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Abstract 

‘f’he reaction of the clusters HRuCo,(CO),[HC(PPh,),] and H,Ru,Co(CO)9[HC(PPh2)31 with the phosphine ligand PMe,Ph produces 
two tetranuclear phosphine-substituted Ru-Co mixed metal clusters. In HRuCo,(CO),[HC(PPh,),l (PMe,Ph) the HC(PPh,), ligand caps 
the Co, face and the monodentate PMe,Ph ligand is coordinated with the Ru atom by replacing one apical carbonyl ligand. In the 
compound H,Ru,Co(CO),[HC(PPh,),] (PMe,Ph) the tridentate HC(PPh,), is disconnected from the Ru,Co face and chelates to the Ru 
atom through two phosphorus atoms while the third phosphorus of the HC(PPh,), ligand remains uncoordinated. This leaves one 
coordination site vacant and the PMe,Ph ligand is coordinated without changes in the amount of carbonyl ligands. 

Keywords: Ruthenium; Cobalt; Carbonyl; Phosphine; Cluster; Crystal structure 

1. Introduction 

Phosphine derivatives have been prepared for most 
of the tetranuclear HXMXM’,_X(CO),, (x = 0 to 4, M = 
Ru; M’ = Co or Rh) clusters and the structures of the 
derivatives have been studied [l]. In many cases the 
replacement site of the carbonyl ligands depends on the 
composition of the metal framework and the nature of 
the phosphine ligand. 

In clusters containing the basal Co, face, like 
Co,(CO),, and HRuCo,(CO),, , the replacement of the 
carbonyl ligands occurs mainly at the axial sites of the 
basal Co, face, although the preference of coordination 
between cobalt and ruthenium in HRuCo,(CO),, is not 
clear. For example, the coordination of the PMe,Ph 
ligand has been found to involve both the Co and Ru 
atoms in HRuCo,(CO),, [2]. In some clusters contain- 
ing Rh also equatorial coordination of the phosphine 
ligand is found. 
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It is possible to shield the basal face with a large 
fragment, and thus permit the phosphine ligand to coor- 
dinate with the Ru atom. One example of this is the 
cluster Ph,PAuRuCo,(CO), ,(PMe,Ph), which is pro- 
duced in a reaction between HRuCo,(CO), ,(PMe,Ph) 
and AuPPh,Cl. In this derivative the gold phosphine 
unit occupies the basal face and the PMe,Ph ligand 
moves from its original axial coordination site on the 
basal Co, face to the apical Ru atom [3]. However, in 
Ph,PAuFeCo,(CO),,(PMe,Ph), where the AuPPh, 
fragment covers the basal Co, face, the PMe,Ph ligand 
is also coordinated on the basal face in an axial position 
[41. 

In phosphine derivatives of HRuCo,(CO),, the hy- 
dride ligand usually bridges the basal Co, face. Deriva- 
tives in which the hydride ligand bridges an Ru-Co 
edge are not so common; HRuCo,(CO),(trithiane) and 
HRuCo,(CO),[HC(PPh,),] are examples which have 
been found earlier [5,6]. 

The tridentate HC(PPh,), ligand coordinates with 
the HXM,M’,_,(CO),, (X = 0 to 4, M = Ru; M’ = Co 
or Rh) clusters forming derivatives such as Co&CO), 
[HC(PPh,),l, Rh,(CO),[HC@‘Ph,),l, H,Ru,(CO),[HC- 
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(PPh, )3], HRuCo,(CO),[HC(PPh, )j 1 and H ,Ru $0 
(CO),[HC(PPh,),] .0.5 C,H,,, where the tridentate 
phosphine ligand is coordinated on a triangular M, face 
[6-lo]. The tridentate ligand, when it coordinates with 
the three different metal centers, binds the metal centers 
together. This is one possible way of stabilizing the 
metal framework towards decomposition under catalytic 
reaction conditions. 

In phosphine-substituted molecules the phosphine 
ligand adds electron density to the metal atoms and 
some of this electron density is passed on to the car- 
bony1 groups. Thus further substitution requires stronger 
reaction conditions, which increases the possibility of 
the decomposition of the cluster molecule. Further re- 
placement of the carbonyl ligands from the HC(PPh,), 
derivatives has been studied for the Co,(CO),[HC- 
(PPh,),] cluster. In the reaction products the attached 
phosphine ligand prefers the apical coordination site if 
only one monodentate phosphine ligand is added. With 
two phosphine units coordination is also found in both 
the apical and an equatorial position. Bridging coordina- 
tion between the apical and equatorial positions is also 
possible when the added phosphine ligand is bidentate. 
Examples of these are the clusters Co&CO),- 
[HC(PPh,),l(PMe,), Co,(CO),[HC(PPh,),I[(PMe,),l 
and Co,(CO),[HC(PPh,),] (dppm) (dppm = Ph,PCH, 
PPh,) [11,12]. 

2. Results and discussion 

When the mixed metal cluster derivatives 
HRuCo,(CO)g[HC(PPh,),] and H,Ru,Co(CO),[HC- 
(PPh,),] are reacted with PMe,Ph, two novel cluster 
derivatives are produced. 

The crystal structures of compounds 1 and 2 are 
shown in Figs. 1 and 2. The atomic coordinates, se- 

Fig. I. Structure of HRuCo,(CO),[HC(PPh,),l (PMe,Ph) (1). 

Fig. 2. Structure of H,Ru,Co(CO),[HC(PPh,),l (PMe,Ph) (2) 

lected bond lengths and angles and crystallographic data 
are listed in Tables 1-5. 

In HRuCo,(CO),[HC(PPh,),](PMe,Ph) (1) (Fig. 1) 
the Ru atom is located on the apical position and the 
basal face is formed by the Co, triangle, where the axial 
sites are occupied by the HC(PPh,), ligand. Three 
carbonyl ligands bridge the basal edges and the rest of 
the carbonyls remain terminal. The PMe,Ph ligand is 
coordinated with the apical Ru atom. The hydride lig- 
and was located on the difference electron density map 
and bridges an Ru-Co edge, as in the original cluster. A 
more common coordination site for the hydride ligand 
in the phosphine derivatives of HRuCo,(CO),, is the 
basal Co, face. As in the original cluster, in 1 the large 
phosphine ligand shields the basal face and the hydride 
ligand therefore coordinates with an Ru-Co edge and 
the phosphine ligand with an apical site. The site of the 
hydride ligand can also be deduced on the basis of the 
bond lengths and angles. The hydride-bridged Ru-Co 
(1) bond is longer than the two other Ru-Co bonds, the 
Ru( 1 )-Co( 1 ), Ru( 1 )-CO(~) and Ru( l)-CO(~) bond 
lengths are 2.760(l), 2.658( 1) and 2.656( 1) A in 
molecule A and 2.750(l), 2.631(l) and 2.691(l) A in 
molecule B respectively. The hydride ligand also re- 
pulses the carbonyl ligand CO(4); the Ru(l)-Co(l)- 
C(4) bond angle is 116.1(3)” in molecule A and 112.4(3)” 
in molecule B, and the Ru(l)-CO(~)-C(6) and Ru(l)- 
CO(~)-C(8) angles on the non-bridged edges are 96.8(4) 
and 98.2(3)” in molecule A and 95.6(3) and 103.5(3)” in 
molecule B respectively. In the original cluster 
HRuCo,(CO),[HC(PPh,),] the correspondirrg bond 
lengths were 2.740(l), 2.646(2) and 2.654(2) A and the 
corresponding angles were 1 l&3(3)” in the hydride- 
bridged edge and 96.9(3) and 100.5(3)” in the non- 
bridged edges. 

The ‘H NMR spectrum of 1 shows the doublet of 
doublets signal at - 19.9 ppm. A similar signal at 
- 19.9 ppm was observed in the compound produced in 
the reaction between HRuCo,(CO),[HC(PPh,),] and 
PMe,. According to the ‘H NMR and IR spectra, 
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Table 1 
Atomic coordinates ( X 104) and equivalent isotropic displacement 
coefficients (A2 X 103) for HRuCo,(CO)s[HC(PPh,),] (PMe,Ph) (1) 

Ru(l) 
Cdl) 
Co(2) 
Co(3) 
P(I) 
P(2) 
P(3) 
P(4) 
O(l) 
O(3) 
O(4) 
O(6) 
O(8) 
O(l2) 
O(l3) 
O(23) 
C(l) 
C(3) 
C(4) 
C(6) 
C(8) 
C(10) 
C(l2) 
C(13) 
C(23) 
C(N) 
C(41) 
C(111) 
C(ll2) 
C(113) 
C(l14) 
C(ll5) 
C(l IO) 
C(l21) 
C(122) 
C(l23) 
C( 124) 
C(125) 
C( 120) 
cc21 1) 
C(212) 
C(213) 
C(2 14) 
C(215) 
C(2lO) 
C(221) 
C(222) 
C(223) 
C(224) 
C(225) 
C(220) 
C(3ll) 
C(312) 
C(313) 
C(3 14) 
C(315) 
C(310) 
C(32l) 
C(322) 
Cc3231 
C(324) 
C(325) 

2934-(l) 
1559(l) 
2448(l) 
1972(l) 

613(l) 
1678(l) 
1175(l) 
2992(l) 
423 l(3) 
3837(4) 

92Of4) 
3751(4) 
2475(4) 
2273(3) 
119d3) 
3229(3) 
3719(5) 
3490(5) 
1 I 49(4) 
3232(5) 
22644) 

8544) 
2172(4) 
1443(4) 
2782(4) 
3874(S) 
2835(6) 

520(2) 
199 

-455 
- 787 
-465 

I88 
- 253(2) 
- 859 
- 1389 
- 1312 
- 705 
- 176 
2585(3) 
2810 
2382 
1729 
1504 
1932 
1923(2) 
1796 
1 I41 
611 
737 

1393 
336(2) 

-221 
- 726 
- 676 
- 120 

386 
2055(3) 
2280 
1935 
1366 
1141 

1463(l) 
1351(l) 
1957(l) 
2333(l) 
1769(I) 
2418(l) 
2944( 1) 
1069(l) 
2167(3) 

498(3) 
179(3) 

1825(4) 
2985(3) 

737(3) 
1600(3) 
2962(3) 
1914(4) 
849(4) 
641(4) 

1895(4) 
2724(4) 
2544(3) 
1 l63(4) 
1757(3) 
2586(4) 

775(5) 
1571(4) 

844(2) 
514 
697 

1210 
1540 
1357 
1479(2) 
!514 
1934 
2319 
2284 
1864 
3389(3) 
3916 
4190 
3936 
3409 
3135 
16943) 
1449 
1540 
1876 
2121 
2029 
2981(2) 
3177 
3576 
3780 
3584 
3185 
3935(2) 
4515 
4849 
4604 

4024 

1105(l) 
1095(l) 
1878(l) 
842(l) 

1195(l) 
2204( I ) 

986(l) 
237(l) 

I 136x3) 
1888(3) 
756(3) 

2887(3) 
46(3) 

2213(3) 
- 165(2) 

1631(2) 
11443) 
1583(4) 

882(4) 
2483(4) 

350(3) 
1527(3) 
1932(3) 

323(3) 
1522(3) 

325(4) 
- 373(4) 

1939(2) 
2261 
2285 
1988 
1666 
1642 

48(2) 
- 463 
- 505 

- 38 
473 
516 

2656(2) 
2971 
3239 
3192 
2877 
2609 
3168(2) 
3647 
3712 
3297 
2818 
2753 

- 202(2) 
- 702 
- 648 

-95 
405 
352 

I 174(2) 
1353 
1654 
1777 
1599 

32(l) 
30(l) 
32(l) 
29(l) 
29(l) 
32(l) 
29(l) 
43(l) 
73(3) 
92(4) 
80(4) 
8%4) 
71(3) 
60(3) 
442) 
442) 
444) 
53(4) 
444) 
49(4) 
4N3) 
26(3) 
40(3) 
343) 
4Of3) 
72(5) 
7Of5) 
48(4) 
645) 
65(5) 
55(4) 
47(4) 
343) 
36(3) 
52(4) 
57(4) 
50(4) 
4Ot3) 
33(3) 
49(4) 
544) 
60(4) 
61(S) 
53(4) 
36(3) 
46(4) 
644) 
63(4) 
52(4) 
42(3) 
37(3) 
38(3) 
49(4) 
59(4) 
56(4) 
43(3) 
32(3) 
41(3) 
52(4) 
63(5) 
Sl(4) 

43(3) 

Table I (continued) 

Atom x Y z ff,, 

C(320) 
cc41 1) 
Cc4121 
cc41 3) 
C(414) 
C(415) 
C(410) 
H(l) 
Ru(l’) 
Co( I’ ) 
Co(2’) 
Co(3’) 
P(1’) 
P(2) 
P(3) 
P(4) 
o(V) 
o(3’) 
O(4’) 
O(6’) 
O(8') 
O(12’) 
O(l3’) 
O(23’) 
C(l’) 
C(3’) 
C(4’) 
C(6’ ) 
C(V) 
C(10’) 
C(l2’) 
C(l3’) 
C(23’) 
C(40’) 
C(41’) 
C(l3l) 
C(132) 
C(l33) 
C(l34) 
C(135) 
C( 130) 
C(l41) 
C(142) 
C(l43) 
C( 144) 
C(l45) 
C( 140) 
C(23l) 
C(232) 
C(233) 
C(234) 
C(235) 
C(230) 
C(241) 
C(242) 
C(243) 
C(244) 
C(245) 
C(240) 
C(331) 
C(332) 
C(333) 
C(334) 
C(335) 

2550(3) 
2107 

1485 

1538 
1410 
1852 
2422 
2248 
8313(l) 
7133(l) 
7569(l) 
6961(l) 
6119(l) 
661 l(1) 
5860(l) 
8629( 1) 
9 157(5) 
9571(4) 
7236(5) 
8773(4) 
6955(4) 
8095(3) 
6628(3) 
7728(3) 
8830(5) 
9103(5) 
7 182(5) 
8292(5) 
6953f5) 
5843(4) 
7767(4) 
6791(4) 
7527(4) 
9505(5) 
8069(5) 
6589(3) 
6549 
6064 
5620 
5659 
6144 
5344(3) 
4756 
4151 
4134 
4722 
5327 
6981(2) 
6874 
6188 
5609 
5715 
6402 
7124(2) 
7118 
6530 
5949 
5955 
6542 
5173(3) 
4593 
3943 
3873 
4452 

3690 
- 78(3) 

- 575 
- 561 

-51 
445 
432 
896 

3877( 1) 
3544(l) 
2899(l) 
3869(l) 
3033(l) 
2333(l) 
3507(l) 
4860(I) 
3967(4) 
3377(3) 
3959(3) 
2225(4) 
4806(4) 
2556(3) 
4778(3) 
3320(3) 
39245) 
3580(S) 
3773(4) 
2475(4) 
4437(5) 
27943) 
2816(4) 
43144) 
3351(4) 
5048(5) 
5445(4) 
2380(2) 
1932 
1465 
1445 
1893 
2360 
3991(2) 
4248 
3906 
3306 
3048 
3390 
2062(2) 
1862 
1717 
1772 
1972 
2118 
l392(3) 

822 
450 
647 

1217 
1589 
4578(2) 
4955 
4720 
4108 
3731 

1297 
289(2) 
101 

- 437 
- 786 
- 598 

-61 
1088 
2089(l) 
1142(l) 
2037( I ) 
2065( 1 I 

779( 1) 
1898(l) 
1834(l) 
1990(l) 
3398(3) 
l845(4) 

52(3) 
2796(3) 
2868(3) 
1 lOti 
ll47(3) 
32 12(2) 
2907(4) 
1932(4) 
482(4) 

2489(4) 
25444) 
141 l(3) 
1346(3) 
l369(3) 
2696(4) 
25 l2(4) 
21244) 

22(3) 
- 385 
- 465 
-138 

269 
349 
8Gi2) 

- 354 
- 645 
- 502 

-69 
222 

3077(2) 
3581 
3556 
3029 
2526 
2550 
1419(2) 
1189 
1095 
1231 
1462 
1556 
1478(2) 
1212 

841 
737 

1004 

33(3) 
74(5) 

103(7) 
lOl(7) 
102(7) 

77(5) 
46(4) 

E(l) 
33(l) 
34(l) 
33(l) 
31(l) 
32(l) 
32(l) 
45(l) 

1245) 
95(4) 
97(4) 
93(4) 

102(4) 
55(3) 
48(3) 
50(3) 
65(4) 
56x4) 
61(5) 
49(4) 
55(4) 
31(3) 
40(3) 
39(3) 
39t3) 
72(5) 
61(4) 
50(4) 
745) 
83(6) 
67(5) 
45(3) 
37(3) 
5Of4) 
65(S) 
75(5) 
84(S) 
67(4) 
42(3) 
42(3) 
57(4) 
58(4) 
49( 4) 
43(3) 
36i3) 
51(4) 
65(S) 
69(5) 
59(4) 
47(4) 
37(3) 
48(4) 
5%5I 
68(5) 
61(4) 
46(4) 
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Table 1 (continued) 

Atom x Y 2 chq 
C(330) 5102 3966 1374 36(3) 
C(341) 6013(2) 3407(3) 
C(342) 5772 3336 
cc3431 505 1 3221 
C(344) 457 1 3176 
C(345) 4812 3247 
C(340) 5533 3363 
C(42l) 9382(3) 5029(3) 
C(422) 9456 5188 
C(423) 8861 5371 
C(424) 8193 5406 
C(425) 8119 5247 
C(420) 8713 5058 
H(V) 7793 4037 

3017(2) 56(4j 
3483 69(5) 
3371 58(4) 
2793 56(4) 
2327 443) 
2439 33(3) 
1233(3) 73(5) 
705 71(5) 
231 67(5) 
285 76(5) 
813 69(5) 

1287 47(4) 
1270 80 

Equivalent isotropic CI defined as one third of the trace of the 
orthogonalized U,, tensor. 

HRuCo,(CO),[HC(PPh,)j](PMe,) corresponds to com- 
pound 1. 

In H,Ru,Co(CO),[HC(PPh,),](PMe,Ph) (2) (Fig. 2) 
the tridentate HC(PPh,), ligand is disconnected from 
an Ru,Co face of the tetrahedral Ru,Co framework and 
coordinates with a ruthenium atom through two phos- 
phorus atoms in a bidentate way. One phosphorus atom 
of the HC(PPh,), ligand remains uncoordinated. The 
PMe,Ph ligand is coordinated with an Ru atom without 
replacing the carbonyl ligand and the number of car- 
bony1 ligands remains unchanged when compared with 
the original cluster. However, the arrangement of the 
ligands changes. Of the nine carbonyl ligands, seven are 
terminal and two carbonyl ligands semibridge the 
Co( l)-Ru(l) and Co(l)-Ru(3) edges. Bond lengths 
Co( 1 )-C(4), Ru( 1 )-C(4), Co( 1 >-C( 13) and Ru(3)- 
C(13) are 1.71(3), 2.34(3), 1.80(2) and 2.14(2) A in 
molecule A and 1.77(2), 2.33(3), 1.82(2) and 2.17(3) A 
in molecule B respectively. Co(l) remains electron defi- 
cient, which explains the semibridging carbonyl ligands 
CO(4) and CO( 13). Corresponding semibridges are also 
found in H,Ru 3Co(CO),,(dppe), where the structure 
resembles the structure of 2 [13]. In HjRu,Co(CO),,- 
(dppe) a bidentate Ph,PCH2CH,PPh, (dppe) ligand is 
found in a location similar to that of the HC(PPh,), 
ligand in 2. In 2 one more carbonyl ligand is replaced 
by the PMe,Ph ligand. The structure of the cluster 
H,RujCo(CO),(HC(PPh,),), which was used as a start- 
ing material in the synthesis of 2, corresponds to the 
structure of the C, isomer of the parent cluster 
H,Ru,Co(CO),,. In both structures one carbonyl ligand 
semibridges an Ru-Co edge and one hydride ligand is 
located on an Ru-Co edge when the remaining two 
hydride ligands bridge the Ru-Ru edges [6,14]. 

Though the direct location of the hydride ligands on 
a difference electron density map was not successful, 
the hydride positions can be inferred from the structural 
parameters. The Ru( 1 )-Ru(3)-C(8), Ru( 1 )-Ru(3)- 

Table 2 
Atomic coordinates (X 104) and equivalent isotropic displacement 
parameters (A2 X 103) for H,Ru,C~CO)~[HC(PP~,),] (PMe,Ph). 
CH,Cl, (2) 

Atom x Y z r/,” 

Ru(l) 
Rut2) 
Ru(3) 
Co(l) 
P(l) 
P(2) 
P(3) 
P(4) 
o(1) 
012) 
o(3) 
o(4) 
o(5) 
O(6) 
O(8) 
O(9) 
O(l3) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(8) 
C(9) 
C(10) 
C(l3) 
C(40) 
C(4l) 
C(111) 
C(l12) 
C(ll3) 
C(114) 
C(115) 
C(l10) 
C(l21) 
C( 122) 
C(123) 
C( 124) 
C(l25) 
C(120) 
cc21 1) 
C(212) 
C(213) 
C(214) 
C(215) 
C(210) 
C(221) 
C(222) 
C(223) 
C(224) 
C(225) 
C(220) 
cc31 1) 
C(312) 
C(313) 
C(315) 
C(3 14) 
C(310) 
C(321) 
C(322) 

3226(l) 
2146(l) 
2720(l) 
3443(2) 
1452(3) 
2018(3) 
1868(3) 
2596t3) 
2184(11) 
4375(l I) 
3645( 14) 
45 17(9) 
4090( 10) 

935(9) 
3373(11) 
1323(10) 
4216(9) 
2596( 17) 
3976( 16) 
3518(17) 
398414) 
3818(16) 
1405(11) 
3117(15) 
1865( 14) 
146&( 10) 
3716(12) 
2987( 13) 
3023( 15) 
2345(8) 
254Oi8) 
2053( 12) 
1371(11) 
1177(7) 
16649) 
501(8) 

- 145(10) 
- 703(7) 
-615(7) 

32(10) 
590(7) 

1222(8) 
1136(9) 
168x12) 
2328(10) 
24147) 
l861(9) 
868(9) 
577(7) 
98410) 

1681(10) 
1972(7) 
1565(10) 
631(10) 
202(7) 
406(10) 

103%11) 
l469(7) 
12648) 
2303(8) 
2770(11) 

5733(l) 
6291(l) 
6819(l) 
6713(l) 
6850(2) 
66343) 
5772(2) 
7806(3) 
5307(10) 
5709(10) 
458l(lO) 
5942(8) 
7563(9) 
5782(8) 
6672(10) 
6545(9) 
7208(8) 
549(x13) 
5741(11) 
5024(13) 
6148(11) 
7213(14) 
5991(10) 
6733(12) 
6648( 11) 
6370(7) 
7021(11) 
8241( IO) 
8055( 13) 
7721(7) 
8268(8) 
8673(5) 
8530(7) 
7983(8) 
757x51 
7133(7) 
7190(7) 
7023(8) 
6799(7) 
6742(6) 
6909(6) 
5883(S) 
5501(8) 
5332(7) 
5546(8) 
5928(7) 
6097(6) 
7266(6) 
7739(8) 
8180(6) 
8 l4%6) 
7676(8) 
72346) 
51747) 
4716(9) 
4280(7) 
4302(6) 
4760(7) 
5 196(5) 
4980(6) 
471 l(6) 

917(l) 
1529(l) 
567(l) 

1424(l) 
2019(2) 
3125(2) 
2234(2) 

46%2) 
I58(9) 
l27(8) 

1383(10) 
1641(7) 
2046(7) 

978(6) 
- 477(7) 

lOl(6) 
638(6) 
433(1l) 
422( 10) 

1220(10) 
1492( IO) 
1807( 10) 
1180(8) 
-8O(lO) 
2948) 

2578(6) 
832(8) 
968(9) 

- 97( 10) 
2239(6) 
2387(6) 
251 l(6) 
2487(6) 
2338(6) 
2214(5) 
1307(6) 
1 lO3(5) 
1385(8) 
1870(7) 
2073(5) 
1792(6) 
37 18(6) 
41 l7(7) 
4409(5) 
4303(6) 
39046) 
3612(5) 
3448(5) 
3680(6) 
3861(5) 
3809(5) 
3576(6) 
3396(5) 
2359(6) 
2259(7) 
1935(8) 
1712(6) 
1812(6) 
2135(6) 
2941(6) 
3258(5) 

60(l) 
42(l) 
53(l) 
51(l) 
442) 
55(2) 
442) 
63(2) 

134(10) 
125(8) 
165(11) 
90(6) 

106x7) 
79t5) 

130(8) 
I I5(8) 
8%6) 
95( 10) 
83(9) 

loo(l I) 
78(8) 
89(9) 
52(6) 
90(9) 
75(8) 
38(5) 
6Oi7) 
86(9) 

123(12) 
76(8) 
96(10) 
93(11) 
95(ll) 
69(7) 
51(6) 
7%8) 

102(10) 
88(9) 
83(8) 
70(7) 
48(6) 
91(10) 

121(13) 
125(14) 
86ilO) 
80(8) 
55(6) 
77(8) 
85(9) 
83(9) 
63(7) 
647) 
Z(6) 
87(9) 

133(13) 
lO5(l I) 
82(9) 
61(7) 
4x6) 
68(8) 
95(lO) 
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Table 2 (continued) 

Atom X Y Z "eq 

4884(X) 3257(6) C(323) 
C(324) 
C(325) 
Cc3201 
cc41 1) 
C(412) 
C(413) 
C(414) 
cc41 5) 
C(410) 
Ru(1’) 
Ru(2’) 
Ru(3’ ) 
Co(l’) 
HI’) 
H2’) 
P(3’) 
P(4’) 
o(S) 
O(2’) 
o(3’) 
O(4’) 
o(5’) 
o(6’) 
0(X’) 
o(9’) 
o(13’) 
ccl’) 
C(2’) 
C(3’) 
C(4’) 
C(5’) 
C(6’) 
C(8’ ) 
C(9’ ) 
C(10’) 
C(13’) 
C(40’) 
C(41’) 
C(131) 
C( 132) 
C(133) 
C(134) 
C(135) 
C( 130) 
C(141) 
C(142) 
C(143) 
C( 144) 
C(145) 
C( 140) 
C(23 1) 
C(232) 
C(233) 
C(234) 
C(235) 
C(230) 
C(241) 
C(242) 
C(243) 
C(244) 
C(245) 
C(240) 
C(331) 

3442( 10) 
3646(7) 
3179(9) 
2507(X) 
1436(11) 

7X6(12) 
437(X) 
73X(1 1) 

13X8(1 I) 
1737(7) 
1699(l) 
2830(l) 
220X( 1) 
153X(2) 
3561(3) 
3009(3) 
3 14X(3) 
2377(3) 
2706(11) 

535(10) 
1172(12) 
423(10) 
902(9) 

397X(X) 
146411) 
3453(11) 

725(X) 
2292(15) 

977( 14) 
1369(15) 
951(14) 

1203( 13) 
355X( 12) 
1732(12) 
2991(15) 
3551(11) 
1220(13) 
19X2(12) 
2002( 14) 
3X67(7) 
3690(11) 
3013(13) 
2514(X) 
2692(X) 
336X( 10) 
5006(9) 
5644(7) 
570X(X) 
5134(11) 
4497(9) 
4433(6) 
2637(X) 
2723( 10) 
3366(12) 
3923(9) 
3837(X) 
3194(10) 
4159(10) 
4455(X) 
4052( 12) 
3353(12) 
3056(X) 
3459(10) 
4416(9) 

5326(9) 
5595(6) 
5422(6) 
X396(8) 
X610(8) 
8513(10) 
X201(10) 
7986(X) 
X083(7) 
4464(l) 
3834(l) 
3461(l) 
3407(l) 
3222(2) 
3271(3) 
4247(2) 
2499(3) 
5121(9) 
4568(9) 
5437(X) 
4090(X) 
2471(9) 
442X(7) 
3712(9) 
3X82(9) 
3016(X) 
4X44(13) 
451X(10) 
5072(13) 
3959(10) 
2X55(1 2) 
41 X2(8) 
3611(11) 
3729(12) 
3607(7) 
31X8(10) 
19X9(9) 
231 l(10) 
2045(9) 
1472(7) 
131 X(6) 
1737(9) 
2309(7) 
2463(6) 
3299(6) 
3255(7) 
3113(X) 
3017(X) 
306 l(7) 
3203(7) 
3X71(6) 
4179(7) 
435 l(7) 
4214(X) 
3906x7) 
3735(6) 
25747) 
2089(9) 
I649(6) 
16946) 
2179(X) 
2619(6) 
4X26(7) 

2940(7) 
2624(6) 
26245) 

X04(5) 
739(9) 
2X7(1 1) 

-99(X) 
-34(S) 
417(7) 

6136(l) 
6645( I) 
563X(l) 
6514(l) 
7051(2) 
X172(2) 
7401(2) 
5436(2) 
5513(X) 
5340(7) 
6783(X) 
6X26(7) 
702X(7) 
6097(6) 
4670(6) 
5104(6) 
5676(6) 
5746(9) 
5632(10) 
6555(11) 
6645(X) 
6X42(9) 
6297(X) 
5046(9) 
5352(X) 
76X9(6) 
5894(X) 
5X67(9) 
4826(X) 
7170(5) 
7222(6) 
726d6) 
7245(6) 
7 193(5) 
7155(5) 
71245) 
6909(X) 
639%X) 
6104(5) 
63 1 X(6) 
6X28(6) 
901X(7) 
9466(6) 
961 X(5) 
9323(7) 
X876(6) 
X723(4) 
X402(5) 
86 I3(6) 
X796(6) 
X768(5) 
X558(6) 
X375(5) 
75946) 

102(11) 
lOo(10) 
77(8) 
56(7) 

lOl(10) 
137(14) 
125(13) 
117(12) 
102(1 I) 
57(6) 
53(l) 
44(l) 
51(l) 
49tl) 
45(2) 
56(2) 
49(2) 
57(2) 

1147) 
108(X) 
119(8) 
92(6) 
92(6) 
76(5) 

116(7) 
113(7) 
X4(6) 
X5(9) 
70(X) 
X6(9) 
60(7) 
68(8) 
5N6) 
71(X) 
87(9) 
43(6) 
63(7) 
77(8) 
X5(9) 
71(X) 
99(10) 
X5(9) 
79(8) 
66(7) 
51(6) 
70(7) 
79(X) 

119(12) 
11 l(11) 
66(7) 
546) 
75(X) 
77(8) 

10X(1 1) 
110(11) 
X4(8) 
55(6) 
69(7) 
93(9) 
X3(9) 
92(10) 
75(X) 
546) 
94(10) 

Table 2 (continued) 

Atom x Y : “e’eq 
C(332) 4X45(7) 529Oi9) 752X(7) 
C(333) 
C(334) 
cc3351 
C(330) 
C(341) 
C(342) 
C(343) 
C(344) 
C(345) 
C(340) 
C(421) 
C(422) 
C(423) 
C(424) 
C(425) 
C(420) 
aCl(51) 
aCl(52) 
“C(50) 
W(61) 
W(62) 
“C(60) 
W(71) 
‘Cl(72) 
V(70) 
“Cl(X1) 
“Cl(X2) 
“Cl(X3) 
“C(XO) 
aC(x0’) 

464X(10) 
4022(11) 
3594x1 
379 l(X) 
2727(X) 
2254(12) 
15X1(10) 
13X1(7) 
1854(10) 
2527(9) 
3507(1 I) 
4167(12) 
4557(7) 
42X7(10) 
3627( I 1) 
3237(7) 
4375(12) 
371d13) 
4427(26) 

604(13) 
1409(13) 
600(24) 

4229( 14) 
4567( 14) 
4X45(30) 

X00( 14) 
416(31) 
397(30) 
345(95) 

5743(7) 
573 l(6) 
5266(X) 
48 13(6) 
4967(7) 
5202(6) 
5034(X) 
4630(9) 
4395(7) 
4564(6) 
1 X68(8) 
1671(7) 
I X45( IO) 
2215(10) 
241 l(7) 
2237(X) 
9312(10) 
X480( 10) 
X621(22) 
4313(1 I) 
3429(11) 
3642(23) 
5467(12) 
5943(12) 
5x34341 

672(12) 
1463(25) 
695(24) 
742(34) 

3X7( 105) 1143(45) 

721X(X) 
6975(6) 
7041(6) 
7351(6) 
X194(6) 
X521(5) 
X490(6) 
X131(8) 
7X03(6) 
7X35(5) 
5744(6) 
5696(X) 
52X7(10) 
4926(7) 
4973(6) 
53X2(7) 
3X10(9) 
32X3(9) 
3536(2X) 
3591(9) 
324%9) 
3300(29) 
450X( 10) 
5373(10) 
4X05( 19) 
4597( 10) 
5237(20) 
5491(21) 
5138(4X) 
4996(34) 

107(11) 
11X(12) 
96(10) 
71(X) 
65(7) 
74(X) 
X9(1 I) 

105(13) 
109(12) 
7X(X) 
51(6) 

114(12) 
lll(11) 
106(11) 
119(12) 

8X(9) 
59(7) 

17%6) 
179(6) 
179(6) 
I X6(7) 
I X6(7) 
1X6(7) 
202(7) 
202(7) 
202(7) 
205(9) 
205(9) 
205(9) 
205(9) 
205(9) 

a Site occupation factors 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 
0.25, 0.25, 0.5, 0.25, 0.25 for C(50), Cl(511, Cl(52), C(60), CN61), 
Cl(62), C(70), Cl(711, Cl(72). C(XO), C(XO)‘, Cl(Xl), Cl(X2), Cl(X3) 
respectively. 

C(9), Ru(3)-Ru( 1 )-C(Z) and Ru(3)-Ru( 1 >-Cc 1) bond 
angles, which are 92.8(9), 104.3(8), 92.4(8) and 79.7(9) 
(av. 92.3”) in molecule A and 93.0(8), 102.1(9), 90.0(7) 
and 84.8(9)” (av. 92.5”) in molecule B respectively 
approach the values (av. 92.3”) found in the structure of 
H,Ru,CdCO),&dppe), where this bond was not hy- 
dride-bridged. The small values of these Ru-Ru-C 
angles in 2 thus exclude the possibility of an edge- 
bridging hydride ligand on the Ru(l)-Ru(3) edge. This 
leaves three M-M edges free for the three existing 
hydride ligands: the edges Co( 1 I-Ru(2), Rut 1 )-Ru(2) 
and Ru@-Ru(3). These bonds are also longer than the 
other bonds because the hydride ligand lengthens the 
metal-metal bond. The bond lengths of the Co(l)- 
Ru(2), Ru(l)-Ru(2) and Ru@-Ru(3) edges are 
2.766(4), 2.987(3) and 3.044(2) A in molecule A and 
2.764(3), 2.989(2) and 3.043(2) A in molecule B re- 
spectively. The bond lengths Ru( l)-Ru(3), Co( 1 )-Ru(3) 
and Cot I)-Ru(1) are shorter, 2.876(3), 2.674(3) and 
2.684(4) A in molecule A and 2.871(3), 2.672(3) and 
2.683(4) A in molecule B respectively. 

Hydride ligands also require space and therefore the 
ligands adjacent to the hydride-bridged edges are re- 



208 H.J. Kukkonm et uL/Journal oj’Orgunomrtullic Chemistry 518 (1996) 203-211 

Table 3 
Selected geometric parameters (A, “1 for HRuCo,(CO),[HC(PPh,),] 
(PMe,Ph) (1) 

Ru(l)-Co(l) 2.760(l) Ru(l’)-Cdl’) 2.750(l) 
Ru(l )-CO(~) 2.658(l) Ru(WCd2’) 2.631(l) 
Ru( 1 )-CO(~) 2.656(I) Ru(l’)-Cd3’) 2.691(l) 
Ru( 1 )-P(4) 2.337(3) Ru(l’)-P(4’) 2.331(3) 
Ru(l)-C(l) 1.845(9) Ru(l’)-C(Y) 1.893(9) 
Ru(l )-C(3) 1.887(9) Ru(l’)-C(3’) 1.883(11) 
Cd I )-Co(2) 2.496(l) Cdl’)-cd2’) 2.501(2) 
cd 1 )-CO(~) 2.508(2) cdl’)-cd3’) 2.506(2) 
Cdl)-P(l) 2.209(2) cdl’)-p(V) 2.221(2) 
Cd 1 )-C(4) 1.782(9) cdl’)-c(4’) 1.729(12) 
Cdlbc(12) 2.013(7) cdWc(l2’) 2.020(S) 
cdl)-c(13) 2.028(9) cdl’)-c(l3’) 2.009(9) 
cd&co(3) 2.505(l) Cd2’)-cd3’) 2.509(2) 
CdW’(2) 2.229(3) cd2’)-p(2’) 2.226(2) 
Cd2)-C(6) l.733(7) Cd2’)-C(6’) 1.7548) 
cd2)-c( I 2) 1.883(9) cd2’)-c(l2’) 1.875(10) 
cd2)-c(23) 1.903(9) cd2’)-c(23’) 1.928(9) 
Cd3)-P(3) 2.229(2) cd3’)-p(3’) 2.227(2) 
cd3)-c(8) I .749(9) Cd3’)-C(8’) 1.733(10) 
cd3)-c( 13) 1.853(7) cd3’)-c(13’) 1.892(9) 
cd3)-c(23) 1.941(7) cd3’)-c(23’) 1.938(8) 
P(l)-C(lO) 1.905(7) P(l’)-C(lo’) 1.8949) 
PwC(lO) 1.891(6) Pt2’)-C(10’) 1.881(7) 
P(3)-a 10) 1.890(8) P(3’)-C(l0’) 1.898(8) 
P(4)-a401 1.826(lO)P(4’)-C(40’) 1.810(8) 
P(4)-C(41) 1.802(1O)p(4’)-C(41’) 1.833(10) 
Cdl)-Ru(l)-Cd21 54.8(l) Cdl’)-Ru(l’)-Cd2’) 55.3(l) 
Cdl)-Ru(l)-Cd3) 55.1(l) Cdl’)-Ru(WCd3’) 54.8(l) 
Cd2)-Ru(l)-Cd3) 56.3(l) Cd2’)-Ru(l’bCd3’) 56.2(l) 
Cdl)-Ru(l)-P(4) 109.4(l) Cdl’)-Ru(l’)-P(4’) 110.8(l) 
Cd2)-Ru(l)-P(4) 162.2(l) Cd2’)-Ru(l’)-H4’) 162.8(l) 
Cd3)-Ru(l)-P(4) 109.1(l) Cd3’)-Ru(l’)-P(4’) 108.3(l) 
Cdl)-Ru(l)-C(1) 151.8(3) Cdl’)-Ru(l’)-Ccl’) 151.7(4) 
Cd2)-Ru(l)-C(l) 105.0(3) Cd2’)-Ru(l’)-C(1’) 100.5(3) 
Cd3)-Ru(l)-C(1) 98.1(3) Cd3’-Ru(l’)-C(V) 100.9(4) 
Cdl)-Ru(l)-C(3) 107.8(3) Cdl’)-Ru(l’)-C(3’) 105.4(3) 
Cd2)-Ru(l)-C(3) 98.7(3) Cd2’)-Ru(l’)-C(3’) lOl.4(3) 
Cd3)-Ru(l)-C(3) 154.4(3) Cd3’)-Ru(l’)-CU) 155.43) 
Ru(l)-Co(lbCd2) 60.5(l) Ru(l’)-CdVbCd2’) 59.9(l) 
Ru(l)-Co(l)-Cd3) 60.3(l) Ru(I’)-CdWCd3’) 61.4(l) 
cd2)-co(l)-Cd31 60.1(l) cd2’)-cdl’)-cd3’) 60.1(l) 
Ru(l)-Co(l)-P(i) 148.8(l) Ru(l’)-Cdl’)-P(V) 149.6(l) 
cd2)-co(l)-P(1) 95.1(l) cd2’)-CdY-HI’) ;;:N.i;; 
cd3)-co(l)-P(1) 91.5(l) Cd3’-Cdl’)-HI’) 
Ru(l)-Co(l)-C(4) 116.1(3) Ru(l’)-Cdl’)-C(4’) 112.4(3) 
cd2)-co(l)-C(4) 146.9(3) cd2’)-cdl’)-C(4) 150.1(4) 
cd3)-co(l)-C(4) 150.8(3) cd3’)-co(WC(4’) 145.5(3) 
Ru(l)-Co(l)-C(l2) 76.5(3) Ru(l’)-Cdl’)-C(l2’) 74.8(2) 
cd2)-co(l)-C(l2) 47.9(3) cd2’)-cdl’)-C(l2’) 47.5(3) 
cd3)-co(l)-C(l2) 107.3(3) Cd3’-Co(l’)-C(12’) 107.0(3) 
Ru(l)-Co(l)-C(l3) 75.42) Ru(l’)-Cdl’)-Ct13’) 79.d2) 
cd2)-co(l)-C(l3) 106.1(2) cd2’)-cdl’)-C(l3’) 107.7(2) 
cd3)-co(l)-C(l3) 46.8(2) cd3’)-co(l’)-C(l3’) 48.0(2) 
Ru(l)-Co(2)-Cdl) 64.7(l) Ru(l’)-Cd2’)bCdl’) 64.7(l) 
Ru(l)-Co(2)-Cd3) 61.8(l) Ru(l’)-Co(2’)-Cd3’) 63.1(l) 
cdl)-cd2)-Cd3) 60.2(l) cdl’)-cd2’)-cd3’) 60.0(l) 
Ru(l)-CO(~)-P(2) 157.7(l) Ru(l’)-Cd2’)-Pt2’) 158.0(l) 
cdl)-co(2)-P(2) 97.5(l) Cdl’)-Cd2’)-H2’) 100.7(l) 
cd3bco(2)-H2) 98.2(l) cd3’)-co(2’)-H2’) 95.6(l) 
Ru( 1 )-CO(~)-C(6) 96.8(4) Ru(l’)-Cd2’)-C(6’) 95.6(3) 
Cdl)-Co(2)-C(6) 142.1(3) Cdl’)-Cd2’)-C(6’) 144.5(4) 
Cd3)-Co(2)-C(6) 141.8(4) Cd3’-Co(2’)-C(6’) 139.0(3) 
Ru(l)-CO(~)-C(12) 81.2(3) Ru(l’)-Cd2’)-C(l2’) 80.0(3) 
cdl)-co(2)-C(12) 52.5(2) Cdl’)-Cd2’)-C(l2’) 52.7(2) 

Table 3 (continued) 

co(3)-Cd2)-c( 12) 112.0(2) Co(3’-cd2’)-c(l2’) I1 1.9(3) 
Ru(l)-Cd2)-C(23) 72.8(3) Ru(l’)-Cd2’)-C(23’) 73.4i3) 
co(l)-cd2)-c(23) 109.0(2) Co(l’)-Cd2’)-c(23’) 108.5(2) 
coO-cd2)-c(23) 50.0(2) Co(3’)-cd2’)-c(23’) 49.7(2) 
Ru(l)-Cd3)-Cdl) 64.5(l) Ru(l’)-Cd3’)LCdl’) 63.8(l) 
Ru(l)-Cd3)-Cd21 61.9(l) Ru(l’)-Cd3’)-Cd2’) 60.7(l) 
co(l)-cd3)-cd21 59.7(l) Cot]‘)-Cd3’)-Cd2’) 59.8(l) 
Ru(l)-Cd3)-P(3) 156.2(l) Ru(l’)-Cd3’)-P(3’) 155.2(l) 
co(l)-cd3)-P(3) 100.6(1) co(l’)-cd3’)-p(3’) 96.41) 
co@-cd3)-P(3) 94.8(l) co(2’)-Cd3’)-P(3’) 97.1(l) 
Ru(l)-Cd3)-C(8) 98.2(3) Ru(l’)-Cd3’)-C(8’) 103.5(3) 
Co(l)-Cd3)-C(8) 146.2(3) Co(l’)-Cd3’-C(8’) 149.1(4) 
CoWCd3)-C(8) 139.7(2) Co(2’)-Cd3’)-C(8’) 141.2(3) 
Ru(l)-Cd3)-C(l3) 80.8(2) Ru(l’)-Cd3’)-C(l3’) 82.5(3) 
co(l)-cd3)-C(l3) 52.9(3) Co(l’)-Cd3’)-cXl3’) 52.1(3) 
coWcd3)-c( 13) 111.8(3) co(2’)-cd3’)-c( 13’) 111.5(3) 
Ru(l)-Cd3)-C(23) 72.4(3) Ru(l’)-Cd3’)-C(23’) 71.9(3) 
co(t)-cd3)-c(23) 107.3(3) Co(l’)-cd3’)-c(23’) 107.‘)(3) 
co(2)-cd3)-c(23) 48.7(3) co(2’)-cd3’)-c(23’) 49.43) 
Co( 1 )-PC 1 )-C( 10) 109.7(2) Co(l’)-P(l’)-C(l0’) 108.4(2) 
co(2)-Pwc(lo) 104.9(3) Co(2’)-P(2’)-C(10’) lO4.3(3) 
co0-Pa-a IO) 105.1(2) Co(3’)-P(3’)-C(lO’) 105.5(3) 
Ru(l)-P(4)-C(40) 113.1(3) Ru(l’)-P(4’)-C(40’) 1 12.3(3) 
Ru(l)-P(4)-C(41) 1 l7.4(3) Ru(l’)-P(4’)-C(41’) 1 16.9(3) 
c(4o-H4)-c(41) 101.4(5) C(4O’)-P(4’)-C(41’) 102.0(4) 
P(l)-C(lO)-P(2) 104.1(3) P(l’)-C(lO’)-P(2’) 104.9(4) 
P(l)-C(lO)-P(3) 103.7(4) P(l’)-C(lO’)-P(3’) 104.6(4) 
P(Z)-C(lO)-P(3) 105.8(4) P(2’)-C(lO’)-P(3’) 105.7(3) 
co(l)-c(l2)-cd2) 79.6(3) Co(l’)-C(l2’)-Cd2’) 79.8(4) 
co(t)-c(13)-cd3) 80.4(3) Co(l’)-C(lY-Cd3’) 79.9(3) 
co@-c(23)-cd31 81.3(3) co(2’)-CW-cd?) X0.9(3) 

pulsed. The bond angles Ru( 1 )-Ru(2)-P(3), Ru( l)- 
Ru(2)-C(6), Ru(2)-Ru( 1 )-C(3) and Ru(2)-Ru( 1 )-C( 1) 
on the hydride-bridged Ru( I )-Ru(2) edge are 112.6(2), 
97.7(7), 111.4(9) and 91.4(9)” (av. 103.3”) in molecule 
A and 112.4(2), 98.1(6), 111.3(8) and 90.5(8Y (av. 
103.1”) in molecule B respectively. On the Ru(2)-Ru(3) 
edge, which is also hydride-bridged, the bond angles 
Ru(3)-Ru(2)-P( l), Ru(3)-Ru(2)-C(6), Ru(2bRu(3)- 
P(4) and Ru(2)-Ru(3)-C(9) are 117.7(2), 92.3(6), 
116.9(2) and 83.8(7)” (av. 102.7”) in molecule A and 
118.5(2), 90.3(7), 114.6(2) and 85.6(7>0 (av. 102.3”) in 
molecule B respectively. On the third hydride-bridged 
edge the angles Co( 1 )-Ru(2)-P( 1), Co( 1 )-Ru(2)-P(3) 
and Ru(2)-Co( 1)-C(5) are 114.3(2), 119.9(2) and 
125.7(10)” (av. 120.0”) in molecule A and 114.4(2), 
120.5(2) and 125.3(8)” (av. 120.1”) in molecule B re- 
spectively and therefore large enough for the edge- 
bridging hydride ligand. 

In H ,Ru ,Co(CO),,(dppe) all three hydride ligands 
were crystallographically located on the corresponding 
edges, as in molecule (2). In H,Ru,Co(CO),,(dppe) the 
two hydride-bridged Ru-Ru bonds and one hydride- 
bridged Ru-Co bond are 3.015( 1 ), 2.993( 1) and 2.748( 1) 
A. The non-bridged Ru-Ru bond is 2.830(l) A and the 
carbonyl-bridged Ru-Co bonds 2.669( 1) and 2.670( 1) 
A. The Ru-Ru-C/P bond angles on the hydride-bridged 
edges average 103.7” on the first hydride-bridged Ru-Ru 
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Table 4 
Selected geometric parameters (A,? for H ,Ru ,Co(CO),[HC 
(PPh,),](PMe,Ph).CH,Cl, (2) 

Ru(l)-C(1) 1.86(3) Ru(l’)-C(1’) 1.80(3) 
Ru(l)-C(3) 1.93(3) Ru(l’)-C(3’) 1.92(3) 
Ru(l)-C(2) 1.98(3) Ru(l’)-C(2’) 1.95(3) 
Ru(l)-C(4) 2.343) Ru(l’)-C(4’) 2.33(3) 
Ru(l)-Cdl) 2.6844) Ru(l’)-Cdl’) 2.683(4) 
Ru(l)-Ru(3) 2.876(3) Ru(l’)-Ru(3’) 2.871(3) 
Ru(1 )-Ru(2) 2.987(3) Ru(l’-Ru(2’) 2.989(2) 
Ru(Z)-C(6) 1.86(2) Ru(2’)-C(6’) 1.90(2) 
Ru(2)-P(3) 2.288(S) Ru(2’)-P(3’) 2.295(6) 
Ru(2)-P( 1) 2.298(6) Ru(2’)-P(Y) 2.293(6) 
Ru(2)-Co( 1) 2.766(4) Ru(2’)-Cd 1’) 2.7643) 
Ru(2)-Ru(3) 3.044(2) Ru(2’)-Ru(3’) 3.043(2) 
Ru(3)-C(9) I .88(3) Ru(3’)-C(9’) 1.843) 
Ru(3)-C(8) 1.89(3) Ru(3’)-C(8’) 1.85(2) 
Ru(3)-C(13) 2.142) Ru(3’)-C( 13’) 2.17(3) 
Ru(3)-P(4) 2.3347) Ru(3’)-Pt4’) 2.335(7) 
Ru(3)-Co( 1) 2.6743) Ru(3’)-Cdl’) 2.672(3) 
cdl)-c(4) 1.71(3) cd Wc(4’) 1.77(2) 
Cd I )-c(5) 1.71(3) cdl’)-c(5’) 1.69(3) 
cdl)-c(t3) 1.80(2) cdl’)-c(13’) 1.82(2) 
P(l)-C(l0) I .85(2) P(l’)-C(I0’) 1.91(2) 
P(2)-C(10) 1.90(2) P(2’)-C(10’) 1.842) 
P(3)-C(10) 1.85(2) P(3’)-C(10’) 1.86(2) 
P(4)-C(41) 1.82(2) P(4’)-C(41’) 1.82(2) 
P(4)-C(40) 1.83(2) P(4’)-C(40’) 1.83(2) 
C(l)-Ru(l)-Cdl) 134.7(9) C(l’)-Ru(l’)-Cdl’) 138.2(9) 
C(3)-Ru(l)-Cdl) 118.7(9) C(3’)-Ru(l’)-Cdl’) 115.2(g) 
CWRu(l)-Cdl) 101.7(8) C(Z’)-Ru(l’)-Cdl’) 102.9(7) 
C(4)-Ru(l)-Cdl) 39.1(6) C(4’)-Ru(I’)-cdl’) 40.6(6) 
C(l)-Ru(lkRu(3) 79.7(9) C(l’)-Ru(l’)-Ru(3’) 84.8(9) 
C(3)-Ru(l)-Ru(3) 173.7(8) C(3’)-Ru(l’)-Ru(3’) 171.8(8) 
C(2)-Ru(l)-Ru(3) 92.48) C(2’)-Ru(l’)-Ru(3’) 90.0(7) 
C(4)-Ru(l)-Ru(3) 93.6(7) C(4’)-Ru(l’)-Ru(3’) 94.46) 
Cdl)-Ru(lLRu(3) 57.37(8) Cdl’)-Ru(l’)-Ru(3’) 57.39(8) 
C(l)-Ru(l)-Ru(2) 91.49) Ccl’)-Ru(l’)-Ru(2’) 90.5(X) 
C(3)-Ru( l)-Ru(2) 111.4(9) C(3’)-Ru(l’)-Ru(2’) 1 I 1.3(8) 
C(2)-Ru( 1 kRu(2) 153.3(8) C(2’)-Ru( l’)-Ru(2’) 15 1.7(7) 
C(4)-Ru(l)-Ru(2) 85.8(6) C(4’)-Ru(l’)-Ru(2’) 88.2(6) 
Cdl)-Ru(l)-Ru(2) 58.10(8) Cdl’)-Ru(l’)-Ru(2’) 58.03(8) 
Ru(3)-Ru(l)-Ru(2) 62.53(6) Ru(3’)-Ru(l’)-Ru(2’) 62.52(6) 
P(3)-Ru(2)-P( 1) 72.42) P(l’)-Ru(2’)-P(3’) 71.9(2) 
C(6)-Ru(2)-Cdl) 144.46) C(6’-Ru(2’)-Cdl’) 143.1(7) 
P(3)-Ru(2)-Cdl) 119.9(2) P@‘-Ru(2’)LCdl’) 120.5(2) 
P(l)-Rut2)-Cdl) 114.3(2) P(l’)-Ru(2’)-Cdl’) 114.4(2) 
C(6)-Ru(2)-Ru(1) 97.7(7) C(6’)-Ru(2’)-Ru( 1’) 98.1(6) 
P(3)-Ru(2)-Rut 1) 112.6t2) P(3’)-Ru(2’)-Ru( 1’) 112.4(2) 
P(l)-Ru(2)-Ru(l) 169.8(2) P(l’)-Ru(2’)-Ru(1’) 169.8(2) 
Cdl)-Ru(2)-Rdl) 55.45(8) Cdl’)-Ru(2’)-Ru(1’) 55.44(8) 
C(6)-Ru(2)-Ru(3) 92.3(6) C(6’)-Ru(2’)-Ru(3’) 90.3(7) 
P(3)-Ru(2)-Ru(3) 169.42) P(3’)-Ru(2’)-Ru(3’) 169.3(2) 
P(l)-Ru(2)-Ru(3) 117.7(2) P(l’)-Ru(2’)-Ru(3’) 118.5(2) 
Cdl)-RuWRu(3) 54.547) Cdl’)-Ru(2’)-Ru(3’) 54.54(7) 
Ru(l)-Ru@-Ru(3) 56.946) Ru(l’)-Ru(2’)-Ru(3’) 56.85(6) 
C(9)-Ru(3LCdl) 141.2(7) C(9’)-Ru(3’)-Cdl’) 142.7(7) 
C(8)-Ru@-Cdl) 121.8(8) C@‘-Ru(3’)-Cdl’) 119.0(s) 
C( 13)-Ru(3)-Cd I) 42.2(6) C(13’)-Ru(3’)-Cdl’) 42.6(6) 
P(4)-Ru(3)-Cdl) 103.9(2) P(q)-Ru(3’)-Cdl’) 103.0(2) 
C(9)-Ru(3)-Ru(1) 104.3(8) C(9’)-Ru(3’)-Ru( 1’) 102.1(9) 
C(8)-Ru(3)-Ru(l) 92.8(9) C(S’)-Ru(3’)-Ru(l’) 93.0(8) 
C( I3)-Rut3)-Ru( 1) 76.8(6) cc1 3’)-Ru(3’-Rdl’) 77.2(6) 
P(4)-Ru(3)-Ru(l) 160.6(2) p(4’)-Ru(3’)-Ru(l’) 160.3(2) 
Cdl )-Ru(S)-Ru( I) 57.7@8) Cdl’)-Ru(3’)-Ru( 1’) 57.77(8) 
C(9)-Ru(3)-Ru(2) 83.8(7) C(9’)-Ru(3’)-Ru(2’) 85.6(7) 
c(8)-Ru(3)-Ru(2) 150.0(9) C(~‘)-RLI(~‘)-RU(~‘) 151.8(8) 

Table 4 (continued) 

C(13)-Ru(3)-Ru(2) 99.6(6) C(13’)-Ru(3’)-Ru(2’) lOO.d6) 
P(4)-Ru(3)-Ru(2) 116.9(2) P(4’)-Ru(3’)-Ru(2’) 114.6(2) 
Co(l)-Ru(3)-Ru(2) 57.42(8) Cdl’)-Ru(3’)-Ru(2’) 
R;(l)-Ru(3)-Ru(2) 60.53(6) Ru(l’)-Ru(3’)-Ru(2’) 
C(4)-Cdl)-Ru(3) 119.49) C(4’)-Cdl’kRu(3’) 
C(S)-Cdl)-Ru(3) 131.5(10) C(S’)-Cdl’)-Ru(3’) 
C(13)-cdl)-Ru(3) 52.8(8) C(13’)-Cdl’)-Ru(3’) 
C(4)-Cdl)-Ru(l) 59.49) C(4’)-Cdl’)-Ru(1’) 
C(5)-Cdl)-Ru(l) 160.7(10) C(S’)-Cdl’)-Ru(l’) 
C(13)-Cdl)-Ru(l) X7.5(8) C(13’)-Cdl’)-Ru(l’) 
Ru(3)-Cdl)-Ru(l) 64.92(9) Ru(3’)-Cdl’)-Ru(l’) 
C(4)-Cdl)-Ru(2) 107.2(9) C(4’)-Cdl’)-Ru(2’) 
C(S)-Cdl)-Ru(2) 125.7(10) C(5’)-Cdl’)-Ru(2’) 
C( 13)-Cd I)-Ru(2) I20.8(8) C( 13’)-Cd I’)-Ru(2’) 
RuWCdl)-Ru(2) 68.049) Ru(3’)-Cdl’)-Ru(2’) 
Ru(l)-Cdl)-Ru(2) 66.46(9) Ru(l’)-Co(l’)-Ru(2’) 
C( 10)-H I)-Ru(2) 95.5(6) C( lo’)-P( I’)-Ru(2’) 
C( IO)-P(3)-Ru(2) 95.9(6) C(lO’)-P(3’)-R&2’) 
Co(I)-C(4)-Ru(l) 81.5(11) Cdl’)-C(4’)-Ru(l’) 
P(3)-C(lO)-P(l) 94.1(8) P(3’)-C(IO’)-P(V) 
P(3)-C(lO)-P(2) 111.8(10) P(2’)-C(lO’)-P(Y) 
P(l)-C(lO)-P(2) 114.4(10) P(2’)-C(IO’)-P(V) 
Co(l)-C(l3)-Ru(3) 85.0(10) Cdl’)-C(I3’)-Ru(3’) 

57.42(8) 
60.63(6) 

I 17xX7) 
132.5(8) 
53.7(8) 
58X(8) 

160.1(9) 
88.1(8) 
64.84(8) 

108.7(9) 
125.3(8) 
121.8(8) 
68.04(9) 
66.53(9) 
96.1(6) 
97.5(6) 
80.6( 10) 
9 1.5(8) 

112.0(11) 
114.7(10) 
83.6(10) 

edge and 101.0” on the second. The two Co-Ru-P 
bond angles and the Ru-Co-C bond angle are 104.7(l), 
114.2(l) and 120.1(2)” (av. 113.0”) respectively. 

In solution the ‘H NMR spectrum of 2 at 273 K 
shows a broadened multiplet at - 16.2 ppm (intensity 
11, which arises from the Ru-Co edge-bridging hydride 
ligand and a doublet of doublets signal at - 19.50 ppm 
(intensity 2) assigned to the remaining two hydride 
ligands. 

In the original cluster the signal was observed as a 
singlet at - 15.8 ppm and in the parent cluster 
H,Ru,Co(CO),, (C, isomer) at - 17.2 ppm (OOC), 
indicating a fluxional process of the hydride ligands in 
these molecules. In the I H NMR spectrum of H ,Ru ,Co- 
(CO),,(dppe) the hydrides showed two resonances, a 
sharp singlet at - 16.6 ppm (Ru-H-Ru) and a broad 
singlet at - 14.2 ppm (Ru-H-CO). 

3. Experimental details 

3.1. General 

H,Ru,Co(CO)JHC(PPh,),] and HRuCo,(CO),[HC- 
(PPh,),] were prepared by previously published meth- 
ods [6]. PMe,Ph, PMe, and all the solvents were of 
commercial origin. All manipulations except the chro- 
matographic separations were done with deoxygenated 
solvents under N, atmosphere. The PI-TR spectra were 
recorded on a Galaxy 6020 spectrometer. The ‘H NMR 
spectra were recorded on a Bruker AM-250 spectrome- 
ter at 273 K in CDCl,. Chemical shifts are relative to 
Me,Si. Crystals were grown by evaporation of the 
solvent from a saturated hexane-CH,Cl, solution. The 
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Table 5 
Crystallographic data for compounds 1 and 2 

Formula 

FW 
Colour; habit 
Crystal size (mm3) 
Crystal system 
Space group 

u (A, 

b (A, 
c (A, 
p (“) 
v ($3, 
Z 
Calc. density 

(g cmm3) 
p (mm-‘) 
F(000) 
No. of centering 

reflections 
Centering 28 (“1 
Scan range 2 0 (“) 
Scan speed (” min- ’ ) 
h, k, 1 range 
Reflections collected 
No. of independent 

reflections 
Obs. data 

[I 2 2a(r)l 
No. of parameters 
R [I 2 2d01 
R’ 
wR2 [I > 2a(I)] 
g (weight) 
Goodness of fit 
Largest difference 

peak(e k3) 
Largest difference 

hole (e A-‘) 

1 2 
C,,H&&‘&RU C,,H,,W’,CoRu, 

1209.7 
Brown; rectangle 
0.5 x 0.5 x 0.3 
Monoclinic 
P2(l)/n 
20.053(3) 
22.448(4) 

24.399(4) 
111.10(l) 
10247(3) 
8 
1.568 

+ CH,CI, 
1408.9 
Brown; rectangle 
0.6X0.5X0.5 
Monoclinic 
P2(l)/c 
19.789(4) 

23.368(5) 

26.3346) 
90.42(2) 

l2177(5) 
8 
1.534 

1.411 1.240 
4880 5592 
28 28 

19-32 15-22 
5-50 5-42 
2.49-29.3 3.00-29.3 
23,26, f 29 23,28,*31 
19304 13530 
18244 12880 

10509 6314 

1075 
5.48 
5.59 
- 
0.0005 
1.29 
0.80 

1158 
9.08 

18.18 
0.0839 
I .02 
1.33 

- 0.68 - 0.82 

R=(xlt F,klF,II)/~:FOI, R’=[zw(l F,I- IF,I)*/Xwl Foj2]“2, 
where w = l/[a’(F)+ gF2]. wR2 = {_Z[w(F,* - 
Fc2)2]/8[w(Fo2)2]]“2, weighting scheme used w = I/[ (T~( Fo2)+ 
(#I2 + 45.8P], where P = (Fo2 + 2F22)/3. Goodness of fit 
[-ZdlF,I- l Fc~)2/b’o - Nv)]“2, where N, is the number of ob- 
served reflections and NV the number of variables. 

crystal of 1 was measured at room temperature exposed 
to normal atmosphere, and the crystal of 2 in a sealed 
glass capillary. 

3.2. Synthesis 

3.2.1. HRuCo,(CO),[HC(PPh, ),I (PMe, Ph) 
A tetrahydrofuran solution (30 ml) of HRuCo,(CO),- 

[HC(PPh,),] (29 mg, 0.026 mmol) and an excess of 
PMe,Ph (30 ~1, 0.211 mmol) were reacted at refluxing 
temperature. After 3.5 h the reaction was complete. 
After evaporation of the solvent the residue was purified 
by column chromatography on silica. Elution with an 

n-hexane/CH,Cl 2 (1 : 2) mixture gave a fraction which 
was identified as compound 1 (red, 24.7 mg, 0.020 
mmol, 76.9%). IR (cm-’ >: 2011 vs, 1962 vs, 1783 m, 
1753 m, CH,Cl,. ‘H NMR (ppm>: - 19.9 dd [‘J(P,,- 
H) = 36.6 Hz, ‘J(P,,-II) = 7.3 Hz and 3J(P,,-H> = 3.3 
Hz]. 

3.2.2. H3 Ru, Co(CO), [HC(PPh, J3 I (PMe, Ph) . CH, Cl, 
A tetrahydrofuran solution (30 ml) of H,Ru,Co- 

(CO),[HCW’h,),l (27.4 mg, 0.023 mmol) and an ex- 
cess of PMe,Ph (10 ~1, 0.070 mmol) were reacted at 
room temperature for 3 h. The THF was evaporated and 
the resulting mixture of cluster compounds was sepa- 
rated by column chromatography on silica. Elution with 
an n-hexane/CH,Cl, (1 : 2) mixture gave compound 2 
as a third fraction (red, 13.0 mg, 0.010 mmol, 43.5%). 
IR (cm-’ >: 2054 vs, 2005 vs, 1993 vs, 1976 m,br, 1827 
w, 1778 w, CH,Cl,. ‘H NMR (ppm): - 16.2 m, - 19.50 
dd [ J(P-H) = 23.8 Hz, J(P-H) = 12.3 Hz]. 

3.2.3. HRuCo, (CO),[HC(PPh, j3 I(PMe, ) 
A tetrahydrofuran solution (30 ml) of HRuCo,(CO),- 

[HC(PPh,),] (44 mg, 0.040 mmol) and an excess of 
PMe, (25 ~1, 0.241 mmol) were reacted at +45 “C for 
14 h. After evaporation of the solvent the residue was 
purified by column chromatography on silica. Elution 
with an n-hexane/CH,Cl, (1 : 2) mixture gave a frac- 
tion which was identified as HRuCo,(CO),[HC(PPh,),] 
(PMe,) with IR and ‘H NMR spectroscopy (reddish- 
brown, 45.5 mg, 0.039 mmol, 97.5%). IR (cm-‘): 2012 
vs, 1969 vs, 1753 m,br, CH,Cl,. ‘H NMR (ppm): 
- 19.9 dd [2J(P,-H) = 36.0 Hz, ‘J(P,,-H) = 7.0 Hz 
and 3J(P,-H> = 3.0 Hz]. 

3.3. Structure determination 

Diffraction data were recorded on a Nicolet R3m 
diffractometer with graphite-monochromated MO -K LY 
radiation (A = 0.71073 A) and o scan mode. Intensities 
were corrected for Lorentz, polarization and background 
effects. An absorption correction was applied for 1. 

In both structures metal atom positions were located 
by applying direct methods, and the coordinates for 
non-metal atoms were determined from subsequent dif- 
ference electron density calculations. All calculations 
were performed using the SHELXTL PLUS [15] program 
package, except for the final structure refinement of 2 
where the SHELXTLW [16] program was used. For 2, 
23033 reflections were collected with scan range 5” < 
28 G 50”, but within the range 42-50” the crystal 
showed no diffraction. 

All non-hydrogen atoms were refined anisotropically, 
but the phenyl rings as rigid groups. The solvent 
molecules in 2 were refined isotropically. Hydrogen 
atoms were placed in calculated positions and not re- 
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fined. The hydride ligand in 1 was located on the 
difference electron density map but could not be re- 
fined. 

4. Supplementary material available 

For both structures a complete list of bond lengths 
and angles and tables of hydrogen coordinates, thermal 
parameters and structure factors have been deposited at 
the Cambridge Crystallographic Data Centre. 
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