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Abstract

Olefin metathesis is a powerful tool for the making and breaking of cardrdaon double bonds.
Among welldefined homogenous catalysts for olefin metathesitieniumbased alkylidenes

stand out for their robustness and relative -@dsese. Synthesis of the most active H®ased
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 thesifocuses 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 igveloped. Initially promising results showing ca. 40%
converson to first generation metathesis catalysts failed to lead to a viablgieighroute to Ru
alkylidenes.

A high yield route to RuG(H2IMes)(py)k (previously reported in low yields as a decomposition
product of the thirtg e ner at i on Gr uthlysty i6 develged anth this cosplex ia
investigated as a precursor to indenylideased catalysts. Although RuCl2IMes)(py) is
shown to be substitutionally labile, indenylidene installation could not be achieved.

Finally, zinc aryloxides are invegated 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 arylox©®@n the
seconegeneration Hoveyda catalyst.

The second part of this thesis concepnsgress towardthe development of a new levalent
catalyst platformInitial experiments involving treating the secegeheration Hoveyda catalyst
with various reddng agents fail to produce levalent alkylidenes, leading instead to
decomposition of alkylidene.

Drawing inspiration from early transition metal systems, the remainder of the second part focuses
on alphahydride elimination from a Rlalkyl as a means @fccessing lovwalent alkylidenes. To

this end, a novel benzylruthenium compéexwell as bibenzyl and monaryloxide derivatives

are developed. While attempts to induce betadenzyl hydride abstraction or intramolecular
deprotonation of the benzyigand failed to produce alkylidenes, ligamtluced benzyto-
aryloxide hydride abstraction appears to be successful, leading to the observation of'& broad
NMR signal in the region characteristic for laxalent Rualkylidenes.

Vil
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Chapter 1. Introduction
1.1 Olefin Metathesis

First reported by industry in the mid ®2@entury’® olefin metathesis involves the exchange of
substituents between olefins, leading to a thermodyndisigbution of products (Scheme 1.1),

and is perhaps the most at@monomical method for the formation of new caHgsanbon double

bonds. In the 1950s, reports by Zeigler of the unexpected formatiorbofefte during the
attempted polymerization of etlepe in the presence of nicRavere soon followed by the
observation of pr op sproportianakddnedr gpoamg edol ¢f itrer oh
metathesis) and polymerization of cyclic olefiniShroughout the 1960sgsearchersortinued

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 notilut®67 that Calderon drew an explicit
connection between these two apparently wunrel
met at hesi so.

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

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

Mechanstic investigations were frustrated by the fact dzaily catalyst systems were-illefined
multicomponent mixtures which only produced a minute quantity of-$ilvett active specie¥it

was not unt il 1974, wi t-definedl camtalarc &kglideneTasl)Fl at i on
followed in 1980 by the report of metatheaisgtive tantalum, niobium, and tungsten alkylidénes

that the Chauvin mechanism, which proceeds through falkgdldene and metallacydbmtane
intermediates (Scheme 1.2), gained experimental evidence and widespread acéeptance.

Scheme 1.2The Chauvin mechanism for olefin metathesis

R‘1 R2 1R R2 R2
= 1d=0 -7

Schrock continued to develop earhetal alkylidenes as metathesis catalysts in the subsequent
years*%and metal carbenes of this type now common
do not bear eleatn-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 1.13¥13 They are also typically known on high oxidation state early transition

metals, which polarizes the metarbon double bond towards carbon, giving rise to nuclgophil
character on carbdi®®Thisisi n contrast to the e alfwhichecoear k nown
electron donating substituents on the carbene carbon, exist primarily on etegttrond-to-late

transition metals, are polarized towards the metal centre, react primarily as electrophiles at the
carbene carbon, and are best modelled as sirgle¢mres that bind to a metal $ydonation of

R1

1
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Chapter 1. Introduction

the singlet lone pair and back donation of a pair of electrons from a methltal (and are
therefore neutral ligands$¥*®

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

Schrock Carbene Fischer Carbene

ReR_ 0O | 90 _RyE

llor = og@---oc‘;‘ OMO=—OC,

RO G

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 t&>\&hd Mo® and replacing the alkyl

ligands present ifla-1 with bulky alkoxide/aryloxidé€,imido,!” and eventually pyrrolid€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
monoaryloxidepy r r ol i de ( i MAP 0) Moe2p which rgnsains sgatefahe-drté’r m ( e .

Figure 1.2: Development of early metal metathesis catalysts

Metathesis activity

H< H< , NS
>|\/ CI—Ta—PMe3 N= 'lo lo < CF3 IN
>H O CF3

Ta-1 Ta-2 Mo- 1
1974 1980 1986 1987
(metathesis inactive)

Despite these developments, olefin metathesis would not yet see wide uptake in organic synthesis;

the nuclephilic 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 oxygehl t woul d not be wuntil t he sfclive,, wi tF
but considerably more robust ruthenium metathesis catalysts that organic chemists would embrace

olefin metathesis on the benth.18

1.1.2 Ruthenium Catalysts

The first ruthenium alkyliden&Ru-1, was reported by Grubbs in 1992Although it was poorly
active in metathesis, catalyzing only ROMP of highly straimadic olefins, the basic structure of
modern ruthenium catalysts remains the sam®w4;*® a five-coordinate, squaspyramidal
ruthenium complex bearing an apical alkylidene, two anionic ligands (typically, though not
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exclusively, chloride), one stabilimy L-ligand that remains coordinated throughout the catalytic
cycle, and a secondligand which dissociates to permit olefin binding (Figure 1.3).

In contrast to early metal systerf®;, which more electrorwithdrawing ligands improve catalyst

activity,2 activity of ruthenium catalysts is enhanced by stronger electomrating ligands® This

behaviour was noticed early on; replacing £iahRu-1 with strongerdonating PCy produced

more activeRu-2.2° Choice of alkylidene also plays a role; benzylidenes are more active than the
vinyl alkylidenes inRu-1 andRu-2.2* A benzylidene complexGl,? would become known as the

Af tgresnter ati on Grubbsd <catalysto; the attract
functional group tolerance, and low vulnerability to air and moisture led this catalyst to be widely
adopted by organic chemists, andsistill 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 fromPCy; to N-heterocyclic carbenes (NHCs) marking the advent

of the-giesecand on 0GllgAandnoke seteatly \fita thegintroduction of cyclic
alkyl-amino carbenes (CAACs) (Figure 1.4). It was initially thought that strong donor ligands
increased activity by labilizing the dissociatindiiand and thereby areasing initiation rate¥,

but kinetic studies revealed that the@®tgeneration catalysts actually initiated over two orders

of magnitudemore slowlythan the less electrenich first-generatiort® Subsequent studies have
shown hat 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(secal |l ed fAhigh comi t mento behaviour).
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Chapter 1. Introduction

Figure 1.4: Key ruthenium metathesis catalysts, arranged in increasing orderfainance

Catalyst performance

Ph Ph
|
C|," I CI'// CII,I

Ph3P—Ru:PPh3 Cy3P Ru pcy3 Hlees—Ru—O CAAC—Ru—O
Cl
Ru-1 Gl nG CAAC
u HIl NO,

CysP—RucPCys H,IMes—Ru—PCys H2IMes—'Ru—OY

Cl Cl Cl
Ru-2 Gl nGll

In a separate innovation, Hoveyda introduced a chelating ether functionality anthilnposition

on benzylidené’ eventually leading to the phosphifree secondjeneration Hoveyda catalyst,

HIl .2&2° The chelating benzylidene had the effect of changing the datedgting state from the
vulnerable 5coordinate methylidene (Scheme 1.3) to the robust precatalyst by recapture of the
chelating benzylidene (thesoal | ed fiboomer ang me ®Replacensemof, see
phosphine by the chelating ether also solved the issue of catalyst death by nucleophilic attack on
alkylidene by liberated phosphine, which has been kstt@ld as a significant decomposition route

for phosphinebearing catalyst®: Grela further improved the chelatibgnzylidene system with

the addition of an electrewithdrawing nitro grougparato the chelating ether (asmll ), which

has the effect of weakening the chelate and boosting the initiatiott rate
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Scheme 13: Catalytic cycle for ruthenium metathesis catalysts with-ctoglating 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 HzIMeS—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 Hoveydalass ruthenium metathesis catalysts vatielating
alkylidene. Precatalyst and resting state are the same species.

R
Cl
R H2IMes—Riu
R |/ \
precatalyst W | Cl N
AND
resting state
Cl,
CI/ I
“,, — Hlees—Ru
H,IMes—Ru—O | H2'Mes R“ Ru-3 Vg,

0
HIl ey R j/ Rus Yci

H2IMes—Ru

CI

Enantioselective catalysts have also been developed (Figufé Br@ntioselective in this context
typical l-semeansyv éd, -seedive katalyststremairaelusive. H&wever, as the

E-isomer is generally the thermgthmically preferred species, this does not generally present an
obstacle to accessingdtefins. Chiral monodentate NHCs of*%¢%° and G3¢ symmetry have both
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been deployed in enantioselective variants of the segomch er at i on Grubbséo
Enantioselective catalysts based on bidentateo€ O-cyclometalatet?3° NHCs are also known.
These highlytailored NHCs are not trivial to access, replacing a chloride ligand with a bulky
thiolate is a comparatively simple and inexpensive method to impart enantioselétivity.
Enantioselectivity has also been achieved by rapjaboth 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 basedycloi@etalated
NHCs were of modest acity and enantioselectivity, catalyzing the cras®tathesis of
allylbenzene and ci$,4-diacetoxybutene to 58% conversion and 41%eRctivity3’ By contrast,

the activity of modern enantioselective catadyate generally comparable to their remlective
counterparts, and enantiomeric excesses in the >85% range are not unédmmon.

Figure 1.5: Examples of enantioselective catalysts of different types

Mes
IPr\‘ /I\/Ies N/ |
N C|,, N CI,, N [ Bu\_o\l/

I
Ru—PCy3 Ru—PCy3 [ Ruz=OiPr Ne 7o
iPr CI tBu iPr N \O \0\ @ @
d‘ d o @
Ru-7
Ru-9 Ru-10
i I [ I [ I
HoIMes— Ru—O HglMes Ru—O H,IMes—Ru—0O,

Vs a Yo 7/

g8

Ru-12 Ru-13

Catalyst solubilization to allow metathesis in aqueous conditions has been pursued by modifying
one ormore sites with charged or neutral polar groups, or by tethering to-satdnle polymers

such as polyethylenglycol (Figure 1.6f1*? Perplexingly,some attempts involved installing
charged groups oh¢ alkylidene'>*® which, while successful in solubilizing tipeecatalyst does

nothing to keep the active species solvaiestinitiation. More fruitful attempts have involved
installing charged groups on a nrdissociating NHE™® or modified Xligand#® Yields in

agueous metathesis remain low relative to anhydrous conditities, despite being marketed as
Awa-t e erant o, ruthenium metathesis cat#lysts
051 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 mayatéto a new generation of wateterant wateisoluble

catalysts for agueous metathesis.

Figure 1.6: Examples of watesoluble metathesis catalysts

N\/
\ / CI
Cy2 CI,’; I

Cy2P Ru P H2IMes—Ru—O
Ru-14" /N\ Ru-15 °
Mes Mes
N CI,, \/\ N CI,,
Ccr Ru—O
/N+ \
) Mes Mes
Ru-16 Ru-17

Catalyst immobilization strategies have also been expléredobilization has been achieved by
tethering to the alkyliden®;>? dissociating* or nondissociating>>® L-ligands, or modified X
ligands®’ Catalysts have been tethered to a waié supports, including polymerg,>>*¢ silica,>®

and magnetic nanoparticl&slmmobilization promises improved catalyst recyclability, ease of
separation of ruthenium from the end product, and is amenable to deployment in cofftowous
processe’’ Disadvantages are reduced activity relative to the free catalysts, presumably due to a
combination of steric shielding by the imobilizing support and the impact of catalyst
immobilization on diffusion kineticg>®° Tethering at the alkylidene or dissociatindigand 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 aPN4$Cthis 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 %:%).Among reported catalysts,
indenylidene analogues to the first and seegnd ner at i on GMudOM2) arec at al vy
known83%*and an isopropoxgther functionalized analogue to the Hoveygze benzylidene has

also been developedR-18).%° With the notable exception of the recently developed chloride
bridged dimeric specieRu-19, indenylidene catalysts are significantly less active than their
benzylidene counterpart$ 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 indenyidene ruthenium metathesis catalysts

Ph

Y
CAA(CJ: - RL CI
CO \( C|_(C:3|AAC

Cy3p Ru pr3 Hlees—Ru PCy3 Cy3P Ru—O Q
e 7/ Ph
M2

M1 Ru-18 Ru-19

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 metatRdaigarly metal systems this is
traditionally accomplished bg-hy dr i de abstraction, as typified
tantalum neopentyliderfeln this approachiwo alkyl ligands (substituted at the beta position to
preventb-hydride elimination) installedi€ to one another and subjected to steric pressure will
eliminate an alkane, generating the alkylid€deheme 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, %nd Re.

Scheme 1.5Alkylidene installation bya-hydride abstraction,safirst 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, doakbgdride abstraction can occur, generating
instead an alkylidyne species (Scheme % 8)kylidynes are useful in their own right as catalysts

for alkyne metathesis, but can also be protonatedkididenes. 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*.7).

Scheme 1.6Doublea-hydride elimination to form a tungsten alkylidyne complex

References on page 13



Chapter 1. Introduction

o H<
o] cow S
MeO—W—C| —————— ’

| i

OMe

W-3

W-2

Scheme 1.7: NEt-catalyzedintramolecular deprotonation of a neighbouring amide ligand
simultaneously convertbe alkylidyne ligand taanalkylidene ligandandtheamide ligand t@an
imido ligand

W

NG NG
/ A
W-4 W-5

A pathway to early metal alkylidynes (and by protonation, alkylidenes) that does not iely on
hydride abstraction involves treatment of homobimetallic W or Mo species containing a metal
metal triple bond with alkyne (Scheme £38%. This is not universal for all W and Mo metal
metal triple bonds, and seems to proceed only for high oxidstada dimers bearing electron
withdrawing aryloxide ligands, which are beneficial for metathesis perforniance.

Scheme 1.8:Metathesidike reacivity of triply-bound W dimer and carbynes produces
alkylidynes

R
BuO, JOBU  R—=-R |‘|
BuOHW=W0'Bu » W.
OBu
W-6 W-7

1.2.2 Ruthenium

Alkylidene installation is more challenging on ruthenium than the early metetydride
abstraction to form metathesastive alkylidenes is unknown in ruthenium chemistry. The search
for a convenient, economical, and safe method for alkylidene ingialledntinues to be a high
value target within the field.

The earliest ruthenium alkylidenes were installed by treating a ruthenium dichloride with
diphenylcyclopropene to yield vinglkylidenes (Scheme 1.8).The challenging synthesis and
instability of highly strained diphenylcyclopropene served as a significant roadblock to large scale
catalyst synthesis, limiting access to Ruyatlenes for research and industry alike.
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Scheme 1.9Insertion/ring opening of diphenylcyclopropene produced the first known ruthenium
metathesis catalyst

Ph.__Ph
Ph |
i, PPhy [><Ph cl,
PhsP—Ru—PPhy ——————3 ph;P—Ru—PPh,
Ru-20'C| Ru-2 C|

Carbene transfer by aryldiazomethane was the second alkylidea#datiren method to be
developed with the synthesis of thefigse ner at i on Gr ubbs & Theeteare y st (
well-founded concerns surrounding the explosive and toxic nature of diazo redgerndsthis

route is operationally intensive on the bench scale. Aryldiazomethane reagents are highly unstable;
they must be prepared immediately before use and are notoriouslydining. Stoichiometric

control is poor, and it is often necessary to udarge (nominal) excess to effect complete
conversion of starting material. Although yields in excess of 90% are reported in the lit€rature,

27. "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 stateof the art method for benzylidene installation. Several alternaetgives 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 thdirst-generationGr ubbs 6 cat al yRu20witly r eac
phenyldiazometéine

_N+:N-

Cl, PPh3 2 PCy3 Cl,’
PhsP—Ru—PPh > Cy;P—Ru—PC
FTRSTT™ T pewm,-78C Y3 Y3
Ru-20 ClI Gl Cl

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 1.11Cyclopropendree route to vinyl alkylidenes

|
Cl
Cl,,lil % Cl, |

PhsP—Ru—PPh, > Ph;P—Ru—PPh;
CH,Cl,, RT Ru.22%C]

Ru-21 PPhs

10
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Treating various ruthenium dichloride species with terminal aRyifurnishes 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 anéfogues.

Scheme 1.12Alkyne insertion leads to vinylidenes

R
//R n/
cl,, PPhs Z cl, G
Ph3P—i?u:PPh3 » Ph;P—Ru—PPh;
Ru-20 Cl Ru-23 Cl

Schemel.13:Insertion of propargylic alcohol gives ruthenium allenylidenes, which rearrange in
the presencef@cid to more active indenylidene species

Ph Ph
\ﬁ/ Ph
Ph O
/OH i O
C cl,
CI,"I|3Ph3 & "Ph CL i acid Al
PhsP—Ru—PPh; » Ph;P—Ru—PPh; ————> PhsP—RU;PPhs
Ru-20 CI Ru-24 Cl Mo Cli

Indenylidene species, arising from acatalysed rearrangement of allenylidene, are significantly
more active than vinylidene or allenylidene precatalyasitseit generally less active (with the
notable exception of the recently reported dimeric spd&ies9) than benzylidene®:%2 "' They

are accessed by treating a ruthenium Idiethe precursor with 1;tiphenylpropargyl alcohol in

the presence of an acid catalyst, often acyl chloride (Schemée® £3he initial product (isolable

in the absence of an acid catalyst) is the allenylidene species which rearranges in the presence of
acid to form the indenyliden@.This is a significantly more reliable and udéeendly procedure

than tke 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 beyldene 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% 32 781 Many new catalysts were initially reported via thigagach, and this
remains the only known method to install the ngubstitutecchelating benzylidene that defines

the topperforming nitreGrela family of catalysts.

11
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Scheme 1.14Metathesis of the secorgkneration indenylidene catalyd® with a tailored olefin
furnishes the highhactive secondjeneration nitreGrela catalyshGlI

25

H2IMes—Ru—PCy3 > Hlees—Ru—O

M2 nGII

Different stabilizing ligands are installed by simple ligand substitution reactions, ltypigth
first-generationGrubbs or indenylidene catalysts (Scheme 1.15). Historically, this has been the
method for installingthetf Mes | i gand t hagedefaniesndbheatfiaky st
ligand can now be installed prior to takylidene. CAACSs, the current bleedhegige stabilizing

ligands, must still be installed after the alkylidéA:

Scheme 1.15NHCs such as tiMes readily displace a phosphine ligand in fingt-generation
Grubbs catalyst, granting access to seagekration catalysts

CI,, H,IMes CI,,
CysP— Ru— PCy3 ———— H2|MeS—RU_PCY3

Gl Ci Gll CI

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 theoliswyldiazomethanesa-
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 pursuedava-chloroalkylmagnesium reagents. The first high
yield synthesis of Ru@HzIMes)(py} is reported, and this compound is assessed as a potential
entry point to metathesis catalysts. Pseudohalide installation by zinc nucleophiles is also explored.
In Chaggt er 4v alndmtwo rut henium al kylidenes are pu
metathesis catalysts and by adaptnbydride abstraction, ubiquitous in early metal systems, to
ruthenium. The latter approach also represents a new method of alkylidtakation for
ruthenium metathesis catalysts.
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Chapter 2. Experimental Methods
2.1 General Considerations

Unless otherwise specified, reactions were carried out ungarsiNg 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 oved at 110 °C fominimum 16h prior to use.

2.1.1 Solvents

Hexanes, toluene, benzetetrahydrofuran, dichloromethane, ahethyl ethemwere 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 (preparedibg pou
methanol over magnesium activated wi}y acetone from CaSQand pentane from2Bs. All
distillations were carried out undep,Nafter which the solvents were brought into the glovebox.
All solvents were stored overMsieves (except methanol:ostd over 3 sieves) for at least 12

h before use. Acetone was not stored over sieves, to avoidasdinsation reaction. Reactions

in air were carried out in bengrade solvents as received.

2.1.2 Deuterated Solvents

Deuterated solvents wepairchased from Cambridge Isotope Laboratories. GEZluse with
nonair sensitive compounds was stored ovArsleves on the bench. CR@ihd GDs for analysis
of air or moisture sensitive species were degassed via minimum 4-freepehaw cycles and
dried over 4A molecular sieves for minimum 12 h before use.

2.1.3 Reagents

IMes}! HzIMes! HIl 2 Mg-anthracene®THF 2 o-(O'Pr)(GH4)CH20H,* 0-(O'Pr)(CsH4)CHO®
RuCk(HzIMes)(p-cymeng,? RUCkL(PPR)3,° [RuCk(p-cymeng]z,’ RuCh(1,10
phenanthroline)(PR,? and RuCi(py).® were prepared according to published procedures.

RuCkAH0, n-butyllithium (2.5 M solution in hexanes, AcroSeal@jePPhA B (98%), and
2,4,6trimethylaniine (97%) were purchased from Acros Organics.

Magnesium turnings (998+%), PPh (99%), PCw (97%), and EiZn (95+%)were purchased
from Strem Chemicals.

Potassium carbonat¢K.CQOs, 99.0+%), 1,10phenanthroline (anhydrous, 99%), benzaldehyde
(PhCHO, >99%), triethylene glycol (99%)NaH (95%), formic acid CHOOH, >95%),
tetrafluoroboric acid solutiofHBF4; 48 wt % in HO), sodium borohydridéNaBHa, 2 96%),
glyoxal solution (40 wt % in kD), PCk (95%), H C [ C GHs)&OH (99%), anthracene (99%),
lithium hexamethyldisilanéLiHMDS, 97%), lithium diisopropylamide (LDA, 97%Jpotassium
tri-secbutylborohydridgd KBH®*Busz, 1.0 M in THF), sodium (Na, 99.9%), thionyl chloride (S@CI
99+%), and}phellandren€75+% kosher gradayere purchased from Aldrich.

Pyridine (99.5%), p-toluenesulfonyl hydrazine (98%), triethylorthoformate (98%spicoline
(98+%), 2,6-lutidine (98+%), and 3bromopyridine (98+%jvere 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 temperaturéH, 3P, *H-'H COSY, and'H-*C 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. Asensitive samples were prepared underirN JYoung or
Rotoflow tubes; all other sastes were prepared in standard NMR tubes.

2.2.2 Gas ChromatographyMass Spectrometry

Gas chromatography (GC) coupled to electron ionization mass spectromefS)Evas
performed using an Agilent Technologies 5975B inert XL EI/CL M&Dthe CCRI institute
laboratory at uOttawa.

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

26.6 g PG (127.88 mmol, 1.3 equiv) was dissolved in 30 mL>CH and cooled td 78 °C.
Benzaldehyde (10 mL, 98.58 mmol, 1 equiv) was added dropwise via syringe and the reaction
mixture was allowed to warm to O °C (ice bath) with stirring over 4 h. After 4 h, the reaction was
judged complete by thilayer chromatographysilica gel plate, RO eluant), and quenched by
addition of cold distilled water followed by Ca@@ntil evolution of CQ ceased. The mixture

was then extracted with GBI (3 x 20 mL) and the combined organic fractions washed with
distilled water (3 x @ mL) and brine (3 x 20 mL). The organic fractions were then dried with
MgSQs and stripped on a rotary evaporator to yield the crude product as a yellow oil. The product
was found to decompose on afighgth silica or alumina column, so impurities wesmoved by
quickly passing through athrdei nger 6 s wi dt h @ dstheneluard. R@rovalpf wi t h
Et,O under high vacuum afforded the product as a colourless oil. Yield: 10.77 g (B884H

NMR spectrum is ensistenwith literature values®

'H NMR (300 MHz CDC}): d 7.57 (m, 2H, PH), 7.39 (m, 3H, PH), 6.71 (s, 1H, EICl,)
2.3.2 Synthesis 0b-Isopropoxybenzal Chloride ©-O'PrCeH4CCl>)

In a 2neck rounebottom flask, 16.5 g P€(79.12 mmol, 1.3 equiv) was dissolved in 30 mL
CH:Cl, and cooled td 78 °C in a dryice acetone batl-O'PrGH4sCHO (10 mg, 61 mmol) was
added dropwise via syringe and the reaction mixture was allowed to warnCtde bath) with

stirring over 4 h, at which point the reaction was judged complete byalyen chromatography

(silica gel plate, ED eluant), and quenched by addition of cold distilled water. The mixture was
then extracted with C4€l> (3 x 20 mL) andhe combined organic fractions washed with distilled
water (3 x 20 mL) and brine (3 x 20 mL). The organic fractions were then dried with Mg@O
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 natdt was found that storing-O'PrCsH4CCl over molecular sieves
resulted in an exothermic decomposition to a pupph resinwithin 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 38 °C) as a precaution. Under these
conditions, the compound remaingdble with no sign of coloration for over six months.

'H NMR (300 MHz, CDC¥): d 7.83 (ddt>Jun = 05 Hz, “Jun = 2.0Hz, 33wk = 8.0Hz, 1H, ArH),
7.32 (dddd*Jun = 2.0Hz, 3Jun = 75 Hz, 3w = 85 Hz, 1H, ArH), 7.23 (s, 1H, EICLy), 7.02
(dddd,®Jun = 05 Hz, 4Jun = 1.0 Hz,2Jun = 8.0Hz, 1H, ArH), 6.89 (t, °3Jun = 0.5 Hz,3Jun = 85
Hz, 1H, ArH), 4.62 (Mm% = 0.5 ,3Jun = 6.0 Hz, 1H,CH(CHz)2), 1.38 (d,2Jun = 6.0 Hz, 6H,
CH(CHys)2).

NOTE: In order taobtain 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 MagnesiurfAnthracene Complex (Mg1)

Mg-1 was prepared aording to a reported procedirés 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 -AhEhanthroline as
colorimetric indicator, a method which has na\pously been reported fdfig-1. 100 mg oMg-
1(0.119 mmol) was suspended in ca. 10 mL THF. Addition of-ptighanthroline caused a color
change from orange to intense purpd. A 10% v/v solution of MeOH was added dropwise via

a 100niL gastight syrirge while the mixture was vigorously stirred until the punglé colour no
longer persisted (96.61, 0.238 mmol, 2 equiv). The endpoint was reached at 99.8% of the
expected amount of MeOH, indicating a high degree of purityVigrl and minimal residual
anthracene.

2.3.4 In Situ Preparation and Decomposition of Mg{-O'PrCeH4+CHCI)CI (Mg -2)

115 mgMg-1 (0.274 mmol) was suspended in ca. 15 mL THF, and 60.16 (@Pr)(CsH4)CHCL

(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 @asved under vacuum, the
off-white residue was taken up iz and passed through Celite to remove magnesium salts and
an aliquot taken for GBS analysis. GEMS analysis indicated 2 major products; anthracene
(eluting at ~7.5 minm/zof M*: 178.1 amu) iad 0-(O'Pr)(CsHs)CHCH(GsH4)0o-O'Pr (eluting at

~9.5 minm/zof M*: 296.3 amyt A minor product eluting at ~8.5 min, and with an péak at the
samem/zvalue of the species assigned @$O'Pr)(CsHs)CHCH(CsHa4)o-O'Pr is presumed to be

the minor (E or Z) isomer. An additional minor species eluting at ~5.7 min 207.1 amu) could

not be identified, but is presumed to arise from an impurit¢(@'Pr)(CsHs) CHCL.

2.3.5 Attempted Trapping of Mg(@-O'PrCsH4CHCI)CI (Mg -2)

In a 20 ml scintillation vial, 126 mlyig-1 (0.301 mmol) was suspended in ca. 15 mL THF and
65.91 mgo-(O'Pr)(GsH4)CHCIz (0.301 mmol, 1 equiv) was added rapidly with vigorous stirring.
Aliquots were taken and quenched by adding to vials sontaca. 2 mL MeOH at 5 s, 30 s, 1

min, 5 min, 10 min, 15 min, and 30 min. Aliquots were stripped to dryness and analy#e¢d by
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NMR spectroscopy to detect and quantify the anticipated hydrolysis product
(O'Pr)(GsH4)CHCI. In no case were signals foi(O'Pr)(CsH4)CH2CI detectable.

2.3.6 Reaction Conditions for Attempted Syntheses of Ru&FCHPh)(PCys)2 (GI) and
RuCl2(=CH-2-O'PrCsHa4)(PPhs) (Ru-39)

2.3.6.1 Condition 1: Adding Solid Mg1 to Premixed RuCb(PPhg)z and 0-O'PrCeH4CHCI: at
RT

A 20 mL scintillation vial was charged with 50.0 iRyCb(PPh)s(52.1nmmol), 15 mL THF, 12.7

mg 0-O'PrCsH4CHCI2 (57.4mmol, 1.1 equiv), and a stivar. With vigorous stirring, 24.Mg-1
(57.4mmol, 1.1 equiv) was added all at once as a powder, causing an immediate colour change
from light brown to dark browagreenH NMR analysis (6Ds) revealed 29% in situ yield &u-

39, as determined by comparison of the integration for the alkylidene sijRai-39 (1H, 16.7

ppm) and anthracene (H9, H10; s, 2H, 8.4 ppm).

2.3.6.2Condition 2: Adding Solid Mg-1 to PremixedRuCl2(PPhs)zand PhCHCI: at RT

A 20 mL scintillation vial was charged with 52.0 rRRgCk(PPh)3 (54.2rmmol), 15 mL THF, 9.6

mg PhCHC} (59.6 mmol, 1.1 equiv), and a stir bar. With vigorous stirring, 25.0Mgg1 (59.6

mmol, 1.1 equiv) and PGywere added all at once as a premixed powder, causing an immediate
colour change from light brown to dark browed.*H NMR revealed 41% in situ yield &I, as
determined by comparison of the integration for the alkylidene sigr@l ¢tH, 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 PremixeBuClz(PPhs)s
and o-O'PrCeH4CHCIl2 at RT

A 20 mL scintillation vial was charged with 51.0 RgChk(PPh)z (53.2mmol), 15 mL THF, 12.8

mg 0-O'PrGsH4CHCI, (58.5nmol, 1.1 equiv), and a stir bar. With vigorous stirring, 24.5 (58.5
nmol, 1.1 equivMg-1 was added dropwise as a suspension in THF, causing an immediate colour
change from light brown to datikownred.'H NMR analysis revealed 7% in situ yieldmii-39,

as determined by integration of the alkylidene signaRioi39 (1H, ppm) vs anthracene (H9, H10;

s, 2H, ppm).

2.3.6.4Condition 4: Adding Mg-1 to RuCl2(PPhg)3 Prior to Addition of o-O'PrCeH4CHCI>

A 20 mL scintillation vial wascharged with 51.0 mBuChk(PPh)z (53.2nmol), 15 mL THF, and

a stir bar. With vigorous stirring, 24.5 nMg-1 (58.5mmol, 1.1 equiv) was added dropwise as a
suspension in THF, causing a colour change from light brown to darkfgldck?2.8 m@-O'PrC
eH4CHCI> (58.5mmol, 1.1 equiv) was added dropwise via-tjght syringe, with no noticeable
colour change'H NMR analysis revealed no alkylidene formation.

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

A Schlenk flask was charged with 25y-1 (59.6nmol, 1.1 equiv), 10 mL THF, and a stir bar

and cooled t6 78 °C in a dry iceacetone batHL3.0 mgo-O'PrGsH4CHCI, (59.6mmol, 1.1 equiv)

was added dropwise via gaght 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 RB€h)z (54.2mmol), 10 mL THF, and a stir
bar and cooled in a separate-tg acetone bath. The magnestaantaining solution was added
by cannula, causing a colour change to brgngen. The mixture was allowed to stir for 1 fi at
178 °C, then 1 h at 0 °@nd finally 1 h at RT. The solvent was removed. No alkylidene signal
was observed in the crude mixture upBinNMR analysis.

2.3.6.6Condition 6: Adding Pre-Generated Mg2 to RuClz(H21Mes)(p-cymeng (Ru-33) at 1
78 °C

A Schlenk flask was charged with 36.1 mdg-1 (86.1mmol, 1.1 equiv), 10 mL THF, and a stir

bar and cooled in a dry iecetone bath. 18.9 mgO'PrGH4CHCI: (86.1nmol, 1.1 equiv) was

added dropwise via gdght syringe, causing a gradual change frobright orange suspension

to an orange suspension with dark green supernatant, and finally a bright yellow suspension. A
second Schlenk flask was charged with 48.0Rng33 (78.3mmol, 1 equiv), 10 mL THF, and a

stir bar and cooled in a separate-ty acetone bath. The magnesiaontaining solution was
transferred to the ruthenidoontaining flask via cannula, causing a colour change from deep red
to brownblack. The mixture was allowed to stirfb h ati 78 °C, 1 h at 0 °C, and 1h at RT. The
solvent was removedH NMR analysis of the crude mixture showed no alkylidene signal.

2.3.6.7Condition 7: Adding Pre-Generated Mg2 to [RuClz(p-cymené]z (Ru-35)ati 78 °C

A Schlenk flask was charged with 34.5 iMg-1 (86.1 mmol, 1.1 equiv), 10 mL THF, and a stir

bar and cooled in a dry iccetone bath. 18.0 mgO'PrCsH4CHCI, (86.1 nmol, 1.1 equiv) was

added dropwise via gdght syringe, causing a gradual change frobright orange suspension

to an orange suspension with dark green supernatant to a bright yellow suspension. A second
Schlenk flask was charged with 24.0 Rg-35(39.2mmol), 10mL THF, and a stir bar and cooled

in a separate drice acetone bath. The magnesiaaontaining solution was transferred to the
rutheniumcontaining flask via cannula, causing a gradual colour change from light orange to
brownblack. The mixture was allowleto stir for 1 h ai 78 °C, 1 h at 0 °C, and 1h at RT. The
solvent was removedH NMR analysis of the crude mixture showed no alkylidene signal.

2.3.7 Synthesis of RuG(Hz2IMes)(py)4 (Ru-50)

In a darkened glovebox, 256 mg (0.418 mniil)}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 septaedpigth a 30 mL plastic
syringe with the plunger removed. In a separate flask, 262.6 mg (0.857 mmol, 2.05 etjeg H

was dissolved in 25 mL THF. ThexWes solution was then poured into the 30 mL syringe and
left to drip through to the round bottoma$k containindgru-35 over the next 45 min. After the
syringe had drained completely, it was quickly rinsed through with ca. 5 mL THF to ensure
guantitative transfer. The syringe and septum were thereafter removed arid@iRline (2.633

mmol, 6.3 equiv)was added via gasgght 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 -gedioge 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 @El> by addition of hexanes followed by cooling in
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a freezer set te40 °C for 12 h. Yield: 263 mg, 88%H NMR chemical shifts are in excellent
agreement with those reportéd.

H NMR (CsDe): d 9.62 (dt, *Jun = 15 Hz, 3Jun = 5.0 Hz, 4H,0-py-H), 940 (dd,2H, “Jun = 15
Hz, ®Jyn = 5.0 Hz, o-py-H), 6.52 (dt, 2H*J4n = 15 Hz, 3Jqn = 8.0Hz, p-py-H), 6.41 (n,4JHH =
15Hz,33un = 75 Hz, 2H,p-py-H), 6.28 (m, 6H, overlappingMes-Ar-H + m-py-H), 5.98 (ddd,
Jnin = 10 Hz,*Jun = 55 Hz, 334 = 75Hz, 4H,m-py-H), 3.64 (s, 4H, HIMes-CHy), 2.70 (s, 12H,
0-Mes-CH3), 1.88, (s, 6Hp-Mes-CHb)

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

In a darkened glovebox, 50 nirp-33 (81.64mmol) was dissolved in ca. 15 mL THF. &Q 3-

Br-py (312mmol, 3.8 equiv) was added dropwise via-fight 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 vacun. The product Ru@H2IMes)(3-Br-py)s (Ru-56¢) was isolated as a dark
orange powder by reprecipitation from a minimum volumeCbbCl, by addition of hexanes
followed by cooling in a freezer set485 °C for 12 h. Yield: 55 mg (69%)

IH NMR (CsDs): d 9.70 (m, 2H, 0-py-H), 9.54 (m, 3H0-py-H), 9.20 (m, 1Ho-py-H), 6.68 (s,
1H, Ar-H), 6.50 (m, 1HAr-H), 6.32 (m, 1HAr-H), 6.00 (m, 1HAr-H), 5.80 (m, 1HAr-H), 5.54
(m, 2H,Ar-H), 3.50 (s, 4H, HIMes-CH>), 2.79 (s, 3Hp-Mes-CHs) 2.67 (s, 6Hp-Mes-CHa), 2.55
(s, 3H,0-Mes-CH3), 1.87 (s, 6Hp-Mes-CHs).

2.3.9 Representative Procedure for Ligand Substitution Experiments on RBO

In a 4 mL scintillation vial, 6.3 mBu-50 (8.80nmol) and 2.3 mg PRI{8.80nmmol, 1 equiv) were
dissolved in ca. 1 mL CDglmixed vigorously for 3 h, and then transferred teYaodng NMR

tube for'H NMR analysis. Conversion was assessed by comparing the integration ratios of
diagnostic signals for the ortipyotons on bound and free pyridine (bouRdi{50): d 9.03ppm,
8.72ppm; freed 8.62 ppm), indicating 31% conversion to RuEl2IMes)(pyx(PPh) (Ru-530).

2.3.10 Representative Procedure for Attempted Indenylidene Installation on RG0/Ru-56¢

In a 4 mL scintillation vial, 21.4 mBu-50 (29.9 mmol) was dissolveih 1 mL THF. Added 6.5

mgH C [ CRE)¢OH (31.4nmol, 1.05 equiv), rinsing in with an additional 2 mL THF to ensure
guantitative transfer. The mixture was brought to 65 °C and let to stir for 4 h, during which time
the colour changed from light yellearange to dark browntH 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 Fa8

In a 20 mL vial, 14.3 méfll (22.8 nmol) was dissolved in ca. 5 mL GEl.. In a separate vial,
Zn(OGCsFs)2 was prepared by dissolving 8.82 mgF§OH (47.9nmol, 2.1 equiv) in CKCl2 and
adding dropwise 2.BL of neat E#Zn (23.9mmol, 1.05 equiv). The Zn(QfEs)2 solution was then
added dropwise to the solution ldfl , prompting a steady colour change from green to brown
over about 30 min. Reaction progress was monitoretHdyMR analysis of aliquots taken at 1,
3, and 24 h. Conversion was assessed by comparfisba integration for the alkylidene peaks of
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HIl (16.59 ppm)Ru-58(17.17 ppm), an&Ru-60 (16.9ppm).Conversion tdRu-60 reacheb0%
butno Ru-58 wasobservedWorkupwasnot pursued.

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

In a 4 mL vial, 69.0 mdll (0.110 mmol) was dissolved in ca. 2 mL THF and BQ4tri-sec
butylborohydride(1.0 M in THF, 0.110 mmol, 1 equiwas added dropwise, triggering an
immediate colour changieom green to black!H NMR analysis indicated complete loss of all
alkylidene signals and very-tlefined spectrum. Workup not pursued.

2.4.2 Synthesis 0b-Isopropoxybenzyl Chloride ©-(O'Pr)(CeH4)CH2CI)

o-Isopropoxybenzyl chloride wasynthesized according to a modification of a published
proceduré’.On the Schlenk line: a twoeck round bottom flask equipped with condensersdin

bar was loaded with 4.29 g@tisopropoxyphenol an@4 mL CHzCl, as solvent. The flask was
cooled to O°C in an ice bath, and 3L SOCb (2 equiv) was added dropwise. The mixture was
stirred for 30min 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 TLJsilica gel plate, EO eluant) allowed to cool to room temperature, and excess
SOCb quenched by slow addition of excess MeOH (added until evolution of gas ceased). The
mixture was dried with MgS£and solvent removed on the rotovap to give a yellow oil, which
was then distilled off of sodium carbonateder Schlenk line vacuum at 95 taXgive the product

as a colourless oil. Yield: 3.64, 76%. If sodium carbonate is omitted, product may instead
polymerize, forming a dark purple resthi NMR analysis ionsistent with reported valués.

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

'H NMR (300MHz, CDCB): d 7.37(dd,*Jun = 1.5 Hz,2Jun = 70 Hz, 1H, Ar-H), 7.28 (td*Jun
=2.0Hz,33un = 8.0Hz, 1H, Ar-H), 6.92(t, 3Jun = 85 Hz, 2H, Ar-H), 4.66(s, 2H, Ar-CHy), 4.62
(sept,®Jun = 6.0 Hz,1H O-CH), 1.38(d, 3Jun = 6.0 Hz,6H, OPr-CHs).

2.4.3 Preparation of a solution of MgClk2-0-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-isopropxybenzyl chloride via syringe, monitoring temperathyetactile 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 additipduring which time the liquid took on a yellegvey colour. Excess
magnesium and magnesium oxide were removed by filtering through a Celite plug and the
Grignard reagent was titrated against dry methanol usingphé&®@anthroline as an indicator. A
stocksolution of MeOH in THF was prepared by combining @@0MeOH with 9900ni. THF.

A 100nL 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) Xgdienanthroline was add to the
aliquot, producing a deep rguirple colour. The MeOH stock solution was then added dropwise
from a 100nL gastight syringe until the deep rgalrple vanished. This procedure was repeated
4 times, and the results averaged. Concentration foubd: M. A complementary total base
titration was carried out by quenching a Ifi0 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. Excelleagreement 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 indDs for analysis. Two sets of signals were deibl#, consistent with the
Schlenk equilibrium between MgCIR and MgmRhtegration for both species presented as MgCIR

H NMR (300 MHz, GD¢): d 7.30(d, 1H, ArH), 6.92 (d, *Jun = 15 Hz, 3Jun = 70 Hz, 1H, Ar
H), 65 (m, 2H, ArH), 4.36 (sept?Jun = 60 Hz, 1H, OGH(CHs)2), 1.73 (s, 2H, ArG>-Mg), 1.32
(d,33un = 60 Hz, 6H, OCH(CH3)2)

IH NMR (300 MHz, GD¢): d 7.07 (m, 1H, ArH), 6.83 fn, 1H, Ar-H), 6.67 (m, 2H, AH), 4.18
(sptd,%Jun = 0.5 Hz,3Jun = 6.0 Hz, 1H, O@I(CHa)2), 2.25 (s, 2H, Ar€lzMg), 1.10 (d2J = 6.0
Hz, 6H, OCH(GHs),)

2.4.4 Representative Procedure for Attempted Installation ob-O'PrBn Ligand on Ru'"
Chlorides

In a 20 mL vial, 112 m@RuChk(PPh)3(0.116 mmol) was dissolved in 10 mL THF. 180 Mg-3

(as a 0.97 M solution in THF, 0.116 mmol, 1 equiv) was added dropwise vialasyringe.

Over the course of addition of the Grignard reagent, a sequential colour change from brown to
amber to black as 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 RUCK?-0-O'PrBn)(h6é-p-cymend (Ru-84)

In the glovebox: 200 m{.327 mmol) of [RuCGlp-cymend]. was dissolved in ca. 30 mL GEl>

in a round bottom flask equipped with a magnetic stir bar. #239g-3 (as a 0.52 M solution in

THF, 0.669 mmol, 2.05 equiwvas added dropwise via gdight syringe. Over the course of
addition ofMg-3, the colour changed from oranged to a much darker red. Solvent removed
under vacuum immediately after complete additioMgF3. The red residue was extracted with
benzene and filtered through Celite until the benzene ran colourkeszee was then removed
under vacuum and the product was isolated as a crystalline red solid by reprecipitation from a
minimum volume of CHCI> with hexanes. Yield 213 mg, 82%.

'H NMR (300 MHz, GDe): d 6.84 (m, 2H, benzyl AfH), 5.75 (t,Jun = 40 Hz, 1H, benzyl Ar
H), 5.5 (t,*Jun = 4.0 Hz, 1H, benzyl ArH), 4.92 (s, 1H, benzyl Ch 4.56 (s, 1Hp-cymeneAr-
H), 4.18 (s, 1Hp-cymeneAr-H), 3.92 (sept3Jun = 6.0 Hz, 1H, @Pr GH), 3.65 (s, 1Hp-cymene
Ar-H), 3.18 (s, 1Hp-cymeneAr-H), 2.83 (s, 1H, benzyl CH 2.63 (sept3dun = 7.0Hz, 1H, Ar
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iPr CH), 1.88 (s, 3Hp-cymeneCHs), 1.23 (dd>Jnn = 5.5 Hz 23w = 245 Hz, 6H,'Pr CH), 1.02
(br s, 6H, CPr CH).

2.4.6 General Procedure for Reaction dRu-84 With Neutral Donors

In the glovebox: 25 mBRu-84 (59.5nmmol) was dissolved in ~10 mL THF in a 20 mL vial equipped
with a stir bar. 18.24 mg2IMes (59.5mmol, 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
changedriom deep red to dark brown. Removing solvent and taking a ¢eudMR spectrum
showed loss of signals associated with benzyl ligand and bwagohene very poorly defined
alkyl region, indicative of decomposition. Workup not pursued.

2.4.7 Representativd’rocedure for Attempted Deprotonation ofRu-84 by Strong Base

In the glovebox: dissolved 32 nRp-84 (76.2mmol) in ~10 mL benzene in a 20 mL vial equipped
with a stir bar. In a separate container, dissolved 12.75 mg LIHMDS rfii®E, 1 equiv) in ~10

mL benzene and this added dropwise toRe84-containingvial. Upon complete addition of
LiIHMDS, observed a dour change from red to very dark brown, nearly blaekNMR 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 ofRu-84 by 2-Lithiopyridine

On the Schlenk line:-Rthiopyridine was generated-situ according to a literature methtB9.2

nL 2-bromopyridine was diluted with 10 mL THF and cooled 7@ °C (dryice acetone bath).
214 n-BuLi (0.98 M in hexanes) was then added dropwise againgiaastight syringe and

left to stir for 30 min during which time the solution becaonangered. In a separate Schlenk
flask, dissolved 156.9 mg &u-84in 10 mL THF and cooled 78. The 2lithiopyridine 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 vadeuNMR aralysis

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 Ri?-0-O'PrBn)(k*-0-O'PrBn)(h®-p-cymeng (Ru-85)

Ina 4 mL vial, 88.3 mdru-84 (0.210 mmol) was dissolved in ca. 2 mL THF, and 4D®&1g-3

(as a 0.58 M solution in THF, 0.221 mmol, 1.05 equiv) was added dropwise siglgasyringe.

Upon complete addition dfig-3, the colour immediately changed from dark red to light orange.
Removael solvent under vacuum, took up the residuesids@nd passed through Celite to remove
magnesium salts. Attempts to isolate product by reprecipitation from minim&lgthy 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 unsuccessfttH NMR analyss 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
4.2.5andAppendix B FiguresB2.11 and B2.12

2.4.10 General Procedure for Reaction of R&E-0-O'PrBn)(k!-o-isopropoxybereyl)(h®-p-
cymeng With Neutral Donors

Starting with 56.2 m@u-84(0.133 mmol), prepared in situ a benzene solutidtue85according
to the method in sectio2.4.9 Added as a solid 25.32 mg 1;pfenanthroline (0.140 mmol, 1.05
equiv), causing an immediate colour change from light yethoange to intense green. The
intensely green complex decomposed to a spectroscopicalifitied 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 onRu-84 Via Mg
Aryloxides

Dissolved 101.1 m&u-84 (0.240 mmol) in ca. 5 mL THF. In a separate container, prepared in
situ a THF solution bMg(OCsFs)Cl by dissolving 45.42 mgdEsOH (0.247 mmol, 1.025 equiv)

in ca. 5 mL THF and adding dropwise 188 Mg(iPr)Cl as a 1.28 Mdution in THF Q.247

mmol, 1.025 equiy. Added dropwise the generated MgEP§)Cl to theRu-84 solutionand let

stir for 6 h at room temperature. There was no detectable colour change during this tithe, and
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 adidgi 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 RtB5 Via Mg
Aryloxides

Dissolved 23 mdru-35(375mmol) in ca. 10mL THF. In a separate container, preparediin a
THF solution of Mg(OGFs)CI by dissolving 13.82 mg dEsOH (751mmol, 2 equiv) in ca. 5 mL
THF and adding dropwise 581 Mg(iPr)Cl as a 1.28 Mdution in THF 51 nmol, 2 equiy.
Added dropwise the generated Mg(§p€)CI to theRu-84 solutionand let stir for 18 h at 68 °C.
There was no evidence of colour change after 6 h,'lHldMR analysis at this point showed
exclusively starting material.

2.4.13 Unintentional Synthesis of RGI2(h®-p-cymeng(py) (Ru-94)

Dissolved 73 mdru-35(0.119 mmol) in ca. 10 mL THF, and addedni20pyridine (0.244 mmol,
2.05 equiv) via gasight syringe. In a separate container, preparesitina THF solution of
Mg(OGCeFs)Cl by dissolving 44.98 mg éEs0H (0.244mmol, 2.05 equiv) in ca. 5 mL THF and
adding dropwise 1941 Mg(iPr)Cl as a 1.28 Mdution in THF 0.244mmol,2.05 equiy. Added
dropwise the generated Mg(@¥ks)Cl to theRu-84 solutionand let stir for 18 h at 68 °C. Observed
a gradual colour change from orangel to yelloworange during this timéH NMR of an aliquot
taken at the 6 h miais a match for known compléXu-94,' workup not pursued.

'H NMR (300 MHz, GD¢): 9.01 (m, 2H,0-py-H), 7.73 (m, 1Hp-py-H), 7.30 (m, 2HM-py-
H), 5.42 (d, 2H,p-cymeneAr-H), 5.22 (d, 2H,p-cymeneAr-H), 2.98 (sept, 1Hp-cymene
CH(CHa)2), 2.09 (s, 3Hp-cymeneAr-CHs), 1.29 (d, 6Hp-cymeneCH(CHz)2)
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2.4.14 Synthesis of Rl@-0-O'PrBn)(OCeFs)(h®-p-cymeng (Ru-86)
Route 1:

In the glovebox, a 20 mL vial was charged with 29.2Rng84 (69.5nmol), 10 mL benzene, and

a stir bar. In a separate vial was dissolved 11.6 ghg@H (76.5mmol, 1.1 equiv) in benzene and
added dropwise 35.68L of 1.0 M ZnEtin hexanes (35.6mol, 0.5125 equiv) with stirring to
generate Zn(OgFs)2in situ. Zn(OGFs)2 was added dropwise to the vial containing ruthenium and
the solution was left to stir 2 h. No noticeable colour chaveg observedSolventwasremoved

under vacuum anthe crude mixture analyzeoly NMR spectroscopyH NMR analysis revealed
complete cosumption 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 unden\auiveprecipitation
attempted from a minimum volume GH2Cl> with hexanes. Only minimal precipitation of a dark
brown powder occurred, even after 24 h in a freezer set0aC. Precipitate and bright red
supernatant were separated via filtration amalyzed by*H NMR spectroscopy in §De. 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 targeluct plus the reappearance of the signals

for starting material. By comparison of integration for faReymeneCHz signals for starting
material and product, mixture consists of 76% product and 24% starting material.

Route 2:

In the glovebox: 51 mg d®u-84 (121 mmol) was dissolved in GAl,. 236.1nl of a 0.54 M THF
solution of Mg-1 (121 mmol 1 equiv) was added dropwise via-tigist syringe, causing an
immediate colour change from dark red to light orangexGIHvas then removed under vacuum
and tle residue extracted with hexanes and passed through Celite to remove generatethMgCl
a separate vial, prepared a solution of 22.4 rig@H (121 mmol, 1 equiv) in ca. 5 mL hexanes
and added this dropwise to the reaction mixture. Let stir 1 h, durimchwime a slow colour
change from orange to red occurred. Removed solvent and analyzed the intense red r&didue by
NMR (300 MHz, GDes); observed 100% consumption of starting material, liberatiom-of
isopropoxytoluene (confirmed by overlaying a spectrum of deliberately hydrolyized), and a
new set of signals consistent with target product (and route 1). Product remains highbyisolubl
hexanes, not yet isolatedd NMR values are consistent with product from Route 1 plus 1 equiv
of 0-O'Pr(CsHa)CHs.

'H NMR (300 MHz, GDe): 6.91 (m, 2H, benzyl AH), 5.76 (d,3Jun = 75 Hz 1H, benzyl Ar
H), 5.11 (d,2Jun = 65 Hz benzyl 1H, AfH), 5.07 (br s, 1H, benzylid), 4.23 ppm (br s, 1Hy-
cymeneAr-H), 3.93 ppm (br s, 1Hi-cymeneAr-H), 3.89 (sept3un = 6.0 Hz, 1H, OEl) 3.81 (br
s, 1H,p-cymeneAr-H), 3.36 (br s, 1Hp-cymeneAr-H), 2.58 ppm (septun = 6.9 Hz, 1H, Ar
CH), 2.47 (br s, 1H, benzylK3), 1.19 (brm, 6H,p-cymeneAr-CH(CHz)2 NOTE: overlaps with
residual hexanes signal), 1.01 (br s, 6HPraCH3).

29

References on page 31



Chapter 2. Experimental Methods

2.4.15 Attempted Deprotonation of Ruk?-0-O'Pr(CsH4)CH2)(OCsFs)(h®-p-cymend Ru-86
by LIHMDS

Starting from 103 m&u-84(0.245 mmol), prepared in situ a benzene solutiddus86 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 ®u-84. No noticeable colour change upon addition, so
the mixture was left to stir for 8 h. No colour change observed at 8 RHadMR 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 Rl@-0-O'Pr(CeH4)CH2)(py)(h8-p-cymeng

Starting from25.1 mgRu-84 (59.7mmol), prepared in situ a hexanes solutiofRat86

according td.4.14(Route 2). Added dropwise 4r& pyridine (62.7mmol, 1.05 equiv) via gas

tight syringe and let stir 8 h. No noticeable colour change at this poirtl INIVIR 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, amal sign of the signals for free pyridine at 8.53, 6.98, and 6.66
ppm, seeming to indicate successful formatioR©@{88. Attempts to induce precipitation by

cooling in the glovebox freezedQ °C) were unsuccessful.
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Chapter 3: Alternative Routes tolmportant Known Ruthenium MetathesisCatalysts
3.1 Introduction
3.1.1 Background and Motivation

Although great strides iterms of theperformanceof metathesis catalystsave been made over

the last decades (as briefly outlinedGhapter 1),diazobased methodologies have yet to be
supplanted for benzylidene installatioithis represents a significaritnpediment to the
development and deployment ofetathesis catalysts. For the chemist seeking to leverage or
investigate wetknown catalysts, the lengthy and challenging synthesis or high price of
commercially available catalysts is a high barterentry. Development of new catalysts is
similarly hindered: most new catalysts aynthesized from the commercially available Grubbs
catalysts even where thisnot the most atoreconomical, coseffective, or timeefficient route

to the desired cataly$Modified alkylidene catalysts, such as the-ti@p nitro-Grela catalyst, are
synthesized by crossetathesis with aommercially availablendenylidene orGrubbstype
benzylidenecatalysf* when it would be more efficient to directly install the desired alkylidene.
Pseudohalide catalysts, lnding most enantioselective catalysts, are accessed by salt metathesis
or transmetalation with existing catalyst€,when it may be easier/more effective to instiaé
pseudohalide on a ruthenium precursor without the sensitive alkylidene functionality and
subsequently install the alkylidene.

These synthetic decisions are presumablgertapermit use ot commerciallyavailableparent
catalyst This circumventsthe challenging and often lewelding alkylidene installation step
(whichin the case of benzylidenesquires the use of toxic, mutagenic, and potentially explosive
diazo reagntg, but maylimit scope. For examplattempts by theBarbasiewiczgroup to
synthesizeRu-25 via metathesis wittM2 produced a polar tar containing only trace amounts of
alkylidene? but the Grela group was able to isol&e-25 in 30% yield via metathesis wilB|
(Scheme 3.13 This example demonstrates that catalyst synthesis may fail due to limitations
associated with a commerciallyvailable precatalyst rather than inherent inaccessibitiiy25

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.

Scheme3.1: Synthesis oRu-25fails with M2, but proceeds witfsI.
Clll Cl,’ p
Hlees—i:{u—PCy3 OO H2IMes—hu—PPh3
w2 ¢ ol Vo cl,
|

Ph

> H, IMes—Ru—O

© 7/
CI
1 7/ Ru-25

Improved routes to metathesis catalgstsdesirabléo expand scopand accessibilityand redue
thetime requiredo develop and screen new catalyt®@mthe perspective otatalyst synthesis,

"polar tar" %
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it is instructive to sorRu catalysts by ease of synthed@&cordingly,theyare grouped in Figure
3.1 bythenumber and type dfansformations requireafterthe key alkylidene installation step.

Figure 3.1: Categoization ofrepresentativenetathesigatalysts by synthetic method

Class A: Directly accessible by alkylidene installation

cl, Cl,, c, G
CysP—Ru—PCy;  CysP— Ru—o e N
Gl Y HI e 7/ Ru-26 Cl

Cl, | Cl, | Cl,
H,IMes—Ru—PCy;  CysP—Ru—PCy;  CysP—Ru—PCy;  H,lMes—Ru—O
Gl g Ru-27°CI M1 “CI HIE N 7/
Class B: Accessible by L-ligand exchange Class C: Accessible by salt metathesis or transmetalation

H,IMes—Ru—0,

N
Ru-29 '7/ CL |

HsIMes—Ru—0,

Ru-11>s 7/

Al
CI, HyIMes—Ru—Py
CAAC— Ru—O Py CI

Gl
HII-CAAC A 7/

Hlees—Ru PCys
OO ~
CI

CAAC— Ru—CI,,

CI—Ru—CAAC
Al
CAAC—Ru—0 %
HyIMes—Ru—0O

Ru-19 I‘ N
! Ph
N 7/
cl
nG-CAAC e 7/

CI,,,(@ cl, [ ! 'l
HglMeS_RU\_N 4 H2|MGS_RU_O
Ru-31°' Ru-26 CI 7/ o,

NO,

CGBI'5
|

’l

IMes—hu—CI
N
Ru-28 FY

7/

cl,

HoIMes— Ru—O

N 7/
Ru-32 C'

cl,
H,IMes—Ru—O,

N
nGll Cl 7/

Accessible by metathesis
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Class Aare directly accessible by alkylidene installation on a suitable ruthenium pre@igsor
by reaction with araryldiazomethaneScheme3.2) and are therefore the most easily accessible
catalystsAll other classes of catalyst must be synthesized from a Class A cataigsgroup has
traditionally included the firsgeneration Grubbg and Hoveyd# catalysts as well as the first
generation indenylidefecatalyst and has recently expanded to include the segenération
Grubbs and Hoveyda catalysts with the kyggld synthesis oRu-33 developedy Craig Day of
thisresearctgroup!?

Scheme3.2 Concise synthesis of the secegeheration Hoveyda catalysthabledoy the high
yield synthesis oRu-33.

O

oL, g

s > HZIMes—Ru—O
HalMes™ | DCM, -78 °C N 7/

Class B catalysts requireeutralligand exchangeafter alkylidene installatianThesencludethe
recentlydevelopedCAAC catalysts as well as tB secod-generationindenylidene species.
Although ligandexchangeis chemically straightforwardisolatedyields are highly variable,
particularly in the case of CAACatalysts (which are currently of high interest), with yields
ranging from 1581% for Hoveydaype catalyst® and 13 to 50% for the moreactive nitre
GrelaCAAC catalysts’ As routes to new nealkylideneruthenium precursors are developed,
more catalysts will move frortlass B toClass A a high yield route to CAA@Gunctionalized
ruthenium dichloride species is a particularly high value target for the field in this context.

Class C catalysts are those witHifandsmodified after alkylidene installation, and this group
includestop-perfoming enantioselective catalysts, as well as most pseudohalide catalysts. Bulky
pseudohalide ligands are ubiquitous in early metal systemd 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 gertérahd stateof-the-art CAAC catalysts in
particular?® Anionic ligand substitution can be challengihgndin many cases (particularly for
O-based ligands such as carboxylates or aryloxides) the desired transmetalation proceeds only with
the use of Ag® 2224 (photosensitive, poor stoichiometric confyalr T16 %11 2527 (highly toxic?®

29) reagentsand in cases where the reaction does proceed with the morki@iseély alkali and

alkali earth reagents, it can be slow enough that competing decomposition of akylemmes

a concerri.Easier access to class C species will require either the development of nesttand b
methods for anionic ligand substitution on-Barbene species, or an inversion of the current
synthetic paradignmAt presentexchange o&nionic ligandis typically carried ouafteralkylidene
installation. If this step were instead carried out prior to alkylidene installation robust
substrate, the sluggigixchangeavith group 1 and 2 reagents would not be a concern
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ClassD catalysts bear modifiealkylidenemoietieswhicharenotinstalled directlyput are instead
installed poshoc by metathesiwith the appropriate olefilScheme3.3). This method is only
effective where there is a thermodynamic preference for the target specseghaccess to non
chelating alkylideness not generallypossible Successful installation of chelating alkylidenes
typically requires the use of a ligand scavenging agent such as’QuGlarious resing'>?
increasing operational complexityAs an additional limitation, only alkylidenes for which the
parent olefin is accessible may be synthesirestrictingthe scope of pential catalysts Even
when synthesis of the olefin is possible, there can be challenges, as(@#CHb)-3-(NO.)-6-
(O'Pr)(GsHs), the precursor fothe nitro-Grela family of catalystsSynthesis of this modified
styrene is typically lowyielding (overall yield of 42% yikl from commercially available-2
hydroxy-5-nitrobenzaldehyde is reporjgtiand the styrene itself is highly prone to decomposition
andshould not be stored for prolonged periodisgemptsby Stephanie Ton of this reseagioup

to synthesize the necessary diazo reagemirectly access nitr&rela catalystsl-(N2CH)-3-
(NO)-6-(O'Pr)(GsHs), were unsuccessful This provides an additional impetus for the
development of a viable alternative to diazo reagents for alkylidstalation beyond the well
established concerns surrounding safety and stoichiometric control; direct installatiortrof 3
6-isopropoxybenzylidene, and therefore direct access tpedprming catalysts, will remain out
of reach until improved methedor alkylidene installation withroadefunctional group tolerance
are developed.

Scheme3.3 Installation of modified alkylidenes by metathesis with a-existing (typically
commercially available) metathesis catalyst

NO, NO,
Ph
O phosphine scavenger
cl, > O
+
O\(

Hlees—Ru—PCy3 H2IMes—Ru—O
el 7/

commercially available catalyst tailored olefin new alkylidene ejected olefin

Classes B, C, and D can overlap (&G-CAAC belongs to both class B and D), while class A
species act as precursors for the other clagsethe field continues to develop, more catalysts
should join class A, while thetlzer categories shrink.

This chapter will discuss efforts to improve acceskntmwn metathesis catalysts in three ways:
improving access to class A via new methods for alkylidene installation, expanding class A
through the development of new rutheniumcpirsors, and improved acces<tass C by novel
transmetalation techniques.

35

References on pa@®



Chapter 3: Alternative Routes to Importdfnown Ruthenium Metathesis Catalysts

3.2 Improved Access to Class A Catalystsaa-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, diafee routes to ruthenium benzylidenes are of considerable interest,
owing to the explosive, toxic, and unstable nature of aryldiazomethane reSgestsvey of the
literature reveals a common thread tying together many apparently unrelated appraaches
ChloroalkylruheniumcomplexRu-34 has been proposed as a key intermediateuiltiple routes
(Figure 3.2P*3° a- Chloride abstraction by intramolecular oxidative additioangenerates the
alkylidene. Collectively, these routes report moderate to good isolated yieltb¥b)) 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 highlyia alkylidenes. Routeld andE give direct access

to benzylidenes (the bestudied Ru alkylidenes), arghould be adaptable to functionalized
benzylidenes such as the orisopropoxy functionalized motif seen in the Hoveyda family of
catalysts. In priaiple, any alkylidene should be accessible, provided that the paremtigeloride

can be prepared.

Figure 3.2 Routes to ruthenium alkylidenes passing through common intermBdis84. Routes
accessindru-34 via oxidative addition (blue dot) and olefin insertion (pink dot) are shown.

D @ "Ru(0)" Ru(0) = Ru(COD)(COT), Ru(H)x(H2)2(PCys)z,
Ru(H)2(N2)o(PCys),

E®
[RuCly(n°p-cymene)l2  zn, PhCHCI,, PCys, PhCHCI,, PCys
E® i) Mg, PCys, CICH,CH,CI, H, CILR & ITR
i) HCCH, H,O a-Cl elimination
RUCly xH,0 —HCCH: Hy > |L—RuzL |20 | —RuzL
Ru-34"C| cl
Co
RUHCI(H,),(PCys), ~ CH2=CHCI

Despite these appealigfaracteristicsnone of these routes has supplanted diazo technaogdy

each has significant drawbackloute D proceeds by double oxidation addition of geminal
chlorides to Ru(0) precurso{Schemes.4). While geminal dichlorides are shelf stable and easily
accessible from aldehyd&s* Ru(0) complexes can be challenging to synthesifien low
yielding, and are highly sensitivie heat, atmospheric contamination, dretjuentlylight.¢ 42
Thus,this route effectively shifts the issues of ease of handling, synthesis, and stability from the
relatively inexpensive organic fragment to the significantly mgpeesive rutheniurprecursor
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Scheme3.4: Double oxidative addition of benzal chloride to Ru(COD)(COT) generé&ing

Cl
O *
Cl Cl__Ph

2FPCys CysP—Ru—PC Cl, ("
Ru(coD)coT) — | 73 U\CI R CysP—RUZPCys
Gl C

RouteE avoids the problems associated viRil(0) precursors, and uses the robust dinsgrecies
[RuClx(p-cymene)} asthe ruthenium source. Its use has only been reported once in the literature,
in the supporting information of &010 communication describing a route to metal
chalcogenocarbonyl complexgsand the reported yield (65%) is lower than what can typically
be achieved with aryldiazomethane reaganskilled handsWhile no mechanis was proposed,
in-situ reduction of the Ru(ll) precursor to Ru(0) which could then undergo oxidative addition to
generateRu-34 (as in routeD) and/or zincation of benzal chloride to produce Zn(CHCIPh)CI
which can generatBu-34 via salt metathesis wittRuChk(h®p-cymene)} are both possibilities
(Scheme3.5). Given that geminal dichlorides are known to be resistant to metatéffband
reduction of ruthenium chlorides by zinc is the method for producing Rpédies such as
Ru(COD)(COT)#? the Ru(0) route seems more likely.
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Scheme3.5: Alkyl halide zincation (top) and ruthenium reduction (bottom) proposed mechanisms
for the generation dBl.

: Cl Zn Cl
e
Cl zincation ©_<ch|

YA

Ru-35
Y
t
Cl__Ph cl, ﬁF’h
Cy3P—Ru—PCy3 —_— Cy3P—Ru:PCy3
cl ol
: Cl
Cl
2PCY3
llRu(O)ll
/ \ reduct|on
Ru-35

Basedon the oBervation that ruthenium vinylidenes such as RuHCI(=C=CHRXRGyre
converted into more active alkylidenes in the presence of Mg@ HO (proposed to occur via
Ru-1), Werner reported in 1998ute F; a onepot synthesis of ruthenium alkylidenes from
RuCkxH20 (Schemes.6).3° RuHCI(H)(PCys)2 and MgCh are concomitantly generated by mixing
RUuCkA x28, PCy, and Mgin THF under Hat 85 °C. Subsequent addition of a terminal
alkylidyne (acetylene or phenylacetylene) generates the vinylidene intermBdi86& which
rapidly converts to alkylidenRu-37 on addition of HO. Reported isolated yields of alkylidene
are 76% which is excellent considering that this is directly from Ru®lost reported routes
require the isolation of a Rwr RU' precursor prior to alkylidene installation and thus will have
lower overall yields from Ru@lHowever, this route does not allagcess to benzylidenes, and
is therefore not a viable alternative to diazo reagents
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Scheme 3.60ne pot synthesis ¢tu-37 from RuCkxH20

Ph
Ph g/
Mg, PCys, Hy Z H,, i
RuCl3 xH,0 > RUHCI(H),(PCys)y ————>=  CysP—RuZPCys
Ru-36°!
MgClz, Hzo
Ph Ph Ph
cl
cl, | cl v
4 - Al
CysP—RuZTPCys CysP—RuPCys CysP—Ru—PCys
cl cl i
Ru-37 L J

RouteG has similar issues; access to benzylidenes is not possible, and the reaction does not cleanly
produce alkylidenes. A2002 report by Grubbs shows nsertion of vinyl chloride to
RuHCI(Hz)(PCys)2 to generate an intermediate of the tyfe34, which proceed$o metathesis

active ethylideneRu-38 (Scheme3.7), but competingcross metathesis with vinyl chloride
generates the less active and unst@bie (Scheme3.8), and an undetermined competing pathway
leads to formation of Ru(E12(PCys)2.3°

Scheme 3.7insertion-eliminationof vinyl chloride to produce a ruthenium ethylidene

+
A al cl
Cl,
RuHCI(H,),(PC ——» [Ccy.,P—Ru—PC Rl—
(M2)2(PCY3): olefin insertion Yo N Y3 | ——> CyP Ru\PCy3
Cl
Ru-38
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Scheme 3.8Competing metathesis of vinyl chloride, generating unstable methylidene

Cla, i~ Zcl Cl,, | —
CysP—Ru—PCy; —— 3 Cy3P—Ru:PCy3 - decomposition
Cl metathesis Cl >
Gim

Intrigued by the commonality d?u-34 as a proposed intermediate in such a number of routes to
alkylidenes, we sought a method to directly installaachlorobenzyl functionality on a shelf
stable Ru(ll) substratda salt metathesis with an organomagn@siaagent.

3.2.1 Magnesium Carbenoids: APotential Source of thea-Chloroalkyl Moiety

a-Haloalkylmagnesium reagents, also known as magnesium carbenoids for their -tikebene
reactivity*>4¢ were investigated in this work as a source of #hehlorobenzyl fragment.
Magnesium carbenoids have been deployed in organic synth&sand were instrumental in
mechanistic studies of Grignard formatitrit* Enantioenriched magnesium carbenoids have
additionally been develop&tf! and used to gain mechanistic insight into the reactivity of
organonagnesium reagents both with nucleopift€and in transmetalation with transition metal
halide$*%°. Related lithium carbenoids were eschewed, as they are highly unstable and exhibit
poor functional group tolerance (the nisabstitutedoenzylidene of the teperforming Nitre

Grela type catalysts, for exatlepwould not be accessible). Zinc carbenoids are-kveivn in
literature (most famously as the Simmemith reagentj® more stable than magnesium
carbenoids, and reported to produce unsubstituted rutheniumlideneg and methylidenes in
moderate to good yield. However, attempts in this work to extend the reported zinc methodology
to Hoveydatype alkylidenes (see results and discussion, below) failed to produce any detectable
alkylidenes.

Magnesium carbenoids maeact asither nucleophiles and electrophiléScheme 3,9a, 3.9b).
They may alsdiberate highly reactive free carbenda a-halide elimination (Schen&9c).4>46
67 Although a stabilized magnesium carbenoid has been isolated and ehizedtt a-halide
elimination istypically rapid at room temperature, so the carbenoids are tiypipaherated and
usedwithout isolationat cryogenic temperaturés.g.,-78 °C, but-40 °C is also reportedj“6: ¢’
The carbenoidsire not typically directly observedather, theiformation is inferred from the
product distributiorf>44 62,69
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Scheme3.9 Reactivity of magnesium carbenoidg:with electrophiles, acting as a sourceaef
haloalkyl fragmentb) with nucleophiles, generating functionalized Grignard reagentsg )ayl
intramoleculam-halide elimination, liberating free carbene.

X Nuc
. X .
R)\E Electrophile )\ Nucleophile MaX
- —_—
2) R"MgX ~ p) 9
c)
-MgCi2
_CH:
R

Magnesium carbenoids are more challenging to generate than the related Grignantk reage
Treating geminal dichlorides with magnesium would be a straightforward approach, but geminal
dichlorides are surprisingly inert to metalati@venby highly active Reike magnesium at room
temperaturé>** Heatingenablessluggish metalation, but liberation of the free carbene proceeds
much moe quickly than carbenoid formation at these temperaturesnsequenceh¢ carbenoid
cannot baised for reactions with electrophiles or nucleophiles, and only cadegived products

are observabléscheme3.10).

Scheme3.10 Magnesiation of geminalichlorides. Magnesiation is slow relative to subsequent
liberation of free carbene. In the absence of trapping agent, homocoupling to form olefins is
observed.

Cl Cl
Mg, A -MgCl,
A Mes M o oH > R~
R™ 7Cl slow R)\MgCI fast R "R
MagnesiumX (X = I, SOAr) exchangewith a sacrificial Grignard reagenhasbeen used to

generate magnesium carbenoids for organic synthesis (Schemé&>31%PPL 87 Magnesium

iodide exchange is little used, as the requisite hejeminal dihalides are unstable and
challenging to synthesiZ&’! For this reason, magnesitiodide exchange is also unsuitable as

an alternative to diazo technology for alkylidene installa@e@hlorosulfoxides are more stable

and reliably accessiblé? but the magnesiuraulfoxide exchange process is an equilibrium
procedure that often requires an excess of sacrificial Grignard reagent to driveptetmnand

will seldom cleanly produce the desired carbenoid but rather a cocktail of organomagnesium
species of which the carbenoid is a compofigtit.>® This excess sacrificial Grignawould be

active in salt metathesiand likely destroy a portion of any successfully generated ruthenium
alkylidene.

Scheme 3.11 Generation of magnesium carbenoids by magnesidide or magnesium
sulfoxide exchange.

Cl RMgCI Cl X = I, SOAr
——
—_—
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Chapter 3: Alternative Routes to Importdfnown Ruthenium Metathesis Catalysts

Treatment ofa,a-dichlorotoluenes (benzal chlorides) with the magnesamthracene complex

Mg-1 was explored as an alternative, stoichiometric route to benzylmagnesium carbenoids based
on theknown reactivity oMg-1 with alkyl halides. The magnesiuanthracene complex is known

to react rapidly and stoichiometrically with alkyl halides ever78t°C/>’* Depending on the

alkyl halide partnerMg-1 may eact by one of three pathways (Sche3r).”* With primary,
secondary, and tertiary aliphatitkyd 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
unreative at room temperature, while phenyl bromides and iodides reactsngle electron

transfer (SET) mechanismvherein one electron is transferred fravtg-1 to RX. Grignard
formation is also observed for these phenyl halides, but only as a minoeaodem, and in any

case a phenylmagnesium carbenoid is not possible without invoking supervalent carbon.

WhenMg-1 reacts withb-unsaturated alkyl halides (allyl, propargyl, benzyl, etc.), liberation of
anthracene and formation of the correspontmsaturated 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 challeioggngess
Grignards includingallenylic Grignard* and, of particular interest to this thesis, benzylic di
Grignard reagent®. If this reactivity can be extended #ga-dichlorotoluene derivatives, clean,
stoichiometric access to benzylic carbenoids &t°C will be attainable (heme3.13.

Scheme3.12 Reaction ofMg-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 ¢) Grignamanation p-unsaturated alkyl halides)

“‘o‘t
" G

o &
M:g_@ S \[\, ool
= RH+C@*»

Mg-1
c)
—> RMgX +
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A report of the reaction between 4dichlorocyclopropane anbllg-1 gives cause for optimism:

when combined withMg-1in THF at-78 °C, 14% conversion toarbenoidderived products was
observed, with the mass balance consisting of the products of the nucleophilic attack and SET
reaction pathway® 14% is low, but cyclopropanes are not among the alkyl halides known to react
primarily by Grignard formation. That any carbenoid was formed under these conditions confirms
thatMg-1 can produce carbenoids at cryogenic temperatures, and gives hope thdk ieighe
preferred reaction pathway when a benzyl -diffalide is used in place of 1,1
dichlorocyclopropane.

Scheme3.13 Proposed route to benzylmagnesium carbenoids using the magrseghnacene
complex as a magnesiating agent

Benzylic carbenoids are of particular interé@got only dothe highesperforming Ru metathesis
catalysts tend to bear functionalized benzyliden¥s’®’’ butbenzylic magnesium carbenoids are
currently unknown in the literature. Indeed, the wide range of magnesium carbenoids that have
been reported by Mgulfoxide exchand&*® 5" make the benzylic species conspicuous by their
absencelt is unclear vinether this is mere coincidence,aosympom of underlying difficulties in

the Mgsulfoxide exchange or the synthesis of benzihloro sulfoxides.

3.2.2 Results and Discussion

3.2.2.1 Generation of Benzyl Magnesium Carbenoids Via the MagnesiuAnthracene
Complex

Combining a 1:1 molar ratio &flg-1 ando-isopropoxybenzal chloride at room temperature leads
immediately to the formation of anthracene andopropoxystilbene, as identified by @S
(Scheme3.14). No substituted anthracene derivatives were detectabpdying 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 elged or C-2. The formation ofo-
isopropoxystilbene is presumed to be eviderfcearbenoid formation and subsequent liberation
and homocoupling of the free carbene. It was hoped that potential chelation ofPthe O
functionality might stabilize the carbenoid enough that it might be transiently observed at room
temperature, but thisirned out not to be the case. Attempts to trap out the carbenoid with MeOH
were likewise unsuccessful (Sche®éd5), the o-isopropoxybenzyl chloride that would be the
expected product of carbenoid protonation was never observed no matter how quitkdOtHe

was added. Interestingly, the outcome was spectroscopically identical even if the MeOH was
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present prior to the addition of the magnesiamthracene complex, indicating a preference for
formation of the carbenoid over Mg(OMeand for carbene homoagaling over protonation.

Scheme3.14 Addition of Mg-1 to 1-(CHCl)-2-(O'Pr)(CsH4) (C-2) leads to formation of
anthracene and stilbenoid, indirect evidence of formation of carbbtgil

Cl

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

Scheme3.15 Room temperature trapping experimefaited to show trapping of carbendidg-
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 magnesitanthracene complex to a stirred solution of R(FPh)3 ando-
isopropoxybenzal chloride in THF at room temperature (Scl¥eb@eled to an immediate colour

change from brown to browred.'H NMR analysisreveals approximatelf9% conversion to the

known speciefRu-39 as judged by comparison of the integrals for the alkylidene proton against

those for the protons in the 9 and 1Gitions on anthracene. If the same procedure is repeated
instead in the presence of two equivalents £&yd using benzal chloride in place of
isopropoxybenzathloride, a similar irsitu yield @1%) of the firg-generatiorGr ubb s 6 cat al vy
instead obswed, again determined on the basis of the diagnostic alkylidene signal (Sh&ne

In both cases the reaction is rapid and appears to have reached an end point within five min of
adding the magnesiwanthracene complex.
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Scheme 3.16Adding 1 equiv oMg-1 to a room temperature solution®@-20andC-2 in THF
produces known alkylidereu-39in 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 3.17Adding 1 equivMg-1 and two equiv PCy3 to a room temperature solutioRwof
20 andC-4 in THF produces known alkylidene speci&ksin 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 improvsitheyield were
unsuccessful. Adding the magnestiamthracene complex slowly as a suspension in THF made
no discernable difference to reaction outcome. Givenrdbality of cabenoid homocoupling
previously observed (vide supra), alternative mechanigralkylidene formatiomot involving a
magnesium carbenoidiere considered (Schem®.18: in thesealternative mechanissn the
magnesiurranthracene complex reacts wilu-20, generating either a Ru(Ilh2-Ru-anthracene
complex by transmetalatiqiRu-40) or a Ru(0)h8-Ru-anthracene compleiRu-41) by reduction.
Subsequent insertion into a@ bond on isopropoxybenzal chloride would then furrish39.

In order to probe this mechanism, the reaction conditions were changed such théPRug!
was treated first wittMg-1 and theno-isopropoxybenal chloride, but this method yielded no
spectroscopically detectable prodyctproviding evidence against these smambenoid
mechanisms.
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Scheme 3.18Proposed noitcarbenoid mechanisms for the formation of HIl from the reaction of

Mg-1 andRu-20.
I l I cz)\ (?

Reduction - o p/l o - Ph3P Ru—O
-MgCl, " pppy 3 Cl Ru-39CI 7/

cl, PPhs Ru-41
~ | Mg-1 cl
PhsP—Ru—PPhj
N
cl 0

PPh
Ru-20 _ | s c2 I cl,
Transmetalation
> mRu—PPh; >  PhyP— Ru—O
-MgCl, |
Ru-39 CI
PPh3

Ru-40

Attempting to address the known thermal instability of magnesium carb&ndftlby first
generatingMg-2 at-78 °C and adding this to a solution of Ru@Ph); also at-78 °C similarly

showed no evidence of alkylidene formation. Instead decomposition of(R&@)s is observed.
Carbenoids are known to react with phosphines, including triphenylphosphine, to form
phosphonium salt8.It is possible that while low temperatures are successful in stabiNirg,

the desiredransmetalation step does not proceed at these temperatures and exclusively reaction
with phosphingo produceP-1 occurs(Scheme3.19. This would also account for the low yields

of alkylidene at room temperature if reaction with phosphikenistically favoured.

Scheme3.19 Proposed competing reactionMf-2 with RuCbk(PPh)s and free PPh

Ccr
Cl

CI,’ r ; RuCly(PPh3); ©\)\MgCI PPh; 4<
PhyP— Ru—O > + >
3 Activation enery not o) Activation energy v \ MgCI
CI c LPh
Ru-39

accessible at-78 C accessible at -78

Mg_z P'1

Alternatively,if transmetalation does proceentho metalation of bound PPtould also account

for the low yield of alkylidenes at room temperature and total decompositi@8 &€ (Scheme

3.20. Bulky alkyl- and arylphosphines, particularly triphenylphosphine, are prone to
cyclometallation on ruthenium when in thesence of strong bases or when sharing the
coordination sphere with carbanidi§® However, thea-Cl-o-O'Pr-toluene that would be
liberated by such a cyclometallation reaction could not be detected. In a slight variation of this
mechanism, if tha-chlorobenzyl fragment iRu-42retains its carbenoid charact€rH insertion

onto the benzyl carbon rather than the roihwen centre would account for the absence of &ee
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 3.20Cyclometalation of PPhknown to ocar onRu centres, could contribute to low
yield of desired alkylidene.

(o6 sV

)\ F’hst, -HCI

Ph,P—Ru—PPh; e—--—"—— PhsP— ‘Ru—0O —>» Ph,P— ‘

N
Ru-43 “Cl| Ru-42 ¥C| 7/ S 7/

Ru-44

In order toremove competing reaction with free phosphine and ertbtalation of bound
phosphine as potential complications, alkylidene installation was attempted on a phésgghine
ruthenium precursoiRu-33, the high yield synthesis of which had at the time ridgdreen
developed in this group by Craig Dawas chosen as a phosphiinee precursor that also efied
potential direct access to sedegeneratiorcatalysts, as it is already functionalized with the N
heterocyclic carbene dMes. Unfortunately, replacing RufflPPh)s: with Ru-33 led to an
intractable black mixture with no spectroscopically detectable products (S82thélhe mode
by whichRu-33 decomposes in this instance is unclear, btt &ctivation of an HAMes mesityl
proton is known for benzylruthenium speéfeand is a potential primary decomposition event
here (Schema.22.

Scheme3.21: Reaction ofRu-33 with 1 equiv Mg-2 (generated isitu) does not produce
alkylidenes

:=i—\=’ : Mg-2 (1 equiv.) cl, K@

Ru
e X > Hlees—Ru—O
2Mes™ 1 T THF, 78 C N 7/
Ru-33
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Scheme 3.2: Potential decomposition routes fRu-33 on exposure tivig-2.

oL

Q:'/ gy —’, Ru

decomp.
@ : Ru-46
Mg-2 Ru, Cl
Ru 9 E

— N "
HalMes™ | "¢, Q:'/ Yo O\(

Cl N
Ru-45 ( ) <

Ru-33
RU"”ICI
g — R
- & O —>» decomp.
-HCl O

Ru-47

Dimeric [RuCh(p-cymene)} (Ru-35), although free of both phosphine and NHC, similarly did not
produce alkylidenes when treated whitg-1 (Scheme3.23. Once again, decomposition to a
spectroscopically #defined mixture was observed. Presumably, dissociation-aymene to
produce coordiatively unsaturateRu-49 is followed by rapid decomposition.

Scheme 3.3: Reaction of [RuCp-cymene)}with Mg-2 and proposed decomposition raute

Cl Cl Mg-2 (2 equiv.) l —
\(@j N_/ ( q C'//,, | decomp.

Ru RuU Ru—O
CI/ \CI/ THF, 780 pcymene ~ —>
Ru-35 Ru-48

The initial result of 3547% insitu yield of fird-generatiormetathesis 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.

3.3Expanding Class A: Investigation of Nw 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 hegktcatalysts is exploring new
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catalyst precursor species. The recent development of gieighroute toRu-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 ike basis of what is now the most succinct and atom economical
route to secamrgeneratiorcatalysts:

A drawback to the use &u-33 is its thermal and photolytic instabilityExperience in the Fogg

group indicates that, even when stored in the freezer (Set4@t°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 researchstheatalyst 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.

RuChk(Hz2IMes)(py) (Ru-50) similarly has potential to grant direct access toONHnctionalized
catalyst§Scheme 3.24)and is anticipated to exhibit greater thermal and photolytic stability than
Ru-33, making it a better candidate for storage and trandRof&0 has previously been reported
as a decomposition product of the dthgreneratiorGrubbs catalyst, and was isolated in 29% vyield
by the deliberate decomposition @l .2° The fact that this species was accessible only by the
decomposition of a metathesistive benzylidene (and even then only in low yields) rendered it
unattractive for further study, and there are no sylosat literature reports of its isolation. A
convenient route tRu-50 would therefore be of interest.

Scheme3.24: Predicted synthesis of the thiggneration Grubbs catalyst frdRu-50.

| AN

P
c:|,,'il __ N=N*= cLi =
D — > > —Ry— )
HoIMes RIU\N\ / HyIMes Rlu\N\ /

N Cl N Cl
N X
Ru-50 Gl

One can imaginsubstitution of one pyridine of the tetrafigridinecomplex RuCl(py)s (Ru-51)

as a concise route Ru-50 (Schemes.25), but despite the reputation of pyridine as a labile ligand
elsewhere in the ruthenium metathesis literattirthis 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 insolubiligueb1 in most organic solvents. It is

very slightly solublén CH2Cly, but this solvent is incompatible wiftee H2IMes . Routes tdRu-

50that do not proceed tbughRu-51 were therefore investigated.
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Scheme3.25: Hypothetical route tdRu-50, not pursued due to surprising inertnes®kof51 to
ligand substitution

X X
| ®

~
N N
J Rl /4 HolMes Y —
N—Ru—N — »  HyMes—Ru—N
= A\ ] IN_\_7
N_ Cl Py N_ Cl
) <
X N
Ru-51 Ru-50

3.3.2 Results and Discussion:High Yield Synthesis of RuCk(H2IMes)(Py)s and
RuClzH2IMes(3-Br-Py)s and Investigation as Catalyst Precursors

A route toRu-50 was realized by leveraging the thermal and photolytic lability of thenpene
ligand inRu-33. In a one pot procedure starting frétn-35, adding 3.3 equivalents of pyridine

to an insitu generated THF solution &tu-33 and stirring for three h at 68C in a weltlit
glovebox, yielded after workuRu-50in 88% yield as a bright orange powd8cheme 3.26)}H

NMR analysis was consistent with the values reported by GAitihslike the tetrakis pyridine
complexRu-51, Ru-50is readily soluble in THF and Benzene, presumably by virtue of the large
organic framework of the #Mes ligand.

Scheme 3.8: Synthesis oRu-50from dimericRu-35.

| N
1) 2.05 equiv. HylMes N/
cl_ ¢l RT, no light Cl =
- “={ 2) 6.6 equiv. py HolMes—Ru=N pi
60 C, light
CI/ \CI/ 9 - N_ Cl
THF z |
Ru-35 Ru-50 X\

The lability of pyridine inRu-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 spectracopy. Donors selected to cover a range of donicity and steric bulk
were added to a sampleRié-50in CDCh, the results are summarizedTiable3.1, below. NE%

and PCy both fail to substitute pyridine. MeCN and BRjoth partially substitute pyridine,
effecting 67% conversion t®u-53a and 25% conversion t&u-53c, respectivelyThis confirms
Ru-50to be more active in ligand substitution than tetrakis pyridine coniple1, though the

site of ligand substitution is surprising. Both steric and electronic amgsmeuld lead one to
assume that substitution of the pyridirensto H2IMes should be preferred, as this site is the most
sterically accessible, and strong sigma donation from the NHC should labilizartbpyridine.
However, substitution is observestclusively cis to NHC, as determined by examining‘the

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 oisthe
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 sulbstitus 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 lignd. PCy s the strongest donor examined, but does not coordinate at all. PPh

is a weaker donor than P§yet does partially coordinate. Likewise, MeCN is considered a weak

donor, but as the least sterically demanding ligand caused the highest coneésny ligand

examined. Steric clash between bulkier ligands and the mesityl akaBvgs 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 steric repulsion between thelMles mesityl arms acting
to labilize the cigpyridines and strong donation fromplMes increasing baekonation to and
stabilizing the trans pyridinéigure3.3) . A

eff ect O

has

S i

mi |l ar

el

ectroni

backbonding hewnot been discussed in the ruthenium metathesis literature.

Table 3.1 Results of ligand exchange experiments MAth50. Pyridine substitution is observed

exclusively cis to NHC.

Symmetry Preserved

Symmetry Lost

c al

b een ;imshe adedndjesdnationh Gribdbs catéy8tyand back
donation to the* antibonding orbital of pyridine is knowA§®3, although any impact of pyridine

Symmetric
I N cis-pyridines A @
—Z N/ N/

CI,,'ij — 1 equiv L C'f,'| C'c,| /\i> N
—Ru— HoIMes—Ru—L + HyIMes—Ru—N +
H,IMes R|“\ N:\ /> CDCly, RT 2IMeSTRIS A N/ Q

Cl N Cl L Cl
/N Asymmetric L
@ trans-pyridine g'_ II:: I\l\/lIESN & | Ru-53a-d
‘L= 3
c: L =PPhy Ru-52a-d
Ru-50 d: L =PCy;,
L % Ru-50 % Ru-52 % Ru-53 Conversion
MeCN 35 0 65 65 %
NEt; 100 0 0 0%
PPh 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-pisidines, while strong sigma
donation from NHC increases babknding to trangyridine.

steric repulsion
labilizes cis-pyridines

back-donation
to py n* orbital

XI X stabilizes trans-
" _ / pyridine
N Cl,’ — Q O
E R|UCN\ /> Ru N
PPN Jd oL
|
X'\
Ru-50

Treatment ofRu-50 with phenyldiazomethane is expected to yield thedtenerationGr u b b s 6
catalyst,Glll (Scheme3.24). However,as the field is seeking to transition away from diazo
reagents, vinylidene installation was instead attempted, with the goal being to Raofadeand
subsequently treat with an acid source to both trigger vinyliteirelenylidene rearrangement
and seqester pyridine (Schen®27). If successful, this wouldrovide a succinct route tBu-55,
which is an NHCGfunctionalized analogue to the highly active chloride bridged sp&uieko.
Unfortunately, treatment dRu-50 with 1.1 equivalents of CHGC(Ph»OH in THF or DCM at
room temperature failed to induce conversion to the target allenylit¢NMR analysisevealed
mostly starting material, indicating that CHC(Ph»OH is unable to successfully displace
pyridine in Ru-50. Heating the reaction to 6@ and letting it stir overnight did not solve this
issue.

Scheme3.27: Attempted synthesis dRu-54 and predicteconversion tdRu-55. Unfortunately,
Ru-50was unreactivéeo CHQ C(Ph»OH.

G

| N OH |
P 1.1 £ H,IMes—Ru—Cl,,
c, N Z O cl IC! ’ N e
M /’ERl N/\j> X ,'-II — acid Cl—Ru H2|MeS
2lIMes—Ru— » H,IMes—Ru—N —> Cl
,L\C,\ / THF, RT A J 2 py Q
| N
< /\ | Ru-55 on
Ru-50 Ru-54

On the assumption that insufficient lability of pyridine is the main obstacle to vinylidene
installation, variants oRu-50 functionalized with more labile pyridine derivatives were sought.
Labilization by both steric pressure-2e-py, 2,6Me-py) and eletonic withdrawal (3Br-py)

were pursued (Schem8.28. 2-Me-py and 2,6Me-py both failed to install, and only
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decomposition oRu-50was observed. -Bromopyridine did bind successfully, aRdi-56cwas
isolated as a vibrant orange powde68% yield, cofirmed by diagnostiéH NMR signals for
the ortheprotons of bound-Br-py. The lower isolated yield may reflect the increased lability of
3-bromopyridine, or the increased solubility Bfi-56c¢ over Ru-50. The Meso-CH3 signals,
which appear as a single singlet at 2.78 ppm integrating for 12 protBas50 appear irRu-56c¢

as three singlets at 2.7@m (3H), 2.67 ppm (6H), and 2.56 ppm (3H), indicating restriction of
rotation of the mesityl arms about theNCbond, preumablydue tosteric clash with the-Br
functionality on pyridine. Rotation of the whole NHC about the@Rbond is unrestricted, as
indicated by the signal for the NHC backbond>(Qrotons, which appears as a single singlet
integrating for 4 protons. Alough 3bromopyridine should be more labile than pyridiRe;56¢
also failed to produce vinylidenes when treated to 1.1 equivalents of C{RG»OH.

Scheme3.28: Synthesis of substituted pyridine derivativeRat50. Only 3-Br-py derivativeRu-
56¢ could be successfully isolated

L=
N N N
2K » H,IMes—Ru—L % Z Z g,
| a b C

i THF, 60 C L e

2,6-di-Me-py  2-di-Me-py  3-Br-py
Ru-33 Ru-56a-c

Attempting to promote the reaction Bu-50 with CHC C(PhOH by adding 0.1 equiv acetyl
chloride as an acid source in order to force the dissociation iofrmyted to rapid decomposition

to an ilkdefined black mixturédScheme 3.29)The persistent failure to observe formation of an
allenylidene or vinylidene complex, even when pyridine is forc#glguestereduggests that the
problem with this reaction lies not with the dissociation of pyridine, but with the association of
1,1-diphenylpropargyl alcohol (Schem3e30). Based on the ligand exchange experiments above,
dissociation of pyridine occurs eid HIMes, 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(PhYOH. This idea could be probed by replacing the
symmetrically bulky HIMes with anunsymmetricalNHC or, more interestingly, one of the
unsymmetricallybulky CAAC ligands that have recently been deployed in rebogdking
catalystgScheme 3.304¢17, 20, 9496
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Scheme 3.20: Addition of acetyl chloride to R850 and CHC C(Ph»OH causes rapid
decomposition to an #ilefined black mixture

Ph

11 =—&OH
X Ph
| 0O
~
C'c"il _ 0.1 )J\CI
Hlees—Ru:N\ /> »  rapid decomposition!
,L Cl THF, RT
|
NS
Ru-50

Scheme3.30: Steric clash may be preventing coordination of CEBEhYOH. This may be
alleviated by switching to asymmetrically bulky NHC or CAAC ligands

—Q—Ph
= OH
Ph Ph J— Ph

N O T
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3.4 Improved Access to Class C: Zin@ryloxides as an Alternative Transmetahting Agent
3.4.1 Introduction: Pseudohalide Ligands, Challenges and Opportunities

Alkoxide and Aryloxide ligandswith their highly tunable stereoelectronic propertiase
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 metathéaigsta(Figure 3.4), but
despite early reports of impressive activity from pseudohdlédging catalysts such &s1-28
andRu-57, which achieved turnover numbers in the RCM of diethgllylmalonate of > 40 000
(groundbreakingat the time, and comparable to modern stéditthe-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 catati/ste a
revelation thattop-performing CAAGfunctionalized Ru-carbene complex&s 77: 9495 9799
decompose primarily via bimolecular pathwa$f&and the mechanistic confirmation of the role of
chloride ligands in bimolecular coupliffl'®® have sparked renewed interest in bulky
pseudohalide ligands as a means of preventing or retacdingling. Convenient methods for
pseudohalide installation are therefore of interest.
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Figure 3.4: Selected examples of pseudohalBaring Ruebased metathesis catalysts
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[ | Cla, | ;:
Hlees:‘Ru\—O CysP— Ru—N
0 0
O
Ru-59
Ru-13

Pseudohalide installation bglsmetathesis with group 1 nucleophiles is inconsistently successful
on ruthenium metathesis catalysts: thiof4teatecholaté® catechothiolaté®® PhO,%4tBu00®

have all been installed well from alkali metal nucleophiles, while electeficient aryloxide
(CeXsO, X = F, Cl, Br), perfluoronatedcarboxylate; 22 sulfoxide’ nitro,° isocyanaté,
isothiocyanaté, o-Schiff-basearyloxide?>?” 1% and bidentate NH@ryloxide?* 1719 |igands

have only been installed vtae use of silver or thallium nucleophiles. deneral, 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 Tl. This presents
a challenge, as thallium and @smpounds are highly toxf€2° requiring great care in usechim

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 jurisdistids well, both metals are relatively
pricey, especially compared to sodium.

The surprising inertness to substitution of chlorsdi®wn byruthenium metathesis catalygsot

unique W(NtBu)CL[P2(NtBu)s], Mo(NtBu)CL[P2(NtBu)s], and MnCI(NBu)z are al inert to
substitution of chloride by carbon, oxygen, and nitrogen nucleophiles as the lithium or magnesium
reagents, but will react with Ag or Tl nucleophifé®!? PyrrolidebasedPNP ligands failed to
install on Ir or Ru substrates from the Li nucleophile and could only be successfully installed from
Ag or TI.}13 b-Ketoiminate and relateb-Ketoiminato ligands were successfully installed on Pd
and Ni with Tl nucleophiles while Li and K failéd**'> There are numerous othexamplesof
pseudohalide installation on various metal centres using Ag or Tl nucleoplitesiwcomment

on the performance ajroup 1 or 2 nucleophildd®!?* 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 atyilof Ag and Tl nucleophiless likely a kinetic rather than
thermodynamic phenomenon, amak been attributed to the higher electrophilicity of Agd TF

cations facilitatingaccess to thisur-memberedransition statd S-1 (Scheme8.31).112Wilkinson

has suggested the involvement of electrophilic attack on chloride bprAG".1*? Analogy has

also been drawn to the accelerating effect of &gd TI cations innucleophilic substitutions of
organic halides, where philiiscdpskcugdsetf’Aha@aaver
similar effect is known in halide substitution of metal complexes ieags nedial?® We

therefore considered whetheher, less toxic and photosensitive late metal nucleophiles might
exhibit a similar electrophilicalbgriven accelerating effect

Scheme 3.3 Electrophiligty of heavy/late metal cationsTI{ pictured) is believed to be
responsible for improved activity itransmetalation relative to alkali/alkali earth cations.

N .
8 MI—C 8
M—Cl + TI—X=~— | |5 =~ [M—X + TI—Cl
5 X—TI
TS-1

Zinc nucleophiles stand out as a promising candittatesmetalating agenthey are thermally

and photolytically stable, easily accessiblther by deprotonation of the appropriate acid with

diethyl zinc or salt metathesis between a group 1 or 2 nucleophile ang ZmCtinc is effectively

norttoxic. Zinc nucleophiles alsakie an excellent pedigree as the transmetalating agent of choice

in palladiumcatalyzed crossoupling!?”1?® where it has been commented that reactiortfen
absence of zinc ar e ghe tutdity of Girec dnothrisi conitext dnds ybeers | o w 0
attributed to the ease of transmetalation both to and from zinc nucledghéractly the poperty

sought in the present context.

Installation of GFsO", among both the hardest and most electron deficient pseudohbétibave

been installed on Ru metathesis catalystpresents a highly challenging tssenario for an
alternative transmetating 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 GFsO on the secamgenerationHoveyda catalyst? We therefore decided to test
Zn(OGsFs)2 as an alternative to TIQE:s in the installation of €FsO° on the secadrgeneration
Hoveyda catalyst.

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

Treating the secahgeneratiorHoveyda catalystlll, to 1 equiv of irsitu generated Zn(QEs)2
did not proceed cleanly to the expecteddngoxide specieRu-58 (Scheme3.32). Insteadthree
alkylidene signalsit 16.63 16.9Q and17.17ppmwere detectable bYH NMR spectroscopyThe
signal at1l6.63 ppmcorresponds to unreactétl , the signal al7.17ppm is consistent with the
target bisaryloxide Ru-58, and the signal at ppm is presumed to arise from raoyloxide
speciesRu-60. The distribution of these three species depends on the solvent uskd3(2gb
suggesting a solvewtependent equilibrium.
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Scheme3.32: Reaction of 1 equiv. Zn(QfEs)2 with HII . Zn(OGsFs)2 generated isitu by adding
dropwise 1.0M ZnEktin hexanes to a solution ofelEOH in the appropriate solvent. The
Zn(OGsFs)2 is then added dropwise to a stirred solution  oHIl.

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 reactiorttif with 1 equiv. Zn(OGFs): in different
solvents, as determinday relative integration of alkylidene signals for each species inHhe
NMR spectrum of an aliquot taken from the reaction mixture.

Solvent |HII Ru-60 |[Ru-58 % A ZAro
consumed

CH2Cl2 50% [50% (0% 25%

CeHe [26% [65% (9% 41%

THF 24% [70% 6% 41%

Thefactt hat i n no case eveMAr50 % roadg mehnet aivsa id carbs temr
only the bis aryloxide speciegn(OGsFs)2is competent to install aryloxide, while concomitantly
generateanonoaryloxideZn(OGsFs)Cl acts as a source of chloride rathertaryloxide(Scheme

3.33, This should be confirmed by repeating the attempted transmetalation with 2 equiv
Zn(OGsFs)Cl in place of 1 equiZn(OGsFs)2, in which case little to no aryloxide transfer would

confirm that Zn(OGFs)Cl is not competent assmurce of aryloxide (Schen334), and &ollow-

up reaction where a genuine sample of-dmgloxide Ru-58 is treated with 2 equivalents of
Zn(OGsFs)Cl, in which case formation &tu-60and/orHIl would indicate that Zn(OgFs)Cl can

act as a source of chide (Scheme 3.35)

Scheme3.33: Proposed equilibrium betwedétil , Ru-58, andRu-60, with Zn(OGFs)CI acting
as a source of chloride rather than aryloxide.

CGF5 CﬁF5
| I
CI,,,,, | Zn(OCgFs5), O,,,, | Zn(OCgFs), O"/, |
H2|Mes—'Ru<o — — H2IMes—'Ru—OY = — H2|Mes—'Ru<o\|/
HI Cl Zn(OCgF5)Cl Ru-60 C Zn(OC4F5)Cl Ru.58 (I)
CesFs
Equilibrium is r eaciCeaGlsarpusat hsjthe soDeRichlorinatiomh e n CF

of Ru-58/Ru-60 or decomposition of ZityCsFs). by CH.Cl> wasnot considered as a concern, as
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Ru-58 has been previously synthesized in 2CH and characterized in CDE¥ and zinc
nucleophiles are routinely prepared and used inGIHvithout incident (e.g. in the Simmons
Smith reaction}3° Aryloxide installationproceeds more slowly (equilibrium reached after 24 h)
in THF, presumably due to coordination of THF to Zngeg. It appears thaZn(OGsFs) is
kinetically but not thermodynamically competémtransmetalation. Ag and Tl nucleophiles have
precipitation of highly insoluble AgCl and TI@s a strong thermodynamic driving force, but
ZnCl> and especially Zn(O4Fs)Cl areconsiderably more soluble and cannot therefore act as a
good thermodynamic sink. Attempting to stabilize/sequesteranGberforming the reaction in
the presence of 1 equivalent-&é®wn6 did not lead to greater conversion, but did cause the
reactiondn CsHe and CHCI> to behave like the reaction in THF; equilibrium was reaahecde
slowly and conversions matched those observed for THF.

Scheme3.34 Proposed experiment to probe whether Zrn{&Jl 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

Scheme3.35 Proposed experiment to probe whether Zn{&JCI 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
? N DCM, RT, 3 h N \( N \(
(o} Ru-60 C! HI Cl
Ru-58 | u-
CeFs

One solution to acce$3u-58 would be to simply use an excess of ZngB4,. However, this is
wastefu] precludes the possibility of stoichiometric control and access to the-amgloxide
specieRu-60, and the presence of a large excess of zinc reagent would significantly coenplicat
workup. A better solution would be to combine the favourable thermodynamics of alkali metal
reagents with the superior kinetics of zinc nucleophiles by generating ZdR{@Catalytically

from a stoichiometric amount of Na(@ks) and a catalytic (b moPb6) amount of ZnCJ thereby
minimizing the presence and impact of Zn@B§Cl and ZnCi (Scheme 3.36)A conceptually
similar approach has been deployed in the ecospling oforganosodium reagents enhanced by

a catalytic amount (10 mol%) of ZnCf!
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Scheme 3.36Proposed use of Zngas 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, ZnGlwould be acting as a catalytmionicligand transfer ageniThis approach
may bebroadly applicable, not just to pseudohalide installation. For example, exchangiog Cl
I~ on metathesis catalysts via salt metathesis with Nal is often slugegglring 8 h in the case of
thefirst-generatiorGrubbs catalyst3? A catalytic amount of ZnGlcould significantly accelerate
this exchange.

3.5Conclusions

A new route to magnesium carbenoids from geminal dichlorides has been achieved utilizing the
magnesiurranthracene compleMg-1. However, and in spite of early promising results, an
effective route to ruthenium alkylidenes utilizing magnesium carbenoidg notibe realized.
Ancillary ligand incompatibilities are suspected as a key issue to overcome.

The first highyield synthesis oRuCh(H2IMes)(py: (Ru-50) is reported. Ligand exchange
experiments indicate th&u-50is both more soluble and substitutidiy labile than tetrakis

pyridine species Ruélpy)s (Ru-51), although ligand exchange unexpectedly occurs primarily

cis to HIMes. Despite the increased lability, indenylidene installation was unsuccessful both on
Ru-50and the more labile still RugtH-IMes)(3-Br-py)s (Ru-56¢). Steric clash with the bulky
HzlMes ligand is believed to be responsible both for the unexpectedgiredefor substitution

cis to HbIMes and the failure of indenylidene to install. DerivativeRof50 bearing

unsymmetrically bulky NHC or CAAC ligands are proposed as a solutiohnigcsteric crowding.

Zinc aryloxides have been invested as an attraatteenative 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 nacase was even 50% of available-@Ar bond consumed. Utilizing a catalytic
amount of ZnClin 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 Zrand the thermodynamic sink of NaCl.
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Chapter 4. Toward Low-Valent Ruthenium Alkylidenes
4.1 Introduction
4. 1.1 Setting theV8taged WRAkylitemaPs umm AL OW

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‘8téitthe alkylidene is
considered ae u t L-d b n Bgand (ike Fischer carbenes), then the atbesis precatalysts are
Ru(ll). They are then oxidizedo Ru(lV) upon cycloaddibn of incoming olefin toform the
metallacyclobutan@entermediate. If instead the alkylidene is considered a dianionic lidiked (
Schrock carbenes group 6metathesis catalysts), then both the precatalyst and MCB intermediate
are Ru(lV), andheoxidaion stateis unchangethroughout the catalytic cycle.

The Ru(l)/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(ll) or Ru(lV), omitting the2 anionic ligands present on all known neutral precatalysts will

reduce the oxidationstateBy Thus, i n the -papésentroadbhtexum a

is defined as a ruthenium cenftexidation states lower thahe well-known metathesis catalysts
of type RuXL2(=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; firgt the switchfrom
phosphines to NHOtfarking thed a wn o f  d-gereratiots e « ats)®aahdymore recently

with theintroduction of CAAC ligands® This has been a highly successful stratéggreasing
electron density on ruthenium has irased 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 IdatiftySpurred by the
succes®f the NHC catalystscatalyst development has been driven by the search for ever more
strongly-donating stabilizing ligandsvhich remain compatible ith metathesis catalysts.
Enhanced electron densitgt Ru is believed to increase olefin affinity and promote the
cycloaddition step in metathesis by increasing the degree of backbonding into thepblefin
antibonding orbital$®1°

An alternative approach to increasing electron density on Ru that does not appear to have been
widely investigated is reducinthe oxidation state of the cataly®mitting the 2 anionic ligands

present in all known neutral catalysts would decrease the oxidation seaedyjormally increase
electron density on ruthenium Byelectrons. Such lowalent alkylidenes could potgally be the

most electrosrich Ru metathesis catalysts to date.

Currenvalédngd Ru al kylidenes ar e’ dndnthdrefotey t o
susceptible to attacky nucleophile$®?® Indeed, nucleophiti abstration of alkylidene by
phosphine has been established as a major decomposition pathway fori@pebtetalysts> 27

and helps account for the declining use pfosphinesaslabile ligandsin Ru-catalyzed olefin
metathesisThe sole published example of a lmalent Ru alkylidene, by contrast, reacts primarily
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as a nucleophile at carbon, although this-i@lent (and therefore nucleophilic) character is not
maintained on expose to olefin, owing to an oxidatively ndannocent nitrosyl ligand (vide
infra).2® A low-valent Ru alkylidene that remains lexalert (i.e. without oxidatively nofinnocent
ligands) is therefore expected to maintain its nucleophilic characterwdhid be a boon both in
terms of improving catalyst lifetimés the presence of nucleophilic contaminaatsl inallowing

the very welldeveloped toolbox of highailored phosphine ligands to be once again deployed
in Ru catalysts foolefin metathesis.

Moving to lowvalent systems may also help address the issue of bimolecular coupling (BMC).
BMC of the methylidene intermediate has retjeheen established as one of the major inherent
decomposition pathways for Ru metathesis catafysiagd is especially relevant to the ground
breaking CAAC catalysts, which have recently been shown to decompose almost exclusively by
BMC.3°Natural bond orbital (NBO) analysis of proposed BMC intermedipéeiehas suggested

that the interaction leading to coupling is enhanced by polarization of the [Rodital towards

Ru and resultant polarization of the corresponding Rp*:@ntibondingorbital towardscarbon

A lower-valent methylidene Ru=C is expected to be significantly less polarized towards Ru. In
fact, reports of a nucleophilic lowalent Ru metylidene suggest that the RusGorbital may be
polarized in the opposite direction, towa®bon This has the potential to disrupt the orbital
overlap that in higtvalent methylidene speciesableBMC.

4.1.3 Background: Precedent for LowValent Ru Alkylidenes

CurrentRu metathesis catalysts are, compared to their early metal predecessors, already examples
of #ladvent o al kylidenes. Group 6 metathesis ca
Ru metathesis catalysts, tend to be in the dsgpossible oxidation statewhile all known Ru

metahesis catalysts are at most in the +4 oxidation datdelowthe maximum oxidation state

of +832 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 soxample of a formally lovwalent Ru &kylidene,the Roper compound
Ru-61 (Schemet.1), bearing an anionic chloride and cationic linear nitrosy! lig&this species
was isolated in excellent yield (88%) byaction ofthe 16electron, coordinatively unsaturated
RuCI(NO)(PPB). with diazomethane. In contrast to highlent Ru alkylidenes which exhibit
electrophilic characteRu-61reacts primarily as autleophile at carbon. However, when treated
with olefin (ethylene or &) or diphenylacetylene, formation of methylphosphonium ylide by
nucleophilic attackof phosphineis observed. Thisswitching of carbene reactivity from
nucleophilic to electrophiligvas attributed to the oxidative namocence of the nitrosyl ligand
The nitrosyl ligandvas proposed tproduce electronic unsaturation at Ru by switching from the
linear 3-electron donor configuration to the bent axectron donor configuratigrenabliry
coordination of olefin.Additionally, backdonation from Ru to olefin is believed to further
diminish the nucleophilic character and increase electrophilic character at methylidene.
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Scheme 4.10xidative norinnocence of NO ligand allows nucleophilic attack on methylidene.

: PPhy
o]
A\ _ PhsP
Nyl Z O=N, || N
PhsP—Ru—PPhy —— PhP—Ru—j| ——— O=N=Ri__
Cl Ru-62 Cl Ru-63 PPhCI
Ru-61 u- 3
linear NO, low-valent bent NO, high valent observed product;
nucleophilic methylidene  electrophilic methylidene  evidence of nucleophilic attack

Thusalthough the methylidene speciestie absence of olefin is lowalent, when exposed to
olefin it shares the same oxidation state electrophilic character at methylidene as conventional
metathesis catalystso evaluate the feasibility of lowalent metathesis catalysts, oxidatively hion
innocent ligands must therefore be avoided.

Two approacheto low-valent Ru alkylidenesre examined in this thesigeduction of known
high-valent metathesis catalysts, aedoval of ara-proton from a Ru(ll) alkyl species.

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

Although @mmon in early metal systemt)e method ofa-elimination b form alkylidenes
developed by Schroékis rare in ruteniumchemistry. Tere are as yet no reports in the literature
of this approach being used to generate metatheti'eRu speciesalthough examples have been
reported of the unintended, stericaihduced transformation of alkylidene species into
alkyidynes®*34 Adapting the Schrock methodology to Ru(ll) systesmsld plausiblyyield low-
valent Ru alkylidenes

4.1.5a-Elimination: Early Transition Metals vs. Ruthenium

In complexes of the early transition metals, the alkylidene functionality is commonly generated
vaa-el i mination from an al kyl ' i gand, as | mmor
tantalumneopenglidene in 1974° The appoachis simple:2 alkyl ligands (substituted at the

position to prevenb-hydride elimination) installeais to one another and subjected to steric
pressure will eliminate an alkane, generating the alkylidene. This method is general for the early
transtion metals, and examples have been reported for W, Zr, Mo, Nb, Ta, Ti, V, Cr, &hd Re.
However setting up similar conditions aathenium does not produce alkylideplest rather leads

to cyclometallation of the alkyl ligandéScheme4.2). Installing a benzyl ligand on ruthenium

leads to o-metalation’®3®’ and neopentyl ligands undergg-elimination to form a

met al | ac y*& w-Elminatienroka terminal proton to form metaljales seems to be

general for late metal systefi$ indeed, a study by Whitesides fouthétlate metals exhibit a
preferencefow-e | i mi nati on fr om al ky#4Thédivgrgentelisninatign t o 5
behaviourof early vs. latemetal systems does not appear to have been commented on in the
literature.
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Scheme 4.2Cyclometalation of benzyl and neopentyl ligands on ruthenium.

MgCiI
cl,,, FMes g MesP,,,
Me3P RU PMe3 > Me3P RU
PMes MeP P,
Ru-61 Ru-62

2 CIMg/\K
QGZP/ Mesz PMe2 + )<
P—Ru C| P—Ru
Me2 C| Mez
PM93 PMe3

Ru-63 Ru-64

Whenw-elimination is suppressed by chelation, fixing all protmase distant than thee-position
away from the metal centra;elimination to form alkylidenes on ruthenium can proceed. Three
such examplekading to higkvalent alkylidenesre known in the literaturd-jgure 4.1).

In exampleA, reported by Gusev in 2008 pincer ligandn Ru-65bearing botha andb protons
undergoes reversible elimination from both positions, generating an equilibrium mixture of
alkylideneRu-66 and olefinicRu-67 specieg?

First reported in 2005 by Stradiottay example B, Ru-68 bearsno b protons and all other
potentially available protons are held away by chelation, leading to revess#lienination
favouring the alkylidene speci&s-69.43 $-hllg/l speciefRu-68 can be trapped by adding an
L-donor#

ExampleC arises from the attempted installation of a methyl grouBwi70 by Caulton in 2005
rather than expected methyl specdis-71, alkylidene formation is observada aninitial w-
elimination from atert-butyl group on the bulky poer ligand to produce a coordinatively

unsaturated tricyclidcRu-72 followed by a-eliminationto generate alkylidene speci&si-73,
relieving coordinative unsaturatiof.
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Figure 4.1: Known examples oh-elimination to form alkylidenes on ruthenium.

CI// H Cl c, H
Bu, P_EU_PtBuz == tBUzF’—RIU_F’tBuz S tBuzP—’I'?u—P‘Buz
HN\/\/ILH Hl!l I!IH HN NH
A Ru-67 Ru-65 RU-66

SR TR

|Pr‘P/RU H |Pr‘P/RU\

H
sevllNges
N \
B O Me Me
Ru-68 Ru-69
t t * t t
(\P Bu, (\P Bu, (\P Bu, ('\P Bu,
MeLl |
N-Ru- —Ru-Me |—> —Rlu
&/PtBuz (./PtBuz (/?q\ L_/
c Ru-70 ; Bu
u Ru-71 RU-72 Ru-73

Thealkylidenes produced by rout&sC arehigh-valent, andll -suited as metathesis catalysts, but
demonstrate that alkylidene formation giglimination on ruthenium is possible, and, combined
with the above examples of cyclometallation from benzyl angemyl ligands, provide clear
design criteria for promoting the desiraeklimination chemistry:

1. The alkyl ligand must not bearhydrogens

2. The alkyl ligand must either lagkore distanhydrogens, or mugtod themaway from
themetalcentre by chelation

4.1.6First Synthetic Target: A Stable Benzylruthenium Complex.

The first step towards lowalent alkylidenes bg-elimination or deprotonation is the synthesis of
a Ru(ll) alkyl complexA benzylruthenium complewas chosen as a specific target, aslifyésd
class bearno b-protons (necessary to avoid decompositiorbdyydride elimination), and are
readily installedbn transition metalby salt metathesis ofraetalchloride withabenzyl Grignard
(Scheme 4.3) As an additional advantage, benz@rignards are among the easiest
organomagnesium species to syntresh clear advantage over neopentyl Griggawvtiich, while
also lackingo-protons, are notoriously difficult to make.
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Scheme 4.3Installation of the benzyl ligand by salt metathesis with benzyl Grignard.
No B-protons

MgBnCl

RuCl,L, > RuCIL, +
MgCl
salt metathesis " 9+

Benzylruthenium complexes are rare in the literature, likely owing to the vulnerability of the
benzyl ligand ta-metalatior?® Ru-74, the sole literature example of an isolable benzylruthenium
with an unfunctionalized benzyl ligand, was reportedly isolated in 2@ iy treating parent
benzylidene compleXRu-75 with NaBH: (Scheme 4.4}’ The low vyield, the highly robust
cyclopentadienyl ligath 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 accessingvalent alkylidenes.

Scheme 4.4Synthesis of benzylruthenium complBxi-74 by reduction/protonation dRu-75.

_|+
QLS e QS
guhg fuhg
URU-74 @RUJS

Typically, if cyclometallation is to be avoided, a chelating group must be presentRas7i®)
where the benzyl ligand is stabilized againghetalation by a chelating iPf). substituent.
ComplexRu-76was reportedly isolated in 36% yield by treatig-77 with NaOAc in methanol
(Scheme 4.5%®

Scheme 4.5:Synthesis of benzylrutihium complex Ru-76 by deprotonation of modified
phosphine ligand Her)y(o-Tol).

o, 2

Ru,, MeOH, RT _—Ru,,
yiL - Y )
Cl

Ru-77 Ru-76
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4.2 Results and Discussion
4.2.1 Reduction of HighValent Metathesis Catalysts

The secondjeneration Hoveyda catalyst was treated withiadety of reducing agents (Na,
NaBH:, KBH(s-Bu)s;, and MganthracenéA3THF) in the presence of pyridine, targetiRg-78
(Scheme 4.6). In all cases, decomposition to a spectroscopicalbfiled black mixture was
observed. It is likely that the alkykehe functionality is incompatible with strong reducing agents.
Consistent with this hypothesis, Valerga andwarkers reported that reaction Bu-74 with
NaBH.in methanol proceeds via reduction of the benzylidene moiety (Scheme 4.4, vidé'supra).
In the literature reactiolRu-75 could be isolated in low yield (20%). However, the corresponding
reducedalkylidene species fdfll wasnot observed in the present work, likely due to subsequent
decomposition.

Scheme 4.6Attempted reduction of the secegdneration Hoveyda catalyst by various reducing
agents. Pyridine added to occupy open coordination sites that would be generatemkbsfisuc
reduction of chloride ligands.

reductant
2 equiv. pyridine PY., [
» H,IMes

Ru—©O

N 7/
Ru-78 Y

Not observed!

Mg-Anthracene x3 THF Potaszlum tri-sec-butylborohydride
n=1 n=

4.22 Benzyl Ligand Redesigrand Synthesis

To prevenio-metalation, a chelatingrisopropoxybenzyl ligand wasirgetedIn thisstructure one
vulnerableo-hydrogen is removedntirely, while the other is held away from the metal centre by
chelation. The 0-O'Pr groupwas chosen as the chelating group by analogy toot@¢Pr
functionality in the Hoveydalass catalystsThis group is already known to stabilize ruthenium
effectively without introducing unwanted stdeactions, and is also known to dissociate relatively
readily to allow metathesi® this second pointsiwhy 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 corredipgnGrignard reagentMg-3) by
dropwise addion to magnesium turnings in THScheme 4.7), as confirmed By NMR and
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colorimetric analysisGrignardreactionscan be slow to initiate, buh this case an exotherm
occurred immediately on adding the benbhglide Benzyl halides are known to magnesiate
readily>® and the ease witlvhich this o-isopropoxybenzyl chloridénitiates may be due to
stabilization byintramolecular chelation.

Scheme 4.7Synthesis oMg-3 and simplified representation of the Schlenk equilibrium (solvent
and chloridebridged species omitted).
L
M

20 equiv. Mg
©f\ Cl THF, RT, 6h @E\,Mgm 5o /jij + MgCl,
: et

3 Y

Mg-3 Mg-3'
H NMR analysis 0fMig-3 in CsDs showed comgdete loss of the signaler the benzyl halide
precursorgconfirming 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 halitlea/hether theVig-3 or Mg-3 &ide of the equilibrium
is favoured was not examined.

Prior to use, it was necessary to determine the purity and concentration afgharéGreagent.
Non-Grignard bases (e.g. Mg(Oblan 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 metathedilgy-3 was titrated against dry isopropanol in THF,
with 1,10phenanthroline as indicatorhis method is sensitivenly to the MgC bond, and does

not report on the total amount of base present in soletidnsecond titration was therefore
performedto measure total base content. Accordingly, an aliquoMgf3 was deliberately
hydrolyzed with excess methanol, and titrated against a standardized solution of HCI using
phenolphthalein as indicator. As the Mgand total base titrations agreed within, 8nfirming

the absence of ne@rignard base, the solution biig-3 was deemed suitable for use.

4.23 The Search for a Suitable Ruthenium SubstrateFailed Candidates

Initial attempts to install th@-O'Pr modified benzyl ligand on ruthenium werestrated by
ancillary ligand incompatibilities. Reaction with Ru@Ph) (Ru-20) (Scheme 4.8), a classic and
easily accessible ruthenium precurgbd not produce the expected benzylation produiei79.
Instead, a black, spectroscopically 4lefinedmixture was observedo-Metalation of the PPh
ligand may account for the observed decompositwhich would suggesa fundamental
incompatibility between the PRland benzyl ligands. The septet at 4.2 ppm expected for the
liberatedo-isopropoxytoluene was not detected in theNMR spectrum, however, calling this
mechanism into question.

Scheme 4.8Reaction ofRu-20 with Mg-3 did not yield spectroscopically observable products.
Reaction attempted in THF, &, GsHe, and hexanes.
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PPhs
cl, FI’Phs g-3 Ph3P Ru—PPh3
Ph3P—'Ru\—PPh3 E not observed!
Cl -MgCl, Y
Ru-20
Ru-79

Reaction ofMg-3 with RuCk(k?-1,10-phenanthroline)(PRk (Ru-80) (Scheme 4.9roceeded
more smoothly than witRu-20, inasmuch as it did not lead to immediate decomposition. Instead
slow conversion of poorly soluble broviru-80to a highly soluble purple mixture was observed.

In this case, the poor solubility and slow reactivityRoi-80 prevented stoichiometric contrao

2 equivMg-3 were used. AlthougRu-80is 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 benzdieH 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 successfirhination.®P NMR analysis
indicates the presence miultiple minor species and a single major species (accounting for about
56% of total integration) characterized by 2 doublets of equal intensity 286&-11.8 ppm,
indicating loss of symmetry of the phosphorus ligands. The mixture is thermally biddieg to

75 °C for 8 h did not change the product distribution. The upfield signal suggestialation of

one PPBh ligand> while the relatively small # coupling constant (10 Hz} indicative of
mutually cis phosphine3ogether, this implieBrmation of eitheRu-81 or Ru-82, depending on
whether one or 2 equMg-3reactRu-81seems most likely, as it is difficult to rationalize addition

of a second equivalent bfg-3 withouttriggering cyclometallation of the second BPamultiplet

at 4.15, a singlet at 2.22, and a doublet at 1.06 ppm fHtNMR spectrum are a close match for
the spectrum d¥g-3 (obtained above), which further suggests maddition. In either case, thi
reaction confirmed the incompatibility of PRdnd benzyl ligands on ruthenium, and directed our
attention toward phosphiffese ruthenium substrates.

Scheme 4.9Proposed major product of reaction betw&n80 and Mg-3 based on available
spectroscopidata.

FI’PP\1C3:| 2 equiv. Mg-3

N/,
N’ | ‘CI THF, RT

PPh;  -MgCl,
Ru-80

Despite the common lability of pyridine ligands, Re(@Y)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). UnfortutRatblywas
completely inert taMig-3. No reaction wasvident after stirring for 48 h in either THF or benzene

at RT or reflux: no colour change or solubilizatiorRuf-51 was observed, and the persistence of
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Mg-3 was confirmed by addition of 1,ijfhenanthroline as a colorimetric indicator. Poor
solubility cannot alone account for the lack of reactivity,Mg-3 reacts readily even with a
suspension dRu-20in hexanes (in whicRu-20is insoluble). The complete inactivity Biu-51
suggests that the required salt metathesis M@h3 is dissociative in pyridie, as expected if it

were to proceed via-6oordinate transition staf€S-2. The nonlability 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 Eadily produce an open coordination site.

Scheme 4.10Proposed dissociative (in pyridine) mechanism for salt metathesislaNitity of
pyridine prevents accesstransition statd S-2. Ru-83 never observed.

B mE:
A | A B BE: | N
I ~ I~ \( N/
\C'/,T — \C"'.T == [ Mg © </ \>C"c| >
</ N—Ru—N / 5> / N—Ru— : [——3 —_— N—Ru—0Q
— | ¥ \ — A\ (Py)sCIRy=== -MgCl, = |
N N |

-Py I Cl

N | :
z | z | Cl--MgCl
N S - - A
Ru-51 - TS-2 - TS-4 Ru-83

4.2.4 Successful Installation of Modified Benzyl Ligand on [RuCl(p-cymeng].. Synthesis,
Isolation, and Characterization of RuCl(o-isopropoxybenzyl)fp-cymeng

In contrast to the difficultie®utlined above Mg-3 reactsrapidly and cleanly with dimeric
[RuCl(p-cymeng]2 (Ru-35) to afford the novel benzylruthenium spedi®s-84 (Scheme 4.11),

as confirmed byH NMR analysis The reaction proceeds readilyRif by adding asolutionof

Mg-3 in THF to Ru-35in THF, CH2Cl», or GsHs. CHCI> is the preferred solvenhowever,as
Ru-35 is only sparingly soluble in THF oreBs. The reaction can be worked up immediately after
completng theaddition ofMg-3. As the MgCi4 coproduct is fairly soluble in the CBI>-THF
solvent mixture, it was removed by switching solvent systemslits Before filtering through
Celite.Ru-84can then be isolated as a microcrystalline red solid-82P2 yield by reprecipitation
from CHCl,. Ru-84 itself is effectively insoluble in hexaseHowever, the bibenzylruthenium
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 orangeed.
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Scheme 4.11High-yield synthesis oRu-84.

MgCl
: O X
0
Cl\ /CI Ru,l
R{ R{ Mg-3 l e
/ \.7 >
Cl Cl THF or DCM RT 07/
Ru-35 -MgCl,

Ru-84

Thedarkred benzylruthenium compldXu-84is readily soluble irCH.Cl, and THF, moderately
soluble in GHe and effectively insoluble in hexanes. The complex is stable in solutioshamsbs
nothermal degradationy *H NMR analysisafter 72h at 8 °Cin CsDs.

Structure assignment is confirmed Bi, °C, H-'H COSY, and!H-*C HMBC NMR
experimentsSeveral 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 2833 ppe signals for the
p-cymenearyl protons, which in am®-aryl-ruthenium complex of C1 symmetgre 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, tiggests that the geometry of the benzyl chelate forces
one benzyl proton into the deslding region generated by tipearyl system of th@-cymene

ligand accounting for the unusually deshielded benzylic signal at 4.92Tgpscould alscause

steric interactionwith the p-cymenesubstituentsRotation of the-cymeneligand on the NMR
timescale would explain the absencsglittingin the signals foboth the benzyl and theecymene

aryl protons. This is confirmed by adding pyridine to cause dechelation of the benzy! Tipand
p-cymenearyl protons resolvérom broad singlet¢o doublets as expectednd the2 benzyl

protons converge to an Afair of doubletgDn/J = 3) centrecdta chemical shift of 3.ppm. That

the benzyl protons remain magnetically inequivakevgn after dechelatiosuggests restrietl

rotation for the benzyl ligand, not unreasonable given the sterically congested nature of the
pyridine adduct.

Also notable ighe 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 gutibtors in h3-coordinated
benzyl ligands, and the® binding mode would also account for the large difference in chemical
shift between the benzylic protorfsddowever, the benzyl ligan@u-84 bears only one-proton,

and therefore the unusual shielding observe@ far-H signals cannot be accounted forhsy
coordination. Chelation may enforaé-binding of the benzyl ligand iRu-84. Theh®-isomers
Ru-84a andRu-84b require either dechelation or high ring strain combined with unusually high
electron count and coordination number (Scheme 4CL#er sphere chloride isomers were not
considered, aRu-84is fairly soluble in GHe.
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Scheme 4.12Possible binding modes of tbheD'Pr benzyl ligand irRu-84.

P @*@*

Ru

H/,Cl Y < u,CI
07/ >’

Ru-84 Ru-84a Ru-84b

n'-Benzyl n3-Benzyl n3-Benzyl

5-membered chelate, low strain  No chelation 3-membered chelate, high strain
18-Electron, 6-coordinate 18-Electron, 6-coordinate 20-Electron, 8-coordinate

The demical shift, peak width, and resolution are all noticeably soldepéndent. The signals
which appear broad ineDs are noticeably sharper in CDLCWith the pcymene AfH appear as
doublets as expected. The two unusually upfield benz# Aignals remain abnormal, with one
signal now appearing closer to the normal aromatic region at 6.22 ppm, and the other eseen furth
upfield than in @GDs at 4.90 ppm.

4.2 5Installation of Second Equivalent of Modified Benzyl Ligand

TreatingRu-84 with a second equivalent ofisopropoxybenzyl Grignard proceeds smoothly to
afford a bright orangsolution. The'H NMR spectrum is consient withthe expectedis-benzyl
specieRu-85 (Scheme 4.13) based on observed 2:3 integration ratio between a multiplet at 4.57
ppm (assigned as 2x ®GiMey) and a singlet at 2 ppm (assigned asCh), as well as
temperaturaependant spectral features detailed below. A yield has yet to be determined, as
isolationwasfrustrated bythe high solubilityof the productn hexanesHowever, his facilitates
separation from th&gCl> by-product by simply removing solv#, resuspending the residue in
hexanes and filtering through Celite.

Scheme 4.13Addition of a second equivalent ofO'Pr benzyl ligand td&Ru-84.

@ : MgCI
1
“Cl
M -3
d g
7/ THF, RT, 5 min 7/

-MgCl,
Ru-84 9 Ru-85

The roomtemperaturéH NMR spectrunof this complex is iHdefined Theexpected welbefined
peaks fotthe upfieldaryl protonsof thebenzylligandsat ~6.5 ppm andf the p-cymenegroupat
~3-5ppmwere not observed. Insteadkry broad signalare seerthat are difficult to distinguish
fromthebaselineThe noRraromaticp-cymenesignals, by contrast, appear weéfined. A septet
at 2.43 ppm (EIMe), a singlet at 2.00 ppm (ACH3), and doublet at 1.26 ppm (CHfg)2) are

80

References on pag®9



Chapter 4. Toward Lowalent Ruthenium Alkylidenes

all present in the expected 1:3:6 integration rdtia typical region for a chelating ArGdMe;
signal on rutheniuntd.5ppm)?*® 5*%3there is an ildefined multipletwhich integrates to 2 protons
relative to the weltefinedp-cymeneAr-CHz singlet (3 H), consistent with the presence of 2 equiv
0-O'Pr benzyl ligand. Also consistent with kiddition of the chelating benzyl ligand, a doublet at
1.46 ppm integrates to 12 protons (2x OCH¢§3). When the sample is cooled #40 °C, the
extremey broad signals at ~6.5 and ~3.8ppesolveto well defined signals, and the poorly
resolved multiplet at 4.5ppm now appears2aeverlapping septets. These observations are
consistent with successful synthesisRaf-85, with the temperaturdependent spéal features
best explained by competition for chelation between2tisopropoxybenzyl ligands on NMR
timescale aRT (Scheme 4.14)0n cooling there is no longer sufficient thermal flux to allow
dechelation and rechelation of #®&r groups and the assiated signals become we#isolved

Scheme 4.14Fluxional exchange between two chelating benzyl groups at room temperature.

- %

[ ]
égfy Yé | Q?‘ﬁ

_.<

As additional evidence for successful addition of a secoxidopropoxybenzyl ligand,
protonolysis oRu-85 with 1 equivpentafluorophenoxide liberatessopropoxytoluene angu-
86 (Scheme 4.23yide infra).

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

Although the bishenzylruthenium speciesas not successfully isolated-elimination from in
situi-generatedRu-85 was attemptedpn the assumption that the alkylidepeoduct having
eliminated one benzyl ligand, would be lessubtd in hexanes and easier to isolate. TRus85
was treateavith neutral donor ligands in an attempt to indaekydride eliminatiorby increasing
steric pressurdScheme 4.16 Arylphosphine ligands were avoided light of the risk of
cyclometallatiordescribed above

Scheme 4.15Attempted stericaljinduceda-hydride abstraction frorRu-85.

' a-hydride
——» abstraction?
THF, RT Y (not observed)

0

Ru5/‘
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Ru-85was unreactive to pyridineven in large excess (2quiv). Pyridine does not compete well

for coordination with the chelating'Pr functionality in the parent moroenzyl specieRu-84,

S0 it is not entirely surprising that it has difficulty coordinating when it must also compete with a
second equivalent of claging benzyl ligand.

When much more strongly donating and sterically demanding NHC ligands, i.e. IMeld/@sH

were added (in the presence of 3 equiv pyridine, added to stabilize potential coordinative
unsaturation that would arise from displacement-ofmeng, the solution darkened from light
yellow-orange to dark brown over 6 4 NMR analysis showed complete disappearance of the
free carbene, but overlaying the spectrum of this reaction mixture with tRat®% showedhat
Ru-85remained, and no new septets (diagnostic foot®r benzyl ang-cymendigands) were
detectable, indicating a lack of reaction wWRb-85. Steric pressure may prevent coordination of
NHC, leading eventually to decomposition of the free carbene itiGalu

1,10-Phenanthroline rapidly forms an intensely coloured green solution when addaeB&in
THF. However, the product(s) decomposes to a spectroscopicalfiiied black mixture in the
time it takes to prepare an NMR sample. Thus, althdrgt85 appears primed foa-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 dhe benzyl protonat 4.9 ppm for Ru-84 suggestspotential for
deprotonation by bag&cheme 4.16)n principle, deprotonation should produce an anionic low
valent alkylidendru-87which, if the reaction is carried out in a Rpalar solvent such as benzene,
should precipitate allowing easy isolationAddition of a donor ligand should then allow
elimination of chloride along with cationic counterion, giving the neutral Ru alkyliRer&s.

Scheme 4.16Attempted synthesis &tu-88 by deprotonation oRu-84.

> @ -
H, H 1 equi ~
, Ru equiv. base
. l ey Ru, 1 equiv. pyrldlne "N
> /l IICI

Ru-84 L

Ru-87  ~ Ru-88
M = Li, K
Bases:
\ / \ /
~~ q< >0< L
-BuLi
n-BuH LDA Li HMDS KOtBu
Li-TMP

A variety of strong basesvasdeployed in this reaction;-BuLi, LIHMDS, LiTMP, LDA, and
KOtBu. In all cases, wheRu-84 was treated witi equivbasein benzene at RTan intractable
black mixtureformed Therateof reactionvaried withthe benzenesolubility of the basgbut in
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no case was anything other than a spectroscopicaitiefihed black mixture observedhe
reaction with RBuLi was carried out a8 °Cin THF, but the result was the same.

It is possible that the target anionic alkylidgRe-87 is too unstable to be obseryexhd that it
forms butrapidly eliminaes XCI (X = Li, K), subsequently decomposing due to coordinative
unsaturationScheme 4.17)With this in mind, the deprotonation reactimas repeated in the
presence of pyridinevith the hope that pyridine could trap out thedosordinate alkylidene. The
'H NMR spectrum of the crude reaction mixtagainshowed multiple speciesjith no signals

in the alkylidene regiorar for the stilbee (C-3) thatcouldarisefrom BMC of the alkylidene were

it to be generated

Scheme 4.17:Proposed decomposition d®u-87 by elimination of MCI and subsequent
decomposition of coordinatively unsaturated-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 additionalissue withdeprotonation by basse competingsalt metathesis of the chloride ligand
2-Pyridylithium was investigated as a potential solution (Scheme 4.18). If deprotonation occurs,
concomitarfgeneration of pyridine could stabilize the alkylidene by displacing chloride to
generate a naral species. If salt metathesis occurs, the resultgoyridyl ligand may itself
abstract am-proton from the neighbouring benzyl ligand.
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Scheme 4.18Rationale for the use ofyridyllithium. Deprotonation or salt metathesis can both
reasonably lead tBu-88.
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(l) —z | H__Ru,,
/l '/N AN
7/ salt metathesis o | >
Ru-84 -LiCl a-hydride shift )’
Ru.,,
)\ - 74 \ / Ru-88
N~

(0]
\‘H
H
Ru-91

Unfortunatelyas with the other bases examined, wRer84 was treated with-pyridylithium in

THF at-78 °C, immediate decomposition to a spectroscopicaHlgefined black mixture was
observedAttack on chloride and subsequent decomposfiiothis case likely bagning with o-

hydride elimination from the-Ryridyl ligand)is consistent with observations, asufjgests 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 &glacement of
chloride with sterically bulky pseuddlide ligands was investigated to this end.

4.2.8 Second SyntheticTarget: Replacement of Chloride with Aryloxide

Aryloxide ligands are anticipated to be less vulnerable to attack by strong bases than: théoride
steric bulk of the aryl group should proteéhe alkoxide from attack (especially by bulkier bases
such as LDA or NaHMDS), and tleéiminationof XOAr (X = alkali metal) is far less favourable
than XCl. As noted above, prior work from the Fogg and Caulton groups demonstrated that
aryloxide ligands can abstract thea-proton from an adjacenalkylidene ligand where steric
pressure permiteliminating the phenol and generating an alkylidhé& If H-abstraction from
analkyl ligand can be induced likewis®, give analkylidene functionalitythis obviates the need

for baseAryloxides in particulapromotethis intramoleculaa-elimination;tert-butoxide ligands

do not® presumably for steric reasons.

Salt metathesi®f the chloride ligand ofRu-84 was undertaken usingiagnesium aryloxides,
preparedn situby deprotonation of the parent phenol by isopropylmagnesium chloride in THF or
benzene. Pentafluoroaryloxidpentabromoaryloxide, and-@&minophenoxide were chosen to
represent a range of steric and electronic properties. No eleathoaryloxides were used, nor
was simple phenoxide, as previous investigatainstheniumaryloxideshave showrthat unless

the aryloxide is electromeficient®® or bears a o-chelating groug/ it mayrearrang to a piane

stool structuréFigure 4.2)°
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Figure 4.2: Aryloxide s to p rearrangement oruthenium.

<D
|
[Ru] [Ru]

Ru-84 was surprisingly inert to salt metathesish magnesium aryloxides (Scheme 4.1%hen
the reactions were carried outRit in benzene, THF, o€H-Cl>, no reaction was observed after
24 h; 'H NMR analysisshowed only starting material and solveAit.60 °C, MgOCsFs (OAr -1)
and MgOGCeBrs (OAr-2) similarly showed no reactionin contrast,reaction with Mg(o-
NH2)OCsH4 (OAr-3) at 60 °C caused eolour changdrom red to purpleHowever *H NMR
analysisof the crude mixture showed only starting material, suggesting thatmfis&lthesis does
proceed, the product is not thermally stable.

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

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 tyiRa-92, reaction with[RuCl(p-cymere)]2 was
explored,with the idea being to isolatayloxide dimerRu-93 and then benzylate to accd®s-

92 (Scheme 4.20)As with Ru-84, [RuCk(p-cymeng]> was completely inert to salt metathesis
with magnesium aryloxides &T, nor couldproducts be detected & °C. Addition of pyridine

to help break up the chlorid#idged dimerin the hope that this would facilitate aryloxide salt
metathesisresulted aly in clean conversion to knowhpyridine adduct RuG(py)(p-cymeng
(Ru-94) (Scheme 4.21)
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Scheme 4.20Potential alternative route ®u-92. Unfortunately Ru-93 could not be isolated.

MgCI
Ar
2 ©\/ J\ Ru,,
O “O-Ar
> o)
THF or DCM, RT 7/

Ru-92

Ru-93
Scheme 4.21Attempted aryloxide installation leads instead to formatioRwd4.

2 equiv. Mg(OAr)CI
2 equiv. pyridine
/ \ > —Ru,

THF or DCM [ SN | “
68 C —

R 35 Cl Ru-04

Difficulties in aryloxide installation from group 1 and 2 nucleophiles are not unhe&?d?of,
including in Ru chemistryin such case8g® "2or TI®" 747> aryloxides are instead deployed. The
superior transmetalating ability of these late metal aryloxides has been attributed to the high
electrophilicity of Tf and Ag cations,and the reaction has been proposed to initiate
electrophilic attack on chlor&* However, in light of the high toxicity of thallium reagefftand

high photosensitivity of Af, alternative means of aryloxide installation were sought’ &n
known as a moderateewis acid, and may thus exhibit a similar electrophilic accelerating effect
to Ag" and TI. Also noteworthy ighe excellent pedigree of zinc nucleophiles as transmetalating
agents in palladium chemistry, where Negsthteghat zinc nucleophiles are the transmetalating
agent of choicé® andit has elsewhere been stathdt crosscouplings in the absence of zinc tend

t o b eizinglhaletrangic

When aCHClI; solution ofRu-84 was treatedvith 0.5 equiv Zn(OGsFs)2 (generatedn situ by
dissolving the parent phenol @H.Cl, and adding dropwise a 1.0M solution of Zniathexaneps

a slightcolour change from red to oranged was observe(Gcheme 4.22)H NMR analysisof
the crude reaction mixture showed complete consumpti®ued4, and emergence of a new set
of signalsconsistent with the targdRu-86. Specifically, a septet at 3.89 ppm (BMey), two
upfield doublets at 5.76 and 5.17 ppm-AY, and a broad singlet at 1 ppm, are characteristic of
the chelating-O'PrBn ligand, as seen Ru-84. The septet at 2.57 ppmKMey), singlet at 1.95
ppm (ArCHz), and broad doublet at 1.17 ppm (CHE2) are typical ofh® p-cymeneon
ruthenium®®2 Complete spectral assignment will requlie-'H COSY experiments, as it is
otherwise impossible to distinguish between theeymeneAr-H and 2 benzylic 8 signals,
each of which appear as broad singlets ranging frof pf2m and some of which overlap.
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Although the electrordeficient OGFs should makeRu-86 less electron rich than the parent
chloride speciesRu-84), the'H NMR signals forRu-86 are not generally more deshielded than
those inRu-84. Most signals appear within-#3.1 ppm of their counterpart signalRu-84, with

no bias tavards shielding/deshielding relative Ru-84. The most shielded of the benzylic-Ar
signals, which appears at 5.55 ppnRin-84 has shifted 0.38 ppm upfield to 5.17 ppnRin-86,

the largest change in shift for any signal relativ®tn84. This large chnge in chemical shift is

in contrast to the other unusually shieldedHhsignal, which appears at 5.76 ppm in bRtnr84
andRu-86. The relatively large increase in shielding observed for the signal at 5.17 ppm and lack
of change for the signal at 5.7pm may indicate a degree of coplanarity between the benzyl and
aryloxide ring systems. Being oriented towards thelame shielding region of €sO 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-As away from the influence of the anisotropic
CsFsO, accounting for the lack of impact observed for the signal at 5.76'ppHF HOESY will
indicate whether the AH signal at 5.17 ppm is indeed oriented towards #te@ring.

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

O o

Ru .
l ""CI 0.5 equiv Zn(OCg4F5), Ru,,,/O F + Unknown Ru species
0 > l
THF, RT, 5 min 0
7/ F F

Ru-84 Ru-86

Upon workup it was revealed that twawoductswere presentone insoluble in hexanes and
inconsistent with the target specl®sH NMR analysis and asecondmajor product, soluble in
hexanes and consistent with the target speciesellare separated by filtration, and the filtrate
(mostly hexanes with residu@H.Cl> from the attempted reprecipitation) was left in the glovebox
freezer (set at40 °C) overnight in hopes of precipitating the target species. Aften Bdthe
freezer, there was no evidence of precipitation&h8IMR analysisnow showed trace amounts

of Ru-84, which had not been present in the crude reaction mixture. This is presumably the result
of slow rechlorination oRu-86 in CHCl>. The difficulty in isolatingRu-86, combined with the

fact that it is not the sokaitheniumproduct make it difficult to carry forward to attetrgeneration

of the alkylidene, as it is effectively impossible to gauge stoichiometry.

A solution was found in an alternatia@proach to aryloxide installation. Addi@gFsOH to bis

benzyl complex Ru-85 (generated in situgffected deprotonation of the phenol, installing the
aryloxide and liberatind equiv.o-isopropoxytoluen¢Scheme 4.23), as judged by comparing the
integraton of the doublet at 5.76 ppm (1H,-A) associated witRu-86to signals associated with
0-O'PrTol at 6.66 ppmd;, 1H, Ar-H), 2.27 ppm ¢, 3H, CHs), and 1.11ppmd, 6H, OCH(CH3)s.

The Ru-86 productremains highly soluble in hexanemd did not precipitate from hexanes
overnight in the freezer @t40 °C,but appears to be the sole ruthenium product; other signals
present in théH NMR spectrum are accounted for by contaminants in the Grignard reagent and
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the liberatedo-isopropoxytolues, asconfirmed by overlaying the spectrucontainingRu-86

with that of deliberately hydrolyzebllg-3. The *H NMR spectrum is also in concordance with
Ru-86 generated via the zinc aryloxide route, with the exceptisigofls at ~1.28 ppm and ~2.44
ppm. WhenRu-86 is prepared via salt metathesis with Zn¢b£),, these signals are very broad
and ill-defined. In the spectrum f&u-86 obtained by deprotonation otE&OH, the broad signal

at ~2.44 ppm appears as a sepégitred 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 spectruRue86 produced by deprotonation of
CsFsOH also contains one equarisopropoxytoluene, which can act as a coordinating solvent.
Given the apparent lack &u sideproducts,Ru-86 generatedria deprotonation of €sOH by
Ru-85was caned forward to attempt alkylidene installation.

Scheme 4.23Alternative route tdRu-86 via Ru-85.

; : : ; R F
RU',, 1 equiv. C4F50H Ru,,
| "—</ > > | “o F @( J\
O hexanes, RT, 5 min o)
F F ©

Q

Ru-85 > Ru-86

4.2.9 Attempted Deprotonation of Aryloxide-Benzylruthenium

An in situgenerated solution &tu-86in benzene was treated with ceguivLIHMDS, targeting

Ru-88 (Scheme4.24). In contrat to the corresponding reaction with the parent chloride specie
Ru-84, whichunder the same conditions decomposed rapidly to an intractable black mixture, no
colour change occurred over 24H. 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-s@tathesis, but theedireda-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 Mel-BoiLhmay be successful.

Scheme 4.24Attempted deprotonation &fu-86.

1 equiv. LIHMDS
F no reaction!
benzene, RT

R F
Ru,,
| "o
o)
7/ FF
Ru-86
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4.2.10Intramolecular a-Hydride Abstraction by Pentafluorophenoxide: Apparent Success

Adding an equivalent of pyridine to a hexanes solutioRwi86 prepared in situ resulted in no
colour change after 8 h (Scheme 4.25). HowelldrNMR analysis of the crude reaction mixture
revealed a new species, no sign of free pyridine, and a very broad sws=l58.6Hz) in the
alkylidene region (14.2 ppm), suggesting successful generation tirget benzylidene species
Ru-88. The alkylidene signal is highly shielded relative to higkent Hoveydaype alkylidenes
(for which the [Ru]=GAr signal is found in the @8 ppm range}? >but is near the chemical
shift of the only kewn lowvalent ruthenium methylidene, the Roper compRx58 (13.3
ppm)2® The solubility of the product in hexanes poses chalerfge isolation but suggests
opportunities for carrying out metathesis in ftcaditional solvents in which known higralent
catalysts are insoluble.

Scheme 4.25Synthesis of putative produRu-88. Difficulty in the isolation of intermediatdu-
85 andRu-86 mean that they amaost conveniently generatedsitu and carried forward.

MgCI

“, 1: Celite plug
cl l 2: 1 equiv. C¢F5OH
> o) + MgCl, >

THF, RT, 5 min 0 hexanes, RT, 5 min

Ru-85 >
,,, 1 equiv. pyridine
UL -
o hexanes, RT, 5 min
-86

: /;W

Pyridine could effecproton 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-elimination. Alternatively, a dissociative mechanism could be
opeitive, in whicha-hydride elimination fronRu-86is spontaneous and reversible, with pyridine
acting only to trap out the benzylidene species. The inertneBu-86 towards LIHMDS is
evidence against the dissociative mechanisme¢ft@H were being spont@ously eliminated, it
should be rapidly deprotonated by LIHMDS, leaving behind coordinatively unsattat8€el
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Scheme 4.26Plausible mechanisms for alkylidene formation friem86.

Associative Pathway

Q — N ‘N\"OQF — & 0 f;[

n

Ru 86 =

Ru-88
Dissociative Pathway:

H R F F F O H Ru
H, 1 _Ru, K H Ru = = l N
e~ — l — |
(‘) " 5 ;o O>,~ 7
" OH 7_,

Ru-86 — = Ru-88

The breadth of the benzylidene sigiatthe crude reaction mixture is surprising, as alkylidene
signals are typically sharp and wadisolved. If liberation of €FsOH is reversible (e.g. via
nucleophilic attack on sOH by benzylidene, regenerating the benzyl pewtafluorophenoxide
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'®randp-cymeneAr'Pr methine septets.

Scheme 4.27Reversible alkylidene formation could account for the broadness of the alkylidene
signal.

R F ' : @ 3
F. OH
Ru, N Ru,
.i L O — ey
Z |
(@) ') Z F F
F F >’ £

Ru-86 Ru-88
If the benzylidene proton is in communication with fireymenearyl system, rotation op-
cymenecould also account for the broadness of the benzylidene signal, similar to the effect
observed on the benzylic protons in the parent speRieS4. However, one would then expect

to see broadened signals for freymeneprotons, indicative of rotation on the NMR timescale.
While the signals associated with thxymenearyl protons are indeed broadened, as in parent
complexesRu-86 andRu-84, 2 setf well-definedp-cymenesignals are seen for tipecymene
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CHs and methine @ 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 processaexn 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 acity of the benzylidene proton, is suspected to be the driving force for proton
exchange, as the lowalent alkylidene is expected to be highly electron rich, and therefore not
particularly acidic. This could be probed bgpiking the mixture with deuterated
pentafluorophenel which shoulddiminish the benzylidene signal. Alternatively, removing
CeFsOH by adding an equivalent @ noncoordinating base such &ts and removing the
resultant salt by filtratiomay cause the alkylidene signal to sharpen and resolve.

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

B %

F > <;> N Q> < F > < l )
--H o)
F O<,, H Ru,, F “H H Ru
", /Rlu"'/N X\~ F’Q’ Y- | "N| N [= + /l INTS
{ F F o) Z F F o L
F )’ )’ F )———

4.3 Conclusions

While reduction of existing higlhalent metathesis catalystl was founl to be ineffective as a

route to lowvalent alkylidenes (in all cases leading to decomposition and complete loss of
alkylidene), significant progress towards a-hydrideeliminationbased route to lowalent
alkylidenes has been achieved. A higéld 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 Schrestyle alkytto-alkyl hydride abstraction by adding steric
pressure were wsniccessful. Deprotonation of the benzyl ligand on both chloride sgroi84

and aryloxide compleRu-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 Rpegtwas

treated with pyridine, which may indicate successful formation of an alkylidene species.
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Chapter 5. Conclusions and Future Work
5.1Benzyl Magnesium Carbenoids

Although treatment of benzal dichlorides withequiv. of the magnesiuamthracene complex

Mg-1 appears to be successful in generatinghlorobenzylmagnesium reagents (Schemg &.1

high yield route to ruthenium alkylidenes based on salt metathedwg et with ruthenium
dichloride precursors could not be realized. Although a straightforward, rapid procedure at room
temperature did produce first generation precataist89 and Gl with in situ yields of up to

41%, this is inferior to isolated yields @inable with current diazbased approaches, and workup
was not pursued. Attempts to improve thesitu yield of metathesis catalysts by switching
ruthenium substrates and/or moving to reduced temperatures to help stabilize the magnesium
carbenoid were nsuccessful, 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 carbendid-2 via reaction ofMg-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. Treatmeof b-unsaturated geminal dihalides witg-1 represents a novel
approach to magnesium carbenoid synthesis with advantages over existing approaches based on
Mg-X exchange (X = | 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 dthersaturated magnesium
carbenoids have yet been reported.

To expand on the initial findingsithis thesis, the generality of carbenoid formation fer
unsaturated geminal dihalidehould be examined.o that endallyl and propargyks well as

benzyl carbenoids should be targetekhe utility of these carbenoids organicapplications

typical for other carbenoidshould be examined eg. in reactions with electrophiles and
nucleophiles. Methyl isopropyl ketone (GEDCH(CH)2) is a good candidate electrophile for
these reactions, as th&l(CHs). proton provides a conveniespectroscopic 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 d@ene homocoupling products via @S in this thesis work.
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Scheme 5.2Proposed nucleophilic (i) and electrophilic (ii) trapping experiments to confirm the
synthesis of magnesium carbenoidsMig-1 and demonstrate their use in organic synthesis.

)Y NA_,RM

Cl | -
! MgCl ™ | Mg-5 ; MgCl
C-5 Mg-4
PrMgCl HCl j/
— > —_—
R= ©/K f{ //q R”MgCl -MgCl, R
Mg-6 Cc-8

Carbenoids are known to react wélkenes and alkynes (as in the Simm8nsith reactiot), and

as such inter or intramolecular reaction of allyl/propargyl carbenoids with the inbuilt
alkene/alkyne may outcompete reaction with external nucleophilelecirophiles. 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 mawbenoid, iii) intramolecular
cyclopropanation, iv) propagation by addition of further equivalentdg{7, v) termination by
intramolecular cyclopropanation

R' R

Rll -
J\XMQC' :

Mg-7 MgCl
R" Cl iv)
Mg-8 —

Intramolecular reaction of allyl carbenoids should be disfes® 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 abreyelopropyl magnesiursarbenoid.

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 typeC-10 have beennvestigated as potential rocket propellants, and were found to be
among the highest performing candid&temfortunately, therarecurrently no convenient routes

to such species; new @upotentially 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 thae alkeproduce
extremely strained cyclopropenes rather than cyclopropanes.

This new approach to carbenoid formation may enable a convenient andrdezoute to
tetrasubstituted olefins, particularly stericatiowded Feringdype molecular motors, ldknown
examples of which bear an el ement 3®8ymmerinsat ur .
olefins can be targeted by carbenoid homocoupling (Scheme 5.4), and asymmetric olefins by
reaction with an appropriate carbonyl and olefination of the resultant efidxBeheme 5.5). If

successful, this should allow access to a broad range of tetrasubstituted olefins, provided that the
parent ketones are accessible. Mo, and trisubstituted olefins should also be accessible from
aldehydesbut 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 \bauasaturated
magnesium carbenoid intermediatdg-10). In-situ liberation of fee carbene and subsequent
homocoupling produces the olefin. Any symmetric olefin should be targetable provided that a)
there is an element of unsaturatto the olefin and b) there are no functional groups present that
would not be tolerated by an orgemagnesium reagent.

94 O =
- PCI3O - Anthracene
5 "CI CIMg "CI
Mg-10
c12 c 13 g-

S
O O Homocoupllng
R «—m8M—
1/2 | \
400

S
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Schemeb.5: Proposed synthesis ahsymmetrial sterically crowded olefins vialaunsaturated
magnesium carbenoid intermediate. Nucleophilic addition of carbéngidl to carbonyIC-15
furnishes ana-chloro magnesium alkoxideM@g-12) which should readily undergo an
intramolecular §2, liberating MgCl and a tetrasubstituted epoxid216). Finally, olefination of
the epoxide is expected to generataiaymmetrial tetrasubstituted olefin. Via this approach it
is not critical that both sides of the sterically crowded olefin hanesaturation; only the carbonyl
that acts as a precurdo the magnesium carbenoid needbhensaturated. The carbonyl that reacts
as an electrophile with the carbenoid may be fully saturated if desired.

- MgCl,

5.2 Indenylidene Installation on Ru50 Derivatives

Although a high yield route tBu-50 (and 3bromopyridine derivativku-56¢) was realized, and
Ru-50was found to be significantly more soluble and substitutionally labile than tetrakis pyridine
complex Ru-51, attempts to install the allenylidene and ingetene functionality were not
successful. The unexpected finding that ligand substitution occurs cis rather than traivet H

on Ru-50, and that steric bulk is a better predictor of substitution successitmicity, may
indicate that allenylidene/itenylidene installation is prevented by steric shielding from the bulky
mesityl arms of kAIMes. To alleviate thisRu-95, functionalized with an asymmetric CAAC ligand
should be targeted (Scheme 5.6). Given the challenges associated with both CAAGilaecti

the instability of pcymene piano stool complexes of ruthenium, this should be attempted as a one
pot reaction fronRu-35.
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Scheme 5.6Proposed synthesis Bu-95 based on higlyield synthesis oRu-50 developed in
this work.

| X
/CI\ /Cl 1) 6.2 equiv. py NG \/Q/
R( R 2) 2.05 equiv. CAAC Cl. )

/ \.” > CAAC—Ru—N. ) N
Cl Cl THF, RT AR / CAAC = C:
Ru-35 N
| Ph
N
Ru-95

Even if allenylidene/indenylidene installation failsiRa-95, it may be possible to directly access
CAAC-functionalized Hoveyd#ype catalysts via a diazo reagent (Scheme 5.7). Although the field
is seeking to move away frodiazabased alkylidene installation, direct and ateconomical
access to CAAGunctionalized catalysts would be a significant advance.

Scheme 5.7:Proposed diazbased synthesis of CAAfinctionalized Hoveyda catalystll -
CAAC

o L
CI"T __ “ \|/ Clo, i
CAAC—Ru—N />—> CAAC—Ru—O
N\ DCM, -78 C N \(

N. Cl Cl
- | HII-CAAC
NS

Ru-95

5.3 Alternative Uses for Ru50; a Potent Photocatalyst Precursor?

NHC-functionalized pyridyl and polypyridyl complexes of ruthenium have recently been
investigated as photosensitizers in photocatalytic water splitting and hydrogen tfamsfies0,

or derivatives obtained by replacing two or more pyridinegands wi th a -pol ypy
bipyridine) (Figure 5L), may likewise be photochemically useful.
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Figure 5.1: Known Rupyridine Ru-50) and proposed Rpolypyridyl (Ru-96-97) species may
be efficient photosensitizers.
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Along the same lines, the synthetic rout&te50 developed in this work, which is operationally
straightforward and highielding, may be adaptable to existing NHi@ctionalized Rebased
photosensitizers. Currently, suatomplexes are synthesized in a -quuo¢ procedure from
RuCkA«H20) 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 rtodevaid 5

69%). By contrast, the synthetic route Ru-50 presented in this work proceeds rmom
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-R#C complexes$cheme 5.10), accelerating developments

in the field.

Schemeb.9: Current synthetic route to NH@yridyl ruthenium complexes.

— —_ 2+
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Scheme5.10 Proposed alternative synthesiskoiown photosensitizeRu-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 té installation of @FsO" on HIl . The thermodynamic outcome appears partially
dependent on the ruthenium substrate, as installatiorsFsOCon Ru-84 seems to proceed to
completion. Given that under no tested conditions did the reactiorHllitbtonsume more than
50% of available zinaryloxide bond, it seems that Zn(eKs)2 is more thermodynamically
competent as an aryloxide source than Zrif&)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)dRa&@@

a catalytic arount of ZnCp, thus allowing zinc to act as an anionic ligand transfer agent.
Alternatively, using a large excess of Zn(§p€). should allow complete conversion bifll ,
although at the expense of a more laborious workup.

If this zincbased approach to anyide installation is successfulyiMes and CAAC derivatives

of the unusually higiperforming IMes catalysfRu-28 andRu-57 should immediately be targeted
(Figure 52). The CAAC derivativefRu-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 decompositionrRaut8landRu-102may
therefore offer unprecedett catalyst longevity.
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Figure 5.2: Structures of known higperformance pseudohalidenctionalized Ru metathesis
catalysts bearing the generally lp&rformance NHC IMes and proposed variants bearing higher
performance KHIMes or CAAC ligands. To be acesed using Zn as a transmetalating agent rather
than TI.

Known pseudohalide catalysts, synthesized via Tl
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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, thererapesxacross 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(KBu)s and b-diketoiminate installation on
[Pd(PPR)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 broadgsal at ~14.2 ppm is an exciting early indicator for the successful
synthesis of lowvalent alkylidendRu-88, but synthesis of the tentatively assigied88 must be
replicated and the identity of the product confirmed. Isolation should be achieved tgnfiosing
CsFsOH by addition of NEfand passing through Celite to remove the resultant salt. Precipitation
from a concentrated pentane solution, potentially under cooling in-@elsthanol bath should
then yield the isolated product. Alternativelyygm the apparent high solubility &u-88 in
hexanes, precipitation from water or methanol may be possible. This would not be an option with
parent complexeRu-85 or Ru-86 (which are similarly highly soluble in hexanes), as thealkyl

and Rualkoxide functionalities are basic enough to be sensitive to protic medakRidenes,
however, are generally tolerant of protic solvents, BoeB8 is already known to tolerate eh
presence of §Fs0H, which is significantly more acidic than® orMeOH. Recrystallization from
minimum THF via addition of D or MeOH may kill two birds with one stone; furnishing crystals

105



Appendix A: NMR and GMS data for new compounds and key experimersiithed in Chapter 3

of Ru-88 and washing away d€sOH with the aqueous supernataxdtray quality crystals will
allow unambiguous structural assignment.

OnceRu-88 has been confirmed, it should be evaluated as a metathesis catalystloRing
metathesis of DDM is a benchmark reaction commonly used for this purpose by the Fogg group
(Sdheme 5.12). As this is the first generation fealent metathesis catalyst, poor performance
relative to current statef-the-art highvalent catalysts should not be entirely unexpected.

Schemeb.12 RCM of DDM

H5C200C _COOC,Hs 0.1 mol% Ru-88 H,C,00C.__COOC,H;
CH,Cl,, RT é
>
= X

-

Regardles of the outcome of metathesis screening (high metathesis activity, poor metathesis
activity, or metathesis inactive), a secaygheration of lowalent alkylidene should be targeted

by replacing the gymene ligand to bring the system more in line withgeometric properties

of known highvalent metathesis catalysts (Fig&8). As a result of the higher electron density

on ruthenium, higher lability of stabilizing ligands relative to known higlent catalysts is
anticipated. While facile dissociation of one ligand is desirable for catalyst initiation, further loss
of labileligands may lead to catalyst death and therefore poor metathesis performance. It may
therefore be desirable to replace the labile monodentate pyridine ligands in structuRes8ike

or Ru-103with chelating ligands. This could be achieved with knowretridte variants of

HzlMes (as inRu-106), which would offer maximum stability. Alternatively, combining a
monodentate carbene with a b-bipyrdmda @py)asinRti-abi | i z
108 or 1,2bis(dimethylphosphino)etharidmpég as inRu-107) should offer both improved

stability and stereoselectivity by the same principal as knowngtgnt dithiolate catalysts.
Combining a bidentate carbene (both N+@d CAACP variants of which are known) and a
bidentate stabilizing ligand (as Ru-104andRu-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, hggrforming 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 secongeneration lowalent Ru metathesis catalysts, grouped according to
ligand denticity

All monodentate
stabilizing ligands

Py/,

Ru—O

Ru-103 py7/

One tridentate
stabilizing ligand

Two bidentate stabilizing ligands

tBu_ Diip 78\
-0 Q0
Ru—OiPr E .
N | pPme, N>_ U
Diip Me2R, N |
es
Ru-104
N
Ru-105
One bidentate stabilizing ligand
|1
L—\Ru\—OlPr
SN =N N=
M92P PMez N N
\_/ \ /
Ru-107 Ru-108
L= NHC, CAAC

OnceRu-88 or its pcymenefree derivatives have been established as metathetsig, their
decomposition routes shoulie evaluated and compared to those established forvhalght
metathesis catalysts. Of particular interest is the susceptibility ofvédent alkylidenes to
nucleophilic attack, to which they are anticipated to be resistant. Even-ifdi@nt alkylidems

prove to be poorly active or inactive in metathesis, evaluatiavhgthey 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 higlralent metathesis catalysts was not an effective route todtant
alkylidenes, leading instead to rapid decomposition and loss of alkylidene, treatmentvafdatv
alkylideneRu-88 with a chlorinating agent may grant assdo highvalent metathesis catalysts.

If 1 equiv. PPBCI2 is used as the chlorinating ageRy-39, a highly useful precursor to second
generation and CAAQunctionalized Hoveyd#&ype catalysts is the expected product (Scheme
5.14). Thus, even if lowalent alkylidenes turn out to be ineffective metathesis catalysts, they may
enable a diazfree, high yield route to highalent benzylidenes. Particularly exciting is the
potential to directly access nit@rela type catalysts by using §QiPr)5(NO2)CsH3CH. ligand

in place ofo-(OiPr)GH3CH. (Scheme 5.15). Note that the nitro functionality is not compatible
with highly basic Grignard reagents, but is generally tolerayetie milder alkylzinc analogues.
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Therefore, initial installation of the nitreariant 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 higalent metathesis catalysts via oxidative
chlorination ofRu-88

cl,
. 1 equiv. PPh,ClI ‘o, ||
"N S s PPhy—Ru—O
hexanes, RT N \(
~oy Ru-39 CI

Ru-88

Scheme 5.15Modification of the benzyl ligand iRu-88 to include a nitro group para toil»
should allow access to the Nitfarela type catalystG-PPhs.

O,N
2 \©\/\ZnCI > < >
. D —— Cl/,l
"CI

Ru - E— PPhS—Ru—O
DCM, RT

CI
Ru- 35 oN >—— nG-PPh,

Ru-109

Additionally, the rather mild conditions and ugaendly procedure for the isitu preparation of
Ru-88 suggest the possibility of a rapid and facile -po¢ preparation of known higbalent
alkylidenes starting from commercially availaBla-35 (Schemes.16).

Scheme 5.16Proposed ongot synthesis oRu-39starting from commercially availabRu-35.

It is hoped that by carrying out the reaction in eithgdd®r hexanes, both Mgebnd [GFsO
JI"NHE#] will precipitate from solution antherefore not interfere with the final chlorination step.
Otherwise a filtration step will need to be added to remove these salts prior to chlorin&ien of
88
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MgCl ; :
YQ/ @( R‘u,' ;:>
I,I
1 equiv. CgFsOH
/ \ o + MgCl, q 65 -
CeHG or hexanes 7/ 0 RT, 5 min
RT, 5 min

Ru-85

Ru-35

1 equiv py
, 1 equiv NEt;
— l'o C( L o™
RT, 5 min
u 86
["NHEt;]

", o 1 equiv PPh;Cly Cls,, [| [
'\O SErTTTE PPh3—Ru<O
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5.7 Leveraging Mg3: 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-OiPr benzyl ligand developed in this work (Scheme 5.17) represents an opportunity
to use experimental rather than computational oulogies to get an empirical measure of
electron density on ruthenium metathesis catalysts to assess oxidation stteAb§orption
Spectroscopy (XAS) provides information on the electronic structure around atomic nuclei and is
routinely used to evalta oxidation staté? including for transition metal complex&si® 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 spectrglayedependent 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) thloride substrate, such as Rg(@Y): (Ru-110) will

produce an unambiguously Ru(lll) alkyl analogue to Hoveyga alkylidene complexeR(-

111, Scheme 5.18). The corresponding pyriefimectionalized Hoveyddype alkylidene Ru-

112) should be accessibléa a diazo reaction witRu-94 (Scheme 5.19)
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Scheme 5.17Theo-O'Pr benzyl ligand developed in this thesis, installed\ga3

(:(\MQCI
0

N

Mg-3

[Ru]-Cl > [Ru]—OY

Scheme 5.18Proposed synthesis Biu-111

—Cl,,, Mg -3 'z,
\ N—Ru—N \ —Ru—o
/ N = THF RT
| s I
s NS
Ru-110 Ru-111

Ru.,, - IS
o | /,\© DCM, - 78 C I ai
Cl % “
Ru-94 X
Ru-112

Comparison of the RK edges of the XAS spectra fétu-111 and Ru-112 will then allow

assignment of oxidation state: if the-Rwedge ofRu-112leads that oRu-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 oRu-112, then theelectron 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 choserpIlil® nant hr ol i ne ¢
bypyridine are operationally simple options that should be compatible with both the benzyl and
benzylidene ligand. Bulky NHC or phosphine ligands shouldvméded 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 Complexefu-84 and Ru-853 Ligand
Installation Via Deprotonative Metalation

The roue toRu-86via deprotonative metalation discussed in Section 4.23 highlights an additional
use case for stable, easily accessible benzylruthenium complexepotentially versatile and
robust vector for anionic ligand installation on rutheni®ulong & the protonated form of the
desired anionic ligand is sufficiently acidigaction withRu-84 or Ru-85 should produce the
mona or bis installation product respectively (Sche®@0. In the case of particularly bulky or
poorly bridging ligands, where the dimeric structur@si-113 or Ru-114 may be disfavoured,
addition of an kdonor such as pyridine will prevertecomposition due taoordinative
unsaturation (Schente?21).

Scheme 5.Q: Proposed synthesis of chloridabstitutedderivatives ofRu-35. Addition of 1 or
two equivalents of HX t&ku-84 or Ru-85will respectively produc&®u-113or Ru-114.

Mono-addition:

@%

THF or DCM, RT

7/ Ru-113

Ru-84 X = Br, I, OR, OAr, NR,, SR, etc.
Bis-addition:
2 equw H-X
THForDCM RT / \ /@)\ ©\/J\
Ru 114
Ru-85

X =Br, |, OR, OAr, NRy, SR, etc.

Scheme 5.21: Chloridesubstituted dimers of typeRu-114 may dissociate, producing
coordinatively unsaturated monomers of t{fae115. In such cases, the monomer may be trapped
by adding an equivalent of pyridine.

unstable dimer coordinative unsaturation stabilized monomer
R L Ru
/ \ / 1'/ Ul"/ N - l ',,”
h | “x | N X
Ru 114 X J x
X =Br, I, OR, OAr, NR,, SR, etc. Ru-115 Ru-116
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For metathesis applitans, indenylidene or alkylidene may then be installed via conventional
meanspffering direct access to metathesis catalysts with tailored anionic ligands (Sbt&ne

This approach is inherently less ateeonomical than the Nan methodology proposed in
Section 3.4.2but 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-#re Na
transmetalation route.

Scheme 5.22Sequentl reaction oRu-117with 1 equiv HIMes followed by treatment with the
Hoveydatype aryldiazomethane reagent is expected to produce pseuddhabtienalized
catalysts. Route tRu-58 pictured, but any pseudohalide is expected to be accessible,qutovid
that the precursdru-114can be synthesized

; | CeFs
Cl OCqF5 I
Ru/ N u/ 2 equ|v HoIMes \r O”r, |

N\ 7 —>H IMes—Ru—0O
CeFsO Ci TTHRRT HoMes”™ | ““ocgFs DCM, 78 °C ' 2 j/
OCGF5 Ru-58 ?
Ru-117 Ru-118 CeFs

The applicability of ligand installation via deprotonative metalation need not be limited to anionic
ligands the protonated forms of neutral ligands offer the possibiligpncomitant L and X ligand
installation. For example, treatmentRfi-84 with 1 equiv of the HCI adduct of #Mes should

furnish known compleXRu-33 (Schemes.23. While nominally less atoraconomical tharthe

most recently published synthesisRii-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 overaddition of free NHC to poorly solubRu-35.1° The process of generating freglMes

is itself both time and solvent intensitffurther addingo the material and ecological costs of the
route. The deprotonative metalation approach, by contrast, does not require isolation of the free
carbeneeliminatingthe possibility of bisaddition of NHC Rapidcombination of the two reagents

in a relatively small amount of solvent should be feasipeatly reducing operational complexity

and solvent useSince NHC deprotonation and installation shoulgtiinciple be concomitant, it

may also be possible to use £Hb as the solvent systeftypically avoided, as free NHC will

react with CHCIy), both further reducing the volume of solvent required and accelerating the rate
of reactionas the HCadduct ofH2IMes is significantly more soluble in GBIl than THF.

112



Appendix A: NMR and GMS data for new compounds and key experimersiithed in Chapter 3

Scheme 5.23:Proposed alternative synthesis RfI-33. Treatment ofRu-84 with 1 equiv
HJ Mes AHCI at room temperature and Ru-383withbue abs e
the need for large volumes of solvent or the isolation of free carbene.

i Mes - <; > <
Ru,, N + Cl
"C| + [ \>_H > RU’ + J\
/ "/,
o) N THF or DCM, RT  H2lMes | “Cl 0
7/ Mes Cl
Ru-33

Ru-84

Scheme 5.24Current statef-the-art synthesis oRu-33. Success of this reaction requires large
volumes of THF, owing to the poor solubilityRfi-35in THF. HoIMes 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/ | g
Cl
Ru-33

Ru-35

Performing the reaction at elevated temperateug 65 °Cland in the presence of at least 3
equiv. pyridine should also provide an improved-poesynthesis oRu-50 (Schemeb.25

Scheme 5.8: Proposed alternative synthesis Rfi-50. Treatment ofRu-84 with 1 equiv
HJ Mes AHCI and at |l east 3 equiv pyridRn® at el
via thermaIIy labileRu-33.

O O

N+ EI 3 equiv. py

— Hlees—Ru— Of
THF, 65 °C )\
ENJ Nt

Mes
Ru-84 A
Ru-50
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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(WBC) I CI1 ) pl at f or ms
5.26). Starting instead frorRu-85, RuXo(NHC) motifs may also be target (Schemé&.26).

Scheme 5.8: Proposed synthesis BuCIX(h®p-cymene)(Hl Me s )  ( RU-119. Rehcion (
of Ru-84with 1equivHl Mes AHX i s exfRetloed to produce

i Mes - <;| > <
Ru,, N+ X
“c| + E \>_H g Ru, + J\
/ "/
0 N THF or DCM, RT  HzIMes cl:| % 0
M
7/ s Ru-119 X#Cl

Ru-84

Scheme 5.Z: Proposed synthesis of Ru(®p-cymene)(Hl Me s )  ( Ru-120 S€duéntial(
reaction ofRu-85with 1 equiv HX followed by 1 equivkl Mes AHX i s expfRe-cted t
120

i 1) H-X ; :

Ru,, 2) HlMes+HX Ru +2

i ” > / "'/

3 THF or DCM, RT  HzlMes )‘( X ©

0 Ru-120 X#Cl
Ru-85 >

The deprotonative metalation approach also offers a potential solution to blenpadinstalling
cyclic alkylamino carben€CAAC) ligandson rutheniumCAAC-bearing catalysts significantly
outperform their NH&unctionalisedpredecessordut CAAC installation remains challenging
and lowyielding. The free carbersdfor CAACs appear to be less stable than NHtbgyare not
easily isolated, and are therefore typically generatesitinand used without further purification.
Attempts withintheFogggroup to isolat®u-121, a CAAGanalogue oRu-35and potential entry
point to the higkyield synthesis of CAAGunctionalized catalysts have been frustrated at least
partly by the poor stability of free CAAC (a synthetic route that requireslanmed, slow addition

is not expected to be compatible with sHored reagents). Deprotonative metalation eliminates
the need to generate free CAAC in a separate step and may therefore allow unprecedented access
to CAAC-derivatives ofRu-35 (Schemes.28. Conventional alkylidene installation techniques
should then provide CAA@unctionalized catalyst® high overall yield
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Scheme 5.8: Proposed installation of CAACs on ruthenium via deprotonative metalation of
CAACAHCI byRa8hu ct

') THF or DCM, RT

Ru
‘e, CAAC-HCI
l ‘Cl o /Ru"o * C(J\
canc” | s 0

Ru-121 X=#Cl

5.8 Full Characterization of New Ruthenium Complexes

Ru-56¢ requires a'*C NMR spectrum and higres mass spectrometry for complete
characterizationRu-84 requires &3C NMR spectrum, higiies mass spectrometry, anera§ or
neutron diffraction crystallography is desirable to confirm and explain the unusual spectroscopic
properties of the benzyl protorRu-85, Ru-86, andRu-88 each requiré*C NMR analysis, high

res mas spectrometry, and proper isolation to determine a yield. Isolation should be achieved by
coolinga concentrated pentane solution of the crude products until crystallization deat8$.
andRu-88 would benefit from'H-'H COSY and'H-1*C HSQC experiment® aid in assigning
ambiguous signals in their respectieNMR 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 exaiting developments to be made by
exploring the fundamentals of organometallic synthesisaAydrogerabstractiorbased route

to low-valent ruthenium alkylidenes appears to have been achieved, and should lead to several
fruitful advancements in the uadstanding of olefin metathesis.
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Appendix A: NMR and GC-MS data for new compounds and key experiments described in
Chapter 3

Figure A1.1: *H NMR (300 MHz, CDCJ) spectrum ob-(OiPr)(CsH4)CHCL
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