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S1. Experimental Procedures and Additional Experimental Results   

General Procedures.  
Reactions were carried out in an argon-filled glovebox at room temperature (25 ±2 °C), unless 

otherwise indicated. Solvents were dried and degassed using a Glass Contour solvent purification 
system, then stored under argon in the glovebox over 4 Å molecular sieves for at least 16 h prior 
to use, unless otherwise indicated. Liquid reagents were degassed by five consecutive 
freeze/pump/thaw cycles, and then stored under argon in the glovebox freezer (-35 °C)., 
Triisopropylsilanethiol, tetrakis(triphenylphosphine)-palladium(0), allybenzene, styrene, pyridine, 
potassium hydride, tetrabutylammonium fluoride and propene were obtained from Sigma Aldrich. 
Tricyclohexylphosphine[4,5-dimethyl-1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene][2-
thienylmethylene] ruthenium(II) dichloride (catMETium® RF3) was kindly supplied by Evonik 
Industries. 7-Bromo-1H-indole and 2-Methyl-7-Bromo-1H-indole were obtained from Enamine. 
2-Phenyl-7-Thiol-1H-indole was purchased from Santai Lab. NMR spectra were recorded on 
Bruker Biospin AV500 and 850 Ascend spectrometers at 298 K, and referenced against the 
residual proton signals of the deuterated solvents (1H) [1]. HRMS ESI mass spectra were recorded 
by means of an orthogonal electron spray ionization ion source (ESI) interfaced to a JMS-T100LC 
AccuTOF mass spectrometer from JEOL USA, Inc. (Peabody, MA). The ions were transported 
into the orthogonal accelerating time-of-flight (TOF) single-stage reflectron mass analyzer by a 
high-frequency and high-voltage quadrupole ion guide. Detection was achieved with a dual 
microchannel plate detector. Elemental analyses were performed using an Elementar Vario EL III 
analyzer. GC quantification was performed on an Agilent 7890A series GC equipped with a flame 
ionization detector (FID), an Agilent 7683B series autosampler, and an Agilent HP-5 polysiloxane 
column (30 m length, 320 µm diameter). Calibration curves (peak areas vs. concentration for 
solutions with ca. 1:1 w/w decane/analyte) in the relevant concentration regimes were constructed 
using commercial samples (styrene, trans-stilbene, allylbenzene) [2]. Yields in catalytic runs were 
determined from the integrated peak areas (referenced against decane), compared to the 
substrate/decane ratio at time zero (t0). GC samples were quenched using ca. 10 equiv of potassium 
tris(pyrazolyl)borohydride [3] in THF prior to analysis. Suitable crystals for diffraction 
experiments were immersed in Paratone-N (Hampton Research) in a nylon loop. Data collection 
was done on a Bruker AXS TXS rotating anode system with an APEXII Pt135 CCD detector using 
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). 
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Synthesis of 7-((triisopropylsilyl)thio)-1H-indole (L2a) 
 In a glovebox, a Schlenk finger was charged with 88 mg (2.2 mmol, 1.1 eq) KH 

in 10 mL of toluene. 457 µL (2.4 mmol, 1.2 eq) triisopropylsilanethiol was added 
to the suspension at once and the reaction was stirred for 30 minutes to form a 
colorless solution. 392 mg (2 mmol, 1 eq.) 7-Bromoindole in 10 mL of toluene and 

231 mg (0.2 mmol, 0.1 eq) tetrakis(triphenylphosphine)-palladium(0) was added to the flask. The 
solution was then taken out of the glovebox and heated for 14 h at 120 ºC. After cooling the 
reaction to room temperature, the reaction mixture was filtered through a plug of SiO2 with DCM 
as eluent. After removal of the solvent, the reaction was filtered through SiO2 with hexane as 
eluent. After the removal of the solvent, the residual was taken up in THF and 50 mg Merrifield-
Resin was added to the flask to remove residual triphenylphosphine. After 15 h the suspension was 
filtered over silica gel, the filtrate concentrated and purified via flash chromatography (SiO2, 1:5 
DCM:Hexane) to deliver the product as a colorless oil. 
Yield: 420 mg (69 %) 
1H NMR (400 MHz, CDCl3) δ 8.57 (s, 1H), 7.51 (dt, J = 7.9, 0.9 Hz, 1H), 7.29 – 7.20 (m, 2H), 
6.98 (dd, J = 7.9, 7.4 Hz, 1H), 6.53 (dd, J = 3.2, 2.2 Hz, 1H), 1.33 – 1.14 (m, 3H), 1.02 (d, J = 7.4 
Hz, 18H). 
13C-NMR (CDCl3, 300 MHz): 139.0, 128.7 127.5, 124.0, 120.2, 119.7, 112.4, 103.2, 18.4, 13.3. 

Synthesis of 2-methyl-7-((triisopropylsilyl)thio)-1H-indole (L2b) 
In a glovebox, a Schlenk finger was charged with 66 mg (1.65 mmol, 1.1 eq) 

KH in 7.5 mL of toluene. 386 µL (1.8 mmol, 1.2 eq) triisopropylsilanethiol was 
added to the suspension at once and the reaction was stirred for 30 minutes to 
form a colorless solution. 214 µL (1.5 mmol, 1 eq.) 2-Methyl-7-Bromo-1H-

indole in 7.5 mL of toluene and 173.3 mg (0.15 mmol, 0.1 eq) tetrakis(triphenylphosphine)-
palladium(0) was added to the flask. The solution was then taken out of the glovebox and heated 
for 14 h at 120 ºC. After cooling the reaction to room temperature, the reaction mixture was filtered 
through a plug of SiO2 with DCM as eluent. After removal of the solvent, the reaction was filtered 
through SiO2 with hexane as eluent. After the removal of the solvent, the residual was taken up in 
THF and 20 mg Merrifield-Resin was added to the flask to remove residual triphenylphosphine. 
After 15 h the suspension was filtered over silica gel, the solvent removed, and the resulting 
colorless solid used without further purification. 
Yield: 291 mg (61%) 
1H NMR (300 MHz, CDCl3) δ 8.27 (s, 1H), 7.38 (dt, J = 7.8, 0.9 Hz, 1H), 7.18 (dd, J = 7.5, 1.0 
Hz, 1H), 6.93 (dd, J = 7.8, 7.4 Hz, 1H), 6.20 (dd, J = 2.4, 1.1 Hz, 1H), 2.47 (d, J = 0.6 Hz, 3H), 
1.38 – 1.12 (m, 3H), 1.12 – 0.80 (m, 18H). 

Synthesis of 2-H-7-Thio-1H-indole (L3a) 
A Schlenk finger was charged with 427 mg (1.4 mmol, 1 eq) of L2a and 14.5 mL 

of THF and cooled to 0 °C. To this solution 2.8 mL (2.8 mmol, 2 eq) of 1 M tert-
butylammonium fluoride solution was added and the solution was stirred for 1 h at 0 
°C and then warmed up to rt and stirred for additional 30 min. The solution was cooled 

to 0 °C and 15 mL of 3 M HCl solution was added. The organic phase was separated, and the 
aqueous phase was extracted 3x with DCM. The combined organic phase was dried over MgSO4 
and concentrated under removed reduced pressure. The residual oil was purified via flash 
chromatography (SiO2, 2:3 DCM:hexane), yielding the desired product as yellow solid.  
Yield: 92 mg (44 %) 
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1H NMR (400 MHz, CDCl3) δ 8.44 (s, 1H), 7.59 (dq, J = 7.9, 0.9 Hz, 1H), 7.34 – 7.25 (m, 2H), 
7.10 – 7.01 (m, 1H), 6.60 (dd, J = 3.2, 2.1 Hz, 1H), 3.28 (s, 1H). 
13C NMR (101 MHz, CDCl3) δ 137.42, 127.88, 127.54, 124.46, 120.71, 120.37, 108.99, 103.62. 
HRMS(ESI-) m/z: [M-H]- Calcd for C8H6NS 148.0221; Found 148.0218. 

Synthesis of 2-Methyl-7-Thio-1H-indole (L3b) 
A Schlenk finger was charged with 287 mg (0.85 mmol, 1 eq) of 1b, 2.8 mL of 

THF and 2.8 mL of Ethanol. To this solution 0.28 mL concentrated HCl (3.4 mmol, 
4 eq) was added and the solution was stirred for 5 h. Afterwards, the solvents were 
removed under reduced pressure, re-dissolved in 2 mL of DCM. To the DCM 

solution 10 mL of hexane was added and the suspension was filtered through a plug of SiO2 to 
remove the formed red solid. The solvent of the filtrated was removed under reduced pressure to 
yield the desired product as a colorless oil.  
Yield: 90 mg (61 %) 
1H NMR (400 MHz, CDCl3) δ 8.13 (s, 1H), 7.46 (dt, J = 7.9, 0.9 Hz, 1H), 7.22 (dt, J = 7.4, 1.0 
Hz, 1H), 7.05 – 6.96 (m, 1H), 6.26 (dq, J = 2.1, 1.0 Hz, 1H), 3.25 (d, J = 1.0 Hz, 1H), 2.48 (d, J = 
1.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 137.64, 135.54, 129.05, 126.48, 120.20, 119.59, 107.85, 101.37, 
13.75. 
HRMS(ESI-) m/z: [M-H]- Calcd for C9H8NS 162.03774; Found 162.03750. 
Elemental Analysis, calculated for C9H9NS: C, 66.22, H, 5.56, N, 8.58; found: C, 65.80, H, 5.33, 
N, 8.34. 

Synthesis of potassium 7-sulfidoindol-1-ide (L4a) 
To 31.3 mg (0.21 mmol, 1 eq) L3a in 4 mL THF was 17.6 mg (0.44 mmol, 2.1 eq) 

KH added. Upon addition of KH, hydrogen was formed and the solution turned into 
a pink suspension. The reaction mixture was stirred for 14 h. The resulting pink 
suspension was filtered and the solid was washed with hexane (2x 5 mL) and dried. 
The dried compound indicates a quantitative conversion, measured by weight, and 

was used without further purification. 

Synthesis of potassium 2-methyl-7-sulfidoindol-1-ide (L4b) 
To 101 mg (0.6 mmol, 1 eq) 2b in 4 mL THF was 52.1 mg (1.3 mmol, 2.1 eq) 

KH added. Upon addition of KH, hydrogen was formed and the solution turned 
into a pink suspension. The reaction mixture was stirred for 14 h. The resulting 
pink suspension was filtered and the solid was washed with hexane (2x 5 mL) and 

dried. The dried compound indicates a quantitative conversion, measured by weight, and was used 
without further purification. 

Synthesis of potassium 2-phenyl-7-sulfidoindol-1-ide (L4c) 
To 45 mg (0.2 mmol, 1 eq) of 2-Phenyl-7-Thio-1H-indole in 4 mL THF was 

16.8 mg (0.42 mmol, 2.1 eq) KH added and the reaction mixture was stirred for 
14 h to form a yellow solution. The solvent was removed under reduced pressure. 
The dried compound indicates a quantitative conversion, measured by weight, 

and was used without further purification. 
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Synthesis of Complex Ru20 
The synthesis was performed after a literature known procedure [4]. 

In a glovebox, a 25 mL vial, equipped with a magnetic stirring bar and 
a screw cap, was charged with complex tricyclohexylphosphine[4,5-

dimethyl-1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene][2-
thienylmethylene] ruthenium(II) dichloride (1087 mg, 1.234 mmol) and 
pyridine (4 mL). The vial was closed and the mixture stirred at room 
temperature for 1 hour. Then pentane (5 mL) was added to the reaction 
mixture causing the precipitation of a green solid. The solid was 

allowed to sediment (settle out) and then was isolated by vacuum filtration through a frit, washed 
three times with 5 mL of pentane and dried in the glovebox to give a green microcrystalline solid. 
Yield: 786 mg (84 % of yield). 
The 1H NMR is consistent with literature [4]. 
1H NMR (500 MHz, C6D6) δ 18.94 (s, 1H), 8.79 (s, 2H), 8.62 – 8.57 (m, 2H), 7.74 (s, 1H), 7.40 
(dt, J = 4.9, 1.1 Hz, 1H), 7.13 (s, 1H), 6.91 (t, J = 7.7 Hz, 1H), 6.74 (s, 5H), 6.59 (t, J = 6.3 Hz, 
2H), 6.50 (dd, J = 5.0, 3.8 Hz, 1H), 6.42 (t, J = 7.7 Hz, 1H), 6.15 (t, J = 6.8 Hz, 2H), 2.64 (s, 6H), 
2.33 (s, 6H), 2.14 (s, 6H), 1.54 (s, 6H) 

Synthesis of Complex Ru21a/Ru21a’ 
In a glovebox, a 20 mL vial was charged with 49.8 mg (0.68 mmol, 1 
eq) of Ru20 in 10 mL THF and 16.8 mg (0.075 mmol, 1.1) of L4a 
was added to the solution. A color change from green to red was 
observed immediately. After 30 min the reaction was completed, and 
the solvent removed under reduced pressure. The crude reaction 
mixture was redissolved in toluene, filtered through a pad of Celite 
and concentrated to about 2 mL. To this solution 10 mL hexane was 
added and cooled to -20 ºC for 15 h. The resulting microcrystalline 
solid was collected and washed with cold pentane (2 x 4 mL) to yield 
the desired product as brown/red solid. The 1H NMR analysis shows 
the presence of two isomeric complexes Ru21a and Ru21a’ in the 
ratio 95:5. 
Yield: 31.1 mg (62 %) 
 
 

 
Ru21a: 1H NMR (850 MHz, C6D6) δ 16.21 (s, 1H), 8.12 (dd, J = 7.3, 0.9 Hz, 1H), 7.80 (dd, J = 
7.6, 0.9 Hz, 1H), 7.53 (t, J = 7.4 Hz, 1H), 6.94 (dt, J = 4.9, 1.0 Hz, 1H), 6.76 – 6.72 (m, 2H), 6.53 
(s, 2H), 6.44 (dd, J = 3.9, 1.2 Hz, 1H), 6.29 (d, J = 2.1 Hz, 2H), 6.26 – 6.19 (m, 4H), 5.94 (d, J = 
2.6 Hz, 1H), 2.42 (s, 6H), 1.98 (s, 6H), 1.69 (s, 6H), 1.36 (s, 6H). 
13C-NMR (C6D6, 850 MHz): 263.2, 181.5, 152.5, 149.2, 148.2, 140.4, 138.3, 1338, 129.0, 126.5, 
126.2, 123.6, 123.0, 122.5, 119.8, 117.7, 114.2, 105.0, 31.6, 20.7, 19.5, 8.7 
Ru21a’: 1H NMR (850 MHz, C6D6) δ 15.38 (s, 1H), 8.71 (dt, J = 5.0, 1.5 Hz, 2H), 7.96 (dd, J = 
7.7, 0.9 Hz, 1H), 7.86 (d, J = 7.0 Hz, 1H), 7.46 (t, J = 7.3 Hz, 1H), 7.25 (t, J = 1.2 Hz, 2H), 7.10 – 
7.00 (m, 4H), 6.91 – 6.87 (m, 2H), 6.66 (tt, J = 7.4, 1.5 Hz, 1H), 6.28 – 6.27 (m, 2H), 5.84 (dd, J 
= 17.9, 12.1 Hz, 1H), 2.42 (s, 6H), 1.98 (s, 6H), 1.69 (s, 6H), 1.36 (s, 6H). 
HRMS(ESI+) m/z: [M-NC5H5]+ Calcd for C36H36N3RuS2 676.1394; Found 676.9120. 
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Synthesis of Complex Ru21b 
In a glovebox, a 20 mL vial was charged with 36.6 mg (0.05 mmol, 1 
eq) of Ru20 in 10 mL THF and 13.2 mg (0.055 mmol, 1.1) of L4b was 
added to the solution. A color change from green to red was observed 
immediately. After 30 min the reaction was completed, and the 
solvent was removed under reduced pressure. The crude reaction 
mixture was redissolved in toluene, filtered through Celite and 
concentrated to about 2 mL. To this solution 10 mL hexane was added 

and cooled to -20 ºC for 15 h. The resulting solid was collected and washed with cold hexane (2 x 
4 mL) to yield the desired product as red microcrystalline solid. 
Yield: 16.0 mg (42 %). 
1H NMR (500 MHz, C6D6) δ 15.89 (s, 1H), 9.07 (d, J = 5.6 Hz, 1H), 8.06 (dd, J = 7.2, 0.9 Hz, 
1H), 7.79 (dd, J = 7.6, 1.0 Hz, 1H), 7.55 – 7.49 (m, 1H), 7.12 (s, 1H), 7.10 – 7.05 (m, 1H), 6.95 
(dt, J = 4.9, 1.0 Hz, 1H), 6.64 (tt, J = 7.5, 1.5 Hz, 2H), 6.57 (d, J = 0.9 Hz, 1H), 6.36 (dd, J = 3.8, 
1.2 Hz, 1H), 6.30 (tt, J = 5.6, 1.5 Hz, 1H), 6.23 (t, J = 4.4 Hz, 1H), 6.21 (s, 2H), 5.88 (ddd, J = 6.9, 
5.2, 1.4 Hz, 1H), 2.51 (s, 6H), 1.98 (s, 6H), 1.65 (br, 6 H) 1.36 (s, 6H), 0.94 (d, J = 0.9 Hz, 3H). 
13C-NMR (C6D6, 850 MHz): 261.0, 181.8, 165.3, 152.5, 151.6, 149.2, 144.3, 138.1, 134.6, 133.9, 
132.3, 129.2, 129.0, 126.1, 123.3, 122.9, 119.2, 116.9, 113.6, 101.7, 20.7, 18.5, 14.4, 8.8. 
HRMS(ESI+) m/z: [M-NC5H5]+ Calcd for C37H39N3RuS2 690.1550; Found 690.9360. 
Elemental Analysis: Anal. Calcd for C42H44N4RuS2 · 0.1 CH2Cl2: C, 64.95; H, 5.72; N,7.20. 
Found: C, 64.60; H, 5.53; N, 6.74. The 0.1 eq DCM were determined from a 1H NMR spectrum 
of the sample in C6D6. Due to the lability of the bound pyridine, prolonged time under reduced 
pressure, led to partial decomposition of the catalyst. 

Synthesis of Complex Ru21c 
In a glovebox, a 20 mL vial was charged with 60.0 mg (0.08 mmol, 

1 eq) of Ru20 in 10 mL THF and 27.3 mg (0.09 mmol, 1.1 eq) of L4c 
was added to the solution. A color change from green to red was 
observed immediately. After 30 min the reaction was completed, and 
the solvent was removed under reduced pressure. The crude reaction 
mixture was redissolved in toluene, filtered through a pad of Celite 
and concentrated to about 2 mL. To this solution 10 mL hexane was 

added and cooled to -20 ºC for 15 h. The resulting solid was collected and was washed with cold 
pentane (2 x 4 mL) to yield the desired product as red crystals. 
Yield: 31.1 mg (46 %). 
1H NMR (850 MHz, C6D6) δ 15.87 (s, 1H), 8.86 (d, J = 5.4 Hz, 1H), 8.07 (dt, J = 7.3, 0.8 Hz, 1H), 
7.74 (dt, J = 7.7, 0.7 Hz, 1H), 7.54 – 7.50 (m, 1H), 7.05 – 6.97 (m, 2H), 6.85 – 6.77 (m, 4H), 6.62 
(td, J = 7.3, 1.0 Hz, 2H), 6.60 – 6.55 (m, 2H), 6.47 (tt, J = 7.4, 1.5 Hz, 1H), 6.18 (s, 6H), 5.78 (s, 
2H), 2.56 – 1.84 (m, 18H), 1.32 (s, 6H).	
13C-NMR (C6D6, 850 MHz): 261.6, 181.2, 152.4, 152.3, 149.1, 148.1, 141.2, 140.4, 138.2, 133.8, 
129.0, 126.5, 126.2, 123.6, 122.9, 122.4, 119.7, 117.6, 114.1, 104.9, 20.5, 18.4, 13.9, 8.7. 
HRMS(ESI+) m/z: [M-NC5H5]+ Calcd for C42H41N3RuS2 753.1785; Found 753.9206. 
Elemental Analysis: Anal. Calcd for C47H46N4RuS2 · 0.1 C5H12: C, 69.07; H, 6.47; N,6.20. Found: 
C, 68.85; H, 4.63; N, 5.92. The 0.1 eq pentane were determined from a 1H NMR spectrum of the 
sample in C6D6. Due to the lability of the bound pyridine, prolonged time under reduced pressure, 
led to partial decomposition of the catalyst. 
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Isomer Ru21a and Ru21a’ 
The 1H NMR of the complex Ru21a shows a minor component Ru21a’ (5%) with an alkylidene 

resonance at δ = 15.38 ppm. Several crystallization attempts, in toluene/pentane or DCM/pentane, 
did not change the Ru21a/Ru21a’ ratio (19:1). This ratio is also temperature-independent in the 
range 10 – 50 °C, persistent in solution even with visible precipitation (decomposition) in a 
monitored J-Young tube (7 days), and constant during reaction with propene. Furthermore, a 
NOESY experiment of a solution containing Ru21a and Ru21a’ (Fig. S1) shows a positive cross-
signal between the alkylidene resonances of Ru21a and Ru21a’, confirming that the two isomers 
are in a dynamic equilibrium with each other. The free energy difference between the two isomers 
can thus be estimated as ∆G(𝐑𝐮𝟐𝟏𝐚!'𝐑𝐮𝟐𝟏𝐚) = = 1.8 kcal mol⁻1 (Eq. 1). Hoveyda and co-workers 
has previously shown that a bidentate dithiolate ligand can rotate to interchange the position of the 
two S atoms [5]. This suggests that the observed complex Ru21a’ could be the less stable S,N 
rotamer of Ru21a. Indeed, the isomer with the S-atom located trans to the NHC ligand has a DFT-
calculated free energy (relative to that of Ru21a) only 0.1 kcal/mol higher than that of the NOESY-
derived energy difference (∆𝐺	𝑹𝒖𝟐𝟏𝒂-./ = 1.9 kcal mol-1, see the Computational Results section 
below), and we thus assume the observed minor component Ru21a’ is due to this isomer.  
 

 

Fig. S1 NOESY-Experiment of complex Ru21a and Ru21a’ showing the exchange between Ru21a and 
Ru21a’ (C6D6, 850 MHz) (py = pyridine) 

 ∆G!"#$%&!'	"#$%&) =	−𝑅𝑇 ln𝐾*+ = −𝑅𝑇 ln
5
95

= 1.8	kcal	mol'% (Eq. 1) 
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Metathesis Reaction of catalysts Ru21a-b 

Self-Metathesis of Styrene 
In a 4 mL vial, a stock solution of catalyst Ru21a (19.6 mg, 0.026 mmol)) and anthracene (I.S., 

4.6 mg, 0.026 mmol, 1 eq) in 2.6 mL C6D6 (10 mM in Ru) was made. The resulting solution was 
filtered through a pipette filter stuffed with a Kimwipe to remove any undissolved solids. 600 μL 
of this solution was transferred to a J-Young NMR tube. An initial 1H NMR spectrum was recorded 
to establish a starting ratio between starting alkylidene vs anthracene. The J-Young NMR was 
reimported into the Glovebox and styrene (3.7 µL, 0.0325 mol, 5 eq) was added and the timer 
started. The solution was mixed in the NMR tube at 298 K, and 1H NMR spectra were recorded 
periodically to track the disappearance of starting material and appearance of products over time. 
The experiment was repeated using a stock solution of Ru21b (15.4 mg, 0.026 mmol) with 
anthracene (I.S., 4.6 mg, 0.026 mmol, 1 eq) in 2.6 mL C6D6 (10 mM in Ru). 

 

Fig. S2 Self-metathesis of styrene with catalyst Ru21a (a) and Ru21b (b) in C6D6 over 2 hours. No stilbene 
formation was observed, but new alkylidene signals emerged. The reaction was monitored by 1H-NMR 
analysis relative to internal standard (See Fig. S3 and S4) 

The reaction with styrene of both catalysts, Ru21a and Ru21b, showed no formation of stilbene 
(See Fig. S2 and S3). However, during the reaction a new alkylidene signal appeared at 17.2 ppm 
and 16.9 ppm, respectively, which correlates with the disappearance of the starting material (δ = 
16.2 and 15.9 ppm,) and the formation of 2-vinylthiophene (C5H3S-CH2: δ = 5.48, 4.89 ppm) [6]. 
The appearance of 2-vinylthiophene requires the exchange of the alkylidene with styrene via a 
non-productive metathesis (see Scheme S1). Therefore, the alkylidene signal was assigned to 
complex Ru21a_29 and Ru21b_29. Interestingly, the equilibrium between Ru21a and Ru21a_29 
is reached immediately, while the equilibrium with the more sterically hindered complex Ru21b 
is reached after 30 min. The slower exchange indicates a higher energy barrier for olefin metathesis 
which agrees with the computational results (see Table S5). 
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Scheme S1 Alkylidene Exchange of Catalyst Ru21a and Ru21b with Styrene via Non-Productive 
Metathesis 

 

 
 
 
 
 

 

Fig. S3 1H NMR spectrum of reaction of catalyst Ru21a with 5 eq. styrene after 2 h. Inset shows the key 
organic products. The signals of 2-vinylthiophene are in agreement with literature [6]. (C6D6, 300.1 MHz) 
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Fig. S4 1H NMR spectrum of reaction of catalyst Ru21b with 5 eq styrene after 2h. Inset shows the key 
organic products. The 2-vinylthiophene signals are in agreement with literature [6]. (C6D6, 300.1 MHz) 
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Self-Metathesis of Allylbenzene 
(a) The stock solutions of the catalyst from the styrene experiment were used. Similarly, 600 μL 

of the solution containing Ru21b and anthracene was transferred to a J-Young NMR tube. An 
initial 1H NMR spectrum was recorded to establish a starting ratio between starting alkylidene vs 
anthracene. The J-Young NMR was reimported into the Glovebox and allylbenzene (4.3 µL, 0.325 
mmol, 5 eq) was added and the timer started. The solution was mixed in the NMR tube at 298 K 
and 1H NMR spectra were recorded periodically to track the disappearing of starting material and 
appearing of products over time.  

(b) In a 4 mL vial, a solution containing dodecane (I.S., 24.0 µL, 0.1 mmol) and allylbenzene 
(14.0 µL, 0.1 mmol) and 2 mL THF was made. An aliquot was taken to record the initial 
concentration. 1 mL of the THF solution was then added to a 4 mL vial containing catalyst Ru21a 
(2 mg, 0.0026 mmol, 5mol%) and the timer started. The reaction was conducted at room 
temperature. Aliquots were taken periodically and the reaction in each aliquot was quenched with 
ca. 10 equiv of potassium tris(pyrazolyl)borohydride. The samples were analyzed by GC/FID. 

 

Fig. S5 Self-metathesis of allylbenzene with catalyst (a) Ru21b in C6D6 and (b) Ru21a in THF. Only 
isomerization allylbenzene to 3-phenyl-1-propene was observed. Reaction was monitored (a) by 1H-NMR 
analysis relative to internal standard and (b) via GC analysis of aliquots 

The reaction of catalyst Ru21b with allylbenzene showed no formation of 1,4-diphenylbut-2-
ene. The isomerization of allylbenzene to 3-phenyl-1-propene (E:Z, 75:25) correlates with the 
disappearance of allylbenzene (Fig. S3). Since no metathesis occurred after 60 min, the J-Young 
NMR tube was heated to 50 °C for 12 h. After 12 h, still 17 % of catalyst Ru21b was visible, 
probably due to reduced initiation because of steric hindrance compared of catalyst Ru21a. 
Furthermore, after 12 h 2-vinylthiophene (C5H3S-CH2: δ = 5.48, 4.89 ppm) [6] and styrene (C7H6-
CH2: δ = 5.60, 5.07 ppm) was observed. 2-Vinylthiophene is evidence for the occurrence of non-
productive metathesis with allylbenzene. The formation of styrene is a product of metathesis with 
prop-1-en-1-ylbenzene forming a benzylidene complex. Styrene is then released by non-
productive metathesis with allylbenzene. 
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Fig. S6 1H NMR spectrum of reaction after 12 h at 50 °C of catalyst Ru21b with allylbenzene. Inset shows 
the key organic products. The signals of 3-phenylprop-2-ene, 2-vinylthiophene and styrene are in agreement 
with literature. (C6D6, 300.1 MHz) 

 
 
Similarly, no 1,4-diphenylbut-2-ene was detected when a reaction of the smaller Ru21a with 

allylbenzene was followed via GC. Computational models indicate a higher barrier of the key 
intermediate, the rupture of the metallacyclobutane for catalyst Ru21a, for the formation of 
stilbene (∆𝐺TS29

‡  = 36.9 kcal mol-1, see Scheme S12) and 1,4-diphenylbut-2-ene (∆𝐺TS31
‡  = 37.5 kcal 

mol-1, see Scheme S12)  reaching the kinetic limit for metathesis. The high barrier for the 
productive metathesis is caused by the steric congestion of metallacyclobutane (MCB) 
intermediate and of the corresponding cycloreversion transition state, which can be relieved via 
distortion of the metallacyclobutane geometry which also enables the decomposition of the catalyst 
via b-H elimination [7]. 
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Self-Metathesis of Ethylene 
In a 4 mL vial, catalyst Ru21a (14.3 mg, 0.02 mmol) and anthracene (I.S., 3.6 mg, 0.02 mmol, 

1 eq) were dissolved in 1 mL C6D6 (20 mM Ru). The resulting solution was filtered through a 
pipette filter stuffed with a Kimwipe to remove any undissolved solids. 600 μL of this solution 
was transferred to a J-Young NMR tube. An initial 1H NMR spectrum was recorded to establish a 
starting ratio between starting alkylidene vs anthracene. The NMR tube was attached to a Schlenk 
line and degassed (4 freeze-pump-thaw cycles), then allowed to thaw under ethylene atmosphere. 
After 3 min, the tube was sealed, shaken, and the timer started. A 1H NMR spectrum was 
immediately recorded to confirm the presence of ethylene (δ = 5.25 ppm). Additional spectra were 
recorded periodically to track the disappearing of starting material and appearing of products over 
time at room temperature, see Fig. S8. For conversion plot, see Fig. S7. The 1H NMR spectrum 
after 60 min showing [Ru]=CHR and organic products, see Fig. S8. 

  

Fig. S7 Loss of precatalyst Ru21a with the formation of vinylthiopene and propene during the reaction 
with ethylidene in C6D6 (see Fig. S8 and S9). Reaction was monitored by 1H-NMR analysis relative to 
internal standard 

 
During the reaction with ethylene, the liberation of vinylthiophene (C5H3S-CH2: δ = 5.48, 4.89 

ppm) [6] indicates the initiation of the catalyst via non-productive metathesis. The propene 
(H3CCHCH2: δ = 5.71, 5.03, 4.97 ppm) is a decomposition product of the unsubstituted MCB (see 
Fig. S8). The reduced amount of propene compared to vinylthiophene is due to the gas phase-
solvation equilibrium within the J-Young NMR tube. The catalyst Ru21a is completely 
decomposed after 270 min. The relative fast decomposition of catalyst Ru21a in ethylene 
compared to the reaction with allylbenzene is another indicator that the reaction with allylbenzene 
is hindered by steric reasons. Computational analysis of the reaction indicates that decomposition 
via β-hydride elimination (formation of propene) and nucleophilic attack are energetically similar 
(∆∆G‡ = 0.2 kcal mol-1, Ru21a_TS22,24 vs Ru21a_TS21,23), see Scheme S8. and Table S7. 
Decomposition via nucleophilic attack would not release propene, thus explaining the low yield of 
it.  
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Fig. S8 1H NMR spectrum of reaction of catalyst Ru21a with ethylene, after 60 min. Inset shows the key 
organic products. The signals of 2-vinylthiophene and propene are in agreement with literature [6]. (C6D6, 
300.1 MHz) 
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Fig. S9 Stacked 1H NMR spectrum of reaction of catalyst Ru21a with ethylene. The signals of 2-
vinylthiophene and propene are in agreement with literature [6]. (C6D6, 300.1 MHz) 

 
 
 

Self-Metathesis of Propene 
In a 4 mL vial, catalyst Ru21a (7.5 mg, 0.01 mmol) and hexamethylbenzene (I.S., 1.6 mg, 0.01 

mmol, 1 eq) were dissolved in 1 mL C6D6 (20 mM Ru). The resulting solution was filtered through 
a pipette filter stuffed with a Kimwipe to remove any undissolved solids. 600 μL of this solution 
was transferred to a J-Young NMR tube. An initial 1H NMR spectrum was recorded to establish a 
starting ratio between starting alkylidene vs hexamethylbenzene. The NMR tube was attached to 
a Schlenk line and degassed (4 freeze-pump-thaw cycles), then pressured with propene. The tube 
was sealed, shaken, and the timer started. A 1H NMR spectrum was immediately recorded to 
confirm the presence of propene (δ = 5.72, 4.97 and 1.54 ppm). Additional spectra were recorded 
periodically to track the disappearing of starting material and appearing of products (ethylene (δ = 
5.25 ppm), E-butene (δ = 5.38 ppm) and Z-butene (δ = 5.48 ppm)) over time. The selectivity was 
determined by the formation of E- and Z-butene in a quantitative 1H-NMR experiment [8]. The 
experiment was repeated using Ru21b (7.6 mg, 0.01 mmol) and Ru21c (8.2 mg, 0.01 mmol), see 
Table S1. 
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Fig. S10 1H NMR spectrum of reaction of catalyst Ru21a with propene. The signals of vinylthiophene, Z-
Butene, E-Butene and ethylene are in agreement with literature [6,9]. Due to overlapping of 2-vinylpropene 
and Z-butene, Z-Butene (orange) was determined by the different between the two signals of the doublet of 
2-vinylpropene (green) (C6D6, 850 MHz) 

 
Table S1 The Stereoselectivity of Propene Metathesis Using Ru13 and Ru21a. No Butene Was 
Obtained using Ru21b and Ru21c 

Entry Catalyst 
Selectivitya 

E:Z 
∆∆G‡(E/Z)-b 

[kcal mol1] 
TONc 

1 Ru13 17:83 -0.9 - 
2 Ru21a 23:77 - 0.7 - 
3 Ru21b -  - 
4 Ru21c -  - 
a Selectivity was determined by the ratio of E-butene and Z-butene in solution, 
see Fig. S10. b Derived from the observed stereoselectivity via the Eyring 
equation. c Due to the low conversion, turnover numbers were not determined. 
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S3. Computational Methods  
DFT calculations were performed with Gaussian 16 with revisions C.01 [10] using the built-in 

ultrafine grid for numerical integrations.  
 

Geometry Optimization 
Three different density functionals were considered for geometry optimization; see the below 

subsection on validation of the various computational approaches. The functionals considered for 
geometry optimization were: PBE [11] (Approach A), wB97XD [12] (Approach B) and M06-L 
[13-15] (Approach C). All PBE calculations included Grimme’s empirical D3 dispersion 
corrections [16], with revised Becke–Johnson damping parameters (labelled D3(MBJ) for brevity) 
[17]. The Stuttgart/Cologne 28-electron relativistic effective core potentials (ECP28MDF) [18] 
were used for Ru atoms, in conjunction with the corresponding correlation-consistent valence 
double-ζ plus polarization basis set augmented by diffuse functions (aug-cc-pVDZ-PP) [18], as 
obtained from the Stuttgart/Cologne basis set repository1. Correlation-consistent, valence double-
ζ plus polarization basis sets (cc-pVDZ [19] from the EMSL basis set exchange website) [20] were 
used for H, C, H and O atoms, whereas a corresponding quadruple-ζ plus polarization basis set 
(cc-pVQZ) [19]  was used for S atoms. 

 
Geometries were optimized using tight convergence criteria (max. force 1.5·10−5 a.u., RMS force 

1.0·10−5 a.u., max. displacement 6.0·10−5 a.u., RMS displacement 4.0·10−5 a.u.), without 
symmetry constraints, using tighter convergence criteria for the self-consistent field (SCF) 
optimization procedure (RMS change in density matrix < 1.0·10−9, max. change in density matrix 
=1.0·10−7), and with a spin multiplicity of 1. All stationary points were confirmed to be either 
minima (all-positive Hessian eigenvalues) or transition states (a single negative Hessian 
eigenvalue) by analytical calculation of the second derivatives, i.e., the Hessian matrix. Textbook 
procedures were used to calculate the translational, rotational, and vibrational components of the 
thermal corrections to enthalpies and Gibbs free energies within the ideal-gas, rigid-rotor, and 
harmonic oscillator approximations, with one exception: All frequencies below 100 cm-1 were 
shifted to 100 cm−1 when calculating the vibrational component of the entropy, which is often 
referred to as the quasi-harmonic oscillator approximation [15,21]. This approach is aimed at 
preventing breakdown (i.e., the asymptote corresponding to infinite entropy) of the harmonic 
approximation for low-frequency modes [22].  
 

Single-Point Energy Calculations 
The geometries obtained as described above were adopted in single-point energy calculations 

using the PBE [11] and M06-L [13-15] functionals in conjunction with the PCM [23] polarizable 
continuum solvent model, with default parameters for benzene as solvent. All PBE calculations 
included Grimme’s empirical D3 dispersion corrections [16], with revised Becke–Johnson 
damping parameters (labelled D3(MBJ) for brevity) [17]. In all single-point calculations, the above 
basis set were extended to the valence quadruple-ζ level. Specifically, Ru was described by 
combining the 28-electron relativistic effective core potential (ECP28MDF) [18] with the 
corresponding correlation-consistent valence quadruple-ζ plus polarization basis set augmented by 

 
1  Energy-consistent Pseudopotentials of the Stuttgart/Cologne Group ( http://www.tc.uni-
koeln.de/PP/clickpse.en.html) 
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diffuse functions (aug-cc-pVQZ-PP) [18] from the Stuttgart/Cologne basis set repository [20]. The 
other atoms were described by correlation-consistent, valence quadruple-ζ plus polarization basis 
sets (cc-pVQZ [19] from the EMSL repository) [20]. The convergence criteria for the SCF 
procedure were relaxed in single-point calculations (RMS change in density matrix < 1.0·10−5, 
max. change in density matrix < 1.0·10−3).  
 

Free Energies Calculations Including Standard State Correction 
Free energies in solution were calculated from the following: 
𝐺1 = 𝐸1 + ∆𝐺2,45/6789.;<	= + ∆𝐺;>?@	→	;B/6789.;<	=, 
where 𝑬𝐗 	 is the SP energy calculated with the computational model X, where X = PBE-

D3(MBJ)-PCM(Benzene), or M06L-PCM(Benzene), ∆𝐺2,45/6789.;<	=, where Y = PBE- D3(MBJ), 
wB97XD or M06L, is the thermal correction to the Gibbs free energy calculated at the geometry-
optimization level with the quasi-harmonic oscillator approximation as described above, and 
𝐷𝑮;>?@	→	;B𝑻6𝟐𝟗𝟖.𝟏𝟓	𝑲 is the standard state correction from the ideal gas at 1 atm to a 1 M solution (but 
exhibiting infinite-dilution, ideal-gas-like behavior), which is equal to 1.89 kcal/mol at RT [24]. 
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S4. Validation and Selection of the Computational Approach  
 

Choice of Functional for Geometry Optimization  
The design of an E-selective catalyst is delicate as the difference between the two rate-

determining transition states between the E-and Z-pathway may be tiny. Therefore, three 
computational approaches, A, B, and C, were validated against the experimentally observed 
stereoselectivity of propene metathesis using the known catalyst Ru13 (Table S2). The latter 
catalyst may be regarded as the parent of the thio-indolate catalysts designed in this work.  

 
Approach A: Geometries were optimized using PBE- D3(MBJ)/cc-pVDZ. Single-point energy 

calculations were performed using PBE-D3(MBJ)/cc-pVQZ and M06-L/cc-pVQZ in conjunction 
with the PCM polarizable continuum solvent model to account for solvation effects using default 
parameters for benzene as solvent. 

Approach B: Geometries were optimized using wB97XD/cc-pVDZ Single-point energy 
calculations were performed using PBE-D3(MBJ)/cc-pVQZ and M06-L/cc-pVQZ in conjunction 
with the PCM polarizable continuum solvent model to account for solvation effects using default 
parameters for benzene as solvent. 

Approach C: Geometries were optimized using M06L/cc-pVDZ. Single-point energy 
calculations were performed using PBE-D3(MBJ)/cc-pVQZ and M06-L/cc-pVQZ in conjunction 
with the PCM polarizable continuum solvent model to account for solvation effects using default 
parameters for benzene as solvent. 
 
Table S2: The Stereoselectivity of Propene Metathesis Using Catalyst Ru13 as Predicted by 
Computational Approaches A-C.  
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Ru13_TS4,5E -3161.106433 0.535016 -3161.083020 -3163.200665 0.0 0.0 
Ru13_TS4,5Z -3161.108143 0.535273 -3161.083373 -3163.202574 -0.2 -1.2 

B 
Ru13_TS4,5E -3162.956002 0.560327 -3161.060050 -3163.187954 0.0 0.0 
Ru13_TS4,5Z -3162.956957 0.559158 -3161.062104 -3163.189691 -1.3 -1.1 

C 
Ru13_TS4,5E -3163.265390 0.553430 -3161.066822 -3163.194177 0.0 0.0 
Ru13_TS4,5Z -3163.267741 0.553282 -3161.067650 -3163.196344 -0.5 -1.4 

The suffix TS4,5E indicates the rupture for the MCB forming E-Butene and TS4,5Z for the formation of Z-Butene (see Scheme 
S2) 
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Expressed (via the Eyring equation) as a difference in free energy between the rate-determining 
transition states leading to (Z)- or (E)-2-butene, i.e., ∆∆G‡(E/Z) = ∆G‡Z – ∆G‡E, the experimentally 
determined stereoselectivity of propene metathesis using catalyst Ru13 is ∆∆G‡(E/Z) = -0.9 kcal 
mol-1(see  

 
Table S1). Using Approach B, PBE and M06L predict E-selectivities that are slightly too high 

but quite consistent. Therefore, wB97XD was chosen as the standard functional for geometry 
optimization in this work.  

 

Choice of Functional for Single-Point Calculations  
Based on the experimentally observed stereoselectivity of catalyst Ru13, Approach B, i.e, the 

wB97XD functional, was chosen for geometry optimization. Among the two functionals tested for 
single-point energy calculations, PBE and M06L, only PBE predicts the correct orientation of the 
bidentate S,N-ligand in the catalyst precursor, i.e., M06L predicts Ru21a’ to have lower energy 
than Ru21a (see Table S6). Moreover M06L also predicts, in contrast to experimental 
observation,[5] Ru18 to initiate faster than Ru13 (see Table S4). Therefore, PBE, in conjunction 
with empirical dispersion corrections to give the overall functional here labeled PBE-D3(MBJ), 
was chosen as the standard functional for single-point energy calculations in the present work.  
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S5. Computational Results  

 
Calculated Barrier Heights and Kinetic Feasibility: Initial Considerations 
Relying on transition-state theory, the relation between the rate constant k of a reaction and the 

corresponding activation free energy, ∆𝐺‡ is given by the Eyring equation as 𝑘 = I@/
5
	𝑒

A∆C‡

EF  or, 

equivalently, as ∆𝐺‡ =	−𝑅𝑇 ln 2 I5
I@/

3. We may thus use the activation free energy as an indicator 
of the feasibility of a chemical reaction, i.e., whether it can be expected to occur within the time 
available. For example, for a unimolecular reaction (𝐴 → 𝐵), the relation between the half-life 𝑡;

7J
 

and reaction rate k is 𝑘 =
?G

HI

KL 7
. The activation free energy corresponding to different half-lives is 

thus given by Equation 2.  

 ∆𝐺‡ =	−𝑅𝑇 ln 8
ln(2) ℎ
𝑘M𝑇𝑡; 7J

= (Eq. 2) 

Examples of pairs of half-lives and activation free energies that obey Equation 2 are given in 
Table S3.  
 
Table S3 Examples of Pairs of Half-Lives 𝒕𝟏

𝟐.
 and Activation Free Energies ∆𝑮‡ obeying Equation 2 

Half life 
 𝑡*

&I
 

∆𝐺‡	
[kcal mol-1] 

2 h 22.9 
1 d  24.4 
7 d  25.5 
31 d  26.4 
365 d  27.9 

with T = 298 K, R = 1-985 · 10-3 kcal K-1 mol-1, h  = 6.626 · 10-34 J S, kB = 1.380 · 10-23 J K-1 

 
The estimates in Table S3 suggest that reactions start to become impractical at room temperature 

when the activation free energy rises above 25 kcal/mol. Allowing for some inaccuracies in DFT-
calculated relative free energies, we may therefore expect reactions with DFT-estimated activation 
free energies above 30 kcal/mol to be unrealistic at room temperature [25]. 
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Computational Results for Complexes Ru13, Ru18 and Ru19a-c. 
 

Scheme S2 Energy Profile for the Productive Metathesis of Ru13 with Propene leading to (E)-2-
Butene (full) and (Z)-2-Butene (dashed) 

 
 
Scheme S3 During the Regeneration of the Active Species Ru13_2, the Catalyst is prone to decompose 
via nucleophilic attack Ru13_TS18,19 
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Chart	S1	Additional	Structure	for	Precursor	Ru18	(a)	and	Ru13	(b-d),	Showing	the	Unsubstituted	MCB	and	
Decomposition	via	c)	β-Hydride	Elimination	and	d)	Nucleophilic	Attack	during	Productive	Metathesis	
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Table S4 Gibbs Free Energies Calculated for Propene Metathesis Using Catalyst Ru13 Displayed in 
Scheme S2, Scheme S3 and Chart S1a 
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Ru13 -3429.915882 0.618805 -3428.443990 -3430.839043 0.0 0.0 
Ru18 -3351.301249 0.562961 -3349.889345 -3352.190338 -0.5 4.4 

Ru13_2 -3045.082345 0.477603 -3043.816001 - 9.0 - 
Ru13_3E -3162.976186 0.564371 -3161.632534 - 11.1 - 
Ru13_3Z -3162.974397 0.560697 -3161.632110 - 9.0 - 

Ru13_TS3,4E -3162.967268 0.560938 -3161.621480 - 15.8 - 
Ru13_TS3,4Z -3162.968273 0.560583 -3161.622805 - 14.8 - 

Ru13_4E -3162.980512 0.560326 -3161.630040 - 10.1 - 
Ru13_4Z -3162.979753 0.564127 -3161.630109 - 12.4 - 

Ru13_TS4,5E -3162.956002 0.560327 -3161.610703 - 22.2 - 
Ru13_TS4,5Z -3162.956957 0.559158 -3161.611420 - 21.0 - 

Ru13_5E -3162.968283 0.561501 -3161.626063 - 13.3 - 
Ru13_5Z -3162.973114 0.560132 -3161.629651 - 10.2 - 
Ru13_7E -3005.766850 0.451525 -3004.528870 - 11.9 - 
Ru13_7Z -3005.766850 0.451525 -3004.528870 - 12.6 - 

Ru13_TS3,8Z -3162.963995 0.561112 -3161.619072 - 17.5 - 
Ru13_TS4,9Z -3162.964283 0.561428 -3161.627230 - 12.5 - 

Ru13_TS16,17 -3123.651078 0.533234 -3122.334439 - 17.9 - 
Ru13_TS17,18 -3123.661517 0.532916 -3122.345132 - 11.0 - 
Ru13_TS18,19 -3123.658421 0.532949 -3122.342640 - 12.6 - 

Ru13_22 -3084.369671 0.509590 -3083.078212 - 3.2 - 
Isopropoxystyrene -502.669414 0.186608 -502.395132 -502.947572 - - 

Methoxystyrene -424.051895 0.133273 -423.842229 -424.308368 - - 
Propene -117.870108 0.054855 -117.790929 -117.939778 - - 
Ethylene -78.560878 0.028971 -78.508999 -78.612024 - - 

a See Scheme S2, Scheme S3 and Chart S1for molecular structures. 
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Table S5 Gibbs Free Energies calculated for the 
Rate-Determining Transition State (Rupture of 
the Metallacyclobutane) of the E- and Z-pathway 
of Propene Metathesis of complex Ru19a-c 
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Computational Results for Complexes Ru21 
The Catalyst Precursors Ru21a-c. A minor, constant alkylidene resonance ∂ = 15.38 ppm 

always occurred alongside the resonance of Ru21a, in a 5:95 ratio. The minor component could 
not be isolated, and its identification via experimental methods (NMR, MS, X-ray) was thus not 
possible. The structure of this component was, instead, inferred with the help of DFT calculations 
and NOESY experiment (Fig. S1). The NOESY experiment shows that the two alkylidene species 
are in equilibrium with each other in solution. 

 
The most obvious candidate for this component (labeled Ru21a’) is that of an isomer with the 

S,N ligand rotated compared to Ru21a, i.e, an isomer with the thiolate sulfur atom trans, and the 
indolate nitrogen atom cis, to the NHC. Indeed, DFT predicts a ∆GRu21a’/Ru21a (1.9 kcal mol-1, Table 
S6) almost identical to that of the NOESY experiments (∆𝐺N>!/N>

PQR  = 1.8 kcal mol-1).  
 
No corresponding minor component was observed in the 1H NMR spectra of Ru21b and Ru21c, 

which is in agreement with the much lower DFT-predicted stability for the rotated S,N-ligands in 
these complexes (∆GRu21b’/Ru21b = 4.0 kcal mol-1 and ∆GRu21c’/Ru21c = 11.3 kcal mol-1). In both 
Ru21b’ and Ru21c’, the larger substituent at position 2 of the indole ring experiences substantial 
steric repulsion against NHC mesityl-groups.  
 
Table S6 Gibbs Free Energies of Catalysts Ru21a-c and their Isomers 
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Ru21a -2697.355932 0.664475 -2696.109762 -2698.343345 0.0 0.0 
Ru21a’ -2697.360618 0.666795 -2696.109034 -2698.346686 1.9 -0.6 
Ru21b -2736.665839 0.691396 -2735.390335 -2737.672841 0.0 0.0 
Ru21b’ -2736.667085 0.692509 -2735.385095 -2737.674362 4.0 -0.3 
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Ru21c’ -2928.353369 0.744667 -2926.968584 -2929.453291 11.3 8.5 
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Catalytic Cycle and Decomposition Reactions. Low catalytic activity and low turnover 
numbers were obtained in metathesis experiments using one of the Ru21 compounds (the mixture 
of isomers Ru21a/Ru21a’). Surprisingly, in contrast to the E-selectivity initially predicted for the 
thio-indolate-coordinated catalysts Ru19a and Ru21a, the Ru21a/Ru21a’ mixture gave ca. 73% 
(Z)-2-butene in propene metathesis, which corresponds, via the Eyring equation, to a ∆∆G‡E/Z = –
0.7 kcal mol-1. To uncover possible explanations for the difference between the predicted and 
observed stereoselectivity, we have conducted additional DFT calculations. 

 
One possibility is that the minor component Ru21a’ of the Ru21a/Ru21a’ mixture is responsible 

for the observed Z-selectivity. Propene metathesis using both these isomers was therefore studied 
in DFT calculations (Scheme S4), at the outset with the stereoselectivity estimated as the free 
energy difference between the transition states of cycloreversion, the elementary step typically 
found to be rate determining [26], to give (E)- and (Z)-2-butene, respectively.  

This approach predicts Ru21a to be E-selective (∆∆𝐺/ST,<N'/ST,<O
‡  = 1.9 kcal mol-1) and Ru21a’ 

to be weakly Z-selective (∆∆𝐺/ST,<UN'/ST,<UO
‡ = – 0.5 kcal mol-1). The selectivity predicted for 

Ru21a’ is close to that experimentally observed for the Ru21a/Ru21a’ mixture, suggesting that 
the metathesis performed by the mixture might be due to Ru21a’ rather than to the intended isomer 
Ru21a.  
 
 
Scheme S4 Energy Profile for the Productive Metathesis of Ru21a (black) and Ru21a’ (blue) with 
Propene Leading to (E)-2-butene (full) and (Z)-2-butene (dashed) 
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However, for the unintended isomer Ru21a’ to be the dominating metathesis-active catalyst one 
of the following two requirements must be fulfilled: (i) Ru21a decomposes fast compared to 
Ru21a’, or (ii) the rate-determining barrier to propene metathesis using Ru21a’ must be lower 
than that of Ru21a, so that Ru21a’ is the dominating catalyst even in the presence of intact Ru21a. 
The extent to which either of the two requirements is fulfilled is discussed in the following: 

A range of decomposition modes were investigated for Ru21a and Ru21a’, covering β-H 
elimination [27,28] and nucleophilic attack of the thio-indolate ligand on the alkylidene [7]  during 
productive (Scheme S5) and non-productive metathesis (Scheme S6), regeneration of the 
ethylidene from the methylidene species (Scheme S7) as well as during and after the formation of 
the unsubstituted MCB (Scheme S8). These calculations show, in agreement with experiments, 
that the decomposition via β-H elimination is favorable for the unsubstituted MCB 
(Ru21a_TS22,24 vs Ru21a_TS21,23, Scheme S8), but it becomes more difficult with an 
increasing number of substituents around the MCB, hampering the distortion of the MCB 
necessary for hydride elimination.  

 
 

Scheme S5 Free Energies of Productive Propene Metathesis Calculated Relative to Ru21a and 
Ru2a1’, respectively 

 
Isomers	with	the	unintended	orientation	of	the	bidentate	S,N-thio-indolate	ligand	(i.e.,	with	S	positioned	trans	to	the	NHC	

ligand)	are	indicated	with	an	apostrophe	(’).	Isomers	of	the	E-	and	Z-pathways	are	labeled	using	an	E-	and	Z	superscript	
suffix,	respectively.			
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Scheme S6 Non-Productive Propene Metathesis (Ethylidene Exchange) and Associated 
Decomposition Reactions for Ru21a_2 

  
 
Scheme S7 Regeneration of Ru21a_2 and Ru21a_2’ from Methylidene Species, and Associated 
Decomposition Reactions 
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Scheme S8 Formation and Decomposition of the Unsubstituted MCB by Reacting Methylidene 
Ru21a_7 with Ethylene 

 
The slightly lower barrier for β-H elimination (via Ru21a_TS21,23) compared to that of the nucleophilic attack (via 
Ru21a_TS20,22) is consistent with propene being observed when Ru21a is reacted with ethylene. 
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for the observed Z-selectivity, another elementary step than that of cycloreversion must be rate 
limiting, at least for Ru21a. A candidate step is the dissociation of the product olefin from the π-
complexes Ru21a_5 and Ru21a_5’ (Scheme S9). These product p-complexes are already high in 
energy, with a clear preference (>3 kcal/mol) for the Z-configured Ru21a_5’Z over the E-
configured Ru21a_5E. Indeed, the dissociation of 2-butene from Ru21_5 is rate-limiting for both 
Ru21a and Ru21a’ (see Scheme S9). 

 
Scheme S9 Complete Energy Profile for the Productive Metathesis of Ru21a (black) and Ru21a’ 
(blue) with Propene Leading to (E)-2-butene (full) and (Z)-2-butene (dashed) Including the Transition 
State for 2-butene Dissociation 

 

 
 

However, the DFT calculations show that the dissociation of (Z)-2-butene is favored from the 
intended Ru21a (with a barrier for dissociation of ∆𝐺/S<,VN

‡  = 29.6 kcal/mol vs Ru21a) by nearly 
4 kcal/mol relative to the unintended isomer Ru21a’ (with a barrier for dissociation of ∆𝐺/S<,VUN

‡  
= 33.3 kcal/mol; the corresponding transition state TS5,6’E could not be located) excluding the 
minor-component, unintended Ru21a’ as an explanation for the experimentally observed Z-
selectivity. Instead, the detailed DFT calculations predict Ru21a itself to be Z-selective. This 
unexpected selectivity is determined during product release, which is associated with a high 
barrier. This barrier thus explains both the low catalytic activity and the Z-selectivity recorded for 
Ru21a. Additionally, due to the high metathesis barrier, nucleophilic attack via Ru21a_TS3,8 and 
Ru21a_TS5,11 becomes competitive (Scheme S5), and this catalyst decomposition mode should 
further contribute to the low yields observed in the catalytic experiments.  
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Scheme S10 Initiation of Catalyst Ru21a and Ru21a’ with Propene 

 
Both	Ru21a	and	Ru21a_2	are	lower	in	energy	compared	to	the	rotamer	counterpart,	Ru21a’	and	Ru21a_2’,	respectively.	

Therefore,	we	assumed	that	the	desired	orientation	of	the	thiolate-indolate	ligand	should	be	dominant	during	catalysis.		

 
Scheme S11 Decomposition of the Catalyst Precursor Ru21a and the Corresponding Pyridine-
stabilized Ethylidene Species Ru21a_25 via Nucleophilic Attack of the Thio-indolate ligand on the 
Alkylidene 

 
 
Scheme S12 Initiation and Metathesis of Ru21a with Styrene and Allylbenzene 
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Table S7 Gibbs Free Energies of Catalyst Ru21a and Ru21a’ in Olefin Metathesis (Scheme S4-12) 
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Ru21a -2697.355932 0.664475 -2696.109762 0.0 
Ru21a’ -2697.360618 0.666795 -2696.109034 1.9 

Ru21a_2 -1936.599244 0.557204 -1935.685517 14.3 
Ru21a_2' -1936.596176 0.557561 -1935.679892 18.0 
Ru21a_3E -2054.490362 0.639216 -2053.501974 13.4 
Ru21a_3Z -2054.491931 0.639149 -2053.502621 12.9 
Ru21a_3’E -2054.496890 0.641585 -2053.503787 13.7 
Ru21a_3’Z -2054.498186 0.641000 -2053.505748 12.1 

Ru21a_TS3,4E -2054.488530 0.640266 -2053.495739 18.0 
Ru21a_TS3,4Z -2054.487601 0.639020 -2053.495251 17.5 
Ru21a_TS3,4’E -2054.487845 0.641485 -2053.492400 20.8 
Ru21a_TS3,4’Z -2054.487962 0.640969 -2053.493519 19.8 

Ru21a_4E -2054.504418 0.643615 -2053.505965 13.6 
Ru21a_4Z -2054.501219 0.642821 -2053.504033 14.4 
Ru21a_4’E -2054.503723 0.644210 -2053.501999 16.5 
Ru21a_4’Z -2054.502650 0.644755 -2053.502665 16.4 

Ru21a_TS4,5E -2054.477152 0.639007 -2053.485211 23.8 
Ru21a_TS4,5Z -2054.472273 0.637626 -2053.480792 25.7 
Ru21a_TS4,5’E -2054.478071 0.641170 -2053.483118 26.4 
Ru21a_TS4,5’Z -2054.478310 0.640906 -2053.483663 25.9 

Ru21a_5E -2054.483160 0.640503 -2053.495232 18.4 
Ru21a_5Z -2054.482927 0.640123 -2053.493143 19.5 
Ru21a_5’E -2054.489193 0.641082 -2053.498174 16.9 
Ru21a_5’Z -2054.492602 0.640976 -2053.500928 15.1 

Ru21a_TS5,6E -2054.468797 0.636473 -2053.470428 31.5 
Ru21a_TS5,6Z -2054.472557 0.634588 -2053.471556 29.6 
Ru21a_TS5,6’E - - - - 
Ru21a_TS5,6’Z -2054.468627 0.634813 -2053.465778 33.3 

Ru21a_6E -2054.477492 0.635618 -2053.481121 24.2 
Ru21a_6Z -2054.478311 0.636813 -2053.480974 25.1 
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Ru21a_6’E - - - - 
Ru21a_6’Z -2054.477038 0.636062 -2053.47924 25.7 
Ru21a_7 -1897.284227 0.530006 -1896.398580 16.6 
Ru21a_7' -1897.280929 0.530301 -1896.393209 20.1 
Ru21a_7E -1897.284227 0.530006 -1896.398580 16.3 
Ru21a_7Z -1897.284227 0.530006 -1896.398580 17.1 
Ru21a_7’E -1897.280929 0.530301 -1896.393209 19.9 
Ru21a_7’Z -1897.280929 0.530301 -1896.393209 20.6 

Ru21a_TS4,9E -2054.473604 0.641711 -2053.478065 30.0 
Ru21a_TS3,8E -2054.466387 0.640816 -2053.477110 30.0 
Ru21a_TS5,11E -2054.456933 0.639644 -2053.467883 35.0 
Ru21a_ TS5,11Z -2054.461372 0.638397 -2053.472248 31.5 
Ru21a_TS12,13 -2054.490549 0.640213 -2053.497524 16.8 

Ru21a_13 -2054.507086 0.642073 -2053.509008 10.8 
Ru21a_TS12,14 -2054.473914 0.639050 -2053.483851 24.7 
Ru21a_TS13,15 -2054.471277 0.641354 -2053.478453 29.5 

Ru21a_16 -2015.180436 0.613642 -2014.222266 12.2 
Ru21a_16’ -2015.190804 0.614203 -2014.228295 8.8 

Ru21a_TS16,17 -2015.171824 0.613631 -2014.209193 20.4 
Ru21a_TS16,17' -2015.172348 0.614061 -2014.206856 22.1 

Ru21a_17 -2015.200702 0.615084 -2014.232697 6.5 
Ru21a_TS17,18 -2015.183260 0.612693 -2014.220658 12.6 
Ru21a_TS17,18' -2015.181467 0.613576 -2014.215818 16.2 
Ru21a_TS18,19 -2015.170107 0.612650 -2014.209362 19.7 
Ru21a_TS18,19' -2015.177554 0.614086 -2014.213688 17.8 

Ru21a_19 -2015.202320 0.616426 -2014.227241 10.8 
Ru21a_TS17,20 -2015.167037 0.612748 -2014.201205 24.8 
Ru21a_TS21,22 -1975.862161 0.585097 -1974.930482 16.7 

Ru21a_22 -1975.893731 0.588854 -1974.956018 3.0 
Ru21a_TS21,23 -1975.851195 0.584605 -1974.921696 21.9 
Ru21a_TS22,24 -1975.855492 0.584776 -1974.922133 21.7 
Ru21a_TS1,25 -2697.322853 0.664852 -2696.072076 23.9 

Ru21_26 -2184.852578 0.646098 -2183.814011 4.2 
Ru21a_TS26,27 -2184.821662 0.645454 -2183.782032 23.9 

Ru21a_TS29 -2437.859282 0.742683 -2436.665841 36.9 
Ru21a_TS31 -2516.469924 0.798578 -2515.215479 37.5 

Vinylthiophene -630.360711 0.069869 -630.076561 - 
Pyridine -248.211971 0.062066 -248.088721 - 
Styrene -309.557280 0.103658 -309.388691 - 

Allylbenzene -348.530228 0.124270 -348.654961 - 
a Relative to Ru21a 
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S4. NMR Spectra. 
 

 

Fig. S11 1H NMR spectrum of L2a. Solvent impurities are indicated in the spectrum (CDCl3, 300.1 MHz) 
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Fig. S12 13C NMR spectrum of L2a (CDCl3, 300.1 MHz) 
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Fig. S13 1H NMR spectrum of L2b (CDCl3, 300.1 MHz) 
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Fig. S14 1H NMR spectrum of L3a (CDCl3, 300.1 MHz) 
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Fig. S15 13C NMR spectrum of L3a (CDCl3, 300.1 MHz) 
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Fig. S16 1H NMR spectrum of L3b (CDCl3, 300.1 MHz) 
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Fig. S17 13C NMR spectrum of L3b (CDCl3, 300.1 MHz) 
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Fig. S18 1H NMR spectrum of Ru21a and Ru21a’ (C6D6, 850 MHz) 

N

S Ru

N N

S
N

Ru21a

N

S

Ru

N N

S

Ru21a’ DCM



 S44 

  

 

Fig. S19 13C NMR spectrum of Ru21a (C6D6, 850 MHz) 
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Fig. S20 1H NMR spectrum of Ru21b (C6D6, 500 MHz) 
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Fig. S21 13C NMR spectrum of Ru21b (C6D6, 850 MHz) 
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Fig. S22 1H NMR spectrum of Ru21c (C6D6, 850 MHz) 
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Fig. S23 13C NMR spectrum of Ru21c (C6D6, 850 MHz) 
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S5. X-ray Crystal Structures 

Data collection on compound Ru21a was done on beamline BM01 at the Swiss-Norwegian Beamlines at 
the ESRF synchrotron in Grenoble, France, using Si double-mirror monochromated radiation (λ = 0.62379 
Å) applying a 360-degree phi-scan and a Pilatus2M detector.  The technical assistance of the Dr. Dmitry 
Chernyshov, and the SNBL at the ESRF is gratefully acknowledged.  

X-ray Crystal Structure of Ru21a 
X-Ray suitable crystal were obtained by layering a concentrated DCM solution of Ru21a with 
pentane at -30 °C. The quality of the obtained crystals was good for proof of connectivity, but 
not for qualitative comparison. The thiophene group is rotationally disordered.  
 

 

Fig. S24 X-ray crystal structure of Ru21a, with displacement ellipsoids drawn at 50% probability. The 
Ruthenium is shown in violet, sulfur in yellow, nitrogen in blue, and carbon in gray. Hydrogen atoms have 
been omitted for clarity.  

Table S8: Crystal Data and Structure Refinement for Ru21a 

Identification code  Ru21a 
Empirical formula  C41 H42 N4 Ru S2 + Solvents 
Formula weight  755.97 
Temperature  200(2) K 
Wavelength  0.62379 Å 
Crystal system  Orthorhombic 
Space group  Pbca 
Unit cell dimensions a = 19.596(3) Å α= 90°. 
 b = 19.404(4) Å β= 90°. 
 c = 22.551(7) Å γ = 90°. 
Volume 8575(3) Å3 
Z 8 



 S50 

Density (calculated) 1.171 Mg/m3 
Absorption coefficient 0.344 mm-1 
F(000) 3136 
Crystal size 0.11 x 0.04 x 0.01 mm3 
Theta range for data collection 1.585 to 16.469°. 
Index ranges -15<=h<=15, -17<=k<=17, -20<=l<=20 
Reflections collected 20069 
Independent reflections 3222 [R(int) = 0.3880] 
Completeness to theta = 16.469° 95.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.73091 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3222 / 11 / 224 
Goodness-of-fit on F2 1.167 
Final R indices [I>2sigma(I)] R1 = 0.1788, wR2 = 0.3671 
R indices (all data) R1 = 0.2459, wR2 = 0.4044 
Extinction coefficient n/a 
Largest diff. peak and hole 0.764 and -0.630 e.Å-3 
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X-ray Crystal Structure of Ru21c 
X-Ray suitable crystal were obtained by layering a concentrated toluene solution of Ru21c with 
pentane at -30 °C. The thiophene group is rotationally disordered. 

 

Fig. S25 X-ray crystal structure of Ru21c, with displacement ellipsoids drawn at 50% probability. 
Ruthenium is shown in violet, sulfur in yellow, nitrogen in blue, and carbon in gray. Hydrogen atoms have 
been omitted for clarity 

Table S9: Crystal Data and Structure Refinement for Ru21c 

Identification code  Ru21c  (CCDC: 2086885)  
Empirical formula  C55.50 H62 N4 Ru S2 
Formula weight  950.28 
Temperature  123(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.9904(8) Å α= 94.1084(11)°. 
 b = 14.3209(11) Å β= 100.7967(11)°. 
 c = 16.6513(12) Å γ = 111.5795(10)°. 
Volume 2365.4(3) Å3 
Z 2 
Density (calculated) 1.334 Mg/m3 
Absorption coefficient 0.462 mm-1 
F(000) 998 
Crystal size 0.682 x 0.379 x 0.052 mm3 
Theta range for data collection 1.548 to 32.023°. 
Index ranges -16<=h<=16, -21<=k<=21, -24<=l<=24 
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Reflections collected 45464 
Independent reflections 16392 [R(int) = 0.0863] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.95801 and 0.72930 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 16392 / 591 / 615 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0451, wR2 = 0.1234 
R indices (all data) R1 = 0.0509, wR2 = 0.1273 
Extinction coefficient n/a 
Largest diff. peak and hole 1.860 and -0.902 e.Å-3 
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