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Experimental Section

General

Starting Materials and Solvents

Argon-filled Innovative Technology System One dry boxes were used to store air

and moisture sensitive compounds, and for manipulation of air sensitive materials.

Reactions were performed either on a double manifold vacuum line using standard

Schlenck techniques or under an argon atmosphere in the dry-box for small-scale

reactions.  Diethyldiallylmalonate was purchased from Aldrich and used without further

purification. CH2Cl2 was pre-dried and stored on glass bombs over CaH2 and distilled

immediately prior use.  Pentane was stored and dried over a sodium mirror using

benzophenone ketyl as indicator and vacuum distilled prior using.  CD2Cl2 was purchased

from Cambridge Isotopes and dried over CaH2, and stored in appropriate glass bombs

after vacuum distillation.
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Nuclear magnetic resonance (NMR) spectra were obtained on Bruker ACE-200

(1H, 200.134 MHz), AMX 300 (1H 300.138, 19F 282.371 MHz) and BAM-400 (1H

400.134 MHz, 13C 100.614 MHz, 11B 128.377 MHz).  All 1H and 13C spectra were

referenced externally to Me4Si at 0 ppm by referencing the residual solvent peak.  11B

NMR spectra were referenced to BF3•Et2O at 0 ppm, while 19F spectra were referenced

externally to C6F6 at –163 ppm relative to CFCl3 at 0 ppm.  Elemental analyses were

performed by Roxanna Simank using a Control Equipment Corporation 440 Elemental

Analyzer.

(iPr3P)2Cl2Ru=CHPh [S1], (Cy3P)2Cl2Ru=CHPh [S2] (1b) and the oxonium acid

[H(Et2O)2][B(C6F5)4] 
[S4] (Jutzi’s acid) were prepared according to published procedures.

(IH2Mes)(Cy3P)Cl2Ru=CHPh (1c) was obtained as generous gift from Materia Inc.

Schrock Catalyst was purchased from Strem. 1,3,5-trimethoxybenzene used as an internal

standard for the kinetic runs was purchased from Aldrich and used without further

purification.

Carbides (iPr3P)2Cl2Ru≡C, (Cy3P)2Cl2Ru≡C and (IH2Mes)(Cy3P)Cl2Ru≡C (2a-c)

were synthesized by a modified procedure as described below.

Feist’s acid was prepared according to the procedure described by Gilchrist and

Rees [S3], starting from the commercially available ethyl isodehydracetate (97%, Acros

Organics). Fischer esterification of the diacid was accomplished by dissolving pale

yellow Feist’s acid in methanol and adding a catalytic amount (2-3 drops) of concentrated

sulfuric acid. The solution was stirred overnight and the solvent was then removed in

vacuo leaving a pale brown oil.  The oil was redissolved in diethyl ether and treated twice

with a 5% wt. solution of NaHCO3, twice with distilled water and dried over MgSO4.

Upon filtration and evaporation of the solvent a pale yellow oil was isolated,

corresponding to pure Feist’s dimethyl ester as judged by 1H NMR spectroscopy.  The

yield was quantitative.  Solidification of the oil can be induced by cooling at –78 oC

under vacuum, which upon thaw at room temperature becomes a more manageable solid.

The dimethylester was stored in cold due to its low melting point.

Synthesis of (iPr3P)2Cl2Ru≡C (2a)

In the glovebox, a 50 ml round bottom flask equipped with a stir bar was charged with

(iPr3P)2Cl2Ru=CHPh (1.00 g, 1.71 mmol), which was dissolved in ca. 15 ml of dry
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CH2Cl2.  To this solution, 0.291 g (1.71 mmol) of Feist’s ester dissolved in ca. 5 ml of

CH2Cl2 were added at once via pipette with stirring.  Within 1 minute, the color of the

solution changes from purple to brown; stirring was continued for additional 20 minutes.

The flask was then connected to a vacuum line and the solvent removed to dryness.

Drying was continued for ca. 30 additional minutes to remove most of the styrene by-

product.  The flask was then opened to air and the solid residue was transferred to a

sublimation apparatus, where the majority of the fumarate by-product was removed at 50-

60 oC under dynamic vacuum for 1.5 hours.  At this point some traces of organic material

might remain (Feist’s ester, styrene or fumarate, all <5%) which can be eliminated by

suspending the complex in wet pentane, stirring for 1 minute and decanting the

supernatant.  By repeating this process twice, a brown solid corresponding to analytically

pure carbide was obtained.  Yield: 825 mg (96%).  1H NMR (CD2Cl2, 25 oC): d 1.43 (dd,

36H, (CH3)-CH-P, 3JH-H = 7.2  Hz, 3JP-H = 14.1 Hz), d 2.71-2.79 (second order multiplet,

6H, (CH3)-CH-P).  31P{1H} NMR (CD2Cl2, 25 oC): d 46.9 (s, Ru-PiPr3). 
13C{1H} NMR

(CD2Cl2, 25 oC): d 19.81 (s, (CH3)-CH-P), 22.94 (app. t, (CH3)-CH-P, “JC-P“ = 13.8

Hz), 472.9 (Ru≡C).  Anal. Calcd: C, 45.24; H 8.39. Found: C, 44.87; H, 8.18.

Improved Synthesis of (Cy3P)2Cl2Ru≡C (2b)

Using a procedure similar to the one outlined for 2a, 2b was obtained in 90-95%

yield.  Spectral parameters matched those previously reported. [21]

Improved Synthesis of (IH2Mes)(Cy3P)Cl2Ru≡C (2c)

In the glovebox, a 50 ml round bottom flask equipped with a stir bar was charged with

(IH2Mes)(Cy3P)Cl2Ru=CHPh (1.50 g, 1.76 mmol), which was dissolved in ca. 20 ml of

dry CH2Cl2.  To this solution, 0.300 g (1.76 mmol) of Feist’s ester dissolved in ca. 10 ml

of CH2Cl2 were added at once via pipette with stirring.  By contrast to the preparations of

2a-b, no immediate visible change was observed and the solution was stirred overnight

(separate NMR experiments indicated that at this concentration, the reaction takes ca. 4

hrs. to reach completion).  Work-up procedures were identical to those described above

for 2a-b, resulting in a brown solid corresponding to pure carbide 2c.  Yield: 1.22 g

(90%).  Spectral parameters matched those previously reported. [21]

Synthesis of [(iPr3P)Cl2Ru=CH(PiPr3)][B(C6F5)4] (3a)
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In the glovebox, (iPr3P)2Cl2Ru≡C (400 mg, 0.793 mmol) and [H(Et2O)2][B(C6F5)4] (657

mg, 0.793 mmol) were weighed into a 50 ml round bottom flask.  The flask was then

fitted with a glass connector with a Kontes valve and attached to the vacuum line.  The

flask was evacuated and CH2Cl2 (20 ml) was condensed onto the solids at –78 oC, using a

dry ice/acetone cooling bath.  The solution was then allowed to warm to room

temperature and stirred for an additional hour.  The solvent was then removed under

vacuum leaving a solid residue.  The system was then placed in the glovebox and the

solid residue redissolved in ca. 8 ml of CH2Cl2 and transferred to a glass vial.  The

solution was layered with pentane and allowed to diffuse at room temperature overnight,

yielding burgundy crystals of [(iPr3P)Cl2Ru=CH(PiPr3)][B(C6F5)4].  The yield is

improved by cooling to –35 oC after diffusion has taken place. Yield: 895 mg, 95 %. 1H

NMR (CD2Cl2, 25 oC): d 1.38 (dd, 18H, Ru=CH-PCH(CH3)2, 
3JH-H = 7.3 Hz, 3JP-H =16.5

Hz), 1.42 (dd, 18H, Ru-PCH(CH3), 
3JH-H = 7.1 Hz, 3JP-H = 15.7 Hz), 2.69-2.63 (second

order multiplet, 3H, (CH3)-CH-P, 3JH-H = 7.1 Hz), 3.00-2.93 (second order multiplet, 3H,

(CH3)-CH-P, 3JH-H = 7.2 Hz), 17.35 (dd, 1H, Ru=CH , 2JP-H = 36 Hz, 3JP-H = 1.8 Hz).
31P{1H} NMR (CD2Cl2, 25 oC): d 97.6 (s, 1P, Ru-PiPr3),  57.6 (s, 1P, Ru=CH-PiPr3). 

11B

NMR (CD2Cl2, 25 oC):  d -17.5 (s, B(C6F5)4). 
19F NMR (CD2Cl2, 25 oC): d -133.2 (2F, o-

F), -163.7 (1F, p-F), -167.5 (2F, m-F). 13C{1H} NMR (CD2Cl2, 25 oC): d 17.7 (s, (CH3)-

CH-P), 19.5 (s, (CH3)-CH-P), 22.0 (d, (CH3)-CH-P, 1JC-P = 39.6 Hz), 27.6 (d, (CH3)-CH-

P, 1JC-P = 26.7 Hz), 136.3 (dt,1JC-F = 244.5 Hz) 138.3 (dt,1JC-F = 244.8 Hz) and 148.2 (d,
1JC-F = 240.6 Hz) all B(C6F5)4 signals, 240.5 (broad, Ru=CH). Anal. Calcd: C, 43.60; H,

3.66. Found: C, 43.66; H, 3.60.

Synthesis of [(IH2Mes)Cl2Ru=CH(PCy3)](BF4)

 (IH2Mes)(PCy3)Cl2Ru≡C (100 mg, 0.130 mmol) was weighed into a two-neck 50 ml

round bottom flask equipped with a stir bar and a septum in the lateral neck, and the

system was evacuated in the vacuum line.  CH2Cl2 (10 ml) was condensed onto the solid

and the system warmed up to room temperature.  Then, a 54% wt. (d=1.18) solution of

HBF4 in diethyl ether (18mL, 0.130 mmol) was injected at room temperature and an

immediate change to a darker brown-green color was observed.  The solution was stirred

for 1 hour at which time the solvent was removed under vacuum.  The system was

transferred to the glovebox and the solid residue obtained after evaporation was
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redissolved in the minimal amount of CH2Cl2 (ca. 1 ml).  Addition of pentane results in

the precipitation of a brown microcrystalline solid.  The solvent was decanted via pipette

and the solid dried under high vacuum. Yield: 101 mg, 90%. All spectral features are

virtually identical to 3c except for: 11B NMR (CD2Cl2, 25 oC): d -1.9 (s, BF4). 
19F NMR

(CD2Cl2, 25 oC): d -152.8.  E.A. Anal. Calcd: C, 55.88; H 7.15; N 3.26.  Found: C, 55.48;

H, 7.12, N 3.27.

Synthesis of [(Cy3P)Cl2Ru=CH(PCy3)][B(C6F5)4] (3b)

 (Cy3P)2Cl2Ru≡C (150 mg, 0.201 mmol) and [H(Et2O)2][B(C6F5)4] (166 mg, 0.201

mmol) were placed into a 25 ml round bottom flask, which was fitted with a glass

connector with a Kontes valve and attached to the vacuum line.  The flask was evacuated

and CH2Cl2 (15 ml) was vacuum transferred onto the solids at –78 oC.  The system was

warmed to room temperature and stirred for 1 hour.  The solvent was then removed under

vacuum leaving a brown residue.  Pentane (20 ml) was vacuum transferred onto the

residue and the system was sonicated for 5 minutes, leaving a green-purple residue.  After

allowing the solid to settle, the solvent was decanted via cannula, and the purple powder

left was dried under full vacuum overnight.  Yield: 250 mg, 87%.  Alternatively, the

product can be re-crystallized by dissolving in CH2Cl2 (10 ml) and layering with pentane

(10 ml).  Upon diffusion of the two phases for 3-4 days, dark purple crystals are obtained

in virtually quantitative yield.  1H NMR (CD2Cl2, 25 oC): d 1.18-1.96 (complex set of

multiplets, 60H, P(C6H11)3), 2.29-2.41 (m, 3H, P(C6H11)3), 2.60-2.72 (m, 3H, P(C6H11)3),

17.45 (dd, 1H, Ru=CH, 2JP-H = 36.6 Hz, 3JP-H = 1.6 Hz). 31P{1H} NMR (CD2Cl2, 25 oC):

d 56.3 (s, 1P, Ru=CH(PCy3)), 88.7 (s, 1P, Cy3P-Ru). 11B{1H} NMR (CD2Cl2, 25 oC): d -

17.4. 19F NMR (CD2Cl2, 25 oC): d -133.2 (2F, o-F), -163.7 (1F, p-F), -167.5 (2F, m-F).
13C{1H} NMR (CD2Cl2, 25 oC):  d 27.3 (s), 28.3 (s), 28.7 (d, JP-H = 12.1 Hz), 29.8 (d, JP-H

= 11.8 Hz), 31.1 (d, JP-H = 3.7 Hz), 32.6 (d, JP-H = 2.8 Hz), 33.8 (d, JP-H = 37.1 Hz), 39.8

(d, JP-H = 24.7 Hz) all P(C6H11)3 from both phosphines. Anal. Calcd: C, 51.42; H 4.74.

Found: C, 51.14; H, 4.77.

Synthesis of [(IH2Mes)Cl2Ru=CH(PCy3)][B(C6F5)4] (3c)

In the glovebox, (IH2Mes)(Cy3P)Cl2Ru≡C (80 mg, 0.10 mmol) and [H(Et2O)2][B(C6F5)4]

(86 mg, 0.10 mmol) were placed into a 25 ml round bottom flask, which was fitted with a

glass connector and then attached to the vacuum line.  The flask was evacuated and
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CH2Cl2 (10 ml) was vacuum transferred onto the solids at –78 oC.  The system was

warmed to room temperature and stirred for 1 hour.  The solvent was then removed under

vacuum leaving a brown residue.  Pentane (20 ml) was vacuum transferred onto the

residue and the system was sonicated for 5 minutes, leaving a brown suspension.  After

allowing the solid to settle, the solvent was decanted via cannula, and the brown powder

left was dried under full vacuum for 1 hour.  Yield: 150 mg, 95%. 1H NMR (CD2Cl2, 25
oC): d 1.26-1.11 (m, 21H, P(C6H11)3), 1.83 (broad m, 9H, P(C6H11)3), 2.33 (m. overlap,

3H, P(C6H11)3), , 2.37 (s, 12H, o-CH3-Mes), 2.38 (s, 6H, p-CH3-Mes), 4.21 (s, 4H, CH2-

CH2 bridge in IH2Mes), 7.01 (s, 4H, m-H-Mes), 17.7 (d, 1H, Ru=CH). 31P{1H} NMR

(CD2Cl2, 25 oC): d 54.05 (Ru=CH(PCy3)). 
11B{1H} NMR (CD2Cl2, 25 oC): d -17.4. 19F

NMR (CD2Cl2, 25 oC): d -133.2 (2F, o-F),  -163.7 (1F, p-F),  -167.5 (2F, m-F). 13C{1H}

NMR (CD2Cl2, 25 oC): d 19.0 (s, o-CH3-Mes-),  21.2 (s, p-CH3-Mes-);  25.1 (s),  26.4 (d,
2JC-P = 11.2 Hz),  28.1 (s),  30.3 (d, 1JC-P = 37.1 Hz) all PCy3;  53.0 (s, -CH2-CH2- bridge

in IH2Mes), 130.5 (s, meta carbons in Mes), 138.3 (s), d 140.7(s) both ipso carbons in

Mes, 188.3 (s, Ru-C (carbene carbon) in IH2Mes).  Anal. Calcd: C, 52.94; H 4.23. Found:

C, 52.20; H, 3.96.

Comparison of Relative Catalytic Activities in Ring-Closing Metathesis

Catalytic runs for the ring-closing metathesis of diethyldiallylmalonate were

performed under standard conditions for each catalyst tested, using 1% mol catalyst

loadings.  In a typical experiment, a stock solution of catalyst was prepared in the

glovebox by weighing 0.0025 mmol in a 1.0 ml graduated flask and diluting with

CD2Cl2.  From this solution, 400 mL (0.001 mmol) were then transferred into an NMR

tube, which was capped with a rubber septum and wrapped with parafilm.  A separate

CD2Cl2 diene stock solution was prepared by weighing 1.00 mmol into a 1 ml volumetric

flask and refilling with CD2Cl2 to the calibrated level.  100 mL of this diene solution was

taken up in a gastight syringe, and taken outside the glovebox along with the NMR tube

containing the dissolved catalyst.  The tube was then immersed into a dry/ice acetone
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bath (-78 oC) and the diene solution was injected through the rubber septum. The sample

was shaken and introduced into the NMR probe which was pre-cooled at 0 oC.  After

allowing the sample to equilibrate, the progress of the reaction at 0 oC was monitored

automatically at 3 to 10 minutes intervals depending on the catalyst, by measuring the

disappearance of the methylene resonance of diethyldiallylmalonate versus product.

General Procedure for Ring-Closing Metathesis of Dienes in Table 1

All substrates shown in Table 1 were prepared according the procedure outlined by

Kirkland and Grubbs [S5].  In a typical experiment 1.38 x 10-3 mmoles of catalyst

dissolved in 0.100 ml of CD2Cl2 (obtained from a freshly prepared stock solution) were

syringed into an NMR tube capped with a rubber septum, containing 0.138 mmoles of the

substrate in 0.500 ml of CD2Cl2 ([Ru] = 0.0023 M, [Diene] = 0.23 M].  The time was

recorded and tube was immediately placed into the magnet. The progress of the reaction

was then monitored by 1H NMR spectroscopy.

Kinetics of initiation of [(IH2Mes)Cl2Ru=CH(PCy3)][B(C6F5)4] with o -

isopropoxystyrene

In a typical experiment, 12 mg (8.3 mmol) of catalyst were loaded into an NMR tube

and dissolved in 0.400 ml of CD2Cl2 added via gastight syringe.  The tube was then

capped with a rubber septum and wrapped with parafilm.  A stock solution of o-

isopropoxystyrene was prepared by weighing 201.5 mg (1.24 mmol) into a 1.0 ml

volumetric flask in addition to 14 mg (0.083 mmol) of 1,3,5-trimethoxybenzene (used as

Ru

Cl

Cl
IMes

CH

PCy3

B(C6F5)4

O

+
CD2Cl2

Ru

Cl

Cl
IMes

O

+

PCy3

B(C6F5)4
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internal standard) and then refilled with CD2Cl2 up to the calibrated level.  Using a

gastight syringe, a volume of 0.200 ml (40.3 mg, 0.248 mmol, 30 equivalents with

respect to catalyst) was taken from the o-isopropoxystyrene stock solution.  The syringe

was removed from the glovebox along with the NMR tube containing the catalyst, and

the tube was placed into either a dry ice/acetonitrile cooling bath at -44 oC or an

ice/acetone/salt bath at ca. –15 oC depending on the NMR probe set temperature, and the

substrate was injected through the rubber septum.  In this manner the final concentrations

of catalyst and styrene are 0.0138 mol/L and 0.414 mol/L respectively.  The NMR probe

was pre-cooled at –13.7 oC and the tube was shaken three times before being inserted into

the magnet.  The sample was left to thermally equilibrate at this temperature (5 min) and

after performing the necessary software adjustments, the progress of the reaction was

monitored automatically at 5 minutes intervals, by measuring the disappearance of the

alkylidene proton resonance of the catalyst ([(IMes)Cl2Ru=CH(PCy3)][B(C6F5)4]).  This

procedure was repeated for several equivalencies of diene (10-70 equivalents) (Figure

S1).
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Figure S1. Pseudo first-order plots for different equivalencies of o -

isopropoxystyrene (10-40 eq.) at –13.7oC.

T1 measurements were performed for the alkylidene signal on the catalyst and a delay of

5*T1 between single acquisitions was used.  In addition, the same spectral window was

integrated consistently for both the alkylidene proton and the internal standard.

Under these conditions a pseudo-first order regime was generated, and a plot of

Ln([Ru]/[Ru]0) versus time was obtained.  From these measurements, an average ki of 5.6

x 10-4 L mol-1 s-1 (rate constant for the initiation event) was derived from the obtained kobs

at –13.7 oC.
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The experiments described above were repeated at different temperatures (236.4,

247.6, 259.3 and 270.2 K) using 30 eq. of styrene with respect to catalyst.  An Eyring

plot (Ln(ki/T) v/s 1/T) was then constructed that allowed the extraction of the activation

parameters DH‡ and DS‡. Accurate temperatures in the NMR probe were obtained using a

methanol thermometer immediately after the respective run.

The Eyring Plot obtained is depicted in Figure S2:

Figure S2.   Eyring plot for the reaction of o-isopropoxy styrene and
[(IH2Mes)Cl2Ru=CH(PCy3)][B(C6F5)4]

From here, the activations parameters are as follows: DH‡ = 8.58 ± 0.4 Kcal mol-1 and
DS‡ = -55.5 ± 6  e.u.
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