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Abstract 

The reaction of [Ru3(CO)m( p-dppm)] (1) with secondary phosphines R2PH (R- tBu,  I-Ad) in heptane under reflux leads to the 
electron-deficient metal cluster complexes [Ru 3( p-COXCO)4( p3-HX p-H)( p-PR 2)2t p-dppm)] (R a t Bu 4; R ~ l-Ad 5) in good yields. 
The reactions yield first the monosubstituted compounds [Ru3(CO)9(R 2PHX p-dppm)] (R -tBu, 2; R ,ffi I-Ad 3), which could be isolated 
in yields up to 85% after ! h in refluxing THF. The related reaction of 1 with the less bulky phosphine Cy2PH in hepmne under reflux 
gave the new electronically saturated complex [Ru3(CO)o(p-H)2(p-PCy2)2(p-dppm)] (7). In this case the intermediate 
[Ru~(CO)9(Cy2PHX p-dppm)] (6) could also be isolated. Compounds 4 and $ seem to be coordinatively saturated, in that no reaction with 
carbon monoxide or dihydrogen was observed, either under nomml conditions or under elevated pressure. The molecular structures of 4 
and 7 were determined by siJ~gle~cryslal X°ray studies (dppm w ph2PCH 2pph2; Ad ,-Adamantyi). 

Ke)m'ord,~': Ruthenium; Carhonyl; Phosphtdo hrid~ed; Crystal structure 

1. Introduction 

In an earlier publication we reported the synthesis of 
the electron-deficient dinuclear complex [Fe2(CO)3(/X- 
PtBu2)(/x-PCY2)(/.~-dppm)] [1]. In this connection we 
became interested in the analogous ruthenium com- 
pound. However, the possible starting material 
Na[Ru2(/.t-CO)(CO)6(/x-PR2)] was not available, and 
we therefore sought other synthetic approaches. Re- 
cently we found that the trinuclear cluster [Ru3(CO)~2] 
is converted into the dinuclear system [Ru2(CO)4( tt- 
H)(~-PtBu2)(tBu2PH)2] by reaction with excess 
t Bu2PH [2]. Other authom had reported degradation 
reactions of [Ru3(CO)lo( tt-dppm)] (1), with formation 
of the dinuclear system [Ru2(CO)7( tt-dppm)] [3]. We 
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thus decided to use 1 as a starting complex for the 
synthesis of the corresponding dinuclear phosphido- 
bridged carbonyl compounds. 

Recently some studies of the chemistry of 
[Ru3(CO)t0(/.t-dppm)] have appeared [4,5]. It was shown 
that reactions based on I proceed more cleanly than 
analogous reactions of the unsubstituted [Ru 3(CO)~ ], 
often giving only one or two products in good yields. In 
the following we report reactions of [Ru~(CO)~o(/X- 
dppm)] with bulky secondary phosphines R2PH (R---' 
Bu, l-Ad, Cy), yielding various products depending on 
the steric demands of the phosphines used. 

2. Results and discussion 

From reactions of 1 with excess phosphine R2PH 
under thermal conditions we hoped to obtain dinuclear 
electron-precise complexes [Ru2(CO)5(/x-H)(/x- 
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PRzX/~-dppm)]. The analogous diiron compounds have 
been described recently [6]. However, the reaction of 
[Ru3(CO)20(/~-dppm)] with excess RzPH (R =tBu, [- 
Ad) in beptane under reflux does not lead to degrada- 
tion of the ruthenium cluster. Instead, the electron-defi- 
cient metal cluster complexes [Ru~( p-CO)(CO)4(/x 3- 
HX p,-HX p.-PR2)2( ~-dppm)] (R ="Bu 4; R = 1-Ad 5) 
were formed in high yields. It could be shown that the 
formation of the complexes [Ru3(CO)9(R2PHX~- 
dppm)] (R ='Bu, 2; R = l-Ad 3) is the first step in 
the~ reactions. Pure 2 and 3 could be isolated in yields 
up to 85% if the reactions were carried out in THF in 
equimolar ratio over I h under reflux conditions (Scheme 
i). 

The identity and composition of compounds 2 and 3 
were determined by elemental analysis, IR and NMR 
spectroscopy, and mass spectrometry. The infrared spec- 
tra of the complexes [Ru3(CO)9(R:PHX/x-dppm)] (R 
~tBu, 2; R -  l-Ad 3) show only v(CO) absorption 
bands in the region characteristic of terminal carbonyl 
ligands. The ~lP{IH} NMR spectrum of 2 (THF, D20 
capillary) consists of a doublet at 8 14.8 (3 14.6) and a 
triplet at 6 61.5 (3 57.9) with "~Jpp ~ 8.0 Hz (3 8.1 Hz), 
corresponding to the two equivalent phosphorus nuclei 
of the bridging dppm ligand, which couple with one 
phosphorus nucleus coordinated to the remaining un 
bridged ruthenium atom. In agreement with the ~P 
NMR spectrum, the *H NMR spectrum of 2 also con- 
tains the expected signals for one *Bu~PH ligand and 
for the bridging dppm ligand (see Experimental). The 
mass spectrum of 2 exhibits the molecular ion at m/z 
- 1089 and fragments resulting from successiw loss of 
the carbonyl ligands, 

The reaction of I with R~PH (R ~ B u ,  I°Ad) in 
molar ratio I :2 in refluxing heptane results after I h in 
the precipitation of puq~le crystals (compounds 4 and 5 
respectively), which were characterized by elemental 
analysis and spectroscopically (~H, "~p NMR, mass 
spectrometry), In the case of R ~ B u  the structure 
[Ru ~(/~°COXCO)~( prH)(/~-HX/~-Pt Bu 2)~( tt-dppm)] 
(4) was confirmed by a single-crystal X-ray structure 
determination (see below). The reaction of I with ex- 

cess t Bu2PH is closely related to the formation of the 
bis-phosphido-bridged trinuclear complex [Ru3(CO) 8- 
( p,-H)2(/.t-ptBu2)2] from [Ru3(CO)12] and tBu2PH [7]. 
In this case an electronically saturated trinuclear cluster 
(48 v.e.) results. We assume that in our case, for steric 
reasons, the formation of the electron-deficient structure 
with only 46 v.e. is preferred. Although the hydrides in 
[Ru3(CO)8( ~-H)2(/x-ptBu2)2] were not located during 
the X-ray structure determination, it is reasonable to 
assume that they occupy bridging sites across two Ru- 
Ru bonds and opposite the two p-PtBu2 groups. This is 
clearly indicated by the ~H NMR spectrum in solution 
[7]. 

The infrared spectra of 4 and 5 are essentially identi- 
cal in the region of the v(CO) absorptions and exhibit a 
strong band for a bridging carbonyl ligand at 1717 
cm-t for 4 (1712 cm-~ for 5, KBr) in the solid and in 
solution. We therefore assume analogous structures for 
4 and 5. The NMR data of the two complexes are 
consistent with this. The t H NMR spectra show two 
different (inequivalent) hydride signals in each case. 
The 31P{aH} NMR spectra of 4 and 5 at room tempera- 
ture consist of four well-separated signals, confirming 
the chemical inequivalence of all four phosphorus nu- 
clei (see Experimental). The structures of 4 and 5 in 
solution thus agree well with the solid-state structure 
determined for 4 by X-ray crystal structure analysis. It 
is not clear why this unsymmetrical arrangement with 
one face-capping and one edge-bridging hydride ligand 
should be preferred in 4. Although the trinuclear cluster 
complexes 4 and 5 ~we electronically unsaturated, it 
seems that they ate coordinatively saturated, No reac. 
tions were observed with small molecules, e.g. carbon 
monoxide or dihydrogen, even at elevated pressure (30 
bar CO or H~, THF, 25°C, 6 h), 

2.1. Molecular structure of IRusttt.CO)tCO)~tt~c 
H)( t~.H)( tt.PrBuz ),( l~-dppm)l (4) 

The molecule of 4 is shown in Fig. I, with selected 
bond lengths and angles in Table I. It consists of a 
~.rhydride-capped, electron-deficient Ru.~ cluster with 

[Ru ~(CO),o(p,-dppm) ] 
I 

""P"' ~ .  [Ru,~(COig(RzPH)( ~-dppm)] 
T i l l : .  65°C, I h 

(R,.'eu, 1.Ad. C~) (R ~'Bu 2; R = l-Ad 3; Ru = Cy 6) 

R ~ Pt i  
I (or 3) ,oo"c. ," 

(Ru - ~Bu. I -Ad) 

[Ru~( p-CO)(CO)4( p.rH)( ~-H)( p-PR~)~( p-dppm)] 

(R ~'otBu 4; R ~ i-Ad S) 

c~:P, - [Ru~(CO)o( ~-H)z( ~-PCy~),( ~-dppm)] I~l~, lO0~C, 2 h 
7 

Scheme I, 
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Fig. !, The structure of complex 4 in the crystal. Radii are arbitrary. 
Cluster hydrides are shown but other H are omitted for clarity. 

three differently substituted Ru atoms. The Rul and 
Ru3 atoms each bear only one terminal carbonyl group; 
the Ru l-Ru3 bond is dppm- and carbonyl-bridged. The 
Ru2 atom bears two carbonyl groups and both its 
Ru-Ru bonds are PtBu2-bridged. The Rul-Ru2 bond 
is also hydride-bridged and shows the shortest Ru-Ru 
bond length of 272.95(4) pro. The longest bond is 
Ru2-Ru3, at 315.92(4) pro. The angles in the Re 3 
triangle range from 53.393(8) ° (RuI-Ru3-Ru2) to 
68.295(8)* (Ru2-Rul-Ru3). Both phosphorus atoms of 
the/z-dppm group lie on the same side of the Ru 3 plane 
(P3 by 152, P4 by 185 pro). On the opposite side by 
- 1 1 3  pm is C2 of the /Z-CO group. The phosphorus 
atoms of the PtBu2 groups lie on opposite sides of the 
plane (Pl by 86.9, P2 by - 124 pro). 

Since the composition and stntcture of molecule 4 
are new, no structural comparisons with closely related 
Ru~ clusters are possible. The above-mentioned 
[Ru~(CO)8(/Z.It)2(~-P*Bu2) 2] is the sole known Ru~ 
ring with two bridging PtBu2 groups, but this cluster 
core is electronically saturated (48 v.e.). In this case the 
unbridged Ru-Ru bond is, at 304.6(I) pro, fairly long 

and easily broken during dihydrogen addition in the 
formation of the open framework of [Ru3(CO)s(/Z- 
H)2(H)2(/Z-ptBu2) 2 ] [7]. The formal substitution of two 
carbonyl ligands in [Ru3(CO)s(/Z-H)2(/Z-PtBu2)2] by 
dppm causes, presumably for sterical reasons, the loss 
of a further carbonyl group. An unusual feature of 4 is 
the very long doubly-bridged Ru2-Ru3 bond. In con- 
trast, the "electron deficient" Rul-Ru3 bond raises the 
question of multiple metal-metal bonding character, 
which can however be ruled out with some confidence 
in view of the bond length of 289.33(4) pm. 

For the interesting electronically and coordinatively 
unsaturated molecule [Ru3(CO)9(/z-H)(/Z-PPh2)] (elec- 
tron count 46 v.e.) the observed Ru-Ru distances be- 
tween 279.96(5) and 290.49(5) pm also exclude the 
possibility of an Ru-Ru double bond. However, in this 
case an unprecedented behaviour was observed, specifi- 
cally the electron deficiency of one Ru atom is compen- 
sated by an "agostic" P-phenyl interaction of the 
/z-PPh 2 ligand [8]. In contrast to this, no such interac- 
tions between dppm and Rul or Ru3 respectively could 
be observed for 4 (the shortest Ru . . .  H contact being 
314 pro). One might expect for 4 a symmetrical molecu- 
lar arrangement with two bridging hydrides, however, 
the "'electron deficiency" of the Rul-Ru3 bond seems 
to be better compensated by the capping hydride ligand. 
Further investigations of the unsaturation in the cluster 
4 are underway. 

2.2. Reaction of [Ru3(CO)lo( /z-dppm)] with Cy z PH 

The reaction of [Ru3(CO)10(/z-dppm)] (1) with 
equimolar amounts of Cy2PH in THF at 65°C for I h 
results, as described for the two phosphines *Bu2PH 
and Ad2PH, in the formation of the monosubstituted 
product [Ru ~(CO)9(CyzPH)(/z-dp.pm)] (6). The spectro- 
scopic and analytical data (IH, " P  NMR) agree with 
the proposed composition (see Experimental). 6 was 
obtained as a red-brown powder in yields up to 80%. 

Table i 
Selected bond lengths (pm) and angles (o) for 4 

Ru(I)-C(I) 184.0(3) 
Ru(I)-P(3) 229.71(7) 
Ru(I)-Ru(2) 272.95(45 
Ru(2)--C(3) 184.6(3) 
Ru(2)-P(I) 239,88(7) 
Ru(2)-Ru(3) 315.92(4) 
Ru(3)-C(2) 194.4(3) 
Ru(3)-P(2) 234.84(8) 
H(01)-Ru(2) 177(2) 
H(O2)-Ru(2) 196(2) 

Ru(2)-Ru(I)-Ru(3) 68.295(85 
Ru(l)-Ru(3)-Ru(2) 53.393(8) 
Ru(3)-P(2)-Ru(2) 83.37(2) 
C(22)-P(4)-Ru(3) i 14.66(8) 
P(4)-C(22)-P(35 112.25(13) 

Ru(I)-C(2) 217.8(3) 
Ru(I)-P(i) 238.92(7) 
Ru(l)-Ru(3) 289.33(4) 
Ru(25-C(4) 189.1(3) 
Ru(25-P(2) 240.18(8) 
Ru(3)-C(5) 184.5(3) 
Ru(3)-P(4) 233. I i(7) 
H(01)-Ru(1) 180(2) 
H(02)-Ru(1) 194(2) 
H(02)-Ru(3) 192(2) 

Ru(1)-Ru(2)-Ru(3) 58.312(9) 
Ru(1)-P(1)-Ru(2) 69.5 I(2) 
Ru(3)-C(2)-Ru( I ,~ 88.99(I0) 
Ru(3)-C(2)-Ru(I) 88.99(10) 
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Fig. 2. The structure of complex 7 in the crystal. Radii are arbitrary. 
Cluster hydrides are shown but other H are omitted for clarity. 

In the reaction of I with CY2PH (molar ratio 1" 2 or 
excess) in heptane under reflux for 1 h, a dark red 
solution is formed from which an orange-red powder 
precipitates on cooling to room temperature. The room 
temperature 3~P(~H} NMR spectrum of this material is 
complex, showing two different signals for bridging 
/~-PCy2 groups at lower field and one signal for the 
bridging dppm ligand at higher field. In the *H NMR 
spectrum two complex signals in the typical range for 
hydride ligands are seen. Because of the complexity of 
the NMR spectra it was desirable to determine the 
X-ray crystal structure of this material. Single crystals 
were obtained by slow diffusion of heptane into 
dichloromethane solutions, 

2,3. Molecular structure o f  IRujtCO)otttoH):tp.o 
PCy~ )~( ~t.dppm)] (7) 

The molecule of ? is shown in Fig. 2; selected bond 
lengths and angles are listed in Table 2. The molecular 
geometry of ? consists of a closed, electronically satu- 
rated Ru~ cluster with two kinds of Ru-Ru bond length. 
The longest bond, at 295.47(9) pm, is between the 
dppm-bridged Rul and Ru2. The bond length between 

the Ru3 and the two phosphorus- and hydrido-bridged 
Rul and Ru2 is slightly shorter [Rul-Ru3 290.58(12) 
pro, Ru2-Ru3 288.94(8)®pm]. The angles inside the Ru 3 
ring lie between 59.O1(2) '~ [Ru2-Rul-Ru3] and 
61.31(2) ° [Rul-Ru3-Ru2]. 

Both phosphorus atoms of the dppm bridge lie on the 
same side of the Ru 3 plane (P1 by 188, P2 by 136 pro). 
The phosphorus atoms of the /t-PCy 2 groups and the 
hydrido atoms each lie one above and one below the 
Ru 3 plane (P3 -169,  P4 164.7, H01 -100, H02 96 
pm). 

With respect to the Ru3(/~-H)2(/.t-PR2)2 core, the 
molecular arrangement of 7 is comparable with the 
structure of the metal cluster [Ru3(CO)s(/t-H)2(/t- 
PPh2)2 ] [9]. In this case a nearly equilateral triangle was 
also observed, whereby the longest Ru-Ru bond is 
associated ~ith the unbridged edge. Interestingly, this 
bond is not significantly influenced by the bridging 
dppm ligand (294.64(3) pm in [Ru3(CO)8(/J,-H)2( ~- 
PPh2)2] vs. 295.47(9) in 7). The remaining two phos- 
phide-bridged Ru-Ru bonds in 7 are slightly longer 
because of the higher steric demand of the cyclohexyl 
substituents. The other structural data (Ru-tt-P and 
Ru-C distances) are in good agreement. 

3. Experimental 

All reactions were carded out under dry nitrogen, 
using standard Schlenk techniques. Solvents were dried 
over molecular sieves or sodium/benzophenone ketyl, 
and were distilled under nitrogen prior to use. Starting 
materials were either commercially available or were 
prepared according to literature procedures: [Ru3- 
(CO),0(/t°dppm)] [10], CBu2PH [11], Ad2PH [12]. IR 
spectra were obtained using a Bio-Rad FTS 165 instru- 
ment. *H NMR and 31p NMR spectra were recorded on 
a Bruker AC 200 spectromete[ (*H at 200.132 MHz, 
3lp NMR at 81.015 MHz). The ma~s spectra were 
obtained on a Hewlett-Packard 5995A instrument (M + 
referred to t°2Ru). 

Table 2 
Selected bond lengths (pro) and angles (o} for ? 

Re(I)=C(2) 188,3(3) Ru(I)-C(I) 188.5(4) 
Re(I)-~I) 235.19(10) Ru(I)-P(4) 238.13(10) 
Re(I)=Re(3) 290,58(I 2) Ru(I )~Ru(2) 295.4'/(9) 
Re(~)=C(4) 188,6(3) Re(2)-C(3) ! 89,2(3) 
Re(2)=P(2) 232,82(10) Ru(2)-P(3) 243.48(I i) 
Re(2)=Re(3) 288,94(8) Ru(3)-C(5) 185.7(4) 
Re(3)=C(6) 186,9(3) Ru(3)-P(4) 233.40(10) 
Re(3)~P(3) 235,64(10) 

Re(3)-Re(I)=Re(2) S9,07(2) 
Re(2)-Re(3)-Re(I) 61,31(2) 
Re(3)-P(4)-Re(l) ~6.08(4) 

Ru(3)-Re(2)-Re(!) 59.62(3) 
Ru(3)-P(3)-Re(2) 74. ! 6(3) 
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3.1. Preparation of  [Rus(CO)9(R z PH)( lt-dppm)] (R = ~ 
Bu, Ad, Cy; 2, 3, 6) 

A mixture of I (968 rag, I retool) and I mmol of the 
corresponding phosphine R2PH CBu2PH 146 mg, 
Ad2PH 302 rag, Cy2PH 198 rag) was heated in reflux- 
ing THF (20 ml) for I h. After cooling to room temper- 
ature and removal of the solvent the residue was recrys- 
tallized from CH2Cl2/heptane to give red-brown pow- 
ders of 2, 3 and 6 (yields 931 mg 2, 86%; 1048 mg 3, 
84%; 910 mg 6, 80%). 

2. Anal. Found: C, 46.23; H, 4.19; M, 1085.91 
(Calc.). C42H4tO9PaRu3 Calc.: C, 46.46; H, 3.81%. IR 
v(CO) (KBr): 2050m, 1984vs, 1963s, 1939s, 1910m, 
1887m cm -I. IH NMR 8 (CDCI3): 7.36 (m, 20H, 
PhzPCH2PPh2), 4.63 (d, J(PH)=326.4 Hz, IH, 
tBu2PH), 4.22 (t, 2j(PH)= 10.4 Hz, Ph~,PCH2PPh2), 
1.36 (d, 3j(PH) = 14.5 Hz, 18H, ~BuzPH). 31P{tH} NMR 
8 (CDCI3): 61.52 (t, 3j(pp) = 8.2 Hz, tBu 2 PH), 14.78 
(d, 3j(pp)~_ 8.2 Hz, Ph2PCH2PPh2). MS: 1089, M+; 
1061, [M-CO]+; i033, [M-2CO]+; 1005, [M-3CO]+; 
977, [M-4CO]+; 949, [M-5CO]+; 927, [M-6CO]+; 
893, [M-7CO]+; 865, [M-8CO]+; 837, [M-9CO]+; 78, 
[C6H6] +, 100%. 

3. Anal. Found: C, 52.17; H, 4.48; M, 1242.14 
(calc.). C54Hs309P3Ru3 Calc.: C, 52.22; H, 4.31%. IR 
u(CO) (KBr): 2046m, 1986vs, 1968s, 1942s, 1915m, 

1890sh cm -I. IH NMR 8 (CDCI3): 7.30 (m, 2OH, 
Ph zpCH2pPhz), 4.18 (d, J(PH) = 319.8 Hz, 1H, 
Ad2PH),  4.22 (t, 2 j ( P H ) =  10.3 Hz, 2H, 
Ph2PCHzPPh2), 2.03-1.70 (m, 3OH, CloHts). 31P{JH} 
NMR 6 (CDCI3): 57.93 (t, 3j(pp) = 8.1 Hz, Ad2PH), 
14.56 (d, 3j(pp)= 8.1 Hz, Ph2PCH2PPh2). No suit- 
able mass spectrum was obtained. 

6. Anal. Found: C, 48.93; H, 4.19; M, 1137.99 
(calc.). C46H4sOoP3Ru3 Calc.: C, 48.55; H, 3.99%. IR 
v(CO) (KBr): 2057m, 2019s, 1968s, 1946s, 1920m, 
1896sh cm -l. IH NMR 8 (CDCI3): 7.34 (m, 20H, 
PhzPCH2PPh2), 4.48 (d, J(PH)---336.7 Hz, 1H, 
Cy2PH),  4.18 (t, 2 j ( P H ) =  10.2 Hz, 2H, 
Ph2PCH2PPh2), 1.99-0.83 (m, 22H, C6Hit). 3tP{IH} 
NMR 8 (CDCI3): 19.84 (t, 3j(pp)= 10.0 Hz, CY2PH), 
15.74 (d, 3j(pp)~_ 10.3 Hz, Ph2PCH2PPh2). MS: 
1113, [ M-CO]+; 1085, [ M-2CO]+; 1057, [ M-3CO]+; 
1029, [ M-4CO]+; 1001, [M-5CO]+; 973, [ M-6CO]+; 
945, [M-7CO]+; 917, [M-SCO]+; 889, [M-9CO]+; 
78, [C6H6 ]+, 100%. 

3.2. Preparation of [Ru3( p-CO)(CO)4f /z:H)( lz-H)f p- 
PRz)z(p-dppm)l (R =tBu 4; R = Ad 5) 

A mixture of ! (968 mg, 1 mmol) and 2 mmol of the 
corresponding phosphine R2PH (tBu2PH 292 mg; 
Ad2PH 605 rag) was heated in refluxing heptane (50 

Table 3 
Crystal data and refinement details for complexes 4 and 7 
Complex 
Fommla 
Mr 
Crystal habit 
Crystal size (ram ~) 
Temperature (°C) 
Crystal system 
Space group 
Cell constants 
a (pm) 
b (pro) 
c (pro) 
a (°) 

(°) 
~, (°) 

V(nm -~) 
Z 
Dx (Mg m- 3) 
(mm- 15 

F(000) 
20~ (°) 
Reflectier~s measured 
Independent reflections 
Rmt 
Max. and min. transmission 
wR ( F 2, all reflections) 
R (F > 4o'(F)) 
No. of parameters 
S 
max. A/o. 
max. Ap (e nm- s) 

4.THF 
C.s0H0sO6P4Ru3 
1192.13 
red prism 
0.6 × 0.2 × 0.2 
-100 
monoclinic 

Pll/n 

1397.17(12) 
2412. I(3) 
1621.~2) 
9O 
106.476(8) 
9O 
5.2406(10) 
4 
1.511 
1.021 
2432 
55 
12097 
12015 
0.014 
0.841 and 0.773 
0.059 
0.030 
597 
0.948 
< 0.001 
403 

7. CH2CI 2 
Cs6HToCl206P4Ru~ 
1337.11 
orange tablet 
0.8 × 0.7 × 0.2 
- 130 
triclinic 
I'T 

I 185.9(35 
1384.5(35 
1991.4(5) 
90.02(2) 
105.71(25 
114.56(2) 
2.8388(12) 
2 
!.564 
1.043 
1360 
50 
10165 
10029 
0.012 
0.728 and I 
0.082 
0.032 
648 
1.041 
< 0.001 
1231 
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Table 4 
Atoraic coordinates (X 10 4) and equivalent isotropic displacement 
lanmeters (pin 2 × 10" L) for 4 

A t o m  ' • 

Ru(1) 8498.6(2) ....... 2861.0(1) 3241.1(I) 15.0(1) 
Ru(2) 7754.6(2) 3914.3(1) 3082,2(1) 16.3(1) 
Ru(3) 7092.8(2) 3018.0(1) 4231.7(1) 16.9(1) 
H(01) 8822(21) 3 5 4 3 ( 8 )  3685(20)  47(10) 
14(02) 7183(16) 3 1 7 5 ( 7 )  3097(14) 22(7) 
13(1) 8375.7(5)  3449.9(3) 2030,8(4) 17, 3(1) 
P(2) 7532.0(5)  3954.6(3) 4496.2(4) 18.7(t) 
IK3)  7880.7(5)  1998.0(3) 2776.8(4) 17.0(1) 
11(4) 6196.4(5)  2242.8(3) 3579.0(4) 17.1(1) 
0(1) 10594.0(14) 2439.6(9) 3622.2(14) 36.9(5) 
0(2) 9017.3(14) 2543.8(8) 5 i 80.0(12) 27,8(4) 
0(3) 8 6 8 7 ( 2 )  5038,3(8)  3182.2(14) 38.5(.5) 
0(4) 5781,4(15) 4376.5(9) 1992.3(14| 37.1 (5) 
0(5) 6419(2) 2850.8( I O) 58 i 5.8(14) 41.9(6) 
C(I) 9 7 8 0 ( 2 )  2595.8(! 1) 345 !(2) 22.2(6) 
C(2) 8438(2) 27 i 5.8(10) 4551(2) ! 9.0(5) 
C(3)  8 3 2 7 ( 2 )  4607.8(11) 3133(2) 23.4(6) 
C(4)  6 5 3 0 t 2 )  4210,9(1 I) 2406(2) 23.4/6) 
C(5)  6683(2) 2919.0( 1 I) 5208(2) 24.9(6) 
C(6)  9 6 1 7 ( 2 )  3705.5(12) ! 9 ! 4(2) 25.6(6) 
C(7)  9507(2) 421 !.9(13) 1325(2) 38.3(8) 
C(8)  10297(2)  3876.5(I 2) 2798(2) 29.9(7) 
C(9)  10155(2)  3238,0(13) 1578(2) 34.7(7) 
C(10) 7 4 5 3 ( 2 )  3377.6(I i) 924(2) 20.7(6) 
C(I I) 7 8 5 5 ( 2 )  3040,8(! 2) 296(2) 30.2('0 
C(12) 7 0 9 8 ( 2 )  3944,4(! !) 512(2) 26,6(6) 
C(I 3) 6 5 4 1 ( 2 )  3075.6(! !) 1038(2) 24.6(6) 
C(I 4) 6 4 0 2 ( 2 )  4373,0(i 2) 4572(2) 26,8(6) 
C(I 5) 6 3 0 7 ( 2 )  4402.0(I 4) 8490(2) 40.4(8) 
C(16) 5470(2) 4069. I(I 3) 4029(2) 33.4(7) 
C(I 7) 6409(2) 4959, !(! 2) 4208(2) 36.4(7) 
C(I 8) 8 6 6 4 ( 2 )  4171,7(! 2) 5407(2) 25.7(6) 
C(19) 8 7 3 2 ( 2 )  4807.2(12) $$31(2) 36,$(7) 
C(20) 8 6 3 6 ( 2 )  3881.0(14) 6237(2) 39.0(8) 
C(21) 9 6 2 6 ( 2 )  3995,5(12) $210(2) 28.,K6) 
C(22) 6526(2) 1990~4(I I) 2626(2J 19.3(5) 
COl) 8 0 0 1 ( 2 )  1756,7(10) 1737(2) 19,2(5) 
C(32) 8 9 ~ 3 ( 2 )  1736,5(12) 1628(2) 28.1(6) 
CI33) 9089(2)  1561,0(13) 859(2) 35.4(7) 
~34) 8292(2) 1403,S 12) 190(2) 33,8(7) 
C(35) 7 3 3 9 ( 2 )  1419,1(13) 288(2) 35.4(7) 
C(36) 7 1 9 8 ( 2 )  1594,5(12) 1056(2) 27,7(6) 
C(41) 8 3 0 3 ( 2 )  1385.5(10) 3454(2) 19.5(5) 
C(42) 781 !(2) 883.0(I I) 3205(2) 26,9(6) 
C(43) 8 0 5 9 ( 2 )  421,4(12)  3722(2) 30.7(7) 
C~44) 8813(2 )  448,1(12) 4479(2) 31,7(7) 
C(~) 9325(2)  935,2(12) 4726(2) 28,9(6) 
C~46) 9 0 6 7 ( 2 )  1406,8(I I) 4213(2) 25,3(6) 
C(51) 4882(2)  2428,7(i I) 3166(2) 21,3(6) 
C(52) 4444(2) 2578(2) 2326(2) 45,6(9) 
C(53) 3457(3)  2 7 4 7 ( 2 )  2070(2 )  65,5(13) 
C(54) 2 9 0 7 ( 2 )  2 7 7 4 ( 2 )  2643(2) 54, I(10) 
C(55) 3334(2)  2633.9(14) 3481(2) 40,0(8) 
C(~) 4313(2) 2459,~ 13) 3740(2) 32,2(7) 
~61) 6 1 6 5 ( 2 )  1602,4(11) 4171(2) 21,1(6) 
CI62) 54392)  !202,1(12) 3852(2) 3 I ,  1(7) 
C(63) 5464(3) 702,4(13)  4275(2) 42,5(8) 
C~64) 6 2 2 6 ( 3 )  597,~13)  5013(2) 43,2(9) 
~65) 6949( 3 ) 992,7(13) 5339(2) 39,4(8) 
C(66) 6 9 1 7 ( 2 )  1493,9(12) 491,5(2) 27,3(6) 
C(91) I826(4) 1137(2) 2 9 0 4 ( 3 )  80,1(14) 
C(92) 2527(4) 886(3) 3225(3) 92(2) 
0(93) 2376(6) 356(3) 3583(5) 98(2) 

Table 4 (continued) 

Atom x y z Ueq 
C(94) 1481(5) 168(3) 3049(5) 41(3) 
C(95) 841(4) 650(2) 2843(4) 97(2) 
0(93') 2475(7) 329(4) 2959(6) ! 28(3) 

Ueq is defined as one third of the trace of the orthogonalized U o 
tensor. 

ml) over 3 h. After cooling to room temperature the 
volume was reduced to 20 ml and 4 and $ were filtered 
off as purple crystals, washed three times with 10 ml 
portions of pentane, and dried in vacuo (yields 840 mg 
4, 75%; 1031 mg $, 72%). 

4. Anal. Found: C, 48.84; H, 5.10; M, 1120.08 
(calc.). C4~H~0OsP4Ru 3 Calc.: C, 49.33; H, 5.41%. IR 
v(CO) (KBr): 2001vs, 1944vs, 1929vs, 1899vs, 1717vs 
cm - l .  aH NMR 8 (CDCI3): 7.29 (m, 2OH, 
PhzPCH2PPhz), 3.26 (dt, 2j(PH)--9.3 Hz, 2H, 
Ph2PCH2PPh2), 1.19 (d, 3j(PH)- 13.6 Hz, 18H, /.t- 
P'Buz), 1.12 (d, 3J(PH)ffi 14,0 Hz, 18H, tt-P'Buz), 

1 H" 3t,,,r t,,i -14.40 (m, IH,/.t-H), - 4.80 (m, 1H, tt 3- I. t't nj 
NMR 8 (THF, D20 cap.): 203.35 [ddd, "J(PP) ffi 152.4, 
2j(pp)_81.1 ' 3j(pp)ffi 3.1 Hz, #-P(I)], 144.68 [ddd, 
2j(pp) ffi 81.3, 2j(pp) ffi 10.8, 3j(pp) ffi 5.1 Hz, #-P(2)], 
48.37 (ddd, 2j(pp)~. 90.1, 2j(pp)ffi Ii.i ,  3j(pp)ffi 3.4 
Hz, dppm), 27.15 (ddd, 2j(pp)ffi 152.3, 2j(pp)ffi 89.9, 
"~J(PP)m5.1 Hz, dppm). MS: !123, M +, 1095, [M- 
CO]*; 1067, [M-2CO]+; 1039, [M-3CO]+; 1011, 
[M-4CO]+; 983, [M-5CO]+; 57 [C4H91 +, 100%. 

$. Anal. Found: C, 58.80; H, 6.02; M, 1432.54 
(talc.). C~0Hs4OsP4Ru:~ Calc.: C, 58.69; H, 5.92%. IR 
v(CO) (KBr): 1997vs, 1938vs, 1930vs, 1896vs, 1716vs 
cm °l. IH NMR ~ (CDCI~): 7.38 (m, 20 H, 
PhzPCH2PPh~), 3.22 (dr, ~JCPH)~9.1 Hz, 2H. 
Ph2PCHzPPh2), 2.53-0.82 (m, 60H, C~oHI~), - 14.58 
(m, IH, #-H), - 14.99 (m, IH, tt~-H). "P{'H} NMR 8 
(THF, D~O cap.): 200.84 [ddd, ~J(PP)ffi 149.3, 2j(pp) 
ffi 78.9, ~'J(PP)ffi 3.4 Hz,/zoP(I)], 139.57 [ddd, 2j(pp) 
ffi 79.3, 2j(pp) ffi ! 1.5, "~J(PP) ffi 4.2 Hz, bt-P(2)], 49.47 
(ddd, 2j(pp) ~ 93.5, 2j (pp)  ~ 11.3, 3j(pp) ~ 3,8 Hz, 
dppm), 29.42 (ddd, 2j(pp)= 148.8, 2J(PP)~-93.6, 
J(PP) ~ 4.7 Hz, dppm). MS: 1435, M +; 1407, [ M- 

COl+; 1379, [M-2CO]+; 1351, [M-3CO]+; 1323, 
[ M-4CO]+; 1295, [ M-SCO]*. 

3.3. Preparation of [Ruj(CO)~( #-H)2( tz.PCy z )z( l~- 
dppm)] (7) 

A mixture of 1 (968 mg, I mmol) and Cy2PH (396 
rag, 2 retool) was heated in refluxing heptane (50 ml) 
for I h. From the deep red solution orange-red crystals 
precipitated on cooling to room tempe.-ature. The vol- 
ume was reduced to 20 ml, the crystals were filtered off, 
washed three times with I0 ml of pe~tane and dried in 
vacuo (yield 751 rag, 60%). Anal. Found: C, 52.48; H, 
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Table 5 
Atomic coordinates (× 104) and equivalent isotropic displacement 
parameters (pm 2 × 10- l) for 7 

Atom x y z Ueq 

Ru(l) 6857.8(2)  7176.7(2) 2341.9(1)  18.1(1) 
Ru(2) 8872.6(2)  8835.2(2) 1837.6(1) 18.2(1) 
Ru(3) 9283.8(2)  8693.3(2) 3325.0(1) 17.6(1) 
P(I) 5356 .6 (7 )  7772.6(6) 1682.3(4) 20.4(2) 
P(2) 7360 .7 (8)  9081.9(6)  917 .3 (4 )  21.4(2) 
P(3) 9190,1(8) 10163,2(6) 2757.7(4) 20.2(2) 
P(4) 8508, I(8) 6835.3(6) 3141.4(4) 19.8(2) 
C(I) 6416(3) 6140(3) 1585(2) 28.8(7) 
0(1) 6110(3) 5497(2) 1121.6(15) 44.1(7) 
C(2) 5586(3) 6326(3) 2757(2) 27.6(7) 
0(2) 4754(3) 5800(2) 2973(2) 47.3(7) 
C(3) 8903(3) 7624(3) 1417(2) 26.1(7) 
0(3) 9073(3) 6959(2) 1180.7(13) 36.8(6) 
C(4) 10305(3) 9792(3) 1567(2) 25.3(7) 
0(4) 11160(2)  10299(2 )  1365.0(15) 40.2(6) 
C(5) 11036(3) 9185(3) 3809(2) 29.7(7) 
0(5) 12109(3) 9472(3) 4116(2) 53.4(8) 
C(6) 8967(3) 8790(3) 4186(2) 25.9(7) 
0(6) 8791(3) 8825(2) 4722.9(13) 42. i(6) 
C(7) 5882(3) 8867(3) ! ! 45(2) 24.5(7) 
C(I 1) 4499(3) 8290(3) 2114(2) 27.6(7) 
C(I 2) 3570(5) 8572(4) 1684(2) 54.9(I 2) 
C(13) 2915(6) 8992(5) 1976(3) 77(2) 
C(14) 3161(5) 9124(4) 2 6 8 9 ( 3 )  60.9(13) 
C(15) 4044(4) 8821(3) 3 1 1 7 ( 2 )  46.6(10) 
C(16) 4733(3) 8412(3) 2828(2) 33.0(8) 
C(21) 3950(3) 6671(3) 1072(2) 23.4(6) 
(=(22) 3908(3) 6409(3) 389(2) 28.0(7) 
C(23) 2859(3) 5542(3) - 44(2) 3 !. 1(7) 
C(24) 1828(4) 4914(3) 196(2) 35.6(8) 
C(25) i 869t4) 5149(3) 877(2) 42.6(9) 
C(26) 2916(3) 6018(3) 1313(2) 36.9(8) 
C(3 I) 672 i(3) 83 i 6(3) 37(2) 27.0(7) 
C(32) 6007(4) 8642(3) - 5 i 3 (2 )  46.2(10) 
C(33) 5442(5) 8052(4) - i 169(2) 60.3(I 3) 
C(34) 5590(4) 7146(4) - 1296(2) 47.7(10) 
C(35) 6297(4) 6819(3) - 766(2) 4L9(9) 
C(36) 6868(4) 7405(3) - 104(2) 35.0(8) 
C(41) 7 8 5 4 ( 3 )  10436(3) 656(2) 25.9(7) 
C(42) 8 8 4 0 ( 4 )  10801(3) 334(2) 39.9(9) 
C(43) 9251(4) I ! 808(3) 124(2) 47.4(10) 
C(44) 8 6 8 2 ( 4 )  12468(3) 219(2) 46.0(10) 
C(45) 7 7 0 0 ( 4 )  12116(3) 527(2) 39.1(9) 
C(46) 7278(3) I 1102(3) 739(2) 30.5(7) 
C(51) 10778(3) I 1340(3) 2886(2) 27.9(7) 
C(52) I 1456(4) i 1942(3) 3607(2) 43.0(9) 
C(53) i 2904(4) 12648(4)  3670(3) 56.5(! 2) 
C(54) 13013(5)  13399(4) 3 ! 10(3) 65.5( ! 4) 
C(55) 12267(4) 12841(4)  2 3 9 1 ( 3 )  56.1(12) 
C(56) 10856(3)  12102(3)  2323(2) 29.9(7) 
C(61) 8 0 5 6 ( 3 )  10666(3)  2959(2) 29.,5(7) 
C(62) 8 0 3 8 ( 4 )  11655(3)  2633(2) 32.7(8) 
C(63) 7 0 2 1 ( 4 )  11940(3)  2801(2) 41.3(9) 
C(64) 728~(4) i 2169(3) 3578(2) 43. !(9) 
C(65) 7 3 3 4 ( 4 )  11221(3)  3 9 3 4 ( 2 )  44.7(10) 
C(66) 8 2 9 0 ( 4 )  10877(3)  3764(2) 40.4(9) 
C(71) 9460(3) 6260(3) 2810(2) 25.7(7) 
C(72) 8676(4) 5113(3) 2434(2) 40.2(9) 
C(73) 9489(4) 4783(3) 2087(2) 46.6(! O) 
C(74) 10755(4) 4928(3) 2599(2) 40.2(9) 
C(75) 11521(4) 6063(3) 2972(2) 42.9(9) 
C(76) i07 ! 9(4) 6378(3) 3340(2) 37.1(8) 
C(81) 8010(3) 6139(2) 3882(2) 24.1(7) 

Table 5 (continued, ~ 

Atom x y z Ut~ 

C(82) 9119(4) 6351(3) 4560(2) 34.5(8) 
C(83) 8567(4) 5936(3) 5172(2) 43,0(9) 
C(84) 7645(4) 4745(3) 5005(2) 44.3(I0) 
C(85) 6573(4) 4518(3) 4320(2) 38.8(9) 
C(86) 7131(3) 4931(3) 3716(2) 31.8(8) 
C(99) 409 I(5) 1563(4) 5141(3) 58.6(12) 
CI(98) 5352(2) 1488.7(14) 4865.8(9) 86.6(5) 
C1(99) 4603.9(13) 2827.9( 11 ) 5593.0(7) 64.6(3) 

Ueq is defined as one third of the trace of the orthogonalized U o 
tensor. 

5.39; M, 1252.25 (calc.). CssH6sO6P4Ru 3 Calc.: C, 
52.75; H, 5.49%. IR u(CO) (KBr): 2006vs, 1987vs, 
1959vs, 1929s, 1905vs cm -l. IH NMR 8 (CDCI3): 
7.42 (m, 20H, PhzPCH2PPhz), 3.48 (dt, 2j(PH) - 12.6 
Hz, 2H, Ph2PCH2PPh2), 2.32-0.80 (m, 44H, C6Hn), 

- 15.62 (m, IH,/x-H), - 17.56 (m, IH,/X-H). 3:P{~H} 
NMR 8 (CDCI3): 199.3 (m, /X-PCy2), 177.7 (m, /.t- 
PCY2), 28.4 (m, Ph2PCH2PPh2). MS: 1171, [M- 
3CO1+; 1143, [M-4CO]+; 1115, [M-5CO]+; 1087, 
[ M-6CO] +. 

4. X-ray structure determinations 

See Table 3 for crystal data and refinement details. 

4.1. Data collection and reduction 

Crystals were mounted on glass fibres in inert oil and 
transferred to the cold gas stream of the diffractometer 
(Siemens R4 for 4, Stoe STADI-4 for 7, both with 
Siemens LT-2 low temperature attachment). Monochro- 
mated Mo K a radiation was employed. The orientation 
matrix for 4 was refined from setting angles of 65 
reflections in the 20 range 10-23 ° . The cell constants 
for 7 were refined from 4- to angles of 48 reflections in 
the 20 range 20-23 ° . Absorption corrections based on 
0-scans were applied. 

4.2. Structure solution and refinement 

The structures were solved by direct methods and 
refined anisotropically on F 2 (program system 
S.ELXt,-93 [13]). For 4 the oxygen atom of THF was 
disordered over two sites. Non.hydridic H atoms were 
included using a riding model or rigid methyl groups. 
Despite the presence of crystal solvent, cluster H atoms 
could be located directly in difference syntheses; they 
were refined with Ru-H restrained equal (in two classes 
for/X2- and /X3-H). The weighting schemes were of the 
form w -t  --- [tr2(Fo2) + (aP)  2 + i,P], with P--(Fo 2 + 
2F2) /3 .  Full details of the structure determinations 
have been deposited at the Fachinformationszentrum 
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~smhe.  Geseilschaft fOr wissenschaftlich-technische 
Information mbH. D-76344 Eggenstein-Leopoldshafen, 
Germany, from where this material may be obtained on 
quoting the full literature citation and the reference 
number CSD 404361 (4), 404362 (7). 
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