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The hydrogenation of CO over heterogeneous metal catalysts
(=200°C); the FischerTropsch, FT, reaction) leads to alkenes,
alkanes, and oxygenatéés secondary processes (involving the
reabsorption and further reaction of primary products) occur,
extremely complex product mixtures can be obtained. This
complexity of products has allowed only partial success to
attempts to rationalize these reactions.

We have now carried out FT reactions under largely kinetic
control, at low temperature, giving primary products substantially

free of those from secondary reactions. These investigations have

involved the addition of**C,H, probes to a hydrogenation of
12CO over supported Ru or Rh catalysts. The products, analyzed
by 13C NMR spectroscopy (a hitherto rarely used technique for
such investigations), show thegiospecificformation of the
1-alkene isotopomers?CH,="3CHSCHs, >CH,=1CHSCH,-
13CH,, and>CH,=CH(*2CH,),**CH,**CHs. This demonstrates
clearly, for the first time, the sequential nature of the FT
polymerization.

Probe molecule studies, widely used to provide information
about heterogeneously catalyzed reactfomse based on the
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Figure 1. 13C{'H} NMR spectra ) of propenel®C, showing the HC=,
=CH, and CH regions; conditions!*CO/H, + 3CH,=13CH,, (a)
Ru/SiG, 160°C, (b) Ru/SiQ/190°C, and (c) Rh/Ce@SiO,/190 °C.

CO hydrogenation over a Ru/Si®@atalyst {?CO/H, = 1:2; 1
atm, 160°C) gives mainly 1-alkenes as primary products. Addition
of ethene {3C,H,) to this reaction and analysis of the products
by 13C{*H} NMR spectroscopy showed that the labeled propene
formed is largely the single isotopom&CH;'3CH='2CH,.® Thus
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premise that, if the added probe resembles an intermediate of thethe **CH= resonance (a doublet centered&83.76; Figure 1a)
reaction being investigated, incorporation of the probe will occur. has the coupling expected between s and ansp? carbon,
We previously showed, using GC-MS, that, whé®;H, is added LJ(*3C-13C) 42 Hz? Small amounts of three further isotopomers
as a probe molecule to FT reactions over Rh or Ru catalysts, thewere detected: the signal for the termiAdCH,= (made up of
hydrocarbon products contain t4#C atoms® The amount of°C, 12CH3CH="3CH, and **CH;"*CH='3CH,) is a low-intensity
incorporation was mathematically modeled by a methylene doublet centered aitl15.54 with'J(*3C—**C) 70 Hz, the coupling
polymerization involving surface alkenyl species as the chain expected between two%parbons; there is also a spike at 115.54,
carriers However, establishing a detailed mechanism requires indicating a trace of a propene isotopomer containing only one
knowing the exact positions of tH&C’s within each hydrocarbon.  olefinic 3C.8
Since GC-MS cannot provide it, we have now obtained this ~ These conclusions are confirmed by the doubigfC—**C)
information using*C{*H} NMR spectroscopy. 42 Hz) centered avy 19.35 due to the methyl of3CHs
3CH=2CH,. This also showed a small spike at 19.35, confirming
the presence of soméCH;?CH= isotopomer. The low abun-
dance of'3C; and*3C; isotopomers shows that only a very small
amount of ethene cleavage has occurred, consistent with the GC-
MS results’

Significantly, 1-butené3C, is also clearly seen (Figure 2): the
doublets aty 13.05 and at 26.66 both shold(*3C—13C) of 35

(6) See Supporting Information. The spectra were assigned by comparison
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Figure 2. 13C{'H} NMR spectra §) of 1-butenelC, showing the
H.C=, =CH, CH, and CH regions; conditions3CO/H, +
13CH,=13CH,, Ru/SiQ, 160°C.

Hz and hence are due to the termiff&lH; and the adjacent allylic
13CH,, respectively. On the latter resonance there is no sign of
any coupling § ~ 43 Hz) to the vinylic'3CH,'° and therefore,
one may conclude that the main labeling95%) arises from
13CH,8CH,?CH=12CH,. This is confirmed by the very low
intensity of signals due to CH and to=CH, at 6 140.6 and
113.1, respectively. Resonances due to 1-pent&ef*CH,-
B3CH,2CH,1?"CH=1?CH,. Me, 6 13.59, adjacent C}l 22.05,
1J(*3C—13C) 35 Hz) are also seen and again here no coupling is
evident to the allylic carbond( 35.93), nor to a spcarbon,
indicating that also the 1-pentene is composed primarily of the
one isotopomer. Although the resonances of the individual higher
1l-alkenes (CHCHy(CH,),CH=CH,, n = 2, 3, 4) are close
together, again peaks in the regions associated*#is in CH,-
CH=CH, are very weak, while those associated withCH,
occur as strong doublets~ 35 Hz in the regions) ~ 13.9—
14.3 and 22.522.9. That indicates that there, too, the labels are
at the ethyl ends{CH3'3CH,) of the 1-alkenes.

n-Alkanes are also formed, and both the GC-MS andtge
NMR data agree in showing that only tw&C atoms are

incorporated in each molecule. They are adjacent and are

invariably in the end ethyl fCH;3CH,(*2CH,),?*CHs). The
selectivity for 1-alkenes was enhanced at higher flow réates,
whereas alkane selectivity decreased, indicating that alkanes ar

Analysis of the propene GH NMR resonances of a FT probe
reaction at 190C over Ru/SiQ showed the presence of propene-
13C; and 13C,; as well as of3CH,=CH!?CH; and 13CHs-
13CH="'2CH, (Figure 1b). Thus substantial secondary-C
cleavage and isomerization reactions occur at’I®Qconfirmed
by the significant levels of®C; and'3C; incorporation detected
by GC-MS.

CO hydrogenation over Rh/CefSiO, (190 °C) gave results
similar to those for the 16€C reaction over Ru except that both

(10) Some internal alkenes (especially cis- @rahs2-butenes) are also
seen. We and others (Rodriguez, E.; Leconte, M.; Basset, J. M.; Tanaka, K.
J. Catal 1989 119 230.) have shown they come from ethene dimerizations.
In confirmation, appreciable amounts aR€,-labeled; other'*C,-labeled
alkenes must also arise similarly.
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Figure 3. Schematic representation of the proposed route to the
regiospecific formation 0F¥CH33CH=13CH,; 13CH33CH,3CH=13CHj;

and B3CH3'3CH,(*3CHy)n*CH=13CH; (n = 1) from surface methylene,
13CH, (from 13CO), and surface vinyl"fCH=13CH,), derived from the
probe 13CH,=3CH,. C* = 13C; [P], propagation|l] , isomerization[H]
hydrogenolysis steps.

propene isotopomer§CH,='3CH2CH; and'3CH;*CH=1?CH,,
were clearly seen (Figure 1&)!2

Thus we can say that the 1-olefins formed from reaction of a
13C,H, probe with?CH, derived from*?CO and H over Ru at
160 °C are chiefly the following: 3CH,=13CH,; 13CHs-
BCH=12CH,; 13CH3'3CH,?CH='2CH,; and*3CH5'3CH,(*?CH,)-
2CH=1CH,.

This is a clear and unambiguous demonstration of a stepwise
polymerization of methylene. The pattern of labeling found, with
the two *C’s adjacent and furthest from the vinylieCH,,
together with our earlier resultsis completely consistent with
the alkenyl cycle we proposed earlferyhere the 1-alkenes
liberated arise from surface alkenyls by hydrogenolysis (Figure

%).

secondary products arising by hydrogenation of the 1-alkenes.
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(11) The observation of both prope#, isotopomers from reactions at
190 °C over Ru and Rh indicates that secondary processes (1,3-H shifts)
become important under these conditions. This also supports the postulated
intermediacy of surface alkenyl and surface allylic species in the Fischer
Tropsch reaction (see Figure 3).

(12) Only small amounts offC; and '3C; products could be detected in
the Rh reaction, showing that-€C cleavage reactions were again minimal.
The clean doublet centered at13.05 (J 35 Hz) shows that the 1-butene
product here too i$3CH33CH,?CH="2CH,.



