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Calculation of diffusion coefficient

Samples were prepared using a constant concentration of catalyst 3mM (0.003 g) in a specific
concentration of the substrate (ranging from 0.01M to 0.5M for diethyl diallylmalonate (DDM)
and 0.05M to IM for 1-pentene) in CDCIl;. Diffusion coefficients were calculated by using an
850 MHz NMR (Bruker) with a diffusion probe. The change in intensity was fit to the equation:

ln(]i]:—D(Gé'y)z (A—?—%) M

0

Where [ is the final resonance intensity, /, is the initial intensity, D is the diffusion coefficient, G
is the magnitude of the gradient, y is the nuclear gyromagnetic ratio, ¢ is the gradient duration, ¢
is the gradient relaxation time, and A is the time between gradient pulses[1]. Each sample was
run three times and multiple samples were averaged together and then corrected for changes in

viscosity, Table S1, S2.
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Table S1. Average diffusion coefficients, D, of Grubbs’ catalyst in the presence of diethyl diallyl
malonate (DDM).*

D Std. Viscosity D (x 10°m?/s) Std. Dev.
[DDM] (x 10°m?/s) Dev. (cP) corr. for visc. | corr. for visc.
oM 0.662 0.018 0.400 0.662 0.018
0.01M 0.903 0.049 0.400 0.903 0.049
0.02M 0.770 0.01 0.405 0.768 0.008
0.05M 1.270 0.33 0.39 1.223 0.322
0.1M 1.250 0.203 0.467 1.458 0.237
0.5M 1.193 0.267 0.515 1.536 0.343
0.1M inhib. 0.701 0.026 0.467 0.818 0.030
0.5M inhib. 0.581 0.034 0.515 0.748 0.044
0.1m
(completed) 0.672 0.072 0.467 0.784 0.084

*Measured at 295K in 0.6 ml of CDCl; in a AV-1II-850MHz Bruker NMR with a diffusion
probe. Catalyst concentration is 3mM and inhibitor concentration is 0.2M.

Table S2. Average diffusion coefficients, D, of Grubbs’ catalyst measured in the presence of 1-

pentene.*
D Std. Viscosity D (x 10°m?/s) | Std. Dev. corr.

[1-Pentene] (x 10°m?*/s) Dev. (cP) corr. for visc. for visc.
oM 0.66 0.02 0.33 0.66 0.02
0.05M 0.64 0.01 0.37 0.72 0.02
0.1M 0.86 0.12 0.35 0.91 0.12
0.5M 1.07 0.06 0.26 0.85 0.05
1M 0.81 0.03 0.26 0.64 0.02
0.05M inhib. 0.77 0.02 0.37 0.86 0.02
0.1M inhib. 0.81 0.07 0.35 0.86 0.08
0.5M inhib 0.81 0.02 0.26 0.64 0.02
1M inhib. 0.86 0.01 0.26 0.67 0.01

0.5M

completed 0.86 0.04 0.26 0.68 0.03

* Measured at 295K in 0.6 ml of deuterated chloroform in a AV-III-850MHz Bruker NMR with
a diffusion probe. Catalyst concentration is 3mM and inhibitor concentration is 0.2M.

The samples containing 1-pentene showed no significant increase in diffusion over the controls
(with inhibitor and at equilibrium), Figure S1.
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Fig S1. Diffusion coefficient at various concentrations of 1-pentene. Controls were run with
inhibitor and after the reaction was completed. No significant change in diffusion was observed.

Measurement of turnover frequency (TOF)

While the rate constants are known in the literature [2], the turnover frequencies (TOF) were
measured experimentally for all of the concentrations. The TOF were calculated from
experiments run for 30 min. with NMR spectra taken every 10 min. The ethyl protons at the /
position were standardized to integrate to 6 protons (Fig. S2). The integration value for the
protons at position 3 was divided by 4 to find the percent of substrate left in solution. This was
then related to a molar value since the starting amount of substrate was known. The moles of
substrate left in solution was plotted versus time and a linear fit was used to extrapolate the
reaction rate (mol sub./s). The velocity was then divided by the amount of catalyst in solution to
obtain the TOF. The results are summarized in Table S3. It should be noted that all the measured
TOFs are close to the values found in the literature [2]. There is a direct relationship between the

TOF and diffusion coefficient (Figure S3).
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Fig. S2 Structure of diethyl diallyl malonate.

Table S3. TOF for the catalyst at varying concentrations of DDM.*

Conc. TOF*

OM DDM 0
0.01M DDM 8.3E-04
0.02 DDM 1.5E-03
0.05M DDM 2.2E-03
0.1M DDM 4.2E-03
0.5M DDM 9.7E-03
0.5M 1-pentene 1.0E-02

*Measured in moles of substrate per mole of catalyst per sec.
Measured at 295K in CDCl; by a DPX-300MHz Bruker NMR.
Catalyst concentration is 3mM.
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Fig. S3. Correlation between diffusion coefficient and turnover frequency
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3P NMR spectroscopy of the phosphine ligand

The *'P NMR signal for the phosphine ligand was monitored in the absence and presence of
substrates, Table S4. There is only one observable resonance whose position did not change
significantly. Thus, we conclude that the dissociation of the phosphine from the metal center is

slow compared to the NMR time scale.

Table S4. *'P NMR data for Grubbs’ 2™ generation catalyst in the absence and presence of

substrates.*

Substrate Shift (ppm) Remarks
0 M DDM 29.05
0.0SMDDM 29.04
0.1IMDDM 29.02
0.IMDDM 28.96 Inhibited
0.IMDDM 29.00 Completed
0.5MDDM 28.96
0.5MDDM 28.96 15 min. later
0.5M 1-Pentene 29.03

* Measured at 295K in 0.6ml CDCl; by a AV-360MHz Bruker NMR with a *'"P-NMR probe.

Catalyst concentration is 3mM and Inhibitor concentration is 0.2M.
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Efficiency of Energy Conversion:

Work done on a catalyst molecule due to a single turnover is given by(67r77Ru).Ad , where 771s

the coefficient of viscosity of the solvent (in N m™ s), R is the radius of the catalyst molecule (in
m), u is the velocity (in m/s) and d is the displacement of the molecule (in m) after the reaction.

(67mRu).Ad

Rate of work done on the particle (in J/s) = =67nRu’ (1)

Considering N, to be the number of moles of catalyst present in the system and AG to be the

free energy of the system, then rate of production of free energy in the system is given by,
E=rxAGxN,, (2)

Here, r is the turnover frequency measured in moles of substrate per mole of catalyst per sec.

If the efficiency of energy transformation is e, then the energy balance is,

6znRu’ =e.E =e.(rxAG x N, )

or it e.(rxAG xNg,) 3)
67nR

The rotational diffusion constant of a catalyst molecule is given by,

kT
" 8wnR’

Here k; Boltzmann constant and T is the temperature of the system.
The diffusion enhancement is [3],

AD - u>  e(rxAG xNg,)x8znR' 1 R’
4D 4x67nR x kT 3k, T

e.(rxAG X NCat)

3k,T
R? (rx AG X NCat)

or, e= 4)

We take the values of different parameters as follows:
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ky, =1.38x10> JK

T =298 K

R=6x10""m

AD =9x107"" m’s" (Maximum enhancement in diffusion observed)

(moles of substrate)

r=9.7x10"
(moles of catalyst). s
AG = 2.2 keal =9.21x103 J
™" moles of substrate X moles of substrate

N, =3.6x10° moles

From Eq. (4) we then have: e =9.31x10”

Therefore, efficiency of energy conversion of this system is 9.31x107 %
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Density functional theory calculations of molecular volume, radius and energetics

Computational calculations were performed using Gaussian 09 [4]. Geometry optimizations of
the ruthenium-containing species were performed using density functional theory (DFT) with the
MO06-2X functional [5] and the def2-SVP basis set [6,7]. This functional has been shown to
perform reliably for this class of catalysts with respect to geometries and thermochemical
calculations [8]. Molecular volumes of the optimized species at each step in the catalytic cycle
(Figure S4) were calculated from the volume contained within a contour of 0.001 electrons/bohr
of electronic density at the M06-2X/SVP level (Table S5). Geometry optimizations of the CM
and RCM reactants and products were performed using DFT with the M06-2X functional and the
6-311++G** basis set [9]. Geometries of the solvated species were optimized in solution using
the conductor-like polarizable continuum model (C-PCM) method [10,11] with £€=4.711300 and
€,=2.090627. Analytic frequency calculations were performed on the optimized structures (with
appropriate solvation) in order to calculate the relevant thermochemical quantities at 298K at the
MO06-2X/6-311++G** level. The enthalpies and free energies of the CM reaction calculated

using DFT were found to be similar to corresponding MP2/6-311++G** calculations.

For ring closing metathesis the enthalpy of reaction was 7.9 kcal/mol and the free energy of
reaction was -2.2 kcal/mol. For cross metathesis (Z-4-octene product) the enthalpy of reaction
was 2.2 kcal/mol and the free energy of reaction was -3.7 kcal/mol. For cross metathesis (E-4-
octene product) the enthalpy of reaction was 3.4 kcal/mol and the free energy of reaction was

-2.6 kcal/mol.
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Table S5. Calculated effective radii from DFT of various intermediates.

Structure System Molecular Effective Difference
volume Radius from (%)
(A*/mol) Volume (A)
1 (HyIMes)(PCy;)Cl,Ru=CHPh 989.9230 6.18 -
2 (HyIMes)(PCy;)Cl,Ru=CH, 920.5719 6.03 2.4
3 (H,IMes)ClL,Ru=CHPh 580.7381 5.18 16.2
4 (H,IMes)Cl,Ru=CH, 506.0585 4.94 20.1
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