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Abstract 
 

Olefin metathesis has emerged as a versatile tool with important potential applications in the 

production of pharmaceuticals, specialty polymers, and crucial building-block chemicals from 

biomass sources. Ruthenium metathesis catalysts shine in these contexts, due to their remarkable 

functional-group tolerance and superior resistance to moisture and oxygen compared to catalysts 

based on earlier transition metals. Nevertheless, deployment of molecular olefin metathesis 

catalysts on the scale required for industrial production has been hampered by low catalyst 

productivity. 

Increased productivity has been achieved by the incorporation of cyclic (alkyl)(amino)carbene 

(CAAC) stabilizing ligands. Targeted in this thesis work was the adaptation of CAAC catalysts to 

better enable metathesis of internal olefins. Even the cis-configured olefins present in plant or algal 

oils are more challenging than 1-olefin substrates, owing to their greater steric hindrance. Efforts 

were undertaken to enhance catalyst performance by reducing the bulk of the CAAC ligand. 

Indeed, this approach is expected to be broadly relevant to the metathesis of internal olefins and 

other crowded substrates. The first part of this thesis explores the challenges in preparing Hoveyda-

type catalysts of the general form RuCl2(CAAC)(=CH2C6H4-o-OiPr), in which small CAACs are 

present. Specifically targeted was a complex containing the smallest current CAAC ligand, in 

which the carbene carbon is flanked by an N-mesityl group and a dimethyl-substituted carbon. 

Meagre yields in the synthesis of this catalyst have been achieved to date, with a maximum of 14% 

in the open literature. Acting on the hypothesis that a major, overlooked problem lies in abstraction 

of the [Ru]=CHR ligand by free CAAC or PCy3 present during catalyst synthesis, a new route was 

established via ligand exchange of the RuI2(PCy3)(=CH2C6H4-o-OiPr) platform with the small 

CAAC indicated above. The bulk of the iodide ligands inhibits nucleophilic attack at the 

benzylidene, conferring the necessary steric protection to prevent catalyst decomposition. Ensuing 

halide exchange then afforded access to the desired chloride catalyst. This strategy was successful, 

giving access to the target complex in 55% yield. It offers a potentially generalizable methodology 

for the preparation of ruthenium metathesis catalysts bearing small stabilizing ligands.  

Also examined was the synthesis of a fluorophore-tagged olefin metathesis catalyst. Such catalysts 

are of interest for their potential to enable real-time monitoring of catalyst behaviour at 

concentrations too low for NMR analysis. While challenges remain in optimizing yields in the 

synthesis of a known dansyl-tagged catalysts, the methodology developed (particularly the 

synthesis of a dansyl-tagged benzylidene) provides a solid foundation for future advances.  

In sum, this thesis presents advances in the synthesis of designed catalysts for frontier applications 

in olefin metathesis. Ruthenium catalysts bearing small CAAC ligands and fluorophore tags are 

anticipated to enable new applications and new insights relevant to materials science, renewable 

feedstocks, and process chemistry. 
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Chapter 1 Introduction 

 

1.1 Olefin Metathesis 

1.1.1 General Background  

Olefin metathesis is a powerful chemical reaction that involves the rearrangement of carbon-

carbon double bonds catalyzed by a transition-metal carbene complex (Scheme 1.1).1,2 Even 

though reports of the associated products can be tracked to the early 1930s, the first catalyzed 

reaction was only reported in the late 1950s by industrial chemists at DuPont, Standard Oil and 

Phillips Petroleum.3 In 1956, the DuPont team observed the TiCl4-catalyzed ring-opening 

metathesis polymerization (ROMP) of norbornene.3 Simultaneously, a separate investigation led 

by Eleuterio4 at DuPont revealed a remarkable occurrence. On passing propylene gas through a 

molybdenum-on-aluminum catalyst bed, the unexpected formation of propylene, ethylene, and 1-

butene was observed.  

Scheme 1.1. General representation for the olefin metathesis reaction. 

 

This intriguing reactivity drew attention from many chemists who sought to decipher the 

mechanism. In 1967, a breakthrough resulted from the efforts of Calderon at Goodyear Tire & 

Rubber.5 Calderon’s experiments with a 1:1 mixture of 2-pentene and WCl6 in EtOH yielded 2-

butene, 2-pentene, and 3-hexene, in a ratio of 1:2:1. Based on this finding, Calderon proposed that 

the olefinic products arose from an intermolecular exchange of alkylidene groups, for which he 

coined the term ‘olefin metathesis’. 

In 1974, as a member of DuPont’s Central Research and Discovery unit, Schrock designed and 

synthesized the first well-defined metal-alkylidene olefin metathesis catalyst.6 In this seminal 

discovery, he prepared a stable and isolable Ta(V) neopentylidene complex, Ta-I (Figure 1.1). The 

high oxidation state of the metal center results in a highly polarized M=CHR bond, with a partial 

positive charge on the tantalum center and a partial negative charge on the alkylidene carbon. 

These characteristics rendered Ta-I exceptionally reactive in metathesis.7 However, they also 

conferred undesired, non-metathetical reactivity toward carbonyl functionalities (including 

ketones) and protic groups such as those present in alcohols or water. Subsequent discoveries 

revealed bimolecular decomposition pathways, discussed in more detail in Section 1.1.4. Much 

effort thus focused on introducing bulky ligands to block the latter pathways. Schrock catalysts 

containing bulky imido and alkoxide or aryloxide ligands (exemplified by W-I and Mo-I in Figure 

1.1) attain high metathesis activity. However, they remain susceptible to oxygen and water. Their 

thermal sensitivity8,9 is also problematic, particularly for commercial production and shipping, as 

it affects their long-term shelf stability. 
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Figure 1.1. Selected Schrock olefin metathesis catalysts. 

 

Olefin metathesis reactions represent versatile tools for the synthesis of both molecules and 

materials. The ring-closing metathesis (RCM) of ,-dienes to form cyclic olefins (Figure 1.2), 

for example, holds promise in the pharmaceuticals sector.10–12 Production of polymers can be 

achieved through acyclic diene metathesis (ADMET)1,13 or ring-opening metathesis 

polymerization (ROMP)13–15 of strained cyclic olefins. In the feedstocks arena, intermolecular 

cross-metathesis (CM) reactions offers important opportunities for the conversion of plant oils into 

essential building-block chemicals and the transformation of essential oils into valuable, enhanced 

products.16–18 

Figure 1.2. Common olefin metathesis reactions. 

 

1.1.2 Ruthenium-Catalyzed Olefin Metathesis 

Ruthenium catalysts offer an attractive alternative to the group 6 catalysts, owing to their enhanced 

tolerance for air (both oxygen and water), and various functional groups,19,20 as well as excellent 

shelf-stability. In 1995, Schwab, Grubbs and their coworkers published a catalyst with 

breakthrough reactivity, now known as the “first-generation Grubb’s catalyst” (GI, Figure 1.3).21 

This discovery led to intensive research on ruthenium metathesis catalysts, turning the focus away 

from group 6 complexes. Grubbs later shared the Nobel Prize with Schrock and Chauvin.22–24 

Among the most significant subsequent advances in catalyst design was the development of 
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"second-generation" Grubbs catalysts (for example, GII, Figure 1.3), in which an N-heterocyclic 

carbene (NHC) replaced one or both PCy3 ligands. Such catalysts were reported nearly 

simultaneously by the groups of Herrmann, Grubbs, and Nolan in 1998-1999.25–27 The most 

extensively investigated variants are those reported by the Grubbs and Nolan groups, containing 

an H2IMes or IMes ligand (GII, GII-IMes, respectively), which afforded significant increases in 

metathesis activity.25 

Figure 1.3. Selected olefin metathesis catalysts and NHC ligands. 

 

A further significant development was the introduction of the phosphine-free Hoveyda-class 

catalysts, in which the benzylidene moiety bears a chelating o-ether group (see HI,28 HII,29,30 

Figure 1.3) that replaces one PCy3 ligand. As with the Grubbs catalysts, replacing the second PCy3 

ligand with a strongly -donating NHC ligand greatly improved catalyst activity.30 Improved 

productivity also resulted, because this design circumvents the low lability of the phosphine ligand 

noted above, as well as decomposition of the active species by free PCy3 (see below).31–33 These 

second-generation complexes are among the most studied and used catalysts for olefin metathesis, 

highlighting the importance of carbene ligands in the field.2,34 

1.1.2.1 Synthesis of NHCs and Hoveyda-Class catalysts 

The synthesis of NHC ligands from commercially available materials is well established, offering 

access to their imidazol(in)ium salts in overall yields of 55-80%.35 A typical synthetic route to the 

imidazolium salt of H2IMes is depicted in Scheme 1.2. Arguably the most important step, 

liberation of the free carbene, is achieved by deprotonating the imidazolium salt with a strong base 

such as lithium hexamethyldisilazane (LiHMDS), potassium tert-butoxide (KOtBu) or NaH. Many 

NHCs are sufficiently stable to isolate as the free carbene,36,37 in principle enabling their 

installation on the catalyst via ligand exchange with (e.g.) a Ru-phosphine precursor. Very 

commonly, however, the imidazolium salt is generated in situ for reasons of convenience,2,34 

despite the negative impacts of residual salt or excess base on catalyst purity.36,37  
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Scheme 1.2. Synthetic route for H2IMes and HII. 

 

1.1.3 Mechanism of Transition-Metal Catalyzed Olefin Metathesis  

From the early studies in olefin metathesis, various hypotheses emerged to explain its mechanism. 

Possible intermediates were proposed, including a four-centered cyclobutane-metal species, a 

tetra(methylene)metal complex, and a metallocyclopentane intermediate.38–40 In 1971, Chauvin41 

postulated a series of steps that are now accepted as the mechanism of olefin metathesis.42 Initially, 

the incoming olefin coordinates to a metal species bearing an alkylidene moiety (Ru-1) through 

the pi bond. Next, a metallacyclobutane (Ru-2) is formed via a [2+2] cycloaddition of the olefin 

and M=CHR species (Scheme 1.3). This metallacyclobutane undergoes a [2+2] cycloreversion, 

which can reconstitute the starting alkylidene and olefin (unproductive metathesis), or liberate a 

new olefin (Olefin A) and a new metal-alkylidene species (Ru-3) in a productive metathesis step. 

After repeating the process with another incoming olefin (Ru-4), the second olefinic product 

(Olefin B) is released, and the active species is restored. Chauvin's elucidation of this mechanism 

was essential for advancing and comprehending olefin metathesis. 

Scheme 1.3. General catalytic cycle for olefin metathesis. 
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In contrast to the four-coordinate Schrock catalysts, the ruthenium precatalysts are generally five-

coordinate, square pyramidal complexes in which the high trans-effect alkylidene ligand occupies 

the apical site. Release of a basal ligand is required to form the four-coordinate active species,43 

and permit the incoming olefin to bind cis to the alkylidene. Then, the coordinated olefin undergoes 

a cycloaddition that gives rise to the MCB intermediate (Scheme 1.4). The first step involves only 

initiation to form the actual active catalyst, which continues to turn over in the presence of olefin.43–

45  

Initially, Grubbs attributed the enhanced activity of second-generation vs first-generation catalysts 

to ‘increased labilization’ of the PCy3 ligand due to the trans effect of the NHC.25 In fact, the 

precatalyst GII initiates more than 100-fold slower than GI.46–48 Indeed, the off-cycle resting state, 

methylidene species Ru-m, dissociates PCy3 to re-enter the active cycle 41,000 times slower than 

GI.49 This initially puzzling phenomenon was shown by our group to arise from an inverse trans 

effect exerted by the NHC ligand,46 a function of strong NHC donicity in conjunction with the 

long-dismissed acceptor ability of the phosphine ligand.48 The higher metathesis activity of Ru-

NHC catalysts is now known to arise from the impact of strong NHC -donation in reducing the 

energy barrier to cycloaddition,50,51
 which enables faster reaction with olefin than reuptake of 

PCy3. Similarly, phosphine-free HII undergoes dissociation of the chelating o-propoxide group in 

the first metathesis step to generate the active catalyst (Ru-m; Scheme 1.4). 

Scheme 1.4. Initiation of GII and HII catalysts. 

 

1.1.4 Decomposition of Metathesis Catalysts: Intrinsic Pathways 

Two pathways by which the vast majority of metathesis catalysts decompose are shown in Scheme 

1.5 (exemplified with the Ru catalysts). The first involves bimolecular coupling (BMC) of two 

molecules of the four-coordinate RuCl2(L)(=CHR) intermediate (Ru-1). BMC was widely 

accepted for first-generation Grubbs catalysts (where L = PCy3 or other phosphines), based on the 

observation of RCH=CHR products during catalyst synthesis or use.52–54 Its operation in second-

generation systems was thought to be blocked by NHC bulk, in conjunction with low phosphine 

lability, and hence limited concentrations of Ru-1. However, Bailey and Fogg demonstrated BMC 

of second-generation catalysts by quantifying the ethylene produced by coupling of transiently-
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stabilized methylidene complexes.52 These experiments firmly established BMC as a prominent 

decomposition pathway for both second- and first-generation Ru catalysts. The importance of 

alkylidene bulk in inhibiting bimolecular coupling was also demonstrated.52 In particular, 

methylidene complexes such as Ru-1 were shown to undergo significantly faster coupling than 

their benzylidene counterparts, although the latter do undergo BMC (if slowly) when phosphine 

ligands are absent or trapped.55,56 Nascimento and Fogg demonstrated that carbene bulk is also 

critical.56 

Scheme 1.5. Bimolecular coupling and -H elimination decomposition pathways. 

 

A second decomposition pathway intrinsic to nearly all metathesis catalysts involves -hydride 

elimination from the MCB ring (Ru-2).57 In this process, a hydrogen atom is transferred from the 

-CH2 group of the MCB to the metal, forming an allyl hydride intermediate (Ru-6). This 

intermediate can undergo reductive elimination to yield the substituted propene (H2C=CHCHR3 

or RCH2=CHCH3).
58 In experiments using a 13C-labelled MCB in CD2Cl2, Piers and coworkers 

tracked the release of labelled propene on raising the temperature from -40 °C to -10 °C, providing 

the most compelling evidence for -H elimination in the ruthenium catalysts.59–61  

1.1.5 CAAC Ligands: Advances Arising from Electronic Differences vs NHCs 

Notwithstanding the advances arising from incorporating NHC ligands in olefin metathesis 

(Section 1.1.2), catalyst productivity has remained a major challenge. Catalysts containing cyclic 

(alkyl)(amino)carbene (CAAC) ligands were hence a breakthrough, enabling increased 

productivity in cross-metathesis with ethylene (“ethenolysis”) and macrocyclization via ring-

closing metathesis (mRCM).55 In 2015, the Grubbs and Bertrand groups reported turnover 

numbers (TONs) of 340,000 using Ru-CAAC catalysts in ethenolysis of methyl oleate, 100-fold 

higher than the best TONs observed for Ru-H2IMes catalysts.55,62  The improved performance 

originates in the difference in electronic properties.62,63 In the CAAC ligands, one -withdrawing 
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and -donating N-aryl group is replaced by an -donating quaternary alkyl group (e.g., CMe2). 

This structural change renders the highest occupied molecular orbital (HOMO) of the CAAC 

slightly higher in energy, and the lowest unoccupied molecular orbital (LUMO) lower in energy 

than the corresponding NHC (Figure 1.4). This confers higher nucleophilicity and electrophilicity 

on the CAACs than traditional NHCs. Overall, CAAC carbenes are more -donating and -

accepting than NHCs.17,64,65 

Figure 1.4. Structures and Frontier molecular orbitals for NHC and CAAC ligands. 

 

Nascimento and Fogg established that the productivity breakthrough is due to improved catalyst 

robustness.66 Specifically, they established that the CAAC catalysts are essentially immune to 

decomposition via -H elimination of the metallacyclobutane (MCB). In a comparative study of 

the RuCl2(L)(=CHAr) catalysts (L= CAAC or H2IMes; Ar = o-C6H4-O
iPr), they tracked the 

propenes produced by -H elimination of Ru-2 (Scheme 1.6) by 1H NMR analysis. They showed 

that the CAAC catalysts generate ≤2% propenes, based on the starting catalyst charge. Crucially, 

however, they also demonstrated that the CAAC catalysts are more susceptible to bimolecular 

decomposition of the methylidene intermediates Ru-1 generated by loss of pyridine from 

RuCl2(L)(py)(=CH2).
56,66 In 2022, the Jensen and Fogg groups uncovered the common factor that 

unites the increased stability of the CAAC catalysts to β-elimination and their increased 

susceptibility to bimolecular decomposition.47 The stronger -donating and -back-donating 

orbital interactions noted above strengthen the Ru-CAAC covalent bond. Donation of the β-C–H 

bond of the metallacycle involves the same orbitals, as this interaction is essentially trans to the 

carbene. The higher energy of the transition state for C–H activation during -elimination (trans 

effect), as well as the Ru-olefin intermediate Ru-1’ (trans influence), disfavor β-elimination, 

accounting for the resistance of CAAC catalysts to this decomposition pathway. In addition, the 

CAAC catalysts were shown to be less susceptible to non-productive metathesis with ethylene, the 

coproduct in the metathesis of terminal olefin. Greater engagement in the productive cycle limits 

catalyst decomposition during unproductive turnovers, thus also improving TONs. 
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Scheme 1.6. Intrinsic decomposition pathways for phosphine-free metathesis catalysts. 

 

The high trans influence of the CAAC ligand, while advantageous in preventing -elimination of 

the CAAC catalysts, destabilizes the coordinated olefin in species Ru-1’. The higher instantaneous 

concentration of the methylidene species (Ru-1) promotes faster decomposition via formation of 

dimer Ru-8.47,56  

1.1.6 Strategies to Prevent Bimolecular Coupling  

One potential strategy to limit BMC of the Ru metathesis catalysts is using bulkier CAAC or other 

auxiliary ligands, which could sterically disfavour coupling of four-coordinate Ru-1 (Scheme 1.6). 

Nascimento and Fogg explored the relationship between increased catalyst bulk and robustness in 

a study of RuX2(CAAC)(py)(=CH2) complexes (Figure 1.5; py = pyridine; X = Cl or I ). In that 

work, they compared rates of BMC decomposition of different Ru-CAAC catalysts by 1H NMR 

analysis.56 Increasing bulk by replacing the chloride ligands by iodide (see RuCAAC-1 and 

RuCAAC-1-I2) slowed BMC by 40-fold. Alternatively, replacing the CAAC -methyl group with 

a phenyl group (see RuCAAC-1 and RuCAAC-2) led to eight times slower BMC. The same 

tendency can be observed on decreasing N-aryl bulk. Thus, RuCAAC-3, containing a mesityl 

group, decomposed at double the rate of RuCAAC-1. Where the metathesis of crowded substrates 

is desired, however, catalyst bulk can significantly limit performance (a point explored in more 

detail in Chapter 2). More general ways to reduce BMC decomposition are thus employing very 

low (sub-micromolar) catalyst concentrations to retard the second-order pathway, or anchoring the 

catalyst to a solid support.  
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Figure 1.5. BMC experiments and CAAC ligands discussed by Nascimento and Fogg.56 

 

1.2 Scope of Thesis 

Despite the power of the ruthenium catalysts, improved performance for specific applications 

remains a challenge. The implementation of CAACs as stabilizing ligands for the metathesis of 

hindered substrates is one such opportunity. Chapter 2 considers the potential to improve 

metathesis of such substrates by employing catalysts bearing small CAAC ligands. A 

decomposition pathway is proposed to account for the low synthetic yields of such catalysts,  a 

new route to an exemplary catalyst is described, and the enhanced productivity of this catalyst in 

self-metathesis of methyl oleate is described, in an advance that contributes to the valorization of 

renewable fatty acids. 

Described in Chapter 3 is a complementary approach to the development of improved catalysts, 

with a mechanistic focus. Catalysts bearing fluorophore tags enable the use of fluorimetry to track 

catalyst behaviour in practical operational scenarios, in which catalyst concentrations are typically 

in the micromolar range. Fluorimetry offers a solution to the  elevated catalyst concentration 

required for NMR analysis, which can alter the decomposition pathways. Bimolecular 

decomposition serves as a clear illustration of this phenomenon. An improved synthetic route to a 

dansyl-tagged alkylidene ruthenium catalyst is presented.  

Finally, Chapter 4 presents an overview of results and recommendations for future work. 
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Chapter 2 Synthesis of a Ruthenium Metathesis Catalyst Bearing a Small CAAC Ligand 

 

2.1 Introduction 

2.1.1 Renewable Feedstocks via Olefin Metathesis  

With the depletion of fossil-fuel-derived feedstocks, the need for renewable alternatives is 

increasingly urgent. Olefin metathesis is an appealing catalytic reaction for biomass valorization. 

It offers atom-efficient opportunities for conversion of readily available and accessible renewable 

resources, such as canola, soybean, or sunflower oil, and particularly non-edible fatty oils sourced 

from autotrophic entities like algae, into valuable oleochemical products.1–3 The unsaturated 

hydrocarbon chains found in such sources are commonly converted into fatty acids (FAs) or fatty 

acid methyl esters (FAMEs). These fatty oil-derived substances are CO2-neutral due to the capacity 

of autotrophic organisms to convert carbon dioxide into organic compounds.3–5 

Metathesis of the long-chain unsaturated esters derived from such lipids generates compounds with 

potential high market value.3,4,6 The self-metathesis of FAMEs such as methyl oleate (MO) offers 

a highly atom-efficient route to (E/Z) 9-octadecene (7) and (E/Z) dimethyl-9-octadecenoate (8) 

(Scheme 2.1). The former is reportedly employed for the production of biologically-sourced 

lubricants, surfactants and plasticizers, while the latter holds potential as a precursor to bio-sourced 

polymers.3–5  

Scheme 2.1. Production of bio-based products by self-metathesis of MO.  

 

Alternatively, cross-metathesis (CM) with ethylene (“ethenolysis”) converts FAMEs into valuable 

1-olefins of lower molecular weight.3–5 In 2015, Grubbs and Bertrand reported a breakthrough in 

ethenolysis of methyl oleate (MO) using Hoveyda-type catalysts containing CAAC ligands. 

Selected CAACs with different N-Ar and -carbon groups are shown in Figure 2.1.7 Turnover 

numbers (TONs) at catalyst loadings of 3 ppm reached 180,000 for CAAC-8 and CAAC-9. Even 

higher performance was demonstrated for CAAC-9 at 1 ppm, with a TON of 340,000, 

approximately 100-fold more than the highest observed for H2IMes catalysts.7,8 It should be noted 

that high-purity ethylene (99.995%) was required to achieve these TONs, as impurities that 

decompose the catalyst are significant at the low catalyst loadings employed.7 
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Figure 2.1. RuCAAC catalyst performance in ethenolysis of MO. Values shown are with 99.95% 

purity ethylene and methyl oleate purified over activated neutral alumina. a.Not reported – Conv. 

< 5% 

 

2.1.2 Opportunities for Ru-CAAC Catalysts Bearing Small CAAC Ligands 

Internal olefins such as that present in MO present a challenge to metathesis.9,10 While steric 

comparisons in the Grubbs-Bertrand study are hampered by the lack of symmetry or changes to 

more than one variable, some trends point toward higher TONs for CAACs bearing smaller -

carbon substituents. At the extreme, the bulky C-adamantyl group in CAAC-6 completely inhibits 

catalyst activity, resulting in conversion < 5%, which results in TON < 15,000 (TON are not 

explicitly reported due to the limit of detection), vs 140,000 for its analogue CAAC-1 in which a 

-CMePh group is present.  Within the N-mesityl series CAAC 4 and 5, TONs increased from 

47,000 to 73,000 on changing from an -cyclohexyl to a diethyl substituent. It is crucial to notice 

that at the 3 ppm catalyst loading used in these experiments, BMC remains significant. The faster 

BMC of smaller catalysts may mask their advantages in rates of productive metathesis. For 

example, CAACs 8 and 9, bearing CH3/
iPr N-Ar, present the same TON (180,000), even though 

the latter contains a -CMe group instead of a -CPh.  
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Reduced CAAC size would logically translate into a greater ability to access sterically hindered 

substrates. Reduced bulk is suspected to be critical to performance in metathesis of internal olefins, 

and, more generally, to success in metathesis of crowded substrates. A challenge, however, lies in 

the synthesis of catalysts bearing small CAACs, as outlined in the next section. 

2.1.3 Established Routes to CAAC Aldiminium Salts 

Two general synthetic routes to CAAC ligands have been established, with yields ranging from 

30-80% (Scheme 2.2).11–13 Both commence with addition of a suitable strong base (e.g. nBuL or 

lithium diisopropylamide, LDA) to an aldimine to form an aza-allyl anion intermediate. An 

electrophile is then added: either an epoxide (Route (a)) or an allylic halide (Route (b)). Cyclization 

of the resulting aldiminium salt is achieved by adding Tf2O in Route (a), or use of acid to enable 

an intramolecular ‘hydroiminiumation’ reaction in Route (b). As Route (b) offers higher yields, it 

has become the standard method.  

To synthesize the target catalysts, the free CAAC ligands are liberated by deprotonation with a 

strong base such as LiHMDS,12,14–16 and immediately added to a ruthenium complex.14 The free 

CAACs are difficult to isolate relative to the free NHCs, unless bulky N-aryl and -carbon 

substituents are present.17 Their instability is thought to be due to the smaller HOMO/LUMO gap 

described in Chapter 1, which facilitates dimerization via the Wanzlick equilibrium.17,18 Moreover, 

the higher nucleophilic and electrophilic properties of CAACs make the free carbenes more 

reactive toward trace impurities such as H2O, and potentially more susceptible to cyclization via 

C-H activation of alkyl groups at the N-aryl or -carbon.19 The latter point will be revisited below. 

Scheme 2.2. General synthetic routes to CAAC ligands. 

 

2.1.4 Synthesis of Hoveyda-type CAAC Catalysts: Challenges for Small CAAC Ligands 

Two synthetic routes to Hoveyda-CAAC catalysts have been developed. Route A (note: a capital 

letter is used to distinguish synthesis of the catalyst from the ligand synthesis above) involves 

direct exchange of the PCy3 ligand in HI (Scheme 2.3a) with a CAAC ligand generated in situ. 

Route B commences with synthesis of the indenylidene complex RuCl2(CAAC)2(ind) UC, 

followed by metathesis with the chelating isopropoxy-styrene to afford the Hoveyda catalyst 
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(Scheme 2.3b).7,20 Route A delivers yields of up to 91% for CAAC ligands containing bulky N-aryl 

or N-heterocyclic rings (see 1, 11 and 12; Table 2.1). However, yields are poor when these 

substituents are small (18% or 29% for CAACs 2 and 3, respectively), and this approach fails 

completely for RuCAAC-10, which bears an N-mesityl group and only dimethyl substituents at 

the -carbon.7,14,21 Route B is more efficient, but is still sub-optimal for the smallest CAACs. 

Reported yields for CAAC-10, for example, range from 14% to 40% (the latter appearing in a 

2017 patent claim by Skowerski and coworkers).22,23 Moreover, this method is time-consuming 

and requires use of a sacrificial CAAC to synthesize the bis-indenylidene complex.  

Scheme 2.3. Dominant routes to Ru-CAAC metathesis catalysts. Route A: via the first-generation 

Hoveyda catalyst HI. (b) Route B: via the bis(CAAC)-indenylidene catalysts Ultracat, UCMes. 

 

Table 2.1. Reported yields of Ru-CAAC catalysts synthesized via routes (a) or (b). 

 

 Route A (%) Route B (%) References 

CAAC-1 45 52 

7,20 

CAAC-2 18 59 

CAAC-3 29 37 

CAAC-11 91 N.R. 

CAAC-12 70 N.R. 

CAAC-10 0 40 
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The drop in productivity for small CAACs in both routes has several potential reasons. First, as 

noted above, they are sterically unprotected against dimerization via the Wanzlick equilibrium17,18 

(Scheme 2.4a). Second, they are potentially more susceptible to side-reactions: intramolecular 

cyclization for o-methyl N-aryl C(sp3)-H activation (Scheme 2.4b) or intermolecular insertion of 

toluene (Scheme 2.4c).14,24 Bulkier aryl groups are thought to inhibit these side reactions by forcing 

the aromatic ring to adopt an orientation perpendicular to the N-heterocyclic ring, preventing the 

ortho substituents from approaching the carbene center.  

Scheme 2.4. Side-reactions suggested in the literature for small carbenes, exemplified with 

CAAC-10.  

 

Of note in this context, however, is the high-yield synthesis of RuCAAC-10-I2, an iodide catalyst 

containing the small CAAC-10 ligand, by Blanco and Fogg (Scheme 2.5).25 The product was 

isolated in 80% yield and high purity from HI-I2, suggesting that the instability of the free carbene 

is not the real impediment. Attempts to access the chlorinated analogue led to decomposition, 

implying that the bulk of the Ru-iodide complex is critical. This observation suggests that the 

problem is not trapping of the free CAAC by the Ru species, but decomposition of the ruthenium 

product. The potential pathways will be considered in more detail in the relevant section of the 

Results and Discussion. 

Scheme 2.5. Synthesis of RuCAAC-10-I2 by Blanco and Fogg using a Merrifield iodide resin to 

capture the PCy3 ligand liberated from GI. 
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To date, the limited synthetic accessibility of catalysts bearing small CAAC ligands has severely 

restricted advances in the metathesis of crowded olefins. The smallest CAAC ligand employed so 

far in the open literature on olefin metathesis is the N-mesityl derivative CAAC-10, with a 5-

membered ring core. Given the challenges outlined above for in situ synthesis and installation of 

CAAC-10 on the Hoveyda catalyst platform, the present work aimed to identify new routes 

capable of providing small CAAC Ru catalysts in better yields. The complex RuCAAC-10 was 

selected as a target because it is on the verge of success by current synthetic methods, and its 

superiority in the metathesis of encumbered olefins is already established.13,22  

2.2  Results and Discussion 

To explore the hypothesis outlined above, this work commenced with synthesis of the CAAC-10 

salt. A number of issues emerged during its preparation. These and work-arounds to address them 

will be discussed prior to the key step of CAAC installation. 

2.2.1 Synthesis of CAAC Precursors  

The detailed synthesis of CAAC-10•HX is described in only two research articles published in 

2007, one a joint paper from the Grubbs and Bertrand groups, and the other by the Bertrand group 

alone. The two routes correspond to those shown in Scheme 2.2. Route (a) afforded CAAC-

10•HOTf in 61% overall yield,21 while Route (b) afforded the corresponding hydrochloride salt, 

CAAC-10•HCl, in 76% overall yield.11 While the method of Route (b) was selected in the present 

work, the HBF4 salt was pursued in preference to the triflate or chloride salts, given its higher 

solubility in toluene,26,27 the solvent used in the catalyst synthesis. Moreover, the [BF4]
– anion is a 

weakly coordinating counter-ion , reducing the risk of its unintended ligation.28 The analogous α-

phenyl CAAC salt, CAAC-3•HBF4, was also prepared, with the intention of assessing the impact 

of CAAC bulk on catalyst performance. Both routes are considered in detail in this section. 

Synthesis of CAAC-10•HBF4 commenced with amination of the aldehyde with 

2,4,6-trimethylaniline (Scheme 2.6). The aldimine product 10a was isolated as a yellow oil in 80% 

yield, following which treatment with 3-chloro-2-methylpropene and nBuLi (to generate the 

nucleophile for halide substitution) afforded alkenyl imine 11a. The latter was isolated as a dark 

yellow viscous oil in 70% yield. Initial attempts to cyclize 11a in Et2O using 2 equiv aqueous HCl, 

as in Bertrand's 2016 route,29 gave meagre yields of 12a (<10%). The salt was isolated as a 

precipitate, accompanied by an amber oil that afforded no further product on extracting with 

CH2Cl2 or ethyl acetate.  
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Scheme 2.6. Overview of synthetic route to CAAC-3•HBF4 and its phenyl analogue CAAC-

10•HBF4. For the original approach, see Scheme 2.2b. 

 

The problem in this reaction may be an early sign of difficulties associated with the reduced steric 

bulk of the target carbenes. HCl is required for cyclization to form the CAAC salts (Scheme 2.7a). 

The Bertrand and Apeiron groups reported the successful use of excess HCl (2–2.5 equiv vs 11) 

to cyclize alkenyl imines bearing large substituents at the quaternary carbon or N-aryl moiety.23,29 

However, Bertrand pointed out in 2022 that high proportions of HCl (>2 equiv) triggered partial 

to complete isomerization of the terminal olefin in attempted cyclization of phenyl and cyclohexyl 

-carbon substituted alkenyl imines.30  

In our hands, cyclization of 11a in proportions of HCl higher than 1.5 equivalents failed 

completely. Excess HCl may be a particular problem where the substituents are small, whether due 

to isomerization or another well-known reaction for alkenes in the presence of HCl, electrophilic 

addition to form the alkyl chloride (Scheme 2.7b).31 Alkenyl imines bearing large substituents may 

resist such isomerization and addition reactions, by favouring positioning of the aliphatic chain to 

place the olefin closer to the imine moiety. This would plausibly reduce the energy for spatial 

rearrangement in the cyclization step, and hence accelerate cyclization relative to these competing 

side-reactions.  



 

22 

 

Scheme 2.7. (a) Synthesis of CAAC-10•HCl and (b) potential side-reactions of alkenyl imine 11a 

promoted by HCl. 

 

To test the hypothesis that the side-products originate in the use of excess acid, the proportion of 

HCl was reduced from 2 equiv to 1.3 equiv (Scheme 2.8). As well, the solvent was switched to 

hexanes, given success in the production of a related iminium heterocycle in hexanes by Ms. Eliza-

Jayne Boisvert of the Fogg group. Cyclization of 11a was complete in 48 h, as indicated by the 

integrated intensity of the N=CH signal observed by 1H NMR analysis (7.52 ppm). Evaporation 

of the solvent and stirring the crude residue in Et2O to remove organic side products yielded a pale 

yellow solid. As the hygroscopic nature of the solid hampered filtration (a viscous paste formed 

on exposure to air), the workup was limited to washing several times with Et2O. Conversion to the 

more tractable [BF4]
– salt was then carried out by anion exchange with NaBF4 in water. 

Scheme 2.8. Cyclization of 11a to form CAAC-10•HBF4 using a lower proportion of HCl.  

 

The final step in preparation of the desired CAAC salt involved exchange of the chloride counter-

ion for BF4. In a 2020 report, Mauduit and coworkers described preparation of bulky CAAC•HBF4 

salts by anion exchange by stirring in water for 12 h before filtering off. This procedure was 

reportedly successful for CAAC salts bearing a 2,6-diisopropylphenyl N-aryl group and different 

-carbon substituents; 3,5-dimethylphenyl, 2,6-diisopropylphenyl and naphthalen-2-yl.27 

Attempts to duplicate this reaction with CAAC-10•HBF4 failed. The white precipitate formed on 

addition of NaBF4 redissolved over a few hours in water, and no product could be isolated, perhaps 

indicating hydrolysis of the C=N bond. To inhibit degradation, the precipitate was stirred in water 

for only 30 min, after which the product was filtered off, washed with Et2O, and dried. This 

approach afforded CAAC-10•HBF4 in 45% yield.  
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The same approach was used to prepare CAAC-3•HBF4 (see Figure A.4 for 1H NMR spectrum of 

iminium salt). The yields for the first two steps were similar to those for CAAC-10•HBF4, but 

cyclization yields were ca. 10% higher relative to the methyl-substituted analogue, again pointing 

toward a steric role in side-reactions. 

2.2.2 Synthesis of a Hoveyda-CAAC Catalyst Bearing CAAC-10•HBF4 

As noted in the Introduction, Grubbs and coworkers reported failure in ligand exchange between 

the first-generation Hoveyda catalyst HI and CAAC-10,7,21 while the Apeiron group claimed the 

synthesis of RuCAAC-10 from UC in 40% yield in a patent.22 While the basis of these difficulties 

has not been considered in the literature, these outcomes contrast with the ca. 80% yield of the 

iodide analogue RuCAAC-10-I2 achieved by Blanco and Fogg on reacting the iodo-Hoveyda 

platform HI-I2 with CAAC-10.25 It is therefore worth considering the pathways that could account 

for the greater vulnerability of the chloride complexes. 

In an earlier study, Stephanie Rufh of this research group discovered that a small N-methyl NHC 

is able to attack at the methylidene carbon of RuCl2(PCy3)2(=CH2).
32 Given the low steric profile 

of the “protecting” CAAC ligand in RuCAAC-10, we speculated that a similar vulnerability may 

be at play within chloride complexes bearing a small carbene. That is, the alkylidene ligand may 

be abstracted by either PCy3 or the free CAAC released during ligand exchange from HI or UC, 

respectively (Scheme 2.9). Catalysts bearing small CAACs, such as RuCAAC-10, would be more 

prone to the initial nucleophilic attack. Ensuing C-H activation to eliminate the benzylidene moiety 

may also occur more readily, given the closer proximity of the CAAC alkyl groups to the Ru core 

and the alkylidene moiety.  

Scheme 2.9. Hypothesized decomposition of Ru-CAAC-10 by nucleophilic abstraction of the 

alkylidene. Top: Attack by the free CAAC-10. Bottom: Attack by free PCy3.  
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We conceived of the bulkier iodo platform as an alternative that could potentially block attack by 

phosphine or the free CAAC on the alkylidene, and thereby enable improved access to catalysts 

bearing small CAAC ligands. After isolation of RuCAAC-10-I2, halide exchange under conditions 

with no deleterious nucleophiles present could enable access to RuCAAC-10: Scheme 2.10. 

Scheme 2.10. Proposed route to RuCAAC-10. 

 

Accordingly, synthesis of RuCAAC-10-I2 was undertaken according to the method developed by 

Blanco. Solid LiHMDS was added to a solution of CAAC-10•HBF4 in toluene at 80 °C and heated 

briefly (2-3 min) to deprotonate the iminium salt and generate the free carbene (Scheme 2.11). The 

mixture – that is, the putative free CAAC, and any residual LiHMDS and/or CAAC-10•HBF4 – 

was then added to a stirred green solution of HI-I2 in toluene in a second Schlenk tube, likewise 

held at 80 °C. Analysis after 1 hour indicated complete conversion, as inferred from the loss of the 
31P NMR signal for HI-I2 at 72.2 ppm. Solvent removal under vacuum afforded the crude residue 

which was purified by silica-gel chromatography in air to remove residual CAAC and PCy3, 

together with side products. As the product was obtained in high purity, the washes with cold 

hexanes from the original methodology were not performed to avoid product loss. The iodide 

complex RuCAAC-10-I2 was thus isolated in 70% yield. It should be noted that yields of the 

ruthenium product declined to 10-30% if the initial LiHMDS–CAAC-10•HBF4 solution was 

heated for an additional 10–15 min, possibly owing to dimerization of the free carbene.17,33 

Scheme 2.11. Synthesis of RuCAAC-10-I2. 

 

The final step, transformation of the Hoveyda-class iodide complex RuCAAC-10-I2 into the 

desired chloride catalyst, was undertaken via salt metathesis with different chloride salts. The 

reaction progress was determined from the disappearance of the alkylidene singlet for RuCAAC-

10-I2, and emergence of that for RuCAAC-10 (chemical shifts 15.10 and 16.38 ppm, 

respectively). Aliquots were assayed hourly for the first 3 hours, and after 24 h for those that did 

not fully convert within that period.  
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Reaction with NaCl in THF gave no conversion over 24 h (Table 2.2, entry 1). The failure of this 

reaction is unsurprising, given the 0.1 mM solubility of NaCl in THF,26 which severely restricts 

the availability of chloride in solution. Use of 150 equiv LiCl (for which the solubility in THF is 

0.9 M)26 resulted in 90% consumption of the iodide complex after 24 h (entry 2). Two new 

alkylidene singlets, at 15.70 ppm (80%) and 16.30 ppm (10%), were respectively assigned to 

RuCAAC-10-I/Cl and RuCAAC-10.To effect complete conversion of the latter, a higher 

proportion of LiCl was used (300 equiv), the reaction was heated at 50 °C for 1.5 h, and the entire 

procedure was then repeated (entry 3). That is, the residue was taken up in benzene, filtered 

through Celite to remove LiI, the solvent was removed, and the residue was redissolved in THF 

with a further 300 equiv LiCl for an additional 1.5 h at 50 °C. This treatment enabled full 

conversion of RuCAAC-10-I2, but 20% of the mono-iodide catalyst remained.  

Figure 2.2. Tracking salt metathesis of RuCAAC-10-I2 with LiCl (150 equiv) by 1H NMR 

analysis (300 MHz, C6D6). Only the alkylidene region is shown. (a) Initial spectrum. (b) Spectrum 

at 24 h. 
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Alternative chloride sources were examined in the hope of increasing the yield and eliminating the 

need for multiple cycles of halide exchange. Transmetalation with AgCl was attempted, given its 

success in related reactions,34 but conversions reached only 50% (entry 4), and a colour change to 

yellow over a few hours indicated catalyst decomposition. More successful was the use of 

ammonium salts (entries 5 and 6). Use of 20 equiv NtBu4Cl enabled complete conversion of 

RuCAAC-10-I2 into RuCAAC-10 in 2 h, with no decomposition. Similar results could be 

achieved with NEt4Cl, albeit in 3-4 hours. Increasing the proportion of NEt4Cl to 40 equiv reduced 

the reaction time to 2 hours. An advantage to use of the tetraethylammonium salt is the insolubility 

of NEt4Cl and NEt4I in benzene, which enables their facile removal.  

Table 2.2. Summary of screening reactions in salt metathesis of RuCAAC-10-I2. 

 

Entry Salt Equiv Solvent T 

(°C) 

Time 

(h) 

Conv. 

(%) 

RuCAAC-10 

I/Cl (%) 

RuCAAC-10 

(%) 

1 NaCl 40 THF RT 24 0 N/A N/A 

2 LiCl 150 THF RT 24 90 80 10 

3 LiCl 300 (2×) THF 50 3 quant. 20 80 

4b AgCl 2.2 CH2Cl2 40 24 50 50 0 

5a NtBu4Cl 20 CH2Cl2 RT 2 quant 0 >95 

6a NEt4Cl 40 CH2Cl2 RT 2 quant 0 >95 
a. DMT used as internal standard (IS) for 1H NMR analysis. b. Possible decomposition. 

 

Given the easier product purification, NEt4Cl was selected to synthesize RuCAAC-10 (Scheme 

2.12). Synthesis was undertaken on 100 mg in CH2Cl2 at room temperature, with 40 equiv of 

NEt4Cl. Tracking reaction by 1H NMR, observing the decrease of RuCAAC-10-I2 alkylidene peak 

(15.15 ppm) showed full conversion after 2 h reaction. No formation of RuCAAC-10-I/Cl was 

observed under such conditions. The excess chloride salt and the NEt4I product were removed by 

extracting the product into benzene. The desired RuCAAC-10 was isolated as a dark green solid 

in 85% yield. 
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Scheme 2.12. Optimized synthesis of RuCAAC-10. 

 

In summary, the most successful prior methodology for preparation of metathesis catalysts bearing 

small CAAC ligands was from the indenylidene complex (Scheme 2.13a). This approach was time-

consuming, and delivered low overall yields, only 14-40%.22,23 Moreover, it requires use of a 

sacrificial CAAC ligand. Direct installation on the Hoveyda platform, the most common method 

used for larger CAACs, failed completely (Scheme 2.13 b).13 In the present work, use of a diiodide 

ruthenium complex increased catalyst robustness under the synthetic conditions, enabling an 

increase in overall yield to 55% for RuCAAC-10 (Scheme 2.13 c), without a sacrificial CAAC 

ligand. 

Scheme 2.13. Overall view of productivity in the synthetic routes to RuCAAC-10. (a) Skowerski 

route from indenylidene precursor. (b) Grubbs route from GI. (c) Route developed in this thesis 

work. 
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2.2.3 Validation of the Strengths of a Small Carbene: Self-Metathesis of Methyl Oleate 

The self-metathesis of methyl oleate (Table 2.3) was selected as a model transformation of an 

internal olefin to examine the impact on productivity of a small CAAC ligand. Methyl oleate is of 

intense interest in the valorization of renewable lipids via self-metathesis, as noted in the 

Introduction.2,35 To date, the top-performing catalyst for this reaction remains GII. In a 2002 study, 

the Mol group reported a total TON of 440,000 for GII at a loading of 1 ppm (Entry 1).36 

Competing E/Z isomerization resulted in a selectivity of ca. 91%, however, meaning that the 

productive TON for the desired reaction was 410,000, if solely the Z-isomer is desired. It should 

be noted that positional isomerization is undetectable by the analytical method used (GC-FID).  

The TON for GII-IPr (Entry 2) was nearly an order of magnitude lower, behaviour attributed to 

the bulk of GII-IPr and its restricted access to the internal olefin. However, the fourfold higher 

catalyst concentration could also contribute to this difference. More recently, Mauduit reported an 

overall TON of 744,000 for a HII-IPr catalyst at a loading of 1 ppm (Entry 3).3 Comparisons are 

difficult given that 85% pure MO was used along with different purification protocols, but the 

TON for formation of the desired product was 359,000.  

Table 2.3. Top-performing catalysts for MO self-metathesis. 

 

Entry Catalyst  Loading Conv. (Yielda) Total TON 

(E/Z mixture) 
Productive TON 

(Z-products) 

Ref.  

1 GII 1 ppm 45% (41%) 440,000 410,000 36 

2 

 

4 ppm 46% 46,000 46,000 36 

3 

 

1 ppm 65% (31%) 744,000 359,000 3 

a Conditions: 50 °C, neat MO. For entries 1-2, >99% pure MO was passed through an alumina column before use. 

For entry 3, 85% MO was purified by first heating at 185 °C under vacuum for 2 h to eliminate volatile contaminants 

such as water and oxides, then treating with aluminosilicates (“bleaching earth”) at 50 °C for 15 min. 

Ru

Cl

Cl

Ph

PCy3

N

N

DIPP

DIPP
GII-IPr
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In the present work, self-metathesis of 99% MO was carried out neat, using 1 ppm of catalyst (2 

M Ru) to minimize bimolecular decomposition. The performance of RuCAAC-10 was tested 

relative to HII, RuCAAC-3 and RuCAAC-10-I2. Temperatures of RT and 40 °C were chosen, 

given the potential for isomerization at higher temperatures.36,37 The results in Figure 2.3 show no 

E/Z isomerization for any of the CAAC catalysts: that is, solely productive catalysis occurred. The 

outstanding performance of RuCAAC-10 is evident from the TONs of 430,000 over 24 h. In 

comparison, the iodide catalyst RuCAAC-10-I2 was completely inactive at RT, but reached 

160,000 TON at 40 °C. Comparable performance (TON 150,000 at 40 °C) was observed for 

RuCAAC-3, the -phenyl CAAC analogue of RuCAAC-10. Finally, while HII fell short of the 

productivity of RuCAAC-10, it out-performed both RuCAAC-10-I2 and RuCAAC-3 at elevated 

temperature, despite the susceptibility of such NHC catalysts to decomposition via -H elimination 

of the metallacyclobutane.38,39 

Comparison with Table 2.3 indicates that the productivity of the small-CAAC catalyst RuCAAC-

10 surpasses the most productive catalysts reported to date, for which productive TONs of 410,000 

and 359,000 were reported. Its high selectivity is an outstanding feature in offering access to high-

purity products. Also notable is the fact that this performance was achieved in metathesis of a cis-

internal olefin. Trans-internal olefins are anticipated to show even more dramatic improvements. 

These results clearly indicate the potential of small Ru-CAAC catalysts for crowded substrates. 

Figure 2.3. Performance of RuCAAC-10 relative to HII and bulkier CAAC catalysts in self-

metathesis of MO. 
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2.3 Conclusions 

Challenges in the synthesis of small-CAAC catalysts emerge first in synthesis of the CAAC salts. 

In cyclization of the iminium precursor to CAAC-10•HBF4, control of acid concentration proved 

essential to minimize side reactions. Decomposition of the chlorinated salt in water also occurred 

for reaction times above 1 h. Neither of these sensitivities applies so drastically to larger CAACs.  

The installation of CAAC-10 on the Hoveyda platform presents a second synthetic challenge, 

plausibly associated with attack of PCy3 or a free CAAC on the alkylidene ligand. Use of iodide 

substituted precursor (HI-I2) to protect the catalyst circumvented these suspected side-reactions, 

affording RuCAAC-10 in an overall yield of 55%, as compared to 40% yield in a patent claim. 

Thus, the route developed in this thesis offers a more practical, viable, and efficient method to 

prepare Ru catalysts bearing smaller CAAC ligands. 

To probe the capacity of RuCAAC-10, bearing a N-mesityl group and a dimethyl-substituted -

carbon, to improve performance in metathesis of a crowded olefin, the self-metathesis of methyl 

oleate was examined. RuCAAC-10 delivered a TON of 430,000, with complete selectivity for the 

target olefin. It outperformed not only HII, diiodide RuCAAC-10-I2 and RuCAAC-3, but the best 

cases reported to date. Its performance demonstrates the advantage of reducing catalyst bulk for 

crowded substrates. 

2.4 Experimental Procedures 

2.4.1 General Procedures: 

HPLC-grade CH2Cl2, C6H6, hexanes, and THF were dried and degassed using a Glass Contour 

solvent purification system and stored under N2 over 4 Å molecular sieves. CDCl3 and C6D6 

(Cambridge Isotopes), were freeze-pump-thaw degassed (4×) and stored under N2 in the glovebox. 

Deuterated solvents were stored over sieves as above. 2-Isopropoxystyrene was stored in the 

glovebox freezer at –35 °C. Dimethyl terephthalate (DMT, internal standard for NMR 

experiments; Sigma-Aldrich) was used as received. Methyl oleate (>98.5%) was purchased from 

Sigma-Aldrich and stored over alumina in glovebox freezer (–35 °C). The Merrifield resin MF-I,40 

2-isopropoxystyrene,4 and catalysts RuCAAC-3,7 HI-I2
25 and GI41 were prepared by literature 

methods.  

NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer at 25 ± 2 °C. Chemical 

shifts are given in ppm and referenced to the residual proton of the deuterated solvent (1H NMR). 

Air-sensitive NMR experiments (salt metathesis and catalyst synthesis) were carried out using 

either screw-capped NMR tubes equipped with PTFE septa (Rotoflo), or valved J. Young NMR 

tubes.  

Quantitation in the self-metathesis of methyl oleate was carried out 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 µm diameter). Helium (UHP grade) was used as the 

carrier gas to maintain column pressure at 11.5 psi. Calibration curves of peak areas versus 
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concentration were established for methyl oleate and dodecane as internal standard in the relevant 

concentration regimes. 

2.4.2 Synthesis of Small CAAC•HBF4 Salts 

2.4.2.1 Synthesis of Aldimines (10a) 

 2,4,6-Trimethylaniline (8.15 g, 60.3 mmol, 1 equiv) was added to a solution of 

aldehyde (6.5 g, 90.1 mmol, 1.5 equiv) in dry hexanes (100 mL) under a flow 

of N2. To the stirred mixture was added MgSO4 (14.60 g, 121.2 mmol, 2 equiv) 

and 5 drops of glacial acetic acid. The reaction was heated at 55 °C for 12 h. 

The reaction was filtered through alumina and the filtrate was stripped to dryness under vacuum 

to afford the products as yellow oils. Yield: 80%. 1H NMR (300 MHz, CDCl3): δ 7.52 (d, 3JHH = 

4.9 Hz, 1H, CH=N), 6.83 (s, 2H, Haryl), 2.69 (sept, 3JHH = 6.9, 3JHH = 4.9 Hz, 1H, CHMe2), 2.26 

(s, 3H, Mes p-CH3), 2.05 (s, 6H, Mes o-CH3), 1.22 (d, 3JHH = 6.9 Hz, 6H, CH3). 

2.4.2.2 Synthesis of Alkenyl Imines (11a) 

 A solution of aldimine 10a (4.92 g, 26.4 mmol, 1 equiv) in dry THF (15 

mL) was cooled to –78 °C in acetone/dry ice. A 2.5 M solution of nBuLi in 

hexanes (14.0 mL, 35.0 mmol, 1.3 equiv) was added dropwise under N2 

flow on a Schlenk line. After 5 min, the mixture was warmed to RT and left to stir for 3 h. 3-Chloro-

2-methylpropene (3.0 g, 33.1 mmol, 1.2 equiv) was then slowly added at -78 °C. The solution was 

stirred at RT for 24 h. The volatiles were removed under vacuum and the resulting crude oil was 

dissolved in 20 mL hexanes. The lithium salt precipitated as white solid was filtered off through 

an alumina plug. The filtrate was concentrated under vacuum to yield the products as viscous oils. 

Yield: 70%. 1H NMR (300 MHz, CDCl3): δ 7.59 (s, 1H, CH=N), 6.90 (s, 2H, Haryl), 4.96 (s, 1H, 

C=CH2), 4.82 (s, 1H, C=CH2), 2.29 (s, 2H, C-CH2-C), 2.25 (s, 3H, Mes p-CH3), 2.05 (s, 6H, Mes 

o-CH3), 1.78 (s, 3H, CH3), 1.25 (s, 6H, CH3); For fully assigned 1H NMR spectrum, see Figure 

A.2. 

2.4.2.3 Synthesis of Small CAAC•HBF4 Salts (CAAC-10•HBF4 and CAAC-3•HBF4)  

To a solution of alkenyl imine (12.3 mmol, 1 equiv) in 150 mL dry benzene at 

0 °C was added 2 M HCl in Et2O (8.0 mL, 16.0 mmol, 1.3 equiv) under N2 

flow. After 10 min stirring, the reaction was heated to reflux overnight, then at 

50 °C for 24 h. The solvent was removed under vacuum and the crude product 

washed with Et2O (3 × 15 mL) under N2 flow to remove contaminants. To the resulting light yellow 

solid was added a minimum volume of water until complete dissolution of the chlorinated salt. 

NaBF4 (2.7 g, 24.5 mmol, 2 equiv) was slowly added to precipitate the solid product. The solid 

was filtered off and washed several times with Et2O to obtain the off-white pure product. 

In cases where the chlorinated solid did not precipitate in ether at room temperature, the mixture 

was heated at 50 °C for 30 min to promote solubilization of the amber oil. 
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R = Me. Yield: 45%. 1H NMR (300 MHz, CDCl3) δ 9.08 (s, 1H, CH=N), 7.06 (s, 2H, Haryl), 2.41 

(s, 2H, backbone CH2), 2.36 (s, 3H, Mes p-CH3), 2.28 (s, 6H, Mes o-CH3), 1.72 (s, 6H, N-CMe2), 

1.60 (s, 6H, CH3). For fully assigned 1H NMR spectrum, see Figure A.3. 

R = Ph. Yield: 55%. 1H NMR (300 MHz, CDCl3) δ 9.51 (s, 1H, CH=N), 7.47 (m, 4H, overlapping 

Haryl signals), 7.36 (m, 1H, Ph p-H ), 7.05 (s, 1 H), 7.00 (s, 1 H), 3.11 (d, JHH = 13.9 Hz, 1H), 2.67 

(d, JHH = 13.8 Hz, 1H), 2.33 (overlapping of 2 singlets, 6H), 2.05 (s, 3H), 2.00 (s, 3H), 1.62 (s, 

3H), 1.42 (s, 3H). Values agree with the literature report.42 

2.4.3 Synthesis of Hoveyda-type CAAC-catalysts 

2.4.3.1 Synthesis of RuI2(CAAC-10)(=C6H4-2-OiPr), RuCAAC-10-I2  

 In the glovebox, solid white CAAC-10•HBF4 (158.8 mg, 0.48 mmol, 

2 equiv) and LiHMDS (85.6 mg, 0.48 mmol, 2 equiv) were suspended in 2 

mL toluene and stirred at 80 °C for 2 min. The resulting suspension was 

added dropwise to HI-I2 (200 mg, 0.24 mmol) in 1 mL toluene. The resulting 

brown-yellow suspension was stirred at 80 °C for 1 h. Full conversion was 

confirmed by 31P NMR analysis. The solvent was evaporated under vacuum 

and the residue purified by chromatography on silica gel in air 

(hexanes:CH2Cl2 2:1). A green band was isolated. The solvent was stripped off and the product 

dried in vacuo. Yield of green RuCAAC-10-I2: 70%. 1H NMR (300 MHz, C6D6): δ 15.15 (s, 1H, 

[Ru]=CH), 7.15 (m, Ar; integration hampered by overlap with C6D5H), 6.98 (dd, 3JHH = 7.2, 4JHH 

= 1.6 Hz, 2H, ArCH, Mes m-CH), 6.58 (m, 1H, ArCH), 4.90 (sept, 3JHH = 5.7 Hz, 1H, CHMe2), 

2.42 (s, 6H, CH3), 2.29 (s, 6H, CH3), 2.15 (s, 3H, Mes p-CH3), 1.80 (d, 3JHH = 5.7 Hz, 6H, iPrCH3), 

1.76 (s, 2H, CAAC backbone CH2), 1.02 (s, 6H, Mes o-CH3).  

2.4.3.2 Salt Metathesis of RuCAAC-10-I2 

In a N2-filled glovebox, RuCAAC-10-I2 (10 mg, 0.013 mmol) in 1.0 mL of CH2Cl2 in a Schlenk 

flask. The chloride salt was added as a solid, and the mixture was stirred at RT or heated in an oil 

bath. Reaction progress was tracked by 1H NMR analysis of the alkylidene region from 14–25 

ppm. 1H NMR samples were prepared by removing solvent under vacuum, solubilizing the residue 

in C6D6 and filtering any salt suspension through a small Celite plug.  

For the experiments with DMT as internal standard, 10 mg, was added to a solution of RuCAAC-

10-I2 in C6D6 and analysed by 1H NMR to obtain time zero spectrum. Then, solvent was removed 

under vacuum and redissolved in 1.0 mL CH2Cl2 or THF before addition of the chloride salt. The 

RuCAAC-10-I2 alkylidene signal was normalized to the signal for DMT. Conversion and yields 

were calculated based on integration vs DMT. 
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2.4.3.3 Synthesis of RuCl2(CAAC-10)(=C6H4-2-OiPr), RuCAAC-10 

 RuCAAC-10-I2 (100 mg, 0.13 mmol, 1 equiv) was dissolved in 1.0 mL of 

CH2Cl2 in a Schlenk flask. NEt4Cl (880 mg, 5.35 mmol, 40 equiv) was added 

and solution was stirred at room temperature. Reaction progress was tracked 

by 1H NMR which was fully converted after 2 h. Solvent was stripped off 

and the residue was dissolved in a minimum amount of benzene. The 

resulting mixture was filtered through a Celite plug to remove the precipitated 

ammonium salts, filtrate solvent removed under vacuum and product dried 

under vacuum for additional 24 h. Yield: 85%. 1H NMR (300 MHz, C6D6) δ 16.38 (s, 1H, 

[Ru]=CH), 7.14 (m, Ar; integration hampered by overlap with C6D5H), 7.07 (dd, 3JHH = 7.5, 4JHH 

= 1.6 Hz, 1H, ArCH), 6.84 (s, 2H, ArCH, Mes m-CH), 6.69 (td, 3JHH = 7.5, 4JHH = 0.9 Hz, 1H, 

ArCH), 6.46 (d, 3JHH = 8.4 Hz, 1H, ArCH), 4.70 (sept, 3JHH = 6.1 Hz, 1H, CHMe2), 2.26 (m, 12H, 

overlapping CH3), 2.19 (s, 3H, Mes p-CH3), 1.80 (s, 2H, CAAC backbone CH2), 1.73 (d, 3JHH = 

6.1 Hz, 6H, iPrCH3), 1.02 (s, 6H, Mes o-CH3). 

2.4.4 Methyl Oleate Self-Metathesis 

 

In the glovebox, 200 L MO and 100 L dodecane (internal standard for GC analysis) were added 

to a 4 mL vial at RT. The mixture was stirred for 5 min, after which a solution of the catalyst in 

benzene (45–50 ) was added to reach the desired loading. Any heated reactions were 

immediately transferred to a preheated degassed oil bath. After 24 h reaction, a sample was taken, 

quenched with KTp in THF, and diluted in CH2Cl2 for GC-FID analysis. In all cases, the GC trace 

showed only two additional peaks other than MO and IS, assigned to the SM products. As no 

isomerization products were observed, reaction yields correspond to the conversions calculated 

based on initial and final concentrations of MO. 

TONs were calculated based on the equation: 

𝑇𝑂𝑁 =
𝑦𝑖𝑒𝑙𝑑 × 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑴𝑶

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
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Chapter 3 Synthesis of a Fluorophore-Tagged Benzylidene Catalyst for Olefin Metathesis 

3.1 Introduction 

Fluorophore-tagged catalysts hold great promise as a tool with the potential to allow visualization 

and tracking of catalyst behaviour (including decomposition) during reaction. In the broader 

context of catalysis, they enable reactions to be monitored in real time, delivering mechanistic 

information under actual operating conditions, particularly at low catalyst loadings.1,2 The use of 

fluorophore-tagged metathesis catalysts has the potential to advance the fields of materials 

science,3 renewable feedstocks,4,5 industrial and pharmaceutical chemistry.6 

3.1.1 Advantages of Fluorescence over Nuclear Magnetic Resonance Spectroscopy 

At present, catalyst speciation in olefin metathesis is almost invariably monitored by NMR 

spectroscopy. This is problematic for tracking catalyst decomposition, which relies on 

quantification of alkylidene (Ru=CHR) signals and organic “markers” released in catalyst 

degradation. Analyte concentrations in the millimolar range are required to achieve detectable and 

reliable signals for quantitative 1H NMR analysis.7–9 Under realistic operating conditions, 

however, catalyst concentrations are in the millimolar to micromolar range.10–12 The high metal 

concentrations required for NMR analysis perturb catalyst speciation, and hence the 

decomposition pathways (bimolecular decomposition being one obvious example). The high 

sensitivity of fluorescence spectroscopy, in contrast, permits detection of analytes present in 

picomolar to micromolar concentrations.  

 A further asset in fluorimetry is the nanosecond timescale for detection of small molecules, much 

shorter than the millisecond timescale of NMR experiments. Fluorimetry can hence identify steady 

states in fast dynamic processes that are averaged on the NMR timescale.13,14 Finally, fluorimetry 

can permit selective detection of the target molecule in the presence of a large excess of non-tagged 

background and substrate.14,15  

3.1.2 Fluorophore Properties and Probe Selection  

Considered in this section are the decisions governing the design and synthesis of fluorophore-

tagged catalysts for olefin metathesis. The decision of which fluorophore to employ (see Table 

3.1) rests on several fundamental properties. Firstly, the fluorophore tag should have minimal 

impact on catalyst activity during olefin metathesis. That is, it must accurately represent the 

catalytic process of untagged analogues. Moreover, it must be chemically stable under 

experimental conditions, to ensure that degradation of the emissive moiety does not interfere.  

High quantum yield and high detection sensitivity are essential for accurate and reliable 

measurements.14,16 Particularly attractive candidates for metathesis are BODIPY, with its high 

quantum yields, chemical stability, and versatile applications (Table 3.1, entries 1). Prior studies 

suggest that it has minimal impact on metathesis catalyst activity.3–5 The dansyl group has similar 

advantages, leading to its popularity as a fluorophore in various biochemical and analytical 

applications.1,2,17,18 A major further advantage of the dansyl dye is its large Stokes shift (ca. 100 
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nm): that is, the separation between the UV-vis band in the excitation spectrum vs the emission 

spectrum (Table 3.1, entries 2).17,18 A large Stoke shift confers higher accuracy and precision in 

quantitative fluorescence experiments by minimizing overlap between absorption and emission 

bands, hence limiting self-absorption via reabsorption of emitted radiation.3–5  

The other dyes in Table 3.1 were excluded from consideration, given lower quantum yields and a 

variety of other reasons. Coumarin (entry 3) is a widely used, biocompatible fluorophore,19,20 but 

its environment-dependent fluorescence (e.g. varying with pH)21 would limit accurate 

quantification for metathesis in biological media, one of our long-term target applications. Pyrene, 

another well-known fluorophore (entry 4), may participate in intermolecular π-stacking on release, 

forming excimers and resulting in concentration-dependent emission.22,23 Rhodamine24 and 

fluorescein (entries 5 and 6) are chemically unstable, the latter being particularly susceptible to 

decay over time on exposure to light.25 Finally, cyanine dyes (entry 7) have particularly low 

quantum yields: in addition, the internal olefinic groups are potentially reactive in olefin 

metathesis.  

Table 3.1. Fluorophores considered, and their photophysical properties.14,15,26,27
 

Fluorophore Structurea 
max(abs) 

(nm)b 

max(em) 

(nm)b 

Quantum 

yield 

(F)b 

Issues for 

metathesis 

applications 

1 BODIPY 

 

505 511 0.94 
Small Stoke 

shift 

2 Dansyl 

 

350 545 0.80 None 

3 Coumarin 

 

360 450 0.63 
Lower F 

pH sensitivity 

4 Pyrene 

 

340 390 0.65 
Lower F  

Excimer 

formation 

5 Rhodamine 

 

497 520 0.88 

Small Stokes 

shift 

Chemically 

unstable 



 

39 

 

Fluorophore Structurea 
max(abs) 

(nm)b 

max(em) 

(nm)b 

Quantum 

yield 

(F)b 

Issues for 

metathesis 

applications 

6 Fluorescein 

 

491 510 0.86 

Small Stokes 

shift 

Chemically 

unstable 

7 Cyanine 

 

647 665 0.25 

Low F 

Small Stokes 

shift 

Reactive 

olefinic sites 
a Fluorophore core in red. b Approximate values; will vary with solvent and structural changes. 

A key consideration for fluorescence measurements is the contrast between emissive and quenched 

states. For metal-bound fluorophores, quenching may occur by energy exchange through dipole-

dipole interactions (the Forster resonance energy transfer or FRET mechanism), and/or collisional 

electron exchange (the Dexter mechanism). Emission is quenched to varying extents when the 

tagged ligand is bound to a metal, and restored when the ligand is lost. Complete quenching on the 

metal is ideal to maximize contrast. 

Overall, the combination of chemical stability, high quantum yield, high contrast, large Stoke shift 

and low perturbation of catalyst activity make the dansyl and BODIPY fluorophores optimal for 

studies of olefin metathesis. A significant advantage of the dansyl tag lies in its much greater 

Stokes shift relative to BODIPY, and it was therefore chosen for study in this thesis work. 

3.1.3 Fluorophore-Tagged Catalysts in Olefin Metathesis 

Despite the advantage noted above, the dansyl fluorophore has rarely been employed in olefin 

metathesis. In the sole report to date, Plenio and coworkers employed a dansyl tag in a 2010 study 

to examine operation of the so-called ‘boomerang’, or release-return mechanism, for Hoveyda-

type catalysts.1 In this pathway (Scheme 3.1), recapture of the alkylidene ligand by the four-

coordinate active methylidene species is proposed to regenerate the precatalyst as an off-cycle 

resting state. While flaws in this study (particularly poor mass transfer) limit the validity of its 

mechanistic conclusions, as pointed out in a robust critique,28 the key point from the present 

perspective is the utility of fluorescence spectroscopy to monitor release of the benzylidene ligand 

(Scheme 3.1b). Minimal impact on metathesis activity was reported for the tagged catalyst relative 

to the parent HII. As binding to ruthenium largely quenched the fluorescence of the dansyl dye, 

release of the benzylidene ligand as a tagged styrene during initiation was confirmed by increases 

in fluorescence.1,14 
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Scheme 3.1. Release of the fluorophore-tagged probe from HII-Dansyl during initiation. 

 

Fluorescence was used similarly, to quantify release of a benzylidene ligand in the first turnover 

of metathesis, in a 2018 “chemodosimetry” study by Michel and coworkers.5 In this work, a 

BODIPY-tagged HII analogue (Figure 3.1a) was used as a probe to detect the plant hormone 

ethylene in the green microalga Chlamydomonas reinhardtii. The unique capacity of the neutral 

BODIPY ligand to pass through the cell membrane was key to successful detection of ethylene in 

the living cells. Confocal fluorescence microscopy confirmed localization of the BODIPY-tagged 

styrene in the cells. Selective detection of ethylene was reported. It should be noted that the green 

BODIPY dye (absorbance at 493 nm; emission at 505 nm) minimizes interference with 

chlorophyll, which absorbs in the red and blue region of the visible spectrum, and 

autofluorescences at 650-700 nm.  

Figure 3.1 BODIPY-tagged catalysts used in olefin metathesis. 

 

Related BODIPY-tagged catalysts were subsequently used to detect catalyst uptake in a diatom 

microalga, Phaeodactylum tricornutum (Figure 3.1, b-c).4 Microalgae are of interest for the 

sustainable production of chemical feedstocks, owing to their ability to capture CO2 as unsaturated 

fatty acids via photosynthesis. In a 2022 study, Schunck and Mecking showed that catalytic olefin 

metathesis could be achieved inside living microalgae.4 Fluorescence microscopy was used to 
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track uptake of the catalyst into the cell, and to confirm its viability for the first turnover of olefin 

metathesis.  

In addition to these reports of fluorophore-tagged benzylidenes, the fluorophore has been appended 

to the stabilizing carbene ligand. In 2015, the Tour group3 used a BODIPY-tagged NHC for 

ROMP. In 2019, Takada and coworkers29 used a coumarin-tagged H2IMes ligand to detect 

ethylene in fruits and leaves. Related studies in metathesis polymerization or RCM were reported 

for BODIPY,30 coumarin,31 and pyrene23 fluorophores. Because of potential applications in 

catalyst decomposition, a Hoveyda catalyst containing fluorophore-tagged benzylidene ligand was 

the focus of this thesis work. 

3.2 Results and Discussion 

The HII-Dansyl catalyst has potential as a fluorimetry probe in metathesis. However, Plenio’s 

reported synthetic route (Scheme 3.2) delivers HII-Dansyl in only ca. 20% yield over 5 steps.1 

The reaction sequence commences with installation of the isopropoxy group on phenol 17, 

followed by installation of the terminal olefin 20 via Stille cross-coupling. These steps, which 

proceed in good yield, were originally established by Mauduit and coworkers (2006) for synthesis 

of “Grela-class” catalysts containing a nitro-benzylidene.32 Plenio exploited the nitro functionality 

in styrene 20 to install the desired dansyl tag. Thus, reduction of the nitro group to an amine with 

Na2S2O4 and an organic mediator (see 21, Step 3), followed by reaction with dansyl chloride, 

delivered the fluorophore-tagged styrene 23. Metathesis with GII then generated HII-Dansyl.  

Scheme 3.2. Reported synthetic route for HII-Dansyl.1,32  

 
aThe yield in Step 1 was reported by Mauduit and coworkers.32 

An alternative route commencing with 5-nitrosalicylaldehyde 24 (Scheme 3.3) was envisaged as 

a means of improving safety and overall yields. Identified at the outset for improvement was Step 

3, the reduction of the nitro group, which proceeded in 55% yield. In addition to the unsatisfactory 

yield, alternatives to the neuro- and hepatotoxic organotin reagent are desirable.33,34 In addition, 



 

42 

 

increases to the 60% yield in Step 5 (installation of the isopropoxy alkylidene) were anticipated to 

be readily achievable, given that this reaction has been reported in yields above 85%.35–37  

Scheme 3.3. Overview of alternative route to HII-Dansyl. 

 

The new reaction sequence commenced with preparation of the isopropoxybenzaldehyde 25 by 

nucleophilic substitution of 2-iodopropane 18 and phenol 24. The reaction afforded known38 25 as 

a yellow solid in 76% yield. Transformation of the benzaldehyde into styrene 20 was undertaken 

by Wittig olefination. The phosphonium ylid was prepared in situ with (Ph)3PCH3Br and tBuOK, 

to which nitro-isopropoxy aldehyde (25) was added at RT. Complete conversion of the starting 

aldehyde over 12 h was confirmed by 1H NMR analysis, based on the disappearance of the 

diagnostic aldehyde peak at 10.45 ppm. The nitrostyrene product 20 was isolated as a viscous 

yellow oil in 82% yield,39 as compared to 95% for the Stille cross-coupling step in the original 

route. 

Synthesis of 2-isopropoxy-5-aminostyrene 22 via reduction of nitroarene 20 was reported by the 

Plenio group in 2010. As shown in Scheme 3.4, yields of 55% were reported on use of Na2S2O4 as 

a reducing agent with 1,1´-dioctyl-4,4´-bipyridinium dibromide to mediate electron transfer.1 

Initial attempts at reduction with Na2S2O4 without bipyridinium bromide proceeded in only 12% 

yield (Scheme 3.4b). The bipyridinium radical thus appears to be critical in assisting electron 

transfer.40,41 A potentially chemoselective role has also been noted, and its absence may allow 

competing reduction of the alkene.41 As the additional complexity associated with the co-reagent 

is unattractive, use of SnCl2 as a reducing agent42–44 (Scheme 3.4c) was attempted despite the 

toxicity of tin. This effort failed, as tin side-products were formed, and removing them by 

hydrolysis and precipitation with 0.2 M NaOH or 5% NaHCO3
42 caused degradation of base-

sensitive 22.  
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Scheme 3.4. Synthesis of 2-isopropoxy-5-aminostyrene (22) from 20. (a) Literature route. (b) 

Attempted reduction without bipyridinium bromide. (c) Attempted reduction with SnCl2. 

  

A 2012 patent by Parsy et al. (Scheme 3.5a) describes a more attractive alternative, in which 

reduction was effected in 86% yield with Zn dust in glacial acetic acid.45 Parsy’s procedure was 

therefore undertaken for Step 3 with minor modification (Scheme 3.5b). Reduction of 20 

proceeded quantitatively, as judged by 1H NMR analysis. Diagnostic features are the upfield shift 

of the signals for the terminal olefin (from 5.86 and 5.39 ppm for 20 to 5.66 ppm and 5.21 ppm for 

22). However, a disconcerting black paste was obtained on workup by filtration through Celite and 

extraction with EtOAc-water. This was unexpected given the description of 22 as a yellow solid 

in the original reports.1,45 Nevertheless, as the 1H NMR spectrum showed only the signals expected 

for 22, the product was carried forward to the dansyl coupling step (Step 4 of Scheme 3.3). Yields 

were <10%, suggesting the presence of NMR-silent inorganic contaminants in the black paste. 

Repeating the reduction of 20 with purification by silica-gel chromatography afforded 22 as a dark 

yellow oil in 50% yield. This yield is comparable to that reported by Plenio (55%),1 if 

disappointingly lower than that described in the original patent.45 

Scheme 3.5. Alternative synthesis of 2-isopropoxy-5-aminostyrene (22) from 20. (a) Patent route. 

(b) Modified implementation route. 

 

To attach the dansyl fluorophore, the styrene block 22 was reacted with dansyl chloride (DNS-Cl) 

in the presence of NEt3 to take up the acid produced (Figure 3.2). Despite use of the styrene in 

excess (1.5 equiv), consumption of DNS-Cl was only 70% complete, as judged from the 1H NMR 

integration for the diagnostic Ar-H proton (8.69 ppm, black arrow). Increasing the proportion of 
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styrene 22 to 2 equivalents had no effect. Increasing reaction times beyond 48 h proved deleterious, 

as 1H NMR analysis showed new signals for an unknown side product at 8.64 ppm (labelled as 

26). The side-product may be an amine bearing two dansyl groups (see 26),17,18 formation of which 

would be favoured with increases in the concentration of monosubstituted 23. As increasing 

reaction time proved unproductive, favouring formation of 26 instead of improving the yield of 

23, this approach was abandoned. 

Figure 3.2. Intended synthesis of dansylstyrene 23, with 1H NMR spectra (CDCl3, 300 MHz), 

showing the progress of reaction. Top: crude reaction mixture at 48 h. Bottom: At 72 h. 

 

 

 

Precedent for formation of a di-dansyl product appears in a report by Ortega-Gutiérrez and co-

workers (2010), in which synthesis of disubstituted amines with dansyl fluorophores was 

deliberately undertaken (Figure 3.3).17 The Ar-H signal for disubstituted 28 appeared as a doublet 

of doublets at 8.49 ppm, upfield of the corresponding signal for monosubstituted 29 (8.56 ppm).17 
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Similarly, the signal for 26 appears as a doublet at 8.47 ppm, vs 8.64 ppm for 23 (see bottom 

spectrum of Figure 3.2). Confirmation of this assignment is unresolved as attempts to isolate the 

side-product by silica-gel chromatography were unsuccessful, but monosubstituted dansylstyrene 

was isolated in 45% yield. It may be noted that these yields compare favourably with those reported 

in the corresponding fluorophore-benzylidene attachment step for the BODIPY-tagged catalysts, 

where yields range from 12-35%.4,5  

Figure 3.3. Mono- and doubly dansyl-tagged compounds reported by Ortega-Gutiérrez. 

 

The final step in the synthesis of HII-Dansyl in Plenio’s original report involved installation of 

the dansyl-tagged styrenyl ether ligand by cross-metathesis with GII in CH2Cl2. The low yield in 

this reaction (only 60%) could reflect difficulties in removing the PCy3 coproduct, despite use of 

CuCl as a phosphine scavenger. While the Grela group has reported yields of 97% for the 

corresponding reaction of GII with 2-isopropoxystyrene in CH2Cl2,
35, our group has found use of 

THF to provide better purity,36,37 because the reaction is driven by precipitation of the CuCl-

phosphine product from THF. (Alternatively, a Merrifield resin can be used  to scavenge the 

phosphine, but the reaction is slower).36 Installation of the fluorophore-tagged ligand was therefore 

carried out with GII and CuCl in THF (Scheme 3.6). Complete conversion of GII was observed 

after 2 h, as judged from disappearance of the PCy3 singlet at 30 ppm.36 Purification of the crude 

product by silica-gel chromatography using 1:1 CH2Cl2/hexanes afforded HII-Dansyl in 85% 

yield, approximately 25% higher than that in the Plenio report.  
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Scheme 3.6. Synthesis of the catalyst HII-Dansyl.  

 

3.3 Conclusions 

Fluorescence spectroscopy holds great potential in olefin metathesis, and reliable and reproducible 

routes to fluorophore-tagged catalysts are therefore important. Described in this Chapter is the 

adaptation of a reported route to HII-Dansyl, containing a dansyl-tagged benzylidene ligand.1 

Targeted for improvement were the initial step involving reduction of the nitro functionality, as 

well as the installation of the isopropoxybenzylidene group. Some success was achieved in the 

first objective. Use of Zn/HOAc to reduce the nitro group in 20, in place of Plenio’s Na2S2O4–

bipyridinium bromide, gave more convenient access to the 2-isopropoxy-5-aminostyrene 22.45 

However, the patent yield of 86% could not be reproduced. The yield of 50% ultimately obtained 

was similar to that reported by Plenio.1  

An unexpected problem, even under conditions identical to those reported, was the formation of 

side-products during synthesis of the dansyl-tagged benzylidene ligand. One of these is tentatively 

identified as the doubly-substituted dansylamine.  

Finally, installation of the dansyl-tagged benzylidene ligand was achieved in ca. 15% higher yield 

than previously reported. The overall yield of HII-Dansyl was 16%, comparable to the 19% 

reported in  Plenio’s original route. Improvements in step 3 and 4 are clearly still required, but the 

methodology developed is reproducible, and will form a foundation for future work.  

3.4 Experimental Procedures 

General procedures are as shown in Chapter 2. Dansyl chloride (97%, ThermoFisher), 2-

iodopropane (99%, Sigma-Aldrich), 5-nitrosalicylaldehyde (98%, Sigma-Aldrich), and 

Ph3PCH3Br (98%, Sigma-Aldrich) were used without purification. Dansylstyrene was stored in 

the glovebox freezer at –35 °C. Catalyst GII36 was prepared by the literature method.  

3.4.1 Synthesis of 2-isopropoxy-5-nitrobenzaldehyde (25) 

Under a flow of N2, 2-iodopropane (6.10 g, 35.9 mmol, 2 equiv) was added to a 

suspension of Cs2CO3 (2.34 g, 7.2 mmol, 0.4 equiv) and K2CO3 (4.96 g, 35.9 

mmol, 2 equiv) in 90 mL DMF. The mixture was stirred for 5 min, after which 

5-nitrosalicylaldehyde (3.00 g, 17.9 mmol, 1 equiv) was added, and the reaction 
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was heated at 40 °C for 24 h. The yellow solution was cooled to RT, and 90 mL of water was 

added. The product was extracted with EtOAc (5 × 50 mL), then washed with water (50 mL) and 

brine (3 × 50 mL). The combined organic layers were dried over MgSO4. The solvent was then 

removed under reduced pressure to yield a yellow solid, which was dried under vacuum for 12 h. 

Yield: 76%. 1H NMR (300 MHz, CDCl3) δ 10.45 (s, 1H, CHO), 8.68 (d, 4JHH = 2.9 Hz, 1H, Ar-

H), 8.39 (dd, 3JHH = 9.2, 4JHH = 2.9 Hz, 1H, Ar-H), 7.09 (d, 3JHH = 9.3 Hz, 1H, Ar-H), 4.84 (sept, 
3JHH = 6.1 Hz, 1H, CHMe2), 1.48 (d, J = 6.1 Hz, 6H, iPrCH3). 

3.4.2 Synthesis of 2-isopropoxy-5-nitrostyrene (20) 

KOtBu (1.04 g, 9.25 mmol, 1.5 equiv) was suspended in 25 mL of dry THF and 

cooled to -78 °C and (Ph)3PCH3Br (2.9 g, 8.06 mmol, 1.3 equiv) was slowly 

added as a solid under a flow of N2. The mixture was allowed to warm to RT and 

stirred for 3 h. 2-Isopropoxy-5-nitrobenzaldehyde (2.9 g, 8.06 mmol, 1.3 equiv) 

was added at -78 °C. The resulting solution was allowed to warm to RT overnight, after which 30 

mL of saturated NH4Cl(aq) was added. The solution was extracted with Et2O (3 × 30 mL), washed 

with brine (3 × 30 mL), and the organic fraction was dried over MgSO4. The solvent was removed 

under reduced pressure and the resulting residue was purified by silica-gel chromatography, 

eluting with 9:1 hexanes/EtOAc. The yellow fraction was isolated and stripped to a yellow viscous 

oil. Yield: 82%. 1H NMR (300 MHz, CDCl3) δ 8.35 (d, 4JHH = 2.8 Hz, 1H, Ar-H), 8.11 (dd, 3JHH 

= 9.1, 4JHH = 2.9 Hz, 1H, Ar-H), 7.00 (dd, 3JHH = 17.7, 3JHH = 11.2 Hz, 1H, Ar-CH=Me), 6.90 (d, 
3JHH = 9.1 Hz, 1H, Ar-H), 5.86 (dd, 3JHH = 17.8, 2JHH = 1.1 Hz, 1H, C=CH2), 5.39 (dd, 3JHH = 11.2, 
2JHH = 1.1 Hz, 1H, C=CH2), 4.70 (sept, 3JHH = 6.1 Hz, 1H, CHMe2), 1.41 (d, 3JHH = 6.1 Hz, 6H, 
iPrCH3). 

3.4.3 Synthesis of 2-isopropoxy-5-aminostyrene (22) 

To a Schlenk flask containing Zn powder (3.1 g, 48.20 mmol, 10 equiv) was 

added glacial acetic acid (5 mL), followed by the dropwise addition of 20 (1.0 g, 

4.82 mmol) against a flow of N2. The mixture was stirred at RT for 4 h at which 

point full conversion confirmed by 1H NMR analysis. The reaction mixture was 

filtered through a Celite plug, and 10 mL of water was added. The resulting solution was extracted 

with EtOAc (3 × 20 mL), and the organic phase washed with brine (3 × 20 mL) and dried with 

MgSO4. The combined organic layers were stripped to a thick dark oil and purified by column 

chromatography (silica  gel; hexanes/EtOAc from 10% to 50%). The yellow fraction was isolated 

to give the product as a brown-yellow oil. Yield: 50%. 1H NMR (300 MHz, CDCl3) δ7.01 (dd, 
3JHH = 17.8, 3JHH = 11.1 Hz, 1H, Ar-CH=Me), 6.85 (d, 4JHH = 2.9 Hz, 1H, Ar-H), 6.75 (d, 3JHH = 

8.6 Hz, 1H, Ar-H), 6.59 (dd, 3JHH = 8.6, 4JHH = 2.9 Hz, 1H, Ar-H), 5.66 (dd, 3JHH = 17.8, 2JHH = 

1.5 Hz, 1H, C=CH2), 5.21 (dd, 3JHH = 11.1, 2JHH = 1.5 Hz, 1H, C=CH2), 4.32 (sept, 3JHH = 6.1 Hz, 

1H, CHMe2), 3.52 (s, 2H, NH2), 1.30 (d, 3JHH = 6.1 Hz, 6H, iPrCH3). 
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3.4.4 Synthesis of Dansyl-styrene (23) 

A solution of dansyl chloride (380 mg, 1.40 mmol) in 5 mL of dry 

THF was added to a 5 mL THF solution of 22 (380 mg, 2.14 mmol, 

1.5 equiv) against an N2 flow. Triethylamine (2.0 mL, 14.0 mmol, 

10 equiv) was added and the reaction was left to stir at RT for 48 

h. The solvent was removed under vacuum and residue was purified by column chromatography 

(silica gel; hexanes/EtOAc 10% to 30%). The main fraction was isolated and stripped of solvent 

to afford a yellow solid. Yield: 45%. 1H NMR (300 MHz, CDCl3): δ 8.49 (d, 3JHH = 8.5 Hz, 1H), 

8.38 (d, 3JHH = 8.6 Hz, 1H), 8.09 (d, 3JHH = 7.3 Hz, 1H), 7.58 (t, 3JHH = 8.1 Hz, 1H), 7.40 (t, 3JHH 

= 7.9 Hz, 1H), 7.19 (d, 3JHH = 7.5 Hz, 1H), 6.88 – 6.72 (m, 3H), 6.71 (s, 1H), 6.60 (d, 3JHH = 8.7 

Hz, 1H), 5.30 (d, 3JHH = 17.7 Hz, 1H), 5.07 (d, 3JHH = 11.3 Hz, 1H), 4.36 (sept, 3JHH = 5.8 Hz, 1H), 

2.88 (s, 6H), 1.25 (d, 3JHH = 6.1 Hz, 6H). Values agree with the literature report.1 

3.4.5 Synthesis of RuCl2(H2IMes)(=C6H3-2-OiPr-dansyl), HII-Dansyl  

 In the glovebox, GII (50 mg, 0.06 mmol, 1 equiv) was dissolved 

in 1.0 mL THF and heated to 50 °C. A solution of the dansyl 

styrene 23 (30 mg, 0.07 mmol, 1.2 equiv) in 0.5 mL THF was 

added dropwise. After 45 min CuCl (7 mg, 0.07 mmol, 1.2 

equiv) was added. Full conversion of GII was confirmed by 31P 

NMR analysis in 2 h, and the reaction was allowed to cool to RT. 

The reaction mixture was filtered through a celite plug, and the 

solvent was removed from the filtrate by vacuum. The residue 

was purified by column chromatography in the glovebox, using a silica-gel column and eluting 

with 1:1 CH2Cl2/hexanes to afford a dark-green product. Yield: 85%. 1H NMR (300 MHz, CDCl3): 

δ 16.23 (s, 1H, Ru=CH), 8.50 (d, 3JHH = 8.5 Hz, 1H), 8.29 (d, 3JHH = 8.6 Hz, 1H), 8.06 (dd, 3JHH = 

7.4, 4JHH = 1.3 Hz, 1H), 7.58 (m, 1H), 7.42 (dd, 3JHH = 8.6, 3JHH = 7.3 Hz, 1H), 7.20 (d, 3JHH = 7.5 

Hz, 1H), 7.00 (s, 4H), 6.68 (s, 1H), 6.58 (d, 3JHH = 2.6 Hz, 1H), 6.50 (d, J = 8.8 Hz, 1H), 4.73 (p, 
3JHH = 6.1 Hz, 1H), 4.16 (s, 4H), 2.89 (s, 6H), 2.42 (s, br, 12H), 2.33 (s, 6H), 1.16 (d, 3JHH = 6.1 

Hz, 6H).Values agree with the literature report.1 
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Chapter 4  Conclusions and Future Work 

Olefin metathesis holds great promise for its versatility in a wide range of applications: for 

example, for the production of antiviral and oncology therapeutics in the pharmaceutical industry, 

for the production of specialty-grade polymers, and for the preparation of essential building-block 

chemicals from biomass. The ruthenium metathesis catalysts have been widely adopted for 

metathesis in the research and discovery context, owing to their high functional-group tolerance 

and their greater resistance to moisture and oxygen relative to catalysts based on early- or mid-

transition metals. However, low catalyst productivity has presented a significant challenge to the 

use of metathesis on production or manufacturing scales. This is now poised to change. A step-

change in productivity came with the introduction of catalysts containing cyclic 

(alkyl)(amino)carbene (CAAC) ligands. Such catalysts dramatically increase efficiency in the 

bench-scale conversion of unsaturated hydrocarbon chains present in methyl oleate and other 

FAMEs. The latter are considered carbon-neutral, and thus represent potentially renewable 

feedstocks, particularly if they can be harvested on scale from non-edible fatty oils such as those 

produced by microalgae. Olefin metathesis hence emerges as an attractive and potentially viable 

catalytic process for the transformation of biomass into valuable oleochemical products. 

Nonetheless, the internal olefins in plant and algal lipids are more problematic substrates than the 

1-olefins that dominate olefin metathesis, owing to their reduced accessibility. In short, catalyst 

performance is diminished by the steric hindrance present even in cis-configured double bonds.  

Reducing ligand bulk is believed to play a decisive role in improving performance in the metathesis 

of internal olefins and, more broadly, in successfully handling crowded substrates. Decreasing the 

size of the CAAC ligands would thus enhance the capacity of the catalysts to interact with sterically 

congested substrates. Deployment of such catalysts is hampered, however, by the significant 

challenges of synthesizing catalysts bearing small CAACs. The work described in Chapter 2 

addresses these problems for the smallest current CAAC ligand, CAAC-10, in which the carbene 

carbon is flanked by an N-mesityl group and a dimethyl-substituted carbon. The core problem 

identified at the outset of this work was the dominance of side-reactions during the attempted 

liberation and installation of the small carbene on the metal center. More minor challenge in 

synthesis emerged in the production of the iminium CAAC salts that function as precursors for the 

carbene. These reactions were found to exhibit sensitivities that are either not operative or are less 

pronounced for larger CAACs. Addressing these issues (largely unexplored in the reported work) 

proved essential to success in the cyclization step.  

Nevertheless, the central challenge remains installation of small CAAC ligands such as CAAC-

10 on the Hoveyda platform. Current routes to the target catalyst RuCAAC-10 fail outright, or 

deliver the product in yields ranging from 14% in a literature report, to 40% in a patent claim. The 

premise in this thesis work was that the low yields in carbene installation for small CAACs are 

due to nucleophilic abstraction of the alkylidene ligand, resulting in decomposition of the catalyst 

in situ during its attempted synthesis. The nucleophilicity of free NHCs is commonly masked by 

their strong Lewis basicity: that is, ligation quenches their nucleophilicity. However, the electron-
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rich free carbenes can also participate as nucleophiles that promote undesired degradation 

pathways. 

To circumvent such reactions, the conventional Ru-dichloride precursor (the first-generation 

Hoveyda complex HI) was converted into its iodide analogue HI-I2. The latter was employed as 

a platform for installation of CAAC-10, on the presumption that the bulkier RuCAAC-10-I2 

complex should be sterically protected against nucleophilic attack on the alkylidene. Following 

isolation of RuCAAC-10-I2, transformation into the desired chloride species RuCAAC-10 was 

envisaged, by salt metathesis in an environment free from PCy3 or a free CAAC. Consistent with 

the fundamental hypothesis, the synthetic strategy outlined yielded RuCAAC-10 with an overall 

yield of 55%, a significant improvement over the maximum of 14% reported in the open literature. 

This route offers a practical, efficient, and potentially general methodology for the preparation of 

catalysts bearing small carbene ligands. One line of future advance would involve extension to 

synthesis of other catalysts bearing small carbenes, whether CAAC or others. From a mechanistic 

perspective, the experiments to date are weakened by the absence of evidence for the participation 

of PCy3 and/or CAAC-10 in decomposing the Ru-chloride species. Experiments to probe the 

stability of RuCAAC-10 to nucleophiles could add weight to the core hypothesis. The availability 

of the chloride complex via the synthetic route developed in Chapter 2 permits these ideas to be 

explicitly tested. Recommended as priority experiments are the addition of PCy3 and small 

carbenes to isolated, clean RuCAAC-10, with an internal NMR standard present to enable tracking 

of benzylidene loss over time. Mass spectrometric analysis could confirm formation of the putative 

[ArCH2PCy3]Cl product of PCy3 attack, while addition of pyridine could help trap the Ru products. 

Confirming nucleophilic attack by the small CAAC is more difficult. A first attempt could involve 

flooding a solution of RuCAAC-10 with free CAAC-01. This approach would build on current 

efforts by Ms. Eliza-Jayne Boisvert of this research group to maximize in situ yields of free 

CAACs. The proposed reaction would involve immediate addition of the free CAAC-10, without 

isolation, to RuCAAC-10. Shown in Scheme 4.1a are two possible products: A1, formed by 

nucleophilic attack and ensuing deprotonation of a ligand or other proton source, and N-

heterocyclic olefin (NHO) A2, precedent for which comes from prior work by our group with a 

small free NHC.1 Use of excess CAAC-10 may also enable trapping of a RuCl2(CAAC-10)4 

product. 
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Scheme 4.1. Proposed experiments to confirm degradation of RuCAAC-10 by nucleophiles. 

 

However, competing reaction with the excess base used to generate free CAAC-10 may cloud the 

results. An alternative approach could therefore involve the proxy use of the small NHC IMe4, in 

which the carbene carbon is flanked by two NMe groups (Scheme 4.1b). IMe4 is readily isolated 

and handled as the free carbene, and was shown in earlier work from our group to engage in 

nucleophilic attack on the methylidene ligand of RuCl2(PCy3)2(=CH2).
1 By analogy to the latter 

work, attack on RuCAAC-10 may produce the NHO B, IMe4=CHAr. Positive evidence would not 

be a clear-cut demonstration that attack of CAAC-10 could occur, as IMe4 is even less bulky than 

CAAC-10, but would nevertheless provide insight into possible products to aid in analysis of the 

experiment with CAAC-10 proposed above. Failed reaction of IMe4 with clean RuCAAC-10 

would be strong evidence against the proposed nucleophilic degradation.  

The capacity of the RuCAAC-10 catalyst to aid in the metathesis of crowded olefins was 

confirmed by undertaking the self-metathesis of methyl oleate (MO), a potentially renewable 

feedstock. Self-metathesis avoids the formation of methylidene species during catalysis, and hence 

limits decomposition via bimolecular coupling, a pathway to which our group has shown that the 

CAAC catalysts are particularly susceptible.2,3 The intermediates in the self-metathesis reaction 

are bulky alkylidene derivatives, which are stabilized against BMC despite the small size of the 

CAAC ligand. RuCAAC-10 demonstrated exceptional performance, achieving 430,000 TON with 

complete selectivity for the target Z-olefin. It surpassed both its diiodide analogue RuCAAC-10-

I2 (as expected) and RuCAAC-3. The latter is identical to RuCAAC-10 but for the presence of an 

o-CMePh group flanking the carbene carbon, supporting the hypothesis that reduced steric bulk is 

an asset. It also outperforms not only the well-established NHC catalyst HII, but the best catalysts 

reported to date. This outstanding performance underscores the advantage of reducing catalyst size 

in metathesis of the cis-olefins ubiquitous in nature, as well as more crowded substrates.  

Future work should undertake expansion to the highly desired ‘ethenolysis’ of MO, a reaction that 

cleaves long-chain fatty acids into two smaller 1-alkenes of high market value. The challenge in 

such reactions, as noted above, is that metathesis with ethylene generates methylidene 

intermediates. Bimolecular decomposition of the latter is anticipated to be especially fast given the 

small size of RuCAAC-10. That is, the same steric feature that makes the catalyst so desirable for 

metathesis with internal olefins is expected to severely degrade catalyst lifetime. If, as expected, 
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BMC suppresses the performance of RuCAAC-10 even at the lowest possible (sub-micromolar) 

catalyst concentrations, immobilization on solid support may enable its impressive performance 

to be maintained even in ‘ethenolysis’ reactions. 

Chapter 3 tackles the very different synthetic challenges involved in the preparation of 

fluorophore-tagged catalysts for olefin metathesis. Catalysts labelled with fluorophores have great 

potential as a tool for visualizing and monitoring catalyst behaviour, including decomposition, 

throughout a reaction. They also facilitate real-time monitoring of reactions, providing mechanistic 

insights under authentic operating conditions. In particular, they could enable monitoring of 

catalysts at concentrations unattainably low for observation by NMR analysis. The utilization of 

fluorophore-tagged metathesis catalysts has the capacity to boost advances in the fields of 

materials science, renewable feedstocks, industrial processes, and pharmaceutical chemistry. 

The synthesis of HII-Dansyl, in which the benzylidene ligand is tagged with a dansyl fluorophore, 

was selected due to the exceptional chemical stability of the dansyl group, and its high quantum 

yield, large Stokes shift, and minimal interference with catalyst activity. The literature route to 

HII-Dansyl is limited low yields in several key reactions. Planned improvements focused on two 

main aspects: the first step, in which a yield of ca. 50% was reported for reduction of the nitro 

group by Na2S2O4/bipyridinium bromide, and the 65% yield of the final reaction, incorporation of 

the dansyl-tagged isopropoxy benzylidene group. Some progress was made in the first objective. 

Reduction of the nitro group with Zn/HOAc was pursued in light of a patent claiming a yield of 

86%. Despite exhaustive attempts, this yield could not be replicated even under conditions 

identical to those described. An unexpected issue was the appearance of a side product, possibly 

the doubly-substituted dansylamine. Confirmation and mitigation of this reaction is a priority.  

Greater success was achieved in incorporation of the dansyl-tagged benzylidene ligand, 

accomplished in 15% higher yield compared to the literature report. Although the overall yield 

remained comparable to that originally established, the route in this thesis work offers more 

convenient access to 22 and the dansyl-tagged catalyst. While there is still room for improvement 

in the reduction step, in particular, the methodology developed is reproducible and provides a solid 

foundation for future research advances. 
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 Appendices 
 

NMR Spectra 

 

 

Figure A.1. 1H NMR spectrum (300 MHz, CDCl3) of aldimine 10a († = residual proton of the 

deuterated solvent). 
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Figure A.2. 1H NMR spectrum (300 MHz, CDCl3) of alkenyl imines 11a († = residual proton of 

the deuterated solvent). 
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Figure A.3. 1H NMR spectrum (300 MHz, CDCl3) of CAAC-10•HBF4 († = residual proton of 

the deuterated solvent). 
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Figure A.4. 1H NMR spectrum (300 MHz, CDCl3) of CAAC-3•HBF4 († = residual proton of the 

deuterated solvent). 
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Figure A.5. 1H NMR spectrum (300 MHz, C6D6) of RuCAAC-6 († = residual proton of the 

deuterated solvent). 
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Figure A.6. 1H NMR spectrum (300 MHz, CDCl3) of 2-isopropoxy-5-nitrobenzaldehyde (25) († = 

residual proton of the deuterated solvent). 
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Figure A.7. 1H NMR spectrum (300 MHz, CDCl3) of 2-isopropoxy-5-nitrostyrene (20) († = 

residual proton of the deuterated solvent). 
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Figure A.8. 1H NMR spectrum (300 MHz, CDCl3) of 2-isopropoxy-5-aminostyrene (22) († = 

residual proton of the deuterated solvent). 
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Figure A.9. 1H NMR spectrum (300 MHz, CDCl3) of dansyl-styrene (23) († = residual proton of 

the deuterated solvent). 
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Figure A.10. 1H NMR spectrum (300 MHz, CDCl3) of HII-Dansyl († = residual proton of the 

deuterated solvent). 


