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In our recent studies on the mechanism of the hydrogenation
of carbon monoxide to alkenes (the Fischer-Tropsch reaction)
using13C2-labeled probe molecules over rhodium, ruthenium,
and cobalt catalysts, we have found that the13C labels in the
products are consistent with a process involving the reactions
of surface methylenes with surfacealkenyl (rather than alkyl)
species.1 We now report, (i) that both diazomethane and
nitromethane2 can be effective C1 probes and (ii) that while
methylenes derived from13CH2N2 or 13CH3NO2 probes and
methylenes formed from12CO hydrogenation combine randomly
over cobalt (giving products containing mixtures of12C and13C
atoms), quite separate reactions occur over rhodium Fischer-
Tropsch catalysts.
In their classic experiments, Brady and Pettit3 confirmed that

methylene was a key intermediate in the hydrocarbon formation
and that chain growth occurred by a stepwise oligomerization
of surface methylene groups, as originally proposed by Fischer
and Tropsch.4 They analyzed the propylene from a reaction in
which an excess of12CH2N2 had been added to a13CO
hydrogenation over a cobalt catalyst and showed that it contained
a distribution of13C atoms which agreed with that predicted by
a mechanism in which surface intermediates, derived from
diazomethane, were indistinguishable (apart from their isotopic
label) from surface methylene intermediates formed from13CO
and hydrogen.3 It was proposed that these species could
combine (randomly) in a chain growth oligomerization.
We find that addition of small amounts of a diazomethane

or a nitromethane probe to a Fischer-Tropsch reaction over
three different metal catalysts (rhodium(4%)-ceria-silica,1,5
ruthenium (4%) on silica, or cobalt (4%) on silica) caused
increases in the formation rates of virtually all the hydrocarbon
products (Figure 1). The products formed during addition of
13CH2N2 or 13CH3NO2 to the syn gas (H2-12CO) stream during
a Fischer-Tropsch reaction (250°C, 1 atm, approximate molar
ratio of 13CH2N2 or 13CH3NO2/H2/12CO ) 1:44:22) were
analyzed for13C incorporation as described earlier.1 Repre-
sentative mass spectrometric data showing the incorporation of

13Cx units into the C4-C6 1-alkenes are in Table 1;6 the results
over cobalt show substantial incorporation of13C1 and13C2 into
the linear hydrocarbon products and are consistent with a
distribution of 13C incorporation based on random mixing of
the methylenes derived from syn gas and those from the probe.7

As expected, only very low levels of products derived exclu-
sively from the probe (13Cn) are formed.
In contrast, when a similar reaction is carried out over

rhodium,parallel chain growth reactions occur which each lead
to the formation of 1-alkenes.6 One is CO hydrogenation, which
forms products derived exclusively from12C, the other is a
“homopolymerization” of methylene intermediates derived from
the 13CH2N2 or the13CH3NO2 probe, giving fully13C-labeled
products. Thus, over rhodium, very little crossover occurs
between the two chain growth reactions and the primary
products are the unlabeled 1-alkenes (12CnH2n from the CO
hydrogenation), containing only13C at natural abundance, and
the fully labeled 1-alkenes (13CnH2n from the homopolymeri-
zation), containing little or no12C. The same experiments over
ruthenium catalysts gave results intermediate between those
found for cobalt and rhodium.
To summarize, the hydrocarbon products formed from carbon

monoxide hydrogenation over Co have significant incorporation
of 13CH2 units from either 13CH3NO2 or 13CH2N2 probes
showing that there has been random mixing of the two sources
of methylene groups, while over Rh there exist two distinct
alkene chain growth pathways, one from CO hydrogenation and
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occurs of probe-derived and syn gas derived methylenes, the same approach
adopted by Brady and Pettit.3

Figure 1. Block diagrams showing product formation rate (y axis,
µmol of carbon g cat-1 h-1) against carbon number (x axis) before
(white), during (solid), and after (shaded) addition of (a) CH2N2 (left)
and (b) CH3NO2 (right) to syn gas over Co, Ru, and Rh catalysts under
Fischer-Tropsch reaction conditions.
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the other from the polymerization of methylenes derived from
the probe molecules.
Since there is now a great deal of evidence favoring surface

CH2 (methylene) as an intermediate in CO hydrogenation,8 we
suggest that the homopolymerization of the probe-derived
species may not proceed directly via methylene. Our results
indicate that diazomethane and nitromethane react very similarly,
presumably via similar surface intermediates (A). The apparent
anomaly that A is different from surface methylene formed in
the CO hydrogenation can be accommodated if diazomethane
and nitromethane undergo a two-step decomposition, giving first
A and then surface methylene. If the formation of A is slower
than its decomposition to methylene, then A cannot accumulate
and the effect will be to generate surface methylene identical
to, and interchangeable with, that from CO. This is the situation
over cobalt. In contrast, if the formation of A is faster than its
decomposition to surface methylene, then A is able to react in
another way, for example, by a homopolymerization which is
quite separate from the more usual methylene polymerization.

This alternative leads to the phenomenon we have observed over
rhodium, wheretwo separatemethylene oligomerization paths
leading to hydrocarbons can now be distinguished, one derived
from probe molecules and one from CO.
The identity of A is not clear but one possibility is that it

could be a surface bound CH2N; this could also account for the
observed formation of some methyl- and ethylamines from
nitromethane over the rhodium, butnotover the cobalt catalyst.9
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Table 1. Percentage Incorporation of13Cn into 1-Butene, 1-Pentene, and 1-Hexene Formed on Addition of13CH2N2 and13CH2NO2 Probes to
CO Hydrogenations over Co, Rh, and Ru Catalysts under Fischer-Tropsch Reaction Conditionsa

percentage incorporation using
13CH2N2

13CH3NO2

catalyst
hydrocarbon
product 13C0

13C1
13C2

13C3
13C4

13C5
13C6

13C0
13C1

13C2
13C3

13C4
13C5

13C6

Co 1-butene 66 18 10 2 4 70 17 6 3 5
1-pentene 75 15 7 2 1 0 69 16 6 3 2 4
1-hexene 76 18 4 1 0 0 0 62 18 8 4 2 2 3

Ru 1-butene 71 13 5 3 8 77 11 2 2 7
1-pentene 77 11 2 2 1 8 76 11 2 1 2 7
1-hexene 77 12 2 1 1 1 6 78 12 2 1 1 1 6

Rh 1-butene 69 3 0 1 27 68 10 2 2 19
1-pentene 73 4 1 0 1 21 71 9 3 1 2 13
1-hexene 72 3 0 0 0 2 22 67 9 2 0 1 3 19

aConditions: 250°C, 1 atm, approximate molar ratio of13CH2N2 or 13CH3NO2/H2/12CO ) 1:44:22;13CH2N2 prepared fromN-methyl-13C-N-
nitroso-p-toluenesulfonamide (Aldrich);13CH3NO2 was purchased from Aldrich.
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