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Abstract: The decomposition of a series of ruthenium metathesis catalysts has been examined using
methylidene species as model complexes. All of the phosphine-containing methylidene complexes
decomposed to generate methylphosphonium salts, and their decomposition routes followed first-order
kinetics. The formation of these salts in high conversion, coupled with the observed kinetic behavior for
this reaction, suggests that the major decomposition pathway involves nucleophilic attack of a dissociated
phosphine on the methylidene carbon. This mechanism also is consistent with decomposition observed in
the presence of ethylene as a model olefin substrate. The decomposition of phosphine-free catalyst
(H2IMes)(Cl)2RudCH(2-C6H4-O-i-Pr) (H2IMes ) 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene) with ethylene
was found to generate unidentified ruthenium hydride species. The novel ruthenium complex (H2IMes)-
(pyridine)3(Cl)2Ru, which was generated during the synthetic attempts to prepare the highly unstable pyridine-
based methylidene complex (H2IMes)(pyridine)2(Cl)2RudCH2, is also reported.

Introduction

Over the past decade, olefin metathesis has emerged as a
powerful method for the formation of carbon-carbon double
bonds.1,2 In particular, ruthenium olefin metathesis catalysts1-4
have been used extensively in organic and polymer chemistry
due to their high activity and functional group tolerance.3-6

Despite these advances, one of the major limiting factors for
the use of ruthenium carbene catalysts in many reactions is the
lifetime and efficiency of these catalysts. As a result, the ring-
closing of large rings requires increased catalyst loadings in
high-dilution conditions, and the metathesis of highly substituted
and/or electron-deficient olefins still requires elevated temper-
atures and extended reaction times.7-10 Furthermore, catalyst
decomposition sometimes leads to unwanted side reactions, such
as olefin isomerizations.11-14 As identified in previous work,

the key to catalyst efficiency is the ratio of the rate of olefin
metathesis relative to that of catalyst decomposition.15 Thus, to
rationally design a more efficient catalyst for olefin metathesis,
it is essential to understand the decomposition pathways of
existing catalysts.

Despite the importance of mechanistic elucidation to catalyst
optimization, relatively few studies have been performed to
understand the decomposition pathways of ruthenium-based
metathesis systems. Mol and co-workers reported that the
degradation of1 and2 with primary alcohols produced RuClH-
(CO)(L)(PCy3) (L ) N-heterocyclic carbene (NHC) or PCy3)
complexes.16-18 Diver and co-workers reported carbon monoxide-
promoted benzylidene or methylidene insertion into a mesityl
group of complex2 or 5.19 Van Rensburg and co-workers have
suggested a substrate-induced decomposition mechanism for
these catalysts based on DFT calculations involving aâ-hydride
transfer from a ruthenacyclobutane intermediate.20 Our group
has reported the insertion of ruthenium into the C-H bond of
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one of the methyl groups on the NHC ligand that can occur
during the preparation of2.21 However, the lack of well-
characterized decomposition products under typical metathesis
conditions has limited the understanding of the decomposition
mechanism overall.

Ruthenium methylidenes serve as critical intermediates in
most metathesis reactions, such as ring-closing metathesis
(RCM), cross metathesis (CM), and acyclic diene metathesis
(ADMET) reactions. However, these intermediates also rank
among the least stable isolable species.15 A thorough under-
standing of methylidene decomposition and stability is crucial
to the design of more stable catalyst systems.15,22,23 In a
preliminary communication, we showed that methylidene
complex5 decomposed to form the dinuclear ruthenium hydride
complex6 and methyltricyclohexylphosphonium chloride (7)
(Scheme 1).22 On the basis of the observation of6 and7 and
the results of kinetic experiments, we proposed that complex5

decomposes via the nucleophilic attack of a dissociated phos-
phine on the methylidene carbon (Scheme 2). This decomposi-
tion study has now been expanded to include other ruthenium-
based olefin metathesis catalysts, including the phosphine-free
catalysts3 and4.

Results and Discussion

Decomposition of Phosphine-Based Catalysts.Catalyst
decomposition rates were determined using1H NMR spectros-
copy by following the diminution of the ruthenium methylidene
resonance integral over time.15 Recrystallization and spectro-
scopic methods were used to identify and characterize decom-
position products. All of the tested methylidene complexes of
phosphine-based ruthenium catalysts decomposed to generate
methyltricylohexylphosphonium salts as the major phosphine
species (Table 1).24 In our previous report, we were not able to
conclusively identify the phosphine product from the decom-
position of complex13. In this case, the phosphine activation
was proposed on the basis of the2H NMR study with (PCy3)2-
Cl2RudCD2 (13-d2).15 Here the product has been characterized
successfully as CH3PCy3

+Cl- (7) by comparison with an
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Scheme 1. Decomposition of the Methylidene Complex 5

Scheme 2. Proposed Decomposition Mechanism
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independently prepared sample of the salt (1H, 13C, and HRMS).
The 2H peak observed at∼2.5 ppm during the decomposition
of 13-d2 has also been demonstrated to originate from the methyl
protons of CD3PCy3

+Cl- (7-d3).
The conversions to the phosphine products CH3PCy3

+X-

were determined by comparing the1H NMR integration of the
R-proton in the cyclohexyl rings of the phosphonium salts with
an internal standard (anthracene). The conversions were high,
81-85%, for (PCy3)2Cl2RudCH2 (13), (PCy3)2Br2RudCH2

(14), and (H2IPr)(PCy3)Cl2RudCH2 (17) (Table 1, entries 1, 2,
and 5) (H2IPr ) 1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimi-
dazol-2-ylidene). For (H2IMes)(PCy3)Cl2RudCH2 (5) and
(H2IMes)(PCy3)Br2RudCH2 (16) (entries 3 and 4) (H2IMes )
1,3-dimesityl-4,5-dihydroimidazol-2-ylidene), the conversions
could not be determined because of peak overlap, although31P
NMR spectra indicate methyltricyclohexylphosphonium salts are
the major phosphine-containing products.24 These observed
conversions strongly suggest that phosphine is involved in the
major decomposition pathway for the ruthenium methylidene
complexes listed in Table 1.

The decompositions of phosphine-based ruthenium meth-
ylidene complexes were found to follow first-order kinetics; the
decomposition rates were not affected by the addition of excess
phosphine.15,22,23 As anticipated, catalysts containing anN-
heterocyclic carbene ligand had increased lifetimes compared
with bis(phosphine)-based catalysts.22,25,26Changing the chloride
ligands to bromides was found to only slightly decrease the
catalyst lifetimes. Attempts to replace the chloride ligands with
iodides were unsuccessful, presumably due to an increased rate
of decomposition.23

Complexes bearing H2IPr ligands, such as17, are known to
initiate very quickly in olefin metathesis reactions because of
the steric bulk of theN-heterocyclic carbene ligand.27,28

However, methylidene complex17 is much less stable than the
H2IMes derivatives5 and16 (entries 3 and 4). The phosphine
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Table 1. Decomposition of Ruthenium Methylidene Complexesa

a Conditions: 0.023 M, C6D6, 55°C, anthracene as an internal standard.b Determined by1H NMR spectroscopy.c Isolated yield.d Conversions could not
be determined.e H2IPr ) 1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene.

Scheme 3. Phosphine Dissociation and Attack Mechanism
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ligand of 17 dissociates faster than the phosphine of5 or 16,
which increases the concentration of free phosphine and thus
accelerates phosphine attack on the methylidene carbon.29 This
result indicates that a mechanism involving phosphine dissoci-
tion and attack (Scheme 3) is more reasonable than
a mechanism involving the internal attack of phosphine
(Scheme 4).

It was difficult to experimentally distinguish these two
possible mechanisms, as both kinetic expressions are identical
and consistent with the lack of rate dependence on phosphine
concentration and the first-order kinetic behavior that was
observed (eq 130 for the mechanism in Scheme 3 and eq 2 for

the mechanism in Scheme 4). Experiments, such as the addition
of more nucleophilic phosphines like trimethylphosphine, were
unsuccessful presumably due to phosphine-exchange of the
ruthenium methylidenes.31 However, if decomposition occurs
via the internal attack of phosphine onto the methylidene carbon,
the decomposition rates of complex5, 16, and17 should not
be so much different considering similar electronic properties
between H2IMes and H2IPr ligands.32 Because it is not, we favor
the mechanism involving the nucleophilic attack of free phos-
phine for the decomposition of ruthenium methylidene com-
plexes (Scheme 3). The nucleophilic attack of phosphines on
the carbene carbon of ruthenium alkylidenes has also been
reported by Hofmann and co-workers.33

Decomposition in the Presence of Ethylene.Van Rensburg
and co-workers have reported the substrate-induced decomposi-
tion of 5 and13 using ethylene as a model substrate.20 On the
basis of theoretical and experimental results, they proposed that
decomposition of5 in the presence of ethylene could occur via
a ruthenium allyl species formed byâ-hydrogen abstraction from
the corresponding ruthenacyclobutane intermediate. Reductive
elimination then yields propene as the major olefinic compound.
However, they were not able to characterize the major phosphine

decomposition product. We have re-examined this reaction and
found that31P NMR spectra of decomposed samples reveal a
major phosphine complex at 34.6 ppm after decomposition of
both5 and13 (Figure 1), which corresponds to CH3PCy3

+Cl-.
The identity of this species was confirmed by spectroscopic
methods. The13C NMR spectrum, which shows a characteristic
doublet for the phosphonium salt’s methyl protons at 1.5 ppm,
was particularly revealing.22 From this evidence, we believe that
phosphine attack on the methylidene carbon is also a major
pathway in the decomposition of5 and13 in the presence of
ethylene.

Further evidence for catalyst decomposition by phosphine
attack on the methylidene carbon and the subsequent generation
of complex11 (Scheme 2) was found in conducting a series of
experiments on catalyst18,34 the triphenylphosphine analogue
of 2, in the presence of ethylene (Scheme 5). Rapid conversion
to a new alkylidene species at 18.59 ppm was observed by1H
NMR upon the exposure of a 0.035 M solution of18 in
dichloromethane-d2 to an atmosphere of ethylene at 23°C.
However, in contrast to reactions conducted using catalyst2,
where methylidene5 was initially observed,23 this new alky-
lidene species was found not to be the triphenylphosphine-
ligated methylidene, which was present in only trace amounts
(<2%). Attempts to characterize the new alkylidene species
were hampered by its instability; the use of an internal standard
indicated that the maximum conversion to this unidentified
complex was approximately 33% after 8 min (83% conversion
of 18), which rapidly decreased to∼2% after 120 min.35

Interestingly, the only product visible by31P NMR spectroscopy
upon the complete consumption of alkylidene was methyltri-
phenylphosphonium chloride (23.0 ppm), indicating that no
phosphine remained bound to the ruthenium and that a
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36, 8231-8239.

(30) Steady-state appromimation was applied to eq 1.
(31) Several unidentified phosphorus peaks were observed in31P NMR spectra

from the reaction between5 and PMe3.
(32) We think that the internal attack of PCy3 will be less affected by the steric

hindrance of H2IPr ligands and the geometry is not favorable for the internal
attack. For the electronic properties ofN-heterocyclic carbene ligands,
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Scheme 4. Internal Phosphine Attack Mechanism
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rate of decomposition) kdecomp[Ru] (2)

Figure 1. 31P NMR spectrum of the decomposition of13 in the presence
of ethylene.
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decomposition process similar to that of catalyst5 might be in
effect. However, complex6 was not observed in the reaction
mixture, suggesting a divergent mechanistic pathway. Mass
spectrometric analysis (FAB+) of the reaction mixture at 8 min
identified a ruthenium species with am/z of 971.1, supporting
the identity of the intermediate alkylidene to be complex11, a
species that had originally been proposed in the decomposition
of 5 but not observed (Scheme 2).22 This intermediate appears
to be capable of reverting back to a 14-electron methylidene
species, based on the observation that decreasing the temperature
of a reaction mixture containing11 to -40 °C in the presence
of ethylene was found to generate metallacycle19.36-38 It is

important to note that catalyst18 does not react with ethylene
at this temperature.

The major decomposition product of18 with ethylene
ultimately was identified by running the reaction in Scheme 5
on a 77µmol scale in toluene. After 5 days at 23°C, methyl-
triphenylphosphonium chloride was isolated in quantitative
yield, in addition to 52 mg of a red-brown, crystalline solid
that was found to be unstable in solution in the absence
of ethylene. X-ray analysis determined the crystal structure

(34) Sanford, M. S.; Love, J. A.; Grubbs, R. H.Organometallics2001, 20, 5314-
5318.

(35) Values correspond to NMR yields utilizing anthracene (0.014 M) as an
internal reaction standard. Alkylidene assumed to be methylidene-derived
(2H); conversion based on Ru is 66% if it is assumed that the complex is
the bis-ruthenium complex11.
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(38) Romero, P. E.; Piers, W. E.J. Am. Chem. Soc.2007, 129, 1698-1704.

Scheme 5. Reaction of Catalyst 18 with Ethylene

Scheme 6. Isolation of the Major Decomposition Product in the Reaction of 18 with Ethylene

Scheme 7. Proposed Mechanistic Pathway for the Decomposition of the Methylidene of 18 with Ethylene
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to be that of theC2-symmetric complex21 (Scheme 6),
which was presumably derived from theortho-methyl C-H
activation of two ruthenium-coordinated NHC ligands in the
presence of 2 equiv of methylenetriphenylphosphine (23) as a
base.

A summary of the proposed decomposition pathway for
catalyst18 is depicted in Scheme 7. Although the methylidene
22 readily forms upon the exposure of18 to ethylene, it appears
to be more vulnerable to phosphine attack and subsequent
decomposition relative to5, resulting in the minimal population
(<2%) of 22 that had been observed during the course of the
reaction. Differences in this decomposition route compared to
that proposed for catalyst5 potentially can be attributed to the
weaker basicity and less steric hindrance of triphenylphosphine
relative to tricyclohexylphosphine39,40 as well as the presence
of ethylene in the reaction mixture.41

Decomposition of Phosphine-Free Catalysts.Catalyst3 is
known as a more stable catalyst than2 under air and water due
to the chelation of its isopropoxy ligand.42,43However, as with
the phosphine-containing catalysts, a comparison of stability
between initiators is not particularly meaningful.15,22 Both
catalysts2 and3 are thermally stable: their half-lives at 55°C
in benzene are over a month. Because the methylidene der-
ivative of3 cannot be isolated, its decomposition was examined
directly in the presence of ethylene (Scheme 8). After 1 day,
unidentified ruthenium hydride species were observed by1H
NMR at-1.54 and-4.96 ppm. Attempts to isolate these species
were unsuccessful. These species could be responsible for the
olefin-isomerization reactions known to be catalyzed by3.13,14

This result suggests that other decomposition modes, which are
only slightly slower than the phosphine-involved decomposition,
are also available when a phosphine is not present.

Bispyridine-based catalysts, such as4, have proven to be
useful for the synthesis of polymers due to their fast-initiation
rates.34,44However, the lower stabilities of these catalysts limit
their application. We tried to synthesize (H2IMes)(py)2(Cl)2Rud
CH2 (24) to compare with other methylidene complexes;
however, any synthetic attempts were unsuccessful due to its
instability. Even in situ, the methylidene protons of complex
24 were never observed by1H NMR.

Interestingly, complex25 and methyltricyclohexylphospho-
nium chloride were formed from the reaction of5 with an excess
of pyridine (Scheme 9). The structure of25 was determined by
X-ray crystallography (Figure 2). All bond distances and angles
in this structure are typical, but the mesityl groups are twisted
by ∼25° with respect to each other, which contrasts with their
usual orientation perpendicular to the imidazolidine ring.

The formation of25 was also observed during the reaction
of 4 with ethylene in the absence of a PCy3 ligand. Complex
25 also has been observed from the synthetic trials of a bulky
chelating alkylidene from4.45 Sponsler and co-workers reported
a similar product from the decomposition of (H2IMes)(3-
bromopyridine)2(Cl)2RudCHR (R) Me, Et,nPr).46 Although
they did not determine the structure of this decomposition
product, their1H NMR data match those of25. These observa-
tions indicate that complexes similar to25 typically form during
the decomposition of pyridine-containing ruthenium olefin
metathesis catalysts regardless of the presence of phosphines.
The fate of the methylidene carbon is not clear in these or other
cases where the [Ru]dCH2 is generated in the presence of
pyridines.47

Conclusion

We have examined the decomposition of a series of ruthenium
metathesis catalysts. Ruthenium methylidene complexes, the
most common yet least stable isolable intermediate during olefin

(39) Zhang, X. M.; Bordwell, F. G.J. Am. Chem. Soc.1994, 116, 968-972.
(40) Streitwieser, A.; McKeown, A. E.; Hasanayn, F.; Davis, N. R.Org. Lett.

2005, 7, 1259-1262.
(41) For a mechanistic investigation on the influence of phosphine on the rate

of initiation of 2, 5, and18, see ref 23.
(42) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H.J. Am. Chem.

Soc.2000, 122, 8168-8179.
(43) Hong, S. H.; Grubbs, R. H.J. Am. Chem. Soc.2006, 128, 3508-3509.

(44) Love, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, R. H.Angew. Chem.,
Int. Ed. 2002, 41, 4035-4037.

(45) Hejl, A.; Grubbs, R. H. California Institute of Technology, Pasadena, CA.
Unpublished work, 2006.

(46) Williams, J. E.; Harner, M. J.; Sponsler, M. B.Organometallics2005, 24,
2013-2015.

(47) Methylpyridium salt was not observed in the reaction of4 in the presence
of ethylene. Werner and coworkers have reported that a similar reaction
between the ruthenium methylidene complex (PPri2Ph)2(CO)(Cl)(H)Rud
CH2 and pyridine yields (PPri2Ph)2(py)(CO)(Cl)(H)Ru. See: Werner, H.;
Stüer, W.; Weberndo¨rfer, B.; Wolf, J.Eur. J. Inorg. Chem.1999, 1707-
1713.

Scheme 8. Catalyst 3 with Ethylene

Scheme 9. Formation of (H2IMes)(py)3(Cl)2Ru (25)

Figure 2. Crystal structure of (H2IMes)(py)3(Cl)2Ru (25).
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metathesis, have been chosen as model complexes. All of the
phosphine-containing methylidene complexes we examined
decomposed following first-order kinetics to generate meth-
ylphosphonium salts. The observed kinetic behavior suggests
that the major decomposition pathway involves attack of the
dissociated phosphine on the methylidene carbon. Such a
mechanism also explains the decomposition observed in the
presence of ethylene as a model olefin substrate. The novel
ruthenium ethylene complex21 was observed from the decom-
position of the catalyst18 under ethylene. The decomposition
of phosphine-free catalyst3 generated unidentified ruthenium
hydride species under an atmosphere of ethylene. Attempts to
synthesize a pyridine-coordinated analogue of methylidene4
were unsuccessful, presumably due to rapid decomposition.
Instead, we observed the tris(pyridine) complex25 as a
decomposition product. This decomposition study will provide
rational basis to design and synthesize more efficient ruthenium
olefin metathesis catalysts.

Experimental Section

General Considerations. Manipulation of organometallic com-
pounds was performed using standard Schlenk techniques under an
atmosphere of dry argon or in a nitrogen-filled Vacuum Atmospheres
dry box (O2 < 2.5 ppm). NMR spectra were recorded on a Varian
Inova (499.85 MHz for1H; 202.34 MHz for31P; 125.69 MHz for13C)
or on a Varian Mercury 300 (299.817 MHz for1H; 121.39 MHz for
31P; 74.45 MHz for13C). 31P NMR spectra were referenced using
H3PO4 (δ ) 0 ppm) as an external standard. Elemental analyses were
performed at Desert Analytics (Tucson, AZ). Mass spectra were
recorded on JEOL JMS 600H spectrophotometer. Silica gel used for
purification of organometallic complexes was obtained from TSI
Scientific, Cambridge, MA (60 Å, pH 6.5-7.0). Benzene, benzene-d6,
pentane, diethyl ether, THF, and methylene chloride were dried by
passage through solvent purification columns. CD2Cl2 was dried by
vacuum transfer from CaH2. All solvents are degassed by either a
generous Ar sparge or three freeze-pump-thaw cycles. Catalysts1,
2, and 3 were obtained from Materia Inc. and used as received.
Ruthenium complexes4,34 5,23 13,48 18,23 and (H2IMes)(PCy3)(Br)2-
RudCHPh23 were prepared according to literature procedures. Meth-
yltriphenylphosphonium chloride was purchased from Aldrich.

(PCy3)2(Br) 2RudCH2 (9). A solution of 1 (166 mg, 0.182 mmol)
in CH2Cl2 (3 mL) was stirred under an atmosphere of ethylene for 30
min at room temperature. The solvent was removed under vacuum,
and the residue was repeatedly washed with cold pentane (5 mL) and
dried under vacuum. A burgundy microcrystalline solid (146 mg, 0.175
mmol, 96%) was obtained.1H NMR (C6D6): δ 19.38 (s, 2H), 3.00-
2.80 (m, 6H), 1.95-1.20 (all m, 60H).13C{1H} NMR (CD2Cl2): δ
297.3 (t, JCP ) 8.2 Hz), 31.6 (t,JCP ) 10.1 Hz), 29.7 (s), 28.0
(t, JCP ) 5.1 Hz), 26.8(s).31P{1H} NMR (C6D6): δ 44.51 (s). HRMS
analysis (FAB)m/z: Calcd for C37H68Br2P2Ru [M+] 836.2199, found
836.2174.

(H2IMes)(PCy3)(Br) 2RudCH2 (10). A solution of (H2IMes)-
(PCy3)(Br)2RudCHPh (300 mg, 0.320 mmol) in C6D6 (5 mL) was
stirred under an atomosphere of ethylene for 90 min at 50°C. The
brown solution was cooled to room temperature, and the product was
purified by column chromatography (gradient elution: 100% pentane
to 8:1 pentane/diethyl ether) to afford an orange-yellow solid (95 mg,
0.110 mmol, 34%).1H NMR (C6D6): δ 18.53 (s, 2H), 6.89 (s, 2H),
6.73 (s, 2H), 3.26 (m, 4H), 2.80 (s, 6H), 2.65-2.47 (m, 3H), 2.63 (s,
6H), 2.17 (s, 3H), 2.09 (s, 3H), 1.80-1.00 (m, 30H).13C{1H} NMR
(C6D6): δ 296.7 (d,JCP ) 10 Hz), 221.8 (d,JCP ) 74.8 Hz), 138.8,
138.4, 138.0, 137.6, 137.1, 134.9, 130.7, 130.1, 129.8, 129.6, 128.4,

127.8, 51.7 (d,JCP ) 3.5 Hz), 31.3, 31.0, 30.8, 29.3, 27.9, 27.8, 26.5,
21.0 (d,JCP ) 2.6 Hz), 20.9, 19.7.31P{1H} NMR (C6D6): δ 38.02 (s).
Anal. Calcd for C40H61N2Br2PRu: C, 55.75; H, 7.13; N, 3.25. Found:
C, 56.04; H, 7.13; N, 3.25.

(H2IPr)(PCy3)(Cl)2RudCH2 (11).A solution of (H2IPr)(PCy3)(Cl)2-
RudCHPh (300 mg, 0.321 mmol) in C6D6 (5 mL) was stirred under
an atmosphere of ethylene for 30 min at 45°C. The brown solution
was cooled to room temperature, and the product was purified by
column chromatography (gradient elution: 100% pentane to 12:1
pentane/diethyl ether) to afford an orange-yellow solid (95 mg, 0.110
mmol, 34%). This product was very air-sensitive, and even slowly
decomposed in the dry box. Further study was done immediately after
the synthesis.1H NMR (C6D6): δ 18.22 (s, 2H), 7.22-7.09 (m, 11H),
4.10 (m, 2H), 3.74-3.60 (m, 6H), 2.37-2.20 (m, 3H), 1.70-0.96 (m,
54H). 13C{1H} NMR (C6D6): δ 294.8 (d,JCP ) 8.3 Hz), 224.2 (d,JCP

) 75.7 Hz), 150.1, 148.7, 137.9, 136.2, 130.9, 130.0, 128.9, 128.7,
128.5, 128.3, 125.1, 124.9, 55.2, 53.6, 31.2, 31.0, 29.6, 29.5, 28.8, 28.3,
28.3, 27.6, 27.0, 25.2, 24.3.31P{1H} NMR (C6D6): δ 38.83 (s). HRMS
analysis (FAB)m/z: Calcd for C46H73N2Cl2RuP [M+] 856.3932, found
856.3917.

(H2IMes)(py)3(Cl)2Ru (25).A solution of5 (150 mg, 0.195 mmol),
excess pyridine (0.25 mL), and 1.0 mL of toluene was stirred at room
temperature for 30 min. A 20 mL portion of hexanes was added, and
the solution was allowed to sit without stirring for 3 min. The red
solution was decanted away from the pale yellow precipitate and cooled
to 0 °C. The resulting red precipitate was collected and redissolved in
a minimum amount of toluene. Again, 20 mL of hexanes was added,
the solution cooled, and the red precipitate collected. This procedure
was repeated three more times. Finally, the precipitate was dried under
vacuum to provide 0.041 g (mmol, 29%) of25 as a red-orange solid.
1H NMR (CD2Cl2): δ 9.00 (d,J ) 5.5 Hz, 4H), 8.70 (d,J ) 5.5, 2H),
7.30 (t,J ) 7.5 Hz, 1H), 6.98 (t,J ) 7.5 Hz, 2H), 6.76 (t,J ) 7.0 Hz,
2H), 6.34 (s, 4H), 6.33 (t,J ) 7.0, 4H), 3.98 (s, 4H), 2.47 (s, 12H),
2.02 (s, 6H).13C{1H} NMR (C6D6): δ 198.2, 142.2, 138.5, 128.4, 125.6,
125.0, 123.1, 120.3, 118.4, 113.1, 118.9, 54.1, 25.7, 24.5. HRMS
analysis (FAB)m/z: Calcd for C36H41N5Cl2Ru [M+] 715.1783, found
715.2783.

Procedure for a Typical Decomposition Measurement.A 0.0161
mmol portion of methylidene and∼0.00561 mmol of anthracene were
weighed into a 1 dram vial. A 700µL volume of benzene-d6 was used
to transfer the sample to a screw-cap NMR tube. A screw-cap was
used to seal the NMR tube, and this seal was reinforced with Parafilm.
The sample was placed into the spectrometer and allowed to equibrate
at the probe temperature for 10 min. Complex decomposition was
following by monitoring the diminution of the methylidene protons
through collection of a time-delayed array of1H NMR spectra (referred
to as a preacquisition delay, PAD, by Varian software). Plots of [meth-
yliene] versus time and31P spectra of the decompositions are shown
in Charts S.1-S.4 and Figures S.1-S.5 (Supporting Information).

Decomposition of 18 with Ethylene.In a N2-filled glovebox, a
J-Young tube was charged with complex18 (17.5 mg, 0.021 mmol,
1.0 equiv) and 600µL of a stock solution containing 0.014 M
anthracene (1.5 mg, 0.0084 mmol) in CD2Cl2, yielding a homogeneous
brown solution. The tube was sealed with a Teflon stopper, removed
from the box, and attached to a Schlenk line. The tube was cooled to
-78 °C, placed under vacuum (100 mTorr), and then backfilled with
an atmosphere of ethylene. The tube was sealed, shaken, and allowed
to warm to 23°C. Reaction progress was monitored by1H NMR(300
MHz) at 23 °C, observing the disappearance of18 (δ ) 19.21 ppm,
RudCHPh) and the appearance of complex11 (δ ) 18.59, RudCH2).
These results are depicted in Chart S.5 (Supporting Information).49

Mass Spectrometric Analysis of the Decomposition Reaction of
18 with Ethylene. To an NMR tube equipped with a Teflon screw

(48) Schwab, P.; Grubbs, R. H.; Ziller, J. W.J. Am. Chem. Soc.1996, 118,
100-110.

(49) The alkylidene was assumed to be methylidene-derived (2H); values should
be doubled when calculating conversion to11 relative to ruthenium because
it is a bimetallic species.
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cap in the glovebox, complex18 (17.5 mg, 0.021 mmol, 1.0 equiv)
was dissolved in 600µL of CD2Cl2, forming a homogeneous brown
solution. The tube was sealed, removed from the box, and attached to
a Schlenk line. The tube was then cooled to-78 °C, placed under
vacuum (100 mTorr), and backfilled with an atmosphere of ethylene.
The NMR tube was removed from the Schlenk line, shaken, and allowed
to warm to 23°C. Mass spectrometric analysis at 8 min revealed the
presence of a ruthenium complex possessing the same calculated mass
as11 (Figure S.6, Supporting Information): (FAB+) m/z 971.1 (M-
H):50 Analysis of the reaction mixture after 24 h via1H NMR, 31P NMR,
and HRMS confirmed the presence of methyltriphenylphosphonium
chloride (20) via correlation to authentic material (Figure S.7, Sup-
porting Information).

Reaction of 18 with Ethylene to Generate Metallacyclobutane
19. To a J-Young tube in the glovebox, complex18 (17.5 mg, 0.021
mmol, 1.0 equiv) was dissolved in 600µL of a stock solution containing
0.014 M anthracene (1.5 mg, 0.0084 mmol) in CD2Cl2, forming a
homogeneous brown solution. The tube was sealed with a Teflon
stopper, removed from the box, and attached to a Schlenk line. The
tube was then cooled to-78 °C, placed under vacuum (100 mTorr),
and backfilled with an atmosphere of ethylene. The tube was sealed,
shaken, and allowed to warm to 23°C. The reaction was monitored
via 1H NMR(500 MHz) at 23°C for 20 min, at which time complex
18 was over 90% consumed and11 was the predominant alkylidene
species (∼44% yield relative to Ru). The reaction was then cooled to
-40 °C. After 3 h at-40 °C, the peak at 18.59 ppm (corresponding
to complex11) had completely diminished, and two new peaks at 6.64
ppm (4H) and-2.63 ppm (2H) were clearly visible, corresponding to
the literature values for theR- andâ-hydrogens of ruthenium metal-
lacycle19.36,37

Decomposition Products of 18.To a 10 mL Schlenk tube in the
glovebox, complex18 (56 mg, 0.077 mmol, 1.0 equiv) was dissolved
in 2.2 mL of toluene, forming a homogeneous brown solution. The
tube was sealed with a Teflon stopper, removed from the box, and
attached to a Schlenk line. The tube was then cooled to-78 °C, placed
under vacuum (100 mTorr), and backfilled with an atmosphere of
ethylene. The tube was sealed, shaken, and allowed to warm to 23°C.
The reaction was allowed to stand for 5 days at 23°C. During this

time, a white solid (methyltriphenylphosphonium chloride,20) was
observed to precipitate out of solution in addition to the formation of
red-brown crystals. The Schlenk line was opened in the glovebox, and
the toluene was carefully transferred out via syringe. The crystals were
then washed with two 500µL portions of a 50:50 toluene/pentane
mixture. A 52 mg portion of the red-brown crystals was isolated and
analyzed via X-ray crystallography and found to be complex21. Further
spectroscopic analysis of21 proved problematic, due to its instability
in solution.31P NMR analysis of both the white precipitate and mother
liquor revealed the only phosphorus-containing product to be methyl-
triphenylphosphonium chloride (20).

X-ray Crystallographic Data Collection and Refinement. For
compounds7, 21, and25 each crystal was mounted on a glass fiber
using Paratone and placed in the cold stream of an Oxford Cryostream.
Intensity data were collected on a Bruker SMART1000 diffractometer.
The data were integrated using the Bruker SAINT (v6.45) program.
Each crystal structure was solved by direct methods and then refined
by full-matrix least-squares using Bruker SHELXTL. All non-hydrogen
atoms were refined with anisotropic displacement parameters. Hydrogen
atoms were located in the difference Fourier and refined isotropically
without restraint except for the hydrogen atoms on water in compound
7, which were restrained as riding atoms. The crystallographic data
are summarized in Table 2, and complete details are included in the
Supporting Information.
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(50) The presence of11 has also been observed via mass spectrometry in the

reaction of the bispyridyl catalyst4 with ethylene.

Table 2. Summary of Crystallographic Data for 7, 21, and 25

7 21 25

formula [C19H36P]+Cl-_3(H2O) C46H58N4Cl2Ru2 C36H41N5Cl2Ru
Mr 384.95 940.00 715.71
cryst color colorless red/brown orange
cryst size (mm3) 0.30× 0.23× 0.18 0.21× 0.18× 0.07 0.33× 0.28× 0.08
cryst syst triclinic triclinic orthorhombic
space group P1h P1h Pbcn
a (Å) 9.8774(4) 9.8735(6) 11.3376(7)
b (Å) 10.0035(5) 10.7053(7) 13.3755(8)
c (Å) 12.7700(6) 11.8315(7) 21.4203(14)
R (deg) 85.1580(10) 100.828(2) 90
â (deg) 74.3040(10) 98.018(2) 90
γ (deg) 63.5350(10) 116.4470(10) 90
V (Å3) 1086.48(9) 1063.77(11) 3248.3(4)
Z 2 1 4
Dcalcd(g cm-3) 1.177 1.467 1.463
T (K) 100(2) 100(2) 98(2)
λ (Å) 0.71073 0.71073 0.71073
µ (mm-1) 0.263 0.872 0.681
R1a (all data) 0.0618 0.0724 0.0481
wR2b (all data) 0.0772 0.0714 0.0509
GOF 1.307 1.146 1.716

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2.
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