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Abstract

Olefin metathesis is an outstandingly versatile methodology for the catalytic assembly of carbon-
carbon bonds. Metathesis methodologies have been widely embraced since the advent of easily-
handled ruthenium catalysts. However, industrial implementation has lagged. Problems of
reliability and productivity arising from catalyst decomposition have impeded broad uptake of
metathesis in process chemistry. Such challenges also hamper deployment of metathesis in
forefront applications such as chemical biology. Better understanding of the mechanisms by which
catalysts decompose can thus improve performance in demanding applications, as well as

providing guidelines for informed process and catalyst design.

Oxygen is often viewed as a relatively innocuous contaminant in reactions promoted by these late
transition metal catalysts. Indeed, multiple reports comment on the desirability and operational
simplicity of metathesis in air. We suspected, however, that deleterious impacts of O> may be
masked by the high catalyst loadings typically deployed in such reports. The first part of this thesis
focuses on examining the robustness of leading metathesis catalysts toward oxygen. Systems
examined include the classic, dominant N-heterocyclic carbene (NHC) derivatives, as well as
recent breakthrough analogues containing cyclic alkyl amino carbene (CAAC) ligands. Both are
shown to be decomposed by oxygen, but the CAAC catalysts are found to be not only more
productive, but significantly more O»-tolerant. This is important as it overturns the widespread
belief that high catalyst activity is invariably a trade-off against higher sensitivity. Studies of the
initial oxidation event for the second-generation Grubbs catalyst RuClx(H2IMes)(PCy3)(=CHPh)
suggest that [2+2] cycloaddition of O, as well as bimolecular decomposition of the four-
coordinate species generated by PCy; oxidation, account for ca. 90% of the observed
decomposition. A previously-proposed pathway involving attack of O at the benzylidene ligand

appears to be a minor contributor.

In Chapter 3 of this thesis, a new strategy for inhibiting catalyst decomposition is examined.
Specifically, cationic metathesis catalysts were encapsulated within a supramolecular
resorcinarene capsule, which self-assembles around the catalysts in water-saturated toluene.

Encapsulation nearly doubles RCM yields relative to the parent, neutral catalyst in water-saturated



toluene. The increased catalyst productivity is enabled by site-isolation of the catalyst within the
capsule, which prevents bimolecular decomposition, and by the hydrophobic nature of the capsule

interior, which limits decomposition by water.

A final study focuses on attempts to identify a more robust catalyst via ligand redesign. Examined
for this purpose are recently reported, electron-rich pyridinylide aminophosphines (PyAPs; these
take the general form RoP-N=Ar), which exhibit enhanced o-donor properties relative to NHCs.
Strategies for incorporation of PyAP ligands into Ru metathesis catalysts are developed, and the
catalytic activity of these species is described. PyAP catalysts are found be significantly less active
than the corresponding NHC catalysts, despite their higher donicity. Poor performance results from
facile catalyst decomposition. Where the N=Ar group lacks substituents at the ortho sites, o-
metalation enables decomposition of the precatalyst. More problematically, the nitrogen atom
appears to participate in nucleophilic attack on the key, metathesis-enabling [Ru]=CHR
functionality, limiting the potential use of this class of phosphine in metathesis. Criteria for the

development of more robust second-generation phosphine catalysts are proposed.
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1 Introduction

1.1 Olefin Metathesis

Olefin metathesis is an exceptionally versatile tool for the catalytic formation of sp?-sp?> C-C
bonds.!* The first catalysts for this reaction, identified in the 1950s, were heterogeneous mixtures,
commonly salts of titanium, molybdenum, tungsten, or rhenium.>® Reactions were limited to
unfunctionalized hydrocarbons by the poor functional-group tolerance of the organometallic
intermediates. Nevertheless, the reaction found rapid use. A notable application was the production
of detergent-range (C12 to C18) a-olefins via the Shell Higher Olefins Process (SHOP; Scheme
1.1).7 This process was an early showcase example of the utility of olefin metathesis. The reaction

has since found broad use in organic chemistry,®” polymer science!® and green chemistry.!!

Scheme 1.1 Early Example of Metathesis: Linear a-Olefins via the SHOP Process.

Ethylene Isomerization Metathesis
oligomerization
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Olefin metathesis is also a showcase example of the importance of mechanistic understanding in
catalysis. Only once Chauvin advanced the [2+2] cycloaddition mechanism for metathesis (see
next) was the door opened to rational catalyst design.!? However, even after the mechanism was
accepted and molecularly well-defined homogeneous catalysts developed, the highly oxophilic
nature of the dominant early-metal catalysts limited broad uptake.!> A significant advance was
thus the development of ruthenium catalysts, which are less air-sensitive and more functional-
group tolerant than their predecessors.!* This transformed olefin metathesis into a methodology
that could be employed by the practicing organic chemist. In 2005, the Nobel Committee

recognized the potential of olefin metathesis by awarding that year’s Nobel Prize in chemistry to



Robert Grubbs, Richard Schrock, and Yves Chauvin.>* Today, ruthenium-catalyzed olefin
metathesis is widely employed for the formation of carbon-carbon bonds (albeit still primarily in

“discovery” science),! and recent breakthroughs enable ppm-level catalyst loadings.!®!7

1.2 Chauvin Mechanism

Olefin metathesis is now generally accepted as proceeding via the Chauvin mechanism: that is,
[2+2] cycloaddition of an olefin and a metal-alkylidene complex, as shown in Scheme 1.2.!% The
resulting metallacyclobutane (MCB) intermediate can undergo cycloreversion to re-form the
original olefin and metal-alkylidene complex (non-productive metathesis), or generate a new
olefin and metal-alkylidene or methylidene complex (productive metathesis). The facile

reversibility of these steps means that metathesis is normally under thermodynamic control.!

Scheme 1.2 Catalytic Cycle for Ruthenium-Catalyzed Olefin Metathesis of Terminal Olefins
Showing Key Metallacyclobutane and Methylidene Intermediates.

N

Vi [Ru]

J

A

[Ru] [Ru]

mce | ) | mcs

<\

7

[FUU] /

Vulnerable methylidene
active species

Olefin metathesis enables synthesis of a variety of olefin structures (Figure 1.1), via ring-closing
metathesis (RCM), cross-metathesis (CM), ring-opening metathesis polymerization (ROMP), and
acyclic diene metathesis polymerization (ADMET). Given thermoneutral nature of these reactions,

a driving force is normally required to achieve high product yields.!” Typical strategies include the



release of volatile products (often ethylene, which promotes forward reaction but does not confer
selectivity: see below), the release of ring strain (ROMP), or the formation of a more stable olefin
product.!® An area that has seen exceptional interest is the RCM assembly of cyclic olefins that
are challenging to access via traditional nucleophilic reaction paths, or that require harsh
conditions.?’ Metathesis offers an atom-economical and mild approach to such structures, which
are highly valued in the fine-chemical and pharmaceutical sectors.’?!2 Owing to its versatility,
metathesis has also found use in the plastics industry, where ROMP offers access to polymers of
controlled molecular weight.?* Other emerging applications focus on the transformation of plant

oils to building-block chemicals via cross-metathesis.?*2’

(c)
m . .

n

Figure 1.1 Selected leading metathesis manifolds. (a) Cross-metathesis, CM. (b) Ring-closing
metathesis, RCM. (c) Ring-opening metathesis polymerization, ROMP. (d) Acyclic diene
metathesis, ADMET.

The first well-defined ruthenium metathesis catalyst, RuCly(PPh3)(=CH-CH=CPh,) (Ru-1; Chart
1.1), was reported by Fu and Grubbs in 1992.%® Subsequent replacement of the arylphosphine
ligands by the more electron-rich ligand PCys3, and introduction of a benzylidene ligand, gave the
more active first-generation Grubbs catalyst (GI).!* The vast majority of ruthenium metathesis
catalysts reported to date are of the general structure RuX>L(=CHR). GI was significant in the
development of metathesis for practical use due to its ease of handling.?’ However, a drawback

was its poor activity compared to Schrock-class catalysts such as Mo-1.12



Chart 1.1 Early Examples of Ru Metathesis Catalysts, and a Selected Mo Schrock Catalyst.
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1.3 Ligand Modification

An important serendipitous discovery by the Hoveyda group in 1999 led to a more robust class of
Ru metathesis catalysts.? In metathesis reactions with 2-isopropoxy styrene, formation of a stable
five-membered chelate was observed, which was revealed by X-ray analysis to be the chelated
ether complex RuCl»(PCys)(=CHPh-2-O'Pr) (HI; Chart 1.2). This is now known as the first-
generation Hoveyda catalyst HI. Based on experiments measuring the rate of cyclooctene
metathesis, Hoveyda and co-workers suggested that HI may initiate ca. 30x slower than GI, but

propagate nearly 4x faster.3%3!

An important contributor to the performance of HI relative to the Grubbs catalysts is now known
to be elimination of decomposition pathways promoted by the powerfully nucleophilic PCys3 ligand
(see Section 1.4.2 below). Optimization of the Hoveyda catalyst by the Grela group was described
in 2004. Incorporation of a nitro group para to the ether functionality gave the more active catalyst
nG,*? in which the electron-withdrawing nitro group weakens c-donation from the ether ligand,

accelerating initiation. In a reaction with 1-hexene, nG was found to initiate 4x faster than HIL.3?

A step-change in catalyst activity came from replacing a PCy; ligand on the first-generation
Grubbs catalyst GI with a strongly donating N-heterocyclic carbene ligand (NHC; see Chart 1.2).34
The NHCs are singlet carbenes stabilized by two adjacent nitrogen atoms, which form very stable
bonds with transition metals.*>-¢ Nolan has suggested that the improved metathesis reactivity of

the second-generation Grubbs catalyst (GII) originates in increased back-donation to the olefin.?’



Chart 1.2 Selected Ruthenium Metathesis Catalysts of the Grubbs and Hoveyda Classes,

Showing Significant Developments in Ligand Design.
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Many NHC ligands have been explored in metathesis. Steric tuning to increase selectivity for
particular types of olefins has met with some success. NHCs with decreased steric bulk were
claimed as a breakthrough in enabling metathesis of bulky tetrasubstituted olefins,**? although
these have seen little use beyond the original reports, probably owing to their rapid decomposition.
NHCs with increased steric bulk and unsymmetrical NHC ligands have been suggested as key to
site-selective metathesis or stereoselective metathesis.**#> Other studies focus on improving the
solubility of metathesis catalysts in water via cationic substituents on the NHC,*** an objective

limited by the still unresolved challenge of catalyst decomposition by water.?7-4647

In 2007, Grubbs and Bertrand reported a new class of carbene ligands for metathesis catalysts, the
cyclic alkyl amino carbenes (CAAC; see Chart 1.2 above).*® In the CAAC ligands, the carbene
site is flanked by an N-aryl group and a quaternary carbon. Removal of one electronegative
nitrogen atom increases c-donation relative to NHCs.** As well, however, CAACs are more 7-
accepting than NHCs, because loss of one n-donating nitrogen atom permits the carbene lone pair
to accept more electron density from the metal center. Incorporation of these ligands into
metathesis catalysts has resulted in the highest turnover number yet reported for the metathesis of
internal olefins with ethylene (340,000) .!” The high productivity of CAAC catalysts was recently

shown to be due in large part to their resistance to decomposition,*® a subject we turn to next.



1.4 Decomposition of Ruthenium Metathesis Catalysts

To improve catalyst performance, control over decomposition is essential. Facile catalyst
decomposition necessitates use of higher catalyst loadings to obtain high conversions: this results
in contamination by ruthenium products that must be removed. As well, these Ru species may
catalyze non-metathesis reactions, resulting in undesired side products that limit yields and add to
purification challenges.’!->* The decomposition pathways intrinsic to Ru metathesis catalysts, as
well as those induced by external agents, have been studied in mechanistic detail in recent years,
to a great extent by the Fogg group.’*-%® Knowledge gained from such studies is critical to the

rational design of both metathesis processes, and new catalysts with improved productivity.’

1.4.1 Intrinsic Decomposition Pathways

Intrinsic decomposition pathways include -hydride elimination from the MCB intermediate Ru-
2 (Scheme 1.3a),%° and bimolecular coupling of the methylidene Ru-4 (Scheme 1.3b).” In the
former pathway, a hydride is transferred from the B-position of the MCB to Ru, and the resulting
allyl hydride intermediate Ru-3 undergoes reductive elimination, releasing a propene and a

coordinatively unsaturated ruthenium product that undergoes further decomposition.

Scheme 1.3 Intrinsic Decomposition Pathways for Ruthenium Metathesis Catalysts. (a) p-
Hydride Elimination. (b) Bimolecular Coupling.
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Compelling evidence for B-hydride elimination was reported by Piers and co-workers in studies of
the four-coordinate phosphonium alkylidene complex PII (Scheme 1.4).97! Treating a solution
of PII with 3C-labelled ethylene at —50 °C to generate the unsubstituted MCB (Ru-2%), then
warming to room temperature, resulted in complete decomposition of the MCB and liberation of
13C-labelled propylene. Recently, the Fogg group reported that the high productivity of CAAC

catalysts is due in large part to their resistance to p-hydride elimination.>

Scheme 1.4 Evidence for p-hydride Elimination from Ru-2.
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A second major decomposition pathway is bimolecular coupling (BMC) of the 14-electron, 4-
coordinate species Ru-4. Schwab and Grubbs suggested BMC as a potential hazard for the PPhs-
stabilized catalysts.!* Experimental evidence demonstrating that bimolecular coupling of
[Ru]=CHCH=CMe; catalysts is facile even at room temperature was reported nearly 2 decades
ago by Amoroso and Fogg, who isolated in high yields both the triene resulting from bimolecular
coupling of [Ru]J=CHCH=CPh,, and the face-bridged diruthenium products.’>>¢ Until recently,
however, slow initiation was believed to render the second-generation systems resistant to this
pathway, owing to a low concentration of Ru-4 in solution.”>”* The first experimental evidence
demonstrating that BMC is in fact a major contributor to decomposition of second-generation Ru
metathesis catalysts was reported by Bailey and Fogg in 2018.%7 Isolation of transiently-stabilized
methylidene species Ru-5 at —120 °C (Scheme 1.5), redissolving Ru-5 with internal standard, and
warming to room temperature, was shown to release ethylene via coupling of two methylidene
ligands. Bimolecular coupling was additionally shown to occur for benzylidene ligands, although

their bulk retarded coupling relative to the sterically accessible methylidene intermediate Ru-4.



Scheme 1.5 Bimolecular Coupling of Methylidene Species Ru-3.
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In recent work, Nascimento and Fogg demonstrated that CAAC-metathesis catalysts undergo
BMC even more readily than their NHC analogues (Figure 1.2).°° Complete loss of methylidene
signals was seen in <5 min for a CAAC methylidene complex, vs. 3 h for the NHC analogue Ru-
4. It may be noted that these NMR analyses are necessarily performed at Ru concentrations much
higher than those customary in catalysis (20 mM), and this greatly accelerates decomposition.
Importantly, however, the resistance of CAAC catalysts to decomposition by [-hydride
elimination enables “real-world” metathesis at very low catalyst loadings, which limits the impact

of BMC under catalytic conditions.

Cl,, | WamtoRT 07 7
L—Ru B +
+Py Cl Ru-products
Ligand (L) Time to complete loss of % ethylene
[Ru]=CH, signals generated
HzIMes 3h 81
CAAC <5 min 75

Figure 1.2 Relative susceptibility of CAAC and Hz2IMes methylidene complexes to bimolecular

coupling.



1.4.2 Decomposition Induced by Exogenous Reagents

Catalyst decomposition by external reagents is a general concern for practitioners of metathesis
whose interest lies in organic synthesis. The widespread description of Ru catalysts as functional-
group tolerant presumes that few risks are posed by functionalities present on the substrate. The
limitations of this assumption have become increasingly clear as metathesis moves into process
chemistry in the pharmaceutical sector.®’*7> Polar functionalities may poison or decompose the
catalyst, as may trace impurities (in one notable example, ppm levels of morpholine in technical-
grade toluene),’® or residues from previous steps in a synthetic process.”’*’> The risks arising from

nucleophiles and Brensted bases, water, and possibly oxygen have been highlighted.’

Heating GII with primary alcohols and base was found to generate hydride complex Ru-7
(Scheme 1.6a).°%7778 Even at room temperature, methoxide ion reacts aggressively with the Ru
catalysts, and formation of Ru-8 was observed in the presence of excess methoxide (Scheme
1.6b).°%”® Unwanted, competing C=C bond isomerization during metathesis is frequently
attributed to these and other’’ well-defined hydride species. However, they appear improbable
contributors based on their kinetic incompetence.>* Ruthenium nanoparticles generated via catalyst
decomposition®® are a little-recognized, but potentially ubiquitous, contributor to such

1somerization.

Scheme 1.6 Formation of Ruthenium Hydrides Ru-7 and Ru-8 by Decomposition of
Metathesis Catalysts. (a) Decomposition by Primary Alcohols and Base. (b) Decomposition

by Excess Methoxide.
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Nucleophiles have been shown to decompose ruthenium metathesis catalysts by abstracting the
methylidene or alkylidene ligand.®!-%*7 This pathway is particularly problematic for Grubbs-class
catalysts, where loss of the PCy; ligand — a potent nucleophile, as noted above — is necessary for
entry into the catalytic cycle.’! Once PCys is liberated, it can attack at the methylidene ligand.5?
The process commonly culminates in loss of the methylidene ligand as the phosphonium salt
[MePCy3]Cl (Scheme 1.7a).57! It is greatly accelerated by donor ligands, which promote
phosphine dissociation via an associative pathway.%* Donor-accelerated decomposition was shown

to be promoted by even very weak donors such as water and THF.

In the second-generation catalysts, William McClennan of this research group confirmed donor-
accelerated decomposition by treating a HoIMes-d»» isotopologue of RuCl2(H2IMes)(PCy3)(=CHz2)
(GIIm) with pyridine (Scheme 1.7b). This effected immediate formation of a short-lived alkyl
species Ru-10, which rapidly liberated [MePCy3]Cl by cyclometallation of the NHC at the mesityl
o-methyl group. Smaller, more nucleophilic reagents such as primary amines not only accelerate
methylidene abstraction by PCys, but can themselves abstract the methylidene ligand. Indeed, even

small NHCs have been shown to participate in methylidene abstraction.®®

Scheme 1.7 Decomposition of Grubbs Catalysts with Nucleophiles. (a) Attack by PCy; Lost

from GIIm. (b) Donor-Accelerated Decomposition of GIIm on Treatment with Pyridine.
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(95%)
Bronsted bases give access to an alternative decomposition pathway. The negative impact of
nitrogen compounds on metathesis yields has long been known,3°-82 but the nature of the problem

remained unclear until studies by Benjamin Ireland and Gwen Bailey of the Fogg group.?’-63-83
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They showed that Brensted bases can deprotonate the MCB intermediate (Scheme 1.8). The
unexpected acidity of the MCB B-protons, probably coupled with their greater steric accessibility,
greatly favours deprotonation at this site over the HoIMes ligand. The latter had originally been
presumed to be the initial site of deprotonation, on the basis of many crystallographic reports of
Ru decomposition products with cyclometalated-NHC substituents. That Brensted bases attack at
the MCB intermediate instead was confirmed by labelling studies, supported by computational

analysis.

Scheme 1.8 Decomposition of HII by Brensted Base: MCB Deprotonation.

BH
Ph
10 ol R
7 RN
cl, || L HaMes—Ru& ST HplMes—Ru—
H,IMes—Ru—~O. |
™, Cl
cl Ph
HIl Ru-12

Ph
- th* PR A

+ Ru Products

Ru-13

Finally, a recent study from Alexandre Goudreault of the Fogg group has shown that aqueous base
also causes catalyst deactivation, a discovery that may prove critical to the application of olefin
metathesis in chemical biology. From the observed cessation of metathesis activity, hydroxide ions
present in solution were proposed to exchange with the chloride ligands of HIL3* The deliberately-
synthesized hydroxide complex HII-OH (Scheme 1.9) was shown to initiate slowly, and to
decompose via a bimolecular mechanism in the first catalytic cycle. Importantly, the
coordinatively unsaturated Ru products resulting from this decomposition were themselves shown
to be capable of decomposing uninitiated HII-OH, amplifying the detrimental impact of hydroxide

ion.
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Scheme 1.9 Autocatalytic Decomposition of HII-OH on Treatment with Ethylene.
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HII-OH Ru-14 Ru-15
Poly-Ru
products

1.5 Scope of this Thesis

Because ruthenium metathesis catalysts are commonly viewed as robust and tolerant, performing
metathesis in air has been proposed as a routinely viable synthetic approach.*® However, no study
has been carried out to evaluate the impact of oxygen on catalyst activity, and the mechanistic
details of the reaction with oxygen are poorly understood. As is commonly the case, the few reports
on catalyst decomposition are inferences based on crystallographically-identified products that
serendipitously deposit from reaction mixtures, in undetermined yields. In the next Chapter, the
impact of oxygen on metathesis yields is examined for high-performing NHC and CAAC catalysts,
to determine the structural features that maximize O»-tolerance. The mechanism by which oxygen

decomposes the precatalysts is also explored.

Chapter 3 focuses on a new means of increasing catalyst productivity, by restricting access of
contaminants to the catalyst. Encapsulation of metathesis catalysts in a self-assembled cage is
described, and the impact on the lifetimes and productivity of the encapsulated catalysts is

examined.

In an attempt to expand the structural diversity of metathesis catalysts, alternative stabilizing
ligands were explored. Chapter 4 describes the synthesis and activity of catalysts containing
pyridinylide aminophosphine (PyAP) ligands, which are more electron-rich than NHCs. Catalyst
decomposition pathways that limit the activity of these catalysts are investigated. Finally, Chapter

5 highlights key findings and suggests future work.
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2 Impact of Oxygen on Ruthenium Catalysed Olefin Metathesis

2.1 Published Contribution

The Impact of Oxygen on Leading and Emerging Ru-Carbene Catalysts for Olefin Metathesis: An
Unanticipated Correlation Between Robustness and Metathesis Activity S. J. Ton and D. E. Fogg.*
ACS Catal. 2019, 11329-11334 (Communication). Copyright 2019 American Chemical Society.

Reprinted with permission.
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Abstract: The impact of Oz on olefin metathesis promoted by Ru-NHC and Ru-CAAC catalysts is
examined (NHC = N-heterocyclic carbene; CAAC = cyclic alkyl amino carbene). An atmosphere
of 8% O in Ar is found to decrease turnover numbers by ca. 15-95% in ring-closing metathesis,
including macrocyclization reactions. All Ho2IMes catalysts studied, irrespective of their ease of
initiation, exhibit broadly similar O-sensitivity, within the middle of this range. Much greater
disparities in performance emerge for the CAAC catalysts, which exhibit an unexpected
correlation between reactivity and robustness. Fast-initiating CAAC catalysts show greatest
resistance to Oz of all systems studied. Mechanistic studies with the second-generation Grubbs
catalyst RuCl(Hz2IMes)(PCy3)(=CHPh) GII, which contains the useful PCys and benzylidene
reporter groups, suggest that [2+2] cycloaddition of O> dominates over the reported attack of O
at the benzylidene ligand. At catalyst concentrations compatible with NMR analysis (20 mM Ru),

bimolecular coupling of Ru-4 is also a significant contributor to decomposition.

Author Contributions: This manuscript was written by SJT and DEF. Experiments were conceived

by SJT and DEF, and conducted by SJT.
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2.2 Introduction

The transformative impact of olefin metathesis on organic synthesis' rests on the versatility of
the reaction, its independence of activating groups, and Grubbs’ pioneering discovery® of
ruthenium catalysts that enable metathesis without rigorous exclusion of air. The latter was the
breakthrough that put metathesis methodologies into the hands of the practicing organic chemist,
and the Ru catalysts have hence been viewed as Os-tolerant since their inception. This has
important implications for applications in which catalyst productivity is critical, including

pharmaceutical processes.*

Many Ru precatalysts, including most of those in Chart 2.1, are sufficiently oxygen-stable that
they can be chromatographed in air.’ Less clear is the stability of the active species. Tolerance is
suggested by reports of aerobic metathesis.®!° These typically involve ring-closing metathesis
(RCM) of readily-cyclized dienes, but several instances have been reported of the RCM assembly

of challenging targets, such as tetrasubstituted olefins” and macrocyclic rings.?®

Chart 2.1 N-Heterocyclic Carbene (NHC) and Cyclic Alkyl Amino Carbene (CAAC)

Catalysts Discussed.
NO,
Ph £ J
CI,,‘|r cl, | ol If©
HoIMes—Ru—L HolMes—Ru—OiPr :
Gl i Hn Yo LT RuCOPr
HC nG _'Cl
nGC¢
? Phro ”
cl, cl,, CI,,
HoIMes——Ru——PCys; CAAC—Ru\—CAAC CAAC—Ru~—"
M2 Cl uc ¢l Ru2C \crg'

Gll: L = PCyy Mes . /\ _Mes
HC, nG: L = HyIMes
nGC: L= CAAC
HoIMes CAAC

We queried, however, whether oxidative decomposition in these studies was potentially masked
by “sacrificial” catalyst, i.e. relatively high catalyst loadings. Minimizing such loadings is

desirable in target-directed synthesis, not merely for reasons of cost, but to simplify product
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purification and protect isolated yields.*!! (A further consideration in process chemistry is the level
of residual metals in active pharmaceutical ingredients).*!? However, at low catalyst loadings, the
increased proportion of contaminants relative to catalyst presents more stringent challenges to
productivity.!*!'4 Here we examined leading NHC and emerging, highly productive CAAC
catalysts (Chart 2.1), with three objectives. We sought, first, to determine which structural features
confer greatest O>-tolerance at synthetically optimal loadings; secondly, to assess the impact of
the carbene ligand for reactions of widely varying difficulty; and finally, to gain insight into the

reaction chemistry underlying catalyst decomposition.

2.3 Results and Discussion

We began by examining the impact of O» on macrocycle RCM (mRCM), with the rationale that
challenging reactions should be most revealing. A core challenge in mRCM of conformationally
unconstrained dienes such as 1 (Figure 2.1a) lies in the millimolar diene concentrations required.
At optimal catalyst loadings,'3%!° this translates into micromolar Ru concentrations, placing high
demands on catalyst activity and longevity. Further, oligomerization of such dienes is kinetically
favoured, even at high dilutions, !¢ and the oligomers must be recycled into product via metathesis

at internal, predominantly trans-olefinic sites.

To assess the impact of O, we compared mRCM yields under O, with those under N, (Figure
2.1a). An atmosphere of 8% Oz in Ar was used as a proxy for air, in light of Cazin’s important
finding’ that multiple constituents of air (02, CO», and particularly H>O) have a negative impact
on metathesis productivity.® We also drew on recent work on high-performing mRCM catalysts!'*f
to identify a catalyst loading at which yields of 1> would be high, but not quantitative, at ambient
temperatures (0.01 mol% Ru).> Sub-quantitative yields in the control reaction are essential to

ensure that decomposition is not masked by excessive catalyst.

2 The finding that air is more detrimental than Oz was replicated in the present work: see Appendix A, Table A5.

® This loading is 50x lower than that in the literature report of aecrobic mRCM. See ref 8.
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A negative impact of O; was evident for all catalysts studied. Least affected, as shown in Figure
2.1a, were the CAAC catalysts Ru2€ and nG€. Even for the leading H.IMes catalyst nG (the nitro-
functionalized Grela catalyst),!” mRCM yields dropped by ca. 60% under O vs. N», as compared
to ca. 25% for the top-performing CAAC catalyst Ru2€. The breakthrough metathesis productivity
of the CAAC catalysts'**1>18 thus appears to be reinforced by a higher commitment toward

reaction with olefin, vs. oxygen.

An outlier in this trend is bis-CAAC complex UC," for which mRCM yields drop from nearly
50% to ca. 5% in the presence of Oz. The negative impact of O on metathesis by UC is clearly
not due to the indenylidene ligand, as the indenylidene dimer Ru2€ was least affected of all
catalysts studied. We speculate that O binding to the sixth coordination site of the precatalyst UC
may permit decomposition to compete with entry into the catalytic cycle. Factors favouring O:
binding are the n-acidity of the CAAC ligands,?®?!' low ligand lability,!” and the reduced steric
pressure exerted by the rigid indenylidene unit (in contrast with the conformationally mobile
benzylidene ligand present in GIT?? and, following dechelation, nG or HII). Crystallographic and
reactivity studies confirm that UC and related bis-CAAC derivatives are much less sterically

crowded than the corresponding carbene/PCys catalysts. '35
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Figure 2.1 (a) Impact of O, on mRCM. (b) Impact of O on RCM (reaction time 4 h, except for
HC; 24 h). For numerical data and RCM yields at additional catalyst loadings, see Appendix A,
Tables A-1 and A-2.

Having established that O, affects challenging metathesis reactions, we turned to its impact on
RCM of diethyl diallyl malonate (2; Figure 2.1b), the classic substrate for aerobic metathesis. The
ease with which 2 can be cyclized permits expansion of the range of catalysts to include slow-
initiating M2 and the Herrmann-class®® bis-NHC catalyst HC. While the exceptionally facile RCM
of 2 offers an aggressive test for the impact of O, it also greatly amplifies differences in catalyst
activity. For RCM under N>, loadings of 5 mol% and 0.25 mol%, respectively, were required to
extract adequate activity from HC and M2 at RT (Figure 2.1b). For the other catalysts examined,
0.05 mol% Ru (Figure 2.2b) was excessive for all but GIL.* A 20-fold decrease (to 0.0025 mol%
Ru) was more generally suitable, but remains too high for Ru2¢ and nG¢ (Figure 2.2a), for which

0.001 mol% Ru was required for sub-quantitative yields under N> (Figure 2.2c). The negative

® In light of these results, prior successes in the aecrobic RCM of 2 at 0.1-5 mol% Ru are unsurprising. For a review,
see ref 6.
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impact of Oy is again evident in all cases, at a level comparable to that in mRCM, despite the

greater ease of the RCM reaction. Again, the highly labile>* CAAC catalysts are most robust to

Os.
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Figure 2.2 Attempts to assess the impact of O2 on RCM of 2 (a) at 0.05 mol% Ru. Use of excessive

catalyst results in 100% yield in the control experiments for all catalysts except GII, limiting the

observable impact of O,. (b) at 0.0025 mol% Ru catalyst loading is excessive for Ru2¢ and nG€.

(c) at 0.001 mol% Ru. At this loading, the yields under N» are too low to accurately assess the

impact of Oz for GII, HII, nG, and UC, and the O, experiments are thus shown only for Ru2¢

and nG¢. Note: catalysts M2, HC omitted. For numerical data, see Appendix A, Table A-3.
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In the plots shown in Figure 2.1, the yields under O2 are controlled by both O»-sensitivity, and
inherent metathesis activity. To isolate the impact of O, Figure 2.3 shows the resistance to O for
each catalyst, as a percentage of its RCM activity under N». Broadly similar performance is seen
for all of the NHC catalysts, regardless of the ease with which they enter the catalytic cycle. Also
notable is the fact that the most labile, most metathesis-active CAAC catalysts are also most O»-
tolerant, delivering the highest RCM yields in the presence of oxygen. This observation challenges
the widely-held belief that, in general, poorer metathesis activity is offset by increased catalyst
robustness.?”® Indeed, for UC, slow release of the active species appears to greatly increase

sensitivity to oxygen.

100 High O, Resistance

Ru2c @
nGc @

50 HI-I\IACZD Al One Moderate O,
Resistance
O Hi

% O--Resistance

B yc Low O Resistance

0 T
0 20,000 40,000 60,000 80,000
TON

Figure 2.3 Assessing catalyst resistance to Oz from performance in RCM of 2. % O»-resistance =

100 — [(A Yield / N> Yield) x 100]. For numerical data, see Appendix A, Table A-4.

The mechanism by which O; attacks the catalysts is of long-standing interest. In early work, Dinger
and Mol noted that insight was hampered by difficulties in intercepting the Ru products, and
resorted to solid-state reactions to limit decomposition.?® Solid GIT was completely consumed
after 3 days under 50 atm O; at 60 °C, and phenyl complex Ru-16 (Scheme 2.1a) was isolated as
the sole identifiable Ru product in 29% yield.?®?” Decomposition is retarded by added PCy;
(Figure 2.4c), indicating that this pathway, as with those discussed below, proceed via four-
coordinate Ru-4. Complex Ru-16 was proposed to form by attack of O, at the benzylidene carbon,
and deinsertion of CO from the putative [Ru]-C(O)Ph intermediate.?® In concurrent work, Trnka
and Grubbs (Scheme 2.1b) identified cyclometallated Ru-17 from crystals that deposited on
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inadvertent exposure of GII to air.?*® These apparently distinct reactions may reflect two stages
on the same pathway (see dashed arrow). NHC cyclometallation, with concomitant liberation of
HX, is well established for Ru-X species!**?8-34 (including Ru-alkyl intermediates formed during

decomposition of GII and its resting-state methylidene derivative).*

A metathesis-like [2+2] cycloaddition of Oz (Scheme 2.1c¢) has been invoked in group 6 chemistry,
to account for formation of the aldehyde ‘BuCHO and Mo(O)(=NAr)(O'Bu). from the Schrock
metathesis catalyst Mo(=NAr)(=CH'Bu)(O’Bu),.* This possibility has not, to our knowledge, been
examined in the Ru systems. We set out to assess its relevance to the best-studied system, GII,
which (like UC, but unlike HII: Appendix A, Figures A1-A5) is attacked by Oz even in the absence
of substrate. We regarded the benzylidene ligand in GII as a potentially important asset, which

could offer mechanistic insight if it can be tracked in the organic products of decomposition.®

Scheme 2.1 Reported Ru Products Formed on Decomposition of GII by O.. (a) At High O:
Concentrations.?% (b) At Low Oz Concentrations.”® (c) Reported Cycloaddition of O to a

Group 6 Catalyst.*>
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Accordingly, NMR experiments were carried out with '"H and 3'P NMR integration standards
present (the latter in a sealed capillary; see SI). The CsDs solution was initially saturated with 8%

O2 in Ar, and replenished with the gas every 24 h. The proportion of GII decreased to ca. 25%
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over the first 24 h, and to <5% after 48 h: no GII remained at 72 h (Figures 1.5, A1-A3).
Quantitative *'P{"H} NMR analysis at full decomposition revealed minor amounts of the known
Ru products Ru-16 and Ru-17 (7% and 4%, respectively; Scheme 2.2a). In comparison,
benzaldehyde was present in 30% yield, consistent with [2+2] cycloaddition of O> to four-
coordinate Ru-4 (Scheme 2.2b).3” We infer that O, engages in both cycloaddition? and attack at

the benzylidene carbon, cycloaddition being dominant.

An additional, unexpected decomposition pathway is indicated by the observation of stilbene in
significant amounts (55% based on starting GII; Figure 2.4a). Stilbene is a diagnostic marker for
bimolecular coupling of Ru-4 (Scheme 2.2¢). Elimination of stilbene is normally slow for GII,>8
as the low lability of the PCys ligand®* limits the concentration of Ru-4. It occurs in minutes,
however, on heating GII in the presence of the phosphine scavenger CuCl.'3 In the present case,
O likewise sequesters PCys (as the phosphine oxide: 58% detected by 3'P{'H} NMR analysis),
promoting bimolecular coupling (BMC) and elimination of stilbene. The proportion of stilbene is
ca. twice that of benzaldehyde, indicating that Ru-4 undergoes BMC faster than cycloaddition of
O». It should be emphasized, however, that BMC is accelerated in these experiments by the
relatively high Ru concentrations required for NMR analysis (ca. 20 mM Ru; cf. 0.5-0.05 mM

under the metathesis conditions of Figure 2.1).

* Mechanistically distinct reactions might be expected for singlet and triplet oxygen in this pathway. The low
concentration of singlet oxgen under standard reaction conditions puts it out of contention as a reagent in the present
work, however.
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Figure 2.4 Rate profiles for decomposition of GII under O». (a) Loss of GII and formation of

stilbene and benzaldehyde ('"H NMR analysis). O, atmosphere replenished every 24 h. (b) Parallel

analysis by quantitative 3'P{'"H} NMR spectroscopy, showing loss of GII and formation of

O=PCy3, Ru-16 and Ru-17. (¢) Examining impact of added PCys; ('"H NMR analysis; O

atmosphere not replenished).

Scheme 2.2 Proposed Reactions of Ru-4 under 02.% (a) O, Attack on Benzylidene.?® (b) O

Cycloaddition. (c) Bimolecular Elimination of Stilbene.
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2.4 Conclusions

The foregoing describes the impact of O, on metathesis via Ru-NHC and Ru-CAAC catalysts. A
mechanistic study of an important model system, the Grubbs catalyst GII, revealed that oxidative
decomposition occurs via 2+2 cycloaddition of O, and (as a minor pathway) attack at the
benzylidene carbon. In addition, oxidation of the PCy; ligand promotes bimolecular elimination
of the benzylidene ligand as stilbene: indeed, this is the fastest decomposition process at high
(millimolar) catalyst concentrations. While broadly similar sensitivity was seen for all HoIMes
catalysts, an unexpected correlation between robustness and metathesis activity emerged for the
CAAC catalysts. Of note, highly productive Ru-CAAC catalysts proved significantly more robust
than their H2IMes counterparts. Improved resistance to oxidative decomposition hence reinforces
the breakthrough productivity established for Ru-CAAC catalysts in olefin metathesis. The origin

of the remarkable robustness of these catalysts is under study, and will be reported in due course.

2.5 Experimental Details

2.5.1 General Procedures

Reactions with O> were carried out on a Schlenk line under 8% O, in Ar (Linde HIQ Certified
7.96%; contaminants <10 ppm). Control experiments were carried out on a Schlenk line under Ar,
or (for greater convenience) in a glovebox under N». For validation of the latter experiments, see
Section S2a. All reactions were carried out in HPLC grade C¢Hg, which was dried and degassed
using a Glass Contour solvent purification system and stored under N> over 4 A molecular sieves
for at least 16 h prior to use. Karl-Fischer titration indicated 5 ppm water in C¢Hs obtained from
the drying column prior to storing over molecular sieves. The NMR solvent CsDs (Cambridge
Isotopes) was freeze-pump-thaw degassed>® and stored under N, over 4 A molecular sieves for at
least 12 h prior to use. Potassium tris(1-pyrazolyl)borate (KTp; TCI), dimethyl terephthalate
(DMT, Aldrich), anthracene (Aldrich) and 1,4-bis(diphenylphosphino)butane (dppb, Strem) were
used as received. Metathesis catalysts GIL*® Ru2¢,* HIL* HC* and M2* were prepared by
literature methods, as were dienes 1* and the RCM products 1°* and 2°# used for GC-FID

calibration. The metathesis catalysts nG, nG¢ and UC were generously provided by Apeiron
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Synthesis. The RCM substrate diethyl diallylmalonate 2 (Aldrich, 98%), and dodecane (GC
internal standard; Aldrich, anhydrous, 99%), both liquids, were freeze-pump-thaw degassed (>3x,
until no bubbles appear on thawing), and stored under N in the glovebox over 4 A molecular

sieves.

Prior to carrying out metathesis experiments, catalyst purity was confirmed by NMR analysis, and
substrate purity® by GC analysis. Analytes were quantified using an Agilent S7890A gas
chromatograph (GC) equipped with an autosampler, flame ionization detector (FID) and HP-5
polysiloxane column (30 m length, 320 um diameter). Calibration curves of peak areas versus
concentration were established for dienes and RCM products in the relevant concentration regimes,
using ca. 1:1 (w/w) of the analyte sample relative to the internal standard dodecane. In all cases,
yields refer to the summed yields of the £ and Z isomers for the RCM targets, as determined from
the integrated peak areas versus internal standard. Reported values are averages of at least three

trials (3, except for two entries with a deviation of 4%).

NMR spectra were recorded on Avance 300 or Avance II 300 spectrometers at 23 +2 °C. Chemical
shifts are reported in ppm and referenced to the residual proton signals of the solvent (‘H NMR)
or external 85% H3PO4 (*'P NMR). Details of quantitative 3'P{'H} NMR analysis are given where

relevant below (see Section 3).

* We did not, however, undertake multidimensional GC analysis at extreme high concentrations. Kadyrov and co-
workers were able to observe a range of contaminants in commercial 2 by this approach using GC-GC-TOF MS
even at purity levels of 99.99%. See: Liibbe, C.; Dumrath, A.; Neumann, H.; Schéffer, M.; Zimmermann, R.; Beller,
M.; Kadyrov, R., How Important are Impurities in Catalysis? An Example from Ring-Closing Metathesis.
ChemCatChem 2014, 6, 684—688

30



2.5.2 Catalyst Decomposition Experiments

Scheme 2.3 mRCM of Substrate 1, Showing Cyclized Product.

0O 0]
@) 0]
AN Z

1 | 1

Control mRCM Experiments (Schlenk Line; Ar Atmosphere). A 25 mL Schlenk tube was
charged with diene 1 (5.9 mg, 0.025 mmol), dodecane (4.3 mg, 5.7 pL, 0.025 mmol; internal
standard, IS), and benzene (5.0 mL) in the glovebox, to give a final concentration of 5.0 mM. An
aliquot was withdrawn for GC-FID analysis to establish the initial ratio of 1:IS. The flask was then
removed to the Schlenk line, where the solution was degassed by three freeze-pump-thaw cycles
to remove N».*” On the final cycle, the frozen solution was thawed under an atmosphere of Ar. The
solution was stirred at RT for 30 min to permit thermal equilibration, after which catalyst (0.01
mol% Ru) was added via gas-tight syringe (e.g. GII: 21.2 pL of a 0.119 mM stock solution
prepared in the glovebox; 10.1 mg in 1.010 mL benzene; diluted tenfold two times). The reaction
was stirred at RT for 4 h. A sample was then removed, quenched*® with KTp (10 mg/mL in THF),

and analyzed by GC-FID to determine the conversion of diene 1 and yield of cyclic 1°.

Control mRCM Experiments (Glovebox, in vials; N2 Atmosphere). In the glovebox, a 20 mL
vial was charged with all reagents as above. An aliquot was removed for GC-FID analysis to
establish the initial ratio of 1:IS, after which GII was added and the reaction was stirred for 4 h
prior to analysis as above. Data from these experiments are in good agreement with those in

Schlenk flasks (see Appendix A, Tables A-1, A-2).

mRCM O; Decomposition Experiments (Schlenk Line; 8% O: in Ar Atmosphere). A 25 ml
Schlenk tube was charged with diene 1 (5.9 mg, 0.025 mmol), dodecane (4.3 mg, 5.7 uL, 0.025
mmol; internal standard, IS), and benzene (5.0 mL) in the glovebox. An aliquot was removed for

GC-FID analysis to establish the initial ratio of 1:IS. The flask was removed to the Schlenk line

31



and attached via a T-joint to a cylinder of 8% O in Ar. The solution was freeze-pump-thaw
degassed (3x) to remove N».* On the final cycle, the frozen solution was permitted to thaw under
8% O2 in Ar. The solution was stirred open to the reagent gas at RT for 30 min to establish thermal
equilibrium, after which catalyst was added, and the solution was conducted and analyzed as

above.

mRCM Air-Induced Decomposition Experiments (Benchtop, in vials; Air Atmosphere). A
20 mL vial was charged with diene 1 (5.9 mg, 0.025 mmol) and dodecane (4.3 mg, 5.7 pL, 0.025
mmol; internal standard, IS) in the glovebox. The vial removed to the fumehood, where the
solution was diluted with 5.0 mL benzene (HPLC grade CsHg stirred in air overnight) to a final
concentration of 5.0 mM. Reaction and analysis was then carried out as for the control experiment

in vials above.

Scheme 2.4 RCM of Substrate 2, Showing Cyclized Product.
EtO,C CO,Et EtO,C_ CO,Et

= A
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Control RCM Experiments (Schlenk line; Ar Atmosphere). A 10 ml Schlenk tube was charged
with DDM 2 (96 mg, 97 uL, 0.40 mmol), dodecane (68 mg, 91 puL, 0.40 mmol; internal standard),
and benzene (1.8 mL) in the glovebox. The flask was removed to the Schlenk line, freeze-pump-
thaw degassed (3x) to remove N»,* and on the final cycle, thawed under an atmosphere of Ar. The
reaction was then allowed to come to thermal equilibrium at RT for 30 min, after which catalyst
GII (84.9 pL of a 0.118 mM stock solution prepared in the glovebox) was added via gas-tight
syringe. The solution was stirred at room temperature for 4 h. (For slowly-initiating HC, the
reaction was stirred at room temperature for 24 h, instead of 4 h). A sample was then removed,
quenched*® with KTp (10 mg/mL in THF), and analyzed by GC-FID to determine the final ratio
of 2”:IS. Note: the O, decomposition experiments shown as Trial C in Appendix A, Table A-2

were repeated on the same day as these control experiments, using the same stock solutions.
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Control RCM Experiments (Glovebox, in vials; N2 Atmosphere). In the glovebox, a 4 mL vial
was charged with DDM 2 (96 mg, 97 uL, 0.40 mmol), dodecane (68 mg, 91 uL, 0.40 mmol;
internal standard), and benzene (1.8 mL). An aliquot was removed for GC-FID analysis to establish
the starting ratio of DDM to dodecane, after which GII was added and the reaction was stirred for

4 h prior to analysis as above. Data from these experiments are in good agreement with those in

Schlenk flasks (see Appendix A, Tables A-1, A-2).

RCM O; Decomposition Experiments (Schlenk Line; 8% O: in Ar Atmosphere). A 10 ml
Schlenk tube was charged with DDM 2 (96 mg, 97 uL, 0.40 mmol), dodecane (68 mg, 91 uL, 0.40
mmol; internal standard), and benzene (1.8 mL) in the glovebox. The flask was removed to the
Schlenk line, attached to a T-joint connecting the Schlenk line to a cylinder of 8% O» in Ar. The
flask was then freeze-pump-thaw degassed (3x) to remove N2.3° On the final cycle, the frozen
solution was thawed under an atmosphere of 8% O: in Ar, and the solution was stirred open to the
reagent gas at RT for 30 min to establish thermal equilibrium, after which catalyst was added, and
the solution was conducted and analyzed as above. (For slowly-initiating HC, however, the
solution was stirred at room temperature for 24 h instead of 4 h). Data for reactions aimed at
identifying suitable catalyst loadings appear in Figure 2.2. These correspond to loadings that are

in general too low or too high, respectively.

RCM Air-Induced Decomposition Experiments (Benchtop, in vials; Air Atmosphere). A 4
mL vial was charged with DDM 2 (96 mg, 97 uL, 0.40 mmol), dodecane (68 mg, 91 uL, 0.40
mmol; internal standard) in the glovebox. The vial was removed to the fumehood, where the
solution was diluted with 1.8 mL benzene (HPLC grade C¢Hg; stirred in air overnight) to a final
concentration of 200 mM. Reaction and analysis was then carried out as for the control experiment

in vials above.

2.5.3 Probing Catalyst Decomposition via NMR Experiments
Decomposition of GII by Oz; Replenishing O> Atmosphere. See Figures 2.4 and A1-A3. A

solution of GII (13 mg, 0.015 mmol) and anthracene (ca. 2 mg, internal standard for '"H NMR
integration) in C¢Ds (0.75 mL) was transferred to a J. Young-valved NMR tube. A flame-sealed

33



capillary containing 1,4-bis(diphenylphosphino)butane (dppb) as a *'P NMR integration standard
(70 pL of a 10.6 mg/mL, 25 mM stock solution in C¢Ds) was added and a spectrum was taken to
establish the initial ratio of GII:anthracene (‘H NMR) and GIL:dppb (*'P{'H} NMR). The sample
was then transferred to the Schlenk line, degassed and thawed under 8% O as above, then attached
to a rotary mixer and mixed (15 rpm) at RT, with periodic 'H NMR analysis. The tube was
recharged with Oz at 24 h intervals. Over the course of 72 h, the solution changed in colour from
deep-red to black, and a black precipitate formed. After 48 h: 5% GII, 27% benzaldehyde, 56%
stilbene (E)-PhCH=CHPh. After 72 h: no remaining GII, 30% PhCHO, 55% stilbene. 'H NMR
(CeDs, 300 MHz; diagnostic signals only): & 9.64 (s, 1H, HC(O)Ph), 8.16 (s, 2H, ArCH of
anthracene), 7.00 (s, 2H, =CHPh of stilbene). For the corresponding spectrum without dppb, to

enable accurate quantitation of stilbene, see Appendix B, Figure B-3.

Impact of Added PCy; on Rate of Decomposition of GII by O2. 'H NMR experiment: see Figure
2.4c. As for the preceding experiment, but without recharging with O», in the presence of 0 or 1
equiv PCy3 (100 pL of a 42 mg/mL stock solution in benzene, 0.015 mmol) and without the dppb
capillary.

Quantification of Ru-16, Ru-17 and O=PCys. See Appendix B, Figure B-2. Quantitative
SIP{'TH} NMR spectrum were recorded using an inverse-gated 30° pulse sequence. An 18 s
relaxation delay was used (>3x 71 for free PCys; Appendix A, Table A-6). After 72 h: no GII, 7%
Ru-16, 4% Ru-17 and 58% O=PCys. *'P{!H] NMR (C¢D¢, 121 MHz): & 48.3 (O=PCys3), 32.6
(Ru-17), 22.4 (Ru-16), —15.7 (dppb).

Decomposition of HII by O». See Appendix B, Figure B-4. As for GII, using 12.5 mg HII (0.02
mmol) and DMT (ca. 2 mg, '"H NMR integration standard) in C¢Ds (1 mL). After 14 d: 0%
decomposition. 'H NMR (CsDs, 300 MHz; diagnostic signals only): § 16.70 (s, 1H, [Ru]=CHR of
HII), 7.99 (s, 4H, ArCH of DMT).

Decomposition of UC by O:. See Appendix B, Figure B-5. As for GII, using 15 mg UC (0.015
mmol) and DMT (ca. 2 mg, internal standard for '"H NMR integration) in CsDs (0.75 mL). After
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36 h: 62% loss. 'H NMR (CsDs, 300 MHz; diagnostic signals only): § 9.60 (d, 1H, ArCH of UC),
8.00 (s, 4H, ArCH of DMT).
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3 Encapsulation of Ruthenium Olefin Metathesis Catalysts Within
a Self-Assembled Capsule

3.1 Context, Objectives, and Overview of Content

As discussed in Chapter 1, uptake of ruthenium-catalyzed olefin metathesis in industry is now
under way.! Of particular relevance is ring-closing metathesis (RCM), a key synthetic step in the
production of active pharmaceutical ingredients, including the hepatitis C virus (HCV) inhibitors
Simeprevir and Vaniprevir.!-® Indeed, RCM is a technology of major potential importance for the
production of antiviral drugs, within which macrocycles represent a fast-moving frontier.*” The
COVID crisis has brought unprecedented global awareness to the devastating potential of
emerging viral diseases,® an awareness that has catapulted vaccines and antiviral therapeutics to
the top of the global priority list for development.” In particular, the RCM-derived HCV drug

Simeprevir is currently being investigated as a promising COVID antiviral candidate.!”

Within this context, improving the reliability of metathesis methodologies takes on new urgency.
Studies focusing on deactivation of high-performing metathesis catalysts, including those
presented in Chapter 2, have revealed potential contaminants that limit catalyst lifetime.!!"! In an
industrial setting, many contaminants may be present in the reaction medium.! This chapter
explores a strategy for limiting catalyst decomposition via use of a protective cage: specifically,
by encapsulating the metathesis catalyst within a self-assembled cage that can permit entry and

exit of substrate and product.!®
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3.2 Published Contributions

Jongkind L.J., Rahimi M.R., Poole D., Ton S.J., Fogg D. E., Reek J.N.H. “Protection of
Ruthenium Olefin Metathesis Catalysts by Encapsulation in a Self-Assembled Resorcinarene
Capsule.” ChemCatChem, 2020; Early View Article. Weblink: https://chemistry-
europe.onlinelibrary.wiley.com/doi/full/10.1002/cctc.202000111
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Abstract: Catalyst encapsulation is examined as a means of increasing the productivity of olefin

metathesis catalysts. Commercially available, cationic ruthenium metathesis catalysts were
incorporated into a supramolecular resorcin[4]arene capsule. Encapsulation increased catalyst
stability in the presence of water, delivering higher metathesis yields than the parent, non-

encapsulated Hoveyda catalyst in the same reaction medium.

Author contributions: This manuscript was written by DEF, LJJ, and JNHR; SJT contributed
critiques of the text, graphics, and data interpretation. The concept was initially investigated by
MRR, a visiting M.Sc. thesis student from the University of Amsterdam, in a research stage at
Ottawa in which she was supported by SJT. MRR demonstrated the successful encapsulation of
metathesis catalysts, and explored the potential of the cage to inhibit oligomerization during
macrocyclization. Metathesis experiments with encapsulated catalysts, including tracking
decomposition by UV-Vis analysis, were carried out by MRR and LJJ. Molecular dynamic
simulations were carried out by DP. SJT conceived of and carried out key control experiments
with catalyst HII in anhydrous toluene, which revealed the impact of decomposition in water-
saturated toluene and substantiated the proposed protective role of the capsule. SJT also carried
out experiments with the cationic catalysts in anhydrous solvents, which demonstrated that their

activity is near-zero in the absence of the capsule, owing to low solubility.
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3.3 Introduction

Olefin metathesis is now a core methodology in organic synthesis.!”-!®* RCM is beginning to see

uptake in process chemistry,!

while advances in chemical biology represent an expanding
interdisciplinary frontier.?® These and other challenging applications exert considerable pressure
on catalyst productivity. While breakthrough turnover numbers (TON)?! have recently been
achieved via improvements in catalyst design that inhibit unimolecular decomposition,?
bimolecular decomposition?3-?” remains a challenge. Bimolecular degradation is operative even at

21,28

ppm-level catalyst loadings, pointing toward the merits of site-isolation (by, for example,

immobilizing the molecular catalysts on a solid support).?’ To date, the problem of induced catalyst

19,30,31

decomposition can be addressed only by pre-purification or quenching deleterious entities

as they form."

Metathesis in confined environments offers an intriguing alternative approach. Supramolecular
capsules are an increasingly popular design element in homogeneous catalysis.*?-*¢ Encapsulation

t,37-40

creates a second coordination sphere around the catalys creating confinement effects similar

to those ubiquitous in enzyme catalysis. Substrate preorganization in such confined

16,41,42

environments can accelerate desired intramolecular reactions, relative to intermolecular

reactions.*3-4¢

Within the context of olefin metathesis, catalyst confinement in porous materials*’*® has been
deployed to improve selectivity for macrocyclization over oligomerization.*->! To the best of our
knowledge, however, encapsulation of molecular metathesis catalysts has not been explored as a
strategy for stabilizing reactive intermediates against decomposition. We anticipated that
encapsulation would aid in suppressing bimolecular catalyst decomposition.?*?* Of added interest,
however, is the potential capacity of the cage to protect the catalyst from attack by contaminants

in the bulk solution.

Motivated by these opportunities, we sought to assess the impact of encapsulation in a

52-55

resorcin[4]arene capsule on the performance of Ru metathesis catalysts. We report the

successful encapsulation of two cationic metathesis catalysts, and demonstrate that the
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encapsulated catalysts are more stable and productive than the leading second-generation Hoveyda
catalyst (HIT)>® in water-saturated toluene. Here water should be recognized both as an agent of
decomposition in its own right (see below), and as a model for other contaminants in the bulk

reaction medium.

3.4 Results and Discussion

Formation of a stable host-guest structure requires a structural element in the catalyst that can bind
to the capsule interior. Cationic guest molecules, including gold-NHC catalysts**** (NHC = N-
heterocyclic carbene) have been successfully incorporated within the hexameric resorcin[4]arene
array (Scheme 3.1), via electrostatic m-interactions with the internal aromatic surfaces of the
capsule.’®> Importantly, these interactions are maintained in the aromatic solvents routinely used
for metathesis. We therefore considered encapsulating cationic analogues of HII: specifically, the
trimethylammonium®’ and piperazinylammonium>® catalysts SC and AM (Figure 3.1a),>® which
we anticipated could form host-guest structures with the hexameric resorcin[4]arene capsule. A
reverse ship-in-a-bottle synthesis was envisaged, involving assembly of the cage around the
catalyst molecules by equilibration with the resorcin[4]arene monomers in water-saturated toluene.
Of interest is the impact of encapsulation on catalyst stability in a water-rich environment. Despite

60,61

successes in aqueous metathesis at high catalyst loadings,*”°' evidence is beginning to accumulate

that water exerts an unexpectedly potent negative impact on Ru-catalyzed metathesis.!!-!2:2

Scheme 3.1 Resorcin[4]arene Molecules Form Hexameric Capsules in Water-Saturated

Apolar Solvents (Toluene, Benzene, CH>Cl,, CHCL).

43



To confirm that the ruthenium complexes fit within the self-assembled hexameric cage, molecular
dynamics simulations were carried out with SC. As shown in Figure 3.1b, these demonstrate that
the catalyst fits readily within the cage (for details, see Appendix D, Figures D-1-D-2). The
diffusion constant of —9.57 calculated from the dynamics simulation is in good agreement with the

4352 and the value determined experimentally below. A key

reported value of —9.62 for the capsule,
feature of these self-assembled structures, relative to rigid three-dimensional cages, is facile
dynamic reconfiguration of the H-bonded capsule. This permits expansion and dynamic
reconfiguration of the empty cage to accommodate substrate 3 and the required alkylidene

intermediate (Scheme 3.2), as well as the exit of the product.

"4 p @ @

cl. | NCI |
[ >—Ru—OPr \@ >—Ru—O'Pr FRU*O'Pr

\CI \CI
o ™
c StickyCat CI _/N\ N/ AquaMet
HIl sc AM

Figure 3.1 (a) The Hoveyda catalyst HII, and its cationic derivatives SC and AM. b) Images from
molecular dynamics simulations of the alkylidene intermediate SC’ (see Scheme 3.2) within the
hexameric resorcin[4]arene capsule. (b) Left: full model; carbon-bound hydrogen atoms and
explicit solvent omitted for clarity. right: alkyl side-chains and occluding capsule face also omitted.

gray: resorcin[4]arene; green: Cl; red: Ru; blue: NHC; orange: alkylidene ligand.

The solvent of choice for the catalysis experiments is water-saturated toluene, both because the

43,54

resorcin[4]arene capsule is known to form in this medium, and because toluene is a standard
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solvent for metathesis, including in pharmaceutical manufacturing.!” Successful encapsulation of
the SC and AM catalysts was indicated by "H NMR and 'H 2D-DOSY NMR analysis. Diffusion
constants were first evaluated for the free catalysts in CDCl3, as AM and SC are not soluble in
toluene. Diffusion constants in these solvents can be compared directly, given the similarity in
viscosity (0.54 vs. 0.56 mPa-s, respectively, at 25 °C).®* Very similar diffusion constants were
determined for HII, SC, and AM, with logp values of —9.08, —9.22, and -9.11, respectively. In
comparison, a logp value of —9.57 was measured for the empty hexameric capsule. The latter,

significantly lower diffusion constant reflects the much larger size of this hexameric assembly.

In the presence of the resorcin[4]arene (7.5 equiv), the diffusion constants measured for SC and
AM were in line with those for the empty capsule (SC, —-9.52; AM, —-9.60), consistent with
confinement within the cage. As typically observed for encapsulated species in these self-

assembled structures,*>33-%3

a dramatic, complexation-induced upfield shift is seen for the
alkylammonium '"H NMR signals, confirming binding of the catalysts inside the hexameric cage
(—0.9 ppm for the NMes groups of SC, vs. 3.24 for free SC; —2.3 ppm for the NCH>CH3 groups of
AM, vs. 1.34 ppm for free AM). In contrast, no change in chemical shifts is seen for HII under
the same conditions, and its diffusion constant is essentially unaffected by the presence of the
hexameric assembly (logp—9.20; the signals for the capsule are detected separately). We infer that
the cationic catalysts are encapsulated in the resorcin[4]arene cage, but that HII is not. This

difference has important consequences for catalysis, as discussed below.

RCM of the model diene 3 (Scheme 3.2a) in water-saturated toluene was performed to assess the
impact of encapsulation on catalyst performance, relative to HII as a non-encapsulated benchmark
catalyst. Reaction of HII with 3 yielded 99% 3’ over 2 h (Table 3.1), with no observable
oligomerization (Scheme 3.2b).*->* Encapsulated SC and AM afforded ca. 96% 3’ over the same
period. A control experiment carried out with AM in anhydrous toluene indicated no reaction,

consistent with catalyst insolubility.
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Scheme 3.2 (a) RCM of 3 to Form Product 3°. (b) Oligomers Potentially Arising from

Intermolecular Metathesis (Not Observed).”

Ts
N

(a) [Ru] (1 mol%), RT,3 h
J L/ H,O-saturated toluene —
- C,Hy

-
N ()1 j[

1
ClL, |
NHC—Ru
sC’ \CI
[3l.

“ Inset depicts the 4-coordinate active alkylidene species derived from SC, modelled in Figure 3.1b.

Table 3.1 RCM of 1 by HII and encapsulated catalysts.?

Catalyst!?! Conversion!"! RCM yield!™
HII 99% 99%
SC@resorcin[4]arene 96% 95%
AM(@resorcin[4]arene 99% 97%

?Conditions: [3]=200 mM in water-saturated toluene, [Ru]=1 mol% (2.0 mM), T=20 °C, t=2 h.
For SC, AM, [resorcin[4]arene]=15.0 mM. ! GC analysis.

While these data suggest little benefit to encapsulation in terms of selectivity and productivity, a
very different perspective emerged when a second dose of substrate, without further catalyst, was
added. Figure 3.2 shows the time profiles for metathesis by HII in both stages, relative to the
corresponding reaction of HII in anhydrous toluene. In dry toluene (Figure 3.2a), RCM of the
initial substrate charge reached 97% within 5 minutes, and was complete by the next timepoint (30
min). To test the stability of HII, the solution was allowed to stand for another 2.5 h before adding
the second, equivalent proportion of substrate. Consumption of 3 was slightly slower, but the RCM

reaction was essentially complete within 30 min, with a turnover number (TON) of 198.
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The corresponding reaction in water-saturated toluene (Figure 3.2b) shows slower cyclization of
the initial substrate charge relative to the anhydrous reaction (75% at 5 min), although RCM was
quantitative by 3 h, as expected from the data in Table 3.1. Following addition of a second dose of
3, however, RCM was very sluggish, ultimately resulting in only a 4% increase in yield (total TON
104; Figure 3.2b). These data clearly indicate accelerated catalyst decomposition in the presence

of water, consistent with the literature reports noted above.!!12:62

a) Control experiment: RCM of 1 with HIl in dry toluene

200 .- .

e Final TON 198
~ 150
™
g A second, equal
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g
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b) RCM of 1 with HIl in water-saturated toluene

__ 150
B Final TON 104
™ 3
> 100 4 —a —._ & A
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@ 50
% A second, equal amount
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Figure 3.2 Rate profiles for RCM of 3 by HII in: (a) dry toluene; (b) water-saturated toluene.
Conditions: [3initia]=200 mM, [Ruinitial]=2.0 mM. After 3 h, a second bolus of 3 was added, such
that [Ru]=1.0 mM.

Catalyst decomposition was confirmed by UV-vis analysis of aliquots from the reaction in water-

saturated toluene. Shown in Figure 3.3 is the rate of decrease in the intensity of the principal

absorption band for HII (380 nm). An immediate, drastic drop in intensity occurred within the first
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10 min of catalysis, with little further change after 30 min. Near-complete catalyst decomposition

is consistent with the minimal increase in TON observed on adding the second dose of substrate.

1.0

0.8

A second, equal
0.6 Hil —» amount of 3 was

added at 180 min

Absorbance (A.U.)

0 60 120 180 240 300 360
time (min)
Figure 3.3 Rate of decrease in intensity of UV-vis absorbance band for HII (380 nm) during RCM

of 3 in water-saturated toluene (experiment in Figure 3.2b). For details, see Appendix C, Figure
C-1.

In striking contrast, both encapsulated catalysts exhibited sustained RCM following addition of
the second bolus of substrate. With SC@resorcin[4]arene (Figure 3.4a), a total TON of 142 was
achieved after 6 h. For AM@resorcin[4]arene (Figure 3.4b), the rate of RCM is only slightly
slower than that seen for free HII in anhydrous toluene, and the ultimate RCM yield was near-
quantitative (total TON of 192). The latter value is nearly double that ultimately achieved with
HII in water-saturated toluene. We speculate that the improved performance of AM relative to SC
may reflect the larger catalyst size. Greater constraint by the cage may increase the conformational
bias toward cyclization, and/or accelerate cycloreversion of the vulnerable metallacyclobutane
intermediate. Clearly, however, the cage serves to shield the catalyst (particularly AM) against

decomposition of the active species by water, as also evidenced by UV-vis analysis (Figure 3.5a).
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Figure 3.4 RCM rate profiles. (a) SC@resorcin[4]arene; (b) AM@resorcin[4]arene. Conditions

as in Figure 3.2, with 15.0 mM resorcin[4]arene and the catalyst indicated.
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Figure 3.5 (a) Rate profiles for decomposition of SC@resorcin[4]arene and
AM(@resorcin[4]arene, assessed by UV-vis analysis. (b) Unimolecular decomposition of the

metallacyclobutane intermediate. For details, see Appendix C, Figures C-2-C-3.
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Several factors may contribute to the improved lifetime of the encapsulated catalysts. First, site-
isolation prevents bimolecular coupling of the [Ru]=CH> intermediate, an important contributor to
decomposition of HIT.?*?* Intrinsic decomposition is then limited chiefly to B-hydride elimination
from the metallacyclobutane intermediate (see Figure 3.5b). Second, as decomposition by water is
concentration-dependent,'>%2 and the hydrophobic properties of the capsule interior are well

documented,’**

a protective effect is anticipated from the reduced proportion of water within the
capsule. Finally, confinement may exert conformational constraints that promote cyclization, as

noted above, while destabilizing coordination modes that contribute to catalyst deactivation.

3.5 Conclusions

The foregoing demonstrates that the hexameric resorcin[4]arene capsule can be successfully used
to encapsulate cationic metathesis catalysts. The encapsulated catalysts are not merely metathesis-
active, but deliver turnover numbers significantly higher than the parent, uncaged catalyst HII in
the presence of water. Improved catalyst stability is attributed, in part, to the capacity of the capsule
to prevent inter-catalyst contact, and hence catalyst degradation via bimolecular coupling. In
addition, however, the cage protects from attack by water, by introducing a barrier between the
catalyst and the bulk, water-saturated solvent. Site-isolation, notwithstanding its importance, has
long been attainable via established surface-anchoring methods. The additional capacity of the
cage to shield the catalyst against attack by deleterious agents in the solvent medium represents a

unique further advantage that merits further study.

3.6 Experimental Procedures

3.6.1 General Procedures

All reactions were performed under inert atmosphere (N2 or Ar) using standard Schlenk
techniques. Water-saturated toluene was obtained by shaking degassed toluene and degassed,
deionized water, and removing the desired volume of toluene once phase-separation was complete.

All reagents were purchased from commercial sources and used without purification. The catalysts

50



SC and AM were purchased from Strem. The resorcin[4]arene monomer®* and substrate 3% were

prepared by literature procedures.

NMR spectra were recorded on Bruker AMX 300, 400 or 500 spectrometers (300.1, 400.1, or
500.1 MHz, respectively, for 'H NMR), and referenced to the residual signal for the protio-solvent.
2D 'H DOSY-NMR spectra were recorded with a calibrated gradient at 298 K. UV-vis spectra
were measured on Shimadzu UV-1800 and UV-2600 Double Beam spectrophotometers over the
range of 190-700 nm. RCM experiments were analyzed using an Agilent 7890A gas
chromatograph (GC) equipped with auto-sampler, flame ionization detector (FID) and Agilent HP-
5 polysiloxane column (30 m length, 320 um diameter) or on an Interscience Trace GC Ultra
instrument with a RTX-1 column (30 m column, 0.25 mm internal diameter, 0.25 um film
thickness), initial temperature: 100 °C, hold 1 min, ramp at 20 °C/min to 140 °C, hold 12 min,
ramp at 10 °C/min to 180 °C, hold 5 min. Response factors were determined for substrate 3 and

its cyclic product 3’ versus decane or dodecane.

3.6.2 Encapsulation of Cationic Catalysts SC and AM.

The resorcin[4]arene monomer and the catalyst guest were added to a Schlenk flask, which was
then evacuated and refilled with argon (3x). The water-saturated solvent was added by syringe
against a flow of argon. The solution was stirred for 2 h at RT, at which point successful
encapsulation was confirmed by 'H NMR analysis from the absence of any NMR signals for the

free catalyst.

3.6.3 General Procedure for Ring-Closing Metathesis of 3.

RCM reactions were performed in 4 mL vials equipped with a stirring bar inside Schlenk flasks
under argon. To solutions of AM(@resorcin[4]arene, SC@resorcin[4]arene, or HII in H>O-
saturated toluene prepared as above (4.0 umol catalyst, 30.0 umol resorcin[4]arene), substrate 3
(0.4 mmol) and decane (L.S., 0.2 mmol) were added from a stock solution against a flow of argon
to give a final sample volume of 2.0 mL. Conversions of 3 and yields of 3’ were determined by

removing aliquots, quenching with potassium tris-pyrazolyl borate (KTp)® in THF, then diluting
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for GC-FID analysis. UV-vis samples were prepared without quenching ([catalystuv.vis] = 0.04

mM, measured in a 2 mm cuvette).

3.6.4 Control RCM Reactions in Anhydrous toluene.

a) RCM by HIIL. RCM by HII. A mixture of diene 3 (112 mg, 0.4 mmol) and dodecane (68 pL,
0.4 mmol; internal standard for GC analysis) was diluted in 1.80 mL C;Hs to give a final
concentration of 200 mM substrate. A 10.0 pL aliquot was removed for GC-FID analysis to
establish the starting ratio of 3 to IS. HII (4.0 pmol, 1 mol%) (118 uL of a 10.6 mg/mL stock in
toluene) was added to the stirred solution. Aliquots were removed periodically, quenched with 100

pL KTp in THF (10.0 mg/mL), and analyzed by GC-FID

b) RCM by AM. A mixture of diene 3 (335 mg, 1.20 mmol) and dodecane (204 pL, 1.20 mmol;
internal standard for GC analysis) was diluted in 4.40 mL C;Hg to give a final concentration of
200 mM substrate. A 10.0 pL aliquot was removed for GC-FID analysis to establish the starting
ratio of 1 to IS. Solid AM (10.0 mg, 0.012 mmol, 1 mol%) was added to the stirred solution.
Aliquots were removed periodically, quenched with 100 uL. KTp in THF (10.0 mg/mL), and

analyzed by GC-FID. No product was observed after 4 h (no new peaks by GC), 3% conversion
by GC.

3.6.5 Molecular Dynamics Simulations

Molecular dynamics simulations were carried out on the alkylidene intermediate SC’ (Appendix
D, Figure D-1) using the CUDA-enabled Amber14 software suite. Simulations included explicit
solvation in a water-chloroform mixture (30:1,000), with the complex pre-encapsulated. Initial
minimization was carried out over 10,000 steps followed by heating the system over 1 ns at
constant volume. The simulation was then equilibrated at constant pressure for 10 ns followed by
500 ns of productive simulation carried out at constant volume. Molecular illustrations (Appendix

D, Figure D-2) were then rendered using VMD.
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4 Investigation of New Electron-Rich Phosphines as Ligands for
Ruthenium-Catalyzed Olefin Metathesis

4.1 Publication Pending
Ton, S.J., Rotterig, P., Lowe, P., Dielmann F., Fogg, D. E. “Pyridinylide Aminophosphine
Ligands: Lessons in Ligation for Ruthenium-Catalyzed Olefin Metathesis.” (Manuscript in

preparation)
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Abstract: Ubiquitous in high-performing metathesis catalysts are strongly-donating carbene
ligands, most commonly N-heterocyclic carbenes (NHCs). With an eye to increasing the diversity
of the available catalyst structures, a new class of highly electron-rich phosphines is explored as
an alternative to NHCs. Pyridinylide aminophosphine (PyAP) ligands have been shown to be
stronger G-donors than NHCs, and to possess a readily modified backbone, which facilitates
stereoelectronic tuning. Strategies are described that enable access to the target PyAP derivatives.
Catalytic studies demonstrate, however, that the increased donicity of the PyAP ligands does not
translate into higher metathesis activity relative to the NHC analogues. This unexpected behaviour
is traced to facile o-metalation of the electron-rich aryl ring in the PyAP ligand, which results in
rapid catalyst decomposition. These data establish a basis for redesign of the PyAP ligand. More
fundamentally, they underscore the point that informed understanding of catalyst structure-

decomposition relationships is fundamental to the interpretation of catalyst activity.
Author Contributions: This manuscript was written by SJT and DEF. Experiments were conceived

by SJT, DEF and FD. Phosphine ligands were synthesized by PR. X-ray quality crystals of Ru-25
were obtained by SJT, and analyzed by PL. All other experiments were conducted by SJT.
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4.2 Introduction

Olefin metathesis offers exceptional power and versatility in the catalytic formation of carbon-
carbon bonds.!* Metathesis methodologies based on ruthenium catalysis have been embraced for
their versatility and functional-group tolerance. Pioneering work by Schwab and Grubbs
established that replacing PPhs ligands by PCys; ligands in Ru metathesis catalysts (see GI, Chart
4.1) opened the door to synthetically relevant activity.> Following the discovery that strongly-
donating N-heterocyclic carbene (NHC) ligands confer dramatically higher reactivity,*¢ efforts in
the field shifted to “second-generation” Ru-NHC catalysts such as the Grubbs and Hoveyda
catalysts GII’ and HIL.® Much ensuing work, up to the present,>® has focused on improving
activity by increasing initiation rates: that is, accelerating loss of the ligand shown in red in Chart
4.1, which opens a coordination site for olefin binding.!!? In the high-performing nitro-Grela
catalyst nG, for example, the lability of the chelating ether donor is increased by the inductive

effect of the p-NO» group.!?

Chart 4.1 Metathesis Catalysts Discussed
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Concurrent developments have greatly expanded the c-donor abilities of tertiary phosphines.
Multiple examples now exist of phosphines that are stronger o-donors than NHCs, as judged from
the Tolman electronic parameter (TEP).!3 Shown in Chart 4.2a are leading selected examples, a
number of which have led to advances in catalysis. Among these, Carrow’s tri(l-
adamantyl)phosphine was shown to double yields in Suzuki cross-coupling, relative to P'Bus
analogues.'* Gessner’s ylide-phosphines, which combine high donicity with a steric demand
comparable to that of Buchwald-class biaryl phosphines, increased activity in gold-catalyzed

hydroamination, relative to classic Buchwald-phosphines.!>!¢ Sundermeyer’s recently reported
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phosphazenyl phosphine has the lowest TEP value of any phosphine reported to date.!” While these
have not, to our knowledge, yet been deployed in catalysis, related N-superbases developed by
Schwesiger are widely used in Brensted-base catalysis.!®?° The present work focuses on
Dielmann’s imidazole ylide aminophosphine (IAP) ligands, in which a m-donor nitrogen
substituent on the phosphorus atom increases the electron-density at phosphorus.?!-2* This ligand
class was recently expanded to include pyridinylide aminophosphine (PyAP) ligands (Chart 4.2b).
At the extreme of donicity is PS5, in which three pyridinylide amino groups are present on the
phosphorus center (TEP 2041 cm™).2* Beyond their o-donor capacity, the PyAP ligands are of
interest for their modularity, and the potential for fine-tuning of steric and electronic properties via

modification of the nitrogen and carbon substituents.

If the Dielmann phosphines are indeed more strongly donating than HoIMes, we queried whether
they might afford metathesis catalysts more active than the second-generation Grubbs catalyst.
Here we describe synthesis of PyAP-functionalized metathesis catalysts, catalyst screening, and

criteria for ligand redesign.

Chart 4.2 Donicity of Relevant Ligands Assessed from the Tolman Electronic Parameter

(TEP). (a) Leading Electron-Rich Phosphines. (b) Expanded Scale for PyAP Ligands.
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4.3 Results and Discussion

4.3.1 Synthesis

Our initial synthetic strategy targeted analogues of the fast-initiating Grela catalyst nG.
Accordingly, we undertook ligand exchange of the first-generation Grela complex nG-PCys with
a series of 2-PyAP ligands (Scheme 4.1). In all cases, reaction was complete within 3 h at RT, but
isolated yields of the desired products were limited to a maximum of 43% by competing formation
of a bis-phosphine derivative. Unexpectedly, this was the PCy3 derivative Ru-21 (see Table 4.1),
rather than PyAP/PCys3 or even bis-PyAP products.!® The capacity of the PCys ligand to compete
with the more strongly donating PyAP ligands for binding to nG-PCys presumably reflects its

greater steric accessibility.

Scheme 4.1 Reaction of PyAP Ligands with nG-PClys.

NO, NO,
cl,, | 1.5 P1-P5* 2 Ol |l
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A different outcome was observed in the reaction of nG-PCys with PS5, which failed to yield any
of the expected nG-PS. An immediate colour change from brown-red to bright blue was evident,
accompanied by disappearance of the NMR signals for the benzylidene proton, and emergence of
multiple new 3'P{'H} NMR singlets (57.5, 42.6, —15.5 ppm; ratio 1:2:4). The signal at 42.6 ppm
compares well with a value of 47.3 for a closely related PyAP phosphine oxide,?> and may thus be
due to O=PS5. As no such decomposition occurs in the absence of the NO; group (see below), we
suspect that a decomposition cascade may be triggered by initial attack of the highly basic

phosphine on the nitro functionality (Scheme 4.2a). Ample precedents exist for deoxygenation of
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26-28 A plausible competing pathway (Scheme

nitrobenzenes by electron-rich tertiary phosphines.
4.2b), well established in the chemistry of GIL? involves nucleophilic attack of P5 on the
benzylidene carbon, in this case via the imine nitrogen. Subsequent release of a [benzyl-PS]Cl salt

can be envisaged upon proton abstraction from a ligand, and chloride abstraction from the metal.

Scheme 4.2 Proposed Decomposition of nG-PCys by PS.
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Given the synthetic challenges associated with the nitro group, we turned to the Hoveyda catalyst
platform (Chart 4.1) as a potentially more tractable alternative. To preclude formation of bis-PCys
side-product Ru-21, we chose to employ the PPhs complex® H-PPhj as precursor (Scheme 4.3),
rather than its PCys-stabilized analogue H1. Accordingly, ligand exchange was carried out with
H-PPh; and selected 2-PyAP ligands. The latter included P1 (which emerged as the highest-
performing catalyst in catalytic studies of the low-yielding nG derivatives: see below), and HS,
for which the nG-PCys derivative was inaccessible, as noted above. These reactions were
complete within 30 min, as judged by NMR analysis, and the target complexes H-P1 and H-P5
were isolated in yields of 82 and 87%, respectively. This represents a dramatic improvement over
the yields obtained with nG-PClyj; as precursor. The identity of the proposed structures is supported
by 'H and *'P{'H} NMR analysis (Table 4.1). Microanalytical and mass spectrometric proof of

identity have not yet been obtained.
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Scheme 4.3 Ligand Exchange of H-PPh; with 2-PyAP Ligands.
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Table 4.1 Key NMR Signals and Yields for New Complexes.*
Complex dp (ppm) Ou [Ru]=CHR (ppm) Yield (%)
nG-P1 84.6 17.21 32
nG-P2 89.2 17.02 43
nG-P3 87.1 17.10 33
Ru-21 354 21.29 not isolated
H-P1 (CDCl5) 89.4 17.43 82
H-P4 95.7 17.24 not isolated
H-P5 335 19.20 87
H-P6 (THF-ds) 83.7 17.16 0

@ Spectra measured in C¢Dg, unless otherwise specified.

The corresponding reaction of H-PPhs with P4 resulted in complete conversion to a complex
presumed to be H-P4 within 30 min at RT (Scheme 4.4a). Consistent with the proposed structure,
the "H NMR spectrum revealed a new Ru=CHAr singlet at 17.24 ppm, accompanied by a new
SIP{TH} NMR singlet at 95.7 ppm (CsDs). Following reprecipitation, a second 3'P{'H} NMR
singlet was evident at 81.0 ppm (25% of total integration). X-ray analysis of crystals that deposited
from solution over several days at RT revealed an unanticipated decomposition product, piano-
stool complex Ru-25 (Scheme 4.4b). The latter species may form via o-metalation at the

unsubstituted o-site of the N-aryl ligand, as proposed for GII analogues bearing an N-phenyl
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NHC.3%3! Attack on the benzylidene ligand to form Ru-24, followed by (possibly concerted)

insertion into the Ru-benzyl bond and 6-n-isomerization,*>3* could then form piano-stool complex

Ru-25.

Scheme 4.4 (a) Decomposition of H-P4. (b) Thermal ellipsoid plot of Ru-25 (50% probability

level).
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Unexpectedly, the corresponding reactions of H-PPhz with the 4-PyAP ligands P6 and P7 also
failed. A parallel experiment with P6 and HI (Scheme 4.5), which was monitored by NMR
analysis, suggested initial formation of H-P6, as indicated by appearance of a new [Ru]=CHAr
signal at 17.16 ppm (THF-dg) within 15 min (ratio 1:1 vs remaining HI). The new signal
disappeared over a further 2 h at room temperature, however, and the sole remaining benzylidene
signal was that for unreacted HI. Cyclometallation of the sterically unprotected pyridine ligand to

form Ru-2S5 is again suspected, although the complexity of the spectrum precluded confirmation.
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Scheme 4.5 Decomposition of HI by 4-PyAP Ligands.
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4.3.2 Catalysis

The activity of those Ru-PyAP catalysts which could be successfully isolated was assessed in ring-
closing metathesis (RCM) of the benchmark substrate diethyl diallyl malonate (DDM, 2), and
compared with the reaction rates observed for nG and nG-PClys. Given the anticipated activity of
the new species, reactions were carried out at a catalyst loading of 0.1 mol% at room temperature.
Unexpectedly, time profiles (Figure 4.1) indicated slightly faster reaction for the first-generation
complex nG-PCys; than any of the Py AP catalysts studied. The highest-performing PyAP catalysts,
nG-P1 and nG-P2, delivered slightly higher yields relative to nG-PClys after 24 h (53% and 44%,
respectively, vs. 39%), but far below that of the second-generation HoIMes analogue nG (see
inset). The low activity of the P3 and P4 derivatives we assign to facile C—H activation at the o-
phenyl site, as seen in the P4 and P6 chemistry above. Consistent with this is the improved
performance of the P1 and P2 derivatives, in which both o-aryl sites are blocked. Nevertheless,
these catalysts remain much less active than nG, suggesting that additional decomposition
pathways are operative. One such pathway may involve nucleophilic attack of the PyAP nitrogen
on the [Ru]=CHAr carbon following decoordination of the ether donor (see Scheme 4.2b above),

or on the corresponding methylidene.
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Figure 4.1 Performance of PyAP catalysts in RCM of 2, relative to their PCy; and HxIMes
analogues.

The poor performance of highly electron-rich H-PS is more unexpected. The PS5 ligand likewise
contains a methyl-protected amino-pyridine group, and P5 is a stronger donor than P1 (TEP 2041,
vs 2050 cm™). Slow entry into the catalytic cycle was expected from the lower lability of the
styrenyl ether ligand in this Hoveyda-class catalyst, relative to its nitro-functionalized analogue.
Recapture of the 2-isopropoxy styrene ligand also results in trapping of the catalyst off-cycle,**
but nevertheless, a performance superior to HIL*®> which bears a less strongly donating HoIMes

ligand, would be expected.

To better understand the poor activity of H-PS, the catalyst was treated with styrene in an NMR-
tube experiment (Scheme 4.6). Less than 5% of the cross-metathesis product 4 was observed.
Moreover, the yield of 2-isopropoxystyrene 5, which is released in the first cycle of metathesis,
reaches only 56% at complete decomposition of H-P5. Completely absent were propenes (6,6)
which form via decomposition of the metallacyclobutane (MCB) intermediate.’¢-3® This implies
decomposition in the first cycle of metathesis. As suggested above, nucleophilic attack of the
pyridinyl nitrogen on the alkylidene carbon may be responsible. Notable in PS5 is the presence of

three pyridinyl substituents in the phosphine, which greatly increases the probability of encounter
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with the [Ru]J=CHR group, relative to (e.g.) P1 and P2. We rule out the engagement of these

potentially Bronsted basic sites in deprotonation of the MCB, another known decomposition

pathway, as this would again generate propene products.?*+*

Scheme 4.6 Products of Reaction of Ru-P5 with Styrene. (a) Generated via Metathesis. (b)
Generated via MCB Decomposition During the First Cycle of Metathesis.

Cl,

,

L 4(3%) 5 (56%) )
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(a) Productive metathesis
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\/\PhJ’@L/
A ; +100 7 “Ph
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e CgDe RT,16h

Ar: CgHg-2-OPr . 6 6
1
(b) MCB decomposition
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4.4 Conclusions

The foregoing describes routes to Ru-PyAP catalysts from the Ru precursors H-PPhs and nG-
PClys. Increased yields for the nG-PyAP catalysts may be achieved by utilizing nG-PPh; as an
alternative Ru precursor. Highest metathesis activity was seen for the nG-P1 and nG-P2
derivatives, which bear a labile, nitro-functionalized styrenyl ether, and a phosphine N-aryl group
that is blocked against C-H activation (a recurring decomposition pathway for the other PyAP
ligands). Nevertheless, nG-P1 and nG-P2 exhibited activity comparable only to the PCys-
stabilized analogue nG-PClys, and far below that of the corresponding H>IMes catalyst nG.

This study underscores the point that strong c-donation is insufficient to achieve high metathesis
activity. The higher donicity of the PyAP phosphines, which was expected to open the door to high
activity, is instead undermined by facile catalyst decomposition. The importance of blocking o-

metalation of the N-aryl group is noted above. More fundamentally, the nitrogen site in the RoP-
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N=Py unit may constitute a design flaw that enables the ligand to participate in nucleophilic attack
at the [Ru]J=CHR carbon. Replacing the N-donor atom with a carbon atom to decrease
nucleophilicity could limit alkylidene abstraction, but at the cost of enhanced ligand donicity. An
alternative strategy involves use of phosphines in which inductive effects, rather than n-donation,
are harnessed to generate an electron-rich phosphorus center. Among these are the tri-
methylpyrrolidine phosphine recently developed by the Dielmann group, which will be reported

in due course.

4.5 Experimental Procedures

4.5.1 General Procedures

Reactions were carried out under Nz in a glovebox or on a Schlenk line, unless otherwise noted.
HPLC-grade solvents (CsHs, C7Hs, n-hexane, tetrahydrofuran) were dried and degassed using a
Glass Contour solvent purification system and stored under N, over 4A molecular sieves for 16 h
prior to use. NMR solvents (CsDs, CDCIl3, THF-ds; Cambridge Isotopes) were freeze-pump-thaw
degassed and stored as above. Potassium tris(1-pyrazolyl)borohydride (KTp; TCI), was used as
received to quench metathesis by the reported method.*! Metathesis catalysts H-PPhs,® HI® and
nG-PCys3!? and ligands P1-P7?* were prepared by literature methods. Diethyl diallylmalonate (1,
Aldrich, 98%) and styrene (Aldrich, 99%) were freeze-pump-thaw degassed*? and stored over
activated neutral alumina prior to use. Dodecane (Aldrich, anhydrous, 99%) and pentadecane
(Aldrich, 99%) (GC internal standards) were freeze-pump-thaw degassed and stored under N> in
the glovebox. Anthracene (NMR internal standard, Aldrich, 97%) was used as received. NMR
spectra were recorded on Avance 300, Avance II 300 or Avance III 400 spectrometers at 23 +2
°C. Chemical shifts are reported in ppm, and referenced to the residual proton signal of the solvent
("H NMR) or 85% external H;PO4 (*'P NMR) at 0 ppm. 3!P{'H} NMR spectra were processed
with line broadening set to 10 Hz (Ib = 10 Hz), to improve signal-to-noise ratios for complexes of
the PyAP phosphines, which show relatively poor solubility in benzene. Chlorinated solvents
could not be used, owing to rapid sample degradation. RCM experiments were analyzed using
Agilent 7890A gas chromatograph (GC) equipped with auto-sampler, flame ionization detector
(FID) and Agilent HP-5 polysiloxane column (30 m length, 320 um diameter) or Shimadzu (Nexis
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GC-2030) equipped with auto-samplers, flame ionization detectors (FID) and SH-RTX dimethyl
polysiloxane column. Calibration curves of peak areas versus concentration were established for
the starting dienes and cyclic products in the relevant concentration regimes, with ca. 1:1 (w/w)

sample versus dodecane or pentadecane as internal standard.
4.5.2 Synthesis of Catalysts nG-P1, nG-P2, nG-P3 via Ligand Exchange From nG-PCy;

To a stirred solution of nG-PCys; (50.0 mg, 0.077 mmol) in 1 mL THF was added a solution of the
corresponding phosphine (0.12 mmol, 1.5 equiv) in 1 mL THF. After 3 h, NMR analysis of an
aliquot confirmed complete conversion of nG-PCys. At that point, the solvent was removed under
vacuum to give a red-brown solid. The solid was dissolved in CsHs, filtered through Celite, then
concentrated to a minimum volume. The complex was precipitated by addition of cold hexanes.
The solid was filtered off and washed with hexanes (6 x 1 mL), affording nG-P1, nG-P2 or nG-

P3 as brown solids.

Synthesis of RuCly(PCy2(N=CsH3-1-NEt-3-Me)(=CHAr), nG-P1: Ar = C¢H3-2-OPr-5-NO,.
As above with the following modification; nG-PCys; (30 mg, 0.046 mmol), was added to a solution
of P1 (17 mg 0.051 mmol, 1.1 equiv) in THF. nG-P1 was isolated as a light brown solid. Yield:

10 mg (32%). 'H NMR (300 MHz, C¢Ds) 8 17.21 (d, *Jer= 4.9 Hz, 1H, [Ru]=CHR), 8.30 (d, *Jun
=2.8 Hz, 1H, Ar sp>-CH), 8.05 (dd, *Jun=9.1, “Jun = 2.8 Hz, 2H, Ar sp>-CH), 6.65 (d, *Juu= 6.7
Hz, 1H, Ar sp>-CH, P1), 6.33 (d, SJun= 6.7 Hz, 1H, Ar sp>-CH, P1), 6.21 (d, S Jun= 9.0 Hz, 2H,
Ar sp>-CH), 5.50 (t, *Jun= 6.7 Hz, 1H, Ar sp?>-CH, P1), 4.54 (m, 1H, Pr CH), 3.72 (q, *Jun= 7.1
Hz, 2H, Et CHa, P1), 3.31-1.19 (m, 22 H, overlap, P(CsHi112), 2.96 (s, 3H, Me CHs, P1), 1.65 (d,
}Jun = 6.2 Hz, 6H, 'Pr CHz), 0.95 (t, *Jun= 5.8 Hz, 3H, EtCHs, P1). 3'P{H} NMR (C¢Ds, 121.5
MHz) 6 84.6 (s). For assigned NMR spectra, see Appendix B, Figures B-18 and B-19.

Synthesis of RuCL(P'Pr2(N=CsH;3-1-NEt-3-Me))(=CHAr), nG-P2: Ar = C¢H3-2-OPr-5-NO,.
Isolated as a brown solid. Yield: 21 mg (43%). '"H NMR (300 MHz, CsDs) & 17.02 (d, Jor = 5.1
Hz, 1H, [Ru]=CHR), 8.27 (d, *Jun= 2.7 Hz, 1H, Ar sp?-CH), 8.04 (dd, *Jun=9.1, *Jun = 2.7 Hz,
1H, Ar sp>-CH), 6.67 (d, *Jun= 6.9 Hz, 1H, Ar sp>-CH P2), 6.29 (d, *Jun= 6.9 Hz, 1H, Ar sp>-CH
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P2), 6.18 (d, *Jun= 9.1 Hz, 1H, Ar sp?>-CH), 5.50 (t, *Jus = 6.7 Hz, 1H, Ar sp>-CH P2), 4.53 (m,
1H, ‘Pr CH), 3.65 (q, *Juu = 7.1 Hz, 2H, Et CH> P2), 3.26 (m, 2H, ‘Pr CH P2), 2.95 (s, 3H, Me
CH3 P2), 1.64 (d, *Jun = 6.1 Hz, 6H, 'Pr CH3), 1.33 (m, 12H, ‘Pr CH; P2), 0.93 (t, *Jun= 7.1 Hz,
3H, Et CH; P2).3'P{'H} NMR (C¢D¢, 121.5 MHz) & 89.2 (s). For assigned NMR spectra, see
Appendix B, Figures B-20 and B-21.

Synthesis of RuCL(PCy2(N=CsHs-1-NEt)(=CHAr), nG-P3: Ar = C¢H3-2-OPr-5-NO,.
Isolated as a light brown solid. Yield: 18 mg (33%). 'H NMR (300 MHz, CsDs) & 17.10 (d, > Jon=
5.4 Hz, 1H, [Ru]=CHR), 8.13 (d, *Jun= 2.7 Hz, 1H, Ar sp>-CH), 7.96 (dd, *Jur= 9.1, *Jum=2.7
Hz, 2H, Ar sp>-CH), 7.50 (d, SJun=9.1 Hz, 1H, Ar sp>-CH), 6.55 (t, SJun= 7.8 Hz, 1H, Ar sp?-
CH P3), 6.17 (d, *Jun= 8.6 Hz, 2H, Ar sp?>-CH P3), 5.36 (t, *Jun = 6.7 Hz, 1H, Ar sp>-CH P3),
4.55 (m, 1H, 'Pr CH), 3.64 (d, *Jun= 6.4 Hz, 2H, Et CH, P3), 3.00-1.81 (m, 12 H, (CsH11)2 P3),
1.69 (d, *Jum= 6.1 Hz, 6H, ‘Pr CH3), 1.41-1.23 (m, 10 H, (CsH11)2 P3), 1.05 (t, *Jun= 7.1 Hz, 3H,
Et CHs P3). *'P{'H} NMR (C¢Ds, 121.5 MHz) & 87.1 (s). For assigned NMR spectra, see
Appendix B, Figures B-22 and B-23.

4.5.3 Synthesis of Catalysts H-P1 and H-PS5 via Ligand Exchange From H-PPhs.

Synthesis of RuClL(PCy2(N=CsH;3-1-NEt-3-Me))(=CHAr), H-P1: Ar = C¢Hs-2-OPr. To a
stirred solution of H-PPh3 (40 mg, 0.069 mmol) in 1 mL THF was added a solution of P1 (25 mg,
0.076 mmol, 1.1 equiv) in 1 mL THF. After 0.5 h an aliquot was removed for NMR analysis
confirming complete conversion of H-PPhs Once complete conversion was seen the solvent was
then removed under vacuum. The solid was dissolved in CsHe, filtered through Celite, then
concentrated to a minimum volume of CsHes. The complex was precipitated by addition of cold
hexanes. The solid was filtered off and washed with hexanes (3 x 1mL) to afford H-P1 as a red-
brown solid. Yield: 37 mg (82%). '"H NMR (300 MHz, CDCl3) & 17.43 (d, *Jeu = 5.0 Hz, 1H,
[Ru]=CHR), 7.66 — 7.52 (m, 2H, Ar sp>-CH), 7.27-7.12 (m, 2H, Ar sp>-CH), 7.04 (d, *Jun= 8.2
Hz, 2H, Ar sp?>-CH, P1), 6.08 (t, SJun= 6.8 Hz, 1H, Ar sp>-CH, P1), 5.19 (m, 1H, Pr CH3), 4.19
(q, =173 Hz, 2H, Et CH», P1),2.97 (s, 3H, Me CH3, P1),2.01-1.18 (m, 22 H, overlap, (CsH11)2,
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P1), 1.76 (d, *Jun= 6.1 Hz, 6H, Pr CHs), 1.35 (t, *Jun= 5.8 Hz, 3H, CH; of Et). 3'P{'H} NMR
(CDCl3, 121.5 MHz) 6 89.4 (s). For assigned NMR spectra, see Appendix B, Figures B-14 and B-
15.

RuCl(P(N=CsH3-1-NEt-3-Me)3;)(=CHAr), H-P5: Ar = C¢Hs-2-OPr as above with the
following modifications; H-PPhs; (50 mg, 0.086 mmol), was added to a solution of PS5 (0.095
mmol, 1.1 equiv) in 1 mL THF. H-P5 was isolated as a brick red solid, 56 mg (87% yield). 'H

NMR (300 MHz, CsDs) & 19.20 (d, *Jpr= 4.7 Hz, 1H, [Ru]=CHR), 7.75 (dd, *Juu= 7.7, *Jup= 1.7
Hz, 1H, Ar sp>-CH), 7.34 (t, *Jun= 7.8 Hz, 1H, Ar sp>-CH), 6.95 (t, SJun= 7.4 Hz, 1H, Ar sp?-
CH), 6.68 (t, *Jun= 6.8 Hz, 3H, sp>-CH P5), 6.40 (d, *Jun= 6.7 Hz, 3H, sp>-CH P5), 5.51 (t, *Jun
=6.7 Hz, 3H, sp>-CH P5), 4.66 (m, 1H, ‘Pr CH), 3.81 (q, *Jun= 7.0 Hz, 6H, Et CH, P5), 3.05 (s,
9H, Me CHs P5), (d, *Jun= 6.0 Hz, 6H, ‘Pr CHz), 1.08 (t, *Jun =7.1 Hz, 9H Et CH; P5). 3'P{!H}
NMR (CsDs, 121.5 MHz) 8 33.5 (s). For assigned NMR spectra, see Appendix B, Figures B-16
and B-17.

4.5.4 Attempted Synthesis of RuClL(P(N=CsH3-1-NEt-6-Me)3)(=CHCsH3-2-O'Pr-5-NO>),
nG-P5 via Ligand Exchange from nG-PCy3

To a stirred dark brown solution of nG-PCys (50 mg, 0.077 mmol) in 1 mL THF was added a
bright red solution of P5 (0.12 mmol, 1.5 equiv) in 1 mL THF. An immediate colour change to
bright blue was observed. An aliquot was removed for NMR analysis. After 15 min 0% nG-PClys
remained. Complete disappearance of alkylidene signals were observed. 'H NMR (CsDs, 300
MHz; diagnostic signals only): & 16.99 (s, 1H, [Ru]=CHR of nG-PCys). *'P{'H} NMR (CsDs,
121.5 MHz; diagnostic signals only): & 60.6 (s, nG-PCys), 42.5 (s, O=P5). See Scheme 4.2 and
Appendix B, Figures B-24 and B-25.

4.5.5 Attempted isolation of H-P4 RuCL(P'Pr,(N=CsH3-1-NEt)(=CHCsHs-2-OPr).

To a stirred solution of H-PPh3 (50 mg, 0.086 mmol) in 1 mL THF was added a solution of P4 (23

mg, 0.095 mmol, 1.1 equiv) in 1 mL THF. After 0.5 h the solvent was then removed under vacuum.
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The solid was dissolved in CsHe, filtered through Celite, then concentrated to a minimum volume
of C¢He. The complex was precipitated by addition of cold hexanes. The solid was filtered off and
washed with 3x ImL hexanes resulting in a 3:1 mixture of H-P4 and Ru-25. '"H NMR (C¢Ds, 400
MHz; diagnostic signals for H-P4) 6 17.24 (s, 1H, [Ru]=CHR), 7.60 (d, = 9.4 Hz, 1H, Ar sp*-
CH), 4.16 (m, 1H, ‘Pr CH), 3.79 (q, *Jun= 7.7 Hz, 2H, EtCH, P4), 1.78 (d, *Jus = 6.2 Hz, 6H, 'Pr
CH3), 1.46 (dd, *Jun= 15.0, *“Jun= 7.2 Hz, 12H, 'Pr CHs P4), 1.01 (t, *Jun = 6.5 Hz, 3H, EtCH3
P4). 3'P{'H} NMR (C¢D¢, 160 MHz) & 95.7 (s, H-P4), 81.0 (s, Ru-25). See Scheme 4.4 and
Appendix B, Figures B-26 and B-27.

4.5.6 Attempted Ligand Exchange with Phosphine P6 from HI.

Solid HI (10 mg, 0.015 mmol) and approximately 2 mg of anthracene were added to a J-Young
tube in THF-ds (0.50 mL) for a final concentration of 30 mM Ru. A spectrum was taken to establish
the initial ratio of HI: anthracene. The NMR sample was returned to the glovebox, where solid P6
(4.8 mg, 0.015 mmol, 1 equiv) was added and the NMR tube shaken, "H NMR analysis was carried
out periodically. After 15 min: 5% Ru-26, 14% HI, 47% Ru-P6. After 2 h no signals assigned to
H-P6 remained. '"H NMR (C¢Ds, 300 MHz; diagnostic signals only): 6 20.7 (s, 1H, [Ru]=CHR of
Ru-26), 17.15 (d, *Jpu= 4.9 Hz, 1H, [Ru]=CHR of HI), 17.06 (d, *Jpn=5.8 Hz, 1H, [Ru]=CHR of
H-P6), 8.16 (s, 2H, ArCH of anthracene). See Scheme 4.4 and Appendix B, Figure B-28.

4.5.7 General Procedure for RCM of 2.

A mixture of DDM (95 pL, 0.4 mmol) and internal standard for GC analysis either dodecane (90
pL, 0.4 mmol) or pentadecane (110 ul, 0.4 mmol) was diluted in 1.8 mL C;Hs to give a final
concentration of 200 mM DDM (2). A 10 pL aliquot was removed for GC-FID analysis to establish
the starting ratio of 2:IS. nG-PCys; (52.0 pL of a stock solution of 10.0 mg nG-PCys in 2.00 mL
C7Hs; 0.4 umol, 0.1 mol%) was added to the stirred solution. Aliquots were removed periodically,

quenched with 100 pul KTp in THF (10 mg/mL), and analyzed by GC-FID.
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4.5.8 Procedure for Self-Metathesis of Styrene (Monitored by NMR Analysis).

Solid H-P5 (11.3 mg, 0.015 mmol) and approximately 2 mg of anthracene were added to a thick-

walled J-Young NMR tube with C¢Ds (0.70 mL). The NMR sample was taken to the spectrometer

to acquire the initial ratio of H-PS: IS. The NMR sample was then returned to the glovebox, where

styrene (294.0 uL, 1 mmol, 1 equiv) was added to give a final Ru concentration of 15 mM. The

NMR tube was attached to a mechanical rotator (10 rpm) to effect mixing and '"H NMR analysis
was carried out periodically. "H NMR (C¢Ds, 300 MHz; diagnostic signals only): & 19.20 (d, J =
4.7 Hz, 1H, [Ru]J=CHR H-P5), 8.16 (s, 2H, ArCH of anthracene) 7.00 (s, 2H, =CHPh of stilbene)

4.15 (m, 1H, 'Pr CH of 2-isopropoxystyrene). See Scheme 4.6. For starting and ending spectra, see
Appendix B, Figure B-29.
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5 Conclusions and Future Work

The research presented in this thesis was aimed at increasing insight into ruthenium-catalyzed
olefin metathesis by examining a specific, widely ignored catalyst decomposition pathway, and by
exploring two different strategies to overcome catalyst decomposition. First, the impact of oxygen
on the activity of leading and emerging, breakthrough metathesis catalysts was examined. Those
findings overturn suggestions that ruthenium metathesis catalysts are oxygen-tolerant. All
catalysts screened were sensitive to oxygen to varying degrees. Importantly, however, fast-
initiating cyclic alkyl amino carbene (CAAC) catalysts proved more robust than their N-
heterocyclic carbene (NHC) counterparts. To dissect out the impact of catalyst activity from that
of catalyst robustness, the relative decrease in activity was assessed, by evaluating for each catalyst
the percentage of activity retained under an atmosphere of oxygen, relative to that under inert
atmosphere. The high performance of the CAAC catalysts emerges as due in part to their resistance
to decomposition. This finding underscores their potential as robust, highly active catalysts, a point
of compelling interest given the widespread belief that higher catalyst sensitivity is invariably a
trade-off against high catalyst activity. A general screen of robustness in the presence of other
common contaminants would be of value in confirming the utility of this promising catalyst family
in metathesis processes. Research on this point is currently being carried out by Daniel do
Nascimento and Christian Blanco of the Fogg group, with a focus on common contaminants in

technical-grade solvents, in process chemistry, and in chemical biology.

The second part of this chapter probed the mechanism by which molecular oxygen limits
metathesis yields. The GII platform was chosen for study, on the assumption that oxidation of the
PCys ligand released from the precatalyst would generate the active species common to all of these
Ru metathesis catalysts (i.e. RuCly(L)(=CHAr)), while slowing the rate of decomposition to a
convenient timescale. The observation of benzaldehyde in this reaction pointed toward oxidation
of the alkylidene ligand via a [2+2] cycloaddition reaction similar to that in the metathesis reaction
itself. This pathway accounts for 30% of decomposed GII. A second major pathway, which
accounts for 55% of the starting GII, is bimolecular coupling (BMC) of two
RuCl(H2IMes)(=CHPh) fragments, with loss of stilbene. This is important in indicating the

rapidity with which BMC can occur once the stabilizing ligand is removed, at least at the 20 mM
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catalyst concentrations explored. A final, minor decomposition reaction is that originally proposed,
in which a Ru-Ph complex is generated following attack of O at the benzylidene ligand. A point
of particular interest for future work is the capacity of the decomposed ruthenium products to either
induce further decomposition, or to catalyze non-metathesis reactions. This question is of
substantial interest in determining whether the Ru decomposition products generated under

oxidative conditions are as deleterious as those produced under inert atmosphere.

An additional avenue suggested for future work is investigation of other oxidizing agents in
metathesis. A fundamental challenge for the catalytic transformation of renewable chemicals is the
oxidizing environment from which these chemicals are derived. Common contaminants in such
feedstocks include peroxides derived from auto-oxidation of long-chain fatty acids. A study related
to that in Chapter 2, examining the impact of oxidized species on metathesis (and, more
specifically, their reactivity toward the catalysts) could aid in the long-desired application of olefin
metathesis to “the biorefinery”: that is, transformation of biomass into value-added chemicals.
Means of countering the impact of peroxides are also of considerable interest. These may
potentially include identification of a radical trap that does not interfere with metathesis reactions.
Of note, butylated hydroxytoluene (BHT), which offers such a radical trap, proved highly

efficacious in early, unpublished work by Jay Conrad of this research group.

The rest of the thesis shifted focus from examining the impact of impurities, to strategies for their
mitigation. Chapter 3 considers whether decomposition can be prevented by isolating the
metathesis catalysts within a dynamic cage structure; specifically, a resorcinarene capsule that self-
assembles around the catalyst in water-saturated toluene. Successful encapsulation of two cationic
metathesis catalysts was established, and the catalytic activity of these assemblies was assessed
relative to a control reaction with the non-encapsulated parent catalyst HII. A key question in these
studies was the impact of the water required for capsule self-assembly on catalyst productivity,
relative to HII in the bulk “wet” toluene. The encapsulated catalysts showed sustained activity
relative to HII, and RCM productivity was nearly doubled for the best-performing caged catalyst.
UV-vis analysis confirmed that the increase in activity is a result of reduced catalyst
decomposition. Isolating the catalyst within the hydrophobic environment of the resorcinarene

capsule prevented not only bimolecular decomposition, but decomposition by water. In addition,
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the dynamic nature of the capsule appears to overcome the problem of rate inhibition common for
catalysts immobilized in rigid pore structures, such as zeolites, metal-organic frameworks (MOFs),

etc.

Identifying a strategy to overcome bimolecular decomposition is significant, given the
susceptibility to this pathway exhibited by both NHC catalysts, and even more so by the important
CAAC catalysts. A further avenue for future work would thus be encapsulation of a cationic CAAC
catalyst, which could eliminate both intrinsic pathways for catalyst decomposition (that is, -
hydride elimination and bimolecular coupling), while simultaneously protecting the catalyst

against exogenous agents.

Chapter 4 focuses on an alternative, more classical strategy: identifying potentially more robust
catalysts via ligand design. Research directed at the design of highly electron-rich tertiary
phosphines has expanded enormously in the last decade, and many promising new candidate
ligands are thus available for incorporation into ruthenium metathesis catalysts. The specific focus
was on one such ligand family, pyridinylide aminophosphines (PyAP) with the generic structure
RoP-N=Ar. Incorporation of PyAP within the Hoveyda-class catalyst RuCly(L)(=CHCsH4-o0-

O'Pr), or its faster-initiating p-nitro Grela-class analogue, was pursued.

Exploration of synthetic routes to 2-PyAP derivatives highlighted several incompatibilities
between this ligand class and structural elements present in the catalysts. First, the most basic
phosphine examined was oxidized by the nitro substituent on Grela platform nG. This restricts the
scope of the phosphines that can be incorporated, as the most highly electron-rich phosphines are
also most strongly basic. Secondly, o-metalation of the N=Ar substituent is facile in PyAP ligands
that lack o-aryl substituents. This triggers decomposition of the precatalyst even at room
temperature. Finally, and most problematic, the N-donor in the P-N=Ar unit — that is, the unit that
confers high electron density on the phosphine — appears to participate in nucleophilic attack on
the [Ru]=CHR functionality that is key to metathesis activity. In consequence, despite the
heightened PyAP donicity, the metathesis activity of even the highest-performing PyAP

derivatives was far inferior to that of their NHC analogues.

80



A clear avenue for future work lies in ligand redesign to prevent these decomposition pathways.
While o-substitution of the electron-rich pyridinyl substituents would prevent cyclometallation,
the most fundamental challenge is almost certainly nucleophilic attack by the P-N=Ar nitrogen.
This hypothesis should be confirmed by quantifying the suspected ammonium-phosphine by-
product. By analogy to established decomposition pathways, this may be [R;PN=(CsHs-1-NEt-6-
Me)(CH,Ar1)]Cl (Ar = C¢H3-2-O'Pr-5-NO,), assuming attack by nitrogen on the alkylidene ligand.
Replacing the chloride ligands with bulkier pseudohalides (a theme pioneered in early work by Jay
Conrad of the Fogg group) may aid the PyAP systems by blocking both nucleophilic abstraction
and o-metalation. Finally, a more drastic redesign strategy would abandon m-donor-substituted
phosphines, instead turning to ligands in which inductive effects generate a highly electron-rich
phosphine. A potential candidate includes tri-methylpyrrolidine phosphine, which was recently
developed by the Dielmann group. Preliminary work on the synthesis and screening of Ru-27,
carried out in collaboration with Janina Werra of the Dielmann group, indicated that Ru-27 is

considerably more active and less prone to decomposition than the Ru-PyAP catalysts.

C6F5O r@

Rz P—Ru—o'Pr
NoCeFs

P—Ru—o'Pr

— Et i
3 Ru-27 N I Ru-28
N

Figure 5.1 Potential second-generation PyAP ligands for metathesis catalysis.
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APPENDICES

In each of Appendices A-F, data are presented in the order of discussion in the body of the thesis.

A. Tabulated Data for Figures, Histograms, etc.

Table A-1 Data for Control Reactions at Catalyst Loadings that Reveal the Impact of O,.?

Substrate  Catalyst Loading Yield Average
(mol%) Trial A Trial B Trial C Yield
(N2; vial) (N2; vial) (Ar; Schlenk)

1 GII 0.01 15 14 11 1312
1 HII 0.01 37 42 43 414
1 nG 0.01 50 51 56 52+4
1 uC 0.01 45 48 52 48+3
1 nG¢ 0.01 66 72 69 69+3
1 Ru2¢ 0.01 93 91 (Ar; Schlenk) 92 92+1
2 nG¢ 0.001 71 69 73 712
2 Ru2¢ 0.001 71 68 74 7143
2 GII 0.0025 20 17 20 19+2
2 HII 0.0025 77 78 78 78+1
2 nG 0.0025 91 96 95 9443
2 uC 0.0025 91 90 87 89+2
2 M2 0.25 58 - 55 5742
2 HC 5 19 - 21 20+1

See Fig. 2.1 in Chapter 2.

Table A-2 RCM and mRCM Data at Catalyst Loadings that Reveal the Impact of O,.*

Substrate Catalyst Loading Yield Average
(mol%) Yield
Trial A Trial B Trial C
(8% Oz in Ar; Schlenk) (8% Oz in Ar; Schlenk) (8% Oz in Ar;
Schlenk)

1 GII 0.01 6 5 8 6+1
1 HII 0.01 20 22 20 21+1
1 nG 0.01 23 18 19 21+3
1 uC 0.01 5 6 6 6+1
1 nG¢ 0.01 43 44 41 43+2
1 Ru2¢ 0.01 73 69 67 70+3
2 nG¢ 0.001 53 49 49 50+3
2 Ru2¢ 0.001 54 55 56 55+1
2 GII 0.0025 11 10 7 942
2 HII 0.0025 24 30 28 2743
2 nG 0.0025 52 47 47 49+2
2 uC 0.0025 4 1 5 342
2 M2 0.25 30 - 29 30+1
2 HC 5 8 - 10 9+1

* See Fig. 2.1 in Chapter 2.
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Table A-3 Data for RCM of 2 at Excessive or Insufficient Catalyst Loadings.?

Atmosphere Catalyst Loading Trial A Trial B Average
(mol%)

N2 GII 0.05 63 65 64+1
N2 HII 0.05 100 100 100+0
N2 nG 0.05 100 100 1000
N2 UC 0.05 100 100 1000
N2 nG¢ 0.05 100 100 100+0
N2 Ru2¢ 0.05 100 100 100+0
02 GII 0.05 45 48 472
02 HII 0.05 96 95 96+1
02 nG 0.05 100 100 1000
02 UC 0.05 29 28 29+1
0)) nG¢ 0.05 100 100 100+0
0)) Ru2¢ 0.05 100 100 100+0
N2 nG¢ 0.0025 100 100 1000
N2 Ru2¢ 0.0025 100 100 100+0
0)) nG¢ 0.0025 75 77 772
02 Ru2¢ 0.0025 90 83 87+4
N2 GII 0.001 14 13 14+1
N2 HII 0.001 14 14 14+0
N2 nG 0.001 19 21 20+1
N2 ucC 0.001 9 9 9+0

See Fig. 2.2 in Chapter 2.

Table A-4 Tabulated Data for Figure 2.2, with Supplementary Values.

Substrate Catalyst (mol%) TON (Control) % Drop in Yield® % O»-Resistance”
2 HC 5.0 4 55 45
2 M2 0.25 228 47 53
2 GII 0.0025 7600 53 47
2 HII 0.0025 31200 65 35
2 nG 0.0025 37600 48 52
2 ucC 0.0025 35600 97 3
2 nG¢ 0.001 71000 30 70
2 Ru2€ 0.001 71000 23 77

@ Drop= N Yield— 0, Yield x 100

N, Yield

b % O,-resistance = 100 — (% Drop)
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Table A-5 Catalytic Data for Experiments Performed in Air.

Substrate Atmosphere Catalyst Loading Yield
(mol%) Trial A Trial B Average

1 Air GII 0.01 0 0 0+0
1 Air HII 0.01 0 0 0+0
1 Air nG 0.01 0 0 0+0
1 Air ucC 0.01 0 0 0+0
1 Air nGC 0.01 6 3 5+3

1 Air Ru2C 0.01 4 11 8+4
2 Air GII 0.0025 7 7 7+0
2 Air HII 0.0025 5 5 5+0
2 Air nG 0.0025 8 8 8+0
2 Air ucC 0.0025 0 0 0+0
2 Air nGC 0.0025 8 9 9+1

2 Air Ru2C 0.0025 25 22 2442

Table A-6 Calculated 71 Relaxation Times for 3'P Nuclei of Phosphorus Compounds.”

Compound T1 Relaxation time (s)
dppb 1.5
PCys 6
O=PCys 2.2
GII 1.3

T1 relaxation time determined by an inversion recovery pulse sequence, varying d7 time to give a null signal:
T1=d7null/In(2).

Table A-7 Reported TEP Values for Strongly Donating Phosphine and Carbene Ligands.

Ligand TN]?fC((c)r)r;B Conditions measured
P(tBu);' 2056.1 Solid®
PCy;!? 2056.4 Solid®
H2IMes’ 2052 CH:Cl,
PAds® 2052.1 Solid®
PCy:2(C(PPhs)Me!- 2050.1 Solid®
DmaP;P* 2022.4 Solid
P2° 2049.6 Solid
P3’ 2052.2 CH:Cl,
P45 2051.6 Solid
P5° 2040.7 CH:Cl,
P6’ 2050.8 CHxCl>
P7’ 2049.2 CH:Cl,

See Chart 4.2. *Calculated from linear correlation between v(CO) of Rh(acac)(CO)(L) and Ni(CO);(L)
analogues.
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B. NMR Spectra
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Figure B-1 'H NMR spectra (300 MHz) showing decomposition of GII by O, in C¢De, with
anthracene as internal standard. (a) Initial spectrum, showing GII: anthracene integration ratio. (b)
After 3 d at RT. Inset: stilbene and dppb CH> signals. For the corresponding experiment without

dppb, to permit accurate stilbene quantitation, see Figure B-3.
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Figure B-2 Representative *'P{'H} NMR spectra showing decomposition of GII with 8% O
(C6Ds, 121 MHz). (a) Initial spectrum, showing GII:dppb integration ratio. (b) After 3 days at RT:
vertical intensity is increased to show the signals for the minor Ru products Ru-16 and Ru-17.
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Figure B-3 'H NMR spectrum showing complete decomposition of GII with 8% O, (CsDs, 300

MHz). Experiment carried out without dppb to enable quantitation of stilbene (cf. Figure B-1, with
dppb present).
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Figure B-4 'H NMR spectrum (C¢De, 300 MHz) showing zero decomposition of HII relative to
DMT as internal standard (I.S.) on exposure to 8% O, for 14 d at RT.
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Figure B-5 'H NMR spectra showing decomposition of UC by 8% O, relative to DMT as internal

standard (CsDs, 300 MHz). (a) Initial spectrum, showing UC:DMT integration ratio. (b) After 36
h at RT.
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Figure B-6 DOSY-NMR spectrum of HII (1.0 mM in CDCI3; 300 MHz), showing its low
diffusion constant (logn= —9.08). Highlighted in green are the signals due to the catalyst, most
notably the singlet due to the [Ru]=CHAr proton at 16.6 ppm.
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Figure B-7 DOSY-NMR spectrum of SC (1.0 mM in CDCl3; 300 MHz), showing its low diffusion
constant (logp=—9.22). Highlighted in green are the signals due to the catalyst, most notably the
singlet due to the [Ru]=CHAr proton at 16.5 ppm.
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Figure B-8 DOSY-NMR spectrum of AM (1.0 mM in CDCls; 300 MHz) showing its low diffusion
constant (logp=—9.10). Highlighted in green are the signals due to the catalyst, most notably the
singlet due to the [Ru]=CHAr proton at 16.9 ppm.
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Figure B-9 DOSY-NMR spectrum of HII (1.0 mM) and the resorcin[4]arene capsule (monomer
concentration 7.5 mM in H>O-saturated C7Ds; 300 MHz), showing the difference in diffusion
constant for HII and the capsule, confirming that HII is not encapsulated. Highlighted in green
are the signals due to HII, including the [Ru]=CHAr singlet at 16.6 ppm (logp= -9.20).
Highlighted in red are the signals for the hexameric capsule (logp=-9.57).
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Figure B-10 DOSY-NMR spectrum of SC (1.0 mM) and the resorcin[4]arene capsule (monomer
concentration 7.5 mM) in H,O-saturated C7Ds (300 MHz), showing the same diffusion constant
for SC and the hexameric capsule (highlighted in red; logp= —9.52). Circled are signals for the
[Ru]=CHAr proton at 16.5 ppm and the shifted ammonium protons at —0.9 ppm.
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Figure B-11 DOSY-NMR spectrum of AM (1.0 mM) and the resorcin[4]arene capsule (monomer
concentration 7.5 mM in H>O-saturated C7Dg; 300 MHz), showing the same diffusion constant for
AM and the hexameric capsule (highlighted in red, logn= —9.60). Circled are singlets for the
[Ru]=CHAr proton at 16.9 ppm and the shifted ammonium protons at —2.3 ppm.
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Figure B-12 Representative '"H NMR spectrum (300 MHz, C7Ds) of SC encapsulated in the
resorcin[4]arene cage, showing the broadened signal for the [Ru]=CHAr proton at 16.5 ppm, and
the methylammonium signal at —0.9 ppm.
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Figure B-13 Representative 'H NMR spectrum (300 MHz, C7Ds) of AM encapsulated in the
resorcin[4]arene cage, showing the broadened signal for the [Ru]=CHAr proton at 16.9 ppm, and
the ethylammonium signal at —2.3 ppm.
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Figure B-14 'H NMR spectrum (CDCL, 300 MHz) of RuCly(PCy2(N=CsH3-1-NEt-6-
Me)(=CHCsHs-2-O'Pr), H-P1.
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Figure B-15 *'P{'H} NMR spectrum (C¢Ds, 121 MHz) of RuCly(PCy2(N=CsH3-1-NEt-6-
Me))(=CHCgH,-2-O°Pr), H-P1.
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Figure B-16 '"H NMR spectrum (C¢Ds, 300 MHz) of RuClo(P(N=CsH3-1-NEt-6-Me)3)(=CHCsHa-
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Figure B-17 3'P{'H} NMR spectrum (Ce¢Des, 121 MHz) of RuCly(P(N=CsH;3-1-NEt-6-
Me)3)(=CHC6H4-2-OiPr), H-P5.
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Figure B-18 'H NMR spectrum (C¢Ds, 300 MHz) of RuCly(PCy2(N=CsH3-1-NEt-6-
Me))(=CHC¢H3-2-O'Pr-5-NO>), nG-P1.
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Figure B-19 *'P{'H} NMR spectrum (C¢Ds, 121 MHz) of RuCly(PCy2(N=CsH3-1-NEt-6-
Me))(=CHCgH3-2-O°Pr-5-NO2), nG-P1.
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Figure B-20 'H NMR spectrum (CsDs, 300 MHz) of RuCly(PPro(N=CsH3-1-NEt-6-
Me))(=CHC¢H3-2-O'Pr-5-NO>), nG-P2.
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Figure B-21 *'P{'H} NMR spectrum (C¢Des, 121 MHz) of RuCly(P'Pro(N=CsH;3-1-NEt-6-
Me))(=CHCgH3-2-O°Pr-5-NO2), nG-P2.
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Figure B-22 '"H NMR spectrum (CsDs, 300 MHz) of RuCly(PCy2(N=CsHs-1-NEt)(=CHCsH3-2-
O'Pr-5-NO»), nG-P3.
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Figure B-23 3'P{'H} NMR spectrum (C¢Ds, 121 MHz) of RuCly(PCy>(N=CsHs-1-
NEt))(=CHCsH3-2-OPr-5-NO), nG-P3.
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Figure B-24 "H NMR spectra (CsDs, 300 MHz) showing incompatibility of the highly basic
phosphine P5 with nitro-substituted catalyst nG-PClys. (a) Initial spectrum of nG-PClys, prior to
adding PS. (b) Spectrum 15 min after adding PS5.
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Figure B-25 3'P{'H} NMR spectra (CsDs, 121.5 MHz) showing incompatibility of the highly
basic phosphine P5 with nitro-substituted nG-PClys, (a) Initial spectrum of nG-PClys, (b) Spectrum
15 min after adding PS5.
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Figure B-26 'H NMR spectrum (CsDs, 400 MHz) showing attempted isolation of H-P4, resulting
in a mixture of H-P4 and Ru-25. Identifiable signals for H-P4 (major product) are labelled.
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Figure B-27 *'P {'H} NMR spectrum (CsDs, 160 MHz) after attempted isolation of H-P4, showing
a mixture of H-P4 and Ru-25.
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Figure B-28 '"H NMR spectrum (C¢Ds, 300 MHz) showing decomposition of HI upon addition of
phosphine P6. (a) Initial spectrum, showing HI:anthracene integration ratio. (b) 15 min after the

addition of P6, showing 47% conversion to H-P6. (c) 2 h after the addition of P6, showing
complete decomposition of H-P6.
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Figure B-29 'H NMR spectrum (CsDs, 300 MHz) for the self-metathesis of styrene with H-P5.

(a) Initial spectrum, showing the H-P5:anthracene integration ratio. (b) 16 h after the addition of
styrene.
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C. UV-Vis Spectra
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Figure C-1 Degradation of HII (2.0 mM in H,O-saturated toluene) during RCM of 1 (200 mM)
at RT. An equal amount of 1 was added at 180 min, diluting [HII] to 1.0 mM and maintaining

[1]=200 mM.
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Figure C-2 Degradation of SC@resorcin[4]arene (2.0 mM SC; 15.0 mM resorcin[4]arene in H>O-
saturated toluene) during RCM of 3 (200 mM) at RT. An equal amount of 3 was added at 180 min,
diluting [SC] to 1.0 mM and the [resorcin[4]arene] to 7.5 mM, but maintaining [3]=200 mM.
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Figure C-3 Degradation of AM@resorcin[4]arene (2.0 mM AM; 15.0 mM resorcin[4]arene in
H>O-saturated toluene) during RCM of 3 (200 mM) at RT. An equal amount of 3 was added at
180 min, diluting [AM] to 1.0 mM and the [resorcin[4]arene] to 7.5 mM, but maintaining [3]=200
mM.
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D. Molecular Dynamics Simulations
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Figure D-1 Depiction of the anticipated alkylidene intermediate SC’ generated by metathesis of
SC and diene 3.

A diffusion rate of 0.26 x 10 cm?/s was calculated from the molecular dynamics simulations,
which corresponds to a diffusion constant of logn=—9.57. The interior of the capsule was enlarged

by the cationic guest to approximately 1,930 A3, as determined by the Connolly roll method.®

Figure D-2 Illustrations of the van der Waals volume of SC’@resorcin[4]arene obtained from
molecular dynamics simulations: Top left: Model of the SC’@resorcin[4]arene catalyst. Solvent
molecules and carbon-bound hydrogen atoms omitted for clarity. Other images are orthogonal
projections showing the encapsulated molecule and the unoccupied space, with occluding capsule
monomers and alkyl side-chains omitted for clarity.
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E. Crystallographic Data

Single crystals were obtained from a saturated benzene solution of H-P5. Single-crystal X-ray
diffraction data were collected on a Bruker APEX-II CCD diffractometer. The crystal was kept
at 100 K during data collection. Using Olex2,” the structure was solved with the ShelXT?
structure solution program using Intrinsic Phasing and refined with the ShelXL® refinement

package using Least Squares minimization.

Figure E-1 Molecular view of Ru-25 in the solid state, with thermal ellipsoid plot at the 50%
probability level. Hydrogen atoms are omitted for clarity.
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Table E-1 Crystal Data and Structure Refinement for Ru-25.

Crystal data and structure refinement for P21c_a.

Space group
a/A

b/A

c/A

a/°

B/

v/°
Volume/A3
V4

Formula weight
Temperature/K
Crystal system

Identification code P2lc a
Empirical formula Cs;sH47CLN>OPRu

714.68

100
monoclinic
P2i/c

12.2784(3)
13.4340(4)
21.3853(6)
90

105.6140(10)

90

3397.29(16)
4

Pealeg/cm?

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A~

1.397
0.696

1488.0

0.311 x 0.043 x 0.037
MoKa (A = 0.71073)
3.444 to 55.788
16<h<16,-17<k<
17,-28<1<28

51178

8094 [Rin = 0.0597,
Rsigma = 0.0370]
8094/6/397

1.042

R; = 0.0289, wR, =
0.0682

R = 0.0346, wR, =
0.0715

0.63/-0.47
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