2.76
and 2.93A respectively [5]. The Ru,,.,—Ruy,,-C.,
angles associated with hydride-bridged Ru—Ru bonds
are typically 103-105°, whereas those associated with
the non-bridged bonds are much smaller, typically ca.
95°.

2.2. Spectroscopic data and solid state structure of
[Ru,_ Ir.H,_ (CO),(PPh;)] (x =20 or I (compounds
2 and 3))

The structures of 2 and 3, which crystallized to-
gether, contain one bridging carbonyl ligand, as shown
by the peak at 1897 cm ™' in the IR spectrum. Few Ru,
compounds with bridging carbonyl groups are known:
[Ru,H(CO),;]~ anion (one pn,-CO) [I11],
[Ru,H,(CO),;](two w.,-CO) [10] and [Ru,H(CO),,]*~
dianion (three p.»—CO) [12].

According to the '"H NMR spectra (broad signal at
—17.8 ppm), the two hydrides of 2 are equivalent in
solution at room temperature. The '"H NMR spectra
were not recorded at low temperatures. The ' P{'H}
NMR spectra was recorded in CDCl, and showed a
signal at & +2.2 ppm.

The disordered crystal structure of compound 2 in
[Ru, g, Iry g H, 4,(CO),,(PPh,)] is presented in Fig. 2,
together with the atom numbering scheme. The struc-
ture of 3 is identical except that one of the two hydride
ligands is missing. Selected bond distances and angles
of 2 (and 3) are listed in Table 3. Refinement of the
occupancy factor for the apical M atom gave the distri-
bution 0.82 for Ru and 0.18 for Ir.

Structures 2 and 3 both have one Ru(p,-CO)Ru
bridging carbonyl. A similar core geometry with one
bridging carbonyl group is found in PPN[Ru,H(CO),,]
[11]. The hydride ligands in the structure of 2 (and 3)
were located crystallographically (see Fig. 2). As in
PPN[Ru,H(CO),,] [11], they bridge two of the metal-
metal bonds. Thus the hydrogen-bridged bonds M-
Ru(2) (2.920(8)A) and M—-Ru(3) (2.949(11)A) in 2
(and 3) are clearly longer than the non-bridged bonds
(average 2.800(9) A) The correspondlng values for the
bridged and non-bridged bonds in PPN[Ru,H(CO) ;]
are 2.930(1) and 2.783(1) A. Other important bond dis-
tances of 2 (and 3) and PPN[Ru,H(CO),,] clusters are
compared in Table 4.

The repulsion away from the hydrogens is also seen
in the Ru-Ru-C,, bond angle data. Thus in 2 (and 3),
the bond angles for the hydride-bridged metal-metal
edges are 109.0(2)°, while those for the non-bridged
metal-metal edge are only 93.7(3)°. The corresponding
values for the PPN[Ru,H(CO),,] cluster are 112.4(2)
and 89.5(3)°. The phosphine ligand is coordinated api-
cally to the disordered M atom.

3. Experimental section

3.1. General comments

All reactions and manipulations except for chromato-
graphic separations were carried out under nitrogen



Table 1

Selected bond lengths (A) and angles (°) for [Ru,H,(CO), (PPh,)] (1)
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Ru(1)-Ru(2) 2.9092(13)
Ru(4)-Ru(1) 2.7777(10)
Ru(4)-Ru{2) 2.9668(12)
Ru(4)-P 2.354(2)
Ru(4)-C(2) 1.888(10)
Ru(D)-C(5) 1.936(12)
Ru(2)-C(7) 1.887(11)
Ru(2)-C(9) 1.939(11)
Ru(3)-C(11) 1.910(11)
Ru(3)-Ru(1)-Ru(2) 57.83(3)
Ru(4)-Ru(1)-Ru(2) 62.84(3)
Ru(4)-Ru(1)-Ru(3) 62.94(3)
Ru(2)-Ru(3)-Ru(4) 61.77(3)
Ru(3)-Ru(2)-Ru(4) 61.72(3)
Ru(3)-Ru(4)-Ru(2) 56.51(2)
P—Ru(4)-Ru(1) 170.96(6)
P—Ru(4)-Ru(3) 111.25(6)
C(1)~Ru(4)-Ru(2) 100.8(3)
C(2)-Ru(4)-Ru(1) 94.0(3)
C(2)-Ru(4)-Ru(3) 98.6(3)
C(4)-Ru(1)-Ru(3) 152.7(4)
C(5)-Ru(1)-Ru(2) 154.5(3)
C(5)-Ru(1)-Ru(4) 93.6(3)
C(6)-Ru(1)-Ru(3) 105.4(4)
C(7)-Ru(2)-Ru(1) 100.7(4)
C(7)-Ru(2)-Ru(4) 151.8(4)
C(8)-Ru(2)-Ru(3) 95.7(4)
C(9)-Ru(2)-Ru(1) 104.1(4)
C(9)-Ru(2)-Ru(4) 104.0(4)
C(10)-Ru(3)-Ru(4) 102.7(3)
C(11)-Ru(3)-Ru(1) 96.0(3)
C(11)-Ru(3)-Ru(4) 149.1(3)
C(12)-Ru(3)-Ru(2) 94.9(3)
C(1)-Ru(4)-P 94.9(3)
C(1)-Ru(4)-C(2) 95.3(5)
C(4)-Ru(1)-C(6) 95.2(5)
C(7)-Ru(2)-C(8) 93.3(6)
C(8)-Ru(2)-C(9) 96.6(5)
C(12)-Ru(3)-C(10) 96.0(4)

Ru(3)-Ru(1) 2.8991(11)
Ru(3)-Ru(2) 2.8083(11)
Ru(4)-Ru(3) 2.9654(11)
Ru(4)-C(1) 1.883(10)
Ru(1)-C(4) 1.914(13)
Ru(1)-C(6) 1.919(12)
Ru(2)-C(8) 1.895(13)
Ru(3)-C(10) 1.925(10)
Ru(3)-C(12) 1.912(11)
Ru(1)-Ru(2)-Ru(4) 56.41(3)
Ru(1)-Ru(3)-Ru(4) 56.53(3)
Ru(1)-Ru(4)-Ru(2) 60.75(3)
Ru(1)-Ru(4)-Ru(3) 60.53(3)
Ru(3)-Ru(2)-Ru(1) 60.91(3)
Ru(2)-Ru(3)-Ru(1) 61.27(3)
P-Ru(4)-Ru(2) 112.20(6)
C(1)~Ru(4)-Ru(1) 92.1(3)
C(1)-Ru(4)-Ru(3) 150.0(3)
C(2)-Ru(4)-Ru(2) 150.3(3)
C(4)-Ru(1)-Ru(2) 99.5(4)
C(4)-Ru(1)-Ru(4) 94.3(3)
C(5)-Ru(1)-Ru(3) 103.9(4)
C(6)-Ru(1)-Ru(2) 106.8(4)
C(6)-Ru(1)-Ru(4) 167.1(4)
C(7)-Ru(2)-Ru(3) 93.7(4)
C(8)-Ru(2)-Ru(1) 153.2(4)
C(8)-Ru(2)-Ru(4) 102.4(4)
C(9)-Ru(2)-Ru(3) 163.0(4)
C(10)-Ru(3)-Ru(1) 105.8(3)
C(10)-Ru(3)-Ru(2) 163.3(3)
C(11)-Ru(3)-Ru(2) 93.9(3)
C(12)-Ru(3)-Ru(1) 155.2(3)
C(12)-Ru(3)-Ru(4) 107.7(3)
C(2)-Ru(4)-P 90.9(3)
C(4)-Ru(1)-C(5) 91.6(6)
C(6)-Ru(1)-C(5) 94.8(5)
C(7)-Ru(2)-C(9) 97.3(5)
C(11)-Ru(3)-C(10) 98.2(4)
C(11)-Ru(3)-C(12) 92.3(5)

atmosphere using standard Schlenk techniques [14]. The
products are not particularly sensitive to air, however.
Infrared spectra were recorded in n-hexane on a

Table 2 .
Important average bond distances (A) and bond angles (°) in 1,
[Ru,H,(CO),] (4) [7] and [Ru,H (CO),,(PPh;),]1 (5 [7]

1 4 5
Ru—Ru (long distances) 2.935(1)  2.950(8)  2.967(2)
Ru—Ru (short distances) 2.793(1) 2.786(8) 2.77212)

Ru-P 2.354(2) — 2.359(4)
Ru-C * 1.903(1) 1.902(3) 1.830(1)
Ru-C°® 1.928(1) 1.938(8) 1.850(2)
Cc-0 1.133(1) 1.131(3) 1.180(1)
Ruy, i —RU i ~C 114.3 114.5 113.7
RU ;1 ~RUpy 01 =Cey 100.8 101.1 101.2
Rup, i —RUp,0—Cor 99.4 100.3 100.2

* Pseudo-trans to the long M—M bonds.
® Pseudo-rans to the short M—M bonds.

Nicolet 20SXC FT-IR spectrometer. 'H and *'P NMR
spectra were measured on a Bruker AM-250 spectrome-
ter with CDCl, as solvent. The 'H NMR spectra were
referenced to external TMS and the *'P spectra were
referenced to external 85% H,PO,, such that shifts to
higher frequencies relative to the reference are taken as
positive.

3.2. Reagents

[I{CO)CI(PPh,), ] (Strem) was of commercial origin
and used without further purification. [Ru,(CO),,] was
prepared by a literature method [15]. The cluster anion
[Ru,H(CO),, 1~ was prepared by a published procedure
[16]. Tetrahydrofuran (THF) was dried and deoxy-
genated by stirring over Na/benzophenone ketyl, and
freshly distilled before use. Other solvents were deoxy-
genated by bubbling N, through them.
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3.3. Preparation of [Ru,H,(CO), (PPh,)] (1) in THF

A 100ml Schlenk flask under nitrogen and equipped
with a stirring bar and rubber septum was charged with
[I{CO)CI(PPh,),] (66 mg, 0.08 mmol) dissolved in
40ml THF and a freshly prepared solution of
Na[Ru,H(CO),,] [16] (made from 201 mg, 0.31 mmol
[Ru,(CO),,]). The solution, which immediately turned
from yellow to dark red, was stirred for 1 h at room
temperature. The solution was filtered, the solvent evap-

orated in vacuo, and the solid residue treated with 85%
H,PO,. Extraction with hexane gave a yellow solution
of [Ru;(CO),, ]. Further extraction with CH,Cl, gave a
red solution, which was evaporated in vacuo. The residue
was chromatographed on a silica column. Elution with
hexane gave a yellow band of [Ru,(CO),,], which was
residue from the extraction with hexane. Further elution
with a hexane /dichloromethane (6:1) mixture gave two
red bands which were difficult to separate, and finally
elution with dichloromethane gave a fourth, red band.

Ru(1)-Ru(2) 2.795(9)
Ru(1)-Ru(3) 2.806(10)
Ru(2)-Ru(3) 2.805(9)
M-C(1) 1.883(7)
Ru(1)-C(4) 1.911(8)
Ru(1)-C(6) 1.912(7)
Ru(2)-C(8) 1.888(8)
Ru(3)-C(10) 1.927(8)
Ru(3)-C(12) 1.915(7)
Ru(3)-C(13) 2.271(7)
M-Ru(1)-Ru(2) 63.02(2)
M-Ru(1)-Ru(3) 63.58(2)
Ru(1)-Ru(2)-M 58.44(2)
Ru(3)-Ru(2)-M 61.98(2)
Ru(2)-Ru(3)-M 60.94(2)
Ru(1)-Ru(3)-M 57.98(2)
P-M-Ru(2) 116.19(5)
C(1)-M-Ru(1) 93.0(2)
C(1)-M-Ru(3) 146.6(2)
C(2)-M-Ru(2) 147.3(2)
C(4)-Ru(1)-M 94.5(3)
C(4)-Ru(1)-Ru(3) 127.9(2)
C(5)-Ru(1)-Ru(2) 146.3(3)
C(6)-Ru(1)-M 166.9(2)
C(6)-Ru(1)-Ru(3) 103.7(2)
C(7)-Ru(2)-Ru(1) 86.9(2)
C(8)-Ru(2)-M 115.0(2)
C(8)~Ru(2)-Ru(3) 99.4(2)
C(9)-Ru(2)-Ru(1) 110.2(2)
C(10)-Ru(3)-M 113.3(3)
C(10)-Ru(3)-Ru(2) 171.8(3)
C(11D-Ru(3)-Ru(l) 90.9(2)
C(12)-Ru(3)-M 102.5(2)
C(12)-Ru(3)-Ru(2) 81.9(2)
C(13)-Ru(3)-M 73.5(2)
C(13)-Ru(1)-Ru(3) 53.1(2)
C(13)-Ru(3)-Ru(2) 105.1(2)
C(2)-M-P 93.8(2)
C(5)-Ru(1)-C(4) 92.9(4)
C(5)-Ru(1)-C(6) 98.7(4)
C(9)-Ru(2)-C(7) 97.9(3)
C(11D-Ru(3)-C(10) 93.5(4)
C(1D-Ru(3)-C(12) 94.8(3)
C(5)-Ru(1)-C(13) 83.6(3)
C(10)-Ru(3)-C(13) 77.6(3)
C(12)-Ru(3)-C(13) 168.1(3)

Table 3

Selected bond lengths (A) and angles (°) for Ru,_ Ir,H,  (CO),,(PPh,) (x=0 or 1) (2 or 3)
M-Ru(1) 2.792(9)
M-Ru(2) 2.920(8)
M-Ru(3) 2.949(11)
M-P 2.354(2)
M-C(2) 1.907(7)
Ru(1)-C(5) 1.897(8)
Ru(2)-C(7) 1.909(7)
Ru(2)-C(9) 1.902(7)
Ru(3)-C(11) 1.889(8)
Ru(1)-C(13) 2.036(7)
Ru(1)-M-Ru(2) 58.54(2)
Ru(1)-M-Ru(3) 58.44(2)
Ru(2)-M-Ru(3) 57.09(2)
Ru(1)-Ru(2)-Ru(3) 60.14(3)
Ru(2)-Ru(1)-Ru(3) 60.10(2)
Ru(2)-Ru(3)-Ru(1) 59.76(2)
P-M-Ru(1) 168.17(4)
P-M-Ru(3) 109.74(5)
C(1)-M-Ru(2) 94.6(2)
C(2)-M-Ru(1) 89.5(2)
C(2)-M-Ru(3) 102.3(2)
C(4)-Ru(1)-Ru(2) 67.8(2)
C(5)-Ru(1)-M 92.8(3)
C(5)-Ru(1)-Ru(3) 132.0(2)
C(6)-Ru(1)-Ru(2) 108.7(2)
C(7)-Ru(2)-M 143.2(2)
C(7)-Ru(2)-Ru(3) 91.5(2)
C(8)-Ru(2)-Ru(1) 159.5(2)
C(9)-Ru(2)-M 105.0(2)
C(9)-Ru(2)-Ru(3) 166.3(2)
C(10)-Ru(3)-Ru(1) 123.3(3)
C(11)-Ru(3)-M 146.5(2)
C(11)-Ru(3)-Ru(2) 94.0(2)
C(12)-Ru(3)-Ru(1) 141.6(2)
C(13)-Ru(1)-M 80.5(2)
C(13)~Ru(1)-Ru(2) 112.6(2)
C(13)-Ru(3)-Ru(1) 45.8(2)
C(1)-M-P 98.2(2)
C(1)-M-C(2) 93.5(3)
C(6)-Ru(1)-C(4) 91.2(3)
C(8)-Ru(2)-C(7) 93.0(3)
C(9)-Ru(2)-C(8) 90.1(3)
C(12)-Ru(3)-C(10) 94.2(3)
C(4)-Ru(1)-C(13) 173.7(3)
C(6)-Ru(1)-C(13) 94.5(3)
C(11)-Ru(3)-C(13) 94.3(3)

Ru(1)-C(13)-Ru(3) 81.1(3)
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Fig. 2. The molecular structure of [Ru,_ Ir,H,_.(CO),(PPh,)]
(x =0 and 1 (compounds 2 and 3)) with the atom labelling scheme.
The thermal ellipsoids are drawn at 35% probability level. The
hydrogen atoms, except those bound to two metal atoms, have been
omitted for clarity.

The mixture of the second and third bands was
refluxed for 2h in hexane under hydrogen atmosphere.
After the reaction the solvent was evaporated in vacuo
and the residue chromatographed by TLC. Elution with
a hexane /dichloromethane (4:1) mixture gave seven
bands, of which the first was identified as [Ru,(CO),,].
The second band (yield < 10%) was structurally char-
acterized as 1 by X-ray diffraction of the yellow crystals
obtained upon crystallization from CH,Cl,/hexane
mixture. Analysis of the third and fourth bands is in
progress [13]. The remaining three bands (5-7) were

Table 4 .
Important average bond distances (A) in [Ru, 4,1y sH, ,(CO),5-
(PPh,)] 2 (and 3) and PPN[Ru,H(CO),,] (6) [11]

2 (and 3) 6

Ru—Ru (long distances) 2.935(5) 2.930(1)
Ru-—Ru (short distances) 2.800(9) 2.783(1)
Ru-P 2.354(2) —
Ru-C* 1.897(7) 1.902(8)
Ru-C°® 1.907(9) 1.889(8)
Ru—C y4ge0 2.154(7) 2.137(7)

-0 1.136(8) 1.140(8)
C origgea~Obricged 1.167(9) 1.165(7)

* Pseudo-trans to the long M—M bonds.
® Pseudo-trans to the short M~M bonds.

not fully identified. IR spectrum of 1 (hexane, cm™'):
Voo 2095m, 2087w, 2068vs, 2059s, 2050m, 2028vs,
2016m, 2009m, 1998w, 1991w and 1969w. 'H NMR
spectrum (CDCl,, 293K): & 7.47 (s, C¢Hy), 7.46 (s,
C¢H;), 7.44 (s, C,H;) and — 17.3ppm (d, Ru—H-Ru).
*'P{'H} NMR spectrum (CDCl,, 293K): 8 +38.7 ppm.

3.4. Preparation of [Ru,H,(CO),,(PPh;)] (2) in THF

A Schlenk flask was charged with [INCO)CKPPh,), ]
(235 mg, 0.30mmol) and 30ml of THF. To the homo-
geneous yellow mixture was added a freshly prepared
and filtered solution of Na[Ru,H(CO),,] [16] (made
from 227 mg, 0.36 mmol [Ru,(CO),,]) in THF (30 ml).
The reaction mixture, which immediately turned a deep
reddish brown, was stirred for 1 h at ambient tempera-
ture. The solvent was evaporated in vacuo and the
resulting solid extracted with hexane. The hexane solu-
tion was evaporated to dryness, giving [Ru,(CO),,].
Further extraction with CH,Cl, gave a red solution,
which was evaporated in vacuo. The residue was chro-
matographed on a silica column. A first elution with
hexane gave a broad yellow band of [Ru;(CO),, ], which
was a residue from the extraction with hexane. Further
elution with a hexane /dichloromethane (6:1) mixture
gave two yellowish brown bands (2 and 3), and finally
elution with dichloromethane gave red and yellow bands
(4 and 5). A preliminary IR and 'H NMR spectroscopic
investigation of these last four bands suggested the
presence of mixed-metal clusters.

The third band was repurified by TLC. After a few
minutes the TLC plate indicated the presence of three
fractions, which were eluted with a hexane /dichloro-
methane (5:1) mixwre. Compound [Ru,H,(CO),,-
(PPh,)] (2 (and 3)) (yield < 5%) was collected as the
second, orange fraction and identified by IR and 'H and
P NMR spectroscopic data and a complete single
crystal X-ray diffraction study. Attempts to separate
compound 2 and 3 failed. Characterization of the other
fractions is in progress [13].

Dark reddish brown crystals of 2 (and 3) were grown
by slow evaporation from saturated CH,Cl,/hexane
mixture. IR (hexane, cm™'): ve, 2092w, 2089sh,
2067w, 2054s, 2050vs, 2039m, 2029s, 2013w, 2003w,
1998w, 1989w, 1981w and 1897m. 'H NMR spectrum
(CDCl,, 263K): 6 7.47 (br, C,H;) and — 17.8 ppm (br,
Ru~H-Ru). *'P{'H} NMR spectrum (CDCl,, 293K): &
+2.2 ppm.

3.5. Data collection and structure analysis of 1 and 2

(and 3)

Crystals were mounted on a glass fibre. Axial pho-
tographs indicated the triclinic crystal system for 1 and
the monoclinic crystal system for 2 (and 3). Details of
crystal parameters, data collection parameters, and re-
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Table 5
Crystallographic data for compounds 1 and 2 (and 3)

1 2 (and 3)
Formula Ru,CyoH 50, P Ruy 5115 15C30H 65,02 P
Formula weight 978.73 1020.85
Crystal system Triclinic Monoclinic
Space group Pl P2,/c
a(A) 8.971(2) 12.820(3)
b(A) 9.361(2) 15.387(4)
c(A) 21.741(4) 17.787(5)
a(®) 88.53(1)
B© 87.84(2) 106.74(2)
v ) 64.19(1)
V(A% 1642.4(6) 3360.0(2)
V4 2 4
D, (gem™?) 1.98 2.02
Crystal dimensions (mm?) 0.15 X 0.25 X 0.40 0.40 X 0.40 < 0.40
Monochromator graphite graphite
Radiation Mo Ka Mo Ka
w(Mo Ke) (em™") 18.7 25.0
28 limnits (°) 5-55 5-55
No. of unique data 7570 7750
1>2a(]) 5208 5758
No. of parameters 406 431
RlI>20(D)]® 0.062 0.048
wR(F?) [all data] ® 0.172 ¢ 0.135 ¢
Goodness of fit 1.062 1.082

* R=LIF|-IFIll/ZIF,.
" w=1/[0?(E2) +(aP) +bP); P=[(F2) +2F2] /3.
¢ a=0.0875 and b=4.20.
¢ @=0.0594 and b= 2.40.

fined data for 1 and 2 (and 3) are summarized in Table
5. Parameters were obtained by carefully measuring the
setting angles of 25 reflections on a Nicolet R3m
diffractometer. Intensities were collected by the w scan
mode using graphite monochromated Mo K« radiation
(A =0.71073 A). The scan widths were 1.0° (1) and
0.8°(2/3) from Ko, , and the scan rate varied from 4.9
to 29.3° 20 min~' depending on the intensity of the
reflection. Intensities were corrected for background,
polarization and Lorentz factors. Empirical absorption
correction was made for 1 from ¢~scan data, the maxi-
mum and minimum transmission factors being 0.425
and 0.322 respectively. The intensites of three check
reflections were monitored after every 97 reflections
and were found to be stable. A total of 7570 reflections
for 1 and 7750 for 2 (and 3) were collected.

The metal atom positions were solved by direct
methods with use of the SHELXTL program package [17].
All remaining non-hydrogen atoms were located by the
usual combination of full-matrix least-squares refine-
ment and difference electron density syntheses using
SHELXL-93 [18]. Non-hydrogen atoms were refined
anisotropically. Phenyl protons were placed at idealized
positions (C-H = 0.93 A, 1.2 X U, A® of parent atom).
Hydride ligands were located for 2 (and 3) from a
difference Fourier map and refined with fixed isotropic

temperature factor (U = 0.08 /°\2). For compound 2 (and
3), the occupancy factor for the atom M involved in
substitutional disorder is 0.82 for Ru and 0.18 for Ir.

4. Supplementary material available

A complete list of bond lengths and angles, and
tables of thermal parameters and hydrogen atom coordi-
nates, have been deposited at the Cambridge Crystallo-
graphic Data Centre.
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