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Abstract
The selective transformation of 1-alkenes into E-olefins is a long-standing challenge in olefin metathesis. Density functional 
theory (DFT) calculations predict high E-selectivity for catalysts incorporating a bidentate, dianionic thio-indolate ligand 
within a RuXX’(NHC)(py)(= CHR) platform (NHC = N-heterocyclic carbene; py = pyridine). Such complexes are predicted 
to yield E-olefins by favoring anti-disposed substituents in the transition state expected to be rate-determining: specifically, 
that for cycloreversion of the metallacyclobutane intermediate. Three pyridine-stabilized catalysts Ru21a-c were synthesized, 
in which the thio-indolate ligand bears a H, Me, or Ph substituent at the C2 position, and the NHC ligand is the unsaturated 
imidazoline-2-ylidene  Me2IMes (which bears N-mesityl groups and methyl groups on the C4,5 backbone). Single-crystal 
X-ray diffraction analysis of Ru21c confirms the ligand orientation required for E-selective metathesis, with the thio-indolate 
sulfur atom binding cis to the NHC, and the indolate nitrogen atom trans to the NHC. However, whereas the new complexes 
mediated metathetic exchange of their 2-thienylmethylidene ligand in the presence of the common metathesis substrates 
styrene and allylbenzene, no corresponding self-metathesis products were obtained. Only small amounts of 2-butene (73% 
(Z)-2-butene) were obtained in self-metathesis of propene using Ru21a. Detailed DFT analysis of this process revealed that 
product release is surprisingly slow, limiting the reaction rate and explaining the low metathesis activity. With the barrier to 
dissociation of (Z)-2-butene being lower than that of (E)-2-butene, the calculations also account for the observed Z-selectivity 
of Ru21a. These findings provide guidelines for catalyst redesign in pursuit of the ambitious goal of E-selective 1-alkene 
metathesis.
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Chart 1  Examples of (a) Z-Selective Ru Catalysts and (b) Stereore-
tentive Ru Catalysts

Keywords Olefin metathesis · Ruthenium · Alkylidene · Stereoselectivity · Density functional theory · Reaction mechanism

1 Introduction

E-olefins, with substituents trans-disposed across the double 
bond, are important structural features in molecular enti-
ties ranging from antibiotics [1] and anticancer therapeutics 
[2, 3] to precision polymers [4]. Traditionally, such com-
pounds have been generated from aldehydes via stoichiomet-
ric approaches such as the Wittig [5], Horner-Wadsworth-
Emmons [6] and Julia [7] olefination reactions. Interest in 
catalytic methodologies is spurred by the low atom-effi-
ciency of these classic methods (most notoriously, the Wittig 
reaction, with its stoichiometric formation of triphenylphos-
phine oxide as coproduct). Olefin metathesis offers an atom-
efficient catalytic alternative, in which olefinic fragments are 
rearranged by scission and regeneration of carbon–carbon 
double bonds [8–10]. Thanks to the ease of handling and 
functional-group tolerance of ruthenium catalysts [11–13], 
olefin metathesis has been widely adopted for the synthesis 
of complex organic molecules [14–17], including pharma-
ceuticals [18–21], and soft materials [22–31].

A plethora of ruthenium olefin metathesis catalysts has 
been developed since the 1990s [32–34]. Whereas many of 
these catalysts have been optimized for specific reactions 
and purposes, they typically generate E-Z (cis–trans) product 
mixtures. Separating the target product from its undesired 
isomer is costly, wasteful, and sometimes impossible. The 
most direct, atom-economic, and elegant solution is offered 
by catalysts that enable selective synthesis of the single-
isomer target [33, 35–37]. However, design of such catalysts 
is challenging. Kinetically Z-selective catalysts for 1-alk-
ene metathesis have been achieved only in the last decade, 
and only two such classes of catalyst exist: cyclometalated 
(Chart  1a, Ru1-8) [38–44], and monothiolate catalysts 
(Chart 1a, Ru9-12) [45–51].

Even more elusive are catalysts for E-selective olefin 
metathesis. Despite more than 20 years of effort, no cata-
lyst for E-selective metathesis of 1-alkenes has yet been 
achieved. To date, metathetical access to E-olefin prod-
ucts can be achieved only via “stereoretentive” catalysts 
(Chart 1b), which can transform stereochemically defined 
E-olefin substrates into E-configured products (Scheme 1) 
[36, 52–55]. The utility of stereoretentive metathesis is lim-
ited by the cost and accessibility of the isomerically pure 
starting materials required. Production of E-olefinic products 
from 1-alkenes represents an intellectually and economically 
attractive alternative.

Here we describe work toward the design of catalysts 
for E-selective 1-alkene metathesis. Building on insights 
obtained in earlier modifications of stereoretentive catalysts 

[56], we explore a new family of thio-indolate catalysts for 
which E-selectivity is predicted on the basis of density func-
tional theory (DFT) calculations. 

2  Results and Discussion

2.1  Initial Considerations

Stereoselective metathesis is achieved by controlling the cat-
alyst stereochemistry in of the rate-determining step of the 
Chauvin mechanism [57], typically cycloreversion to release 
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the product olefin from the metallacyclobutane (MCB) inter-
mediate [53, 58–60]. A syn relationship between the sub-
stituents in the MCB results in a Z-configured product; anti-
disposed MCB substituents yield an E-configured product.

Seminal computational mechanistic work showed that the 
MCB intermediates and the associated transition states of 
the preferred dissociative reaction pathways adopt trigonal 
bipyramidal (TBP) geometries, in which the η2-Cα-Cβ-Cα 
ring occupies the equatorial plane [61]. Such a geometry 
is likewise observed for stereoretentive catalysts Ru13-16 
(Scheme 1b) [36, 53–55, 62–64]. In the MCB intermediate, 
the NHC ligand occupies one of the two axial sites: that is, 
it is cis to the MCB ring. This positions the NHC N-aryl 
substituents in close proximity to the MCB α-carbon atoms. 
Steric pressure from the N-Ar groups hence forces orienta-
tion of the  Cα-substituents away from the NHC.

If stereochemically-defined internal olefins are used as 
substrates, this also sets the orientation of the β-substituent. 
The substrate stereochemistry thus controls the stereochem-
istry of the metathesis product. That is, use of an E-olefin 
dictates formation of an E-configured product; a Z-olefin 
substrate yields a Z-configured product (Scheme 1) [60]. 
These stereoretentive catalysts offer the only current meta-
thetical route to E-olefins. They are therefore an attractive 
starting point for the next logical step: developing catalysts 
that selectively convert 1-alkenes to E-configured alkene 
products, and circumventing the need for isomerically pure 
starting materials.

Discussed above is the means by which steric pres-
sure on the α-substituent of the MCB enables formation 
of Z- (Scheme 1b) or E-configured products (Scheme 1c) 

via retention of the substrate stereochemistry. E-selective 
metathesis of 1-alkenes, in contrast, requires steric pressure 
on the β-substituent. Grubbs and co-workers pursued this 
objective by introducing a phenanthrene-dithiolate ligand 
(Fig. 1) [56]. In the key MCB intermediate, however, the 
favored isomer is the undesired Ru17_22, in which the 
phenanthrene ring system is oriented away from the MCB 
β-position. Moreover, even for the target isomer Ru17_22’, 
DFT calculations on a model, unsubstituted MCB predicted 
a 5 Å separation between  Hβ and the phenanthrene ring. 
Larger substituents would reduce this distance, but the cat-
echolthiolate ligand appears too distant to influence the 
orientation of the β-substituent to any great extent. This 
prompted us to pursue design of alternative dianionic ligands 
with greater influence on the β-site of the MCB, using DFT 
calculations as a guide.

2.2  Computational Ligand Design

To reduce the distance between the selectivity-inducing 
group and the MCB β-position, we envisaged replacing one 
S-donor with a trivalent, anionic donor, thereby retaining a 
neutral Ru complex. Specifically, we considered introduction 
of a nitrogen center bearing a substituent that would reduce 
the distance to the MCB ring. We further stipulated a planar, 
rigid, and bicyclic κ2-S,N ligand, to maximize steric pressure 
on the MCB β-position.

These requirements led us to the thio-indolate scaf-
fold shown in the model unsubstituted MCB (Ru19a_22) 
in Chart 2. The DFT-optimized geometry of Ru19a_22 
revealed a much shorter distance between  Hβ and the 
indole ring than between  Hβ and the thiocatecholate ring 
in Ru13_22 (2.35 Å vs 5.95 Å, respectively: Chart 2). Sub-
stitution at position 2 of the indolate ring should reduce 
the distance further, increasing the steric pressure. Using 
propene as a computationally efficient model 1-alkene, we 
investigated the impact of different substituents at the indole 
2-position using DFT calculations.

Thio-indolate catalyst Ru19a, with only a hydrogen atom 
at position 2 of the indole ring, is predicted to be E-selective, 
as judged from the difference in free energy between the 
transition states leading to (Z)- or (E)-2-butene (ΔΔG‡

(E/Z) =  
ΔG‡

Z – ΔG‡
E = 3.4 kcal  mol−1: see Table 1). In contrast, the 

state-of-the-art catecholthiolate catalyst Ru13 [53] (Chart 1) 
is predicted to be Z-selective (ΔΔG‡

(E/Z) = –1.2 kcal  mol−1), 
in agreement with experiment: using Ru13, 83% Z-selectiv-
ity is obtained in self-metathesis of propene.1 Also of note, 
lower barriers to metathesis are predicted for thio-indolate 

Scheme 1  Mechanism for Stereoretentive Metathesis, Illustrated with 
Thiocatecholate Catalyst Ru13. a Precatalyst Initiation, Stereoreten-
tive Metathesis for b Z-olefin and c E-olefin

1 NMR experiment: A J. Young NMR tube was loaded with 5  mg 
(10  mmol) Ru13 and 0.5  mg (3.3  mmol) hexamethylbenzene as 
internal standard in 0.65  mL  C6D6. The solution was degassed via 
3 freeze–pump–thaw cycles, thawed under propene and mixed, at 
which point the timer was started. The selectivity was determined 
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catalysts Ru19a and Ru19b (the latter bearing a 2-Me sub-
stituent) vs Ru13 (∆G‡

Z = 21.0 kcal  mol−1) as well vs a cor-
responding (hypothetical) catalyst precursor Ru18 bearing 
the same methoxybenzylidene as Ru19a-c. These data rein-
force the potential of the thio-indolate ruthenium alkylidenes 
as olefin metathesis catalysts.

2-Substitution destabilizes the Z-transition state more 
than the corresponding E-isomer, leading to increasing 
E-selectivity with increasing substituent size (Table 1). 
With a methyl substituent, for example (Ru19b), ΔΔG‡

(E/Z) 
is 0.6 kcal  mol−1 higher than that of Ru19a. A phenyl sub-
stituent (Ru19c) is predicted to increase the selectivity sub-
stantially (ΔΔG‡

(E/Z) = 11.5 kcal  mol−1), but the significantly 
higher barrier to metathesis is expected to limit the catalytic 
activity of Ru19c relative to Ru19a and Ru19b.

The increased selectivity predicted for Ru19a is a result 
of the steric pressure on the MCB β-substituent, as discussed 
above. This pressure is reflected in the increased Ru-Cβ-CH3 
angle (119° in Ru13_TS4,5Z, vs 126° in Ru19a_TS4,5Z: 
Fig. 2), and the decreased  CNHC-Ru-Cβ angle (which declines 
from 105° to 92°).

2.3  Experimental Realization

In light of the promising effect of the thio-indolate ligands 
on metathesis stereoselectivity, we proceeded to synthesize 
the first versions of ruthenium alkylidenes bearing such 
ligands. The required 7-bromoindoles L1a–c (Scheme 2) 
are commercially available.

A thiol group was installed in place of the bromine atom 
by Pd-catalyzed exchange with a silylthiolester [65], fol-
lowing which the thiol was deprotected with HCl (R = Me, 
Ph) or  NnBu4F (R = H). This two-step protocol delivered 
the corresponding thio-indoles L3a-c in yields of 68–72%. 
Ensuing treatment with KH in THF afforded the dianions as 
potassium salts (L4a-c), which were extracted with hexane 
to remove  PPh3 residues introduced in the prior steps.

Salt metathesis of L4a-c with the second-generation Hov-
eyda catalyst HII to give Ru19a–c failed, despite the suc-
cess of the corresponding reactions with unsubstituted [53, 

Fig. 1  Phenanthrene-dithiolate 
complex Ru17 and its TBP-like 
MCB intermediates [56]. The 
steric bulk of the extended 
dithiolate ligand is located far 
from the critical β -position in 
the favored isomer Ru17_22 

Chart 2  Thiocatecholate vs Thio-indolate Ligands: Amplifying Steric 
Pressure at the MCB β-Position. DFT-calculated interatomic dis-
tances

Table 1  Predicted barriers to propene self-metathesis, and computed 
E-Z selectivity for catalysts Ru18 and Ru19a-ca

N N

Ru

O

Ru19a R = H
Ru19b R = Me
Ru19c R = Ph

N

S

R

N N

Ru

O
S
S

Cl

Cl

Ru18

a Energies (kcal  mol-1) calculated relative to the Gibbs free energy of 
the [Ru]=CHAr precursor. bFree energy difference ΔΔG‡

E/Z = ΔG‡
Z 

– ΔG‡
E. cSee Chart 1 for the structure of Ru13

Cat R ∆G‡
E ∆G‡

Z ∆∆G‡
E/Z

b

Ru19a H 17.9 21.3 3.4
Ru19b Me 19.0 23.2 4.0
Ru19c Ph 24.1 35.5 11.5
Ru18 – 22.7 21.5 − 1.2
Ru13c – 22.2 21.0 − 1.2

Footnote 1 (continued)
from the ratio of (Z)- and (E)-2-butene (86:14) in the first 1H NMR 
spectrum (t = 5  min), to reduce the effect of isomerization (see 
Table S1).



452 Topics in Catalysis (2022) 65:448–461

1 3

62] or sterically demanding [56] catecholthiolates. Reac-
tion of L4c with the third-generation Grubbs catalyst GIII 
proceeded, but the formed complex was unstable and could 
not be purified. Greater success was achieved in salt metath-
esis with the Evonik catalyst Ru20, perhaps because of the 
reduced steric demand of the 2-thienylmethylidene and the 
unsaturated NHC ligand. It may be noted that Ru20 has been 
successfully used as a precursor to other Z-selective cata-
lysts bearing sterically demanding thiolates [49]. The target 
thio-indolate alkylidene complexes Ru21a–c (a: R = H; b: 
R = 2-Me; c: R = 2-Ph; Scheme 2) were obtained in 60–65% 
yield. These are, to our knowledge, the first transition-metal 
complexes bearing thio-indolate chelate ligands. The new 
complexes were characterized by NMR and MS analysis, 
and, in the case of Ru21a and Ru21c, single-crystal X-ray 
diffraction (Fig. 3). The X-ray crystal structure of Ru21a 
confirms that the atom connectivity is analogous to that of 
Ru21c, but the diffraction quality is too low for detailed 
structural analysis.

The X-ray structure confirms binding of the thio-indolate 
fragment as a S,N-chelate. Crucially, and as predicted by the 
DFT calculations, the dianionic ligand adopts the orientation 
required for E-selective metathesis, with the thiolate sulfur 
cis, and the indolate nitrogen trans, to the NHC (Table S6). 
However, DFT calculations predict that the unintended iso-
mer (Ru21a’), with the thiolate sulfur trans and the indolate 
nitrogen cis to the NHC, is only 1.9 kcal  mol−1 less sta-
ble and may thus also be present (see Table S7). Indeed, 
1H NMR spectra of catalyst Ru21a consistently exhibit a 
minor alkylidene singlet (5%) at δ = 15.4 ppm, with the main 
alkylidene signal located at δ = 16.2. A NOESY experiment 
confirms the existence of an exchange equilibrium between 
these two alkylidene singlets, with the minor alkylidene spe-
cies being 1.8 kcal  mol−1 less stable than the dominating 
species. From the agreement between the NMR experiments 

and the DFT calculations, the minor species is presumed to 
be Ru21a’. Such minor alkylidene species are not observed 
for the larger complexes Ru21b-c, and calculations also 
indicate that the isomers Ru21b’ and Ru21c’ with rotated 
S,N ligands are high in energy (Table S6).

Despite Ru21c having a slightly more acute N1-Ru–S 
chelate bite angle than the corresponding S–Ru–S angle in 
Ru13 ((85.11(4)° vs 88.23(3)°, respectively) [53], its N-Ru-
CNHC is considerably greater (162.78(6)°, vs 148.03(11)° in 
Ru13). This presumably reflects the weaker trans influence 
of nitrogen relative to sulfur. The mutual trans disposition 
of the NHC and indolate nitrogen in Ru21c weakens the 
Ru–N1 indolate bond (2.1301(5) Å), which is longer than 
known Ru-pyrrole bonds (2.065 – 2.115 Å) [66–68].

The metathesis activity of Ru21a–b was initially assessed 
by reaction with styrene at room temperature (Scheme 3). 
Unexpectedly, 1H NMR analysis showed no evidence of 
the stilbene self-metathesis product. However, a new alky-
lidene singlet was observed, along with vinylthiophene, in 
the experiments involving Ru21a and Ru21b (δ 17.2 and 
16.9 ppm, respectively, in  C6D6: Fig. S2, S3). The new 
alkylidene species, identified as the benzylidene analogues 
of Ru21a and Ru21b (labeled Ru21a_29 and Ru21b_29, 
respectively) result from unproductive metathesis of sty-
rene, via Ru21a_28 (see Scheme 3, Fig. S2-S4, and Scheme 
S1).2 Complex Ru21a reaches equilibrium within 15 min, 
vs nearly an hour for catalyst Ru21b. The slower reaction 
of Ru21b is consistent with the higher barrier to metathesis 

Fig. 2  Optimized geometries of 
the Z-isomeric transition states 
for cycloreversion in propene 
self-metathesis by complexes 
Ru13 and Ru19a. Ruthenium 
is shown in violet, sulfur in yel-
low, nitrogen in blue, chlorine 
in green, and carbon in gray. 
Distances in [Å], angles in [°]

2 The NMR experiment showed that the consumption of styrene and 
starting complex Ru21a or Ru21b corresponds to the formation of 
the new alkylidenes, respectively, as well as of 2-vinylthiophene. 
Therefore, the new alkylidenes were assigned to benzylidene com-
plexes Ru21a_29 and Ru21b_29 (see SI).
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calculated for the bulkier thio-indolate ligands of the  H2IMes 
analogues Ru19 (Table 1). Increasing the reaction tempera-
ture or time resulted in loss of the alkylidene signals as well 
as a black precipitate indicating catalyst decomposition and 
formation of Ru nanoparticles [69].

In light of the low reactivity documented above, espe-
cially for Ru21b, we speculated that unfavorable steric inter-
actions may hamper productive metathesis. Formation of 
stilbene would necessitate an MCB structure in which the 
β-phenyl substituent approaches the two N-mesityl groups 
(for the (E)-stilbene), or the thio-indolate ligand (for the 
(Z)-stilbene). The impact on the barriers to metathesis is 
explored computationally below.

To test whether reduced steric bulk at  Cβ would enable 
productive metathesis, we examined the reaction with allylb-
enzene (Fig. S5). Again, however, no metathesis products 
were detected. In the case of Ru21b, 35% vinylthiophene 
was detected by 1H NMR analysis (Fig. S5, S6), but 17% 
Ru21b remained even after 12 h, confirming slow initia-
tion and a relatively stable precatalyst. Isomerization of 
allylbenzene was also observed, presumably catalyzed by 
decomposed Ru species [69, 70]. In sum, attempts at self-
metathesis of allylbenzene led to catalyst decomposition and 
substrate isomerization, rather than productive metathesis.

Next, to reduce the steric pressure as much as possi-
ble, with the goal of facilitating productive metathesis, we 
attempted self-metathesis of propene in NMR experiments 

with Ru21a-c.3 Ru21a gave the expected butene product in 
low yield (11 mol% vs catalyst loading), and the proportion 
of the Z-isomer was slightly lower than that obtained with 
catalyst Ru13 (73% vs 83%). The more sterically demanding 
catalysts Ru21b-c afforded no butene product. For catalyst 
Ru21b, this is clearly due in part to low metathesis activity, 
as unreacted Ru21b remained even after 96 h at 50 °C. In 
contrast, the alkylidene signal of catalyst Ru21c disappeared 
within 12 h of reaction time.

The small amount of butene obtained using Ru21a in 
propene self-metathesis may be due to either low catalytic 
activity, perhaps caused by the steric hindrance of the thio-
indolate ligand, or to catalyst decomposition. To probe its 
susceptibility to β-hydride elimination from the unsub-
stituted MCB (a key decomposition pathway in 1-alkene 
metathesis for a range of Ru-NHC catalysts [71]), Ru21a 

Scheme 2  Ligand synthesis and 
installation

3 1H-NMR-Experiment A J. Young NMR tube was loaded with 
10  mmol catalyst Ru21a-c and 0.5  mg (3.3  mmol) hexamethylb-
enzene as internal standard in 0.65  mL  C6D6. The solution was 
degassed via three freeze–pump–thaw cycles and then charged with 
propene gas, mixed and the timer was started. For Ru21b and Ru21c 
no 2-butene formation was observed even after 24 h and heating the 
reaction mixture to 50 °C. For Ru21a, the selectivity was determined 
as the ratio of the formed (Z)- and (E)-2-butene (73:27) of the a qua-
tintative 1H NMR spectrum (t = 60 min) to reduce the effect of isom-
erisation and higher accuracy (see Table S1).
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was reacted with ethylene. Both vinylthiophene and pro-
pene4 were detected, evidence for alkylidene exchange (cata-
lyst initiation), and β-hydride elimination (Fig. S7, S8). The 
proportion of propene is consistent with decomposition of 
ca. 40% of the catalyst via β-hydride elimination. (Bimolecu-
lar decomposition of the 4-coordinate methylidene species 
may also occur [72], but the ethylene product is indistin-
guishable from ethylene formed via metathesis). The com-
petition between metathesis and decomposition is further 
explored in the mechanistic computational analysis below.

2.4  Mechanistic Calculations

The calculated barrier to cycloreversion – the presumed 
rate-determining step – for Ru19a (the  H2IMes analogue 
of Ru21a) is similar to that of the known metathesis cata-
lyst Ru13 [53, 58–60]. Nevertheless, Ru21a is inactive in 
metathesis of styrene or allylbenzene, and produced only 
small proportions of 2-butene in self-metathesis of propene. 
Moreover, the major stereoisomer produced was (Z)-2-bu-
tene, despite the predicted E-selectivity of Ru19a (Table 1). 

To uncover the factors underlying the discrepancy between 
the catalytic properties predicted for Ru19a and those 
observed for Ru21a, the latter was subjected to detailed 
computational analysis.

The calculated barrier to cycloreversion in self-metathe-
sis of styrene and allylbenzene to E-configured products by 
Ru21a is 36.9 and 37.5 kcal  mol−1 (Scheme S12, Table S7), 
respectively, consistent with the absence of product5 
observed experimentally. In contrast, for propene, the cyclor-
eversion barrier (via Ru21a_TS4,5E, 23.8 kcal  mol−1 vs the 
precursor Ru21a) leading to formation of (E)-2-butene, is 
only 2.8 kcal  mol−1 higher than that of the state-of-the-art 
catecholthiolate catalyst Ru13 (Table 1), indicating that the 
critical bond rupture and formation of propene metathesis 
should be within reach for Ru21a. The catalytic potential 
of Ru21a seems even clearer when eliminating the effect 
of the precursor (the pyridine-coordinated Ru21a vs the 
isopropoxybenzylidene-coordinated Ru13), by calculat-
ing free energies relative to the two active ethylidene com-
plexes derived from Ru21a (Ru21a_2) and Ru13 (Ru13_2), 
respectively (Scheme 4). In fact, with initiation completed, 
Ru21a_2 should mediate both cycloaddition and cyclor-
eversion faster than Ru13_2. However, Ru21a is observed 
to be less active in metathesis than Ru13. Because Ru21a 
is unlikely to be limited by slow initiation (initiation was 
observed even for styrene and allylbenzene; see above), the 
most likely explanation for its slow metathesis lies in a reac-
tion step other than cycloreversion.

In searching for an alternative rate-limiting step, we 
did not initially consider 2-butene dissociation. However, 
Cavallo and co-workers, in an early computational study 
of the stereoselectivity of propene self-metathesis using a 
 RuCl2(H2IMes)-ethylidene catalyst [73], found the methyl-
idene complex and 2-butene to be of higher energy than 
any other minimum or transition state in the catalytic cycle. 
Even if this is not the case for Ru21a, the relatively high 
energies of complexes toward the end of the pathway indi-
cate that product release could be slow. For example, the 
2-butene π-complexes Ru21a_5 are significantly less sta-
ble than the propene counterparts Ru21a_3. We therefore 
considered whether product release from Ru21a_5 might 
be rate determining. Indeed, product release is surprisingly 
costly (10–13 kcal  mol−1 vs Ru21a_5, see Scheme 4, or 
29–32 kcal  mol−1 vs Ru21a), and is the undisputed bottle-
neck for the thio-indolate catalyst. This step, which is dif-
ficult to follow computationally,6 was not investigated for 
the corresponding thio-catecholate catalyst Ru13. However, 

Fig. 3  X-ray crystal structure of Ru21c, with displacement ellipsoids 
drawn at 50% probability. Ruthenium is shown in violet, sulfur in yel-
low, nitrogen in blue, and carbon in gray. Hydrogen atoms have been 
omitted for clarity. Key bond metrics: Ru-C1: 2.0704(17) Å. Ru-N1: 
2.1295(15) Å, Ru-S1: 2.3031(5) Å, Ru-N2: 2.1316(16) Å, Ru-C24: 
1.8490(18) Å; N1-Ru-S1: 85.11(4)°, S1-Ru-C1: 87.27(5)°, N1-Ru-
C1: 162.78(6)°

4 Indolate-induced deprotonation of the MCB [71] was ruled out as 
a source of propene, since calculations with stepwise reduced N-HCβ 
distance invariably led, instead, to β-hydride elimination. Also, upon 
completion of the reaction, no NH signals were observed in the 1H-
15 N-HSQC-NMR spectrum.

5 Transition-state theory suggests that reactions with free-energy bar-
riers approaching 30 kcal  mol−1 will be impractically slow. See the SI 
for details.
6 The flat potential energy surfaces in the transition regions at long 
Ru–butene distances make these transition states hard to find.
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product release is not expected to be a bottleneck for the lat-
ter, which is less bulky than Ru21a. Previous computational 
studies of this catalyst do not suggest rate-limiting product 
dissociation [53, 55, 60]. Instead, cycloreversion has been 
suggested to be rate limiting for this and other stereoreten-
tive catalysts [60].

In summary, with cycloreversion assumed to be rate 
determining for Ru13 and product release being identified 
as the bottleneck for Ru21a, the calculations are consistent 
with the much lower catalytic activity of Ru21a relative to 
the closely related thio-catecholate catalyst Ru13. The cal-
culations are also consistent with the observed Z-selectivity 
of both Ru21a and Ru13, given the lower barrier to disso-
ciation of (Z)-2-butene than (E)-2-butene from Ru21a_5, 

and the lower barrier to cycloreversion via Ru13_TS4,5Z 
than Ru13_TS4,5E.

The calculations indicate that product release is a two-
step process. Surprisingly high barriers for the thio-indolate 
catalyst are located in the first step, involving rearrange-
ment from η2- to η1-coordinated 2-butene (Fig. 4). This 
rearrangement requires considerable activation, as the 
Ru–butene π-bond is lost at the same time as the steric repul-
sion between the ligands (the NHC and the thio-indolate) 
and the leaving, but still largely η2-coordinated, 2-butene, is 
large. The steric repulsion is lower for (Z)-2-butene than for 
(E)-2-butene, resulting in lower barriers to rearrangement to 
the agostic complex. The reduced steric hindrance results, at 
least in part, from (Z)-2-butene being more compact than its 

Scheme 3  Metathesis of 
Styrene

Scheme 4  Calculated Free Energies of Propene Metathesis vs Ru21a_2 (black) and Ru13_2 (blue)
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Fig. 4  The optimized transi-
tion states for rearrangement of 
η2-bound to η1-bound 2-butene 
in π-complexes Ru21a_5E 
and Ru21a_5Z to give the cor-
responding agostic complexes 
Ru21a_6E and Ru21a_6Z, 
respectively. This rearrangement 
is the rate-determining step 
of Ru21a-mediated propene 
metathesis and initiates product 
release. The subsequent (E)- 
or (Z)-2-butene dissociation 
to give methylidene complex 
Ru21a_7 requires less geomet-
ric adaption and less activation. 
Distances in [Å], angles in [°]. 
Molecular volumes (V) and sur-
face areas (A) are those of the 
solute cavity in the continuum 
solvent-model calculations (see 
SI)
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E-counterpart, with a smaller molecular volume and surface 
area, (Fig. 4). Faster release of the Z-configured product 
is likely to be a challenge extending far beyond the cur-
rent thio-indolate catalyst design: regardless which of the 
existing catalyst frameworks is chosen as a starting point 
for design of E-selective catalysts, substitution is likely to 
be essential to disfavor formation of Z-configured products. 
This substitution will increase the overall steric pressure and 
tend to make product release the kinetic bottleneck.

The slowest step of the product release, the η2-to- η1-
bound 2-butene rearrangement, leads to sterically less 
encumbered complexes Ru21a_6, in which 2-butene 
is bound to Ru via an agostic methyl C–H bond. From 
Ru21a_6, the continued 2-butene dissociation to methyl-
idene Ru21a_7 and free 2-butene requires much less geo-
metric adaption (see Fig. 4) and is thus expected to require 
little activation. Constrained geometry optimizations at 
increasing R—Hagostic distances and failed attempts at locat-
ing the corresponding transition states,6 confirm that this, 
the final part of the product release, requires only negligible 
enthalpic activation from Ru21a_6.

To shed further light on the factors underlying the 
low observed metathesis activity, we also investigated a 
range of decomposition modes for Ru21a and its isomer 
Ru21a’. Specifically, we considered β-H elimination [74] 
and nucleophilic attack of the thio-indolate ligand on the 
alkylidene [53] during productive (Scheme S5), non-pro-
ductive (Scheme S6) and regenerative propene metathesis 
(i.e., regeneration of the ethylidene Ru21a_2: Scheme S7). 
In addition, nucleophilic attack and β-hydride elimination, 
occurring during reaction of the Ru-methylidene with eth-
ylene, were examined (Scheme S8).

Consistent with the observed formation of propene on 
reaction of Ru21a with ethylene (see above), the calcula-
tions indicate a relatively low barrier to β-H elimination of 
the unsubstituted MCB (ΔG‡ = 21.7 kcal  mol−1 vs Ru21a). 
However, the barrier to β-hydride elimination is consistently 
higher (by 4.5–6.2 kcal  mol−1) than that of cycloreversion 
during metathesis itself (Scheme S5-S8). Thus, thio-indolate 
catalyst Ru21a does not appear to be particularly vulnerable 
to β-H elimination.

The calculations suggest that nucleophilic attack is more 
likely (Scheme S5-S8). Indeed, consistent with the previ-
ously reported nucleophilic attacks of both catechothiolates 
[53] and amines [75, 76] on alkylidenes, indolate attack on 
the ethylidene during regenerative metathesis emerges as the 
dominant decomposition pathway (ΔG‡ = 19.7 kcal  mol−1 vs 
Ru21a, Scheme S7). This reaction releases ethylene, which, 
in turn, may react with a second ruthenium ethylidene or 
methylidene complex, thereby accelerating decomposition. 
However, the calculations do not suggest that this vulner-
ability to nucleophilic attack is inherent to the design of 
Ru21a, with the indolate nitrogen atom trans to the NHC. 

In fact, the thiolate moiety of the unintended isomer Ru21a’ 
more readily attacks the ethylidene (ΔG‡ = 17.8 kcal  mol−1 
vs Ru21a, Scheme S7) than does the indolate of Ru21a. 
In fact, the corresponding barrier to thiolate attack for 
the well-known dithiolate catalyst Ru13 is even lower 
((ΔG‡ = 12.6 kcal  mol−1 vs Ru13, Scheme S3).

In short, the calculations reveal no decomposition modes 
intrinsic to the thio-indolate catalyst design that should 
make these catalysts more vulnerable than, e.g., the related 
dithiolate catalyst Ru13. Instead, the low catalytic activity 
and the decomposition observed for these catalysts appear 
to be the result of unusually high barriers to releasing the 
internal-olefin product at the end of the metathesis reaction. 
The exceptional height of these barriers originates from the 
added steric pressure of the thio-indolate ligand required to 
achieve E-selectivity.

3  Conclusion

Based on considerations of the geometries of stereoretentive 
metathesis catalysts [77] and on catecholthiolate modifica-
tions aimed at increasing the share of E-isomeric product 
[56], a thio-indolate ligand scaffold was designed to exert 
steric pressure on the β-substituent of the MCB, and the 
MCB-like transition states for cycloaddition and cyclorever-
sion. DFT calculations predicted that the S,N-thio-indolate 
chelate should bind to ruthenium with an orientation suit-
able to exert the desired steric pressure. Furthermore, 
DFT-calculated energy differences (ΔΔG‡

(E/Z) between the 
cycloreversion transition states for propene self-metathesis 
leading to (Z)-2-butene and (E)-2-butene suggested that 
ruthenium–alkylidene thio-indolate complexes would favor 
E-isomer products.

To follow up the computational predictions, the first 
metal complexes bearing bidentate thio-indolate ligands 
were synthesized, isolated, and characterized (Ru21a-c). 
The thio-indolate chelates are compatible with the 2-thie-
nylmethylidene and  Me2IMes ligands present in known, 
active metathesis catalysts, and the general robustness of 
complexes Ru21a-c is comparable to that of other ruthenium 
catalysts for olefin metathesis.

However, whereas the new complexes participated in 
metathetic exchange with styrene and allylbenzene, liber-
ating the 2-thienylmethylidene ligand, no self-metathesis 
products were obtained. Even self-metathesis of propene 
using Ru21a yielded only small proportions of 2-butene 
(73% (Z)).

Detailed mechanistic DFT calculations of propene self-
metathesis by Ru21a and its isomer Ru21a’ revealed barriers 
to product release from the Ru–2-butene π -complex much 
higher than those of cycloreversion of the MCB, the step 
repeatedly identified as rate limiting in computational studies 
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of ruthenium-catalyzed olefin metathesis [53, 58–60]. The 
barriers to product release are also much higher than those of 
common decomposition reactions, and are caused by the addi-
tional steric bulk of the thio-indolate. This steric bulk leaves 
little room for the escaping, bulky disubstituted olefin, which 
experiences steric repulsion from the thio-indolate ligand, 
in particular, and the mesityl methyl groups of the  Me2IMes 
ligand. This repulsion adds to the cost of losing the Ru–olefin 
π-bond, resulting in unusually high barriers to product release. 
The negative effect of steric bulk predicted by the calculations 
is consistent with the metathesis inactivity of the bulkier com-
plexes Ru21b and Ru21c.

E-selective 1-alkene metathesis catalysts have been sought 
in vain for more than two decades. The present study reveals 
the dual challenge of this molecular-design goal: (1) Steric 
pressure must be exerted in opposite directions to closely-
spaced substituents of the nascent disubstituted olefin. (2) 
The net steric congestion must be sufficiently low to permit 
productive metathesis and, in particular, for the product ole-
fin to dissociate from the metal. The thio-indolate complexes 
described herein are, to our knowledge, the first catalysts for 
which calculations suggest that Challenge 1 can be met. How-
ever, these findings also underline the difficulty in achieving 
E-selectivity without incurring excessive steric congestion.
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