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Abstract 

The hydridic tetrahedral clusters [H,Ru,(CO),,l (11, [H,Ru,(CO),,I (2) and [H,FeRu,(CO),,l (31, and the related 
[Fe,Ru(C0)i2] (4) have been tested as homogeneous catalysts for the hydrogenation-isomerization of 1,3- and 1,4-cycle- 
hexadiene. Catalytic activity was found but there is evidence for metal species rather than intact clusters to account for the 
observed behaviour. 

After the hydrogenation experiments, diene- and arene-substituted clusters and organometallic derivatives were found in 
solution. Their nature was confirmed by spectroscopic analyses, mass spectrometry and, in some instances, by independent 
synthesis. Their role in the hydrogenation reactions is discussed. Deuteration experiments showed that hydrogen adds first to the 
cluster metals and is then transferred to the coordinated substrate. 
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1. Introduction 

We are interested in the behaviour of homo- and 
hetero-metallic carbonyl clusters as homogeneous hy- 
drogenation and isomerization catalysts of alkynes, 
alkenes and dienes. We have found that tri-and tetra- 
nuclear ruthenium clusters are active in these reactions 
[l] and we recently reported that [H,Ru,(CO),,l (11, 
[H2Ru,(C0),J (2) and [H,FeRu,(CO),,l (31, and the 
related [Fe,Ru(CO),,] (4), hydrogenate diphenylacety- 
lene to cis- and frans-stilbene in the presence of dihy- 
drogen [2]. Our study was aimed at detecting the role 
of the alkyne-substituted complexes found in the reac- 
tion mixtures. We showed that most of these complexes 
are inactive side-products and that only the dihydride 
[H,Ru,(CO),(C,Ph,)] (A) [3] is an intermediate. 

* Corresponding author. 
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We have investigated the reactivity of complexes 
l-4 towards cyclic dienes and compared their be- 
haviour with that of the tetrahedral hydride 
[(CpNi)Ru,(tL-H),(CO),l (5) [41 and of [Ru,(CO),,l. 
The structures of complexes l-5 are shown in Fig. 1. 

The substitution reactions of [Ru,(CO),,l with 1,3- 
cyclohexadiene have already been studied (vide infra). 
This made easier the identification of some 
organometallic complexes found in the hydrogenation 
solutions. These were [Ru(CO),(C,H,)] (B), [H,Ru, 
(CO),(C,H,>l (E), [H,Ru,(CO),(C,H,)I (F), [HRu, 
(CO),(C,H,)l (G), h,(CO),(C,H,)l (I-0, [Ru,(CO), 
(C,H,XC,H,)I (I) and [H,Ru,(CO),,(C,H,)I (I& this 
last identification is only tentative. 

We again found that most of these derivatives, ex- 
cept B, are side-products and not intermediates 
hydrogenation reactions, despite the fact that E 
have structures comparable with that of A. 

in the 
and F 
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Fig. 1. Structures of complexes 1-5. 

2. Experimental details 

2.1. General experimental procedures, materials and 
analysis of the products 

Clusters l-4 were prepared as already described [2]. 
The dienes (Fluka) were commercial products used as 
received after purity checks. Dihydrogen and dinitro- 
gen were dried prior to use. Deuterium was purchased 
from Union Carbide (UCAR, Belgium). The indepen- 
dent syntheses of complexes B, E-H and L were per- 
formed in conventional glassware consisting of three- 
necked flasks equipped with gas inlet, condenser, mer- 
cury pressure-release valve and magnetic stirrer. The 
solvents (heptane, octane, toluene) were dried over 
sodium. The reaction mixtures were taken to small 
volume under reduced pressure and purified by TLC 
(Kieselgel Merck, mixtures of diethyl ether and light 
petroleum as eluants). When possible, the complexes 
were crystallized from suitable solvents. 

Compounds were analyzed with a F & M CHN 
Analyzer and a Perkin-Elmer atomic absorption spec- 
trometer. Some analyses were performed by F. Pascher 
(Remagen, Germany). The complexes were character- 

ized by IR (Perkin-Elmer 5801, ‘H and 13C NMR 
(JEOL EX-400 FT) spectroscopy and EI or CI mass 
spectrometry [5]. 

2.2. Hydrogenation and isomerization of 1,3- and 1,4- 
cyclohexadiene 

The hydrogenation and isomerization reactions were 
performed in sealed vials (25.0 ml volume) as described 
earlier [2]. The organic products in the reaction solu- 
tions were analyzed with a Carlo Erba FID 4200 gas- 
liquid chromatograph equipped with 2 m X 0.6 mm 
n-octane/Porasil C, 80-100 mesh, columns used as 
follows: 60°C (6 min) then 3°C min-’ up to 135°C; N, 
25 ml min-‘. 

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

After GLC, the solutions were purified on TLC 
plates and the fractions analyzed by spectroscopy 
and/or by elemental analyses. 

In a great number of experiments, complexes F-H, 
together with a mixture of B and of other complexes 
tentatively identified as [H,Ru,(CO),(C,H,)I (E, two 
isomers) and [H,Ru,(CO),,(C,H,)] (L) were obtained; 
L ‘disappeared’ during TLC elution, probably forming 
E and B. An analysis of a fresh specimen of L was 
made possible by collecting the complex after rapid 
elution. 

Complex B 161: IR (I/~, C,H,,) (cm-‘>: 2064 (vs); 
1995 (vs, b). MS (EI) m/z: P+= 266, loss of three COs. 

Complex E: IR (vco, C,H,,l (cm-‘); 2096 (m-s); 
2070 (vs); 2042 (vs); 2026 (vs); 2012 (vs); 2002 (sh); 1985 
(m-s). ‘H NMR (CDCI,, rt)6: 9.04 &lH,CH); 4.84 
(s,lH,CH); 3.65 (s,4H,CH,); - 18.51 &,2H,hydrides) 
ppm. MS (NICI and PICI) m/z: ‘P+’ = 633 (li [7]: 
expected 638); 568 (i, Ru, pattern); 543 (vi); 514 (il. 

Complex E’: IR (vco, C,H,,) (cm-‘): 2114 (m); 2075 
(ml; 2053 (vs); 2012 (s); 2003 cm); 1986 (ml. ‘H NMR 
(CDCl,, rt)6: 3.83 (s,4H,CH,); 3.06 (s,2H,CH); - 14.85 
(s,2H,hydrides) ppm. MS (PICI, NICI): see E. 

Complex F [4]: IR (ycO, C,H,,) (cm-‘): 2111 (m); 
2083 (s); 2056 (s); 2036 (~1; 2025 (~1; 2010 (~1; 2000 (s 
sh); 1980. MS (EI) m/z: P+= 636, loss of 9 CO/s, 
then complex fragmentation. 

Complex G: MS (PICI) m/z: 633 (li); 594 (li, Ru, 
pattern); 556 (P’- 3C0, i); 529 (vi); 500 (vi); 473 (vi>. 
MS (NICI): comparable fragmentation starting from 
m/z 594. 

Complex H: MS (PICI) m/z: 635 (li); 594 (li, iso- 
topic pattern Ru,); 556,528,500,473 (vi/i). MS (NICI) 
m/z: 556, 528, 500, 473 (vi/i>. 

Complex L: IR (Y,~, C,H,6) (cm-‘): 2064 (vs); 2050 
(s sh); 1996 (vs); 1989 (vs sh); 1970 (s b). ‘H NMR 
(CDCl,, rt); see that of E. MS (NICI and PICI) m/z: 
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712 (i, Ru, pattern); 690, 670, 630, 583, 555 (i/vi>; 527, 
499 (mi>. Starting from m/z 583, isotopic pattern Ru,. 

2.4. Independent syntheses of the organometallic com- 
plexes B and E-L. Reactions of [Ru,(CO),,I and com- 
plexes 1 and 2 with 1,3-cyclohexadiene 

Treatment of complex 1 (200 mg, 0.27 mmol) with 
Me,NO (100 mg, 1.33 mmol) and 2.0 ml (21.0 mmol) of 
1,3-cyclohexadiene (1,3-CHD) under N, in toluene, at 
reflux for 3 min yielded an orange-brown suspension. 
This was taken to small volume under reduced pres- 
sure and purified by TLC. The yellow complexes (F, 
5%), (G, 5%) and (H, 5%) were collected but small 
amounts of the B, E-E’, L mixture were also observed. 

Treatment of cluster 2 (100 mg, 0.13 mmol) with 
1,3-CHD (2 ml, 21.0 mmol) in octane, under N, for 1 
min with reflux, yielded a dark yellow solution. After 
TLC purification the complexes referred to above, 
were recovered in comparable yields. 

Treatment of [Ru,(CO),,] (400 mg, 0.63 mmol) with 
Me,NO [8] (0.5 g, 6.7 mmol) and 1,3-CHD (2.0 ml, 20.1 
mmol) under N, in toluene for 3 min at reflux yielded 
a clear red-brown solution and a metallic deposit. 
TLC purification of the filtrate gave unreacted 
[Ru,(CO),,] (20%) and complexes F, G and H (5%- 
10% each) as described above. The reaction was re- 
peated under similar conditions using heptane as a 
solvent. The results were similar. 

2.5. Hydrogenation of the organometallic complexes 

Complexes E, G F were treated under H, in sealed 
vials as previously described 121. Complex G was also 
tested as a catalyst for the hydrogenation of 1,3-CHD. 
Among the organometallic products of the hydrogena- 
tion reactions of G we observed well-formed red-pur- 
ple crystals which were sparingly soluble in hydrocar- 
bons (complex I), identified by IR and mass spectra. 

Complex I IR (yco, C,H,,) (cm-‘): 2090 (ml; 2062 
(vs); 2040 (s); 2033 (vs); 2013 (s); 2003 (m-w). MS 
(PICI) m/z: 796 (li, Pf- CO); 748 (i); 716 (i); 688 (i). 
MS (NICI) m/z: 716 (vi, isotopic pattern Ru,); 688 
(li). 

2.6. Deuteration experiments 

(a) Attempted synthesis of deuterated clusters l-3. 
The synthetic method used for complexes l-4 [2] 

involves water. However, attempts to obtain deuterated 
clusters l-3 by adding D,O to the reaction mixture led 
to non-deuterated clusters l-3 (IR and ‘H NMR spec- 
tra). [H,Ru,(CO),,l (1) (0.5 g, 0.67 mmol) was sus- 
pended in toluene (100 ml) in a 250 ml vial and 1.5 ml 
of CH,OD added. After sealing under vacuum, the vial 
was heated at 120°C for 1 h and on cooling a reddish 

insoluble material was deposited. The yellow solution 
was taken to small volume and purified by TLC; con- 
siderable decomposition was observed and only 100 mg 
of non-deuterated 1 could be collected. Deuterated 
cluster 1 was obtained by reaction of [Ru,(CO),,] 
under D,, as described for the original synthesis of 1 
191. 
(b)Homogeneous deuteration experiments 

An octane suspension of 100 mg (0.13 mm011 of 
deuterated cluster 1 was added to 0.5 ml (5.0 mmol) of 
1,3-CHD and sealed in a 25.0 ml vial under vacuum. 
The vial was warmed to 120°C for 30 min. A mixture of 
complexes B, E-E’, L was obtained; E contained F~-D. 

A 100 ml octane suspension of 53 mg (0.07 mmol) of 
1 was added to 1.8 ml (19.0 mmol) of 1,3-CHD and 
sealed in a 250 ml vial under 1 atm of D,. The vial was 
warmed to 120°C for 30 min. Complexes E and G (with 
p.,-D) together with partially deuterated organic prod- 
ucts were identified (GC-MS). 

3. Results and discussion 

3.1. Hydrogenation and isomerization experiments 

The results of the hydrogenation experiments for 
1,3-cyclohexadiene (1,3-CHD) are collected in Table 1. 
The organometallic complexes and the decomposition 
observed in the reaction solutions from these experi- 
ments and from those discussed below are listed in 
Table 2. 

Complexes l-4 hydrogenate 1,3-CHD to cyclohex- 
ene with 100% selectivity, albeit with relatively low 
turnover numbers (TON). In all experiments, except 
those with [Ru,(CO),,], TON increased with time. 
Apparently, the catalytic activity of the clusters follows 
the order: [H,Ru,(CO),,l < [Ru,(CO),,l < [Fe,Ru 
(CO>,,1 < [H,FeRu,(CO),,l < [H,Ru,(CO),,l. 

Complexes l-4 also hydrogenate 1,4-CHD to cyclo- 
hexene with higher TON but lower selectivity (Table 
3). In all experiments, except those with [H,Ru,(CO),J, 
TON values increased regularly with time, the order of 
catalytic activities being: [H,Ru,(CO),,l < [H,FeRu,- 
(CO),,1 < [Fe,Ru(CO),,l < [H,Ru,(CO),J < [Ru,- 
(CO),,]. 

The selectivity towards cyclohexene follows the or- 
der: [RuJCO),,] = [H,Ru,(CO),,l < [H,FeRu, 
(CO),,] < [H,Ru,(CO),J < [Fe,Ru(CO),,l. The ease 
of hydrogenation of the substrates follows the order: 
1,3-CHD > 1,CCHD > cyclohexene. One would there- 
fore expect benzene and toluene to be very easily 
hydrogenated, but they did not undergo hydrogenation 
under the conditions employed [lo]. 

The results obtained may be interpreted in terms of 
catalysis by metal fragments, the active catalyst being 
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presumably B which is found in nearly all reaction [H,Ru,(CO),,] and the low activity of [Ru,(CO),,l 
mixtures. Fragmentation of the tetranuclear derivatives towards 1,3-CHD. 
would give the active mononuclear complex and the We believe that 1,4-CHD isomerizes first to 1,3-CHD 
inactive trinuclear derivatives F-L, as further discussed presumably catalyzed by a polynuclear species. The 
below. This would explain the high activity of latter is then hydrogenated. This would explain the 

Table 1 
Hydrogenation of 1,3qclohexadiene (1,3-CHD) in the presence of clusters l-4 a 

Parent cluster Reaction Conversion 
(experiment) time (mid (%I 

TON Composition of reaction solutions (%) 

Cyclohexene 1,3-CHD b 

[H,Ru,(CO),,l (A) 

[H,Ru,(CO),,l(B) 

[H,Ru,(CO),,l (ES’) 

[H2Ru4(CO),,l (B”) 

[H,FeRu,(CO),,l (0 

[H,FeRu,(CO),,l (C’) 

[H,FeRu,(CO),,l (C”) 

[Fe,Ru(COM (D’) 

[Fe,Ru(CO),,l (D”) 

[Ru,(CO),,l (El 

[Ru,(CO),,l W 

15 
30 
45 

15 
30 
45 

30 
30 
30 

30 
30 
30 

15 
30 
45 

30 
30 
30 

30 
30 
30 

15 
30 
45 

30 
30 
30 

30 
30 
30 

15 
30 
45 

30 
30 
30 

2.29 4.14 
2.68 4.84 
3.65 6.60 

21.58 38.67 
22.42 40.18 
22.72 40.71 

18.43 39.78 
6.27 13.53 
3.73 8.05 

24.75 53.42 
21.35 23.04 
48.55 26.15 

6.94 
6.99 
7.35 

7.33 
6.13 
9.68 

25.30 
25.49 
26.80 

17.60 
7.36 
5.81 

7.69 
7.93 
6.02 

1.88 
5.47 
6.64 

5.36 
6.48 

12.12 

19.50 
20.10 
15.26 

8.11 
23.60 
28.64 

16.80 
10.15 
9.50 

5.27 14.00 
4.86 12.91 
4.58 12.17 

3.62 15.30 
2.84 12.00 
2.15 9.09 

1.95 7.85 
1.78 7.16 
1.45 5.84 

2.29 
2.68 
3.65 

21.58 
22.42 
22.72 

18.43 
6.27 
3.73 

24.75 
21.35 
48.55 

6.94 
6.99 
7.35 

7.33 
6.13 
9.68 

7.69 
7.93 
6.02 

1.88 
5.47 
6.64 

5.36 
6.48 

12.12 

5.27 
4.86 
4.58 

3.62 
2.84 
2.15 

1.95 
1.78 
1.45 

97.71 
97.32 
96.35 

78.42 
77.58 
77.28 

81.57 
93.73 
96.27 

75.25 
78.65 
51.45 

93.06 
93.01 
92.65 

92.67 
93.87 
90.32 

92.31 
92.07 
93.98 

98.12 
94.53 
93.36 

94.64 
93.52 
87.88 

94.73 
95.14 
95.42 

96.38 
97.16 
97.85 

98.05 
98.22 
98.55 

a Details of cluster and substrate concentrations in the experiments: Solvent, octane, 2 ml vial-‘; T= 120°C. 

A: [cluster] = 1.6 x 10e5 mol; [1,3-CHD] = 2.10 x 10m3 mol; substrate/cluster = 179.5; H, = 1.0 atm. B: [cluster] = 1.17 x lo-’ mol; [1,3-CHD] 
= 2.10 x 10m3 mol; substrate/cluster = 181.0; H, = 1.0 atm. B’: [cluster] = 9.73 X 10W6 mol; [1,3-CHD] = 2.10 X 1O-3 mol; substrate/cluster = 
215.8; H, = 1.0, 0.5, 0.25 atm. B”: [cluster] = 9.73 x 10e6 mol; Hz= 1.0 atm; [1,3-CHD] = 2.10 x 10m3, 1.05 x 10W3, 5.24 x 10e4 mol; 
substrate/cluster = 215.8, 107.9, 53.9. C: [cluster] = 5.75 X 10V6; [1,3-CHD] = 2.10 X 10m3 mol; substrate/cluster = 365.2, H, = 1.0 atm. C’: 
[cluster] = 8.73 X 10V6 mol; H, = 1.0 atm; [1,3-CHD] = 2.10 x 10V3, 1.05 X 10V3, 5.24 X 10e4 mol; substrate/cluster = 240.6, 120.3, 60.0. C”: 
[cluster] = 8.27 x 10m6; [1,3-CHD] = 2.10 x 10F3 mol; substrate/cluster = 253.9; H, = 1.0, 0.5, 0.25 atm. D: [cluster] = 4.86 X 1Om6 mol; [1,3- 
CHD] = 2.10 X 1O-3 mol; substrate/cluster = 432.1; H, = 1.0 atm. D’: [cluster] = 6.69 x 10m6 mol; H, = 1 atm; [1,3-CHD] = 2.10 x 10W3, 
1.05 X 10m3, 5.24 X 10e4 mol; substrate/cluster = 313.9, 157.0, 78.3. D”: [cluster] = 7.89 X 10F6 mol; [1,3-CHD] = 2.10 X 10m3 mol; 
substrate/cluster = 266.2; H, = 1.0, 0.5, 0.25 atm. E: [cluster] = 4.96 x 10W6 mol; [1,3-CHD] = 2.10 X 10m3 mol; substrate/cluster = 423.4; 
H, = 1.0 atm. E’: [cluster] = 5.21 x low6 mol; [1,3-CHD] = 2.10 x 10m3 mol; substrate/cluster = 403.1; Ha = 1.0, 0.5, 0.25 atm. 
b Selectivity to 1,3-CHD was always 100%. 
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high activity of [Ru,(CO),,] and of [H,Ru,(CO),,] 
with TON nevertheless decreasing with time. The lat- 
ter is the best isomerization catalyst for 1,CCHD (see 
below). The decrease of the TON may be related 
therefore to the formation of 1,3-CHD which would 
react to form an inactive species. 

periments. This can be accounted for by a dispropor- 
tionation reaction of the dienes to benzene and cyclo- 
hexane, as discussed below. 

3.2. Some comments on the hydrogenation results 

Further evidence for metal-fragment catalysis is as 
follows: 6) The complexes F-L identified in the cat- 
alytic experiments were prepared independently either 
from clusters 1 or 2 and from [Ru,(CO),,l (ii) The 
iron-containing clusters 3 and 4 are quite active al- 
though generally iron is a very modest hydrogenation 
catalyst. This could indicate that loss and recondensa- 
tion of fragments [ll] favours the formation of 
mononuclear ruthenium species. (iii) In the hydrogena- 
tion of complex G, the tetranuclear complex I is formed. 

Finally, deuteration experiments indicate that D, 
enters as an hydride, presumably into complexes 1-3, 
and is then shifted in part on to the organic moieties. 

The results obtained contrast strongly with those 
with C,Ph, in the presence of clusters l-4 [2]. For 
C,Ph,, ‘irregular’ TON numbers were observed at 
intermediate reaction times, and the catalytic efficiency 
for the iron-containing derivatives was lower than that 
for the ruthenium complexes. Competition between 
metal-fragment formation under H, and metal-frag- 
ment condensation favoured by the alkyne has been 
suggested. In the present case, we propose a complex 
pathway leading either to hydrogenation (with metal 
fragments) or to contemporaneous formation of inac- 
tive trinuclear organometallic products obtained upon 
oxidative addition of the substrate. 

The results of the isomerization experiments of 1,4- We reported that cluster 5 catalyzes the hydrogena- 
CHD are collected in Table 4. Relatively low TON tion of 1,3- and 1,4-CHD to cyclohexene [maximum 
values were observed and these increase in the order: TON = 85 (1,3-CHD) and = 38 (1,4-CHD), respec- 
[H,Ru,(CO),,l < [H,FeRu,(CO),,l = [Ru&CO),,l < tively] and that cyclohexene is hydrogenated to cyclo- 
[H,Ru,(CO),,]. As already observed for complex 5 [4], hexane with a maximum TON of only 2 [4]. The pro- 
some cyclohexane was found in the isomerization ex- posed mechanism involves isomerization of 1,4-CHD to 

Table 2 
Organometallic products and decomposition in hydrogenation and isomerization reactions with complexes l-4 and F, G and H 

Parent cluster Colour Organometallic Decomposition (%) 

(experiment) change products and yields 

Hydrogenation of 1,3-CHD 
[H,Ru,(CO),~I (A) no change F (lo%), G (5%0), B, 20 

E, L (tr.) 

[H,Ru,(CO),,I (B, B’, B”) red to yellow F GO%), G (S%o), B, 20-30 
E, L (2%) 

[H,FeRu,(CO),,l (Cl red to colourless 100 

[Fe,Ru(CO),zl (D) blue to green ~e,(C0),,1(10%‘0) 90 

Hydrogenation of I,4-CHD 
[H,Rtt,(CO),,l (F) no change F (2%), G (2%), B, 40 

E, L (tr.) 

[H,Ru,(CO),sl (G, G’) red to yellow parent (5%), F (15%) 60 
G (5%), B, E, L (3%) 

[H,FeRu,(CO),sl (H) red to yellow parent (5%), F (3%), 80 
G, B, E, L (tr.) 

[Fe,Ru(CO)r,l (I) blue to yellow 70 

Isomerization of I,4-CHD 
[H,Ru,(CO)~,I (K) no change parent (80%) 10 

[H,RU,(CO),,] (M, M’) no change F @%I, G (tr.) 15 

[H,FeRu,(CO),,l (L) red to yellow parent (60%), F (tr.) 20 
[FezRu(CO),,l (tr.) 
[H2Ru,(C0),sl (10%) 

Hydrogenation of organometaIlic complexes F, G and H 
Complex G (R) no change complex I (10%) 10 
Complex G (S) no change parent (60%) 30 
Complex F (PI yellow to orange [H,Ru,(CO),,I (10%) 70 
Complex H (T) yellow to orange [HzRu,(CO),,l(5%) 70 

NB When small vials were used for the hydrogenation reactions, the TLC separation was performed with the products of a series of vials. The 
products and their concentration therefore represent an average situation. 



116 Mario Castiglioni et al. /Journal of Organometallic Chemistry 491 (1995) 11 l-l 20 

1,3-CHD followed by hydrogenation, in a reaction se- 
quence requiring coordination of the dienes to one 
ruthenium, followed by hydride transfer and release of 
the hydrogenation products. In the reaction solutions 
only decomposition products and traces of complex F 
could be detected. The formation of F lowered the 
catalytic activity. These results are in substantial accord 
with those reported here. Apparently 5 shows a greater 
tendency to decompose to metal, whereas clusters l-3 

Table 3 
Hydrogenation of 1,4cyclohexadiene in the presence of clusters l-4 ’ 

give inactive organometallic products and lower- 
nuclearity fragments. 

As discussed previously, the intact clusters are pre- 
sent only in the first reaction steps. The literature 
supports this hypothesis. Kinetic studies on the homo- 
geneous hydrogenation and isomerization of olefins 
catalyzed by [Ru,(CO),,] under H, flow [12a] showed 
that low nuclear&y species were responsible for hydro- 
genation, whereas higher-nuclearity derivatives gave 

Parent cluster 
(experiment) 

Reaction 
time 
(mitt) 

Conversion 

(%) 

TON Composition of 
reaction solutions (%) b,c 

Cyclohexene 1,3-CHD 1,4-CHD 

lHJ$(CO),,l (F) 15 1.69 28.20 2.82 4.87 92.31 

30 

45 

[H,Ru,(CG),,] (GJ 15 

30 

45 

[H,Ru,(CO),,] (G’) 30 11.59 

30 11.18 

30 8.53 

45.72 

44.10 

33.65 

[H2FeRus(CO)rs] (HJ 1.5 6.67 24.75 

30 8.70 32.29 

45 11.35 42.12 

[Fe,Ru(COJ,,] (1) 15 6.59 

30 9.18 

45 13.03 

28.94 

40.31 

57.21 

lRu,(CO),,l (J) 15 

30 

45 

9.34 

10.01 

34.25 

36.70 

21.09 86.72 

10.70 44.00 

11.96 49.18 

18.25 78.52 

21.19 91.17 

21.53 92.63 

(36.7) (63.3) 
3.76 5.58 
(40.3) (59.7) 
4.13 5.88 
(41.3) (58.7) 

5.13 15.96 
(24.3) (75.7) 
5.73 4.87 
(53.5) (46.5) 
6.51 5.45 
(54.4) (45.6) 

5.29 6.30 
(45.6) (54.4) 
4.45 6.73 
(39.8) (60.2) 
2.15 6.38 
(25.2) (74.8) 

2.85 3.72 
(44.2) (55.7) 
3.37 5.33 
(38.7) (61.3) 
4.50 6.85 
(39.7) (60.4) 

2.04 4.55 
(31.0) (69.0) 
5.78 3.40 
(63.0) (37.0) 
10.30 2.73 
(79.0) (21.0) 

7.39 10.86 
(40.5) (59.5) 
7.14 14.05 
(33.7) (66.3) 
7.02 14.51 
(32.6) (67.4) 

90.66 

89.99 

78.91 

89.30 

88.04 

88.41 

88.82 

91.47 

93.33 

91.30 

88.65 

93.41 

90.82 

86.97 

81.75 

78.81 

78.47 

a Reaction conditions, see Table 1. Details of the cluster and substrate concentrations are as follows. 

F: [cluster] = 5.82 X lOm6 mol; [1,4-CHD] = 2.13 X 10-s mol; substrate/cluster = 366.0; H, = 1 atm. G: [cluster] = 5.19 X 10-s mol; [1,4-CHD] 
= 2.13 x 10m3 mol; substrate/cluster = 410.4; H, = 1.0 atm. G’: [cluster] = 5.41 x 10mh mol; [1,4-CHD] = 2.13 X 10e3 mol; substrate/cluster = 
393.7; H, = 1.0, 0.5, 0.25 atm. H: [cluster] = 5.75 X 10e6 mol; [1,4-CHD] = 2.13 X 10V3 mol; substrate/cluster = 370.4; H, = 1.0 atm. I: 
[cluster] = 4.86 X 10m6 mol; [1,4-CHD] = 2.13 x 10e3 mol; substrate/cluster = 438.3; H, = 1.0 atm. J: [cluster] = 4.96 X 10m6 mol; [1,4-CHD] = 
2.13 X 10m3 mol; substrate/cluster = 429.4; H, = 1.0 atm. 
b Selectivities in parentheses. 
’ Difference = cyclohexane. 
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isomerization after an induction period. In the isomer- hexa-hydridic dimer which is an active catalyst precur- 
ization-hydrosylilation of olefins, evidence for cluster sor for the hydrogenation of C,Ph, under mild condi- 
catalysis was found only during the first few minutes tions [15], thus confirming the role of cluster-bound 
[ 12bl. hydrides in this type of catalysis. 

We note also that [HRu,(CO),(PhNC,H,N)] is a 
hydrogenation catalyst for alkynes. In the alkyne-eth- 
ylene codimerization, the cluster is the catalyst and the 
vinyl derivative [Ru,(CO),(PhNC,H,NXp-(Ph)C 
=C(Ph)H}] is an intermediate [13]. [HRu,(CO), 
(Hampy)] (Hampy = 2-amino-6-methylpyridine) has 
been considered an efficient catalyst for the hydro- 
genation of 1,3-CHD [14] and of C,Ph,. However, 
further studies indicated that the proposed trinuclear 
or binuclear diphenylvinylidene intermediates are inac- 
tive. Kinetic experiments showed that mononuclear 
species were the active catalysts [14bl. However, 
[HRu,(CO),(Hampy)] reacts with dihydrogen to give a 

3.3. Characterization and role of the organometallic 
complexes in the reaction solutions 

It has been reported that cluster 1 catalyzes the 
hydrogenation of pent-2-yne and the isomerization of 
pentenes [16]. [Ru,(CO),,l isomerizes 1-pentene to cis- 
and trans-Zpentene. The complexes [HRu,(CO), 
(MeC=C=CHMe)] (M) and [HRu,(CO),(MeCCHC- 
Me)] (N) were found in the reaction mixtures along 
with [H,Ru,(CO),,l and [H,Ru,(CO),,I, the latter 
arising from dehydrogenation of 1-pentene. In contrast 
with our findings for E and F, complexes M and N 

Table 4 
Isomerization of 1,4cyclohexadiene in the presence of clusters l-3 a 

Parent cluster Reaction Conversion TON Composition of 
(experiment) time (%I reaction solutions (%I 

(min) Cyclohexene 1,3CHD 1 ,CCHD 

lH,Fk,(CO),,l K) 15 0.84 2.86 99.16 

30 

45 

1.61 

1.93 

5.48 

6.57 

0.04 
(4.8) 
0.07 
(4.3) 
0.09 
(4.7) 

0.80 
(95.2) 
1.54 
(95.7) 
1.84 
(95.3) 

98.39 

98.07 

lH,FeRu&CO),,l (L) 15 

30 

45 

0.96 4.46 

2.39 

4.04 

11.11 

18.78 

lH,Ru,(CO),,l(M) 15 

30 

45 

8.51 26.24 

8.72 

9.21 

26.89 

28.40 

lH,Ru,(CO),,l CM’) 30 6.18 

30 6.16 

30 8.20 

24.38 

12.15 

8.09 

[Ru,(CO),,] (N) 15 2.16 4.23 

30 7.24 14.17 

45 10.78 21.11 

0.05 0.91 

(5.2) (94.8) 
0.18 2.21 

(7.5) (92.5) 
0.28 5.90 

(6.9) (93.1) 

0.26 8.25 
(3.1) (96.9) 
0.31 8.41 
(3.6) (96.4) 
0.44 8.77 

(4.8) (95.2) 

0.28 5.90 
(4.5) (95.5) 
0.76 5.40 
(12.3) (87.7) 
1.56 6.64 
(19.0) (81.0) 

0.16 2.00 
(7.4) (92.6) 
0.54 6.70 
(7.5) (92.5) 
0.73 10.05 
(6.8) (93.2) 

99.04 

97.61 

95.96 

91.49 

91.28 

90.79 

93.82 

93.84 

91.80 

97.84 

92.76 

89.22 

a Details of substrate and cluster concentrations in the experiments: Solvent, octane, 2 ml vial-‘; T = 120°C; 

K: [cluster] = 6.27 x 10e6 mol; [1,4-CHD] = 2.13 X 10m3 mol; substrate/cluster = 339.7. L: [cluster] = 4.59 X 10m6 mol; [1,4CHD] = 2.13 X 10-s 
mol; substrate/cluster = 464.1. M: [cluster] = 6.92 X 10e6 mot; [1,4-CHD] = 2.13 x 10-s mol; substrate/cluster = 307.8. M’: [cluster] = 5.41 X 

10m6 mol; [1,4-CHD] = 2.13 X lo- 3, 1.07 X 10m3, 5.34 X 10e4 mol; substrate/cluster = 393.7, 197.8, 98.7. N: [cluster] = 1.09 X 10-s mol; 

[1,4CHD] = 2.13 X 10m3 mol; substrate/cluster = 195.4. 
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were both intermediates and catalysts in these reac- 
tions [17]. Finally [H,Ru,(CO),J isomerizes pentenes 
via allylic intermediates [17a-cl. 

Reports on the reactions of 1,3-CHD with 
[Ru,(CO),,] have also appeared. In refluxing heptane 
[181, the formation of [HRu,(CO),(C,H,)l (D) 1191 was 
reported. With a considerable excess of 1,3-CHD, com- 
plex B could be obtained. Complex B acted as a 
hydrogen-transfer catalyst and with 1,3-CHD under 
reflux gave 1,4-CHD, benzene, cyclohexene and com- 
plex C [18]. Reaction of [Ru,(CO),,] with a large 
excess of 1,3-CHD (lo-31 : 1) for long time in refluxing 
cyclohexane or octane gave complexes B and E, and 
the butterfly I [20]. Finally, reaction of an excess of 
1,3-CHD with [Ru,(CO),,(MeCN),] gave considerable 
yields of [HRu,(CO),(C,H,)] (G), which could be de- 
protonated to complex H [21]. The 1,3-CHD deriva- 
tives mentioned above and those found in our catalytic 
experiments are depicted in Fig. 2. 

In the solutions from the catalytic experiments (Ta- 
ble 2) we could identify the complexes B, E-H and L 
whose nature was confirmed by independent syntheses. 
The butterfly I [20] was also formed during the hydro- 
genation of G. The structure of L could not be deter- 
mined univocally. In our opinion it shows analogies to 
[H,Os,(CO),,(C,H,Me)l [221. 

Fig. 2. Found or proposed structures for complexes (A)-(L), as 
discussed in the text. 

Table 5 
Hydrogenation of organometallic complexes E, F, G, H and La 

Complex Reaction TON Composition of reac- 
(experiment) time (min) tion solutions (%I 

Cyclohexene 1,3-CHD 

Complex F (P) 15-30 _ _ 

Complex E (Q) 15-30 - 15.3 84.7 
Complex G (R) 15 _ 100 h _ 

30 _ _ 

45 _ _ 

Complex G 6) 15 5.2 1.2 98.8 
30 3.8 0.9 99.1 

Complex H (T) 15-30 - - _ 

Complex L (U) 15-30 _ _ 

a Details of complex nd substrate concentrations in the experiments: 
Solvent, octane, 2 ml vial-‘; T = 120°C. Experiments P,Q,R,T,U: 
complex ca. 50 mg, 1 atm H,. Experiment S: [cluster] = 4.72~ 10V6 
mol; [1,3-CHD] = 2.10~ lo-’ mol; substrate/cluster = 445; H, = 1 
atm. 
h The cyclohexene obtained is presumably from the cluster, which 
undergoes modification, deposing insoluble red crystals of I. 

The complexes F, G, H, L and I result from oxida- 
tive addition reactions involving dehydrogenation of 
the dienes and hydrogen-transfer to the cluster or, in 
some instances, disproportionation to benzene and sat- 
urated hydrocarbons. These processes occur even un- 
der an excess of dihydrogen. Dehydrogenation of linear 
and cyclic dienes upon coordination to tri- or poly- 
metallic clusters is a well-known reaction [23]. In order 
to verify if the trinuclear products were catalytic inter- 
mediates, we hydrogenated or treated some derivatives 
with 1,3-CHD as shown in Table 5. 

None of these is a reaction intermediate or a cata- 
lyst, despite the fact that the structures of E and F are 
closely comparable with that of A, which is a homoge- 
neous hydrogenation intermediate [2]. Several other 
examples are known of hydridic tri- and poly-nuclear 
clusters with alkynes coordinated parallel to a cluster 
edge acting as catalysts, catalyst precursors or interme- 
diates in hydrogenation reactions [241. [H,Ru,(CO), 
(RC,R)] (R = Me or Et) and [HRu,(CO),(MeCCH- 
CEt)], obtained upon dehydrogenation of alkenes, are 
key intermediates in the homogeneous oligomerization 
of ethylene in the presence of [Ru,(CO),,] or 
[H,Ru,(CO),~] [25]. Finally, cyclohexene [26a] and 
diphenylacetylene were hydrogenated on tetranuclear 
phosphinidene-bridged ruthenium clusters. ‘Parallel’ 
coordination of the alkyne to three metals was again 
observed among the intermediates leading to cis- and 
trans-stilbene [26bl. 

An explanation for the apparently anomalous be- 
haviour of complexes E and F is easily found. Complex 
A is formed from the alkyne upon CO substitution and 
the hydrides are provided by external dihydrogen. Easy 
release of the hydrogenated ligand occurs in the pres- 
ence of extra dihydrogen. In contrast, complexes E and 
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F are formed upon oxidative addition and consequent 
dehydrogenation. In the presence of external dihydro- 
gen, re-formation of the original substrate is expected 
to occur. 

4. Concluding remarks 

The results reported here, represent an example of 
clusters as models of chemisorption and heterogeneous 
catalysis. Preliminary results obtained by supporting 
clusters 1 and 2 on inorganic oxides and transforming 
the derivatives into small metal particles indicate a very 
high hydrogenating and dehydrogenating activity. There 
is evidence for complex hydrogenation-dehydrogena- 
tion patterns, closely comparable with those found in 
homogeneous conditions [27]. Further examples of this 
behaviour have been found for supported [(CpNi) 
Ru&CO)&-H)J both in heterogeneous hydrogena- 
tion [28] and in ammonia synthesis [29]. 
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