Ethylene-Triggered Formation of Ruthenium Alkylidene from Decom-

posed Catalyst

Wietse Smit,¥ Marco Foscato,*# Giovanni Occhipinti,* and Vidar R. Jensen*

Department of Chemistry, University of Bergen, Allégaten 41, N-5007 Bergen, Norway

KEYWORDS: ruthenium, alkylidene, ethylene, olefin metathesis, catalyst decomposition, N-heterocyclic carbene.

Supporting Information Placeholder

ABSTRACT: Ethylene is known to readily decompose ruthe-
nium-based olefin metathesis catalysts, such as Grubbs second-
generation catalyst (GII), by forming the unsubstituted ruthe-
nacyclobutane (Ru-2) that may undergo a 1,2-H shift and liber-
ate propene. The resulting alkylidene loss has been assumed to
be irreversible. Yet, by reacting RuClz(SIMes)(p-cymene) (1),
the p-cymene-stabilized alkylidene-free fragment resulting
from loss of propene from Ru-2, with ethylene, we show that
the methylidene-analogue of GII (GIIm) and other Ru alkyli-
denes are formed, along with catalytic amounts of propene and
butenes, and can be stabilized by tricyclohexylphosphine
(PCy3) at 50 9C in CeDs. An almost 20-fold increase in activity
for ring-closing metathesis of DEDAM on pretreatment of 1
with ethylene suggests that the reversibility of the alkylidene
loss may be used to develop longer-lived metathesis catalysts
and processes. Mechanistic DFT calculations suggest that the
connection between 1 and GIIm involves oxidative coupling of
two ethylene molecules to form a key metallacyclopentane in-
termediate (M49). A 1,2-H shift in M49 gives the methyl-sub-
stituted ruthenacyclobutane M303, which, on cycloreversion,
liberates propene and GIIm. Alternatively, successive H-shifts
starting in M49 may give 1-butene (fast reaction) and 2-butene
(slower) with a lower barrier than that of Ru alkylidene. The
lower predicted barrier is consistent with butene, especially 1-
butene, being the dominating product at the start of the exper-
iments, in particular at lower temperature.

INTRODUCTION

Although olefin metathesis has evolved to become one of the
broadest applicable catalytic technologies for the assembly of
carbon-carbon bonds,! popular, functional group tolerant, and
easy-to-handle ruthenium-based catalysts such as Grubbs
second-generation catalyst (GII, Scheme 1)2 suffer from a
vulnerability that limits their further industrial uptake in
valorization of renewable feedstocks and production of natural
products and pharmaceuticals:3-6 the low stability of the key
catalytic intermediates, which typically results in catalyst
decomposition after only a few thousand turnovers.”-11
Particularly rapid decomposition is observed with ethylene as
substratel2-14 which so far has precluded the use of this, the
smallest and most atom-economic coupling partner in
metathesis “cracking” of unsaturated plant oils.415-17

Ethylene as a metathesis partner initiates decomposition of
the otherwise robust catalyst precursors such as GI and GII

(Scheme 1) by frequently forming the key vulnerable
intermediates Ru-1, the Ru methylidene, and Ru-2, the
unsubstituted ruthenacyclobutane. While Ru-1 is susceptible
to methylidene abstraction, by free PCys generated upon
initiation of GII or GIIm,1819 or via a Buchner ring expansion
triggered by m-acids,2021 Ru-2 may readily undergo f-
hydrogen transfer to form an allyl-hydride species, followed by
elimination of propene via an overall 1,2-H shift (Scheme 1).
First observed in Mo-based metathesis,22 metallacyclobutane
decomposition via 1,2-H shift and propene elimination is now
well established for early transition-metals catalysts,23-25 and,
thanks to mechanistic investigations involving experimental2é-
29 and molecular-level computational methods26.2830-32 also for
ruthenium-based catalysts.24

Decomposition via the overall 1,2-H shift depicted in Scheme
1 leads to the propene-coordinated Ru complex Ru-3. The
latter contains a highly electron deficient and reactive
alkylidene-free Ru fragment Ru-4 (formed by removal of
propene) that easily undergoes cyclometalation of the SIMes
ligand,1333 coordinates and isomerizes olefins,31 and which
may likely also aggregate to form Ru nanoparticles (RuNPs).34

Scheme 1. Decomposition of the Unsubstituted Ruthenacyclo-
butane Ru-2 via 1,2-H Shift.a
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af-hydride elimination in Ru-2 gives a Ru-allyl-hydride inter-
mediate (not shown). Next, hydride transfer to the terminal al-
lyl methylene results in Ru-3. Ru-4 may also result from disso-
ciation of p-cymene from 1 or 2.

Despite its reactivity and role in secondary decomposition
reactions, Ru-4 may be “trapped” and isolated by donor
stabilization1335 during decomposition of second-generation
catalysts such as GII and GIIm. Even though ruthenium



alkylidenes may be formed on treatment of donor-stabilized
versions of Ru-4 (1, 2, and analogues thereof) with highly
reactive carbene initiators such as diazomethanes3637 and
propargyl alcohols,3839 the decomposition of catalysts such as
GII and GIIm has been assumed to be irreversible.24 Here, we
show, for the first time, that the reverse reaction, formation and
donor-stabilization of Ru alkylidenes, is possible without
carbene initiators, simply by treatment of donor-stabilized
Ru-4 with the olefin known to be the most threatening to the
stability of metathesis catalysts, namely ethylene.

RESULTS AND DISCUSSION

Alkylidene Formation from 1 And Ethylene. Although
ethylene reduces the stability of any Ru alkylidene formed, this
substrate also facilitates alkylidene observation and analysis of
the reaction mixture by not isomerizing via double-bond
migration and by being invisible in self-metathesis. We were
also encouraged by the early observation that decomposition
of GIIm in the presence of ethylene (as in Scheme 1) led to more
propene than the equivalent of decomposed catalyst,26 and
started by reacting 1 with excess ethylene in C¢De at 25 °C. The
mixture was protected from light in an NMR tube with minimal
headspace, and the reaction was followed by recording a 1H
NMR spectrum every 30 min; see Supporting Information for
details. As shown in Figure 1, the 1H NMR spectra revealed the
presence of butenes (1-butene as well as cis- and trans-2-
butene), ethane, and, importantly, propene.40 Propene is likely
to originate from ethenolysis of 2-butene (Scheme 2) and from
decomposition of Ru-2 via Scheme 1, and is a known indicator
of ruthenium alkylidene.

Scheme 2. Generation of Propene via Ethenolysis of cis- and
trans-2-Butene.
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Figure 1. Amounts of products obtained at 25 °C, with 1 (3.7
umol) and ethylene (92.0 pmol) in C¢Ds, as determined by 1H
NMR (see Supporting Information).

Remarkably, when the same experiment was conducted at
50 °C (Figure 2), this alkylidene indicator was produced in
much greater amounts, reaching 24 pmol, or ca. 80% of all the
organic products, at the end of the experiment (46 h),

corresponding to 6.5 turnovers,4! and demonstrating catalyzed
propene formation.
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Figure 2. Amounts of products obtained at 50 °C, with 1 (3.7
umol) and ethylene (115.0 pmol) in CeDs, as determined by 1H
NMR (see Supporting Information).

In an attempt to stabilize the putative Ru alkylidenes, the
experiment at 25 °C was repeated in the presence of 0.6
equivalents of PCys. The alkylidene indicator propene again
appeared alongside the same organic products as obtained
without phosphine (Figure S8), but the PCys-stabilized
alkylidenes were presumably present in too low
concentrations, as suggested by the negligible amount of
propene produced (e.g. 0.37 pumol after 72,3 hours), to be
observed. However, when the reaction temperature was
increased to 50 °C, the GIIm methylidene resonance (18.42
ppm,*2 Figure 3) started appearing in the 1H NMR spectra two
hours into the experiment. The first-generation methylidene
GIm (19.42 ppm)*2 was also observed (albeit only transiently),
as was (PCy3)(n¢-p-cymene)RuClz (2, see Supporting
Information), showing that PCys may replace SIMes in 1.
Another transient Ru-alkylidene species was observed 9.5-10
h into the experiment, with a resonance (19.00 ppm) consistent
with the ethylidene or propylidene analogue of GIL43 Finally,
two other weak resonances (at 18.46 and 18.38 ppm,
respectively) in the alkylidene region remain unidentified.
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Figure 3. Amounts of C3 and C4 olefins (left ordinate) and GIIm
(right ordinate) obtained at 50 °C, with 1 (4.1 pmol), 0.58
equivalents of PCys and ethylene (78.5 pmol) in CeéDe, as deter-
mined by 1H NMR (see Supporting Information). The inset
shows the 1TH NMR Ru methylidene resonance recorded 7 h into
the experiment. Ethane has been omitted for clarity here, but is
included in Figure S12.

That GIIm is formed at all is surprising given the excess of a
catalyst poison (ethylene) and the fact that similar experiments
have been conducted to decompose GIIm.26 The GIIm yield
attains a maximum at 7 h (10.4 nmol, 0.25%), and then declines
steadily (Figure 2). Counting from this maximum, GIIm
decomposes at a rate (39% in 16 h) that, at first glance, is
similar to that observed earlier for GIIm (38% in 16 h).26
However, the latter experiment was performed at a lower
temperature (40 °C). Most probably, the lower temperature
was compensated for by the much higher GIIm concentration
(0.17 M compared to less than 0.017 mM here), which ensured
a larger contribution from bimolecular decomposition
pathways than here.3544

Propene Formation. Whereas 1-butene is the dominating
product at 25 °C (Figure 1), propene takes over at 50 °C (Figure
2). This elevated temperature is also necessary for detection of
phosphine-stabilized alkylidenes (Figure 3), supporting the
assumption that propene formation requires alkylidene.

Ruthenium alkylidenes can form propene by mediating
ethenolysis of 2-butene (Scheme 2), a process that is
particularly visible in the phosphine-free experiment at 50 °C
(Figure 2). Here, propene is produced in catalytic amounts,
excluding ruthenacyclobutane decomposition as the leading
source. Moreover, 2-butene emerges at the very beginning, but
then all but disappears for more than 20 h, during the same
period in which propene is produced at an increasing rate. At
this stage, any 2-butene, formed directly via coupling of
ethylene or via isomerization of 1-butene, appears to be rapidly
consumed by ethenolysis. One of the possible routes to
propene thus involves a two-step conversion of 1-butene,
which explains the falling rate with which 1-butene, the
dominating product at the beginning, is formed during the first
half of the experiment. In the second half, the concentration of
1-butene declines at a more constant rate. At the same time, the
propene formation rate is falling and 2-butenes start to
accumulate. Evidently, the latter are no longer completely
consumed by ethenolysis, reflecting a lower -ethylene
concentration and decomposition of the active alkylidene
species.

The corresponding experiment involving phosphine (50 °C,
Figure 3) produces less olefins, with a total (after 47 h) of 6.7
umol of propene and 11.0 pumol of butenes. Still, these are
catalytic amonts, corresponding to 1.6 and 2.7 turnovers,
respectively.4l During the first few hours, 1-butene is the
dominating product, but the propene formation rate increases
rapidly. At the same time, the overall butene formation rate
remains approximately constant, suggesting that the C3 and C4
products are formed by different active species. The
assumption that propene formation involves alkylidene can
now be checked by testing whether the propene formation rate
correlates with the concentration of GIIm. With this being a
catalytically inactive alkylidene and with more than one
process leading to propene, the near-quantitative correlation
in parts of Figure 4 is probably coincidential. At the more
qualitative level, the correlation corroborates the involvement
of Ru alkylidenes in propene formation. Looking at the details
of this connection, only alkylidene decomposition can

contribute to propene formation at the very beginning of the
experiment. At this stage, the rate of 2-butene ethenolysis must
be zero or close to zero, since the initial concentrations of free
alkylidenes and 2-butenes are all zero. Whereas in the
corresponding phosphine-free experiment (Figure 2) the free
alkylidenes, once formed in sufficient amount (after 2-3 h),
were assumed to keep the 2-butene concentrations close to
zero, these concentrations are seen to grow in the presence of
PCys (Figure 3). Presumably, sufficient alkylidene is trapped by
PCys for ethenolysis to no longer use all the 2-butene.
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Figure 4. Yield of GIIm (left ordinate, blue squares) and the
propene generation rate (right ordinate, red line smoothened
using the T4253H function; see Supporting Information). Prior
to the smoothening, the propene generation rate was obtained
by plotting the average rate of every 0.5 h interval. This average
was calculated by dividing the difference between the concen-
tration of the product (umol-ml-1) at reaction time t + 0.5 (h)
and t (h) by the time interval 0.5 (h).

Butene Formation. Butenes are important products in the
above experiments, suggesting, as discussed in the Reaction
Mechanisms section below, that the p-cymene-free Ru-4 or a
closely related species mediates ethylene coupling. Whereas 1-
butene is the dominating product at alkylidene-suppressing
low temperature (25 °C, Figure 1), 2-butenes dominate at
higher temperature and in the presence of the alkylidene trap
PCys (50 °C, Figure 3).

Although, to our knowledge, this ethylene dimerization has
not been reported before, it manifests itself in metathesis
experiments. For example, without the presence of alkynes or
other metathesis activators, 1 and congeners thereof have been
reported to cycloisomerize dienes to exo-methylene rings that
are alkene coupling product analogues of 1-butene.45-48 The
same reactivity has been reported for decomposed ruthenium
alkylidene olefin metathesis catalysts.49-52 For example, heating
GII in DMF leads to loss of the alkylidene ligand. The resulting
ruthenium complex, presumably similar to 1, is an efficient
cycloisomerization catalyst.50

The alkene coupling that manifests itself as
cycloisomerization when dienes are used as substrates may
even take place alongside alkylidene-catalyzed metathesis, due
to competing catalyst decomposition. For example, 1-butene
has been observed as a prominent byproduct in reactions of
GIm and GIIm with ethylene.26 Since self-metathesis of
propene, the organic product of the 1,2-H shift in Scheme 1,
results in 2-butene, and the preferred decomposition pathway
for substituted ruthenacyclobutane also produces an internal



alkene,3! the most likely explanation for the observed 1-butene
is ethylene coupling mediated by alkylidene-free metathesis
catalyst decomposition products such as to Ru-4.

Turning now to the butene distributions obtained in the
individual experiments, 1-butene is the dominant product at
low temperature (25 °C), both with (Figure S8) and without
phosphine (Figure 1). Less 2-butene is produced at low
temperature, and surprisingly, even though trans-2-butene is
more stable than the cis-isomer, the cis/trans ratio remains
close to unity far into these experiments. More generally, at low
temperature the product yields form nearly straight lines
during the first half of the experiments. In other words, the
butene formation rates remain fairly constant for a long while
and only appear to be influenced by isomerization in the
second half of the experiments. Whereas the initial reactivity in
these experiments thus could be dominated by a single active
species, presumably Ru-4 generated by dissociation of p-
cymene from 1 (see the Reaction Mechanisms section below),
the subsequent variation in formation rates is likely to
originate from isomerization catalyzed by other active species
generated during the experiments.

At 50 °C, isomerization is much more visible (Figure 2). The
1-butene formation rate decreases over time and even
becomes negative, while those of 2-butene remain positive,
suggesting that 2-butene is, at least partly, formed via
isomerization of 1-butene. In addition, the cis/trans ratio falls
more rapidly (to 0.38) than in the corresponding experiment at
25°C (to 0.79). These isomerization reactions may be mediated
by ruthenium hydrides: A singlet, at —11.78 ppm in the tH NMR
spectrum appers after ca. 20 hours, and its intensity slowly
increases with time, and it reaches 17.5 nmol at the end of the
experiment.

Isomerization is visible also in the corresponding
experiment involving phosphine (Figure 3). Here, the 1-butene
yield reaches a maximum, at 13 h, coinciding with a maximum
in the rate of formation of 2-butene (Figure S13), suggesting
that isomerization of 1-butene is responsible for much of the 2-
butene. This transformation may be catalyzed by products,
potentially cyclometalated complexes3! or nanoparticles,34 of
the decomposition of both GIIm (Figure 3) and the butene-
producing species. Some resonance peaks are recorded in the
hydride region of the 1H NMR spectrum: A doublet, at —7.48
ppm (d, 2/pu = 51 Hz, tH), in the 1H NMR spectrum appears after
ca. 10 h and reaches a maximum in intensity, corresponding to
17 nmol, after ca. 25 h, see Supporting Information for details.

Effect of Phosphine on the Reaction of 1 with Ethylene. In
the above experiment at 50 °C, the trapping agent PCys partly
converted 1 into 2 (the PCys-analogue of 1) and, to some
extent, also to GIm. To single out the effects of phosphine, we
repeated this experiment using 2 instead of 1. Gratifyingly,
although 2 gives the same organic products as 1, only 0.25
umol of olefins was obtained during 47 h of experiment,
compared with 17.5 pmol using 1. The activity of 2 is thus
negligible and its main effect as a side product in experiments
using 1 combined with PCys as trapping agent is thus expected
to be a mere reduction in the amount of organic products.

The low activity of 2 is partly caused by its higher stability.
Whereas the 1H NMR resonances of 1 disappear after a couple
of hours, 40 % of 2 is still present at the end of the experiment
(47 h). This stability also affects the generation of GIm, which
reaches its maximum yield only very late (38 h). Although the
latter yield (0.55%) is twice the maximum yield of GIIm in the
corresponding experiment using 1, this is not reflected in more
metathesis products such as propene (Scheme 2). Although

propene is, as in the experiment using 1 (Figure 3), the most
abundant olefinic product, the concentration of butenes
remains vanishiningly low throughout the experiment. This
suggests that ethenolysis of 2-butene is unimportant and that
most of the propene originates from decomposition of
ruthenacyclobutane.

In addition to reducing the amount of organic products by
generating the less active 2, PCys also slows down the catalytic
activity by coordinating to the metal center, i.e., by competing
with ethylene for available coordination sites. In particular, the
phosphine complexes of Ru methylidenes are known to be
stable and to act as thermodynamic sinks during olefin
metathesis.5354 Higher phosphine concentrations should
therefore lead to more GIm and GIIm and less propene, since
fewer 14-electron Ru alkylidenes will be available for propene
formation via ethenolysis and decomposition of
ruthenacyclobutanes. To test this hypothesis, we repeated the
reaction of 1 at 50 °C using twice the original amount of PCy3
(1.2 equiv.). Indeed, whereas the additional phosphine resulted
in much less propene (0.7 pmol vs. 6.6 umol with 0.6 equiv. of
PCys) and olefins in general (>50% reduction), it resulted in
much more of the first-generation catalyst. Whereas GIm was
only observed transiently with 0.6 equiv. of PCys, with 1.2
equiv. of PCys, the concentration of this methylidene was
almost three times higher (6.0 nmol, 0.17%) than that of GIIm
(2.1 nmol, 0.06%, similar to that of the 0.6 equiv. experiment)
at the end of the end of the experiment (at 47 h).

Summarizing, the presence of phosphine in the above
experiment using 1 (Figure 3) does not result in organic
products different from those of the corresponding phosphine-
free experiment. Phosphine merely lowers the amount of such
products. The additional tests described here show that PCys
brings about this lowering by forming the less active phosphine
analogue 2 and by competing with ethylene for available sites.
Some GIm is also formed.

The Origin of Ethane. The reduction of ethylene to ethane,
a minor product in all the above experiments (see, e.g., Figure
1 and 2), is surprising as no obvious source of hydrogen is
present. Grubbs-type catalysts are known to abstract hydrogen
from unexpected sources such as alcohols.55-57 However, the
absence of oxidized organic compounds such as acetylene and
butadiene suggests that ethylene is not the hydrogen source.
Moreover, the yield of ethane is always lower than the
ruthenium loading (see Supporting Information for details),
strongly suggesting that the reaction is stochiometric. Thus, the
most likely source of hydrogen are the two ligands SIMes and
PCys, both of which have been observed to undergo Ru-
catalyzed hydrogen abstraction.13:33.5859,60-62 [ndeed, when the
dimer [(p-cymene)RuClz]2, from which 1 and 2 can be obtained
by addition of SIMes and PCys, respectively, is heated with
ethylene at 50 °C, no ethane is observed even after six days.
This experiment rules out p-cymene as the reductant and
points at partial dehydrogenation of SIMes and PCys in the
presence of ethylene as the most likely explanation for ethane
being a product of the reactions of 1 and 2 with ethylene.

Use of 1 in Olefin Metathesis. Above we have seen that Ru
methylidenes are formed on treatment of 1 with ethylene and
without the use of classical carbene initators. The mere
observation of these methylidenes, along with their mechanism
of formation (see below), is the emphasis of this contribution.
We have not attempted to optimze the yields, which remain
well below 1%. Still, to offer a glimpse of the potential future
utility of the ethylene-triggered methylidene formation, we
have tested 1 as catalyst for ring-closing metathesis (RCM) of



diethyl diallylmalonate (DEDAM, Table 1), both before (entry
1) and after heating in excess ethylene (entry 2). The
pretreatment with ethylene (7 h in excess ethylene at 50 °C)
results in nearly 20 times more RCM product.

Table 1. RCM of DEDAM Using 1.2

g0, ~ _cat(imon) e+ =
EtO,C N CeDe, 35°C, 4h EtO,C

entry catalyst conv (%)? yield (%)?
1 1 1 1
2 1c 19 19

aConditions: catalyst: 1 (1 mol%) + 0.6 equiv. PCys, [DEDAM]
=0.1 M, 35°Cin CeDs, 4 hours. ’Determined by 1H NMR analysis
using 2,2,3,3-tetramethylbutane as internal standard. cHeated
at 50 °C for 7 h in excess ethylene.

GIIm Formation: Reaction Order in Ru. In a previous
investigation of the reactivity of 1 with allylbenzene, the rate of
alkylidene formation was suggested, based on the observed
ratio between olefin isomerization and metathesis, to be first
order in 1 at high concentrations and to approach second order
at low concentrations.3! Thus, to narrow down the
computational exploration of possible mechanisms (described
below), we studied the formation of GIIm at different
concentrations of 1. The reaction at 50 °C with 0.6 equiv. of
PCys (Figure 3) was repeated using a three-fold smaller and a
three-fold larger amount of 1, respectively. Next, the reaction
order in ruthenium was determined using the initial rate
method (Figure S22).63 Although the model was based on three
points only, it is clearly incompatible with an initial rate that is
second order in 1. Instead, the response in initial rate as a
function of [1] is consistent with a reaction order below or
equal to one. Mononucleaer ruthenium alkene activation
mechanisms are thus the focus of the below computational
study.

Mechanistic Density Functional Theory (DFT) Study. The
mechanisms of formation of both ruthenium alkylidenes and
organic products have been investigated using DFT. The
functional, basis sets, and further details of the computational
model are defined in the Computational Details section of the
Supporting Information. Whereas the Supporting Information
also contains all the computational results, including structures
and energies of unfavored reaction pathways and
intermediates, the following presentation summarizes the
most probable and important parts of the reaction network.

In the DFT calculations, the role of PCy3 has been limited to
that of “trapping” alkylidenes such as GIIm. As we have seen
above, the same organic products are obtained with and
without PCys. Although the kinetics of formation of these
organic products is influenced by the presence of phosphine,
this influence appears, as discussed above, to mainly involve
catalyst deactivation via PCys coordination and, importantly,
NHC/PCys exchange in 1 to form the less reactive 2. Thus, when
phosphine is added, the observed activity will be lower and due
to both 1 and 2, with the contribution from 2 increasing during
the experiment. Since 2 predominantly produces propene,
GIm, and ethane (see above and the Supporting Information),
addition of PCys in experiments with 1 will progressively give
less butene than the corresponding phosphine-free
experiments. Summarizing, 1 and 2 give the same kinds of
products, but 1 has a richer reactivity, and this reactivity is the
one studied in the following.

Mechanistic DFT Study: Alkylidene and Propene
Formation. First, the reactivity of 1 toward ethylene is evident
already from the remarkable stability of ethylene complex M18
(Scheme 3). Despite being a 14-electron complex, M18 is more
than 10 kcal/mol more stable than the 18-electron M1.
However, substitution of p-cymene by ethylene in M1 requires
more than 25 kcal/mol of activation. The calculations favor,
albeit by a small margin (1.5 kcal/mol), an interchange
mechanism in which ethylene binds at the same time as p-
cymene dissociates. In the case of a purely dissociative
mechanism, which is likely to be favored for bigger substrates
than ethylene,3! the electron deficient intermediate M2 will
seek stabilization either by undergoing spin inversion to the
spin-triplet 3M4 or by coordinating and inserting into a methyl
C-H bond of a SIMes mesityl substituent to form M24. While
both 3M4 and M24 are efficient olefin isomerization catalysts
(see Supporting Information and ref 31) that may contribute to
the above-described diversity of organic products, both are
also 10 kcal/mol less stable than M1. Hence, as long as enough
ethylene is present, 3M4 and M24 will readily bind this
substrate to form the more than 20 kcal/mol more stable M18.
The latter ethylene complex plays a pivotal role in the reaction
network described in the following.

Scheme 3. Activation of 1 = M1 by exchange of p-cymene with
ethylene.a

Mes = 2,4,6-trimethylphenyl
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aM1 is the computational model of compound 1. Free energies
at 25 °C are reported in kcal/mol relative to M1. Variational
transition states (TSvar) offer lower-bound estimates of the
barrier for elementary steps assumed to be diffusion con-
trolled. The energy reported here for M3, the minimum energy
crossing point (MECP) between the spin-singlet M2 and the
spin-triplet 3M4, is the lower-bound estimate. See Supporting
Information for computational details and the complete mech-
anism.

Even if M18 is stable relative to M1, it readily binds a second
ethylene molecule and several bis-n2-olefin complexes may be
formed. A complex (M50, cf. Supporting Information) in which
the two C=C bonds are nearly orthogonal to each other is the
most stable, at -12.2 kcal/mol, but is not reactive. In contrast,
the nearly parallel orientation in M47 (Scheme 4) ensures a
surprisingly facile oxidative coupling, with a <8 kcal/mol
barrier relative to M47, to reach the more stable



ruthenacyclopentane M49. As shown already,3! M49 can
undergo formal 1,2- or 1,3-H shifts. While a high-barrier 1,3-H
shift leads directly to 1-butene (see Supporting Information),
the preferred, low-energy pathway is more indirect. The first
step on this pathway is -H elimination and gives a Ru-hydride
decorated by a chelating, n2-coordinated butenyl ligand (M55).
M55 is a junction from which two main branches in the
subsequent reaction network extends (Scheme 4).

In the first of these branches, M55 may complete the 1,2-H
shift started in M49 and obtain, in a reaction that is the reverse
of the metallacyclobutane ring expansion studied in ref 31,
bottom-boundé4 methyl-substituted metallacyclobutane M303
via transition state M302. Importantly, the
ruthenacyclobutane M303 may collapse to give either 14-
electron Ru methylidene M309 and propene or 14-electron Ru
ethylidene M312 and ethylene. The barriers from M303
estimated for the two collapses are very similar, 11.1 (via
transition state M307) and 11.2 kcal/mol (assumed to occur
via a variational transition state, since no transition state on the
potential energy surface could be found) for methylidene and
ethylidene formation, respectively. However, the latter barrier
is alower-bound estimate (cf. Supporting Information) and the
calculations are thus consistent with Figure 3 and the above-
described experiments: GIIm, the molecular model of which is
M310, is the main Ru alkylidene observed, while ethylidene
M312 may be among the transiently observed alkylidenes.

Concluding, this, the first branch continuing from M55,
explains the formation of the observed GIIm from 1 and also
shows that propene is liberated alongside GIIm, i.e., propene is
an indicator of Ru methylidene generation and not only
decomposition as in Scheme 1. This implies that part of the
propene observed at the beginning of experiments performed
at 50 °C (Figures 3 and 4) stems from generation of alkylidenes
via a stoichiometric process. This process thus adds to propene

generated via the already assumed -contributions from
ethenolysis of 2-butene (catalytic) and alkylidene
decomposition (stoichiometric).

Mechanistic DFT Study: Butene Formation. From the
above-mentioned juntion M55, the second branch runs via
transition state M58 and predicts fast formation of 1-butene
and slow formation of trans-2-butene (Scheme 4). This
pathway is populated by several n3-allylic Ru-hydrides (e.g.,
M114) that could rearrange to reach (e.g, via transition state
M304) the methyl-substituted ruthenacyclobutane M303 of
the first, alkylidene-producing branch. Whereas this kind of
reactivity has been suggested for the initiation of alkylidene-
free tungsten-based metathesis catalysts,6566 the path via
M304 and similar alternatives connecting the mn3-allylic
Ru-hydrides to M303 are more energy-demanding than the
pathways leading to 1- and 2-butene (see Supporting
Information).

Most importantly, the energy barriers discriminating
between the two branches, involving transition states M302,
M58 and rate-determining intermediate M49, are 18.8 and
17.6 kcal/mol, respectively. The latter path, via M58, is thus
favored, predicting that formation of butenes requires less
activation than that of propene and alkylidenes. This prediction
can be tested by comparing the rates of butene and propene
formation at the beginning of the experiments, when
alkylidenes are absent and ethenolysis of 2-butene and
decomposition of unsubstituted ruthenacyclobutane (Scheme
1) do not contribute much to propene formation. Thus, at the
very beginning of an experiment, any propene observed must
stem mainly from cycloreversion of M303, which, according to
the calculations, should be slower than butene formation via
M58. Indeed, the initial 1-butene formation rate is higher than
that of propene in all our experiments (see, e.g., Figure 1, 2 and
3), thus corroborating the mechanism presented in Scheme 4.

Scheme 4. Mechanism for the catalytic coupling of ethylene to form 1-butene and trans-2-butene, with off-cycle formation of pro-

pene and phosphine-stabilized alkylidene.2
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Turning now to the details of the complex branch running via
M58, butene formation starts by dissociation of the metal-
alkene bond in M55. Instead, the metal atom forms a (-H
agostic interaction (see Supporting Information). The
subsequent 3-H elimination leads to a Ru center coordinated by
butadiene and 6-bound molecular hydrogen (M74). Liberation
of either butadiene or hydrogen is markedly endergonic and
predicted to be unlikely, consistent with the lack of observation
of these products in the above experiments. Instead, one of the
hydrogen atoms of the Hz ligand is transferred back to the end
of the C4 fragment, creating the butenyl ligand in M104. The
latter can be bent to give the n3-allylic hydride complex M106.

In M106 the m3-allylic ligand is essentially trans to the
remaining hydride ligand, which thus may be transferred to
either end of the allylic C3 fragment. This flexibility means that,
from M106, both trans-2-butene (via transition state M138)
and 1-butene (via transition state M113) may be formed.
Formation of 1-butene is kinetically favored by 1.5 kcal/mol.
This preference is consistently reproduced by different DFT
methods (see Supporting Information) and agrees with the
experimentally observed faster initial, i.e., prior to potential
influence of isomerization, formation of 1-butene than of trans-
2-butene (Figures 1-3). Finally, the butene release, which most
likely occurs via associative exchange or interchange with
ethylene (see Supporting Information), regenerates the Ru(II)
species M18 and concludes the catalytic cycle leading to 1-
butene and trans-2-butene.

Turning now to the origin of cis-2-butene, the variation in
formation rates for cis- and trans-2-butene as well as for 1-
butene at 50 °C, especially in the presence of phosphine (Figure
3), suggest that isomerization of 1-butene to 2-butene and of
cis- to trans-2-butene contributes at higher temperatures. In
contrast, at room temperature the similar and fairly constant
cis- and trans-2-butene formation rates (Figure 1), which do
not reflect the thermodynamic stability of these two olefines,
suggest direct formation of both cis and trans-2-butene (as seen
in Scheme 4) and rate laws that are independent of the
1-butene concentration. This is consistent with the fact that
none of the many 1- and 2-butene isomerization pathways that
were explored computationally (see Supporting Information)
could explain the similar and near-constant formation rates for
the two 2-butene isomers at room temperature.

Thus, we have also explored many candidate pathways for
direct formation of cis-2-butene from ethylene, but none of
these are consistent with this isomer forming at a rate similar
to that of the trans-isomer. The most likely explanation for the
formation of cis-2-butene early on in the experiments (Figure
1) is an alternative, so far unidentified, pathway. We speculate
that, since the pathway to trans-2-butene in Scheme 4 involves
an s-trans butadiene at M74 and a syn n3-allyl species M106, an
analogous reaction involving s-cis-butadiene and anti n3-allylic
ligand would generate cis-2-butene. In fact, barriers for the key
hydride transfer reactions of a Ru-bound s-cis-butadiene
complex were found to be lower than those of the



corresponding s-trans complex (see Supporting Information),
but the s-cis-butadiene complex could so far not be connected
to the rest of the reaction network with sufficiently low
barriers to be competitive.

Apart from this lack of connection in the cis-formation
pathway, the calculations reflect the experiments and offer
mechanistic explanations for all the key observations: The fact
that 1-butene is the first and major product at low
temperatures and the somewhat slower formation of 2-butene,
the promoting effect of temperature on the alkylidene
formation, and the intimate connection between alkylidene
and propene formation. This ruthenium alkylidene marker is,
according to the calculations, released stiochiometrically both
during methylidene formation and decomposition. Once
alkylidene has been formed, propene is also produced
catalytically via ethenolysis of 2-butene.

CONCLUSIONS

We have shown that ruthenium methylidenes GIIm and GIm
form on reaction of PCys and ethylene, a known ruthenium
alkylidene metathesis catalyst poison, with 1. Since 1 is closely
associated with compounds resulting from loss of alkylidene
from Grubbs-type metathesis catalysts, these results imply that
catalyst decomposition via alkylidene loss is, contrary to long-
standing beliefs, reversible.

Importantly, the reversibility might be utilized to achieve Ru
alkylidene metathesis catalysts with higher turnover numbers
by promoting, via catalyst or process design, continuous
alkylidene regeneration from decomposition product
analogues of 1 during catalysis. Indeed, pretreatment of 1 with
ethylene resulted in an almost 20-fold increase in activity for
ring-closing metathesis of DEDAM. Similarly, insight into
benign routes from 1 and analogues thereof to Ru alkylidenes
may also be used to circumvent the expensive and explosive
diazo technology used to install the benzylidene ligand of
catalysts such as GIL67

Mechanistic DFT calculations suggest that the connection
between 1 and GIIm, the main methylidene formed, starts by
ethylene replacing p-cymene in 1 (= M1) via an interchange
mechanism. The resulting ethylene complex M18 can readily
bind a second ethylene and undergo oxidative coupling to form
metallacyclopentane M49. From M49 a 1,2-H shift leads to
methyl-substituted ruthenacyclobutane M303, followed by
cycloreversion and propene release to give the 14-electron
methylidene Ru-1 (= M309) that may be trapped by PCys as
GIIm (= M310). This mechanism implies that propene release
is intimately connected not only to decomposition of
metallacyclobutane Ru-2 (Scheme 1) and ethenolysis of 2-
butene (Scheme 2), but also to formation of GIIm itself.

The reaction of 1 with ethylene produces catalytic amounts
of propene and butenes. Whereas propene and GIIm require
some time to form and are also promoted by higher
temperature, the first and dominating product, in particular at
lower temperature, is 1-butene. This is also reflected in the
calculations, which predict a lower barrier to butene formation
than to formation of Ru alkylidene as well as faster formation
of 1-butene than of 2-butene.
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