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the exo-anilino case. Thus, there is no doubt that the yellow 
product is indeed exo. 

The endo-phosphonium isomer, studied in deuteriodi- 
chloromethane, shows the narrowing of the H5 signal, behavior 
analogous to that in the endo-anilino case. On irradiation of 
H5, H4 collapses and the low-field diene region H3 is affected. 
It is clear that the coupling between H4 and H5 is not longer 
zero. Thus the brown product is 5-endo. 

The NMR spectra of the other phosphonium complexes can 
be assigned in a similar manner. 

The I3C results (Table 111) substantiated the above. Except 
for very small differences in the chemical shifts, both isomers 
display similar patterns. However, a variation in the coupling 
constants of 31P with the neighboring carbon atoms C4 and 
C5 is observed in the ethylphosphine case. Although it is not 
possible to correlate this result with a particular geometrical 
configuration, it does indicate the expected change in orien- 
tation of the phosphorus group between the isomers. 

These results show clearly that substitution of the tri- 
carbonyl( 7- 1,5-cycloheptadienylium)iron cation by phosphines 
yields both the 5-ex0 and 5-endo isomers depending on reaction 
conditions. The presence of a red coloration during reaction 
in acetonitrile and during the interconversion of exo to endo 
isomer is consistent with metal-assisted substitution. The 
inability of phenyl-substituted phosphines to form the 5-endo 
isomer is presumably due to steric inhibition of the metal- 
assisted pathway. In contrast, substitution in dichloromethane 
proceeds by direct ring attack to give the 5-ex0 isomer. 

In conclusion, the general pattern of nucleophilic substitution 
of both hard and soft nucleophiles is in good accord with the 
theoretical discussion of the preceding paper. Thus by varying 
the nucleophilicity of the attacking group it is possible to 

observe both metal and carbonyl carbon attack and formation 
of stable products. It is also possible for hard nucleophiles 
to attack at the carbonyl carbon atom (and possibly at  the 
metal atom also) even if the final thermodynamically stable 
product is ring substituted. Finally, for soft nucleophiles such 
as phosphines, both ring isomers may be obtained although 
even in this case there may be a metal-assisted pathway in the 
formation of the endo isomer. 
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The tetraruthenium cluster hydride H,RU,(CO)~~ reacts with ethylene at 72 OC to give two molecules of ethane per molecule 
of cluster. In the presence of excess hydrogen, this cluster complex acts as a catalyst for the hydrogenation of ethylene 
in heptane solution. Detailed kinetics for the catalytic hydrogenation are presented as functions of catalyst concentration, 
ethylene pressure, hydrogen pressure, and carbon monoxide pressure. In the reaction of C2H4 with D2, the hydrogendeuterium 
exchange between reactants takes place to give C2H3D and HD by a more rapid rate than that of ethane formation. A 
reasonable catalytic cycle for the ethylene hydrogenation is proposed to involve H3Ru4(CO),,(C2Hs) as an intermediate. 

Introduction 
Mononuclear transition-metal compounds have been ex- 

tensively used as homogeneous catalysts for the hydrogenation 
of olefins. The mechanism of olefin hydrogenation on mo- 
nonuclear transition-metal complexes is well established and 
has been reviewed by James.' Recently, the use of transi- 
tion-metal cluster compounds as homogeneous catalysts for 
the olefin hydrogenation has been increasing. Examples in- 
clude the hydrogenation of olefins with molecular clusters of 
ruthenium,24 osmium,'~~ r h o d i ~ m , ~  and nickel.I0 These metal 
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clusters are considered to provide polymetallic active sites for 
the catalytic reactions. Recent publi~ationsl '- '~ have pointed 
out the analogies between molecular metal clusters and metal 
surfaces in the processes of chemisorption and of catalysis. At 

Graff, J. L.; Wrighton, M. S. J .  Am. Chem. Soc. 1980, 102, 2123. 
Fouda, S. A.; Rempel, G. L. Inorg. Chem. 1979, 18, 1 .  
Keister, J. B.; Shapley, J. R. J .  Organomet. Chem. 1975,85, c29; J .  Am. 
Chem. Soc. 1976.98, 1056. 
Deeming, A.  J.; Hasso, S. J.  Organomer. Chem. 1976, I 1  4 ,  3 13.  
Reinman, W.; Abboud, W.; Basset, J.  M.; Mutin, R.; Rempel, G.  L.; 
Smith, A. K. J .  Mol. Catal. 1980, 9, 349. 
Muetterties, E. L.; Band, E.; Kokorin, A.; Pretzer, W. R.; Thomas, M. 
G. Inorg. Chem. 1980, 19, 1552. 
Ugo, R.  Catal. Rev. 1975, 11, 225. 
Muetterties, E. L. Science (Washington, D.C.) 1977, 196, 839. 
Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F.; Pretzer, 
W. R.  Chem. Rev. 1979, 79, 91. 

0 1982 American Chemical Society 



Metal Cluster Catalysis Inorganic Chemistry, Vol. 21, No. 7, 1982 2133 

xl 0" 

12- 

gas inlet 

Figure 1. Schematic diagram of the reaction system. 

the present time, however, mechanistic investigations con- 
cerning the catalysis by metal clusters are very few. One of 
the most thorough studies of metal cluster catalysis is the work7 
of Keister and Shapley, who established the catalytic cycle for 
olefin hydrogenation in the presence of H,Os,(CO) which 
contains an osmium-osmium double bond and allows coor- 
dination of the olefin molecule. Aside from H,0s3(CO)lo, 
many stable metal clusters including H4Ru4(C0),, are co- 
ordinately and sterically saturated. For these catalyst pre- 
cursors, first steps to initiate a catalytic cycle comprise the 
dissociation of a ligand-like carbon monoxide2v5J4 or the 
cleavage of one metal-metal bond resulting in an open but- 
terfly s t r u ~ t u r e . ' ~ , ' ~  

In order to further the understanding of metal cluster ca- 
talysis, we have made a comparative study on the stoichio- 
metric and catalytic hydrogenation of ethylene with H4Ru4- 
(CO),,. Detailed kinetics of ethylene hydrogenation are 
presented along with the mechanistic implications of metal 
cluster catalysis. 
Experimental Section 

Materials. The complex H4R~4(C0)12 and its deuterated analogue 
were prepared by a reported meth0d.l' Ethylene, Takachio ultra 
pure grade, was dried by passing it through a column of 4A molecular 
sieve. Hydrogen, deuterium (purity 99.5%), and carbon monoxide 
were purchased from Takachio Co. and used without further puri- 
fication. Argon of pure grade was used after passage through a column 
of copper reduced at 350 OC. Heptane, Wako pure grade, was dried 
on 4A molecular sieve and saturated with dry argon prior to use. 

Apparatus and Procedure. The apparatus used for hydrogenation 
study is shown schematically in Figure 1. A typical experiment is 
described below. (i) A prescribed amount of ethylene was introduced 
into the reaction vessel A (ca. 257 cm') with a Teflon-coated stirring 
bar. After the greaseless stopcock C was closed, ethylene in the vessel 
A was collected in a trap B (ca. 9 cm') by freezing, and then stopcock 
D was closed. (ii) In all experiments, 5 cm3 of a heptane solution 
of H4Ru4(CO),, or D.,RU~(CO),~ in the range of concentrations 
between 0.1 and 1.2 mM was admitted in the reaction vessel through 
the side arm E by syringe under an argon stream, and again the side 
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Figure 2. Yield of C2Hs produced during the reaction of C2H4 with 
H4Ru4(C0),2 (72 OC, PCzH, = 100 torr, heptane solution = 5 mL): 
A, H4R~4(C0)12 = 2 X lW3 "01; B, H,Ru~(CO),~ = 4 X lo-' mmol; 
C, H4R~4(C0)12 = 6 X lo-' mmol. 
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Figure 3. Representative C2H6 yield plot for the catalytic hydro- 
genation of ethylene with H4Ru4(C0)12. Reaction conditions: 72 
OC, PC = 100 torr, PH2 = 100 torr, and 0.4 mM solution of H4- 
R u ~ ( C ~ { ~ ~  ( 5  mL). 

arm E was sealed by silicon rubber packing. (iii) The ruthenium cluster 
solution in the reaction vessel was cooled to -78 OC, and then argon 
gas was evacuated via stopcock G. After stopcocks G and C were 
closed, hydrogen or deuterium gas was introduced in the part F (ca. 
140 cm') and precisely measured by a mercurf-leveling manometer. 
A known amount of hydrogen or deuterium was admitted into the 
reaction vessel A via stopcock C. (iv) After stopcock C was closed, 
the reaction vessel was immersed in an oil bath and allowed to stand 
for 15 min at a reaction temperature. The temperature of the oil bath 
was controlled to 10.3 OC. Then, a known amount of ethylene was 
added into the reaction vessel by heating trap B, and stopcock D was 
closed. The hydrogenation reaction was timed from the addition of 
ethylene. Vigorous agitation of the catalyst solution caused no ap- 
preciable change in the hydrogenation rate, even for the highest rate 
studied. When required, carbon monoxide was introduced through 
the silicon rubber seal E by a syringe. 

Product Analysis. Samples of the gases above the reaction solution 
were withdrawn at intervals by a syringe and analyzed quantitatively 
on a Hitachi 163 FID gas chromatograph with a 2-m column of 
Porapak Q. For the reaction of ethylene with deuterium, deuterated 
products were also separated by gas chromatography and analyzed 
by a Hitachi RMU-7M mass spectrometer. Infrared spectra of 
reaction solutions were recorded on a Hitachi 295 spectrometer. 
Electronic absorption spectra were recorded on a Shimazu MPS-5000 
spectrophotometer. 

Results 
Stoichiometric Hydrogenation. In the absence of hydrogen, 

H4Ru4(C0),, reacted with ethylene at 72 OC to form ethane. 
The yields of ethane produced during the course of reaction 
are shown in Figure 2. The hydrogenation of ethylene took 
place without any induction periods and was complete within 
60 min to give about two molecules of ethane per molecule 
of H 4 R ~ 4 ( C 0 ) 1 2 ,  which indicates that all hydride ligands on 
the ruthenium cluster transfer into ethylene molecules. The 
rate of stoichiometric hydrogenation was not affected by 
changing the pressure of ethylene in the range of 30-300 torr. 

Catalytic Hydrogenation. The H4Ru4(CO)12 acts as a 
powerful catalyst for the hydrogenation of ethylene in the 
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Figure 4. Rate of catalytic hydrogenation as a function of the 
H4Ru4(CO),, concentration (72 "C, PC2& = 100 torr, PHz = 100 torr, 
and heptane solution ( 5  mL)). 
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Figure 5. Rate of catalytic hydrogenation as a function of ethylene 
pressure (72 "C, PHI = 100 torr, and 0.4 m M  solution of H4Ru4(C0),2 
( 5  mL)). 
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Figure 6. Rate of catalytic hydrogenation as a function of hydrogen 
pressure (72 "C, PCIHl = 100 torr, and 0.4 mM solution of H4Ru4- 
(CO),, ( 5  mL)). 

presence of excess hydrogen. Figure 3 shows a typical time 
course of the catalytic hydrogenation of ethylene at  72 'C. 
The ethane yield was proportional to the reaction time for at 
least 120 min. The rate of catalytic hydrogenation was de- 
termined from the slope of the linear curve. In all cases, the 
hydrogenation was performed in the range of low conversions 
of ethylene and hydrogen up to several percent. 

The hydrogenation rate was first order with respect to the 
concentration of H4R~4(C0)12 ,  as shown in Figure 4. Figure 
5 shows the relation between the hydrogenation rate and the 
ethylene pressure. The hydrogenation rate increased to a 
constant value with increasing the ethylene pressure. Figure 
6 shows the dependence of the hydrogen pressure on the hy- 
drogenation rate. The rate at 0 torr of hydrogen pressure 
corresponds to the initial rate of the stoichiometric hydro- 
genation. It is worth noting that the presence of hydrogen 
accelerates the rate of hydrogenation. 

The effect of carbon monoxide on the hydrogenation rate 
were examined at 72 "C. Various amounts of CO were added 
in the reactor during the course of catalytic hydrogenation of 
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Figure 7. Changes in the yield of CzH6 induced by the addition of 
CO during the catalytic hydrogenation of ethylene (72 "C, PCzH4 = 
100 torr, PHI = 100 torr, and 0.4 mM solution of H4Ru4(C0),2 ( 5  
mL)). The amounts of CO added are shown in the figure. 
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Figure 8. Relation between rate of catalytic hydrogenation and 
pressure of CO added. 

ethylene. As shown in Figure I ,  the addition of CO caused 
sudden suppression in the hydrogenation rate. Figure 8 shows 
the inverse relation between the hydrogenation rate and the 
pressure of CO added. At the end of reaction involving 1.0 
X mmol of CO in which the catalytic activity almost 
disappeared, the infrared and electron absorption spectra of 
catalyst solution were recorded at room temperature. The 
detectable Ru compound was H4R~4(C0)12 ,  and the recovery 
of H , R U ~ ( C O ) , ~  was found to be almost 100% within exper- 
imental error. 

So that the nature of the catalyst could be clarified, electron 
absorption spectra of catalyst solution were recorded at 72 f 
2 "C. A heptane solution of H , R U ~ ( C O ) ~ ~  exhibits an intense 
maximum at 366 nm (em 17 800 M-' cm-l) in the near-UV 
region under an argon atmosphere. When hydrogen gas of 
300 torr was exposed to the solution, the absorption maximum 
was red shifted toward 372 nm. The removal of hydrogen gas 
from the heptane solution caused a reversible change in the 
absorption maximum from 372 to 366 nm, indicative of a 
reversible reaction between H4Ru4(C0)1z and H,. Another 
attempt has been made to examine the absorption spectral 
changes during the stoichiometric hydrogenation of CzH4 with 
H4Ru4(C0)1z in the absence of H,. At the initial stage of the 
hydrogenation, the absorption maximum (365 nm) of the 
reaction solution under ethylene gas of 100 torr was almost 
identical with that of H 4 R ~ 4 ( C 0 ) 1 2  solution under argon, 
although the band was broader. The production of ethane 
during the reaction resulted in gradual and irreversible spectral 
changes. When the stoichiometric hydrogenation was com- 
plete, the reaction solution exhibited a broad band at 360 nm 
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Figure 9. Deuterium distribution in reactants and conversion to ethane 
observed in the reaction of C2H4 with D2 at 72 OC (PcZH, = 100 torr, 
PD, = 100 torr, and 0.4 mM solution of D4R~4(C0)12 ( 5  mL)). 

and a shoulder a t  430 nm. However, the ruthenium products 
arising from the reaction of H4Ru4(C0)12 with C2H4 have not 
been identified. 

Reaction Involving Deuterium. Deuterium-labeling exper- 
iments were carried out a t  72 OC by using D4Ru4(C0)12 in 
place of H4R~4(C0)12 .  (i) On exposing deuterium gas of 100 
torr to heptane solution (0.4 mM) of D4Ru4(C0)12, no hy- 
drogen-deuterium exchange was observed in 240 min, indi- 
cating that solvent hydrogens do not participate in the hy- 
drogenation process. However, in this experiment a small 
amount of C O  was always detected from the mass spectra of 
gas components. (ii) When the mixture of deuterium gas of 
50 torr and hydrogen gas of 50 torr was exposed for 60 min, 
gas composition of 33% H2, 34% HD, and 33% Dz was ob- 
served. The formation of H D  clearly indicates that D4Ru4- 
(CO),, catalyzes the H2/D2 exchange. (iii) The result in the 
reaction of ethylene with D2 is shown in Figure 9. When D2 
was used in place of H2, the rate of ethylene hydrogenation 
decreased and the kinetic isotope effect, Le., kH/kD was 1.22 
at  72 "C. A similar small isotope effect has been observed 
for the catalystic hydrogenation of decene-1 (kH/kD = 1.30) 
with p3-oxo-triruthenium acetate cluster complex: Deuterium 
distribution was examined only in reactants since the con- 
version to ethane was too low. As shown in Figure 9, a hy- 
drogen-deuterium exchange between reactants took place 
simultaneously with the hydrogenation of ethylene. Ethyl- 
ene-d, (C2H3D) and H D  were detected as main products in 
the initial stage of reaction. The rate of hydrogen-deuterium 
exchange between ethylene and D2 was faster than the rate 
of ethane formation by at least 1 order of magnitude. 

Discussion 

Nature of Catalyst. The rate of catalytic hydrogenation of 
ethylene was proportional to the concentration of the catalyst 
precursor H4Ru4(C0)12. Therefore, it is reasonable to assume 
that the tetranuclear cluster frameworks themselves provide 
the catalytic sites. Since the catalyst precursor H 4 R ~ 4 ( C 0 ) 1 2  
is coordinatively saturared, the first step in the catalytic cycle 
must involve a creation of vacant coordination sites without 
breaking up the cluster into mononuclear fragments. The 
formation of such vacant coordination sites may be achieved 
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Figure 10. Plot of [ratel-] vs. PCZH4-I. 

by the following two ways: (i) cleavage of one ruthenium- 
ruthenidm bond resulting in an open butterfly structure 

H,Ru,(co),, I, H,RU~(COI,? (1) 
, . 

and (ii) dissociation of a ligand, specifically carbon monoxide 

( 2 )  
Though we could not derive a definitive conclusion on the first 
step in the mechanism of this hydrogenation, the observed 
evolution of C O  on exposing hydrogen to the heptane solution 
of H4Ru4(CO),z and the suppression of hydrogenation rate 
by excess CO appear to support a first step comprising CO 
dissociation ii. In addition, the mechanism involving CO 
dissociation ii is fully consistent with the kinetic data for the 
catalytic hydrogenation of ethylene, as discussed below. 

Mechanism of Hydrogenation. The mechanism proposed 
for the catalytic hydrogenation of ethylene is outlined in eq 
3-5. This mechanism is supported by the following experi- 

K2 

Kl 
H,Ru4(C0)12 e H ~ R u ~ ( C O ) ~ I  + CO 

H4Ru(CO)11 + Hz H6RU4(CO)ll (3) 
K3 

H4RU4(C0) 11 + C2H4 H3Ru4(CO) I 1  (C2H5) (4) 

H3RU4(C0)ll(CZH5) + H Z  -% H4Ru4(CO)11 + CZH6 (5) 
mental results. (i) The reversible spectral change (366 nm 
F! 372 nm) of the heptane solution of H 4 R ~ 4 ( C 0 ) 1 2  under 
argon and hydrogen appears to support the reversible reaction 
3 giving H ~ R U ~ ( C O ) ~ ,  under H2. In addition, a rapid H2/D2 
exchange reaction to give H D  in the presence of D4Ru4(CO),, 
can be rationalized in terms of hydride exchange on the ru- 
thenium cluster framework through reaction 3. (ii) The re- 
action of ethylene with D2 revealed that the exchange reaction 
of hydrogen-deuterium atoms between reactants takes place 
to give C2H3D and H D  by a more rapid rate than that of 
ethane formation. It is reasonable to assume that an ethyl- 
tetraruthenium intermediate is present in the catalytic cycle 
and that the reverse reaction of eq 4 to give a free ethylene 
molecule is substantially faster than the formation of ethane 
via reaction 5. As described in the preceding section, the initial 
electron absorption spectrum of the H 4 R ~ 4 ( C 0 ) 1 2  solution 
under CzH4 was almost identical with that of H4Ru4(C0),* 
solution under argon. The spectrum of the ethyltetraruthenium 
intermediate H3Ru4(CO)11(C2H5), which should be formed 
rapidly under CzH4, may be almost the same as that of 
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H4Ru4(C0)12. (iii) The observed acceleration of hydrogen- 
ation rate by the presence of hydrogen (see Figure 6) suggests 
that a hydrogenolysis reaction 5 is the predominant final step 
in the catalytic cycle of ethylene hydrogenation. In contrast, 
ethane must be formed through a slow transfer reaction of 
coordinated hydride to the ruthenium-ethyl bond in the 
stoichiometric reaction of H4Ru4(C0),2 with ethylene, re- 
sulting in the decomposition of H4Ru4(C0)12 in the absence 
of hydrogen. In the presence of excess hydrogen, the rate of 
the hydride transfer reaction is apparently negligible to that 
of hydrogenolysis reaction 5 .  

On the basis of the scheme outlined by steps 2-5, the rate 
of ethane formation in the presence of hydrogen is given by 
eq 6, where Kl, K2, and K3 are equilibrium constants of the 

respective steps 2-4, k4 is rate constant for the hydrogenolysis 
step 5, [Ru4IT denotes the total concentration of tetra- 
ruthenium cluster present, and [H2], [C2H4], and [CO] refer 
to the free concentrations of these species. With the as- 
sumption that the concentrations of substrates in the catalyst 
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Figure 12. Plot of [ratel-' vs. Pco. 

solution are proportional to the respective partial pressures 
under the reaction conditions, eq 6 is rewritten as eq 7, where 

(7) 

new constants Klr, K2', K3r, and kql involve the solubility 
constants of substrates in the catalyst solution. Equation 7 
predicts that the rate is proportional to the total concentration 
of tetraruthenium cluster. This relation is confirmed by the 
result of Figure 4. Equation 7 when written in inverse form 
is given by eq 8. Equation 8 predicts that the respective plots 

k4/K3'PC2H4PH,[RU41T -- - d[C2H61 
dt + KZ'PH2 + K3'PC2H4 + pCO/Kl' 

(8) 
pco l +  

klPH2 k4'KI'K3'PH2PC2H4 

Of [Ru&(d[C2H,]/dt)-' VS. Pc2&-', [RU4]~(d[C2H6]/dt)-' VS. 

PH~-',  and [Ru&(d[C2H6]/dt)-' vs. PCO should be linear. As 
Figures 10-12 show, kinetics results obtained in the catalytic 
hydrogenation of ethylene are in complete agreement with the 
above expression 8. From the values of the intercepts and the 
slopes of Figures 10-12, the values of K,', K;, K3' and kql at 
72 OC are estimated as (5.4 f 1.6) X torr, (1.0 f 0.3) 
X lo-' torr-', (8.7 f 2.6) X torr-', and (7.6 f 0.7) X lo-' 
h-I torr-', respectively. Thus, our kinetic data support the 
scheme outlined by steps 2-5. 
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