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Abstract—The clusters, Cp5Mo,Fe,S,(CO); (MoFeS) and Cp5Mo0,Co,S85(CO), (MoCoS)
(Cp’ = n-C;H Me) have been supported on the refractory oxides, Al,O,, SiO,, TiO,, and
M¢gO, and subjected to temperature programmed decomposition (TPDE) under flowing
H,. Typically, CO evolution commences near 100°C, followed by evolution of 1-2 Cp-
ligands from 180 to 400°C along with small amounts of CO,, CH,, and H,S or Me,S. The
resulting compositions are shown to be active catalysts for CO hydrogenation and
hydrodesulphurization (HDS) of thiophene. Methane is the principal hydrocarbon product
from CO hydrogenation except for MoFeS/MgO where high selectivity for C, products
was observed. The activity and selectivity of MoCoS/Al,O; for thiophene HDS closely
resembles those of conventionally prepared ‘“‘cobalt molybdate” catalysts. The cluster
derived catalysts have been characterized by Mossbauer and X-ray absorption (XANES
and EXAFS) spectroscopies. It is concluded that the clusters undergo oxidation by the
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surface upon loss of organic ligands.

Over the last decade, there has been growing inter-
est in organometallic compounds supported on
refractory oxides as catalysts for a variety of reac-
tions, including partial oxidations,? olefin
metathesis,® hydrogenolysis and hydrogenation,*
carbonylation of nitro arenes,’ hydroformyla-
tion,® and Fischer-Tropsch chemistry.”'* This in-
terest is derived in part from the perception that
catalysts with unusual selectivitiecs may be pro-
duced from organometallic precursors, especially
bimetallic clusters.

What are the advantages, if any, of using organo-
metallic catalyst precursors? From the standpoint
of thermodynamics, one may argue that for a given
support (and here a dehydroxylated support is quite
different from the hydroxylated form), for a given
reactant composition and pressure, and for a given
concentration of supported metal species, there is a
macro-state of lowest chemical potential. One
might expect (naively) no difference, then, in behav-
iour between catalysts prepared by starting with
metals in a low oxidation state (organometallics) or
by starting with metals in a high oxidation state
(conventional preparation). The former will be

* Author to whom correspondence should be addressed.

oxidized and the latter reduced under reaction con-
ditions such that the final state will be the same for
both catalysts.

This analysis neglects the kinetics of the surface
reactions and the mobility (or lack thereof) of the sur-
face species. In actual practice, the surface species
may be trapped in metastable states which differ
depending on the initial conditions. Furthermore,
the actual compositions, and hence final states, also
depend on the initial conditions. For example, the
decomposition of metal carbonyls may lead to the
formation of metal carbides, whereas the counter
ion (C1~, NOj3, SO3-, etc.) of a high valent metal
salt is also adsorbed on the surface during con-
ventional preparative methods, and these counter-
ions may affect the acidity of the support and the
mobility of the metal species.

The answer to the question, ‘“why use metal
clusters?”, is that one hopes to produce meta-
stable states with desired selectivity which are not
accessible from the conventional impregnation/
reduction approach. The use of organometallic
clusters as catalyst precursors has an additional
advantage over conventional approaches, especi-
ally in the formation of bimetallic catalysts. Namely,
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the surface of bimetallic cluster-derived catalysts is
much more uniform than those prepared by se-
quential- or co-impregnation methods because the
two metals are deposited together in a well-
defined spatial array and in relative amounts de-
fined by the cluster composition. Spectroscopic
studies of the active site are greatly facilitated when
the surface is uniform.

This paper reports the preparation and charac-
terization of catalysts derived from the bimetallic
clusters, Cp;Mo,Fe,S,(CO); (“MoFeS”) and
Cp3Mo0,C0,84(C0O)y (“MoCo85”), (Cp = -
CH ,Me) whose structures are shown below.
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EXPERIMENTAL

The clusters were synthesized as described pre-
viously,’* and deposited on the oxide supports by
contacting a CH,Cl, solution of the cluster with
sufficient support (previously calcined to 500°C) to
give a 1 wt % total metal loading. Under these
conditions, the cluster was completely absorbed and
the solid was then collected by filtration and dried
under vacuum at room temperature. On the Al,O,
(250 m? g~ !, a 1% loading corresponds to ca 8%
monolayer coverage (ca 100 A between clusters).

TPDE was conducted under flowing H, or He at
1 atm. pressure in an all glass system. Evolved
hydrocarbons were analysed by GC/FID while CO,
CO,, and H,S were measured by GC/TCD.

CO hydrogenations were performed in a glass-
lined stainless steel differential flow reactor at
CO:H,ratiosof 3:1to 1:1 and at pressures of 4
11 atm. Thiophene HDS reactions were performed
in an all glass differential flow reactor with 2.8 mol
% thiophene in H, (1 atm.) feed. Products were
analysed as above and product identities checked
by GC/MS.

RESULTS AND DISCUSSION

A. TPDE

Each combination of cluster plus support shows
slightly different behaviour during TPDE. In all
cases, a burst of CO is observed near 100°C, fol-
lowed by gradual loss of Cp-ligand starting near
180°C. Small amounts of H,S or Me,S (never both),
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CO,, and CH, are also evolved at higher tem-
peratures. Figures 1 and 2 are typical TPDE curves.

Table 1 lists the average surface composition, as
determined from the TPDE results, after heating to
400°C. These compositions are obtained by sub-
tracting from the initial composition the total moles
of C and S evolved during TPDE. Since surface
hydroxyl groups may contribute to the evolved
hydrogen- and oxygen-containing species, it is
impossible to quantify the remaining hydrogen or
oxygen by this method.

The res.lts in Table 1 show that in some cases,
considerable CH, is evolved. This CH, may arise
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Fig. 1. Temperature programmed decomposition

(TPDE) profile of MoFeS/SiO, under flowing H,.
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Fig. 2. TPDE profile of MoFeS/MgO under flowing H,.
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Table 1. Number of retained carbon and sulphur atoms
per adsorbed cluster following TPDE under H, to 400°C

Support Aleg SlOz T102 MgO
MoFeS CsSis CssS19  CeSis Cio818
MoCoS CiSis Cse814 CusSis CqsSi

by cleavage of the methyl group of the Cp’-ligand
or by reduction of CO groups with hydrogen
derived from the surface hydroxyls. Only in the case
of MoCoS/Al,0; did the amount of evolved CH,
correspond to the amount of evolved cyclo-
pentadiene. In most other cases, the amount of
evolved methane greatly exceeded the amount of
evolved CsH, so that most of the methane appears
to come from CO reduction.

The total amount of carbon retained on the sur-
face appears to increase as the basicity of the sup-
port increases. However, the utility and significance
of these TPDE curves for determining surface com-
position is called into question by our EXAFS

of these surface compositions has been deter-
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The data in Table 2 show that methane is the
principal product (except for MoFeS/MgO, see
below) and that neither the TOF nor the selectivity
is affected by 15 ppm H,S. In contrast, H,S acts as
a severe poison for metallic catalysts. The selectivity
for methane is highest for MoFeS/Al,0;. On SiO,,
about 20% C, (ethane + ethene) are produced along
with small amounts of C;+ hydrocarbons.

MoFeS/MgO shows an interesting transient
behaviour (Figs 3 and 4). The catalyst starts by mak-
ing methane almost exclusively. After a 24 h induc-
tion period, the activity for C, production rapidly
increases, so that at z = 25-40 h, the product stream
contains 90 mol % C, (ca 2: 1 ethane : ethene). The
C,-activity gradually decays and reaches an appar-
ent steady state which contains ca 75 wt % C,
product. After 165 h on stream, the pressure was
increased to 150 psig {(1.11 MPa) which caused the
methanation activity to increase relative to the C,
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mined. Table 2 lists the turnover frequencies (mol
CO converted/mol supported cluster-s) and product
selectivities for supported MoFeS (CO hydro-
genation activity for MoCoS is currently under
investigation). The numbers in parentheses are the
corresponding values when 15 ppm H,S is added
to the feed stream.

Time (h)

Fig. 3. Turnover frequency (mol product/mol cluster-s)
for hydrogenation of CO over MoFeS/MgO at 400°C
(3:1 H,:CO, total P = 0.37 MPa).

Table 2. Turnover frequencies (mol CO/mol cluster-s) and product dis-
tributions for CO hydrogenation over MoFeS/Al,05at 400°C (3:1 H,: CO)

P = 0.37 MPa (40 psig)

P = 1.11 MPa (150 psig)

Support TOF* C, C, Cs, TOF C, C, Cs,
AlLLO, 26 98 2 — 14 96 4 —
(2.5 (98) @ — (12) (96) @ -

Sio, 93 77 18 5 9 8 17 2
00 an an @ @n @) @16 @

TiO, 34 8 11 4 148 91 9 —
(36) @ a0 @ (2500 (6 (12 (2

MgO 60 28 68 4 9 56 34 10
)y @6 (12 @ — — - -

“ % 104,
4 Numbers in parentheses are with 15 ppm H,S in H,.
“Measured after high pressure run.
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Fig. 4. Turnover frequency (mol product/mol cluster-s)
for hydrogenation of CO over MoFeS/MgO at 400°C
(3:1 H,:C), total P = 1.11 MPa).

activity (Fig. 4). After 25 h at the higher pressure,
the product stream contained 56 mol % methane,
34 mol % C,, and 10 mol % C;,. Decreasing the
pressure to 40 psig (0.37 MPa) failed to restore the
high C, selectivity; the product contained ca 85
mol % CH, and 10 mol % C, (i.e. had essentially
the same composition as shown in parentheses in
Table 2). This behaviour clearly demonstrates that
a metastable state with high C, selectivity is
initially produced, and that once the system is
forced out of this metastable state, it cannot be
regenerated from the final, stable state.

CO hydrogenation over MoFeS/Al,O, also
shows some interesting phenomena. An initial
induction period (1-2 h) is observed, followed by a
rapid rise in methanation activity. After about 10 h
on stream, dimethyl ether begins to be produced.
If the CO stream is interrupted, the system again
repeats these induction periods when the CO stream
is restored.

Figure 5 compares the product distribution
obtained when the catalyst is pretreated under H,
or He. The change in selectivity is reversible, i.e. the

CIH; treated
BAHe treated

Per cent

CHyg Co- Co- Ca+

MeOMe

Fig. 5. Comparison of the product distribution for CO

hydrogenation over MoFeS/Al,O; as a function of

catalyst pretreatment (3:1 H,:CO, T =300°C, P =
0.37 MPa).

M. D. CURTIS et al.

product distribution depends only on the immediate
pretreatment, not on the catalyst history.

At no time is H,O or MeOH observed in the
product. Therefore, we believe CO, and Me,O are
primary products, i.e. eqs (1) and (2) represent the
reactions occurring.

2CO+2H, - CH,+CO,
3CO+3H, - Me,0+CO,.

(1
@

The kinetics of CO methanation over MoFeS/
Al,O; has been subjected to a Langmuir-Hin-
shelwood analysis.'® It was shown that the rate of
formation of methane follows the rate law given in

eq. (3).
Ky, KcoPu,Pco

(1++/Ky,Pu,+ KcoPco)®

k = 3.22x10° exp (— 135,000/R T)
Ky, =2.39x 10" %exp (54,100/RT)
Keo = 7.00 x 10~ Sexp (38,200/R T).

It can be shown'® that this rate law is consistent
with any Langmuir—Hinshelwood scheme in which
the rate determining step contains one C-atom and
two hydrogens. In particular, the CO insertion
mechanism or the carbide mechanism,'’ with the
rate determining step being either the hydro-
genation of a surface formyl [eq. (4)] or the hydro-
genation of a surface methylidyne [eq. (5)], respec-
tively, with all other steps being in steady state gives
rise to the observed rate law.

CHO(ads) + H(ads) - CH,O(ads)
CH(ads)+ H(ads) » CH,(ads).

rate = k

3)

4)
&)

C. HDS activity

Table 3 shows the rates (mol thiophene con-
verted/mol Mo-s) and product distribution observed
for the hydrodesulphurization (HDS) of thiophene
over MoCoS/Al,0, at 300 °C (2.7 mol % thiophene
in H, at 1 atm. pressure). Table 3 also compares
these results with those obtained for a commercial
catalyst (Catalco, ca 14% Mo0;/4% Co/Al,0,).
Both catalysts were run in the non-sulphided form,
i.e. after H, reduction at 400°C (“reduced” form)
and after sulphidation with 10-15% H,S in H, at
400°C. Reduced MoFeS/Al,O; gave results very
similar to those in Table 3. Trace amounts (< 1%)
of butadiene were observed in all the catalysis runs.

Several things are apparent from the data in
Table 3. First, the product distributions and activi-
ties of the MoCoS/Al,0; and Catalco catalysts are
nearly identical at the same level of conversion. This
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Table 3. Turnover frequencies (mol thiophene converted/mol Mo-s) and product distribution for HDS of thiophene
over MoCoS/Al,0; and a commercial catalyst (2.7 mol % C,H,S in H, at 101 kPa, T = 300°C)

Catalyst TOF x 10* CH, ¢, CHy CH,, I-CH; cis-2-C,H; trans-2-CHg iso-CH,
(A) Reduced
MoCoS/AlO, 1.5 3 13 37 1 6 10 12 18
Catalco 5.6 2 10 19 2 14 16 15 10
(B) Presulphided
MoCoS/Al, 0, 14 1 1 4 4 19 28 41 2
Catalco 14 1 2 6 3 22 27 37 3

strongly suggests that both catalysts have the same
active site. Second, the cluster-derived catalyst
shows a larger increase ( x 10) in activity upon pre-
sulphiding than the Catalco (x2.5). Third, the
cracking activity (to propene, ethane, ethene, and
methane) is much enhanced in the reduced form as
compared to the sulphided form. Especially
noteworthy is the relatively large amount of 2-
methylpropene produced by the reduced catalysts.
This product undoubtedly arises from isomeri-
zation of the butenes catalysed by acidic sites on
the catalyst. Fourth, the ratios of the 1-butene: cis-
and trans-2-butenes approach the equilibrium
values (1:1.73:2.18), but there is always an excess
of 1-butene. This suggests that 1-butene is the pri-
mary C,-product and the 2-butenes are produced
from isomerization of the 1-butene.

In control experiments, 1-butene in H, under
identical conditions is isomerized to the mixture of
butenes, but very little is hydrogenated and none is
cracked. Butadiene, on the other hand, is hydro-
genated to butenes and the amount of trans-2-
butene is greatly in excess of its thermodynamic
value. This suggests that the primary reduction
product of butadiene is trans-2-butene. Again, no
cracking of butadiene is observed. In another con-
trol experiment, tetrahydrothiophene was desul-
phurized under the same conditions over MoCo-
S/A1,0;. The products consisted of 99.6% butenes
(55% 1-butene, ca 22% each of cis- and trans-2-
butene) at 5% conversion.

One disturbing aspect of the product slate in
Table 3 is the apparent lack of carbon balance. One
would expect the amount of methane to equal the
amount of propene, but this is not found (despite
repeated calibration of the response factors). The
balance of the carbon must be in an undetected
product, e.g. MeSH, which is hidden under the large
thiophene peak in the GC. Control experiments
show indeed that MeSH has the same retention time
as thiophene on our GC column. Mass spectral
analysis of the thiophene peak is planned to detect
the presence of MeSH.

D. Méssbauer spectra

The cluster, MoFeS, was prepared with enriched
57Fe content and absorbed onto Al,O,. Table 4
presents the Mdssbauer parameters obtained in situ.
The pure, unsupported cluster shows an IS = —0.01
and QS =0.80 mm s~!. The supported cluster
when oxidized in air shows only an Fe3* signal
with IS = 0.35 and QS = 0.98 mm s~ !

The supported clusters could be taken through
repeated reduction—catalysis—oxidation cycles with
the result that the same Md&ssbauer parameters as
shown in Table 4 were re-established at each appro-
priate point in the cycle. This result indicates that
the clusters are not sintering into larger particles in
the course of these cycles.

The data in Table 4 clearly show that even under
H,, H,/CO, or H,/thiophene, the iron remains in
an oxidized state (ca 90% Fe** and ca 10% Fe®*).
The species labelled Fe’* have Mossbauer par-
ameters characteristic of Fe in highly covalent,
organometallic complexes, although Fe?* (tetra-
hedral) can also exhibit similar parameters.'® How-
ever, the fact that this signal disappears immediately
upon contact of the sample with oxygen, and
reappears under H,, suggests that the signal is due
to a reduced species.

It is interesting to compare these data with those
obtained on conventionally prepared catalysts. Vai-
shnava et al.!® observed two signals with IS = 0.37,
QS=101and IS =0.35Q5S=0.73mm s 'in a
sulphided Fe/Mo/Al,O; sample. The first signal
was attributed to a phase resembling iron aluminate
in the alumina support, and the second to super-
paramagnetic particles of a-Fe,O;. Topsoe et al.
observed signals with parameters, IS = 0.33,
QS = 1.05and IS = 1.06,QS = 1.78 in the Co emis-
sion Mossbauer spectrum of a sulphided Co/Mo/
Al,0; catalyst®® which they attributed to the cata-
lytically active Co—Mo—S phase. In view of our
results and those of Vaishnava er al. it would appear
that the latter signal is due to Fe?* and the former to
Fe®*. In our system, the IS = 0.3, QS = 1.0 signalis
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Table 4. In situ >"Fe Mossbauer parameters for MeFeS/Al,O, as a function of treatment

Fe3+ FeZ+ Fe4§+
Conditions IS QS A%’ IS QS A% IS QS A%
25°C, air oxidized 0.35 098 100 -— — — — —_ —
400°C, H, — — — 1.07 1.8 90 0.07 0.31 0
320°C,H,/CO (3:1) — — — 1.08 206 87 0.17 0.61
25°C, air 034 098 95 1.06 195 5 — —
400°C, H, — — — 1.07 1.89 100 — — —
320°C,H,/CO (3:1) — — — 1.09 207 93 009 044

?IS = isomer shift, QS = quadrupole splitting, both +0.05mm s~ ".

5 A% = area per cent of fitted curves.

not observed during HDS catalysis, so the species
responsible for this signal are probably not involved
in the catalysis.

Another conclusion from the data in Table 4 is
that the surface of the cluster-derived catalyst is
remarkably uniform. There appears to be only one
type of surface ensemble which is entirely oxidized
to a single Fe** species, but which is reduced to an
apparent equilibrium mixture of Fe?* and Fe’*.
Alternatively, there are two sites (90% Fe* and
10% Fe®*) which, upon oxidation, give rise to a
single Fe** environment.

E. X-ray absorption spectra (XAS)

XAS were obtained on MoFeS/Al,O; and
MoFeS/MgQ with (a) no heat treatment, (b) after
heating to 120°C under H,, and (c) after heating to
400°C under H,. XAS of the pure, crystalline cluster
were also obtained. Figures 6 and 7 show the near
edge structure (XANES) of the Fe and Mo edges
and Figs 8 and 9 are the Fourier transforms (phase

0.8
A Crystalline

B Adsorbed on Alx03
C Heated to 120°C

D Heated to 400°C
I ] J
713 7.14 7.15

0.4

]
7.12

EV x10®
Fig. 6. Fe-XANES spectrum of MoFeS and MoFeS/
Al,0;. (A) Pure crystalline cluster, (B) cluster on Al,O;
with no heat treatment, (C) on Al,O; after heating to
120°C under H,, (D) on Al,O; after heating to 400°C
under H,.

QT‘ {¢] 7.1
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B Adsorbed on AlyOzat room temperature
C Heated to 120*C

0.4
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| ! l I 1
938 z.001 3005 2006 2.007  2.009
EV x10*

Fig. 7. Mo-XANES spectrum of MoFeS and MoFeS on
Al,O;. Labels (A)+(D) are as in Fig. 6.

shifted radial distribution functions) of the Fe and
Mo EXAFS, respectively, for MoFeS/Al,Os.

The Fe-XANES of the pure cluster and the clus-
ter adsorbed on Al,O; at room temperature (Fig.
6) are very similar. Both occur at essentially the
same energy and both exhibit a pre-edge feature
associated with a 15-3d transition. The spectra of
the two heated samples are identical and are shifted
ca 5 eV to higher energies, an indication that the
iron is now in a higher oxidation state. The pre-
edge feature loses its structure, suggesting a more
symmetrical arrangement of ligands about the iron.

Similar conclusions follow from the Mo-XANES
(Fig. 7). The spectra of the pure cluster and the
cluster on Al,O, at 25°C are identical. Thus, the
cluster is initially absorbed with essentially no
change in the immediate environment of the Mo-
atoms. The spectra of the samples heated to 120
and 400°C under H, are nearly identical but differ-
ent from the first two. The edges are shifted ca 5 eV
to higher energies and a pre-edge feature appears
which is attributed to the presence of one or more
Mo=0 bonds.

The phase-shifted radial distribution function
(RDF) derived from the Fe-EXAFS (Fig. 8) shows
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Fig. 8. Fourier transforms of Fe-EXAFS of MoFeS and MoFeS/AlLO;.
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Fig. 9. Fourier transforms of Mo-EXAFS of MoFeS and MoFeS/AlLO,.

two major peaks for the pure cluster. The first peak,
with a shoulder at low R, corresponds to the unre-
solved Fe—S, Fe—Fe, and Fe—Mo distances (2.3
2.8 A from the single crystal structure). Upon
absorption on Al,O;, the peaks associated with the
Fe—CO distances decrease in intensity. Curve fit-
ting shows the adsorbed cluster has lost approxi-
mately 1.5-2 CO groups per Fe.

Upon heating to 120°C under H,, all these peaks
are lost and a new peak corresponding to Fe—O
appears. Further heating the sample to 400°C
causes a small change in the shape and position of
this peak, but curve fitting shows both spectra can
be fitted with six oxygen atoms at a distance of 1.95
A from the Fe.

The environment around the Mo is revealed from
the RDFs in Fig. 9. Both the pure crystalline cluster
and the cluster adsorbed on Al,O, show two peaks.
The first is associated with Mo—S and Mo—C(Cp)
(true distance ca 2.3 A), and the second with
Me—Fe and Mo—Mo vectors (true distance ca
2.8 A). These peaks are replaced by Mo—O peaks
when the sample is heated to 120 or 400°C under
Hz.

Thus, the EXAFS and XANES spectra show that
upon heating under H,, both Fe and Mo are oxid-
ized by the surface (most likely by the surface
hydroxyl groups) to give oxide surface complexes.
These results agree with the Mdossbauer results
which showed oxidation of the Fe to predominately
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Fe’* on the surface under actual working con-
ditions. Furthermore, essentially all the oxidation/
decomposition reactions are complete by 120°C.
This picture contrasts with the TPDE results which
show continuing evolution of hydrocarbon ligands
from 180 to 400°C. It would appear that the cluster
is oxidized at < 120°C and releases the hydro-
carbon to the alumina surface. The TPDE experi-
ment is then a measure of the activation energies
required to release the hydrocarbon from the sur-
face and is not a good indicator of cluster decompo-
sition per se.

Preliminary EXAFS results obtained for
MoFeS/MgO show much the same behaviour as for
MoFeS/Al,0;. The major differences are that
decomposition of the clusters already occurs at
room temperature to give the surface oxo species
and that long range order reappears in the EXAFS
as the sample is heated under H, to 400°C. These
data are currently under analysis, but preliminary
results show the new long range order is not due to
elemental iron or simple iron oxides.

F. Mechanistic conclusions

(a) CO hydrogenation. The combination of the
product distribution, kinetics, and the Mdssbauer

M. D. CURTIS et al.

and EXAFS characterization suggest that the active
sites for CO hydrogenation activity of these clus-
ters supported on metal oxides are surface oxo-
ensembles. None of the data collected to date
allows us to establish the structure of these surface
ensembles, but it is clear that the “promoter”, Fe
or Co, plays an important role in defining the
activity of these sites. On the basis of the data in
hand, we propose the general mechanism shown in
Scheme 1 for the production of CH,, Me,0, and
CO, over these oxo-surface ensembles.

In this scheme, “M” represents the surface
ensemble and may consist of more than a single
metal atom. The resting state of the catalyst is pro-
posed to be a metal oxo species, and is the most
abundant species on the surface. This accounts for
the fact that only minor changes in the Mdssbauer
parameters are seen in situ as the gas phase is
changed from pure H, to H,/CO.

The CO reacts with the oxo-ensemble to produce
CO, (a primary product) with concomitant
reduction in the oxidation state of the ensemble
by two units [eg. Mo(VI) - Mo(IV) or Mo(V) -
Mo(III)]. Additional CO and H, then binds to the
reduced ensemble. Insertion of the CO into an
M—H bond leads to a surface formyl species which

co co
( O\\ /CO
CH, M
i e \\—' co,
M
o}
c
1
M
H, _/ /o 1/_\H2
e\ chn—To
\
M M-/— H
H2 CH, ——0O
\M/ 4
) N
/ Tl
M MeOMe
CH,;0 H
A4
CO\/M /
o] \ H,
CH,o—l'k H CH, °.C d
M HN\Y
M

Scheme 1.



Syngas and HDS catalysts from sulphido bimetallic clusters

is hydrogenated to an adsorbed formaldehyde in the
rate determining step. The surface formaldehyde
may follow either of two reaction pathways : in path
1 (top circle, Scheme 1), this species is cleaved to a
surface oxo-methylidene for which there are organo-
metallic precedents.?! The surface methylidenes
may couple and lead to higher hydrocarbons, or be
hydrogenated to methane to regenerate the resting
state of the catalyst.

In path 2 (lower circle, Scheme 1), the surface
formaldehyde is hydrogenated to bound methoxide.
Absorbed CO then inserts into the M—OMe bond
to produce a metalla-ester which is hydrogenated
to a methoxyformyl. This formyl is then cleaved as
in path 1 to an oxo-methoxymethylene which, upon
hydrogenation, gives dimethyl ether (a primary
product) and restores the resting state (M=0).
Subtle changes in the surface induced by the pre-
treatment (H, or He) change the relative amounts
of branching between the two pathways (cf. Fig.
5).

(b) HDS of thiophene. The Mossbauer par-
ameters show that the catalyst surface changes very
little when a stream of H, is replaced with a stream
of H, +2.7% thiophene at 300°C. Under these
conditions, the thiophene is desulphurized (checked
by analysing the exit gases from the Mdssbauer
cell). The EXAFS shows that the predominant sur-
face species under these conditions are metal oxo
complexes. Therefore, MoS,-like domains are not
a necessary prerequisite for significant HDS activity
of supported Mo HDS catalysts.

It is also interesting to note that neither the thio-
phene nor the small concentration (< 0.05%) of
H,S produced in the differential flow reactor is
capable of ‘“sulphiding” the catalyst. Reactivity
changes are noted when the catalysts are pre-
sulphided with much higher concentrations (10~
15%) of H,S, however (see Table 3). We are
currently collecting Mdssbauer and EXAFS data
on the supported clusters which have been pre-
sulphided with H,S in order to determine the
effect of pre-sulphiding on the structure of the
surface ensembles.

Some interesting conclusions may be drawn from
the HDS product distribution when combined with
the control experiments with 1-butene and buta-
diene. Since significant amounts of C,, C,, and C,
hydrocarbons are produced during thiophene HDS,
but none of these products is detected when 1-
butene or butadiene is passed over the catalyst,
it follows that the cracking must occur while the
sulphur is still attached to the C, fragment. Fur-
thermore, the fact that butadiene is rapidly hydro-
genated to butenes, but the butenes are hydro-
genated slowly, suggests an n*-coordination for the

2419

butadiene, which in turn implicates a n-bound thio-
phene in the HDS reaction.

Angelici and coworkers®? have recently reported
the synthesis of 5°-thiophene metal complexes and
have presented model reactions of these complexes
which implicate n-bound thiophene in the HDS
catalysis. Furthermore, their data show that 2,3-
dihydrothiophene is a likely intermediate in the
HDS of thiophene.

Taken together, our data on the reactions of thio-
phene, tetrahydrothiophene, 1-butene, and 1,3-
butadiene over MoCoS/Al,O; suggest the mech-
anisms in Scheme 2.

The essentially complete conversion of tetra-
hydrothiophene (THT) to butenes at low conversion
suggests that at least one of the desulphurization
steps occurs by a “f-elimination” mechanism
(Scheme (2a)). Butenes are also produced when
THT is desorbed from an Mo(100) surface.?® The
fact that only traces (< 1%) of methane, ethene,
and propene are formed in the HDS of THT
eliminates THT as an intermediate to these species
in the HDS of thiophene. We therefore propose that
thiophene is first hydrogenated to dihydrothio-
phenes which can then enter any of several reaction
channels as shown in Scheme (2a). The adsorbed
2,5-dihydrothiophene (1) is the likely intermedi-
ate to butadiene.?? Since so little butadiene is
formed, the major route is apparently through the
2,3-isomer (2).

Adsorbed 2 is proposed to undergo C—C bond
cleavage via 3 to eventually produce propene, meth-
ane, and methanethiol. Insertion into the C—S
bond of 2 could give intermediate 4 which leads to
butene as the major product through intermediate
5. An alternate minor path can lead to butenes
or a metallacyclopentane 6. Intermediate 6 could
scission by well documented pathways?* to butene
or to ethylene.

Clearly there is insufficient data to justify all the
steps in Scheme 2. However, these were drawn so
as to incorporate reasonable steps well known in
organometallic chemistry which lead to the
observed products. Current experiments are aimed
at testing some of the proposed steps in Scheme 2.

SUMMARY

The results obtained to date show that sulphido
bimetallic clusters are excellent precursors for the
formation of uniform catalytic surfaces. The uni-
formity of the surface species facilitates physical
characterization of the active site(s). Our results
show that the supported clusters are transformed
to surface oxo-ensembles which are active for
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(a) HDS of tetrahydrothiophene
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(b} HDS of thiophene
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Scheme 2.

CO hydrogenation and HDS of organic sulphur
compounds.
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