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Abstract

Olefin metathesis is a powerful tool for the making and breaking of carbon-carbon double bonds.
Among well-defined homogenous catalysts for olefin metathesis, ruthenium-based alkylidenes
stand out for their robustness and relative ease-of-use. Synthesis of the most active Ru-based
metathesis catalysts remains challenging, however, and there is continued interest in new and
improved routes to alkylidene installation as metathesis begins to see wide uptake in industry.

The first part of this thesis focuses on developing new routes to known catalysts. Magnesium
carbenoids are investigated as a potential alkylidene source, and in the process a novel route to
benzylmagnesium carbenoids is developed. Initially promising results showing ca. 40%
conversion to first generation metathesis catalysts failed to lead to a viable high-yield route to Ru-
alkylidenes.

A high yield route to RuCl2(H21Mes)(py)a (previously reported in low yields as a decomposition
product of the third-generation Grubbs’ metathesis catalyst) is developed and this complex is
investigated as a precursor to indenylidene-based catalysts. Although RuCl2(Hz21Mes)(py)s is
shown to be substitutionally labile, indenylidene installation could not be achieved.

Finally, zinc aryloxides are investigated as an alternative to thallium and silver reagents for the
installation of aryloxide ligands. Initial results indicate that zinc aryloxides are kinetically, though
not thermodynamically, competent for the installation of the challenging aryloxide CsFsO™ on the
second-generation Hoveyda catalyst.

The second part of this thesis concerns progress towards the development of a new low-valent
catalyst platform. Initial experiments involving treating the second-generation Hoveyda catalyst
with various reducing agents fail to produce low-valent alkylidenes, leading instead to
decomposition of alkylidene.

Drawing inspiration from early transition metal systems, the remainder of the second part focuses
on alpha-hydride elimination from a Ru'" alkyl as a means of accessing low-valent alkylidenes. To
this end, a novel benzylruthenium complex as well as bis-benzyl and mono-aryloxide derivatives
are developed. While attempts to induce benzyl-to-benzyl hydride abstraction or intramolecular
deprotonation of the benzyl ligand failed to produce alkylidenes, ligand-induced benzyl-to-
aryloxide hydride abstraction appears to be successful, leading to the observation of a broad *H
NMR signal in the region characteristic for low-valent Ru-alkylidenes.

vii
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Chapter 1. Introduction
1.1 Olefin Metathesis

First reported by industry in the mid 20" century,'® olefin metathesis involves the exchange of
substituents between olefins, leading to a thermodynamic distribution of products (Scheme 1.1),
and is perhaps the most atom-economical method for the formation of new carbon-carbon double
bonds. In the 1950s, reports by Zeigler of the unexpected formation of 1-butene during the
attempted polymerization of ethylene in the presence of nickel® were soon followed by the
observation of propene undergoing “olefin disproportionation” (an early term for olefin
metathesis) and polymerization of cyclic olefins.> Throughout the 1960s, researchers continued
exploring ring-opening polymerization of cyclic olefins and olefin disproportionation reactions of
unfunctionalized alkenes catalyzed by multicomponent systems based on Mo, W, or Ti chlorides
or oxides activated with alkylaluminum, but it was not until 1967 that Calderon drew an explicit
connection between these two apparently unrelated reactions and coined the modern term “olefin

metathesis”.’

Scheme 1.1: A simplified depiction of the olefin metathesis reaction; substituents are redistributed
across the C-C double bond.

A C metathesis A C
T = - 1L
B D D B

Mechanistic investigations were frustrated by the fact that early catalyst systems were ill-defined
multicomponent mixtures which only produced a minute quantity of short-lived active species.® It
was not until 1974, with Schrock’s isolation of a well-defined tantalum alkylidene (Ta-1),
followed in 1980 by the report of metathesis-active tantalum, niobium, and tungsten alkylidenes®
that the Chauvin mechanism, which proceeds through metal-alkylidene and metallacyclobutane
intermediates (Scheme 1.2), gained experimental evidence and widespread acceptance.®

Scheme 1.2: The Chauvin mechanism for olefin metathesis

R‘1 R2 1R R2 R2
= 1d=0 -7

Schrock continued to develop early-metal alkylidenes as metathesis catalysts in the subsequent
years,? 1% and metal carbenes of this type now commonly bear his name. These “Schrock carbenes”
do not bear electron-donating substituents on the carbene carbon, and are best modeled as a triplet
carbene engaged in two covalent bonds with the metal centre (and are therefore considered
dianionic) (Figure 1.1).1*2 They are also typically known on high oxidation state early transition
metals, which polarizes the metal-carbon double bond towards carbon, giving rise to nucleophilic
character on carbon.!**3 This is in contrast to the earlier known “Fischer carbenes”,** which bear
electron donating substituents on the carbene carbon, exist primarily on electron-rich mid-to-late
transition metals, are polarized towards the metal centre, react primarily as electrophiles at the
carbene carbon, and are best modelled as singlet carbenes that bind to a metal by s-donation of

R1

1
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Chapter 1. Introduction

the singlet lone pair and back donation of a pair of electrons from a metal d-orbital (and are
therefore neutral ligands).**3

Figure 1.1: Binding mode and characteristics of Schrock and Fisher carbenes

Schrock Carbene Fischer Carbene

R R? Q- 0.Rr2 0 >0, _ RYE
5 = OMD---0Cy | | oMoty = T
M O 0 R 0 O E M

M = early transition metal, high valent M = Late transition metal, low valent
R', R? = H, alkyl, aryl, vinyl, ect. E = Electron withdrawing group
R = H, alkyl, aryl, vinyl, etc.

Catalyst productivity was improved by moving from Ta to W' and Mo,® and replacing the alkyl
ligands present in Ta-1 with bulky alkoxide/aryloxide,® imido,!” and eventually pyrrolide'° ligands
(Figure 1.2). Bulky ligands were targeted to prevent bimolecular coupling and decomposition of
the alkylidene, and the highly tunable stereoelectronic properties of these ligands allowed control
over activity and selectivity. These developments culminated in the development of the
monoaryloxide-pyrrolide (“MAP”) catalyst platform (e.g. Mo-2), which remains state-of-the-art.1°

Figure 1.2: Development of early metal metathesis catalysts

Metathesis activity
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Despite these developments, olefin metathesis would not yet see wide uptake in organic synthesis;
the nucleophilic alkylidenes and very oxophilic high oxidation state early metal centres
characteristic of the Schrock catalysts led to poor functional group tolerance and high sensitivity
to moisture and oxygen.? It would not be until the 90s, with Grubbs’ synthesis of the less active,
but considerably more robust ruthenium metathesis catalysts that organic chemists would embrace
olefin metathesis on the bench.t> 18

1.1.2 Ruthenium Catalysts

The first ruthenium alkylidene, Ru-1, was reported by Grubbs in 1992.1° Although it was poorly
active in metathesis, catalyzing only ROMP of highly strained cyclic olefins, the basic structure of
modern ruthenium catalysts remains the same as Ru-1;'® a five-coordinate, square-pyramidal
ruthenium complex bearing an apical alkylidene, two anionic ligands (typically, though not
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exclusively, chloride), one stabilizing L-ligand that remains coordinated throughout the catalytic
cycle, and a second L-ligand which dissociates to permit olefin binding (Figure 1.3).

In contrast to early metal systems, for which more electron-withdrawing ligands improve catalyst
activity,? activity of ruthenium catalysts is enhanced by stronger electron-donating ligands.*® This
behaviour was noticed early on; replacing PPh3 in Ru-1 with stronger-donating PCys produced
more active Ru-2.2° Choice of alkylidene also plays a role; benzylidenes are more active than the
vinyl alkylidenes in Ru-1 and Ru-2.2! A benzylidene complex, GI,% would become known as the
“first-generation Grubbs’ catalyst”; the attractive combination of moderate activity, high
functional group tolerance, and low vulnerability to air and moisture led this catalyst to be widely
adopted by organic chemists, and it is still commercially available today.

Figure 1.3: Anatomy of a metathesis catalyst

Apical alkylidene
R
X",, m Labile dissociating L ligand

L—Ru—L"
Strong-donor stabilizing ligand \X

2x Anionic ligands

Moving to ever more electron donating stabilizing ligands has led to large increases in catalyst
activity; first with the switch from PCys to N-heterocyclic carbenes (NHCs) marking the advent
of the “second-generation” catalysts (e.g. GI1),%2 and more recently with the introduction of cyclic
alkyl-amino carbenes (CAACs) (Figure 1.4). It was initially thought that strong donor ligands
increased activity by labilizing the dissociating L-ligand and thereby increasing initiation rates,?
but Kinetic studies revealed that the second-generation catalysts actually initiated over two orders
of magnitude more slowly than the less electron-rich first-generation.?® Subsequent studies have
shown that the improved activity conferred by strong donor ligands comes not from increased
initiation efficiency, but by increasing olefin binding affinity and the ease of the cyclometallation
step (so-called “high commitment” behaviour).?42
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Chapter 1. Introduction

Figure 1.4: Key ruthenium metathesis catalysts, arranged in increasing order of performance
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In a separate innovation, Hoveyda introduced a chelating ether functionality on the ortho position
on benzylidene,?” eventually leading to the phosphine-free second-generation Hoveyda catalyst,
HI11.2-2° The chelating benzylidene had the effect of changing the catalytic resting state from the
vulnerable 5-coordinate methylidene (Scheme 1.3) to the robust precatalyst by recapture of the
chelating benzylidene (the so-called “boomerang mechanism”, see Scheme 1.4).3° Replacement of
phosphine by the chelating ether also solved the issue of catalyst death by nucleophilic attack on
alkylidene by liberated phosphine, which has been established as a significant decomposition route
for phosphine-bearing catalysts.®* Grela further improved the chelating-benzylidene system with
the addition of an electron-withdrawing nitro group para to the chelating ether (as in nGI1), which
has the effect of weakening the chelate and boosting the initiation rate.?
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Scheme 1.3: Catalytic cycle for ruthenium metathesis catalysts with non-chelating alkylidene.
Precatalyst and resting state identified

CI R
R’ H2IMes—Ru
recatalyst
’ ’ resting state
R
. PCys 3 oy, Ol
HaIMes—Ru—PCys H2|MeS_Ru Hlees—Ru\ _c; HolMes—Ru—PCy,
Gll Cl +PCy3 RU-3\C| Ru-5 Cl -P Y3 Gll-m Cl
R
Cl
N l
HoIMes—Ru
|
Cl R
Ru-6

Scheme 1.4: Catalytic cycle for Hoveyda-class ruthenium metathesis catalysts with chelating
alkylidene. Precatalyst and resting state are the same species.

|IIQ

R H,IMes—R{
precatalyst W Cl
AND
resting state
R
cl, “/
CI/,’ I II J—
HalMes—Ru_ HaIMes RU
HpIMes—Ru—o0 |} s Ru-3 Vg,
an Y Y u-5 ci

R g A

H2IMes—Ru

CI
Enantioselective catalysts have also been developed (Figure 1.5).%3 Enantioselective in this context
typically means “Z-selective”, as kinetically E-selective catalysts remain elusive. However, as the

E-isomer is generally the thermodynamically preferred species, this does not generally present an
obstacle to accessing E-olefins. Chiral monodentate NHCs of C,34% and C1% symmetry have both
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been deployed in enantioselective variants of the second-generation Grubbs’ catalyst.
Enantioselective catalysts based on bidentate C-3’ or O-cyclometalated®-3° NHCs are also known.
These highly-tailored NHCs are not trivial to access, replacing a chloride ligand with a bulky
thiolate is a comparatively simple and inexpensive method to impart enantioselectivity.*
Enantioselectivity has also been achieved by replacing both chloride ligands with a bidentate
catecholate or catechothiolate ligand. Although some reduction in activity is tolerable if it is
accompanied by excellent enantioselectivity, the earliest examples based on C-cyclometalated
NHCs were of modest activity and enantioselectivity, catalyzing the cross-metathesis of
allylbenzene and cis-1,4-diacetoxybutene to 58% conversion and 41% Z-selectivity.®” By contrast,
the activity of modern enantioselective catalysts are generally comparable to their non-selective
counterparts, and enantiomeric excesses in the >85% range are not uncommon.*

Figure 1.5: Examples of enantioselective catalysts of different types
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Catalyst solubilization to allow metathesis in aqueous conditions has been pursued by modifying
one or more sites with charged or neutral polar groups, or by tethering to water-soluble polymers
such as polyethylene-glycol (Figure 1.6).**2 Perplexingly, some attempts involved installing
charged groups on the alkylidene,**-*¢ which, while successful in solubilizing the precatalyst, does
nothing to keep the active species solvated post-initiation. More fruitful attempts have involved
installing charged groups on a non-dissociating NHC*"® or modified X-ligand.*® Yields in
aqueous metathesis remain low relative to anhydrous conditions,***2 as, despite being marketed as
“water-tolerant”, ruthenium metathesis catalysts are in fact deactivated/decomposed by water.3!
5051 The exact means by which water causes catalyst deactivation is the subject of ongoing research
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in the Fogg lab, the fruits of which may lead to a new generation of water-tolerant water-soluble

catalysts for aqueous metathesis.

Figure 1.6: Examples of water-soluble metathesis catalysts
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Catalyst immobilization strategies have also been explored. Immobilization has been achieved by
tethering to the alkylidene,**>3 dissociating® or non-dissociating®® L-ligands, or modified X-
ligands.®” Catalysts have been tethered to a variety of supports, including polymers,> %% sjlica,®
and magnetic nanoparticles.®® Immobilization promises improved catalyst recyclability, ease of
separation of ruthenium from the end product, and is amenable to deployment in continuous-flow
processes.>® Disadvantages are reduced activity relative to the free catalysts, presumably due to a
combination of steric shielding by the immobilizing support and the impact of catalyst
immobilization on diffusion kinetics.*-%° Tethering at the alkylidene or dissociating L-ligand is of
dubious merit. On the one hand, this allows the initiated catalyst to circulate freely in solution,
leading to improved performance relative to catalysts tethered at NHC®? as this mitigates the
impact of steric shielding by the support and lack of mobility. On the other hand, this rules out
deployment in flow chemistry, and if the catalyst decomposes before it can be recaptured by the
solid support, the advantages of immobilization are likewise lost.

In work parallel to the benzylidene catalysts, Dixneuf and other authors have developed the
chemistry of indenylidene ruthenium catalysts (Figure 1.7).52%2 Among reported catalysts,
indenylidene analogues to the first and second-generation Grubbs’ catalyst (M1 and M2) are
known,®3%4 and an isopropoxy-ether functionalized analogue to the Hoveyda-type benzylidene has
also been developed (Ru-18).%% With the notable exception of the recently developed chloride-
bridged dimeric species Ru-19, indenylidene catalysts are significantly less active than their
benzylidene counterparts,® but have the distinct advantage of not requiring the use of diazo
reagents (mutagenic, explosive) in their synthesis.
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Figure 1.7: Key indenylidene ruthenium metathesis catalysts.
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1.2 Catalyst Synthesis

1.2.1 Early Transition Metals

Alkylidene installation is the key step in catalyst synthesis, as the alkylidene functionality is key
to the operation of the Chauvin mechanism of olefin metathesis.® In early metal systems this is
traditionally accomplished by a-hydride abstraction, as typified by Schrock’s 1974 synthesis of a
tantalum neopentylidene.® In this approach, two alkyl ligands (substituted at the beta position to
prevent B-hydride elimination) installed cis to one another and subjected to steric pressure will
eliminate an alkane, generating the alkylidene (Scheme 1.5). This method is general for the early
transition metals, and examples have been reported for W, Zr, Mo, Nb, Ta, Ti, V, Cr, and Re.%’

Scheme 1.5: Alkylidene installation by a-hydride abstraction, as first reported in the synthesis of
Ta-1

e N Y
S > e

Ta-3 Ta-4 a-1

In some instances, such as with tungsten, double a-hydride abstraction can occur, generating
instead an alkylidyne species (Scheme 1.6).%8 Alkylidynes are useful in their own right as catalysts
for alkyne metathesis, but can also be protonated to alkylidenes. In an elegant example, hydride
transfer from a neighbouring amide ligand furnishes both the alkylidene functionality and the
bulky protecting imido ligand in a single step (Scheme 1.7).%°

Scheme 1.6: Double a-hydride elimination to form a tungsten alkylidyne complex
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Scheme 1.7: NEts-catalyzed intramolecular deprotonation of a neighbouring amide ligand
simultaneously converts the alkylidyne ligand to an alkylidene ligand, and the amide ligand to an
imido ligand
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A pathway to early metal alkylidynes (and by protonation, alkylidenes) that does not rely on -
hydride abstraction involves treatment of homobimetallic W or Mo species containing a metal-
metal triple bond with alkyne (Scheme 1.8)%°°. This is not universal for all W and Mo metal-
metal triple bonds, and seems to proceed only for high oxidation-state dimers bearing electron
withdrawing aryloxide ligands, which are beneficial for metathesis performance.?

Scheme 1.8: Metathesis-like reactivity of triply-bound W dimer and carbynes produces
alkylidynes

R
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1.2.2 Ruthenium

Alkylidene installation is more challenging on ruthenium than the early metals. a-Hydride
abstraction to form metathesis-active alkylidenes is unknown in ruthenium chemistry. The search
for a convenient, economical, and safe method for alkylidene installation continues to be a high-
value target within the field.

The earliest ruthenium alkylidenes were installed by treating a ruthenium dichloride with
diphenylcyclopropene to yield vinyl-alkylidenes (Scheme 1.9).2° The challenging synthesis and
instability of highly strained diphenylcyclopropene served as a significant roadblock to large scale
catalyst synthesis, limiting access to Ru alkylidenes for research and industry alike.

References on page 13



Chapter 1. Introduction

Scheme 1.9: Insertion/ring opening of diphenylcyclopropene produced the first known ruthenium
metathesis catalyst
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Carbene transfer by aryldiazomethane was the second alkylidene installation method to be
developed with the synthesis of the first-generation Grubbs’ catalyst (Scheme 1.10).2> " There are
well-founded concerns surrounding the explosive and toxic nature of diazo reagents,’? and this
route is operationally intensive on the bench scale. Aryldiazomethane reagents are highly unstable;
they must be prepared immediately before use and are notoriously low-yielding. Stoichiometric
control is poor, and it is often necessary to use a large (nominal) excess to effect complete
conversion of starting material. Although yields in excess of 90% are reported in the literature,?"
211 in practice challenges in stoichiometric control arising from the volatility and instability of
aryldiazomethane reagents mean that yields below 70% are routinely encountered, even in
experienced hands. Despite this, carbene transfer by aryldiazomethane has essentially remained
the state-of the art method for benzylidene installation. Several alternative routes to benzylidenes
have been developed (and will be explored in greater detail in Chapter 3), but none have managed
to supplant diazo technology.

Scheme 1.10: Synthesis of the first-generation Grubbs’ catalyst by reaction of Ru-20 with
phenyldiazomethane
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Vinyl-alkylidenes can also be accessed by reaction of a propargylic chloride with a ruthenium
hydride (Scheme 1.11).”*"* These catalysts are less active than the equivalent benzylidenes and
little used outside of ROMP.

Scheme 1.11: Cyclopropene-free route to vinyl alkylidenes
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Treating various ruthenium dichloride species with terminal alkynes furnishes ruthenium
vinylidenes in a straightforward and typically high yielding procedure (Scheme 1.12), but these
complexes are poor metathesis initiators and typically catalyze only ROMP of strained cyclic
olefins.” Related allenylidene species can be accessed by reaction of ruthenium dichlorides with
propargylic alcohols (Scheme 1.13), and share the poor activity of their vinylidene analogues.”®

Scheme 1.12: Alkyne insertion leads to vinylidenes
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Scheme 1.13: Insertion of propargylic alcohol gives ruthenium allenylidenes, which rearrange in
the presence of acid to more active indenylidene species
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Indenylidene species, arising from acid-catalysed rearrangement of allenylidene, are significantly
more active than vinylidene or allenylidene precatalysts, albeit generally less active (with the
notable exception of the recently reported dimeric species Ru-19) than benzylidenes.®62 7" They
are accessed by treating a ruthenium dichloride precursor with 1,1-diphenylpropargyl alcohol in
the presence of an acid catalyst, often acyl chloride (Scheme 1.13).%% ’® The initial product (isolable
in the absence of an acid catalyst) is the allenylidene species which rearranges in the presence of
acid to form the indenylidene.”® This is a significantly more reliable and user-friendly procedure
than the use of aryldiazomethane reagents, but benzylidenes remain generally more active and
therefore more widely used in metathesis.

Access to the most active ruthenium catalysts typically requires modification after alkylidene
installation. Metathesis of benzylidene or indenylidene precursors with a tailored olefin can furnish
new alkylidenes where there is a thermodynamic driving force in favour of the new alkylidene
(Scheme 1.14).28 32 7381 Many new catalysts were initially reported via this approach, and this
remains the only known method to install the nitro-substituted chelating benzylidene that defines
the top-performing nitro-Grela family of catalysts.

11
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Scheme 1.14: Metathesis of the second-generation indenylidene catalyst M2 with a tailored olefin
furnishes the highly-active second-generation nitro-Grela catalyst nGl|I

25

H2IMes—Ru—PCy3 > Hlees—Ru—O

M2 nGII

Different stabilizing ligands are installed by simple ligand substitution reactions, typically with
first-generation Grubbs or indenylidene catalysts (Scheme 1.15). Historically, this has been the
method for installing the H2IMes ligand that defines the “second-generation” catalysts, though this
ligand can now be installed prior to the alkylidene. CAACSs, the current bleeding-edge stabilizing
ligands, must still be installed after the alkylidene.82-84

Scheme 1.15: NHCs such as HzIMes readily displace a phosphine ligand in the first-generation
Grubbs catalyst, granting access to second-generation catalysts

CI,' | HZIMeS CI,, I
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1.3 Scope of This Thesis

The aim of this thesis work is to explore novel methods of catalyst synthesis with particular
attention to alkylidene installation. Chapter 2 contains experimental details. Chapter 3 discusses
alternative routes to known catalyst species that avoid the use of aryldiazomethanes. o-
Chloroalkylruthenium species are identified as a common intermediate arising in several
apparently unrelated literature routes to ruthenium alkylidenes, and direct, deliberate installation
of the a-chloroalkyl fragment is pursued via a-chloroalkylmagnesium reagents. The first high
yield synthesis of RuCl>(Hz21Mes)(py)s is reported, and this compound is assessed as a potential
entry point to metathesis catalysts. Pseudohalide installation by zinc nucleophiles is also explored.
In Chapter 4, “low-valent” ruthenium alkylidenes are pursued, both by reduction of known
metathesis catalysts and by adapting a-hydride abstraction, ubiquitous in early metal systems, to
ruthenium. The latter approach also represents a new method of alkylidene installation for
ruthenium metathesis catalysts.
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Chapter 2. Experimental Methods
2.1 General Considerations

Unless otherwise specified, reactions were carried out under N2 using standard glovebox or
Schlenk line techniques. Room temperature corresponds to ca. 25 °C in the glovebox, or ca. 23 °C
on the Schlenk line. All glassware was oven-dried at 110 °C for minimum 16 h prior to use.

2.1.1 Solvents

Hexanes, toluene, benzene, tetrahydrofuran, dichloromethane, and diethyl ether were degassed and
dried with a Glass Contour or Anhydrous Engineering solvent purification system, using dry argon
as the protecting gas. Methanol was distilled from magnesium methoxide (prepared by pouring
methanol over magnesium activated with I,); acetone from CaSOs, and pentane from P.Os. All
distillations were carried out under N, after which the solvents were brought into the glovebox.
All solvents were stored over 4 A sieves (except methanol: stored over 3 A sieves) for at least 12
h before use. Acetone was not stored over sieves, to avoid a self-condensation reaction. Reactions
in air were carried out in bench-grade solvents as received.

2.1.2 Deuterated Solvents

Deuterated solvents were purchased from Cambridge Isotope Laboratories. CDCIs for use with
non-air sensitive compounds was stored over 4 A sieves on the bench. CDClIz and CsDs for analysis
of air or moisture sensitive species were degassed via minimum 4 freeze-pump-thaw cycles and
dried over 4 A molecular sieves for minimum 12 h before use.

2.1.3 Reagents

IMes,* HzIMes,* HII,2 Mg-anthracene -3THF,® 0-(O'Pr)(CsHs)CH20H,* 0-(O'Pr)(C¢H4)CHO®
RuClz(H2IMes)(p-cymene),? RuCl>(PPhs)s,° [RuCla(p-cymene)]z,’ RuClx(1,10-
phenanthroline)(PPhs)2,® and RuClz(py)+® were prepared according to published procedures.

RuClz-xH20, n-butyllithium (2.5 M solution in hexanes, AcroSeal®), MePPhz*Br (98%), and
2,4,6-trimethylaniline (97%) were purchased from Acros Organics.

Magnesium turnings (99.998+%), PPhs (99%), PCys (97%), and Et.Zn (95+%) were purchased
from Strem Chemicals.

Potassium carbonate (K2COs, 99.0+%), 1,10-phenanthroline (anhydrous, 99%), benzaldehyde
(PhCHO, >99%), triethylene glycol (99%), NaH (95%), formic acid (CHOOH, >95%),
tetrafluoroboric acid solution (HBF4; 48 wt % in H20), sodium borohydride (NaBH4, >96%),
glyoxal solution (40 wt % in H20), PCls (95%), HC=CC(CsHs)20OH (99%), anthracene (99%),
lithium hexamethyldisilane (LIHMDS, 97%), lithium diisopropylamide (LDA, 97%), potassium
tri-sec-butylborohydride (KBH*Bus, 1.0 M in THF), sodium (Na, 99.9%), thionyl chloride (SOCl,
99+%), and a-phellandrene (75+% kosher grade) were purchased from Aldrich.

Pyridine (99.5+%), p-toluenesulfonyl hydrazine (98%), triethylorthoformate (98%), 2-picoline
(98+%), 2,6-lutidine (98+%), and 3-bromopyridine (98+%) were purchased from Alfa Aesar.
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Isopropyl iodide (99.0+%), isopropyl chloride (99.0+%), salicyl alcohol (98+%) and
salicylaldehyde (98+%) were purchased from TCI America.

2.2 Instrumentation
2.2.1 NMR Spectroscopy

Room temperature *H, 3!P, *H-'H COSY, and *H-3C HMBC spectra were collected on a Bruker
Avance 300 spectrometer (chemical shifts reported in ppm). VT NMR was collected on a Bruker
Avance Il 300 spectrometer. Air-sensitive samples were prepared under N2 in J-Young or
Rotoflow tubes; all other samples were prepared in standard NMR tubes.

2.2.2 Gas Chromatography-Mass Spectrometry

Gas chromatography (GC) coupled to electron ionization mass spectrometry (EI-MS) was
performed using an Agilent Technologies 5975B inert XL EI/CL MSD at the CCRI institute
laboratory at uOttawa.

2.3 Experimental Data for Chapter 3
2.3.1 Synthesis of Benzal Chloride (PhCHCIz)

26.6 g PCls (127.88 mmol, 1.3 equiv) was dissolved in 30 mL CH2Cl. and cooled to —78 °C.
Benzaldehyde (10 mL, 98.58 mmol, 1 equiv) was added dropwise via syringe and the reaction
mixture was allowed to warm to 0 °C (ice bath) with stirring over 4 h. After 4 h, the reaction was
judged complete by thin-layer chromatography (silica gel plate, Et2O eluant), and quenched by
addition of cold distilled water followed by CaCO3 until evolution of CO> ceased. The mixture
was then extracted with CH2Cl> (3 x 20 mL) and the combined organic fractions washed with
distilled water (3 x 20 mL) and brine (3 x 20 mL). The organic fractions were then dried with
MgSO4 and stripped on a rotary evaporator to yield the crude product as a yellow oil. The product
was found to decompose on a full-length silica or alumina column, so impurities were removed by
quickly passing through a three-finger’s width alumina plug with Et20 as the eluant. Removal of
Et,O under high vacuum afforded the product as a colourless oil. Yield: 10.77 g (68%). The H
NMR spectrum is consistent with literature values.*®

'H NMR (300 MHz CDCls): & 7.57 (m, 2H, Ph-H), 7.39 (m, 3H, Ph-H), 6.71 (s, 1H, CHCI))
2.3.2 Synthesis of o-1sopropoxybenzal Chloride (0-O'PrCsH4CCl2)

In a 2-neck round-bottom flask, 16.5 g PCls (79.12 mmol, 1.3 equiv) was dissolved in 30 mL
CH2Cl and cooled to —78 °C in a dry-ice acetone bath. 0-O'PrCsH4sCHO (10 mg, 61 mmol) was
added dropwise via syringe and the reaction mixture was allowed to warm to 0 °C (ice bath) with
stirring over 4 h, at which point the reaction was judged complete by thin-layer chromatography
(silica gel plate, Et,O eluant), and quenched by addition of cold distilled water. The mixture was
then extracted with CH2Cl> (3 x 20 mL) and the combined organic fractions washed with distilled
water (3 x 20 mL) and brine (3 x 20 mL). The organic fractions were then dried with MgSO4 and
stripped on a rotary evaporator to yield the crude product as a yellow oil, which was subsequently
distilled under Schlenk line vacuum at 98 °C to yield the product as a colourless oil. Yield 10.77
g (72%).
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Storage and handling note: It was found that storing 0-O'PrCsH4CCl, over molecular sieves
resulted in an exothermic decomposition to a purple-pink resin within ca. 1 h. When stored at room
temperature in the glovebox, the compound turned pink over the course of a week. Thus, it was
redistilled and stored in the glovebox freezer (set at —35 °C) as a precaution. Under these
conditions, the compound remained stable with no sign of coloration for over six months.

'H NMR (300 MHz, CDCls): § 7.83 (ddt, °Jun = 0.5 Hz, “Jun = 2.0 Hz, 3Jun = 8.0 Hz, 1H, Ar-H),
7.32 (dddd, “Jpn = 2.0 Hz, 33un = 7.5 Hz, Jun = 8.5 Hz, 1H, Ar-H), 7.23 (s, 1H, CHCIy), 7.02
(dddd, ®Jun = 0.5 Hz, “Jun = 1.0 Hz, 3Jun = 8.0 Hz, 1H, Ar-H), 6.89 (dt, °Jun = 0.5 Hz, 3Jpn = 8.5
Hz, 1H, Ar-H), 4.62 (m, 3Jun = 0.5, 3Jun = 6.0 Hz, 1H, CH(CHs)2), 1.38 (d, 3Jun = 6.0 Hz, 6H,
CH(CHs)y2).

NOTE: In order to obtain a spectrum with the proper integration, it was necessary to increase the
d1 relaxation time to 10 s. Otherwise, the intensity of the signals in the aromatic region was stunted.

2.3.3 Assay of Magnesium-Anthracene Complex (Mg-1)

Mg-1 was prepared according to a reported procedure.®> As Mg-1 decomposes in most solvents
and is only sparingly soluble in THF (in which it is stable), NMR analysis was not attempted.
Reagent purity was determined by titration against MeOH with 1,10-phenanthroline as
colorimetric indicator, a method which has not previously been reported for Mg-1. 100 mg of Mg-
1 (0.119 mmol) was suspended in ca. 10 mL THF. Addition of 1,10-phenanthroline caused a color
change from orange to intense purple-red. A 10% v/v solution of MeOH was added dropwise via
a 100 pL gas-tight syringe while the mixture was vigorously stirred until the purple-red colour no
longer persisted (96.5 uL, 0.238 mmol, 2 equiv). The endpoint was reached at 99.8% of the
expected amount of MeOH, indicating a high degree of purity for Mg-1 and minimal residual
anthracene.

2.3.4 In Situ Preparation and Decomposition of Mg(o-O'PrCsHsCHCI)CI (Mg-2)

115 mg Mg-1 (0.274 mmol) was suspended in ca. 15 mL THF, and 60.16 mg 0-(O'Pr)(CeH4)CHCI,
(0.274 mmol, 1 equiv) was added dropwise with vigorous stirring, causing an immediate colour
change from bright orange to intense green. Upon complete addition, the colour became light
yellow and the reaction was allowed to stir for 3 h. The solvent was removed under vacuum, the
off-white residue was taken up in CsHs and passed through Celite to remove magnesium salts and
an aliquot taken for GC-MS analysis. GC-MS analysis indicated 2 major products; anthracene
(eluting at ~7.5 min, m/z of M*: 178.1 amu) and o-(O'Pr)(CsH4)CHCH(CsH4)o-O'Pr (eluting at
~9.5 min m/z of M*: 296.3 amu). A minor product eluting at ~8.5 min, and with an M* peak at the
same m/z value of the species assigned as 0-(O'Pr)(CsH4)CHCH(CsHa4)o-O'Pr is presumed to be
the minor (E or Z) isomer. An additional minor species eluting at ~5.7 min ( M*: 207.1 amu) could
not be identified, but is presumed to arise from an impurity in 0-(O'Pr)(CeH4)CHCl..

2.3.5 Attempted Trapping of Mg(o-O'PrCsH4sCHCI)CI (Mg-2)

In a 20 ml scintillation vial, 126 mg Mg-1 (0.301 mmol) was suspended in ca. 15 mL THF and
65.91 mg 0-(O'Pr)(CsH4)CHCI, (0.301 mmol, 1 equiv) was added rapidly with vigorous stirring.
Aliquots were taken and quenched by adding to vials containing ca. 2 mL MeOH at5s, 30 s, 1
min, 5 min, 10 min, 15 min, and 30 min. Aliquots were stripped to dryness and analyzed by 'H
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NMR spectroscopy to detect and quantify the anticipated hydrolysis product o-
(O'Pr)(CeH4)CH:CI. In no case were signals for 0-(O'Pr)(CsHa4)CHCI detectable.

2.3.6 Reaction Conditions for Attempted Syntheses of RuClz(=CHPh)(PCys)2 (GI) and
RuUCl2(=CH-2-O'PrCesH4)(PPh3) (Ru-39)

2.3.6.1 Condition 1: Adding Solid Mg-1 to Premixed RuCl2(PPhs)3 and 0-O'PrCeH4+CHCI: at
RT

A 20 mL scintillation vial was charged with 50.0 mg RuClz(PPh3)3 (52.1 umol), 15 mL THF, 12.7
mg 0-O'PrCgH4CHCI (57.4 umol, 1.1 equiv), and a stir-bar. With vigorous stirring, 24.0 Mg-1
(57.4 umol, 1.1 equiv) was added all at once as a powder, causing an immediate colour change
from light brown to dark brown-green. *H NMR analysis (CsDs) revealed 29% in situ yield of Ru-
39, as determined by comparison of the integration for the alkylidene signal of Ru-39 (1H, 16.7
ppm) and anthracene (H9, H10; s, 2H, 8.4 ppm).

2.3.6.2 Condition 2: Adding Solid Mg-1 to Premixed RuClz(PPhs)s and PhCHCI. at RT

A 20 mL scintillation vial was charged with 52.0 mg RuCl>(PPhz)z (54.2 umol), 15 mL THF, 9.6
mg PhCHCI> (59.6 umol, 1.1 equiv), and a stir bar. With vigorous stirring, 25.0 mg Mg-1 (59.6
umol, 1.1 equiv) and PCys were added all at once as a premixed powder, causing an immediate
colour change from light brown to dark brown-red. *H NMR revealed 41% in situ yield of G, as
determined by comparison of the integration for the alkylidene signal of GI (1H, 20.57 ppm) and
the signal for the 9 and 10 protons of anthracene (H9, H10; s, 2H, 8.4 ppm).

2.3.6.3 Condition 3: Slowly Adding Mg-1 as a Suspension in THF to Premixed RuCl2(PPhs)s
and 0-O'PrCeH4CHCI. at RT

A 20 mL scintillation vial was charged with 51.0 mg RuClz(PPh3)s (53.2 umol), 15 mL THF, 12.8
mg 0-O'PrCeH4CHCI; (58.5 umol, 1.1 equiv), and a stir bar. With vigorous stirring, 24.5 (58.5
umol, 1.1 equiv) Mg-1 was added dropwise as a suspension in THF, causing an immediate colour
change from light brown to dark brown-red. *H NMR analysis revealed 7% in situ yield of Ru-39,
as determined by integration of the alkylidene signal for Ru-39 (1H, ppm) vs anthracene (H9, H10;
s, 2H, ppm).

2.3.6.4 Condition 4: Adding Mg-1 to RuCl2(PPhs)s Prior to Addition of 0-O'PrCsH4CHCI>

A 20 mL scintillation vial was charged with 51.0 mg RuClz(PPhs)s (53.2 umol), 15 mL THF, and
a stir bar. With vigorous stirring, 24.5 mg Mg-1 (58.5 umol, 1.1 equiv) was added dropwise as a
suspension in THF, causing a colour change from light brown to dark black-red. 12.8 mg 0-O'PrC-
sH4CHCI> (58.5 umol, 1.1 equiv) was added dropwise via gas-tight syringe, with no noticeable
colour change. *H NMR analysis revealed no alkylidene formation.

2.3.6.5 Condition 5: Adding Pre-Generated Mg-2 to RuClz(PPhs)zat —78 °C

A Schlenk flask was charged with 25.0 Mg-1 (59.6 umol, 1.1 equiv), 10 mL THF, and a stir bar
and cooled to —78 °C in a dry ice-acetone bath. 13.0 mg 0-O'PrCsHsCHClI (59.6 umol, 1.1 equiv)
was added dropwise via gas-tight syringe, causing a gradual change from a bright orange
suspension to an orange suspension with dark green supernatant, to a bright yellow suspension. A
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second Schlenk flask was charged with 52.0 mg RuCl>(PPhz)3 (54.2 umol), 10 mL THF, and a stir
bar and cooled in a separate dry-ice acetone bath. The magnesium-containing solution was added
by cannula, causing a colour change to brown-green. The mixture was allowed to stir for 1 h at —
—78 °C, then 1 h at 0 °C, and finally 1 h at RT. The solvent was removed. No alkylidene signal
was observed in the crude mixture upon *H NMR analysis.

2.3.6.6 Condition 6: Adding Pre-Generated Mg-2 to RuCl2(H21Mes)(p-cymene) (Ru-33) at —
78 °C

A Schlenk flask was charged with 36.1 mg Mg-1 (86.1 umol, 1.1 equiv), 10 mL THF, and a stir
bar and cooled in a dry ice-acetone bath. 18.9 mg 0-O'PrCgHsCHCI; (86.1 umol, 1.1 equiv) was
added dropwise via gas-tight syringe, causing a gradual change from a bright orange suspension
to an orange suspension with dark green supernatant, and finally a bright yellow suspension. A
second Schlenk flask was charged with 48.0 mg Ru-33 (78.3 umol, 1 equiv), 10 mL THF, and a
stir bar and cooled in a separate dry-ice acetone bath. The magnesium-containing solution was
transferred to the ruthenium-containing flask via cannula, causing a colour change from deep red
to brown-black. The mixture was allowed to stir for 1 hat—78 °C, 1 hat 0 °C, and 1h at RT. The
solvent was removed. *H NMR analysis of the crude mixture showed no alkylidene signal.

2.3.6.7 Condition 7: Adding Pre-Generated Mg-2 to [RuClz(p-cymene)]z (Ru-35) at —78 °C

A Schlenk flask was charged with 34.5 mg Mg-1 (86.1 umol, 1.1 equiv), 10 mL THF, and a stir
bar and cooled in a dry ice-acetone bath. 18.0 mg 0-O'PrCsH4CHCI, (86.1 umol, 1.1 equiv) was
added dropwise via gas-tight syringe, causing a gradual change from a bright orange suspension
to an orange suspension with dark green supernatant to a bright yellow suspension. A second
Schlenk flask was charged with 24.0 mg Ru-35 (39.2 umol), 10 mL THF, and a stir bar and cooled
in a separate dry-ice acetone bath. The magnesium-containing solution was transferred to the
ruthenium-containing flask via cannula, causing a gradual colour change from light orange to
brown-black. The mixture was allowed to stir for 1 h at —78 °C, 1 h at 0 °C, and 1h at RT. The
solvent was removed. 'H NMR analysis of the crude mixture showed no alkylidene signal.

2.3.7 Synthesis of RuClz(Hz1Mes)(py)s (Ru-50)

In a darkened glovebox, 256 mg (0.418 mmol) Ru-35 was suspended in 25 mL THF in a round
bottom flask equipped with a magnetic stirrer and shielded from external light by aluminum foil.
The top of the flask was sealed with a rubber septum and the septum pierced with a 30 mL plastic
syringe with the plunger removed. In a separate flask, 262.6 mg (0.857 mmol, 2.05 equiv) H21Mes
was dissolved in 25 mL THF. The HzlMes solution was then poured into the 30 mL syringe and
left to drip through to the round bottom flask containing Ru-35 over the next 45 min. After the
syringe had drained completely, it was quickly rinsed through with ca. 5 mL THF to ensure
quantitative transfer. The syringe and septum were thereafter removed and 212 uL pyridine (2.633
mmol, 6.3 equiv) was added via gas-tight syringe. The foil was then removed from the round
bottom flask, the glovebox lights turned on, and the reaction mixture left to stir at 60 °C for 4 h,
during which time there was a gradual colour change from dark red to dark orange-yellow. *H
NMR analysis of an aliquot taken at this point indicated complete conversion to the target species.
The THF was removed under vacuum, and the product was isolated as a bright orange powder by
reprecipitation from a minimum volume of CH>Cl, by addition of hexanes followed by cooling in
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a freezer set to -40 °C for 12 h. Yield: 263 mg, 88%. 'H NMR chemical shifts are in excellent
agreement with those reported.!

'H NMR (C¢De¢): 8 9.62 (dt, *Jun = 1.5 Hz, 3Jun = 5.0 Hz, 4H, 0-py-H), 9.40 (dd, 2H, “Jun = 1.5
Hz, 3Jun = 5.0 Hz, 0-py-H), 6.52 (dt, 2H, 4Jhn = 1.5 Hz, 3Jun = 8.0 Hz, p-py-H), 6.41 (m, 40hn =
1.5 Hz, 3Jun = 7.5 Hz, 2H, p-py-H), 6.28 (m, 6H, overlapping HzIMes-Ar-H + m-py-H), 5.98 (ddd,
®Jun = 1.0 Hz, *Jun = 5.5 Hz, 3Jun = 7.5 Hz, 4H, m-py-H), 3.64 (s, 4H, H21Mes-CHy), 2.70 (s, 12H,
0-Mes-CHs), 1.88, (s, 6H, p-Mes-CHa)

2.3.8 Representative Procedure for Attempted Syntheses of Substituted Pyridine Derivatives
of Ru-50

In a darkened glovebox, 50 mg Ru-33 (81.64 umol) was dissolved in ca. 15 mL THF. 30 uL 3-
Br-py (312 umol, 3.8 equiv) was added dropwise via gas-tight syringe and the mixture was stirred
at 60 °C for 4 h, during which time the colour changed from dark red to orange. The solvent was
removed under vacuum. The product RuCl>(Hz21Mes)(3-Br-py)s (Ru-56c¢) was isolated as a dark
orange powder by reprecipitation from a minimum volume of CH2Cl, by addition of hexanes
followed by cooling in a freezer set to -35 °C for 12 h. Yield: 55 mg (69%)

'H NMR (CsDs): 6 9.70 (m, 2H, 0-py-H), 9.54 (m, 3H, o-py-H), 9.20 (m, 1H, o-py-H), 6.68 (s,
1H, Ar-H), 6.50 (m, 1H, Ar-H), 6.32 (m, 1H, Ar-H), 6.00 (m, 1H, Ar-H), 5.80 (m, 1H, Ar-H), 5.54
(m, 2H, Ar-H), 3.50 (s, 4H, H2lMes-CH2y), 2.79 (s, 3H, 0-Mes-CHj3) 2.67 (s, 6H, 0-Mes-CHs), 2.55
(s, 3H, 0-Mes-CHy), 1.87 (s, 6H, p-Mes-CHj).

2.3.9 Representative Procedure for Ligand Substitution Experiments on Ru-50

In a4 mL scintillation vial, 6.3 mg Ru-50 (8.80 umol) and 2.3 mg PPhs (8.80 umol, 1 equiv) were
dissolved in ca. 1 mL CDClIs, mixed vigorously for 3 h, and then transferred to a J-Young NMR
tube for TH NMR analysis. Conversion was assessed by comparing the integration ratios of
diagnostic signals for the ortho-protons on bound and free pyridine (bound (Ru-50): & 9.03 ppm,
8.72 ppm; free: 8 8.62 ppm), indicating 31% conversion to RuClz(Hz1Mes)(py)2(PPhs) (Ru-53c).

2.3.10 Representative Procedure for Attempted Indenylidene Installation on Ru-50/Ru-56¢

In a 4 mL scintillation vial, 21.4 mg Ru-50 (29.9 umol) was dissolved in 1 mL THF. Added 6.5
mg HC=CC(Ph).OH (31.4 umol, 1.05 equiv), rinsing in with an additional 2 mL THF to ensure
quantitative transfer. The mixture was brought to 65 °C and let to stir for 4 h, during which time
the colour changed from light yellow-orange to dark brown. *H NMR analysis showed mostly
starting material with no signs of allenylidene or indenylidene formation. Workup not pursued.

2.3.11 Representative Procedure for Attempted Synthesis of Ru-58

In a 20 mL vial, 14.3 mg HII (22.8 umol) was dissolved in ca. 5 mL CHCl,. In a separate vial,
Zn(OCe¢Fs). was prepared by dissolving 8.82 mg CeFsOH (47.9 umol, 2.1 equiv) in CH2Cl; and
adding dropwise 2.5 uL of neat Et.Zn (23.9 umol, 1.05 equiv). The Zn(OCeFs)2 solution was then
added dropwise to the solution of HII, prompting a steady colour change from green to brown
over about 30 min. Reaction progress was monitored by *H NMR analysis of aliquots taken at 1,
3, and 24 h. Conversion was assessed by comparison of the integration for the alkylidene peaks of
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HI1 (16.59 ppm), Ru-58 (17.17 ppm), and Ru-60 (16.9 ppm). Conversion to Ru-60 reached 50%
but no Ru-58 was observed. Workup was not pursued.

2.4 Experimental Protocols for Chapter 4
2.4.1: Representative Procedure for Attempted Reduction of HII

In a 4 mL vial, 69.0 mg HII (0.110 mmol) was dissolved in ca. 2 mL THF and 204 uL tri-sec-
butylborohydride (1.0 M in THF, 0.110 mmol, 1 equiv) was added dropwise, triggering an
immediate colour change from green to black. *H NMR analysis indicated complete loss of all
alkylidene signals and very ill-defined spectrum. Workup not pursued.

2.4.2 Synthesis of o-1sopropoxybenzyl Chloride (0-(O'Pr)(CsH4)CH2CI)

o-Isopropoxybenzyl chloride was synthesized according to a modification of a published
procedure.* On the Schlenk line: a two-neck round bottom flask equipped with condenser and stir
bar was loaded with 4.29 g o-isopropoxyphenol and 24 mL CHCl; as solvent. The flask was
cooled to 0 °C in an ice bath, and 3.8 mL SOCI> (2 equiv) was added dropwise. The mixture was
stirred for 30 min at 0 °C, during which time the solution became slightly yellow. The reaction
was then stirred at reflux until the yellow colour disappeared, at which point it was deemed
complete by TLC (silica gel plate, Et2O eluant), allowed to cool to room temperature, and excess
SOCI2 quenched by slow addition of excess MeOH (added until evolution of gas ceased). The
mixture was dried with MgSO4 and solvent removed on the rotovap to give a yellow oil, which
was then distilled off of sodium carbonate under Schlenk line vacuum at 95 ° C to give the product
as a colourless oil. Yield: 3.64 g, 76%. If sodium carbonate is omitted, product may instead
polymerize, forming a dark purple resin. *H NMR analysis is consistent with reported values.*

Storage and handling note: As with the related geminal dichloride, storage over molecular sieves
causes decomposition to a purple-pink resin. Decomposition is relatively slow compared to the
dichloride (on the order of hours rather than minutes).

'H NMR (300 MHz, CDCls): § 7.37 (dd, *Jun = 1.5 Hz, 3Jun = 7.0 Hz, 1H, Ar-H), 7.28 (td, *Jnn
=2.0 Hz, 3Jun = 8.0 Hz, 1H, Ar-H), 6.92 (t, 3Jun = 8.5 Hz, 2H, Ar-H), 4.66 (s, 2H, Ar-CHy), 4.62
(sept, 3Jun = 6.0 Hz, 1H O-CH), 1.38 (d, 3Jun = 6.0 Hz, 6H, O'Pr-CHys).

2.4.3 Preparation of a solution of MgCl(x2-0-O'PrBn), Mg-1

In the glovebox: added 2g of magnesium turnings (99.998+%, trace metal basis, Aldrich, stored in
glovebox upon receipt), 30 mL THF and a stir bar. With vigorous stirring, added dropwise 3g of
o-isopropoxybenzyl chloride via syringe, monitoring temperature by tactile feedback. The flask
began to warm immediately upon addition, indicating initiation without an induction period. The
rate of addition was controlled to avoid boiling of THF. The reaction mixture was allowed to stir
for 1 h after complete addition, during which time the liquid took on a yellow-grey colour. Excess
magnesium and magnesium oxide were removed by filtering through a Celite plug and the
Grignard reagent was titrated against dry methanol using 1,10-phenanthroline as an indicator. A
stock solution of MeOH in THF was prepared by combining 100 uL MeOH with 9900 uL THF.
A 100 pL aliquot of the Grignard reagent was then placed in a 4 mL vial with flea stir bar and
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diluted to ca. 1 mL with THF. A single crystal (<1mg) 1,10-phenanthroline was added to the
aliquot, producing a deep red-purple colour. The MeOH stock solution was then added dropwise
from a 100 uL gas-tight syringe until the deep red-purple vanished. This procedure was repeated
4 times, and the results averaged. Concentration found: 0.54 M. A complementary total base
titration was carried out by quenching a 100 uL aliquot of the Grignard reagent with ca. 1 mL
MeOH and titrating against a calibrated solution of HCI with phenolphthalein as indicator.
Concentration found: 0.54 M. Excellent agreement between titration methods indicates minimal
presence of MgOH in Grignard solution.

'H NMR analysis: an aliquot of the Grignard reagent was stripped down under vacuum and the
residue taken up in CeDs for analysis. Two sets of signals were detectable, consistent with the
Schlenk equilibrium between MgCIR and MgR:. Integration for both species presented as MgCIR

H NMR (300 MHz, C¢Dg): & 7.30 (d, 1H, Ar-H), 6.92 (td, *Jun = 1.5 Hz, 3Jun = 7.0 Hz, 1H, Ar-
H), 6.5 (m, 2H, Ar-H), 4.36 (sept, *Jun = 6.0 Hz, 1H, OCH(CHz3),), 1.73 (s, 2H, ArCH:Mg), 1.32
(d, *Jun = 6.0 Hz, 6H, OCH(CHs)2)

IH NMR (300 MHz, CeDg): 8 7.07 (m, 1H, Ar-H), 6.83 (m, 1H, Ar-H), 6.67 (m, 2H, Ar-H), 4.18
(sptd, %Jnn = 0.5 Hz, 3Jum = 6.0 Hz, 1H, OCH(CHsa)2), 2.25 (s, 2H, ArCH;Mg), 1.10 (d, 3Ju = 6.0
Hz, 6H, OCH(CHs),)

2.4.4 Representative Procedure for Attempted Installation of o-O'PrBn Ligand on Ru'
Chlorides

In a 20 mL vial, 112 mg RuClz(PPhz)3 (0.116 mmol) was dissolved in 10 mL THF. 120 uL Mg-3
(as a 0.97 M solution in THF, 0.116 mmol, 1 equiv) was added dropwise via gas-tight syringe.
Over the course of addition of the Grignard reagent, a sequential colour change from brown to
amber to black was observed.. *H NMR analysis at this point showed a very poorly defined mixture
consisting of many poorly resolved signals, implying decomposition. Workup not pursued.

2.4.5 Synthesis of RuCl(x?-0-O'PrBn)(n®-p-cymene) (Ru-84)

In the glovebox: 200 mg (0.327 mmol) of [RuCl2(p-cymene)]. was dissolved in ca. 30 mL CHCl:
in a round bottom flask equipped with a magnetic stir bar. 1239 uL. Mg-3 (as a 0.52 M solution in
THF, 0.669 mmol, 2.05 equiv) was added dropwise via gas-tight syringe. Over the course of
addition of Mg-3, the colour changed from orange-red to a much darker red. Solvent removed
under vacuum immediately after complete addition of Mg-3. The red residue was extracted with
benzene and filtered through Celite until the benzene ran colourless. Benzene was then removed
under vacuum and the product was isolated as a crystalline red solid by reprecipitation from a
minimum volume of CH>Cl with hexanes. Yield 213 mg, 82%.

'H NMR (300 MHz, CsDs): & 6.84 (m, 2H, benzyl Ar-H), 5.75 (t, “Jun = 4.0 Hz, 1H, benzyl Ar-
H), 5.5 (t, *Jun = 4.0 Hz, 1H, benzyl Ar-H), 4.92 (s, 1H, benzyl CH>), 4.56 (s, 1H, p-cymene Ar-
H), 4.18 (s, 1H, p-cymene Ar-H), 3.92 (sept, *Jun = 6.0 Hz, 1H, O'Pr C-H), 3.65 (s, 1H, p-cymene
Ar-H), 3.18 (s, 1H, p-cymene Ar-H), 2.83 (s, 1H, benzyl CHy), 2.63 (sept, 3Jun = 7.0 Hz, 1H, Ar-
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iPr CH), 1.88 (s, 3H, p-cymene CHz), 1.23 (dd, Jun = 5.5 Hz, 3Jun = 24.5 Hz, 6H, 'Pr CH3), 1.02
(brs, 6H, O'Pr CHa).

2.4.6 General Procedure for Reaction of Ru-84 With Neutral Donors

In the glovebox: 25 mg Ru-84 (59.5 umol) was dissolved in ~10 mL THF ina 20 mL vial equipped
with a stir bar. 18.24 mg H2IMes (59.5 umol, 1 equiv) was then added dropwise as a solution in 5
mL THF. The reaction mixture was allowed to stir for 3 h, during which the colour gradually
changed from deep red to dark brown. Removing solvent and taking a crude *H NMR spectrum
showed loss of signals associated with benzyl ligand and bound p-cymene, very poorly defined
alkyl region, indicative of decomposition. Workup not pursued.

2.4.7 Representative Procedure for Attempted Deprotonation of Ru-84 by Strong Base

In the glovebox: dissolved 32 mg Ru-84 (76.2 umol) in ~10 mL benzene in a 20 mL vial equipped
with a stir bar. In a separate container, dissolved 12.75 mg LiIHMDS (76.2 umol, 1 equiv) in ~10
mL benzene and this added dropwise to the Ru-84-containing vial. Upon complete addition of
LiHMDS, observed a colour change from red to very dark brown, nearly black. *H NMR analysis
of an aliquot taken at this point revealed nearly complete loss of all signals outside of a very poorly
defined alkyl region. Workup not pursued.

2.4.8 Attempted Deprotonation of Ru-84 by 2-Lithiopyridine

On the Schlenk line: 2-lithiopyridine was generated in-situ according to a literature method.'? 39.2
uL 2-bromopyridine was diluted with 10 mL THF and cooled to —78 °C (dry-ice acetone bath).
214 uL n-BuLi (0.98 M in hexanes) was then added dropwise against N2 via gas-tight syringe and
left to stir for 30 min during which time the solution became orange-red. In a separate Schlenk
flask, dissolved 156.9 mg of Ru-84 in 10 mL THF and cooled to —78. The 2-lithiopyridine solution
was then added by dropwise cannula transfer, maintaining the temperature of both the sending and
receiving flasks at —78 C. Reaction left to stir for 1 h, during which time a colour change was
observed from light red to dark brown/orange. The reaction was left to stir for an additional 1 h at
0 °C, before warming to room temperature and removing solvent under vacuum. *H NMR analysis
of the crude mixture revealed a very poorly defined spectrum with a large number of broad, ill-
defined signals. Workup not pursued.

2.4.9 Synthesis of Ru(x?-0-O'PrBn)(k!-0-O'PrBn)(n%-p-cymene) (Ru-85)

Ina 4 mL vial, 88.3 mg Ru-84 (0.210 mmol) was dissolved in ca. 2 mL THF, and 408 uLMg-3
(as a0.58 M solution in THF, 0.221 mmol, 1.05 equiv) was added dropwise via gas-tight syringe.
Upon complete addition of Mg-3, the colour immediately changed from dark red to light orange.
Removed solvent under vacuum, took up the residue in CsHes and passed through Celite to remove
magnesium salts. Attempts to isolate product by reprecipitation from minimal CH.Cl, by addition
of hexanes unsuccessful. Removal of solvent followed by treatment with hexanes revealed product
to be highly soluble in hexanes. Attempted crystallization from neat hexanes in the glovebox
freezer (-40 °C, 24 h) was unsuccessful. *H NMR analysis was carried out on the waxy orange
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residue left after removal of solvent under vacuum. For details of spectral analysis, see section
4.2.5 and Appendix B Figures B2.11 and B2.12

2.4.10 General Procedure for Reaction of Ru(k?-0-O'PrBn)(k!-o-isopropoxybenzyl)(n®-p-
cymene) With Neutral Donors

Starting with 56.2 mg Ru-84 (0.133 mmol), prepared in situ a benzene solution of Ru-85 according
to the method in section 2.4.9. Added as a solid 25.32 mg 1,10-phenanthroline (0.140 mmol, 1.05
equiv), causing an immediate colour change from light yellow-orange to intense green. The
intensely green complex decomposed to a spectroscopically ill-defined black mixture in the time
it took to prepare an NMR sample. Workup not pursued.

2.4.11 General Procedure for Attempted Installation of Aryloxides on Ru-84 Via Mg
Aryloxides

Dissolved 101.1 mg Ru-84 (0.240 mmol) in ca. 5 mL THF. In a separate container, prepared in-
situ a THF solution of Mg(OCsFs)CI by dissolving 45.42 mg CsFsOH (0.247 mmol, 1.025 equiv)
in ca. 5 mL THF and adding dropwise 193 uL Mg(iPr)Cl as a 1.28 M solution in THF (0.247
mmol, 1.025 equiv). Added dropwise the generated Mg(OCsFs)ClI to the Ru-84 solution and let
stir for 6 h at room temperature. There was no detectable colour change during this time, and H
NMR analysis of an aliquot taken at this point revealed exclusively starting material. The reaction
mixture was heated to 60 °C and let stir an additional 12 h. Again, no colour change was observed
and *H NMR analysis at this point showed exclusively starting material.

2.4.12 General Procedure for Attempted Installation of Aryloxides on Ru-35 Via Mg
Aryloxides

Dissolved 23 mg Ru-35 (375 umol) in ca. 10 mL THF. In a separate container, prepared in-situ a
THF solution of Mg(OCeFs)ClI by dissolving 13.82 mg CeFsOH (751 umol, 2 equiv) in ca. 5 mL
THF and adding dropwise 58.7 uL. Mg(iPr)Cl as a 1.28 M solution in THF (751 pumol, 2 equiv).
Added dropwise the generated Mg(OCeFs)CI to the Ru-84 solution and let stir for 18 h at 68 °C.
There was no evidence of colour change after 6 h, and *H NMR analysis at this point showed
exclusively starting material.

2.4.13 Unintentional Synthesis of RuCl2(n®-p-cymene)(py) (Ru-94)

Dissolved 73 mg Ru-35 (0.119 mmol) in ca. 10 mL THF, and added 20 uL pyridine (0.244 mmol,
2.05 equiv) via gas-tight syringe. In a separate container, prepared in-situ a THF solution of
Mg(OCsFs)Cl by dissolving 44.98 mg CeFsOH (0.244mmol, 2.05 equiv) in ca. 5 mL THF and
adding dropwise 191 puL Mg(iPr)Cl as a 1.28 M solution in THF (0.244 mmol, 2.05 equiv). Added
dropwise the generated Mg(OCsFs)Cl to the Ru-84 solution and let stir for 18 h at 68 °C. Observed
a gradual colour change from orange-red to yellow-orange during this time. *H NMR of an aliquot
taken at the 6 h mark is a match for known complex Ru-94,* workup not pursued.

'H NMR (300 MHz, CsDg): 9.01 (m, 2H, o-py-H), 7.73 (m, 1H, p-py-H), 7.30 (m, 2H, m-py-
H), 5.42 (d, 2H, p-cymene-Ar-H), 5.22 (d, 2H, p-cymene-Ar-H), 2.98 (sept, 1H, p-cymene-
CH(CHs3)z2), 2.09 (s, 3H, p-cymene-Ar-CHs), 1.29 (d, 6H, p-cymene-CH(CHz)2)
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2.4.14 Synthesis of Ru(k?-0-O'PrBn)(OCsFs)(n®-p-cymene) (Ru-86)
Route 1:

In the glovebox, a 20 mL vial was charged with 29.2 mg Ru-84 (69.5 umol), 10 mL benzene, and
a stir bar. In a separate vial was dissolved 11.6 mg CeFsOH (76.5 umol, 1.1 equiv) in benzene and
added dropwise 35.63 uL of 1.0 M ZnEt; in hexanes (35.6 umol, 0.5125 equiv) with stirring to
generate Zn(OCeFs)2 in situ. Zn(OCsFs)2 was added dropwise to the vial containing ruthenium and
the solution was left to stir 2 h. No noticeable colour change was observed. Solvent was removed
under vacuum and the crude mixture analyzed by NMR spectroscopy. *H NMR analysis revealed
complete consumption of starting material and emergence of a new set of signals consistent with
the target product. Attempted isolation by extracting the residue with benzene and passing through
Celite until benzene ran colourless. Benzene was then removed under vacuum and reprecipitation
attempted from a minimum volume of CH2Cl2 with hexanes. Only minimal precipitation of a dark
brown powder occurred, even after 24 h in a freezer set at -40 C. Precipitate and bright red
supernatant were separated via filtration and analyzed by *H NMR spectroscopy in CsDs. The dark
brown precipitate showed poorly defined signals not consistent with target product, most signals
being of negligible integration compared to residual proton peak. The bright red supernatant
showed a new set of signals consistent with the target product plus the reappearance of the signals
for starting material. By comparison of integration for the p-cymene CHa signals for starting
material and product, mixture consists of 76% product and 24% starting material.

Route 2:

In the glovebox: 51 mg of Ru-84 (121 mmol) was dissolved in CHxCl». 236.1 uL of a 0.54 M THF
solution of Mg-1 (121 mmol 1 equiv) was added dropwise via gas-tight syringe, causing an
immediate colour change from dark red to light orange. CH2Cl> was then removed under vacuum
and the residue extracted with hexanes and passed through Celite to remove generated MgCl.. In
a separate vial, prepared a solution of 22.4 mg CeFsOH (121 mmol, 1 equiv) in ca. 5 mL hexanes
and added this dropwise to the reaction mixture. Let stir 1 h, during which time a slow colour
change from orange to red occurred. Removed solvent and analyzed the intense red residue by 'H
NMR (300 MHz, CgDs); observed 100% consumption of starting material, liberation of o-
isopropoxy toluene (confirmed by overlaying a spectrum of deliberately hydrolyzed Mg-1), and a
new set of signals consistent with target product (and route 1). Product remains highly soluble in
hexanes, not yet isolated. *H NMR values are consistent with product from Route 1 plus 1 equiv
of 0-O'Pr(CeH4)CHs.

'H NMR (300 MHz, C¢Dg): 6.91 (m, 2H, benzyl Ar-H), 5.76 (d, 3Jun = 7.5 Hz 1H, benzyl Ar-
H), 5.11 (d, 3Jun = 6.5 Hz benzyl 1H, Ar-H), 5.07 (br s, 1H, benzyl CHy), 4.23 ppm (br s, 1H, p-
cymene Ar-H), 3.93 ppm (br s, 1H, p-cymene Ar-H), 3.89 (sept, 3Jun = 6.0 Hz, 1H, OCH) 3.81 (br
s, 1H, p-cymene Ar-H), 3.36 (br s, 1H, p-cymene Ar-H), 2.58 ppm (sept, 3Jun = 6.9 Hz, 1H, Ar-
CH), 2.47 (br s, 1H, benzyl CH), 1.19 (br-m, 6H, p-cymene Ar-CH(CHz3). NOTE: overlaps with
residual hexanes signal), 1.01 (br s, 6H, O'Pr-CHs).
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2.4.15 Attempted Deprotonation of Ru(k?-0-O'Pr(CsHa)CH2)(OCsFs)(n®-p-cymene) Ru-86
by LiHMDS

Starting from 103 mg Ru-84 (0.245 mmol), prepared in situ a benzene solution of Ru-86 according
to 2.4.14 (Route 2). In a separate vial, dissolved 41.4 LIHMDS (0.245 mmol, 1 equiv) in benzene.
Added the LIHMDS solution dropwise to Ru-84. No noticeable colour change upon addition, so
the mixture was left to stir for 8 h. No colour change observed at 8 h, and *H NMR analysis of an
aliquot taken at this point showed mostly starting material with considerable loss of resolution,
new broad signals in the alkyl region, and no signal in the alkylidene region. Workup not pursued.

2.4.16 Synthesis of Ru(x?-0-O'Pr(CsHa)CH2)(py)(n®-p-cymene)

Starting from 25.1 mg Ru-84 (59.7 umol), prepared in situ a hexanes solution of Ru-86
according to 2.4.14 (Route 2). Added dropwise 4.8 uL pyridine (62.7 umol, 1.05 equiv) via gas-
tight syringe and let stir 8 h. No noticeable colour change at this point, but *H NMR analysis of
the crude mixture revealed a broad signal in the alkylidene region at 14.2 ppm, signals for bound
pyridine at 8.76 and 8.38 ppm, and no sign of the signals for free pyridine at 8.53, 6.98, and 6.66
ppm, seeming to indicate successful formation of Ru-88. Attempts to induce precipitation by
cooling in the glovebox freezer (-40 °C) were unsuccessful.
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Chapter 3: Alternative Routes to Important Known Ruthenium Metathesis Catalysts
3.1 Introduction
3.1.1 Background and Motivation

Although great strides in terms of the performance of metathesis catalysts have been made over
the last decades (as briefly outlined in Chapter 1), diazo-based methodologies have yet to be
supplanted for benzylidene installation. This represents a significant impediment to the
development and deployment of metathesis catalysts. For the chemist seeking to leverage or
investigate well-known catalysts, the lengthy and challenging synthesis or high price of
commercially available catalysts is a high barrier to entry. Development of new catalysts is
similarly hindered: most new catalysts are synthesized from the commercially available Grubbs
catalysts even where this is not the most atom-economical, cost-effective, or time-efficient route
to the desired catalyst.! Modified alkylidene catalysts, such as the top-tier nitro-Grela catalyst, are
synthesized by cross-metathesis with a commercially available indenylidene or Grubbs-type
benzylidene catalyst,>* when it would be more efficient to directly install the desired alkylidene.!
Pseudohalide catalysts, including most enantioselective catalysts, are accessed by salt metathesis
or transmetalation with existing catalysts,>? when it may be easier/more effective to install the
pseudohalide on a ruthenium precursor without the sensitive alkylidene functionality and
subsequently install the alkylidene.

These synthetic decisions are presumably made to permit use of a commercially-available parent
catalyst. This circumvents the challenging and often low-yielding alkylidene installation step
(which in the case of benzylidenes requires the use of toxic, mutagenic, and potentially explosive
diazo reagents), but may limit scope. For example, attempts by the Barbasiewicz group to
synthesize Ru-25 via metathesis with M2 produced a polar tar containing only trace amounts of
alkylidene,* but the Grela group was able to isolate Ru-25 in 30% vyield via metathesis with GI
(Scheme 3.1).2 This example demonstrates that catalyst synthesis may fail due to limitations
associated with a commercially available precatalyst rather than inherent inaccessibility. Ru-25
was accessible from another commercial precatalyst, but it is unknown how many potentially
useful precatalysts are inaccessible from any commercial precatalyst but could be accessed through
other means.

Scheme 3.1: Synthesis of Ru-25 fails with M2, but proceeds with GI.
Clll Cl,’ p
Hlees—i:{u—PCy3 OO H2IMes—hu—PPh3
w2 ¢ ol Vo cl,
|

> H, IMes—Ru—O

© 7/
B CI
1 7/ Ru-25

Improved routes to metathesis catalysts are desirable to expand scope and accessibility, and reduce
the time required to develop and screen new catalysts. From the perspective of catalyst synthesis,

Ph

"polar tar" %
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it is instructive to sort Ru catalysts by ease of synthesis. Accordingly, they are grouped in Figure
3.1 by the number and type of transformations required after the key alkylidene installation step.

Figure 3.1: Categorization of representative metathesis catalysts by synthetic method.
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Class A are directly accessible by alkylidene installation on a suitable ruthenium precursor (e.g.,
by reaction with an aryldiazomethane: Scheme 3.2) and are therefore the most easily accessible
catalysts. All other classes of catalyst must be synthesized from a Class A catalyst. This group has
traditionally included the first-generation Grubbs® and Hoveydal* catalysts as well as the first-
generation indenylidene®® catalyst, and has recently expanded to include the second-generation
Grubbs and Hoveyda catalysts with the high-yield synthesis of Ru-33 developed by Craig Day of
this research group.!

Scheme 3.2: Concise synthesis of the second-generation Hoveyda catalyst, enabled by the high-
yield synthesis of Ru-33.

< I > < >\:O
=N*=N" cl, (Q
Ru
s > HZIMes—Ru—O
HalMes AI Cl DCM, -78 °C N 7/
Ru-33

Class B catalysts require neutral ligand exchange after alkylidene installation. These include the
recently-developed CAAC catalysts, as well as the second-generation indenylidene species.
Although ligand exchange is chemically straightforward, isolated yields are highly variable,
particularly in the case of CAAC catalysts (which are currently of high interest), with yields
ranging from 15-81% for Hoveyda-type catalysts'® and 13 to 50% for the more reactive nitro-
Grela-CAAC catalysts.!” As routes to new non-alkylidene ruthenium precursors are developed,
more catalysts will move from Class B to Class A: a high yield route to CAAC-functionalized
ruthenium dichloride species is a particularly high value target for the field in this context.

Class C catalysts are those with X-ligands modified after alkylidene installation, and this group
includes top-performing enantioselective catalysts, as well as most pseudohalide catalysts. Bulky
pseudohalide ligands are ubiquitous in early metal systems® and are of renewed interest in Ru-
based olefin metathesis, with the recent establishment of bimolecular coupling as a critical
decomposition pathway for Ru catalysts in general’® and state-of-the-art CAAC catalysts in
particular.?® Anionic ligand substitution can be challenging®* and in many cases (particularly for
O-based ligands such as carboxylates or aryloxides) the desired transmetalation proceeds only with
the use of Ag>® 222* (photosensitive, poor stoichiometric control®) or TI5 %11 2527 (highly toxic!?®
29) reagents. and in cases where the reaction does proceed with the more user-friendly alkali and
alkali earth reagents, it can be slow enough that competing decomposition of alkylidene becomes
a concern.® Easier access to class C species will require either the development of new and better
methods for anionic ligand substitution on Ru-carbene species, or an inversion of the current
synthetic paradigm. At present, exchange of anionic ligands is typically carried out after alkylidene
installation. If this step were instead carried out prior to alkylidene installation on a robust
substrate, the sluggish exchange with group 1 and 2 reagents would not be a concern.
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Class D catalysts bear modified alkylidene moieties which are not installed directly, but are instead
installed post-hoc by metathesis with the appropriate olefin (Scheme 3.3). This method is only
effective where there is a thermodynamic preference for the target species. As such, access to non-
chelating alkylidenes is not generally possible. Successful installation of chelating alkylidenes
typically requires the use of a ligand scavenging agent such as CuCI*® or various resins,3-32
increasing operational complexity. As an additional limitation, only alkylidenes for which the
parent olefin is accessible may be synthesized, restricting the scope of potential catalysts. Even
when synthesis of the olefin is possible, there can be challenges, as with 1-(C=CH2)-3-(NO.)-6-
(O'Pr)(CgHs3), the precursor for the nitro-Grela family of catalysts. Synthesis of this modified
styrene is typically low-yielding (overall yield of 42% yield from commercially available 2-
hydroxy-5-nitrobenzaldehyde is reported),® and the styrene itself is highly prone to decomposition
and should not be stored for prolonged periods. Attempts by Stephanie Ton of this research group
to synthesize the necessary diazo reagent to directly access nitro-Grela catalysts, 1-(N2CH)-3-
(NO2)-6-(O'Pr)(CsHs), were unsuccessful. This provides an additional impetus for the
development of a viable alternative to diazo reagents for alkylidene installation beyond the well-
established concerns surrounding safety and stoichiometric control; direct installation of 3-nitro-
6-isopropoxybenzylidene, and therefore direct access to top-performing catalysts, will remain out
of reach until improved methods for alkylidene installation with broader functional group tolerance
are developed.

Scheme 3.3: Installation of modified alkylidenes by metathesis with a pre-existing (typically
commercially available) metathesis catalyst.

NO,
Ph NO2
Ph
O phosphine scavenger
oL | { )
‘ +
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commercially available catalyst tailored olefin new alkylidene ejected olefin

Classes B, C, and D can overlap (e.g. nG-CAAC belongs to both class B and D), while class A
species act as precursors for the other classes. As the field continues to develop, more catalysts
should join class A, while the other categories shrink.

This chapter will discuss efforts to improve access to known metathesis catalysts in three ways:
improving access to class A via new methods for alkylidene installation, expanding class A
through the development of new ruthenium precursors, and improved access to class C by novel
transmetalation techniques.
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3.2 Improved Access to Class A Catalysts: a-Chloroalkylruthenium as a Key Intermediate
and Synthetic Target

3.2.1 Background: a-Chloroalkylruthenium as a Key Intermediate in Diazo-Free Routes to
Alkylidenes

As alluded to in chapter 1, diazo-free routes to ruthenium benzylidenes are of considerable interest,
owing to the explosive, toxic, and unstable nature of aryldiazomethane reagents.® A survey of the
literature reveals a common thread tying together many apparently unrelated approaches. a-
Chloroalkylruthenium complex Ru-34 has been proposed as a key intermediate in multiple routes
(Figure 3.2).343° a—Chloride abstraction by intramolecular oxidative addition then generates the
alkylidene. Collectively, these routes report moderate to good isolated yield (50-76%), often
proceed at room temperature, do not rely on short lived or difficult to handle carbene sources, and
allow for direct access to a range of highly active alkylidenes. Routes D and E give direct access
to benzylidenes (the best-studied Ru alkylidenes), and should be adaptable to functionalized
benzylidenes such as the ortho-isopropoxy functionalized motif seen in the Hoveyda family of
catalysts. In principle, any alkylidene should be accessible, provided that the parent gem-dichloride
can be prepared.

Figure 3.2: Routes to ruthenium alkylidenes passing through common intermediate Ru-34. Routes
accessing Ru-34 via oxidative addition (blue dot) and olefin insertion (pink dot) are shown.
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Despite these appealing characteristics, none of these routes has supplanted diazo technology, and
each has significant drawbacks. Route D proceeds by double oxidation addition of geminal
chlorides to Ru(0) precursors (Scheme 3.4). While geminal dichlorides are shelf stable and easily
accessible from aldehydes,*>*! Ru(0) complexes can be challenging to synthesise, often low
yielding, and are highly sensitive to heat, atmospheric contamination, and frequently light.36 42
Thus, this route effectively shifts the issues of ease of handling, synthesis, and stability from the
relatively inexpensive organic fragment to the significantly more expensive ruthenium precursor.

36

References on page 60



Chapter 3: Alternative Routes to Important Known Ruthenium Metathesis Catalysts

Scheme 3.4: Double oxidative addition of benzal chloride to Ru(COD)(COT) generating GI.
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Route E avoids the problems associated with Ru(0) precursors, and uses the robust dimeric species
[RuCl2(p-cymene)]. as the ruthenium source. Its use has only been reported once in the literature,
in the supporting information of a 2010 communication describing a route to metal
chalcogenocarbonyl complexes,®” and the reported yield (65%) is lower than what can typically
be achieved with aryldiazomethane reagents in skilled hands. While no mechanism was proposed,
in-situ reduction of the Ru(ll) precursor to Ru(0) which could then undergo oxidative addition to
generate Ru-34 (as in route D) and/or zincation of benzal chloride to produce Zn(CHCIPh)CI
which can generate Ru-34 via salt metathesis with [RuClz(n®p-cymene)]. are both possibilities
(Scheme 3.5). Given that geminal dichlorides are known to be resistant to metalation,*-** and
reduction of ruthenium chlorides by zinc is the method for producing Ru(0) species such as
Ru(COD)(COT),*? the Ru(0) route seems more likely.
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Scheme 3.5: Alkyl halide zincation (top) and ruthenium reduction (bottom) proposed mechanisms
for the generation of GI.
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Based on the observation that ruthenium vinylidenes such as RuHCI(=C=CHR)(PCyz). are
converted into more active alkylidenes in the presence of MgCl. and H20 (proposed to occur via
Ru-1), Werner reported in 1998 route F; a one-pot synthesis of ruthenium alkylidenes from
RuClsxH20 (Scheme 3.6).3° RuHCI(H2)(PCys)2 and MgCl- are concomitantly generated by mixing
RuClzexH20, PCys, and Mg in THF under Hz at 85 °C. Subsequent addition of a terminal
alkylidyne (acetylene or phenylacetylene) generates the vinylidene intermediate Ru-36 which
rapidly converts to alkylidene Ru-37 on addition of H>O. Reported isolated yields of alkylidene
are 76%, which is excellent considering that this is directly from RuCls. Most reported routes
require the isolation of a Ru® or Ru'" precursor prior to alkylidene installation and thus will have
lower overall yields from RuCls. However, this route does not allow access to benzylidenes, and
is therefore not a viable alternative to diazo reagents.
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Scheme 3.6: One pot synthesis of Ru-37 from RuCl3; xH20
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Route G has similar issues; access to benzylidenes is not possible, and the reaction does not cleanly
produce alkylidenes. A 2002 report by Grubbs shows insertion of vinyl chloride to
RuHCI(H2)(PCys)2 to generate an intermediate of the type Ru-34, which proceeds to metathesis
active ethylidene Ru-38 (Scheme 3.7), but competing cross metathesis with vinyl chloride
generates the less active and unstable GIm (Scheme 3.8), and an undetermined competing pathway
leads to formation of Ru(H)2Cl2(PCys)2.%°

Scheme 3.7: Insertion-elimination of vinyl chloride to produce a ruthenium ethylidene

+
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Scheme 3.8: Competing metathesis of vinyl chloride, generating unstable methylidene
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Intrigued by the commonality of Ru-34 as a proposed intermediate in such a number of routes to
alkylidenes, we sought a method to directly install an a-chlorobenzyl functionality on a shelf-
stable Ru(ll) substrate via salt metathesis with an organomagnesium reagent.

3.2.1 Magnesium Carbenoids: A Potential Source of the a-Chloroalkyl Moiety

o-Haloalkylmagnesium reagents, also known as magnesium carbenoids for their carbene-like
reactivity,*® were investigated in this work as a source of the a-chlorobenzyl fragment.
Magnesium carbenoids have been deployed in organic synthesis,*”>® and were instrumental in
mechanistic studies of Grignard formation.**** Enantioenriched magnesium carbenoids have
additionally been developed®®! and used to gain mechanistic insight into the reactivity of
organomagnesium reagents both with nucleophiles®?% and in transmetalation with transition metal
halides®*%. Related lithium carbenoids were eschewed, as they are highly unstable and exhibit
poor functional group tolerance (the nitro-substituted benzylidene of the top-performing Nitro-
Grela type catalysts, for example, would not be accessible). Zinc carbenoids are well-known in
literature (most famously as the Simmons-Smith reagent),®® more stable than magnesium
carbenoids, and reported to produce unsubstituted ruthenium benzylidenes and methylidenes in
moderate to good yield. However, attempts in this work to extend the reported zinc methodology
to Hoveyda-type alkylidenes (see results and discussion, below) failed to produce any detectable
alkylidenes.

Magnesium carbenoids can react as either nucleophiles and electrophiles (Scheme 3,9a, 3.9b).
They may also liberate highly reactive free carbenes via a-halide elimination (Scheme 3.9¢).%%4¢
67 Although a stabilized magnesium carbenoid has been isolated and characterized,®® o-halide
elimination is typically rapid at room temperature, so the carbenoids are typically generated and
used without isolation at cryogenic temperatures (e.g., -78 °C, but -40 °C is also reported).*>4¢ ¢
The carbenoids are not typically directly observed: rather, their formation is inferred from the
product distribution, 4344 6269
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Scheme 3.9: Reactivity of magnesium carbenoids: a) with electrophiles, acting as a source of a-
haloalkyl fragment; b) with nucleophiles, generating functionalized Grignard reagents; and c) by
intramolecular a-halide elimination, liberating free carbene.
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Magnesium carbenoids are more challenging to generate than the related Grignard reagents.
Treating geminal dichlorides with magnesium would be a straightforward approach, but geminal
dichlorides are surprisingly inert to metalation, even by highly active Reike magnesium at room
temperature.*>-* Heating enables sluggish metalation, but liberation of the free carbene proceeds
much more quickly than carbenoid formation at these temperatures. In consequence, the carbenoid
cannot be used for reactions with electrophiles or nucleophiles, and only carbene-derived products
are observable (Scheme 3.10).

Scheme 3.10: Magnesiation of geminal dichlorides. Magnesiation is slow relative to subsequent
liberation of free carbene. In the absence of trapping agent, homocoupling to form olefins is
observed.

Cl

Mg, A Cl -MgCl,
A Mes M o oH > R~
R™ 7Cl slow R)\MgCI fast R "R
Magnesium-X (X = I, SOAr) exchange with a sacrificial Grignard reagent has been used to

generate magnesium carbenoids for organic synthesis (Scheme 3.11).4%-46: 59-61. 67 Magnesium-
iodide exchange is little used, as the requisite hetero-geminal dihalides are unstable and
challenging to synthesize.”®" For this reason, magnesium-iodide exchange is also unsuitable as
an alternative to diazo technology for alkylidene installation. a.-Chloro sulfoxides are more stable
and reliably accessible,’? but the magnesium-sulfoxide exchange process is an equilibrium
procedure that often requires an excess of sacrificial Grignard reagent to drive to completion and
will seldom cleanly produce the desired carbenoid but rather a cocktail of organomagnesium
species of which the carbenoid is a component.*>-46: % This excess sacrificial Grignard would be
active in salt metathesis, and likely destroy a portion of any successfully generated ruthenium
alkylidene.

Scheme 3.11: Generation of magnesium carbenoids by magnesium-iodide or magnesium-
sulfoxide exchange.
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Treatment of o,a-dichlorotoluenes (benzal chlorides) with the magnesium-anthracene complex
Mg-1 was explored as an alternative, stoichiometric route to benzylmagnesium carbenoids based
on the known reactivity of Mg-1 with alkyl halides. The magnesium-anthracene complex is known
to react rapidly and stoichiometrically with alkyl halides even at -78 °C.”*"* Depending on the
alkyl halide partner, Mg-1 may react by one of three pathways (Scheme 3.12).”* With primary,
secondary, and tertiary aliphatic alkyl halides, Mg-1 behaves like a typical dialkylmagnesium
reagent, reacting as a nucleophile to produce a mixture of substituted anthracenes. Carbenoids
based on these types of halide are therefore not expected to be accessible. Phenyl chlorides are
unreactive at room temperature, while phenyl bromides and iodides react via a single electron
transfer (SET) mechanism, wherein one electron is transferred from Mg-1 to RX. Grignard
formation is also observed for these phenyl halides, but only as a minor side reaction, and in any
case a phenylmagnesium carbenoid is not possible without invoking supervalent carbon.

When Mg-1 reacts with B-unsaturated alkyl halides (allyl, propargyl, benzyl, etc.), liberation of
anthracene and formation of the corresponding B-unsaturated Grignard reagent is observed as the
sole reaction pathway. This reaction proceeds efficiently and with excellent stoichiometric control
even at -78 °C, and has been exploited in the synthesis of previously challenging-to-access
Grignards including allenylic Grignard’ and, of particular interest to this thesis, benzylic di-
Grignard reagents.” If this reactivity can be extended to a,a-dichlorotoluene derivatives, clean,
stoichiometric access to benzylic carbenoids at -78 °C will be attainable (Scheme 3.13).

Scheme 3.12: Reaction of Mg-1 with organic halides may proceed via a) nucleophilic attack by
anthracene (primary, secondary, and tertiary aliphatic alkyl halides), b) a single electron transfer
mechanism (phenyl bromide/iodide), or ¢) Grignard formation (3-unsaturated alkyl halides).
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A report of the reaction between 1,1-dichlorocyclopropane and Mg-1 gives cause for optimism:
when combined with Mg-1 in THF at -78 °C, 14% conversion to carbenoid-derived products was
observed, with the mass balance consisting of the products of the nucleophilic attack and SET
reaction pathways.®® 14% is low, but cyclopropanes are not among the alky! halides known to react
primarily by Grignard formation. That any carbenoid was formed under these conditions confirms
that Mg-1 can produce carbenoids at cryogenic temperatures, and gives hope that this will be the
preferred reaction pathway when a benzyl 1,1-dihalide is used in place of 1,1-
dichlorocyclopropane.

Scheme 3.13: Proposed route to benzylmagnesium carbenoids using the magnesium-anthracene
complex as a magnesiating agent.

Benzylic carbenoids are of particular interest. Not only do the highest-performing Ru metathesis
catalysts tend to bear functionalized benzylidenes,® '* 7677 put benzylic magnesium carbenoids are
currently unknown in the literature. Indeed, the wide range of magnesium carbenoids that have
been reported by Mg-sulfoxide exchange®*>% 7 make the benzylic species conspicuous by their
absence. It is unclear whether this is mere coincidence, or a symptom of underlying difficulties in
the Mg-sulfoxide exchange or the synthesis of benzylic a.-chloro sulfoxides.

3.2.2 Results and Discussion

3.2.2.1 Generation of Benzyl Magnesium Carbenoids Via the Magnesium-Anthracene
Complex

Combining a 1:1 molar ratio of Mg-1 and o-isopropoxybenzal chloride at room temperature leads
immediately to the formation of anthracene and o-isopropoxystilbene, as identified by GC-MS
(Scheme 3.14). No substituted anthracene derivatives were detectable, implying that carbenoid
formation is the sole reaction pathway. An additional unidentified species is present in small
amounts and is presumed to arise from an impurity in either Mg-1 or C-2. The formation of o-
isopropoxystilbene is presumed to be evidence of carbenoid formation and subsequent liberation
and homocoupling of the free carbene. It was hoped that potential chelation of the O'Pr
functionality might stabilize the carbenoid enough that it might be transiently observed at room
temperature, but this turned out not to be the case. Attempts to trap out the carbenoid with MeOH
were likewise unsuccessful (Scheme 3.15), the o-isopropoxybenzyl chloride that would be the
expected product of carbenoid protonation was never observed no matter how quickly the MeOH
was added. Interestingly, the outcome was spectroscopically identical even if the MeOH was
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present prior to the addition of the magnesium-anthracene complex, indicating a preference for
formation of the carbenoid over Mg(OMe),, and for carbene homocoupling over protonation.

Scheme 3.14: Addition of Mg-1 to 1-(CHCI)-2-(O'Pr)(CsHa) (C-2) leads to formation of
anthracene and stilbenoid, indirect evidence of formation of carbenoid Mg-2.

Cl

Cl
Cl' mg-1 (1 equiv.) MgCl +
o > e 12
THF, RT
’ (0]
C-2 )\ Mg-Z)\

Scheme 3.15: Room temperature trapping experiments failed to show trapping of carbenoid Mg-
2.

Cl
0 —Mg(OMe "\"90'2

Not observed! M9'2 Observed

3.2.2.2 Attempted Alkylidene Installation Via Magnesium Carbenoids

Adding as a solid the magnesium-anthracene complex to a stirred solution of RuClz(PPhs)z and o-
isopropoxybenzal chloride in THF at room temperature (Scheme 3.16) led to an immediate colour
change from brown to brown-red. *H NMR analysis reveals approximately 29% conversion to the
known species Ru-39 as judged by comparison of the integrals for the alkylidene proton against
those for the protons in the 9 and 10 positions on anthracene. If the same procedure is repeated
instead in the presence of two equivalents PCyz and using benzal chloride in place of
isopropoxybenzal-chloride, a similar in-situ yield (41%) of the first-generation Grubbs’ catalyst is
instead observed, again determined on the basis of the diagnostic alkylidene signal (Scheme 3.17).
In both cases the reaction is rapid and appears to have reached an end point within five min of
adding the magnesium-anthracene complex.
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Scheme 3.16: Adding 1 equiv of Mg-1 to a room temperature solution of Ru-20 and C-2 in THF
produces known alkylidene Ru-39 in 29% in-situ yield.

i Q)
PPh
le,,| 3 Cl Mg-1 (1 equiv.) Clc, |
PhsP—Ru—PPh; * » Ph;P—Ru—O0O
N 0 THF, RT N
Ru-20 Cl Cc-2 )\ Ru-39 Cl
29% in-situ yield

Scheme 3.17: Adding 1 equiv Mg-1 and two equiv PCy3 to a room temperature solution of Ru-
20 and C-4 in THF produces known alkylidene species Gl in 41% in-situ yield.

Cl

cl. PPhg Mg-1 (1 equiv.) Cl
Al Cl PCys (2 equiv.) “A
PhsP—Ru—PPh; + » Cy;P—Ru—PCy;
N THF, RT N

Ru-20 Cl C-4 Gl Cl
41% in-situ yield

Though these early results are promising, subsequent attempts to improve the in-situ yield were
unsuccessful. Adding the magnesium-anthracene complex slowly as a suspension in THF made
no discernable difference to reaction outcome. Given the rapidity of carbenoid homocoupling
previously observed (vide supra), alternative mechanisms of alkylidene formation not involving a
magnesium carbenoid were considered (Scheme 3.18): in these alternative mechanisms, the
magnesium-anthracene complex reacts with Ru-20, generating either a Ru(ll) n?-Ru-anthracene
complex by transmetalation (Ru-40) or a Ru(0) n¢-Ru-anthracene complex (Ru-41) by reduction.
Subsequent insertion into a C-Cl bond on isopropoxybenzal chloride would then furnish Ru-39.
In order to probe this mechanism, the reaction conditions were changed such that RuCl2(PPhs)3
was treated first with Mg-1 and then o-isopropoxybenzal chloride, but this method yielded no
spectroscopically detectable products, providing evidence against these non-carbenoid
mechanisms.
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Scheme 3.18: Proposed non-carbenoid mechanisms for the formation of HII from the reaction of

Mg-1 and Ru-20.
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Attempting to address the known thermal instability of magnesium carbenoids*® "® by first
generating Mg-2 at -78 °C and adding this to a solution of RuCIl>(PPhs)z also at -78 °C similarly
showed no evidence of alkylidene formation. Instead decomposition of RuCl2(PPhs)s is observed.
Carbenoids are known to react with phosphines, including triphenylphosphine, to form
phosphonium salts.” It is possible that while low temperatures are successful in stabilizing Mg-2,
the desired transmetalation step does not proceed at these temperatures and exclusively reaction
with phosphine to produce P-1 occurs (Scheme 3.19). This would also account for the low yields
of alkylidene at room temperature if reaction with phosphine is kinetically favoured.

Scheme 3.19: Proposed competing reaction of Mg-2 with RuCl>(PPhs)s and free PPhs.
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accessible at-78 C accessible at -78
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Alternatively, if transmetalation does proceed, ortho metalation of bound PPhs could also account
for the low yield of alkylidenes at room temperature and total decomposition at -78 °C (Scheme
3.20). Bulky alkyl- and arylphosphines, particularly triphenylphosphine, are prone to
cyclometallation on ruthenium when in the presence of strong bases or when sharing the
coordination sphere with carbanions.®># However, the a-Cl-0-O'Pr-toluene that would be
liberated by such a cyclometallation reaction could not be detected. In a slight variation of this
mechanism, if the a-chlorobenzyl fragment in Ru-42 retains its carbenoid character, C-H insertion
onto the benzyl carbon rather than the ruthenium centre would account for the absence of free a-
chloro-o-isopropoxytoluene and simultaneously liberate an equivalent of HCI, which would lead
to further reaction and decomposition of ruthenium species.
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Scheme 3.20: Cyclometalation of PPhs, known to occur on Ru centres, could contribute to low
yield of desired alkylidene.
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In order to remove competing reaction with free phosphine and ortho-metalation of bound
phosphine as potential complications, alkylidene installation was attempted on a phosphine-free
ruthenium precursor. Ru-33, the high yield synthesis of which had at the time recently been
developed in this group by Craig Day,* was chosen as a phosphine-free precursor that also offered
potential direct access to second-generation catalysts, as it is already functionalized with the N-
heterocyclic carbene HzIMes. Unfortunately, replacing RuCl2(PPhs)z with Ru-33 led to an
intractable black mixture with no spectroscopically detectable products (Scheme 3.21). The mode
by which Ru-33 decomposes in this instance is unclear, but C-H activation of an H2IMes mesityl
proton is known for benzylruthenium species®* and is a potential primary decomposition event
here (Scheme 3.22).

Scheme 3.21: Reaction of Ru-33 with 1 equiv Mg-2 (generated in-situ) does not produce
alkylidenes.
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Scheme 3.22: Potential decomposition routes for Ru-33 on exposure to Mg-2.
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Dimeric [RuClz(p-cymene)]2 (Ru-35), although free of both phosphine and NHC, similarly did not
produce alkylidenes when treated with Mg-1 (Scheme 3.23). Once again, decomposition to a
spectroscopically ill-defined mixture was observed. Presumably, dissociation of p-cymene to
produce coordinatively unsaturated Ru-49 is followed by rapid decomposition.

Scheme 3.23: Reaction of [RuClz(p-cymene)]. with Mg-2 and proposed decomposition route.
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The initial result of 35-47% in-situ yield of first-generation metathesis catalysts is promising, but
lack of success in improving upon these yields led eventually to the abandonment of this route as
a viable alternative to diazo reagents for carbene installation.

3.3 Expanding Class A: Investigation of New Catalyst Precursors
3.3.1 Introduction: Ru(ll) Pyridine Complexes as Potential Catalyst Precursors

Equally important to developing new methodologies for alkylidene and pseudohalide installation,
another key avenue for expanding access to ruthenium metathesis catalysts is exploring new
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catalyst precursor species. The recent development of a high-yield route to Ru-33 by Craig Day
of this group is an example of the benefits that can be reaped by this approach; this previously
difficult to access compound is the basis of what is now the most succinct and atom economical
route to second-generation catalysts.*

A drawback to the use of Ru-33 is its thermal and photolytic instability.! Experience in the Fogg
group indicates that, even when stored in the freezer (set at — 40 °C) in an inert atmosphere
glovebox, the compound slowly decomposes in the solid state, to the point of requiring
recrystallization after two to three weeks of storage. For the research chemist, catalyst precursors
should ideally be shelf stable, allowing for mass production and storage before being shipped to
the end user to be converted into the desired catalyst.

RuCl2(Hz21Mes)(py)s (Ru-50) similarly has potential to grant direct access to NHC-functionalized
catalysts (Scheme 3.24), and is anticipated to exhibit greater thermal and photolytic stability than
Ru-33, making it a better candidate for storage and transport. Ru-50 has previously been reported
as a decomposition product of the third-generation Grubbs catalyst, and was isolated in 29% yield
by the deliberate decomposition of GI1.8° The fact that this species was accessible only by the
decomposition of a metathesis-active benzylidene (and even then only in low yields) rendered it
unattractive for further study, and there are no subsequent literature reports of its isolation. A
convenient route to Ru-50 would therefore be of interest.

Scheme 3.24: Predicted synthesis of the third-generation Grubbs catalyst from Ru-50.
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One can imagine substitution of one pyridine of the tetrakis-pyridine complex RuClz(py)s (Ru-51)
as a concise route to Ru-50 (Scheme 3.25), but despite the reputation of pyridine as a labile ligand
elsewhere in the ruthenium metathesis literature,®® this compound has been found by past
experience in the Fogg group (unpublished results) to be remarkably inert to ligand substitution.
Compounding the matter is the near complete insolubility of Ru-51 in most organic solvents. It is
very slightly soluble in CH2Cl,, but this solvent is incompatible with free Hz1Mes.. Routes to Ru-
50 that do not proceed through Ru-51 were therefore investigated.
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Scheme 3.25: Hypothetical route to Ru-50, not pursued due to surprising inertness of Ru-51 to
ligand substitution.
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3.3.2 Results and Discussion: High Yield Synthesis of RuClz(Hz21Mes)(Py)s and
RuClzHz21Mes(3-Br-Py)s and Investigation as Catalyst Precursors

A route to Ru-50 was realized by leveraging the thermal and photolytic lability of the p-cymene
ligand in Ru-33. In a one pot procedure starting from Ru-35, adding 3.3 equivalents of pyridine
to an in-situ generated THF solution of Ru-33 and stirring for three h at 60 °C in a well-lit
glovebox, yielded after workup Ru-50 in 88% yield as a bright orange powder (Scheme 3.26). *H
NMR analysis was consistent with the values reported by Grubbs.® Unlike the tetrakis pyridine
complex Ru-51, Ru-50 is readily soluble in THF and Benzene, presumably by virtue of the large
organic framework of the H2IMes ligand.

Scheme 3.26: Synthesis of Ru-50 from dimeric Ru-35.
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The lability of pyridine in Ru-50 was interrogated by a series of ligand exchange experiments,
tracked by monitoring the easily distinguishable signals for the ortho protons in bound and free
pyridine by *H NMR spectroscopy. Donors selected to cover a range of donicity and steric bulk
were added to a sample of Ru-50 in CDCls, the results are summarized in Table 3.1, below. NEt3
and PCys both fail to substitute pyridine. MeCN and PPhs both partially substitute pyridine,
effecting 67% conversion to Ru-53a and 25% conversion to Ru-53c, respectively This confirms
Ru-50 to be more active in ligand substitution than tetrakis pyridine complex Ru-51, though the
site of ligand substitution is surprising. Both steric and electronic arguments would lead one to
assume that substitution of the pyridine trans to H2IMes should be preferred, as this site is the most
sterically accessible, and strong sigma donation from the NHC should labilize the trans pyridine.
However, substitution is observed exclusively cis to NHC, as determined by examining the H
NMR signals for the pyridine ortho protons. The parent compound displays two sets of bound
pyridine signals in a 2:1 ratio, corresponding to the two pyridines cis to NHC and one pyridine
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trans to NHC. Substitution of the pyridine trans to NHC will preserve the symmetry of the cis
pyridines, and the substituted species should show only one signal for bound pyridine in a 2:1 ratio
to the signal for liberated pyridine. Instead, where substitution is observed, two new signals for
bound pyridine are observed in addition to free pyridine are observed in a 1:1:1 ratio, consistent
with substitution of a pyridine cis to NHC. Steric bulk appears more important than the electronics
of the incoming ligand. PCys is the strongest donor examined, but does not coordinate at all. PPhs
is a weaker donor than PCys, yet does partially coordinate. Likewise, MeCN is considered a weak
donor, but as the least sterically demanding ligand caused the highest conversion of any ligand
examined. Steric clash between bulkier ligands and the mesityl arms of H21Mes accounts for better
binding of sterically undemanding ligands cis to the NHC. The preference for substitution in this
position is likely due to a combination of steric repulsion between the H21Mes mesityl arms acting
to labilize the cis-pyridines and strong donation from HzIMes increasing back-donation to and
stabilizing the trans pyridine (Figure 3.3). A similar electronically driven stabilizing “inverse trans-
effect” has been established for PCys in the second-generation Grubbs catalyst,®” and back-
donation to the n* antibonding orbital of pyridine is known®*3 although any impact of pyridine
backbonding has not been discussed in the ruthenium metathesis literature.

Table 3.1: Results of ligand exchange experiments with Ru-50. Pyridine substitution is observed
exclusively cis to NHC.

Symmetry Preserved Symmetry Lost

Symmetric
I N cis-pyridines | A @

— ~ ~
CI,,T o 1 equiv L C'r,,’]' C'c,'il — Ny
H2|Mes_hlu:NC/> o Hlees—Rlu\—CLl + H2IMes—R’|u:Cl\|l/\\:/> + Q
/N Asymmet_ri(_: a: L = MeCN /N | L
@ trans-pyridine b L = NEt, N Ru-53a-d
c: L =PPhy Ru-52a-d
Ru-50 d: L =PCy,
L % Ru-50 % Ru-52 % Ru-53 Conversion
MeCN 35 0 65 65 %
NEts 100 0 0 0%
PPhs 69 0 31 31 %
PCys 100 0 0 0%
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Figure 3.3: Factors that may contribute to substitution of pyridine cis rather than trans to NHC in
Ru-50. Steric repulsion from NHC mesityl arms labilizes cis-pyridines, while strong sigma
donation from NHC increases back-bonding to trans-pyridine.
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Treatment of Ru-50 with phenyldiazomethane is expected to yield the third-generation Grubbs’
catalyst, GIIl (Scheme 3.24). However, as the field is seeking to transition away from diazo
reagents, vinylidene installation was instead attempted, with the goal being to isolate Ru-54 and
subsequently treat with an acid source to both trigger vinylidene-to-indenylidene rearrangement
and sequester pyridine (Scheme 3.27). If successful, this would provide a succinct route to Ru-55,
which is an NHC-functionalized analogue to the highly active chloride bridged species Ru-19.
Unfortunately, treatment of Ru-50 with 1.1 equivalents of CHC=C(Ph).OH in THF or DCM at
room temperature failed to induce conversion to the target allenylidene. *H NMR analysis revealed
mostly starting material, indicating that CHC=C(Ph).OH is unable to successfully displace
pyridine in Ru-50. Heating the reaction to 60 °C and letting it stir overnight did not solve this
issue.

Scheme 3.27: Attempted synthesis of Ru-54 and predicted conversion to Ru-55. Unfortunately,
Ru-50 was unreactive to CHC=C(Ph).OH.
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On the assumption that insufficient lability of pyridine is the main obstacle to vinylidene
installation, variants of Ru-50 functionalized with more labile pyridine derivatives were sought.
Labilization by both steric pressure (2-Me-py, 2,6-Me-py) and electronic withdrawal (3-Br-py)
were pursued (Scheme 3.28). 2-Me-py and 2,6-Me-py both failed to install, and only
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decomposition of Ru-50 was observed. 3-bromopyridine did bind successfully, and Ru-56¢ was
isolated as a vibrant orange powder in 68 % yield, confirmed by diagnostic *H NMR signals for
the ortho-protons of bound 3-Br-py. The lower isolated yield may reflect the increased lability of
3-bromopyridine, or the increased solubility of Ru-56¢ over Ru-50. The Mes-0-CHzs signals,
which appear as a single singlet at 2.78 ppm integrating for 12 protons in Ru-50 appear in Ru-56¢
as three singlets at 2.78 ppm (3H), 2.67 ppm (6H), and 2.56 ppm (3H), indicating restriction of
rotation of the mesityl arms about the C-N bond, presumably due to steric clash with the 3-Br
functionality on pyridine. Rotation of the whole NHC about the Ru-C bond is unrestricted, as
indicated by the signal for the NHC backbone CH> protons, which appears as a single singlet
integrating for 4 protons. Although 3-bromopyridine should be more labile than pyridine, Ru-56¢
also failed to produce vinylidenes when treated to 1.1 equivalents of CHC=C(Ph).OH.

Scheme 3.28: Synthesis of substituted pyridine derivatives of Ru-50. Only 3-Br-py derivative Ru-
56¢ could be successfully isolated.
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Attempting to promote the reaction of Ru-50 with CHC=C(Ph).OH by adding 0.1 equiv acetyl
chloride as an acid source in order to force the dissociation of pyridine led to rapid decomposition
to an ill-defined black mixture (Scheme 3.29). The persistent failure to observe formation of an
allenylidene or vinylidene complex, even when pyridine is forcibly sequestered suggests that the
problem with this reaction lies not with the dissociation of pyridine, but with the association of
1,1-diphenylpropargyl alcohol (Scheme 3.30). Based on the ligand exchange experiments above,
dissociation of pyridine occurs cis- to H2IMes, and successful association of incoming ligand is
heavily dependant on steric bulk. Steric repulsion could therefore be preventing the initial side on
approach and binding of CHC=C(Ph).OH. This idea could be probed by replacing the
symmetrically bulky HzIMes with an unsymmetrical NHC or, more interestingly, one of the
unsymmetrically bulky CAAC ligands that have recently been deployed in record-breaking
catalysts (Scheme 3.30).16-17, 20, 94-96
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Scheme 3.29: Addition of acetyl chloride to Ru-50 and CHC=C(Ph).OH causes rapid
decomposition to an ill-defined black mixture.
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Scheme 3.30: Steric clash may be preventing coordination of CHC=C(Ph).OH. This may be
alleviated by switching to asymmetrically bulky NHC or CAAC ligands.
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3.4 Improved Access to Class C: Zinc Aryloxides as an Alternative Transmetalating Agent
3.4.1 Introduction: Pseudohalide Ligands, Challenges and Opportunities

Alkoxide and Aryloxide ligands, with their highly tunable stereoelectronic properties, are
ubiquitous in group 6 metathesis catalysts, where they are readily installed by salt metathesis with
group 1 alkyl/aryloxides.

Various pseudohalides have been installed on ruthenium metathesis catalysts (Figure 3.4), but
despite early reports of impressive activity from pseudohalide-bearing catalysts such as Ru-28
and Ru-57, which achieved turnover numbers in the RCM of diethyl-diallylmalonate of > 40 000
(ground-breaking at the time, and comparable to modern state-of-the-art catalysts), they have not
seen wide uptake within the field. This may soon change, as the recent establishment of
bimolecular coupling as a key decomposition route for ruthenium metathesis catalysts and the
revelation that top-performing CAAC-functionalized Ru-carbene complexest” 77 9495 9799
decompose primarily via bimolecular pathways,*?° and the mechanistic confirmation of the role of
chloride ligands in bimolecular coupling.l®1%* have sparked renewed interest in bulky
pseudohalide ligands as a means of preventing or retarding coupling. Convenient methods for
pseudohalide installation are therefore of interest.
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Figure 3.4: Selected examples of pseudohalide-bearing Ru-based metathesis catalysts
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o
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Pseudohalide installation by salt metathesis with group 1 nucleophiles is inconsistently successful
on ruthenium metathesis catalysts: thiolate,%? catecholate,*® catechothiolate,'® PhO-,1%4 tBuQ1%
have all been installed well from alkali metal nucleophiles, while electron-deficient aryloxide
(CeXsO,, X = F, Cl, Br), perfluoronated carboxylate,” 2> sulfoxide,” nitro,® isocyanate,®
isothiocyanate,® 0-Schiff-base-aryloxide,>>2" 1% and bidentate NHC-Aryloxide?* 19719 Jigands
have only been installed via the use of silver or thallium nucleophiles. In general, it seems that
softer and more electron rich pseudohalides tend to install well from alkali metal nucleophiles,
while harder and electron deficient pseudohalides tend to require the use of Ag or TI. This presents
a challenge, as thallium and its compounds are highly toxic,?2° requiring great care in use and in
the disposal of the resultant waste. Silver nucleophiles, while not nearly as toxic as thallium, are
highly photosensitive and stoichiometric control is therefore challenging. Silver waste also
requires special handling and disposal in many jurisdictions. As well, both metals are relatively
pricey, especially compared to sodium.

The surprising inertness to substitution of chloride shown by ruthenium metathesis catalysts is not
unique. W(NtBu)CI2[P2(NtBu)s], Mo(NtBu)Cl2[P2(NtBu)s], and MnCI(NtBu)s are all inert to
substitution of chloride by carbon, oxygen, and nitrogen nucleophiles as the lithium or magnesium
reagents, but will react with Ag or Tl nucleophiles.!1'2 Pyrrolide-based PNP ligands failed to
install on Ir or Ru substrates from the Li nucleophile and could only be successfully installed from
Ag or TI.113 B-Ketoiminate and related p-Ketoiminato ligands were successfully installed on Pd
and Ni with TI nucleophiles while Li and K failed.!**" There are numerous other examples of
pseudohalide installation on various metal centres using Ag or Tl nucleophiles without comment
on the performance of group 1 or 2 nucleophiles.!612* A safer and more convenient alternative
method for pseudohalide installation would therefore be highly desirable and broadly applicable
in the field of transition metal chemistry.
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The superior transmetalating ability of Ag and TI nucleophiles is likely a kinetic rather than
thermodynamic phenomenon, and has been attributed to the higher electrophilicity of Ag* and TI*
cations facilitating access to the four-membered transition state TS-1 (Scheme 3.31).112 Wilkinson
has suggested the involvement of electrophilic attack on chloride by Ag* or TI*.}*? Analogy has
also been drawn to the accelerating effect of Ag* and TI* cations in nucleophilic substitutions of
organic halides, where it is discussed in terms of “electrophilic pull” of heavy metal cations.'?® A
similar effect is known in halide substitution of metal complexes in aqueous media.!?® We
therefore considered whether other, less toxic and photosensitive late metal nucleophiles might
exhibit a similar electrophilically-driven accelerating effect.

Scheme 3.31: Electrophilicity of heavy/late metal cations (TI' pictured) is believed to be
responsible for improved activity in transmetalation relative to alkali/alkali earth cations.
6+[M]_q| &
M—Cl + TI—X=~— | |5 =~ [M—X + TI—Cl
8§ X—TI
TS-1

Zinc nucleophiles stand out as a promising candidate transmetalating agent. They are thermally
and photolytically stable, easily accessible either by deprotonation of the appropriate acid with
diethyl zinc or salt metathesis between a group 1 or 2 nucleophile and ZnCl», and zinc is effectively
non-toxic. Zinc nucleophiles also have an excellent pedigree as the transmetalating agent of choice
in palladium-catalyzed cross-coupling,2-12® where it has been commented that reactions in the
absence of zinc are often “agonizingly slow”.!?® The utility of zinc in this context has been
attributed to the ease of transmetalation both to and from zinc nucleophiles;*? exactly the property
sought in the present context.

Installation of C¢FsO°, among both the hardest and most electron deficient pseudohalides that have
been installed on Ru metathesis catalysts, represents a highly challenging test-scenario for an
alternative transmetalating agent. While other electron deficient pseudohalides have been installed
with Ag nucleophiles, Buchmeiser specifically states that it was necessary to use Tl to successfully
install CsFsO™ on the second-generation Hoveyda catalyst.?? We therefore decided to test
Zn(OCe¢Fs). as an alternative to TIOCsFs in the installation of CeFsO™ on the second-generation
Hoveyda catalyst.

3.4.2 Results and Discussion: Aryloxide Installation by Zn(OCsFs):2

Treating the second-generation Hoveyda catalyst, HI1, to 1 equiv of in-situ generated Zn(OCe¢Fs):
did not proceed cleanly to the expected bis-aryloxide species Ru-58 (Scheme 3.32). Instead, three
alkylidene signals at 16.63, 16.90, and 17.17 ppm were detectable by *H NMR spectroscopy. The
signal at 16.63 ppm corresponds to unreacted HII, the signal at 17.17 ppm is consistent with the
target bis-aryloxide Ru-58, and the signal at ppm is presumed to arise from mono-aryloxide
species Ru-60. The distribution of these three species depends on the solvent used (Table 3.2),
suggesting a solvent-dependent equilibrium.
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Scheme 3.32: Reaction of 1 equiv. Zn(OCsFs). with HI1. Zn(OCeFs)2 generated in-situ by adding
dropwise 1.0M ZnEt, in hexanes to a solution of CsFsOH in the appropriate solvent. The
Zn(OCe¢Fs), is  then  added dropwise to a stirred solution of  HII.

CeFs CeFs
Cl/,,, | 1 equiv. Zn(OCGF5)2 é] (l),
H,IMes—Ru—0 > H,lMes—Ru—O0 + HylMes—Ru—
2 es—Ru—0O
- \C|\|/ Solvent, RT, 3 h \Cl\l/ 2 \O\r
Ru-60 Ru-58 |

CeFs

Table 3.2: Product distribution observed for reaction of HIl1 with 1 equiv. Zn(OCeFs)2 in different
solvents, as determined by relative integration of alkylidene signals for each species in the 'H
NMR spectrum of an aliquot taken from the reaction mixture.

Solvent [HII Ru-60 |Ru-58 [% “Zn-OAr”
consumed

CH2Cl2 50%  (50% 0% 25%

CeHs [26%  [65% 9% 41%

THF  24% [70% 6% 41%

The fact that in no case even 50% of the available “Zn-OAr” fragment is consumed suggests that
only the bis aryloxide species Zn(OCe¢Fs)2 is competent to install aryloxide, while concomitantly
generated monoaryloxide Zn(OCeFs)Cl acts as a source of chloride rather than aryloxide (Scheme
3.33), This should be confirmed by repeating the attempted transmetalation with 2 equiv
Zn(OCgFs)Cl in place of 1 equiv Zn(OCeFs)2, in which case little to no aryloxide transfer would
confirm that Zn(OCeFs)CI is not competent as a source of aryloxide (Scheme 3.34), and a follow-
up reaction where a genuine sample of bis-aryloxide Ru-58 is treated with 2 equivalents of
Zn(OCgFs)Cl, in which case formation of Ru-60 and/or HIl would indicate that Zn(OCesFs)ClI can
act as a source of chloride (Scheme 3.35).

Scheme 3.33: Proposed equilibrium between HII, Ru-58, and Ru-60, with Zn(OCsFs)Cl acting
as a source of chloride rather than aryloxide.

(|36F5 c|:6F5
Cl, i Zn(OCgFs), O, i Zn(OCgFs), O, ||

H,IMes—Ru—O0 — > H,IMes—Ru—O = >  H,IMes—Ru—O
\CI Zn(OC4Fs)Cl CIY Zn(OCgF5)Cl \o\|/
Hil 6" Ru-60 s Ru-58 |
CesFs

Equilibrium is reached rapidly (< 1 h) when CH2Cl. or CsHs are used as the solvent. Rechlorination
of Ru-58/Ru-60 or decomposition of Zn(OCeFs). by CH.Cl> was not considered as a concern, as
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Ru-58 has been previously synthesized in CH.Cl, and characterized in CDCl3,?* and zinc

nucleophiles are routinely prepared and used in CH2Cl> without incident (e.g. in the Simmons-
Smith reaction).® Aryloxide installation proceeds more slowly (equilibrium reached after 24 h)
in THF, presumably due to coordination of THF to Zn(OCeFs).. It appears that Zn(OCeFs) is
kinetically but not thermodynamically competent in transmetalation. Ag and Tl nucleophiles have
precipitation of highly insoluble AgCl and TICI as a strong thermodynamic driving force, but
ZnCl> and especially Zn(OCsFs)Cl are considerably more soluble and cannot therefore act as a
good thermodynamic sink. Attempting to stabilize/sequester ZnCl, by performing the reaction in
the presence of 1 equivalent 18-crown-6 did not lead to greater conversion, but did cause the
reactions in CeHs and CH2Cl> to behave like the reaction in THF; equilibrium was reached more
slowly and conversions matched those observed for THF.

Scheme 3.34: Proposed experiment to probe whether Zn(OCgsFs)Cl is competent as a source of
aryloxide

C|)6F5 (|36F5
Cl,, | 2 equiv. Zn(OCgF5)ClI o, | O,,,, |

H,IMes—Ru—~0 > H2|Mes—"Ru<o + Hlees—'Ru<Oj/
HIl \Cl\r DCM. RT, 3h Cl\l/ 0

Ru-60 Ru-58 |
CeFs

Scheme 3.35: Proposed experiment to probe whether Zn(OCeFs)CI can act as a source of chloride.

CsFs C|36F5
é,, 2 equiv. Zn(OCgF5)CI o, CI,,I,, |
H,IMes—Ru—O »  H,IMes—Ru—O +  HyMes—Ru—O
2 N DCM, RT, 3 h N \( N \(
(o) Ru-60 Cl Hil Cl
Ru-58 | u-
CeFs

One solution to access Ru-58 would be to simply use an excess of Zn(OCeFs).. However, this is
wasteful, precludes the possibility of stoichiometric control and access to the mono-aryloxide
species Ru-60, and the presence of a large excess of zinc reagent would significantly complicate
workup. A better solution would be to combine the favourable thermodynamics of alkali metal
reagents with the superior kinetics of zinc nucleophiles by generating Zn(OCeFs). catalytically
from a stoichiometric amount of Na(OCsFs) and a catalytic (1-5 mol%) amount of ZnCly, thereby
minimizing the presence and impact of Zn(OCeFs)Cl and ZnCl, (Scheme 3.36). A conceptually
similar approach has been deployed in the cross-coupling of organosodium reagents enhanced by
a catalytic amount (10 mol%) of ZnCl,.*%
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Scheme 3.36: Proposed use of ZnCl; as a catalytic aryloxide transfer agent

CeFs
2.1 equiv. Na(OCgF5) |
Clo, |l 5 mol % ZnCl, %,
H,IMes—Ru—O > Hlees—Ru—Oj/ + 92 NaCl
HII "Cl Ru-58 O

CeFs

If successful, ZnCl, would be acting as a catalytic anionic ligand transfer agent. This approach
may be broadly applicable, not just to pseudohalide installation. For example, exchanging CI- for
I” on metathesis catalysts via salt metathesis with Nal is often sluggish, requiring 8 h in the case of
the first-generation Grubbs catalyst. 32 A catalytic amount of ZnCl, could significantly accelerate
this exchange.

3.5 Conclusions

A new route to magnesium carbenoids from geminal dichlorides has been achieved utilizing the
magnesium-anthracene complex Mg-1. However, and in spite of early promising results, an
effective route to ruthenium alkylidenes utilizing magnesium carbenoids could not be realized.
Ancillary ligand incompatibilities are suspected as a key issue to overcome.

The first high-yield synthesis of RuCl2(Hz21Mes)(py)z (Ru-50) is reported. Ligand exchange
experiments indicate that Ru-50 is both more soluble and substitutionally labile than tetrakis
pyridine species RuClz(py)s (Ru-51), although ligand exchange unexpectedly occurs primarily
cis to HzlMes. Despite the increased lability, indenylidene installation was unsuccessful both on
Ru-50 and the more labile still RuCl>(H2I1Mes)(3-Br-py)s (Ru-56¢). Steric clash with the bulky
HzIMes ligand is believed to be responsible both for the unexpected preference for substitution
cis to HzIMes and the failure of indenylidene to install. Derivatives of Ru-50 bearing
unsymmetrically bulky NHC or CAAC ligands are proposed as a solution to this steric crowding.

Zinc aryloxides have been invested as an attractive alternative to thallium and silver for the
installation of pseudohalides on metathesis catalysts. Initial results suggest that zinc aryloxides
are kinetically but not thermodynamically competent as an aryloxide source; reaction proceeds
rapidly, but in no case was even 50% of available Zn-OAr bond consumed. Utilizing a catalytic
amount of ZnCl in the presence of sodium aryloxides (which are themselves thermodynamically
but not kinetically competent) is proposed as a solution that leverages both the Kinetic
advantages of electrophilic Zn?* and the thermodynamic sink of NaCl.
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Chapter 4. Toward Low-Valent Ruthenium Alkylidenes
4.1 Introduction
4.1.1 Setting the Stage: What is a “Low-Valent” Ruthenium Alkylidene?

The oxidation state of Ru metathesis catalysts is a controversial subject in the literature, owing to
debate as to how the alkylidene moiety contributes to the oxidation state.' If the alkylidene is
considered a neutral “L-donor” ligand (like Fischer carbenes), then the metathesis precatalysts are
Ru(ll). They are then oxidized to Ru(lV) upon cycloaddition of incoming olefin to form the
metallacyclobutane intermediate. If instead the alkylidene is considered a dianionic ligand (like
Schrock carbenes in group 6 metathesis catalysts), then both the precatalyst and MCB intermediate
are Ru(l1V), and the oxidation state is unchanged throughout the catalytic cycle.

The Ru(I)/Ru(lV) debate is beyond the scope of this thesis, and we will not weigh in on the
contribution of the alkylidene moiety to the oxidation state. Whether the precatalyst is considered
Ru(lIl) or Ru(IV), omitting the 2 anionic ligands present on all known neutral precatalysts will
reduce the oxidation state by 2. Thus, in the present context, a “low-valent ruthenium alkylidene”
is defined as a ruthenium centre 2 oxidation states lower than the well-known metathesis catalysts
of type RuXzL2(=CHR).

4.1.2 Motivation: Why are Low-Valent Alkylidenes Desirable?

Major advances in catalyst productivity have been achieved by increasing electron density on
ruthenium by moving to more strongly donating stabilizing ligands; first with the switch from
phosphines to NHC (marking the dawn of the “second-generation” catalysts),® and more recently
with the introduction of CAAC ligands.'® This has been a highly successful strategy; increasing
electron density on ruthenium has increased substrate scope relative to the earliest catalysts (which
were active only in ROMP of strained cyclic olefins) and vastly improved turnover numbers
achievable in metathesis, allowing for the use of reduced catalyst loading.® *"*> Spurred by the
success of the NHC catalysts, catalyst development has been driven by the search for ever more
strongly-donating stabilizing ligands which remain compatible with metathesis catalysts.
Enhanced electron density at Ru is believed to increase olefin affinity and promote the
cycloaddition step in metathesis by increasing the degree of backbonding into the olefin =*
antibonding orbitals.6-1°

An alternative approach to increasing electron density on Ru that does not appear to have been
widely investigated is reducing the oxidation state of the catalyst. Omitting the 2 anionic ligands
present in all known neutral catalysts would decrease the oxidation state by 2 and formally increase
electron density on ruthenium by 2 electrons. Such low-valent alkylidenes could potentially be the
most electron-rich Ru metathesis catalysts to date.

Current “high-valent” Ru alkylidenes are “mildly to moderately” electrophilic’ and therefore
susceptible to attack by nucleophiles.?®? Indeed, nucleophilic abstraction of alkylidene by
phosphine has been established as a major decomposition pathway for Grubbs-type catalysts,?> 2/
and helps account for the declining use of phosphines as labile ligands in Ru-catalyzed olefin
metathesis. The sole published example of a low-valent Ru alkylidene, by contrast, reacts primarily
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as a nucleophile at carbon, although this low-valent (and therefore nucleophilic) character is not
maintained on exposure to olefin, owing to an oxidatively non-innocent nitrosyl ligand (vide
infra).?® A low-valent Ru alkylidene that remains low-valent (i.e. without oxidatively non-innocent
ligands) is therefore expected to maintain its nucleophilic character. This would be a boon both in
terms of improving catalyst lifetimes in the presence of nucleophilic contaminants, and in allowing
the very well-developed toolbox of highly-tailored phosphine ligands to be once again deployed
in Ru catalysts for olefin metathesis.

Moving to low-valent systems may also help address the issue of bimolecular coupling (BMC).
BMC of the methylidene intermediate has recently been established as one of the major inherent
decomposition pathways for Ru metathesis catalysts,?® and is especially relevant to the ground-
breaking CAAC catalysts, which have recently been shown to decompose almost exclusively by
BMC.*° Natural bond orbital (NBO) analysis of proposed BMC intermediate species has suggested
that the interaction leading to coupling is enhanced by polarization of the Ru=C r-orbital towards
Ru and resultant polarization of the corresponding Ru=C n*-antibonding orbital towards carbon.
A lower-valent methylidene Ru=C is expected to be significantly less polarized towards Ru. In
fact, reports of a nucleophilic low-valent Ru methylidene suggest that the Ru=C n-orbital may be
polarized in the opposite direction, towards carbon. This has the potential to disrupt the orbital
overlap that in high-valent methylidene species enables BMC.

4.1.3 Background: Precedent for Low-Valent Ru Alkylidenes

Current Ru metathesis catalysts are, compared to their early metal predecessors, already examples
of “low-valent” alkylidenes. Group 6 metathesis catalysts, the state of the art before the advent of
Ru metathesis catalysts, tend to be in the highest possible oxidation state,®* while all known Ru
metathesis catalysts are at most in the +4 oxidation state, far below the maximum oxidation state
of +8.32 Given that ruthenium catalysts have already shown that high oxidation states are not a
requirement for high metathesis performance, it is not unreasonable to pursue even lower states.

Alluded to above is the sole example of a formally low-valent Ru alkylidene, the Roper compound
Ru-61 (Scheme 4.1), bearing an anionic chloride and cationic linear nitrosyl ligand.?® This species
was isolated in excellent yield (88%) by reaction of the 16-electron, coordinatively unsaturated
RuCI(NO)(PPhs). with diazomethane. In contrast to high-valent Ru alkylidenes which exhibit
electrophilic character, Ru-61 reacts primarily as a nucleophile at carbon. However, when treated
with olefin (ethylene or CzF4) or diphenylacetylene, formation of methylphosphonium ylide by
nucleophilic attack of phosphine is observed. This switching of carbene reactivity from
nucleophilic to electrophilic was attributed to the oxidative non-innocence of the nitrosyl ligand.
The nitrosyl ligand was proposed to produce electronic unsaturation at Ru by switching from the
linear 3-electron donor configuration to the bent one-electron donor configuration, enabling
coordination of olefin. Additionally, back-donation from Ru to olefin is believed to further
diminish the nucleophilic character and increase electrophilic character at methylidene.
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Scheme 4.1: Oxidative non-innocence of NO ligand allows nucleophilic attack on methylidene.
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Thus although the methylidene species in the absence of olefin is low-valent, when exposed to
olefin it shares the same oxidation state and electrophilic character at methylidene as conventional
metathesis catalysts. To evaluate the feasibility of low-valent metathesis catalysts, oxidatively non-
innocent ligands must therefore be avoided.

Two approaches to low-valent Ru alkylidenes are examined in this thesis: reduction of known
high-valent metathesis catalysts, and removal of an a-proton from a Ru(l1) alkyl species..

4.1.4 a-Hydride Elimination From Ru(ll) Alkyl Species

Although common in early metal systems, the method of a-elimination to form alkylidenes
developed by Schrock®! is rare in ruthenium chemistry. There are as yet no reports in the literature
of this approach being used to generate metathesis-active Ru species, although examples have been
reported of the unintended, sterically-induced transformation of alkylidene species into
alkyidynes.®*** Adapting the Schrock methodology to Ru(Il) systems could plausibly yield low-
valent Ru alkylidenes

4.1.5 a-Elimination: Early Transition Metals vs. Ruthenium

In complexes of the early transition metals, the alkylidene functionality is commonly generated
via a-elimination from an alkyl ligand, as immortalized by Schrock’s famous synthesis of a
tantalum neopentylidene in 1974.% The approach is simple: 2 alky! ligands (substituted at the B
position to prevent B-hydride elimination) installed cis to one another and subjected to steric
pressure will eliminate an alkane, generating the alkylidene. This method is general for the early
transition metals, and examples have been reported for W, Zr, Mo, Nb, Ta, Ti, V, Cr, and Re.%
However, setting up similar conditions on ruthenium does not produce alkylidenes, but rather leads
to cyclometallation of the alkyl ligands. (Scheme 4.2). Installing a benzyl ligand on ruthenium
leads to o-metalation,**3” and neopentyl ligands undergo y-elimination to form a
metallacyclobutane 3% -Elimination of a terminal proton to form metallacycles seems to be
general for late metal systems*® —indeed, a study by Whitesides found that late metals exhibit a
preference for w-elimination from alkyl ligands up to 5 carbons long.*! The divergent elimination
behaviour of early- vs. late-metal systems does not appear to have been commented on in the
literature.
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Scheme 4.2: Cyclometalation of benzyl and neopentyl ligands on ruthenium.
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When w-elimination is suppressed by chelation, fixing all protons more distant than the a.-position
away from the metal centre, a-elimination to form alkylidenes on ruthenium can proceed. Three
such examples leading to high-valent alkylidenes are known in the literature (Figure 4.1).

In example A, reported by Gusev in 2006, the pincer ligand on Ru-65 bearing both o. and 3 protons
undergoes reversible elimination from both positions, generating an equilibrium mixture of
alkylidene Ru-66 and olefinic Ru-67 species.*?

First reported in 2005 by Stradiotto, in example B, Ru-68 bears no (3 protons and all other
potentially available protons are held away by chelation, leading to reversible o-elimination

favouring the alkylidene species Ru-69.% The c-alkyl species Ru-68 can be trapped by adding an
L-donor.*

Example C arises from the attempted installation of a methyl group on Ru-70 by Caulton in 2005:
rather than expected methyl species Ru-71, alkylidene formation is observed via an initial o-
elimination from a tert-butyl group on the bulky pincer ligand to produce a coordinatively
unsaturated tricyclic Ru-72 followed by a-elimination to generate alkylidene species Ru-73,
relieving coordinative unsaturation..*®
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Figure 4.1: Known examples of a-elimination to form alkylidenes on ruthenium.
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The alkylidenes produced by routes A-C are high-valent, and ill-suited as metathesis catalysts, but
demonstrate that alkylidene formation via a-elimination on ruthenium is possible, and, combined
with the above examples of cyclometallation from benzyl and neopentyl ligands, provide clear
design criteria for promoting the desired a-elimination chemistry:

1. The alkyl ligand must not bear B-hydrogens

2. The alkyl ligand must either lack more distant hydrogens, or must hold them away from
the metal centre by chelation

4.1.6 First Synthetic Target: A Stable Benzylruthenium Complex.

The first step towards low-valent alkylidenes by a-elimination or deprotonation is the synthesis of
a Ru(I1) alkyl complex. A benzylruthenium complex was chosen as a specific target, as this ligand
class bears no B-protons (necessary to avoid decomposition by B-hydride elimination), and are
readily installed on transition metals by salt metathesis of a metal chloride with a benzyl Grignard
(Scheme 4.3). As an additional advantage, benzyl Grignards are among the easiest
organomagnesium species to synthesize, a clear advantage over neopentyl Grignards, which, while
also lacking B-protons, are notoriously difficult to make.*®
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Scheme 4.3: Installation of the benzyl ligand by salt metathesis with benzyl Grignard.
No B-protons
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Benzylruthenium complexes are rare in the literature, likely owing to the vulnerability of the
benzyl ligand to o-metalation.?® Ru-74, the sole literature example of an isolable benzylruthenium
with an unfunctionalized benzyl ligand, was reportedly isolated in 20% yield by treating parent
benzylidene complex Ru-75 with NaBHs (Scheme 4.4).*” The low vyield, the highly robust
cyclopentadienyl ligand that would have to be removed, and the fact that one must first synthesize
a benzylidene complex by use of phenyldiazomethane, make this an unappealing means of
installing a benzyl ligand for the purpose of accessing low-valent alkylidenes.

Scheme 4.4: Synthesis of benzylruthenium complex Ru-74 by reduction/protonation of Ru-75.
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Typically, if cyclometallation is to be avoided, a chelating group must be present, as in Ru-76,
where the benzyl ligand is stabilized against o-metalation by a chelating P(iPr). substituent.
Complex Ru-76 was reportedly isolated in 36% yield by treating Ru-77 with NaOAc in methanol
(Scheme 4.5).%8

Scheme 4.5: Synthesis of benzylruthenium complex Ru-76 by deprotonation of modified
phosphine ligand P(iPr)2(o-Tol).
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4.2 Results and Discussion
4.2.1 Reduction of High-Valent Metathesis Catalysts

The second-generation Hoveyda catalyst was treated with a variety of reducing agents (Na,
NaBHs, KBH(s-Bu)s, and Mg-anthracene - 3THF) in the presence of pyridine, targeting Ru-78
(Scheme 4.6). In all cases, decomposition to a spectroscopically ill-defined black mixture was
observed. It is likely that the alkylidene functionality is incompatible with strong reducing agents.
Consistent with this hypothesis, Valerga and co-workers reported that reaction of Ru-74 with
NaBH; in methanol proceeds via reduction of the benzylidene moiety (Scheme 4.4, vide supra).*’
In the literature reaction, Ru-75 could be isolated in low yield (20%). However, the corresponding
reduced-alkylidene species for HIl was not observed in the present work, likely due to subsequent
decomposition.

Scheme 4.6: Attempted reduction of the second-generation Hoveyda catalyst by various reducing
agents. Pyridine added to occupy open coordination sites that would be generated by successful
reduction of chloride ligands.
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4.2.2 Benzyl Ligand Redesign and Synthesis

To prevent o-metalation, a chelating o-isopropoxybenzyl ligand was targeted. In this structure, one
vulnerable o-hydrogen is removed entirely, while the other is held away from the metal centre by
chelation. The o-O'Pr group was chosen as the chelating group by analogy to the o-O'Pr
functionality in the Hoveyda-class catalysts. This group is already known to stabilize ruthenium
effectively without introducing unwanted side-reactions, and is also known to dissociate relatively
readily to allow metathesis**—this second point is why the diisopropylphosphine motif seen in
Ru-76 was eschewed; the superior binding ability of phosphine is expected to severely retard
initiation relative to the more labile ether functionality.

o-Isopropoxybenzyl chloride was converted to the corresponding Grignard reagent (Mg-3) by
dropwise addition to magnesium turnings in THF (Scheme 4.7), as confirmed by *H NMR and
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colorimetric analysis. Grignard reactions can be slow to initiate, but in this case an exotherm
occurred immediately on adding the benzyl halide. Benzyl halides are known to magnesiate
readily,>® and the ease with which this o-isopropoxybenzyl chloride initiates may be due to
stabilization by intramolecular chelation.

Scheme 4.7: Synthesis of Mg-3 and simplified representation of the Schlenk equilibrium (solvent
and chloride-bridged species omitted).
L
M

20 equiv. Mg
e ’ SN
9 ;& 2

Mg-3 Mg-3'

H NMR analysis of Mg-3 in CsDs showed complete loss of the signals for the benzyl halide
precursor, confirming complete conversion. Two new sets of signals were present in a 1:4 ratio,
both having the same number of peaks and multiplicity as the parent benzyl halide, as is consistent
with Mg-3. The signal doubling is presumed to arise from the Schlenk equilibrium, well
established for organomagnesium halides.>* Whether the Mg-3 or Mg-3’ side of the equilibrium
is favoured was not examined.

Prior to use, it was necessary to determine the purity and concentration of the Grignard reagent.
Non-Grignard bases (e.g. Mg(OH).) can arise from contaminants in the solvent or the alkyl halide,
or atmospheric contamination. Any such base would be highly deleterious in the present work,
given the risk of competing salt metathesis. Mg-3 was titrated against dry isopropanol in THF,
with 1,10-phenanthroline as indicator. This method is sensitive only to the Mg-C bond, and does
not report on the total amount of base present in solution.>> A second titration was therefore
performed to measure total base content. Accordingly, an aliquot of Mg-3 was deliberately
hydrolyzed with excess methanol, and titrated against a standardized solution of HCI using
phenolphthalein as indicator. As the Mg-C and total base titrations agreed within 1%, confirming
the absence of non-Grignard base, the solution of Mg-3 was deemed suitable for use.

4.2.3 The Search for a Suitable Ruthenium Substrate: Failed Candidates

Initial attempts to install the 0-O'Pr modified benzyl ligand on ruthenium were frustrated by
ancillary ligand incompatibilities. Reaction with RuClz(PPhs) (Ru-20) (Scheme 4.8), a classic and
easily accessible ruthenium precursor, did not produce the expected benzylation product Ru-79.
Instead, a black, spectroscopically ill-defined mixture was observed. o-Metalation of the PPhs
ligand may account for the observed decomposition, which would suggest a fundamental
incompatibility between the PPhs and benzyl ligands. The septet at 4.2 ppm expected for the
liberated o-isopropoxytoluene was not detected in the *H NMR spectrum, however, calling this
mechanism into question.

Scheme 4.8: Reaction of Ru-20 with Mg-3 did not yield spectroscopically observable products.
Reaction attempted in THF, Et2O, CeHs, and hexanes.

76

References on page 92



Chapter 4. Toward Low-Valent Ruthenium Alkylidenes

PPh3
cl, FI’Phs g-3 Ph3P Ru—PPh3
Ph3P—'Ru\—PPh3 E not observed!
Cl -MgCl, Y
Ru-20
Ru-79

Reaction of Mg-3 with RuCl,(k?-1,10-phenanthroline)(PPhs). (Ru-80) (Scheme 4.9) proceeded
more smoothly than with Ru-20, inasmuch as it did not lead to immediate decomposition. Instead
slow conversion of poorly soluble brown Ru-80 to a highly soluble purple mixture was observed.
In this case, the poor solubility and slow reactivity of Ru-80 prevented stoichiometric control, so
2 equiv Mg-3 were used. Although Ru-80 is more soluble in benzene than THF, the reaction was
found to proceed more quickly in THF, reaching a visual endpoint (complete solubilization of the
mixture) in 6 h at RT in THF, but requiring 24 h in benzene. The *H NMR spectrum of this mixture
is difficult to interpret, with many overlapping signals in the aromatic and alkyl regions. The
absence of a signal in the alkylidene region rules out successful a-elimination. 3'P NMR analysis
indicates the presence of multiple minor species and a single major species (accounting for about
56% of total integration) characterized by 2 doublets of equal intensity at 32.2 and -11.8 ppm,
indicating loss of symmetry of the phosphorus ligands. The mixture is thermally stable; heating to
75 °C for 8 h did not change the product distribution. The upfield signal suggests o-metalation of
one PPhs ligand,® while the relatively small P-P coupling constant (10 Hz) is indicative of
mutually cis phosphines. Together, this implies formation of either Ru-81 or Ru-82, depending on
whether one or 2 equiv Mg-3 react. Ru-81 seems most likely, as it is difficult to rationalize addition
of a second equivalent of Mg-3 without triggering cyclometallation of the second PPhs. A multiplet
at 4.15, a singlet at 2.22, and a doublet at 1.06 ppm in the *H NMR spectrum are a close match for
the spectrum of Mg-3 (obtained above), which further suggests mono-addition. In either case, this
reaction confirmed the incompatibility of PPhs and benzyl ligands on ruthenium, and directed our
attention toward phosphine-free ruthenium substrates.

Scheme 4.9: Proposed major product of reaction between Ru-80 and Mg-3 based on available
spectroscopic data.
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Despite the common lability of pyridine ligands, RuClx(py)s (Ru-51) is known from previous
experience in the Fogg group to be surprisingly resistant to ligand substitution reactions. It was
hoped, however, that salt metathesis would proceed (Scheme 4.10). Unfortunately, Ru-51 was
completely inert to Mg-3. No reaction was evident after stirring for 48 h in either THF or benzene
at RT or reflux: no colour change or solubilization of Ru-51 was observed, and the persistence of
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Mg-3 was confirmed by addition of 1,10-phenanthroline as a colorimetric indicator. Poor
solubility cannot alone account for the lack of reactivity, as Mg-3 reacts readily even with a
suspension of Ru-20 in hexanes (in which Ru-20 is insoluble). The complete inactivity of Ru-51
suggests that the required salt metathesis with Mg-3 is dissociative in pyridine, as expected if it
were to proceed via 6-coordinate transition state TS-2. The non-lability of pyridine in Ru-51
therefore precludes salt metathesis. Successful installation of a benzyl ligand on ruthenium will
require a substrate which either has or can readily produce an open coordination site.

Scheme 4.10: Proposed dissociative (in pyridine) mechanism for salt metathesis. Non-lability of
pyridine prevents access to transition state TS-2. Ru-83 never observed.
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4.2.4 Successful Installation of Modified Benzyl Ligand on [RuClz(p-cymene)]2. Synthesis,
Isolation, and Characterization of RuCl(o-isopropoxybenzyl)(p-cymene)

In contrast to the difficulties outlined above, Mg-3 reacts rapidly and cleanly with dimeric
[RuClz(p-cymene)]2 (Ru-35) to afford the novel benzylruthenium species Ru-84 (Scheme 4.11),
as confirmed by *H NMR analysis. The reaction proceeds readily at RT by adding a solution of
Mg-3 in THF to Ru-35 in THF, CH2Cl,, or CsHe. CH2Cl: is the preferred solvent, however, as
Ru-35 is only sparingly soluble in THF or CsHe. The reaction can be worked up immediately after
completing the addition of Mg-3. As the MgCl> coproduct is fairly soluble in the CH,Cl>-THF
solvent mixture, it was removed by switching solvent systems to CeHe before filtering through
Celite. Ru-84 can then be isolated as a microcrystalline red solid in 72-82% yield by reprecipitation
from CH2Cl>. Ru-84 itself is effectively insoluble in hexanes. However, the bis-benzylruthenium
species (Ru-85, vide infra), formed in small amounts if the Grignard reagent is present in slight
stoichiometric excess or added too rapidly, is highly soluble in hexanes, so washings are frequently
orange to orange-red.
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Scheme 4.11: High-yield synthesis of Ru-84.
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The dark red benzylruthenium complex Ru-84 is readily soluble in CH.Cl, and THF, moderately
soluble in Ce¢Hs and effectively insoluble in hexanes. The complex is stable in solution and shows
no thermal degradation by *H NMR analysis after 72 h at 60 °C in CgDe.

Structure assignment is confirmed by 'H, ¥*C, 'H-'H COSY, and H-)C HMBC NMR
experiments. Several unusual spectral features warrant comment. The signals corresponding to the
benzylic protons, which would be expected as two closely spaced or overlapping doublets, appear
as singlets with a ca. 2 ppm difference in chemical shift (4.92 and 2.83 ppm). The signals for the
p-cymene aryl protons, which in an nS-aryl-ruthenium complex of C1 symmetry are typically
observed as four doublets, likewise lack fine structure and appear as broad singlets at 4.56, 4.18,
3.65, and 3.17 ppm. Taken together, this suggests that the geometry of the benzyl chelate forces
one benzyl proton into the deshielding region generated by the m-aryl system of the p-cymene
ligand, accounting for the unusually deshielded benzylic signal at 4.92 ppm. This could also cause
steric interaction with the p-cymene substituents. Rotation of the p-cymene ligand on the NMR
timescale would explain the absence of splitting in the signals for both the benzyl and the p-cymene
aryl protons. This is confirmed by adding pyridine to cause dechelation of the benzyl ligand. The
p-cymene aryl protons resolve from broad singlets to doublets as expected, and the 2 benzyl
protons converge to an AB pair of doublets (Av/J = 3) centred at a chemical shift of 3.5 ppm. That
the benzyl protons remain magnetically inequivalent even after dechelation suggests restricted
rotation for the benzyl ligand, not unreasonable given the sterically congested nature of the
pyridine adduct.

Also notable is the unusually upfield shift of two aromatic proton signals for the benzyl group, at
5.5 and 5.7 ppm, while the remaining benzyl aromatic protons appear in the typical aryl region
(6.8 ppm). This is reminiscent of the upfield shift observed for ortho-protons in n3-coordinated
benzyl ligands, and the ) binding mode would also account for the large difference in chemical
shift between the benzylic protons.>* However, the benzyl ligand Ru-84 bears only one o-proton,
and therefore the unusual shielding observed for 2 Ar-H signals cannot be accounted for by n®
coordination. Chelation may enforce n-binding of the benzyl ligand in Ru-84. The n3-isomers
Ru-84a and Ru-84b require either dechelation or high ring strain combined with unusually high
electron count and coordination number (Scheme 4.12). Outer sphere chloride isomers were not
considered, as Ru-84 is fairly soluble in Ce¢He.
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Scheme 4.12: Possible binding modes of the 0-O'Pr benzyl ligand in Ru-84.
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The chemical shift, peak width, and resolution are all noticeably solvent-dependent. The signals
which appear broad in CeDs are noticeably sharper in CDCl3, with the p-cymene Ar-H appear as
doublets as expected. The two unusually upfield benzyl Ar-H signals remain abnormal, with one
signal now appearing closer to the normal aromatic region at 6.22 ppm, and the other even further
upfield than in CeDs at 4.90 ppm.

4.2.5 Installation of Second Equivalent of Modified Benzyl Ligand

Treating Ru-84 with a second equivalent of o-isopropoxybenzyl Grignard proceeds smoothly to
afford a bright orange solution. The *H NMR spectrum is consistent with the expected bis-benzyl
species Ru-85 (Scheme 4.13) based on observed 2:3 integration ratio between a multiplet at 4.57
ppm (assigned as 2x OCHMez) and a singlet at 2 ppm (assigned as Ar-CHz), as well as
temperature-dependant spectral features detailed below. A yield has yet to be determined, as
isolation was frustrated by the high solubility of the product in hexanes. However, this facilitates
separation from the MgCl> by-product, by simply removing solvent, resuspending the residue in
hexanes and filtering through Celite.

Scheme 4.13: Addition of a second equivalent of 0-O'Pr benzyl ligand to Ru-84.
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The room-temperature *H NMR spectrum of this complex is ill-defined. The expected well-defined
peaks for the upfield aryl protons of the benzyl ligands at ~6.5 ppm and of the p-cymene group at
~3-5ppm were not observed. Instead, very broad signals are seen that are difficult to distinguish
from the baseline. The non-aromatic p-cymene signals, by contrast, appear well-defined. A septet
at 2.43 ppm (CHMey), a singlet at 2.00 ppm (Ar-CHzs), and doublet at 1.26 ppm (CH(CHz)2) are
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all present in the expected 1:3:6 integration ratio. In a typical region for a chelating ArOCHMe;
signal on ruthenium (4.5ppm),*® 53-8 there is an ill-defined multiplet, which integrates to 2 protons
relative to the well-defined p-cymene Ar-CHz singlet (3 H), consistent with the presence of 2 equiv
0-O'Pr benzyl ligand. Also consistent with bis-addition of the chelating benzyl ligand, a doublet at
1.46 ppm integrates to 12 protons (2x OCH(CHz)2). When the sample is cooled to -40 °C, the
extremely broad signals at ~6.5 and ~3.8ppm resolve to well defined signals, and the poorly
resolved multiplet at 4.5ppm now appears as 2 overlapping septets. These observations are
consistent with successful synthesis of Ru-85, with the temperature-dependent spectral features
best explained by competition for chelation between the 2 isopropoxybenzyl ligands on NMR
timescale at RT (Scheme 4.14). On cooling there is no longer sufficient thermal flux to allow
dechelation and rechelation of the O'Pr groups and the associated signals become well-resolved.

Scheme 4.14: Fluxional exchange between two chelating benzyl groups at room temperature.
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As additional evidence for successful addition of a second o-isopropoxybenzyl ligand,
protonolysis of Ru-85 with 1 equiv pentafluorophenoxide liberates o-isopropoxytoluene and Ru-
86 (Scheme 4.23, vide infra).

4.2.6 Attempts to Induce a-Elimination from Bis-Benzylruthenium Species

Although the bis-benzylruthenium species was not successfully isolated, o-elimination from in
situ-generated Ru-85 was attempted, on the assumption that the alkylidene product, having
eliminated one benzyl ligand, would be less soluble in hexanes and easier to isolate. Thus, Ru-85
was treated with neutral donor ligands in an attempt to induce a-hydride elimination by increasing
steric pressure (Scheme 4.15). Arylphosphine ligands were avoided in light of the risk of
cyclometallation described above.

Scheme 4.15: Attempted sterically-induced a-hydride abstraction from Ru-85.

' a-hydride
——» abstraction?
THF, RT Y (not observed)
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Ru-85 was unreactive to pyridine, even in large excess (20 equiv). Pyridine does not compete well
for coordination with the chelating O'Pr functionality in the parent mono-benzyl species Ru-84,
so it is not entirely surprising that it has difficulty coordinating when it must also compete with a
second equivalent of chelating benzyl ligand.

When much more strongly donating and sterically demanding NHC ligands, i.e. IMes or Hz1Mes,
were added (in the presence of 3 equiv pyridine, added to stabilize potential coordinative
unsaturation that would arise from displacement of p-cymene), the solution darkened from light
yellow-orange to dark brown over 6 h. tH NMR analysis showed complete disappearance of the
free carbene, but overlaying the spectrum of this reaction mixture with that of Ru-85 showed that
Ru-85 remained, and no new septets (diagnostic for the 0-O'Pr benzyl and p-cymene ligands) were
detectable, indicating a lack of reaction with Ru-85. Steric pressure may prevent coordination of
NHC, leading eventually to decomposition of the free carbene in solution.

1,10-Phenanthroline rapidly forms an intensely coloured green solution when added to Ru-85 in
THF. However, the product(s) decomposes to a spectroscopically ill-defined black mixture in the
time it takes to prepare an NMR sample. Thus, although Ru-85 appears primed for a-hydride
abstraction, efforts thus far have led to decomposition or no reaction at all.

4.2.7 Attempted Deprotonation of Modified Benzyl Ligand

The extreme deshielding of the benzyl proton at 4.9 ppm for Ru-84 suggests potential for
deprotonation by base (Scheme 4.16). In principle, deprotonation should produce an anionic low-
valent alkylidene Ru-87 which, if the reaction is carried out in a non-polar solvent such as benzene,
should precipitate, allowing easy isolation. Addition of a donor ligand should then allow
elimination of chloride along with cationic counterion, giving the neutral Ru alkylidene Ru-88.

Scheme 4.16: Attempted synthesis of Ru-88 by deprotonation of Ru-84.
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\ / \ /
~~ q< >0< L
-BuLi
n-BuH LDA Li HMDS KOtBu
Li-TMP

A variety of strong bases was deployed in this reaction; n-BuLi, LIHMDS, LiTMP, LDA, and
KOtBu. In all cases, when Ru-84 was treated with 1 equiv base in benzene at RT, an intractable
black mixture formed. The rate of reaction varied with the benzene-solubility of the base, but in
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no case was anything other than a spectroscopically ill-defined black mixture observed. The
reaction with n-BuLi was carried out at -78 °C in THF, but the result was the same.

It is possible that the target anionic alkylidene Ru-87 is too unstable to be observed, and that it
forms but rapidly eliminates XCI (X = Li, K), subsequently decomposing due to coordinative
unsaturation (Scheme 4.17). With this in mind, the deprotonation reaction was repeated in the
presence of pyridine, with the hope that pyridine could trap out the low-coordinate alkylidene. The
'H NMR spectrum of the crude reaction mixture again showed multiple species, with no signals
in the alkylidene region, or for the stilbene (C-3) that could arise from BMC of the alkylidene were
it to be generated.

Scheme 4.17: Proposed decomposition of Ru-87 by elimination of MCI and subsequent
decomposition of coordinatively unsaturated Ru-89.

: ; BERLN
- MCl I

Ru,, Ru rapid decomposition
- | | ——> - | —> of coordinatively
07/ 0 unsaturated Ru
B Ru-87 Ru-89 Expected BMC product
M = Li, K (not observed)

An additional issue with deprotonation by base is competing salt metathesis of the chloride ligand.
2-Pyridylithium was investigated as a potential solution (Scheme 4.18). If deprotonation occurs,
concomitant-generation of pyridine could stabilize the alkylidene by displacing chloride to
generate a neutral species. If salt metathesis occurs, the resultant 2-pyridyl ligand may itself
abstract an a-proton from the neighbouring benzyl ligand.
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Scheme 4.18: Rationale for the use of 2-pyridyllithium. Deprotonation or salt metathesis can both

reasonably lead to Ru-88.
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Unfortunately, as with the other bases examined, when Ru-84 was treated with 2-pyridylithium in
THF at -78 °C, immediate decomposition to a spectroscopically ill-defined black mixture was
observed. Attack on chloride and subsequent decomposition (in this case likely beginning with o-
hydride elimination from the 2-pyridyl ligand) is consistent with observations, and suggests that if
deprotonation at the benzyl position is to be successful, the chloride ligand must either be sterically
protected or replaced by another ligand that will be less vulnerable to attack. Replacement of
chloride with sterically bulky pseudohalide ligands was investigated to this end.

\

4.2.8 Second Synthetic Target: Replacement of Chloride with Aryloxide

Aryloxide ligands are anticipated to be less vulnerable to attack by strong bases than chloride: the
steric bulk of the aryl group should protect the alkoxide from attack (especially by bulkier bases
such as LDA or NaHMDS), and the elimination of XOAr (X = alkali metal) is far less favourable
than XCI. As noted above, prior work from the Fogg and Caulton groups demonstrated that
aryloxide ligands can abstract the o-proton from an adjacent alkylidene ligand where steric
pressure permits, eliminating the phenol and generating an alkylidyne.3 54 If H-abstraction from
an alkyl ligand can be induced likewise, to give an alkylidene functionality, this obviates the need
for base. Aryloxides in particular promote this intramolecular o-elimination; tert-butoxide ligands
do not,% presumably for steric reasons.

Salt metathesis of the chloride ligand on Ru-84 was undertaken using magnesium aryloxides,
prepared in situ by deprotonation of the parent phenol by isopropylmagnesium chloride in THF or
benzene. Pentafluoroaryloxide, pentabromoaryloxide, and 2-aminophenoxide were chosen to
represent a range of steric and electronic properties. No electron-rich aryloxides were used, nor
was simple phenoxide, as previous investigations of ruthenium aryloxides have shown that unless
the aryloxide is electron-deficient,®® or bears an o-chelating group,®’ it may rearrange to a piano-
stool structure (Figure 4.2).%
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Figure 4.2: Aryloxide o to m rearrangement on ruthenium.

<D
|
[Ru] [Ru]

Ru-84 was surprisingly inert to salt metathesis with magnesium aryloxides (Scheme 4.19). When
the reactions were carried out at RT in benzene, THF, or CH2Cl>, no reaction was observed after
24 h; *H NMR analysis showed only starting material and solvent. At 60 °C, MgOC¢Fs (OAr-1)
and MgOCeBrs (OAr-2) similarly showed no reaction. In contrast, reaction with Mg(o-
NH2)OCsHa4 (OAr-3) at 60 °C caused a colour change from red to purple. However, *H NMR
analysis of the crude mixture showed only starting material, suggesting that if salt metathesis does
proceed, the product is not thermally stable.

Scheme 4.19: Attempted installation of aryloxides on Ru-84. Only starting material observed
whether reaction is carried out at room temperature or 60 °C.

F o Br O

Rlu"”m 1 equiv. Mg(OArCI ' e,
X - o F F Br Br
Solvent 60C, 24 h 7/ F Br
7/ -MgCl, OAr-1 OAr-2
Ru-84 Ru-92 o
Not observed! @[
Solvent: THF, DCM, Benzene NH,
OAr-3

As an alternative route to complexes of type Ru-92, reaction with [RuClz(p-cymene)]. was
explored, with the idea being to isolate aryloxide dimer Ru-93 and then benzylate to access Ru-
92 (Scheme 4.20). As with Ru-84, [RuCl(p-cymene)]> was completely inert to salt metathesis
with magnesium aryloxides at RT, nor could products be detected at 60 °C. Addition of pyridine
to help break up the chloride-bridged dimer, in the hope that this would facilitate aryloxide salt
metathesis, resulted only in clean conversion to known®® pyridine adduct RuClz(py)(p-cymene)
(Ru-94) (Scheme 4.21).
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Scheme 4.20: Potential alternative route to Ru-92. Unfortunately, Ru-93 could not be isolated.
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Scheme 4.21: Attempted aryloxide installation leads instead to formation of Ru-94.
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Difficulties in aryloxide installation from group 1 and 2 nucleophiles are not unheard of %"
including in Ru chemistry. In such cases Ag® 73 or TI®" 747> aryloxides are instead deployed. The
superior transmetalating ability of these late metal aryloxides has been attributed to the high
electrophilicity of TI* and Ag® cations, and the reaction has been proposed to initiate by
electrophilic attack on chloride.” However, in light of the high toxicity of thallium reagents® and
high photosensitivity of Ag’’, alternative means of aryloxide installation were sought. Zn?* is
known as a moderate Lewis acid, and may thus exhibit a similar electrophilic accelerating effect
to Ag™ and TI*. Also noteworthy is the excellent pedigree of zinc nucleophiles as transmetalating
agents in palladium chemistry, where Negishi states that zinc nucleophiles are the transmetalating
agent of choice,’® and it has elsewhere been stated that cross-couplings in the absence of zinc tend
to be “agonizingly lethargic”.”

When a CH2ClI> solution of Ru-84 was treated with 0.5 equiv Zn(OCeFs)2 (generated in situ by
dissolving the parent phenol in CH.Cl, and adding dropwise a 1.0M solution of ZnEt; in hexanes),
a slight colour change from red to orange-red was observed (Scheme 4.22). 'H NMR analysis of
the crude reaction mixture showed complete consumption of Ru-84, and emergence of a new set
of signals consistent with the target Ru-86. Specifically, a septet at 3.89 ppm (OCHMey), two
upfield doublets at 5.76 and 5.17 ppm (Ar-H), and a broad singlet at 1 ppm, are characteristic of
the chelating 0-O'PrBn ligand, as seen in Ru-84. The septet at 2.57 ppm (CHMey), singlet at 1.95
ppm (Ar-CHs), and broad doublet at 1.17 ppm (CH(CHs).) are typical of n® p-cymene on
ruthenium.2%82 Complete spectral assignment will require *H-*H COSY experiments, as it is
otherwise impossible to distinguish between the 4 p-cymene Ar-H and 2 benzylic CHa signals,
each of which appear as broad singlets ranging from ~2-5 ppm and some of which overlap.
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Although the electron-deficient OCe¢Fs should make Ru-86 less electron rich than the parent
chloride species (Ru-84), the *H NMR signals for Ru-86 are not generally more deshielded than
those in Ru-84. Most signals appear within +/- 0.1 ppm of their counterpart signal in Ru-84, with
no bias towards shielding/deshielding relative to Ru-84. The most shielded of the benzylic Ar-H
signals, which appears at 5.55 ppm in Ru-84 has shifted 0.38 ppm upfield to 5.17 ppm in Ru-86,
the largest change in shift for any signal relative to Ru-84. This large change in chemical shift is
in contrast to the other unusually shielded Ar-H signal, which appears at 5.76 ppm in both Ru-84
and Ru-86. The relatively large increase in shielding observed for the signal at 5.17 ppm and lack
of change for the signal at 5.76 ppm may indicate a degree of coplanarity between the benzyl and
aryloxide ring systems. Being oriented towards the in-plane shielding region of CeFsO would
account for the increase in shielding for the signal observed at 5.17 ppm, and coplanarity between
the rings would orient the remaining benzylic Ar-Hs away from the influence of the anisotropic
CsFs0, accounting for the lack of impact observed for the signal at 5.76 ppm. H-°F HOESY will
indicate whether the Ar-H signal at 5.17 ppm is indeed oriented towards the Ce¢FsO ring.

Scheme 4.22: Successful aryloxide installation via transmetalation with zinc
pentafluorophenoxide.

‘, 0.5 equiv Zn(OCgxF5) ‘,
l Cl q 6Fs5)2 l 0 F
O
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+ Unknown Ru species
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Upon workup it was revealed that two products were present, one insoluble in hexanes and
inconsistent with the target species by *H NMR analysis, and a second major product, soluble in
hexanes and consistent with the target species. These were separated by filtration, and the filtrate
(mostly hexanes with residual CH2Cl> from the attempted reprecipitation) was left in the glovebox
freezer (set at -40 °C) overnight in hopes of precipitating the target species. After 24 h in the
freezer, there was no evidence of precipitation and *H NMR analysis now showed trace amounts
of Ru-84, which had not been present in the crude reaction mixture. This is presumably the result
of slow rechlorination of Ru-86 in CH2Cl,. The difficulty in isolating Ru-86, combined with the
fact that it is not the sole ruthenium product make it difficult to carry forward to attempt generation
of the alkylidene, as it is effectively impossible to gauge stoichiometry.

A solution was found in an alternative approach to aryloxide installation. Adding CeFsOH to bis-
benzyl complex Ru-85 (generated in situ) effected deprotonation of the phenol, installing the
aryloxide and liberating 1 equiv. o-isopropoxytoluene (Scheme 4.23), as judged by comparing the
integration of the doublet at 5.76 ppm (1H, Ar-H) associated with Ru-86 to signals associated with
0-O'PrTol at 6.66 ppm (d, 1H, Ar-H), 2.27 ppm (s, 3H, CH3), and 1.11ppm (d, 6H, OCH(CHj3)a.
The Ru-86 product remains highly soluble in hexanes, and did not precipitate from hexanes
overnight in the freezer at — 40 °C, but appears to be the sole ruthenium product; other signals
present in the *H NMR spectrum are accounted for by contaminants in the Grignard reagent and
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the liberated o-isopropoxytoluene, as confirmed by overlaying the spectrum containing Ru-86
with that of deliberately hydrolyzed Mg-3. The *H NMR spectrum is also in concordance with
Ru-86 generated via the zinc aryloxide route, with the exception of signals at ~1.28 ppm and ~2.44
ppm. When Ru-86 is prepared via salt metathesis with Zn(OCsFs)2, these signals are very broad
and ill-defined. In the spectrum for Ru-86 obtained by deprotonation of CsFsOH, the broad signal
at ~2.44 ppm appears as a septet centred at 2.47 ppm and the signal at ~1.28 ppm resolves to a
broad doublet at 1.22 ppm. The difference in appearance of these peaks is likely due to differences
in the solvent system between routes. The spectrum of Ru-86 produced by deprotonation of
CsFsOH also contains one equiv o-isopropoxytoluene, which can act as a coordinating solvent.
Given the apparent lack of Ru side-products, Ru-86 generated via deprotonation of Ce¢FsOH by
Ru-85 was carried forward to attempt alkylidene installation.

Scheme 4.23: Alternative route to Ru-86 via Ru-85.
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4.2.9 Attempted Deprotonation of Aryloxide-Benzylruthenium

An in situ generated solution of Ru-86 in benzene was treated with one equiv LIHMDS, targeting
Ru-88 (Scheme 4.24). In contrast to the corresponding reaction with the parent chloride species
Ru-84, which under the same conditions decomposed rapidly to an intractable black mixture, no
colour change occurred over 24 h. *H NMR spectrum of the crude reaction mixture at this point
revealed mostly starting material signals with significant loss of resolution and some new broad
signals present in the alkyl region. It seems that replacing chloride with pentafluorophenoxide was
successful in supressing undesired salt-metathesis, but the desired a-deprotonation of the benzyl
ligand remains elusive. It is possible that LIHMDS is too sterically bulky to access the benzyl
protons, in which case a less bulky base such as MeLi or n-BuLi may be successful.

Scheme 4.24: Attempted deprotonation of Ru-86.

1 equiv. LIHMDS
F no reaction!
benzene, RT

R F
Ru,,
| "o
o)
7/ FF
Ru-86

88

References on page 92



Chapter 4. Toward Low-Valent Ruthenium Alkylidenes

4.2.10 Intramolecular a-Hydride Abstraction by Pentafluorophenoxide: Apparent Success

Adding an equivalent of pyridine to a hexanes solution of Ru-86 prepared in situ resulted in no
colour change after 8 h (Scheme 4.25). However, *H NMR analysis of the crude reaction mixture
revealed a new species, no sign of free pyridine, and a very broad signal (wo.s= 58.6Hz) in the
alkylidene region (14.2 ppm), suggesting successful generation of the target benzylidene species
Ru-88. The alkylidene signal is highly shielded relative to high-valent Hoveyda-type alkylidenes
(for which the [Ru]=CHAr signal is found in the 16-18 ppm range),*® *® but is near the chemical
shift of the only known low-valent ruthenium methylidene, the Roper complex Ru-58 (13.3
ppm).28 The solubility of the product in hexanes poses challenges for isolation but suggests
opportunities for carrying out metathesis in non-traditional solvents in which known high-valent
catalysts are insoluble.

Scheme 4.25: Synthesis of putative product Ru-88. Difficulty in the isolation of intermediates Ru-
85 and Ru-86 mean that they are most conveniently generated in situ and carried forward.
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Pyridine could effect proton abstraction (Scheme 4.26) via an associative pathway, by which
coordination of pyridine causes dechelation of the benzyl ligand, permitting it to adopt a
conformation suitable for o-elimination. Alternatively, a dissociative mechanism could be
operative, in which a-hydride elimination from Ru-86 is spontaneous and reversible, with pyridine
acting only to trap out the benzylidene species. The inertness of Ru-86 towards LIHMDS is
evidence against the dissociative mechanism. If CeFsOH were being spontaneously eliminated, it
should be rapidly deprotonated by LIHMDS, leaving behind coordinatively unsaturated Ru-89.
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Scheme 4.26: Plausible mechanisms for alkylidene formation from Ru-86.
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The breadth of the benzylidene signal in the crude reaction mixture is surprising, as alkylidene
signals are typically sharp and well-resolved. If liberation of CsFsOH is reversible (e.g. via
nucleophilic attack on CeFsOH by benzylidene, regenerating the benzyl and pentafluorophenoxide
ligands (Scheme 4.27)), this could account for the broadness of the alkylidene signal, but in that
case all signals should be broadened. Instead, many are well defined, with clearly visible fine
structure, particularly the O'Pr and p-cymene Ar'Pr methine septets.

Scheme 4.27: Reversible alkylidene formation could account for the broadness of the alkylidene
signal.
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If the benzylidene proton is in communication with the p-cymene aryl system, rotation of p-
cymene could also account for the broadness of the benzylidene signal, similar to the effect
observed on the benzylic protons in the parent species, Ru-84. However, one would then expect
to see broadened signals for the p-cymene protons, indicative of rotation on the NMR timescale.
While the signals associated with the p-cymene aryl protons are indeed broadened, as in parent
complexes Ru-86 and Ru-84, 2 sets of well-defined p-cymene signals are seen for the p-cymene
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CHs and methine CH signals, which suggests restricted rotation giving rise to 2 rotamers rather
than rapid rotation to account for signal broadening.

A third possibility is an exchange process between the benzylidene and phenolic protons (Scheme
4.28). This would account for the broadness of the benzylidene signal without implying other
spectroscopic features which cannot be accounted for. Nucleophilicity of the benzylidene carbon,
rather than acidity of the benzylidene proton, is suspected to be the driving force for proton
exchange, as the low-valent alkylidene is expected to be highly electron rich, and therefore not
particularly acidic. This could be probed by spiking the mixture with deuterated
pentafluorophenol, which should diminish the benzylidene signal. Alternatively, removing
CsFsOH by adding an equivalent of a non-coordinating base such as NEts and removing the
resultant salt by filtration may cause the alkylidene signal to sharpen and resolve.

Scheme 4.28: Proposed exchange process between benzylidene and phenolic protons.
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4.3 Conclusions

While reduction of existing high-valent metathesis catalyst HIl was found to be ineffective as a
route to low-valent alkylidenes (in all cases leading to decomposition and complete loss of
alkylidene), significant progress towards an a-hydride-elimination-based route to low-valent
alkylidenes has been achieved. A high-yield route to novel chelating benzylruthenium complex
Ru-84 has been developed. A second equivalent of the benzyl ligand was successfully installed in
Ru-85, but attempts to induce Schrock-style alkyl-to-alkyl hydride abstraction by adding steric
pressure were unsuccessful. Deprotonation of the benzyl ligand on both chloride species Ru-84
and aryloxide complex Ru-86 were likewise unsuccessful in generating the desired alkylidene. Of
note, however, is the emergence of an NMR signal at 14.2 ppm when aryloxide species Ru-86 was
treated with pyridine, which may indicate successful formation of an alkylidene species.
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Chapter 5. Conclusions and Future Work
5.1 Benzyl Magnesium Carbenoids

Although treatment of benzal dichlorides with 1 equiv. of the magnesium-anthracene complex
Mg-1 appears to be successful in generating a-chlorobenzylmagnesium reagents (Scheme 5.1), a
high yield route to ruthenium alkylidenes based on salt metathesis of Mg-2 with ruthenium
dichloride precursors could not be realized. Although a straightforward, rapid procedure at room
temperature did produce first generation precatalysts Ru-39 and GI with in situ yields of up to
41%, this is inferior to isolated yields obtainable with current diazo-based approaches, and workup
was not pursued. Attempts to improve the in-situ yield of metathesis catalysts by switching
ruthenium substrates and/or moving to reduced temperatures to help stabilize the magnesium
carbenoid were unsuccessful, and may indicate a fundamental incompatibility between the
magnesium carbenoid and the ligand sets used in this work. Further attempts with different
ruthenium substrates may yet lead to a viable alternative route to metathesis catalysts.

Scheme 5.1: Synthesis of magnesium carbenoid Mg-2 via reaction of Mg-1 with a substituted
benzal dichloride.

cl -
Cl' Mg-1 (1 equiv.) MgCl,+
0 THF, RT >
’ 0
C-2 )\ Mg-2)\

Aspects of this work may have intriguing implications beyond olefin metathesis or indeed
ruthenium chemistry. Treatment of 3-unsaturated geminal dihalides with Mg-1 represents a novel
approach to magnesium carbenoid synthesis with advantages over existing approaches based on
Mg-X exchange (X = I or sulfoxide). The reaction appears to be stoichiometric, obviating the need
for excess sacrificial Grignard reagent and greatly improving the atom economy of downstream
steps. It is also novel: no prior examples of benzyl nor any other B-unsaturated magnesium
carbenoids have yet been reported.

To expand on the initial findings in this thesis, the generality of carbenoid formation for p-
unsaturated geminal dihalides should be examined. To that end, allyl and propargyl as well as
benzyl carbenoids should be targeted. The utility of these carbenoids in organic applications
typical for other carbenoids should be examined, e.g. in reactions with electrophiles and
nucleophiles. Methyl isopropyl ketone (CH3COCH(CHz3)2) is a good candidate electrophile for
these reactions, as the CH(CHzs). proton provides a convenient spectroscopic handle (Scheme 5.2).
Mg(iPr)CI, for the same reason, is a good candidate nucleophile (Scheme 5.2). Electrophilic and
nucleophilic trapping reactions would provide additional confirmation of carbenoid formation to
reinforce the detection of carbene homocoupling products via GC-MS in this thesis work.
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Scheme 5.2: Proposed nucleophilic (i) and electrophilic (ii) trapping experiments to confirm the
synthesis of magnesium carbenoids via Mg-1 and demonstrate their use in organic synthesis.
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Carbenoids are known to react with alkenes and alkynes (as in the Simmons-Smith reaction'), and
as such inter- or intramolecular reaction of allyl/propargyl carbenoids with the inbuilt
alkene/alkyne may outcompete reaction with external nucleophiles or electrophiles. In this case,
only the resultant cyclopropanation products will be detectable (Scheme 5.3).

Scheme 5.3: Postulated cyclopropanation chemistry of allyl magnesium carbenoids: i)
intramolecular cyclopropenation, ii) homocoupling to form a new carbenoid, iii) intramolecular
cyclopropanation, iv) propagation by addition of further equivalents of Mg-7, v) termination by
intramolecular cyclopropanation.
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Intramolecular reaction of allyl carbenoids should be disfavoured by the high ring strain inherent
to cyclopropenes. Intermolecular cyclization with a second equivalent of carbenoid is therefore
expected to be the preferred pathway, generating a new B-cyclopropyl magnesium-carbenoid.
From here, either termination by intramolecular cyclization or propagation by addition to another
equivalent of allyl carbenoid are both reasonable propositions. Strained polycyclic hydrocarbons
of the type C-10 have been investigated as potential rocket propellants, and were found to be
among the highest performing candidates.? Unfortunately, there are currently no convenient routes
to such species; new and potentially scalable methods of accessing such polycycles are therefore
of interest.
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The potential reaction pathways of propargyl magnesium carbenoids mirror those of the allyl
carbenoids, but addition of the carbenoid across an alkyne rather than alkene will produce
extremely strained cyclopropenes rather than cyclopropanes.

This new approach to carbenoid formation may enable a convenient and diazo-free route to
tetrasubstituted olefins, particularly sterically-crowded Feringa-type molecular motors, all known
examples of which bear an element of unsaturation B to the central “axle” olefin.® Symmetric
olefins can be targeted by carbenoid homocoupling (Scheme 5.4), and asymmetric olefins by
reaction with an appropriate carbonyl and olefination of the resultant epoxide*® (Scheme 5.5). If
successful, this should allow access to a broad range of tetrasubstituted olefins, provided that the
parent ketones are accessible. Mono-, di-, and trisubstituted olefins should also be accessible from
aldehydes, but convenient and effective routes to such species are already known (e.g. the Wittig
reaction).

Scheme 5.4: Proposed synthesis of symmetric sterically crowded olefins via a B-unsaturated
magnesium carbenoid intermediate (Mg-10). In-situ liberation of free carbene and subsequent
homocoupling produces the olefin. Any symmetric olefin should be targetable provided that a)
there is an element of unsaturation (3 to the olefin and b) there are no functional groups present that
would not be tolerated by an organomagnesium reagent.
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Scheme 5.5: Proposed synthesis of unsymmetrical sterically crowded olefins via a B-unsaturated
magnesium carbenoid intermediate. Nucleophilic addition of carbenoid Mg-11 to carbonyl C-15
furnishes an a-chloro magnesium alkoxide (Mg-12) which should readily undergo an
intramolecular Sn2, liberating MgCl; and a tetrasubstituted epoxide (C-16). Finally, olefination of
the epoxide is expected to generate an unsymmetrical tetrasubstituted olefin. Via this approach it
is not critical that both sides of the sterically crowded olefin have B-unsaturation; only the carbonyl
that acts as a precursor to the magnesium carbenoid need be 3-unsaturated. The carbonyl that reacts
as an electrophile with the carbenoid may be fully saturated if desired.

5.2 Indenylidene Installation on Ru-50 Derivatives

Although a high yield route to Ru-50 (and 3-bromopyridine derivative Ru-56c¢) was realized, and
Ru-50 was found to be significantly more soluble and substitutionally labile than tetrakis pyridine
complex Ru-51, attempts to install the allenylidene and indenylidene functionality were not
successful. The unexpected finding that ligand substitution occurs cis rather than trans to H21Mes
on Ru-50, and that steric bulk is a better predictor of substitution success than denticity, may
indicate that allenylidene/indenylidene installation is prevented by steric shielding from the bulky
mesityl arms of H2IMes. To alleviate this, Ru-95, functionalized with an asymmetric CAAC ligand
should be targeted (Scheme 5.6). Given the challenges associated with both CAAC liberation and
the instability of p-cymene piano stool complexes of ruthenium, this should be attempted as a one
pot reaction from Ru-35.
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Scheme 5.6: Proposed synthesis of Ru-95 based on high-yield synthesis of Ru-50 developed in
this work.
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Even if allenylidene/indenylidene installation fails on Ru-95, it may be possible to directly access
CAAC-functionalized Hoveyda-type catalysts via a diazo reagent (Scheme 5.7). Although the field
is seeking to move away from diazo-based alkylidene installation, direct and atom-economical
access to CAAC-functionalized catalysts would be a significant advance.

Scheme 5.7: Proposed diazo-based synthesis of CAAC-functionalized Hoveyda catalyst HII-
CAAC
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5.3 Alternative Uses for Ru-50; a Potent Photocatalyst Precursor?

NHC-functionalized pyridyl and polypyridyl complexes of ruthenium have recently been
investigated as photosensitizers in photocatalytic water splitting and hydrogen transfer.”® Ru-50,
or derivatives obtained by replacing two or more pyridine ligands with a polypyridyl (e.g. 2,2’-
bipyridine) (Figure 5.1), may likewise be photochemically useful.
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Figure 5.1: Known Ru-pyridine (Ru-50) and proposed Ru-polypyridyl (Ru-96-97) species may
be efficient photosensitizers.
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Along the same lines, the synthetic route to Ru-50 developed in this work, which is operationally
straightforward and high-yielding, may be adaptable to existing NHC-functionalized Ru-based
photosensitizers. Currently, such complexes are synthesized in a one-pot procedure from
RuClz-(xH20) and the NHC precursor salt (Scheme 5.9), requiring extended reaction times at
elevated temperatures (12h at 190 °C in the example shown) and yields are moderate-to-low (15-
69%). By contrast, the synthetic route to Ru-50 presented in this work proceeds at room
temperature, can be carried out from start to isolation of purified product in under 4 h, and yields
of over 80% are typical. Adaptation of this synthetic route should allow faster, more convenient
access to photochemically active Ru-NHC complexes (Scheme 5.10), accelerating developments
in the field.

Scheme 5.9: Current synthetic route to NHC-pyridyl ruthenium complexes.
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Scheme 5.10: Proposed alternative synthesis of known photosensitizer Ru-98 based on route to
Ru-57 developed in this work.
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5.4 Zinc Nucleophiles as an Alternative to Silver and Thallium for Transmetalation

Preliminary results indicate that zinc nucleophiles are kinetically but not thermodynamically
competent for the installation of CeFsO™ on HII. The thermodynamic outcome appears partially
dependent on the ruthenium substrate, as installation of CeFsO™ on Ru-84 seems to proceed to
completion. Given that under no tested conditions did the reaction with HII consume more than
50% of available zinc-aryloxide bond, it seems that Zn(OCsFs)2 is more thermodynamically
competent as an aryloxide source than Zn(OCsFs)Cl, and that the latter may in fact be acting as a
source of chloride in this reaction. It may be possible to force the reaction to completion by using
a stoichiometric amount of (thermodynamically competent, kinetically incompetent) NaOCeFs and
a catalytic amount of ZnCl;, thus allowing zinc to act as an anionic ligand transfer agent.
Alternatively, using a large excess of Zn(OCeFs)2 should allow complete conversion of HII,
although at the expense of a more laborious workup.

If this zinc-based approach to aryloxide installation is successful, H.1IMes and CAAC derivatives
of the unusually high-performing IMes catalysts Ru-28 and Ru-57 should immediately be targeted
(Figure 5.2). The CAAC derivatives Ru-101 and Ru-102 are of particular interest, as catalysts
bearing this CAAC ligand have been shown to decompose almost exclusively by BMC, and bulky
pseudohalide ligands are anticipated to prevent this decomposition route. Ru-101 and Ru-102 may
therefore offer unprecedented catalyst longevity.
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Figure 5.2: Structures of known high-performance pseudohalide-functionalized Ru metathesis
catalysts bearing the generally low-performance NHC IMes and proposed variants bearing higher
performance Hz1Mes or CAAC ligands. To be accessed using Zn as a transmetalating agent rather
than TI.
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Additionally, the generality of the use of Zn nucleophiles for otherwise challenging
transmetalations should be investigated. As outlined in Chapter 3, there are examples across the d-
block of complexes that do not transmetalate with group 1 or 2 nucleophiles but will with Ag or
Tl nucleophiles. Aryloxide installation on MnCI(NtBu)z and p-diketoiminate installation on
[Pd(PPh3)MeCl]. would be excellent test reactions to probe the effectiveness of zinc nucleophiles
for transmetalation with both early and late transition metals.

5.5 Confirmation of Low-Valent Alkylidene and Evaluation as Metathesis Catalyst

The observation of a broad signal at ~14.2 ppm is an exciting early indicator for the successful
synthesis of low-valent alkylidene Ru-88, but synthesis of the tentatively assigned Ru-88 must be
replicated and the identity of the product confirmed. Isolation should be achieved by first removing
CsFsOH by addition of NEts and passing through Celite to remove the resultant salt. Precipitation
from a concentrated pentane solution, potentially under cooling in a dry-ice ethanol bath should
then yield the isolated product. Alternatively, given the apparent high solubility of Ru-88 in
hexanes, precipitation from water or methanol may be possible. This would not be an option with
parent complexes Ru-85 or Ru-86 (which are similarly highly soluble in hexanes), as the Ru-alkyl
and Ru-alkoxide functionalities are basic enough to be sensitive to protic media. Ru-alkylidenes,
however, are generally tolerant of protic solvents, and Ru-88 is already known to tolerate the
presence of CsFsOH, which is significantly more acidic than H.O or MeOH. Recrystallization from
minimum THF via addition of H.O or MeOH may kill two birds with one stone; furnishing crystals
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of Ru-88 and washing away CeFsOH with the aqueous supernatant. X-ray quality crystals will
allow unambiguous structural assignment.

Once Ru-88 has been confirmed, it should be evaluated as a metathesis catalyst. Ring-closing
metathesis of DDM is a benchmark reaction commonly used for this purpose by the Fogg group
(Scheme 5.12). As this is the first generation low-valent metathesis catalyst, poor performance
relative to current state-of-the-art high-valent catalysts should not be entirely unexpected.

Scheme 5.12: RCM of DDM

H5C200C _COOC,Hs 0.1 mol% Ru-88 H,C,00C.__COOC,H;
CH,Cl,, RT é
>
= X
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Regardless of the outcome of metathesis screening (high metathesis activity, poor metathesis
activity, or metathesis inactive), a second-generation of low-valent alkylidene should be targeted
by replacing the p-cymene ligand to bring the system more in line with the geometric properties
of known high-valent metathesis catalysts (Figure 5.3). As a result of the higher electron density
on ruthenium, higher lability of stabilizing ligands relative to known high-valent catalysts is
anticipated. While facile dissociation of one ligand is desirable for catalyst initiation, further loss
of labile ligands may lead to catalyst death and therefore poor metathesis performance. It may
therefore be desirable to replace the labile monodentate pyridine ligands in structures like Ru-88
or Ru-103 with chelating ligands. This could be achieved with known tridentate variants of
HzIMes (as in Ru-106), which would offer maximum stability. Alternatively, combining a
monodentate carbene with a bidentate stabilizing ligand (such as 2,2’-bipyridine (bipy) as in Ru-
108, or 1,2-bis(dimethylphosphino)ethane (dmpe) as in Ru-107) should offer both improved
stability and stereoselectivity by the same principal as known high-valent dithiolate catalysts.
Combining a bidentate carbene (both NHC® and CAAC? variants of which are known) and a
bidentate stabilizing ligand (as in Ru-104 and Ru-105) may provide the best combination of
stability and stereoselectivity. While this does require exceeding the typical coordination number
of 5 for known metathesis catalysts, high-performing catalysts with coordination number 6 are
known.!! So long as ligands are carefully selected to prevent steric clash with incoming olefin,
catalyst performance need not be negatively impacted.
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Figure 5.3: Proposed second-generation low-valent Ru metathesis catalysts, grouped according to
ligand denticity
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Once Ru-88 or its p-cymene-free derivatives have been established as metathesis-active, their
decomposition routes should be evaluated and compared to those established for high-valent
metathesis catalysts. Of particular interest is the susceptibility of low-valent alkylidenes to
nucleophilic attack, to which they are anticipated to be resistant. Even if low-valent alkylidenes
prove to be poorly active or inactive in metathesis, evaluation of why they underperform known
high-valent metathesis catalysts is anticipated to lead to structural and mechanistic insights that
will guide the development of future catalysts.

5.6 Oxidation of Low-Valent Alkylidenes: Back-Door Access to High Valent Systems?

While reduction of known high-valent metathesis catalysts was not an effective route to low-valent
alkylidenes, leading instead to rapid decomposition and loss of alkylidene, treatment of low-valent
alkylidene Ru-88 with a chlorinating agent may grant access to high-valent metathesis catalysts.
If 1 equiv. PPh3Cl; is used as the chlorinating agent, Ru-39, a highly useful precursor to second
generation and CAAC-functionalized Hoveyda-type catalysts is the expected product (Scheme
5.14). Thus, even if low-valent alkylidenes turn out to be ineffective metathesis catalysts, they may
enable a diazo-free, high yield route to high-valent benzylidenes. Particularly exciting is the
potential to directly access nitro-Grela type catalysts by using a 2-(OiPr)5-(NO2)Ce¢H3sCHz ligand
in place of 0-(OiPr)CsH3CH> (Scheme 5.15). Note that the nitro functionality is not compatible
with highly basic Grignard reagents, but is generally tolerated by the milder alkylzinc analogues.
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Therefore, initial installation of the nitro-variant of the benzyl ligand must be performed via salt
metathesis with an alkylzinc rather than a Grignard type nucleophile.

Scheme 5.14: Proposed synthesis of known high-valent metathesis catalysts via oxidative
chlorination of Ru-88
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Scheme 5.15: Modification of the benzyl ligand in Ru-88 to include a nitro group para to OiPr
should allow access to the Nitro-Grela type catalyst nG-PPhs.
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Additionally, the rather mild conditions and user-friendly procedure for the in-situ preparation of
Ru-88 suggest the possibility of a rapid and facile one-pot preparation of known high-valent
alkylidenes starting from commercially available Ru-35 (Scheme 5.16).

Scheme 5.16: Proposed one-pot synthesis of Ru-39 starting from commercially available Ru-35.
It is hoped that by carrying out the reaction in either CsHe or hexanes, both MgCl, and [CeFsO
1['NHEt3] will precipitate from solution and therefore not interfere with the final chlorination step.
Otherwise a filtration step will need to be added to remove these salts prior to chlorination of Ru-
88
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5.7 Leveraging Mg-3: An Empirical Measure of Catalyst Oxidation State

As touched upon in Chapter 4, the oxidation state of current generation metathesis catalysts is not
obvious. The 0-OiPr benzyl ligand developed in this work (Scheme 5.17) represents an opportunity
to use experimental rather than computational methodologies to get an empirical measure of
electron density on ruthenium metathesis catalysts to assess oxidation state. X-ray Absorption
Spectroscopy (XAS) provides information on the electronic structure around atomic nuclei and is
routinely used to evaluate oxidation state,'? including for transition metal complexes.®*** In order
to evaluate the oxidation state of ruthenium metathesis catalysts via XAS, a complex of
unambiguous oxidation state is required as a calibrant. As XAS spectra are highly dependent on
the ligand environment, this calibrant should be as similar to a metathesis catalyst as possible:
ideally, it should be identical except for the oxidatively ambiguous alkylidene ligand. Installing
the 0-OiPr benzyl ligand on a Ru(lll) trichloride substrate, such as RuCls(py)s (Ru-110) will
produce an unambiguously Ru(lll) alkyl analogue to Hoveyda-type alkylidene complexes (Ru-
111, Scheme 5.18). The corresponding pyridine-functionalized Hoveyda-type alkylidene (Ru-
112) should be accessible via a diazo reaction with Ru-94 (Scheme 5.19).
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Scheme 5.17: The 0-O'Pr benzyl ligand developed in this thesis, installed via Mg-3
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Scheme 5.18: Proposed synthesis of Ru-111
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Comparison of the Ru-K edges of the XAS spectra for Ru-111 and Ru-112 will then allow
assignment of oxidation state: if the Ru-K edge of Ru-112 leads that of Ru-111, then the electron
density is higher than the Ru(lll) calibrant and the oxidation state of the alkylidene is +2. If the
Ru-K edge trails that of Ru-112, then the electron density is lower than the Ru(lll) calibrant and
the oxidation state is +4. For practical reasons (e.g. to avoid bimolecular coupling of the alkylidene
in Ru-112), it may be necessary to substitute pyridine for a less labile ligand. So long as the
oxidation state is preserved, it is unimportant which ligand is chosen. 1,10-phenanthroline or 2,2’-
bypyridine are operationally simple options that should be compatible with both the benzyl and
benzylidene ligand. Bulky NHC or phosphine ligands should be avoided if possible, as this work
has found the benzyl ligand to be incompatible with these ligand types on other substrates.
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5.8 Alternative Use Case for Benzylruthenium Complexes Ru-84 and Ru-85—Ligand
Installation Via Deprotonative Metalation

The route to Ru-86 via deprotonative metalation discussed in Section 4.23 highlights an additional
use case for stable, easily accessible benzylruthenium complexes as a potentially versatile and
robust vector for anionic ligand installation on ruthenium. So long as the protonated form of the
desired anionic ligand is sufficiently acidic, reaction with Ru-84 or Ru-85 should produce the
mono- or bis- installation product respectively (Scheme 5.20). In the case of particularly bulky or
poorly bridging ligands, where the dimeric structures Ru-113 or Ru-114 may be disfavoured,
addition of an L-donor such as pyridine will prevent decomposition due to coordinative
unsaturation (Scheme 5.21).

Scheme 5.20: Proposed synthesis of chloride-substituted derivatives of Ru-35. Addition of 1 or
two equivalents of HX to Ru-84 or Ru-85 will respectively produce Ru-113 or Ru-114.
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Scheme 5.21: Chloride-substituted dimers of type Ru-114 may dissociate, producing
coordinatively unsaturated monomers of type Ru-115. In such cases, the monomer may be trapped
by adding an equivalent of pyridine.
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For metathesis applications, indenylidene or alkylidene may then be installed via conventional
means, offering direct access to metathesis catalysts with tailored anionic ligands (Scheme 5.22).
This approach is inherently less atom-economical than the Na-Zn methodology proposed in
Section 3.4.2, but may be preferable for ligands bearing functional groups that are incompatible
with Na bases (e.g. nitro, ester groups), or if unforeseen complications arise in the Na-Zn-
transmetalation route.

Scheme 5.22: Sequential reaction of Ru-117 with 1 equiv Hz2IMes followed by treatment with the
Hoveyda-type aryldiazomethane reagent is expected to produce pseudohalide-functionalized
catalysts. Route to Ru-58 pictured, but any pseudohalide is expected to be accessible, provided
that the precursor Ru-114 can be synthesized
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The applicability of ligand installation via deprotonative metalation need not be limited to anionic
ligands, the protonated forms of neutral ligands offer the possibility of concomitant L and X ligand
installation. For example, treatment of Ru-84 with 1 equiv of the HCI adduct of H2IMes should
furnish known complex Ru-33 (Scheme 5.23). While nominally less atom-economical than the
most recently published synthesis of Ru-33 (Scheme 5.24), this route offers several advantages.
The current method requires large solvent volumes and very slow addition of reagents in order to
avoid over-addition of free NHC to poorly soluble Ru-35.% The process of generating free Hz2IMes
is itself both time and solvent intensive,® further adding to the material and ecological costs of the
route. The deprotonative metalation approach, by contrast, does not require isolation of the free
carbene, eliminating the possibility of bis-addition of NHC. Rapid combination of the two reagents
in a relatively small amount of solvent should be feasible, greatly reducing operational complexity
and solvent use. Since NHC deprotonation and installation should in principle be concomitant, it
may also be possible to use CH2Cl> as the solvent system (typically avoided, as free NHC will
react with CH.Cly), both further reducing the volume of solvent required and accelerating the rate
of reaction as the HCI adduct of HzlMes is significantly more soluble in CH.Cl, than THF.
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Scheme 5.23: Proposed alternative synthesis of Ru-33. Treatment of Ru-84 with 1 equiv
H2IMes-HCI at room temperature and in the absence of light is expected to produce Ru-33 without
the need for large volumes of solvent or the isolation of free carbene.
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Scheme 5.24: Current state-of-the-art synthesis of Ru-33. Success of this reaction requires large
volumes of THF, owing to the poor solubility of Ru-35 in THF. H2IMes must also be added slowly
(over the course of ca. 1 hour) as a dilute solution in THF in order to prevent bis addition of the
free carbene.

2 equiv HZIMeS ; :
/Ru,
/ \ THF, RT HZIMes | e,

Cl
Ru-33

Ru-35

Performing the reaction at elevated temperature (e.g. 65 °C) and in the presence of at least 3
equiv. pyridine should also provide an improved one-pot synthesis of Ru-50 (Scheme 5.25)

Scheme 5.25: Proposed alternative synthesis of Ru-50. Treatment of Ru-84 with 1 equiv
Hz2IMes-HCI and at least 3 equiv pyridine at elevated temperature is expected to produce Ru-50
via thermally labile Ru-33.
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By tailoring the counterion of the protonated NHC, both NHC and pseudohalide installation may
be accomplished in a single step, granting access to RUCIX(NHC) (X # Cl) platforms (Scheme
5.26). Starting instead from Ru-85, RuX>(NHC) motifs may also be targeted (Scheme 5.26).

Scheme 5.26: Proposed synthesis of RUCIX(n®p-cymene)(HzIMes) (X # CI) (Ru-119). Reaction
of Ru-84 with 1 equiv H2IMes-HX is expected to produce Ru-119.
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Scheme 5.27: Proposed synthesis of RuXz(n°p-cymene)(Hz1Mes) (X # Cl) (Ru-120) Sequential
reaction of Ru-85 with 1 equiv H-X followed by 1 equiv H2IMes-HX is expected to produce Ru-
120.
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The deprotonative metalation approach also offers a potential solution to the problem of installing
cyclic alkyl-amino carbene (CAAC) ligands on ruthenium. CAAC-bearing catalysts significantly
outperform their NHC-functionalised predecessors, but CAAC installation remains challenging
and low-yielding. The free carbenes for CAACs appear to be less stable than NHCs: they are not
easily isolated, and are therefore typically generated in-situ and used without further purification.
Attempts within the Fogg group to isolate Ru-121, a CAAC-analogue of Ru-35 and potential entry
point to the high-yield synthesis of CAAC-functionalized catalysts have been frustrated at least
partly by the poor stability of free CAAC (a synthetic route that requires a prolonged, slow addition
is not expected to be compatible with short-lived reagents). Deprotonative metalation eliminates
the need to generate free CAAC in a separate step and may therefore allow unprecedented access
to CAAC-derivatives of Ru-35 (Scheme 5.28). Conventional alkylidene installation techniques
should then provide CAAC-functionalized catalysts in high overall yield.
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Scheme 5.28: Proposed installation of CAACs on ruthenium via deprotonative metalation of
CAAC-HCI adduct by Ru-84.
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5.8 Full Characterization of New Ruthenium Complexes

Ru-56¢ requires a *C NMR spectrum and high-res mass spectrometry for complete
characterization. Ru-84 requires a *>*C NMR spectrum, high-res mass spectrometry, and X-ray or
neutron diffraction crystallography is desirable to confirm and explain the unusual spectroscopic
properties of the benzyl protons. Ru-85, Ru-86, and Ru-88 each require 13C NMR analysis, high-
res mass spectrometry, and proper isolation to determine a yield. Isolation should be achieved by
cooling a concentrated pentane solution of the crude products until crystallization occurs. Ru-86
and Ru-88 would benefit from 'H-'H COSY and 'H-13C HSQC experiments to aid in assigning
ambiguous signals in their respective *H NMR spectra.

5.9 Concluding Statement

Although the field of olefin metathesis may be considered increasingly mature at this point, this
thesis demonstrates that there are still significant and exciting developments to be made by
exploring the fundamentals of organometallic synthesis. An a-hydrogen-abstraction-based route
to low-valent ruthenium alkylidenes appears to have been achieved, and should lead to several
fruitful advancements in the understanding of olefin metathesis.
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Appendix A: NMR and GC-MS data for new compounds and key experiments described in
Chapter 3

Figure Al1.1: *H NMR (300 MHz, CDClIs) spectrum of 0-(QiPr)(CsH4)CHCI:
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure Al.2: GC trace from GC-MS analysis of reaction between Mg-1 and o-(OiPr)(Cs.
H4)CHCI>. Mass spectra of individual components can be found in Figures A1.3-5
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure Al.3: Mass spectrum of unidentified species eluting at 5.7 min. Believed to arise from an
impurity in 0-(QiPr)(CsH4)CHCI.
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Figure Al.4: Mass spectrum of species eluting at 7.5 min. Identified as anthracene.
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1l.5: Mass spectrum of species eluting at 8.5 min. Identified as (Z)-[o-(OiPr)(Ce.
H4)]CH=CHJo-(OiPr)(CsHa)]
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Figure Al.6: Mass spectrum of species eluting at 9.5 min. Identified as (E)-[o-(OiPr)(Cs.-
H4)]CH=CHJo-(OiPr)(CsHa)]
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.7: *H NMR (300 MHz, C¢Ds) spectrum of crude product mixture from attempted
synthesis of GI via in-situ generated carbenoid PhCHCIMgCI
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Figure A1.8: 'H NMR (300 MHz, CsDg) spectrum of crude product mixture from attempted
synthesis of HII via in-situ generated carbenoid Mg-2
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.9: 'H NMR (300 MHz, CsDs) spectrum of Ru-50
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3
Figure A1.10: *H NMR (300 MHz, CsDs) showing results of NMR-tube scale ligand exchange

experiment between Ru-50 and MeCN
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.11: *H NMR (300 MHz, CsDs) showing results of NMR-tube scale ligand exchange
experiment between Ru-50 and NEt3
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Figure A1.12: *H NMR (300 MHz, CsDs) showing results of NMR-tube scale ligand exchange
experiment between Ru-50 and PCy3
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.13: *H NMR (300 MHz, CsDs) showing results of NMR-tube scale ligand exchange
experiment between Ru-50 and PPh3
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.14: *H NMR (300 MHz, CsDs) showing results of attempted vinylidene installation on
Ru-50. Spectrum shows mostly unreacted Ru-50, but presence of free pyridine suggests some
decomposition.
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.15: *H NMR (300 MHz, CsDs¢) showing results of attempted indenylidene installation
on Ru-50 in presence of CH3COCI acting as an acid catalyst. Spectrum is dominated by residual

THF and unreacted 1,1-diphenylpropargyl alcohol
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.16: *H NMR (300 MHz, C¢Ds) of new complex Ru-56¢
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.17: *H NMR (300 MHz, C¢Ds) showing result of attempted vinylidene installation on
Ru-56¢. Spectrum is dominated by starting materials, indicating lack of reactivity.
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in Chapter 3

Figure A1.18: 'H NMR (300 MHz, CsDs) showing result of attempted synthesis of Ru-58 by
treating HI1 with one equivalent of Zn(OCeFs). in THF. Product ratio determined by comparing
integration of diagnostic signals in the alkylidene region.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Appendix B: NMR data for new compounds and key experiments described in Chapter 4

Figure B2.1: *H NMR (300 MHz, CsDs) spectrum showing result of attempted reduction of HII
with K[CH(CH3)CH.CHs]sBH. Sample is highly concentrated, yet residual solvent peak
dominates, implying decomposition to spectroscopically unobservable products.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.2: 'H NMR (300 MHz, C¢Ds) spectrum of Grignard reagent Mg-3. A simplified
representation of Schlenk equilibrium species Mg-3 and Mg-3’ (omitting MgCl. and coordinated
THF) is depicted
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.3: *H NMR (300 MHz, C¢Ds) spectrum showing the result of deliberate hydrolysis of
Grignard reagent Mg-3 with MeOH.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.4: 31P{*H} NMR (121 MHz, CsDs) spectrum showing result of reaction of Ru-80 with
Mg-3
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.5: 'H NMR (300 MHz, CsDs) spectrum showing result of reaction of Ru-80 with Mg-
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.6: *'H NMR (300 MHz, CsDs) spectrum of new complex Ru-84
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.7: 'H NMR (300 MHz, CDCls) spectrum of new compound Ru-84
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.8: *H-C HMQC (300 MHz, CeDs) experiment on Ru-84 for assistance in peak
assignment in 2D spectrum Figure B2.7. Matching peaks confirm that the two singlets assigned as
the benzyl CH, protons are bound to the same carbon.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.9: 'H-'H COSY (300 MHz, CsDs) experiment on Ru-84 in for assistance in peak
assignment in 2D spectrum Figure B2.7. No cross-peak is seen for the benzyl CH> protons.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.10: *H NMR (300 MHz, CsDs) spectrum of Ru-84 on reaction with pyridine. Signals

for free pyridine and Ru-84 indicate an equilibrium. An AB doublets pattern (8) is seen for the
benzyl CH: protons of Ru-84-py.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.11: *H NMR (300 MHz, CDCls) spectrum of Ru-84. Aromatic p-cymene and benzyl
H8-10 signals are not observed. Well-resolved p-cymene alkyl and benzyl H11-14 signals appear
in the expected integration ratios. Very broad baseline signals are also present.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.12: *H NMR (300 MHz, CDClIs) spectrum of Ru-84 at -20 °C. Broad signals observed
at RT have resolved to sharp peaks and now all protons can be accounted for.”
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.13: 'H NMR (300 MHz, C¢Ds) spectrum of Ru-86 (triangles) produced by reaction of
Ru-84 with in-situ generated Zn(OCsFs)2 after attempted recrystallization from CH2Cl>-hexanes.
Re-emergence of signals for Ru-84 (squares) indicates rechlorination.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.14: *H NMR (300 MHz, CsDs) spectrum of crude Ru-86 produced by treating in situ
generated Ru-85 with 1 equiv CsFsOH. Also evident is 0-(OiPr)CeHsCHs (1 equiv). Signal
assignment for Ru-86 is tentative, pending 2D experiments for confirmation.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.15: *H NMR (300 MHz, CsDs) spectrum of the attempted deprotonation of Ru-86 by
reaction with LIHMDS. Signals for starting Ru-86 are shown as triangles: no other products

evident.
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Appendix B: NMR Spectra for New Compounds and Key Experiments Described in Chapter 4

Figure B2.16: *H NMR (300 MHz, CsDs) spectrum for reaction of in situ generated Ru-86 with
pyridine. Signals for the ortho protons of Ru-bound pyridine appear at 8.76 and 8.38 ppm, and the
signal for free pyridine at 8.5 ppm is absent, suggesting formation of a new Ru-py species. A broad
signal in the alkylidene region (14.19 ppm) integrates to 0.9 H relative to the Ru-bound o-py
protons, suggesting formation of Ru-88. Given the complexity of the spectrum, structure
confirmation and signal assignment require further data.
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