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Abstract: 13C NMR spectroscopy shows that the n-alkene and n-alkane products from the catalytic
hydrogenation of CO in the presence of *C,H,4 probes over Ru/150 °C, Co/180 °C, Fe/220 °C, or Rh/190
°C (1 atm, CO:H; 1:1, “mild conditions”) contain terminal *3CH3!3CH,— units. This is consistent with their
formation by a regiospecific polymerization of C; species derived from CO and initiated by 3C,H,. Although
the activities toward individual products differed somewhat, similar distributions and similar product labeling
patterns were obtained over all the four catalysts. 1-Butene and the higher 1-n-alkenes from all the catalysts
were largely 13CH3¥CH,(CH,),CH=CH, (n = 0—3), propene formed over Ru or Co was *CH3*CH=CHj,,
while both 33CH3*CH=CH and 3CH,=3CHCH3; were formed over Fe or Rh. Comparison of the conclusions
from these probe experiments with those from isotope transient experiments by other workers indicates
that the ethene initiator does not significantly modify the course of the CO hydrogenation. The reaction
products are largely kinetically determined, and the primary products are mainly linear 1-n-alkenes, while
the n-alkanes and 2-n-alkenes largely arise via secondary processes. Since the distribution of products
and the labeling in them is so similar, it is concluded that one basic primary mechanism applies over all the
four metals. Several different reaction paths involving a polymerization of surface methylene, { CHa(aq)},
have been proposed. Although the predictions based on several of these mechanisms agree with many of
the results, the alkenyl + { CHzaq} mechanism, initiated by a surface vinyl { CH;=CHqg)}, most easily
accommodates the experimental evidence. An alternative path involving sequential addition of surface
methylidyne and hydride either to a growing alkylidene chain (alkylidene + { CHpq) + Heaap}) OF to an alkyl
chain (alkyl + { CHpg) + Hpag}) has recently been proposed by van Santen and Ciobica. The { CHa(aq)}
mechanism offers an easier explanation for the formation of the various alkenes, the distribution of products,
and of the initiation, while the { CH@q) + H@g} mechanism can explain any n-alkanes formed as primary
products and not derived from alkenes. At higher reaction temperatures over Ru and Co, considerable
13C, incorporation (from natural abundance in the CO and from cleavage of the 13C,H, probe) was found
in all the hydrocarbons. Thus, at higher temperatures 3Cy,q) in addition to 3Cyg) Species participate in
both chain growth and initiation. In summary, adsorbed CO is transformed very easily into surface Ciaqg),
probably { CHz@aa} in equilibrium with { CHgy+Haq)} , which act as the propagating species.

Introduction currently operating in South Africa and Malaysia and are being

The hydrogenation of CO over supported metals to 1-a|kenes,bu”t’ or _are_in advance plann_ing, by major_multinationals, in
internal alkenes, and alkanes was discovered by Fischer ancfatar' Nigeria, Eg_y_pt, Indones_la, a_nd Australia;Ftechnology
Tropsch over 75 years afjand has attracted widespread ecomes cc_)mpet_ltl_v eatan O"_ price of_ca. US $25/barrel.
attention both from the engineerihgnd the chemicalpoints The reaction originally described by F!scher and Tropsch was
of view. Although FischerTropsch (F-T) today represents an iron- or cobalt-catalyzed hydrogenation o.f CQ, and over the
“mature technology”, interest both in the process and the years a consensus emerge_d that '_[hél’l-?eacnon s a pol_ym-
mechanism has returned in recent yearsTRs now seen as a erization of surface Chispecies derived from CO. Later it was

simple way of utilizing stranded reserves of natural gas and @ (3 The topic has been extensively reviewed: Anderson, Rih@. Fischer

valuable means for turning natural gas into commodity chemi- Tropsch ReactionAcademic Press: London, U.K., 1984. Roeper, M. In
. X . . Catalysis in G Chemistry Keim, W., Ed.; D. Reidel: Dordrecht, The
cals (especiallyo-olefins), as well as into environmentally Netherlands, 1983. See also Sheldon, RCAemicals from Synthesis Gas
iaui D. Reidel: Dordrecht, The Netherlands, 1983. |. Wender, |.; Sternberg, H.
acceptable |IC]UId hydrocarbon fUéliarge T plants are W. Adv. Catal. 1957, 9, 594. Pichler, H.; Schulz, HChem. Ing. Technol.
- - — - 197Q 42, 1162. Collman, J.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
* Corresponding author. E-mail: P.Maitlis@Sheffield.ac.uk. Principles and Applications of Organo-Transition Metal Chemistry
1) Flscher F.; Tropsch, HBrennstoff-Chem1926 7, 97; Chem. Ber1926 University Science Books: Mill Valley, CA, 1987; p 653.
59, 8 (4) Romanow, SHydrocarbon Processing001 80, 12. Los Angeles Times
(2) Dry, M E. Catalysis Today99Q 6, 183. Jager, B.; Espinoza, Ratalysis 2001, 12 August. Business Week (WashingtoBC) 1997 19 May.
Today1995 23, 17. Financial Times (London}997 4 February.
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found that ethene (and other olefins) could be added to the Scheme 1

syngas with advantage!’ We'8-24 and other&-2° have shown
that G species derived from either vinyl-X (3 Br, SiRs, etc.)
or ethene probes are incorporated inteTFhydrocarbons over
a number of metals and indeed that suciHCspecies are
involved in initiating the polymerizatiok?~29.30

A detailed pathway, the basic principles of which stem from
concepts originally stated by Fischer and Tropsch, was put
forward by Pettit and Biloen and their co-workéts? The
formation of the surface CHwas proposed to occur via the
coordination and activation of the CO on a metallic site,
followed by C-O cleavage and hydrogenation to give, sequen-
tially, surface carbide (Gq), methylidyne (Chkkg), and meth-
ylene (Chyaq) specie®® (Scheme 1). The last could then be
further hydrogenated to surface methyl (§ld) and finally

released as methane. Methane formation occurs over all the

Fischer-Tropsch-active metals and is the chief process over
nickel (Sabatier Senderens¥!

Alternatively, the surface methylenes are polymerized to yield
linear hydrocarbons, which is the-H reaction. One popular
mechanism for this is thealkyl polymerization &lkyl +
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{ CHa(aa} ) scheme involving the addition of GH alkyl chains
initiated by surface methyl (or hydride,dd) terminated by
fB-elimination of 1-alkene (propene) from the surface alkyl
(Scheme 2, after Brady and Pejt

However, this scheme has a number of shortcomings (vide
infra) and several alternative proposals have been made.
Consideration of the data from our catalytic reacti§n& as
well as the results of €C coupling reactions of model
organometallic complexés®¢ led to thealkenyl + { CHp(aq)}
mechanism (Scheme 3), where the chain carriers are surface
alkenyl species that react with methyle3&3?

Other proposals with chain propagation by methylene have
been suggested to involve surfaa&ylidene-hydride as well
as alkenyl intermediatésand a metathesis-type mechanism
involving metallacyclobutanegvide infra)38 These three later
proposals can also easily accommodate aair@tiation, by
contrast to the alkyt- { CHx@qp mechanism. Suggestions have
been made concerning the identity of thgiditiator: Krishna
and BelP® proposed it to be a surface ethyl, while Mims and
others suggested that it might be a vinylidene §&g=)26.28-40
or an ethylidene (CECH=). Our studies, involving both
organometallic models and heterogeneousl Feactions, led
to the proposal that the Gnitiator was a surfaceinyl (CH,=
CH-), formed from vinyl-X or from ethene (by loss of H) at a

(35) Saez, I. M.; Meanwell, N. J.; Taylor, B. F.; Mann, B. E.; Maitlis, P.M.
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(37) Gibson, V C.; Parkin, G.; Bercaw J Brganometallics1991, 10, 220.

(38) Hugues, F.; Besson, B.; Bussiere, P.; Dalmon, J. A.; Basset, J. M.; Olivier,
D. Now. J. Chim 1981 5, 207.
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(40) Hoel, E. L.; Ansell, G. B.; Leta, SOrganometallics1984 3, 1633;1986
5, 585.
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metal center. As we found no evidence for incorporation of C
species into the hydrocarbon products using eti®yl or
(ethyl),Si as probes, surface alkyl intermediates seemed less
likely.

We here report new studies in whi¢}C NMR spectroscopy,
together with GEG-MS and GC?! has been used to elucidate
the origins and mode of formation of hydrocarbons by hydro-
genation of CO in the presence of some ethf@ngince the
1l-alkene products easily undergo hydrogenation, hydrogen
transfer, C-C cleavage, skeletal isomerization, and other
equilibration reactions, low pressure (1 atm) and the lowest

and internal olefins produced. At higher reaction temperatures
there is considerable and random incorporation into the hydro-
carbons of!3C; arising from probe cleavage as well as from
natural abundance in theCO. The new results allow us to
review critically various mechanistic proposals.

Experimental Section

Catalyst Preparation and Pretreatment.A Ru (8%)/SiQ catalyst
was prepared by incipient wetness impregnation of silica (Davisil grade
645; 60-100 mesh) with a solution of ruthenium trichloride hydrate
(PGP Industries (Ireland) Ltd) in methanol, to give a weight loading
of 8%2° The impregnated sample was dried at°@in air. Prior to
CO hydrogenation, the dried sample (1.0 g) was packed into a fixed-
bed microreactor (10 crx 6 mm i.d.), where it was reduced under a
steady stream of hydrogen (1 atm, 10003dm?%), by programmed
heating (4°C min~t) from room temperature to 40C. It was held at
400 °C for 4 h and cooled to the reaction temperature, and then the
reaction was started by switching the hydrogen flow to syngas. Similar
procedures were used to make 10% Co on silica (from aqueous cobalt
nitrate, Fisons AR grade), 10% Fe on silica (from aqueous iron(lll)
nitrate, Fisons AR grade), and rhodium (8%)/ceria (9%) on silica
catalyst [from aqueous rhodium nitrate (Johnson Matthey) and aqueous
cerium nitrate (Aldrich)].

Reaction and Analysis A typical set of reaction conditions used is
as follows: the hydrogenation reactions were carried out in a microre-
actor tube (10 cmx 6 mm i.d.) at 180°C, 1 atm, H:CO = 1, total
flow rate 500 cm h™%, unless otherwise stated. After-8 h reaction
time under syngas, the catalyst required reactivation by reduction under
H, for 4 h (heating rate 4C min™2). A freshly prepared catalyst required
two syngas reaction/reactivation cycles followed by 1.5 h on-stream
to attain steady-state activity.

Probe Molecule Introduction. Doubly labeled ethenel{C:Hy;
Cambridge Isotope Labs., 98%€) was used as the probe. The effective
ratios of probe to converted CO were as follows: 1:1.6 (Ru/iGp

practicable reaction temperatures for each catalyst were chosen:4.5 (Ru/165°C), 1:10 (Ru/18C°C), 1:3.6 (Co/18C¢°C), 1:7.7 (Co/

so that secondary reactions were minimized. This has allowed
a closer analysis of thprimary F—T processes.

Our key findings for reactions under relativatyild condi-
tions®® are that (i) the primary products are largely linear
1-alkenes; (ii) different metal catalysts give similar mixtures
of hydrocarbon products; (iii) although it influences the amounts
of individual products formed, the ethene initiator does not
substantially modify the course of the CO hydrogenation; (iv)
when the reaction is initiated bya8C,H, probe?* the n-alkene
andn-alkane products contain termifdCH3;*CH,— units; and
(v) the reactions involve a unidirectional and regiospecific
polymerization of GHy species derived from CO and initiated
by a surface gspecies. We also discuss further some of the
secondary processes that occur duringTFand that are
responsible for a substantial proportion of the linear alkanes

(41) Attempts to use mass spectrometry to define the positioHCadtoms in
labeled long-chain hydrocarbons failed due to the complex and unpredictable
fragmentation processes that these molecules undergo in the mass spec
trometer.

(42) The elucidation of mechanistic information for a heterogeneously catalyzed
reaction by adding a labeled probe molecule to the reactants and then
analyzing for the labels in the products is a well-established and widely
used technique. It is based on the principle that if the probe resembles an
active species in the reaction under investigation, incorporation of the probe
will occur. It has the advantage in that it does not depend on identifying
very small amounts of labile and highly reactive species on surfaces that
are themselves changing and difficult to characterize.

(43) “Mild conditions are defined as 1 atm pressure, C@:H1:1, and operating
temperatures of Ru/15TC, Co/180°C, Rh/190°C, and Fe/220C, which
were the lowest that gave reasonable amounts of products (especially for
13C NMR analysis) on the equipment within useful time scales.

(44) Dilabeled ethené3C,H,) was used in preference to the more conventional
monolabeled probe; this allowed the investigation efCcleavage as well
as C-C formation reactions.

10458 J. AM. CHEM. SOC. = VOL. 124, NO. 35, 2002

200°C), 1:20 (Co/220C), 1:3.2 (Rh/190C), and 1:6.0 (Fe/228C) 4>
Several experiments were also carried out using labeled nitromethane
(*3CH3NO,, Aldrich) and n-propanol (CHCH,**CH,OH, Cambridge
Isotopes) as probes.

Product Sampling. After catalyst reduction the reactor temperature
was reduced to the required value and the hydrogen stream was switched
to syngas. After reaction fdl h the gases were collected (20 min). A
sample from the trap, after warming up, was analyzed using K4S,
and a sample (250L) was also taken directly from the reactor outlet
at this time for GC analysis. These data are referred to as “before”
ethene addition.

After 2.5 h under a syngas stream, 2800f labeled ethene{C,H,)
was injected into the syngas stream via a septum at the reactor inlet
and low-temperature collection was started. Labeled ethene was injected
every 5 min for 50 min, and the products were collectee- 297 °C.

This long collection time was needed to obtain sufficient product
concentration fof*C NMR spectroscopy and GEVIS analysis.

A sample of the product stream (2B0Q) was taken for GC analysis
at 21 min after the first ethene injection (1 min after the fifth injection).
After the final injection the cold trap was removed and warmed. A
sample from the trap was analyzed using-@€sS. These GC and GE
MS product analyses (“snapshots”) are referred to as “during” ethene
addition. The reaction products from the trap were also analyzed by
13C NMR spectroscopy.

A final sampling for GC analysis was performetizah after the
final ethene injection, and subsequently the syngas stream was replaced
by hydrogen. The final GC analysis is referred to as “after” ethene

(45) The amounts of ethene probe added with respect to converted CO were
kept as low as possible (26) in order not to perturb the system excessively,
but where the activity was low and it was difficult to accumulate sufficient
material for the'3C NMR analysis, a higher proportion of ethene was used.
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Table 1. Product Formation Rates (pfr's, umol/g/h) of 1-Alkenes,
Alkanes, Internal Alkenes, and Methane Produced over Ru, Co,
Rh, and Fe, before and during 13C,H, Probe Addition

Table 2. Product Formation Rates (pfr's, umol/g/h) of 1-Alkenes,
Alkanes, and 2-Alkenes for Each of C,, C3, C4, Cs, Cs, and Cy at
Different Syngas Flow Rates over Ru at 160 °C (no probes added)

Ru/150 °C Ru/165 °C Ru/180 °C
pfr's pfr's pfr's pfr's pfr's pfr's
beforet  during®  before*  during® before2  during®
products
1-alkenes 100 774 331 1482 503 645
alkanes 31 196 106 997 197 771
2-alkenes 13.5 14 50 84 95.5 87
methane 35 22 127 88 256 116
total activity® 199 707 1192
CO conversion (%) 1.5 5 8
ad 0.68 0.55 0.70 0.56 0.69 0.53
Co/180 °C Co/200 °C Co/220 °C
pfr's pfr's pfr's pfr's pfr's pfr's
beforet  during®  before?  during®  before?  during®
products:
1-alkenes 100 667 320 495 827 992
alkanes 46 1022 269 1161 1055 1540
2-alkenes 19 a7 114 190 439 526
methane 93 83 318 364 1242 1369
total activity® 317 1163 3816
CO conversion (%) 2.4 9 30
ad 0.73 0.72 0.65 0.68 0.53 0.56
Rh/190 °C Fel220 °C
pfr's pfr's pfr's pfr's
before? during® before2 during®
products:
1-alkenes 67 104 137 248
alkanes 36 261 80 334
2-alkenes 28 39 61 55
methane 120 116 155 76
total activity® 291 438
CO conversion (%) 3.2 4.1
od 0.47 0.43 0.43 0.39

apfr's (product formation rategymol/g-cat/h) before probe additiohA
snapshot of the pfr'sqmol/g/h) during probe additiort. Total pfr's (umol/
g-cat/h including oxygenates and.{ before probe additiorf o = chain
growth probability.

addition. Further data and product formation rates (Supporting Informa-
tion) were used for calculating (listed in Tables 1 and 2).

Analytical Instrumentation. Quantitative analysis of the reaction
products was carried out on a Perkin-Elmer Autosystem XL GC fitted
with a Supelco SPB-1 column (60 ’m 0.53 mmx 5um) and a flame
ionization detector. The detector was precalibrated with external
standards of known concentratid?C incorporation was analyzed using
a Hewlett-Packard 58966971A GC-MS fitted with an electron-impact
ion source, a hyperbolic quadrupole mass filter, and an electron
multiplier detector. G—C7 hydrocarbons were separated on the Supelco
SPB-1 column, and £-C; hydrocarbons were separated using aCP
Sil-5 CB column coupled to a Chrompack PLOT alumina column (30
m x 0.32 mm)?6

3C NMR Spectra. To obtain sufficient sample fot’C NMR
analysis, the products obtained during t#@&H, addition into the FT
reaction were collected in a liquid nitrogen trap and sampled by-GC
MS. The cold trap containing the condenseéTF products was
reimmersed in liquid nitrogen, deuteriochloroform (13c#ldrich) was

pfr's (umolig/h)
450 cm®/h 900 cm®h 1800 cm?h
products:
methane 57 67 90
ethene 14 2.3 4.1
ethane 2.8 2.6 2.9
propene 11 11 13.6
propane 1.7 1.7 1.6
1-butene 7.6 8.4 11
butane 3.1 2.6 2.7
2-butenes 1.1 1.6 15
1-pentene 35 4 5.7
pentane 2.3 1.8 1.9
2-pentenes 1.7 1.6 14
1-hexene 1.3 1.5 2.5
hexane 1.8 15 1.5
2-hexenes 1.6 1.6 15
1-heptene 0.5 0.6 11
heptane 1.3 1.1 1.2
2-heptenes 1 1 1.1
CO conversion (%) 3.6 2.1 1.3
chain growth ¢) 0.63 0.63 0.63

VSP probe and the following parameters: sweep width 184 ppfh, 30
pulse 4 s relaxation delay, 128K time domain, and 64K frequency
domain data points.

The3C NMR spectra were run under conditions chosen to produce
a good signal-to-noise ratio. The signals due to the CH;, @Rd CH
groups showed marked differences in intensity, 88dNMR intensities
were only used to determine relative concentrations of isotopomers
within a given signal. Assuming that the relaxation is exclusively
dipole—dipole, then the ratio of; for a **CH='2C group:3CH=1C
group is 1.02:1.00. This will also reduce the NOE by a similar amount.
The combination could result in a reduction in magnitude of the intensity
of the CH=™C signal by up to 5%, an error comparable with that
due to the signal-to-noise ratio. The presence of other relaxation
mechanisms, the longéfC(sp’)—3C(sp) or 3C(sp)—=C(sp’) bond
length, and/or the presence of twbl in a CH, group reduce this
possible error.

Since many of théC resonances of the individual hydrocarbons
had closely similar chemical shifts, accurate shift determinations were
vital. To do this the'3C NMR spectra of pure commercial samples of
more than 25 individual hydrocarbons (up tg)Gas well as of some
oxygenates that either had been found (by-@4S) or which had been
reported by others to occur in the products, were carefully recorded in
CDCls. To ensure good matches, conditions as near as possible to those
used in recording the spectra of the Freaction products were used.
The agreement with the reference spectra (listed in the Supporting
Information) was very good; the small differences (6-0102 ppm)
that are seen arise from isotope shifts in the doubly labeled compounds.

The3C NMR spectrum of an unenriched pure hydrocarbon consists
of only single peaks due to the different carbon atoms in the
hydrocarbon molecule, since the probability of th’€ atoms being
next to each other (and coupling) is negligibly low (0.01%). By contrast,
the 13C NMR spectrum of the hydrocarbon mixture produced during
the 13C,H, addition showed multiplets indicating di- and pdfG
incorporation into the products. On the basis of the chemical shifts,
multiplicities, and couplings, the compound present, as well as the

added, and the trap was transferred into a dry ice/acetone bath. Thepositions of the“C nuclei in the hydrocarbon chains, can be determined.
trap was occasionally removed from the cold bath and shaken to ensurethe multiplet peaks can be readily identified by their specific carbon

that the contents were mixed before transferring them into an NMR
tube to record the spectrum. TR NMR spectra were measured at
100.6 MHz on a Bruker AMX2-400 usgha 5 mmstandard geometry

(46) Good GC separations and quantifications were obtained for the hydrocar-
bons, except for propene, propane, and those with eight or more carbon

atoms.

carbon coupling constant$Jc—c) (SP—sp’) ~ 34.5 Hz;%Jc—¢) (SpPP—
sp) ~ 42 Hz, while'Jc ) (spP—sp) ~ 69 Hz#” The couplings between
two carbons separated by more than one bond are very small, for
example in 1-butené)—, = 4 Hz,2J,_4 = 2 Hz, and?J;—3 = 0.

The resonances for all the carbon atoms of propene and 1-butene,
the observed products formed in greatest amount, are well-separated

J. AM. CHEM. SOC. = VOL. 124, NO. 35, 2002 10459
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ITab/e 3. B'Comparisog Og TEeerdynamli% (ICalculéited) F'Q:atitTJs for Reactions with 13C,H, Probes: GC and GG-MS Data.
someric Butenes and the Experimental Values, during F— s f
Reactions, over Ru, Co, Rh, and Fe (before and during the The r_eSponse_s to the addition’8€,H, probes to ongomg T .
Addition of 13C,H, Probes) reactions carried out over the four catalysts under mild condi-
e atio tions were basically very similgd (Table 1 and Supporting
tZ?n;y"SC notes Thuene  UansZbutene  G2-butene Information): (i) methane formation decreased over Ru, Rh,
Ru/'180 calculated 1 5 3 Fe, and over Co at 18tC; (ii) the 1-alkene, internal alkene,
before probe addition 1 0.04 0.1 and alkane pfr’'s increased substantially during probe addition
during probe addition 1 0.04 0.3 over Co and Ru (at 150 and 16%)%® but then dropped
Co/200  calculated B 1 5 3 afterward, frequently below the value before probe addition;
gﬁ';?nrg Srrgkt)): :ggilttilgr? 11 8'125 8 g (i) a substantial proportion of the hydrocarbon products
Co/220  calculated 1 4 o5 contained twd3C atoms, while thé3C; and3C; incorporations
before probe addition 1 0.5 0.5 were very small and close to natural abundances (by MS
Fo/220 dcua{;gglgt?(?e addition 11 3-5 g-‘; analysis). In addition, the internal alkenes (especially the
before probe addition 1 14 1 2 putenes) contalneq significant amounts'#t,; these must
during probe addition 1 1.3 1 arise from the coupling of twé3C,H,4 probes>*
Rh/190 bca}lculatedb " 1 5 3 Increasing temperaturgecreasedhe observed3C, incor-
efore probe addition 1 0.9 0.7 ; ; ;
during probe addition 1 06 06 porations because, although there was an increase in catalyst

activity, as the same amount of probe had been added to each
experiment, the increase 1CO conversion was not balanced
from resonances of other hydrocarbons; thus, their spectra were fully by an increase ifC,H,4. This is also shown by the increase in
analyzed. ThéC resonances of the Gtgroups of most of the linear  unlabeled products that dilute tRéC,-hydrocarbons. Th&*C,
hydrocarbons with more than four carbon atoms formed in th& F incorporation also decreased as the molecular weights of the
reaction lie in the regiont 13.2-14.5, and those of the adjacenCH,— hydrocarbons increasé®56 At higher temperature (18@/Ru),
are betweem 21.8 and 23.0, and these resonances were assigned 1‘or,[he incorporation of3C; increased more than expected from
linear alkanes and alkenes up te. ©nly for the reactions over Rh 1 . S
. . . 3C natural abundance, aiéC; also increased significantly.
was there any sign of branched chain hydrocarbons in the products. Table 4 I h i0s oFC. i ion derived f
Correlating the NMR and the GEMS data also added considerable abie . Ists the ratios n Incorporation derived from
confidence to the assignment of resonances. MS data in G hydrocarb_ons produced over cobalt. Even at the
comparatively low reaction temperatures of £&over cobalt
Results _ (and 150°C over ruthenium, Supporting Information), the levels
Product Formation Rates over Co, Ru, Rh and Fe (No  of 13C; incorporations were above those expected from natural
Probes Added).The product formation rates (pfr’s) for the-f abundancé3C,, indicating that significant probe cleavage had
active metal catalysts undenild conditions(columns “pfr's occurred, the amounts of which increased at higher temperatures.
before”) listed in Table 1 (Ru, Co, Rh and Fe) show that, in This was confirmed by thé&3C NMR analysis.
the absence of probe molecules, the products were very similar - The levels of3C;, incorporated into the hydrocarbon products
and comprised linear 1-alkenes, alkanes, internal alkenes, andlecrease with increasing temperature. This decrease is due to
methane'® Although the activities and the exact ratios of the the decrease in the ratio d8C,H, to converted CO with
hydrocarbons formed depended on the metal, the nature ofincreasing CO conversion and to probe cleavage at higher
promoters (if any), and particularly on the reaction temperdfure, temperatures. If probe cleavage remained constant with increas-
1-n-alkenes were always major products. Rh and Fe were bettering temperature, then the level iC; incorporation should
catalysts for methanation than Fischéiropsch, and methana-  decrease in a similar fashion. However, the levéf&f remains
tion was important for cobalt, especially at higher temperatures, approximately constant or increases with increasing temperature.
where alkanes also became more significant products thanThe contribution of probe cleavage to the level B,
l-alkenes. Changes in the pfr's with changes in temperatureincorporation is indicated by the increase in t#@:*/13C; ratio
(over Ru and Co, Table 1) and syngas flow rates (over Ru, Table (Table 4), wheré3Cy* is the correctedC; incorporation. The
2) were monitored, but it was impracticable to investigate the ratio 13C;*/13C; increases significantly with temperature, dem-
effects of changes in flow rate or temperature over the Fe and . .
. (50) Weast, R. C., Edklandbook of Chemistry and Physicsst student ed.;
Rh catalysts. It may be noted that the proportion of the CRC Press: Cleveland, OH, 1988.
thermodynamically favored 2-alkenes was rather higher and (51) I'I;}t;grrr}]u;ggﬁrs for the pentene and hexene isomers are given in the Supporting
significantly closer to the expected equilibrium values from (52) The main differences were that over-RBeQ, less!3C, incorporation was
reactions over Fe and Rh than over Ru or Co. Thermodynamic found in the 1n-alkenes than in the-alkanes or R-alkenes and that the
. . . : . increase in pfr's during ethene addition over Fe at 22Qvas masked by
ratios calculated for the isomeric buteffeare compared with catalyst deactivation.
the experimental values in Table3. (53) Smaller changes in pfr's were found over the other catalysts on addition

of the probe.
(54) 2-Methyl-2-butene also contained significant amount336f, (by GC—

(47) Marshall, J. LCarbon—carbon and carbon-proton NMR couplinggerlag MS), but this was a very minor product.1% of the total hydrocarbons).
Chemie International: Deerfield Beach, FL, 1983. (55) Raje, A.; Davis, B. HR. Soc. Chem. Specialist Periodical Rep. “Catalysis”

(48) Fischer-Tropsch reactions also give oxygenates (methanol, ethanol, ethanal, 1996 12, 52.
ethanoic acid, etc.) but in very small amounts (typically ca3% of the (56) In order not to swamp the Fischefropsch reaction with an excess of
1-alkenes) over Ru, Co, and Fe. Even smaller amounts of branched-chain probe added in one single large tranche, ¥i@labeled probe molecule
hydrocarbons (methylbutenes and -penterek)) were also found. Over was added in equal smaller portions over a given period of time in the
the Rh-CeQ, catalysts oxygenates became significant products and smaller experiments. The proportions of the varidé isotopomers found by MS
amounts of the higher hydrocarbons were formed. As only very minor analysis of the products are reproducible from one experiment to another.
amounts of these compounds were produced in the reactions reported here, However, calculation of the expected isotope ratios in the various products
they will be considered in a later paper. is more complicated than originally allowed for. Such a full and detailed

(49) Pressure and the ratio o£80 were less significant variables and were evaluation has not yet been attempted and we are therefore not including
only briefly examined in this work. a kinetic analysis here.
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Table 4. Ratios of 13C, Incorporation in C4 Hydrocarbons
Produced from CO + H; + 3C,H,4 over Cobalt at 180, 200, and
220 °C from MS Data?
13C1 (13(:1*/1302)
(natural abundance)  #C, 3C; 18C, BC;*® x 100 (a) I ‘ ]
‘MVMW“W W e i
1-butene
180°C 9(5) 14 4 1 4 31
200°C 12 (5) 15 5 3 7 51
220°C 7(5) 2 1 1 2 95
butane b
180°C 10 (5) 2 7 1 5 24 (b)
200°C 11 (5) 6 7 3 6 28 Lo, A L L
220°C 11 (5) 6 5 3 6 106 + moerhbrsdbsiiabossy e *
trans-2-butene
180°C 12 (5) 28 8 5 8 28
200°C 14 (5) 23 12 6 7 40 ©
220°C 10 (5) 6 5 4 5 86
cis-2-butene
180°C 13 (5) 27 13 31 8 30 ]
200°C 14 (5) 22 14 45 9 42 e e iy ‘
220"C 106) 6 4 5 5 86 115.6 1152 134.0 133.6 133.2 19.6 19.2

aFor clarity, the'®C incorporation data obtained from MS analysis were ~ Figure 1. 13C NMR spectrum of propene frofCO + H; + 13C;H, over
renormalized to'3Co as 100 and were calculated as the raticti- to Ru at 150°C (a), 165°C (b), and 180C (c), showing the Ch= (6 115.54),
13C,-labeled products; théCy values are omitted’ 13Cy*, the corrected =CH- (6 133.76), and—CHs (6 19.35) resonances
13C, incorporation= {13C,(found) — 13C;(natural abundance expectgd)

onstrating that probe cleavage increases with temperature, an
observation that is not directly evident from the absolute values @
of 13C; incorporation. | ‘ | WJ

Probe Reactions Using'3C,H,4: Product Analysis by 13C
NMR Spectroscopy.13C NMR spectra of the crude products
obtained from reactions 8fCO + H, + 13C,H, (and also other
probes) over four metals at different temperatures were measured ®
(Experimental Section). The salient features of the spectra using WM ]
ethene probes were the pairs of doubléfk:(cy = 34.5 Hz)
arising from 13C in both the —CHz (0 13.3-14.5) and the
adjacent—CH,— (6 21.8-23.0) in the molecules. This was ©
particularly so for the spectra of products obtained at the lowest
temperatures for each metal and indicated that the labels from | A L) | -
the 13C,H,4 probes appeared mainly in the alkyl tails. e A T Tttt

1-Alkene Products: Propene.’3C NMR spectra of the 1156 1152 1340 1336 1332 196 192
propene produced from reactions under mild conditions showed g\%urfeci- atl?gg'\(ﬂ:R(aS)peztggig tgz))flfggpze;oeogcigzigoaiyz ;4;]:((3:2;:4
doublets at 19.335 (CH) and 133.76 CH=) (c-0) = (5'115/54)~CH- (6 133.76), and-CHs (3 19.35) fesonances
42 Hz; Ru at 15C°C, Figure 1la; Co at 180C, Figure 2a) as
well as at 115.58<CH,) over Rh and Fe (Figure 3c,d). The 19335 11554, and 133.76), together with some trilabeled
spectra from reactions over Ru and Co indicated that the PropeNney openel3CHyl3CH=13CH,.
was almost exclusively*CHg'SCH=CH;, clearly illustrated 1-Butene. The NMR spectrum of labeled 1-butene (Figure
by the doublet central- CH= resonance. By conFrast, tREC 4a) formed over Ru at 156C showed just two doublets) (
NMR spectra of the propene formed over rhodium at 180 13 o5 26 661 ¢, = 34.5 Hz), indicating it to be very largely
and over iron at 220C showedtwo doublets for the central 13CH413CH,CH=CH,. The same isotopomer was formed over
=CH— at 6 133.76 with!J = 42 and 69 Hz arising from g 4t 180°C and over Fe at 226C (Figure 4b,d).
coupling toboththe methylandto the vinylic=CH, (doublet As rhodium had a low selectivity toward 1-alkene formation,
at o 115.54,1) = 69 Hz; lilgurel 3c,d), indicating 1that WO {he resonances for 1-butene were weak; however, doubléts at
isotopomers of propen’écz( 3C'f|3 3CH.=.CH2 and CH'*CH= 13.05 and 26.66 (Figure 4c) indicated the presence of some
13CH,, of approximately equal intensities) had been forrfted. 13CH,13CH,CH=CH,. The spectra from the higher temperature
The NMR spectra showed that Ru and Co gave only very small \o5ctions over Ru and over Co were similar and showed the
amounts of CH*CH="*CH,. Additional peaks, especially in  presence of all four monolabeled butenes (1-butég-as well
the higher temperature reaction products (Figures 1c and 2¢),ag13CcH,13CH,213CH=13CH,, 13CH;3CH,3CH=CHy, 13CH513CH,-
indicate the formation of the three monolabeled propefi€sis- CH=13CH,, and CHCH,13CH=13CH, in addition to'3CHs*CH,-
CH=CH,, CH;!*CH=CH;,, and CHCH=13CH, (singlets at CH=CH, (Supporting Informationy8 The ratio of 1-butene-

—

=

(57) Experiments were also carried out with C@ttios of 1:2. In each case (58) The presence of some comparatively weak resonances in the same positions

(Ru/150°C, Co/180°C, Rh/190°C, and Fe/220C) the spectra of propene in the 1-butene formed at high-temperature reactions over Co suggests that
and of the higher hydrocarbons were essentially identical to those obtained these other species were also present there but were obscured by the much
at a CO:H ratio of 1:1. stronger signals of the mono- and the dilabeled 1-butene isotopomers.
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Figure 3. 13C NMR spectra ¢) of propene formed from2CO + H, +

13C,H, over (a) ruthenium at 158C, (b) cobalt at 180C, (c) rhodium at
190°C, and (d) iron at 220C in the CH=, =CH—, and—CHjs regions §

115.54, 133.76, and 19.35 respectively), showing the presence,ef'&EH—

13CH; (1 = 42 Hz; over Ru, Co) and of CH'3CH—13CH; plus
B3CH,=1CHCH; (1J = 69 Hz; over Rh, Fe).
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Figure 4. 13C NMR spectra ¢) of 1-butene formed from2CO + H, +
13C,H, over (a) ruthenium at 150C, (b) cobalt at 180°C, (c) rhodium
at 190°C, and (d) iron at 220C in the CH=, =CH—, —CH,—, and

—CHs regions. All show the presence of largely the single isotopomer

CH2=CH13CH213CH3.

13C; to 1-butenel®C, increased with temperature and, in

agreement with the MS data, the 1-butéf@risotopomers were

A

c A(C
(@) B,EF

G G
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D|s(ef D B
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Figure 5. 13C NMR spectra §) of higher hydrocarbons in the terminal
CHjs region formed over Ru at 15%C (a) and at 180C (b). The peaks
marked A-G are methyl doublets arising from the doubly labeled (A)
1-pentene, (B) butane, (C) 1-hexene, (D) pentane, (E) hexane, (F) heptane,
and (G) 1-heptene. The peaks marke#) are singlets arising from the
hydrocarbons containing only ortéC.

CO and H were large and thus th¥C; singlets in 1-butene
were strong.

1-Pentene, 1-Hexene, and 1-Hepten&he spectra of higher
1-alkenes produced at 13C over Ru and over Co at 18C
showed doublets ai 13.61 and 22.07, and 13.93 and 22.18
(Figure 5 and Supporting Information), indicating that 1-pentene
and 1-hexene were present as £CHCH,'3CH,'3CH; and
CH;=CHCH,CH,*CH,!CHjs. Although the spectra from the
products of the iron and rhodium reactions had poorer signal-
to-noise ratios, the pairs of doublets due to,&@HCH,CH,-
13CH3, CH,=CHCH,CH,!3CH,13CHz, and then-alkanes can be
seen. The major peaks from reactions over Co at’22(Figure
6) were singlets due to the monolabefE€H;CH,CH,CH=
CHy(0 13.93) and CHMBCH,CH,CH=CH, (6 22.07), but
doublets indicative of dilabeled 1-pentene and 1-hexene were
also present, though in relatively small amount.

Comparison of the NMR spectra of the products from
reactions over Ru at 18 with those of products obtained at
150 °C (Figure 5) showed broadly the same features, namely
doublets arising from 1-pentene @t3.61, 22.07Jc-c) =
34.5 Hz), 1-hexene (at 14.06, 22.208c-c) = 34.5 Hz), as
well as n-pentane,n-hexane, andn-heptane. However, the
singlets were stronger in the spectra from the higher temperature
reaction, indicating moré3C; incorporation. The spectra of
products of reactions over Co at 220 (Figure 6) showed the
presence of both mono- and dilabeled hydrocarbons.

The NMR spectrum of th&*C-labeled 1-pentene formed over
Ru at 180°C (Supporting Information) indicated the presence
of 13CH33CH,CH,CH=CH, (doublets,lJ(c,c) = 34.1 Hz,
centered atd 13.59 and 22.09), all the five monolabeled

the most conspicuous species from reactions over Co at 2201-pentenes, as well as di-, tri-, tetra-, and even pentalabeled

°C. As the catalyst activity at 22%C over Co was very high,

1-pentene ECH,=13CHCH,¥CH,!3CHjy). The spectra were

the amounts of propene and 1-butene produced directly from not sufficiently resolved to allow useful quantification.
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Figure 6. 13C NMR spectrum§) of the higher hydrocarbons formed from
12C0O + Hy + 13C;H,4 over cobalt at 220C, showing the ethyl regions:
—CHs— (top) and the penultimate-CH,— (bottom). The peaks marked
(B—F) are methyl doublets arising from the doubly labeled"fCH,*3CHs:

(B) butane, (C) 1-hexene, (D) pentane, (E) hexane, and (F) heptane, while
those markeds(x) are singlets arising from the monolabeled species
R—CH,3CH; and R-13CH,CHg, respectively.

In the spectrum of the products formed over Ru at 180a
doublet centered at 14.045 {Jc-c) = 34.6 Hz) is assigned to
the methyl of 1n-heptene. However, this resonance is weak
and the CH to which it is coupled lies directly under the
stronger resonances pfpentane and-heptane. Similar peaks
are seen in the products from reactions over cobalt and are
probably present, though not clearly resolved, in the spectra
from reactions over Fe and Rh.

n-Alkanes. In addition to the 1-alkenes, thé&C NMR spectra
of the low-temperature reaction products from both cobalt and
ruthenium showed strong doublets withc ¢) = 34 Hz for
the methyls in terminally labelentbutane n-pentanen-hexane,
andn-heptane, Ck(CH,),1°CH,'3CH; (centered at) 13.76,n
=1;14.06)h=2; 14.12)n = 3; and 14.10n = 4). The doublets
corresponding to the penultimate @Hin these alkanes (&t
21.84, 22.34, 22.69, and 22.78, respectively) were also clearly
visible (Figures 5 and 6). The spectra confirmed the-GLS
data, which indicated the presence of the dilabeledkanes,
ChHant2. In further amplification of the GEMS results, the
NMR doublets were accompanied by singlets at their mean
positions, signifying the presence of the monolabeleds-CH
(CHz)n13CH2CH3 and CH;(CHQ)nCHzlsCHg (n = 1—4). The
signals were somewhat stronger in the products from the higher
temperature reactions (Co at 200 and 280, but no useful
quantification was possible.

The main differences between the spectra of the products

uuy

)

r

|

12.2

_

12.6

T

124.8 1244 124

Figure 7. Comparison of the experimental (top) and simulated X
(bottom) 13C NMR spectra ofis-2-butenel3C, formed from2CO + H,
+ 13C,H,4 over ruthenium at 180C in the=CH— (6 124.6) and—CHjs (6
12.4) regions. [The peaks marked “V” arise frais-2-butenel3Cy].

the greatest amount) were significant products (representing 8%
of total pfr's for Ru/180°C, 11% for Co/220°C, 21% for Fe/

220 °C, and 10% for Rh/19C0C; Table 1 and Supporting
Information). The NMR data indicate that in the presence of
13C,H, the cis2-butene formed over Ru/180C contained
largely 13CH33CH=13CH!3CH;3%° and 13CH3*CH=CHCH;
(Figure 7, ratio ca. 10:1) whileis-2-butene formed over Co/
220°C contained3CH;BCH=13CHCHs, 13CH3!*CH=CHCH;,
13CH3CH=CHCH;, CH3!3CH=CHCHs, and possibly one other
polylabeled species (all in about equal amouritays-2-Butene

was also formed in the Co experiment and had similar labeling
to the cis; ndrans2-butene was seen over Ru. THE,-labeled
2-butene must arise from a probe dimerization, and we deduce
that this occurs stereospecifically (giving owrig-2-butene) over

Ru.

Both cis- andtrans-+3CH3;*CH=CHCH; were also found in
the experiment over Fe/22C. Although small amounts of the
tetralabeled species are seen in the MS, none is apparent in the
NMR; thus, probe dimerization occurred to a negligible extent
over Fe. A similar situation was found over Rh.

13C; Incorporation from Natural Abundance and Probe
Cleavage; Quantification of Isotopomer RatiosThe3C NMR
spectra of the crude reaction products fromTFexperiments
without any labeled probe (Supporting Information) showed a
large number of weak singlets arising from the natural abun-
dance®®C in the 12CO used. The strongest resonances in the
products formed over Ru/18@ and Co/220C corresponded
to the lowern-alkanes and 1-alkenes (up teC;), and the
assignable peak positions were consistent with the hydrocarbons
being randomly labeled with singféC’s in all positions.

The3C; incorporation found during experiments with labeled
probes arose both from probe cleavage and from natural
abundancé?C in the 2CO used. At higher temperatures the
catalyst activity and hence the conversion of CO increased,; thus,
more hydrocarbons formed solely from CO and iere
collected over the sampling period for the NMR spectra,

obtained from the Ru and Co reactions were that the resonancesiccounting for the increased intensities from natural abundance

due to the alkane CHICH,)n1°CH,CH; and CH(CHy)n-
CH,CHj; carbons were stronger than those for the correspond-
ing alkenel®C, for Co, whereas the alkene signals were stronger
in the Ru products. The products from reactions over Rh/190
°C and Fe/220C gave similar patterns, but the&C;-substituted
alkanes were noticeably less pronounced.

Internal Alkenes. In the experiments carried out here, the
internal alkenes (mainly 2-alkenes, with 2-butenes present in

13C,.
The relative amounts of the individu&iC, isotopomers in
propene and 1-butene (Table 5) were determined by simulating

(59) The'3C NMR spectrum oflCy-labeledcis-but-2-ene was simulated by
WinDaisy and analyzed as an A®X' spin system. The best match to the
experimental spectrum was obtained for a simulated spectrum with four
different coupling constant§Jsp—sz = 42.8,3Jsp—sp = 71, 3Jsp-spp = 3.7,
and?Jsp-s¢ = —0.7 Hz. The coupling constants are close to those found
for 1-butene and 1-pentene.
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Table 5. Isotopomer Abundances in Propene and 1-Butene from WinDaisy-simulated spectrum of the 1-butene isotopomers, close
€O Hydrogenation over Ru/150 °C, Estimated from WinDaisy to the one obtained experimentally (Supporting Information),
Simulation of the ¥3C NMR Spectra (C* = 13C) )

consists of 1-butene labelédC; 27%, 13C, 34%, 13C; 16%,
and 13C, 23% (Table 6). This composition is in excellent

isotopomer abundance (%) at various propene temperatures

Isotoporner 150°C 160°C 165°C 180°C agreement with the MS data, which showed 1-butene-labeled
C*=CC 2 3 4 10 13C; 25%, 13C, 33%, 13C3 19%, and3C, 22%, respectively.
gigg i ;‘ g 12) Thus, the’3C NMR analysis confirms the MS analysis for
Cr=C*C 7 calculation of the'*C incorporations.

C=C*C* 83 65 67 39 The proportion of3C; from natural abundance to that from
Cr=crcx 8 23 19 27 probe cleavage was also estimated by comparing*®&IMR

spectrum of 1-butene formed in the reaction without probe

isotopomer abundance (%) at various 1-butene temperatures o -
addition to the spectrum of the 1-butene formed during the

*'Sowpomer e 1oe 1 10e addition of13C,H,4, both spectra being recorded with the same
g:cfgg 2 i’ 58 number of scans and processed with the same parameters. The
C=CC*C 5 5 8 intensities of the spectra were normalized to the solvent signal,
C=CCcC* 5 5 8 and thus, the contribution éfC; from the probe was derived
AR > > 3 from the difference in intensities of the singlets from the two
C*=CCHC* 8 7 8 experiments. From th®C NMR spectra the intensity ratio of
C=C*C*C* 8 9 8 13C, arising from natural abundance plus probe cleavage to the
Cr=C*C*C* 18 14 22 13C; arising solely from the natural abundance is 2:1. The ratio

obtained from the MS data is 3:1, which is the ratio of
Table 6. Comparison of Isotopomer Abundances Derived from normalized**C; to that expected from natural abundante(:
NMR and MS Analysis 13C,*¥). This implies that*C, derived from the adde#C,H,
isotopomer abundance (%) at various temperatures contributed between one-half and two-thirds of the singlet peak
150°C 165°C 180°C intensities of the*C NMR spectrum of 1-butene.
compd VR s VR s R s The same analysis for 1-butene produced iTFeactions
with and without probe addition over cobalt at 220 gave a
8;882221301 8 8 ” 1 o6 9 ratio close to 1.5:1 both from thC NMR analysis and the
propenel3c, 83 83 67 74 47 63 MS data. This indicates that over cobalt approximately one-
propenetiC, 8 9 19 15 27 28 third of the 13C, is derived from the probe and that probe
iiﬁﬂiiﬂiscl 13 17 1 - - cleavage is more significant for Ru at 18G than for Co at
1-butenet3C, 66 53 51 34 33 220°C.
1-butenel3C, 11 16 18 16 19 Other Probe Reactions: Nitromethane!3C. The hypothesis
1-butenet*C, 1 14 18 23 22 that Ch is involved in chain growth is supported by studies

carried out in whicH3C-labeled nitromethane probes were added

. - : . . to a F-T reaction?” Adding *3CH3NO;, probe to the syngas
the multiplets observed for each carbon signal. Using WinDais . .
P 9 g y stream over cobalt at 18C or iron at 220°C gave considerable

software it was possible to obtain very good matches to the 8 . . 6o
experimental spectra when the signals for the isotopomers werei’md random mcorporatlon OFCy (Supportlng Infarmationf
sufficiently intense. The WinDaisy simulated spectra of propene T_he_se results cpnflrm that t_he Gfifom nltror_nethane can act
matched well with the experimental plots for the Ru-catalyzed similarly to CO in propagating the-+T reaction.

reactions, and the isotopomer ratios were in good agreement n-Propanol. Although small amounts of oxyg_enates were
with those from the MS data from reactions over Ru at 150 formed over all the catalysts tested, only rhodium produced
and 165°C, as shown in Table 856! appreciable quantities of methanol, ethanal, ethanol, as well as

The agreement between the results from @ NMR and somen-propanol duringC,H,4 probe addition. Mass spectrom-

the mass spectrometry of 1-butene was excellent at all temper-E7Y Showed that then-propanol was doubly labeled and

atures where it was possible to make measurements. Thetherefore arose by ethene hydroformylation.

spectrum of 1-butene formed at 18Q over ruthenium was In a further labeling experiment-propanol**C, was added
used for the calculation of the isotopomer proportions. A to a CO hydrogenation over the rhodium catalyst. MS analysis
of the propene produced showed that no label had been

(60) In this work it was not possible to distinguish F?é:=013clisotoplomer incorporated, nor was there afiC in any of the normal FT
O e e T e A S e nae s ~6.1he  products. However, the propanol did take part in the reaction,

?bundantce of tgetéfr?z isot0p8mers l? exr)tectid t'? btte low at Itow reactitqn as shown by the formation of 2-methyl-2-butene, which

emperatures, but they may be significant in higher temperature reactions, . . .

as indicated by the data of Percy and Walter (vide infra). contained 649%°3C;. This experiment shows thatpropanol was

(61) However, the agreement for the 1&reaction was poor, and the simulated incorporated into branched pI’OdUCtS but that it was not
NMR spectrum isotopomer proportions (propene 26, 47%°C, and int diate in the f fi f th i
27%13C; propene) did not compare well with the G®S data (propene Intermeadiate In the tormation of propene or other linear
9% 13Cy, 63% 13C,, and 28%'°Cg). This discrepancy is ascribed to poor  hydrocarbon$?
separation of propene and propgge in the GC, leading to the molecular
ion peak in the GEMS of all->C-propane interfering with that of
13C,-propene, as both have the sam& 44 amu. Thus, the proportion of (62) We found nitromethane was more convenient to use than diazomethane as

13C,-propene given by the MS analysis is higher than its true value. As a probe molecule and it gave more consistent results.

less propane was formed at lower reaction temperatures, the peak overlap(63) See also: van der Riet, M.; Copperthwaite, R G.; Hutchings, & Chem.
was smaller, giving much better agreement between the MS and NMR Soc., Faraday Trans. 1987, 63, 2963. Hutchings, G..;Jvan der Riet, M.;
results. Hunter, R.J. Chem. Soc., Faraday Trans.1989 85, 2875.
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200
150
100

50

used?such that secondary reactions of the primary hydrocarbon
products were minimized. The success with which this was
realized can be appreciated from the extremely clé@M\MR
spectra of the crude product mixtures, the analysis of which
was relatively straightforward, even though a substantial number
of compounds were present. The labeling in the products from
incorporation of the'3C,H, probe was very similar for the
various catalysts and featured pairs of doubl&lg (c) ~ 34.5

Hz) in the terminal—CHz; (0 13.2-14.5) and penultimate
—CH,— (6 21.8-23.0) regions, characteristic nfalkenes and
n-alkanes with —13CH,'3CHjz tails. Almost the only other
resonances seen elsewhere in the spectra were those of propene
(largely CH=13CH3CHjz from the Co and Ru reactions, plus
13CH,=1CHCH; formed over Fe and Rh), together with some
(weak) singlets due to random lok& atoms in the hydrocar-
F—T Reactions at Lower Temperatures (No Added bons arising from natural abundan®&€ in the CO and from

Probes). Table 1 and Figure 8 (and Supporting Information) S°Me cleavage of th&C;H, probe. _

show that, while the activities and selectivities varied with metal  1"€ °C NMR data confirm the MS analysis that the
and temperature, all four of the catalysts used gave basicallyhyqrocarbons_ formed over all the catalysts,_ under these con-
similar product distributions of linear alkenes, alkanes, and ditions, contain largely twéC atoms. Most important, they
methane from CO hydrogenation undeild conditions'3 show that the twd3C atoms areadjacent to each other in the

1-Alkenes predominated, but alkanes became more significant@/Ky! terminal positionsof the hydrocarbons, Ci#+CH-
among the higher hydrocarbons, while internal olefins (chiefly (CH2n"*CHz'CHz and CH(CHo)n1"*CH,!*CHs. There was
2-alkenes) were generally minor products. Methane was often little evidence for two“C atoms elsewhere; thus, the initiation
the major single product and its pfr (product formation rate) 1S prefere_ntlally bya@spgmes, followed by unidirectional chain
was closely dependent on the reaction temperature. In agreemerieropagation by a Cspecies.
with the work of Vannicé4 Ru was found to be the most active As there is good correspondence between the NMR, the GC,

| 1-alkenes O alkanes @ 2-alkenes @ methane J

Figure 8. Product formation ratesu(nol/g/h) found for CO+ H; over
Ru/150°C, Co/180°C, Rh/190°C, and Fe/220C (CO:H; 1:1, 1 atm, mild
conditions); no probes added.

Discussion

catalyst; howeverCo also had high activity for l-alkene
formation.
Table 3 shows that the ratios of internal to terminal alkenes

and the GEG-MS data, we are confident that no major organic
products (G7) have been missed.
F—T Reactions with Added 13C,H4 Probes at Higher

formed in the F-T reactions were much lower than those Temperatures. When the'¥C;H, probe F-T reactions were
calculated for thermodynamic equilibrium. For example, at fun at higher temperatures, over Co and Ru, the product mix
180-200°C the products formed over both Ru and Co contain "emained similar (by GC) but the NMR spectra became more
little cis- + trans-2-butene by comparison to 1-butene (ratios complex, and a range of isotopomers was formed. In addition
0.1 and 0.4 respectively, compared to 8 for equilibrium). Over t0 the pairs of doublets signifying tHéCx-labeled ethyl tails,

Fe and Rh the ratios (2.4 and 1.6, respectively) were significantly clear evidence was found for the incorporation of one, two, three,
closer to the equilibrium values. This suggests that formation O four *C’s in individual products; 1-pentene even contained
of the internal butenes is largely kinetically determined over SOme**Cs isotopomer. In some cases the spectral resolution

Ru and Co but that a significant proportion arise from secondary

allowed detailed evaluation of the number!8€ nuclei and of

isomerization processes over Fe and Rh. Further, measurementi€ir positions in the various isotopomers.

at different syngas flow rates over Ru (Table 2) show that at
lower flow rates proportionately more internal alkenes and
alkanes are generally found, while the reverse is true of the
1l-alkenes and methane. Aswer flow rates increase the

Comparison with a previous study by Percy and Walter is
relevant; they used3C NMR spectroscopy to analyze the
propene formed from CO hydrogenation over cobalt on alumi-
num at 240°C using13C,H4 as probé’ Under these higher

residence times of the gases on the catalyst, this implies thattemperature conditions, very extensive probe cleavage and

secondary reactions are involved in the formation of alkanes
and 2-alkene%

F—T Reactions at Lower Temperatures with Added
13C,H,4 Probe: Formation of CH,=13CH3CH3 and of CH,=
CH(CH )y 13CH13CH3. Addition of al3C,H,4 probe to the syngas
stream over Co, Rh, and over Ru at 150 and 3G5ncreased

largely random incorporation éfC into propene was observed.
However, some propenes with two adjacé#t nuclei were
found, which was interpreted to indicate that some ethene was
incorporated as a Qunit.58

(66) However, since the work concentrated on the organic productsw@®
not determined.

the pfr's of the 1l-alkenes and alkanes and to a lesser extent(67) Percy, L T.; Walter, R IJ Catal. 199Q 121, 228.

those of the internal alkenes. The methane pfr's decreased ove
Ru, Rh, and Fe (Supporting Information). Over Ru and Co the
pfr's of the 1-alkenes increased substantially up to ga.bGt
thenn-alkane formation became more significant.

The objective of this work was a mechanistic study of CO
hydrogenation using®C,H, probes; thus mild conditions were

(64) Vannice, M. AJ. Catal. 1975 37, 449.
(65) Madon, R J.; Reyes, S C.; Iglesia, E.Phys. Chem1991, 95, 7795.

8) Comparison of the data from ot#C NMR spectra from the reaction over
Co—silica (220°C, 10 mL/min,*C,H4:CO:H, = 1:75:75) with the data
obtained by Percy and Walter from a reaction over-@minum (240
°C; 20 mL/min, 13C,H,:CO:H, = 1:12:36) shows very similar isotope
distribution in the 1-propenes: #€;, ours, 16% (P&W, 14%); 23C,,

18 (16); 313C,, 22 (14); 1,283C,, 13 (15); 2,38C,, 16 (17); 1,2,35C;,

16 (18). The small differences arise from the different support and the
different temperatures. From experiments in whié8O and'°C,H,, as

well as3CO andC;H,, were reacted with kHover Co, they were able to
estimate that ca. 14% of the propel€; isotopomers had a nonvicinal
label,13CH;CH=13CH,. Since we used rather lower reaction temperatures,
it is likely that the proportion 0f3CH;CH=13CH, in our work was lower
still.
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F—T Reactions with Other Probes.We also used other C CO23on clean surfaces [Ru(0001), Ni(111), Pt(111), Rh(111),
probes in early studi€'$:1%20Significant increases in the pfr's  etc.]. However, the methylene appears only to be stable below
of the G—Cg hydrocarbons were observed when vinyl bromide ca. 170 K, and under these conditions decomposition with loss
(CH,=CHBr) was used, indicating substantial probe incorpora- of hydrogen is fast by 200 K and Gid) becomes the major
tion in the products. By contrast, addition of athyl bromide species.
probe to syngas over Ru, Co, Rh, or Fe catalysts caused The suggestion has thus been made that tig)Propagation
enhancement only of the product @action. Thus although in CO hydrogenation could take place in two steps, involving
the probe was activated (hydrogenolyzed), no significant a tri-coordinated methylidyneCHq) followed by a hydride
incorporation into a FischefTropsch polymerization occurrég. addition, rather than in a single methyleneQqH;(q) addition’®
For both these probes the catalysts were rapidly deactivated.That proposal has been supported by theoretical considerations

13C, probes were also employed to investigate the reactions. recognizing, for example, that CH, CR, and CCH can conve-
Following the pioneering studies by Wender and co-worers niently sit in a 3-fold surface site, where the carbon is in a low-
and our own earlier work using nitromethane probes, we also energy situation coordinated to three metal atoms.
measured®C NMR spectra of the products obtained on addition =~ However, the state of {uq) On a surface under catalytic
of 13CH3NO; to a CO hydrogenation over Co/22C and over conditionsin the presence of hydrogdsurface hydride) is not
Fe/220°C. These were quite similar to the spectra obtained using clear and needs to be determined first. Organometallic models
a¥C,H, probe at higher temperatures (e.g., Co/2C0Figure show that ready interconversions can occur between carbide,
2) and showed random incorporation and random positioning methylidyne, methylene, and methyl; for example,
of 13C. For example, the centralCH= of propene at) 133.7
showed the presence of propéfi€;, both propend3C,, as well [{CP(CO)F@ ,(u-CO)(u-CH)]" + H™ —

as propené3C; isotopomers (Figure 1 and Supporting Informa- ) )
tion), a result which is completely consistent with random [{Cp(CO)FG(u-COYu-CH,)]
mixing of 13C from the probe ané?C from CO. [{ Cp(CO)F@ ,(u-CO)(u-CH,)] + H" —

Mechanistic Considerations.Three aspects to be considered 77
in discussing the mechanism of the formatiomedlkenes and [{CP(CO)F ,(u-CO)(u-CHy)]

n-alkanes in the FT reaction are (i) the nature of thg €pecies,

2— +_, -78
(ii) the involvement of G species as initiators and their likely [Fe,C(CO)d" +H [Fe,CH(COl

nature, and (iii) the actual {Cpolymerization and chain [HOs(CO),,CH] + LiBHEt, — [HOs,(CO),((CH,)] -
termination steps. 10 $ 10
C; Building Blocks: Chain Propagation with Methylene [HOs,(CO),.CH,]~ 4+ H" — [HOs,(CO),,CH,] °

(>CHo(ag) ) or with Methylidyne Plus Hydride {CH@aq) +

Ha} . The G entity involved in chain growth has usually ~ Tp*(CO),W=C—H + RLi — Tp*(CO),W=C—Li + RH®
been formulated as a surface methyler€Hq) right back s

to the work of Fischer and Tropsétand this is supported by ~ (CP=7"-CgHs; Tp* =

a considerable wealth of data from many soufcElse existence hydridotris(3,5-dimethylpyrazolylborate))
of >CHyag) on metal surfaces relevant to CO hydrogenation
reactions has been amply confirm@&dZ "> and a number of By analogy to the organometallic chemistry, one would expect

organometallic reactions involving metal methylene species there to be ready equilibria between surface species, for example,
have been shown to model different aspects of theTF  CHz@d)== CHe@d) + Heady in Which case the nature ofiaq)will
reaction?’31.35-37 depend on the equilibrium constant and the concentration of
Thus, most authors have discussed mechanisms involvingsurface hydrogen, which will itself be a function of the hydrogen
methylene as the propagating monomer; however, recently anpressure and the nature of the surface.
alternative proposal has been made, with the polymerization The three-coordinate geometry (and the spectrum) of surface
involving sequential methylidyne and hydrifl€Haq) + Had)} CH closely resembles that of the-methylidyne HG= ligand
addition. Surface studies, in particular HREELS measured in in the known and defined cluster complexes suchuaR(C)-
vacuo at very low temperature, provide good evidence for the Cos(CO) or (u3-RC)Ru(H)3(CO) (R = H, alkyl).8t However,
formation of >CHyg) from diazomethane, Cith, CH.CII, symmetrically bondegs-methylidyne ligands in complexes such
various hydrocarbon precursors (methane, ethEn®and also as [(Cp*BsRhs(uz-CH)],82 are rather inert, and little has so far

(69) Experiments to refine the data further using labeled ethyl bromide are (76) Burghgraef, H.; Jansen, A. P. J.; van Santen, R1.AChem. Phys1995

planned. 103 6562. Ciobica, I. M.; Frechard, F.; van Santen, R. A.; Kleyn, A. W.;
(70) Cavalcanti, F. A. P.; Oukaci, R.; Wender, |.; Blackmond, D.JCCatal Hafner, J.Chem. Phys. Let1999 311, 185. Ciobica, I. M.; Frechard, F.;

199Q 123 260. van Santen, R. A.; Kleyn, A. W.; Hafner, J. Phys. Chem. B00Q 104,
(71) Quyoum, R.; Berdini, V.; Turner, M. L.; Long, H. C.; Maitlis, P. M. 3364. Ciobica, I. M.; Frechard, F.; Jansen, A. P. J.; van Santen, Btuél.

Catal. 1998 173 355. Surf. Sci. Catal.2001, 133 221. Ciobica, I. M. PhD Thesis, Technical
(72) Barteau, M. A.; Broughton, J. Q.; Menzel, Bppl. Surf. Sci1984 19, University, Eindhoven, 2002.

92. Barteau, M. A.; Feulner, P.; Stengl, R.; Broughton, J. Q.; Menzel, D. (77

J. Catal. 1985 94, 51. See also Demuth, J. E.; Ibach, $urf. Sci.1978

78, L238. (78) Kolis, J. W.; Holt, E. M.; Drezdzon, M.; Whitmire, K. H.; Shriver, D. F.
(73) Wu, M.-C.; Goodman, D. WJ. Am. Chem. Sod 994 116, 1364. CH J. Am. Chem. S0d.982 104, 6134.

) Casey, C. P.; Fagan, P. J.; Miles, W. H.Am. Chem. Sod982 104,

)
radicals deposited on Cu(111) behave similarly: Chuang, T. J.; Chan, Y. (79) Shapley, J. R.; Cree-Uchiyama, M. E.; St George, G. M.; Churchill, M.

)

)

1134.

L.; Chuang, P.; Klauser, Rl. Electron Spectrosc. Relat. Phenoh®99 R.; Bueno, CJ. Am. Chem. Sod.983 105, 140.

98—99, 149. (80) Enriquez, A. E.; White, P. S.; Templeton, J.1..Am. Chem. So001,
(74) Zhou, X. L.; Liu, Z. M.; Kiss, J.; Sloan, D. W.; White, J. M. Am. Chem. 123 4992.

So0c.1995 117, 3565. (81) Howard, M. W.; Kettle, S. F. A.; Oxton, I. A.; Powell, D. B.; Sheppard,
(75) George, P. M.; Avery, N. R.; Weinberg, W. H.; Tebbe, FINAmM. Chem. N.; Skinner, PJ. Chem. Soc., Faraday Trans.1881 77, 397 Oxton, I.

S0c.1983 105 1393. A. Spectrochim. Acta A982 38, 181.
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been reported on their participation in-C coupling reactions.
By contrast, Knox¥2 Casey8* and their collaborators have shown
that theuy-alkylidynes in the diruthenium and diiron cations
cis{{ CpRU(CO} 2(u2-CO)(u2-CMe)]" andcis{{ CpFe(CO) -
(u2-CO)(u2-CH)] T reacted readily with olefins, diazomethane,
and other nucleophilic reagents. Shapley etalso noted
similar electrophilic behavior of the “semitriply bridging CH”
in [HOs3(CO)oCH].

Four hypotheses that have been put forward to explain
1-alkene formation based on a polymerization of methylenes
{CHa@ay are (1) thealkyl mechanism, where the initiator is a
surface hydride and the chain carriers are surface afky2)
the alkenyl mechanism, where the initiator is a surface vinyl
and the chain carriers are surface alkeyl£3) the closely
related alkylidene-hydride—alkenyl mechanism, where the
initiators and the chain carriers are surface alkylidenes and

Some congruence has come from surface studies wherealkenyls®” and (4) ametathesis-typenechanism, where the
spectra, assigned to a distorted methylidyne, have been observedhain carriers are metallacyclobutai&& The experimental

from Cy(ag) SPecies on Ru(1000) and other metal surfaces, in
addition to those ofis-CH specieg? This distorted CH appears
to be close to the organometallig-CH, and if thecatalytically
active Cy(aq) Is @ CH rather than a G it may be better
formulated asu;-CH thanus-CH. Furthermore, a more labile

data are not in agreement with the alkylideitgydride—alkenyl
or the metathesis-type mechanisms, as the isomers they predict
are not formed (Supporting Information).

The alkyl+ { CHz@a mechanism as originally formulat&d
(Scheme 2) involves sequential reactions of surface alkyls with

species should also play a more important role in catalysis thansurface methylenes and starts by reaction of a surface hydride

a less reactive one.

Involvement of C, Species in the PolymerizationEvidence
pointing to the possible involvement of,Gpecies in the
polymerization process was already found in the very early
investigations of the FT reaction®~1° More recently, Mims
and McCandlish, monitoring the effects of a switch from labeled
to unlabeled CO (isotope transient experiments, withopt C
probe addition) over iron, cobalt, or ruthenium catalysts,
suggested that a long-lived, Gtermediate was a key feature
of the reaction to give 1-alkené%3° The product analysis (by
IH NMR spectroscopy) was interpreted in terms ofzdrfitiated
polymerization, with the alkyl termini of the 1-alkene products
containing the initiating carbons. The conclusions were very
similar to those that we present here based on dif€chNMR
analysis and a doubly labeled ethene probe.

The evidence from our probe data strongly supports initiation
by a G species, probably not a surface ethyl, but a surface vinyl
(H2C=CHq); however, a vinylidene (CH=C=(aq) formulation
cannot be excluded.

Routes to 1-Alkenes CH=13CH!CHj3; and CH,=CH-
(CH2)n**CH*CH3; Based on Propagation by{ CH(aq)}. Our
data indicate that the primary-H polymerization reaction leads

with a methylene; the reaction is terminated gglimination

of the 1-alkene, CH=CHR, from the alkyl, mCHCH,R. This
model has significant shortcomings (Supporting Information),
and a number of modifications have been suggested to reconcile
the product distribution and labeling data, as folldi#the G
initiator is needed because initiation requires “special ethyl
groups, stabilized byt-CH—m interactions”; the dip at £in

the ASF plot arises because ethenibonds more strongly to
metals than higher olefins; and some methyl-branched minor
products arise because of occasional readdition of surface H to
an alkene complex. A significant strength of the alkyl mecha-
nism is that it readily explains alkane formation (by hydro-
genolysis of the surface alkyl specie$plkanes are direct FT
products.

In the alkenyH { CHy(ag} mechanism (Scheme 3), the chain
carrier is a metatalkenyl (M-CH=CHR), and the individual
steps are based upon organometallic models. A significant
strength is the consideration that alkenyl intermediates in the
C—C coupling steps are likely to be much more reactive than
metal alkyls7-89

Scheme 4 illustrates the proposed path &2, incorpora-
tion into 1l-alkenes, giving terminally dilabeled 1-butene

mainly to 1-alkenes; a view shared by most other workers. The cH,=CHCH,!CH; by an alkenyl+ methylene{ CHy(aa}

13C NMR spectra showed that 1-alkenes with labelf@iHz 3CH,-
(CH,),CH=CH, were formed (from*2CO, H,, and a3C,H,
probe) over all four metals fon = 0, 1, and 2, with good
evidence also fon = 3, and that the strengths of the signals
decreased with increased chain length.

The results from our experiments agree with and significantly
expand those derived by Percy and Walter from their NMR
work,®” as well as those from the various isotope transient
experiment£8-30 Since the conclusions from reactions both with
and without ethene probe addition are so similar, it confirms
that our results relate to CO hydrogenation and not just to
reactions of the probe.

(82) Vazquez de Miguel, A.; Isobe, K.; Bailey, P. M.; Meanwell, N. J.; Maitlis,
P. M. Organometallics1982 1, 1604.

(83) [CpRu(CO)2(u2-CO)(u-CMe)]" + RCH=CH, — cis{{ CpRu(CO} »(u»-
CO)u-CMe-CR=CH,)] (R = H, Me): Dyke, A. F.; Guerchais, J. E.;
Knox, S AR.; Roue, J.; Short, R. L.; Taylor, G E.; WoodwardJPChem.
Soc., Chem. Commuh981, 537.

(84) For examplegis{{ Cp(CO)F&(u-CO)u-CH)]* + CD,=CD, — cis{{Cp-
(CO)Fg »(u-CO)(u-CCD,CD.H)] " andcis{{ CpFe(CO) o(2-CO)(u-CH)]

+ N.CHR— cis{{Cp(CO)F&,(u-CO)u-CH=CHR)]" (R = H, Me, CG-

Et, SiMe): Casey, C. P.; Fagan, P.JJ.Am. Chem. Sod982 104, 4950.
Casey, C. P.; Meszaros, M W.; Fagan, P. J.; Bly, R. K.; Marder, S. R.;
Austin, E. A.J. Am. Chem. S0d.986 108 4043. Casey, C. P.; Austin, E.
A.; Rheingold, A. L.Organometallics1987, 6, 2157.

mechanism. The ethené3C,H,4, *CH,=*CHy) initiator first
undergoes €H activation (top right) to produce a surface vinyl
(BCoHs(aq); organometallic models for this process are plentiful,

e.g.,
Tp*Ir(5*C,H,),/60°C —
Tp*Ir(57*-C,H)(H)(7'-C,Hy) —
Tp*Ir(H)(%*-CH,CHCHMe)™
(where Tp*= HB(3,5-dimethylpyrazoyl)

The 13C;H3(aq) then reacts with{12CHyag) from 2CO to
give the surfaces-allyl (MCHy'3CH=13CH,, where m is the

(85) This links into olefin metathesis and also single site alkyl polymerization
processes, see: lttel, S. D.; Johnson, L. K.; BrookharChem. Re. 200Q
100, 1169. Evitt, E. R.; Bergman, R. G. Am. Chem. Sod 980 102
7003. Wang, L.; Flood, T. CJ. Am. Chem. S0d.992 114, 3169.

(86) We are indebted to a referee for these suggestions, which were not in the
original proposals; see ref 31.

(87) Maitlis, P. M.J. Organomet. Chen1995 500, 239.

(88) Calhorda, M. J.; Brown, J. M.; Cooley, N. @rganometallics1991, 10,
1431.
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Scheme 4 organometallic reactions model allyl to 1-propenyl steps; for
h H e, H example:
Hsc\b/C\\CH LA Tl co
o Hp TR ¢ CH,=CMeCH,Ir(L) ,(X) ,CO— Me,C=CHIr(L),(X),CO*
HgC, g
e M cheon, Cp*,Ta@;*-C;H,) — Cp*,Ta(CO)¢'-CH=CHMe)*’
HC\\CH ané"CH2 —
I -
He Cp*(TMF)Ti(5>-C;H,) — Cp*(TMF)Ti(y*-CH=CHMe)®
o T CO
( oy . (where L= PMe,Ph; Cp*= 5>-C,Me;
H H
P B TMF = p*-tetramethylfulvene, (Me,=CH.,)
Hg?’ HZC';
- He o Repetition of the steps of addition §CHyag} to a o-1-
AN “OHg / alkenyl to give the homologous allyl, followed by another
H HC/,‘CH 1,3-H-shift to the homologous-1-alkenyl, allows the chain to
HsC™"ScH, - grow by one CH at a time. For example, mGH-3CHI3CH;

H
b

— MCH,CH=3CHCH; (2-butenyl}— mCH=CH=CH,*CHs
(1-butenyl), which, on reductive elimination, gives 1-butene with

point of attachment to the metal surface), a sequence for|abeling, CH=CHCH,'3CH;; repetition of the steps gives
which there are again good organometallic mod&lJ.o
continue the reaction sequence in which ahGouples with

a {

CHa@ap, an isomerization of the surface allyl to the

1-propenytq) (MCH='3CHCH;) is then needed. Thereafter,

the

1-propenykq) can react in two ways: either to give

CH;=13CH3CHjs on a-hydrogenolysis by Hq or to propagate
by further reaction witf CHp(ag} . CH;=3CHCHjs is the only
propene isotopomer observed over Co and Ru at low temper-nism for the dip at @ in the Andersor SchulzFlorey
atures, howeverl3CH,=13CHCH; (vide infra) is also formed
over Rh and Fe.

To involve the energetically favorable metal(sg?) bonds
in the next coupling, the-allylq) formed in the previous step
must first isomerize to a-1-propenyl. This step has been
criticized, because it was claimed there was no good model for then this can decrease the amount of ethane and ethene
such a proces¥.In fact, that is not so; although concerted [1,3]-
sigmatropic H-shifts are either forbidd8ror sterically imprac-
ticable, many metal-assisted 1,3-H-shifts are known, and severalthe polymerization steps needed to make the higher hydrocar-

(89)

(90)

(91)

(92

(93)

The alkenyH- { CH,q} propagation step of the alkenyl mechanism should
be energetically more favourable than the alkyf CHyaq} propagation

step of the alkyl mechanism, as the latter can be viewed as an alkyl plus

alkyl coupling, which is well-known to be very energetically demanding.
See: Low, J. J.; Goddard, W. A. Am. Chem. S0d.984 106, 6928 and
8321; Organometallics1986 5, 609; Trinquier, G.; Hoffmann, ROrga-
nometallics1984 3, 370; Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille,
J. K. Bull. Chem. Soc. Jpri981], 54, 1857.

Perez, P. J.; Poveda, M. L.; CarmonaJEChem. Soc. Chem., Commun.
1992 8. Alvarado, Y.; Boutry, O.; Gutierrez, E.; Monge, A.; Nicasio, M.
C.; Poveda, M. L.; Perez, P. J.; Ruiz, C.; Bianchini, C.; Carmong&Hem.
Eur. J.1997 3, 860 and references therein. Bell, T. W.; Brough, S. A,;
Partridge, M. G.; Perutz, R. N.; Rooney, A. Drganometallics1993 12,
2933. Stoutland, P. O.; Bergman, R..IGAm. Chem. So4985 107, 4581.
Stoutland, P. O.; Bergman, R. G. Am. Chem. S0d.988 110, 5732.

The vinyl plus methylene coupling is modeled by a variety of organometallic
reactions, for example: Martinez, J. Gill, J. B.; Adams, H.; Bailey, N. A,;
Saez, I. M.; Sunley, G. J.; Maitlis, P. M. Organomet. Chen1.99Q 394,
583. Jacobi, D.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, @. Am. Chem.
So0c.1993 115 3595. Hill, A. F.; Ho, C. T.; Wilton-Ely, J. D. E. TChem.
Commun.1997, 2207. Braun, T.; Gevert, O.; Werner, B. Am. Chem.
So0c.1995 117, 7291. Werner, H.; Wiedemann, R.; Steinert, P.; Wolf, J.
Chem. Eur. J1997 3, 127. Fryzuk, M. D.; Gao, X. L.; Rettig, S. J. Am.
Chem. Soc1995 117, 3106. Fryzuk, M. D.; Gao, X. L.; Rettig, S. J.
Organometallicsl995 14, 4236. Wang, Z.-Q.; Maitlis, P. Ml. Organomet.
Chem.1998 569, 85.

The basis of the criticism seems to be because only decomposition (to
uncharacterized solids and volatiles) rather than isomerization was observed

when [Fe(GRs)(CO)(CH,CH=CH,)] (R = H, Me) was heated: Overett,

M J.; Hill, R. O.; Moss, J. RCoord. Chem. Re 200Q 206—207, 581.
Ndlovu, S. B.; Phala, N. S.; Hearshaw-Timme, M.; Beagly, P.; Moss, J.
R.; Claeys, M.; van Steen, Eatal. Today2002 71, 343.

Smith, M. B.; March, JMarch’s Advanced Organic Chemistrybth ed.;
Wiley-Interscience: New York, 2001; p 1439.
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higher members of the series, @rFCH(CHy) 3CH,CHs,
which are the species actually found.

It is suggested that chain termination and release of the
1-alkene product is by surface hydride attack on the alkenyl
chain; a reaction equivalent to the organometallic reductive
elimination, RCH=CHmMH — RCH=CH, (+m).%6

The explanation offered by the alkerfl { CHyaq} mecha-

polymerization plots [of log{//n) againsin; whereWis the mass
fraction of polymers containing monomer units] is that the
precursor to gproducts has a longer average lifetime than the
precursors to higher hydrocarbot§$8-30 Thus, if the rate of
initiation by the G species is less than the rate of propagation,

produced’ Similarly, the amounts of methane formed need not
lie on the ASF line, since its formation is not directly related to

bons?

Suggestions to explain initiation in the absence of an added
vinylic probe are summarized below.

Routes to 1-Alkenes CH=3CH3CH; and CH,=CH-
(CH2)n*CH*CH3 Based on Propagation by{ CH (ag) + Haa)} -
Dynamic Monte Carlo and density functional theory calculations
have led van Santen and his colleagues to propose views of the
F—T polymerization process in which chain growth is by
sequential addition of first surface CH and then H to a growing

(94) Deeming, A J.; Shaw, B. L.; Stainbank, R. E.Chem. Soc. (Al971
374.

(95) Brinkmann, P. H. P.; Luinstra, G. A.; Saenz, A Am. Chem. S0d.998
120, 2854.

(96) 1-Alkene formation in the alkyt { CHyaqp mechanism is, in contrast,
proposed to occur bg-elimination of H érom an alkyl chain (Scheme 2).
However, sinces-elimination is in equilibrium with alkyl formation by
the reverse reaction (RGFCH, + mH = RCH,CH.m), it will be
disfavored in the presence of hydrogen, a key component of the F
reaction.

(97) An alternative possibility, that ethene, once formed is readsorbed and
reenters the chain growth process (Komaya, T.; Bell, Al.TCatal. 1994
146, 237. Dwyer, D J.; Somorjai, G Al Catal. 1979 56, 249), has been
criticized because “similar participation would be likely in this case and
no evidence of such participation is seen in the isotopic data”.

(98) By contrast, if'3C,H, were involved in the propagation steps rather than
the initiation, then the linear hydrocarbons should show more than one
pair of 13C atoms and at different places; while if tH€,H, were involved
in chain termination, then the pair &iC atoms should appear at the other
(vinylic) end of the 1-alkenes.
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_ . . . reactions®®> Even over Co at 220C, a highly hydrogenating
alkyl or to a growing alkylidene chaiff. * Representations of  gystem where the major products are methane and alkanes, the

the alkylidenet { CHag) + H(aa}} and alkyl+ { CHaa) + Haa)} ratio of 2-butenes to 1-butene is found to be only around 1,
cycles (adapted from those of van Santen and co-woiers  compared to an expected value of ca. 6.5 at equilibrium (Table
are given in Schemes 5 and 6, respectivély. 3).

Scheme 5 shows the formation of propeR€H;*CH=CH))
and of 1-butene'fCH33CH,CH=CH,) initiated by3C,H, and
propagated by the alkyliden¢ {CHgaq) + H@ay cycle. The
first step is the formation of CHx(qy , which then reacts with
{CHa} to give a*vinyl-like” species{ CHCHg}, as previ- Co; Figures 1 and 2) only a very small amount of £3@H=
ously proposed in the alkem#l { CHyaqp mechanism. This then 13CH, grew in1%! and the major new species seen were the
adds ) 3 to give an ethylidengCHsCHa}, which in tum 535 apeled CHRCH=CH, and the trilabeledCHs*CH—
reacts again WitiCHa 10 give{ CH:CHCHaj; alternatively, 13CH,. This result indicates thapnce formed the propene

addition of Hag) o to this or any other alkylideng) releases isotopomer 1*CH;3CH=CH, does notreadily rearrange to
the 1-alkene. Thus, the chain length is determined by the relative13C|_|2=130|_|C|_|3

tendencies of [dq) to add eithera. or § to the intermediate
alkylidenes. Addition of CH=CHX as probe generat¢€H,-
CHagy directly; the successive additions{d@@Hq} then build
up the hydrocarbon chain in a stepwise manner, and if the
initiator is 13C,Hy4, then thel3C; labels will appear at the ethyl
termini in the hydrocarbon products. “A” in Scheme 6 is where
the alkylidene and the alkyl cycles intersect.

Routes to CHCH='3CH, and Other 1-Alkene Isoto-

While the spectra in the=CH— region ¢ ~133.7) of the
propene produced over Ru/18G or Co/180°C show that the
isotopomer formed was3CH3'3CH=CH,, as the reaction
temperature was increased (to 18D for Ru, and 220°C for

Since the products are largely kinetically controlled, paths
are needed that lead directly to ¢fCH='3CH, over Rh and
Fe. A characteristic differentiating the Ru- or Co-catalyzed from
the Rh- or Fe-catalyzed reactions is that the chain growth
probability (@) is significantly smaller for Rh and Fet.(~ 0.4)
than for Ru and Coo( ~ 0.6; Table 1). This indicates that one
or more steps in the chain growth are more difficult (slower)
pomers. In addition to the propene isotopomECH;CH= for Fe and Rh and that other steps, for example, hydrogenolysis

CH, formed over Co and Ru, an approximately equal amount of a surface allyl, now compete. ]

of CHs'3CH=13CH, was formed over Fe and Rh. GRCH= The alkenyl+ {CHy@aqp scheme can accommodate this. If
13CH, could be a secondary product that derives from the the intermediate allylic surface species, SLHCHm (when
kinetically favored!3CH;!3CH=CH; by a 1,3-hydrogen shift. M= CO or Ru), is transformed rapidly into the 1-propenyl£H
However, such an isomerization offiast formedalkene by a ~ CH=CHmM, the polymerization continues. However, if the allylic
1,3-hydrogen shift must be relatively slow, with respect to the SPECies Ch=CHCHm is slow to rearrange and react with more
time that the reaction products are in contact with the catalyst, Methylene, hydrogenolysis can occur instead. If initiation is by
since our other data show that the thermodynamically favored --CHz—"CHm, this gives rise t&°*CH,~**CHCH; (when m=
internal olefins are almost always minor products from théfF Fe or Rh),

(99) The addition of CHgag)+ Haa} to an alkyl chain is a variant of the Bragdy 13 =13 —
Pettit alkyl+ methylaene m;chanism, while the additior‘{ﬁIH(adIEJr Haa} CH2 CHm+ {CHZ(Hd}
to an alkylidene chain is effectively a variant of the alkeryf CHaaay} 13 13 _, 13 13
mechanism that our group has proposed and of the aIkyIidbymidae— CHZ_ CHCHzm CHZ_ CHCH3
alkenyl mechanism of Gibson et al.

(100) Ciobica and van Santen have included other surface species such as triply
coordinated alkylidynes (R&€q) and have also linked the-H mech- (101) The'*C NMR spectrum of propene formed over Ru at 280shows that
anism to methane homologation in their schemes. For simplicity and since the ratio of'3CH,!3CH=CH, to CH,!3CH=3CH, is around 5:1, and over
these paths are of less relevance to the studies described here, we have Co at 220°C the ratio is around 1.2:1, but it must be noted that there are
not included them. much larger amounts of GHFCH=CH, and *CH,'3CH=13CH, present.
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As fast 1,3-H shifts involving coordinated species (e.g. of
surface allyl to propenyl) are integral to the alkefty{ CHy(aqy

CH=CH, by a 1,3-H-shift. If a part arises as a primary product,
the alkenyl+ { CHx@agp mechanism offers a path very similar

mechanism, it is the recoordination of the olefin, once it has to the surface allyl hydrogenolysis formi##-H,=13CH—CHj,

been formed, that must be unfavoraHle.

By contrast, as 1,3-H shifts are not integral to the alkylidene
+ { CH(ag) + H@d} mechanism, an extra isomerization, meH
18CHI3CH; — CH53CH=13CHm, must occur over Rh and Fe,
but not over Ru and Co, for the formation of ¢RCH=13CH,

by a primary process. As this does not correlate with a step in
the cycle that can become slow, the reason such an isomerization
should occur is not clear. For similar reasons, the formation of

CH313CH=13CHj, by a primary process based on the alkyl
{ CH2} (aqy mechanism is not readily explained.

The NMR data relating to the higher temperature reactions

show that 1-alkenes containing o€ and threéC’s are also
formed. While a part of thé&*C, that is found comes from natural
abundance iA?CO, most arises from tHéC,H, probe molecule
by cleavage, to give['3CHyag). For example, the high-

temperature reaction products over Ru or Co contain the three

propeneliC; isotopomers and the propehss. Similarly, the
1-butene contains (i) all the four 1-butet€; isotopomers, (ii)
13CH313CH213CH=13CH2, (III) 13CH313CH213CH=CH2 and
13CH313CH2CH:J‘30H2, and (IV) CH;CHQBCH:BCHz, in ad-
dition to the chief lower reaction temperature isotopomer,
13CH33CH,CH=CH,.

The alkenyl+ {CHa} @) sScheme can readily explain the
formation of the various alken®C; (and3C3) products. Both
isotopomerid{ CHzqy Will be incorporated randomly into the
growing polymers when §3CHa g} derived from eithet*CHs-
NO, or by cleavage of &3CH,=!°CH, probe mixes with
{*2CHg@a} derived from CO. Thus, if @?°CHy(aq) adds to a
13C;,H3aq) Species, the end result will BECH;CH=CHy(aq;
if & 13CHy(aq)yadds to &3C;Ha(aq)Species, the final product will
beBCH33CH=13CHy,; if a 2CHg(ag)adds to &?C,Hzq)Species,
the final product will beall-1?)C CH;CH=CH,, while if a
B3CHa(aq)adds to a?CyHs(aq) Species, the product will be GH
CH=13CH,. There will also be a route to a mixedC!2C
initiator from the3C; and the'?C, related to the mechanism
for generatingt?C, species in the absence of a special probe,
which can account for the other propefi€; isotopomers found.

Paths to13C;- and 13Cz-containing products can also be
proposed based on the alkil{ CH} (ag)and on the alkylidene
+ {CH(@g) + H@a} schemes if CH=CH,, CH,=CHX, and
CH3NO; probes can all generaf€CHaq) -

Routes to 2-Alkenes.The 2-butenes formed with added
13C,H, probe under mild conditions contain either fd8€ or
two 13C atoms, 13CH313CH=CHCH;. As suggested previ-
ously22103the 2-butend?C, must arise from probe dimerization,
possibly according to

13 13 13 —13
13C| I 13C| |13C| |13C| | ( )

BCH,CHCHCHy g+ 2 Higgy—
B¥CH,CH=""CH"CH,

The dilabeled 2-butene is mainljCH3;*CH=CHCHs. If it
arises as a secondary product, that would be ffDiz'3CH,-

(102) Such situations are well-known; see, for example: Bond, G. C.; Wells,
P. B. Adv. Catal 1964 15, 91.
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but one step further on, namely,

BCH,CH=CH ) + { CHyae} —
BCH;*CH=CH—CH,,,

Then, instead of isomerizing to the 1-butenyl, which hydro-
genolyzes to the 1-butene, the 2-butenyl intermediate can be
directly hydrogenolyzed to give the internal butene,

CH,CH=CH—CHy,+ H(aqy— “*CH;"*CH=CHCH,

Thus, the dilabeled 1- and 2-butenes are predicted to be
13CH3¥CH,CH=CH, and ¥CH3;"¥CH=CHCHj, respectively;
these isotopomers were found over all the metals investigated.
The above arguments can be extended to explain the formation
of the di- and tetralabeled higher 2-alkené3CH;"CH=
CHCH;R and13CH3CH=1CH™CH;,R, when initiated with
labeled vinyl,13CH;=%CHaq)

Since the formation of the 2-alkenes as primary products
involves allylic intermediates, as féPCH,=13CHCH, this is
again less readily rationalized on the basis of either the atkyl
{CHay(agy or the alkylidenet+ { CH(ag) + H@a} schemes.

Routes to Methylalkenes Although branched chain olefins
were very minor products in our experiments, some (especially
2-methyl-2-butene and 2-methyl-2-pentene) are formed and they
have been reported to become major products when the reactions
were carried out under more vigorous conditiéhghis suggests
that some arise by skeletal rearrangements promoted by the
catalyst and support in secondary reactions. However, 1,2-shifts
of the metal/point of attachment of intermediates of either the
alkyl + { CHzg} or the alkenyH- { CHoaq} mechanisrfcan
offer a direct entry to methylalkenes (Supporting Information).

Routes to Alkanes.Similarly to the 1-alkenes, thealkanes
formed using3C,H,4 probes contain considerable double labeling
in the ethyl tails and very little elsewhere. A comparison of the
pfr's of alkanes and 2-alkenes with those of l-alkenes for
different chain lengths and at different flow rates (Supporting
Information) indicates that a large proportion of the alkanes and
the 2-alkenes are secondary products formed from the 1-alkenes
in subsequent step® The alkenyl+ {CHa@aqp mechanism
offers no simple direct routes tealkanes, which accords well
with our experimental observations. It is found that alkanes
become more important for longer chain products. This can be
understood if longer 1-alkenes hydrogenate more readily under
F—T conditions; it has been suggested that longer chain alkenes
are held up in the reactor, leading to longer residence times
and resulting in more hydrogenatiét?5.106

By contrast, however, the alkyt { CH,@a} cycle (Scheme
2) can lead directly to n-alkanes if the surface alkyl intermediates
are hydrogenolyzed. The alkyt { CH(aq) + He@a} cycle also
leads directly to alkanes if the termination step is again by

(103) For a related reaction, see: Leconte, M.; Theolier, A.; Basselt, Mol.
Catal. 1985 28, 217.
(104) Wang, L.-S.; Cowie, MCan. J. Chem1995 73, 1058.
(105) Several authors have shown that alkenes are readily hydrogenated to
alkanes under FT conditions: Kuipers, E. W.; Scheper, C.; Wilson, J.
H.; Vinkenburg, I. H.; Oosterbeek, H. Catal. 1996 158 288.
(106) Kuipers, E. W.; Vinkenburg, I. H.; Oosterbeek, H.Catal. 1995 152,
137.
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reductive elimination with surface hydride as in Schenié’6,
adapted from that of van Santen and co-worKeérs.
The alkenyl+ {CH(ag) + H@a} and the alkylH {CHq) +

H@ay cycles share common alkylidene intermediates (labeled

very rapidly and is not rate-determiniigZ° the slow step is
then associated with the initiation of polymerization; our data
are entirely in agreement with this view.

Initiation in the Absence of a Vinylic Probe. The results

A in Schemes 5 and 6), and the existence of two associatedof Bell and Mims and their co-workers show that theiftiator

cycles, one leading tm-alkenes and the other to-alkanes,
would allow the actual products to be controlled by the
conditions used for the reactions.

Formation of CH 2ag) Or CH (ag). Current thinking suggests
that formation of the putative Gidg)or CHaq)from CO involves
the deoxygenation of CO to give a surface carbide, followed

can also be formed directly from CO in catalytic reactions.
Spectroscopic studies of the species generated from hydrocar-
bons on clean metal surfaces in vacuo suggest some analogies
in that {CHgaa} reacts with surface carbofiCaq), giving
{CCHuay} by about 450 K'2-74 a temperature within the range

of a F—T reaction;{ CCHug} would appear to be a surface

by a stepwise hydrogenation. The deoxygenation step is foundacetylide{ HC=Caqy} , which could presumably be hydrogenated

in the formation of carbides from carbonyl clustéfs and
in other model organometallic reactioH8.111 Although stoi-
chiometric reactions of coordinated CO with té give directly
CH, or CH liganded to a metal have not yet been reported,
such reductions using LiAlli NaBH,,'*2 or hydrosilanes2and
the addition of H to a metal carbide giving either a methylidyne
CHag) Or @ methylene Chiaqyare knowrf0114.115

Since model organometallic complexes indicate facile equili-
bration between Ckand CH ligands, it is likely that this will

to a vinylidene or a vinyl. Surface vinylide{e&CH,=C=(aq}

and ethylidyne{ CHsC=q} have also been detected at 500
550 K and below 400 K, respectively, over Run a catalytic
system, in the absence of an added vinylic probe, the initiator
could arise by combination of a methylidyne and a methylene,
CHad) + CHazgd) — CH=CHyagj?* a related organometallic
reaction has been reported for a trinuclear cluster conmpfex.
An alternative possibility is that the Gnitiator arises from a
metal carbonyl via surface-supported carbide or dicarbide

also be true for surface species. Thus, whether chain propagatiorcarbonyl! clusters. Shapl&y and Chint® and their co-workers
occurs as a single step (Scheme 4) or in two steps (Scheme 5have shown that such carbide clusters form very easily, in some

will be determined by the relative energetics of combination of
the Gaq)species and the growing chain and by the equilibrium

CHyady= CHagy T Heag)

Further research to define more completely both theui

cases under thermal conditidhs
Ru,(CO),¢ /diglyme/162°C — Ry, C(CO),>~

Ru,C(CO),¢> /tetraglyme/220C — [Ru,(C),(CO), >

the G species on metal surfaces in the presence of hydrogenConclusions

and their reactivity in model organometallic systems is urgently
needed.

Several workers have commented that in the catalytic
heterogeneous—+T reaction the formation of the gy Species

from adsorbed CO and surface hydrogen (Scheme 1) proceed

(107) This shows the formation of terminally labeled alkan&CH;*CH,—
R) initiated by*3C,H, and propagated b{fCHg) + Haay} . The first step
is again the formation of a surface §pecies by combination of two,C
species (in this case GBHg) from CHaag) + CHeg): this step must
also be reversible to allow for the label scrambling seen at high
temperatures. Subsequent steps involve additiofGd.q} to surface
alkyls { RCHyaqy , giving alkylidenes RCHCH.q) which then react with
Haq) to give the homologous alkyl, RGEBHzaay and so forth. Chain
termination to give the alkane RGEH; is proposed to occur by
o-addition of Hagy

(108) Albano, V. G.; Chini, P.; Martinengo, S.; Sansoni, M.; StrumoloJD.
Chem. Soc., Dalton Tran4978 459.

(109) Tal Hayward C.-M.; Shapley, J R.; Churchill, M.; Bueno, C.; Rheingold,

L. J. Am. Chem. Sod.982 104, 7347

(110) M|IIer R. L.; Wolczanski, P T.; Rheingold, A. L. Am. Chem. Soc.
1993 115 10422. Neithamer, D. R.; LaPointe, R. E.; Wheeler, R. A_;
Richeson, D S.; Van Duyne, G. D.; Wolczanski, PJTAm. Chem. Soc.
1989 111, 9056. Chisholm, M. H.; Hammond, C. E.; Johnston, V. J.;
Streib, W. E.; Huffman, J. CJ. Am. Chem. Socl992 114 7056.
Calderazzo, F.; Englert, U.; Guarini, A.; Marchetti, F.; Pamploni, G.; Segre,
A. Angew. Chem., Int. Ed. Endl994 33, 1188. Caselli, A.; Solari, E.;
Scopelliti, R.; Floriani, CJ. Am. Chem. So00Q 122, 538.

(111) H-exchange between methylidyne and methylene within a complex is well-
documented: Lee, K.; Wilson, S. R.; Shapley, JORganometallics1998
17, 4113. Hamilton, D. H.; Shapley, J. Rrganometallic00Q 19, 761.
Zaera, F.Chem. Re. 1995 95, 2651.

(112) Brown, S L.; Davies, S. G. OrganometChem.1984 268 C53. Davies,
S. G.; Simpson, S. J. Chem. Soc., Chem. Commu®86 84.

(113) Aklta M.; Oku, T.; Moro-oka, YJ. Chem. Soc., Chem. CommaA92
1031.

(114) Etienne, M.; White, P. S.; Templeton, J.JLAm. Chem. S0d991, 113
2324. Jamlson G. M.; Bruce A. E.; White, P. S.; Templeton, JJ.L.
Am. Chem. Socl99], 113 5057. Greco, J. B.; Peters, J. C.; Baker, T.
A.; Davis, W. M.; Cummins, C. C.; Wu, GJ. Am. Chem. SoQ00],
123 5003. See also: Herrmann, W. A.; Plank, J.; Guggolz, E.; Ziegler,
M. L. Angew. Chem198Q 92, 660.

(115) Another functionalization of a cluster carbide has been reported: Bradley,

J. S.Adv. OrganometChem.1983 22, 1.

13C NMR spectroscopy has shown that CO hydrogenation,
over four catalysts under mild conditions of temperature (Ru/
150°C, Co/180°C, Rh/190°C, and Fe/ 220C) and pressure
1 atm; CO:H, 1:1), in the presence é#fC,H,4 probes leads to

-alkenes as primary products, withCH313CH,— labeling at
the alkyl ends. To explain the similarity of product distribution,
very similar reactions must occur over all the four metals, though
at somewhat differing rates-Alkanes and internal olefins, as
well as traces of branched chain olefins and oxygerfitass
produced in addition to the 1-alkenes. Tiv@lkanes and the
internal n-alkenes produced in these experiments also show
13CH,;CH,— labeling in the alkyl tails; they appear to arise
mainly by secondary hydrogen addition or migration reactions
from the 1-alkenes.

The products are formed by the polymerization ofa§
species derived from CO. Four different schemes have been
suggested to explain the formation of 1-alkenes in terms of
surface methylen¢€H,qf adding to the chain in a single
step: the alkyl+ {CHygap 2t the alkenyl+ {CHaag}, the
alkylidene-hydride—alkenyl+ { CHy(af ,*” and the metathesis-
type metallacyclobutaneCHzaqp mechanisms®85The results
presented here argue against the alkylidemgdride—alkenyl
+ {CHy@g}, and the metathesis-type metallacyclobutane/
{CHz@ay schemes as they have been formulated.

Although the popular alkyl+ {CHyagp mechanism as
originally formulated can explain the formation ofnalkenes

(116) Davies, D. L.; Parrott, M. J.; Sherwood, P.; Stone, F. GJAChem.
Soc., Dalton Trans1987, 1201.

(117) Templeton et al. have also reported the spontaneous dimerization of Tp*M-
(CO),=CH to Tp*(COpM(u-CCH,)M(CO),Tp*: Jamison, G. M.; Bruce,
A. E.; White, P. S.; Templeton, J. U. Am. Chem. S0d991, 113 5057.
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and n-alkanes, and some features of the labeling found when C; surface species. Organometallic model complexes show there
the reaction is initiated by &3C,H,; probe, many of the is considerable mobility of hydrogen between methylidyne and
experimental data can only be reconciled with it if substantial methylene and between vinyl and vinylidene ligands. Thus,
modifications are added to the original mechanism. The bestwhether the homologation occurs as a single step (Scheme 3)
of these then resemble the alkylidene/alky{ CHaqg) + Heady or in two steps (Scheme 5) will be determined by the relative
paths (vide infra). energetics of combination of they&q)species and the growing

The information presently at hand indicates that the alkenyl chain and by the equilibrium
+ {CHgqp reactiod! (Scheme 3) accounts most satisfactorily
for the details of hydrocarbon formation. In this mechanism, it CHz(ad)‘:’ CH(ad)+ Heaaq)
is proposed that the polymerization is initiated by a.&
initiator, formulated as a surface vinyl, GHCHqg, The
initiator can be formed even in the absence of,gpfbe, and
comparisons indicate that addition of the ethene probe has no
major effect on the reaction path.

The alkenyl+ {CHyagp mechanism agrees well with the
labeling studies and ties in with the traditional view of theT+
reaction. It explains the formation of the unusual isotopomer
13CH,=13CHCH; and internal alkenes, as well as methylalkenes,
as primary products; the reason why vinylic (but not ethyl)
probes can initiate; and the shape of the Anders®chulz-
Florey polymerization plots. It is also consistent with other data
indicating that CG-C coupling involving o-alkenyl-metal
intermediates is more facile than for alkyhetal species.

The regiospecific formation of 1-alkenes WittCH3z'3CH,—
tails is also explained by the alkylidere{ CHag) + H(aa} path

recently proposed by van Santen and his colleagues, (Schem? Aﬁl;;lgwledg:ne.ngWe tq_?]nk Sufe Brr]atljsha'\t/;/] aGng Br'?n Taylz)r
5).78 A related alkyl+ {CHag) + H(ag} mechanism (Scheme or Spectra, simon Fhorpe for help wi Instrumenta-

6) can account for any primaryalkane formation, as can the Eon; thte EPtSRch,:thhe Rotyal lso?.(:t)t”Tt_hek O?S’. aEr: d CéenterIG;and,
alkyl + { CHy@ap scheme. However, since alkanes are largely epartment 0 emistry, Institut Teknologl Bandung, Indo-

formed in secondary processes by hydrogenation of the alkenesn€s'& for financial support; Valerio Zanottllfor adwce_; an d
a direct route may be of less importance. Rutger van Santen for a copy of the PhD thesis of I. M. Ciobica.

The methylidyne intermediates proposed in the two-step
schemes appear to correlate witbHq} species found on clean

Since, by definition, critical intermediates in catalytic reac-
tions are expected to be highly reactive, the fact that the surface
studies suggest th@CHyqy is lessstable thaf CHgq} could
indicate that{ CH,ag} is a more reactive intermediate than
{CHa} and hence more likely to participate in reactions. One
possibility, therefore, is that on the surface there is a dynamic
equilibrium between methylidyne hydride and methylene spe-
cies, where the methylene is the reactive form, while the
methylidyne is the “resting state”.

This study also indicates that relatively simple metal catalysts,
even when unmodified and unpromoted, can give highly
regiospecific reactions. Complications only arise at higher
temperatures when secondary processes leading to isomerization
and cleavage reactions begin to be significant.

Supporting Information Available: Eleven figures’®C NMR

. . RO spectra; pfr's), three reaction schemes, and eight tables (pfr's
metal surfaces in vacuo, but while studies indicate {idt; a} aﬁd referpencc)a NMR data). This material is av%ilable fre((apof

is less stable thaiCHag} on clean surfaces in vacuo, there charge via the Internet at htto://oubs. acs. or
are as yet no data on the effect that an atmosphere of hydrogen, 9 p-/pubs.acs.org.
associated with much surface hydride, has on the nature of theJA026280V
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