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PREFACE

This thesis is dedicated to the synthesis of novel ruthenium(Il) bis(N-heterocyclic carbene)
organonitrile complexes. The work covers the design and development of a synthetic pathway, the
mechanistic analysis of complex formation, and the preliminary evaluation of these compounds in
reactions of interest. However, it is essential to acknowledge the parallel progression of other
significant research projects undertaken during this period as, despite the overarching themes of
organometallic chemistry and catalysis, the different nature of these tresearch projects made it

challenging to include them in the present work.

Gold(l) catalysis is a prosperous research field, and over the years, our research group has specialized
in the study of the counterion effect, a critical aspect of many gold-catalyzed transformations.
Following the existing research line, a multinuclear DOSY NMR study was conducted to correlate
the anion effect to the ion-pairing ratio between the free catalyst and the counterion under reaction
conditions. The study tied the ion-pairing ratio to reactivity, corroborating previous experimental
observations and confirming p-toluenesulfonate as the optimal counterion due to its balanced
coordination and basic properties. In addition, in collaboration with Professor Andrea Biffis's group
from the University of Padua, the anion effect was also studied for dinuclear bis®™NHC) gold(I)
catalysts. The study proved how the dinuclear systems feature a reduced ionization barrier, increasing

the reactivity at the expense of stability, thus requiring careful tuning of reaction conditions.

During my Ph.D. I also had the opportunity to spend six months abroad at the Technical University
of Munich (TUM) under the supervision of Prof. Fritz E. Kiithn, whose research group is deeply
involved in transfer hydrogenation catalysis. A collaborative project was initiated to investigate
mechanistically the reaction rate dependence on the catalysts’ steric hindrance. The catalysts, bearing
mixed phosphine-aNHC ligands, were observed to be affected by the base-driven activation process,

leading to a reduced reaction rate in proportion to steric bulkiness.

As additional noteworthy contributions, I actively participated in a project focused on the
metabolomic analysis of blood serum and in the development of heterogeneous ruthenium(ll)-based

catalysts. A concise abstract for all contributions is provided at the conclusion of this thesis.
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ABSTRACT

N-heterocyclic carbenes (NHCs) rapidly emerged as versatile ligands in coordination chemistry due
to their adaptable stereoclectronic properties, enhanced stability, and strong o-donating power,
presenting an appealing alternative to conventional ligands like phosphines. Moreover, integrating
NHGCs into polydentate ligands has resulted in more robust coordination compounds, which, for
instance, has led to decreased catalyst-to-substrate ratios in catalysis. Remarkably, limited examples
exist of ruthenium(Il) complexes bearing bis(INHC) ligands, despite the blooming field of

ruthenium(Il) coordination chemistry, prompting further investigation.

Our research led to the development of a novel synthetic pathway giving access to a branch of
ruthenium(Il) bis(ANHC) dicationic organonitrile complexes, successfully functionalized with diverse
bidentate ligands of the amino, bipyridine, and phosphine types. The reaction mechanism was
thoroughly studied, identifying a key reactive intermediate species, the dicationic
tetrakis(acetonitrile) [bisONHC)|ruthenium(II), which was isolated. Additionally, our investigation
unveiled the pivotal role of triethylamine, revealing its function as an internal base in the formation

of a ruthenium(II)-triethylamino complex, which then reacts with the bis®ONHC) precursor.

The synthesized catalysts have been tested in the transfer hydrogenation reaction, displaying
moderate reactivity, with the exception of the dicationic is-bis(acetonitrile)(2,2-bipyridine)
[bisANHCO)]ruthenium(I) complex, which reached a TOF of 50,000 h'. A significant result for

catalysts in an early stage of development.

In conclusion, the developed synthetic protocol is remarkably efficient, demanding mild reaction
conditions and minimal workup. It relies on commercially available reagents and consistently returns
high yields. The nearly unlimited range of ligands that can be accommodated in the coordination
sphere of these complexes - whether novel bis(NHC) ligands, mixed bidentate ligands, or even pincer
ligands - enables the tailored synthesis of catalysts for specific applications. This versatility makes of
the dicationic tetrakis(acetonitrile)[bisINHC)|ruthenium(Il) a critical platform for catalyst

development.
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1 INTRODUCTION

1.1 N-heterocyclic carbenes (NHCs)

Carbenes are neutral compounds containing carbon atoms engaged in two covalent bonds while
retaining a lone electron pair, accounting for a total of six valence electrons.! The electronic structure
of carbenes points to extreme reactivity, and carbenes were treated as particularly unstable
compounds.? This perspective radically changed after the introduction of persistent carbenes by the
end of the 20 century, thanks to the discovery of N-heterocyclic carbenes (INHC:s), a class of singlet
carbenes. Defined as heterocycles containing at least one nitrogen atom and a carbene carbon within
the ring structure,! NHCs now include a comprehensive library of structurally diversified compounds.
Nevertheless, it would be arduous to present NHCs properties without speaking of 1,3-disubstituted
imidazole-detived carbenes since Arduengo's 7,3-di(adamantyl)imidazol-2-ylidene is the first example of

isolated stable carbene (Figure 1a).?
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Figure 1- a) The reaction used by Arduengo to produce 7,3-di(adamantyl)inridazol-2-ylidene, also known

as IAd b) An illustration of the stabilizing stereoelectronic effects on an imidazole-based carbene,

and the critical structural feature atfecting imwidazol-2-ylidenes stability.

1.1.1 Stereoelectronic properties of NHCs

The stability of iidazole-derived carbenes arises from the steric and electronic properties of the
heterocycle structure. The carbene carbon is strategically placed between two nitrogen atoms, which
concertedly exert a o electron-withdrawing and a 7 electron-donating effects, stabilizing the singlet
carbene state (Figure 1b).# Indeed, the o electron-withdrawing effect lowers the energy of the 7,3-
disubstituted-imidazol-2-ylidenes highest occupied molecular orbital (HOMO), increasing the energy gap
with the lower unoccupied molecular orbital (LUMO) above 40 kcal/mol, determining the
inaccessibility of the triplet carbene state.> Germilene and silylene homologs do not necessarily follow
this trend.%” Meanwhile, the n electron-donating effect stabilizes the empty p orbital on the carbene
atom via n-backdonation (or mesomeric effect).® Moreover, the eventual presence of an unsaturated
bond in the backbone of the 7,3-disubstituted-imidazol-2-ylidenes originates partial aromaticity that

further stabilizes the carbene,” and the electron-rich aryl groups placed at nitrogen atoms, commonly



referred to as the wingtips, amplify this effect. Nevertheless, it should be noted that the unsaturated
backbone is not required to produce stable NHC and that stable compounds with alkylic backbones
have also been reported.!® The wingtips fragment of 7,3-disubstituted-imidazol-2-ylidenes is also essential
in producing kinetically stable carbenes, as the steric bulkiness reduces the carbene reactivity and
inhibits the dimerization process by which an olefine generates from the condensation of two
carbenes. Interestingly, the dimerization reaction is not irreversible, and the dimer is in equilibrium
with the free carbene form; hence, the dimer acts as a carbene reservoir. This process is known as
Wanzlick’s equilibrium and is shifted toward the dimeric form (Figure 2a)."! While unhindered 7,3-
disubstituted-imidazol-2-ylidenes tend to dimerize, results from experiments designed to study the
dimerization process showed that the free 7,3-disubstituted-imidazol-2-ylidenes are stable and that

dimerization is not trivial (Figure 2b).!2

— OON £ .
e e R T W el
T L g

Figure 2 - a) The general scheme of Wanzlick’s equilibrium reaction, b) Experimental results showed
that carbene dimerization is not trivial, with dimerization occurring only from cyclic bis-carbene

under steric strain.

The steric and electronic properties of the wingtip substituents are essential in tuning the 7,3-
disubstituted-1,3-imidazol-2-ylidenes stability and reactivity. The steric properties have been thoroughly
studied over the years, with the buried volume that emerged as a fundamental parameter to understand
the 7,3-disubstituted-imidazol-2-ylidenes reactivity,'? and which can be considered as the analog of the
Tolman cone angle used to model the steric properties of phosphines.!* The electronic properties
have also been studied in depth and are commonly described using the Tolman Electronic Parameter
(TEP), which was also initially developed for phosphines. The TEP specifically evaluates the electron-
donating ability of ligands by measuring the difference between the infrared-stretching frequencies
of carbonyl ligands in model transition metal carbonyl complexes.!* Another crucial tool for assessing
the o-donor strength of NHCs is Huynh's Electronic Parameter (HEP).!5 This method operates on
the principle of evaluating the change in the ®C chemical shift of the carbene probe in frans-
(dibromo)[1,3-bis(isopropyl)benzimidazole-2-ylidene](L)palladium(ll) ~ complex,  where  the  1,3-
bis(isopropyl)benzimidazole-2-ylidene fragment represents the carbene probe, and L is the ligand
under investigation (Figure 3).1¢ While other factors may contribute to this scale, a more deshielded
carbon atom, evidenced by an upfield shift in the spectrum of the carbene probe signal, signifies a
less effective o-donor NHC. Importantly, this parameter enables the comparison of Werner-type and

organometallic ligands on a unified scale.
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Figure 3 - Relationship of carbene chemical shifts and ligand donor strength in HEP.

Overall, the unique stereoelectronic properties of 7,3-imidazol-2-ylidenes generate neutral chemical
species with a lone pair that can act as a substantial sigma donor in bonding, making these compounds

useful as nucleophiles and in coordination chemistry.

1.1.2 Different classes of NHCs

The chemistry of NHC is not limited to #widazole-2-ylidene carbenes but is instead characterized by a
rich and structurally diversified library of compounds.! It is indeed this formidable tunability that
makes NHCs such potent tools in coordination chemistry. Regardless of the structural differences
between NHCs, they all share a similar base structural motif, and thus their reactivity can be
rationalized via the same stereoelectronic parameters discussed above for widagole-2-ylidenes.
Nevertheless, given the impressive amount of reported NHCs, a categorization into three main
classes has been developed based on the free carbene structure: 1) normal NHCs (nNHC), where the
free NHC must have a neutral resonance form among the possible structures, 2) wesoionic or abnormal
NHCs (aNHC), where the free carbene must be mesoionic, and 3) remote NHCs ({NHC) where the

carbene carbon must not be bound to any heteroatom (Figure 3).17
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Figure 4 — Four schematic examples depicting possible NHC structural motifs. The generic element

Y represents either carbon or nitrogen.

Abnormal NHCs are gaining attention in the literature as they exhibit improved o-donors capabilities
compared to normal NHCs due to the mesoionic nature of these compounds,'® and of which a quick
explanation would be the inclusion of carbanionic species among the possible limit resonance
structures. It should be noticed, though, that the carbon atom hosting the free doublet features eight
valence electrons, making aNHCs not strictly carbenes by definition.!” The formation of free aNHCs
is challenging compared to free nNHCs, given the increased pKa of the protons involved. For
example, when Bertrand et al. isolated the first free aNHC from a triazolium salt, the reaction required

the use of potassinm bis(trimethylsilyl)amide IKHMDS) as even n-buty/ lithinm (Buli) did not afford the



desired product, but instead resulted in carbon lithiation.2) Moreover, aNHCs do not dimerize, and
processes such as the Wanzlick equilibrium have not been reported,?! but different decomposition
pathways affect these compounds. For instance, 1,2,3-triazolium-related salts decompose via
intermolecular nucleophilic attack, leading to the intermediacy of an ion pair before neutral inactive
triazoles are produced.?? The discussion up to this point might misleadingly suggest a clear separation
between nNHCs and aNHCs. Instead, whereas the two types of NHCs display different reactivities,
they behave similarly in the bound state, making them suitable for the same applications.!” Overall,

aNHCs extend the range of electronic effects in the strong donor direction from phosphines.?324

1.1.3 Coordination chemistry of NHCs

The excellent o-donor properties make NHCs powerful tools for coordination chemistry, to such an
extent that examples exist of NHCs coordinated to every transition metal,?! with NHCs finding use
in different fields as part of metal-organic materials, metallopharmaceuticals, nanomaterials, and
homogeneous catalysts.! The synthesis of complexes does not generally require the formation of the
free carbene, as one may infer from the discussion above, but instead, an in situ deprotonation of an
azolium salt is commonly conducted in the presence of a suitable transition metal precursor.
However, strategies involving a-climination or oxidative addition at the carbene carbon, carbene
transfer from pre-formed NHC-silver(I) or copper(I) complexes, and metal-templated controlled
formation of NHC may also be used.! Coordination compounds bearing NHC ligands mediate many
catalyzed chemical transformations, and notable examples include iridium and ruthenium-catalyzed
hydrogenation and hydrogen auto-transfer reactions,? gold-catalyzed activation of unsaturated
bonds,?” and rhodium, and platinum-catalyzed hydrosilylation. However, the most relevant are cross-
coupling (catalyzed by palladium,?8-3! nickel,? copper,® and other metals) and ruthenium-catalyzed

olefin metathesis reactions (Figure 5).34>
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Figure 5 - Three examples of NHC-metal complexes employed in homogeneous catalysis. From left
to right: Grubb’s 27 generation catalysts for olefin metathesis, Organ’s Pd-PEPPSI-NHC pre-catalyst
employed in cross-coupling reactions, and an Au(I)-NHC complex used in catalyzed nucleophilic

addition to alkynes.

The interest behind developing NHC complexes in catalysis can be understood upon comparison
with the closest class of ligands by stereoelectronic properties: phosphines (Figure 6). NHCs and
phosphines are strong o-donors ligands while also being low-demanding m-acceptors via back

donation.?? The main difference between the two classes of ligands originates from the tunability of



stereoelectronic parameters, as with NHCs these properties can be varied almost independently,

whereas this is not possible with phosphines.!
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Figure 6 - NHC- and phosphine-metal bonds in coordination compounds, the two ligands possess

similar properties, being both strong o-donors.

Moreover, the increased electron donor properties of NHCs lead to thermodynamically stronger
metal-ligand bonds, which are reflected in typically greater bond dissociation energies. The stronger
metal-ligands interaction renders NHCs less labile, and the complexes are generally more thermally
and oxidatively stable.?> A drawback in using NHCs ligands comes instead from steric bulkiness and
strain, as variations in the wingtips have significant effects on the steric environment at the metal
center. As an example, Nolan et al. plotted relative bond dissociation energy values for a range of
imidazol-2-ylidene-rutheninm(Il) against the related buried volumes, showing a marked linear decrease in
NHC-Ru bond strength of about 12 kcal as the ligand steric bulkiness increased.!> Even so, for all
carbene ligands except the most sterically demanding, the bond dissociation energies remained greater

than that of the phosphine-based analog complexes.



1.2 Coordination chemistry of bidentate NHCs

Polydentate ligands have been critical in synthesizing novel coordination compounds, benefiting
from the chelate effect's improvement in entropical stability.?* While monodentate NHC ligands have
received considerable attention in research, the literature also extensively reports the use of multi-
dentate ligands, covering bidentate, pincer, scorpionate, and macrocyclic motifs, as well as their
respective transition metal complexes. Since bidentate NHC (bis(NHC)) ligands are the main focus
of this work, we will not dwell further on other types of polydentate NHC ligands that are already
comprehensively discussed in the literature. Similar to monodentate ligands, bisq(NHC) ligands
predominantly feature the midazol-2-ylidene structural motif. Nevertheless, it is worth noting that
alternative forms, including triazole-based heterocycles and abnormal carbenes, are not uncommon.
Moreover, bisONHC) ligands exhibit high moisture, air, and temperature sensitivity in their free form.
They are generally less stable than their monodentate counterparts and are typically stored as bis-
imidazolium salts.?” Well-established synthetic routes are available to obtain bis-imidazolium salts,
with the simplest compounds being obtained from the ditect alkylation of 7,7 “methylenbis(1H-imidazol).
Furthermore, since numerous procedures are available for synthesizing N-substituted imidazoles
through one-pot diimine cyclization,? N,N’-symmetrical bis-imidazolium salts can be easily obtained
via a two-step process involving the disubstitution of haloalkanes with suitable N-substituted

imidazoles (Scheme 1).3-42

X=-Y-=X <

NaN-r

R = Alkyl, Aryl

X=1,Br,Cl
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N=/ =N R = Alkyl N=/ =N
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(CH2)n X2
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X=1,Br, Cl
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Scheme 1 — Common strategies for the synthesis of N,N’-symmetrical bis(imidazolium) salts.
g y > )

Despite the structural diversity of bis(NHC) ligands, three synthetic strategies are commonly used to
obtain bisONHC) coordination compounds, all closely related to the approaches employed for
synthesizing monodentate NHC metal complexes. These strategies include 1) 7# situ deprotonation
and metallation using metal precursors with basic ligands, such as diacetate palladinm(ll), 2)
transmetallation through silver(I) bisONHC) complexes, and 3) direct metallation of preformed free

bis(NHC)s or their 7z sitn generation with an external base (Scheme 2).



bis-azolium salt

In situ deprotonation M(OAc),
and metallation M(N(Si(Me)3),)

n

Transition metal

) ) bis(NHC) complexes Ag(I) bisANHC)
Direct mcm“a“‘/' \mmmctalladon
Free bis(NHC) Ag(I) bis(NHC)
complex

Scheme 2 — Scheme depicting the most common strategies employed in the synthesis of bis(INHC)

metal complexes.

Due to milder conditions and efficient atom economy, the in situ deprotonation and metallation route
is usually preferred in generating bis(NHC) metal complexes. However, the reaction is commonly
required to be conducted under anhydrous conditions. Moreover, while in principle any metal acetate
salt could react following this strategy, in reality, few examples exist apart from palladium(Il), nickel(I1),
and manganese (I1) diacetate complexes.*=* Therefore, when the metal-acetate approach is not feasible,
bis(trimethylsilylamide) metal salts can also provide similar reactivity, as demonstrated in the generation
of iron(I) bis™NHC) complexes. A versatile alternative to access a broader range of metal complexes,
including palladium(1I), nickel(Il), and cobalt(Il), is transmetallation from silver(I) bis(NHC)
complexes.* This strategy is tolerant to both air and moisture, and the generation of silver(I)
bis(NHC) complexes can be achieved through various methods,*” with the primary approach being
the in situ deprotonation and metallation of bis-azolium salts with silver(l) oxide. A final well-
documented approach consists of generating the free bis(NHC) with an external base, a step directly
followed by metallation to yield the desired complex. A wide range of bases can be utilized for proton
abstraction to generate the carbene species, including alkali metal carbonates,* acetates, alkoxides,*
silylamides, tertiary amines®, and alkyl lithium reagents.>! This final strategy extends access to

bis(NHC) complexes to nearly all transition metals on the periodic table (Figure 7).
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Figure 7 — Examples of relevant transition metal-based coordination compounds, with application

as catalysts in coupling reactions,’25 transfer-hydrogenation reactions, and photochemistry.>



The bidentate nature of bis(NHC) ligands gives rise to various possible coordination modes, even

for simple methylene-bridged bidentate ligands (Figure §).
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Figure 8 — Various coordination modes of bis(NHC) ligands to generic metals (M): a) 1:1 chelated,
b) 2:1 chelated,® c) 1:1 bridged,>”¢! d) 1:2 bimetallic,%> ¢) 1:1 abnormal chelated, f)1:1 mixed

normal/abnormal chelated and g) 1:1 pendant.6?

The most common motif involves the methylene bridge in a chelated arrangement. However,
bridging conformations are frequently reported in the case of late-transition metals like silver and
gold.#+6> Aside from chelation entropic stability, the methylene linker's length is optimal for forming
six-membered rings with the least relative steric hindrance when coordinated to a metal center.
Moreover, the boat conformation adopted by the six-membered ring also minimizes steric
interference between substituents and their interactions with other bound ancillary ligands. As the
steric bulk at the wingtips of bis(NHC) ligands increases, the boat conformation of the metal-NHC
ring becomes flatter to prevent steric interactions between the N-substituents, effectively spacing
them farther apart. Furthermore, as the metal-NHC ring flattens, the methylene-to-metal
coordination plane distance decreases, bringing bis(NHC) N-substituents closer to the ancillary

ligands in the metal coordination plane.36:66.67

Figure 9 — The bridging alkyl chain length effect on ligand orientation.

As for monodentate NHCs, understanding the electron-donating properties of the ligand is crucial
as these affect the metal complex's electronic structure and reactivity. Bidentate ligands are, however,
far less studied, and literature examples investigating the electronic properties of bidentate ligand
systems are mostly limited to studies involving TEP conversion equations.®8.® Parameters that cannot

always be obtained experimentally due to the synthetic inaccessibility of some nickel carbonyl



complexes. Alternatively, HEP can be used to evaluate bis(NHC) o-donor strength, as a new scale to
account for bidentate ligands has been introduced. Named HEP2, the new scale is based on the same
fundamental principles (Section 1.1.1), where a downshift of the carbene probe signal still serves as
an indicator of enhanced electron-donating power of the ligand under examination, with typical

values on this scale ranging from 177.0 to 180.3 ppm (Figure 10).70
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Figure 10 — The effect of N-substituents steric hindrance on the chemical shift of different palladium
complexes with the general formula: PdBr(iPr-bimy)(LLL). An increase in steric hindrance reduces the

o-donor capabilities of the complex.

Bis(NHC) metal complexes have seen applications in many metal-mediated reactions. The nature of
the metal primarily directs the reactivity, though the properties of the bis(NHC) ligand also modulate
the complexes' activity. The first examples of bis®™NHC) complexes in catalysis originated from the
Hermann group and were initially applied in palladium-catalyzed Heck-type coupling reactions.>?
Shortly after, other palladium complexes were examined in Suzuki coupling reactions using
iodobenzene and 4-bromotoluene as substrates.” These reactions featured low catalyst loadings
(0.002-0.0002 mol%), high temperatures (140 °C) for extended times, high turnover numbers
(TONSs), and reasonable conversions. These results highlight the robust stability of bis(NHC)
complexes even under the harsh reaction conditions required for unactivated substrates. Numerous
other research groups have employed chelated palladium, nickel, and platinum bis®™NHC) complexes
in various cross-coupling processes, including Kumada—Corriu,’? Fujiwara alkyne hydroarylation,”-

5 and Buchwald—Hartwig amination reactions (Figure 11).52

X Cat xR Cat
a) tONR - b) Ri—X + RyBY; — Ri—R2
H
X Cat N‘R Cat
c) + HN-R — d) R—X  + R;~Mgx —> Ri—R;

Figure 11 — Examples of coupling reactions catalyzed by metal-bisNHC complexes: a) Heck, b)

Suzuki- Miyaura, ¢) Buchwald-Hartwig, and d) Kumada-Corriu reactions.

Examples of bisqONHC) complexes as catalysts in polymerization reactions also exist, with
chromium(IIl) bisqANHC) complexes exhibiting limited activity and resulting in broad polymer
molecular weight distributions in ethylene oligomerization when exposed to methylaluminoxane.”
The authors suggest that the catalytic activity may be influenced by the ease with which

chromium(III) complexes are reduced to chromium(II), which is known not to polymerize ethylene.



In addition, ruthenium, rhodium, and iridium bisONHC) complexes have found numerous

applications in transfer hydrogenation chemistry (Scheme 3).77-80

o} OH Cat OH 0
R1)J\R2 : )\ Base R1)\R2 * )J\

Scheme 3 — General reaction scheme of the catalyzed transfer hydrogenation reaction.

Furthermore, a report by Albrecht and colleagues demonstrated the utility of chelated bis(NHC)
palladium(II) complexes in the catalytic hydrogenation of cyclooctene at room temperature with 1.0
atm of hydrogen.®182 Moreover, bis(NHC) ligands have emerged as promising ligands for generating
photosensitive organometallic complexes,>>83 due to their exceptional o-donating capabilities, which

are hypothesized to extend the excited state lifetime of photoactive metal complexes.

10



1.3 Coordination chemistry of ruthenium

Ruthenium is an essential metal with many applications in different industrial fields, including alloy
metals, material science, medicinal chemistry, and catalysis. In the interest of time, we will not linger
on the rich history or the general inorganic chemistry concerning the metal. Instead, in this brief
section, we will cite a few general applications in coordination chemistry and catalysis. The main fields
of application of ruthenium(ll) coordination compounds are 1) the olefin metathesis reaction, 2) the
hydrogenation and transfer-hydrogenation reactions, 3) the sensitizers contained in solar cells, and 4)

the water oxidation reaction.

1.3.1 The olefin metathesis reaction

The olefin metathesis reaction is a critical set of chemical transformations involving the distribution
of alkene fragments by scission and regeneration of C-C double bonds. Among these useful synthetic
transformations are 1) ring-closure metathesis involving terminal vinyl groups, 2) intermolecular
cross-metathesis, and 3) ring-opening metathesis of strained alkenes (Figure 12).8* In the
homogeneous phase, the olefine metathesis reaction is catalyzed by ruthenium(Il) catalysts, which
have demonstrated astonishing reactivity since their discovery in the early 2000s. In particular,
ruthenium(Il) NHC reported by Herrmann,3> Nolan,36 and Grubbs®7 displayed significantly improved
metathesis activity and enhanced thermal stability.

Ly
| WX

Ru=—
X/ | R

Lo

- | S
O P @Il

Ring-Closing metathesis Cross-metathesis Metathesis polymerization

Figure 12 — General ruthenium(ll) catalyst structure and metathesis applications.

1.3.2 Hydrogenation and hydrogen auto-transfer reactions

Hydrogenation is an essential chemical transformation with countless applications, from synthesizing
fine chemicals to producing margarine.?® More than a hundred ruthenium homogeneous
hydrogenation catalysts have been developed in the last decades, which proved to be some of the
most effective catalysts for these reactions since they displayed high reactivity and selectivity,
especially in the catalytic reduction of polar bonds, often surpassing rhodium and iridium
complexes.8289-93 Noticeably, ruthenium(ll) complexes with amine ligands are incredibly reactive in
the hydrogenation of ketones. In all these reactions, ruthenium hydride and dihydrogen complexes
have been recognized as the active species in the catalytic cycle.”*-%0 A critical subset of hydrogenation

reactions is transfer hydrogenations, where hydrogen is transferred from one sacrificial molecule to
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another rather than utilizing hydrogen gas.”” Furthermore, when a pair of transfer hydrogenations is
coupled with an intermediate reaction on the in situ-generated reactive intermediate, a hydrogen

borrowing reaction (also known as hydrogen auto-transfer reaction) occurs (Scheme 4).78-101

R4 N-alkylation R4
>—YH - )>—NH
R2 RZ R3
[M]

[MH;]
R4 R4
R>:Y ~ R _N\R
2 HoN H,Y 2
Y=NH, O Rs

Scheme 4 — Schematic generalization of transition metal-catalyzed hydrogen-borrowing reactions.

The borrowing hydrogen approach is widely employed to facilitate the functionalization of alcohols.
Most of these transformations involve the direct use of commodity alcohols as alkylating agents in a
wide range of C—N and C—C bond-forming processes. An essential application of ruthenium(lI)
catalyzed hydrogen auto-transfer reactions involves improving biomass-derived compounds'
synthetic utility. In particular, the levulinic acid produced from lignocellulosic biomass is gaining
attention as a critical platform chemical in future biorefineries, given the now available high-yield
production processes and the inexpensive nature .!2 From the catalytic hydrogenation of levulinic
acid, key intermediate compounds such as y-valerolactone, and valeric acid, 1,4-pentanediol, and 2-

methyltetrahydrofuran can be obtained.

1.3.3 Ruthenium(ll) coordination compounds as sensitizers

The increasing demand for new, sustainable energy sources to replace fossil fuels has reached a critical
point due to the urgent need to reduce the impact of climate change. In this context, photovoltaic
technology is one of the most promising solutions.!031%4 By taking advantage of sunlight as a clean,
affordable, and consistent energy source, photovoltaic systems are growing as a convenient choice in
pursuing sustainable energy.!0%106 Typical solid-state photovoltaic cells are based on inorganic
semiconductors and are very efficient. However, they display some drawbacks, such as high
production costs and limits in their mass utilization.10%.108 Dye-sensitized cells (DSSCs) are growing
as an appealing alternative to conventional solid-state cells, given their relatively low cost, operating
temperatures, transparency, and flexibility.!-111 DSSCs are based on nanocrystalline metal oxide
semiconductors sensitized by molecular dyes.!12 In these cells, the dye absorbs visible light, generating

photoelectrons, which are injected into the semiconductor.
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Recently developed state-of-the-art DSSCs are based on heteroleptic ruthenium(Il) sensitizers and

achieve remarkable power conversion efficiencies of up to 15% (Figure 13).113-116

Figure 13 - Molecular structures of common heteroleptic ruthenium(1I) dyes.

The reason behind these sensitizers' success is found in the ligand's extended conjugated system and
the long alkylic chains. In fact, the extended conjugation enhances the optical absorptivity of titanium

dioxide, while the hydrophobic chains increase tolerance to water.!!”

1.3.4 The water oxidation reaction

The molecular water oxidation reaction is a critical transformation that has experienced impressive
development over the last decade, given the promise of generating a more sustainable and carbon-
neutral society. The water oxidation reaction is based on water-splitting, and most recent advances
have been possible thanks to a detailed understanding of reactions and intermediates involved in the
catalytic cycles. Still, the primary challenge in this field remains the development of more robust and
faster catalysts to employ in the light-driven water-splitting reaction under neutral to acidic
conditions. Water oxidation catalysts based on ruthenium(Il) coordination compounds are among
the most efficient and reach turnover frequencies that are orders of magnitude higher than that of

the natural oxygen-evolving center in photosystem II (Figure 14).118

Figure 14 — Examples of current state-of-the-art ruthenium catalysts used in the water oxidation

reaction.
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1.4 Scope of the project

Ruthenium(II) homogeneous catalysis is a well-developed and constantly growing field in
organometallic chemistry. Interestingly, few examples of ruthenium(II) complexes bearing bis(NHC)
ligands exist to our knowledge, despite the widely recognized properties of this class of ligands (Figure
15).119
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Figure 15 — Literature examples of ruthenium(ll) coordination compounds bearing bis(NHC)

ligands.69,81,120-122

The lack of development in this field is particulatly surprising, given the widespread use of strong o-
donating bis(phosphine) ligands in the hydrogenation and transfer-hydrogenation reactions.
Moreover, NHC-based complexes’ acknowledged improved tolerance toward oxidative and harsher
reaction conditions could prove essential in developing ruthenium(Il) catalyzed oxidative processes.
Accordingly, the aim of the present work concerns the design of new ruthenium(Il) complexes
bearing bis(NHC) ligands, to be developed as ductile and robust catalysts for different organic
transformations, and which should answer the following criteria: 1) ease of synthesis, aligning with
the principles of green chemistry, 2) use of commercially available reactants, to enhance cost-
effectiveness and practicality, 3) tunability and functionalization, enabling optimization for various
catalytic requirements, and 4) stability, ensuring long-term storage. A strategy to achieve these goals
would be the introduction of the bis(NHC) ligands at an early stage of synthesis to enable further
downstream reactivity by not saturating the complex coordination sphere. On top of this, introducing
a second bidentate ancillary ligand still leaves two potential coordination sites for catalysis, in contrast
to ancillary pincer ligands. In summary, we seek to produce ruthenium(Il) complexes bearing a
bis(NHC) ligand, a second ancillary ligand, and two displaceable monodentate ligands (Figure 16).

™ "

Y
Cumy, , oY

Cu,, \\\\L X-
<c/ | ~ > <C/R| N "

Figure 16 — General structure of our target #7ans and ¢is-compounds, which should feature a
bis(NHC) ancillary ligand (C-C), a general bidentate ligand (L-Y), and two monodentate ligands (Y).

The Y symbol represents either an L or X ligand.
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2 RESULTS AND DISCUSSION

2.1 Screening of suitable ruthenium precursors

The synthesis of novel ruthenium(Il) bisNHC) complexes poses a challenge given the few available
examples. With little data available, identifying the general conditions under which reactivity can be
directed toward the desired compounds is critical. Therefore, a set of screening reactions was
conducted to determine the best conditions to activate the ligand in the presence of a receptive
ruthenium(Il) precursor. The metal complex was chosen following the rationale that it should either
feature an internal base as a ligand, an available coordination site, or an emilable leaving group, and,
for these reasons, 1) bis(triphenylphosphine)(diacetate)rutheninm(Il), 2) tris(carbonyl)(dichloride)rutheninm (1)
dimer and 3) tris(triphenylphosphine)(dichloro)rutheninm(Il) were selected (Figure 17).

0= co o] PPh,

PhsP/,,R|u‘\SO OC""|u"“C"""R|u““CO cio, | peh,

Ph3P/ | \,O OC/| ~ci~ | ~co o P/Ru‘\CI
o= Cl co 2 |L

Figure 17 — The chemical structure of the three precursors employed in the initial screening (from
left to right): bis(triphenylphosphine)(diacetate)rutheninm(Il), tris(carbonyl)(dichloride)rutheninm(11) dimer and
tris(triphenylphosphine)(dichloro)ruthenium(11).

Once a suitable metal complex candidate is chosen, different strategies for the coordination of NHC
exist, all of which rely on different approaches to activate the ligand and produce the complex, such
as 1) generating the reactive free carbene, 2) generating the free carbene in situ using a weak base,
and 3) via ligand-exchange with a silver-NHC cluster complex. For this initial screening, both the
strong and weak base approaches were tested following the general reaction scheme reported in

Scheme 5.

~ - 7 ~N7L :
Ruthenium(il N@ 21 (N;" WL . Inert conditions
uthenium(lly N ~ + Base —> < Ru X~ | Solvents: polar protic / apolar
precursor /N n
\—N@ <N’T( | \Y . Temperature: 20°C or 50°C
NS N\Y e s

Scheme 5 — Concept reaction scheme showing the rationale behind the screening experiments.

As for the ligand, 7,7-bis(3 -methylimidazolinm)methylene diiodide was considered ideal for two reasons.
First, the methyl groups at the NHCs moieties wingtips are not sterically demanding, compared to,
for example, isopropyl or aromatic groups. Second, the short methylene bridge forms a six-membered
ring once coordination with the metal occurs, which is usually more stable than other cyclic structures

due to steric strain.
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Table 1 — Screening expetiments, conducted at 25 and 60°C, sampled at 24 and 48 h. 7,7-bis(3 -
methylimidazolinm)methylene ditodide was used as bis-imidazolium salt in the reaction, if not otherwise
stated, and was always added stoichiometrically with respect to the ruthenium(Il) precursor. All

reactions were conducted under Schlenk conditions. The reactions in THF were also conducted at

0°C.

Ruthenium(II) precursor n Solvent A% Base n
[formula] [mmol] [formula] [mL] [formula] [mmol]
Ru(OAc)2(PPhs): 0.05 MeOH 5 K,COs3 0.25
0.05 MeOH 5 NaOAc 0.25
0.05 EtOH 5 NaOAc 0.25
0.05 tBuOH 5 tBuOK 0.10
0.05 THF 5 tBuOK 0.10
Ru(CO);ClL 0.05 MeOH 5 K>COs 0.25
0.05 MeOH 5 NaOAc 0.25
0.05 EtOH 5 NaOAc 0.25
0.05 tBuOH 5 tBuOK 0.10
0.05 THF 5 tBuOK 0.10
Ru(PPh;);Cl, 0.05 MeOH 5 K,COs3 0.25
0.05 MeOH 5 NaOAc 0.25
0.05 EtOH 5 NaOAc 0.25
0.05 tBuOH 5 tBuOK 0.10
0.05 THF 5 tBuOK 0.10

The initial screening results have been reported in Table 1, and the reactions did not produce the
desired target compounds. Even after analyzing the samples via NMR spectroscopy, no traces of
ruthenium(I1)-NHC complexes were found. When weak bases were used in the reactions, the original
ruthenium complex remained the primary component in the mixture, indicating that the desired
transformation did not occur. On the other hand, when strong bases were used, the reaction mixture
showed signs of overreaction, resulting in a mixture of products. We also conducted another
screening test using two different approaches: 1) preactivated imidazole salt, in the form of a cluster
complex with silver(I), and 2) a bis-imidazolium salt with an internal base in the form of hydrogen
carbonate. These tests were conducted at both 25°C and 60°C, using methanol and THF as solvents.
However, in both cases, the reactions did not proceed as expected, which required us to reconsider

our approach.
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2.2 Assessing the synthetic accessibility of the target

ruthenium(ll) bis(NHC) complexes

The screening reactions did not yield the desired ruthenium(ll) bisINHC) complexes despite testing
different ruthenium(Il) precursors and employing the most typical synthetic strategies to produce
metal-NHC complexes. These results suggested that two problems subsided: 1) the activation of the
ruthenium(Il) precursor toward nucleophilic attacks from active carbene species and 2) stabilizing
the intermediates that would lead to a stable ruthenium(II) bis®NHC) complex. Since few examples
of ruthenium(ll) bisANHC) complexes exist, the accessibility of the desired species was to be probed
using one of these complexes as the precursor. Crabtree et al. described a synthetic pathway from (p-
cymene)(dichloroJrutheninm(Il) dimer (1), a piano-stool complex, leading to the formation of /bis-1,1"-(3-
methylimidazol-2-ylidene)methylene] (p-cymene) (iodide)rutheninm(11) hexafluorophosphate (2) (Scheme 1, Section
4.4).12

|+ PFe
- . —o<
K Cl, S N@ 21 d 1) K, ACN, Reflux [
/Ru\ R + LN <N N > l\g/ Ru
al Cl \ \—N®N j 2) KPFg, acetone ENY*\l
\) Column chromatography ~N N
—

Scheme 6 - The general reaction scheme to produce [bis-1,1"-(3-methylimidazol-2-ylidene)methylene] (p-
cymene)(iodide)ruthenium(1l) hexafluorophosphate (2) trom (p-cymene)(dichloro)rutheninm (I1) dimer (1) as

reported by Crabtree et al.

This complex holds particular interest because the displacement of the arene ligand is a well-
documented reaction for other ruthenium(ll) systems, which involves the complex activation with a
silver salt in acetonitrile (ACIN) at mild temperatures, forming an organonitrile complex.!2* As expected,
refluxing [bis-1,1"-(3-methylimidazol-2-ylidene) methylene] (p-cymene) (iodide)rutheninm(Il) hexafluorophosphate (2)
in ACN did not result in the formation of an organonitrile complex. Hence, a metathesis reaction
with silver salts was performed in ACN at 25 °C over 24 h to abstract the halide; /bis-7,7"-(3-
methylimidazol-2-ylidene)methylene] (p-cymene)(iodide)rutheninm(11) hexafluorophosphate (2) (150 mg, 0.20 mmol)
reacted with silver tetrafluoroborate (220 mg, 1.20 mmol) under inert conditions in ACN, resulting in
iodide abstraction, and precipitating sifver iodide along unreacted silver tetrafluoroborate.\?>126 The residue
silver salts were then removed via filtration over Celite, a necessary step to avoid undesired side
reactions in downstream transformations. After removing the solvent (acetonitrile)/bis-1,1'-(3-
methylimidazol-2-ylidene)methylene] (p-cymene)rutheninm(11) ditetrafluoroborate (3) was isolated (85% yield), the
brown solid proved to be highly hygroscopic, and the solvating AACN could not be removed entirely

applying vacuum (Scheme 7).
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Scheme 7 - Reaction scheme depicting the chemical transformations trequired to obtain
tetrakis(acetonitrile) [bis-1,1'-(3-methylimidazol-2-ylidene)methylene] rutheninm(1l) - ditetrafluoroborate (4a) from
[bis-1,1"-(3-methylimidazol-2-ylidene)methylene] (p-cymene) (iodide)ruthenium(Il) - hexafluorophosphate (2), going
through the intermediate (acetonitrile)[bis-1,1'-(3-methylimidazol-2-ylidene)methylene] (p-cynmene)rutheninm(11)

ditetraflnoroborate (3).

The identity of the newly synthesized complex was verified by conducting a comprehensive analysis
via NMR spectroscopy (Section 4.5). The successful abstraction of the anionic iodide, followed by
the coordination of an ACN molecule, was assessed at the '"H NMR spectrum as a new sharp singlet
peak rose at 2.30 ppm. Furthermore, when comparing the spectra of the product with those of the
reagent, a notable upfield shift in the NHC and cymene moieties’ signals was detected. This

observation aligned with the dicationic nature of the newly formed complex (Figure 18).
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Figure 18 - The 'H NMR spectra of [bis-1,1"-(3-methylimidazol-2-ylidene)methylene] (p-cymene) (iodide)
ruthenium(ll) — hexafluorophosphate  (2) (below) and of (acetonitrile) [bis-1,1"-(3-methylimidazol-2-
ylidene)methylene] (p-cymene)rutheninm(1l) ditetrafluoroborate (3) (above). The yellow highlight marks the
signals originating from the ligands in common between the two complexes, while the red mark

highlights the newly introduced AACN.

From the 'TH NMR spectra, it was not possible to unequivocally ascertain the exact nature of the
singlet. Therefore, the assignment was confirmed as coordinated acetonitrile through 3C and 'H-13C
correlation spectroscopies. These spectroscopic techniques revealed the presence of two distinct
acetonitrile species: 1) coordinated ACN, characterized by two 13C signals at 128 ppm and 2.92 ppm,
which correlated with the signal at 2.30 ppm in the proton spectrum, and 2) free ACN, with carbon

signals at 118.30 and 0.30 ppm, correlating at 2.07 ppm in the proton spectrum.
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At this point, the (acetonitrile)bis-1,1'-(3-methylimidazol-2-ylidene) methyleneruthenium(11) ditetrafluoroborate (3)
complex underwent a further reaction aimed at displacing the arene ligand. To achieve this, the
complex (100 mg, 0.18 mmol) was refluxed in ACN (10 mL) for 72 hours under inert conditions.
Leveraging on the solvent mass effect and coordination properties, the reaction yielded a reactive and
air-sensitive intermediate. After drying the solution, fesrakis(acetonitrile) [bis-1,1'-(3-methylimidazol-2-
Ylidene)methylene] ruthenium(1l) ditetrafluoroborate (4a) was successfully isolated. The air-sensitive nature
did not allow for a comprehensive characterization at the time, with the powder turning slowly from
bright orange to green in the presence of air, indicating an incipient decomposition process. The
complete characterization was later achieved from a sample obtained following an improved synthetic
route (Section 4.6). A characterization attempt via 'H NMR spectroscopy has been reported in Figure
19; from the NMR spectra, it is clear that arene cleavage occurred as no p-¢ymene signals are observed
in the characteristic regions. Moreover, two distinct ACN signals are present in addition to the
bis(NHC) framework, consistent with the apical and equatorial positions assumed in the octahedral
geometry. Interestingly, the -CH»- bridging the NHCs moieties appears as a broad rather than sharp
singlet, suggesting that ACN ligands are involved in exchange processes with the deuterated acetone

or water traces (Figure 19). Consistent with the complex reactivity.
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Figure 19 - The 'H NMR spectra of fetrakis(acetonitrile) [bis-1,1"-(3-methylimidazol-2-ylidene) methylene]
ruthenium(1l) ditetrafluoroborate (4a). The compound’s significant signals have been highlighted in
yellow. The other peaks have been assigned to trace diethy! ether and water impurities (spectrum

acquired in deuterated acetone).

The ‘tetrakis(acetonitrile) [bis-1,1'"-(3-methylimidazol-2-ylidene)methylene] - ruthenium(l) ditetrafluoroborate (4a)
complex holds four ACN ligands, which offer up to four different coordination sites for further
functionalization given the solvent-complexes’ inherent reactivity. In order to verify this thesis and
the accessibility of our target compounds, the complex reactivity toward LL-type ligands was probed
by adding a stoichiometric amount of 2,2-bipyridine (28 mg, 0.18 mmol) in acetone (4 mL) at RT
(Scheme 8).
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Scheme 8 - General scheme depicting the reactions required for the subsequent addition of two 2,2’
bipyridine  ligands — to  fetrakis(acetonitrile) [bis-1,1"-(3-methylimidazol-2-ylidene) methylene] — rutheninm(11)

ditetrafluoroborate (4a).

The first reaction, involving coordination of the first 2,2>bipyridine, reached completion at room
temperature within 30 minutes, as confirmed by '"H NMR spectroscopy (Figure 20). The ligand
coordination was assessed by the high-field shift of 2,2-bipyridine signals, with the most distinctive
peak shifting from 8.60 ppm for the free ligand to 9.20 ppm. No residual signals ascribed to the
ruthenium(Il) precursor were detected, but by integration, unreacted 2,2-bipyridine accounted for an
unisolated yield of 50% considering (acetonitrile)[bis-1,1"-(3-methylimidazol-2-ylidene)methylene] (p-
cymene)rutheninm(1l) ditetrafluoroborate (3) as starting material. The lack of 2D experiments did not allow
us to determine unequivocally the structure of the isolated compounds, which was later identified as
trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -ylidene)methylene Jrutheninm(11)
ditetrafluoroborate (5) (Section 4.7).
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Figure 20 - The '"H NMR spectra of the reacting mixture sample with the relevant species highlighted
by colot:  trans-(diacetonitrile) (2,2 -bipyridine)[1,1-Bis(3 -methyl-imidazol-1 -ylidene)Jmethylene Jruthenium(11)
ditetrafluoroborate (5) (yellow), and free 2,2-bipyridine (light blue). The spectrum was acquired in

deuterated acetone.

To further assess the reactivity of the newly synthesized complex, an attempt was carried out to
replace the remaining coordinated ACN by adding an excess of 2,2-bipyridine. However, no
observable reaction occurred after the addition of 2,2’-bipyridine (28 mg, 0.18 mmol), even after
placing the solution at reflux. The absence of the desired bis-bipyridine complex was attributed to
the #rans-geometry of the complex, as the #rans-to-cis isomerization reaction may be associated with a

high activation energy or a slow kinetic, which might have prevented the coordination of the chelating
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ligand. This hypothesis was confirmed when the reaction finally reached completion after drying the
solution, adding toluene (5 mL), and refluxing the mixture for 24 hours. The solvent was then
removed, and the product was isolated by precipitating it from acetone (1 mL) using diethyl ether (6 mL),
resulting in the formation of bis(2,2"-bipyridine)[1,1-Bis(3 -methyl-imidazol-1 -ylidene)methylene Jruthenium(11)
ditetrafluoroborate (6) with a yield of 70 %. Given the scarce synthetic utility, the compound was not
wholly purified nor characterized via NMR spectroscopy. Nonetheless, the coordination of the
second 2,2%bipyridine was confirmed by analyzing the corresponding signals in the aromatic region
(Figure 21). Furthermore, two distinct spectral features strongly suggest the occurrence of
coordination. First, the bis®NHC) moiety -CHa- bridge manifests as a sharp singlet, indicating the
absence of exchange phenomena similar to those observed in the presence of coordinated ACN.
Second, the signal multiplicity of both bis(NHC) and bipyridine fragments aligns with a symmetry

plane bisecting the complex.
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Figure 21 - The 'H NMR spectra of the isolated bis(2,2-bipyridine)[1,1-Bis(3 -methyl-inidazol-1 -
ylidene)methylene]rutheninm(ll)  ditetrafluoroborate (6) complex (above), and a spectrum fragment

highlighting the high-field region where the 2,2’-bipyridine signals lie (below).

The synthetic route proved that the target compounds are both thermodynamically and kinetically
accessible. However, with a cumulative yield of approximately 9%, many synthetic steps, and
purifications, the process must be redesigned and optimized to meet improved sustainability

standards.
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2.3 Synthesis of Ru(ACN)4(b(MI)M)(PFe)2

The (p-cymene)(dichloro) rutheninm(Il) dimer (1) is a reactive compound belonging to the class of
ruthenium(II) arene/polyene complexes, which are prone to arene/polyene substitution owing to the
free ligand stability, in contrast to polyenyl complexes where the ligand must dissociate as a radical
or an anion. Correspondingly, arenes/polyenes react as active ligands, whereas polyenyls act as
spectator ligands, a ductile property granting ruthenium(Il) arene/polyene complexes wide
application as precursors in coordination chemistry. Among them, (7,5-¢yclooctadiene)(dichloro)
rutheninum(Il) polymer (T) is another common precursor with a liable alicyclic ligand instead of an arene
ligand.'?” Nevertheless, the polymeric nature of (7,5-gyclooctadiene)(dichloro) ruthenium(Il) (T) requires
the monomer release to take advantage of the increased reactivity. The depolymerization of (7,5-
eyclooctadiene)(dichloro)ruthenium(I1) polymer (T) is known to occur in acetonitrile at reflux, producing
(1,5-cyclooctadiene)(diacetonitrile)(dichloro)rutheninm(1l) ~(8) (Figure 22), but the reaction is not
quantitative.' Moreover, the addition of potassium hexafluorophosphate promotes the first chloride
ionization vielding the cationic (7,5-cyclooctadiene)(triacetonitrile) (chloro)rutheninm(Il) hexafluorophosphate,
which can react further with silver salts to afford the dicationic zetrakis(acetonitrile)(1,5-

eyclooctadiene)rutheninm(1l) dibexafluorophosphate.123.129.130
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Figure 22 - A flow diagram describing the reactions involving (7,5-¢yclooctadiene) rutheniuni(11) dichloride
polymer (T)  to afford the organonitrile complexes (A). The analog diagram depicts the same process

but involving (p-cymene)(dichloro) ruthenium(1l) dimer (1) (B).

The depolymerization of (7,5-cyclooctadiene)(dichloro)rutheninm(Il) polymer (T) in ACN generates
organonitrile complexes, part of a more comprehensive class of transition metal organosolvent
complexes that incorporate easily dissociable solvent ligands.!3 While (arene)(dichloro) ruthenium(Il)
dimers also generate organonitrile complexes, these complexes are less reactive due to steric hindrance
and  denticity of the arene ligand, making the iz situ  generated  (7,5-
cyclooctadiene) (diacetonitrile)(dichloro)ruthenium(Il) (8) an attractive intermediate for the synthesis of
ruthenium(Il) bisONHC) complexes. Consequently, (7,5-cyclooctadiene)(dichioro)ruthenium(1l) polymer (T)
(84 mg, 0.3 mmol) was refluxed in acetonitrile under Schlenk conditions for 2 h prior to the addition

of 1,1-bis(3 -methylimidazolinm)methylene diiodide (130 mg, 0.3 mmol) and #réethylamine (200 uL, 1.5 mmol).
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The mixture reacted for 24 h producing the zetrakis(acetonitrile)[1,1-bis(3 -methylimidazol-2’-
ylidene)methylene]rutheninm(1l) dibalide (4x)(Scheme 10).
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Scheme 10 - General reaction scheme depicting the synthesis of zetrakis(acetonitrile)/1,1-bis(3 -

methylimidazol-2"-ylidene) methylene | rutheninm (1) dibalide (4%).

The isolation of the organonitrile complex posed a considerable challenge due to its sensitivity to air
and inherent instability, which required working under tight Schlenk conditions at each purification
step. Therefore, the reacting mixture was initially charged with potassium hexaflnorophosphate (220 mg,
1.2 mmol) and allowed to react for 2 h. Subsequently, the solution was concentrated by reducing its
volume and then transferred via a cannula into a 50 mL Schlenk flask equipped with sintered glass
septa and filled with neutral deactivated alumina. Then, flash chromatography was carried out using
degassed ACN under an inert atmosphere. Following these controlled conditions and after removing
the solvent, the air-sensitive product was successfully isolated, resulting in a yield of 60% (Section
4.6). The complete characterization via NMR spectroscopy has been reported in Section 4.6, and the
'H NMR spectrum of the complex has already been discussed (Section 2.2). It should be noted that
TEA traces were detected in the isolated compound, free and coordinated (Figure 23). Samples

previously collected from the reaction mixture did not suggest TFE.A coordination.
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Figure 23 — A section of tetrakis(acetonitrile)/1,1-bis(3 -methylimidazol-2 -ylidene)methylene ruthenium(11)
dibalide (4x) '"H NMR spectrum collected in deuterated ACN displaying the peaks assigned to

coordinated and free TEA (cross-referenced via ’C and 2D NMR experiments).

The tetrakis(acetonitrile)[1,1-bis(3 -methylimidazol-2 -ylidene)methylene frutheninm(Il) dibalide (4x) complex
exhibits extreme reactivity, which makes it more suitable as an interesting intermediate rather than a

stable precursor. Due to this reactivity, instead of isolating the complex separately each time from
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the mixture, we conducted reactions directly within the mixture using various ligands. This approach
allowed us to produce a series of further functionalized ruthenium(ll) complexes, as discussed in
Section 4.5. However, it is essential to note that although one might initially perceive the synthesis of
tetrakis(acetonitrile) [1,1-bis(3 -methylimidazol-2 ~ylidene)methyleneruthenimm(ll)  dibalide — (4x) as a
straightforward process, the data presented till now do not provide a complete understanding of the
underlying complexities involved in this synthesis. The ACN role in the activation of (7,5-
eyclooctadiene)(dichloro)ruthenium(I1) polymer (T) might appear as critical, with the mass effect of the weakly
o-donor solvent being a key factor in the substitution reaction. A possible mechanism could hence
involve the formation of (7,5-cyclooctadiene)(diacetonitrile)(dichloro)rutheninm(1l) (8) by treating (7,5-
eyclooctadiene)(dichloro)ruthenium(11) polymer (T) in ACN at reflux, which later react with bis-imidazolium
salt activated by TEA. Interestingly, refluxing (7,5-cyclooctadiene)(dichloro)rutheninm(Il) polymer (T) for a
week does not provide quantitatively (7,5-cyclooctadiene) (diacetonitrite) (dichloro)ruthenium(ll) (8), when
conversely the formation tefrakis(acetonitrile)/1,1-bis(3 -methylimidazol-2 -ylidene)methylene Jrutheninm(11)
dihalide (4x) only requires 36 h. As Crabtree et al. suggested, a trivial explanation could be the influence
of the activated bis-imidazolium salt, implying that the free carbene drives the precursor activation
by subtracting the intermediate (7,5-cyclooctadiene)(diacetonitrile)(dichloro)rutheninm(Il) (8).132 However,
upon further inquiry, a mixture of unidentified products was observed upon replacing TE.A with
stronger bases such as sodium acetate, cesium carbonate, potassinm hydroxide, ot potassinm fert butoxide.
Moreover, while replacing ACN with acetone and THEF produced similar results, the presence of
ruthenium(ll) triethylamino complexes was unexpectedly detected, suggesting that TEA does not
simply react as a base (Figure 24). These results prompted us to study the role of TEA, a topic to

which the next section will be dedicated (Section 2.4).
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Figure 24 — Most significative 'H NMR spectrum of the crude reaction mixture obtained by
following the protocol for the synthesis of fetrakis(acetonitrile)[1,1-bis(3 -methylimidazol-2-
Ylidene)methylene]ruthenium(1l) dibalide (4x, Section 4.6), but replacing ACN with acetone (above). A
highlight of the same spectrum, displaying the peaks assigned to coordinate TEEA (below).
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2.4 Mechanistic analysis of [Ru(COD)ClI,], activation

The reaction mechanism leading to the formation of fetrakis(acetonitrile)/1,1-bis(3 -methylinidazol-2"-
ylidene)methylenefrutheninm(Il) dibalide (4x) was inquired with a kinetic experiment followed via 'TH NMR
spectroscopy, aimed to identify the relevant intermediates. A 5 mm J-young NMR tube was charged
with 10.1 mg (7,5-cyclooctadiene) (dichloro)rutheninm(Il) polymer (7), 500 ulL of deuterated ACN, 25 ulL of
TEAand 15.6 mgof 1,7-bis(3 -methylimidazolium)methylene diiodide, according to the developed synthetic
protocol. A TH NMR spectrum of the heterogeneous mixture was acquired before starting the
reaction by placing the tube at reflux (Figure 25). The bis-imidazolium salt was slightly soluble, and
the related signals are highlighted in yellow. Instead, the ruthenium precursor and the related
organonitrile complexes were not observed at this time. The only other compounds observed in

solution were TE.A and water.
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Figure 25 - The '"H NMR spectra of the unreacted mixture at time t=0h, containing: 10.1mg of (7,5-
eyclooctadiene) (dichloro)ruthenium(11) polymer (T), 15.6mg of 1,1-bis(3 -methylimidazolinm)methylene ditodide, 25
ulL of TEA, and 500 ul. of CD;CN.

The tube was placed in a stirred oil bath at 80°C for 30 h and '"H-NMR spectra were acquired at
different times to monitor the reaction progress at 2, 4, 6, 8, 12, 16, 20, 24, and 28 h. All the acquired
spectra are reported stacked in Figure 26, and the assighments of the relevant chemical species have
been highlighted with different colors. The kinetic experiment shows the formation of
tetrakis(acetonitrile) [1,1-bis-(3 -methylimidazol-2 -ylidene)methylene] rutheninm(1l) dibalide (4x), a triethylamino
complex and cyclooctadiene, as well as the progressive consumption of the 7,7-bis(3*

methylimidazolinm)methylene diiodide.
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Figure 26 - The 'H-NMR kinetic experiment of the reacting mixture at times t=0, 2, 4, 6, 8, 10, 12,
16, 20, 24, 28, 32h, T = 80°C. Reagents: 10.1mg of (7,5-cyclooctadiene)ruthenium(ll) dichloride polymer (7),
15.6mg of 1,7-bis(3 -methylimidazolinm)methylene diiodide, 25 ul. of TEA, and 500 ul. of CD;CN.

The spectrum collected after 10 hours was chosen as the most representative since most of the species
involved in the reaction were detected jointly. Hence, the relative spectra was extracted from the
overall kinetic experiment, reported in Figure 27, and divided into two fragments to improve visual
observation of the relevant species. In the high field fragment (Figure 27, above), from left to right,
the first compound identified was 7,7-bis(3 -methylimidazolium)methylene diiodide, which is highlighted in
yellow. The two identified peaks have been assigned to the -CH from the imidazole moiety backbone,
falling respectively at 10.40 and 8.52 ppm. The acidic proton (-CH) and the proton from the
methylene bridge (-CHaz-) of the bis-imidazolium salt are either in exchange or covered by the broad
peak of water and the triethylammonium cation falling in the 6.5 ppm region. The main product, the
assumed zetrakis(acetonitrile)[1,1-bis(3 -methylimidazol-2 -ylidene)methylene [ruthenium(1l) dibalide (4x) has two
identifiable peaks highlighted in blue, two doublets falling respectively at 7.55 and 7.23 ppm, also
from the imidazole moiety of the product. Different cyclooctadiene species were observed in the 5.50
ppm region, but the assignment attempts of these peaks to single species failed. In the low field
fragment (Figure 27, below), the two singlets in the 3.90 ppm region were ascribed to the free ligand
(1,1-bis(3 -methylinmidazolinm)methylene  ditodide) — and  (tetraacetonitrile) [bis-1,1'-(3-methylinmidazol-2-
ylidene)methylene]ruthenium(1l) dibalide (4x), specifically to the (-CHs) moiety of the ligands. TE.A was
observed more downfield, with two peaks assigned to the (-CHz-) and (-CH3) moieties falling
respectively at 2.50 and 1.08 ppm. A species consistent with coordinated TEA was also observed
slightly upfield, at 2.80 and 1.25 ppm. The formation of the triethylammonium cation was also
inferred by the presence of a rising peak at 6.50 ppm, consistent with the protonated amine being in

exchange with water.
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Figure 27 - The '"H NMR spectra extracted from the kinetic experiment of the reacting mixture after
10 h at 80 °C. The spectra has been divided into two fragments to ease consultation: the fragment
above reports the high-field portion, and the fragment below the low-field portion. Reagents: 10.1
mg of (7,5-cyclooctadiene)(dichloro)rutheninm(Il) pohymer (T), 15.6 mg of 1,1-bis(3 -methylimidazolinm)methylene
diiodide, 25 ul. of TEA, and 500 ul. of CD;CN.

The TEA peaks were integrated and used as an internal standard to determine the soluble species'
concentration. At a temperature of 25°C, the maximum concentration of 7,7-bis(3-
methylimidazolium)methylene dijodide was observed to be 5 mM. The salt concentration steadily fell as the
reaction progressed beyond 12 h till no residual signal was detected after 24 h, marking reaction
completion. Notably, the concentration of  fetrakis(acetonitrile)[1,1bis-(3 -methylimidazol-2 -
ylidene)methylene]rutheninm(1l) dibalide (4x) is also constant for the whole experiment after the first
acquired point, the solubility limit being at 30 mM which translated to 60% conversion. It should be
noted that TEA is not a reliable standard but rather a reagent. The same kinetic experiment was
carried out without 7,7-bis(3 -methylimidazolinm)methylene diiodide to asses if the salt is directly involved
in complex activation. After 20 minutes at reflux, the sample of (7,5-¢yclooctadiene) (dichioride)rutheninm(11)
polymer (T) was completely dissolved, but the reaction did not reach equilibrium, as shown in Figure
28 as an unidentified specie related to 7,5-¢yclooctadiene kept rising in concentration till the experiment
was halted after 32h. Even if the intermediate was not identified, this experiment proves that TEA is
involved in the precursor activation as the coordinated TEA peak at 2.5 ppm increased proportionally
to the 7,5-¢yclooctadiene peaks. Moreover, simply placing (7,5-¢cyclooctadiene)(dichloride)ruthenium(I1) polymer
(7) in a 9:1 mixture of degassed ACN and deuterated ACN will not afford the same product, but
(1,5-cyclooctadiene) (diacetonitrile) rutheninm(11) dichloride (T) (Figure 28),1% and the reaction will take 7 days

to complete.
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Figure 28 - The '"H NMR kinetic experiment of the reacting mixture at times t=0, 2, 4, 6, 8, 10, 12,
16, 20, 24, 28, 32h, T = 80°C. Reagents: 10.1 mg of (7,5-¢cyclooctadiene)ruthenium(I1) dichloride polymer (7),
25 uL of TEA, and 500 uL of CD;CN (above). A highlight of the spectrum region where the signals
from the protons bound to unsaturated carbons in 7,5-¢yclooctadiene fall, acquired at t=32 h (middle).
The '"H NMR of a solution containing  (7,5-gyclooctadienc)(diacetonitrile) (dichloro) ruthenium(1l) (8)
originated from 10.1 mg of (7,5-¢yclooctadiene)rutheninm (1) dichloride polymer (T) placed at reflux in ACN
for 7 days.

The (1,5-cyclooctadiene)rutheninm(Il) dichloride polymer activation is a critical step in the formation of the
alleged  zetrakis(acetonitrile)[1,1-bis(3 -methylimidazole-2 -ylidene)methylenerutheninm(1l) ~ dibalide (4x), and
TEA proved essential in the depolymerization step as the base produces reactive intermediates that

will further react with the bis-imidazolium salt.
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2.5 Synthesis of trans-Ru(ACN)2(b(MI)M)(Bipy)(PFe)2

The tetrakis(acetonitrile)[1,1-bis(3 -methylimidazole-2 -ylidene)methylene] rutheninm(ll) dibalide (4x) complex
proved susceptible to nucleophilic attacks from LL ligands under mild conditions (Section 2.2) and
thus is an ideal candidate to generate a comprehensive library of coordination compounds (Scheme

11), like the desired target species.
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Scheme 11 - The general reaction scheme depicting the coordination of an LL-ligand to
tetrakis(acetonitrile)  [1,1-bis(3 -methylimidazole-2"ylidene)methylene] — ruthenium(ll) dibalide (4x) complex
resulting in the formation of the trans product, also regarded as the kinetic product, and the release

of two _ACN molecules.

To streamline the synthetic process, an attractive alternative to isolating the reactive complex as an
intermediate would be to carry out further reactions directly on the reacting mixture. Thus, prior to
the LL ligand additions, the mixture containing the reactive intermediate was cannula filtered using a
Whatman filter to remove ruthenium black traces. The filtrate was dried, isolating an air-sensitive
orange powder that must be stored under argon. The first attempt to coordinate a new ligand was
carried out with 2,2-bipyridine, which was added stoichiometrically (46 mg, 0.30 mmol) to the initial
amount of ruthenium precursor (84 mg, 0.30 mmol); then, all the compounds were dissolved in
chloroform (4 mL) and put at reflux resulting in an immediate change of color from orange to deep red.
After 2 h, the solution was dried, and the product was isolated via gradient flash chromatography.
The stationary phase consisted of neutral deactivated alumina, and the complex was charged as a
liquid. The first fraction collected was eluted with acefone and was characterized by a deep red color.
Upon investigation via NMR spectroscopy, this mixture was ruled to contain the unreacted 2,2*-
bipyridine ligand. The target complex, instead, does not effectively elute under these conditions, and it
can be isolated only after anion exchange; this was accomplished using a saturated solution of
potassium hexaflnorophosphate in acetone. The anion exchange affected the complex's solubility, releasing
it from the stationary phase and producing a single compound from the initial mixture of complexes
with different counterions. The solvent was removed at the rotary evaporator, and the product was
extracted using dichloromethane (DCM, 40 ml) and filtered. Again, the solvent was removed, and after
drying overnight, trans-(diacetonitrile) (2,2 -bipyridine)[1,1-Bis(3 -methyl-imidazol-2 -ylidene)methylene]
ruthenium(1l) dibexafluorophosphate (9a) was obtained with a cumulative yield of 40% (Scheme 12).
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Scheme 12 — The first attempt at the coordination of 2,2-bipyridine to tetrakis(acetonitrile)/1,1-bis(3 -

methylimidazole-2 -ylidene)methylene] rutheninm(1l) dibalide (4%).

Even if a 40% yield determined an overall improvement from the initially obtained 7%, the process
was still not satisfactory as consisting of many synthetic steps and time-consuming purification
procedures. A first improvement to the process was introduced by changing the reaction temperature
to reduce the formation of unidentified side products after ligand addition, which likely consist of
polypyridine-related ruthenium(Il) species. Hence, the ligand addition occurred at 25 °C in DCM (4
mL) in the next synthesis, resulting in a cleaner reaction as a reduced amount of side products was
observed from the 'H NMR spectra of the reaction’s crude. Since less undesired product was
detected, the isolation was performed via precipitation instead of flash column chromatography.
After drying the solution, the solid residue was dissolved in the minimum amount of boiling methanol,
and subsequently, potassium hexaflunorophosphate (220 mg, 1.20 mmol) was added. The solution was
placed at -18 °C resulting in the crystallization of the product, which was isolated by filtration over
gooch and washed with dzethy/ ether (3 x 5 mL). The process of crystallizing the product from a methano!
solution, taking advantage of the hexafluorophosphate complex solubility, concluded with a
comparable yield of 45%. Adding sodium tetraphenylborate to the filtrate resulted in immediate
precipitation of the trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-2’-
Ylidene)methylene]ruthenium(Il) ditetraphenylborate (9b), highlighting that the solubility of the complex in
methanol is higher than expected and thus limiting the overall yield. The synthesis was thus repeated,
but this time precipitating only with sodium tetraphenylborate (410 mg, 1.2 mmol) from the methanol
solution, resulting in a 75% yield. The trans-(diacetonitrile)(2,2-bipyridine)[1,1-Bis(3 -methyl-imidazol-2 -
ylidene)methylene] rutheninm(ll) ditetraphenylborate (9b), unfortunately, proved to be insoluble in most
solvents except for dimethyl sulfoxide, which prompted us to optimize further the synthetic process for
future catalytic application where the catalyst solubility could affect reactivity. To solve the solubility
problem and further simplify the synthetic procedure, a "one-pot" synthesis was designed, taking
advantage of the insolubility of cationic complexes bearing hexafluorophosphate counterions in water.
Starting from the reactive mixture containing fetrakis(acetonitrile)[1,1-bis(3 -methylimidazole-2 -
ylidene)methylene]  ruthenium(ll) dibalide (4x) complex (0.30mmol) in ACN, 2,2"bipyridine (46 mg, 0.30
mmol) was added at room temperature under argon counterflow, and the solution was left reacting
for 2 h. As expected, the mass effect of ACN slowed the reaction, and the temperature was raised to
50 °C for 2 h to reach reaction completion. At this point, to isolate the product, potassinm

hexafluorophosphate (440 mg, 2.40 mmol) was added, resulting in partial product precipitation. The
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mixture was reduced in volume, then wazer (10 mL) was added to precipitate the product and the
organic residue as an oily glue while removing the inorganic salts. The mixture was left crushing under
stirring, producing a fine orange powder after 4 h. The mixture was filtrated over gooch, and the
powder was washed with water (2 x 5 mL) and diethy/ ether (3 x 5 mL) to remove the unreacted 2,2
bipyridine. The recovered orange powder was later dried overnight, affording the product (80% yield).
The coordination process of 2,2-bipyridine to tetrakis(acetonitrile)[1,1-bis(3 -methylimidazole-2"-
ylidene)methylene] rutheninm(Il) dibalide (4x) complex was studied in a j-young tube, the same tube
containing the mixture previously employed to study the activation of (7,5-cyclooctadiene)ruthenium(11)
dichloride polymer (T) (Section 2.4). The experiment started by adding 2,2"bipyridine (6 mg) under argon
counterflow to the reactive mixture, then, immediately after, the reaction profile was monitored via
H NMR spectroscopy using the kin2d pulse sequence, acquiring a spectrum every 5 minutes. The
final reaction profile is reported in Figure 29. The concentrations of the detected reactants,
intermediates, and products have been reported relative to the sum of 2,2-bipyridine signals used as
an internal standard. The signals used in the summation originated from the product and the free

ligand (the original 'H NMR spectra have been reported in Section 4.20).
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Figure 29 - The reaction profile was obtained from a collection of '"H NMR spectra, each acquired
every 5 minutes for 1 h at 25°C, and for 1 h at 50°C. The tube contained 10.1 mg of (dichloro)(1,5-
eyclooctadiene)ruthenimm(1l) polymer (1), 15.6 mg of 1,1-bis(3 -methylinridazolium)methylene diiodide, 25 ul. of
TEA, and 500 uL of deuterated ACN, which reacted for 32 h at reflux before the addition of 6.0 mg
of 2,2 -bipyridine.

From the kinetic profiles, it can be inferred that 2,2 -bipyridine reacts at room temperature but that the
reaction is not quantitative as after 1 h the reaction reaches a plateau, and the product concentration
does not increase further, limiting at 53% conversion. Hence, the reaction reaches an equilibrium at
room temperature where the reaction stops before consuming the reagent completely; then, either an
excess of the ligand or a temperature increase is required to shift the equilibrium. The shift was
achieved by raising the temperature to 50°C for 1 h, resulting in the complete consumption of
tetrakis(acetonitrile) [1,1-bis(3 -methylimidazole-2 -ylidene)methylene] rutheninm(ll) dihalide (4x), which was
converted up to 80% into the #ans-(diacetonitrile)(2,2 -bipyridine)[1,1-Bis(3 -methyl-imidazol-1 -
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lidene)methylenefrutheninm(Il) dibalide (9%), as shown in Figure 29. An impurity was also detected,
accounting for a 7% conversion of the initial precursor. The species was not isolated, but the signals
in the 'TH NMR spectrum were consistent with the formation of cis-di(acetonitrile)bis/1,1-bis(3 -

methylimidazole-2 ~ylidene)methylene] rutheninm(11) dibalide (10x) (Figure 30).
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Figure 30 - A fragment of the 'H NMR spectrum collected 2 h after the addition of 2,2 -bipyridine to
the mixture containing the alleged fetrakis(acetonitrile) [1,1-bis(3 -methylimidazole-2"-ylidene) methylene]
ruthenium(ll) dibalide (4x) intermediate. The fragment highlights the region where the signals of the
imidazole moiety fall. Two species are detected, the main identified as frans-(diacetonitrile) (2,2’
bipyridine)[1,1-bis(3 -methyl-imidazol-2 -ylidene) methylene fruthenium (1) dibalide (9x) and a second consistent
with cis-di(acetonitrile) bis[1,1-bis(3 -methylimidazole-2 -ylidene)methylene] rutheninm(1l) dibalide (10x).

Following the compound isolation, 20 mg of trans-(diacetonitrile)(2,2 -bipyridine)[1,1-Bis(3 -methy/-
imidazol-2-ylidene)methyleneJrutheninm(1l) ~ dibexafluorophosphate (9a) (Figure 31) were dissolved in
deuterated ACN to determine the compound structure using the 'H, 13C, °F, 31P, 'H-13C HSQC, 'H-
13C HMBC, 'H-15N HMBC and 'H-'H NOESY NMR methods (Section 4.7).

24 9a

Figure 31 - 'The structure of  trans-(diacetonitrile)(2,2-bipyridine)[1,1-bis(3 -methyl-inidazol-2"-
Ylidene)methylene]ruthenium(Il) dibexaflunorophosphate (9a) as determined via NMR analysis, the carbon

atoms have been numbered to ease the discussion of the structure elucidation.

First, the coordination of 2,2 -bipyridine to the metal center was assessed by the high-field shift of all
signals compared to the free ligand, the most distinctive signal related to hydrogens H2 and H11
shifting from 8.56 ppm to 9.20 ppm. Similarly, although the coordination of 7,7-bis(3 -methyl-
imidazolinm)methylene diiodide was already known from the study on the precursor reactivity, the

presence of a ruthenium-carbene bond was observed at the 13C NMR with a peak falling at 183 ppm,
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the characteristic region of coordinated NHCs!3, The 'H-3C HMBC spectra confirmed that the
signal belonged to carbons C15 and C17, as the trough-bond correlation from the signal relates to all

the relevant imidazole moiety protons (Figure 32).
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Figure 32 - A section of the acquired '"H-'3C HMBC of the #rans-(diacetonitrile) (2,2 -bipyridine)[1,1-bis(3 -
methyl-imidazol-2"-ylidene)methylene[rutheninm(Il) ~ dibexafluorophosphate (9a) complex, highlighting the

correlations between C15, C17 and the related protons.

The signals identified from the two chelating ligands also let us determine the complex's geometry
since, in the '"H NMR spectra, the number of signals observed changes based on the complex
symmetry. As both the 2,2-bipyridine and [1,1-bis(3 -methylimidazole-2"-ylidene)methylene] moieties signals
retain their symmetry in the final product, like in the free ligand, the #rans complex has formed. Taking
as an example 2,2"-bipyridine, if the final complex had been the ¢s-product, then eight different signals
would have arisen in the 'H NMR spectra from 2,2%-bipyridine’s two heteroaromatic rings, as they
would have experienced a different coordination sphere and #ans effect with respect to each other.
In contrast, only four signals are observed as in the free ligand, meaning the ligands in the relative
trans position are equal. The same applies when reasoning on the 7,7-bis(3 -methylimidazole-2"-
ylidene)methylene moiety.

Interestingly, when integrating the signal originating from the -CHs moiety of .ACN against the other
signals from the target compound, the integration accounts for only one coordinated ACN molecule.
This evidence could suggest that the complex is mono-cationic instead of di-cationic, with a halide
ligand coordinated to the metal center. However, exchange with the deuterated solvent could also
have occurred since the spectra were acquired in deuterated ACN due to solubility.’3* The latter
proved the case, as acquiring the same spectra in deuterated acetone or DCM gave rise to two singlets
ascribed to ACN -CH; groups. Moreover, in a more coordinating solvent the chemical shift of the
second ACN molecule drifts closer to the free ACN chemical shift suggesting an exchange regime is

occurring with the water traces or the solvent itself (Figure 33).
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Figure 33 - Three 'H NMR spectra of trans-(diacetonitrile)(2,2 -bipyridine)[1,1-Bis(3 -methyl-imidazol-2"-
lidene)methylenefrutheninm(1l) dibexafluorophosphate (9a) acquired in different deuterated solvents: ACN
(above), acetone (center), and DCM (below).

The effect of the counterion on the ligands' chemical shift was tested in situ by adding 4 eq of
different silver salts to a deuterated acetone solution containing 10 mg of #rans-(diacetonitrile)(2,2 -
bipyridine)[1,1-Bis(3 -methyl-imidazol-1 -ylidene)methylene Jruthenium(1l) - ditetraphenylborate (9b). Immediate
flocculation of silver tetraphenylborate was always observed. The experiment produced four '"H NMR
spectra of the complex with four different counterions: trifluoroacetate, hexafluorophosphate,

trifluoromethanesulfonate, and tetraphenylborate (Figure 34).
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Figure 34 - The acquired spectra of #rans-(diacetonitrile)(2,2 -bipyridine)[1,1-Bis(3 -methyl-inidazol-1 -
ylidene)methylene]ruthenium(1l) ditetraphenylborate (9b) (10 mg) after the addition of 4 eq of a silver salt,
from top to bottom: AgTFA, AgPFs, AgOTT, and no silver salt. Solvent: deuterated acetone (500 uL).

The ACN peaks structure did not change significantly to suggest that the anion is involved in an
exchange equilibrium, as highlighted by the yellow bars in the low field region (Figure 34). The -CHo»-
bridging the two bis-carbene moieties, highlighted in yellow in the upfield region (Figure 34), is
instead affected in multiplicity. More coordinating anions differentiate the two protons generating
two doublets, implying a possible exchange with coordinated ~ACN. From the available NMR

experimental data, we conclude that the complex's apically coordinated ACN molecules are in
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dynamic equilibrium with water traces in the deuterated solvent and with slightly coordinating
counterions.
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Scheme 13 - The optimized ome-pot process for the synthesis of frans-(diacetonitrile) (2,2 -bipyridine)[1,1-
Bis(3 -methyl-imidazol-2 -ylidene)methylene] ruthenium(1l) dibexafluorophosphate (9a).



2.6 Synthesis of cis-Ru(ACN)2(b(MI)M)(Bipy)(PFs)2

Since trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-2 -ylidene)methylene Jruthenium(I1)
dibexaflnorophosphate was obtained, attempts were made to obtain also cis-(diacetonitrile)(2,2 -
bipyridine)[1,1-Bis(3 -methyl-imidazol-2 -ylidene)methylene]ruthenium(ll) dibexafluorophosphate, as depicted in
Scheme 14.
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Scheme 14 - Isomerization reaction of trans-(diacetonitrile) (2,2 -bipyridine)|1,1-Bis(3 -methyl-imidazol-2"-
Ylidene)methylene]rutheninm(1l) dibexaflnorophosphate (9a) to cis-(diacetonitrile)(2,2-bipyridine)[1,1-Bis(3 -methy/-
imidazol-2 ~ylidene)methylenerutheninm(11) dibexafluorophosphate (10a).

The frans-product, i.e., the one featuring two #rans acetonitriles, is the kinetic product as the carbene
projects a strong frans effect increasing the dissociation constant of the #ans ligands, which are more
liable and easily undergo substitution with 2,2>bipyridine. Given this assumption, the thermodynamic
czs-product could technically be obtained via the isomerization reaction of the #rans-product. This
process is known to proceed thermally, but that does not apply to all complexes as side reactions
leading to complex decomposition or unintended products may occur before the isomerization.
Different mechanisms have been proposed for #rans to cis thermal isomerization of complexes over
the decades. However, since the synthesized complexes feature the solvent in the coordination
sphere, i.e., they are solvent-derived complexes, we assumed that the mechanism follows ACN
temporary displacement, ending in the 2,2-bipyridine rearrangement. Following this strategy, thermic
isomerization was initially carried out in ACN at reflux, leaving the frans-complex (120 mg, 0.20
mmol) reacting for 3 days, resulting in 30% isomerization as determined via 'H NMR spectroscopy.
After drying the solution and switching to sopropano/ as a solvent, the reaction reached completion 3
days later. Since the two solvents have similar boiling points, we assumed that the reaction was not
accelerated by temperature but rather slowed by the .ACIN mass effect, which is probably driven by
bounded ACN dissociation. As unidentified side-products were observed, flash column
chromatography was carried out to isolate the pure product, which consisted of neutral deactivated
alumina for the stationary phase and acetone as eluent. After the first product isolation, the process
was optimized to avoid the lengthy purification step. Since ACN should be preferred over alcohols
to prevent decomposition, the reaction should be carried out inside a pressure tube to increase the
isomerization rate by raising the reaction temperature. Hence, 120mg (0.20 mmol) of the #ans

complex were placed in a pressure tube, dissolved in ACN, and placed at 120°C for 2 days resulting

37



in total conversion to the cs-product, which was later isolated via subsequent recrystallizations in

methanol-diethylether 2:1 (80% yield).

Similarly to the #rans-complex, the isolated ¢is-(diacetonitrile) (2,2 -bipyridine)[1,1-Bis(3 -methyl-imidazol-2 -

ylidene)methylene]ruthenium(Il) dibexafluorophosphate (10a) (Figure 35) structure was determined using the
1H, 13C, 1F, 3P, 1H-13C HSQC, 'H-*C HMBC, H-15N HMBC and 'H-'"H NOESY NMR methods

(Section 4.8).

Figure 35 - The

structure

of

2 PFg

cis-(diacetonitrile) (2,2 -bipyridine)[1,1-Bis(3 -methyl-inridazol-2 -

ylidene)methylene]ruthenium(Il) dibexafluorophosphate (10a) as determined via NMR analysis, the carbon

atoms have been numbered to ease the discussion of the structure elucidation.

The general structure of the complex was initially determined via 'H NMR spectroscopy. Indeed, as

discussed before, the loss of symmetry from the ¢s-complex to the #rans-complex doubles the signals

from the ligands as each pyridine and imidazole moiety expetiences a different chemical environment

(Figure 30).
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the '"H NMR spectra of the #uans (above) and ¢s (below)

(diacetonitrile) (2,2 -bipyridine)[1,1-Bis(3 -methyl-imidazol-2 -ylidene)methylene [ruthenium(11)dibexafluorophosphate

(9a,10a) complexes, highlighting the symmetry loss of the cis complex as the 2,2-bipyridine signals

(vellow) and the /7,7-Bis(3 “methyl-imidazol-2 -ylidene)methylene] signals (blue) doubles.
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The same conclusion was inferred from the 'H-BC HSQC and 'H-13C HMBC spectra. A fragment
of the 'H-3C HMBC has been reported in (Figure 37), highlighting the correlation between the

carbenes at C22 and C23 and the related protons in each imidazole moiety.
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Figure 37 - A section of the acquired 'H-3C HMBC of the cis-(diacetonitrile) (2,2 -bipyridine)[1,1-Bis(3 -
methyl-imidazol-2"-ylidene)methylene [rutheninm(1l)  dibexaflnorophosphate (10a) complex, highlighting the

correlations between C22, C23 and the related protons.

As for the trans-complex, the coordinated ACN does not integrate correctly with the other molecule
signals due to exchange with the deuterated solvent. Moreover, the ACN signal accounts for 1.8
nuclides compared to 3.0 nuclides in the #rans-complex spectrum, suggesting that 4ACN is more liable

in the cs-complex.
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2.7 Expansion of the ligand scope

A broad ligand scope is essential for fine-tuning complex reactivity, such as improving catalytic
performances. Following the synthetic protocol developed for the 2,2-bipyridine complexes, 2-
picolylamine and 1,2-ethylenediamine were introduced as new ligands (Scheme 15). The synthesis did not
require any adaptation, and the #ans-complexes (11-12) were obtained with consistent yields (Sections

4.7 and 4.8). The related ¢s-complexes have not been obtained for all compounds yet.
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Scheme 15 — Addition of LL-type ligands to ‘tetrakis(acetonitrile)/1,1-bis(3 -methylimidazole-2"-

lidene)methylene] rutheninm(1l) dihalide, producing the corresponding trans-complexes.

The coordination of bis(phosphine) ligands to the zerrakis(acetonitrile)/1,1-bis(3 -methylinidazole-2 -
ylidene)methylenefrutheninm(Il) dibalide (4x) complex proved instead more challenging. The addition of
1,3-bis(diphenylphosphino)propane (124 mg, 0.3 mmol) to the reactive ACN mixture containing the
ruthenium(Il) bisMNHC) intermediate (220 mg, 0.30 mmol) resulted in a mixture of products. The
NMR spectrum of the reactions’ crude indicated the bis(phosphine) successful coordination, but the
broad peaks in the aromatic region suggested the presence of polynuclear ruthenium(lIl) species,
bridged by the newly introduced ligand. The target compound, #rans-[1,1-bis(3 -methylimidazol-1"
Ylidene)methylene] [1,3-bis(diphenylphosphino)propane] (diacetonitrile) rutheninm(1l) dibexafluorophosphate (13)
was isolated upon purification via flash column chromatography, eluted with DCM over neutral
deactivated alumina. After removing the solvent, the product was obtained as a pale-yellow powder
(30 % yield) and fully characterized via NMR spectroscopy (Section 4.11). The alleged polynuclear
species were collected after changing the mobile phase of the column to ACN, and their nature was
inquired via NMR spectroscopy (40% approx. yield). Further attempts to coordinate bis(phosphine)
ligands were conducted employing 7,2-bis(diphenylphosphino)ethane and 1,4-bis(diphenylphosphino)butane,
which did not yield the desired mononuclear product. These results suggested that, while the
mononuclear product is obtainable, only the coordination compound originating from 7,3-
bis(diphenylphosphino)propane can be obtained under these conditions, as forming a six-membered ring
structure drives the coordination process. To kinetically limit the formation of multinuclear species,
the bis(diphenylphosphino)propane addition was carried out at -10°C, leaving the mixture reacting
till RT was reached. Under such conditions, the mononuclear complexes formed selectively, and no
column chromatography was required to isolate the product which was precipitated with water (8 mL)
and washed with diethy/ ether (3 x 5 mL) after reducing the mixture in volume (70 % yield). The #rans-
[1,1-bis(3 -methylimidazol-1-ylidene)methylene] [1,3-bis (diphenylphosphino Jpropane] (diacetonitrile) rutheninm(11)

dibexaflnorophosphate (13) (150 mg, 0.1 mmol) was isomerized to the corresponding cs-complex in
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ACN (10 mL) at reflux. The reaction was monitored via 3'P NMR spectroscopy, which slowly

reached completion after 15 days (Scheme 16).
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Scheme 16 - The thermal isomerization of #rans-/1,1-bis(3 -methylimidazol-1-ylidene)methylene][1,3-
bis(diphenylphosphino)propane| (diacetonitrile)rutheninm(Il)  dibexafluorophosphate ~ (13)  to  cs-[1,1-bis(3
methylimidazol-1-ylidene)methylene] — [1,3-bis(diphenylphosphino)propane] — (diacetonitrile) — ruthenium(1l)
dihexaflnorophosphate (14) (Left).
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2.8 Catalytic application in transfer hydrogenation reactions

The transfer hydrogenation (TH) reaction is a critical chemical transformation for improving the
synthetic utility of alcohols, belonging to the broader field of hydrogenation processes (Section 1.3).
In contrast to direct hydrogenations, TH involves reducing a substrate by hydrogen addition from
sources other than molecular hydrogen. In the most common example, a ketone is reduced at the
expense of a cheaper alcohol, and, typically, 2-propano/ is used as the reducing agent as it is available,
non-toxic, and environmentally friendly. Moreover, given the low boiling point, the acetone formed
as a byproduct can be easily removed from the reaction mixture. Formiate salts are also employed as

reducing agents since they oxidize, producing carbon dioxide.
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Scheme 17 — Example of transfer hydrogenation reactions involving the reduction of a ketone with
2-propanol. On top of the equilibrium arrows, the proposed transition state according to the Meerwein,

Ponndorf, and Verley (MVP) mechanism.

The first TH reaction was reported in 1925 by Meerwein, 3> Ponndorf,'36 and Vetley (MVP) and is
driven by the addition of a stoichiometric amount of aluminum alkoxides. Despite the disadvantage
of the stoichiometric process, the MVP reduction found industrial applications in the synthesis of
fine chemicals and in the fragrance industry.”” Since the discovery of TH, other promoters have been
discovered, and a considerable effort has been applied to develop a catalytic process. In the 1960s,
the first late-transition metal complex was used as a catalyst for MPV reduction, and by the 1970s,
the #riphenyiphosphine dichloro ruthenium(1l) complex was employed in the reduction of o,3-unsaturated
ketones.!?” The turning point was reached in the 1990s with the discovery that catalytic amounts of
base enhanced the reaction rate by a factor of 103 - 10413 and shortly after, by the development of
the asymmetric TH.?192139 Current state-of-the-art catalysts display turnover frequencies (TOF) in
the order of 105 h-1.140.141 Notable examples include the catalyst Yu developed, reaching a TOF of
114 000 h'in the reduction of acetophenone.!#? Similarly, Kithn reported a slightly higher TOF of
140,000 h! under the same conditions,'*® a value further improved to 500,000 h! with a recently

developed catalyst.!4
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Yu et al., 2012 Baratta et al., 2016 Kuhn et al., 2022
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Figure 38 — The structure of prominent current state-of-the-art TH catalysts.

The continuous improvement in catalyst design proved crucial to achieving low catalyst loading and
high reactivity, and since different reaction mechanisms are possible for TH, structurally diversified
catalysts were conceived to leverage different strategies in driving the reaction. Aside from the MVP
mechanism, which still finds some examples in modern catalyzed TH reactions, all the other proposed
mechanisms involve the formation of ruthenium(II) hydrides. These ruthenium(Il) hydride species
are generally generated via 3-hydride elimination after a hydride source coordinates with the metal
complex. Once the reactive ruthenium(Il) hydride is formed, the reaction commonly proceeds via
three possible mechanisms: 1) the inner-sphere monohydride mechanism, 2) the outer-sphere ligand-
assisted mechanism, and 3) the inner-sphere dihydride mechanism (Figure 39).8%8 Conventionally,
catalysts exploiting the outer sphere ligand-assisted mechanism outperform others following the
inner-sphere mechanism. However, the recent examples reported by Kithn considerably narrowed

the reactivity gap.
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Figure 39 — The TH reaction has different possible reaction mechanisms, and here, four examples
of the key reaction steps involving the hydride transfer have been reported. From left to right, 1)

inner sphere, 2) inner sphere ligand assisted, 2) outer sphere, 3) outer sphere ligand assisted.

The reduction of acetophenone is a standard benchmark reaction for the catalytic TH, and
correspondingly, it was chosen to evaluate the catalytic performances of the synthesized complexes.
The reaction conditions were selected based on previously published work and have been reported
in Sections 4.21 and 4.21, alongside an accurate description of how reagents were processed prior to

use (Scheme 18).
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Scheme 18 — Reaction scheme summarizing the reaction conditions employed in the catalytic TH of

acetophenone.

Before effectively testing the catalysts, a control reaction in their absence was performed to define
baseline reactivity. Acetophenone (117 ul, 0.1 mmol) was placed at reflux in 2-propano/ (10 mL), and
sodium isopropoxiide (200 ul,, 0.1 M) was added to the solution. After five days, the reaction was
incomplete, with the solution turning pale brown from colorless. Nevertheless, no side products were
detected via '"H NMR spectroscopy, and the conversion of acetophenone to 1-phenylethanol accounted
for 80%. Performing the same reaction under non-inert conditions did not yield different results. In
order to evaluate the catalyst performance, the TOF value was calculated for each reaction, defined
as the conversion per mole of catalyst per hour at 50% conversion. The results have been reported

in Table 2.

Table 2 — Summary of the catalytic results obtained by testing the synthesized catalysts in the TH

reaction (the reaction protocol is disclosed in Section 4.22).

Complex Temperature | Catalyst loading | TOF | Conversion | Time
[Codename] [°C] [70] [h-17 | [%] [h]
trans-Ru(bisNHC) (Bipy) (ACN)2(PFG), (9a) 90 0.1 4286 | 95 2
trans-Ru(bisNHC) (AMPY)(ACN)»(PE6), (11) | 90 0.1 2000 | 99 3
trans-Ru(bisNHC) (EN)(ACN),(PF6)2 (12) 90 0.1 1000 | 90 24
trans-Ru(bisNHC) (dppp) (ACN)2(PF6), (13) | 90 0.1 100 |95 8
cis-Ru(bisNHC) (Bipy) (ACN)»(PF6), (10) 90 0.1 50000 | 90 24
cis-Ru(bisNHC) (dppp) (ACN).(PF6), (14) 90 0.1 2000 | 95 8
cis-Ru(bisNHC) (Bipy) (ACN)»(PF6), (10) 90 0.01 1000 | 50 2
White 90 0.1 10 80 128

The first set of catalytic tests was conducted with the #rans-complexes. All reactions reached total
conversion within 24 h, with the 2,2"-bipyridine complex displaying the highest TOF at 4286h-1. This

is an unexpected result, as the complexes bearing amino groups are commonly acknowledged to
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significantly improve the reactivity in TH by taking advantage of the outer sphere ligand-assisted
mechanism. The catalytic tests were repeated using the two available cs-complexes. The TOF
considerably improved for both the bis(phosphine) and 2,2*-bipyridine complexes. The TOF's one-
fold increase for both catalysts suggests that the ¢s-complex is more reactive, as one would expect if
the reaction follows the inner-sphere mechanism. Moreover, the experimental results highlight that
the isomerization reaction between the eis-kinetic and #ans-thermodynamic isomers does not
appreciably take place under catalytic conditions. The cis-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-
imidazol-2 -ylidene)methylene] rutheninm(Il) dibexafluorophosphate (10a) is very active in the TH reaction
when compared to the few available examples of complexes bearing similar bisINHC) ligands
(Section 1.4). A direct comparison is not trivial as the authors did not calculate a TOF values, but
limited to report the time when the reaction reached completion. In general, piano-stool
ruthenium(Il) complexes featuring bisqONHC) ligands have exhibited either inactivity or required
several hours to achieve reaction completion.%132 Another category of ruthenium(Il) catalysts,
employing distinct bis(NHC) ligands as developed by Xue et al., has demonstrated higher reactivity.'?2
However, even the fastest catalyst operating under similar reaction conditions requires more than 40
minutes to reach completion, against our 2,2-bipyridine catalysts which requires less than 20 minutes.
Notably, the conversion is limited to 91% of the initial acetophenone, while our catalysts achieve
conversions of up to 99% In conclusion, the cis-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-
2’ylidene)methylene] rutheninm(ll) dibexafluorophosphate (10a) is the most active complex in the TH
reactions among the tested catalysts, and, to the best of our knowledge, the fastest ruthenium(II)

complex bearing bis(NHC) a ligand in TH.
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2.9 Catalytic application in direct C-H arylation

Chemical transformations involving the formation of novel carbon-carbon bonds, also known as C-
C coupling reactions, are critical for synthesizing complex molecules. Conducting reactions within
this specific class utilizing ruthenium(Il) complexes as catalysts poses considerable challenges due to
the unique electronic configuration of the metal, as these complexes are usually characterized by an
octahedral geometry and a low spin d¢ configuration.!*> The complexes thus feature a low-lying set
of fully occupied #2, orbitals and a higher-lying set of empty ¢, orbitals, increasing stability and
accounting for the unreactive nature. In recent years, innovative reaction protocols have emerged for
direct arylation reactions, leading to the synthesis of bi-aryls through the application of ruthenium(II)
complexes.!#5:146.147 These protocols are strategically designed to incorporate a directing group within
the substrate, facilitating its coordination with the metal. The utilization of a directing group in the
direct arylation not only enhances selectivity but also enables the late-stage functionalization of
complex molecules, thereby improving the overall atom economy.'* A common approach in
synthesizing bi-aryl compounds involves employing substrates with amino branches capable of
coordinating with the metal. This coordination induces C-H activation through cyclometallation,
activating the metal complex for subsequent oxidative addition with an aryl halide. The resulting
transient species undergo reductive elimination, forming the desired bi-aryl compound (Scheme

19).148

[Ru(I] Y

Cyclometallation

Oxidative addition @
.—X

Scheme 19 — General reaction mechanism of the ruthenium(Il) catalyzed C-H arylation. A more

detailed version is proposed for the present work in Section 4.23.

Different research groups have documented various examples of catalysts promoting these reactions.
Broadly, two classes of ruthenium(Il) complexes have been recognized as effective catalysts for this
process: 1) ruthenium(Il) piano stool complexes and 2) ruthenium(ll) organonitrile complexes

(Figure 40). 147-154
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Figure 40 - Examples of current state-of-the-art catalysts for the arylation of C-H bonds.

In this regard, the dicationic zetrakis(acetonitrile)[1,1-Bis(3 -methylimidazol-1 -ylidene) methylene] ruthenium(11)
dibexcafluorophosphate (4x) complex early presented (Section 2.3) is an ideal candidate as a catalyst to
employ in the direct C-H arylation reaction. The dicationic nature of the complex should promote
cyclometallation, which, alongside the inherent strong o-donor character of the bis(NHC) ligand,
should produce an electron-rich complex capable of undergoing oxidative addition. This hypothesis
was tested by probing the reactivity of zetrakis(acetonitrile)[1,1-Bis(3 -methylimidazol-1-ylidene) methylene]
rutheninm(1l) dibexaflnorophosphate (4x) in the direct C-H arylation of 2-phenylpyridine using ijodobenzene
(Scheme 20).

Under argon O O

| KOAc 0.3 eq
2N K,CO3 2 eq N N O O N O
+ — > + +
NMP, 100°C
1eq 2eq <1 % 1% 98%
Scheme 20 — The general reaction scheme of the direct C-H arylation of 2-phenylpyridine with
todobenzene. The general reaction conditions employed to achieve reaction completion have been

summarized in the scheme. Notice that the monoarylated compound was not detected, if not as a

trace.

The compound 2-phenylpyridine was selected as a substrate due to the pyridine fragment's effective
directing properties in facilitating the reaction's cyclometallation step, while dodobenzene was chosen as
a substrate because it lacks activation towards oxidative addition. The reactivity test was conducted

following common reaction conditions reported in the literature, summarized in Table 3.
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Table 3 - Summary of the conducted catalytic tests. The ratio between 2-phenylpyridine and iodobenzene
was varied according to the table (Column 3). The acetate was added relative to 2-phenylpyridine moles,

and 3 eq of potassium carbonate were always added. Further information is available in Section 4.23.

Entry | Catalyst loading | Ar/ArX | Temperature | KOAc | Yield | Time
fum] (%] fratio] °C] el | (4 | [l
1 10.0 1:1 35 0.30 8 24
2 10.0 1:1 120 0.30 50 36
3 10.0 1:2 120 0.30 99 24
4 10.0 1:2 70 0.30 40 36
5 2.5 1:2 100 0.30 97 12
6 2.5 1:2 100 0.03 7 24
7 25 1:2 100 1.00 22 24
8 2.0 1:2 100 0.30 98 12
9 1.0 1:2 100 0.30 35 12

The initial reactivity trials were conducted at 35°C with a stoichiometric amount of reagents, aiming
to assess selectivity. At this temperature and with a 10% catalyst loading, the reaction exhibited limited
conversion, and no observable progress occurred. Subsequently, the experiment was repeated at
120°C with the same loading, leading to the complete consumption of Zodobenzene. Notably, the
reaction displayed selectivity towards the diarylated compound, as no monoarylated product was
detected via NMR spectroscopy. This suggests that either the intermediate monoarylated product
does not undergo cleavage after the initial arylation or, if it does, the local molar concentration
prevents competition with unsubstituted 2-phenylpyridine. Recognizing the inaccessibility of the
monoarylated product under these conditions, the substrate ratio was increased, resulting in the total
conversion of 2-phenylpyridine to 2-[(2',6 -diphenyl)phenyljpyridine and yielding a satisfactory 98% yield
under the same reaction conditions. The product was isolated for NMR characterization through
flash column chromatography. The reaction crude was diluted with a 9:1 mixture of pentane and ethy/
acetate and charged as a liquid in the column. NMP eluted in the head fraction, while the product, 2-
[(2",6 -diphenyl)phenyllpyridine Re = 0.60), was isolated after collecting 2-phenylpyridine traces (Re = 0.05).
Moreover, a tentative trial was carried out to isolate a cyclometallated intermediate. Unfortunately,
placing the ruthenium(ll) complex alongside 2-phenylpyridine in deuterated acetone at reflux and in
presence of potassium acetate did not yield the desired complex. Concluding the catalytic tests, a
successful reduction in catalyst loading from 10% to 2% at a temperature of 100°C was achieved,
leading to complete conversion within less than 12 hours. However, further reduction in the loading
resulted in an incomplete reaction. Upon comparison with literature results, fefrakis(acetonitrile)/1,1-
Bis(3 -methylimidazol-1-ylidene)methylene] ruthenium(ll) dibexafluorophosphate (4x) is placed among the
fastest.!¥7-154 Notably, despite the elevated operating temperature, the catalyst demonstrates

remarkable efficiency with a relatively low loading, in contrast to numerous examples found in the
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literature that typically range from 2.5% to 10%. The catalytic process achieves completion in less
than 12 h, a noteworthy improvement when compared to the average of 24 h reported in the
literature. It is worth highlighting that the fastest-known catalyst, developed by Larrosa et al., to the
best of the authot's knowledge, accomplishes the same reaction in under 6 h at 35°C with comparable

loadings.146.157
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2.10 Design, synthesis, and coordination of a novel bis(triazole)

ligand

In the present work, the leading synthetic effort was focused on introducing different bidentate
ligands to the fetrakis(acetonitrile)[1,1-bis(3 -methylimidazol-2 -ylidene)methylene]rutheninm(1l) dibalide (4x)
complex while keeping the same bis(imidazolium) as bis(NHC) precursor in all the syntheses. As
stated in the introduction (Section 1.2), expanding the bis(NHC) ligand scope is challenging due to
the concerted effects of the wingtip's steric hindrance and bridge length on the complex geometry.
The (7,5-cyclooctadiene)(dichloro)rutheninm(Il) polymer (T) and the related organonitrile complexes may
accommodate more sterically demanding bis(NHC) ligands when compared to less reactive and
sterically hindered ruthenium(Il) systems. However, it might come at the cost of complicating further
functionalization processes. Within this context, we sought the development of a new bis(NHC)
ligand that should feature 1) increased steric bulkiness without affecting the other complex
coordination sites and 2) increased o-donors capabilities. Mesoionic carbenes, in particular 1,2,3-
triazoles, are well-suited for this purpose, as they possess the optimal geometry to accommodate
bulky wingtip substituents without directly interfering with other ligands in the trans position, and
they are stronger o-donors than nNHCs. Numerous synthetic routes for 1-substituted-1,2,3-triazoles
and their coordination with various transition metal compounds are well-documented in the
literature. However, to the best of our knowledge, there are no reported examples of N-bridged
bis(1,2,3-triazolium) salts. A widely used strategy for accessing 1-substituted-1,2,3-triazoles consists
of synthesizing aryl azides from the corresponding substituted anilines and, subsequently, performing
a coppet-catalyzed azide-alkyne cycloaddition (CuAAC, Scheme 21) with an alkyne. In this synthetic
pathway, it is noteworthy that the steric hindrance of the aryl azide has a significant impact on the
CuAAC reaction. As a result, we have opted for mesitylamine as the starting material, a compromise

between the bulky 2,6-diisopropylaniline, and the more explosive phenylazide, as per the rule of six.!58

tBUONO + TMS—Nj
TMS—=

1) ACN dry, tBUONO, -10°C, 30 min
2) TMS-N3 -10 to 25°C, 2h
3) Column chromatography

1) CuSOy4, Sodium ascorbate,
H,0/MeOH, 25 °C, 9 d

2) H,O/EtOAc base extraction

3) MeOH, K,COg3, 9d

4) H,O/Et,0 extraction

F30\S//O O\\S/ca

SACTN A

Yolgol A
N ~ °N

1) DCM, 0°C to RT
2) Dried*

N\ _Z

A
} ZzZ-z

n
FyC-§-0"
0

Scheme 21 — Synthetic route to access 71,7-bis(1 -mesityl-1’,2",3 ~triazolium)  methylene

ditrifluromethanesulfonate from mesitylamine as starting material.
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Hence, following the established literature procedure, the synthesis of 7-mesityl-1,2,3-triazole was
successfully accomplished. However, a new protocol was required to produce the corresponding
bis(triazolium) salt. The primary challenge in linking two triazoles lies in the fact that triazoles exhibit
lower nucleophilicity when compared to imidazoles. As a result, achieving a successful nucleophilic
substitution with alkyl dihalides would require harsh conditions to activate the substrate. Preliminary
experiments were conducted by reacting 7-mesityl-1,2,3-triazole (320 mg, 1.8 mmol) with diiodomethane
ot 1,3-dibromopropane in THF (15 mL) within a pressute tube at 120°C. Unfortunately, this initial
attempt did not yield the desired product, suggesting the need for a more suitable leaving group.
Following precedents in the literature, the same reaction was repeated using methylenebistriflate (267
mg, 0.9 mmol) in DCM (15 mL). This modification led to the formation of the desired product, 7,7-
bis(1 -mesityl-1',2",3 -triazolinm) methylene ditrifluromethanesulfonate, which was subsequently isolated by
solvent removal. The new compound was characterized via NMR spectroscopy (Section 4.16). The

heterocycles -CH bonds are considerably acidic compared to bis(imidazolium) salts, as confirmed by

the considerable downfield shift (Figure 41).
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Figure 41 - A fragment of the 'H NMR spectrum of 7,7-bis(1 -mesityl-1",2",3 -triazolinm) methylene
ditrifluromethanesulfonate showing the signal in the aromatic region (CD2C/). The peaks on the left side
have been assigned to the 1,2,3-triazole -CH moieties, while the remaining two have been assigned

respectively to the methylene bridge and the mesitylene aromatic signals.

The methylene -CH»- bridge signal’s chemical shift falls at 7.62 ppm, while the same signal in standard
bis(imidazolium) salts falls at around 6.20 ppm. Moreover, the signal is broader, signaling that some
form of chemical exchange may be taking place, and the increased acidity of this proton raises

concerns about the stability of the ligand under basic conditions.

51



The ligand's practical capability of coordinating to a metal center was inquired in the synthesis of

ruthenium(Il) complexes, following the developed reaction protocol (Scheme 22).
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Scheme 22 — The synthesis of #rans-(diacetonitrile) (2,2-bipyridine) [1,1-Bis(3 -mesytil-1’,2,3 -triazol-5-
Ylidene)methylene] rutheninm(1l) dibexaflnorophosphate (16).

A mixture containing (7,5-cycloctadiene) dichloro rutheninm(Il) polymer (T) (84 mg, 0.30 mmol), 7,7-bis(1 -
mesityl-1°,2°, 3 -triazolinm) methylene ditrifluromethanesulfonate (220 mg, 0.30 mmol), TEA (200 uL, 1.50
mmol) and ACN (4 mL) was left reacting for 48h. The formation of fetrakis(acetonitrile)/1,1-Bis(3 -
mesytil-1°,2°, 3 -triazol-5 -ylidene)methylene Jrutheninm(11) ditrifluoromethanesulfonate (15) was witnessed via 'H
NMR spectroscopy, by the disappearance of the bis(triazolium) salt most acidic proton. Subsequently,
the addition of 2,2>bipyridine (46 mg, 0.3 mmol) and potassium hexafluorophosphate (110 mg, 1.20 mmol)
to resulted in the formation of #rans-(diacetonitrile) (2,2°-bipyridine) [1,1-Bis(3 -mesytil-1',2",3 -triazol-5"-
ylidene)methylene]  rutheninm(Il) dibexafluorophosphate (16) (70% yield). The isolated complex was
extensively characterized using NMR spectroscopy (Section 4.17). The presence of a ruthenium-
carbene bond was confirmed through the observation of a distinctive peak at 177 ppm in the 13C
NMR spectrum. Notably, the chemical shift of this signal appears more upfield compared to
previously reported metal-coordinated triazoles, suggesting that the new ligand has a weaker o-donor
character. Furthermore, when compared to the closely related frans-(diacetonitrile) (2,2°-bipyridine) [1,1-
Bis(3 “methyl-imidazol-2 -ylidene)methylene] rutheninm(11) dibexafluorophosphate (9a), where the carbene signal
is observed at 184 ppm, it becomes apparent that the metal center in the newly formed complex is
relatively electron-deficient. This observation is supported by the shift in the chemical shift of the
coordinated 2,2-bipyridine ligand, which shifted from 9.05 ppm in the bis(imidazole) complex to 9.42

ppm in the bis(triazole) complex.

52



3 CONCLUSIONS AND OUTLOOK

A novel synthetic pathway was developed to synthesize dicationic organonitrile ruthenium(lI)
complexes featuring bis(NHC) ligands, of which few examples exist in the literature. To assess the
accessibility of these compounds, a preliminary investigation was conducted involving screening
reactions, which highlighted the non-trivial nature of coordinating bisqINHC) ligands to common
ruthenium(Il) precursors. Starting from the complex (p-gymene)(dichloro)rutheninm(1l) dimer (7), a
synthetic route was established to vyield the tetrakis(acetonitrile) [1,1-Bis(3 -methyl-imidazol-1 -
ylidene)methylene] ruthenium(11) ditetrafluoroborate (4a) complex. This organonitrile complex exhibited high
reactivity towards nucleophilic substitution of the weakly bound ACN ligands, even under mild
conditions, enabling further functionalization with LL-type ligands. However, substituting the
remaining ACN ligands posed a more significant challenge, necessitating the use of harsher
conditions, likely due to a sluggish isomerization process. Decided that the organonitrile complex
could be an ideal platform for catalyst development, a novel synthetic method was designed to obtain
the closely related ‘zetrakis(acetonitrile)  [1,1-Bis(3 -methyl-imidazol-1-ylidene)methylene]  ruthenium(11)
dibexaflnorophosphate (4b) complex. The new protocol involves starting from the alicyclic (7,5-
eyclooctadiene)(dichloroJrutheninm(Il) polymer (T) and leveraging on cyclooctadiene’s lability. Furthermore,
the role of the base was investigated, revealing that TFE.A plays an active role by coordinating with
the metal center and acting as an internal base, effectively driving the reaction. The ACN also plays
a crucial role both as solvent and ligand, stabilizing the reactive intermediates, while keeping the
coordination sites of the metal accessible by being involved in a dynamic equilibrium with the other
reagents. To investigate the reactivity of fefrakis(acetonitrile) [1,1-Bis(3 -methyl-imidazol-1 -ylidene) methylene]
ruthenium(1l) dibexafluorophosphate (4b), we synthesized four organonitrile complexes using 2,2*-
bipyridine, 2-picolylamine, 1,2-ethylenediamine, and 1,3-bis(diphenylphosphino)propane as ligands. Subsequently,
we achieved the transformation from kinetic trans products to thermodynamic cis products in the
complexes involving 2,2-bipyridine and 1,3-bis(diphenylphosphino)propane ligands through a thermal
isomerization reaction. Overall the processes demonstrated high favorability, yielding an average final

yield of 75% for the trans products, and 60% for the cis products.

All of the synthesized complexes were subjected to testing in the TH reaction, and, with the exception
of  cdis-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -ylidene) methylene] rutheninm(11)
dibexcaflnorophosphate (10a), the compounds exhibited comparatively lower performance against state-
of-the-art catalysts. Despite being in the eatly stages of development, the maximum TOF of 50,000
h-! achieved with the cis 2,2’-bipyridine complex stands as a remarkable outcome. Notably, within
the pool of reported ruthenium(Il) complexes featuring bis(NHC) ligands, this complex

demonstrates exceptional speed, marking it as one of the fastest known.
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In conclusion, this study concerned the synthesis of novel ruthenium(Il) bis®™NHC) organonitrile
complexes and highlights their accessibility with the development of an efficient reaction protocol
that relies on commercially available compounds. Additionally, the highly reactive nature of the
tetrakis(acetonitrile) [1,1-Bis(3 -methyl-imidazol-1 -ylidene)methylene] ruthenium(1l) dibexafluorophosphate (4b)
complex is of particular interest, as, due to its exceptional reactivity, the complex may serve as a
promising chemical platform for developing new branches of ruthenium(ll) coordination
compounds. In this regard, the early stage of development of these complexes opens several
promising directions for future research. From the synthetic point of view, the ligand scope is
currently limited to bidentate L-type ligands, and its expansion could prove essential in widening the
catalytic applications of these species. For instance, introducing cyclometallated ligands would reduce
the complex’s formal charge. Furthermore, considering the ligand environment, replacing the weakly
bound ACN with anionic ligands, such as halides or bidentate acetate, may enhance the stability of
the synthesized complexes. Moreover, while there are a few documented examples of ruthenium(1I)
bis(bis(NHC)) complexes in the literature, our initial attempts following the developed synthetic
protocol did not yield the desired compounds in significant quantities, and further investigation will
be required. Additionally, beyond synthesis, the catalytic potential of these complexes has been
narrowly explored. Starting with TH, a broader substrate scope should be explored by testing the
catalysts in reducing molecules of interest, such as biomass-derived compounds, or in the late-stage
transformation of pharmaceutical ingredients. A protocol for the closely related Oppenauer oxidation
reaction should also be developed. Furthermore, fetrakis(acetonitrile) [1,1-Bis(3 -methyl-imidazol-1"-
Ylidene)methylene] rutheninm(1l) dibexafluorophosphate (4b) proved active in the -CH arylation of biaryls,
catalyzing the orto-diarylation of 2-phenylpyridine in under 24 h, with low catalyst loading. This is a
reaction of interest, given that this transformation is a cost-effective strategy for building these
structural motifs instead of traditional cross-coupling reactions. Finally, the strong o-donating ligand
environment, alongside the improved stability exhibited by these complexes under oxidative
conditions, in contrast to their phosphine analogs, could stabilize the high oxidation state of
ruthenium despite the complex charge. This would potentially open at homogeneously catalyzed
oxidation reactions, a rapidly growing field given the sensitivity of related environmental aspects, with
critical applications concerning the functionalization of the unreactive polyolefins in commodity

plastics, 1% and the procurement of sustainable energy via the water oxidation reaction.
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4 EXPERIMENTAL PART

4.1 Material and apparatus

e  All reactants have been purchased from Merk® (formetly Sigma-Aldrich®) and used as delivered

if not otherwise stated.

e The employed Schlenk techniques are discussed in the literature.160

® The 'H NMR spectra were acquired using a Bruker Avance 111 HD 400 MHz spectra equipped
with a broadband 5 mm probe ("H/BBF iProbe) with a z-axis gradient (50 G/cm).

4.2 Materials and apparatus for the synthesis of ruthenium(ll)

complexes

® 10, 25, 50, and 100 mL Schlenk tubes equipped with Rotaflo stopcocks, glass stoppers, and

Glindemann O-rings.

e  Schlenk tube equipped with Gooch G3 filter.

® Schlenk line connected to a vacuum pump capable of reaching a 10-3 mbar pressure.

® Airticht Hamilton syringes (100 uL, 500 uL, 1 mL, and 5 mL).

® Neutral deactivated alumina was obtained by adding 9 mL of water to 300 g of neutral alumina.
® The solids were accurately dried under vacuum before use.

®  All the liquids were freeze-pump-towed (FPT) to remove oxygen before addition, except for the
solvents employed in flash column chromatography (if not otherwise stated).

e  Acctonitrile purification: 1) Treated with caleium hydride overnight, 2) fractionally distilled under
argon, 3) FPT.

e Isopropyl alcohol purification: 1) Treated with caleium hydride overnight, 2) fractionally distilled
under argon, 3) FPT.
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4.3 Synthesis of 1,1-bis(3’-methylimidazolium)methylene
diiodide

Procedure

The synthesis of 7,7-bis(3 -methylimidazolinm)methylene diiodide is known, and a literature available
procedure was followed.!! A 15 mL. pressure tube was charged with 3.88 mL (48.0 mmol, 2 eq) of
T-methylimidazole, 2.0 mL (24 mmol, 1 eq) of diiodomethane and 8 mL of tetrabydrofuran (I'HF). The tube
was sealed and placed in an oil bath at 120 °C under stirring. After 24 h, the product was removed
from the bath, and the white powder precipitated was filtered over Gooch. The solid was washed

with THF (2 x 5 mL), pentane (3 x 5 mL) and dried under vacuum (80% yield).

-/

7 -

Figure 42 - The structure of 1,7-bis(3 -methylimidazolinm)methylene dijodide.
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Spectrum 1-'H NMR spectrum of 7,7-bis(3 -methylinridazolium)methylene diiodide.

CoHioN4L: 'H NMR(C:DOS, 400MHz): 8 9.44 (s, 2H, 4), 8.02 (s, 1H, 3), 7.83 (s, 1H, 2), 6.70 (s,
2H, 5), 3.90 (s, 5H, 1).
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Spectrum 2 - BC NMR spectrum of  7,7-bis(3 -methylimidazolinm)methylene diiodide.
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Spectrum 3 - 'H-13C HSQC NMR spectrum of  7,7-bis(3 -methylimidazolinm)methylene diiodide.
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4.4 Synthesis of Ru(p-cymene)(b(MI)M)(I)PFs (2)

Procedure

The synthesis of 7,7-bis(3 -methylimidazolinm)methylene diiodide is known, and a slightly modified
procedure was followed.’32 A Schlenk type 250 mL round bottom flask was charged with 1.0 g (1.6
mmol, 1 eq) of (p-cymene)(dichloro) rutheninm(1l) dimer, 2.0 g (12.0 mmol, 8 eq) of potassium iodide, 1.4 ¢
(3.2 mmol, 2 eq) of 1,7-bis(3 -methylimidazolinm)methylene diiodide. The air was removed from the
container, cycling vacuum, and argon. Then, 80 mL of dry and degassed ACN were added to dissolve
the solids alongside 2.3 mL (16 mmol, 10 eq) of TEA. The mixture was left reacting for 16 h, and
then the solvent was removed at the rotary evaporator. The product was isolated using gradient flash
liquid column chromatography; neutral deactivated alumina was used as the stationary phase while a
mixture of DCM/ acetone was used as eluent, with a ratio spanning from 10:1 to 1:1. To elute the
product, potassium hexaflnorophosphate was added to the eluent after the elution of the first neutral
subproducts. The solvent was removed, and the final product was obtained after recrystallization

trom methanol (35% yield).
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Figure 43 - The structure of [7,7-Bis(3 ~methylimidazol-1 -ylidene) methylene] (p-cymene) (iodide)
rutheninm(11) hexafluorophosphate.
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Characterization
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Spectrum 4 - 'H NMR spectrum of [/7,7-Bis(3 -methylimidazol-1"-ylidene)methylene| (p-cymene) (iodide)

rutheninm(11) hexafluorophosphate.

Ru(CoHi14Ny) (CroH 1) (D) (PF): 'H-NMR(CD¢O, 400MHz): 8 7.50 (d, 2H, i3 112, 2.15 Hz, 3), 7.48
(d, 2H, 3113, 2.15 Hz, 2), 6.40 (d, 1H, 2.5, 11.40 Hz, 5), 5.99 (d, 2H, s 119, 6.90 Hz, 8), 5.92 (d,
2H, 31918, 6.90 Hz, 9), 5.79 (d, 1H, s 115, 11.40 Hz, 5), 4.04 (s, 6H, 1), 2.62 (hept, 1TH, 311 1112, 6.95

Hz, 11), 2.50 (s, 3H, 6), 1.06 (d, 6H, Js1211, 6.90 Hz, 12).
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Spectrum 5 - 3'P NMR spectrum of [7,7-Bis(3 “methylimidazol-1 -ylidene)methylene] (p-cymene) (iodide)

ruthenium(1l) hexaflnorophosphate.

Ru(CoH1sN) (CioH 1) (I) (PFg): 3P-NMR(CsDO, 400 MHz): & -144.46 (hept, 2P, 1J= 626.6 Hz).
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Spectrum 6 - F NMR spectrum of [7,7-Bis(3 -methylimidazol-1-ylidene)methylene] (p-cymene) (iodide)
rutheninm(11) hexafluorophosphate.

Ru(CoHi14Ny) (CroH 1) (1) (PFg): YF-NMR(C5D0, 400 MHz): & -72.29 (hept, GF, 1= 618.98 Hz).
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Spectrum 7 - 3C NMR spectrum of /7,7-Bis(3 -methylimidazol-1-ylidene)methylene] (p-cymene) (iodide)
rutheninm(11) hexafluorophosphate.

Ru(CoHi4Ny) (CroH14) (1) (PFo): BC-NMR(CsD6O, 400 MHz): 8 172.76 (4), 123.98 (2), 121.34 (3),
109.37 (7 or 10), 103.80 (7 or 10), 92.14 (8), 86.34 (9), 61.49 (5), 39.88 (1), 31.98 (11), 22.19 (12),
19.36 (6).
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Spectrum 8 - 'H-13C HSQC NMR spectrum of /7,7-Bis(3 -methylimidazol-1 -ylidene)methylene] (p-cymene)
(iodide) ruthenium(I11) hexafluorophosphate.

Lk
-
T
«
f1 (ppm)

we

z®

T T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

2 (ppm)

Spectrum 9 - 'H-'"H COSY NMR spectrum of [7,7-Bis(3 -methylimidazol-1 -ylidene)nethylene] (p-cymene)
(iodide) rutheniuni(11) hexafluorophosphate.
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4.5 Synthesis of Ru(p-cymene)(b(MI)M)(ACN)(BF4)2(3)

Procedure

A 25 mL Schlenk tube was charged with 150 mg (0.22 mmol, 1 eq) of [7,7-Bis(3 “methylimidazol-1 -
Ylidene)methylene] (p-cymene) (iodide) rutheninm(Il) hexafluorophosphate. The tube was sealed and placed under
an inert atmosphere by cycling vacuum and argon, then 220 mg (1.13 mmol, 5 eq) of silver
tetrafluoroborate were added under argon counterflow. Next, 10 mL of dry and degassed ACN were
added to dissolve the solids, and the tube was placed in an oil bath at the temperature of 45°C. After
12 h, the solution was dried under a vacuum, the product was dissolved in DCM (3 x 5 mL), and the
residue salts were separated via gooch filtration. The pure product was isolated after removing the

solvent and drying the brown solid for 24 h (yield = 80%).
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Figure 44 - The structure of [7,7-Bis(3 ~methylimidazol-1 -ylidene) methylene] (p-cymene) (acetonitrile)
rutheninm (1) ditetrafluoroborate.
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Spectrum 10 - '"H NMR spectrum of [7,7-Bis(3 -methylimidazol-1 -ylidene)methylene] (p-cymene) (acetonitrile)
rutheninm(11) ditetrafluoroborate.

Ru(CoHi4N4) (CioH 1) (CH;CN)(BF.)2: TH-NMR(CsD6O, 400MHz): 8 7.64 (d, 2H, sz, 2.20 Hz,
3),7.53 (d, 2H, Y213, 2.20 Hz, 2), 6.50 (d, 1H, 2.5, 13.70 Hz, 5), 6.34 (m, 2H, 8 +9), 5.70 (d, 1H,
Yysis, 13.70 Hz, 5), 4.04 (s, 6H, 1), 2.77 (hept, 1H, i1z, 6.82 Hz, 11), 2.48 (s, 3H, 14), 2.29 (s,
3H, 6), 1.13 (d, 6H, ¥Jui2 11, 6.97 Hz, 12).

Note: from the 2D NMR experiments, the singlet at 2.25 ppm was assigned to free acetonitrile.
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Spectrum 11 - YF NMR spectrum of /7, 7-Bis(3 -methylimidazol-1 -ylidene)methylene] (p-cymene) (acetonitrile)

rutheninm(11) ditetrafluoroborate.

Ru(CoHi4N4) (CroH 1) (CH;CN) (BE)2:9F-NMR (CsD60, 400MHz): & -72.29 (d, 1] = 759.66 Hz), -
151.28 (s)

Note: The ratio between the hexafluorophosphate and tetrafluoroborate anions originating from the
original compound and the silver salt employed in the halide abstraction reaction was 1:5, which is

then preserved in the counterion ratio in the final product.
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Spectrum 12 - BC NMR DEPTQ spectrum of [7,7-Bis(3 -methylimidazol-1 -ylidene)methylene] (p-cymene)

(acetonitrile) ruthenimm(11) ditetrafluoroborate.

Ru(CoH1sN3)(C1oH 1) (CH;CN) (BF4)»:3C-NMR (C:D6O, 400MHz): & 168.92 (4), 128.27 (13), 124.58
2), 122,92 (3), 114.12 (10), 107.49 (7), 92.88 (9), 89.87(8), 61.49 (5) 37.48 (1), 31.84 (11), 22.19 (12),
18.05 (6), 2.92 (14)
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Spectrum 13 - 'H-13C HSQC NMR spectrum of /7,7-Bis(3 -methylimidazol-1 -ylidene)methylene] (p-cymene)

(acetonitrile) ruthenium(Il) ditetrafluoroborate.
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Spectrum 14 - 'H-13C HMBC NMR spectrum of [7,7-Bis(3 -methylimidazol-1 -ylidene)nethylene] (p-cymene)

(acetonitrile) ruthenimm(11) ditetrafluoroborate.
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4.6 Synthesis of Ru(ACN)4(b(MI)M)(PF6). (4b)

Procedure

A 25 mL Schlenk was charged with 84 mg (0.30 mmol, 1 eq) of (7,5-¢yclooctadiene) (dichloro) rutheninm(1l)
polymer and with 130 mg (0.30 mmol, 1 eq) of 1,7-bis(3 -methylimidazolinm)methylene diiodide. The tube
was set under argon by cycling vacuum and argon three times, and then 4 mL (75 eq) of anhydrous
and degassed AACN were added. The solution was left stirring at reflux for 2 h, then 200 uL (1.50
mmol, 5 eq) of degassed TEA were added. The mixture was left reacting for 48 h at reflux, or till the
red solution was homogeneous, and 110 mg of potassium hexaflnorophosphate were added under argon
counterflow (110 mg, 4 eq). A second 25 mL Schlenk equipped with a gooch filter was charged with
neutral deactivated alumina and placed under inert gas; subsequently, ACN was adsorbed in the
stationary phase. The hot solution containing the product was transferred under argon using a
cannula and deposited over the wet alumina, then filtration was carried out to isolate the product,

which was obtained after drying for 36 h under vacuum.

Note: The air-sensitive product should be handled under glove box conditions. It is unstable in
solution with a shelf life below 5 minutes; even the solid form darkens until decomposition. For these

reasons, the yield was not calculated.
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Figure 45 - The structure of tetrakis(acetonitrile)[1,1-Bis(3 -methylimidazol-1"-ylidene)methylene]
rutheninm(1l) dibexafluorophosphate.
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Characterization
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Spectrum 15 - '"H NMR spectrum of  fefrakis(acetonitrile) [1,1-Bis(3 -methylimidazol-1 -ylidene)methylene]
rutheninm(1l) dibexaflnorophosphate.

Ru(C9H14N4) (CH3CN)4(PF6)2: 1I{—IQN[R(CzDﬁQ, 4OOMHZ): o) 7.35 (d, ZH, 3_]H5-H4, 2.23 HZ, 5), 7.16
(d, 2H, 3uamss, 2.23 Hz, 4), 5.94 (s, 2H, 7), 3.88 (s, 6H, 3), 2.29 (s, GH, 1), 1.99 (s, 6H, 1).

Note: The purification of this compound is not trivial; hence, the analysis was carried out despite the
subproduct traces. From the "H-NMR spectra, clear peaks belonging to TEA, coordinated and free,

are observed, accounting for most of the detected impurities.
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Spectrum 16 - 3'P NMR spectrum of  fetrakis(acetonitrile) [1,1-Bis(3 -methylimidazol-1 -ylidene)methylene]
ruthenium(1l) dibexafluorophosphate.

Ru(CoH1sN4) (CH5CN)4(PFy): 3P-NMR(C,D5N, 400MHz): & -144.61 (hept, 2P, J= 716.03 Hz).
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Spectrum 17 - F NMR spectrum of fetrakis(acetonitrile) [1,1-Bis(3 -methylimidazol-1 -ylidene)methylene]
rutheninm(1l) dibexaflunorophosphate.

Ru(CoHi14N)(CH5CN)4(PF)2 1YF-NMR(C.DsN, 400MHz): 8 -72.70 (d, 12F, 1= 709.99 Hz).
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Spectrum 18 - BC DEPTQ NMR spectrum of  fetrakis(acetonitrile) [1,1-Bis(3 -methylimidazol-1"-
ylidene)methylene] rutheninm(11) dibexaflnorophosphate.

Ru(CoH14N) (CH5CN)4(PFg)  BC-NMR(C,DsN, 400MHz): 8 17856 (6), 126.31 (2), 123.22 (4),
122.03 (5), 117.36 (2), 61.94 (7), 47.11, 36.5 (3), 3.29 (1) , 0.70 (1)
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Spectrum 19 - 'H-3C HSQC NMR spectrum of  fetrakis(acetonitrile) [1,1-Bis(3 -methylimidazol-1 -
lidene)methylene] rutheninm(11) dibexafluorophosphate.

TR I WU

L v
3 - k50
T
[=%
Lioo &
o
I . =
— - - - .
F 150
L 200

T T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 95 9.0 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
2 (ppm)

Spectrum 20 - 'H-3C HMBC NMR spectrum of  fetrakis(acetonitrile) [1,1-Bis(3 -methylimidazol-1-
Ylidene)methylene] rutheninm(1l) dibexaflnorophosphate.
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4.7 Synthesis of trans-Ru(ACN)2(bipy)(b(MI)M)(PFs)2 (9a)

Procedure

A 25mL Schlenk was charged with 84 mg (1 eq) of (7,5-cyclooctadiene)rutheninm(Il) dichloride polymer and
with 130 mg (1 eq) of 7,7 -bis(3-methyl-imidazolinm)methylene diiodide. The tube was set under argon
cycling vacuum and argon three times, then 4mL (75eq) of anhydrous and degassed ACN were added.
The solution was left stirring at reflux for 2 h, then 200 uL (5 eq) of degassed T2 was added. The
mixture was left reacting for 48 h at reflux, or till the red solution was homogeneous, then the hot
solution was cannula filtrated under argon in a second 25 mL Schlenk tube and dried under vacuum.
The solution was cooled to room temperature, 46 mg (1 eq) of 2,2-bipyridine were added, and was left
reacting for 2 h at 50°C. Then 220 mg (4 eq) of potassium hexaflnorophosphate were added, and the
solvent was removed, producing an orange powder. Next, 10 mL of water were poured into the flask,
producing a dark oil at the bottom. The mixture was left under stirring for 2 h, the trituration yielding
a bright orange powder. The mixture was filtered over gooch, the orange powder was washed with

water (2 x 5 mL) and diethy/ ether (3 x 5 mL). The collected product was dried overnight (75% yield).

2
[ 7 2PFg
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Figure 46 - The structure of #rans-(diacetonitrile) (2,2-bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
lidene)methylene] rutheninm(1l) dibexaflnorophosphate.
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Characterization
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Spectrum 21 - '"H NMR spectrum of #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-1"-
Ylidene)methylene] rutheninm(1l) dibexaflnorophosphate.

Ru(CoHi4N4) (C1oHsN) (CaHsN)2(PFo): TH-NMR(CD5CN, 400MHz): 8 9.01(d, 2H, 3urs-r2/m10.0111 =
5.3Hz, 2 + 11), 8.50 (d, 2H, 3usa/ms o= 8.7 Hz, 5 + 8), 8.21 (td, 2H, 3rrs-ri2/k13-14/ 110011/ 11010 =
7.5Hz, 4 +9), 7.68 (td, 2H, 3 patis/mass/ ooy no-tis = 6.3 Hz, Jraro/nonm = 1.2 Hz, 3 +10), 7.49
(d, 2H, 3prarsmsio = 2.0 Hz, 14 + 18), 7.24 (d, 2H, 3sismamiomns = 2.3 Hz, 13 + 19), 6.12 (d,
1H, 2Ju1e = 13.8 Hz, 16), 6.02 (d, 1H, 2Ju16 = 13.8 Hz, 16), 3.76 (s, GH, 12 + 20), 2.00 (s, 6H, 21).
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Spectrum 22 - "F NMR spectrum of #rans-(diacetonitrile) (2,2*-bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
ylidene)methylene] rutheninm(11) dibexaflnorophosphate.

Ru(CoH1aN2) (C1oHgN) (CoH3N)o(PFg): 1'F-NMR(CD5CN, 400MHz): 8 -72.79(d, 6F, 1] =
675.25Hz).
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Spectrum 23 - 3'P NMR spectrum of #rans-(diacetonitrile) (2,2-bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
Ylidene)methylene] rutheninm(1l) dibexaflnorophosphate.

Ru(C9H14N4) (ClngNz) (C2H3N)2(PF6)2: 31P—N1V[R(CD3CIQ, 4OOMHZ): o) —144.59 (hept, ZP, 1_]:
727.19Hz).
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Spectrum 24 - 3C NMR spectrum of #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
ylidene)methylene] rutheninm(11) dibexcaflnorophosphate.

Ru(CoH14N2)(C1oHgN) (CoHaN) o (PFo): 13C-NMR(CDsCN, 400MHz): & (ppm) 183.51 (15 + 17),
157.56 (6 + 7), 154.97 (2 + 11), 138.86 (4 + 9), 126.01 (22 + 23), 123.36 (13 + 19), 123.18 (5 + 8),
122.63 (14 + 18), 62.86 (16), 37.33 (12 + 20), 3.48 (21 + 24).
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Spectrum 25 - 'H-3C HSQC NMR spectrum of  #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -
methyl-imidazol-1 -ylidene)methylene] ruthenium(11) dibexafluorophosphate.
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Spectrum 26 - 'H-3C HMBC NMR spectrum of #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -
methyl-imidazol-1-ylidene)methylene] rutheninm(11) dibexafluorophosphate.
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Spectrum 27 - 'H-3C NOESY NMR spectrum of trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -
methyl-imidazol-1-ylidene)methylene] ruthenium(11) dibexafluorophosphate.
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4.8 Synthesis of cis-Ru(ACN)(bipy)(b(MI)M)(PFs)2 (10a)

Procedure

A 15 mL pressure tube was charged with 120 mg (0.30 mmol, 1 eq) of frans-(diacetonitrile) (2,2’
bipyridine) [1,1-Bis(3 -methyl-imidazol-1ylidene)methylene] rutheninm(11) dibexafluorophosphate, then 10 mL of
dry and degassed ACN were added under argon counterflow. The pressure tube was sealed and
placed in an oil bath at 120°C. After 96 h, the solution was cooled, and the solvent was removed. The
residue was dissolved in boiling methanol/ and crystallized overnight. The resulting red crystals were

isolated via filtration, washed with diezhy/ ether (3 x 5 mL), and dried under vacuum ( 80% yield).

2
i ] +2PF6‘

Figure 47 - The structure of cis-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
ylidene)methylene] rutheninm(1l) dibexafluorophosphate.
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Characterization
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Spectrum 28 - '"H NMR spectrum of  ¢s-(diacetonitrile) (2,2-bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
Ylidene)methylene] rutheninm(1l) dibexaflnorophosphate.

Ru(CoHi4N) (C1oHgN) (CaHsN)2(PFg): TH-NMR(CoH3N, 400MHz): 8 9.20(d, 1H, 3 upn= 6.4Hz, 1),
8.48 (d, 1H, ¥Jpn13 = 8.0Hz, 4), 8.37 (d, 1H, oo = 7.8Hz, 10), 8.23 (td, 1H, sz / 2113 = 7.8Hz,
Tepna =1.5Hz, 2), 8.02 (m, 2H, 3+7), 7.77 (ddd, 3] =7.0Hz, 3] =5.7Hz, o7 =1.3Hz, 8), 7.49 (d, 1H,
Npuisrne =1.7Hz, 15), 7.32 (m, 2H, 9+16), 7.23 (d, 1H, Jsis012 = 2.1Hz, 13), 6.82 (d, 1H, Juizms
=2.1Hz, 12), 6.04 (d, 1H, e = 13.3Hz, 14), 5.95 (d, 1H, Jus = 13.3Hz, 14) 3.80 (s, 3H, 17) 2.57

(s, 3H, 11), 2.46 (s, 3H, 19).
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Spectrum 29 - F NMR spectrum of  ¢s-(diacetonitrile) (2,2-bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
Ylidene)methylene] rutheninm(1l) dibexaflnorophosphate.

Ru(CoHi4N) (C1oHgN) (CH3N)2(PFo)2: 19F-NMR (C,H3N, 400MHz): & -72.79 (d, 12F, = 714.6Hz).
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Spectrum 30 - 3'P NMR spectrum of ¢is-(diacetonitrile) (2,2 -bipyridine) |1,1-Bis(3 -methyl-imidazol-1’-
ylidene)methylene] rutheninm(1l) dibexafluorophosphate.

Ru(C9H14N4) (ClngNz) (C2H3N)2(PF6)2: 31P—N1V[R(CzI{31Q, 4OOMHZ): S -144.6 (hept, ZP,J:
698.5.6Hz).
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Spectrum 31 - BC NMR spectrum of  ¢s-(diacetonitrile) (2,2-bipyridine) [1,1-Bis(3 -methyl-imidazol-1 -
ylidene)methylene] rutheninm(1l) dibexafluorophosphate.

Ru(CoHi4Ny) (C1oHgNo) (CaH3N)2(PFo)2: BC-NMR (CoH3N, 400MHz): 8 (ppm) 183.53 (23), 179.32
(22), 158.78 (6), 156.26 (5), 151.64 (1), 155.50 (10), 138.10 (2), 137.23 (3), 129.55 (18), 126.50 (9),
126.07 (8), 123.71 (16), 123.67 (7), 123.47 (4), 122.04 (15), 121.49 (13), 123.71 (12), 62.09 (14),
37.27(17), 35.49(11), 4.25 (19)
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Spectrum 32 - 'H-BC HSQC NMR spectrum of  cis-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-
imidazol-1"-ylidene)methylene] ruthenium(I1l) dibexafluorophosphate.
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Spectrum 33 - 'H-13C HMBC NMR spectrum of cs-(diacetonitrile) (2,2*-bipyridine) [1,1-Bis(3 -methyl-
imidazol-1~ylidene)methylene] ruthenium(1l) dibexafluorophosphate.
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Spectrum 34 - 'H-3C NOESY NMR spectrum of cis-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -methyl-
imidazol-1~ylidene)methylene] ruthenium(1l) dibexafluorophosphate.
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4.9 Synthesis of trans-Ru(ACN)2(AMPY)(b(MI)M)(PFe)2 (11)

Procedure

A 25 mL Schlenk was charged with 84 mg (0.30 mmol, 1 eq) of (7,5-¢yclooctadiene) (dichloro) rutheninm(1l)
polymer and with 130 mg (0.30 mmol, 1 eq) of 1,7-bis(3 -methylimidazolinm)methylene diiodide. The tube
was set under argon by cycling vacuum and argon for three times, then 4 mL (75 eq) of ACN
anhydrous and degassed were added. The solution was left stirring at reflux for 2 h, then 200 uL (1.50
mmol, 5eq) of degassed TEA were added. The mixture was left reacting for 48 h at reflux, or till the
red solution is homogeneous, then the hot solution was cannula filtrated under argon in a second 25
mL Schlenk tube and dried under vacuum. The orange solid was dissolved in 4 mL of anhydrous and
degassed DCM, and subsequently, 80 uL. (0.30 mmol, 1 eq) of 2-picolylamine were added. The
homogeneous solution was left reacting for 40 minutes at room temperature till a white solid
precipitated. Potassinm hexaflnorophosphate (1.2 mmol, 210 mg) was added to the mixture. The solution
was reduced in volume and wafer was added (25 mL), the resulting suspension was triturated for 4 h
till a fine white powder was obtained. The solid was isolated via filtration over gooch, washed with

water (2 x 5 mL), diethyl ether (3 x 10 mL) and was dried under vacuum (75% yield).

Figure 48 - The structure of  trans-(diacetonitrile)|1,1-bis(3 -methyl-inridazol-2 -yliden)methylene] (2-
pycolilamine) rutheninm(11) dibexaflnorophosphate.
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Characterization
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Spectrum 35 - '"H NMR spectrum of #rans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2"-
Yliden)methylene| (2-pycolilanine) rutheninm(11) dibexafluorophosphate.

Ru(CoHi4N4) (C1oHsNo) (CaHsN)2(PFo)2: TH-NMR (CsDs0O, 400MHz): & 8.86(dd, 1H, 3112 = 5.6Hz,
Gyrns = 1.3 Hz 1), 8.03 (td, TH, i34/ 13102 =7.68 Hz, 4Jis1n=1.8 Hz, 3), 7.76 (d, 1H, 3145 = 8.3
Hz, 4), 7.61 (d, 1H, pismis = 2.2 Hz, 13), 7.54 (m, 2H, 2 + 9), 7.37 (d, 1H, Jprams = 2.3 Hz, 14),
7.32 (d, 1H, J= 2.3 Hz, 8), 6.32 (d, 1H, ZJuun= 13.3 Hz, 11), 6.20 (d, 1H, 2Juun=13.3 Hz, 11),
4.82 (td, 1H, 2Jeris = 12.00 Hz, 3uenn = 4.91 Hz, 6), 4.65 (dd, 2H, 2Jue 116 = 15.9 Hz, 310116 =
5.00 Hz, 20), 4.42 (td, 1H, 2Jp 16 = 12.00 Hz, 3Jpgnz0 = 4.91 Hz, 6), 4.08 (s, 3H, 15), 3.84 (s, 3H, 7),
2.49 (s, 6H, 16 +18 ) 2.20 (s, 3H, 16 +18).
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Spectrum 36 - F NMR spectrum of #rans-(diacetonitrile)[1,1-bis(3 -methyl-inridazol-2 -
yliden)methylene] (2-pycolilanine) rutheninm(11) dibexafluorophosphate.

Ru(CoH1sN2) (C1oHgN2) (CoHaN) o (PFo)2: YE-NMR(C:D6O, 400MHz): 8 -72.49 (d, 12F, 1]=
714.6Hz).
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Spectrum 37 - 3'P NMR spectrum of #rans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2 -
Yliden)methylene] (2-pycolilanine) rutheninm(1l) dibexaflnorophosphate.

Ru(CoH:4N) (C1oHsN) (CaHsN)2(PFo)2: 31IP-NMR (CsD60, 400MHz): & -146.46 (hept, 2P, 1]=
698.5.6Hz).

20000
15000
10000

L L1 L

G " ro

210 200 190 180 170 160 150 140 130 120 110 100 S0 80 70 60 S0 40 20 1o 0 -0
f1 (ppm)
Spectrum 38 - 3C NMR spectrum of #rans-(diacetonitrile)[1,1-bis(3 -methyl-inridazol-2"-
Yliden)methylene] (2-pycolilanine) rutheninm(11) dibexaflnorophosphate.

Ru(CoHi4N) (C1oHgNo) (C:H3N)2(PFo): BC-NMR(C:D6O, 400MHz):  (ppm) 184.64 (12), 182.94
(10), 163.11 (5), 153.95 (1), 137.94 (3), 128.67 (17), 126.08 (19) 124.07 (2), 122.99 (14), 122.95 (8),
12221 (4), 122.12 (13), 121.95 (9), 62.18 (11), 51.30 (6), 36.81 (15), 36.63 (7), 3.29(16 + 18).
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Spectrum 39 - 'H-3C HMBC NMR spectrum of #rans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2 -
liden)methylene] (2-pycolilamine) rutheninm(11) dibexafluorophosphate.
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Spectrum 40 - 'H-C HSQC NMR spectrum of #rans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2 -
Yliden)methylene] (2-pycolilanine) rutheninm(1l) dibexaflnorophosphate.
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Spectrum 41 - 'H-BC NOESY NMR spectrum of  trans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2"-
Yliden)methylene] (2-pycolilanine) rutheninm(11) dibexaflnorophosphate.
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4.10 Synthesis of trans-Ru(ACN)2(b(MI)M)(EN)(PFe)2 (12)

Procedure

A 25 mL Schlenk was charged with 84 mg (0.30 mmol, 1 eq) of (7,5-¢yclooctadiene) (dichloro) rutheninm(1l)
polymer and with 130 mg (0.30 mmol, 1 eq) of 1,7-bis(3 -methylimidazolinm)methylene diiodide. The tube
was set under argon by cycling vacuum and argon for three times, then 4 mL (75 eq) of ACN
anhydrous and degassed were added. The solution was left stirring at reflux for 2 h, then 200uL. (1.50
mmol, 5eq) of degassed TE.A were added. The mixture was left reacting for 48h at reflux, or till the
red solution is homogeneous, then the hot solution was cannula filtrated under argon in a second 25
mL Schlenk tube. Subsequently, 25 uL. (0.30 mmol, 1 eq) of 7,2-ethylenediamine were added. The
homogeneous solution was left reacting for 40 minutes at room temperature till a white solid
precipitated. Potassium hexafluorophosphate (1.2 mmol, 210 mg) was added to the mixture. The solution
was reduced in volume and water was added (25 mL), the resulting suspension was triturated for 24 h
till a fine white powder was obtained. The solid was isolated via filtration over Gooch, washed with

water (2 x 5 mL), diethyl ether (3 x 10 mL), and was dried under vacuum (75% yield).

12 _l 2+

16

N, W—N 2 PFg
1 " ) 10

‘Ru 6
2: e N>7

17

Figure 49 - The structure of  zrans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2 -yliden)methylene](1,2-
ethylenediamine) rutheninm(l1) dibexafluorophosphate.
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Characterization
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Spectrum 42 - '"H NMR spectrum of  #rans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2 -
yliden)methylene| (1,2-ethylenedianine) rutheninm(11) dibexaflnorophosphate.

Ru(CoHi4N ) (CsHsNG) (CHN)o(PE)s: TH-NMR(CsD6O, 400MHz): 8 7.45 (d, 2H, 3us.t1s / ns-rio =
2.16 Hz, 5+ 8), 7.23 (d, 2H, sans s nons =2.16 Hz, 4 + 9), 6.15 (s, 2H, 7), 4.16 (s, 4H, 16 + 17), 3.91
(a, GH, 3 + 11), 3.00 (s, 4H, 1 + 2), 2.43 (s, GH, 12 + 15).
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Spectrum 43 - YF NMR spectrum of  trans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2"-yliden)methylene]
(1,2-ethylenediamine) ruthenium(11) dibexafluorophosphate.

Ru(CoH14N4) (C2HsN2) (C2H3N)2(PFe)2: PF-NMR(C3D6O, 400MHz): 6 -72.56 (d, 12F, ']= 647.12
Hz).
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Spectrum 44 — 3'P NMR spectrum of #rans-(diacetonitrile) [1,1-bis(3 -methyl-imidazol-2"-yliden)methylene]
(1,2-ethylenediamine) rutheninm(I1) dibexafluorophosphate.

Ru(CoH14N4) (C2HsN2) (C2H3N)2(PF)2: 3'P-NMR(C3D6O, 400MHz): & -144.23 (hept, 2P, 'J= 706.99
Hz).
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Spectrum 45 - 3C NMR spectrum of #rans-(diacetonitrile)[1,1-bis(3 -methyl-inidazol-2"-
Yliden)methylene](1,2-ethylenediantine)  rutheninm(11) dibexafluorophosphate.

Ru(CoH14N) (C1oHgNo) (CaHsN)o(PEy): BC-NMR (C:D6O, 400MHz): 8 (ppm) 184.90 (6 + 10),
127.34 (13 + 14), 122.86 (5 + 8), 121.43 (4 + 9), 62.00 (7), 43.68 (1 + 2), 36.28 (3+11) 3.15 (12 +15).
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Spectrum 46 - 'H-C HSQC NMR spectrum of  trans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2 -
liden)methylene] (1,2-ethylenediamine) ruthenium(1l) dibexafluorophosphate.

50

r100

150

200

T T T T T T T T T T T T T T T T T T T T T T T T
11.0 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
2 (ppm)

Spectrum 47 - 'H-3C HMBC NMR spectrum of  #rans-(diacetonitrile)[1,1-bis(3 -methyl-imidazol-2 -
yliden)methylene] (1,2-ethylenedianine) ruthenium(11) dibexafluorophosphate.
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4.11 Synthesis of trans-Ru(ACN)2(b(MI)M)(dppp)(PFs)2 (13)

Procedure

A 25 mL Schlenk was charged with 84 mg (0.30 mmol, 1 eq) of ruthenium(Il) (7,5-
eyclooctadiene)(dichloro) - rutheninm(Il) polymer and with 130 mg (0.30 mmol,l1 eq) of 7,7-bis(3*-
methylimidazolinm)methylene diiodide. The tube was set under argon cycling vacuum and argon 3 times,
then 4 mL (75 eq) of ACN anhydrous and degassed were added. The solution was left stirring at
reflux for 2 h, then 200 uL. (1.50 mmol, 5 eq) of degassed TE.A were added. The mixture was left
reacting for 48 h at reflux, or till the red solution is homogeneous, then the hot solution was cannula
filtrated under argon in a second 25 mL Schlenk tube and dried under vacuum. The orange solid was
dissolved in 4 mL of anhydrous and degassed DCM, and subsequently, 124 mg (0.30 mmol, 1 eq) of
1,3-bis(diphenylphosphino)propane were added. The homogeneous solution was left reacting for 3 h at
room temperature, then 220 mg (1.2 mmol, 1 eq) of potassinm hexaflnorophosphate were added, and water
(3mL) was poured into the solution under vigorous stirring. The organic phase was separated and
extraction with DCM (3 x 3 mL) was carried out on the remaining acquous phase. The organic phase
was dried under vacuum and dissolved in acefome, the solution was loaded for flash colum
chormatography using neutral deactivated alumina as the stationary phase and a 1:1 mixture of
acetone/ DCM as eluent. The solvent was removed at the rotaty evaporator, obtaining the product as

a white solid which was further dried overnight under vacuum. (Rr = 0.72, 40% yield)

20 _I 2+

19

22

Figure 50 - The structure of #rans-[1,1-Bis(3 -methylimidazol-1 -ylidene)methylene][1,3-
bis(diphenylphosphino)propane| (diacetonitrile) ruthenium(11) dibexafluorophosphate.
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Characterization
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Spectrum 48 - '"H NMR spectrum of  #rans-[1,1-Bis(3 -methylimidazol-1 -ylidene)methylene] [1,3-
bis(diphenylphosphino)propane| (diacetonitrile) ruthenium(11) dibexafluorophosphate.

Ru(C9H14N4)(C27H26P2)(C2H3N)(PF6)2: 1H—NMR(CD3CN, 4OOMHZ): o) (ppm) 7.64 (t, 4H, 3] =7.70
Hz,1+ 5),7.55 (t, 2H, 3]=7.19Hz, 3), 7.41 (m, 8H, 2 + 4 + 25 + 12 + 16), 7.26 (t, 4H, ]=7.29Hz, 24
+ 26), 7.06 (t, 4H, ), 6.79 (d, 2H, 3_] mi-m12 / mi7-mie— 1.94Hz, 11 + 17), 6.58 (d, 1H, 1JH14 = 14.27, 14),
6.16 (d, 1H, 'Jms = 14.27, 14), 3.05 (s, 6H, 10 + 18), 2.61 (s, 6H, 20 + 22), 2.54 (m, 2H,7 +9), 2.19
(m, 5H, 8 + 20 + 22), 1.97 (m, 2H, 8).

NOTE: coupling constant are partially assigned due to phosphorous conpling effect on the NMR spectra.
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Spectrum 49 - F NMR spectrum of #rans-/1,1-Bis(3 -methylimidazol-1 -ylidene)methylene][1,3-
bis(diphenylphosphino)propane| (diacetonitrile) rutheninm(11) dibexafluorophosphate.

Ru(CoH1sN3) (CorHaeP5) (CH3N) (PEg): F-NMR(CD5CN, 400MHz): 8 (ppm) -71.59(d, 12F, 1=
714.6Hz).
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Spectrum 50 — 3'P NMR spectrum of #rans-/1,1-Bis(3 -methylimidazol-1 -ylidene)methylene][1,3-
bis(diphenylphosphino)propane| (diacetonitrile) ruthenium(11) dibexafluorophosphate.

Ru(CoH 14N4)(C2rHa6P2) (C:H3N) (PFy)5 : 3 P-NMR(C,D3N, 400MHz): 8 (ppm) 9.76 (d, 2P, 3Jpz0.110 /
P30-H7 — 22.10 HZ, 29 - 30), -144.9 (hept, 2P, 1_][)31,1:: 747.39HZ, 31)
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Spectrum 51 - BC NMR spectrum of #rans-/1,1-Bis(3 -methylimidazol-1 -ylidene)methylene][1,3-
bis(diphenylphosphino)propane] (diacetonitrile) rutheninm(11) dibexafluorophosphate.

Ru(CoH1sN2) (CorHaeP2) (CH3N) (PEg)»: 3C-NMR(C,DsN, 400MHz): 8 (ppm) 177.50 (d, 3Jpso.c1s/p2-
c15= 80.02 Hz, 13 + 15), 137.27 (¢, 1] = 18.90 Hz, 6), 130.07 (¢, 1] = 17.05 Hz, 28), 133.67 (t, ] = 4.45
Hz, 1+ 5), 130.94 (t, ] = 4.45 Hz, 3), 131.03 (t, ] = 4.45 Hz, 23 + 27), 129,76 (t, ] = 4.45 Hz, 25),
128.85 (t, ] = 4.45 Hz, 2 + 4), 12855 (t, ] = 4.45 Hz, 24 + 26), 12325 (12 + 16), 122.64 (11 + 17),
63.40 (14), 37.66 (10 + 18), 25,91 (t, Jpso-c7/ p2o-co = 14.50 Hz, 7 +9), 19.72 (s, 8), 5.45 (20 + 22).
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Spectrum 52 - 'H-13C HSQC NMR spectrum of  #rans-|1,1-Bis(3 -methylinidazol-1 -
lidene)methylene][1,3-bis(diphenylphosphino)propane] (diacetonitrile) ruthenium (L) dibexaflnorophosphate.
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Spectrum 53 - 'H-13C HMBC NMR spectrum of  #rans-|/1,1-Bis(3 -methylinidazol-1°-
lidene)methylene] [1,3-bis(diphenylphosphino )propane| (diacetonitrile) rutheninm(11) dibexaflnorophosphate.
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Spectrum 54 - '"H-"N HMBC NMR spectrum of #rans-/1,1-Bis(3 -methylimidazol-1-
Ylidene)methylene] [1,3-bis(diphenylphosphino )propane] (diacetonitrile) rutheninm(1l) dibexaflnorophosphate.

88

f1 (ppm)

f1 (ppm)

f1 (ppm)



-——- -

r-50

50

r100

T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

2 (ppm)
Spectrum 55 - 'H-3'P HMBC NMR spectrum of #rans-/1,1-Bis(3 -methylimidazol-1-
Ylidene)methylene] [1,3-bis(diphenylphosphino )propane| (diacetonitrile) rutheninm(1l) dibexaflnorophosphate.
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4.12 Synthesis of cis-Ru(ACN)2(b(MI)M)(dppp)(PFs)2 (14)

Procedure

A 15 mL pressure tube was charged with (0.30 mmol, 1 eq) of #ans-[1,1-Bis(3 -methylimidazol-1 -
ylidene)methylene] [1,3-bis(diphenylphosphino)propane] (diacetonitrile) rutheninm(11) dibexafluorophosphate, then 10
mL of dry and degassed ACN were added under argon counterflow. The pressure tube was sealed
and placed in an oil bath at 120°C. After 96 h, the solution was cooled, and the solvent was removed.
The residue was dissolved in boiling methano/ and crystallized overnight. The resulting red crystals

were isolated via filtration, washed with diezhy/ ether (3 x 5 mL), and dried under vacuum (%o yield).

19 _l 2+

N
Ph,,,% _ Ru N J 2PFg
Ph=—VP ”—N(—/
B ”
l “ph
Ph

Figure 51 - The structure of ¢s-/7,1-Bis(3 -methylimidazol-1-ylidene) methylene][1,3-
bis(diphenylphosphino)propane] (diacetonitrile) rutheninm(11) dibexafluorophosphate.

Characterization
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Spectrum 56 - 'H NMR spectrum of cis-/1,7-Bis(3 -methylinidazol-1-ylidene)methylene] [1,3-
bis(diphenylphosphino)propane| (diacetonitrile) rutheninm(11) dibexafluorophosphate.

Ru(CoH14N4) (Co7H26P2) (C2DsN) (PFe)2: 'TH NMR(CDsCN, 400MHz): 8 (ppm) 7.58 (m, 6H), 7.42 (m,
8H), 7.21 (m, 5H), 7.14 (m, 1H), 6.84 (m, 3H), 6.79 (m, 1H), 5.79 (d, 1H, 'Jm4= 14.00, 14),), 5.38 (d,

1H, s = 14.00, 14), 4.06 (s, 3H, 11 or 17), 3.41 (s, 3H, 11 or 17), 2.94 (t, 1H), 2.64 (m, 4H), 2.32
(m, 1H).
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Spectrum 57 — 3P H NMR spectrum of ¢is-/7,1-Bis(3 -methylimidazol-1 -ylidene)methylene][1,3-
bis(diphenylphosphino)propane| (diacetonitrile) rutheninm(11) dibexafluorophosphate.

Ru(CoH14N) (CorHaeP2) (CoHN) (PE), : 3P-NMR(C,D:N, 400MHz):  (ppm) 29.20 (m, 1P), 16.38
(m, 1P), -144.9 (hept, 2P, Jps1.5= 747.39Hz).

Kinetic — isomerization of trans-Ru(ACN)2(b(MI)M)(dppp)(PFe)2 (13)
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Kinetic 1 — Viewed from the 3P NMR, the evolution of the isomerization process by which the
conversion  of  #rans-[1,1-Bis(3 -methylimidazol-1-ylidene)methylene] [1,3-bis(diphenylphosphino)propane]
(diacetonitrile) rutheninm(1l) dibexafluorophosphate to  cis-[1,1-Bis(3 -methylimidazol-1-ylidene)methylene] [1,3-
bis(diphenylphosphino)propane| (diacetonitrile) ruthenimm(ll) dibexaflunorophosphate was assessed. The reagent

consumption is observed by the disappearance of of the related peak falling at 9.76 ppm.
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4.13 Synthesis of 2,4,6-trimethylphenyl azide

Procedure

The synthesis of 2,4,6-trimethylphenyl azide 1s known, and the same procedure was followed with minor
variations.'®? A 50 mL round bottom Schlenk flask was charged under argon counterflow with 5.7
mL (41.0 mmol, 1.0 eq) of mesityl-aniline and 90 mL of anhydrous acetonitrile. The solution was cooled
to -10 °C in a water-table salt ice bath and subsequently 7.3 mL (61.0 mmol, 1.5 eq) of Zert-butyl nitrite
were added dropwise to the solution. After 10 minutes 6.5 mL (49.0 mmol, 1.2 eq) of azido-trimethy!
silane were added dropwise to the solution, which was left reacting till room temperature was reached
in 2 h. The solvent was removed at the rotary evaporator and the dark orange oil was purified via
flash filtration through a neutral deactivated alumina plug using pentane as eluent. The solvent was

removed to obtain the product. Yield 92%.

Figure 52 - The structure of 2,4,6-trimethylphenyl azide.
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Characterization
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Spectrum 58 - '"H NMR spectrum of 2,4,6-trimethylphenyl azide.

CoHyiN3: TH-NMR (CDCl;, 400MHz): 8 6.97 (d, 2H, 4] = 2.1 Hz,), 2.47 (d, 4] = 3.0 Hz, 6H), 2.40 (d,
4 = 2.5 Hz, 3H).
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Spectrum 59 - 3C NMR spectrum of 2,4,6-trimethylpheny! azide.

CoHyiN3: 3C-NMR (CDCls, 400MHz): 8 135.38, 134.50, 131.90, 129.64, 20.75, 18.08.
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4.14 Synthesis of 1-mesityl-1,2,3-triazole

Procedure

The synthesis of 7-ary/-1,2,3-triazoles is known, and the available literature procedure was followed
with minor variations.1031¢4A 500 mL round bottom Schlenk flask was charged with 0.770 g (3.0
mmol, 0.1 eq) of cwpper sulfate pentahydrate and 1.230 g (6.0 mmol, 0.2 eq) of sodiun ascorbate, and then
the air was removed from the reaction vessel cycling vacuum and argon. 100 mL of water and methanol
solution in a 1:1 ratio were added alongside 5.0 g (31.0 mmol, 1 eq) of mesity/ azide. Subsequently, 8.6
mL (62.0 mmol, 2 eq) of trimethylsilyl acetylene were added dropwise to the solution, and the mixture
was left reacting under stirring for 7 days at 25°C. The mixtute was reduced in volume, and 200 mL
of a 15 % water-based ammonia solution were added. The mixture was stirred for 10 h, then extraction
with solvent was carried out using first 200 mL and then 2 x 50 mL aliquots of e#hy/ acetate. The organic
solution was washed with 2 x 50 mL of water, with 50 mL of brine afterward, and dried with sodium
sulfate. After filtration, the solvent was removed, and a pale-yellow solid was isolated. The isolated
bulk solid contained the desired product, and the TMS-protected 7-mesityl-4-TMS-1,2,3-triazole in a 1:3
ratio. The compounds were dissolved in a 1:1 water and methanol solution containing potassinm
carbonate and placed at 70 °C for 3 days. The methanol was removed at the rotary evaporator, and
extraction with DCM was conducted. The organic phase was washed with 50 mL of water, 50 mL of
brine and then dried with sodium sulfate. The solvent was removed, and the white powder was washed

with 3 x 20 mL aliquots of cold diethy/ ether, obtaining the final product. Yield 70%.

Figure 53 - The structure of 7-mesityl-1,2,3-triazole.
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Characterization
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Spectrum 60 - '"H NMR spectrum of  7-mesityl-1,2,3-triazole.

Ci1Hi3N3: TH-NMR (CDCl, 400MHz): 8 (ppm) 7.91 (s, 1H), 7.64 (s, 1H), 7.02 (s, 2H), 2.38 (s, 3H),
1.96 (s, 6H).
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Spectrum 61 - C NMR spectrum of  7-mesityl-1,2,3-triazole.

Ci1H3N5: BC-NMR (CDCls, 400MHz): & (ppm) 140.03, 135.15, 133.59, 129.10, 125.44, 21.13, 17.24.
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4.15 Synthesis of methylene bis(trifluoromethanesulfonate)

Procedure

The synthesis of methylene bis-trifluoromethanesulfonate is known, and the same procedure was followed
with minor variations.'®>A Schlenk tube was charged with 0.5 g (17.0 mmol, 1.0 eq) of paraformaldebyde
and the air was removed by cycling vacuum and argon. 3 mL (17.0 mmol, 1.1 eq) of
trifluoromethanesulfonic anbydride were added dropwise to the bulk solid under stirring, and the mixture
was transferred to an oil bath at 60°C. After 24h the excess of #ifluoromethanesulfonic anbydride was
neutralized using anhydrous methano/ and the black mixture was filtered through a silica plug using

dry DCM as eluent. The solvent was removed at the rotatory evaporator obtaining a pale-yellow oil.

Yield 11%.

Note: The product is volatile and can be detected as residue in the nitrogen trap of the evaporator,

to avoid product loss use a water-ice bath, and two liquid nitrogen cold traps.

1
/\O\ //O

E O\\S/O g
> 2_F
SRS

L°F

Figure 54 - The structure of methylene bis(trifluoromethanesulfonate).
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Characterization
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Spectrum 62 - '"H NMR spectrum of methylene bis(trifluoromethanesulfonate).

CsHoFeOeSs: TH-NMR (DMSO-D6, 400MHz): 8 6.60 (s, 2H)
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Spectrum 63 - F NMR spectrum of methylene bis(trifluoromethanesulfonate).

CsH2FsO6S2: F-NMR (DMSO-D6, 400MHz): 8 77.81 (s, 6F)
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Spectrum 64 - 3C NMR spectrum of methylene bis(trifluoromethanesulfonate).
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C3HoFsO6S2: BC-NMR (DMSO-D6, 400MHz): 8 121.30 (q, 2C, YJear/ car = 340 Hz, 2 + 3), 30.90

(s, 1C, 1).
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4.16 Synthesis of 1,1-bis(1’-mesityl-1’,2’,3’-triazolium)

methylene ditrifluoromethanesulfonate

Procedure

A Schlenk tube was heated while applying vacuum and left cooling till room temperature. 320 mg
(1.7 mmol, 2 eq) of mesityl-1,2,3-triazole were added and the air was removed cycling vacuum and argon
in the flask. The solid was dissolved using 15 mL of anhydrous ACN. 267mg (0.9 mmol, 1 eq) of
methylene bis-trifluoromethanesulfonate diluted in 15 mL of anhydrous ACN were later added with a syringe
dropwise to the solution under vigorous stirring. The reacting mixture was transferred to an oil bath
after 1 h and left reacting for the following 24 h at reflux. The solvent was removed obtaining a pale-
yellow solid which was further purified with penfane washings (2 x 15mL). The product was dried
overnight. Yield 93%.

N AN
\
=N* /'_\_
N
O\\S/o
. \O O\\S/O_
FF F—( ©
FF

Figure 55 - The structure of 7,7-bis(1 -mesityl-1°,2°, 3 -triazolinm) methylene ditrifluoromethanesulfonate.
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Characterization
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Spectrum 65 - 'H NMR spectrum of  7,7-bis(1 -mesityl-1’,2",3 “triazolinm)  methylene

ditriflnoromethanesulfonate.

CasHasNGFsO4S2: TH-NMR (CD;CN, 400MHz): & (ppm) 9.28 (d, | = 1.64 Hz, 2H), 8.77 (d, ] = 1.64
Hz, 2H), 7.62 (s, 2H), 7.2 (s, 2H), 2.41 (s, 6H), 2.02 (s, 12H)
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Spectrum 66 - "YF NMR spectrum of 1,1-bis(1 -mesityl-1°,2°, 3 -triazolinm) ~ methylene

ditriflnoromethanesulfonate.

CasHasNFOeS2: 1YF-NMR (CDsCN, 400MHz): & (ppm) -79.29 (s, 6F)

20000
15000
10000

5000

-5000

T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Spectrum 67 - BC NMR spectrum of 1,1-bis(1-mesityl-1°,2",3 -triazolium)  methylene

ditrifluoromethanesulfonate.

CasH2sNeFsOgS2: PC-NMR (CDsCN, 400MHz): 6 (ppm) 143.33, 134.43, 134.33, 134.16, 129.87,
64.97,20.29, 16.34
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4.17 Synthesis of trans-Ru(ACN)z(bipy)(bTM)(PF6). (16)

Procedure

A 50 mL Schlenk tube was charged with 111 mg (0.30 mmol, 1 eq) of (diacetonitrile)(1,5-
eyclooctadiene)(dichloro) ruthenium (1) and 206 mg (0.30 mmol, 1 eq) of 7,7-bis(3 -mesityl-1°,2",3 -triazolinm)-
methylene ditrifluoromethanesulfonate. Next, air was purged from the tube by cycling vacuum and argon 3
times, then 200 uL. of TEA and 10 mL of AACN were added under argon counterflow. The tube was
sealed, placed in an oil bath, and the solution was brought at reflux under vigorous stirring. After 36
h the solution was removed from the bath and cooled to RT, then 46 mg (0.30 mmol, 1 eq) of 2,2
bipyridine were added under argon counterflow. Afterward, the mixture was left reacting at 50°C under
stirring. After 24 h, the solution was reduced in volume, and water was added to precipitate the
product as an oil. The mixture was triturated for 4 h, producing a fine orange powder which was
isolated via filtration over gooch G3. The product was washed with warer (2 x 15 mL) and dzethyl ether
(3 x 5 mL). Next, the solid was dissolved in DCM and loaded into a flash chromatography column
charged with neutral deactivated alumina, and the compounds were eluted with a 9:1 mixture of DCM
and ACN, yielding the desired product (RE 0.6) and #rans-(diacetonitrile)bis[1,1-Bis(3 -mesytil-1,2",3 -
triazol-5 -ylidene)methylene] ruthenium(Il) dibexafluorophosphate (RE 0.7). trans-(diacetonitrile) (2,2 -bipyridine)
[1,1-Bis(3 -mesytil-1°,2", 3 -triazol-5 ~ylidene)methylene] ruthenium(Il) dibexafluorophosphate was isolated after

removing the solvent ( 50% yield).

2 PFg

20

Figure 56 - The structure of trans-(diacetonitrile) (2,2-bipyridine) [1,1-Bis(3 -mesytil-1',2",3 -triazol-5 -
Ylidene)methylene] rutheninm(1l) dibexaflnorophosphate.
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Characterization
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Spectrum 68 - '"H NMR spectrum of  trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -mesytil-1°,2",3 -
triazol-5 ylidene)methylene] ruthenium(11) dibexafluorophosphate.

Ru(CasHagNe) (C1oHsN) (CaHsN)2(PEe)s: TH-NMR(CD,Cly, 400MHz): 8 9.20 (d, 2H, 1o s127, 135134
= 5.5 Hz, 26 + 35), 8.44 (d, 2, Jnstzs, moonos = 8.12 Hz, 29 + 32), 8.16 ( td, 2H, Frrserss, e
133, H27-H26, H27-Has = 8.00 Hz, 4Jho7.m29, H3s32 = 1.52 Hz, 27 + 34), 8.04 (s, 2H, 10 + 14), 7.71 (dd, 2H,
» 3] H28-129, H28-H27, H35-H34, H33-132 = 7.00 Hz, *Jros e n3smss = 1.14 Hz, 28 + 33), 7.20 (s, 2H, 12), 7.16
(s, 4H, 3 + 9 + 18 + 21), 2.54 (5, 3H, 25 + 37), 2.44 (s, GH, 1+ 20), 2.11 (s, 12H, 5 + 8 + 16 + 23).
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Spectrum 69 - "F NMR spectrum of  #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -mesytil-1,2",3 -
triazol-5 ylidene)methylene] ruthenium(11) dibexafluorophosphate.

Ru(Ca3Ha6Ng) (C1oHsN,) (CsHsN)2(PFe)s: 19F-NMR(CD,Cly, 400MHz): & -72.83 (d, 12F, J= 714.6Hz).
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Spectrum 70 - 3P NMR spectrum of  #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -mesytil-1,2",3 -
triazol-5 ~ylidene)methylene] ruthenium(Il) dibexafluorophosphate.

Ru(Ca3Ha6Ng) (C1oHsN) (C:HsN)2(PEe): 31P-NMR(CD>Cl, 400MHz): & -144.59 (hept, 2P, J=
698.5.6Hz).
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Spectrum 71 - BC NMR spectrum of  trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -mesytil-1°,2",3 -
triazol-5 -ylidene)methylene] ruthenium(11) dibexafluorophosphate.

Ru(Ca3HaeNg) (C1oHsN3) (CoH3N)o(PFe)s: 3C-NMR (CD>Clo, 400MHz): & (ppm) 175.47 (11 + 13),
156.78 (30 + 31), 152.86 (26 + 35), 141.90 (2 + 19), 138.09 (27 + 34), 136.61 (10 + 14), 134.23 (4 +
7417 +22), 13219 (6 + 15), 129.72 (3 + 9 + 18 + 21), 126.77 (28 + 33), 123.48 (24 + 36), 123.08
(29 + 32), 66.85 (12), 20.90 (1 + 20), 16.77 (5 + 8 + 16 + 23) , 3.58 (4.19) (25 + 37).
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Spectrum 72 - 'H-'H COSY NMR spectrum of #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -mesytil-
1°,2°,3-triazol-5 -ylidene)methylene] ruthenium(Il) dibexaflnorophosphate.
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Spectrum 73 - 'H-13C HSQC NMR spectrum of  trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -mesytil-
1,2°,3 ~triazol-5 "~ylidene)methylene] rutheninm(11) dibexaflnorophosphate.
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Spectrum 74 - 'H-13C HMBC NMR spectrum of #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -mesytil-
1°,2°,3 “triazol-5"-ylidene)methylene] ruthenium(11) dibexafluorophosphate.
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Spectrum 75 - 'H-C NOESY NMR spectrum of  #rans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -
mesytil-1°,2°,3 “triazol-5 -ylidene)methylene] ruthenimm(1l) dibexafluorophosphate.
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Spectrum 76 - 'H-SN HMBC NMR spectrum of  trans-(diacetonitrile) (2,2 -bipyridine) [1,1-Bis(3 -
mesytil-1°,2°,3 -triazol-5 -ylidene)methylene] ruthenium(11) dibexafluorophosphate.
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4.18 Reaction profile: [Ru(COD)(Cl,)]» activation

Procedure

A 5 mm J-young tube was charged with 10.1 mg (0.04 mmol, 1.0 eq) of 7,5-¢yclooctadiene)(dichloro)
ruthenium(1l) polymer, then air was removed by cycling vacuum and argon (3 times). Subsequently, 500
ul of degassed deuterated AACN and 25 uL. of degassed TE.A were added. The tube was sealed and
placed in an oil bath at reflux. A TH NMR spectrum was collected every 4 h to generate the reaction

profile.

NMR spectra

[ R I T S

U

6
f1 (ppm)

Kinetic 2 - '"H NMR spectra collected from the reacting mixture arranged stacked, acquired at times
t=0, 2, 4, 6, 8, 10, 12, 16, 20, 24, 28, 32h, T = 80°C. Reagents: 10.Img of (1,5-
cyclooctadiene)ruthenium(1l) dichloride polymer, 25 ul. of TEA, and 500 uL. of CD3CN (above).

.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Kinetic 3 - Magnification of the stacked spectra above (Kinetic 2) displaying the spectrum region of

interest.
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4.19 Reaction profile: Ru(ACN)4[b(MI)M]X. formation

Procedure

A 5 mm J-young tube was charged with 10.1 mg (0.04 mmol, 1.0 eq) of (7,5-¢yclooctadiene)(dichloro)
ruthenium(1l) pohymer and 15.6 mg (0.04 mmol, 1.0 eq) of 7,7-bis(3 -methylimidazolinm)methylene diiodide.
The air was removed by cycling vacuum and argon (3 times), then 500 uL of degassed deuterated
ACN were added, alongside 25 uL. of degassed TEA. The tube was sealed and placed in an oil bath

at reflux. A 'H NMR spectrum was collected every 4 h to generate the reaction profile.

NMR spectra
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Kinetic 4 - '"H NMR spectra collected from the reacting mixture arranged stacked, acquired at times
t=0, 2,4, 6, 8, 10, 12, 106, 20, 24, 28, 32h, T = 80°C. Reagents: 10.1mg of (7,5-cyclooctadiene)ruthenium(1l)
dichloride polymer, 15.6mg of 1,1-bis(3 -methylimidazolinm)methylene ditodide, 25 ul. of TEA, and 500 uL. of
CD;CN.
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Kinetic 5 - Magnification of the stacked spectra above (Kinetic 4) displaying the spectrum region of

interest.
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4.20 Reaction profile: bipy coordination to Ru(ACN)s[b(MI)M]X2

Procedure

A 5 mm J-young tube was charged with 10.1 mg (0.04 mmol, 1.0 eq) of (7,5-¢yclooctadiene)(dichloro)
ruthenium(1l) polymer and 15.6 mg (0.04 mmol, 1.0 eq) of 7,7-bis(3 -methylimidazolinm)methylene diiodide.
The air was removed by cycling vacuum and argon (3 times), then 500 uL of degassed deuterated
ACN were added, alongside 25 uL. (0.18 mmol, 5 eq) of degassed TEA. The tube was sealed and
placed in an oil bath at reflux for 36 h. Then 5.6 mg (0.04 mmol, 1.0 eq) of 2,2>bipyridine were added
under argon counterflow, and the tube was quickly loaded into the NMR device to collect the 'H

NMR reaction profile. After 1 h, the temperature was increased to 50 °C to drive the reaction to

completion.
NMR spectra
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Kinetic 6 - 'H NMR spectra collected from the reacting mixture arranged stacked, acquired every 3
minutes, T = 25°C, after the addition of 5.6 mg of 2,2"bipyridine to a solution originally containing:
101 mg of  (1,5-yclooctadiene)ruthenium(l)  dichloride  polymer, 15.6 mg of 1,1-bis(3~
methylimidagolinm)methylene diiodide, 25 ul. of TEA, and 500 uL. of CD;CN (36 h at T = 80 °C).
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Kinetic 7 - Magnification of the stacked spectra above (Kinetic 6) displaying the spectrum region of

interest.

107



f1 (ppm)

Kinetic 8 - 'H NMR spectra collected from the reacting mixture arranged stacked, acquired every 3

minutes, T = 50°C, after the addition of 5.6 mg of 2,2"-bipyridine to a solution originally containing:
101 mg of  (1,5-cloctadiene)rutheninm(1l)  dichloride — polymer, 15.6 mg of 1,1-bis(3*-
methylimidazolinm)methylene diiodide, 25 uL. of TEA, and 500 uL. of CD;CN (36 h at T = 80 °C).
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f1 (ppm)

Kinetic 9 - Magnification of the stacked spectra above (Kinetic 8) displaying the spectrum region of

interest.
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4.21 Material and apparatus for catalytic hydrogen auto-transfer

reactions

® 25 mL Schlenk tube equipped with Rotaflo stopcock, 1 cm stirring bar, and 14/23 silicone
stoppers.

o Acetgphenone purification procedure: 1) treated with sodium permanganate for 18h at RT, 2) distilled,
3) treated with potassium carbonate, 4) distilled under argon, 5) dried over molecular sieves 4 A
overnight, 6) fractionally distilled under argon, 7) FPT.

o Isopropyl aleobo! purification: 1) Treated with sodium overnight, 2) fractionally distilled under argon,
3) FPT.

o Tert butanol purification: 1) Treated with sodinm overnight at 35 °C, 2) fractionally distilled under
argon, 3) FPT.

Note: Do not use silicone stoppers as they slowly react with Zsopropoxide and isopropanol vapors,

decomposing.

4.22 Transfer hydrogenation catalysis

TH reaction protocol

A 25 mL schlenk tube with a stirring bar was heated using a heat gun and left cooling under a vacuum
until it reached room temperature. The tube was placed under argon and 1.0 mL of the 1.0 mM
catalyst stock solution were added, and the solvent was removed under vacuum. 10 mL of anhydrous
and degassed #sopropy/ aleobo! were added under argon counterflow, alongside 117 uLL (1.0 mmol, 1.0
eq) of degassed acetophenone. The tube was moved to an oil bath placed at 90°C for 5 minutes. Then
200 uL of the 0.1 M isopropoxide stock solution were added to trigger the reaction. The reaction
mixture was sampled via a syringe under argon counterflow and each sample was promptly quenched

in cold deuterated chloroform. Sample to chloroform ratio 1:7.

0] 0.001 eq catalyst OH
OH 0.020 eq iPrONa (0}
e +
©)‘\ + )\ 10 mL iPrOH ©)\ )K
Under argon, 90°C

1.0 eq 6.0 eq
Scheme 23 - Transfer hydrogenation catalysis general reaction scheme.

1.0 mM catalyst stock solution preparation

A round bottom schlenk flask was charged with 0.01 mmol of catalyst (ten times the amount required
for a catalytic test). The air was removed from the container by cycling vacuum and argon (3 times).
Then 10 mL of anhydrous and degassed DCM or #sopropy! alcoho! were added according to the complex
solubility.
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0.1 M isopropoxide stock solution preparation

Sodinm isopropoxide solution 0.1M, from purified zsopropyl aleohol: 1) a 25 mL Schlenk tube equipped
with Rotaflo stopcocks, glass stoppers, and Glindemann O-rings was charged with 10 mL of isopropy/

aleohol, 2) 23 mg (1.0 mmol, 8E-3 eq) sodium were added under argon counter flow, and the mixture

was left reacting overnight.

Note: Do not use silicone stoppers as they slowly react with isopropoxide and isopropyl aleohol vapors,

decomposing.

Catalytic TH: control reaction

The TH reaction protocol reported above was followed in each step, except that the catalyst was not

loaded. The reaction profile is herein reported.

100
X 80
S 60
2
o 40 —@— Control reaction
C
8 20

0

0 20 40 60 80 100 120

Time [h]

Figure 57 - Reaction profile obtained during the control reaction via analysis of samples collected

under argon counterflow.
Catalytic TH: trans-complexes

The reaction profiles of the transfer hydrogenation reaction were conducted using the trans-
complexes following the described TH reaction protocol. The collected samples were analyzed
through 'H NMR spectroscopy, and the conversion was calculated based on the normalized sum of

integrals of reactants and products. No side products were detected.

120
100

80 —@— trans-Ru(bisNHC)(AMPY)(ACN)2(PF6)2

/./__.—-—. —@— trans-Ru(bisNHC)(EN)(ACN)2(PF6)2
40
o / trans-Ru(bisTRI)(Bipy)(ACN)2(PF6)2

0 trans-Ru(bisNHC)(Bipy)(ACN)2(PF6)2
0 20 40 60 80 100 120 140

Time [min]

Conversion [%]
(o))
o

Figure 58 — Reaction profiles obtained via analysis of samples collected under argon counterflow

from the reaction mixture. Hach profile is the result of the average of two single profiles.
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Catalytic TH: quench control reaction

A control reaction was conducted to test the effectiveness of the quenching method with cbloroform.
Two distinct TH hydrogenation reactions were performed employing frans-(diacetonitrile) (2,2
bipyridine) [1,1-Bis(3 -methyl-imidazol-1-ylidene)methylene] rutheninm(11) dibexafluorophosphate (9a) as catalyst.
The protocol described at the beginning of this Section was carefully followed in the first catalytic
test. Instead, in the second one, each sample collected from the reaction was quenched using diehy/
ether and filtered over silica before conducting GC-FID analysis to construct the reaction profile. As
expected, the combined effect of dilution, temperature, and insolubility does not provide the

condition for the reaction to continue in chloroform, and the two reaction profiles are equivalent.

100
— 80
=X
S 60 —@— trans-Ru(bisNHC)(Bipy)(ACN)2(PF6)2 (Et20)
‘»
g 40
5 —@— trans-Ru(bisNHC)(Bipy)(ACN)2(PF6)2 (CDCI3)
O 20

0

0 50 100 150

Time [min]

Figure 59 - Reaction profiles obtained via analysis of samples collected under argon counterflow

from the reaction mixture.

Catalytic TH: cis-complexes

The reaction profiles of the transfer hydrogenation reaction were conducted using the #ans-
complexes following the described TH reaction protocol. The collected samples were analyzed
through 'H NMR spectroscopy, and the conversion was calculated based on the normalized sum of

integrals of reactants and products. No side products were detected.

100
_ 80
x
5 60 —@— cis-Ru(bisNHC)(Bipy)(ACN)2(PF6)2
(%]
g 40
c —@— cis-Ru(bisNHC)(dppp)(ACN)2(PF6)2
o
© 20

0

0 00 150

1
0 Time [min]

Figure 60 - Reaction profiles obtained via analysis of samples collected under argon counterflow

from the reaction mixture. Each profile is the result of the average of two single profiles.
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4.23 Direct C-H arylation of 2-phenylpyridine

Typic catalytic procedure:

A 5 mL round bottom Schlenk flask was charged with 5.0 mg (0.01 mmol, 0.1 eq) of fetrakis(acetonitrile)
[1,1-bis(3-methylimidazol-2 -ylidene) methylene Jruthenium(I1) dibexafluorophosphate, 1.8 mg (0.02 mmol, 0.3 eq)
of potassinm acetate and 18.0 mg (0.13 mmol, 3.0 eq) of potassium carbonate. The air was removed by
cycling argon and vacuum. Subsequently, 300 ul. of N-methyl-pyrrolidone were added under argon
counterflow, followed by 15.1 uL (0.13 mmol, 2 eq) of dodobenzene and 9.6 uL. (0.07 mmol, 1 eq) of 2-
phenylpyridine. The flask was sealed and placed in an oil bath for 12 successive hours, and then a sample

was collected and diluted with deuterated chloroform to determine yield (98%).

Under Argon O

| _| 2+
& | KOAG 0.3 eq [ - NJN‘l
. N ' 4
=N K,CO3 2 eq O [ O | (N:‘ I \\N///
+ —_— : < Ru 2X
NMP, 100°C : N7 |
1eq 2eq 98% :
Scheme 24 — General reaction scheme depicting the diarylation of 2-phenylpyridine using iodobenzene
as an arylating agent, fetrakis(acetonitrile) - [1,1-bis(3 -methylimidazol-2 -ylidene)methylene]rutheninm(11)

dibexcaflnorophosphate as a catalyst and potassium carbonate as the internal base for cyclometallation.
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Figure 61 — '"H NMR spectrum of a diluted sample of the crude reaction mixture, where the only
visible signals are related to NMP (above). A fragment of the latter spectrum, highlighting the

aromatic region where the product's signals fall.
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Figure 62 — General structure of 2-/(2°,6 -diphenyl)phenyl|pyridine.

Characterization
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Spectrum 77 - 'H NMR spectrum of 2-/(2°,6 -diphenyl)phenyl]pyridine.

(CsH7N): 1H NMR (CDsCl, 400MHz): & 8.33 (d, 1H, 4.75 Hz, 1), 7.55 (m, 1H, 4), 7.48 (m, 2H),
7.32 (td, 1H, 7.39 Hz, 1.62 Hz, 2), 7.15 (m, 8H, 11+12+13), 6.92 (m, 2H, 8).
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Spectrum 78 - DEPTQ NMR spectrum of 2-/(2°,6 -diphenyl)phenyl|pyridine.

(CzsHi7N): 3C DEPTQ NMR (CDsCl, 400MHz): 6 158.91, 148.47, 141.86, 141.59, 134.92, 129.65,
129.49, 128.20, 127.65, 126.82, 126.29, 120.90.
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Spectrum 79 - 'H-13C HSQC NMR spectrum of 2-/(2°,6 ~diphenyl)phenylpyridine.

=

Spectrum 80 - 'H-13C HMBC NMR spectrum of 2-/(2°,6 -diphenyl)phenyl|pyridine.
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Figure 63 — Proposed reaction mechanism of the ruthenium(Il) catalyzed direct C-H orzo-

diarylation for a generic aromatic compound featuring an amino-based directing group.
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Insights on the Anion Effect in N-heterocyclic Carbene Based

Dinuclear Gold(l) Catalysts

Authors:

Filippo Campagnolo, Matteo Bevilacqua, Marco Baron, Cristina Tubaro, Andrea Biffis, Daniele
Zuccaccia

Abstract:

Dinuclear bisNHC (bis(N-heterocyclic carbene)) gold(I) complexes 3a and 4a of general formula
[Au2Bra(bisNHC)| were tested as catalysts in the cycloisomerization of N-(prop-2-yn-yl)benzamide
and in the hydromethoxylation of 3-hexyne in the presence of silver(l) activators bearing different
counteranions. The catalytic performance in the same reactions of mononuclear NHC complexes
(1a, 2a) was studied as well. The results highlighted the fundamental role of both NHC ligand and
counterion in the catalytic cycles and activation process: dinuclear catalysts exhibit higher initial
activity even under milder conditions but suffer in terms of stability with respect to mono NHCs.
Furthermore, a new dinuclear bisNHC gold(I) complex 2¢ of general formula [Auz(OT's)2(bisNHC)]
(OTs = p-toluenesulfonate) was successfully synthesized and characterized by means of NMR and

ESI-MS analyses.
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Experimental and Theoretical Investigation of lon Pairing in
Gold(lll) Catalysts

Authors:

Jacopo Segato, Eleonora Aneggi, Walter Baratta, Filippo Campagnolo, Leonardo Belpassi, Paola

Belanzoni, and Daniele Zuccaccia

Abstract:

The ion pairing structure of the possible species present in solution during the gold(I1I)- catalyzed
hydration of alkynes: [(ppy)AuNHC)Y]|X; and [(ppy) AuNHCO)X]|X [ppy = 2-phenylpyridine, NHC
= NHCiPr = 1,3-bis(2,6-di-isopropylphenyl)-imidazol-2-ylidene; NHC = NHCmes = 1,3-bis(2,4,6-
trimethylphenyl)-imidazol-2-ylidene X = CI, BFy, OTf; Y = H2O and 3-hexyne| are determined.
The nuclear overhauser effect nuclear magnetic resonance (NMR) experimental measurements
integrated with a theoretical description of the system (full optimization of different ion pairs and
calculation of the Coulomb potential surface) indicate that the preferential position of the counterion
is tunable through the choice of the ancillary ligands (NHCiPr, NHCmes, ppy, and Y) in
[(epy) AuNHC)(3-hexyne)]|X> activated complexes that undergo nucleophilic attack. The counterion
can approach near NHC, pyridine ring of ppy, and gold atom. From these positions, the anion can
act as a template, holding water in the right position for the outer-sphere attack, as observed in gold(I)

catalysts.
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Solvent-free selective oxidation of benzyl alcohol using Ru

loaded ceria-zirconia catalysts

Authors:
Eleonora Aneggi, Filippo Campagnolo, Jacopo Segato, Daniele Zuccaccia, Walter Baratta, Jordi

Llorca, Alessandro Trovarelli

Abstract:

Selective oxidation of alcohols to aldehydes or ketones is a fundamental process in organic chemistry
and the development of green and sustainable transformations are strongly required. Herein, we
focused on the development of Ru-based catalysts deposited over ceria-zirconia supports (CZRu) for
the solvent free oxidation of benzyl alcohol using air as oxidant, which is a cheap and safe process
and meets to the atom economy and environment requirements. XPS characterization of the material
reveals that the formation of RuO» on the surface is necessary to achieve higher catalytic activity. The
activity is strongly related to the reducibility of the material and to the close interaction between ceria-
zirconia and RuQOs, with the likely formation of Ru-O-Ce arrangements. The greater mobility of
oxygen due to the formation of bridging oxygens in Ru-O-Ce and to the formation of superoxide
species (O2) over Ce3* sites, significantly boosts the selective oxidation of alcohols. CZRu is a
promising material with a remarkable 61% alcohol conversion at 90 °C without solvents; it also
exhibits high activity (55% conversion) and complete selectivity (100%) for the selective oxidation of
1-phenylethanol to acetophenone. Overall, the formulation is among the most active reported so far
under solvent free conditions and molecular oxygen. In addition, the reaction over CZRu exhibits an
environmental factor (E-factor) lower than 1 (0.95) confirming the sustainability of the proposed

process.
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Sustainable Solvent-Free Selective Oxidation of Benzyl Alcohol

Using Ru(0) Supported on Alumina

Authors:

Eleonora Aneggi, Filippo Campagnolo, Daniele Zuccaccia, Walter Baratta, Jordi Llorca and

Alessandro Trovarelli

Abstract:

The selective oxidation of primary alcohols into their corresponding carbonyl compounds is
challenging because of the easy over-oxidization to acids and esters. The traditional reaction requires
large amounts of solvent and oxidant, causing serious environmental issues. Recently, several efforts
have been made to transform the reaction into a more sustainable process. Here, we investigated the
solvent-free oxidation of benzyl alcohol using air as a green oxidant in the presence of ruthenium
supported on alumina and zirconia, thereby meeting atom economy and environmental requirements.
The materials were extensively characterized and, in addition to their activity, selectivity, and
reusability, the environmental sustainability of the process was assessed according to green chemistry
metrics. XRD, TEM, and XPS analyses suggest that the formation of metallic Ru on the support
plays a key role in the catalytic activity. Ru supported on alumina, after a reduction treatment, achieves
good activity (62% conversion) and a complete selectivity in a very sustainable process (without a
solvent and with air as oxidant), as indicated by the very low E-factor value. The formulation is very

stable and maintains high activity after recycling.
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Postprandial kinetics of digestive function in rainbow trout
(Oncorhynchus mykiss): genes expression, enzymatic activity

and blood biochemistry as a practical tool for nutritional studies

Authors:

Giulia Pascon, Enrico Daniso, Gloriana Cardinaletti, Maria Messina, Filippo Campagnolo, Daniele

Zuccaccia and Francesca Tulli

Abstract:

Postprandial kinetics of genes expression of gastric (chitinase, pepsinogen) and intestinal (alkaline
phosphatase, maltase) digestive enzymes and nutrient transporters (peptide transporter 1, sodium-
glucose transporter 1), Brush Border Membrane (BBM) enzymes activity (alkaline phosphatase,
leucine aminopeptidase, maltase, saccharase) and blood biochemistry (triglycerides, cholesterol,
protein, albumin, glucose, amino acids) through NMR spectroscopy, were investigated in rainbow
trout (Oncorbynchus mykiss) fed a commercial aquafeed. For this purpose, fish were starved 72 h and
digestive tract and blood were sampled before the meal and at 1.5, 3, 6, 9, 12, and 24 h after feeding
(TO, T1.5, T3, T6, T9, T12 and T24). The postprandial kinetic showed that the expression of the
genes involved in digestion and nutrient transport, the activity of BBM enzymes, and the presence of
metabolites in blood were stimulated in different ways by the presence of feed in the digestive tract.
The expression of most genes peaked 3 h after meal except gastric pepsinogen and maltase in distal
intestine that peaked at T9 and T12, respectively. The activity of BBM enzymes were stimulated
differently based on the intestine tract. The plasma proteins level increased from T1.5 until T9, while
the other blood parameters unvariated during the postprandial period. This study supplied useful
information about the physiological effects a single meal as a potential tool for planning nutritional

studies involving the digestive functions.
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On the mechanism of ruthenium(ll)-aNHC homogeneous
catalyzed hydrogen auto-transfer reactions

Authors:

Filippo Campagnolo, Walter Baratta, Fritz E. Kihn, Daniele Zuccaccia

Abstract:
Ruthenium(II) complexes bearing aNHC-phosphine ligands showed remarkable activity in hydrogen

auto-transfer reactions. The hydrogenation of ketones using sacrificial alcohols and the inverse
Oppenauer oxidation reaction are assumed to follow the same reaction mechanisms, even if they are
often conducted with different experimental protocols. The development of a unique reaction
protocol shared between reductive and oxidative pathways highlighted the role of the base in both
activation equilibria and in the decomposition of the catalysts. A structure/reactivity correlation study
proved that a linear free energy relationship subsists for all substrates used, implicating a strong
dependency on the substrate steric hindrance, consistent with an inner sphere mechanism.
Furthermore, the slope steepness inversion in the two reactions suggests a difference in the reaction

mechanism.
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Assessing the ion-pairing effect in Gold(l) catalyzed alkyne
hydroalkoxylation, a DOSY NMR approach

Authors:

Filippo Campagnolo, Eleonora Aneggi, Daniele Zuccaccia

Abstract:

In recent years, homogeneous gold(]) catalysis caught attention as a growing field in the development
of organic chemistry reactions promoted by L-Au-X compounds (L. = an ancillary ligand, and X- = a
counterion), which mainly involve nucleophilic additions to carbon—carbon unsaturated bonds. The
alkyne hydroalkoxylation reaction is among the most studied gold(l)-catalyzed reactions, as it
provides an excellent framework to develop a robust complex by tuning the ligand (L) and studying
the counterion (X-) effect. Indeed, the counterion, usually regarded as a spectator ion, here instead
plays a pivotal role in the reaction mechanism. Optimizing the choice of the counterion becomes
hence crucial because of its involvement in the reaction's key steps: 1) the pre-equilibrium, where the
coordination of the alkynes takes place moving the counterion from the inner sphere to the outer
sphere ion pair configuration, 2) the nucleophilic attack, where the just formed gold-alkyne complex
undergoes nucleophilic attack by a nucleophile (Nu-H), and 3) the protodeauration, where the gold-
carbon bond is cleaved by a proton in the newly formed organogold intermediate, giving the desired
product and regenerating the catalyst. In the hydroalkoxylation reaction, where the rate-determining
step (RDS) is the nucleophilic attack, the p-toluenesulfonate anion (OTs?) provides the best
compromise for achieving an efficient catalyst, thanks to its intermediate coordinating ability, basicity,
and hydrogen bond acceptor property. These properties are assumed to affect the actual ion-pairing
ratio during catalysis between the cation (L-Au-R¥) and the counterion (X-), but the ion-pairing ratio
constitutes an elusive and complex quantity to asses experimentally, particulatly under catalytic
conditions. Taking advantage of diffusion-ordered spectroscopy (DOSY) NMR, we observed the
average hydrodynamic volumes of different L-Au-X catalysts under catalytic conditions, which from
the ion-pairing ratio of each species was obtained. The experimental results highlichted how the ion-
pairing ratio is a fundamental parameter to consider, but also that the basic properties of the anion
matter, as the trifluoromethanesulfonate (OTf) and OT's anions displayed the same average ratio

despite different catalytic performances.
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