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Abstract in English

Olefin metathesis, a C=C bond rearrangement, has become a versatile methodology for
building molecular carbon frameworks over the last 30 years. Most catalysts focus on
converting readily available 1-alkenes into disubstituted, internal olefins,
encompassing both cis (Z) and trans (E) isomers. Selective Z-alkene catalysts emerged
only a decade ago, with no reported E-selective catalysts yet. Instead, the desired E-
olefins have been synthesized via indirect approaches, e.g., semireduction of alkynes
or stereoretentive olefin metathesis. Thus, this doctoral project explores the
development of kinetically E-selective ruthenium-based olefin metathesis catalysts for

a direct route to E-olefins.

Catalysts of the RuXX'(NHC)(py)(=CHR) type, where XX' is a S"N bidentate,
dianionic thioindolate ligand, NHC is a N-heterocyclic carbene, and py is pyridine,
were initially predicted, via density functional theory (DFT) calculations, to be E-
selective by favoring anti-positioning of substituents in the expected rate-determining
transition state: the cycloreversion of the metallacyclobutane intermediate (MCB).
Three pyridine-stabilized catalysts (52a-c) with different substituents (H, Me, or Ph) in
the C2 position of the thioindolate ligand were synthesized, all employing the
unsaturated 1,3-dimesityl-4,5-dimethyl-imidazoline-2-ylidene C1 as the NHC ligand.
Single-crystal X-ray diffraction analysis of catalysts 52a and 52¢ confirmed the ligand
orientation needed for E-selective metathesis, with the thioindolate sulfur atom binding
cis, and the indolate nitrogen atom trans, to the NHC. Whereas these newly synthesized
complexes exhibited metathetic exchange of their 2-thienylmethylidene ligands with
1-alkenes, no corresponding self-metathesis products were obtained. Only small
quantities of 2-butene (0.35 turnover, 73% Z-isomer) were produced during the self-
metathesis of propene using thioindolate catalyst 52a. In contrast to the original
expectation, detailed DFT analysis revealed that slow product release, not
cycloreversion, limited the reaction, explaining the low metathesis activity and

unexpected Z-selectivity of the S"N-catalyst 52a.



To lower the dissociation barrier, NHCs less bulky than C1 were investigated, along
with an S"N ligand containing a more acidic nitrogen atom than that of indole to
improve catalyst stability. However, catalyst 57, bearing a mercaptophenyltriflouro-
methanesulfonamide ligand 55, did not show significant improvement in productivity
or E-selectivity compared with 52a. Furthermore, Ru nanoparticles were formed upon
the addition of the S"N ligand 55 to Ru complexes containing less bulky NHCs.
Thioindolate ligand 49a was found to be compatible with these NHCs. However, due
to the activation of the 0-C—H bonds of N-bound NHC phenyls, only the fluorinated
1,3-bis(2,6-difluorophenyl)-4,4-dimethyl-5,5-dihydro-imidazol-2-ylidene C5 led to a
stable thioindolate-coordinated catalyst 65. Unexpectedly, in 65, the thioindolate 49a
bonds with the indolate positioned trans to pyridine, resulting in low catalytic activity
and E-selectivity in 1-alkene self-metathesis. DFT calculations indicate that the low
activity can be attributed to the weak trans influence and significant & donation of the
indolate. In contrast, the initially intended isomer 65°, with the thiolate positioned trans
to pyridine, is predicted to be more active and E-selective with cycloreversion as the

rate-limiting step.

The above results prompted a reevaluation of the dianionic X"Y ligand, highlighting
the importance of having an X fragment with a strong trans influence and a Y fragment
with a weak trans influence, which exerts selective steric pressure on the B-position of

the MCB.

Following these considerations, anionic carbon-based C"N ligands, e.g., derived from
phenylimidazole, were identified as promising. These ligands were expected to possess
favorable properties for both activity and selectivity, leveraging the carbon-based
moiety for increased activity and the N-based fragment for promoting E-selectivity.
Unfortunately, challenges were encountered while attempting to install various C"'N
ligands on Ru alkylidene precursors via C-H activation or transmetalation, and the

desired C"N-coordinated ruthenium alkylidenes could not be realized.

In addition to offering a new class of ligands and a range of new organometallic

complexes, this thesis offers insight into the fundamental requirements of Z- and E-



selective metathesis catalysts. The thesis also demonstrates the magnitude and
multifaceted nature of the challenge posed by E-selective olefin metathesis: addressing
one aspect, such as introducing selectivity-inducing steric pressure, may generate new
challenges, such as a change in the rate- and selectivity-determining step. To navigate
this complicated chemical landscape, DFT calculations were used to both guide the
experimental work by predicting catalyst candidates and subsequently, identify and
analyze the factors responsible for the lower-than-expected activity and selectivity of
the synthesized complexes. Thus, whereas the challenge of ruthenium-catalyzed E-
selective metathesis of terminal alkenes remains, the insight into factors governing
catalyst stability, activity, and selectivity offered in this thesis may inform future
catalyst redesign and thus, indirectly, contribute to achieving the ambitious goal of

selective metathetic synthesis of E-olefins from 1-alkenes.



Abstract in Norwegian

Olefinmetatese, en omordning av C=C-bindinger, har blitt en allsidig metodologi for &
konstruere molekylere karbonrammer de siste 30 arene De fleste katalysatorene
fokuserer pé a konvertere lett tilgjengelige 1-alkener til disubstituerte, interne olefiner,
inkludert bade cis (Z) og trans (F) isomerer. Selektive Z-alkenkatalysatorer dukket opp
for bare et tiar siden, uten rapporterte E-selektive katalysatorer sé langt. I stedet er de
onskede E-olefinene laget via indirekte tilneerminger, f.eks. semireduksjon av alkyner
eller stereoretentiv olefinmetatese. Derfor utforsker dette doktorprosjektet utviklingen
av kinetisk E-selektive rutheniumbaserte olefinmetatesekatalysatorer for en direkte

rute til E-olefiner.

Katalysatorer av typen RuXX'(NHC)(py)(=CHR), der NHC er en N-heterosyklisk
karben, py er pyridin, og XX' er en S"N-bidentat, dianionisk tioindolatligand, ble forst
forutsagt, via densitetsfunksjonsteori (DFT)-beregninger, & vere E-selektive ved &
favorisere anti-posisjonering av substituenter i forventet ratebestemmende
overgangstilstand: cykloreversjonen av metallasyklobutanintermediatet (MCB). Tre
pyridin-stabiliserte katalysatorer (52a-c) med forskjellige substituenter (H, Me eller
Ph) i C2-posisjonen til tioindolatliganden ble syntetisert, alle ved bruk av den umettede
1,3-dimesityl-4,5-dimetyl-imidazolin-2-yliden C1 som NHC-ligand. Single-krystall
rentgendiffraksjonsanalyse av katalysatorer 52a og 52¢ bekreftet ligandorienteringen
som trengs for E-selektiv metatese, med tioindolatsvovelatomet som binder cis, og
indolat-nitrogenatomet som binder trans, til NHC. Mens disse nylig syntetiserte
kompleksene viste metateseutveksling av deres 2-tienylmetylidenligand med 1-
alkener, ble ingen tilsvarende selvmetateseprodukter oppnédd. Bare sma mengder 2-
butene (0,35 omdreining, 73% Z-isomer) ble produsert under selvmetatesen av propen
ved bruk av tioindolatkatalysator 52a. I motsetning til den opprinnelige forventningen,
avslerte detaljert DFT-analyse at treg produktfrigjering, ikke sykloreversjon, begrenset
reaksjonen, noe som forklarer den lave metateseaktiviteten og den uventede Z-

selektiviteten til S"N-katalysator 52a.
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For & senke dissosiasjonsbarrieren ble mindre klumpete NHC enn C1 undersokt,
sammen med en S"N-ligand som inneholdt et mer surt nitrogenatom enn indol for &
forbedre  katalystabiliteten. Imidlertid  viste  katalysator 57, med
mercaptophenyltriflourometansulfonamid 55, ingen betydelig forbedring i
produktivitet av E-selektivitet sammenlignet med 52a. Videre ble Ru-nanopartikler
dannet ved tilsetning av S"N-ligand 55 til Ru-komplekser som inneholder mindre
klumpete NHC. Tioindolatligand 49a viste seg & vaere kompatibel med disse NHC-ene.
Imidlertid, pa grunn av aktivering av o-C—H-bindinger til N-bundne NHC-fenyl, forte
bare den fluorerte 1,3-bis(2,6-difluorofenyl)-4,4-dimetyl-5,5-dihydro-imidazol-2-
yliden CS til en stabil tioindolat-koordinert katalysator 65. Overraskende, i 65 bundet
49a med indolaten posisjonert trans til pyridin, noe som ferte til lav katalytisk aktivitet
og E-selektivitet i selvmetatesen av 1-alkener. DFT-beregninger viser at den lave
aktiviteten stammer fra den svake trans-innflytelsen og betydelig m-donasjon av
indolaten. I motsetning til dette forventede isomeren 65, der tioletatet er plassert trans
til pyridin, forutsies & veere mye mer aktiv og E-selektiv med sykloreversjon som

hastighetsbegrensende trinn.

Disse resultatene forte til en reevaluering av den dianioniske X"Y-liganden, og
understreket viktigheten av 4 ha et X-fragment med sterk trans pévirkning og et Y-
fragment med svak trans pavirkning, som utever selektiv sterk trykk pa p-posisjonen
av MCB. Etter disse betraktningene ble anioniske karbonbaserte C"N-ligander, f.eks.
derivert fra fenylimidazol, identifisert som lovende. Disse ligandene ble forventet & ha
gunstige egenskaper for bade aktivitet og selektivitet, utnytte karbonbasert del for ekt
aktivitet og N-basert del for & fremme E-selektivitet. Dessverre oppsto utfordringer ved
forsek pa 4 installere ulike C"N-ligander p& Ru-alkylidenforlepere via C—H-aktivering
eller transmetallasjon, og de enskede C"N-koordinerte ruthenium-alkylidenene kunne

ikke realiseres.

I tillegg til & tilby en ny klasse ligander og et utvalg av nye organometalliske
komplekser, gir denne avhandlingen innsikt i de grunnleggende kravene til Z- og E-
selektive metatesekatalysatorer. Avhandlingen demonstrerer ogsd omfanget og

mangfoldet av utfordringene som E-selektiv olefinmetatese utgjer: A héandtere ett
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aspekt, som & introdusere selektivitetsinduserende sterk trykk, kan generere nye
utfordringer, som en endring i rate- og selektivitetsbestemmende trinn. For 4 navigere
i dette kompliserte kjemiske landskapet, ble DFT-beregninger brukt béade til & veilede
eksperimentelt arbeid ved & forutsi katalysatorkandidater og deretter identifisere og
analysere faktorene som er ansvarlige for den lavere enn forventede aktiviteten og
selektiviteten til syntetiserte komplekser. Séledes, mens utfordringen med ruthenium-
katalysert E-selektiv metatese av terminale alken forblir, kan innsikten i faktorer som
styrer katalyststabilitet, aktivitet og selektivitet som tilbys i denne avhandlingen,
informere fremtidig katalystomforming og dermed indirekte bidra til & oppna det

ambisigse malet om selektiv metatesesyntese av E-olefiner fra 1-alkener.
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1. Introduction

In recent years olefin metathesis has seen expanding usage in the pharmaceutical,'
organic, and polymer industries.? It is the most versatile method for the reorganization
of carbon-carbon double bonds. Although at first glance it may seem trivial, selective
scission and regeneration of olefinic bonds enables the synthesis of complex and
valuable compounds from abundant starting materials. Therefore, it has been widely

adopted for the synthesis of complex organic molecules,>® including

7-10 11-20

pharmaceuticals,”'* and soft materials.

Before the development of olefin metathesis catalysts, selective formation of olefins
was performed using Wittig,?! Horner-Wadsworth-Emmons,*? and Julia>* olefination
reactions. The disadvantages are the prerequisite for specific functional groups and
their terrible atom efficiency. For example, the Wittig reaction produces an equal
amount of triphenylphosphine oxide as an undesired side product. In contrast, olefin
metathesis allows the formation of carbon-carbon double bonds catalytically and is
highly atom-efficient by releasing only ethene or other olefins.?* %6 Alternatively, E- or
Z-olefins can be obtained via alkyne metathesis followed by selective semireduction to
E- or Z-alkene, however, the availability of substrates and functional group tolerance

of alkyne metathesis catalysts are limiting factors for widespread application.?’

Over the past decades, olefin metathesis catalysts have evolved from ill-defined
mixtures?® to well-defined, fully characterized organometallic complexes based on
ruthenium, molybdenum, tungsten, vanadium, niobium, rhenium, osmium, and iron.?*-
42 The different metal-based catalysts have complementary properties. For instance,
ruthenium-based catalysts possess high tolerance toward functional groups, moderate

43-46

air and water stability, and ease of handling, whereas molybdenum-based catalysts

are practically immune against the internal B-hydride elimination.*’

The mechanism, proposed by Chauvin and Hérisson for olefin metathesis involves a
[2+2] cycloaddition between the substrate olefin and a metal alkylidene (Scheme 1,
left), forming a metallacyclobutane (MCB) intermediate (Scheme 1, middle).*® The

MCB then undergoes cycloreversion to release the product olefin and regenerate a new
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metal alkylidene (Scheme 1, right).*34° Most olefin metathesis catalysts generally exert
limited control over the stereoisomer distribution of the product, and the E/Z ratio is
primarily determined by thermodynamic factors generally favoring the E-isomer.
However, it is important to consider that the ratio of £/Z isomers can be influenced by
the steric and electronic properties of the substituents present on the olefinic substrates.
Additionally, there are catalysts available that operate under kinetic control and can

alter the stereoisomer distribution.*°

Scheme 1. Metathetic Rearrangement of Pairs of Double Bonds via the
Metallacyclobutane (MCB) Intermediate.

3

M] R3 R [M]=/ §
Jo+ j — M _ +

R2 R2 /A R’ 2

MCB

Controlling the stereochemical outcome of reactions is crucial in the synthesis of fine
chemicals such as pharmaceuticals, natural products, and polymers with tailored

physical properties.’!=°

Consequently, significant research efforts have been focused
on the development of catalysts for stereocontrolled olefin metathesis. Although there
have been notable advancements in Z-selective olefin metathesis catalysts,*® challenges

still need to be overcome.

One significant challenge is the inability of current catalysts to improve the production
of E-olefin products from 1-alkenes beyond their thermodynamic distribution. Instead,
the synthesis of E-alkenes often relies on starting with E-configured substrates via
stereoretentive metathesis.®!*> This approach requires expensive, isomerically pure
starting materials, which limits its practicality. Therefore, there is a need for catalysts
that can selectively generate E-olefins from more readily available and cost-effective

1-alkene starting materials.

A second major challenge is the instability of catalytic intermediates in stereocontrolled
metathesis.* > Ruthenium-based metathesis catalysts typically decompose after only

67,7477

a few thousand turnovers, which is insufficient for many industrial

applications.”® Catalyst decomposition leads to unwanted side reactions, such as olefin
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isomerization,®” double-bond migration,*® and Z-to-E isomerization,”” compromising
product yields and selectivities.®” Stereocontrol-wielding catalysts have shown reduced
stability and functional group tolerance compared with their unselective counterparts,

limiting their substrate scope, and practical utility.>
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2. Aim of the Thesis

This thesis aims to develop the first E-selective olefin metathesis catalyst, specifically
targeting the transformation of 1-alkenes into E-configurated products. While recent
years have seen advancements in the development of kinetically Z-selective catalysts
for 1-alkene metathesis, there is currently a lack of catalysts that can selectively
produce E-alkenes. As a result, the synthesis of E-alkenes typically involves either
isolating the E-olefin from the thermodynamically driven product distribution using
unselective catalysts or relying on E-configured substrates through stercoretentive

metathesis.®!%2

These approaches have drawbacks, such as the generation of significant side-products
or the requirement for isomerically pure starting materials. Therefore, the development
of a catalyst that enables the kinetically selective transformation of 1-alkenes into
E-configurated products would offer a more sustainable and efficient approach.
Furthermore, such a catalyst could provide access to new biologically active

compounds, expanding the possibilities in drug discovery and development.”
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3. Discovery and Development of Olefin Metathesis

3.1. Discovery of Olefin Metathesis

The discovery of olefin metathesis began in the early 1950s by Ziegler and co-workers
when they attempted to synthesize polyethylene from available ethene but encountered
1-butene almost exclusively. Further investigation revealed that the presence of nickel

salts was responsible for this undesired elimination reaction.®

In subsequent studies, the Ziegler-Natta catalyst was applied to the cyclic olefin
2-norbornene, resulting in the first example of ring-opening metathesis polymerization.
Instead of the intended saturated polymer, an unsaturated polymer with opened rings
was formed.?' Similarly, ring-opening metathesis polymerization was observed with

cyclopentene using tungsten and molybdenum halides.*°

In the 1960s, the disproportionation reaction of propene to ethene and 2-butene over a
molybdena-alumina catalyst found industrial application at Philipps Petroleum Co.%?
This reaction was named "olefin metathesis" by Calderon and co-workers, referring to

the transfer of substituents through the scission of carbon-carbon double bonds.33

Initially, several different mechanisms were proposed by various research groups:
Bradshaw suggested the formation of a "quasi-cyclobutane" intermediate M2 (Scheme
2a), although he admitted that detailed knowledge supporting this intermediate was
missing.®* Additionally, the formation of a cyclobutane intermediate contradicted the
Woodward-Hoffman rules.®> However, theoretical studies by Mango and colleagues
suggested that forbidden cycloaddition reactions could be allowed if metal systems
were involved.®¢ Thus, Calderon proposed the formation of a bisolefin-metal complex
M4 instead (Scheme 2b).%347 Shortly thereafter, Chauvin and Hérisson discovered
inconsistencies in this mechanism, particularly in explaining the kinetic distribution of
the ring-closing metathesis of 1,7-octadiene. They proposed the formation of a one-
carbon metal alkylidene complex M7 and metallacyclobutanes M8 (Scheme 2c).*
Subsequent studies by Grubbs and Katz supported the mechanism proposed by

Chauvin and Hérisson.®®*! The determination of the key intermediates and active
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species allowed for the rational design of catalysts, moving away from ill-defined

systems.

Scheme 2. Proposed Mechanism by (a) Bradshaw, (b) Calderon, and (c) Chauvin
and Hérisson.
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3.2. The Mechanism Proposed by Chauvin and Hérisson

The proposed mechanism by Chauvin and Hérisson is based on the [2+2] cycloaddition
of an alkene and a metal alkylidene.*®**? The initiation of the precatalyst, often via the
dissociation of a dative ligand, results in the active species M10 (Scheme 3). The
catalytic cycle begins with the coordination of a terminal olefin forming the n-complex
M11. Subsequent cycloaddition leads to the metallacyclobutane intermediate M12
which, through cycloreversion, forms the product n-complex M13. There, the desired
product can dissociate, forming the methylidene species M14, which can reform the

initial 14 electron species M10 through a regenerative half-cycle (M15-17).
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Scheme 3. Hérisson-Chauvin Mechanism for Olefin Metathesis Depicting the Full
Catalytic Cycle of Terminal Olefins.
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One of the first well-defined metathesis catalysts was developed by Fred Tebbe at
DuPont. The Tebbe reagent 1 can form the metal alkylidene 2, which can perform
olefin metathesis (Scheme 4).”3%* Additionally, the reaction of 1 with pyridine removed
Me>AICI and formed a free alkylidene intermediate, which was then trapped with 3,3-
dimethylbutene resulting in the metallacyclobutane 3 (Scheme 4), further affirming the

Hérisson-Chauvin mechanism.”

Scheme 4. Tebbe Reagent 1 Allows the Formation of the Alkylidene Species 2
which is Active in Ring-Opening Metathesis Polymerization.
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3.3. Schrock-type Olefin Metathesis Catalysts

Subsequent research conducted by Richard R. Schrock and his team resulted in the
development of the first stable metal alkylidene complex 4 (Chart 1), through o-

hydrogen activation from a Ta(CH2'Bu)s intermediate, marking a significant milestone
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in olefin metathesis research.”® Complex 4, however, exhibited low activity in olefin
metathesis reactions.”” As a result, the focus of the research shifted toward tungsten
and molybdenum systems, which had demonstrated promising activity in ill-defined
systems.”®® This led to the discovery of the tungsten complex 5, which displayed
catalytic activity but required the presence of AlICIs as a co-catalyst.!® Five years later,
catalyst 6 was discovered, which exhibited remarkable catalytic activity, achieving
1000 turnovers per minute without the need for a Lewis acid co-catalyst.!%-102
Afterwards, the molybdenum analog 7 was developed. It possessed higher functional
group tolerance and allowed for the successful metathesis of various substrates such as
enol ethers, acrylates, acrylonitrile, and tri- and tetrasubstituted olefins.?*!% This broad

substrate scope expanded the versatility of olefin metathesis reactions.

Chart 1. Olefin Metathesis Catalysts Developed by Schrock and Co-workers.
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It is worth noting that most tungsten- and molybdenum-based olefin metathesis
catalysts are highly oxophilic, making their handling, manipulation, and application
challenging. Significant advancements have been made in addressing this limitation
and improving the usability of these catalysts. The development of new ligands has
increased the variety of ligand frameworks available for catalyst design, enabling the
optimization of catalyst stability, reactivity, and functional group tolerance.
Additionally, efforts have been made to produce air-stable tungsten and molybdenum
precatalysts, which are commercially available as paraffin tablets. Furthermore, recent
studies have focused on achieving E- and Z-selective metathesis using tungsten- and

molybdenum-based catalysts.?6-30:104-115
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3.4. Grubbs-type Olefin Metathesis Catalysts

Early experiments using ruthenium salts showed promising results with highly strained
substrates, even maintaining their activity in aqueous medium, promising greater
functional group tolerance compared with tungsten and molybdenum complexes. The
in situ generation of the ruthenium alkylidene precursor addressed the issue of slow
initiation and enabled ring-opening metathesis polymerization with less reactive
monomers. A milestone was reached when Grubbs and co-workers synthesized the first
well-defined ruthenium-based alkylidene catalyst 8 (Chart 2), although it suffered from
low catalytic activity and a slow initiation rate.!'®!"” The catalytic activity was found
to correlate with the electronic donation and size of the phosphine ligand, leading to
the development of more active catalysts, such as catalysts 9 and 10, by exchanging
PPh; with P(i-Pr); and PCys, respectively.!'® The initiation rate was improved by
replacing the alkylidene moiety in 10 with a benzylidene, yielding catalyst 11, also
known as Grubbs 1% generation.!' Catalyst 11 became the most economical and
commercially available ruthenium catalyst, finding numerous applications in organic

and organometallic synthesis.!?°

Chart 2. Selected Non-selective Ru-based Olefin Metathesis Catalysts.
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Efforts were made to further improve the catalytic system [L.Cl.Ru=CHPh] by
modifying the donor ligand L, but these attempts were unsuccessful.!?!"12* A
breakthrough was achieved with the implementation of N-heterocyclic carbenes
(NHC). NHCs exhibit stronger c-donation than phosphine-based ligands and should
thereby improve the catalytic activity. While the bis-NHC complex 12 showed
promising air and moisture stability, it lacked catalytic activity.'** A subsequent DFT
study revealed that the formation of the active species was impeded by the high
dissociation energy of the NHC. It was postulated that the combination of an NHC and
a coordinatively labile ligand should possess a synergetic effect, leading to more stable
and active catalysts.!?> Indeed, the mixed complex 13 with 1,3-dimesitylimidazol-2-
ylidene (IMes) and PCys showed improved catalytic activity.'?*1?® Grubbs further
postulated that the saturated NHC analog 1,3-bis(mesityl)-4,5-dihydro-imidazol-2-
ylidene (H2IMes) should exhibit even better donation due to the absence of
n-interactions. This was confirmed as complex 14, known as Grubbs 2" generation,

outperformed catalyst 13.'%

Hoveyda and co-workers discovered during their investigation of the reaction between
catalyst 11 and 2-isopropoxystyrene the formation of catalyst 15, in which one PCy3
was replaced by the ether moiety.!** Catalyst 15, known as Hoveyda 1 generation,
exhibited tremendous stability in air and could be recovered and recycled via column
chromatography. Similarly, by reacting 2-isopropoxystyrene with catalyst 14, they
obtained the phosphine-free complex 16, referred to as Hoveyda 2™ generation. '3!3
This opened up new possibilities for tuning the properties of the catalytic system by
modifying the NHC or styrene ether. For example, Grela and co-workers introduced
an electron-withdrawing nitro group in complex 17, increasing the initiation rate and

enabling efficient olefin metathesis even at low temperatures.'3%134

Through the reaction of 14 with pyridine, Grubbs and co-workers obtained the
bispyridine complex 18, which possesses a high initiation rate.'3® The application of
3-bromopyridine further increased the lability of the dissociation ligand, leading to an

even higher initiation rate for the resulting catalyst 19, also known as Grubbs 3™
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generation.'3® This allowed for a controlled living ring-opening-metathesis

polymerization of 2-norbornene derivates.!!

While the Grubbs-type catalysts demonstrated superior functional group tolerance and
allowed the performance of olefin metathesis in water, they lacked the high efficiency
observed with Schrock-type catalysts, partly due to internal B-hydride elimination.**-
4673 The implantation of cyclic(alkyl)(amino)carbenes (CAAC) in ruthenium-based
catalysis (complex 20-23, Chart 2) allowed for turnovers exceeding 300 000, making
them viable for industrial applications, as the PB-hydride elimination pathway is

essentially shut down. 37138

Z-selective ruthenium-based catalysts for 1-alkene metathesis and stercoretentive
catalysts have been achieved only in the two decades and will be discussed in detail in

Chapters 5.1 and 0.
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4. Decomposition and Stability of Ru-Based Catalysts

Ru-based olefin metathesis catalysts have undergone significant developments to
enhance their activity, selectivity, stability, and resistance to decomposition. Catalyst
stability is crucial for maintaining catalytic activity and facilitating catalyst
recyclability. Deactivation of catalysts into inactive species diminishes their efficiency,
whereas decomposition into isomerization-active species leads to product degradation
through E/Z isomerization or double bond migration.”"!3%140 Ag a result, their
application in industrial settings is often limited due to the high cost and challenges
associated with product purification and high catalyst loading. Consequently, extensive
research has been conducted to understand the decomposition modes and their origins

(Scheme 5).7%141

Impurities, such as amines, can induce decomposition by nucleophilic attack on the
methylidene species (M18, Scheme 35a),586%142-14 o deprotonation of the
metallacyclobutane (M22, Scheme 5b).%%!# Intrinsic decomposition modes, such as
B-hydride elimination’!37-138 (M25, Scheme 5c¢), and bimolecular coupling®*!38:145
(M28, Scheme 5d), can be addressed in the catalyst design. Therefore, numerous
catalysts have been synthesized to reduce decomposition modes through catalyst

design strategies.

For instance, phosphine-free catalysts mitigate donor-induced decomposition (Scheme
5a). The incorporation of CAACs in olefin metathesis has significantly improved
turnover numbers (TONs), which is particularly evident in the ethenolysis of methyl
oleate. For example, CAAC-based catalyst 20 achieved a TON of 330 000, whereas
typical NHC-based Ru catalysts exhibited TONs of 2 000—5 000 in the same
reaction.!*® This low activity stands in strong contrast to the performance of Hoveyda
2" generation catalyst 16 in the butenolysis of methyl oleate, reaching 470 000
TONSs.'*7 The difference in activity between ethenolysis and butenolysis arises due to
the formation of the methylidene species M18 and subsequently, the unsubstituted
metallacyclobutane M24.
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Scheme 5. Decomposition Pathways of Ru Olefin Metathesis Catalysts:
(a) Nucleophilic Attack on the Methylidene Species M18, (b) MCB Deprotonation,
(c) p-Hydride Elimination via M25, and (d) Bimolecular Coupling via M28.
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Recent studies have demonstrated that catalyst 20 is practically immune to B-hydride
elimination due to the strong trans influence of CAAC compared with NHC in catalyst
16.37-138 However, this benefit also renders catalyst 20 more susceptible to bimolecular
coupling, which can be mitigated through high dilution. Nevertheless, high dilution
increases the vulnerability of both catalysts to impurities.!*®!*> For instance, the TON
0f'470 000 for catalyst 16 in butenolysis requires triple distillation of methyl oleate and
drops to 1 800 TONs when using commercially available substrates.'*” Surprisingly,
CAAC-based catalysts do not exhibit superior stability against exogenous agents,
particularly amines, as both CAAC- and NHC-based catalysts are susceptible to -

proton abstraction by bases. This susceptibility is likely due to the comparable net
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electron donation of these ligands, resulting in similarly electron-rich Ru centers in the

metallacyclobutane intermediates.'*

Furthermore, the intricate relationship between the catalyst, the substrate, and the
specific type of olefin metathesis reaction (e.g., cross-metathesis, ring-closing
metathesis, ring-opening polymerization, etc.; see Scheme 6) contributes to the
ongoing development of olefin metathesis catalysts.** No single catalyst is suitable or
optimal for all types of olefin metathesis reactions, necessitating the screening of
multiple catalysts to identify the most suitable candidate for a specific process.
Therefore, expanding the repertoire of available catalysts is crucial in addressing the

diverse needs of various applications in this field.

Scheme 6. Overview of Olefin Metathesis Reactions: (a) Cross-metathesis (CM),
(b) Ring-opening Cross-metathesis (ROCM), (c) Ring-closing Metathesis (RCM),
(c¢) Ring-opening Metathesis Polymerization (ROMP) and (e) Acyclic Diene
Metathesis (ADMET).
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5. Selectivity in Ruthenium-Based Olefin Metathesis

In olefin metathesis, two terminal olefins can form two stereoisomers: E- and Z-olefin
(Scheme 7). For non-selective catalysts, the Z-olefin is often kinetically favored, while
the E-olefin is the thermodynamic product, leading to a time-dependent product
distribution due to the reversibility of the reaction.!*® Thus, the lack of kinetic
stereocontrol leads to a product distribution representing the thermodynamic stability

of the E/Z isomers.°

Scheme 7. The Reaction of Two Terminal Olefins Can Form either a Z- or
E-Olefin.
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Selectivity in a reversible catalytic system is determined by the selectivity in the rate-
determining transition state of its mechanism. Thus, establishing the mechanism,
determining the rate-determining step, and controlling the steric environment of the
latter are fundamental requirements for designing a stereoselective catalyst. Mapping
and understanding these requirements have thus been critical for the present work,
especially during the early phase of the doctoral project. Whereas a summary of the
fundamental requirements is presented in Chapter 5 below, a more complete
description, including a comprehensive review of the literature on ruthenium-catalyzed
stereoselective olefin metathesis (including Paper II of this thesis), is available as Paper

L.

5.1. Z-Selectivity in Ruthenium-Based Olefin Metathesis

Kinetically Z-selective catalysts for 1-alkene metathesis have been achieved only in the

last two decades, and only two such classes of catalyst exist: monothiolate3>7%149-153

and cyclometalated catalysts,'>+160
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5.1.1 Monothiolate Catalysts

Early attempts to generate Z-selective Ru-based catalysts were based on the

substitution of one chloride with a more sterically demanding anionic ligand, for

1 162,163

instance, aryloxides,'®! arylsulfates, and arylphosphates.'> The break in
symmetry and the larger steric pressure should enforce a syn-arrangement of the
substituents on the MCB (Scheme ). However, the obtained complexes showed only
moderate Z-selectivity (up to ca. 30%) due to complex instability and wide Ru-O-R
angles, which limited the steric pressure applied to the MCB. Using DFT, Jensen and
co-workers predicted that the use of arylthiolates should lead to sharper angles and
stronger Ru-SR bonds compared with the corresponding Ru-OR, and thus, enabling

Z-selectivity, 149164

Scheme 8. Trans-Anionic Pathway of the Z-Selective Monothiolate-Based
Catalysts. Steric Pressure from both the Dative (L) and the Arylthiolate Ligand
Favors a Syn-Disubstituted MCB and hence, the Z-Alkene Product.
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The one-step synthesis from non-selective Grubbs-type catalysts resulted in a large
diversity of arylthiolate-substituted catalysts (Chart 3). Beneficial traits found in the
parent Grubbs-type catalysts are often inherited by the respective monothiolate
catalysts. Furthermore, DFT-guided development led to the implementation of
isocyanate in complexes 24b and 25b, increasing their stability and enabling metathesis

in air.!* The low force constant of the Ru-S-R valence angle limits the Z-selectivity
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of monothiolate catalysts. Thus, restraining the thiolate and preventing bending and

rotation should increase Z-selectivity.

Chart 3. Various Z-selective Monothiolate Catalysts.
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Hoveyda-Grubbs 2™ gen. type based on large monothiolates 24-25, including the air-stable, 24b, 24c,
and 25b congeners 714164165 The pyridine and 3-bromo-pyridine fast-initiating versions
26-27.333%152165 The phosphine-based versions 28-29.'!

Monothiolate catalysts exhibit notable Z-selectivity along with high activity and
remarkable tolerance toward air and acidic functional groups. However, maintaining
this Z-selectivity becomes challenging as the catalyst decomposes, necessitating fast
initiation and shorter reaction times. Consequently, there is a need for further

enhancements in catalyst stability to address this challenge.’>7%:151:152.164,165

5.1.2 Cyclometalated Catalysts

The Grubbs-type Z-selective catalysts were discovered by chance in 2011.5%158166 The
addition of silver pivalate to 16 substituted not only both chlorides but resulted in the

six-membered chelate complex 30 (Chart 4), via a carboxylate-assisted intramolecular
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C-H bond insertion at the ortho methyl position of the mesityl group
(cyclometalation).'*® Interestingly, 30 was both active and moderately Z-selective in
olefin metathesis. Previously, cyclometalated complexes, lacking the alkylidene

167 The pivalate-assisted

moiety, were reported as catalyst decomposition products.
cyclometalation occurred even faster and cleaner with the CHz-group on the N-1-
adamantyl substituent, resulting in the five-membered chelate complex 31a, which was

a highly Z-selective catalyst.!38168-170

Chart 4. Selected Cyclometalated Catalysts.
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Experimental!7"!”> and theoretical'>*!"® studies reveal that two major structural
features are required for achieving catalytic activity and Z-selectivity: a cyclometalated
NHC (L) and a hemilabile n*-bound anionic ligand (X"X). The cyclometalation
prevents the rotation of the NHC and forces the sterically demanding N-aryl group
above the MCB, promoting the Z-selectivity (Scheme 9).!7! An anionic ligand that can
change from bidentate (n>-bound) to monodentate (n'-bound), stabilizes reaction

intermediates and transition states, and is central to the catalytic activity.'>*!7® Catalysts
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based on monodentate (1) anionic ligands, such as chloride, iodide, and phenolate, are

essentially inactive,!”!:172176

Scheme 9. Cis-anionic Pathway of the Z-Selective Cyclometalates. Steric
Repulsion Favors the Syn-MCB Configuration M31z, which Results in the

Z-Olefin Product.
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Five key elements have been identified, leading to a variation in the cyclometalated design (Chart 4):
(i) the N-alkyl chelating group,'®!""!77 (ii) the hemilabile n*-bound anionic ligand (X"X),"!” (iii)
the N-aryl group,'**'" (iv) the carbene ligand (L),'>>'>*!"® and (v) the chelating alkylidene ligand."®>'”®

The cyclometalated catalysts display exceptional activity, efficiency, and Z-selectivity
in a broad range of olefin metathesis applications, including cross-metathesis, ring-
closing metathesis, ring-opening metathesis polymerization, asymmetric ring-opening
cross-metathesis, and ethenolysis. The substrate scope is excellent, with important
exceptions being sterically hindered and acidic substrates. Cyclometalated catalysts are
greatly modifiable with respect to the carbene ligand, the N-alkyl chelating group, the
N-aryl group, and the hemilabile n?-bound anionic ligand (X"X).

5.2. Stereoretention in Olefin Metathesis

Hoveyda and co-workers demonstrated that by using a bidentate dithiolate ligand,
leading to complex 37a (Chart 5), high Z-selectivity (>98%) was obtained in ring-
opening cross-metathesis and ring-opening metathesis polymerization.!” Similar to the

cyclometalated complexes (Chart 4), the bidentate ligand enforces metathesis via a
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side-bound MCB. Yet, the NHC is not restricted and positions itself above the MCB
covering both a-positions of the MCB with its aryls while the space above the -
position remains available (Scheme 10).'8° Nevertheless, the steric pressure of the NHC
favors the formation of an all syn-MCB, leading to a highly Z-selective polymer.'”
This is in contrast to the catechol complex 36a, where an unselective polymer was

obtained.!”®

Chart 5. Overview of Selected Stereoretentive Catalysts.
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Catechothiolates with various N-aryls 37 and 39.5*'"'8! Mercaptophenolates with chelated
benzylidene 38."%? Sterically more demanding catechothiolates 40 and 41.'%* The unsaturated NHC
version 42."% Finally, CAAC-based catalysts 43.'8186

The stronger 6-donation (disfavoring of olefin complex formation) and trans influence
(repulsive interaction between NHC and trans sulfide moiety) of the catecholthiolate
ligand in 37a shifts the rate-limiting transition step to cycloaddition (irreversible) from
alkene association (reversible) in the catechol system 36a. The weakened steric
pressure of the NHC during the alkene association diminishes the selectivity.'s” The
mercaptophenolate complexes 38a and 38b were all isolated with oxygen trans to the
NHC. This arrangement is favored because of the lower trans influence of O versus S.

Surprisingly, ring-opening metathesis polymerization of 2-norbornene with 38a
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revealed low Z-stereoretention (61%). DFT calculations of the reaction profile indicate
that the mercaptophenolate system 38a resembles the catechol (36a) system more than
the dithiolate (37a) system with the alkene association as the rate-limiting step.!8? The
addition of chlorides in 37b improved the stability by reducing the electron density at
the sulfide site and consequently the trans influence of the ligand. In addition, the
nucleophilicity of the thiolates is reduced, which decelerates the decomposition via
intramolecular nucleophilic attack on the alkylidene.’* In agreement with this
observation, complex 37¢ with two additional methyl substituents showed reduced
stability due to the larger trans influence and nucleophilicity of the ligand.** Complex
37b has found application in ring-opening cross-metathesis,'”  cross-

54,56,188,189

metathesis, self-metathesis,'®® as well as ring-closing metathesis®’ tolerating

hydroxyl, ketone, aldehyde, carboxyl acid, sterically hindered, and diene
functionalities.’* Intrigued by these experimental results, Grubbs and co-workers
investigated complex 37b with the E-and Z-isomer of 5-tetradecene. In both cases, a

near-equilibrium distribution of the products was reached after a 2 h reaction time while

181

retaining the stereochemistry of the substrate.'®' Based on these findings, they proposed

the now accepted mechanism for stereoretention of catecholthiolate catalysts, which

was further analyzed and confirmed using DFT (Scheme 10).!81:1%

Scheme 10. Illustration of the Favored and Unfavored MCB Intermediates
Formed in Stereoretentive Olefin Metathesis of (a) Z- and (b) E-Olefins.
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Further experiments of 37b with methyl oleate and methyl elaidate showed
significantly lower activity with the trans isomer. Hence, three new complexes 39a-c
were synthesized with varying N-aryl sizes to facilitate the metathesis of either Z- or
E-olefin (Chart 5). Indeed, testing the complexes 39a-c in the cross-metathesis of 1-
decene and 4-octene to 4-tridecene shows significant differences in their activity

depending on the stereochemistry of the 4-octene. '8!

The substitution of a single methyl
group with fluorine in 39b improved the yield with the E-4-octene fourfold.'®! By
reducing the size of the ortho substituent (i-Pr > Me > F), the space between both N-
aryl increases, which leads to a higher activity with E-olefins (39a <37b <39b < 39c¢),
presumably due to reduced steric interaction of the B-substituent of the MCB with the
ortho substituent of the NHC-aryls (Scheme 10). The larger Dipp-moiety in 39a
improved the stability and allowed to lower the catalyst loading to 0.01 mol% for the
self-metathesis of methyl oleate.'®! For improving the E-stereoretentivity, Grubbs and
co-workers intended that the phenanthrene-dithiolate in complexes 40a-c increases the
pressure on the Hp of the MCB and subsequently enables E-selective olefin metathesis.
However, the isomer with the phenanthrene moiety pointing toward the NHC is

favored, diminishing any selectivity-inducing effect.'®?

The unsaturated NHC in catalyst 42 enabled the stereoretentive metathesis of electron-
deficient substrates. The unsaturated backbone of the NHC reduces the barrier to
productive metathesis and increases the barrier to f-hydride elimination
decomposition.!®* The CAAC-derivates 43a and 43b showed lower conversion due to
slow initiation but produced a highly syndiotactic polymer in ring-opening metathesis

polymerization of 2-norbornene. !8>-18¢

Recent developments have proven stereoretentive catalysts to have complementary
applications to Z-selective catalysts. The ability to produce E-olefins with high
selectivity presents new opportunities and possibilities. Moreover, the substrate scope
is broadened, enabling the transformation of trisubstituted olefins’® and olefins
containing a variety of functional groups, including electron-withdrawing groups
(ketone, aldehyde, carboxyl acids) and other groups, located near the alkene

functionality.>*!8118%139 A major drawback for the commercialization of these catalysts
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is their general instability toward air, even in their solid form.'°"!? Nevertheless,
methods have been developed and examples have shown circumstances that partly
overcome this. The catalyst design was improved by increasing the acidity of the
catecholthiolate (reduction of the electron density on the S atom) and lowering the trans
influence of the NHC.>*!8% Furthermore, both cyclometalated and stereoretentive
catalysts could benefit from advances in either design strategy because they follow
similar mechanisms. However, the utility of stereoretentive metathesis is limited by the

cost and accessibility of the isomerically pure starting materials.

5.3. Current Progress in E-Selectivity

Despite extensive study of ruthenium-based olefin metathesis selectivity, achieving E-
selective metathesis of 1-alkenes remains challenging due to more complex steric
requirements. The Z-selective pathway is favored by sterically hindering one plane of
the MCB, as described in Chapter 5.1, either via a bulky thiolate or an NHC-aryl
substituent. E-selectivity necessitates to sterically hinder both the a- and B-positions of
the MCB from opposing sites, enforcing the anti-MCB. This constraint demands

careful design to minimize steric requirements and uphold a catalytically active system.

Grubbs and co-workers pursued this goal with two different approaches: (i)
modification of the NHC'* and (ii) modification of the catecholthiolate.'? The former
led to catalyst 44 as a possible E-selective candidate (Figure 1a), although the cross-
metathesis reaction of 5-decene and 1,4-dibenzoyloxy-2-butene revealed only a
negligible improvement in FE-selectivity compared with 16 (87 vs 86%,
respectively).!”® The latter resulted in catalyst 41b (Figure 1b), which favors the
undesired isomer M34 (with the phenanthrene ring system oriented away from the
MCB, Figure 1c) during metathesis, thus causing no steric impact on the B-position.
Furthermore, DFT calculations on the unsubstituted MCB predicted a 5 A separation
between Hp and the phenanthrene ring when oriented toward the MCB. Consequently,
the catecholthiolate ligand appears too distant to influence the orientation of the -

substituent to any great extent.!®?
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Figure 1. Proposed E-selective catalysts with (a) N-2-(1-phenylethyl)phenyl and (b) sterically
demanding dithiolate with (c) its favored isomer in the key MCB intermediate.
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6. Methods

6.1. Experimental Methods

6.1.1 Handling and Synthesis of Compounds

The reactions in this study were conducted in an argon-filled glovebox to ensure the
exclusion of air and moisture and were performed at room temperature (25 + 2 °C),
unless stated otherwise. Solvents were dried and degassed using a glass contour solvent
purification system. Subsequently, they were stored under argon in a glovebox over 4
A molecular sieves for a minimum of 16 h prior to use. Liquid reagents underwent a
degassing process involving five consecutive freeze/pump/thaw cycles. Following the
degassing procedure, they were stored under argon in a glovebox freezer at -35 °C. Dry

reagents were imported with an open lid directly to remove air and moisture.

6.1.2 Analysis of Synthesized Compounds

NMR spectra were obtained using Bruker Biospin AV500 and 850 Ascend
spectrometers at a temperature of 298 K and were referenced against the residual proton
signals of the deuterated solvents ("H NMR).'** High-resolution mass spectra (HRMS)
were recorded using an orthogonal electrospray ionization (ESI) ion source connected
either to a JMS-T100LC AccuTOF mass spectrometer from JEOL USA or a 6546
LC/Q-TOF mass spectrometer from Agilent. The ions were guided into the orthogonal
accelerating time-of-flight (TOF) single-stage reflectron mass analyzer using a high-
frequency and high-voltage quadrupole ion guide. Detection was achieved using a dual
microchannel plate detector. Elemental analyses were performed using an Elementar
Vario EL III analyzer to determine the elemental composition of the compounds. GC
quantifications were performed on an Agilent 7890A series GC system equipped with
a flame ionization detector (FID), an Agilent 7683B series autosampler, and an Agilent
HP-5 polysiloxane column (30 m length, 320 pm diameter). Prior to analysis, GC
samples were quenched using approximately 10 equivalents of ethyl vinyl ether in
THF. For diffraction experiments, suitable crystals were immersed in Paratone-N

(Hampton Research) in a nylon loop. Data collection was performed on a Bruker AXS
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TXS rotating anode system using an APEXII Pt135 CCD detector with graphite-
monochromated Mo Ko radiation (A = 0.71073 A) and at the Swiss-Norwegian
beamlines at the ESRF synchrotron in Grenoble, France, using Si double-mirror
monochromated radiation (A = 0.62379 A) in conjunction with a 360-degree phi-scan

and a Pilatus2M detector.

6.2. Computational Methods

Density Functional Theory (DFT) calculations were performed using Gaussian 16 with

revisions C.01'% utilizing the built-in ultrafine grid for numerical integrations.

6.2.1 Geometry Optimization

Based on a brief validation against experimentally determined stereoselectivity in

Paper 11,1

®B97XD was selected as the functional for geometry optimization. The
Stuttgart/Cologne 28-electron relativistic effective core potentials (ECP28MDF)!"’
were used for Ru atoms, in conjunction with the corresponding correlation-consistent
valence double-( plus polarization basis set augmented by diffuse functions (aug-cc-
pVDZ-PP),'"”” as obtained from the Stuttgart/Cologne basis set repository.!'?®
Correlation-consistent, valence double-( plus polarization basis sets (cc-pVDZ!*® from

the EMSL basis set exchange website)*?° were used for all other atoms.

Geometries were optimized using tight convergence criteria (max. force 1.5-107 a.u.,
RMS force 1.0-10” a.u., max. displacement 6.0-10” a.u., RMS displacement 4.0-107
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, max. change in density matrix = 1.0-1077), 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
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below 100 cm™! were shifted to 100 cm™ when calculating the vibrational component
of the entropy, which is often referred to as the quasi-harmonic oscillator
approximation.?®!22 This approach is aimed at preventing breakdown (i.e., the
asymptote corresponding to infinite entropy) of the harmonic approximation for low-

frequency modes.?%

6.2.2 Single-point Energy Calculations

The geometries obtained as described above were adopted in single-point energy
calculations using the PBE functional in conjunction with the PCM polarizable
continuum solvent model, with default parameters for benzene as solvent. All PBE
calculations included Grimme’s empirical D3 dispersion corrections,?”> with revised
Becke—-Johnson damping parameters (labeled D3M(BJ) for brevity).?** In all single-
point calculations, the above basis sets were extended to the valence quadruple-( level.
Specifically, Ru was described by combining the 28-electron relativistic effective core
potential (ECP28MDF)'”’ with the corresponding correlation-consistent valence
quadruple-C plus polarization basis set augmented by diffuse functions (aug-cc-pVQZ-
PP)"7 from the Stuttgart/Cologne basis set repository.’’® The other atoms were
described by correlation-consistent, valence quadruple-C plus polarization basis sets
(cc-pVQZ'™ from the EMSL repository).??® The convergence criteria for the SCF
procedure were relaxed in single-point calculations (RMS change in density matrix

< 1.0-10%, max. change in density matrix < 1.0-1073).

6.2.3 Calculation of Standard State-Corrected Free Energies

Free energies in solution were calculated using the following equation:

T=298 T=298.15 K T=298.15 K
GPBE D3M(B]) PCM(Benzene) — EPBE—D3M(B])—PCM(Benzene) + AGuoB'97XD,qh + AGlatm - 1M>

where Epgg_psm(B))-pcM(Benzene) 1S the SP energy calculated with the computational
model, AGZE%?%ZE, 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 AG{ 228 15K 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.2%
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7. Results and Discussion

7.1. Application of S"N-Ligands in E-Selective Olefin Metathesis

7.1.1 Thioindolate as a Selectivity-Inducing Ligand

The E-stereoretention presented by the catecholthiolate catalysts is seemingly the best
starting point for E-selectivity.'®! The approach by Grubbs and co-workers did not
succeed because of the ineffectiveness of their steric demand.'®® Therefore, the
introduction of a nitrogen center bearing a substituent to reduce the distance while
maintaining a neutral Ru complex was considered. Furthermore, a planar, rigid, and
bicyclic x#*-S"N ligand should maximize the steric pressure on the MCB B-position.
These requirements led to thioindolate as a selectivity-inducing ligand, and the results

are presented in Paper 1.1

An initial computational study of 45a revealed high E-selectivity for cycloreversion
during the self-metathesis of propene, as the distance from ligand to Hg was reduced to
2.35 A (Table 1, entry 1). Moreover, the activation barrier for cycloreversion was in
line with the previously published dithiolate catalyst 37b (Table 1, entry 5).>* The E-
selectivity of the thioindolate system can be further improved by substituting position
2 of the ligand albeit at the expense of increased catalysis cost (Table 1, entries 2 and

3).

Table 1. Predicted Barriers to Propene Self-Metathesis, and Computed E/Z
Selectivity for Catalysts 46 and the Proposed Catalysts 45a-c.

Entry Cat. R AGH? AGH*2  AAGHgz"

I\ I\
Mes-N._N-Mes Mes-N N-Mes 1 45a H 179 213 34
S"'IJ:L ¢ S"RTU ) 2 45b Me 190 232 40
@'R/ RS 03/ OX= 3 45 Ph 241 355 115
45aR=H  Cl 46R=Me 4 46 Me 227 215  -12
45b R = Me 37b R = i-Pr 5 37 i-Pr 222 210 -1.2
45¢ R =Ph

in kcal mol™. *vs precursor. "AAG*z = AG*s - AG*7.

Thus, I proceeded to synthesize ruthenium alkylidenes bearing such ligands. The

thioindolate ligands were synthesized from commercially available 7-bromoindole
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47a-c via a two-step procedure: Pd-catalyzed exchange of the bromine atom with a
silylthioester forming 48a-¢, followed by deprotection using hydrochloric acid or
[(n-Bu)4N]F yielding the thioindole ligand 49a-c. Subsequent treatment with KH in
THF afforded the dipotassium salt 50a-c (Scheme 11).

Scheme 11. Synthesis of Thioindolate Ligand 49a-c.

. H:
Br KSS(i-Pr)s, SEPs - [(n-Bu)NJF, S ok
H  0.1Pd(PPhy), H  THF, RT, 5h H KH K
N e N AL N
arar=H 0N ggar-py 2Ol 4sar=H 50a R = H
4TbR = Me 48b R = Me PR 49b R = Me 50b R = Me
47cR = Ph 48cR = Ph 49c R = Ph 50c R = Ph

Salt metathesis with Hoveyda 2" generation complex 16 failed in contrast to the
reported sterically demanding dithiolates (41a-c), probably due to the steric clash
between the isopropyl moiety and the ligand. While the reaction with the
pyridine-stabilized complex 18 initially succeeded, the newly formed complex
decomposed prior to isolation. Success was achieved using catalyst 51, possibly due to
the decreased steric demand of the 2-thienylmethylidene and the unsaturated NHC
(Scheme 12a). Additionally, catalyst 51 has been successfully used as a precursor in

Z-selective metathesis yielding the monothiolate complexes 27a-¢.>

Scheme 12. Installation of Ligands 50a-c on (a) Catalyst 51 while Installation on
(b) Catalyst 16 or (c) 18 Failed.
a) H b) c)
Mes~- N N-Mes 50a-c Mes~- N N-Mes Mes- N N-Mes Mes- N N-Mes
T g T Cl T Cl
py— F\"u THF, RT, 0.5h N Ru-: N Rlu_\

py

51 52a R=H P’
52b R = Me s
52¢ R = Ph

The three new complexes 52a-¢ were synthesized in good yield (60-65%) and
characterized by NMR and MS analysis, and in the case of 52a and 52c¢ by single-
crystal X-ray diffraction (Figure 2), although the quality of the crystal of 52a only
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permitted proof of connectivity. To the best of my knowledge, these represent the first

set of transition-metal complexes bearing thioindolate chelate ligands.

Figure 2. X-ray crystal structure of 52a and 52¢, with displacement ellipsoids drawn at 50%
probability for 52c. For 52a, the quality of the obtained crystals was good for proof of
connectivity, but not for qualitative comparison. Ruthenium is shown in magenta, sulfur in
yellow, nitrogen in blue, and carbon in gray. Hydrogen atoms have been omitted for clarity.
Selected geometrical parameters for 52¢ (bond distances in A and angles in deg.): Ru—Cl:
2.0704(17), Ru—N1: 2.1295(15), Ru-S1: 2.3031(5), Ru—N2: 2.1316(16), Ru—C2: 1.8490(18);
N1-Ru-S1: 85.11(4), S1-Ru—C1: 87.27(5), N1-Ru—C1: 162.78(6).

The X-ray structures confirm the binding of the thioindolate fragment as an 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. In addition, DFT calculations predict that
the unintended isomer 52a’, with the thiolate sulfur trans, and the indolate nitrogen cis,
to the NHC, is only 1.9 kcal mol™! less stable, and may also be present (Table 2, entry
1). Indeed, '"H NMR spectra of catalyst 52a consistently exhibit a minor alkylidene
singlet (5%) at & = 15.4 ppm, with the main alkylidene signal located at § = 16.2 ppm.
A NOESY experiment confirmed the existence of an exchange equilibrium between
these two alkylidene singlets, with the minor alkylidene species being 1.8 kcal mol!
less stable than the dominant species. From the agreement between the NMR
experiment and the DFT calculations, the minor species is presumed to be 52a’. Such
minor alkylidene species are not observed for complexes 52b and 52¢ containing larger
thioindolates, and calculations also indicate that the isomers 52b” and 52¢’ with rotated

SN ligands are energetically unfavorable (Table 2, entry 2 and 3).
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Table 2: Predict vs Experimental Relative Stability of the Isomers 52a’-c’.

Entry Cat. AGprT* AGEpr

MesﬁN\TN‘MeS 1 52a’ 1.9 1.8
Z NrRu= 2 52b’ 4.0 -
/ <
), \Q 3 ;0 13 -
52a'R=H in kcal mol ™. ®vs respective isomer 52a-c.
52b'R = Me °Relative abundance in 'H NMR.
52b'R = Ph

The metathesis activity of 52a and 52b was initially assessed by reaction with styrene
at room temperature. Unexpectedly, '"H NMR analysis showed no evidence of the
stilbene (self-metathesis product). Instead, a new alkylidene singlet along with
vinylthiophene was observed. The new alkylidene species, identified as the
benzylidene analogs of 52a and 52b, resulted from unproductive metathesis with
styrene. Complex 52a reaches equilibrium within 15 min, versus nearly an hour for
catalyst 52b. The slower reaction of 52b is consistent with the higher barrier to
metathesis calculated for the bulkier thioindolate in the HIMes analogs 45a-c (see
Table 1). Increasing the reaction temperature or time resulted in the loss of the
alkylidene signals as well as a black precipitate, indicating catalyst decomposition and
formation of Ru nanoparticles.®” The reaction with allylbenzene was examined to test
whether the reduced steric bulk at Cg would enable productive metathesis, but again,
no metathesis products were observed. In the case of 52a, 35% 2-vinylthiophene was
detected by 'H NMR analysis with full conversion of the starting catalyst. In
comparison, 17% of 52b remained even after a 12 h reaction time, indicating slow
initiation and a relatively stable precatalyst. Isomerization of allylbenzene was also
observed, presumably by decomposed Ru species.®””! Surprisingly, catalyst 52a
showed low activity in propene self-metathesis (0.35 turnover), although the calculated
barrier for cycloreversion was similar to complex 37b. Moreover, the major product
was Z-2-butene (73%), instead of E-2-butene, as initially predicted. Further DFT
calculations identified 2-butene dissociation as the rate-limiting step favoring the
dissociation of Z-2-butene (see Figure 3). The higher barrier for dissociation likely

originates from the increased steric congestion of the system.!?®
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Figure 3. Gibbs free energies calculated for intermediates and transition states of propene self-
metathesis for catalysts 52a (=M35, black) and 37b (=M45, blue). The Z-2-butene pathways
are indicated by triangles and those of E-2-butene by squares. A standard state corresponding
to an ideal 1 mol L*! solution (benzene) is assumed for all species, and free energies are given
relative to the respective precursors.

Based on these results, the development of an E-selective catalyst necessitates two key
factors: (i) applying opposing steric pressure from different directions, and (ii)
maintaining low net steric congestion to enable productive metathesis, particularly

during the dissociation of the olefin product from the metal.

7.1.2 Triflouromethanesulfonyl Group for Higher Stability

Reducing the electron density of 37a by the addition of two chlorides resulted in the
more stable and active complex 37b. Therefore, the question arose as to whether
reducing the electron density on N would enable more catalytic activity of the S"N
system as well. This led to the investigation of the mercaptophenyltriflouromethane-
sulfonamide ligand precursor 55. The neighboring triflouromethanesulfonyl moiety
should increase the acidity and drastically decrease electron density at the N. The

results are presented in Paper III.
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The ligand 55 was prepared by adapting a protocol from the literature (Scheme
13).296207 Commercially available 2-aminothiophenol 53 was oxidized into bis(2-
aminophenyl) disulfide 54. Subsequently, disulfide 54 was reacted with
trifluorometanesulfonic anhydride at low temperature to yield the corresponding
sulfonamide derivate, where the disulfide bond was cleaved using triphenylphosphine
and water, resulting in the ligand 55. The latter was transformed into the required

dipotassium salt 56 for installation on Ru complexes.

Scheme 13. Synthesis of Mercaptophenyltriflouromethanesulfonamide Ligand 55.

J{ j 1. (CF3S0,),0, SH SK

SH  H0, [KI)  HN 3 EtzN, DCM KH
@[ sS Ho NKo
NH, EtOAc, EtOH NH, 2 2 PPhs, oS THF oS
@ 2 H,OITHF CF4 CF3

53 54 55 56

Similar to the thioindolate, the salt metathesis of dipotassium salt 56 and Ru alkylidene
complex 51 worked well with 90% isolated yield (Scheme 14). Complex 57 was
characterized using NMR, MS, and single-crystal X-ray diffraction, revealing the
expected isomer with N trans to the NHC.

Scheme 14. Installation of 56 on Ru Complex 51.

MeS*NYN*MeS 56 Mes—é\l\\fN-Mes
Cl
PyRu= THF, RT, 15 min @ Ru
| \XQ N By
py S 24
O// “CF3
51 57

X-ray crystal structure of 57, with displacement ellipsoids drawn at 50% probability. Ruthenium is
shown in magenta, sulfur in yellow, nitrogen in blue, fluorine in green, and carbon in gray. Hydrogen
atoms have been omitted for clarity. Selected geometrical parameters (bond distances in A and angles
in deg.): Ru—C1 = 2.056(2), Ru-N1 = 2.207(19), Ru-S1 = 2.264(7), Ru-N2 = 2.134(19), Ru-C2 =
1.850(2), N1-Ru-S1 = 83.03(5), SI-Ru—-C1 = 86.49(6), N1-Ru—C1 = 167.30(8).

Complex 57 exhibited slightly better activity in the self-metathesis of propene than
complex 52a (0.95 vs 0.35 turnovers) and increased E-2-butene formation (37% vs

27% with 52a). However, the observed Z-selectivity again indicates a high barrier to
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dissociation, as during the cycloreversion step the E-pathway is favored by 3.5 kcal
mol!. Therefore, it is hypothesized that reducing the steric demand of the NHC should

be beneficial for product dissociation, which will be discussed in the next chapter.

7.2. Utilizing Smaller NHCs for Higher Activity

In the previous chapters, it was determined that the rate-determining step shifted from
cycloreversion to product dissociation due to the steric bulk of the system, altering the
predicted selectivity from £ to Z and decreasing the overall activity of the catalytic
system. Thus, reducing the steric demand of the NHC C1 by minimizing the ortho
substituents on the aryl moiety should facilitate easier product dissociation.
Additionally, the diminished steric size of the NHC-aryls would create more space
above the B-position of the MCB, enhancing the E-selectivity of the catalyst. The
selected NHCs C2-5 are shown in Chart 6. This work is presented in Paper II1.

Chart 6. Selected N-Heterocyclic Carbenes C2-5 with Smaller Ortho Substituents.

C1 C2 C3 C4 C5

C2 and C3 were specifically chosen to evaluate the impact of steric hindrance near the
ruthenium center, while maintaining similar electronic properties as C1. NHC C4, in
particular, was selected because Grubbs and co-workers reported that a tetramethyl-
substituted backbone should restrict the rotation of the NHC aryl groups, preventing
potential decomposition pathways such as C—H activation, which is a concern with
phenyl-based NHCs.2%:2%° Despite having larger ortho fluorine substituents compared
with the ortho hydrogens in C2-4, NHC C5 was selected because it has been
successfully applied for E-stereoretentive metathesis in catalyst 39¢ and is immune to

C—H activation.

The synthesis of imidazolium salts 60a and 60b, precursors to the NHC C2 and C3,
respectively, proved to be unexpectedly challenging (Scheme 15). By adapting the

protocol for highly substituted imidazolium salts developed by Glorius and co-workers,
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the synthesis was improved by performing the reaction in a microwave reactor
(MW).210211 The amidines 58a and 58b?!?> were reacted with 3-chloro-2-butanone to
yield the imidazolium salt 59a and 59b. These intermediate salts were then dehydrated
using acetic anhydride and hydrochloric acid, resulting in the formation of the
unsaturated imidazolium salt 60a and 60b. The use of a microwave reactor significantly
reduced the reaction time compared with the original protocol developed by Glorius
and co-workers, which relied on standard heating techniques. In the microwave reactor,
each reaction was completed within 1 h, whereas it took several days using traditional
heating methods. The imidazolium salts of C4 and C5 were synthesized according to

their respective reported synthesis.'8!-20%

Scheme 15. Microwave-Assisted Synthesis of Imidazolium Salts 60a and 60b.

Ar o) OHAr Ar

N C'J\f N.CI” HCI(aa), A0~ N G
N j: /> i p

HN NEt(i-Pr),, MeCN N® toluene, MW N®
Ar MW, 200 °C, 45 min Ar 150 °C, 60 min Ar

58a Ar = phenyl 59a 60a

58b Ar = 3,5-dimethylphenyl 59b 60b

MW = Microwave reactor

The synthesis of the desired pyridine-stabilized precatalysts 62a-d involved the
reaction of Grubbs 1% generation 11 with the in situ generated carbenes C2-5 derived
from the respective imidazolium salts and potassium bis(trimethylsilyl)amide
(KHMDS) with subsequent exchange of tricyclohexylphosphine with pyridine
(Scheme 16). However, the synthesis of phenyl-based complexes 62a-c proved to be
challenging because they exhibited general instability and were prone to

decomposition, presumably resulting from C—H activation of the NHC ligand.!¢7-213-214

Scheme 16. Synthesis of the Pyridine-Stabilized Precatalysts 62a-d.

PC
o c2-cs5 Ta pyridine Te T oy
Ru= = _ — Rui= =~ py-Rusx or Ru=
ca’l Ph THE 2] Pn ci“py Ph ci’¢l Ph
PCys PCys
1 61a L = C2 (74%) 62a L = C2 (<5%) 62b L = C3 (23%)
61b L = C3 (59%) 62d L = C5 (94%) 62c L = C4 (17%)
61c L = C4 (83%)
61d L = C5 (84%)
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For 62a, the stability problems resulted in yields insufficient for product isolation.
Complex 62b, containing a more substituted NHC, was isolated in 23% yield, and
single-crystal X-ray diffraction analysis revealed a cis-configuration of the two
chloride ligands (Figure 4). During attempts to grow crystals of 62b in a glovebox
freezer (-35 °C), a partial color change of the microcrystalline solid from green to blue
was observed over time. The 'H NMR analysis of the blue microcrystalline compound
showed decomposition through the lack of an alkylidene signal, presumably via C—H
activation enabled through the vacant coordination site at Ru in the monopyridine

complex. 67213

§>—N o N—<fz
T.py C1
Ru=
ci“cl Ph
62b

Figure 4. X-ray crystal structure of 62b with displacement ellipsoids drawn at 50%
probability. Ruthenium is shown in magenta, chloride in green, nitrogen in blue, and carbon
in gray. Hydrogen atoms have been omitted for clarity. Selected geometrical parameters (bond
distances in A and angles in deg.): Ru—~C1=2.03(2), Ru—N1=2.071(17), Ru—CI1 = 2.402(5),
Ru-CI2 =2.416(6), Ru—C2 = 1.84(2), C11-Ru—CI2 = 88.09(19), C11-Ru-C1 = 89.6(5), C12—
Ru—C1 =160.9(6), Cl11-Ru-N1 = 173.2(6), C2-Ru—C1 = 96.1(9).

The expectation that the tetramethyl-substituted backbone in 62¢ would restrict the
rotation of the NHC aryls, thereby preventing C—H activation and increasing stability,
did not hold true.?°®2 While I was able to improve the yield of the phosphine-
stabilized complex 61¢ from 55% to 83%,2% attempts to improve the exchange of the
PCys; ligand with pyridine to obtain 62¢ were disappointing, resulting in only 17% yield
of the desired pyridine-stabilized complex. Various strategies, such as reducing
reaction time, using lower temperatures, or adding hexane, did not improve the yield.
In addition, the initial green solution of 62c¢ turned red even at -35 °C, indicating
decomposition of the target complex. Efforts to obtain suitable crystals for X-ray
diffraction analysis resulted in the formation of complex 63 instead of 62¢ (see Figure

5). Previous reports by Grubbs and co-workers described similar complexes stabilized
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by two PCy; ligands, featuring double C-H activation.?’> Furthermore, stability
problems were also encountered with the phosphine-stabilized precursor 61¢.2% The
pyridine exchange process may contribute to the decomposition due to the formation
of pyridinium chloride. The attempt to prevent the formation of 63 by washing complex
62c¢ with hexane after the pyridine exchange, aiming to remove free PCy; and excess
pyridine, unfortunately led to product loss due to decomposition. This was evident as

the filtrate remained red and the green filter cake disappeared.

Figure 5. X-ray crystal structure 63, with displacement ellipsoids drawn at 50% probability.
Ruthenium is shown in magenta, phosphine in orange, nitrogen in blue, and carbon in gray.
Hydrogen atoms have been omitted for clarity. Selected geometrical parameters (bond
distances in A and angles in deg.): Ru-C1: 1.915(4), Ru—C2 = 2.150(4), Ru-P2 = 2.372(15),
C1-Ru-C2 =76.07(16), C1-Ru—P2 = 101.79(16), C2-Ru—P2 = 92.32(14).

These observations indicate that the rotation of the NHC aryl groups cannot be
prevented by simple means, for instance, by using an extensive backbone. Therefore,
the introduction of the ortho fluorinated NHC CS5, which reduces the steric environment
around the Ru center while being resistant to decomposition, was pursued.'8!2!> In
comparison to complexes 62a-c, the 2,6-diflourophenyl-based complex 62d was
successfully isolated in high yield (94%, see Scheme 16), and only 30% decomposed
after 12 h in a NMR tube. The high stability of 62d suggests that the decomposition
observed earlier was indeed a result of the rotation and subsequent C—H activation of

the NHC aryl groups.

The reaction of the phenyl-based complexes 62b and 62¢ with the sulfonamide ligand
56 resulted in the disappearance of the alkylidene signal, indicating decomposition of
the complexes. Even salt metathesis with the more stable precursor 62d led to

decomposition through the formation of nanoparticles (Scheme 17).
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Scheme 17. Attempted Installation of Sulfonamide 56 on Ru Complex 62b-d.
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Considering the unsuccessful installation of 56, the investigation shifted toward the
installation of thioindolate ligand 50a on 62b-d. Once again, the reaction with 62b and
62c led to unstable Ru alkylidene complexes that decomposed during purification. In
contrast, the reaction with 62d resulted in the formation of the stable complex 65.
Contrary to the previous study on 52a, single-crystal X-ray diffraction analysis of 65
revealed that the isomer with N in a cis orientation to the NHC is more favorable, as

shown in Scheme 18.

Scheme 18. Installation of Thioindolate 50a on 62d.
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X-ray crystal structure of 65, with displacement ellipsoids drawn at 50% probability. Ruthenium is
shown in magenta, sulfur in yellow, nitrogen in blue, fluorine in green, and carbon in gray. Hydrogen
atoms have been omitted for clarity. Selected geometrical parameters (bond distances in A and angles
in deg.): Ru—C1 = 2.034(5), Ru—N4 = 2.056(4), Ru-S = 2.3627(13), Ru-N3 = 2.144(4), Ru-C2 =
1.810(6), N1-Ru-S = 88.59(10), S—Ru—C1 = 149.93(17), N3—Ru—C1 = 93.97(17), C4-N4-N3-C3 =
43.05.

This preference is likely due to the reduced steric hindrance and weaker trans influence
of the NHC allowing stabilization of the isomer (65) in which the bulkier indolate part

of the SN ligand is placed near the smaller, fluorine-substituted NHC.

Catalyst 65 displays low catalytic activity in the self-metathesis of propene 66. After
complete loss of starting complex 66 in the propene self-metathesis experiment, only

23% of free styrene was observed in the 'H NMR spectrum, suggesting that 77% of the
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catalyst decomposes before completing the initiation. The initiated complex manages
to produce a low amount of 2-butene (0.09 turnovers), slightly favoring the E-isomer
(54% vs 46% Z-isomer). The application of larger terminal olefins, such as 1-octene
67, or internal olefins, such as methyl oleate 68 and methyl elaidate 69 (Scheme 19,
parts a and b), showed no productive metathesis. In contrast, low catalytic activity was
recorded in the ring-opening metathesis polymerization (ROMP) of cyclooctadiene 70

and 2-norbornene 71 (Scheme 19, part c).

Scheme 19. Tested Olefin Metathesis Reactions of Catalyst 65.

a) Terminal Olefins ¢) Ring-Opening Metathesis Polymerisation
65 [2 mol%)] oy
X 04M CGDG n cat [1 mol%] -
66 20n,25°C 009 equiv’ 2M THF, 25 °C
(E:Z = 54:46) 65: 5%° n

65 [2 mol%] 70 52a; 20%°

XN B ——

H14Ce 0.4 M CeDg,

67 20 h, 25 °C

n @ cat [1 mol%] W
b) Internal Olefins 2MTHF, 25 °C .

71 65: 20%"
—\ 65 [4 mol%)] 20%
H47Cg (CH3);CO,Me 65: 2%
0:4 M CeDe, 4N, 52a: 100%"
68 25°C or 60 °C
(CH2)7C02M6
an 65 [4 mol%)]
H47Cg
69 0.4 M CgDg, 4h,

25°Cor60°C

“Equivalents vs 65 determined by "H NMR analysis. *Yield determined by 'H NMR analysis. ‘Isolated
yield using 0.1 mol% catalyst loading.

The stereochemistry of the resulting polynorbornene was highly dependent on the
catalyst. While catalyst 52a was highly Z-selective (89%), catalyst 65 only achieved a
moderate Z-selectivity (50%) similar to the mercaptophenonlate complexes 38a and
38b.'%2 The lower Z-selectivity of 65 presumably originates (i) from the lower Lewis
base character of N versus S or (ii) from the sterically more accessible NHC. While the
former would result in alkene coordination as rate-determining step where steric factors
play a minor role, the latter with a diminished steric effect of the smaller NHC-aryls

would lead to an increased E-selectivity.'8!:182
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Still, this unexpectedly low activity of the catalyst is surprising considering that the
smaller NHC in catalyst 65 was expected to enhance product dissociation, which was
identified as the limiting factor in catalyst 52a. Thus, further DFT calculations on

catalyst 65 were initiated to explain the low activity.

They indicate that catalyst 65 is approximately 6 kcal mol'! lower in energy than isomer
65’ (where the thioindolate ligand is oriented with S cis, and N trans, to the NHC),
suggesting that the two observed alkylidene signals in the '"H NMR (at 14.6 and 15.0
ppm) belong to catalyst 65 due to the presence of the asymmetric NHC ligand.'$!:1%
Additionally, whereas a NOESY experiment indicated dynamic exchange between the
corresponding two isomers (the indolate cis and trans to the NHC, respectively) of
52a,'% no signs of a corresponding exchange between the 14.6 ppm and 15.0 ppm

signals were observed for 65.

Next, the initiation of catalyst 65 was investigated. Surprisingly, pyridine dissociation
from 65 is costly, with a barrier of 26.6 kcal mol™! via transition state M54 (Figure 6),
due to the weak trans influence of the indolate amide nitrogen atom and the significant
through-complex N(amide)-Ru—N(pyridine) © interaction (the thioindolate—pyridine
dihedral angle is ca. 43° in 65; see Scheme 18).

Further calculations at successively longer Ru—py distances resulted in monotonically
increasing potential energies, and the complete loss of pyridine from M55 does not
seem to involve a transition state on the potential energy surface (PES). Therefore, it
can be assumed that dissociation from the second coordination sphere proceeds at a
rate close to the diffusion limit. In conclusion, the estimated barrier for pyridine loss
from M53 (65), including the dissociation of pyridine from the second coordination

sphere, is 26.6 kcal mol™.
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Figure 6. Gibbs free energies calculated for the initiation of 65 (the model of which is M53)
via pyridine dissociation and isomerization to the 65’-derived M58. Complexes with the
thiolate sulfur atom trans to the L-ligand (as in the 65 precursor) are indicated by blue triangles
and those with a corresponding cis-configuration by black squares. A standard state
corresponding to an ideal 1 mol L' solution (benzene) is assumed for all species, and free
energies are given relative to the most stable rotamer of the 65 precursor.

Subsequent isomerization of the four-coordinate complex M56 to M58 by rotating the
SN ligand around an axis nearly parallel to the Ru alkylidene bond,'®? would result in
the thiolate S atom cis to the NHC ligand. The stronger ¢ donation and trans influence
of the thiolate S atom, positioned trans to the evolving MCB, should facilitate the
metathetic bond-rupture and bond-formation steps. Indeed, the cycloreversion step of
65’ is 4.7 kcal mol! lower in energy that that of 65 (see Figure 7). This S"N ligand
isomerization was assumed to be fast because of the dynamic equilibrium between the
two corresponding isomers of 52a observed in a NOESY experiment*® and the low
barrier calculated for the catecholthiolate rotation in the 14-electron complex of the
stereoretentive catalyst 37b.!8221® However, the predicted barrier to S"N ligand rotation
(27.9 kcal mol™! via M57) is surprisingly high and comparable to that of the pyridine
dissociation. The faster isomerization observed for 52a presumably originates from the
larger C1 ligand, as calculations on the bidentate catecholthiolate ligand in
stereoretentive catalysts identified a correlation between steric bulk and ease of

rotation.>!6

Continued initiation requires the coordination of the substrate (here: propene) to yield

the m-complex M59 or M67, cycloaddition and cycloreversion to yield the
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corresponding styrene m-complexes M63 or M71, and styrene dissociation to form the
14-electron ethylidene species M66 or M74. The free energies calculated for these
intermediates and transition states reveal that both the key metathetic bond rupture and
formation steps are clearly disfavored by the amide moiety of the S"N ligand being
situated trans to the evolving MCB. Metathesis activity is known to benefit from
ligand-to-metal ¢ donation from the trans-disposed ligand.?!” The amide unit is a poor
o donor, compared with the thiolate of 52a and 65°. Surprisingly, the low trans
influence of the amide moiety did not increase the barrier to styrene dissociation (24.6
kcal mol™!, via M64) for 65 compared with 65° (24.3 kcal mol!, via M72). The
subsequent styrene dissociation from the weakly bound complexes M65 and M73 is
linked to significant stabilization, not involving transition states on the PES, and can
be assumed to be fast. Contrary to initial assumptions, the initiation of 65 does not
involve S"N ligand rotation (via M57) for metathesis to proceed via the intermediates
and transition states of the catalytically more active 65°. Even subsequent isomerization

of the ethylidene species M66 to M74 is unlikely (31.6 kcal mol™).
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Figure 7. Gibbs free energies calculated for propene coordination, cycloaddition,
cycloreversion, and styrene dissociation for the 14-electron, pyridine-free complexes M58 and
M67 of catalyst isomers 65 and 65, respectively. See Figure 6 for pyridine dissociation from
catalyst precursor 65 and its isomerization to 65°. Intermediates and transition states with the
thiolate sulfur atom trans to the L-ligand (as in the 65 precursor) are indicated by blue triangles
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and those with a corresponding cis-configuration by black squares. A standard state
corresponding to an ideal 1 mol L' solution (benzene) is assumed for all species, and free
energies are given relative to the most stable rotamer of the 65 precursor.

In conclusion, the initiation is limited by the dissociation of pyridine and is estimated
to be in the range 26-28 kcal mol!. This barrier suggests a very slow reaction (perhaps
taking days to complete at room temperature), which could easily be outcompeted by
catalyst decomposition reactions such as nucleophilic attack of the thiolate on the
benzylidene, a prominent decomposition reaction for the closely related 37b.5*19
These results are thus consistent with the small amount (23%) of free styrene and the
significant catalyst loss observed in the propene self-metathesis experiment (see

above).

The calculated relative free energies for 65-catalyzed propene self-metathesis (Figure
8) are qualitatively consistent with the observed product formation, showing high
barriers and marginal predicted E-selectivity (0.3 kcal mol!, via M80g). Considering
the catalyst isomer configuration, with the indolate positioned trans to the evolving
MCB and 2-butene, a low metathesis activity is expected. However, the observed
activity (0.09 equivalents vs 65 in 20 h) appears surprisingly high, especially
considering the rate-determining barriers exceeding 30 kcal mol!. Assuming
reversibility, the barriers could imply that the observed 2-butene might stem from
catalyst isomerization through M57 (27.9 kcal mol™') with subsequent 65’-catalyzed
propene self-metathesis, as depicted in Figure 9. However, the reported free energies
assume standard state corresponding to an ideal 1 mol L! solution (benzene) for all
species. Accounting for the experimental catalyst concentration (0.01 M) and
considering that only 23% of the catalyst was initiated, the product dissociation barriers
of 65 (23.4 kcal mol! for E-2-butene and 23.7 kcal mol™! for Z-2-butene) are indeed

lower than that of catalyst isomerization (23.8 kcal mol™).
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Figure 8. Gibbs free energies calculated for intermediates and transition states of propene self-
metathesis for catalyst 65. The Z-2-butene pathway is indicated by blue triangles and that of
E-2-butene by black squares. A standard state corresponding to an ideal 1 mol L' solution
(benzene) is assumed for all species, and free energies are given relative to the most stable
rotamer of the 65 precursor.

Although the isomerization of 65 - 65 is disfavored, it could provide insight into the
design of future E-selective catalysts. Catalyst 65° was initially envisioned to determine
the rate and selectivity via cycloreversion by facilitating product release. Indeed, for
65°, the dissociation of E- and Z-2-butene is faster than the cycloreversion (Figure 9).
While the dissociation of Z-2-butene is barrierless from the © complex M87z formed
during cycloreversion, the preferred pathway for E-2-butene dissociation entails an
initial rotation, with a barrier (21.3 kcal mol!) below that of cycloreversion. This
rotation helps alleviate the mutual steric repulsion between the catalyst and butene in
the initially formed © complex M87g. From the resulting © complex M89g, depicted
with E-2-butene “upright” in-between the N-aryl groups, alleviating steric repulsion,
dissociation of E-2-butene can occur barrierless with minimal geometric rearrangement
from the catalyst. This is in stark contrast to the high (29-32 kcal mol!)!?® and rate-
determining barriers for 2-butene dissociation calculated for 52a, reinforcing the
central hypothesis of this project: a smaller NHC facilitates product release for
thioindolate-based complexes with the thiolate S atom positioned trans to the evolving

MCB and the forming 2-butene.
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Figure 9. Gibbs free energies calculated for intermediates and transition states of propene self-
metathesis for the originally intended catalyst isomer 65°. The Z-2-butene pathway is indicated
by blue triangles and that of E-2-butene by black squares. A standard state corresponding to
an ideal 1 mol L' solution (benzene) is assumed for all species, and free energies are given
relative to the most stable rotamer of the 65 precursor.

In conclusion, if 65’ instead of 65 were thermodynamically favored, it would be limited
by cycloreversion, showing a lower barrier (22.8 kcal mol!, via M86g) than 65.
Moreover, the calculated free energy difference between the Z- and E-pathways for
cycloreversion in 65° (4.1 kcal mol™!) is greater than that in the bulkier 52a (1.9 kcal
mol ™), confirming the other initial hypothesis: a larger open space between the N-aryl
groups of carbene C5 versus C1 reduces steric repulsion between the NHC and the E-

alkene product formed during the cycloreversion step.

The preceding implies that active and E-selective catalysts based on S"N bidentate
ligands might be obtained by destabilizing the undesired isomer via a strong mutual
carbene—thiolate trans influence and/or by stabilizing the desired isomer via a
beneficial carbene-indolate trans influence. Similarly, a less n-accepting leaving donor

than pyridine should destabilize the undesired precursor isomer.

7.3. Revision of S"'S and S"N Ligands for E-Selectivity

In retrospect, I was overly optimistic in choosing the catecholthiolate system as the
basis for my PhD project. Despite its excellent stereoretention for both £- and Z-olefins,
there were warning signs present in the literature that should have cautioned me against

using them as the starting point for my E-selective catalyst design.



61

For instance, catecholthiolate complex 37b requires high catalyst loadings (averaging
5 mol%) and long reaction times to achieve high conversion of the starting material,
indicating low stability or reactivity.>* In contrast, the cyclometalated complex 33b
achieves full conversion with a catalyst loading as low as 0.01 mol%, and the

monothiolate complex 27a reaches equilibrium after only 5 min of reaction time.>>!>

The most significant warning sign should have been the incompatibility of the
catecholthiolate system with terminal olefins, as it led to the formation of a methylidene
specie, which can decompose at a rate comparable to metathesis.'*>?'* To overcome
this issue, Hoveyda and co-workers designed the methylidene-capping strategy to
convert terminal olefins into the desired internal olefins using Z-2-butene before further
reactions.'®” While I was aware of this issue, I hoped to achieve some turnovers and E-
selectivity with catalyst 52a. Initially, I did not consider that enforcing the anti-
configuration of the MCB would impose additional stress on the system, which would
increase the barrier for product dissociation above the barrier for cycloreversion,
lowering its activity and making decomposition more likely. The use of the more
sterically accessible NHC CS5 released some of the strain but favored the formation of
the latent complex 65. The undesired orientation of the thioindolate was favored by the
lower trans influence and steric size of NHC C5 compared with C1. Increasing the
trans influence of the carbene ligand, potentially using a cyclic alkyl amino carbene
(CAACQC),"8 is expected to enforce the desired E-selective orientation of the thioindolate
ligand. However, a large trans influence of the carbene could destabilize the complex

by the weakening Ru-N-indolate bond.

Ultimately, the flaws of the parent catecholthiolate catalysts with terminal olefins were
inherited by the developed thioindolate and sulfonamide systems. Therefore, a new
starting point must be found, where the parent system is robust and allows for olefin
metathesis with terminal olefins. Additionally, the desired structure of an asymmetric
system must be electronically favored to avoid the formation of inactive isomers due

to steric changes over the reaction pathway.
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7.4. A New Design Approach for Bidentate Ligands

To achieve a successful E-selective complex, it is important that the new bidentate
ligand X"Y does not impose additional stress on the system. One approach to achieve
this is to ensure that the bidentate ligand XY adopts the same preferred orientation as
the combination of the two monodentate ligands X and Y (see Figure 10). This
necessitates that the monodentate ligand X possesses a strong trans influence, favoring
the formation of the side-bonded MCB M91a over the bottom-bonded MCB M91c,
whereas ligand Y should possess a weak trans influence to increase the overall stability
of the system. In addition, the formation of the side-bonded isomer M91b should be
hindered by the repelling trans influence of X and the NHC. By employing this strategy,
the bidentate ligand X"Y should favor the formation of M92a over M92b and M92c,
primarily driven by electronic rather than steric factors. Additionally, the Y moiety
should be small enough to allow metathesis to happen and large enough to favor the E-
selective pathway. This approach minimizes the stress imposed on the system,

promotes the desired orientation, and increases the stability of E-selective complexes.

a) monodentate X and Y b) bidentate XY
NHC NHC NHC NHC NHC NHC
X—R!u> Y—R!u> X—R|u—Y C—/R!u& Y—R!u> )Q(I?‘u
Y X Q Y Q O
M91a M91b M91c M92a M92b M92c

Figure 10. Possible isomers of the unsubstituted MCB using (a) two monodentate ligands X
and Y or (b) one bidentate ligand X"Y.

An example of such a system can be found in the cyclometalated catalysts 30-35, where
the side-bonded MCB is preferred even though the two anionic ligands are not directly
linked together.!”® Furthermore, the stability and resistance to B-hydride elimination
observed in 33b, likely due to the strong trans influence of the adamantyl moiety,
seemed promising.'*®2!” Exploring the possibility of carbon-based ligands with anionic

character will be further investigated in the next chapter.
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7.5. Anionic Carbon-Based Ligands for Olefin Metathesis

7.5.1 Background: Studies on Biphenyl Ru Complexes

A biphenyl ligand was subject of an initial investigation in our research group, which

was conducted by Jonas Ekeli??

and Sven Nappen??! as part of their master’s theses
under my supervision. Specifically, Jonas Ekeli employed DFT calculations to explore
the performance of a biphenyl ligand in conjunction with various NHCs (72a-f) for the
self-metathesis of propene (Table 3). Notably, a saturated backbone on the NHC was
found to be advantageous for the electron-poor 14-electron ethylidene species (AGg:,
Table 3, entry 4 vs 5). Conversely, an unsaturated backbone was beneficial for the
electron-rich cycloreversion transition state (AG; , Table 3, entry 4 vs 5), preventing the
overpopulation of electron density at the Ru center. Because the productivity of the

reaction is governed by the overall barrier, the unsaturated NHC was determined to be

the preferred choice for the biphenyl system.

Table 3. Predicted Free Energy to the Ethylidene Specie, Barriers to Propene Self-
Metathesis, and Computed E/Z Selectivity for the Proposed Catalysts 72a-f.?2

||- Ar*N/_\N* Ar Entry Cat. AGg® AGY** AGH* AAGHgZ’
’ Ry- s 722 2.1 243 253 1.0
O 0 R R 2 T2b 84 238 260 2.3
il AN _N-Ar 3 T 76 274 306 32
rate CTRh 4 724 54 269 290 2.1
72c L = C4 C8R = Me 5 T2 62 255 271 1.6
raLzes 6 T 60 257 275 2.8

72fL=C8 Ar=26-difluorophenyl  inkcal mol™. *vs precatalyst. "AAG*sz= AG'g - AGY7.

Based on his findings, complex 72b was selected as the most promising candidate.

Although the energy barrier with AGEnb = 23.8 keal mol! for the cycloreversion is
higher than that of the catecholthiolate complex 37b (AG;37b =21.1 kcal mol!) or

cyclometalated complex 33a (AG§,33a = 21.2 keal mol™!), productive metathesis should

still be feasible at room temperature. Additionally, the synthesis of aryl Ru olefin
metathesis complexes holds the potential to introduce a new realm of anionic, easily

modifiable ligands, enabling new possibilities for further exploration and development.
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Sven Nappen undertook efforts to incorporate the biphenyl ligand into a Ru-based
complex, targeting the synthesis of 72b. The Grignard reaction of commercially
available dibromodiphenyl 73 led to the formation of the organomagnesium compound
74. Subsequent transmetalation with zinc chloride yielded the organozinc compound

75 (Scheme 20).

Scheme 20. Synthesis of the Biphenyl Organozinc Reagent 75.

O Br Mg O MgBr ZnCI2 O
O Br THF O MgBr THF O

73 74 75

Zn

The application of the organozinc compound 75 was more promising, as direct
application of Grignard reagent 74 on various Ru alkylidene complexes resulted in a
halogen exchange, forming the respective bromo ruthenium complexes instead of
installing the biphenyl ligand, although attempts to combine zinc organyl 75 with the
pyridine-stabilized complexes 51, 62a, or 62b were unsuccessful. This could be due to
steric congestion at the Ru center, which hinders transmetalation with 75, likely due to

the size of the biphenyl moiety.

As a result, Sven Nappen decided to construct the desired complex starting from the
p-cymene dimer 76 (Scheme 21). However, during the installation of C2 and C3, C—H
activation of the aryl-NHC occurred, leading to the formation of the cyclometalated
complex 77a and 77b, respectively (Figure 11). This C-H activation made the
installation of the biphenyl ligand unfeasible.

Scheme 21. C—H Activation of the NHC during Installation of (a) C2 or (b) C3 on
the p-Cymene Dimer 76.

a) C2 RY
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/ \ " DCM,RT SN f R
R
77aR=H
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Figure 11. X-ray crystal structure of 77a and 77b, with displacement ellipsoids drawn at 50%
probability. Ruthenium is shown in magenta, chloride in green, nitrogen in blue, and carbon
in gray. Hydrogen atoms have been omitted for clarity. Selected geometrical parameters (bond
distances in A and angles in deg.) for 77a: Ru-C1: 2.020(1), Ru-C7: 2.066(1), C1-Ru-C7 =
76.49(6); for 77b: Ru-C1: 2.027(5), Ru-C7: 2.097(5), C1-Ru-C7 = 76.4(2).

To avoid C—H activation of the NHC, Sven Nappen decided to install the biphenyl
ligand first and then add the NHC subsequently. He synthesized the biphenyl complex
79 via the monotriphenylphosphine complex 78, as shown in Scheme 22.2*2 However,

attempts to exchange the PPh; ligand on 79 with C2 or C3 were unsuccessful.

Scheme 22. Synthesis of 79 by Transmetalation with Biphenylzinc Compound 75.

o 75
\l/
Ci '7U\PPh3 p-cymene, 55 °C
Cl
78

X-ray crystal structure of 79, with displacement ellipsoids drawn at 50% probability. Ruthenium is
shown in magenta, phosphorus in orange, and carbon in gray. Hydrogen atoms have been omitted for
clarity. Selected geometrical parameters (bond distances in A and angles in deg.): Ru-C1: 2.067(1).
Ru-C2: 2.075(1), Ru-P: 2.3086(4), Ru-C3: 2.290(2), Ru-C4: 2.255(1); C1-Ru-C2: 78.23(5).

Subsequent testing of the biphenyl complex 79 in the ring-opening polymerization of
2-norbornene or the self-metathesis of allylbenzene showed no activity, even with

activators such as (diazomethyl)trimethylsilane, in contrast to the precursor 78, which

had shown catalytic activity in these reactions.??*
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7.6. Aryl-Based Ru Olefin Metathesis Alkylidenes

Based on the analysis of the results from the master theses of Jonas Ekeli and Sven
Nappen, it was determined that the biphenyl moiety might be too large for an effective
olefin metathesis catalyst due to the limited space between the NHC aryls.
Additionally, the presence of two aryl substituents may result in an unstable complex
because of their significant trans influence. However, the exploration of a possible
monophenyl-based Ru catalyst still offers great potential for tuning the electronic

properties of the phenyl group, and ultimately the Ru catalyst.

Preliminary computational results showed promising findings, indicating that the
unsubstituted side-bound MCB M93a of a monophenyl complex is only slightly
energetically disfavored over the bottom-bound MCB M93c by 1.3 kcal mol™! (Figure
12a). Using a sterically more demanding 2,6-dimethylphenyl, which also possesses a
stronger trans influence, the preference for the side-bound MCB M94a was increased

to 7.4 kcal mol™! (Figure 12b).

a) b)

Ph-N._N-Ph Ph-N._N-Ph Ph-N._N-Ph  Ph-N._N-Ph Ph-N_N-Ph pPh-N

T .Ph T g T g

{f“» \Rlb Ph{*}' {fuz \Rlb Ar’\)
Cl Ph Cl Ar

M93a M93b M93c M94a M94b M94c

(0.0) (10.3) (-1.3) (0.0) (13.6) (7.4)

Ar = 2,6-dimethylbenzene

Figure 12. Relative stability of different isomers of the unsubstituted MCB of (a) a
monophenyl- and (b) 2,6-dimethylphenyl-substituted Ru complex in kcal mol!.

Initial experiments using two equivalents of PhMgCl on complex 15 led to the
formation of two new complexes indicated by their respective alkylidene proton
(6 =15.64 and 13.43 ppm). After using four equivalents of PhMgCl, only the signal at
8 =13.43 ppm remained. This indicates that the alkylidene signal at 6 = 13.43 ppm
refers to a bisphenyl-substituted complex (Scheme 23), whereas the signal at 6 = 15.64

ppm relates to a monophenyl-substituted complex. High-resolution mass spectrometry
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(HRMS) of the reaction mixture verified the successful substitution of both chlorides

with phenyl groups.

Scheme 23. Reaction of PhMgCl with Hoveyda First Generation

PCy3 PCY3

| CI | Ph
a’l THF, -35°C PR |
Lo Lo
i-Pr i-Pr

15 80

The observed preference for double phenyl substitution indicated that the first phenyl
substitution weakens the secondary Ru-Cl bond because of the larger trans influence
of the phenyl group, facilitating the second substitution. Additionally, DFT calculations
suggest that the trans bisphenyl isomer 80 is favored by 2.6 kcal mol! over the
corresponding cis isomer. However, complex 80 exhibited high instability, undergoing
decomposition at room temperature within minutes and necessitating handling
at -35 °C. 3C NMR was not measured due to the instability of the complex. The low
stability of complex 80 is attributed to the opposing position of the phenyl moieties,
presumably leading to dissociation and decomposition of the catalyst at room
temperature. Interestingly, the addition of the diphenyl complex 80 to allylbenzene

resulted in isomerization and exclusive formation of E-propenylbenzene.

Attempts to combine commercially available NHC-based Ru complexes, such as
Hoveyda second generation 16, Stewart-Grubbs catalyst, or pyridine-stabilized
complexes 18 and 51, with PhMgCl resulted in an immediate loss of the alkylidene
signal (Scheme 24).

Scheme 24. Reaction of PhMgCl with NHC-Based Catalyst 51.

Mes-N__N-Mes
TCI 4 PhMgClI
py—Ru-= THF, -35°C
Cl | 7 S
py N\~
51

decomposition
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In contrast, the application of 2,6-dimethylphenylmagnesium chloride on Hoveyda 1*
generation 15 resulted only in the formation of one new alkylidene signal (6 = 16.05
ppm) despite the addition of three or more equivalences of the Grignard reagent. This
indicates that only a monoaryl-substituted complex 81 is formed, which was confirmed
via HRMS (Scheme 25). The sterically more demanding aryl, due to the two ortho
positioned methyl groups, presumably prevents the second substitution due to sterics.
Although it exhibits better stability than complex 80, isolation and full characterization

of complex 81 were not possible.

Scheme 25. Reaction of 2,6-Dimethylphenylmagenium Chloride with Hoveyda
First Generation.

PCy3 PCy3
| I | Ci
Ri= 2 ArMgCiI Ril=
o’} THF, 35°C A |
2 0
i-Pr i-Pr
15 81

Ar = 2,6-dimethylphenyl

Notably, these experiments represented the first successful application of a Grignard
reagent on ruthenium alkylidene complexes. Despite the challenges, the successful
installation of an aryl group via transmetalation on a Ru alkylidene complex
encouraged further exploration of the potential and possible applications of these

compounds in E-selective olefin metathesis.

7.6.1 Application of C"N-Based Ligands in Olefin Metathesis

Based on the experiments using arylmagnesium chlorides, it was determined that the
bisphenyl complex 80 is unstable due to the opposing trans influences of the phenyl
groups. To address this issue and design a ligand for E-selective olefin metathesis, it
was previously hypothesized, that an ideal bidentate ligand, denoted as X"Y, should
possess an asymmetric nature with X having a strong trans influence and Y having a

weak trans influence. This concept was discussed in detail in Chapter 7.4 of this thesis.

Considering the knowledge gained during this PhD work, a C"N ligand would be well-

suited for achieving E-selectivity, with pyrrole or imidazole as potential options for the
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N moiety. Initially, a cyclometalated complex with a 2-adamantanylpyrrole ligand was
considered. However, the geometrically optimized structure of complex 82 containing
2-adamantanylpyrrole exhibited significant distortion, suggesting that the size of the
adamantyl group is incompatible with the sterically accessible ortho fluorinated NHC
C5 (Chart 7). As a result, smaller carbon-based ligands were explored. Three
commercially available ligand precursors, namely 2-cyclopentylpyrrole, 2-phenyl-
pyrrole, and 2-bromophenylimidazole, leading to complexes 83, 84, and 85,
respectively, were identified as potential candidates for further investigation (Chart 7).
These ligands were selected on the basis of their suitability and availability for the
desired asymmetric C"N ligand design. In addition, DFT calculations confirmed that
the displayed and desired orientation of the C"N ligand in Chart 7, with the carbon
atom binding cis, and the nitrogen atom trans, to the NHC, is preferred by 4-9 kcal mol
! for complex 83-85.

Chart 7. Computational Investigated C"N Complexes 82-85.
F S_\ F F X—\ F
Q— T Q—NTN@ Q
Ru

N N
C>F_ S
To synthesize the desired cyclometalated C"N complexes, the approach taken was

Z\;u

based on the procedure established by Grubbs and co-workers.® The first step
involved the synthesis of the methoxy-chelated complex 87 by reacting the known
phosphine-based precursor 61d with 2-vinylanisol (Scheme 26). The choice to use the
methoxy derivative instead of the isopropoxy derivative was made to minimize steric

hindrance around the Ru center.
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Scheme 26. Synthesis of Complex 87.
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The installation of the 2-phenylpyrrole ligand was performed using the potassium salt
88a, which was formed by reacting the commercially available ligand with KH. The
progress of the conversion was monitored by the alkylidene signal in '"H NMR, and the
successful installation of the ligand was confirmed via HRMS. Subsequent treatment
of complex 89a with silver pivalate 90 did not result in the desired complex 84 via C—H
activation. Instead, it stopped at the formation of the monopivalate complex 91a, which
was identified using HRMS as well (Scheme 27). While C-H activation from a
monopivalate complex is energetically more demanding than that of a bispivalate
complex for a cyclometalated system,??* increasing the temperature or reaction time
did not result in the desired C—H activation, as indicated by the lack of changes in the
alkylidene signals of the 'H NMR spectrum. Similar results were obtained when using
2-cyclopentylpyrrole, leading to the formation of complex 89b and 91b (Scheme 27),

respectively.

Scheme 27. Attempts of C-H Activation Using Pivalate via the N-bound
Complexes 87a and 87b, Respectively.

s K \_\
QRﬁpr @%R @—N %/@O Q—NTN©

R|u- % | THF, 60 c 2h 4 |
c 88aR Ph
88b R = Cy

87 89a R = Ph 91a R = Ph
89b R = Cy 91b R = Cy

After unsuccessful attempts to install the 2-phenylpyrrole ligand and
2-cyclopentylpyrrole via C-H activation, focus was shifted to the

2-bromophenylimidazole 92 ligand. Based on previous observations with PhMgCl, it
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was hypothesized that the installation of the ligand via an organometallic reagent on

Ru alkylidenes could be possible.

Initially, the synthesis of a Grignard reagent was attempted by deprotonation using KH,
followed by the addition of i-PrMgCl or MeMgCl (94, Scheme 28a) or using i-PrMgCl
or MeMgCl as the base and transmetalation reagent simultaneously (95, Scheme 28b).
However, the reaction between the Grignard reagent 94 or 95 and the Ru complexes
15 and 51 resulted mainly in a bromide/chloride exchange (complex 100a, 100b, 102a,
and 102b, Scheme 29), as confirmed by separately synthesizing the corresponding
dibromo-complexes 100b and 102b using LiBr. The respective pyrrolate complexes,

101a, 101b, 103a, and 103b, were found as minor products.

Scheme 28. Synthesis Routes for Transforming 2-Bromophenylimidazole into
Various Organometallic Reagents.
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An attempt was made to synthesize an organozinc compound via the addition of 1M
ZnCl solution in THF to the solution of 95, although this resulted in the precipitation
of a white solid that was insoluble in THF and pyridine. This indicated the formation
of a coordination polymer possibly with a tetracoordinated Zn center, as indicated in

compound 96 (Scheme 28b).
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Another approach was investigated by reacting 92 with n-BuLi. The formation of Li
organyl 99 and butyl bromide was expected to inhibit halogen exchange during the
installation reaction. However, the bromo-complexes 100a, 100b, 102a, and 102b were
still observed, suggesting that at -30 °C, the initially formed Li salt 97 may further react
to form a benzoazetoimidazole 98 by eliminating LiBr (Scheme 28c¢). To prevent this
intramolecular elimination reaction, the reaction was repeated at -78 °C, allowing for
Li/Br exchange before the intramolecular elimination reaction. Using equimolar
amounts of the reaction mixture on Hoveyda first generation 15 yielded the bromo-
exchanged complexes 100a and 100b, but also new Ru alkylidene signals. However,
further investigations involving excess amounts of the organolithium reagent indicated
that the new complexes still contained either chloride or bromide and not the desired

Ru-C bond. Consequently, the installation of 2-phenylimidazole was unsuccessful.

Scheme 29. Reaction of the Organometallic Compound 94-99 with (a) Phosphine-
Based Complex 15 and (b) NHC-Based Complex 51.

a
) PCys; PCys PCy;
| Ci 04.99 | X | X
Ru= ) Ri= = /RU—
c’ | THF B | N (|)
(0] /O o
iPr/ i-Pr R i-Pr
15 100a X = ClI 101a X =ClI
100b X = Br 101b X = Br
b) _ _ —
Mes-N . N-Mes 94-99 Mes-N . N-Mes Mes-N . N-Mes
FW{/,\CI _ F{Y“X + I;(_\X
Py Ru= THF py—Ru= py—Ru=
&1 "% 5?15 2R
py ? py ? NN Py ?
R
51 102a X = Cl 103a X =ClI
102b X = Br 103b X =Br
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These experiments demonstrate the challenges encountered in the installation of the
desired C"N ligands. To overcome these difficulties, an alternative pathway can be
explored, starting from the Ru p-cymene dimer 76 and focusing on installing the ligand
before addressing other transformations. By adopting this strategy, it may be possible

to circumvent the issues related to intramolecular elimination and halogen exchange,
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and potentially enhance the chances of obtaining the desired cyclometalated C"N

complexes 83-8S5.
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8. Conclusions

In my pursuit of designing E-stereoselective metathesis catalysts, I started from a
catecholthiolate-based, stereoretentive catalyst design that gives either Z or E internal
olefins depending on the sacrificial co-substrate used. To create an E-selective catalyst,
increasing the steric pressure on the B-substituent during the MCB intermediate is
necessary. Using DFT calculations, I predicted that an S"N-chelated thioindolate could
be suitable for designing an E-selective catalyst. The thioindolate is expected to bind
to ruthenium in an orientation with S cis, and N trans, to the NHC. This would apply
the desired steric pressure at the cycloreversion transition state, favoring the formation

of E-isomeric products, specifically £-2-butene.

To validate this design strategy, I synthesized, isolated, and characterized the first metal
complexes bearing bidentate thioindolate ligands (52a-c¢). Although these new
complexes exhibited metathetic exchange with styrene and allylbenzene, releasing the
2-thienylmethylidene ligand, they did not generate any self-metathesis products. Even
during the attempted self-metathesis of propene using complex 52a, only small
amounts of 2-butene (0.35 turnover; 73% Z-2-butene) were obtained. To gain insights
into the observed low activity, detailed mechanistic DFT calculations on the propene
self-metathesis reaction were conducted. The calculations revealed that the barriers to
product release from the Ru-2-butene n-complex, where the release of Z-2-butene was
favored, were much higher than those of the cycloreversion of the MCB. This hindered
product dissociation was attributed to the combined steric pressure exerted by the NHC
C1 and the thioindolate ligand. The negative effect of steric bulk predicted by the
calculations is consistent with the metathesis inactivity of the bulkier complexes 52b

and 52c.

To enhance catalyst stability, mercaptophenyltrifluoromethanesulfonamide ligand 55
was introduced, which increased the N-acidity in catalyst 57. Despite this, propene self-
metathesis activity remained low (0.95 turnover), with more Z-2-butene (63%) than E-

2-butene, indicating product dissociation as the rate- and selectivity-determining step.
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To address product dissociation, more sterically accessible NHCs than C1 were
explored featuring hydrogen or fluorine in the ortho positions. In addition, the
increased open space of NHCs is expected to increase the E-selectivity. Unfortunately,
combining the S"N ligand 55 with Ru complexes containing smaller NHCs led to Ru
nanoparticle formation. Furthermore, all attempts to synthesize thioindolate catalysts
based on NHCs with N-phenyl or N-3,5-xylyl groups failed due to rapid decomposition
via C—H activation. Incorporating the thioindolate ligand 49a into catalyst 62d, which
contains the ortho fluorinated NHC C2, yielded catalyst 65. However, the indolate unit
binds cis to the NHC and trans to the leaving donor (pyridine) and the evolving MCB
in 65, thereby limiting its impact on selectivity. Catalyst 65 showed almost no activity
in cross-metathesis and limited activity in ROMP using strained substrates. DFT
calculations revealed that poor catalytic activity in 65 was indeed due to the orientation
of the thioindolate ligand. The trans-disposed indolate’s weak o donation and
considerable m donation hamper catalyst initiation by limiting the dissociation of the n-
acceptor pyridine. Additionally, the weak ¢ donation contributes to slow cycloaddition,
cycloreversion, and product dissociation. In contrast, calculations for the originally
intended catalyst isomer 65°, in which the indolate binds trans to the NHC, predict
significantly increased catalytic activity and substantial E-selectivity. Regrettably, the
barrier to SN ligand rotation is too high for 65 = 65’ isomerization to influence

catalysis using 65.

The exploration of anionic carbon-based ligands resulted in the first successful
transmetalation between a Grignard reagent and a ruthenium alkylidene complex. Yet,
the resulting aryl-substituted complexes 80 and 81 proved to be unstable at room
temperature. Additional attempts to increase the stability and generate E-selective
catalysts through the use of C"N-chelated ligands were unsuccessful, as the desired

Ru-C bond, via transmetalation or cyclometalation, was not formed.

Even though my investigations faced challenges and yielded varying degrees of
success, they provide valuable insights into the design and stability of future
E-selective olefin metathesis catalysts: (i) The chelating ligand should consist of two

anionic moieties with different electronic properties. One of these moieties must be a
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strong o electron donor with a pronounced trans influence and effect, while the second
moiety, responsible for inducing selectivity, should have a weak trans influence.
(i1) The NHC must align with the chelating ligand to promote the desired configuration
of the chelating ligand, and the steric bulk should facilitate effortless product

dissociation.

The limitations and obstacles encountered in this doctorial work emphasize the need
for further exploration and the development of new strategies to achieve highly active

and stable catalysts for E-selective olefin metathesis reactions.



77

9. Future Directions

The design of new Ru-based catalysts

I_‘1 2 X1, X2 = anionic ligand
faces obstacles due to the limitations of the RU= (CI, 1, SR, NR, etc)
x"l, R L' L?=dative ligand
Complex framework M95 al’ld the IN_|95 (PR3, NHC, CAAC, etc)

restricted variety of available ligands

(Figure 13). Anionic ligands, typically Figure 13. Ligand framework for Ru-based

halides or pseudo-halides, dominate the catalysts.

ligand scope, and the introduction of selective olefin metathesis has somewhat
expanded the options but at the expense of stability. A significant advancement in
recent years has been the substitution of NHCs with CAACs, which improved catalyst
stability against B-hydride elimination. However, the overall catalyst design has
remained largely unchanged, as the structural difference between NHC and CAAC

ligands is marginal.

Predicting the future of E-selective olefin metathesis is challenging because exploring
new ligand types often introduces new challenges. As discussed in Chapter 7.3,
chelating S"S and S"N ligands have limitations in their performance with terminal
olefins, suggesting that alternative approaches are needed. The C"N-ligand framework
is promising, particularly considering its similarity to the cyclometalated complexes,
yet further investigations are necessary. A potential approach could involve a bottom-
up strategy starting from the Ru p-cymene dimer 76, similar to the development of the

biphenyl complex 79.

Additionally, it could be worthwhile to investigate the combination of even smaller
NHCs, such as 1,3-methyl-imidazol-2-ylidene, with chelating ligands to further

mitigate the steriaac bulk near the Ru center and restore catalytic activity.
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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 Me,IMes (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 Ru2la. These findings provide guidelines for catalyst redesign in pursuit of the ambitious goal of E-selective 1-alkene
metathesis.
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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, Rul-8) [38—44], and monothiolate catalysts
(Chart la, 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

~Ru= R
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b 20
O+ 0
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Rut: Ar = Mes, R'=R2=H Ru6: Ar = Mes, Ry = Me
Ru2: Ar = Dipp, R'=R2=H Ru7: Ar = Dipp, Ry = Me
Ru3: Ar = Mes, R'=Me, R2=H Ru8:Ar=Dipp, R;=H
Ru4: Ar = Mes, R'=H, R2= Me
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Chart 1 Examples of (a) Z-Selective Ru Catalysts and (b) Stereore-
tentive Ru Catalysts
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Scheme 1 Mechanism for Stereoretentive Metathesis, Illustrated with
Thiocatecholate Catalyst Rul3. a Precatalyst Initiation, Stereoreten-
tive Metathesis for b Z-olefin and ¢ E-olefin

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 nz—Cu—Cﬁ—Ca
ring occupies the equatorial plane [61]. Such a geometry
is likewise observed for stereoretentive catalysts Rul3-16
(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 a-carbon atoms.
Steric pressure from the N-Ar groups hence forces orienta-
tion of the C_-substituents away from the NHC.

If stereochemically-defined internal olefins are used as
substrates, this also sets the orientation of the B-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 a-substituent of the MCB enables formation
of Z- (Scheme 1b) or E-configured products (Scheme 1c)

@ Springer

via retention of the substrate stereochemistry. E-selective
metathesis of 1-alkenes, in contrast, requires steric pressure
on the B-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 Rul7_22, in which the
phenanthrene ring system is oriented away from the MCB
B-position. Moreover, even for the target isomer Rul7_22’,
DFT calculations on a model, unsubstituted MCB predicted
a5A separation between Hy and the phenanthrene ring.
Larger substituents would reduce this distance, but the cat-
echolthiolate ligand appears too distant to influence the
orientation of the p-substituent to any great extent. This
prompted us to pursue design of alternative dianionic ligands
with greater influence on the $-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 B-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 k¥>-S,N ligand, to maximize steric pressure
on the MCB B-position.

These requirements led us to the thio-indolate scaf-
fold shown in the model unsubstituted MCB (Rul9a_22)
in Chart 2. The DFT-optimized geometry of Rul9a_22
revealed a much shorter distance between Hg and the
indole ring than bgtween HI3° and the thiocatecholate ring
in Rul3_22 (2.35 A vs 5.95 A, 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 Rul9a, 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 (AAGi(E,Z)=
AG*, — AG*;=3.4 kcal mol™: see Table 1). In contrast, the
state-of-the-art catecholthiolate catalyst Rul3 [53] (Chart 1)
is predicted to be Z-selective (AAGi(E,Z) =-1.2 kcal mol™),
in agreement with experiment: using Rul3, 83% Z-selectiv-
ity is obtained in self-metathesis of propene.! Also of note,
lower barriers to metathesis are predicted for thio-indolate

! NMR experiment: A J. Young NMR tube was loaded with 5 mg
(10 mmol) Rul3 and 0.5 mg (3.3 mmol) hexamethylbenzene as
internal standard in 0.65 mL C¢Dg. 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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Chart2 Thiocatecholate vs Thio-indolate Ligands: Amplifying Steric
Pressure at the MCB f-Position. DFT-calculated interatomic dis-
tances

catalysts Rul9a and Rul9b (the latter bearing a 2-Me sub-
stituent) vs Rul3 (AG¢Z= 21.0 keal mol™") as well vs a cor-
responding (hypothetical) catalyst precursor Rul8 bearing
the same methoxybenzylidene as Rul9a-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 (Rul9b), AAG' g7,
is 0.6 kcal mol ™! higher than that of Rul9a. A phenyl sub-
stituent (Rul9c) is predicted to increase the selectivity sub-
stantially (AAG* g/, = 11.5 kcal mol™), but the significantly
higher barrier to metathesis is expected to limit the catalytic
activity of Rul9c relative to Rul9a and Rul9b.

The increased selectivity predicted for Rul9a is a result
of the steric pressure on the MCB f-substituent, as discussed
above. This pressure is reflected in the increased Ru-Cy-CH;
angle (119° in Rul3_TS4,5,, vs 126° in Rul9a_TS4,5,:
Fig. 2), and the decreased Cyyc-Ru-Cg angle (which declines
from 105° to 92°).

Footnote 1 (continued)

from the ratio of (Z)- and (E)-2-butene (86:14) in the first 'H NMR
spectrum (t=5 min), to reduce the effect of isomerization (see
Table S1).

Table 1 Predicted barriers to propene self-metathesis, and computed
E-Z selectivity for catalysts Rul8 and Rul9a-c¢*

R
Ru18 Rui9aR=H
Ru19b R = Me
Ru19c R = Ph
Cat R AGH AGH, AAGH,’
Rul9a H 17.9 21.3 3.4
Rul9b Me 19.0 232 4.0
Rul9c¢ Ph 24.1 35.5 115
Rul8 - 22.7 21.5 -12
Rul3® - 222 21.0 -12

Energies (kcal mol™) calculated relative to the Gibbs free energy of
the [Ru]=CHAr precursor. *Free energy difference AAG',, = AG*,
— AG*.. “See Chart 1 for the structure of Rul3

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 HCI (R =Me,
Ph) or N"Bu,F (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 PPh; residues introduced in the prior steps.

Salt metathesis of L4a-c with the second-generation Hov-
eyda catalyst HII to give Rul9a—c failed, despite the suc-
cess of the corresponding reactions with unsubstituted [53,
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Fig.2 Optimized geometries of

the Z-isomeric transition states

for cycloreversion in propene
self-metathesis by complexes

Ru13 and Rul9a. Ruthenium

is shown in violet, sulfur in yel-

low, nitrogen in blue, chlorine

in green, and carbon in gray. 2
Distances in [;\], angles in [°]

Ru13_TS4,5;

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 Ru2la—c (a: R=H; b:
R =2-Me; ¢: 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 Ru2lc, single-crystal X-ray
diffraction (Fig. 3). The X-ray crystal structure of Ru2la
confirms that the atom connectivity is analogous to that of
Ru2lc, 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~! less sta-
ble and may thus also be present (see Table S7). Indeed,
'"H NMR spectra of catalyst Ru21a consistently exhibit a
minor alkylidene singlet (5%) at 8= 15.4 ppm, with the main
alkylidene signal located at §=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™! less stable than the dominating
species. From the agreement between the NMR experiments
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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 Ru2lc having a slightly more acute N1-Ru-S
chelate bite angle than the corresponding S—Ru-S angle in
Rul3 ((85.11(4)° vs 88.23(3)°, respectively) [53], its N-Ru-
Cypc 18 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) A), which is longer than
known Ru-pyrrole bonds (2.065 —2.115 A) [66-68].

The metathesis activity of Ru21a-b was initially assessed
by reaction with styrene at room temperature (Scheme 3).
Unexpectedly, '"H 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 (6 17.2 and
16.9 ppm, respectively, in C¢Dg: Fig. S2, S3). The new
alkylidene species, identified as the benzylidene analogues
of Ru2la and Ru21b (labeled Ru2la_29 and Ru21b_29,
respectively) result from unproductive metathesis of sty-
rene, via Ru2la_28 (see Scheme 3, Fig. S2-S4, and Scheme
S1).2 Complex Ru21la 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

2 The NMR experiment showed that the consumption of styrene and
starting complex Ru2la or Ru2l1b 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 Ru2la_29 and Ru21b_29 (see SI).



Topics in Catalysis (2022) 65:448-461

453

1.1 KSSiPr3
0.1 Pd(PPhg3)4
toluene, 120 °C, 14h
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Scheme 2 Ligand synthesis and Br 1.
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N
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Ru20

calculated for the bulkier thio-indolate ligands of the H,IMes
analogues Rul9 (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
B-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 C 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 '"H 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

2.i) R=Me, Ph;

H
N
/

4 HCI EtOH/THF
ii) R = H; [BugN]F, THF

L3a R = H: 68%
L3b R = Me; 67%

RT, 5h L3c R = Ph; 72%
SK
K
Cop
R
% N py,
>—Ru >
THF,
RT.0.5h
L4aR =H
L4b R = Me
L4c R = Ph

Ru21a R =H; 62%
Ru21b R = Me; 60%
Ru21c R = Ph; 65%

with Ru2la-c.’ 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 Rul3 (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 Ru2la 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 f-hydride elimination from the unsub-
stituted MCB (a key decomposition pathway in 1-alkene
metathesis for a range of Ru-NHC catalysts [71]), Ru2la

3 'TH-NMR-Experiment A J. Young NMR tube was loaded with
10 mmol catalyst Ru2la-c and 0.5 mg (3.3 mmol) hexamethylb-
enzene as internal standard in 0.65 mL C¢Dg. 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 Ru2lc
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 IH NMR spectrum (t=60 min) to reduce the effect of isom-
erisation and higher accuracy (see Table S1).
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Fig.3 X-ray crystal structure of Ru2le, 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) A. Ru-N1:
2.1295(15) A, Ru-S1: 2.3031(5) A, Ru-N2: 2.1316(16) A, Ru-C24:
1.8490(18) A; N1-Ru-S1: 85.11(4)°, S1-Ru-C1: 87.27(5)°, N1-Ru-
C1: 162.78(6)°

was reacted with ethylene. Both vinylthiophene and pro-
pene* were detected, evidence for alkylidene exchange (cata-
lyst initiation), and B-hydride elimination (Fig. S7, S8). The
proportion of propene is consistent with decomposition of
ca. 40% of the catalyst via -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 Rul9a (the H,IMes analogue
of Ru21a) is similar to that of the known metathesis cata-
lyst Rul3 [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 Rul9a (Table 1).

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

@ Springer

To uncover the factors underlying the discrepancy between
the catalytic properties predicted for Rul9a and those
observed for Ru2la, 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
Ru21la is 36.9 and 37.5 kcal mol ™' (Scheme S12, Table S7),
respectively, consistent with the absence of product’
observed experimentally. In contrast, for propene, the cyclor-
eversion barrier (via Ru21a_TS4,5, 23.8 kcal mol~! vs the
precursor Ru21a) leading to formation of (E)-2-butene, is
only 2.8 kcal mol~! higher than that of the state-of-the-art
catecholthiolate catalyst Rul3 (Table 1), indicating that the
critical bond rupture and formation of propene metathesis
should be within reach for Ru21a. The catalytic potential
of Ru2la seems even clearer when eliminating the effect
of the precursor (the pyridine-coordinated Ru21a vs the
isopropoxybenzylidene-coordinated Rul3), by calculat-
ing free energies relative to the two active ethylidene com-
plexes derived from Ru2la (Ru2la_2) and Rul3 (Rul3_2),
respectively (Scheme 4). In fact, with initiation completed,
Ru2la_2 should mediate both cycloaddition and cyclor-
eversion faster than Rul3_2. However, Ru21a is observed
to be less active in metathesis than Rul3. Because Ru2la
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
RuCl,(H,IMes)-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 n-complexes Ru2la_5 are significantly less sta-
ble than the propene counterparts Ru21a_3. We therefore
considered whether product release from Ru2la_5 might
be rate determining. Indeed, product release is surprisingly
costly (10-13 kcal mol~! vs Ru2la_5, see Scheme 4, or
29-32 kcal mol™! vs Ru21a), and is the undisputed bottle-
neck for the thio-indolate catalyst. This step, which is dif-
ficult to follow computationally,® was not investigated for
the corresponding thio-catecholate catalyst Rul3. However,

3 Transition-state theory suggests that reactions with free-energy bar-
riers approaching 30 kcal mol~! 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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Scheme 3 Metathesis of
Styrene H H H
es—N< N‘Mes Mes— N> N-Mes es—N< 'N‘Mes
+ styrene Y + pyridine
- pyrldlne Ru - 2- vmylthlophene py—RU
+ pyrldlne N+ 2- vmylthlophene
- styrene - pyridine
Ru21a (R=H) Ru21a_28 (R=H) Ru21a 29(R H)

Ru21b (R Me)

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 Rul3 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 Rul3. The cal-
culations are also consistent with the observed Z-selectivity
of both Ru21a and Rul3, given the lower barrier to disso-
ciation of (Z)-2-butene than (E)-2-butene from Ru2la_5,

AG in kcal-mol

Ru21b_28 (R = Me) Ru21b_29 (R = Me)

and the lower barrier to cycloreversion via Rul3_TS4,5,
than Rul3_TS4,5.

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 n’ to n'-coordinated 2-butene (Fig. 4). This
rearrangement requires considerable activation, as the
Ru-butene n-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 n’*-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

TS3,4 4

TS4,5

v

TS5,6 6 7

Scheme 4 Calculated Free Energies of Propene Metathesis vs Ru21a_2 (black) and Rul3_2 (blue)
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Fig.4 The optimized transi-
tion states for rearrangement of
n-bound to n'-bound 2-butene
in n-complexes Ru2la_SE

and Ru2la_5Z to give the cor-
responding agostic complexes
Ru2la_6E and Ru2la_6Z,
respectively. This rearrangement
is the rate-determining step

of Ru2la-mediated propene
metathesis and initiates product
release. The subsequent (E)-

or (Z)-2-butene dissociation

to give methylidene complex
Ru2la_7 requires less geomet-
ric adaption and less activation.
Distances in [A], angles in [°].
Molecular volumes (V) and sur-
face areas (A) are those of the
solute cavity in the continuum
solvent-model calculations (see
S

o >
(E)-2-butene (2)-2-butene
A=11320A2 A=111.68 A2
V=07.62A3 V=097.26A3

Ru21a_7
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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 n’-to- n'-
bound 2-butene rearrangement, leads to sterically less
encumbered complexes Ru2la_6, in which 2-butene
is bound to Ru via an agostic methyl C—H bond. From
Ru2la_6, the continued 2-butene dissociation to methyl-
idene Ru2la_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—H,q.;c distances and failed attempts at locat-
ing the corresponding transition states,® confirm that this,
the final part of the product release, requires only negligible
enthalpic activation from Ru2la_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 B-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 p-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 -H elimination of
the unsubstituted MCB (AG* =21.7 kcal mol™! vs Ru21a).
However, the barrier to B-hydride elimination is consistently
higher (by 4.5-6.2 kcal mol~") than that of cycloreversion
during metathesis itself (Scheme S5-S8). Thus, thio-indolate
catalyst Ru21a does not appear to be particularly vulnerable
to f-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 (AG*=19.7 kcal mol~! 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 (AG* =17.8 kcal mol ™!
vs Ru2la, Scheme S7) than does the indolate of Ru2la.
In fact, the corresponding barrier to thiolate attack for
the well-known dithiolate catalyst Rul3 is even lower
((AG*=12.6 kcal mol~! vs Rul3, 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 Rul3. 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 p-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 (AAGi(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 (Ru2la-c).
The thio-indolate chelates are compatible with the 2-thie-
nylmethylidene and Me,IMes 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 Ru21la yielded only small proportions of 2-butene
(73% (2)).

Detailed mechanistic DFT calculations of propene self-
metathesis by Ru21a and its isomer Ru21a’ revealed barriers
to product release from the Ru-2-butene © -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 Me,IMes
ligand. This repulsion adds to the cost of losing the Ru—olefin
n-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 Ru2lc.

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.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11244-021-01468-3.

Acknowledgements The authors gratefully acknowledge financial sup-
port from the Research Council of Norway (RCN) via the FRIPRO
program (grant number 262370) and via the Norwegian NMR Platform,
NNP (226244). The RCN is also thanked for CPU (NN2506K) and
storage resources (NS2506K). Bjarte Holmelid is thanked for assis-
tance with the HRMS ESI* analyses and Inger Johanne Fjellanger for
assistance with the elemental analysis.

Funding Open access funding provided by University of Bergen (incl
Haukeland University Hospital). The authors gratefully acknowledge
financial support from the Research Council of Norway (RCN) via
the FRIPRO program (grant number 262370) and via the Norwegian
NMR Platform, NNP (226244). The RCN is also thanked for CPU
(NN2506K) and storage resources (NS2506K.

Availability of data and material The crystal structure of compound
Ru2lc is available in the Cambridge Structural Database (CSD, as
compound number CCDC- 2,086,885). The following is available in
an additional supporting file (PDF): A description of the experimen-
tal procedures and of additional experimental results, NMR, MS, and
X-ray data for new compounds, a description of the computational
details and of additional computational results, and calculated elec-
tronic and free energies of all computationally investigated minima
and transition states. The corresponding DFT-optimized molecular
Cartesian coordinates are available in an additional supporting file, in
a format convenient for visualization (XYZ).

Declaration

@ Springer

Conflict of interest The authors declare no competing financial inter-
est.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kukla DL, Canchola J, Mills JJ (2020) Synthesis of the cyanobac-
terial antibiotics anaephenes A and B. J Nat Prod 83:2036-2040.
https://doi.org/10.1021/acs.jnatprod.0c00279

2. Martin-Galvez F, Garcia-Ruiz C, Sanchez-Ruiz A, Valeriote FA,
Sarabia F (2013) An array of bengamide E analogues modified
at the terminal olefinic position: synthesis and antitumor proper-
ties. ChemMedChem 8:819-831. https://doi.org/10.1002/cmdc.
201300033

3. Teranishi T, Kuwahara S (2014) Stereoselective approach to the
DEF ring system of terpendole E. Tetrahedron Lett 55:1486—
1487. https://doi.org/10.1016/j.tetlet.2014.01.050

4. Schulz MD, Wagener KB (2014) Precision polymers through
ADMET polymerization. Macromol Chem Phys 215:1936—
1945. https://doi.org/10.1002/macp.201400268

5. Wittig G, Schollkopf U (1954) Uber Triphenyl-phosphin-meth-
ylene als olefinbildende Reagenzien (I. Mitteil Chemische Ber-
ichte 87:1318-1330. https://doi.org/10.1002/cber.19540870919

6. Wadsworth WS, Emmons WD (1961) The utility of phosphonate
carbanions in olefin synthesis. J Am Chem Soc 83:1733-1738.
https://doi.org/10.1021/ja01468a042

7. Julia M, Paris J-M (1973) Syntheses a 1’aide de sulfones v(+)-
methode de synthese generale de doubles liaisons. Tetrahedron
Lett 14:4833-4836. https://doi.org/10.1016/s0040-4039(01)
87348-2

8. Hoveyda AH, Zhugralin AR (2007) The remarkable metal-cat-
alysed olefin metathesis reaction. Nature 450:243-251. https://
doi.org/10.1038/nature06351

9. Grela K (2014) Olefin metathesis: Theory and practice. John
Wiley & Sons Inc: Hoboken. https://doi.org/10.1002/97811
18711613

10. Grubbs RH, Wenzel AG, O’Leary DJ, Khosravi E (2015) Hand-
book of Metathesis. Wiley-VCH, Weinheim. https://doi.org/10.
1002/9783527674107

11. Trnka TM, Grubbs RH (2001) The development of
L2X2Ru=CHR olefin metathesis catalysts: an organometallic
success story. Acc Chem Res 34:18-29. https://doi.org/10.1021/
ar000114f

12. Piola L, Nahra F, Nolan SP (2015) Olefin metathesis in air. Beil-
stein J Org Chem 11:2038-2056. https://doi.org/10.3762/bjoc.11.
221



Topics in Catalysis (2022) 65:448-461

459

13.

14.

15.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Kajetanowicz A, Chwalba M, Gawin A, Tracz A, Grela K (2019)
Non-glovebox ethenolysis of ethyl oleate and FAME at larger
scale utilizing a cyclic (Alkyl)(Amino)Carbene Ruthenium cata-
lyst. Eur J Lipid Sci Technol. https://doi.org/10.1002/¢j1t.20190
0263

Walensky LD, Bird GH (2014) Hydrocarbon-stapled peptides:
principles, practice, and progress. J Med Chem 57:6275-6288.
https://doi.org/10.1021/jm4011675

Vinogradova EV (2017) Organometallic chemical biology: an
organometallic approach to bioconjugation. Pure Appl Chem
89:1619-1640. https://doi.org/10.1515/pac-2017-0207
Isenegger PG, Davis BG (2019) Concepts of catalysis in site-
selective protein modifications. ] Am Chem Soc 141:8005-8013.
https://doi.org/10.1021/jacs.8b13187

Messina MS, Maynard HD (2020) Modification of proteins using
olefin metathesis. Materials Chemistry Frontiers 4:1040-1051.
https://doi.org/10.1039/c9qm00494¢g

Higman CS, Lummiss JA, Fogg DE (2016) Olefin metathesis
at the dawn of implementation in pharmaceutical and specialty-
chemicals manufacturing. Angew Chem Int Ed Engl 55:3552—
3565. https://doi.org/10.1002/anie.201506846

YuM, Lou S, Gonzalez-Bobes F (2018) Ring-closing metathesis
in pharmaceutical development: fundamentals, applications, and
future directions. Org Process Res Dev 22:918-946. https://doi.
org/10.1021/acs.oprd.8b00093

Cink RD, Lukin KA, Bishop RD, Zhao G, Pelc MJ, Towne
TB, Gates BD, Ravn MM, Hill DR, Ding C, Cullen SC, Mei J,
Leanna MR, Henle J, Napolitano JG, Nere NK, Chen S, Sheikh
A, Kallemeyn JM (2019) Development of the enabling route for
glecaprevir via ring-closing metathesis. Org Process Res Dev
24:183-200. https://doi.org/10.1021/acs.oprd.9b00469

St-Pierre G, Cherney AH, Chen W, Dong X, Dornan PK, Griffin
DJ, Houk KN, Lin JB, Osgood S, Silva Elipe MV, Timmons HC,
Xie Y, Tedrow JS, Thiel OR, Smith AG (2020) Accelerated devel-
opment of a scalable ring-closing metathesis to manufacture AMG
176 using a combined high-throughput experimentation and com-
putational modeling approach. Org Process Res Dev 25:442-451.
https://doi.org/10.1021/acs.oprd.0c00416

Choi TL, Grubbs RH (2003) Controlled living ring-opening-
metathesis polymerization by a fast-initiating ruthenium catalyst.
Angew Chem Int Ed Engl 42:1743—1746. https://doi.org/10.1002/
anie.200250632

Schrock RR (2011) Synthesis of stereoregular ROMP polymers
using molybdenum and tungsten imido alkylidene initiators. Dal-
ton Trans 40:7484-7495. https://doi.org/10.1039/c1dt10215j
Dong Y, Matson JB, Edgar KJ (2017) Olefin cross-metathesis in
polymer and polysaccharide chemistry: a review. Biomacromol
18:1661-1676. https://doi.org/10.1021/acs.biomac.7b00364
Edwards JP, Wolf WJ, Grubbs RH (2018) The synthesis of cyclic
polymers by olefin metathesis: Achievements and challenges. J
Polym Sci, Part A: Polym Chem 57:228-242. https://doi.org/10.
1002/pola.29253

Debsharma T, Behrendt FN, Laschewsky A, Schlaad H (2019)
Ring-opening metathesis polymerization of biomass-derived levo-
glucosenol. Angew Chem Int Ed Engl 58:6718-6721. https://doi.
org/10.1002/anie.201814501

Jung K, Ahmed TS, Lee J, Sung JC, Keum H, Grubbs RH, Choi
TL (2019) Living beta-selective cyclopolymerization using Ru
dithiolate catalysts. Chem Sci 10:8955-8963. https://doi.org/10.
1039/c9sc01326a

Feist JD, Xia Y (2020) Enol ethers are effective monomers for
ring-opening metathesis polymerization: synthesis of degradable
and depolymerizable Poly(2,3-dihydrofuran). ] Am Chem Soc
142:1186-1189. https://doi.org/10.1021/jacs.9b11834

Foster JC, Grocott MC, Arkinstall LA, Varlas S, Redding MJ,
Grayson SM, O’Reilly RK (2020) It is better with salt: aqueous

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

ring-opening metathesis polymerization at neutral pH. J] Am
Chem Soc 142:13878-13885. https://doi.org/10.1021/jacs.0c054
99

. Rizzo A, Peterson GI, Bhaumik A, Kang C, Choi TL (2021)

Sugar-based polymers from d-Xylose: Living cascade polymeri-
zation, tunable degradation, and small molecule release. Angew
Chem Int Ed Engl 60:849-855. https://doi.org/10.1002/anie.
202012544

Debsharma T, Schmidt B, Laschewsky A, Schlaad H (2021)
Ring-opening metathesis polymerization of unsaturated carbo-
hydrate derivatives: levoglucosenyl alkyl ethers. Macromolecules
54:2720-2728. https://doi.org/10.1021/acs.macromol.0c02821
Vougioukalakis GC, Grubbs RH (2010) Ruthenium-based hetero-
cyclic carbene-coordinated olefin metathesis catalysts. Chem Rev
110:1746-1787. https://doi.org/10.1021/cr9002424
Montgomery TP, Johns AM, Grubbs RH (2017) Recent advance-
ments in stereoselective olefin metathesis using ruthenium cata-
lysts. Catalysts. https://doi.org/10.3390/catal7030087

Ogba OM, Warner NC, O’Leary DJ, Grubbs RH (2018) Recent
advances in ruthenium-based olefin metathesis. Chem Soc Rev
47:4510-4544. https://doi.org/10.1039/c8¢cs00027a

Fiirstner A (2013) Teaching metathesis “simple” stereochemistry.
Science 341:1229713. https://doi.org/10.1126/science.1229713
Muller DS, Basle O, Mauduit M (2018) A tutorial review of
stereoretentive olefin metathesis based on ruthenium dithiolate
catalysts. Beilstein J Org Chem 14:2999-3010. https://doi.org/
10.3762/bjoc.14.279

Dawood KM, Nomura K (2021) Recent developments in
Z-selective olefin metathesis reactions by molybdenum, tung-
sten, ruthenium, and vanadium Catalysts. Adv Synth Catal
363:1970-1997. https://doi.org/10.1002/adsc.202001117
Endo K, Grubbs RH (2011) Chelated ruthenium catalysts for
Z-selective olefin metathesis. ] Am Chem Soc 133:8525-8527.
https://doi.org/10.1021/ja202818v

Dang Y, Wang Z-X, Wang X (2012) Does the ruthenium nitrato
catalyst work differently in Z-selective olefin metathesis? A
DFT study. Organometallics 31:8654-8657. https://doi.org/10.
1021/0m300972h

Dang Y, Wang Z-X, Wang X (2012) A thorough DFT study of
the mechanism of homodimerization of terminal olefins through
metathesis with a chelated ruthenium catalyst: from initiation to
Z selectivity to regeneration. Organometallics 31:7222-7234.
https://doi.org/10.1021/0m300784k

Bronner SM, Herbert MB, Patel PR, Marx VM, Grubbs RH
(2014) Ru-based Z-selective metathesis catalysts with modified
cyclometalated carbene ligands. Chem Sci 5:4091-4098. https://
doi.org/10.1039/C4SCO01541]

Herbert MB, Suslick BA, Liu P, Zou L, Dornan PK, Houk
KN, Grubbs RH (2015) Cyclometalated Z-selective ruthenium
metathesis catalysts with modified N-chelating groups. Organo-
metallics 34:2858-2869. https://doi.org/10.1021/acs.organomet.
5b00185

Dumas A, Tarrieu R, Vives T, Roisnel T, Dorcet V, Baslé O, Mau-
duit M (2018) A versatile and highly Z-selective olefin metathesis
ruthenium catalyst based on a readily accessible N-Heterocyclic
Carbene. ACS Catal 8:3257-3262. https://doi.org/10.1021/acsca
tal.8b00151

Xu'Y, Wong JJ, Samkian AE, Ko JH, Chen S, Houk KN, Grubbs
RH (2020) Efficient Z-selective Olefin-Acrylamide cross-metath-
esis enabled by sterically demanding cyclometalated ruthenium
catalysts. ] Am Chem Soc 142:20987-20993. https://doi.org/10.
1021/jacs.0c11334

Occhipinti G, Hansen FR, Tornroos KW, Jensen VR (2013) Sim-
ple and highly Z-selective ruthenium-based olefin metathesis
catalyst. ] Am Chem Soc 135:3331-3334. https://doi.org/10.1021/
ja311505v

@ Springer



460 Topics in Catalysis (2022) 65:448-461

46. Occhipinti G, Koudriavtsev V, Tornroos KW, Jensen VR (2014) 61. Vyboishchikov SF, Biithl M, Thiel W (2002) Mechanism of
Theory-assisted development of a robust and Z-selective olefin olefin metathesis with catalysis by ruthenium carbene com-
metathesis catalyst. Dalton Trans 43:11106-11117. https://doi. plexes: density functional studies on model systems. Chem Eur J
org/10.1039/c4dt00409d 8:3962-3975

47. Nelson JW, Grundy LM, Dang Y, Wang Z-X, Wang X (2014) 62. Khan RK, Torker S, Hoveyda AH (2013) Readily accessible and
Mechanism of Z-selective olefin metathesis catalyzed by a ruthe- easily modifiable Ru-based catalysts for efficient and Z-selective
nium monothiolate carbene complex: A DFT study. Organometal- ring-opening metathesis polymerization and ring-opening/cross-
lics 33:4290-4294. https://doi.org/10.1021/0m500612r metathesis. J Am Chem Soc 135:10258-10261. https://doi.org/

48. Smit W, Koudriavtsev V, Occhipinti G, Tornroos KW, Jensen VR 10.1021/ja404208a
(2016) Phosphine-Based Z-Selective Ruthenium Olefin Metath- 63. Johns AM, Ahmed TS, Jackson BW, Grubbs RH, Pederson RL
esis Catalysts. Organometallics 35:1825-1837. https://doi.org/10. (2016) High trans kinetic selectivity in ruthenium-based olefin
1021/acs.organomet.6b00214 cross-metathesis through stereoretention. Org Lett 18:772-775.

49. Occhipinti G, Térnroos KW, Jensen VR (2017) Pyridine-stabilized https://doi.org/10.1021/acs.orglett.6b0003 1
fast-initiating ruthenium monothiolate catalysts for Z-selective 64. Mikus MS, Torker S, Xu C, Li B, Hoveyda AH (2016) Pentaco-
olefin metathesis. Organometallics 36:3284-3292. https://doi. ordinate ruthenium(II) catecholthiolate and mercaptophenolate
org/10.1021/acs.organomet.7b0044 1 catalysts for olefin metathesis: anionic ligand exchange and ease

50. Smit W, Ekeli JB, Occhipinti G, WozZniak B, Toérnroos KW, Jensen of initiation. Organometallics 35:3878-3892. https://doi.org/10.
VR (2020) Z-selective monothiolate ruthenium indenylidene ole- 1021/acs.organomet.6b00773
fin metathesis catalysts. Organometallics 39:397—407. https://doi. 65. Testaferri L, Tingoli M, Tiecco M (1980) A convenient synthesis
org/10.1021/acs.organomet.9b0064 1 of aromatic thiols from unactivated aryl halides. Tetrahedron Lett

51. Renom-Carrasco M, Mania P, Sayah R, Veyre L, Occhipinti G, 21:3099-3100. https://doi.org/10.1016/s0040-4039(00)77418-1
Jensen VR, Thieuleux C (2020) Silica-supported Z-selective Ru 66. Drouin SD, Foucault HM, Yap GPA, Fogg DE (2005) New pseu-
olefin metathesis catalysts. Molecular Catalysis. https://doi.org/ dohalide ligands in Ru-catalyzed olefin metathesis - A robust,
10.1016/j.mcat.2019.110743 air-activated iminopyrrolato catalyst. Can J Chem 83:748-754.

52. Khan RK, Torker S, Hoveyda AH (2014) Reactivity and selectiv- https://doi.org/10.1139/v05-039
ity differences between catecholate and catechothiolate Ru com- 67. Neumann B, Krinninger C, Lorenz I-P (2007) Synthesis, Struc-
plexes. Implications regarding design of stereoselective olefin tures and Comparison of Neutral Complexes Formed by2-(2'-
metathesis catalysts. ] Am Chem Soc 136:14337-14340. https:/ Pyridyl)indole and d6 Transition Metals. Eur J Inorg Chem
doi.org/10.1021/ja505961z 2007:472-480. https://doi.org/10.1002/ejic.200600730

53. Koh MJ, Khan RK, Torker S, Yu M, Mikus MS, Hoveyda AH 68. Ueno A, Kayaki Y, Ikariya T (2014) Heterolysis of NH-Indoles by
(2015) High-value alcohols and higher-oxidation-state compounds bifunctional amido complexes and applications to carboxylation
by catalytic Z-selective cross-metathesis. Nature 517:181-186. with carbon dioxide. Organometallics 33:4479—4485. https://doi.
https://doi.org/10.1038/nature 14061 org/10.1021/0m500695a

54. Xu C, Shen X, Hoveyda AH (2017) In situ methylene capping: 69. Higman CS, Lanterna AE, Marin ML, Scaiano JC, Fogg DE
a general strategy for efficient stereoretentive catalytic olefin (2016) Catalyst decomposition during olefin metathesis yields
metathesis. The concept, methodological implications, and appli- isomerization-active ruthenium Nanoparticles. ChemCatChem
cations to synthesis of biologically active compounds. ] Am Chem 8:2446-2449. https://doi.org/10.1002/ccte.201600738
Soc 139:10919-10928. https://doi.org/10.1021/jacs.7b06552 70. Higman CS, Plais L, Fogg DE (2013) Isomerization during olefin

55. LiuZ, Xu C, Del Pozo J, Torker S, Hoveyda AH (2019) Ru-based metathesis: an assessment of potential catalyst culprits. Chem-
catechothiolate complexes bearing an unsaturated nhc ligand: CatChem 5:3548-3551. https://doi.org/10.1002/cctc.201300886
effective cross-metathesis catalysts for synthesis of (Z)-alpha, 71. Bailey GA, Lummiss JAM, Foscato M, Occhipinti G, McDonald
beta-unsaturated esters, carboxylic acids, and primary, second- R, Jensen VR, Fogg DE (2017) Decomposition of olefin metath-
ary, and weinreb amides. ] Am Chem Soc 141:7137-7146. https:// esis catalysts by bronsted base: metallacyclobutane deprotonation
doi.org/10.1021/jacs.9b02318 as a primary deactivating event. ] Am Chem Soc 139:16446—

56. Montgomery TP, Grandner JM, Houk KN, Grubbs RH (2017) 16449. https://doi.org/10.1021/jacs.7b08578
Synthesis and evaluation of sterically demanding ruthenium dithi- 72. Bailey GA, Foscato M, Higman CS, Day CS, Jensen VR, Fogg
olate catalysts for stereoretentive olefin metathesis. Organometal- DE (2018) Bimolecular coupling as a vector for decomposition
lics 36:3940-3953. https://doi.org/10.1021/acs.organomet.7b005 of fast-initiating olefin metathesis catalysts. ] Am Chem Soc
55 140:6931-6944. https://doi.org/10.1021/jacs.8b02709

57. Jean-Louis Hérisson P, Chauvin Y (1971) Catalyse de transforma- 73. Bahri-Laleh N, Credendino R, Cavallo L (2011) The intriguing
tion des oléfines par les complexes du tungsténe. Die Makromole- modeling of cis-trans selectivity in ruthenium-catalyzed olefin
kulare Chemie 141:161-176. https://doi.org/10.1002/macp.1971. metathesis. Beilstein J Org Chem 7:40-45. https://doi.org/10.
021410112 3762/bjoc.7.7

58. Miyazaki H, Herbert MB, Liu P, Dong X, Xu X, Keitz BK, Ung T, 74. Janse van Rensburg W, Steynberg PJ, Meyer WH, Kirk MM, For-
Mkrtumyan G, Houk KN, Grubbs RH (2013) Z-Selective ethenol- man GS (2004) DFT prediction and experimental observation of
ysis with a ruthenium metathesis catalyst: experiment and theory. substrate-induced catalyst decomposition in ruthenium-catalyzed
J Am Chem Soc 135:5848-5858. https://doi.org/10.1021/ja401 olefin metathesis. ] Am Chem Soc 126:14332-14333. https://doi.
0267 org/10.1021/ja0453174

59. Minenkov Y, Occhipinti G, Jensen VR (2013) Complete reaction 75. Lummiss JAM, Botti AGG, Fogg DE (2014) Isotopic probes for
pathway of ruthenium-catalyzed olefin metathesis of ethyl vinyl ruthenium-catalyzed olefin metathesis. Catal Sci Technol 4:4210—
ether: kinetics and mechanistic insight from DFT. Organometallics 4218. https://doi.org/10.1039/c4cy01118j
32:2099-2111. https://doi.org/10.1021/0m301192a 76. Ireland BJ, Dobigny BT, Fogg DE (2015) Decomposition of a

60. Grandner JM, Shao H, Grubbs RH, Liu P, Houk KN (2017) Ori- phosphine-free metathesis catalyst by amines and other bronsted

gins of the stereoretentive mechanism of olefin metathesis with
ru-dithiolate catalysts. J Org Chem 82:10595-10600. https://doi.
org/10.1021/acs.joc. 7602129

@ Springer

bases: metallacyclobutane deprotonation as a major deactivation
pathway. ACS Catal 5:4690-4698. https://doi.org/10.1021/acsca
tal.5b00813



Topics in Catalysis (2022) 65:448-461 461

77. Montgomery TP, Ahmed TS, Grubbs RH (2017) Stereoreten- Publisher’s Note Springer Nature remains neutral with regard to
tive Olefin Metathesis: An Avenue to Kinetic Selectivity. Angew jurisdictional claims in published maps and institutional affiliations.
Chem Int Ed Engl 56:11024—-11036. https://doi.org/10.1002/anie.

201704686

Authors and Affiliations
Immanuel Reim'® . Giovanni Occhipinti'® - Karl W. Térnroos' ® - Deryn E. Fogg'2® - Vidar R. Jensen'

P4 Vidar R. Jensen 2 Center for Catalysis Research & Innovation, and Department
Vidar.Jensen@uib.no of Chemistry and Biomolecular Sciences, University
of Ottawa, Ottawa, ON K1N 6N35, Canada
Department of Chemistry, University of Bergen, Allégaten
41, N-5007 Bergen, Norway

@ Springer



Supplementary Information for:

Toward E-Selective Olefin Metathesis:
Computational Design and Experimental Realization

of Ruthenium Thio-Indolate Catalysts

Immanuel Reim’, Giovanni Occhipinti', Karl W. Térnroos’, Deryn E. Fogg'?, Vidar R. Jensen ! *

'Department of Chemistry, University of Bergen, Allégaten 41, N-5007 Bergen, Norway

2Centre for Catalysis Research & Innovation, Chemistry Department, University of Ottawa,

Ottawa, Ontario, Canada K1N 6N5

S1



Table of Contents

S1. Experimental Procedures and Additional Experimental Results..........cccccovveiecvecienienienennnnns S3
GENETal PrOCEAULES. ....c.eeueiiieieiiiteieiee ettt ettt S3
Synthesis of 7-((triisopropylsilyl)thio)-1H-indole (L2a)

Synthesis of 2-methyl-7-((triisopropylsilyl)thio)-1H-indole (L2Db).........cccocevveinenveenenneennnne S4
Synthesis of 2-H-7-Thio- 1H-indole (L3@).......cccccereiririeinieieinieieeeeee et S4
Synthesis of 2-Methyl-7-Thio-1H-indole (L3D).........cccecueriiriiriieieieieierieseee et S5
Synthesis of potassium 7-sulfidoindol-1-ide (L4a) ...........ccoooeiiriiieieieereeceeee e S5
Synthesis of potassium 2-methyl-7-sulfidoindol-1-ide (L4b) .........cccooiiininininiieeceee S5
Synthesis of potassium 2-phenyl-7-sulfidoindol-1-ide (L4¢).......cccecevievenininenieiienienienenane S5
Synthesis of COmMPIEX RU20 .........ccoeiiiiiiriiieiriiietsiee ettt nee S6
Synthesis of Complex Ru21a/Ru21a’ ........cccoiiiieiiieieieeseeeeeeee et S6
Synthesis of Complex RU2TD.....cc.ooiiiiiiieieieeeeeeee ettt S7
Synthesis of ComPIexX RU2LC .....couiiiiiiiiiiiiiieiieeeecteeee et S7
Isomer Ru2la and RuU2Ia’ ..ottt S8
Metathesis Reaction of catalysts RU21a-D ..........cccccooiviiiiiiiiiccieeeee e S9
Self-Metathesis Of STYTENE .......cviiiiiiieieieeee ettt saeeneas S9
Self-Metathesis of AILYIDENZENE...........cccveiiiiriiriiieiieieeee e S12
Self-Metathesis of Ethylene........cccoceieiiiiiiiniiniieeieeee et S14
Self-Metathesis Of PrOPENE ......ccuecvieiiiiieiieieiecieet ettt a bt eaeeseens S16

S3. Computational MethOdS.........c.oouiruieiirieieieieeeceeeee et eneens S18
Geometry Optimization
Single-Point Energy CalCulations ..........ccocuerieririiieiiieierieseseeicetete ettt S18
Free Energies Calculations Including Standard State Correction...........ccceevveereneeeneneennene S19

S4. Validation and Selection of the Computational Approach..........ccccceeevereeiecienienieneseennnne S20
Choice of Functional for Geometry OptimizZation ............coceeeeeeeeeiererieneeeeeeeeee e eeeeeees S20
Choice of Functional for Single-Point Calculations ............ccoceeeeeeienenenenieeeieseeeeeeen S21

S5. Computational RESUILS..........ccoueriiriiriiriiieieieeee ettt S22
Computational Results for Complexes Rul3, Rul8 and Rul9a-c. ............ccocoevvevienieerrennnnen. S23
Computational Results for Complexes RU21 ..........cccooveiiiiiriiinieieeese e S27

SA. NMR SPECLIA. ..ottt ettt sttt e e S36

S5. X-ray CryStal STIUCTUTES ......eeuteriiiertirtieiieieientest ettt ettt sttt ettt sbe bt et et et saesbeeneeae S49
X-ray Crystal Structure of RU21a.......ccccocoeiiiiiiiiniiniiieicieeseeceeerese et S49
X-ray Crystal Structure 0f RUZTLC.......ooiiieieieieeieieieee et S51

SO. RETETEICES. ...ttt ettt ettt sttt b et et b e st b et b et be e e b ee S53

S2



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 A 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 (‘H) [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 um 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 (#y). 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 Pt'3> CCD detector using
graphite-monochromated Mo Ka radiation (A = 0.71073 A).
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Synthesis of 7-((triisopropylsilyl)thio)-1H-indole (L.2a)
PrsSi~g In a glovebox, a Schlenk finger was charged with 88 mg (2.2 mmol, 1.1 eq) KH
N in 10 mL of toluene. 457 pL (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 °C. After cooling the

reaction to room temperature, the reaction mixture was filtered through a plug of SiO> with DCM

as eluent. After removal of the solvent, the reaction was filtered through SiO, 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 (SiOa, 1:5

DCM:Hexane) to deliver the product as a colorless oil.

Yield: 420 mg (69 %)

'H NMR (400 MHz, CDCl3) § 8.57 (s, 1H), 7.51 (dt, J = 7.9, 0.9 Hz, 1H), 7.29 — 7.20 (m, 2H),

6.98 (dd, J=17.9, 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).

BC-NMR (CDCls, 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)-1 H-indole (L.2b)
PrsSi~g In a glovebox, a Schlenk finger was charged with 66 mg (1.65 mmol, 1.1 eq)
N KH in 7.5 mL of toluene. 386 pL (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 pL (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 °C. 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%)
'H NMR (300 MHz, CDCls) & 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=17.8, 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)
SH A Schlenk finger was charged with 427 mg (1.4 mmol, 1 eq) of L2a and 14.5 mL
N. 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 HCI solution was added. The organic phase was separated, and the
aqueous phase was extracted 3x with DCM. The combined organic phase was dried over MgSQO4
and concentrated under removed reduced pressure. The residual oil was purified via flash
chromatography (SiOz, 2:3 DCM:hexane), yielding the desired product as yellow solid.
Yield: 92 mg (44 %)
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'H NMR (400 MHz, CDCl3) & 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, CDCls) § 137.42, 127.88, 127.54, 124.46, 120.71, 120.37, 108.99, 103.62.
HRMS(ESI') m/z: [M-H]" Calcd for CsHsNS 148.0221; Found 148.0218.

Synthesis of 2-Methyl-7-Thio-1H-indole (L3b)

SH A Schlenk finger was charged with 287 mg (0.85 mmol, 1 eq) of 1b, 2.8 mL of
N THF and 2.8 mL of Ethanol. To this solution 0.28 mL concentrated HCI (3.4 mmol,
J 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 SiO> 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 %)
"H NMR (400 MHz, CDCl3) & 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, /= 1.0 Hz, 1H), 2.48 (d, /=
1.0 Hz, 3H).
3C NMR (101 MHz, CDCl3) 8 137.64, 135.54, 129.05, 126.48, 120.20, 119.59, 107.85, 101.37,
13.75.
HRMS(ESI") m/z: [M-H] Calcd for CoHgNS 162.03774; Found 162.03750.
Elemental Analysis, calculated for CoHoNS: 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 (L.4a)
SK To 31.3 mg (0.21 mmol, 1 eq) L3a in 4 mL THF was 17.6 mg (0.44 mmol, 2.1 eq)
k  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.

Synthe51s of potassium 2-methyl-7-sulfidoindol-1-ide (L.4b)
To 101 mg (0.6 mmol, 1 eq) 2b in 4 mL THF was 52.1 mg (1.3 mmol, 2.1 eq)
R KH added. Upon addition of KH, hydrogen was formed and the solution turned
J 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.

Synthe51s 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
R 16.8 mg (0.42 mmol, 2.1 eq) KH added and the reaction mixture was stirred for
/P 14 hto 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].
H In a glovebox, a 25 mL vial, equipped with a magnetic stirring bar and

dN\,«N\gz a screw cap, was charged with complex tricyclohexylphosphine[4,5-
AL

i dimethyl-1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene][2-

| thienylmethylene] ruthenium(II) dichloride (1087 mg, 1.234 mmol) and
py‘h pyridine (4 mL). The vial was closed and the mixture stirred at room

py = pyridine 2 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 '"H NMR is consistent with literature [4].
'"H NMR (500 MHz, CsDs) & 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, /= 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
NN eq) of Ru20 in 10 mL THF and 16.8 mg (0.075 mmol, 1.1) of L4a
Q g was added to the solution. A color change from green to red was
S Ru= 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 °C for 15 h. The resulting microcrystalline
o\ solid was collected and washed with cold pentane (2 x 4 mL) to yield
a \( \g the desired product as brown/red solid. The '"H NMR analysis shows
the presence of two isomeric complexes Ru21a and Ru2la’ in the

N
@’RL\:: ratio 95:5.
™S Yield: 31.1 mg (62 %)

Ru2la: 'H NMR (850 MHz, CsDs) 5 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, /= 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).

BC-NMR (C¢Ds, 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’: '"H NMR (850 MHz, CsDs) 6 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, /= 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-NCsHs]* Calcd for C3sH3sN3RuS» 676.1394; Found 676.9120.
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Synthesis of Complex Ru21b
H 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
a \%\ added to the solution. A color change from green to red was observed
i immediately. After 30 min the reaction was completed, and the
T | .
solvent was removed under reduced pressure. The crude reaction
M 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 °C 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 %).
"H NMR (500 MHz, C6D6) & 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, ] = 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).
BC-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-NC5HS5]+ Caled for C37H39N3RuS2 690.1550; Found 690.9360.
Elemental Analysis: Anal. Calcd for C42H44N4RuS2 - 0.1 CH2CI2: 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 Ru2lc
H 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

a \%\ was added to the solution. A color change from green to red was
observed immediately. After 30 min the reaction was completed, and

\N/ j the solvent was removed under reduced pressure. The crude reaction
@)»Ph 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 °C 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 %).
"H NMR (850 MHz, CsDs) & 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=17.7, 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=17.3, 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).
BC-NMR (C¢Ds, 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-NCsHs]* Calcd for C42Hs1N3RuS, 753.1785; Found 753.9206.
Elemental Analysis: Anal. Calcd for C47H46N4RuS: - 0.1 CsHiz: 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 '"H NMR spectrum of the
sample in C¢Ds. 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 Ru2la and Ru2la’

The '"H NMR of the complex Ru21a shows a minor component Ru21a’ (5%) with an alkylidene
resonance at 6 = 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 AGgyz1a’-Ruz1a) = = 1.8 keal mol™!' (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 (AGSES,,= 1.9 kcal mol !, see the Computational Results section

below), and we thus assume the observed minor component Ru21a’ is due to this isomer.

ppm

r15.2

r15.4

r15.6

r15.8

r16.0

r16.2

r16.4

r16.6

r16.8

17.0
ppm

Fig. S1 NOESY-Experiment of complex Ru2la and Ru21la’ showing the exchange between Ru2la and
Ru2la’ (CsDs, 850 MHz) (py = pyridine)

5
AG(ruz1a'- ruzia) = ~RTInKeq = —RTIngz = 1.8 keal mol (Eq. D
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Metathesis Reaction of catalysts Ru2la-b

Self-Metathesis of Styrene

In a 4 mL vial, a stock solution of catalyst Ru21a (19.6 mg, 0.026 mmol)) and anthracene (LS.,
4.6 mg, 0.026 mmol, 1 eq) in 2.6 mL CsDs (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 puL
of this solution was transferred to a J-Young NMR tube. An initial 'H 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 pL, 0.0325 mol, 5 eq) was added and the timer
started. The solution was mixed in the NMR tube at 298 K, and '"H 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 CsDs (10 mM in Ru).

a) 10 b) 10 .,Q.o
80 1% 8o } O, G
R E e L T T RO R RN
< S =
§ 60T & 07T ceeeoee RU21b
[} [
g 01 g 1 - 0— Ru21b_29
5 6‘-@-’8:8‘:-‘-_-9--'-:-; ------------ 8 S -=0=-=2-vinylthiophene
o ] ceeiree- RU21a (@)
05 --.--Ru21a_29 20 1 2
! — P
7 — 0= 2-vinylthiophene D._B-B" \f
00 . 0 CH3 ;
0 60 120 0 60 120
t/ min t/ min

Fig. S2 Self-metathesis of styrene with catalyst Ru21a (a) and Ru21b (b) in C¢Ds over 2 hours. No stilbene
formation was observed, but new alkylidene signals emerged. The reaction was monitored by 'H-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 (8 =
16.2 and 15.9 ppm,) and the formation of 2-vinylthiophene (CsH3S-CHa: & = 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 Ru2la_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 Ru2la and Ru2lb with Styrene via Non-Productive

Metathesis
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Fig. S3 'H 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]. (CsDs, 300.1 MHz)
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Fig. S4 '"H 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]. (CsDs, 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 pL
of the solution containing Ru21b and anthracene was transferred to a J-Young NMR tube. An
initial '"H 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 uL, 0.325
mmol, 5 eq) was added and the timer started. The solution was mixed in the NMR tube at 298 K
and "H 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 pL, 0.1 mmol) and allylbenzene
(14.0 pL, 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.

b
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Fig. S5 Self-metathesis of allylbenzene with catalyst (a) Ru21b in CsDs and (b) Ru2la in THF. Only
isomerization allylbenzene to 3-phenyl-1-propene was observed. Reaction was monitored (a) by '"H-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 Ru2la.
Furthermore, after 12 h 2-vinylthiophene (CsH3S-CH»: 6 = 5.48, 4.89 ppm) [6] and styrene (C7H¢-
CH,: 6 =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 'H 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. (CsDs, 300.1 MHz)

Similarly, no 1,4-diphenylbut-2-ene was detected when a reaction of the smaller Ru2la with
allylbenzene was followed via GC. Computational models indicate a higher barrier of the key
intermediate, the rupture of the metallacyclobutane for catalyst Ru2la, for the formation of
stilbene (AGT*529 =36.9 kcal mol’!, see Scheme S12) and 1,4-diphenylbut-2-ene (A(}f531 =37.5 kcal
mol!, 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 C¢Ds (20 mM Ru). The resulting solution was filtered through a
pipette filter stuffed with a Kimwipe to remove any undissolved solids. 600 pL of this solution
was transferred to a J-Young NMR tube. An initial "H 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 '"H NMR spectrum was
immediately recorded to confirm the presence of ethylene (6 = 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 'H NMR spectrum
after 60 min showing [Ru]=CHR and organic products, see Fig. S8.

100
%0 weeereee RU21a
o T = o =2-vinylthiophene
) : — O~ Propene
5 60 15
a <>
9] >
% oTe.
o SRQ.o - 3
20 1 e m e m === -
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0 : : — S
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Fig. S7 Loss of precatalyst Ru21a with the formation of vinylthiopene and propene during the reaction
with ethylidene in CsDs (see Fig. S8 and S9). Reaction was monitored by 'H-NMR analysis relative to
internal standard

During the reaction with ethylene, the liberation of vinylthiophene (CsH3S-CHa: 6 = 5.48, 4.89
ppm) [6] indicates the initiation of the catalyst via non-productive metathesis. The propene
(H3CCHCH»: 6=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 Ru2la is completely
decomposed after 270 min. The relative fast decomposition of catalyst Ru2la 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 B-hydride elimination (formation of propene) and nucleophilic attack are energetically similar
(AAGE = 0.2 kcal mol!, Ru2la_TS22,24 vs Ru2la_TS21,23), see Scheme S8. and Table S7.
Decomposition via nucleophilic attack would not release propene, thus explaining the low yield of
1it.
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Fig. S8 'H 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]. (C¢Ds,
300.1 MHz)
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Fig. S9 Stacked 'H NMR spectrum of reaction of catalyst Ru2la with ethylene. The signals of 2-
vinylthiophene and propene are in agreement with literature [6]. (C¢Ds, 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 C¢De (20 mM Ru). The resulting solution was filtered through
a pipette filter stuffed with a Kimwipe to remove any undissolved solids. 600 pL of this solution
was transferred to a J-Young NMR tube. An initial "H 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 'H NMR spectrum was immediately recorded to
confirm the presence of propene (6 = 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 (6 =
5.25 ppm), E-butene (5 = 5.38 ppm) and Z-butene (6 = 5.48 ppm)) over time. The selectivity was
determined by the formation of E- and Z-butene in a quantitative 'H-NMR experiment [8]. The
experiment was repeated using Ru21b (7.6 mg, 0.01 mmol) and Ru2l¢ (8.2 mg, 0.01 mmol), see
Table S1.
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Fig. S10 'H 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) (CsDs, 850 MHz)
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Table S1 The Stereoselectivity of Propene Metathesis Using Rul3 and Ru2la. No Butene Was
Obtained using Ru21b and Ru2lc

Selectivity® AAGEE/2).°

Entry Catalyst E:Z [keal mol'] TON®
1 Rul3 17:83 -0.9 -
2 Ru2la 23:77 -0.7 -
3 Ru21b - -
4 Ru2lc - -

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. ¢ 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), ®B97XD [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-{ plus polarization basis set augmented by diffuse functions (aug-cc-pVDZ-PP) [18], as
obtained from the Stuttgart/Cologne basis set repository!. Correlation-consistent, valence double-
{ 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- plus polarization basis set
(cc-pVQZ) [19] was used for S atoms.

Geometries were optimized using tight convergence criteria (max. force 1.5-1075 a.u., RMS force
1.0-107 a.u., max. displacement 6.0-10° a.u., RMS displacement 4.0-107 a.u.), without
symmetry constraints, using tighter convergence criteria for the self-consistent field (SCF)
optimization procedure (RMS change in density matrix < 1.0-107°, 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™' were
shifted to 100 cm™ 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-C level. Specifically, Ru was described by
combining the 28-electron relativistic effective core potential (ECP28MDF) [18] with the
corresponding correlation-consistent valence quadruple-( plus polarization basis set augmented by

! 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- 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:

Gr = By + MGG + AGTZZIS.

where Ex is the SP energy calculated with the computational model X, where X = PBE-
D3(MBIJ)-PCM(Benzene), or MO6L-PCM(Benzene), AGy g >** ¥, where Y = PBE- D3(MBJ),
®B97XD or MO6L, 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
DGT72%8.15 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 Rul3 (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 MO6L/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 Rul3 as Predicted by
Computational Approaches A-C.

298.15K

[a.u]

Approach
Model ID
E
[a.u]
AG;
[au]
EPBE—D3(MB])—PCM(benzene)
[kcal/mol]

EM06L—PCM(benZene)
[a.u]
AGPBE4D3(MB])4PCM(benzene)
AGMO6L—PCM(benzene) [kCﬁl/mOI]

Rul3_TS4,5:  -3161.106433  0.535016  -3161.083020  -3163.200665 0.0 0.0

A Rul3_TS4,5z -3161.108143  0.535273  -3161.083373  -3163.202574 -0.2 -1.2
B Rul3_TS4,5:  -3162.956002  0.560327  -3161.060050  -3163.187954 0.0 0.0

Rul3_TS4,5z  -3162.956957  0.559158  -3161.062104  -3163.189691 -1.3 -1.1
c Rul3_TS4,5¢  -3163.265390  0.553430  -3161.066822  -3163.194177 0.0 0.0

Rul3_TS4,5z -3163.267741  0.553282  -3161.067650  -3163.196344 -0.5 -1.4

The suffix TS4,5¢ indicates the rupture for the MCB forming E-Butene and TS4,5, 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., AAGx1zy = AG!z — AGTE, the experimentally
determined stereoselectivity of propene metathesis using catalyst Rul3 is AAG¥gsz) = -0.9 kcal
mol!(see

Table S1). Using Approach B, PBE and MO6L predict E-selectivities that are slightly too high
but quite consistent. Therefore, ®B97XD 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 Rul3, Approach B, i.e, the
wB97XD functional, was chosen for geometry optimization. Among the two functionals tested for
single-point energy calculations, PBE and MO6L, only PBE predicts the correct orientation of the
bidentate S,N-ligand in the catalyst precursor, i.e., MO6L predicts Ru21a’ to have lower energy
than Ru2la (see Table S6). Moreover MO6L also predicts, in contrast to experimental
observation,[5] Rul8 to initiate faster than Rul3 (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 & of a reaction and the
_AG*

corresponding activation free energy, AG¥ is given by the Eyring equation as k = RBTT e RT or,

equivalently, as AG* = —RT In (%) We may thus use the activation free energy as an indicator
B

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 t1 /o

t1
and reaction rate k is k = ﬁ The activation free energy corresponding to different half-lives is
thus given by Equation 2.

AG* = —RTIn <ln(2) h)

— Eq. 2
kTt (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 ¢4 /o and Activation Free Energies AG* obeying Equation 2

Half life AGH
ty, [kcal mol™']
2h 229
1d 24.4
7d 25.5

31d 26.4
365d 27.9

with T =298 K, R = 1-985 - 107 keal K-' mol"', & =6.626 - 1034 J S, kg = 1.380 - 1023 J K"!

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 Rul3, Rul8 and Rul9a-c.

Scheme S2 Energy Profile for the Productive Metathesis of Rul3 with Propene leading to (E)-2-
Butene (full) and (Z)-2-Butene (dashed)
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Scheme S3 During the Regeneration of the Active Species Rul3_2, the Catalyst is prone to decompose
via nucleophilic attack Rul3_TS18,19

b ¥
[\ I\
Mes’NYN\Mes Mes’N\(N‘Mes
Ru Ru
NN ‘~s’>\ N__N <‘5L\\ N_N N__N
Mes’NYN\Mes Mes~ \( ~Mes ‘/ Mes~ \( ~Mes J Mes~ Y ~Mes o Mes~ \r ~Mes
- CoHy
—Ry +CgHg :B.U—\ Cl Ru Cl Ru= Ru=
BA A T = . — ) —_ <Ru 76U\
SK( sy Ru13_TS16,17 %>\ Ru13_TS17,18 s 5/1
cl - [17.9] 5 [11.0] 5 cl
cl cl cl
Ru13 7 Ru13_16 Ru13_17 Ru13_18 Ru13 2
[12.1] $ [21]

M Mes-No_ Ny
Mes’NYN*Mes e

Ru—..
Ru =N
g Cl
Cl
Ru13_19 Ru13_TS18,19
[12.6]

S23



Chart S1 Additional Structure for Precursor Ru18 (a) and Ru13 (b-d), Showing the Unsubstituted MCB and
Decomposition via c) B-Hydride Elimination and d) Nucleophilic Attack during Productive Metathesis
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Table S4 Gibbs Free Energies Calculated for Propene Metathesis Using Catalyst Rul3 Displayed in

Scheme S2, Scheme S3 and Chart S1*

- =l
B £
=g g g S
= 2= 28 — £ & g8 %
3 g s g5 = L3 z= LE fa
5] 3 S i3 = g £ s g8 &
p= = S 5 . -
< @ s Q g
| s ! |
m ] a 2
£ & S
53] 3 Q’E
S|
Rul3 -3429.915882  0.618805  -3428.443990  -3430.839043 0.0 0.0
Rul8 -3351.301249  0.562961  -3349.889345  -3352.190338 -0.5 44
Rul3 2 -3045.082345  0.477603  -3043.816001 - 9.0 -
Rul3_3e -3162.976186  0.564371  -3161.632534 - 11.1 -
Rul3 3z -3162.974397  0.560697  -3161.632110 - 9.0 -
Rul3_TS3,4c -3162.967268  0.560938  -3161.621480 - 15.8 -
Rul3_TS3,4z -3162.968273  0.560583  -3161.622805 - 14.8 -
Rul3_4g -3162.980512  0.560326  -3161.630040 - 10.1 -
Rul3 47 -3162.979753  0.564127  -3161.630109 - 12.4 -
Rul3_TS4,5e -3162.956002  0.560327  -3161.610703 - 222 -
Rul3_TS4,5z -3162.956957  0.559158  -3161.611420 - 21.0 -
Rul3 5g -3162.968283  0.561501  -3161.626063 - 13.3 -
Rul3 5z -3162.973114  0.560132  -3161.629651 - 10.2 -
Rul3_7e -3005.766850  0.451525  -3004.528870 - 11.9 -
Rul3 7z -3005.766850  0.451525  -3004.528870 - 12.6 -
Rul3_TS3,8z -3162.963995  0.561112  -3161.619072 - 17.5 -
Rul3_TS4,9z -3162.964283  0.561428  -3161.627230 - 12.5 -
Rul3_TS16,17 -3123.651078  0.533234  -3122.334439 - 17.9 -
Rul3_TS17,18 -3123.661517  0.532916  -3122.345132 - 11.0 -
Rul3_TS18,19 -3123.658421  0.532949  -3122.342640 - 12.6 -
Rul3_22 -3084.369671  0.509590  -3083.078212 - 32 -
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 Rul9a-c

¥

Ru19a R = H Ru19a TS45R=H  Rul9a 22
Ru19b R = Me Ru19b_TS4,5 R = Me
Rui9c R = Ph Ru19c_TS4,5R = Ph
- =)
T g £
g - 8 =
R~ e g, g gi =
= n = [l ~
2 5 8- - - 8 2T %
s E] g = a5 = L= z= £E 8
S 2 3 S 3 S ) =, g 8= ,E
= < K G = 2 =] =
7 < 8 é 9 s
i 5 = 4
a & g
25 3 SIE
Rul9a H -2165.396001  0.613910  -2164.387625  -2166.315982 0.0 0.0
Rul9a_22 H -1898.470826  0.558601 -1897.584819 -1899.257749 -0.9 -3.8
Rul9a_TS4,5 H -1977.055101 0.610232  -1976.115625  -1977.881986 17.9 13.8
Rul9a_TS4,5z H -1977.049754  0.609467  -1976.109430  -1977.875135 21.3 17.7
Rul9b Me  -2204.703290  0.640500  -2203.665344  -2205.641347 0.0 0.0
Rul9b_TS4,5¢ Me -2016.359743  0.636485  -2015.391014  -2017.206420 19.1 14.2
Rul9b_TS4,52 Me -2016.354106  0.636110 -2015.384219 -2017.199423 232 18.4
Rul9¢ Ph -2396.402809  0.692316  -2395.262202  -2397.437938 0.0 0.0
Rul9c_TS4,5e Ph -2208.052638 0.687222 -2206.978894  -2208.991215 24.1 20.9
Rul9c¢_TS4,5z Ph -2208.032632  0.686810  -2206.960226  -2208.973542 35.5 31.8
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Computational Results for Complexes Ru21

The Catalyst Precursors Ru2la-c. A minor, constant alkylidene resonance 0 = 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 AGru21a/ru21a (1.9 kcal mol™!, Table
S6) almost identical to that of the NOESY experiments (AGf(ff}m = 1.8 kcal mol?).

No corresponding minor component was observed in the "H 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 (AGru2ib/ruz2ib = 4.0 kcal mol! and AGru2ie/ruw2ic = 11.3 keal mol!). In both
Ru21b’ and Ru21¢’, 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

~ =)

a) b Ef g e, =

- % — ol = g S — 273 g
3 22 RE 2 L3 z 3 c& .

g 3 s g = E< = g ¢

b= = S S 4 z 2 5

< « S a o

2 s & 0

m 54 m =

g & S

53] 3 g

3
Ru2la -2697.355932  0.664475 -2696.109762  -2698.343345 0.0 0.0
Ru2la’ -2697.360618  0.666795 -2696.109034  -2698.346686 1.9 -0.6
Ru2lb -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
Ru2lc -2928.362067  0.741391 -2926.983308  -2929.463517 0.0 0.0
Ru2le’ -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 Rul9a and Ru21a, the Ru21a/Ru2la’ mixture gave ca. 73%
(Z)-2-butene in propene metathesis, which corresponds, via the Eyring equation, to a AAGYgz = —
0.7 kcal mol!. 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 (AAG;54’52_T54'5E = 1.9 kcal mol!) and Ru21a’

to be weakly Z-selective (AAG’I:ES4,5!Z—TS4-,SIE: — 0.5 kecal mol ™). The selectivity predicted for

Ru21a’ is close to that experimentally observed for the Ru21a/Ru2la’ mixture, suggesting that
the metathesis performed by the mixture might be due to Ru21a’ rather than to the intended isomer
Ru2la.

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 Ru2la and Ru21a’, covering B-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 B-H elimination is favorable for the unsubstituted MCB
(Ru21a_TS22,24 vs Ru2la_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 Ru2la and
Ru2al’, respectively
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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 Ru2la_2

=
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Scheme S7 Regeneration of Ru2la_2 and Ru2la_ 2’ from Methylidene Species, and Associated

Decomposition Reactions
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Scheme S8 Formation and Decomposition of the Unsubstituted MCB by Reacting Methylidene
Ru2la_7 with Ethylene
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The slightly lower barrier for B-H elimination (via Ru2la_TS21,23) compared to that of the nucleophilic attack (via
Ru21la_TS20,22) is consistent with propene being observed when Ru21a is reacted with ethylene.

—

[ T\\‘u N decomposition

For the productive and non-productive metathesis as well as for the ethylidene regeneration step,
the calculations predict nucleophilic attack (via Ru2la_TS3,8g, Ru2la_TS5,11g,
Ru2la_TSS5,11z, Ru21a_TS12,14 and Ru21a_TS18,19, Scheme S5-S8) to be the more important
than B-H elimination (via Ru21a_TS4.9g and Ru2la_TS.24, Scheme S5 and S8). Furthermore,
nucleophilic attack via Ru2la_TS18,19 is presumable the major decomposition pathway, since
formation of Ru21a_19 releases ethylene (Scheme S8). The free ethylene may react with a second
Ru21la_2 to form Ru2la_18, leading to autocatalytic decomposition of the catalyst. While this
might explain the fast catalyst decomposition, it does not explain the observed Z-selectivity. With
the unintended ligand orientation, the barrier to decomposition (via Ru2la_TS18,19°) is 1.9
kcal/mol lower than via Ru2la_TS18,19, and, more generally, no decomposition reaction has
been found to be faster for the intended ligand orientation.

Calculations on closely related dithiolate-coordinated catalysts show that the barrier to rotation
of the S,S-ligands are low (ca. 8 kcal/mol vs the 14-electron complex) [29] in four-coordinate 14-
electron complexes and high in five-coordinate 16-electron complexes [5]. The observed
Ru21a/Ru21a’ equilibrium thus probably involves pyridine dissociation, facile ligand rotation in
the four-coordinate, 14-electron complex, followed by re-binding of pyridine. Judged from the
barriers to cycloreversion, the olefin metathesis pathway offered by the intended isomer Ru2la

(with a barrier to cycloreversion AG}k Sa55 = 23.8 kcal/mol vs Ru21a) is preferred, by 2.1 kcal/mol,

relative to that of the unintended isomer Ru21a’ (with a barrier to cycloreversion AG; sa51, = 25.9
kcal/mol). Thus, if Ru21a’ is the dominating metathesis catalyst in the mixture and responsible
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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 n-
complexes Ru2la_5 and Ru2la_5’ (Scheme S9). These product n-complexes are already high in
energy, with a clear preference (>3 kcal/mol) for the Z-configured Ru2la_5’z over the E-
configured Ru21a_5g. 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 Ru2la (black) and Ru2la’
(blue) with Propene Leading to (E)-2-butene (full) and (Z)-2-butene (dashed) Including the Transition
State for 2-butene Dissociation
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However, the DFT calculations show that the dissociation of (Z)-2-butene is favored from the
intended Ru21a (with a barrier for dissociation of AG;SS‘(,Z = 29.6 kcal/mol vs Ru21a) by nearly

4 kcal/mol relative to the unintended isomer Ru21a’ (with a barrier for dissociation of AG;S%,Z
= 33.3 kcal/mol; the corresponding transition state TS5,6’e could not be located) excluding the
minor-component, unintended Ru2la’ as an explanation for the experimentally observed Z-
selectivity. Instead, the detailed DFT calculations predict Ru2la 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
Ru2la_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
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Both Ru21aand 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 Ru2la and the Corresponding Pyridine-
stabilized Ethylidene Species Ru2la_25 via Nucleophilic Attack of the Thio-indolate ligand on the

Alkylidene
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Scheme S12 Initiation and Metathesis of Ru21a with Styrene and Allylbenzene
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Ru2la -2697.355932  0.664475  -2696.109762 0.0
Ru2la’ -2697.360618  0.666795  -2696.109034 1.9
Ru2la_2 -1936.599244  0.557204  -1935.685517 14.3
Ru2la_2' -1936.596176  0.557561  -1935.679892 18.0
Ru2la_3g -2054.490362  0.639216  -2053.501974 13.4
Ru2la_3z -2054.491931  0.639149  -2053.502621 12.9
Ru2la_3’ -2054.496890  0.641585  -2053.503787 13.7
Ru2la_3’z -2054.498186  0.641000  -2053.505748 12.1
Ru2la_TS3,4k -2054.488530  0.640266  -2053.495739 18.0
Ru2la_TS3,4z -2054.487601  0.639020  -2053.495251 17.5
Ru2la_TS3,4’c -2054.487845  0.641485  -2053.492400 20.8
Ru2la_TS3,4z -2054.487962  0.640969  -2053.493519 19.8
Ru2la_4e -2054.504418  0.643615  -2053.505965 13.6
Ru2la_4z -2054.501219  0.642821  -2053.504033 14.4
Ru2la 4’ -2054.503723  0.644210  -2053.501999 16.5
Ru2la_4’z -2054.502650  0.644755  -2053.502665 16.4
Ru2la_TS4,5 -2054.477152  0.639007  -2053.485211 23.8
Ru2la_TS4,5z -2054.472273  0.637626  -2053.480792 25.7
Ru2la_TS4,5’c -2054.478071  0.641170  -2053.483118 26.4
Ru2la_TS4,5°z -2054.478310  0.640906  -2053.483663 259
Ru2la_5e -2054.483160  0.640503  -2053.495232 18.4
Ru2la_5z -2054.482927  0.640123  -2053.493143 19.5
Ru2la_S’e -2054.489193  0.641082  -2053.498174 16.9
Ru2la_5’z -2054.492602  0.640976  -2053.500928 15.1
Ru2la_TS5,6k -2054.468797  0.636473  -2053.470428 31.5
Ru2la_TS5,6z -2054.472557  0.634588  -2053.471556 29.6
Ru2la_TS5,6% - - - -
Ru2la_TS5,6z -2054.468627  0.634813  -2053.465778 333
Ru2la_6k -2054.477492  0.635618  -2053.481121 24.2
Ru2la_6z -2054.478311  0.636813  -2053.480974 25.1

Table S7 Gibbs Free Energies of Catalyst Ru21a and Ru21a’ in Olefin Metathesis (Scheme S4-12)
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Ru2la_ 6k

Ru2la_6’z -2054.477038  0.636062 -2053.47924 25.7
Ru2la_7 -1897.284227  0.530006  -1896.398580 16.6
Ru2la_7' -1897.280929  0.530301  -1896.393209 20.1
Ru2la_7e -1897.284227  0.530006  -1896.398580 16.3
Ru2la_7z -1897.284227  0.530006  -1896.398580 17.1
Ru2la_7’e -1897.280929  0.530301  -1896.393209 19.9
Ru2la_7’z -1897.280929  0.530301  -1896.393209 20.6
Ru2la_TS4,9: -2054.473604  0.641711  -2053.478065 30.0
Ru2la_TS3,8c -2054.466387  0.640816  -2053.477110 30.0
Ru2la_TS5,11e  -2054.456933  0.639644  -2053.467883 35.0
Ru2la_TS5,11z  -2054.461372  0.638397  -2053.472248 315
Ru2la_TS12,13  -2054.490549  0.640213  -2053.497524 16.8
Ru2la_13 -2054.507086  0.642073  -2053.509008 10.8
Ru2la_TS12,14  -2054.473914  0.639050  -2053.483851 24.7
Ru2la_TS13,15  -2054.471277  0.641354  -2053.478453 29.5
Ru2la_16 -2015.180436  0.613642  -2014.222266 12.2
Ru2la_16’ -2015.190804  0.614203  -2014.228295 8.8
Ru2la_TS16,17  -2015.171824  0.613631  -2014.209193 20.4
Ru2la_TS16,17' -2015.172348  0.614061  -2014.206856 22.1
Ru2la_17 -2015.200702  0.615084  -2014.232697 6.5
Ru2la_TS17,18  -2015.183260  0.612693  -2014.220658 12.6
Ru2la_TS17,18' -2015.181467  0.613576  -2014.215818 16.2
Ru2la_TS18,19  -2015.170107  0.612650  -2014.209362 19.7
Ru2la_TS18,19' -2015.177554  0.614086  -2014.213688 17.8
Ru2la_19 -2015.202320  0.616426  -2014.227241 10.8
Ru2la_TS17,20  -2015.167037  0.612748  -2014.201205 24.8
Ru2la_TS21,22  -1975.862161  0.585097  -1974.930482 16.7
Ru2la_22 -1975.893731  0.588854  -1974.956018 3.0
Ru2la_TS21,23  -1975.851195  0.584605  -1974.921696 219
Ru2la_TS22,24  -1975.855492  0.584776  -1974.922133 21.7
Ru2la_TS1,25 -2697.322853  0.664852  -2696.072076 239
Ru21_26 -2184.852578  0.646098  -2183.814011 42
Ru2la_TS26,27  -2184.821662  0.645454  -2183.782032 239
Ru2la_TS29 -2437.859282  0.742683  -2436.665841 36.9
Ru2la_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 Ru2la
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S4. NMR Spectra.
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Fig. S11 1H NMR spectrum of L2a. Solvent impurities are indicated in the spectrum (CDCI3, 300.1 MHz)
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Fig. S12 *C NMR spectrum of L2a (CDCls, 300.1 MHz)
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Fig. S18 'H NMR spectrum of Ru21a and Ru21a’ (CsDs, 850 MHz)

S43



262.09

—193.0
——162.06

&y 222

|
Wil
| i‘\imw..twwyk

DCM

T T T T T T T T T
260 240 220 200 180 160 140 120 100

Fig. S19 '*C NMR spectrum of Ru21a (CsDs, 850 MHz)

S44



15.89
9.06
-8.04
78
51

- 4/"Ru_
=T
/ =

Ru21b

I [ WS S 0. Y w-x&t MLL,,./
A

16.0 ppm 9 8 7 6 5 4

I PN o ) DU
<« o W[ o == 0[] — ||~
=1 < QRO QM| Q= |0|Q
—_ — olol~|+~ ~I—|—|+l+l—|+

Fig. S20 'H NMR spectrum of Ru21b (CsDs, 500 MHz)

—254

—1.97

1.35
—0.92

S45



3 3828230858°8888°553 o
& 280 IIBIBSARLLNZECS g
TSN\ NI
S Ru—
~N""
=ty
/ 2
Ru21b
|
|
’ ‘JL !
) A LWV I b
T T T T T T T T T T T T T T
260 240 220 200 180 160 140 120 100 80 60 40 20 0 ppm

Fig. S21 *C NMR spectrum of Ru21b (CsDs, 850 MHz)

S46



)
a & 8KH3888R528 g€ 8 8
- -] ONNNNOO OO OLWw N ™
SN ‘
1 1 o ‘(
>=( n-Pentane
A=
Y »
S 7
‘Ru=—
f—— —N I
S
/ Ph
Ru2ic
| I
| r “ | boMm .
L AN
1|, JL Ay MLJ“J‘;‘, V/\\J;,m . ,\.,,J,,_M-g// \J;J‘ (‘\LL;, B
" T \ T T T
16.0 ppm 8 7 6 5 4 3 2 1 0 ppm
\ ) I L L [ oL
: ] gssagEanes -
< °? ......... L bt i
- - < 10

Fig. S22 'H NMR spectrum of Ru21¢ (CsDs, 850 MHz)

S47



261.54

2057
1843
~—~13.91
~-8.71

n-Pentane

NN

wwmwwmwmwmwmwwtmmww i WMWM»WWMMMMMW !‘*\W«W

T T T T T T T T
260 240 220 200 180 160 140 120 100 80

Fig. $23 '*C NMR spectrum of Ru21e (CsDs, 850 MHz)

20

0 ppm

S48



S5. X-ray Crystal Structures

Data collection on compound Ru21a was done on beamline BMO1 at the Swiss-Norwegian Beamlines at
the ESRF synchrotron in Grenoble, France, using Si double-mirror monochromated radiation (A = 0.62379
A) 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 Ru2la

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 Ru2la

Empirical formula C41 H42 N4 Ru S2 + Solvents

Formula weight 755.97

Temperature 200(2) K

Wavelength 0.62379 A

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions a=19.596(3) A a=90°.
b=19.404(4) A B=90°.
c=22.551(7) A vy =90°.

Volume 8575(3) A3

zZ 8
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Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 16.469°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

1.171 Mg/m3

0.344 mm-1

3136

0.11 x 0.04 x 0.01 mm3
1.585 to 16.469°.

-15<=h<=15, -17<=k<=17, -20<=1<=20

20069

3222 [R(int) = 0.3880]

95.8 %

Semi-empirical from equivalents
1.00000 and 0.73091
Full-matrix least-squares on F2
3222/11/224

1.167

R1=0.1788, wR2 =0.3671
R1=0.2459, wR2 = 0.4044
n/a

0.764 and -0.630 ¢.A-3
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X-ray Crystal Structure of Ru2lc

X-Ray suitable crystal were obtained by layering a concentrated toluene solution of Ru21¢ with
pentane at -30 °C. The thiophene group is rotationally disordered.

Fig. S25 X-ray crystal structure of Ru2le, 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 Ru2lc

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Ru2lc (CCDC: 2086885)
€55.50 H62 N4 Ru S2
950.28

123(2) K

0.71073 A

Triclinic

P-1

a=10.9904(8) A
b=14.3209(11) A
c=16.6513(12) A
2365.4(3) A3

2

1.334 Mg/m3

0.462 mm-1

998

0.682 x 0.379 x 0.052 mm3

1.548 to 32.023°.

-16<=h<=16, -21<=k<=21, -24<=|<=24

a=94.1084(11)°.

B=100.7967(11)°.
y=111.5795(10)°.
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Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

45464

16392 [R(int) = 0.0863]

100.0 %

Semi-empirical from equivalents
0.95801 and 0.72930
Full-matrix least-squares on F 2
16392/591/615

1.041

R1=10.0451, wR2 =0.1234
R1=0.0509, wR2 =0.1273
n/a

1.860 and -0.902 e.A-3
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ABSTRACT: Selective formation of E-olefins directly from 1-
alkenes is still an unsolved problem more than 10 years after the
first Z-selective metathesis catalysts were reported. Illustrating the
challenge, the sulfidoindolide-based complex RuS (Ru(L1)-
(Me,IMes)(py)(=CHR); Me,IMes = 1,3-dimesityl-4,5-dimethyli-
midazol-2-ylidene; py = pyridine; R = 2-thienyl; L1 = 7-
sulfidoindol-1-ide) was initially predicted, via density functional
theory (DFT) calculations, to be E-selective. However, Ru$ turned
out to have low catalytic activity and to be moderately Z-selective
due to an unusually hindered product dissociation [Reim et al. Top.
Catal. 2022, 65, 448]. To lower the dissociation barrier, we here
investigated N-heterocyclic carbene (NHC) ligands that are less
bulky than Me,IMes. We also hypothesized that a S,N ligand with
a less nucleophilic nitrogen atom than that of indole might improve catalyst stability. However, catalyst Ru?7, bearing 2-
sulfidophenyltrifluoromethylsulfonylamide L2 instead of L1, was not significantly more productive or E-selective than RuS. Whereas
Ru nanoparticles formed on the addition of S,N ligand L2 to Ru complexes containing less bulky NHCs, L1 was found to be
compatible with such NHCs. However, due to activation of 0-C—H bonds of N-bound NHC phenyls, only the fluorinated 1,3-
bis(2,6-difluorophenyl)-4,4-dimethyl-S,5-dihydro-imidazol-2-ylidene (Me,SIF,Ph) led to a stable sulfidoindolide-coordinated
catalyst Rul2. Surprisingly, in Rul2, L1 bonds with the indolide positioned trans to pyridine, leading to low catalytic activity
and E-selectivity in 1-alkene self-metathesis. DFT calculations show that the low activity originates in the weak trans influence and
considerable 7 donation of the indolide. In contrast, the originally intended isomer Rul2’, with the thiolate positioned trans to
pyridine, is predicted to be much more active and E-selective. Factors that might help achieve this isomer in future work are
discussed.

[l Metrics & More ‘ @ Ssupporting Information

Ru catalyst
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selectivity- product
inducing ligand dissociation
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B INTRODUCTION

. e 1 . .23 ..
Present in antibiotics, anticancer therapeutics,”” and precision

have been optimized for specific reactions and purposes. They
typically produce E—Z (cis—trans) product mixtures in which

polymers,” E-olefins, with substituents trans-positioned across
the double bond, are an important structural moiety.
Traditionally, such substances were synthesized from alde-
hydes via stoichiometric approaches such as the Wittig,
Horner—Wadsworth—Emmons,® and Julia’ olefination reac-
tions. However, the low atom efficiency of these classic
methods (most notoriously, the Wittig reaction, with its
stoichiometric formation of triphenylphosphine oxide as
coproduct) encouraged interest in catalytic methodologies.
Olefin metathesis offers an atom-efficient catalytic alternative.
Here, the rearrangement of the carbon—carbon double bonds
in olefins allows for the generation of new olefins.*’
Specifically, the facile handling and functional-group tolerance
of ruthenium catalysts,'"~"> encouraged the application of
olefin metathesis in synthesis of comglex organic mole-
cules,>7'¢ including pharmaceuticals,’” > and soft materi-
als>' ™

Since the 1990s, numerous ruthenium olefin metathesis
catalysts have been developed.”’ " Many of these catalysts

© 2024 The Authors. Published by
American Chemical Society
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the isolation of the target product from its undesired isomer is
costly, wasteful, and sometimes impossible. Catalysts that
enable selective synthesis of the single-isomer target offer the
most atom-economic, direct, and elegant solution.> 43¢
However, the design of such catalysts is challenging. Kinetically
Z-selective catalysts (Chart 1a) for 1-alkene metathesis have
been achieved only in the past decade and a half, and only two
such classes of catalyst exist: cyclometalated (Rul),”’~* and
monothiolate catalysts (Ru2).**~°

Catalysts for E-selective olefin metathesis are even more
elusive. Even after more than 20 years of effort, no catalyst for
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Chart 1. Examples of (a) Z-Selective Ru Catalysts, (b)
Stereoretentive Catalysts, and (c) Previously Investigated
Catalytic System for E-Selectivity

Mes— N N—-Mes
Yei
/Ru_
s7 |
Ph g phQ
'Pr
Ru1 P Ru\2
b) ™ F )\ F
Mes—N . N-Mes SN N>
c g cFg T F
‘Ru= 'Re_
[}
SY 2NN %
Pr Pr
Cl Cl
Ru3 Ru4
c)
Mes—N. N Mes
sy
/R“— Mes = 2,4,6-trimethylphenyl
\ es = h
N py S) Dipp = 2,6-diisopropylphenyl
— py = pyridine
Ru5

the E-selective metathesis of 1-alkenes has yet been achieved.
To date, “stereoretentive” catalysts (Chart 1b, Ru3 and Ru4),
which transform stereochemically pure E-alkene substrates into
E-configured alkene products, are the only reliable access point
for metathetical E-olefins.*>*'~>* The utility of stereoretentive
metathesis is limited 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. With the aim to
develop an E-selective catalyst, we have previously reported
compound Ru$ (Chart 1c), which was originally predicted, via
density functional theory (DFT) calculations, to be E-
selective.”

The predictive calculations showed that, in Ru$, position 2
of the indolide ring exerts steric pressure on the fS-substituent
of the metallacyclobutane-like (MCB-like) transition state for
cycloreversion (Figure la), the step expected to be rate
limiting,”>***° Although this indolide-induced steric pressure
should favor the E-selective pathway, Ru$ turned out to be
weakly Z-selective in propene self-metathesis. Further inves-
tigation revealed a much higher barrier to product dissociation

Figure 1. (a) MCB-like transition state and (b) product dissociation
for the self-metathesis of propene to E-2-butene using Rus$.

727

(via the transition state shown in Figure 1b) than that of
cycloreversion. The unexpectedly slow and Z-selective product
dissociation resulted from the elevated steric demand of the
catalyst.>

We hypothesized that a less bulky NHC ligand would lower
the barrier to product release so that the latter would not
anymore be rate determining. This should bring E-selective
catalysts within reach by letting the cycloreversion step control
the rate and the stereoselectivity as shown in Figure 1la.

Here, we aim to test this hypothesis. To this end, we have
replaced the Me,IMes ligand in RuS by the smaller Me,IPh
and Me,IXyl (see overview of ligands in Chart 2), which were

Chart 2. S,N and NHC Ligands Investigated in This Work
S, N Ligands

o e

Mes—N_N—Mes Ph—N_N-Ph Ph—N_N—Ph
Me,IMes Me,IPh Me,4iPh

%}Hﬁ M @

Me,IXyl MeZSIFzPh

Complex Framework

S,R
C/L\JﬁR

— NHC

i
o

explicitly designed to not have o-methyl substituents at the N-
bound aryl groups. Additionally, we investigated the known
NHC Me,JPh and Me,SIF,Ph ligands (Chart 2), which
contain small N-bound phenyl and 2,6-difluorophenyl groups,
respectively. Me,JJPh was selected because Grubbs and co-
workers reported that a tetramethyl-substituted backbone
should restrict rotation of the N-phenyl group, thereby
preventing decomposition of the catalyst via C—H activa-
tion.””*® Me,SIF,Ph, albeit bulkier than Me,IPh, is immune
to C—H activation decomposition, and it has been employed
to make Ru4, which is a more efficient E-stereoretentive
catalyst than Ru3. In addition to hopefully increasing the
catalytic activity and establishing the cycloreversion step as rate
limiting, the smaller NHCs, featuring a larger open space
between the N-aryl substituents, are also expected to further
favor the E-pathway by making room for the B-substituent in
the MCB-like transition state.

In addition to the above selectivity-related considerations,
we intended to limit a catalyst decomposition mode,
nucleophilic attack on the electrophilic alkylidene by the
electron-rich, nucleophilic bidentate ligand, to which the
closely related catechodithiolate-bearing stereoretentive cata-
lysts are known to be prone.*” To suppress this decomposition
mode, the dithiolate ligands are usually substituted by
electronegative groups, a strategy that here should also help
limit another potential decomposition mode, that of indolide/
amide dissociation, via proton uptake. To avoid both these
decomposition modes, we have tested a less nucleophilic
ruthenium-binding nitrogen atom, that of 2-sulfidophenyltri-
fluoromethylsulfonylamide L2 (Chart 2), which has the amide

https://doi.org/10.1021/acs.organomet.3c00522
Organometallics 2024, 43, 726—736



Organometallics

pubs.acs.org/Organometallics

N atom flanked by a strongly electron-withdrawing trifluor-
omethylsulfonyl group.

B RESULTS AND DISCUSSION

Synthesis and Installation of Ligand L2. Mercaptophe-
nyltrifluoromethanesulfonamide (L2H,) was prepared accord-
ing to the protocol depicted in Scheme 1. 2-Aminothiophenol

Scheme 1. Synthesis of S,N Ligand Precursor L2H, and its

Dipotassium Salt L6
HzN@ (CF3S0,),0
5 3 Et3N,

SH
HOp 1K1
N, EIOACEIOH S-8 DCM, 2 h
2 0°C, 2 h 78°C, 1t
NH,
L3 L4
F4CO,S
HN
SH 5 pph,
" 05 s-§
“THE NH H20/THF
SOZCF3 $0,CF, NH
$0,CF,
L6 L2H, L5

(L3) was first reacted with hydrogen peroxide and catalytic
amounts of KI to form bis(2-aminophenyl) disulfide L4. L4
was then treated with an excess of trifluorometanesulfonic
anhydride at low temperature (—78 °C) to give the
corresponding sulfonamide derivative LS. The disulfide bond
of LS was, finally, cleaved with triphenylphoshine and water to
deliver two equivalents of L2.%7%

To evaluate the properties of L2 as a ligand, its dipotassium
salt L6 was reacted with Ru6 at room temperature to give Ru7
(Scheme 2). This allowed for comparison with complex Ru$
(Chart 1c), which was obtained, in the same manner, using
ligand L1.>

Scheme 2. Synthesis of Ru7

H
y\

Mes—N_N-Mes

Y ¢

py—Ru=
CI/ | N
oy SN
F3COZS

Ru6 Ru7

c%<

THF, 15 min, rt

Like RuS, Ru7 revealed a bidentate S,N ligand with S
binding cis and N trans to the NHC (see X-ray structure in
Figure 2) and also displayed low productivity in self-metathesis
of propene (0.9S catalytic turnovers, vs 0.35 for RuS) and
moderate Z-selectivity (63%, vs 73% for RuS). These results
suggest that the reduced electron donation and basicity of the
ruthenium-binding nitrogen atom do not improve the stability
of §,N-based catalysts significantly.

Preparation of S,N-Coordinated Catalysts Bearing
Small NHCs. Imidazolium salts L9a and L9b, precursors of
NHCs Me,IPh and Me,IXyl, respectively, were prepared using
the protocol developed by Glorius and co-workers for the
synthesis of substituted imidazolium salts as a starting point.®’
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C1
C2

N2

S1 N1

Figure 2. X-ray crystal structure of Ru7, with displacement ellipsoids
drawn at 50% probability. Ru: pink; S: yellow; N: blue; O: red; F:
green; C: gray. Hydrogen atoms were omitted for clarity. Selected
geometrical parameters (bond distances in A and angles in deg.): Ru—
Cl = 2.056(2), Ru—N1 = 2.207(19), Ru—S1 = 2.264(7), Ru—N2 =
2.134(19), Ru—C2 = 1.850(2), N1—Ru—S1 = 83.03(5), S1—Ru—Cl
= 86.49(6), N1—Ru—Cl = 167.30(8).

To reduce the reaction time from several days (standard
heating, as in the original protocol) to less than 1 h, the
protocol was modified by conducting the reactions in a
microwave reactor (Scheme 3).> Amidines L7a®® and L7b

Scheme 3. Microwave-Assisted Synthesis of L9a and L9b

Af cl ° HA © A g
N_Cl"HCl(aq), Ac,0 N Cl
D \
> NEt(iPr),, MeCN N/>® toluene, MW N/>®
\Ar MW, 200°C, 45 min Ar 150°C, 60 min \Ar
L7a Ar = phenyl L8a L9a
L7b Ar = 3,5-dimethylphenyl L8b L9b

MW = Microwave reactor

were first reacted with 3-chloro-2-butanone to give imidazo-
lium salts L8a and L8b, respectively, which were then
dehydrated with acetic anhydride and hydrochloric acid to
the unsaturated imidazolium salts L9a and L9b.

Imidazolium salts L9c and L9d, precursors of NHCs
Me,IPh and Me,SIF,Ph, resPectlvely, were prepared accord-
ing to literature procedures.’”**

In general, the carbene ligands were generated in situ by
treating the imidazolium salts L9a—L9d with KHMDS. The
carbenes were reacted with Grubbs first-generation catalyst GI
to give phosphine-stabilized NHC complexes Ru8a—Ru8d
(Scheme 4). The latter compounds were then treated with
excess pyridine to yield the pyridine-stabilized complexes
Ru9a—Ru9d.

Scheme 4. Synthesis of Ru9a—d

PCys L Ru8a L = Me,IPh (74%)
| CI L | ClI Ru8b L = Me,IXyl (59%)
Ru=\ ——— Ru=\ Rusc L = Me,4IPh (83%)
THF 4 o
1’ by Ph c1” ey PN Ru8d L = Me,SIF,Ph (84%)
Gl
. L Ru9a L = Me,IPh (<5%)
pyridine _RI_CI Ru9b L = Me,IXyl (23%)
= Py |”=\ Ru9c L = Me,4IPh (17%)
CI™ py Ru9d L = Me,SIF,Ph (94%)
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Whereas all carbenes could readily be installed on GI, the
subsequent phosphine/pyridine exchange worked well only for
Ru8d, delivering Ru9d in near-quantitative yield (94%).
Preparation of pyridine derivatives Ru9a—Ru9¢ was challeng-
ing because of their poor stability, presumably resulting from
C—H activation of the NHC ligand.6576/ For Ru9a, the
stability problems resulted in yields that were insufficient for
product isolation. Ru9b, which contains a more substituted
NHC, was isolated in 23% yield, with single-crystal X-ray
diffraction analysis revealing a cis-configuration for the two
chloride ligands (Figure 3). During attempts to grow crystals of

S B

Ru=
cfc Ph

Ru%b

Figure 3. X-ray crystal structure of Ru9b with displacement ellipsoids
drawn at a 50% probability. Ru: pink; Cl: green; N: blue; C: gray.
Hydrogen atoms have been omitted for clarity. Selected geometrical
parameters (bond distances in A and angles in deg): Ru—Cl=
2.03(2), Ru—N1 = 2.071(17), Ru—Cll = 2.402(5), Ru—CI2 =
2.416(6), Ru—C2 = 1.84(2), Cll-Ru—CI2 = 88.09(19), ClI—Ru—
Cl = 89.6(5), Cl2—Ru—Cl = 160.9(6), Cll—Ru—N1 = 173.2(6),
C2—Ru-Cl = 96.1(9).

Ru9b in the glovebox freezer (—35 °C) a partial color change
of the microcrystalline solid from green to blue was observed
over time. No signal corresponding to the alkylidene proton
could be observed in the 'H NMR spectrum of the blue
microcrystalline material, suggesting that a double C—H
activation of the carbene N-aryl groups had occurred.*%

Our hope that the tetramethyl-substituted backbone of
Me,IPh would restrict the rotation of the N-phenyl moieties to
prevent C—H activation and increase the stability of Ru9c was
not realized.””*® Whereas we were able to improve the yield of
the PCy;-stabilized complex Ru8c to 83% vs the previously
reported 55%,”” all attempts to optimize the phosphine/
pyridine exchange reaction gave disappointing results, and only
17% of Ru9c was isolated.

Ru9c decomposes readily in solution, even in the glovebox
freezer (—35 °C), accompanied by a color change from green
to red. Attempts to grow crystals suitable for X-ray diffraction
analysis instead resulted in complex Rul0 (Figure 4). A similar
ruthenium complex, stabilized by two PCy; ligands in addition
to a chloride ligand, resulting from double NHC C-H
activation, has been reported by Grubbs and co-workers.*® The
removal of free PCy; by washing Ru9c¢ with hexane resulted in
decomposition of the product, with the washing solution on a
glass frit remaining reddish, while the green filter cake
disappeared. In summary, our results suggest that steric bulk
at the backbone could not prevent N-phenyl rotation and
activation of the o-C—H bonds.

In contrast, Ru9d, which is based on fluorinated NHC
Me,SIF,Ph, was isolated in 94% yield (Scheme 4).
Presumably, Me,SIF,Ph cannot decompose via C—F activa-
tion.”**® Thus, substitution of the N-aryl ortho positions with
fluorine seems to be the only viable strategy with which to
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Ru10

Figure 4. X-ray crystal structure of Rul0, with displacement ellipsoids
drawn at 50% probability. Ru: pink; P: orange; N: blue; C: gray.
Hydrogen atoms have been omitted for clarity. Selected geometrical
parameters (bond distances in A and angles in deg.): Ru—
C1:1.915(4), Ru—C2 = 2.150(4), Ru—P2 = 2.372(15), C1-Ru—C2
= 76.07(16), C1—Ru—P2 = 101.79(16), C2—Ru—P2 = 92.32(14).

reduce steric bulk near the ruthenium center without
compromising the catalyst stability.

Installation of S,N Ligands on Pyridine-Stabilized
Complexes Ru9b—Ru9d. On reaction of pyridine complexes
Ru9b—Ru9d with the dipotassium salt L6, the alkylidene
signal disappeared (Scheme S). In addition, a black precipitate
was observed in the reaction with Ru9d, suggesting the
formation of ruthenium nanoparticles.

Scheme 5. Installation of Ligand L2 on Ru9b—d

SK
S L
o \-SO2CFa

s |
py —Ru=\ K Ru=
I L6 /
c’ py Ph @N },y Ph
THF, rt, 15 min F4CO,S

Ru9b L = Me,IXyl
Ru9c L = Me,IPh
Ru9d L = Me,SIF,Ph

Ru11b L = Me,IXyl
Ru11c L = Me4IPh
Ru11d L = Me,SIF,Ph

Next, we investigated the installation of sulfidoindolide
ligand L1. Reaction of Ru9b and Ru9c with its dipotassium
salt L10 led to unstable Ru—alkylidene complexes, which
decomposed during purification procedures. In contrast, the
corresponding reaction with Ru9d led to a stable complex
Rul2 (Scheme 6).

Scheme 6. Installation of Ligand L1 on Ru9d
SK 2

L10
THF, rt,0.5h

Ru9d

X-ray diffraction analysis of Rul2 (Figure S) showed a
sulfidoindolide ligand orientation opposite that of Rus (Chart
1c). Whereas, in RuS$, the indolide nitrogen atom is bound
trans to the NHC, it is bound cis to the NHC in Rul2. The
preference for the cis configuration in Rul2 is presumably the
result of the weaker trans influence and steric pressure from
the carbene ligand Me,SIF,Ph vs Me,IMes: the mutual
NHC-—thiolate trans influence is low enough to stabilize the

https://doi.org/10.1021/acs.organomet.3c00522
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Figure S. X-ray crystal structure of Rul2, with displacement ellipsoids
drawn at 30% probability. Ru: pink; S: yellow; N: blue; F: green; C:
gray. Hydrogen atoms have been omitted for clarity. Selected
geometrical parameters (bond distances in A and angles in deg.):
Ru—C1 = 2.034(5), Ru—N4 = 2.056(4), Ru—$ = 2.3627(13), Ru—
N3 = 2.144(4), Ru—C2 = 1.810(6), N3—Ru—$ = 88.59(10), S—Ru—
Cl = 149.93(17), N3—Ru—Cl = 93.97(17), C4—N4—N3—C3 =
43.0S.

isomer (Rul2) in which the bulkier indolide part of the S,N
ligand is placed near the smaller, fluorine-substituted NHC.

Rul2 displays low catalytic activity in the self-metathesis of
propene (O1). After complete loss of starting complex Rul2 in
the propene self-metathesis experiment, only 23% free styrene
was observed in the 'H NMR spectrum. This suggests that
77% of the catalyst decomposes before completing the
initiation. The initiated complex produces tiny amounts of 2-
butene (9%, or 0.09 turnovers), slightly favoring the E-isomer
(54%, vs 46% Z-isomer). The application of larger terminal
olefins like 1-octene (02), or internal olefins such as methyl
oleate (03) and methyl elaidate (04) (Scheme 7a,b) showed
no productive metathesis. In contrast, low catalytic activity was
recorded in the ring-opening metathesis polymerization
(ROMP) of cyclooctadiene (OS) and 2-norbornene (06)
(Scheme 7c). Whereas Ru$S is Z-selective in ROMP of 2-
norbornene (E:Z = 10:90), Rul2 slightly favors the E-isomer,
with a selectivity (E:Z = 53:47) similar to that of the above
propene self-metathesis experiment (see Figure S2 in the
Supporting Information).

To conclude, the catalytic activity of Rul2 is lower than that
of RuS, which is more active in both ROMP and self-
metathesis of propene.”> The catalytic results of Rul2 were
disappointing as the reduced steric bulk of NHC Me,SIF,Ph
vs Me,IMes was expected to ease the product dissociation,
which is the rate-limiting step of the catalytic cycle for Rus.>

Mechanistic Calculations. To determine why Rul2 is less
active than expected, we have investigated, using DFT
calculations, the propene self-metathesis reaction catalyzed
by Rul2 as well as by Rul2’, the originally intended isomer,
which has the indolide N atom positioned trans to the NHC.
The DFT calculations predict that Rul2 is 6.0 kcal mol™" more
stable than Rul2’. This stability difference suggests that none
of the two alkylidene-relevant singlet signals in the 'H NMR
spectrum (at 14.6 and 15.0 ppm, Figure S23) belongs to
Rul2’. Instead, these signals more likely originate in the two
NHC—Ru rotamers (due to the asymmetric Me,SIF,Ph)*>%*
of the more stable Rul2. Additionally, whereas a NOESY
experiment indicated dynamic exchange between the corre-
sponding two isomers (the indolide cis and trans to the NHC,
respectively) of RuS,> no signs of a corresponding exchange
between the 14.6 and 15.0 ppm signals were observed for
Rul2.
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Scheme 7. Olefin Metathesis Reactions of Catalyst Rul2

_S

a) Terminal Olefins
Ru12 [2 mol%)]

X /
o1 0.4 M CgDg, 0.09 equiv®
20h, 25°C (E:Z = 54:46)
Ceth ™ Ru12 [5 mol%]
02 0.4 M CgDg,
20 h, 25°C or 40°C
b) Internal Olefins
=\ Ru12 [5 mol%]
Hi7Cs (CH2)7,COMe 0.4 M THF,
03 20 h, 25°C or 60°C
(CH,);CO,Me Ru12 [5 mol%]
— 0.4 M THF,
Hi7Cq 20 h, 25°C or 60°C
04
c) Ring-Opening Metathesis Polymerization
n cat [1 mol%] —
2 M CgDs,
2 h, 25°C R
05 Ru12: 5%P
Ru5: 20%°
N @ cat [1 mol%] T\Q/T
2M CGDGv n
06 2h,25°C Ru12: 20%"

Ru12: 2%°
Ru5: 100%"
“Equivalents vs Rul2 determined by 'H NMR analysis. bYield

determined by 'H NMR analysis. “Isolated yield using 0.1 mol %
catalyst loading.

First, we investigated the initiation of Rul2 (the molecular
model of which is M1, Figure 6). Due to the weak trans
influence of the indolide and the through-complex N-
(indolide)—Ru—N(pyridine) 7 interaction (the sulfidoindo-
lide—pyridine dihedral angle is ca. 43° in Rul2; see Figure 5),
pyridine dissociation from Rul2 is costly, with a barrier of 26.6
kcal mol™" via transition state TS1—2 to reach complex M2 in
which pyridine is located in the second coordination sphere of
ruthenium and hydrogen bonded to a NHC fluorine. From
M2, calculations at successively longer Ru—py distances
resulted in monotonically and weakly increasing potential
energies, and the complete loss of pyridine does not seem to
involve a transition state on the potential energy surface (PES).
Complete dissociation from the second coordination sphere,
from M2 or any other such weakly bound complex, involves
significant stabilization due to solvation and entropy gain and
can be assumed to be fast (close to the diffusion limit). The
estimated barrier (26.6 kcal mol™') to pyridine loss from M1
(Rul2) is thus that of TS1-2.

Initially, we assumed that the four-coordinate, 14-electron
benzylidene species M3 (derived from Rul2) may easily
isomerize to the more stable M19 (derived from Rul2’) by
rotating the SN ligand around an axis nearly parallel to the Ru
alkylidene bond,* so that the indolide nitrogen atom ends up
being trans to the NHC ligand (Figure 6). This assumption
was made based on the observed, in NOESY experiments,™
fast isomerization of Ru$ and the low barrier calculated for the

https://doi.org/10.1021/acs.organomet.3c00522
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Figure 6. Gibbs free energies calculated for the initiation of Rul2
(the model of which is MI1) via pyridine dissociation and
isomerization to the Rul2’-derived M19. Complexes with the thiolate
sulfur atom trans to the L-ligand (as in the Rul2 precursor) are
indicated by blue triangles, and those with a corresponding cis-
configuration are indicated by black squares. A standard state
corresponding to an ideal 1 mol L™ solution (benzene) is assumed
for all species, and free energies are given relative to the most stable
rotamer of the Rul2 precursor.

corresponding S,S ligand rotation in the 14-electron complex
of the stereoretentive catalyst Ru3.°””° Surprisingly, the barrier
to S,N ligand rotation calculated here for M3 is even higher
than that of the above pyridine dissociation: 27.9 kcal mol™
(via TS3—19) vs the Rul2 precursor M1. The faster
isomerization observed for Ru$ presumably results from its

bulkier Me,IMes ligand, as calculations have found steric bulk
to favor rotation of the bidentate catecholthiolate ligand in
stereoretentive catalysts.70

As shown in Figure 7, continued initiation of the catalyst
involves coordination of substrate (here: propene) to either
M3 or M19 to give z-complexes M4 or M20, cycloaddition
and cycloreversion to form the corresponding styrene -
complexes M6 or M22, and styrene dissociation to form the
14-electron ethylidene species M8 or M24. The free energies
calculated for these intermediates and transition states reveal
that the key metathetic bond rupture and formation steps are
disfavored by the indolide moiety of the S,N ligand being
situated trans to the evolving MCB. Cycloaddition and
cycloreversion steps are known to benefit from ligand-to-
metal ¢ donation from the trans-disposed ligand.”" The
indolide is a poor & donor, compared with both the thiolate of
Ru$ and Rul2’ and with the NHCs and cyclic alkyl amino
carbenes (CAACs) of leading metathesis catalysts. It is thus
unsurprising that the cycloreversion barrier of Rul2 (via TSS—
6) is 4.7 kcal mol™" higher than that of Rul2’ (via TS21-22).
Due to the through-complex N(indolide)—Ru—styrene 7
donation (the styrene alkene bond being nearly orthogonal
to the indolide plane) and the low trans influence of the
indolide, the styrene z-complex M6 of Rul2 is more stable (by
2.0 keal mol™) than the Rul2’-derived counterpart M22.
However, although this stability adds to the barrier to styrene
dissociation from M6, the dissociation barrier vs M1 (24.6 kcal
mol™") to reach complex M7, in which styrene is in the second
coordination sphere, is only 0.3 kcal mol™" higher than that of
Rul2’ to reach the corresponding M23. As for the pyridine
dissociation above, complete styrene dissociation from the
weakly bound complexes M7 and M23 is associated with
significant stabilization, does not involve transition states on
the PES, and can be assumed to be fast.
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initiation via cycloaddition and cycloreversion of propene

Figure 7. Gibbs free energies calculated for propene coordination, cycloaddition, cycloreversion, and styrene dissociation for the 14-electron,
pyridine-free complexes M3 and M19 of catalyst isomers Rul2 and Rul2’, respectively. See Figure 6 for pyridine dissociation from catalyst
precursor Rul2 and isomerization to Rul2’. Intermediates and transition states with the thiolate sulfur atom trans to the L-ligand (as in the Rul2
precursor) are indicated by blue triangles, and those with a corresponding cis-configuration are indicated by black squares. A standard state
corresponding to an ideal 1 mol L™! solution (benzene) is assumed for all species, and free energies are given relative to the most stable rotamer of

the Rul2 precursor.
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Figure 8. Gibbs free energies calculated for intermediates and transition states of propene self-metathesis for catalyst Rul2. The Z-2-butene
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(benzene) is assumed for all species, and free energies are given relative to the most stable rotamer of the Rul2 precursor.
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Figure 9. Gibbs free energies calculated for intermediates and transition states of propene self-metathesis for the originally intended catalyst isomer
Rul2’. The Z-2-butene pathway is indicated by blue triangles and that of E-2-butene by black squares. A standard state corresponding to an ideal 1
mol L™ solution (benzene) is assumed for all species, and free energies are given relative to the most stable rotamer of the Rul2 precursor.

Concluding, initiation of Rul2 is likely to be limited by the
initial pyridine dissociation, with a barrier of 26.6 kcal mol™!,
and is, due to the high barrier to S,N ligand rotation (27.9 kcal
mol™), also likely to predominantly generate Rul2-derived
ethylidene complex M8. Subsequent isomerization of the M8
ethylidene to M24 requires even more activation (31.6 kcal
mol™!, via TS8—24) and is unlikely. The high barrier to
pyridine dissociation is consistent with initiation of Rul2 being
slow (perhaps taking days to complete at room temperature)
and susceptible to competition from catalyst decomposition
reactions, such as nucleophilic attack of the thiolate on the
alkylidene, a prominent decomposition mode for the closely
related Ru3.”> These results are thus consistent with the
small amount (23%) of free styrene and the significant catalyst
loss observed in the propene self-metathesis experiment (see
above).

Similarly, the relative free energies calculated for Rul2-
catalyzed propene self-metathesis (Figure 8) are, with high
overall barriers and a marginal predicted E-selectivity (by 0.3
kcal mol™, via TS11—12), qualitatively consistent with the
observed sluggish formation of self-metathesis products and
the slight overweight of E-2-butene (E:Z = 54:46). Low
metathesis activity is, as discussed above for the initiation,
expected from a catalyst isomer with the indolide located trans
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to the evolving MCB and 2-butene. In fact, the activity (0.09
equiv vs Rul2 in 20 h) seems high given rate-determining
barriers of >30 kcal mol™" (for product dissociation, vs M1).
Assuming reversibility, these barriers also suggest that the
observed 2-butene could be the result of catalyst isomerization
via TS3-19 (27.9 keal mol™") followed by Rul2’-catalyzed
propene self-metathesis as described below (Figure 9).
However, the free energies of Figures 6—9 assume a standard
state corresponding to an ideal 1 mol L™" solution (benzene)
for all species, whereas the experimental catalyst concentration
(0.01 M) was, in fact, 2 orders of magnitude lower than the
propene concentration (0.95 M). Assuming, as observed, that
23% of the experimentally used catalyst precursor initiates
(with the rest, 7.7 mM, remaining as Rul2), and using the
corresponding concentration (2.3 mM) for all pyridine-free Ru
species, the resulting Rul2 product dissociation barriers (23.4
kcal mol™ for E-2-butene and 23.7 kcal mol™" for Z-2-butene)
do indeed fall below that of catalyst isomerization (23.8 kcal
mol™"). During catalysis, Rul2-catalyzed 2-butene formation
will be favored even more over catalyst isomerization by the
smaller fractions (than 23%) with which individual inter-
mediates and transition states will be present. Concluding,
although a small contribution from Rul2’ via TS3-—19
isomerization cannot be excluded, most of the observed 2-

https://doi.org/10.1021/acs.organomet.3c00522
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butene likely resulted from Rul2-catalyzed self-metathesis of
propene.

Although Rul2 — Rul2’ isomerization is disfavored,
analyzing the catalytic properties of the originally intended
catalyst Rul2’ may inform future design of E-selective catalysts
(Figure 9). First, Rul2’ was designed to let rate and selectivity
be determined by cycloreversion by easing the product release.
Indeed, for Rul2’, dissociation of both E- and Z-2-butene
appears to be faster than cycloreversion. Whereas dissociation
of Z-2-butene is barrierless from the 7z-complex M32 formed
on cycloreversion, the preferred pathway for E-2-butene
dissociation involves first rotating the latter, with a barrier
(21.3 kcal mol™") below that of cycloreversion, to reduce the
mutual catalyst—butene steric repulsion in the initially formed
7-complex M27. In the more stable complex M28 formed on
rotation, E-2-butene is oriented “upright” in-between the N-
aryl groups, thereby minimizing steric repulsion. From M28, E-
2-butene may dissociate in a barrierless fashion, requiring only
minimal geometric rearrangement of the catalyst. This result
starkly contrasts with the high (29—32 kcal mol™")** and rate-
determining barriers to 2-butene dissociation calculated for
Ru$ and confirms the key hypothesis behind the current work:
A smaller NHC ligand was expected to facilitate product
release for sulfidoindolide-based complexes with the thiolate S
atom positioned trans to the evolving MCB and the forming 2-
butene.

In contrast to Rul2, the desired isomer Rul2’ would, if it
were thermodynamically preferred, be limited by cyclo-
reversion, with a barrier (22.8 kcal mol™, via TS26—27)
much lower than that for Rul2. Furthermore, the calculated
free-energy difference between the barrier to cycloreversion for
the Z- and E-pathways for Rul2’ (4.1 keal mol™') is greater
than for the bulkier Ru$ (1.9 kcal mol™).>> This confirms
another of our initial hypotheses: A larger open space between
the N-aryl groups of carbene Me,SIF,Ph vs Me,IMes was
expected to reduce the steric repulsion between the NHC and
the E-alkene product being formed during the cycloreversion
step. The current computational investigation of Rul2’
highlights that the main, and perhaps only, remaining obstacle
to E-selective ruthenium-catalyzed olefin metathesis is to
identify a combination of NHC and S,N ligands that retains
the overall limited steric bulk of Me,SIF,Ph and L1 at the
same time as favoring the NHC—N trans-configuration of
Rul2’.

B CONCLUSIONS

In this follow-up of our previous attempt to achieve E-selective
catalysts for 1-alkene metathesis,”> we aimed to improve the
catalyst stability and to reduce the overall steric congestion to
speed up product dissociation, the step that limited the
reaction rate of catalyst RuS (Ru(L1)(Me,IMes)(py)-
(=CHR); Me,IMes = 1,3-dimesityl-4,5-dimethylimidazol-2-
ylidene; py = pyridine; R = thiophene; L1 = 7-sulfidoindol-1-
ide) in the previous study.

First, to improve catalyst stability and productivity, we
intended to reduce the basicity and nucleophilicity of the
ruthenium-binding nitrogen atom of the S,N ligand, to avoid
proton uptake and dissociation of the indole as well as
nucleophilic attack on the alkylidene.”> We thus replaced the
7-sulfidoindol-1-ide ligand L1 of Ru$ with 2-sulfidophenyltri-
fluoromethylsulfonylamide L2 to obtain catalyst Ru7. This
strategy only improved the turnover number slightly (from
0.35 with Rus, to 0.95 with Ru7) in self-metathesis of propene
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and, just as RuS, Ru7 produced more Z-2-butene (67%) than
E-2-butene, indicating that product dissociation remained the
rate- and selectivity-determining step.

To speed up product dissociation, we explored the use of
sterically more accessible NHCs than Me,IMes, with N-aryl
groups featuring hydrogen or fluorine in the ortho positions. In
addition, the increased open space between the N-aryl groups
was expected to improve the E-selectivity. Unfortunately,
addition of S,N ligand L2 to Ru complexes containing such
small NHCs immediately led to the formation of Ru
nanoparticles. Furthermore, all attempts to prepare sulfidoin-
dolide catalysts based on NHCs with N-phenyl or N-3,5-xylyl
groups failed due to rapid decomposition via C—H activation.
However, using the original 7-sulfidoindol-1-ide ligand L1 in
combination with a fluorinated NHC, 1,3-bis(2,6-difluoro-
phenyl)-4,4-dimethyl-$,5-dihydro-imidazol-2-ylidene
(Me,SIF,Ph), we obtained complex Rul2.

Surprisingly, the indolide unit in Rul2 turned out to bind cis
to the NHC and trans to the leaving donor (pyridine) and the
evolving MCB. In other words, the indolide, which is the
structural unit designed to induce E-selectivity, was too far
from the evolving MCB to affect the selectivity. In addition,
Rul2 proved to be almost inactive in cross metathesis and only
barely active with strained substrates in ROMP. DFT
calculations showed that the poor catalytic activity is indeed
due to the orientation of the sulfidoindolide ligand in the
complex. The pyridine, a 7 acceptor, dissociates slowly and
limits catalyst initiation due to the weak ¢ donation and non-
negligible 7 donation of the trans-disposed indolide. The weak
o donation of the latter also leads to slow cycloaddition,
cycloreversion, and product dissociation.

In contrast, calculations predict much higher -catalytic
activity, as well as considerable E-selectivity, for the originally
intended catalyst isomer Rul2’, in which the indolide binds
trans to the NHC. Unfortunately, the barrier to S,N ligand
rotation is too high for Rul2 — Rul2’ isomerization to play a
significant role in catalysis using Rul2.

The foregoing suggests that active and E-selective catalysts
based on S,N bidentate ligands might be obtained by
destabilizing the undesired isomer via strong mutual
carbene—thiolate trans influence. Increasing the trans influence
of the donor L ligand, perhaps by using a cyclic alkyl amino
carbene (CAAC),” and/or of the thiolate unit of the bidentate
ligand should favor the desired catalyst isomer. Similarly, a less
7-accepting leaving donor than pyridine should destabilize the
undesired precursor isomer.
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S1 Experimental Procedures and Additional Experimental Results

S1.1 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 MBraun SPS-800 solvent
purification system, then stored under argon in the glovebox over 4 A 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).
Allybenzene, methyl elaidate, methyl oleate, pyridine, potassium hydride, and propene were
obtained from Sigma Aldrich. Potassium 7-sulfidoindol-1-ide L10', (1,3-Bis(2-fluoro-6-
methylphenyl)-4,4-dimethyl-imidazolidinylidene)dichloro(phenylmethylene)(tricyclohexyl-
phosphine) ruthenium Ru8d,’ and 4,4,5,5-Tetramethyl-1,3-diphenylimidazolin-2-
ylidene)dichloro(phenylmethylene)(tricyclo-hexylphosphine)ruthenium Ru8¢® were prepared
according to literature procedures. NMR spectra were recorded on Bruker Biospin AV500 and 850
Ascend spectrometers at 298.0 K, and referenced against the residual proton signals of the
deuterated solvents (‘H).* The '*C{'H} was referenced through the solvent *C resonance.* The
SIP{'H} spectra were referenced through the solvent lock (*H) signal according to TUPAC
recommended method.> HRMS ESI mass spectra were recorded by means of an orthogonal
electron spray ionization ion source (ESI) interfaced to a 6546 LC/Q-TOF mass spectrometer from
Agilent. 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 um diameter). GC
samples were quenched using ca. 10 equivalents of ethyl vinyl ether 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 at the Swiss-Norwegian Beamlines at the ESRF
synchrotron in Grenoble, France, using Si double-mirror monochromated radiation (A = 0.62379
A) in conjunction with a 360-degree phi-scan and a Pilatus2M detector.
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S1.2 Synthesis of L4

L

NH Procedure was modified from literature.® 2- Aminothiophenol (1.25g, 10 mmol),
KI (41 mg, 0.25 mmol), 1 mL 35% hydrogen peroxide in 30 mL EtOAc were placed in a reaction
flask at 0 °C. 4 mL of EtOH was added to homogenize the solutions. After 2 h reaction time, it
was allowed to warm up to room temperature and the organic layer was extracted three times with
1 M NaOH. The extracted aqueous fractions were acidified with 1 M HCI until pH 1. The
precipitated product was filtered, washed with water and dried under reduced pressure to afford
compound 2 as white solid. It was used without further purification.
Yield: 1.22 g (98%)).
"H NMR (850.13 MHz, CDCl3): § = 7.16 (m, 4 H), 6,71 (dd, J = 1.2, 7.5 Hz, 2H), 6.57 (td, J =
1.2,7.5 Hz 2H), 4.32 (s, 4H).

S1.3 Synthesis of L5

H Procedure was modified from literature.” Under argon, L4 (616 mg, 2.48
FsCO,S” mmol) was dissolved in 10mL DCM and cooled to —78 °C. To this solution,
©:S\s EtsN (1 mL, 7.44 mmol) was added, followed by trifluoromethanesulfonic

N-SO=CFs  anhydride (1 mL, 6.45 mmol). The reaction was stirred at —78 °C for 10 min
H before it was slowly warmed up to rt over 2h. The reaction was quenched with 4N

aqueous HCI and extracted with DCM (10 mL x 2). The combined organic layers were washed
with brine, dried over MgSO4 and concentrated in vacuo. It was used without further purification.
Yield: 1.5 g (122%).

S1.4 Synthesis of L2H:

SH
©iN,SOZCF3

H Procedure was taken from literature.® Compound L5 (640 mg,1.25 mmol, 1.0
equiv.) was added to a solution obtained dissolving PPhs (721 mg, 2.75 mmol, 2.2 equiv.) in 4 mL
THF/H:O (1:1). The mixture was stirred for 30 min. The mixture was then extracted with DCM
(15 ml x 3). The extract was first washed with water followed by brine, dried over MgSO4 and
concentrated in vacuo. The resulting solid was purified using flash chromatography (eluent:
hexane/DCM (2:3), Rf = 0.35).
Yield: 95 mg (15%).
'H NMR (850.13 MHz, CDCl3): § = 7.58 (d, J = 8.1 Hz, 1H), 7.55 (d, J = 8.1 Hz, 1H), 7.40 (b,
1H), 7.33 (t, J = 7.9 Hz, 1H), 7.19 (t, J = 7.9, 1H), 3.26 (s, IH). *C {'H} NMR (213.77 MHz,
CDCl): 6 =135.2,129.6, 128.3, 122.8, 121.2, 119.1. HRMS (ESI"): calculated for C;HsF3NO-S;
[M - H]: m/z = 2559719, found m/z = 255.9719.

S1.5 Synthesis of L6

SK

K To 66.9 mg (0.26 mmol, 1.00 equiv.) of L2Hz in 8 mL THF was added 21.7 mg
of KH (0.52 mmol, 2.05 equiv.) and the mixture was stirred for 14 h. The solvent was removed
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under reduced pressure. The weight of the dried solid indicated a quantitative conversion to L6.
The compound was used without further purification.

S1.6 Synthesis of Ru7

Mes—N._.N—-Mes
S,

Ru=
@N/ ‘\
AR AEN

F3C0.S In a glovebox, a 20 mL vial was charged with 43.9 mg (0.06 mmol, 1.0 equiv.)
of Ru6,! 1 mL THF, and 26.0 mg (0.08 mmol, 1.3 equiv.) of the dipotassium salt L6. A color
change from green to yellow was observed immediately. After 15 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 0.5 mL. To this solution 5 mL hexane
was added and cooled to —35 °C 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. '"H NMR of the
complex showed broad signals for all protons making difficult the characterization of the complex
by NMR.

Yield: 83 mg (96 %).

"H NMR (850.13 MHz, C¢Dg): § = 16.15 (b, 1H), 8.35 (2H), 8.07 (1H), 7.91 (1H), 7.1 (1H), 7.0
(1H), 6.9-7.0 (4H), 6.9-7.0 (6H), 2.02 (b,12H), 1.83 (b, 6H), 1.35 (s, 6H). *C{'H} NMR (213.77
MHz, CsDe): 6 = 150.26, 141.60, 139.21, 136.52, 135.58, 134.73, 129.66, 129.32, 123.10, 121.64,
20.68, 18.59, 17.78, 8.57.

S1.7 Synthesis of L9a

Ph ¢l © onPho Ph o
N N ClI' HCl(aq), Ac,0 N Cl

\ _ > _— > /)

/
HN NEt(iPr),, MeCN N® toluene, MW N®
\Ph MW, 200 °C, 45 min i’h 150 °C, 60 min \Ph
L7a L8a L9a

A microwave reactor was charged with N,N’-diphenylformamidine L7a (1177.4 mg, 6 mmol)
and 12 ml MeCN. DIPEA (930.6 mg, 1.25 mL, 7.2 mmol) and 3-chloro-2-butanone (1278.0 mg,
1.21 mL, 12 mmol) was added subsequently. The reactor was capped and placed into the
microwave reactor (adsorption = normal, time = 45 min, T =200 °C). The volatiles were slowly
removed using the rotary evaporator. After the rotary evaporator reached its maximum power, the
flask was transferred to a Schlenk line to remove the residual volatiles. Without further
purification, the reactor was charged with 15 mL toluene, 2.4 mL Ac;0 and 1.2 mL HCl(aq) and
placed into the microwave (adsorption = normal, time = 60 min, T = 150 °C). The finished reaction
mixture was purred into a separatory funnel filled with 200 mL H>O and 100 ml DCM. The reactor
vessel was then rinsed with an additional 50 mL of DCM, and the resulting solution was also
transferred to the separatory funnel. The aqueous phase was extracted with DCM (3 x 150 mL)
and the combined organic phases dried over MgSQOa. After removal of the volatiles, the oily residue
was left. This residue was further purified by automatic flash chromatography (eluent: DCM:
methanol 0 = 10%). The resulting fractions were combined and recrystallized using EtOAc
layered with hexane at 8 °C.
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Yield: 515 mg (30.2 %).

"HNMR (850.13 MHz, CDCl3): § =9.61 (s, 1H), 7.81 (m, 4H), 7.52 (m, 6H), 2.20 (s, 6H). *C{'H}
NMR (213.77 MHz, C¢Ds): & = 135.65, 133.2, 130.9, 130.2 127.5, 126.5, 9.5. HRMS (ESI*):
calculated for C17H;7N2 [M — CI]*: m/z = 249.1383, found: m/z = 249.1394.

S1.8 Synthesis of L9b

Ar g © OHAT © Ar o
N N_Cl' HCI(aq), Ac,0O N_Cl

\ —_— B — e

HN NEt(iPr),, MeCN N/(+) toluene, MW IN/G)
\Ar MW, 200 °C, 45 min Ar 150 °C, 60 min \Ar

L7b Ar = 3,5-dimethylphenyl L8b L9b

A microwave reactor was charged with N, N’-di(3,5-dimethylphenyl)formamidine L7b (1514.2
mg, 6 mmol) and 12 ml MeCN. DIPEA (930.6 mg, 1.25 mL, 7.2 mmol) and 3-chloro-2-butanone
(1278.0 mg, 1.21 mL, 12 mmol) were added subsequently. The reactor was capped and placed into
the microwave (adsorption = normal, time = 45 min, T = 200 °C). Afterwards, the reactor was
connected to the rotary evaporator, and the volatiles were slowly removed. After the rotary
evaporator reached its maximum power, the flask was transferred to a Schlenk line to remove the
residual volatiles. Without further purification, the reactor was charged with toluene, Ac2O and
HCI and placed into the microwave (adsorption = normal, time = 60 min, T = 150 °C). The finished
reaction mixture was purred into a separation funnel filled with 200 mL H>O and 100 ml DCM.
50 mL DCM was used to rinse the reactor vessel. The aqueous phase was extracted with DCM (3
x 150 mL) and the combined organic phases dried over MgSQOj4. After removal of the volatiles, the
oily residue was left. This residue was further purified using an automatic flash chromatography
(eluent: DCM: methanol 0 = 10%). The resulting fractions were combined and recrystallized
using EtOAc layered with hexane at 8 °C.

Yield: 760 mg (44.5%).

"H NMR (500.13 MHz, CDCl3): 6 =9.79 (s, 1H), 7.37 (s, 4H), 7.16 (s, 2H), 2.40 (s, 12H), 2.23 (s
6H). 3C{'H} NMR (213.77 MHz, CsDs): & = 140.36, 135.6, 133.0, 132.4, 127.3, 123.8,21.4,9.5
HRMS (EST"): calculated for C21H2sN2 [M — CI]*: m/z = 305.2018, found m/z = 305.2020

S1.9 Synthesis of Agla

To a SmL suspension of Ag>O (400.3 mg, 1.73 mmol) in DCM, L9a
— (101.2 mg, 0.36 mmol) was added. The solution was stirred in the dark
SN N> atroom temperature for 20 hours. The solution was then dried in-vacuo,
;g and the product was extracted with toluene and filtered through a glass-
| fiber filter paper. The filtrate was dried, and a concentrated solution in
Cl DCM was made. Layering cold pentane over the solution resulted in
the formation of white needle-like crystals.
Yield: 32.5 mg (23.0%).
"H NMR (500.13 MHz, CsD¢): 8 =1.37 (s, 6H, NC(CH3)=C(CH3)N), 7.01 (s, 10H, N-Ph).

S6



S1.10Synthesis of Aglb

H To a suspension of Ag>O (209.5 mg, 0.9 mmol) in 5 mL DCM, L9b

— (101.2 mg, 0.30 mmol) was added. The solution was stirred in the dark

QN 7 NQ at room temperature for 20 hours, before the solution was dried in-
Y vacuo, and the product was extracted with toluene and filtered through

a glass-fiber filter paper. The filtrate was dried, and a concentrated
cl DCM solution was made. Layering cold pentane over the solution

formed white needle-like crystals.

Yield: 31.4 mg (19.5%).

'H NMR (500.13 MHz, C¢Ds): 8 = 1.50 (s, 6H, NC(CH3)=C(CH3)N), 2.06 (d, J(H,H)=0.45 Hz,

12H, NAr-CH3), 6.67 (t, J(H,H)=0.72, 2H, Ar-p-H), 6.78 (s ‘br’, 4H, Ar-o-H).

S1.11Synthesis of Ru8a
In a glovebox, imidazolium salt L9a (48.12 mg, 0.17 mmol), KHMDS
= o (35.59 mg, 0.18 mmol) and Grubbs first generation catalyst (139.9 mg,
N Vgl@ 0.17 mmol) were weighted into three separate 20 mL vials, each

Ru\:\ dissolved/suspended in THF (6 mL), equipped with a magnetic stir bar
CI/ |  Ph and the solution/suspension were chilled to —35 °C. The KHMDS
PCys solution was transferred into the vial containing L.9a and stirred for five

minutes to generate the free carbene Me2IPh. The carbene solution was then added to the vial
containing the ruthenium catalyst at —35 °C and stirred for 5 min before allowing to warm up to
room temperature over 1 h. The reaction was subsequently devolatilized under reduced pressure
and triturated with hexane (2 X 5 mL). The remaining solid was washed three times with hexane,
redissolved in toluene, filtered through celite, and finally dried in vacuum to yield a red solid.
Yield: 100 mg (74%). Replacing the in-situ generated carbene with the silver complex Agla did
not improve the yield.

"H NMR (500.13 MHz, CeDs): 5 =19.97 (d, 1H), 8.25 (b, 2H), 8.10 (d, 2H), 7.35 (m, 2H), 7.21
(m, 2H), 6.98 (m, 2H), 6.68 (m, 2H), 2.38 (m, 3H), 1.1-1.9 (m, 33H), 1.44 (d, 3H), 1.36 (d, 3H).
3P NMR (202.45 MHz, C¢Dg): & = 22.76. HRMS (ESI"): calculated for C4HssCIN,PRu [M —
CI1": m/z = 755.2835, found m/z = 755.2854.

S1.12 Synthesis of Ru8b

_ In a glovebox, imidazolium salt L9b (68.16 mg, 0.2 mmol), KHMDS (41.9
bvN " N—G% mg, 0.21 mmol) and Grubbs first generation catalyst (GI) (164.6 mg, 0.2
;:\Cl mmol) were weighted into three separate 20 mL vials, each
o | e dissolved/suspended in THF (6 mL), equipped with a magnetic stir bar and
PCy; the solution/suspension were chilled to -35 °C. Then, the KHMDS solution
was transferred into the vial containing L9b and stirred for five minutes to
generate the free carbene Me2IXyl. The carbene solution was then added to the vial containing the
ruthenium catalyst at —35 °C and stirred for 5 min before allowing to warm up to room temperature
over 1 h. The reaction was subsequently devolatilized under reduced pressure, triturated with
hexane (2 X 5 mL), washed three times with hexane, redissolved in toluene, filtered through celite,

and dried in vacuum to yield a red solid.
Yield: 100 mg (59%). Replacing the in-situ generated carbene with the silver complex Aglb did

not improve the yield.

S7



"H NMR (850.13 MHz, CsDs): 8 = 20.03 (d, 1H), 7.84 (2H), 7.20 (3H), 6.97-7.14 (4H), 6.87 (1H),
6.31 (1H), 2.31 (s, 12H), 1.1-1.9 (m, 33H), 1.56 (s, 3H), 1.50 (s, 3H).3'P NMR (202.45 MHz,
CeDs): & = 23.10. HRMS (ESI"): calculated for C4sHs3sN2CIN2PRu [M — CI]*: m/z = 811.3461,
found: m/z= 811.3475.

S1.13 Synthesis of Ru8c
Tz The synthesis was modified from a literature known procedure.3 In a
w glovebox, 4,4,5,5-tetramethyl-1,3-diphenyl-4,5-dihydro- 1H-imidazol-3-
NN ium chloride (94.4 mg, 0.30 mmol), KHMDS (71.8 mg, 0.36 mmol) and
@/ TCI\% Grubbs first generation catalyst (GI) (206 mg, 0.25 mmol) were

Ru=\ weighted into three separate 20 mL vials, each dissolved/suspended in
Cl"| 'pn THF (6 mL) and equipped with a magnetic stir bar. Afterwards, the
PCys solution/suspension were chilled to —35°C. Then, the KHMDS solution

was added to the vial containing 4,4,5,5-tetramethyl-1,3-diphenyl-4,5-dihydro-1H-imidazol-3-ium
chloride to generate the free carbene MesIPh. After the reaction was stirred for 30 min at —35°C,
it was added to the cold suspension of GI. This reaction was allowed to slowly warm up to room
temperature for 1 h. The conversion was monitored via '"H NMR and an additional equivalent of
MesIPh solution was added to the reaction mixture until the conversion reached more than 80%.
The reaction was subsequently devolatilized, triturated with hexane (2 x 5 mL), washed three times
with hexane, redissolved in toluene, filtered through celite, and dried in vacuum to yield a red
solid.

Yield: 170 mg (83%).

The recorded '"H NMR spectrum was consistent with literature data.’

S1.14Synthesis of Ru8d
B The synthesis was modified from a literature known procedure.” In a
' glovebox, 1,3-bis(2,6-difluorophenyl)-4,4-dimethyl-4,5-dihydro-1H-
@f/N W N\E% imidazol-3-ium tetrafluoroborate (216 mg, 0.53 mmol), sodium fert-
F TCI F butoxide (53.7 mg, 0.56 mmol) and Grubbs first generation catalyst
'Ru\:\ (GI) (288 mg, 0.35 mmol) were weighted into three separate 20 mL
CI'| Pnh vials, each dissolved/suspended in THF (6 mL) and equipped with a
PCys magnetic stir bar. Afterwards, the solution/suspension were chilled to
—35°C. Then, the sodium fert-butoxide solution was added to the vial containing the imidazolium
salt 1,3-bis(2,6-difluorophenyl)-4,4-dimethyl-4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate.
After the reaction had stirred for 30 minutes at —35°C, it was added to the cold suspension of GI.
This reaction was allowed to slowly warm up to room temperature for 1 h. The conversion was
monitored via 'H NMR and an additional equivalent of NHC solution was added to the reaction
mixture until the conversion reached more than 80%. The reaction was subsequently devolatilized,
triturated with hexane (2 x 5 mL), washed three times with hexane, redissolved in toluene, filtered
through celite and dried in vacuum to yield a red solid.
Yield: 180 mg (84%).
The recorded "H NMR spectrum was consistent with literature data.’
As previously reported,’ Ru8d is instable in solution. Our 'H NMR data shows that the compound
slowly converts into Grubbs first generation catalyst and another alkylidene complex, which
presumably is the corresponding bis(NHC)-ruthenium benzylidene complex. The analysis
suggests, thus, that Ru8d decomposes via a disproportionation reaction.
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S1.15Synthesis of Ru9a
In a glovebox, a 20 mL vial, equipped with a magnetic stirring bar and a
>N screw cap, was charged with complex Ru8a (79.1 mg, 0.1 mmol) and

N
Yo pyridine (1 mL). The vial was closed, and the mixture stirred at room
pV;R‘“:\Ph temperature for 5 min. Upon the addition of pentane (7mL), a green solid
cl’ py

was formed which was isolated by filtration through a glass frit, washed
three times with 5 mL pentane and dried on the glass frit to give a green microcrystalline solid.

"H NMR (850.13 MHz, CDCl3): § = 19.54 (s, 1H), 8.72 (d, 2H), 8.53 (m, 2H), 8.50 (d, 2H), 7.90
(d, 2H), 7.39 (t, 2H), 7.27 (m, 2H), 7.22 (m, 1H), 7.13 (d, 2H), 7.02 (m, 1H), 6.91 (t, 2H), 6.80
(m, 2H), 6.66 (m, 2H), 6.55 (m, 1H), 6.27 (m, 2H), 1.68 (s, 3H), 1.45 (s, 3H).

Yield: 3 mg (5% of yield).

A tiny amount of another alkylidene complex (Srucapn = 17.38 ppm) was observed in the 'H
NMR spectrum of the reaction mixture. The compound is presumably the corresponding mono-
pyridine complex, as the similarity of the alkylidene proton chemical shift with that of compound
Ru9b (Sruczen = 17.53 ppm) strongly suggests. This impurity disappeared, however, upon
purification.

S1.16Synthesis of Ru9b
H In a glovebox, a 20 mL vial, equipped with a magnetic stirring bar and a
2/: NN :/2 screw cap, was charged with complex Ru8b (90.3 mg, 0.12 mmol) and
Yol pyridine (1 mL). The vial was closed, and the mixture stirred at room
/F?U:\ temperature for 5 min. Upon the addition of pentane (7mL), a green solid
py” Cl Ph was formed which was isolated by filtration through a glass frit, washed
three times with 5 mL pentane and dried in the glovebox to give a green microcrystalline solid.

A tiny amount of another alkylidene complex (Sruc#pn = 19.62 ppm) was observed in the 'H
NMR spectrum. The compound is presumably the corresponding bis-pyridine complex, as the
similarity of the alkylidene proton chemical shift with that of compound Ru9a (drucren = 19.54
ppm) strongly suggests. Crystals suitable for X-Ray analysis were grown by layering a
concentrated DCM solution of Ru9b with pentane at —35 °C.

Yield: 15 mg (23% of yield).

"H NMR (850.13 MHz, CeD¢): & = 17.52 (s, 1H), 9.51 (1H), 8.43 (m, 4H), 7.80 (s, 1H), 7.30 (dt,
1H), 7.06 (dt, 2H), 6.75 (d, 2H), 6.64 (m,1H), 6.50 (tt, 1H), 6.05 (tt, 2H), 5.79 (1H), 2.81 (b, 3H),
2.19 (s, 3H), 1.73 (b, 3H), 1.68 (s, 3H), 1.52 (s, 3H), 1.45 (s, 3H). *C{'H} NMR (213.77 MHz,
CeDs): 6 =180.31, 158.83, 153.80, 152.15, 141,09, 139.41, 139.41, 137.5, 137.15, 133.50, 131.24,
130.60, 130.11, 139.72, 124.57, 123.42, 122.91, 20.85, 20.23, 9.78, 8.83.

HRMS (ESI"): calculated for C2sH31CIN2ORu [M — CsHsN — HCI + H,O]": m/z = 548.1168,
found: m/z = 548.1137. The peak of the imidazolium cation indicating the loss of the carbene
ligand is also detected. HRMS (ESI"): calculated for C21HasN> [NHC + H]*: m/z = 305.2017,
found: m/z = 305.2014.
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S1.17 Synthesis of Ru9c¢
w In a glovebox, a 20 mL vial, equipped with a magnetic stirring bar and
a screw cap, was charged with complex Ru8c¢ (164.4 mg, 0.20 mmol)

@/N % N\% and with 1 mL of a pyridine/pentane (1:5) mixture and stirred at -35°C
\[CI for 5 min. Pentane (7mL) was then added to the mixture and the formed

o leu:\ solid was isolated by vacuum filtration through a glass frit. The solid
"py Ph was washed three times with 5 mL pentane, and dried in the glovebox
py = pyridine to give a green microcrystalline solid.

Yield: 32 mg (23% of yield).
'H NMR (850.13 MHz, CeD): 8 = 19.3 (1H), 8.57 (dt J = 5.1, 1.2 Hz, 2H), 8.54 (dt, J = 7.4 Hz,
2H), 7.90 (dd, J= 7.4, 1.1 Hz, 2H), 7.36 (m, 2H), 7.30 (m, J = 7.4 Hz, 2H), 7.18 (m, 1H), 7.12 (m,
1H), 6.89 (m, 5H), 6.53 (tt, J= 1.5, 7.7 Hz, 1H), 6.25 (m, 2H), 1.1 (s, 6H) , 0.89 (s, 6H). *C{'H}
NMR (213.77 MHz, CsDs): 314.2,215.6, 153.1, 151.4, 139.7, 135.7, 131.3, 130.8, 129.61, 129.59,
129.3, 128.0, 123.0, 70.7, 69.6, 21.5. HRMS (ESI"): calculated for C,H; ) N,Ru [M — CsHsN —

HCIl - Cl + CH3CN]": m/z = 510.1483, found: m/z = 510.1480.

S1.18 Synthesis of Ru9d
3 In a glovebox, a 20 mL vial, equipped with a magnetic stirring bar and
: a screw cap, was charged with complex Ru8d (104 mg, 0.12 mmol)
@EF/N W N\FE% and pyridine (I mL). The vial was closed, and the mixture stirred at

Cl room temperature for 1 hour. Then pentane (7 mL) was added to the

Py —Ru=\ reaction mixture causing the precipitation of a green solid. The solid

cl ;Iay Ph was allowed to sediment (settle out) and then was isolated by vacuum

py = pyridine filtration through a fritted glass funnel, washed three times with 5 mL

of pentane and dried in the glovebox to give a green microcrystalline
solid.
Yield: 84 mg (94 % of yield).
'"H NMR (850.13 MHz, CeDs) & 20.0 (1H), 8.83 (2H), 8.66 (d, J = 5.6 Hz, 2H), 8.08 (d, J= 7.7
Hz, 2H), 7.17 (dt, J=7.27, 1.2 Hz, 1H), 6.94 (t, J=7.15 Hz, 1H), 6.86 (t, J=7.7 Hz, 2H), 6.60 (t,
J=5.7Hz, 2H), 6.46 (m, 4H), 6.34 (t, /= 6.8 Hz, 3H), 6.16 (t, J = 6.6 Hz, 2H), 3.55 (s, 2H), 1.14
(t,J=2.2 Hz, 6H). *C{'H} NMR (213.77 MHz, C¢D¢): 218.3, 161.8, 160.6, 153.2, 152.3, 150.5,
141.2,135.3,134.9, 129.1, 129.0, 122.9, 122.6, 111.6, 65.0, 34.0, 30.11. HRMS (ESI"): calculated
for CosHuCIF.N,Ru [M — 2 CsHsN — Cl + 2 CH3CN]": m/z = 631.0826, found: m/z = 631.0822.
The peak of the imidazolium cation was also detected indicating the loss of the carbene ligand
during HRMS. HRMS (ESI™): calculated for Ci7HisF4N2 [NHC + H]": m/z=323.1171, found: m/z
=323.1118.

S1.19Synthesis of Rul2
B In a glovebox, a 20 mL vial was charged with 44.5 mg (0.06 mmol, 1 eq)
F N. .N_F of Ru9d in 10 mL THF, and 15.5 mg (0.07 mmol, 1.15 equiv.) of
=1 T \F%s dipotassium salt L10. A color change from green to red was observed
5“' ' )RUJPh immediately. After 15 min the reaction was completed, and the solvent was
S \py removed under reduced pressure. The crude reaction mixture was
redissolved in toluene, filtered through celite, and concentrated to about 0.5
mL. To this solution 5 mL hexane was added and cooled to —35 °C for 15 h. The resulting solid
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was collected and washed with cold hexane (2 x 4 mL) to yield the desired product as red
microcrystalline solid.

Yield: 28 mg (76 %).

NMR analysis shows the presence of the two isomers. DFT calculations suggest that they are the
rotamers of the NHC ligand: rotamer 1 with the dimethyl-substituted backbone moiety on the same
side of alkylidene ligand, while rotamer 2 owns this moiety pointing in the opposite direction.
Rotamer 1 (60%):

"H NMR (850.13 MHz, CsDs): & = 14.64 (1H), 8.56 (d, J= 4.9 Hz, 2H), 7.91 (d, J= 7.6 Hz, 1H),
7.74 (d,J=17.1 Hz, 1H), 7.57 (s, IH) , 7.43 (t,J = 7.2 Hz, 1H), 7.06 (d, J=2.2 Hz, 1H), 6.77 (m,
3H), 6.51 (m, 3H), 6.23-6.50 (m, 7H), 5.85 (t, J = 8.5 Hz, 1H), 3.41 (d, /= 10.2 Hz, 1H), 3.16 (d,
J=10.2 Hz, 1H), 0.9-1.0 (m, 6H).

Rotamer 2 (40%):

"H NMR (850.13 MHz, CsDs): & = 15.00 (1H), 8.69 (d, J=4.9 Hz, 1H), 7.97 (d, J= 7.6 Hz, 1H),
7.76 (d, J="7.1 Hz, 1H), 7.67 (s, 1H), 7.43 (t, J=7.2 Hz, 1H), 7.13 (d, /= 2.2 Hz, 1H), 6.90 (m,
3H), 6.64 (m, 4H), 6.23-6.50 (m, 7H), 5.94 (t,J= 8.5 Hz, 1H), 3.27 (d, J = 10.2 Hz, 1H), 3.21 (d,
J=10.2 Hz, 1H), 0.9-1.0 (m, 6H).

Rotamers 1 and 2:

BC{'H} NMR (213.77 MHz, CeDs): 5 = 269.1, 267.9, 230.2, 229.0, 156.7, 153.0, 152.9, 152.7,
152.6, 139.7 139.3, 135.7, 134.5, 134.3, 128.7, 128.3, 125.5, 123.3, 118.8, 117.2, 117.1, 114.7,
114.5, 113.4, 111.5, 111.4, 101.7, 101.5, 67.8, 66.5, 65.5, 64.1, 34.0, 30.1, 25.3, 25.2. HRMS
(ESI"): calculated for C3>HasFsN3NaRuS [M — CsHsN + Na]™: m/z = 684.0646, found: m/z =
684.0653

S1.20Stability of Rul2 in Solution

In a glovebox, a 4 mL vial was charged with Rul2 (5.2 mg, 0.007 mmol), 600 pL of CsDs, and
15uL of a stock solution obtained by dissolving 1.46 mg (0.009 mmol) of hexamethylbenzene in
180 pL of CsDs. The solution was filtered through a glass-fiber filter paper to remove undissolved
complex, transferred to an NMR tube, and a 'H NMR spectrum was immediately acquired to
determine the initial integration of the alkylidene signals of Rul2 (14.64 and 15.00 ppm) vs
hexamethylbenzene (internal standard). Following this, other "H NMR spectra were periodically
recorded. The decomposition of Rul2, determined by the decrease of the alkylidene signals, was
monitored over a period of 72 h (see Figure S1). After 24h, 75% of the complex had decomposed.
The disappearance of the alkylidene signals, indicating the complete decomposition of the
complex, was observed after 72 h.
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Figure S1. Decomposition of Rul2 in C¢Ds at 25 °C monitored by 'H NMR analysis.

S1.21 Representative Procedure for Self-Metathesis of Propene

In a 4 mL vial, catalyst Rul2 (4.3 mg, 0.007 mmol) and hexamethylbenzene (I.S., 0.06 mg, 0.004
mmol, 0.05 eq) were dissolved in 0.7 mL C¢Ds (10 mM Ru). The resulting solution was filtered
through a pipette filter stuffed with a Kimwipe to remove any undissolved solid. 600 pL of this
solution was then transferred to a J-Young NMR tube. An initial '"H NMR spectrum was recorded
to establish the initial ratio between the alkylidene and hexamethylbenzene. The NMR tube was
connected to a Schlenk line and degassed (4 freeze-pump-thaw cycles), and then pressured with 1
bar of propene. The tube was sealed, shaken, and the timer started. A '"H NMR spectrum was
immediately recorded to confirm the presence of propene (6 =5.72,4.97 and 1.54 ppm). Additional
spectra were recorded periodically to track the disappearing of the starting material and the
appearing of products over time (ethylene (5, ppm = 5.25 (s, 4H), E-butene (3, ppm = 5.38 (m,
2H), 1.56 (m, 6H) and Z-butene (6 = 5.46 (m, 2H), 1.51(d, J = 4.6 Hz, 6H). After 24 hours, the
equivalents vs Rul2 of the following products were determined: styrene (0.23), ethylene (0.02),
and 2-butene (0.09, E:Z 54:46).

S1.22Representative Procedure for Self-Metathesis of 1-Octene

In a glovebox, an oven-dried vial equipped with a stir bar was charged with Rul2 (3.7 mg, 0.005
mmol, 5 mol%), hexamethylbenzene (I.S., 0.06 mg, 0.003 mmol, 0.05 eq), and benzene-ds (200
pL). To the resulting solution, 1-octene (0.12 mmol, 15.8 pL, 20 equiv) was added and the mixture
was stirred at room temperature. After 1 and 24 hours, aliquots were taken out and quenched with
ethyl vinyl ether, and the product distribution was analyzed using '"H NMR. This reaction was
repeated at 40 °C. In both experiments, no self-metathesis products were detected, but only
isomerization products of 1-octene.

S1.23 Representative Procedure for Self-Metathesis of Methyl Oleate
In a glovebox, an oven-dried vial equipped with a stir bar was charged with methyl oleate (0.04
mmol, 14.5 pL, 25 equiv) and dodecane (0.043 mmol, 5.37 pL, 1.4 equiv). From a freshly prepared
0.02 M stock solution in THF, catalyst Rul2 (0.0017 mmol, 4 mol %, 1 equiv., 100 pL,), was
added to the alkene substrate and the vial was capped. After 2, 4 and 24 hours, aliquots were taken
out and quenched with ethyl vinyl ether, and the product distribution was analyzed using gas
chromatography. No self-metathesis product was observed.
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S1.24Representative Procedure for Self-Metathesis of Methyl Elaidate
In a glovebox, an oven-dried vial equipped with a stir bar was charged with methyl elaidate (0.04
mmol, 14.5 pL, 25 equiv) and dodecane (0.043 mmol, 5.37 pL, 1.4 equiv). From a freshly prepared
0.02 M stock solution in THF, catalyst Rul2 (0.0017 mmol, 4 mol %, 1 equiv., 100 pL), was
added to the olefin and the vial was capped. After 2, 4 and 24 hours, aliquots were taken out and
quenched with ethyl vinyl ether, and the product distribution was analyzed using gas
chromatography. No self-metathesis product was observed.

S1.25Representative Procedure for Ring-Opening Metathesis Polymerization of 2-
Norbornene

In a glovebox, an oven-dried vial equipped with a stir bar was charged with 2-norbornene (0.171
mmol, 16,1 mg, 100 equiv) and hexamethylbenzene (0.009 mmol, 1.5 mg, 5.5 equiv.). Rul2
(0.0017 mmol, 1 mol%, 1 equiv.) in 85 puL. CsDs was added to the monomer and the vial was
capped. After 1h, an aliquot (about 15 pL) was taken, while the residual polymer was precipitated
by addition of MeOH (4.0 mL). The polymer was washed with MeOH (2.0 mL) and dried under
vacuum to yield 20% polymer (3.2 mg). "H NMR of the aliquot showed the 20% conversion with
47% Z-selectivity (Figure S2a).
This reaction was repeated with Ru5: 'H NMR of the aliquot showed no residual starting material
and the resulting polynorbornene showed 89% Z-selectivity (Figure S2b).

Furthermore, a catalytic test was performed using one tenth of catalyst loading to check if lower
catalyst loading would improve the catalyst productivity: Rul2 (0.0017 mmol, 0.1 mol %, 1
equiv.) in 853 pL. CsDs, 2-norbornene (1.71 mmol, 161 mg, 1000 equiv) and hexamethylbenzene
(0.095 mmol, 15.4 mg, 55.5 equiv), yielding 3 mg of polynorbornene (2%). 'H NMR analysis of
the purified polynorbornene showed a Z-selectivity of 63%. The result showed no improved
activity with lower catalyst loading.

a) Rul28 2
T T

b) Ru5

—535
—5.51
—5.35

2-norbornene

polynorbornene

polynorbornene

i ¥

6..2 5.‘1 6:0 5.‘9 5:8 5;7 5?6 5.‘5 5.‘4 5:3 5,‘2 p;;m I 6.‘2 6.‘1 6.‘0 5.‘9 518 517 5:8 5.‘5 5.‘4 5.‘3 5:2 p;zm
sl Ser el e I8
Figure S2. '"H NMR spectrum (from 5.0 to 6.3 ppm) of the reaction mixture used to determine the
E:Z ratio and yield of resulting polynobornene by (a) Rul2 or (b) Ru5.®
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S1.26 Representative Procedure for Ring-Opening Metathesis Polymerization of 1,5-
Cyclooctadiene

In a glovebox, an oven-dried vial equipped with a stir bar was charged with 1,5-cyclooctadiene
(COD) (0.171 mmol, 18.44 mg, 100 equiv.) and hexamethylbenzene (0.009 mmol, 1.54 mg, 5.5
equiv.). Catalyst Rul2 (0.0017 mmol, 1 mol%, 1 equiv.) in 85 pL. THF was added to the monomer
and the vial was capped. After 2h, 'H NMR analysis of the reaction mixture showed 5% conversion
of the starting material to poly(cyclooctadiene).
The reaction was repeated for RuS, and the 'H NMR analysis showed 20% conversion of the
starting material to poly(cyclooctadiene).
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S2 Computational Methods

Density functional theory (DFT) calculations were performed using revision C.01 of the
Gaussian 16 suite of programs.’ The Gaussian 16 “ultrafine” grid (a pruned grid consisting of 99
radial shells and 590 angular points per shell) was explicitly specified for numerical integration
(keyword int=ultrafine), which implies that the “ultrafine” grid was used also for analytical
Hessian calculations.

S2.1 Geometry Optimization

Based on a brief validation against an experimentally determined stereoselectivity,! ®B97XD
was selected as the functional for geometry optimization.'® The Stuttgart/Cologne 28-electron
relativistic effective core potential (ECP28MDF)!! was used for Ru atoms, in conjunction with the
corresponding correlation-consistent valence double-{ plus polarization basis set augmented by
diffuse functions (aug-cc-pVDZ-PP),!' as obtained from the Stuttgart/Cologne basis set
repository.'? Correlation-consistent, valence double-{ plus polarization basis sets (cc-pVDZ!? from
the EMSL basis set exchange website)'* were used for all other atoms.
Geometries were optimized using tight convergence criteria (max. force 1.5-107 a.u., RMS force
1.0-107 au., max. displacement 6.0-107 au., RMS displacement 4.0-107 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~°, max. change in density matrix
=1.0-1077), 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. In addition,
each transition state was connected to its elementary-step reactant and product via intrinsic reaction
coordinate calculations using the local quadratic approximation (LQA, stepsize = 15)'>!¢ for the
predictor step. 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™ were shifted to 100 cm™! when calculating the vibrational component of the
entropy, a strategy often referred to as the quasi-harmonic oscillator approximation.'”!® This
approach is aimed at preventing breakdown of the harmonic approximation for low-frequency
modes."

S2.2 Single-Point (SP) Energy Calculations

The geometries obtained as described above were adopted in SP energy calculations using the
PBE? functional in conjunction with the PCM polarizable continuum solvent model, with default
parameters for benzene as solvent. All PBE calculations included Grimme’s empirical D3
dispersion corrections,'® with revised Becke—Johnson damping parameters (labelled D3M(BJ) for
brevity).2! In all SP calculations, the above basis sets were extended to the valence quadruple-{
level. Specifically, Ru was described by combining the 28-electron relativistic effective core
potential (ECP28MDF)!! with the corresponding correlation-consistent valence quadruple-{ plus
polarization basis set augmented by diffuse functions (aug-cc-pVQZ-PP)!! from the
Stuttgart/Cologne basis set repository.'* The other atoms were described by correlation-consistent,
valence quadruple-{ plus polarization basis sets (cc-pVQZ [19] from the EMSL repository).'* The
SCF convergence criteria were relaxed compared to those of the geometry optimizations (RMS
change in density matrix < 1.0-10—5, max. change in density matrix < 1.0-1073).
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S2.3 Calculations of Free Energies Including Standard-State Corrections

Free energies in solution were calculated according to equation 1.
benzene, 298.15K,c _ b 298.15 K 298.15K
GpRE-D3M(B)) = Epgg-psm)) + GoBo7xd,qn T Giatmoe (D
where Eggi“F5upy) is the SP energy calculated with the computational model and G2367° 41,
the thermal correction to the Gibbs free energy calculated at the geometry-optimization level with
the quasi-harmonic oscillator approximation as described above. G23815K corrects from a 1 atm
ideal-gas standard state to a solution of concentration ¢ (but exhibiting infinite-dilution, ideal-

gas-like behavior), as defined by equation 2.2

is

RT
GESSE = RT In(15c) @
With T=298.15K, p’ = 101325 N-m™, and R = 8.314 Nm-mol"!-K"!, equation (2) becomes:
kcal L
G2BISK — 0.592— -In (24.464m . c) (3)

In the present work, a standard state corresponding to an ideal solution of concentration c = 1 M
has been used (GZ2815K |/ =1.89 kcal mol™! for all species) in the calculation of all tabulated
(Table S1) and graphically illustrated free energies. This is also the standard-state correction used
for relative free energies given in the text, except for a brief discussion, in the main part of the
manuscript, of reaction barriers calculated at concentrations mimicking those of the propene self-
metathesis experiment using Rul2 (precatalyst: 0.0077 M; pyridine: 0.0023 M, styrene: 0.0023
M, catalytic intermediates and transition states: 0.0023 M; propene: 0.95 M). With the latter
concentrations, the GZ2815K corrections are as follows: precatalyst: —0.98 kcal mol™'; pyridine:
—1.70 kcal mol'!, styrene: —1.70 kcal mol !, catalytic intermediates and transition states: —1.70 kcal
mol'; propene: 1.83 kcal mol™.
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S3 Computational Results

S3.1 Comparison of the E-2-butene pathway of catalyst RuS, Rul2 and Rul2’
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Figure S3. Gibbs free energies calculated for intermediates and transition states of propene self-metathesis
to E-2-butene for the catalysts Ru5 (green circles), Rul2 (blue triangles) and Rul2’ (black squares).
Energies are relative to the most stable precursor, respectively. No transition state for product release for
complex Rul2’ after the formation of the more stable m-complex M28 was identified, suggesting a
diffusion-limited dissociation of E-2-butene. Computational data for Ru5 was taken from literature.!

S3.2 Computational Results of Rul2

Table S1. Gibbs Free Energies of Catalyst Rul2 and Rul2’ in Olefin Metathesis

T
- £
= -~ -
3 N v g 2 3 8 E
3 msﬂ o3 = E"‘* = Q5 =
= & 58 R
Y] N
o
= A
)
3
Pyridine -248.211971 0.062066 -248.088722 -
Styrene -309.557280 0.103658 -309.382524 -
Propene -117.870108 0.054855 -117.790929 -
M1 -2538.780357 0.530653 -2537.715606 0.0
Mi1b -2538.779541 0.530767 -2537.715369 0.6
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TS1-2 -2538.750479 0.528029 -2537.670528 26.6
M2 -2538.748670 0.528503 -2537.676584 23.1
M3 -2290.509199 0.442283 -2289.576296 17.1

M3b -2290.507824 0.442319 -2289.575915 17.4
M4 -2408.410533 0.524733 -2407.398862 12.7

TS4-5 -2408.397800 0.523795 -2407.381927 22.7
M5 -2408.409208 0.525987 -2407.390936 18.5

TSS5-6 -2408.390635 0.522864 -2407.378429 24.4
Mo -2408.399709 0.522427 -2407.392476 15.3

TS6-7 -2408.391832 0.519337 -2407.374540 24.6
M7 -2408.391878 0.519291 -2407.375213 24.1
M8 -2098.813694 0.389460 -2097.984055 15.0
M9 -2216.720068 0.471703 -2215.806413 10.6

TS9-10 -2216.705730 0.471847 -2215.790727 20.5
M10 -2216.719919 0.475327 -2215.801181 16.1
TS10-11 -2216.693289 0.472350 -2215.781500 26.6
Mi11 -2216.708342 0.471798 -2215.798290 15.7
TS11-12 -2216.688747 0.466824 -2215.767807 31.4
Mi2 -2216.696946 0.468302 -2215.780145 25.1
M13 -2059.498122 0.363189 -2058.692457 18.7
M14 -2216.721719 0.470910 -2215.808563 8.7
TS14-15 -2216.708149 0.471422 -2215.791739 19.6
M15 -2216.716864 0.475560 -2215.799883 17.1
TS15-16 -2216.694325 0.471772 -2215.780479 26.9
M16 -2216.716251 0.472204 -2215.804181 12.3
TS16-17 -2216.688747 0.466824 -2215.767807 31.7
M17 -2216.696946 0.468302 -2215.780145 249
M13 -2059.498122 0.363189 -2058.692457 19.4
M18 -2538.770295 0.530121 -2537.711983 6.0

M18b -2538.770519 0.530267 -2537.710962 6.8
M19 -2290.509199 0.441893 --2289.580902 13.7

M19b -2290.509199 0.441893 -2289.580589 14.2
M20 -2408.405237 0.524026 -2407.397317 13.2

TS20-21 -2408.403038 0.524592 -2407.391459 17.3
M21 -2408.415105 0.525020 -2407.398222 133
TS21-22 -2408.396589 0.522519 -2407.385559 19.7
M22 -2408.399265 0.521888 -2407.392213 15.1
TS22-23 -2408.383310 0.520802 -2407.376391 243
M23 -2408.386246 0.518317 -2407.372164 254
M24 -2098.813694 0.389460 -2097.984055 15.0
M25 -2216.710519 0.470083 -2215.803311 11.5
TS25-26 -2216.708987 0.471255 -2215.799181 14.8
M26 -2216.724240 0.474696 -2215.808416 11.2
TS26-27 -2216.695262 0.470935 -2215.786122 22.8
M27 -2216.699962 0.471906 -2215.794326 18.3
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TS27-28 -2216.697011 0.473047 -2215.790743 21.3
M28 -2216.712212 0.472227 -2215.800496 14.6
M29 -2059.499098 0.362630 -2058.697102 15.4
M30 -2216.709841 0.470940 -2215.802511 12.6

TS30-31 -2216.705299 0.471731 -2215.794633 18.0
M31 -2216.716799 0.475367 -2215.803111 15.0

TS31-32 -2216.688449 0.470416 -2215.778996 27.0
M32 -2216.702421 0.471677 -2215.791873 19.7
M29 -2059.499098 0.362630 -2058.697102 16.2

TS3-19 -2290.486791 0.440969 -2289.557293 28.2

TS8-24 -2098.790481 0.390402 -2097.958587 31.6

2 Gibbs free energies are relative to the most stable rotamer of the catalyst precursor Rul12 (M1).
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S4 NMR Spectra
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Figure S4. 'H NMR spectrum of L2H; (CDCls, 850.13MHz).
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Figure S5. BC{'H} NMR spectrum of L2H, (CDCl3, 221.77 MHz).
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Figure S7. BC{'H} NMR spectrum of L9a (CDCls, 213.77 MHz).
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S5 X-ray Crystal Structures

Diffraction experiments were performed using beamline BMO1 of the Swiss-Norwegian
Beamlines at the ESRF synchrotron in Grenoble, France, using Si double-mirror monochromated
radiation (A = 0.62379 A) in conjunction with a 360-degree phi-scan and a Pilatus2M detector.

S5.1 X-ray Crystal Structure of L9a

Figure S25. X-ray crystal structure of L9a, with displacement ellipsoids drawn at 50% probability.
Nitrogen in blue, chloride in green and carbon in gray. Hydrogen atoms have been omitted for clarity.

Table S2 Crystal data and structure refinement for L9a.

Identification code L9a

Empirical formula C17 H17 CIN2

Formula weight 284.77

Temperature 1232) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a=7.1841(5) A, o =90°.

b = 13.8406(10) A, B = 90°.
¢ = 14.4706(10) A, y = 90°.

Volume 1438.84(18) A3

Z 4

Density (calculated) 1.315 Mg m?

Absorption coefficient 0.257 mm!

F(000) 600

Crystal size 0.210x 0.180 x 0.120 mm?
Theta range for data collection Yellow/Flat prism

Index ranges 2.036 to 30.082°.

Reflections collected -10<=h<=10, -19<=k<=19, -20<=1<=20
Independent reflections 24148

Completeness to theta = 23.341° 4215 [R(int) = 0.0484]
Absorption correction 100.00%

Refinement method Semi-empirical from equivalents
Data / restraints / parameters Full-matrix least-squares on F2
Goodness-of-fit on F2 4215/0/188

Final R indices [>2sigma()] 1.06

R indices (all data) R1 =10.0349, wR2 = 0.0922
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Extinction coefficient R1=0.0358, wR2 =0.0930

Largest diff. peak and hole 0.38(7)
Extinction coefficient n/a
Largest diff. peak and hole 0.492 and -0.202 e.A3

S5.2 X-ray Crystal Structure of Aglb

Figure S26. X-ray crystal structure of Aglb, with displacement ellipsoids drawn at 50% probability. Silver
in light grey, nitrogen in blue, chloride in green and carbon in gray. Hydrogen atoms have been omitted for
clarity.

Table S3 Crystal data and structure refinement for Aglb.

Identification code Aglb

Empirical formula C21 H24 Ag CIN2
Formula weight 447.74
Temperature 1232) K
Wavelength 0.71073 A

Crystal system Orthorhombic
Space group P212121

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.341°
Absorption correction
Refinement method

Data / restraints / parameters

a=28.646(2) A, a =90°.
b=12.697(3) A, B =90°.
¢ =18.705(5) A, y=90°.
2053.4(9) A3

4

1.448 Mg/m?

1.117 mm™!

912

0.170 x 0.080 x 0.040 mm?
Colourless/Needle

1.939 to 28.970°.

-11<=h<=11, -17<=k<=17, -25<=1<=25

24686

5408 [R(int) = 0.0650]

100.00%

Semi-empirical from equivalents

Full-matrix least-squares on F2



Goodness-of-fit on F2 5408 /0/232

Final R indices [>2sigma(I)] 1.094

R indices (all data) R1=0.0312, wR2 = 0.0695
Extinction coefficient R1=10.0403, wR2 =0.0733
Largest diff. peak and hole -0.009(17)

Extinction coefficient n/a

Largest diff. peak and hole 0.590 and -0.383 ¢.A3

S5.3 X-ray Crystal Structure of Ru7
Crystals suitable for single-crystal X-ray diffraction experiments were obtained by layering a
concentrated DCM solution of Ru7 with pentane at -30 °C. The CF3-group and the thiophene ring
are rotationally disordered.

Figure S27. X-ray crystal structure of Ru7, with displacement ellipsoids drawn at 50% probability.
Ruthenium is shown in violet, sulfur in yellow, oxygen in red, nitrogen in blue, fluorine in light green, and
carbon in gray. Hydrogen atoms have been omitted for clarity.

Table S4 Crystal data and structure refinement for Ru9b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Crystal colour/habit

Theta range for data collection

Ru7

C45 H53 F3 N4 O2 Ru S3
936.16

103(2) K

0.71073 A

Monoclinic

P21/n

a=12211(4) A, o =90°.

b=12.012(4) A, Bp=91.277(4)°.

¢=133.376(10) A, y = 90°.
4894(3) A’

4

1.270 Mg/m?

0.497 mm'!

1944

0.195 x 0.100 x 0.033 mm’
Red/Rod

1.763 to 27.103°.
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Index ranges -15<=h<=135, -15<=k<=15, -42<=]<=42

Reflections collected 65552

Independent reflections 10802 [R(int) = 0.0503]
Completeness to theta = 25.242° 100.00%

Absorption correction Numerical

Max. and min. transmission 1.0000 and 0.7008
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 10802 / 84 / 565
Goodness-of-fit on F2 1.047

Final R indices [I>2sigma(I)] R1=10.0397, wR2 =0.1030
R indices (all data) R1=0.0443, wR2 =0.1067
Extinction coefficient n/a

Largest diff. peak and hole 1.216 and -0.671 e.A3

S5.4 X-ray Crystal Structure of Ru9b
Crystals suitable for single-crystal X-ray diffraction experiments were obtained by layering a
concentrated DCM solution of Ru9b with pentane at -30 °C.

/

/

d

Figure S28. X-ray crystal structure of Ru9b, with displacement ellipsoids drawn at 50% probability.
Ruthenium is shown in violet, chloride in green, nitrogen in blue, and carbon in gray. Hydrogen atoms have
been omitted for clarity.

Table SS Crystal data and structure refinement for Ru9b

Identification code Ru9b (Pseudomerohedral twin)
Empirical formula C33 H35 CI2 N3 Ru

Formula weight 645.61

Temperature 1232) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/n

Unit cell dimensions a=28.514(5) A, a =90°.

b=17.194(9) A, p=92.089(11)°.
¢=20.087(11) A, y=90°.

Volume 2938(3) A3

V4 4
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Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal colour/habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.341°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

S5.5 X-ray Crystal Structure of Rul(

1.459 Mg/m’

0.743 mm!

1328

0.110 x 0.060 x 0.030 mm3
Green/Lath

2.029 to 23.341°.

-9<=h<=9, 0<=k<=18, 0<=1<=22
2828

2828 [R(int) = ?]

66.10%

Semi-empirical from equivalents
Full-matrix least-squares on F2
2828 /545/358

1.153

R1=0.1282, wR2 = 0.3447
R1=0.1453, wR2 =0.3514

n/a

1.731 and -0.938 e.A?

Crystals suitable for single-crystal X-ray diffraction experiments were obtained by layering a
concentrated DCM solution of Ru9¢ with pentane at -30 °C leading to a decomposition product.

Figure S29. X-ray crystal structure of Rul0, with displacement ellipsoids drawn at 50% probability.
Ruthenium is shown in violet, phosphor in orange, nitrogen in blue, and carbon in gray. Hydrogen atoms

have been omitted for clarity.

Table S6 Crystal data and structure refinement for Rul0.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Rul0

C62 H94 N2 P2 Ru
1030.4

1002) K

0.69127 A

Triclinic
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Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.504°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

S5.6 X-ray Crystal Structure of Rul2

P-1

a=10.8524(6) A, o =79.203(4)°.
b=13.6808(8) A, B =75.720(4)°.
¢=21.9803(9) A, y = 68.344(6)°.
2922.5(3) A3

2

1.171 Mg/m?

0.331 mm!

1108

0.080 x 0.050 x 0.030 mm?

Red

1.870 to 26.061°.

-13<=h<=13, -10<=k<=10, -26<=1<=26
13002

6848 [R(int) = 0.0527]

60.80%

Semi-empirical from equivalents
1.00000 and 0.58667

Full-matrix least-squares on F2
6848 / 547/ 609

1.072

R1=0.0629, wR2 =0.1617
R1=0.0689, wR2 = 0.1675

n/a

2.855 and -0.749 e.A?

Crystals suitable for single-crystal X-ray diffraction experiments were obtained by layering a
concentrated DCM solution of Rul2 with pentane at -30 °C. The dimethyl-moiety of the
imidazolidine ring is disordered around a 2-fold rotation axis through the 5-ring, refined to an

occupancy of 0.560(8) vs 0.439(8).

Figure S30. X-ray crystal structure of Rul2, with displacement ellipsoids drawn at 30% probability.
Ruthenium is shown in violet, sulfur in yellow, fluorine in light green, nitrogen in blue, and carbon in gray.

Hydrogen atoms have been omitted for clarity.
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Table S7 Crystal data and structure refinement for Rul2

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.504°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

S6 References

Rul2

C44 H38 F4 N4 Ru S

831.91

100(2) K

0.69127 A

Triclinic

P-1

a=9.9255(5) A, o =74.938(7)°.
b=11.4727(13) A, B = 87.54(5)°.
c=17.6279(12) A, y = 78.935(7)°.
1902.3(3) A3

2

1.452 Mg/m?

0.481 mm!

852

0.120 x 0.080 x 0.050 mm3

Red

1.820 to 26.032°.

-9<=h<=9, -14<=k<=14, -21<=I<=21

8426

4407 [R(int) = 0.0159]

60.00%

Semi-empirical from equivalents
1.00000 and 0.99415
Full-matrix least-squares on F2
4407 /525 /517

1.048

R1=0.0432, wR2 =0.1036
R1=0.0521, wR2 =0.1085
n/a

0.622 and -0.439 e.A?
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