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Abstract

Ruthenium-catalyzed olefin metathesis is an exceptionally powerful method for the
catalytic formation of new C=C bonds, recognized last year with the Nobel Prize. While the
Grubbs-class catalysts RuCLLL'(CHPh) have led to many advances, they offer limited
selectivity and lifetimes. As these shortcomings are associated with the chloride ligands, we
sought to incorporate "pseudohalide" ligands. Catalysts RuXX'(CHPh)(IMes)(py) were
prepared by use of sterically undemanding ancillary ligands and electron-deficient
aryloxides. Their modular structure permits control over selectivity via matching of catalyst
and substrate reactivity. While their initiation efficiency lies between that of the second- and
third-generation Grubbs catalysts, high efficiency is found in RCM of a,w—dienes to form
trisubstituted olefins, vinyl alcohols, a, B-unsaturated acrylates, macrolactones, ethers,
tertiary amines, thioethers, and silanes. Their performance relative to the most active Grubbs
systems is sometimes better, sometimes less so, with the optimum catalyst being a matter of
trial and error (though the sustained activity of the aryloxide catalysts means that they often
perform better in reactions that require long lifetimes). They are outstanding in enyne
metathesis (enabling quantitative formation of tetrasubstituted olefins, a first in Ru-catalyzed
metathesis) and in RCM synthesis of macrocycles. Examination of the much longer reaction
time of the Grubbs systems led to the unexpected finding that oligomerization of a,w-dienes
is kinetically dominant, and that RCM products are liberated in a concentration-dependent
backbiting reaction. This is extremely important, as oligomers are generally regarded as a
dead end in metathesis. This finding completely revises our understanding of the context and

protocols for construction of conformationally flexible, medium and large rings by RCM.
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1 Introduction

“No other technical principle combines economic and ecological values as closely as
catalysis.”' In an age of global concern over the state of the environment, the development of
catalytic technologies is becoming increasingly important. The ability of a catalyst to lower
the activation energy of a chemical transformation reduces energy costs (Figure 1), affording
access to molecules that would otherwise be impractical to make, while minimizing the
environmental footprint required.”® Few catalytic methodologies offer the diversity and

selectivity of transition-metal catalyzed olefin metathesis.>®

Catalysis

Energy

Substrate
Product

Figure 1. A catalyst lowers the energy needed to convert a substrate into a product.

1.1 Olefin Metathesis

Olefin metathesis describes reactions in which a metal complex catalyzes the skeletal
reorganization of alkenes or alkynes. >'° Without a catalyst, the thermal [2+2] cycloaddition
of two alkenes is symmetry forbidden."' Olefin metathesis research began with the use of ill-
defined, multi-component catalysts. One of the first reports of metathesis polymerization
used a mixture of TiCl, and EtMgBr as the catalyst.'> At an early stage, metathesis

polymerization was also found to be catalyzed by WEts/AlEt;"? or RuCls."* With these
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catalyst formulations in hand, the metathesis of small molecules was explored. Propene, for
example, was found to produce ethylene and 2-butene."

Although these structurally ill-defined catalysts gave access to new materials, the
reaction mechanism was not understood. In 1970, Chauvin proposed that olefin metathesis is
catalyzed by metal alkylidenes, which undergo a [2+2] cycloaddition with an alkene to
afford metallacyclobutane and, upon retro-addition, a new alkene (Scheme 1).'¢ Compelling.
evidence for this mechanism emerged from subsequent labeling studies.'”

H2C CH2 H2C""—'CH2 Hzc:CHz
- —

[M] © CH, [M]L(ing T [M]J=CH,

Scheme 1. The Chauvin mechanism for olefin metathesis uses a metal alkylidene as catalyst.

The different kinds of metathesis processes are summarized in Scheme 2. Cross
metathesis (CM) exchanges the R-groups of acyclic alkenes. Related to CM, acyclic diene
metathesis (ADMET) occurs when dienes undergo an intermolecular reaction to form
oligomers.'® The alternative intramolecular reaction of dienes results in cyclization, a process
termed ring closing metathesis (RCM).'**° Ring-opening metathesis polymerization (ROMP)
of cycloolefins (cycloalkenes) affords polymers. Finally, ene-yne (enyne) metathesis is the
reaction of an alkyne and an alkene to form a 1,3-diene.21 In these reactions, product
distributions are determined by thermodynamic parameters. For example, ROMP is driven
by the release of ring strain in the cyclic precursor, while CM or RCM processes can be

driven by the volatilization of ethylene. The Chauvin mechanism illustrates that any metal-
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alkylidene complex can catalyze all of these reactions, providing its reactivity and selectivity

is sufficient.

Cross Metathesis (CM)

R, R, cat. Ro
&\ + t\
R, R, R,

Ring Closing Metathesis (RCM)

cat. m
—_ + —

Acyclic Diene Metathesis (ADMET)

@ _

Ring Opening Metathesis Polymerization (ROMP)

O =Ly
-

>

'b

Enyne Metathesis

Shae

Scheme 2. Types of olefin metathesis reactions.

The diverse nature of these metathesis reactions led to many applications for the early
catalysts, including the synthesis of a-olefins,® the preparation of macrolactones for

perfumery applications,** and the production of industrially important polymers via ROMP
ry app
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of cyclopentene, cyclooctene (Vestenemer), norbornene (Norsorex), and dicyclopentadiene
(Metton, Telene, Pentam).6 Selective reactions involving more complex substrates, however,
required the development of structurally well-defined, more active catalysts.

Well-defined, single-component metathesis catalysts are complexes containing a
metal-alkylidene. Low oxidation state complexes containing ‘Fischer carbenes”
([M]=CHOR),”** are less reactive than the high oxidation state “Schrock carbenes”
([M]=CHR).” Intensive research by Schrock and coworkers led to the development of well-
defined highly active Mo and W catalysts.”**” A key advance was the development of a
ligand set that enabled fine-tuning of catalyst stereoelectronics. Modulation of the bulk and
electronic properties of the imido and, in particular, the alkoxide or aryloxide anionic ligands
permitted a high degree of control over reactivity and selectivity. Mo catalysts were used in
RCM reactions to form oxygen®® and nitrogen? heterocycles. Chiral catalysts (e.g. C, Figure
2) enabled the production of isotactic ROMP polymers®® and chiral organic compounds via

asymmetric RCM (Figure 2).”

Ph 'Bu Ph

‘/‘<Ph Ph ‘O Ph
'Buo“...,\,||0 Me (CFy) 3cof O, ,VJ)<
N O,
7 °N
tBuO CF3 3CO j@

A B C
increased activity stereoslective

Figure 2. Representative examples of Schrock metathesis catalysts.

Despite the high metathesis activity and remarkable selectivity (including
stereoselectivity) of the Group 6 catalysts, they are limited by their high sensitivity to air,

water and protic or oxygen donor functional groups, as well as their thermal sensitivity. The
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enormous recent expansion in use of metathesis technology is largely due to the development
of highly active, easily handled ruthenium catalysts.’' Ruthenium systems of the Grubbs
type, RuCLL,(CHR)LL’ (1),*** are more thermally stable and much less oxophilic than the
Group 6 catalysts. They can thus be deployed in much less stringently controlled reaction
conditions, though it should be recognized that the active catalyst is oxygen-sensitive.
Metathesis via 1 is initiated by loss of a neutral PCy; ligand, creating an empty
coordination site for the incoming alkene. The alkene then undergoes a Chauvin [2+2]
cycloaddition with the cis-disposed Ru=CHR moiety to generate a metallacyclobutane. NMR
evidence for the Ru metallacyclobutane intermediate has recently been reported by Piers and
co-workers.** A new alkene is obtained by retro-addition; after alkene dissociation, the active

catalyst is reformed.

L, Cl
A
a” ™

precatalyst
or initiator

initiation - L n +L

CH, CH, CH,
CH, Lol Ll CH,
olefin a” olefin
decoordination active catalyst coordination
L «Cl CH,
i) Al
CI7 LN CH, L;Ru"‘ c
2 CH, cl \ﬁ:z
2
retro [2+2]
{2+2) H, cycloaddition
cycloaddition Lo A0
ad
H,

metallacyclobutane

Scheme 3. Ru mediated olefin metathesis mechanism.
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The catalytic activity of 1 was increased by replacing one PCy; with an N-
heterocyclic carbene (NHC) group. The discovery of the powerful activating effect of NHC
ligands in Ru catalyzed olefin metathesis is attributable to the research groups of Herrmann,

Grubbs, and Nolan.”® Most extensively studied are derivatives containing an IMes>*¢ o

r
H,IMes®* ligand (2a or 2b respectively; Figure 3). Depending on the substrate, either may
be superior.”>?’ Since the HyIMes version (2b) is now commercially available, however, it
has become the default choice for “second generation” Ru catalysts, and is widely used by
organic chemists. Organometallic chemists, however, tend to use 2a as it is easier to prepare
in high purity. The origin of the higher activity of the second generation catalysts vs. the
Grubbs catalyst 1, is not simply the greater electron-donating power of the NHC ligand, vs.
PCys: For 2a/b, the rate of initiation was found to be slower than that of 1, but its reaction

with an olefin was much faster. The result is a much more active catalyst.***’

Ph Ph Ph
Cy3Pl:..Rn:..nC| |MeS':..FlJ:..|\C| H2|MeSu..|l|':.nC|
c” pcy, a” pey, ™ pey,
1 2a 2b
-
NN NN
IMes HylMes

Figure 3. Grubbs’ catalyst (1) and second generation catalysts containing N-heterocyclic
carbenes as ligands (2a/b).

Since the development of 1 and 2a/b, olefin metathesis has been widely employed as
an exceptionally powerful tool for carbon-carbon bond formation. RCM and CM reactions

have had major impact in organic synthesis, and feature as key steps in an increasing number
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of natural product syntheses.*”** Heterocycles containing phosphorus,** sulfur,**** oxygen,*

nitrogen*® and carbohydrates'’ are now routinely made by RCM methods. Key to the
synthetic utility of the ruthenium metathesis catalysts is that they display orthogonal
reactivity, that is, they preferentially react with alkenes leaving most other functional groups
untouched. For example, 2b displays orthogonal reactivity with bromostyrenes, allowing
cross metathesis while leaving the aryl bromide untouched. In contrast, Pd cross-coupling
catalysts react with both alkene and aryl bromide.*®

Metathesis frequently offers greater atom economy® and higher yields than traditional
C-C bond forming methods.”® As well, the functional-group tolerance displayed by the
ruthenium catalysts allows the metathesis step to be used at virtually any stage of a synthesis.
This versatility has engaged many synthetic organic chemists, and metathesis is now a key
technology for constructing complex molecules.*® As one high-profile example, ciguatoxin
(one of the largest molecules assembled by total synthesis), uses RCM at several key ring-

forming steps (Scheme 4).”!

In other important examples, of RCM in chemical synthesis, macrocycles such as the

epothilones (anti-cancer drug candidates),”® (-)-muscone,> and Exaltolide® (synthetic musk

fragrances) have been obtained by RCM.”® Applications of highly functionalized ROMP
polymers include use as: drug delivery agents, nonlinear optical materials,” and
neoglycopolymers.57 Recently, olefin metathesis has been used to gain access to molecules

with novel topologies, such as molecular gyroscopes’® or bowl-shaped sumanenes,” the

latter being a fullerene fragment.
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120 mol %
A CH,Cl»
8 hours

60% Me

Me
deprotection ciguatoxin CTX3C

Scheme 4. A late-stage RCM step in the synthesis of ciguatoxin.

The importance of the science described above was recognized in 2005 with a Nobel
prize being awarded to Chauvin, Schrock and Grubbs, pioneers of metathesis chemistry. The

citation stated, in part, that:

“Catalysts for metathesis have been developed into enormously powerful and versatile tools
in organic synthesis. The wealth of synthetic transformations that can be accomplished is
astonishing.”

-Nobel Prize Announcement 2005%

Despite the phenomenal success of Grubbs catalyst (1) and its NHC derivatives 2,
limitations include their short lifetimes and the inability to tune selectivity. Reduced catalyst
loadings and increased catalyst productivity are needed before widespread industrial use is
feasible. To date, however, the major focus of research has been improving catalyst activity.

Increased activity has been achieved by making derivatives of 2 that contain ligands which
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are more labile than PCys, such as: pyridine (3),! PPh; (4)62 or a styrenyl ether (52)%
activated by steric (5b)** or electronic destabilization (5¢)® of the chelate ring. An extreme
example of this approach was the development of four-coordinate phosphonium alkylidene
6.56

For all the above catalyst modifications, the anionic chloride ligand remains
unchanged. Consequently, all converge on 7 as the active intermediate (Figure 4). Therefore,

similar selectivity and deactivation pathways can be anticipated.

]/Ph ]/Ph ],Ph R R Brey,
Cysl:,l,"'lu"‘\(:l r\lHC""FI{u“"C| lMeS""'Rlu""CI IMeS"“FiE’"‘CI HgIMes:...R|E\CI
c” Spoys o Spoys o N o Noen A "
L s h T cl
CI"'»RU“I\O’Pr @BF4
1 2 L= 3 4 HglMes/ \CI 6
il a:pyridine (py) ~ a: R =CHCMe, 5
b.' H.IMes b: 3-bromopyridine b: R =Ph a:R,R'=H
o (Brey) b:R'=Ph, R'=H
c:R=H,R =NO; /
: NHC""FQ .Cl [
l / u H
, Cl
H 7 i

.........................

Figure 4. Metathesis catalysts that converge on 14-electron dichloride intermediate 7.

Previous work form our group described the bimolecular decomposition of a range of
RuCLLL’(CHR) species into metathesis inactive dimers based on the Rux(u-Cl); core. 67-69

Others have described the thermal decomposition of 2b,° and the unimolecular

decomposition of metallacyclobutane by reductive elimination (Scheme 5).”" Advances in
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the design of Ru metathesis catalysts require a new strategy to limit such decomposition

pathways and to enable modulation of catalyst activity and selectivity.

R bimolecular M\
L ”/ o decomposition \< «Cl, —'CZ‘NYN—Mes

2 ,._Ru_..\ L RU‘C'~RU L or |

~e " RU—RU ~Cl
c|/ L cl \C HleesH/ \ ol
active catalyst L= PPh Cl
= 3
* R +MePCys*Cr
R,
unimolecular
Lo g \C decomposition Loy ol
v d - . /Ru
Cl \/\

metallocyclobutane

Scheme 5. Known decomposition routes of Grubbs-class metathesis catalysts.

The key design element we chose to change was the replacement of chloride with
pseudohalides.”” Work from the Schrock group, described above, showed that the definition
of the catalyst active site, including prevention of bimolecular decomposition, could be
accomplished with modular, tunable aryloxide or alkoxide ligands.” In comparison, the
chloride ligands ubiquitous to Ru chemistry offer limited capacity for tuning. We were
intrigued by the potential of a Ru catalyst family in which the chloride ligands were replaced
with more readily tunable anionic ligands, such as aryloxides (Figure 5). The ability to tune
catalyst selectivity, activity and productivity via better use of the anionic donors is an
especially attractive prospect, because unlike the neutral donors, the anionic donors are much
less likely to dissociate during metathesis. Therefore, they enhance the capacity for tuning
catalyst sterics and electronics at all mechanistic steps, not just initiation. Stereoelectronic
effects are found throughout chemistry: in catalysis, small differences in catalyst structure

can mean the difference between success and failure.
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- _Ph
L“"F\Ul:"\CI s
ca” ML

Figure 5. Conventional Ru metathesis catalysts contain chloride anionic ligands. A new
variable design incorporates the anionic “X” ligands.

1.2 Scope of this Thesis

This thesis describes a new approach to the design of ruthenium metathesis catalysts
aimed at enhancing catalyst performance and controlling selectivity. Depending on the
application high activity or productivity is required. Experimental details are found in
Chapter 2 and data not appearing in the main text is tabulated in the appendices. Chapter 3
describes the synthetic efforts directed at replacing the chloride ligands in the Grubbs type
Ru catalysts with pseudohalides. Chapter 4 describes the screening of catalysts for ROMP
activity, and testing of the optimal Ru-aryloxide catalysts for challenging reactions such as
the formation of macrocycles or tetrasubstituted olefins. Modulation of these ligands permits
control over catalyst selectivity and activity and enables the use of low catalyst loadings. In
Chapter 5, ring-closing metathesis is examined in closer detail. An unrecognized
fundamental interplay between ADMET and RCM chemistry is described, which has
profound implications both for the design of appropriate experimental protocols, and for the
validity of some data reported in the literature. Chapter 6 includes studies on the reactivity
and mechanistic behavior of selected aryloxide catalysts using a combination of kinetic and
theoretical methods. Finally, Chapter 7 offers suggestions for future work, including

asymmetric metathesis.
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2 Experimental Methods

2.1 General Procedures

2.1.1 Reaction Conditions

Synthetic procedures were carried out at room temperature (22 °C) under an inert
atmosphere in either an N, filled MBraun drybox or a Schlenk line filled with argon dried by
passing it through a column of Drierite. Reactions carried out in air are indicated in the
individual experimental procedures. Column chromatography of organic molecules was
always carried out in air, following standard procedures.! All reactions were stirred with
Teflon coated magnetic stir bars. For all reactions, the glassware used was heated to 110 °C

in an oven and dried under vacuum.

2.1.2 Solvents

Dry, oxygen-free benzene (reagent grade), hexane (reagent grade), toluene (reagent grade),
dichloromethane (HPLC grade), tetrahydrofuran (unstabilized) and diethyl ether (reagent
grade) were obtained using an Anhydrous Engineering solvent purification system, and
stored over Linde 4 A molecular sieves. Other solvents were purified and degassed by
standard methods, typically by distillation.?> Pyridine was distilled from CaH, and 3-

bromopyridine filtered 5 times through a short column of neutral alumina.

2.1.3 Deuterated Solvents

All deuterated solvents were purchased from Cambridge Isotope Laboratories Ltd. or
Aldrich. For the collection of NMR spectra of organic molecules the deuterated solvents
were used without further purification. For organometallic complexes or catalytic reactions

dry degassed solvents were used. CDCl,; was distilled from CaH, and stored over activated
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Linde 4 A molecular sieves. CsD, was degassed by consecutive freeze/pump/thaw cycles and
stored over activated sieves. Ampoules of CD,Cl,, toluene-dg, and THF-d; were opened in

the glovebox and used as is.

2.1.4 NMR Spectroscopy

'H (300 or 500 MHz), *'P NMR (121 or 202 MHz) "“F (282 MHz) and >C NMR (75 or 125
MHz) spectra were recorded on a Bruker Avance-300 or Bruker Avance-500 spectrometer at
298 K. Spectral widths used for the acquisition of NMR spectra 8 (ppm): 'H, +25 to -35; °C
+350 to 0; *'P, +250 to -50. 'H and *C NMR spectra were referenced to residual solvent
peaks and recorded on the 300 MHz instrument unless stated otherwise. Coupling constants
are given as absolute values. >'P NMR spectra were calibrated to external standard of H,PO,
at 6 0 ppm; samples were externally referenced by inserting a capillary filled with 85%
H,PO, into an NMR tube containing the desired solvent and calibrating to & O ppm.
Alternatively, for some solvents, 0.1 M solutions of PPh; were used as the external standard,
: CH, (-5.06 ppm), CHCI, (-5.64 ppm), CH,Cl, (-5.46 ppm). In a similar manner, '°F NMR
spectra were referenced to trifluoroacetic acid (0 0 ppm). Literature values referenced to
CCLF, now a regulated chlorofluorocarbon, are shifted -76.53 ppm compared to TFA.

BC{'H} data for organic compounds are singlets unless stated otherwise.

2.1.5 Gas Chromatography

GC-FID analyses were performed on an Agilent 6890 Series GC-FID equipped with an
Agilent 7683 Series autosampler. A Varian CP-wax 52 CB carbowax chemically bonded, 30
m length, 320 um diameter column was used. The carrier gas was UHP grade helium. The

analyte injection volume was 1 ul. The inlet septum was replaced every 200 injections or
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upon loss of a good baseline signal to noise ratio. The autosampler was set to rinse the

syringe with methanol and dichloromethane five times each between runs.

2.1.6  Other instrumentation

IR spectra were measured on a Bomem MB100 IR spectrometer with NaBr salt
plates. Organometallic complexes were typically analyzed as a nujol mull and only non
overlapping peaks such as C=C and C=O stretches were reported. IR spectra of liquid
organic molecules were recorded neat and the entire spectrum is reported.

Microanalyses and ICP-AES (inductively coupled plasma atomic emission
spectrometry) analyses for Ru content were carried out by Guelph Chemical Laboratories
Ltd., Guelph, Ontario.

Inert-atmosphere MALDI-MS analyses were performed on a Bruker Daltonics
OmniFlex MALDI TOF mass spectrometer equipped with a nitrogen laser (337 nm), and
interfaced to an MBraun LabMaster 130 glovebox. Data were collected in positive reflecting
mode, with accelerating voltage held at 20 kV for all experiments, calibrating before each
use with [RuCl,(dppe),]: calculated M* m/z 968.11 and [M-CI|" m/z 933.14. Matrix (pyrene)
and analyte solutions were prepared in CH,Cl, at concentrations of 20 mg/mL and 1 mg/mL,
respectively; samples were mixed in a matrix:analyte ratio of 20:1 and spotted on the plate
using the dried droplet method. Either Maeve Moriarty, Melanie Eelman or Johanna
Blacquiere collected spectra. Electrospray mass spectra of organometallic complexes were
acquired from THF solutions (1mg/mL).

Gel permeation chromatography (GPC) data were collected using a Waters 515
HPLC pump, Rheodyne 7725i injector fitted with a 200 ul injection loop, Waters styrogel

HR3 and HR4 columns in series, an Optilab DSP refractometer and a Wyatt Dawn light-
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scattering detector. HPLC grade dichloromethane was used as the eluent and sparged
vigorously for 30 min with argon prior to use. Samples were dissolved in CH,Cl, (1 mg/mL)

and filtered through a 50 um syringe filter.

2.2 Synthesis of Ligands
2.2.1 Modified synthesis of N-tosylhydrazone
Reaction carried out in air. To a solution of 4-
—©—§—N‘:~ toluenesulfonehydrazide (18.322 g, 0.0984 mol) in MeOH (40 mL)
_@ was added benzaldehyde (10 mL, 0.0984 mol). After stirring for 5
min. a white precipitate formed. The mixture was cooled to 0 °C, filtered and washed with
MeOH (10 mL). After drying under vacuum 24.034 g (89%) of white powder was collected.

NMR data agrees with reported values.

2.2.2 Modified synthesis of phenyl diazomethane

=+ Reaction carried out in air. To a solution of N-tosylhydrazone (28 g, 0.107 mol)
) ‘@ in triethyleneglycol (200 mL) was added solid KOH (8.16 g, 0.204 mol). The
mixture was stirred at 70 °C for 1 hour. During this time the colour gradually changed to
deep red. The reaction was quenched with cold water (100 mL). Red phenyl diazomethane
was extracted with pentane (3 x 50 mL). The combined fractions were dried with MgSQO,,
and cooled to -78 °C. The white solids that formed were removed by filtration. The red

filtrate was reduced under vacuum to an oil, 3.14 g (25%). NMR data agrees with reported

values.’
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2.2.3 Modified synthesis of glyoxal-bis-(2,4,6-trimethylphenyl)imine

Reaction carried out in air. To a solution of 2,4,6-trimethylaniline
/@fl */\\Nj@/ (67.16 g, 0.5 mol) in n-propanol (150 mL) was added glyoxal (40
% wt solution in water, 36.3 g, 0.25 mol). After stirring at 60 °C for 4 h the yellow powder

was filtered off, 57 g (78%). NMR data agree with reported values.*

2.2.4 Modified synthesis of 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride

N/__/_\N+ In a dry flask under an atmosphere of argon was added glyoxal-bis-
/Q 1/ ﬁ\ (2,4,6-trimethylphenyl)imine (9 g, 0.0308 mol) and dry THF (100

- mL). Next, chloromethylethyl ether (3.03 g, 0.0308 mol) was added
by syringe. A vial of activated sieves was hung by a copper wire inside the flask. The
reaction was stirred for 5 days, during which a white solid began to precipitate. The white

solid was then collected by filtration, washed with THF (3 x 100 mL) then dried under

vacuum, 7.068 g (68%). NMR data agree with reported values.*

2.2.5 Modified synthesis of IMes, 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene

To a solution of 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride
/&N@;{_\Nﬁ\ (5 g, 14.7 mmol) in THF (50 mL) was added solid KO'Bu (1.939 g,

14.7 mmol). The reaction was stirred for 1.5 h. The solvent was then
removed under vacuum and the white residue dissolved in benzene. The gummy residue was
allowed to settle to the bottom and the liquid decanted into a large 3 cm coarse ground glass
filter half filled with compacted Celite. The leftover glue was rinsed twice more with 15 mL
benzene. The filtrate was then reduced under vacuum to dryness; a warm water bath was

used to keep the benzene from freezing. The off-white solid was reprecipitated from hexane
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(-35 °C) to give a white powder, which was filtered and dried under vacuum, 3.67 g (82%).

NMR data agree with reported values.*

2.3 Synthesis of RuCL(CHR)(L)(L’) complexes and their precursors
2.3.1 Improved synthesis of RuCl,(PPh,);, 8a

. ?I...\Cl To a 500 mL Schlenk round bottom flask was added RuCl;(H,0), (10 g,
PhsP /Ru\Pphs 0.0425 mmol) and dry methanol. The dark solution was heated to reflux for
1 h. Against the flow of nitrogen 6 equiv. of PPh; (67 g, 0.255 mol) were added, then heated
again for 4 h. Using a Schlenk filter, the solid was then filtered off. The purification is
carried out with wet solvents in air. The brown powder was washed with 500 mL of MeOH
then 8 x 500 mL washes with hexanes or until no more PPh, was present by TLC. The

powder was then dried under vacuum, 33 g (81 %). 'H and *'P{'H} NMR data correspond

with literature values.’

2.3.2 Improved synthesis of RuHCI(PPh,);, 8b

H To a 500 mL Schlenk round bottom flask was added RuCl,(PPh,); (2.00 g,

PhyPre.. gl iCl

PhsP”  “PPhy 2.08 mmol) and 100 mL toluene. Then a solution of KH (50 mg, 2.08
mmol) in 2-propanol (20 mL) was added. The resulting solution was heated to reflux on a
Schlenk line under Ar for 8 h. A purple suspension formed. The volume of solvent was
reduced under vacuum to 2 mL. After adding 10 mL of hexane, purple RuHCI(PPhs),

precipitated and was then filtered off, washed with hexanes (4-5 mL), methanol (4 x 3 mL)

and then dried under vacuum; yield: 1.924 g (99%). 'H and *'P{'H} NMR data agree with

values reported.”
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2.3.3 Larger scale synthesis of Grubbs’ catalyst, RuCl,(CHPh)(PCys,),, 1a

Ph To a stirred, cooled solution (=78 °C) of RuCl,(PPh;); (11.345 g, 11.8 mmol)

CysPu. 'llu"“CI

c” pc
Y3
diazomethane (3.18 g, 23.6 mmol) in CH,Cl, (100 mL). The colour turned brown. After

in CH,Cl, (275 mL) was added over 15 min. a solution of phenyl

warming to 0 °C with an ice bath (~30 min), a solution of PCy; (7.3 g, 26 mmol) in CH,Cl,
(20 mL) was added via syringe. The solution was then warmed to 21 °C and stirred for 45
min. The colour changed to purple. The solvent was removed under vacuum and the
remaining dark purple residue was suspended in MeOH (100 mL) and filtered. The following
washes can be done in air with wet solvents. The purple powder was washed and filtered
with MeOH (2 x 100 mL) then O °C acetone (100 mL). The purple powder was collected on
a filter and dried under vacuum, 6.8 g (70%). NMR data agree with reported values.®
Characteristic peaks: '"H NMR (C,Dg): 8 19.94; (CDCL,): & 19.95. *'P{'H} NMR (CDCl,): §

36.9.

2.3.4 Improved yield synthesis of RuCl,(CHPh)(IMes)(PCys,), 2a

Ph To a solution of RuCl,(CHPh)(PCy,), (1, 6.68 g, 8.13 mmol) in toluene (40
”‘"‘“‘C“‘I;FLUQC:CVS mL) was added IMes (2.6 g, 8.54 mmol). Over 1.5 h the purple solution
turned red and the toluene was removed under vacuum. The red residue was then dissolved
in pentane (20 mL), and cooled to —78 °C, then filtered. The salmon pink powder was then
dried overnight, 6.189 g (90%). NMR data agree with those reported.” Characteristic peaks;
'"H NMR (CDCL): § 19.40 (s, 1H, RuCH); (CsD¢): 8 19.92 (s, 1H, RuCH). *'P{'H} NMR

(CDCL): 8 32.4 (s); (CDCl3): 832.7 (s).
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2.3.5 Synthesis of RuClL,(CHPh)(IMes)(py),, 3a

o To a 50 mL round bottom flask, 5 g of RuCl,(CHPh)(IMes)(PCy,) (2a) was
'Mes""-ng‘C' dissolved in pyridine (~5 mL). A thick deep green solution was obtained.
o rLy\py Addition of small amounts (0.5 mL) of pyridine was sometimes needed to
completely dissolve the starting material. To help dissolve any clumps of unreacted starting
material, the reaction was stirred vigorously for 15 min. The green precipitate was crashed
out with 20 mL hexane and stirred again for 15 min. After cooling to —35 °C, the green solid
was filtered off and dried under vacuum overnight, 6.17 g (96%). '"H NMR (C,Dy): & 20.02
(s, 1H, RuCH), 9.33 (d, *J,y; = 4.3, 2H, py), 8.55 (d, *Juy = 4.7, 2H, py), 8.25 (d, *Jyyy = 7.5,
2H, Ph), 7.21-7.14 (m, 1H, Ph), 6.94 (t, *Jy; = 7.6, 2H, Ph), 6.78 (t, *Jyyy = 7.2, 1H, py), 6.50
(s, 4H, Mes ArH), 6.43 (t, *Juy = 5.9, 1H, py), 6.30-6.27 (m, 3H, py, NCH), 6.00 (t, *J;y =
6.2, 2H, py), 2.50 (s, 12H, CH,), 1.99 (s, 6H, CH,). "C{'H} (CsD¢): 8 317.8 (s, RuCH),
184.8 (s, NCN), 153.8 (s, Ar (), 152.5 (s, Ar CH), 150.9 (s, Ar CH), 138.4 (s, Ar CH), 138.3
(s, Ar CH), 137.7 (s, Ar C), 135.2 (s, Ar C), 134.1 (s, Ar C), 131.1 (s, Ar CH), 129.2 (s, Ar
CH), 129.1 (s, Ar CH), 128.3 (s, Ar CH), 127.9 (s, Ar CH), 124.9 (s, Ar CH), 122.8 (s, Ar
CH), 122.6 (s, Ar CH), 21.1 (s, CH,), 19.5 (s, CH,). IR (KBr, nujol, cm™): v (C=C) 1593 (w).

Anal. Calcd. C;gH, N, Ru: C, 62.98; H, 5.56; N, 7.73%. Found C, 63.21; H, 5.94; N, 7.61%.

2.3.6 Synthesis of RuCl,(CHPh)(IMes)(3-Br-py),, 3b

In a 50 mL round bottom flask 400 mg of RuCl,(CHPh)(IMes)(PCy,) (2a,

(Ph
IMeSIr...Rl,u..nCI 48.4 mmol) was dissolved in 3-bromo-pyridine (~5 mL). (Note: To remove
™ | NaBrpy
3-Br-py

polar impurities ("H NMR (C¢D): 8 11.5 ppm) immediately before use, 3-
bromopyridine was filtered through a column of neutral alumina five times). A thick deep

green solution was obtained. Addition of small amounts (0.5 mL) of 3-bromo-pyridine was
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sometimes needed to completely dissolve the starting material. To help dissolve any clumps
of unreacted starting material, the reaction was stirred vigorously for 15 min. The green
precipitate was crashed out with 20 mL hexane and stirred again for 15 min. After cooling to
—35 °C the green solid was filtered off and dried under vacuum overnight, 381 mg (89%). 'H
NMR (C4Dy): 8 19.79 (s, 1H), 9.29 (br s, 1H), 8.98 (d, *Jyy,; = 13.3, 2H), 8.30 (br s, 1H), 8.15
(d, *Jyy = 7.4, 2H), 7.18 (s, 1H), 6.91 (t, *Jyy = 7.3, 3H) 6.54 (s, 4H), 6.38 (d, *Jyy = 6.8, 1H),

6.25 (br s, 1H), 6.10 (br s, 1H), 5.56 (br s, 1H), 2.46 (br s, 12H), 2.10 (s, 6H).

2.3.7 Synthesis of RuCl,(CHCHCMe,)(PPh;),

Reaction of RuHCI(PPh;); (1.00 g, 1.08 mmol) with an equimolar amount
' "j‘; of 3-chloro-3-methyl-butyne (122 uL) in the presence of Proton Sponge,

1,8-bis(dimethylamino)naphthalene (231 mg, 1.08 mmol) in 10 mL CH,Cl,
caused an immediate color change to brown. Dilution with benzene (1 mL), concentration to
~1 mL and addition of hexanes (15 mL) precipitated a brown solid, which was filtered off,
washed with methanol and hexanes (5 x 1 mL each), and dried under vacuum. Yield 0.305 g
(55%); subsequent crops were contaminated with the reported dimer.®*® "H NMR (CDCL,): §
18.20 (q, *Juy = *Jyp = 9.4 Hz, 1H, RuCH), 6.85-7.65 (m, 31H, ArH, CHCH), 1.23 (s, 3H,
CH,), 0.96 (s, 3H, CH,); *'P{'"H} NMR (CDCl;): 8 30.0 (s). "C{'H} NMR (CD,Cl,): 8 291.4
(t, *Jop = 10 Hz, RuCH), 152.1 (t, 2Jp= 11 Hz, CHCH), 134.9 (t, *Jp = 5.7 Hz, Ar), 132.1 (1,
'Jep = 20 Hz, Ph), 130.4 (s, Ph), 128.5 (t, Jop = 4.7 Hz , Ph), 27.3 (s, CH,), 20.9 (s, CH,). IR
(Nujol, cm™): v (C=C) 1568 (m); anal. calcd. for C,;HsCl,P,Ru: C 64.40, H 5.01%; found: C

64.45, H 5.53%.

References page 78 23



Chapter 2. Experimental Methods

2.3.8 Synthesis of RuCl,(CHCHCMe,)(IMes)(PPh,), 4a
;{( A solution of RuCl,(CHCHCMe,)(PPh;), (0.13 mmol) and IMes (0.13
IMes ... l wCl

Ry mmol) in 40 mL benzene was stirred for 45 min. The solvent was removed

e NPPh,

and the residue precipitated from a minimum amount of benzene and
pentane (20 mL). The product was filtered off and dried overnight, 81 mg (76%). 'H NMR
(CeDg): 8 19.40 (d, *Jyyy = 10.8 Hz, 1 H; Ru=CH), 7.5-7.6 (m, 6 H, PPh), 7.27 (d, *Jyy; = 10.9
Hz, 1 H, CHCH), 6.9-7.1 (m, 9 H, PPh), 6.77 (s, 2 H, Mes CH), 6.64 (s, 2 H, Mes CH), 6.22
(s, 2 H, NCH), 2.57 (s, 6 H, Mes CH,), 2.34 (s, 6 H, Mes CH;), 2.19 (s, 3 H, Mes CH;), 1.99
(s, 3 H, Mes CH,), 1.02 (s, 3 H, =CCH,), 0.65 (s, 3 H, =CCH,). *'P{'H} (C¢D;) &: 38.64 (s).
BC{'H} NMR (C,Dy): 8297.1 (d, *Jp = 11.3 Hz, Ru=CH), 190.5 (d, *J = 95.3 Hz, NCN),
147.4 (d, *Jop = 3.6 Hz, =CHCH), 138.7-127.9 (multiple peaks: Ph and Mes C, CH; =CMe,)
123.8 (d, *J = 37.3 Hz, NCH), 27.2 (s, =CCH,), 21.4 (overlapping s, Mes CH;), 20.2 (s,
=CCH,), 18.9 (s, Mes CH;). IR (Nyjol, ecm™): v (C=C) 1607 (m), 1585 (s). Anal. Calcd. for

C,H,CLN,PRu: C, 65.50; H, 5.87; N, 3.47%. Found: C, 65.09; H, 6.15; N, 3.13%.

2.3.9 Synthesis of RuCl,(CHCHCMe,)(IMes),
To a solution of RuCl,(CHCHCMe,)(PPhs), (0.13 mmol) in 40 mL toluene
IMeci;Fluif:mes was added solid IMes (0.26 mmol). After stirring for 48 h, the reaction was
judged complete by *'P NMR. Free PPh; could not be separated from the highly soluble
product. The solvent was removed under vacuum to yield a red oil. '"H NMR (C¢Dy): 8 19.55
(d, 3Jyy = 11.2 Hz, 1H, Ru=CH), 7.37 (d, *Jyy = 11.2 Hz, 1H, CHCH), 7.3-7.4 (m, 12H, free
PPhy), 7.0-7.1 (m, 18 H, free PPh;), 6.65 (s, 8 H, Mes CH), 5.98 (s, 4 H, NCH), 2.36-2.13
(overlapping s, 36 H, Mes CH), 0.76 (s, 3 H, =CCH,), 0.67 (s, 3 H, =CCH,). >'P{'"H} (C¢Ds,

298K): 8 -5.06 (s, free PPhy). “C{'H} NMR (C¢Ds): & 289.4 (s, Ru=CH), 192.4 (s, NCN),

References page 78 24



Chapter 2. Experimental Methods

146.9 (s, =CHCH), 138-120 (multiple peaks, Ph and Mes C, CH; NCH, =CMe,), 27.8 (s,
=CCH,), 21.4 (s, Mes p-CH,), 20.6 (s, =CCH,), 19.2 (s, Mes 0-CH;). ES-MS (THF): m/z:

813 [M" - Cl]; the isotope pattern corresponds with that calculated.

2.3.10 Synthesis of RuCl,(CHPh)(IMes),
Ph To a solution of RuClL,(CHPh)(IMes)(py), (3a, 392 mg, 0.54 mmol) in
c” Simes benzene (20 mL) was added solid IMes (0.54 mmol) and stirred for 8 h.
Under vacuum, the red solution was reduced to dryness and reprecipitated from pentane (-78
°C) twice to yield a red powder, 407 mg (86 %). 'H NMR (C¢D): 8 19.98 (s, 1H, Ru=CH),
9.44 (d, °Jyy = 8.1 Hz, 1H, Ph, 0-CH), 7.04 (t, *Jiu = 7.3 Hz, 1H, Ph, p-CH), 6.84 (t, *Jyyy =
7.1 Hz, 1H, Ph, m-CH), 6.70 (t, *J,; = 6.5 Hz, 1H, Ph, m-CH), 6.63 (br s, 8H, Mes CH), 6.34
(d, *Juyy = 7.8 Hz, 1H, Ph, 0-CH), 5.97 (s, 4H, NCH), 2.31 (s, 12H, Mes p-CH;), 2.12 (br s,
24H, Mes 0-CH,). "C{'H} NMR (C4Dy): 8 296.1 (s, Ru=CH), 192.4 (s, NCN), 151.5 (s, Ph
ipso-C), 137.6 (s, Ar), 137.2 (s, Ar), 137.3 (s, Ar), 132.0 (s, Mes C), 129.7 (s, Ar), 129.4 (s,
Ar), 129.2 (s, Ar), 128.6 (s, Ar), 128.1 (s, Ph CH), 126.4 (s, Mes m-CH), 126.0 (s, Mes m-
CH), 124.6 (s, NCH), 21.4 (s, Mes CHj;), 19.3 (s, Mes CHj;), 19.2 (s, Mes CHj;). IR (Nujol,
cm): v (C=C) 1609 (m). Anal. Calcd. for C,xHs,CLLN,Ru: C, 67.57; H, 6.25; N, 6.43%.
Found: C, 68.06; H, 6.35; N, 6.50%. MALDI-TOF MS (dithranol): m/z: 869 [M" - HJ; the
isotope pattern corresponds with that calculated. ES-MS (THF): m/z: 869 [M" - H]; the
isotope pattern suggests overlap of more than one ion. X-ray quality crystals were grown by

slow evaporation of a toluene solution.
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2.4 Decomposition of Ru-alkylidenes
2.4.1 RuCl(PPh,),(u-Cl);Ru(PPh,),(CHCHCMe,)
A suspension of RuCl,(CHCMe,)(PPh;), (200 mg, 0.26 mmol) in 0.75

N

\ _Cl__ClI mL C¢D4 underwent 54% conversion to dimer over 11 days at 21 °C.
PhgP-Ru==Cl=Ru-PPhj,

PhP  CI
° PP I NMR (C.D): & 15.86 (q, YJuy = i = 12.5 Hz). *P{'H} NMR

(CsDg): 6 48.69 (br s, 1P), 43.89 (br s, 1P), 40.41 (br s, 2P).

24.2 2,/7-dimethylocta-2,4,6-triene

Same procedure as RuCI(PPh,),(u-Cl);Ru(PPh;),(CHCHCMe,). The product
>=!'=/=< was detected by monitoring the olefinic signals between 6.5 and 5.9 ppm. E:Z
=3:1 '"H NMR (C,D,): 8 6.55-6.50 (m, Z isomer), 6.49-6.43 (m, E isomer), 6.25-6.20 (m, Z
isomer), 6.01-5.94 (m, E isomer). The spectra agree with the calculated spectra using ACD

'"H NMR simulator.

2.5 General Procedure for the synthesis of thallium salts.

Note: The toxicity of thallium (particularly in the +1 oxidation state) is well established, and
the subject has been recently reviewed.'® Care must be taken to prevent introduction into the
body by inhalation, by ingestion via contaminated hands or gloves, or through the skin. All
thallium reagents and wastes, including contaminated solvents, were handled using double-
glove and secondary containment procedures, with separate disposal of all wastes in

accordance with government regulations. Thallium ethoxide is a very dense a clear liquid.
This reagent was weighed instead of syringed. Over time TIOEt degrades forming a black

precipitate that is easily decanted off.
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To an oven-dried flask containing a solution of HOC¢X, (X = H, F, Cl, Br; 5.0 g scale)
in 100 mL dry toluene was added 1.0 equiv TIOEt. The solution was stirred for 8 h, after
which the solvent was removed under vacuum. The resulting white solid was washed with
hexanes (3 x 8 mL), then dried under vacuum to yield a fine white powder, which was
handled under nitrogen in a drybox. Yield 80-90%. Diethyl ether was used for phenols that

were not soluble in toluene.

2.6 Model reactions with RuHCI(PPh,), (8a) or RuCL(PPh,), (8b)

2.6.1 Improved synthesis of RuCl(m*OC4Hs)(PPhs),, 9

o To a stirred purple solution of RuCl,(PPh;), (8a, 200 mg, 0.21 mmol) in 4 mL
F,haF,/RIL\;'I"PPh3 dichloromethane was added solid TIOC¢H, (1 equiv). After stirring for 48 h at
21 °C, the orange solution was filtered through Celite, concentrated, and precipitated with 4
mL of hexanes, filtered off, washed with hexanes (4 mL), and dried under vacuum. Yield:

132 mg (83%). NMR data agree with the values reported.’™'? Crystals were obtained from a

concentrated solution of dichloromethane.

2.6.2 Attempted Synthesis of RuH(OC4H,,-4-NO,)(PPh,),

Solid TIOC¢H,4-NO, (14 mg, 0.1 mmol) was added to stirred purple solution of
RuCl,(PPh;); (8a, 100 mg, 0.11 mmol) in 4 ml dichloromethane. After 48 h at 21 °C, new
signals consistent with the desired product appeared: "H NMR (C¢Dy): 8 -17.71 (q, *Jpp = 30
Hz, RuH). >'P{'"H} NMR (C¢Dy): 8 79.4 (t, °J»» = 27.0 Hz, 1P), 43.6 (d, *J;;p = 27.0 Hz, 2P).
The product was not stable enough to isolate. Formation of the st-bound product is inferred

from the liberation of PPh,.
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2.6.3 RuH(OC,F,)(PPh,),, 10

H Thallium pentafluorophenoxide (176 mg, 0.45 mmol) was added to a
PhgPir..d .«PPhy
Php” MO purple solution of RuHCI(PPh,), (8b, 420 mg, 0.45 mmol) in 20 mL of
F F

THF. The mixture was stirred for 3 h, over which time it turned red. The

solvent was removed under reduced pressure, and the resulting oil was
dissolved in benzene and filtered through Celite to remove TICI. The filtrate was
concentrated and treated with pentane to precipitate a red solid, which was filtered off. Yield
after drying in vacuo: 392 mg (81%). Blocklike crystals suitable for X-ray analysis were
grown by slow evaporation c;f a saturated THF solution. '"H NMR (C¢Dy): 6 7.40-7.31 (m,
17H, Ar), 6.94-6.90 (m, 10H, Ar), 6.85-6.80 (m, 18H, Ar), -22.29 (q of t, >/ = 27.9 Hz,
°Jen = 7.2 Hz, 1H, RuH). *'P{'"H} NMR (298 K, C;D): 6 47 (br s). *'P{'H} NMR (248 K,
C;Dg): & 87.1 (t, *Jpp = 26 Hz, 1P), 40.9 (d, Yy = 26 Hz, 2P). "C{'H} NMR (C¢Dy): &
144.7-139.6 (m, OC4Fs), 136.6-136.1 (m, Ph), 134.9-134.6 (m, Ph), 132.5 (d, Jpc = 9.6 Hz,
Ph), 129.2 (s, Ph). "F{'"H} NMR (282.4 MHz, CDy): & -93.5 to -93.6 (m, 2F), -94.6 to -94.9
(m, 2F), -107.8 to -101.9 (m, 1F). YF{'H} NMR (223 K, C,Ds): 6 -88.8 to -88.9 (m, 1F, o-
F), -92.01 (t, *J& = 20.9 Hz, 1F, m-F), -93.38 (t, *J = 22.0 Hz, 1F, m-F), -102.5 to -102.6
(m, 1F, o-F), -106.9 to -107.0 (m, 1F, p-F). A low-temperature ’F-'°’F COSY experiment
shows the following correlations (ppm): -89 and -93; -92 and -102; -92 and -107; -93 and -
107. IR (Nujol): v(Ru-H) 2089 cm.1. Anal. Caled for RuC,H,P,OF;: C, 67.22; H, 4.33.

Found: C, 66.88; H, 4.05.
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2.7 Aryloxide Derivatives

2.7.1 Representative test reaction on NMR scale

To a 1 dram vial equipped with a stir bar solid TIOC¢F; (22 mg, 55.2 umol ) was added to a
solution of RuCl,(CHPh)(IMes)(py), (3a, 20 mg, 27.6 umol) in C,Ds (1 mL). Reaction
progress was determined using the RuCHPh 'H NMR handle (8 15-21 ppm). The reactions
were monitored after 15 min, 3, 8 and 24 hours. RuCl,(CHPh)(IMes)(py), (3a) 19.97 ppm —

Ru(OCyF;),(CHPh)(IMes)(py) (12a) 18.96 ppm.

2.7.2 Ru(OC(Fs),(CHPh)(IMes)(py), 12a
IMes.,. IET\%CGFS Two equivalents of TIOC.Fs (470 mg, 1.21 mmol) were added to a green
@1’ ~NOCqFs . '

Z solution of RuCL(CHPh)(IMes)(py), (440 mg, 0.607 mmol) in 20 mL
toluene and stirred overnight. The suspension was filtered through Celite, which was then
washed with CH,Cl, (5 mL). The filtrate was stripped to dryness, and the residue precipitated
from a minimum volume of CH,Cl, by addition of pentane (20 mL). The green product was
filtered off and dried under vacuum. Yield 526 mg (92%). '"H NMR (CDCl,): 8 18.76 (s, 1H,
Ru=CH), 7.96 (d, °Jyy = 5.2 Hz, Ph, 2H), 7.47-7.38 (m, 4H, CH), 7.15 (s, 2H, CH), 7.10 (t,
Juw = 7.7 Hz, 2H, CH), 7.03 (s, 2H, CH), 6.81 (t, *J,; = 6.9, 2H, CH), 6.66 (s, 2H, NCHCH),
2.37 (s, 6H, CH;), 2.27 (s, 6H, CH;), 1.58 (s, 6H, CH;). C{'H} (C¢Dy): 8 313.9 (s, Ru=CH),
183.5 (s, NCN), 154.4-123.9 (s, Ar, ArF), 21.5 (s, CH;), 18.4 (s, CH;), 17.5 (s, CH,).
F{'H} NMR (CDCl,) 6 -86.4 to -86.5 (m, 2F), -86.7 to -86.7 (m, 2F), -94.3 (t, *J = 22.3,
2F), -94.5 (t, *Jg = 22.5, 2F), -104.8 to -105.0 (m, 1F), -105.8 to -106.0 (m, 1F). IR (nujol,
cm™): v(C=C) 1646. Anal. Calcd. for C,;H,F,,N;O,Ru: C, 57.45; H, 3.75; N, 4.47%. Found:
C, 57.46; H, 3.65; N, 4.56%. X-ray quality crystals were grown by slow evaporation of a

saturated toluene solution.
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2.7.3 Ru(OCF;),(CHPh)(IMes)(3-Br-py), 12b

Ph Two equivalents of TIOC,Fs (409 mg, 1.05 mmol) were added to a

IMes:,,,.R”':_\\OCGFs

Br\@l’ ~oceFs green solution of RuCl,(CHPh)(IMes)(3-Br-py), (3b, 465 mg, 0.526
mmol) in 20 mL toluene and stirred overnight. The suspension was filtered through Celite,
which was then washed with CH,Cl, (5§ mL). The filtrate was stripped to dryness, and the
residue precipitated from a minimum volume of CH,Cl, by addition of pentane (20 mL). The
green product was filtered off and dried under vacuum. Yield 451 mg (84%). 'H NMR
(CeDg): 6 18.84 (s, 1H, Ru=CH), 8.14 (m, 1H, py CH), 7.85 (d, Jy; = 5.8, 1H, py CH), 7.60
(d, Juy = 7.6, 2H, Ph CH), 7.19 - 7.14 (m, 1H, Ph, CH), 6.98 - 6.88 (m, 4H, Ph, Mes CH),
6.59 - 6.54 (m, 1H, py CH), 6.48 (s, 2H, Mes CH), 6.05 (s, 2H, NCH), 5.66 (dd, *Jyuy = 8.2;
*Juu = 5.8, 1H, py CH), 2.23 (s, 6H, CH,), 2.15 (s, 6H, CH,), 1.51 (s, 6H, CH,). *C{'H}
NMR (CDCl,): 6 313.4 (s, Ru=CH), 182.8 (s, NCN), 155.4 (s, Ar CH), 153.0 (s, Ar CH),
152.0 (s, Ar C) 143.3 - 134.9 (m, Ar CF), 140.0 (s, Ar C), 137.7 (s, Ar CH), 136.6 (s, Ar O),
136.2 (s, Ar C), 134.9 (s, Ar C), 129.6 (s, Ar CH), 129.2 (s, Ar CH), 128.0 (s, Ar CH), 124.9
(s, Ar CH), 123.8 (s, NCHCHN), 119.4 (s, Ar C), 21.6 (s, CH3;), 18.4 (s, CH,;), 17.6 (s, CH,).
“F{'H} CDCl, -87.2 to -87.4 (m, 4F), -95.4 to -95.6 (m, 4F), 105.4 (tt, *Je = 22.6, “Jiy =
8.5, 1F), -106.8 (tt, °J = 25.4 *Jiz = 8.5, 1F). Anal. Calcd for C,;Hs,F,,BrN;O,Ru: C, 53.00;

H, 3.11; N, 3.99%. Found C, 52.68; H, 3.36; N, 4.12%.

2.7.4 Attempted synthesis of Ru(CHPh)(OC4H,-4-NO,),(IMes)(py)
To RuCl,(CHPh)(IMes)(py), (3a, 20 mg) stirring in 1 mL of C,D, was added two equivalents
of TIOC¢H,-4-NO, (15 mg). After 15 min the signal for 3a was reduced and after 3 hours no

signal for alkylidene was observed.
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2.7.5 Attempted synthesis of Ru(CHPh)(OCH,F),(IMes)(py)
To RuCl,(CHPh)(IMes)(py), (3a, 20 mg) stirring in 1 mL of C,D, was added two equivalents
of TIOC¢H,F (13 mg). After 3 hours, 3 new alkylidenes appeared: '"H NMR (C4Dg) 6 19.76,

19.55 and 19.45 ppm. After 12 hours all alkylidene signals had disappeared.

2.7.6 Attempted synthesis of Ru(CHPh)(OC¢Hs),(IMes)(py)

To RuCl,(CHPh)(IMes)(py), (3a, 20 mg) stirring in 1 mL of C,D, was added two equivalents
of TIOC¢H, (17 mg). After 24 hours no alkylidene signals were observed. New peaks for
phenol ~12 ppm and m-bound aryl complexes appeared in a similar location to RuCl(n’-

OCH,)(PPh,), (9): 'H NMR (C,D,) & 5.5-4.30 ppm.

2.7.7 Attempted synthesis of Ru(CHPh)( OC4H;-3,5-(CFE;),),(IMes)(py)

To RuCl,(CHPh)(IMes)(py), (3a, 15 mg) stirring in 1 mL of C,Dg was added two equivalents
of TIOCH;-3,5-(CF;), (18 mg). A new product appeared within 3 hours but decomposed
after 3 more hours. '"H NMR (C,Dy): 6 18.69 (s, 1H, Ru=CH), 7.80 (d, *J,z = 7.7, 2H, ArH),
7.39 (d, °Jyyy = 7.7, 2H, ArH), 6.96-6.94 (m, 4H, ArH), 6.89-6.84 (m, 3H, ArH), 6.78 (s, 2H,
ArH), 6.67-6.63 (m, 2H, ArH), 6.46 (s, 2H, ArH), 6.34 (s, 1H, ArH), 6.09-6.04 (m, 2H,

ArH), 6.03 (s, 2H, ArH), 2.18 (s, 6H, CH;), 1.41 (s, 12H, CH,).

2.7.8 Attempted synthesis of Ru(CHPh)(OC,F,-4-CFE;),(IMes)(py)
To RuCl,(CHPh)(IMes)(py), (3a, 20 mg) stirring in 1 mL of C¢D4 was added two equivalents
aof TIOC,F,-4-CF, (24 mg). Within 15 minutes two new benzylidenes appeared, '"H NMR

(C¢Dg): & 19.93 and 18.71 ppm. The products were inseparable by precipitation with hexane.
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2.7.9 Attempted synthesis of Ru(CHPh)(OC,F,-3-CF;),(IMes)(py)
To RuCl,(CHPh)(IMes)(py), (3a, 15 mg) stirring in 1 mL of C,D, was added two equivalents
of TIOC4F,-3-CF; (15 mg). New benzylidene signals appeared within 1 hour 'H NMR

(CeDg): 6 20.11, 19.91, 19.84. After 12 hours all alkylidene signals were gone.

2.7.10 Ru(CHPh)(OC,F,-4-C(F;),(IMes)(py), 13a

Ph To RuCl,(CHPh)(IMes)(py), (3a, 200 mg) stirring in 20 mL of C¢H,
IMes/,,,.Fl‘El\\OCGF4CGF5 ' .

@,/ NoceF.CoFs  Was added two equivalents of TIOCsF,-4-CgFs (296 mg). After stirring
overnight, the reaction was complete and an emerald green solution
with white precipitate was obtained. Thallium chloride was removed by filtration through
Celite. The product was isolated from the filtrate by reducing the solvent volume to 1 mL
and precipitating with pentane (10 mL). Reprecipitation from a minimum amount of toluene
and pentane (10 mL) cooled to —35°C followed by filtration yielded 230 mg of green powder
(67%). 'H NMR (C¢Dy): 8 18.62 (s, 1H, Ru=CH), 8.10 (d, *Jyy = 5.1, 2H, ArH), 7.83 (d, *Jyy
=7.5, 2H, ArH), 7.02 (t, *Juy = 7.8, ArH), 6.96 (s, 2H, ArH), 6.65-6.58 (m, 2H, ArH), 6.49
(s, 2H, ArH), 6.14-6.10 (m, 4H, ArH), 2.18 (s, 3H, CH;), 2.12 (s, 3H, CH;), 1.51 (s, 3H,
CH,). C{'H} NMR (C¢Dy): 8 317.6 (s, RuCH), 183.3 (s, NCN), 153.7 (s, ArCH), 152.1 (s,
ArC), 147.7-146.6 (m, ArCF), 143.8-143.3 (m, ArCF), 140.1 (s, ArC), 139.6-139.3 (m,
ArCF), 137.0 (s, ArH), 136.4 (s, ArH), 135.6 (s, ArCH), 135.5 (s, ArH), 134.1 (s, ArC),
130.8 (s, ArCH), 129.8 (s, ArCH), 129.7 (s, ArCH), 128.3 (s, ArCH), 124.7 (s, ArCH), 123.7
(s, ArCH), 20.8 (s, CH,), 18.0 (s, CH,), 17.0 (s, CH,). *F{'H} NMR (CDCL,): & -62.2 to -
62.3 (m, 2F), -62.5 to -62.6 (m, 2F), -70.5 to -70.6 (m, 2F), -71.2 to -71.3 (m, 2F), -79.1 (t,
Jee = 21.0, 1F), -79.2 (t, Jgz = 21.1, 1F), -86.0 (d, Jg = 17.6, 2F), -87.1 to -87.4 (m, 6F). Anal.

Caled. for Co,H,F,;O0,N,;Ru: C, 55,35; H, 2.85; N, 3.40%. Found: C, 55.73; H, 8.12; N,
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3.31%. Single crystals suitable for X-ray diffraction were grown from a slowly evaporating

solution of THF layered with decane.

2.7.11 RuCI(OC,Cl5)(CHPh)(IMes)(py), 14
oo, {i% o To a solution of RuCl,(CHPh)(IMes)(py), (3a, 200 mg, 0.276 mmol) in 20
@/R“\m mL benzene was added solid TIOC,Cls; (130 mg, 0.276 mmol). The
g reaction was stirred for 8 h, then filtered through Celite and stripped to
dryness. The green residue was redissolved in toluene (5 mL) and filtered through neutral
alumina. The filtrate was concentrated to ~0.5 mL, after which 40 mL of hexanes were added
over 5 minutes. The mixture was cooled to —35 °C. A green precipitate deposited over a
period of 5 hours. This was filtered off and dried under high vacuum. Yield 170 mg (70%).
Yields are limited by high solubility. '"H NMR (CDy): 8 19.78 (s, RuCH, 1H), 8.42-7.89 (br
m, 4H, py), 7.15-7.11 (m, 2H, Ph), 6.88 (t, *Jyy; = 9.0, 2H, Ph), 6.74 (s, 2H, CHMes), 6.33 (s,
2H, CHMes), 6.18 (t, *Jyy = 7.2, 1H, py), 6.15 (s, 2H, NCH), 5.90 (t, *Jy = 6.3, 2H, py),
2.46 (s, 6H, Mes CH,), 2.07 (s, 6H, Mes CH;), 2.00 (s, 6H, Mes CH;). *C{'H} NMR (C,Dy):
8314.9 (s, RuCH), 181.4 (s, NCN), 161.5 (s, Ar C), 152.7 (s, Ar C), 151.5 (s, Ar CH), 138.9
(s, Ar C), 137.1 (s, Ar C), 137.0 (s, Ar C), 135.7 (s, Ar CH), 129.9 (s, Ar CH), 129.2 (s, Ar
CH), 129.1 (s, Ar CH), 129.0 (s, Ar CH), 127.9 (s, Ar CH), 127.8 (s, Ar CH), 124.3 (s, Ar

CH), 122.9 (s, NCHCHN), 209 (s, CHj), 18.6 (s, CH;), 17.9 (s, CH;). Anal. Calcd.

C,H,:CI,N,ORu: C, 53.50; H, 4.03; N, 4.80%. Found C, 53.94; H, 3.99; N, 4.81%.
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2.7.12 RuCl(OC,Br)(CHPh)(IMes)(py), 15a

ﬂ/Ph To a solution of RuCl,(CHPh)(IMes)(py), (3a, 200 mg, 0.276 mmol) in 20
|Mgs;F}uM\.\§l

B Br Y mL benzene was added TIOCBrs (191 mg, 0.276 mmol). The reaction was

Br Br stirred overnight, then filtered through Celite and stripped of solvent. The

r
greeanowder was redissolved in 0.5 mL toluene, then 20 mL hexanes was added over 5 min.
The mixture was cooled to —35 °C for several hours, over which time a green precipitate
deposited. This was filtered off and dried under vacuum. Yield 257 mg (85%). '"H NMR
(CsDg): 6 19.68 (s, 1H, Ru=CH), 8.55-7.85 (br m, 4H, py), 7.16-7.11 (m, 2H, Ph), 6.87 (t,
*Juu = 7.5, 2H, Ph), 6.75 (s, 2H, CHMes), 6.36 (s, 2H, CHMes), 6.12-6.13 (m, 3H, NCH,
Ph), 5.96-5.84 (m, 2H, py), 2.46 (s, 6H, CH,), 2.10 (s, 6H, CH;), 1.98 (s, 6H, CH;). "C{'H}
NMR (CDCl,): § 315.6 (s, Ru=CH), 181.5 (s, NCN), 163.2 (s, Ar C), 152.5 (s, Ar C), 151.3
(s, Ar CH), 139.3 (s, Ar ), 137.5 (s, Ar O), 137.1 (s, Ar O), 136.1 (s, Ar CH), 133.7 (s, Ar
0), 129.9 (s, Ar CH), 129.7 (s, Ar CH), 129.4 (s, Ar CH), 129.1 (s, Ar CH), 128.2 (s, Ar C),
127.8 (s, Ar CH), 125.5 (s, Ar O), 124.8 (s, Ar CH), 123.3 (s, NCHCHN), 120.1 (s, Ar O),
116.4 (s, Ar C), 107.8 (s, Ar C), 21.3 (s, CHs), 18.8 (s, CHs), 17.9 (s, CH,). Anal. Calcd for

C;0H;5BrsCIN;ORu: C, 42.67; H, 3.21; N, 3.83%. Found C, 42.77; H, 3.12; N, 3.81%.

2.7.13 RuCl(OC,Brs)(CHPh)(IMes)(3-Br-py), 15b

Il/Ph Solid TIOCBrs (111 mg, 0.161 mmol) was added to a solution of
IMes /..o .wCl

o o gr\a'B"py RuCL(CHPh)(IMes)(3-Br-py), (3b, 142 mg, 0.161 mmol) in benzene

Br Br (20 mL). The green solution was stirred overnight, after which the white
Br
precipitate of TICl was removed by filtration through Celite. The Celite was washed with

toluene (5 mL) and the combined solutions were reduced to dryness under vacuum. The

residue was taken up in the minimum volume of toluene and precipitated by addition of cold
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pentane (-35 °C, 20 mL). The product was isolated as a green powder by filtering and drying
under vacuum. Yield 172 mg (91%). 'H NMR (C,Dy): & 19.55 (s, 1H, Ru=CH), 8.64 (br s,
1H, Ar CH), 7.98 (br s, 1H, Ar CH), 7.16-7.07 (m, 3H, Ar CH), 6.84 (t, *Juy = 7.9, 2H, Ar
CH), 6.72 (s, 2H, Ar CH), 6.34 (s, 2H, Mes Ar CH), 6.27 (br s, 1H, Ar CH), 6.11 (s, 2H, Ar
CH), 5.48 (br s, 1H, Ar CH), 242 (s, 6H, CH,;), 2.15 (s, 6H, CH,), 1.97 (s, 6H, Mes CH,).
BC{'H} NMR (C4Dy): 8 311.5 (s, Ru=CH), 180.4 (s, NCN), 163.7 (s, Ar C), 153.5 (s, Ar C),
153.1 (s, Ru=CHC), 150.1 (s, Ar C), 139.4 (s, Ar C), 138.8 (s, Ar CH), 137.6 (s, Ar C),
137.6 (s, Ar C), 137.2 (s, Ar C), 137.2 (s, Ar C), 130.3 (s, Ar CH), 129.8 (s, Ar CH), 129.7
(s, Ar CH), 129.5 (s, Ar CH), 129.4 (s, Ar C), 128.4 (s, Ar CH), 128.3 (s, Ar CH), 126.5 (s,
Ar 0), 126.1 (s, Ar (), 124.8 (s, Ar CH), 124.2 (s, NCHCHN), 120.7 (s, Ar C), 119.6 (s, Ar
0), 116.7 (s, Ar C), 108.9 (s, Ar C), 21.4 (s, CHy), 19.1 (s, CH,), 18.3 (s, CH;). Anal. Calcd

for C,,H,,Br,N;ORu: C, 39.81; H, 2.91; N, 3.57%. Found C, 39.29; H, 2.87; N, 3.18%.

2.8 Thioaryloxide Derivatives

2.8.1 Attempted synthesis of Ru(SC4H;),(CHPh)(IMes)(py)

To a solution of RuClL,(CHPh)(IMes)(py), (3a, 20 mg) stirring in 1 mL of C,Ds were added
two equivalents of TISC,Hs (223 mg). After 3.5 h a new singlet appeared: '"H NMR (C,Dy): 8
17.93 ppm. Decomposition, as judged by loss of the alkylidene 'H NMR signals, was

complete after 12 hours.

2.82 Ru(SC,F.),(CHPh)(IMes)(py), 16
Ph To a solution of RuCl,(CHPh)(IMes)(py), (3a, 200 mg) stirring in 20 mL
IMes/,,,.RI];‘\\SCGFs
O\J’ ~scoFs of CgHg was added two equivalents of TISC(Fs (223 mg). Reaction was
L

complete after 15 min and the colour changed from green to red (observed by 'H and °F
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NMR). Reactions was complete after 30 min. Stirring for a longer time decomposed the
compound to presumably the cis isomer noted by the appearance of a new benzylidene and
an additional set of peaks in the "’F spectrum. High solubility hampered isolation. After
filtering through Celite to remove TICI, the solvent was removed under vacuum. The red
residue was then precipitated from 10 mL of pentane at ~78°C. The brown powder was
collected on a filter and dried overnight, yield 55 mg (20% 16a). The cis isomer 16b was
obtained after a solution of 16a was left standing in C¢D4for S days, 3:1. Trans-16a "H NMR
(C¢Dg): 8 19.19 (s, 1H, RuCH), 8.54 (s, *Jyy = 7.53, 2H, ArH), 7.60 (br s, 2H, ArH), 7.23 (t,
*Juy = 7.1, 1H, ArH), 6.42 (br s, 1H, ArH), 6.19 (br s, 2H, ArH), 5.84 (br s, 1H, ArH), 5.41
(s, 2H, NCH), 2.85-2.34 (br s, 12H, CH,), 2.34-1.97 (br s, 6H, CH;). Cis-16b '"H NMR
(C¢Dg): 8 18.20 (s, 1H, RuCH). "F{'H} C,D; & -56.2 (d, *J = 26.82, 2F), -88.6 (t, *J =
21.74, 1F), -91.0 (t, *J = 22.3, 2F). Single crystals of the cis isomer 16b suitable for X-ray
diffraction were obtained by slow evaporation of a concentrated THF solution layered with

decane.

2.8.3 Ru(SC,Cl5)CI(CHPh)(IMes), 17
cl One equivalent of TISC,Cl; (168 mg, 0.345 mmol) was added directly

Ph
IMes,,. Il/_‘\\\S Cl
Ru

c” \Cl o fo RuCl,(CHPh)(IMes)(py), (3a, 250 mg, 0.345 mmol) in benzene (20

Cl
mL). After stirring overnight, the white TICl precipitate was removed

by filtration through Celite. Then the solvent was removed under vacuum. The green residue
was then precipitated from a minimum amount of toluene and pentane. Reprecipitation from
toluene pentane and filtration followed by and drying under vacuum yields 152 mg (54%) of
green powder. '"H NMR (C,Dy): 8 17.74 (s, RuCH), 7.13-6.95 (m, 1H), 6.82 (t, °Jyy = 8.1,

2H), 6.78-6.65 (m, 2H), 6.37-6.26 (m, 1H), 6.25-6.17 (m, 2H), 6.14-5.98 (m, 4H), 4.25 (s,
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1H), 2.48 (br s, 6H), 2.29 (br s, 6H), 2.01 (br s, 6H).®C{'H} NMR (C(D,): & 310.9 (s,
Ru=CH), 178.0 (s, NCN), 153.3 (s, ArC), 152.3 (s, ArC), 152.1 (s, ArC), 139.0 (s, ArC),
139.0 (s, ArC), 137.2 (s, ArC), 135.8 (s, ArCH), 129.8 (s, ArCH), 129.1 (s, ArC), 128.3 (s,
ArCH), 124.8 (s, ArCH), 123.1 (s, ArCH), 122.6 (s, ArC), 21.1 (s, CH,), 19.2 (s, CH,).
MALDI-MS [M]* 811.82 m/z. Addition of excess pyridine and stirring for 30 min did not

change the chemical shift of the benzylidene resonance in the "H NMR spectrum.

2.9 Linear Pseudohalides

2.9.1 Ru(NCS),(CHPh)(IMes)(py),, 18a
Mesn. Ifir;ucs Two equivalents of AgSCN (91.6 mg, 0.552 mmol) were added directly to
SoN” ,Luy‘pv RuClL,(CHPh)(IMes)(py), (3a, 200 mg, 0.276 mmol) in benzene (20 mL).
The suspension was stirred for 16 hours. The off white AgCl precipitate was removed by
filtration through Celite. The filtrate was concentrated under vacuum and the green residue
was precipitated from a minimum amount of benzene and pentane (40 mL). After drying
under vacuum overnight 184 mg (97%) of green powder was obtained. '"H NMR (CDCL,): &
17.99 (s, RuCH, 1H), 8.38 (d, *Jyy = 3.9, 2H, AtH), 7.69 (d, *J,y; = 4.0, 2H, ArH), 7.56 (d,
*Jun = 5.5, 2H, AtH), 7.34-7.24 (m, 2H, ArH), 7.09-6.88 (m, 3H, ArH), 6.86-6.82 (m, 4H,
ArH, NCH), 6.58 (t, *J,yy = 6.1, 2H, ArH), 6.43 (s, 4H, ArH), 2.09 (s, 12H, CH,), 1.96 (s, 6H,
CH,). "C{'H} (CDCL,): 8 324.2 (s, RuCH), 180.3 (s, NCN), 151.8 (s, ArC), 150.7 (s, ArCH),
149.9 (s, ArCH), 139.1 (s, ArC), 137.0 (br s, SCN), 136.6 (s, Ar(),136.3 (s, ArCH), 135.0
(s, ArCH), 131.1 (s, ArCH), 130.5 (s, ArCH), 128.9 (s, ArCH), 128.3 (s, ArCH), 128.2 (s,
ArCH), 125.0 (s, NCH), 123.8 (s, ArCH), 20.9 (s, pCH,), 17.8 (s, oCH,). IR (nujol, cm™): v

(SCN) 2095 (s), (C=C) 1600 (m). Anal. Calcd for C,;H,,SNRu: C, 62.39; H, 5.24; N,
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10.91%. Found C, 62.58; H, 4.84; N, 10.46%. Single crystals suitable for X-ray diffraction

were made by slow evaporation of a concentrated THF solution layered with decane.

2.9.2 Attempted synthesis of Ru(CN),(CHPh)(IMes)(py),

Two equivalents of AgCN (7.2 mg, 0.0552 mmol) were added directly to
RuCl,(CHPh)(IMes)(py), (3a, 20 mg, 0.0276 mmol) in C,Ds (1 mL). After 1 hour a mixture
of starting material and five new alkylidenes were observed. '"H NMR (C¢Dy): 8 19.84, 19.80,

19.31, 17.97, 17.75 ppm.

2.9.3 Attempted synthesis of Ru(NCO),(CHPh)(IMes)(py),

Two equivalents of AgOCN (8 mg, 0.0552 mmol) were added directly to
RuCl,(CHPh)(IMes)(py), (3a, 20 mg, 0.0276 mmol) in C;Dg (1 mL). The solution was
stirred overnight and the colour changed to red. 'H NMR (C¢D): & 19.11 (s, 1H), 8.82 (d,
T = 3.3, 2 H), 8.08 (d, *Jyyy = 5.4, 2H), 7.96 (d, *Jyyy = 7.5, 2H), 7.15 (s, 2H), 6.92 (t, *Jyyyy =
8.1, 2H), 6.38 (s, 4H), 6.32-5.88 (m, 7H), 2.34 (s, 12H), 1.89 (s, 6H). An inseparable side

product in up to 25% was observed, '"H NMR (C,Dy): 8 19.60 ppm.

2.9.4 Attempted synthesis of Ru(NCS),(CHPh)(IMes)(PCy,)

Two equivalents of AgNCS (8 mg, 0.0472 mmol) were added directly to
RuCl,(CHPh)(IMes)(PCys) (2a, 20 mg, 0.0236 mmol) in CDg (1 mL). After 24 hours a
green powder was obtained. The '"H NMR spectrum showed no alkylidene signals. A weak
*'P NMR spectrum was obtained. *'P{"H} NMR (C,D,): & 45.37 (d, *Jp, = 45), 40.17 (d, *J;p

= 40).
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29.5 Attempted synthesis of Ru(CN),(CHPh)(IMes)(PCy,)
Two equivalents of AgCN (7 mg, 0.0472 mmol) are added directly to
RuCl,(CHPh)(IMes)(PCy;) (2a, 20 mg, 0.0236 mmol) in C;Dg (1 mL). After 12 hours no

change was observed.

2.9.6 Ru(NCO),(CHPh)(IMes)(PCy,), 19b

Ph Two equivalents of AgNCO (177 mg, 0.118 mmol) were added directly to
Mes., Il WNCO
OCN/R”\PCYS RuCl,(CHPh)(IMes)(PCy,) (2a, 500 mg, 0.0591 mmol) in C,Ds (50 mL).
After stirring overnight the solution turned brown. The AgCl precipitate was removed by
filtering through Celite. The solvent was then reduced to 1 mL under vacuum. An orange
powder was precipitated with 10 mL of hexane. A side-product appears at 'H NMR (C4Dy): 8
19.37 ppm and was difficult to remove. The powder was reprecipitated twice more from
CH,Cl,/ether. The powder was collected on a filter and washed with 10 mL hexane then
dried under vacuum, 210 mg (41%). '"H NMR (C,D,): & 18.39 (s, 1H), 9.5-9.1 (br s, 2H),
7.43 (d, *Jyy = 6.0, 2H), 7.17 (s, 2H), 7.06-6.98 (m, 3H), 6.97 (d, *Jyy; = 6.0, 1H), 6.40-5.60
(br s, 1H), 2.60-0.76 (m, 51H). "C{'H} NMR (C¢Ds): & 299.0 (s, RuCH), 187.0 (d, ¥y =
47.1), 151.0 (s, ArC), 150.6 (s, ArC), 129.9-128.4 (m, ArC, ArCH), 124.2 (s, ArCH), 32.8—

257 (m, Cy, Me). Single crystals suitable for X-ray diffraction were made by slow

evaporation of a concentrated a toluene solution layered with decane.
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2.10 Ruthenium Carbynes
2.10.1 Improved Synthesis of RuCl,(PPh,),(=CCHCMe,)

%\ Addition of 3-chloro-3-methyl-1-butyne (244 uL, 2.16 mmol) to a stirred
P“‘“'(: ’;'I'u-'\“z:pha purple solution of RuCL(CHCMe,)(PPh,), (500 mg, 0.27 mmol) in 5 mL
? THF caused an immediate color change to brown. After 7 days, orange solids
precipitated, and no further RuCl,(CHCMe,)(PPh,), was evident by >'P NMR analysis. The
solution was diluted with hexanes (10 mL), and orange product filtered off, washed with

hexanes (5 x 2 mL) and dried under vacuum. yield: 0.405 g (94%). NMR data agree with

those reported.®

2.10.2 Ru(=CPh)(OC,F5)(PCys),, 11

N FI’CYS Addition of TIOC.F, (566 mg, 1.46 mmol) in 7 mL toluene to a
F—<\/ :>-O—Ru:
A PCys purple solution of RuCl,(CHPh)(PCys,), (1a, 600 mg, 0.73 mmol)

in 7 mL benzene resulted in quantitative reaction (NMR) within 3 hours, accompanied by a
change in color to dark green. The suspension was filtered through Celite and the filtrate
concentrated to dryness under vacuum. On redissolving the residue in cold (-35 °C) ether, a
green powder slowly deposited. This was filtered off and washed with cold ether. Yield 395
mg (56 %); yields are limited by the high solubility in ether. Slow decomposition to
unknown products occurred in benzene; decomposition is immediate in chlorinated solvents
(CDCl;, CD,CL,). '"H NMR (C,Dy): 8 7.68 (d, *Jiy = 7.6 Hz, 2H, Ph), 6.97 (t, *Jyy= 7.5, 1H,
Ph), 6.75 (t, °Ju = 7.9, 2H, Ph), 2.23-2.18 (m, 8H, Cy), 1.94-1.54 (m, 36H, Cy), 1.30-1.15
(m, 8H, Cy), 1.08-0.90 (m, 8H, Cy). *'P{'H} NMR (C,Dy): & 42.59. "C{'H} NMR (C¢Dy)
0 250.2 (Ru=CPh, located by HMBC; using the 500 MHz instrument), 153-125 (Ar), 35.6—

26.6 (Cy). YF{'H} NMR (C¢Dy): & -90.27 (dd, *J = 22.6, 11.3 Hz, 2F), -93.35 (t, *Jg= 22.1,
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2F), -106.73 to -106.98 (m, 1F). Anal. Calcd. for C,H,F;OP,Ru: C, 63.00; H, 7.66%.
Found: C, 62.74; H, 8.12%. X-ray quality crystals were grown by slow evaporation of a

saturated benzene solution.

2.11 Chiral Catalysts

2.11.1 Ru(0,C,,H,F,)(CHPh)(IMes)(py)- THF

Bh Oe e To a solution of RuClL,(CHPh)(IMes)(py), (3a, 668 mg, 0.922
4
IMeSh..FLE,..nO

mmol) in 20 mL benzene was added T1,0,C, H,F; (772 mg, 0.922
QECx

Celite flushed with 20 mL THF. The filtrate was then reduced to dryness under vacuum. In a

py/ \O

mmol). The reaction was stirred overnight, then filtered through

test-tube the brown powder was redissolved in the minimum amount of THF and an equal
amount of decane layered on top. The tube was then sealed with a septum. A small hole
permitted THF to gradually evaporate and left emerald green crystals as the THF solvate.
Yield, 512mg (66%). The phenyl protons were distinguished from pyridine by HMBC
correlation of Ru=CH to the ortho phenyl proton resonances. Carbon assignments based on
DEPT-135, HMQC and HMBC correlations. Due to fluorine coupling some “C resonances
are very broad. 'H NMR (THF-d8): 8 19.23 (s, 1H, RuCH), 7.85 (d, *Jx = 9.3 Hz, 1H,
OCCH), 7.81 (dd, *Jyy = 5.1, *Jyy = 3.0, 2H, ortho py), 7.51 (tt, *Juy = 7.5, “Jyy = 3.0, 1H,
para py), 7.40 (s, 2H, NCH), 7.35 (d, *Juy = 9.3 Hz, 1H, OCCH), 7.16-7.11 (m, 3H, ortho
and para Ph), 7.08 (d, *Jy = 9.3 Hz, 1H, OCCHCH), 7.04 (br s, 2H, Mes Ar), 6.97 (br s, 2H,
Mes Ar), 6.91 (br t, °Jyyy = 7.2 Hz, 2H, py), 6.80 (t, *J;y; = 7.8 Hz, meta Ph), 6.57 (d, *Jy,; =
9.3 Hz, 1H, OCCHCH), 3.64-3.58 (m, 2H, THF), 2.55 (s, 6H, Me), 2.13 (s, 6H, Me),
1.851.75 (br s and m overlapping, 8H, Me, THF).”C{'H} NMR (THF-d8): 8 310.2 (s,

Ru=CH), 184.6 (s, NCN), 172.3 (s, OC), 166.5 (s, OC), 156.3 (s, CH, ortho py), 155.2 (s,
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ArC), 140.6 (s, C, Mes), 138.4 (s, C, Mes), 137.2 (s, C, Mes), 137.0 (m, ArC), 135.7 (m,
ArC), 131.0 (m, ArC), 130.3 (m, ArC), 129.5 (m, ArC), 128.8 (m, ArC), 128.6 (m, ArC),
128.5 (m, ArC), 127.8 (m, ArC), 127.4 (m, ArC), 127.0 (s, CH, binol), 126.2 (s, CH,
NCCN), 124.6 (s, CH, binol), 124.3 (m, ArC), 123.0 (br, C, binol), 118.5 (m, CH, binol),
114.0 (m, C, binol), 113.8 (m, C, binol), 21.3 (s, CH;, Mes), 18.3 (s, CH;, Mes), 18.2 (s, CH,,
Mes). "F{'H} NMR (THF-d8): -73.09 (t, °J& = 16.0, 1F), -73.26 (t, *J& = 15.6, 1F), -80.72
to -80.87 (m, 2F), -91.47 (t, >Jix = 18.7, 1F), -92.15 (t, *J = 19.0, 1F), -98.03 (d, *J= = 19.7,
1F), -98.17 (d, *J = 19.3, 1F). IR (nujol, cm™) v (C=C) 1663, 1601, 1565 cm’'. Anal calc:
RuCs;H;FN;0, C, 63.47; H, 3.92; N, 4.19. Found C, 64.14; H, 3.61; 4.23%. MALDI-TOF
MS [M-py(79)]*" = 924 m/z. Using the same procedure starting from (R)-TIO,C,H,F;, (R)-
Ru(0O,C, H,F)(CHPh)(IMes)(py) was made and was characterized by X-ray diffraction. X-
ray quality crystals were grown by liquid diffusion from a saturated THF solution with an

equal amount of decane layered on top.

2.11.2 Ru(0,C,,HF)(CHPh)(IMes)(py) THF

Mo To a solution of RuCl,(CHPh)(IMes)(py), (3a, 59 mg, 0.0814
IMes:...R”;.'.D\r‘]O Oe ™ mmol) in 5 mL toluene was added TLO,C,H,F, (70 mg, 0.0814

py” O

Ve Oe F+ mmol). The reaction was stirred overnight, then filtered through
Celite flushed with 50 mL THF, then reduced to 1 mL under vacuum. The green powder was
precipitated with 10 mL pentane, filtered and dried under vacuum. 55 mg (66 %). In a test-
tube the brown powder was redissolved in the minimum amount of THF and an equal
amount of decane layered on top. The tube was then sealed with a septum and vented

through a small hole allowing the THF to gradually evaporate and leave emerald green

crystals as the THF solvate. '"H NMR (THF-d8): 6 17.24 (s, RuCH), 8.59-8.52 (br s, 1H), 8.2
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~8.20 (m, 3H), 7.57-7.45 (m, 5H), 7.19-6.96 (m, SH), 6.34 (s, 1H), 6.55 (s, 1H), 6.48 (s,

1H), 6.08 (s, 1H), 2.67 (s, 3H), 2.34-2.11 (m, 12H), 1.83-1.76 (m, 6H), 0.87 (s, 3H).

2.12 Substrates and Products
2.12.1 4-(allyloxy)-2,4,6-trimethylhepta-1,6-diene, 38

O~ The same procedure as for 4-Allyloxy-4-methyl-hepta-1,6-diene (64, see
283: below), using 2 g of 2,4,6-trimethylhepta-1,6-dien-4-ol. The product was
purified by flash column chromatography on silica gel 10% EtOAc / hexane (R, 0.90), and
distilled under vacuum, yield 2.1 g (83%). '"H NMR (CDCl,): & 5.94-5.82 (m, 1H), 5.25 (dq,
2w = 171, *Jyyy = 1.8, 1H), 5.09-5.04 (m, 1H), 4.84-4.82 (m, 2H), 4.71-4.69 (m, 2H), 3.92
(dt, *Juy = 5.1, *Jyy = 1.5, 2H), 2.22 (s, 4H), 1.80 (s, 6H), 1.15 (s, 3H). “C{'H} (CDCL,): &
143.3, 136.0, 115.5, 114.6, 77.5, 62.7, 46.7, 24.7, 23.6. IR v cm’' (neat): 3077 (s), 2972 (s),
2939 (s), 2918 (s), 2857 (s), 2728 (w), 1792 (w), 1644 (s), 1454 (s), 1374 (s), 1317 (m), 1253
(m), 1140 (m), 1094 (s), 1064 (s), 1028 (m), 994 (m), 913 (s), 891 (s), 736 (s). HRMS (EI)

m/z: Calculated for [M-C,H,]™ 139.1123, found 139.1121.

2.12.2 2,4-dimethyl-2-(2-methylallyl)-3,6-dihydro-2H-pyran, 39

o To 4-(allyloxy)-2,4,6-trimethylhepta-1,6-diene (300 mg, 1.54 mmol) in 15 mL
w CH,Cl, was added 1 mol% RuCl,(CHPh)(IMes)(PCy;) (2a, 13mg, 0.154
mmol). After heating to reflux for 4 h, quantitative conversion was observed by 'H NMR.
Purification was accomplished by silica gel chromatography (25% EtOAc / hexanes, R,
0.92). Residual EtOAc was removed by azeotrope with CH,Cl, to yield 172 mg (67%)
yellow volatile oil. 'H NMR (C¢Dy): 8 5.15 (s, 1H), 4.91-4.90 (m, 1H), 4.77-4.76 (m, 1H),

4.01-3.99 (m, 2H), 2.27 (d, *Juy = 13.5, 1H), 2.12 (d, *Jygy = 13.5, 1H), 1.97 (d, *Jyy = 16.8,
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1H), 1.87 (s, 3H), 1.52-1.46 (m, 4H), 1.11 (s, 3H). "C{'H} NMR (C,Dy): & 143.5, 130.4,
119.2, 114.5, 72.2, 61.1, 48.9, 40.0, 24.8, 23.5, 22.9. IR (neat) v (cm™") 3072 (m), 3017 (m),
2969 (s), 2930 (s), 2826 (s), 2728 (m), 2706 (m), 1686 (m), 1642 (s), 1448 (s), 1372 (s),
1351 (m), 1260 (m), 1236 (m), 1154 (s), 1109 (s), 1028 (m), 1011 (s), 963 (w), 939 (w), 888
(s), 786 (m), 759 (s), 681 (w), 606 (m). HRMS (EI) m/z: Calculated for [M-C,H,]" =
111.0810, found 111.0780. Enantiomers separated by chiral GC-FID using a Chirasil-DEX

CB column.

2.12.3 4-Allyloxy-4-methyl-hepta-1,6-diene, 64

O~ To diallylethanol, 1.4g (11.1mmol) in 20 mL of DMF was added 1 eq. of
/ﬂ sodium hydride (0.266 g). The colour immediately changed to red brown.
After stirring for two hours 1.1 equivalents of allylbromide were added and stirred overnight,
and the colour turns orange. The reactions was quenched with 1 M NaOH (50 mL) and
extracted three times with ether (100 mL). The organic layer was dried over sodium sulfate,
filtered and concentrated under vacuum. The product was purified by flash column
chromatography with 10% EtOAc / hexane (R, 0.91). The product was then distilled under
vacuum, 3.2 g (72 %). '"H NMR (CDCl,): & 5.91-5.75 (m, 3H), 5.29-5.00 (m, 6H), 3.91 (d,
W = 5.4, 2H), 2.25 (d, *Juy = 7.5, 4H), 1.24 (s, 3H). "C{'H} (CDCl,): § 135.7, 134.2,
117.5, 115.8, 62.5, 42.6, 23.03. IR v cm™ (neat): 3081(s), 2986 (s), 2929 (s), 2864 (s), 1842
(w), 1716 (w), 1645 (s), 1454 (m), 1443 (m), 1379 (s), 1312 (m), 1291 (m), 1267 (m), 1124
(m), 1058 (s), 997 (s), 906 (s), 742 (s), 649 (m). HRMS (EI) m/z: Calculated for [M-C;H]*

125.0966, found 125.0973.

References page 78 44



Chapter 2. Experimental Methods

2.12.4 2-allyl-2-methyl-3,6-dihydro-2H-pyran, 65a

Loj/\/ To 144 mg (8.66 x 10 mol) of 4-(allyloxy)-4-methylhepta-1,6-diene in 17 mL
= CH,CI, was added 1 mol % 12a (8 mg), and heated to reflux for 2 hours. The
reaction was then allowed to cool to room temperature. The brown solution was purified by
adding silica (500 mg), stirring for 5 min and then filtering the brown solid off. After
removing the solvent under vacuum, a volatile yellow oil was isolated 107 mg (89%). The
brown residue can be removed by column chromatography, 5% EtOAc/hexanes, R, 0.36,
isolating to yield 38% of colorless product. 'H NMR (CDCl,): 8 5.89-5.51 (m, 3H), 5.10-
4.92 (m, 2H), 4.16-3.96 (m, 2H), 2.38-2.08 (m, 2H), 2.08-1.72 (m, 2H), 1.11 (s, 3H).
PC{'H} NMR (CDClLy): 8 129.2, 127.5, 125.6, 123.4, 72.1, 61.5, 43.3, 34.8, 24.0. IR (neat) v
(cm™): 3077 (s), 2979 (s), 2933 (s), 2862 (m), 1725 (m), 1664 (m), 1641 (s), 1516 (m), 1439
(m), 1376 (m), 1314 (w), 1292 (w), 1254 (m), 1123 (s), 1065 (s), 997 (s), 915 (s). HRMS

(ED) m/z: calculated [M-C;Hs]™ 97.0653, found 97.0641.

2.12.5 1,4-bis(2-methyl-3,6-dihydro-2H-pyran-2-yl)but-2-ene, 65b
o To 4-Allyloxy-4-methyl-hepta-1,6-diene (500 mg , 3.0 mmol) in a r.b. flask

|
equipped with a stir bar was added 5 mol % RuCl,(CHPh)(IMes)(PCy,) (2a, 127
o)
Z

N

mg, 0.15mmol) in 30 mL chloroform. After refluxing for 2 hours the solvent was
removed under vacuum to afford a brown oil. Purification by flash silica gel chromatography
10 % EtOAc / hexane (R, 0.55) afforded a colourless oil as a mixture of E and Z isomers
(80:20), combined yield 330 mg (88%). '"H NMR (CDCl,): & 5.73-5.7 (m, 4H), 5.64-5.59
(m, 2H), 5.53-5.50 (m, 2H), 4.13-4.11 (m, 4H), 2.29-1.85 (m, 8H), 1.17 (s, 9H). "C{'H}

NMR (CDCl,): E isomer & 129.1, 125.6, 123.3, 71.9, 61.3, 43.3, 34.8, 23.9; Z isomer &
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129.1, 127.4, 125.6, 72.1, 61.3, 37.6, 34.7, 23.8. IR (neat) v (cm™) 3036 (s), 2976 (s), 2930
(s), 2896 (s), 2833 (s), 2703 (w), 1909 (w), 1819 (w), 1658 (m), 1607 (w), 1447 (m), 1429
(m), 1389 (s), 1373 (s), 1334 (m), 1262 (m). 1184 (s), 1084 (s), 1016 (m), 977 (m), 907 (s),
826 (m), 743 (s), 650 (s). HRMS (EI) m/z: Calculated for [M-CH;]" 233.1542 found

233.1554.

2.12.6 1,4-bis(2-methyl-3,4-dihydro-2H-pyran-2-yl)but-2-ene
To 4-Allyloxy-4-methyl-hepta-1,6-diene, 500 mg (1.2 mmol) of in benzene (12

mL) were added 10 mol % RuCl,(CHPh)(IMes)(PCy,) (2a, 102 mg). The reaction

was then heated to 60 °C for 4 hours. Then K,CO; (83 mg, 0.3 mmol) was added
and heated for a further 24 hours. '"H NMR yield 60%. The isolated yield was low due to the
difficulty in removing small amounts side products and sensitivity to acid. Purification was
accomplished by silica gel columns chromatography, 5 % EtOAc/hexane (R, 0.83), 98 mg
(26%). 'H NMR (C¢Dy): 8 6.49 (dt, *Jyy; = 6.3, >Jyy = 1.8, 2H), 5.65-5.61 (m, 2H), 4.69—4.63
(m, 2H), 2.46-2.30 (m, 4H), 1.96-1.87 (m, 4H), 1.68-1.59 (m, 2H), 1.52-1.41 (m, 2H), 1.26
(s, 6H). "C{'H} NMR (C¢Dy): & 143.0, 129.2, 98.9, 75.3, 43.2, 31.5, 24.1, 18.0. IR (neat) v
(cm™) 2937 (s), 2873 (m), 1717 (w), 1700 (w), 1684 (w), 1652 (m), 1647 (m), 1559 (w),
1541 (w), 1507 (w), 1456 (s), 1375 (s), 1355 (m), 1276 (w), 1223 (w), 1125 (s), 1067 (s),
1025 (s), 975 (s), 953 (s), 911 (w), 868 (w), 849 (w), 732 (m). HRMS (EI) m/z: Calculated

for [M]" 248.1776 found 248.1768.

2.12.7 1-Propenyloxydecoxy-propene

Method A, high dilution: A solution of 30 mg (0.14 mmol) 3-(10-

CC
o Xx~ Allyloxy-decyloxy)-propene in benzene (10 mL) and separate
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solution of 8.3 mg (7 uwmol) RuCl(OCBr;)(CHPh)(IMes)(py) (15a) in benzene (10 mL)
were both added slowly via dropping funnel to refluxing benzene (10 mL) over 15 min. Final
concentration of substrate is 0.05 M. After 1.5 hours full conversion to vinyl ether was
observed (GC-FID).

Method B: To 500 mg 3-(10-Allyloxy-decyloxy)-propene in 40 mL CHCI; were added 83
mg RuCl,(CHPh)(IMes)(PCy;) (2a). The solution was heated to reflux for 2 hours,
quantitative conversion by GC was observed. The product was purified by flash column
chromatography, 5% EtOAc / hexane (R; = 0.8), 306 mg (61%). Three products were
obtained, EE, ZZ and EZ (60% Z content as observed by comparing olefinic '"H NMR
coupling constants). Using method A or B no evidence for macrocycle or ADMET oligomer
was observed. 'H NMR (CDCl,): 8 6.18 (dd, *Jyy = 12.6, %y = 1.5, E 2H), 5.92 (dd, *Jyyy =
6.20, Jyyy = 1.6, Z 2H), 4.78-4.67 (m, E 2H), 4.36 (p, *Jyyy = 6.9, Z 2H), 3.68 (t, *Juy = 6.6, Z
4H), 3.58 (t, *Juyy = 6.6, E 4H), 1.69-1.52 (m, 10H), 1.53-1.31 (m, 12H). "C{'H} NMR
(CDCl,): & 146.6, 146.6, 100.7, 98.2, 72.1, 69.1, 29.8, 29.5, 29.3, 26.0, 25.8, 12.6,9.2. IR v
cm™ (neat): 3085 (m), 3013 (m), 2930 (s), 2854 (s), 1842 (w), 1728 (w), 1645 (s), 1458 (m),
1397 (m), 1348 (m), 1264 (m), 1106 (s), 994 (m), 921 (s), 724 (w). HRMS (EI) m/z:

Calculated for [M]™ 254.2246, found 254.2131.

2.12.8 ((prop-1-enyloxy)methyl)benzene

PN To allylbenzyl ether (1.0 g, 6.75 mmol) in 67.5 mL of toluene was added 5
©/\ mol% RuCl,(CHPh)(IMes)(PCy,) (2a, 285 mg, 0.338 mmol) and 10 mol%
K,CO; (93 mg, 0.675 mmol). After heating to reflux for 24 hours the solvent was removed
under vacuum to afford a brown oil. The product was purified by flash column

chromatography 5 % EtOAc/hexane (R, = 0.95) to yield 890 mg (89%) as a 0.78:1 mixture
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of E/Z isomers. E isomer: 'H NMR (CDCL): § 7.62-7.44 (m, 5H), 6.55-6.51 (m, 1H), 5.14—
5.03 (m, 1H), 4.86 (s, 2H), 1.77 (dd, *Jyy = 6.9, “J;yy = 1.8, 3H). *C{'H} NMR (CDCL,): &
147.0, 138.1, 128.6, 128.3, 128.1, 99.8, 71.5, 10.0. Z isomer: "H NMR CDCl, & 7.62 — 7.44
(m, 5H), 6.23-6.20 (m, 1H), 4.92 (s, 2H), 4.68 (p, *Jiyy = 6.6, 1H), 1.88 (dd, Sy = 6.6, Vo =
1.8, 3H). “C{'H} NMR (CDCL): § 145.9, 138.5, 128.6, 128.3, 127.8, 102.2, 74.0, 13.2. IR v
cm’ (neat): 3088 (m), 3063 (s), 3034 (s), 2922 (s), 2864 (s), 1668 (s), 1607 (m), 1496 (s),
1454 (s), 1403 (m), 1376 (m), 1356 (s), 1289 (m), 1270 (m), 1207 (m), 1176 (s), 1126 (5),
1075 (s), 1028 (m), 986 (m), 930 (s), 734 (s), 697 (s). HRMS (EI) m/z: Calculated for [M]"

148.0888, found 148.0893.

2.12.9 (1-(2-methylallyloxy)prop-2-yne-1,1-diyl)dibenzene, 84
O To a 250 ml 3 neck round bottom flask equipped with septa, under an argon
Q o atmosphere was added Nal (10 mg), 7.5 g (36 mmol) of 1,1-Diphenyl-2-
I propyn-1-ol (Aldrich) and 180 mL anhydrous DME. After cooling to 0 °C,
solid NaH (950 mg, 39.6 mmol) was added and vigorous bubbling occurred. After warming
to 21 °C and stirring for a further 30 minutes 3-bromo-2-methylpropene was added (7.3 mL,
72 mmol) and stirred for another 12 hours. The reaction was quenched with ice water and the
organic phase extracted with ether (2 x 200 mL). The organic fractions were combined and
dried over magnesium sulfate. After filtration the supernatant was concentrated under

vacuum to yielding a yellow oil. The product was purified by flash column chromatography
10% EtOAc/hexane (R, 0.75) and distilled under vacuum, 5.5 g (58%). 'H NMR (CDCL,): &
7.57-7.52 (m, 4H), 7.42-7.28 (m, 6H), 5.19 (s, 1H), 4.99 (s, 1H), 4.02 (s, 2H), 3.52 (s, 1H),
1.87 (s, 3H). "C{'H} NMR (CDCl,): 6 143.2, 142.2, 128.2, 127.7, 126.5, 111.2, 83.2, 79.9,

77.6, 68.4, 19.9. IR (neat) v (cm™): 3285 (s), 3061 (s), 3026 (s), 2973 (s), 2915 (s), 2857 (s),
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2111 (m), 1946 (m), 1884 (m), 1810 (m), 1657 (s), 1597 (s), 1490 (s), 1449 (s), 1375 (m),
1317 (m), 1277 (m), 1191 (s), 1178 (s), 1157 (w), 1050 (s), 1003 (w), 973 (m), 936 (w), 903

(), 770 (s), 654 (s), 641 (s). HRMS (EI) m/z: Calculated [M]™ 262.1358, found 262.1355.

2.12.10 (2-(2-methylallyloxy)but-3-yn-2-yl)benzene, 89
To a 500 mL 3 neck round bottom flask equipped with 3 septa under an argon
e 0 atmosphere was added Nal (10 mg), 1-methyl-1-phenyl-2-propyn-1-ol (10 g,
Il 8.4 mmol) and 350 mL anhydrous DME. After cooling to 0 °C, solid NaH (1.8
mg, 75.2 mmol) was added and vigorous bubbling occurred. After warming to 21 °C and
then stirring for a further 30 minutes, 3-bromo-2-methylpropene was added (18.5 g ml, 137
mmol). After stirring for 12 hours the reaction was quenched with ice water and the organic
phase extracted with ether (2 x 200 ml). The organic fractions were combined and dried over
magnesium sulfate. After filtering off the white solid, the solvent was removed under
vacuum to yield a clear oil. The product was purified by flash column chromatography using
a solvent gradient 1-5% EtOAc/hexane (R; 0.9 in 5% EtOAc/hexane) and distilled under
vacuum, 9.8 g (72%). '"H NMR (CDCL,): 8 7.62-7.60 (m, 2H), 7.37-7.34 (m, 2H), 7.30-7.29
(m, 1H), 5.01 (s, 1H), 4.85 (s), 4.00 (d, *Jiyy = 11.5, 1H), 3.55 (d, *Jyy = 11.5, 1H), 2.71 (s,
1H), 1.76 (s, 3H), 1.73 (s, 3H). "C{'H} NMR (CDCl,): § 142.6, 142.3, 128.4, 127.8, 125.7,
111.4, 84.0,75.8,75.4, 63.8, 32.8, 19.9. IR (neat) v (cm™): 3301 (s), 3063 (s), 2994 (s), 2937
(s), 2910 (s), 2858 (s), 2743 (w), 2108 (m), 1948 (w), 1887 (w), 1811 (w), 1658 (s), 1599
(m), 1488 (m), 1446 (s), 1368 (s), 1310 (w), 1223 (s), 1175 (s), 1096 (s), 1027 (s), 899 (s),

764 (s), 700 (s). HRMS (EI) m/z: Calculated [M-CH,]" 185.0966, found 185.0962.
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2.12.11 4-methyl-2,2-diphenyl-3-vinyl-2,5-dihydrofuran, 85

Ph.o. To a 1 dram screw cap vial was added (1-(2-methylallyloxy)prop-2-yne-1,1-
Ph/é:l diyl)dibenzene (84, 200 mg, 0.762 mmol), BHT (134mg, 0.610 mmol), 1.524 mL
CH,Cl, and 5 mol% catalyst 15b (45 mg, 0.0381 mmol). The solution was heated to reflux
for 6 hours after which the vial was opened and the solvent removed under vacuum. The
product was purified by silica gel flash column chromatography, 5% EtOAc/hexane (R;0.31;
BHT, R, 0.89) to yield a clear oil, 189 mg (95%). 'H NMR (CDCl,): 8 7.35-7.19 (m, 10H),
6.36 (dd, *Jyy = 18.0, 11.7, 1H), 5.19 (d, *Jyy= 11.7, 1H), 5.07 (d, *Jyy = 18.0, 1H), 4.74 (s,
1H), 2.15 (s, 3H). "C{'H} NMR (CDCl,):  143.9, 135.5, 135.2, 128.8, 128.3, 128.1, 127.9,
127.8, 127.7, 127.3, 118.0, 96.1, 77.1, 11.6. IR (neat) v (cm™): 3058 (s), 3023 (m), 2976 (m),
2921 (s), 2861 (s), 1758 (s), 1673 (w), 1599 (m), 1490 (m), 1446 (s), 1375 (w), 1265 (m),
1225 (m), 1175 (m), 1054 (s), 1032 (s), 990 (s), 931 (m), 760 (s), 736 (m), 700 (s), 627 (w).

HRMS (EI) m/z: Calculated [M]"262.1358, found 262.1361.

2.12.12 2,4-dimethyl-2-phenyl-3-vinyl-2,5-dihydrofuran, 90
Ph o Toa 1 dram screw cap vial was added (2-(2-methylallyloxy)but-3-yn-2-yl)benzene
" \_ (89, 200 mg, 0.999 mmol) a stir bar, BHT (176 mg, 0.799 mmol), 1.565 mL
CH,Cl, and then S mol% catalyst 15b (59 mg, 0.0305 mmol). The solution was heated to
reflux for 6 hours after which the vial was opened and the solvent removed under vacuum.
The product was purified by silica gel flash column chromatography, 10% EtOAc/hexane (R,
0.67; BHT, R, 0.95) to yield a clear oil, 165 mg (83%). "H NMR (CDCl,): 8 7.30-7.26 (m, 5
H), 6.34 (dd, *Jy= 18.0, 11.4, 1H), 5.05 (d, *Jyyy = 11.4, 1H), 4.89 (d, *Jyy = 18.0, 1H), 4.70
(s, 2H), 1.89 (s, 3H), 1.83 (s, 3H). "C{'H} NMR (CDCl,): § 144.7, 136.3, 133.7, 128.1,

127.3, 127.2, 126.1, 116.2, 91.3, 77.0, 24.2, 10.6. IR (neat) v (cm™): 3088 (s), 3058 (s), 2978
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(s), 2925 (s), 2856 (s), 2827 (s), 1657 (s), 1601 (s), 1493 (m), 1446 (s), 1369 (s), 1238 (s),
1036 (s), 989 (m), 908 (m), 864 (w), 763 (s), 697 (s). HRMS (EI) m/z: Calculated [M-CH,]™

185.0966, found 185.0950.

2.12.13 (E)-4-styryl-6-vinyl-tetrahydro-3aH-cyclopenta[c]furan-1,3-dione, (E)-68
To a small flask charged with 6 mL CH,Cl, was added (endo)-norbornene
anhydride (100 mg, 609 uM), styrene (317 mg, 3.05 mM) and catalyst
070 Ru(OC4F;),(CHPh)(IMes)(3-Br-py) (12b, 5 mg, 30.5 uM). The vessel was
sealed then heated to 65 °C. After one hour the reaction was opened to air and solvent was
removed to yield a brown oil. The product was purified by flash column chromatography,
3:1 hexane:EtOAc (R;: Z = 0.35, E = 0.2). Yield, 124 mg (76 %, E:Z = 1.6:1). The E-isomer
agrees with reported values.” '"H NMR (CDCl,): 8 7.41-7.20 (m, 5H), 6.50 (d, *J,y = 15.9,
1H), 6.32-6.23 (m, 1H), 6.00-5.88 (m, 1H), 5.21-5.16 (overlapping s and d, *Jy, = 6.0, 2H),
3.52-3.48 (m, 2H), 3.13-2.95 (m, 2H), 2.09 (dt, *Jy = 12.9, 7.2, 1H), 1.56 (q, *Jyy = 12.9,
1H). “C{'H} NMR (CDCL,): § 170.7, 170.6, 136.6, 134.8, 132.2, 128.6, 128.5, 127.7, 126.4,
117.3,49.8,49.7,49.3, 46.7, 46.2, 46.1, 36.5. IR neat NaCl v (cm™): 2924 (s), 2851 (s), 1940
(w), 1854 (s), 1779 (s), 1667 (w), 1607 (w), 1519 (w), 1496 (w), 1448 (s) 1411 (m), 1350
(w), 1322 (w), 1258 (m), 1203 (s), 1091 (m), 1062 (w), 1030 (w), 999 (s), 968 (s), 919 (s),

823 (w), 804 (m), 790 (w), 695 (m).

2.12.14 (Z)-4-styryl-6-vinyl-tetrahydro-3aH-cyclopenta[c]furan-1,3-dione, (Z)-68

:H_@ Isolated as a co-product from the reaction above: 'H NMR (CDCL):
0 o}

0 87.41-7.20 (m, 5H), 6.70 (d, *Jy = 11.4, 1H), 6.32-6.23 (ddd, *Jyyy =

16.8, 10.8, 7.5, 1H), 5.64 (dd, *Jyyy = 11.4, 9.9 Hz, 1H), 5.19-5.12 (m, 2H), 3.45-3.40 (m,
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3H), 3.05-2.85 (m, 1H), 2.05-2.00 (m, 1H), 1.46 (q, *Jyy = 7.8, 1H). “C{'H} NMR (CDCl,):
0 170.5, 170.5, 136.8, 134.7, 132.5, 128.4, 128.3, 127.3, 126.4, 117.3, 50.0, 49.5, 46.7, 41.2,
37.8. IR (neat) NaCl v (cm™): 3081 (w), 2924 (s), 2859 (s), 1856 (s) 1777 (s), 1641 (w), 1449
(m), 1416 (w), 1324 (m), 1258 (m), 1204 (s), 1146 (w), 1091 (m), 1000 (s), 919 (s), 890 (w),
808 (w), 791 (w) 752 (w), 725 (w). HRMS (EI) m/z: Calculated for [M]" 268.1099; found
268.1086. The diastereoisomers were separated by HPLC: Chiracel AS-H 5% IPA/Hexane,

0.65 mL/min, 60 min.

2.12.15 (E)-4-(2-cyclohexylvinyl)-6-vinyl-tetrahydro-3aH-cyclopenta[ c]furan-1,3-dione,

E)-70
To a small flask charged with 6 mL. CH,Cl, is added (endo)-norbornene
— — anhydride (100 mg, 609 uM), vinylcyclohexane (335 mg, 3.05 mM) then
o o catalyst Ru(O,C, H,F;)(CHPh)(IMes)(py) (3.3 mg, 0.5 mol%). The vessel
0

was sealed then heated in an oil bath and heated to 65 °C. After one hour the reaction is
opened to air and solvent is removed followed by silica gel column chromatography (2 x 15
cm, 3:1 hexane:EtOAc (R Z = 0.43, E = 0.36). Combined yield 120 mg (72%); E:Z, 1:1.
NMR data for the E isomer correspond with literature values.” 'H NMR (CDCL,): & 5.98-
5.86 (m, 1 H), 5.49-5.39 (m, 2H), 5.27-5.12 (m, 3H), 3.51-3.21 (m, 3H), 3.03-2.94 (m, 1H),
2.22-2.19 (m, 1H), 2.00~1.92 (m, 1H), 1.73-1.01 (m, 10H). “C{'H} NMR (CDCl,): § 170.9,
170.5, 139.3, 135.0, 123.8, 117.1, 49.6, 46.6, 45.8, 40.6, 36.4, 32.8, 32.7, 26.0, 25.9. IR neat
NaCl v (cm™): 2924 (s), 2851 (s), 1854 (s), 1779 (s), 1667 (w), 1607 (w), 1519 (m), 1448 (s),
1411 (m), 1350 (m), 1332 (m), 1258 (m), 1203 (s), 1091 (m), 999 (s), 968 (m), 919 (s), 804

(m), 695 (w).
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2.12.16 (Z)-4-(2-cyclohexylvinyl)-6-vinyl-tetrahydro-3aH-cyclopenta[c]furan-1,3-dione, (Z)-

70
:sz Isolated as a co-product from the reaction above. 'H NMR (CDCL): &
0PSO 5.98-5.87 (m, 1H), 5.54-5.38 (m, 2H), 5.17-5.11 (m, 2H), 3.43 (p, *J,y =

7.2, 2H), 2.98-2.87 (m, 2H), 2.02-1.90 (m, 2H), 1.71-1.62 (m, 5H), 1.40 (q, *Juy = 12.9,
1H), 1.29-0.85 (m, 5H). "C{'H} NMR (CDCL): 8 170.7, 170.4, 139.5, 134.9, 123.6, 117.2,
49.6, 46.8,40.7, 37.9, 37.0, 33.4, 33.2, 26.0, 25.8. IR neat NaCl v (cm™): 3081 (w), 2924 (s),
2805 (s), 1856 (s) 1777 (s) 1642 (w), 1449 (m), 1416 (w), 1324 (w), 1258 (m), 1204 (s),
1146 (w), 1091 (m), 1000 (s), 967 (m), 919 (s), 808 (w), 791 (m), 752 (w), 725 (w). HRMS

(EI) m/z: Calculated for [M]* 274.1569; found 274.1583.

2.13 General Procedures for Catalytic Reactions

All substrates and monomers were distilled before use (b.p. < 125 °C, trap to trap
distillation; b.p. > 125 °C vacuum distillation). Substrates were degassed using consecutive
freeze pump thaw cycles. Either 'H NMR or GC-FID was used to determine the outcome of
catalytic reactions. The commercial sources or references for literature substrates are given in
Table 1. For GC-FID, the identity of substrates and products was confirmed by GC-MS
analysis. GC-FID yields were determined from the calibrated peak area responses in
reference to internal standard THN (1,2,3,4-tetrahydronaphthalene). Calibration curves,
using 5-10 points, were constructed in the concentration regime of the analyte to be
monitored. The FID response was kept between 100-2000 pA with an analyte concentration
range of 0.005-0.0001 M. An inlet split ratio of 10:1 was used. For reactions producing
ADMET oligomers the amount of oligomerization was determined by difference. When 'H
NMR was used, the conversion was calculated by the integrated difference between olefinic

signals. CDCl, or C,D¢ were used as the solvent. 'H NMR was not used to determine the
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conversion for substrates known to form undistinguishable side products such as
macrocyclization reactions. Agreement between 2 to 4 replicate runs with + 3 % error was
maintained. All reactions were put together in a nitrogen filled glove box.

Typically, a large (200 mg substrate) mother reaction was set up and then distributed to
several small vials. The timed opening of the small vials enabled the monitoring of reactions
over time without perturbing the reaction. For regular metathesis reactions one-dram vials
equipped with PTFE lined screw tops were used. Once sealed, the reactions were brought out
of the glove box for heating, the workflow for this type of reaction screening is shown in
Figure 1. Reactions were heated in a drilled out aluminium block equilibrated to the desired
temperature on a stirring hot plate and were stirred at 750 rpm. To ensure efficient heat
transfer the holes in the aluminium block were made as small as possible. The temperature

was monitored in a blank vial filled with silicon oil, (Figure 1).

2.13.1 Calculation of reaction concentrations

For reactions where the concentration of substrate is < 0.1 M the density of the catalyst and
substrate was not taken into account. At concentrations > 0.1M the density of catalyst and
substrate is approximated to be 1 mg/ul and the volume created by the substrate and catalyst

is accounted for in the calculation of reaction concentration.
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1. A large solution containing solvent and internal standard is prepared.
2. An aliquot is removed for the time 0 reference (1p).
3. Catalyst is.added and the reaction is distributed to several vials.

solvent
substrate
internal standard

5. The vials were then opened at set time intervals and analyzed immediately
by GC-FID or 'H NMR.

Figure 1. Workflow for setting up RCM reactions to be monitored over time.

Table 1. Commercial sources and literature references for substrates and products.”

source or

# Compound reference

# Compound

source or
reference

Aldrich

Cyclooctene 1
20 Q (COE) p;oy | A~~~ | Vestenamerl4

EtO0,C_CO,Et

Aldrich Et0,C.__CO;Et
2 1 ) v 22 é 1 5
ﬂ\ DEDAM

Ts
N Ts

32 /( k 16,17 33 C? 16
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o/\/ o
O 0
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PO
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11 0 39 112 | 39
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13| (o CH20Ac | |0 Promerus
Promerus

AcO
“Substrates 40, 42, 46, 62, 66, 78, 82, 105, 107, 111 were obtained from Dr. Jennifer
Snelgrove of this lab. Substrates 97, 99, 101, 103 were obtained from Sebastien Monfette of

this lab. Monomer 117 was obtained from Dr. Dino Amoroso, Promerus LLC (Cleveland,
OH).

2.14 Ring Closing Metathesis (RCM)

2.14.1 General method to monitor RCM, Enyne or CM with 5 mol% catalyst

To a small 1 dram vial containing 0.1 mmol of substrate and 1 mL of solvent was added 0.05
mmol of catalyst (final [S] = 0.1 M, [C] = 0.05 M). The rapidly-stirred reaction mixture was
heated to 62 °C. For GC analysis internal standard was added prior to adding catalyst.

Reactions to be monitored by NMR spectroscopy were in CDCIl, or C,D solvent.

2.14.2 General method to monitor RCM or Enyne reactions with 0.05 or 0.5 mol% catalyst

To a small 1 dram vial containing 0.1 mmol of substrate and 1 mL of solvent was added a
stock solution of catalyst, 0.0005 or 0.005 mmol (final [S] = 0.1 M, [C] = 0.0005 or 0.005
M). The rapidly-stirred reaction mixture was heated to 62 °C. For GC analysis internal
standard was added prior to adding catalyst. Reactions to be monitored by NMR

spectroscopy were in CDCIl; or C,D; solvent.
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2.14.3 Representative RCM reaction, [substrate] = 0.1 M, monitored over time

In a nitrogen filled glovebox a 5-dram vial was charged with hex-5-enyl undec-10-enoate
(58, 266 mg, 1 mmol) internal standard THN (66 mg) and CH,Cl, (10 mL). A 10 uL sample
was removed for T, and diluted to 5 mM for GC analysis. The reaction was then treated with
RuCl,(CHPh)(IMes)(PCy,) (2a, 42 mg, 0.05 mol). The reaction was stirred vigorously and
1.5 mL was transferred to 6 1-dram screw top vials. For the 5 minutes needed to transfer the
reaction to the small vials, the reaction was open to the nitrogen of the glovebox atmosphere.
The vials were then sealed and stirred for 10 more minutes at 21 °C. After this initial 15
minute mixing time at 21 °C the vials were brought out of the glovebox and heated to reflux.
A vial was sampled once at different set time intervals: 15, 30, 45 min, 1, 1.5, and 2 h. Vials
were then cooled to room temperature, opened and the GC spectrum recorded. The yield
over time was determined by calibrated peak area response in reference of diene to internal
standard at T (Chapter 5, Figure 8; Appendix A, Table 9).

2.14.4 Representative RCM reaction at low concentration, [substrate] = 5 mM, monitored

over time

In a nitrogen filled glovebox a 20 dram vial was charged with hex-5-enyl undec-10-enoate
(58, 20 mg, 0.0751 mmol), internal standard THN (10 mg), and 15 mL CH,Cl,. A 1 mL
aliquot was removed for the T, reference. Then 5 mol% RuCl,(CHPh)(IMes)(PCy,;) was
added from a stock solution (295 uL, 3.50x10° mol from 10 mg 2a in 1 mL CH,Cl,, 11.8
mM). The reaction was stirred vigorously and 1 mL was distributed to 8 1-dram screw top
vials. For the 5 minutes needed to transfer the reaction to small vials the reaction was open to
the nitrogen of the glovebox atmosphere. The vials were then sealed and stirred for 10 more

minutes at 21 °C. After this initial 15 minute mixing time at 21 °C the vials were brought out
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of the glovebox and heated to reflux. A vial was sampled once at different set time intervals:
15, 30, 45 min, 1, 1.5, 2, 3 and 5 h. Vials were cooled to room temperature and the GC
spectrum recorded. The yield over time was determined by calibrated peak area response in
reference of diene to internal standard at T, (Chapter 5, Figure 8; Appendix A, Table 8).

2.14.5 Representative RCM reaction, [substrate] = 0.1 M, then diluted to 5 mM, monitored

over time

In a nitrogen filled glovebox a 1-dram vial was charged with a solution of hex-5-enyl undec-
10-enoate (58, 40 mg, 1.50x10* mol), internal standard THN (20 mg) and CH,Cl, (1.502
mL). A 751 pL sample was removed for T, and diluted to S mM for GC analysis. The
remaining reaction was treated with 317 uL of a stock solution of
RuCl(CHPh)(IMes)(PCy;) (100 mg 2a in 1 mL CH,Cl,, 0.118 M). After stirring at 21 °C for
15 minutes, 251 pl. was removed for GC analysis and the remainder diluted to 5 mM with
9.5 mL CH,Cl,. After stirring briefly the reaction was put into 5 separate 1-dram screw cap
vials. Then the vials were brought out of the glovebox and heated to reflux. A vial was
sampled once at different set time intervals: 15, 30, 45 min, 1, 1.5, 2, 3 and Sh. Vials were
cooled to room temperature and the GC recorded. The yield over time was determined by
calibrated peak area response in reference of diene to internal standard at T,, (Appendix A,

Table 10 and Figure 10).

2.14.6 Representative RCM of macrocycles dropwise addition of substrate and catalyst.

Under an atmosphere of argon, a three-neck round-bottom flask charged with 20 mL CH,Cl,
was fitted with a condenser and two equalizing-pressure addition funnels. Solutions of diene
hex-5-enyl undec-10-enoate (58, 80 mg, 0.3 mmol with internal standard THN (10 mg)) and

catalyst RuClL,(CHPh)(IMes)(PCy;) (2a, 13 mg, 1.5 x10”° mol), each in 20 mL CH,Cl,, were
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added drop-wise over 15 min. (During the preparation of the diene solution a 100 pL sample
is removed and diluted to 5 mM for the T, reference). Beginning at 15 minutes, aliquots
were removed via a gas-tight syringe, for quantification by GC at set time intervals of 15, 30,
45 min, 1, 1.5, 2, 3 5 and Sh. The yield over time was determined by calibrated peak area
response in reference of diene to internal standard at T,, (Chapter 5, Figure 5; Appendix A

Table 7).

2.15 Analysis of ADMET Oligomers

2.15.1 Analysis of ADMET polymers by TLC

The reaction in 2.14.1 was prepared, except internal standard was not added. The solution
was heated to reflux for 30 minutes. After cooling, the reaction was opened and a sample
spotted on a TLC sheet. Separation was achieved with 10% EtOAc/hexanes and the spots
were developed with anisaldehyde stain: diene R, 75-95, polymer R, 0-53 (Chapter 5, Figure

6).

2.15.2 Reaction followed by TLC

The procedure in 2.14.3 was followed, except internal standard was not added. The vials
were opened at set time intervals and then when the reaction was finished all of the different
reaction times were spotted on a TLC plate and eluted with 10% EtOAc/hexane. The spots
were developed with anisaldehyde stain: 58 R, 95; §9, R, 82; poly-58 R, 0-53 (Appendix B,

Figure 18).

2.15.3 Analysis of ADMET Oligomers by '"H NMR
The procedure in 2.14.1 was followed, except internal standard was not added. After the

reaction was complete the oligomers were isolated by removing the solvent under vacuum
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and drying the white greasy material under vacuum overnight then recording the 'H NMR in

CDCl; (Appendix B, Table 20).

2.15.4 MALDI-TOF Mass Spectrum of poly-58

The reaction in 2.14.1 was prepared, except internal standard was not added. The solution
was heated to reflux for 30 minutes. Under reduced pressure the solution was reduced to a
greasy solid. The material was then dissolved in dichloromethane (1 mg/mL). This was
mixed 1:20 with a matrix solution (20 mg/mL, dithranol/CH,Cl,). The solution was then
spotted on a sample plate, allowed to dry and analyzed. Analyses were performed using a
Bruker Daltonics OmniFlex MALDI-TOF mass spectrometer equipped with a nitrogen laser

(337 nm). (Chapter 5, Figure 7; Appendix B, Figure 17).

2.15.5 MALDI-TOF Mass Spectrum of poly-58 formed during an RCM reaction using the
Dropwise Addition Protocol

The reaction in 2.14.4 was carried out as above without internal standard. After the 15
minute addition period the reaction was opened to air and stirred until the solution turned
brown. Under reduced pressure the solution was reduced to a greasy solid. The material was
then dissolved in dichloromethane (1 mg/mL). This was mixed 1:20 with a matrix solution
(20 mg/mL, pyrene/CH,Cl,). The solution was then spotted on a éample plate, allowed to dry
and analyzed. Analyses were performed using a Bruker Daltonics OmniFlex MALDI-TOF

mass spectrometer equipped with a nitrogen laser (337 nm). The full spectrum is shown in

the Appendix B, Figure 16.
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2.16 Tandem RCM - Isomerization

2.16.1 Representative procedure for tandem RCM isomerization

To a 1 dram screw top containing 118 uL. C,D4 and a stirbar was added 5 mol % 2a (5 mg,
5.91 umol). N-tosyldiallylamine 32 (30 mg, 0.118 mmol) was then added, [S]=0.1 M, [C] =
5 mM. after the 15 minutes to effect complete RCM solid K,CO; (0.81 mg, 0.0204 mmol)
was added and heated to reflux for 4 h. 100 % yield of cyclic vinyl amine by 'H NMR. Same

procedure for the formation of 54 from 51.

2.17 Ring Opening Metathesis Polymerization (ROMP)

2.17.1 Representative procedure for synthesis of ROMP polymers

To a rapidly-stirred solution of initiator RuCl(OCBrs)(CHPh)(IMes)(3-Br-py) (15b) in
CH,Cl, (7.1 mg, 1.0 mM) was added 100 equiv of NBE-CH,0OAc (113) monomer (final
substrate concentration = 0.1 M). ROMP was allowed to continue for up to 24 h, depending
on the initiator. Polymers were then precipitated by concentrating the solution and adding it
dropwise to rapidly stirring methanol. The precipitates were filtered off, washed with

methanol and hexanes, and dried under vacuum.

2.17.2 Representative procedure for measurement of ROMP kinetics

To cyclooctene (20, 50 pL, 0.385 mmol) and 3.85 mL of CDCIl; was added 1.925 pmol of
Ru(OC¢Fs),(CHPh)(IMes)(py) (12a) as a solution in CDCIl; (0.1925 M). After vigorous
stirring for one minute, 0.75 mL of the solution was transferred to an NMR tube and set to
spin at 20 Hz in the NMR probe. Conversions were determined at regular time intervals by
monitoring the integrated intensities of olefinic signals for the monomer and polymer in time

array '"H NMR experiments. Rates and turnover frequencies (TOF; h') were determined at
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50% conversion, as the solution became slightly viscous at higher conversions.
Polymerization data is tabulated in Appendix A: cyclooctene 20, Table 1; NBE-CH,0OAc

113, Table 24.

2.17.3 Determination of k/k; (Chapter 6, Equation 1)

To a rapidly-stirred solution of initiator Ru(OC¢Br;)CI(CHPh)(IMes)(3-Br-py) (15b, 10 mg,
8.5 umol) in CDCl, (0.5 mL) was added 10 equivalents of COE (20, 9.4 mg, 85 umol) as a
solution in CDCIl; (0.35 mL). The initiator concentration was 0.01 M and the monomer
concentration was 0.1 M. The integrated intensity of the alkylidene peaks was monitored by
'H NMR, Table 2 and Figure 2. The relative peak integrations were used to determine k/k;

according to Equation 1 (Chapter 6).%

Table 2. Alkylidene 'H NMR resonances for H, 8 ppm (CDCI,).

Initiator [Ru]-COE [Ru]-NBE-CH,OAc
RuCl,(CHPh)(PCy,), 1 19.29 (t,*Jyyy = 5.2 Hz) | 18.67-18.90 (m)
RuCl,(CHPh)(IMes)(PCy,) 2a | 18.85 (br) 18.78-18.55 (br s)
RuCl,(CHPh)(IMes)(py), 3a | 19.32(t,*Jyy =5.5Hz) | 18.91-18.78 (m)
RuCl,(CHPh)(IMes)(3-Br-py), 3b | 19.36-19.27 (m) 18.81-18.78 (m)
Ru(OC,Br;)CI(CHPh)(IMes)(py) 15a | 18.73-18.57 (m) 18.75-18.67 (m)
Ru(OC¢Br,)CI(CHPh)(IMes)(3-Br-py) 1Sb | 18.73-18.66 (m) 18.77-18.68 (m)
OAc
Ha \ R [D\/OAC Ha Ph O Ha =
[RWu] — ) NBE(-1C1F:|3§OAC [R\n:] S WR
[RU-NBE-CH,0Ac [Ru]-COE

Figure 2. Determination of k/k; by monitoring of H, during the ROMP of 10 equivalents of
COE or NBE-CH,OAc.
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2.18 Self Metathesis of Methyl Oleate

o neat, /\M/WN
60°C,24h 76
/\/\/\/WV\/\)LOMe — 0
15b Meom/\/\/\/\/\/\/\/\/u\OMe
& 0 7

To a 1 dram screw top vial was added 200 mg of methyl oleate (6.75 x 10 mol). Catalyst
15b was added as a stock solution as indicated in Table 3. After adding the catalyst the top
was secured and the reaction was heated for 24 h at 60 °C. For analysis, 20 mg of the
reaction mixture was removed and diluted with 10 mL CH,Cl, and quantified by calibrated
GC-FID (HP-1 column). The products were also identified by GC-MS (m/z): 75, 296.27; 76,
252.29; 77, 340.26. Reaction yield and error on replicate experiments are tabulated in

Appendix A, Table 25.

Table 3. Amount of catalyst (15b) added to 200 mg of methyl oleate (6.75 x 10™* mol).

Catalyst stock

[SVIC] solution Composition Amount added
4 10 mg (8.50 x 10°mol) 40 uL
40,000 425x10°M o) mL cH,Cl, (1.68 x 10 mol)
4 10 mg (8.50 x 10°mol) 16 uL
100,000 425x10°M o0 mL CH,CL, (6.75 x 10° mol)

10 mg (8.50 x 10°° mol)
1,000,000 8.50 x 10°M / 10 mL CH,Cl,, diluted
100 uL /9.9 mL

79 uL
(6.75 x 10" mol)

10 mg (8.50 x 10°mol)
2,000,000 8.50 x 10°M / 10 mL CH,Cl,, diluted
100 uL /9.9 mL

40 uL
(3.38 x 10 mol)
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2.19 High Throughput Experiments
2.19.1 General Procedures

Fully integrated Symyx Technologies’ screening equipment and software housed at
the University of Ottawa Centre for Catalysis Research and Innovation was used to carry out
parallel experiments in 96 well format. Reactions were designed using Library Studio
software. Arrays of reactions were set up with the coordinates A1-H12 (1-96). Variables
were changed along the A-H or 1-12 axis. The total volume of solvent per reaction was
between 300 and 500 uL. Reactions were assembled in a glovebox from stock solutions of
catalyst and substrate. To avoid waste from wash cycles, stock solutions were made as dilute
as possible. The stock solutions for catalyst were made fresh for each run. For solutions with
a concentration of 0.1 M or greater the solute was assumed to have a density of 1 g/mL. For
solutions below 0.1 M the volume of the solute was assumed to be 0. For dispensing volumes
< 100 pL, a Cavro liquid handling robot controlled by Impressionist software was used. The
backing solvent for the liquid handling robots was toluene. The minimum dispense volume
used for the liquid handling robots was 20 uL. When larger amounts of solvent were needed,
a 12-tip 200 or 300 ul. Eppendorf was used. Reactions were carried out in 7 x 30 mm glass
cylinder inserts and were agitated with Parylene coated stir bars - 1.67 x 2.01 x 4.80 mm.

The inserts were arrayed 8 x 12 in a Symyx machined, anodized, aluminium block.
Heating was accomplished with a Julabo heater/cooling unit interfaced with a Tecan reaction
deck. The reactions were sealed with Teflon and then rubber sheets. The covers made from
plastic were not compatible with 1,2-dichloroethane or THF and were not used with these

solvents. The covers were held on tightly by a screwed down aluminium top. When solvent
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needed to be removed, reactions were evaporated down in a vacuum centrifuge modified to
accommodate the aluminium blocks.

Reactions were diluted to 0.02 M with methanol before GC analysis. The analysis
was done using an Agilent GC-FID fitted with a GC-PAL autosampler. Both were controlled
by Symyx engineered Epoch software. The GC was calibrated externally with a 10-point
calibration curve using authentic starting material and product. The GC was fitted with an
HP-1 column. To shorten analysis times, the GC method was optimized as much as possible,
short (< 3 min) isocratic elutions were used. Under these conditions analysis of all 96 wells
was complete in less than 6 hours. The data, stored on the RAS server and viewed through

Polyview was exported to Excel for averaging and error analysis.

2.19.2 Solvent Screen Procedure

The following anhydrous grade solvents, purchased from Aldrich, were used: 1,2-
dichloroethane, chlorobenzene, FC-72 (perfluorohexane), perfluorobenzene,
aao-trifluorotoluene (BTF), decane, dimethoxyethane (DME), N,N-dimethylformamide
(DMF), N-methylpyrolidone (NMP), nitrobenzene, acetonitrile and dimethylsulfoxide
(DMSO). Solvents THF, dichloromethane, toluene and benzene, were purified by solvent
system as described in Section 1. All solvents were further prepared by degassing with a
nitrogen sparge for 30 minutes and dried with activated Linde 4A molecular sieves. Stock
solutions of 8 different catalysts in dichloromethane were prepared, the amounts are
tabulated below. The catalyst solutions were distributed in the rows A-H (40 uL, 2 x 107
mol). Several plates were daughtered at once. The solvent was removed under vacuum
leaving the catalyst residues. The plates were covered so that they could be used at a later

time. A picture of a plate containing catalyst is shown below in Figure 3.
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Table 4. Solvent screen amount of catalyst dissolved in 5 ml CH,Cl, to make 5x10° M stock
solutions.

Row | Catalyst | Amount (mg)
1 1 21
2 2a 21
3 3a 18
4 3b 20
5 12a 24
6 12b 26
7 15a 27
8 15b 29

Figure 3. A reaction plate containing catalyst after the solvent has been removed.

To the inserts containing catalyst and stir bars was added the desired solvent. A 12-
channel Eppendorf pipette was used to add different solvents (360 uL) across the columns 1-
12. Next diethyldiallyl malonate (20) was added as a stock solution in toluene (40 uL of a 1
M solution, 1.201 g in 3.791 mL of toluene). The final reaction volume was 400 pL with a
substrate concentration of 0.1 M. The catalyst loading was 0.5 mol%. After sealing the
reaction block it was heated to 75 °C and stirred for 3 hours at 500 rpm. The reaction was
then brought out of the glove box and after cooling to room temperature, opened. 120 uL

was removed with a 12 channel Eppendorf and put into an analysis plate. The reaction

mixtures were then diluted with 480 ul. of methanol, total volume 600 uL, concentration
0.02 M. The plate was then mounted on the autosampler and the reactions were analyzed by

GC-FID. Due to phase separation between FC-72 and methanol the methanol layer
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containing the product was extracted off the top and analyzed. Figure 4 shows the work-flow

for the solvent screen.

1. Reaction Design:
Library Studio Software
s 2. Dispense
catalyst solutions
in rows

Liquid handling robot inside glovebox,
Impressionist protocol software

96 well

reaction plate
3. Centrifuge off solvent

leaving deposited catalyst

4. Add solvents to columns
> —_—
5. Add substrate 6. Heat (75 °C) 7. Dilute to

(40ul of 1M soln)  Stir (500 rpm) 0.02 M for
GC analysls

Figure 4. Work flow for RCM solvent screen.

To analyze the reactions a 10-point calibration curve was constructed for
diethyldiallyl malonate 20 and the ring closed product, 21. The yield was determined by the
difference in calibrated peak area. The data was handled in Polyview and then exported to
Microsoft Excel. The solvent screen data is plotted in Chapter 4, Figure 1 and the data are
tabulated in Appendix A, Table 2 and Figures 1-9. The work-flow for the high throughput

reaction analysis is shown in Figure 5.
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Figure 5. Analysis of reactions by calibrated GC-FID.

2.19.3 Primary Acid Additive Screen for Enyne Metathesis.

Ph 5 mol % 15b Ph o
Ph .0 10 mM [S] Ph
Il /\\k CHCly
6 h, 55 °C \
84 1 eq. acid additive 85

Stock solutions of additives (Aldrich) were prepared with a concentration of 0.1 M. The
amounts used are shown in Table 5. The ratio of additive to substrate 84 was 1:1. To a series
of wells was added 40 uL of additive (4 umol, 0.1M). The solvent was then removed under
vacuum. Next CH,Cl, (320 uL) was added followed by substrate, 40 uL. (4 umol) of a stock

0.1 M solution (105 mg, in 3.9 mL of CH,Cl,). The catalyst, RuCI(OC¢Br5)(CHPh)(IMes)(3-
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Br-py) (15b), was added last, 40 uL from a 0.005 M stock solution (23 mg in 3.98 mL
CH,CL,). The total reaction volume was 400 pL, with a substrate final concentration of 0.01
M. The reactions were heated for 6 h at 55 °C. Then the reactions were allowed to cool to
room temperature. An analysis plate was made with 300 uL from each well topped off with
300 uL of methanol for a total volume of 600 uL, and a concentration of 0.005 M. The
diluted analysis plate was then analyzed by externally calibrated GC-FID. The data are
tabulated in Appendix A, Table 3 and the corresponding graph is shown in Chapter 4, Figure

8.

Table 5. Additive solutions for primary screen, 0.1 M.

.. Amount Solvent .. Amount Solvent
Additive Additive
(mg) (2 mL) Y (mg) (2 mL)
OH
Blank 0 CH,CI, % 29 CH,Cl,
| Z
OH COH
30 CH,CI, 31 DMSO
Bu Me
OH
30 CH,CI P 42 DMSO
22 Ph” > Ph
OH HO  OH
But 'Bu
ﬁ;f 67 CH,CI, FQF 34 CH,CI,
F_ OH HO  OH
FGF 37 CH,Cl, CI-Q—CI 50 CH,Cl,
FF o
Cl OH HO OH
CI—Q—CI 53 THF Br—%:}—Br 85 THF
¢ Cl B’ Br
Br OH HO OH
erBr 08 THF @ 22 CH,Cl,
Br Br
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SH
C|j¢[0| 57 THF 1§ 14 DMSO
N
Cl Cl
Cl
o CO.H
© 2 CH,CI, @ 25 DMSO
Na
F
OH
CO.H
28 CH,Cl, C 24 DMSO
CO.H
NO, ?
OH
tBU H
@f 41 CH,CI, HOZCT\N) 23 DMSO
Bu
NH,PF, 20 DMSO NH,SO,H 19 DMSO
% ol o5 THF NH,CI 11 DMSO

2.19.4 Narrowed Additive Screen for Enyne Metathesis

Ph 1 % 15b Ph

ROUIEL SEte

I~ e

84 1 eq. acid additive 85
Stock solutions of additives were prepared according to Table 6. The additives were
dispensed first, 100 uL. each. Substrate 84 was then dispensed to each reaction, 100 uL from
a 1 M solution (205 mg in 5 mL CH,Cl,). Next catalyst 15b was added, 60 pl of a 0.025 M
solution (59 mg in 1.94 mL CH,Cl,). For 6h the reactions were stirred and heated (55 °C).
Next the reactions were removed from the glovebox and allowed to cool. For analysis, 50 uL.
was removed from each well and diluted with 450 ul. of methanol to make a final

concentration of 0.005 M. The data are tabulated in Appendix A, Table 4 and the

corresponding graph is in Chapter 4, Figure 8.
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Table 6. Composition of additive solutions (1 M) for the narrowed enyne metathesis screen.

Additive | Amount (mg) | CH,Cl, (mL)
Blank - 2.00
OH
304 1.70
OH
But 'Bu
441 1.56
Me
OH
'Bu
413 1.51
'Bu
HO  OH
FQF 364 1.64
F_F
2.19.5 Screen for amount of BHT to add for enyne metathesis
5 mol % 15b Ph. o
0.1 M[8]
\’/ J\ “Dom h/}:z
6h, 55°C \
mol% BHT 85

To an array of reaction wells was dispensed 100 uL of a 0.4 M stock solution of substrate,
(84, 299 mg in 2.7 mL of CH,Cl,). Two stock solutions of BHT were made 0.06 M (13 mg in

3.99 mL CH,Cl,) and 0.6 M (132 mg in 3.87 mL). The amount dispensed is shown in Table
7. Next CH,Cl, was added. Catalyst 15b, added last, was then dispensed (27 uL) from a
stock solution 0.075 M in CH,Cl, (132 mg, 1.37 mL). The reaction was then sealed, then
stirred and heated (55 °C) for 6 h. For analysis, 50 uLL was removed form each well and
diluted with 450 pL of methanol to make a final concentration of 0.005 M. The data are

tabulated in Appendix A, Table 5 and the corresponding graph is in Chapter 4, Figure 8.
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Table 7. Amount of CH,Cl, and BHT added from 0.6 or 0.06 M stock solutions.

Dispensed volume | Dispensed volume | Volume of CH,Cl, added to
BHT (mol %) | from 0.6 M stock | from 0.06 M stock make the final reaction
solution solution volume 400 uL
0 0 0 273
10 0 67 206
20 0 134 139
30 20 0 253
40 27 0 246
50 34 0 239
60 40 0 233
70 47 0 226
80 54 0 219
90 60 0 213
100 67 0 206

2.19.6 Concentration of substrate screen

To 5 vials was added 20 mg of substrate,

5 mol % 15b Ph o

[S]"
TL s, "
6h, 55 \

80 mol% BHT 85

(1-(2-methylallyloxy)prop-2-yne-1,1-

diyl)dibenzene (84, 7.62 x 10° mol). Next 0.8 equivalents of BHT was added (13 mg). Then,

in amounts given in Table 8, solvent was added. Catalyst 15Sb was added last, 5 mol% (4.5

mg, 3.81 x 10° mol). For this screen the density of catalyst, substrate and BHT were

assumed to be 1mg/uL. For analysis, aliquots were removed from each well and diluted to a

final concentration of 0.005 M. The data are tabulated in Appendix A, Table 6 and the

corresponding graph is in Chapter 4, Figure 8.

Table 8. Amount of solvent added to make the dilutions for the screening of reaction

concentration.
Final [S| M Total reaction volume (uL) Amount of CH,Cl, added (nL)
0.1 762 724
0.25 305 267
0.5 114 114
0.75 102 64
1.0 76 38
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2.19.7 Optimized reaction validation on bench scale (200 mg)

To a 1 dram vial was added 200 mg of substrate 84 (7.62 x 10*mol), 0.8 equivalents of BHT
(130 mg, 6.10 x 10* mol) and 1.52 mL CH,Cl,. Next, 5 mol % catalyst 15b was added (45
mg, 3.81 x 10” mol). The reaction was sealed and then heated to 60 °C in an aluminium
block for 6 h. The yield was determined by GC-FID (100 %) and the isolated yield was also
obtained after column chromatography (95 %). The characterization of this product is in
Section 2.12.20. The reaction was repeated without using an additive and the yield was

reduced to 87 % GC yield and 83 % isolated yield.

2.20 Removal of Ru Catalyst Residues from Organic Products

2.20.1 Representative procedure for the quantification of residual Ru in organic products
after column chromatography

To a 20 mL screw top vial containing 200 mg of diethyldiallyl malonate, 21, (8.32 x 10™*
mol) and 8.32 mL CH,CIl, was added catalyst 15b (50 mg, 4.16 x 10~ mol). After closing the
vial the reaction was heated to reflux for 15 minutes. The reaction was then opened to air and
concentrated under vacuum. The ring closed product, 22, was isolated by flash column
chromatography.! A 1 cm diameter column was packed with 10 cm of silica. The product
was eluted with 5% EtOAc/hexanes and fractions collected in 1 mL glass test tubes (22 R,
0.29). The fractions containing product were combined and concentrated under vacuum to
give a clear oil, 79 mg (90%). The sample was sent to Guelph Chemical (Chemisar) for Ru

analysis: < 10 ppm.
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2.20.2 RCM in Fluorous Reaction Media

To a 1-dram vial was added 1.66 mL FC-72 (perfluorohexane), 200 mg (8.32 x 10 mol)
diethyldiallyl malonate, 21, and 100 mg (8.32 x 10”° mol) of catalyst 15b. The substrate
formed a layer on top and the catalyst sank to the bottom. The vial was sealed and heated to
60 °C. Upon heating the substrate and catalyst dissolved in FC-72. After 1h the reaction was
cooled to room temperature and then opened, by GC analysis ring closing was complete. The
ring-closed product was extracted with 4 x 4 mL hexanes. To induce separation between
hexane and FC-72 the mixture was cooled for 1 minute in liquid nitrogen. To ensure the
removal of Ru residues, the combined organic fractions were filtered through a 0.5 x 2 cm
plug of silica. The filtrate was then concentrated under vacuum to yield to a clear oil, 150 mg

(85 %). The residual ruthenium was 203 ppm.

2.21 Synthesis of Rh(X)(CO)(PPh;), complexes (125a-y)

To 10 mg (1.45 x 10”° mol) of [Rh(CI)(CO)(PPh,),] (125m Strem) in 1 mL THF was added 1
equiv of MX salt. The amounts and reaction times are given in Table 9. The reactions were
judged complete by comparison to the *'P{'"H} NMR of [Rh(CI)(CO)(PPh,),]. The reactions
were worked up by filtering off the MCI salt by passing it through Celite and then removing
the solvent under vacuum. The latter two steps could be performed in air. IR spectra of the
new complexes were then recorded as a Nujol mull. The IR and data appears in Chapter 6,

Table 10.
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Table 9. Reaction times and amounts of MX salt added to [RhCI(CO)(PPh,),] 124 to yield
RhX(CO)(PPh,), 125a-y.

Amount

: 31 1
Reaction | MX Salt Added | Reaction | oo, |- PUHY 13y (i)
(mg) Time (h) o (ppm)
a AgCN 2 3 red 30.4 broad
b AgNCS 3 3 yellow | 30.1 123.9
d TISCeFs 6 3 yellow | 30.2 130.0
e AgNCO 3 3 yellow | 30.5 128.2
f Nal 3 3 yellow | 28.9 122.7
g TIOCF,CcF;s 8 3 yellow | 30.2 133.8
i TIOCF,-p-CF, 7 3 yellow | 31.1 132.4
J TISC(Cl; 7 3 green 290.1 131.2
k TIOCF; 6 18 yellow | 30.2 134.3
| TIOCH,;-m,m-(CE,), 7 3 yellow | 30.9 136.1
m Cl (Strem Chemicals) — — yellow | 30.4 127.6
n TISC,H, 5 3 yellow | 37.9 155.5
r TIOCH,-p-NO, 5 3 yellow | 30.3 134.9
S TIOC(H; 5 3 yellow | 28.1 139.5
t TIOC,H,-m-CF; 6 3 yellow | 29.5 136.8
\ TIOCH,-p-F 5 3 yellow | 28.1 138.7
w TIOC,Clg 7 3 yellow | 314 1354
X T1OCH,-0,0-Br,-p-NO, 8 3 yellow | 31.8 134.9
y TIOC¢Br; 10 3 yellow | 30.0 137.3

2.22 DFT Calculations

The structures were calculated by Dr. Claudio Carra, a postdoctoral researcher in the Scaiano
lab at the University of Ottawa. All calculations were performed using the Gaussian 03
package.*' The stationary points on the potential energy surface (PES) were located with the
B3LYP* hybrid density functional method. The LanL.2DZ basis set” augmented with an f-
polarization* function was used for the Ru atom, while the standard 6-31G* basis set was
used for the remaining atoms.*” The dissociation energy was corrected to account for the
basis set superposition error (BSSE) using the Boys-Bernardi counterpoise method.*® Atomic

charges were calculated with the natural order (NBO) population analysis.*
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3 Development of Ru-Pseudohalide Catalysts for Olefin

Metathesis

3.1 Introduction

The availability of robust, easily handled ruthenium catalysts for olefin metathesis
has had a tremendous impact on organic synthesis. To date, the major goal in Ru catalyst
design has been to increase the activity of Grubbs’ catalyst 1'> or second generation
catalysts containing an NHC ligand, 2a/b. Derivatives of 2 containing a more labile donor
such as 3-6 improved catalyst initiation but have not resolved the fact that they all focus on
the same ruthenium dichloride intermediate 7. As other halides (e.g. Br and I) are reported to
reduce the metathesis activity type 1 or 2 class catalysts,® it was decided to exchange the
ubiquitous chloride anionic ligands for a potentially better pseudohalide.

This chapter describes a program of study directed at understanding the parameters
needed to construct a stable Ru-O bond, and the use of this insight to assemble a platform
that enables modulation of the stereoelectronic properties of the target metathesis catalysts.
General, and high-yield synthetic methods were targeted as a means of gaining efficient

access to diverse catalyst structures.
3.2 Model Studies

3.2.1 Reaction Methodology and Catalyst Discovery

Exploratory reactions aimed at generating novel Ru-pseudohalide complexes were
first carried out on small scale (20 mg of ruthenium precursor). NMR spectroscopy was used

almost exclusively to monitor these reactions in situ, as this proved to be an effective means
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of surveying a large amount of chemistry. Scout reactions were followed using various NMR
“handles.” For phosphine complexes, >'P{'"H} NMR analysis (& range: -10 to +100 ppm) was
optimal, as deuterated solvent was not required.” Characteristic of alkylidene complexes are
'H NMR signals far downfield (8 17-21 ppm). Monitoring of the alkylidene peaks by 'H
NMR analysis allowed reactions to be followed where no *'P nucleus was present.
Complexes containing hydride were also useful. When trans to another ligand, hydride
signals are found from & -5 to -15 ppm; they appear as far upfield as -35 ppm when frans to a
vacant site. In some cases ’F NMR was useful for determining the ligand coordination
mode, vide infra.

Test reactions were carried out in C¢Dg at 21 °C with 20 mg of ruthenium precursor.
If a new alkylidene and a reasonably clean 'H NMR spectrum persisted in solution for at
least 3 hours, the reaction was scaled up (> 200 mg) for additional characterization, as well
as catalytic screening (results of the latter are described in Chapter 4). Complexes not stable
enough to survive for 3 hours in solution, or to withstand isolation by precipitation, were
abandoned. This time window was established using as a benchmark the behaviour of the

most active catalysts known prior to this study (3b or 4a).

3.2.2 Reactions with RuHCI(PPh;);: Hydride as a Proxy for Alkylidene

Ligand architecture is critical in determining catalyst lifetime, selectivity and
ultimately catalyst utility. Two design priorities for the anionic ligand were established at the

outset: 1) the ligand should be tunable in terms of sterics and electronics and 2) its steric

* N.B. New NMR spectrometers, such as the Bruker Avance series spectrometers, do not
show folded in peaks when the sweep window is too narrow. Instead, digital filtering is

applied, and signals outside this window will not be observed.
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demand should not be excessive, as work by other groups has shown that bulky donors can
block the catalyst active site, attenuating activity (see, e.g. [Ru(O‘Bu),(CHPh)(PCy)s]).
Phenol was chosen as an initial platform for study. To better understand the requirements to
create a stable Ru-O bond, stability studies of Ru-O bonds in combination with labile ligands
were investigated. For this work, Ru(X)CI(PPhs); (8a, X = Cl; 8b, X = H) provided a
convenient model. Not only is the complex square pyramidal, with labile ligands, as in 1-5,
the high trans effect of hydride places this ligand in the apical site while eliminating any
potentially misleading chemistry arising from the alkylidene itself. One chloride was easily
replaced via salt metathesis to form a new Ru-OR bond in a labile coordination environment.
This allowed us to isolate the question of whether a given ligand is appropriate for
consideration as a halide surrogate.®

Calorimetric and reactivity studies’® have led to a reevaluation of the assumption that
late-transition-metal-oxygen bond energies are inherently low, as the Pearson “hard-soft”
formalism would suggest. Previous work in the Fogg group,'® however, demonstrates that the
well-established stability of the Ru-OAr bond within complexes of the type’ Ru(o-
OAr),(PMe;), is a function of the nonlability of the PMe, ligands. Thus, related complexes
containing labile PPh; groups (e.g. RuCl(o-OAr)(PPh,),, RuH(0-OAr)(PPh;);; Ar = Ph, p-
‘BuC¢H,) are not isolable, owing to a facile ¢ — 7 isomerization, accompanied by loss of
phosphine, to generate coordinatively saturated 18-electron m-aryloxide derivatives (e.g. 9,
Figure 1). Other examples of such behaviour in Ru chemistry include the formation of
RuH(n-ArO)(PR3); by reaction of phenols with RuH,(PR3)s.!" For metathesis catalysts,

which undergo initiation by loss of labile ligand, the PPh; model complexes are more
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relevant than those containing non-labile PMe, groups. Therefore, the isomerization to a

coordinatively saturated m-aryl complex must be prevented by some other way.

T *r
TIOCgHs5 3P RuPPhy - TIOCeFs PhaPr. .t .
R PhP” ol Ph3 P'/RUQ PP
o e, - PPh, o s o
- TICI
PPh aX=Cl F F
bX=H
S F F
F

4

Figure 1. Electronic control over o-m isomerization and ORTEP representations of crystal
structures (For full details, see Appendix E). Thermal ellipsoids are shown at 30%
probability level, hydrogen atoms and solvates omitted. Ph groups on PPh; omitted for
clarity.

P e
0
et
b P

A plausible alternative means of preventing isomerization to the n-bonding mode is
reduction of the electron density available within the aryl ring. With the intention of
clarifying this possibility in PPh, systems via direct comparison with the complexes already
examined (9), reaction of the labile precursor 8b with perfluoroaryloxide anion was
explored. In contrast to reactions with phenoxide, reaction of 8b with thallium
pentafluoroaryloxide effected complete conversion to the o-aryloxide complex (Figure 1, 10)
within 3 h at 22 °C in THF. Similar behavior was observed with sodium
pentafluoroaryloxide, but the reaction was only ca. 30% complete at 3h (100%, 48 h). The
accelerating effect of Ag" and TI" salts in halide substitution of metal complexes has been

attributed to electrophilic “pull” by the heavy-metal cations, possibly via direct electrophilic
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attack on the halogen atom,'? or interaction with the metal itself.”® As well, the reaction is
driven by the insolubility of TICl in THF.

The red product was isolated in ca. 80% yield, and both NMR and combustion
analysis were consistent with the formulation of the complex as RuH(OC,F;)(PPh,); (10).
Room-temperature *'P{'"H} NMR analysis revealed a broad singlet centered at & 47 ppm,
which resolved into an A,B pattern at -50 °C, & (C,Dy): 87.1 (t, 2Jpp = 26, 1P), 40.9 (d, “Jpp =
26, 2P). This confirmed retention of all three triphenylphosphine ligands. The hydride signal
was observed as a quartet of triplets, split by long-range coupling to two F nuclei, as well as
the expected two-bond coupling to phosphorus, 8 (CsDy): -22.29 (q of t, *Jpy = 27.9 Hz, °Jiy
= 7.2 Hz. The coupling assignments were supported by 'H{”F} and 'H{*'P} NMR
experiments, which revealed the hydride signal as a quartet and a triplet, respectively."’F
NMR analysis of 10 revealed signals at chemical shifts similar to those found for free
perfluorophenol and its thallium salt. In comparison, signals for the m-bound
perfluoroaryloxy ring in [Cp*Ru(n’>-C¢Fs0)] or [CpRu(n’- CsFsOH)]" are found 10-20 ppm
upfield."

Table 1 summarizes all the °’F NMR data collected. All of the o~bound perfluoroaryl
rings appear downfield from the m-bound complexes, providing a useful method for
determining the bonding mode for this class of ligand. The coordination mode of the
aryloxide ligand within 10 was confirmed by X-ray analysis of crystals obtained by slow
evaporation of a concentrated THF solution (Figure 1). Bond lengths and angles are
discussed together at the end of this chapter. In contrast to the corresponding phenoxide
species 9, complex 10 showed no tendency to isomerize. It was stable in solution for more
than 12 hours, and for four years when stored as a solid under inert atmosphere.
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Table 1. "F{'H} NMR values for perfluorophenol and its metal complexes.”

Compound

Solvent

dr (ppm)

HOCGFs

CDCls

-87.7 to -88.1 (m, 4F)
-92.1 t0 -92.6 (m, 1F)

TIOCeFS

CDCl;

-81.8 to -84.1 (m, 2F)
-88.5 to -88. 7(m, 2F)
-99.6 t0 -99.8 (m, 1F)

TIOCeF s

CsDs

-84.2 to -84.6 (m, 2F)
-90.1 to -90.3 (m 2F)
-101.8 t0 -101.9 (m 1F)

RuH(OC6F5)(PPh3)3 10

CeDg

-93.5t0 -93.6 (m, 2 F)
-94.6 t0 -94.9 (m, 2F)
-107.8 to -101.9 (m, 1F)

Ru(OC6F5)2(CPh)(PCy3)2 11

CDCl;

-90.3 (dd, Jgr = 22.6, 11.3 Hz, 2F)
-93.4 (t, Jep=22.1, 2F)
-106.7 to -107.0 (m, 1F)

Ru(OC4Fs),(CHPh)(IMes)(py) 12a

CDCl;

-86.4 to -86.5 (m, 2F)
-86.7 to -86.7 (m, 2F)
-94.3 (t, Jrp=22.3, ZF)
-94.5 (t, Jpp= 22.5, 2F)
-104.8 t0 -105.0 (m, 1F)
-105.8 to -106.0 (m, 1F)

Ru(OC¢Fs),(CHPh)(IMes)(Brpy) 12b

CDCls

“87.2 10 -87.4 (m, 4F)
-95.4 10 -95.6 (m, 4F)
-105.4 (tt, JFF = 226, JFF = 85, IF)
-106.8 (tt, Jrr = 25.4 Jpr = 8.5, 1F)

Ru(OCF4CFs)(CHPh)(IMes)(py) 13

CDCl3

-62.2 t0 -62.3 (m, 2F)
-62.5 to -62.6 (m, 2F)
-70.5 to -70.6 (m, 2F)
-71.2 to -71.3 (m, 2F)
-79.1 (t, Jer = 21.0, 1F)
-79.2 (t, Jrr = 21.1, 1F)
-86.0 (d, Jrr = 17.6, 2F)
-87.1 to -87.4 (m, 6F)

Ru(SCeFs)2(CHPh)(IMes)(py) 16a

CDCl;

-56.2 (d, Jgr = 26.82, 2F)
-88.6 (t, Jer = 21.74, 1F)
-91.0 (t, Jer = 22.3, 2F)

[Cp*RU(TlsceF s0)]

CDCl;¢

-108.4 (m, 2F)
-112.3 (m, 2F)
-119.0 (m, 1F)
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Table 1 continued. ..

-98.4 (m, 2F)

[CPRu(M*CsFsOH)]" CDCl;° | -100.6 (m, 2F)
-103.6 (m, 1F)
%282 MHz, 298K Referenced to external trifluoroacetic acid at 0 ppm, the patterns show
second order effects.” The values are rather similar in CsDg (-84.4 (m, 2F), -90.2 (m, 2F), -
101.8 (m, 2F)). ¢ Original values converted from 8 CFCl; = 0 to 8 TFA = 0 (8¢ ® 76.5

ppm)."*

Less electron-withdrawing aryloxides derived from 4-nitrophenol or 4-fluorophenol
underwent rapid isomerization, with loss of PPh;, to yield n-OAr complexes of type 910
From this difference in behavior, it was concluded that in order create a stable Ru-OAr bond,
it is necessary to remove as much electron density as possible from the aryl ring, thus
inhibiting the capacity of the ring to act as a m-donor to ruthenium. The electron deficiency
of the aryloxide ligand can be gauged from the pK, of the parent phenol. Thus, the following
order of pK, values is found: phenol, 10; 4-fluorophenol, 9.95; 4-nitrophenol, 7.14;

pentafluorophenol, 5.52."

3.3 Synthesis of Ru-Pseudohalide Alkylidene Catalysts
3.3.1 Improved Synthesis of Ruthenium Precursors

During the synthesis of 12a from 3a, the preparation of several Ru complexes and
precursors was improved. In most cases the reactions have been scaled up relative to the
reported procedures. Where possible, steps that would normally be carried out under inert
atmosphere were carried out in air using solvents that had not been subjected to drying or
deoxygenating procedures. While 2b is commercially available, its cost is nearly 100 times
greater than the RuCly-6H,0 starting material (Schemes 1-3). We focused on the IMes

complexes 2a and 3a; for comparison with the HyIMes (e.g. 2b) complexes see Chapter 1.
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O\ O%
n- propanol

Glyoxal 2,3,6-trimethylaniline 579
(Aldrich) (Aldrich) . 0
70% CI—/ —\
) =\
O‘Bu H ol
"IMes" "IMesHCI"
18gfrom3g 79

Scheme 1. Synthesis of
“IMes.”

9 H o) 60 - 70%
s NoNH,  + \\_Q Os NH
MeOH

40%

NaOH / H,0 +N
ethylene glycol -N
N-tosylhydrazone 80 °C 45 min

the 1,3-bis(2,5,6-trimethylphenyl)imidazol-2-ylidene ligand,

=

p-toluenesulfonehydrazide benzaldehyde i
(Aldrich) (Aldrioh] phenyldiazomethane
30g 39
Scheme 2. Synthesis of phenyldiazomethane.
Ph
RuCly* H0 90% RUCI,(PPhs), 1% CyaPr..g lr «Cl
$14/g 8a / \
$ 3,538 / mol Ru MeOH 30gfrom5g -78°C CH,Cl, PCys
6 PPhy $ 22/g 3 phenyldiazomethane 1a Grubbs' Catalyst
$ 21,095 /mol Ru 2.2 PCys, 0°C - 21°C 10g
,V $ 5519
RUHCI(PPhg) KOPr $ 45,379 / mol Ru
8b
10g 929 | (Mes
$105/g e
$53,367 /mol Ru Ph Ph
| Mesn.. | .ci . , "
model studies | ------- » [ pseudohalide /RI“\ ___9_%_ IMes ""Ru"“CI
catalysts Cl py L c” pc
Py pyridine
2a
3a 9¢g
79 $248/g

(3b from reaction with 3-bromopyridine)

$ 210,705 / mol Ru

Scheme 3. Synthesis of ruthenium precursors (1, 3a) used to generate pseudohalide catalysts.
The scale of the reaction is indicated in grams. Prices from commercial sources are indicated

in $/g and $/mol Ru.
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3.3.2 Electron-Deficient Perfluoroaryloxide Complexes

The behaviour described in section 3.2.2 confirmed the efficacy of electronic
parameters in determining the coordination mode of the aryloxide entity. This opened the
door to incorporation of an aryloxide group within a ruthenium metathesis catalyst. Upon
direct reaction of two equivalents of TIOC¢Fs with 1, however, alkylidyne 11 was obtained
via deprotonation of the benzylidene ligand and liberation of phenol (Figure 2). Similar
behavior was noted earlier on reaction of RuCly(P'Pr3),(CHPh) with NaOPh.'® Given the
higher acidity of pentafluorophenol, relative to phenol, it was speculated that the reaction
might be driven by steric interactions between the aryloxide, PCy; and alkylidene ligands. In
related work, Schrock observed a-elimination of bulky neopentyl groups to yield Ta
alkylidenes.'” Complex 11 was isolated as a green, air-stable, ether-soluble powder; its high
solubility limited yields to ca. 60%.® The compound was unstable in solution, with a half-life
of only a few hours. The carbyne resonance (& 250.2 ppm) was therefore located by a proton-
detected HMBC experiment rather than conventional BC{'H} NMR analysis. The
approximately square-planar molecular structure (Figure 2b) closely resembles that reported
by the Caulton group for Ru(CPh)(OPh)(P'Pr3),."° The carbyne complex was sufficiently

stable in the solid state to obtain satisfactory combustion analysis.

® Synthesis and crystallographic characterization of complex 11 was carried out by Dino

Amoroso of this research group.
References page 104 89



Chapter 3. Development of Ru-Pseudohalide Catalysts for Olefin Metathesis

a)

Hoz\n/Ph Ha PCys
2 TIOCEF -HOG4F
CysPrr.l Cl eFs . ) | \ocst — %%  Ph—=Ru—OC4F;s
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PR

-neopentane

c)
o] 2 LiCH;CMe, %
a\
)V/X 2ol )V \/€‘

Figure 2. a) Treatment of 1 with TIOCFs yields a-elimination product 11. b) ORTEP
representation of 11. Thermal ellipsoids are given at 30% probability level. Hydrogen atoms,
benzene solvate, and Cy groups of PCy; omitted for clarity. (For details, see Ref 18).
Aryloxide and alkylidyne ligands are disordered by a center of inversion at Ru. ¢) Synthesis
of a Schrock carbene via a-elimination.

By reducing the three-dimensional bulk of the ancillary ligands (replacing PCys, cone
angle 180°, with an essentially two-dimensional ligand set IMes/py) a-elimination was
prevented, enabling the selective synthesis of five-coordinate alkylidene complexes. Thus,
treatment of 3a with TIOC¢F5 in benzene at 21 °C effected quantitative conversion to 12a,
within 3 h at 22 °C (Figure 3). Reaction with KOC¢Fs was much slower and the prolonged
reaction times needed (18 h) resulted in competing decomposition of 3a. The consumption of
3a at this time was incomplete and new signals attributable to neither 3a or 12a appeared in
the aromatic and aliphatic regions of the '"H NMR spectrum.

Complex 12a was isolated in 92% yield, and characterized by spectroscopic,

microanalytical, and crystallographic analysis. Its geometry is square pyramidal, with the
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alkylidene occupying the apical site (Figure 3). This geometry is consistent with the high
trans effect of this ligand. Retention of the potentially labile pyridine ligand within 12a
attests to the absence of steric constraints in this five-coordinate complex. Importantly, it also
signifies the presence of an incipient coordination site for incoming substrate. The '°F and
¥F.°F COSY NMR spectra of 12a reveal two sets of peaks, one set each for the chemically

different OCgFs groups. The signals appear in the typical range for o-bound OC¢Fs (Table 1).

a) b) ‘/.\‘
Ph CeHs Ph X .
" +2 TIOCF Mes... I .OCoFs ® ’
IMes:...o .nCl 'S5 LN - c ‘
a” N 2TIC! @ OCsFs oo '/'i
py i F ‘\“ ! I

3a 12a N ‘\I ?ﬁt :u
F

Figure 3. a) Synthesis of pseudohalide metathesis catalyst, 12a. b) ORTEP representation of
12a (For full details, see Appendix E). Thermal ellipsoids are shown at 30% probability
level; hydrogen atoms and toluene solvate omitted for clarity.

A key feature observed during the synthesis of 12a was the isomerization of the
anionic ligands from their trans-disposition in 3a to the cis disposition in 12a. The trans to
cis transformation presumably occurs with isomerization at some stage, but the process is not
fully understood. The reaction has been followed by arrayed 'H NMR experiments. A singlet
at 6 18.92 ppm, observed within minutes, disappears over 8 hours (Figure 4). This signal is

tentatively assigned to the frans isomer of 12a. The driving force for the isomerization is
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