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ABSTRACT

Olefin metathesis is a widely used method for constructing carbon—carbon double bonds.
This methodology has broad applications in organic and polymer chemistry, and the
continued design of highly efficient catalysts has been critical to the success of this
reaction. The main goal of this thesis was to design and synthesize new catalysts for
better selectivity and for improved properties for targeted applications, as well as to

explore different ligand structures for optimal catalyst performance in olefin metathesis.

The application of ruthenium catalysts for the ring-opening metathesis polymerization of
challenging monomer 1,5-dimethyl-1,5-cyclooctadiene in the presence of a chain transfer
agent is discussed in chapter 2. A variety of complexes were explored to find the ideal
catalyst for this transformation, enabling the synthesis of telechelic polyisoprene, which

has extensive applications in block copolymerization.

Chiral N-alkyl, N-aryl NHC ruthenium catalysts were designed and synthesized to
improve the enantioselectivity during asymmetric ring-opening cross-metathesis.
Mechanistic studies of these catalysts revealed a preference for methylidene propagation
compared to previous NHC catalysts. Chapter 3 describes these studies, in addition to the
screening of a variety of chiral ligands for optimal enantioselectivity. Some of these
catalysts gave very high enantioselectivity, comparable to the best reported ruthenium
catalysts. Insights into the stability of these complexes as a propagating methylidene led

to investigating them in applications where propagation as a methylidene is desirable.

N-aryl, N-alkyl NHC ruthenium catalysts were designed and synthesized for improved

selectivity during ethenolysis reactions, which require a ruthenium methylidene species



Vi

to react with an internal olefin to yield a terminal olefin and a ruthenium alkylidene
species. Subsequent reaction of this ruthenium alkylidene species with ethylene gives the
other terminal olefin. This reaction can be applied to the internal olefin of seed oils to
generate valuable products that are typically derived from petroleum sources, thus
providing an environmentally friendly route to the same products. An important
component of ethenolysis catalysts is stability to existing as a methylidene, a property of

the N-aryl, N-alkyl NHC ruthenium catalysts described in chapter 4.

Chapter 5 describes the design and synthesis of sterically hindered N-aryl, N-alkyl NHC
ruthenium catalysts for application in latent metathesis. These complexes also show

excellent stability at elevated temperatures for extended periods of time.

Appendix A contains NMR spectra for catalysts described in chapter 4, as well as X-ray

crystal structures for two of the catalysts.

Appendix B contains NMR spectra for catalysts described in chapter 5, as well as X-ray

crystal structures for two of those catalysts.
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Chapter 1

INTRODUCTION TO OLEFIN METATHESIS: RUTHENIUM CATALYST
DEVELOPMENT

Abstract

Olefin metathesis is one of the most versatile methods for forming carbon—carbon bonds.
Metathesis reactions have extensive applications, ranging from natural product and
pharmaceutical synthesis, to polymers and materials. Research efforts have been directed
toward developing efficient catalysts tailored to specific applications. In particular,
ruthenium catalysts have been especially attractive due to their stability, enabling them to
be easily handled, and their functional group tolerance, making them useful for a broad

substrate scope.
Metathesis Reactions
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Metathesis reactions are used for a variety of synthetic purposes, including ring-opening
metathesis polymerization (ROMP), ring-closing metathesis (RCM), cross-metathesis
(CM), ring-opening cross-metathesis (ROCM), and acyclic diene metathesis

polymerization (ADMET), as shown above. This methodology allows access to small



molecules and polymers that often would be very challenging or impossible to synthesize
otherwise. Due to the wide applicability of metathesis reactions, improvement and
modification of catalysts are an ongoing endeavor to provide more efficient, stable, and

selective complexes.
Introduction

In olefin metathesis, the formation of new carbon—carbon double bonds occurs through
the metal mediated reaction of two olefins via an intermediate metallacyclobutane, which
can break down to give a new olefin (productive metathesis) or the original olefin (non-

productive metathesis) (Scheme 1.1).

Scheme 1.1. Olefin metathesis mechanism.
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As one of the best methods for making carbon-carbon bonds, this methodology has broad

use in organic and polymer chemistry and can be utilized through a variety of reactions,



including CM, RCM, ROCM, and ROMP. Important to the success of this reaction has
been the continued design and development of highly efficient catalysts. The design and
synthesis of new metathesis catalysts has been ongoing since the initial discovery of
olefin metathesis in the 1960s.'™ However, the first catalysts were not well-defined and
commonly consisted of metal salts, where the metal was typically titanium,'
molybdenum,” tungsten,” or rhenium.® The active species of these mixtures were not
characterized, making the process of developing better catalysts challenging as there was

no known catalyst structure/activity relationship from which to derive new models.

The first well-defined metathesis catalysts were reported in the early 1980s by Schrock.’
Niobium, tantalum, and tungsten complexes were synthesized, characterized, and shown
to be active for metathesis turnovers. Further catalyst development by Schrock focused
on molybdenum systems, which proved to have superior activity and selectivity during
metathesis reactions.*” Recently, highly selective molybdenum catalysts have been
reported for enantioselective metathesis,lo as well as Z-selective metathesis.'! However,
molybdenum catalysts are air and moisture sensitive, and their functional group tolerance
is limited. Accordingly, more stable and robust metathesis catalysts are needed for many

applications and for easy handling and manipulation.

In order to prepare a catalyst system with improved stability and functional group
tolerance, Grubbs and co-workers observed that ruthenium trichloride hydrate salts were
capable of carrying out the ROMP of 7-oxanorbornene derivatives in water.'” This
system, although not well-defined, gave significant improvement over other metal
systems in functional group tolerance, and could be used in water and protonated

solvents. Subsequently, Grubbs reported the first well-defined ruthenium metathesis



catalysts in the early 1990s (Figure 1.1), which exhibited the same functional group
tolerance and stability as the undefined system, although suffered from low initiation
rates.>'* As a result, a broad polydispersity index (PDI) was observed during ROMP,
and RCM required long reaction times. Therefore, efforts were focused on improving
these well-defined catalysts by ligand modification to produce a catalyst with better

initiation rates and yields.
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Figure 1.1. Early well-defined ruthenium metathesis catalysts.

Grubbs and co-workers reported the first generation ruthenium metathesis catalyst in
1995 (1.1, Figure 1.2).'"* This catalyst gave improved initiation rates and yields, and
showed good stability, making it attractive for synthetic purposes. Complex 1.1 is stable
in air, whereas the earlier complexes were not stable in air, and 1.1 initiates ROMP over
1000 times faster than the earlier catalysts. Complex 1.1 also catalyzed the living ROMP
of norbornene and substituted cyclobutenes, and afforded polymers with very low PDIs,
indicative of excellent initiation. However, molybdenum-based catalysts, although air and
moisture sensitive, generally still had a broader substrate scope and were more efficient at
RCM. Additionally, catalyst 1.1 underwent appreciable decomposition at elevated

temperatures, a feature limiting its utility in some applications.
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Figure 1.2. First generation ruthenium metathesis catalyst.

Toward improving ruthenium metathesis catalysts’ thermal stability and functional group
tolerance, Grubbs and co-workers developed unsaturated N-hetereocyclic carbene (NHC)
ligands in place of one of the phosphine ligands (1.2, Figure 1.3)."” While complex 1.2
showed low reactivity at ambient temperature for RCM, the reactivity was substantially
superior to 1.1 at 40 °C. Additionally, 1.2 catalyzed the RCM of more sterically

demanding olefins that 1.1 did not, including tetra-substituted olefins. Variations of the

unsaturated NHC were explored and found to give similar results to 1.2.'%!
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Figure 1.3. Unsaturated NHC ruthenium metathesis catalyst.

In order to improve catalyst efficiency, a second generation, saturated NHC ruthenium
metathesis catalyst (1.3) was prepared by Grubbs and co-workers in 1999 (Figure 1.4)."
This catalyst showed excellent activity, stability, and functional group tolerance
compared to 1.2, and as a result, its applications in synthetic, polymer, and materials

chemistry has been extensive. Indeed, due to its easy manipulation, catalyst 1.3 is one of



the most widely used metathesis catalysts in organic laboratories. Subsequent catalyst
improvements have largely been focused on modifying this very successful motif for
specific applications requiring particular catalyst properties. Hoveyda and co-workers
designed a variation of catalyst 1.3 with a chelating ether benzylidene initiator instead of

a phosphine initiator (1.4, Figure 1.4).%

g

\\\

CI' -R
PCy
3 'Pr
E py,,, \\\CI E
c:|' -
py
1.5

Figure 1.4. Second generation ruthenium metathesis catalysts.

Complex 1.4, while generally a slower initiator than complex 1.3, has remarkable
stability, making it an ideal catalyst for applications where the reaction conditions are
harsh or where the substrates or products contain highly reactive functionalities.
Additionally, its stability renders it an attractive choice for the metathesis of substrates
that are slow to react, since it will remain active for a long period of time before it begins
to decompose. Another advancement in catalyst development came with the synthesis of

complex 1.5, with two readily displaceable pyridine ligands (Figure 1.4).>' Catalyst 1.5 is



highly efficient and a very fast initiator, and while not as long-lived as catalysts 1.3 and
1.4, its high activity and efficiency enable it to complete metathesis reactions in a much
shorter amount of time.** Since polymerization reactions require good catalyst initiation
for controlled molecular weight and narrow PDIs, catalyst 1.5 is excellent for use in

ROMP of norbornenes and strained cyclic olefins.

Further catalyst development has been primarily focused on varying the NHC ligand
backbone and N-substituents to improve selectivity, stability, and efficiency.” Designing
selective catalysts is particularly important as this increases the utility of metathesis
reactions in synthesis.** Specifically, changing the steric and electronic properties of the
NHC has been employed to access complexes that, for example, are selective for the
cross-metathesis of two different olefins over homodimerization,” selectivity for the
formation of Z over E olefins during cross-metathesis,”® and enantioselective olefin
metathesis.”” Enantioselectivity is significant as this enables stereochemical control
during synthesis, an important component in natural product and pharmaceutical drug
synthesis.”® There is continued need for catalyst improvement, and ongoing research in

ligand modification is directed toward producing better catalysts for broader applications.
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SYNTHESIS OF TELECHELIC POLYISOPRENE VIA RING-OPENING

Chapter 2

10

METATHESIS POLYMERIZATION IN THE PRESENCE OF CHAIN TRANSFER

Abstract

HO%A/L%/\{]%/OH

Regioregular Telechelic Polyisoprene
M, 2,000 - 30,000 Da
77% overall yield

AGENT

ACOJ:\— OAc

1. [Ru]

2. NaOMe/ MeOH
THF

3. Acidic MeOH

Telechelic polyisoprene was synthesized via the ring-opening metathesis polymerization

(ROMP) of 1,5-dimethyl-1,5-cyclooctadiene (DMCOD) in the presence of cis-1,4-

diacetoxy-2-butene as a chain transfer agent (CTA). This method afforded telechelic

polymer in excellent yield, and the acetoxy groups were successfully removed to yield a,®-

hydroxy end-functionalized polyisoprene with potential for subsequent reactions. Efficient,

quantitative incorporation of the CTA was achieved, and NMR spectroscopy was utilized

to confirm the chemical identity of the polymer end groups. Polymerization of discrete

DMCOD monomer generated polyisoprene with excellent regioregularity in the polymer

backbone. Successful ROMP of sterically challenging DMCOD in the presence of a CTA
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for chain end-functionalization was discovered through screening of a variety of Ru-based

olefin metathesis catalysts.

Introduction

Ring-opening metathesis polymerization (ROMP) in the presence of a functionalized
allylic olefin as a chain transfer agent has been successfully employed to synthesize
telechelic polymers,’ which are valuable commodities due to their versatility toward
subsequent polymerization initiated from the chain ends to afford ABA triblock
copolymers. ABA triblock copolymers have extensive utility for materials applications,
including use in thermoplastic elastomeric films,” adhesives,’ and biocompatible materials.*
The center B-block of the ABA copolymer is commonly used to generate a material with
desirable physical properties,” while A-blocks are often incorporated to render the material
biocompatible or biodegradable.’ In other cases, the A-blocks have been used to control the

surface properties of the resulting macromolecules.’

An advantage of using ROMP to construct a telechelic center B-block is that this
methodology allows access to a wide range of polymer compositions and tolerates a broad
scope of functionality. One class of monomers that has been underutilized in the synthesis
of telechelic ROMP polymers are sterically encumbered, strained cyclic olefins, despite the
fact that substituted cyclic olefins can give rise to a broad range of functional polymers.
Specifically, ROMP of DMCOD would give rise, nominally, to polyisoprene, a polymer of

industrial importance (Scheme 2.1).
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Scheme 2.1. Synthesis of telechelic polyisoprene via ROMP of DMCOD with a generic
CTA.

1,5-dimethyl-1,5-cyclooctadiene

— [Ru]

chain transfer agent

The potential of telechelic polyisoprene has attracted considerable attention due to the wide
variety of commercial applications of this material. To date, the synthesis of telechelic
polyisoprene has been primarily realized by reversible addition-fragmentation chain-
transfer polymerization® or modification of natural rubber to functionalize the chain ends.’
However, this method often requires harsh reaction conditions for functionalization.'®
Pilard and coworkers reported the synthesis of telechelic polyisoprene via degradation of
natural rubber through Ru-mediated olefin metathesis in the presence of a functionalized
allylic chain transfer agent.'' The reported polydispersity indexes (PDI) of the obtained
polymers were broad, indicating poor molecular weight control. This example highlights
one of the most prominent inherent barriers for the synthesis of telechelic polyisoprene
using ROMP-steric hindrance of the methyl substituted double bond significantly retards
olefin metathesis during both polymerization and chain transfer events. ROMP of DMCOD
in the presence of a CTA would provide a one-pot synthesis of telechelic polyisoprene with
good molecular weight control, regioregularity in the polymer backbone, and a broad range
of end-group functionalities. Recent advancements in Ru-based olefin metathesis catalysts

was expected to provide new opportunities for the synthesis of telechelic polyisoprene by

overcoming previous insufficiencies in catalyst activity.
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Ruthenium metathesis catalysts have proven to be efficient initiators for ROMP of
norbornenes and cyclooctadiene (COD) with a variety of chain transfer agents.'* The ring-
strain energy of metathesis substrates has been shown to significantly affect the monomer
reactivity toward ring-opening metathesis, with strained substrates such as norbornenes
exhibiting significantly enhanced reactivity over less-strained COD. Trisubstituted olefins
are traditionally challenging substrates for metathesis catalysts, with noticeably decreased

reactivity compared to disubstituted olefins."?

Collectively, DMCOD is a challenging ROMP substrate due to both the lower reactivity of
the trisubstituted olefins and low ring-strain energy, rendering it significantly less reactive
than previously reported monomers. Accordingly, a range of metathesis catalysts were
explored to identify an effective system for the quantitative incorporation of CTA during
polymerization of this challenging monomer. The one-pot synthesis of telechelic
polyisoprene from DMCOD monomer, with control over the final polymer molecular

weight and well-defined microstructure is reported herein.

Results and Discussion

The activity of a series of known ruthenium metathesis catalysts (la-g, Figure 2.1) was
compared for the ROMP of trisubstituted 1,5-dimethyl-1,5-cyclooctadiene (DMCOD) in
the presence of cis-1,4-diacetoxy-2-butene (2) as the chain transfer agent (Scheme 2.2).
The ligand structure of ruthenium metathesis catalysts has been reported to significantly
affect both activity and catalyst stability, and labile ligands have been shown to improve
initiation, although often such complexes exhibit reduced catalyst lifetime.'"* A catalyst

screen was therefore conducted to identify an efficient catalyst for rapid monomer
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polymerization and quantitative incorporation of chain transfer agent with this less-reactive
monomer. These attributes of the polymerization are essential for incorporating chain

transfer agents on both ends of the polymer and for achieving molecular weight control.
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Figure 2.1. Ruthenium catalysts screened for ROMP of DMCOD with CTA.

Scheme 2.2. Synthesis of a,w-end-functionalized polyisoprene via ROMP.
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Accordingly, ruthenium catalysts representing a range of ligand substituents were chosen
for polymerization screening to identify the ideal catalyst for optimal activity and stability
(Figure 2.1). Catalyst stability and activity during the course of the polymerization is
critical to producing difunctionalized polymer in high yield without monofunctionalized
polymer impurity. Since DMCOD is a challenging ROMP substrate due to steric
encumbrance of the trisubstituted olefins and has relatively low ring-strain energy
compared to traditional ROMP monomers such as norbornenes, the identification of an
active catalyst for the polymerization with equilibration of molecular weights with CTA

presented a significant challenge.

Table 2.1. Catalyst activity screening for the ROMP of DMCOD in the presence of CTA 2.

Entry® Catalyst” % Conv. YZOI q (Nmrll?)d (Gl\gré) My PDI
1 la 0 NA NA NA NA NA
2 1b 99 86 6,620 9,990 14,400 1.44
3 1c 85 74 6,550 9,650 13,100 1.39
4 1d 93 84 7,680 10,700 15,100 1.40
5 le 0 NA NA NA NA NA
6 1f >99 85 7,170 10,300 15,300 1.49
7 19 73 64 6,240 8,330 11,600 1.40

*Polymerizations were conducted at 50 °C for 24 h. [DMCOD], was 2 M in toluene. The molar ratio of
DMCOD/2 was 110/1. "Catalyst loading was 0.2 mol%. ‘Conversions were determined by 'H NMR
spectroscopy. *M, was determined by "H NMR spectroscopy by relative integration of polymer chain-end
olefin protons to internal olefin protons, assuming complete incorporation of 2.

First generation ruthenium metathesis catalyst la, as well as those comprising N-
heterocyclic carbene (NHC) ligands (1b-1g), were screened. Rigorously air-free conditions
were required for high monomer conversion. Catalysts 1b, 1c, and 1d were compared for

initial rates as well as stability throughout the course of the polymerization. Sterics in the



16

NHC backbone as well as substituents on the N-arene were evaluated for their impact on

activity and stability.

Complex la did not polymerize DMCOD, despite being a successful initiator for the
ROMP of COD (Table 2.1, entry 1). Catalyst 1b exhibited good activity for the
polymerization, reaching 99% conversion in 24 h (Table 2.1, entry 2). While catalysts 1c
and 1d were also active, complete consumption of monomer was not observed after 24 h
(Table 2.1, entries 2 and 4, respectively). Interestingly, the less sterically hindered N-tolyl
complex 1e was found to be completely inactive for the polymerization of DMCOD (Table
2.1, entry 5). In contrast, backbone substitution on N-tolyl complex 1f resulted in excellent
activity for the polymerization, giving greater than 99% conversion of monomer to polymer
(Table 2.1, entry 6). Maintaining NHC backbone substitution while increasing the size of
the N-aryl groups (1g) resulted in lower activity in comparison with the other active
complexes (Table 2.1, entry 7). Collectively, the data suggests that smaller N-aryl groups
are advantageous for activity, but that concurrent substitution on the NHC backbone is

necessary for stability."

Following these results, catalyst rates were compared by following conversion of DMCOD
to polymer over time. The kinetics of the reactions were monitored by NMR spectroscopy.
Catalyst 1g was not evaluated as it was less active than the other complexes, reaching only
73% conversion in 24 h. Interestingly, while complex 1b displayed the fastest initial rate,
catalyst 1f reached 99% conversion in the shortest reaction time (12 h). Although complex
1d is often reported to initiate faster than 1b or 1c, complex 1d was found to be comparable

to 1c and surprisingly slower than both 1b and 1f (Figure 2.2).'® Considering the data from
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each of the catalysts, we focused our attention on complexes 1b and 1f as the most viable

systems for accomplishing controlled synthesis of telechelic polyisoprene via ROMP.

The CTA was chosen as cis-1,4-diacetoxy-2-butene (2) since it can be easily deprotected to
give hydroxyl groups, which could then be further reacted to make ABA block polymers.
Allylic alcohols were not used directly as the chain transfer agent due to possible
interference of the hydroxyl groups with the metathesis reaction. Hydroxyl groups are ideal
end groups due to their flexibility for further functional group transformations, and their

potential to be used directly as initiators in subsequent polymerizations.
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Figure 2.2. Conversion of DMCOD to polyisoprene versus time for complexes 1b-1d, 1f.
Polymerization conditions: 0.2 % 1, 0.009 equivalents of 2, [DMCOD] = 2 M in toluene,
50 °C.

The ratio of the initial concentration of CTA 2 to DMCOD was varied to yield telechelic

polymer with a range of target molecular weights. The ability to control molecular weight

by means of the ratio of [DMCOD]y/[2] is an essential component of the method, allowing
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access to various polymer chain lengths for a number of applications. A study of molecular
weight control was first carried out using catalyst 1b since it is commercially available and

relatively inexpensive (Table 2.2).

By varying [DMCOD]/[2]o, polymers with molecular weights ranging from 2,000 g/mol to
25,000 g/mol were successfully synthesized. At high CTA loading, the conversion of
DMCOD to polymer was lower (Table 2.2, entries 1 and 2), possibly due to greater catalyst
decomposition. Control of polymer molecular weight with precise ratios of DMCOD to 2
was achieved (Table 2.2, entries 1-7). For high ratios of DMCOD to 2, targeting polymers
of molecular weights greater than about 35,000 g/mol, the discrepancy between observed

and theoretical molecular weight increased (example, Table 2.2, entry 8).

Table 2.2. Varying the ratio of DMCOD to 2 with complex 1b.

Entry” [Dl\;l[g]co) Ok c;fv.b Y(i)éold -I\r/lhe(ogi}?r?(;:lil (Nm'ﬁ)d (GI\QE:) PDI
1 23 55 28 3,800 1670 2440 122
2 56 77 51 7,600 4220 6,740 127
3 84 83 58 11,400 7120 10,700 128
4 110 86 56 15,000 8030 12,800 1.27
5 184 89 68 25,000 11,700 17,000 126
6 220 87 79 30,000 20,400 21,300 135
7 257 85 63 35,000 28200 25,100 126
8 294 85 55 40,000 25400 25400 1.9

*Polymerizations were conducted at 50 °C for 20 h. [DMCOD], was 2 M in toluene. The catalyst loading was
0.1 mol%. "Conversion was determined by 'H NMR spectroscopy. ‘Assumes 100% conversion. “Determined
by "H NMR spectroscopy by relative integration of the polymer chain-end olefin protons to the internal olefin
protons, assuming complete incorporation of 2.

Polymers exhibiting a range of target molecular weights were then synthesized with

catalyst 1f with the goal of increasing monomer conversion (Table 2.3). The conversion of



19

DMCOD to polymer was complete for all reactions and the yields were significantly

improved from complex 1b.

Table 2.3. Varying the ratio of DMCOD to 2 using complex 1f.

Entry? [DMCOD], % % Theoretical M, Mn PDI
11210 Conv.’  Yield M, (g/mol)* (NMR)* (GPC)
1 50 98 80 6,800 4,130 6,320 1.52
2 100 99 75 13,600 7,550 10,600 1.63
3 150 99 76 20,400 11,200 18,100 1.43
4 200 >99 82 27,300 14,300 21,500 1.39
5 250 >99 80 34,100 15,300 24,200 1.39
6 500 >99 80 68,100 25,100 30,300 1.35

*Polymerizations were run at 50 °C for 15 h. [DMCOD], was 2 M in toluene. The catalyst loading was 0.2
mol%. °Conversion was determined by "H NMR spectroscopy. ‘Assumes 100% conversion. “Determined by
relative integration of the end group olefin protons compared to the internal polymer olefin protons, assuming

complete incorporation of 2.

Scheme 2.3. Hydroxy telechelic polyisoprene via deprotection of acetoxy end groups.

A
ACQ%/\)‘%/\%:W/O c

1. NaOMe/ MeOH

THF

2. Acidic MeOH

HO/\;(JmA/L«I/\%n%/OH

The polymerization was successfully conducted on a larger scale to ensure practical

synthesis. To this end, DMCOD (13 g) was polymerized in the presence of CTA 2 to afford

acetoxy end-functionalized polyisoprene in 87% isolated yield. The polymer was

subsequently deprotected to give hydroxy end-functionalized polymer in high yield
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(Scheme 2.3). The experimental molecular weight of o,0-hydroxy functionalized
polyisoprene (20,190 g/mol) closely matched the theoretical molecular weight of 20,050

g/mol.

The polyisoprene functionality (F;) was determined to be two based on NMR spectroscopy
(see experimental section). Two dimensional HSQC, HMBC, and DOSY were utilized to
identify the presence of polymer acetate end groups, as well as demonstrate the absence of
any terminal olefin groups or end groups corresponding to the catalyst alkylidene initiator
within the detection limits of the NMR spectrometer. The DOSY spectrum verified that all
the signals except for CDCl; came from polymer. The presence of a methyl signal in the
edited HMBC at 2.0/21.0 ppm was demonstrated to be the acetate methyl group by its
correlation to the carbonyl carbon at 171 ppm; the methylene signal at 4.6 ppm correlates to
the same carbonyl carbon. No terminal =CH, groups were observed in the HSQC. The
absence of aryl signals in the 'H NMR excluded any alkylidene initiator. Upon
deprotection to afford hydroxy end groups, an upfield shift in the NMR signal was
observed from 4.6 to 4.1 ppm for the terminal hydroxy CH,. HMBC showed the

disappearance of the acetate group.

Conclusion

Ring-opening metathesis polymerization of DMCOD in the presence of chain transfer
agent was successfully employed for efficient one pot synthesis of telechelic a,m-end
functionalized polyisoprene. A series of ruthenium metathesis catalysts were screened, and
viable complexes were identified that give good control of target molecular weights and

afford polymer in excellent yields. This route is particularly attractive and advantageous in
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that the polymerization of a well-defined monomer (DMCQOD) affords polyisoprene with
controlled, defined polymer microstructure. The acetoxy groups were deprotected to give
hydroxy end groups that can subsequently undergo a variety of reactions, rendering these

telechelic polymers valuable precursors for the synthesis of triblock copolymers.

Experimental

General Considerations

All polymerizations were conducted under a nitrogen atmosphere using a drybox. 'H and
C NMR spectra were recorded on a Varian Mercury ('H, 300 MHz) or an automated
Varian Inova 500 (‘H, 500 MHz; *C 125 MHz) spectrometer and referenced to residual
protio solvent. HSQC, HMBC, and DOSY were carried out using a Varian Inova 600. Gel
permeation chromatography (GPC) analyses were carried out in HPLC grade
tetrahydrofuran on two PLgel 10 um mixed-B LS columns connected in series with a
DAWN EOS multiangle laser light scattering (MALLS) detector and an Optilab DSP
differential refractometer. No calibration standards were used, and dn/dc values were

obtained for each injection by assuming 100% mass elution from the columns.

Materials

Toluene was purified by passage through solvent purification systems. cis-1,2-Diacetoxy-2-
butene was purchased from Aldrich and distilled over CaH, under argon prior to use. 1,5-
Dimethyl-1,5-cycloocatdiene was degassed by three freeze-pump-thaw cycles prior to use.

Ruthenium complexes were received from Materia or synthesized according to published
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procedures.'” All other reagents and solvents were used as purchased without further

purification.

Representative Ring-Opening Metathesis Polymerization of 1,5-dimethyl-1,5-

cyclooctadiene with cis-1,4-diacetoxy-2-butene as Chain Transfer Agent

In a nitrogen atmosphere glovebox, a 100 mL round bottom flask containing a magnetic stir
bar was charged with 1,5-dimethyl-1,5-cyclooctadiene (13.19 g, 96.8 mmol). Subsequently,
toluene (16 mL) was added and the solution was stirred at 22 °C. Catalyst 1b (0.082 grams,
0.1 mol%) was added to the flask with stirring, after which chain transfer agent cis-1,4-
diacetoxy-2-butene (105 pL, 0.0068 equivalents relative to DMCOD) was added via
syringe. The round bottom flask was sealed with a glass stopper in the glovebox and then
brought out and heated to 50 °C in an oil bath for 24 h. An aliquot was taken out by syringe
for '"H NMR spectroscopy, and the conversion to polymer was determined to be 92% by
relative integration of the olefin peaks. The polymerization was terminated by the addition
of ethyl vinyl ether (2 mL), and the polymer was precipitated by dropwise addition into a
flask containing 175 mL of anhydrous methanol. The supernatant was decanted, and the
polymer residue was washed twice more with methanol. The polymer was then redissolved
in 50 mL of toluene and slowly added via an addition funnel to 400 mL of methanol with
stirring. The methanol solution was again decanted off, and the resulting polymer was dried
under vacuum on a Schlenk manifold for 48 h. The polymer was isolated in 87% yield
(11.44 g). '"H NMR (CDCls, 500 MHz): ¢ 5.10-5.13 (m, 2H), 2.00-2.06 (br, m, 8H), 1.68

(br, s, 3H), 1.59-1.60 (br, m, 3H) ppm. Acetate end groups: CH, 4.55-4.60 ppm, CH; 2.0
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ppm. The polymer end groups contained both cis and trans isomers. *C NMR (CDCls, 125

MHz): 6 135.1, 125.1, 124.2, 40.1, 39.8, 32.2, 32.0, 26.5, 23.5, 16.0 ppm.

Representative Deprotection of Polymer Acetate End Groups

Functionalized a,m-diacetoxy polyisoprene (10.28 g) was dissolved in 100 mL of THF and
cooled to 0 °C in an ice bath. A 25 wt% solution of NaOMe in methanol (15 mL) was
added slowly and the mixture was stirred for 72 h at 22 °C. The reaction mixture was then
added dropwise via an addition funnel into 600 mL of acidic methanol (0.5 mL of
concentrated HCI in 600 mL of anhydrous methanol). The acidic methanol solution was
decanted off, and the precipitate was washed three more times with acidic methanol,
followed by washing three times with a 1:1 methanol/water solution. The polymer was
subsequently washed three times with anhydrous methanol, then dried under vacuum using
a Schlenk manifold for 48 h. The polymer (9.10 g) was isolated in 89% yield. '"H NMR
(CDCls, 500 MHz): 6 5.12-5.13 (m, 2H), 4.08-4.17 (m, 2H), 1.98-2.05 (br, m, 8H), 1.69
(br, s, 3H), 1.60-1.61 (br, m, 3H) ppm. Hydroxy end groups: CH, 4.05-4.15 ppm. The
polymer end groups contained both cis and trans isomers. °C NMR (CDCls, 125 MHz): 6

135.1,125.1, 124.3, 40.1, 39.8, 32.2, 32.0, 26.6, 26.5, 26.4, 23.5, 16.0 ppm.
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Chapter 3

MECHANISTIC STUDIES OF ENANTIOSELECTIVE N-ARYL, N-ALKYL N-
HETEROCYCLIC CARBENE RUTHENIUM METATHESIS CATALYSTS IN
ASYMMETRIC RING-OPENING CROSS-METATHESIS

Abstract
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Chiral N-aryl, N-alkyl NHC ruthenium metathesis catalysts were designed and synthesized
for asymmetric ring-opening cross-metathesis (AROCM). The N-alkyl ligands were
designed to bring the chiral center on the ligand in closer proximity to the metal to enhance
its influence on the product enantioselectivity. Several complexes gave very high
enantiomeric excess (ee) for the AROCM of cis-5-norbornene-endo-2,3-dicarboxylic
anhydride with styrene, comparable to the best ruthenium catalysts reported in the literature
for this reaction. All of the N-aryl, N-alkyl NHC catalysts were observed to generate two

additional products, and mechanistic studies revealed that these side products are formed
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by the propagation of a ruthenium methylidene species. The formation of the expected
product versus the side products was found to depend on whether the catalyst proceeds
through a 2,3-metallacycle or a 2,4-metallacycle, with the preference of the catalyst for one

metallacycle versus the other determining the ratio of the products.

Introduction

Olefin metathesis is widely used for the construction of carbon-carbon double bonds and
has extensive applications in organic and polymer synthesis,’ as well as materials
chemistry.” Asymmetric metathesis provides an attractive methodology for synthesizing
enantiopure molecules, and significant efforts have been directed toward the development
of enantioselective catalysts.” Since the chirality of pharmaceutical drugs and natural
products often significantly affects their biological activity, efficient and controlled means
for constructing a particular stereocenter are highly desirable. Asymmetric ring-opening
cross-metathesis (AROCM) (Scheme 3.1) has been employed as the key step in several
total syntheses, affording the desired product in excellent enantiomeric excess (ee).*’
Applications of AROCM have also been pursued in the synthesis of biologically relevant
molecules.’ Imparting chirality from the catalyst to the substrate is challenging, and has

been the focus of catalyst design.’

Scheme 3.1. Asymmetric ring-opening cross-metathesis.
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Early studies in AROCM focused on molybdenum-based metathesis catalysts, which
displayed good selectivity for the reaction of substituted norbornenes with styrene.® The
enantioselectivities of the molybdenum complexes were substrate dependent, but generally
high (>80% ee).”'® While AROCM usually yields E-olefin products, sterically hindered
stereogenic-at-molybdenum catalysts were demonstrated to give excellent Z-selectivity in
AROCM, currently unique selectivity to molybdenum catalysts, although ruthenium
catalysts can give Z-selectivity in cross-metathesis.'' Ruthenium catalysts were explored
due to their stability to air and moisture, a feature that enables them to be easily handled.'
Comparison studies showed chiral ruthenium complexes to be comparable, and sometimes
superior, to chiral molybdenum complexes in their enantioselectivity, and the preferred

catalyst was found to be dependent on the particular reaction and substrate. "

Ph  Ph ,
,—< i — JPr
‘Bu. N_ N - SN N
L o o " e
eo Pr Ru“f\l tBuOMe _Ru“‘l‘CI ’ H lec_:l
ci’| Ph | © cr |
PCys 0 o}

Figure 3.1. Ruthenium catalysts reported in AROCM.

Chirality has been built into ruthenium complexes primarily in the N-heterocyclic carbene
(NHC) backbone (Figure 3.1, 3.1).1 Hoveyda and coworkers improved the
enantioselectivity of ruthenium catalysts through the synthesis of a N-binaphthol NHC with
the hydroxyl group chelating to the ruthenium metal (Figure 3.1, 3.2); however, the

catalytic activity was decreased.'>'® The enhanced selectivity of this complex is likely due
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to the closer proximity of the chiral ligand to the reaction center, where it can impart a
stronger influence on the stereochemistry of the transition state. Recently, Blechert and
coworkers reported the synthesis of a chiral mono-substituted NHC backbone that achieved
high enantioselectivity while maintaining activity during AROCM of various
functionalized norbornenes (Figure 3.1, 3.3)."" The NHC backbone substituent, an
isopropyl group, was proposed to induce the N-aryl ring to twist, creating the desired chiral
environment. This is analogous to the mechanism by which the chiral diphenyl NHC

backbone catalysts, such as 3.1, are believed to impart chirality."*

At this time, there have been no detailed investigations into the other products produced
during AROCM catalyzed by ruthenium complexes, and these products could reveal
important mechanistic information. Schrock and coworkers have reported a discussion of
possible side products, including the observation of such products, albeit in low yield, for
molybdenum catalysts (Scheme 3.2).*° In addition to product 3.5, molybdenum catalysts
were noted to give ring-opened products 3.6 and 3.8, as well as in some cases

homometathesis product 3.7.

Scheme 3.2. Products of AROCM catalyzed by molybdenum complexes.
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The authors detailed the mechanism leading to the desired (3.5) and undesired products
(3.6 and 3.8), which has significance for ultimate enantioselectivity, as well as providing
information regarding the propagating metal species (alkylidene versus methylidene).”
Product 3.8 requires ring-opening by a methylidene species. After ring-opening of 3.4 by a
molybdenum methylidene moiety, the styrene cross-partner can react to form either a 2,3-
or 24-metallacycle to give the major product 3.5 or product 3.8, respectively. The
enantiomer of 3.5 could also be produced depending on the propagating Ru species.
Presuming the catalyst methylidene species has the same facial selectivity as the catalyst
alkylidene species, the cross-metathesis reaction with styrene and the methylidene-opened
substrate will lead to the opposite enantiomer as that provided by ring-opening with the
alkylidene species.” This information is valuable for gaining insight into catalyst behavior,
including preference for alkylidene versus methylidene propagation and formation of a 2,4-
versus 2,3-metallacycle. These catalyst attributes are essential to its application in

metathesis reactions.

Mechanistic studies of chiral N-aryl, N-alkyl NHC ruthenium catalysts in AROCM will be
described herein. The reaction pathways are discussed, as well as the enantioselectivity of
the chiral N-aryl, N-alkyl NHC complexes studied. Some of the complexes investigated
appeared to exhibit unusual preference for methylidene propagation compared to standard
second generation ruthenium catalysts. Evidence suggests that these N-aryl, N-alkyl NHC
ruthenium catalysts proceed through both a 2,4-metallacycle and a 2,3-metallacycle during
AROCM, accounting for the observed product ratios and distribution. This catalyst

behavior has significant implications for catalyst design and targeted application, as
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methylidene propagation and metallacycle orientation directly determine product outcome,

and can be utilized accordingly.
Results and Discussion

We designed ruthenium catalysts bearing an N-aryl, chiral N-alkyl NHC, with the goal of
bringing ligand chirality in close proximity to the metal center for increased
enantioselectivity during asymmetric metathesis reactions. Since N-alkyl, N-alkyl NHC
ruthenium catalysts are reported to be less active than N-aryl, N-aryl NHC catalysts,'® we
chose to synthesize N-aryl, N-alkyl catalysts to ideally maintain a balance of good activity
while achieving better selectivity.” NHC precursor salts 3.9-3.14 (Figure 3.2) were
synthesized in an analogous procedure to that outlined by Kotschy and coworkers and

purified by silica gel chromatography.?

Pr Pr Pr
+ / \+ / \+
N_N O N N- N N—
. Cl , Cl , Cl
"Pr "Pr Pr
(S)-3.9 (S)-3.10 (S)-3.11
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/ \ +H//,_‘ / \ +H / \ 4+
N\7N_ NN N\?N_
ipr Cl ¢ iy Cl ipy Cl
(S)-3.12 (R)-3.13 3.14 (racemic)

Figure 3.2. NHC precursor salts prepared.
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The NHC salts were subsequently metallated as previously reported in the literature to give
complexes 3.15-3.20, which were also readily purified by silica gel chromatography
(Figure 3.3).*' The N-alkyl ligands were chosen to represent varying degrees of steric
hindrance as well as different substituents for maximizing enantioselectivity, stability, and
activity. Due to better catalyst stability, complexes with bulkier N-aryl groups (2,6-di-

isopropyl versus mesityl) were screened.

Cl' C|' C|r
'Pr 'Pr Pt
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i 'Pr 'Pf
(S)-3.18 (R)-3.19 3.20 (racemic)

Figure 3.3. Catalysts synthesized.

Complex 3.15 was initially screened for AROCM, since it was anticipated that the large
difference in the sterics of the substituents at the chiral carbon (naphthyl versus methyl
versus H) would provide for a highly enantioselective reaction. Substrate cis-5-norbornene-
endo-2,3-dicarboxylic anhydride (3.21) was reacted with 10 equivalents of styrene to yield

product A in 69% ee over its enantiomer B (Scheme 3.3) after 2 hours at room temperature
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(99% conversion). Interestingly, side products C and D were also observed, in 17% and
10% of the product mixture, respectively. Subsequent experiments were therefore directed
toward elucidating the pathway to the formation of these two side products. No polymer or
homometathesis product was observed in the reaction mixture, although stilbene was
formed from the cross-metathesis of styrene. The products all had trans stereochemistry,

with no detectable cis isomers.

Scheme 3.3. AROCM catalyzed by ruthenium complexes: observation of side products.
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Formation of product C could result from the cross-metathesis reaction proceeding via a
2,3-metallacycle, and/or by secondary metathesis of products A and B with styrene.
Breakdown of the 2,3-metallacycle to yield product C generates a ruthenium methylidene
species, whereas reaction via a 2,4-metallacycle to afford the major products A and B gives
a ruthenium alkylidene species (Scheme 3.4). Secondary metathesis of products A and B
with styrene, reacting via a 2,3-metallacycle, also generates a ruthenium methylidene
species (Scheme 3.5). Accordingly, formation of product C results in production of a

ruthenium methylidene species, regardless of which pathway is taken.



Scheme 3.4. Mechanism for the formation of product C via a 2,3-metallacycle.
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Reaction kinetics can be used to determine the likely pathway through which the catalyst
proceeds to generate product C. If formation of product C is solely the result of secondary
metathesis, then the ratio of product C relative to products A and B would be expected to
be dependent on conversion. This would be an indication of the production of C being
dependent on the concentration of A and B in the reaction. With increasing concentration
of A and B (through conversion of substrate), the relative amount of C would be expected
to increase. Thus a graph of the ratio of C relative to A and B as a function of conversation
would be expected to have an upward slope if secondary metathesis were the primary
mechanism. However, if formation of C were the result of the catalyst proceeding through
a 2,3-metallacycle, then the ratio of C relative to A and B would be anticipated to be
constant, reflecting the inherent preference of the catalyst for a 2,4-metallacycle versus a
2,3-metallacycle. If that is the case, plotted as a function of conversion, the ratio of product

C relative to products A and B should be a horizontal line.

Accessing product D requires ring-opening of 3.21 by a ruthenium methylidene species to
generate the first terminal olefin, followed by reaction with styrene through a 2,4-
metallacycle to give the second terminal olefin (Scheme 3.6). Product D could also be
formed by the ethenolysis of products A and B, although this mechanism of formation is
highly unlikely considering the low concentration of ethylene in solution. If product D
were made by the ethenolysis of A and B, then the ratio of D relative to products A and B
would be expected to be dependent on the concentration of ethylene in solution. If the ratio
of D relative to A and B is independent of ethylene concentration, then presumably D is

formed by ring-opening of 3.21 with a ruthenium methylidene species.
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Scheme 3.6. Formation of product D: ring-opening of 3.21 via a ruthenium methylidene
species.
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Kinetic studies were carried out with catalyst 3.15 to elucidate the pathways to products C
and D. The ratio of product C relative to products A and B was followed with conversion
by proton NMR and plotted (Figure 3.4). This ratio is constant (0.16:1.0) up to complete
consumption of substrate 3.21, indicating product C is formed as a result of formation and
breakdown of the 2,3-metallacycle. After complete conversion of substrate 3.21, the ratio
of product C relative to products A and B increases, indicating that secondary metathesis is
occurring, but primarily only after 3.21 has completely reacted. Hence during the reaction

product C is formed as a result of the catalyst proceeding via a 2,3-metallacycle, and after
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the reaction is complete, secondary metathesis of products A and B generate more product

C (Figure 3.4).
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Figure 3.4. Ratio of product C relative to products A and B as a function of conversion
catalyzed by 3.15.

The ratio of product D relative to products A and B was constant as a function of
conversion (Figure 3.5), suggesting ring-opening of 3.21 by a methylidene species,
followed by reaction of styrene through a 2,4-metallacycle. No dependence was observed
on the concentration of ethylene in solution, indicating that ethenolysis of products A and B
is not a major contributing pathway to the formation of compound D. Therefore, the
production of D indicates propagation of ruthenium methylidene species. This ruthenium
methylidene species can be generated by several reactions, including self-metathesis of

styrene and formation of product C.
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Figure 3.5. Ratio of product D relative to products A and B as a function of conversion
catalyzed by 3.15.

Complexes 3.16-3.20 were also screened to determine both their enantioselectivity and if
they afforded products C and D in addition to products A and B. The reactions were
monitored by NMR to determine when they were complete. The mixtures were worked up
immediately to prevent any secondary metathesis from potentially eroding or enhancing the
ee of the products. As discussed, complex 3.15 gave good enantioselectivity at 69% ee of A
(Table 3.1, entry 1). Interestingly, 3.16 gave 14% ee of the opposite enantiomer B, despite
having the same stereochemistry as 3.15 (both S configuration). The most plausible
explanation is that 3.16 is less enantioselective than 3.15; additionally, the ring-opening of
3.21 by the methylidene species of 3.16, followed by formation of the 2,3-metallcycle,
occurs at a high enough frequency to ultimately favor enantiomer B. Since the methylidene
species presumably has the same facial selectivity as the alkylidene species (leading to the

formation of the opposite enantiomer of product), (S)-3.16 could afford B as the major
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enantiomer (Table 3.1, entry 2), compared to enantiomer A yielded by (§5)-3.15. Complex
3.17 also gave B in 9% ee, likely for the aforementioned reasons (Table 3.1, entry 3).
While the different structural features of the chiral N-alkyl groups of the same
stereochemical configuration could spatially alter which enantiomer they select for,
complexes 3.15-3.17 seem similar enough to render this unlikely to be the cause of the

difference in the preferred enantiomer.

Table 3.1. Enantioselectivity of catalysts 3.15-3.19 in AROCM of substrate 3.21.

Ph  Ph
6 [RU] =, Q ‘\\\\:/ E w, Q o
/= —— +
o= =90 Ph
™o o=__=0 o=__=0
(0] (@]
A B
Entry? Catalyst Time (h) % Conv.” 9% Yield" % ee”
1 3.15 55 60 60 69 (A)
2 3.16 0.5 99 69 14 (B)
3 3.17 0.5 99 73 9 (B)
4 3.18 5.5 98 65 33 (A)
5 3.19 10.5 98 54 82 (A)

*Catalyst loading was 2 mol%. Concentration of 3.21 was 0.2 M in CH,Cl,. The reaction temperature was 22
°C. ®Conversion was determined by 'H NMR spectroscopy using disappearance of 3.21. “Isolated yield of A +
B + C + D. “Enantiomeric excess was determined by chiral HPLC. “Catalyst loading was 3 mol%.

By comparison to 3.15, catalyst 3.18 showed only moderate enantioselectivity, affording
product A in 33% ee (Table 3.1, entry 4). Complex 3.19 showed the highest selectivity at
82% ee of A, comparable to the best ruthenium catalysts reported to date for this particular
substrate (Table 3.1, entry 5). Although complex 3.19 (R configuration) yields the same
enantiomer as complex 3.15 (S configuration), we believe the N-alkyl structures are unique

enough that a direct comparison between these catalysts cannot be made. Complex 3.19
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was significantly slower than the other catalysts screened, but showed no signs of

decomposition throughout the reaction. Only the trans products were observed in all cases.

The effect of temperature on enantiomeric excess for AROCM catalyzed by 3.15 was
studied, and as expected, the ee increased with decreasing temperature, and decreased with
increasing temperature (Table 3.2). Complex 3.15 gave up to 72% ee of A at 0 °C, and
afforded only 42% ee of A at 60 °C. The reaction was also noticeably slower at lower
temperatures, reaching only 50% conversion after 4 hours at 0 °C, compared to 99%

conversion at 50 °C in 3.5 hours.

Table 3.2. Effect of temperature on the enantioselectivity of 3.15.

Entry® Time (h) Temp. (°C) % Conv.” % ee°
1 4 0 50 72
2 7 22 99 69
3 3.5 40 99 51
4 35 50 99 50
5 3.5 60 99 42

*Catalyst loading was 2.5 mol%. Temperature was 22 °C. Concentration of 3.21 was 0.1 M in methylene
chloride. "Conversion was determined by '"H NMR spectroscopy. “Enantiomeric excess was determined by
chiral HPLC.

Complexes 3.16-3.20 also gave side products C and D during the AROCM of 3.21 (Table
3.3). Since complex 3.20 is racemic, its product distribution should not be effected by any
potential enantiospecificity of a reaction step. With the exception of complex 3.19, the
catalysts generated approximately the same amount of product C relative to major products
A and B, indicating that the inherent preference for a 2,4-metallacycle versus a 2,3-
metallacycle is similar for these N-aryl, N-alkyl NHC catalysts. Complex 3.19 proceeds

almost exclusively by a 2,4-metallacyle however, as shown by its low ratio of C to A and B
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(0.08:1). The ratio of product D relative to products A and B varied significantly for the
different catalysts. Complex 3.19 gave an unusually high ratio of product D relative to A
and B (0.43:1), suggesting that this complex has a high propensity to propagate via a

methylidene species (Table 3.3, entry 5).

Table 3.3. The amount of side products C and D formed by different catalysts.

Entry® Catalyst Time (h) % Conv.” % C° % D
1 3.15 1 99 16 12
2 3.16 0.5 99 15 19
3 3.17 0.25 99 14 23
4 3.18 1 99 12 18
5 3.19 6 82 8 43
6 3.20 0.5 99 17 18

“Catalyst loading was 2.5 mol%. Concentration of 3.21 was 0.2 M in methylene chloride. "Conversion was
determined by '"H NMR spectroscopy. “Percent of product C relative to products A and B. *Percent of product
D relative to products A and B.

The ratios of C to A and B and D to A and B were calculated as a function of temperature
in order to determine the effect of temperature on alkylidene versus methylidene
propagation and the formation and breakdown of the 2,4-metallcycle versus 2,3-
metallacycle. Complex 3.15 was used as the catalyst at a loading of 2.5 mol%, and the
respective ratios were determined upon completion of the AROCM of 3.21 (0.1 M in
methylene chloride) by 'H NMR spectroscopy. With higher temperature, the amount of
both products C and D yielded in the reaction increased (Figure 3.6). This is possibly a
result of the higher temperature providing the necessary energy for the reaction to proceed
down the less favorable pathways, thereby giving more of the end products of those

pathways, C and D.
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Figure 3.6. Effect of temperature on the yields of products C and D.

In order to confirm that product C was being formed as a result of the catalysts proceeding
via a 2,3-metallacycle as a general principle, and not unique to complex 3.15, the ratio of C
relative to A and B was plotted as a function of conversion for catalysts 3.17, 3.18, and

3.20 as well. In all cases, the ratio of C to A and B was constant up to complete
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consumption of substrate 3.21, after which secondary metathesis occurred to increase the
amount of C in the reaction mixture. Similarly, the ratio of product D to products A and B
was shown to be constant throughout the reaction, confirming that these pathways are

general to the complexes investigated in this study.

Conclusion

Complexes 3.15-3.20 yield side products during AROCM reactions resulting from the
catalysts proceeding through a 2,3-metallacycle in addition to a 2,4-metallacycle, as well as
propagating by a methylidene species, and these pathways were found to be general to this
class of ruthenium catalysts investigated. The inherent preference of a given catalyst for the
formation and breakdown of a 2,4-metallacycle versus a 2,3-metallacycle affects its
product distribution, and this catalyst behavior can be utilized to target products and
particular applications. It also can be considered in new catalyst design, as the ligand
structure was shown to have an effect on the propensity of the catalyst to undergo a 2,3-
versus 2,4-metallacycle. Similarly, high preference for methylidene propagation alters
product ratios and can be used for applications where this is a desirable pathway.
Additionally, methylidene propagation generally shortens catalyst lifespan, a necessary
consideration in choice of catalyst for a given reaction. Catalysts 3.15 and 3.19 gave high
enantioselectivities, with catalyst 3.19 showing comparable enantioselectivity to the best
ruthenium catalysts reported to date. The steric bulk of catalyst 3.19 could contribute to it
being more stable as a methylidene species compared to the other catalysts, as well as

making it slower. The propensity of catalyst 3.19 to propagate as a methylidene renders it
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attractive for applications requiring complex stability as a methylidene species. Future

directions are focused toward exploited these catalyst properties for targeted reactions.

Experimental Section

General considerations. All manipulations of air- or water-sensitive compounds were
carried out under dry nitrogen using a glovebox or under dry argon utilizing standard
Schlenk line techniques. NMR spectra were recorded on a Varian Mercury (‘H, 300 MHz),
Varian Inova 400 ('H, 400 MHz), or a Varian Inova 500 (‘H, 500 MHz; "°C, 125 MHz)
spectrometer and referenced to residual protio solvent. Enantiomeric excesses were
determined by chiral HPLC. Column: chiralcel AD; Solvent system: 8% isopropanol in

hexanes. Flow rate: 0.75 mL per min.

Materials. Deuterated methylene chloride was dried over calcium hydride and vacuum
distilled, followed by three cycles of freeze-pump-thawing. cis-5-Norbornene-endo-2,3-
dicarboxylic anhydride (3.21) was obtained from Aldrich and used without further
purification. Styrene was purchased from Aldrich and filtered through a silica gel plug prior

to use.

Representative  AROCM  reaction of cis-5-norbornene-endo-2,3-dicarboxylic
anhydride with styrene. Substrate cis-5-norbornene-endo-2,3-dicarboxylic anhydride (60
mg, 0.36 mmol) was added to a 100 mL round bottom flask containing a vacuum adaptor,
and the flask was placed under an argon atmosphere. Dry methylene chloride (6 mL) was
added via syringe, followed by styrene (0.42 mL, 3.6 mmol). Catalyst 3.15 (6.5 mg, 2.5

mol%) was then added, and the reaction was stirred for 4 hours. The mixture was
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concentrated, and a crude proton NMR was taken to calculate the relative ratios of products
A/B, C, and D. The products were purified by column chromatography (silica gel, 50%
ether in pentane). Stilbene came off with an R¢ of 0.91. Product D came off with an Ry of
0.43 and was recovered in trace amounts; product A/ B had an Rf of 0.33 (49 mg, 47%
yield); and product C had an R¢ of 0.27 (12 mg, 10% yield). Enantiomeric excess was
determine by chiral HPLC, with enantiomer A showing a retention time of 28.95 min, and
enantiomer B showing a retention time of 32.98 min. Product A was obtained in 69% ee
over product B. The enantiomers were identified by comparison to the retention times
under the same chiral HPLC conditions outlined in reference 14. "H NMR of product A/B
(CDCls, 500 MHz): 6 7.42 — 7.35 (m, 2H), 7.35 — 7.29 (m, 2H), 7.25 — 7.21 (m, 1H), 6.52
(d, J=15.8 Hz, 1H), 6.30 (dd, J = 15.8, 8.0 Hz, 1H), 6.03 — 5.90 (m, 1H), 5.23 (d, /= 1.1
Hz, 1H), 5.20 (dt, J = 7.5, 1.3 Hz, 1H), 3.61 — 3.47 (m, 2H), 3.22 — 3.11 (m, 1H), 3.10 —
2.99 (m, 1H), 2.14 (dt, J= 12.8, 5.5 Hz, 1H), 1.57 (q, J = 12.9 Hz, 1H) ppm. °C NMR of
product A/B (CDClj;, 125 MHz): 6 170.79, 136.84, 134.99, 132.48, 128.81, 127.96, 126.68,
126.57, 117.62, 50.06, 49.62, 47.00, 46.43, 36.78 ppm. '"H NMR of product C (CDCls, 500
MHz): 6 7.39 (m, 4H), 7.35 — 7.29 (m, 4H), 7.24 (m, 2H), 6.55 (d, J = 15.8 Hz, 2H), 6.31
(dd, J =15.7, 8.0 Hz, 2H), 3.63 — 3.56 (m, 2H), 3.22 (m, 2H), 2.22 (dt, J = 12.7, 5.4 Hz,
1H), 1.66 (g, J = 12.9 Hz, 1H) ppm. *C NMR of product C (CDCls, 125 MHz): 6 170.77,
134.98, 132.55, 128.82, 127.98, 126.70, 126.54, 50.00, 46.57, 37.55 ppm. '"H NMR of
product D (CDCls, 500 MHz): 6 6.01 — 5.91 (m, 2H), 5.23 — 5.20 (m, 2H), 5.19 (dt, J =
10.0, 1.2 Hz, 2H), 3.54 — 3.44 (m, 2H), 3.06 — 2.94 (m, 2H), 2.07 (dt, J = 12.9, 5.5 Hz, 1H),
1.49 (q, J = 13.0 Hz, 1H) ppm. °C NMR of product D (CDCl;, 125 MHz): J 170.74,

135.00, 117.59, 49.68, 46.90, 36.04 ppm.
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Representative Kinetic experiment for the pathway to the formation of products C
and D. In a nitrogen atmosphere glovebox, an NMR tube was charged with cis-5-
norbornene-endo-2,3-dicarboxylic anhydride (20 mg, 0.12 mmol) and 0.5 mL of deuterated
methylene chloride. The NMR tube was sealed with a septum cap and brought out of the
glovebox. Styrene was added via syringe through the septum cap, and a proton NMR
spectrum (CD,Cl,, 500 MHz) was taken for time = 0. An NMR array was set up with pad
increments of 10 sec, 16 scans per spectrum, 200 spectra. Catalyst solution (3.15 in 0.25
mL dry CD,Cly; 1.7 mg, 2 mol%) was injected by syringe into the NMR tube, and the
sample was inserted into the spectrometer. The data was collected and analyzed using
MestReNova software. This same procedure was used for catalysts 3.17, 3.18, and 3.20.
The data is shown below. The kinetics experiments were not conducted for complex 3.19
since this catalyst is very slow and would take a long time to reach complete conversion.
From the data collected for this catalyst in other experiments, catalyst 3.19 gives only trace
conversion to product C during AROCM. The NMR array was also not run for catalyst

3.16, as this complex was expected to be very similar to 3.17.

The substrate conversion (21) to products (A and B, C, D) and the relative ratios of
products A and B, C, and D were determined by integrating the respective proton NMR
peaks (Figure 3.7). The 'H NMR array spectra were overlaid and worked up as a unit
during data analysis. The ratio of C relative to A and B (and analogously the ratio of D
relative to A and B) was plotted versus conversion for all of these spectra to generate the

graphs.
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Figure 3.7. '"H NMR peaks used to calculate product ratios and conversion of 21. The
representative NMR overlay shown here is from a kinetic study with catalyst 3.20.

The distribution of products as a function of time is shown in Figure 3.8. Substrate 21
disappears linearly over time, as expected. Products A and B, C, and D grow in linearly
until 21 is consumed, at which point the amount of D remains constant. Product C
continues to increase slowly due to secondary metathesis of products A and B. There does
not appear to be detectable secondary metathesis of product D, possibly due to D
undergoing more non-productive metathesis than productive metathesis. This could result
from different sterics about product D affecting the preference and stability of the resulting

metallacycles leading to productive and non-productive metathesis.
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Figure 3.8. A graph showing the amounts of products, abstract units reflecting integral
values, as a function of time during a kinetic experiment with catalyst 3.20.

In the graphs of product ratios as a function of conversion, data points for low conversion
are not shown due to greater error in product peak integrations when product is present in
trace quantities. The ratio of product C relative to A and B is constant for the different
catalysts during consumption of 21, after which secondary metathesis results in an increase
in product C, shown in the graphs as the ratio of C to A and B increases after complete
conversion of 21. The ratio of D remains constant throughout the reaction as well. These
plots support the proposed metallacycle explanation for the formation of products C and D.
The formation of product D, which requires methylidene propagation, indicates that these

complexes are moderately stable to existing as a methylidene species.



Scheme 3.7. Product ratios for AROCM of 21 with styrene catalyzed by complex 3.17.
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Scheme 3.8. Product ratios for AROCM of 21 with styrene catalyzed by complex 3.18.
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Scheme 3.9. Product ratios for AROCM of 21 with styrene catalyzed by complex 3.20.
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"H NMR spectra of products A-D in CDCl; + TMS.
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Chapter 4

HIGHLY SELECTIVE RUTHENIUM METATHESIS CATALYSTS FOR

ETHENOLYSIS
Abstract
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Up to 95% selectivity for terminal olefins.

N-aryl, N-alkyl N-heterocyclic carbene (NHC) ruthenium metathesis catalysts are highly
selective toward the ethenolysis of methyl oleate, giving selectivity as high as 95% for the
kinetic, ethenolysis products over the thermodynamic, self-metathesis products. The
examples described herein represent some of the most selective NHC-based ruthenium
catalysts for ethenolysis reactions to date. Furthermore, many of these catalysts show
unusual preference and stability toward propagating as a methylidene species, and provide
good yields and turnover numbers (TONG5) at relatively low catalyst loading (<500 ppm). A
catalyst comparison shows that ruthenium complexes bearing sterically hindered NHC
substituents afford greater selectivity and stability, and exhibit longer catalyst lifetimes.
Comparative analysis of the catalyst preference for kinetic versus thermodynamic product
formation was achieved via evaluation of their steady-state conversion in the cross-

metathesis reaction of terminal olefins. These results coincided with the observed
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ethenolysis selectivities, in which the more selective catalysts reach a steady-state
characterized by lower conversion to cross-metathesis products compared to less selective

catalysts, which show higher conversion to cross-metathesis products.

Introduction

Olefin metathesis is widely used in both organic and polymer synthesis and has become a
standard methodology for constructing carbon-carbon double bonds.' Metathesis catalysts
have been successfully designed for stability,” functional group tolerance,’ activity,® and
selectivity,” enabling metathesis to be broadly applied. The development of catalysts
exhibiting preference for kinetically versus thermodynamically controlled product ratios
continues to be a challenging area in olefin metathesis.® An example of a metathesis
reaction which requires kinetic selectivity is ethenolysis, the reaction of an internal olefin
with ethylene to generate thermodynamically disfavored terminal olefin products. There is
significant interest for selective formation of terminal olefins due to the potential
conversion of fatty acids derived from renewable biomass to valuable commercial
products.” Such a process would enable the green synthesis of commercial commodities
from renewable sources such as natural seed oils and their derivatives instead of petroleum
feedstocks.® Natural seed oils are particularly attractive due to their built-in functionality,
widespread availability, and relatively low cost. Specifically, ethenolysis of methyl oleate
(MO) affords chemically desirable products with extensive applications including use in
cosmetics, detergents, soaps,’ and polymer additives,” as well as potential applications as a

. 10
renewable biofuel source.
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Most reported studies have focused on ruthenium complexes in the development of an
efficient ethenolysis catalyst due to their functional group tolerance and stability to air and
water, which renders them easy to handle and does not require extensive purification of
starting material.'' High selectivities and yields for the ethenolysis of methyl oleate and
cyclooctene have been disclosed by Schrock and coworkers using molybdenum systems.'*
Molybdenum metathesis catalysts give up to 99% selectivity for the ethenolysis of methyl
oleate in up to 95% yield, with TONs as high as 4,750. Ideally, selective ethenolysis would
be carried out by robust catalysts exhibiting high turnover numbers (TONs) for an efficient
process. Since ruthenium catalysts are very stable and readily handled, research efforts
were directed toward the development of ruthenium-based metathesis catalysts designed to

exhibit these attributes for selective ethenolysis.

Ethenolysis reactions require catalyst stability as a propagating methylidene species for
high product selectivity and TON.*"* The desirable ethenolysis catalytic cycle involves
crossing an internal olefin onto the active metal complex to generate an alkylidene species,
followed by reaction with ethylene to form a 1,2-disubstituted metallacycle (Scheme 4.1).
Breakdown of this metallacycle then yields the desired terminal olefin and a ruthenium
methylidene species. This methylidene complex can then react with the substrate to release
a terminal olefin and afford a ruthenium alkylidene species, which can subsequently react
with ethylene and repeat the cycle. Most olefin metathesis catalysts are unstable as
methylidene complexes and possibly as the corresponding unsubstituted metallacycle, and
undergo rapid decomposition."® This catalyst degradation significantly limits TON during

ethenolysis reactions.
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Scheme 4.1. Metathesis reactions during ethenolysis.
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Side reactions that would reduce product selectivity include self-metathesis and secondary

metathesis.® Self-metathesis occurs when the substrate-bound catalyst reacts with another
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substrate molecule rather than ethylene, thereby yielding another internal olefin and
ruthenium alkylidene species. Secondary metathesis involves further cross-metathesis of
two desired terminal olefins to generate an internal olefin and release ethylene. Because the
key steps involve propagation via a ruthenium methylidene, catalyst stability as a

propagating methylidene is essential for viable ethenolysis reactions.
Scheme 4.2. Ethenolysis of methyl oleate.
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A variety of ruthenium metathesis catalysts have been screened for kinetic selectivity for
the ethenolysis of internal olefins (Figure 4.1)."* Phosphine-based ruthenium catalysts (4.1
and 4.2, Figure 4.1) show high initial selectivity, where selectivity is defined as the
percentage of the product mixture that is the desired olefin products 4.8 and 4.9, for the
ethenolysis of methyl oleate (Scheme 4.2). However, these complexes decompose due to
the instability of the propagating methylidene species, resulting in a limited catalyst
lifetime. Complex 4.1 catalyzes the ethenolysis of methyl oleate (4.7), with 93% selectivity
for ethenolysis products 4.8 and 4.9 over self-metathesis products 4.10 and 4.11. The yield
(54%) is moderate, although the TON (5400) is good. The first generation chelate catalyst
4.2 improves selectivity slightly to 94%, but the yield (48%) and TON (4800) are lower."*

Catalyst inhibition by ethenolysis products is reported for the first generation ruthenium
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catalysts, and instability of the methylidene undermines the use of these catalysts.®” Phoban
ruthenium catalysts are reported to have some increased stability relative to first generation

catalysts, while maintaining comparable selectivities and TONs."
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Figure 4.1. Example ruthenium catalysts previously studied for ethenolysis reactions.

NHC ruthenium catalysts are known to be very active for self-metathesis and cross-

metathesis of methyl oleate with 2-butene (TON of up to 470,000).'*'°

These complexes
propagate primarily as an alkylidene. Accordingly, the selectivity of these complexes (4.3-
4.5, Figure 4.1) for the production of terminal olefins 4.8 and 4.9 is poor. It has been
reported that complex 4.3 exhibits only 44% selectivity for ethenolysis products 8 and 9
with 28% yield at a TON of 2,800. Catalyst 4.4 was shown to display even lower
selectivity at 33% and only 20% yield with a TON of 2,000. However, increasing the

temperature from 40 °C to 60 °C improved the selectivity to 47% and the yield to 32%,

with a TON of 3,200. More sterically hindered NHC ligands also improved selectivity.
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Complex 4.5 afforded ethenolysis products 4.8 and 4.9 in 55% selectivity over 4.10 and
4.11, with 38% yield and a TON of 3,800.'° While N-aryl, N-aryl NHC-based ruthenium
catalysts are generally more active and stable than first generation catalysts, they are
significantly less selective for ethenolysis due to their propensity toward undergoing self-

metathesis reactions.

Cyclic (alkyl)(amino)carbene (CAAC) ruthenium catalysts, such as 4.6, have been found to
be more selective for ethenolysis products over self-metathesis products, although
improvements in selectivity, activity, and catalyst stability are still necessary for the
reaction to be viable.® With complex 4.6, selectivities as high as 92% have been achieved at
100 ppm loading, with 56% yield and a TON of 5600. Changing the isopropyl aryl
substituents to ethyl substituents improved the TON to 35,000 at 10 ppm loading, although
the selectivity was reduced to 83% and the yield to 35%. These complexes are unusual in
that they exhibit a higher preference for propagation as a methylidene relative to previously

reported NHC-based complexes.'”’

Previous work studying degenerate metathesis reactions has demonstrated that greater
catalyst preference for a methylidene species appears to be related to selectivity for
degenerate metathesis over productive metathesis.!” Therefore, degenerate metathesis
studies can be used as a means of identifying promising catalysts for ethenolysis reactions.
For instance, CAAC catalysts, such as 4.6, exhibit higher degenerate turnovers than 4.1-
4.5. Interestingly, unsymmetrical N-aryl, N-alkyl NHC catalysts show even higher non-
productive turnovers to productive turnovers relative to CAAC-type NHC catalysts.!” This

led us to believe that these catalysts would show promising ethenolysis selectivity, with the



69

propensity to propagate as a methylidene providing the desired kinetic selectivity for

terminal olefin products over thermodynamically favored internal olefins.

The unusual stability of unsymmetrical N-aryl, N-alkyl NHC catalysts toward propagation
as a methylidene species and their application as catalysts for highly selective ethenolysis is
described herein. These complexes exhibit good activity and are unusually stable to
methylidene propagation relative to previously reported NHC-based catalysts. Most of the
catalysts also display good thermal stability, and all are stable to air and moisture. In
comparison to standard NHC and phosphine derived ruthenium catalysts, these complexes
exhibit longer lifetimes in cross-metathesis reactions, presumably as a result of their

stability as the methylidene.

Results and Discussion

With the goal of improving both selectivity and TON during ethenolysis reactions, a
variety of N-aryl, N-alkyl NHC complexes bearing different ligand substituents were
designed and synthesized (Figure 4.2). Complex 4.12 was designed first to enhance the
ethenolysis selectivity through increased steric bulk of the N-aryl, and primarily, the N-
alkyl substituent. Initial screening of catalyst 4.12 for the ethenolysis of methyl oleate
afforded promising results (Table 4.1, entry 4.1). At 150 psi of ethylene and 40 °C, 86%
selectivity for ethenolysis products 4.8 and 4.9 over cross-metathesis products 4.10 and
4.11 was achieved, with 46% yield of 4.8 and 4.9 in 6 hours and a TON of 4,620 at a low
catalyst loading of 100 ppm. The yield increased to 68% of ethenolysis products at a
loading of 500 ppm, although the TON was reduced to 1,370. Lowering the loading of 4.12

to 10 ppm gave a significantly higher TON of 8,340, although the yield of 4.8 and 4.9 was
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only 8% after 4 hours. Since good kinetic selectivity and TONs were obtained with 4.12,

further efforts were directed toward synthesizing new complexes to determine the effect of

the NHC ligand substituents on catalyst behavior and toward identifying a catalyst with

excellent kinetic selectivity (Figure 4.2, 4.12-4.21).
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Figure 4.2. Ruthenium complexes synthesized to selectively catalyze ethenolysis reactions.
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Complexes 4.12-4.21 were all compared for catalytic activity for the ethenolysis of methyl
oleate at 100 ppm catalyst loading and 150 psi of ethylene (Table 4.1). Complex 4.13
exhibited lower kinetic selectivity compared to 4.12 (Table 4.1, entry 4.1), with 77%
selectivity for 4.8 and 4.9 over 4.10 and 4.11 (Table 4.1, entry 4.2), presumably due to the
decreased sterics of the N-aryl substituent (mesityl in complex 4.13 versus di-isopropyl in
complex 4.12). The TON was lower for 4.13 in comparison to 4.12 as well, likely a result
of greater instability of 4.13 as a propagating methylidene species. Catalyst 4.14 was very
unstable and degraded early during the reaction, affording low conversion. Since the
reaction equilibrium was not reached due to the catalyst’s fast decomposition, the
selectivity of 4.14 and is not reported. Crystal structures of complexes 4.12 and 4.15
confirmed that their bond lengths are consistent with previously reported NHC ruthenium

complexes (Figures 4.3 and 4.4).

Figure 4.3. Crystal structure of complex 4.12 shown at the 50% ellipsoid probability level.
Selected bond lengths: Ru-C3 = 1.83 A, Ru-C8 = 1.98 A, Ru-O =2.26 A.
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Figure 4.4. Crystal structure of complex 4.15 at the 50% ellipsoid probability level.
Selected bond lengths: Ru-C2 = 1.83 A, Ru-C1 =1.97 A, Ru-O =2.28 A.

The kinetic selectivities of 4.12, 4.15, and 4.16 were identical (86% for 4.8 and 4.9 over
4.10 and 4.11), revealing that small changes in the sterics of the alkyl substituents do not
have a significant impact on catalyst selectivity (Table 4.1, entries 4.1, 4.3, and 4.4). The
more sterically demanding ligand substituents of 4.17 and 4.18 did slightly improve kinetic
selectivity (Table 4.1, entries 4.5 and 4.6). High selectivities of 87% and 89% for 4.17 and
4.18, respectively, were obtained, and both 4.17 and 4.18 displayed good TONs at 5,070
and 4,600, respectively. Catalyst 4.19 showed excellent kinetic selectivity at 95%,
markedly higher than other reported ruthenium NHC catalysts and comparable to first
generation ruthenium catalysts (Table 4.1, entry 4.7). Catalysts 4.20 and 4.21 both gave
lower selectivity compared to the catalysts with a di-isopropyl N-aryl group on the NHC, as
expected from the results with 4.13 and 4.14. The selectivities of 4.20 and 4.21 were 69%
and 79%, respectively (Table 4.1, entries 4.8 and 4.9). The yield (40%) and TON (3,080) of

4.21 were significantly better than that of 4.20 and 4.13.
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Table 4.1. Catalyst comparison for the ethenolysis of methyl oleate.

Entry? Catalyst % Conv.” % % Yield® TON®
Selectivity®

1 4,12 54 86 46 4620
2 4.13 11 77 9 845
3 4.15 52 86 45 4450
4 4.16 42 86 36 3600
5 4.17 59 87 51 5070
6 4,18 52 89 46 4604
7 4.19 15 95 15 1460
8 4.20 17 69 11 1120
9 4.21 40 79 31 3080

*The reactions were run neat for 6 hours at 40 °C and 150 psi of ethylene. The catalyst loading was 100 ppm.
°Conversion = 100 — [(final moles of 4.7) x 100/(initial moles of 4.7)]. “Selectivity = (moles of ethenolysis
products 4.8 and 4.9) x 100/(moles of total products 4.8 + 4.9 + 4.10 + 4.11). “Yield = (moles of ethenolysis
products 4.8 + 4.9) x 100/(initial moles of 4.7). “TON = yield x [(moles of 4.7)/(moles of catalyst)].

Comparison of the various complexes screened shows a consistent trend that both N-aryl
and N-alkyl groups with more sterically hindering substituents improve selectivity. Catalyst
4.19, with the most sterically hindered N-alkyl ligand gave the best selectivity, and
complexes with a di-isopropyl N-aryl group consistently gave significantly better
selectivities than complexes with a mesityl N-aryl group. Additionally, di-isopropyl N-aryl
groups enhance catalyst stability, leading to better product yields. This is believed to be due
to slower decomposition of di-isopropyl N-aryl complexes. Since catalysts with more
sterically hindered ligands also were less active, a balance in complex structure accounting
for sterics leading to high selectivity but lower activity was targeted. Subsequent efforts
were directed toward exploring catalyst loadings for the more promising catalysts for the
ethenolysis of methyl oleate, with the objectives of improving yields, exploring low

loadings, and establishing that selectivity is independent of catalyst loading (Table 4.2).
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Table 4.2. Ethenolysis of methyl oleate using different catalyst loadings.

Entry?> Catalyst Cat/MO  Time Conv. Selectivity Yield  TON®
(ppm) (h) (%)° (%)° (%)

1 4.19 500 6 48 95 46 913
2 4.19 100 6 15 95 15 1460
3 4.19 50 6 5 96 5 1010
4 4.17 500 6 &9 88 78 1570
5 4.17 100 6 59 87 51 5070
6 4.17 50 2 12 86 10 2050
7 4.16 500 2 83 86 72 1440
8 4.16 100 6 42 86 36 3600
9 4.16 50 6 12 87 10 2010
10 421 500 4 65 82 53 1060
11 421 100 6 40 79 31 3080
12 421 50 6 19 79 14 2880
13 421 20 2 4 80 3 1680
14 4.14 500 6 70 58 41 817
15 4.18 500 6 86 88 76 1520

“The reactions were run neat at 40 °C and 150 psi of ethylene. "Conversion = 100 — [(final moles of 4.7) x
100/(initial moles of 4.7)]. “Selectivity = (moles of ethenolysis products 4.8 and 4.9) x 100/(moles of total
products 4.8 + 4.9 + 4.10 + 4.11). *Yield = (moles of ethenolysis products 4.8 + 4.9) x 100/(initial moles of
4.7). °TON = yield x [(moles of 4.7)/(moles of catalyst)].

Raising the catalyst loading to 500 ppm showed significant improvement in yield, more
than doubling it in many cases, for the same given amount of time. Specifically, going from
a loading of 100 ppm to 500 ppm of 4.19 increased the ethenolysis product yield from 15%
to 46% (Table 4.2, entries 4.1 and 4.2). Alternatively, lowering the catalyst loading to 50
ppm decreased the yield from 15% to 5% (Table 4.2, entry 4.3). Similar results were
obtained for the other catalysts upon varying catalyst loading. Complex 4.17, at 500 ppm
loading, generated an ethenolysis product yield of 78% (Table 4.2, entry 4.4), compared to

51% at 100 ppm (Table 4.2, entries 4.5). Analogously, 4.16 gave ethenolysis yields of 72%
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at 500 ppm (Table 4.2, entry 4.7), compared to 36% yield at 100 ppm (Table 4.2, entry
4.8). Conversion of methyl oleate increases with increasing catalyst loading, as
demonstrated with 4.21 (Table 4.2, entries 4.10-4.13). Complexes 4.14 and 4.18 have
markedly higher ethenolysis product yields at 500 ppm as well (Table 4.2, entries 4.14 and
4.15). While the selectivities remain constant at variable catalyst loading for most
complexes, catalyst 4.14 shows increased selectivity at a 500 ppm loading compared to a
100 ppm loading (58% versus 19%). This is believed to be due to higher loading of catalyst
4.14 enabling it to come closer to its inherent selectivity for the reaction before it
decomposes. Previous reported ruthenium metathesis catalyst studies have shown that

having an ortho-H on the N-aryl ring increases the rate of catalyst decomposition.

Temperature-dependent studies were conducted using catalysts 4.17 and 4.16 to consider
the effect of temperature on selectivity and TON (Table 4.3). Ethenolysis of methyl oleate
was carried out at 40 °C, 50 °C, and 60 °C for each catalyst. The TON for both 4.17 and
4.16 increased at higher reaction temperatures, as did the product yield. A reaction
temperature of 60 °C likely induces earlier catalyst decomposition, and may account for the
lower TON and yield for 4.16 at 60 °C compared to 50 °C (Table 4.3, entry 4.6). For both
catalysts, the more significant increase in TON and yield occurred in going from 40 °C to
50 °C, indicating that a further increase in temperature produces only minimal benefits, and
may in fact initiate faster catalyst decomposition. The selectivity was noticeably reduced at
higher temperatures, dropping from 87% to 81% for 4.17 and 86% to 81% for 4.16, in
going from 40 °C to 50 °C. The reduction in selectivity between 50 °C and 60 °C, however,

was minimal. Ethenolysis reactions were not run below 40 °C as this would decrease both
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the yield, undermining the catalysts’ utility. Accordingly, 40 °C was determined to be the

optimal temperature for the ethenolysis of methyl oleate catalyzed by these complexes.

Table 4.3. Temperature effects on the ethenolysis of methyl oleate.

Entry? Catalyst Temp. Time Conv. Selectivity  Yield  TON°®

Q) () ) ()
1 4.17 40 6 59 87 51 5070
2 4.17 50 4 67 81 55 5460
3 4.17 60 4 68 81 55 5470
4 4.16 40 6 42 86 36 3600
5 4.16 50 6 51 81 41 4090
6 4.16 60 6 47 79 37 3680

*The reactions were run neat at 150 psi of ethylene. The catalyst loading was 100 ppm. "Conversion = 100 —
[(final moles of 4.7) x 100/(initial moles of 4.7)]. “Selectivity = (moles of ethenolysis products 4.8 and 4.9) x
100/(moles of total products 4.8 + 4.9 + 4.10 + 4.11). “Yield = (moles of ethenolysis products 4.8 + 4.9) x
100/(initial moles of 4.7). °“TON = yield x [(moles of 4.7)/(moles of catalyst)].

In order to evaluate catalyst propensity toward ethenolysis, a qualitative steady-state study
was conducted to complement the ethenolysis results obtained. Observed selectivity in
ethenolysis reactions is believed to arise from a catalyst’s preference for the pathway
favoring terminal olefins, manifested in its lack of cross-metathesis reactivity. This
preference can be reflected in cross-metathesis reactions as well, where if ethylene
generated by cross-metathesis of two terminal olefins is trapped in the reaction vessel, the
forward cross-metathesis reaction will eventually reach a steady-state with ethenolysis of
the internal olefin products with the generated ethylene, which affords the original terminal
olefins (Scheme 4.3). Accordingly, relative preferences of different catalysts for terminal
olefin versus internal olefin distributions can be determined by identifying the point at
which the forward cross-metathesis reaction is equal to the reverse ethenolysis reaction.

This will be observed when the conversion to internal olefin product no longer increases
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(the steady-state has been reached) and requires that the catalyst is still active and
undergoing metathesis turnovers. This method provides a qualitative means for comparing
a given catalyst to others and determining its preference for forming terminal olefins (and

similarly methylidene propagation) relative to the set of catalysts screened.

Scheme 4.3. Steady-state between cross-metathesis and ethenolysis.
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For ease of measurement, homodimerization cross-metathesis was chosen as the model
reaction, since the only possible product is the internal olefin dimer of the substrate. The
reactions were carried out in a sealed NMR tube, preventing loss of generated ethylene, and
the steady-state concentrations of cross-metathesis and ethenolysis products for each
catalyst was measured. Although this setup does not yield absolute steady-state values, as
the ethylene generated will be partitioned between the solution and the NMR tube head
space, it does enable qualitative evaluation of relative steady-states for catalysts screened.
The degree of conversion to CM product was evaluated for catalysts 4.17, 4.19, and second
generation catalyst 4.4 in order to assess their relative propensities to undergo CM as

compared to ethenolysis. Phosphine-based ruthenium catalyst 4.1 was also screened during
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these experiments; however, 4.1 decomposed prior to reaching steady-state between CM
and ethenolysis, and the data obtained was therefore not included. Catalysts 4.4, 4.17, and
4.19 did not undergo any decomposition during the course of the reaction, as confirmed by

monitoring them by proton NMR spectroscopy.

Catalysts 4.4, 4.17, and 4.19, were chosen to represent a range of selectivities for the
ethenolysis of methyl oleate, with 4.4 showing a reported 33% selectivity, 4.17 showing
87% selectivity, and 4.19 showing 95% selectivity. In accordance with this data, catalyst
4.19 was predicted to reach steady-state between the forward and reverse reactions at the
lowest conversion to CM product (higher preference for yielding ethenolysis products), and
catalyst 4.4 was predicted to reach steady-state at the highest conversion to CM product.
Catalyst 4.17 was expected to have a steady-state point between those of the other two
complexes. Two substrates were employed for these experiments. First, the experiment was
carried out using 1-hexene (Figure 4.5), and then a duplicate set of experiments were run
with allyl chloride (Figure 4.6) to ascertain that the observed results were not substrate

specific.

For the CM of 1-hexene and corresponding ethenolysis of 5-decene (Figure 4.5), the
resulting relative steady-state values were as expected, with catalyst 4.19 showing the
highest selectivity for 1-hexene (only 7 % conversion to 5-decene once steady-state was
reached), relative to the other catalysts, and catalyst 4.4 showing the lowest selectivity for
1-hexene, indicated by it producing the greatest conversion to 5-decene (38% conversion)
at its steady-state point. Catalyst 4.17 reached steady-state at 22% conversion of 1-hexene,

in between that of 4.19 and 4.4.
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When allyl chloride was used as the substrate (Figure 4.6), the same relative order of
steady-state points was obtained for the catalysts studied. The data from both experiments
corroborate the results found in the ethenolysis of methyl oleate, with 4.19 exhibiting the
greatest preference for kinetic over thermodynamic products, and this class of N-aryl, N-
alkyl catalysts showing greater preference for kinetic products than previous NHC-based

ruthenium catalysts.

Conclusion

We have developed highly selective N-aryl, N-alkyl NHC ruthenium -catalysts for
ethenolysis, with 4.19 exhibiting the highest selectivity for an NHC-based ruthenium
metathesis catalyst to date. Catalyst loadings of 500 ppm afforded good yields of the
ethenolysis products 4.8 and 4.9. The TONs were modest for most of the catalysts
screened, and future studies will be directed toward improving catalyst lifetime. These
catalysts show unusual preference for generating kinetic products over thermodynamic
products, believed to be controlled primarily through the NHC ligand sterics. Increasing the
sterics of the NHC substituents enhances selectivity and, in general, improves stability as
well, although a limit is reached where NHC ligands bearing extremely bulky substituents
inhibit reactivity. The catalysts maintained good stability toward existing as a propagating
methylidene species, making them attractive as catalysts for ethenolysis reactions. High
selectivities, a challenging feature of ethenolysis reactions, were obtained for many of the

complexes of this class of N-aryl, N-alkyl NHC catalysts.
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Experimental Section
General considerations

All manipulations of air- or water-sensitive compounds were carried out under dry nitrogen
using a glovebox or under dry argon utilizing standard Schlenk line techniques. 'H and ">C
NMR spectra were recorded on a Varian Mercury ("H, 300 MHz), a Varian Inova 400 ('H,
400 MHz), a Varian Inova 500 (‘H, 500 MHz; *C, 125 MHz), or an automated Varian
Inova 500 ('H, 500 MHz; "*C, 125 MHz) spectrometer and chemical shifts are reported in
ppm downfield from Me4Si by using the residual solvent peak as an internal standard. High
resolution mass spectrometry (FAB) was done at the California Institute of Technology
Mass Spectrometry Facility. X-ray crystallographic structures were obtained at the
Beckman Institute X-ray Crystallography Laboratory at the California Institute of

Technology.
Materials

Deuterated methylene chloride was dried over calcium hydride and vacuum distilled,
followed by three cycles of freeze-pump-thawing. Methyl oleate (>99%) was obtained
from Nu-Chek-Prep (Elysian, MN) and stored over activated alumina. Prior to use, 1-
hexene was dried over calcium hydride, vacuum distilled, and freeze-pump-thawed. Allyl
chloride (99%) was purchased from Aldrich and used as received. Toluene and benzene
were dried by passage through solvent purification systems.”” Ruthenium precursors
RuClz(PCy3)(=CH-0-OiPr-C6H4) and RuCl,(PCy;),(=CHPh) were received from Materia,

Inc. All other reagents and solvents were used as purchased without further purification.
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Procedure for the ethenolysis of methyl oleate

Ethenolysis reactions were carried out using research-grade methyl oleate (>99%) that was
purified by storage over actived alumina followed by filtration. The experiments were set
up in a glove box under an atmosphere of argon. Methyl oleate was charged in a Fisher-
Porter bottle equipped with a stir bar. A solution of ruthenium catalyst of an appropriate
concentration was prepared in dry dichloromethane, and the desired volume of this solution
was added to the methyl oleate. The head of the Fisher-Porter bottle was equipped with a
pressure gauge and a dip-tube was adapted on the bottle. The system was sealed and taken
out of the glove box to the ethylene line. The vessel was then purged with ethylene
(polymer purity 99.9% from Matheson Tri Gas) for 5 minutes, pressurized to 150 psi, and
placed in an oil bath at 40 °C. The reaction was monitored by collecting samples via the
dip-tube at different reaction times. Prior to GC analysis, the reaction aliquots were
quenched by adding a 1.0 M isopropanol solution of tris-(hydroxymethyl)phopshine
(THMP) to each vial over the course of 2-3 hours. The samples were then heated for over
an 1 hour at 60 °C, diluted with distilled water, extracted with hexanes and analyzed by gas
chromatography (GC). The GC analyses were run using a flame ionization detector.
Column: Rtx-5 from Restek (30 m x 0.25 mm (i.d.) x 0.25 um film thickness. GC and
column conditions: injection temperature, 250 °C; detector temperature, 280 °C; oven
temperature, starting temperature, 100 °C; hold time, 1 min. The ramp rate was 10 °C/min

to 250 °C, and the temperature was then held at 250 °C for 12 min. Carrier gas: Helium.
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Cross-metathesis of 1-hexene/ ethenolysis of 5-decene steady-state experiments

In a glovebox under a nitrogen atmosphere, 0.5 mL of dry CD,Cl, was added to an 8-inch
NMR tube. 1-Hexene (18.9 pL, 0.149 mmol) was added via a 25 pL syringe, and the NMR
tube was sealed with a septum cap. The appropriate amount of ruthenium catalyst (3 mol%)
was added to a GC vial and dissolved in 0.25 mL of CD,Cl,. The GC vial was capped and
brought out of the glovebox along with the NMR tube. An "H NMR spectrum (Varian 500
MHz Spectrometer) was taken of the 1-hexene solution for time point t = 0, and the catalyst
solution was subsequently injected into the NMR tube via syringe through the septum cap.
The septum cap was wrapped with parafilm, and the reaction progress was monitored over
time by 'H NMR spectroscopy. Catalyst stability was monitored by following the
ruthenium benzylidene H peak over time, since catalyst decomposition causes the
benzylidene H peak to shift or disappear altogether. Conversion of 1-hexene to 5-decene
was determined by relative integration of the allylic CH, protons of 5-decene to those of 1-
hexene. 'H NMR of 1-hexene (CD,Cl,, 500 MHz): 0 5.83 (ddt, J=17.0, 10.2, 6.7 Hz, 1H),
5.02 —4.96 (m, 1H), 4.92 (ddt, J=10.2, 2.3, 1.2 Hz, 1H), 2.08 — 2.02 (m, 2H) [CH], 1.40
— 1.28 (m, 4H), 0.91 (t, J = 5.0 Hz, 3H) ppm. 'H NMR of 5-decene (CD,Cl,, 500 MHz): &
5.43 — 5.38 (m, 1H), 2.00 — 1.91 (m, 2H) [CH:], 1.34 — 1.28 (m, 4H), 0.90 (t, J = 5.0 Hz,

3H) ppm.

Cross-metathesis of allyl chloride/ ethenolysis of 1,4-dichloro-2-butene steady-state

experiments

In a glovebox under a nitrogen atmosphere, 0.5 mL of dry CD,Cl, was added to an 8-inch

NMR tube, and the NMR tube was sealed with a septum cap. The appropriate amount of
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ruthenium catalyst (3 mol%) was added to a GC vial and dissolved in 0.25 mL of CD,Cl,.
The GC vial was capped and brought out of the glovebox along with the NMR tube. Allyl
chloride (12.2 pL, 0.150 mmol) was added via a 25 pL syringe through the septum cap,
which was then wrapped with parafilm. 'H NMR spectrum (Varian 500 MHz
Spectrometer) was taken of the allyl chloride solution for time point t = 0, and the catalyst
solution was subsequently injected into the NMR tube via syringe through the septum cap.
The reaction progress was monitored over time by 'H NMR spectroscopy. Catalyst stability
was monitored by following the ruthenium benzylidene H peak over time, since catalyst
decomposition causes the benzylidene H to shift or disappear altogether. Conversion of
allyl chloride to 1,4-dichloro-2-butene was determined by relative integration of the vinyl
H,C=CHCH,CI proton of allyl chloride to the vinyl CICH,CH=CHCH,Cl protons of 1,4-
dichloro-2-butene. "H NMR of allyl chloride (CD,Cl,, 500 MHz): ¢ 5.98 (ddt, /= 10.0, 8.7,
6.6 Hz, 1H), 5.35 (ddd, J = 16.9, 2.5, 1.3 Hz, 1H), 5.21 (ddd, J = 10.1, 2.0, 0.9 Hz, 1H),
4.09 — 4.05 (m, 2H) ppm. 'H NMR of 1,4-dichloro-2-butene (CD,Cl,, 500 MHz): § 5.96 —

5.92 (m, 2H), 4.11 — 4.08 (m, 2H) ppm.
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Catalyst Syntheses
Synthesis of 4.12.
0O
> HoN
iPr Cl Cl iPrO QO iPrO
K,COs M
MeCN, 23 °C K,CO3, MeCN
iPr Pr 85°C Pr
S1
S2
. 1.4M HCl'in iPr
'Pr 1,4-Dioxane —
: +
LiAIH,, THF 2. HC(OEt), N_ N
. NH HN O - T a
70 °C | 120 °C pr H O
'Pr
S3 S4
PCY3 '
R| «Cl 'Pr
o] N
Oy
Pr _ iPr ~Cl O
> LRuU=
NaO'Bu, toluene Cl |
o e)
23°C o ; )

4.12

The procedure for synthesizing S1, S2, S3, and S4 was very similar to that outlined in

references 18, 19, and 21, with slight modifications.

Synthesis of S1. Anhydrous potassium carbonate (112.8 mmol, 15.6 grams) and
acetonitrile (150 mL) were added to a 250 mL round bottom flask containing a stir bar. 2,6-

Diisopropyl aniline (56.4 mmol, 10.0 mL) was added via syringe with stirring, and
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chloroacetyl chloride (56.4 mmol, 4.5 mL) was then added dropwise. The reaction was
stirred at room temperature for 43 hours, after which the resulting mixture was filtered
through a thin pad of silica gel. The filtrate was concentrated under partial vacuum on a
rotary evaporater, and hexanes were added to the obtained cream colored residue. The
hexanes dissolved away the off-white color and the remaining white solids were filtered
and washed with more hexanes to yield S1 (11.33 g, 79% yield). '"H NMR (CDCls, 500
MHz): 6 7.79 (s, 1H), 7.32 (t, /=8 Hz, 1H), 7.20 (d, /= 7 Hz, 2H), 4.27 (s, 2H), 3.02 (sept,
J = 6.5 Hz, 2H), 1.21 (d, J = 7 Hz, 12H) ppm. *C NMR (CDCls, 125 MHz): J 165.45,

146.16, 130.12, 129.00, 123.83, 43.02, 29.08, 23.82 ppm.

Synthesis of S2. Anhydrous potassium carbonate (40.9 mmol, 5.65 grams) and S1 (20.4
mmol, 5.19 g) were added to a 250 mL round bottom flask containing a stir bar.
Acetonitrile (100 mL) was added, followed by (S)-(-)-1-(1-Napthyl)ethylamine (20.4
mmol, 3.50 g). A reflux condenser was attached to the flask, and the reaction was heated at
85 °C for 37 hours with stirring. The crude reaction mixture was then filtered through a thin
pad of silica gel, and the filtrate was concentrated in vacuo. The crude solids obtained were
then dissolved in diethyl ether and loaded onto a silica gel column for purification (100%
diethyl ether as the eluting solvent). Upon concentration of the fractions containing
product, S2 was obtained as a white solid (3.97 g, 50% yield). '"H NMR (CDCls, 500
MHz): ¢ 8.64 (s, 1H), 8.16 (d, J = 8.5 Hz, 1H), 7.92 — 7.88 (m, 1H), 7.80 (d, J = 8.2 Hz,
1H), 7.62 (d, /= 6.8 Hz, 1H), 7.56 — 7.43 (m, 3H), 7.28 — 7.26 (m, 1H), 7.16 (d, J= 7.7 Hz,
2H), 4.78 (q, J = 6.7 Hz, 1H), 3.59 — 3.42 (m, 2H), 3.02 — 2.85 (m, 2H), 2.20 (s, 1H), 1.63
(d, J = 6.6 Hz, 3H), 1.15 (d, J = 6.9 Hz, 6H), 1.13 (d, J = 6.9 Hz, 6H) ppm. °C NMR

(CDCl;, 125 MHz): 6 171.23, 146.03, 139.92, 136.64, 134.01, 131.40, 129.39, 128.34,
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128.10, 126.42, 125.86, 125.68, 123.63, 122.80, 50.95, 48.85, 29.09, 23.95, 23.68, 23.54

Synthesis of S3. In a nitrogen atmosphere glovebox, S2 (2.10 grams, 5.4 mmol) was added
to a 100 mL round bottom flask containing a stir bar, followed by the addition of dry
tetrahydrofuran (5 mL). In a separate flask, lithium aluminum hydride (0.820 grams, 21.6
mmol) was weighed out and dry THF (5 mL) was slowly added. This lithium aluminum
hydride suspension was then very slowly added to the solution of S2, and the round bottom
flask was sealed and brought out of the glovebox. The reaction was sealed heated at 70 °C
for 5 days. The reaction mixture was then removed from the oil bath and allowed to cool.
Water was slowly added to quench and the THF/water mixture was stirred for 3 hours. The
mixture was then extracted with methylene chloride (4 x 20 mL). The combined organic
layers were dried over MgSO, and filtered. Concentration of the filtrate afforded a clear oil.
The oil (0.372 g) was a mixture of product S3 and unreacted starting material S2 (91% and
9%, respectively). This crude mixture was carried directly on to the next step in the
synthesis. '"H NMR (CDCls, 500 MHz): § 8.24 (d, J = 8.4 Hz, 1H), 7.91 — 7.87 (m, 1H),
7.78 (d, J= 8.1 Hz, 1H), 7.69 (d, /= 6.5 Hz, 1H), 7.55 — 7.46 (m, 3H), 7.11 — 7.07 (m, 2H),
7.05 (dd, J= 8.7, 6.4 Hz, 1H), 4.71 (q, J = 6.6 Hz, 1H), 3.32 (sept, J = 6.8 Hz, 2H), 3.03 —
2.94 (m, 2H), 2.91 — 2.81 (m, 2H), 1.56 (d, J = 6.6 Hz, 3H), 1.23 (d, J = 6.9 Hz, 6H), 1.21

(d, J=6.9 Hz, 6H) ppm.

Synthesis of S4. S3 (0.91 mmol, 0.372 g crude) was transferred to a 50 mL Schlenk tube
containing a stir bar. Under an atmosphere of argon on the Schlenk line, 4M HCI in 1,4-

dioxane (0.99 mL) was added via syringe through the septum cap. The mixture was stirred
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at room temperature for 2 hours. Vacuum was then applied to the Schlenk tube to remove
excess HCI and 1,4-dioxane. The Schlenk tube was placed back under an argon atmosphere
and anhydrous triethyl orthoformate (9.9 mmol, 1.65 mL) was added via syringe. The
schlenk tube was sealed under the argon atmosphere and heated to 120 °C for 18 hours.
After allowing the solution to cool, the crude mixture was added to a silica gel column to
purify (solvent system 5% MeOH in CH,Cl,). A white powder (0.244 g, 64% yield) was
obtained upon concentrating and drying the fractions containing product. "H NMR (CDCl;,
500 MHz): 6 10.00 (s, 1H), 8.55 (d, J = 8.5 Hz, 1H), 7.92-7.90 (m, 1H), 7.70 (t, /= 7 Hz,
1H), 7.62 (d, /=7 Hz, 1H), 7.58 (d, /=7 Hz, 1H), 7.56 (d, /=7 Hz, 1H), 7.51 (t,J= 8 Hz,
1H), 7.38 (t, J= 8 Hz, 1H), 7.20-7.17 (m, 1H), 6.92 (q, J = 7 Hz, 1H), 4.25 (dt, /= 9.5 Hz,
J=11.5 Hz, 1H), 4.09 (dt, J= 8.5 Hz, J= 12 Hz, 1H), 3.94 (dt,J=9.5 Hz, /= 12 Hz, 1H),
3.75 (dt, J= 8.5 Hz, J= 12 Hz, 1H), 2.85 (sept, J = 6.5 Hz, 1H), 2.70 (sept, J = 6.5 Hz, 1H),
2.05 (d, J=6.5 Hz, 3H), 1.26 (d, J = 3Hz, 3H), 1.25 (d, /=3 Hz, 3H), 1.21-1.18 (m, 3H),
1.12 (d, J= 7 Hz, 3H) ppm. °C NMR (CDCls, 125 MHz): 6 159.11, 146.63, 134.38,
131.27, 130.44, 129.33, 128.09, 126.83, 125.10, 123.55, 113.28, 100.83, 94.70, 86.57,

53.81, 53.21, 46.00, 29.18, 25.34, 25.13, 24.35, 24.24, 18.54 ppm.

Synthesis of 4.12. In a nitrogen atmosphere glovebox, S4 (1.35 mmol, 0.570 g), sodium
tert-butoxide (2.46 mmol, 0.237 g), and RuCl(PCy3)(=CH-0-O'PrCsHs) (1.23 mmol, 0.740
g) were added to a 100 mL round bottom flask. Dry toluene (15 mL) was added to this
mixture and the flask was sealed and brought out of the glovebox. The reaction was stirred
at room temperature for 24 hours. The crude mixture was then loaded directly onto a silica
gel column. The eluting solvent was 10% diethyl ether in pentane. The product was

isolated from a green band that came off of the column. Concentration of fractions from
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this green band afforded 4.12 as a dark green powder (0.382 grams, 40% yield). '"H NMR
(CDCl3, 500 MHz): 6 16.48 (s, 1H), 8.87 (d, /= 8Hz, 1H), 7.90 (d, /= 7H, 1H), 7.85 (d, J
=8Hz, 1H), 7.70 (d, J = 7.5 Hz, 1H), 7.60 (t, J = 7.5 Hz, 1H), 7.57 — 7.47 (m, 3H), 7.41 —
7.32 (m, 3H), 6.91 (d, J = 8.5 Hz, 1H), 6.86 (d, /= 4.5 Hz, 2H), 5.11 (sept, J = 6 Hz, 1H),
3.86 —3.78 (m, 4H), 3.52 — 3.46 (m, 1H), 3.33 (sept, /= 7 Hz, 1H), 3.20 (sept, J= 6.5 Hz,
1H), 2.48 (d, /= 7 Hz, 3H), 1.81 (d, J= 6 Hz, 3H), 1.64 (d, J = 6 Hz, 3H), 1.19 (m, 6H),
1.02 (d, J = 7 Hz, 3H), 0.88 — 0.85 (m, 3H) ppm. °C NMR (CDCls, 125 MHz): 6 211.33,
152.83, 148.72, 148.67, 144.11, 138.37, 137.42, 134.20, 131.60, 129.80, 129.65, 128.89,
128.74, 126.07, 126.01, 125.41, 125.30, 125.17, 124.97, 124.33, 122.55, 122.51, 113.23,
75.26, 55.78, 54.87, 45.95, 28.18, 28.02, 25.98, 25.75, 24.15, 24.08, 22.59, 22.28, 20.39
ppm. High resolution mass spectrometry: [Cs;7HssCLLN,ORu][M-H] Calc. = 704.1875.

Found = 704.1899.

The same synthetic procedure was used for the synthesis of complexes 4.13-4.20, 4.22, and

4.23. Complexes 4.21 and 4.24 were made as discussed below.

Synthesis of 4.13.
O: \
Cl Cl
O
K,COj
NH, ——— NH Cl
MeCN, 23 °C
S5

Compound S5. The product was isolated as white crystalline needles (25.413 g, 81%

yield). 'H NMR (CDCls, 500 MHZ): 6 7.77 (s, 1H), 6.92 (s, 2H), 4.25 (s, 2H), 2.28 (s, 3H),
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2.20 (s, 6H) ppm. °C NMR (CDCls, 125 MHz): § 164.60, 137.79, 135.20, 130.17, 129.26,

43.02,21.20, 18.43 ppm.

H,N
; i 3
NH ClI . NH HN O
K,CO3, MeCN, 85 °C O
S6

Compound S6. The product was isolated as white solids (2.750 g, 60% yield). "H NMR

(CDCls, 500 MHZ): 6 8.60 (s, 1H), 8.17 (d, J = 8.4 Hz, 1H), 7.93 — 7.88 (m, 1H), 7.80 (d, J
= 8.2 Hz, 1H), 7.62 (d, J = 6.7 Hz, 1H), 7.56 — 7.47 (m, 3H), 6.89 (s, 2H), 4.88 — 4.70 (m,
1H), 3.48 (q, J = 17.2 Hz, 2H), 2.27 (s, 3H), 2.13 (s, 6H), 1.63 (d, J = 6.6 Hz, 3H) ppm. °C
NMR (CDCls, 125 MHz): 6 170.43, 139.97, 136.71, 134.85, 134.10, 131.25, 131.16,
129.16, 128.91, 127.85, 126.21, 125.65, 125.58, 122.74, 54.03, 52.23, 50.69, 23.35, 21.04,

18.49 ppm.

@W 4}

Compound S7. The reaction afforded 99% conversion to product (1.015 g of crude mixture
isolated). This mixture was carried onto the next step crude without further purification. 'H
NMR (CDCls, 500 MHZ): 6 8.23 (d, J = 8.3 Hz, 1H), 7.89 (m, J = 7.7, 1.9 Hz, 1H), 7.77

(d, J= 8.1 Hz, 1H), 7.65 (dd, J = 7.1, 0.7 Hz, 1H), 7.55 — 7.45 (m, 3H), 6.85 — 6.82 (m,
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2H), 4.67 (q, J = 6.6 Hz, 1H), 3.08 — 3.01 (m, 2H), 2.85 — 2.77 (m, 2H), 2.27 (s, 6H), 2.25 —

2.22 (m, 3H), 1.54 (d, J= 6.6 Hz, 3H) ppm.

/\ 1. 4M HCl in 1,4-Dioxane
NH HN R
2. HC(OEt), R NYN -
° Cl
O 120 °C H O
S7 S8

Compound S8. The product was purified by silica gel column chromatography (10%
MeOH in CH,Cl,) and isolated as a cream powder. Yield = 23% (0.582 g). 'H NMR
(CDCls, 500 MHZ): 6 10.10 (s, 1H), 8.51 (d, J = 8.4 Hz, 1H), 7.69 — 7.66 (m, 2H), 7.62 (d,
J=6.5 Hz, 1H), 7.58 — 7.55 (m, 2H), 7.52 (dd, J = 8.1, 7.2 Hz, 1H), 6.91 (s, 2H), 6.76 —
6.73 (m, 1H), 4.17 — 4.02 (m, 2H), 4.00 — 3.87 (m, 1H), 3.73 — 3.62 (m, 1H), 2.30 (s, 3H),
2.27 (s, 3H), 2.23 (s, 3H), 2.05 (d, J = 6.8 Hz, 3H) ppm. °C NMR (CDCl;, 125 MHz): &
159.24, 140.41, 135.34, 134.26, 132.32, 131.11, 130.89, 130.26, 130.14, 129.29, 127.93,

126.71, 125.29, 124.77, 123.40, 53.84, 50.77, 45.99, 21.16, 18.73, 18.15 ppm.

PCys
\\CI
CI'
NYNJr_ O P G O
H Cl O NaO'Bu, toluene
23°C iPF
S8 413

Complex 4.13. The product was isolated as a green solid (14.2 mg) in 11% yield after
purification by silica gel column chromatography (10% ether in pentane as the eluting

solvent). '"H NMR (CDCls, 500 MHZ): 6 16.51 (s, 1H), 8.69 (d, J = 8.1 Hz, 1H), 7.93 —
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7.88 (m, 1H), 7.83 (dd, J = 8.9, 4.1 Hz, 1H), 7.69 (d, J = 7.2 Hz, 1H), 7.57 — 7.45 (m, 4H),
7.17 (q, J = 6.7 Hz, 1H), 7.09 (d, J = 3.7 Hz, 2H), 6.95 — 6.87 (m, 3H), 5.10 (sept, J = 6.1
Hz, 1H), 4.00 — 3.89 (m, 2H), 3.88 — 3.82 (m, 1H), 3.79 — 3.66 (m, 1H), 2.48 (s, 3H), 2.43
(s, 3H), 2.32 (s, 3H), 2.31 (s, 3H), 1.71 (d, J = 6.1 Hz, 3H), 1.62 (d, J = 6.1 Hz, 3H) ppm.
3C NMR (CDCl, 125 MHz): 6 210.97, 152.57, 144.77, 138.91, 138.58, 138.33, 138.30,
137.83, 134.25, 131.20, 129.99, 129.86, 129.79, 129.03, 128.59, 126.21, 125.93, 125.52,
124.95, 124.14, 123.04, 122.65, 113.20, 75.11, 56.34, 51.78, 46.77, 22.37, 22.33, 21.43,
21.09, 18.55, 18.51, 1.24 ppm. HRMS: [C3;H30CL,N,ORu] [M+] Calc. = 663.1484. Found

=663.1499.

Synthesis of complex 4.14.

O: \
5 Cl Cl o
u
KoCO;3 >_\
NH, ————— NH Cl
MeCN, 23 °C
‘Bu
S9

Compound S9. The product was isolated as white solids (21.441 g) in 71% yield. "H NMR
(CDCls, 500 MHZ): 6 8.44 (s, 1H), 7.66 (dd, J= 10 Hz, 3 Hz, 1H), 7.42 (dd, J =10.5 Hz, 3
Hz, 1H), 7.28 — 7.16 (m, 2 H), 4.26 (s, 2H), 1.43 (s, 9H) ppm. °C NMR (CDCl;, 125

MHz): 6 163.96, 142.52, 134.32, 127.11, 126.98, 126.89, 126.76, 43.38, 34.79, 30.83 ppm.
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H,N
; i Q 3
NH Cl . NH HN 0
K,COs, MeCN, 85 °C O

By Bu

S9 S$10

Compound S10. The product was purified by running a silica gel column using diethyl
ether as the eluting solvent and isolated white solids (2.965 g) in 46% yield. 'H NMR
(CDCls, 500 MHZ): 6 9.51 (s, 1H), 8.11 (d, J = 8.3 Hz, 1H), 7.90 (m, 1H), 7.85 — 7.82 (m,
1H), 7.80 (d, J = 8.1 Hz, 1H), 7.59 (dd, J = 8.7, 4.0 Hz, 1H), 7.55 — 7.47 (m, 3H), 7.40 (dd,
J=28.0, 1.5 Hz, 1H), 7.26 — 7.22 (m, 1H), 7.17 = 7.15 (m, 1H), 4.80 — 4.77 (m, 1H), 1.63 —
1.61 (m, 3H), 1.46 (s, 9H) ppm. °C NMR (CDCls, 125 MHz): 6 169.83, 140.96, 139.91,
135.33, 134.05, 131.16, 129.17, 127.86, 126.85, 126.47, 126.30, 125.74, 125.69, 125.55,

125.37,122.57, 122.34, 53.87, 51.42, 34.62, 30.62, 23.41 ppm.

LIA|H4 THF I\
NH HN NH HN
70 °C
O Bu
S11

Compound S11. The reaction gave 95% conversion to product (1.703 g of crude mixture).
The mixture was carried on to the next step crude without further purification. 'H NMR
(CDCl3, 500 MHZ): ¢ 8.22 (d, J = 8.0 Hz, 1H), 7.94 — 7.89 (m, 1H), 7.79 (d, J = 8.2 Hz,
1H), 7.71 — 7.68 (m, 1H), 7.56 — 7.49 (m, 3H), 7.30 — 7.28 (m, 1H), 7.17 — 7.12 (m, 1H),
6.74 — 6.71 (m, 1H), 6.68 (dd, J = 8.1, 1.2 Hz, 1H), 4.74 (q, J = 6.5 Hz, 1H), 3.32 — 3.20

(m, 2H), 3.01 —2.94 (m, 2H), 1.56 (d, J = 6.6 Hz, 3H), 1.51 (s, 9H) ppm.
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/\ 1. 4M HCl in 1,4-Dioxane
NH HN N
2. HC(OEt)3 _ N__N—
O Y Cl
tBy H
S12

Bu 120 °C

S11

Compound S12. The product was isolated as a cream colored powder (0.476 g) in 60%
yield. '"H NMR (CDCls, 500 MHZ): 6 9.06 (s, 1H), 8.33 (d, J = 8.5 Hz, 1H), 7.92 — 7.87
(m, 1H), 7.81 (d, J= 7.5 Hz, 1H), 7.63 (t, /= 7.3 Hz, 1H), 7.59 (d, J= 7.1 Hz, 1H), 7.55 (t,
J=17.5Hz, 1H), 7.50 (t, J = 7.7 Hz, 1H), 7.48 — 7.43 (m, 1H), 7.36 — 7.32 (m, 1H), 7.32 —
7.27 (m, 1H), 6.43 (m, 1H), 4.26 — 4.22 (m, 2H), 4.12 (dd, J=21.5, 10.9 Hz, 1H), 3.93 (m,
1H), 2.05 (d, J = 6.8 Hz, 3H), 1.30 (s, 9H) ppm. °C NMR (CDCls, 125 MHz): § 158.73,
146.97, 134.46, 134.31, 132.79, 131.01, 130.83, 130.70, 130.19, 129.42, 128.62, 128.57,

127.88, 126.68, 125.45, 124.88, 123.06, 55.21, 54.86, 35.91, 32.29, 19.32 ppm.

PCY3

t
\\\CI Bu
Ru=
o Goo
O
Qo) " - e O
y © NaO'Bu, toluene |:%;>
r

Bu
23 °C

Pr
s12 4.14

Complex 4.14. The complex was purified by silica gel chromatography (10% ether in
pentane) to obtain green solids (89.7 mg) in 13% yield. This complex was very unstable,
and required storage under inert atmosphere. Complex 4.14 decomposed in solution,

yielding a mixture of unidentifiable compounds in the 'H and *C NMR spectra. High
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resolution mass spectrometry: [CssHsoCLLN,ORu][(M+H)-H2] Calculated = 676.1562.

Found = 676. 1570.

Synthesis of complex 4.15.

H,N
iPrO iPrO
NH CI NH HN
K,COs, MeCN, 85 °C
Pr "Pr
S$1 S$13

Compound S13. The product was isolated as white crystals (1.589 g) in 28% yield. 'H
NMR (CDCls, 500 MHz): 0 8.68 (s, 1H), 7.39 — 7.32 (m, 4H), 7.32 — 7.26 (m, 2H), 7.18 (d,
J=17.7Hz, 2H), 3.90 (q, /= 6.6 Hz, 1H), 3.51 — 3.27 (m, 2H), 3.04 — 2.94 (m, 2H), 1.47 (d,
J=6.6 Hz, 3H), 1.21 (d, J = 6.9 Hz, 6H), 1.19 (d, J = 6.9 Hz, 6H) ppm. °C NMR (CDCl;,
125 MHz): ¢ 171.39, 146.03, 144.43, 131.41, 128.94, 128.33, 127.72, 126.73, 123.65,

58.73, 50.65, 29.08, 24.18, 23.88, 23.78 ppm.

'Pr
LiAIH \
QNH HN e Q—NH HN
70°C .
'Pr
s14

Compound S14. The reaction gave 89% conversion to product (0.904 g) as a pale yellow,
viscous oil. The mixture was carried on crude to the next step. 'H NMR (CDCls, 500

MH?z): 6 7.29 — 7.26 (m, 3H), 7.18 (m, 2H), 7.03 — 6.99 (m, 2H), 6.96 (dd, J = 8.4, 6.6 Hz,
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1H), 3.74 (q, J = 6.6 Hz, 1H), 3.26 — 3.22 (m, 2H), 2.95 — 2.79 (m, 2H), 2.72 — 2.56 (m,

2H), 1.33 (d, J = 6.6 Hz, 3H), 1.15 (d, J = 3.6 Hz, 6H), 1.13 (d, J = 3.6 Hz, 6H) ppm.

Pr 1. 4M HCl in 1,4-Di Pr
. in 1,4-Dioxane
I\ [\ 4
NH HN 2. HC(OEt), - NY/N -
) o ) Cl
iPr 120°C ipr H
S14 S15

Compound S15. The product was isolated as a peach-colored powder (0.683 g) in 74%
yield. '"H NMR (CDCls, 500 MHz): 6 9.98 (s, 1H), 7.60 — 7.55 (m, 2H), 7.46 — 7.36 (m,
4H), 7.24 — 7.21 (m, 2H), 6.17 (q, J = 7.0 Hz, 1H), 4.24 — 4.09 (m, 2H), 4.07 — 3.95 (m,
2H), 2.91 (sept, J = 6.8 Hz, 1H), 2.76 (sept, J = 6.8 Hz, 1H), 1.82 (d, /= 7.0 Hz, 3H), 1.32
(d, J=6.8 Hz, 3H), 1.28 (d, /= 7.0 Hz, 3H), 1.27 (d, /= 7.0 Hz, 3H), 1.21 (d, J = 5.6 Hz,
3H) ppm. “C NMR (CDCls, 125 MHz): 6 159.14, 146.73, 146.56, 137.57, 131.27, 130.37,

129.50, 129.29, 127.52, 125.10, 56.98, 53.28, 45.65, 29.10, 25.33, 25.21, 24.40, 24.15,

17.94 ppm.
PCy3 .
| .ci 'Pr
I_ CI'RU =
Pr | NN
w! I
NN - - =18 el
Y C - LRU=
ipr H NaO'Bu, toluene CI™ |
0 -0
23°C ot :\< >
S$15 4.15

Compound 4.15. The complex was obtained by silica gel chromatography (10% ether in
pentane as the eluting solvent) as a dark grayish-green powder (0.1107 g) in 14% yield. 'H

NMR (CDCls, 500 MHz): 6 16.34 (s, 1H), 7.89 (d, ] = 7.5 Hz, 2H), 7.59 (t, ] = 8 Hz, 1H),
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7.50 — 7.44 (m, 3H), 7.39 — 7.34 (m, 3H), 6.92 (d, J = 8 Hz, 1H), 6.88 — 6.85 (m, 2H), 6.64
(q, J = 6.5 Hz, 1H), 5.13 (sept, ] = 6 Hz, 1H), 3.87 — 3.78 (m, 3H), 3.46 — 3.41 (m, 1H),
3.21 (sept, T =7 Hz, 1H), 3.15 (sept, J = 6.5 Hz, 1H), 2.12 (d, ] = 7 Hz, 3H), 1.77 (d, ] = 6.5
Hz, 3H), 1.73 (d, J = 6 Hz, 3H), 1.20 (dd, J = 5.5 Hz, ] = 1.5 Hz, 6H), 0.94 (d, J = 6.5 Hz,
3H), 0.88 (d, J = 7 Hz, 3H) ppm. °C NMR (CDCls, 125 MHz): § 208.77, 152.86, 148.78,
148.74, 143.97, 140.15, 138.09, 129.69, 129.60, 128.67, 128.44, 127.92, 125.08, 125.02,
122.55, 122.48, 113.20, 75.36, 57.59, 54.93, 43.17, 28.22, 28.12, 25.94, 25.73, 24.08,
22.42, 22.38, 17.65 ppm. HRMS: [C33Hy,CLN,ORu][M-H] Calc. = 654.1718. Found =

654.1725.

Synthesis of complex 4.16.

> HN
K;CO3;, MeCN, 85 °C ‘
r

HoN
fPr (@) iPrO
QQ\F . o
Pr P
S1 S16

Compound S16. The product was isolated as white solids (4.351 g) in 42% yield. '"H NMR
(CDCls, 500 MHz): ¢ 8.67 (s, 1H), 7.39 — 7.33 (m, 2H), 7.32 — 7.26 (m, 4H), 7.18 (d, J =
7.7 Hz, 2H), 3.60 (dd, J = 7.5, 6.4 Hz, 1H), 3.35 (s, 2H), 3.07 — 2.89 (m, 1H), 1.90 — 1.80
(m, 1H), 1.79 - 1.71 (m, 1H), 1.21 (d, /= 6.9 Hz, 6H), 1.19 (d, /= 6.9 Hz, 6H), 0.88 (t, J =
7.4 Hz, 3H) ppm. °C NMR (CDCls, 125 MHz): 6 171.46, 146.03, 142.97, 131.44, 128.85,
128.79, 128.32, 127.74, 127.39, 126.49, 123.65, 65.50, 50.58, 31.00, 29.07, 23.87, 23.80,

11.15 ppm.
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’Pro

Pr
LiAIH /o
QNH AN e NH HN
70°C _
"Pr

S$17

Compound S17. The reaction yielded 97% conversion to product (1.907 g). The mixture
was carried on crude to the next step. 'H NMR (CDCls, 500 MHz): 6 7.35 — 7.30 (m, 2H),
7.29 —7.26 (m, 2H), 7.24 - 7.21 (m, 1H), 7.08 (d, J= 1.5 Hz, 1H), 7.06 (s, 1H), 7.04 — 6.99
(m, 1H), 3.53 (dd, J =17.5, 6.1 Hz, 1H), 3.29 (sept, J = 6.8 Hz, 2H), 2.94 (dt, /= 11.6, 5.7
Hz, 1H), 2.90 — 2.82 (m, 1H), 2.68 (t, J = 5.6 Hz, 2H), 1.84 — 1.72 (m, 1H), 1.72 — 1.60 (m,

1H), 1.22 (d, J=3.6 Hz, 6H), 1.21 (d, J = 3.6 Hz, 6H), 0.86 (t, /= 10 Hz, 3H) ppm.

Pr 1. 4M HCl in 1,4-Di Pr
. N -Dioxane
’
NH HN 2. HC(OEt), _ NYNJr -
. . _ Cl
iPr 120°C ipr H
s17 s18

Compound S18. The product was isolated as fluffy white solids (0.530 g) in 25% yield. 'H
NMR (CDCl;, 500 MHz): 6 10.22 (s, 1H), 7.60 (d, J = 7.1 Hz, 2H), 7.49 — 7.35 (m, 4H),
7.24 —7.21 (m, 2H), 5.96 (t, J = 7.8 Hz, 1H), 4.19 — 4.08 (m, 2H), 4.08 — 3.93 (m, 2H),
2.89 (dt, J=13.6, 6.8 Hz, 1H), 2.77 (dt, J=13.7, 6.9 Hz, 1H), 2.30 — 2.26 (m, 2H), 2.21 —
2.09 (m, 2H), 1.34 (d, J = 6.8 Hz, 3H), 1.30 (d, J = 4.2 Hz, 3H), 1.29 (d, J = 4.3 Hz, 3H),
1.22 (d, J = 6.8 Hz, 3H), 1.08 (t, J = 7.3 Hz, 3H) ppm. >C NMR (CDClLs, 125 MHz): §
159.58, 146.67, 146.61, 136.33, 131.30, 130.35, 129.51, 129.31, 128.18, 125.13, 125.05,

62.77, 53.10, 45.49, 29.91, 29.23, 29.13, 25.33, 25.30, 24.20, 24.16, 10.85 ppm.
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Compound 4.16. The complex was obtained after silica gel column chromatography as a
green powder (0.420 g) in 75% yield. "H NMR (CDCls;, 500 MHz): J 16.37 (s, 1H), 7.94
(d, J=7.4 Hz, 2H), 7.58 (t, J = 7.8 Hz, 1H), 7.53 — 7.49 (m, 1H), 7.47 (t, J = 6.8 Hz, 2H),
7.40 — 7.34 (m, 3H), 6.94 (d, J = 8.3 Hz, 1H), 6.87 (d, /= 4.4 Hz, 2H), 6.24 (dd, J = 11.8,
2.9 Hz, 1H), 5.17 (sept, J = 6.1 Hz, 1H), 3.94 — 3.81 (m, 3H), 3.82 — 3.72 (m, 1H), 3.56 —
3.45 (m, 1H), 3.20 (sept, J = 6.6 Hz, 1H), 3.04 (sept, J = 6.8 Hz, 1H), 2.88 — 2.85 (m, 1H),
2.53-2.39 (m, 1H), 1.85 (d, /= 6.1 Hz, 3H), 1.82 (d, /= 6.1 Hz, 3H), 1.21 (d, /= 6.9 Hz,
3H), 1.14 (d, J= 6.9 Hz, 3H), 1.07 (t,J = 7.3 Hz, 3H), 0.90 (d, /= 6.7 Hz, 3H), 0.88 (d, J =
6.6 Hz, 3H) ppm. °C NMR (CDCls, 125 MHz): ¢ 208.25, 152.81, 148.83, 148.71, 144.04,
138.09, 137.58, 129.68, 129.64, 129.61, 128.77, 128.10, 125.06, 125.00, 122.58, 122.49,
113.21, 75.23, 64.88, 54.96, 44.33, 28.14, 28.03, 25.87, 25.81, 25.32, 24.09, 24.03, 22.59,
22.45, 11.53 ppm. HRMS: [C34H44CLLN,ORu][(M+H)-H2] Calc. = 668.1875. Found =

668.1871.
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Synthesis of complex 4.17.

iPr OE HN PrQ
NH Cl > NH HN
K,COs, MeCN, 85 °C
'Pr Pr
S$1 S19

Compound S19. The product was isolated as cream colored solids (4.716 g) in 48% yield.
'H NMR (CDCls, 500 MHz): ¢ 8.85 (s, 1H), 7.43 (d, J = 6.6 Hz, 1H), 7.28 (dd, J = 14.7,
7.1 Hz, 1H), 7.19 (d, J = 7.4 Hz, 4H), 7.14 — 7.01 (m, 1H), 3.92 (broad s, 1H), 3.61 —3.57
(m, 2H), 3.07 — 3.00 (m, 2H), 2.88 — 2.82 (m, 1H), 2.81 — 2.73 (m, 1H), 2.04 — 1.95 (m,
2H), 1.95 — 1.85 (m, 2H), 1.86 — 1.74 (m, 1H), 1.21 (d, J = 6.8 Hz, 12H) ppm."’C NMR
(CDCls, 125 MHz): 6 171.68, 146.07, 138.16, 137.80, 129.54, 128.86, 128.35, 127.47,

126.26, 123.70, 56.56, 50.67, 29.55, 29.13, 29.00, 23.90, 19.25 ppm.

'Pr
LiAIH 7\
QNH HN E NH HN

70°C

S20

Compound S20. The reaction gave 53% conversion to product (2.355 g). The mixture was
carried on crude to the next step. 'H NMR (CDCls, 500 MHz): J 7.51 — 7.45 (m, 1H), 7.21
— 7.14 (m, 2H), 7.10 (d, J = 7.5 Hz, 3H), 7.07 — 7.01 (m, 1H), 3.88 — 3.76 (m, 1H), 3.36

(sept, J = 6.8 Hz, 2H), 3.08 — 2.99 (m, 2H), 3.00 — 2.88 (m, 2H), 2.88 — 2.80 (m, 1H), 2.80
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~2.70 (m, 1H), 2.05 — 1.93 (m, 2H), 1.90 — 1.81 (m, 1H), 1.80 — 1.69 (m, 1H), 1.24 (d, J =

6.8 Hz, 12H) ppm.

Pr 1. 4M HCl in 1,4-Di Pr
. In 1,4-Dioxane
7\ [\,
NH HN 2. HC(OEt)s _ NN
. | cl
Pr 120°C pr H
$20 S21

Compound S21. The product was isolated as cream colored solids (1.408 g) in 53% yield.
'H NMR (CDCls, 500 MHz): 6 9.01 (s, 1H), 7.52 — 7.46 (m, 1H), 7.42 (t, J = 7.8 Hz, 1H),
7.25 —7.21 (m, 3H), 7.19 — 7.15 (m, 2H), 5.99 (t, J = 5.5 Hz, 1H), 4.69 — 4.55 (m, 1H),
441 —4.28 (m, 1H), 4.23 — 4.07 (m, 2H), 3.02 (sept, J = 6.8 Hz, 1H), 2.90 (sept, J = 6.9
Hz, 1H), 2.82 (t, J = 12.3 Hz, 2H), 2.29 — 2.31 (m, 1H), 2.20-2.22 (m, 1H), 2.07 — 1.95 (m,
1H), 1.87 - 1.76 (m, 1H), 1.32 (d, J= 5.1 Hz, 3H), 1.31 (d, /= 6.6 Hz, 6H), 1.24 (d, /= 6.8
Hz, 3H) ppm. C NMR (CDCls, 125 MHz): 6 159.13, 147.11, 138.56, 131.36, 131.04,
130.09, 129.12, 129.04, 127.35, 125.34, 124.96, 56.61, 53.83, 47.18, 29.28, 29.00, 27.34,

25.35, 25.26, 24.39, 24.08, 19.45 ppm.

PCY3 )
+Cl 'Pr
Ru=
ipr Cl- |U N/ N\
LN pr T c
’Pr A\ I

N / N = "
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23°C o 2 >

S21 417
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Compound 4.17. The complex was purified by silica gel chromatography (eluting solvent
starting at 10% ether in pentane and increased to 100% ether over 30 minutes) and isolated
as a greenish-brown powder (0.910 g). Yield = 58%. '"H NMR (CDCls, 500 MHz): § 16.32
(s, 1H), 7.92 (d, J= 7.8 Hz, 1H), 7.61 (t, J= 7.8 Hz, 1H), 7.53 — 7.43 (m, 1H), 7.40 (td, J =
8.1, 1.4 Hz, 2H), 7.33 — 7.27 (m, 1H), 7.24 (d, J = 6.6 Hz, 1H), 7.18 (d, J = 7.5 Hz, 1H),
6.92 (d, J= 8.4 Hz, 1H), 6.89 — 6.83 (m, 2H), 6.52 (dd, /= 10.4, 5.6 Hz, 1H), 5.11 (sept, J
= 6.1 Hz, 1H), 4.11 — 3.85 (m, 2H), 3.78 (dd, J = 20.9, 10.1 Hz, 1H), 3.63 — 3.60 (m, 1H),
3.25-3.22 (m, 2H), 3.16 — 3.01 (m, 1H), 3.00 — 2.80 (m, 2H), 2.24 — 2.10 (m, 1H), 2.09 —
1.92 (m, 2H), 1.79 (d, J = 6.1 Hz, 3H), 1.69 (d, J = 6.1 Hz, 3H), 1.28 (d, /= 6.9 Hz, 3H),
1.22 (d, J=10.0 Hz, 3H), 0.98 (d, J = 6.7 Hz, 3H), 0.90 (d, J = 6.7 Hz, 3H) ppm. °C NMR
(CDCls, 125 MHz): ¢ 289.81, 209.36, 152.90, 148.80, 143.95, 138.76, 137.98, 134.74,
129.71, 129.53, 129.35, 129.32, 127.67, 126.37, 125.07, 125.02, 122.54, 122.48, 113.19,
75.27, 60.01, 55.09, 43.54, 30.05, 28.46, 28.34, 28.13, 25.98, 25.70, 24.10, 22.42, 22.40,

22.28 ppm. HRMS: [C3sHuCLN,ORu][(M+H)-H2] Calc. = 680.1875. Found = 680.1877.

Synthesis of complex 4.18.

Compound S22. The product was isolated as white solids (3.118 g) in 65% yield. "H NMR
(CDCl3, 500 MHz): ¢ 8.86 (s, 1H), 7.28 (dd, J = 13.6, 6.2 Hz, 1H), 7.18 (d, J = 7.7 Hz,

2H), 3.57 — 3.47 (m, 2H), 3.12 — 2.99 (m, 3H), 2.55 — 2.46 (m, 1H), 2.44 — 2.34 (m, 1H),
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2.05 - 1.96 (m, 1H), 1.88 — 1.79 (m, 2H), 1.70 — 1.62 (m, 1H), 1.24 (s, 3H), 1.22 (d,J=3.6
Hz, 6H), 1.20 (d, J = 3.6 Hz, 6H), 1.17 (d, J = 7.2 Hz, 3H), 0.99 (s, 3H), 0.91 (d, J = 9.8
Hz, 1H) ppm. "C NMR (CDCls, 125 MHz): 6 171.72, 146.04, 131.52, 128.28, 123.67,

57.37, 50.31, 48.07, 45.79, 41.94, 38.77, 36.98, 34.55, 29.13, 28.02, 23.86, 23.82, 23.45,

21.77 ppm.
Pro
>\ \ H _LiAH,,
NH HN— THF NH HN
, 70 °C
'Pr N
S22 S23

Compound S23. The product (1.44 g) was isolated as a clear oil. There was 87%
conversion to product. The crude mixture was carried on directly to the next step. 'H NMR
(CDCls, 500 MHz): 6 7.12 = 7.07 (m, 2H), 7.06 — 7.01 (m, 1H), 3.36 (sept, J = 5.0 Hz, 2H),
3.06 — 2.99 (m, 1H), 2.98 — 2.89 (m, 3H), 2.88 — 2.78 (m, 1H), 2.43 — 2.32 (m, 2H), 2.01 —
1.89 (m, 1H), 1.84 — 1.74 (m, 2H), 1.65 — 1.60 (m, 1H), 1.25 (d, /= 6.8 Hz, 12H), 1.23 (s,

3H), 1.15 (d, J= 7.2 Hz, 3H), 0.99 (s, 3H), 0.96 (d, J= 9.6 Hz, 1H) ppm.

Pr _ _ Pr
H 1. 4M HCl in 1,4-Dioxane —/\H
NH HN @< 2. HC(OEt), - N__N—
. \C 120 oC . \( CI N
'Pr < pr H S
S23 S24

Compound S24. Crude S23 (0.724 g) was carried on directly to the reaction to synthesize
S24. Product S24 (0.238 g) was isolated as a cream colored powder in 30% yield. '"H NMR

(CDCl3, 500 MHz): 6 10.15 (s, 1H), 7.40 — 7.35 (m, 1H), 7.19 — 7.15 (m, 2H), 5.35 (dt, J =
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10.3, 7.3 Hz, 1H), 4.35 — 4.19 (m, 3H), 4.21 — 4.04 (m, 1H), 2.89 (sept, J = 5.0 Hz, 1H),
2.74 (sept, J = 5.0 Hz, 1H), 2.67 — 2.57 (m, 1H), 2.46 — 2.44 (m, 1H), 2.21 — 2.11 (m, 1H),
2.05 — 2.01 (m, 2H), 1.93 — 1.84 (m, 2H), 1.26 (d, J = 6.8 Hz, 6H), 1.25 — 1.22 (m, 6H),
1.21 (s, 3H), 1.16 (d, J = 7.2 Hz, 3H), 1.08 (s, 3H), 0.84 (d, J = 10.3 Hz, 1H) ppm. *C
NMR (CDCls, 125 MHz): § 160.18, 146.92, 146.39, 131.07, 130.40, 125.09, 124.84, 56.96,
53.29, 47.36, 44.00, 41.45, 40.43, 38.65, 35.28, 31.88, 29.17, 29.06, 28.20, 25.37, 25.17,
24.37,24.10, 23.69, 20.02 ppm.
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e 'Pr
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Compound 4.18. The complex was purified by silica gel column chromatography (5%
methanol in methylene chloride as the eluting solvent) to give 1.161g of grayish-green
solids in 56% yield. '"H NMR (CDCls, 500 MHz): J 16.37 (s, 1H), 7.59 (t, J = 7.8 Hz, 1H),
7.53 —7.45 (m, 1H), 7.41 — 7.33 (m, 2H), 6.92 (d, /= 8.3 Hz, 1H), 6.86 (d, /= 4.3 Hz, 2H),
5.59 (dt, J=10.0, 6.3 Hz, 1H), 5.13 — 5.11 (m, 1H), 4.07 — 4.05 (m, 2H), 4.00 — 3.94 (m,
1H), 3.95 - 3.79 (m, 1H), 3.25 — 3.03 (m, 3H), 2.52 (dtd, /= 13.9, 6.9, 1.3 Hz, 1H), 2.49 —
2.38 (m, 1H), 2.19 — 2.06 (m, 1H), 2.00 — 1.98 (m, 2H), 1.78 (d, J = 6.1 Hz, 3H), 1.76 (d, J
= 6.1 Hz, 3H), 1.57 (d, /= 7.0 Hz, 3H), 1.31 (s, 3H), 1.25 (s, 3H), 1.22 (d, /= 4.1 Hz, 3H),
1.21 (d, J=4.1 Hz, 3H), 1.05 (d, /= 9.9 Hz, 1H), 0.90 (d, /= 3.2 Hz, 3H), 0.88 (d, /=3.2

Hz, 3H) ppm.">’C NMR (CDCls, 125 MHz): § 209.86, 152.66, 148.88, 148.65, 144.21,
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138.40, 129.60, 129.56, 125.05, 125.00, 122.53, 122.51, 113.23, 75.06, 59.98, 54.90, 48.62,
43.34, 42.09, 41.10, 38.85, 34.54, 34.13, 28.19, 28.05, 26.01, 25.79, 24.08, 24.02, 23.78,
22.53,22.49, 21.86 ppm. HRMS: [C3sHseCLN,ORu][(M+H)-H2] Calc. = 686.2344. Found

= 686.2350.

Synthesis of complex 4.19.

H ~
iPrO HoN "Prog
H ~
NH Cl > NH HN
K>CO3, MeCN, 85 °C
Pr Pr
S1 S25

Compound S25. The product was isolated as white crystals (1.669 g) in 46% yield. 'H
NMR (CDCls, 500 MHz): 6 8.78 (s, 1H), 7.30 — 7.25 (m, 1H), 7.18 (d, J = 7.7 Hz, 2H),
3.64 — 3.32 (m, 2H), 3.04 (sept, J = 6.9 Hz, 2H), 2.96 (d, J = 7.8 Hz, 2H), 2.34 — 2.28 (m,
1H), 1.81 — 1.71 (m, 1H), 1.71 — 1.63 (m, 2H), 1.58 (s, 1H), 1.41 — 1.33 (m, 1H), 1.21 (d, J
= 1.7 Hz, 6H), 1.20 (d, J = 1.7 Hz, 6H), 1.19 — 1.14 (m, 1H), 0.90 (s, 3H), 0.88 (s, 6H)
ppm. C NMR (CDCls, 125 MHz): § 171.83, 146.05, 131.52, 128.29, 123.68, 63.96,

51.66, 49.08, 48.47,45.04, 38.21, 29.12, 28.65, 27.57,23.91, 19.99, 18.72, 14.43 ppm.

prQ Pr
N Ho~ LiAIH,, /\ H~
HN - NH HN
_ 70 °C ,
'Pr 'Pr

S$25 S26
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Compound S26. The reaction afforded 61% conversion to product (1.407 g). The mixture
was carried on crude to the next step. 'H NMR (CDCls, 500 MHz): § 7.09 — 7.06 (m, 2H),
7.04 — 6.99 (m, 1H), 3.35 (sept, J = 6.8 Hz, 2H), 2.95 (m, 2H), 2.21 — 2.12 (m, 1H), 1.81 —
1.77 (m, 2H), 1.76 — 1.72 (m, 2H), 1.70 — 1.66 (m, 2H), 1.67 — 1.61 (m, 2H), 1.41 — 1.25

(m, 2H), 1.23 (d, J = 6.9 Hz, 12H), 0.88 (s, 6H), 0.87 (s, 3H) ppm.

Pr 1. 4M HCl in 1,4-Di Pr A
. In 1,4-DioxXane
NH HN 2. HC(OEt), - N*N
ipy 120 °C ipr H
S26 527

Compound S27. The product was isolated as cream-colored solids (0.349 g) in 36% yield.
'H NMR (CDCls, 500 MHz): 6 9.19 (s, 1H), 7.41 (t, J = 8 Hz, 1H), 7.24 — 7.21 (m, 2H),
4.71(broad d, /=11 Hz, 1H), 4.44 (t, J=10.5 Hz, 2H), 4.22 (t, J = 11 Hz, 2H), 3.02 (sept,
J=6.5 Hz, 1H), 2.89 (sept, J = 6.5 Hz, 1H), 2.50 — 2.45 (m, 1H), 1.89 — 1.86 (m, 2H), 1.84
—1.82 (m, 1H), 1.60 — 1.55 (m, 1H), 1.46 — 1.42 (m, 1H), 1.39 — 1.37 (m, 1H), 1.32 — 1.27
(m, 12H), 1.03 (s, 3H), 0.99 (s, 3H), 0.91 (s, 3H) ppm. *C NMR (CDCls, 125 MHz): ¢
159.62, 147.00, 146.62, 131.25, 130.28, 125.18, 125.04, 64.51, 53.40, 51.19, 50.83, 49.17,

4471, 32.83, 29.10, 29.03, 28.72, 28.26, 25.35, 25.31, 24.47, 24.34, 19.77, 18.90, 14.32
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PCy3 '
R| «Cl 'Pr
- a1 T\ Hs
r N_ N
/ \+H ~ ino T
NYN‘ - Pr g2l
ipr H Cl NaO'Bu, toluene cI- |
23°C -
s27 4.19

Compound 4.19. The complex was purified by silica gel column chromatography (10%
ether in pentane) to give a green powder (0.1544 g) in 34% yield. '"H NMR (CDCls, 500
MHz): 6 16.46 (s, 1H), 7.62 (t,J= 7.8 Hz, 1H), 7.51 (ddd, /= 8.4, 7.1, 2.0 Hz, 1H), 7.42 —
7.40 (m, 2H), 6.93 (d, J = 8.4 Hz, 1H), 6.89 — 6.82 (m, 2H), 5.39 (ddd, J = 10.9, 5.4, 1.7
Hz, 1H), 5.12 (sept, J = 6.2 Hz, 1H), 4.23 (q, J = 9.3 Hz, 1H), 4.07 — 4.11 (m, 1H), 3.94 —
3.98 (m, 2H), 3.22 (sept, J = 7.0 Hz, 1H), 3.09 (sept, J = 6.6 Hz, 1H), 2.91 — 2.75 (m, 1H),
2.17-2.03 (m, 1H), 2.00 — 1.92 (m, 1H), 1.90 (t, J=4.5 Hz, 1H), 1.78 (d, J = 6.1 Hz, 3H),
1.75 (d, J=6.1 Hz, 3H), 1.71 — 1.64 (m, 2H), 1.46 — 1.41 (m, 1H), 1.33 (s, 3H), 1.25 (d, J =
5.1 Hz, 3H), 1.23 (d, J= 7.4 Hz, 6H), 1.01 (s, 3H), 0.94 (d, /= 6.6 Hz, 3H), 0.89 (d, J= 6.7
Hz, 3H) ppm. >C NMR (CDCls, 125 MHz): 6 212.80, 152.60, 148.71, 148.35, 144.09,
138.54, 129.70, 129.61, 125.10, 125.07, 122.72, 122.48, 113.25, 74.93, 67.82, 55.93, 51.88,
49.09, 46.79, 44.39, 34.66, 30.49, 28.66, 28.11, 28.08, 25.95, 25.80, 24.06, 24.03, 22.82,
22.65,20.01, 19.96, 16.18 ppm. HRMS: [C35Hs50C1LN,ORu][(M+H)-H2] Calc. = 686.2344.

Found = 686.2316.
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Synthesis of complex 4.20.

K,CO3, MeCN, 85 °C

S5 S28

Compound S28. The product was isolated as white crystals (4.21 g) in 18% yield. '"H NMR
(CDCls, 500 MHz): 6 8.82 (s, 1H), 7.44 — 7.41 (m, 1H), 7.22 — 7.16 (m, 2H), 7.14 — 7.10
(m, 1H), 6.91 (s, 2H), 3.90 (t, J = 4.6 Hz, 1H), 3.58 (q, J = 17.3 Hz, 2H), 2.89 — 2.72 (m,
2H), 2.27 (s, 3H), 2.19 (s, 6H), 2.01 — 1.93 (m, 2H), 1.93 — 1.85 (m, 1H), 1.85 — 1.73 (m,
1H) ppm.”C NMR (CDCls, 125 MHz): 6 170.79, 138.20, 137.75, 137.00, 135.08, 131.38,

129.50, 129.14, 128.84, 127.41, 126.24, 56.41, 50.58, 29.52, 28.83, 21.11, 19.23, 18.64

0
) \ LiAlHg, ro\
NH HN THE NH HN
70°C
S28 S$29

Compound S29. The reaction gave 99% conversion to product (0.720 g). The mixture was
carried on crude to the next step. 'H NMR (CDCls, 500 MHz): § 7.40 — 7.42 (m, 1H), 7.15
—17.17 (m, 2H), 7.09 — 7.11 (m, 1H), 6.81 (s, 2H), 3.81 (s, 1H), 3.13 — 3.02 (m, 2H), 3.03 —
2.92 (m, 1H), 2.93 — 2.85 (m, 1H), 2.85 — 2.78 (m, 1H), 2.78 — 2.69 (m, 1H), 2.27 (s, 6H),

2.23 (s, 3H), 2.03 — 1.89 (m, 2H), 1.90 — 1.79 (m, 1H), 1.79 — 1.70 (m, 1H) ppm.
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1. 4M HCI in 1,4-Dioxane

+
NH HN 2. HC(OE), - NYN -
120 °C g ©

529 $30

Compound S30. The product was isolated as white solids (0.202 g) in 25% yield. "H NMR
(CDCls, 500 MHz): 6 9.75 (s, 1H), 7.43 — 7.38 (m, 1H), 7.27 — 7.23 (m, 2H), 7.18 — 7.13
(m, 1H), 6.94 (s, 2H), 6.04 (t, J = 6.4 Hz, 1H), 4.40 — 4.30 (m, 1H), 4.29 — 4.21 (m, 1H),
4.16 — 4.05 (m, 1H), 4.00 — 3.90 (m, 1H), 2.89 — 2.74 (m, 2H), 2.34 (s, 6H), 2.29 (s, 3H),
2.15—2.06 (m, 2H), 2.03 — 1.91 (m, 1H), 1.91 — 1.82 (m, 1H) ppm. *C NMR (CDCl;, 125
MHz): 6 160.01, 140.56, 138.64, 131.06, 130.88, 130.21, 130.06, 128.83, 128.43, 127.25,

56.64,51.14, 46.07, 29.10, 27.92, 21.19, 20.13, 18.26 ppm.

PCy3

| WClI
CI’R|U_ NERY
(@)

o Y
N*N - Pr N 1,2
H Cl NaO'Bu, toluene CI'|

23 °C ipf.o

S30 4.20

Compound 4.20. The complex was purified by silica gel column chromatography (10%
ether in pentane) to afford a green powder (36.6 mg) in 11% yield. 'H NMR (CDCls, 500
MHz): 6 16.28 (s, 1H), 7.89 (d, /= 7.5 Hz, 1H), 7.48 (dt, /=7 Hz, J= 2 Hz, 1H), 7.26 (t, J
=7 Hz, 1H), 7.21 (t,J= 6.5 Hz, 1H), 7.15 (d, /= 7 Hz, 1H), 7.07 (d, J = 3.5 Hz, 2H), 6.93
— 6.88 (m, 3H), 6.48 — 6.45 (m, 1H), 5.11 (sept, J = 6.5 Hz, 1H), 3.94 (quintet, J = 9.5 Hz,

1H), 3.91 — 3.87 (m, 1H), 3.77 (quartet, J = 10.5 Hz, 1H), 3.63 — 3.58 (m, 1H), 3.03 — 3.01
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(m, 1H), 2.92 — 2.89 (m, 2H), 2.45 (s, 3H), 2.33 (s, 3H), 2.25 (s, 3H), 2.16 — 2.12 (m, 1H),
2.04 —2.02 (m, 1H), 1.97 — 1.92 (m, 1H), 1.72 (d, J = 6 Hz, 3H), 1.66 (d, J = 5.5 Hz, 3H),
1.30 — 1.23 (m, 1H) ppm. *C NMR (CDCls, 125 MHz): § 293.00, 208.95, 152.59, 144.61,
144.59, 138.95, 138.70, 138.48, 138.44, 138.17, 134.64, 129.85, 129.70, 129.38, 129.30,
127.70, 126.40, 122.97, 122.67, 113.12, 75.15, 59.85, 51.80, 43.75, 30.01, 28.35, 22.40,
22.12, 22.09, 21.43, 18.46, 18.44 ppm. HRMS: [C3,H3sCl,N,ORu][(M+H)-H2] Calc. =

638.1405. Found = 638.1436.

Synthesis of complex 4.21.

PCy3
\\\\CI
Ru=
HC(OEt), I
PTSA Br- o) " N/ \N
— PhCH 1= es—
Mes—NH 3 . Mes—f\rjé\N . Y\\\CI
“"Br \__/ NaO'Bu Ru=y
NHz  q15°C 3 THF, -30 °C CI” pcy.Ph
S31 $32 4.21

Synthesis of S31. S31 was made as outlined in reference 22.

Synthesis of S32. A Schlenk flask with a Teflon stopper was charged with S31 (0.59 g,
3.31 mmol), 1-bromobutane (0.54 g, 3.97 mmol), p-toluene sulfonic acid monohydrate
(0.031 g, 0.167 mmol), CH(OEt); (8 mL), and toluene (8 mL). The flask was sealed under
air and heated to 115 °C for 10 h. After cooling to room temperature, an off-white
precipitate formed and approximately 30 mL of ether was added to ensure full
precipitation. The suspension was stirred for several hours after which the precipitate was
collected by filtration and dried in vacuo to give S32 (0.72 g, 67% yield) as an off-white

solid. 'H NMR (400 MHz, CDCls) & 8.97 (s, 1H), 6.39 (s, 2H), 3.76 (dd, J = 22.5, 8.2 Hz,
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4H), 3.42 (s, 2H), 1.77 (s, 9H), 1.20 (br s, 2H), 0.89 (br s, 2H), 0.46 (m, 3H). °C NMR
(101 MHz, CDCls) § 158.74, 139.93, 135.15, 130.56, 129.78, 51.00, 48.86, 48.14, 29.08,

20.92, 19.44, 18.03, 13.59.

Synthesis of 4.21. In a glovebox under a nitrogen atmosphere, a 100 mL RB flask was
charged with S32 (0.73 g, 2.25 mmol), NaO'Bu (0.22 g, 2.25 mmol), and first generation
Grubbs catalyst (1.23 g, 1.5 mmol). The flask was cooled to -30 °C and prechilled THF (20
mL) was added. The reaction was stirred at -30 °C for 15 min after which the flask was
removed from the cold bath and allowed to stir at RT for 10 h. The flask was then exposed
to air and concentrated in vacuo to give a brownish-red residue. The residue was dissolved
in a minimal amount of benzene and loaded onto a silica gel column (150 mL) where it was
flashed with 10% ether in pentane to collect residual first generation Grubbs catalyst as a
purple band followed by 30% ether in pentane to collect 4.21 as a red/pink band. The
appropriate fractions were concentrated to yield 4.21 (0.61 g, 63%) as a dark pink residue
that could be lyophilized from benzene to give a pink powder. "H NMR (500 MHz, C¢Ds) &
19.51 (s, 1H), 7.17 (m, 4H), 6.99 (t, J = 7.4 Hz, 2H), 6.21 (br s, 1H), 4.29 (t, J = 7.1 Hz,
2H), 3.23 —3.06 (m, 4H), 2.59 (q, J = 11.9 Hz, 3H), 2.35 (br s, 5H), 1.92 — 1.77 (m, 11H),
1.73 — 1.56 (m, 11H), 1.48 (q, J = 12.4 Hz, 6H), 1.33 — 1.08 (m, 10H), 1.06 — 0.96 (m, 3H)
ppm. “C NMR (126 MHz, C¢D¢) & 220.22, 219.61, 151.74, 137.53, 137.48, 137.12,
129.14, 50.88, 50.66, 48.01, 47.99, 32.07, 31.95, 30.91, 29.95, 28.26, 28.19, 27.06, 21.04,
20.50, 18.82, 14.56 ppm. *'P NMR (121 MHz, C¢Ds) & 32.58 ppm. HRMS: Calc. =

786.3150. Found = 786.3158.



112

Acknowledgement. Dr. Lawrence Henling and Dr. Michael Day for obtaining the X-ray

crystallographic structures of complexes 4.12 and 4.15.

The author thanks the American Chemical Society for the permission for the contents of
this chapter. This research has been published in the Journal of the American Chemical
Society. Article reference: Thomas, R. M.; Keitz, B. K.; Champagne, T. M.; Grubbs, R. H.

J. Am. Chem. Soc. 2011, 133, 7490-7496.



10.

113

REFERENCES

. (a) Grubbs, R. H. Handbook of Metathesis; Wiley-VCH: Weinheim, Germany,

2003. And references cited therin. (b) Cossy, J.; Arseniyadis, S.; Meyer, C.
Metathesis in Natural Product Synthesis; Wiley-VCH: Weinheim, Germany,
2010.

Ritter, T.; Hejl, A.; Wenzel, A. G.; Funk, T. W.; Grubbs, R. H. Organometallics
2006, 25, 5740-5745.

(a) Fu, G. C.; Nguyen, S. T.; Grubbs, R. H. J. Am. Chem. Soc. 1993, 115, 9856—
9857. (b) Chatterjee, A. K.; Morgan, J. P.; Scholl, M.; Grubbs, R. H. J. Am.
Chem. Soc. 2000, 122, 3783-3784. (c) Trnka, T. M.; Grubbs, R. H. Acc. Chem.
Res. 2001, 34, 18-29. (d) Love, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, R. H.
Angew. Chem. Int. Ed. 2002, 41, 4035-4037.

(a) Dias, E. L.; Nguyen, S. T.; Grubbs, R. H. J. Am. Chem. Soc. 1997, 119, 3887—
3897. (b) Sanford, M. S.; Ulman, M.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123,
749-750. (¢) Sanford, M. S.; Love, J. A.; Grubbs, R. H. J. Am. Chem. Soc. 2001,
123, 6543-6554.

(a) Chatterjee, A. K.; Choi, T. —L.; Sanders, D. P.; Grubbs, R. H. J. Am. Chem.
Soc. 2003, 125, 11360—-11370. (b) Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda,
A. H. J. Am. Chem. Soc. 2009, 131, 3844-3845. (c) Malcolmson, S. J.; Meek, S.
J.; Sattely, E. S.; Schrock, R. R.; Hoveyda, A. H. Nature 2008, 456, 933-937.
(d) Jiang, A. J.; Zhao, Y.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc.
2009, 131, 16630-16631.

Anderson, D. R.; Ung, T.; Mkrtumyan, G.; Bertrand, G.; Grubbs, R. H.; Schrodi,
Y. Organometallics 2008, 27, 563—-566.

Burdett, K. A.; Harris, L. D.; Margl, P.; Maughon, B. R.; Mokhtar-Zadeh, T.;
Saucier, P. C.; Wasserman, E. P. Organometallics 2004, 23, 2027-2047.

Mandelli, D.; Jannini, M. J. D. M.; Buffon, R.; Schuchardt, U. Journal of the
American Oil Chemists' Society 1996, 73, 229-32.

Lysenko, Z.; Maughon, B. R.; Bicerano, J.; Burdett, K. A.; Christenson, C. P.;
Cummins, C. H.; Dettloff, M. L.; Maher, J. M.; Schrock, A. K.; Thomas, P. J.;
Varjian, R. D.; White, J. E. WO 2003/093215 Al priority date of November 13
2003.

(a)Olson, E. S. US 2010/0191008 A1 priority date of July 29 2010. (b)DuBois, J.
—L.; Sauvageot, O. WO 2010/103223 A1 priority date of September 16 2010. (¢)
Herbinet, O.; Pitz, W. J.; Westbrook, C. K. Combustion and Flame 2010, 157,
893-908.



11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21

22.

114

(a) Mol, J. C. J. Mol. Cat. A: Chem. 2004, 213, 39-45. (b) Kuhn, K. M.; Bourg, J.
—B.; Chung, C. K.; Virgil, S. C.; Grubbs, R. H. J. Am. Chem. Soc. 2009, 131,
5313-5320.

Marinescu, S. C.; Schrock, R. R.; Miiller, P.; Hoveyda, A. H. J. Am. Chem. Soc.
2009, 731, 10840-10841.

Hong, S. H.; Wenzel, A. G.; Salguero, T. T.; Day, M. W.; Grubbs, R. H. J. 4m.
Chem. Soc. 2007, 129, 7961-7968.

(a) Patel, J.; Mujcinovic, S.; Jackson, W. R.; Robinson, A. J.; Serelis, A. K.; Such,
C. Green Chemistry 2006, 8, 450-454. (b)Bei, X.; Allen, D. P.; Pedersen, R. L.
Pharm. Technol. 2008, s18.

(a) Forman, G. S.; Bellabara, R. M.; Tooze, R. P.; Slawin, A. M. Z.; Karch, R.;
Winde, R. J. Organomet. Chem. 2006, 691, 5513-5516. (b) Forman, G. S.;
McConnell, A. E.; Hanton, M. J.; Slawin, A. M. Z.; Tooze, R. P.; van Rensburg,
W. J.; Meyer, W. H.; Dwyer, C.; Kirk, M. M.; Serfontein, D. W. Organometallics
2004, 23, 4824-4827.

Schrodi, Y.; Ung, T.; Vargas, A.; Mkrtumyan, G.; Lee, C. W.; Champagne, T. M.;
Pederson, R. L.; Hong, S. H. Clean 2008, 36, 669-673.

Stewart, 1. C.; Keitz, B. K.; Kuhn, K. M.; Thomas, R. M.; Grubbs, R. H. J. Am.
Chem. Soc. 2010, 132, 8534-8535.

Vehlow, K.; Maechling, S.; Blechert, S. Organometallics 2006, 25, 25-28.

Vehlow, K.; Wang, D.; Buchmeiser, M. R.; Blechert, S. Angew. Chem. Int. Ed.
2008, 47, 2615-2618.

Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.
Organometallics 1996, 15, 1518-1520.

. Paczal, A.; Bényei, A. C.; Kotschy, A. J. Org. Chem. 2006, 71, 5969-5979.

Carlin, R. B.; Moores, M. S. J. Am. Chem. Soc. 1962, 84, 4107-4112.



115

Chapter 5

THERMALLY STABLE, LATENT OLEFIN METATHESIS CATALYSTS

Abstract

Highly thermally stable N-aryl, N-alkyl N-heterocyclic carbene (NHC) ruthenium catalysts
were designed and synthesized for latent olefin metathesis. These catalysts showed
excellent latent behavior toward metathesis reactions, whereby the complexes were inactive
at ambient temperature and initiated at elevated temperatures, a challenging property to
achieve with second generation catalysts. A sterically hindered N-fert-butyl substituent on
the NHC ligand of the ruthenium complex was found to induce latent behavior toward
cross-metathesis reactions, and exchange of the chloride ligands for iodide ligands was
necessary to attain latent behavior during ring-opening metathesis polymerization (ROMP).
Iodide-based catalysts showed no reactivity toward ROMP of norbornene-derived
monomers at 25 °C, and upon heating to 85 °C gave complete conversion of monomer to
polymer in less than 2 hours. All of the complexes were very stable to air, moisture, and
elevated temperatures up to at least 90 °C, and exhibited a long catalyst lifetime in solution

at elevated temperatures.

25 °C no reaction
85 °C up to 90-99% conv.

aX R'

R = LRU= -
X= Cl X7 X =1 N
Aryl = 2-tBu-Ph ip;O Aryl = DIPP R
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Introduction

Olefin metathesis is widely used as a method of constructing carbon-carbon double bonds.'
Toward this end, highly efficient metathesis catalysts have been designed through
improvement of activity,” stability,” and selectivity of the catalysts.* Recently, efforts have
been directed toward the development of latent metathesis catalysts.” Latent catalysts are
defined as complexes that show little or no activity at a particular (usually ambient)
temperature and initiate only upon activation. This activation can be caused by a variety of
different stimuli, including heat,7’8 acid,9 light,lo'13 and chemical activation.'* Latent
metathesis catalysts primarily have applications in polymer chemistry."* One such
application is the advantage of preparing monomer solutions in a mold with a catalyst that
is unreactive at ambient temperature, thus allowing for good mixing and even distribution

of monomeric solution before initiating polymerization.’

Previous literature reports describe latent ruthenium catalysts whereby the initiators and
organic ligand structure were altered to induce latency."”"” The structure of initiators, such
as variations of the Hoveyda-type chelating ligand, has been particularly well-explored and
documented.'®?” Another approach toward tuning the latency of a catalyst involves
manipulation of the N-heterocyclic carbene (NHC) ligand. This method of inducing latent
behavior is attractive in that it enables a straightforward catalyst design and synthesis while
maintaining the functional group tolerance and stability of second generation ruthenium
catalysts. Reported herein is the investigation of four new ruthenium-based latent catalysts

for cross-metathesis and ROMP that were prepared adopting this strategy.
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Results and Discussion

Since N-aryl, N-alkyl NHC ruthenium catalysts display good stability, complexes 5.1 and
5.2 bearing a sterically hindered N-tert-butyl substituent on the NHC were synthesized and
screened for latent behavior during cross-metathesis (CM) and ring-opening metathesis
polymerization (ROMP) reactions (Figure 5.1).' At ambient temperature, solutions of
complexes 5.1 and 5.2 in CDCl; showed no decomposition by NMR spectroscopy over 14
days and were stable in air for over four months. Additionally, complexes 5.1 and 5.2 could
be heated in chloroform at 60 °C for 5 days without any signs of decomposition, thus
indicating good thermal stability. At 90 °C in toluene, catalysts 5.1 and 5.2 began showing
slight decomposition after 30 hours. This observed catalyst stability was promising for
applications in latent metathesis chemistry, where the catalyst must remain active at high
temperature for the duration of the reaction. This thermal stability also renders these

catalysts valuable for applications requiring elevated temperatures.

‘Bu 'Pr
N__N N__N
T\\\\CI Pr T&\C'
Ru= Ru=
a )’ iy
; /O : /O
'Pr 'Pr
5.1 5.2

Figure 5.1. N-aryl, N-alkyl NHC ruthenium catalysts for latent olefin metathesis reactions.

Catalysts 5.1 and 5.2 were initially screened and compared for latency for the

homodimerization of 1-hexene to 5-decene (Scheme 5.1). Both catalysts showed less than
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5% conversion of 1-hexene after 24 hours at 25 °C while maintaining catalyst structural
integrity as confirmed by 'H NMR spectroscopy (Table 5.1, entries 1 and 2). The reactions
were subsequently heated at 85 °C for 24 hours, and the conversions were determined by
'H NMR spectroscopy (Table 5.1, entries 3 and 4). Both catalysts gave clean conversion of
1-hexene to 5-decene, without detectable side products by 'H NMR spectroscopy. Since
catalyst 5.1 achieved 90% conversion of 1-hexene to 5-decene compared to 41% afforded
by catalyst 5.2, it was considered optimal for further latent cross-metathesis studies.
Catalyst 5.2 was still active with no signs of decomposition after 24 hours at 85 °C.
Presumably the better activity of catalyst 5.1 in relation to catalyst 5.2 is due to less steric
hindrance of the former on the N-aryl ring (mono-tert-butyl versus di-isopropyl). Since
both catalysts are latent for cross-metathesis of 1-hexene, the better activity of catalyst 5.1
is preferential for these reactions. The crystal structures of complexes 5.1 and 5.2 show

expected geometry (Figure 5.2).*!

Scheme 5.1. Latent olefin cross-metathesis of 1-hexene.

2 mol% [Ru] ) 85°C
N~ > Noreaction ———————> _~ _ "~ A",
~ 24h 24h N
25°C

Table 5.1. Comparison of catalysts for latent homodimerization of 1-hexene.

Entry® Catalyst Temp. (°C) Time (h) % Conv.”
1 51 25 24 <5
2 5.2 25 24 <5
3 5.1 85 24 90
4 5.2 85 24 41

*The catalyst loading was 2 mol%. The concentration of 1-hexene in benzene was 0.5 M, and the reactions
were carried out sealed under a nitrogen atmosphere. "The conversion was determined by 'H NMR
spectroscopy. 1-Hexene was cleanly converted to 5-decene.
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Figure 5.2. Crystal structures of complexes 5.1 (left) and 5.2 (right). Thermal ellipsoids set
at 50% and hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (deg.)
for 5.1: C1-Ru, 1.961; C2-Ru, 1.796; O-Ru 2.417; Cl1-Ru, 2.348; CI2-Ru, 2.376; CI-Ru-
Cl, 7.43; C2-Ru-0, 77.95; and for 5.2: C1-Ru, 1.982; C2-Ru, 1.837; O-Ru 2.312; Cl1-Ru,
2.369; CI2-Ru, 2.348; CI-Ru-Cl, 8.75; C2-Ru-O, 78.50.

Further studies were conducted with catalyst 5.1 to determine the optimal temperature for
carrying out cross-metathesis reactions. In addition to 1-hexene, 1-octene, 5-hexenyl
acetate, and 4-penten-1-ol were used as cross-metathesis substrates for homodimerization
to assure that the observed results were general to simple alkyl olefins (Table 5.2). Catalyst
5.1 proved to be latent for these substrates even at 40 °C, showing no appreciable reactivity
until 50 °C. Moderate conversion to product was obtained for all substrates at 60 °C;
however, 85 °C was considered optimal for attaining good conversion of the starting
material. The reactions gave the desired homocoupled product of these substrates as a
mixture of cis and trans isomers. Following temperature optimization, substrate scope was
subsequently explored to determine the general applicability of catalyst 5.1 (Table 5.2). For

simple, longer chain olefins, catalyst 5.1 efficiently catalyzed conversion of terminal olefin

to dimer product (Table 5.2, entries 5, 10, 13, and 16). Catalyst 5.1 showed lower reactivity
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toward more sterically demanding olefins (Table 5.2, entries 18 and 20), as would be

expected given the hindrance of the N-aryl, N-tert-butyl NHC ligand.

Table 5.2. Temperature optimization and substrate scope of catalyst 5.1.

/\/R 2 mol% 5.1 N . g R
Entry? Substrate Temp. (°C) Time (h) % Conv.”
1 NN 25 24 <5
2 40 24 5
3 50 24 11
4 60 30 35
5 85 24 90
6 N OH 25 22 0
7 40 22 2
8 50 22 13
9 60 30 26
10 85 15 89
11 A N0Ae 25 22 0
12 40 22 0
13 85 22 62
14 NN 25 22 0
15 40 22 <1
16 85 22 76
17 /\(\/ 25 24 0
18 85 24 17
19 /\(\K 25 22 0
20 85 22 3

*The loading of catalyst 1 was 2 mol%. The concentration of substrate in benzene was 0.5 M, and the
reactions were carried out sealed under a nitrogen atmosphere. "The conversion was determined by 'H NMR
spectroscopy. The reactions went cleanly to the target homodimerization products.
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Functional groups were tolerated well when attached several carbon atoms away from the
double bond. However, substrates with functional groups allylic to the olefin, particularly
those containing oxygen, underwent significant olefin isomerization upon heating at 85 °C.
While catalyst 5.1 was latent for allyl alcohol, allyl acetate, allyl ethyl ether, and allyl
benzene at ambient temperature, subsequent heating of the reactions produced multiple
isomerization products in addition to desired product, affording inseparable mixtures of
olefinic = cross-products. In  contrast, catalyst 5.1 completely isomerized
allyloxytrimethylsilane (5.3) to cis- and frans-propenyl trimethylsilyl ether (5.4) after 18
hours at 85 °C, and showed no subsequent cross-metathesis conversion of the internal

olefin product (5.4) (Scheme 5.2).
Scheme 5.2. Isomerization of allyloxytrimethylsilane.

_~_OTMS 2 mol% Catalyst 5.1 X OTMS

Benzene, 85 °C

5.3 5.4

Since 1,4-benzoquinone has been reported to prevent olefin isomerization, this additive was
tested in the homodimerization of allyl benzene and allyl ethyl ether to see if it would
eliminate the observed isomerization and improve selectivity and yield of the desired
product.”? However, the addition of 0.1 equivalents of 1,4-benzoquinone resulted in catalyst
decomposition. Interestingly, 5.1 showed no reactivity toward dienes, including 1,3-
hexadiene, 1,3-pentadiene, and trans-1-phenyl-1,3-butadiene, even at an elevated
temperature of 100 °C, possibly due to the low activity of the ruthenium vinylalkylidene
intermediate.” Longer chain olefins were therefore considered ideal substrates since their

conversions to desired homodimerization products were clean.
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Toward the goal of developing a practical latent metathesis catalyst for ROMP
applications, catalyst 5.1 was tested for polymerization of cyclooctadiene (COD) in
benzene. In contrast to cross-metathesis reactions, 2 mol% of 5.1 initiated the ROMP of
COD (0.7 M in benzene) at ambient temperature, giving 80% conversion to polymer after
35 minutes. Expectedly, higher conversion (90%) of COD to polymer was achieved by 5.1
at 85 °C in 35 minutes. Catalyst 5.2 was also active for the ROMP of COD (0.7M in

benzene) at ambient temperature, affording 39% conversion to polymer in 19 hours.

Figure 5.3. ROMP monomers. Fmoc is fluorenylmethyloxycarbonyl.
ojNio ojNio 0=\~ =0 0
|:>h> 2 5.8
OH
5.5
COOH 5.7
HN

\
Fmoc

5.6

To gain more insight into the reactivity of these catalysts, we screened complex 5.2 for
ROMP of norbornene-derived monomer 5.5, since 5.2 would presumably show better
latency than 5.1 due to its increased steric bulk. The increased sterics of 5.2 was expected
to reduce its activity and necessitate higher temperature for initiation. Unfortunately,
catalyst 5.2 polymerized 5.5 at 25 °C in tetrahydrofuran (THF), giving 56% conversion to
polymer in 5 hours. These results showed that 5.1 and 5.2 were not effectively latent for

ROMP as they were for cross-metathesis reactions. Therefore the complex structure was
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modified to develop a catalyst that would display latent behavior toward ROMP of

norbornene-derived monomers (Figure 5.3).

In effort to improve the latency of complexes 5.1 and 5.2 and thereby develop an effective
latent catalyst for ROMP, complexes 5.1 and 5.2 were converted to complexes 5.9 and
5.10, respectively, by in situ reaction with an excess of sodium iodide in THF according to
literature procedure (Scheme 5.3).>* While "H NMR chemical shifts of new complexes 5.9
and 5.10 are very similar to those of chlorine-based precursors, X-ray analysis
unambiguously established the structure of 5.10 showing typical spacial arrangement for a
second generation ruthenium catalyst (Figure 5.4).>' Complex 5.10 was crystallized out of
methanol as long, dark needles.

Scheme 5.3. Synthesis of complexes 5.9 and 5.10.
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It was anticipated that the effect of changing the chloride ligands to iodide ligands would
induce latency for ROMP due to the iodide causing more steric hindrance for the
association of the olefin substrate.> Ruthenium metathesis catalysts with iodide ligands are

known to be slower initiators than those with chloride ligands.*® Accordingly, this property

was utilized to achieve latent ROMP catalysts.”’
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Q

Figure 5.4. Crystal structure of 5.10. Thermal ellipsoids set at 50% and hydrogen atoms
omitted for clarity. Selected bond lengths (A) and angles (deg.) for 5.10: C1-Ru, 1.987; C2-
Ru, 1.840; O-Ru 2.332; I1-Ru, 2.702; 12-Ru, 2.683; I-Ru-I, 6.66; C2-Ru-0, 78.09.

Since norbornene-derived polymers have numerous applications, research toward an
efficient latent ROMP catalyst was focused on these monomers. Therefore norbornene-
derived compounds 5.5-5.8, representing a variety of functional groups and different
degrees of steric hindrance, were explored as monomers for latent metathesis (Figure 5.3).
Complexes 5.9 and 5.10 both proved to be latent for ROMP of 5.5, affording no conversion

of monomer 5.5 in THF after 4 hours at ambient temperature. Upon heating, >95%

conversion to polymer was achieved with both catalysts 5.9 and 5.10 in 2 hours.

Due to better overall initiation, as well as superior latency after extended time periods,
catalyst 5.10 was used for further latent ROMP studies. Catalyst 5.10 showed excellent
latency at ambient temperature in THF, remaining stable but inactive for at least 24 hours,

and subsequently initiating on heating to 85 °C in a sealed reaction vessel to give 99%
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conversion to polymer poly-5.5 (Scheme 5.4). This observed superior latent behavior of
catalysts bearing iodide ligands compared to chloride ligands is consistent with previously

reported reactivity trends for catalysts with different halogen ligands.*®

Scheme 5.4. Latent ROMP of 5.5 with catalyst 5.10.

2 mol% Catalyst 5.10 . 85°C
O > No reaction -
THF, 37 h THF, 2 h
PH 25°C 99% conversion
5.5 poly-5.5

The solvent also plays a role in the degree of latency of the catalysts, as THF proved to
result in significantly improved latency at 25 °C for ROMP compared to benzene.
Specifically, complex 5.10 showed excellent latency toward the ROMP of COD in THF at
25 °C, giving no polymerization product after 18 hours. However, repeating the same
reaction with complex 5.10 using benzene as the solvent yields 28% conversion of COD to
polymer after 30 minutes at 25 °C. THF may increase the latency of the catalysts by
functioning as a coordinating solvent, thereby potentially slowing olefin association with

ruthenium.

The results of latent ROMP of monomers 5.5-5.8 with catalyst 5.10 are presented in Table
5.3. Catalyst 5.10 was latent for the ROMP of all monomers screened, affording no
reaction at 25 °C up to 37 hours. Excellent conversion was achieved in 2 hours at 85 °C for
each of the monomers (Table 5.3, entries 2, 4, 6, and 8), and the corresponding polymers

were isolated in good yield. The polydispersity index (PDI) was moderately low for the
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polymerization of 5.5 and 5.6 (Table 5.3, entries 2 and 4), indicating good catalyst
initiation and propagation. The PDI for the polymerization of 5.7 was significantly broader
and for 5.8 was moderately broader (Table 5.3, entries 6 and 8, respectively), suggesting

poorer catalyst initiation for these monomers.

Table 5.3. Latent ROMP of norbornene-derived monomers with catalyst 5.10.

Entry®* Monomer Temp. Time % % My PDI®
(°C) (h) Conv.”  Yield® (g/mol)
1 55 25 24 0 NA NA NA
2 55 85 2 99 81 24,300 1.16
3 5.6 25 37 0 NA NA NA
4 5.6 85 2 95 94 36,900 1.27
5 5.7 25 24 0 NA NA NA
6 5.7 85 2 99 48 2,000 3.25
7 5.8 25 37 0 NA NA NA
8 5.8 85 2 78 68 3,800 1.79

*The loading of catalyst 5.10 was 2 mol%. The substrate concentrations were 0.5M in THF, and the reactions
were carried out sealed under a nitrogen atmosphere. "The conversion was determined by 'H NMR
spectroscopy. “Isolated polymer yield. “The molecular weight and PDI were determined by GPC.

Conclusions

We have developed N-aryl, N-alkyl NHC ruthenium catalysts showing excellent latent
behavior toward cross-metathesis and ROMP reactions, providing fine thermal control for
initiation. These complexes demonstrate remarkable thermal stability over extended
periods of time, enabling metathesis reactions to be successfully carried out at high
temperatures. Exchanging out the chloride ligands for iodide ligands is important for
producing complexes that are latent for ROMP. Catalyst studies showed that elevated
temperatures are required for metathesis activity, and upon reacting at these temperatures,

the catalysts afford good conversion of substrate to product. These N-aryl, N-tert-butyl
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ruthenium complexes are attractive for applications in latent chemistry due to their
properties and behavior, and their thermal stability lends them to be promising metathesis

catalysts where elevated temperatures are required.
Experimental Section

General information. "H and '*C NMR spectra were recorded on a Varian Mercury (‘H,
300 MHz), a Varian Inova 400 ('H, 400 MHz), a Varian Inova 500 (‘H, 500 MHz; "°C,
125 MHz), or an automated Varian Inova 500 ('H, 500 MHz; "°C, 125 MHz)
spectrometer and chemical shifts are reported in ppm downfield from Me,Si by using the
residual solvent peak as an internal standard. Gel permeation chromatography (GPC)
analyses were carried out in HPLC grade tetrahydrofuran on two MZ-Gel 10 pm columns
(Analysetechnik) connected in series with a miniDAWN TREOS multiangle laser light
scattering (MALLS) detector and an Optilab rex differential refractometer (both from
Wyatt Technology). No calibration standards were used, and dn/dc values were obtained
for each injection by assuming 100% mass elution from the columns. High resolution
mass spectrometry (FAB) was done at the California Institute of Technology Mass
Spectrometry Facility. X-ray crystallographic structures were obtained at the Beckman
Institute X-ray Crystallography Laboratory at the California Institute of Technology. All
air-sensitive reactions were conducted either in a nitrogen atmosphere glovebox or under

an argon atmosphere using standard Schlenk-line techniques.

Materials. Toluene, benzene, benzene-ds, and tetrahydrofuran were dried by passage
through solvent purification systems.” Ruthenium catalyst precursors RuCl,(PCys)(=CH-

0-OiPr-C6H4) and RuCl,(PCy3;),(=CHPh) were received from Materia, Inc. 1-Hexene was
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dried over calcium hydride and distilled prior to use. 1-Octene, 5-hexenyl acetate, 4-
penten-1-ol, 3-methyl-1-hexene, 3,5,5-trimethyl-1-hexene, allyl alcohol, allyl acetate,
allyl ethyl ether, allyl benzene, and allyloxytrimethylsilane were degassed before use. All

other reagents and solvents were used as purchased without further purification.

Synthesis of Catalyst 5.1. Catalyst 5.1 was synthesized following established

procedures for making N-aryl, N-alkyl NHC ruthenium catalysts.?!

Scheme 5.5. Synthesis of complex 5.1.
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Synthesis of S1. Anhydrous potassium carbonate (136.7 mmol, 18.9 grams) and
acetonitrile (175 mL) were added to a 500 mL RB flask containing a stir bar. 2-tert-butyl
aniline (134 mmol, 20.9 mL) was added via syringe with stirring, and chloroacetyl
chloride (134 mmol, 10.7 mL) was then added dropwise. The reaction was stirred at room
temperature for 48 hours, after which the resulting mixture was filtered through a thin
pad of silica gel. The filtrate was concentrated under partial vacuum on a rotary
evaporator, and hexanes were added to the obtained cream colored residue. The hexanes
dissolved away the off-white color and the remaining white solids were filtered and
washed with more hexanes to yield S1 (20.40 g, 67% yield). '"H NMR (CDCls, 500
MHZ): 6 8.44 (s, 1H), 7.66 (dd, J = 10 Hz, 3 Hz, 1H), 7.42 (dd, J = 10.5 Hz, 3 Hz, 1H),
7.28 — 7.16 (m, 2 H), 4.26 (s, 2H), 1.43 (s, 9H) ppm. °C NMR (CDCls, 125 MHz): §

163.96, 142.52, 134.32, 127.11, 126.98, 126.89, 126.76, 43.38, 34.79, 30.83 ppm.

Synthesis of S2. Anhydrous potassium carbonate (88.3 mmol, 12.2 grams) and S1 (41.0
mmol, 9.2 g) were added to a 100 mL round bottom flask containing a stir bar.
Acetonitrile (50 mL) was added, followed by fert-butyl amine (41.0 mmol, 4.3 mL). A
reflux condenser was attached to the flask, and the reaction was heated at 85 °C for 40
hours with stirring. The crude reaction mixture was then filtered through a thin pad of
silica gel, and the filtrate was concentrated in vacuo. The crude solids obtained were then
dissolved in diethyl ether and loaded onto a silica gel column for purification (100%
diethyl ether as the eluting solvent). The product was isolated as white solids (4.225 g) in
40% yield. '"H NMR (CDCls, 500 MHZ): § 9.74 (s, 1H), 7.97 (d, J= 8.0 Hz, 1H), 7.38 (d,

J=79 Hz, 1H), 7.23 (t, J = 7.6 Hz, 1H), 7.10 (t, J = 7.6 Hz, 1H), 3.40 (s, 2H), 1.45 (s,
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9H), 1.16 (s, 9H) ppm. *C NMR (CDCls, 125 MHz): ¢ 170.71, 140.42, 135.74, 127.02,

126.55, 125.11, 124.99, 51.49, 46.97, 34.68, 30.63, 29.24 ppm.

Synthesis of S3. In a nitrogen atmosphere glovebox, S2 (4.2 grams, 16.0 mmol) was
added to a 100 mL round bottom flask containing a stir bar, followed by the addition of
dry tetrahydrofuran (THF) (50 mL). In a vial, lithium aluminum hydride (2.3 grams, 60.6
mmol) was weighed out and dry THF (15 mL) was slowly added. This lithium aluminum
hydride suspension was then very slowly added to the solution of S2, and the round
bottom flask was sealed and brought out of the glovebox. The reaction was heated at 70
°C for 6 days, and then removed from the oil bath and allowed to cool. Water was slowly
added to quench, and the THF/water mixture was stirred for 3 hours. The mixture was
then extracted with methylene chloride (6 x 20 mL). The combined organic layers were
dried over MgSOQO, and filtered. Concentration of the filtrate afforded a clear oil. The oil
(4.10 g) was a mixture of product S3 and unreacted starting material S2 (95% and 5%,
respectively). This crude mixture was carried directly on to the next step in the synthesis.
'H NMR (CDCls, 500 MHZ): § 7.27 — 7.23 (m, 1H), 7.13 (td, J = 8.0, 1.3 Hz, 1H), 6.78 —

6.56 (m, 2H), 3.25 — 3.10 (m, 2H), 2.97 — 2