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Reactions of Ru,(ps-C,PPh,)(pPPh,)(CO),, (1) with P(OEt), occur preferentially at basal (ther- 

mal) or wing-tip Ru atoms (MqNO-induced); disubstitution gave a complex in which both phosphite 

Iigands were on wing-tip Ru atoms, as did the reaction between 1 and PMqPh. The X-ray structures of 

two isomers of the mono-substituted complex, containing P(OEt), on wing-tip or basal Ru atoms, and of 

the disubstituted P(OEt), complex were determined. 

Introchdon 

The reaction between CO and the open pentanuclear cluster complex Ru&- 
n2,P-C,PPh,)+PPh,)(CO),, (1; Scheme 1) [2] results in addition of two CO 
molecules with concomitant opening of two Ru-Ru bonds to form two isomers of 
the ‘scorpion’ cluster Ru,(~&PPh2)(CO),, (zk, 2t) [3]. We were also interested to 
determine the site of attack of nucleophiles such as tertiary phosphites or phos- 

* For Part LXVII, see ref. 1. 
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Scheme 1. Reactions of Ru,(p,-C,PPh,)(p-PPh,)(CO),, (I) with CO. 

phines, so we have examined the reactions of 1 with P(OEt), and with PMe,Ph. As 
described below, isomeric mixtures of products were obtained, and to help in the 
interpretation of these reactions, we have determined the molecular structures of the 
three title complexes. 

CO substitution by P(OEt), in 1 
Two routes to carbonyl substitution in 1 by P(OEt), were investigated: (i) 

trimethylamine oxide-promoted, and (ii) thermally assisted. The first method in- 
volved treating an acetone solution of 1 with MgNO and P(OEt), at 0 o C. The two 
products isolated from this reaction were found to be isomers of Ru,( pS- 
C,PPh,)@PPh2)(CO),,{P(OEt),}, 3a and 3b (Scheme 2). A third isomer of this 
complex, 3c, was the major product isolated from the thermal reaction of 1 with 
P(OEt), in cyclohexane at 45°C. In the latter reaction, a disubstituted product 
Ru,(~s-C,PPh,)(~-PPhz)(CO),,{P(OEt),}, (4) was also formed, together with 
small amounts of 3a and 3b. When the thermal reaction was carried out in acetone, 
a lower yield of 3c and a higher yield of 4 were obtained. A side product, 
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Scheme 2. Reactions of Ru,(c,-C,PPh,Xc(-PPh2XCO),, (1) with P(OEt),. 
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Fig. 1. Molecular structure and crystallographic numbering scheme for Ru,(&J,PPh,)(p 

PPh,XC%UWW, 1 (3a). 

Ru,(p,-C,PPh,)(p-PPhz)(CO),,{P(OEt),} obtained in this last reaction was ap- 
parently formed by ligand substitution of 2 (Scheme 1). 

The four complexes 3a-3c and 4 are dark brown crystalline solids, which were 
characterized in the first instance by spectroscopy and microanalysis and later by 
X-ray studies for 3a, 3c and 4. The FAB mass spectra for these complexes showed 
molecular ions at m/z 1402 (monosubstituted) or at m/z 1542 (disubstituted), with 
ions formed by loss of the CO groups. Proton NMR spectra for the complexes 
exhibited signals between 6 8.1 and 7.2 for the phenyl groups and two multiplets for 
the alkyl protons. The low field CH, multiplets of the phosphite ligand(s) [6 3.92 
(3a); 4.03 (3b); 3.41 (3c); 3.92, 3.77 (P(3), P(4), respectively; see Fig. 3 below) (4)] 
were in some cases coupled to the phosphorus atom as well as to the CH, groups. A 
quintet was found for the CH, group in complexes 3a and 3b. Complex 3a does not 
have a phosphido-group attached to the phosphite-bound ruthenium. The quintet, 
therefore, appears as a result of two overlapping quartets, and accords with each 
proton on the CH, group being slightly inequivalent. Of the two CH, signals found 



215 

C(116) D 

Fig. 2. Molecular structure and crystallographic numbering scheme for Rus(#J,PPh,)(p 

PPh,XC%{P(OW, 1 (W 

for 4, the pseudo-quartet at S 3.92 was assigned to P(3), as it showed coupling to 
P(l), and the quintet at 6 3.77 was assigned to P(4). The fourteen-line pattern at S 
3.41 in 3c is a result of long range coupling. A detailed theoretical account of 
X,,AA’Xi coupling patterns has been given by Harris [4] for complexes containing 
two P-donor ligands at a metal centre. From this it is apparent that an 

X,X,AA’XLY,’ spin system would be very complex. For small Jmp the spectrum 
will tend towards the first-order spectrum, which for the CH, signal is a quartet 
(J(HH)) of doublets (J(PH)) of doublets (J(P’H)), as observed for complexes 3c 
and 4. The Me resonances are pseudo-triplets in each case. 

X-ray crystallographic studies were carried out for complexes 3a, 3c and 4 to 
determine their molecular structures. Figures. l-3 illustrate the three molecules, and 
Table 1 collects significant bond distances for these complexes and for complex 1. 

All four clusters have the same open metal framework, which comprises three 
edge-fused Ru, triangles. The monosubstituted complexes have the phosphite at- 
tached to either the wing-tip Ru(4) (in 3a) or the basal Ru(3) (in 3c), while in the 
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Fig. 3. Molecular structure and crystallographic numbering scheme for Ru,( p&PPh,)(p 

PPh,XC%VWW,h (4). 

bis-triethyl phosphite complex 4, substitution at both wingtip rutheniums Ru(1) and 
Ru(4) has occurred. The relationships between these products is illustrated in 
Scheme 2. As can be seen from Table 1, the Ru-Ru bonds are-in the ranges 
2.754(1)-2.901(l) (3a), 2.747(1)-2.958(l) (3e) and 2.828(3)-3.009(2) A (4). Addition 
of the phosphite ligands lengthens the metal-metal botds slightly in complexes 3c 
and 4 [Ru-Ru, 2.869 (l), 2.865 (3a), 2.877 (3c), 2.879 A (4)]. The monosubstituted 
clusters have a shortest bond in common with 1, viz. Ru(2)-Ru(3), the bond bridged 
by the phosphido group. 

Compared with 1, the major changes resulting from substitution of CO by 
P(OEt)a are confined to three of the Ru-Ru bonds. Thus, monosubstitution leads to 
a 0.03 A contraction in Ru(l)-Ru(2); the increase in Ru(3)-Ru(5) in 3e reflects the 
presence of the phosphite on Ru(3). Disubstitution results in lengthening of Ru(l)- 
Ru(2) by ca 0.07 A, also a result of the steric influence of the phosphite at Ru(1). 
The pronounced lengthening of Ru(2)-Ru(3) in 4 is not so easily rational&d, but is 
concomitant with the changes in the swallow structure as may be seen by comparing 
the dihedral angles between the three Ru, planes in the four structures. In 
structures 1, 3q 3e and 4, there is an opening of the Ru(l)-Ru(2)-Ru(3)-Ru(5) 
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Table 1 

Significant bond distances (A) and dihedral angles (deg) in complexes 1,3a, k and 4 

(2) 

1 3a 3c 4 

Ru(l)-Ru(2) 
k(l)-Ru(S) 
Ru(Z)-Ru(3) 
Ru(Z)-Ru(5) 
Ru(3)-Ru(4) 
Ru(3)-Ru(5) 
Ru(4)-Ru(5) 
Average 

Ru(l)-P(1) 

Ru(l)-P(3) 
Ru(2)-P(2) 
Ru(3)-P(2) 
Ru(3)-P(3) 

Ru(4)-P(4) 
Ru(Z)-C(2) 
Ru(3)-C(2) 
Ru(4)-C(1) 
Ru(4)-C(2) 

Ru(5)-c(l) 
Ru(5)-a2) 

Dihedrals (deg) 

Ru(l)-Ru(Z)-Ru(S)/ 
Ru(2)-Ru(3)-Ru(5) 

Ru(2)-Ru(3)-Ru(S)/ 
Ru(3)-Ru(4)-Ru(5) 

2.932(2) 
2.921(2) 
2.731(2) 
2.890(l) 
2.854(2) 
2.909(l) 
2.848(l) 
2.869 

2.373(2) 

2.353(2) 2.~3) 
2.279(2) 2.266(2) 

2.016(S) 
2.024(S) 
2.055(S) 
2.586(S) 
2.279(4) 
2.154(4) 

152.4 158.3 154.4 166.3 

134.3 131.2 133.8 124.9 

2.898(l) 
2.882(l) 
2.754(l) 
2.877(l) 
2.901(l) 
2.901(l) 

2.8400) 
2.865 

2.369(2) 

2.242(2) 
2&X(8) 
2.05q8) 
2.084(9) 

2.323(6) 
2.184(7) 

2.894(l) 
2.932(l) 
2.747(l) 
2.882(l) 
2.872(l) 
2.958(l) 
2.857(l) 
2.877 

2.368(2) 

2.351(3) 
2.271(2) 
2.220(2) 

2.081(8) 
2.051(9) 
2.089(8) 
2.507(8) 
2.240(9) 
2.165(8) 

3.009(2) 
2.891(l) 
2.849(l) 
2.854(2) 
2.855(l) 
2.87q2) 
2.828(3) 
2.879 

2.391(6) 
2.273(S) 
2.283(S) 
2.251(4) 

2.246(7) 
2.14(l) 
2.13(l) 
2.07(l) 
2.33(l) 
2.30(l) 
2.22(3) 

butterfly (from 152 to 166O) which is accompanied by a closing of the Ru(2)- 
Ru(3)-Ru(4)-Ru(5) system (from 134 to 125O). These changes in stereochemistry 
probably reflect a redistribution of electron density within the Ru, core, similar to 
that found in some Ru, complexes [5]. The effect is particularly noticeable with 
more electron-rich systems, which generally have larger dihedrals and longer Ru-Ru 
bonds. 
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The redistribution of electron density is also accomplished in part by the 
presence of semibridging and bridging carbonyl ligands. Semibridging carbonyls 
were found between Ru(4) and Ru(5) [Ru(S)-C(51);0(51) 159.1(7), 161.2(9)“, 3a 
and 3c, respectively; Ru(4)-C(51) 2.549(8), 2.64(l) A, 3a and 3e, respectively]. In 
complex 4, an asymme$ic bridging carbonyl wfs found between Ru(1) and Ru(5) 
[Ru(l)-C(52) 2.15(2) A, Ru(5)-C(52) 2.02(2) A]. The phosphido, phosphite and 
phosphino-acetylide Ru-P distances art in the ranges 2.242(2)-2.369(2) (3a), 
2.220(2)-2.368(2) (3c), 2.246(7)-2.391(6) A (4), with the longest values being found 
for the phosphines and the shortest values for the phosphite ligands. Some reorien- 
tation of the phosphino-acetylide with respect to the metal core is evident: Ru-C 
distances are 2.050(8)-2.323(6) (3a), 2.051(9)-2.240(9) (3e) and 2.07(l)-2.33(2) A 
(4), the shorter bonds being Ru(2)$(132), Ru(3)-C(132) and Ru(4)-C(131). In 1, 
the Ru(4)-C(132) distance is 2.59 A; for 3a and &2 the interaction between C(132) 
and Ru(4) is also non-bonding [2.487(9), 2.507(8) A, respectively], whereas in 4 the 
distance of 2.33(2) A indicates a rather long Ru-C bond. The acetylide C=C 
distances are 1.35(l) (3a), 1.33(l) (3e) and 1.35(2) A (4), all slightly shorter than the 
1.383(6) A found for 1. 

The location of the phosphite in 3b was established on the basis of the spectro- 
scopic data. The Ru sites available include Ru(l), Ru(2) and Ru(5) (see below for 
results for 3a and 3e). It has also been established that nucleophilic attack of 
phosphine ligands can occur at the u-carbon of p,-#-acetylide and vinylidene 
ligands; this may be followed by transfer of the phosphorus ligand to the metal core 
[6,7]. However, no evidence for the formation of complexes of this type was 
obtained in this work. A substantial study of mono- and bis-substituted tri- 
ruthenium clusters [8] found no evidence for the presence of isomers formed 
through substitution at the different equatorial positions on the same metal site. 

The “P NMR spectrum for complex 3b showed that there were other isomers of 
this complex (with near-identical signals) present in solution. The environment for 
P(1) (6 43.5) was very similar to that in 3c (6 43.9), although the P(2) and P(3) 
environments had changed substantially [6 300.0, 134.1, respectively (3b); 292.5, 
137.6, respectively (3c)], and phosphorus-phosphorus coupling was apparent (J,, = 
34.5 Hz). 

The IR v(C0) pattern of 3b was similar to that of 3a, and a bridging carbonyl 
absorption was found at 1801 cm-‘. A bridging carbonyl absorption at 1791 cm-’ 
was also found for 4, where the CO bridges the Ru(l)-Ru(5) bond. Complex 4, 
which has been shown to be substituted at Ru(1) and Ru(4), was the major product 
obtained from the reaction of 3b with further P(OEt),. These observations lead us to 
believe that in the formation of 3b, phosphite substitution has taken place at Ru(l), 
with the phosphite tram to the phosphino-acetylide. 

Discussion 

This discussion necessarily supposes that the phosphite is attached to the 
ruthenium from which CO dissociation has occurred. While previous studies on 
phosphite substitution reactions of FsOs(CO),, [9] have indicated that this is not 
always the case, the lack of interconversion of isomers of 3 makes this a reasonable 
assumption. It seems likely that all five ruthenium sites are available for CO 
substitution, as several other minor products were also noted in the reactions with 
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P(OEt),. Thermal reaction favours mono-substitution at Ru(3), a basal ruthenium, 
whereas the Me,NO-promoted reaction resulted in wingtip-substitution at Ru(4). 
The identity of the third monosubstituted isomer 3b can only be inferred from 
spectroscopic data, as this complex was not stable in solution for prolonged periods. 
The thermal substitution at Ru(3) suggests that the carbonyl ligands on Ru(3) are 
the most labile, presumably as a result of electronic and steric effects [lo]. 

Changing the solvent polarity for the thermal reactions resulted in different 
proportions of the same products (see Scheme 2). Thus, in cyclohexane, the ratio of 
3c to 4 was 2/l, whereas in acetone the ratio was l/3. Separate experiments have 
demonstrated that the formation of 4 does not proceed through 3c, and that the 
isomers of 3 do not interconvert in solution. The disubstituted cluster 4 may be 
formed through further substitution of CO in either 3a or 3b. The addition of 
P-donor ligands to metal carbonyl clusters has been shown to accelerate the 
CO-substitution process in some cases [g-11]. Such acceleration may be involved in 
the formation of 4, which occurred even with a l/l ratio of reactants. Under 
thermal reaction conditions similar to those used in the formation of 4 from 1, 
complete reaction of isomers 3a, 3b and 3c with P(OEt), required an excess of the 
ligand and longer times. Without kinetic studies, it is not possible to determine 
whether phosphite substitution does result in acceleration of CO dissociation from 
1, or if initial multiple CO loss is involved to form a (CO),, intermediate. 

The observed product distribution for the Me,NO-promoted reaction suggests 
that different intermediate(s) are involved. As the attack of Me,NO on cluster 
carbonyl ligands has been shown to occur by nucleophilic attack on the C atom of 
the carbonyl ligand [12], the formation of 3a and 3b suggests that the most 
electrophilic carbonyls are those on Ru(1) and Ru(4). 

CO substitution by PMe,Ph in 1 
A complex formulated as Ru,(p,-C,PPh,)@-PPh&O),,(PMe,Ph), (5) was 

isolated from the reaction of a two-fold excess of PMqPh with 1. A reliable analysis 
could not be obtained for this rather unstable compound, which was characterized 
spectroscopically. The IR v(C0) pattern was similar to that of 4; the terminal bands 

P\Me,Ph 
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were approximately 40 cm-’ lower than those of 1, and a bridging carbonyl 
absorption was present at 1775 cm-‘. It seems likely that 5 is substituted at Ru(l), 
since a bridging carbonyl absorption was also found for 3b and 4, and at Ru(4). In 
the FAB mass spectrum, a molecular ion was found at m/z 1485, which fragmented 
by loss of eleven CO groups. The ‘H NMR spectrum contained two signals for the 
Me groups at 6 1.19 and 0.93, while the phenyl resonances were between 6 7.8 and 
6.5. The 3’P NMR spectrum showed two PMqPh resonances at S 1.5 and 23.7; the 
C,PPh, resonance was found at 6 39.2 and the ,u-PPh, resonance at S 269.6. The 
latter two resonances were similar to those of the phosphite-substituted products. 

Conclusions 

Mono-substitution of CO by P(OEt), in 1 afforded at least three isomeric 
products; relative amounts differ in the thermal and M%NO-induced reactions 
(Scheme 2). The most favoured sites of attack are at Ru(3) and Ru(4), respectively. 
The thermal reactions appear to proceed through dissociative CO loss [llb,13,14] at 
Ru(l), Ru(3) or Ru(4) to generate (CO),, intermediates, which then undergo 
phospbite addition to form 3a, 3b and 3c. The most favoured pathway was that 
resulting in the formation of 3c. A competing process involved in the thermal 
reactions was the substitution of two CO ligands in 1 resulting in the formation of 
the disubstituted complex 4. 

Experimental 

General conditions 
All reactions were carried out under dry nitrogen using standard Schlenk tech- 

niques. Solvents were dried and distilled before use. TLC was carried out on glass 
plates (20 X 20 cm) coated with silica gel (Merck 60 GF,,,, 0.5 mm thick). Elemental 
analyses were by the Canadian Microanalytical Service, New Westminster, B.C., 
Canada V3M lS3. 

Starting materials. Complex 1 w,as prepared by the literature method [15]. 
P(OEt), (Strem) was distilled from 4 A molecular sieves before use. Me,NO * 2H,O 
(Aldrich) was dehydrated by sublimation (100 o C/O.1 mmHg). 

Instruments. Perkin-Elmer 683 double beam, NaCl optics (IR); Bruker CXP300 
(NMR; ‘H at 300.13 MHz, “P at 121.49 MHz); VG ZAB 2HF (FAB-MS, using 
3nitrobenzyl alcohol as matrix, exciting gas Ar, FAB gun voltage 7.5 kV, current 1 
mA, accelerating potential 7 kV). 

Syntheses of three isomers of Ru,(p,-C,PPh,)(p-PPh2)(CO),2{P(OEt),,} (3a, 36 and 

3~)~ and Ru,(CLs-C,PPh,)(CL-PPh,)(CO),, IP(OEt),l, (4) 
(a) Me,NO-assisted reaction. A solution of I (100 mg, 0.079 mmol) in acetone 

(50 mL) was cooled to 0 o C and then MqNO (6 mg, 0.08 mmol) and P(OEt), (16 
mg, 0.096 mmol) were added in quick succession. The solution was allowed to warm 
to room temperature over 30 min and further portions of P(OEt), (8 mg, 0.048 
mmol) and Me,NO (3 mg, 0.04 mmol) were added. After a further 15 min all the 
starting cluster had been consumed (spot TLC) and the solvent was removed under 
vacuum. Preparative TLC of the residue (petroleum spirit/acetone/CH,Cl, 14/2/l) 
separated nine bands of which only the major two were collected. The first brown 
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Table 2 

Fractional atomic coordinates for Ru,(p&PPh,)(pPPh,XCO),,(P(OEt),) (3a) 

Atom x Y * 

Wl) 
RW 
Ru(3) 
Ru(4) 
Ru(5) 
Wl) 
Wl) 
c(l2) 
W2) 
c(l3) 
W3) 
C(21) 
o(21) 
C(22) 
o(22) 
c(31) 
o(31) 
~(32) 
o(32) 
C(41) 
o(41) 
c(42) 
o(42) 
c(51) 
o(51) 
C(52) 
o(52) 
C(53) 
o(53) 
P(1) 
C(111) 

c(112) 
C(113) 
C(114) 

Cw5) 
W16) 
C(121) 
C(122) 

~(123) 
C(124) 
C(125) 

W26) 
W31) 
C(132) 

P(2) 
c(211) 
C(212) 
C(213) 
C(214) 

c(215) 
c(216) 
c(221) 
C(222) 

0.35509(3) 
0.23357(3) 
0.16041(3) 
0.24490(3) 
0.26219(3) 
0.4261(4) 
O&69(3) 
0.3297(4) 
0.3197(4) 
0.3817(4) 
0.3994(4) 
0.2554(4) 
0.2696(4) 
0.2321(4) 
0.2302(4) 
0.1229(4) 
0.0979(3) 
0.0992(4) 
0.0627(3) 
0.1773(4) 
0.1379(4) 
0.3034(4) 
0.3379(3) 
0.2276(4) 
0.2060(4) 
0.3276(4) 
0.3599(3) 
0.2188(5) 
0.1947(4) 
0.3719(l) 
0.4314(4) 
0.4514(4) 
0.4978(5) 
0.5249(5) 
0.5063(6) 
0.4597(5) 
0.3811(4) 
0.4324(5) 
0.4408(5) 
0.3992(5) 
0.3488(5) 
O-3391(5) 
0.3007(4) 
0.2517(4) 
0.1272(l) 
0.0871(4) 
0.0828(S) 
0.0553(5) 
0.0301(5) 
0.0319(6) 
0.0608(S) 
0.0853(S) 
0.0276(4) 

0.57395(6) 
0.59llq6) 
0.43120(6) 
0.2305q6) 
0.47980(6) 
0.5687(8) 
0.5735(7) 
0.7408(9) 
0.8393(7) 
0.6212(9) 
0.6558(8) 
0.5796(9) 
0.5688(8) 
0.7649(9) 
0.8701(6) 
0.3302(8) 
0.2688(6) 
0.4235(8) 
0.4194(7) 
0.1862(9) 
0.1592(7) 
0.1316(8) 
0.0715(7) 
0.3973(9) 
0.3809(7) 
0.4993(9) 
0.5152(7) 
0.6384(9) 
0.7341(7) 
0.3601(2) 
0.2488(8) 
0.2658(9) 
0.183(l) 
0.083(l) 

0.0640) 
0.145(l) 
0.3221(8) 
0.346(l) 
0.316(l) 
0.260(l) 
0.239(l) 
0.265(l) 
0.3278(7) 
O&48(6) 
0.6185(2) 
0.7539(7) 
0.8704(8) 
0.9731(9) 
0.958(l) 
0.843(l) 
0.7402(9) 
0.622q7) 
0.6872(8) 

1.02833(7) 
1.13052(7) 
1.10888(7) 
1.0805q7) 
0.92545(7) 
0.9248(9) 
0.8570(8) 
0.893(l) 
0.8093(8) 
1.170(l) 
1.251q8) 
1.312(l) 
1.4249(7) 
1.065(l) 
1.0259(9) 
1.266(l) 
1.3598(8) 
0.993(l) 
0.9145(8) 
1.013(l) 
0.%70(8) 
1.022(l) 
0.9823(8) 
0.828(l) 
0.7323(7) 
0.8010(9) 
0.7075(7) 
0.817(l) 
0.7370(8) 
1.1791(2) 

1.1515(9) 
1.016(l) 
0.998(l) 
1.110(l) 
1.243(l) 
1.264(l) 
1.3699(8) 
1.424(l) 
1.569(l) 
1.664(l) 

1.609(l) 
1.465(l) 
1.1447(8) 
1.1565(7) 
1.1189(3) 
0.9701(9) 
0.969(l) 
0.856(l) 
0.744(l) 
0.743(l) 
0.857(l) 
1.2744(9) 
1.263(l) 
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Table 2 (continued) 

Atom x Y * 

~(223) 
C(224) 

c(225) 
c(226) 
P(4) 
o(411) 
c(411) 
c(412) 
o(421) 
c(421) 
C(422) 

o(431) 
c(431) 
C(432) 

- o.OOlq4) 0.6863(9) 

0.0275(5) 0.6196(9) 
0.0836(S) 0.5540(9) 
0.1123(4) 0.5531(9) 
0.2484(l) 0.0761(2) 
0.2261(3) 0.1242(S) 
0.2303(7) 0.048(l) 
0.1947(7) 0.111(l) 
0.2154(4) - 0.0351(7) 
0.1542(9) - 0.038(2) 
0.1347(9) -0.144(l) 
0.3149(3) 0.0027((a) 
0.3410(9) -0.107(2) 
0.3878(8) - 0.165(2) 

1.388(l) 
1.518(l) 
1.532(l) 
1.411(l) 
1.2972(3) 
1.4162(6) 
1.567(l) 
1.645(l) 
1.3145(9) 
1.325(2) 
1.384(2) 
1.3581(8) 
1.376(3) 
1.473(2) 

(ii) In acetone: To 1 (200 mg, 0.16 mmol) in acetone (40 mL) was added P(OEt), 
(46 mg, 0.28 mmol) over 1 h at room temperature. After a further 20 min the solvent 
was removed under vacuum. Preparative TLC of the residue (petroleum 
spirit/acetone/CH,Cl, 14/2/l) eluted eleven bands, of which five were collected 
and identified spectroscopically (IR, FAB-MS) as: (1) R, 0.85, brown, 1 (23 mg, 
0.018 mmol, 11%); (2) R, 0.78, ochre, 3c (22 mg, 0.016 mmol, 10%); (3) R, 0.68, 
brown, 3a (5 mg, 0.004 mmmol, 2%); (4) R, 0.60, brown, 4 (75 mg, 0.049 mmol, 
30%); and (5) R, 0.50, orange, Ru,(&,PPh,)@PPhzXCO),,(P(OEt),} (4 mg, 
0.003 mmol, 2%). IR (cyclohexane): v(C0) 2048 m, 2042(sh), 2031s, 2011w, 1996s, 
1977w, 1956w, 1945~ cm- *. FAB-MS: 1457, [Ml+; ions formed by loss of up to 14 
CO groups. 

(c) Attempted formation of 4 from 3a, 3b or 3c. (i) From 3a: A solution of 3a (7 
mg, 0.005 mmol) in acetone (40 mL) was treated with P(OEt), (12 mg, 0.072 mmol) 
at 33 o C. After 16 h the solvent was removed under reduced pressure and the residue 
purified by TLC (petroleum spirit/CH,Cl,/acetone 7/2/l) to give a major brown 
band identified as 4 (IR, FAB-MS). 

(ii) From 3b: A solution of 3b (9 mg, 0.006 mmol) in acetone (40 mL) was treated 
with P(OEt), (12 mg, 0.072 mmol) at 33°C. After 16 h the solvent was removed 
under reduced pressure and the residue purified by TLC (petroleum 
spirit/CH,Cl,/acetone 7/2/l) to give a major brown band (R, 0.32) that was 
identified as 4 (IR, FAB-MS). 

(iii) From 3c: A solution of 3c (15 mg, 0.0011 mmol) in acetone (15 mL) was 
treated portionwise with P(OEt), (11 mg, 0.066 mmol) at 45°C. After 1 h 15 min 
the solvent was removed under reduced pressure and the residue purified by TLC 
(petroleum spirit/CH,Cl,/acetone 14/2/l) to give four brown bands. Two bands 
(R, 0.26, 0.20) were identified (FAB-MS, IR) as isomers of Ru,(p-C,PPh&- 
PPh,)(CO),,{P(OEt),}, ([Ml+ 1542, IR significantly different from that of 4) and 
the fourth (R, 0.37) as unreacted 3c. 

Synthesis of Ru,(~S-C,PPh,)(~-PPh2)(CO),,(PMe,Ph), (5) 
An immediate reaction occurred when PMe,Ph (11 mg, 0.080 mmol) was added 

to a solution of 1 (50 mg, 0.040 mmol) in acetone (20 mL). After 30 min the solvent 
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Table 3 

Fractional atomic coordinates for Ru,(p,-C,PPh,)(p-PPh,XCO),z{P(OEt),) (3c) 

Atom x Y z 

Wl) 
RuW 
Ru(3) 

Ru(4) 

Ru(5) 

P(1) 

P(2) 

P(3) 

W31) 
C(132) 

o(311) 

o(321) 

o(331) 
C(311) 

C(312) 

c(321) 
C(322) 

c(331) 
C(332) 

C(l1) 

Wl) 

C(12) 

002) 

C(13) 

o(l3) 

C(21) 

o(21) 

C(22) 

o(22) 

C(31) 

o(31) 

C(41) 

o(41) 

~(42) 

o(42) 

C(43) 

o(43) 

c(51) 

o(51) 

C(52) 

o(52) 
C(53) 

o(53) 
C(111) 

C(112) 
C(113) 

Wl4) 
C(115) 

C(116) 

C(121) 

c(122) 
C(123) 

~(124) 

- 0.21420(6) 
0.02108(6) 

0.23650(5) 

0.16557(5) 

0.00222(6) 

- 0.1359(2) 

0.2119(2) 

0.3753(2) 

0.0116(7) 

0.0696(7) 

O&69(6) 

0.4812(7) 

0.3330(11) 

0.5456(13) 

0.6038(14) 

0.5618(13) 

0.6711(13) 

0.2491(19) 

0.2453(22) 

-0.2631(10) 

- 0.2987(9) 

-0.3581(10) 

- 0.4469(8) 

- 0.2743(9) 

- 0.3152(9) 

- 0.0591(9) 

- 0.1040(9) 

-0.0001(10) 

- O.OlOS(9) 

0.367q9) 

O&431(8) 

0.2242(9) 

0.2564(8) 

0.1061(8) 

0.0823(7) 

0.3247(10) 

0.4172(7) 

0.1274(9) 

0.1848(7) 

- 0.0185(9) 

- 0.0347(8) 

-0.1355(8) 
- 0.2116(7) 

-0.2122(S) 

-0.1876(S) 

- 0.2512(5) 

- 0.3394(5) 

- 0.3640(5) 

- 0.3004(5) 
- 0.1017(6) 

- 0.0345(6) 

- 0.0003(6) 

- 0.0333(6) 

0.26381(4) 

0.3267q3) 

0.25554(3) 

0.11746(3) 

0.22289(3) 

0.1643(l) 

0.3706(l) 

0.2363(l) 

0.1655(4) 

0.2234(4) 

0.1643(3) 

0.2875(4) 

0.2414(7) 

0.1401(7) 

0.0798(7) 

0.3068(9) 

0.3420(9) 

0.2189(11) 

0.2515(12) 

0.3377(6) 

0.3776(5) 

0.2152(6) 

0.1882(5) 

0.3112(6) 

0.3415(5) 

0.4102(6) 

O&19(5) 
0.3484(6) 

0.3622(5) 

0.2467(5) 

0.2416(5) 

0.0777(5) 

0.0506(4) 

0.0333(5) 

- 0.0190(4) 

0.1038(5) 

0.0913(4) 

0.1862(6) 

0.1772(5) 

0.3046(6) 

0.3504(4) 
0.1838(5) 

0.1627(4) 

0.0860(3) 

0.0518(3) 
- 0.0064(3) 

- 0.0305(3) 

0.0037(3) 

0.0619(3) 

0.1542(3) 

0.0957(3) 

0.0876(3) 

0.1378(3) 

0.72039(7) 

0.86852(6) 

0.88105(6) 

0.78478(6) 

0.65922(6) 

0.8182(2) 

0.9053(2) 

1.0710(2) 

0.8127(7) 

0.862q7) 

1.0652(7) 

1.1490(8) 

1.1817(10) 

1.1721(15) 

1.1344(17) 

1.1061(16) 

1.2208(19) 

1.2026(19) 

1.3258(17) 

0.6167(11) 

0.5514(10) 

O&46(10) 

0.5430(10) 

0.8376(U) 

0.9063(10) 

0.8186(13) 

0.7889(13) 

1.0168(12) 

1.1125(9) 

0.8265(9) 

0.7907(8) 

0.9342(9) 

1.0216(7) 

0.6824(9) 

0.6265(7) 

0.7697(10) 

0.7642(9) 

0.5965(9) 

0.5376(7) 

0.587qlO) 

0.5328(8) 
0.5179(9) 

0.4260(7) 
0.7320(5) 

0.6299(5) 
0.5602(5) 

0.5927(5) 

0.6948(5) 

0.7645(5) 

0.9817(5) 

1.0279(5) 

1.1544(5) 

1.2346(5) 
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Table 3 (continued) 

Atom X Y I 

C(125) - 0.1005(6) 

c(l26) - 0.1347(6) 
C(211) 0.2981(6) 

c(212) 0.2893(6) 
C(213) 0.3613(6) 

c(214) O&21(6) 

~(215) 0.4509(6) 
C(216) 0.3788(6) 
C(221) 0.2083(7) 
C(222) 0.1548(7) 
C(223) 0.1404(7) 

c(224) 0.1795(7) 

c(225) 0.2330(7) 

c(226) 0.2474(7) 

0.1%2(3) 
0.2044(3) 
0.4239(3) 
0.4128(3) 
0.4494(3) 
0.4971(3) 
0.5081(3) 
0.4715(3) 
0.4195(3) 
O&52(3) 
0.5211(3) 
0.4913(3) 
0.4256(3) 
0.3897(3) 

1.1884(5) 
1.0620(5) 
1.053q6) 
1.1641(6) 
1.2798(6) 
1.2844(6) 
1.1733(6) 
1.0577(6) 
0.7835(6) 
0.7801(6) 
0.6817(6) 
0.5866(6) 
0.5900(6) 
0.6884(6) 

was removed under vacuum and the products separated by TLC (petroleum 
spirit/CH,Cl, 4/3). A major brown band (R, 0.30) was separated from the four 
other minor bands and crystallized (CH,Cl,/MeGH) as brown plates of Ru,&- 
C,PPh,)@-PPh,)(CO),,(PMe,Ph), (5) (43 mg, 0.029 mmol, 72%), m.p. 241-243°C. 
Reproducible analyses could not be obtained for this complex. IR (cyclohexane): 
v(C0) 2038(sh), 2034m, 2014s, 1988vs, 1962w, 1953w, 1933m, 1775~ cm-‘. ‘H 
NMR (C,D,): 6 7.8-6.5 (m, 30H, Ph); 1.19 (d, J(PH) = 10.0 Hz, 6H, Me); 0.93 (d, 
J(PH) = 10.5 Hz, 6H, Me). “P NMR (CH,Cl,): 6 269.6 (s, PPh,); 39.2 (s, 
CzPPh,); 23.7, 1.5 (2 x s, PMe,Ph). FAB-MS: 1485, [Ml+; ions formed by loss of 
up to 11 co groups. 

Intensity data for 3a and 3e were measured at room temperature on an Enraf- 
Nonius CAD4F diffractometer fitted with Mo-K, (graphite monochromatised) 
radiation, X = 0.71073 A. Data for 4 were measured at 138 K on a N&let P3 
diffractometer using monochromatised Mo-K, radiation, X = 0.71069 A. Data 
collection parameters and unit cell dimensions are listed in Table 5. The h k 1 ranges 
for 3a and 3e were f h, f k, + f and + h, f k, f I, respectively. For 4 experimental 
difficulties precluded the measurement of all the data. Whereas data for k and 1 
were measured up to 8 22.5 “, those for h were limited to B c 15 o owing to 
irretrievable loss of the crystal due to icing problems. For 3c there was a 5% 
decrease in the net intensities of three standard reflections measured after every 
3600 s X-ray exposure time; the data were corrected for this variation assuming a 
linear deterioration. The data sets were corrected routinely for Lorentz and polarisa- 
tion effects and for absorption. A Gaussian procedure was used for 3a such that 

A*min.max were 1.06 and 1.25, respectively. An analytical procedure was employed for 
3c such that the max/min transmission factors were 0.804 and 0.723, respectively, 
and a + scan technique was employed for 4 with max and min transmission factors 
being 0.97 and 0.59, respectively. 

All three structures were solved by direct methods. Blocked-matrix least-squares 
refinement was employed for 3a and 3e and a full-matrix least-squares procedure 
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Table 4 

Fractional atomic coordinates for Ru,(p&PPh,)(p-PPh,)(CO),,(P(OEt)s}z (4) 

Atom x Y I 

Ru(l) 
W2) 
Ru(3) 
Ru(4) 
Ru(5) 
P(l) 
P(2) 
P(3) 
P(4) 
C(131) 
C(132) 

C(l1) 
Wl) 
C(l2) 
W2) 
C(21) 
o(21) 
C(22) 
o(22) 
c(31) 
o(31) 
c(32) 
o(32) 
c(41) 
o(41) 
c(42) 
o(42) 
c(51) 
o(51) 
c(52) 
o(52) 
c(53) 
o(53) 
o(311) 
C(311) 
C(312) 

o(321) 
C(321) 
C(322) 

o(331) 
C(331) 
C(332) 

o(411) 
C(411) 

~(412) 
o(421) 
c(421) 
~(422) 
o(431) 
c(431) 
C(432) 

c(l11) 
c(112) 

0.4421(2) 
0.5996(2) 
0.6365(2) 
0.6203(2) 
0.4523(2) 
0.5903(6) 
0.7032(6) 
0.3548(6) 
0.8021(6) 
0.613(2) 
O&43(2) 
0.528(2) 
0.571(l) 
0.322(2) 
0.247(2) 
0.714(2) 
0.788(l) 
0.508(Z) 

0.444(l) 
0.760(2) 
0.842(l) 
0.545(2) 
0.486(l) 
0.566(2) 
0.530(l) 
0.606(2) 
0.596(l) 
0.384(2) 
0.330(l) 
0.333(2) 
0.240(2) 
0.359(2) 
0.299(l) 
0.285(l) 
0.18q2) 
0.128(2) 
0.449(l) 
0.418(2) 

0.460(2) 
0.257(l) 
0.290(2) 
0.185(Z) 
0.835(l) 
0.816(2) 
0.836(2) 
0.849(l) 
0.805(2) 
0.833(2) 
0.898(2) 
1.021(3) 
1.068(2) 
0.6417(9) 
0.6227(9) 

0.2270(l) 
o.i429(1 j 
0.0307(l) 
0.061ql) 
0.1043(l) 
0.2216(2) 
0.0652(l) 
0.3052(2) 
0.0548(Z) 
0.1447(5) 
0.1166(6) 
0.2756(6) 
0.3084(4) 
0.2193(6) 
0.2165(5) 
0.1963(6) 
0.2275(5) 
0.1578(6) 
0.1674(4) 

- 0.0182(6) 
- 0.0491(5) 
- 0.027q6) 
- 0.063q4) 

0.0713(6) 
0.0765(4) 

- 0.0231(6) 
- 0.0729(4) 

0.0618(5) 
0.0382(4) 
0.1668(7) 
0.1690(5) 
0.0641(6) 
0.0370(4) 
0.2921(4) 
0.3183(8) 
0.27%(8) 
0.3541(4) 
0.4106(6) 
0.4084(6) 
0.3391(4) 
0.3697(6) 
0.3965(8) 

0.0904(4) 
0X31(6) 
0.1738(8) 

- 0.0068(4) 
- 0.0355(6) 
- 0.0989(6) 

0.0731(4) 
0.0679(6) 
0.0154(7) 
0.2784(4) 
0.2904(4) 

0.3165ilj 
0.2459(l) 

0.2625(l) 
0.1326(l) 
0.2140(l) 
0.1707(l) 
0.3560(l) 
0.1981(2) 
0.0988(2) 
0.1696(5) 
0.2237(5) 
0.3026(5) 
0.3382(4) 
0.3051(7) 
0.3376(5) 
0.3441(6) 
0.3600(4) 
0.3840(6) 
0.4258(4) 
0.2482(6) 
0.2432(4) 
0.2974(6) 
0.3173(4) 
0.0499(6) 

- o.OOlq4) 
0.1341(5) 
0.1302(4) 
0.1452(5) 
0.1079(4) 
0.1931(7) 
0.1681(5) 
0.2695(6) 
0.3006(4) 
0.1347(4) 
0.1093(8) 
0.0590(8) 
0.1839(4) 
0.1539(6) 
0.0868(6) 
0.2355(4) 
0.2925(6) 
0.3196(8) 
0.0368(4) 
0.0307(7) 

- 0.0304(7) 
0.0789(4) 
0.0223(6) 
0.0243(6) 
0X13(4) 
0.1416(7) 
0.1759(7) 
0.0573(4) 

-0.0065(S) 
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Table 4 (continued) 

Atom 

c(ll3) 
c(ll4) 
c(ll5) 
c(116) 
CU21) 
c(l22) 
~023) 
w24) 
c(l25) 
c(l26) 
c(211) 
CJ212) 
q213) 
c(214) 
c(215) 
c(216) 
c(221) 
c(222) 
~(223) 
c(224) 
~(225) 
c(226) 

x 

0.5264(9) 
0.4492(9) 
0.4681(9) 
0.5644(9) 
0.740(l) 
0.847(l) 
0.947(l) 
0.941(l) 
0.8341) 
0.733(l) 
0.647(l) 
0.630(l) 
0.641(l) 
0.669(l) 
0.685(l) 
0.674(l) 
0.922(l) 
1.041(l) 
1.099(l) 
1.038(l) 
0.919(l) 
0.861(l) 

Y 

0.2667(4) 
0.2310(4) 
0.2190(4) 
0.2427(4) 
0.3102(4) 
0.3335(4) 
0.2996(4) 
0.2423(4) 
0.2190(4) 
0.2529(4) 
0.0579(3) 
0.0289(3) 

-0.0318(3) 
- 0.0635(3) 
- 0.0345(3) 

0.0262(3) 
0.0608(4) 
0.0716(4) 
0.0966(4) 
0.1107(4) 
0.0999(4) 
0.0749(4) 

z 

- 0.0390(4) 
- 0.0079(4) 

0.0558(4) 
0.0884(4) 
0.2158(4) 
0.2358(4) 
0.2333(4) 
0.2109(4) 
0.1910(4) 
0.1934(4) 
0.4816(3) 
0.5381(3) 
0.5413(3) 
0.4879(3) 
0.4314(3) 
0.4282(3) 
0.4194(3) 
0.4253(3) 
0.3757(3) 
0.3200(3) 
0.3141(3) 
0.3637(3) 

Table 5 

Crystal data and refinement details for 3a, 3c and 4 

Formula 

3a 

CJ-f,,%%Ru, 
MW 1402.0 
Crystal system triclinic 

Space group pi 
a,A 22X3(6) 

b, A 11.83q3) 

c, A 10.132(4) 

a, de8 67.28(2) 

8, de8 89.21(3) 

Y. deg 81.15(2) 

u, K 2438 
z 2 
DC, g cm-’ 1.910 
F(OO@ 1368 
Crystal size, mm 0.05 x 0.17 x 0.24 
p. cm-’ 15.1 
8 limits, deg 1.5-25.0 
Scan technique 8/28 
No. data collected 8321 
No. unique data 8321 
Criterion obs. 1.3.00(I) 
No. data used 5260 
g 0.003 
R 0.042 
R, 0.040 

k 

C&-f,O,,P,Ru, 
1402.0 
triciiic 

Pi 
11.821(3) 

19.958(5) 

11.67q2) 
99.41(3) 
114.14(2) 
84.12(3) 

2477 
2 
1.879 
1368 
0.18x0.18x0.50 
15.9 
1.5-22.5 
w : 2/3e 

7096 
6484 
12 2.50(I) 
4265 
0.003 
0.042 
0.044 

4 

C&%oO,,P,Ru, 
1540.2 
monoclinic 

P&/n 
11.521(8) 

22.863(32) 

21.323(15) 
90 
92.21(6) 
90 

5612 
4 
1.823 
3040 
0.26 x 0.16 x 0.08 
14.0 
< 22.5 (see text) 
Wycoff scans 
7127 
4156 
Ia 3.00(I) 
3032 
o.ooo5 
0.050 
0.048 
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was used for the refinement of 4. For 3a all non-H atoms were refined anisotropi- 
tally whereas for 3e only non-H, non-phenyl atoms were refined anisotropically. In 
4 only the five Ru atoms were refined anisotropically. In the refinements of 3e and 
4, phenyl groups were treated as hexagonal rigid groups. Hydrogen atoms were 
included in each model at their calculated positions. For 3a statistical weights 
derived from the expression a’( I) = [a2( Zdirr) + 0.0004a4( Zdirr)] were used. For the 
refinements of 3c and 4 a weighting scheme of the form w = [a’(F) + g ) F 1 2]-’ 

was applied. 
Calculations for 3a were performed with the XTAL 2.4 programme system imple- 

mented by Hall [16]. The SHELX-76 system [17] was employed for the solution and 
refinement of the 3c structure whereas for 4 the SHELXS-86 programme [18] was used. 
Neutral atom scattering factors (with corrections applied for f’ and f “) were from 
ref. 19. Fractional atomic coordinates for the three compounds are given in Tables 
2-4 and the numbering schemes employed are shown in Figs. l-3 which were 
drawn with PLUTO [20]. Supplementary material comprises thermal parameters, 
hydrogen atom parameters, all bond distances and angles and the observed and 
calculated structure factors, and is available upon request from one of the authors 
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