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Recently, Pettit and co-workers!' have shown that diazomethane
plus H, can be transformed to hydrocarbons on group 8 metal
catalysts. With CH,N, + H, these catalysts gave the same type
of Schulz-Flory distribution as the equimolar mixture of CO +
H,. The results confirmed the fact that chain growth in Fisch-
er—Tropsch synthesis does not involve undissociated CO but rather
CH, and most likely CH, surface fragments. We report here that
with Fe/SiO, (1), Ru/SiO, (2), Os/SiO, (3), and Rh/SiO, (4),
catalysts, C,H,, olefins can be stoichiometrically or catalytically
(under H,) homologated? to higher and lower olefins, and we bring
evidence that the mode of C-C bond formation is the same in
Fischer-Tropsch synthesis and in olefin homologation.

At 250-300 °C and under 1 atm of syn gas (CO/H, = 1/1),
the catalysts 1-4° give a typical Fischer—Tropsch distribution of
hydrocarbons with a narrow range of carbon number (C,-Cs).
When used in the same range of temperature and in the absence
of CO and H,, the same catalysts are able to convert stoichio-
metrically any e or internal C, olefin to a mixture of hydrocarbons
ranging from C, to ca. C,4,. Under H, (olefin/H, = 1/1), the
reaction is catalytic and can last for several days. A typical
product distribution obtained with propylene is given on Figure
1 in comparison with the product distribution obtained in syn gas
reaction. No detectable homologation to higher carbon numbers
was obtained with propane in similar experimental conditions
(catalysts, temperature, partial pressure or reactants, and flow
rate).

If one focuses on the properly so-called homologation, the
reactions depicted on the Scheme I were observed independently.
Interestingly, as indicated in the reactions of Scheme I (reactions
4 and $5), the carbon skeleton of the olefin is maintained after
homologation. This result indicates that C,,, olefin is formed
by addition of a C, fragment to the C,, skeleton and not by a kind
of random association of C, fragments.® (It is likely that the C,
fragment comes from the hydrogenolysis of the C, olefin).
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Figure 1. Product distribution (olefins + paraffins from C, to C4) in CO
+ H, reaction (p = | atm) or C;Hg + H, reaction (p = 1 atm) with
Fe/SiO, and Ru/SiO, catalysts.*
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Figure 2. Product distribution in the C, olefinic compounds as a function
of contact time (1/flow rate) in CO + H, reaction (p = 1 atm) (catalyst
150 mg).

Scheme I. Homologation Reactions Observed Catalytically under
H, with Fe-, Ru-, and Os/SiO, Catalysts (Reactions 1-4)
or Stoichiometrically (in a Sealed Tube) with Rh/SiO, Catalyst
(Reactions 1-5)
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% No linear C, olefins were detected; 2-methyl-1-butene
and 2-methyl-2-butene were observed only at increasing contact
time. ® No linear C, olefins were detected.

The results of Figure 1 suggest a same mechanism for C—-C
bond formation in syn gas conversion and olefin homologation.
In order to test this assumption we have considered the formation
of C, olefinic hydrocarbons both in CO 4+ H, reaction and C;H,
+ H, reaction.

The yields of linear and branched olefins have been measured
at various contact times and initial selectivies obtained by ex-
trapolation to zero conversion. The isobutene/n-butene ratio
remained constant with time, only double bond migration being
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Figure 3. Product distribution in the C, olefinic compounds as a function
of contact time (1/flow rate) in C;Hg + H, reaction (p = 1 atm) (cat-
alyst 150 mg).

Table I. Isobutene/n-Butene Ratios (at 0% Conversion) in CO +
H, Reaction and C,H, + H, Reaction with Fe/SiO,, Ru/SiO,,
and Os/Si0, Catalysts

isobutene/n-butene ratios (1 atm)

catalyst temp,°C CO/H,=1/1 C,H,/H,=1/1
Fe/SiO, 250 0.10 £ 0.01 0.09 £ 0.01
300 0.13 £ 0.01 0.15 £0.01
Ru/SiO, 250 0.06 £ 0.01¢ 0.08 + 0.01%
Os/8i0, 250 0.05 + 0.02 0.08 + 0.01

@ The same value has been obtained with the CO/H, ratios of
1.5/1,1/1,and 1/2. ® The same value has been obtained with
the C,H,/H, ratios of 2/1, 1/1, and 1/2.

noted (1-butene — 2-butene) (Figures 2 and 3).

For a given catalyst and a given temperature, the iso/n ratios
of C, olefinic hydrocarbons at zero conversion are the same for
CO + H, reaction and C;H, + H, reaction (within exprimental
error) (Table I).

One should also notice that both reactions exhibit a high initial
selectivity for o olefins. There are some differences in the cis-trans
ratio of 2-butenes and in the initial selectivity for « olefins between
Figures 2 and 3. These differences may be due to the presence
of CO in the syn gas reaction that competes with the olefin for
coordination to the surface and modifies the overall kinetics of
double-bond migration and cis—trans isomerization. Apparently,
the presence of CO does not modify significantly the kinetic
parameters that govern the formation of branched olefin.

It appears from the above results (carbon number distribution
and initial selectivity) that the mechanism of C~C bond formation
is the same in syn gas reaction and olefin homologation on Fe-,
Ru-, and Os/SiO, catalysts. The C-C bond formation does not
require the presence of molecular CO in agreement with Pettit
and co-workers,! Biloen, Bell,” and others.® OQur results, along
with those of Pettit! indicate the same mechanism of C—C bond
formation starting from CO + H,, CH,;N, + H,, or C,H,, + H.,.
Besides we show here that this mode of C~C bond formation
involves the addition of a C, fragment to a C, fragment. These
results do not demonstrate whether the mechanism for chain
growth involves an insertion of a carbene to a metal alkyl or the
coupling of a carbene to an olefin. It also does not enlighten on
the mechanisms of formation of oxygenated compounds where
the support may play an important role.
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The recent discovery that enzyme systems isolated from sage
(Salvia officinalis) and from tansy (Tanacetum vulgare) will
catalyze the conversion of geranyl pyrophosphate (1) to the d and
I enantiomers, respectively, of 2-bornyl pyrophosphate (2)? has
already led to several critical insights into the mechanism of
terpenoid cyclization reactions.> The facts that neither enzyme
requires redox cofactors and that, in the absence of competing
phosphatases and pyrophosphatases, both geranyl pyrophosphate
and its tertiary allylic isomer, linalyl pyrophosphate (3), are
strongly preferred as substrates over the corresponding cis allylic
pyrophosphate, neryl pyrophosphate, are fully consistent with the
simple stereochemical model illustrated in Scheme I. The latter
model, based on the generation of a series of ion-paired inter-
mediates, is completely supported by the results of numerous model
studies of terpenoid cyclizations.* On the basis of this model,
we have recently investigated the role of the pyrophosphate moiety
in the formation of bornyl pyrophosphate and have reported the
unexpected observation that the original pyrophosphate ester
oxygen of geranyl pyrophosphate is the exclusive source of the
corresponding pyrophosphate ester oxygen of the d- or /-bornyl
pyrophosphate product.® The lack of detectable positional isotope
exchange implies a remarkably tight restriction on the motion of
the transiently generated pyrophosphate anion during the cycli-
zation process. We now report the extension of our studies to the
enzymatic formation of /-endo-fenchol (4) and present results that
further illustrate the generality of our proposed stereochemical
model.

Cell-free extracts of fennel (Foeniculum vulgare) have pre-
viously been shown to contain a cyclase that catalyzes the con-
version of geranyl pyrophosphate to l-endo-fenchol (4).5 In spite
of numerous efforts to obtain a phosphatase-free preparation of
this cyclase, these and all other attempts to detect the corre-

(1) National Institutes of Health Research Career Development Award,
1978-1983.

(2) Croteau, R.; Karp, F. Arch. Biochem. Biophys. 1979, 198, 512; 1977,
184, 77; Biochem. Biophys. Res. Commun. 1976, 72, 440. Croteau, R. In
“Biochemistry of Isopentenoids in Plants”; Nes, W. D., Fuller, G., Tsai, L.
S., Eds.; Marcel Dekker: New York, in press.

(3) For recent comprehensive reviews of monoterpene and sesquiterpene
biosynthesis, respectively, see: (a) Croteau, R. In “Biosynthesis of Isoprenoid
Compounds”; Porter, J. W., Spurgeon, S. L., Eds.; Wiley: New York, 1981;
pp 225-282. (b) Cane, D. E. Ibid. pp 283-374.

(4) Gotfredsen, S.; Obrecht, J. P.; Arigoni, D. Chimia 1977, 31 (2), 62.
Winstein, S.; Valkanas, G.; Wilcox, C. F. J. Am. Chem. Soc. 1972, 94, 2286.
Stephan, K. J. Prakt. Chem. 1898, 58, 109. Poulter, C. D.; King, C.-H. R.
J. Am. Chem. Soc. 1982, 104, 1420, 1422.

(5) Cane, D. E.; Saito, A.; Croteau, R.; Shaskus, J.; Felton, M. J. Am.
Chem. Soc. 1982, 104, 5831.

(6) Croteau, R.; Felton, M.; Ronald, R. C. Arch. Biochem. Biophys. 1980,
200, 534,

© 1984 American Chemical Society



