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Abstract 

The clusters [M&CO),,] (M = Ru or Fe), [Fe,Ru(CO),,], [FeRu,(CO),,], [H,Ru,(CO)~~I and [H,M’M&CO),,] (M = Ru, 
M’ = Fe or Ru) have been tested as homogeneous catalysts for the hydrogenation of C,Phz and isomerization of ci.s-stilbene. The 
effect of the cluster stoichiometry, of dihydrogen and of the substrate/cluster ratio have been evaluated. There is evidence of 
competition between dihydrogen, which favours the formation of catalytically active hydrides or “metal fragments”, and C2PhZ, 
which favours metal-fragment condensation to give alkyne-substituted clusters; with the exception of D-I$L&CO)&~P~,I, these 
derivatives are stable by-products and react slowly with dihydrogen, giving only small amounts of hydrogenation products. The 
alkyne-substituted derivatives found in the hydrogenation solutions are the reported products of the reactions of iron, ruthenium or 
iron-ruthenium carbonyl clusters with CzPh, under dinitrogen; however, there are differences in the yields. Moreover, in the 
reactions of [H2Ru4(C0),3] or [H,FeRu,(CO),,], a new derivative was obtained; this was characterized spectroscopically as a third 
isomer of [Ru,(CO)s(C,Ph,),]. 

1. Introduction 

Considerable interest has been devoted to het- 
erometallic clusters in recent years; the development of 
rational synthetic methods [l] has allowed studies on 
their reactivity [2]. The heteropolymetallic aggregates 
are potential precursors of heterogeneous catalysts [3] 
as well as soluble models for interactions between 
small substrate molecules and metal surfaces [4]. New 
coordination-activation patterns of different metallic 
centres may occur and, in some instances, chiral syn- 
theses are achievable [5]. 

We are interested in the role of heterometallic 
clusters as homogeneous catalysts in hydrogenation 
and isomerization of alkynes and dienes. We found 
that, in some instances, “cluster catalysis” occurs [6] 
and that the activity is related to electronic effects of 
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substituents [7]. However, hydrogenation experiments 
with phosphine- or phosphido-bridged clusters as cata- 
lysts showed that the activity is dependent neither on 
the presence of hydrido- or phosphido-bridges nor on 
their number [8]. This was ascribed to the formation 
and rearrangement of metal fragments. Starting from 
different but chemically related clusters, we obtained 
indeed similar activities, probably because of the for- 
mation of common reactive intermediates [8a]; with 
phosphinidene-bridged clusters we observed that the 
type of metal in the cluster core is of the utmost 
importance for catalytic activity, and we also hypothe- 
sized that the hydrogenating activity is related to the 
stability of the a&me-substituted species formed dur- 
ing the reactions [&I. 

Thus, apparently the factors influencing the homo- 
geneous catalytic activity of heterometallic clusters are 
(i) the nature of the metals and (ii) the organometallic 
species formed during the reactions. However, under- 
standing of these specific factors is far from being 

0 1993 - Elsevier Sequoia ‘LA. All rights reserved 



158 R. Giordano, E. Sappa / Heterometallic clusters in homogeneous catalysis 

Fig. 1. Structures of clusters 1-7. 

satisfactory. In an attempt to illuminate them, we stud- 
ied the hydrogenation of diphenylacetylene and iso- 
merization of cis-stilbene in the presence of [Fe, 
(CO),,1 Cl), [Fe,Ru(CO),,l (21, [Ru,Fe(CO),,l (31, 
[Ru,(CO),,l (41, [H,FeRu,(CO),,l (9, [H,Ru,(CO),,l 
(61, and [H,Ru,(CO),,] (7). The structures of the com- 
plexes are shown in Fig. 1. 

The chemistry of complexes l-7 towards diphenyl- 
acetylene under dinitrogen has been extensively stud- 
ied. This will be discussed in the context of our work, 
in which we identified the organometallic products 
formed during the catalytic reactions. The products 
obtained under dihydrogen are the same as those al- 
ready obtained under dinitrogen, albeit with different 
yields. The reactions of [H,Ru,(CO),sl and [H,FeRu, 
(CO),,] with C,Ph, under dihydrogen or dinitrogen 
also gave a new product, characterized as the “red 
isomer” of [Ru,(CO),(C,Ph,),]. The alkyne-sub- 
stituted derivatives are probably formed as a conse- 
quence of “metal fragment condensation” [la] favoured 
by the ligand; hydrogenation experiments have shown 
that most of these clusters are stable by-products, 
which slowly release hydrogenated products in low 
yields. Competition with the formation of metal frag- 
ments induced by dihydrogen is probably responsible 
for the results observed. 

2. Experimental details 

2.1. General experimental 
analysis of the products 

procedures, materials and 

[Fe(CO),l, [Fe,(CO),,l, and [Ru&CO)~J (Strem 
Chemicals), diphenylacetylene (Fluka) and cis-stilbene 
(Aldrich) were commercial products, used as received 
after checking purity; dihydrogen and dinitrogen were 
dried prior to use. 

The syntheses of the catalysts and of alkyne-sub- 
stituted complexes under dinitrogen were performed in 
conventional glassware consisting of three-necked flasks 
equipped with a dinitrogen inlet, condenser, mercury 
pressure release valve and magnetic stirring; hydrocar- 
bon solvents (heptane, octane, toluene) were dried 
over sodium. The reaction mixtures were taken to 
small volume under reduced pressure and purified by 
TLC (Kieselgel PF Merck, mixtures of diethyl ether 
and light petroleum as eluants); when possible the 
complexes were crystallized from suitable solvents prior 
to use. Some syntheses were performed under dihydro- 
gen in sealed glass vials. 

Compounds were analyzed with an F&M CHN. 
Analyzer and a Perkin-Elmer AAS; some elemental 
analyses were performed by F. Pascher (Remagen, 
Germany). The complexes were characterized by IR 
(Perkin-Elmer 5801, and ‘H and 13C NMR (JEOL 
EX-400 FT) spectroscopy and mass spectrometry 
(Kratos MS 80; EI, 70 eV). 

2.2. Synthesis of complexes 2, 3, 5, 6, 7 
These were obtained through a modification of the 

procedure reported by Stone [9 * I. [Ru3(CO)iZl (0.80 g, 
1.26 mmol), Fe(CO1, (2 ml, ca. 10 mmol) and H,O (2 
ml) were heated in refluxing heptane for 90 min; the 
dark solution was filtered. The residue was extracted 
twice with CHCl, and the extracts combined with the 
filtrate. The combined volume was reduced under re- 
duced pressure and purified by TLC (eluant light 
petroleum, 40-7O”C), giving [H,Ru,(CO),,l (25% 
based on ruthenium), [H,Ru,(CO),,l (25%), 
[FeRu,(CO),,l (15%1, ]H,FeRu,(CO1,,1 (20%), 
[Ru,Fe(CO),,] (5%), and some decomposition prod- 
ucts. 

2.3. Hydrogenation of diphenylacetylene and isonaeriza- 
tion of cis-stilbene 

The hydrogenation and isomerization reactions were 
performed in sealed vials (25 ml volume) as described 
earlier [6-81. The soluble organic products in the reac- 

* Reference number with asterisk indicates a note in the list of 
references. 
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tion solutions were analysed with a Carlo Erba FID 
4200 gas-liquid chromatograph equipped with 2 m X 0.6 
mm columns used as follows: SE 30 on 5% Chro- 
mosorb WAW (60/80 mesh) with 46 ml/min dinitro- 
gen flow, 60°C for 6 min, then lO”C/min up to 240°C. 
In some instances considerable amounts of solid 
tranr-stilbene were observed in the vials: this is dis- 
cussed below. 

2.4. Identification of organometallic products in the hy- 
drogenation and isomerization solutions 

The hydrogenation solutions, after GLC, were puri- 
fied on TLC plates and the fractions analysed by 
spectroscopy and/or by elemental analyses. The iden- 
tification of the complexes was confirmed by indepen- 
dent syntheses, as described below. The products are 
listed in Tables 2 and 4. 

2.5. Reactions of complexes 4, 6, 7 with diphenylacetylene 
under dinitrogen or under dihydrogen 

2.5.1. Reactions of [Ru,(CO),,l 
The reaction of [Ru,(CO),,l with C,Ph, [lo,111 was 

repeated with modified conditions; [Ru,(CO),,] (1.0 g, 
1.56 mm00 with C,Ph, (0.5 g, 2.80 mmol) was heated 
under reflux in heptane under dinitrogen for 5 min. 
The brown suspension was filtered, reduced to small 
volume under vacuum and purified by TLC; five main 
products were obtained, brown [Ru,(CO),,C,Ph,] 
(5%) (complex A) [lib], red-purple [Ru,(CO)s(C,- 
Ph,),] (15%) (complex B), yellow-orange [Ru,(CO),- 
(p-CO),(CzPh,),l (15%) (complex 0, yellow 
[Ru,(CO),(C,Ph,),] (10%) and dark yellow [Ru,- 
(CO),,(C,Ph,),l (5%) (complex D> [121. 

2.5.2. Reactions of [H4 RU 4 (CO),,] 
Complex 7 was allowed to react with C,Ph, in 

heptane under dinitrogen; a considerable excess of 
C,Ph, was used, as under catalytic conditions. After 4 
min reflux, a dark-brown clear solution was obtained; 
upon cooling, about 30% of 7 was deposited. The 
solution was filtered and reduced to small volume. 
TLC purification (eluant light petroleum 40-70°C and 
diethyl ether, 10% in vol.) showed the presence of 
[H,Ru,(CO),,l (about lo%), [Ru,(CO),,C,Ph,l (A) 
(50%) and a mixture of products which was further 
separated by TLC (eluant light petroleum). Purple 
[Ru,(CO)s(C,Ph,),l (B) and dark yellow [Ru,- 
(CO),,(C,Ph,),l CD) were identified in small amounts. 

2.5.3. Reactions of [H, Ru,(CO),,] 
Complex 6 was allowed to react with a 2.5-l molar 

excess of C,Ph, in heptane, under dinitrogen; at reflux 
the red solution turned brown-red. After 4 min a 

red-yellow colour was observed and the reaction was 
stopped; TLC purification afforded about 25% of 
[Ru&CO)rZl, 30% of a mixture of [Ru,(CO),,(C,Ph,)l 
(A) and [H,Ru,(CO),(C,Ph,) (complex E) [13l, 35% 
of an impure bright red derivative (complex F, see 
below) and some decomposition product. During pu- 
rification of F, purple and yellow bands were observed 
during chromatography; these were tentatively identi- 
fied as B and C. 

Attempts to recrystallize complex F from heptane or 
from heptane/ chloroform mixtures gave mother 
liquors containing a yellow product (the red crystals 
were also contaminated by small amounts of yellow 
crystals [14*]. The same happened with CDCl, solu- 
tions after overnight 13C NMR runs. This indicates 
some disproportionation. 

2.5.4. Reactions of 5, 6, 7 under dihydrogen in sealed 
vials 

In some instances the organometallic complexes in 
the hydrogenation vials (2.5 ml volume) were too scarce 
to allow any analyses other than IR spectroscopy. 
Hence, we performed the reactions of complexes 5,6,7 
with C,Ph, under 1 atm of dihydrogen in 250 ml vials. 
The products and yields obtained were generally the 
same (see Table 2). In some instances, and in particu- 
lar for [H2RuJC0)r3], the relative yields of 
[Ru,(CO)&Ph,l, [Ru,(CO),(C,Ph,),l (purple iso- 
mer> and of F were dependent on the cluster/alkyne 
ratio. The yields of F increased with reduced dihydro- 
gen pressure and decreased with an excess of C,Ph,. 

Complex F: Found: C, 48.5; H, 2.68; Ru, 33.8. 
C,,H,,Ru,O, talc.: C, 48.8; H, 2.28; Ru, 34.4%. 
Molecular weight (osmometry): 832. IR (v(CO), hep- 
tane): 2067s, 2026vs(sh), 2016~s 1975s, 1878m, 1858m, 
cm-‘. ‘H NMR (CDCl,, room temperature): 7.41 (d); 
7.20 (t); 7.12 0); 6.88 cm); 6.24 (d, Ph). 13C NMR 
(CDCl,, room temperature, TMS): 118.0 (~1; 121.8 (s); 
126.9 (m, Ph); 132.9 (s); 135.0 (s); 144.0 (s); 190.0 (s); 
195.3 (s); 206.6 (b, 6CO); 240.0 (b, 2C0, bridging). 
Mass spectrum: P+= 828 m/e, isotopic pattern consis- 
tent with Ru,. 

2.4. Hydrogenation of alkyne-substituted clusters 
Some diphenylacetylene derivatives, prepared under 

dinitrogen or dihydrogen in sealed 250 ml vials as 
described above, were treated with 1 atm of dihydro- 
gen in 25 ml vials sealed in the absence of dipheny- 
lacetylene. The results obtained are collected in Tables 
5 and 6 (see Discussion). 

2.7. Reactions of clusters 5 and 6 with dihydrogen 
[H,FeRu,(CO),,l and [H,Ru,(CO),,l were sealed 

in 25 ml vials under 1 atm of dihydrogen and heated at 
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TABLE 1. Hydrogenation of C,Ph, in the presence of clusters l-7 

Cluster and 
experiment a 

Reac’tion 
time 
(min) 

Conver- Turn- 
sion over 

Selectivity to 

c-SB b t-SB 

c/t 
ratio 

Trim&ear complexes 

[Ru,(CO),,l 
A 

[FeRu,(CO),,l 
B 

[Fe,Ru(CO),,l 
C 

[Fe2Ru(CO)121 
D 

[Fe2Ru(CO)121 
E 

[Fe3(CO)121 
F 

[Fe,(COM 
G 

Terranuclear complexes 
[H,Ru&O),,l 
H 

[H,Ru,(CG),zl 
I 

[H,Ru,(CG),,l 
J 

[H,FeRu,(CO),,l 
K 

[H,FeRu,(CO),,I 
L 

[H,FeRu,(CO),,l 
M 

15 
30 
45 

15 
30 
45 

15 
30 
45 

30 
30 
30 

30 
30 
30 

1.5 
30 
45 

15 
30 
45 

15 
30 
45 

30 
30 
30 

15 
30 
45 

15 
30 
45 

30 
30 
30 

30 
30 
30 

90.81 44.85 47.78 52.22 0.91 
98.63 48.71 11.36 88.64 0.13 
71.70 35.41 54.39 45.61 1.19 

28.83 20.67 64.97 35.03 1.85 
13.33 9.56 81.47 18.53 4.40 
27.98 20.06 76.09 23.91 3.18 

9.59 11.25 82.06 17.94 4.58 
10.76 12.63 77.88 22.12 3.52 
16.83 19.75 80.15 19.85 4.04 

10.79 29.28 66.26 33.74 1.96 
14.79 22.57 69.78 30.22 2.31 
28.77 20.40 70.66 29.34 2.41 

9.89 26.56 27.40 72.60 0.38 
8.06 21.64 14.39 85.61 1.17 
5.78 15.52 51.90 48.10 1.08 

95.00 6.71 9.06 90.94 0.10 
98.73 6.97 9.66 90.34 0.11 

100.0 7.06 12.60 87.40 0.14 

9.29 5.29 32.19 43.70 c 0.74 
6.36 3.62 30.82 66.04 0.47 
7.98 4.54 41.98 55.76 0.75 

8.34 5.03 25.30 74.70 0.34 
97.23 58.65 5.72 94.27 0.06 
61.96 37.37 59.04 40.96 1.44 

48.74 41.92 60.85 24.54 2.48 
36.85 31.70 62.33 34.95 1.78 
15.50 13.33 69.94 23.67 2.95 

15.80 14.63 64.56 35.44 1.82 
28.62 26.49 69.57 30.43 2.29 
44.90 41.57 63.47 36.53 1.74 

25.80 12.43 73.41 26.59 2.76 
50.66 24.40 55.92 44.08 1.27 
65.60 31.60 56.05 43.95 1.28 

37.90 49.13 70.77 29.23 2.42 
71.34 54.09 22.36 77.64 0.29 
89.48 26.32 .3.24 96.76 0.03 

61.33 39.97 49.47 50.53 0.98 
16.92 11.03 48.76 51.24 0.95 
28.06 18.29 68.21 31.79 2.15 

a Experiments: A, In this, and in the following experiments the conditions (represented by four figures) were: cluster 1.15 X 10e5 mol, substrate 
5.68 X 10e4 mol, substrate/cluster = 49.39, H, = 1 atm. B, 3.92 X 10e6 mol, 2.81 X 10m4 mol; 71.7; H, = 1 atm. C, 2.42 X low6 mol, 
2.84 x 10e4 mol; 117.4; H, = 1 atm. D, 2.13 x 10V6 mol, 5.78/3.25/1.51 X 10e4 mol; 271.4/152.6/70.9; H, = 1 atm. E, 2.13 X 10W6 mol, 
5.72 x 10m4 mol; 268.5; H, = 1,0.5, 0.25 atm. F, 8.07 x 10m5 mol, 5.70 x 10m4 mol; 7.1; H, = 1 atm. G, 9.93 X 10e6 mol, 5.65 X 10e4 mol; 56.9; 
H, = 1 atm. H, 9.40~ lo@ mol, 5.67 x 10m4 mol; 60.3; H, = 1 atm. I, 6.72X 10W6 mol, 5.78 X 10m4 mol; 86.0; H, = 1, 0.5, 0.25 atm. J, 
6.06 x 10m6 mol, 5.61 X low4 mol; 92.6; H, = 1 atm. g 1.20 X 10m5 mol, 5.78 X 10m4 mol; 48.2; H, = 1 atm. L, 4.59 X 10m6 mol, 5.95/3.48/1.35 
x 10m4 mol; 129.6/75.8/29.4; H, = 1 atm. M, 8.73 x 10m6 mol, 5.69 X 10W4 mol; 65.2; H, = 1, 0.5, 0.25 atm. b c-SB, ck-stilbene; t-SB, 
Irans-stilbene; c/t ratio, ch-/&an.+stilbene ratio. ’ The deficit from 100% is accounted for by diphenylethane in 24.11, 3.14, and 2.26%, 
respectively. 
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TABLE 2. Organometallic products and yields in the hydrogenation solutions 

161 

Parent 
cluster 

[Fe~(CO),~l 

Colollr 
change 

Dark green to brown b 

Organometallic complexes 
and yields a 

[Fe,(CO),,1(12% b. 5% “I. 

Decomposition a 
(o/o) 

20 
or green-brown ’ 

D$,Ru(CO),,l Purple to green 

[FeRu,(CO)lzl No change 

[RuJCQ)J No change 

[H,FeRu,(CO),,l Red to purple-brown 

[H2RuJCQ),,] Red to orange-brown 

Yellow to brown 

[Fe;(CO)&Ph,] (is% b, 5% ‘I, 
[Fe,(CO),(C,Ph,),] violet (-% b, 10% ‘1, 
[Fe,(CO),(C,Ph,),] green (20% b, 50% ‘1, 
[Fe,(CQ),(CzPhz)J (5% b, 5% ‘1 
[Fe,(CO),,] (5%), [Fe,Ru(CO)&,Ph,l (40%) 
two unidentified (tr) d 
[FeRu,(CO),,] (30%), [H,Ru,(CO)&2PhJ (5%) 
[H,Ru.&CO),,l (tr), [Ru,(CO)&Ph~)J(20%) 
[Ru,(CO),,I (5%), [H,RuXCO),,l (lo%), 
[H2Ru3(CQ),(C,Ph,),] @I%), 
[Ru,(CO)s(C,PhJ,l orange (tr) 
[FeRu,(CO),,C,Ph,] (50%) e, 
Complex F (15%) 
[H,Ru,(CQ),C,Ph2] (lo%), 
[Ru.,(CQ),,C~Ph2] (lo%), 
[Ru3(CO),(C,Ph& purple (5%), 
[Ru&O)&,P~,)~I orange (tr), 
[H4Ruq(C0)J (2%), [Ru.,(CQ),,(C,Ph,),l(2%), 
Unidentified green (tr) 
[H4Ru&Q)12] (30%), 
[H,Ru,(CQ&Ph,] (lo%), 
[Ru.,(CO)&,Ph,] @%I, 
[Ru,(CO)s(C,Ph,),l purple (3%) 

15 

15 

15 

35 

40 

20 

a See [15]. b Low substrate/cluster ratio (experiment F, Table 1). ’ High substrate/cluster ratio (experiment G, Table 1). d tr, trace. amounts. 
’ Two isomers; Fe on wingtip 30%, Fe in hinge 20%. 

TABLE 3. Isometiation of ci.s-stilbene in the presence of clusters 2, 5, 6, 7 

Cluster and Reaction Conversion Turnover Selectivity to 
experiment * time 

(min) 
t-SB DPE 

[Fe,Ru(CO),,l 15 48.97 69.51 100.0 
0 30 18.69 26.53 100.0 

45 42.80 60.76 100.0 

[H,Ru,(CQ),,l 15 17.74 15.90 99.38 0.62 
P 30 31.99 28.66 99.62 0.38 

45 35.80 32.08 99.66 0.34 

[H,Ru,(CQ),,] b 15 60.43 97.96 97.30 2.70 
Q 30 76.81 124.51 94.65 5.35 

45 86.17 139.69 94.78 5.22 

[H2FeRu,(C0),J c 15 36.78 59.88 95.02 4.98 
R 30 49.64 80.82 95.97 4.03 

45 64.62 105.21 97.22 2.78 

[H,FeRu,(CO),J d 30 89.63 182.08 99.44 0.56 
S 30 53.66 54.67 99.57 0.43 

30 57.86 29.45 99.86 0.14 

a Experiments: the conditions were as follows: 0, cluster 7.89 X 10W6 mol, substrate 1.12 x 10e3 mol; substrate/cluster = 141.9. P, 1.25 x 10m5 
mol, 1.12 X 10e3 mol; 89.6. Q, 6.92 X 10e6 mol, 1.12 X 10m3 mol; 161.8. R, 6.89 X 10m6 mol, 1.12 x 10e3 mol; 162.5. S, 8.27 X 10m6 mol, 
1.68 x 10W3, 8.41, 4.21 X 10m4 mol; 0.67; 1.33; 2.66. In some vials, a large amount of a whitish precipitate was observed after heating. This was 
collected, dried and weighed. b A total of 498 mg was collected from the three vials. c 163 mg from three vials. d 366 mg from three vials. 
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120°C for 15-45 min; the solutions were analysed by 
IR spectroscopy and by TLC. The vials containing 
H,FeRu,(CO),, gave, after 15 min, a mixture of 
[H,Ru,(CO),~I (lo%), [H,Ru,(CO),,I (5%) and the 
parent cluster; this remained unaltered and only slight 
decomposition occurred. In the vials containing 
[H,Ru,(CO),J the amounts of [H,Ru,(CO),,] in- 
creased with time (15% after 45’1, and very slight 
decomposition was noted. 

3. Results and discussion 

3.1. Hydrogenation of diphenylacetylene 
The results of the hydrogenation experiments are 

collected in Table 1. The organometallic complexes 
identified in the reaction solutions [15*] are collected 
in Table 2. 

Earlier studies showed that regiospecific substitu- 
tion of phosphines and phosphites occurs easily at the 
ruthenium in [H,FeRu,(CO),,] [161; substitutions on 
[FeRu,(CO),,] and [Fe,Ru(CO),,] occur first at ruthe- 
nium and then at iron, with a first order reaction in 
which CO dissociation is the rate determining-step. 
The ruthenium centres are more reactive than the iron 
centres [17]. However, for [FeRu,-(CO),,], [Fe,Ru- 
(CO),,], [H,FeRu,(CO),,] and their phosphorus 
derivatives, iron enhances the water-gas shift activity 
[18]. Complexes l-4 were also tested in the hydrogena- 
tion of l- and 2-pentyne and of dienes under mild 
homogeneous conditions or anchored on y-alumina. In 
toluene solution, activity decreased with the number of 
iron atoms. The main products were 2-pentenes, the 
trans isomer being far more abundant than the cis 1191. 

We have now found that the activity decreases in 
the series [Ru,(CO),,], [Ru,Fe(CO),,l, [Fe,Ru- 
(CO),,], [Fe,(CO),,], that is, with increasing iron. For 
the tetranuclear clusters, the activity apparently de- 
creases in the series [H,Ru,(CO),,I > [H,Ru,(CO),,l 
> [H,FeRu,(CO),,l. 

[Ru,(CO),,] and [H,Ru,(CO),,] show similar activ- 
ity and cis-/trans-stilbene ratio (approaching 1: 11, at- 
tributed to the fact that [H,Ru,(CO),,l is formed from 

[Ru,(CO),,l under hydrogen. Other tri- and tetra- 
nuclear carbonyls generally afford more trans- than 
cis-stilbene. This behaviour may be related to the iso- 
merization ability of the clusters (see Table 3). 

A decrease in the hydrogen pressure results in lower 
activity and in an increase of ckstilbene, in accord 
with the hypothesis that catalysis occurs on metal frag- 
ments or on hydrides, as discussed below; an increase 
of the substrate/cluster ratio results in the expected 
increase in turnover and in a strong decrease of ci.r- 
stilbene for [H,FeRu,(CO),,]. 

3.2. Isomerization of cis-stilbene 
The results of the isomerization experiments are 

collected in Table 3. The organometallic products in 
the reaction solutions [ 15 * I are collected in Table 4. 

The complexes tested are more active in isomeriza- 
tion than in hydrogenation, except [H,Ru,(CO),,]. 
Note that the turnovers in Table 3 are underestimated, 
as considerable amounts of solid trans-stilbene were 
collected when cooling the vials; the weight of the solid 
product is given as a footnote in Table 3. 

These results indicate that isomerization also occurs 
on metal fragments, which are given easily by clusters 
2, 5 and 6; indeed, 5 and 6 give disproportionation in 
different conditions (and under dihydrogen only, see 
Experimental section), the final product being 
[H,Ru,(CO),,]. In contrast, stilbenes are less efficient 
than C,Ph, in promoting metal-fragment condensa- 
tion. 

Some diphenylethane is obtained even in the ab- 
sence of dihydrogen. This indicates that hydrogen is 
transferred from the cluster to the substrate, as in the 
protonation of tri- and tetra-nuclear ruthenium 
acetylide or alkyne derivatives [20,21]. Moreover, ethy- 
lene is hydrogenated stoichiometrically by [H,Ru,- 
(CO),,]. The complex is also a powerful hydrogenation 
catalyst and deuteration experiments indicate that it 
adds hydrogen which is then transferred on the sub- 
strate [22]. Very recently it was reported that [(p- 
H)Ru,(CO),(~L-Hampy)] (Hampy = 2-amino-6-meth- 
ylpyridine] is a catalyst precursor for hydrogenation of 

TABLE 4. Complexes found in the cb-stilbene isomerization experiments 

Parent 
cluster 

[Fe,Ru(CO)rzl 
[H,Ru,(CO),J 
[H,Ru,(CO),,l 
[H,FeRu,(CO),J 

Colour 
change 

No change 
No change 
Red to orange 
Red to orange 

Complexes and yields 

[Fe,Ru(CO),,l(65%), [Ru&CO)~~I (tr) 
[H,Ru,(CO),21(90%) 
[H,Ru&CO),J (80%), [H,Ru,(CO),,l (5%) 
[H,FeRu,(CO),,l(50-75%), 
[H,Ru,(CO),,l(5%) 
[H,Ru,(CO),,l(15-40%) 

Decomposition 
(%I 

25 
10 
10 
5 
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C,Ph, under 1 atm of dihydrogen; the catalytic species 
is formed upon insertion of C,Ph, into a Ru-H bond. 
In this instance cluster catalysis occurs, presumably 
because the capping ligand prevents fragmentation; the 
activity is comparable to that we observed [231. 

3.3. A compatison of the reactivity of clusters l-7 with 
diphenylacetylene under dinitrogen or dihydrogen. The 
role of the organometallic products in homogeneous 
catalysis 

The reactions of clusters l-7 with diphenylacetylene 
under dinitrogen have been the subject of several liter- 
ature reports, quoted below. The results reported here 
for the hydrogenation and isomerization reactions, and 
the reactions of clusters l-7 with C,Ph, under dinitro- 
gen or dihydrogen indicate competition between for- 
mation of catalytically active metal fragments (favoured 
by dihydrogen) and condensation of metal fragments to 
give stable products (induced by C,Ph,). The overall 
results depend on the extent to which each process 
occurs. 

3.3.1. Formation of metal fragments 
[Fe,Ru(CO),,] and [H,FeRu,(CO),,l are broken 

up when supported on Al,O, or SiO, [241. However on 
hydroxylated magnesia, formation of [HFeRu,(CO),,]- 
was observed [25]. 

In the isomerization experiments, we found that 
[H,Ru,(C0)i31 and [H,FeRu,(CO),,] form [H,Ru,- 
(CO),,] in amounts depending on the starting cluster 
and reaction conditions; this indicates the formation 
and recombination of metal fragments. Finally, the 
reactions of the same .clusters under dihydrogen only 
show some disproportionation, the final product always 
being [H,Ru,(CO),,l. 

Thus, we have evidence for the formation of metal 
fragments under the hydrogenation and isomerization 
conditions; these fragments are probably responsible 
for the catalysis. However, the possibility that hydridic 
clusters act as catalysts cannot be excluded (see [22,231X 

3.3.2. Metal fragment condensation 
The chemistry of [Fe,(CO),,] [261, [Ru,(COI,,l 

[10,11,27,28], [Fe,Ru(CO),,] [29], and of [H,FeRu,- 
(CO),,] 1301 towards C,Ph, under an inert atmosphere 
has been extensively studied. The structures of some 
complexes obtained in the reactions shown are in 
Fig. 2. 

[Fe,(CO),,] and [FeRu,(CO),,] give first [Fe,M- 
(CO),(~3-n2-C2Ph2)1 (M = Fe, complex G [26,31]; M 
= Ru, complex H [291X With an excess of C,Ph, and 
upon heating, G gives the violet and green isomers 
[Fe,(CO),(C,Ph,),] (complexes I, J, respectively [321X 
Under dihydrogen we observed a comparable reactivity 

(Et M= Fe(G) 
M = Ru(H1 

2 

(Al hi-tv$.b+.-f?u 
‘c\/c/ 

(01 M-t.l+ ; M, a Fe ’ ‘Ph Ph 

(PI M=M,=Ru; M.y!=a (0) 

Fig. 2. Structures of some acetylene-substituted clusters as reported 
in the literature. Top to bottom, and left to right; complex E, 
complexes G, H, complex A and isomeric complexes 0, P, complex D. 

trend; the yields of G decrease and those of J strongly 
increase with an excess of alkyne (Table 2). This indi- 
cates that the alkyne favours condensation of metal 
fragments (Scheme 1). 

The butterfly complex [Ru,(CO),,C,Ph,l (Al and 
[H,Ru,(CO),C,Ph] (E) are key products in the reac- 
tions of Ru&CO)i2. Upon heating with an excess of 
alkyne, both give complex B and the pentago- 
nal bipyramidal orange isomer [Ru,(CO),&CO),- 
(C,Ph,),] (C) [lo] as the final products. Hydrogenation 
of B and C (see Table 5 below) showed that these are 
stable side-products. By contrast, hydrogenation of 
complex A gives [H,Ru~(CO),(~~-~~-C~P~~)] (E), 
which is also obtained from [Ru,(CO),,] and C,Ph, in 
alkaline solution [13]. Complex E in the presence of 
dihydrogen releases hydrogenation products and is 

[H.MRu,KO),l 

I 

HZ 
Whz 

[MRu,(CO),,C,Ph,l 

YY’ 

[H,Ru,(CO),C,Ph,l -=k [Ru,(CO),(C,Ph,),l 

1 

isomers 
Hz 

hydrogenated product 

Scheme 1. 
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TABLE 5. Hydrogenation reactions of alkyne-substituted complexes 

Cluster Reaction 
time 
(min) 

Selectivity to 

c-SB r-SB DPE DPA 

[H2Ru&C0)&,Ph,l 

[Ru,(CO),,C,Ph,] 

[FeRu,(CO)&Ph,] 
brown 

[FeRu&COWzPh,l 
red 

[Ru,(CO)s(C,Ph,),l 

purple 

[Ru,(CO)s(C,Ph,),] 
orange 

15 11.53 78.57 
30 12.43 76.67 

15 10.64 18.07 
30 3.81 5.57 
45 7.46 12.49 

15 6.68 24.84 
30 10.61 14.72 
45 11.39 21.49 

15 7.88 21.50 
30 15.53 32.18 

15 58.37 41.62 
30 tr tr 
45 39.62 60.38 

15-45 tr tr 

9.21 
7.51 

- 

- 
- 
- 

_ 
_ 

0.69 
3.39 

71.29 
90.62 
80.05 

68.48 
74.67 
67.12 

70.62 
52.29 

tr 
tr 
tr 

tr 

DPE, diphenylethane; DPA, diphenylacetylene. 

hence an intermediate or a catalyst (see [23]). This 
indicates that catalysis results depend on the stability 
of the alkyne-substituted products, and presumably on 
the presence of hydrides. Indeed [(Cp),Ni,- 
Fe(CO),(~.,-)7’-C,Ph,)] [33] containing C,Ph, coordi- 
nated in similar fashion, is obtained in quantitative 
yields from [(Cp>,Ni,Fe(~u,-CO),(CO),] [34] and 
C,Ph, under dihydrogen; however, no hydrogenation 
products could be obtained in this reaction even under 
forcing conditions [35]. 

In the reactions of complexes 5, 6, 7 with C,Ph,, 
the first products are again the butterfly derivatives 
[Ru,M(CO),,(C,Ph2)] (M = Ru, A; M = Fe, isomeric, 
complexes 0, P) with the iron atom either in a wing tip 
or a hinge position [30]. Complex 7 gives A under 
dinitrogen, with substitution of the hydrides and Ru- 
Ru bond cleavage. The presence of extra hydrogen 
would therefore lower the yields of A. Complex 6 also 
gives considerable yields of A, via substitution of hy- 
drides and one CO, and comparable reactivity pat- 
terns. Complex 5 gives the heterometallic isomers 0 
and P. The new complex F is obtained only from 
complexes 5 and 6. This is not a hydrogenation inter- 
mediate, as shown by the fact that its yields increase at 
low dihydrogen pressure or under dinitrogen. 

Complex F shows the presence of two bridging car- 
bony1 bands in an IR spectrum, comparable with the 
orange isomer [Ru,(CO),(~-CO>,(C,Ph2)2] CC). How- 
ever, F is bright red, and the two complexes can be 
easily separated on TLC plates. The ‘H NMR spec- 
trum in the phenyl region of F is comparable with that 
of C, which is very distinctive [36]. Finally a comparison 

of the 13C NMR spectra of F and C shows considerable 
similarities in the organic carbon resonances. These 
spectra also confirm the terminal and bridging COs in 
both complexes, although those of F exchange at room 
temperature. 

Ph 
\ /‘” 

Ph. 

.Ph 

Ph 

Fig. 3. Possible structures for isomeric complexes [Ru&O)s(C,- 
Ph,),]. Top: structures of the purple isomer B and of the orange 
isomer C. Centre and bottom: possible structures for complex F. 
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TABLE 6. Hydrogenation of alkyne-substituted products 

Complex 

tH,Ru&O&Ph,l 

[Ru,(CO)s(C,Ph,),l 
Purple 

[Ru3(CO)s(C,Ph,),l 
Orange 
[Ru,(CO),,C,Ph,l 

[FeRu,(CO),,l 
Wing tip 
[FeRu,(CO),,l 
Hinge 

colour 
change 

No change 

Purple to brown-yellow 

No change 

Brown to dark-yellow 

No change 

Red-brown to 
brown 

Organometallic products 

[H2Ru,(CO),C,Ph,l (700/o), 
[H,Ru,(C0),,1 (tr) 
[H,Ru,(CO),~I (tr), [H2Ru3(CO)&~Ph21 (lo%), 
[RuXCO)&,Ph,l (lo%), [Ru,(CO)s(C,Ph,),l orange (35%), 
[Ru,(CO),(C,Ph,),l(20%) 
IRu,(CO),(C,Ph,),l orange (60%), 
[H,Ru,(CO),,l (tr), [Ru,(CO)&C,Ph&l(20%) 
[H,Ru,(CO),~I (S%o), [H,Ru3(CO&Ph,l (25%), 
[Ru&CO),,C,Ph,l(35%), 
[Ru,(CO)s(C,Ph,),l orange (5%) 
[H,Ru,(CO&Ph,l (IO%), 
[Ru,(CO)s(C,Ph,),l orange (tr) 
[H,Ru,(CO&Ph,l (I5%), 
[Ru&CO)s(C,Ph& orange (tr) 

Decomposition 
(%o) 

20 

10 

25 

15 

30 

35 

The spectroscopic data, mass spectrum, molecular effects of the cluster metals, of the reactants, and of 
weight, and elemental analyses, would indicate for F a the type and stability of substituted complexes formed. 
formulation [Ru,(CO),(CL-CO),(C,Phz)z] with the two The clusters studied are moderate hydrogenation cata- 
alkynes forming a metallacycle comparable with that of lysts for alkynes, and good isomerization catalysts for 
C. The two structures proposed are shown in Fig. 3. alkenes. 

Such structures were originally discussed for os- 
mium derivatives [37]. A metallacycle on one cluster 
edge was found in osmium [38] and iron [391 com- 
plexes. A metallacycle symmetrical with respect to the 
cluster, has not yet been proved. Such a structure 
would contain a Ru,(CO)&CO), unit with a charac- 
teristic v(C0) pattern in a range of derivatives 1401. We 
propose this type of symmetrical structure with bridg- 
ing COs for F. 
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