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The conversion of seed oil based feedstocks such as methyl oleate into useful commercial
raw materials via olefin metathesis has been a research focus for decades, due to their low
cost and renewable supply, but technical success has been limited due to poor catalyst
activities and turnovers. We report here recent studies on the cross-metathesis of methyl
oleate with ethylene (ethenolysis) catalyzed by bis(tricyclohexylphosphine)benzylideneruthenium
dichloride (1). At 25 °C/60 psig of ethylene, catalysis by 1 results in the highly selective
formation of 1-decene and methyl 9-decenoate. However, reactivity losses limit the catalyst
turnovers well below commercial viability in batch reactor operation. In an attempt to address
the limitations of this chemistry, a combination of an experimental evaluation of the impact
of process parameters, a detailed analysis of the fundamental reaction steps, kinetic modeling,
and molecular modeling has been applied to develop a more detailed understanding of this
complex catalytic pathway. These fundamental studies have led to a more complete
understanding of the factors impacting catalyst performance and the identification of
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approaches necessary to achieve an economically viable process.

Introduction

The production of useful commercial raw materials
from renewable natural resources is a focus currently
throughout both the chemical industry and academia,
as issues of both price and availability of fossil fuel
derived feedstocks become more pressing.1?2 However,
this strategic shift toward evaluating previously un-
derutilized renewable resources will require several key
breakthroughs to achieve commercial realization. First,
renewable feedstocks must be identified which can meet
economic targets of existing commercial processes if they
are to be implemented, and their volumes should be
such that their utilization in new commercial applica-
tions does not significantly impact current utilization
needs. Second, as these feedstocks contain in many
cases alternate chemical architectures and functionality,
product/application development will be needed to iden-
tify key properties and commercial product opportuni-
ties for these new materials. Finally, new chemical and,
in particular, catalytic technologies will need to be
developed to transform these feedstocks into useful
monomers and materials. Without parallel development
on all three of these fronts, commercial implementation
will be significantly hindered. Natural seed oil based
raw materials meet several of the needs of renewable
materials. Their competitive cost, worldwide avail-
ability, and built-in functionality make them attractive

*To whom correspondence should be addressed. E-mail:
brmaughon@dow.com.

(1) Carraher, C. A.; Sperling, L. H. Polymer Applications of Renew-
able Materials; Plenum: New York, 1983.

(2) MacGregor, E. A.; Greenwood, C. T. Polymers in Nature; Wiley:
New York, 1980.

10.1021/0m0341799 CCC: $27.50

for numerous commercial applications, and they have
already found limited application in several areas,
including cosmetics, soaps, detergents, polymer addi-
tives, and coatings.3

Olefin metathesis of seed oils and their fatty acid
methyl esters has been an active area of research for
greater than 25 years, with the breakthrough discovery
by Mol that supported Re catalysts, activated with
tetraalkyltin species, are active in the homometathesis
of methyl oleate.* This advance led to considerable
activity in the development of heterogeneous metathesis
catalysts focusing on new catalytic materials, improved
activators, and fundamental surface science studies to
understand the nature of the catalytically active site.>®
However, to date, the highest reported catalyst turn-
overs for the metathesis of methyl oleate with these
heterogeneous catalysts is 900, due to severe catalyst
sensitivity to polar impurities and polar functionality
and inherently rapid deactivation pathways.’

Over the past decade, the ground-breaking research
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Nolan,?? and others?—3! on the development of func-
tional group tolerant homogeneous metathesis catalysts
has led to renewed interest in olefin metathesis and its
potential in commercial applications.19113233 |n par-
ticular, the first-12-14 and second-generation'® Grubbs
catalysts, illustrated in Chart 1 (1 and 2, respectively),
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have received widespread attention due to their toler-
ance of air, moisture, and a wide array of polar
functional groups. This, coupled with their considerable
activity and relative ease of synthesis, has led to their
evaluation in numerous areas in polymer synthesis33:34
and organic transformations.33:3536 The application of
these systems for the metathesis of fatty acid methyl
esters has received limited attention, though. In 1994,
Grubbs et al. demonstrated that both the homomet-
athesis of methyl oleate (Scheme 1) and its cross-
metathesis with ethylene (ethenolysis, Scheme 1) could
be accomplished using 3, giving productive turnovers
of 960 and 130—140, respectively, for these reactions.3”
In 2001, Warwel et al. demonstrated turnovers of 2320—
2960 for the ethenolysis of methyl oleate at 50 °C/140
psig using 1.3 To date, these are the best reported
turnovers for the ethenolysis of methyl oleate using
homogeneous ruthenium metathesis catalysts. Mol has
reported that turnovers of 2500 using 1 and 440 000
using 2 could be achieved for the homometathesis of
methyl oleate as well.®°

With its focus on sustainable development and on the
need for the identification of alternate feedstocks, The
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Dow Chemical Company has been involved in the
exploration of seed oils as a potential raw material for
a number of applications in epoxy thermoplastics and
thermosets, polyurethane foams, thermoplastic poly-
urethanes, polyolefin comonomers, and surfactants. The
development of olefin metathesis catalysis for the
ethenolysis of methyl oleate has been identified as
critical to conversion of seed oil based feedstocks into
useful raw materials for these application areas. How-
ever, the cost of the homogeneous metathesis catalysts
requires turnovers of >50 000 in order to achieve an
economically viable process. A concerted research effort
focusing on experimental reaction and process param-
eter evaluation, kinetic modeling, and molecular model-
ing has been undertaken to evaluate catalyst 1 for the
ethenolysis of methyl oleate. The goals of this effort are
a detailed understanding of the reaction pathways and
the factors which impact catalyst performance and the
identification of a commercially viable metathesis pro-
cess.

Experimental Section

Materials. Bis(tricyclohexylphosphine)benzylidine ruthe-
nium dichloride (1) was obtained from Strem Chemicals and
used without further purification. Methyl oleate (99%) and
1-decene (94%) were obtained from Aldrich and were purified
by alumina treatment prior to use. Toluene and CsD¢ were
obtained from Aldrich and purified using a fixed-bed purifica-
tion system.*® Ethylene (Matheson, polymer grade) was used
without purification. 9-Octadecene (97%) was purchased from
Alfa Aesar and was purified by alumina treatment prior to
use. PhsPO was purchased from Aldrich and used without
further purification. Methyl 9-decenoate was isolated from the
metathesis reaction mixture via distillation and further puri-
fied by alumina treatment prior to use.

Ethylene Solubility Studies. A Whitey gas cylinder was
fitted with a pressure gauge, two shut-off valves, and tubing
to connect to the 2 L reactor inlet valve. The volume of the
cylinder, valves, and gauge (V.) was determined by filling with
methanol and measuring the volume. The volume of all the
ports in the top of the Parr reactor was also measured by
methanol filling, along with the reactor containing the mag-
netic stirrer. The sum of the reactor volume, the connecting
tubing, and the port volume (V,) was used as the volume into
which a known volume of gas was allowed to expand. The
reactor was loaded with a known amount of methyl oleate,
evacuated for ~10 min at full vacuum, and sealed. The
ethylene-purged cylinder and the connecting tubing were
secured to the reactor. The Whitey cylinder was filled with
ethylene to 128 psig. The fill valve was closed, and the valve
to the connecting line and the reactor isolation valve were
opened, allowing the known volume of gas to expand into the
reactor with vigorous stirring. The cylinder valve was closed,
and the cylinder was refilled to 128 psig. This second volume
of gas was also allowed to expand into the stirred reactor. This
procedure was continued until the reactor pressure read a
stable 60 psig for 5 min. The same procedure was used to
generate data at 40, 60, 72, and 80 psig. The solubility of
ethylene in methyl oleate at various pressures was then
calculated.** At 60 psig, this corresponded to a mole fraction
of ethylene/methyl oleate of 0.108. A similar experiment in
which the methyl oleate was saturated with air or nitrogen at
the start did not give a good correlation.

Methyl Elaidate (trans-Methyl Oleate) Synthesis. Elaid-
ic acid (51 g, 0.18 mol) was charged to a 100 mL round-bottom

(40) Panborn, A. B.; Giaradello, M. A; Grubbs, R. H.; Rosen, R. K.;
Timmers, F. J. Organometallics 1996, 15, 1518.
(41) See the Supporting Information.
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flask along with methanol (20 mL) and 2,2-dimethoxypropane
(5.5 mL, 0.045 mol). Approximately 8 drops of sulfuric acid
were added, and the solution was refluxed for 30 min. The
cooled reaction mixture was poured into 100 mL of 5% sodium
bicarbonate containing 200 g of crushed ice. After the ice
melted, the mixture was extracted three times with 50 mL
portions of diethyl ether. The ether layer was dried over
sodium sulfate and concentrated to yield 51.8 g (96.7% yield)
of the crude ester. The crude ester was distilled prior to use.

Metathesis Batch Reaction Procedure. In a drybox,
alumina-treated and degassed Aldrich methyl oleate (12.0 g,
40.47 mmol) and tetradecane (2.5 g, internal standard) were
combined with a stir bar in a heavy-walled glass reactor (Ace
#8648-135), and this was capped with a rubber septum. Bis-
(tricyclohexylphosphine)benzylideneruthenium dichloride (1;
1.85 mg, 0.002 25 mmol) was then dissolved in toluene (100
uL) in a gastight syringe, and both the reactor and syringe
were removed from the glovebox. The catalyst solution was
added in one portion to the reactor, and then the reactor was
connected to an ethylene/nitrogen dual manifold and a mag-
netic stirrer. The reactor was flushed with 2 x 55 psig nitrogen
and 1 x 60 psig ethylene, and then it was pressurized up to
60 psig of dynamic ethylene pressure. The reaction was
monitored by sampling at reaction pressure via a ETFE shut-
off valve through a 0.01 in. i.d. TEFZEL tube inserted into
the reaction mixture. The sample was quenched under pres-
sure with excess butyl vinyl ether. Conversion and selectivity
were determined using GC analysis on a Hewlett-Packard
6890 instrument using a BPX70 column (60 m x 0.32 mm x
0.2 um film thickness; Phenomenex #054617). Samples of the
quenched liquid phase (~100 uL) were diluted in acetone (1.5
mL) before injection. An inlet temperature of 275 °C and
detector temperature of 325 °C were used with the following
temperature ramp: temperature 1, 80 °C; hold 1, 4 min; ramp
1, 50 °C/min; temperature 2, 170 °C; hold 2, 3 min; ramp 2, 5
°C/min; temperature 3, 200 °C; hold 3, 3 min; ramp 3, 25 °C/
min; temperature 4, 255 °C; hold 4, 15 min.

Homometathesis experiments, catalyst loading studies, eth-
ylene pressure experiments (15—60 psig), and reverse coupling
reactions of terminal olefins were run similarly in this reactor
system.

High-Pressure Batch Reactor Procedure. The clean 1
in. stainless steel tubular reactor containing a magnetic Star
Head stirring bar was evacuated for 30 min, sealed, and
transferred to the drybox. Into a glass vial was weighed
tetradecane (2.5 g, internal standard) and Aldrich methyl
oleate (12.0 g) that had been degassed and alumina-treated.
The reagents were mixed and transferred to the tubular
reactor through a piece of plastic tubing entering through the
top Y4 in. fitting and extending to within %/, in. of the bottom
of the reactor. The top valve on the reactor was closed and
capped. A gastight syringe was loaded with a freshly prepared
solution of 1 in toluene (0.21 mL of a 0.04 M solution). The
sealed reactor and the capped syringe were taken to the
reaction manifold. The 1/, in. fitting was attached to the
manifold, and the manifold was purged with 50 psig of
nitrogen. The reactor isolation valve was opened, the stirrer
was started, and the reactor was flushed 4 x 240 psig with
polymerization grade ethylene via a fast-feed valve. The
pressure was let down to <5 psig and the catalyst solution
injected through the septum port (12 in. needle to reach the
reactor contents) on the reactor. The injection port valve was
closed and the pressure taken to 240 psig of ethylene with the
fast-feed valve. That valve was then closed, and the valve
through the mass flow controller was opened for the remainder
of the reaction. Samples were taken via the sample loop with
a standard purge/sample sequence into a capped GC vial
containing ~100 xL of butyl vinyl ether. The same GC analysis
as above was utilized to determine conversion and selectivity.

31P NMR Catalyst Decomposition Experiments. In the
glovebox, a solution of either methyl oleate (0.10 g, 0.34 mmol,
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55.5 equiv) or 1-decene (0.043 g, 0.31 mmol, 50.6 equiv), Phs-
PO (1.7 mg, 0.006 mmol, 1.0 equiv) and 1 (5.0 mg, 0.006 mmol,
1.0 equiv) in C¢Dg was prepared and transferred to an NMR
tube, which was capped and sealed with Parafilm. 3P NMR
spectra were recorded periodically for up to 24 h using a Varian
Mercury Vx 300 spectrometer (300.1 MHz; 75.49 MHz for 13C)
using an Sun Ultra 5 workstation running Solaris 7 and
VNMR 6.1B software with reference to a HsPO. external
standard. Integration of the observed ruthenium carbene
signals (benzylidene, 37.2 ppm; alkylidene, 36.6 ppm; meth-
ylidene, 43.8 ppm) versus the PhszPO internal standard (25.65
ppm) was used to determine the concentrations of the different
catalyst intermediates over time.

Kinetic Modeling Studies. The batch experiments were
simulated mathematically by setting up differential equations
to account for the material balance for each component in the
reaction mixture. The batch simulations were initiated by the
initial charge compositions reported for the experimental runs.
The predicted profiles for various components were brought
into agreement with the experimental data by manipulating
the fitting parameters in the postulated kinetic model. The
system equations were integrated by using Gear's backward
differentiation formula. The Marquardt optimization method
was employed for data fitting.

Computational Studies. The computational methods em-
ployed to compute molecular structures and energetics are
based on density functional theory (DFT), as embodied in the
Jaguar 4.1 program by Schrodinger, Inc.*> The B3LYP hybrid
functional and the LACVP** basis set were used to describe
the electronic structure. LACVP** comprises the Los Alamos
effective core potential on the Ru atom and the 6-31G** basis
set on all non-transition-metal elements. All geometries were
optimized using the Jaguar 4.1 built-in optimizer until the
maximum gradient of the energy with respect to nuclear
displacement was smaller than 107% atomic units. If this
residual gradient was not reached during the optimization,
the optimization was examined and accepted only if all quality
criteria (except for the maximum gradient) had been met.
Conformational searches were done with the conformational
search module of Cerius?, using the UFF force field, with
subsequent local optimization. For conformations involving
organometallic bonds, a limited conformer search was done
at the Jaguar 4/DFT level of theory. Transition states were
located by geometry scans of the C—C bond length in incre-
ments of 0.2 A, which is sufficient to determine the transition
state energy to within 0.5 kJ/mol, due to the flatness of the
potential energy surface in the region of the transition state.
All computed energies reported here are pure density func-
tional energies.

Results and Discussion

Preliminary Laboratory Studies. Initially, simple
probe metathesis reactions were carried out for the
ethenolysis of methyl oleate, using 1 in batch reactors
to begin to understand the impact of standard process
variables on this cross-metathesis reaction. Figure 1
illustrates the ethenolysis of neat methyl oleate using
1 at room temperature/60 psig of ethylene with [MQO]/
[1] = 4500:1. Under these mild conditions, several
reaction features are apparent. First, high selectivity
to the desired terminal olefin products (1-decene and
methyl 9-decenoate) is apparent at low conversions, but
this selectivity decreases with increasing conversion.
Second, a high initial rate is observed (1.4 TO/s) that
rapidly decreases during the first 2 h of reaction. The
high initial rate and substantial turnovers (TO = 2980)

(42) Jaguar 4.0; Schrodinger, Inc., Portland, OR, 2000.
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Figure 1. Conversion of methyl oleate (MO) in the MO
ethenolysis with catalyst 1. Conditions: 30 °C; 60 psig of
ethylene; 4500:1 [MQOJ/[1]; [MO] = 2.56 M; 2980 turnovers.
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Figure 2. Conversion of methyl oleate (MO) in the MO
ethenolysis with catalyst 1. Conditions: 30 °C; 60 psig of
ethylene; [MO]/[1] ratios of 200, 4500, 7000, 17 000, 50 000,
and 100 000; [MO] = 2.56 M.

observed in this reaction under such mild conditions
were promising and prompted further exploration.
Catalyst turnovers will be discussed frequently through
this report, and therefore their definition is worth
highlighting as it relates to this chemistry. As the
desired products are the terminal olefins 1-decene and
methyl 9-decenoate, not the internal olefin isomers of
methyl oleate (or the homometathesis products), turn-
overs will be defined as the productive turnovers to one
of the desired terminal olefin products, as illustrated:

catalyst turnovers (TO) = (moles of either 1-decene
or methyl 9-decenoate produced)/(mole of catalyst)

TOF = initial catalyst turnovers/s

Catalyst Loading. To push the limits of this chem-
istry under these conditions, a series of experiments
have been run at a range of catalyst loadings, as shown
in Figure 2. Catalyst loadings from 200:1 to 100 000:1
have been studied to determine the impact of catalyst
loading on initial activity, selectivity, and total turn-
overs. Table 1 shows the impact of catalyst loading on
both initial TOF and total batch turnovers achieved.
Quite remarkably, the initial rates are high even at low
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Table 1. Impact of the Initial Catalyst Loading on
Initial TOF's and Total Turnovers

[MO]/[cat] ratio  TOF (productive TO/s)  catalyst turnovers

200 0.05 127
4500 0.9 3010

7 000 15 4 350
17 000 25 10 400
50 000 4.8 12 500
100 000 6.7 15400

catalyst loadings, with initial TOF's up to 6.7/s and total
turnovers of >15 000 achievable under these conditions.

If the selectivity to terminal olefin products is plotted
versus methyl oleate conversion, a clear trend is ob-
served for all of these loadings. As can be seen in Figure
3, the selectivity to terminal olefin products is typically
>94% at conversions of <50%, but as the conversions
increase past this point, the selectivity rapidly decreases
due to the increased contribution of the terminal olefin
self-metathesis reaction seen in Scheme 2. Therefore,
catalyst 1 initially gives a kinetic product mixture
favoring terminal olefin products (1-decene and methyl
9-decenoate), but this then trends toward the thermo-
dynamic product mixture, where higher levels of inter-
nal olefins (9-octadecene and dimethyl 9-octadecene-
1,18-dioate) are formed over extended reaction times
and conversions.

Ethylene Pressure. To attempt to drive the cross-
metathesis of methyl oleate and ethylene to higher
conversions and selectivities, the impact of ethylene
pressure has been examined. Standard conditions of
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= 2.33 M.
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Figure 5. Selectivity of methyl oleate (MO) ethenolysis
with catalyst 1 versus MO conversion. Conditions: 30 °C;
ethylene pressures of 15, 30, 60, and 240 psig; 4500:1 [MO]/
[1]; [MO] = 2.33 M.
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[MQO]/[1] = 4500:1 at room temperature have been
employed with ethylene pressures from 15 to 240 psig.
Figure 4 illustrates the conversion profiles at these
pressures. Although the conversion is found to increase
from 56% to 82% on going from 15 to 240 psig, surpris-
ingly, the initial rates for these different pressure
experiments are not significantly different, implying
that the rate dependence on ethylene concentration is
not first order. However, as expected, the selectivity is
significantly affected by ethylene pressure, with selec-
tivities of >96% possible at 240 psig, even at high
conversion (Figure 5).

Cis/Trans Equilibration. One issue of concern is
that as this reaction proceeds, equilibration of the
internal olefins (methyl oleate, 9-octadecene, and dim-
ethyl 9-octadecene-1,18-dioate) to a cis/trans mixture is
expected. As the reaction starts with >99% cis-methyl
oleate, the impact that the formation of trans internal
olefins in the reaction mixture would have on catalyst
productivity was not clear. The concentrations of cis/
trans olefins are illustrated in Figure 6 for the ethenoly-
sis of methyl oleate using 1 at 30 °C/60 psig of ethylene
and [methyl oleate]/[1] = 4500:1. For clarity, only
methyl 9-decenoate, methyl oleate, and dimethyl 1,18-
octadec-9-enedioate values are shown.

From this, one can see that, with catalyst 1, low levels
of trans olefin do grow in with time, and for the
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Figure 6. Concentration profiles of selected reactants and
products (including cis/trans isomers) in the MO ethenoly-
sis with catalyst 1. Conditions: 30 °C; 60 psig of ethylene;
4500:1 [MOJ/[1]; [MQO] = 2.56 M; 2980 turnovers.

homometathesis byproducts, trans olefin dominates the
cis species by a 2.4:1 ratio. However, these results show
that neither homometathesis nor trans olefin formation
are kinetically significant relative to methyl oleate
ethenolysis.*®

Kinetic Modeling Studies. A. Semiempirical Ki-
netic Modeling. With these basic screening experi-
ments in hand, an extensive data analysis effort was
initiated in order to better understand the complex
phenomena governing the methyl oleate ethenolysis. As
expected, it was concluded that a simple kinetic fit based
on a second-order reversible model (see eq 1) fails to fit
the experimental results.

k
methyl oleate + ethylene k-——‘l
1-decene + methyl 9-decenoate (1)

The key reason is the presence of an unusual slow-
down of conversion in every batch experiment, following
a rapid initial rate, which could not be explained simply
by the adverse effect of the accelerating reverse reaction.
Mathematically, this unexpected reactivity loss could
only be accounted for by employing a rapid second-order
catalyst decay. Both the fit to the experimental data and
the predicted catalyst decay profile using empirical
second-order catalyst decay are seen in Figure 7. The
apparent catalyst half-life of near 10 min necessary to
fit the experimental data is in conflict, however, with
previous reported ruthenium methylidene and alkylidene
half-lives of 40 min and 8 h at 55 °C, respectively.**
These literature decay studies have been accomplished
in the absence of olefinic substrates, and therefore one
cannot assume that they directly translate to our

(43) The rate of both homometathesis and ethenolysis of methyl
oleate has therefore been examined by comparing the cis and trans
olefin isomers (Figures 24 and 25 in the Appendix). Clearly, the rate
of trans olefin metathesis is considerably lower than that of cis olefin,
for both homometathesis and ethenolysis, similar to previous reports.*8
During a typical batch experiment only low levels of trans olefin are
observed, and therefore, this impact of catalyst activity should be
minimal. This effect will need to be considered in future process
studies, though, as trans olefin will build up on recycling of the
metathesis mixture and thus could impact catalyst performance to a
greater degree.

(44) Ulman, M. U.; Grubbs, R. H. J. Org. Chem. 1999, 64, 7202.
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Figure 7. Comparison of experimental data versus the
second-order reversible model for MO ethenolysis with
catalyst 1. Conditions: 30 °C; 60 psig of ethylene; 4500:1
[MOJ/[1]; [MQ] = 2.56 M; 2980 turnovers.
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Figure 8. Effect of product addition on the rate of methyl
oleate (MO) conversion in the MO ethenolysis with catalyst
1. Conditions: 30 °C; 60 psig of ethylene; [1] = 0.57 mM;
for the standard run, [MO] = 2.561 M; starting at 22%
conversion, [MO] = 1.92 M, [1-decene] = 0.48 M, [methyl
9-decenoate] = 0.52 M, [9-octadecene] = 0.020 M; starting
at 60% conversion, [MO] = 0.80 M, [1-decene] = 1.18 M,
[methyl 9-decenoate] = 1.21 M; [9-octadecene] = 0.077 M.

system, but the significant discrepancy prompted us to
explore the framework of the kinetic model in a more
detailed fashion.

The simple reversible model (eq 1) also failed to
explain and fit a number of experimental runs in which
catalyst loading was varied. It is readily observed in
Figure 2 that the experimentally attainable apparent
equilibrium conversion is systematically related to the
catalyst concentration. That is, the lower the catalyst
concentration, the lower the observed plateau in conver-
sion. Also, regarding the ethylene pressure effect (Figure
4), complex phenomena were again observed instead of
the expected first-order behavior, which the simple
model failed to explain.

The experiments with the presence of the products
in the initial charge provided invaluable insight. In
Figure 8, the methyl oleate decay profiles for two batch
runs containing products in the initial charge, simulat-
ing partially converged methyl oleate at 20 and 60%
conversion, were compared with a similar run starting
with only methyl oleate. The run conditions were
identical at 30 °C and under 60 psig ethylene pressure.
In particular, it should be mentioned that all three



Downloaded by NAT LIB UKRAINE on July 4, 2009
Published on March 26, 2004 on http://pubs.acs.org | doi: 10.1021/om0341799

Methyl Oleate Ethenolysis with the Grubbs Catalyst

experiments employed fresh catalyst with identical
concentrations.

A close comparison of the methyl oleate decay profiles
in Figure 8 qualitatively indicates that the batch run
starting with a charge corresponding to 20% conversion
behaves very similarly to the control run following 20%
conversion. Therefore, one can conclude that, at least
up to 20% conversion, the catalyst degradation is not
significant. Please note that the control run starts with
methyl oleate, without the presence of the products, and
as the conversion rises the products continue to build
up. Therefore, the only difference between the control
run at 20% conversion and the batch run starting with
a mixture corresponding to 20% conversion is the used
catalyst versus the fresh catalyst.

Similarly, in the batch run starting with an initial
charge corresponding to 60% conversion, the methyl
oleate decay appears to begin with a somewhat faster,
but comparable, rate to the control run following 60%
conversion. This observation clearly indicates that there
is an adverse effect of the terminal olefin product on the
reactivity and that significant catalyst decay in the
control run cannot be the sole cause of catalyst activity
losses at higher conversion. Fitting these experiments
using the simple reversible model was unsuccessful.

To investigate the role of the terminal olefin products
on the catalyst activity and the complex role of ethylene
pressure and the catalyst loading, a more detailed
mechanistic-based kinetic discussion follows.

B. Mechanistic-Based Kinetic Discussion for
Olefin Cross-Metathesis. It should be emphasized
that a comprehensive list of the elementary reactions
involved in methyl oleate ethenolysis includes numerous
individual reactions (see Computation Studies). This is
due to the presence of many productive and nonproduc-
tive reactions of various catalytic intermediates as well
as the presence of a large number of the cis/trans iso-
mers in the mixtures contributing to the reaction sys-
tem. Furthermore, in addition to the reversible reactions
of various olefins with ruthenium intermediates, there
are irreversible reactions responsible for the catalyst
decay phenomena. Therefore, to develop a manageable
kinetic model, there is a challenge in identifying key
reactions, ignoring kinetically noncompetitive ones, and
lumping as many steps together as possible while still
satisfying the overall equilibrium phenomena. Consid-
ering only the net reaction

(PCy;),RU=CHR; + R,HC=CR, =
(PCy,),RU=CHR, + R;HC=CHR,

with R1, Ry, and R3 being (CH2)7CH3, (CH2)7COOMe
(16e ruthenium alkylidenes 4 and 5, respectively) and
H (16e ruthenium methylidenes 6), one can express the
majority of metathesis reactions occurring in the reac-
tion mixture by six equations in Schemes 3—5.

On the basis of previous reported studies on catalyst
decay of ruthenium alkylidene and methylidene inter-
mediates 4—6, contribution of the 4 and 5 decay rates
to the overall catalyst decomposition rate should be
minimal.** Therefore, loss of catalyst can be attributed
predominantly to the decay of 6, which has been
determined to follow first-order decay kinetics (Scheme
6).44
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Scheme 3. Methyl Oleate Reaction with 6

TCYS
Cly,_|__
RTTC?HZ + Methyl Oleate
PCY3
6
F|’CYS
CI/’RT;CFH(CHQhCOOMe + 1-Decene
PCy3
5
TCys
|
C/’RT?FHz + Methyl Oleate
PCyS
6
l|:'Cy3
Cl, | __ + Methyl
RTT?H(CH2)7CH3 9-Decenoate
PCY3
4

Scheme 4. Homometathesis Product Reactions

with 6
PCy3
cy, |~ + Dimethyl9- —=——ox——=
RLI'TC?HZ octadecene-
PCys 1,18-dioate
6
PCya
Cly, |_
RlIJrC H(CH);COOMe + Methyl
PCys 9-Decenoate
5
PCy.
cl,_| ¢ + 9-Octadecene .
“Ru=CH =
vaF 2
PCy3
6
TCVS
CI//RT;C H(CH2)7CH3 + 1-Decene
PCy3
4

It should be noted that, as mentioned above, these
reactions do not completely cover all potential reaction
pathways; duplicate reactions involving cis/trans inter-
nal olefin would need to be included in addition to the
alkyl exchange reactions between the Ru—alkylidene
species 4 and 5 and internal olefins. Also, separate
ligand dissociation, m-complexation, and metalla-
cycle formation/cleavage steps would need to be in-
cluded.1>17:4546 A fully expanded version of these reac-
tions, including these elementary steps, is shown in
Scheme 7 and will be explained in greater detail in
Computational Studies. However, the additional num-
ber of fitting parameters that this would contribute
would make it impossible to identify a meaningful
unique solution to this kinetic model, and therefore a
few simplifying assumptions have been employed to
develop a workable model for the observed behaviors.

(45) Herrison, J. L.; Chauvin, Y. Makromol. Chem. 1970, 141, 161.
(46) Sanford, M. S.; Ulman, M.; Grubbs, R. H. 3. Am. Chem. Soc.
2001, 123, 749.
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Scheme 5. Ethylene Reaction with Alkylidenes 4

and 5
PCy3
cl,_| + Ethylene —_ .
RT':C H(CH,)7CHs
PCY3
4
F|’Cy3 + 1-Decene
Clrle=cH
|7:? 2
PCy3
6
'TCya
Ch.. —_—
RlljFC H(CH,);COOMe + Ethylene
PCY3
5
TCYS
Cl, | __ + Methyl
RT'_FHZ 9-Decenoate
PCyS
6
Scheme 6. Decay of 6
PCY3
Cl,, |_ 1st Order Decay
Rle,—CFHg >
PCY3
6

Catalyst Decomposition Products

First, the experimental data reveal that although the
trans isomers continue to form and accumulate in the
course of the batch runs, the concentration of trans
olefin is quite low and could therefore be ignored for
catalyst 1. Also, the reaction of 4 or 5 with internal
olefins can be excluded, as this reaction is not significant
under these conditions with catalyst 1. The latter
approximation is well justified by both homometathesis
rate studies with 1 in this report (see Figure 25 in the
Appendix) and computational data presented in Com-
putational Studies. The fitting parameters can be
further reduced in number with the assumption that
the alkyl- and ester-terminated ruthenium alkylidene
species 4 and 5 are equally reactive, a reasonable
assumption based on the functional group remote
proximity relative to the metal center (see Computa-
tional Studies) and kinetic studies (see Figure 26 in the
Appendix).*”

To represent the crucial catalyst activation step in
which a phosphine ligand is dissociated (Scheme 8) from
the 16e ruthenium alkylidene and methylidene inter-
mediates 4—6, the equation (2) for predicting the quasi
steady-state concentration of the fourteen-electron ru-
thenium complexes 7—9 was derived for both the
alkylidenes 4/5 and methylidene intermediates 6. There-

[4 or 5]
[L] + K'[RCH=CH,]
[6]
[L] + K'[RCH=CH,]

[14e alkylidene 7 or 8] O

[14e methylidene 9] O (2)

fore, ruthenium methylidene and alkylidene intermedi-
ates are incorporated into the kinetic model as coordi-
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nated 16e complexes 4—6. The active 14e intermediates
(7—9) which carry out the key catalytic steps are formed
from the original 16e ruthenium complex by phosphine
dissociation, as shown in Scheme 8. Equation 2, whose
basic functional form has also been introduced by
others,'” implies that the equilibration between 16e
species and the active 14e species is instantaneous and
that the ratio between the concentrations of a given 16e
species and its 14e derivative is influenced by competi-
tion between phosphine ligand and terminal olefin. In
this system, the terminal olefin concentration keeps
increasing as the methyl oleate conversion progresses,
which may result in further reduction in active 14e
complexes. In the semiempirical model it was found that
the terminal olefin competitions are dominant. Note
that inclusion of terminal olefin complexation as a
dominant phenomenon in reducing the concentration of
the active ruthenium complex will readily result in a
progressive activity retardation in methyl oleate cross-
metathesis, consistent with the experimental results.

The denominator of eq 2 represents a competition
between the free phosphine ligand (represented by [L])
and terminal olefin for the catalyst open coordination
site. One might expect the binding behavior of terminal
olefins to depend on the structure of the catalyst species
(14e species 7—9). However, in the interest of minimiz-
ing the number of fitting parameters, equal complex-
ation characteristics have been assumed. It was also
assumed that the free ligand concentration is simply
proportional to ruthenium concentration and that the
proportionality factor is equal for species 4—6.

Taken together, these outlined assumptions have
allowed the generation of a much simpler kinetic model
with a manageable number of fitting parameters (see
Scheme 9), which was used throughout the present
work.

C. Equilibrium Analysis of Methyl Oleate/Eth-
ylene Metathesis. The skeleton of the mechanistic
model as discussed in the above is made up of two
reversible reactions. The first reaction is the methyl
oleate (or other internal olefin) reaction with 6 to form
a terminal olefin and an alkylidene (4 or 5, which are
assumed to be equivalent). The second reaction involves
the reaction of 4/5 with ethylene to form the second
terminal olefin product and 6. A close inspection of the
two key reactions reveals that, by combining the two
reactions, one generates the overall reversible reaction,
representing the stoichiometry of the methyl oleate
metathesis with ethylene. Consequently, the two equi-
librium constants (K; and K3), corresponding to the two
lumped elementary reactions, would be related as
shown in eq 3 to satisfy the overall equilibrium (K3) in
the methyl oleate ethenolysis reaction.

KiK; =Ky 3

Since the overall equilibrium constant (K3) can be
estimated experimentally, there is a need to fit for only
one of the equilibrium constants. That is, one need only

(47) This assumption has been tested by comparing the rate of
terminal olefin coupling with either 1-decene or methyl 9-decenoate,
as shown in Figure 26 in the Appendix. The near-identical conversion
rates for these two substrates support the postulate of equal reactivity
for 4 and 5.
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Scheme 8 Table 2. Experimental Equilibrium Constants for
PC the Terminal Olefin Self-Metathesis Reactions (Ks,
cl,_| Y PC PCys Ks) and Methyl Oleate Homometathesis (Ka)
7 —_ + y
RUSgPHR 2 Clrg] ZpHR; Ka 0.25
PCys - POy [C Ks 0.03
L] Ks 0.03
6:R=H 9:R=H
5: R=(CH,);COOMe 8: R=(CH,);COOMe
4: R= (CHp)7CH, 7: R= (CH)7CHq Methyl oleate homometathesis forming 9-octadecene
Scheme 9 and dimethyl 9-octadecene-1,18-dioate (diester) (see
Scheme 1):
TCyS - k1, K1
CI/'RT%FHz R R N K K, [diester][9-octadecene] )
_1 4 = —_———
PCys K.y [methyl oleate]?
6
PCys Methyl 9-decenoate self-metathesis reaction to form
CI/,RL_ HR * =R dimethyl 9-octadecene-1,18-dioate (diester) (see Scheme
~cf 2):
PCY3
4=5 K = ks [diester][ethylene] )
PCys Koy Ko ® k.5 [methyl 9-decanoate]?
CI/,RIL: HR + Ethylene T‘
|'CF 2 1-Decene self-metathesis reaction to form 9-octa-
PCys decene (see Scheme 2):
4=5
PCys K 9-octadecene][ethylene
Chl_ .+ = g Kezk—"’:[ It 2y ] ©)
RuSePHe -6 [1-decene]
PC
6V3 A close examination of the equations for the equilib-

R = (CH5);COOMe or (CH,)7CH3

fit for either K; or K5 if the experimentally derived K3
is utilized to calculate the other constant. The following
fundamental analysis has been used to prove the
consistency of the experimental data, ensuring the
experimental reliability of the equilibrium calculations
for Ks.

The equilibrium constants of the main and side
reactions in methyl oleate ethenolysis are summarized
as follows.

Methyl oleate reaction with ethylene (see Scheme 1):

Ks _ [methyl 9-decanoate][1-decene]

K= K_, [methyl oleate][ethylene] “)

rium constants presented in above reveals that the four
reactions are related according to the equation

K,= KngKe (8)

In other words, given any three equilibrium constants,
the fourth one can be estimated from the above relation.
This relation is very valuable, because it can be used to
confirm the equilibrium conversions in the experimental
data. The equilibrium constants for the side reactions
(internal olefin homometathesis and terminal olefin self-
metathesis) have been determined experimentally
through running each reaction at high catalyst loading
to ensure equilibrium is reached, and the results are
summarized in Table 2.4

Applying the equilibrium relation among the four
reactions presented in the above, one can predict the
overall equilibrium constant (K3) from the equilibrium
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Table 3. Experimental Equilibrium Constants for
Methyl Oleate Ethenolysis Reactions

Ks 16.47
Ka 0.22
Ks 0.03
Ke 0.03

Table 4. Kinetic Parameter Estimation Using the
Kinetic Model

ki (min—1) 0.0471
k-1 (min—1) 0.0880
k2 (Min—1) 0.8821
k-2 (min~1) 0.0286
K1 0.53552
K2 30.81

terminal olefin retardation (k') 1.69 x 1073

constants measured for the individual reversible reac-

tions:
Ky [025
K= A KKs  V0.03x003 16.7 ©)

This estimate of the equilibrium constant for the main
reaction is in good agreement with the corresponding
experimental results summarized in Table 3, which
were extracted from the methyl oleate ethenolysis
reaction accomplished at high catalyst concentration
(IMOJ/[1]) = 200:1 to ensure attainment of equilibrium.
Further supporting the use of the equilibrium constants
from the experiment at high catalyst loading is the
consistency of the measured Kz, Ks, and Kg values. On
the basis of simply a statistical analysis, one would
predict that K; = 1/(2Ks) or 1/(2Keg), and the laboratory
values for Ks and Kg lead to a Kz value of 1/(2 x 0.03) =
16.7. On the basis of this analysis, the measure of the
overall reaction equilibrium constant, K3, appears to be
highly reliable.

D. Kinetic Parameter Estimations. Using the
kinetic model, the experimental data have been simu-
lated mathematically to predict the composition of the
reaction mixture over time. The simulations are started
by a batch charge corresponding to the initial batch
composition run in each experiment, and constant
volume is assumed throughout the run. A Henry con-
stant of 220 psia L/mol is used, on the basis of the
results from a series of ethylene solubility studies.*! The
profiles of the intermediate components have been
evaluated both by exact integration and by using the
steady-state assumption, which is a common practice
in modeling the concentrations of species which are
orders of magnitude smaller than the primary compo-
nents. Close agreement has been observed for these two
methods.

The results from the data fitting are summarized in
Table 4. To highlight some of the key observations, the
rate of ethylene reaction with the 4/5 complex (k) is
the fastest rate in the cycle, as one might expect, while
it appears that the reaction of 6 and internal olefin (kj)
is the slowest step in the catalytic cycle (see Computa-
tional Studies) after phosphine dissociation. These
results show that there may be limitations in driving
the reaction by increasing the ethylene pressure. In
addition, it should mentioned that, due to the possible
catalyst inhibition by ethylene, the added benefit of high
ethylene pressure diminishes at high pressures.
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Figure 9. Comparison of experimental data and the
results from the kinetic model for the concentration profiles
of selected reactants and products in the MO ethenolysis
with catalyst 1. Conditions: 30 °C; 60 psig of ethylene;
4500:1 [MOJ/[1]; [MQ] = 2.56 M; 2980 turnovers.
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Figure 10. Prediction of the concentration profiles of the
ruthenium carbene intermediates (4/5 and 6) in the MO

ethenolysis with catalyst 1. Conditions: 30 °C; 60 psig of
ethylene; 4500:1 [MO]/[1]; [MO] = 2.56 M.

The comparison of the model fit versus the standard
4500:1 run is demonstrated in Figure 9, showing good
consistency with the experimental data. A complete
summary of the laboratory data and model fit over a
range of conditions can be found in the Supporting
Information. One feature of this model is that it allows
us to predict the relative change in 6 and 4/5 concentra-
tions over the course of the reaction, and this is
illustrated in Figure 10, again for our standard 4500:1
run. The buildup of 6 at the expense of 4/5 as conversion
increases can be easily extrapolated from the kinetic
constants. The rate of reaction of terminal olefin and
4/5 (k-1) is approximately 4x that for the reaction
between terminal olefin and 6 (k-z), and thus as
terminal olefins build up in the reaction mixture, the
concentration of 6 rises.

A key insight one gains from the Kinetic model is the
fact that there is no solution where the catalyst decay is
the sole cause of the observed catalyst activity losses.
Instead, the model readily shows that, in addition to
the expected catalyst decay, it is necessary to correlate
the formation of terminal olefins with a reduction in
catalyst productivity. The addition of terminal olefin to
the reaction mixture (see Figure 8) could be expected
to lower the reaction rates by competing for the 14e
methylidene complex 9 with internal olefin (product
inhibition). The inhibition of the catalyst by terminal
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olefin product, which presumably occurs by withdrawal
of Ru from the “productive” cycle into competing sz-com-
plexes and metallacycles of the terminal olefins (see
Computational Studies), has been incorporated semi-
empirically as a retardation term into the quasi-steady-
state estimation of the concentrations of the active 14e
intermediates 7—9. This means that, at higher terminal
olefin formation, the concentration of the active inter-
mediates 7—9 is lowered and the reaction rate is
suppressed. As 2 mol of terminal olefins are formed for
every 1 mol of reacted methyl oleate, the impact of
terminal olefins on catalyst productivity is significantly
enhanced at high conversions.

In addition, the form of eq 2 in the kinetic model
predicts the partial conversion plateau as a function of
the catalyst loading, which is consistent with our
experimental data. The relative concentrations of ter-
minal olefin relative to catalyst dictate the amount of
the predicted free 14e complexes 7—9, which are active
for metathesis. Thus, at lower catalyst concentrations,
product inhibition becomes dominant at correspondingly
lower conversions. Again, the primary cause of this
terminal olefin retardation has not been conclusively
identified, but it presumably occurs primarily by si-
phoning off active catalyst into competing w-complexes
and metallacycles of the terminal olefins.

Terminal olefins can further impact catalyst produc-
tivity by increasing the number of degenerate reaction
pathways and by shifting the catalyst intermediates
toward higher concentrations of 6 over 4/5. This increase
in 6 with increased conversion results in a higher rate
of catalyst deactivation coupled with lower catalyst
productivity resulting from the concomitant product
inhibition. Investigation of other potential roles of
terminal olefin in the reduction of catalyst activity are
under investigation.

It should be reiterated that in the quasi-steady-state
calculation of the concentration of 14e ruthenium com-
plexes, many assumptions have been made. In particu-
lar, the complexation of each type of olefin (such as
terminal, cis-internal, and trans-internal) with ruthe-
nium is expected to be different. Even more clearly, the
methylidene and different alkylidene species are not
expected to share the same complexation behavior when
interacting with free phosphine and the olefins.1” These
assumptions notwithstanding, this work clearly dem-
onstrates that terminal olefins have a detrimental
impact and that the development of processes for either
selective product removal to drive the reaction and limit
product inhibition or for catalyst removal/recycling will
be necessary to improve catalyst efficiency to economi-
cally viable levels.

E. Catalyst Degradation. As there has been no in
situ measure for the rate of catalyst decomposition, the
previously measured first-order decomposition rate of
6 has been used in the above model.** This rate results
in a significantly reduced rate of deactivation with that
initially projected in Figure 6, and the rates from these
two kinetic models can be compared in Figures 6 and
9. This reported decomposition rate results in an
estimated catalyst half-life of 160 min when extrapo-
lated from literature values to room temperature, much
closer to that expected from experimental results than
early fitting for catalyst decay using a simple second-
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Figure 11. Conversion of methyl oleate (MO) in the MO
ethenolysis with catalyst 1. Conditions: 30 °C; 15 psig of
ethylene initially followed by an increase to 240 psig after
237 min; 4500:1 [MOJ/[1]; [MO] = 2.56 M.

order reversible model (eq 1). However, one key differ-
ence between these experimental results and the pre-
viously reported decomposition experiments is that
these experiments were carried out in the presence of
olefin while doing productive catalyst turnovers, whereas
the experiments on the decomposition of the ruthenium
methylidene complex were carried out in the absence
of olefinic substrates. To the authors’ knowledge, no
studies on the decomposition of 6 in the presence of
olefinic substrates have been accomplished. It is unclear
if the rate of decomposition would be comparable in the
two cases; therefore, a few further probe studies have
been accomplished to gain a better idea of the rate of
catalyst decomposition in this system.

In Figure 11, a standard [MO]/[1] = 4500:1 experi-
ment was carried out at 15 psig for 4 h. The early
second-order reversible model would have predicted
complete decomposition of catalyst at this stage, and the
literature decomposition rate of 6* would have pre-
dicted <25% active catalyst. After 4 h, the pressure was
raised to 240 psig to see if any shift in conversion/
selectivity is observed due to the presence of active
catalyst. As can be clearly seen in Figure 11, a signifi-
cant increase in both is observed, demonstrating that
catalyst activity is still present at this stage in the
reaction.

In the hopes of developing a simple NMR test for
catalyst stability, 1 and 1-decene were combined in CgDg
in an NMR tube with Ph3sPO as an internal standard.
The concentration of 1, 5, 6, and total carbene over time
was measured by 3P NMR, as illustrated in Figure 12.
Similar to the results observed by Ulman and Grubbs,*8
the initially formed alkylidene intermediate 5 rapidly
converts to a majority of methylidene in under 2 h. In
this study, the mixture was monitored for approximately
24 h to measure the rate of catalyst decomposition. As
can be seen in Figure 12, a half-life of closer to 24 h is
observed, compared to the expected 160 min based on
the previous report by Grubbs (estimated based on
extrapolation to room temperature). When this experi-
ment was run with methyl oleate instead of 1-decene
to limit the formed ruthenium intermediate to only
alkylidenes 4/5, a significantly longer lifetime (2.7 days)
is observed for the alkylidene (Figure 13). This validates

(48) Ulman, M.; Grubbs, R. H. Organometallics 1998, 17, 2484.
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Figure 12. Concentration profile of ruthenium ben-
zylidene, alkylidene, methylidene, and total carbene from
catalyst 1 after treatment with 1-decene in toluene-dg with
Ph3;PO as an internal standard. Conditions: 30 °C; 50:1
[1-decene])/[1]; [1-decene] = 0.30 M.
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Figure 13. Concentration profile of ruthenium ben-
zylidene (1), alkylidenes (4/5), methylidene (6), and total
carbene from catalyst 1 after treatment with methyl oleate
(MO) in toluene-dg with Ph3PO as an internal standard.
Conditions: 30 °C; 50:1 [MO]/[1]; [MO] = 0.30 M.

the assumption present in the kinetic model that
alkylidene complex decay could be ignored under these
conditions. Although not directly comparable to the
methyl oleate ethenolysis experiments, these NMR
studies allow the facile monitoring of 1, 4, 5, and 6 in
the presence of olefins and the qualitative measurement
of their lifetimes.

The results in Figures 12 and 13 call into question
whether even the extended lifetimes reported in the
literature are long enough when olefinic substrates are
present. If the catalyst decay were slower than this
literature value, it would imply an even more severe
product inhibition effect to account for the observed rate
decrease. Studies are underway to measure catalyst
decomposition in situ to completely decouple the effect
of product inhibition and decomposition on the observed
decrease in catalyst productivity with increased conver-
sion.

Computational Studies. In an attempt to better
refine the kinetic model by limiting the number of
necessary assumptions and guiding the direction for
potential solutions, a significant effort in quantum-
chemical modeling has been brought to bear on the
thermodynamics of the complete catalytic cycle. Prior
computational literature of the Grubbs catalyst system
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149752 gnly covers selected parts of the present catalytic
cycle. All calculations presented in this article have been
done on the full (PCys).Cl,RU=CHR catalyst (1). Methyl
oleate is a long-chain molecule with a relatively small,
chemically active, portion (the internal double bond).
Therefore, a smaller analogue of methyl oleate (4-octene)
has been utilized to compute activation barriers involv-
ing internal olefins and 1-pentene to model reactions
involving the a-olefins methyl 9-decenoate and 1-decene.

In the present catalytic system, there are manifold
reaction pathways, involving ethylene and terminal and
internal olefins, as well as cis and trans species of
internal olefins. All these basically start and end with
a 14e active complex, which is in equilibrium with a pool
of unreactive 16e phosphine-ligated precatalyst. Con-
sidering the two ends of the methyl oleate molecule to
be chemically equivalent (assumption verified by ex-
periment and computation;5® see Figure 26 in the
Appendix), there are 27 distinct chemical species present
in the reaction mixture at any given time, not counting
any catalyst decay products. These species are connected
by a network of 48 elementary reactions with unique
rate constants. In the following, a first-principles as-
sessment of each of those reaction pathways is pre-
sented, starting with the simplest (degenerate ethylene
metathesis). For each reaction pathway, how the par-
ticular pathway affects the overall behavior of the
catalytic system will be discussed and compared with
previous experimental results. The three-dimensional
molecular geometries will not be depicted, except for a
few prototypical ones, for space-saving reasons. The
active site geometries for the 14e and 16e ruthenium
species have been well characterized by Cavallo*® at a
similar level of theory and will not be described here
any further.

Geometries of 6 and alkylidene complex 10 follow the
pattern shown in Figure 14 and are in accord with those
in the literature.49—52

Geometries of the 14e complexes produced by phos-
phine dissociation are shown in Figure 15. They are
intermediate between a butterfly and a tetrahedral
structure, with the Cl atoms lying approximately trans
to each other. Metathesis chemistry has been found to
happen exclusively by attachment of olefins to the 14e
Ru complexes. No evidence for metathesis chemistry by
attachment to the 16e bis-phosphine complexes has been
found.5

(49) Cavallo, L. 3. Am. Chem. Soc. 2002, 124, 8965.

(50) Adlhart, C.; Chen, P. Angew. Chem., Int. Ed. 2002, 41, 4484.

(51) Bernardi, F.; Bottoni, A.; Miscione, G. P. Organometallics 2003,
22, 940.

(52) Fomine, S.; Vargas, S. M.; Tlenkopatchev, M. Organometallics
2003, 22, 93.

(53) Several test calculations were done in which analogous reac-
tions, differing only in the carbene substitutent (Ru=(CH;);CHj; vs
Ru=(CH,);COOMe), were examined. The reaction energies of both
carbene species were identical to within the resolution of the method
employed here (i.e., approximately 1 kJ/mol). The same is, however,
not true if PMe; is employed as a ligand. For the PMe; analogue of
catalyst 1, the Ru=(CH,);COOMe species is 7 kJ/mol lower in energy
than the Ru=(CH;);CH3 species, because the ester forms a chelate bond
to the Ru center. This is not observed for catalyst 1. Note that for
smaller ligands such as PMes, metathesis chemistry by coordination
of olefins to the 16e bisphosphine complexes was indeed found, as was
also shown recently by Fomine>2 and Bernardi.5:

(54) Note that for smaller ligands such as PMes;, metathesis
chemistry by coordination of olefins to the 16e bisphosphine complexes
was indeed found, as was also shown recently by Fomine> and
Bernardi.5t
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Figure 15. 14e Ru alkylidene complex 11 (left) and 14e Ru methylidene complex 9 (right).
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Figure 16. Unsubstituted metallacycle.

All metallacyclic ground and transition states follow
the basic bonding pattern shown in Figure 16 for the
unsubstituted metallacycle. Substitution on any of the

metallacycle carbon atoms does not cause any substan-
tial puckering of the ring (1—5° out of the plane).

A. Reactions That Influence the Product Distri-
bution. (a) Conversion of Internal Olefin to Alky-
lidene with Internal Olefin. The productive section
of the catalytic cycle consists of cleavage of internal
olefin (which may be cis or trans) by 6. Figure 17
illustrates the total energy of the system along this
reaction path, which corresponds to the first equation
in Scheme 9.

The salient features of productive olefin cleavage are
as follows.

(1) The dominant Kinetic feature is the dissociation
of the phosphine ligand from the Ru alkylidene 10 and
the Ru methylidene 6.

(2) Once the 14e methylidene 9 is formed, the conver-
sion process from internal to terminal olefin proceeds
essentially downhill.

(3) Cis and trans conversion pathways are similar
energetically, with the cis pathway being more exother-
mic, due to relaxation of steric strain.

(4) The 14e Ru alkylidene complex 11 is substantially
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Figure 17. Density functional energy (kJ/mol) as a function of the reaction coordinate for the formation of alkylidene 10
from methylidene 6 with internal olefin.

lower in energy than the 14e methylidene complex 9, (5) The preference of the Ru alkylidene species 11 over
favoring the alkylidene by 18 and 24 kJ/mol (trans and the Ru methylidene complex 9 is, however, overwhelmed
cis, respectively). by the more exothermic phosphine capture energy of 9.
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Figure 18. Density functional energy (kJ/mol) as a function of the reaction coordinate for the formation of alkylidene 10

from methylidene 6 with terminal olefin.

The obvious rate-determining step is the dissociation
of the PCys ligand from 6. The dissociation of phosphine
from 10 is endothermic by just 68 kJ/mol, whereas the
analogous process for 6 costs 94 kJ/mol. These values
are in good agreement with the values derived by
Cavallo,*® who estimated the binding energy of PCys to
the 14e Ru alkylidene to be ~60 kJ/mol. This reduction
of phosphine binding energy from Ru methylidene to
Ru alkylidene is partly due to electronic and steric
factors: the fact that phosphine binds less strongly to
the alkylidene than to the methylidene is also observed,
though to a lesser extent, for PMe; (106 kJ/mol for
dissociation from methylidene vs 93 kJ/mol from alky-
lidene). Since PMes is too small to cause nonbonded
interactions with the alkylidene group, it appears that
there are some electronic effects favoring phosphine
binding to methylidene over alkylidene.

The slight prevalence of the cis over the trans
pathway is due to the fact that the cis internal olefin
releases more strain energy on metallacycle formation
than the trans internal olefin. The close resemblance
of cis and trans pathways justifies the combined treat-
ment in Kinetic Modeling Studies. The energetic prefer-
ence of 6 over 10 also partially explains why the
empirical model gives a higher methylidene concentra-
tion over the course of the reaction.

(b) Regeneration of Ru Methylidene with Eth-
ylene. Figure 18 illustrates the regeneration of 6 from
10 with ethylene, equivalent to the second reaction in
Scheme 9. The reaction equilibrium between 14e species
9 and 11 lies strongly on the side of the alkylidene 11
by 16 kJ/mol, which corresponds to approximately a 500-
fold prevalence of 11 over 9 at 303 K. The same pattern
is observed in Figure 17.

Regeneration of 6 from 10 involves complexation of
ethylene to the 14e alkylidene 11. This process is
exothermic by 21 kJ/mol. Cavallo found 23 kJ/mol
exothermicity for the same process.*°

Examination of Figure 18 shows the following.

(1) As observed in Figure 17, the phosphine dissocia-
tion appears to be the high-barrier process.

(2) The stability of the monosubstituted metallacycle
is substantially higher (=49 kJ/mol below the Ru
methylidene 6 + terminal olefin) than the stability of
the disubstituted metallacycles in Figure 17.

(3) Considering the overall shape of the reaction
profile, it appears that the overall activation barrier for
the reaction (PCys),RUCHR + ethylene == (PCy3),RUCH,
+ terminal olefin is lower (approximately 84 kJ/mol)
than the activation barrier for the reaction (PCys),-
RuCH,; + MO = (PCys);RUCHR + terminal olefin
(approximately 94 kJ/mol), as shown in Figure 17.

(4) The reaction of ethylene with Ru alkylidene 10 is
dominated by the dissociation of phosphine.

(c) Cis/Trans Isomerization of Internal Olefins
with Alkylidene. Another one of the observed reactions
in the methyl oleate/ethylene reaction mixture is cis/
trans isomerization of internal olefins and concomitant
scrambling of (CH;);COOMe and (CHz)7;CHj3; chain ends.
Reaction of alkylidene with internal olefins can result
in cis/trans isomerization of the internal olefin if the
olefin adds to form a trisubstituted 2,3,4-(cis/trans)-
metallacyclobutane. Thermodynamically, cis/trans
isomerization lies toward the side of the trans internal
olefin by 7 kJd/mol at the present level of theory®® (Figure
19). The cis/trans-metallacyclobutane formed in this
reaction lies well above the dissociation limit (17 kJ/
mol), which is much higher compared to the values for
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terminal olefin with alkylidene 10.

the less substituted metallacycles encountered in Fig-
ures 17 and 18. This is in line with the experimental
observation that cis/trans isomerization and internal
olefin scrambling is much slower than the productive
reactions, such as productive metathesis or catalyst
regeneration.

(d) Scrambling of Internal Olefins without Cis/
Trans Isomerization. Scrambling metathesis of in-
ternal olefins may occur when trans olefins add to
produce 2,3,4-(trans/trans)-substituted metallacycles or
cis olefins add to produce 2,3,4-(cis/cis)-substituted
metallacycles.

In the present case of methyl oleate metathesis, the
degenerate metathesis mechanisms shown in Figure 20
have the potential to produce 9-octadecene and dimethyl
9-octadecene-1,18-dioate from methyl oleate. Both de-
generate reaction pathways include metallacyclobutane
structures that are above the dissociation limit (7 kJ/
mol for trans/trans and 25 kJ/mol for cis/cis).

Comparing the stabilities of the three pathways that
include trisubstituted metallacyclobutanes (Figures 19
and 20), one notes that in all three of them the

(55) An additional G2MP2 calculation with the Gaussian98 program
puts the cis/trans conversion energy at —5.0 kJ/mol, in close agreement
with the 7 kJ/mol density-functional value. Frisch, M. J.; Trucks, G.
W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Zakrzewski, V. G.; Montgomery, J. A, Jr.; Stratmann, R. E.; Burant,
J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,
M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
l.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A ;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.
M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.

metallacyclobutane structures lie above the dissociation
limit—thus, the reactions involving these metallacycles
are the slowest of all those investigated here. Further-
more, one notes that the trans/trans metallacycle is by
far the most stable one (7 kJ/mol above dissociation
limit, Figure 20, top), followed by the cis/trans metal-
lacycle (17 kJ/mol above limit, Figure 19) and the cis/
cis metallacycle, which is the most unstable (25 kJ/mol
above dissociation limit, Figure 20, bottom). These data
support the assumption used in the Kinetic modeling
that homometathesis kinetics can be ignored for all
practical intent with catalyst 1 under these conditions.

B. Reactions That Do Not Influence the Product
Distribution. Reactions that do not influence the
observed product distribution are not detectable by the
presence or absence of particular reaction products.
However, they may distract active ruthenium centers
from productive reactions and thus influence the course
and kinetics of the reaction.

(a) Degenerate Reaction of Ethylene with Me-
thylidene. Figure 21 shows the behavior of the total
energy during the process of degenerate ethylene me-
tathesis, which is a side reaction that does not change
the product distribution. The obvious rate-determining
step is the dissociation of the PCyj; ligand from 6. The
activation energy for this process (94 kJ/mol) is slightly
higher than the experimental value measured for PCys
loss from 1 (83 kJ/mol).

The subsequent capture of ethylene by the 14e me-
thylidene 9 (—32 kJ/mol) is much less exothermic than
capture of phosphine. Surprisingly, the metallacyclobu-
tane is formed from the ethylene m-complex with an
almost negligible barrier of only 5 kJ/mol. Its formation,
relative to the m-complex, is somewhat exothermic at
—26 kJ/mol. With the small energetic barrier between
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Figure 20. Degenerate metathesis of internal olefin with alkylidene.

m-complex and metallacycle, the degenerate ethylene
metathesis reaction can be regarded as a competition
between phosphine- and ethylene-capture equilibria of
the 14e methylidene 9, as has been previously de-
scribed.t”

As the unsubstituted metallacycle in Figure 21 is
substantially higher in energy than the phosphine-
substituted 16e complex 6 but substantially lower than
the 14e compound 9 (even if the entropic contribution

to the equilibrium—approximately 40 kJ/mol at room
temperature—is taken into account), it therefore ap-
pears that the unsubstituted metallacycle withdraws
ruthenium from the active 14e state.

(b) Degenerate Reaction of Terminal Olefin with
Methylidene. Figure 22 illustrates the degenerate
metathesis reaction of 14e methylidene 9 with terminal
olefin. Despite an overall similarity, one should note
that the depth of the energy well of the metallacyclo-
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butane has become more shallow than in Figure 21.
Olefin w-complex and 3-substituted metallacyclobutane
are weaker compared to their ethylene-based analogues.
It appears that, at similar molar concentrations, the

unsubstituted metallacycle will be strongly prevalent
over the 3-substituted metallacycle. Those conclusions
notwithstanding, the 3-substituted metallacycle lies 39
kJ/mol below the dissociation limit, which is of the same
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Figure 23. Density functional energy (kJ/mol) as a function of the reaction coordinate for the degenerate reaction of

alkylidene with terminal olefin.

order of magnitude as the entropic force that counter-
acts bonding at room temperature (~40 kJ/mol). Bearing
in mind that DFT calculations of the type performed
here are usually accurate to about 10—15 kJ/mol, it may
be that, in reality, the 3-substituted metallacycle forms
the trap that forces the semiempirical model to include
a retardation factor of [L] + Y[RCH=CH;]. Thus,
although the present calculations do not directly predict
the 3-substituted metallacycle to withdraw significant
amounts of ruthenium from the productive reactions,
the inaccuracy of the theory employed here would allow
for this to be the case in reality.

Interestingly, the 2-alkylmetallacyclobutane formed
in Figure 18 is more stable than the 3-alkylmetallacy-
clobutane formed in Figure 22, which agrees with
Ulman’s and Grubbs’ conclusion*® that the kinetically
preferred metallacycle is the one with the alkyl adjacent
to the metal. It appears that this is a purely electronic
effect, because this trend also holds up if PMe;s is
substituted for PCyj; (for PMes, the 3-alkyl complex lies
23 kJ/mol below terminal olefin dissociation limit,
whereas the 2-alkyl complex lies 34 kJ/mol below the
limit).

(c) Degenerate Metathesis of Alkylidene with
Terminal Olefin. Alkylidene 10 formed by the produc-
tive reaction of methylidene 6 with internal olefins can
react with ethylene (Figure 18) to regenerate 6 or
undergo side reactions that scramble terminal and
internal olefins. The latter, nondegenerate reactions of
the 14e alkylidene 11 with terminal olefin are shown
in Figure 20 and have been shown to be thermodynami-
cally disfavored.

The degenerate metathesis of terminal olefin with 10
involves formation of a 2,4-substituted metallacycle, as

shown in Figure 23. As both trans and cis orientations
of the alkyl substituents have essentially identical total
energies, Figure 23 serves to illustrate both trans and
cis pathways. By virtue of being a degenerate reaction
and having a relatively shallow reaction profile, this
path does not seem to have the potential to greatly
influence the course of the catalytic cycle.

C. General Observations from Molecular Model-
ing. (a) Relative Reactivities of Olefins. The data
presented here afford us a unique opportunity to
compare the relative substitution effects on the reactiv-
ity of the olefins. It is an experimentally observed fact
that “Bulkier olefins were found to react slower, and
trans internal olefins were found to be slower than cis.
The kinetic product of all reactions was found to be the
alkylidene rather than the methylidene”.*® According to
these calculations higher substituted olefins bind less
strongly to the 14e methylidene catalyst to form the
metallacycle, and trans internal olefins bind less strongly
to the catalyst than cis internal ones. Cis internal olefins
appear to react more quickly with methylidene, since
the double bond in them is exposed, rather than hidden,
which allows for more facile approach to the active site.
Furthermore, the steric strain on cis internal olefins
appears to allow the metallacyclobutane to open more
easily and it skews the equilibrium between 14e meth-
ylidene 9 and alkylidene 11 more toward the alkylidene
(—24 kJ/mol for cis internal olefin as opposed to —18
kJ/mol for trans internal olefin). These results clearly
support the observed kinetics for cis- vs trans-methyl
oleate ethenolyis rates in Figure 24 in the Appendix.
In addition, one would expect more severe product
inhibition in the ethenolysis of trans-methyl oleate
compared to cis-methyl oleate, due to the even larger
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preference for terminal olefin versus trans olefin binding
(terminal olefin preferred by 11 kJ/mol) to the 14e
methylidene 9 compared to cis olefin binding (terminal
olefin preferred by only 7 kJ/mol).

(b) Relative Stabilities of Metallacycles. A higher
degree of substitution on the metallacyclobutane tends
to destabilize the metallacycle relative to the unbound
reactants: a 2,3-substituted metallacycle lies typically
—30 kJ/mol below the methylidene/olefin dissociation
limit (Figure 17), whereas the 2- or 3-monosubstituted
metallacycles lie 39 and 49 kJ/mol below their meth-
ylidene/olefin dissociation limits (Figures 18 and 22).
The unsubstituted metallacycle lies 58 kJ/mol below the
limit (Figure 21).

(c) Relative Stabilities of Ru Carbenes. A common
feature of all 14e methylidene/alkylidene equilibria is
that they are skewed toward the side of the alkylidene.
A comparative calculation using PMez produces es-
sentially the same trend. Since PMe; imposes very little
steric hindrance upon the catalyst, the observed prefer-
ence of alkylidene over methylidene appears to be a
largely electronic effect. Only with the formation of
terminal olefin products does a modest shift toward
more methylidene occur. For the 16e complexes, the
preferred binding of phosphine to the methylidene over
the alkylidene intermediate results in a higher degree
of 6 over 10 in the reaction mixture, which increases
further with terminal olefin formation (consistent with
the kinetic modeling results).

(d) Catalyst Inhibition by Terminal Olefin. The
terminal olefin retardation in eq 2 points to a reversible
pathway involving terminal olefin that withdraws ru-
thenium away from the active cycle. Terminal olefin is
involved in several pathways in the catalytic cycle (see
Figures 17, 18, 22, and 23). Only two of these pathways
are explicitly considered in the semiempirical kinetic
model (Figures 17 and 18). To account for the additional
complexity introduced by the reactions in Figures 22
and 23, the semiempirical model features a divisor of
[L] + [RCH=CHy], where [RCH=CH_] is the concentra-
tion of terminal olefin species, which reduces the
amount of available ruthenium. Thus, the semiempirical
model takes into account the formation of z-complexes
and metallacycles that remain otherwise unaccounted
for (see also Degenerate Metathesis of Terminal Olefin
with Methylidene).

Relationship between the Kinetic and Molecu-
lar Modeling Solutions. Each of these approaches
brings its own set of limitations to a complex scheme
such as methyl oleate ethenolysis. Kinetic modeling of
this mechanism requires the prudent choice of reason-
able assumptions to limit the number of equations and
thus fitting parameters to be solved for. Without these
assumptions, the large number of fitting parameters
increases the number of potential solutions and thus
raises uncertainty, although the use of assumptions
leads to another set of uncertainties. Molecular model-
ing can address all of the critical equations in the Kinetic
scheme without the need for simplifying assumptions,
but as a result of the large number of variables in the
system, small errors in the energy calculations can
significantly affect the outcome. Taken together, the
kinetic and molecular modeling approaches allow for the
development of a strong understanding of complex
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Table 5. Comparison of the Kinetic Parameter
Estimation Using the Kinetic Model Only and
Using the Kinetic Model with K; and K, Constants
Derived from Molecular Modeling

kinetic molecular
modeling modeling

ki (min~1) 0.0471 0.0307
k-1 (min—1) 0.0880 0.0682
kz (min~1) 0.8821 0.9261
k—2(min~1) 0.0286 0.0175
Ky 0.53552 0.45
K> 30.81 53.00
terminal olefin retardation (k') 1.69 x 103 1.09 x 103

kinetic cycle and the critical factors which influence the
productive catalytic pathway.

To further evaluate the results from molecular model-
ing, the calculated K; and K, constants derived from
molecular modeling (K; = 0.45 and K, = 53) have been
inserted into the semiempirical kinetic model as con-
stants, to see how they influence the overall fit to the
experimental data. Table 5 lists the resulting Kinetic
constants from the use of K; and K, from the modeling
studies compared to the kinetic modeling-only param-
eter estimations. The similarity of the results with the
kinetic-modeling-only data and the fit with the experi-
mental data builds support for this overall direction that
has been outlined for the catalytic cycle and demon-
strates the strength of these approaches for dealing with
such complex systems.

Conclusions

In an attempt to elucidate the key features of the
ethenolysis of methyl oleate catalyzed by catalyst 1, a
concerted program involving experimental screening of
process variable impact and kinetic analysis, kinetic
modeling, and molecular modeling has been undertaken.
To summarize the initial studies on the ethenolysis of
methyl oleate with 1, extremely high initial rates have
been observed, even at loadings of <0.001 mol %, and
high selectivities to the terminal olefin products can be
achieved under mild temperatures and pressures. More
importantly, productive catalyst turnovers of >15 000
have been demonstrated with 1, far surpassing previous
reports for the ethenolysis of methyl oleate. However,
the rate slows significantly as conversion to terminal
olefins becomes substantial. This adverse impact of
terminal olefins on the catalytic cycle and catalyst
productivity is complex and is the result of several
parallel pathways.

As illustrated through both kinetic and molecular
modeling, the terminal olefins can impact the rate of
productive turnovers as a result of (1) formation of
degenerate pathways for both the methylidene and
alkylidene intermediates, (2) shifting of the meth-
ylidene/alkylidene equilibrium toward methylidene,
thus raising the rate of catalyst decomposition at the
same time that product inhibition is dominant, and (3)
increased competition with internal olefin for z-com-
plexation (and/or metallacycle formation) with the 14e
ruthenium complexes 7—9. This third pathway can be
qguantified using molecular modeling, where for the 14e
ruthenium methylidene 9, the ordering for the exotherm
from z-complexation of olefin is ethylene (—32 kJ/mol)
> terminal olefin (=25 kJ/mol) > internal olefin (trans,
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Figure 24. Comparison of methyl oleate conversion in MO

ethenolysis with catalyst 1 using cis-MO and trans-MO.

Conditions: 30 °C; 60 psig of ethylene; 4500:1 [MO]/[1];

[MQ] = 1.483 M (in tetradecane).

—14 kJ/mol; cis, —18 kJ/mol). Obviously, ethylene
binding is the most preferred, but in order for productive
metathesis to occur between internal olefin and 6,
internal olefin needs to successfully compete with the
other olefins in the reaction for binding and therefore
terminal olefins (2 mol produced from each internal
olefin) dramatically retard this step. A similar analysis
of the relative metallacycle energetics would lead to the
same trend. The above pathways, coupled with the
known instability of the methylidene intermediate, lead
to the decrease in observed rate with increased time/
conversion. Other potential roles of terminal olefin in
the reduction of catalyst activity are currently under
investigation.

Although this impact of terminal olefins on catalyst
productivity is detrimental, the conclusion that one
reaches is that the initially predicted rates of catalyst
deactivation were far too rapid and that catalyst 1 is
active at least on the order of hours for this chemistry.
The development of processes for either selective prod-
uct removal to drive the reaction and limit product
inhibition or for catalyst removal/recycling at lower
conversions, thus maximizing the catalyst initial pro-
ductivity, are currently underway, on the basis of the
conclusions from this study. We are optimistic that the
ethenolysis of methyl oleate could soon achieve eco-
nomical turnovers and open up a wealth of new chem-
istries and product opportunities from renewable seed
oils.
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Figure 25. Comparison of methyl oleate conversion in MO
homometathesis with catalyst 1 using cis-MO and trans-
MO. Conditions: 30 °C; 4500:1 [MO]J/[1]; [MO] = 1.483 M
(in tetradecane).
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Figure 26. Conversion of either 1-decene or methyl
9-decenoate self-metathesis using catalyst 1. Conditions:
30 °C; 50 psig of nitrogen; 1530:1 [1-decene]/[1] and 1544:1
[methyl 9-decenoate]/[1]; [1-decene] = 4.30 M and [methyl
9-decenoate] = 3.35 M, where both were run essentially
neat with a small amount of added internal standard.
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Appendix

Figures 24 and 25 give comparisons of methyl oleate
conversion in MO ethenolysis and homometathesis,
while Figure 26 shows the conversion of either 1-decene
or methyl 9-decenoate.

Supporting Information Available: Tables of laboratory
kinetic data and kinetic model fitting results, ethylene solubil-
ity studies, and coordinates from molecular modeling. This
material is available free of charge via the Internet at
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