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The reactions of ethylene and propylene catalyzed by molyb-
denum model catalysts are examined at high temperature (800-
880 K). Hydrocarbon products up to Cg are present in measur-
able amounts for both reactions, and products up to Cg are ob-
served. The product distributions obtained are well described by a
Schulz-Flory distribution, where a plot of In(r,/n) versus n yields
a straight line, indicating that products are formed by a chain-
polymerization mechanism. Analysis of the slopes and intercepts
of the Schulz—Flory distributions allows the Kinetic parameters for
high-temperature metathesis to be estimated. For ethylene, degen-
erate metathesis is determined to proceed with a reaction order of
1.3+ 0.2 and an activation energy of 55 + 7 kcal/mol. The metathe-
sis of propylene is determined to have a reaction order of 1.02 + 0.05
and an activation energy of 53 & 3 kcal/mol. Propylene metathesis
exhibits stereoselectivity for cis-2-butene formation that is two to
three times greater than that predicted thermodynamically. This
is suggested to be the result of the geometry necessary for methyl-
carbene recombination in the context of the proposed mechanism.
(© 1998 Academic Press

INTRODUCTION

Alkene metathesis was first observed in 1931 by
Schneider and Frélich when ethylene and butene prod-
ucts were observed after pyrolysis of propylene at 1130 K
(1). In 1964, the metathesis of propylene was found to be
catalyzed in heterogeneous phase by alumina-supported
molybdenum oxide (2). Three years later, homogeneous-
phase metathesis catalysis was first observed (3). Since that
time, a tremendous amount of work has been done to study
the mechanism of metathesis catalysis, and several pos-
sible pathways have been proposed. Primary among the
mechanisms proposed are the quasi-cyclobutane mecha-
nism (4-12), the metallacyclopropane mechanism (13, 14),
and the carbene-metallacycle mechanism (15-29). The
carbene-metallacycle mechanism is now the generally ac-
cepted mechanism for this reaction, based mostly on results
obtained in the homogeneous phase, and the activation en-
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ergy associated with this mechanism is about 6-9 kcal/mol
(30, 31). This carbene mechanism is proposed to be initi-
ated by formation of a carbene active site by olefin reac-
tion with the metal. This metal-carbene may further react
with another alkene forming a metallacycle, which can de-
compose by the reverse of its formation pathway to yield
metathesis products. Our work extends these studies to
well-characterized model systems (32-34).

A common problem during metathesis catalysis is the loss
of product selectivity at higher temperature (>600 K) due
to the formation of methane, 1 butene, and higher hydro-
carbons (35). It has been found that metallic molybdenum
can catalyze propylene metathesis above ~650 K (36, 37).
However, the reaction proceeds with an extremely high ac-
tivation energy (65+5 kcal/mol) and poor selectivity. In
addition, higher hydrocarbons are observed in the reac-
tion products (38). Metathesis has also been catalyzed by
a MoO; model catalyst, where it is found that metathe-
sis products are observed in two regimes (39). In one
regime, below ~650 K, formation of ethylene and butene
from propylene is found to proceed with a high selectiv-
ity (~90%), an absolute rate comparable to that observed
on supported catalysts with high molybdenum loading, and
an activation energy of 6 &2 kcal/mol. It is likely that the
accepted carbene-metallacycle mechanism operates under
these conditions. However, above 650 K, another mecha-
nism dominates where the activation energy observed for
product formation is 60+ 2 kcal/mol, similar to the value
found for metathesis catalyzed by metallic molybdenum,
the selectivity is poor, and higher hydrocarbon products are
observed. It seems likely that this high-temperature mecha-
nism may be responsible for higher hydrocarbon formation
and loss of selectivity in working catalysts at the upper limit
of their operating temperature range, as well as carbene ac-
tive site removal at lower temperature.

Surface science experiments on molybdenum metal and
oxygen modified molybdenum have shown that olefinic
bond scission and carbene formation is facile below room
temperature (32-34). It seems reasonable that, at suffi-
ciently high temperature, metathesis product formation
would be the result of direct recombination of carbenes on
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the catalyst surface, and that higher hydrocarbon products
are formed by polymerization of these surface carbenes.
This work examines the viability of this mechanism for
the description of the product distributions obtained for
the molybdenum-metal catalyzed reactions of ethylene and
propylene in this high-temperature regime and is also used
to rationalize the observed stereoselectivity of the 2-butene
formed from propylene.

EXPERIMENTAL

The apparatus used for these experiments has been de-
scribed in detail elsewhere (40). Briefly, it consists of a
bakeable, stainless-steel ultrahigh vacuum chamber operat-
ing at a base pressure of ~1 x 10720 Torr after baking. The
chamber is equipped with a quadrupole mass spectrometer
for temperature-programmed desorption experiments and
a cylindrical-mirror, electron energy analyzer, used for ob-
taining Auger electron spectra. In addition, an isolateable,
high-pressure recirculating batch reactor is incorporated
into the ultrahigh vacuum chamber that allows catalytic re-
actions to be carried out in situ at pressures up to one atmo-
sphere while maintaining a pressure of about 1 x 10~° Torr
inthe rest of the apparatus. The reaction mixture may be an-
alyzed by diverting small samples to a gas chromatograph
equipped with a flame-ionization detector. The output of
the detector is connected to a PC through a Keithley pi-
coammeter used as an amplifier and current-voltage con-
verter. Thisarrangementallows detection of product partial
pressures of <1 x 10~ Torr. Reaction rates are calculated
from the product accumulation curves and normalized to
the number of exposed atoms on the surface of the foil,
taken as equal to the unit cell density on a Mo(100) surface
(1 x 10¥® cm™?).

Molybdenum foil used is from Aesar and is 99.9999%
pure. The foil is cleaned using a standard procedure and is
judged free of contamination when no carbon or oxygen
signals may be detected with Auger electron spectroscopy.
Ethylene and propylene used (Linde, CP grade) is trans-
ferred from the cylinder and further purified by bottle-to-
bottle distillation. Cleanliness of the reactants is verified by
gas chromatography and mass spectroscopy, and the puri-
fied reactants are stored in glass until used. Nitrogen (Linde,
prepurified grade) gas is used as a ballast and is used as sup-
plied.

RESULTS

Based on the generally accepted mechanism for metathe-
sis, the reaction of ethylene is expected to simply yield ethy-
lene and, thus, produce no products that are measurable
without the aid of isotopic labeling. However, in the stud-
ied temperature range between 800 and 880 K, measurable
accumulations of methane and hydrocarbon products be-
tween C3 and Cg are observed, and products up to Cg are
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detected from the reaction of ethylene catalyzed by metal-
lic molybdenum. It has been shown in ultrahigh vacuum
that ethylene can dissociate to form C; species (32). It has
also been demonstrated that molybdenum is an active CO
hydrogenation catalyst where C3 hydrocarbons are formed
by polymerization of C; species synthesized from CO and
hydrogen (41). It is therefore likely that C; species formed
from ethylene dissociation can similarly polymerize. If this
hypothesis is true, the higher hydrocarbons observed in the
products from this reaction should be the result of carbene
recombination, then a Schulz-Flory plot of In(r,/n) ver-
sus n, where n is the carbon number, and ry is the yield of
product C,, should yield a straight line. Figure 1 shows the
product distribution for the reaction of 450 Torr of ethylene
at 870 K catalyzed by molybdenum plotted in this way. This
treatment of the data clearly shows a linear relationship,
confirming that the observed products are synthesized via
polymerization of a C; monomer on the catalyst surface.
Similar plots are obtained for the product distributions ob-
served under all conditions studied.

Extension of this model to the reaction of propylene
catalyzed by molybdenum suggests that metathesis prod-
ucts and higher hydrocarbons observed in the product
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FIG. 1. A typical Schulz-Flory plot for the product distribution from
the reaction of ethylene catalyzed by molybdenum at 870 K using 450 Torr
of ethylene.
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distribution may be formed by copolymerization of car-
benes and methylcarbenes. Experiments on propylene ad-
sorbed on Mo(100) and oxygen-covered Mo(100) demon-
strate that propylene olefinic bonds also cleave rather easily
on these surfaces (32, 42). If it is assumed that equimo-
lar amounts of the C; and C, monomers formed from
the propylene dissociation have similar reactivities and
that products may only be formed by combination with a
monomer unit, then a theoretical product distribution may
be calculated based on a consideration of the various chain
combinations which may form each carbon number C,.
Figure 2 displays the results of this calculation for the re-
action of 200 Torr of propylene catalyzed by molybdenum
at 865 K compared to the experimentally observed pro-
duct distribution in histogram form. The C; product yield
is not plotted since any propylene formed metathetically
cannot be distinguished from the reactant. The calculated
product distribution is normalized to the amount of C4 pro-
ducts observed and agrees well with that found experimen-
tally. In addition, the theory predicts the reformation rate
of propylene and the formation rate of products higher
than Cg, which could not be measured since their accumu-
lations were below the detection limit of our equipment.
The expected formation rates for some of these products
are shown in the calculated distribution.
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FIG. 2. Histogram comparing the experimental product distribution
(M) with that predicted theoretically (), assuming that higher hydrocar-
bons for by copolymerization of C; and C, monomers for the reaction of
200 Torr of propylene at 865 K.
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FIG. 3. Schulz-Flory plot for the degree of polymerization product
distribution from the reaction of propylene, which plots In(r,/a) versus a,
where a is the degree of polymerization.

Since the distribution function calculates the relative for-
mation rates of each possible carbon chain, the function
may be used to dissect the experimentally observed pro-
duct distributions and reassemble them to obtain a pro-
duct distribution in terms of degree of polymerization. If
the assumptions are made that each of the two monomers
(Cy and Cy) have similar reactivities, and that products are
formed by chain copolymerization, then a Schulz—Flory plot
of the degree-of-polymerization distribution should yield a
straight line. Figure 3 shows a plot of In(ry/a) versus a, where
a is the degree-of-polymerization and r, is the yield of all
chains with degree a, for the reaction of 200 Torr of propy-
lene catalyzed by molybdenum metal at 880 K. This plot is
indeed linear, confirming that the products of this reaction
are formed by recombination of C; and C, monomers with
similar reactivities on the molybdenum surface.

Itis demonstrated below that the slopes and intercepts of
the Schulz—Flory distributions are functions of fundamen-
tal rate constants and may, therefore, be expected to exhibit
Arrhenius behavior. Figures 4 and 5 show Arrhenius plots
of the Schulz-Flory distribution intercepts for molyb-
denum-catalyzed ethylene and propylene reactions, respec-
tively. Analysis of these data shows that the activation en-
ergy for the intercepts obtained from ethylene product
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FIG. 4. The intercept of the Schulz—Flory plot for ethylene metathe-
sis catalyzed at high temperature by metallic molybdenum for various
temperatures plotted in Arrhenius form.

distributions is 46 =4 kcal/mol and the activation energy
for the intercepts obtained from degree-of-polymerization
distributions of propylene is 42 + 1 kcal/mol. Similar plots
are shown for the slopes of the Schulz-Flory distribu-
tions in Figs. 6 and 7, and the activation energies obtained
from analysis of these data are 4.6 £ 0.4 kcal/mol for ethy-
lene and 5.4+ 0.6 kcal/mol for propylene. Further inspec-
tion of the functional form of the Schulz-Flory intercept
(see below) reveals that this term is expected to contain
pressure-dependence information due to its dependence
on monomer coverage. Plots of the Schulz—Flory intercept
versus In (reactant pressure) should therefore yield the re-
action order for product formation, and these data are dis-
played in Figs. 8 and 9. The slopes of these plots are the
reaction orders, and they are found to be 1.3+ 0.2 for ethy-
lene and 1.02 £+ 0.05 for propylene. Both of these reaction
orders agree well with values found previously for high-
temperature metathesis catalyzed by molybdenum model
catalysts.

Another aspect of the high-temperature reaction of
propylene catalyzed by molybdenum and MoO; model
catalysts is an observed reaction stereoselectivity manifest
by differences in activation energy for the formation of the
cis and trans isomers of 2-butene. Figure 10 shows the tem-
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perature dependence of cis- (@) and trans-2-butene (m) for-
mation for reaction catalyzed by an MoO;, model catalyst
plotted in Arrhenius fashion. Here the rate is calculated
as a turnover frequency (reactions/site/s) as described in
the Experimental section. These data show that the differ-
ence in activation energies observed for the two isomers is
12 + 3 kcal/mol. This difference in activation energies be-
tween the butene isomers results in a stereoselective pre-
ference for cis-2-butene versus trans-2-butene, compared to
the thermodynamically predicted ratio. Figure 11 shows the
cis—trans product ratios for butenes formed from reaction
of propylene catalyzed by a MoO, model catalyst compared
to the thermodynamically predicted value plotted as ratio
(reaction)/ratio(thermodynamic) versus temperature. The
data shown in this figure indicate that the observed cis/trans
ratio for butene products is two to three times higher than
is thermodynamically anticipated.

DISCUSSION

The formation of higher hydrocarbons from the reaction
of ethylene with a product distribution that is well described

T/K
880 865 850 835 820 800
15F -
i Arrhenius Plot
1.0 Schulz-Flory Intercept -

PC3H6 =200 Torr

0.5

00

Schulz-Flory Intercept
=
(&)
I

25F =

1.12 1.14 1.16 1.18 1.20 1.22 1.24 1.26
1000/T/K

FIG.5. Theintercept of the Schulz—-Flory plot for propylene metathe-
sis catalyzed at high temperature by metallic molybdenum for various
temperatures plotted in Arrhenius form.




OLEFIN METATHESIS AT HIGH TEMPERATURE

T/K
8§0 . 8§0 84}0 _ 82|0 _ 809
-1.20 | .
| Arrhenius Plot |
1.95 Schulz-Flory Slope
: _ PC2H4 =450 Torr -
-1.30 | N
135} -
°
h
-1.40 | =
-145 | -
-1.50 | =
1 1 1 1 L 1
1.14 1.17 1.20 1.23 1.26
1000/T/K

FIG.6. The slope of the Schulz-Flory plot for ethylene metathesis
catalyzed at high temperature by metallic molybdenum for various tem-
peratures plotted in Arrhenius form.

by a Schulz-Flory distribution (Fig. 1) is compelling evi-
dence that these products are the result of oligimerization
of C; monomers on the catalyst surface. For the reaction of
ethylene, it is proposed that initiation of this reaction is by
scission of the alkene bond to form surface C; species, which
may then further react to form surface C,, species (propa-
gation) or gas phase C,, products (termination). This reac-
tion scheme is analogous to the mechanism accepted for
Fischer—Tropsch synthesis (43-46).

If the equilibrium coverage of hydrocarbon C, on the
catalyst surface is expressed as 6, and it is assumed that re-
action proceeds by a chain mechanism (where propagation
and termination may only occur through reaction with a
surface monomer), then the rate of change of each surface
species C, may be expressed as

do,

gt = ket — Kibh6n — kybn6i, [1]
where K, is the rate constant for chain propagation and K is
the rate constant for chain termination. Assuming steady-
state conditions (d6,/dt = 0), this expression yields a recur-
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sion relation between 6, and 6,

k n-1
p
= 2
n (kt+kp> 01, [l

for the relative coverage, 6y, of each hydrocarbon, C,. The
appearance rate of each Cy product in the gas phase may
then be expressed as

= ktglen_l. [3]

Substitution of Eq. [2] into Eq. [3] yields the Schulz—Flory
distribution for each reaction product as

I’_n _ kp ktef )
In(n > =n In(kt n kp> + In(—(kp/(kt k) . [4]

Therefore, for a plot of In(r,/n) versus n, the slope is given

by
_ kp
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FIG. 7. The slope of the Schulz-Flory plot for propylene catalyzed

at high temperature by metallic molybdenum for various temperatures
plotted in Arrhenius form.
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FIG. 8. Theinterceptof the Schulz-Flory plot for ethylene metathesis
catalyzed at high temperature (870 K) by metallic molybdenum plotted
versus In (ethylene pressure).

and the intercept is

ki6? )
l=In| ——MMmmM— | . [
”((kp/<kt FSY [e]

Because these quantities are expressed in terms of loga-
rithms of rate constants, they may be plotted directly against
In(P) and 1/T toyield pressure and temperature dependen-
cies, respectively.

This analysis may be extended to describe the product
distribution formed during the reaction of propylene cata-
lyzed by molybdenum model catalysts, assuming that this
reaction proceeds via a similar pathway. Unlike ethylene,
however, propylene is expected to adsorb on the surface
and undergo olefinic bond cleavage to yield equimolar C;
and C;, carbenes. For this reason, the reaction should then be
described by a chain copolymerization mechanism, where
the monomer units are carbenes and methylcarbenes.

Unfortunately, an analytical expression describing the
product distribution like that developed above the ethy-
lene cannot be reached directly in the case of propylene,
due to the presence of two different monomer units. How-
ever, if a chain mechanism is assumed, where termination
and propagation proceed only by reaction with a monomer
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unit, then a relative product distribution may be estimated,
based on the relative reactivities of each monomer and their
termination probabilities.

In binary copolymerization, if there is an equal reac-
tion probability for the two monomers, then the chance
of each monomer existing in a particular place in the chain
sequence is 0.5. It follows from this that the probability of a
chain consisting of a particular monomer sequence existing
is (0.5)? where ais the degree of polymerization (47). Since,
in the case of chain copolymerization, propagation and ter-
mination occur only by the addition of a monomer to the
end of the chain, this means that, whenever a monomer unit
adds to a chain, it has a chance to desorb from the surface
to yield product («) or a chance to propagate to become
a longer surface oligomer (1 — «). It follows from this that
for a product of degree of polymerization (a) to form, the
particular chain sequence must exist, so that the chain must
have propagated (a— 2) times, and then terminated. The
relative proportion of each chain formed as a product is
then

T2 _ (0521 — a)*2a. [7]
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FIG.9. Theintercept of the Schulz-Flory plot for propylene metathe-
sis catalyzed at high temperature (850 K) by metallic molybdenum plotted
versus In (propylene pressure).
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FIG. 10. Arrhenius plots for the formation of cis- (®) and trans-2-
butenes (M) from the reaction of 450 Torr of propylene catalyzed by
molybdenum dioxide. Rates are measured as turnover frequencies (see
Experimental section).

To determine the relative amount of product of carbon
number C, that is formed during reaction, each possible
chain that can make that product must be summed. If n is
even, then the possible chains formed would range from
the degree of polymerization, a, equal to n/2 for chains
formed by all C, monomers, and n for chains formed by all
C1monomers. For n odd, this range would be from (n+ 1) /2
for chains formed from all C, monomers, except one C;
unit, to n for chains formed from all C; units. Finally, the
number of ways each chain of degree a may be formed and
terminated is calculated. At this point, we have no simple
analytical method of calculating this quantity for all cases,
so this number must be calculated manually.

The result of this calculation yields two similar equations,
for n even,

n
I "
— = 0.5%a — 1)* “a, 8
- z/zj Qa(0.5)%( 8]
and for n odd,
n
0 3 Qw05 -1 [9]
Iot (D)2

where, in both equations, n is the carbon number, a is the
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degree of polymerization, Q, is the number of ways that the
chain may be formed, and « is the termination probability.
These are the functions used in determining the fit for the
product distribution shown in Fig. 2. It should be empha-
sized here that the values of Q, are constant, and that « is the
only parameter varied to fit each set of experimental data.
Once the value of « is determined by fitting the exper-
imental data, this distribution function allows the product
distribution to be expressed in terms of product appear-
ance, based on the degree of polymerization rather than
the carbon number. Because of the assumption of equal
monomer reactivity, this degree of polymerization distri-
bution is directly comparable to the product distribution
obtained from the reaction of ethylene, and thus the pro-
duct accumulation data from propylene expressed in terms
of the degree of polymerization should form a Schulz-Flory
distribution. This is confirmed by the data shown in Fig. 3.
In general, the rate of metathesis product formation,
which is the result of direct monomer recombination and
elimination, may be expressed as
Mm = Kif7 [10]
for both ethylene and propylene metathesis, where in this
case 6 is the total monomer coverage.
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FIG. 11. The cis- to trans-2-butene ratio for propylene metathesis

products compared with the thermodynamic ratio of these products using
450 Torr of propylene catalyzed by a MoO; model catalyst.
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SCHEME 1.

Along with Egs. [5] and [6], this expression allows the
activation energy for metathesis product formation to be
estimated, based on the activation energies found from the
Schulz-Flory slopes and intercepts (Figs. 4-7). The acti-
vation energy contributions for the intercept may be ex-
pressed by taking the logarithms of Eq. [6] as

Eact(1) = Eact (kebf ) — 2Eact(Kp/ (ke + kp)).  [11]
Thus, the activation energy for metathesis (Eact(ktef)) may
be estimated as the intercept activation energy plus twice
the slope activation energy (Eact(Kp/ (ki +Kp)), Eq. [5]).
These values are determined to be 55 4 7 kcal/mol for ethy-
lene metathesis and 53 + 3 kcal/mol for propylene metathe-
sis, and they are comparable to values previously measured
for propylene metathesis product formation under similar
conditions.

This recombination pathway for high-temperature
metathesis can also be used to rationalize the observed
stereoselectivity for cis-2-butene versus trans-2-butene.
Figure 11 shows that the preference for the cis isomer is
two to three times greater than the thermodynamically pre-
dicted ratio for reaction of propylene catalyzed by MoO,,
and a difference of 12 + 3 kcal/mol in activation energies is
found. For the reaction of propylene catalyzed by molyb-
denum metal, similar stereoselectivity values of about 2
are found. MoOQ; is catalytically more active for high-
temperature metathesis that metallic molybdenum, which
allows these reaction rate differences to be more accurately
measured at lower reaction temperatures than on metal-
lic molybdenum. The recombination mechanism proposed
above predicts that butenes are predominantly formed by
recombination of surface methylcarbenes. It is assumed
that the approach of the methylcarbenes to each other
is such that the carbene planes are parallel. This geome-
try will facilitate overlap between the carbene = orbitals
and the formation of the o and = bonds between the «
carbons. In this case, steric hindrance between the methyl
groups of the approaching methyl carbenes will favor the

formation of a trans-intermediate in this initial step as in-
dicated in Scheme 1. In general, carbene recombination in
organometallic compounds leads to the formation of trans
products as predicted from this step (48-53). This will lead
to the formation of asurface bonded 2-butene specieswhere
the carbons are depicted as being sp® hybridized. This has
been shown to be the case of ethylene adsorbed on metal-
lic molybdenum (54) and so it is likely also to be true for
butenes.

The next step is the reductive elimination of this di-o-
bonded metallacyclic intermediate to form 2-butene. This
step involves the hybridization of the carbons changing
from sp® to sp? and the molecule becoming planar. When
the intermediate isbonded to an isolated metal center, there
is no steric hindrance involved with this step. In contrast,
when itis adsorbed on a planar substrate, the methyl groups
will prevent this molecule rehybdridzing in the case of the
trans intermediate. In the case of the cis intermediate, the
molecule can rotate slightly about the C(2)-C(3) bond to
minimize steric interference between the methyl groups
and the surface thereby facilitating product formation as
depicted in Scheme 1.

CONCLUSIONS

The reactions of ethylene and propylene at high tem-
perature produce higher hydrocarbons with chain lengths
up to Cg. The experimental product distributions are well
described by a Schulz—Flory distribution, indicating that
products are formed by a chain-polymerization mecha-
nism. The reaction orders determined from analysis of the
Schulz—Flory plots indicate that the metathesis reactions
are 1.34+0.2 order in ethylene and 1.02+0.05 order in
propylene (Figs. 8, 9). The activation energy for degenerate
metathesis of ethylene is determined to be 55 + 7 kcal/mol
from the Schulz—-Flory plots, and the activation energy for
metathesis product formation from the reaction of propy-
lene is found to be 53+ 3 kcal/mol in the same manner.
Both of these values are consistent with values previously
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observed for propylene metathesis under similar condi-
tions. Stereoselectivity for cis-2-butene formation is deter-
mined to be two to three times greater than thermodynam-
ically anticipated (Figs. 10, 11), and this is analyzed in terms
of the carbene recombination model outlined above.
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