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Vinylic probes were added to a ruthenium-catalysed Fischer–
Tropsch reaction in order to study the mechanism of hydrocarbon
formation from CO/H2. 13C2 units derived from 13CH2==13CHBr
or 13CH2==13CH2 are readily incorporated into the alkene and
alkane products formed from 12CO and H2 over a Ru/SiO2 catalyst
(1 atm, 180◦C). The levels of 13C2 incorporation suggest that the
probes are sources of 13C2-labelled initiating units, proposed to be
surface vinyls (–CH==CH2). Further evidence for vinyl initiation is
given by the increase in hydrocarbon formation rate during vinylic
probe addition. This rate increase is not observed when ethyl bro-
mide is added as a probe and shows the significance of the un-
saturated initiating unit. 13C4 incorporation in the C4 hydrocar-
bon products (especially cis-2-butene) is attributed to a facile vinyl
dimerisation reaction, as previously observed on rhodium catalysts
and in discrete organometallic complexes. Hydrogenolysis of the
13C2-probes was an appreciable side reaction over Ru/SiO2 and re-
sulted in some incorporation of 13C1 units. c© 1997 Academic Press

INTRODUCTION

The heterogeneously catalysed conversion of syn gas
(CO and H2) to hydrocarbons (the Fischer–Tropsch or FT
reaction) is an industrially and academically interesting
process. In a typical synthesis, syn gas is passed over a
heated, supported metal catalyst at atmospheric pressure
or above. The primary reaction products are 1-alkenes that
undergo subsequent isomerisation and/or hydrogenation
reactions to yield a complex mixture of hydrocarbons, pre-
dominantly linear alkenes and alkanes. Oxygen-containing
products are also sometimes formed.

Analysis of the FT product distribution shows that
Anderson–Schulz–Flory polymerisation kinetics are fol-
lowed, in agreement with a reaction involving stepwise
polymerisation of C1 units. It is generally agreed today that
the C1 units are surface methylenes (>CH2), formed by
the hydrogenation of dissociated CO (1). The mechanism
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of the polymerisation has been the subject of considerable
speculation. Fischer and Tropsch were the first to propose
the involvement of surface methylene (2); this concept was
developed by Pettit and Biloen and their collaborators who
proposed an “alkyl mechanism” in which the chains grow
by the insertion of a surface methylene into the M–C bond
of a surface alkyl, and terminate by a β-hydride elimina-
tion from the surface alkyl to release the 1-alkene product
(3–5). However, this theory has a number of shortcomings:
it cannot easily account for the formation of small amounts
of branched chain products or for the formation of anoma-
lously low amounts of C2 products. The β-hydride elimi-
nation step is also unexpected under such strongly hydro-
genating conditions. We and others have felt that these are
significant inadequacies that require a modification of the
alkyl mechanism (6, 7).

Our early work on this topic involved the study
of reactions of organometallic model complexes such
as [{(Cp∗)Rh(CH2)}2(Me)(L)]+ (Cp∗ = η5-C5Me5; L=
MeCN, etc.). This contains two bridging methylenes and
one terminal methyl arranged about two rhodiums and
was designed to resemble a portion of a rhodium catalyst
during a FT synthesis (8). Decomposition of the complex
gave propene by combination of the rhodium methyl and
both methylene ligands; however, the study of 13C- and D-
labelled isotopomers showed that the propene was formed
by a route in which a metal vinyl (–CH==CH2), rather than a
metal alkyl, was implicated as the key intermediate (9, 10).
Oxidative decomposition of the complexes [{(Cp∗)Rh
(µ-CH2)(CH==CHR)}2] (Cp∗ = η5-C5Me5; R=H, cis-Me)
also led to facile coupling of an alkenyl group with a methy-
lene (11, 12).

These data were reinforced by the work of others which
showed that the coupling of sp2 with sp3 carbons in metal
complexes was a lower energy process than a Csp3+
Csp3 coupling (13). In the context of the reactions of the
dirhodium complexes, this suggested that an alkenyl+
methylene (sp2 with sp3) coupling would be a lower en-
ergy process than an alkyl+methylene (sp3 with sp3) cou-
pling. That prompted the question whether this could also
hold true for reactions occurring over surfaces and hence
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whether surface alkenyls, rather than surface alkyls, were
the chain carriers for CO hydrogenation over heteroge-
neous catalysts.

We investigated whether alkenyl or alkyl species par-
ticipate in heterogeneous CO hydrogenation by adding
sources of both vinyl and ethyl to a rhodium-catalysed FT
reaction (14, 15). Rhodium was chosen as the catalyst since
it matched the model systems; vinyl bromide, ethene, and
ethyl bromide were used as probes since surface scientists
had shown these molecules to be effective precursors of
surface vinyl and ethyl, respectively, on clean metal sur-
faces (16–19). Addition of 13C2-labelled probe molecules
allowed the direct detection of probe incorporation into
the hydrocarbon products by mass spectroscopic analysis,
at levels of sensitivity that had not previously been obtained
by other researchers. The doubly labelled probe also en-
sured that we could detect splitting of the probe molecules
(and other probe reactions) and allowed us to define more
clearly the roles of various species in the Fischer–Tropsch
process.

We found that addition of vinylic probes to a rhodium-
catalysed FT synthesis increased the formation rate of the
C≥2 (C2 and higher) hydrocarbons; by contrast, addition of
the ethyl probe increased only the C2 formation rate. Ad-
dition of 13CH2==13CHBr or of 13CH2==13CH2 resulted in
significant 13C2 incorporation into the hydrocarbon prod-
ucts, at levels which compared favourably with those pre-
dicted by a mathematical model of C2 initiation. 13C1 and
13C3 incorporation remained at natural abundance levels,
showing that the probes were not cleaved under the cata-
lytic conditions. In addition, we observed significant 13C4

incorporation in the C4 products, which was attributed to a
facile vinyl dimerisation reaction.

These studies indicated that over the Rh/CeO2/SiO2

catalyst, surface vinyl derived from vinyl probes was
an extremely effective initiator of methylene polymeri-
sation. The “alkenyl mechanism” for the FT reaction
was proposed, in which chain growth is initiated by a
vinyl+ methylene coupling, proceeds by alkenyl+methyl-
ene coupling, and terminates via hydrogenation of the
alkenyl to yield the 1-alkene (15). This mechanism, shown
in Fig. 1, has a number of advantages over the alkyl mecha-
nism, since it can explain the formation of branched prod-
ucts (for example, by allyl isomerisation); the low amount
of C2 products (the mechanism for the formation of the
C2 initiator is different from the subsequent chain growth
steps); and the release of 1-alkenes as primary products (by
a favourable hydrogenation reaction). Some of this work
has been reviewed recently (20).

The studies described below have been carried out to
determine whether vinyl initiation of FT chain growth is
unique to rhodium-catalysed syntheses, or whether it has
wider generality. A ruthenium on silica catalyst was chosen
for this study, since this is a more “typical” FT catalyst, with

FIG. 1. The alkenyl mechanism for the stepwise polymerisation of
methylene in the Fischer–Tropsch reaction.

a high activity and selectivity for hydrocarbon formation;
rhodium also catalyses oxygenate production.

METHODS

Catalyst Preparation and Pretreatment

A Ru (4%)/SiO2 catalyst was prepared by incipient wet-
ness impregnation of silica (Davisil grade 645) with a solu-
tion of ruthenium trichloride hydrate (PGP Industries (Ire-
land) Ltd) in methanol, using a weight loading of 4%. The
impregnated sample was dried at 80◦C in air. Prior to CO
hydrogenation, the dried sample (1.0 g) was packed into a
fixed-bed microreactor where it was reduced under a steady
stream of hydrogen (1 atm, 1000 cm3 h−1), by programmed
heating (4◦C min−1) from room temperature to 400◦C. It
was held at 400◦C for 4 h and then cooled to the reaction
temperature (typically 180◦C).

Catalyst Characterisation

Static physisorption and chemisorption measurements
were performed using a Micromeritics ASAP 2000 instru-
ment. Research grade purity gases were employed without
further purification.

The BET area was obtained from N2 adsorption at
−196◦C (77 K). The Ru (4%)/SiO2 catalyst exhibited a BET
surface area of 295 m2 g−1 before reduction. H2 chemisorp-
tion isotherms were measured at 35◦C in the pressure range
75–225 mmHg. The chemisorption experiments were car-
ried out after the catalyst had been reduced in H2 (50–
70 cm3 min−1) at 400◦C for 4 h (heating rate 4◦C min−1)
and then evacuated at 400◦C for 2 h and for 0.5 h at room
temperature. The quantity of gas chemisorbed was found
by extrapolation of the linear portion of the adsorption
isotherm to zero pressure (5 points from 75 to 225 mmHg).
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The ruthenium metal area was found to be 1.3 m2 g−1 at
35◦C, which corresponds to a metallic dispersion of 8.5%.
Ruthenium catalysts prepared from ruthenium trichloride
typically give low dispersions which may result from the re-
tention of some surface chlorine on the metal surface after
reduction at 400◦C (21).

Reaction and Analysis

Reaction conditions. CO hydrogenation reactions were
carried out at 180◦C, 1 atm, H2/CO= 2, total flow rate
500 cm3 h−1. The total carbon conversion was approxi-
mately 10%. After 6–7 h reaction time under syn gas, the
catalyst required reactivation by reduction under H2 for
4 h (heating rate 4◦C min−1). A freshly prepared catalyst
required two syn gas reaction/reactivation cycles followed
by 1.5 h on-stream to attain steady-state activity.

Probe molecule introduction. Vinyl bromide (98%)
and ethyl bromide (99+%) were obtained from Aldrich,
and ethene (CP Grade) was obtained from BOC. Dou-
bly labelled ethene (13C2H4; 99% 13C) and vinyl bromide
(13C2H3Br; 99% 13C) were obtained from MSD of Canada.
Six pulses of the probe (each 1.14× 10−5 mol) were intro-
duced into the syn gas upstream of the reactor via a gas
syringe (or liquid microsyringe for ethyl bromide) at 5 min
intervals. The effective ratio of probe to converted CO was
approximately 1 : 6.

Product sampling. For each probe molecule study,
product samples were collected before, during, and after
probe addition. The reaction times corresponded to 1.5,
3.0, and 4.5 h, respectively. In the absence of added probe,
a sample of the product gases (250µl) was collected via a gas
syringe for off-line GC analysis. In the presence of probe,
a sample of the product gases was collected at a predeter-
mined time after the final pulse of probe. GC–MS analysis
required a higher concentration of products than could be
obtained by direct sampling, therefore, the products were
collected in a liquid nitrogen trap for a period of 0.5 h. Dur-
ing a probe experiment, collection was at low temperature
for the entire duration of probe addition.

Analytical instrumentation. Quantitative analysis of the
reaction products was carried out on a Perkin Elmer 8700
GC fitted with a Supelco SPB-1 column (60 m× 0.53 mm×
5 µm) and a flame ionisation detector. The detector was
precalibrated with external standards of known concen-
tration. 13C incorporation was analysed using a Hewlett
Packard 5890-5971 A GC–MS fitted with an electron-
impact ion source, a hyperbolic quadrupole mass filter,
and an electron multiplier detector. C4 to C7 hydrocar-
bons were separated on a Chrompack CP-Sil-5 CB col-
umn (50 m× 0.32 mm× 5 µm), and C1 to C3 hydrocarbons
were separated using the CP-Sil-5 CB column coupled to a
Chrompack PLOT alumina column (30 m× 0.32 mm).

RESULTS

CO Hydrogenation

Carbon monoxide was hydrogenated to hydrocarbons
over Ru/SiO2 at 180◦C. 1-Alkenes and alkanes were the
major products; trace amounts of oxygenates (methanol,
ethanal, and ethanol) were also detected. Small amounts of
2-alkenes were also formed, though the amounts produced
were much lower than predicted for thermodynamic equi-
librium. The only branched hydrocarbon produced in signif-
icant amounts was 2-methyl-2-butene. A plot of log (W/n)
against n (W, weight fraction; n, number of carbon atoms in
that fraction) for the hydrocarbon products, showed typical
Anderson–Schulz–Flory (ASF) behaviour for a ruthenium-
catalysed FT reaction (Fig. 2) with a very low C2 fraction,
a slightly low C3 fraction, and a monotonic decrease from
n= 4 to 8, indicative of a step-wise polymerisation. A typi-
cal value for the chain growth probability (α), based on the
C4–C8 fractions, was found to be 0.65 from the gradient and
0.63 from the intercept.

The catalyst reached steady-state activity after the initial
activation period. As observed by other workers in the field,
there was a slow drop in activity with time, illustrated in the
bar graphs before and after addition of an ethene probe in
Fig. 3a. After 6–7 h on stream the catalyst was reactivated
by heating under hydrogen.

Addition of Unlabelled Probe Molecules

Addition of vinylic probes to the CO hydrogenation re-
action led to a significant change in the product distribu-
tion, as shown in Fig. 3. Each graph shows three data sets:
the first represents the product distribution at steady state;
the second shows the distribution during addition of the
vinylic probe; and the third shows the return of the system to

FIG. 2. Anderson–Schulz–Flory plot of the formation of hydrocar-
bons from CO hydrogenation, where W is the weight fraction of products
having n carbon atoms.
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FIG. 3. Bar graphs showing product formation rate (y-axis:µmol(carbon) g−1 h−1) against the number of carbon atoms in the product hydrocarbons
(x-axis): in each case the left-hand bar represents the rate before vinyl probe addition, the middle bar is during probe addition, and the right-hand bar
is after addition, when the system has again returned to equilibrium.

steady state after the probe had been transmitted through
the catalyst. The addition of either ethene or vinyl bro-
mide caused an increase in the formation rate of the C2 to
C5 hydrocarbons (with the C2 and C4 formation rates be-
ing most enhanced) and a slight decrease in the methane
formation rate. Addition of vinyl bromide also increased
the rate of formation of the C6 fraction. After ethene addi-
tion, the product distribution returned close to its preprobe
addition value; however, after vinyl bromide addition the
product formation rates were approximately halved. The
chain growth probability decreased from 0.65 to 0.42 during
vinyl bromide addition and to 0.51 during ethene addition.
This drop was transient and the chain growth probability
returned to its initial value approximately 3 min after the
pulse of probe.

Addition of ethyl bromide to the CO hydrogenation re-
action resulted only in an increase in the formation rate of
the C2 fraction, as shown in Fig. 4. After ethyl bromide addi-
tion, the product formation rates fell to approximately half
of the preprobe addition values. The chain growth proba-
bility decreased slightly from 0.68 to 0.62 during addition
of ethyl bromide.

Meaningful quantification of unreacted probe was not
possible due to the probe being added in “pulses,” so it was
not possible to measure the amount of probe consumed;
however, some unreacted probe was detected in every ex-
periment.

Addition of 13C2-Labelled Probe Molecules

The incorporation of 13Cx (x= 0, 1, 2, . . .n) from 13C2H4

or 13C2H3Br into the Cn hydrocarbons formed over Ru/SiO2

at 180◦C is shown in Tables 1 and 2. As it was not possible

to analyse all the products simultaneously, two identical ex-
periments were required for full characterisation; the C≥3

hydrocarbon fractions were analysed from the first exper-
iment and the C1 and C2 fractions were analysed from the
second. The results are given as the percentage of 13Cx of
the total Cn fraction. The expected natural abundance 13Cx

incorporation is zero for all but x= 1; the natural abun-
dance 13C1 levels are therefore given for each product in
parentheses. They are calculated on the basis that for a Cn

hydrocarbon (1.1× n)% of the amount of 13C0 is 13C1. Thus

FIG. 4. Bar graphs showing product formation rate (y-axis:
µmol(carbon) g−1 h−1) against the number of carbon atoms in the prod-
uct hydrocarbons (x-axis): in each case the left-hand bar represents the
rate before ethyl bromide probe addition, the middle bar is during probe
addition, and the right-hand bar is after addition.
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TABLE 1

Incorporation of 13Cx from 13C2H4 Probea

x 0 1b 2 3 4 5 6 7 8

Methanec 90 10(1)
Ethenec 4 9(0) 87
Ethanec 6 0(0) 94
Propene 17 10(1) 57 17
1-Butene 35 5(2) 34 9 18
Butane 42 5(2) 31 9 14
cis-2-Butene 6 0(0) 5 2 86
1-Pentene 49 5(3) 31 5 7 4
Pentane 50 8(3) 26 6 6 5
trans-2-Pentene 37 2(2) 35 7 11 8
cis-2-Pentene 19 3(1) 12 7 26 33
2-Me-2-Butene 17 5(1) 12 6 38 22
1-Hexene 57 6(4) 25 4 4 2 2
Hexane 59 6(4) 23 4 4 1 2
trans-2-Hexene 49 9(3) 23 1 7 6 6
cis-2-Hexene 33 3(2) 16 3 12 8 26
1-Heptene 70 7(5) 17 3 2 1 1 0
Heptane 72 7(6) 15 3 2 1 1 0
trans-2-Heptene 74 5(6) 19 1 0 0 1 0
cis-2-Heptene 60 7(5) 15 2 5 1 4 8
1-Octene 81 8(7) 8 1 0 0 0 0 0

a 13Cx incorporation was not calculated for some products either because
insufficient levels were detected or because the GC resolution was poor.

b Figures in parentheses are the expected percentage 13C1 levels at nat-
ural abundance.

c Data found from a separate experiment operating under identical
conditions.

in Table 1 for a methane content of 90% 13C0 one would
expect ca. (0.9× 61)% or 1% (rounded up) 13C1; similarly,
for a C5 hydrocarbon such as 1-pentene which has a con-
tent of 50% 13C0 one would expect (0.5× 5.5)%= 2.75 or
3% (rounded up) 13C1.

It can be seen from Tables 1 and 2 that the patterns of 13Cx

incorporation are similar, whether derived from 13C2H4 or
13C2H3Br. 13C2 incorporation is the most significant and is
far higher than either 13C1 or 13C3 incorporation. In contrast
to the results obtained over rhodium catalysts (15), 13C1

incorporation is higher than expected from natural abun-
dance, and the amounts of 13Cx (x> 2) are also highly signif-
icant. The labelling patterns within a particular Cn fraction
are not identical; high 13C4 incorporation is found in cis-2-
butene and also in the C≥5 cis-2-alkenes.

DISCUSSION

CO Hydrogenation

The products formed by the catalytic hydrogenation of
CO over Ru/SiO2 were typical for a ruthenium-catalysed
FT synthesis. The activity was approximately double that of
the Rh/CeO2/SiO2 catalysts used in previous studies (15);
the probability of chain growth was higher (Rh/CeO2/SiO2,

α= 0.52; Ru/SiO2, α= 0.65); and the proportion of 1-
alkenes was higher. The latter observation indicates that
the Ru/SiO2 catalyst was less strongly hydrogenating than
the Rh/CeO2/SiO2 catalyst. cis- and trans-2-alkenes were
formed in very low amounts, also suggesting that sec-
ondary isomerisation reactions are not well catalysed over
Ru/SiO2 under these conditions.

Addition of Unlabelled Probe Molecules

The effect of adding a vinylic probe was to increase the
amount of C≥2 hydrocarbons produced, as shown in Fig. 3.
This strongly suggests that the species derived from the
probes become involved in the chain growth process. The
relative increase of each fraction becomes less as the molec-
ular weight of the fraction increases, hence very little en-
hancement was observed for the fractions C>6. The greatest
rate increases were obtained for the C2 and C4 fractions. The
formation of much ethane indicates that probe hydrogena-
tion/hydrogenolysis occurs; the enhanced formation of C4

hydrocarbons indicates that dimerisation is significant.

TABLE 2

Incorporation of 13Cx from 13C2H3Br Probea

x 0 1b 2 3 4 5 6 7 8

Methanec 94 6(1)
Ethenec 17 4(0) 79
Ethanec 2 0(0) 98
Propene 32 0(1) 45 23
Propane 34 8(1) 35 23
1-Butene 41 7(2) 22 13 17
Butane 44 7(2) 22 13 14
trans-2-Butene 20 4(1) 21 15 40
cis-2-Butene 5 2(0) 5 7 81
1-Pentene 56 7(3) 17 8 8 4
Pentane 53 7(3) 18 8 8 6
trans-2-Pentene 35 7(2) 21 11 16 11
cis-2-Pentene 30 5(2) 15 8 22 18
2-Me-2-Butene 13 2(1) 7 4 39 35
1-Hexene 67 8(4) 12 5 4 2 2
Hexane 61 8(4) 12 7 6 3 3
trans-2-Hexene 50 8(3) 16 8 8 6 5
cis-2-Hexene 48 7(3) 14 7 9 7 9
1-Heptene 80 8(6) 6 2 2 1 1 0
3-Heptene 51 9(4) 13 7 7 5 4 4
Heptane 75 8(6) 8 3 3 2 1 0
trans-2-Heptene 71 8(5) 9 4 3 2 2 1
cis-2-Heptene 71 8(5) 9 3 3 2 2 1
1-Octene 90 8(8) 1 0 0 0 0 0 0
cis-2-Octene 89 7(8) 1 1 0 0 0 1 0

a 13Cx incorporation was not calculated for some products either be-
cause insufficient levels were detected or because the GC resolution was
poor.

b Figures in parentheses are the expected percentage 13C1 levels at nat-
ural abundance.

c Data found from a separate experiment operating under identical
conditions.
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The rate of methanation showed a small decrease upon
addition of a vinylic probe. Methane is probably formed
by hydrogenation of surface methylene; a consequence of
the low metallic surface area of the Ru/SiO2 catalyst is that
there will be a strong competition for active sites among the
various processes that occur, including the hydrogenation
of surface methylene.

The only effect of ethyl bromide was to increase the
ethane formation rate (Fig. 4). This indicates that, although
probe hydrogenolysis occurs, and the C–Br bond is cleaved
on the surface, presumably with the formation of surface
ethyls, there is no incorporation into the Fischer–Tropsch
products. There is therefore a sharp contrast between the
effects of saturated and unsaturated probes, and the rate
enhancement observed during vinyl bromide addition can-
not be attributed to an alkyl intermediate derived from the
vinyl.

These observations are similar to those we made for
rhodium-based systems (15) and are again more consis-
tent with the alkenyl mechanism for Fischer–Tropsch chain
growth (Fig. 1), in which surface vinyls initiate and alkenyl
groups are the chain carriers, than the alkyl mechanism,
in which surface alkyl groups initiate and propagate chain
growth.

Addition of organic bromides led to a substantial de-
activation of the ruthenium catalyst. We suggest that this
is associated with bromide blocking active sites on the
metal. Although the data are not yet complete, EXAFS and
SuperESCA studies indicate the presence of bromide on
a rhodium catalyst after exposure to organic bromides.
It is to be expected that similar effects will occur over
ruthenium.

Addition of 13C2-Labelled Vinylic Probe Molecules
13C2 incorporation. The major effect of the addition of

a 13C2-labelled vinylic probe was the large amount of 13C2

present in virtually all the hydrocarbon products (data in
Tables 1 and 2). This was always much greater than the
amounts of 13C1 and 13C3 found, and one may safely as-
sume that it arises from the incorporation of 1× 13C2 unit,
rather than from 2× 13C1 units. Similar levels of 13C2 incor-
poration were found from both 13C2H4 and 13C2H3Br, con-
sistent with the two labelled carbons being incorporated as
a unit, with an unbroken 13C–13C bond. The proportion of
13C2-labelled products decreased as the hydrocarbon chain
length increased; this is consistent with initiation by the
13C2-unit, but is inconsistent with such C2 units being in-
volved in the propagation reactions. The increase in prod-
uct formation rate also suggests that the vinylic probes are
behaving as initiators, in the same way as we found for the
reactions over Rh/CeO2/SiO2 catalysts (15).

13C1 incorporation. The data in Tables 1 and 2 also show
that the amount of 13C1 present in the hydrocarbon prod-
ucts is significantly greater than natural abundance; thus

the 13C2-labelled probes undergo some C–C cleavage to
13CHx units over the ruthenium catalyst. The detection of
5–10% 13CH4 in the products supports this conclusion. The
observed changes in the rate of formation of methane there-
fore reflect the balance between probe cleavage and a sup-
pression of methanation on the surface. The ability of ruthe-
nium to cleave C–C bonds has previously been noted by
other authors (22, 23). Both these two reactions have been
reported over Ru/SiO2 catalysts during ethene addition to
a FT reaction (24).

13C4 incorporation. As we observed in our experiments
over rhodium, 13C4 incorporation is also significant, espe-
cially in cis-2-butene where it accounts for ca. 80% of the
total product. These levels are too high to arise from the in-
corporation of 4× 13C1 units and must indicate a dimerisa-
tion of two 13C2 units derived from the probes. The high lev-
els of 13C label in the thermodynamically least favourable
2-alkene, and the relative inability of the ruthenium catalyst
to catalyse secondary isomerisation reactions suggest that
cis-2-butene is the kinetically favoured product of dimeri-
sation.

Only very small amounts of cis-2-butene are formed
in the reaction and thus one must guard against overin-
terpretation. However, the evidence favours a formation
route by coupling of two surface vinyls to 1,3-butadiene,
which is then selectively hydrogenated to give cis-2-butene.
Vinyl–vinyl coupling to form 1,3-butadiene has been ob-
served over clean metal surfaces under ultra high vac-
uum conditions (25) and in well-characterised mononuclear
organometallic complexes (26). 13C4 incorporation into hy-
drocarbon products was also found to occur during vinylic
probe addition to Fischer–Tropsch reactions over rhodium
catalysts; there, as here over ruthenium, 1,3-butadiene was
not detected as a product (15). When 1,3-butadiene was
added as a probe to a carbon monoxide hydrogenation over
Ru/SiO2 in a separate experiment, it was found that the for-
mation rate of cis-2-butene was increased by 140, while that
of trans-2-butene was increased by a factor of almost 1500;
no unreacted 1,3-butadiene was observed.

Since the reductive elimination of two groups on two ad-
jacent metal atoms is symmetry forbidden, we suggest that
two vinyls couple at a single metal centre to form s-cis-1,3-
butadiene bound to the metal surface; a 1 : 4 hydrogenation
can then occur to yield cis-2-butene. The preferential for-
mation of trans-2-butene, when butadiene itself is added
directly, suggests that prior to hydrogenation 1,3-butadiene
coordinates in a different manner (perhaps to two metal
centres in the s-trans- conformation), which does not inter-
convert (27, 28). Similar vinyl plus alkenyl couplings could
account for 13C4 incorporation into the C≥5 hydrocarbons.

13C3, 13C5, and 13C6 incorporation. Analysis of the prod-
ucts shows the presence of small amounts of 13C3− ,

13C5− ,
and even some 13C6-labelled hydrocarbons. The
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13C6-labelled materials (such as the hexenes, present
in trace amounts) presumably arise from some vinyl probe
trimerisation, which may be related to the dimerisation
that gives rise to 13C4-labelled products. One possibility
for the formation of 13C3-labelled products is that C–C
cleavage can occur of the 13C4-labelled materials. The
13C5-labelled hydrocarbons can arise by similar vinyl plus
alkenyl couplings to the vinyl plus vinyl discussed above.
Another possibility is that cleavage of the vinylic probes
occurs with formation of methylene species which can then
take part in chain growth.

We suggest that the formation of these products involves
“secondary” reactions. Secondary processes, in particular
the reabsorption of olefins, are common in many Fischer–
Tropsch systems and have recently been extensively inves-
tigated by groups at Exxon and at Shell (29). Since our aim
has been to obtain mechanistic information rather than to
maximise activity, our work has been carried out under con-
ditions where the products are largely 1-alkenes and “pri-
mary” reactions are maximised.

The alkenyl mechanism for the Fischer–Tropsch reaction
over Ru /SiO2. The aim of this work was to determine
whether the alkenyl mechanism was operative for hydro-
carbon formation from CO/H2 over ruthenium as well as
over rhodium catalysts.

In brief, the alkenyl mechanism (Fig. 1, and Refs. 15,
20) proposes that a C2 surface vinyl (–CH==CH2) species
is formed by combination of surface methyne (CH) and
methylene (>CH2) which arise from the hydrogenation of
adsorbed CO. In the first step of the polymerisation cycle,
the vinyl then reacts with surface methylene to give a sur-
face allyl, which isomerises to σ -propenyl. The σ -propenyl
then reacts further with methylene to form a new allylic
species which then again isomerises to an alkenyl; chain
termination can occur in several ways, since α-olefins are
the chief products under our mild conditions, the most likely
is by reaction of the alkenyl with a surface hydride. An un-
expected feature of the cycle is the σ -allyl to σ -propenyl
isomerisation; however, such reactions are well known for
organometallic compounds (30).

The results described here show that surface vinyl, de-
rived from either vinyl bromide or ethene, significantly en-
hances the productivity of an FT synthesis over Ru/SiO2. In
addition, labelling studies show conclusively that the probe
can be incorporated into the product hydrocarbons as a C2

unit.
To examine the role of the probe in FT chain growth

further, a quantitative approach was used, based upon a
steady-state treatment of the alkenyl mechanism, the de-
tails of which have been described previously (15). The
mass balance Eq. [1] is obtained from a consideration of
the propagation and termination steps (rate constants kp

and kt, respectively) shown in Fig. 5. [An] is the concentra-
tion of surface alkenyls having n carbon atoms, [M] is the

FIG. 5. Representation of the key propagation (kp) and termination
(kt) steps of the alkenyl mechanism for the Fischer–Tropsch polymerisa-
tion, used in the steady-state kinetic treatment (text, Eq. [1]), where An is
the concentration of alkenyl Cn species, M is the concentration of methy-
lene (CH2), and H is the concentration of active hydrogen in the surface.

concentration of surface methylene, and [H] is the concen-
tration of surface hydride. The chain growth probability is
given by α.

[An]
[An−1]

= kp[M]
kp[M]+ kt[H ]

= α. [1]

Since we also observe vinyl–vinyl (and vinyl–alkenyl)
coupling during probe addition a third denominator term,
given by kc[A2], can be included to model the situation at
the instant of probe addition when [A2] is very high. The
inclusion of this term accounts for the transient decrease in
the chain growth probability when a vinylic probe is added
to a Fischer–Tropsch reaction.

Using Eq. [1], it is then possible to calculate the ex-
pected level of 13C2 incorporation in the different fractions
{13C2–Cn}, based upon how much of the surface vinyl is 13C2-
labelled; this percentage is described as

{13C2-A2
}

. For ex-
ample, if α is 0.7 and initially 70% of the surface vinyl is
assumed to be 13C2-labelled:{13C2–C2

} = {13C2-A2
} = 70%;{13C2–C3

} = {13C2-A3
} = α{13C2-A2

}
= 0.7× 70 = 49%;{13C2–C4

} = {13C2-A4
} = α{13C2-A3

}
= 0.7× 49 = 34%, etc.

It can be seen that this relationship predicts that the
fraction of 13C2-labelled products {13C2–Cn} will decrease
as the chain length (n) of the products increases, as ob-
served experimentally. The theoretical and experimental
13C2 incorporation data derived from each probe are com-
pared graphically in Fig. 6. As for the experiments us-
ing various 13C2 vinyl probes over rhodium (15), there is
good agreement between the experimental and the the-
oretical curves for vinyl bromide, except for a dip at C4,
which arises because vinyl–vinyl coupling has not been ac-
counted for. For ethene as probe the experimental values
show higher than expected 13C2 incorporation in the C5–C7



          

VINYLIC INITIATION OF THE FT REACTION 179

FIG. 6. Comparison between experimental (bold lines) and theoret-
ical (dotted lines) values for 13C2 incorporation into hydrocarbons with n
carbons from vinyl bromide and ethene as probes.

hydrocarbons. This discrepancy must arise from some 13C2-
containing products being formed by a second mechanism
in the ruthenium-catalysed reaction. The nature of that pro-
cess, currently under investigation, is not yet clear, but it is
unlikely to be due to the incorporation of 2× 13C1 units,
since the amount of probe cleavage is small, <10%.

CONCLUSION

Experiments with vinyl and ethyl probes have shown that
carbon monoxide hydrogenation over ruthenium on silica
incorporates vinylic species, but not ethyl. This is consistent
with a predominant role for an alkenyl mechanism for the
Fischer–Tropsch reaction, involving a vinyl initiation and
methylene plus alkenyl propagation, similar to the one we
proposed for the analogous rhodium catalysed reactions.
The data are also consistent with those of other workers who
previously suggested (undefined) C2 intermediates to play
important roles in Fischer–Tropsch reactions (31). The main
differences between rhodium and ruthenium are that ruthe-
nium is more active for homologation, gives fewer isomeri-
sation and hydrogenation side reactions, and has a higher
selectivity towards hydrocarbons and especially l-alkenes.
However, the ruthenium-catalysed reactions do show some
C–C cleavage of the vinylic probe, a phenomenon which is
almost entirely absent over rhodium.
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