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At temperatures above ca. 50°C over RuiSiOr catalysts and in the presence of hydrogen, ethyl- 
ene undergoes hydrogenation, hydrogenolysis, homologation, and dimerization reactions. The 
influence of contact times and reaction temperatures on conversions and selectivities has been 
examined. At low temperatures (<ca. 150°C) and low contact times, the major hydrocarbons 
produced from ethylene are, in addition to ethane, 2-butenes (with a high selectivity for cis-2- 
butene), which is good evidence for a dimerization reaction. With increasing temperature, hydro- 
genolysis of ethylene to methane and homologation to propene increase. Hydrogenolysis and 
homologation seem to be mechanistically related in terms of elementary steps of C-C bond cleav- 
age and formation; two mechanisms are proposed which involve either metallocarbene insertion- 
elimination reactions or formation and decomposition of dimetallacyclic intermediates. Several 
mechanisms are envisioned for dimerization of ethylene; experimental data seem to support a 
mechanism which involves formation and coupling of two ethylidene species. 0 1989 Academx Press, 

1. INTRODUCTION 

The hydrogenolysis of saturated hydro- 
carbons over metal catalysts converts an 
alkane, in the presence of hydrogen, to 
lower chain hydrocarbons plus methane (1, 
2). When applied to olefinic hydrocarbons, 
the same reaction, in the presence of hydro- 
gen, leads to lower olefins and paraffins 
plus methane (3, 4). We (4-7) and others 
(8-12) have shown that the hydrogenolysis 
of olefins is always accompanied by the for- 
mation of the next higher olefins (homolo- 
gation reaction). It has been suggested by 
Pettit and co-workers (3) that hydrogenoly- 
sis of hydrocarbons is mechanistically re- 
lated to the Fischer-Tropsch synthesis in 
terms of C-C bond formation and C-C 
bond cleavage. Evidence was also given for 
a mechanistic similarity between olefin ho- 
mologation and the Fischer-Tropsch syn- 
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thesis (same regioselectivity in the homolo- 
gation of propene as in the syn-gas 
conversion to butenes) (7). Recently (23), 
we have also demonstrated a striking simi- 
larity of mechanism between the hydrogen- 
olysis and homologation of various pentene 
isomers. These results show that for certain 
types of hydrocarbons at least there is a 
common mechanism to explain both the 
formation and rupture of C-C bonds. Two 
possibilities were proposed: one (mecha- 
nism A) based on a carbene insertion-dein- 
sertion in (from) a metal-alkyl bond and the 
other (mechanism B) based on a carbene- 
olefin * dimetallacyclopentane equilib- 
rium. The weakness of mechanism B arises 
from the fact that it cannot apply to the 
hydrogenolysis of a simple olefin as ethyl- 
ene for which a dimetallacyclopentane can- 
not be formed (Z4--18). In contrast, mecha- 
nism A applies quite well to ethylene which 
can easily give a methyl fragment via car- 
bene deinsertion from a metal-ethyl bond 
(3, 19, 20). It was therefore of interest to 
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investigate ethylene homologation and hy- 
drogenolysis under the same conditions as 
those of our previous studies (4, 7, 13). In 
addition, the choice of ethylene was also 
governed by its crucial role as a primary 
product in the Fischer-Tropsch synthesis 
(5, 6, 9, 10, 21-32). 

2. EXPERIMENTAL 

The Ru/SiOz catalyst was prepared by 
adsorbing Ru3(C0)r2 (Johnson Matthey) 
from a hexane solution onto silica (Aerosil 
200 Degussa) that had been pretreated at 
500°C under 10s4 Torr for 16 h (it has been 
established that during this chemisorption 
process, Ru~(CO),Z reacts with surface sil- 
anol groups to give a grafted species (P-H) 
(p-OS&)Ru$ZO)io (33)). The grafted 
cluster was then decomposed into metal 
particles under flowing H2 at 300°C. The fi- 
nal metal content was l-O%, and the aver- 
age particle size determined by electron mi- 
croscopy was ca. 15 A. 

The reagents were a mixture of ethylene/ 
hydrogen/argon. Hydrogen (99.995%) and 
argon (99.995%) were purified by passage 
through a Deoxo catalyst (BASF R-3-11) 
and 5-A molecular sieves. Ethylene (Air Li- 
quide, 99.95%) was used without further 
purification. That the methane, ethane and 
higher hydrocarbons contents in hydrogen 
and ethylene were negligible was checked 
by gas chromatography. 

The reactor was a dynamic glass micro- 
reactor working under atmospheric pres- 
sure. Typically the catalyst (ca. 100 mg) 
was introduced into the reactor and heated 
at 250°C under a flow of pure hydrogen for 2 
h. Then the reactant mixture was allowed 
to flow over the catalyst (0.5 x lo4 h-i c 
GSV < 2.5 x lo4 h-l) at the reaction tem- 
perature for 10 min before the products of 
the reaction were analyzed by gas-phase 
chromatography. Between two experi- 
ments, the catalyst was treated at 250°C for 
2 h under Rowing hydrogen (Pn, = 1 bar). 
Under these conditions, the activity and the 
selectivity of the catalyst could be repro- 

duced several times without significant 
variations. 

Analysis of the products was carried out 
with an online gas-phase chromatograph 
equipped with a flame ionization detector 
(Intersmat IGC 120 FB) and a 0.22 cm i.d. 
x 6 m stainless-steel column packed with 
squalane (7%) on alumina. The system was 
calibrated with standard hydrocarbon mix- 
tures (ALLTECH). 

3. RESULTS 

3.1. General Features of the Reaction 
c2H4 + H2 

When a C2H4/H2 mixture is allowed to 
flow over a Ru/SiOz catalyst (at 250°C and 
under atmospheric pressure), the main re- 
action is the hydrogenation of ethylene to 
ethane. To a smaller extent, ethylene is also 
qonverted to methane and C3-C4 hydrocar- 
bons (Fig. 1). Conversion of ethylene to Cl, 
C3, and C4 products is approximately 20 
times lower than to ethane. It increases 
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FIG. 1. Influence of contact time on the conversion 
of C2H4 to products in the reaction of C2H, and Hz over 
Ru/Si02 . m,, = 100 mg; t = 250°C; CzH4/H2/argon = 
l/1/3 (mol). 
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with increasing contact time (roughly lin- 
early for C3 and C4 hydrocarbons), Cd hy- 
drocarbon formation being higher than that 
of C3 hydrocarbons. 

3.2. Formation of C,, C3, and Cd 
Hydrocarbons from C2H4/H2 Mixtures 

3.2.1. Conversion of ethylene ?o Cl, C3, 
and C4 hydrocarbons. The effect of reac- 
tion temperature on conversion of ethylene 
to Cl, C3, and Cd hydrocarbons and on 
product distribution is shown in Figs. 2 and 
3. At temperatures as low as 3X, forma- 
tion of Cq hydrocarbons in measurable 
amounts is observed. The conversion of 
ethylene to Cq hydrocarbons (which are 
mainly olefins) increases rapidly with in- 
creasing temperatures, reaches a maximum 
at ca. 15O”C, and then decreases at higher 
temperatures. At low temperatures, the 
amounts of methane and C3 hydrocarbons 
are small: they become significant only at 
temperatures higher than 100°C. Conver- 
sion of ethylene to C3 hydrocarbons in- 
creases slowly with increasing temperature 

FIG. 2. Influence of reaction temperature on the con- 
version of CzH4 to C,, C,, and C, hydrocarbons in the 
reaction of CZH4 and HI over Ru/SiOZ mcua = 100 mg; 
&HJH,/argon = 11113 (mol); overall fiow rate = 12 
liters h-l. 

and formation of methane follows an expo- 
nential-type curve. These results suggest 
that two different reactions are responsible 
for the formation of C3 and Cq hydrocar- 
bons. One can already reasonably assume 
that C4 hydrocarbons are obtained mainly 
via a dimerization reaction which would oc- 
cur at temperatures lower than that of the 
actual homologarion reaction by Cl frag- 
ments. On the other hand, it appears that 
high temperatures favor hydrogenolysis re- 
action at the expense of the formation of 
higher hydrocarbons. 

3.2.2. Distribution of butene isomers. 
The distributions of the butene isomers pro- 
duced from ethylene at various contact 
times are shown in Fig. 4. At low contact 
times, the major products are 2-butenes (cis 
and trans, 70%) with cis-2-butene > trans- 
2-butene. The fraction of I-butene is two 
times lower than the fraction of 2-butene 
and there is only 2% of isobutene. Surpris- 
ingly, with increasing contact times, there 
is only a small variation in the distribution 
of butene isomers, and the thermodynamic 
equilibrium is not reached (at equilibrium 
one would expect trans-2-butene > c&2- 
butene). This result suggests that, in the 
presence of ethylene, secondary cis-trans 
isomerization and double-bond migration in 
the butenes produced are very slow reac- 
tions. A likely explanation involves the ex- 
istence of a competitive coordination of 
ethylene on ruthenium which inhibits re- 
coordination of the primarily formed bu- 
tenes. The formation of isobutene in small 
but measurable amounts can be explained 
by a very limited secondary reaction of pro- 
pene homologation (propene would be ob- 
tained by the homologation of ethylene (5)). 
At low contact times, the isobutene fraction 
is almost negligible. This result supports 
the hypothesis that a large amount of the 
butenes is not produced by propene homol- 
ogation since in previous work it has been 
shown that propene homologation over Ru/ 
SiO? gives a ratio of isobuteneln-butenes 
equal Co 0.08 -+ 0.01 (4), a value which is far 
from our results. 
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FIG. 3. Influence of reaction temperature on the distribution of C,, C,, and C4 hydrocarbons pro- 
duced in the reaction of C2H4 and Hz over Ru/SiO, . mcata = 100 mg; C2H.,/H,/argon = l/1/3 (mol); 
overall flow rate = I2 liters h-i. 

2-Butenes, and especially cis-2-butene, also supports the hypothesis that butenes 
are the main C4 primary products formed in come mainly from ethylene dimerization 
the reaction of ethylene with HZ. This result rather than from propene homologation; in 

<a> <a><?D) <a> <.B><h> <a><b) 

FIG. 4. (a) Influence of contact time on the distribution of the butene isomers produced in the 
reaction of C,H4 and H2 over Ru/Si02. VI,,,, = 100 mg; t = 250°C; CzH,/HZ/argon = l/1/3 (mol). (b) 
Distribution obtained in propene homologation (see Ref. (4)). 
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FIG. 5. Influence of reaction temperature on the distribution of the butene isomers produced in the 
reaction of CZH4 and Hz over Ru/SiOl. nz,,,, = 100 mg; CzH,/HZ/argon = 11113 (mol); overall flow rate = 
12 liters h-l. 

previous work on propene homologation on 
Ru/SiOz at 250°C it was found that the main 
primary product was 1-butene (ca. 70% at 
low contact times) (4). 

The distribution of the butene isomers 
was determined at various reaction temper- 
atures (Fig. 5). At low temperatures, isobu- 
tene is not produced and cis-2-butene frac- 
tion is higher than that found at 250°C. 
These results are in agreement with the pre- 
vious observation that low temperatures 
would favor ethylene dimerization to ho- 
mologation reaction via reaction of C1 frag- 
ments. 

4. DISCUSSION 

In the presence of hydrogen, over a Rul 
SiOZ catalyst, ethylene undergoes hydroge- 
nation, hydrogenolysis to methane, and 
conversion to higher hydrocarbons. Hydro- 
genation of ethylene to ethane is evidently 
the main reaction (ethane formation is eas- 
ily explained by the hydrogenation of a 
metal-alkyl species which could be formed 
by insertion of g-coordinated ethylene in a 
metal-hydrogen bond). 

At temperatures higher than 5O”C, ethyl- 
ene undergoes carbon-carbon bond cleav- 

age (leading to methane) and carbon-car- 
bon bond formation (leading to olefinic and 
paraffinic C3 and C4 hydrocarbons). Inter- 
estingly, whereas ethylene is converted sig- 
nificantly to ethane, the C3 and C4 hydro- 
carbons are mostly olefinic which means 
that olefins and not paraffins are primary 
products. Although the conversions of eth- 
ylene to propene and butenes are small, 
they are reproducible, roughly proportional 
to contact time, and consequently they are 
meaningful for a mechanistic understanding 
of the mode of C-C bond formation. 

One of the most significant results is the 
strong effect of temperature on product dis- 
tribution (Figs. 2 and 3). At low tempera- 
tures mainly dimerization of ethylene to C4 
occurs, whereas at higher temperatures this 
reaction is progressively competing with 
the well-known process of hydrogenolysis- 
homologation of ethylene to methane and 
propene. 

Regarding hydrogenolysis and homologa- 
tion reactions (i.e., formation of methane 
and C3 hydrocarbons), two mechanisms (A 
and B) can be envisioned. These mecha- 
nisms, based on elementary reactions dem- 
onstrated in organometallic chemistry, 
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have been already considered in previous 
reports related to the hydrogenolysis-ho- 
mologation of other olefins such as propene 
or pentene (4,13). According to mechanism 
(A) (3, 19, 20), the formation of C, and C3 
hydrocarbons can be explained by deinser- 
tion or insertion of a CH2 fragment from 
(into) the M-C2HS species obtained after in- 
sertion of ethylene into an M-H bond. Ac- 
cording to mechanism (B), C3 hydrocarbons 
could be obtained via reaction of a surface 
CH2 fragment to the coordinated ethylene 
to give a dimetallacyclopentane intermedi- 
ate (4-6, 16-18), which leads to propene 
after decomposition. Concerning the origin 
of the carbene fragment, one possibility 
would be a kind of homolytic cleavage of 
ethylene via a “dimetallacyclobutane” 
(34-36) which is the reverse of a reaction of 
carbene coupling (37). 

Regarding the dimerization reaction, var- 
ious experimental data support, in the par- 
ticular case of ethylene, the existence of a 
mechanism of C-C bond formation which 
is superimposed on that occurring stepwise 
by addition of a C1 fragment to any olefin 
(19): 

(i) the isoln ratio in butenes is zero 
(within experimental error) at 50°C the 
temperature for which dimerization is the 
only reaction; this ratio is usually higher 
(0.08 5 0.01) in the case of propene homol- 
ogation on Ru/SiO:! (4, 7); 

(ii) the distribution of linear butene iso- 
mers is also different from that observed in 
propene homologation (cis-Zbutene is the 
major isomer whereas 1-butene is the major 
isomer in propene homologation on Ru/ 
SiOZ (4, 7, Fig. 4); 

(iii) the rather low temperature at which 
dimerization occurs. 

At least three mechanisms can be envi- 
sioned to account for ethylene dimerization 
to butenes; some of these are derived from 
elementary steps demonstrated in organo- 
metallic chemistry: 

1. Coupling of two ethylene molecules to 
give a dimetallacyclohexane which could 

undergo either hydrogen cleavage to a 
metal-n-butyl (path (a)) or ring contraction 
(path (b)) (Scheme 1-I) (38-41). Path (a) 
should lead selectively to 1-butene which is 
contradictory to our results. Path (b) goes 
through intermediate 1 which gives prefer- 
entially 1-butene in the case of propene 
homologation on Ru/SiOz (4, 7). Conse- 
quently we do not favor either path (a) or 
path (b). 

2. Coupling of an ethylidene group with a 
coordinated olefin (the ethylidene would be 
formed by a-H elimination from a metal- 
ethyl group) (Scheme I-II). Again the reac- 
tion path goes through intermediate 2 which 
should lead more selectively to 1-butene 
(vide supra) . 

3. Coupling of two ethylidene species, as 
already suggested by Kokes and Bartek 
(42), which could explain the preferential 
formation of 2-butene (Scheme l-III). Di- 
merization of the ethylidene groups would 
be achieved via the formation of dimetalla- 
cyclobutane intermediates (36)) the decom- 
position of which would give mainly cis-2- 
butene . 

These hypotheses are supported by the 
results of Knox et al. (43) who have shown 
that the decomposition of ruthenium-based 
bimetallic complexes with two bridging al- 
kylidene groups leads to the internal olefin 
corresponding to the coupling of the two 
alkylidenes. Also, Bock et al. (44) have re- 
ported the formation of 40% of tetrameth- 
ylethylene by decomposition of diazopro- 
pane on Raney-Ni. This result is good evi- 
dence for the occurrence of a dimerization 
reaction of a dimethyl-carbene species. 

To sum up, the observed distribution of 
butene isomers obtained at low tempera- 
tures (at which the butene fraction coming 
from homologation of propene is less pro- 
nounced) for the ethylene dimerization on 
Ru/SiOz catalysts supports a mechanism 
which involves the coupling of ethylidene 
species. Nevertheless, we cannot totally 
exclude other possibilities such as coupling 
of ethylene molecules or reaction of an eth- 
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SCHEME 1. Possible mechanisms for dimerization of ethylene. (I) Via coupling of ethylene mole- 
cules; (II) via reaction of an ethylidene fragment with ethylene; (III) via coupling of ethylidene 
fragments. 

ylidene group with ethylene (since I-butene 
is produced in quite a notable amount). 

5. CONCLUSION 

Apparently, like olefins, ethylene under- 
goes hydrogenation, hydrogenolysis, and 
homologation to give methane, propene 
and butenes over a Ru/SiOz catalyst in the 
presence of hydrogen. However, after a 
careful analysis of the effect of experimen- 
tal parameters on the distribution of prod- 
ucts, it appears that ethylene presents a 
very peculiar behavior. In fact, several re- 
actions are observed: (i) at low tempera- 
tures, a direct dimerization reaction via 
coupling of Cz entities, (ii) at high tempera- 
tures, a hydrogenolysis reaction which 
leads to the formation of C, surface frag- 
ments which can be hydrogenated to meth- 
ane, and (iii) a homologation reaction in 
which Cr fragments react with ethylene or 

C2 surface species to give propene. Several 
hypotheses can be proposed concerning the 
mechanism of the dimerization reaction. 
One of these, which is supported by our 
results and by data in the literature, in- 
volves coupling rections of alkylidene spe- 
cies and appears to be a reasonable reaction 
pathway at low temperatures and with low- 
molecular-weight olefins. 
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