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Abstract
A series of ruthenium olefin metathesis catalysts bearing N-heterocyclic carbene (NHC) ligands with
varying degrees of backbone and N-aryl substitution have been prepared. These complexes show
greater resistance to decomposition through C–H activation of the N-aryl group, resulting in increased
catalyst lifetimes. This work has utilized robotic technology to examine the activity and stability of
each catalyst in metathesis, providing insights into the relationship between ligand architecture and
enhanced efficiency. The development of this robotic methodology has also shown that, under
optimized conditions, catalyst loadings as low as 25 ppm can lead to 100% conversion in the ring-
closing metathesis of diethyl diallylmalonate.

Introduction
Olefin metathesis has emerged as a valuable tool in both organic and polymer chemistry.1
Ruthenium-based catalysts, in particular, have received considerable attention because of their
tolerance to moisture, oxygen, and a large number of organic functional groups.2 Following
the report of the increased activity of complex 1 (H2IMes)(PCy3)Cl2Ru=CHPh (H2IMes = 1,3-
dimesitylimidazolidine-2-ylidene),3 and Hoveyda’s subsequent exchange of the phosphine
ligand with a chelating ether moiety (2),4 many researchers have focused on increasing
catalytic activity, selectivity and stability through modification of the N-heterocyclic carbene
(NHC) ligand.5

As ligand modification has led to improved catalyst activity, a variety of applications have
become possible, including ring-closing metathesis (RCM), cross metathesis (CM), ring-
opening cross metathesis (ROCM), acyclic diene metathesis polymerization (ADMET), and
ring-opening metathesis polymerization (ROMP). Among those metathesis reactions, ring-
closing metathesis has become the most commonly employed metathesis reaction in organic
synthesis.6 For this transformation, NHC catalysts, such as 1, 2, and more recently 3, have
allowed both high activity and increased catalyst lifetime to be realized (Chart 1).3,4,5c

Despite these advances, still more efficient catalysts are sought to increase the applicability of
RCM in industry. In many cases, olefin metathesis is still plagued by catalyst deactivation and
the requirement of high catalyst loadings.6 Furthermore, decomposition products of olefin
metathesis catalysts have been shown to be responsible for unwanted side reactions such as
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olefin isomerization.7 Increased catalyst loading could also potentially increase the level of
residual ruthenium impurities in the final products, which becomes especially critical where
reaction products are intended for pharmaceutical use.8 Collectively, these issues have a direct
influence on the operational cost of metathesis transformations. With these factors in mind,
the next challenge in RCM is to substantially decrease the catalyst loading, thereby reducing
both reaction cost and the challenges in product purification. To this effect, our goal has been
to increase catalyst efficiency by developing even more stable and robust catalysts that still
retain a high catalytic activity.

Recently, studies by our group and others have unveiled the decomposition pathways at play
during metathesis reactions.9 Among other degradation products, complexes derived from C–
H activation of N-aryl substituents were reported. Since the NHC ring and the aryl substituent
must approach co-planarity for C–H activation, it was anticipated that decomposition via C–
H activation processes might be slowed by restriction of N-aryl group of the NHC ligand, and
this might be achieved by placing sterically hindered groups on the NHC backbone. This
hypothesis was confirmed by successfully preparing N-phenyl complexes 4 and 5 that are more
resistant to the decomposition initiated by C–H activation (Chart 2).5a,b Having unsubstituted
N-phenyl groups, these complexes display good and exceptional reactivity, respectively, in the
formation of highly substituted olefins. Despite these improvements, complexes 4 and 5 are
more prone to decomposition than 1 and 2.10

To address and further understand the balance between activity and stability of 5, we sought
to investigate a homologous series of ruthenium catalysts bearing NHCs with varying degrees
of backbone and aryl substitution. Molecular modeling and the calculations of Jensen et al.
suggest that a catalyst bearing an NHC with mesityl groups at nitrogen and a fully methylated
backbone would be an improvement over existing catalysts.11 We expected that the degree of
substitution could be central to increased activity and catalyst lifetimes.

Herein, we report the preparation and characterization of a series of catalysts bearing NHCs
with varying degrees of backbone and aryl substitution. Initial evaluation of their performance
in olefin metathesis demonstrated that the common assays were not effective at measuring the
relative efficiencies of these catalysts at standard catalyst loadings.12 While the standard
conditions are excellent in evaluating the activity of new catalysts, they are not sensitive to
small variations in the efficiency profile accompanying subtle modification in catalyst
architecture.

In order to examine these small changes, we have developed a highly sensitive ppm level assay
utilizing the precision and consistency of Symyx robotic technology. We utilized these
techniques to examine the activity and stability of these catalysts in RCM at low catalyst
loadings, providing increased insight into the relationship between ligand architecture and
catalyst efficiency. The development of this methodology has also shown that, under optimized
conditions, complete conversion in the RCM of diethyl diallylmalonate is observed with
catalyst loadings as low as 25 ppm (0.0025 mol%).

Results and Discussion
Catalyst Syntheses

The preparation of the 1,1’-dimethyl- and 1,2-dimethyl-substituted imidazolinium chlorides
6 and 7 (Chart 3) have been previously reported by Bertrand and Çetinkaya, respectively.13
Under analogous experimental conditions, imidazolinium chlorides 9 and 10, featuring 2-
methylphenyl (o-tolyl) groups were obtained in good yields. Unfortunately, separation of the
syn- and anti- isomers of 10 proved to be extremely difficult, requiring the mixture to be carried
forward.
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Following the procedures previously reported by our group to access the NHC of complex 5,
we then attempted the preparation of the highly substituted imidazolinium salts bearing four
methyl substituents.5a While imidazolinium chloride 11 was prepared without incident, we
were unable to synthesize the intermediate tetramethylated diamine 13 of the corresponding
N-mesityl analogue under various conditions (Scheme 1). Considering the trimethylated NHC
to be sufficiently encumbered to prevent N-aryl rotation, we prepared 8 instead by Grignard
addition followed by reduction and imidazolinium salt formation.

With precursors 6–11 in hand, the corresponding free carbenes were generated by treatment
of the imidazolinium salts with potassium hexamethyldisilazide (KHMDS) at room
temperature (Figure 1). These carbenes (prepared in situ) were reacted with commercially
available (PCy3)RuCl2=CH(o-OiPrC6H4) at 70 °C, affording the phosphine-free chelating
ether complexes 15–20. These complexes were isolated as crystalline green solids after flash
column chromatography, and as solids are both air-and moisture-stable under standard
conditions.

Structural Analyses
To probe the electronic and steric effects of backbone substitution, crystals of 17 and 20 were
grown and their molecular structures were confirmed by single-crystal X-ray crystallographic
analysis (Figure 2). The complexes exhibit a distorted square pyramidal geometry with the
benzylidene moiety occupying the apical position. When compared with its unsubstituted
analogue 2, the backbone substitution of 17 results in significant differences in three key
structural parameters summarized in Table 1: (1) Ru-C(1) bond length, (2) C(1)-Ru-C(25) bond
angle, and (3) the C(3)-N2-C(16) bond angle. Surprisingly, there are no major differences
between the solid-state structures of complexes 3 and 20.

The crystal structure of complex 17 suggests that the backbone methyl substituents push the
N-mesityl groups toward the ruthenium center and as a result the NHC-Ru-benzylidene bond
angle is also increased. However, the bond distance between the NHC carbene carbon and the
Ru center is shorter in 17 (1.968 Å) than in 2 (1.980 Å). This effect can be explained by noting
that the backbone methyl substituents increase the electron-donating ability of the NHC ligand.
This effect is also seen in the IR carbonyl stretching frequencies of the cis-[RhCl(CO)2(NHC)]
complexes 21–23 (Chart 4), where increased substitution resulted in lower frequencies.14
These structural differences should have a significant impact on the efficiency of the different
catalysts.

Ring-Closing Metathesis (RCM) Activity
RCM is widely used in organic synthesis and serves as a standard assay to evaluate the relative
efficiency of most ruthenium-based catalysts.6,12 With this in mind, we began our metathesis
activity studies by focusing on the catalytic activity of the N-mesityl series (2, 15–17) in the
RCM of diethyl diallylmalonate 24 to cycloalkene 25. The reactions, utilizing 1 mol% catalyst
in CD2Cl2 at 30 °C, were monitored by 1H NMR spectroscopy (Figure 3). Interestingly, the
plots of cycloalkene 25 concentration vs. time (Figure 3) revealed that the complexes effect
the cyclization of 24, but with slower reaction rates as backbone substitution is increased. The
same trend was observed for the cyclization of diethyl allylmethallylmalonate 26 to form
trisubstituted cyclic olefin 27. However, in the very challenging RCM of diethyl
dimethallylmalonate 28, using 5 mol% catalyst in C6D6 at 60 °C, increased substitution resulted
in increased catalyst lifetimes and higher conversions to tetrasubstituted cyclic olefin 29.

Several explanations could exist to explain these contradictory results. Along with decreased
initiation rate, increased backbone substitution could also alter propagation rate, stability, or a
combination of both. In any case, the results indicate that the assays reported by Ritter, et al.,
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while useful for evaluating the activity of new catalysts,12 do not distinguish between catalysts
that are both highly active15 and stable.16 Future improvements in, and understanding of,
olefin metathesis catalysts will require a more sensitive assay to evaluate small variations in
the efficiency profile accompanying subtle modification in catalyst architecture.

Development of a ppm Level Assay
In order to study subtle differences in activity and stability, the standard RCM reactions should
be observed at the lower limit of productive catalyst loading and under optimized conditions.
With this in mind, new techniques were developed using a Symyx robotic system to maintain
a high degree of precision and consistency when working with ultra-low catalyst loadings. Our
group has recently used these robotic systems to optimize reaction conditions and investigate
new applications in olefin metathesis.17 Similarly, utilizing an automated Vantage system,
Grela et al. recently reported the successful RCM of 24 at just 0.02 mol% 2.18

A robotic assay was developed utilizing the RCM of diene 24 by complex 2. Stock solutions
of catalyst and substrate were prepared in a nitrogen-filled glovebox. While substrate stock
solutions could be stored in septum-topped vials, catalyst solutions were prepared immediately
prior to use. The Symyx core module was utilized to add all solutions to reaction vessels as
well as to sample the reaction mixtures at programmed time intervals. Aliquots were added
into ethyl vinyl ether solution at −20 °C,19 and then analyzed by gas chromatography with
dodecane as an internal standard, measuring the change in the amounts of substrate and product
with time. With minimal deviation in reaction results, 1 M (1 mL vials) and 0.1 M (20 mL
vials) concentrations were employed depending on reaction scale and glassware to minimize
substrate usage. The large vials were used in experiments where aliquots were withdrawn over
the course of the reaction.

For practical reasons, most standard metathesis assays are performed in a closed system under
inert atmosphere.12,18 However, we have observed variations in reaction rate and total
conversion depending on the headspace of the reaction vessel. To circumvent this problem,
reactions were carried out in open vials. Additionally, in order to minimize the potential for
decomposition pathways related to oxygen, all reactions were conducted in a nitrogen-filled
glovebox. While ruthenium-based catalysts are relatively stable under ambient conditions, at
low catalyst loadings oxygen related decomposition becomes relevant. Control reactions were
completed on a Symyx core module open to atmosphere, confirming the importance for
oxygen-free reaction conditions (Figure 4).

Other reaction considerations, including temperature and solvent, were optimized based on our
recent complementary studies on the RCM of diallylamines with low catalyst loadings.17a A
solvent screen identified toluene as the optimal solvent for RCM of these diallyl substrates
(Figure 4). Toluene as solvent also allowed for an increased temperature of 50 °C. While
increased temperatures have previously been shown to increase metathesis reaction rates,18,
20 temperatures above 50 °C decreased assay consistency and resulted in significant solvent
losses throughout the course of the reaction. The use of methylene chloride, the solvent most
commonly used for RCM, resulted in considerable solvent loss even at 30 °C. Furthermore,
its use resulted in decreased conversions, relative to other solvents. The RCM of 24 was then
monitored over a variety of catalyst loadings to calibrate the new assay (Figure 5). Under
optimized conditions (0.1 M, toluene, 50 °C), complex 2 afforded almost quantitative yields
of 25 after 1 hour at just 50 ppm.

Under the optimized conditions, trimethylated complex 17 required only 25 ppm to reach full
conversion to disubstituted cycloalkene 25; a catalyst loading near pharmaceutical impurity
limits.8 In order to directly compare the N-mesityl series (2 and 15–17), catalyst loadings were
further decreased to 15 ppm to ensure that no reactions would reach completion before the
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catalyst had completely decomposed. Again, at very low catalyst loadings, increased backbone
substitution resulted in higher conversions to cyclic olefin 25. When conversions were
monitored over the course of the reaction, the effects of backbone substitution became evident
(Figure 6a). The data suggest that the higher conversions are a direct result of longer catalyst
lifetimes. However, as observed during the NMR studies, increased backbone substitution
decreases catalyst reaction rate. These results were supported through observation of the same
trends when complexes 3 and 20 were studied using the same assay (Figure 6b).21

The catalyst efficiency assay was then expanded to study the RCM of 26 to give trisubstituted
cycloalkene 27. Calibration using the more sterically challenging substrate revealed that
significantly more catalyst is necessary to effect full conversion to 27, with complex 2 affording
yields over 90% at 400 ppm catalyst loadings (Figure 7). The increase in required catalyst
loading due to the addition of a single methyl group demonstrates the importance and effect
of the olefin substrates steric environment.

Catalyst comparison reactions, performed at 200 ppm, reveal that the addition of substituents
to the NHC ligands has greater impact on the efficiency of the metathesis catalysts than with
the previous substrate, with 17 and 20 both outperforming their unsubstituted analogues (Figure
8). Notably, the RCM of 26 also clearly highlights the difference in stability between the N-
mesityl (2 and 17) and the N-o-tolyl catalysts (3 and 20). For this trisubstituted olefin substrate,
catalyst stability is more significant than activity for success in RCM. Complex 5 is the most
active ruthenium-based catalyst to date, but not particularly stable under prolonged reaction
conditions. As expected, while 5 performs exceptionally well at standard loadings (1 mol%),
it falters at low catalyst loadings.

Finally, the ring-closing metathesis of 28 to tetrasubstituted cycloalkene 29 was examined
using the same catalyst assay. Continuing the trend, at 0.2 mol% loading, complex 17
outperforms 2, yielding just 15% and 7% of the tetrasubstituted cycloalkene respectively
(Figure 9). Despite the expected low yields, the result reaffirmed the conclusion that backbone
substitution increases the stability of the resulting complex. In the case of the N-mesityl series,
this increase in stability has not resulted in a detrimental decrease in activity.

Surprisingly, the N-o-tolyl series does not continue in the expected trend. Complexes 3, and
20 were compared at 0.2 mol% catalyst loading (Figure 10), revealing complex 3 to be the
most efficient catalyst for this tetrasubstituted olefin. To confirm this result, complexes 3, 5,
and 20 were tested at a lower loading of 0.1 mol% and the reactions were monitored over time
(Figure 9). At this loading, the effectiveness of the catalysts to complete the RCM dropped
significantly, providing a reminder that more efficient catalysts still need to be developed.

Complex 3 outperformed both the more stable 20 and the more active 5. At low catalyst
loadings, the decreased stability of 5 becomes a larger factor than its increased activity.
Complex 20 faces the opposite challenge of substantially decreased activity. The differences
between 3, 5, and 20 suggest that increased activity becomes more important than, but does
not negate, increased stability for the RCM of very challenging substrates. While conversions
were low, the experiment gives a clear result and is a reminder that the key to catalyst efficiency
is the ratio of the rate of productive olefin metathesis relative to the rate of catalyst
decomposition.

Conclusions
In summary, we describe the synthesis and characterization of a series of ruthenium-based
olefin metathesis catalysts bearing NHCs with varying degrees of backbone and aryl
substitution. In order to study their subtle differences in activity and stability, a highly sensitive
assay was developed to operate at the lower limit of productive catalyst loading. These
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techniques were developed using a Symyx robotic system to maintain a high degree of precision
and consistency when working with ultra-low catalyst loadings.

The development of this highly sensitive assay has provided increased insight into the
relationship between ligand architecture and efficiency. In this study, both backbone and aryl
substitution were found to significantly impact catalyst stability and activity. Whereas low N-
aryl bulk on the NHC ligands led to increased activity, it also decreased stability. Increased
backbone substitution, however, led to increased catalyst lifetimes and decreased reaction rates.
Furthermore, it was found that the relative importance of stability and activity on efficiency is
dependent on the steric encumbrance of the RCM reaction. For substrates with low steric
demands, catalyst stability is quite important for success at low catalyst loadings. For sterically
encumbered substrates, catalyst activity becomes much more important than increased
stability. The ability to study the relationship between small changes in ligand architecture and
efficiency will allow us to better explore new opportunities in catalyst design.

Experimental
General Information

NMR spectra were recorded using a Varian Mercury 300 or Varian Inova 500 MHz
spectrometer. NMR chemical shifts are reported in parts per million (ppm) downfield from
tetramethylsilane (TMS) with reference to internal solvent for 1H and 13C. Spectra are reported
as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), and integration. IR
spectra were recorded on a Perkin-Elmer Paragon 1000 Spectrophotometer. Gas
chromatography data was obtained using an Agilent 6850 FID gas chromatograph equipped
with a DB-Wax Polyethylene Glycol capillary column (J&W Scientific). High-resolution mass
spectroscopy (FAB) was completed at the California Institute of Technology Mass
Spectrometry Facility. X-ray crystallographic structures were obtained by the Beckman
Institute X-ray Crystallography Laboratory of the California Institute of Technology.
Crystallographic data have been deposited at the CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K., and copies can be obtained on request, free of charge, by quoting the publication citation
and the deposition numbers 670930 (17) and 651007 (20).

All reactions involving metal complexes were conducted in oven-dried glassware under a
nitrogen atmosphere with anhydrous and degassed solvents, using standard Schlenk and
glovebox techniques. Anhydrous solvents were obtained via elution through a solvent column
drying system.22 Silica gel used for the purification of organometallic complexes was obtained
from TSI Scientific, Cambridge, MA (60 Å, pH 6.5–7.0). RuCl2(PCy3)(=CH–o-OiPrC6H4),
2, and 3 were obtained from Materia, Inc. Unless otherwise indicated, all compounds were
purchased from Aldrich or Fisher and used as obtained. The compounds 6,13a 7,13b 12,13b
21,14 24–29,12 have been described previously and were prepared according to literature
procedures or identified by comparison of their spectroscopic data. The initial screening of the
catalysts, in RCM via 1H NMR spectroscopy was conducted according to literature procedures.
12

Low ppm Level Assays
Experiments on the RCM of 24, 26, and 28 using the catalysts described were conducted using
a SymyxTM Technologies Core Module (Santa Clara, CA) housed in a Braun nitrogen-filled
glovebox and equipped with Julabo LH45 and LH85 temperature-control units for separate
positions of the robot tabletop.

For experiments where aliquots were not taken during the course of the reaction, up to 576
reactions (6×96 well plates) could be performed simultaneously in 1 mL vials by an Epoch
software-based protocol as follows. To prepare catalyst stock solutions (0. 25 mM), 20 mL
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glass scintillation vials were charged with catalyst (5 µmole) and diluted to 20.0 mL total
volume in THF. Catalyst solutions, 6 to 800 µL depending on desired final catalyst loading,
were transferred to reaction vials and solvent was removed via centrifugal evaporation. The
catalysts were preheated to the desired temperature using the LH45 unit, and stirring was
started. Substrates (0.1 mmol), containing dodecane (0.025 mmol) as an internal standard, were
dispensed simultaneously to 4 reactions at a time using one arm of the robot equipped with a
4-needle assembly. Immediately following substrate addition, solvent was added to reach the
desired reaction molarity, generally 1 M. All reactions were quenched by injection of 0.1 mL
5% v/v ethyl vinyl ether in toluene at a preprogrammed time. Samples were then analyzed by
gas chromatography

Alternatively, where aliquots were taken during the course of the reaction, the entire operation
was performed on 12 reactions simultaneously (4 catalyst loadings in triplicate or 2 catalysts
at 3 catalyst loadings in duplicate) by an Epoch software-based protocol as follows. To prepare
catalyst stock solutions (1.0 mM), 20 mL glass scintillation vials were charged with catalyst
(5 µmole) and diluted to 5.0 mL total volume in toluene. Catalyst solutions, 10 to 400 µL
depending on desired final catalyst loading, were transferred to glass 20 mL scintillation vials
each capped with a septum having a 3 mm hole for the purpose of needle access, and were
diluted to 10 mL total volume in toluene. The catalysts were preheated to 50.0 °C using the
LH45 unit and stirred. Substrates (1 mmol), containing dodecane (0.25 mmol) as an internal
standard, were dispensed simultaneously to 4 reactions at a time using one arm of the robot
equipped with a 4-needle assembly. After the 2 minutes required for completion of the transfer,
50 µL aliquots of each reaction were withdrawn using the other robot arm and dispensed to
1.2 mL septa-covered vials containing 5% v/v ethyl vinyl ether in toluene cooled to −20 °C in
two 96 well plates. The needle was flushed and washed between dispenses to prevent transfer
of the quenching solution into the reaction vials. 16 timepoints were sampled at preprogrammed
intervals and the exact times were recorded by the Epoch protocol. Samples were then analyzed
by gas chromatography

General procedure for the preparation of catalysts 15–20
To a solution of imidazolinium salt in toluene (or benzene) was added KHMDS, and the
resulting solution was stirred at room temperature for a few minutes. RuCl2(PCy3)(=CH–o-
OiPrC6H4) was then added, and the mixture was stirred for the designated time and temperature
(vide infra). After cooling to room temperature, the mixture was purified by column
chromatography on TSI silica (eluent: hexane/diethyl ether = 2/1 → 1/1) to give the titled
compounds as a green solid.

RuCl2(4,4-dimethyl-1,3-dimesityl-imidazolin-2-ylidene)(=CH–o-OiPrC6H4) (15)
6 (200 mg, 0.54 mmol), potassium hexamethyldisilazide (140 mg, 0.70 mmol), and
RuCl2(PCy3)(=CH–o-OiPrC6H4) (250 mg, 0.42 mmol) was reacted according to the general
procedure (stirred for 2 h at 70 °C) to give the desired ruthenium complex 15 as a green powder
(135 mg, 0.21 mmol, 49%).

1H NMR (500 MHz, CD2Cl2, 25 °C): δ 16.46 (br s, 1H), 7.55 (ddd, J = 8.3 Hz, 2.0 Hz, 1H),
7.10 (br s, 2H), 7.05 (br s, 2H), 6.95 (dd, J = 7.5 Hz, 2.0 Hz, 1H), 6.91 (t, J = 7.5 Hz, 1H), 6.82
(d, J = 8.0 Hz, 1H), 4.86 (sept, J = 6.1 Hz, 1H), 3.93 (s, 2H), 2.50-2.25 (m, 18H), 1.47 (s, 6H),
1.21 (d, J = 6.1 Hz, 6H).

13C NMR (125 MHz, C6D6): δ 293.3 (m), 213.3, 153.0, 146.4, 141.3, 139.0, 138.6, 130.7,
130.0, 129.3, 122.7, 122.5, 113.6, 75.4, 68.2 (br), 65.6 (br), 28.1, 21.8, 21.5, 21.4.

HRMS Calc'd for C33H42Cl2N2ORu: 654.1718. Found: 654.1725.
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RuCl2(1,3-dimesityl-4,5-dimethyl-imidazolin-2-ylidene)(=CH–o-OiPrC6H4) (16)
7 (100 mg, 0.27 mmol), potassium hexamethyldisilazide (70 mg, 0.35 mmol), and
RuCl2(PCy3)(=CH–o-OiPrC6H4) (100 mg, 0.17 mmol) was reacted according to the general
procedure (stirred for 2 h at 70 °C) to give the desired ruthenium complex 16 as a green powder
(60 mg, 0.092 mmol, 54%).

1H NMR (500 MHz, C6D6, 25 °C): δ 16.74 (s, 1H), 7.14 (dd, J = 7.5, 1.5 Hz, 1H), 7.11 (ddd,
J = 7.5, 1.5 Hz, 1H), 7.00 (br s, 4H), 6.65 (dt, J = 7.5, 1.0 Hz, 1H), 6.32 (d, J = 8.0 Hz, 1H),
4.49 (sept, J = 6.1 Hz, 1H), 4.12 (s, 2H), 3.00-2.30 (br s, 12H), 2.25 (s, 6H), 1.31 (br s, 6H),
0.81 (d, J = 6.5 Hz, 6H).

13C NMR (125 MHz, C6D6): δ 293.8, 213.4, 153.0, 146.4, 140.7, 138.7, 130.2, 129.9, 128.8,
122.8, 122.5, 113.6, 75.3, 62.4 (br), 21.8, 21.4, 13.9 (br).

HRMS Calc'd for C33H42Cl2N2ORu: 654.1718. Found: 654.1738.

RuCl2(1,3-dimesityl-4,4,5-trimethyl-imidazolin-2-ylidene)(=CH–o-OiPrC6H4) (17)
8 (200 mg, 0.46 mmol), potassium hexamethyldisilazide (120 mg, 0.60 mmol), and
RuCl2(PCy3)(=CH–o-OiPrC6H4) (200 mg, 0.33 mmol) was reacted according to the general
procedure (stirred for 2.5 h at room temperature and 4 h at 60 °C) to give the desired ruthenium
complex 17 as a green powder (97 mg, 0.15 mmol, 44%). Crystals suitable for X-ray
crystallography were grown at room temperature by slow diffusion of pentane into a solution
of 17 in benzene.

1H NMR (500 MHz, C6D6, 25 °C): δ 16.65 (br s, 1H), 7.13-7.07 (m, 3H), 6.94 (br m, 3H),
6.63 (td, J = 7.6, 0.8 Hz, 1H), 6.31 (d, J = 8.0 Hz, 1H), 4.46 (sept, J = 6.1 Hz, 1H), 4.20 (br s,
1H), 2.85-2.47 (m, 12H), 2.24 (s, 3H), 2.21 (s, 3H), 1.28 (d, J = 6.1 Hz, 6H), 1.15 (br s, 3H),
0.88 (br s, 3H), 0.69 (br d, J = 6.9 Hz, 3H).

13C NMR (125 MHz, C6D6): δ 293.8 (m), 213.4 (br), 152.9, 146.5, 140.7, 138.7, 138.6, 130.9,
130.6, 130.3, 129.4, 122.7, 122.4, 113.6, 75.3, 71.0 (br), 68.4 (br), 25.1, 23.1 (br), 21.8, 21.5,
21.4, 12.1.

HRMS Calc'd for C34H44Cl2N2ORu: 668.1875. Found: 668.1898.

RuCl2(1,3-ditolyl-4,4-dimethyl-imidazolin-2-ylidene)(=CH–o-OiPrC6H4) (18)
9 (190 mg, 0.60 mmol), potassium hexamethyldisilazide (157 mg, 0.78 mmol), and
RuCl2(PCy3)(=CH–o-OiPrC6H4) (200 mg, 0.33 mmol) was reacted according to the general
procedure (stirred for 2 hours at 70 °C) to give the desired ruthenium complex 18 as a green
powder (112 mg, 0.19 mmol, 57%).

1H NMR (500 MHz, CD2Cl2, 25 °C): δ 16. 41 (br s, 0.40H), 16.24 (br s, 0.60H), 8.59 (br s,
1.20H), 8.59 (br s, 0.80H), 7.60-7.20 (m, 7H), 6.88-6.81 (m, 3H), 4.91 (m, 1H), 4.40-3.60 (m,
2H), 2.62-2.40 (m, 6H), 1.64-1.07 (m, 12H).

13C NMR (125 MHz, CD2Cl2): δ 232.5, 152.2, 144.3, 141.9, 138.6, 134.3, 132.5, 131.4, 129.9,
129.5, 129.2, 128.9, 128.8, 127.6, 126.9, 122.3, 122.0, 121.8, 112.9, 74.8, 68.1, 66.6, 29.7,
27.3, 27.0, 26.9, 26.3, 24.6, 23.9, 21.5, 19.5.

HRMS Calc'd for C29H34Cl2N2ORu: 598.1092. Found: 598.1064.
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RuCl2(1,3-ditolyl-4,5-dimethyl-imidazolin-2-ylidene)(=CH–o-OiPrC6H4) (19)
10 (100 mg, 0.32 mmol), potassium hexamethyldisilazide (70 mg, 0.35 mmol), and
RuCl2(PCy3)(=CH–o-OiPrC6H4) (100 mg, 0.17 mmol) was reacted according to the general
procedure (stirred for 2 h at 70 °C) to give the desired ruthenium complex 19 as a green (39
mg, 0.065 mmol, 38%).

1H NMR (500 MHz, C6D6, 25 °C): δ 16.64-16.41 (m, 1H), 9.00 (br s, 2H), 7.11-6.71 (m, 8H),
6.65 (m, 1H), 6.42 (t, J = 7.8 Hz, 1H), 4.57 (sept, J = 6.4 Hz, 1H), 4.29-3.55 (m, 2H), 2.65-2.25
(m, 6H),1.20-1.60 (m, 6H), 1.05-0.60 (m, 6H).

13C NMR (125 MHz, C6D6): δ 291.7, 290.9, 232.5, 210.74, 152.8, 144.2, 140.0, 139.6, 138.6,
137.4, 132.4, 132.2, 131.5, 131.3, 130.6, 130.3, 121.9, 121.8, 113.0, 112.8, 74.4, 61.1, 61.0,
60.4, 21.7, 21.6, 13.2, 12.9.

HRMS Calc'd for C29H34Cl2N2ORu: 598.1092. Found: 598.1097.

RuCl2(1,3-ditolyl-4,4,5,5-tetramethyl-imidazolin-2-ylidene)(=CH–o-OiPrC6H4) (20)
11 (41 mg, 0.12 mmol), potassium hexamethyldisilazide (24 mg, 0.12 mmol), and
RuCl2(PCy3)(=CH–o-OiPrC6H4) (60 mg, 0.1 mmol) was reacted according to the general
procedure described above to give the desired ruthenium complex 20 as a green powder as a
ca. 3:1 mixture of isomers (45 mg, 0.072 mmol, 72%). Crystals suitable for X-ray
crystallography were grown at room temperature by slow diffusion of pentane into a solution
of 20 in benzene.

1H NMR (500 MHz, C6D6, 25 °C): δ 16.64 (s, 0.75H), 16.33 (s, 0.25H), 8.89 (d, J = 7.7 Hz,
0.75H), 8.84 (d, J = 7.9 Hz, 0.25H), 7.43-7.25 (m, 4H), 7.20-7.05 (m, 4H), 6.99-6.94 (m, 1H),
6.70-6.62 (m, 1H), 6.34 (d, J = 8.3 Hz, 1H), 4.45 (sept, J = 6.1 Hz, 1H), 2.74 (s, 0.75H), 2.68
(s, 2.25H), 2.47 (s, 0.75H), 2.44 (s, 2.25H), 1.38-1.20 (m, 10H), 1.04 (s, 2H), 0.76-0.70 (m,
6H).

13C NMR (125 MHz, C6D6): δ 214.0, 211.5, 153.1, 153.0, 145.8, 143.3, 143.2, 141.6, 140.8,
140.3, 139.8, 137.3, 136.5, 136.0, 134.7, 134.4, 132.3, 132.2, 131.9, 129.6, 129.5, 129.4, 129.1,
128.9, 127.6, 127.3, 126.9, 126.6, 122.7, 122.6, 122.6, 122.5, 113.5, 75.2, 75.1, 72.3, 71.8,
71.7, 71.4, 24.9, 24.3, 24.1, 23.9, 22.7, 22.5, 22.4, 22.2, 22.1, 22.0, 20.3, 20.1, 19.7, 19.4, 19.3.

HRMS Calc'd for C31H38Cl2N2ORu: 626.1405. Found: 626.1427.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthesis of ruthenium complexes 15–20.
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Figure 2.
X-ray crystal structures of complexes 17 and 20 are shown. Displacement ellipsoids are drawn
at 50% probability. For clarity, hydrogen atoms have been omitted.
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Figure 3.
RCM of dienes 24, 26, and 28 to di-, tri-, and tetrasubstituted cycloalkenes 25, 27, and 29,
respectively, using catalysts 2 and 15–17.
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Figure 4.
RCM of diene 24 to disubstituted cycloalkene 25, using catalyst 2 in a variety of solvents.
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Figure 5.
RCM of diene 24 to disubstituted cycloalkene 25, using catalyst 2.
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Figure 6.
Plot of the RCM of diene 24 to disubstituted cycloalkene 25, with conversion monitored over
24 h: (a) Using catalysts 2 and 15–17. The inset depicts a plot expansion over 1 h of the reaction.
(b) Using catalysts 3 and 20.
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Figure 7.
RCM of diene 26 to disubstituted cycloalkene 27, using catalyst 2.
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Figure 8.
RCM of diene 26 to trisubstituted cycloalkene 27, using catalysts 2, 3, 5, 17, and 20.
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Figure 9.
RCM of diene 28 to tetrasubstituted cycloalkene 29, using catalysts 2, 3, 17, and 20.
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Figure 10.
RCM of diene 28 to tetrasubstituted cycloalkene 29, using catalysts 3, 5, and 20.
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Scheme 1.
Synthesis of imidazolinium chloride 8.
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Chart 1.
Representative NHC-bearing olefin metathesis catalysts.
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Chart 2.
N-phenyl substituted complexes.
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Chart 3.
Imidazolinium salts.
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Chart 15.
IR carbonyl stretching frequencies of cis-[RhCl(CO)2(NHC)] complexes 21–23.
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Table 1
Selected X-ray data for 2, 17, 3, and 20.a

2b 17 3c 20

Bond Length (Å)

Ru-C(1) 1.980 1.968 1.962 1.964

RuC(25) 1.824 1.840 1.823 1.835

Ru-O 2.262 2.255 2.244 2.261

Bond Angles (deg)

C(3)-N(2)-C(16) 118.22 122.60 119.91 119.82

C(2)-N(1)-C(7) 118.32 123.82 120.69 120.26

C(1)-Ru-C(25) 101.42 103.08 102.48 103.14

C(1)-Ru-Cl(2) 156.42 161.26 159.49 160.80

a
For a complete list of bond lengths and angles for 17 and 20, refer to the SI.

b
See ref 4.

c
See ref 5c.

J Am Chem Soc. Author manuscript; available in PMC 2010 April 15.


