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Organometallic Complexes of Molybdenum and Tungsten as Catalyst Pre-
cursors in the Disproportionation of Propene

By John Smith, Walter Mowat, David A. Whan,* and E. A. V. Ebsworth, Chemistry Department, University
of Edinburgh, West Mains Road, Edinburgh EH9 3JJ

Organometallic complexes of molybdenum and tungsten have been supported on silica or alumina and activated
at temperatures at or above 373 K; the activities of the resulting substances as propene-disproportionation catalysts
have been determined at ambient temperatures. Catalysts derived from alkyl and acetato-complexes show activities
of the same order as catalysts made from supported Mo(CO)s. Tungsten-based catalysts have activities of the
same order as molybdenum-derived catalysts, and catalysts derived from less thermally stable complexes are the

more active. No propene disproportionation has been observed for chromium-based catalysts.

CATALYSTS prepared from supported molybdenum
hexacarbonyl for olefin disproportionation ! have been
studied previously in these laboratories.23 Investiga-
tions into the nature of the catalyst have suggested 43
that the active species is non-carbonyl containing,
and that the complex Mo(CO)s merely acts as a con-
venient source of molybdenum in a form which will
readily interact with the support to produce, inter alia,
the catalytically active species. Other main classes of
heterogeneous disproportionation catalysts are derived

1 R. L. Banks and G. C. Bailey, Product Research and Develop-
ment, 1964, 3, 170.

2 E.S. Davie, D. A. Whan, and C. Kemball, J. Cafalyszs, 1972,
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24,3“5‘.‘.Smith, R. F. Howe, and D. A. Whan, J. Catalysis, in
the press.

from a variety of supported metal oxides, sulphides,
and halides,® and operate at temperatures of 323 K
and above. However, there seems to be no reason
why other organometallic complexes should not exhibit
disproportionation activity when supported, particu-
larly if they can readily interact with the support, as is
the case with Mo(CO),.

In the present study, binary alkyls and acetates of
molybdenum and tungsten have been supported on
silica and alumina using, where possible, the air-free

4 R. F. Howe, D. E. Davidson, and D. A. Whan, J.C.S.
Faraday I, 1972, 68, 2266.
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wet-mix impregnation technique previously found to
give reproducible catalytic activities with Mo{CO),
catalysts; 3% W(CO); and some non-organometallic
tungsten complexes were also supported and their
activities measured for comparison. A preliminary
report of the hexamethyltungsten-silica catalyst has
been published.”

EXPERIMENTAL

The complexes W(CO)s and WCIl; were obtained com-
mercially and sublimed prior to use; the following were
prepared as in the literature: M,(CH,SiMe,); (M = Mo
and W); 8 Moy (CH,CMey)q; ® Moy(CO,R), (R = Me ¢ or
CF;11); WDMeg; 12 [WMe,{ON-N(Me)O},]; 2 W(OPh),; 18
‘W(OPh),;** and Cr(CH,CMe,),.'* The complex W,(CH,-
CMe,), was not isolated pure; neopentyl-lithium was
treated with WCI; in the same manner as for the molyb-
denum analogue and a cyclohexane extract of the reaction
mixture was used.

The catalyst supports used were Peter Spence type A
alumina and silica gel (Fisher Scientific Company). They
were calcined in air at 923 K for 18 h before use. The
surface arcas of the supports after calcination, determined
by adsorption of nitrogen at 77 K, were: alumina, 1-8 X
10°; silica, 4-71 x 10> m? kg'. Propene (Matheson
C.P. grade) was degassed and distilled under vacuum
before use, the middle-third fraction being retained.

Catalyst samples were prepared in & silica reaction vessel
of volume 2-54 x 107* m3, attached to a conventional
gas-handling line through a water-cooled grease-free
joint. The catalyst support (1067 kg) was outgassed in
vacuo in the reaction vessel at the desired temperature for
1 h, cooled to room temperature, and 1 atm dry oxygen-
free nitrogen admitted. A degassed solution of the com-
plex was prepared in cyclohexane under a nitrogen atmo-
sphere; WCl; was dissolved in diethyl ether and W(OPh),
in acetone for reasons of solubility. The solution was
introduced into the apparatus by a syringe through a
serum cap and was then slowly run onto the support
through a greaseless stopcock at the top of the reaction
vessel, and allowed to remain in contact with the support
for a period of at least 45 min. The solvent was then
removed by careful pumping, and the catalyst activated
at the desired temperature in vacxo. Prior admission of
nitrogen was necessary to avoid deposition of the com-
plexes on the walls of the reaction vessel. The amount of
each complex dissolved was calculated such that the same
molar quantity (halved in the case of the dimers) was
available to the support in each case; 4 x 107°M was
equivalent to the amount of Mo(CO); used in the ‘109
by weight Mo(CO), catalysts ’,2% and thus allowed direct
comparison of results. In most cases, excess of complex
sublimed off the support on activation i% vacuo. Where
sublimation did not occur, the complexes were also sup-
ported on charcoal and tested to ensure that there was no

7 J. Smith, W. Mowat, and D. A. Whan, J.C.S. Chem. Comm.,
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contribution to the catalytic activities from non-inter-
acted ’ involatile thermal-decomposition products. It
has been shown ¢ that when charcoal is used as a support
for the complex Mo(CO), an active catalyst is not obtained.

Provided all traces of air were excluded, catalysts pre-
pared in the above manner gave activities which were
reproducible to better than -209,. Catalyst activities
were determined by admitting 3-33 kN m™ propene into
the reaction vessel at 298 K and measuring the initial
rate of disproportionation to ethylene and butenes at
this temperature. The reaction wvessel was connected
through a sampling valve to a Perkin-Elmer F11 gas
chromatograph; details of the analysis of the dispropor-
tionation products have been given previously.? For
low activities (initial rate less than 19, min™?), initial
rates were determined directly from plots of propene
concentration against time extrapolated to zero time.
Where the activity was high, the initial rate was calculated
from the second-order rate constant, evaluated as in ref. 2.
The uncertainty in the initial rates, and hence the activities,
determined by either of these methods was less than

+109,. For the most active catalysts, the rate of dis-
proportionation was probably diffusion limited, which
imposes an upper limit on the measured activities. The

activities are expressed as initial rates of propene dis-
proportionation at 3-33 kN m™ and 298 K.

RESULTS

The activities of the catalysts are shown in Tables 1
and 2, together with corresponding data for Mo(CO)s.
The best catalysts were clearly derived from the organo-
metallic complexes, i.e. alkyls, acetates, or carbonyls.
Activities of molybdenum-based catalysts were of the same
order as their tungsten analogues, where these exist,
but the best catalysts were, in fact, derived from hexa-
methyltungsten. In general, the better catalysts were
those obtained from less thermally stable precursors,
but the very stable acetate complexes did yield particularly
efficient catalysts once they had been activated at 573 K.

he complexes Mo,(CH,SiMe,); and Mo,(CH,CMe,), are
moderately stable but air sensitive. On impregnation
and activation at 373 K, light brown catalysts were ob-
tained, the excess of complex being cleanly sublimed off.
The complex WMe, is an air-sensitive volatile liquid,
extremely unstable in its pure form at temperatures above
233 K, but decomposing only slowly at room temperature
in cyclohexane solution. The unstable nature of the com-
plex led to problems in estimatimg the amounts impreg-
nated on the support. Handling difficulties were over-
come by treating an aliquot portion of the solution
with nitric oxide. This quantitatively vielded [WMe,-
{ON-N(Me)O},],” a considerably more stable crystalline
complex which could be weighed to allow estimation of
WDMe, in the original solution. The complex Cr(CH,-
CMe,), supported on silica yielded a green species which
failed to show any disproportionation activity after ex-
posure to propene for 24 h. Chromium hexacarbonyl
was also supported with the same negative results.

2 A, J. Shortland and G. Wilkinson, J.C.S. Dalton, 1973, 872.
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Tanvri 1

Heterogeneous molybdenum catalysts for propene disproportionation

Activation Activity ¢ at
Complex Support temperature/IK 293 K /% min™! Remarks
Mo(CO), Si0, 4 373 40
Si0, ¢ 473 58
Si0, ¢ 573 1-3 . -
ALO, ¢ 373 0-4 romret. »
ALO, 473 13
ALO, € 573 0-3
Mo, (0,CCH,), 8i0, 373 <103 3
SiO, 473 87 % 107
$i0, 573 48
ALO, 373 21073
ALO, 473 60 x 1072 These complexes were dry-mixed (because of
ALO, 573 8-0 ¢ 1072 insolubility in suitable solvents) by grinding
Mo,(0,CCF,), Si0), 373 1078 under a dry-nitrogen atmosphere )
Si0, 473 06
Si0, 573 67
AlLO, 373 30 x 107
ALO, 473 02
ALO, 373 0-2
Mo, (CH,SiMe;) Si0), 373 0-8
Si0, 473 42
ALO, 373 -8
ALO, 473 1-4
Mo, (CH,CMey),4 Si0, 373 35
Si0, 473 6-4
ALO, 373 1-8
ALO; 473 1-2

Given as initial rates of disappcarance of propene at 3-33 kN m2. ¢ Surface avea = 4-71 x 10> m? kg1, ¢ Surface area =
1-81 x 10°m? kg™l

TapLe 2

Heterogeneous tungsten catalysts for propene disproportionation

Activation Activity at
Complex Support temperature/K 293 X/ 9% min™? Remarks
W(CO), Al O, 373 13 x 1072 Dry-mix method, ref. 11
SiO, 373 0-4
SiO, 473 0-4
ALO, 373 03
ALO;, 473 03
W,(CH,SiMey), SiO, 373 0-3
Si0, 473
A1,0, 373 T4
A1,0, 473 3-6
W,(CH,CMey)q 2!82 i;% < l;_g’ The purc complex was not isolated.  Solutions
All,; (2)3 375; 42 were prepared in the same manner as for the
ALO, 173 0-8 molybdenum analogue
WDMeq 510, 293 50 x 102
510, 373 5-2
Si0, 473 9-0
Si0, 573 9-0
ALO, 373 36
ALO, 473 3-1
[WMe, {ON-N(Me)O},] Si0, 373 < 107®
Si0, 473 5-0 x 103
W(OPh)g Si0, 373 <1073
SiO, 473 50 x 107
W(OPh), Si0, 373 <1073
Si0, 473 <2107
SiO, 573 9:0 x 107
i -10-3
W(OPh), Sig: g;z j {ga } The solvent used was acetone
WCl, Si0, 373 <1073 }
Si0, 473 24 x 107 The solvent used was diethyl ether
Si0, 573 4-4 x 103
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DISCUSSION

The reason for the high activity of the complex
Mo(CO)¢ compared with MoO, as a precursor for hetero-
geneous disproportionation is thought to be#5 that
it provides a more labile source of molybdenum to
interact with the support. The formal oxidation
states of Mo(CO), and MoO, are 0 and VI respectively,
so it is clear that oxidation to the catalytically active
species is considerably more efficient than reduction
from Mo!V. Thus the preferred oxidation state of the
complex should be low rather than high, but if the
ligands can readily be replaced by sites on the support,
or can thermally dissociate from the metal atom, it
might be expected that active species similar to those
formed with known catalysts could be produced.

When Mo(CO), is supported on silica or alumina, it has
been shown that carbonyl groups are sequentially dis-
placed as carbon monoxide ¢ and it seems probable that
this also happens to arene and olefin ligands in sub-
stituted molybdenum carbonyl complexes, which also
yield active catalysts.!® The initial linking of the molyb-
denum carbonyl species to the support has been postu-
lated as involving hydrogen bonding with surface
hydroxo-groups,* but the nature of the subsequent
full-bonding step is unknown. Initial bonding of
molybdenum or tungsten alkyl complexes to the support
is easier to visualise, as the interaction of alkyl-lithium
and Grignard reagents with silica has been studied.’-18
Methyl-lithium reacts as in equation (1). Molyb-
denum and tungsten alkyl complexes are susceptible

| I
——5—0 ~H + LiCHy —~ *Sli*O‘Li +CH, (1)
I

to hydrolysis with evolution of alkane®%1% and re-
action (1) is expected to occur readily, providing the
initial linkage of the transition metal to the support
[equation (2)]. Allyl complexes have been reported

i
~—?i»—o —H + MR, —»
—~Sl‘.i~O~MRr_1 L RH (2

to interact with silica-alumina supports in a similar
way, yielding propene.!® When tetra-allyltungsten
is supported, a catalyst is obtained which will dis-
proportionate hex-l-ene.l® Reaction (2) probably oc-
curs with more than one alkyl group leading to a complex
of the form (3), with # unlikely to initially exceed 3 in

monomers like WMe, for steric reasons. In dimeric
species (the other alkyl complexes and acetates), re-

17 7. J. Fripiat and J. Uytterhaeven, J. Phys. Chem., 1962, 66,
800.

18 H. Deuel and G. Huber, Helv. Chim. Acta, 1951, 34, 1697,

19 T, A. Oreshkin, L. I. Red’kina, K. L. Makovetskii, E. I.
Tinyakova, and B. A. Dolgoplosk, Izvest Akad. Nauk S.S.S.R.,
Ser. khim., 1971, 5, 1123.
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action (2) can occur at either one or both of the metal
centres, and cleavage of the metal-metal bond is also
possible. In order to account for MoV signals observed
in e.s.r. spectra of Mo(CO), catalysts,® and also in
molybdenum alkyl and acetate catalysts,? oxidation
must take place on the support. The nature of this
oxidation is unknown, but may involve the interaction
of co-ordinatively unsaturated molybdenum with
further hydroxo-groups.

When the WMe,-SiO, catalyst was exposed to
vacuum for several hours to remove excess of WMeg
and organic products, but without any thermal activ-
ation, its i.r. spectrum showed weak C-H stretches in
the 3000—2900 cm™ region arising from methyl
groups still probably attached to tungsten. ITurther-
more the e.s.r. spectrum of this catalyst 2 shows, on
exposure to vacuum at 293 K and at temperatures
up to 573 K, signals due to methyl radicals, which may
be produced during reductive elimination of methyl
ligands bonded to tungsten. This latter evidence
illustrates how the intermediate oxidation state of the
catalytic species (probably 1v or v 5) may be attained
from a precursor of oxidation state vi. Reductive-
elimination reactions of this type have been shown
for transition-metal alkyl complexes,® but they are
by no means a common decomposition path.

The acetates, alkoxides, and halides would be expected
to interact with the supports in a similar way to the
alkyl complexes, producing acetic acid, alcohols, and
hydrogen chloride respectively. These compounds are
all considerably more stable than the alkyls, and in the
case of the acetates activation at 573 K is required to
produce a catalyst of high activity. With the tung-
sten(vi) complexes, the reduction step is expected to
be considerably less easy than for WMeg, and it is no
surprise that these complexes yield only poor dis-
proportionation catalysts under these conditions.

The Molybdenum Complexes—On silica, the complex
Mo,(CH,SiMey), yields a catalyst of lower activity
than the neopentyl derivative, a reflection of its margin-
ally higher thermal stability. The neopentyl complex
shows the same support-activity relation as Mo(CO)g,
i.e. silica gives a catalyst about twice as active as that
with alumina. This trend is reversed with the tri-
methylsilylmethyl complexes, both with molybdenum
and tungsten, and such unexpected behaviour is not
easily explained. However, since this behaviour was
only observed with the silicon-containing complexes,
it is possible that there is some kind of silylation re-
action occurring on the alumina support. Such re-
actions have been observed on surfaces using compounds
such as Me,SiCl# and MegSiOEt,® but in order to
silylate with less-active compounds, e.g. tetramethyl-
silane,?* relatively high temperatures are required.

20 R. F. Howe, unpublished work.

21 G. M. Whitesides, E. J. Panek, and E. R. Stedronsky, J.
Awmey. Chem. Soc., 1972, 94, 232.

22 1. Y. Balkin and A. V. Kusilev, Zhur. fiz. Khim., 1962, 2448.

2 E. V. Brown, Zhur. fiz. Khim., 1971, 1597.

24 B. R. T. Barret, I. R. Leith, and J. J. Rooney, Chem. Comm.,
1969, 222.
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The presence of the tramsition metal atom will un-
doubtedly have an effect on the reactivity of the tri-
methylsilylmethyl ligand, and this could account for
any enhanced interaction with the support. No
further investigations have been carried out which
might confirm that silylation does indeed take place.

Molybdenum acetate and trifluoroacetate both yield
catalysts similar to the alkyl complexes, but their
higher thermal stability ensures that activation tem-
peratures of ca. 573 K are required to produce catalysts
of high activity. The trifluoroacetate complex pro-
duces a better catalyst than the acetate, and it is
interesting to note that organofluorine compounds
have been shown to enhance activities of supported
Mo(CO)g catalysts,? although the reasons for this are
not clear.

The Tungsten Complexes—Tungsten hexacarbonyl
supported on alumina has been shown to give an active
catalyst, 26 but was reinvestigated for this work using
the solution impregnation technique and displayed
activities around a factor of ten less than the Mo(CO),
catalysts. While the activities and reproducibility
of the catalysts were considerably improved as compared
to dry-mix catalysts, they were still a factor of ca. 10 less
active, and noticeably more sensitive to.traces of air,
than the molybdenum analogues.

The supported W,(CH,SiMe,)g catalysts were not
significantly less active than the molybdenum catalysts,
and showed the same support behaviour. The tung-
sten neopentyl complex decomposed on the support
with no sublimation and, as with the molybdenum
catalysts, it was a better precursor than the trimethyl-
silylmethyl complex. The hexamethyltungsten cata-
lysts were the most active of those examined. On
silica in particular, the disproportionation rates were
highest, with equilibrium being approached in some
cases after less than 15 min.? This was also the only
catalyst to show measurable activity without any
thermal activation. After impregnation at room tem-
perature for 45 min, any excess of WMeg is likely to have
decomposed, even before activation at higher tem-
peratures. The reason for these particularly high

25 E. S. Davie, D. A, Whan, and C. Kemball, Chewn:. Comm.,
1971, 1202.

26 E. S. Davie, Ph.D. Thesis, University of Edinburgh, 1972.

27 R. F. Howe, personal communication.
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activities is probably a combination of the thermal
instability of the precursor and its simplicity as a
complex, 7.e. there are no metal-metal bonds and very
volatile decomposition products.

The very poor activity of the catalyst derived from
the complex [WMe,{ON-N(Me)O},] is, in part, a reflec-
tion of its high thermal stability, but the presence
of the nitroso-containing ligands would be likely to
poison any potential catalyst, as nitric oxide has been
shown to poison Mo(CO), catalysts.??

Chromium Complexes—The usefulness of the molyb-
denum and tungsten alkyl complexes as catalyst pre-
cursors prompted a study of Cr(CH,CMe,), supported
onsilica. No heterogeneous disproportionation catalysts
of chromium have yet been reported, and the homo-
geneous catalysts 2 have much lower activities than
their Mo or W analogues.

Conclusion.—The catalysts obtained here show that
molybdenum or tungsten complexes may provide
efficient catalysts if there is a suitable means of inter-
action with the support. Formal oxidation state is
not important, provided that high oxidation-state
precursors can be reduced at some stage during catalyst
preparation. The active catalysts in this work have
been derived from only molybdenum or tungsten.
Chromium-based catalysts do not appear to be very
active in olefin disproportionation, but Re,0, and
Re,(CO);q are known to provide extremely efficient
catalysts at 373 K and higher temperatures.8 2%30
If suitable organometallic rhenium complexes could
be supported, catalysts might be obtained which were
even more efficient at 293 K than those reported here.
Furthermore, ref. 8 mentions disproportionation ac-
tivity associated with other transition metals, but
under very high temperature conditions. Use of
suitable organometallic complexes could improve the
conditions required for catalysts based on these metals.
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