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ABSTRACT: A ruthenium-based olefin metathesis (OM) catalyst
bearing a monodentate triphenylphosphinimine ligand, Ru1, was
synthesized, characterized, and its activity for the homocoupling of
terminal alkenes was investigated. Utilizing 1-hexene as a model
substrate, the empirical rate law for Ru1 was found to be first-order
in alkene and complex (indicating that both species were involved
in the rate-limiting step), with a rate constant of 0.697 ± 0.050
M−1 s−1. Moreover, the experimentally determined activation
parameters ΔS⧧ and ΔH⧧ (−48.7 ± 5.1 eu and 3.19 ± 0.15 kcal/
mol, respectively) were consistent with an associative or associative
interchange ligand substitution reaction. When considering the ΔG⧧ (298 K) value of 17.7 kcal/mol, Ru1 ranked among the fastest
initiating ruthenium-based OM catalysts reported in the literature. Density functional theory (DFT) calculations were also
performed to explore potential catalytic mechanisms. Two pathways were considered: a traditional mechanism where the
phosphinimine ligand de-coordinated and an alternative mechanism where the phosphine donor de-coordinated. Although the
energy differences between the two pathways were typically fairly small (1.4−3.5 kcal/mol), the alternative pathway with phosphine
de-coordination was energetically more favorable. It is anticipated, however, that both cycles are working in tandem during the
catalytic reaction. In addition to kinetic studies, the stability of Ru1 was explored using 1-hexene as a model substrate. The
phosphinimine catalyst was found to be mildly oxygen-sensitive and moisture-tolerant. Furthermore, Ru1 was determined to be
prone to bimolecular decomposition, through the crystallographic characterization of a key degradation product. There was also
strong evidence for NH exchange between the tricyclohexylphosphine and triphenylphosphinimine moieties. Lastly, the substrate
scope of Ru1 in regard to α-olefins was explored. Catalytic efficiency dropped with more electron-deficient alkenes, as well as with
increasing steric bulk on the substrate, which was consistent with the proposed catalytic mechanism.

■ INTRODUCTION

The ability to build increased molecular complexity is critical
for academia, as well as for many chemical industries.
Therefore, methods that facilitate the selective formation of
C−C bonds are highly valuable. In this context, olefin
metathesis (OM) is a powerful synthetic tool.1−3 One of the
reasons that OM is so useful is because of its versatility; there
are multiple ways to implement this transformation using the
same carbene catalysts.2,4 Ring-closing metathesis (RCM) is
widely used in natural product syntheses,5 and cross metathesis
(CM) is a popular organic methodology.6 Ring-opening
metathesis polymerization (ROMP), on the other hand, is
employed to generate polymers from cyclic, unsaturated
monomers.7
Ruthenium-based Grubbs-type complexes represent one of

the two main classes of catalysts that have come to dominate
the field of OM.3−6 There have been numerous modifications
made to these systems over the years to make them more
stable, as well as more selective.3−6,8−15 Additionally,
significant attention has been paid to generating more active
Grubbs-type OM catalysts, generally through the incorporation
of one or two labile ligands. These fast-initiating species

include Grubbs third-generation catalysts,16 trifluoromethane-
sulfonamide complexes from the Hong group,17 N-Grubbs−
Hoveyda-type systems from Plenio and co-workers,18 and four-
coordinate compounds from the Piers group,19,20 as well as
many other examples (Figure 1).21−36 One commonality that
all of these fast-initiating species share, and nearly all
ruthenium-based OM catalysts in general, is a similar canonical
structure when it comes to the active catalytic species. It is
commonly accepted that the ligand trans to the N-heterocyclic
carbene (NHC) or phosphine donor undergoes a ligand
substitution reaction with the alkene substrate generating an
intermediate with two anionic ligands, a phosphine or NHC
ligand, a carbene donor, and a coordinated olefin (Scheme 1).3

Although there are a few ruthenium-based OM precatalysts
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that diverge significantly from the classic Grubbs-type
structure, these complexes are still thought to form the same
general active species shown in Scheme 1, in situ.37−41 As such,
there is still a large amount of room for innovation within the
field OM, and the opportunity to unlock a new reaction
manifolds through the development of ruthenium-based
systems that access alternative catalytic pathways.
Phosphinimines are an underutilized class of ligands for late-

transition metals that are beginning to receive more and more
attention, especially as chelating donors for catalytic
applications.42 Monodentate phosphinimines, however, are
quite rare on ruthenium,43 whereas monodentate phosphini-
mide complexes are a bit more common.44−53 Moreover, while
phosphinimides have been utilized in early transition-metal-
based alkyne metathesis,54 to the best of our knowledge,
phosphinimines and phosphinimides have not been used in
ruthenium-based OM catalysts. What makes these ligands so
intriguing is their unique electronic structure; they can act as
both strong σ- and π-donors due to their ylide-like
structure.42,55 Therefore, it was thought that phosphinimines
and/or phosphinimides would be well suited for stabilizing
high oxidation state, coordinatively unsaturated ruthenium
carbene complexes that are common intermediates during
OM. Additionally, phosphinimides have been used in place of
cyclopentadienyl ligands for d0 metallocene olefin polymer-
ization catalysts.56−68 A significant benefit seen for phosphi-
nimide ligands was that they provided steric protection to the
catalysts, but they also facilitated alkene binding because the
bulkiness of the ligand was further removed from the metal due
to the nitrogen spacer.59 It was anticipated that phosphinimine
ligands would retain many of the same steric advantages as

their anionic forms, and therefore, these species were targeted
for further study.
Herein, we present the synthesis of a ruthenium

phosphinimine complex and its characterization. Furthermore,
the catalytic activity of the phosphinimine precatalyst for the
homocoupling of terminal olefins is explored, including kinetic
studies, mechanistic investigations, decomposition studies, and
a brief substrate scope.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Ru1. Initial attempts
to synthesize a ruthenium-based OM catalyst focused on
replacing a chloride ligand in Grubbs first-generation catalyst
(G1) with a phosphinimide donor. Lithium triphenylphosphi-
nimide was generated through the deprotonation of
triphenylphosphinimine (synthesized according to literature
procedures)69 using one equivalent of nBuLi. G1 was then
treated with one equivalent of the anionic ligand, which
resulted in a 50:50 mixture of G1 and a new ruthenium
phosphinimine complex, according to 1H NMR spectroscopy
(the phosphinimide ligand became protonated, discussed
further in the Supporting Information). Moreover, free
tricyclohexylphosphine was evident in the 31P NMR spectrum
of the crude reaction mixture. To push the reaction to
completion, the addition of one equivalent of silver nitrate was
necessary (Scheme 2). A ruthenium phosphinimine complex,
Ru1, could then be isolated as a yellow/green powder in good
yield (around 49%).

The NMR spectra of Ru1 displayed several characteristic
peaks that confirmed that the proposed phosphinimine
complex had been isolated. The carbene proton was evident
as a doublet (coupling to the tricyclohexylphosphine ligand)
around 19.7 ppm, slightly upfield shifted from G1. In addition,
the aromatic protons for both the phenylidene and
triphenylphosphinimine ligands could be detected. Most
importantly, however, a broad doublet around 4.8 ppm could
be seen, which corresponded to the phosphinimine N−H.
With respect to the 31P NMR spectrum, the expected signals
could be seen: two peaks around 53 and 35 ppm for the two
phosphorus-based ligands.
The structure of the precatalyst Ru1 was also confirmed by

single-crystal X-ray diffraction (Figure 2). To the best of our
knowledge, this compound represents the first crystallo-
graphically characterized ruthenium species with a mono-
dentate phosphinimine donor (the N atom was trigonal planar
with a Ru1A−N1A−P1A bond angle of 140.4°). With respect
to bond lengths, the Ru1A−P2A distance of 2.326 Å was only
slightly shortened in comparison to the ruthenium−phospho-
rus distances reported for G1 (2.38 and 2.35 Å), whereas the
Ru1A−Cl1A, Ru1A−Cl1A, and Ru1A−C1A distances were
slightly elongated.70 The ruthenium−phosphinimine (Ru1A−
N1A) bond length of 2.08 Å, however, was shorter than the
two known ruthenium structures with similar R3PN−H
donors (2.121 and 2.109 Å).71,72 These results were quite

Figure 1. Examples of fast-initiating Grubbs-type catalysts, including
Grubbs third-generation catalyst (top left), a trifluoromethanesulfo-
namide OM catalyst (top right), an N-Grubbs−Hoveyda-type OM
catalyst (bottom left), and a four-coordinate ruthenium-based OM
catalyst (bottom right).

Scheme 1. General Mechanism for Grubbs-Type OM
Precatalyst Activation

Scheme 2. Synthesis of Phosphinimine Complex Ru1
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striking as it was initially anticipated that the tricyclohex-
ylphosphine would bind much more tightly to the metal center
without a trans phosphine donor, and that it would exert a
strong trans influence on the triphenylphosphinimine ligand.
Based on the values obtained, however, it appears that the
opposite occurred: the ruthenium−phosphorus bond was not
strengthened considerably, and the phosphinimine donor was
tightly bound to the metal. Furthermore, these results suggest
that, for these systems at least, the trans influence of the
triphenylphosphinimine ligand was larger than expected a
priori. Whether or not this is a general phenomenon for late-
transition-metal complexes bearing these ligands requires
further study. For further discussion of Ru1, as well as notable
bond lengths and angles in comparison to G1, see the
Supporting Information and Table S1.
Catalytic Studies Using 1-Hexene. Initial experiments

evaluating the catalytic efficiency of Ru1 for OM used 1-
hexene as a model substrate. Over a 2 h period, 53% 5-decene
was obtained as the homocoupled product with 71% trans
selectivity (Figure 3). To the best of our knowledge, no other
ruthenium phosphinimine complex capable of affecting OM
has previously been reported in the literature. When analyzing
the reaction profiles, it immediately became apparent that
there was no observable activation period at room temperature,
indicating that catalyst initiation was extremely facile. This is
particularly notable because many Grubbs-type OM catalysts
exhibit a distinct induction period, where ligand de-
coordination can be rate-limiting.73−78

To further explore these systems, kinetic investigations were
conducted (also utilizing 1-hexene as a model substrate). In
particular, the influence of Ru1 concentration and substrate
concentration on catalytic activity was assessed using the initial
rates method. The empirical rate law was found to have a first-
order dependence on both substrate and catalyst, with an
experimentally determined rate constant of 0.697 ± 0.050 M−1

s−1 (Figure 4). The second-order rate law demonstrated that
both the substrate and ruthenium complex were involved in

the rate-determining step. Moreover, activation parameters for
the homocoupling of 1-hexene were obtained from an Eyring
plot analysis, with ΔS⧧, ΔH⧧, and ΔG⧧ (298 K) values of
−48.7 ± 5.1 eu, 3.19 ± 0.15 kcal/mol, and 17.7 kcal/mol,
respectively (Figure 4). In comparison to other fast-initiating
ruthenium-based OM catalysts, the ΔG⧧ (298 K) for Ru1 is
around 0.4 kcal/mol smaller than the ΔG⧧ (298 K) for the
Grela nitro-substituted catalyst (18.1 kcal/mol)35,79 and
around 1 kcal/mol larger than the ΔG⧧ (298 K) for the
Blechert−Wakamatsu catalyst (16.7 kcal/mol).31,80 Addition-
ally, when comparing the ΔG⧧ (278 K) for Ru1 (16.7 kcal/
mol) to the ΔG⧧ (278 K) for Grubbs third-generation catalyst
(15.45 kcal/mol), it is just over 1 kcal/mol larger.81 Therefore,
Ru1 ranks among the fastest initiating ruthenium-based OM
catalysts reported in the literature.
When examining the small enthalpy of activation for Ru1 in

conjunction with the large negative entropy of activation, this
suggested that there was a large decrease in disorder in the
rate-limiting step with little to no bond-breaking character. In
addition, the values of the experimentally determined
activation parameters were consistent with those of a reported
system known to undergo an associative ligand substitution
reaction.82 As such, this data, along with the empirical second-
order rate law, would align with an associative or an associative
interchange ligand substitution reaction being the rate-
determining step. This result is significant because, as
mentioned previously, the rate-limiting step for many
Grubbs-type OM catalysts is ligand de-coordination.73−78

Moreover, re-coordination of the original trans ligand during
catalysis, thus regenerating the initial precatalyst, can decrease
the concentration of active species in solution.73 For systems
that initiate through a dissociative mechanism, this is
particularly difficult to overcome because catalyst activation
is independent of olefin concentration. For Ru1, in contrast,
the more substrate that is added, the more efficient the system
becomes.
It is possible, however, that there are multiple competing

modes of activation. Extensive research on Hoveyda−
Grubbs,23−35 Grubbs third-generation,81,83 and a variety of
other ruthenium-based OM catalysts84−86 has indicated that
there may be several competing initiation mechanisms
(dissociative, associative, and interchange), depending on a
variety of factors, including the substrate utilized (concen-

Figure 2. ORTEP3 representation (thermal ellipsoids at 50%
probability) and atom numbering for Ru1, where most of the
hydrogen and two other complexes that were part of the asymmetric
unit were removed for clarity.

Figure 3. Reaction profile for the homocoupling of 1-hexene using
Ru1 (1:2400 Ru1/1-hexene at 25 °C).
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tration, steric bulk, electron richness, etc.), the nature of the
leaving ligand (steric bulk, electron-donating ability, etc.), as
well as the overall catalyst structure. Although this may be the
case for Ru1, based on the results and activation parameters
discussed above (and the lack of saturation kinetics across a
large range of substrate concentrations, up to 5 M 1-hexene)73
an associative or associative interchange ligand substitution is
likely the dominant mode of catalyst activation. It is
hypothesized that for Ru1, alkene binding is facilitated by

the nitrogen spacer in the triphenylphosphinimine moiety,
which places the steric bulk of the ligand further away from the
metal center, much like the Stephan group saw for their
phosphinimide olefin polymerization catalysts.56−68

Theoretical and Experimental Mechanistic Studies.
To further explore the catalytic mechanism of Ru1, density
functional theory (DFT) calculations utilizing the M11-L
functional and 6-311++G** (H, C, N, Cl, P) + Def2-TZVP +
ECP (Ru) basis sets were performed.87,88 A model system with
hydrogen atoms in place of the phenyl groups on the
phosphinimine donor and methyl groups in place of the
cyclohexyl groups on the phosphine ligand, as well as in place
of the substituent on the carbene moiety (to reduce
computational cost) was used. Ethylene was utilized as a
substrate to model catalyst initiation, metallacyclobutane
formation (MCB), and cycloreversion. Two potential catalytic
pathways were investigated: (1) the canonical Grubbs-type
mechanism where the phosphinimine ligand trans to the
phosphine de-coordinated during the catalytic cycle; (2) an
alternative mechanism where the phosphine donor trans to the
phosphinimine de-coordinated during the catalytic cycle
(Figure 5).
For both the traditional and alternative (labels denoted by ‘)

pathways, ethylene along with the starting complex 1 (with the
phosphine and phosphinimine ligands bound to the metal
center) was used as the reference point for the entire catalytic
cycle. Then, associative and dissociative mechanisms for
catalyst initiation were explored. It was found that dissociation
of either phosphine, to give 2a, or phosphinimine, to give 2a′,
was associated with a large energetic penalty, with ΔG2a° = 31.5
kcal/mol and ΔG2a′° = 47.0 kcal/mol. In contrast, coordination
of ethylene to give 2b (same structure for both pathways) was
energetically favorable, with ΔG2c° = −47.1 kcal/mol. The
greater than 70 or 90 kcal/mol difference between 2c and 2a
or 2a′, respectively, along with the kinetic results discussed
above, gives strong experimental and theoretical evidence that
catalyst initiation is not proceeding through a dissociative
ligand substitution reaction.
For catalysis to proceed, de-coordination of one of the

phosphorus-containing moieties was needed. The five-coor-
dinate intermediates 3 and 3′ were found to be significantly
higher in energy than 2b, however, with ΔG3° = −16.3 kcal/
mol and ΔG3′° = −18.7 kcal/mol. These differences in energy
(ΔΔG° = 30.8 and 28.4 kcal/mol, respectively) were too large
based on the experimentally determined ΔG⧧ for the rate-
determining step, and as such, we propose that the six-
coordinate species 2b is not part of the catalytic cycle. Instead,
it is believed that this intermediate is an off-cycle
thermodynamic sink. Therefore, the DFT calculations suggest
that an associative pathway for catalyst initiation would have
too high of a barrier for ligand de-coordination, which points
toward an associative interchange mechanism.
Upon forming 3 and 3′, OM proceeded as expected through

the formation of MCB intermediates, 4 and 4′ (ΔG4° = −20.9
kcal/mol and ΔG4′° = −29.4 kcal/mol), followed by cyclo-
reversion to generate a new alkene and carbene, 5 and 5′ (ΔG5°
= −18.0 kcal/mol and ΔG5′° = −16.5 kcal/mol). Transition
states for both MCB formation, TS3,4 and TS3′,4′, and
cycloreversion, TS3,4 and TS3′,4′, were found, all with relatively
low energy barriers: ΔGTS3,4

⧧ = 2.7 kcal/mol, ΔGTS4,5
⧧ = 11.2

kcal/mol, ΔGTS3′,4′
⧧ = 1.6 kcal/mol, and ΔGTS4′,5′

⧧ = 16.2 kcal/
mol. Lastly, the mechanism of alkene substitution was
examined. As seen previously during catalyst initiation, olefin

Figure 4. Kinetic studies investigating the homocoupling of 1-hexene
using Ru1 (a) showing the rate dependence on 1-hexene
concentration at 25 °C; (b) showing the rate dependence on Ru1
concentration at 25 °C; (c) showing an Eyring plot used to determine
activation parameters.
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de-coordination to form four-coordinate intermediates, 6a and
6a′, was highly disfavored with an extremely large energetic
penalty, ΔG6a° = 75.4 kcal/mol and ΔG6a′° = 90.4 kcal/mol. Re-
coordination of the phosphinimine or the phosphine ligand, 6b
(same structure for both pathways), on the other hand, was
energetically downhill (ΔG6b° = −46.2 kcal/mol) and much like
2b, is likely an off-cycle thermodynamic sink.
When analyzing the two calculated potential energy surfaces,

the mechanism with de-coordination of the phosphine ligand
was (for the most part) lower in energy than the more
traditional pathway with de-coordination of the phosphinimine
donor. Although the energy differences were not that large,
typically between 1.4 and 3.5 kcal/mol, it was quite surprising
that the alternative pathway was favored over the canonical
Grubbs-type mechanism. The largest energy difference
between the two cycles was seen between the MCB
intermediates (4/4′), with a ΔΔG° value of 8.5 kcal/mol. It
is possible that the strong π-donating ability of the
phosphinimine helps stabilize alkene binding, a strong π-acidic
ligand, in comparison to the phosphine, which is not only a
strong σ-donor but also a π-acceptor (phosphines compete
with alkenes for metal-ligand back-bonding). Based on these
results, it is anticipated that both cycles are energetically
feasible and likely working in parallel during the reaction. This
is particularly exciting as it suggests that Ru1 is capable of
generating an active OM species without an NHC or
phosphine ligand bound. Future studies will focus on biasing
the catalytic mechanism toward the alternative phosphinimine-
bound pathway to develop systems that can access different
reaction manifolds than traditional Grubbs-type OM catalysts.
In conjunction with DFT calculations, NMR-scale reactions

with 1:20 Ru1/1-hexene were carried out. After 5 min, when
analyzing the carbene region of the 1H NMR spectrum
(Figures S8 and S9), a small amount of starting material was
present in solution, along with two major species (a doublet as
well as a doublet of triplets) and one minor species (a triplet).
The doublet was consistent with a methylidene complex, while
the doublet of triplets was consistent with a pentylidene
intermediate (both with a coordinated tricyclohexylphosphine
ligand). The minor triplet, on the other hand, was tentatively
assigned as a pentylidene complex with no phosphine bound,

which gives some evidence for the alternative mechanism
discussed above. These assignments were supported by the 31P
NMR spectrum, which displayed two large phosphorus peaks
at 63.7 and 57.5 ppm, corresponding to two chemically distinct
triphenylphosphinimine ligands bound to ruthenium, and two
large signals at 36.0 and 35.4 ppm, corresponding to
coordinated tricyclohexylphosphine ligands. There were a
few other minor species in solution, but no free tricyclohex-
ylphosphine or triphenylphosphinimine could be detected.
Based on these results, the two major species that were
spectroscopically observed are either five- or six-coordinate
ruthenium complexes with both phosphorus-containing ligands
bound to the metal center. This agrees with the resting states
predicted by the DFT calculations (structures 2b and 6b),
which were the same for either of the mechanisms that were
explored. After 20 min, it was observed that the two major
species decreased in intensity, whereas the minor species
increased in intensity (Figures S8 and S9).

Examining Catalyst Stability. In addition to the kinetic
and mechanistic experiments discussed above, 1-hexene was
used as a model substrate to investigate the air and moisture
sensitivity of the phosphinimine systems (Figure 6). For case I,
the homocoupling of 1-hexene was carried out using a mixture
of dried/degassed 1-hexene (2400 equiv, 10 mmol) and a
solution of precatalyst Ru1 (1 equiv, 0.004 mmol) in 0.4 mL
dried/degassed CDCl3 (Figure 6). When the reaction was
performed, however, it was opened to air. These conditions
were meant to determine the oxygen sensitivity of the active
catalyst, and 71% trans selectivity for 5-decene was obtained
with an overall conversion of 53% after 2 h (initial turnover
frequency, TOF, of 11,500 ± 400 h−1). Next, for case II, the
reaction was carried out in air using benchtop CDCl3 and 1-
hexene (the same 1:2400 ratio of Ru1/1-hexene was utilized,
Figure 6). A 48% conversion after 2 h was obtained, with 71%
selectivity for trans-5-decene (initial TOF of 8200 ± 500 h−1).
Although there was a decrease in initial TOF on going from
case I to case II (between 20 and 30%), over 2 h there was not
a large difference between using dried and benchtop solvents/
substrates outside of a glovebox atmosphere. In contrast, for
case III, the reaction was conducted inside of a glovebox using
dried/degassed 1-hexene and CDCl3 (Figure 6). A 69%

Figure 5. Free-energy profiles of the two possible OM pathways where the phosphinimine ligand de-coordinated (black) or the phosphine ligand
de-coordinated (gray).
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conversion after 2 h was obtained, with 79% selectivity for
trans-5-decene (initial TOF of 22,600 ± 1300 h−1). This
represented a substantial increase in initial TOF (approx-
imately 100% increase), as well as higher conversion and trans
selectivity over a 2 h period (in comparison to cases I and II).
Lastly, for case IV, catalysis was also carried out under a
glovebox atmosphere, but degassed benchtop 1-hexene and
CDCl3 were utilized (not dried, Figure 6). A 68% conversion
after 2 h was obtained, with 78% selectivity for trans-5-decene
(initial TOF of 23,300 ± 300 h−1). As such, case III and case
IV were the same within error, suggesting that Ru1 was mildly
oxygen-sensitive but not moisture-sensitive.
To further support the hypothesis that catalyst decom-

position in air caused the observed decrease in activity,
additional studies using conditions similar to case I and case III
were carried out. In the first set of experiments, catalysis was
allowed to proceed normally, except that after 30 min
(typically where catalytic activity dropped and conversion
began to plateau), more substrate (2400 equiv) was added
(Figure 7a). It was clear that under an inert atmosphere, the
active catalyst was still present in solution and continued to
convert 1-hexene to 5-decene. The reactions conducted in the
presence of oxygen, in contrast, showed almost no conversion
after the addition of more substrate. For the second set of
experiments, catalysis was once again allowed to proceed
normally, under conditions similar to case I, except that after
30 min, more catalyst (1 equiv) was added (Figure 7b). This
caused a rapid increase in conversion, which once again began
to plateau over time (30 min after the 2nd equiv of catalyst was
injected, or after 60 min total). These results gave strong
evidence that catalyst decomposition in air and not substrate
consumption was responsible for the observed loss of activity
over time. Interestingly, the protocol with sequential addition
of the catalyst displayed 68% conversion after 2 h, with 78%
selectivity for trans-5-decene, much like case III and case IV in
Figure 6.
Although Ru1 was found to be relatively stable in solution at

room temperature over several days, after longer periods of
time, the precatalyst was found to slowly decompose. To probe
potential decomposition pathways, a solution of Ru1 in
toluene was allowed to sit for 1 week in a glovebox and was
then cooled to −30 °C. After approximately one more week
had elapsed, crystals suitable for single-crystal X-ray diffrac-

tometry were obtained. The structure of the decomposition
product, Ru2, displayed a piano stool structure with two
chlorides, a triphenylphosphine ligand, and an η6-trans-stilbene
moiety (Figure 8). For notable bond lengths and angles for
Ru2, as well as a brief discussion, see the Supporting
Information.
The structure of Ru2 was quite informative as to the

potential decomposition pathways for Ru1. What immediately
became apparent was that the ruthenium center had been
reduced to Ru(II), and the carbene ligand, as well as the
tricyclohexylphosphine moiety, was missing. In addition, the
triphenylphosphinimine had been reduced to a triphenylphos-
phine donor. A major key in rationalizing these trans-
formations was the presence of the stilbene ligand. This gave
compelling evidence for a bimolecular mechanism of
decomposition, which is well documented with Schrock-type
OM catalysts1,89,90 but also known for ruthenium systems.91−93

With respect to the appearance of the triphenylphosphine
ligand in conjunction with the disappearance of the
tricyclohexylphosphine donor, it is anticipated that the NH
functionality was exchanged onto the more electron-rich
phosphorus atom, similar to the way phosphine oxides and
phosphines can exchange oxygen atoms.94 In support of this
hypothesis, DFT calculations showed that the formation of
tricyclohexylphosphinimine was thermodynamically favorable

Figure 6. Reaction profiles for the homocoupling of 1-hexene using
Ru1 (1:2400 Ru1/1-hexene at 25 °C) under various conditions.

Figure 7. Reaction profiles for the homocoupling of 1-hexene using
Ru1 (1:2400 Ru1/1-hexene at 25 °C), where after 30 min, an
additional (a) 2400 equiv of 1-hexene were added; (b) 1 equiv of Ru1
was added.
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(2.7 kcal/mol downhill, see the Supporting Information for
more details). While these calculations suggest that the
proposed NH transfer would be thermodynamically feasible,
the specific mechanism of action is currently unknown. There
are multiple potential species in solution that could catalyze
this transfer, or there could also be a mechanism with direct
transfer of the NH moiety. More studies are needed.
Substrate Scope Investigations. After completing the

mechanistic studies above, the substrate scope of Ru1 with
respect to terminal alkenes was explored (Scheme 3 and Table

1). All reactions were carried out under a glovebox atmosphere
at room temperature in CDCl3. The homocoupling of 1-
hexene was carried out using an 1:100 ratio of Ru1/substrate
for comparison purposes (Table 1, entry 1). After 2 h, a 77.8%
conversion was obtained with 83% trans product. After stirring
the reaction mixture for an additional 22 h, 91% 5-decene was
afforded with 82% trans selectivity. To examine the effects of
steric bulk, progressively more encumbered substrates 4-
methyl-1-pentene, 3-methylpent-1-ene, and 3,3-dimethyl-1-
butene were examined. For the least sterically hindered
substrate, 4-methyl-1-pentene, conversions of 75.3% (2 h)
and 78.2% (24 h) were obtained with 74% and 79% trans
selectivity, respectively (Table 1, entry 2). It was hypothesized
that catalyst decomposition caused the incomplete conversion
after 24 h, so an additional equivalent of Ru1 was added, and
the mixture was left stirring for a further 24 h. After 48 h,
86.8% conversion was obtained with 78% trans product
(overall 1:50 ratio of Ru1/substrate). Following the same
procedure, 3-methylpent-1-ene provided 34.6% overall con-
version after 48 h with >99% trans selectivity (Table 1, entry
3), while 3,3-dimethyl-1-butene gave <1% conversion (Table
1, entry 4). A clear trend was observed, where catalytic
efficiency dropped from entries 1 to 4, correlating with an

increase in substrate steric bulk. This phenomenon can be
rationalized based on the proposed catalytic mechanism: more
sterically hindered substrates are less likely to engage in an
associative-type ligand substitution reactions. Additionally,
substrates that are too large and require a dissociative pathway
for metal binding (such as 3,3-dimethyl-1-butene) are unlikely
to engage in OM with Ru1.
To examine the functional group tolerance of Ru1, hex-5-en-

2-one, allyl acetate, and allylamine were investigated. A similar
procedure to the one used for entries 2 to 4 in Table 1 was
employed. The presence of the carbonyl group reduced both
the overall conversion, 48.7%, and trans selectivity, 73% (Table
1, entry 5). Allyl acetate also demonstrated comparable results
(Table 1, entry 6). The presence of an amine, however, caused
a dramatic reduction in catalytic activity with 7.4% conversion
over a 48 h period. We are unsure at this time why Ru1
exhibited diminished catalytic ability with these substrates, but
in regard to allylamine, sensitivity to protic functional groups
can likely be ruled out as wet solvents could be utilized for the
homocoupling of 1-hexene without a decrease in activity. It is
possible that coordination of the Lewis basic groups could be
responsible for the reduced catalytic efficiency, but further
studies are needed.
Lastly, styrene and several of its para-substituted derivatives

were tested using the protocol established for entries 2 to 7.
The more electron-rich substrates, including styrene, para-
methylstyrene, and para-methoxystyrene (Table 1, entries 8 to
10), showed higher conversions (between 27.8 and 29.5% after
24 h) with almost perfect trans selectivity (>99%). The styrene
derivatives with electron-withdrawing groups, on the other
hand, para-fluorostyrene and para-nitrostyrene (Table 1,
entries 11 and 12), became progressively less reactive, the
more electron-poor the alkene, with conversions of 22.9 and
9.3% after 24 h, respectively (>99% trans selectivity still
maintained). The overall trend seen with the styrene substrates
showed good agreement with the proposed catalytic
mechanism, where an associative interchange ligand sub-
stitution reaction was hypothesized to be the rate-limiting step.
More electron-poor substrates would be less effective for this
catalytic pathway (styrenes in general are more electron-

Figure 8. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering for Ru2, where most of the hydrogens were
removed for clarity.

Scheme 3. Homocoupling of Terminal Alkenes Catalyzed by
Ru1
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deficient than 1-hexene), which was clearly shown by para-
fluorostyrene and para-nitrostyrene. In addition, it should be
noted that in all cases (Table 1, entries 8 to 12),
polymerization products formed in addition to the desired
homocoupled species, which was verified using an internal
standard (1,3,5-trimethoxybenzene). This likely contributed to
the modest conversions seen for all of the styrene substrates. It
is believed that the decomposition products of Ru1 are
responsible for this observation as it has been reported that
para-cymene ruthenium complexes, which are similar in
structure to Ru2, are capable of affecting styrene polymer-
ization.95

■ CONCLUSIONS

In summary, a ruthenium phosphinimine OM catalyst, Ru1,
was synthesized, fully characterized, and its activity for the
homocoupling of terminal alkenes was explored. Using 1-
hexene as a model substrate, the experimentally determined
rate law was found to be first-order in substrate and catalyst,
indicating that both species were involved in the rate-
determining step. Moreover, the empirical activation parame-
ters ΔS⧧ and ΔH⧧ were consistent with an associative-type

ligand substitution reaction.82 When considering the ΔG⧧ (298
K) value of Ru1, it ranked among the fastest initiating
ruthenium-based OM catalysts, including the Grela nitro-
substituted catalyst,35,79 the Blechert−Wakamatsu catalyst,31,80

and Grubbs third-generation catalyst.81 DFT calculations were
also performed to further explore the catalytic mechanism.
Two potential energy surfaces were investigated: one where
the phosphinimine ligand de-coordinated (traditional mecha-
nism) and the other where the phosphine donor de-
coordinated (alternative mechanism). Although the energy
differences between the two pathways were not that large, the
canonical Grubbs-type mechanism was less energetically
favorable than the alternative pathway. Furthermore, the
theoretical calculations matched well with experimental data
and were further supported by NMR-scale reactions.
In addition to kinetic and mechanistic experiments, the

stability of Ru1 was explored. Once again using 1-hexene as a
model substrate, the phosphinimine OM catalyst was found to
be somewhat oxygen-sensitive but not overly moisture-
sensitive. A key decomposition product of Ru1 was also
crystallographically characterized, Ru2, which gave insight into
the phosphinimine catalyst’s decomposition pathways. Ru2

Table 1. Substrate Scope of Ru1 for the Homocoupling of Terminal Alkenesa

aReaction conditions: 0.61 M substrate, 12.2 mM precatalyst Ru1 (two additions of Ru1) in CDCl3 at room temperature; yields, as well as cis/trans
selectivity were determined by 1H NMR spectroscopy of the crude reaction mixtures. bRu1 (6.1 mM) was used. c1,3,5-Trimethoxybenzene (0.61
M) was used as an internal standard. dPercentage of substrate/product consumed to generate polymerization side products.
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gave strong evidence for a bimolecular mechanism of
decomposition, as well as NH exchange between the
tricyclohexylphosphine and triphenylphosphinimine moieties
(supported by DFT calculations). Lastly, the substrate scope of
Ru1 with respect to terminal olefins was explored. Two clear
trends were observed: catalytic efficiency dropped with
increasing steric bulk on the substrate, as well as with more
electron-poor alkenes. These results were consistent with the
proposed catalytic mechanism, where an associative inter-
change ligand substitution reaction would be hindered by
sterically encumbered and/or electron-deficient olefins. Future
studies with phosphinimine OM systems will focus on favoring
the alternative phosphinimine-bound catalytic pathway to
access different reaction manifolds than traditional Grubbs-
type OM catalysts.
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